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❖ Physical interests in:

✓ heavy-flavour as probes of the Quark-Gluon Plasma (QGP)

✓ Ds+ measurements

❖ Analysis strategy in ALICE

❖ Results in:

✓ pp, p-Pb and Pb-Pb collisions

❖ Summary and conclusions
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Heavy flavours as probes of QGP
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Figure 2. Transverse momentum distribution ofD+ mesons at central rapidity, |y| < 0.5. Left plot:
comparison among the central predictions of our four benchmark calculations, FONLL, MC@NLO,
and POWHEG with PYTHIA or HERWIG showers. Right plot: theoretical systematics for the
FONLL calculation, and the comparison with data from ALICE [52]. For the systematics we show
the individual scale and PDF components, as well as the combined total (which includes mass
variation, as described in the text).
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Figure 3. Same theoretical distributions as in figure 2, for the forward rapidity region 4.5 < |y| < 5.

Additional data on D0 and D∗+ production in the central region, and comparisons

with the FONLL predictions, are reported by the ALICE Collaboration in figure 5 of [52].

Similar data, at
√
S = 2.76TeV, are reported in [53]. Preliminary data from ATLAS are

also available, and compared to FONLL in figure 1 and 2 of [54]. In either case a fair

agreement is found, with the data mostly centred on the upper edge of the theoretical
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Figure 4. Transverse momentum distribution of B+ mesons at central rapidity, |y| < 0.5. Left plot:
comparison among the central predictions of our four benchmark calculations, FONLL, MC@NLO,
and POWHEG with PYTHIA or HERWIG showers. Right plot: theoretical systematics for the
FONLL calculation, and the comparison with data from CMS [55, 56], rescaled to the |yB | < 0.5
region. For the systematics we show the individual scale and PDF components, as well as the
combined total.

uncertainty band, mirroring quite closely the comparisons with the Tevatron D mesons

data [35]. This may indicate a preference of the data for a value of the charm mass smaller

than our default of 1.5GeV.

3.2 Open bottom production from inclusive and fully-reconstructed Hb →

D + X decays

The theoretical predictions for central production of B+ mesons (|y| < 0.5) are presented

in figure 4. The quality of the agreement among the various predictions is similar to the

one seen in the D+ case above. Other features, like — at large rapidity — the progressively

larger theoretical uncertainty as a consequence of a larger PDF uncertainty, or the larger

variance between the NLO+PS and the FONLL predictions (see figure 5), are also similar.

The potential sensitivity of the Monte Carlo results to the specific tune used (though

smaller than in the D-mesons case, see figure 1), should be kept in mind in this case too.

The first measurement of b-hadron production at the LHC was performed by the LHCb

Collaboration [57]. The pseudorapidity distribution in the region 2 ≤ η ≤ 6 was shown to

be in good agreement with NLO and FONLL predictions (see figure 5 of [57]). The measured

total cross section in this region was found to be (averaging over b and b̄ hadrons, and using

the values of b-hadron fractions measured at the Tevatron)5

σLHCb(pp → Hb, 2 ≤ η ≤ 6) = 89.6± 6.4± 15.5 µb (3.1)

5Note that, as explained in [57], the measurement changes to 75.3 ± 5.4 ± 10.0 µb if, instead, b-hadron

fractions measured at LEP are used in converting the number of events to an Hb cross section.
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[1]: R. Baier et al. Nucl.Phys. B483 (1997) 291-320 
[2]: Dokshitzer, Kharzeev, PLB 519 (2001) 199

•  colour-charge dependent: (only for energy loss via gluon radiation) 
stronger for gluons than for quarks (factor 9/4), BDMPS model [1]:

•   quark-mass dependent: stronger for lighter than for heavier quarks [2]

✤ Parton in-medium energy loss due to elastic and inelastic processes

Heavy flavours as probes of QGP
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Figure 2. Transverse momentum distribution ofD+ mesons at central rapidity, |y| < 0.5. Left plot:
comparison among the central predictions of our four benchmark calculations, FONLL, MC@NLO,
and POWHEG with PYTHIA or HERWIG showers. Right plot: theoretical systematics for the
FONLL calculation, and the comparison with data from ALICE [52]. For the systematics we show
the individual scale and PDF components, as well as the combined total (which includes mass
variation, as described in the text).
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Figure 3. Same theoretical distributions as in figure 2, for the forward rapidity region 4.5 < |y| < 5.

Additional data on D0 and D∗+ production in the central region, and comparisons

with the FONLL predictions, are reported by the ALICE Collaboration in figure 5 of [52].

Similar data, at
√
S = 2.76TeV, are reported in [53]. Preliminary data from ATLAS are

also available, and compared to FONLL in figure 1 and 2 of [54]. In either case a fair

agreement is found, with the data mostly centred on the upper edge of the theoretical
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Figure 4. Transverse momentum distribution of B+ mesons at central rapidity, |y| < 0.5. Left plot:
comparison among the central predictions of our four benchmark calculations, FONLL, MC@NLO,
and POWHEG with PYTHIA or HERWIG showers. Right plot: theoretical systematics for the
FONLL calculation, and the comparison with data from CMS [55, 56], rescaled to the |yB | < 0.5
region. For the systematics we show the individual scale and PDF components, as well as the
combined total.

uncertainty band, mirroring quite closely the comparisons with the Tevatron D mesons

data [35]. This may indicate a preference of the data for a value of the charm mass smaller

than our default of 1.5GeV.

