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Motivation
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Heavy flavours 
Heavy quarks (charm and beauty) are produced in initial 
hard-scattering processes at the early stage of collisions  

3 D. Moreira de Godoy  Quark Matter 2017 

In Pb-Pb collisions: 
•  Experience the full evolution of the system 
•  Interact with the hot and dense QCD matter 
•  Sensitivity to the medium properties	

Leptons from heavy-flavour decays: 
•  BR of heavy-flavor hadrons to 

electrons � 10% 
•  Measurement in a wide pT range 

(from 0.5 to 20 GeV/c) 
•  Contributions of charm and beauty-

hadron decays can be disentangled 
in the electron yield (cτ ≈ 500 µm for 
beauty hadrons) • Produced in initial hard scatterings (high Q2) at the early stage of heavy-ion 

collisions: τc/b ~0.01 — 0.1 fm/c < τQGP (~0.3 fm/c)


• Production cross section calculable with pQCD (mc, mb ≫ ΛQCD)


• Experience the entire evolution of the QCD medium — probe transport 
properties of the deconfined medium

Pb

Pb

Heavy quarks (charm and beauty): powerful probes of the                         
Quark-Gluon Plasma (QGP)
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Study of open heavy-quark production and jets

• Pb–Pb collisions: complementary to open heavy-flavour 
measurements


➡ Flavour dependence of the jet quenching / 
redistribution of the lost energy


➡ Possible modification of heavy-quark fragmentation

Phy. Lett. B726 (2013) 2514

HEAVY-FLAVOUR CORRELATIONS

pp collisions
• Investigate heavy-flavour quark fragmentation properties and characterize 

heavy-flavour jets
• Sensitivity to modeling of HQ production processes
• Reference for p-Pb and Pb-Pb results

F. Colamaria – GDRI/COST workshop     Lisbon, 14/06/2018

p-Pb collisions
• Investigate possible modifications of angular 

correlation pattern from cold nuclear matter effects

• Search for long-range ridge-like structures (double 
ridge), observed in di-hadron correlations, also in the 
heavy-flavour sector, possibly due to initial- (e.g. CGC) 
or final-state effects (e.g. hydrodynamics)

HF correlations: allow to gain further insight w.r.t. single-particle observables, by relating
heavy-flavour particles to:

¾ The other tracks from the fragmentation of the same heavy quark
¾ The fragmentation particles from the other heavy quark in the event
¾ The underlying event (soft particle production)

ALICE, PLB 719 (2013) 29-41

• pp collisions: further constraints on heavy quark production 
mechanisms and fragmentation, reference for pp and p–Pb 
collisions

• p–Pb collisions


➡ Possible modifications of angular correlation pattern from cold nuclear 
matter effects (open heavy-flavour elliptic flow in p–Pb collisions with ALICE [arXiv:1805.04367])


➡ Search for long-range ridge-like structures (double ridge), observed in di-
hadron correlations
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ALICE apparatus
�4

TOF

V0, T0 and ZDC

EMCal

TPC

ITS

D mesons (ITS, TPC, TOF) 
• D0→K-π+ (BR ~3.93%) 
• D+→K-π+π+ (RB ~9.46%) 
• D*+→D0π+ (BR ~67.7%)

Smaller detectors: V0, T0, ZDC 

• Event trigger, characterization

Charged-particle jets (ITS, TPC) 
• Charged tracks in |η|<0.9 
• anti-kT algorithmMid-rapidity (|η|<0.9) 

• ITS, TPC, TOF: vertexing, tracking, PID 

• EMCal: high-pT electron trigger, PID

Semi-leptonic decays (TPC, TOF, EMCal) 
• D, B→e+X (BR ~10%)

• Ds+→φπ+→K+K-π+ 
• Λc→pK-π+ (pKS0)
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Correlations between D mesons and charged hadrons
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• Trigger particles: D mesons in |y| < 0.5 (average over D0 and D*+)


• Associated particles: charged tracks with |Δη(D,trk)| < 1

Associated particle yield extraction: combined 
fit with


• Two Gaussians to describe the near-side and 
away-side peaks


• A constant as the baseline — contribution of 
the underlying event
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5 < pT,D < 8 GeV/c, pT,assoc > 1 GeV/c 8 < pT,D < 16 GeV/c, pT,assoc > 0.3 GeV/c
Baseline subtracted correlation 
distribution: no significant collision 
energy and system dependence
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Correlations between D mesons and charged hadrons
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pp at 13 TeV, near-side correlations, average over D0 and D*+

