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Quark Gluon Plasma

ALICE

Quark Gluon Plasma (QGP): (locally)
thermally equilibrated state of matter in
which quarks and gluons are deconfined
from hadrons, so that color degrees of
freedom become manifest over nuclear,
rather than merely nucleonic, volumes.

Hadrons are composite objects made of
qguarks and gluons. g-q interactions become
weaker as the inter-quark distance becomes
shorter (asymptotic freedom). The system
behaves like free quarks and gluons.

QCD is a “confining” gauge
theory, with an effective
potential:

V(1) :—%“S + kr

v

Hadron Gas Quark-Gluon Plasma
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Heavy-ion collisions:
Creating the QGP state

* Take a high-mass atom like Au or Pb

* Take away the electron =>lon (Heavy-ion)

* Accelerate the lon to almost the speed of light
* Collide the lons => Create the Little Bang

* Study the aftermath by specialized detector
systems which surround the collision point =>
Experiment
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~100.m ‘Underground
Design Energy: |
147V (pp), 5.5 TeV e Pb)

Powerful Accelerator:

;_;adron Colﬁl L



THE ALICE COLLABORATION

41 COUNTRIES — 177 INSTITUTES — 1994 SCIENTISTS
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ALICE at
Point-2 of
the LHC

Excellent track
and vertex
reconstruction
capabilities in

high multiplicity
environment over
a wide p; range

Particle
identification over
a wide
momentum range




The ALICE program
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System  Year(s) sy (TeV) L.
2010-2011 276 ~75 b
Pb-Ph 2015 5,02 ~250 b
byend of 2018 5.02 ~1 nb
XeXe 2017 5.44 ~0.3 b
2013 5,02 ~15 b
p-Pb
2016 502,816  ~3nb,~25nb
0.9,276, ~200 b, ~100 nb-,
201 " 45 gb-t ~25 b
PP 0152017 5.02 ~1.3 pb"
20152017 13 ~25 pb-?

Past and Present:
LHC Run-1: 2009 — 2013

OLICE

LHC Run-2: 2015 — 2018 (Ongoing)
2018 Oct-Dec

Oct Nov

End of run
001
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Future: major upgrade

LHC Run-3: 2021 - 2023
LHC Run-4: 2016 — 2029



Test of pQCD calculations from |
crossj section measurements | |« Intermediary reference ALICE
Provide reference for p-Pb and « Address cold nuclear matter

Pb-Pb collisions

effects in initial and final states
High multiplicity pp: what’s the
behaviour?

pp at 13 TeV p-Pb at 5.02 TeV




Pb-Pb at 5.02 TeV:
One PeV Collision

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




Time Evolution RO
\M) o\)

.0
1° e’
% ((e®
ime K. p.. ARSF\ LSRN
3 A T "
= fo (o o
«x\O . or e
§) 5~ Joh 3‘\5\“ Global properties & freezeout conditions
g )/Tc «
§ - Particle multiplicities: energy densities

- Particle spectra: radial flow, expansion
and freeze-out Temperatures

- Particle flow: Nature of matter

- Fluctuations and correlations: Access to
Critical Phenomena, T_and freeze-out
conditions, shape and size of the system

Direct probes of QGP

Hard scattering: Jets - Electromagnetic Probes: photons and

C quark dileptons
- .
P - Quarknonia
- Heavy Flavour
- Jets
beam beam Study of energy loss and nuclear
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Particle identification in ALICE

Pb-Pb, 2011 run, |S,, =2.76 TeV negative particles ] . . o T
1000 W T —— * Pions, kaons, protons and light nuclei identified using
~900F, IS . dE/dx measurement with the TPC
< 800E- " ALY Ay &7, e « Deuterons below p; < 1.4 GeV/c, and 3He between
T 700F \ LA | 1.5 < p; < 7 GeV/c are also identified with the TPC
D c00E- * Deuterons above 1.4 GeV/c are identified using velocity
w = : ] . . .
& 500F 'y measurement with the TOF and extracting the yield
= - ffei N\ 152253354 2 Aictr f A
S 400E B ™ Gevieh from the Am? distribution: 2 ( 22
i s m2 =P | Clror 4
8 200 E_ ..... 5‘;'7:'0 track
- E T trigger-, positive track
10051, s 2\
0 g-e-' n ' , T \\ /lg.’mve track
0.1 02 03 1 2 3 45 \ He
P (GeVro) /
secondary vertex VO s} 7/‘1‘
o .!":“h“-_: :l e , ‘bé';\ © , pointing angle
¥ ’ I
primary vertex : . g " radius of the fiducial volume
iH 7 y

negative daughter dca
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Charged particle multiplicity density (pp)

dN/dn

LW BOIDNO W S 1 O~ O O

Ratio

pp 0.9 TeV, 2.76 TeV, 7 TeV and 8 TeV

ALICEpp  INEL

o8 TeV
o7 TeV
02.76 TeV
@0.9 TeV

s

1 L I i 1 i L L I
T T T T T T T T T

NSD

INEL>0

e o TP S
O et et et 0

e e

L2 B T T B D T T )

5 15-1-050 05 1 15 é,, 515105005 115 é,, -

dN_,/dn measured for three normalisation classes:

NSD
INEL:

inelastic events

INEL>0: events having at least one charged particle in |n|<1

Collision energy dependence of dN_ /dn at n=0
(integral of data over n<0.5) for INEL, NSD and INEL>0
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Charged partlcle multiplicity den5|ty (Pb-Pb)

0 ALICE, 0-5% Po-Pb i =5021v P-Pb 5.02 TeV —
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Estimated energy density

