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✤ Why Heavy flavours in heavy-ion physics 

✤ Heavy-flavour observables 

✤Overview of heavy-flavour measurements  

๏ in pp, p-Pb, Pb-Pb collisions 

✤ Summary
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Deconfined QCD matter and its probes
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•  Heavy-ion (HI) collisions at LHC energies 
✤ Deconfined QCD matter (Quark-Gluon Plasma phase) is expected 

(lifetime ~ O(10 fm/c))  

•  Hard (large Q2, large mass scale) probes are produced at the 
beginning of the collisions →probe the whole evolution of the collisionsThe Little Bang

! "

U. Heinz HIM 2013, 6/28/2013 2(65)

Hard processes: 
• Charm, Beauty, W, Z, 
photons, Jets

Why Heavy Ions 

26/07/2013 5 

!  First phase diagram for nuclear matter: 
Cabibbo, Parisi  PL B59 (1975): “We suggest … 
a different phase of the vacuum in which quarks 
are not confined”  

!  T.D. Lee (1975) suggested to distribute a high 
amount of energy over a relatively large volume 

!  So: collisions of   nuclei at very high energy 
!  Temperature of the produced “fireball” O(1012 K) 

!  105 × T of the centre of the Sun 
!  ≈T of the Universe 10-5 s after Big Bang 

!  Study nuclear matter at extreme conditions of 
temperature and density  
!  Collect evidence for a state where quarks and 

gluons are deconfined (Quark Gluon Plasma)  and 
study its properties 

!   Phase transition predicted by Lattice QCD 
calculations 
!  TC ≈ 170 MeV → εC ≈ 0.6 GeV/fm3 

LHC 

3 flavours; (q-q)=0 

Hard Tomographic Probes of QCD Matter II

Why are hard probes interesting?

•  The creation process is to a large extent calculable within pQCD
•  While the production (of a high-pT particle, a heavy QQ-pair) is insensitive to 
the presence of a medium, however the probe then has to travel through the 
medium, and possibly be modified at that stage

17/44France-Asia, Les Houches, Sept. 2008                                                                                   David d'Enterria (MIT)

Hard  tomographic  probes of QCD matterHard  tomographic  probes of QCD matter
■ Hard-probes of QCD matter:

Z,

QCD probe in

QCD medium
(possible quark-gluon plasma)

Modification?

QCD probe out

_
   ® jets, g, QQ ... well controlled experimentally & theoretically (pQCD).

   ® self-generated in collision at t<1/Q~0.1 fm/c.

   ® tomographic probes of hottest 

     & densest phases of medium.

•  Eventually, before the hard process, its 
“progenitors” had to travel through the medium: 
here as well, some modification is possible
•  Tomographic probes of hottest & densest 

phases of medium

17/44France-Asia, Les Houches, Sept. 2008                                                                                   David d'Enterria (MIT)
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■ Hard-probes of QCD matter:

Z,
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QCD medium
(possible quark-gluon plasma)

Modification?

QCD probe out

_
   ® jets, g, QQ ... well controlled experimentally & theoretically (pQCD).

   ® self-generated in collision at t<1/Q~0.1 fm/c.

   ® tomographic probes of hottest 

     & densest phases of medium.

Tomographic probes
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What’s special about heavy quarks
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•  Heavy quarks 
✤ Large mass (mq ≫ ΛQCD)  
→ hard probes even at low pT 
→ produced in the early stages of the HI collision              
with short formation time;  
  tcharm ~ 1/mc ~ 0.1 fm/c << τQGP ~ O(10 fm/c)  

✤ Interactions with QGP don’t change flavour identity 

✤ Uniqueness of heavy quarks: cannot be destroyed/created 
in the medium 

➡traverse the medium interacting with its constituents               
→ natural probe of the hot medium created in HI interactions

What is a heavy-quark?

A heavy quark is a quark with mq ≫ ΛQCD.

Pole mass M MS mass m(m)

Charm ∼ 1.3–1.7 GeV 1.27+0.07
−0.11 GeV

Bottom ∼ 4.5–5 GeV 4.20+0.17
−0.07 GeV

Top 173.1 ± 0.6 ± 1.1 GeV (?) ∼ 163 GeV

PDG; TevEWWG

Pole Mass: ∼ 1
p/−M

MS Mass: Related to pole mass by

M

m(m)
= 1 +

4

3

(αs

π

)

+
(αs

π

)2
(−1.0414 ln(M2/m2) + 13.4434) + . . .

It seems kind of funny to list 2 different masses. . .

Zack Sullivan, Illinois Institute of Technology – p.10/35
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Heavy quarks as medium probes

5

Quark Matter 2011, Annecy, 27.05.11                          Andrea Dainese!

Heavy quarks as medium probes:!
Energy Loss"

Parton Energy Loss by  
$  medium-induced gluon radiation 
$  collisions with medium gluons 

pred: 

! 

"E(#medium;CR ,m,L)

! 

RAA
" < RAA

D < RAA
B

q: colour triplet 

‘Quark Matter’  

u,d,s: m~0, CR=4/3 
(difficult to tag at LHC) 

g:       m=0, CR=3 
> E loss, dominant at LHC 

c:  m~1.5 GeV, CR=4/3 
small m, tagged by D’s 
b:  m~5 GeV,    CR=4/3 
large mass # dead cone 
         # < E loss 

Q: colour triplet 

g: colour octet 

See e.g.:  
Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003. 
Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493. 

! 

RAA (pt ) =
1
TAA

dNAA /dpt
d"pp /dpt
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5!

‘Quark Matter’

ΔE(εmedium;CR ,m,L)
ΔEg > ΔEc≈q > ΔEbPrediction:

Parton Energy Loss by 
→ medium-induced gluon radiation 
→ collisions with medium constituents 

RAAπ < RAAD < RAAB?

  Might translate into a hierarchy of      
nuclear modification factors 

Collectivity in the QGP 
–  in general: initial spatial asymmetry 
→ azimuthal asymmetry of particle 
emission in momentum space


–  heavy quarks participate in 
collectivity of the medium in case of 
sufficient re-scattering

→ approach to thermalization


–  high pT: path-length dependence of 
energy loss introduces azimuthal 
asymmetry as well
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Heavy-flavour Observables: measure decay products
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●  heavy-flavor hadrons decay via weak interaction:         
decay length cτ ~ few 100 µm ! measure decay products 

HF jets 
Correlations with HF 

How to measure open heavy flavor? 

- 

R. Averbeck, 8 Inha University, 2015/02/24 

How to measure open heavy flavor? 
●  heavy-flavor hadrons decay via weak interaction:         

lifetimes cτ ~ few 100 µm ! measure decay products 

HF jets 
Correlations with HF 

R. Averbeck, 8 Inha University, 2015/02/24 

How to measure open heavy flavor? 
●  heavy-flavor hadrons decay via weak interaction:         

lifetimes cτ ~ few 100 µm ! measure decay products 

HF jets 
Correlations with HF 

Heavy-flavor hadrons decay via weak interaction: lifetimes cτ ~ few 100 µm 
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Heavy flavours 
Results in pp collisions at √s = 7 TeV and √s = 2.76 TeV

Baseline for AA and p-A collisions 
Test perturbative QCD calculations
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D mesons HF decay electrons HF decay muons

R. Averbeck, 14 Inha University, 2015/02/24 

Heavy-flavor cross sections 
● pT-differential cross sections in pp collisions at √s = 7 TeV 

● pQCD calculations in reasonable 
agreement with all cross sections 
●  FONLL: JHEP 1210(2012)37 
●  GM-VFNS: EPJ C72(2012)2082 
●  kT factorization: PRD 87(2013)094022 

● similar situation at √s = 2.76 TeV 

D mesons, e.g. D+ HF decay µ± HF decay e± 

JHEP 1201(2012)128 
Ds: PLB 718(2012)279 

PLB 708(2012)265 

PRD 86(2012)112007 

ALICE 

ATLAS 

● complementary with 
ATLAS measurement 
at high pT (PLB 707(2012)438) 

• Heavy-flavour cross section measured in various channels 
• pQCD-based calculations (FONLL, GM-VFNS, kT factorization) compatible 

with data 
• Similar conclusion at √s = 2.76 TeV 

HF%cross%sec`on%at%√s%=%7%TeV%%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%11%%
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Heavy-flavour cross section in pp at √s = 7, 2.76 TeV
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PLB 707(2012)438 for ATLAS

ALICE
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• Statistical separation of e± from charm and beauty decays using 
displaced secondary vertex and electron-hadron angular correlation 

• Relative contributions of charm and beauty decays as well as beauty 
decay electron cross section reproduced by pQCD-based calculations 
(FONLL, GM-VFNS, kT factorization), similar conclusion at √s = 7 TeV 

Beauty decay electrons

R. Averbeck, 16 Inha University, 2015/02/24 

Electrons from beauty decays 
● differential cross sections in pp collisions at √s = 2.76 TeV  

PLB 738(2014)97 PLB 708(2012)265 

●  relative contributions of charm and beauty decays as well as 
beauty-decay electron cross section reproduced by pQCD 
calculations (also at √s = 7 TeV) ●  FONLL: JHEP 1210(2012)37 

●  GM-VFNS: EPJ C72(2012)2082 
●  kT factorization: PRD 87(2013)094022 

R. Averbeck, 16 Inha University, 2015/02/24 

Electrons from beauty decays 
● differential cross sections in pp collisions at √s = 2.76 TeV  

PLB 738(2014)97 PLB 708(2012)265 

●  relative contributions of charm and beauty decays as well as 
beauty-decay electron cross section reproduced by pQCD 
calculations (also at √s = 7 TeV) ●  FONLL: JHEP 1210(2012)37 

●  GM-VFNS: EPJ C72(2012)2082 
●  kT factorization: PRD 87(2013)094022 
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! Heavy$flavour$cross$sec0on$measured$in$all$channels.$
! pQCD9based%calcula`ons%(FONLL,%GM9VFNS,%kT%factoriza`on)%compa`ble%with%data%

FONLL:%JHEP%1210%(2012)%137,%GM9VFNS:%Eur.%Phys.%J.%C%72%(2012)%2082,%kT%factorisa`on:%arXiv:1301.3033%

HP13%Cape%Town,%6/11/2013%

Heavy-flavour cross section in pp at √s = 2.76, 7 TeV

PLB 738(2014)97
ALICE
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Heavy-flavour production cross sections
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Open Charm Production 
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NLO: 
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�+ F
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/m) = (4.65, 1.48)
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/m, + R

/m) = (1.35, 1.71)

STAR p+p Run 12, 11

[4]

[4]

STAR preliminary

[2]
[1]

Data consistent with FONLL calculation 
within uncertainties 

Quark Matter 2014, Zhenyu Ye 

STAR: PRD 86, 072013 (2012) 

STAR preliminary 
p+p √s=200 GeV 

STAR preliminary 
p+p √s=500 GeV 

• Calculation based on pQCD (ex. FONLL) describes consistently energy 
dependence of total cross sections 

• Charm (beauty) x~10 (~100) from RHIC (200 GeV) to LHC 

• Precision measurement required for quarkonia reference! 

