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What’s special about heavy quarks

• Large mass (mq ≫ ΛQCD) → produced in the early stages of the HI collision 
with short formation time( tcharm ~ 1/mc ~ 0.1 fm/c << τQGP ~ O(10 fm/c) ), 
traverse the medium interacting with its constituents

➡ natural probe of the hot medium created in HI interactions
• Interactions with QGP don’t change flavour identity
• Uniqueness of heavy quarks: cannot be destroyed/created in the medium

➡ transported through the full system evolution

ΔE(εmedium;CR ,m,L)
ΔEg > ΔEc≈q > ΔEb

Prediction:

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

Quark Matter 2011, Annecy, 27.05.11                          Andrea Dainese!

Heavy quarks as medium probes:!
Energy Loss"

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

pred: 

! 

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

! 

RAA
" < RAA

D < RAA
B

q: colour triplet 

‘Quark Matter’  

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

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

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

Q: colour triplet 

g: colour octet 

See e.g.:  
Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003. 
Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493. 
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‘Quark Matter’
Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 
69 (2004) 114003. Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493.
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At both RHIC and LHC: suppressed as much as ...
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Charm quarks in 200 GeV Au+AuOne�method�to�organize�results

Sep�27,�2013cogilvie@iastate.edu12

Phys.�Rev.�Lett.�109,�242301�(2012) , Matt�Durham

Common�suppression�pattern�when�normalized�by�square�of�RdA
Does�this�take�into�account�impact�of�initial�state�increase�of�<kT>?��

The story from 200 GeV Au+Au collisions : heavy quark suppression is similar
to that of light quarks in the medium

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 4

200 GeV

 (GeV/c) 
T

 p
0 5 10 15 20 25 30 35 40

AA
 R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 |y|<0.5, 0-7.5%*+, D+, D0Average D
-extrapolated reference

T
with pp p

|<0.8, 0-10%dCharged particles, |
|<0.8, 0-10%dCharged pions, |

 = 2.76 TeVNNsPb-Pb, 

ALI−DER−56048



MinJung Kweon, Inha University June 20th 2014, HIM

Suppressed → Answers to more differential questions

4

Hyunchul Kim Quark Matter 2014, Darmstadt 

Nuclear modification factor : RpA
FONLL 

 

•  RpA
FONLL is compatible with unity within given 

uncertainties for all three B-mesons  
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D9mesons%and%non9Prompt%J/ψ%RAA%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%27%%

! Test$the$quarkDmass$dependence$of$energy$loss:$ΔΕ%(c)%>%ΔΕ%(b)%%?%%
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CMS-PAS-HIN-12-014

sCMS Preliminary Non-prompt J/
<30 GeV/c, |y|<1.2

T
6.5<p
Systematic uncertainties

ALI−DER−52638

! ALICE$DDmesons$results$compared$
with$CMS$nonDPrompt$J/ψ$in$a$similar$
kinema0c$range:$$
! central$rapidity$region$$
!  B$and$D$mesons$<pT>$~$10$GeV/c$

!  Indica`on%of%larger%suppression%for%
charm%than%for%beauty%

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

A.%Rossi%(Mon$14.50)$$

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 

D-meson production in p–Pb collisions at √sNN = 5.02 TeV 5
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

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

Open Charm Production 
– U+U – 
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: |y|<1, 3<p0U+U 193 GeV      D

<8 GeV/c, arXiv:1404.6185 (submitted to PRL)
T

: |y|<1, 3<p0Au+Au 200 GeV D

>6 GeV/c, PLB655, 104 (2007)
T

: |y|<0.5, p±πAu+Au 200 GeV 

STAR Preliminary

0-80% 

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

Quark Matter 2014, Zhenyu Ye 

Suppression of open charm at high pT in U+U collisions is similar to and 
extends the trend as that of open charm and pions in Au+Au collisions.  

Final state 
effect?

Mass effect?
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Mass ordering?
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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

Medium effect 
on production 
mechanism?
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FIG. 15: Integrated invariant yield per binary collision vs Ncoll for heavy flavor electrons in the pT e range 1.5 < peT < 2.5 GeV/c
(top), 2.5 < peT < 3.5 GeV/c (middle), and 3.5 < peT < 5.0 GeV/c (bottom) in Au+Au collisions at

√
sNN = 62.4 GeV.
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FIG. 16: (Color online) The nuclear modification factor RAA for electrons from heavy flavor decays in Au+Au collisions at√
sNN = 62.4 GeV, separated by centrality. The error bars (boxes) represent the statistical (systematic) uncertainties. The

global uncertainty due to the uncertainty in Ncoll for each centrality given by the box on the right side of each plot.
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System size 
&

beam energy
dependence

Azimuthal anisotropy of charm production in Pb–Pb collisions at √sNN = 2.76 TeV 23
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shown in the top-left panel of Fig. 6), since Eq. (4) can be expressed also as

v2 =
π
4
Rin-planeAA −Rout-of-planeAA

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

Charm flow?
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p-A collisions at √s = 0.2 and 5.02 TeV

d-Au, p-Pb
Cold nuclear matter effect

Hyunchul Kim Quark Matter 2014, Darmstadt 

Rapidity dependence 
•  Forward-to-backward 

ratio RFB is unity within 
large uncertainties. 

19 
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p-Pb and Pb-p samples 

7 

p-Pb 
Fproton going 

towards muon arm  
 
 
 
 

 
Pb-p 
FPb nucleus going 

towards muon arm  

p (4 TeV) 

Pb (1.58 TeV) 

Pb (1.58 TeV) 

p (4 TeV) 

yCMS = 0.465 in the p-beam direction 

d+Au to forward/backward J/Psi

T. Frawley, Mon 4:00pm 

PRL 107, 142301 (2011)

RdAu for J/Psi in 
min-bias d+Au 

For inclusive d+Au, 
CNM modifications 

capture forward/
backward difference 

(but geometry 
dependence is harder).!

xd~xAu 

xd>>xAu xd<<xAu 

11 
North  

“Forward” 
South  
“Backward” 

Backward
      

     Forward 
       

d
Au

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"

LHC RHIC
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Heavy flavour in p-Pb at LHC (at 5.02 TeV)

• RpPb measured in various channels

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

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

๏c,b→e & b→e (mid rapidity)
๏B+, B0, Bs (mid rapidity): FONLL 

expectation as a pp reference  

6

D-meson production in p–Pb collisions at √sNN = 5.02 TeV 5
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

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

arXiv:1405.3452
FINAL

ALICE
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• RpPb measured in various channels

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

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

๏c,b→e & b→e (mid rapidity)
๏B+, B0, Bs (mid rapidity): FONLL 

expectation as a pp reference  
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D-meson production in p–Pb collisions at √sNN = 5.02 TeV 5
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

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

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

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

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

mesosns (J/ from b).

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

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

T

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

6 Conclusion

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

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

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

pPb

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

10

• RpPb measured in various channels

• Slight rapidity dependence
๏non-prompt J/ψ: 

- at forward, modest suppression
- at backward, consistent with 

unity within uncertainties
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Refs. [2,42], (blue band) Ref. [3], and (green solid and blue dash-dotted lines) Ref. [4]. The inner
error bars (delimited by the horizontal lines) show the statistical uncertainties; the outer ones
show the statistical and systematic uncertainties added in quadrature. The uncertainty due to
the interpolated J/ cross-section in pp collisions at

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

mesosns (J/ from b).

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

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

T

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

6 Conclusion

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

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

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

pPb

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

• Slight rapidity dependence
๏non-prompt J/ψ: 

- at forward, modest suppression
- at backward, consistent with 

unity within uncertainties
๏c,b→μ: 
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within uncertainties

- at backward, slightly larger than 
unity in 2<pT<4 GeV
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Figure 6: Forward-backward production ratio RFB as a function of |y| for (a) prompt J/ mesons
and (b) J/ from b, together with the theoretical predictions from (yellow dashed line and brown
band) Refs. [2, 42], (blue band) Ref. [3], and (green solid and blue dash-dotted lines) Ref. [4].
The inner error bars (delimited by the horizontal lines) show the statistical uncertainties; the
outer ones show the statistical and systematic uncertainties added in quadrature.
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matter e↵ects are less pronounced for J/ mesons from b-hadron decays, hence for b
hadrons, than for prompt J/ mesons. These results show good agreement with the
available theoretical predictions and provide useful constraints to the parameterisation
of theoretical models. The measured nuclear modification factor for prompt J/ mesons
shows that it is necessary to include cold nuclear matter e↵ects in the interpretation of
quark-gluon plasma signatures in heavy-ion collisions. The results for inclusive J/ mesons
are in agreement with those presented by the ALICE collaboration [43].
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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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The double ridge also observed in heavy-flavour sector!
The mechanism (CGC? Hydro?) that generates it affects also HF
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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-
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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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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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FIG. 8: (Color online) Comparison of the measured p+p pair
yield ([red] points) with heavy flavor production in powheg
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([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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cc̄ decays

e
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T

> 0.5 GeV/c, |¥| < 0.35

µ± : p

T

> 1 GeV/c, 1.4< ¥< 2.1

pQCD-based models agree within systematics to the p+ p data

Combining the models :
æ

cc

= 538±46(stat)±197(data sys)±174(model sys)µb

paper can be found at Phys. Rev. C 89, 034915 (2014)

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 21

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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Color charge dependence?: D-meson RAA vs. π±
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• Comparable results for π and D mesons suppressions within uncertainties
• Is it consistent with the colour charge dependence picture?

ALICE
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Heavy flavour puzzle at LHC

18

Significant gluon contribution in 
charged hadrons

Much larger gluon suppression

RAA (h±) < RAA (D) 
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Charged hadrons vs D meson RAA

19

Excellent agreement 
with the data! 

RAA (h±) = RAA (D) 

Disagreement with the qualitative expectations! 
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RAA (D) = RAA (charm) 
RAA (light quarks) = RAA (charm) 

RAA (h±) = RAA (D) 

3

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

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

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

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

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

Excellent agreement!

Djordjevic, arXiv:1307.4098

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

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

Colour charge effect plays!

