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Characterising	the	quark-gluon	plasma	
with	the	ALICE	experiment	at	the	LHC



Quark	Gluon	Plasma

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
quarks and gluons. q-q interactions become
weaker as the inter-quark distance becomes
shorter (asymptotic freedom). The system
behaves like free quarks and gluons.

kr
r
s +-=

a
3
4V(r)

QCD	is	a	“confining”	gauge	
theory,	with	an	effective	
potential:
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ALICE	@	LHC
• Quark-hadron	Phase	Transition
• Quark	Gluon	Plasma

Takes	us	back	to	within	
few	Microseconds	of	
the	Big	Bang

Astrophysical	
Probes

Takes	us	back	to	
380,000	years	after	

the	Big	Bang
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• Take	a	high-mass	atom	like	Au	or	Pb
• Take	away	the	electron	=>	Ion			(Heavy-ion)
• Accelerate	the	Ion	to	almost	the	speed	of	light
• Collide	the	Ions	=>	Create	the	Little	Bang
• Study	the	aftermath	by	specialized	detector	
systems	which	surround	the	collision	point	=>	
Experiment

Heavy-ion	collisions:
Creating	the	QGP	state
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• For	hadronic	matter,	g=3
• For	QGP:	degrees	of	

freedom	increases	by	a	
factor	of	about	10	
(8	gluons,	2	quark	
flavours,	2	antiquarks,	
2	spins,	3	colors)

TC ≈	155	MeV and	 εC	≈	0.5	GeV/fm3
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RHIC SPS
FAIR

LHC
(?)

HOTQCD	collaboration
arXiv:1505.05543

Lattice	calculations
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Lake Geneva

27 km circumference
~ 100 m underground
Design Energy:
14 TeV (pp), 5.5 TeV (Pb-Pb)

CMS

ATLAS

LHCb

ALICE

World’s Most Powerful Accelerator:
The Large Hadron Collider

Studying Heavy Ions
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THE	ALICE	COLLABORATION
41	COUNTRIES – 177	INSTITUTES – 1994	SCIENTISTS
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• Excellent track 
and vertex 
reconstruction 
capabilities in 
high multiplicity 
environment over 
a wide pT range

• Particle 
identification over 
a wide 
momentum range 
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ALICE	at	
Point-2	of	
the	LHC

8



1	Sep	2018	Tapan	Nayak

The	ALICE	program

2018	Oct-Dec

LHC	Run-1:	2009	– 2013
LHC	Run-2:	2015	– 2018	(Ongoing)

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

Future:	major	upgrade

Past	and	Present:

9
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pp at	13 TeV	 p-Pb at	5.02 TeV

�4Deepa Thomas 13/06/2018

✓ Cross-section of heavy flavour particles

✓ Nuclear modification factors in p-Pb collisions

✓ Multiplicity dependent heavy-flavour production

✓ D meson - charged hadron correlations

✓ D-tagged jets

✓ Azimuthal anisotropy of heavy-flavour particle production 

pp and p-Pb results

pp p-Pb

pp

• Test	of	pQCD calculations	from	
cross	section	measurements

• Provide	reference	for	p-Pb and	
Pb-Pb collisions

• High	multiplicity	pp:	what’s	the	
behaviour?

�4Deepa Thomas 13/06/2018

✓ Cross-section of heavy flavour particles

✓ Nuclear modification factors in p-Pb collisions

✓ Multiplicity dependent heavy-flavour production

✓ D meson - charged hadron correlations

✓ D-tagged jets

✓ Azimuthal anisotropy of heavy-flavour particle production 

pp and p-Pb results

pp p-Pb

p-Pb

• Intermediary	reference
• Address	cold	nuclear	matter	

effects	in	initial	and	final	states
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Pb-Pb at	5.02	TeV:	
One	PeV Collision

�19Deepa Thomas 13/06/2018

Pb-Pb 
✓ Nuclear modification factors of heavy-flavour particles

✓ Azimuthal anisotropy of heavy-flavour particle production 

✓ Heavy-flavor decay electron - charged hadron correlations

Pb-Pb results

Pb-Pb
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Heavy Flavours: unique probes

3

• Produced in initial high-Q2 processes à calculable with pQCD

• Large mass à short formation time à experience medium evolution
1/2mc (~0.07 fm/c) < QGP formation time (~0.1-1fm/c) << QGP life time (10 fm/c) 

• Expected small rate of thermal production in the QGP (mc,b >> T)
– and small annihilation rate 

c quark

b quark

Quarkonia in ALICE:
R. Arnaldi CERN LHC seminar

E. Bruna (INFN To)

Time	Evolution

Hard	scattering:	Jets

Global	properties	&	freezeout conditions	

- 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,	Tc	and	freeze-out	
conditions,	shape	and	size	of	the	system

Direct	probes	of	QGP	

- Electromagnetic	Probes:	photons	and	
dileptons

- Quarknonia
- Heavy	Flavour
- Jets

Study	of	energy	loss	and	nuclear	
modification	factors 12



1	Sep	2018	Tapan	Nayak 13

Particle	identification	in	ALICE
• Pions,	kaons,	protons	and	light	nuclei	identified	using	

dE/dx	measurement	with	the	TPC
• Deuterons	below	pT ≤	1.4	GeV/c,	and	3He	between	

1.5	<	pT <	7	GeV/c are	also	identified	with	the	TPC
• Deuterons	above	1.4	GeV/c	are	identified	using	velocity	

measurement	with	the	TOF	and	extracting	the	yield	
from	the	Δm2 distribution:	



Charged	particle	multiplicity	density	(pp)
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CMS (INEL)

EPOS LHC
PYTHIA 8 (Monash-2013)
PYTHIA 6 (Perugia-2011)

 = 13 TeVspp, 

ALI−PUB−102498

Phys.	Lett.	B753	(2016)	319

pp	13	TeV

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

Eur.	Phys.	J.	C	(2017) 77

dNch/dη measured	for	three	normalisation		classes:	
• NSD
• INEL:						inelastic	events	
• INEL>0:	events	having	at	least	one	charged	particle	in	|η|<1

Collision	energy	dependence	of	dNch/dh at	h=0	
(integral	of	data	over	h<0.5)	for	INEL,	NSD	and	INEL>0
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Charged	particle	multiplicity	density	(Pb-Pb)
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2000 PHOBOS 200 GeV 0-6%
PHOBOS 62.4 GeV 0-6%
PHOBOS 19.6GeV 0-6%

AMPT 200GeV Au+Au 0-5%
AMPT 62.4GeV  Au+Au 0-5%
AMPT 19.6GeV Au+Au 0-5%

ALICE 2760GeV Pb+Pb 0-5%
AMPT 2760GeV Pb+Pb 0-5%

Pb-Pb 5.02	TeV

Pb-Pb 5.02	TeV

• dNch/dη measured	by	SPD	and	
FMD	

• Total	number	of	charged	
particles	estimated	by	
integrating	over	full	h

Npart

Collision	energy	dependence	of	
dNch/dh at	h=0	normalised by	
averge number	of	participant	pair:
Charged	particle	per	participant	
pair	in	Pb-Pb rises	faster	(s0.15)	and	
stronger	than	in	pp(s0.11).