Beauty production in pp collisions at
p

s = 2.76 TeV The ALICE Collaboration

 (GeV)s
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y 

(
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σd
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210
= 2.76 TeV,  |y|<0.8s ALICE, pp   

= 7 TeV,  |y|<0.9s ALICE, pp   
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= 0.63 TeV,  |y|<1.5s   p UA1, p

= 0.2 TeV,  |y|<0.35s PHENIX, pp   

 FONLL

ALICE extr. unc.
ALICE extr. unc.

Fig. 6: (Color online) Inclusive beauty production cross section per rapidity unit measured at mid-rapidity as a
function of center of mass energy in pp collisions (PHENIX [28] and ALICE [20] results) and pp̄ collisions (UA1
[30] and CDF [31] results) along with the comparison to FONLL calculations. Error bars represent the statistical
and systematic uncertainties added in quadrature.

full pT range to the FONLL cross section integrated in the measured pT range. The central value of the
extrapolation factor was computed using the FONLL prediction with the central values of the quark mass
and perturbative scale. The uncertainties were obtained by varying the quark mass and perturbative scale
and recalculating the ratio, which is given separately in the results as extrapolation uncertainty. For the
extrapolation the beauty hadron to electron branching ratio of BRHb!e +BRHb!Hc!e = 0.205± 0.007
[29] is used.

The beauty production cross section at mid-rapidity, per unit rapidity, dsbb̄
dy

= 23.28±2.70(stat)+8.92
�8.70

(sys)+0.49
�0.65(extr)± 0.44(norm) µb, is shown in Fig. 6 as a function of center of mass energy for exper-

imental measurements [28, 31, 30], including the result obtained by ALICE at 7 TeV [20]. The total
beauty production cross section was obtained by extrapolating to the full y range and is found to be
sbb̄ = 130±15.1(stat)+42.1

�49.8(sys)+3.4
�3.1(extr)±2.5(norm)±4.4(BR) µb. The corresponding prediction of

13

PHENIX, pp =0.5 TeV, |y|<0.35

PLB 738(2014)97
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More on production mechanism: 
Multiplicity dependence of heavy-flavour production
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D vs multiplicity - Physics motivation

What has been observed for heavy flavours:

!
• Multiparton Interactions (MPIs) at the LHC? 
!
!
!

!

➣ NA27 (pp collisions at √s = 28 GeV): events with charm have 
larger charged particle multiplicity NA27 Coll. Z.Phys.C41:191

➣ LHCb: double charm production agrees better with models 
including double parton scattering J. High Energy Phys., 06 (2012) 141!

➣ ALICE: approximately linear increase of J/ψ yield as a 
function of multiplicity arXiv:1202.2816 [hep-ex]!

poster: 
E.Leogrande

R.Russo

!
➣particle production in high-energy pp collisions at the LHC 

expected to have a substantial contribution from MPIs 
➣CMS: studies on jet and underlying event ➞ better 

agreement with models including MPIsEur. Phys. J. C 73 (2013) 2674!

!
!
➣ALICE minijet analysis in pp ➞ increase of MPIs with 
charged particle multiplicity JHEP 09 (2013) 049!

For heavy flavours: 
‣ LHCb: double charm production 
agrees better with models including 
double parton scattering
J. High Energy Phys., 06 (2012) 141

Particle production in pp 
collisions at the LHC shows 
a better agreement with 
models including Multi-
Parton Interactions (MPIs)

Eur. Phys. J. C 73 (2013) 2674

ALICE

• D-meson, non-prompt J/ψ  yields increase with charged-particle multiplicity          
→ presence of MPIs and contribution on the harder scale?

due to MPIs?

arXiv:1505.00664

MPIs involving only light quarks and gluons, or for heavy-flavour production? 
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models including Multi-
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ALICE

• D-meson, non-prompt J/ψ  yields increase with charged-particle multiplicity          
→ presence of MPI and contribution on the harder scale?

due to MPIs?

MPIs involving only light quarks and gluons, or for heavy-flavour production? 
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Open
Hidden

arXiv:1505.00664

Same behavior for open and hidden charm production 
→ this behaviour is most likely related to the cc and bb production processes, 
but not significantly influenced by hadronisation!

- -
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Heavy flavours 
Results in p-Pb collisions

Hyunchul Kim Quark Matter 2014, Darmstadt 

Rapidity dependence 
•  Forward-to-backward 

ratio RFB is unity within 
large uncertainties. 

19 
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p-Pb and Pb-p samples 

7 

p-Pb 
Fproton going 

towards muon arm  
 
 
 
 

 
Pb-p 
FPb nucleus going 

towards muon arm  

p (4 TeV) 

Pb (1.58 TeV) 

Pb (1.58 TeV) 

p (4 TeV) 

yCMS = 0.465 in the p-beam direction 

Cold nuclear matter effectsRAA suppression: a QCD medium effect?"
!  The observed suppression can have a contribution from 

initial-state effects, not related to the hot QCD medium 
!  High parton density in high-energy nuclei leads to reduction/

saturation/shadowing of the PDFs at small x (and small Q2) 

dNPbPb
D

dpT
= PDF(x1)PDF(x2 )⊗

dσ̂ c

dpT
⊗ P(ΔE)⊗Dc→D(z)

see e.g. Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Nuclear modification of PDFs 

GSI seminar, 27.11.13                                                 Andrea Dainese" 41"

Why%Heavy9Flavour%in%AA%collisions?%%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%%5%%

HF%in%Pb9Pb%collisions%
Study$the$interac0on$of$heavy$quarks$with$the$medium$via:$$
!  Energy%loss%%%

$ %Colour9charge%dependence$
$
$

$ $Quark9mass%dependence$
% % % %ΔE(light)%>ΔE(c)%>%ΔE(b)%%"%%RAA%(π)%<%RAA%(D)%<%RAA%(B)%%%

$
$
$
!  Collec`vity%in%the%QGP%%

% %Ini0al$spa0al$anisotropy$$"$$momentum$anisotropy$of$par0cles$
$ $Charm$hadron$v2$"$charm$quarks$par0cipate$in$the$collec0ve$

$$$$$$$$$$$$$$expansion$of$the$QGP? $Energy$loss$path$length$dependence?$

ΔE ∝CR
gg CR = 3 
qg CR = 4 / 3Y.L.%Dokshitzer,%et%al.,%J.%Phys.%G%17,%1602%(1991);%%

Y.L.%Dokshitzer%and%D.E.%Kharzeev,%Phys.%Leh.%B%519,%199%(2001).%

RAA =
dNAA / dpT

Ncoll × dNpp / dpT
=

dNAA / dpT
TAA × dσ pp / dpT

?%

HP13%Cape%Town,%6/11/2013%

R. Averbeck, 32 Inha University, 2015/02/24 

●  in-medium energy loss leads to RAA < 1 
● QCD-based models with in-medium radiative                                

or collisional energy loss (Dokshitzer, Kharzeev, PLB 519(2001)199; 
Armesto et al., PRD 69(2004)114003; Djordjevic et al., NPA 783(2007)493)  

! ΔE(g) > ΔE(u,d,s) > ΔE(c) > ΔE(b) 
! RAA(light hadrons) < RAA(c) < RAA(b), but with caveats: 

●  different shapes of the pT distributions in pp collisions 
●  different fragmentation functions 
●  role of soft particle production at low pT 

  
 

Nuclear modification factor RAA 
RAA = 1: binary scaling 
RAA ≠ 1: medium effect  

Binary scaling based on the Glauber ModelNuclear modification factor

• Modification of the parton distribution functions 
inside nucleus  

• kT broadening via collisions inside the nucleus  
• Energy loss in cold nuclear matter… 
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Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV
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D-meson production in p–Pb collisions at √sNN = 5.02 TeV 5

)c (GeV/
T
p

0 5 10 15 20 25

pP
b

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 *+, D+, D0Average D
<0.04cmsy-0.96<

CGC (Fujii-Watanabe)
pQCD NLO (MNR) with CTEQ6M+EPS09 PDF

 broad + CNM Eloss
T

Vitev: power corr. + k

ALICE =5.02 TeVNNsp-Pb, 

Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

The present uncertainties of the measurement do not allow any sensitivity on this effect. In Fig. 4 the
average RAA of prompt D mesons in central (0-20%) and in semi-peripheral (40-80%) Pb–Pb collisions
at √sNN = 2.76 TeV [6] is reported along with the average RpPb of prompt D mesons in p–Pb collisions
at √sNN = 5.02 TeV, showing that cold nuclear matter effects are smaller than the uncertainties for
pT ! 3 GeV/c. In addition, as reported in [6], the same EPS09 nuclear PDF parametrization that
describes the D-meson RpPb results predicts small initial state effects (less than 10% for pT > 5 GeV/c)
for Pb–Pb collisions. As a consequence, the suppression observed in central Pb–Pb collisions for
pT ! 2 GeV/c is predominantly induced by final-state effects, e.g. the charm energy loss in the

ALICE

•RpPb measured in various channels 

•RpPb consistent with unity within 
uncertainties 
๏D0, D+, D*+ mesons (mid rapidity): can 

be described by CGC calculations,                   
pQCD calculations with EPS09 nuclear PDF 
and a model including energy loss in cold 
nuclear matter, nuclear shadowing and kT-
broadening

(arXiv:1308.1258)
(JHEP 04(2009)065

(PRC 75(2007)064906)

PRL 113(2014)232301

R. Averbeck, 6        , Trento, 19.03.2015 

●  heavy-flavor hadrons decay via weak interaction:         
decay length cτ ~ few 100 µm ! measure decay products 

HF jets 
Correlations with HF 

How to measure open heavy flavor? 

