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D-meson azimuthal 
anisotropy

- Medium modification of the hadronisation 
process
‣ quark coalescence mechanism ?

- Participation in the collective expansion
‣ radial and elliptic flow
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๏ Charm and beauty quarks produced in hard-scattering 
processes before the QGP formation

๏ Initially-produced heavy quarks in Pb-Pb collisions 
propagate through the medium interacting with its 
constituents → sensitive probes of the properties of 
the QGP 
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Observables

๏ Nuclear modification factor RAA:

๏ Azimuthal anisotropy quantified in terms of 

- elliptic flow v2 

- azimuthal dependence of RAA  with respect to the reaction plane
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๏ Non-central Pb-Pb collisions → asymmetric 
spatial distribution of partons

๏ Collective expansion: initial spatial anisotropy 
→ momentum anisotropy of the final-state 
particles

๏ Heavy-quarks in-medium interactions + energy 
loss → participation in the collective expansion 

- Sensitive to parton energy loss
- Compares production yields in 

Pb-Pb collisions to a binary-
scaled pp reference

SQM2015, Dubna
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ITS: silicon detector, 
vertexing and tracking, 
3.9<r<43 cm, |η|<0.9

TPC: tracking with up to 159 space 
points per track and particle 

identification via dE/dx,           
85<r<247 cm, |η|<0.9 

TOF: particle identification via time of 
flight measurement, |η|<0.9 

Pixel Drift

StripB=0.5 T

V0: two arrays of scintillator tiles, 
online trigger, event 

characterisation, 2.8<η<5.1 (V0-A) 
and -3.7<η<-1.7 (V0-C)
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ALICE Experiment

LHC run Data Sample Number of Events

2010 Pb-Pb, √sNN=2.76 TeV 13x106

2011 Pb-Pb, √sNN=2.76 TeV
16.4x106 in 0-10%
4.5x106 in 10-20%, 

20-30%, 30-40%, 40-50% 

SQM2015, Dubna
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D-meson Reconstruction

๏ D0, D+ and D*+ and their antiparticles were reconstructed in the central rapidity 
region from their charged hadronic decay channels

D0→K-π+             [BR 3.88±0.05%, cτ≈123 μm]  

D+→K-π+ π+    [BR 9.13±0.19%, cτ≈312 μm] 

D*+→D0π+         [strong decay, BR 67.7±0.5%]

๏ Selection based on the reconstruction of secondary-vertex topologies displaced by 
a few hundred μm from the interaction vertex

๏ Topological cuts and particle identification of pions and kaons to reduce 
combinatorial background

SQM2015, Dubna
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D-meson RAA and RpA vs. pT

๏ Observed suppression (factor 3-5) for pT > 5 GeV/c in central (0-20%) Pb-Pb 
collisions is due to strong final-state effects induced by hot and dense partonic 
matter

7A. Festanti

JHEP 9 (2012) 112 
Phys. Rev. Lett. 
113 (2014) 232301

p-Pb
Pb-Pb 40-80% 
(2010 data)
Pb-Pb 0-20% 
(2010 data)
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D-meson RAA vs. pT (2011 data)

๏ Large suppression (factor 6) at pT=10 GeV/c in the 0-7.5% centrality class
๏ Suppression for pT> 4 GeV/c observed in the 30-50% centrality class
๏ Models including charm interactions with medium constituents can describe both 

measurements
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TAMU elastic: arXiv:1401.3817
Djordjevic: arXiv:1307.4098
Cao, Qin, Bass: PRC 88 (2013) 044907
WHDG rad+coll: Nucl. Phys. A 872 (2011) 265

MC@sHQ+EPOS: PRC 89 (2014) 014905
Vitev, rad+dissoc: PRC 80 (2009) 054902
POWLANG: JPG 38 (2011) 124144
BAMPS: PLB 717 (2012) 430



D-meson RAA vs. centrality

๏ Centrality quantified in terms of <Npart> (average number of nucleons participating in the 
collision)

๏ Consistent results among the three D-meson species in both pT intervals
๏ Suppression increases with centrality —> factor 5-6 in the most central collisions

9A. FestantiSQM2015, Dubna
arXiv:1506.06604
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D-meson RAA: comparison with pions and beauty

10A. Festanti

๏ Comparison of charged-pion, D-meson and 
non-prompt J/ψ RAA

๏ Similar <pT> (~10 GeV/c) for D and B 
mesons (B → J/ψ)

๏ Indication of RAA(D) < RAA(B) in central 
Pb-Pb collisions

SQM2015, Dubna

๏ Comparison of charged-pion and 
D-meson RAA in 5<pT<8 GeV/c 

๏ Compatible results within 
uncertainties 
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D-meson RAA: comparison with model predictions

