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ALICE physics primary goal 
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QGP via heavy ion collisions at the LHC: ε0~10-40 GeV/fm3 

ALICE Detector Upgrade for Run3 and Run4 at the LHC 
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QCD phase diagram 
In equilibrium, the phase structure of nuclear 
matter is controlled by a small number of local 
thermodynamical parameters: the temperature 
T and the chemical potentials associated to 
conserved quantities, the most important of 
which is the baryon chemical potential, µB, 
related to baryon number conservation. Figure 1 
summarizes our present knowledge of the phase 
diagram in the temperature T, chemical potential 
µB plane. More specifically: 
a) In the chiral limit of two-flavour QCD, i.e., 

for vanishing up- and down-quark masses, a 
phase transition exists, that separates a phase 
of broken chiral symmetry at low temperature 
from a chirally symmetric phase at high 
temperature. This transition also persists at 
small, non-vanishing values of the baryon 
chemical potential.

b) For QCD with its physical spectrum of small 
but non-zero up and down quark masses and 
a heavier strange quark, the transition from 
the low- to the high-temperature regime is 
rapid and accompanied by large changes in 
the properties of strongly interacting matter. 
However, it is presumably not a genuine 
phase transition but a ‘’cross-over transition’’. 
At vanishing baryon chemical potential this 
transition occurs at about kBT = 155 MeV and 
restores chiral symmetry up to residual explicit 
breaking effects arising from non-zero values 
of the light quark masses. It also shows clear 
features of a deconfining transition, with the 
low-temperature regime being best described 
by ordinary hadronic degrees of freedom, 
while in the high-temperature phase quarks 

and gluons emerge as the dominant degrees 
of freedom. 

c) Properties of strongly interacting matter at 
very high temperature or baryon chemical 
potential can be calculated using perturbative 
techniques. In this asymptotic regime, nuclear 
matter consists of weakly interacting quarks 
and gluons in the QGP phase. At least for high 
temperatures and vanishing baryon chemical 
potentials such calculations can be cross-
checked with lattice-QCD calculations.

d) Close to the cross-over region, in particular on 
the high-temperature side of the transition, 
nuclear matter is strongly coupled.  In this 
region, the transport coefficients are very 
small, implying a strong collective behaviour 
of the nuclear matter. This has profound 
consequences on our understanding of 
heavy-ion collisions: despite large space-
time gradients in these collisions, strongly 
interacting matter exhibits properties similar 
to those of an ideal fluid.

e) One or more colour-superconducting 
phases exist at asymptotically large net 
baryon number density and sufficiently low 
temperature. It is rather likely that this phase 
is homogeneous, but it may display spatial 
variations of the colour-superconducting 
order parameter when the density is lowered.

f) Under conditions of vanishing pressure and 
temperature nuclear matter forms a quantum 
Fermi liquid with a density of about 0.16 
nucleons per fm³. Upon heating, it undergoes 
a first-order liquid-gas transition, which 
ends in a critical point of second order. The 
associated critical temperature is rather well 
established to be around 15 MeV.

Apart from these few anchor points, our 
knowledge of the phase diagram from first-
principle approaches remains scarce, in particular 
in the experimentally interesting region of 
intermediate net baryon number densities. At 
present, these regions are not accessible to 
lattice-QCD calculations. In order to shed light on 
their properties, phenomenological studies have 
been performed, using models that have some 
resemblance to QCD while avoiding its technical 
problems. To give one example, in QCD with a 
large number of colours, a new phase, termed 
the “quarkyonic phase”, was proposed at low 
temperatures and baryon chemical potentials 
exceeding that of the nuclear matter ground state. 
However, without experimental constraints, these 
model approaches often lead to inconclusive 
results.

-  Global observables 

-  Light hadrons 

-  Strange hadrons 

-  Quarkonia 

-  Open heavy flavours 

-  Electromagnetic probes 

-  Jet and high pT hadrons  

-  Hypernuclei  

As a function of rapidity, transverse 
momentum, azimuthal angle, centrality, centre 
of mass energy, reaction plane, fluctuations, 
small systems (pp and pA), correlations … 

Hadronic 
Probes 

Initial 
State and 

QGP 
probes 

NuPECC Long Range Plan 2017
http://www.nupecc.org/lrp2016/Documents/lrp2017.pdf 



ALICE Detector (Run1 and Run2, 2009-2018) 

ü  Excellent (low pT) tracking 
performances 

ü  Excellent particle identification 
performances 

ü Good secondary vertexing 
reconstruction 

ü  Electromagnetic calorimeters 
ü Muon spectrometer at 2.5<y<4 
ü Minimum Bias Trigger and 

centrality measurement 
ü  ALICE computing grid: up to 

120000 jobs, 100 PBytes 
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Quick overview of ALICE physics results  
180 papers submitted/published: 2 top+500, 12 top+250, 38 top+100 
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QGP behaves as a near-perfect liquid, opaque medium, charm quarks strongly interact with the medium, 
and collectivity-like behaviour is observed in small systems   

Latest results in 
Alessandro 
GRELLI’s talk and 
many other 
presentations and 
posters.
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J/!	Nuclear	Modifica.on	Factor	vs	centrality

• From ⟨Npart⟩  >  50 : no significant centrality dependence  

• J/! suppression at √sNN=5.02 TeV confirms observations 
at √sNN=2.76 TeV with an increased precision 

• pT > 0.3 GeV/c to remove most of  photo-production  
(brackets for the remaining contribution)
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Transport models: TM1 and TM2 

Statistical hadronization 

Co-movers interaction model
NPA 904-5 (2013) 535c

PLB 731 (2014) 57

NPA 859 (2011) 114, PRC 89 no.5, 459 (2014) 054911
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J/!	v
2	
comparison	with	√s

NN
	=2.76	TeV	and	D	mesons

• Compatible with results at √sNN = 2.76TeV with a higher precision 

• Comparison to open charm   
→ indication of  : charm recombination and thermalization in the medium
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Increasing suppression from peripheral (60-80%) to central (0-10%) Pb-Pb collisions 
D-meson RAA compatible at √sNN = 5.02 TeV and √sNN = 2.76 TeV 
Improved precision allows us to better assess the centrality dependence of the pT-differential RAA 

D-meson RAA
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+ v2 compatible with non-strange D-meson v2 

D-meson v2 compatible at √sNN = 5.02 TeV and √sNN = 2.76 TeV 

D-meson v2 in mid-central Pb-Pb collisions
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of identified particles and hydrodynamics

Low-pT v2 as test for hydrodynamic expansion and initial conditions

IP-Glasma initial state, viscous hydrodynamic medium evolution, ⌘/s = 0.095,
temperature dependent bulk viscosity ⇣/s(T ), hadronic cascade after hadronization
(arXiv:1609.02958)

Mass ordering broken in hydro (�-meson v2 > proton v2)
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Good agreement with data at low pT (pT < 1 GeV/c) for central collisions

Overestimation of v2 for more peripheral collisions

other centralities available in backup

Redmer Alexander Bertens - July 13, 2017 - slide 11 of 18 Anisotropic flow in Pb–Pb collisions at
p

sNN = 5.02 TeV

NEW Transverse momentum dependence NEW
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Increase at low pT points towards recombination

Suppression at high pT stronger in more central collisions

Dennis Weiser Inclusive J/ production at mid-rapidity in Pb-Pb collisions at
p

sNN = 5.02 TeV with ALICE 11 / 16

M. Šefčík (UPJŠ, Slovakia) SQM 2017, Utrecht, 13.7.2017

• smooth evolution with multiplicity across colliding systems 
• significant increase with increasing multiplicity in small systems, flat trend in Pb-Pb at 

high multiplicity
18

• relative production of 
strange particles 
higher in Pb-Pb than 
in pp 

• no significant 
dependence on 
collision energy

Hadrochemistry: Ξ (S=-2, B=1)

ALI-PREL-133534

• Pb-Pb at 2.76 TeV 
currently under 
re-analysis

mpuccio@cern.ch - (Anti-)(Hyper-)Nuclei production at the LHC - 14/07/17

Hypertriton lifetime

15

From the exponential fit to the differential yield in different ct bins 
it is possible to extract the lifetime of the hyper-triton

Previous world average
⌧ = 215+18

�16 ps
ALICE Preliminary

⌧ = (237+33
�36(stat.) ± 17 (syst.)) ps



Remaining questions about QGP at the LHC 
Higher precision and new probes 

ü Characterisation of the QGP at the LHC: viscosity, diffusion 

coefficients, initial temperatures, screening scales, … 

ü How does collectivity develop? the small systems 

5 ALICE Detector Upgrade for Run3 and Run4 at the LHC 
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add an additional heavy-ion accelerating scheme 
to the current facilities, providing extracted 
heavy-ion beams up to 19 GeV per nucleon for 
fixed-target experiments. The aim is also to arrive 
at very high beam intensities, comparable to 
those at FAIR. 

