
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

Heavy flavour overview  

Alessandro Grelli

Open Heavy Flavour 
at LHC with 

ALICE detector

03/12/09 - Pavia                                                     Alessandro Grelli                                                                              

The jet-alignment method

for event mixing 

 Alessandro Grelli!

ERC-Starting Independent Research Group QGP
Hot Quarks 2016 - Grelli Alessandro



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

Outline

 14/9/2016                                        Hot Quarks 2016 - Grelli Alessandro                                                       1                                                                      

 Heavy Quarks 
 Introduction  
 Energy loss  
 Quarkonium: Color screening and  

     regeneration 
 Charm and beauty production 

 pp collisions  
 A-A collisions 

  What about pA collisions? 
  Conclusions 



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

Outline

 14/9/2016                                        Hot Quarks 2016 - Grelli Alessandro                                                       1                                                                      

 Heavy Quarks 
 Introduction  
 Energy loss  
 Quarkonium: Color screening and  

     regeneration 
 Charm and beauty production 

 pp collisions  
 A-A collisions 

  What about pA collisions? 
  Conclusions 

} two pillars of
heavy quark physics



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

Outline

 Heavy Quarks 
 Introduction  
 Energy loss  
 Quarkonium: Color screening and  

     regeneration 
 Charm and beauty production 

 pp collisions  
 A-A collisions 

  What about pA collisions? 
  Conclusions 

 14/9/2016                                        Hot Quarks 2016 - Grelli Alessandro                                                       1                                                                      

}Selection of results from
RHIC and LHC



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

Hard probes (charm and beauty quarks): 

 Produced at the early stage of the collision (large mass requires high 
Q2, Δt~ 0.01-0.13 fm)  

 pQCD can be used to calculate initial cross sections 

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

Heavy quark: General Picture
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τcharm ~ 1/2mc ~ 0.1 fm/c 

Phys. Rev. C56, 2707 (1997)

mc ~1.3 GeV/c2, 
mb ~ 4.5 GeV/c2
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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 (Ds)? If in-medium hadronization  
      dominant mechanism of charm hadron formation at low pT→ strange  
      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(charm) > Eloss(beauty)

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

probe IN

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

Radiated gluon energy:

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

➪ Color charge dependence of radiative Eloss

transport coeff.

Phys.Rev.D71:054027, 2005

arxiv-hep-ph0008241

ωλ
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Radiative Energy Loss: Color charge dependence

probe OUT
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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

Radiative Energy Loss: Mass dependence

time

probe IN

probe OUT

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

A. Salgado and U. A. Wiedemann. PRD 69 (2004) 114003

At high enough temperature and/or density, matter is predicted to go through a phase transition
to a new state where the quarks and gluons are deconfined, the so-called Quark-Gluon Plasma.
High-energy heavy-ion collisions provide an excellent tool to produce this new state of matter
in the laboratory. I will discuss the use heavy-quarks particles, with particular focus on D and B
mesons, as a probe for the Quark-Gluon Plasma properties.

! dI
d! |Heavy = ! dI

d! |Light ⇥ (1 + (
mQ

EQ
)2) 1

✓2
)�2

(1)

1

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

E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016

Charmonia in heavy-ions: color screening…
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QGP Thermometer!
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Dissociation of QQ via color-screening: 
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Regeneration

High-energy → large number of ccbar 
pairs
~80 pairs in central Pb-Pb collisions at √sNN = 5 TeV 

Statistical approach:

 charmonium fully melted in QGP
charmonium produced at chemical 
feeeze-out 

 Kinematic recombination:

Continous dissociation/regeneration 
over QGP lifetime

Regeneration → charmonium enhanced 
contrary to color screening
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Robert L. Thews, Martin Schroedter, and Johann 
Rafelski, Phys. Rev. C 63, 054905

P. Braun-Munzinger and J. Stachel, 
Phys.Lett. B490 (2000) 196-202
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Heavy quark: simplifying a bit …

Eloss(light) > Eloss(charm) > Eloss(beauty)
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Pillar one: 
Mass dependent energy 
loss (dead cone effect) 

Pillar two:  
Color Screening of QQ pair 
in QGP - recombination

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

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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several caveat to take into account!!



 Quantified via the 2nd order Fourier coefficient v2 (Elliptic flow)

Feasibility study of the measurement of D⇤+ production at central rapidity in Pb–Pb . . . 11
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Figure 5: Ratio of the FONLL D⇤+ cross sections at 7 TeV with respect to the 5.5 TeV (red) and at 2.76 TeV with
respect to the 5.5 TeV (black)

7 Expected statistical precision215

The expected significance and statistical error are calculated for the D⇤+ analysis assuming 8.5⇥109
216

events in the centrality class 0-10%. In figure 6 the significance as a function of pt is shown while in217

figure 7, on the left, the expected statistical precision of the measurement is reported. The right panel of218

figure 7 shows a comparison of the expected statistical precision of the Pb–Pb and pp measurements. To219

be noted that in this case the pp prediction is based on the expected luminosity of 0.6pb�1 and it shows220

that in the medium-low traverse momentum range the propose pp integrated luminosity is expected to221

be enough to build a solid pp reference for the Pb–Pb measurement, with a statistical error factor 2-10222

smaller than the Pb–Pb one.223

8 Nuclear modification factor224

9 Results225

this is an eqaution226

227

dN
df = N0

2p (1+2v1 cos(f �YRP)+2v2 cos2(f �YRP)+ .....)
(6)

RpA =ds d pT pA A⇥( ds
d pT

)pp
228

(7)

φ

 Carries information on medium transport properties: 
  Low pT: Do b and c take part to the collective motion? 

 High pT: Path-length dependence of parton energy loss    
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φ φ

… a more differential study: Elliptic flow
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• Multiple interactions lead to thermalisation 

coordinate space: momentum space: 
initial anisotropy final anisotropy

py

px

x

y

p
p

atan&'pressure and
multiple collisions

Do heavy quarks thermalise in the medium?

reaction plane
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Back to 2003 - Tevatron results @ 1.96 TeV

JHEP 01 (2012) 128.
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Good understanding, within the errors, of b  
     production at Tevatron (and LHC energies).

