
Heavy Flavour Production in Small and Large Systems 
measured with ALICE

MinJung Kweon 
Inha University

HIM Meeting 
April 22, 201



✤ Why Heavy flavours in heavy-ion physics 

✤ Heavy-flavour observables 

✤ Main and recent heavy-flavour measurements  

๏ in pp, p-Pb collisions 

๏ in Pb-Pb collisions 

✤ Future plans

OUTLINE



MinJung Kweon, Inha University HIM Meeting, April 22nd 2017

Basic scales of heavy flavour
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• mc,b ≫ ΛQCD pQCD initial production 
• mc,b ≫ TRHIC,LHC  negligible thermal production 
• 𝜏0 ≈ 1/2mQ (<0.1 fm/c) ≪ 𝜏QGP (O(10fm/c)) witness of all the QGP

0 0.5 105
𝜏 [fm/c]

✤ Initial production 
- pQCD-NLO 
- MC-NLO 
- CNM effect

✤ Dynamics in QGP 
- energy loss via radiative 

(“gluon Bremsstrahlung”) 
and collisional processes

‣ color charge (Casimir factor) 
‣ quark mass (dead-cone effect) 
‣ path length and medium density 

✤ Hadronization 
- via quark coalescence and/

or fragm. 
- hadronic rescattering

“Calibrated probes" of the medium

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
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QGP	tomography	with	heavy	quarks	
 
•  Early	produc9on	in	hard-scaKering	processes	with	high	Q2			
•  Produc9on	cross	sec9ons	calculable	with	pQCD	
•  Strongly	interac9ng	with	the	medium		

•  Hard	fragmenta9on	➜	measured	meson	proper9es	closer	to	parton	ones	
	

Study	parton	interac9on	with	the	medium		
•  energy	loss	via	radia<ve	(“gluon	Bremsstrahlung”)	
				 	 	 	 				collisional	processes	

Ø  path	length	and	medium	density		

Ø  color	charge		(Casimir	factor)	
Ø  quark	mass		(e.g.	from	dead-cone	effect)	

	

“Calibrated	probes”	of	the	medium	

at all pT for charm and beauty  
(large masses >> ΛQCD) 

 

€ 

ΔEg > ΔEu,d ,s > ΔEc > ΔEb} 
l  medium	modifica<on	to	HF	hadron	forma<on	

l  	hadroniza9on	via	quark	coalescence			

l  	par9cipa9on	in	collec9ve	mo9on	➜	azimuthal	anisotropy	of	produced	par9cle	
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Heavy quark energy loss
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Dead Cone Effect 
• Gluon radiation is suppressed at angles smaller 

than the ratio of the quark mass MQ to its energy 
EQ(𝜃< MQ/EQ) 

• In medium, dead cone implies lower energy loss 
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    ⇒	 suppression of  high-energy tail 
for heavy quarks 

    ⇒	 more pronounced for beauty

(Dokshitzer and Kharzeev, PLB 519 (2001) 199.)

Color charge dependence of energy loss

ω
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dω

∝α sCR f (ω )

,where CR = 3 for g, 4
3

for q

gluon radiation spectrum by the parton 
propagation in the medium:

gluon radiation spectrum by the quark 
propagation in the medium:
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FIG. 7: As in Fig. 6 but for light u, d quarks and gluons.
The yellow bands are computed in this case with effec-
tive g, u path lengths Lg = 3.5 and Lu = 5.0 fm based
on Eq. (7). Note that charm and light quark quenching
are similar in this pT range.

smaller width for fluctuations relative to radiative fluctu-
ations. Even in moderately opaque media with L/λ ∼ 10,
inelastic energy loss fluctuations are large because only a
few, 2-3, extra gluons are radiated [4]. Thus, gluon num-
ber fluctuations, O(1/

√
Ng) lead to a substantial reduc-

tion in the effect of radiative energy loss. On the other
hand, elastic energy loss fluctuations are controlled by
collision number fluctuations, O(

√

λ/L), which are rela-
tively small in comparison for a significant proportion of
the length scales probed. Therefore, fluctuations of the
elastic energy loss do not dilute the suppression of the
nuclear modification factor as much as Ng fluctuations.
The increase in the sensitivity of the final quenching level
to the opacity is a novel and useful byproduct of includ-
ing the elastic channel; see Fig. 11 in Appendix D. The
inclusion of elastic energy loss significantly reduces the
fragility of pure radiative quenching [45] and therefore
increases the sensitivity of jet quenching to the opacity
of the bulk medium [47].

Numerical Results: Pions and Electrons
We now return to Fig. 1 to discuss the consequence of
including elastic energy loss of c and b quarks on the
electron spectrum. The inclusion of the collisional en-
ergy loss significantly improves the comparison between
theory and the single electron data. That is, the lower
yellow band can reach below RAA ∼ 0.5 in spite of keep-
ing dNg/dy = 1000, consistent with measured multiplic-
ity, and using a conservative αs = 0.3. A large source
of the uncertainty represented by the lower yellow band
is the modest but poorly determined elastic energy loss,
∆E/E ≈ 0.0−0.1, of bottom quarks (see Fig. 2). There is
additional uncertainty from the relative contributions to
electrons from charm and bottom jets. The dashed lines
show an extreme version of this in which charm jets are
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FIG. 8: The consistency of the extended jet quench-
ing theory is tested by comparing its prediction to
the nuclear modification of the π0 spectra observed by
PHENIX [1].

the only source of electrons. If the charm to bottom ra-
tio given by FONLL calculations is accurate, the current
data suggests that even the combined radiative+elastic
pQCD mechanism is not sufficient to explain the single
electron suppression.

As emphasized in [11], any proposed energy loss mech-
anisms must also be checked for consistency with the ex-
tensive pion quenching data [1], for which preliminary
data now extend out to pT ∼ 20 GeV. This challenge
is seen clearly in Fig. 5, where for fixed L = 5 fm,
the addition of elastic energy loss would overpredict the
quenching of pions. However, the simultaneous inclusion
of path fluctuations leads to a decrease of the mean g
and u,d path lengths that partially offsets the increased
energy loss. Therefore, the combined three effects con-
sidered here makes it possible to satisfy Re

AA < 0.5± 0.1
without violating the bulk dNg/dy = 1000 entropy con-
straint and without violating the pion quenching con-
straint Rπ0

AA ≈ 0.2±0.1 now observed out to 20 GeV; see

Fig. 8. We note that the slow rise of Rπ0

AA with pT in the
present calculation is due in part to the neglect of initial
kT smearing that raises the low pT region and the EMC
effect that lowers the high pT region (see [5]).

Conclusions
The elastic component of the energy loss cannot be ne-
glected when considering pQCD jet quenching. While
the results presented in this paper are encouraging, fur-
ther improvements of the jet quenching theory will be
required before stronger conclusions can be drawn.

From an experimental perspective, there is at present
significant disagreement between measured p+p to elec-
tron baselines [7, 8]. In addition, direct measurement of
D spectra will be essential to deconvolute the different
bottom and charm jet quark dynamics.

here,                                            (partonic 
modification factor before hadronization)

RQ = dσQ
final / dσQ

initial
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Dead cone effect in other model
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The strong coupling constant !s and Casimir operator
CF ! 4

3 determine the coupling strength of gluons to the
massive quark. The physical interpretation of the internal
integration variables in (A1) has been explained elsewhere
[31,45] and plays no role in what follows. For numerical
calculations, we use !s ! 1=3. Equation (A1) resums the
effects of arbitrary many medium-induced scatterings to
leading order in 1=E.

The parton mass dependence enters the gluon energy
distribution (A1) via the phase factor exp'i !q"yl $ !yl#( [31],
where !q is defined as the difference between the total three
momentum of the initial quark (p1), and the final quark
(p2) and gluon (k),

!q ! p1 $ p2 $ k ’ x2m2

2!
; x ! !

E
: (A2)

The medium dependence enters (A1) via the product of
the time-dependent density n"## of scattering centers times
the strength of a single elastic scattering $"r#. In what
follows, we work in the multiple soft scattering approxi-
mation

n"##$"r# ’ 1

2
q̂"##r2; (A3)

where the path integral in (A1) can be evaluated in a saddle
point approximation. This approximation is known to lead
to results which are physically equivalent [45] to other
approaches. For a hard parton which transverses a time-
independent medium of length L, we have q̂"## !
q̂0""L$ ##. For the realistic case of an expanding me-
dium [10,69,70], the radiation spectrum is the same as that
for an equivalent static medium of appropriately rescaled
transport coefficient. This dynamical scaling law is used to
define in (2.4) and (2.5) the only medium-dependent pa-
rameters !c and R. In Fig. 7 the medium-modified part of
the k? integrated gluon energy distribution (A1) is plotted
for different values of m=E and R ! !cL where !c !
1
2 q̂L

2.
The probability that in the parton fragmentation process

of the hard massive quark, an additional amount #E of the
initial quark energy is lost due to multiple medium-induced
gluon radiation, can be modeled by a Poissonian process
[34],
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We calculate this probability distribution via its Mellin
transform as described in Refs. [34,45]. It has a discrete
and a continuous part
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FIG. 7. The kT integrated medium-induced gluon energy dis-
tribution (A1) radiated off a massive quark for different values of
R (panels) and of m=E (line styles).
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FIG. 8. Discrete part p0 of the quenching weight (A4) as a
function of R for different values of m=E.
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3 determine the coupling strength of gluons to the
massive quark. The physical interpretation of the internal
integration variables in (A1) has been explained elsewhere
[31,45] and plays no role in what follows. For numerical
calculations, we use !s ! 1=3. Equation (A1) resums the
effects of arbitrary many medium-induced scatterings to
leading order in 1=E.

The parton mass dependence enters the gluon energy
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and a continuous part

cω/ω
-410 -310 -210 -110 1 10 210

ω
 d

I/d
ω

0

0.1

0.2

0.3

0.4

0.001

0.01

0.05

0.1

0.3

0.5

m/E =

R = 10mult. soft

cω/ω
-410 -310 -210 -110 1 10 210

ω
 d

I/d
ω

0

0.1

0.2

0.3

0.4 3R = 10

cω/ω
-410 -310 -210 -110 1 10 210

ω
 d

I/d
ω

0

1

2

3

4 5R = 10

cω/ω
-410 -310 -210 -110 1 10 210

ω
 d

I/d
ω

0

1

2

3

4 6R = 10

FIG. 7. The kT integrated medium-induced gluon energy dis-
tribution (A1) radiated off a massive quark for different values of
R (panels) and of m=E (line styles).