- 
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

The present uncertainties of the measurement do not allow any sensitivity on this effect. In Fig. 4 the
average RAA of prompt D mesons in central (0-20%) and in semi-peripheral (40-80%) Pb–Pb collisions
at √sNN = 2.76 TeV [6] is reported along with the average RpPb of prompt D mesons in p–Pb collisions
at √sNN = 5.02 TeV, showing that cold nuclear matter effects are smaller than the uncertainties for
pT ! 3 GeV/c. In addition, as reported in [6], the same EPS09 nuclear PDF parametrization that
describes the D-meson RpPb results predicts small initial state effects (less than 10% for pT > 5 GeV/c)
for Pb–Pb collisions. As a consequence, the suppression observed in central Pb–Pb collisions for
pT ! 2 GeV/c is predominantly induced by final-state effects, e.g. the charm energy loss in the

15

ALICE

•RpPb measured in various channels 

•RpPb consistent with unity within 
uncertainties 
๏D0, D+, D*+ mesons (mid rapidity): can 

be described by CGC calculations,                   
pQCD calculations with EPS09 nuclear PDF 
and a model including energy loss in cold 
nuclear matter, nuclear shadowing and kT-
broadening


๏c,b→e & b→e (mid rapidity)

(JHEP 04(2009)065

(PRC 75(2007)064906)
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 e→ALICE b,c 
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 < 0.14
CMS
y = 5.02 TeV, min. bias, -1.06 < NNsp-Pb, 

ALI−PREL−76745

PRL 113(2014)232301

(arXiv:1308.1258)

R. Averbeck, 8 Inha University, 2015/02/24 

How to measure open heavy flavor? 
●  heavy-flavor hadrons decay via weak interaction:         

lifetimes cτ ~ few 100 µm ! measure decay products 

HF jets 
Correlations with HF 

Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV
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•RpPb measured in various channels 

•RpPb consistent with unity within 
uncertainties 
๏D0, D+, D*+ mesons (mid rapidity): can 

be described by CGC calculations,                   
pQCD calculations with EPS09 nuclear PDF 
and a model including energy loss in cold 
nuclear matter, nuclear shadowing and kT-
broadening


๏c,b→e & b→e (mid rapidity)

๏c,b→μ (forward, backward rapidity)

(JHEP 04(2009)065
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Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

The present uncertainties of the measurement do not allow any sensitivity on this effect. In Fig. 4 the
average RAA of prompt D mesons in central (0-20%) and in semi-peripheral (40-80%) Pb–Pb collisions
at √sNN = 2.76 TeV [6] is reported along with the average RpPb of prompt D mesons in p–Pb collisions
at √sNN = 5.02 TeV, showing that cold nuclear matter effects are smaller than the uncertainties for
pT ! 3 GeV/c. In addition, as reported in [6], the same EPS09 nuclear PDF parametrization that
describes the D-meson RpPb results predicts small initial state effects (less than 10% for pT > 5 GeV/c)
for Pb–Pb collisions. As a consequence, the suppression observed in central Pb–Pb collisions for
pT ! 2 GeV/c is predominantly induced by final-state effects, e.g. the charm energy loss in the
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How to measure open heavy flavor? 
●  heavy-flavor hadrons decay via weak interaction:         

lifetimes cτ ~ few 100 µm ! measure decay products 

HF jets 
Correlations with HF 
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HF decay muon RpPb 

●  RpPb of HF decay muons is consistent with unity at forward rapidity  
and slightly larger than unity at backward rapidity for 2 < pT < 4 GeV/c 
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I. Vitev, PRC 75(2007)064906; Z. Kang et al., arXiv:1409.2494) 

●  cold nuclear matter effects are small in the measured pT range 

Forward: 
p-going 

Backward: 
Pb-going 

R. Averbeck, 22 Inha University, 2015/02/24 

HF decay muon RpPb 

●  RpPb of HF decay muons is consistent with unity at forward rapidity  
and slightly larger than unity at backward rapidity for 2 < pT < 4 GeV/c 

●  described by pQCD models including cold nuclear matter effects                                                                                          
(M. Mangano et al., NPB 373(1992)295; K. Eskola et al., JHEP 04467(2009)065;                    
I. Vitev, PRC 75(2007)064906; Z. Kang et al., arXiv:1409.2494) 

●  cold nuclear matter effects are small in the measured pT range 

Forward: 
p-going 

Backward: 
Pb-going 

M. Mangano et al., 
NPB 373(1992)295;  

K. Eskola et al., JHEP 
04467(2009)065; 

I. Vitev, PRC 
75(2007)064906;  

Z. Kang et al., arXiv:
1409.2494  

Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV



MinJung Kweon, Inha University ICNFP2015, August, 28

D-meson production in p–Pb collisions at √sNN = 5.02 TeV 5

)c (GeV/
T
p

0 5 10 15 20 25

pP
b

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 *+, D+, D0Average D
<0.04cmsy-0.96<

CGC (Fujii-Watanabe)
pQCD NLO (MNR) with CTEQ6M+EPS09 PDF

 broad + CNM Eloss
T

Vitev: power corr. + k

ALICE =5.02 TeVNNsp-Pb, 

Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

The present uncertainties of the measurement do not allow any sensitivity on this effect. In Fig. 4 the
average RAA of prompt D mesons in central (0-20%) and in semi-peripheral (40-80%) Pb–Pb collisions
at √sNN = 2.76 TeV [6] is reported along with the average RpPb of prompt D mesons in p–Pb collisions
at √sNN = 5.02 TeV, showing that cold nuclear matter effects are smaller than the uncertainties for
pT ! 3 GeV/c. In addition, as reported in [6], the same EPS09 nuclear PDF parametrization that
describes the D-meson RpPb results predicts small initial state effects (less than 10% for pT > 5 GeV/c)
for Pb–Pb collisions. As a consequence, the suppression observed in central Pb–Pb collisions for
pT ! 2 GeV/c is predominantly induced by final-state effects, e.g. the charm energy loss in the
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

The present uncertainties of the measurement do not allow any sensitivity on this effect. In Fig. 4 the
average RAA of prompt D mesons in central (0-20%) and in semi-peripheral (40-80%) Pb–Pb collisions
at √sNN = 2.76 TeV [6] is reported along with the average RpPb of prompt D mesons in p–Pb collisions
at √sNN = 5.02 TeV, showing that cold nuclear matter effects are smaller than the uncertainties for
pT ! 3 GeV/c. In addition, as reported in [6], the same EPS09 nuclear PDF parametrization that
describes the D-meson RpPb results predicts small initial state effects (less than 10% for pT > 5 GeV/c)
for Pb–Pb collisions. As a consequence, the suppression observed in central Pb–Pb collisions for
pT ! 2 GeV/c is predominantly induced by final-state effects, e.g. the charm energy loss in the
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

The present uncertainties of the measurement do not allow any sensitivity on this effect. In Fig. 4 the
average RAA of prompt D mesons in central (0-20%) and in semi-peripheral (40-80%) Pb–Pb collisions
at √sNN = 2.76 TeV [6] is reported along with the average RpPb of prompt D mesons in p–Pb collisions
at √sNN = 5.02 TeV, showing that cold nuclear matter effects are smaller than the uncertainties for
pT ! 3 GeV/c. In addition, as reported in [6], the same EPS09 nuclear PDF parametrization that
describes the D-meson RpPb results predicts small initial state effects (less than 10% for pT > 5 GeV/c)
for Pb–Pb collisions. As a consequence, the suppression observed in central Pb–Pb collisions for
pT ! 2 GeV/c is predominantly induced by final-state effects, e.g. the charm energy loss in the
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  Described by pQCD models including cold nuclear matter effects 
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Heavy flavours 
Results in Pb-Pb collisions

Expectation from radiative energy loss: 'Eg > 'Eu,d,s > 'Ec > 'Eb  
Could be reflected in an hierarchy of RAA: RAA(B) > RAA(D) > RAA(S) 

Hierarchy in energy loss? 
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% % % %ΔE(light)%>ΔE(c)%>%ΔE(b)%%"%%RAA%(π)%<%RAA%(D)%<%RAA%(B)%%%

$
$
$
!  Collec`vity%in%the%QGP%%

% %Ini0al$spa0al$anisotropy$$"$$momentum$anisotropy$of$par0cles$
$ $Charm$hadron$v2$"$charm$quarks$par0cipate$in$the$collec0ve$

$$$$$$$$$$$$$$expansion$of$the$QGP? $Energy$loss$path$length$dependence?$

ΔE ∝CR
gg CR = 3 
qg CR = 4 / 3Y.L.%Dokshitzer,%et%al.,%J.%Phys.%G%17,%1602%(1991);%%