Distortion by fragmentation!
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• ALICE prompt D mesons &        
CMS non-prompt   J/ψ:
• B and D mesons <pT>~10 GeV/c

• Clear indication of a dependence 
on quark mass : RAAB > RAAD

•

D9mesons%and%non9Prompt%J/ψ%RAA%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%27%%

! Test$the$quarkDmass$dependence$of$energy$loss:$ΔΕ%(c)%>%ΔΕ%(b)%%?%%

�
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sCMS Preliminary Non-prompt J/
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6.5<p
Systematic uncertainties

ALI−DER−52638

! ALICE$DDmesons$results$compared$
with$CMS$nonDPrompt$J/ψ$in$a$similar$
kinema0c$range:$$
! central$rapidity$region$$
!  B$and$D$mesons$<pT>$~$10$GeV/c$

!  Indica`on%of%larger%suppression%for%
charm%than%for%beauty%

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

A.%Rossi%(Mon$14.50)$$

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 

Quark mass dependence?: D-meson RAA vs. non-prompt J/ψ
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• A different in the RAA for D meson 
and non-prompt J/ψ is expected 
from energy-loss models

D9mesons%and%non9Prompt%J/ψ%RAA%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%27%%
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  (6.5< psDjordjevic Non-prompt J/
  (with c quark energy loss)sDjordjevic Non-prompt J/

 < 16 GeV/c)
T

Djordjevic D mesons (8 < p

ALI−PREL−77105

QM2014, Darmstadt

๏ pQCD model including mass-dependent radiative and collisional 
energy loss predicts a difference between the D-meson and non-
prompt J/ψ similar to that observed.

๏ Similar pattern from other calculations (e.g. BAMPS, WHDG, Vitev et al.).  

D-meson RAA vs. centrality and comparison with beauty

Djordjevic: arXiv:1307.4098

✓ Djordjevic: non-prompt J/ψ 
RAA considering for energy 
loss
- b quark mass
- c quark mass 

✓ Djordjevic: D meson RAA

to test the 
mass 

dependence
}

A. Festanti 14

๏ Similar <pT> (~10 GeV/c) for D 
and B mesons (B → J/ψ).

๏ Rapidity range slightly different.
๏ Indication of RAA(D) < RAA(B) in 

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

Hierarchy in energy loss? 

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 

- b quark mass
- c quarkmass

✓ Djordjevic: non-prompt J/ψ RAA 
considering for energy loss

✓ Djordjevic: D meson RAA

Similar pattern from other calculations (e.g. BAMPS, WHDG, Vitev et al.).

No trivial relation 
between ΔE and RAA

Calculation by M. Djordjevic 
(including mass-dependent rad+coll 
energy loss) predict a difference

• ALICE prompt D mesons &        
CMS non-prompt   J/ψ:
• B and D mesons <pT>~10 GeV/c

• Clear indication of a dependence 
on quark mass : RAAB > RAAD
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peripheral spectra Rcp, defined as

Rcp =
Nperipheral

coll

N central
coll

×
dN central

Cu+Cu/dpT

dNperipheral
Cu+Cu /dpT

(7)

and is shown in Fig. 5. Most of the systematic uncer-
tainties cancel in Rcp, leaving only the uncertainty on
the centrality dependent cocktail and the ratio of ⟨Ncoll⟩
values. A clear suppression is seen in the most central
collisions relative to the most peripheral, which can be
attributed to the suppression effects of the hot, dense
partonic matter dominating in central collisions.
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FIG. 5: (Color online) The ratio Rcp of the most central 0%–
10% eHF spectra to the most peripheral 60%–94%, scaled by
⟨Ncoll⟩. Type C uncertainty is the uncertainty on the deter-
mination of ⟨Ncoll⟩ for each centrality, shown as a box around
1.
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FIG. 6: (Color online) The nuclear modification factors
for eHF at midrapidity in central d+Au [22], Cu+Cu, and
Au+Au [3] collisions at

√
s
NN

= 200GeV. The boxes around
one are Type C uncertainties, which include the ⟨Ncoll⟩ scal-
ing error. The global uncertainty is that on the p+p yield.

[GeV/c]
T
p

0 2 4 6 8

AA
R

0

0.5

1

1.5

2

dAu,0-20%R
CuCu,40-60%R

=15.4partN
=21.2partN

 9.9%±Global error:  

(a)

[GeV/c]
T
p

2 4 6 8 10
0

0.5

1

1.5

2

dAu,40-60%R
CuCu,60-94%R

=7.0partN
=6.4partN

 9.9%±Global error:  

(b)

FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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peripheral spectra Rcp, defined as

Rcp =
Nperipheral

coll

N central
coll

×
dN central

Cu+Cu/dpT

dNperipheral
Cu+Cu /dpT

(7)

and is shown in Fig. 5. Most of the systematic uncer-
tainties cancel in Rcp, leaving only the uncertainty on
the centrality dependent cocktail and the ratio of ⟨Ncoll⟩
values. A clear suppression is seen in the most central
collisions relative to the most peripheral, which can be
attributed to the suppression effects of the hot, dense
partonic matter dominating in central collisions.
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FIG. 5: (Color online) The ratio Rcp of the most central 0%–
10% eHF spectra to the most peripheral 60%–94%, scaled by
⟨Ncoll⟩. Type C uncertainty is the uncertainty on the deter-
mination of ⟨Ncoll⟩ for each centrality, shown as a box around
1.
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FIG. 6: (Color online) The nuclear modification factors
for eHF at midrapidity in central d+Au [22], Cu+Cu, and
Au+Au [3] collisions at

√
s
NN

= 200GeV. The boxes around
one are Type C uncertainties, which include the ⟨Ncoll⟩ scal-
ing error. The global uncertainty is that on the p+p yield.
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.
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FIG. 10: (Color online) The nuclear modification factors, averaged over 1 < pT < 3GeV/c (a) and 3 < pT < 5GeV/c (b), for
eHF at midrapidity in d+Au [22], Cu+Cu, and Au+Au [3] collisions plotted as a function of ⟨Npart⟩.

same if ⟨Ncoll⟩ is used as a measure of the system size in-
stead. Figure 7 shows overlays of the RAA for peripheral
Cu+Cu collisions with the RdA for d+Au collisions at a
comparable value of ⟨Npart⟩. A similar enhancement is
seen for the two systems.

Within the Cu+Cu system, the enhancement is over-
taken by suppression as the average impact parameter
decreases and with it the number of collisions increases.
To compare the levels of suppression in Cu+Cu and
Au+Au collisions, the nuclear modification factors for
heavy flavor electrons in centrality classes with compara-
ble ⟨Npart⟩ values are shown in Fig. 8. Here our centrality
selections do not allow for as close a match, but a similar
level of modification is seen for the different systems at

similar values of ⟨Npart⟩.

Rather than comparing RAA vs pT for similar sys-
tem size, one can also compare average RAA values in
a given pT range as a function of ⟨Npart⟩ or ⟨Ncoll⟩.
The average value of the nuclear modification factor for
1 < pT < 3GeV/c and 3 < pT < 5GeV/c for the three
collision species is shown in Figs. 9 and 10, as a function
of ⟨Ncoll⟩ and ⟨Npart⟩, respectively. With the exception of
the most peripheral Au+Au bin in the higher pT range, a
trend of increasing enhancement followed by suppression
is seen among the three distinct systems, with Cu+Cu
showing evidence of both. This common trend suggests
that the enhancement and suppression effects are depen-
dent on the size of the colliding system and the produced
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Suppression of open charm at high pT in U+U collisions is similar to and 
extends the trend as that of open charm and pions in Au+Au collisions.  

TREND FROM d+Au and peripheral Cu+Cu collisions where 
enhancement effects are dominating
TO central Cu+Cu and Au+Au collisions where suppression 
effects take over

PHENIX

Central U+U collisions 
have higher energy 
density: ~20% increase 
over Au+Au collisions 
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peripheral spectra Rcp, defined as

Rcp =
Nperipheral

coll

N central
coll

×
dN central

Cu+Cu/dpT

dNperipheral
Cu+Cu /dpT

(7)

and is shown in Fig. 5. Most of the systematic uncer-
tainties cancel in Rcp, leaving only the uncertainty on
the centrality dependent cocktail and the ratio of ⟨Ncoll⟩
values. A clear suppression is seen in the most central
collisions relative to the most peripheral, which can be
attributed to the suppression effects of the hot, dense
partonic matter dominating in central collisions.
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FIG. 5: (Color online) The ratio Rcp of the most central 0%–
10% eHF spectra to the most peripheral 60%–94%, scaled by
⟨Ncoll⟩. Type C uncertainty is the uncertainty on the deter-
mination of ⟨Ncoll⟩ for each centrality, shown as a box around
1.
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FIG. 6: (Color online) The nuclear modification factors
for eHF at midrapidity in central d+Au [22], Cu+Cu, and
Au+Au [3] collisions at

√
s
NN

= 200GeV. The boxes around
one are Type C uncertainties, which include the ⟨Ncoll⟩ scal-
ing error. The global uncertainty is that on the p+p yield.
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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FIG. 6: (Color online) The nuclear modification factors
for eHF at midrapidity in central d+Au [22], Cu+Cu, and
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.
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rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
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trality bins of comparable system size the trend is similar.
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FIG. 9: (Color online) The nuclear modification factors, averaged over 1 < pT < 3GeV/c (a) and 3 < pT < 5GeV/c (b), for
eHF at midrapidity in d+Au [22], Cu+Cu, and Au+Au [3] collisions plotted as a function of ⟨Ncoll⟩.
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FIG. 10: (Color online) The nuclear modification factors, averaged over 1 < pT < 3GeV/c (a) and 3 < pT < 5GeV/c (b), for
eHF at midrapidity in d+Au [22], Cu+Cu, and Au+Au [3] collisions plotted as a function of ⟨Npart⟩.

same if ⟨Ncoll⟩ is used as a measure of the system size in-
stead. Figure 7 shows overlays of the RAA for peripheral
Cu+Cu collisions with the RdA for d+Au collisions at a
comparable value of ⟨Npart⟩. A similar enhancement is
seen for the two systems.