R
10 210 310 410 510 610

0p

0

0.2

0.4

0.6

0.8

1

1.2

0.001

0.01

0.05

0.1

0.3

0.5

mult. soft
m/E =

FIG. 8. Discrete part p0 of the quenching weight (A4) as a
function of R for different values of m=E.

ARMESTO et al. PHYSICAL REVIEW D 71, 054027 (2005)

054027-8

 Massive calculation confirms this qualitative feature 

Baier, Dokshitzer, Mueller, Peigne‘, Schiff, NPB 483 (1997) 
291. Salgado, Wiedemann, PRD 68(2003) 014008.   
Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003.

 Armesto, Dainese, Salgado, Wiedemann, PRD 71 (2005) 054027. M.Djordjevic J.Phys.G30:S1183-S1188,2004

medium induced gluon energy distribution

most pronounce

Dead cone effect reduce energy loss
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Heavy quark energy loss
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Dead Cone Effect 
• In vacuum, gluon radiation is suppressed at 

angles smaller than the ratio of the quark mass 
MQ to its energy EQ(𝜃< MQ/EQ) 

• In medium, dead cone implies lower energy loss 
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    ⇒	 suppression of  high-energy tail 
for heavy quarks 

    ⇒	 more pronounced for beauty

(Dokshitzer and Kharzeev, PLB 519 (2001) 199.)

Color charge dependence of energy loss
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gluon radiation spectrum by the parton 
propagation in the medium:

gluon radiation spectrum by the quark 
propagation in the medium:
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FIG. 7: As in Fig. 6 but for light u, d quarks and gluons.
The yellow bands are computed in this case with effec-
tive g, u path lengths Lg = 3.5 and Lu = 5.0 fm based
on Eq. (7). Note that charm and light quark quenching
are similar in this pT range.

smaller width for fluctuations relative to radiative fluctu-
ations. Even in moderately opaque media with L/λ ∼ 10,
inelastic energy loss fluctuations are large because only a
few, 2-3, extra gluons are radiated [4]. Thus, gluon num-
ber fluctuations, O(1/

√
Ng) lead to a substantial reduc-

tion in the effect of radiative energy loss. On the other
hand, elastic energy loss fluctuations are controlled by
collision number fluctuations, O(

√

λ/L), which are rela-
tively small in comparison for a significant proportion of
the length scales probed. Therefore, fluctuations of the
elastic energy loss do not dilute the suppression of the
nuclear modification factor as much as Ng fluctuations.
The increase in the sensitivity of the final quenching level
to the opacity is a novel and useful byproduct of includ-
ing the elastic channel; see Fig. 11 in Appendix D. The
inclusion of elastic energy loss significantly reduces the
fragility of pure radiative quenching [45] and therefore
increases the sensitivity of jet quenching to the opacity
of the bulk medium [47].

Numerical Results: Pions and Electrons
We now return to Fig. 1 to discuss the consequence of
including elastic energy loss of c and b quarks on the
electron spectrum. The inclusion of the collisional en-
ergy loss significantly improves the comparison between
theory and the single electron data. That is, the lower
yellow band can reach below RAA ∼ 0.5 in spite of keep-
ing dNg/dy = 1000, consistent with measured multiplic-
ity, and using a conservative αs = 0.3. A large source
of the uncertainty represented by the lower yellow band
is the modest but poorly determined elastic energy loss,
∆E/E ≈ 0.0−0.1, of bottom quarks (see Fig. 2). There is
additional uncertainty from the relative contributions to
electrons from charm and bottom jets. The dashed lines
show an extreme version of this in which charm jets are

0 2 4 6 8 10 12 14 16 18 20
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FIG. 8: The consistency of the extended jet quench-
ing theory is tested by comparing its prediction to
the nuclear modification of the π0 spectra observed by
PHENIX [1].

the only source of electrons. If the charm to bottom ra-
tio given by FONLL calculations is accurate, the current
data suggests that even the combined radiative+elastic
pQCD mechanism is not sufficient to explain the single
electron suppression.

As emphasized in [11], any proposed energy loss mech-
anisms must also be checked for consistency with the ex-
tensive pion quenching data [1], for which preliminary
data now extend out to pT ∼ 20 GeV. This challenge
is seen clearly in Fig. 5, where for fixed L = 5 fm,
the addition of elastic energy loss would overpredict the
quenching of pions. However, the simultaneous inclusion
of path fluctuations leads to a decrease of the mean g
and u,d path lengths that partially offsets the increased
energy loss. Therefore, the combined three effects con-
sidered here makes it possible to satisfy Re

AA < 0.5± 0.1
without violating the bulk dNg/dy = 1000 entropy con-
straint and without violating the pion quenching con-
straint Rπ0

AA ≈ 0.2±0.1 now observed out to 20 GeV; see

Fig. 8. We note that the slow rise of Rπ0

AA with pT in the
present calculation is due in part to the neglect of initial
kT smearing that raises the low pT region and the EMC
effect that lowers the high pT region (see [5]).

Conclusions
The elastic component of the energy loss cannot be ne-
glected when considering pQCD jet quenching. While
the results presented in this paper are encouraging, fur-
ther improvements of the jet quenching theory will be
required before stronger conclusions can be drawn.

From an experimental perspective, there is at present
significant disagreement between measured p+p to elec-
tron baselines [7, 8]. In addition, direct measurement of
D spectra will be essential to deconvolute the different
bottom and charm jet quark dynamics.

here,                                            (partonic 
modification factor before hadronization)

RQ = dσQ
final / dσQ

initial
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Dead Cone Effect 
• In vacuum, gluon radiation is suppressed at 

angles smaller than the ratio of the quark mass 
MQ to its energy EQ(𝜃< MQ/EQ) 

• In medium, dead cone implies lower energy loss 
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smaller width for fluctuations relative to radiative fluctu-
ations. Even in moderately opaque media with L/λ ∼ 10,
inelastic energy loss fluctuations are large because only a
few, 2-3, extra gluons are radiated [4]. Thus, gluon num-
ber fluctuations, O(1/

√
Ng) lead to a substantial reduc-

tion in the effect of radiative energy loss. On the other
hand, elastic energy loss fluctuations are controlled by
collision number fluctuations, O(

√

λ/L), which are rela-
tively small in comparison for a significant proportion of
the length scales probed. Therefore, fluctuations of the
elastic energy loss do not dilute the suppression of the
nuclear modification factor as much as Ng fluctuations.
The increase in the sensitivity of the final quenching level
to the opacity is a novel and useful byproduct of includ-
ing the elastic channel; see Fig. 11 in Appendix D. The
inclusion of elastic energy loss significantly reduces the
fragility of pure radiative quenching [45] and therefore
increases the sensitivity of jet quenching to the opacity
of the bulk medium [47].

Numerical Results: Pions and Electrons
We now return to Fig. 1 to discuss the consequence of
including elastic energy loss of c and b quarks on the
electron spectrum. The inclusion of the collisional en-
ergy loss significantly improves the comparison between
theory and the single electron data. That is, the lower
yellow band can reach below RAA ∼ 0.5 in spite of keep-
ing dNg/dy = 1000, consistent with measured multiplic-
ity, and using a conservative αs = 0.3. A large source
of the uncertainty represented by the lower yellow band
is the modest but poorly determined elastic energy loss,
∆E/E ≈ 0.0−0.1, of bottom quarks (see Fig. 2). There is
additional uncertainty from the relative contributions to
electrons from charm and bottom jets. The dashed lines
show an extreme version of this in which charm jets are
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the only source of electrons. If the charm to bottom ra-
tio given by FONLL calculations is accurate, the current
data suggests that even the combined radiative+elastic
pQCD mechanism is not sufficient to explain the single
electron suppression.

As emphasized in [11], any proposed energy loss mech-
anisms must also be checked for consistency with the ex-
tensive pion quenching data [1], for which preliminary
data now extend out to pT ∼ 20 GeV. This challenge
is seen clearly in Fig. 5, where for fixed L = 5 fm,
the addition of elastic energy loss would overpredict the
quenching of pions. However, the simultaneous inclusion
of path fluctuations leads to a decrease of the mean g
and u,d path lengths that partially offsets the increased
energy loss. Therefore, the combined three effects con-
sidered here makes it possible to satisfy Re

AA < 0.5± 0.1
without violating the bulk dNg/dy = 1000 entropy con-
straint and without violating the pion quenching con-
straint Rπ0

AA ≈ 0.2±0.1 now observed out to 20 GeV; see

Fig. 8. We note that the slow rise of Rπ0

AA with pT in the
present calculation is due in part to the neglect of initial
kT smearing that raises the low pT region and the EMC
effect that lowers the high pT region (see [5]).

Conclusions
The elastic component of the energy loss cannot be ne-
glected when considering pQCD jet quenching. While
the results presented in this paper are encouraging, fur-
ther improvements of the jet quenching theory will be
required before stronger conclusions can be drawn.

From an experimental perspective, there is at present
significant disagreement between measured p+p to elec-
tron baselines [7, 8]. In addition, direct measurement of
D spectra will be essential to deconvolute the different
bottom and charm jet quark dynamics.

here,                                            (partonic 
modification factor before hadronization)

RQ = dσQ
final / dσQ

initial

ΔE(εmedium;CR ,m,L)
ΔEg > ΔEc≈q > ΔEb

RAAπ < RAAD < RAAB?

  Might translate into a hierarchy of      
nuclear modification factors 
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How can we measure medium effects?

8

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 Model

RAA 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"

Trivial but important caveat:

“Vacuum” parton spectra
Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to 
probe

Measured spectra in AA collisions result from a convolution of many pieces 
⇒ interpretation of the results requires comparison with models 
⇒ must measure observables with different sensitivity to the various ingredients 

Nuclear modification factor (RAA): compare particle production in Pb-Pb with 
that in pp scaled by a geometrical factor

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%
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Color charge effect and mass effect
Heavy-to-light ratios: 
(Light flavour hadrons mainly from gluons)

RD(B)/h (pT ) = RAA
D(B) (pt ) / RAA

h (pt )

to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production 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 calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production 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 calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.