Charm cross section studies, more complex,   
     available since Tevatron Run II.

CDF Run II (5.8 ± 0.3 pb-1)

CDF, PRL91 (2003) 241804, 
FONLL:  M. Cacciari and P. Nason, JHEP 0309, 006 (2003)

FONLL, MC@NLO: Cacciari, Frixione, Mangano, Nason 
and Ridolfi, JHEP0407 (2004) 033

Measurements are at the edge of 
theoretical uncertainties.

Charm at Tevatron in pp at √s = 1.96 TeV - D mesons

D0 (cu)➝K+π- (BR ∼3.89%),   !
D+ (cu)➝K-π+ π+ (BR ∼9.13%),     
                   !
D*+(cd)➝D0(K+π-)π+(BR∼2.63%),
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D meson - production cross-section: 0.2-7 TeV

Results are in agreement with pQCD within errors
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

D0→K-π+
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2015 J. Phys.: Conf. Ser. 589 012002ArXiv: 1601.00695 

STAR@ 0.2 and 0.5 TeV

ALICE Coll., JHEP 1201 (2012) 128

ALICE@ 7 TeV

arXiv:1605.07569 

http://arxiv.org/find/hep-ph/1/au:+Cacciari_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Frixione_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Houdeau_N/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Mangano_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Nason_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Ridolfi_G/0/1/0/all/0/1
http://inspirehep.net/author/Kniehl%2C%20B.A.?recid=1087276&ln=en
http://inspirehep.net/author/Kramer%2C%20G.?recid=1087276&ln=en
http://inspirehep.net/author/Schienbein%2C%20I.?recid=1087276&ln=en
http://inspirehep.net/author/Spiesberger%2C%20H.?recid=1087276&ln=en
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D mesons measured by ATLAS 
down to pT = 3.5 GeV/c. Results 
on the upper side of the FONLL 
error band.

LHCb measured D mesons 
(including Ds) down to 0 pT at 
forward rapidity 2<y<4.5 both 
at 7 and 13 TeV.  Agreement 
with FONLL similar as the one 
found by ALICE and ATLAS at 
central rapidity.

D meson - production cross-section: 13 TeV
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ATLAS, Nucl. Phys. B 907 (2016) 717

D*±

• forward rapidities JHEP 03 (2016) 159

Nuclear Physics, Section B  871 (2013)

D*+@13 TeV

D0@13 TeV
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Beauty hadron: production cross-section

Good understanding, within uncertanties, of b production at 7 TeV. Some tension 
build-up at 13 TeV.

18 8 Conclusions
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Figure 7: Differential non-prompt J/y production cross section, as a function of pT for the three different
rapidity intervals. The data points are compared with three different models, using the PYTHIA curve
to calculate the abscissa where they are plotted [48].
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CMS measured the non-prompt J/Ψ production in different rapidity intervals from 
-2.4<y<2.4 at 7 TeV and, recently, the fully reconstructed B+→J/ΨK at 13 TeV.

Eur.Phys.J.C71:1575,2011
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ArXiv: 1609.00873

7 TeV

13 TeV
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JHEP 1207 (2012) 191 

Production well described vs √s however, systematically in the higher side 
(expecially for charm)

arXiv:1605.07569 

 Phys.Lett. B738 (2014) 97-108 
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pp@ √s = 8 and 13 TeV data will set additional constraints.
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HF production in nucleus-nucleus
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RAA : D mesons vs charged particles

D mesons and pions consistent for pT ≥ 5 GeV/c. Strong suppression, factor 5 at 
pT = 10 GeV/c
For pT ≤ 5 GeV/c we have and hint of lower suppression for pions. 
Need more statistic! 
Is it consistent with the picture of dead cone effect?

ALICE

Nucl.Phys. A904-905 (2013) 635c-638c 
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3

FIG. 3: Momentum dependence of charged hadron and D meson RAA. The left panel shows together the
experimentally measured 0-5% central 2.76 Pb+Pb ALICE preliminary RAA data for charged hadrons [9] (the red circles)
and D mesons [6] (the blue triangles). The right panel shows the comparison of the light hadron suppression predictions
(the gray band with full-curve boundaries) with the D meson suppression predictions (the gray band with dashed-curve
boundaries). Both gray regions correspond to 0.4 < µM/µE < 0.6, where the upper (lower) boundary on each band
corresponds to µM/µE = 0.6 (µM/µE = 0.4).
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FIG. 4: Comparison of charm quark and D ma-
son suppression predictions. The figure shows a com-
parison of the charm quark suppression predictions (the
full curve) with the D meson suppression predictions (the
dashed curve), as a function of momentum. Electric to
magnetic mass ratio is fixed to µM/µE = 0.5.

light hadron suppression. However, by comparing the
two panels in Fig. 5, we see that light hadron fragmen-
tation functions modify the bare light quark and gluon
suppressions so that, coincidentally, their “resultant”
charged hadron suppression almost identically repro-
duces the bare light quark suppression. Consequently,
the heavy flavor puzzle at LHC is a consequence of a
specific combination of the suppression and fragmenta-
tion patterns for light partons, and it does not require
invoking an assumption of the same energy loss for light
partons.

CONCLUSIONS

A major theoretical goal in relativistic heavy ion
physics is to develop a theoretical framework that is
able to consistently explain both light and heavy flavor
experimental data. We here analyzed the comparison
of charged hadron and D meson suppression data in
central 2.76 TeV Pb+Pb collisions at LHC, which leads
to a surprising puzzle. To analyze this puzzle, we here
used a dynamical energy loss formalism. While the so-
lution of this puzzle is inherently quantitative, it can
be qualitatively summarized in the following way: De-
spite the dominant gluon contribution in the charged
hadron production, LHC charged hadron suppression
turns out to be a genuine probe of bare light quark sup-
pression. The main effect responsible for this key result
is the distortion of the bare suppression patterns by the
jet fragmentation. Furthermore, the D meson suppres-
sion correctly represents charm quark suppression, and
bare charm and light quark suppressions are very sim-
ilar. Taken together, these results in fact explain the
observed puzzle, i.e. the fact that light hadron and
D meson suppression are measured to be the same at
LHC.

