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•  Study strongly interacting matter 
under extreme conditions: high 
temperature and high density 

•  Lattice QCD predicts a phase 
transition from hadronic matter to a 
deconfined state, the Quark-Gluon 
Plasma 

•  Experimental access via  
high energy heavy-ion collisions 

Matter in extremes: the QGP 
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•  Simplest way to establish the 
properties of a system 

-  calibrated probe 
-  calibrated interaction 
-  suppression pattern tells about 
density profile 

•  Heavy-ion collisions 
-  hard processes serve as 
calibrated probe (pQCD) 
-  traversing through the medium 
and interact strongly  
-  suppression provides density 
measurement 
-  General picture: energy loss via 
medium induced gluon radiation 
(Bremsstrahlung) 

p+p collision Au+Au collision 

Quark-Gluon 
Plasma 

after the collision 

Probing hot and dense QCD matter 

Nuclear modification factor 

HICforFAIR - 2010 Andre Mischke (UU) 4 



central RAA data 

K.J. Eskola et al., Nucl. Phys. A747 (2005) 511 

increasing density 

light charged hadrons, 
neutral pions 

photons 

•  Strong suppression in central 
Au+Au collisions 

•  Suppression well described by 
energy loss models 
•  Medium density 30-50 times 
normal nuclear matter 

•  Surface bias effectively leads 
to saturation of RAA with density 

•  Limited sensitivity to the region 
of highest energy density 
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Light hadron spectra at RHIC 
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Heavy quarks 
•   Symmetry breaking 

-  Higgs mass: electro-weak symmetry 
breaking → current quark mass 

-  QCD mass: chiral symmetry 
breaking → constituent quark mass 

•  Charm and bottom quark masses 
are not affected by QCD vacuum 
→ ideal probes to study QGP 

•  Test QCD at transition from 
perturbative to non-perturbative 
regime: charm and bottom quarks 
provide hard scale for QCD 
calculations 

B. Müller, Nucl. Phys. A750, 84 (2005) 

Charm and bottom quarks 
-  400-1300 times heavier than 
light quarks:  mc ≈ 1.3 GeV/c2 

  mb ≈ 4.8 GeV/c2 
-  short life times: 100-500 µm mQ>> Tc, ΛQCD 



~1 ~10 
time scale (fm) 

“Thermalization 
of QGP” 

Heavy-flavour production 
τ ~ h/2mQ  

Quarkonia melts 
and flow develops 

•  Primarily produced by gluon fusion in 
early stage of collision: production rates 
calculable in pQCD 
•  Sensitivity to initial state gluon distribution  
M. Gyulassy and Z. Lin, Phys. Rev. C51, 2177 (1995) 

•  Heavy quarks provide information about 
the hottest initial phase of the collision 

1015 ~0.1 

Hadronisation 

Parton energy loss 

Charm, 
PYTHIA 6.208 

Heavy quark production 
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Wicks et al., Nucl. Phys. A784, 426 (2007) 

Energy loss of heavy quarks 

Gluon radiation probability: 

parton 

hot and dense medium •  Higher penetrating power: 
Probe deeper into the medium 

•  Dead-cone effect: 
gluon radiation suppressed at 
small angles (θ < mQ/EQ) 
Y. Dokshitzer, D. Kharzeev, PLB 519, 199 (2001), hep-ph/0106202 

•  Less energy loss:  
   ΔEg > ΔELQ > ΔEHQ 
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RHIC measurements 
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 Semileptonic decay of charm and bottom 
mesons 
-  first evidence for heavy-flavour particles  

F.W. Buesser et al. (CCRS), Nucl. Phys. B113, 189 (1976) 

-  robust electron trigger 
-  needs handle on photonic background 

  Full reconstruction of open charmed 
mesons 
-  direct clean probe: signal in invariant mass 

distribution 
-  difficulty: large combinatorial background; 

especially in a high multiplicity environment 
-  event-mixing and/or vertex tracker needed 

single or non-
photonic electron 

Detection of heavy-flavour particles 
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•  Large acceptance magnetic spectrometer 
•  High resolution TPC, ToF, CTB and EMC 
•  Open heavy flavours 

