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Charge and Outline

• In the mid-term future, data from sPhenix and future 
measurements at LHC will allow for comparative 
studies of hard processes across an unprecedented 
wide range of √s. Which opportunities arise from that? 

(1) Future Measurements at LHC 
‣ defined as post phase-I upgrade (past LS2) 
‣ ALICE, CMS, ATLAS, LHCb 

(2) Future Measurement at RHIC (past BES-II) 
‣ sPHENIX, STAR 

(3) Opportunities in comparative studies
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LHC Plans
Run 2: 
• 2017 - no heavy-ions 
• 2018 - heavy-ion run in November 

LS2 (2019/2020) 
• Install phase-I upgrades, mostly ALICE & LHCb 
• Only moderate upgrades to ATLAS and CMS 

Run 3: 
• Focus for our discussion 

LS3 (≳2024): 
• Phase-II upgrades of ATLAS and CMS focusing on 

High-Luminosity LHC 
• Heavy-Ion plans not well defined for Run 4
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LHC - Experimental Coverage
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LHCb features  

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 

                    JINST 3 (2008) S08005 
                    IJMPA 30 (2015) 1530022 

q  LHCb is the only detector fully instrumented in the forward region 
à  Good complementarity with ALICE apparatus in the forward region 
    (ALICE : Muon detection + Vertex detector after LS2, no calorimeter) 
à  Some measurements currently only possible with LHCb (good particle identification) 

q  Particle detection down to very low pT  
q  Good vertexing, possibility to separate prompt and from-b production 



ALICE Upgrades (I)
• ALICE’s Intent 

‣ Studies following LS2 will focus on rare probes, and the study 
of their coupling with the medium and hadronization 
processes. These include heavy-flavour particles, quarkonium 
states, real and virtual photons, jets and their correlations with 
other probes 

• Requirements 
‣ High statistics and high precision measurements are required 
‣ Many of these measurements will involve complex probes at 

low transverse momentum, where traditional methods for 
triggering will not be applicable.  

• Strategy 
‣ After LS2, LHC will reach interaction rates of ~50 kHz 
‣ Upgrade the current detector by enhancing its low-p vertexing 

and tracking capability 
‣ Modify ALICE detector such that all interactions can be 

inspected accumulating 10 nb−1 of Pb–Pb collisions
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ALICE Upgrades (II)
Electronic & Trigger 
• Enable continuous (not 

triggered) readout to allow 
recording 50kHz 

Online & Offline 
• Real time analyses and 

filtering/compression of all 
events using massive 
computing resources
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• TPC Upgrade 
‣ Ungated MWPC -> 4 GEM Readout 
‣ Retain current resolutions (p, dE/dx) but allow for higher rates 

• New Inner Si Tracker  
‣ Considerable higher performance than current ITS 
‣ Higher resolution, higher speed, thin MAPS sensors 

• New Forward Si Tracker 
‣ Augment muon detector performance



ALICE Physics Plans (I)
Central Barrel: 
• Yields and azimuthal distributions of hadrons containing heavy 

quarks (c, b) to study the mechanism of heavy-quark 
thermalization in the QGP. 

• Production of quarkonia at low pT, in particular the study of their 
possible dissociation and regeneration mechanisms in the QGP. 

• Low-mass dielectron production to extract information on early 
temperature and the partonic equation of state, and to 
characterize the chiral phase transition. 

• Jets and jet correlations, in particular their structure and particle 
composition, to study the mechanism of partonic energy loss in 
medium and its dependence on parton color-charge, mass and 
energy. 

• The production of nuclei, anti-nuclei and hyper-nuclei as well as 
exotic hadronic states such as the H-dibaryon.
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ALICE Physics Plans (II)
Forward (MFT + Muon Arm): 

• Evaluate the medium temperature and study charmonium 
dissociation and regeneration mechanisms via measurements of 
prompt J/psi  and psi; production and elliptic flow; 

• Pin down the medium equation of state and study the degree of 
thermalization of heavy quarks in the medium via measurements 
of heavy flavour and charmonium elliptic flow; 

• Extract the energy density of the medium, the color charge and 
mass dependence of parton in-medium energy loss via 
measurements of 
‣ heavy quark production separately for charm and beauty in 

the single muon channel; 
‣ J/psi from b-hadrons decay. 

• Investigate the chiral nature of the phase transition via 
measurements of low mass vector mesons.
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ALICE Run 3 Physics (General)
Physics  
Reach:
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Table 1.1: Comparison of the physics reach, minimum accessible pT and relative statistical uncertainty, for se-
lected observables between the approved scenario (1 nb�1 of delivered integrated luminosity, out of which 0.1 nb�1

is used for minimum-bias data collection) and the proposed upgrade (10 nb�1 of integrated luminosity, fully ex-
ploited in minimum-bias data recording).

Approved Upgrade

Observable pAmin
T statistical pUmin

T statistical
(GeV/c) uncertainty (GeV/c) uncertainty

Heavy Flavour

D meson RAA 1 10 % at pAmin
T 0 0.3 % at pAmin

T
D meson from B decays RAA 3 30 % at pAmin

T 2 1 % at pAmin
T

D meson elliptic flow (v2 = 0.2) 1 50 % at pAmin
T 0 2.5 % at pAmin

T
D from B elliptic flow (v2 = 0.1) not accessible 2 20 % at pUmin

T
Charm baryon-to-meson ratio not accessible 2 15 % at pUmin

T
Ds meson RAA 4 15 % at pAmin

T 1 1 % at pAmin
T

Charmonia

J/y RAA (forward rapidity) 0 1 % at 1 GeV/c 0 0.3 % at 1 GeV/c
J/y RAA (mid-rapidity) 0 5 % at 1 GeV/c 0 0.5 % at 1 GeV/c
J/y elliptic flow (v2 = 0.1) 0 15 % at 2 GeV/c 0 5 % at 2 GeV/c
y(2S) yield 0 30 % 0 10 %

Dielectrons

Temperature (intermediate mass) not accessible 10 %
Elliptic flow (v2 = 0.1) not accessible 10 %
Low-mass spectral function not accessible 0.3 20 %

Heavy Nuclear States

Hyper(anti)nuclei 4
LH yield 35 % 3.5 %

Hyper(anti)nuclei 4
LLH yield not accessible 20 %

– particle identification using various techniques, such as specific ionization-energy loss (dE/dx), time-of-
flight, transition radiation, Čerenkov radiation, to separate different particles up to a few GeV/c track by
track, and up to a few tens of GeV/c statistically.

