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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

Heavy quarks (charm and beauty): powerful probes of the                         
Quark-Gluon Plasma (QGP)
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• Total charm cross-section is estimated from the various charm hadron 
measurements 

• D0 yields are measured 
down to zero pT

• For D+/-, and Ds, Levy 
(power law) fits to 
measured spectra are 
used for extrapolation 
(systematics).

• For /\c, three model fits 
to data are used and 
differences are  
included in systematics

• Total charm cross-section is consistent with p+p value within uncertainties.

Sooraj Radhakrishnan

Total Charm Cross-section

Au+Au 200 GeV

p+p 200 GeV

(10-40%)

Total charm cross section in A–A collisions is 
expected to scale w. r. t. the number of binary 
collisions in pp-like collisions STAR Preliminary
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Heavy quarks (charm and beauty): powerful probes of the                         
Quark-Gluon Plasma (QGP)

Nuclear modification factor (RAA): heavy quark in-medium energy loss


• Elastic (radiative) vs. inelastic (collisional) processes


• Radiative energy loss: color charge (Casimir factor) and mass (dead cone 
effect) dependence

RAA(pT) =
dNAA/dpT

< TAA > d�pp/dpT• RAA = 1, if no medium modification

QCD medium

QCD vacuum
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Study in-medium energy loss

–  Production of hard probes (heavy quarks, jets...) in A-A collisions 
     is expected to scale with the number of 
     nucleon-nucleon collisions Ncoll  (binary scaling)

–  Observable: nuclear modification factor

–  If no nuclear effects are present → RAA = 1  (binary scaling)
–  In-medium parton energy loss via radiative (gluon emission)
    and collisional processes depending on:
    → color charge 
    → quark mass (dead cone effect)
    → path length and medium density   

Dokshitzer and Kharzeev, PLB 519 (2001) 199
Wicks, Gyulassy,  J.Phys. G35 (2008) 054001

      → RAA H 1

A. Dubla QM 2015; Utrecht University 

?

ΔEg >ΔEq >ΔEc>ΔEb


➡ RAA(light hadron) < RAA(D) < RAA(B) ?

Medium modification of heavy-flavour hadron formation 

• Hadronization via quark coalescence which may modify 
the Ds+ /non-strange D ratio
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Elliptic Flow of Muons From Heavy Flavour Decays

v2 =< cos 2(�� R) >

Reaction plane ΨR

E
d3�

d3~p
=

d2�

2⇡pTdpTdy
[1 +

1X

n=0

2vn cosn(�� R)]

Azimuthal anisotropy: Fourier decomposition of particle azimuthal distribution 
relative to the reaction plane (ΨRP)

• Elliptic flow (v2): coefficient of second order harmonic

➡ Low and intermediate pT: collective motion and possible heavy-quark 
thermalization in the QCD medium

➡ High pT: path-length dependence of heavy-quark in-medium energy loss

Heavy quarks (charm and beauty): powerful probes of the                         
Quark-Gluon Plasma (QGP)

E
d3�

d3~p
=

d2�

2⇡pTdpTdy
[1 +

1X

n=1

2vn cosn('� R)]



ALICE open heavy flavour program 
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TOF

MUONEMCal

TPC

ITS

Mid-rapidity (|η|<0.9) 

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

• EMCal: high-pT electron trigger, PID

Forward MUON (-4<η<-2.5) 

• Muon trigger, tracking, PID
Smaller detectors: V0, T0, ZDC 

• Event trigger, characterization

• D0→K-π+


• D+→K-π+π+


• D*+→D0π+


• D+s→φπ+→K-K+π+

Hadronic decays:

Semi-leptonic decays:
• D, B→e+X

• D, B→μ+X
V0, T0
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ATLAS and CMS Magnet Systems

ToroidMagnets Solenoid

Solenoid

CMS Solenoid Magnet
• Length 13m, radius 3m, 
• field 4T nominal (3.8T actual)
• I= 20kA, stored energy = 2.7 GJ
• 64 Atm radial magn. pressure

Barrel toroid
• 8 superconducting coils,
• each 25 m long and 5m wide, 100 tons
• I=20.5 kA, T=4.5 K, typical field 0.5 T