Therefore, the explanation of the puzzle follows di-
rectly from pQCD calculations of the energy loss and
fragmentation. Furthermore, these calculations di-
rectly relate the bare quark suppressions to the exper-
imentally observed charged hadron suppressions. Con-
sequently, the heavy flavor puzzle at LHC is not only a
coincidental combination of suppression and fragmen-
tation patterns, but also their serendipitous interplay,
which can substantially simplify the interpretation of
the relevant experiments.

Phys. Rev. Lett. 112, 042302 (2014)

 Djordjevic
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2.4 D+
s meson: a probe for hadronization 48

Figure 2.11: Nuclear modification factor of strange and non-strange D meson as a function
of pt in central Pb-Pb collisions at

p
sNN=2.76 TeV from the TAMU calculation [116].

• POWLANG [99] implements collisional energy loss using the Langevin equation
and includes a viscous hydrodynamic expansion of the medium. The transport
coe�cients are evaluated in a pQCD approach for hard scatterings and with hard-
thermal-loop calculations for soft processes. Also in this model, hadronization is
implemented via vacuum fragmentation functions.

• TAMU [100] is a heavy-flavour transport code based on the Langevin equation,
which includes collisional energy loss and a hydrodynamic medium evolution. In this
model, the transport coe�cients are calculated with a non perturbative T-matrix
approach, which includes resonances that trasfer momentum from the heavy quark
to the medium constituents. TAMU calculations also implement a component of
charm recombination with lighter soft quarks of the medium.

• The model proposed by Cao, Qin and Bass [101] is also based on the Langevin
equation. In addition to elastic scatterings, this calculation includes a component of
radiative energy loss that is treated by considering gluon radiation as an additional
friction term. The space-time evolution of the medium is modeled using a viscous
hydrodynamic simulation. This calculation also includes a component of charm
recombination.

2.4 D+
s meson: a probe for hadronization

The production of strange charmed meson D+
s is considered an interesting probe to study

the medium created in heavy-ion collisions. D+
s mesons are expected to be sensitive to

the mechanisms of in-medium energy loss and, in addition, they provide a way to study
the e↵ect of recombination in the hadronization of charm quarks in heavy-ion collisions

TAMU: HF transport code 
based on Langevin equation: 
collisional energy loss + 
hydrodynamical evolution 

If coalescence processes play a major role in charm hadronization, the RAA 
of Ds is expected to be largely enhanced with respect the other D RAA

Ds meson in QGP,  a probe for coalescence?
ALICE
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JHEP 1511 (2015) 205 JHEP 1603 (2016) 082 
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D mesons RAA: CMS results at 5.02 TeV

CMS PAS HIN-16-001

CMS PAS HIN-15-015
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Very large pT coverage (up to 100 GeV/c!). Consistent with ALICE results.



D mesons RAA: from RHIC to LHC

Phys. Rev. Lett. 113, 142301 (2014)

STAR

ALICE

Different behavior in the pT region [1,2] 
GeV/c 

Could it be a combined effect of shadowing, 
recombination and radial flow? TAMU model 
would predict an RAA of 1.3 (at 2 GeV/c) at 
RHIC and ~0.8 at LHC.  

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

CMS PAS HIN-15-005
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CMS
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J.Phys.Conf.Ser. 509 (2014) 012080 

Mass dependence: D vs B

Djordjevic: Phys.Lett. B734 (2014) centrality

arXiv:1411.2442 

consequence of 
mass difference in 
pQCD based
model calculation

}

CMS-PAS-HIN-12_14

  D meson from ALICE and non-prompt J/ψ from CMS
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Elliptic flow (v2) 

Elliptic flow measured with D mesons, HF-decay electrons and HF decay 
muons. Evidence that charm takes part to the collective motion at > 5σ level (in 
the region 2-6 GeV/c). 
Still measurement uncertanties too large to confirm/exclude models. Need 
more data (run II and III of LHC and new runs at RHIC)

ALICE
HF-decay electrons

 arXiv:1606.00321
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D mesons
STAR

 arXiv:1601.00743
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What about J/Ψ?
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E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016

J/\ suppression vs �sNN

16

Æ No significant 
�sNN-dependence at RHIC 
energy, from 39 to 200 GeV

� Similar conclusions when
including SPS results

� Warning: CNM effects 
expected to vary, reference 
pp cross sections obtained 
through extrapolations

� LHC results show different trend Æ next slides!

STAR, arXiv:1607.07517

(similar result from PHENIX,
at forward rapidity)

No significant √sNN dependence 
up to 200 GeV

ALICE results differs!
see next slides

Similar results from PHENIX 
at forward rapidity

STAR, arXiv:1607.07517
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ALICE vs PHENIX: from √sNN = 0.2 to 2.76 TeV

E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016

LHC run-1 results: ALICE (vs PHENIX)

� Systematically larger RAA values for central events at LHC energy
� RAA increases at low pT at LHC energy

� Compare J/\ suppression, RHIC (�sNN=0.2 TeV) vs LHC (�sNN=2.76 TeV)
� Results vs centrality dominated by low-pT J/\

Possible interpretation: 
RHIC energy Æ suppression effects dominate

LHC energy Æ suppression + regeneration 

B. Abelev et al., ALICE
PLB 734 (2014) 314

forward y

17

Sistematically larger RAA in central 
events at LHC.

12 ALICE Collaboration
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Fig. 4: (Color online) Top panel: transverse momentum dependence of the centrality integrated J/y RAA measured
by ALICE in Pb-Pb collisions at psNN = 2.76TeV compared to CMS [20] results at the same p

sNN . Bottom panel:
transverse momentum dependence of the J/y RAA measured by ALICE in the 0%–20% most central Pb-Pb collisions
at psNN = 2.76TeV compared to PHENIX [9] results in the 0%–20% most central Au-Au collisions at psNN = 0.2TeV.