The upgraded ALICE detector will significantly improve most of these performance figures, except for charged
particle identification, which will be preserved. To assess differences in the physics reach between ALICE and
the other experiments participating in the LHC heavy-ion programme, we compare the tracking and particle-
identification performances.

Both the ATLAS and CMS tracking systems are optimized with different requirements than those of ALICE, they
have significantly larger acceptance in pseudorapidity and consequently more material in the tracking volume. As
their primary physics goals rely on the tracking of high-pT particles, the detectors use higher magnetic field, and do
not concentrate on the low-pT region. Nevertheless, after they corresponding upgrades, they will be at pT around
1 GeV/c close in the tracking performance to the present ALICE tracker.

The ATLAS experiment with the insertable B-layer pixel detector [3] will achieve the resolution in the distance of
closest approach s1GeV

rj ' 65 µm. This layer has a thickness of ' 1.4 % of radiation length in the central part (at
zero pseudorapidity), and it is placed at similar radial distance from the interaction point as the current innermost
ALICE layer. The thickness of the silicon part of the ATLAS tracker at mid-rapidity is ' 20 % and together with
Transition Radiation Tracker ' 40 % of radiation length.

After the upgrade [4] (phase 1) of the CMS pixel detector, the resolution in the distance of closest approach will
be s1GeV

rj = 60–65 µm at pseudorapidities h = 0.0–1.0. The four-layer pixel detector will have thickness ' 7 %

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087001 The ALICE Collaboration
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ALICE Run 3 Physics (ITS)
Physics  
Reach:
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158 8 Physics performance

Table 8.6: Summary of the physics reach: minimum accessible p

T

and relative statistical un-
certainty in Pb–Pb collisions for an integrated luminosity of 10 nb�1. For heavy flavour, the
statistical uncertainties are given at the maximum between p

T

= 2GeV/c and p

min

T

. For elliptic
flow measurements, the value of v

2

used to calculate the relative statistical uncertainty �
v

2

/v

2

is given in parenthesis. The case of the programme up to Long Shutdown 2, with a luminosity
of 0.1 nb�1 collected with minimum-bias trigger, is shown for comparison.

Current, 0.1 nb�1 Upgrade, 10 nb�1

Observable p

min

T

statistical p

min

T

statistical
(GeV/c) uncertainty (GeV/c) uncertainty

Heavy Flavour

D meson R

AA

1 10% 0 0.3%
D

s

meson R

AA

4 15% < 2 3%
D meson from B R

AA

3 30% 2 1%
J/ from B R

AA

1.5 15% (pT-int.) 1 5%
B+ yield not accessible 3 10%
⇤
c

R

AA

not accessible 2 15%
⇤
c

/D0 ratio not accessible 2 15%
⇤
b

yield not accessible 7 20%
D meson v

2

(v
2

= 0.2) 1 10% 0 0.2%
D

s

meson v

2

(v
2

= 0.2) not accessible < 2 8%
D from B v

2

(v
2

= 0.05) not accessible 2 8%
J/ from B v

2

(v
2

= 0.05) not accessible 1 60%
⇤
c

v

2

(v
2

= 0.15) not accessible 3 20%

Dielectrons

Temperature (intermediate mass) not accessible 10%
Elliptic flow (v

2

= 0.1) [4] not accessible 10%
Low-mass spectral function [4] not accessible 0.3 20%

Hypernuclei

3

⇤

H yield 2 18% 2 1.7%



ALICE Run 3 Physics (MFT+Muon Arm)
Physics  
Reach:
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2 1 Introduction

physics programme, that comes within reach thanks to the MFT, will in particular address the
study of the following key points:

• The in-medium charmonium dynamics and the competing mechanisms of dissociation and
regeneration to probe the medium temperature and the quark interaction in a deconfined
system; this study will involve measurements of prompt J/ and  (2S) production and
nuclear modification factors R

AA

down to zero p
T

.

• The thermalization of heavy quarks in the medium; this study will involve measurements
of elliptic flow (v

2

) for charm down to p
T

= 1 GeV/c (semi-muonic decays), beauty (semi-
muonic and J/ decays) and prompt charmonium down to zero p

T

1.

• The medium density and the mass dependence of in-medium parton energy loss; this study
will involve measurements of charm (semi-muonic decays), beauty (semi-muonic and J/ 
decays) p

T

-di↵erential production yields.

• The QCD phase transition and its chiral nature; this study will involve the measurement
of the QGP thermal radiation and the spectral shape of low mass vector mesons.

The MFT will enable these measurements over a broad transverse momentum interval and
with high statistical precision.
The new high-precision measurements accessible to ALICE thanks to the high-precision ver-

texing capabilities added by the MFT to the present MUON spectrometer are summarised in
Table 1.1. The upgrade physics programme is further discussed in detail in the MFT letter of
intent [4].

Table 1.1: New physics measurements made possible by the MFT addition.

Observable pT-coverage (GeV/c)

Charm

Prompt J/ – R
AA

& v
2

p
T

(J/ ) > 0
 (2S) – R

AA

p
T

( 0) > 0
µ from c-hadron decays – R

AA

& v
2

p
T

(µ) > 1

Beauty

Non-prompt J/ – R
AA

& v
2

p
T

(J/ ) > 0

µ from b-hadron decays – R
AA

& v
2

p
T

(µ) > 3

Chiral symmetry and QGP temperature

Light vector mesons spectral functions
p
T

(µµ) > 1
and QGP thermal radiation

1.2 MFT layout

The MFT role is to measure charged tracks with high spatial resolution in front of the MUON
spectrometer and inside its acceptance. The MFT detector surrounds the vacuum beam-pipe, it
1We are referring here to the pT of the decay product, the muon for semi-muonic decays and the J/ for
B ! J/ +X decays.