Within the Cu+Cu system, the enhancement is over-
taken by suppression as the average impact parameter
decreases and with it the number of collisions increases.
To compare the levels of suppression in Cu+Cu and
Au+Au collisions, the nuclear modification factors for
heavy flavor electrons in centrality classes with compara-
ble ⟨Npart⟩ values are shown in Fig. 8. Here our centrality
selections do not allow for as close a match, but a similar
level of modification is seen for the different systems at

similar values of ⟨Npart⟩.

Rather than comparing RAA vs pT for similar sys-
tem size, one can also compare average RAA values in
a given pT range as a function of ⟨Npart⟩ or ⟨Ncoll⟩.
The average value of the nuclear modification factor for
1 < pT < 3GeV/c and 3 < pT < 5GeV/c for the three
collision species is shown in Figs. 9 and 10, as a function
of ⟨Ncoll⟩ and ⟨Npart⟩, respectively. With the exception of
the most peripheral Au+Au bin in the higher pT range, a
trend of increasing enhancement followed by suppression
is seen among the three distinct systems, with Cu+Cu
showing evidence of both. This common trend suggests
that the enhancement and suppression effects are depen-
dent on the size of the colliding system and the produced
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FIG. 15: Integrated invariant yield per binary collision vs Ncoll for heavy flavor electrons in the pT e range 1.5 < peT < 2.5 GeV/c
(top), 2.5 < peT < 3.5 GeV/c (middle), and 3.5 < peT < 5.0 GeV/c (bottom) in Au+Au collisions at

√
sNN = 62.4 GeV.
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FIG. 16: (Color online) The nuclear modification factor RAA for electrons from heavy flavor decays in Au+Au collisions at√
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PHENIX

Central U+U collisions 
have higher energy 
density: ~20% increase 
over Au+Au collisions 
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What’s special about Quarkonia

Quarkonia 
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	 Braun-Munzinger, Stachel, PLB 490 (2000) 196 

figure from A. Mocsy 

What happens in QGP to the Quarkonia? 
→ Suppression by color screening 

(disappearance of specific quarkonium 
states signals)

→ Regeneration by statistical 
recombination?

amocsy@pratt.edu                         

The Quarkonium Story
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High hopes for charmonium at the LHC
6 A.Andronic@GSI.de
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this was for full LHC energy... is a generic prediction of (re)generation models
(Liu et al., PLB 678 (2009) 72; Zhao, Rapp, NPA 859 (2011) 114)
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Latest from experiments
5 A.Andronic@GSI.de

STAR

Suppression of Υ Production in d+Au and Au+Au Collisions at
√
sNN = 200 GeV arXiv:1312.3675

PHENIX

Measurement of Υ(1S+2S+3S) production in p+p and Au+Au collisions at
√
sNN = 200 GeV arXiv:1404.2246

Nuclear matter effects on J/ψ production in asymmetric Cu+Au collisions at
√
sNN = 200 GeV arXiv:1404.1873

Nuclear modification of ψ′, χc and J/ψ production in d+Au collisions at
√
sNN = 200 GeV arXiv:1305.5516

CMS

Event activity dependence of Υ(nS) production in
√
sNN = 5.02 TeV pPb and

√
s = 2.76 TeV pp collisions arXiv:1312.6300

ALICE

Suppression of Υ(1S) production at forward rapidity in Pb–Pb collisions at
√
sNN = 2.76 TeV arXiv:1405.4493

Suppression of ψ(2S) production in p-Pb collisions at
√
sNN = 5.02 TeV arXiv:1405.3796

Centrality, rapidity and transverse momentum dependence of J/ψ suppression in Pb-Pb collisions at
√
sNN = 2.76 TeV arXiv:1311.0214

J/ψ production and nuclear effects in p-Pb collisions at
√
sNN = 5.02 TeV arXiv:1308.6726

J/ψ elliptic flow in Pb-Pb collisions at
√
sNN = 2.76 TeV arXiv:1303.5880

LHCb

Study of Υ production and cold nuclear matter effects in pPb collisions at
√
sNN = 5 TeV arXiv:1405.5152

Study of J/ψ production and cold nuclear effects in pPb collisions at
√
sNN = 5 TeV arXiv:1308.6729
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ψ(2S) production at the LHC
19 A.Andronic@GSI.de
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AA et al., NPA 789 (2007) 334

0

2

4

6

8

10

12

14

0 50 100 150 200 250 300 350 400

Npart

10
0 x

 N
ψ

,  / 
N J/ψ

SHM

no corona 1998
2000

pp

NA50 data

at SPS: R ≃0.24 (pT -integrated)
...evidence against sequential

dissociation



MinJung Kweon, Inha University June 20th 2014, HIM

Charmonium in p(d)-A collisions

29

More charmonium in p(d)-A collisions
25 A.Andronic@GSI.de

PHENIX, arXiv:1305.5516 (Durham, HF 5) ALICE, arXiv:1405.3796 (Arnaldi, HF 5)

abs. cross sect. depends on time spent
in the nucleus
(McGlinchey et al., PRC 87 (2013) 054910)
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Charmonium prod. vs. event activity in p–Pb collisions
26 A.Andronic@GSI.de
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Bottomonium at the LHC
20 A.Andronic@GSI.de
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Bottomonium ratios in p–Pb collisions
28 A.Andronic@GSI.de
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pp collisions at √s = 0.2, 0.5, 2.76 and 7 TeV

Baseline for AA, pA
Test pQCD: more differentially...
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• Heavy flavour cross section 
measurements: extended kinetic 
reaches, beam energy dependences

• pQCD-based calculations (FONLL, 
GM-VFNS, kT factorization)  
compatible with data
๏D0, D*+ (mid rapidity, down to pT~0.4 

GeV/c at 200 GeV) at 200 & 500 GeV
๏D0, D+, D*+ mesons (mid rapidity) at 

2.76 & 7 TeV
๏c,b→e (mid rapidity, down to       

pT~0.5 GeV/c) at 2.76 & 7 TeV
๏c,b→μ (forward rapidity) at 2.76 &        

7 TeV
๏b→e (mid rapidity, down to             

pT~1 GeV/c) at 2.76 & 7 TeV
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• Heavy flavour cross section 
measurements: extended kinetic 
reaches, beam energy dependences

• pQCD-based calculations (FONLL, 
GM-VFNS, kT factorization)  
compatible with data
๏D0, D*+ (mid rapidity, down to pT~0.4 

GeV/c at 200 GeV) at 200 & 500 GeV
๏D0, D+, D*+ mesons (mid rapidity) at 

2.76 & 7 TeV
๏c,b→e (mid rapidity, down to       

pT~0.5 GeV/c) at 2.76 & 7 TeV
๏c,b→μ (forward rapidity) at 2.76 &        

7 TeV
๏b→e (mid rapidity, down to             

pT~1 GeV/c) at 2.76 & 7 TeV
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Electrons from heavy-flavor decays in pp collisions at
p

s = 2.76 TeV The ALICE Collaboration
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Fig. 2: (Color online) pT-differential cross section of electrons from heavy-flavor hadron decays compared
to pQCD calculations from FONLL (red) [36, 59, 60], GM-VFNS (blue) [37–39, 61, 62] and kT-factorization
(green) [40, 63–71]. Uncertainties on the theory calculations originate from the variation of the factorization and
the renormalization scales and from the heavy-quark masses. The ratios data/theory are shown in the lower panels,
where the dashed lines indicate the additional theoretical uncertainties relative to unity.
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pT-differential cross sections in pp collisions

• Heavy flavour cross section 
measurements: extended kinetic 
reaches, beam energy dependences

• pQCD-based calculations (FONLL, 
GM-VFNS, kT factorization)  
compatible with data
๏D0, D*+ (mid rapidity, down to pT~0.4 

GeV/c at 200 GeV) at 200 & 500 GeV
๏D0, D+, D*+ mesons (mid rapidity) at 

2.76 & 7 TeV
๏c,b→e (mid rapidity, down to       

pT~0.5 GeV/c) at 2.76 & 7 TeV
๏c,b→μ (forward rapidity) at 2.76 &        

7 TeV
๏b→e (mid rapidity, down to             

pT~1 GeV/c) at 2.76 & 7 TeV
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s = 2.76 TeV The ALICE Collaboration
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Fig. 2: (Color online) pT-differential cross section of electrons from heavy-flavor hadron decays compared
to pQCD calculations from FONLL (red) [36, 59, 60], GM-VFNS (blue) [37–39, 61, 62] and kT-factorization
(green) [40, 63–71]. Uncertainties on the theory calculations originate from the variation of the factorization and
the renormalization scales and from the heavy-quark masses. The ratios data/theory are shown in the lower panels,
where the dashed lines indicate the additional theoretical uncertainties relative to unity.
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Beauty production in pp collisions at
p

s = 2.76 TeV The ALICE Collaboration
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Heavy flavour production cross sections

39
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• Calculation based on pQCD (ex. FONLL) describes consistently energy 
dependence of total cross sections
• Charm (beauty) x~10 (~100) from RHIC (200 GeV) to LHC

Beauty production in pp collisions at
p

s = 2.76 TeV The ALICE Collaboration
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Fig. 6: (Color online) Inclusive beauty production cross section per rapidity unit measured at mid-rapidity as a
function of center of mass energy in pp collisions (PHENIX [28] and ALICE [20] results) and pp̄ collisions (UA1
[30] and CDF [31] results) along with the comparison to FONLL calculations. Error bars represent the statistical
and systematic uncertainties added in quadrature.

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

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

= 23.28±2.70(stat)+8.92
�8.70

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

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

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

13

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

arXiv:1405.4144
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More on production mechanism:
Multiplicity dependences of charm production
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D0, D+, D*+ corrected yields vs mult, pp

!
• Self-normalized D-meson yields in different pT bins are in agreement within 

uncertaintes 
• D0, D+ and D*+-meson results compatible within uncertaintes 
• D0, D+ and D*+-meson yields show an increase with charged-particle multiplicity
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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 LHC shows 
better agreement with 
models including MPIs

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

ALICE

NEW

• D-meson yields increase with charged-particle multiplicity                
→ presence of MPI and contribution on the a harder scale?

due to MPIs?