PERSPECTIVES ON  
FACILITIES, COMPUTING  
AND INSTRUMENTATION 
Facilities and Experiments Several facilities in 
Europe are currently  in operation, in construction 
or in discussion, to provide heavy-ion collisions 
at various energies, to explore different regions 
of the phase diagram. We give a brief overview 
of the facilities and the relative experimental 
programmes for the next decade. We start from 
facilities which are existing and operating (the 
LHC), continue with those whose realization is 
already approved and on-going (FAIR and NICA), 
and then discuss further plans which are under 
exploration for the future (NA60+ at the SPS, 
AFTER at the LHC, the Future Circular Collider). 
LHC Run-3 and Run-4 and relative upgrades LHC 
experiments made terrific steps forward in the 
comprehension of the QGP using Run-1 (2009-
2013) data. The higher statistics which is being 
recorded during the on-going Run-2 (2015-2018) 
will further solidify the physics programme which 
was planned for the first inverse nanobarn of 
integrated luminosity. Nevertheless, the precise 
determination of several observables in PbPb 
interactions and the study of the rarest probes 
require a higher integrated luminosity. With 
a ten time larger data sample and upgrades of 
the detectors, the experiments will address the 
following topics (among others): the study of 
charm and beauty quark production down to 
very low transverse momenta and their possible 

thermalization in the medium; the elliptic flow 
of prompt J/ψ, the measurement of the J/ψ 
polarization and the study of the ψ(2S) with 
uncertainties as low as 10% down to zero pT ; a 
precise investigation of the jet structure as well 
as jet-photon and jet-Z0 correlations; the study 
of the production of light nuclei, hyper-nuclei, 
and the search for exotic compound hadrons; the 
measurement of low-mass di-leptons to give a 
determination of the temperature of the source 
emitting the thermal di-leptons: an integrated 
luminosity of 10 nb−1 would allow a statistical 
precision of about 10% and a systematic 
uncertainty of about 20%. 
The main strategy to increase the luminosity in the 
PbPb Run-3 and Run-4 at the LHC is to increase the 
total number of lead nuclei stored in the machine. 
This goal can be achieved by reducing the bunch 
spacing within the PS batches and/or decreasing 
the SPS kicker rise time to reduce the bunch 
spacing in the SPS. A peak luminosity exceeding  
6 · 1027cm-2s-1 can be achieved. The actual schedule 
foresees 2.85 nb−1/year integrated luminosity, 
starting from 2021. The LHC schedule for the 
present Run-2 and the future runs is shown in 
Figure 9, which emphasizes the heavy-ion periods 
and reports the integrated luminosity requested 
by the ALICE experiment. 
From 2021 on, the LHC will operate at the nominal 
center-of-mass energy of 14 TeV for proton-proton 
and of 5.5 TeV per nucleon pair in PbPb collisions, 
and will make a significant step forward in the 
luminosity. The long shutdown LS3 will prepare 
the machine and the experiments to a further 
jump of a factor 10 in proton-proton luminosity, 
with the High-Luminosity LHC entering operation 
in 2026 with two runs presently foreseen (Run-4 
and Run-5). Concerning PbPb collisions, for Run-
3 and Run-4 the experiments have requested a 
total integrated luminosity of more than 10 nb−1 
(e.g., 13 nb−1 requested by ALICE) compared to 

ü  10-fold higher 
luminosity in Pb-Pb 
collisions at the 
highest energy in the 
centre of mass 

ü  All 4 experiments will 
take part in the LHC 
HI runs 

ü  Possible interest on 
lighter ion run (Ar or 
Xe) 

5.5 TeV 5.0 TeV 

Roberto Preghenella’s talk



ALICE strategy for Run3 and Run4 2021-2029 
ALICE can do better : higher precision, low signal/background 
observables, low pT heavy quarks, rarest probes 
 PbPb 50 kHz 

New RO electronics 
New TPC RO 
chambers 

ITS Upgrade 

New Computing req. 

6 ALICE Detector Upgrade for Run3 and Run4 at the LHC 

New  

observables 

Global observables….... 

Light hadrons…............. 

Strange hadrons…........ 

Quarkonia….................. 

Open heavy flavours…..  

Electromagnetic probes.  

Jet and high pT hadrons. 

Hypernuclei................... 

 

100-fold larger integrated luminosity than Run1 and Run2 

Better   

Significance 

ITS upgrade 

MFT tracker 

FoCal (2024)? 

Low signal over background: hardware trigger filtering impossible, namely at low pT 
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Several year R&D program developed a solution with 4-GEM chambers
- Different GEM hole patterns on each GEM helps to block ion backflow
- Tradeoff between energy resolution (large gain in first foil) and ion back 

flow (IBF) (small gain in first foil)
Standard Pitch
not rotated

Standard Pitch
rotated

Large Pitch
rotated

Large Pitch
not rotated

55
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ea
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Ion Backflow current / Anode Current  (%)

Eight voltages (DV on 4 GEMs and DV on 4 gaps) makes huge parameter space to scan
Curves of energy resolution vs ion backflow show a region that meets our design goals and a larger 
region that gives acceptable performance to meet the physics goals.
Calibration method for correcting space-charge distortions is already in use for the current run 
and handles variations even larger than we see in prototype chamber.
→Poster: Space-charge distortions in the ALICE TPC in RUN 2, Ernst Hellbar

90-10-5 Ne-CO2-N2

400 V/cm drift field

DV=270 V

DV=230 V

DV=359 V

DV=288 V

DV=800 V

DV=20 V

DV=800 V

DV=800 V

Solution – Technology Choice

dE/dx res. =8.0%

dE/dx res. =8.5%

ALICE Detector Upgrade 

Increase of luminosity (50kHz IR) and improve vertexing and tracking at low pT 
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TPC, Muon 
Spectrometer, 

TRD, TOF, 
PHOS, EMCAL/

DCAL, ZDC 

Muon Forward 
Tracker, high 

resolution, low 
material budget 

New TPC GEM 
Chambers (low 
ion backflow, 

continuous RO) 

New beryllium 
beam-pipe 

smaller radius 

New MB 
trigger 

detector FIT 

Grid Computing Center – Computer Room A 

Computing O2 

3.4 TBytes/s 
100 GBytes/s  
Online reco 

33

FIT = T0+ and V0+

T0+ modules

− Improved T0
− Rectangular quartz radiators
− New sensors MCP-PMT
− Larger acceptance
− More channels
− Upgraded electronics and readout

− Improved V0
− Faster plastic scintillator
− Monolithic structure
− Reduced fiber length
− New sensor (SiPM or MCP-PMT)
− New electronics and readout

V0+ sectors

Zhongbao Yin@LHCP201720/5/2017

New  Inner 
Tracking System, 

high resolution, low 
material budget 

In Kwon YOO’s  talk

Andry RAKOTOZAFINDRABE’s talk



New Read-Out Architecture  

8 ALICE Detector Upgrade for Run3 and Run4 at the LHC 

-  Central Trigger Process (CTP) 
-  SAMPA: new ASIC for the 

TPC and muon tracking 
system 

-  Common Readout Unit 
(CRU): FIT, ZDC, ITS, TPC, 
TRD, TOF, MFT, MCH, MID 

-  Upgrade of most FEE ALICE 
subsystems 

Projects 

FEE CRU 

CTP DCS 

FLP EPN 

Continuous and triggered readout 
in most of ALICE subsystems 

CTP proto boards 
CRU 

SAMPA V3 Block Diagram

4SAMPA Brazil Team

SAMPA 

FIT 
ACO, ZDC, EMC, PHO 

TOF,  
LM L0 & L1  



FIT: Fast Interaction Trigger for ALICE  

-  Efficiency 100% (~83%) in 
Pb-Pb (pp) collisions 

-  Centrality triggering  
-  Vertex online location 
-  Event plane determination 
-  Time resolution <50 ps 
-  No aging over Run3 and 

Run4 periods 
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-  MCP-based detector 

-  XP85012 Planacon from 
Photonis (59x59x28 mm3) 10.5 T0-Plus detector concept 93

Figure 10.7: Photograph of a front (window side) and rear view of XP85012 Planacon.

Reliability and lifetime issues

Electrons multiplied by up to seven orders of magnitude in avalanches inside the microchannels
inevitably degrade MCP surfaces, limiting the lifetime of the device. Likewise, the positive ions
traveling in the opposite direction in the strong electric field also cause the generation of intense
secondary electron showers and additional damage to the photocathode. The ageing of an MCP
is typically reported by plotting the Quantum E�ciency (QE) as a function of the Integrated
Anode Charge (IAC). Before the advent of Atomic Layer Deposition technology, MPCs su↵ered
a drastic decrease in QE already after an IAC on the order of 100 mC/cm2. The latest tests
with the Planacon XP85012 show no signs of degradation even after IAC of ⇠5 C/cm2 [69], as
shown in Fig. 10.8. Hamamatsu is now developing an MCP-PMT that will also push the limit
beyond ⇠5 C/cm2. The new product is expected on the market in 2015, that is, in time for the
upgrade.

A minimum ionising particle (MIP) traversing a 20 mm thick quartz radiator generates about
1000 photons. The Quantum E�ciency (QE) of the Planacon QE is around 10 % hence 1000
photons from 1 MIP will trigger 100 avalanches. Typical gains in use are around 105. With
such a gain there are 107 electrons that reach the anode per MIP, corresponding to a charge of
1.6 ⇥ 10�12 C. Referring to Sec. 3, the total number of tracks will be around 3 ⇥ 1012 on the
innermost sensors and thus the total charge is close to ⇠4.8C/cm2. This value conforms to the
already proven performance of PLANACON [69], giving us confidence that the new MCP-PMT
units will perform well for the ALICE upgrade.