ARMESTO et al. PHYSICAL REVIEW D 71, 054027 (2005)

054027-6

Armesto, Dainese, Salgado, Wiedemann, 
PRD 71 (2005) 054027. 

to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production 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 calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production 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 calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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ΔEq < ΔEg

color charge 
effect

to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production 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 calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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mass effect

Note: 
At pT > 10 GeV, the charm 
mass dependence of parton 
energy loss becomes 
negligible since mc/pT → 0 

At smaller Bjorken x, a larger 
fraction of the produced 
light-flavored hadrons have 
gluon parents and thus the 
color charge dependence of 
parton energy loss can leave 
a much more sizable effect in 
the heavy-to-light ratio RD/h at 
LHC

RD/h enhancement probes 
colour-charge dependence of 
energy loss 

RB/h enhancement probes mass 
dependence of energy loss
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b quark fragmentation

b-quark fragments much harder 
than light quarks(due to dead 
cone effect in the vacuum) 

VOLUME 84, NUMBER 19 P HY S I CA L R EV I EW LE T T ER S 8 MAY 2000

form, compared the corresponding xrec
B distribution with

the data, and optimized the respective parameter value(s)
in a manner similar to that described above. This proce-
dure is not equivalent to the model tests discussed previ-
ously, in which the predicted function was introduced into
the iterative fragmentation mechanism at the end of the
JETSET perturbative QCD parton shower. We found four
functions that yielded a reconstructed distribution consis-
tent with the data in Fig. 1: an eighth-order polynomial,
the Peterson function, and two generalizations of the Pe-
terson function [14]. Each of these four fitted functions
was also used to calculate !e and M from the simulation
and to derive D!xB".
Each of the eight unfolded distributions was normalized

to unit area, and in Fig. 2 we show their binwise average;
the band includes the rms deviation. This represents our
best estimate of the true B energy distribution D!xB". The
corrected distribution is, by construction, smoother than
the measured distribution, and the band provides an enve-
lope within which acceptable predictions should fall. The
constraint on the shape is much stronger than in any pre-
vious determination [13–16].
An important advantage of our method is that it is not

biased by tracks that were not reconstructed or attached
to the vertex [24]. We considered other potential sources
of systematic uncertainty which derive from the modeling
of our detector response. In each case the simulated
events were reweighted or adjusted in order to reproduce
the variation in question, and the entire analysis was
repeated. Variation of quantities such as the track re-
construction efficiency, the point resolution of the vertex
detector, and the momentum and dip angle resolutions
of the tracking system within their uncertainties [23]
affects the B selection efficiency and, in some cases, the

 1
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dN
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x B
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Model Dependence
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FIG. 2. Unfolded distribution of weakly decaying scaled
B-hadron energy (points). The errors are statistical only and
do not include point-to-point correlations. The band represents
the envelope of acceptable functions (see text). Also shown
(circles) is the best previous measurement [15].

energy resolution. However, there is little effect on the
shape of the distribution or on the mean value, #xB$. In
no case was the x2 of a model or function test changed
significantly. The largest effect on #xB$, 60.005, arose
from the uncertainty in the momentum resolution, which
was measured in the data using e1e2 ! m1m2 events.
An ad hoc correction was applied to the simulation to
reproduce the measurement, and the full effect of this
correction was considered as a symmetric systematic
uncertainty. As a cross check we changed the upper cut
on !M2

0 "max to fixed values between 1 and 5 !GeV%c2"2;
the change in #xB$ was smaller than the statistical error.
We also considered the uncertainties on a large number

of measured quantities [23] related to the production and
decay of B and charmed hadrons. These are used in the
simulation and potentially affect the values of !e and M
used to unfold the data. We varied each quantity by the
error on its measured value; none of these variations affects
our conclusions. The production of primary excited B
hadrons, collectively denoted B! and B!!, which decay
into the weakly decaying B hadrons that we measure, was
investigated in more detail, and we varied independently
the fraction of primary B! !B!!" from zero to unity (0.5).
No significant effect on the shape of D!xB", or on the x2

values for the model comparisons, was observed. The
largest effect on #xB$, of 60.002, was due to variation
of the number of charged tracks and K0

s produced per
B-hadron decay. In each xB bin the sum in quadrature of
the detector- and physics-related systematic uncertainties
on D!xB" is much smaller than the statistical error; they
are not shown in Fig. 2.
From the eight distribution shapes that are consistent

with our data we extract the mean value of the scaled en-
ergy of weakly decaying B hadrons in Z0 decays: #xB$ "
0.714 6 0.005!stat" 6 0.007!syst" 6 0.002!model". This
is the most precise of the world’s measurements that take
the D!xB" shape dependence into account, and the uncer-
tainty is relatively small since we have excluded a wide
range of shapes. Our result is consistent with a recent
average over many Z0 measurements of #xB$ " 0.702 6
0.008 [30]. We also calculated the second and third mo-
ments to be #x2

B$ " 0.537 6 0.011!expt" 6 0.003!model"
and #x3

B$ " 0.417 6 0.012!expt" 6 0.004!model".
In order to derive results for the inclusive sample of

primary B hadrons, one must assume values for the pro-
duction fractions of B! and B!! mesons. Postulating a
B! production fraction of 0.75, expected from naive spin
counting, and zero production of B!! mesons, leads to
#xB$primary " 0.718. Postulating independently a B!! pro-
duction fraction of 0.25 [31], and zero B! production,
yields #xB$primary " 0.728.
In summary, we have developed a new, inclusive tech-

nique for reconstructing the energies of B hadrons. It has
substantially higher efficiency and better energy resolution
than previous methods. We have employed this technique
to measure the scaled-energy distribution of weakly de-
caying B hadrons produced in e1e2 ! Z0 decays with

4303

SLD Collaboration, PRL 84(2000) 4300

• Hard fragmentation  
➜ measured meson properties closer to parton ones 
➜ Jet energy can be measured more precisely 
 ⇒better handle on the fragmentation function to extract medium 
modification effect

for gluon
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pp collisions
• Testing ground for perturbative QCD calculations 


• Relevant production mechanisms on the parton level 

‣LO: gluon fusion, quark-antiquark annihilation 

‣NLO: gluon splitting, flavor excitation 

‣Multi Parton Interactions (MPI)  

• Reference for p-Pb and Pb-Pb collisions

pp and p-Pb collisions (small systems!)

• Quantify cold nuclear matter effects: measure effects, not 
due to QGP formation, that can modify the yield of hard 
probes in nuclear collisions 

‣nuclear modification of Parton Distribution 
Functions (shadowing, gluon saturation) 

‣kT broadening via multiple scattering of the parton 
before the hard scattering 

‣energy loss in cold nuclear matter  
• Final state effects? (e.g. from system collectivitiy/hydro)

p-Pb collisions
RAA 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"

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
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pp	and	p-Pb	collisions	

pp	collisions	
pT-differen9al	cross	sec9ons	à	Test	predic9ons	based	on	pQCD	calcula9ons	

	 	 	 	 	 	à	Reference	for	Pb-Pb	collisions		
	

p-Pb	collisions	
Measure	effects,	not	due	to	QGP	forma9on,	that	can	modify	the	yield	of	
hard	probes	in	nuclear	collisions:	

•  Nuclear	modifica9on	of	the	PDFs	
Ø  shadowing	at	low	Bjorken-x	is	the	dominant	effect	at			

LHC	energies	
Ø  gluon	satura9on?		

H.Fujii	and	K.Watanabe,	Nucl.Phys.A915(2013)	1	
	
•  kT-broadening		

Due	to	mul9ple	collisions	of	the	parton	before	the	hard	scaKering	
	
•  energy	loss	in	cold	nuclear	maKer	

	
Other	final-state	effects?	(e.g.	from	system	collec9vity/hydro)	
 

	
	

  

K. J. Eskola et al: JHEP04(2009)065 

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
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pp	and	p-Pb	collisions,	more	differen9al	

measurements	
	

HF	produc<on	vs.	mul<plicity	in	pp	and	p-Pb	collisions	
• 	Interplay	between	hard	and	sok	processes	in	par9cle	produc9on	
• 	Study	the	role	of	mul9-parton	interac9ons	(MPI)	in	the	heavy-flavour	sector	

• 	Inves9gate	a	possible	centrality	dependent	of	the	modifica9on	of	the	p
T
	spectra	in	

p-Pb	w.r.t.	pp	collisions	

Azimuthal	correla<on	of	D	meson	with	charged	par<cles	in	pp	and	p-Pb	collisions	
• 	Sensi9ve	to	charm	quark	fragmenta9on	proper9es	à	address	charm	jet	proper9es	

• 	Modifica9on	of	angular	correla9ons	in	p-Pb	w.r.t.	pp	collisions?	

•  may	arise	from	both	ini9al	and	final-state	effects	

• 	Reference	for	future	Pb-Pb	measurements	à	complementary	informa9on	to	R
AA
	

and	v
2
	measurements	to	study	in-medium	energy	loss	(e.g.	path-length	dependence)	

		

 
  

ALICE, PLB719 (2013) 29-41 D"meson"as"“trigger”"par0cle"

D"meson"as"“trigger”"par0cle"

Near%
side%

Away%side%

Underlying"event"
Hadron-hadron	correla9ons:	“double-ridge”	

in	high-mul9plicity	p-Pb	collisions	

charged particles: 
long range correlation 
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HF production vs. multiplicity in pp and p-Pb collisions  
• Interplay between hard and soft processes in particle production 
• Study the role of multi-parton interactions (MPI) in the heavy-

flavour sector  
• Investigate a possible centrality dependence of the modification 

of the pT spectra in p-Pb w.r.t. pp collisions  

Azimuthal correlation of D meson with charged particles in pp and 
p-Pb collisions  
• Sensitive to charm quark fragmentation properties → address 

charm jet properties 
• Modification of angular correlations in p-Pb w.r.t. pp collisions?  

• may arise from both initial and final-state effects 
• Reference for Pb-Pb measurements → complementary 

information to RAA and v2 measurements to study in-medium 
energy loss (e.g. path-length dependence) 

�d/dchdN�
d/dchdN
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�
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s
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Normalization uncert.: 1.5%

 = 7 TeVsALICE pp 

ALI−PUB−42097

10

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!

pp and p-Pb collisions, more differential measurements

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
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pp	and	p-Pb	collisions,	more	differen9al	

measurements	
	

HF	produc<on	vs.	mul<plicity	in	pp	and	p-Pb	collisions	
• 	Interplay	between	hard	and	sok	processes	in	par9cle	produc9on	
• 	Study	the	role	of	mul9-parton	interac9ons	(MPI)	in	the	heavy-flavour	sector	

• 	Inves9gate	a	possible	centrality	dependent	of	the	modifica9on	of	the	p
T
	spectra	in	

p-Pb	w.r.t.	pp	collisions	

Azimuthal	correla<on	of	D	meson	with	charged	par<cles	in	pp	and	p-Pb	collisions	
• 	Sensi9ve	to	charm	quark	fragmenta9on	proper9es	à	address	charm	jet	proper9es	

• 	Modifica9on	of	angular	correla9ons	in	p-Pb	w.r.t.	pp	collisions?	