ALICE Running
A possible running scenario for the operation of the 
upgraded ALICE detector could be the following: 

– 2019: Pb-Pb 2.85 nb−1 

– 2020: Pb-Pb 2.85 nb−1 at low magnetic field 
– 2021: pp reference run 
– 2022: LS3 
– 2023: LS3 
– 2024: Pb-Pb 2.85 nb−1 
– 2025: 50% Pb-Pb 1.42 nb−1 + 50% p-Pb 50 nb−1 

– 2026: Pb-Pb 2.85 nb−1
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LHCb Upgrades
• Intent 

‣ Focus on core pp program 
‣ Overcome limit of about few fb−1 of data per year  
‣ 1.1 MHz → 40 MHz 

• Strategy 
‣ Replacing all the front-end electronics 
‣ New RICH detector 
‣ New VELO defector (Si tracking close to vertex)  
‣ Tracking: new, high-granularity silicon micro-strip planes and 

(behind the magnet) a Scintillating Fibre Tracker 
• Heavy-Ions 

‣ Growing interest in nuclear beams, although small community 
‣ By now an active p-Pb program  
‣ First Pb-Pb running in 2015 up to semi-central collisions 
‣ Fixed target mode: p-Gas and Pb-Gas 
‣ Upgrades improved Pb–Pb centrality reach
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LHCb Kinematic and Reach
• Can operate in parallel collider and fixed target mode

14

LHCb running modes and phase space coverage 
q  LHCb can operate in parralel collider mode or fixed target mode 

Collider mode 

Fixed target mode 

p 

p 

Pb Pb Pb 

Pb 
Gas  

(He,Ne, Ar…) Gas (Ne, Ar) 

sNN =110 GeV sNN = 69 GeV

sNN = 5.0 TeVsNN = 8.2 TeV

3 

q  Kinematic acceptance pp and p-Gas 
pPb and Pbp 
PbPb and Pb-Gas 

Collider mode: forward/backward coverage 
Fixed target mode: Central and backward coverage 
                               Energy between SPS and RHIC 

Bridge the gap from SPS to LHC with a 
single experiment 

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 
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• Kinematic acceptance

LHCb running modes and phase space coverage 
q  LHCb can operate in parralel collider mode or fixed target mode 

Collider mode 
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q  Kinematic acceptance pp and p-Gas 
pPb and Pbp 
PbPb and Pb-Gas 

Collider mode: forward/backward coverage 
Fixed target mode: Central and backward coverage 
                               Energy between SPS and RHIC 

Bridge the gap from SPS to LHC with a 
single experiment 

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 

• SPS/RHIC/LHC in one 
experiment



ATLAS Upgrades
• Intent 

‣ Improvements to cope with luminosities beyond the LHC 
nominal design value, while retaining the same physics 
performance. 
‣ Phase-I upgrades will allow ATLAS to maintain low pT 

trigger thresholds 
‣ New set of very far forward detectors to explore diffractive 

physics 
• Heavy-Ions 

‣ Program will benefit from improved all silicon tracker, 
higher granularity triggering on jets/electrons/photons, 
track triggers, topology triggers, improved muon tracker 
esp. in forward region, upgraded ZDC)
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ATLAS in Run 3
• ATLAS (and CMS) can make full use of luminosity and 

improve on statistics hungry processes and increase pT 
reach 
‣ Jet suppression, nPDF effects on W/Z/γ 
‣ γ+jet and Z+jet are very interesting channels and are 

also always statistics-limited.  
‣ Some important UPC channels (e.g. light-by-light 

scattering) 
• Light ions are of particular interest but little interest 

from other experiments (so far).  
‣ Preference would be Ar+Ar, which would be of use to 

soft physics program (changing geometric fluctuations)

16
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8.2 Heavy flavour 133

 (GeV/c)
T

p
0 2 4 6 8 10 12 14 16

N
um

be
r o

f e
ve

nt
s

Si
gn

ifi
ca

nc
e 

/ 

-310

-210

-110
+π

- K→0D
Centrality 0-10%

 = 5.5 TeVNNsPb-Pb, 

Upgraded ITS
Current ITS

 (GeV/c)
T

p
0 2 4 6 8 10 12 14 16

S/
B

-310

-210

-110

1

10

210

310
+π

- K→0D
Centrality 0-10%

 = 5.5 TeVNNsPb-Pb, 

Upgraded ITS
Current ITS

Figure 8.2: D0 ! K�
⇡

+: comparison of the significance (left) and signal-to-background ratio
(right) obtained for the current and upgraded ITS. The box indicates the systematic uncertainty
of the estimate for the interval 0 < p

T

< 1GeV/c.

8.2.3 D mesons

Reconstruction of D0 mesons

The D0 ! K�
⇡

+ reconstruction with the upgraded ITS was studied with the Hybrid method
in [6], for Pb–Pb collisions at

p
s

NN

= 2.76TeV in the centrality class 0–20%. Here, the results
obtained with a new study based on the detailed simulation of the new detector are presented.
Pb–Pb collisions at

p
s

NN

= 5.5TeV in the centrality class 0–10% are considered.

The resolutions on the reconstructed position of the D0 ! K�
⇡

+ decay vertex are shown in
Fig. 8.1 for the current ITS, the upgraded ITS with full simulation of the new detector and with
the Hybrid method. With the upgraded ITS, the resolution improves by a factor of about three
for the x (and y) coordinates and about six for z. The resolution obtained with the Hybrid
method is worse than with the full simulation, by up to 50% at high momentum. This could be
due to the fact that, in this method, the track covariance matrix is not modified to account for
the better tracking precision. The comparison indicates that the performance estimated with
the Hybrid method should be considered as a conservative projection, as will be shown for the
⇤
c

reconstruction in Sec. 8.2.5.

Two simulation samples were used, both with Pb–Pb events in the 0–10% centrality class atp
s

NN

= 5.5TeV generated with HIJING [36] and enriched with heavy flavour signals generated
with PYTHIA6 [54]. In one sample, the current ITS detector was simulated; in the other
sample, the new ITS detector. The other ALICE detectors were included in both samples. The
simulation study was performed using the same cut values for the two ITS configurations, in
order to single out the e↵ect of the improved tracking resolutions. The cuts were fixed to values
close to those used for the 2010 Pb–Pb data analysis [61], as well as the particle identification
selection, based on the TPC and TOF detectors. In particular, the kaon identification up to a
momentum of about 2GeV/c provides a reduction by a factor of about three of the combinatorial
background at low D0

p

T

.