Phys.Lett.	B	772	(2017)	567577
Phys.	Rev.	Lett.	116	(2016)	222302
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Estimated	energy	density
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Energy	Density	at	LHC:	More	than	what	
had	been	predicted	for	the	formation	of	
QGP	(depending	on	the	formation	time)

e.t ~ 16	GeV/fm2c	

Collision	energy	dependence	of	energy	density



Particle	spectra	(Pb-Pb 5.02	TeV)
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Fits	to	the	spectra	give	
information	of	

QGP	hadronisation,	
radial	expansion,	freeze-
out,	…

17

Spectra	for	pions,	kaons,	
protons	…

as	well	as	resonances	…



Blast	wave	fits	to	particle	spectra:	Tkin vs.	ábTñ
Radial	expansion

Boltzmann-Gibbs	Blast	wave	model:	
A	simplified	thermodynamic	model	with	
3	fit	parameters:
• Tkin :	Kinetic	freeze-out	temperature
• <bT>		:	Radial	Flow	velocity
• n		:	velocity	profile
Describes	the	particle	production	from	a	
thermalized	source	+	a	radial	flow	boost

Simultaneous	fits	to	p,K,p spectra	gives:
• increase	of	<bT>	 with	centrality
• Similar	evolution	of	fit	parameters	in	

case	of	pp	and	p-Pb collisions
• At	similar	multiplicities,	<bT>	 is	larger	

for	smaller	systems

1	Sep	2018	Tapan	Nayak

Largest	βT
ever

18
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Thermal	model	fits	to	particle	yield

Thermal	models:
• At	Chemical	freeze-out	=>	

Particle	yields	get	fixed.
• Abundance	is	determined	

by	thermodynamic	
equilibrium:

Pb-Pb at	5.02	TeV

19

Tch :	153	MeV
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Chemical	and	kinetic	freeze-out	temperatures

Sumit	Basu	et	al.	PRC	94	(2016)	044901
STAR	Collaboration	PRC	79	(2009)	034909
ALICE	Collaboration	PRD	88	(2013)	044910
Cleymans	et	al.	PRC	73	(2006)	034905

Tch

Tkin

20

Collision	energy	dependence	of	Tkin and	Tch

the	difference	between	Tkin and	Tch
increases	with	the	increase	of	collision	
energy.	



1	Sep	2018	Tapan	Nayak

Hyperon	lifetime3
ΛH:	pnΛ bound	state
3
ΛH	à 3He	+	π-

Consistent	with	world	data	and	with	free	Λ lifetime

21

Hypertriton (M	=	2.991	GeV/c2)	signal	
extracted	using	invariant	mass	of	3He	+	π-

Applied	topological	cuts	in	order	to:	
•	 identify	secondary	decay	vertex	and	
•	 reduce	combinatorial	background.	



Strangeness	enhancement
Ordinary	nuclear	matter	is	composed	
of	u and	d	quarks.	Strange	quarks	are	
produced	in	the	collision	

Why	study	strangeness?

R.D.	de	Souza		|		ALICE	Week		|		16	- 20	July	2018 4

§ Ordinary	nuclear	matter	is	composed	by	”u”
and	”d”	quarks

§ Strange	quarks	are	produced	in	the	collision

§ The	strange	quark	is	relatively	”light”	

"#,%,& < ()*+ < ",,-,.

– Light	flavor	hadron	masses	are	generated	

”dynamically” due	to	spontaneous	chiral	
symmetry	breaking	in	QCD

– Near	the	QCD	phase-transition,	chiral	symmetry	

can	be	partially	restored	and	light	quarks	can	

recover	their	bare	current	masses

K.	Schweda et	al.,	arXiv:nucl-ex/0610043

§ Ordinary	nuclear	matter	is	composed	by	”u” and	”d”	quarks

p (m	≈ 938	MeV) n (m	≈ 940	MeV)

Strangeness	as	a	signature	of	QGP	formation

R.D.	de	Souza		|		ALICE	Week		|		16	- 20	July	2018 7

§ The	enhanced	production	of	strangeness	relative	to	u
and	d quarks	was	one	of	the	first	proposed	signatures	
of	QGP	formation

- Thermal	strangeness	equilibration	in	a	QGP	regime	can	
be	achieved	due	to	gluon	fusion	processes

→ Strangeness	enhancement

J.	Rafelski and	B.	Müller,	PRL48,	1066	(1982)
P.	Koch,	B.	Müller,	J.	Rafelski,	Phys.	Rep.	142,	167	(1986)

§ In	small	systems,	multi-strange	baryons	should	be	highly	suppressed

- Conservation	laws	must	be	implemented	locally	– Canonical	Formulation
- The	canonical	conservation	of	quantum	numbers	severely	reduces	the	phase	space	available	

for	particle	production
S.	Hamieh,	K.	Redlich,	A.	Tounsi,	Phys.	Lett.	B	486	(2000)	61

A.	Tounsi,	K.	Redlich,	arXiv:hep-ph/0111159

→ Strangeness	canonical	suppression (in	a	hadronic equilibrium	thermal	model)

Strangeness	as	a	signature	of	QGP	formation
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§ The	enhanced	production	of	strangeness	relative	to	u
and	d quarks	was	one	of	the	first	proposed	signatures	
of	QGP	formation

- Thermal	strangeness	equilibration	in	a	QGP	regime	can	
be	achieved	due	to	gluon	fusion	processes

→ Strangeness	enhancement

J.	Rafelski and	B.	Müller,	PRL48,	1066	(1982)
P.	Koch,	B.	Müller,	J.	Rafelski,	Phys.	Rep.	142,	167	(1986)

§ In	small	systems,	multi-strange	baryons	should	be	highly	suppressed

- Conservation	laws	must	be	implemented	locally	– Canonical	Formulation
- The	canonical	conservation	of	quantum	numbers	severely	reduces	the	phase	space	available	

for	particle	production
S.	Hamieh,	K.	Redlich,	A.	Tounsi,	Phys.	Lett.	B	486	(2000)	61

A.	Tounsi,	K.	Redlich,	arXiv:hep-ph/0111159

→ Strangeness	canonical	suppression (in	a	hadronic equilibrium	thermal	model)
The	enhanced	production	of	strangeness	
relative	to	u	and	d	quarks	was	proposed	
as	one	of	the	QGP	signals.