J. D. Bjorken, Phys. Rev. D 27, 140 (1983).

_G D_’ R

dz ==‘thtty

N

1 dE,
R’ dy
1 3dN,

~ <m,>—
mR*t "7 2 dnp

Epj (7)=

£.T "~ 16 GeV/fm?c

Energy Density at LHC: More than what
had been predicted for the formation of
QGP (depending on the formation time)
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Collision energy dependence of energy density
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Particle spectra (Pb-Pb 5.02 TeV)
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Blast wave fits to particle spectra: T;, vs. ()

JALICE
Radial expansion

; 0.2_! LI ] LI I UL I UL I UL I UL I LI I_ BOItzmann'Gibbs Blast Wave mOdeI:
3 0 18:— o E A simplified thermodynamic model with
=" U ) - 3 fit parameters:
K4 [~ - . .
~ 0.161 E * T, :Kinetic freeze-out temperature
0.14F . * <B;> :Radial Flow velocity
- .  n :velocity profile
0.12|- — : . .
- . Describes the particle production from a
0.1 W thermalized source + a radial flow boost
- Global Blast-Wave fit to . .
0.08 ™ (0.5-1 GeVic) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeVi/c) %} i
-« ALICE Preliminary, pp, /s = 7 TeV Largest B; - Slmultar\eous fits to L, K,p s.pectra glvgs:
0-06:_ = ALICE, p-Pb, Vs = 5.02 TeV ever - * increase of <B;> with centrality
0.04/~ * ALICE, Pb-Pb, {5\ =276 TeV . e Similar evolution of fit parameters in
" [+ ALICE Preliminary, Pb-Pb, |s,,, = 5.02 TeV N _ ©
0.0 AT A T = case of pp and p-Pb collisions
' 20 61 02 03 04 05 06 0.7 * At similar multiplicities, <> is larger
(B) for smaller systems
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pb-Pb at 5.02 Tey 1hermal model fits to particle yield
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Chemical and kinetic freeze-out temperatures

ALICE
Collision energy dependence of T,;, and T,
250-]][ 1 | 1 lliill 1 1 ] lllll] 1] 1 1 llllll 1 1 L
| —=- T, STAR —o— T, STAR Au+Au (0-5%) |
- —A— T, SIS e T, STAR Cu+Cu (0-10%) -
sool- ¥ TmAGS --a-- T, PHENIX B
[ & T, ALICE ~m— T, ALICE Pb+Pb (0-5%) |
- ! - the difference between T,,, and T,
1500 m__m.c:a-m"*’?""qj """"" T ch """"" ¢ - increases with the increase of collision
< n o ~
> - b X i energy.
"é’ i . + # + + + L @ i
= 100} + s —
i %s + A
I _
>0 - s esess Cleymans et. al -
Oi_lll Y 1 1 1 llllll 1 1 L llllll L 1 1 llllll 1 1 1 l—
1 10 10? 10° Sumit Basu et al. PRC 94 (2016) 044901
\/ Sy (GeV) STAR Collaboration PRC 79 (2009) 034909
ALICE Collaboration PRD 88 (2013) 044910
Cleymans et al. PRC 73 (2006) 034905
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Hyperon lifetime

N . liminary :
3,H: pnA bound state 20 - om e pretmeny ALICE
Qao0 - 0-90%, lyl < 0.8
3/\H 9 3He + T[- %3505_ L]Smtmncs Ho Hes+x
e - H— "He + n
Hypertriton (M = 2.991 GeV/c?) signal G300 £ Skrbosmcn o=k

extracted using invariant mass of *He + v : NN
Applied topological cuts in order to: 1s0F

e identify secondary decay vertex and mo

e reduce combinatorial background. N

ELJ;I“J NN xxx)l paaa o ealiay LL).)I N NN JLi aad e
8.97 2975 298 2985 299 2995 3 3.005 3.01 3.015 3.02
My, o+ Mo (GeV/c?)

positive track

n +
negative track
. g 500
3 He = R. E. Phitips and J. Schneps =+« Free A (PDG)
= PR 180 (1969) 1307 s
._q__s 400} G. Keyes et al. —— H World Average
= PRD 1 (1970) 66
c STAR Collaboration ALICE Cotlaboration
=] Science PLB 754 (2016)360
secondary vertex vO o £ 300+ . 328 (2010)58 Po-Pb Y5o=2.76 ToV
‘s = 200 . — l'ﬁ
7’ A -
é&'; G. Keyes et al. m m ALICE Preliminary
. & Pb-Pb 5=5.02 TeV
positive daughter dca e ,5\ NPB 67(1973)269
e &y ’ HypHI Colaboration
-5 v © , pointing angle 100 G. Bohm et al, NPA 913(2013)170
. 4 / NPB 16 (1970) 46
N smmugaed (P / R. J. Prem and P. H. Steinberg
e p ' PR 136 (1964) B1803
£ N : 0
primary vertex ' - ,' __._radius of the fiducial volume
[ s - ]
. 3 ~
aH
negative daughter dca Consistent with world data and with free A lifetime
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Strangeness enhancement

s

Ordinary nuclear matter is composed o L B
of u and d quarks. Strange quarks are ~ © ©  =/in » 3—%% =2
produced in the collision g +! '
mu,d,s < AQCD < mc,b,t "2
§ %] . Stranger.wess'
5103 T . production increases
Q/1t % ? *i >=3 from pp to Pb+Pb
% % j collisions.
i |+ Canthe gap between
B ALICE Pb-Pb at 276 TeV minimum bias pp
m sy | and Pb-Pb be filled
A ) STARAu-Auppat200Gev | with high multiplicity
10 : A ALICE Pb-Pb at 2.76 TeV ] d p-Pb events?
J. Rafelski and B. Miiller, PRL48, 1066 (1982) i 2 gif;:up_::,?;pe:t 200GV - HY L
P. Koch, B. Miiller, J. Rafelski, Phys. Rep. 142, 167 (1986) ‘I‘ i i o I-
The enhanced production of strangeness , ALICE, PLB 728 (2014) 216
relative to u and d quarks was proposed 1 10 10 (N_) BT PR CitE
as one of the QGP signals. pp Pb-Pb/Au-AILart 22

