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Hard probe (charm and beauty quarks): 

• Produced at the early stage of the collision (large mass requires high 
Q2, Δt~ 0.1 fm)  

•  pQCD can be used to calculate initial cross sections 
•  Charm is abundant with respect heavier quarks 

•  Traverse the hot and dense medium: 
✓ Thermal production in the medium from QGP expected to do not play a 

major role (depend from initial temperature)   Phys. Rev. C56, 2707 (1997) 

✓ Thermal production from hadronic matter (i.e πN→ΛcD) expected to play a 
minor effect 

• Can be accessed by studying heavy-mesons production (i.e D and 
B meson production) 

Heavy quark: General Picture
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Heavy quark: General Picture

Heavy quarks are expected to lose 
less energy than light quarks and 
gluons due to color-charge and dead 
cone effect → higher penetrating 
power into QCD medium.

time

probe IN

Yu. Dokshitzer and D.E. Kharzeev, Phys.Lett. B 519 199‐206 (2001). 
Armesto, Carlos A. Salgado and Urs A. Wiedemann. PRD 69 (2004) 
114003
M. Djordjevic, M. Gyulassy, Nucl. Phys. A733 (2004) 265.

Eloss(light) > Eloss(c) > Eloss(b)

➔ Let’s see it a bit more in detail
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time

probe IN

probe OUT

Yu. Dokshitzer and D.E. Kharzeev, Phys.Lett. B 519 199-206 (2001). N. Armesto, C. 
A. Salgado and U. A. Wiedemann. PRD 69 (2004) 114003M. Djordjevic, M. Gyulassy, Nucl. Phys. A733 (2004) 265.

L

Radiative Energy Loss: Color charge dependence

Radiated gluon energy:

Casimir coupling factor: 4/3 for quarks and 3 for gluons 

➪ Color charge dependence of radiative Eloss

transport coeff.

Example BDMPS-Z formalism:
Phys.Rev.D71:054027, 2005

arxiv-hep-ph0008241
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Yu. Dokshitzer and D.E. Kharzeev, Phys.Lett. B 519 199-206 (2001). 

M. Djordjevic, M. Gyulassy, Nucl. Phys. A733 (2004) 265.

➪ Eloss(c) > Eloss(b)
January 29, 2014 HEP Seminar Liverpool - Charm physics with the ALICE Experiment

16“Dead cone” effect

Gluon radiation supressed:

“Dead cone” effect
Lower energy loss

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602
Dokshitzer and Kharzeev, PLB 519 (2001) 199

HCPSS2013, CERN – A. Dainese

It depends upon the quark mass

Mass hierarchy → RAAB > RAAD > RAAπ

January 29, 2014 HEP Seminar Liverpool - Charm physics with the ALICE Experiment

16“Dead cone” effect

Gluon radiation supressed:

“Dead cone” effect
Lower energy loss

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602
Dokshitzer and Kharzeev, PLB 519 (2001) 199

HCPSS2013, CERN – A. Dainese

It depends upon the quark mass

Mass hierarchy → RAAB > RAAD > RAAπ

Radiative Energy Loss: Mass dependence

time

probe IN

probe OUT

In vacuum gluon radiation suppressed for  θ< mQ/EQ (dead cone effect)

With dead cone → lower energy loss due to “angle-dependent” factor

A. Salgado and U. A. Wiedemann. PRD 69 (2004) 114003
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Mass dependence in collisional energy loss

time

probe IN

probe OUT

If use Langevin formalism:

Both the terms:  Γ(p) e D are 
proportional to 1/mQ 

Lower Eloss for b quark

He, Rapp, Fries, PRC86 (2012) 014903

Drag coefficient: Eloss term
Diffusion term
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Heavy quark: General Picture

Heavy quarks are expected to lose 
less energy than light quarks and 
gluons due to color-charge and dead 
cone effect → higher penetrating 
power into QCD medium.

time

probe IN

Yu. Dokshitzer and D.E. Kharzeev, Phys.Lett. B 519 199‐206 (2001). 
Armesto, Carlos A. Salgado and Urs A. Wiedemann. PRD 69 (2004) 114003

 What about charm strange hadrons (D
      dominant mechanism of charm hadron formation at low p
      charm hadrons largely enhanced. 