3.2 Open bottom production from inclusive and fully-reconstructed Hb →

D + X decays

The theoretical predictions for central production of B+ mesons (|y| < 0.5) are presented

in figure 4. The quality of the agreement among the various predictions is similar to the

one seen in the D+ case above. Other features, like — at large rapidity — the progressively

larger theoretical uncertainty as a consequence of a larger PDF uncertainty, or the larger

variance between the NLO+PS and the FONLL predictions (see figure 5), are also similar.

The potential sensitivity of the Monte Carlo results to the specific tune used (though

smaller than in the D-mesons case, see figure 1), should be kept in mind in this case too.

The first measurement of b-hadron production at the LHC was performed by the LHCb

Collaboration [57]. The pseudorapidity distribution in the region 2 ≤ η ≤ 6 was shown to

be in good agreement with NLO and FONLL predictions (see figure 5 of [57]). The measured

total cross section in this region was found to be (averaging over b and b̄ hadrons, and using

the values of b-hadron fractions measured at the Tevatron)5

σLHCb(pp → Hb, 2 ≤ η ≤ 6) = 89.6± 6.4± 15.5 µb (3.1)

5Note that, as explained in [57], the measurement changes to 75.3 ± 5.4 ± 10.0 µb if, instead, b-hadron

fractions measured at LEP are used in converting the number of events to an Hb cross section.
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•  colour-charge dependent: (only for energy loss via gluon radiation) 
stronger for gluons than for quarks (factor 9/4), BDMPS model [1]:

•   quark-mass dependent: stronger for lighter than for heavier quarks [2]
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Figure 2. Transverse momentum distribution ofD+ mesons at central rapidity, |y| < 0.5. Left plot:
comparison among the central predictions of our four benchmark calculations, FONLL, MC@NLO,
and POWHEG with PYTHIA or HERWIG showers. Right plot: theoretical systematics for the
FONLL calculation, and the comparison with data from ALICE [52]. For the systematics we show
the individual scale and PDF components, as well as the combined total (which includes mass
variation, as described in the text).
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Figure 3. Same theoretical distributions as in figure 2, for the forward rapidity region 4.5 < |y| < 5.

Additional data on D0 and D∗+ production in the central region, and comparisons

with the FONLL predictions, are reported by the ALICE Collaboration in figure 5 of [52].

Similar data, at
√
S = 2.76TeV, are reported in [53]. Preliminary data from ATLAS are

also available, and compared to FONLL in figure 1 and 2 of [54]. In either case a fair

agreement is found, with the data mostly centred on the upper edge of the theoretical
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Figure 4. Transverse momentum distribution of B+ mesons at central rapidity, |y| < 0.5. Left plot:
comparison among the central predictions of our four benchmark calculations, FONLL, MC@NLO,
and POWHEG with PYTHIA or HERWIG showers. Right plot: theoretical systematics for the
FONLL calculation, and the comparison with data from CMS [55, 56], rescaled to the |yB | < 0.5
region. For the systematics we show the individual scale and PDF components, as well as the
combined total.

uncertainty band, mirroring quite closely the comparisons with the Tevatron D mesons

data [35]. This may indicate a preference of the data for a value of the charm mass smaller

than our default of 1.5GeV.

3.2 Open bottom production from inclusive and fully-reconstructed Hb →

D + X decays

The theoretical predictions for central production of B+ mesons (|y| < 0.5) are presented

in figure 4. The quality of the agreement among the various predictions is similar to the

one seen in the D+ case above. Other features, like — at large rapidity — the progressively

larger theoretical uncertainty as a consequence of a larger PDF uncertainty, or the larger

variance between the NLO+PS and the FONLL predictions (see figure 5), are also similar.

The potential sensitivity of the Monte Carlo results to the specific tune used (though

smaller than in the D-mesons case, see figure 1), should be kept in mind in this case too.

The first measurement of b-hadron production at the LHC was performed by the LHCb

Collaboration [57]. The pseudorapidity distribution in the region 2 ≤ η ≤ 6 was shown to

be in good agreement with NLO and FONLL predictions (see figure 5 of [57]). The measured

total cross section in this region was found to be (averaging over b and b̄ hadrons, and using

the values of b-hadron fractions measured at the Tevatron)5

σLHCb(pp → Hb, 2 ≤ η ≤ 6) = 89.6± 6.4± 15.5 µb (3.1)

5Note that, as explained in [57], the measurement changes to 75.3 ± 5.4 ± 10.0 µb if, instead, b-hadron

fractions measured at LEP are used in converting the number of events to an Hb cross section.
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✤ Modification of hadronization in presence of a medium?                                                       
➞  fragmentation vs recombination

✤ Parton in-medium energy loss due to elastic and inelastic processes

➞  pQCD description                                                                                              
➞  time scales ∝ 1/Q <               
QGP formation time

LHC 7 TeV, pp -> B+/D+ + X



A. Barbano SQM 2015

)c (GeV/
T
p

0 5 10 15 20 25 30 35 40

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

TAMU, PLB 735 (2014) 445
Non-strange D

+
sD

Strange quarks are abundant in QGP:

✓ lower threshold for ss production w.r.t. a 
hadron gas

✓ lifting of canonical suppression for strangeness 
production from pp (p-A) to A-A collisions 

Strangeness and Ds+ in QGP 

6

‣ RAA ≠ 1 -> binary scaling violation

Physical observable:

TAMU, PLB 375 (2014) 445

8 The ALICE Collaboration

decay kinematics from the EvtGen package [54] and the Monte Carlo efficiencies for feed-down D+
s265

mesons. An hypothesis on the nuclear modification factor of feed-down D+
s mesons, Rfeed−downAA , was266

introduced to account for the different modification of beauty and charm production in Pb–Pb collisions267

and for the possible enhancement of B0s over non-strange B-meson yield due to the effect of hadronization268

via recombination [55]. The fraction of prompt D+
s yield was therefore computed in each pT interval as:269

fprompt = 1−
ND+

s feed−down raw

ND+
s raw

=

= 1−⟨TAA⟩ ·
(

d2σ
dydpT

)FONLL

feed−down
· Rfeed−downAA ·

(Acc× ε)feed−down ·2yfid∆pT ·BR ·Nevt
ND±

s raw/2
,

(2)

where (Acc×ε)feed−down is the acceptance-times-efficiency for feed-down D+
s mesons. To determine the270

central value of fprompt, it was assumed that the nuclear modification factors of feed-down and prompt271

D+
s mesons were equal (Rfeed−downAA = RpromptAA ). The resulting feed-down contribution is about 20–25%272

depending on the pT interval. To determine the systematic uncertainty the hypothesis was varied in the273

range 1/3< Rfeed−downAA /RpromptAA < 3, as discussed in detail in Section 5.274

The nuclear modification factor of D+
s mesons was computed as:275

RAA(pT) =
dND

+
s

AA/dpT
⟨TAA⟩dσD

+
s

pp /dpT
(3)

where ⟨TAA⟩ is the average nuclear overlap function for the considered centrality class. The pT-276

differential cross section of prompt D+
s mesons with |y| < 0.5 in pp collisions at

√
s = 2.76 TeV, used277

as reference for RAA, was obtained by scaling in energy the measurement at
√
s= 7 TeV [44]. The ratio278

of the cross sections from FONLL pQCD calculations [51] at
√
s = 2.76 and 7 TeV was used as the279

scaling factor. Since FONLL does not have a specific prediction for D+
s mesons, the cross sections of280

the D-meson admixture were used for the scaling. The theoretical uncertainty on the scaling factor was281

evaluated by considering the envelope of the results obtained by varying independently the factorization282

and renormalization scales and the charm quark mass, as explained in detail in Ref. [56]. For D0, D+
283

and D∗+ mesons, the result of the scaling was validated by comparison with data [57].284

5 Systematic uncertainties285

The systematic uncertainties on the prompt D+
s meson yields in Pb–Pb collisions are summarized in286

Table 3.287

The systematic uncertainty on the raw yield extraction from the invariant mass distributions was esti-288

mated from the spread of the yields obtained by repeating the fit varying the fit ranges and the functional289

forms for the background. In particular, a second order polynomial function was used instead of an290

exponential for the background. In case of fitting in an extended mass range, it was verified that the291

effect on the D+
s yield due to the possible bump produced in the candidate invariant mass distribution by292

D+ → φπ+ →K−K+π+ decays (BR=0.265% [47]) was negligible. Furthermore, the raw yield was also293

extracted by counting the entries in the invariant mass distributions after subtraction of the background294

estimated from a fit to the side bands of the D+
s peak. An additional test was performed by fitting the295

D+
s candidate invariant mass distribution after subtracting the background estimated by coupling a pion296

track with K+K− pairs having an invariant mass in the side bands of the φ peak. The uncertainty was297

estimated to be 10–15% depending on the pT interval.298

The contribution to the measured yield from D+
s decaying into the K−K+π+ final state via other resonant299

channels (i.e. not via a φ meson) was found to be negligible, due to the much lower selection efficiency,300

as discussed in Ref. [44].301

If hadronization of charm quark at low 
energy via recombination [1,2]                                                                          

+                                                                                                                  
strangeness enhancement 

➞  enhanced Ds-meson production w.r.t.  to 
non-strange D mesons in Pb-Pb collisions                                                        
➞  interesting comparison with                         
non-strange D mesons [1] Kuznetsova, Rafelski, Eur.Phys.J.C51:113-133,2007                                   

[2] He, Min et al. Phys.Rev.Lett. 110 (2013) 
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ALICE detector

TPC:                                        
tracking and 

PID with dE/dx

7

ITS:                                        
tracking and 

vertexing

TOF:                                        
PID with 

time-of-flight

V0:                                         
minimum bias 

trigger (from the 
signal in both V0s 

for p-Pb and    
Pb-Pb collisions)

Collision system √sNN(TeV) Lint (µb-1) Nevents

pp 7.0 4.8 x 103 3 x 108

p-Pb 5.02 48.6 97.3 x 106

0-7.5%, Pb-Pb 2.76 21.5 16.0 x 106

20-50%, Pb-Pb 2.76 5.9 13.5 x 106
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Analysis strategy

8

Ds+ ➝ Φ π+ ➝ K+ K- π+

1. Excellent vertex and impact 
parameter resolution

2. Particle Identification (PID)

1. Specific selection of the 
decay channel ➝  Invariant 
mass of the reconstructed Φ 
meson

2. Background reduction via 
topological selections

Signal extraction requires:

D+s

K+ K-

π+

ϑpoint

cτ  = 150 μm                                                    

BR = (2.24 ± 0.10)%

Reconstruction and 
selection based on:
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Analysis strategy

9

cτ  = 150 μm                                                    

BR = (2.24 ± 0.10)%

D+s

K+ K-

π+

ϑpoint

1. Excellent vertex and impact 
parameter resolution

2. Particle Identification (PID)

TPC
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(
0,
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300

ALICE
charged particles

 = 7 TeVspp 
 = 5.02 TeVNNsp-Pb 

 = 2.76 TeVNNsPb-Pb 

ALI−PUB−72263

Reconstruction and 
selection based on:

Ds+ ➝ Φ π+ ➝ K+ K- π+

Int. J. Mod. Phys. A 29, 1430044 (2014)
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Analysis strategy

10

1. Excellent vertex and impact 
parameter resolution

2. Particle Identification (PID)

TPC

TOF

D+s

K+ K-

π+

ϑpoint

cτ  = 150 μm                                                    

BR = (2.24 ± 0.10)%

Ds+ ➝ Φ π+ ➝ K+ K- π+

Reconstruction and 
selection based on:
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pp collisions @ √s = 7 TeV

11

Goals: 
1) pQCD tests at LHC energies 

2) reference for p-Pb and Pb-Pb 
measurements

❖ 2010 data sample

❖ 3 x 108 minimum bias events
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Ds± signal in pp collisions
Invariant mass distributions of Ds

±
candidates in 4 pT 

intervals: [2,4], [4,6], [6,8], [8,12] GeV/c
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Corrections
✤ Acceptance x efficiency for prompt and 

feed-down Ds
+

✤ Higher efficiencies for Ds
+
 from beauty 

feed-down than for prompt

✤ Efficiencies increasing with pT

D+
s meson production at central rapidity in proton–proton collisions at

√
s= 7 TeV 7
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Figure 2: Acceptance× efficiency for D+
s mesons as a function of pT, for prompt and feed-down D+

s mesons (left
panel) and decays through φ and K∗0 intermediate resonant state (right panel).

prompt D+
s mesons was computed as:

dσD+
s

dpT

∣

∣

∣

∣

∣

|y|<0.5

=
1
2

1
∆y∆pT

fprompt ·ND
±
s raw

∣

∣

∣

|y|<yfid
(Acc× ε)prompt ·BR ·Lint

. (1)

where ∆pT is the width of the pT interval, ∆y (= 2yfid(pT)) is the width of the fiducial rapidity coverage
(see Section 3) and BR is the decay branching ratio (2.28% [52]). The factor fprompt is the prompt
fraction of the raw yield; (Acc× ε)prompt is the acceptance times efficiency of promptly produced D+

s
mesons. The efficiency ε accounts for vertex reconstruction, track reconstruction and selection, and for
D+
s candidate selection with the topological and particle identification criteria described in Section 3.

The factor 1/2 accounts for the fact that the measured raw yields are the sum of D+
s and D−

s , while the
cross section is given for particles only, neglecting the small particle-antiparticle production asymmetry
observed by LHCb [19]. The integrated luminosity, Lint = 4.8 nb−1, was computed from the number
of analyzed events and the cross section of pp collisions passing the minimum-bias trigger condition
defined in Section 2, σpp,MB = 62.2 mb [49, 53]. The value of σpp,MB was derived from a van der Meer
scan [54] measurement, which has an uncertainty of 3.5%, mainly due to the uncertainties on the beam
intensities.

The acceptance and efficiency correction factors were determined using pp collisions simulated with the
PYTHIA 6.4.21 event generator [50] with the Perugia-0 tune [51]. Only events containing D mesons
were transported through the apparatus (using the GEANT3 transport code [55]) and reconstructed. The
luminous region distribution and the conditions (active channels, gain, noise level, and alignment) of all
the ALICE detectors were included in the simulations, considering also their evolution with time during
the 2010 LHC run.

The acceptance-times-efficiency for D+
s → φπ+ → K−K+π+ decays in the fiducial rapidity range de-

scribed in Section 3 are shown in the left panel Fig. 2 for prompt and feed-down D+
s mesons. The

acceptance-times-efficiency for the prompt mesons increases from about 1% in the lowest considered pT
interval up to 10–15% at high pT. For D+

s mesons from B decays, the efficiency is larger by a factor
1.5–2 (depending on pT) because the decay vertices of the feed-down D mesons are more displaced from
the primary vertex and, therefore, they are more efficiently selected by the topological cuts. The differ-
ence between the prompt and feed-down efficiencies decreases with increasing pT, because the applied

    Phys.Lett. B718 (2012) 279-294
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✤ Acceptance x efficiency for prompt and 
feed-down Ds

+

✤ Higher efficiencies for Ds
+
 from beauty 

feed-down than for prompt

✤ Efficiencies increasing with pT
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D+
s meson production at central rapidity in proton–proton collisions at

√
s= 7 TeV 7
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Figure 2: Acceptance× efficiency for D+
s mesons as a function of pT, for prompt and feed-down D+

s mesons (left
panel) and decays through φ and K∗0 intermediate resonant state (right panel).

prompt D+
s mesons was computed as:

dσD+
s

dpT
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fprompt ·ND
±
s raw
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(Acc× ε)prompt ·BR ·Lint

. (1)

where ∆pT is the width of the pT interval, ∆y (= 2yfid(pT)) is the width of the fiducial rapidity coverage
(see Section 3) and BR is the decay branching ratio (2.28% [52]). The factor fprompt is the prompt
fraction of the raw yield; (Acc× ε)prompt is the acceptance times efficiency of promptly produced D+

s
mesons. The efficiency ε accounts for vertex reconstruction, track reconstruction and selection, and for
D+
s candidate selection with the topological and particle identification criteria described in Section 3.

The factor 1/2 accounts for the fact that the measured raw yields are the sum of D+
s and D−

s , while the
cross section is given for particles only, neglecting the small particle-antiparticle production asymmetry
observed by LHCb [19]. The integrated luminosity, Lint = 4.8 nb−1, was computed from the number
of analyzed events and the cross section of pp collisions passing the minimum-bias trigger condition
defined in Section 2, σpp,MB = 62.2 mb [49, 53]. The value of σpp,MB was derived from a van der Meer
scan [54] measurement, which has an uncertainty of 3.5%, mainly due to the uncertainties on the beam
intensities.