At LHC RAA increases at low-pT.

RHIC → Suppression effects dominate
LHC  → Suppression + regeneration

PLB 734 (2014) 314
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Results at √sNN = 5.02 TeV

E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016

ALICE, recent results from LHC run-2

20

� Pb-Pb collisions @ �s
NN

=5.02TeV

� High statistics Run-2 allows the R
AA

evaluation in narrow 

centrality bins

� Similar centrality 

dependence at the two 

energies, with an increasing 

suppression up to N
part

~100, 

followed by a plateau

arXiv:1606.08197

� R
AA

@ 5.02TeV is ~15% 

higher than the one at 

2.76TeV, even if within 

uncertainties

5.02TeV

2.76TeV

Similar centrality dependence 
with plateau in the 
suppression for Npart > 100

Run II statistic much larger -
> reduced statistical error and 
finer pT binning

RAA at 5.02 TeV looks about 
15% higher than at 2.76 TeV 
(even if within the large 
uncertanties)

ALICE
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and bottomiun: Υ

Low beauty cross-section → weak regeneration effects

Strong relative suppression of more loosely bound states (Υ(3S)  not 
visible at all in Pb-Pb)

pp collisions Pb-Pb collisions

Υ(1S) 

Υ(2S) 

Υ(3S) 

CMS
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and bottomiun: Υ

Strong Υ(1S) suppression. Similar at RHIC and LHC

Binding energy of Υ(2S) similar as the one of J/Ψ but RAA much 
lower (much more suppressed) → Regeneration negligible? 

STAR, PLB735 (2014) 127

CMS

PRL109 (2012) 222301

PAS-HIN-15-001
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  What about pA collisions? 



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

Study cold-nuclear matter effects, reference.  
Initial state effects can mimic final state effects (KT 
broadening)  
Energy loss in cold nuclear matter. 
Modification of the PDF in the nucleus: nuclear shadowning

J.Phys. G39 (2012) 015010

 Prog.Part.Nucl.Phys. 76 (2014)

 Nuclear PDF (nPDF) poorly known at LHC kinematic region
K.J.Eskola et al., JHEP 0904(2009)65;

I.Vitev at al., PRC 75(2007)064906

X.N.Wang ,PRC 61(2000)064910

p-A collisions
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Nuclear modification factor in p-Pb collisions 
is compatibile with unity and with theoretical 
calculations including gluon saturation

Initial state effects play a small role for pT> 2 
GeV/c

Production cross-sections of prompt D0, D*+, 
D+ and D+s measured in the rapidity intervall 
-0.96<ycms<0.04

Phys. Rev. Lett. 113, 232301 (2014)

Production of D mesons in p-Pb collisions

(H.Fujii,K.Watanabe arXiv: 1308.1258
M.Mangano et al., Nucl.Phys.B 373(1992)295; K.Eskola et al., JHEP 04467(2009)065

 14/9/2016                                        Hot Quarks 2016 - Grelli Alessandro                                                       29                                                                      

ALICE



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

B meson RpPb

CMS performed the first measurement of 
the fully reconstructed B mesons (B+, B0 
and Bs) in p-Pb
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Figure 3: The nuclear modification factors RFONLL
pA (pT) of B+ (left), B0 (center), B0

s (right) mea-
sured in pPb collisions at psNN = 5.02 TeV. The statistical and systematic uncertainties on the
pPb data are shown as bars and yellow boxes around the data points, respectively. The system-
atic uncertainties from the FONLL predictions are plotted separately as open blue boxes. The
global systematic uncertainties are shown as full grey boxes at unity, and are not included in
the data points.

tainties) between data and MC calculations. For all three mesons, the B+ and B0 pT spectrum
shapes are assumed, while only the B+ is used for the y shape. Using these shape variations,
simplified (“toy”) MC simulations are used to recalculate the acceptance in each kinematic
bin, the maximum variation between the nominal acceptance and the toys being propagated
as the systematic uncertainty. The systematic uncertainty due to the selection of the B meson
candidates (4% to 11%) is equal to 1 minus the ratio of the selection efficiencies (the ratio of
the extracted yield with and without applying the selection) estimated in data and simulation.
In addition, an uncertainty associated with the accuracy of the best candidate selection (3%) ,
which depends on the number of reconstructed B meson candidates, is assigned. This is eval-
uated by reweighting the population of the PYTHIA+HIJING events so that the distribution of
the number of B meson candidates per event matches the one from data. The uncertainties in
the muon trigger, and muon track reconstruction and identification efficiencies (4.5% to 7.3%),
are evaluated by using the “tag-and-probe” technique [40] on pPb data and the embedded MC
sample. The systematic uncertainty associated with the track reconstruction efficiency (3.9%
per hadronic track [41]) is estimated from a comparison of two-body and four-body D0 de-
cays in pp data and MC calculations, all samples being reconstructed with the same tracking
algorithm as the pPb sample. The systematic uncertainty in the cross section measurement
is computed point-by-point as the sum in quadrature of the different contributions mentioned
above. In addition, a global systematic uncertainty is calculated to account for the uncertainties
in the integrated luminosity value (3.5% [28]), and in the B meson branching fractions (3.1%,
4.6%, and 8.7% for B+, B0, and B0

s , respectively [26]).

In Fig. 2, the pT-differential production cross sections of all three B mesons measured in the
interval |ylab| < 2.4 are presented, with data points placed at the center of each bin. They are
compared to the pp cross sections obtained from fixed-order plus next-to-leading-logarithm
(FONLL) calculations [39], which reproduce the B meson pT-differential cross sections in pp
collisions at 7 TeV [20–24]. The individual cross sections are obtained by scaling the FONLL
total beauty production [37–39] by the world-average production fractions of B+, B0, and B0

s
(40.2%, 40.2%, and 10.5%, respectively [26]). The obtained B+ FONLL reference is validated
using published experimental cross sections measured in pp collisions at

p
s = 7 TeV [20, 23].