MPIs involving only light quarks and gluons? 
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More differential information:
Heavy flavour correlations

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

41
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12 Sandro Bjelogrlić 19/05/2014

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

D-hadron azimuthal correlation in pp

Baseline subtracted Baseline subtracted

NEW NEW

 pp @√s = 7 TeV

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

Sandro Bjelogrlić 

Physics motivations - azimuthal correlations in Pb-Pb

419/05/2014

Near Side

Away side

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

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

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

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

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

Di-hadron correlations

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

Goal: study IAA for heavy-flavours

,

Heavy flavour jet properties

Path length dependence

ALICE

in Pb-Pb
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p-A collisions at √s = 0.2 and 5.02 TeV

d-Au, p-Pb
Cold nuclear matter effect

Hyunchul Kim Quark Matter 2014, Darmstadt 

Rapidity dependence 
•  Forward-to-backward 

ratio RFB is unity within 
large uncertainties. 

19 
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d+Au to forward/backward J/Psi

T. Frawley, Mon 4:00pm 

PRL 107, 142301 (2011)

RdAu for J/Psi in 
min-bias d+Au 

For inclusive d+Au, 
CNM modifications 

capture forward/
backward difference 

(but geometry 
dependence is harder).!

xd~xAu 

xd>>xAu xd<<xAu 
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Backward
      

     Forward 
       

d
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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 
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Heavy flavour in p-Pb at LHC (at 5.02 TeV)

• RpPb measured in various channels

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

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

๏c,b→e & b→e (mid rapidity)
๏B+, B0, Bs (mid rapidity): FONLL 

expectation as a pp reference  
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D-meson production in p–Pb collisions at √sNN = 5.02 TeV 5
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

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

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

Primary Collision 
Vertex 

B0 Decay 
Vertex 

J/ψ 

K* 

B0 
cτ = 456 µm 

µ+ 

µ- 

K+ 

π- 

m = 3.10 GeV/c2 

m = 0.89 GeV/c2 

Primary Collision 
Vertex 

Bs Decay 
Vertex 

J/ψ 

Φ 

Bs 

cτ = 456 µm 

µ+ 

µ- 

K+ 

K- 

m = 3.10 GeV/c2 

m = 1.02 GeV/c2 

B+ 

B0 

Bs
 

B0: J/ψ + K+ + π-

Bs: J/ψ + K+ + K- 

Heavy flavour in p-Pb at LHC (at 5.02 TeV)



MinJung Kweon, Inha University June 20th 2014, HIM

• RpPb measured in various channels

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

be described by CGC calculations, pQCD 
calculations with EPS09 nuclear PDF and a 
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

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

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

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

mesosns (J/ from b).

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

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

T

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

6 Conclusion

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

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

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

pPb

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

10

• RpPb measured in various channels

• Slight rapidity dependence
๏non-prompt J/ψ: 

- at forward, modest suppression
- at backward, consistent with 

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

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

mesosns (J/ from b).

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

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

T

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

6 Conclusion

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

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

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

pPb

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

10

• RpPb measured in various channels

• Slight rapidity dependence
๏non-prompt J/ψ: 

- at forward, modest suppression
- at backward, consistent with 

unity within uncertainties
๏c,b→μ: 

- at forward, consistent with unity 
within uncertainties

- at backward, slightly larger than 
unity in 2<pT<4 GeV
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Within uncertainties, data can be described by 
pQCD calculations with EPS09 parameterization 
of shadowing
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Rapidity expansion in d+Au 

PHENIX heavy-flavor electron results 
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Figure 6: Forward-backward production ratio RFB as a function of |y| for (a) prompt J/ mesons
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matter e↵ects are less pronounced for J/ mesons from b-hadron decays, hence for b
hadrons, than for prompt J/ mesons. These results show good agreement with the
available theoretical predictions and provide useful constraints to the parameterisation
of theoretical models. The measured nuclear modification factor for prompt J/ mesons
shows that it is necessary to include cold nuclear matter e↵ects in the interpretation of
quark-gluon plasma signatures in heavy-ion collisions. The results for inclusive J/ mesons
are in agreement with those presented by the ALICE collaboration [43].
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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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The double ridge also observed in heavy-flavour sector!
The mechanism (CGC? Hydro?) that generates it affects also HF

More differential information:
Heavy-flavour electron-hadron correlations
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The double ridge also observed in heavy-flavour sector!  
The mechanism (CGC? Hydro?) that generates it affects also HF
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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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subtracted heavy flavor e–µ pair yield in ([red] circles) ⟨Ncoll⟩-
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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.

ACKNOWLEDGMENTS

We thank the staff of the Collider-Accelerator and
Physics Departments at Brookhaven National Labora-
tory and the staff of the other PHENIX participating in-
stitutions for their vital contributions. We acknowledge
support from the Office of Nuclear Physics in the Of-
fice of Science of the Department of Energy, the National
Science Foundation, a sponsored research grant from Re-
naissance Technologies LLC, Abilene Christian Univer-
sity Research Council, Research Foundation of SUNY,
and Dean of the College of Arts and Sciences, Van-
derbilt University (U.S.A), Ministry of Education, Cul-
ture, Sports, Science, and Technology and the Japan So-
ciety for the Promotion of Science (Japan), Conselho
Nacional de Desenvolvimento Cient́ıfico e Tecnológico
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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

 (rad)��
0 2 4

)
-1

) (
ra

d
�

�de
dy

µ
N/

(d
y

3 d

0

20

40

60

80

-910×

=200 GeVsp+p 

POWHEG
PYTHIA
PYTHIA (NO LO)
MC@NLO

Like-sign subtracted e ° µ correla-
tions should be predominantly from
cc̄ decays

e

± : p

T

> 0.5 GeV/c, |¥| < 0.35

µ± : p

T

> 1 GeV/c, 1.4< ¥< 2.1

pQCD-based models agree within systematics to the p+ p data

Combining the models :
æ

cc

= 538±46(stat)±197(data sys)±174(model sys)µb

paper can be found at Phys. Rev. C 89, 034915 (2014)

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 21

More differential information:
Heavy-flavour electron-muon correlation in d+Au

12

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.

 (rad)φΔ
0 2 4

)
-1

) (
ra

d
φ

Δde
dy

µ
N/

(d
y

3 d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
-610×

 = 200 GeVNNs|<0.5η>0.5 GeV/c, |
T

: p±e
<2.1η>1 GeV/c, 1.4<

T
: p±µ

>-scaled p+pcoll<N

d+Au
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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)
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x ≈ 10−2 at Q2 ≈ 10 GeV2, on the 
edge of the shadowing region
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FIG. 3: Inclusive e+e� pair yield from minimum bias d+Au collisions as a function of mass. The data are compared to our
model of expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data
to expected sources is shown with systematic uncertainties.

Drell-Yan mechanism.

The pseudoscalar mesons, ⇡0 and ⌘, and vector
mesons, !, �, J/ and the ⌥, are generated based
on measured di↵erential d+Au cross sections [32–37].
The contributions from mesons not directly measured
in d+Au (⌘0, ⇢, and  0) are determined relative to the
measured mesons (⌘, !, J/ , respectively) using par-
ticle ratios from p+p or jet fragmentation [22]. Decay
kinematics, branching ratios, electromagnetic transition
form factors, etc. are based on the most up-to-date
information from the Particle Data Group [38]. The
yield of e+e� pairs created through the Drell-Yan mecha-
nism was simulated using pythia2 For the normalization
we use a cross section of 34 ± 28 nb, which was deter-
mined by a simultaneous fit of the data at high mass to
Drell-Yan, charm, and bottom contributions using the
pythiasimulation. The systematic uncertainty in the
Drell-Yan cross section is propagated through the sub-
sequent heavy flavor cross section analysis. This uncer-
tainty has a negligible e↵ect (< 5%) on the final result

2 Drell-Yan pythia-6 [29], using parameters: MSEL=0,
MSTP(43)=3, MSTP(33)=1, MSTP(32)=1, MSUB(1)=1,
MSTP(52)=2, MSTP(54)=2, MSTP(56)=2, MSTP(51)=10041
(CTEQ6LL), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
MSTP(31)=1.38, MSTP(32)=4, CKIN(3)=0.5, CKIN(1)=0.5,
CKIN(2)=-1.0, CKIN(4)=-1.0, MSTP(71)=0

of the bottom cross section. As can be seen from Fig. 3,
the contribution from Drell-Yan is extremely small be-
low ⇡ 5 GeV/c2. It remains a minor contribution to the
dielectron pair spectrum below 10 GeV/c2.

The double di↵erential contribution from semi-leptonic
decays of heavy flavor are simulated using two di↵erent
p+p event generators, pythiaand mc@nlo. The cross
sections for cc̄ and bb̄ in the cocktail shown in Fig. 3 are
the ones extracted from this work, as discussed below.

The pythiaprogram generates heavy quark pairs by
calculating the leading order pQCD gluon fusion contri-
butions. We used pythiain forced cc̄ or bb̄ production
mode3 to match Ref. [22], and CTEQ5L as the input
parton distribution function.

The mc@nlopackage (v. 4.03) [30, 39] is an NLO sim-
ulation that generates hard scattering events to be passed
to Herwig(vers. 6.520) [40] for fragmentation into the
vacuum. Since the package is a two-step procedure con-
sisting of event generation and then fragmentation, care
is taken to pass the color flow of each parton configura-
tion from the generator to Herwig. In addition, since
flavor creation (i.e., qq ! QQ and gg ! QQ) processes

3 Heavy flavor pythia-6 [29], using parameters MSEL=4
(cc̄) or 5 (bb̄), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
PARP(31)=1.0, MSTP(32)=4, PMAS(4)=1.25, PMAS(5)=4.1”
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FIG. 3: Inclusive e+e� pair yield from minimum bias d+Au collisions as a function of mass. The data are compared to our
model of expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data
to expected sources is shown with systematic uncertainties.