The acceptance and efficiency correction factors were determined using pp collisions simulated with the
PYTHIA 6.4.21 event generator [50] with the Perugia-0 tune [51]. Only events containing D mesons
were transported through the apparatus (using the GEANT3 transport code [55]) and reconstructed. The
luminous region distribution and the conditions (active channels, gain, noise level, and alignment) of all
the ALICE detectors were included in the simulations, considering also their evolution with time during
the 2010 LHC run.

The acceptance-times-efficiency for D+
s → φπ+ → K−K+π+ decays in the fiducial rapidity range de-

scribed in Section 3 are shown in the left panel Fig. 2 for prompt and feed-down D+
s mesons. The

acceptance-times-efficiency for the prompt mesons increases from about 1% in the lowest considered pT
interval up to 10–15% at high pT. For D+

s mesons from B decays, the efficiency is larger by a factor
1.5–2 (depending on pT) because the decay vertices of the feed-down D mesons are more displaced from
the primary vertex and, therefore, they are more efficiently selected by the topological cuts. The differ-
ence between the prompt and feed-down efficiencies decreases with increasing pT, because the applied

✤ Fraction of prompt Ds calculated as:

✓ beauty-production cross section from FONLL [1] calculations

✓ feed-down Ds

+
 efficiency from MC

❖ fprompt ranges from 0.93 to 0.87 depending on the pT of the Ds

+
 meson                                                         

CHAPTER 3. D±
S PRODUCTION IN PB-PB COLLISIONS 64

ND±
s raw extracted from fit:

fprompt = 1� (ND±
s fromB,raw/ND±

s raw) =

= 1� hTAAi ·
✓

d2�

dydpt

◆FONLL

feed�down

·Rfeed�down
AA ⇥

⇥
(Acc⇥ ✏)feed�down ·�y�pt ·BR ·Nevt

ND+
s raw/2

,

(3.4)

where Nevt is the number of events. This is the so called Nb method. It is based
on the assumption that FONLL well describes the cross section of the beauty pro-
duction at LHC energies. To evaluate the fprompt fraction, one has to introduce

an assumption for the nuclear modification factor Rfeed�down
AA of the feed-down Ds

mesons which has not been measured yet. It is expected to be di↵erent from the
nuclear modification factor of prompt Ds mesons as consequence of the di↵erent
interaction of charm and beauty quarks with the medium. The central value of
the fprompt factor is calculated assuming that the nuclear modification factors of

prompt and feed-down Ds mesons are equal, Rfeed�down
AA =Rprompt

AA . This hypothesis

was varied in the range 1/3 < Rfeed�down
AA /Rprompt

AA < 3 to estimate the systematic
uncertainty related to the di↵erent medium modification of c and b quark momenta.

There is a second approach in calculating fprompt, called the fc method, that uses
the FONLL cross sections for prompt and feed-down Ds mesons and their respective
Monte Carlo e�ciencies, and it is based on the assumption that FONLL properly
reproduces the ratio of B over D meson production in nucleon-nucleon collisions
at LHC energies. The fraction fprompt calculated with both the methods is shown
in fig. 3.11. The uncertainty on fprompt comes from the variations of the range

of the Rfeed�down
AA and of the renormalization and factorization scales of the quark

masses in FONLL. The fraction fprompt is usually lower with the fc method because
FONLL underestimates the charm production at LHC.
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p-Pb collisions @ √sNN = 5.02 TeV
❖ 2013 data sample

❖ 97.3 x 106 minimum bias events
ALICE: Physics Performance Report, Volume II 1755
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Figure 6.256. ALICE acceptance in the (x1, x2) plane for heavy flavours in Pb–Pb at 5.5 TeV
(left) and in pp at 14 TeV (right). The figure is explained in detail in the text.

production of cc̄ and bb̄ pairs at the threshold; the points with constant rapidity lie on straight
lines (x1 = x2exp(+2yQ Q)). The shadowed regions show the acceptance of the ALICE barrel,
covering the pseudorapidity range |⌘| < 0.9, and of the muon arm9, �4 < ⌘ < �2.5.

In the case of asymmetric collisions10, e.g. pPb and Pb–p, we have a rapidity shift: the
centre of mass moves with a longitudinal rapidity

yc.m. = 1
2

ln
✓

Z1 A2

Z2 A1

◆
, (6.104)

obtained from equation (6.101) for x1 = x2. The rapidity window covered by the experiment
is consequently shifted by

1y = yc.m., (6.105)

corresponding to +0.47 (�0.47) for pPb (Pb–p) collisions. Therefore, running with both pPb
and Pb–p will allow the largest interval in x to be covered. The c.m.s. energy in this case
is 8.8 TeV. Figure 6.257 shows the acceptances for pPb and Pb–p, while in Fig. 6.258 the
coverages in pp, Pb–Pb, pPb and Pb–p are compared for charm (left) and beauty (right).

These figures are meant to give only an approximate idea of the regimes accessible
with ALICE; the simple relations for the leading-order case were used, the ALICE rapidity
acceptance cuts were applied to the rapidity of the Q Q pair, and not to that of the particles
actually detected. In addition, no minimum pt cuts were accounted for: such cuts will increase
the minimum accessible value of MQ Q , thus increasing also the minimum accessible x . These
approximations, however, are not too drastic, since there is a very strong correlation in rapidity
between the initial Q Q pair and the heavy-flavour particles it produces and the minimum
accessible pt for D and B mesons in ALICE is expected to be of order 1–2 GeV/c.