The selected signal (raw) yield was obtained by multiplying the corrected D0

p

T

spectrum
dN/dp

T

measured with data at 2.76TeV by the ratio of the D0 cross section at 5.5 and at
2.76TeV from the FONLL calculation [60] and by the e�ciency obtained from the simulation
for the current or upgraded ITS configuration. The background yield in the D0 mass region
was scaled to account for the di↵erence between the HIJING simulations and the data. To this
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8.2 Heavy flavour 135
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with the upgraded ITS.

to normalize the corresponding yields in the simulation with the current ITS. In addition, the
e↵ect of the increase of the centre-of-mass energy from 2.76 to 5.5TeV was accounted for using
FONLL calculations [60] for the signal and HIJING simulations [36] at the two energies for
the background. The same ingredients were also used to estimate the performance beyond the
p

T

interval (3–36GeV/c) covered by the current measurement [61]. The topological and PID
selections used in this analysis are similar to those used for the D0 reconstruction.

The background reduction with the new ITS is found to be significantly smaller than for
the D0. This is due to the fact that the selection on the D0 decay topology is looser in the
D⇤+ analysis, where the additional constraint on �m can be used. On the other hand, the large
increase of the ITS stand-alone tracking e�ciency with the new ITS (see Chap. 7) will determine
an increase of the D⇤+ signal in the low p

T

range (below 3GeV/c). This e↵ect is not included
in the present study and it will be quantified in the detail using the full simulation of the new
detector.

The significance, normalized to one event, for the centrality class 0–10% is shown in Fig. 8.4.
The significance for an integrated luminosity of 10 nb�1 is larger than one hundred up to
36GeV/c, corresponding to a statistical uncertainty of less than 1%. The D⇤+ meson has
higher signal-to-background ratio at large p

T

with respect to D0 and D+ already in the current
analysis [61]. Therefore, it was used as a benchmark to estimate the high-p

T

reach for the charm
measurements with 10 nb�1. Using the FONLL cross section at 5.5TeV multiplied by the num-
ber of binary collisions in central Pb–Pb, an assumed R

AA

= 0.5, and constant acceptance and
e�ciency for p

T

> 30GeV/c, a significance of 20–30 was estimated for 75 < p

T

< 100GeV/c in
the 0–10% centrality class, corresponding to a statistical uncertainty below 5%.

The systematic uncertainties for the D⇤+
R

AA

measurement were estimated using the same
prescription as for the D0 meson. The expected performance for the measurement of R

AA

up to
p

T

= 100GeV/c will be shown in Sec. 8.2.6.
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to pp collisions. Two model calculations [24, 27] are also shown.

 (GeV/c)
T

p
0 2 4 6 8 10 12 14 16

2v

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

π K→ 0D Pb-Pb, 30-50%

 events10 10×1.7

prompt

from B

 (GeV/c)
T

p
0 2 4 6 8 10 12 14 16

2v

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

π K→
0D Pb-Pb, 30-50%

 events8 10×1.7
prompt
from B

Figure 2.20: Estimated statistical uncertainties on v2 of prompt and secondary D0 mesons for 1.7 ·1010 events (left)
in the 30–50% centrality class, which correspond to 10 nb�1, and for 1.7 ·108 events (right), which correspond to
about 0.1 nb�1.

Heavy-flavour Elliptic Flow

We have estimated the expected precision on the measurement of v2 for prompt and secondary D mesons with the
upgraded ITS and with an integrated luminosity of 10 nb�1. We have scaled the statistical uncertainties obtained
from the simulation studies (Section 2.1.1.1), considering that the significance/event is the same for central (0–
20%) and semi-central events (e.g. 30–50%). This feature is observed in the D0 analysis from 2010 data [38].

The v2 extraction can be performed using the raw signal yields in two large intervals of azimuthal angle j with
respect to the Event Plane (EP) direction YEP, determined for each collision [47]: [�p/4 < Dj < p/4][ [3p/4 <
Dj < 5p/4] (in-plane) and [p/4 < Dj < 3p/4] [ [5p/4 < Dj < 7p/4] (out-of-plane). Given the in-plane and
out-of-plane yields, Nin and Nout, one has v2 = (p/4) · (Nin �Nout)/(Nin +Nout). In order to measure separately v2
for prompt (charm) and secondary (beauty) D mesons, the prompt fraction will be determined for the in-plane and

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087001 The ALICE Collaboration
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p

T

> 7GeV/c the significance is larger than 5, corresponding to a statistical uncertainty on the
yield smaller than 20%.

8.2.6 Heavy flavour RAA and v2

Charm and beauty nuclear modification factors

The expected performance on the nuclear modification factor of D0, D⇤+, D+

s

and ⇤+

c

is shown
in Fig. 8.18 for an integrated luminosity of 10 nb�1. The expected performance on 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 extrapolated from those estimated
at low p

T

. For all particles, it is assumed that the pp reference has negligible statistical uncer-
tainties 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
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(left). Comparison of the total uncertainties (systematic and statistical added in quadrature)
for the two cases (right).

performance (with the anti-k
T

algorithm and a radius R = 0.4): both the jet energy resolution
and jet energy scale determination are expected to improve by about 5% as compared to the
current apparatus [73]. Concurrently, the large statistics recorded after LS2 will have a strong
impact on the precision of the background characterization, resulting in improved systematic
uncertainties on measurements in heavy-ion collisions. Moreover, the large signal-to-background
ratio for D meson reconstruction with the new ITS will directly improve the capabilities for
studying the details of c-quark jet fragmentation.

Figure 8.22 shows the projected performance for the measurement of the fragmentation func-
tion of D0 mesons within charm quark induced jets (45 < p

T

< 55GeV/c) in central Pb–Pb
collisions (0–10% centrality class). The fragmentation function shape was extracted from pp
simulations with PYTHIA8 [74]. The statistical and systematic uncertainties for the current
setup for 1 nb�1 and upgraded ITS with 10 nb�1 are shown.

For the evaluation of the measurement precision, the following parameters were considered:

• Statistics of D meson within jets for 1 and 10 nb�1 (including branching ratios of charm
quark and D0 hadronic decays) within the 10% most central Pb–Pb collisions and EMCAL
acceptance estimated using FONLL predictions [60];

• Systematic uncertainties due to D meson reconstruction (discussed in Sec. 8.2.3);

• Systematic uncertainties due to corrections for the detector e↵ects (jet energy scale and jet
energy resolution) for fully reconstructed jets with the two (current and upgraded) ALICE
setups.