After-pulses

A serious issue complicating the use of PMT-based detectors (including the current T0 and V0)
are after pulses. As can be seen in the left panel of Fig. 10.9, some 20-120 ns after the main
pulse, after pulses with amplitudes of about 20% of the primary peak occur. This phenomenon
is well known and is attributed to the acceleration of ions triggering secondary signals. For
low-multiplicity events, that is when most of the primary pulses are generated by a single MIP
traversing the radiator, this phenomenon is not a problem since the after pulses fall below the
threshold of the discriminator. At higher multiplicities this is no longer the case. Since the
amplitude of an after pulse scales roughly with the amplitude of the primary pulse, at higher
multiplicities one gets potential problems especially when there might be an overlap with signals
from the previous bunch crossing.
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Figure 10.12: Measured TOF resolution obtained with cosmic rays for various pairs of MCP-
PMT sectors obtained with the detector prototype shown in Fig. 10.11.

Time resolution

MCP-based devices are known for their very good timing properties. The tests conducted both
by ALICE and the PANDA and NICA groups confirm the excellent performance of XP85012 in
that respect as shown in Fig. 10.12. The Time-of-Flight resolution of 42 ps as measured with
cosmic rays by a pair of MCP-based detectors corresponds to a resolution of 30 ps for a single
detector element. As expected, the upgraded T0 should therefore have the same or even better
time resolution than the current detector.

E�ciency

The intrinsic e�ciency for a quartz radiator with an MCP-PMT detector is close to 100 %.
That means that every MIP traversing a full path inside of the quartz generates a proper signal
that will be registered. However, the geometric coverage of the detector unit is less than 100 %.
The ratio of active surface to the physical outline of the XP85012 is 80%. When the necessary
housing and mechanical support is added, this ratio will drop to about ⇠75 %, depending on
final design details.

Weight

According to the manufacturer, the approximate weight of XP85012 is 128 g. The weight of
the 53⇥ 53⇥ 20 mm3 radiator made of fused quartz (⇠2.2 g/cm3) is approximately 124 g. The
board with electronics and cable connectors together with a protective cover would bring the
total weight of one module to 400-500 g. Therefore, the weight of a 20 unit array would be
about 8-10 kg plus the weight of the HV cables (total of 20), signal cables (total of 4⇥ 20 = 80)
and optical fibers ( 20).

98 10 Fast Interaction Trigger - FIT

Figure 10.13: Proposed configuration and segmentation of 20 modules of T0-Plus detector
around the beam pipe.

Acceptance and shape-optimisation

The demand to maximise the e�ciency for Minimum Bias events requires e�cient coverage of
the available space with detector modules. The envelopes defined by detector integration are a
minimum inner radius of 50-60mm and a maximum outer radius of 170-200mm. The proposed
detector configuration is shown in Fig. 10.13. Each MCP-PMT module will be divided into 4
equal parts by cutting the quartz radiator into 4 and arranging the 64 anode sectors into the
corresponding 4 groups. As a result, each array on the A and on the C-side will function as
20⇥ 4=80 independent detector units.

It is still to be decided whether to place the C-side T0-Plus detector on the front-absorber or on
the so called cage that supports the beampipe, ITS and MFT. Fixation on the front-absorber
allows an inner radius of 50mm but has the drawback that the detector is only accessible if the
TPC is moved to the parking position. Fixation on the support cage allows an inner radius of
only 60mm, but would ease the access to the detector.

For the detector optimization, a set of simulations with an ideal geometry, assuming a perfect
ring detector, was performed. In these simulations, various values for Rmin, beam pipe options,
and placement along the beam axis were investigated. In addition, 15000 events generated with
PHYTHIA6 for pp collisions at

p
s = 14 TeV were projected onto the real geometry of T0-Plus:

20 MCP-PMT sensors with 53⇥53⇥20 mm3 quartz radiators placed around beam pipe at 70 cm
on the C side and 20 MCP-PMTs at 373 cm on the A side. On both sides, the distance from the
center of the beam pipe to the outer edge of the sensor was Rmin = 60mm. The same geometry
was used for the simulation with HIJING of 8000 events of the most peripheral (b=13-20) Pb-Pb
collisions at

p
s = 5.5 TeV. For all calculations, the standard beam pipe geometry (adopted for

upgrade simulations) was used. Figure 10.14 shows the simulated T0-Plus e�ciency as function
of primary particle multiplicity in pp collisions, where the average is around 235 with a very

Minimum Bias Trigger 



New TPC RO chambers 

Limitation of the ion backflow 

-  Diameter 5 m, length 5m. Electron 
drift time 100 µs, Ion drift time 160 
ms. 

-  Gating grid to collect ion back flow 
need 300 µs. Intrinsic limitation at 
3 kHz interaction rate 

-  Low Ion backflow of Gas Electron 
Multipliers (GEMs) allows to avoid 
the gating grid 

-  Continuous readout è ~3 TByte/s.  
-  Online calibration, reconstruction 

and data compression needed (O2 
project) 

10 ALICE Detector Upgrade for Run3 and Run4 at the LHC 

8 The ALICE Collaboration

Figure 2.1: Schematic view of the ALICE TPC.

Figure 2.2: View of one of the endplates of the TPC; the different types of rods are indicated.

•  Diameter: 5 m, length: 5 m
•  Gas: Ne–CO2–N2, Ar–CO2 in 2015 

and 2016
•  Max. drift time: ~100 µs
•  18 sectors on each side
•  Inner and outer read out 

chambers: IROC, OROC 

•  Current detector (RUN1, RUN2):
–  72 MWPCs
–  ~550 000 cathode pads
–  Wire gating grid (GG) to block Ion 

BackFlow (IBF)
–  Rate limitation: few kHz
�

Central HV 
electrode

High precision, low 
mass field cage

6

ALICE TPC overview

C. Lippmann @ EPS-HEP, Venice, 5-12 July 2017 



Quadruple GEM 
Technology 

-  Quadruple GEM chambers 

-  GEMs technology intrinsically 
blocks ion backflow 

-  Similar performances as MWPC 

-  640 GEM foils needed for the 
TPC RO upgrade 

11 ALICE Detector Upgrade for Run3 and Run4 at the LHC 

16 The ALICE Collaboration

Figure 4.1: Electron microscope photograph of standard GEM foil with hole pitch 140 µm.

Figure 4.2: Garfield / Magboltz simulation of charge dynamics for electrons (two in this simulation) entering into a GEM
hole [4]. Electron drift paths are shown as light lines, ion drift paths as dark lines. Dots mark places where ionization
(multiplication) processes have occurred. The paths have been projected onto the cross section plane.
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TPC Upgrade TDR 21

2 mm

2 mm

2 mm

2 mm

GEM 1

Cover electrode

GEM 2

GEM 3

GEM 4

Pad plane

Strong back

Edrift

ET1

ET2

ET3

Eind readout anode

Figure 4.6: Schematic exploded cross section of the GEM stack. Each GEM foil is glued onto a 2mm thick support frame
defining the gap. The designations of the GEM foils and electric fields used in this TDR are also given. Edrift
corresponds to the drift field, ETi denote the transfer fields between GEM foils, and Eind the induction field between
the fourth GEM and the pad plane. The readout anode (see Eq. (4.2)) is indicated as well. The drift cathode is
defined by the drift electrode not shown on this schematic.

with this technique. Another important constraint is the size of the industrially available base material
and of the machinery required for the processing, both being presently limited to a width of 600mm.

The first limitation can be bypassed by employing a single-mask technique [17]. This technique has
proven to deliver comparable results with respect to homogeneity and gain performance of the GEM-
foils as the standard technique. A small decrease in gain by 25% has been observed in comparison with
a standard GEM at the same conditions, which can easily be compensated for by a slight increase of the
operating voltage.

Large-size foils with single-mask GEM technique have been pioneered in the framework of R&D for the
cylindrical GEM tracker of the KLOE-2 detector by the RD51 collaboration [18]. For the construction
of the full-size KLOE-2 tracker, which has been completed recently [19], a total of 50 large-size single-
mask foils with active areas of up to 430⇥700mm2 have been produced at CERN. After thorough testing
with QA criteria similar to the ones to be adapted for ALICE (see Sec. 4.7), only eight bad foils were
identified. Most of the problems were related to an over-etching of the polyimide, a problem which,
according to the CERN workshop, has been resolved in the meantime. GEM foils with even larger active
areas (990⇥ (220 – 455)mm2) are now routinely being produced in the framework of developments for
the CMS muon system [15, 20]. At the time of writing this TDR, six full-size triple-GEM detectors
with single-mask GEM foils have been built by the CMS GEM collaboration. This collaboration also
measured the uniformity of the gain of a final detector to be within 12 – 15 % (RMS). The GEM foils
needed for the ALICE TPC4 are of a similar size. Hence the single-mask technique can be considered
mature for application to the ALICE TPC.