Endcap toroid (x2)
• 8 coils in common cryostat, 
• 11m diameter,240 tons
• I=20.5 kA, T=4.5 K, typical field 1T

Solenoid
• 5.8m long, 2.5m diameter.
• I=7.7 kA, T=4.5 K, field 2 T

2nd EIROforum School of Instrumentation 15LHC Detector Systems       B.Schmidt

Detector Layout: CMS example

2nd EIROforum School of Instrumentation 13LHC Detector Systems       B.Schmidt
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The Timing Challenge
Interactions every 25ns : In 25 ns particles travel 7.5m

Cable length ~100m : In 25 ns signals travel 5 m

22m

46m

2nd EIROforum School of Instrumentation 8LHC Detector Systems       B.Schmidt
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Figure 1: Signal and background template distributions in pp collisions (square points) and Pb+Pb collisions (circular
points) in the 0–60% centrality interval for muons having 5 < pT < 6 GeV and |⌘ | < 1. The signal and background
distributions are separately normalized such that their integral is unity. For clarity, the background distribution is
binned more coarsely.

in the calorimeter have, on average, smaller pT compared to the parent particle. As a result, background
muons are expected to have �p/pID > 0.

Distributions for �p/pID are obtained from the simulated samples separately for signal muons and for
background muons. The signal muons include muons directly produced in electromagnetic decays of
hadrons, in decays of ⌧-leptons, in decays of W and Z bosons, in decays of top quarks, and in semi-
leptonic decays of heavy-flavor hadrons; this last contribution dominates the signal sample, contributing
about 99% of the muons over the pT range measured in this analysis (Ref. [55] and references therein). The
di�erent contributions to the background – pion decays in flight, kaon decays in flight, muons produced
by secondary interactions of prompt particles, and mis-associations – are evaluated separately. Figure 1
shows MC distributions of �p/pID for signal and background muons having 5 < pT < 6 GeV for Pb+Pb
collisions in the centrality range 0–60% and for pp collisions. The �p/pID distribution for signal muons
is centered at zero while the distribution for background muons is shifted to positive values. The signal
distributions show only modest di�erences between pp and Pb+Pb collisions. Similarly, when making
separate templates for di�erent Pb+Pb collision centralities, a weak dependence of the signal templates
on centrality is observed. The background �p/pID distributions are much broader and are insensitive to
the centrality-dependent e�ects seen in the signal distributions.

A template-fitting procedure is used to estimate statistically the signal fraction for each kinematic and
centrality selection used in the analysis. The measured �p/pID distribution is assumed to result from a

7

The results presented here use muons having 4 < pT < 14 GeV and having |⌘ | < 1 for the heavy-
flavor-suppression analysis or |⌘ | < 2 for the flow measurements. The lower limit of the pT range is
constrained by the pT dependence of the muon trigger and reconstruction e�ciencies, while the upper
limit is determined by the number of events available in the Pb+Pb data. For the RAA measurements, a
muon ⌘ interval of |⌘ | < 1 is chosen, as the muon trigger and reconstruction have optimal performance
over this ⌘ range. The ⌘ range is extended to |⌘ | < 2 for the vn measurements, as they are not sensitive to
the e�ects of trigger and tracking e�ciency. A total of 9.2 million (1.8 million) muons are reconstructed
within these kinematic ranges from 8.7 million (1.8 million) events recorded using the Pb+Pb (pp) muon
triggers.

The performance of the ATLAS detector and o�ine analysis in measuring muons in pp collisions is
evaluated by a G���� 4 [63] simulation of the ATLAS detector [64] using Monte Carlo (MC)

p
s = 2.76 TeV

pp events produced with the P����� event generator [65] (version 6.423 with parameters chosen according
to the AUET2B set of tuned parameters [66]). The reconstruction performance in Pb+Pb collisions is
evaluated by “overlaying” simulated P����� pp events on minimum-bias Pb+Pb events. In this overlay
procedure, the simulated hits are combined with the data from minimum-bias events to produce the final
sample. The minimum-bias Pb+Pb events used in the overlay procedure were recorded by ATLAS during
the same data-taking period as the data used in this analysis. For both the pp and Pb+Pb measurements,
the muon reconstruction e�ciency increases by about 30% from pT = 4 GeV to pT = 6 GeV, above which
it is approximately constant at 0.80 and 0.77 for the pp and Pb+Pb data, respectively. The Pb+Pb muon
reconstruction e�ciency is independent of the centrality within uncertainties.