The reported error bars include the uncertainties from the unfolding procedure (correction for
detector e↵ects) done via Singular Value Decomposition [75].

The existing measurements of inclusive jets suggest that the modifications of the fragmentation
pattern is rather modest. Expecting a similar, subtle e↵ect, for the D meson fragmentation, it is
clear that a high precision over the complete z range is crucial. In this respect, the fragmentation
pattern shown in the left panel of Fig. 8.22 is an illustration based on an assumed shape of
the distribution. The right panel of Fig. 8.22 illustrates the relative total uncertainty on the
measurement.
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NN
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ratio (right) as a function of p
T

. The significance is scaled to 1.6⇥ 1010 events, which correspond
to the statistics in the centrality class 0–20% for L

int

= 10nb�1.

Table 8.3 reports the comparison of the significance obtained with the full simulation of the
new ITS and with the Hybrid method. The same event generators and selection cuts were used
for the two cases. The significance values are larger for the full simulation. This is consistent
with the observation of better secondary vertex resolution (see Fig. 8.1), which implies a more
e↵ective background rejection.

A dedicated study was carried out to assess the possible benefit of having particle identification
(PID) capabilities in the new ITS. It has been shown [6] that instrumenting the four outermost
layers with silicon strip detectors would provide PID capabilities via dE/dx with a performance,
in terms for charged particle separation for e/⇡/K/p, similar to that of the current ITS. Among
all heavy-flavour measurements, the ⇤

c

! pK�
⇡

+ reconstruction should be the most sensitive
to low-momentum PID. The identification of the proton and kaon is important in the ⇤

c

analysis
for the reduction of the very large combinatorial background. It is more crucial than for other
heavy-flavour channels (e.g. D0 ! K�

⇡

+ or D+

s

! K�K+

⇡

+) because of the presence of the
proton in the final state and, most importantly, because the separation of the secondary and
primary vertex is much smaller (c⌧ ⇡ 60 µm for ⇤

c

, with respect to 123 µm for D0 and 150 µm
for D

s

), hence geometrical cuts are less e↵ective.
For this study, the PID performance of the current ITS was assumed, with K/⇡ (p/⇡) separ-

ation for p < 0.6GeV/c (p < 1GeV/c). Therefore, the cuts on the minimum p

T

of single tracks
were fixed to p

T

> 0.4GeV/c (instead of 0.8GeV/c), in order to retain the candidates on which
the ITS PID would be e↵ective. The geometrical cuts were kept unchanged. The study used
a simulation sample with the current ITS, so that the ITS PID could be enabled and disabled
in the ⇤

c

selection. The tracking resolutions of the new ITS were included with the Hybrid
method.

Table 8.3: Comparison of ⇤
c

significance in 1.6⇥ 1010 central Pb–Pb collisions, as estimated
with the full simulation of the new ITS or with the Hybrid method.

2 < p

T

< 4GeV/c 4–5 5–6 6–8 8–10 > 10
Full sim. 8 20 18 25 30 60
Hybrid sim. 8 13 11 12 12 50
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Figure 2.20: Estimated statistical uncertainties on v2 of prompt and secondary D0 mesons for 1.7 ·1010 events (left)
in the 30–50% centrality class, which correspond to 10 nb�1, and for 1.7 ·108 events (right), which correspond to
about 0.1 nb�1.

Heavy-flavour Elliptic Flow

We have estimated the expected precision on the measurement of v2 for prompt and secondary D mesons with the
upgraded ITS and with an integrated luminosity of 10 nb�1. We have scaled the statistical uncertainties obtained
from the simulation studies (Section 2.1.1.1), considering that the significance/event is the same for central (0–
20%) and semi-central events (e.g. 30–50%). This feature is observed in the D0 analysis from 2010 data [38].

The v2 extraction can be performed using the raw signal yields in two large intervals of azimuthal angle j with
respect to the Event Plane (EP) direction YEP, determined for each collision [47]: [�p/4 < Dj < p/4][ [3p/4 <
Dj < 5p/4] (in-plane) and [p/4 < Dj < 3p/4] [ [5p/4 < Dj < 7p/4] (out-of-plane). Given the in-plane and
out-of-plane yields, Nin and Nout, one has v2 = (p/4) · (Nin �Nout)/(Nin +Nout). In order to measure separately v2
for prompt (charm) and secondary (beauty) D mesons, the prompt fraction will be determined for the in-plane and

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087001 The ALICE Collaboration
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Figure 8.21: v
2

of D0, D+

s

and ⇤
c

(left) and of D0 and J/ from B decays (right) with estimated
statistical uncertainties for L

int

= 10nb�1.

scaling with hN
coll

i for the signal and a scaling factor obtained from the data for the background.
For J/ from B decays, a dedicated study to assess the significance in the class 10–40% was
carried out. The centrality class 10–40% was found to be optimal for the measurements with
lower significance, because the signal yield and the expected number of events are larger than
in 30–50%.

The v

2

measurement can be performed using the raw signal yields in two large intervals of
azimuthal angle ' with respect to the Event Plane (EP) direction  

EP

, determined for each
collision [70]: [�⇡/4 < �' < ⇡/4] [ [3⇡/4 < �' < 5⇡/4] (in-plane) and [⇡/4 < �' <

3⇡/4] [ [5⇡/4 < �' < 7⇡/4] (out-of-plane). Given the in-plane and out-of-plane yields, N
in

and N

out

, one has v

2

= (⇡/4) · (N
in

� N

out

)/(N
in

+ N

out

). In order to measure separately v

2

for prompt (charm) and secondary (beauty) D and J/ mesons, the prompt fraction will be
determined for the in-plane and out-of-plane signal using the impact parameter and pseudo-
proper decay length fits described in the previous sections. The statistical uncertainties on
v

2

were estimated considering that the relative statistical uncertainties on N

in

and N

out

arep
2/(1± v

2

) times larger, respectively, than those on the total raw yield N

tot

. This results in

the absolute statistical uncertainty �

v

2

⇡ (⇡/4) · (1 � (4 v
2

/⇡)2)/
p

1� v

2

2

· (�
N

tot

/N

tot

). The
actual numerical values of the uncertainties were calculated using v

2

(p
T

) for charm and beauty
mesons, as in the predictions of the BAMPS model [71].