In order to reduce the total charge stored in the GEM foil, one side of the foil is segmented into HV
sectors with a surface area of approximately 100cm2, as shown in Figs. 4.8 and 4.12. The inter-sector
distances are reduced to 200 µm. Each HV sector is powered separately through high-ohmic SMD5

loading resistors soldered directly onto the foil and connected to a HV distribution line implemented on
the boundary of the foil. This scheme has proven to reduce the probability of discharges propagating
between GEM foils and from the last GEM foil to the readout circuit [5]. Figure 4.11 shows a detailed
view of the segmented side of an IROC GEM foil with the loading resistors in place and the frame of the
next GEM layer on top of it. The voltages to each GEM foil are supplied by two external HV sources,
one for each side of the foil (see Sec. 4.4).

The GEM foils will be pre-stretched with a force of 10N/cm on all four sides using a stretching technique
developed at GSI and TUM, making use of a pneumatical method. A frame originally designed for the
stretching of stencils for PCB assembly was modified to meet the stretching force needed for GEM foils.

4See Tab. 4.1
5Surface Mount Device (SMD)
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Foil Handling and Testing
Commercial stencil stretching frame used.  The inner frame is used for 

handling foils until they are glued onto fiberglass frame.

• Foil mounted in inner frame as soon as 

it comes from CERN shop

• Stays with foil until foil is finally 

trimmed to final fiberglass frame

• Outer (blue) frame clamps inner frame 

and applies calibrated stretching force 

(Calibrated springs) 

HV Testing:  

• Plexiglass box can be flushed with dry nitrogen.  

• Spring pins in lid connect to each of the foil HV 

segments

• Multichannel floating pico ammeter developed 

can measure leakage currents at HV down to a 

few pA

• Foils checked before leaving CERN, at advanced 

QA site, before and after framing and before 

mounting in chamber
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ALICE O2 project 

New computing system 
è Read-out the data of all 

interactions 
è Compress these data 

intelligently by online 
reconstruction 

è One common online-offline  
computing system: O2 

Requirements 
1.  LHC min bias Pb-Pb at 50 kHz  

~100 x more data than during Run 1 
2.  Rare physics processes with very 

small signal over background ratio 
3.  Triggering techniques very inefficient 

if not impossible 
4.  50 kHz > TPC inherent rate 

Support for continuous read-out 

12 

Detector	
Electronics	
9000	GBTs	links	

270	First-Level		
Processors	
Hw	acc:	FPGAs	

Switching	Network	

1500	Event	
Processing	nodes	
Hw	acc:	GPUs	

Switching	Network	

Write	120	GB/s		
Read	320	GB/s	
Capacity:	60	PB	

Baseline	correcOon	and	zero	suppression	
Data	volume	reducOon	by	zero	cluster	finder.		
No	event	discarded.	
Average	compression	factor	6.6	

Unmodified	raw	data	of	all	interac1ons	
shipped	from	detector	to	online	farm	in	
triggerless	con1nuous	mode	

Asynchronous	(hours)	
event	reconstrucOon	
with	final	calibraOon	

HI	run	3.4	TByte/s 

Data	Storage	
1	year	of	compressed	data	

90	GByte/s 

Tier	0,	Tiers	1	and	
Analysis	FaciliOes	

Data	volume	reduc1on	by	online	tracking.		
Only	reconstructed	data	to	data	storage.	
Average	compression	factor	5	

500	GByte/s 

100	GByte/s 

200	GB/s 20	GB/s 120	GB/s 

12 
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ALPIDE  pixel sensor  (ITS Upgrade and MFT projects) 
CMOS Monolithic Active Sensors (MAPS), TowerJazz 0.18 µm technology 

-  Sensor Size 15 mm x 30 mm. 
Pixel pitch 29 µm x 27 µm.  

-  Event time resolution <4 µs 
-  Low power consumption                

~40 mW/cm2 
-  Expected radiation load in ALICE 

Run3 and Run4  <300 krad, 
<2.0x1012 1MeV neq/cm2 

-  Spatial Resolution 5-6 µm 

13 ALICE Detector Upgrade for Run3 and Run4 at the LHC 
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Monolithic Active Pixel Sensor – ALPIDE

CMOS Pixel Sensor using TowerJazz 0.18mm CMOS Imaging Process   
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NWELL
DIODE

NMOS
TRANSISTOR

PMOS
TRANSISTOR

Epitaxial Layer P-

Substrate  P++

NA ~ 1018

NA ~ 1016

NA ~ 1013

▶ High-resistivity (> 1kW cm) p-type epitaxial layer (25mm) on p-type substrate

▶ Small n-well diode (2 mm diameter), ~100 times smaller than pixel => low 
capacitance (~fF)

▶ Reverse bias voltage (-6V < VBB < 0V) to substrate (contact from the top) to 
increase depletion zone around NWELL collection diode   

▶ Deep PWELL shields NWELL of PMOS transistors (full CMOS circuitry within 
active area) 
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Ø The Upgrade of the ALICE Inner Tracking System with the 
Monolithic Ac?ve Pixel Sensor ALPIDE

Ø Radia?on Hardness of Monolithic Ac?ve Pixel Sensors for 
the ALICE Inner Tracking System Upgrade

ALPIDE�

pads over matrix

ITS IB & MFT: 50mm thick
ITS OB: 100mm thick

In Kwon YOO’s  talk
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ALICE inner tracking system upgrade 
Improving tracking performance, namely at low pT 
-  Large area (10 m2) silicon pixel 

(MAPS) sensor tracker (|η|<1.22)  

-  7 layers from R=22 mm to R=400 
mm: Inner Barrel, Outer Barrel 
(Middle layer & Outer layer) 

-  Spatial resolution O(5 µm). 

-  First layer closer to IP (smaller 
beam pipe radius) 

-  0.3%X0 per layer in the inner most 
3 layers (light mechanical structure) 

15 ALICE Detector Upgrade for Run3 and Run4 at the LHC 

Middle barrel 

Outer barrel 

In Kwon YOO’s  talk

• 12.5 Gigapixels  
~24000 pixel chips 
• binary readout 



MFT Principle  
High resolution muon vertexing for the ALICE  muon spectrometer 

16 ALICE Detector Upgrade for Run3 and Run4 at the LHC 

Frontal 
Absorber 

Dipole 

𝝻

𝝻

Trigger Tracker 

Iron Wall 

MFT 

Andry RAKOTOZAFINDRABE’s talk



MFT Principle  
High resolution muon vertexing for the ALICE  muon spectrometer 
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MFT layout 
920 silicon pixel sensors (0.4 m2) on 280 ladders of 2 to 5 sensors each. 

4 1 Introduction

Figure 1.2: Layout of the active area of the MFT detector, showing the positioning of the
silicon pixel sensors and MFT ladders.

luminosities:176

• 8⇥ 1010 nuclear Pb–Pb collisions (10 nb�1,
p
s
NN

= 5.5 TeV);177

• 1⇥ 1011 nuclear p–Pb collisions (50 nb�1,
p
s
NN

= 8.8 TeV);178

• 4⇥ 1011 inelastic proton–proton collisions (6 pb�1,
p
s
NN

= 5.5 TeV);179

A conservative safety factor of ten is further applied to take into account uncertainties on the180

beam background, possible beam losses, ine�ciency in data taking and data quality require-181

ments. The expected radiation levels corresponding to the sum of Pb–Pb, p–Pb and proton–182

proton integrated luminosities are summarised in Tab. 1.3. As will be explained in chapter 2,183

the pixel chip technology adopted by the MFT shows no significant performance degradation184

when exposed to these radiation levels even when operated at room temperature.185

IP region 

Disk#0 

Disk#1 

Disk#4 
Disk#3 

Disk#2 10 Half-disks 
2 detection planes each 

z=-46.0 cm 
z=-76.8 cm 

MFT doses 
< 300 krad  

< 2x1012 1  MeV neq/cm2  

-3.6  < η < -2.45 
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Upgraded ALICE tracking capabilities I 
Central Barrel (|η|<1) ITS+TPC 
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Figure 7.1: Performance of the ITS stand-alone and TPC+ITS combined reconstruction
for di↵erent radial positions of the ITS layers.

possible radii that comply with the available space and integration constraints. Since
the track curvature in the ITS+TPC combined tracking is already constrained in
the inward propagation, it is advantageous to place an extra layer(s) as close a
possible to the inner barrel, as a bridge between the high-occupancy region close
to the primary vertex and the outer layers. The calculations done using the Fast
Estimation Tool confirm that an extra layer at a radial distance of 5 cm from the
beam line, would slightly improve the matching e�ciency at low-p

T

(see Fig. 7.1,
“L3@5 cm, L4@33 cm” setup). In these calculations, another layer was positioned
at a radius of 33 cm in order to add redundancy to the measurements in the outer
region, although its contribution to the overall reconstruction e�ciency is negligible.
The p

T

resolution obtained with the TPC–ITS tracking mode is almost insensitive
to the position of the intermediate layers. The ITS stand-alone tracking requires a
good curvature estimate at large radii. This requires shifting the middle layers close
to the outer layers (see Fig. 7.1, “L3@24.41 cm, L4@29.71 cm” setup).