The Pb+Pb muon trigger e�ciency is measured for fully reconstructed muons using the minimum-bias
Pb+Pb data set. The e�ciency is evaluated as the fraction of reconstructed muons for which the HLT
finds a matching muon with pT > 4 GeV. It is observed to be independent of centrality, within statistical
uncertainties, and increases from about 0.6 at pT = 4 GeV to about 0.8 at 6 GeV, above which it is
approximately constant. The pp muon trigger e�ciency is similarly evaluated using pp events selected
by a set of mimimum-bias triggers. The e�ciency increases from 0.40 for pT = 4 GeV to 0.75 for
pT = 12 GeV.

3.3 Heavy-flavor-suppression measurement

The muons measured in the pp and Pb+Pb data sets contain background from in-flight decays of pions
and kaons, muons produced from the decays of particles produced in hadronic showers in the material
of the detector, and mis-associations of ID and MS tracks. Previous studies have shown that the signal
and background contributions to the reconstructed muon sample can be discriminated statistically [55].
This analysis relies solely on the fractional momentum imbalance �p/pID, which quantifies the di�erence
between the ID and MS measurements of the muon momentum after accounting for the energy loss of the
muon in the calorimeters. It is defined as

�p
pID
=

pID � pMS � �pcalo(p, ⌘, �)
pID

,

where pID and pMS represent the reconstructed muon momenta from the ID and MS, respectively, and
�pcalo represents the momentum- and angle-dependent average momentum loss of muons in the calorimeter
obtained from simulations. Muons resulting from background processes typically have pMS values smaller
than would be expected for a muon produced directly in pp or Pb+Pb collisions or via the decays of heavy-
flavor hadrons. This is because the background muons from pion/kaon decays or from hadronic interactions

6
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Figure 2: Examples of template fits to Pb+Pb and pp data. The top panels show results for 5 < pT < 5.5 GeV and
the bottom panels show results for 10 < pT < 12 GeV. The left, middle, and right panels show results for Pb+Pb
0–10%, Pb+Pb 40–60%, and pp, respectively. The black points represent the data. The dotted and dashed lines
represent the signal and background template distributions weighted by f sig and (1 � f sig), respectively (see text)
and the continuous lines represent the summed template distributions.

combination of signal and background distributions

1
Nµ

dNµ

d�p/pID
= f sig dPsig

d�p/pID
+
�
1 � f sig� dPbkg

d�p/pID
,

where Nµ is the total number of muons in the sample, dPsig/d�p/pID and dPbkg/d�p/pID represent
the signal and background �p/pID probability distributions, respectively, and f sig represents the signal
fraction.

For Pb+Pb data, centrality-dependent templates are used for the signal while centrality-integrated templates
are used for the background. The latter is motivated by the observed centrality independence of the
background templates and the limited size of the background sample. Template fits are performed using
binned �2 fits that account for the statistical precision of the signal and background templates. The fits
are performed using MINUIT [67] with f sig as the free parameter. The uncertainties from the fits are
used as statistical uncertainties of the yields and propagated into the final results. Example template fits
are shown for two muon pT intervals in Figure 2 for Pb+Pb events in the 0–10% and 40–60% centrality
intervals and for pp data. As shown in Figure 2, the measured �p/pID distributions are well described
by a combination of the signal and background templates, and this holds for all studied kinematic and
centrality intervals.

The signal fractions f sig obtained from the template fits using these intervals are shown in Figure 3 for
the Pb+Pb and pp data. The signal fractions increase with pT for pT > 5 GeV, indicating that at higher pT
a larger fraction of the reconstructed muons are heavy-flavor (HF) muons. The increase in f sig at low pT
results from the trigger, which is less e�cient for background muons that have low pMS

T . Such an increase
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Figure 4: Examples of heavy-flavor muon yields, expressed in thousands of muons, as a function of 2|� �  2 |
in intervals of ⇡/4. The left and right columns show results for the 10–20% and 40–60% centrality intervals,
respectively, and the top and bottom rows correspond to 4.0 < pT < 4.5 GeV and 8 < pT < 10 GeV, respectively.
The error bars on the data points show statistical uncertainties from the fits. There are significant bin-to-bin
correlations between the statistical uncertainties due to the use of the same signal and background templates in all
2|� �  2 | intervals. The continuous lines indicate the results of fits of the data to Eq. (5).