Physics Letters B 734 (2014) 409–410

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Corrigendum

Corrigendum to “Multi-strange baryon production at mid-rapidity 

in Pb–Pb collisions at 
√

sN N = 2.76 TeV”
[Phys. Lett. B 728 (2014) 216-227]

ALICE Collaboration

a r t i c l e i n f o a b s t r a c t

Article history:
Received 18 May 2014
Accepted 18 May 2014
Available online 24 May 2014
Editor: L. Rolandi

We correct an error affecting the plotting of Fig. 5 in Phys. Lett. B 728 (2014) 216 (arXiv:1307.5543).
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

We have identified an error that occurred when transferring the results based on the total Ξ− + Ξ+ and Ω− + Ω+ yields, as quoted 
in [1] (for ALICE) and taken from [2] (for the STAR Collaboration), in Fig. 5(b) and (c). The problem mainly affected the uncertainties in 
the Ω− + Ω+ enhancement for ALICE and in the cascade-to-pion ratios both from the ALICE and STAR measurements. These were shown 
underestimated by about 25–30%. A revised version of Fig. 5, with corrected panels (b) and (c), is provided below.

Fig. 5. (a), (b) Enhancements in the rapidity range |y| < 0.5 as a function of the mean number of participants ⟨Npart⟩, showing LHC (ALICE, full symbols), RHIC and SPS (open 
symbols) data. The LHC data use interpolated pp values. Boxes on the dashed line at unity indicate statistical and systematic uncertainties on the pp or p–Be reference. Error 
bars on the data points represent the corresponding uncertainties for all the heavy-ion measurements and those for p–Pb at the SPS. (c) Hyperon-to-pion ratios as a function 
of ⟨Npart⟩, for A–A and pp collisions at LHC and RHIC energies. The lines mark the thermal model predictions from [3] (full line) and [4] (dashed line).

DOI of original article: http://dx.doi.org/10.1016/j.physletb.2013.11.048.

http://dx.doi.org/10.1016/j.physletb.2014.05.052
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
SCOAP3.

pp																						Pb-Pb/Au-Au	

• Strangeness	
production	increases	
from	pp	to	Pb+Pb
collisions.

• Can	the	gap	between	
minimum	bias	pp	
and	Pb-Pb be	filled	
with	high	multiplicity	
pp	and	p-Pb events?

ALICE,	PLB	728	(2014)	216
PLB	734	(2014)	409

S	=	2

S	=	3
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The Role of Strangeness

1D.S.D Albuquerque | Multi-strange hadrons in Pb-Pb and Xe-Xe | 30-31 July 2018 - Workshop RENAFAE 2018 

• Historically a signature of the QGP
†

• Enhancement observed in AA

• Increases with strangeness content

• Recently observed in smaller systems

†
J. Rafelski and B.Müller, Phys. Rev. Lett. 48, 1066 (1982)

ALICE Coll., Nature Physics 13, 535–539 (2017)

Pb-Pb-like	features	in	pp,	p-Pb
• strangeness	enhancement:
• enhancement	only	dependent	on	
multiplicity

• underlying	mechanism?
• Strangeness	enhancement	increases	
with	strangeness	content.

Strangeness	enhancement

23



Strangeness	enhancement	in	small	systems	

S	=	0

S	=	1

S	=	1

S	=	0

S	=	2

S	=	3

• Smooth	evolution	as	a	function	of	
event	multiplicity	(in	pp,	p-Pb and	Pb-
Pb collisions)

• Measurement	at	different	energies	as	
a	function	of	multiplicity	indicate	that	
the	hadron	chemistry	is	driven	by	
multiplicity	regardless	of	the	collision	
energy

• Ratios	increase	from	low	to	high	
multiplicity	in	small	systems	and	reach	
values	similar	to	those	observed	in	
Pb-Pb collisions.

• Strangeness	enhancement	increases	
with	strangeness	content.

1	Sep	2018	Tapan	Nayak 24
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Resonance	production	– access	to	freeze-out	times

• The	shorter	lifetime	of	the	K*0 means	that	it	decays	
within	the	medium,	enabling	its	decay	products	(π,K)	to	
re-scatter	with	other	hadrons.	

• The	process	depends	on	the	time	interval	between	
chemical	and	kinetic	freeze-outs,	in	addition	to	the	
source	size	and	the	interaction	cross-sections	of	the	
daughter	hadrons.

• In	contrast,	due	to	the	longer	lifetime	of	the φ meson,	
both	the	re-scattering	and	regeneration	effects	are	
expected	to	be	negligible.

• Indicates	the	existence	of	re-scattering	effects	on	
resonances	in	the	last	stages	of	heavy-ion	collisions.

K*0(892)

ALICE:	Phys.	Rev.	C.	95	064606	

25
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Fluctuation	measures

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

EXPERIMENT

26

Thermodynamic			çè Moments	of	the	conserved	
susceptibility charge	distribution

Higher	moments
Diagonal	and	Off-diagonal	Susceptibilities
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Net-charge	fluctuations
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Net	charge	fluctuations:
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Confined: few d.o.f.

Hadron	gas:

Jeon,	Koch.	PRL	85	(2000)	
Asakawa,	Heinz,	Müller,	PRL	85	(2000)

Deconfined: many d.o.f.

QGP:
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Thermodynamic response functions: 
using fluctuation measures

C = ∂E
∂T
"

#
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§ Heat	capacity:		

§ Isothermal compressibility:

kT = −
1
V

∂V
∂P
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'
(
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A	heat	capacity	is	a	response	function	expressing	how	much	a	
system’s	temperature	changes	when	heat	is	transferred	to	it,	
or	equivalently	how	much	δE is	needed	to	obtain	a	given	dT

Isothermal	compressibility	expresses	how	a	system’s	
volume	responds	to	a	change	in	the	applied	pressure.
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T −TC
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∝ε−γCritical	behavior	à
power	law	scaling	kT
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has been developed to understand statistical fluc-101

tuations which a↵ect the estimation of temperature102

fluctuations. The model and the results are pre-103

sented in section III. We have used the AMPT (A104

Multi-Phase Transport) model [24] to check the fea-105

sibility of such a study over a broad range of collision106

energy. This will presented in section IV. Event-107

by-event distributions of mean transverse momenta108

have been reported by several experiments. These109

have been used to extract specific heat as a func-110

tion of collision energy. The experimental results111

are compared to those from lattice and HRG calcula-112

tions. These results are presented in section V. The113

paper is summarised with an outlook in section VI.114

II. METHODOLOGY115

The heat capacity of a system is defined as [25]:116

Cv = T

✓
@S

@T

◆

V

=

✓
@E

@T

◆

V,N

(1)

where T , V , N , S and E are temperature, volume,117

number of particles, entropy and energy of the sys-118

tem, respectively. Equivalently, Cv can be expressed119

as the ratio of the event-by-event fluctuations of the120

energy (E) of a part of a finite system in thermal121

equilibrium to the energy:122

Cv =
(hE2i � hEi2)

hT i2 . (2)

