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Heavy flavours 
Heavy quarks (charm and beauty) are produced in initial 
hard-scattering processes at the early stage of collisions  

3 D. Moreira de Godoy  Quark Matter 2017 

In Pb-Pb collisions: 
•  Experience the full evolution of the system 
•  Interact with the hot and dense QCD matter 
•  Sensitivity to the medium properties	

Leptons from heavy-flavour decays: 
•  BR of heavy-flavor hadrons to 

electrons � 10% 
•  Measurement in a wide pT range 

(from 0.5 to 20 GeV/c) 
•  Contributions of charm and beauty-

hadron decays can be disentangled 
in the electron yield (cτ ≈ 500 µm for 
beauty hadrons) 

• Produced in initial hard scatterings (high Q2) at the early stage of heavy-ion 
collisions: τc/b ~0.01 — 0.1 fm/c < τQGP (~0.3 fm/c)


• Production cross section calculable with pQCD (mc, mb ≫ ΛQCD)


• Experience the entire evolution of the QCD medium — probe transport 
properties of the deconfined medium

Pb

Pb

Heavy quarks (charm and beauty): powerful probes of the                         
Quark-Gluon Plasma (QGP)

15

• Total charm cross-section is estimated from the various charm hadron 
measurements 

• D0 yields are measured 
down to zero pT

• For D+/-, and Ds, Levy 
(power law) fits to 
measured spectra are 
used for extrapolation 
(systematics).

• For /\c, three model fits 
to data are used and 
differences are  
included in systematics

• Total charm cross-section is consistent with p+p value within uncertainties.

Sooraj Radhakrishnan

Total Charm Cross-section

Au+Au 200 GeV

p+p 200 GeV

(10-40%)

Total charm cross section in A–A collisions is 
expected to scale w. r. t. the number of binary 
collisions in pp-like collisions STAR Preliminary

S. Radhakrishnan at QM’18



CHARM 2018 Open charm in heavy-ion collisions X. Zhang

Introduction
�4

Heavy quarks (charm and beauty): powerful probes of the                         
Quark-Gluon Plasma (QGP)

Nuclear modification factor (RAA): heavy quark in-medium energy loss


• Elastic (radiative) vs. inelastic (collisional) processes


• Color charge (Casimir factor) and mass (eg dead-cone effect) dependence

RAA(pT) =
dNAA/dpT

< TAA > d�pp/dpT

QCD medium

QCD vacuum

7

Study in-medium energy loss

–  Production of hard probes (heavy quarks, jets...) in A-A collisions 
     is expected to scale with the number of 
     nucleon-nucleon collisions Ncoll  (binary scaling)

–  Observable: nuclear modification factor

–  If no nuclear effects are present → RAA = 1  (binary scaling)
–  In-medium parton energy loss via radiative (gluon emission)
    and collisional processes depending on:
    → color charge 
    → quark mass (dead cone effect)
    → path length and medium density   

Dokshitzer and Kharzeev, PLB 519 (2001) 199
Wicks, Gyulassy,  J.Phys. G35 (2008) 054001

      → RAA H 1

A. Dubla QM 2015; Utrecht University 

?

ΔEg > ΔEq > ΔEc > ΔEb


➡ RAA(light hadron) < RAA(D) < RAA(B) ?

Medium modification of heavy-flavour hadron production


• Hadronization via quark coalescence may modify the Ds+ 

/ non-strange D and Λc / D ratios
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Elliptic Flow of Muons From Heavy Flavour Decays

v2 =< cos 2(�� R) >

Reaction plane ΨR

E
d3�

d3~p
=

d2�

2⇡pTdpTdy
[1 +

1X

n=0

2vn cosn(�� R)]

Azimuthal anisotropy: Fourier decomposition of particle azimuthal distribution 
relative to the reaction plane (ΨRP)