-  hadronic reconstruction of D mesons 
using TPC + ToF 
-  muon identification with TPC + ToF  
-  electrons 

•  Quarkonia states using special triggers 

•  Designed for leptonic measurements 
•  DC, PC, TEC, RICH, EMC and Muon 
tracking - low radiation length 
•  Open heavy flavours 

-  muons (muon arms at forward 
rapidities) 
-  electrons 

•  Quarkonia states 

Detectors at RHIC 
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d+Au 200 GeV 
PRL 94 (2005) 062301 

Cu+Cu 200 GeV 
A. Shabetai, QM 2008 

Au+Au 200 GeV 
arXiv:0805.0364 [nucl-ex] 

•  First identified D mesons in heavy-ion collisions: D0 → Kπ (BR: 3.89%) 
•  Analysis with silicon detectors ongoing 
•  Current measurements limited to low-pT, extension of pT range with 
Heavy Flavour Tracker and Time of Flight 

D0 signals in STAR 
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Ke3 decays (MC) 

π0 Dalitz and 
γ conversion (MC) 

MC (π0+Ke3) 
Data 

PHENIX 

•  Electromagnetic calorimeter 
and RICH at mid rapidity 

  pT < 5 GeV/c 

STAR 

•  ToF + TPC 

  pT < 4 GeV/c 

•  EMCal + TPC 

  pT > 1.5 GeV/c 

E/p 

Electron identification 
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after p/E cut 



•  Photonic electron background  
 - γ → e+ + e- (small in PHENIX) 

 - π0 → γ + e+ + e- 

 - η, ω, φ, etc. 

•  PHENIX is almost material free  
→ their background is highly 
reduced compared to STAR 

•  Background is subtracted by two 
independent techniques - very 
good consistency between them 

 - converter method (1.68% X0) 

 - cocktail method 

•  STAR determines photonic 
background using invariant mass 

mass (GeV/c2) 

e- 

γ 

e+ 

e- dca 

Electron background sources 
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Single electron spectra at 200 GeV 

•  Spectra measured up to 10 GeV/c 
•  Integrated yield follows binary collision scaling 
•  Yield strongly suppressed at high pT for central Au+Au 

p+p 

Phys. Rev. Lett. 98, 192301 (2007)   Phys. Rev. Lett. 98, 172301 (2007),arXiv:1005.1627 

Au+Au 
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Charm cross section in STAR 
•  Use all possible signals 

- D0 mesons  
- electrons 
- muons 

•  Charm cross section is well 
constrained 
- 90% of total cross section 
- direct measurement 
- D0 mesons and muons 

constrain the low-pT region 

D0 

electron 

muon 
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•  “Cocktail” of backgrounds constructed from measured 
background sources 
•  Comparison to charm, bottom and Drell-Yan from PYTHIA 

•  In good agreement with single electrons Phys. Rev. Lett. 103, 082002 (2009) 

c dominant 

b dominant 

after subtraction of cocktail 

σcc= 518 ± 47(stat) ± 135(sys) ± 190(model) µb 
σbb= 3.9 ± 2.4(stat) +3/-2(sys) µb 

Di-electron measurement in PHENIX 
Phys. Lett. B670, 313 (2009) 
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Inclusive charm production cross section 

R. Vogt, Eur. Phys. J. Spec. 
Topic 155, 213 (2008) 

•  Charm cross section follows binary collision scaling 
•  Factor ~2 difference between STAR and PHENIX 

- check material budget (STAR) 
-  better control over background contributions (PHENIX) 

•  Both measurements are consistent with NLO pQCD 
(large uncertainties; primarily from scale choice and parton density functions) 
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Charmonium contribution to single electrons 

•  New study takes J/Ψ→ e±+X 
contribution into account 

•  1/3 of single electrons are from 
J/Ψ decays for pT > 5 GeV/c  
→ up to 16% decrease in open 
heavy  

•  But what is RAA of high-pT J/Ψ ? 