M. Djordjevic, M. Gyulassy, Nucl. Phys. A733 (2004) 265.

I. Kuznetsova and J. Rafelski, Eur.Phys.J. C51 (2007) 113-133.

M. He, R. J. Fries and R. Rapp, arXiv:1204.4442 
[nucl-th]. Eloss(light) > Eloss(c) > Eloss(b)

➔

Therefore ….
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Production of hard probes in AA expected to scale with the number of 
nucleon-nucleon collisions Ncoll (binary scaling) 

Nuclear Modification Factor
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€ 

RAA
D (pT ) =

dNAA
D /dpT

TAA × dσpp
D /dpT

Production of hard probes in AA expected to scale with the number of 
nucleon-nucleon collisions Ncoll (binary scaling) 

Osservabile: Nuclear Modification Factor

Nuclear Modification Factor

particle production in A-A
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€ 

RAA
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D /dpT

TAA × dσpp
D /dpT

Production of hard probes in AA expected to scale with the number of 
nucleon-nucleon collisions Ncoll (binary scaling) 

Osservabile: Nuclear Modification Factor

Nuclear Modification Factor

Production cross-section in pp
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€ 

RAA
D (pT ) =

dNAA
D /dpT

TAA × dσpp
D /dpT

Production of hard probes in AA expected to scale with the number of 
nucleon-nucleon collisions Ncoll (binary scaling) 

Osservabile: Nuclear Modification Factor

Nuclear Modification Factor

Nuclear overlap function

15/06/2015                                                                     Topical Lectures -Nikhef                                                                                8



What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.

EPS2009 - Krakow                                            Alessandro Grelli                                                                              8 03/12/09 - Pavia                                                            Alessandro Grelli                                                                                       8

€ 

RAA
D (pT ) =

dNAA
D /dpT

TAA × dσpp
D /dpT

Production of hard probes in AA expected to scale with the number of 
nucleon-nucleon collisions Ncoll (binary scaling) 

Osservabile: Nuclear Modification Factor

Nuclear Modification Factor

<Ncoll> from Glauber model calculation

Convolution of the thinkness function of
A and B(A),  TA(B) = 

arXiv:nucl-ex/0302016v3  4 Dec 2004
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€ 

RAA
D (pT ) =

dNAA
D /dpT

TAA × dσpp
D /dpT

Production of hard probes in AA expected to scale with the number of 
nucleon-nucleon collisions Ncoll (binary scaling) 

Osservabile: Nuclear Modification Factor

=
QCD Medium
QCD vacuum

pp reference

PbPb measurement

Nuclear modification factor
Production of hard probes in AA 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

Effects from the hot and deconfined medium 
created in the collision -> breakup of binary 
scaling -> RAA≠1
!Parton energy loss via gluon radiation and 

collisions in the medium

!Quarkonia melting in the QGP

4

Tpp

TAA

coll

TAA
dpdN

dpdN

N
pR

/

/1
)( =

vacuum

medium
~

QCD

QCD

But  also cold nuclear matter effects (e.g. shadowing, Cronin 
enhancement) may lead to RAA≠1
!Need control experiments: medium-blind probes (photons, Z) + pA

collisions

Nuclear Modification Factor
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4

Tpp

TAA

coll

TAA
dpdN

dpdN

N
pR

/

/1
)( =

vacuum

medium
~

QCD

QCD

But  also cold nuclear matter effects (e.g. shadowing, Cronin 
enhancement) may lead to RAA≠1
!Need control experiments: medium-blind probes (photons, Z) + pA

collisions

What are the possibilities? 
•  If no nuclear effects present: RAA =1 
• Effects of the hot and dense medium 

produced in the collision breakup binary 
scaling: RAA ≠ 1

RAA(light) < RAA(D) < RAA(B)

But also cold nuclear matter effects may lead to RAA ≠ 1 (needs solid 
pA reference) 

Nuclear Modification Factor
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RAA(light) < RAA(D) < RAA(B)

Therefore?