Drell-Yan mechanism.

The pseudoscalar mesons, ⇡0 and ⌘, and vector
mesons, !, �, J/ and the ⌥, are generated based
on measured di↵erential d+Au cross sections [32–37].
The contributions from mesons not directly measured
in d+Au (⌘0, ⇢, and  0) are determined relative to the
measured mesons (⌘, !, J/ , respectively) using par-
ticle ratios from p+p or jet fragmentation [22]. Decay
kinematics, branching ratios, electromagnetic transition
form factors, etc. are based on the most up-to-date
information from the Particle Data Group [38]. The
yield of e+e� pairs created through the Drell-Yan mecha-
nism was simulated using pythia2 For the normalization
we use a cross section of 34 ± 28 nb, which was deter-
mined by a simultaneous fit of the data at high mass to
Drell-Yan, charm, and bottom contributions using the
pythiasimulation. The systematic uncertainty in the
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A-A collisions at √s = 0.2 and 2.76 TeV

Cu-Cu, Au-Au, Pb-Pb, U-U
Initial & final state effect



MinJung Kweon, Inha University June 20th 2014, HIM

D-meson RAA at LHC and RHIC

59

ALICE

6

analytic approach to directly calculate charm-medium
interactions with both fragmentation and coalescence
hadronization processes. Comparison with their calcu-
lations that include only the collisional energy loss, and
both collisional and radiative energy loss, suggests that
the radiative energy loss has a negligible impact on the fi-
nal charmed hadron RAA. The Torino group [27] directly
applied the HTL calculation results to the charm-medium
interaction strength from the SUBATECH group in their
Langevin simulation. The medium was described via
viscous hydrodynamics. However, this calculation does
not include the charm-quark coalescence hadronization
process. The calculations from the TAMU and SUB-
ATECH groups generally describe the significant fea-
tures in the data, while the Torino calculation misses
the intermediate-pT enhancement structure. This indi-
cates that, in the measured kinematic region, collisional
energy loss alone can account for the large suppression in
RAA, but a coalescence type mechanism is important in
modeling charm-quark hadronization at low and interme-
diate pT. Cold-nuclear-matter (CNM) effects in the open
charm sector could also be important, and could con-
tribute to the enhancement of RAA. Calculations from
the Duke group [28], including fragmentation and recom-
bination with or without shadowing effects provide a rea-
sonable description of the data. The treatment from the
LANL group [29] with CNM and hot QGP effects, in-
cluding energy loss and meson dissociation, is consistent
in the region of its applicability, pT > 2 GeV/c, with our
data and with the other model evaluations in Fig. 3(c).
The RAA enhancement at intermediate pT has also been
observed in the measurement of electrons from heavy fla-
vor decays in d+Au collisions [30]. At LHC energies,
all these models reproduce the strong suppression of D-
meson production in central Pb+Pb collisions at pT >
2 GeV/c. However, no data is available from LHC to
justify these models at pT < 2 GeV/c [8].
Figure 4 shows the integrated D0 RAA as a function

of Npart. The red squares represent the integrated RAA

over the whole pT region, which agree with unity, indicat-
ing that the charm production cross section scales with
the number of binary collisions. This is consistent with
charm quarks originating predominantly from initial hard
scattering at RHIC. The integrated RAA above 3 GeV/c
are represented as black circles, and show a strong cen-
trality dependence. No suppression is seen in peripheral
collisions, but a clear suppression, at the level of ∼0.5,
is seen in central collisions. A clear enhancement is ob-
served from the RAA integrated over the intermediate pT
region 0.7−2.2 GeV/c, shown as blue diamonds.
In summary, we report the first measurement of the

D0 production cross section from the hadronic D0 →
K− + π+ decay channel at mid-rapidity in Au+Au colli-
sions at

√
s
NN

= 200GeV. The charm production cross
sections at mid-rapidity per nucleon-nucleon collision
from p+p to Au+Au show a number-of-binary-collision
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FIG. 3: (Color online) Panels (a)(b): D0 RAA for peripheral
40−80% and semi-central 10−40% collisions; Panel (c): D0

RAA for 0−10% most central events (blue circles) compared
with model calculations from the TAMU (solid curve), SUB-
ATECH (dashed curve), Torino (dot-dashed curve), Duke
(long-dashed and long-dot-dashed curves), and LANL groups
(filled band). The vertical lines and boxes around the data
points denote the statistical and systematic uncertainties.
The vertical bars around unity denote the overall normaliza-
tion uncertainties in the Au+Au and p+p data, respectively.
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tegrated over pT range of 3−8 GeV/c are shown as circles.
Diamonds represent the integration over the region of 0.7−2.2
GeV/c. Open symbols are for the 0−80% MB events.

scaling, which supports that charm quarks are mainly
produced in the initial hard scatterings. The centrality
dependence of the transverse momentum distributions as
well as the nuclear modification factor show no suppres-
sion in peripheral collisions, but a strong suppression, at
the level of RAA ∼ 0.5, in the most central collisions for
pT > 3 GeV/c. This is indicative of significant energy
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• Similar at high pT, different at low pT(1-2 GeV/c)
• Shadowing? recombination? radial flow?

• Significant suppression at high pT

๏D0, D+, D*+ mesons (mid rapidity): 0-7.5 % 
& 30-50 % centrality

๏D0 mesons (mid rapidity): 0-10 % centrality
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scattering at RHIC. The integrated RAA above 3 GeV/c
are represented as black circles, and show a strong cen-
trality dependence. No suppression is seen in peripheral
collisions, but a clear suppression, at the level of ∼0.5,
is seen in central collisions. A clear enhancement is ob-
served from the RAA integrated over the intermediate pT
region 0.7−2.2 GeV/c, shown as blue diamonds.
In summary, we report the first measurement of the

D0 production cross section from the hadronic D0 →
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scaling, which supports that charm quarks are mainly
produced in the initial hard scatterings. The centrality
dependence of the transverse momentum distributions as
well as the nuclear modification factor show no suppres-
sion in peripheral collisions, but a strong suppression, at
the level of RAA ∼ 0.5, in the most central collisions for
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

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

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

Front 
absorber

μ

Tracking 
chambers

Trigger 
chambers

Dipole 
magnet

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

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

7A. Festanti

μ: 2.5 < y < 4
e: |y| < 0.6

S. Li talk, 15:00

• Significant suppression at high pT 
down to 200 GeV
๏c,b→e (mid rapidity) & c,b→μ 

(forward rapidity)
๏c,b→e & b→e (mid rapidity)
๏B+, B0, Bs (mid rapidity): FONLL 

expectation as a pp reference  

HF-decay lepton RAA at LHC and RHIC
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hint of suppressionCharm quarks in 200 GeV Au+AuOne�method�to�organize�results

Sep�27,�2013cogilvie@iastate.edu12

Phys.�Rev.�Lett.�109,�242301�(2012) , Matt�Durham

Common�suppression�pattern�when�normalized�by�square�of�RdA
Does�this�take�into�account�impact�of�initial�state�increase�of�<kT>?��

The story from 200 GeV Au+Au collisions : heavy quark suppression is similar
to that of light quarks in the medium

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 4

Charm quarks in 62 GeV Au+Au
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Maybe not the same story in 62 GeV. But p+ p comes from ISR. We need
more p+ p data at 62 GeV!

arxiv:1405.3301

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 5
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• Comparable results for π and D mesons suppressions within uncertainties
• Is it consistent with the colour charge dependence picture?

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

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

Excellent agreement!

Djordjevic, arXiv:1307.4098

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

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

Colour charge effect plays!

Distortion by fragmentation!
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• ALICE prompt D mesons &        
CMS non-prompt   J/ψ:
• B and D mesons <pT>~10 GeV/c

• Clear indication of a dependence 
on quark mass : RAAB > RAAD

•

D9mesons%and%non9Prompt%J/ψ%RAA%

ALICE%Heavy9Flavour%Results% D.%Caffarri%%%%%%%%%27%%

! Test$the$quarkDmass$dependence$of$energy$loss:$ΔΕ%(c)%>%ΔΕ%(b)%%?%%
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! ALICE$DDmesons$results$compared$
with$CMS$nonDPrompt$J/ψ$in$a$similar$
kinema0c$range:$$
! central$rapidity$region$$
!  B$and$D$mesons$<pT>$~$10$GeV/c$

!  Indica`on%of%larger%suppression%for%
charm%than%for%beauty%

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

A.%Rossi%(Mon$14.50)$$

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 

Quark mass dependence?: D-meson RAA vs. non-prompt J/ψ
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• A different in the RAA for D meson 
and non-prompt J/ψ is expected 
from energy-loss models
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  (6.5< psDjordjevic Non-prompt J/
  (with c quark energy loss)sDjordjevic Non-prompt J/

 < 16 GeV/c)
T

Djordjevic D mesons (8 < p

ALI−PREL−77105

QM2014, Darmstadt

๏ pQCD model including mass-dependent radiative and collisional 
energy loss predicts a difference between the D-meson and non-
prompt J/ψ similar to that observed.

๏ Similar pattern from other calculations (e.g. BAMPS, WHDG, Vitev et al.).  

D-meson RAA vs. centrality and comparison with beauty

Djordjevic: arXiv:1307.4098

✓ Djordjevic: non-prompt J/ψ 
RAA considering for energy 
loss
- b quark mass
- c quark mass 

✓ Djordjevic: D meson RAA

to test the 
mass 

dependence
}

A. Festanti 14

๏ Similar <pT> (~10 GeV/c) for D 
and B mesons (B → J/ψ).

๏ Rapidity range slightly different.
๏ Indication of RAA(D) < RAA(B) in 

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

Hierarchy in energy loss? 

38 
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<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 

- b quark mass
- c quarkmass

✓ Djordjevic: non-prompt J/ψ RAA 
considering for energy loss

✓ Djordjevic: D meson RAA

Similar pattern from other calculations (e.g. BAMPS, WHDG, Vitev et al.).