• Material budget: Based on the most recent developments in pixel detector tech-
nologies, a substantial reduction of the material budget can be achieved by reducing
the thickness of the silicon pixel sensors and the material budget of the services
(mechanical support, power distribution, cooling system, read-out system). In the
simulations described in Sec. 7.4, an e↵ective material budget of 0.3% and 0.8%
of the radiation length was assumed for the three Inner and the four Outer Layers
respectively.

• Detector segmentation: The segmentation of the detector determines the in-
trinsic spatial resolution of the reconstructed track points. A small segmentation
is also important to keep the occupancy at a low value. An excellent resolution
of the first layer is fundamental for the resolution of the impact parameter at high
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Low Mass dielectron |η|<0.9 : initial temperature from EM radiation 
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Cocktail-subtracted low mass dielectron disitribution 

)2 (GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

)
-1

dy
 (G

eV
ee

dN
/d

M

-410

-310

-210

-110

1

10
Sum
Rapp in-medium SF
Rapp QGP

 10%)± (ρcocktail w/o 
 20%)± ee (→ cc

2.5E7 'measured'
 0.25%)±Syst. err. bkg. (

 = 5.5 TeVNNsPbPb @ 
0 - 10%, 2.5E7

| < 0.84e|y
 > 0.2 GeV/ce

T
p

 < 3.0
t,ee

0.0 < p

)2 (GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

)
-1

dy
 (G

eV
ee

dN
/d

M

-410

-310

-210

-110

1

10
Rapp Sum
Rapp in-medium SF
Rapp QGP

 - cockt.c2.5E7 'meas.' - c
Syst. err. bkg.

 + cocktailcSyst. err. c

 = 5.5 TeVNNsPbPb @ 
0 - 10%, 2.5E7

| < 0.84e|y
 > 0.2 GeV/ce

T
p

 < 3.0
t,ee

0.0 < p

Figure 2.54: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 · 107 events). No tight DCA cuts are applied.

The green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta
boxes indicate systematic errors related to the subtraction of the cocktail and charm contribution.
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Figure 2.55: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 ·107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

in Scenario 1, i.e. current ITS and 2.5 ·107 events. No particular DCA cuts are applied to reject displaced electrons.
The same spectrum after subtraction of the hadronic cocktail and the charm contribution (the ’excess spectrum’)
is shown in the right panel of Figure 2.54. The low–mass region Mee < 1 GeV/c2 is dominated by systematic
uncertainties related to the subtraction of the combinatorial background. In the mass region Mee > 1 GeV/c2, the
systematic uncertainties from the charm subtraction do not allow quantitative analysis of the thermal radiation
spectrum.

The DCA resolution of the current ITS allows for some limited suppression of displaced electrons (see also Fig-
ure 2.51). In the left panel of Figure 2.55, the inclusive e+e� in Scenario 1 is shown after application of tight
DCA cuts. The relative contribution from charm can be suppressed by about a factor 2 (compare to Figure 2.54,
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Figure 2.57: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 3 (new ITS, 2.5 · 109 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

performance study is extended to semi-central collisions, where elliptic flow is most pronounced. The e+e�

invariant mass excess spectra in semi-central (40–60%) Pb–Pb collisions is shown in Figure 2.59 for Scenario 1
(left) and Scenario 3 (right). Note that relative systematic uncertainties in semi-central collisions are smaller
than in central collisions, due to larger S/B (Figure 2.53) and a smaller relative contribution from charm due
to hNcolli scaling. The absolute statistical uncertainties on v2 as a function of Mee are shown in Figure 2.60
for Scenario 1 and Scenario 3. After the high-rate upgrade and with the new ITS, invariant-mass dependent v2
measurements with absolute statistical uncertainty of order s(v2) ⇡ 0.01–0.02 can be achieved.

Information on the early temperature of the system can be derived from the invariant-mass dependence of the
dilepton yield at masses Mee > 1 GeV/c2. To quantify the sensitivity of the anticipated measurement we employ
an exponential fit, dNee/dMee µ exp(�Mee/Tfit), to the simulated spectra in the invariant mass region 1 <Mee <
1.5 GeV/c2. The fit parameter Tfit is compared to Treal which is derived from the same fit to the thermal input
spectrum. The ratio Tfit/Treal for Pb–Pb collions at 0–10% and 40–60% centrality is shown in Figure 2.61. Only
the high-rate scenario with new ITS (Scenario 3) allows a quantitative extraction of the slope parameter in the
relevant Mee range, with statistical and systematic uncertainties in the range of 10–20%.

In conclusion, the measurement of e+e� production in central and semi-central Pb–Pb collisions at
p

sNN= 5.5 TeV
provides unique experimental access to modifications of the vector spectral function and restoration of chiral
symmetry, the early temperature of the system, and the equation of state of partonic matter. With the upgrade of
the ITS and TPC detectors such measurements become feasible. The new ITS detector will allow for a significant
suppression of combinatorial background, and a separation of prompt from displaced electrons, the latter mainly
from correlated charm. We demonstrated that this leads to a significant reduction of the main sources of systematic
uncertainties. Moreover, the upgrade of the TPC with GEM readout will allow for continuous operation, making
possible to record Pb–Pb collisions at a rate of 50 kHz. This improvement in statistical accuracy will enable a
multi-differential analysis of the dilepton excess as a function of Mee, pT,ee, and the orientation to the reaction
plane. We have shown that observables that parametrize the corresponding dependencies can be extracted with
unprecedented precision.

2.4 Jets
The main motivation for measuring jets in heavy-ion collision is to map out the properties of the created medium
via its interaction with hard scattered partons. Hard scatterings (Q2 � (2 GeV/c)2) occur in the early reaction
phase (t ⌧ 1 fm/c), well before the formation of a hot and dense medium and enable in principle the tomographic
study of the medium. The basis of this approach is that the initial production of hard scattered partons is well
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Charmed D0,D+-, DS mesons |η|<0.9 
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Present measurement 
Expected in Run3 and Run4 
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Studying beauty mesons at low pT 
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Accessing beauty production at low pT in HIC at the LHC 
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Charmed and Beauty baryons |η|<0.9 
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the nuclear modification factor of D0 and J/ from B decays is shown in Fig. 8.19. For
prompt and non-prompt D0 mesons, the uncertainties for p

T

> 16GeV/c were extrapol-
ated from those estimated at low p

T

. For all particles, it is assumed that the pp reference
has negligible statistical uncertainties with respect to Pb–Pb. Some of the systematic
uncertainties are partly cancelled in the ratio (tracking and cut selection e�ciency).

Figure 8.20 shows the enhancement of the ⇤
c

/D0 ratio in central Pb–Pb (0–20% for
L

int

= 10nb�1) with respect to pp collisions. It is assumed that the statistical uncertainties
for the D0 measurements and for the ⇤

c

measurement in pp are negligible with respect to
those for the ⇤

c

measurement in Pb–Pb. The points are drawn on a line that captures
the trend and magnitude of the ⇤/K0

S

double-ratio. Two model calculations [62, 69] are
shown to illustrate the expected sensitivity of the measurement.

New observables: baryon production in the charm and beauty sector! 



Upgraded ALICE tracking capabilities II 
Muon Spectrometer (2.5<η<3.6) MFT+Muon 
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Frontal  
Absorber 

MFT Muon Spectrometer 

Displacement beauty decays 
in z (for any pT, even for pT=0) 
due to the rapidity boost. 
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ψ(2S) 2.5<η<4.0 
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Completing the 
charmonium potentials for 
the study QGP at the LHC 
 
With ITS and MFT: Prompt 
Decay separation and 
better S/B 
 
Discrimination between 
models becomes possible. 
Recombination time : at 
hadronisaton or in the 
QGP? 
 
pT, y and centrality 
dependence 
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Figure 2.41: Centrality dependence of the relative statistical error of the low pT J/y yield excess measured in
Pb-Pb collisions at LHC energies.

2.2.7 y(2S) Measurement

Due to the lower production cross section and the smaller branching ratio into dileptons, the measurement of
y(2S) is much more difficult compared to J/y . The y(2S) production is measured in nucleus-nucleus collisions
only at the SPS [60] and is described by the statistical hadronization model, see Section 2.2.1. Two scenarios are
considered for our estimates of the measurements in ALICE: production yield as predicted by the statistical model
and as in pp collisions, scaled to Pb-Pb with the number of binary collisions (Ncoll).

In Figure 2.42 the estimated statistical error of the y(2S) measurement in the Muon Spectrometer is shown as a
function of centrality for an integrated luminosity of 1 nb�1 and 10 nb�1. The full upgrade potential allows for a
precision measurement even for the relatively low production expected in case of the thermal model scenario.
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Figure 2.42: The estimated relative statistical error of the y(2S) measurement in the Muon Spectrometer as a
function of centrality for an integrated luminosity of 1 nb�1 and 10 nb�1. Two scenarios are considered: the
statistical model prediction (left panel) pp scaling (right panel).

In the dielectron channel the measurement is more challenging and can be achieved with good significance only
with the 10 nb�1 Pb-Pb data expected with the full upgrade, see Figure 2.43. Such a measurement will allow,
as for the case of the dimuon channel, to disentangle between a statistical production at the phase boundary and
production during the QGP lifetime.