1 Sep 2018 Tapan Nayak



ALICEppvs=T7TeV
(event multiplicity classes)
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Ratio of yields to (z*+ )
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like features in pp, p-Pb
strangeness enhancement:

physicsm

Stranger and stranger says ALICE

enhancement only dependent on

multiplicity
underlying mechanism?

Strangeness enhancement increases

with strangeness content.
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Strangeness enhancement in small systems

Ll

T
@W@ 1g=
@ . u* W § W gy P (<6) =W Smooth evolution as a function of

S=1 event multiplicity (in pp, p-Pb and Pb-
Pb collisions)

o (Pt0embinicD ® W ¥ @ Wil 1 2K

- GPMMT O O 0 00 om

. @@Q v Atk Measurement at different energies as
0 B0 WOk g e _— a function of mul’.upllu.ty |nd|cate that
the hadron chemistry is driven by
0w il f@h@@ P 242" (x3) §=2 multiplicity regardless of the collision

Ratio of yields to (n*+m")
3
k>
| I . | l|
(Vs
Il
[ Y

energy
10—2 @ [% [ﬂ] [ﬂ] @ ¢] Q_+Q+ (X12)__ 5_3 ] ] .
o 127 * Ratios increase from low to high
: multiplicity in small systems and reach
4 ALICE Preliminary _ values similar to those observed in
ALICE ® pp, \s=13TeV ) .
_ﬁ O pp. 1§ =7 TeV 0 Po-Pb, | 5= 502 TeV - Pb-Pb collisions.
-Pb, =5.02TeV M Xe-Xe, =5.44 TeV .
10® L Olpl ‘s”” lel e ° }S“f‘ . e e Strangeness enhancement increases
10 102 10° 10* with strangeness content.
N
(d ch/dn> Inl< 0.5 24
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Resonance production — access to freeze-out times

e s ALICE
ALICE: Phys. Rev. C. 95 064606 Life time
(fm/c)

B | 4 xpp2.76TeV ALICE | K™0(892) K*O ~4.16
*@ 0.5 ¢ wpp7 TeV ® Pb-Pb 2.76 TeV - b ~ 46.3
o . 0 0 Pb-Pb2.76 TeV (PRC 91, 024609) |
O 04r e 71 ¢ The shorter lifetime of the K™® means that it decays
T N T within the medium, enabling its decay products (m,K) to
Dﬂ_j . re-scatter with other hadrons.
0.3 * The process depends on the time interval between
[ chemical and kinetic freeze-outs, in addition to the
02l source size and the interaction cross-sections of the
i daughter hadrons.
* In contrast, due to the longer lifetime of the ¢ meson,
0.1 '—— EPOS3 -+ EPOS3 w/o UrQMD ] both the re-scattering and regeneration effects are
..o Thermal Model, T, = 156 MeV 1 expected to be negligible.
o(; L1 é L1 i L1 EIS - é L1 1'0 - 12 * Indicates the existence of re-scattering effects on
(dN /d >1 /3 resonances in the last stages of heavy-ion collisions.
ch n
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Fluctuation measures

* Fluctuations of Conserved Quantities
e Access to critical phenomena
* Obtaining freeze-out parameters
* Bridge between THEORY and
EXPERIMENT

Thermodynamic €= Moments of the conserved
susceptibility charge distribution

Higher moments
Diagonal and Off-diagonal Susceptibilities

Today's Universe
Present

(13.7 x 10° years)

. <G

‘ -9
."‘Nwowwow"f'.

WMAP data

(3x10° years)

Inflation

Big Bang

LHC / RHIC produced system

-

Freeze-out

& -
e

1t

c
el
|
o
>
w
2
S
®
c
>
B
O
—
©
>
-

Little Bang
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Net-charge fluctuations

Net charge fluctuations: ALICE
Hadron gas: QGP: D PRL 110 (2013)
B J 2
X ® 00 . . . :
% e O 'Oo‘ I 0% * 0 RHIC Jo
O,O .. 6 ( ° 09 .C% O.Q ) L —23.5
O |‘. O O \ o .. . OO g -1_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII* IIIIIIIIIIIIIIIIIIIIIII§3
.O §¢, E 11111 Hadron Gas E o
d f d 5 f D f d d f />\ -1.5:— QGP —:2.5
Confined: few d.o.f. . 5§ [ % sTARAuwA ]
econfined: many d.o.f. 2 ob a LHCE
Jeon, Koch. PRL 85 (2000) ogf & AHEEFETEANCTE dis
Asakawa, Heinz, Miiller, PRL 85 (2000) o QGP i
1Io 162 163
(VN 1) (V1) ) e (6
Vv = —_
(+—,dyn.) <N+>2 <N_>2 <N+><N_>
<(5Q)2> 4(HG)
D=4-— ~(N,)Vu) -4 ~{ 3(HRG)
e 1-1.5(0OGP)
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Thermodynamic response functions:
using fluctuation measures