Eloss(light) > Eloss(c) > Eloss(b)

However, not so fast and easy: the relation between the Eloss hyeararchy 
to RAA hyerarchy requires to account for: 

Steepness of the parton spectra 
Fragmentation functions 
Soft particle production at low pT

15/06/2015                                                                     Topical Lectures -Nikhef                                                                                9



What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.

EPS2009 - Krakow                                            Alessandro Grelli                                                                              8 03/12/09 - Pavia                                                            Alessandro Grelli                                                                                       8

HF production in pp
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Probe calibration: Heavy flavour production in pp

Several methods to study heavy-flavour production (i.e HF-decay 
electrons, single muons, D and B mesons ….)

 and B meson (via non-prompt J/ψ): 

D+s →   π+→K+K-π+

 Focus on fully reconstructed D mesons in hadronic decay channels. 

 In this talk:    

D0→K-π+

D+→K-π+ π+

D*+→D0 π+ →K-π+ π+

Except for D*+, the cτ of the other 
D mesons ranges from ~123 to 312 μm
  

→Decay vertices displaced by few hundreds 
    of μm from the primary vertex.

€ 

φ
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D meson reconstruction (LHC example)

Charm via D mesons hadronic decays at LHC What about RHIC results 
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!
Fairly similar reconstruction strategy between the 
different experiments at LHC:  !!
It consists in the resolution of the secondary (decay) 
vertex. Once the topology is reconstructed topological 
selections are applied in order to reduce the 
combinatorial background. D mesons cτ∼ 123-312 µm  

!
       
!

Selection cuts complemented by the Particle  
Identification (PID) in ALICE.       

D*+➝D0(K+π-)π+

Nuclear Physics, Section B 871 (2013)

ALICE:  D0➝K+π-

 JHEP 1201 (2012) 128 

!
 Wide range of rapidity covered: |y|<0.5 (ALICE) (|y|<2) and 2.0<y<4.5 (LHCb)     
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8 The ALICE Collaboration
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D∗+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D∗+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around ∆m≈ 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D∗+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as

LHCb: 2.0<y<4.5 ALICE: |y|<0.5

 JHEP 1201 (2012) 128

Wide rapidity range: |y|<0.5 (ALICE), |y|<2 (ATLAS) and 2.0<y<4.5 
(LHCb) 

Fairly similar reconstruction strategy between the different experiments
Take advantage of the displacement of the daughters tracks
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What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.
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Just an example: D0➞K-π+ in ALICE

First step toward D0 reconstruction is to resolve the topology of the 
decay. It allows to apply topological selections:  

JHEP 121 (2012) 128

Topological selections implies efficiencies 
of the order of 1-20% depending on pT 
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Just an example: D0➞K-π+ in ALICE

Then use particle identification: Specific energy loss in the TPC  and time-
of-flight using TOF.  

8 The ALICE Collaboration
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D∗+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D∗+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around ∆m≈ 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D∗+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as

Finally perform an invariant mass  
analysis

JHEP 1201 (2012) 128
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What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.

EPS2009 - Krakow                                            Alessandro Grelli                                                                              8 03/12/09 - Pavia                                                            Alessandro Grelli                                                                                       8

D meson - pT differential production cross-section

Results are in agreement with pQCD within errors

Prompt D meson cross-section at mid-rapidityWhat about RHIC results 
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D0, D+ and D*+ cross section at √s = 7 TeV,  |y|<0.5

!
 Large pT coverage [1,24] GeV/c and well described by pQCD predictions.     