Audrey	Francisco	 	 				Strangeness	in	Quark	MaOer	 	 				Utrecht,	July	14th	2017Audrey Francisco      Strangeness in Quark Matter      Utrecht, July 14th 2017
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• !(2S) is expected to be more easily dissociated than J/!  
(lower binding energy) 

• Data shows a stronger suppression in semi-central and central collisions  

• For low significance : upper limit at 95% CL 

• More statistics are needed → upgrades for LHC run 3
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J/ψ elliptic flow 2.5<η<4.0 
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With ITS and MFT: Prompt - Decay separation 

Present measurement 
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J/!	v2	results	vs	pT	and	theory	comparison
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• A clear v2 signal is observed in various centrality and pT bins 

• Comparison with transport model :  

• magnitude at low pT is reproduced by including a strong J/! 
(re)generation component 

• at high pT the v2 is underestimated (prompt J/!  from CMS also 
indicate a non-zero v2 )
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Beauty measurement in the golden J/ψ channel 
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Down to pT=0, displacement ensured by the rapidity boost 

72 6 Performance

Gaussian parameterisation of the original distributions, with the width given by:
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where t̄
z

is the mean value of the Gaussian distribution (for the prompt J/ component the
parameterisation is imposed to be symmetric with respect to t̄

z

, as justified by the shape of the
reconstructed distribution). The normalisation of the background being fixed from the fit on
the invariant mass spectrum, the inclusive J/ normalisation and the prompt/displaced J/ 
ratio are left as the only free parameters. The robustness of the prompt/displaced J/ ratio
measurement will thus only depend on the di↵erence in the shape of the t

z

distributions of the
prompt and displaced J/ . In Figure 6.21 the fit on the t

z

distribution is shown in three p
T

intervals from 0 to 3 GeV/c. The dramatic improvement in the prompt/displaced J/ separation
with respect to the analysis based on the t

xy

variable can be immediately appreciated by directly
comparing these plots with the ones in Figure 2.17 of [4], the t

z

distribution of the non-prompt
J/ appearing now strongly asymmetric with respect to the distribution of the prompt J/ , the
exponential shape of the right tail reflecting the life time distribution of the beauty hadrons. The
asymmetry of the background t

z

distribution results from the fact that a significant fraction of
the muons composing the combinatorial pairs are produced at finite distances from the primary
vertex, in the direction of the Muon Spectrometer.
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Figure 6.21: Fit on the total t
z

distribution in the J/ mass window 3.0 < m
µµ

< 3.2 GeV/c2,
in three p

T

bins down to zero p
T

(cfr Figure 2.17 of [4]).

Estimation of uncertainties and physics performance

The statistical uncertainties expected for the measurement of the non-prompt J/ fraction
range from 0.8% to 1.5% in the 0 < p

T

< 3 GeV/c range considered for the present study. The
values, reported in Table 6.4, include the propagation of the statistical errors in the background
subtraction.
Two main sources of systematic uncertainty have been identified for the measurement of the

prompt/displaced J/ ratio:

• the 1% uncertainty on the normalisation of the background component;

• the uncertainty on the shape of the t
z

templates.

The contribution to the systematic uncertainty coming from the first of these two sources has
been estimated by repeating several times the fit on the t

z

, each time fixing a di↵erent normal-
isation of the background, spanning the cited 1% uncertainty range. The di↵erence between the
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Figure 6.22: Left: expected systematic uncertainties on the measurement of the dis-
placed/prompt J/ ratio (cfr Figure 2.19 of [4]). Right: expected total uncertainties (statistical
plus systematic contributions summed in quadrature) for the measurement of the R
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of beauty
mesons via displaced J/ at forward rapidity, shown together with the expected performance in
the displaced D0 channel at central rapidity (see left plot of Figure 8.19 of [5]).

Pb collisions, and the precision measurement of low-mass dimuon production down to low p
T

.
For these physics studies, we shortly review in this Section the main results already discussed
in the ALICE Upgrade LoI addendum [4].

 (2S) measurement

The MFT tracking capabilities allow for a significant reduction of the combinatorial background
coming from the semi-muonic decay of light hadrons, mainly pions and kaons, and from non-
prompt correlated sources like open charm and open beauty processes. This background reduc-
tion is important for all signals, but is of major interest for the study of the  (2S) in central
Pb–Pb collisions, for which the signal-over-background ratio improves by a factor up to about 10
depending on the p

T

range. The very low signal-over-background ratio obtained with the cur-
rent MUON spectrometer makes the  (2S) extraction in the most central Pb–Pb collisions very
di�cult. The addition of the MFT, conversely, will allow the  (2S) signal to be extracted
with uncertainties as low as ⇠ 10% down to zero p

T

[4]. A precise measurement of the  (2S),
combined with the one of prompt J/ production, will o↵er an important tool to discriminate
between di↵erent models of charmonium regeneration in the QGP.

Low-mass dimuon measurements

The measurement of prompt dimuon sources in the low-mass region (below ⇠ 1.2 GeV/c2)
will strongly benefit from the addition of the MFT to the MUON spectrometer. A dramatic
improvement, up to a factor of about 4, is expected for the mass resolution of the narrow !
and � resonances, for which resolutions of ⇠ 15 MeV/c2 are expected: this will translate into
a significant improvement of the measurements involving these particles, allowing at the same
time a reliable identification of the underlying thermal dimuon continuum and the measurement
of the in-medium modified line shape of the short-lived ⇢ meson. A precision of about 20% is



ü  Factor 10 increase of the Pb-Pb integrated luminosity is planned 
by the LHC for Run3 and Run4.  

ü  All 4 LHC experiments will participate in the heavy ion program at 
the LHC. 

ü  ALICE will upgrade its detector to take advantage of the 
luminosity increase. A factor 10-100 increase in Pb-Pb statistics, 
depending on the observable with respect Run1 and Run2 (10 
nb-1 integrated Pb-Pb luminosity). Better precision. 

ü  New pixel trackers (ITS and MFT) based on ALPIDE MAPS 
sensor. Better detector performance to study low pT hadrons and  
open heavy flavour and quarkonium in Pb-Pb collisions. 

ü  In addition to the nominal conditions, a low B field (0.2 T) run will 
improve the low pT reach of low mass dielectron measurements.  

ü  Installation is foreseen in 1.5 years from now, during LS2 
(2019-2020). 

Conclusions 
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ALICE Detector Upgrade for Run3 and Run4 
Letters of Intent and Technical Design Reports 

-  ALICE TDRs for the Run3 
upgrade 
-  CERN-LHCC-2013-019 (System 

upgrade TDR) 
-  CERN LHCC-2013-013 (TPC 

Upgrade  TDR 
-  CERN-LHCC-2013-023 (ITS 

Upgrade  TDR) 
-  CERN-LHCC-2015-001 (MFT TDR) 
-  CERN-LHCC-2015-006 (O2 TDR) 
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-  Alice Upgrade LoI and its addendum  
-  CERN-LHCC-2012-012 (LoI) 
-  CERN-LHCC-2013-014 (addendum) 

Thanks for your attention! 
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Suppression of high pt D mesons in Pb–Pb collisions at
√

sNN = 2.76 TeV ALICE Collaboration
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Figure 5: (colour online) Transverse momentum distributions dN/dpt of prompt D0 (left) and D+ (centre), and

D∗+ (right) mesons in the 0–20% and 40–80% centrality classes in Pb–Pb collisions at
√

sNN = 2.76 TeV. The

reference pp distributions ⟨TAA⟩ dσ/dpt are shown as well. Statistical uncertainties (bars) and systematic uncer-

tainties from data analysis (empty boxes) and from feed-down subtraction (full boxes) are shown. For Pb–Pb, the
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Figure 6: (colour online) RAA for prompt D0, D+, and D∗+ in the 0–20% (left) and 40–80% (right) centrality

classes. Statistical (bars), systematic (empty boxes), and normalization (full box) uncertainties are shown. Hori-

zontal error bars reflect bin widths, symbols were placed at the centre of the bin.

may depend on centrality. For the pt interval 6–12 GeV/c, the suppression increases with increasing
centrality. It is interesting to note that the suppression of prompt D mesons at central rapidity and high
transverse momentum, shown in the right-hand panel of Fig. 7 is very similar, both in size and centrality
dependence, to that of prompt J/ψ mesons in a similar pt range and |y| < 2.4, recently measured by the
CMS Collaboration [25].
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ities [7] but is in agreement with some models that include
viscous corrections which at the LHC become less impor-
tant [12,15–18].