•  may	arise	from	both	ini9al	and	final-state	effects	

• 	Reference	for	future	Pb-Pb	measurements	à	complementary	informa9on	to	R
AA
	

and	v
2
	measurements	to	study	in-medium	energy	loss	(e.g.	path-length	dependence)	

		

 
  

ALICE, PLB719 (2013) 29-41 D"meson"as"“trigger”"par0cle"

D"meson"as"“trigger”"par0cle"

Near%
side%

Away%side%

Underlying"event"
Hadron-hadron	correla9ons:	“double-ridge”	

in	high-mul9plicity	p-Pb	collisions	
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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
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Heavy flavours 
Results in pp and p-Pb collisions 

Small systems! 
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D mesons down to pT=0

14

QM17A. Barbano

D0 cross section in pp at √s = 7 TeV
Towards RAA: the pp reference
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ALI−PUB−125443

• New analysis of 2010 pp data at √s = 7 TeV 
(D0,D+,D*+,D+s) [arXiv:1702.00766]

• Lint = 6 nb-1

• Extended pT coverage w.r.t. previous analysis
• Systematic uncertainty reduced by a factor 2!

New analysis of 2010 pp data at √s = 7 TeV (D0,D+,D*+,D+s) 
Extended pT coverage w.r.t. previous analysis systematic 
uncertainty reduced by a factor 2!  

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
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D	mesons	down	to	pT=0		
•  Effec9veness	of	standard	analysis	based	

on	decay	vertex	reconstruc9on	reduces	
for	pT<2	GeV/c	(no	boost)	

•  Alterna9ve	approach	based	on	PID	only		
•  Careful	background	subtrac9on	with	4	

different	approaches	

•  Compa9ble	results	w/	and	
w/o	vertex	reconstruc9on	
for	pT>1	GeV/c	

•  BeKer	performance	w/o	
vertex	reconstruc9on	for	
pT<2	GeV/c				

•  pQCD-based	theore9cal	
calcula9ons	reproduce	the	
data	

•  Data	much	more	precise	
than	theore9cal	calcula9ons		

arXiv:1605.07569	

• pQCD-based theoretical calculations reproduce the data  
• Data much more precise than theoretical calculations!

arXiv:1702.00766	  

QM17A. Barbano
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Comparison of extrapolated pp 
reference from 7 TeV data (with 

FONLL predictions) with 5.02 TeV data

• New analysis of 2015 pp data at √s = 5.02 TeV                                                                            
• Lint = 2.2 nb-1

• results: D-meson cross sections in pp at 5 TeV 
compatible within uncertainties with FONLL [1] 
predictions at 5 TeV and with extrapolated cross 
section from 7 TeV data (via FONLL predictions)

• Results at √s = 7 TeV → pp reference for     
Pb-Pb at 5.02 TeV (better precision)

Towards RAA: the pp reference

D+

See poster (286) 
of C.Terrevoli 

• New analysis of 2010 pp data at √s = 7 TeV 
(D0,D+,D*+,D+s) [arXiv:1702.00766]

• Lint = 6 nb-1

• Extended pT coverage w.r.t. previous analysis
• Systematic uncertainty reduced by a factor 2!

[1] JHEP 05 (1998) 007, JHEP10(2012)137

New analysis of 2015 pp 
data at √s = 5.02 TeV
D-meson cross sections in pp 
at 5 TeV compatible within 
uncertainties with FONLL[1] 
predictions at 5 TeV and with 
extrapolated cross section 
from 7 TeV data

[1] JHEP 05 (1998) 007, JHEP10(2012)137 

D0

pp, √s = 7 TeV

Lint = 6 nb-1

Lint = 2.2 nb-1

p-Pb

D0

pp, √s = 5 TeV
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arXiv:1605.07569	

Factor	~2	reduc9on	on	systema9c	uncertainty	Factor ~2 reduction on systematic uncertainty 

arXiv:1605.07569	  

〉partN〈
0 50 100 150 200 250 300 350 400 450

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4  = 5.02 TeVNNsPb −ALICE Preliminary, Pb
-e+ e→ ψInclusive J/

c > 0.15  GeV/
T
p| < 0.8,  y|

Transport (TM1, Du and Rapp)
Transport (TM2, Zhou et al.)
Statistical hadronization (Andronic et al.)
Co-movers (E. Ferreiro)

ALI−PREL−118507

Transport and statistical models 
have large uncertainties 
(shadowing+open charm cross 
section)

Important input 
for model!
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D-meson RpPb
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•  D-meson	RpPb	compa<ble	with	unity	within	uncertain<es	
•  Data	are	described	by	models	including		ini9al-state	and	cold	nuclear	maKer	effects	(lek	panel),	

as	well	as	by	models	assuming	the	forma9on	of	a	small-size	QGP	in	p-Pb	collisions	(right	panel)		
•  Need	larger	samples	of	both	p-Pb	and	pp	collisions	@5	TeV	for	constraining	models	at	low	pT	

where	predic9ons	differen9ate.	

arXiv:1605.07569	

• D-meson RpPb compatible with unity within uncertainties 

• Data are described by models including initial-state and cold nuclear matter effects 
(left panel), as well as by models assuming the formation of a small-size QGP in p-Pb 
collisions (right panel)  

• Need larger samples of both p-Pb and pp collisions @5 TeV for constraining models 
at low pT  where predictions differentiate.

D0 and D-mesons arXiv:1605.07569	  
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Results in pp and p-Pb collisions: 
Toward more differential measurements!
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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

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

due to MPIs?

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

JHEP09 (2015) 148

charged particle multiplicity

D-mesons

Non-prompt J/ψ

pp
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More on production mechanism: 
Multiplicity dependence of heavy-flavour production

19

�d/dchdN�
d/dchdN

0 2 4

�
/d

y
s

J/
dN�

/d
y

s
J/

dN

5

10

 (2.5 < y < 4)-µ+µ A sJ/
 (|y| < 0.9)-e+ eA sJ/

Normalization uncert.: 1.5%

 = 7 TeVsALICE pp 

ALI−PUB−42097

10

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

• 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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• 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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D-meson yields vs. multipicity: comparison with models (pp)
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• Percolation (Ferreiro, Pajares, PRC 86 (2012) 034903)  
Particle production via exchange of colour 
sources between projectile and target (close to 
MPI scenario) → Faster than linear increase  

• EPOS 3.099 (Werner et al., PRC 89 (2014) 064903) 
‣Gribov-Regge multiple-scattering formalism  
‣ Saturation scale to model non-linear effects  
‣ Number of MPI directly related to multiplicity    
→ slightly faster than linear  
‣With hydrodynamical evolution applied to the 

core of the collision→faster than linear 
increase 

• PYTHIA 8 (Sjostrand et al., Comput. Phys. Commun. 
178 (2008) 852)  
‣ Soft-QCD tune  
‣ Colour reconnection  
‣MPI 

pp
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Figure 10. Average D-meson relative yield as a function of the relative charged-particle multiplicity
at central rapidity in different pT intervals. The systematic uncertainties on the data normalisation
(+6%/− 3%), on the (dNch/dη)

/
⟨dNch/dη⟩ values (±6%), and on the feed down contribution are

not shown in this figure. Different calculations are presented: PYTHIA 8.157 [30, 31], EPOS 3
with and without hydro [71, 72] and a pT-integrated percolation model [41, 73]. The coloured lines
represent the calculation curves, whereas the shaded bands represent their statistical uncertainties
at given values of (dNch/dη)

/
⟨dNch/dη⟩. The diagonal (dashed) line is shown to guide the eye.

and the EPOS 3 [71, 72] event generators, and of percolation calculations [41, 73] are

represented by the red dotted line, green dashed or long-dashed and dotted line, and the

blue dot-dashed line, respectively. The description of the PYTHIA 8 setup was discussed

in section 7.1. Figure 11 presents pT-integrated non-prompt J/ψ results together with

PYTHIA 8 [30, 31] calculations. The percolation model assumes that high-energy hadronic

collisions are driven by the exchange of colour sources between the projectile and target in

the collision [41, 73]. These colour sources have a finite spatial extension and can interact.

In a high-density environment, the coherence among the sources leads to a reduction of their

effective number. The source transverse mass determines its transverse size (∝ 1/mT), and

allows to distinguish between soft (light) and hard (heavy) sources. As a consequence, at

high densities the total charged-particle multiplicity, which originates from soft sources, is

reduced. In contrast, hard particle production is less affected due to the smaller transverse

– 27 –

JHEP09 (2015) 148

charged particle multiplicity

D-mesons

1<pT<2 GeV/c

8<pT<12 GeV/c
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More differential information: 
Azimuthal correlations of D mesons with charged particles

21

• Sensitive to charm quark fragmentation properties → address charm jet properties 
• Modification of angular correlations in p-Pb w.r.t. pp collisions?  
‣ may arise from both initial and final-state effects
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TABLE II: Table of measured cc̄ cross sections from previous PHENIX analysis and from Monte Carlo generators compared
to the e–µ correlations in this analysis.

description σcc̄ (µb)

pythia e–µ 340±29(stat)±116(syst)

powheg e–µ 511±44(stat)±198(syst)

MC@NLO e–µ 764±64(stat)±284(syst)

Combined e–µ 538±46(stat)±197(data syst)±174(model syst)

PHENIX single e± [24] 567±57(stat)±224(syst)

PHENIX dilepton (e+e−) [27] 554±39(stat)±142(data syst)±200(model syst)
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FIG. 9: (Color Online) The fully corrected like-sign-
subtracted heavy flavor e–µ pair yield in d+Au. The error
bars are statistical only. The boxes show the type B sys-
tematic uncertainty from the punch-through hadron and light
hadron decay muon background subtraction. The 13.4% type
C systematic uncertainty is not shown.

scaled by the d+Au ⟨Ncoll⟩ = 7.59± 0.43 [18]. The peak
in d+Au is suppressed compared to p+p, indicating a
medium modification to the yield per collision in d+Au.
To quantify the difference between p+p and d+Au

yields, we calculate the ratio JdA defined as the ratio
of a pair yield in d+Au to the Ncoll-scaled pair yield in
p+p.