Figure 8.21 (right) shows the v

2

for charm (left) and beauty (right) with the statistical un-
certainties for L

int

= 10nb�1. The systematic uncertainties can be expected to be rather small,
since most of them are common for the N

in

and N

out

raw yields and cancel in the v

2

ratio.

8.2.7 D meson fragmentation function in jets

The upgraded detector and the large integrated luminosity will enable the study of charm pro-
duction in jets in heavy-ion collisions, over a large range of the fragmentation momentum fraction
z = p

T

D

/p

T

Jet. Such measurements may provide insight into the energy loss of high-momentum
leading charm quarks, resulting in lower momentum (lower z) open charm particles reconstruc-
ted in jets, as well as on the importance of gluon splitting in heavy-flavour production [72]. The
improved reconstruction of the various heavy-flavour decay channels will largely enhance the
performance for tagging jets that contain heavy flavour.

Simulation studies with the new ITS show a modest improvement in the jet reconstruction
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parameter distributions. This approach has been already used in pp collisions by the CDF
Collaboration to measure the production of prompt D mesons at

p
s = 1.96TeV [63]. It has also

been used by the LHCb Collaboration to measure the production of B mesons at
p
s = 7TeV

at forward rapidity [64].

The left-hand panel of Fig. 8.6 shows the impact parameter distributions for prompt and
secondary D0 in 2 < p

T

< 3GeV/c as obtained from the two simulation samples described in
Sec. 8.2.3, with the current and upgraded ITS (in both cases with detailed simulation). The
resolution on the D0 impact parameter, shown in the right-hand panel of the figure as a function
of p

T

, improves by a factor of about three with the upgraded ITS. This allows for a much better
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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.

Charm and beauty v2

The expected precision on the measurement of v
2

was estimated for D0 and D+

s

mesons and
for D0 from B decays and J/ from B decays, with the upgraded ITS and with an integrated
luminosity of 10 nb�1.
For D0, D+

s

and D0 from B decays, the statistical uncertainties obtained from the simulation
studies were scaled, considering that the significance/event is the same for central and semi-
central events (30–50%). This feature is observed in the D0 [61] and D+

s

data analyses. For the
⇤
c

, the statistical uncertainties were scaled from central to semi-central events (10–40%) using a
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8.2.5 Heavy-flavour baryons

Reconstruction of ⇤+
c ! pK�⇡+ decays

The most promising heavy-flavour baryon measurement is the decay of the ⇤+

c

into three charged
prongs (p, K� and ⇡

+) with a B.R. of about 5.0% [57]. Because of the short mean proper decay
length of the ⇤

c

(c⌧ ⇡ 60 µm [57]), very high tracking precision is needed to separate the decay
vertex from the primary vertex.

The simulation study to assess the performance with the upgraded ITS in central Pb–Pb
collisions at

p
s

NN

= 5.5TeV was carried out using the full detailed simulation and reconstruction
of the new ITS. The results were compared with those obtained using a simulation of the current
ITS and the Hybrid method with parametrized resolutions of the new detector. The HIJING
event generator [36] was used to simulate Pb–Pb events in the 0–10% centrality class. The
signal, added with a parametrized event generator, was scaled to the expected dN/dy = 1.4
(see Tab. 8.2), with the FONLL p

T

shape for D⇤+ mesons (which have a mass close to that
of the ⇤

c

). The following R

AA

values were assumed and used to scale the signal yield: 1 for
p

T

< 4GeV/c, 0.7 for 4–5GeV/c, 0.5 for 5–6GeV/c and 0.3 for p

T

> 6GeV/c. These values
are consistent with the measured R

AA

of ⇤ baryons [68].
The most e↵ective cut variables for the reduction of the large three-prong combinatorial

background are: the cosine of the pointing angle, with a typical selection cos ✓
pointing

> 0.98; the
decay length (distance between the primary and the secondary vertex), with a typical selection
L > 120–180 µm, depending on p

T

; and the minimum p

T

of the three decay tracks, with a typical
selection p

T

> 800MeV/c.
The particle identification selection was implemented using cuts in units of the resolution

(±3�) on the measured relative to expected signals in the TPC and TOF detectors, for pions,
kaons and protons.

Figure 8.14 shows the significance (left) and signal-to-background ratio (right) for central
Pb–Pb collisions. The significance is scaled to 1.6⇥ 1010 events, corresponding to the centrality
class 0–20% for L

int

= 10nb�1, assuming that significance/
p
N

events

is the same in 0–10% and
in 0–20%. Using the class 0–20% (i.e. twice more events than in 0–10%), the measurement
is expected to reach down to the 2–4GeV/c p

T

interval, with a significance of about eight,
corresponding to a statistical uncertainty of 12%.
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Figure 8.6: Impact parameter distributions for prompt and secondary (from B decays) D0

obtained with the current and upgraded ITS configurations in the interval 2 < p

T

< 3GeV/c
(left). Impact parameter resolution as a function of p

T

(right).

 (GeV/c)
T

p
0 2 4 6 8 10 12 14 16

 re
la

tiv
e 

un
ce

rta
in

ty
fe

ed
-d

ow
n

f

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
0.22

Total
Fit procedure
Yield extraction

 shape
T

MC p
MC resolution

Systematic:
10×Statistical 

+π- K→ 0Non-prompt D
 = 5.5 TeVNNsPb-Pb, 

, centrality 0-10%-1 = 10 nbintL

Figure 8.7: Relative statistical and systematic uncertainties on the fraction f

feed-down

of D0

mesons from B decays, with the upgraded ITS in the centrality class 0–10% for L
int

= 10 nb�1.
The statistical uncertainty is multiplied by 10 for better visibility.

parameter distributions. This approach has been already used in pp collisions by the CDF
Collaboration to measure the production of prompt D mesons at

p
s = 1.96TeV [63]. It has also

been used by the LHCb Collaboration to measure the production of B mesons at
p
s = 7TeV

at forward rapidity [64].