Y.L.%Dokshitzer%and%D.E.%Kharzeev,%Phys.%Leh.%B%519,%199%(2001).%

RAA =
dNAA / dpT

Ncoll × dNpp / dpT
=

dNAA / dpT
TAA × dσ pp / dpT

?%

HP13%Cape%Town,%6/11/2013%

R. Averbeck, 32 Inha University, 2015/02/24 

●  in-medium energy loss leads to RAA < 1 
● QCD-based models with in-medium radiative                                

or collisional energy loss (Dokshitzer, Kharzeev, PLB 519(2001)199; 
Armesto et al., PRD 69(2004)114003; Djordjevic et al., NPA 783(2007)493)  

! ΔE(g) > ΔE(u,d,s) > ΔE(c) > ΔE(b) 
! RAA(light hadrons) < RAA(c) < RAA(b), but with caveats: 

●  different shapes of the pT distributions in pp collisions 
●  different fragmentation functions 
●  role of soft particle production at low pT 

  
 

Nuclear modification factor RAA 
RAA = 1: binary scaling 
RAA ≠ 1: medium effect  

Azimuthal%anisotropy%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%28%%

! Ini0al$spa0al$anisotropy$$"$$momentum$anisotropy$of$par0cle$emission$
$
!  The$anisotropy$is$quan0fied$via$a$Fourier$expansion$in$azimuthal$angle$

(ϕ)$with$respect$to$the$reac0on$plane$(ΨRP)$$$

! Different$methods$have$been$considered$
to$evaluate$the$ellip0c$flow$v2:$$
! Event$Plane$$
! 2Dpar0cle$cumulants$(QC,$SP$methods)$
! 4Dpar0cle$cumulants$(only$for$muons)$$$

dN
dϕ

=
N0

2π
(1+ 2v1 cos(ϕ −ΨRP )+ 2v2 cos[2(ϕ −ΨRP )]+...)

HP13%Cape%Town,%6/11/2013%

Binary scaling based on the Glauber Model

Initial spatial anisotropy                                momentum 
anisotropy of particle emission 

The anisotropy is quantified via a Fourier expansion in 
azimuthal angle (   ) with respect to the reaction plane (ΨRP) 

via re-scatterings 

Anisotropic flow: v2

MinJung Kweon, Inha University International conference on Flavor Physics and Mass Generation

Anisotropic transverse flow: v2

Initial spatial anisotropy → momentum anisotropy of particle emission

The anisotropy is quantified via a Fourier expansion in azimuthal angle (φ) with 
respect to the reaction plane (ΨRP)

9

Azimuthal%anisotropy%
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! Different$methods$have$been$considered$
to$evaluate$the$ellip0c$flow$v2:$$
! Event$Plane$$
! 2Dpar0cle$cumulants$(QC,$SP$methods)$
! 4Dpar0cle$cumulants$(only$for$muons)$$$
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=
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Elliptic flow in Au and Pb collisions
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elliptic flow in Au and Pb collisions 
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hydrodynamic behavior continues at LHC energies 
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28 Dariusz Miskowiec,  ALICE Pb-Pb and p-Pb results,  Cracow Epiphany Conference 2013 

hydrodynamic behavior continues at LHC energies

Azimuthal anisotropy 
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• Due to their large mass, c and b quarks 
should take longer time (= more re-scatterings) 
to be influenced by the collective expansion of 
the medium

• v2(b) < v2(c)
• Uniqueness of heavy quarks: cannot be 
destroyed and/or created in the medium

• Transported through the full system 
evolution

Nuclear modification factor
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D-meson RAA in p-Pb and Pb-Pb

• p-Pb results indicate that the 
suppression observed in Pb-Pb 
comes from strong interaction of 
charm quarks with the medium

21
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• Ds+ suppressed by a factor ~3 for             
8 < pT <12 GeV/c  
● more statistics needed at low pT 
where an enhancement of Ds+/D due to 
coalescence is predicted:  

 

R. Averbeck, 35 Inha University, 2015/02/24 

D-meson RAA and RpPb vs. pT 

● observed suppression in 
central Pb-Pb collisions is 
due to the strong interaction 
of charm quarks with the 
dense/hot partonic medium 

● Ds
+

 suppressed by a factor  
3-4 for 8<pT<12 GeV/c 
● more statistics needed at low pT 

where enhancement of Ds
+/D due 

to coalescence is predicted: 

PRL 113(2014)232301 

ALICE

R. Averbeck, 35 Inha University, 2015/02/24 

D-meson RAA and RpPb vs. pT 

● observed suppression in 
central Pb-Pb collisions is 
due to the strong interaction 
of charm quarks with the 
dense/hot partonic medium 

● Ds
+

 suppressed by a factor  
3-4 for 8<pT<12 GeV/c 
● more statistics needed at low pT 

where enhancement of Ds
+/D due 

to coalescence is predicted: 

PRL 113(2014)232301 

Talk by Paola PAGANO 
on Wednesday!
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D-meson RAA in p-Pb and Pb-Pb
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   Cold nuclear matter effects are small (RpPb ~ 1) 
   Suppression due to dense/hot partonic medium effect! 

• p-Pb results indicate that the 
suppression observed in Pb-Pb 
comes from strong interaction of 
charm quarks with the medium

• Ds+ suppressed by a factor ~3 for             
8 < pT <12 GeV/c  
● more statistics needed at low pT 
where an enhancement of Ds+/D due to 
coalescence is predicted:  
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D-meson RAA and RpPb vs. pT 

● observed suppression in 
central Pb-Pb collisions is 
due to the strong interaction 
of charm quarks with the 
dense/hot partonic medium 

● Ds
+

 suppressed by a factor  
3-4 for 8<pT<12 GeV/c 
● more statistics needed at low pT 

where enhancement of Ds
+/D due 

to coalescence is predicted: 

PRL 113(2014)232301 
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Heavy-flavour decay lepton RAA

R. Averbeck, 33 Inha University, 2015/02/24 

HF decay e, µ 

HF decay lepton RAA 

●  yields of leptons from heavy-flavor decays are suppressed at high pT 
in central Pb-Pb collisions w.r.t. binary scaled pp collisions 
●  less suppression in more peripheral collisions 
●  HF decay electron (|y| < 0.6) and muon (2.5 < y < 4) RAA are similar 

●  cold nuclear matter effects are small                                                         
! suppression due to parton energy loss in the hot/dense medium 

PRL 109(2012)112301 
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40-80% 

Heavy-flavour decay muon RAA

QM2014, Darmstadt
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 = 7 TeVs with pp ref. from scaled cross section at 
 = 2.76 TeVs with pp ref. from FONLL calculation at 

ALI−DER−36791

๏ Heavy-flavour decay muon RAA at 
forward rapidity compatible with 
that of heavy-flavour decay 
electrons at mid-rapidity (|y| < 0.6).

Front 
absorber

μ

Tracking 
chambers

Trigger 
chambers

Dipole 
magnet

Muon tracks reconstructed with the forward ALICE 
Muon spectrometer (-4<η<-2.5)
- Matching tracking ⟷ trigger chambers.
- Cut p vs. DCA
Subtraction of background from primary π± and K± 
decays.

B → μ + X, B.R.~11%
D → μ + X, B.R.~10%

7A. Festanti

μ: 2.5 < y < 4
e: |y| < 0.6

S. Li talk, 15:00

R. Averbeck, 33 Inha University, 2015/02/24 

HF decay e, µ 

HF decay lepton RAA 

●  yields of leptons from heavy-flavor decays are suppressed at high pT 
in central Pb-Pb collisions w.r.t. binary scaled pp collisions 
●  less suppression in more peripheral collisions 
●  HF decay electron (|y| < 0.6) and muon (2.5 < y < 4) RAA are similar 

●  cold nuclear matter effects are small                                                         
! suppression due to parton energy loss in the hot/dense medium 

PRL 109(2012)112301 

0-10% 40-50% 
40-80% 

• Significant suppression at high pT in central Pb-Pb collisions w.r.t. 
binary scaled pp collisions 

•  HF decay electrons (|y| < 0.6) and muons (2.5 < y < 4) RAA are similar 
•  Less suppression in more peripheral collisions 
•  RAA of non-prompt J/ψ , electrons from beauty decays shows 
•  RAA of electrons from beauty decays in 0-20% shows

ALICE
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Heavy-flavour decay lepton RAA

• Significant suppression at high pT in central Pb-Pb collisions w.r.t. 
binary scaled pp collisions 

•  HF decay electrons (|y| < 0.6) and muons (2.5 < y < 4) RAA are similar 
•  Less suppression in more peripheral collisions 
•  RAA of non-prompt J/ψ , electrons from beauty decays shows 
•  RAA of electrons from beauty decays in 0-20% shows

Inclusive, prompt and non-prompt J/ψ production in Pb-Pb collisions ALICE Collaboration
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Fig. 8: The nuclear modification factor RAA at mid-rapidity (|y| < 0.8) for non-prompt J/ψ in Pb-Pb collisions
at √sNN = 2.76 TeV as a function of transverse momentum pT. The ALICE measurement corresponds to the 0–
50% centrality range and to the pT intervals 1.5< pT < 4.5 GeV/c and 4.5< pT < 10 GeV/c. The uncorrelated
systematic uncertainties (type II) are depicted by the open boxes, while the correlated uncertainties (type I) are
shown as filled boxes at unity. Results by CMS for higher pT in the centrality range 0–20% and 20–100% [13] are
also shown (the two points have been slightly displaced horizontally for better visibility). The data are compared to
theoretical predictions at mid-rapidity (see text for details). In the right panel, the ALICE result in the pT interval
4.5< pT < 10 GeV/c is compared to theoretical predictions integrated over the same pT range.