JdA =
d+Au pair yield

⟨Ncoll⟩ p+ p pair yield
. (8)

Any deviation from unity of this ratio would indicate
modification to the yield. When taking this ratio sev-
eral systematic uncertainties common to p+p and d+Au
cancel. These are dominantly from identical cuts used
in the analyses with the same systematic uncertainties.
The noncanceling type C systematic uncertainties in the
p+p and d+Au yields are 7.7% and 8.9%, respectively.
Fig. 11a shows a plot of JdA as a function of ∆φ for

all bins in ∆φ. The bars are statistical uncertainties and
the type B systematic uncertainties are plotted as boxes.
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FIG. 10: (Color online) The fully-corrected like-sign-
subtracted heavy flavor e–µ pair yield in ([red] circles) ⟨Ncoll⟩-
scaled p+p ([blue] boxes) d+Au, shifted in ∆φ for clarity. The
bars are statistical uncertainty. The boxes are the type B sys-
tematic uncertainty from the decay and punch-through back-
ground subtraction. The overall normalization uncertainties
of 16.1% and 13.4% in p+p and d+Au, respectively, and 5.7%
uncertainty from Ncoll are not included.

The noncanceling type-C uncertainty is 14.1% and is in-
dicated by the shaded box around one on the left. While
the points near ∆φ = 0 are consistent with unity with
large error bars, the points near ∆φ = π, where JdA
is about 0.4. For clarity, Fig. 11b shows a rebinning of
Fig. 11a. We find

JdA(2.7 < ∆φ < 3.5 rad) = 0.433± 0.087(stat)

±0.135(syst) (9)

for the bin near ∆φ = π. This value is 3.5σ different
from unity after combining the statistical and systematic
uncertainties.
These results show that, in the measured kinematics,

charm pairs are modified in the cold nuclear medium.
These results are in a different kinematic region than
either the single electrons, which are enhanced at midra-
pidity [7], or the single muons, which are suppressed at
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FIG. 11: JdA is plotted as a function of ∆φ. The vertical
bars are statistical uncertainties, the black boxes are the type
B systematic uncertainties, and the gray band around 1.0 on
the left is the type C systematic uncertainty. The type B
systematics are symmetric around the central value but in
some cases are outside the range of the plot. (b) alternative
rebinning of the data in (a).

forward rapidity [9]. From the pythia simulation, the e–
µ correlations arise from partons in the gold nucleus with
x ≈ 10−2 at Q2 ≈ 10 GeV2, on the edge of the shadowing
region. As discussed in Section IVA, the back-to-back
peak is dominated by leading order gluon fusion, while
the continuum is dominated by other processes like fla-
vor excitation and gluon splitting. The observed back-
to-back peak and pedestal in p+p and d+Au should help
lead to an understanding of the mechanism or mecha-
nisms responsible for the modification. For example, the
back-to-back peak is dominated by low-x gluons partici-
pating in the hard scattering, whereas the continuum has
a larger contribution of quarks participating in the hard
scattering. Quarks are probably less shadowed than glu-
ons at the x and Q2 where this analysis is measured. It is
possible that there are kinematic differences between the
final state charm quarks in the peak and the continuum.
These differences could affect the amount of final state
energy loss and multiple scattering that modify the mea-
sured pair yields. It may be possible to combine these

results with other cold nuclear matter charm measure-
ments to disentangle the effects of shadowing, saturation,
and energy loss.

V. SUMMARY AND CONCLUSIONS

We presented PHENIX results for heavy flavor pro-
duction of azimuthally-correlated unlike sign e–µ pairs
in p+p and d+Au collisions at

√
sNN of 200 GeV. The

p+p yield shows a nonzero continuum as well as a back-
to-back peak structure centered at ∆φ = π. When com-
pared with several models, we find the charm cross sec-
tion σcc̄ = 538 ± 46 (stat) ± 197 (data syst) ± 174
(model syst) µb. This is also consistent with previously
measured cc̄ cross sections at this center of mass energy.
In d+Au collisions a yield reduction in the back-to-back
peak is observed, where we measure JdA(2.7 < ∆φ <
3.5 rad) = 0.433 ± 0.087 (stat) ± 0.135 (syst). This in-
dicates that the nuclear medium modifies the cc̄ correla-
tions. Such a suppression could arise due to nuclear PDF
shadowing, saturation of the gluon wavefunction in the
Au nucleus, or initial/final state energy loss and multiple
scattering.
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entifique, Commissariat à l’Énergie Atomique, and Insti-
tut National de Physique Nucléaire et de Physique des
Particules (France), Bundesministerium für Bildung und
Forschung, Deutscher Akademischer Austausch Dienst,
and Alexander von Humboldt Stiftung (Germany), Hun-
garian National Science Fund, OTKA (Hungary), De-
partment of Atomic Energy and Department of Science
and Technology (India), Israel Science Foundation (Is-
rael), National Research Foundation and WCU program
of the Ministry Education Science and Technology (Ko-
rea), Physics Department, Lahore University of Manage-
ment Sciences (Pakistan), Ministry of Education and Sci-

11

 (rad)φΔ
0 2 4

)
-1

) (
ra

d
φ

Δde
dy

µ
N/

(d
y

3 d

0

20

40

60

80

-910×

=200 GeVsp+p 

POWHEG
PYTHIA
PYTHIA (NO LO)
MC@NLO

FIG. 8: (Color online) Comparison of the measured p+p pair
yield ([red] points) with heavy flavor production in powheg

([blue] dashed line), pythia ([black] solid line) and MC@NLO
([green] long dashed line). The e–µ pair yield from the subset
of pythia events, when the cc̄ is not produced at the event
vertex is plotted as the dotted [black] line. Each Monte Carlo
curve was scaled by a single parameter to match the observed
yield. The resulting cross sections are consistent with the
previously measured PHENIX results (see Table II).

calculated for different scale parameters using the statis-
tical error on the p+p data. We report the cross section
for the scale factor that minimizes that χ2 and report
a statistical error on the cross section as the value that
changes the χ2 by one unit. To evaluate the systematic
uncertainty on the cross section, the p+p data were in-
creased and decreased by their combined type B and type
C systematic uncertainty and the process to determine
the scale factor by finding a minimum χ2 using the sta-
tistical uncertainty in the data was repeated. We find the
pythia correlation is consistent with the p+p data with
a cc̄ cross section of σcc̄ = 340±29(stat)±116(syst) µb
with a χ2/NDF of 20.5/24. This is shown as the solid
curve in Fig. 8.

The other model comparisons are from NLO genera-
tors, powheg and MC@NLO. Events were generated to
produce the hard scattering heavy flavor event vertex and
then interfaced to pythia, which performed the fragmen-
tation and underlying event generation. The qualitative
features of the data are present in these correlations: the
continuum and the back-to-back peak. As described for
the pythia fit, a single scale parameter was used to cal-
culate a χ2 between the generated e–µ correlations and
the data using the data’s statistical uncertainty. The re-
sulting best fits for powheg and MC@NLO are shown
in Fig. 8 as the short dashed and the long dashed lines,
respectively. The extracted cross sections are σcc̄ = 511
± 44 (stat) ± 198 (syst) µb with χ2/NDF of 23.5/24 for
powheg and σcc̄ = 764 ± 64 (stat) ± 284 (syst) µb with
χ2/NDF of 19.2/24 for MC@NLO.

We combine the cross sections from the three mod-
els and report a measured cross section of σcc̄ = 538 ±

46 (stat) ± 197 (data syst) ± 174 (model syst). The
central value of the cross section is the average of the
three model cross sections, while the model systematic
uncertainty is the standard deviation of the three model
cross sections. This value can be compared with previous
PHENIX measurements. From the heavy flavor electron
spectra at midrapidity, PHENIX found σcc̄ = 567 ± 57
(stat) ± 224 (syst) [24] and from the dielectron mass
spectrum at midrapidity, PHENIX extracted σcc̄ = 554
± 39(stat) ± 142 (data syst) ± 200 (model syst) [27].
Within the data systematics the value extracted here is
consistent with previously published PHENIX results.
Using the pythia event record, it is possible to sepa-

rate the cc̄ production into an LO component, where the
gg(qq̄) → cc̄ and a component from the pythia model
of NLO mechanisms of flavor excitation and gluon split-
ting, where the cc̄ pair is produced in the initial or final-
state shower. The “pythia (NO LO)” dashed line in
Fig. 8 shows the correlations from the sample of pro-
duced pythia events, where the cc̄ were not generated
in the primary event vertex of pythia. The back-to-back
peak at∆φ = π is dominated by the LO gluon fusion pro-
cess while the continuum is due to the correlations from
the higher order processes. From an accounting from
pythia, we find that 32% of the e–µ pair yield results
from gluon fusion, consistent with the expectations from
charm production [1].
Throughout the analysis it has been assumed that

semileptonic cc̄ decay is the dominant contribution to
the correlations. However, bb̄ semileptonic decays would
produce a signal in both the like- and the unlike-sign
pair distributions. Up to four semileptonic decays can
occur where b-quarks semileptonically decay to c-quarks,
which subsequently semileptonically decay. We have used
pythia and powheg to check these contribution from
bottom. In both cases, for electrons and muons in the
kinematic region that we measure, the bottom contri-
bution is about a factor of 100 below the charm yield.
This is further corroborated by the PHENIX heavy flavor
electron measurements that show that bottom becomes
significant only at pT above 3 GeV/c [28]. In this anal-
ysis only 3% of the sampled electrons have a pT above
3 GeV/c, so we expect that the bottom contribution is
negligible in this measurement especially compared to the
background subtraction systematic uncertainties.