While the SP method has advantages over the EP method, only a modified version of the SP method can be
used in the present analysis. Thus, the results obtained from both the SP and EP methods are presented.

3.5 Jet bias in the vn measurement

The heavy-flavor muons measured in this analysis often result from heavy-flavor jets that have an associated
back-to-back recoil jet. If the recoil jet is in the FCal, it can bias the orientation of the  n to be aligned
with the azimuthal angle of the muon, yielding a larger measured vn. This “jet bias e�ect” needs to
be estimated and corrected for in the measurement. The magnitude of this e�ect is estimated using the
simulated-data overlay events described in Section 3.2, where P�����-generated events are overlaid on
minimum-bias Pb+Pb data. The overlay is done independently of the  n angles and, thus, should yield
a zero vn value when the analysis procedure used in the data is applied to the simulated events. Any
systematic deviation from vn = 0 seen in the simulated data is, then, a result of jet bias. The procedure
used to evaluate the jet bias in vn values is as follows.
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 v2 and v3 of HF decay muons (ATLAS)
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Figure 15: Comparison of the Pb+Pb heavy-flavor muon v2 with calculations from the TAMU and DABMod models.
Each panel represents a di�erent centrality interval. For the 20–30% and 30–40% centrality intervals, the plotted
TAMU values correspond to the 20–40% centrality interval. For the data, the error bars and shaded bands represent
statistical and total uncertainties, respectively. For the model calculations, the bands represent theoretical systematic
uncertainties.
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DABMod: with initial state fluctuations, better reproduces the data
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4.1 – Open charm and open beauty detection
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Figure 4.2: Definition of the ⇡/K free path length.
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The ⇡/K decay probability, exp
⇣
�

d m⇡/K tan ✓

c⌧ p
0
t

⌘
, is small by construction

and can be expanded in series, thus reading:

d2
N

⇡/K
µ

dptdzv
' d ⇢(zv)

Z
d✓

Z
dp

0
t P⇡/K(pt, p

0
t)

d2
N⇡/K

dp
0
td✓

m⇡/K tan ✓

c⌧ p
0
t

= ⇢(zv) A⇡/K(pt) d

The corresponding distribution for charm and beauty, under the assump-
tion of constant acceptance as a function of the vertex position, drops the
dependence on d:

d2
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0
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The behavior of the secondary muons is somehow opposite with respect to
the decay ones. Indeed it depends on the probability that the ⇡/K interacts
with the absorber before decaying:

dN
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where Psec(pt, p
0
t) is the probability that a pion or kaon produced in the
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4.1 – Open charm and open beauty detection

c/b
µ

(a) Heavy flavor muons

π/Κ
µ

(b) Decay muons

π/Κ

π/Κ
µ

(c) Secondary muons

Figure 4.1: Schematic view of the production point of the three muon sources
with respect to the Muon Spectrometer front absorber (trapezium). The
dashed line represent the beam axis.

ters for the latter (see Table 4.1). The semi-muonic decay of heavy flavors

Source c⌧

B mesons 491.1 µm
D mesons 311.8 µm
⇡ 7.8045 m
K 3.713 m

Table 4.1: Muon sources decay lengths [2].

takes place very close to the interaction point, while the most of pions and
kaons are absorbed (by the front absorber) before producing background
muons. The suppression depends on the distance between the absorber and
the interaction point, whose position changes event-by-event. The intersec-
tion region between the beams is indeed diamond shaped, due to non-zero
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4.1 – Open charm and open beauty detection
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Figure 4.5: Plots of 1
⇢(zv)

d2
N

µ

dptdzv
, obtained at di↵erent values of pt. The

distributions show a linear dependence on the longitudinal vertex position,
as stated in Eq. 4.3.