as provided by a perturbative calculation (hard thermal loop approach) or extracted from lattice-QCD
simulations. The calculations have been provided for the centrality range 0–50%. A transport approach,
which is based on a strong-coupling scheme, is employed in the model of He et al. [80]. The trans-
port is implemented using non-perturbative interactions for heavy quarks and mesons through the QGP,
hadronization and hadronic phases of a nuclear collision. In particular, the elastic heavy-quark scattering
in the QGP is evaluated within a thermodynamic T-matrix approach, by generating resonances close to
the critical temperature that can in turn recombine into B mesons, followed by hadronic diffusion using
effective hadronic scattering amplitudes. The hydrodynamic evolution of the system is quantitatively
constrained by the measured transverse momentum distributions and elliptic flow of light hadrons. Ra-
diative processes, which should improve the description at high pT, are not included in this approach.
The calculations have been performed in the centrality range 0–50%. The model of Vitev et al. [30, 31]
assumes the existence of open heavy flavour bound-state solutions in the QGP in the vicinity of the crit-
ical temperature. A description of beauty quark quenching is combined with B meson inelastic breakup
processes. Furthermore, modified beauty parton distribution functions and beauty fragmentation func-
tions in a co-moving plasma are implemented in this calculation. The prediction is shown for a fixed
centrality, corresponding to ⟨Npart⟩ = 200, a value very close to the average number of participants in
the centrality range 0–50%. In the model, a sizable fraction of the suppression is ascribed to the inelas-
tic break-up processes (collisional dissociation), as can be deduced from Fig. 8 by comparing the full
model prediction with and without the contribution of this specific process. The model of Djordjevic
[81], shown in Fig. 8 for the centrality range 0–50%, uses a formalism that takes into account finite size
dynamical QCD medium with finite magnetic mass effects and running coupling. In the WHDG model
[82] (centrality range 0–50%) the energy loss is computed using perturbative QCD and considering both
elastic and inelastic partonic collisions and path length fluctuations. The approach of Aichelin et al.
[83, 84] includes a contribution of radiative gluon emission in the interaction of heavy quarks with light
quarks, which are considered as dynamical scattering centers. In this model the relative contribution to
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Heavy-flavour decay lepton RAA

• Significant suppression at high pT in central Pb-Pb collisions w.r.t. 
binary scaled pp collisions 

•  HF decay electrons (|y| < 0.6) and muons (2.5 < y < 4) RAA are similar 
•  Less suppression in more peripheral collisions 
•  RAA of non-prompt J/ψ , electrons from beauty decays shows 
•  RAA of electrons from beauty decays in 0-20% shows

Inclusive, prompt and non-prompt J/ψ production in Pb-Pb collisions ALICE Collaboration
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Fig. 8: The nuclear modification factor RAA at mid-rapidity (|y| < 0.8) for non-prompt J/ψ in Pb-Pb collisions
at √sNN = 2.76 TeV as a function of transverse momentum pT. The ALICE measurement corresponds to the 0–
50% centrality range and to the pT intervals 1.5< pT < 4.5 GeV/c and 4.5< pT < 10 GeV/c. The uncorrelated
systematic uncertainties (type II) are depicted by the open boxes, while the correlated uncertainties (type I) are
shown as filled boxes at unity. Results by CMS for higher pT in the centrality range 0–20% and 20–100% [13] are
also shown (the two points have been slightly displaced horizontally for better visibility). The data are compared to
theoretical predictions at mid-rapidity (see text for details). In the right panel, the ALICE result in the pT interval
4.5< pT < 10 GeV/c is compared to theoretical predictions integrated over the same pT range.

as provided by a perturbative calculation (hard thermal loop approach) or extracted from lattice-QCD
simulations. The calculations have been provided for the centrality range 0–50%. A transport approach,
which is based on a strong-coupling scheme, is employed in the model of He et al. [80]. The trans-
port is implemented using non-perturbative interactions for heavy quarks and mesons through the QGP,
hadronization and hadronic phases of a nuclear collision. In particular, the elastic heavy-quark scattering
in the QGP is evaluated within a thermodynamic T-matrix approach, by generating resonances close to
the critical temperature that can in turn recombine into B mesons, followed by hadronic diffusion using
effective hadronic scattering amplitudes. The hydrodynamic evolution of the system is quantitatively
constrained by the measured transverse momentum distributions and elliptic flow of light hadrons. Ra-
diative processes, which should improve the description at high pT, are not included in this approach.
The calculations have been performed in the centrality range 0–50%. The model of Vitev et al. [30, 31]
assumes the existence of open heavy flavour bound-state solutions in the QGP in the vicinity of the crit-
ical temperature. A description of beauty quark quenching is combined with B meson inelastic breakup
processes. Furthermore, modified beauty parton distribution functions and beauty fragmentation func-
tions in a co-moving plasma are implemented in this calculation. The prediction is shown for a fixed
centrality, corresponding to ⟨Npart⟩ = 200, a value very close to the average number of participants in
the centrality range 0–50%. In the model, a sizable fraction of the suppression is ascribed to the inelas-
tic break-up processes (collisional dissociation), as can be deduced from Fig. 8 by comparing the full
model prediction with and without the contribution of this specific process. The model of Djordjevic
[81], shown in Fig. 8 for the centrality range 0–50%, uses a formalism that takes into account finite size
dynamical QCD medium with finite magnetic mass effects and running coupling. In the WHDG model
[82] (centrality range 0–50%) the energy loss is computed using perturbative QCD and considering both
elastic and inelastic partonic collisions and path length fluctuations. The approach of Aichelin et al.
[83, 84] includes a contribution of radiative gluon emission in the interaction of heavy quarks with light
quarks, which are considered as dynamical scattering centers. In this model the relative contribution to
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   Cold nuclear matter effects are small (RpPb ~ 1) 
   Suppression due to dense/hot partonic medium effect! 
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b-Jet RAA
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   Cold nuclear matter effects are small (RpPb ~ 1) 
   Suppression due to dense/hot partonic medium effect! 

 • Evidence of b-jet suppression in PbPb collisions    

 • Suppression favors pQCD model with stronger jet-medium coupling   

CMS

b-Jet RAA
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Color charge dependence?: D-meson RAA vs. π±
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• D-meson and π RAA are compatible within uncertainties 

• Agreement with models including energy loss hierarchy: ΔE(g) > ΔE(u,d,s) > ΔE(c), 
different shapes of the parton pT distributions, different fragmentation functions, soft 
production mechanisms for low-pT π  

• Measurement not yet conclusive → precision measurement required!

R. Averbeck, 37 Inha University, 2015/02/24 

Comparison with π RAA 

●  D-meson and π RAA are compatible within uncertainties 
●  measurement not yet conclusive 
●  agreement with models including 
●  energy loss hierarchy: ΔE(g) > ΔE(u,d,s) > ΔE(c)  
●  different shapes of the parton pT distributions 
●  different fragmentation functions 
●  soft production mechanisms for low-pT π 

naively: ΔE(g) > ΔE(u,d,s) > ΔE(c) > ΔE(b) ! RAA(π) < RAA(D) < RAA(B) 

Djordjevic, PRL 112(2014)042302 
Wicks et al., NPA 872(2011)265 

ΔE(g) > ΔE(u,d,s) > ΔE(c) > ΔE(b) could be reflected in RAA(B) > RAA(D) > RAA(π)

ALICE
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D mesons

Phys.Lett.B 737 (2014) 298

Djordjevic, PLB 737(2014)298

arXiv:1506.06604
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R. Averbeck, 38 Inha University, 2015/02/24 

RAA: D mesons vs. non-prompt J/ψ 

●  indication for RAA(D) < RAA(J/ψ " B)    
in central Pb-Pb collisions 

●  similar <pT> for D and B mesons 
(~10 GeV/c) but slightly different 
rapidity range 

●  pQCD model including mass-dependent energy loss predicts a 
difference between the RAA of D mesons and non-prompt J/ψ 
similar to the observation  

●  similar for other calculations (BAMPS, WHDG, Vitev et al.) 

consequence of mass difference  
of c and b quarks in pQCD based  
model calculation (Djordjevic, PLB 734(2014)286)  

naively: ΔE(g) > ΔE(u,d,s) > ΔE(c) > ΔE(b) ! RAA(π) < RAA(D) < RAA(B) 

29

• A different in the RAA for D meson 
and non-prompt J/ψ is expected 
from energy-loss models

Quark mass dependence?: D-meson RAA vs. non-prompt J/ψ

Expectation from radiative energy loss: 'Eg > 'Eu,d,s > 'Ec > 'Eb  
Could be reflected in an hierarchy of RAA: RAA(B) > RAA(D) > RAA(S) 

Hierarchy in energy loss? 

38 
Centrality 

D meson and 

J/\←B (from 

CMS) RAA vs. 

centrality in pT 

ranges tuned 

to have  

<pT(D)>  ≈  
<pT(B)> 

-> clear indication 

for RAA(B) > RAA(D) 

 

->consistent with 

the expectation  

��������'Ec > 'Eb  

	CMS-PAS-HIN-12-014 

D. Caffarri, Wed  9:00 

A. Rossi, Mon 14:50 

consequence of mass 
differences of c and b quarks

Similar pattern from other calculations 

 (e.g. BAMPS, WHDG, Vitev et al.).