11A. Festanti

arXiv:1506.06604
Phys. Lett. B 737 (2014) 298

๏ Agreement between D-meson and pion RAA 
๏ Colour-charge effect compensated by 

softer fragmentation and pT spectrum of 
gluons with respect to c quarks

Comparison with a pQCD model including mass-dependent radiative and collisional energy loss:

๏ Larger suppression of D mesons than of 
non-prompt J/ψ for the most central 
collisions

๏ Difference driven predominantly by the 
quark-mass dependence of energy loss

SQM2015, Dubna
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Nucl. Phys. A 910-911 (2013) 409; 
Phys. Lett. B 735 (2014) 445

๏ Model including collisional processes + 
radiative corrections + hydrodynamical 
expanding medium + quark recombination

๏ Large difference between D mesons and 
non-prompt J/ψ —> mass dependence of 
energy loss

๏ Model including only collisional processes 
(T-matrix approach) + hydrodynamic 
medium evolution + quark recombination

๏ No radiative ΔE—> smaller mass effect

SQM2015, Dubna
Phys. Rev. C 89 (2014) 014905 
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D-meson RAA: comparison with model predictions
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D-meson v2

13A. Festanti

๏ D-meson v2 measured with
- event-plane method (experimental estimate of the reaction plane)
- correlation methods: scalar product and 2-particle cumulants

๏ v2 of the three species consistent within uncertainties
๏ v2 larger than 0 in 2<pT<6 GeV/c, consistent results from the three methods

SQM2015, Dubna
Phys. Rev. C 90 (2014) 034904
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D0 and Charged-particle v2
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๏ v2 of similar magnitude for charmed hadrons and light-flavour hadrons 
๏ Indication of decreasing trend of v2 towards more central collisions (consistent 

with decreasing initial-state geometrical asymmetry)

Glauber Modeling in Nuclear Collisions 14

3 Relating the Glauber Model to Experimental Data

Unfortunately, neither Npart nor Ncoll can be directly measured in a RHIC exper-
iment. Mean values of such quantities can be extracted for classes of (Nevt) mea-
sured events via a mapping procedure. Typically a measured distribution (e.g.,
dNevt/dNch) is mapped to the corresponding distribution obtained from phe-
nomenological Glauber calculations. This is done by defining “centrality classes”
in both the measured and calculated distributions and then connecting the mean
values from the same centrality class in the two distributions. The specifics of this
mapping procedure differ both between experiments as well as between collision
systems within a given experiment. Herein we briefly summarize the principles
and various implementations of centrality definition.

3.1 Methodology

Figure 8: A cartoon example of the correlation of the final state observable
Nch with Glauber calculated quantities (b, Npart). The plotted distribution and
various values are illustrative and not actual measurements (T. Ullrich, private
communication).

The basic assumption underlying centrality classes is that the impact param-
eter b is monotonically related to particle multiplicity, both at mid and forward
rapidity. For large b events (“peripheral”) we expect low multiplicity at mid-
rapidity, and a large number of spectator nucleons at beam rapidity, whereas
for small b events (“central”) we expect large multiplicity at mid-rapidity and a
small number of spectator nucleons at beam rapidity (Figure 8). In the simplest
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D-meson Azimuthal Anisotropy

15A. Festanti

๏ D-meson v2 and, in-plane and out-of-plane D0 RAA in Pb-Pb collisions in the 30-50% 
centrality class

๏ v2 larger than 0 in 2<pT<6 GeV/c with a significance of about 5σ
๏ Less suppression in the in-plane direction

Consistent with 
expectations from 

collective flow

SQM2015, Dubna
Phys. Rev. C 90 (2014) 034904Phys. Rev. Lett. 111 (2013) 102301



D-meson v2 and RAA

16A. Festanti

๏ Anisotropy best described by models including mechanisms that transfer to the 
charm quark the elliptic flow of the medium during the system expansion 
(collisional processes, hadronisation by recombination with light quarks)

๏ Models that best describe RAA tend to underestimate the measured v2
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Comparison of theoretical model predictions to different observables simultaneously —>
constraints on the description of the energy-loss mechanisms. 
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Conclusions

๏ Strong suppression of D mesons observed in central Pb-Pb collisions for 
pT > 5 GeV/c

๏ p-Pb results demonstrate that the suppression at high pT in Pb-Pb collisions 
is due to the interaction with the hot and dense partonic medium

๏ Similar D-meson and charged-pion RAA over the entire centrality range

๏ Larger suppression of D mesons with respect to B mesons (non-prompt J/ψ 
by CMS) at pT ~ 10 GeV/c