For a system in equilibrium, the transverse momen-123

tum spectra of emitted particle can be expressed in124

terms of event-by-event temperature fluctuation:125

P (T ) ⇠ exp[�Cv

2

(�T )2

hT i2 ], (3)

where hT i is the mean temperature and �T = T �126

hT i is the variance in temperature. This yields the127

expression for Cv [2–4, 7, 25]::128

1

Cv
=

(hT 2i � hT i2)
hT i2 . (4)

Heat capacity thus can be estimated from the fluc-129

tuations in energy or temperature. For a system130

in equilibrium, the mean values of T and E are re-131

lated by an equation of state. However, the fluctua-132

tions in energy and temperature have very di↵erent133

behaviour. Energy being an extensive quantity, its134

fluctuation has a component arising from the volume135

fluctuations, and not suited for obtaining the heat136

capacity. Temperature fluctuations provide a good137

major for estimating the specific heat (cv), expressed138

as heat capacity per number of particles [2–4, 25].139

The temperature of the system can be obtained140

from the transverse momentum (pT ) spectra of the141

emitted particles. An exponential Boltzmann-type142

fit to the pT spectra gives a measure of the temper-143

ature:144

F (pT) =
1

pT

dN

dpT
⇡ Ae�pT/Teff , (5)

where A is a normalization factor and Te↵ is the ap-145

parent or e↵ective temperature of the system [7]. For146

obtaining the event-by-event fluctuation, the tem-147

perature needs to be estimated in every event. The148

fitting is possible only for central heavy-ion collisions149

at the LHC energies when the number of particles is150

at least one thousand in every event. Even in this151

case, the error associated with the fitting will be rel-152

atively large. This can be overcome by making a153

connection of mean transverse momentum (hpTi) of154

particles in every event with the temperature. Since155

the calculation of the mean value is more stable, this156

method of temperature estimation can also be used157

for collisions at RHIC energies. The hpTi can be158

expressed as [20]:159

hpTi =

R1
0 p2TF (pT)dpTR1
0 pTF (pT)dpT

(6)

=
2T 2

e↵ + 2m0Te↵ +m2
0

m0 + Te↵
, (7)

where m0 is the rest mass of the particle. Note that160

the integration for pT is from 0 to 1. But in reality161

the pT window is finite. For a range of pT within162

a to b, we obtain:163

hpTi =

R b
a p2TF (pT)dpT
R b
a pTF (pT)dpT

(8)

= 2Te↵ +
a2e�a/Teff � b2e�b/Teff

(a+ Te↵)e�a/Teff � (b+ Te↵)e�b/Teff
.(9)

This is an important relation which links the164

hpTi with the Te↵ . The extracted temperature,165

Te↵ from this relation is a combination of kinetic166

temperature (Tkin) and transverse flow velocity (�T167

of the system:168

Te↵ = Tkin + f(�T). (10)

For pion, f(�T) ⇡ m0h�Ti. The event-by-event fluc-169

tuations of �T needs to be taken into account for170

calculating the fluctuation in kinetic temperature.171

Fluctuation in �T has been discussed in the litera-172

ture lately [26, 27]. Experimental determination is173

only possible by a fitting event-by-event pT distri-174

bution by a blast-wave fit. This has not yet been175

done. For the present work, we have assigned an176

error to the value of �T from the available data and177

Cv from	mean	pT fluctuations
3

calculated its e↵ect on heat capacity. We calculate178

Cv using the equation,179

1

Cv
=

(hT 2
kini � hTkini2)
hTkini2

⇡ (hT 2
e↵i � hTe↵i2)
hTkini2

, (11)

and assign an error to Cv corresponding to the fluc-180

tuations in �T. The values of hTkini can be obtained181

from the Blast Wave fits to the experimental data182

for large number events.183

We define the specific heat as the heat capacity per184

the pion multiplicity within the experimentally avail-185

able phase space in rapidity and azimuth [7]. Finally,186

we calculate the dimension less quantity, cv/T 3 for187

each colliding system.188

III. TOY MODEL STUDY OF189

TEMPERATURE FLUCTUATIONS190

A toy model is formulated in order to understand191

various parameters which can a↵ect the temperature192

fluctuations. In the model, the events are randomly193

generated by keeping the multiplicity and pT dis-194

tributions similar to those of the experimental data.195

Here we present the results for Pb-Pb collisions at196 p
sNN =2.76 TeV, where mean multiplicity for pions197

is taken as 1600 and input Te↵ is taken as 230 MeV.198

Di↵erent sets of events are generated for di↵erent199

amount of fluctuations in multiplicity and temper-200

ature. For each data set, Te↵ is calculated on an201

event-by-event basis. Results are presented in Fig. 1.202

In the top panel, results for four data sets are shown203

where input Te↵ is fixed and multiplicity variations204

are taken to be 0%, 2%, 5% and 10%. The extracted205

Te↵ values are not very di↵erent as can be seen from206

the figure. This means that at LHC energy, a 10%207

variation in multiplicity does not a↵ect the estima-208

tion of event-by-event temperatures. In the middle209

panel, results for four data sets are presented where210

multiplicity is fixed, but input Te↵ is varied as 0%,211

2%, 5% and 10%. It is seen that variation of input212

Te↵ has a direct impact on the estimated Te↵ dis-213

tributions. The spread of the Te↵ distributions in-214

crease with increasing fluctuation in Te↵ . The bot-215

tom panel shows the results for four data sets where216

both multiplicity and Te↵ are varied by 0%, 2%, 5%217

and 10%. The spread in these distributions are very218

similar to those of the middle panel. That means,219

the fluctuation in multiplicity has a minor e↵ect on220

the extracted temperature, whereas the fluctuation221

in input temperture has a big e↵ect on the extracted222

temperature.223
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FIG. 1: hpTi and hTe↵i distributions from a stastaical

model study.

IV. ESTIMATIONS FROM AMPT224

The AMPT model [24] provides a framework for225

generating events for a wide range of collision en-226

ergies. The model provides two modes: Default227

and String Melting (SM). The Default mode de-228

scribes the collision evolution in terms of strings and229

Phys.Rev.	C94	(2016)	044901
Phys.Lett.	B784	(2018)	1

ALICE	data	analysis	in	progress



Balance	Functions

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 
the bin P2 whilst there is a particle of type a in the bin P1. : )1,(
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Width	of	the	BF	is	a	combination	
of	thermal	spread	and	diffusion

Bass,	Danielewicz,	Pratt	PRL	85	(2000)

30



ALICE	Collaboration,	EPJC	(2016)
BF	in	pp,	p-Pb and	Pb-Pb:		(pT window)	

• The	widths	of	the	BF	in	∆η and	∆φ 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

Delta-Eta Delta-Phi
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Azimuthal asymmetry:
Non-central A-A collisions 

v2 =	“elliptic	flow”

Study angular dependence 
of emitted particles
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Elliptic flow in different collision systems 

Detailed	measurement	of	v2{m}	as	a	
function	of	charged	particle	density	for	
different	geometries.