Robustness test

The result shown in Figure 4.6, is obtained with a reasonable assumption
on the relative abundance between ⇡/K and charm/beauty. Obviously the
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• But still have challenge to implement in data



Inclusive muon elliptic flow (ALICE)
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ALICE Collaboration / Physics Letters B 753 (2016) 41–56 45

Table 1
Systematic uncertainty sources affecting the inclusive muon elliptic flow measurement in the 0–10%, 10–20% and 
20–40% centrality classes for the interval 3  < pT < 4.5 GeV/c. They are given as a percentage of the v2 value.

vµ
2 analysis Source Systematic uncertainty (%)

0–10% 10–20% 20–40%

vµ
2 {SP} Reference particles 3 1 3

Centrality selection 6 1 4
TPC pile-up 2 4 2
η gap 13 1 1

vµ
2 {2} Reference particles 13 3 2

Centrality selection 14 3 6
TPC pile-up 8 1 4

vµ
2 {4} Reference particles 10

Centrality selection 1
TPC pile-up 1

vµ
2 {LYZ-Sum} Reference particles 4

Centrality selection 7
TPC pile-up 2

vµ
2 {LYZ-Prod} Reference particles 2

Centrality selection 8
TPC pile-up 2

Fig. 1. pT-differential inclusive muon v2 in 2.5 < y < 4 and various centrality intervals, in Pb–Pb collisions at √sNN = 2.76 TeV. The symbols are placed at the centre of the 
pT interval and, for visibility, the points from two-particle Q cumulants and Lee–Yang zeros with product generating function are shifted horizontally. The vertical error bars 
represent the statistical uncertainty, the horizontal error bars correspond to the width of the bin (not shown for the shifted data points) and the open boxes are the systematic 
uncertainties. The pT intervals used with the Lee–Yang zeros method are different with respect to the other methods. Upper panels: results from two-particle correlation flow 
methods (scalar product and two-particle Q cumulants) in the 0–10% (left) and 10–20% (right) centrality intervals. Lower panels: results in the 20–40% centrality interval 
from two-particle correlation flow methods (scalar product and two-particle Q cumulants) and from four-particle Q cumulants (left), and from four-particle Q cumulants 
and Lee–Yang zeros (right).

the ALICE Collaboration in pp and Pb–Pb collisions [54,55] are 
extrapolated to forward rapidity. Then, the pT distributions of 
muons from charged pion and kaon decays, needed to estimate 
f µ←π ,K and vµ←π ,K

2 , are generated according to a simulation tak-
ing into account the decay kinematics and the effect of the front 
absorber.

The pT- and η-differential elliptic flow of charged particles in 
|η| < 2.5, vch

2 , is extrapolated to forward rapidity using:

vch
2 (pT,η) = F (η) · vch

2 (pT,2 < |η| < 2.5), (9)

where vch
2 (pT, 2 < |η| < 2.5) is the measured charged-particle el-

liptic flow in 2 < |η| < 2.5 with the event plane method. Since 



Background subtraction (ALICE)
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• Input: charged K/π spectra in pp collisions and RAA in Pb‑Pb collisions at 
central rapidity measured with ALICE [J. Phy. G, G38 (2011) 124014 & 124080]


• Extrapolate charged K/π spectra in pp collisions to forward rapidity with the 
extrapolation factor obtained in Monte-Carlo predictions (PYTHIA and 
PhoJet)


• Get K/π spectra in Pb‑Pb collisions at forward rapidity by scaling the 
extrapolated charged K/π spectra with their nuclear modification factor RAA 
measured at central rapidity


➡ Varying charged K/π RAA between 0 and 200% to estimate the 
systematic uncertainty on unknown quenching effect at forward rapidity


• Produce the K/π decay muon background by means of a fast Monte-Carlo 
simulation

vµ HF

2
=

vinclusive µ
2

� vdecay µ
2

· fdecay µ

1� fdecay µ



Background subtraction (ALICE)
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Decay muon v2 estimation:

• parameterize the pT and η dependence of charged hadrons v2 measured by 

ATLAS and extrapolate to forward rapidity [ATLAS: Phys. Lett. B707 (2012) 330];

• treat all the charged hadrons as pions and Kaons, separately and produce 

the v2 of decay muon in the acceptance of ALICE muon spectrometer via 
the same fast simulation strategy as in RAA analysis.