In summary we have presented the first elliptic flow
measurement at the LHC. The observed similarity at
RHIC and the LHC of pt-differential elliptic flow at low
pt is consistent with predictions of hydrodynamic models
[7,14]. We find that the integrated elliptic flow increases
about 30% from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at RHIC to
ffiffiffiffiffiffiffiffi
sNN

p ¼

2:76 TeV. The larger integrated elliptic flow at the LHC is
caused by the increase in the mean pt. Future elliptic flow
measurements of identified particles will clarify the role of
radial expansion in the formation of elliptic flow.
The ALICE Collaboration would like to thank all its

engineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN ac-
celerator teams for the outstanding performance of the
LHC complex. The ALICE Collaboration acknowledges
the following funding agencies for their support in building
and running the ALICE detector: Calouste Gulbenkian
Foundation from Lisbon and Swiss Fonds Kidagan,
Armenia; Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq), Financiadora de
Estudos e Projetos (FINEP), Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP); National
Natural Science Foundation of China (NSFC), the
Chinese Ministry of Education (CMOE), and the
Ministry of Science and Technology of China (MSTC);
Ministry of Education and Youth of the Czech Republic;
Danish Natural Science Research Council, the Carlsberg
Foundation, and the Danish National Research
Foundation; The European Research Council under the
European Community’s Seventh Framework Programme;
Helsinki Institute of Physics and the Academy of Finland;
French CNRS-IN2P3, the ‘‘Region Pays de Loire,’’
‘‘Region Alsace,’’ ‘‘Region Auvergne,’’ and CEA,
France; German BMBF and the Helmholtz Association;
Hungarian OTKA and National Office for Research and
Technology (NKTH); Department of Atomic Energy and
Department of Science and Technology of the Government
of India; Istituto Nazionale di Fisica Nucleare (INFN) of
Italy; MEXT Grant-in-Aid for Specially Promoted
Research, Japan; Joint Institute for Nuclear Research,
Dubna; National Research Foundation of Korea (NRF);
CONACYT, DGAPA, México, ALFA-EC, and the
HELEN Program (High-Energy physics Latin-American-
European Network); Stichting voor Fundamenteel
Onderzoek der Materie (FOM) and the Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWO),
Netherlands; Research Council of Norway (NFR); Polish
Ministry of Science and Higher Education; National
Authority for Scientific Research–NASR (Autoritatea
Naţională pentru Cercetare Ştiinţifică–ANCS); Federal
Agency of Science of the Ministry of Education and
Science of Russian Federation, International Science and
Technology Center, Russian Academy of Sciences,
Russian Federal Agency of Atomic Energy, Russian
Federal Agency for Science and Innovations, and CERN-
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EELA, Ministerio de Educación y Ciencia of Spain,
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Cubaenergı́a, Cuba, and IAEA (International Atomic
Energy Agency); The Ministry of Science and
Technology and the National Research Foundation
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Figure 3: RAA in central (0–5%) and peripheral (70–80%) Pb–Pb collisions at
√sNN = 2.76 TeV. Error bars

indicate the statistical uncertainties. The boxes contain the systematic errors in the data and the pT dependent
systematic errors on the pp reference, added in quadrature. The histograms indicate, for central collisions only,
the result for RAA at pT > 6.5 GeV/c using alternative pp references obtained by the use of the pp̄ measurement
at √sNN = 1.96 TeV [26] in the interpolation procedure (solid) and by applying NLO scaling to the pp data at 0.9
TeV (dashed) (see text). The vertical bars around RAA = 1 show the pT independent uncertainty on ⟨Ncoll⟩.
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Centrality dependence of the charged-particle multiplicity The ALICE Collaboration

Centrality dNch/dh hNparti (dNch/dh)/
�
hNparti/2

�

0–5% 1601±60 382.8±3.1 8.4±0.3
5–10% 1294±49 329.7±4.6 7.9±0.3
10–20% 966±37 260.5±4.4 7.4±0.3
20–30% 649±23 186.4±3.9 7.0±0.3
30–40% 426±15 128.9±3.3 6.6±0.3
40–50% 261±9 85.0±2.6 6.1±0.3
50–60% 149±6 52.8±2.0 5.7±0.3
60–70% 76±4 30.0±1.3 5.1±0.3
70–80% 35±2 15.8±0.6 4.4±0.4

Table 1: dNch/dh and (dNch/dh)/
�
hNparti/2

�
values measured in |h | < 0.5 for nine centrality classes. The

hNparti obtained with the Glauber model are given.

Fig. 2: Dependence of (dNch/dh)/
�
hNparti/2

�
on the number of participants for Pb–Pb collisions at

p
sNN =

2.76 TeV and Au–Au collisions at
p

sNN = 0.2 TeV (RHIC average) [7]. The scale for the lower-energy data is
shown on the right-hand side and differs from the scale for the higher-energy data on the left-hand side by a factor
of 2.1. For the Pb–Pb data, uncorrelated uncertainties are indicated by the error bars, while correlated uncertainties
are shown as the grey band. Statistical errors are negligible. The open circles show the values obtained for centrality
classes obtained by dividing the 0–10% most central collisions into four, rather than two classes. The values for
non-single-diffractive and inelastic pp collisions are the results of interpolating between data at 2.36 [19, 23] and
7 TeV [24].

model, and are listed in Table 1. The systematic uncertainty in the hNparti values is obtained by varying
the parameters entering the Glauber calculation as described above. The geometrical hNparti values are
consistent within uncertainties with the values extracted from the Glauber fit in each centrality class, and
agree to better than 1% except for the 70–80% class where the difference is 3.5%.

Figure 2 presents (dNch/dh)/
�
hNparti/2

�
as a function of the number of participants. Point-to-point,

uncorrelated uncertainties are indicated by the error bars, while correlated uncertainties are shown as the
grey band. Statistical errors are negligible. The charged-particle density per participant pair increases
with hNparti, from 4.4±0.4 for the most peripheral to 8.4±0.3 for the most central class. The values for
Au–Au collisions at

p
sNN = 0.2 TeV, averaged over the RHIC experiments [7], are shown in the same

5

Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
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For central collisions 0-5% we observe that at p
t

⇡ 2
GeV/c v

3

becomes equal to v
2

and at p
t

⇡ 3 GeV/c v
4

also reaches the same magnitude as v
2

and v
3

. For more
central collisions 0-2%, we observe that v

3

becomes equal
to v

2

at lower p
t

and reaches significantly larger values
than v

2

at higher-p
t

. The same is true for v
4

compared
to v

2

.
We compare the structures found with azimuthal cor-

relations between triggered and associated particles to
those described by the measured v

n

components. The
two-particle azimuthal correlations are measured by cal-
culating:

C(��) ⌘ N
mixed

N
same

dN
same

/d��

dN
mixed

/d��
, (3)

where �� = �
trig

��
assoc

. dN
same

/d�� (dN
mixed

/d��)
is the number of associated particles as function of ��
within the same (di↵erent) event, and N

same

(N
mixed

)
the total number of associated particles in dN

same

/d��
(dN

mixed

/d��). Figure 4 shows the azimuthal correla-
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FIG. 4. (color online) The two-particle azimuthal correla-
tion, measured in 0 < �� < ⇡ and shown symmetrized over
2⇡, between a trigger particle with 2 < pt < 3 GeV/c and
an associated particle with 1 < pt < 2 GeV/c for the 0–1%
centrality class. The solid red line shows the sum of the mea-
sured anisotropic flow Fourier coe�cients v2, v3, v4 and v5
(dashed lines).

tion observed in very central collisions 0–1%, for trigger
particles in the range 2 < p

t

< 3 GeV/c with associated
particles in 1 < p

t

< 2 GeV/c for pairs in |�⌘| > 1.
We observe a clear doubly-peaked correlation structure
centered opposite to the trigger particle. This feature
has been observed at lower energies in broader central-
ity bins [32, 33], but only after subtraction of the elliptic
flow component. This two-peak structure has been in-
terpreted as an indication for various jet-medium modi-

fications (i.e. Mach cones) [32, 33] and more recently as
a manifestation of triangular flow [10–13]. We therefore
compare the azimuthal correlation shape expected from
v
2

, v
3

, v
4

and v
5

evaluated at corresponding transverse
momenta with the measured two-particle azimuthal trig-
gered correlation and find that the combination of these
harmonics gives a natural description of the observed cor-
relation structure on the away-side.
In summary, we have presented the first measurement

at the LHC of triangular v
3

, quadrangular v
4

and pen-
tagonal particle flow v

5

. We have shown that the trian-
gular flow and its fluctuations can be understood from
the initial spatial anisotropy. The transverse momentum
dependence of v

2

and v
3

compared to model calculations
favors a small value of the shear viscosity to entropy ratio
⌘/s. For the 5% most central collisions we have shown
that v

2

rises strongly with centrality in 1% centrality per-
centiles. The strong change in v

2

and the small change
in v

3

as a function of centrality in these 1% centrality
percentile classes follow the centrality dependence of the
corresponding spatial anisotropies. The two-particle az-
imuthal correlation for the 0–1% centrality class exhibits
a double peak structure around �� ⇠ ⇡ (the “away
side”) without the subtraction of elliptic flow. We have
shown that the measured anisotropic flow Fourier coe�-
cients give a natural description of this structure.
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J/ψ suppression at forward rapidity in Pb-Pb collisions at
√

sNN = 2.76 TeV ALICE Collaboration
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Fig. 2: (Color online) Inclusive J/ψ RAA as a function of the mid-rapidity charged-particle density (top) and

the number of participating nucleons (bottom) measured in Pb-Pb collisions at
√

sNN = 2.76 TeV compared to

PHENIX results in Au-Au collisions at
√

sNN = 200 GeV at mid-rapidity and forward rapidity [4, 5, 20]. The

ALICE data points are placed at the dNw
ch/dη |η=0 and ⟨Nw

part⟩ values defined in Table 1.
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Fig. 4: Product of the three pion HBT radii at kT = 0.3 GeV/c. The ALICE result (red filled dot) is compared
to those obtained for central gold and lead collisions at lower energies at the AGS [35], SPS [36, 37, 38], and
RHIC [39, 40, 41, 42, 30, 43].