The FONLL predictions are scaled by A(= 208), the atomic mass of the Pb nucleus, to account
for the number of binary NN collisions [42]. The FONLL uncertainties, which are larger than
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Figure 1: Invariant mass distributions of B+ + B� (left), B0 + B0 (center), and B0
s + B0

s (right)
candidates in the transverse momentum regions 10–15, 10–15, and 10–60 GeV/c, respectively.
See the text for details.

tracks. In calculating the mass of the B+ candidates, the single charged particle is always as-
sumed to have the mass of a kaon. In the B0 case, two invariant mass values are computed,
corresponding to the two possible assignments of the kaon and pion masses to the two-track
system. For B0

s candidates, the two charged tracks are always assumed to be kaons. Single
track low pT thresholds of 0.9, 0.7, and 0.4 GeV/c are applied in the B+, B0, and B0

s analyses, re-
spectively, to reduce the combinatorial background, which is further minimized by additional
selection criteria. In particular, B candidates are selected according to the c2 probability of the
decay vertex (the probability for the J/y muon tracks and the other charged track to point to
a common vertex), the 3D flight distance (normalized by its uncertainty) between the primary
and decay vertices, and the pointing angle, which is defined as the angle between the line con-
necting the primary and decay vertices and the momentum vector of the B meson in the plane
transverse to the beam direction. The selection is optimized for each meson species using a
multivariate technique that uses the genetics algorithm [36], in order to maximize the statisti-
cal significance of the B meson signals. In the B0 and B0

s analyses, the invariant masses of the
K+p� and the K+K� are required to be compatible with the masses of the K0⇤(892), K⇤(892)
and the f resonances, respectively. If more than one candidate in a given event survives all the
aforementioned selection criteria, the candidate with the best vertex c2 probability is selected.

The raw yields of B+, B0, and B0
s are extracted using a binned maximum likelihood fit to the

B meson invariant-mass distributions in the mass range 5 < mB < 6 GeV/c2. The invariant
mass distributions of B+, B0, and B0

s candidates in the pT regions 10–15, 10–15, and 10–60 GeV/c,
respectively, are shown in Fig. 1. In the case of B+ and B0, this choice corresponds to the lowest
pT interval used in the analysis, while for B0

s it is the only interval. The signal shape is modeled
by two Gaussians with the same mean values (a free parameter in the fit) and different widths
determined in MC simulations. The background is dominated by random combinations of
prompt and non-prompt J/y candidates with extra particles. This combinatorial background
is modeled by a first-order polynomial in the B+ and B0 analyses, and by a second-order poly-
nomial in the B0

s analysis, as suggested by studies on the embedded inclusive J/y sample. The
background component shown as a crosshatched histogram and labeled as B ! J/y X in Fig. 1
is due to mis-reconstructed B meson decays that produce broad peaking structures in the in-
variant mass region below 5.4 GeV/c2. As an example, in the B+ analysis, a peaking background
structure is created by B0 ! J/y K⇤(892) decays in which one decay product is lost in the B
candidate reconstruction. These background sources are studied with the embedded MC sam-
ple including all B meson decays into final states with a J/y, and found to be well described
by a superposition of 4 and 2 Gaussian functions in the B+ and B0 analyses, respectively. The

Phys. Rev. Lett. 116, 032301 
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CMS

RpPb consistent with 1, no evident initial 
state effects

NOTE: pT > 10 GeV/c!
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J/Ψ and Υ(2S)
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LHCb, JHEP 1402 (2014) 072 and JHEP 1603 (2016) 133 ALICE, JHEP 1402 (2014) 073 and JHEP 1412 (2014) 073 

Inclusive Prompt

J/Ψ RpPb described reasonably well by CNM effects 

Y(2S) production suppressed relative to J/y at both backward and forward 
rapidity 

Shadowing & energy loss expected to be the same for J/y and Y(2S). 
Threfore, these mechanisms cannot describe the result.

ß Pb              proton à  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J/Ψ and Υ(2S): multiplicity dependence
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ALICE, JHEP 1606 (2016) 050 and JHEP 1511 (2015) 127 

Backward rapidity (Pb-going side)           Forward rapidity (p-going side) 

J/Ψ: Mult. dependent suppression in p-going direction, no suppression in 
Pb-going direction → indication of shadowing (?) 
Y(2S): Multiplicity dependent suppression in both directions  

Not described by (anti)shadowing and energy loss only  
 Needs additional effect (final state?)
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Conclusions

Heavy Flavour saga in relativistic heavy ion collisions started (more than) 
10 years ago with the first measurements. 

Heavy Flavours are qualitatively and quantitatively excellent probes for 
the hot and dense medium produced in A-A collisions

In pp collision system: several measurements available (i.e D and B 
mesons, HF-decay electrons and HF-decay muons). Results tend to 
confirm pQCD calculations. However, charm measurements sit on the 
upper side of the theory error band.

In A-A collision system: Results tend to confirm charm loose energy in the 
hot and dense medium (remember p-Pb!). Is dead code effect as we 
expected?  Evidence that charm takes part to the collective motion. 
Quarkonium results from LHC hints a consistent regeneration while it 
looks not being the case of RHIC
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Thanks  
for your attention
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Open HF production in pp

Hot Quarks 2012, 19.10.12                                       Andrea Dainese" 6"

Open heavy-flavour production: pp"
proton-proton collisions: factorised pQCD approach 
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Quarkonia production in pp

Hot Quarks 2012, 19.10.12                                       Andrea Dainese" 12"

Quarkonia production: pp"
proton-proton collisions: factorised pQCD approach 
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distance part. Hard scattering -> singlet and octet



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

Connecting Eloss and RAA: Color charge

 Comparing pions and D mesons RAA: 
 At LHC hadrons below ~15 GeV/c originate predominantly 
from gluons 