Systematic uncertainty on decay muons v2

input v2 bias ~9%

extrapolation 9%-12%

data fluctuations 13%-15% (in high pT)

K/π weights <1%

Decay muon fraction with the same method used for RAA analysis:

➡15% at low pT, 5% at high pT.

vµ HF

2
=

vinclusive µ
2

� vdecay µ
2

· fdecay µ

1� fdecay µ



Elliptic flow of HF decay muons (ALICE)
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ALICE Collaboration / Physics Letters B 753 (2016) 41–56 47

Fig. 2. Estimated background v2 (vµ←π ,K
2 , left) and background fraction ( f µ←π ,K, right) as a function of pT in 2.5 < y < 4 and various centrality intervals, in Pb–Pb collisions 

at √sNN = 2.76 TeV. The symbols are placed at the centre of the pT interval and, for visibility, the points for the centrality classes 10–20% and 20–40% are shifted horizontally. 
The horizontal error bars correspond to the width of the bin (not shown for the shifted values) and the open boxes are the systematic uncertainties. See the text for details.

Fig. 3. pT-differential elliptic flow of muons from heavy-flavour decays, vµ←HF
2 , in 2.5 < y < 4 and various centrality intervals, in Pb–Pb collisions at √sNN = 2.76 TeV. The 

symbols are placed at the centre of the pT interval and, for visibility, the points from two-particle Q cumulants and Lee–Yang zeros with product generating function are 
shifted horizontally. The meaning of the symbols is the same as in Fig. 1. The horizontal error bars are not plotted for shifted data points. The pT intervals used with the 
Lee–Yang zeros method are different with respect to the other methods. Upper panels: results from two-particle correlation flow methods (scalar product and two-particle 
Q cumulants) in the 0–10% (left) and 10–20% (right) centrality intervals. Lower panels: results in the 20–40% centrality interval from two-particle correlation flow methods 
(scalar product and two-particle Q cumulants) and from four-particle Q cumulants (left), and from four-particle Q cumulants and Lee–Yang zeros (right). See the text for 
details.

It amounts to about 12%–36% in the interval 3 < pT < 4.5 GeV/c, 
depending on the collision centrality and the flow analysis method.

4. Results

Fig. 3 presents the pT-differential elliptic flow of muons from 
heavy-flavour hadron decays, vµ←HF

2 , calculated with Eq. (2). The 
results are shown for the 0–10% (upper, left), 10–20% (upper, right) 
and 20–40% (bottom) centrality classes using the same flow meth-
ods as for the measurement of the inclusive muon elliptic flow 

(Fig. 1). When comparing the results to those obtained for in-
clusive muons (Fig. 1), one can notice that vµ←HF

2 and vµ
2 are 

similar due to the small background fraction (5% to 15%) in the pT
interval 3–10 GeV/c. The differences between the various meth-
ods are similar to those discussed for the measurement of the 
inclusive muon vµ

2 i.e. i) scalar product and two-particle Q cu-
mulants give compatible results, ii) consistent results are also 
found with four-particle Q cumulants and Lee–Yang zeros, and 
iii) the vµ←HF

2 values extracted from these multi-particle corre-
lation methods are smaller, although still compatible within un-
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• Large suppression of RAA in central collisions — final-state effect

• Observed positive v2 (3σ effect) — similar as for D mesons — confirms the 
significant interaction of heavy quarks with the medium
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• The simultaneous description of RAA and v2 of heavy-flavour decay muons is 
challenging

• Same picture for D-mesons and heavy-flavour decay electrons at mid-
rapidity

• RAA and v2 measurements together provide constraints for models
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RAA of HF→ muon vs TAMU 

•1

• Near future: 2018 Pb–Pb data


• Improved uncertainty in ALICE LHC RUN-II
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Figure 6.19: Expected transverse momentum distributions of single muons from charm (left)
and beauty (right) decays with their respective statistical and systematic uncertainties.

which gives a significant contribution to this channel — the measurement needs a dedicated
vertex tracker. Without such a vertex tracker, no measurement of displaced J/ production
is currently possible in ALICE in the dimuon channel. This possibility will be given by the
presence of the MFT, opening the way to the measurement of beauty production at forward
rapidity.