No trivial relation 
between ΔE and RAA

pQCD model including mass-
dependent rad+coll energy loss 
predict a difference

ΔE(g) > ΔE(u,d,s) > ΔE(c) > ΔE(b) could be reflected in RAA(B) > RAA(D) > RAA(π)

• ALICE prompt D mesons &        
CMS non-prompt J/ψ: 

• B and D mesons <pT>~10 GeV/c, 
slightly different rapidity ranges 

• Clear indication of RAAB←J/ψ > RAAD

(Djordjevic, PLB 734(2014)286)

ALICE

CMS

⎬
ALICE, arXiv:1506.06604
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Azimuthal anisotropy of heavy flavours
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Figure 8: Comparison of prompt D0 meson and charged-particle v2 [36] in three centrality classes as a function of
pT. Both measurements are done with the event plane method. For charged particles a gap of two η units is used.
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Figure 9: D0 meson v2 with event plane method in three pT intervals as a function of centrality. For visibility, the
points are displaced horizontally for two of the pT intervals.

shown in the top-left panel of Fig. 6), since Eq. (4) can be expressed also as

v2 =
π
4
Rin-planeAA −Rout-of-planeAA

Rin-planeAA +Rout-of-planeAA
. (12)

HF decay muons
ALICE

arXiv:1507.03134

• Positive v2 for D mesons and leptons from heavy-flavor hadron decays  
• Similar v2 for D mesons and charged-particles 
• Hint for increasing flow from central to semi-central collisions  
• Confirmation of significant interaction of charm quarks with the medium     

Heavy-flavour decay muon v2 in Pb–Pb collisions ALICE Collaboration

)c (GeV/
T
p

0 1 2 3 4 5 6 7 8 9 10

HF
←
µ 2v

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

 in 20-40%{2}HF←µ
2v

MC@sHQ+EPOS 20-40%
TAMU elastic 20-40%
BAMPS 30-50%

ALICE=2.76 TeVNNsPb-Pb, 
HF in 2.5<y<4←µ

)c (GeV/
T
p

0 1 2 3 4 5 6 7 8 9 10

HF
←
µ AA

R

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

 in 0-10%HF←µ

AAR
MC@sHQ+EPOS 0-10%
TAMU elastic 0-10%
BAMPS 0-10%

ALICE=2.76 TeVNNsPb-Pb, 
HF in 2.5<y<4←µ

Fig. 4: Left: pT-differential elliptic flow of muons from heavy-flavour hadron decays in 2.5 < y < 4, in Pb–Pb
collisions at

p
sNN = 2.76 TeV for the centrality class 20–40% compared to various transport model predictions:

MC@sHQ + EPOS [59–61], TAMU [62] and BAMPS [63–65]. The TAMU model is shown with a theoretical
uncertainty band. Right: pT-differential RAA of muons from heavy-flavour hadron decays for the centrality class
0–10% from [21] compared to the same models as for vµ HF

2 .

The elliptic flow coefficient and the nuclear modification factor of muons from heavy-flavour hadron de-
cays [21] are compared to the following three models. The MC@sHQ + EPOS transport model [59] treats
the propagation of heavy quarks in the medium including collisional and radiative energy loss, within a
3 + 1 dimensional fluid dynamical expansion based on the EPOS model [60, 61]. The hadronization of
heavy quarks takes place at the transition temperature via recombination at low pT and fragmentation at
intermediate and high pT. The final-state hadronic interactions are not included in the model. TAMU [62]
is a transport model including only collisional processes via the Langevin equation. The hydrodynamical
expansion is constrained by pT spectra and elliptic flow data of light-flavour hadrons. The hadronization
is modeled including a component of recombination of heavy quarks with light-flavour hadrons in the
QGP. The diffusion of heavy-flavour mesons in the hadronic phase is also included. BAMPS [63–65]
is a partonic transport model based on the Boltzmann approach to multi-parton scatterings. It includes
collisional processes with a running strong coupling constant. The lack of radiative contributions is ac-
counted for by scaling the binary cross section with a correction factor, tuned to describe the nuclear
modification factor and elliptic flow results at RHIC energies. Vacuum fragmentation functions are used
for the hadronization.

Figure 4 (left) shows that the pT-differential elliptic flow of muons from heavy-flavour hadron decays
in the 20–40% centrality class is described reasonably well by the three models. However, the BAMPS
model tends to slightly underestimate the RAA of muons from heavy-flavour decays in the 10% most cen-
tral collisions, while the MC@sHQ+EPOS model tends to overestimate it. The TAMU model describes
the RAA measurement over the entire pT interval within uncertainties and tends to slightly underestimates
the vµ HF

2 measurement in the low pT region. This indicates that it is challenging to simultaneously de-
scribe the strong suppression of high-pT muons from heavy-flavour hadron decays in central collisions
and the azimuthal anisotropy in semi-central collisions. Similar trends are also observed in the mid-
rapidity region from the comparison of the RAA and v2 of D mesons with model calculations [34].

6 Conclusions

In summary, we have reported on a measurement of the elliptic flow of muons from heavy-flavour hadron
decays at forward rapidity in central and semi-central Pb–Pb collisions at

p
sNN = 2.76 TeV with the

ALICE detector at the LHC.

Measurements have been carried out using several methods which exhibit different sensitivity to initial-

13

Similar to electrons

0-10% 10-30% 30-50%
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• Positive v2 for D mesons and leptons from heavy-flavor hadron decays  
• Similar v2 for D mesons and charged-particles 
• Hint for increasing flow from central to semi-central collisions  
• Confirmation of significant interaction of charm quarks with the medium     
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Figure 8: Comparison of prompt D0 meson and charged-particle v2 [36] in three centrality classes as a function of
pT. Both measurements are done with the event plane method. For charged particles a gap of two η units is used.
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Figure 9: D0 meson v2 with event plane method in three pT intervals as a function of centrality. For visibility, the
points are displaced horizontally for two of the pT intervals.
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Fig. 4: Left: pT-differential elliptic flow of muons from heavy-flavour hadron decays in 2.5 < y < 4, in Pb–Pb
collisions at

p
sNN = 2.76 TeV for the centrality class 20–40% compared to various transport model predictions:

MC@sHQ + EPOS [59–61], TAMU [62] and BAMPS [63–65]. The TAMU model is shown with a theoretical
uncertainty band. Right: pT-differential RAA of muons from heavy-flavour hadron decays for the centrality class
0–10% from [21] compared to the same models as for vµ HF
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The elliptic flow coefficient and the nuclear modification factor of muons from heavy-flavour hadron de-
cays [21] are compared to the following three models. The MC@sHQ + EPOS transport model [59] treats
the propagation of heavy quarks in the medium including collisional and radiative energy loss, within a
3 + 1 dimensional fluid dynamical expansion based on the EPOS model [60, 61]. The hadronization of
heavy quarks takes place at the transition temperature via recombination at low pT and fragmentation at
intermediate and high pT. The final-state hadronic interactions are not included in the model. TAMU [62]
is a transport model including only collisional processes via the Langevin equation. The hydrodynamical
expansion is constrained by pT spectra and elliptic flow data of light-flavour hadrons. The hadronization
is modeled including a component of recombination of heavy quarks with light-flavour hadrons in the
QGP. The diffusion of heavy-flavour mesons in the hadronic phase is also included. BAMPS [63–65]
is a partonic transport model based on the Boltzmann approach to multi-parton scatterings. It includes
collisional processes with a running strong coupling constant. The lack of radiative contributions is ac-
counted for by scaling the binary cross section with a correction factor, tuned to describe the nuclear
modification factor and elliptic flow results at RHIC energies. Vacuum fragmentation functions are used
for the hadronization.

Figure 4 (left) shows that the pT-differential elliptic flow of muons from heavy-flavour hadron decays
in the 20–40% centrality class is described reasonably well by the three models. However, the BAMPS
model tends to slightly underestimate the RAA of muons from heavy-flavour decays in the 10% most cen-
tral collisions, while the MC@sHQ+EPOS model tends to overestimate it. The TAMU model describes
the RAA measurement over the entire pT interval within uncertainties and tends to slightly underestimates
the vµ HF

2 measurement in the low pT region. This indicates that it is challenging to simultaneously de-
scribe the strong suppression of high-pT muons from heavy-flavour hadron decays in central collisions
and the azimuthal anisotropy in semi-central collisions. Similar trends are also observed in the mid-
rapidity region from the comparison of the RAA and v2 of D mesons with model calculations [34].

6 Conclusions

In summary, we have reported on a measurement of the elliptic flow of muons from heavy-flavour hadron
decays at forward rapidity in central and semi-central Pb–Pb collisions at

p
sNN = 2.76 TeV with the

ALICE detector at the LHC.

Measurements have been carried out using several methods which exhibit different sensitivity to initial-

13

Similar to electrons

   

Heavy quarks participate in collective motion of the medium with 
sufficient re-scatterings 
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RAA and v2: Comparison with models

• Simultaneous reproduction of RAA and v2 challenging for models 

⇒ provide understanding of heavy-quark energy loss mechanism, the degree of 
thermalization of heavy-quarks within the medium 
• Task to us: Precision measurements!  → reduction of stat. and sys. uncertainties 

of data

32
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!  Simultaneous$measurement/descrip0on$of$v2$and$RAA$$
"  understanding$of$heavy$quark$transport$coefficients$of$the$medium$
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R. Averbeck, 42 Inha University, 2015/02/24 

D-meson RAA and v2 vs. models 

! simultaneous reproduction of RAA and v2 challenging for models 
! task for us: reduction of stat. and sys. uncertainties of data 
● e± and µ± from heavy-flavor decays: similar situation 

PRL 111(2013)102301, PRC 90(2014)034904 
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Summary and Outlook

33

LHC run II, III, IV data will answer to the open questions

Summary 
• pp data are described by perturbative QCD ⇒ Heavy flavours are a calibrated probe 
• Pb-Pb data: 

• Hints of a stronger suppression for charm than for beauty at intermediate/high pT. 
• No strong conclusions drawn yet from the comparison of D-meson and pion RAA, 

given the current uncertainties 
• Positive flow of charm hadrons and heavy-flavour decay leptons ⇒ participating 

in collectivity of the medium with sufficient re-scatterings 
• p-Pb data: 