6.6.1.2. Heavy-quark production in nucleus–nucleus collisions at high energy. Heavy
quarks are produced in the early stage of the collision in primary partonic scatterings with

9 In the figures the acceptance of the muon arm is shown as 2.5 < ⌘ < 4; because of a recent change in the definition
of the ALICE global coordinate system, the acceptance reads now �4 < ⌘ < �2.5.
10 When we write pPb, we mean that the proton moves with pz > 0 ; when we write Pb–p, we mean that the proton
moves with pz < 0.

Goal: 
establish the role of cold 

nuclear matter effects
• nuclear PDFs
• kT-broadening
• …
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D±s signal in p-Pb collisions

17
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D+s pT-differential cross section and RpPb
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✤ RpPb  compatible  with  unity  within 
uncertainties 

✤ No indication for modification due to 
cold nuclear matter effects, crucial for 
the interpretation of the Pb-Pb results

✤ Similar observations for D0, D+, D*+ 
(see talk by C. Terrevoli) Phys. Rev. Lett. 113 

(2014) 232301

Phys. Rev. Lett. 113 (2014) 232301
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Pb-Pb collisions @ √sNN = 2.76 TeV
❖ 2011 data sample

❖ 16.0 x 106 events in the 0-7.5% centrality class

❖ 13.5 x 106 events in the 20-50% centrality class

Goals: 
to study heavy-quark       
in-medium energy loss, 

hadronization mechanism … 
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D±s signal in Pb-Pb collisions
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Corrections

✤ Efficiencies  lower  than  in  pp 
and in p-Pb → tighter selections 
needed in Pb-Pb collisions

✤ In  the  20-50%  centrality  class 
looser selections than in 0-7.5% 
can be used

✤ fprompt  in  Pb-Pb  requires  an 
hypothesis on RAA of Ds from 
beauty feed-down:                         

21
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Figure 5.5: ((Acc⇥ ✏) factor evaluated in simulated Pb-Pb collisions at
p
sNN=2.76 TeV

for prompt D+
s mesons (with and without PID selection applied) and D+

s mesons from B
meson decays.

D+
s mesons as follows:

fprompt = 1� (ND+
s feed�down raw/ND+

s raw) =

= 1� hTAAi ·
✓

d2�

dy dpt

◆FONLL

feed�down

· Rfeed�down
AA · (Acc⇥ ✏)feed�down ·�y�pt · BR ·Nevt

ND+
s raw/2

,

(5.2)

The resulting cross section of feed-down D+
s in pp collisions at

p
s=2.76 TeV was scaled by

the average nuclear overlap function hTAAi. The value of hTAAi was estimated by means of
a Glauber Monte Carlo simulation (see Section 1.4.1) and was found to be hTAAi =24.81 ±
0.80(syst) for events in the centrality range 0-7.5%. To evaluate the fprompt factor, one has
also to include an assumption on the nuclear modification factor Rfeed�down

AA of feed-down
D+

s mesons, which is currently unknown. The RAA of prompt and B feed-down D mesons
are expected to be di↵erent as a consequence of the di↵erent interaction of charm and
beauty quarks with the medium (see Section 2.2.1 for more details). The central values
of fprompt were calculated assuming that the nuclear modification factors for prompt and
feed-down D+

s mesons are equal, Rfeed�down
AA =Rprompt

AA . This hypothesis was then varied in

the range 0.3< Rfeed�down
AA /Rprompt

AA <3 to determine the systematic uncertainty as it will
be discussed in detail in Section 5.5. The correction factor estimated with this approach
is about 0.7-0.8 in all the pt intervals. A second method was also studied and used to
evaluate the systematic uncertainty on B feed-down subtraction. In analogy with the
method described in Eq. 4.8, the so called fc method relies on the ratio of the FONLL
production cross section predictions in pp collisions at

p
s=2.76 TeV of prompt and feed-

down D+
s mesons. In addition, it depends on a hypothesis on the ratio of the nuclear

modification factors Rfeed�down
AA /Rprompt

AA . In the so called Nb method, the fprompt factor

• RAAfeed−down/RAAprompt  = 1            
for central values;

• systematic uncertainty varying: 

1/3 <RAAfeed−down/RAAprompt < 3      
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pp reference cross section: 
✤measured cross section at √s = 7 TeV scaled to 2.76 TeV with pQCD calculations [1]

✤multiplied by the nuclear overlap function ⟨TAA⟩
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Figure 5.12: Transverse momentum distribution of prompt D+
s mesons measured in Pb-Pb

collisions in the centrality range 0 - 7.5% in the transverse momentum range 4< pt <12
GeV/c together with the pp reference multiplied by the corresponding average nuclear
overlap function.

pt interval dN/dpt||y|<0.5 ± stat.± syst. RAA ± stat.± syst.

(GeV/c) (TeV�1c)

4–6 47.66± 12.12 +20.56
�24.88 0.89± 0.32 +0.45

�0.61

6–8 4.71± 1.37 +1.92
�2.39 0.50± 0.23 +0.24

�0.32

8–12 0.59± 0.15 +0.22
�0.27 0.25± 0.09 +0.12

�0.15

Table 5.5: dN/dpt and RAA of prompt D+
s mesons measured at mid-rapidity (|y| <0.5) in

Pb-Pb collisions at
p
sNN=2.76 TeV in three pt intervals (normalization uncertainty not

included in the systematic uncertainties).

measurement.