Characterization of the B ! J/ + X decay

Among the beauty hadrons presenting a decay channel involving a J/ , the ones giving the
most significant contribution are the B

0, the B
+, the Bs and the ⇤b, whose mean proper decay

lengths range between 420 and 490 µm. Since the J/ partners in these decays will not be
identified at forward rapidity, the measurement of the beauty cross section will be based on the
knowledge of the weighted branching ratio for the B ! J/ + X decay, where the branching
ratios into J/ +X of the cited hadrons will be weighted by the relative yields of the hadrons
themselves. Such a combined branching ratio can be estimated, in absence of specific final-state
e↵ects, with phenomenological models like PYTHIA.

Given the mass di↵erence between the beauty hadrons and the measured J/ through which
the B ! J/ + X decay is accessed, the correlation between the kinematics of the parent
and daughter particles is not trivial. This point is relevant here, since the physics goal of the
measurement involved here is the study of the production cross section of the parent hadrons
down to zero-pT, while the experimental measurement and all the related limitations concern
the J/ .

Of particular interest is the correlation between the pT of the parent hadron and the pT

of the J/ , shown in the left of Fig. 6.20 as obtained from a simulation of the most relevant
B ! J/ + X decays with PYTHIA. The analysis of the shape of the correlation shows that
two regions can be distinguished. The first region corresponds to a pT of the J/ larger than
⇠ 2 GeV/c, where a (loose) direct correlation can be seen between the pT of the J/ and that
of the parent hadron. The second region corresponds to pT values of the J/ smaller than
⇠ 2 GeV/c: here, we can observe the presence of a strong anti-correlation between the pT of
the two particles. Such an anti-correlation is understandable when considering that a zero-pT
beauty hadron will produce a J/ with finite pT, due to the presence of the J/ partners and to
the large invariant mass imbalance between the initial and the final state in the B ! J/ +X

decays. Thanks to this kinematic e↵ect, we can access the beauty hadron production cross
section down to zero-pT by measuring displaced J/ down to pT ⇠ 1.5 GeV/c (note that the
MFT/MUON apparatus can measure J/ down to zero pT).
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Figure 6.19: Expected transverse momentum distributions of single muons from charm (left)
and beauty (right) decays with their respective statistical and systematic uncertainties.

which gives a significant contribution to this channel — the measurement needs a dedicated
vertex tracker. Without such a vertex tracker, no measurement of displaced J/ production
is currently possible in ALICE in the dimuon channel. This possibility will be given by the
presence of the MFT, opening the way to the measurement of beauty production at forward
rapidity.

Characterization of the B ! J/ + X decay

Among the beauty hadrons presenting a decay channel involving a J/ , the ones giving the
most significant contribution are the B

0, the B
+, the Bs and the ⇤b, whose mean proper decay

lengths range between 420 and 490 µm. Since the J/ partners in these decays will not be
identified at forward rapidity, the measurement of the beauty cross section will be based on the
knowledge of the weighted branching ratio for the B ! J/ + X decay, where the branching
ratios into J/ +X of the cited hadrons will be weighted by the relative yields of the hadrons
themselves. Such a combined branching ratio can be estimated, in absence of specific final-state
e↵ects, with phenomenological models like PYTHIA.

Given the mass di↵erence between the beauty hadrons and the measured J/ through which
the B ! J/ + X decay is accessed, the correlation between the kinematics of the parent
and daughter particles is not trivial. This point is relevant here, since the physics goal of the
measurement involved here is the study of the production cross section of the parent hadrons
down to zero-pT, while the experimental measurement and all the related limitations concern
the J/ .