The softer fragmentation of gluons tends to counterbalance 
the larger Eloss   

Predictions on the RAA results in very small difference if any.    
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FIG. 1: Suppression of quark and gluon jets. Momen-
tum dependence of the jet suppression is shown for charm
quarks (the full curve), light quarks (the dashed curve) and
gluons (the dot-dashed curve). Electric to magnetic mass
ratio is fixed to µM/µE = 0.5.
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FIG. 2: Ratio of gluon to light quark contribution
in the initial distributions of charged hadrons as a
function of momentum. The figure shows the ratio of
the gluon to light quark contribution in the initial distribu-
tions of charged hadrons.

distributions are extracted from [23], while fragmenta-
tion functions are implemented according to [33].
We start by quantitatively reproducing the expec-

tations summarized in the introduction, in order to
obtain a clear view of the relevant hierarchies for the
suppression and the initial distributions. Fig. 1 shows
the comparison of the suppressions for light and charm
quark and gluon jets. We see that suppression of gluon
jets is significantly larger compared to corresponding
suppression of quark jets, while the suppression pre-
dictions for light and charm quarks are similar. Fur-
thermore, in Fig. 2 we show that both light quarks and
gluons significantly contribute to the charged hadron
production - in fact, in the lower momentum range, glu-
ons dominate over light quarks; therefore both contri-
butions from gluons and light quarks have to be taken
into account when analyzing charged hadron suppres-

sion. On the other hand, D mesons present a clear
charm quark probe, since the feedown from B mesons
is subtracted from the experimental data [6].
As discussed above, Figures 1 and 2 lead to the ex-

pectation that the charged hadron suppression should
be significantly larger than the D meson suppression.
Surprisingly, this expectation is not confirmed by the
experimental data, which are shown in the left panel of
Fig. 3; these data clearly suggest the same suppression
for both pions and D mesons. We can also calculate
these RAAs through the finite size dynamical energy
loss formalism [16], which is shown in the left panel of
Fig. 3. Even more surprisingly, these calculations are in
accordance with the experimental data, i.e. they show
the same suppression patterns for light hadrons and
D mesons. Moreover, we see that the theoretical pre-
dictions even reproduce the experimentally observed
smaller suppression of D mesons compared to charged
hadrons in the lower momentum range. This difference
is the consequence of the “dead cone effect” [34], as can
be seen in Fig. 1. Consequently, we see that our the-
oretical predictions show a very good agreement with
the experimental data, which is in an apparent con-
tradictions with the qualitative expectations discussed
above; we will below concentrate on finding the expla-
nation for these unexpected results.
We start by asking how fragmentation functions

modify light hadron and D meson suppressions, since
these functions define the transfer from the parton to
the hadron level. We first analyze how fragmentation
functions modify the D mason suppression, compared
to the bare charm quark suppression. We see that there
is a negligible difference between these two suppression
patterns, so that D meson fragmentation does not mod-
ify bare charm quark suppression. Consequently, the
D meson suppression is indeed a genuine probe of the
charm quark suppression in QCD medium.
However, there is a significantly more complex inter-

play between suppression and fragmentation in charged
hadrons. In the left panel of Fig. 5, we compare the
light hadron suppression with the bare light quark and
gluon suppression patterns. Surprisingly, we see that
the light hadron suppression pattern almost exactly co-
incides with the bare light quark suppression. This
may suggest that gluon jets do not contribute to the
light hadron suppression, which is however clearly in-
consistent with the significant (even dominant) gluon
contribution in light hadrons (see Fig. 2). To further
investigate this, in the right panel of Fig. 5, we show
what would be the light hadron suppression if hadrons
were composed only by light quark jets (the dashed
curve), or only by gluon jets (the dot-dashed curve).
We see that, as expected from Fig. 2, the actual light
hadron suppression is clearly in between the two above
mentioned suppression alternatives, so that both light
quarks and gluons indeed significantly contribute to the

3

FIG. 3: Momentum dependence of charged hadron and D meson RAA. The left panel shows together the
experimentally measured 0-5% central 2.76 Pb+Pb ALICE preliminary RAA data for charged hadrons [9] (the red circles)
and D mesons [6] (the blue triangles). The right panel shows the comparison of the light hadron suppression predictions
(the gray band with full-curve boundaries) with the D meson suppression predictions (the gray band with dashed-curve
boundaries). Both gray regions correspond to 0.4 < µM/µE < 0.6, where the upper (lower) boundary on each band
corresponds to µM/µE = 0.6 (µM/µE = 0.4).
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FIG. 4: Comparison of charm quark and D ma-
son suppression predictions. The figure shows a com-
parison of the charm quark suppression predictions (the
full curve) with the D meson suppression predictions (the
dashed curve), as a function of momentum. Electric to
magnetic mass ratio is fixed to µM/µE = 0.5.

light hadron suppression. However, by comparing the
two panels in Fig. 5, we see that light hadron fragmen-
tation functions modify the bare light quark and gluon
suppressions so that, coincidentally, their “resultant”
charged hadron suppression almost identically repro-
duces the bare light quark suppression. Consequently,
the heavy flavor puzzle at LHC is a consequence of a
specific combination of the suppression and fragmenta-
tion patterns for light partons, and it does not require
invoking an assumption of the same energy loss for light
partons.

CONCLUSIONS

A major theoretical goal in relativistic heavy ion
physics is to develop a theoretical framework that is
able to consistently explain both light and heavy flavor
experimental data. We here analyzed the comparison
of charged hadron and D meson suppression data in
central 2.76 TeV Pb+Pb collisions at LHC, which leads
to a surprising puzzle. To analyze this puzzle, we here
used a dynamical energy loss formalism. While the so-
lution of this puzzle is inherently quantitative, it can
be qualitatively summarized in the following way: De-
spite the dominant gluon contribution in the charged
hadron production, LHC charged hadron suppression
turns out to be a genuine probe of bare light quark sup-
pression. The main effect responsible for this key result
is the distortion of the bare suppression patterns by the
jet fragmentation. Furthermore, the D meson suppres-
sion correctly represents charm quark suppression, and
bare charm and light quark suppressions are very sim-
ilar. Taken together, these results in fact explain the
observed puzzle, i.e. the fact that light hadron and
D meson suppression are measured to be the same at
LHC.