Collective	behavior	is	observed	in	multi-
particle	cumulants (where	non-flow	
contributions	are	suppressed)	even	in	
the	smallest	systems.	
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Nuclear	modification	factor:	
probing	the	dense	matterpp														

back-to-back	jets	
disappear

leading	particle	
suppressed

Pb - PbPb - Pb

hs
h
ddpdT
ddpNdR
T

NN
AA

T
AA

AA /
/

2

2

=
Nuclear	overlap	
function:

8

Jets in medium: Jet quenching 
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Energy loss (left shift)

Absorption (down shift) R
A

A
(je

t)
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1

RAA
jet =

dN / dpT PbPb
Ncoll dN / dpT pp

Comparing jet yields in pp and AA at same energy

Jet nuclear modification factor  

Average number of 
pp collisions in AA

26/01/17 S. K. Prasad

Þ Disentangle	INITIAL	(Cronin	effect,	Nuclear	PDF	…)	
and	FINAL	(Energy	loss,	Rescattering	…) state	
effects

34
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Charged	particle	energy	loss

• p-Pb:	no evidence	of	jet 
quenching 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	pT ;	stronger	in	
more	central	 (..	not	due	to	
initial	state	effects)
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Norm.
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arXiv:1802.09145
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Nuclear Modification Factor: √s dependence 

Similar hadron RAA at 2.76 and 
5.02 TeV Pb—Pb collisions !!

ALICE Talk by M. L. Knichel (HP 2016) S. K. Prasad

Beam	energy	dependence

RAB =
dNAB / dpT

Ncoll dN pp / dpT

Central	(0-5%)

Peripheral	(70-80%)

35



Jets	in	medium
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8

Jets in medium: Jet quenching 
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Jets in medium: Jet quenching 
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• Jet:	hadrons	and	other	particles	produced	by	the	
hadronization of	a	quark	or	gluon	in	a	narrow	cone

• Hard	partons in	the	presence	of	dense	coloured
medium	lose	energy	via	elastic	scattering	and	
multiple	gluon	radiation.

• Energy	loss	=>	medium	properties

Pb-Pb

ALI-PREL-114190

• Large	jet	suppression	in	Pb-Pb
collisions	with	respect	to	pp

36
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Energy	loss	of	charged	particles	and	of	jets

ALICE:	JHEP	03	(2014)	013 RCP of	charge	jets	is	similar	to	that	observed	for	
single	hadrons	over	a	broad	momentum	range.	

This	is	contrary	to	the	expectation	that	the	
suppression	for	jets	to	be	smaller	than	for	
hadrons,	since	jet	reconstruction	collects	multiple	
jet	fragments	into	the	jet	cone,	thus	recovering	
some	of	the	medium-induced	fragmentation.

=>	the	momentum	is	redistributed	to	angles	larger	
than	R	=	0.3	by	interactions	with	the	medium.

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

Pb-Pb 2.76	TeV



Heavy	flavours: probes	of	strongly	interacting	medium
• c	and	b	quarks	are	produced	in	initial	high-Q2 processes	(calculable	with	pQCD)
• Large	mass	=>	short	formation	time	=>	experience	medium	evolution

1/2mc (~0.07	fm/c)	 <			QGP	formation	time	(~0.1-1fm/c)	 <<	QGP	life	time	(10	fm/c)	

• Small	rate	of	thermal	production	in	the	QGP	(mc,b>>T)
• Traverse	the	QCD	medium	undergoing	elastic	and	inelastic	collisions	in	the	medium

Heavy flavours in QGP: questions to be 
answered

5

Where does the energy lost go?

Parton mass/colour
dependence of 
energy loss?

Are there initial state effects?

Are hard partons affected by collective 
expansion of the medium?

Do small systems affect heavy-
quark production?

Different collision 
systems probe different 
evolution stages ! 

E. Bruna (INFN To)

Open heavy flavours with ALICE
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Open	Heavy	Flavours
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Preliminary Physics Summary: Measurement of D0, D+, D⇤+ and D+
s

production in Pb–Pb collisions at psNN = 5.02 TeV

ALICE Collaboration

Abstract

We report preliminary measurements of the production of prompt D0, D+, D⇤+ and D+
s mesons

in Pb–Pb collisions in the centrality class 30–50% at the centre-of-mass energy
p

sNN = 5.02 TeV
per nucleon–nucleon collision. The production yields are measured at mid-rapidity (|y| < 0.5) as
a function of transverse momentum (pT) in the intervals 1 < pT < 36 GeV/c for D0, 2 < pT <
36 GeV/c for D+ and D⇤+, and 4 < pT < 16 GeV/c for D+

s mesons. The nuclear modification
factors RAA are calculated using a proton–proton reference at

p
s = 5.02 TeV obtained by scaling the

D-meson cross sections measured at
p

s = 7 TeV.

Probe	with	charmed	mesons:

2 ALICE Collaboration

1 Introduction

A state of strongly-interacting matter characterized by high energy density and temperature is predicted
to be formed in ultra-relativistic collisions of heavy nuclei. According to calculations using Quantum
Chromodynamics (QCD) on the lattice, these extreme conditions lead to the formation of a Quark–Gluon
Plasma (QGP) state, in which quarks and gluons are deconfined (see e.g. [1–4]).

Heavy quarks are produced in the hard scattering processes that occur in the early stage of the collision
between partons of the incoming nuclei. They can successively interact with the constituents of the
medium and lose part of their energy, via inelastic processes (gluon radiation) [5, 6] or elastic scatterings
(collisional processes) [7–9]. The colour-charge dependence of strong interactions and several mass-
dependent effects are predicted to influence the energy loss for quarks (see [10, 11] for recent reviews).
Low-momentum heavy quarks, including those shifted to low momentum by parton energy loss, could
participate in the collective expansion of the system as a consequence of multiple interactions [12, 13]. It
was also suggested that low-momentum heavy quarks could hadronise not only via fragmentation in the
vacuum, but also via the mechanism of recombination with other quarks from the medium [13, 14]. In
this scenario, the large abundance of strange quarks in nucleus–nucleus collisions with respect to proton–
proton collisions is expected to lead to an increased production of D+

s mesons relative to non-strange D
mesons [15]. The effects of energy loss and the dynamics of heavy quark hadronisation can be studied
using the nuclear modification factor RAA, which compares the transverse-momentum (pT) differential
production yields in nucleus–nucleus collisions (dNAA/dpT) with the cross section in proton–proton
collisions (dspp/dpT) scaled by the average nuclear overlap function (hTAAi [16, 17])

RAA(pT) =
1

hTAAi
· dNAA/dpT

dspp/dpT
. (1)

Prompt D-meson production measurements with the ALICE experiment in Pb–Pb collisions at
p

sNN =
2.76 TeV are reported in Refs. [18–21]. In this document we present the preliminary measurement of
pT-differential yields and nuclear modification factors of prompt D0, D+, D⇤+ and D+

s mesons (including
their antiparticles), reconstructed via their hadronic decays in Pb–Pb collisions at

p
sNN = 5.02 TeV with

a centrality ranging from 30 to 50 percentiles of the hadronic Pb–Pb cross section. Prompt D mesons
are defined as those produced by the hadronisation of a c quark or by the strong decay of a D⇤ meson,
excluding the decays of hadrons that contain a b quark. The measurements are based on the data sample
recorded at the LHC in 2015. The analysis technique is very similar to the measurements at the lower
LHC energy.