๏ D-meson v2 larger than 0 in the interval 2< pT <6 GeV/c with a significance 
of 5σ

๏ LHC Run 2 objective: RAA and v2 measurements with better precision and in 
an extended pT range

A. Festanti 17SQM2015, Dubna
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D-meson RAA vs. pT (2011 data)

๏ Large suppression (factor 6) at pT=10 GeV/c in the 0-7.5% centrality class
๏ Suppression for pT> 4 GeV/c observed in the 30-50% centrality class

A. FestantiSQM2015, Dubna
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- momentum distribution less steep in pp collisions at LHC
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Figure 5.33: (a) Fraction of prompt D0 mesons obtained in Pb–Pb collisions in the
30–50% centrality class with the hypothesis R

feed�down

AA

= 2 · R

prompt

AA

. (b) Fraction
of prompt D0 mesons obtained in p–Pb collisions with the hypothesis R

feed�down

pPb

=

R

prompt

pPb

. The open boxes indicate the uncertainty (see Chapter 6) obtained considering
the variation of the hypothesis and the two methods to calculate f

prompt

Pb–Pb Analysis

The comparison of the nuclear modification factor of prompt D mesons with that of

J/ from B decays measured in the CMS experiment indicates that charmed hadrons

are more suppressed than beauty hadrons (see Section 2.3.1). Therefore, for the Pb–Pb

analysis, it was assumed that the ratio of the nuclear modification factors for feed-

down and prompt D mesons lies in the range 1 < R

feed�down
AA /R

prompt
AA < 3. The value

R

feed�down
AA = 2 · R

prompt
AA was used to compute the correction, and the variation over

the full range was used to assign a systematic uncertainty (see Chapter 6). With this

assumption, the resulting fprompt for D0 mesons ranges from about 0.86 in the lowest

transverse momentum interval (2 < pT < 3 GeV/c) to about 0.75 at high pT (Fig-

ure 5.33(a)).

The measured v2 is a combination of the v2 of promptly produced and feed-down

D0 mesons. The elliptic flow of prompt D0, v

prompt
2 , can be obtained from the measured

v

all
2 (v2{EP}) as:

v

prompt
2 =

1

fprompt
v

all
2 � 1 � fprompt

fprompt
v

feed�down
2 , (5.6)

where v

feed�down
2 is the elliptic flow of D0 mesons from B decays, which depends on the

dynamics of beauty quarks in the medium. It can be seen in Equation (5.6) that v

all
2

coincides with v

prompt
2 if v

feed�down
2 = v

prompt
2 , independent of fprompt. Therefore, the

assumption v

feed�down
2 = v

prompt
2 was used to compute the central value of the results
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5.7 Correction for Feed-Down from B Decays

The prompt D0 meson production yields dN/dpT in Pb–Pb and p–Pb collisions were

obtained by subtracting the contribution of D mesons from B decays.

The fraction fprompt of D0 coming from c quark hadronization, i.e. the correction

factor that accounts for the feed-down from B meson (see Equations (4.8) and (4.12) in

Chapter 4), was evaluated using the B production cross section from the FONLL pQCD

calculation [34–36], and the B ! D0 + X kinematics from the EvtGen package [118].

The cross section for the feed-down component for the D0 was computed at the energy

of the collisions (2.76 TeV for Pb–Pb and 5.02 for p–Pb), scaled by the average nuclear

overlap function hTAAi or hTpAi, and used together with the Monte Carlo acceptance

times e�ciency (Acc⇥ ✏)feed�down for D mesons from B decays to compute the expected

fraction of prompt D0 in the measured yields:

fprompt = 1 � N

D0 feed�down raw

N

D0 raw
=

= 1 � hTAA(pA)i ⇥
✓

d2
�

dydpT

◆FONLL

feed�down

⇥ R

feed�down
AA(pA) ⇥

⇥ (Acc ⇥ ✏)feed�down · �y�pT · BR · Nevt

N

D0 raw
/2

. (5.4)

The symbol of the pT-dependence (pT) is omitted in the formulas, for brevity. The

nuclear modification factor of the feed-down D0 mesons, R

feed�down
AA(pA) , is related to the

nuclear modification of beauty production, which has not been measured in the pT

interval of the analysis.