The left-hand panel of Fig. 8.6 shows the impact parameter distributions for prompt and
secondary D0 in 2 < p

T

< 3GeV/c as obtained from the two simulation samples described in
Sec. 8.2.3, with the current and upgraded ITS (in both cases with detailed simulation). The
resolution on the D0 impact parameter, shown in the right-hand panel of the figure as a function
of p

T

, improves by a factor of about three with the upgraded ITS. This allows for a much better
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distribution of this distance for signal and background is shown in the left-hand panel of Fig. 8.16.
The product of the impact parameters of the ⇤

c

and of the pion (right-hand panel of Fig. 8.16)
and the pointing angle of the ⇤

b

are exploited as well.
The limited simulation sample was not su�cient to optimize the selection cuts, because the

number of background candidates were reduced to very small levels. In order to increase the

background statistics, the multiple rotations method, also used for the B+ ! D
0

⇡

+ study, was
applied. The pion candidate tracks that are associated to the ⇤

c

’s were rotated multiple times
in azimuthal angle in steps of 5�. For this study, 13 to 20 rotations were applied, depending
on the p

T

interval. As for the case of B+ reconstruction, a systematic uncertainty of 40% was
associated with the procedure, to account for a possible inaccuracy in the background description
with the track rotation method.
Figure 8.17 shows the significance (left) and signal-to-background ratio (right) for central

Pb–Pb collisions. The error bars include the statistical uncertainty from the simulation and the
systematic uncertainty associated with the track rotation method. The significance is scaled to
1.6⇥ 1010 Pb–Pb events, as expected in the 0–20% centrality class for an integrated luminosity
of 10 nb�1. The observation of the ⇤

b

signal could be possible down to p

t

= 4GeV/c. From
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8.2 Heavy flavour 139
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mass distribution, a Crystal Ball function was assumed for the signal and a third order poly-
nomial function for the background, using the same shape as obtained from Pb–Pb data. The
x and mass distributions were then fitted with the maximum likelihood technique. Figure 8.9
shows an example of fit in the centrality class 0–10% and in the transverse momentum interval
2–3GeV/c.

The statistical uncertainty on the non-prompt J/ yield was obtained by combining the relat-
ive uncertainty on the inclusive J/ yield [4] with the one on the non-prompt J/ fraction. The
statistical uncertainty of the measurement of the non-prompt J/ yield is shown in Fig. 8.10.
Assuming that the statistical uncertainty of the pp reference will be smaller than that of yields
in Pb–Pb, this figure corresponds to the expected precision of the non-prompt J/ R

AA

meas-
urement. An illustration of the projected measurement of R

AA

will be shown in Sec. 8.2.6, along
with the v

2

measurement.

The systematic uncertainty on the beauty fraction f

B

was estimated with the same procedure
used in the current data analysis: the combined fits were repeated varying by ±10% the value
of the resolution function shown in Fig. 8.8 (right). The resulting variation of f

B

was found
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Figure 2.37: The statistical accuracy of the J/y yield measurement in the Central Barrel as a function of transverse
momentum for three centrality classes. The full symbols are for electron identification employing only the TPC,
the open ones for including also TRD.

high precision as a function of rapidity, as illustrated in Figure 2.38 for the rapidity range 3.7  y  4.0 (where the
detector acceptance and the production cross sections are the lowest). The data collected in the upgrade scenario
may even allow, via comparisons to transport models, to indirectly quantify the degree of B hadron flow via the
measurement of J/y v2 in the pT range 4-6 GeV/c, where the model calculations (see Figure 2.33 above) show
sensitivity to B hadron flow.

At mid-rapidity, the measurement of elliptic flow of J/y is only possible with the 10 nb�1 Pb-Pb data expected
with the upgrade. As shown in Figure 2.38 (right panel), a measurement with a good significance over a broad
range in pT (up to 5-6 GeV/c) can be achieved only with the usage of the TRD electron identification. In this case,
a direct measurement of elliptic flow of J/y from B hadrons could become also feasible.

2.2.5 J/y Polarization

Due to the J/y spin state, the distribution of its decay products can be expressed in its general form as [87]:

W (q ,f) =
1

3+lq
(1+lq cos2 q +lf sin2 q cos2f +lqf sin2q cosf) (2.3)

where q and f are the polar and azimuthal angles, respectively, and l parameters describe the spin state of the J/y
in a given reference frame. The first measurement of the polarization parameters for inclusive J/y production in pp
collisions at 7 TeV [88], carried out by ALICE in the kinematical region 2.5 < y < 4, 2 < pT < 8 GeV/c, showed
that lq and lf are consistent with zero, in both the helicity and Collins-Soper reference frames.

It has been argued that the QGP is expected to screen the non-perturbative physics in the J/y production and
consequently quarkonia escaping from the plasma should possess polarization as predicted by QCD models [89].
The measurement of the J/y polarization parameters in Pb-Pb collisions at low-pT is a challenging measurement
that ALICE will perform with the envisaged luminosity of 10 nb�1. It is expected that statistical errors on lq (see

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087001 The ALICE Collaboration
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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.
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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.
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Figure 2.39: Absolute statistical error of the J/y polarization parameters lq (left panel) and lf (right panel) as a
function of centrality, measured with the Muon Spectrometer for 1 nb�1 and 10 nb�1.
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Figure 2.64: Jet yield and number of produced jet-pairs above (leading) pT -threshold for 0-10% most central
Pb–Pb events. The yields are obtained by geometry (TAA) scaled PYTHIA8 simulations, no quenching effects
have been considered. Left: After the upgrade. Right: Before the upgrade and with TPC rate limitations in case of
the charged jet reconstruction, i.e. no additional triggering on charged jets.

our h-acceptance decreases the yield by approximately an order of magnitude (see Figure 2.64).

– The same applies to hadron–jet correlations.

– An excellent control of the systematic uncertainties related to the background subtraction is needed at high
R and low pT. In particular flow modulations have to be taken into account. Hence all analysis should be
performed for several bins in jet direction with respect to the reaction plane.

– The unfolding of jet spectra for high R and low pT cuts need an increased lever arm at high jet pT to
compensate for the increased background fluctuations.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087001 The ALICE Collaboration
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Figure 2.67: Direct photon yield and number of detectable g–jets above pT -threshold for 0-10% most central
Pb–Pb events. The yields are obtained by geometry (TAA) scaled PYTHIA8 simulations. Left: Upgrade scenario.
Right: Without upgrade and with TPC rate limitations. In the photon conversion technique reduced reconstruction
efficiency due to material thickness has been considered.

budget after the upgrade in the inner detectors from 7.3% [133] to 2.1% (total X/X0 ⇡ 6.2%).