2 Experimental apparatus and data sample

The ALICE experimental apparatus [22] is composed of various detectors for particle reconstruction and
identification at mid-rapidity (|h | < 0.9), a forward muon spectrometer (�4 < h < �2.5) and a set of
forward-backward detectors for triggering and event characterization. The detector performance in pp,
p–Pb and Pb–Pb collisions is presented in [23]. The main detector components used in this analysis are
the V0 detector, the Inner Tracking System (ITS), the Time Projection Chamber (TPC) and the Time Of
Flight (TOF) detector, which are located inside a large solenoidal magnet providing a uniform magnetic
field of 0.5 T parallel to the LHC beam direction (z axis in the ALICE reference system) and the Zero
Degree Calorimeter (ZDC), located ±112.5 m from the interaction point.

Pb–Pb collision data were recorded with a minimum-bias interaction trigger that required coincident
signals in both scintillator arrays of the V0 detector, which covers the full azimuth in the pseudorapidity
intervals �3.7 < h < �1.7 and 2.8 < h < 5.1. The V0 timing information was used together with that
from the ZDCs for offline rejection of events produced by the interaction of the beams with residual
gas in the vacuum pipe. Only events with a reconstructed interaction point (primary vertex) within
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Figure 1: Invariant-mass distributions for the four D-meson species in selected pT intervals for the centrality
class 30–50%. Top row: D0 mesons with 1 < pT < 2 GeV/c, also shown for illustration after subtraction of
the background fit function. Middle row: D+ mesons with 5 < pT < 6 GeV/c and D⇤+ mesons (difference of
invariant mass of D⇤+ and D0) with 24 < pT < 36 GeV/c. Bottom low: D+

s mesons with 4 < pT < 6 GeV/c and
12 < pT < 16 GeV/c; the D+ ! K+K�p+ signal is visible on the left of the D+

s signal.

4 ALICE Collaboration

)2c (GeV/
πKM

1.75 1.8 1.85 1.9 1.95 2

)
2

c
C

o
u

n
ts

 /
 (

4
 M

e
V

/

1.5

2

2.5

3

3.5

4

4.5

310×

ALICE Preliminary

+π
-

 K→ 0D
and charge conj.

 = 5.02 TeVNNs30-50% Pb-Pb, 

c < 2 GeV/
T

p1 < 

2c 0.001) GeV/± = (1.866 µ
2c 1) MeV/± = (8 σ

 273±) = 2043 σS(3

ALI−PREL−120909

)2c (GeV/
πKM

1.75 1.8 1.85 1.9 1.95 2 2.05

)
2

c
C

o
u

n
ts

 -
 b

a
ck

g
ro

u
n

d
 /

 (
4

 M
e

V
/

200−

100−

0

100

200

300

400

500

600

700

800
ALICE Preliminary

+π
-

 K→ 0D
and charge conj.

 = 5.02 TeVNNs30-50% Pb-Pb, 

c < 2 GeV/
T

p1 < 

2c 0.001) GeV/± = (1.866 µ
2c 1) MeV/± = (8 σ

 273±) = 2043 σS(3

ALI−PREL−120921

)2c (GeV/
ππKM

1.75 1.8 1.85 1.9 1.95 2

)
2

c
C

o
u

n
ts

 /
 (

1
0

 M
e

V
/

0.4

0.6

0.8

1

1.2

310×

ALICE Preliminary

+π+π
-

 K→ +D
and charge conj.

 = 5.02 TeVNNs30-50% Pb-Pb, 

c < 6 GeV/
T

p5 < 

2c 0.001) GeV/± = (1.871 µ

2c 1) MeV/± = (14 σ

 89±) = 1476 σS(3

ALI−PREL−120905

)2c (GeV/
πKM - 

ππKM

0.14 0.143 0.146 0.149 0.152 0.155

)
2

c
C

o
u

n
ts

 /
 (

0
.6

 M
e

V
/

0

5

10

15

20

25

30

35

40
ALICE Preliminary

+π
0 D→ *+D

and charge conj.

 = 5.02 TeVNNs30-50% Pb-Pb, 

c < 36 GeV/
T

p24 < 

2c 0.0001) GeV/± = (0.1454 µ
2c 0.12) MeV/± = (0.86 σ

 10±) = 70 σS(3

ALI−PREL−120913

)2c (GeV/πKKM

1.8 1.85 1.9 1.95 2 2.05 2.1

)
2

c
C

o
u
n
ts

 /
 (

1
2
 M

e
V

/

0

20

40

60

80

100

120

140

160

180

ALICE Preliminary
+π

+K
-

 K→ +
πφ → s

+D

and charge conj. c < 6 GeV/
T

p4 < 

2c 0.002) GeV/± = (1.969 µ
2c 2) MeV/± = (12 σ

 29±) = 138 σS(3

)2c (GeV/πKKM

1.8 1.85 1.9 1.95 2 2.05 2.1 2.15

)
2

c
C

o
u
n
ts

 /
 (

1
4
 M

e
V

/

0

10

20

30

40

50

60

 = 5.02 TeVNNs30-50% Pb-Pb, 

c < 16 GeV/
T

p12 < 

2c 0.003) GeV/± = (1.966 µ
2c 3) MeV/± = (13 σ

 21±) = 55 σS(3

ALI−PREL−120917

Figure 1: Invariant-mass distributions for the four D-meson species in selected pT intervals for the centrality
class 30–50%. Top row: D0 mesons with 1 < pT < 2 GeV/c, also shown for illustration after subtraction of
the background fit function. Middle row: D+ mesons with 5 < pT < 6 GeV/c and D⇤+ mesons (difference of
invariant mass of D⇤+ and D0) with 24 < pT < 36 GeV/c. Bottom low: D+

s mesons with 4 < pT < 6 GeV/c and
12 < pT < 16 GeV/c; the D+ ! K+K�p+ signal is visible on the left of the D+

s signal.
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Figure 1: Invariant-mass distributions for the four D-meson species in selected pT intervals for the centrality
class 30–50%. Top row: D0 mesons with 1 < pT < 2 GeV/c, also shown for illustration after subtraction of
the background fit function. Middle row: D+ mesons with 5 < pT < 6 GeV/c and D⇤+ mesons (difference of
invariant mass of D⇤+ and D0) with 24 < pT < 36 GeV/c. Bottom low: D+

s mesons with 4 < pT < 6 GeV/c and
12 < pT < 16 GeV/c; the D+ ! K+K�p+ signal is visible on the left of the D+

s signal.