. C - oE
" Heat capacity: YR
A
Collision A heat capacity is a response function expressing how much a
Tinital system’s temperature changes when heat is transferred to it,
or equivalently how much 8E is needed to obtain a given dT
QGP phase
Temperature \
(GeV) TP
= |sothermal compressibility:
particle ratio fixed | = kT
| P . Momentum fixed | =p CV k 1 (9V
Taip |rorrmmmmmmmsrssssssnseenen > T —
Kin ;::?i.: -‘/7 E)JF) T
, *+* hadrons
time (fm) —> Isothermal compressibility expresses how a system’s

volume responds to a change in the applied pressure.

md
Critical behavior 2> ko r-T.| . -
power law scaling k;

28
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Beam Energy Dependence of C, and k;

C, from mean p; fluctuations

Cy (T')*
1 (T — (Tan)?)  (Te) — (Tew)®)
Cy (Tin)> (Tin)>
Phys.Rev. C94 (2016) 044901

F T T T T T LI | T T T T T LI | :
8 4 —e— STAR Au+Au 0-5%
70 E —e— STAR Cu+Cu 0-10% _-
= .- HRG .
6 % HM ]
- F 0 HM via QGM =
— b5 & QGM —
O Tk o AMPT .
N AC =
o - ]
3 —
oF =
S =
B | | L1 11 | 1 I—:

10 10? 10°

\'Syy (GeV)

2/5/2018

k; from multiplicity fluctuations
otV
b= 3> kgl
Phys.Lett. B784 (2018) 1

® Experimentaldata W UrQMD

I EPOS 4 AMPT default
60 L AMPT SM —— HRG full ps
—— HRG nl<0.5

0-5% central collision
ml <0.5

k, fm°/GeV
S

N
o

kT

10 102 10°
syn GeV

ALICE data analysis in progress

OLICE
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Balance Functions Bass, Danielewicz, Pratt PRL 85 (2000)

et N

=
Whose partner is this?

Balance Function quantifies the degree of the separation of pairs
of particles and relates that with the time of hadronization.

Conditional probability of detecting a particle of type b in N( b. P2 | p Pl)
the bin P, whilst there is a particle of type a in the bin P, . p(b,P2|a, Pl) = ’ i
N(a,Pl)
(N, (An)=N_\(An) N_,(Anp)=N, (A Width of the BF is a combination
B(An) :E () n)N A7) $— i U)N (A7) of thermal spread and diffusion

- -
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BF in pp, p-Pb and Pb-Pb: (pT window)

ALICE
ALICE Collaboration, EPJC (2016)
Delta-Eta Delta-Phi
ALICE ALICE
0.8 Low-p_interval (a) 1" Low-p_interval (b)
*
Vs * M'
0 M * 4 x, 0.8 *
0.6/- W ppis=7TeV K . W ppis=7TeV * o,
_ 0.5 @ PPb\sy=502TeV 8 0.6 ® p-Pb s, =5.02TeV Kok,
q N—
© 04’_ *- Pb-Pb \San = 2.76 TeV bg-  Pb-Pb \ Sy = 276 TeV
Intermediate-p_ interval > ¢ 0.4 Intermediate-p_ interval *
0.3 malipienre **** el ! ‘* * ok e K ek
0.2 High-p_ interval N 0.2}~ High-p_interval
0.1- ' et RBEINE SN el QUM K kK Rk
O llll[ 1 L lllllll 1 L lllllll L llllll 1 0 lllLl ' 1 lllllil L"LLJI '111111 '
1 0 10  10° 1 10 10° 10’
(N_) (In|<0.8) (N_) (n|<0.8)

The widths of the BF in An and A¢ are found to decrease with increasing multiplicity for all systems
only in the low-pT region (for pT < 2.0 GeV/c).

For higher values of pT, the multiplicity dependence is significantly reduced, and the correlations of

balancing partners are stronger with respect to the low-pT 31



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

Study angular dependence

of emitted particles

1 Sep 2018 Tapan Nayak

Azimuthal asymmetry:

Non-central A-A collisions

dN dN

,;0) =
prdprdydy (b7, 7:) 2mprdprdy

v, = “elliptic flow”

QLICE

(1 4 2va(p7; b) cos(2¢) + ...)

dN/d(¢ - ¥,) abitrary scale

. most peripheral -
S g “E
iy e Poas

3 -2 -1 0 1 2 3
¢ - ¥, (radian)
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Elliptic flow In different collision systems

EN 0.16— ppl 13 TeV o pl)-lz’b 5.02 Tel,v >I<e-xle 5|.4i TeV | I|3b-Pb 5.oé TeVI—:
g - = Vol i Vol 4) 0 Vo) E Detailed measurement of v2{m} as a
014— ¢ V2{4}3-sub . V2{4}3-sub x V2{4}3-sub % V2{4}3-sub — . . .
— o V,{6} o v,{6} % V,{6} o V,{6 . function of charged particle density for
0-12:_ ALICE Preliminary 7 v,{8} ¢ v,i6} B different geometries.
0.4 02<p_ <3.0GeVic f \‘:Zg B
- Mi<08 o 000000, “Tesw Collective behavior is observed in multi-
0.08— g 0 3%0 - b — particle cumulants (where non-flow
- & ¢ #* #* Pb-Pb T contributions are suppressed) even in
0.06 ; S * .
- % i * . the smallest systems.
0.04 b Xe-Xe ¥ —
0.02F- | PP, p-Pb ¥ =
O_ | | | | 11 1 | | | | | | I | | | | :
102 10°
N, (nl <0.8)
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Nuclear modification factor:

probing the dense matter d*N* | dp dn

~ " 2 NN 1. 7.
T .dc" /dp.d
Nuclear overlap A4 prai]
function:

]j-\:\ /] — ‘xg\coll O-inél'

leading particle

suppressed /%

Tranverse Momentum (GeV/c)
/”/ !

back-to-back jets
disappear

—> Disentangle INITIAL (Cronin effect, Nuclear PDF ...)
and FINAL (Energy loss, Rescattering ...) state
effects

Pb - Pb
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Charged particle energy loss

1.2

Beam energy dependence

e Au-Au62.4 GeV
Au-Au 200 GeV

I ° + .
0.8 H = Pb-Pb 2760 GeV
T ++ + = Pb-Pb 5020 GeV
> |
o —
;:E 0.6/~ + ‘

0_4;}}#

| . 14
0.2 +
_I | | | I | | I%I | I I
0 2 10
p (GeV/c)
dN B / de 0

R =
A8 <Nw,,>dep /dp,
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| | | | | |
- ALICE, \'s,, = 5.02TeV, charged particles, | |<0.8 -

—o— Pb-Pb, 0-5%
~m Pb-Pb, 70-80%
—4— p-Pb,NSD, -0.3<7n_ <1.3

| )
r‘. ——Ctntral (0-5%)

0 10 20 30 40 50
P, (GeV/c)

s

arXiv:1802.09145

p-Pb: no evidence of jet
guenching for NSD events.
Small system size — hence
effect is very small.

To check: dependence on
event activity.

Pb-Pb: Strong suppression
with increasing centrality.

Strong suppression at
intermediate p; ; stronger in
more central (.. not due to
initial state effects)
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Jets in medium

JALICE
jet __ 5
AA m T [ T T T [ T T T ] T 1T T T T T 1 ]
<
< r PR % shape uncertalnty .
18 _—A ICE Pb-Pb {syy =5.02 TeV [___] correlated uncertainty —
1.6/ Anti-k, R=0.2 In, | <07 P> 5 GeVic —
proton-proton collision / C ]
1.4 == s, = 5.02 TeV ALICE 10-30 % (Ch Jet, R=0.2 pp:Data) —
W ’ 2—_—A— {Suy = 5.02 TeV ALICE 10-30 % (Ch Jet, R=0.2 pp:POWHEG) =
i " —4— |5 = 2.76 TeV ALICE 10-30 % (Full Jet, R=0.2) ]
/ 1=  PLB 746 (2015) 1 —
proton proton 08E- VS = 2.76 TeV ATLAS 10-20 % (Full Jet, R=0.4) e
“r PRL 114 (2015) 072302 .
quark 0.6 —
0.4 —
! 0.2~ ALICE Preliminary -
TR I TS TN ST AT ST TN AT ST SN SN NN TN SO A S NANHN SN A
0 20 40 60 80 100 120 140

. p.  (GeV/c)

e Jet: hadrons and other particles produced by the T, Jet

hadronization of a quark or gluon in a narrow cone
* Hard partons in the presence of dense coloured e Large jet suppression in Pb-Pb
medium lose energy via elastic scattering and collisions with respect to pp

multiple gluon radiation.

* Energy loss => medium properties

36
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Energy loss of charged particles and of jets

Ll

Pb-Pb 2.76 TeV

o 2 - ] T
O 4 83_Ch' particles Jets  ALICE: JHEP 03 (2014) 0134 R of charge jets is similar to that observed for
c ¢ . | ALICE o | ALICE Ch. Jets R=0.3 ] single hadrons over a broad momentum range.
1.6F (0-10%)/(50-80%) (0-10%)/(50-80%) =
1.4 CMS 5 ATLAS Calo Jets R=0.3-
{of (0-5%)/(50-90%) (0-10%)/(60-80%) i
' 15 1 This is contrary to the expectation that the
a . suppression for jets to be smaller than for
0'85_ : E hadrons, since jet reconstruction collects multiple
0'65_ 5000000 jet fragments into the jet cone, thus recovering
0'4; E some of the medium-induced fragmentation.
0.2 N
0" 110 ' 1(')2 - =>the momentum is redistributed to angles larger
ptrack et (GeV/C) than R = 0.3 by interactions with the medium.
T 0T

R cp is the ratio of the yield of central to peripheral

37
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Heavy flavours: probes of strongly interacting medium

c and b quarks are produced in initial high-Q? processes (calculable with pQCD)

Open Heavy Flavours

Large mass => short formation time => experience medium evolution
1/2m_(~0.07 fm/c) < QGP formation time (~0.1-1fm/c)

Small rate of thermal production in the QGP (m_,>>T)

<< QGP life time (10 fm/c)

Traverse the QCD medium undergoing elastic and inelastic collisions in the medium

Full reconstruction of charmed mesons
and baryons via hadronic decays

DO > K-t

DY »> K-t @
D* — DOrt? :
D" - G IK-KHr*
A — pKmt*

A — pKO,

_——
-
-

n+

mid-rapidity
ly[<0.5
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Semi-leptonic decays

Electrons:
ly|<0.8

Muons:
2.5|y|<4

Primary g p
vertex :

rec. track

D,B—euX

B — e X (via displaced impact parameter)
AN — etV A

=0 =-

= —>e'v, =

Displaced /P (from B decays)
H+

Jhy W

mid-rapidity B
ly|<0.9 Lyy
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Counts / (10 MeV/c?) Counts / (4 MeV/c?)

Counts / (12 MeV/c?)