An alternative method to obtain the prompt fraction was considered. fprompt is

computed using the FONLL cross sections for prompt and feed-down D mesons (with

B ! D + X) and their respective Monte Carlo e�ciencies:

fprompt =

0

B

B

B

@

1 +
(Acc ⇥ ✏)feed�down

(Acc ⇥ ✏)prompt

d�

FONLL
feed�down

dpT

�

�

�

�

|y|<0.5

d�

FONLL
prompt

dpT

�

�

�

�

|y|<0.5

R

feed�down
AA(pA)

R

prompt
AA(pA)

1

C

C

C

A

�1

. (5.5)

The measured raw yield is multiplied by the fprompt(pT) correction factor to obtain

the prompt D0 cross section. Since the central value of the FONLL beauty cross section

calculations describe better data at di↵erent energies and rapidities than the calculations

of charm cross section, the central value of the fprompt(pT) calculation is taken from the

first method, which does not depend on the FONLL charm calculation. The feed-down

subtraction uncertainties were defined as the envelope of the uncertainties from both

methods (see Chapter 6).

๏ pQCD calculation of the beauty production cross section —> D from B yield
๏ Assumption on the nuclear modification factor of D mesons from B decays.
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4.2.1 Production Cross Section and RpPb

The total cross section for hard processes �

hard
pA in proton–nucleus collisions can be

derived from the expression of the inelastic cross section of a pA collision �pA =
R

d2
b

⇥

1 � e

�NN(s)TA(b)
⇤

considering the first term of the expansion in orders of �

hard
NN TA(b):

�

hard
pA ⇡

Z

d2
b�

hard
NN TA(b) , (4.9)

where �

hard
NN is the corresponding cross section in nucleon–nucleon collisions, and TA(b)

is the nuclear thickness function of the nucleus A at impact parameter b, normalized so

that
R

d2
TA(b) = A [106]. Thus, integrating Equation (4.9) over impact parameter one

gets the minimum-bias cross section for a given hard process in pA collisions relative to

the same cross section in pp collisions:

(�hard
pA )MB = A · �

hard
NN . (4.10)

Therefore, the nuclear modification factor for prompt D mesons in minimum-bias

p–Pb collisions, RpPb, is given by:

RpPb =

⇣

d�

dpT

⌘

pPb

A ·
⇣

d�

dpT

⌘

pp

=

⇣

dN

dpT

⌘

pPb

hTpPbi ·
⇣

d�

dpT

⌘

pp

. (4.11)

The D0 production cross section
⇣

d�

dpT

⌘

pPb
was obtained as:

d�

D0

dpT

�

�

�

�

�

|ylab|<0.5

=
1

�y�pT

fprompt(pT) · 1
2 N

D0+D0

raw (pT)
�

�

�

|ylab|<yfid

· crefl(pT)

(Acc ⇥ ✏)prompt(pT) · BR · Lint
. (4.12)

The integrated luminosity Lint was computed as NpPb,MB/�pPb,MB where NpPb,MB is the

number of p–Pb collisions passing the minimum-bias trigger condition and �pPb,MB is

the cross section of the minimum-bias trigger which was measured with the p–Pb van

der Meer scan and results 2.09 b ± 3.7% (syst.) [107].

The pT- and y-di↵erential cross section for prompt D0 was obtained by applying the

same formula used for the pT-di↵erential cross section, Equation (4.12), but considering

the yield, the e�ciency, and fprompt extracted in intervals of ylab.

Variation considered to 
estimate the systematic 

uncertainty
21
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๏ D0 meson azimuthal anisotropy quantified through: 
- elliptic flow v2: the second coefficient of the expansion

- nuclear modification factor RAA azimuthal dependence 
with respect to the reaction plane

reaction 
plane

in-plane
out-of-plane

23

Rin(out)

AA

(p
T

) =
dN in(out)

AA

/dp
T

hT
AA

i · (d�pp/dpT)/2
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fluctuate event to event, both in magnitude and direction even at fixed impact parameter.

One of the important sources of flow fluctuations are fluctuations in the initial geometry

of the overlapping region due to random nature of the interaction between constituents

of the two nuclei. The principal axis of the participant region can deviate from the

reaction plane inducing flow fluctuations [104].

The orientation of the reaction plane or, in case of flow fluctuations, the n

th-

harmonic collision symmetry plane is estimated with the n

th-harmonic event-plane angle,

 

n

. For a given harmonic n, one constructs the two-dimensional event-plane vector Q
n

from the measured azimuthal distribution of particles produced in the event as follows:

Q
n

= (Q
n,x

, Q

n,y

) =

 

X

i

w

i

cos n'

i

,

X

i

w

i

sin n'

i

,

!