• Elliptic flow (v2): second order Fourier coefficient

➡ Low and intermediate pT: collective motion and possible heavy-quark 
thermalization in the QCD medium

➡ High pT: path-length dependence of heavy-quark in-medium energy loss

Heavy quarks (charm and beauty): powerful probes of the                         
Quark-Gluon Plasma (QGP)

v2 =< cos 2('� R) >

E
d3�

d3~p
=

d2�

2⇡pTdpTdy
[1 +

1X

n=1

2vn cosn('� R)]
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• RAA of open heavy-flavour decay electrons at RHIC


➡ RAA(e←HF) ≈ RAA(light hadrons) at high pT


• Color-charge dependent parton in medium energy loss ?


➡ ΔEg > ΔEc? — different parton pT distribution and fragmentation


➡ Collisional energy loss is important at RHIC energies

STAR Phys. Rev. Lett. 98 (2007) 192301PHENIX Phys. Rev. Lett. 98 (2007) 172301
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Caveat: charm and beauty components are not separated

Au+Au at √sNN = 200 GeV

Observed > 10 years ago
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• RAA of D mesons at the LHC


➡ Similar as charged hadrons in (semi-)central collisions for pT > 5 GeV/c


• Suppression exhibits a strong increase towards more central collisions


➡ Reaching a factor of ~5 in the most central collisions at pT ~ 10 GeV/c

CMS arXiv:1708.04962

D π±

ALICE JHEP 11 (2015) 205
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RAA(b→e) & RAA(c→e) in Au+Au 200GeV

• In 0-10%, bottom and charm are more clearly separated
• Charm is more suppressed than MB 
• Bottom is similar2017/5/15 6

Min. Bias in Run2014 0-10% in Run2014

STAR RAA of B!e and B!D 

QCD Moriond, March 17-24, 2018, La Thuile, Italy 

RAA (eD) < RAA(eB),  ~2σ 
Hints of less suppression of 
BàD0 than prompt D0 

Both consistent with mass hierarchy of quark energy loss in QGP 
5 Zebo Tang (USTC) 

R
AA

B→D =
fAA
B→D (data)× N

AA

incl .D (data)

Npp
B→D (theory)× Nbin

R
AA

B→e =
fAA
B→e (data)
f pp
B→e (data)

RAA
incl .e (data),

DUKE: Phys. Rev. C 92, 024907 
ALICE: JHEP 07, 052 

D π± J/ψ←B

• Indication of RAA(D) < RAA(J/ψ←B) at the LHC


• RAA of open heavy-flavour particles at the RHIC — hint of RAA(D) < RAA(B)


➡ Indication of mass dependence of heavy-quark energy loss: ΔEc > ΔEb

ALICE JHEP 11 (2015) 205
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Charm energy loss in the QCD medium
�9HF muon RAA in Pb+Pb
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ATLAS vs. ALICE  
• Good agreement

arXiv: 1805.05220
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Figure 8: Comparison of the Pb+Pb heavy-flavor muon RAA measured in this analysis to similar measurements for
muons at forward rapidity (2.5 < y < 4) and heavy-flavor electrons at mid-rapidity (|y | < 0.6) from the ALICE
Collaboration. The error bars represent systematic and statistical uncertainties added in quadrature. The hTAAi
errors are identical between the three measurements and are excluded from the comparison.
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Pb–Pb at √sNN = 2.76 TeV

ALICE Phys. Rev. Lett. 109 (2012) 112301 
Phys. Lett. B 771 (2017) 467

ATLAS arXiv:1805.05220

• RAA(e/μ←HF) at mid-rapidity is consistent with RAA(μ←HF) at forward 
rapidity within uncertainties


➡ Heavy quarks undergo strong interactions in the QCD medium in a wide 
rapidity window


➡ Xe–Xe vs. Pb–Pb collisions: may add sensitivity to probe the path-length 
dependence of energy loss
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Elliptic flow of open charm
�10v2c(c→e) and v2b(b→e) in Au+Au 200GeV