M. Cacciari, M. Greco and P. Nason, JHEP 9805 (1998) 007;  !
M. Cacciari, S. Frixione, N. Houdeau, M. L. Mangano, P. Nason, G. Ridolfi, arXiv:1205.6344

B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, arXiv:1202.0439, DESY-12-013, MZ-TH-12-07, LPSC-12019

ALICE

 JHEP 1201 (2012) 128 
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ALICE Coll., JHEP 1201 (2012) 128

M. Cacciari, M. Greco and P. Nason, JHEP 9805 (1998) 007;  
M. Cacciari, S. Frixione, N. Houdeau, M. L. Mangano, P. Nason, G. Ridolfi, arXiv:1205.6344

B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, arXiv:1202.0439, DESY-12-013, MZ-TH-12-07, LPSC-12019

ALICE
D0→K-π+ D+→Kππ D*+→D0π+
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     factor 2 in cross section 
     measurement.
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D*+, D0, D+ and Ds production 
cross section were measured at 
LHC in a wide rapidity and pT 
range.

Results are in agreement with 
pQCD within errors. Note: 
same models as ALICE used 
for the comparison
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LHCb analyzed D0, D+, D*+ and 
D+s hadronic decays in a data 
sample of 15nb-1

Differential cross-section dσ/dpT 
analyzed in bins of pt and 
rapidity in the rapidity range 
2.0<y<4.5

D0➝K+π- D+➝K-π+π+

D*+➝D0(K+π-)π+ D+s➝�(K-K+)π+

Prompt D meson cross-section at forward rapidity

LHCb

Nuclear Physics, Section B 871 (2013)

Charm cross-section evaluated in  
2.0<y<4.5 and extrapolated to the 
full phase-space

     MANTS                                                                  Alessandro Grelli                                                                            8 

Nuclear Physics, Section B  871 (2013)

Charm cross-section evaluated 
in a wide rapidity range 
2.0<y<4.5 

D meson - pT differential production cross-section
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Total cross section (only topological)What about RHIC results 
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     factor 2 in cross section 
     measurement.
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Measurement of charm production at central rapidity in proton–proton collisions at . . . 13
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Figure 5: Left: The fraction Pv of c d D mesons created in a vector state to vector and pseudoscalar prompt
D mesons [8, 11, 12, 34–37]. The weighted average of the experimental measurements reported in Ref. [38] and
of the LHC data [11, 12] shown in the figure is Pv = 0.60± 0.01, and is represented by a solid yellow vertical
band. Right: Energy dependence of the total nucleon–nucleon charm production cross section [12, 13, 42–44]. In
case of proton–nucleus (pA) or deuteron–nucleus (dA) collisions, the measured cross sections have been scaled
down by the number of binary nucleon–nucleon collisions calculated in a Glauber model of the proton–nucleus
or deuteron–nucleus collision geometry. The NLO MNR calculation [45] (and its uncertainties) is represented by
solid (dashed) lines.

points denote the extrapolation uncertainties alone, whilst the uncertainty bars are the overall uncertain-
ties. Note that in case of proton–nucleus (pA) or deuteron–nucleus (dA) collisions, the measured cross
sections have been scaled down by the number of binary nucleon–nucleon collisions calculated in a
Glauber model of the proton–nucleus or the deuteron–nucleus collision geometry. At

√
s = 7 TeV, our

result and preliminary measurements by the ATLAS [12] and the LHCb Collaboration [13] are in fair
agreement. The curves show the calculations at next-to-leading-order within the MNR framework [45]
together with its uncertainties using the same parameters (and parameter uncertainties) mentioned before
for FONLL. The dependence on the collision energy is described by pQCD calculations. We observe
that all data points populate the upper band of the theoretical prediction.

6 Summary

The measurement of the production of D mesons at mid-rapidity, |y| < 0.5, in pp collisions at
√
s =

2.76 TeV from the hadronic decay channels D0 → K−π+, D+ → K−π+π+, and D∗+ → D0π+, and their
charge conjugates, has been reported. The transverse momentum distributions are in agreement with
pQCD calculations, even though the central prediction of FONLL [7, 27] (GM-VFNS [6, 31]) seems to
underestimate (overestimate) charm production. The pt-differential cross sections are also in agreement
with a rescaled reference computed from the cross section measured at a higher collision energy

√
s =

7 TeV with high statistics. The rescaling to the lower collision energy [20] was performed by applying
the collision energy dependence as computed by FONLL calculations. These two measurements, taken
together, validate the