• Results consistent with pQCD + shadowing ⇒ the observed suppression in Pb-Pb 
collisions is due to a dense/hot partonic medium effect 

   Outlook  
● High precision, more statistics, extended pT coverage (high and low pT)  
● Smaller uncertainties and new differential measurements will help to  

• constrain model calculations quantitatively 
• address open questions concerning the flavour dependence of parton energy loss, 

their path-length dependence, thermalization of charm and beauty, heavy-flavour 
jet pair asymmetries and angular correlations, heavy-flavour jet fragmentation 
functions/subjet structure, coalescence including heavy quarks ... 
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Thank you for your attention!
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ALICE detectors : D mesons

36
R. Averbeck, 10 Inha University, 2015/02/24 

A Large Ion Collider Experiment 
● measurements of hadronic D-meson decays 

D0 ! K- π+ 

D+ ! K- π+ π+ 
D*+ ! D0 π+ 
Ds

+ ! φ π+ ! K- K+ π+ 
 

|η| < 0.9 
ITS: tracking, vertexing 
TPC: tracking, PID 
TOF: K-ID 

ITS 

TPC 

TOF 

K π
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R. Averbeck, 11 Inha University, 2015/02/24 

A Large Ion Collider Experiment 
● measurements of electrons from heavy-flavor decays 

D ! e+X, BR ~ 10% 
B ! e+X, BR ~ 11% 

|η| < 0.9 
ITS: tracking, vertexing, PID 
TPC: tracking, PID 
TOF, EMCal, TRD: e-ID 

ITS 

EMCal 

TRD 

TPC 

TOF 

e 

ALICE detectors : Heavy-flavour decay electrons
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R. Averbeck, 12 Inha University, 2015/02/24 

A Large Ion Collider Experiment 
● measurements of muons from heavy-flavor decays 

D ! µ+X, BR ~ 10% 
B ! µ+X, BR ~ 11% 

-4 < η < -2.5 
µ-ID via tracks in the muon 
spectrometer matched with 
the trigger system 

Tracking Chambers 

Trigger Chambers 
Dipole Magnet 

Front Absorber 

Muon Filter 

ALICE detectors : Heavy-flavour decay muons
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CMS detectors

39
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More differential information: 
Heavy flavour correlations

• D-hadron correlations in pp show good agreement with expectations from 
Pythia (different tunes)

40
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12 Sandro Bjelogrlić 19/05/2014

Example of azimuthal correlations compared to 
Pythia 
Compatible within uncertainties with  expectations 
from different Pythia tunes

D-hadron azimuthal correlation in pp

Baseline subtracted Baseline subtracted

NEW NEW

 pp @√s = 7 TeV

5 < D pT < 8 GeV/c 8 < D pT < 16 GeV/c

Sandro Bjelogrlić 

Physics motivations - azimuthal correlations in Pb-Pb

419/05/2014

Near Side

Away side

Di-hadron (i.e. light flavour) 
correlations with ALICE: 
Comparing central Pb-Pb to pp

Near side: 20% enhancement 
Away side: 50% suppression

Near side : modifications to the properties of jets containing 
heavy-flavours 
Away side: path length dependence of charm in-medium 
energy loss (surface bias, away side suppression) 
Main observable IAA

Correlation between a heavy-flavour particle and charged 
particles produced in the event is sensitive to:

(0-5% Pb-Pb)/pp 
(60-90% Pb-Pb)/pp

Di-hadron correlations

!
Phys. Rev. Lett. 108, 092301 (2012) 

Goal: study IAA for heavy-flavours

,

Heavy flavour jet properties

Path length dependence

ALICE

in Pb-Pb
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๏non-prompt J/ψ: 

- at forward, modest suppression

- at backward, consistent with unity within uncertainties
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• nPDF depleted compared to proton PDF at low x

• Characterized by forward/backward asymmetry

• Binning in pT and y

Non-prompt J/ψ in pPb: Rfb

CMS-PAS-HIN-14-009
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Figure 5: Nuclear modification factor R
pPb

as a function of y for (a) prompt J/ mesons and (b)
J/ from b, together with the theoretical predictions from (yellow dashed line and brown band)
Refs. [2,42], (blue band) Ref. [3], and (green solid and blue dash-dotted lines) Ref. [4]. The inner
error bars (delimited by the horizontal lines) show the statistical uncertainties; the outer ones
show the statistical and systematic uncertainties added in quadrature. The uncertainty due to
the interpolated J/ cross-section in pp collisions at

p
s = 5TeV is 5.5% (8.4%) for prompt J/ 

mesosns (J/ from b).

J/ mesons, are given in Table 5.
Figure 6 shows the forward-backward production ratio RFB as a function of |y|, compared

with theoretical calculations [2–4,42]. The value of RFB for J/ from b is closer to unity
than for prompt J/ mesons, indicating a smaller asymmetry in the forward-backward
production. The results agree with theoretical predictions. The calculation [3] with the
EPS09 NLO nPDF alone predicts a smaller forward-backward production asymmetry for
prompt J/ mesons than observed. Figure 7 shows the forward-backward production ratio
RFB as a function of p

T

for prompt J/ mesons and J/ from b in the range 2.5 < y < 4.0
of the nucleon-nucleon centre-of-mass frame. Theoretical predictions [3,5] are only available
for prompt J/ mesons. The calculation [5] based on parton energy loss with the EPS09
NLO nPDF agrees with the measurement of RFB for prompt J/ mesons. The measured
values of the forward-backward production ratio RFB are given in Tables 6 and 7, where
the results for inclusive J/ mesons are also listed.

6 Conclusion

The production of prompt J/ mesons and of J/ from b-hadron decays is studied in
pPb collisions with the LHCb detector at the nucleon-nucleon centre-of-mass energyp
sNN = 5TeV. The measurement is performed as a function of the transverse momentum

and rapidity of the J/ meson in the region p
T

< 14GeV/c and 1.5 < y < 4.0 (forward)
and �5.0 < y < �2.5 (backward). The nuclear modification factor R

pPb

and the forward-
backward production ratio RFB are determined for the first time separately for prompt
J/ mesons and those from b-hadron decays. The measurement indicates that cold nuclear

10

Down to pT = 0!

Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV

Forward
Backward

Hyunchul Kim Quark Matter 2014, Darmstadt 

Rapidity dependence 
•  Forward-to-backward 

ratio RFB is unity within 
large uncertainties. 
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The double ridge also observed in heavy-flavour sector!

The mechanism (CGC? Hydro?) that generates it affects also HF

More differential information: 
Heavy-flavour electron-hadron correlations
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HF decay electron-hadron azimuthal correlations in p-Pb
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Removal of jet peak via subtraction of multiplicity classes: (0-20%) - (60-100%)  
Heavy-flavour → hard-scattering processes involving massive quarks 
Long range correlation featuring a double ridge structure observed for              
1 < pTe < 2 GeV/c, 0.5 < pTh < 2 GeV/c 

The double ridge also observed in heavy-flavour sector!  
The mechanism (CGC? Hydro?) that generates it affects also HF

Multiplicity class: 

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

 p-Pb @√sNN = 5.02 TeV

poster by E. Pereira de Oliveira Filho

Resembles the structure 
that in AA is interpreted 
in terms of collective flow

ALICE

supporting?
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Color charge dependence?: D-meson RAA vs. π±

43

RAA (D) = RAA (charm) 
RAA (light quarks) = RAA (charm) 

RAA (h±) = RAA (D) 

3

FIG. 1: Theory vs. experimental data for momentum dependence of light flavor RAA. The left panel shows the
comparison of light hadron suppression predictions with experimentally measured RAA for charged particles. The red circles
and the blue squares, respectively, correspond to ALICE [36] and CMS [38] experimental data. The central panel shows the
comparison of pion suppression predictions with preliminary π± ALICE [37] RAA data (the red rhomboids), while the right
panel shows the comparison of kaon suppression predictions with preliminary K± RAA ALICE data [37] (the red triangles).
All the data correspond to 0-5% central 2.76 TeV Pb+Pb collisions. On each panel, the gray region corresponds to the case
where 0.4 < µM/µE < 0.6, with the upper (lower) boundary of each band that corresponds to µM/µE = 0.4 (µM/µE = 0.6).

FIG. 2: Theory vs. experimental data for momentum dependence of heavy flavor RAA. The left panel shows the
comparison of D meson suppression predictions with D meson RAA ALICE preliminary data [39] (the red triangles) in 0-5%
central 2.76 TeV Pb+Pb collisions. The central panel shows the comparison of non-photonic single electron suppression with
the corresponding ALICE preliminary data [40] (the green circles) in 0-10% central 2.76 TeV Pb+Pb collisions. The right panel
shows the comparison of J/ψ suppression predictions with the preliminary non-prompt J/ψ RAA CMS data [41] (the orange
stars) in 0-100% 2.76 TeV Pb+Pb collisions. The gray region on each panel is as defined in Fig. 1.

the right panel show excellent agreement between the
theoretical predictions and preliminary ALICE pion and
kaon RAA data [37]; note that these predictions repro-
duce a fine qualitative resolution between pion and kaon
RAA data, i.e. the fact that observed kaon suppression
is systematically somewhat larger compared to the pion
suppression. For the heavy flavor measurements, predic-
tions for D meson data (the left panel in Fig. 2 ) show a
similarly good agreement with the available experimental
ALICE preliminary data [39]. Though the preliminary
non-photonic single electron data [40] are quite noisy (the
central panel in Fig. 2), there is a very good agreement
with the corresponding theoretical predictions; further

reduction of the error bars is needed for a clearer compar-
ison. Finally, we also see a good agreement between the
theoretical predictions and CMS preliminary non-prompt
J/ψ data [41] (the right panel in Fig. 2), except for the
last data point, for which the error bars are very large.
Regarding J/ψ data, one should here note that our pre-
dictions (which are done for the central collisions) are
compared with the available 0-100% centrality measure-
ments; the change in the centrality is expected to increase
the suppression compared to the results presented here,
though based on [41], we expect that the increase will
not be significant.
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the right panel show excellent agreement between the
theoretical predictions and preliminary ALICE pion and
kaon RAA data [37]; note that these predictions repro-
duce a fine qualitative resolution between pion and kaon
RAA data, i.e. the fact that observed kaon suppression
is systematically somewhat larger compared to the pion
suppression. For the heavy flavor measurements, predic-
tions for D meson data (the left panel in Fig. 2 ) show a
similarly good agreement with the available experimental
ALICE preliminary data [39]. Though the preliminary
non-photonic single electron data [40] are quite noisy (the
central panel in Fig. 2), there is a very good agreement
with the corresponding theoretical predictions; further

reduction of the error bars is needed for a clearer compar-
ison. Finally, we also see a good agreement between the
theoretical predictions and CMS preliminary non-prompt
J/ψ data [41] (the right panel in Fig. 2), except for the
last data point, for which the error bars are very large.
Regarding J/ψ data, one should here note that our pre-
dictions (which are done for the central collisions) are
compared with the available 0-100% centrality measure-
ments; the change in the centrality is expected to increase
the suppression compared to the results presented here,
though based on [41], we expect that the increase will
not be significant.