•  Background contribution from 
K0

s decays may also play a role 
(especially at low-pT) → under 
investigation 

1/3 of e from J/Ψ decays 
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New STAR data on single electrons 

•  SVT and SSD removed in Run-8 
•  Conversion in detector material reduced by an order of magnitude: 
5.5%  0.55% X0 
•  STAR and PHENIX single electron spectra are consistent within 
errors at pT > 2.5 GeV/c 
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Open-charmed meson spectra from CDF 

•  Deviation of 50-100% at moderate and high-pT, but 
consistent within errors 
•  Theoretically not fully understood …even in p+p collisions 

pp @ 1.96 TeV 
5.8 pb-1 
¯
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Charm production cross section 

•  Large uncertainties  more data needed to constrain 
model parameters 
•  Parton spectra from pQCD input for energy loss models 

LHC: 7-14 TeV 

NLO pQCD, CTEQ6M parton densities 
R. Vogt, private communication, 2009 
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STAR 
PHENIX 

light hadrons 

Eloss of heavy quarks: Single electron RAA 
One of the most surprising results from RHIC 
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•  Single electrons are suppressed at high-pT  

•  RAA(e) ≈ RAA(h) at pT > 6 GeV/c - not in line with 
expectations from dead-cone effect 

Au+Au data 
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Comparison to AdS/CFT calculations 

•  Conjectured connection 
between strongly interacting 
gauge theories and string 
theory 

•   Heavy quarks lose 
momentum according to  
dp/dt = −p/τQ + stochastic  

•  Equilibration times τQ are 
roughly consistent with 
single electron RAA 
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radiative only: (c+b)→e 

radiative + collisional: (c+b)→e 

radiative + collisional: c→e 

•  Models implying D and B energy loss 
are inconclusive yet 
•  What fraction of this is from B decays? 

Large suppression requires extreme conditions 

DGLV 



trigger 

Away side: study in-medium D/B 
lose energy? Conical emission? 

Near side: study D/B 
decay contribution to 
single electrons? 

NLO pQCD: D/B meson crossing 
point is largely unknown 

M. Cacciari et al., PRL 95, 122001 (2005)  

A. M., PLB 671, 361 (2009) 

PYTHIA, pp@200 GeV 

bottom dominant 
charm dominant 
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Single electron-tagged correlations 



charm 
production 

trigger side 

probe side 

K- 

  b 

b 

B- 
D*0 

D0 

π+ 

νe 

e- 

B+ 

π- 

K+ 

D0 

Identify and separate charm 
and bottom quarks using  

•  their decay topology 

•  azimuthal angular correlation 
of their decay products 

Electron tagged correlations (cont’d) 

HICforFAIR - 2010 Andre Mischke (UU) 

–  

–  

–  

Near- and away-side 
correlation peak 
expected for B decays  

27 

A. M., Phys. Lett. B671, 361 (2009) 
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Single electron - D0 azimuthal correlations 

essentially from 
B decays only 

≈75% from charm 
≈25% from beauty 

STAR, Phys. Rev. Lett. 105, 202301 (2010) 
A. M., Phys. Lett. B671, 361 (2009) 

28 



•  Exploit different fragmentation of 
associated jets 
•  Extraction of relative B contribution 
using PYTHIA: 

Electron-hadron azimuthal correlations 
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PHENIX, Phys. Rev. Lett. 103, 082002 (2009)  STAR, Phys. Rev. Lett. 105, 202301 (2010) 

29 
X. Lin, arXiv:hep-ph/0602067 



B contribution to single electrons 
Phys. Rev. Lett. 103, 082002 (2009)     Phys. Rev. Lett. 105, 202301 (2010) 

B and D contributions comparable at pT > 5 GeV/c and 
consistent with pQCD calculation at Fixed-Order plus 
Next-to-Leading Logarithm (FONLL)  

HICforFAIR - 2010 30 Andre Mischke (UU) 