4.5 AR e .
T et | Probe with charmed mesons:
: . 30-50% Po- ,H_S.O2T9VE

3.5 D’ - Kn* _ f
N Measurement of D', D™, D** and D/

25 i Strong suppression of open
E = + 2’ E 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 [
Y S °F ' ' ' ' "1 heavy-flavour mesons in

1_5é S(;;);2343¢273 Q: 1 8'_ ALICE 0—10%3 Pb—Pb T y
B R R TE 1 central Pb-Pb @ 5.02 TeV

e GV 1.6 (5 =5.02TeV 3
:1‘21,5& Bty T 1 4:_ e Average D°, D", D**, lyl<0.5 E * A minimum of 0.2 for 5-6

1'2;30-50% Pb-Pb, S = 5.02 TeV B " & Dy, lyl<0.5 I . . . . L
e ot ] 1.2 = Charged particles, Inl<0.8, arXiv:1802.09145 GEV/C indicates Slgmflca nt
L 5<p_<6GeVic ] +, = B T

o O . D:cd - - - . B :nergy IOSS'bI o

] - [~ 1 °

o6 Y ] D :dc = k! AA Compatl e wit
(1871 0000 GoVIEE i 0 — 0'8: 1 charged pa rticles for pr> 8

O.4}c=(14i1)MeV/cz 7 D . Cu 0 6-_ 1 T
B Bile - 1 GeV

e (GEYIET _ 0.4p%% H=‘;§ * Non-strange D mesons are
D;Z CS N 'IEE‘E =8 4

i 028 “egas- 3 more suppressed
D;—>¢n+—>K’l.<+n+ <p < D_: SE TR T N A T T T T NN S T T T [N N Y SN S AN T M N S B +

1405 and aharae coni. 4 <Py <6 GeV/c 0 comparedto D

o KA | 10 20 80 40 G V/50) P s

100f P ev/C
80:

o " ; 1 dNaa/dpr D meson strongly interacting with the medium.
e ] R = : .

205 o0 198 22 ; aa(pr) (Tan) doyp/dpr Does that mean it flows too?

0 . | P

39
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D-meson elliptic flow

—— T T | T 1 | T | T | T T | T 1 | T | T 1 T 1 | T 1 | T | T 1
(@) | |
o 03[ 30-50% Pb—Pb, |5, = 5.02 TeV ALICE -
= - |y|<0.8 n
ﬁ B \Z 0 + o+ ]
- B N7, e D, D', D" average
Al S %, —
w 02— £ %, [] Syst. from data —
N I 2, Syst. from B feed-down N
— = N - ]
— 5: ) ‘3’” L) ]
O 1 - E: ': .."7 W, ]
— :: ",0 e N —
3 y R lll.l'lll ”4' = i-"'l!:/I I_M B
_g Q\@é > ETI;II”T """" mrm =
OF 7777771 TAMU -
I ammmam PHSD miimin LBT —]
— 1 POWLANG HTL BAMPS el.+rad. —
— Ny MC@sHQ+EPOS2 mnnnn BAMPS el. —
_I 1 1 | | I | | 1 1 1 | 1 1 1 | 1 1 | | | I | | 1 1 1 | 1 1 1 | 1 1 1 | | I | | 1 1 1 | | I | |_
12 14 16 18 20 22 24

o 2 4 6 8 10
pT(GeV/c)
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The results of the D meson
elliptic flow v2 show non-zero
value for 2 < pr <10 GeV/ciin
30-50% centrality class, which
provide information of the
collective expansion of the

system.
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Beauty-hadron decays in mid-rapidity:

3||||||||| T T 7T T T T 7 T 171
: arXiv:1609.03898 A |cE ]

arXiv:1609.07104 ]
0 p-Pb, s, =5.02 TeV, b (—c) »e -

* Electrons from heavy-flavour hadron decays in p-Pb
collisions show no indication of modification of the
production with respect to pp collisions, indicating
that cold nuclear matter effects are small.

no
6))
T | T T T

= 0-20% Pb-Pb, |5, =2.76 TeV, b (= ¢c) = e |

N
T | T T T

* The observed reduction in central Pb-Pb relative to
pp can be attributed to the presence of the hot and
dense medium formed in Pb-Pb collisions => beauty
quarks interact with the medium.

e 0-20% Pb-Pb, \/sNN =276 TeV, (b,c) —e

—
6))
L

Nuclear modification factor

L | - 4
* The larger suppression of electrons from both 1 4,3 % """""""""""""""""""""""""" o
charm- and beauty-hadron decays compared with + +
the beauty-only measurement (within large 0.5F o 4 ; ¢ + ]
uncertainties) is consistent with the ordering of i e e |-t i
charm and beauty suppression as seen in the I I I AT AT T WS WS Y N
comparison of prompt D mesons (ALICE) and J/W¥ c 2 4 6 8 10 12 14 16 18 20
from B meson decays (CMS). P (GeV/c)
Nuclear modification factors of electrons
I dNan/dpr from beauty-hadron decays at.rr?id—rapidity
Raa(pr) = ) G apn for p-Pb and central Pb-Pb collisions. a1
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J/¥ suppression

J/y SUPPRESSION BY QUARK-GLUON PLASMA FORMATION *

T. MATSUI
Center for Theoretical Physics. Laboratory for Nuclear Science. Massachusetts Institute of Technology.
Cambridge, MA 02139, USA

and

H. SATZ
Fakuliai fiir Physik, Universitat Bielefeld, D-4800 Bielefeld, Fed. Rep. Germany
and Physics Depariment, Brookhaven National Laboratory, Upton, NY 11973, USA

Received 17 July 1986

If high energy heavy ion collisions lead 1o the formation of a hot quark—gluon plasma, then colour screening prevents o binding
in the deconfined interior of the interaction region. To study this effect, the temperature dependence of the screening radius. as
obtained from lattice QCD. is compared with the J/y radius calculated in charmonium models. The feasibility to detect this effect
clearly in the dilepton mass spectrum is examined. [t is concluded that J/y suppression in nuclear collisions should provide an
unambiguous signature of quark-gluon plasma formation.