The systematics of the product of the three radii is shown in Fig. 4. The product of the radii, which is
connected to the volume of the homogeneity region, shows a linear dependence on the charged-particle
pseudorapidity density and is two times larger at the LHC than at RHIC.

Within hydrodynamic scenarios, the decoupling time for hadrons at midrapidity can be estimated in the
following way. The size of the homogeneity region is inversely proportional to the velocity gradient of
the expanding system. The longitudinal velocity gradient in a high energy nuclear collision decreases
with time as 1/τ [52]. Therefore, the magnitude of Rlong is proportional to the total duration of the
longitudinal expansion, i.e. to the decoupling time of the system [31]. Quantitatively, the decoupling
time τ f can be obtained by fitting Rlong with

Rlong2(kT ) =
τ2f T
mT

K2(mT/T )
K1(mT/T )

, mT =
√

m2π + k2T , (2)

where mπ is the pion mass, T the kinetic freeze-out temperature taken to be 0.12 GeV, and K1 and K2 are
the integer order modified Bessel functions [31, 53]. The decoupling time extracted from this fit to the
ALICE radii and to the values published at lower energies are shown in Figure 5. As can be seen, τ f scales
with the cube root of charged-particle pseudorapidity density and reaches 10–11 fm/c in central Pb–Pb
collisions at √sNN = 2.76 TeV. It should be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence of transverse expansion and a finite
chemical potential of pions it may underestimate the actual decoupling time by about 25% [54]. An
uncertainty is connected to the value of the kinetic freeze-out temperature used in the fit T = 0.12 GeV.
Setting T to 0.1 GeV [55, 36, 30, 56] and 0.14 GeV [57] leads to a τ f value that is 13% higher and 10%
lower, respectively.

7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at √sNN =
2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and

Centrality Dependence of p , K, p in Pb–Pb at
p

sNN = 2.76 TeV ALICE Collaboration
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Fig. 11: (color online) Blast-wave parameters (a) hbTi and (b) Tkin as a function of dNch/dh , compared
to previous results at

p
sNN = 200 GeV [5] (full systematic uncertainties for both experiments).

particles can in principle decouple at a different time, and hence with a different hbTi and Tkin,
from the hadronic medium, due to their different hadronic cross section. These fits by no means
replace a full hydrodynamical calculation: their usefulness lies in the ability to compare with a
few simple parameters the measurements at different

p
sNN. As will be discussed, the param-

eters extracted from such a combined fit depend on the range used for the different particles.
Our standard fit ranges were therefore chosen to be similar to the ones used by the STAR col-
laboration at

p
sNN = 200 GeV/c at the low pT end. The high pT boundaries were extended to

higher pT as compared to STAR, since at the LHC it is expected that the shapes are dominated
by collective effects out to higher transverse momenta. The results of the fit are summarized in
Table 5 and shown in Fig. 10 (a) and in Fig. 11. The 1-sigma uncertainty ellipses shown in the
figure reflect the bin-to-bin systematic uncertainties. The uncertainties shown as dashed bars
and reported in Table 5 also include systematic uncertainties related to the stability of the fit:
the effect of the variation of the lower fit bound for pions (to test the effect of resonance feed-
down), the sensitivity to different particle species (i.e. excluding pions or kaons or protons)
and to fits to the individual analyses. The value of hbTi extracted from the fit increases with
centrality, while Tkin decreases, similar to what was observed at lower energies (Figs. 10 and 11,
Tab. 5). This was interpreted as a possible indication of a more rapid expansion with increasing
centrality [5]. In peripheral collisions this is consistent with the expectation of a shorter lived
fireball with stronger radial gradients [10].

The value of the n parameter, Eq. (3), is about 0.7 in central collisions and it increases towards
peripheral collisions. The large values in peripheral collisions are likely due to the spectrum not
being thermal over the full range: the n parameter increases to reproduce the power law tail.

In order to further test the stability of the fit, it was repeated in the ranges 0.7–1.3 GeV/c, 0.5–
1.5 GeV/c, 1–3 GeV/c (“high pT”) and 0.5–0.8 GeV/c, 0.2–1 GeV/c, 0.3–1.5 GeV/c (“low pT”)
for p , K, p respectively. The effect of the fit ranges is demonstrated in Fig. 10 (b). As can
be seen, while the value of hbTi is relatively stable, especially for the most central bins, the
value of Tkin is strongly affected by the fit range, with differences of order 15 MeV for the most
central events. For most peripheral events, hbTi shows some instability. However, it should be
noticed that this parameter is mostly fixed by the low-pT protons and its uncertainty increases
significantly when the fit range for the protons is reduced.

The combined fits in the default range are shown in Fig. 4, compared to fits to individual particle
spectra. The dotted curves represent the combined blast-wave fits, while the dashed curves are
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QGP behaves as a near-perfect liquid, opaque medium, charm quarks strongly interact with the medium, collectivity-like 
behaviour in small systems   
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One particularity of ALICE Detector 
Large Rapidity coverage 
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witness 



Initial conditions of the QGP with rapidity 
Two examples: initial energy density and charm quark density 

Initial energy density 
~70% lower at y=3  
(Tini ~ 10% lower). 
 
 
 
Charm density ~70% 
lower at y=3    
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Charged-particle pseudorapidity density in Pb–Pb at
p

sNN = 5.02TeV ALICE Collaboration
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Figure 4: [Colour most central (0–5%) Pb–Pb collisions at
p

sNN = 5.02TeV. Also shown are the Landau–Wong
[30], Landau–Carruthers [31], Gaussian, and double–Gaussian distributions.

density dNch/dy. The result is presented in Fig. 4 for the 0–5 % most central collisions. The effect on the
Jacobian from the change of pT spectra and particle ratios when increasing the collision energy by almost
a factor two is evaluated using the EPOS–LHC model [20]. It is found, that the effect is at most 3‰ on
both dNch/dy and y — much smaller than the systematic uncertainty and h resolution of the analysis.

Figure 4 also shows the expected charged-particle rapidity densities from the Landau-Carruthers [31]
and Landau-Wong [30] models, both assuming Landau hydrodynamics i.e., based on a reaction scenario
with full stopping of the reaction partners and a subsequent thermodynamic evolution. The measure-
ments, however, are seen to be consistent with a Gaussian distribution with a width of 4.12±0.10, much
wider than the width expected from the two models. A best parameter fit of the sum of two Gaussian
distributions with means symmetric around y = 0, is indistinguishable from the single Gaussian case.

In the top part of Fig. 5 we compare the widths of the charged-particle or -pion rapidity density distribu-
tion extracted from measurements to the expected width s2

L-C = log(
p

sNN/2m

p

) from Landau-Carruthers,
where m

p

is the proton mass, at collision energies ranging from 2.6GeV up to 5.02TeV. An increase of
⇡ 7% of sdN

X

/dy

/sL-C is seen from the
p

sNN = 2.76TeV ALICE measurements [13]. The full evol-
ution is consistent with an almost linear rise from the top SPS energy at

p
sNN = 17.3GeV. It can

be shown [34] that the width of the rapidity-density distribution in Landau hydrodynamics scales as
sdN

X

/dy

µ 1/(1� c

2
s

), where c

s

is the speed of sound in the matter. The lifetime of the system scales in-
versely with c

s

, and given that the measured width is larger than the predicted by Landau hydrodynamics,
it is an indication that the lifetime is shorter than suggested.

In the bottom part of Fig. 5 we compare the width of the dNch/dy distribution to the available rapidity
range (2ybeam). We observe no dependence of this ratio from

p
sNN = 17.3GeV and upward, indicating

that the available phase-space constrains the width of that distribution. The charged-hadron measure-
ments at RHIC (crosses) from the BRAHMS [29] and PHOBOS [33] measurements of dNch/dh are
converted to dNch/dy using the same method as applied to the ALICE data. Previously charged-pion
measurements have been reported [32]. These data are not included because a re-evaluation using RHIC
Run–4 Au–Au data has not been finalised [35, 36]. From top SPS energies and up, the width of dNch/dy

deviates significantly from the Landau hydrodynamic predictions, and is constrained by the available
phase-space.
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FoCal Project 

Key measurement: forward direct photons in p–Pb  
as a probe for low-x PDFs 

–  main challenge: separate γ/π0 at high energy 
–  EM calorimeter with small Molière radius,  

high-granularity read-out ⇒ Si-W technology 

34 

forward calorimeter for γ, π0 and jet measurements 
preferred scenario: 
•  at z ≈ 7m (outside magnet) 

•  access to low-x kinematics 
  

under internal discussion 
possible installation in LS3 

Note: Two-photon separation from π0 decay  
(pT = 10 GeV/c, y = 4.5, α = 0.5) is d = 2 mm! 

NLOEPS09, Helenius, Eskola, 
Paukkunen,  arXiv:1406.1689 

dedicated R&D program  
with high-granularity calorimeter prototypes 

measurement of single event with two 
close-by showers 

front view side view 