The magnitude of the suppression can be estimated by looking at the nuclear modifi-
cation factor presented in Fig. 5.13. In the plot, the vertical bars represent the statistical
uncertainties, while the total systematic uncertainties are plotted as orange boxes around
the data points. The contribution to the total systematic from the pp rescaled reference is
also plotted separately as brackets around the data points. The result indicates a suppres-
sion by a factor of about 4 of D+

s mesons in Pb-Pb collisions at high transverse momenta,
while at lower pt the central values of the RAA are larger even if compatible within the
large uncertainties with the values measured ad higher pt. The numerical values of the
corrected yields and of the nuclear modification factor are reported in Table 5.7.1 In

0-7.5% 20-50%

[1]: arXiv:1107.3243 [hep-ph]
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Systematic uncertainties 
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RAA vs pT
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RAA: comparison with models

TAMU model:

✤ heavy-quark transport in an 
expanding medium

✤ elastic energy loss

✤ interactions via resonance formation

✤ recombination contribution in the 
hadronization at low pT

25

✓ Larger Ds
+ RAA w.r.t.    
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predicted by TAMU at 
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Ds+/D0 and Ds+/D+ ratios in pp and Pb-Pb collisions

✤ Correlated and uncorrelated sources of uncertainties treated separately
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Summary and conclusions
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+ mesons reconstructed in pp, p-Pb and Pb-Pb collisions

✤ pp measurements allow to test pQCD at LHC energies
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Summary and conclusions
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✤ Ds
+ mesons reconstructed in pp, p-Pb and Pb-Pb collisions

✤ pp measurements allow to test pQCD at LHC energies

✤ Measurements of Ds
+ mesons in central Pb-Pb collisions 

suggest a strong suppression at high pT (> 8 GeV/c)                                        
→   intriguing results to be improved!
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Summary and conclusions
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✤ The larger data sample that will be collected 
during Run 2 will allow to substantially  
reduce the uncertainty

✤ Ds
+ mesons reconstructed in pp, p-Pb and Pb-Pb collisions

✤ pp measurements allow to test pQCD at LHC energies

✤ Measurements of Ds
+ mesons in central Pb-Pb collisions 

suggest a strong suppression at high pT (> 8 GeV/c)                                        
→   intriguing results to be improved!
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✤ The larger data sample that will be collected 
during Run 2 will allow to substantially  
reduce the uncertainty

✤ Precision measurements with Run 3 after 
detector upgrade, particularly at low pT 
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✤ Ds
+ mesons reconstructed in pp, p-Pb and Pb-Pb collisions

✤ pp measurements allow to test pQCD at LHC energies

✤ Measurements of Ds
+ mesons in central Pb-Pb collisions 

suggest a strong suppression at high pT (> 8 GeV/c)                                        
→   intriguing results to be improved!
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Backup

31
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Corrections in p-Pb
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B feed-down subtraction

33

To calculate prompt Ds meson fraction fprompt:

Analysis Note: Measurement of Ds production and nuclear modification factor in Pb– . . . 19
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Figure 19: Product of acceptance and efficiency for D+
s mesons in Pb–Pb collisions for 0–10% (left) and 20–50%

(right) centrality classes.
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beauty production in Pb–Pb collisions, an hypothesis on the nuclear modification factor of feed-down341

D mesons, Rfeed−downAA , was introduced, as discussed in more detail in the following. Thus, omitting for342

brevity the symbol of the pT-dependence (pT), the fraction of prompt D mesons reads:343

fprompt = 1− (ND feed−down raw/ND raw) =

= 1−⟨TAA⟩ ·
(

d2σ
dydpT

)FONLL

feed−down
·

Rfeed−downAA ·
(Acc× ε)feed−down ·∆y∆pT ·BR ·Nevt

ND raw/2
,

(3)

beauty production 
from FONLL prediction

Hypothesis on RAAfeed-down/RAAprompt 

assumed = 1 and varied between 
1/3 and 3 for systematics

rescaled with TAA

corrected using our 
non-prompt 
efficiencies
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B feed-down subtraction

34

• fprompt depends on hypothesis on                    
R feed−downAA/R promptAA 

1. RAA (B) > RAA (D) 
2. RAA(D+s) > RAA(D) at intermediate-low pt 
3. RAA(B0s) > RAA(B) if b recombines                             

-> RAA(B0s) > RAA(D+s) ?
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FIG. 5: (Color online) The D meson (a) RAA and (b) v2
in 2.76 TeV Pb-Pb collisions, compared between different
hadronization mechanisms, and between with and without
the nuclear shadowing effect.

hadrons produced in nucleus-nucleus collisions display
different spectra from those produced in proton-proton
collisions. The two most widely utilized quantities that
characterize the medium effect are the nuclear modifica-
tion factor RAA and the elliptic flow coefficient v2:

RAA(pT) ≡
1

Ncoll

dNAA/dpT
dNpp/dpT

, (12)

v2(pT) ≡ ⟨cos(2φ)⟩ =

〈

p2x − p2y
p2x + p2y

〉

, (13)

which describe the overall energy loss and the asymmetric
pT modification of the probe particles respectively.
In Fig. 5(a) we show our calculation of the D meson