* In the plasma phase the interaction potential is expected to be screened
beyond the Debye length A, (analogous to e.m. Debye screening):

* Charmonium (cc) and bottonium (bb) states with r > A, will not bind; their
production will be suppressed
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J/¥ production in forward rapidity

< LI

AL BLELEL AL BLRL AL BLELELEL BLELELALE BLELELELE BLELEL
Inclusive Jiy > wi arXiv:1606.08197
® ALICE, Pb-Pb\s\, =5.02TeV,25<y <4,p_<8GeV/c

® ALICE, Pb-Pb\s,, =276 TeV,25<y <4,p_<8GeV/c

O PHENIX, Au-Au\s,, =0.2TeV,1.2<y| <22,p_>0GeV/c

lll"l

ALICE, 5.02TeV -
s O e @ @
o @ @ @)
i HE e m m g
7]

ALICE, 2.76TeV

8B g
PHENIX, 0.2TeV

0

50 100 150 200 250 300 350 400
(N0

part

2.76 TeV

AA

s

C ALIGE, inclusive JAy — w'w
[ 25<y<4

Transport |'s, = 5.02 TeV (TM1, Du and Rapp)
® Pb-Pb |s,, =5.02 TeV, 0-20%
B Pb-Pb |s,, =2.76 TeV, 0-20%

SR arXiv:1606.08197

5_ o

3 W92 ®

E_ L] 5 |§|¢||§| El El El
H & ;
I —
o: > 4 6 8 10 b (GoVio) 12

* R, Vs centrality: increasing suppression with centrality up to Npart ~ 100, followed by a constant R,

e Stronger suppression at RHIC energies (PHENIX) compared to LHC => role of recombination

e J/W¥ at Pb-Pb 5.02 TeV is less suppressed (by ~15%) compared to 2.76 TeV

* R, Vs p; has been compared to different models. Models with dissociation and regeneration are
1sep 2018 gonsistent with data within the uncertainties.
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Z° boson production in Pb-Pb

1 Sep 2018 Tapan Nayak

® . [ ALICE, 0-90% Pb-Pb | 5, = 5.02 TeV ' :
S 14 =
(] o 25« y< 4.0 .
S), 12, Opposite charge =
o L o Same charge 3
a 10 -
= - POWHEG ‘ .
3 8 -
3 F 3
z 6 ’ -
S r ]
D 4 =
& C .
= 2 -
_?
% 140
Mm, (GeV/c?)

o
> o

o
o

Nuclear modification factor

(N

insensitive to QGP
sensitive to quark, gluon density in
the nucleus

yield suppressed by ~30%

B LI I LI I LI I LI I LI I LI I IIIIIIII i
:_ ALICE, Pb-Pb \s,, = 5.02 TeV _:

[ Z >, -4.0< n, <-2.5, p'; > 20 GeV/c ]
- 20-90 % E

B 0-20 % 7
| |cT14 + EPS09 E
:— NLO pQCD with CT14 as pp reference —:
:l [ ] I | i . I Ll 1 1 I I . ] I | T | l L1 1 1 I llllllll :
0 50 100 150 200 250 300 350 400

coll

in agreement with nuclear PDFs

comparison to theory
(with/without shadowing)

ALICE
ALICE, Phys. Lett. B 780, 372
0-90% Pb-Pb \ s, = 5.02 TeV
ALICE ————
CT14
Pb-isospin, free PDF 2
CT14 + EPS09
Pb-isos;m. nPDF [:]
CT14 + EPPS16 E::
P‘b-isos;m. nPDF : :
nCTEQ15 S
Pb-isospin, nPDF —
llllllllll]llllllllllzllll:lllllll]lllll
dN/d ° & 9
T (pb)
(T, an)
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ALICE LS2 upgrades

ALICE
LHC timeline
2015 2016 2017 2018 2019 2020 2021 2022 2023
TP AR D TAISIGNI S IF T AN D TAI SN 7:Ii'-{n M D TAISIGIRTA S IF A T TAISIOINT ?ﬂ“r’-ﬁ'i[-{?I)VAIsT NI TR AR T TAIR G S T AR S D TAl SN T TP e AR T T TA S5 PN AR ~
Il [HRR A
EYETS LS2
1111 1111
Upgrade of the PANNE: - Bt = 1.0 nb™? Run3: £Pb—Pb = 6.0nb~ 1
Pg - ~integrated - uns: integrated ~ - n