Therefore, the explanation of the puzzle follows di-
rectly from pQCD calculations of the energy loss and
fragmentation. Furthermore, these calculations di-
rectly relate the bare quark suppressions to the exper-
imentally observed charged hadron suppressions. Con-
sequently, the heavy flavor puzzle at LHC is not only a
coincidental combination of suppression and fragmen-
tation patterns, but also their serendipitous interplay,
which can substantially simplify the interpretation of
the relevant experiments.

Phys. Rev. Lett. 112, 042302 (2014)
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Connecting Eloss and RAA: Mass effect

 Comparing D and B mesons RAA: 
Essentially all models predict a difference in the suppession 

Small effects from patronic pT shape and fragmentation     

4. Results for the LHC

To calculate the nuclear modification of high-pT particle yields in Pb–Pb col-
lisions at LHC energy

√
sNN = 5500 GeV, the density of the produced matter

has to be characterized, e.g. by the BDMPS transport coefficient q̂, see Sec-
tion 2. This transport coefficient is proportional to the particle multiplicity
in the collision. In Refs. [8, 9] the relative increase of the event multiplicity
from RHIC to LHC has been taken to be ∼ 7 [59], but other more recent
estimates give a significantly smaller increase ∼ 2.6 [60]. Here, we scan a very
wide range of the model parameter space by varying q̂ between a low estimate
at RHIC energies and the highest estimates for LHC energies, q̂ = 4, 25 and
100 GeV2/fm.
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Fig. 4. LHS: Nuclear modification factors for D mesons (upper plot) and
electrons from charm decays (lower plot) in central (0–10%) Pb–Pb collisions at√

sNN = 5.5 TeV. RHS: The ratio of the realistic nuclear modification factors
shown on the left hand side and the same factors calculated by solely neglecting the
mass dependence of parton energy loss.

At the LHC as at RHIC, a significant mass dependence of the nuclear modifi-
cation factor of D mesons and of their decay electrons is limited to transverse
momenta below pT

<
∼ 10 GeV, see Fig. 4. However, at the LHC, there are

arguments that non-perturbative hadronization mechanisms such as recombi-
nation may dominate the medium modification of identified particle yields up
to even higher transverse momenta than at RHIC [61]. Thus, the mass depen-
dence of parton energy loss will dominate the deviation of the heavy-to-light
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in the corresponding nuclear modification factors and heavy-to-light ratios for
B mesons and for electrons from b decays. As seen in Figs. 5 and 6, for trans-
verse momenta 10 <

∼ pT
<
∼ 20 GeV, the mass dependence of parton energy

loss modifies the nuclear modification factor by a factor 2 or more. It domi-
nates over the color charge dependence. As for all spectra discussed above, the
medium-dependence of trigger bias effects is rather small for beauty produc-
tion at the LHC [In Fig. 5, these trigger bias effects account for the small but
visible differences between RD/h and RB/h in the model calculation in which
the mass dependence of parton energy loss has been neglected.]. We conclude
that the heavy-to-light ratio RB/h in Pb–Pb collisions at the LHC provides
a very sensitive hard probe for testing the parton mass dependence of par-
ton energy loss in the theoretically rather clean and experimentally accessible
kinematical regime of 10 <

∼ pT
<
∼ 20 GeV.
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Fig. 6. The same as Fig. 4 but for B mesons and electrons from beauty decays.

5. Conclusions

The mass dependence of parton energy loss and its phenomenological con-
sequences for heavy-to-light ratios have received significant interest recently
[30–33, 62–66], since they provide a tool to test the conjectured microscopic
dynamics underlying the phenomenon of high-pT hadron suppression at RHIC.
Here, we have shown that heavy-to-light ratios are not solely sensitive to the
mass dependence of parton energy loss, but also to its color charge dependence.
The task for both experiment and theory is to identify and to disentangle both
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Figure 2.9: RA
F2
(x,Q2) as a function of the scaling variable x. RA

F2
(x,Q2) is defined as the

nuclear structure function FA
2 (x,Q

2) divided by the nucleon structure function for a free
nucleon and normalised by the atomic number of the nucleus A [106].

• Fermi motion region: RF2 >1 for x & 0.8

The heavy flavour production in heavy-ion collisions at LHC energies at central rapidity
is expected to be influenced by a modification of the nuclear PDFs only in the shadowing
region (see Ref. [106] for a description of the phenomena that a↵ect the other x regions).
Indeed, hard scattering processes in which cc̄ (bb̄) pairs are produced have x-values below
10�2 at the LHC at central rapidities (see Appendix A for more details). Several theoretical
models were developed in order to describe the shadowing region. A set of theoretical
calculations based on the Vector Meson Dominance model (VMD) [109] describes the
behaviour at low-x as a consequence of the fluctuation of virtual photons. Indeed, in this
approach, virtual photons fluctuate in a superposition of hadronic states with the same
quantum numbers of the photon (vector mesons). Vector mesons interact hadronically
with the nucleons of the surface of the nucleus shadowing the internal nucleons: this
phenomenon leads to a significant reduction of the e↵ective cross section. An alternative
approach describes the shadowing region as an e↵ect of the overlap of gluons at small x.
This overlap should result in processes of gluon fusion and thus reduce the gluon density
at low x and enhance it at larger x. This gluon fusion limits the achievable gluon density
leading to gluon saturation that can be described in the framework of the Color Glass
Model (CGC) [110, 111].

Final state effects

Final state e↵ects are phenomena due to the interaction of heavy quarks produced in
the hard partonic scattering processes with the cold nuclear matter. In addition, they
also include processes in which the heavy flavoured hadron (produced in the heavy quark
hadronization) interacts with the hadronic matter. The relevance of these e↵ects is cur-
rently under discussion. Indeed, in proton-nucleus collisions, there have been several
indications that suggest the creation of a dense medium that exhibits some kind of col-
lective behaviour. As an example, in d-Au collisions at RHIC, the nuclear modification

2.2 Heavy quarks in heavy-ion collisions 43

Figure 2.8: Schematic view of the e↵ect of multiple scattering processes that a↵ect a
parton before the hard interaction occurs.

the presence of a nuclear environment and thus they are expected to be present both
in nucleus-nucleus and in proton-nucleus collisions. Cold nuclear matter e↵ects can be
divided in initial state and final state e↵ects.