Comparison to energy loss models 
Phys. Rev. Lett. 105, 202301 (2010) 

I: M. Djordjevic et al., PLB 632, 81 (2006) 
II: R. Sharma et al., PRC80, 054902 (2009) 
III: H. v.Hees et al., PRL 100, 192301 (2008) 

HICforFAIR - 2010 31 Andre Mischke (UU) 

•  Knowing of single electron RAA 
and relative B contribution rB in  
p+p collisions, one can study 
RAA(b) as a function of RAA(c): 

•  Exclude original radiative 
calculation 

•  B meson production at high pT 
in heavy ion collisions stronger 
suppressed than expected 

•  Direct D and B measurements 
in heavy-ion collisions necessary 

RAA = rB RAA(b) + (1-rB) RAA(c) 
pT > 5 GeV/c 



•  Silicon µ-vertex detector upgrades visioning heavy-flavour 
measurements 

-  STAR heavy-flavour tracker and full Time-of-Flight detector:  
Open charm spectra at higher pT and flow measurements 
-  PHENIX silicon vertex tracker (central and forward directions) 

•  Accelerator: stochastic cooling, higher luminosity  ~10 
times higher collision rate 

Perspectives at RHIC II 

PHENIX (2011) STAR (2013) 
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LHC measurements 
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Large Hadron Collider 
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•  Collision energy: 5.52 TeV per nucleon-nucleon pair 

•  Expected initial energy density: ~100 GeV/fm3 (10 times 
higher than at RHIC) 

•  Relatively long-lived QGP phase 

•  Thermal equilibrium reached  
much faster (?) 

 Most of the in-medium effects  
should be enhanced 

•  Higher heavy-flavour production  
rates 

€ 

σ LHC
cc ≈ 25 ×σRHIC

cc 

σ LHC
bb ≈100 ×σRHIC

bb 



•  PID from ~100 MeV/c to above 30 GeV/c 
•  Large acceptance in azimuth 
•  Mid-rapidity coverage (|η| < 0.9) and -4 < η < -2.5 in forward region 
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ALICE detector 



•  Capabilities to measure open charm down to pT=0 in p+p and p+Pb 
(1 GeV/c in Pb+Pb) 

•  High precision vertexing, better than 50 µm (ITS) for pT >1.5 GeV/c 

•  High precision tracking (ITS+TPC) 

•  K and π identification (TOF) 

•  First promising decay channels 

-  D0 → Kπ   BR: 3.89% 
-  D0 → Kπρ(→ππ)  BR: 6.2%

-  D*+ → D0(→Kπ)πs  BR: 67.7% 
-  D+ → K-π+π+  BR: 9.22% 
-  Ds

+ → K+K-π+  BR: 5.5% 
-  D,B → e± + X  BR: ~10% 

Heavy-flavour measurements in ALICE 
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Impact parameter resolution 



Reconstruction of D mesons 
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•  Analysis based on decay topology and invariant 
mass technique 
•  Essential selection cuts 

- distance of closest approach 
-  impact parameter 
-  pointing angle 

ALICE PPR Vol.2, JPG 32, 1295 (2006) 
and J. of Instr. 3, S08002 (2008) 
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Proton-proton collisions at 7 TeV 

TOF (150k channels) 
σ ≈ 90 ps 

TPC dE/dx  
σ ≈ 5-6% 

Data taking since 
March 2010 



Open charm signals in 7 TeV p+p 
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First open charm 
signal in ALICE! 