. (4.1)

The sums run over all reconstructed tracks in the case of the TPC, or segments of

detectors with azimuthal segmentation like VZERO, FMD, ZDC, or PMD. The angle

'

i

is the azimuthal emission angle of the particle i or the azimuthal coordinate of the

detector element i, respectively. For TPC tracks the weight w

i

can be unity or a specific

function of pT. For segmented detectors, w

i

is the signal observed in the detector element

i. Using the components of the Q-vector one can calculate the  
n

. The azimuthal angle

of the Q2-vector

 2 =
1

2
arctan 2(Q2,y

, Q2,x

) (4.2)

is an estimate of the second harmonic symmetry plane  2 and it is used to determine

the second harmonic coe�cient elliptic flow, v2.

The measured flow coe�cients need to be corrected for the finite event-plane angle

resolution. The resolution correction factor is close to unity (zero) for perfect (poor)

reconstruction of the collision symmetry plane. The event-plane resolution for the second

harmonic is given by:

R2 = hcos[2( 2 � 2)]i , (4.3)

where the angle brackets hi denote an average over a large event sample.

The resolution correction factor can be calculated using the two- or three-(sub-)

detector correlation technique. In case of two (sub-)detectors A and B the subevent

resolution is defined as

R

sub
2 =

q

hcos[2( A

2 �  

B

2 )]i , (4.4)

where  A

2 and  B

2 are the event-plane angles of the two subevents, and the angle brackets

denote the average over an ensemble of the events.

In case of (sub-)detectors with di↵erent kinematic coverages, such as VZERO-A and

VZERO-C, a three-detector subevent technique can be used. In this case, the resolution
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0.993–0.998 and Lxy/σLxy > 9–11, depending on the candidate pT. In general, the D+ selection criteria
are more stringent than those of the D0 because of the larger combinatorial background.

In the D∗+ analysis, the selection of the decay D0 candidates was similar to that used for the D0 analysis.
Only D0 candidates with invariant mass within 2.5σ of the PDG mass value [55] were used, where σ
is the pT-dependent Gaussian sigma of the invariant mass distribution observed in data. The decay pion
was selected with the same track quality criteria as for the D0 and D+ decay tracks.

Pions and kaons were identified with the TPC and TOF detectors, on the basis of the difference, expressed
in units of the resolution (σ ), between the measured signal and that expected for the considered particle
species. Compatibility regions at ±3σ around the expected mean energy deposition dE/dx and time-
of-flight were used. Tracks without a TOF signal were identified using only the TPC information.
This particle identification strategy provided a reduction by a factor of about three of the combinatorial
background in the low-pT range, while preserving most of the signal (see Section 3.4).

The D0 and D+ raw yields were obtained with a fit to the invariant mass M distribution of the D meson
candidates. For the D∗+ signal the mass difference ∆M = M(K−π+π+)−M(K−π+) was considered.
The fit function is the sum of a Gaussian to describe the signal and a term describing the background,
which is an exponential for D0 and D+ and has the form f (∆M) = a(∆M−mπ)b for the D∗+, where mπ

is the charged pion mass and a and b are free parameters. The centroids and the widths of the Gaussian
functions were found to be in agreement, respectively, with the D meson PDG mass values [55] and with
the simulation results, confirming that the background fluctuations were not causing a distortion in the
signal line shape. An example of invariant mass distributions will be shown in Section 3.3.

3.3 Azimuthal anisotropy analysis methods

The pT-differential azimuthal distribution of produced particles can be described by a Fourier series:

d2N
dϕdpT

=
dN

2πdpT

[

1+2
∞

∑
n=1

vn(pT) cosn(ϕ−Ψn)

]

, (1)

where Ψn is the initial state spatial plane of symmetry of the n-th harmonic, defined by the geometrical
distribution of the nucleons participating in the collision. In order to determine the second harmonic
coefficient v2, the Q⃗ vector

Q⃗=

(

∑N
i=1wi cos2ϕi

∑Ni=1wi sin2ϕi

)

(2)

is defined from the azimuthal distribution of charged particles, where ϕi are the azimuthal angles and
N is the multiplicity of charged particles. The weights wi are discussed later in the text. The charged
particles used for the Q⃗ vector determination are indicated in the following as reference particles (RFP).
The azimuthal angle of the Q⃗ vector

ψ2 =
1
2
tan−1

(

Qy

Qx

)

(3)

is called event plane angle and it is an estimate of the second harmonic symmetry plane Ψ2.

The event plane (EP) [58], scalar product (SP) [59] and two-particle cumulant methods [60] were used
to measure the D meson elliptic flow.