• v2(c → e) is positive and smaller than charged hadron v2

• First b → e v2(b → e) measurement at RHIC
• consistent with zero within large uncertainty
• Likely smaller than v2(c→e)

2017/5/15 Quark Matter 2018 Venezia, Takashi HACHIYA 11

v2c(c→e) v2b(b→e)

First v2b measurement at RHIC
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ALICE

Pb−50% Pb−30

ALI−PUB−132097

• Positive v2 of open charm hadron decay electrons and D mesons at low / 
intermediate pT observed at the RHIC and LHC, respectively


➡ Participation of charm quarks in the collective motion of the medium


• At the LHC: v2(D) ≈ v2(π±) at high pT


➡ Suggests a similar path-length dependent in-medium energy loss

ALICE Phys. Rev. Lett. 120 (2018) 102301
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Elliptic flow of open charm
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• D mesons seem to follow the same number of constituent quarks (NCQ) and 
kET scaling as light hadrons — observed at both RHIC and LHC


➡ Similar collective motion of charm quarks and light quarks (?) — charm 
thermalization (?)


➡ Strong interaction of charm quarks with the medium — consistent with the 
RAA measurement

STAR Phys. Rev. Lett. 118 (2017) 212301

CMS arXiv: 1804.09767
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Event-shape engineering
�12

QM17A. Barbano
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• q2 measured with TPC tracks:
• 20% of the events with large q2 
• 60% of the events with small q2 

• v2 measured with event plane method (with V0)

q2 vs centralityEvent-shape engineering analysis
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• Event eccentricity quantified by q2:

➡ <(q2)2> ≈ 1 + <M-1> <(v2)2>

• Opportunity to study the charm-quark coupling 
to the light-hadron bulk by measuring v2 at 
different q2 values

• Significant separation of D-meson v2 in 
events with large and small q2

➡ Charm quarks sensitive to the light-
hadron bulk collectivity and event-by-
event initial condition fluctuations

Autocorrelation and non-flow effects between q2 
determination and D-meson reconstruction are 
present



CHARM 2018 Open charm in heavy-ion collisions X. Zhang

!9

v1 comparison: D0 vs. kaon
                

• First observation of non-zero D0 v1


• D0 v1-slope much larger than that of kaons

Charm v1-slope > light flavor v1-slope 

Charged Kaons: 
L Adamczyk et. al. (STAR Collaboration),  
Phys Rev. Lett. 120,  62301 (2018)

Subhash Singha,
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Directed flow of open charm
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D0 and D0 v1 can offer insight into the early time EM fields

            

              Provide constraint for CME related physics

Das et. al., Phys Lett B 768, 260 (2017)

Gursoy et. al., Phys Rev C 89, 054905 (2014)

Subhash Singha,

Directed flow (v1) for heavy quarks due to EM fields

• The moving spectators can produce enormously large electromagnetic field 
(eB ~ 1018 G at RHIC)


• Due to early production of heavy quarks (τCQ ~ 0.1 fm/c) positive and 
negative charm quarks (CQs) can get deflected by the initial EM force

• Model predicts opposite v1 for charm and anti-charm quarks induced by this 
initial EM field


    This induced v1 depends on the balance between E and B fields

    The magnitude of such induced v1 for heavy quarks is much larger than the

    light quarks

τCQ

Pb+Pb 2.76 TeV

Pb+Pb 2.76 TeV

!4

• Recent hydro model with initial EM field predicts v1-split between the D and D meson

• D meson v1 greater than the D

• Predicted difference in v1 is about 10 times smaller than the average v1

Interplay between the drag by tilted  
bulk and the EM field

1− 0 13−

2−

1−

0

1

2
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Directed flow (v1) for heavy quarks from hydro + EM field
Hydro+EM

Subhash Singha,

Chatterjee, Bozek: 1804.04893v1
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ALICE Upgrade projection