RAA in central Pb-Pb collisions at the LHC energy. The
impact of the nuclear shadowing effect in heavy quark
production in the initial state and the contribution of the
coalescence mechanism to the D meson formation can be
clearly observed in the figure. As shown in Fig.5(a), if
other factors are fixed, the inclusion of the initial state

shadowing effect would lead to a factor of two suppression
of the D meson RAA at low pT and a mild enhancement
at high pT. This is consistent with the findings shown in
Fig.1(a): the production of charm quark is significantly
suppressed at low pT and slightly enhanced at high pT in
Pb-Pb collisions compared to that in proton-proton col-
lisions. Therefore, a better understanding of the cold
nuclear matter effect in the initial state is crucial for
a more precise description of the heavy flavor suppres-
sion in nuclear collisions. From Fig.5(a), we also observe
that although the fragmentation mechanism alone is suf-
ficient for describing the heavy quark hadronization at
high pT (above 8 GeV), the coalescence of light and heavy
quarks becomes crucial in the low and intermediate re-
gion: it converts low pT heavy quarks into intermediate
pT hadrons by combining the former with thermal par-
tons from the QGP medium, and thus suppresses the D
meson RAA near zero pT but greatly enhances it in be-
tween 2 and 5 GeV. With the incorporation of the nuclear
shadowing effect in the initial state, a modified Langevin
equation that includes both collisional and radiative en-
ergy loss of heavy quarks inside the QGP matter, and a
hybrid model of fragmentation and coalescence, our cal-
culation provides a good description of the D meson RAA

in central Pb-Pb collisions as measured by the ALICE
collaboration. The spatial diffusion coefficient of heavy
quark is determined as 5/(2πT ) by comparing our cal-
culation to experimental data at high pT, and will be
utilized for all the following calculations in this section.

Figure 5(b) shows our results of the D meson v2 in pe-
ripheral Pb-Pb collisions at the LHC. The nuclear shad-
owing effect is included for all the curves shown in this fig-
ure, but various hadronization mechanisms are compared
in more details. For the pure fragmentation process, the
Wigner function fW in the coalescence model is set as a
constant 0 in order to switch off all coalescence channels;
to the contrary, fW is fixed at 1 for the pure coalescence
hadronization. One can observe that the pure coales-
cence limit leads to a much larger D meson v2 than the
pure fragmentation limit because the former mechanism
brings the anisotropic flow of light quarks from the hydro-
dynamic background into the formation of heavy mesons.
However, only a slight enhancement in the D meson v2
at intermediate pT is observed in our hybrid hadroniza-
tion model compared to the pure fragmentation process.
This may result from a combinational effect of the initial
heavy quark spectra, the momentum dependence of the
Wigner function in this instantaneous coalescence model,
and the development of the radial flow in the hydrody-
namic background.

In Fig.6, we study the suppression and the elliptic flow
of D mesons produced in the RHIC experiments. Al-
though at the RHIC energy, the nuclear shadowing effect
for the low pT heavy quark is not as significant that at
the LHC energy, it still has a non-negligible impact on
the D meson RAA as shown in Fig.6(a). Since the cur-
rent RHIC experiments concentrate on the relatively low
pT region, the introduction of heavy-light quark coales-
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where (Acc×ε)feed−down is the acceptance-times-efficiency for feed-down D mesons. The nuclear mod-344

ification factor of the feed-down D mesons, Rfeed−downAA , is related to the nuclear modification of beauty345

production in Pb–Pb collisions. We therefore assumed for the correction that the nuclear modification346

factors for feed-down and prompt D mesons are equal (Rfeed−downAA = RpromptAA ) and varied this hypothesis347

in the range 1/3 < Rfeed−downAA /RpromptAA < 3 to determine the systematic uncertainty. This hypothesis is348

justified by the range of the model predictions for the charm and beauty RAA, by the CMS Collabo-349

ration results on RAA for non-prompt J/ψ and by the possible and unknown enhancement of B0s over350

non-strange B-meson yields due to the effect of hadronization via recombination in a medium enriched351

of strange quarks. The value of fprompt depends on the transverse momentum interval, the applied cuts,352

the parameters used in the FONLL B prediction, and the hypothesis on Rfeed−downAA . In particular, about353

50% of the feed-down D+
s come from decays of B0s mesons and 50% from B0 and B+ decays, as it can354

be seen in Fig. 21, where the pT distributions of D+
s mesons from decays of the three B-hadron species355

and their ratios are shown. B mesons (40% of B0, 40% of B+, 10% of B0s and 10% of baryons) were356

generated according to FONLL predictions and made to decay with the PYTHIA decayer. Similar val-357

ues are obtained by computing the relative abundances from the mix of B hadrons quoted above and the358

inclusive branching ratios of B0 → D+
s +X (which is 10.3%), B+ → D+

s +X (7.9%) and B0s → D+
s +X359

(93%).360

To define the range of the hypothesis 1/3 < Rfeed−downAA /RpromptAA < 3 the following considerations were361

made:362

– the RAA of B0 and B+ is larger than that of non-strange D mesons at high pT, due to quark-mass363

dependent energy loss.364

– the RAA of D+
s mesons can be larger than that of non-strange D mesons at intermediate and low pT365

in case of hadronization via recombination, resulting similar or even larger than that of non-strange366

B mesons367

– if recombination plays a relevant role also for b quarks, the RAA of B0s mesons would be larger368

than that of non-strange B mesons, and possibly also larger than that of D+
s in some pT range.369
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Figure 21: pT distribution of D+
s from B-hadron decays and relative contribution of decays of B0s , B0 and B+

mesons to the yield of feed-down D+
s .

In addition, a different procedure was used to evaluate the prompt fraction. In this approach, the ratio370

of the FONLL feed-down and prompt production cross sections is the input for evaluating the correction371

1/3 <R feed−downAA/R promptAA < 3

50% of feed-down Ds from Bs

50% from non-strange B
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