B. Yields in d+Au and Comparison to p+p

The fully-corrected like-sign subtracted pair yield as a
function of ∆φ for electrons with peT > 0.5 GeV/c and
|ηe| < 0.5 with forward muons with pµT > 1.0 GeV/c and
1.4 < ηµ < 2.1 in 0%–100% d+Au, corresponding to the
total inelastic cross section, is shown in Fig. 9. A nonzero
correlations strength is observed. However, unlike the
p+p data, there is a much less distinct back-to-back peak
near ∆φ of π. Fig. 10 shows the overlay of the p+p and
d+Au pair correlations. The p+p pair correlations are

electron-muon correlation in d+Au
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paper can be found at Phys. Rev. C 89, 034915 (2014)
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More differential information: 
Heavy-flavour electron-muon correlation in d+Au
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TABLE II: Table of measured cc̄ cross sections from previous PHENIX analysis and from Monte Carlo generators compared
to the e–µ correlations in this analysis.

description σcc̄ (µb)

pythia e–µ 340±29(stat)±116(syst)

powheg e–µ 511±44(stat)±198(syst)

MC@NLO e–µ 764±64(stat)±284(syst)

Combined e–µ 538±46(stat)±197(data syst)±174(model syst)

PHENIX single e± [24] 567±57(stat)±224(syst)

PHENIX dilepton (e+e−) [27] 554±39(stat)±142(data syst)±200(model syst)
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FIG. 9: (Color Online) The fully corrected like-sign-
subtracted heavy flavor e–µ pair yield in d+Au. The error
bars are statistical only. The boxes show the type B sys-
tematic uncertainty from the punch-through hadron and light
hadron decay muon background subtraction. The 13.4% type
C systematic uncertainty is not shown.

scaled by the d+Au ⟨Ncoll⟩ = 7.59± 0.43 [18]. The peak
in d+Au is suppressed compared to p+p, indicating a
medium modification to the yield per collision in d+Au.
To quantify the difference between p+p and d+Au

yields, we calculate the ratio JdA defined as the ratio
of a pair yield in d+Au to the Ncoll-scaled pair yield in
p+p.

JdA =
d+Au pair yield

⟨Ncoll⟩ p+ p pair yield
. (8)

Any deviation from unity of this ratio would indicate
modification to the yield. When taking this ratio sev-
eral systematic uncertainties common to p+p and d+Au
cancel. These are dominantly from identical cuts used
in the analyses with the same systematic uncertainties.
The noncanceling type C systematic uncertainties in the
p+p and d+Au yields are 7.7% and 8.9%, respectively.
Fig. 11a shows a plot of JdA as a function of ∆φ for

all bins in ∆φ. The bars are statistical uncertainties and
the type B systematic uncertainties are plotted as boxes.
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FIG. 10: (Color online) The fully-corrected like-sign-
subtracted heavy flavor e–µ pair yield in ([red] circles) ⟨Ncoll⟩-
scaled p+p ([blue] boxes) d+Au, shifted in ∆φ for clarity. The
bars are statistical uncertainty. The boxes are the type B sys-
tematic uncertainty from the decay and punch-through back-
ground subtraction. The overall normalization uncertainties
of 16.1% and 13.4% in p+p and d+Au, respectively, and 5.7%
uncertainty from Ncoll are not included.

The noncanceling type-C uncertainty is 14.1% and is in-
dicated by the shaded box around one on the left. While
the points near ∆φ = 0 are consistent with unity with
large error bars, the points near ∆φ = π, where JdA
is about 0.4. For clarity, Fig. 11b shows a rebinning of
Fig. 11a. We find

JdA(2.7 < ∆φ < 3.5 rad) = 0.433± 0.087(stat)

±0.135(syst) (9)

for the bin near ∆φ = π. This value is 3.5σ different
from unity after combining the statistical and systematic
uncertainties.
These results show that, in the measured kinematics,

charm pairs are modified in the cold nuclear medium.
These results are in a different kinematic region than
either the single electrons, which are enhanced at midra-
pidity [7], or the single muons, which are suppressed at

Peak by leading order gluon fusion 
Continuum by higher order processes

Cold nuclear medium modifies the cc correlationsPhys. Rev. C 89, 034915 (2014)

PHENIX Access to the g-PDF?

x ≈ 10−2 at Q2 ≈ 10 GeV2, on the 
edge of the shadowing region
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• Baseline-subtracted azimuthal-
correlation distributions observed in 
the two collision systems are 
compatible within uncertainties → 
similar initial and final-state effects? 

• MC simulations describe, within the 
uncertainties, the data in the whole 
∆φ range, though a hint for a more 
pronounced peak in the near side in 
data than in models is present for D 
mesons at high pT
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0.3 < passocT < 1 GeV/c (middle row), and passocT > 1 GeV/c (bottom row) in pp collisions at

√
s = 7 TeV and

in p–Pb collisions at √sNN = 5.02 TeV, after subtracting the baseline. The statistical uncertainties are shown as
error bars, the ∆ϕ-uncorrelated systematic uncertainties as boxes around the data points, the part of systematic
uncertainty correlated in ∆ϕ is reported as text (scale uncertainty), the uncertainties deriving from the subtraction
of the baselines are represented by the boxes at ∆ϕ > π .

the LHC, were presented. The ∆ϕ distributions were studied in pp collisions in three different D-meson
transverse-momentum intervals, 3 < pDT < 5 GeV/c, 5 < pDT < 8 GeV/c, and 8 < pDT < 16 GeV/c, for
associated charged particles with passocT > 0.3 GeV/c, and in the two sub-ranges 0.3< passocT < 1 GeV/c
and passocT > 1 GeV/c. For p–Pb collisions, the results were reported in two D-meson pT ranges,
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baseline. The statistical and systematic uncertainties of the measured distributions are displayed as in Figure 3.
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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

in Pb-Pb

Require precision measurement!

arXiv:1605:06963 

pp p-Pb

• Reference for future Pb-Pb measurements → 
complementary information to RAA and v2 
measurements to study in-medium energy loss 
(e.g. path-length dependence) 

More differential information: 
Azimuthal correlations of D mesons with charged particles
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FIG. 3. The relative probability to for a heavy meson to decay
into an electron at a given pT . D mesons are shown in the
left panel and B mesons are shown in the right panel. The
decay kinematics are from PYTHIA8 [47].

5.02 TeV [42, 43]. Results for electrons and D mesons are
shown in Figure 5. The D meson enhancement reaches
a maximum of approximately 20% at p

T

⇡ 3 GeV/c and
the electrons are enhanced by 10–20% nearly indepen-
dently of p

T

over the range of 1–6 GeV/c. The calcu-
lations are for the highest multiplicity event class and
show larger modifications than what would be expected
for minimum bias collisions. Because of the harderD and
B meson p

T

spectra at the higher collision energy there
is a smaller enhancement of heavy flavor mesons than
at RHIC, despite the larger maximal velocity extracted
from the blast-wave fits.
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5.02 TeV [42, 43]. Results for electrons and D mesons are
shown in Figure 5. The D meson enhancement reaches
a maximum of approximately 20% at p

T

⇡ 3 GeV/c and
the electrons are enhanced by 10–20% nearly indepen-
dently of p

T

over the range of 1–6 GeV/c. The calcu-
lations are for the highest multiplicity event class and
show larger modifications than what would be expected
for minimum bias collisions. Because of the harderD and
B meson p

T

spectra at the higher collision energy there
is a smaller enhancement of heavy flavor mesons than
at RHIC, despite the larger maximal velocity extracted
from the blast-wave fits.
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Radial flow qualitatively reproduces 
the data!

Forward

Backward

Mid rapidity

Large enhancement (x2)

More differential information: Hydro? 
Enhancement in central d+Au at RHIC
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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

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

electron

hadron

p-Pb
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Heavy flavours 
Results in Pb-Pb collisions 

Large systems! 

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 
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J/\←B (from 
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ranges tuned 

to have  

<pT(D)>  ≈  
<pT(B)> 

-> clear indication 

for RAA(B) > RAA(D) 

 

->consistent with 

the expectation  

��������'Ec > 'Eb  
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A. Rossi, Mon 14:50 
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Observables to measure medium effect

27

RAA 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"

“Vacuum” parton spectra
Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to 
probe

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
 

30 

A	rather	long	shopping	list	

pp	collisions	
	

Constrain	models	with	
measurements	from	p-Pb	collisions	

Hadroniza9on	via	coalescence	with	
medium	quarks?	
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What	we	want	to	probe	

Charm and beauty energy loss 
→ via radiative (“gluon Bremsstrahlung”) 
and collisional processes 

✤ quark mass (dead-cone effect)  
✤ color charge (Casimir factor) 
✤ path length and medium density 

→ hadronization via coalescence with 
medium quarks?
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D-meson RAA in p-Pb and Pb-Pb collisions

28

• D-meson RpPb consistent with unity within uncertainties 

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

23

D-meson 
nuclear modification factor

A. Dubla 

–  RpPb consistent with unity (PRL 113 (2014) 232301) → no strong modification of D-meson 
   spectra in p-Pb collisions relative to pp collisions 

–  Large suppression of D-mesons at high pT in Pb-Pb collisions → larger suppression in the 10%

    most central collisions → final-state effect due to charm quark in-medium energy loss
–  D-meson RAA compatible within uncertainties with D0 RAA by STAR  for pT > 2 GeV/c

     → low-pT measurements crucial in all systems to test binary scaling of total cc cross section

STAR: PRL113 (2014) 142301

p-Pb
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JHEP 03 (2016) 081

A. Dubla         HP2016, GSI
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• Compatible RAA for non-strange D mesons
• Significant suppression in 30-50% for pT > 3 GeV/c

• Similar suppression in semi-central events 
at different energies.

• Smaller uncertainty at √sNN = 5.02 TeV sets 
stronger constraint on centrality dependence

RAA : 30-50% @ √sNN = 5.02 TeV 
vs. 2.76 TeV (0-10%, 30-50%)

extended pT coverage up to 
36 GeV/c
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R. Averbeck, 33         Kobe, 2.10.2015 

RAA: D-mesons vs. pions 

●  D-meson and pion RAA are compatible within uncertainties 
●  agreement consistent with models including 
●  energy loss hierarchy: ΔE(g) > ΔE(u,d,s) > ΔE(c)  
●  different shapes of the parton pT distributions 
●  different fragmentation functions 

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

FINAL 

arXiv:1509.06888 
ALICE: arXiv:1506.06604 
theory: PRL 112(2014)042302 

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

29

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

30

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 helps!

Distortion by fragmentation!
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• 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 RAAJ/ψ←B > RAAD

(Djordjevic, PLB 734(2014)286)

D mesons

non-prompt J/ψ

⎬
ALICE, arXiv:1506.06604
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• 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? 
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Figure 10: Nonprompt J/y and D meson ([31, 62]), and charged hadron ([57, 59]) RAA vs. cen-
trality (left), and v2 vs. pT (right). For the left plot, the average Npart values correspond to events
flatly distributed across centrality.