Initial state effects

The phenomena commonly identified as initial state e↵ects have an impact on the colliding
partons before the hard scattering process takes place. One of these processes is the so
called kT-broadening that is a consequence of the fact that a parton of a nucleus undergoes
multiple elastic scatterings with the partons of the other nucleus before the hard scatter-
ing process occurs. These elastic collisions transmit an initial transverse momentum to
the partons, which eventually cause a broadening of the pt-spectra of the heavy quarks
produced in the hard scattering processes. The kT-broadening was tought to be respon-
sible for the enhancement of the nuclear modification factor of charged hadrons (Cronin
e↵ect) observed for the first time in proton-nucleus collisions in the intermediate pt-region
at Fermilab [107, 108].

Another class of initial states e↵ects consist of phenomena that cause modification of
the parton distribution functions in nuclei [106]. Currently, there is not a unique the-
oretical approach that can explain all these phenomena. Indeed, di↵erent mechanisms
are tought to responsible for the modification of the nuclear PDFs in di↵erent regions of
the Bjorken scale x. The variable that is commonly used to study these e↵ects is the
ratio RA

F2
(x,Q2) that is defined as the nuclear structure function FA

2 (x,Q
2) divided by the

nucleon structure function for a free nucleon and normalised by the mass number of the
nucleus A:

RF2(x,Q
2) =

FA
2 (x,Q

2)

AFnucleon
2 (x,Q2)

(2.15)

As it is sketched in Fig. 2.9, the behaviour of the ratio RA
F2
(x,Q2) as a function of x and

at a given value of Q2 can be divided into four regions:

• Shadowing region: RF2 <1 for x . 0.1.

• Anti-Shadowing region: RF2 >1 for 0.1 . x . 0.25-0.3

• EMC region: RF2 <1 for x � 0.3 . x . 0.8

nPDF modification KT broadening
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HF-decay electrons in pp collisions

Exploit the large displacement of B-decay 
electrons. Cut on impact parameter and or 
secondary vertex reconstruction.

 Phys.Lett. B721 (2013) 13-23 

pp @ 7 TeV

Good agremeent with FONLL. 

At LHC beauty starts to dominate above 
pT = 5 GeV/c
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D mesons Elliptic flow: RAA vs event plane

D mesons candidates are put in two 
classes based on their relative 
azimuthal coord. with respect the 
event plane (in plane, out of plane)

D meson elliptic flow in non-central Pb–Pb collisions at √sNN = 2.76 TeV 3

event plane could also originate from other sources, commonly denoted non-flow, which are not related
to the correlation with the initial geometry symmetry plane, such as higher-mass particle decays or jets.
Their effect was estimated to be small with respect to the other uncertainties by repeating the analysis
using the event plane determined in a different η region with the VZERO detector.
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Figure 1: Invariant mass distributions for D0 candidates and their charge conjugates with 3 < pT < 4 GeV/c for
9.5× 106 Pb–Pb collisions in the 30–50% centrality class. The distributions are shown separately for the in-plane
(open symbols) and out-of-plane (closed symbols) intervals of azimuthal angle. The curves show the fit functions
as described in the text.

D meson candidates were classified in two groups according to their azimuthal angle relative to the event
plane (∆ϕ = ϕD−ψ2): in-plane (

!

−π
4 ,

π
4
!

and
! 3π
4 ,

5π
4
!

) and out-of-plane (
!

−π
4 ,
3π
4
!

and
! 5π
4 ,

7π
4
!

).

The raw signal yields were extracted in each ∆ϕ and pT interval by means of a fit to the candidate
invariant mass distributions (mass difference M(Kππ)−M(Kπ) for D∗+). The fitting function was the
sum of a Gaussian function to describe the signal and an exponential (for D0 and D+) or a power-law (for
D∗+) function for the background. An example fit is shown in Fig. 1 for D0 candidates. For each meson
and in each pT interval, the mean and the width of the Gaussian were fixed to those obtained from a fit to
the invariant mass distribution integrated over ∆ϕ , whose signal peak has larger statistical significance.
The raw yields in the two ∆ϕ intervals, Nin-plane and Nout-of-plane were obtained as the integrals over the
corresponding Gaussian signal functions. v2 was computed as:

v2 =
1
R2

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

. (1)

The factor π/4 results from the integration of the second term, 2v2 cos(2∆ϕ), of the dN/dϕ distribution
in the considered ∆ϕ intervals and the factor 1/R2 is the correction for the finite resolution in the
estimation of the symmetry planeΨ2 via the event plane ψ2 [41]. R2 was determined from the correlation
between the event plane angles calculated from tracks reconstructed in the two sides of the TPC, namely
−0.8< η < 0 and 0< η < 0.8. The resulting value is R2 = 0.8059±0.0001(stat)±0.024(syst).

The measured D meson yield has a contribution from feed-down from B meson decays, which amounts
to about 10–20% [28,40], depending on the selection cuts and pT. Indeed, the B feed-down contribution
is enhanced by the selection criteria that are more efficient for feed-down D mesons, because their decay
vertices are more displaced from the primary vertex. Thus, the measured v2 is a combination of those of
promptly produced and of feed-down D mesons. Considering that the elliptic flow is additive, the value
for promptly produced D mesons, vprompt2 , can be obtained from the measured vall2 as:

vprompt2 =
vall2
fprompt

−
1− fprompt
fprompt

vfeed-down2 , (2)

where fprompt is the fraction of promptly produced D mesons in the measured raw yield and vfeed-down2
is the elliptic flow of D mesons from B decays, which depends on the dynamics of beauty quarks in

 A stronger suppression relative 
to proton–proton collisions is 
observed in the out-of-plane direction, 
where the average path length of 
heavy quarks through the medium is 
larger.

 Phys.Rev. C90 (2014) 3, 034904 
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