-1 = 5.02 TeV, 10 nbNNs30-50% Pb-Pb, 
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Directed flow with open heavy flavours

E. Bruna (INFN To) 10

Varying magnetic field will influence moving charges à charge-dependent directed 
flow, asymmetric in rapidity

HF particles expected to have larger v1 wrt light flavours because they are 
produced when magnetic field is maximum, while light quarks might be produced later

à Very promising sensitivity to the effect of the early time magnetic field 
in heavy-ion collisions, can help constrain QGP properties

Assumption: 
arXiv:1608.02231

Das, Greco et al., arXiv:1608.02231

• Sensitive to the early time EM fields in the collisions


➡ Provide constraint for CME related physics


• Charm dragged by tilted bulk: production points are 
shifted from the bulk at y ≠ 0 — larger v1 for D 
mesons than for light flavours


➡ Probe the longitudinal profile of the initial matter

• Non-zero v1(D0) > v1(light hadrons)


• Help to study the initial matter distribution
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Triangular flow of open heavy flavours
�14
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• v3 of open heavy-flavour hadron decay muons


➡ Generally decreases with increasing pT, weak variation with centrality


➡ Limited by statistics at high pT

μ←HF

• Higher order flow coefficients (v3, 
v4…)


➡ Bring additional constraints on 
the initial conditions, η/s, EoS, 
freeze-out conditions…
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Ds production in heavy-ion collisions
�15

More statistics needed to draw conclusions on the contribution from coalescence mechanism 
on Ds hadronization
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Eur. Phys. J. C77 (2017) no.8, 550

 

 

 

 

Eur. Phys. J. C77 (2017) no.8, 550

 3.7% BR uncertainty not shown±

ALI−PUB−145211

ALICE arXiv:1804.09083

• Hint of RAA(Ds) > RAA(D) in central Pb–Pb collisions at √sNN = 5.02 TeV (still 
large uncertainty to draw conclusion)


• Hint for a higher Ds / D0 ratio in Pb–Pb collisions compared to pp collisions, 
no centrality dependence with current uncertainties
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Ds production in heavy-ion collisions
�16
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10

• Ds/D0 enhancement expected in central A+A collisions, from strangeness 
enhancement and coalescence hadronization

Sooraj Radhakrishnan

Ds Production

SHM

ep/pp/ep avg: M Lisovyi, et. al. EPJ C 76, 397 (2016)  
TAMU: H. Min et al. PRL 110, 112301 (2013)
SHM: A. Andronic et al.,  PLB 571 (2003) 36

• Ds yield (relative to D0) is enhanced in A+A collisions
• Enhancement is larger than model predictions, particularly at higher pT
• Ratio close to SHM predictions

• RHIC: Ds / D0 ratio in Au+Au collisions is enhanced w. r. t. PYTHIA


➡ Larger than model predictions, particularly at higher pT


• LHC: Ds / D0 ratio expected from models


➡ coalescence + strangeness enhancement (?)
More statistics needed to draw conclusions on the contribution from coalescence mechanism 
on Ds hadronization
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Λc production in heavy-ion collisions
�17
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• Λc measured in Pb–Pb collisions at 5.02 TeV for 0–80% centrality class


➡ Hint of larger RAA than D mesons in 0–10% centrality class


➡ Hint of Λc / D0 ratio enhanced in Pb–Pb collisions w. r. t. pp and p–Pb 
collisions
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Λc production in heavy-ion collisions
�18

8

Ko: Phys.Rev.C 79 (2009) 044905  
Greco: Eur.Phys.J.C (2018) 78:348 
SHM: Phys.Rev.C 79 (2009) 044905  

Sooraj Radhakrishnan

pT Dependence of /\c/D0 Ratio 

SHM

• Strong enhancement of /\c production compared to PYTHIA calculations
• Enhancement increases towards low pT
• Coalescence model predictions are closer to data, but the observed 

enhancement is larger than that predicted by models, particularly at higher pT
• Ratio not described by Statistical Hadronization Models