√
s–scaling procedure and provide a reference for studying the QCD matter effects

on charm quark production in Pb-Pb collisions at
√
s = 2.76 TeV [33]. An extrapolation to the full

phase space using the shape of the distributions from FONLL yields the total production cross section of
c c pairs at LHC energies. The dependence on the collision energy is described by the pQCD expectations.
The fraction of c d D mesons produced in a vector state is compatible with values from lower energies

JHEP 1207 (2012) 191 

Production well described vs √s 

Important (!) … since at LHC energy scaling is needed for the calculation 
of the RAA. the pp@7 TeV needs to be scaled down to 2.76 TeV
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     factor 2 in cross section 
     measurement.
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Charm with non photonic electrons.
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     level of light quark. Predictions   

     contradicted!.
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€ 

RAA
D (pT ) =

dNAA
D /dpT

TAA × dσpp
D /dpT

The RAA calculation requires 
the pp and Pb-Pb producion to 
be studied at the same √s  
energy 

Energy scaling (ALICE example)
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Energy scaling (ALICE example)What about RHIC results 
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€ 

RAA
D (pT ) =

dNAA
D /dpT

TAA × dσpp
D /dpT

The RAA calculation requires 
the pp and Pb-Pb producion to 
be studied at the same √s  
energy 

At LHC run I the proton-proton collisions were at √s  = 7 TeV while the 
Pb-Pb collisions were at √sNN = 2.76 TeV ⟹ Need to scale down the pp 
result 
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result 

SOLUTION: pQCD-based (FONLL) energy scaling of the 7 TeV 
production cross-section down to 2.76 TeV  

Scaling factor as the ratio of the theoretical cross sections at those 
energies 
Uncertanties from vaiation of the (FONLL) calculation parameters

Energy scaling (ALICE example)
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€ 

RAA
D (pT ) =

dNAA
D /dpT

TAA × dσpp
D /dpT

The RAA calculation requires 
the pp and Pb-Pb producion to 
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Pb-Pb collisions were at √sNN = 2.76 TeV ⟹ Need to scale down the pp 
result 

SOLUTION: pQCD-based (FONLL) energy scaling of the 7 TeV 
production cross-section down to 2.76 TeV  

Scaling factor as the ratio of the theoretical cross sections at those 
energies 
Uncertanties from vaiation of the (FONLL) calculation parameters

Small pp run at 2.76 TeV performed in order to compare the scaled result 
with a measure one (with relatively large statistical uncertanties)

Energy scaling (ALICE example)
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10 The ALICE Collaboration

Table 3: Production cross section in |y| < 0.5 for prompt D0, D+, and D∗+ mesons in pp collisions at√
s = 2.76 TeV, in transverse momentum intervals. The branching ratio uncertainty and the uncertainty in the

normalization of 1.9% are not included in the systematic uncertainties reported in this table.

pt interval (GeV/c) dσ /dpt ± stat. ± syst. (µb / GeV/c)
D0 D+ D∗+

1–2 207 ± 84 +64
−103 – –

2–4 44.1 ± 7.7 +11
−14 18.0 ± 4.6 +4.6

−5.1 23.2 ± 6.9 +6.0
−6.5

4–6 8.4 ± 1.5 +2.2
−2.3 3.82 ± 0.77 +0.92

−0.97 4.90 ± 0.95 +1.22
−1.26

6–8 1.75 ± 0.50 +0.42
−0.43 0.93 ± 0.26 +0.25

−0.26 1.00 ± 0.26 +0.20
−0.20

8–12 0.44 ± 0.15 +0.11
−0.11 0.27 ± 0.09 +0.06

−0.07 0.22± 0.07 +0.04
−0.04

factor was evaluated from the ratio of the theoretical cross sections at these energies and the uncertainties
were determined by the envelope of the scaling factors obtained by varying the calculation parameters
(mc, µF and µR) as described above. The 2.76 TeV pt-differential cross sections and the results of the
energy scaling are shown in Fig. 4, where the 7 TeV measurements were rebinned to match the 2.76 TeV
pt-binning. The agreement is remarkable in all pt bins. The results are compatible within statistical
uncertainties only, and their central values coincide within 5–10% in almost all pt bins, confirming the
stability and appropriateness of the energy scaling procedure.
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Figure 4: Top : pt-differential cross section for prompt D0, D+, and D∗+ mesons in pp collisions at
√
s= 2.76 TeV

compared with the scaling of the ALICE measurement at
√
s= 7 TeV. Bottom : Ratio of the