The charged particle tracks used for the Q⃗ vector determination were selected with the following criteria:
at least 50 associated space points in the TPC; χ2/ndf < 2 for the momentum fit in the TPC; a distance
of closest approach to the primary vertex smaller than 3.2 cm in z and 2.4 cm in the (x,y) plane. In
order to minimize the non-uniformities in the azimuthal acceptance, no requirement was applied on
the number of ITS points associated to the track. To avoid auto-correlations between the D meson
candidates and the event plane angles, the Q⃗ vector was calculated for each candidate excluding from the
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Figure 5.33: (a) Fraction of prompt D0 mesons obtained in Pb–Pb collisions in the
30–50% centrality class with the hypothesis R

feed�down

AA

= 2 · R

prompt

AA

. (b) Fraction
of prompt D0 mesons obtained in p–Pb collisions with the hypothesis R

feed�down

pPb

=

R

prompt

pPb

. The open boxes indicate the uncertainty (see Chapter 6) obtained considering
the variation of the hypothesis and the two methods to calculate f

prompt

Pb–Pb Analysis

The comparison of the nuclear modification factor of prompt D mesons with that of

J/ from B decays measured in the CMS experiment indicates that charmed hadrons

are more suppressed than beauty hadrons (see Section 2.3.1). Therefore, for the Pb–Pb

analysis, it was assumed that the ratio of the nuclear modification factors for feed-

down and prompt D mesons lies in the range 1 < R

feed�down
AA /R

prompt
AA < 3. The value

R

feed�down
AA = 2 · R

prompt
AA was used to compute the correction, and the variation over

the full range was used to assign a systematic uncertainty (see Chapter 6). With this

assumption, the resulting fprompt for D0 mesons ranges from about 0.86 in the lowest

transverse momentum interval (2 < pT < 3 GeV/c) to about 0.75 at high pT (Fig-

ure 5.33(a)).

The measured v2 is a combination of the v2 of promptly produced and feed-down

D0 mesons. The elliptic flow of prompt D0, v

prompt
2 , can be obtained from the measured

v

all
2 (v2{EP}) as:

v

prompt
2 =

1

fprompt
v

all
2 � 1 � fprompt

fprompt
v

feed�down
2 , (5.6)

where v

feed�down
2 is the elliptic flow of D0 mesons from B decays, which depends on the

dynamics of beauty quarks in the medium. It can be seen in Equation (5.6) that v

all
2

coincides with v

prompt
2 if v

feed�down
2 = v

prompt
2 , independent of fprompt. Therefore, the

assumption v

feed�down
2 = v

prompt
2 was used to compute the central value of the results
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Figure 5.33: (a) Fraction of prompt D0 mesons obtained in Pb–Pb collisions in the
30–50% centrality class with the hypothesis R

feed�down

AA

= 2 · R

prompt

AA

. (b) Fraction
of prompt D0 mesons obtained in p–Pb collisions with the hypothesis R

feed�down

pPb

=

R

prompt

pPb

. The open boxes indicate the uncertainty (see Chapter 6) obtained considering
the variation of the hypothesis and the two methods to calculate f

prompt

Pb–Pb Analysis

The comparison of the nuclear modification factor of prompt D mesons with that of

J/ from B decays measured in the CMS experiment indicates that charmed hadrons

are more suppressed than beauty hadrons (see Section 2.3.1). Therefore, for the Pb–Pb

analysis, it was assumed that the ratio of the nuclear modification factors for feed-

down and prompt D mesons lies in the range 1 < R

feed�down
AA /R

prompt
AA < 3. The value

R

feed�down
AA = 2 · R

prompt
AA was used to compute the correction, and the variation over

the full range was used to assign a systematic uncertainty (see Chapter 6). With this

assumption, the resulting fprompt for D0 mesons ranges from about 0.86 in the lowest

transverse momentum interval (2 < pT < 3 GeV/c) to about 0.75 at high pT (Fig-

ure 5.33(a)).

The measured v2 is a combination of the v2 of promptly produced and feed-down

D0 mesons. The elliptic flow of prompt D0, v

prompt
2 , can be obtained from the measured

v

all
2 (v2{EP}) as:

v

prompt
2 =

1

fprompt
v

all
2 � 1 � fprompt

fprompt
v

feed�down
2 , (5.6)

where v

feed�down
2 is the elliptic flow of D0 mesons from B decays, which depends on the

dynamics of beauty quarks in the medium. It can be seen in Equation (5.6) that v

all
2

coincides with v

prompt
2 if v

feed�down
2 = v

prompt
2 , independent of fprompt. Therefore, the

assumption v

feed�down
2 = v

prompt
2 was used to compute the central value of the results

Chapter 5. D

0 ! K

�
⇡

+ Decay Reconstruction 119

for the prompt D0 elliptic flow. Due to the larger mass of the b quark, the v2 of B

mesons is expected to be lower than that of D mesons. Therefore, the assumption made

to calculate the central values results to be the most conservative for the observation of