No trivial relation 
between ΔE and RAA

Calculation by M. Djordjevic 
(including mass-dependent rad+coll 
energy loss) predict a difference

• ALICE prompt D mesons &        
CMS non-prompt   J/ψ:
• B and D mesons <pT>~10 GeV/c

• Clear indication of a dependence 
on quark mass : RAAB > RAAD
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peripheral spectra Rcp, defined as

Rcp =
Nperipheral

coll

N central
coll

×
dN central

Cu+Cu/dpT

dNperipheral
Cu+Cu /dpT

(7)

and is shown in Fig. 5. Most of the systematic uncer-
tainties cancel in Rcp, leaving only the uncertainty on
the centrality dependent cocktail and the ratio of ⟨Ncoll⟩
values. A clear suppression is seen in the most central
collisions relative to the most peripheral, which can be
attributed to the suppression effects of the hot, dense
partonic matter dominating in central collisions.
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FIG. 5: (Color online) The ratio Rcp of the most central 0%–
10% eHF spectra to the most peripheral 60%–94%, scaled by
⟨Ncoll⟩. Type C uncertainty is the uncertainty on the deter-
mination of ⟨Ncoll⟩ for each centrality, shown as a box around
1.
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FIG. 6: (Color online) The nuclear modification factors
for eHF at midrapidity in central d+Au [22], Cu+Cu, and
Au+Au [3] collisions at

√
s
NN

= 200GeV. The boxes around
one are Type C uncertainties, which include the ⟨Ncoll⟩ scal-
ing error. The global uncertainty is that on the p+p yield.
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the

CENTRAL d+Au ≈ PERIPHERAL Cu+Cu

System size dependence of RAA

CENTRAL Cu+Cu ≈ MID Au+Au

PHENIX
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0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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FIG. 9: (Color online) The nuclear modification factors, averaged over 1 < pT < 3GeV/c (a) and 3 < pT < 5GeV/c (b), for
eHF at midrapidity in d+Au [22], Cu+Cu, and Au+Au [3] collisions plotted as a function of ⟨Ncoll⟩.
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FIG. 10: (Color online) The nuclear modification factors, averaged over 1 < pT < 3GeV/c (a) and 3 < pT < 5GeV/c (b), for
eHF at midrapidity in d+Au [22], Cu+Cu, and Au+Au [3] collisions plotted as a function of ⟨Npart⟩.

same if ⟨Ncoll⟩ is used as a measure of the system size in-
stead. Figure 7 shows overlays of the RAA for peripheral
Cu+Cu collisions with the RdA for d+Au collisions at a
comparable value of ⟨Npart⟩. A similar enhancement is
seen for the two systems.

Within the Cu+Cu system, the enhancement is over-
taken by suppression as the average impact parameter
decreases and with it the number of collisions increases.
To compare the levels of suppression in Cu+Cu and
Au+Au collisions, the nuclear modification factors for
heavy flavor electrons in centrality classes with compara-
ble ⟨Npart⟩ values are shown in Fig. 8. Here our centrality
selections do not allow for as close a match, but a similar
level of modification is seen for the different systems at

similar values of ⟨Npart⟩.

Rather than comparing RAA vs pT for similar sys-
tem size, one can also compare average RAA values in
a given pT range as a function of ⟨Npart⟩ or ⟨Ncoll⟩.
The average value of the nuclear modification factor for
1 < pT < 3GeV/c and 3 < pT < 5GeV/c for the three
collision species is shown in Figs. 9 and 10, as a function
of ⟨Ncoll⟩ and ⟨Npart⟩, respectively. With the exception of
the most peripheral Au+Au bin in the higher pT range, a
trend of increasing enhancement followed by suppression
is seen among the three distinct systems, with Cu+Cu
showing evidence of both. This common trend suggests
that the enhancement and suppression effects are depen-
dent on the size of the colliding system and the produced
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Suppression of open charm at high pT in U+U collisions is similar to and 
extends the trend as that of open charm and pions in Au+Au collisions.  

TREND FROM d+Au and peripheral Cu+Cu collisions where 
enhancement effects are dominating
TO central Cu+Cu and Au+Au collisions where suppression 
effects take over

PHENIX

Central U+U collisions 
have higher energy 
density: ~20% increase 
over Au+Au collisions 
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peripheral spectra Rcp, defined as

Rcp =
Nperipheral

coll

N central
coll

×
dN central

Cu+Cu/dpT

dNperipheral
Cu+Cu /dpT

(7)

and is shown in Fig. 5. Most of the systematic uncer-
tainties cancel in Rcp, leaving only the uncertainty on
the centrality dependent cocktail and the ratio of ⟨Ncoll⟩
values. A clear suppression is seen in the most central
collisions relative to the most peripheral, which can be
attributed to the suppression effects of the hot, dense
partonic matter dominating in central collisions.
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FIG. 5: (Color online) The ratio Rcp of the most central 0%–
10% eHF spectra to the most peripheral 60%–94%, scaled by
⟨Ncoll⟩. Type C uncertainty is the uncertainty on the deter-
mination of ⟨Ncoll⟩ for each centrality, shown as a box around
1.
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FIG. 6: (Color online) The nuclear modification factors
for eHF at midrapidity in central d+Au [22], Cu+Cu, and
Au+Au [3] collisions at

√
s
NN

= 200GeV. The boxes around
one are Type C uncertainties, which include the ⟨Ncoll⟩ scal-
ing error. The global uncertainty is that on the p+p yield.
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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FIG. 6: (Color online) The nuclear modification factors
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
(a) 0%–10% Cu+Cu and 20%–40% Au+Au [3] collisions and
(b) 0%–20% Cu+Cu and 40%–60% Au+Au collisions. The
boxes around one are Type C uncertainties, which include
the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
uncertainty on the p+p yield.

V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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FIG. 9: (Color online) The nuclear modification factors, averaged over 1 < pT < 3GeV/c (a) and 3 < pT < 5GeV/c (b), for
eHF at midrapidity in d+Au [22], Cu+Cu, and Au+Au [3] collisions plotted as a function of ⟨Ncoll⟩.
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FIG. 10: (Color online) The nuclear modification factors, averaged over 1 < pT < 3GeV/c (a) and 3 < pT < 5GeV/c (b), for
eHF at midrapidity in d+Au [22], Cu+Cu, and Au+Au [3] collisions plotted as a function of ⟨Npart⟩.

same if ⟨Ncoll⟩ is used as a measure of the system size in-
stead. Figure 7 shows overlays of the RAA for peripheral
Cu+Cu collisions with the RdA for d+Au collisions at a
comparable value of ⟨Npart⟩. A similar enhancement is
seen for the two systems.

Within the Cu+Cu system, the enhancement is over-
taken by suppression as the average impact parameter
decreases and with it the number of collisions increases.
To compare the levels of suppression in Cu+Cu and
Au+Au collisions, the nuclear modification factors for
heavy flavor electrons in centrality classes with compara-
ble ⟨Npart⟩ values are shown in Fig. 8. Here our centrality
selections do not allow for as close a match, but a similar
level of modification is seen for the different systems at

similar values of ⟨Npart⟩.

Rather than comparing RAA vs pT for similar sys-
tem size, one can also compare average RAA values in
a given pT range as a function of ⟨Npart⟩ or ⟨Ncoll⟩.
The average value of the nuclear modification factor for
1 < pT < 3GeV/c and 3 < pT < 5GeV/c for the three
collision species is shown in Figs. 9 and 10, as a function
of ⟨Ncoll⟩ and ⟨Npart⟩, respectively. With the exception of
the most peripheral Au+Au bin in the higher pT range, a
trend of increasing enhancement followed by suppression
is seen among the three distinct systems, with Cu+Cu
showing evidence of both. This common trend suggests
that the enhancement and suppression effects are depen-
dent on the size of the colliding system and the produced
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Suppression of open charm at high pT in U+U collisions is similar to and 
extends the trend as that of open charm and pions in Au+Au collisions.  

TREND FROM d+Au and peripheral Cu+Cu collisions where 
enhancement effects are dominating
TO central Cu+Cu and Au+Au collisions where suppression 
effects take over
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FIG. 15: Integrated invariant yield per binary collision vs Ncoll for heavy flavor electrons in the pT e range 1.5 < peT < 2.5 GeV/c
(top), 2.5 < peT < 3.5 GeV/c (middle), and 3.5 < peT < 5.0 GeV/c (bottom) in Au+Au collisions at

√
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FIG. 16: (Color online) The nuclear modification factor RAA for electrons from heavy flavor decays in Au+Au collisions at√
sNN = 62.4 GeV, separated by centrality. The error bars (boxes) represent the statistical (systematic) uncertainties. The

global uncertainty due to the uncertainty in Ncoll for each centrality given by the box on the right side of each plot.

collN10 210 310
<3

 G
eV

/c
T

1<
p

>
AA

<R
0

1

2

3

d+Au, 200 GeV
Cu+Cu, 200 GeV
Au+Au, 200 GeV

Au+Au, 62 GeV

(a)

collN10 210 310

<5
 G

eV
/c

T
3<

p
>

AA
<R

0

1

2

3

(b)

d+Au, 200 GeV
Cu+Cu, 200 GeV
Au+Au, 200 GeV

Au+Au, 62 GeV

FIG. 17: (Color online) RAA values for electrons from heavy-flavor decay in Au+Au collisions at 62.4 GeV with the RAA
results from d+Au,Cu+Cu, and Au+Au collisions at

√
sNN = 200 GeV (data from [10, 22]). The error bars (boxes) represent

the statistical (systematic) uncertainties.

PHENIX

Central U+U collisions 
have higher energy 
density: ~20% increase 
over Au+Au collisions 



MinJung Kweon, Inha University June 20th 2014, HIM

Heavy flavour v2 at RHIC & LHC

• Charm does flow (at low 
energy, questionable)!

• Confirm significant 
interaction of charm 
quarks with the medium

• Suggest collective motion 
of low-pT charm quarks in 
the expanding fireball
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shown in the top-left panel of Fig. 6), since Eq. (4) can be expressed also as

v2 =
π
4
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. (12)
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Figure 10: Nuclear modification factor RAA of D0 mesons in the 30–50% centrality class in two 90◦-wide
azimuthal intervals centred on the in-plane and on the out-of-plane directions. The correlated, uncorrelated, and
anti-correlated contributions to the systematic uncertainty are shown separately.