√
s= 2.76 TeV cross

section and the
√
s = 7 TeV measurement scaling, where the filled boxes represent the scaling uncertainties and

the empty boxes the measurement systematics.

5 Total charm cross section

The measured cross sections were extrapolated to the full phase space by scaling the measured cross
section by the ratio of the total cross section over the cross section in the experimentally covered phase
space calculated with the FONLL central parameters. Here the visible cross sections for pt > 1 GeV/c

JHEP 1207 (2012) 191 

Scaling procedure validated with experimental data! ⇒ Solid 
understnading of the pp reference …. we can proceed with RAA calculation 

Energy scaling (ALICE example)
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HF production in nucleus-nucleus
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Tipical Pb-Pb collision

http://aliceinfo.cern.ch/Public
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Heavy Ions: Results from the LHC

4. Freeze-out conditions and global properties

To start with, we first discuss centrality selection in heavy ion collisions. Freeze-out
conditions, global properties and many other quantities are best expressed in terms of
collision centrality, which is the overlap of the two colliding nuclei. Theoretically, the
collision centrality is defined in terms of impact parameter (which is the perpendicular
distance between the centers of the two colliding nuclei) and essentially indicates the
number of participating nucleons (N

part

). Experimentally, several measured quantities
scale with the centrality, and may be used as centrality estimators. For example, in the
ALICE experiment the centrality is expressed in terms of the distribution of VZERO
amplitude as shown in the left panel of Fig. 3. The peak on the left corresponds to most
peripheral collisions, the plateau to the mid-central and the edge to the central collisions.
The centrality resolution is an indicator for how well the centrality is known. Fig. 3 (right)
gives the resolutions for different centrality estimators. The centrality resolution ranges
from 0.5% in central to 2% for peripheral collisions.
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Figure 3. Left panel shows the centrality selection in ALICE and the right panel gives
the centrality resolution for all centralities [6].

The collision centrality in ATLAS is estimated using the total transverse energy mea-
sured in the Forward Calorimeter (FCal, covering 3.2< |⌘| <4.9. The collision centrality
in CMS is determined using the total sum of transverse energy in reconstructed towers
from both positive and negative fiber calorimeters (HF) covering 2.9< |⌘| < 5.2. In many
cases, centrality for specific event classes may also be expressed as a percentage of the
inelastic nucleus-nucleus interaction cross section. Below we discuss some of the global
observables from the first LHC heavy ion data.

4.1 Particle multiplicities

Results on charged particle multiplicity measurements were much awaited and were the
first ones to be available from the LHC heavy ion run [7]. The value of charged parti-
cle multiplicity density (dN

ch

/d⌘) at central rapidity for Pb-Pb collisions at
p
sNN =

2.76 TeV has been measured to be ⇠1600 for central collisions (0-5%). This is shown
in the left panel of Fig. 4. Also shown are recent predictions from various models. As
we see, the experimental result is on the higher side of most of the predicted values. The
rapidity distributions of the charged particle multiplicity density per participant pair have

5

Event characterization: centrality

Collisions are classified based on the 
amount of overlapping surface between 
the 2 lead ions defined by the impact 
parameter b.  We define such 
classification centrality of the collision

PROBLEM: we cannot directly measure b

SOLUTION: We model the expected 
number of produced particles for each 
possible b and then we compare with 
the one measured from data so that we 
can assign a centrality to each collision

 It allows to control the collision geometry!