D meson v2 > 0. The variation of v

feed�down
2 in the interval 0  v

feed�down
2  v

prompt
2

was considered to estimate the systematic uncertainty (see Chapter 6).

p–Pb Analysis

For the p–Pb analysis, the prompt fraction was calculated assuming R

feed�down
pPb =

R

prompt
pPb , and the ratio of the nuclear modification factors was varied in the range

0.9 < R

feed�down
pPb /R

prompt
pPb < 1.3 to evaluate the systematic uncertainty. The result-

ing fprompt is shown as a function of pT in Figure 5.33(b): it ranges from 0.9 in the

lowest pT interval (1 < pT < 2 GeV/c) to about 0.85 at higher pT. These assumptions

were based on the study of the possible modification of the B hadron production due to

initial state e↵ects. The estimate of the influence of shadowing in the prompt and feed-

down D0 production was performed using NLO pQCD calculations (MNR [28]) including

the EPS09 nuclear modification of the parton distribution functions. The resulting nu-

clear modification factor of the prompt D and B mesons is shown in Figure 5.34(a).

The equivalent calculation of the RpPb of the D0 from B with EPS09 shadowing was

obtained considering the EvtGen decayer for the D from B decays, see Figure 5.34(b).

Their ratio is shown in Figure 5.34(c). The relative ratio is evaluated considering the

uncertainties on the prompt and feed-down D to be correlated, i.e. only central/up-

per/lower bands of the calculations are taken into account when computing the ratio,

and not their combination.

The calculation of fprompt was also performed setting the central value of the ratio

R

feed�down
pPb /R

prompt
pPb to that of the calculation reported in Figure 5.34(c), and considering

an interval of 3 times the uncertainty around the central value as range of variation of

the hypothesis. The variation of the central values of the RpPb obtained with the two

hypotheses (Rfeed�down
pPb /R

prompt
pPb = 1 and R

feed�down
pPb /R

prompt
pPb as in Figure 5.34(c)) was

found to be much smaller than the systematic uncertainty, which remained very similar

as well. Therefore, the first, pT-independent, option was chosen.

Assumption

Variation considered to 
estimate the systematic 

uncertainty
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Figure 1: (Color online) (a) Distribution of event plane angle ψ2, estimated from TPC tracks with 0 < η < 0.8
(solid line) or with the VZERO detector signals (dashed line) in the centrality range 30–50%. The distributions are
normalized by their integral. (b) Event plane resolution correction factor R2 as a function of centrality for the TPC
and VZERO detectors. The boxes represent the systematic uncertainties estimated from the variation of R2 when
changing the sub-events used for its determination.

Integrating Eq. (1) and including the correction for the event plane resolution 1/R2 yields:

v2{EP}=
1
R2

π
4
Nin-plane−Nout-of-plane
Nin-plane+Nout-of-plane

. (4)

The contribution of higher harmonics to the v2 value calculated with this equation can be evaluated by
integrating the corresponding terms of the Fourier series. All odd harmonics, as well as v4 and v8, induce
the same average contribution to Nin-plane and Nout-of-plane due to symmetry, and therefore they do not
affect v2 calculated with Eq. (4). The contribution of v6, v10 and higher harmonics is assumed to be
negligible based on the values measured for light-flavour hadrons [63, 64].

The measurement of the elliptic flow with the scalar product method is given by [58]:

v2{SP}=
1
2

⎛

⎝

〈

u⃗a · Q⃗bNb
〉

√

〈 Q⃗a
Na ·

Q⃗b
Nb

〉

+

〈

u⃗b · Q⃗aNa
〉

√

〈 Q⃗a
Na ·

Q⃗b
Nb

〉

⎞

⎠ , (5)

where ⟨ ⟩ indicates an average over D meson candidates in all events. The vector u⃗ is defined as
u⃗ = (cos2ϕD,sin2ϕD), where ϕD the D meson candidate momentum azimuthal direction. The Q⃗a,b
and u⃗a,b vectors were computed from charged particles and D meson candidates, respectively, in two
separate pseudo-rapidity regions: a) 0< η < 0.8 and b) −0.8 < η < 0. The elliptic flow was computed
by correlating D mesons from the positive η region with the charged particles in the negative η region,
and vice versa. This separation in pseudo-rapidity suppresses two-particle correlations at short distance
that are due to decays (D∗ → D+X and B→ D(∗) +X ). The denominator in Eq. (5) plays a similar role
as the resolution correction in the event plane method. Since the resolution is proportional to the number
of used RFP, the vectors Q⃗a and Q⃗b were normalized by Na and Nb, respectively, before averaging over
all events. The azimuthal non-uniformity of the TPC response, which results in non-zero average values
of Q⃗a and Q⃗b, was corrected for using a re-centering procedure [58]: Q⃗′