6 Comparison with model calculations

A number of theoretical model calculations are available for the elliptic flow coefficient v2 and the nuclear
modification factor RAA of heavy-flavour hadrons. Figure 11 shows a comprehensive comparison of these
models to measurements of the RAA of D0 mesons in-plane and out-of-plane in the 30–50% centrality
class, of the average RAA of D0, D+ and D∗+ in the 0–20% centrality class [13], and of the v2 averaged
over the D meson species in the centrality class 30–50% [47].

The following models are considered and compared to data:

I WHDG [18]. This is a perturbative QCD calculation of parton energy loss, including both radiative
(DGLV [78]) and collisional processes. A realistic collision geometry based on the Glauber
model [9] is used, without hydrodynamical expansion, so that the anisotropy results only from
path-length dependent energy loss. Hadronization is performed using vacuum fragmentation
functions. The medium density is constrained on the basis of the π0 RAA in central collisions
at √sNN = 200 GeV and scaled to LHC energy according to the increase of the charged-particle
multiplicity. The model describes well the D meson RAA in the centrality interval 0–20% (slightly
overestimating the suppression, as it does also for charged particles [13]), and gives an almost
pT-independent v2 ≈ 0.06, which is smaller than the measured values in the range 2 < pT <
6 GeV/c. Consequently, the difference between the in-plane and out-of-plane RAA suppression
is underestimated: the model describes well the out-of-plane RAA and lies below the in-plane RAA.

II MC@sHQ+EPOS, Coll+Rad(LPM) [79]. This pQCD model includes collisional and radiative
(with Landau-Pomeranchuk-Migdal correction [80]) energy loss mechanisms for heavy quarks
with running strong coupling constant. The medium fluid dynamical expansion is based on the
EPOS model [81]. A component of recombination of heavy quarks with light-flavour quarks from
the QGP is also incorporated in the model. This model yields a substantial anisotropy (v2 ≈ 0.12–

RAA measured in-plane and out-of-plane, sensitive to

-high pT: path length dependence of parton energy loss 

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

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

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

IV POWLANG [19]. This transport model is based on collisional processes treated within the frame-
work of Langevin dynamics, within an expanding deconfined medium described by relativistic
viscous hydrodynamics. The transport coefficients entering into the relativistic Langevin equation
are evaluated by matching the hard-thermal-loop calculation of soft collisions with a perturbative
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TAMU elastic [44], UrQMD [45]. The models WHDG rad+coll, POWLANG, TAMU elastic and UrQMD are
shown by two lines that represent their uncertainty.

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

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

IV POWLANG [19]. This transport model is based on collisional processes treated within the frame-
work of Langevin dynamics, within an expanding deconfined medium described by relativistic
viscous hydrodynamics. The transport coefficients entering into the relativistic Langevin equation
are evaluated by matching the hard-thermal-loop calculation of soft collisions with a perturbative
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Figure 11: (colour online) Model comparisons for average D meson v2 in the 30–50% centrality class (upper-
left), average D meson RAA in the 0–20% centrality class (upper-right) [13], D0 RAA in-plane and out-of-plane
in the 30–50% centrality class (lower panels). The seven model calculations are described in the text: WHDG
rad+coll [18], POWLANG [19], Cao, Qin, Bass [46], MC@sHQ+EPOS, Coll+Rad(LPM) [79], BAMPS [21],
TAMU elastic [44], UrQMD [45]. The models WHDG rad+coll, POWLANG, TAMU elastic and UrQMD are
shown by two lines that represent their uncertainty.

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

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

IV POWLANG [19]. This transport model is based on collisional processes treated within the frame-
work of Langevin dynamics, within an expanding deconfined medium described by relativistic
viscous hydrodynamics. The transport coefficients entering into the relativistic Langevin equation
are evaluated by matching the hard-thermal-loop calculation of soft collisions with a perturbative
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Figure 11: (colour online) Model comparisons for average D meson v2 in the 30–50% centrality class (upper-
left), average D meson RAA in the 0–20% centrality class (upper-right) [13], D0 RAA in-plane and out-of-plane
in the 30–50% centrality class (lower panels). The seven model calculations are described in the text: WHDG
rad+coll [18], POWLANG [19], Cao, Qin, Bass [46], MC@sHQ+EPOS, Coll+Rad(LPM) [79], BAMPS [21],
TAMU elastic [44], UrQMD [45]. The models WHDG rad+coll, POWLANG, TAMU elastic and UrQMD are
shown by two lines that represent their uncertainty.

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

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

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

- 10 -

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

Future tasks: 
� Improvement of LPM effect 

� Only binary collisions: 
  

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

� Radiative and binary collisions: 
• Sensitivity on LPM implementation 

• RAA and v2 simultaneously seems difficult 

• RAA of light and heavy hadrons can be described 

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

and Phys. Rev. D88 (2013)  
 

Full space-time evolution of QGP with charm and bottom quarks  
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XXIV QUARK MATTER DARMSTADT 2014 

Status: Heavy Flavor Tracker 

√sNN = 200GeV Au+Au Collisions 

Heavy Flavor Tracker 
(HFT) 

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

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

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

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

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

Hao QIU 
May 21, [Future experimental 

facilities, upgrades, and 
instrumentation] 

Physics performance studies - example

16

ALICE, PRL 111 (2013) 102301
Input values from BAMPS model: C. Greiner 

et al. arXiv:1205.4945

Charm v2 down to pT~0 using 

prompt and beauty v2 down to B 

pT~0 using B-decay D0

Present Upgrade
Heavy flavour - flow

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

ALICE, CERN-LHCC-2013-024

Talk:  Raphaelle Bailhache (122)

Present results on charm v2

Physics performance studies - example

15

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

ALICE, CERN-LHCC-2013-024

Upgrade

Heavy flavour - RAA

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

Talk:  Andrea Festanti (94)

Present results at pT~10 GeV

Present

Conclusion and Outlook

18

TDR approved by 
RB on 12th March 2014

¾ Detector layout and important technological aspects defined

¾ Integration and installation aspects studied in detail

¾ Detailed Monte Carlo simulations verified the detector 
and physics performances   

Installation 
in ALICE

Integration, 
commissioning 

at surface
2016 2017 2019

Completion of R &D 

Production, 
construction, 

tests

20152014 2018

High lumi
Pb-Pb with 
upgraded 

ALICE

2020

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

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

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

PHENIX heavy-flavor electron results 
Sanghoon Lim 

Rcharm

AA

? Rbottom

AA

PHENIX Silicon Vertex Tracking System  

14 

Precision measurements
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The Q2 dependence of RA
F2
is weaker and has thus been more difficult to measure. Data with high

enough precision, however, exist. The NMC collaboration discovered a clear Q2 dependence in the
ratio dσµSn/dσµC [47], i.e. the scale dependence of the ratio F Sn

2 /FC
2 , at x >∼ 0.01. Since F p(n)/A

2 =
∑

q e2
qx[fp(n)/A

q + fp(n)/A
q̄ ] + O(αs), the nuclear effects in the ratio RA

F2
directly translate into nuclear

effects in the parton distributions: fp/A
i ̸= fp

i .

The nPDFs, fp/A
i , also obey the DGLAP equations in the large-Q2 limit. They can be determined

by using a global DGLAP fit procedure similar to the case of the free proton PDFs. Pioneering studies
of the DGLAP evolution of the nPDFs are found in e.g. Ref. [48–51]. References for various other
studies of perturbative evolution of the nPDFs and also to simpler Q2-independent parametrizations of
the nuclear effects in the PDFs can be found e.g. in Refs. [52, 53]. The nuclear case is, however, more
complicated because of additional variables, the mass number A and the charge Z , and, because the
number of data points available in the perturbative region is more limited than for the PDFs of the free
proton. The DIS data play the dominant role in the nuclear case as well. However, as illustrated by Fig. 8,
no data are available from nuclear DIS experiments below x <∼ 5 · 10−3 at Q2 >∼ 1 GeV2. This makes
the determination of the nuclear gluon distributions especially difficult. Further constraints on the global
DGLAP fits of the nPDFs can be obtained from e.g. the Drell-Yan (DY) process measured in fixed-target
pA collisions [54, 55]. Currently, there are two sets of nPDFs available which are based on the global
DGLAP fits to the data: (i) EKS98 [27, 28] (the code in Refs. [56, 57]), and (ii) HKM [29] (the code in
Ref. [58]). We shall compare the main features of these two analyses and comment on their differences
below.

10-5 10-4 10-3 10-2 10-1 100
10-2

10-1

100

101

102

103

104

2 /G
eV

2

mc
2

mb
2

E772
DY

DIS NMC
E665

LHC
pA

DY RHIC
pA

DY
SPS
DY

from HQ LHC, pA
HQ

LHC, Ap
DY

saturation, Pb

saturation, p

y Q
~0

y Q
~3

Fig. 8: The average values of x andQ2 of the DIS data from NMC [59–61] (triangles) and E665 [62, 63] (diamonds) in lA, and
of x2 and M2 of the DY dilepton data [54] (squares) in pA. The heavy quark mass scales are shown by the horizontal dashed
lines. The initial scale Q2

0 ism2
c in EKRS and 1 GeV2 in HKM. For the rest of the figure, see the text in Sec. 4.13.

4.12 Comparison of EKS98 and HKM
EKS98 and overview of constraints available from data. The parametrization EKS98 [27] is based
on the results of the DGLAP analysis [28] and its follow-up [27]. We refer to these together as EKRS



MinJung Kweon, Inha University June 20th 2014, HIM 77

D-meson production in p–Pb collisions at √sNN = 5.02 TeV 5
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Figure 3: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to model calculations.
Statistical (bars), systematic (empty boxes) and normalization (full box) uncertainties are shown.
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Figure 4: Average RpPb of prompt D0, D+ and D∗+ mesons as a function of pT compared to D-meson RAA in the
20% most central and in the 40-80% Pb–Pb collisions at √sNN = 2.76 TeV from [6]. Statistical (bars), systematic
(empty boxes) and normalization (full boxes) uncertainties are shown.