• A	minimum	of	0.2	for	5-6	
GeV/c	indicates	significant	
energy	loss

• RAA compatible	with	
charged	particles	for	pT >	8	
GeV

• Non-strange	D	mesons	are	
more	suppressed	
compared	to	Ds

+	

Strong	suppression	of	open	
heavy-flavour mesons	in	
central	Pb-Pb @	5.02	TeV

39

D	meson	strongly	interacting	with	the	medium.
Does	that	mean	it	flows	too?
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The	results	of	the	D	meson	
elliptic	flow	v2	show	non-zero	
value	for	2	<	pT <	10	GeV/c	in	
30–50%	centrality	class,	which	
provide	information	of	the	
collective	expansion	of	the	
system.

D-meson	elliptic	flow
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Beauty-hadron	decays	in	mid-rapidity:
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ALICE

Nuclear	modification	factors	of	electrons	
from	beauty-hadron	decays	at	mid-rapidity	
for	p-Pb and	central	Pb-Pb collisions.

2 ALICE Collaboration

1 Introduction

A state of strongly-interacting matter characterized by high energy density and temperature is predicted
to be formed in ultra-relativistic collisions of heavy nuclei. According to calculations using Quantum
Chromodynamics (QCD) on the lattice, these extreme conditions lead to the formation of a Quark–Gluon
Plasma (QGP) state, in which quarks and gluons are deconfined (see e.g. [1–4]).

Heavy quarks are produced in the hard scattering processes that occur in the early stage of the collision
between partons of the incoming nuclei. They can successively interact with the constituents of the
medium and lose part of their energy, via inelastic processes (gluon radiation) [5, 6] or elastic scatterings
(collisional processes) [7–9]. The colour-charge dependence of strong interactions and several mass-
dependent effects are predicted to influence the energy loss for quarks (see [10, 11] for recent reviews).
Low-momentum heavy quarks, including those shifted to low momentum by parton energy loss, could
participate in the collective expansion of the system as a consequence of multiple interactions [12, 13]. It
was also suggested that low-momentum heavy quarks could hadronise not only via fragmentation in the
vacuum, but also via the mechanism of recombination with other quarks from the medium [13, 14]. In
this scenario, the large abundance of strange quarks in nucleus–nucleus collisions with respect to proton–
proton collisions is expected to lead to an increased production of D+

s mesons relative to non-strange D
mesons [15]. The effects of energy loss and the dynamics of heavy quark hadronisation can be studied
using the nuclear modification factor RAA, which compares the transverse-momentum (pT) differential
production yields in nucleus–nucleus collisions (dNAA/dpT) with the cross section in proton–proton
collisions (dspp/dpT) scaled by the average nuclear overlap function (hTAAi [16, 17])

RAA(pT) =
1

hTAAi
· dNAA/dpT

dspp/dpT
. (1)

Prompt D-meson production measurements with the ALICE experiment in Pb–Pb collisions at
p

sNN =
2.76 TeV are reported in Refs. [18–21]. In this document we present the preliminary measurement of
pT-differential yields and nuclear modification factors of prompt D0, D+, D⇤+ and D+

s mesons (including
their antiparticles), reconstructed via their hadronic decays in Pb–Pb collisions at

p
sNN = 5.02 TeV with

a centrality ranging from 30 to 50 percentiles of the hadronic Pb–Pb cross section. Prompt D mesons
are defined as those produced by the hadronisation of a c quark or by the strong decay of a D⇤ meson,
excluding the decays of hadrons that contain a b quark. The measurements are based on the data sample
recorded at the LHC in 2015. The analysis technique is very similar to the measurements at the lower
LHC energy.

2 Experimental apparatus and data sample

The ALICE experimental apparatus [22] is composed of various detectors for particle reconstruction and
identification at mid-rapidity (|h | < 0.9), a forward muon spectrometer (�4 < h < �2.5) and a set of
forward-backward detectors for triggering and event characterization. The detector performance in pp,
p–Pb and Pb–Pb collisions is presented in [23]. The main detector components used in this analysis are
the V0 detector, the Inner Tracking System (ITS), the Time Projection Chamber (TPC) and the Time Of
Flight (TOF) detector, which are located inside a large solenoidal magnet providing a uniform magnetic
field of 0.5 T parallel to the LHC beam direction (z axis in the ALICE reference system) and the Zero
Degree Calorimeter (ZDC), located ±112.5 m from the interaction point.

Pb–Pb collision data were recorded with a minimum-bias interaction trigger that required coincident
signals in both scintillator arrays of the V0 detector, which covers the full azimuth in the pseudorapidity
intervals �3.7 < h < �1.7 and 2.8 < h < 5.1. The V0 timing information was used together with that
from the ZDCs for offline rejection of events produced by the interaction of the beams with residual
gas in the vacuum pipe. Only events with a reconstructed interaction point (primary vertex) within

• 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.	

• 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.

• The	larger	suppression	of	electrons	from	both	
charm- and	beauty-hadron	decays	compared	with	
the	beauty-only	measurement	(within	large	
uncertainties)	is	consistent	with	the	ordering	of	
charm	and	beauty	suppression	as	seen	in	the	
comparison	of	prompt	D	mesons	(ALICE)	and	J/Y
from	B	meson	decays	(CMS).	

arXiv:1609.03898
arXiv:1609.07104
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J/Y suppression

Color Screening

cc

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

• Charmonium (cc)	and	bottonium (bb)	states	with	r	>	lDwill	not	bind;	their	
production	will	be	suppressed
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J/Y production	in	forward	rapidity

• RAA vs centrality:	increasing	suppression	with	centrality	up	to	Npart ~	100,	followed	by	a	constant	RAA
• Stronger	suppression	at	RHIC	energies	(PHENIX)	compared	to	LHC	=>	role	of	recombination
• J/Y at	Pb-Pb 5.02	TeV	is	less	suppressed	(by	~15%)	compared	to	2.76	TeV	
• RAA vs	pT has	been	compared	to	different	models.	Models	with	dissociation	and	regeneration	are	

consistent	with	data	within	the	uncertainties.
Roberta Arnaldi CERN PH Seminar                                                May 2nd 2017

J/\ RAA at forward-y: Run 2

J/\ RAA at �sNN = 5.02 TeV is systematically higher by ~15% than the one 
at �sNN = 2.76 TeV, even if effect is within uncertainties 

J/\ suppression in Run2 confirms Run1 observation, 
with an increased precision

PHENIX, 0.2TeV

ALICE, 2.76TeV

ALICE, 5.02TeV

20

PLB766 (2017) 212

arXiv:1606.08197
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T

pTransport, 
Transport (TM2, Zhou et al.)
Statistical hadronization (Andronic et al.)
Co-movers (Ferreiro)