ALICE Experiment

2024 2025 2026 2027 2028 2029 Shutdo\,vn/']'echnical stop
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- Main physics goals:
 study heavy quark interaction in QCD medium
 study charmonium regeneration in QGP

 chiral symmetry restoration and QGP radiation
 production of nuclei in QGP
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6 ACORDE | ALCE Cosmic Rays Detector
o AD | ALICE Diffractive Detector

o DCal | Di-jet Calorimeter

ALICE LS2 Upgrade
(2019-2020)

o EMCal | Electromagnetic Calorimeter

e HMPID | High Momentum Particle
identification Detector

O ITS-IB | nner Tracking System - Inner Barrel

@ 17S-OB | sner Tracking System - Outer Barrel

® e IAMENAYE4 ; -
- 17 '/ s 15 y L o MCH | Muon Tracking Chambers
T N | B : o MFT | Muon Forward Tracker
New Inner Tacking System (ITS) g ::ZLTU:P\'/&IW
. Photon Spectrometer
* MAPS technology: improved O
a2 Q TOF | Time Of Fight

resolution
* Less material,
e Faster readout

@ TO+A | Tzero + A
m TO+C | 1zero + C
@ TPC | Time Projection Chamber

@ TRD | Transition Radiation Detector

Q VO+ | vzero + Detector
@ ZDC | zero Degree Calorimeter

New TPC Readout Chambers
* New readout chambers using
4-GEM technology
* New electronics for continuous
readout (SAMPA)

Online Offline (02) system
* new computing facility

* on line tracking & data New Trigger Detectors (FIT, AD)
compression e + centrality, event plane
New Forward Muon Tracker (MFT) « 50kHz Pb-Pb event rate
* Vertex tracker at forward rapidity New Central Trigger Processor (CTP)
Muon Arm Common Projects: Upgraded readout for TOF, TRD,

e New electronics (SAMPA) g:l\n;::AO:OI::;Z?IU:EUCnh':p(CRU) PHOS, EMCAL, CPV, HMPID

e New electronics for Muon Trigger 46



A Large lon Collider Experiment

ITS Upgrade

* 7-layer geometry (23 —400mm), |n| £ 1.5)

* 10 m? active silicon area (12.5 G-pixels)
* Pixel pitch 28 x 28 um?

* Spatial resolution ~5um

* Power density < 40mW / cm?

* Material thickness: ~0.3% / layer (IB)

* Maximum particle rate: 100 MHz / cm?

2100} T T e LT
£ sof /
O ]
tﬁ BOp i) QL'CE”TS
40 IB: X/X,= 0.3%; OB: X/X = 0.8%
Based on CMOS Monolithic :
. . 20
Active Pixel Sensors (MAPS) :
ol
10" 1

P, (Ge1\0//c) 47



TPC Upgrade with GEMs Atice AHICE

/
World’s Largest TPC: key tracking and QUIER FIELD

PID instrument with 275 million pixels 7/77 /\\
4/,/{/7//7////////////£;\\ i

D

///////// ////f/ﬁs\\\ \\

* Goal: replace existing MWPC-based Readout Chambers
and Front-End Electronics in LS2 to allow continuous
readout of Pb-Pb collisions at 50 kHz in RUN3 and 4

* Technical solution: 4-layer GEM detectors

:.%

I
CENTRAL HV
ELECTRODE

INNER FIELD
CAGE

OROC (18+18) IROC (18+18)
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A Large lon Collider Experiment

Muon Forward Tracker Goals:

 HF decay vertices
e forwardy —> Lorentz boost

 pfromcandbdown to p;>1GeV
* b ->J/¥ down to zero p;

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

Silicon Pixel tracker with ALPIDE = High pointing
accuracy 49



A Large lon Collider Experiment

Fast Interaction Trigger (FIT)

A - Side

~3.3 m from IP
TOA+: 3.8<n<5.4
VO+: 2.2<n<5.1

C - Side

0.82 m from IP
TOC+: -3.3<n<-2.2

Intrinsic resolution < 20 ps I

e Luminosity monitoring & feedback to LHC

e Fast Interaction Trigger with LM latency < 425 ns
 Online Vertex determination
 Minimum Bias and centrality selection

* Rejection of beam/gas events
* Veto for Ultra Peripheral Collisions

e Collision time for Time-Of-Flight particle ID

* Multiplicity = Centrality and Event Plane PLANACON® XP85012 + quartz radiators



Read-out Architecture

Ll

Luminosity WOP @ani &7 6 x 10’ cm2s?
Collision rate 8 kHz (PbPb) 50 kHz (PbPb)
Max Readout rate 500 Hz (PbPb) PbPb: 50 kHz

pp & pPb: 200 kHz

, _ 50 kHz (70 MB/event)
* Several detectors will have continuous readout to address

pileup and avoid trigger-generated dead-time. 3.3TB/s
* Online/Offline (02) Facility: to reduce recorded data
volume by doing the online reconstruction. ont
niine
¢ Common Readout Unit (CRU) of O2: tasked to perform Offline CRU

data concentration, reconstruction and multiplexing. (02)
//

Upto 120 W
dissipation

50 kHz (1.5 MB/event)

Avago Minipods
Ax12TX, 4x 12 RX

Storage

Arria 10 FPGA
10AX115S4F45I138G

x16, Gen3 PCle
(CEM rov 3.0)
128 Go's

CRU FPGA Board: 80 GB/s (peak)

48 optical outputs (MTP)
48 optical inputs (MTP)

51



Summa ry Physics harvest continues:

QGP properties: G
Energy density, temperatures
* Freeze-out parameters
* Hadron chemistry
* Energy loss, nuclear modification factors
e Jet quenching

Accelerator and detector
technology:

* Excellent performance of the LHC * Precision on QGP parameters

* Excellent heavy-ion physics Collective effects in small systems:
program involving all four e System-size dependence of observables
experiments * Collective effects in small systems

* New detector technologies, « Medium effects in small systems
electronics as well as new data * Rich input for proton-proton modelling
taking and computing models Looking forward:
developed. Fully ready for the .

Even after 25 years, it seems to back to the
beginning with an aggressive upgrade program
e ALICE will continue to take data until 2028 (LS 4)
and continue to address fundamental questions

52

upgrades ..
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