Phys.Rev.Lett.105:252302,2010
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Similar reconstruction strategy as in pp collisions 
Possible recostruction with background simulation methods under 
investigation 

D+→Kππ D0→K-π+
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D mesons dN/dpT and RAA

D*+ 30-50%

D, 0-10%

D*+, D0 and D+  average RAA 
shows a suppression of about 
factor 5 at 10 GeV/c.

D*+, D0 and D+  average RAA 
shows a suppression of about 
factor 5 at 10 GeV/c.

 Nucl.Phys. A931 (2014) 514-519 

Nucl.Phys. A904-905 (2013) 635c-638c 

J.Phys.Conf.Ser. 509 (2014) 012080 

ALICE
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 Simultaneous description of D-meson RAA and v2 → understanding of heavy-  
      quark transport coefficients of the medium (challenging for models)

BAMPS: Uphoff et al. arXiv:1112.1559.,  O. Fochler, J. Uphoff, Z. Xu and C. Greiner, J. Phys. G38 (2011) 124152.  
Aichelin et al. Phys. rev. C 79 (2009) 044906,  
W.A. Horowitz et al. J. Phys. G38, 124064 (2011).,W. A. Horowitz and M. Gyulassy, J. Phys. G38 (2011) 124114. 
W. M. Alberico et al. Eur. Phys. J. C 71, 1666 (2011). M. He, R.J Fries and R. Rapp, arXiv:1204.4442 [nucl-th]

 Phys.Rev. C90 (2014) 034904 Phys.Rev.Lett. 111 (2013) 102301 

 JHEP 09 (2012) 112
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!
 D0 production measured by STAR Collaboration in Au-Au collisions at √sNN = 200 GeV/c

!
Total charm production cross section at mid-
rapidity per nucleon nucleon collisions from pp 
to Au-Au show a binary collision scaling. 

!
Total charm production cross section at mid-rapidity per nucleon nucleon collisions from pp 
to Au-Au show a binary collision scaling. 

central

semi-central

peripheral

 arXiv:1404.6185STAR
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D mesons RAA and flow: comparison with models
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Models without HQ interactions with expanding medium underestimate v2   (WHDG, 
POWLANG), but are among the best for RAA 

Max v2~0.15-0.20 is better described by models that include collisional energy loss of 
heavy quarks in expanding medium (BAMPS, UrQMD, Aichelin et al). Some include 
coalescence (UrQMD, Aichelin et al) 

Models that describe flow resonably well tends to do not describe RAA

D mesons RAA and flow: comparison with models
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Figure 7: The nuclear modification factor as function of centrality (left), pT (right) and rapidity
(bottom) for the non-prompt J/y. The gray boxes plotted at RAA =1 indicate the scale of the
global uncertainties: (left) the uncertainty of 6% on the measured integrated luminosity of
the pp data sample, together with the statistical and systematic uncertainty on the pp data
set; (right and bottom) the pp luminosity and the TAA uncertainties. The bin boundaries are
indicated by small horizontal lines where meaningful.

CMS

B mesons RAA 

First measurement of B mesons RAA performed by CMS using non-
prompt J/Ψ

Clear dependence of the suppression from the collision centrality 
and the pT of the non-prompt J/Ψ

CMS-PAS-HIN-12-014
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Mass dependence: D vs B

  D meson from ALICE and non-prompt J/ψ from CMS

~3.5σ separation

Clear indication that 
RAA(B)>RAA(D)

PoS EPS-HEP2013 (2013) 175
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Conclusions
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Charm and Beauty quark can be used as a probe for the hot and dense 
QCD matter produced during ultra-relativistic heavy-bon collisions 

One of the possible observables is the nuclear modification factor (RAA)

The RAA is defined as the ratio of the production in A-A and in pp 
collisions scaled by the number of binary collisions.

At LHC we find an RAA of D mesons suppressed up to a factor 5-6 at pT 
= 10 GeV/c compatibile with the production of a hot and dense medium.

Comparison of D mesons RAA and non-prompt J/Ψ RAA show a larger  
suppression of D mesons RAA in qualitative agreement with the mass 
scaling hypothesis.