6 Summary
The production of prompt and nonprompt (coming from b hadron decay) J/y has been studied
in pp and PbPb collisions at

p
sNN = 2.76 TeV. The RAA of the prompt J/y mesons, integrated

over the rapidity range |y| < 2.4 and high pT, 6.5 < pT < 30 GeV/c, is measured in 12 centrality
bins. The RAA is less than unity even in the most peripheral bin, and the suppression becomes
steadily stronger as centrality increases. Integrated over rapidity and centrality, no strong ev-
idence for a pT dependence of the suppression is found. The azimuthal anisotropy of prompt
J/y mesons shows a nonzero v2 value in all the studied bins, with no observed dependence on
centrality, rapidity, or pT.

The RAA of nonprompt J/y mesons shows a slow decrease with increasing centrality and ra-
pidity. The results show less suppression at low pT. The first measurement of the nonprompt
J/y v2 is also reported in two pT bins for 10–60% event centrality, and the values are consistent
with zero elliptical azimuthal anisotropy.

The v2 of hidden charm is below that of open charm at low pT, but consistent with it (within
large uncertainties) at high pT. In contrast, the RAA of open and hidden charm are similar
at both low and high pT. The measured v2 of open beauty is below that of open charm, but
statistical uncertainties on both measurements preclude a definite conclusion. Open beauty
shows less nuclear suppression than open charm, as might be expected from its larger mass.
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Same conclusion with final CMS results! 
Result consistent with the picture of 
mass-dependent energy loss 

non-prompt J/ψ

D mesons

ΔE(g) > ΔE(u,d,s) > ΔE(c) > ΔE(b) could be reflected in RAA(B) > RAA(D) > RAA(π)
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• Charm hadronization through recombination in medium? → strangeness enhancement  
(predicted in models)  

• Hint of RAA(D) < RAA(Ds+) in data, to be confirmed with higher precision measurements
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properties
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A	rather	long	shopping	list	

pp	collisions	
	

Constrain	models	with	
measurements	from	p-Pb	collisions	

Hadroniza9on	via	coalescence	with	
medium	quarks?	

dNAA

dpT
=  "vacuum"

parton spectra
⊗ initial-state 

effects
⊗

parton interaction
with the medium

⊗
(modified?)

hadronization
⊗

hadronic
phase

 ⊗
decay

e.g. for leptons

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

Charm	and	beauty	lose	energy	
	
	
Via	radia9ve	and	collisional	processes	
	
Ø  quark	mass		(e.g.	from	dead-cone	effect)	
	

Ø  color	charge		(Casimir	factor)	

Ø  path	length	and	medium	density		
	

	
	
	

What	we	want	to	probe	
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What	we	want	to	probe	

RAA 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"

“Vacuum” parton spectra
Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to 
probe

Charm and beauty energy loss 
→ via radiative (“gluon Bremsstrahlung”) and 
collisional processes 

✤ quark mass (dead-cone effect)  
✤ color charge (Casimir factor) 
✤ path length and medium density 

→ hadronization via coalescence 

→ collective motion ⇒ azimuthal anisotropy

23

D-meson 
nuclear modification factor

A. Dubla 

–  RpPb consistent with unity (PRL 113 (2014) 232301) → no strong modification of D-meson 
   spectra in p-Pb collisions relative to pp collisions 

–  Large suppression of D-mesons at high pT in Pb-Pb collisions → larger suppression in the 10%

    most central collisions → final-state effect due to charm quark in-medium energy loss
–  D-meson RAA compatible within uncertainties with D0 RAA by STAR  for pT > 2 GeV/c

     → low-pT measurements crucial in all systems to test binary scaling of total cc cross section

STAR: PRL113 (2014) 142301

p-Pb

0-10%30-50%

JHEP 03 (2016) 081
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Beauty	suppression	at	LHC	

	
Several	measurements	at	the	LHC	confirm	beauty	suppression	at	intermediate/high	pT:		

B	mesons	(CMS),	J/ψ	from	B	(CMS,	ATLAS,	ALICE	in	backup),	beauty-electrons	(ALICE),	high-pT	
electrons	(ALICE)	and	muons	(ALICE,ATLAS)		

arXiv:1609.03898	
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Figure 10: Nonprompt J/y and D meson ([31, 62]), and charged hadron ([57, 59]) RAA vs. cen-
trality (left), and v2 vs. pT (right). For the left plot, the average Npart values correspond to events
flatly distributed across centrality.

6 Summary
The production of prompt and nonprompt (coming from b hadron decay) J/y has been studied
in pp and PbPb collisions at

p
sNN = 2.76 TeV. The RAA of the prompt J/y mesons, integrated

over the rapidity range |y| < 2.4 and high pT, 6.5 < pT < 30 GeV/c, is measured in 12 centrality
bins. The RAA is less than unity even in the most peripheral bin, and the suppression becomes
steadily stronger as centrality increases. Integrated over rapidity and centrality, no strong ev-
idence for a pT dependence of the suppression is found. The azimuthal anisotropy of prompt
J/y mesons shows a nonzero v2 value in all the studied bins, with no observed dependence on
centrality, rapidity, or pT.

The RAA of nonprompt J/y mesons shows a slow decrease with increasing centrality and ra-
pidity. The results show less suppression at low pT. The first measurement of the nonprompt
J/y v2 is also reported in two pT bins for 10–60% event centrality, and the values are consistent
with zero elliptical azimuthal anisotropy.

The v2 of hidden charm is below that of open charm at low pT, but consistent with it (within
large uncertainties) at high pT. In contrast, the RAA of open and hidden charm are similar
at both low and high pT. The measured v2 of open beauty is below that of open charm, but
statistical uncertainties on both measurements preclude a definite conclusion. Open beauty
shows less nuclear suppression than open charm, as might be expected from its larger mass.
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•  Strong	suppression	(RAA~0.3-0.4	in	7<pT<12	GeV/c)	in	central	collisions	
•  Beauty	component	>50%	from	pT>5	GeV/c	in	pp	à	beauty	suppression	at	high	pT	
•  RAA	increases	towards	peripheral	centrali9es	
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Ds	vs.	non-strange	D	mesons	
ALICE,	JHEP1603	(2016)	081	
ALICE,	JHEP1603	(2016)	082	

Kuznetsova,	Rafelski,	EPJ	C	51	(2007)	113	
He,	Fries,	Rapp,	PLB	735	(2014)	445	

•  Ds		in	Pb-Pb:	similar	suppression	than	non-strange	D	mesons	in	8-12	GeV/c	
•  RAA(Ds)	>RAA(D0,D+,D*+)	at	low	pT?	More	sta<s<cs	needed		

•  Important	for	constraining	quark	coalescence	models	

Key	measurement	for	run	2	and	run	3.	

Observables to measure medium effect
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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)
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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

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

Elliptic flow (azimuthal anisotropy)
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Anisotropic flow v2 of D mesons
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• Heavy quarks participate in collectivity of the medium in case of sufficient re-
scattering; accessible via measuring azimuthal asymmetry of particle emission in 
momentum space, v2 

• Positive v2(D) observed (5σ effect for 2 < pT < 6 GeV/c in 30-50% centrality class) 
• D-meson v2 similar to charged-particle v2 

→ Confirms significant interaction of charm quarks with the medium  
• Similar v2  at different energies observed (confirmed with better precision at Run2!!!)

17

D-meson elliptic flow

A. Dubla 

Positive v2(D) observed (5σ effect for 2 < pT < 6 GeV/c in 30-50% centrality class)

D-meson v2 similar to charged-particle v2

Confirms significant interaction of charm quarks with the medium

PRL 111, 102301 (2013)
PRC 90 (2014) 034904 

A. Dubla         HP2016, GSI
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV

• Further constraints on medium 
properties
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D-meson v2: comparison to Run1 and pions
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• Similar v2 values at different 
energies observed 

D0,D+ average v2         
√sNN = 5.02 vs 2.76 TeV Average D0,D+ & π v2

• Similar v2: more precision needed to 
appreciate differences 
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Anisotropic flow v2 of D mesons
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• Heavy quarks participate in collectivity of the medium in case of sufficient re-
scattering; accessible via measuring azimuthal asymmetry of particle emission in 
momentum space, v2 

• Positive v2(D) observed (5σ effect for 2 < pT < 6 GeV/c in 30-50% centrality class) 
• D-meson v2 similar to charged-particle v2 

→ Confirms significant interaction of charm quarks with the medium  
• Similar v2  at different energies observed (confirmed with better precision at Run2!!!) 
• First measurement of Ds-meson v2 at the LHC!
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D-meson v2 in 30-50%
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• In 2 < pT < 8 GeV/c, non-strange D-meson v2 larger than 0 
• Strong interaction of charm quark with the medium confirmed with data from LHC Run2
• First measurement of Ds-meson v2 at the LHC!

D0,D+ average + Ds v2 
@ √sNN = 5.02 TeVD0,D+ v2 @ √sNN = 5.02 TeV

See poster (123) 
of A.Rossi
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• In 2 < pT < 8 GeV/c, non-strange D-meson v2 larger than 0 
• Strong interaction of charm quark with the medium confirmed with data from LHC Run2
• First measurement of Ds-meson v2 at the LHC!
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D-meson RAA and v2: model comparison
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models giving a simultaneous description of quenching and collectivity 
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• Experimental results with improved precision → potential to constrain 
models giving a simultaneous description of quenching and collectivity 

• Highlight importance that models include a realistic description of the medium 
evolution and of initial conditions 

• v2 and RAA measurements over a wide pT range can set stringent constraints to 
model 

• Experimental results with improved precision → potential to constrain models giving 
a simultaneous description of quenching and collectivity

D+s
D+s
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RAA 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"

“Vacuum” parton spectra
Initial-state effects

Parton interaction 
with the medium (Modified?) 

hadronization

What we want to 
probe

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
 

30 

A	rather	long	shopping	list	

pp	collisions	
	

Constrain	models	with	
measurements	from	p-Pb	collisions	

Hadroniza9on	via	coalescence	with	
medium	quarks?	

dNAA

dpT
=  "vacuum"

parton spectra
⊗ initial-state 

effects
⊗

parton interaction
with the medium

⊗
(modified?)

hadronization
⊗

hadronic
phase

 ⊗
decay

e.g. for leptons

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

Charm	and	beauty	lose	energy	
	
	
Via	radia9ve	and	collisional	processes	
	
Ø  quark	mass		(e.g.	from	dead-cone	effect)	
	

Ø  color	charge		(Casimir	factor)	

Ø  path	length	and	medium	density		
	

	
	
	

What	we	want	to	probe	

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
 

30 

A	rather	long	shopping	list	

pp	collisions	
	

Constrain	models	with	
measurements	from	p-Pb	collisions	

Hadroniza9on	via	coalescence	with	
medium	quarks?	