Near-side associated particle 

yield and width in data


• Extracted from fits


• Consistent with model 

predictions within 

uncertainties


• Well established baseline for 

p–Pb and Pb–Pb collisions

Associated particle yield increases with D-meson pT, while the width tends to 
decrease with D-meson pT — higher pT charm jets are more collimated
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Correlations between D mesons and charged hadrons
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p–Pb collisions at 5.02 TeV, comparison with pp at 7 and 13 TeV
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• Similar near-side peak properties between collision energies and systems


• No evidence of modification due to initial- and final-state effects in p–Pb 
collisions within uncertainties

pp 7 TeV 

pp 13 TeV 

p–Pb 5.02 TeV

Near-side
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Correlations between D mesons and charged hadrons
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p–Pb collisions at 5.02 TeV, comparison with model predictions
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• Correlation properties are generally consistent with model predictions
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Correlations between D mesons and charged hadrons
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p–Pb collisions at 5.02 TeV, comparison with model predictions
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Near side

• Near-side peak properties are generally consistent with model predictions 
within uncertainties


• Hint of an overestimation of the width at low associated pT with 
POWHEG+PYTHIA
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Correlations between D mesons and charged hadrons
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p–Pb collisions at 5.02 TeV, comparison with model predictions
Away side

• Away-side associated yield: POWHEG+PYTHIA generally lower than data


• Peak width at away side is broader than that at near side and less sensitive 
to D-meson pT
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HFe–h correlations
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• Near-side yield in Pb–Pb collisions is consistent with that in p–Pb collisions 
at high associated pT within uncertainties


• Hint of near-side yield enhancement in the 20% most central Pb–Pb 
collisions w. r. t. p–Pb collisions at low associated pT — more precise 
measurement is expected in the next Pb–Pb run (end of 2018)

Near-side
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D-jet tagging
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• Correction for D-jet efficiency and feed-down from beauty using 
POWHEG+PYTHIA


• Correction for detector effects and background fluctuations (p–Pb and Pb–
Pb) on jet pT spectra via unfolding

• Raw yield of D-meson 
tagged jets


➡ Obtained by subtracting 
background jets estimated 
in sidebands from the 
signal region
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D-tagged jets in pp and p–Pb collisions
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• pT-differential cross section for D0-tagged jets in pp and p–Pb collisions and 

D*+-tagged jets in p–Pb collisions


• Good agreement with NLO predictions (POWHEG+PYTHIA) within 

uncertainties in both pp and p–Pb collisions

D0-jet pp 7 TeV D0-jet p–Pb 5.02 TeV D*+-jet p–Pb 5.02 TeV
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D-jet momentum fraction in pp collisions
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• The D0 meson carries most of the jet momentum in the measured jet pT  
interval; with a visible change of shape with jet pT


• Good agreement with NLO predictions (POWHEG+PYTHIA6) within 
uncertainties
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D-jets in Pb–Pb collisions
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• First measurement of D-tagged 

jets in Pb–Pb collisions


• Measured jet pT goes down to 

5 GeV/c — improved fake jet 

rejection and robustness 

against background 

fluctuations


• Clear suppression of D-jet yield 

in Pb–Pb collisions w. r. t. p–Pb 

collisions
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D0-tagged jets RAA in Pb–Pb collisions
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• Strong suppression of D0-tagged 

jets in the most 10% central    

Pb–Pb collisions


• Hint of more suppression of low 

pT D0-tagged jets than inclusive 

jets at higher pT


• D0-tagged jets: more quark-

seeded jets compared to 

inclusive jets
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D0-tagged jets RAA in Pb–Pb collisions
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• Similar suppression of D0-jets 

and D mesons

• New constraint on understanding charm quark in-medium energy loss

• Strong suppression of D0-tagged 

jets in the most 10% central    

Pb–Pb collisions


• Hint of more suppression of low 

pT D0-tagged jets than inclusive 

jets at higher pT


• D0-tagged jets: more quark-

seeded jets compared to 

inclusive jets
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Conclusion
�18

• D-h correlations: compatible near-side yields and widths in pp collisions at 
√s = 7, 13 TeV and p–Pb collisions at √sNN = 5.02 TeV