a,b = Q⃗a,b−⟨Q⃗a,b⟩.
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Figure 2: (Color online) Distributions of the invariant mass for D0 (upper panels) and D+ (central panels)
candidates and of the mass difference for D∗+ candidates (lower panels) in the two ∆ϕ intervals used in the
event plane method, for Pb–Pb collisions in the 30–50% centrality class. The rapidity interval is |y| < yfid (see
Section 3.2 for details). For each meson species three pT intervals are shown, along with the fits used to extract the
signal yield. The definition of the two ∆ϕ intervals is sketched in the top-left panel.

The two-particle cumulant is defined by the equation [60, 65, 66]:

v2{2} =
〈

u⃗ · Q⃗N
〉

√

〈 Q⃗a
Na ·

Q⃗b
Nb

〉

. (6)

For this method, the azimuthal non-uniformity of the detector acceptance and efficiency was corrected
for with the aforementioned re-centering procedure. In contrast to the scalar product method, there is no
pseudo-rapidity gap between the D mesons and the RFP for the two-particle cumulant method.

For both the scalar product and two-particle cumulant methods, the v2 of D meson candidates was
computed in narrow intervals of invariant mass M for D0 and D+ and mass difference ∆M for the D∗+.
In each invariant mass interval, the measured v2 is the weighted average of the D meson v2 (vS2) and the
background v2 (vB2 ) with the weights given by the relative fractions of signal (S) and background (B) in
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Figure 1: (Color online) (a) Distribution of event plane angle ψ2, estimated from TPC tracks with 0 < η < 0.8
(solid line) or with the VZERO detector signals (dashed line) in the centrality range 30–50%. The distributions are
normalized by their integral. (b) Event plane resolution correction factor R2 as a function of centrality for the TPC
and VZERO detectors. The boxes represent the systematic uncertainties estimated from the variation of R2 when
changing the sub-events used for its determination.

Integrating Eq. (1) and including the correction for the event plane resolution 1/R2 yields:

v2{EP}=
1
R2

π
4
Nin-plane−Nout-of-plane
Nin-plane+Nout-of-plane

. (4)

The contribution of higher harmonics to the v2 value calculated with this equation can be evaluated by
integrating the corresponding terms of the Fourier series. All odd harmonics, as well as v4 and v8, induce
the same average contribution to Nin-plane and Nout-of-plane due to symmetry, and therefore they do not
affect v2 calculated with Eq. (4). The contribution of v6, v10 and higher harmonics is assumed to be
negligible based on the values measured for light-flavour hadrons [63, 64].

The measurement of the elliptic flow with the scalar product method is given by [58]:

v2{SP}=
1
2

⎛

⎝

〈

u⃗a · Q⃗bNb
〉

√

〈 Q⃗a
Na ·

Q⃗b
Nb

〉

+

〈

u⃗b · Q⃗aNa
〉

√

〈 Q⃗a
Na ·

Q⃗b
Nb

〉

⎞

⎠ , (5)

where ⟨ ⟩ indicates an average over D meson candidates in all events. The vector u⃗ is defined as
u⃗ = (cos2ϕD,sin2ϕD), where ϕD the D meson candidate momentum azimuthal direction. The Q⃗a,b
and u⃗a,b vectors were computed from charged particles and D meson candidates, respectively, in two
separate pseudo-rapidity regions: a) 0< η < 0.8 and b) −0.8 < η < 0. The elliptic flow was computed
by correlating D mesons from the positive η region with the charged particles in the negative η region,
and vice versa. This separation in pseudo-rapidity suppresses two-particle correlations at short distance
that are due to decays (D∗ → D+X and B→ D(∗) +X ). The denominator in Eq. (5) plays a similar role
as the resolution correction in the event plane method. Since the resolution is proportional to the number
of used RFP, the vectors Q⃗a and Q⃗b were normalized by Na and Nb, respectively, before averaging over
all events. The azimuthal non-uniformity of the TPC response, which results in non-zero average values
of Q⃗a and Q⃗b, was corrected for using a re-centering procedure [58]: Q⃗′

a,b = Q⃗a,b−⟨Q⃗a,b⟩.

Elliptic flow computed by correlating D mesons from the positive eta-region and charged 
particles in the negative eta-region (and vice-versa)

No pesudo-rapidity gap between the D mesons and reference particles