– Calo the current setup of electromagnetic calorimeters, with the EMCal and PHOS modules plus the ap-
proved DCAL upgrade of the ALICE calorimetry [112], all can act as trigger detector on photons, which
here is assumed to be fully efficient.

– |h | < 0.9 For comparison purposes we assume all photons are detected within |h | < 0.9.

As seen in Figure 2.66 (right) the measurement is dominated by the systematical uncertainty, which is for the
purpose of this study set constant to 7%, a value already achieved in the intermediate pT region of preliminary
direct photon measurement using the conversion technique. With the assumed systematical uncertainty the sep-
aration of the prompt direct photon signal is feasible down to lowest pT. However, a sufficient statistics is also
pre-requisite for control of the systematical uncertainties at a level below 10% for all pT . A further reduction will
be achieved by the complementary measurement of direct photons with two different methods. As shown in Fig-
ure 2.67 (left) the proposed upgrade will significantly improve the measurement of direct photons via conversions
yielding two complementary ways to measure direct photon and photon–jet correlations with sufficient statistics
for differential studies out to more than 50 GeV/c in direct photon pT. Note that only in the upgrade scenario there
is sufficient overlap between direct photon–jet and dijet measurements in the region above 40 GeV/c to allow for
detailed comparison of jet fragmentation biases and jet reconstruction in the region where the combinatorial jet
rate is small.

2.4.4 Heavy Flavour Jets

If radiative energy loss is the main parton energy loss mechanism, heavy quarks are expected to lose less energy
than light quarks, because of the so-called dead cone effect which limits the radiation to larger angle when the
velocity of the quark is below the velocity of light [134]. First results on the nuclear modification factor of heavy
flavour electrons and open charm at RHIC and LHC [72, 135] tend to show a smaller difference between light and
heavy hadron suppression than was initially expected.

The measurement of charm production in jets may bring qualitatively new information about heavy flavour energy
loss. One can distinguish two areas of interest:

– Production mechanism; gluon splitting At LHC, a substantial fraction of charm is expected to be pro-
duced in NLO processes, via gluon splitting. It is likely that the energy loss in this process is different
(depending on the lifetime of the gluon and the separation between the charm and anti-charm quark) than
for directly produced charm quarks. The gluon splitting process mainly contributes charmed hadrons with
a low momentum fraction in the jets.

– Direct measurement of energy loss Directly produced charm quarks are expected to emerge as leading
hadrons in heavy-flavour jets. The modification of the momentum distribution of fragments at large mo-
mentum fraction is a measure of the gluon radiation off a heavy quark.
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Figure 2.66: Left: Signal-to-background ratio of direct photons to expected decay photons. The suppression of
the decay background in heavy-ion collisions has been taken into account by scaling the PYTHIA hadron decay
simulation with the measured hadron RAA where available. Right: Projected ns separation of direct photon signal
in central Pb–Pb collisions at 5.5 TeV in the double ratio. Systematical (7%) and statistical uncertainties have
been combined. The measured hadron RAA in central Pb–Pb collisions at 2.76 TeV has been used to scale the
decay background.

signal-to-background ratio with the known sources of direct and decay photons is investigated:

Ng
direct

Ng
decay

= Rg �1. (2.6)

Here the ratio is derived from PYTHIA8 simulations. The direct photon yields are consistent with NLO pQCD
calculations above pT =10 GeV/c, after applying a K-factor of two, which also appears in the comparison of LO
and NLO pQCD calculations. For the p0 and other hadron decays contributing to the inclusive photon yield, the
PYTHIA cross sections is used directly. This choice is motivated by the NLO-description of the measured charged
particle and p0 cross sections at LHC energies with deviations of up to a factor of two [130, 131], while at the
same time the various PYTHIA tunes provide an agreement within 30%. For the case of heavy-ion collisions an
additional suppression is applied to the hadronic decay background based on the measured nuclear modification
factor in Pb–Pb collisions at 2.76 TeV [131, 132]. The uncertainty in the nuclear PDF has not been considered
here for the direct photon production, the effect on the hadron production is covered by the data driven scaling
approach via the measured RAA. The approach can be verified with measured data at

p
sNN = 0.2 and 2.76 TeV as

shown in Figure 2.66 (left).

To assess the benefits of the proposed upgrade for the photon measurements we explore the yield of the direct
photon signal for various trigger scenarios (triggered T, and minimum bias MB), before (17) and after the upgrade
(19+) and detection methods. The evaluated detector configurations are:

– PCT1 Photon conversions using tracking with the ITS and TPC within |h | < 0.9. The photon conversion
probability in the material (X/X0 = 11.4±0.5%) is the dominating factor in the photon detection efficiency.
The reduced number of detected photons is partially compensated by larger acceptance compared to the
calorimeters. There is currently no online triggering on conversions, so this method benefits most from an
increased MB rate.

– PCT2 Photon conversions using tracking with the ITS and TPC within |h | < 0.9, with reduced material
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The Fixed Target data taking (SMOG) 
à  SMOG: System for Measuring Overlap with Gas: 
  - Main use so far for precise luminosity determination 

 - Low density noble gas injected in the VELO, in the interaction region 
 - Only local temporary degradation of LHC vacuum 

 
q  pNe pilot run at √sNN = 87 GeV (2012) ~ 30 min 
q  PbNe pilot run at √sNN = 54 GeV (2013)  ~ 30min 
q  pNe run at √sNN = 110 GeV (2015) ~ 12h 
q  pHe run at √sNN = 110 GeV (2015) ~  8h 
q  pAr run at √sNN = 110 GeV (2015) ~ 3 days  
q  pAr run at √sNN =  69 GeV (2015) ~ few hours 
q  PbAr run at √sNN = 69 GeV (2015) ~ 1.5 week 
q  pHe run at √sNN = 110 GeV (2016) ~ 2 days  
  
 

15 

Preferred target Gas 

He Ne Ar Kr Xe 

A 4 20 40 84 131 

SMOG system 
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