➡ Good agreement of near-side peak properties with MC predictions

• HFe-h correlations: hint of near-side yield enhancement in central Pb–Pb 
collisions

• D-tagged jets


➡ Unique opportunity to study properties of jets with a identified quark and 
fully reconstructed D mesons


➡ pT-differential cross sections in pp and p–Pb collisions and D-meson jets 
momentum fraction in pp collisions — in agreement with POWHEG + 
PYTHIA6 predictions


➡ First measurement of D-tagged jets in nucleus-nucleus collisions


➡ Strong suppression in central Pb–Pb collisions
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Prospects: ALICE LHC RUN-III and IV
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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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2. PROPERTIES OF STRONGLY INTERACTING MATTER AT EXTREME 
CONDITIONS OF TEMPERATURE AND BARYON NUMBER DENSITY

2. PROPERTIES OF STRONGLY INTERACTING MATTER AT EXTREME 
CONDITIONS OF TEMPERATURE AND BARYON NUMBER DENSITY

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


• 10 times higher luminosity in Pb–Pb collisions at the highest center-of-
mass energy 

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

RUN-III and RUN-IV: 2021 – 2029
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Prospects: ALICE LHC RUN-III and IV
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8 February 2017 QM2017  R. Majka, Yale University for the ALICE Collaboration 7

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
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rotated

Large Pitch
rotated

Large Pitch
not rotated
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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 

7 ALICE Detector Upgrade for Run3 and Run4 at the LHC 

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


Increase of luminosity and improve vertexing and tracking at low pT



Jets at the LHC ALICE open heavy flavour correlations and jets X. Zhang

Prospects: ALICE LHC RUN-III and IV
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• D-meson fragmentation function and D-h correlations: improved precision 
on tracking resolution and D-meson reconstruction, as well as suppressed 
statistical fluctuations on jet pT scale unfolding — importance of 
understanding gluon splitting in heavy-flavour production


• Other new physics channels: b-jets, HF-jet (sub-)structure
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Figure 8.22: Projected D-jet fragmentation z distribution for 50GeV/c c quark jets in
central (0–10%) Pb–Pb collisions for the current detector for 1 nb�1 and upgraded detector
for 10 nb�1 (left). Comparison of the total uncertainties (systematic and statistical added
in quadrature) for the two cases (right).

8.2.7 D meson fragmentation function in jets

The upgraded detector and the large integrated luminosity will enable the study of charm
production in jets in heavy-ion collisions, over a large range of the fragmentation mo-
mentum fraction z = pTD/pTJet. Such measurements may provide insight into the energy
loss of high-momentum leading charm quarks, resulting in lower momentum (lower z) open
charm particles reconstructed 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 reconstruc-

tion performance (with the anti-kT 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 com-
pared 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

function of D0 mesons within charm quark induced jets (45 < pT < 55GeV/c) in central
Pb–Pb collisions (0–10% centrality class). The fragmentation function shape was extrac-
ted 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 con-

sidered:

• 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.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration
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Prospects: b-jets with ALICE
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CIPANP, 31 May 2018 B.Trzeciak, b-jets in ALICE 4

b-jets with ALICE

➔  b-tagging exploiting:
● B-hadron long lifetime, cτ ~ 500 μm

➔Displaced from primary vertex
● Its large mass 

➔  Studied b-tagging algorithms:
● Secondary vertex: using displaced vertices
● Track counting: based on single tracks
● Via heavy-favour electron identifcation 

(charm+beauty)

 Charged constituents (ITS, TPC): 
“charged” jets 

 + neutral constituents (EMCAL, DCAL): 
full jets 

 Reconstruction using anti-kT algorithm
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• b-jets with ALICE: complementary to ATLAS/CMS studies, 
goal to reach lower pT


• b-tagging algorithms: based on displacement from the 
primary vertex

• Very promising ML-based method in pp and p–Pb collisions


• Studies will be extended to Pb–Pb collisions in RUN-III and RUN-IV



Backup
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Correlations between D mesons and charged hadrons
�24
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p–Pb collisions at 5.02 TeV, results in various centrality classes

0–20% 

20–60% 

60–100%

Near-side

• No evidence of modification of near-side peak properties among different 
centrality classes within uncertainties


➡ Not enough sensitivity to extract the D-meson v2