ALI-PUB-109779

J/Ψ in Pb-Pb collisions

�27Deepa Thomas 23/03/2018

• RAA vs centrality: increasing suppression with centrality up to Npart~70, followed by a constant RAA 

• Comparison with models based on statistical approach (J/Ψ created at chemical freeze-out), transport models 
(continuous dissociation and regeneration) with or without hydrodynamic expansion of QGP,  co-mover model 
(J/Ψ dissociation via interactions with the partons)

• Consistent within uncertainties


• RAA vs pT in 5.02 TeV compared to 2.76 TeV —> hint of reduced suppression at higher energy for              
2 < pT < 6 GeV/c 
• Comparison to transport model: predicts larger suppression at higher energy with an increase effect of 

regeneration, hence acting in opposite direction

RAA of J/Ψ vs. centrality and pT
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Z0 boson	production	in	Pb-Pb

1	Sep	2018	Tapan	Nayak

Nuclear	modification	factor

• insensitive	to	QGP
• sensitive	to	quark,	gluon	density	in	

the	nucleus
• yield	suppressed	by	~30%

• in	agreement	with	nuclear	PDFs

ALICE,	Phys.	Lett.	B	780,	372

comparison	to	theory	
(with/without	shadowing)
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ALICE	LS2	upgrades
LHC	timeline

à 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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New	TPC	Readout	Chambers
• New	readout	chambers	using	
4-GEM	technology	

• New	electronics	for	continuous	
readout	(SAMPA)

New	Forward	Muon	Tracker	(MFT)
• Vertex	tracker	at	forward	rapidity	

Online	Offline	(O2)	system
• new	computing	facility
• on	line	tracking	&	data	
compression

• 50kHz	Pb-Pb event	rate
New	Central	Trigger	Processor	(CTP)

Upgraded	readout	for	TOF,	TRD,	
PHOS,	EMCAL,	CPV,	HMPID

Common	Projects:
Common	Readout	Unit	(CRU)
SAMPA	common	FE	chip

ALICE	LS2	Upgrade	
(2019-2020)

New	Inner	Tacking	System	(ITS)
• MAPS	technology:	improved	
resolution

• Less	material,
• Faster	readout

Muon	Arm
• New	electronics	(SAMPA)
• New	electronics	for	Muon Trigger

New	Trigger	Detectors	(FIT,	AD)
• +	centrality,	event	plane	



A Large Ion Collider Experiment
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• 7-layer	geometry	(23	– 400mm),	|h|	≤	1.5)
• 10	m2 active	silicon	area	(12.5	G-pixels)
• Pixel	pitch	28	x	28	µm2		

• Spatial	resolution	~5µm	
• Power	density	<	40mW	/	cm2		

• Material	thickness:	~0.3%	/	layer		(IB)
• Maximum	particle	rate:	100	MHz	/	cm2

Based	on	CMOS	Monolithic	
Active	Pixel	Sensors	(MAPS)

ITS	Upgrade
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A Large Ion Collider Experiment

• 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

48

Figure 2.2: Schematic view of the ALICE TPC.

Figure 2.3: View of one of the endplates of the TPC; the di↵erent types of rods are indicated.

13

OROC	(18+18) IROC	(18+18)

TPC	Upgrade	with	GEMs
World’s	Largest	TPC:	key	tracking	and	
PID	instrument	with	275	million	pixels 1ST BATCH: 5+5 

OROCs 

-  1st OROC assembled in GSI; commissioning will follow  

-  All 5 bodies assemebled 

-  All GEMs framed  

-  Next 2 OROCs to be assembled in Bucharest 

-  2 more OROCs assembled in GSI in September. 

-  Finalization of the body assembly workflow 

-  Critical path item: transportation/storage boxes production (Bikar GmbH) 
(1st prototype exists, 5 more in production – CW 39) 

6 



A Large Ion Collider Experiment
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Muon	Forward	Tracker

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

Silicon	Pixel	tracker	with	ALPIDE	à High	pointing	
accuracy

Goals:
• HF	decay	vertices

• forward	y	à Lorentz	boost

• µ	from	c	and	b	down	to	pT >	1	GeV

• b	à J/ψ down	to	zero	pT

μ+

μ-



A Large Ion Collider Experiment

Fast	Interaction	Trigger	(FIT)

• Luminosity	monitoring &	feedback to	LHC	

• 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

• Collision	time for	Time-Of-Flight	particle	ID

• Multiplicityà Centrality and	Event	Plane

~3.3	m	from	IP
T0A+:		3.8	≤	η ≤	5.4
V0+:		2.2	<	η <	5.1

0.82	m	from	IP
T0C+:		-3.3	≤	η ≤	-2.2

PLANACON®	XP85012 +	quartz	radiators

Intrinsic	resolution	<	20	ps



Storage

50	kHz		(70	MB/event)
3.3	TB/s

80	GB/s		(peak)

50	kHz	(1.5	MB/event)

Online 
Offline 

(O2)
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CRU

Before	LS2 RUN3
Luminosity 1027 cm-2 s-1 6	x	1027 cm-2 s-1

Collision	rate	 8	kHz	(PbPb) 50	kHz	(PbPb)

Max	Readout	rate	 500	Hz	(PbPb) PbPb: 50	kHz
pp &	pPb:	200	kHz

• Several	detectors	will	have	continuous	readout	to	address	
pileup	and	avoid	trigger-generated	dead-time.

• Online/Offline	(O2)	Facility:		to	reduce	recorded	data	
volume	by	doing	the	online	reconstruction.

• Common	Readout	Unit	(CRU)	of	O2:	tasked	to	perform	
data	concentration,	reconstruction	and	multiplexing.

Read-out	Architecture

CRU	FPGA	Board:
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Summary Physics	harvest	continues:
QGP	properties:

• Energy	density,	temperatures
• Freeze-out	parameters
• Hadron	chemistry
• Energy	loss,	nuclear	modification	factors
• Jet	quenching
• Precision	on	QGP	parameters

Collective	effects	in	small	systems:
• System-size	dependence	of	observables
• Collective	effects	in	small	systems
• Medium	effects	in	small	systems
• Rich	input	for	proton-proton	modelling

Looking	forward:
• Even	after	25	years,	it	seems	to	back	to	the	

beginning	with	an	aggressive	upgrade	program
• ALICE	will	continue	to	take	data	until	2028	(LS	4)	

and	continue	to	address	fundamental	questions

Accelerator	and	detector	
technology:

• Excellent	performance	of	the	LHC	
• Excellent	heavy-ion	physics	

program	involving	all	four	
experiments

• New	detector	technologies,		
electronics	as	well	as	new	data	
taking	and	computing	models	
developed.	Fully	ready	for	the	
upgrades	..
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