dNAA

dpT
=  "vacuum"

parton spectra
⊗ initial-state 

effects
⊗

parton interaction
with the medium

⊗
(modified?)

hadronization
⊗

hadronic
phase

 ⊗
decay

e.g. for leptons

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

Charm	and	beauty	lose	energy	
	
	
Via	radia9ve	and	collisional	processes	
	
Ø  quark	mass		(e.g.	from	dead-cone	effect)	
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What	we	want	to	probe	

Charm and beauty energy loss 
→ energy loss via radiative (“gluon Bremsstrahlung”) 
and collisional processes 

✤ quark mass (dead-cone effect)  
✤ color charge (Casimir factor) 
✤ path length and medium density 

→ hadronization via coalescence 

→ collective motion ⇒ azimuthal anisotropy
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D-meson 
nuclear modification factor

A. Dubla 

–  RpPb consistent with unity (PRL 113 (2014) 232301) → no strong modification of D-meson 
   spectra in p-Pb collisions relative to pp collisions 

–  Large suppression of D-mesons at high pT in Pb-Pb collisions → larger suppression in the 10%

    most central collisions → final-state effect due to charm quark in-medium energy loss
–  D-meson RAA compatible within uncertainties with D0 RAA by STAR  for pT > 2 GeV/c

     → low-pT measurements crucial in all systems to test binary scaling of total cc cross section

STAR: PRL113 (2014) 142301

p-Pb

0-10%30-50%

JHEP 03 (2016) 081
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Beauty	suppression	at	LHC	

	
Several	measurements	at	the	LHC	confirm	beauty	suppression	at	intermediate/high	pT:		

B	mesons	(CMS),	J/ψ	from	B	(CMS,	ATLAS,	ALICE	in	backup),	beauty-electrons	(ALICE),	high-pT	
electrons	(ALICE)	and	muons	(ALICE,ATLAS)		

arXiv:1609.03898	

17

partN
0 50 100 150 200 250 300 350 400

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

 = 2.76 TeVNNs CMS

ψOpen beauty: nonprompt J/
 < 30 GeV/c, |y| < 1.2

T
6.5 < p

Open charm: prompt D (ALICE)
 < 16 GeV/c, |y| < 0.5

T
8 < p

 (GeV/c)
T

p
0 2 4 6 8 10 12 14 16 18 20

2v

0

0.1

0.2

0.3

0.4

0.5

0.6
 = 2.76 TeVNNs CMS

Cent. 10-60%

ψOpen beauty: nonprompt J/
1.6 < |y| < 2.4
|y| < 2.4
Charged hadrons

| < 0.8η|
Open charm: prompt D (ALICE)
|y| < 0.8, Cent. 30-50%

Figure 10: Nonprompt J/y and D meson ([31, 62]), and charged hadron ([57, 59]) RAA vs. cen-
trality (left), and v2 vs. pT (right). For the left plot, the average Npart values correspond to events
flatly distributed across centrality.

6 Summary
The production of prompt and nonprompt (coming from b hadron decay) J/y has been studied
in pp and PbPb collisions at

p
sNN = 2.76 TeV. The RAA of the prompt J/y mesons, integrated

over the rapidity range |y| < 2.4 and high pT, 6.5 < pT < 30 GeV/c, is measured in 12 centrality
bins. The RAA is less than unity even in the most peripheral bin, and the suppression becomes
steadily stronger as centrality increases. Integrated over rapidity and centrality, no strong ev-
idence for a pT dependence of the suppression is found. The azimuthal anisotropy of prompt
J/y mesons shows a nonzero v2 value in all the studied bins, with no observed dependence on
centrality, rapidity, or pT.

The RAA of nonprompt J/y mesons shows a slow decrease with increasing centrality and ra-
pidity. The results show less suppression at low pT. The first measurement of the nonprompt
J/y v2 is also reported in two pT bins for 10–60% event centrality, and the values are consistent
with zero elliptical azimuthal anisotropy.

The v2 of hidden charm is below that of open charm at low pT, but consistent with it (within
large uncertainties) at high pT. In contrast, the RAA of open and hidden charm are similar
at both low and high pT. The measured v2 of open beauty is below that of open charm, but
statistical uncertainties on both measurements preclude a definite conclusion. Open beauty
shows less nuclear suppression than open charm, as might be expected from its larger mass.
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•  Strong	suppression	(RAA~0.3-0.4	in	7<pT<12	GeV/c)	in	central	collisions	
•  Beauty	component	>50%	from	pT>5	GeV/c	in	pp	à	beauty	suppression	at	high	pT	
•  RAA	increases	towards	peripheral	centrali9es	

								 								04/10/2016					 	 	 	 	 	 	CERN	seminar       
 

45 

Ds	vs.	non-strange	D	mesons	
ALICE,	JHEP1603	(2016)	081	
ALICE,	JHEP1603	(2016)	082	

Kuznetsova,	Rafelski,	EPJ	C	51	(2007)	113	
He,	Fries,	Rapp,	PLB	735	(2014)	445	

•  Ds		in	Pb-Pb:	similar	suppression	than	non-strange	D	mesons	in	8-12	GeV/c	
•  RAA(Ds)	>RAA(D0,D+,D*+)	at	low	pT?	More	sta<s<cs	needed		

•  Important	for	constraining	quark	coalescence	models	

Key	measurement	for	run	2	and	run	3.	
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RAA 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  
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What	we	want	to	probe	

Charm and beauty energy loss 
→ energy loss via radiative (“gluon Bremsstrahlung”) 
and collisional processes 

✤ quark mass (dead-cone effect)  
✤ color charge (Casimir factor) 
✤ path length and medium density 

→ hadronization via coalescence 

→ collective motion ⇒ azimuthal anisotropy

23

D-meson 
nuclear modification factor

A. Dubla 

–  RpPb consistent with unity (PRL 113 (2014) 232301) → no strong modification of D-meson 
   spectra in p-Pb collisions relative to pp collisions 

–  Large suppression of D-mesons at high pT in Pb-Pb collisions → larger suppression in the 10%

    most central collisions → final-state effect due to charm quark in-medium energy loss
–  D-meson RAA compatible within uncertainties with D0 RAA by STAR  for pT > 2 GeV/c

     → low-pT measurements crucial in all systems to test binary scaling of total cc cross section

STAR: PRL113 (2014) 142301

p-Pb

0-10%30-50%
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Beauty	suppression	at	LHC	

	
Several	measurements	at	the	LHC	confirm	beauty	suppression	at	intermediate/high	pT:		

B	mesons	(CMS),	J/ψ	from	B	(CMS,	ATLAS,	ALICE	in	backup),	beauty-electrons	(ALICE),	high-pT	
electrons	(ALICE)	and	muons	(ALICE,ATLAS)		

arXiv:1609.03898	
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Figure 10: Nonprompt J/y and D meson ([31, 62]), and charged hadron ([57, 59]) RAA vs. cen-
trality (left), and v2 vs. pT (right). For the left plot, the average Npart values correspond to events
flatly distributed across centrality.

6 Summary
The production of prompt and nonprompt (coming from b hadron decay) J/y has been studied
in pp and PbPb collisions at

p
sNN = 2.76 TeV. The RAA of the prompt J/y mesons, integrated

over the rapidity range |y| < 2.4 and high pT, 6.5 < pT < 30 GeV/c, is measured in 12 centrality
bins. The RAA is less than unity even in the most peripheral bin, and the suppression becomes
steadily stronger as centrality increases. Integrated over rapidity and centrality, no strong ev-
idence for a pT dependence of the suppression is found. The azimuthal anisotropy of prompt
J/y mesons shows a nonzero v2 value in all the studied bins, with no observed dependence on
centrality, rapidity, or pT.

The RAA of nonprompt J/y mesons shows a slow decrease with increasing centrality and ra-
pidity. The results show less suppression at low pT. The first measurement of the nonprompt
J/y v2 is also reported in two pT bins for 10–60% event centrality, and the values are consistent
with zero elliptical azimuthal anisotropy.

The v2 of hidden charm is below that of open charm at low pT, but consistent with it (within
large uncertainties) at high pT. In contrast, the RAA of open and hidden charm are similar
at both low and high pT. The measured v2 of open beauty is below that of open charm, but
statistical uncertainties on both measurements preclude a definite conclusion. Open beauty
shows less nuclear suppression than open charm, as might be expected from its larger mass.
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•  Strong	suppression	(RAA~0.3-0.4	in	7<pT<12	GeV/c)	in	central	collisions	
•  Beauty	component	>50%	from	pT>5	GeV/c	in	pp	à	beauty	suppression	at	high	pT	
•  RAA	increases	towards	peripheral	centrali9es	
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Ds	vs.	non-strange	D	mesons	
ALICE,	JHEP1603	(2016)	081	
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•  Ds		in	Pb-Pb:	similar	suppression	than	non-strange	D	mesons	in	8-12	GeV/c	
•  RAA(Ds)	>RAA(D0,D+,D*+)	at	low	pT?	More	sta<s<cs	needed		

•  Important	for	constraining	quark	coalescence	models	

Key	measurement	for	run	2	and	run	3.	
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v2	and	RAA:	comparison	with	models	

•  v2	at	low	pT	beKer	described	by	models	including	mechanisms	that	transfer	to	charm	quarks	the	
ellip9c	flow	induced	during	the	system	expansion	of	the	medium	(collisional	energy	loss,	
recombina9on)	

•  Highlight	importance	that	models	include	a	realis9c	descrip9on	of	the	medium	evolu9on	and	of	
ini9al	condi9ons	

•  v2		and	RAA	measurements	over	a	wide	pT	range	can	set	stringent	constraints	to	model	
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Model	references	
in	backup	

We are walking toward  
differential and precision measurements!
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Plans for Run2 and beyond
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   Goals for ongoing run-2  
• Improve precision of multiplicity-differential studies in pp and p-Pb collisions  
• New measurements of azimuthal correlations in Pb-Pb collisions and small systems 

also as a function of the multiplicity  
‣ D mesons with charged particles 
‣ HF-decay electrons with charged particles  

Long-shutdown 2 → Detector upgrade 
• New ITS, addition of MFT → improve spatial resolution at impact point at mid- and 

forward rapidity 
• New readout for several sub-detectors  
→ Tremendous improvement for reconstructing charm and beauty signals (including 
Ds, ΛC, non- prompt J/ψ at mid and forward rapidity, B meson, Λb) down to very low pT  
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Thank you for your attention!
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