Of particular interest is the correlation between the pT of the parent hadron and the pT

of the J/ , shown in the left of Fig. 6.20 as obtained from a simulation of the most relevant
B ! J/ + X decays with PYTHIA. The analysis of the shape of the correlation shows that
two regions can be distinguished. The first region corresponds to a pT of the J/ larger than
⇠ 2 GeV/c, where a (loose) direct correlation can be seen between the pT of the J/ and that
of the parent hadron. The second region corresponds to pT values of the J/ smaller than
⇠ 2 GeV/c: here, we can observe the presence of a strong anti-correlation between the pT of
the two particles. Such an anti-correlation is understandable when considering that a zero-pT
beauty hadron will produce a J/ with finite pT, due to the presence of the J/ partners and to
the large invariant mass imbalance between the initial and the final state in the B ! J/ +X

decays. Thanks to this kinematic e↵ect, we can access the beauty hadron production cross
section down to zero-pT by measuring displaced J/ down to pT ⇠ 1.5 GeV/c (note that the
MFT/MUON apparatus can measure J/ down to zero pT).

μ←charm μ←beauty

• Muon forward tracker + muon spectrometer


➡ Capability to separate charm and beauty 
production down to low pT


• Promising update — displacement beauty 
decays alone z-axis (for any pT, even for pT = 0) 
due to the rapidity boost


➡ Recover total charm and beauty cross section 
— crucial for quarkonia regeneration

• Not so far future


• ALICE LHC RUN-III
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• RpPb consistent with unity — strong suppression observed in central Pb–Pb 
collisions at mid-rapidity and forward rapidity is due to the hot medium

Phys. Rev. Lett. 110 (2013) 082302 Phys. Lett. B770 (2017) 459
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• double ridge structure

• v2 > 0 and PID dependent

High multiplicity p–Pb and Pb–Pb collisions - similarities

Phys. Lett. B719 (2012) 29

Phys. Lett. B728 (2014)  25

How about heavy-flavour 
particles?
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Trigger particle: muon 
at forward rapidity
2.5<|η|<4

Associate particle: 
mid-rapidity tracklet
|η|<1

• Double ridge extends up to Δη ~ 5

• Inclusive muon v2 on Pb-side is larger (~16%) than 
on p-side, qualitatively consistent with expectations 
from hydrodynamics (AMPT)
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Forward Muon Flow in p–Pb Collisions
�25

 (r
ad)

ϕ∆1−
0

1
2

3
4

η∆

5−

4−

3−

2−

)
-1

 (
ra

d
su

b
Y 1.77

1.78
1.79
1.80
1.81

ALICE

 = 5.02 TeVNNsp-Pb 
V0S: (0-20%)-(60-100%)

 (GeV/c) < 1t

T
p0.5 < 

Assoc. tracklets

ALI−PUB−94904

 (r
ad)

ϕ∆1−
0

1
2

3
4

η∆

5−

4−

3−

2−

)
-1

 (
ra

d
su

b
Y 1.85

1.86
1.87
1.88
1.89

ALICE

 = 5.02 TeVNNsPb-p 
V0S: (0-20%)-(60-100%)

 (GeV/c) < 1t

T
p0.5 < 

Assoc. tracklets

ALI−PUB−94908

)c (GeV/
T

p

0 0.5 1 1.5 2 2.5 3 3.5 4

{2
P

C
,s

u
b
}

µ 2v

0

0.02

0.04

0.06

0.08

0.1

0.12 ALICE

 = 5.02 TeVNNsp-Pb 

V0S: (0-20%)-(60-100%)

Data, Pb-going
Data, p-going

AMPT, Pb-going
AMPT, p-going

ALI−PUB−94932

• Double ridge extends up to Δη ~ 5

• Inclusive muon v2 on Pb-side is larger (~16%) than 
on p-side, qualitatively consistent with expectations 
from hydrodynamics (AMPT)

• pT>2 GeV/c, dominated by (>60%) HF decay muons

• Non-zero v2 of HF muons as in Pb–Pb collisions (?)

p-going

Pb-going
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Trigger particle: muon 
at forward rapidity
2.5<|η|<4

Associate particle: 
mid-rapidity tracklet
|η|<1



Open heavy flavour production vs. multiplicity
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• Faster-than-linear increase of self-normalized D-meson and heavy-flavour decay 
electron yields as a function of the charged-particle multiplicity at mid-rapidity

• Model with hydrodynamics describes fairly data in both pp and p–Pb collisions
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Baryon to meson ratios in small systems
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• Remarkable similarities of baryon to meson ratio in the charm sector with 
light flavor results