The present uncertainties of the measurement do not allow any sensitivity on this effect. In Fig. 4 the
average RAA of prompt D mesons in central (0-20%) and in semi-peripheral (40-80%) Pb–Pb collisions
at √sNN = 2.76 TeV [6] is reported along with the average RpPb of prompt D mesons in p–Pb collisions
at √sNN = 5.02 TeV, showing that cold nuclear matter effects are smaller than the uncertainties for
pT ! 3 GeV/c. In addition, as reported in [6], the same EPS09 nuclear PDF parametrization that
describes the D-meson RpPb results predicts small initial state effects (less than 10% for pT > 5 GeV/c)
for Pb–Pb collisions. As a consequence, the suppression observed in central Pb–Pb collisions for
pT ! 2 GeV/c is predominantly induced by final-state effects, e.g. the charm energy loss in the
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FIG. 21: (Color online) Heavy flavor electron v2 in Au+Au collisions at
√
sNN = 62.4 GeV for 0%–20% (left), 20%–40%

(middle) and 40%–60% (right) centrality bins.
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FIG. 22: (Color online) v2 of heavy flavor electrons and π0 in the pT range 1.3 < pT < 2.5 GeV/c for centrality 0%–20% (top
panel) and 20%–40% events in Au+Au collisions as a function of collision energy.

V. SUMMARY AND CONCLUSIONS

This article presents the measurements of the invari-
ant yield and elliptic flow of electrons from heavy fla-
vor meson semi-leptonic decays in Au+Au collisions at√
sNN = 62.4 GeV in PHENIX. The integrated invari-

ant yield per binary collision is slightly larger than
the yields from prior p+p measurements. This en-
hancement is different from the suppression observed in
previous PHENIX measurements of heavy flavor elec-
trons in Au+Au at

√
sNN = 200 GeV but is compara-

ble to the enhancement observed in d+Au collisions at√
sNN = 200 GeV. Hence it is possible that the initial

state Cronin enhancement becomes the dominant effect
at low to moderate pT for heavy quarks at this lower
beam energy compared to energy loss in the medium.
The measured v2 of heavy flavor electrons is nonzero
when averaged across pT between 1.3 and 2.5 GeV/c.
The heavy-flavor v2 is smaller than the π0 v2, and may
be caused by collective motion of charm quarks them-
selves and/or charmed hadron accruing collective motion
through recombination with flowing light partons. Fur-
ther understanding of the properties of the medium and
energy loss of the heavy quarks at 62.4 GeV requires the
measurement of cold nuclear matter effects on heavy fla-
vor through p+p or d+A collisions at 62.4 GeV, as well as

Is charm actually flowing? or is this v2 just from recombination with a light quark?
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FIG. 3: (color online). Comparison of RdA as a function of
⟨Ncoll⟩ for heavy-flavor leptons from different rapidity and
pT bins. Data in the top (bottom) panel are from low
(1 < pT [GeV/c] < 3) and moderate (3 < pT [GeV/c] < 5) pT
ranges. Diamonds represent heavy-flavor electrons at midra-
pidity [17] and squares (circles) represent heavy-flavor muons
at forward (backward) rapidity.

certainty bands are calculated as described in [13]. From
this calculation, we can take solely the initial parton
density modification into account. In central collisions,
shown in Fig. 2(b), the EPS09s nPDF based calculation
does not reproduce the data at backward rapidity, partic-
ularly in the moderate pT region; the difference is ∼ 2σ
near pT = 2 GeV/c. At forward rapidity, RdA calculated
with the EPS09s nPDF is consistent with the data over
the entire pT range within the systematic uncertainties
of the data and calculation. The presence of other CNM
effects is suggested, because the difference between for-
ward and backward rapidity is significantly larger in the
data than in the EPS09 nPDF calculation.

Figure 3 shows the heavy-flavor muon RdA as a func-
tion of ⟨Ncoll⟩ for (a) 1.0 < pT [GeV/c] < 3.0 and
(b) 3.0 < pT [GeV/c] < 5.0, compared to the heavy-
flavor electron measurement at midrapidity [17]. Bars
(boxes) around the data points represent the statistical
(systematic) uncertainties determined as the quadratic
sum of statistical (systematic) uncertainties on RdA for
each centrality class. In both pT ranges midrapidity and
backward rapidity results agree within systematic uncer-
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FIG. 4: (color online). The nuclear modification factor RdA

for J/ψ [21] and heavy-flavor muons for the 0%–20% central-
ity class. The global systematic uncertainty on each distribu-
tion is shown as a percentage in the legend.

tainties, showing a large enhancement for more central
collisions. At forward rapidity the low-pT bin shows sup-
pression increasing with centrality, whereas the high-pT
bin shows little or no centrality dependence. The EPS09s
nPDF based calculations are consistent with the data at
forward rapidity within uncertainties.
Quarkonia and open heavy-flavor hadrons are sensitive

to the same effects on heavy-quark production. However,
quarkonium states are additionally influenced by breakup
in nuclear matter. Therefore, open heavy-flavor produc-
tion can provide a baseline for interpreting the nuclear
breakup of quarkonia. Previous measurements suggest
that nuclear breakup has a significant effect on quarko-
nia production in nuclear collisions [21, 29–34].
Figure 4 shows a comparison of RdA between heavy-

flavor muons and J/ψ [21] for central collisions. A similar
behavior across the entire pT range is observed at forward
rapidity, within the systematic uncertainties, whereas a
distinct difference is seen at backward rapidity, partic-
ularly for pT < 2.5 GeV/c where charm contributions
dominate over those from bottom [35]. The larger differ-
ence of the RdA between J/ψ and open charm at back-
ward rapidity compared to forward rapidity could be re-
lated to the longer time this cc̄ state requires to traverse
the nuclear matter or the larger density of comoving par-
ticles after the initial collision at backward rapidity [36].
This comparison suggests that an additional CNM ef-
fect, nuclear breakup, significantly affects J/ψ produc-
tion at mid- and backward rapidity. This measurement
provides a key additional constraint on theoretical mod-
els attempting to describe quarkonia yields in nuclear
collisions.
We have presented a measurement of nega-

tively charged heavy-flavor muons produced at for-
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peripheral spectra Rcp, defined as

Rcp =
Nperipheral

coll

N central
coll

×
dN central

Cu+Cu/dpT

dNperipheral
Cu+Cu /dpT

(7)

and is shown in Fig. 5. Most of the systematic uncer-
tainties cancel in Rcp, leaving only the uncertainty on
the centrality dependent cocktail and the ratio of ⟨Ncoll⟩
values. A clear suppression is seen in the most central
collisions relative to the most peripheral, which can be
attributed to the suppression effects of the hot, dense
partonic matter dominating in central collisions.
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FIG. 5: (Color online) The ratio Rcp of the most central 0%–
10% eHF spectra to the most peripheral 60%–94%, scaled by
⟨Ncoll⟩. Type C uncertainty is the uncertainty on the deter-
mination of ⟨Ncoll⟩ for each centrality, shown as a box around
1.
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one are Type C uncertainties, which include the ⟨Ncoll⟩ scal-
ing error. The global uncertainty is that on the p+p yield.
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FIG. 7: (Color online) The nuclear modification factors for
0%–20% d+Au [22] and 40%–60% Cu+Cu collisions. Right:
The nuclear modification factors for 40%–60% d+Au and
60%–94% Cu+Cu collisions. The boxes around one are Type
C uncertainties, which include the ⟨Ncoll⟩ scaling error. The
global uncertainty is that on the p+p yield.
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FIG. 8: (Color online) The nuclear modification factors for
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the ⟨Ncoll⟩ scaling error. The global uncertainty is the global
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V. SYSTEM SIZE DEPENDENCE

The full extent of the system size dependence is di-
rectly illustrated by comparing the most central bins of
all three systems in Fig. 6. There is a clear enhancement
in central d+Au collisions, which gives way to a slight
suppression in central Cu+Cu collisions, and finally a
large suppression in the most central Au+Au bin.
If results from different systems are compared in cen-

trality bins of comparable system size the trend is similar.
Here we take the number of nucleons participating in the
collision, ⟨Npart⟩, as a measure of the centrality and of
the size of the system. The centrality selections are the
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 Heavy Quark Energy Loss in Medium

Color charge dependence of energy loss

ω
dI
dω

∝α sCR f (ω )

where CR = 3 for g, 4
3

for q

gluon radiation spectrum by the parton propagation in the medium:

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

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

• In medium, dead cone implies lower energy loss 
for massive partons 

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

RAA
π < RAA

D < RAA
B

Proton-proton collisions: provide important test of pQCD in a new energy domain and heavy ion reference

RAA (pT ) =
1

< TAA >
×
dNAA / dpT
dσ pp / dpT

Collisional dissociation probability of 
heavy mesons in the QGP?Simon Wicks, William Horowitz, Magdalena Djordjevic, Miklos Gyulassy, 

Nucl.Phys.A784:426-442,2007
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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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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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

 [GeV]Tp
5 10 15 20 25

D
/h

R

0

0.5

1

1.5

2

2.5

3

/fm2 = 4 GeVq
/fm2 = 25 GeVq

/fm2 = 100 GeVq

/fm2 = 4 GeVq
/fm2 = 25 GeVq

/fm2 = 100 GeVq

 = 5.5 TeVNNsPb-Pb 0-10%, 

 = 0cm

 [GeV]Tp
5 10 15 20 25

D
/h

R

0

0.5

1

1.5

2

2.5

3

 = 1.2 GeVcm

 [GeV]Tp
5 10 15 20 25

B
/h

R

0
1
2
3
4
5
6
7
8
9

 = 0bm

 [GeV]Tp
5 10 15 20 25

B
/h

R

0
1
2
3
4
5
6
7
8
9

 = 4.8 GeVbm

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
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Radiative energy loss via gluon radiation

Elastic energy loss is not negligible?
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