Excellent agreement!

Djordjevic, arXiv:1307.4098

Calculation by M. Djordjevic 
(rad+coll energy loss) can 
describe both RAA

Shows strong colour 
charge effect in 
partonic RAA (g vs. 
light and c)

Colour charge effect plays!

Distortion by fragmentation!
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Observables constraining models

44

Azimuthal anisotropy of charm production in Pb–Pb collisions at √sNN = 2.76 TeV 25
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Figure 11: (colour online) Model comparisons for average D meson v2 in the 30–50% centrality class (upper-
left), average D meson RAA in the 0–20% centrality class (upper-right) [13], D0 RAA in-plane and out-of-plane
in the 30–50% centrality class (lower panels). The seven model calculations are described in the text: WHDG
rad+coll [18], POWLANG [19], Cao, Qin, Bass [46], MC@sHQ+EPOS, Coll+Rad(LPM) [79], BAMPS [21],
TAMU elastic [44], UrQMD [45]. The models WHDG rad+coll, POWLANG, TAMU elastic and UrQMD are
shown by two lines that represent their uncertainty.

0.08 from low to high pT), which is close to that observed in data. The nuclear modification factor
is substantially overestimated below pT ≈ 5 GeV/c and correctly described at higher pT.

III TAMU elastic [44]. This is a heavy-flavour transport model based on collisional, elastic processes
only. The heavy-quark transport coefficient is calculated within a non-perturbative T -matrix ap-
proach, where the interactions proceed via resonance formation that transfers momentum from the
heavy quarks to the medium constituents. The model includes hydrodynamic medium evolution,
constrained by light-flavour hadron spectra and elliptic flow data, and a component of recombina-
tion of heavy quarks with light-flavour quarks from the QGP. Diffusion of heavy-flavour hadrons
in the hadronic phase is also included. The model provides a good description of the observed
suppression of D mesons over the entire pT range. The maximum anisotropy, v2 of about 0.13 at
2 < pT < 4 GeV/c, is close to that observed in the data. Towards larger pT, the model tends to
underestimate v2, as well as the difference of the in-plane and out-of-plane RAA.

IV POWLANG [19]. This transport model is based on collisional processes treated within the frame-
work of Langevin dynamics, within an expanding deconfined medium described by relativistic
viscous hydrodynamics. The transport coefficients entering into the relativistic Langevin equation
are evaluated by matching the hard-thermal-loop calculation of soft collisions with a perturbative
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0.08 from low to high pT), which is close to that observed in data. The nuclear modification factor
is substantially overestimated below pT ≈ 5 GeV/c and correctly described at higher pT.

III TAMU elastic [44]. This is a heavy-flavour transport model based on collisional, elastic processes
only. The heavy-quark transport coefficient is calculated within a non-perturbative T -matrix ap-
proach, where the interactions proceed via resonance formation that transfers momentum from the
heavy quarks to the medium constituents. The model includes hydrodynamic medium evolution,
constrained by light-flavour hadron spectra and elliptic flow data, and a component of recombina-
tion of heavy quarks with light-flavour quarks from the QGP. Diffusion of heavy-flavour hadrons
in the hadronic phase is also included. The model provides a good description of the observed
suppression of D mesons over the entire pT range. The maximum anisotropy, v2 of about 0.13 at
2 < pT < 4 GeV/c, is close to that observed in the data. Towards larger pT, the model tends to
underestimate v2, as well as the difference of the in-plane and out-of-plane RAA.

IV POWLANG [19]. This transport model is based on collisional processes treated within the frame-
work of Langevin dynamics, within an expanding deconfined medium described by relativistic
viscous hydrodynamics. The transport coefficients entering into the relativistic Langevin equation
are evaluated by matching the hard-thermal-loop calculation of soft collisions with a perturbative

- 10 -

WHDG: Nucl. Phys. A 872 (2011) 265; MC@sHQ+EPOS, Coll+Rad(LPM): Phys. Rec. C89 (2004) 014905; TAMU elastic: arXiv:1401.3817 
[nucl-th]; POWLANG: Eur. Phys. J. C71 (201) 1666, J.Phys. G 38 (2011) 124144; BAMPS: Phys. Rev. C 84 (2011) 024908; J. Phys. G38 
(2011) 124152 Phys. Lett. B 717 (2012) 430;arXiv:1310.3597v1[hep-ph] ; UrQMD: arXiv:1211.6912[hep-ph]; J. Phys.Conf. Ser. 426 (2013)      
                       012032; Cao, Qin, Bass:  Phys. Rev. C 88 (2013) 044907

D-meson flow and R
AA
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2

D and R
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D
  
measurements together start to provide contraints for the models

Poster Davide Caffarri 
Tue 20.04 16:30-18:30

Raphaelle Bailhache 

ALICE collaboration, PRL 111, 102301 (2013)
ALICE collaboration, arXiv:1405.2001 [nucl-ex]
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๏ Comparison of theoretical model predictions to different observables 
simultaneously.

๏ Constraints on the description of the energy-loss mechanisms. 
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Various observables provide 
constraints for the models
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Conclusions & outlook 

Future tasks: 
� Improvement of LPM effect 

� Only binary collisions: 
  

With running coupling and improved Debye 
screening, v2 and RAA agreement only with K=3.5 
 

� Radiative and binary collisions: 
• Sensitivity on LPM implementation 

• RAA and v2 simultaneously seems difficult 

• RAA of light and heavy hadrons can be described 

 
Further details in Phys. Lett. B 717, 430 (2012)  

and Phys. Rev. D88 (2013)  
 

Full space-time evolution of QGP with charm and bottom quarks  



MinJung Kweon, Inha University ICNFP2015, August, 28

Outlook
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Status: Heavy Flavor Tracker 

√sNN = 200GeV Au+Au Collisions 

Heavy Flavor Tracker 
(HFT) 

Physics goal:  Precision measurement 
of heavy quark hadron production in 
heavy ion collisions 
 

All 3 sub-detectors (PXL, IST, SSD) were 
completed, installed prior to Run14 
 

PXL – heart of the HFT:  state-of-art 
detector, MAPS technology, first time 
used at a collider experiment. 
Integration  time  ~  160μs 
 

Taking data with STAR detector system, 
on track towards the physics goal 
 

With survey and preliminary alignment,  
Kaons at 750 MeV/c:  DCA  <  60μm 

Hao QIU 
May 21, [Future experimental 

facilities, upgrades, and 
instrumentation] 

Physics performance studies - example
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ALICE, PRL 111 (2013) 102301
Input values from BAMPS model: C. Greiner 

et al. arXiv:1205.4945

Charm v2 down to pT~0 using 

prompt and beauty v2 down to B 

pT~0 using B-decay D0

Present Upgrade
Heavy flavour - flow

ALICE                                                                                                 Quark Matter 2014, Darmstadt  |  May 21,  2014 | Sabyasachi Siddhanta

ALICE, CERN-LHCC-2013-024

Talk:  Raphaelle Bailhache (122)

Present results on charm v2

Physics performance studies - example

15

Charm and beauty RAA down to 
pT~0 using D0 and B-decay J/ψ

ALICE, CERN-LHCC-2013-024

Upgrade

Heavy flavour - RAA

ALICE                                                                                                 Quark Matter 2014, Darmstadt  |  May 21,  2014 | Sabyasachi Siddhanta

Talk:  Andrea Festanti (94)

Present results at pT~10 GeV

Present

Conclusion and Outlook

18

TDR approved by 
RB on 12th March 2014

¾ Detector layout and important technological aspects defined

¾ Integration and installation aspects studied in detail

¾ Detailed Monte Carlo simulations verified the detector 
and physics performances   

Installation 
in ALICE

Integration, 
commissioning 

at surface
2016 2017 2019

Completion of R &D 

Production, 
construction, 

tests

20152014 2018

High lumi
Pb-Pb with 
upgraded 

ALICE

2020

ALICE                                                                                                 Quark Matter 2014, Darmstadt  |  May 21,  2014 | Sabyasachi Siddhanta

Next measurement! 
! Silicon vertex tracking system VTX and FVTX are successfully 

taking Au+Au collision data now! 
–  Separation of D and B meson based on precise vertex measurement  

PHENIX heavy-flavor electron results 
Sanghoon Lim 

Rcharm

AA

? Rbottom

AA

PHENIX Silicon Vertex Tracking System  

14 

Precision measurements