D meson spectra in 7 TeV p+p 
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•  Statistical errors only 

•  Spectral shapes agree with pQCD calculation (FONLL)  

•  Ongoing: extension at low pT and absolute normalization 



Comparison with world data 
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Statistical Model, A. Andronic et al.,  
Phys. Lett. B678, 350 (2009) 
CDF: Phys. Rev. Lett. 91 241804 (2003) 



c 

cbar 

g 

g 

flavor creation        gluon splitting 

g 

g 

g 

g 

c 

cbar 
Δφ≈0 Δφ≈π 

Charm production: NLO processes 
E. Norrbin, T. Sjostrand, Eur. Phys. J. C17, 137 (2000) 

   Leading order 
- flavour creation (FC) 

  Next-to-leading order  
- gluon splitting (GS) 
- flavour excitation (FE) 

  NLO processes become important at LHC energies 

RHIC  LHC 
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MC@NLO 

LHC ? 
MC@NLO 
LO PYTHIA 

like-sign e-K pairs 
3 < pT < 7 GeV/c 

Gluon splitting rate 
A. M., Phys. Lett. B671, 361 (2009) 

•  “D* in jet” measurement 
- different fragmentation characteristic: soft charm FF for gluon jets 

•  Single electron-D0 azimuthal correlations (MC) 
-  small gluon splitting contribution (≈6.5%) at near-side 

•  Gluon splitting rate at RHIC consistent with MC@NLO 

STAR, Phys. Rev. D79, 112006 (2009) 

p+p 200 GeV  
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•  UA1 jet reconstruction 
-  Rcone size = 0.4 
-  Ethr = 10 GeV 

•  standard D*+ reconstruction 
•  lower background 

“D*+ in jet” analysis 
•  1.1M 7 TeV p+p jet events 

•  Charged track jets in  
|η| < 0.5 

•  4 jet algorithms compared 

•  Uncorrected spectra 
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gluon splitting + 
flavour creation 

Full Pythia simulation, p+p@10 TeV 

•  Prove of principle 
•  Needs more statistics 
and efficient electron 
trigger 

jet 
axisD*
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Δφ between leading particles and D*+ 



mb = 4.8 GeV 

D0 → Kπ B → e+X

1 year @ nominal luminosity 
107(109) central Pb+Pb(p+p) events 

Open bottom reconstruction 
through displaced electrons 

S/B ≈ 10 %  
S/√(S+B) ≈ 40 

D0 → Kπ
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Open heavy-flavour in Pb+Pb: Perspectives 



•  Explore more details on heavy-flavour quenching mechanism 
•  Rc

AA/Rb
AA ratio different for pQCD and AdS/CFT 

Heavy-flavour energy loss at LHC 
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Single electron RAA and correlations at LHC 

T0 = 1 GeV 
τ0 = 0.15 fm/c 
# quark flavours: 2      

Pyquen: Pb+Pb(5%) @ 5.5 TeV 

Pyquen  
•  Pythia afterburner 
•  Radiative (generalisation of BDMPS) 
and collisional energy loss (high-pT 
approximation) 

p+p: Pythia 
Pb+Pb: Pyquen 

•  Near side:  B decays + gluon 
splitting charm 
•  Away side: charm flavour creation 
•  Next: study fragmentation function 

D. Thomas, A. Mischke, Hirschegg 2010 

5 < pT
ele < 7.5 GeV/c 
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Summary: Open heavy flavour 
•  Heavy quarks are particularly good probes to study the 
properties of hot quark matter (especially the transport properties) 

•  RHIC 
-  energy loss of heavy flavour in the medium larger than expected 

-  B meson production is also suppressed at high pT 

•  LHC 
- normalization for quarkonia (open charm cross section) 

- energy loss of heavy flavour 

-  thermalisation and hydrodynamic expansion in QGP  

-  NLO processes (such as gluon splitting) become important:  
accessible via “charm content in jets” measurements 
-  jet-like correlations of heavy-flavour particles:  
study modification of fragmentation function 
-  First heavy-ion collisions started on 7 November 2010 
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First Pb+Pb collisions at √sNN = 2.76 TeV 
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Jump in collision 
energy by a factor 
of ~14  compared 
to RHIC 



First Pb+Pb collisions at √sNN = 2.76 TeV 
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Muon tracker    Central detectors 

http://aliceinfo.cern.ch 



First Pb+Pb collisions at √sNN = 2.76 TeV 
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arXiv:1011.3916 

50k MB events 
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Submitted yesterday: arXiv:1011.3914 

50k MB events 
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And many more: di-jet, 4-jet events, Z0 candidates.. 
LHCC meeting, 17. Nov.:http://indico.cern.ch/conferenceDisplay.py?confId=112439 



Heavy-Flavour Physics at FAIR  
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proton beam  
SIS100 

Measurement of D meson 
and ψ‘ production at 
threshold energies 

  How is charm produced at threshold beam energies?  
  How does charm propagate in cold nuclear matter? 

• CBM and HADES 
heavy-ion beams of 2 to 45 AGeV 

• First experiments will start 
2017/2018  



Open charm reconstruction in CBM 
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109 centr. ev. 

eff = 2.6% 

S/B = 2.4 (D-)  
          1.1 (D+) 

1010 centr. ev. 

eff = 4.4% 

S/B = 6.4 (D0)  
          2.1 (D0) 

_ 

1012 minimum bias events 
25A GeV Au+Au vertex resolution: ~50 µm 

D0 → Kπ, cτ = 123 µm D± → Kππ, cτ = 317 µm 



Charm signals in proton-nucleus collisions 
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30 GeV p+C  

J/ψ → µ+µ-

6 J/ψ recorded in 1010 events (b=0) 
          (3·104 J/ψ per week) 



Thank you for 
your attention 

Exciting times ahead of us  

HICforFAIR - 2010 58 Andre Mischke (UU) 



Backup 
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Single electron RAA at LHC 

T0 = 1 GeV 
τ0 = 0.15 fm/c 
# quark flavours: 2      

Pyquen: Pb+Pb(5%) @ 5.5 TeV 

H. van Hees and R. Rapp, 2007 

I. Vitev, A. Adil & H. van Hees, 2007 Pyquen  
•  Pythia afterburner 
•  Radiative (generalisation of BDMPS) 
and collisional energy loss (high-pT 
approximation) 
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Single electron – D0 angular correlations 
2 < pTtrigger ele < 4 GeV/c 

•  Near side:  B decays + gluon splitting charm 
•  Away side: charm flavour creation 900M events 

Pythia 
Pyquen 
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Pyquen: Pb+Pb(5%) @ 5.5 TeV 



Decay kinematics 
trigger side 

probe side 

Heavy- flavour 
production 

•  Near-side 
-  B decays (dominant) 

•  Away-side 
-  charm flavour creation (dominant) 
-  small B contribution 

•  Away-side 
-  B decays (dominant) 
-  small charm contribution 

Charge sign cut on decay kaons  
   like-sign:     q(ele) = q(K) 

   unlike-sign: q(ele) ≠ q(K)  
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Single electron-hadron correlations in A+A 

•  Away-side modification ? 
•  Improved statistics and better background rejection 
needed for conclusion 

PHENIX, arXiv:1011.1477, subm. to Phys. Rev. C     QM 2009 



STAR Solution 

 Significantly Increase the S/B of this analysis (2008-present) 
 Cross check NPE measurements with early runs.  

STAR preliminary 

R(cm) 

Beam pipe + 
          SVT + 
          SSD+ 
          Dalitz  

Beam pipe + 
        Dalitz  

TPC Inner Field cage 

C
ou

nt
 

Yield of conversion electrons at different radial location 64 

Run 3 

Run 8 



Run-8 single electrons from STAR 

STAR Preliminary  

Beam pipe +
          SVT +
          SSD+
          Dalitz 

Beam pipe +
        Dalitz 

TPC Inner Field cage

Co
un

t

R [cm]

Run-8

Run-3

TPC gas 

Inner 
field 
cage 

SSD 

SVT 

, 2004 AuAu •  Geometry description crucial 
for photon background finding 
efficiency  
•  Comparison between data 
and simulation indicates 
underestimate of material in 
SVT and SSD area  

•  SVT and SSD removed in 
Run-8 

•  Conversion in detector 
material reduced by x10 

- Run-8: 0.55% 
- Run-3: 5.5% 
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Vertex detector 
pT(min) < 100 MeV/c 

ITS PID 