• Λc measured in Pb–Pb collisions at 5.02 TeV for 0–80% centrality class


➡ Hint of larger RAA than D mesons in 0–10% centrality class


➡ Hint of Λc / D0 ratio enhanced in Pb–Pb collisions w. r. t. pp and p–Pb 
collisions


• RHIC data: Λc / D0 ratio is strongly enhanced compared to PYTHIA — 
enhancement increases towards low pT
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D-meson tagged jets
�19

Jing Wang (MIT), D meson production in jets, QM2018 (Venice)  7

Dataset and observables

• Angular distribution of D0 with respective to the jet axis:

• The final distribution is normalized to unity in r < 0.3
• No pT weight as light-hadron jet shape analysis

jets D0

r

• Jet-triggered events in pp (27.4 pb-1) and PbPb (404 μb-1) collisions 
at √sNN = 5.02 TeV collected in 2015 with the CMS detector

relative η,Φ between D and jets

Jing Wang (MIT), D meson production in jets, QM2018 (Venice)  21

Last slide
Summary

• First measurement of the radial profile of D0 mesons in jets in PbPb and pp
➡ Hint of wider D0 radial profile in PbPb collisions at 4 < pTD < 20 GeV/c
➡ Ratio of PbPb/pp is consistent with unity at pTD > 20 GeV/c

• Provides new experimental constraints on
➡ heavy-flavor production 
➡ heavy quark energy loss and diffusion 
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First seminal measurements! Will provide new constraints on charm quark energy loss 
and diffusion

Jing Wang (MIT), D meson production in jets, QM2018 (Venice)  7

Dataset and observables

• Angular distribution of D0 with respective to the jet axis:

• The final distribution is normalized to unity in r < 0.3
• No pT weight as light-hadron jet shape analysis

jets D0

r

• Jet-triggered events in pp (27.4 pb-1) and PbPb (404 μb-1) collisions 
at √sNN = 5.02 TeV collected in 2015 with the CMS detector

relative η,Φ between D and jets

• Observed strong suppression of D0-tagged jets in Pb–Pb collisions 
compared to p–Pb collisions


• Data suggest a wider D0-meson radial profile in Pb–Pb collisions than in pp 
collisions for D0 mesons in 4 < pT < 20 GeV/c
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Conclusion
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RHIC
LHC

• New channels: charmed meson and baryon production, charmed jets


➡ Further constraints on transport properties and degree of thermalization of 
charm quarks in the QCD medium

Heavy quark diffusion 
coefficient


• RHIC: (4 – 6) / 2πT 
for 0.2 < T < 0.4 GeV


• LHC: (1.5 – 7) / 2πT 
for T = Tc
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RAA of HFm: model comparison
�22

 [GeV] 
T

p
4 6 8 10 12 14

  
AA

R

0

0.2

0.4

0.6

0.8

1 0-10%

 [GeV] 
T
p

4 6 8 10 12 14

  
AA

R

0

0.2

0.4

0.6

0.8

1 20-30%
TAMU values for 20-40%

 [GeV] 
T

p
4 6 8 10 12 14

  
AA

R

0

0.2

0.4

0.6

0.8

1 10-20%

 [GeV] 
T
p

4 6 8 10 12 14

  
AA

R

0

0.2

0.4

0.6

0.8

1 30-40%
TAMU values for 20-40%

5 5.2 5.4 5.6 5.8 6

0

0.2

0.4

0.6

0.8

1

| < 1η|

-1, 570 nbpp
-1Pb+Pb, 0.14 nb

 = 2.76 TeVNNs
ATLAS

Data
DABMod
TAMU

 [GeV] 
T
p

4 6 8 10 12 14
  

AA
R

0

0.2

0.4

0.6

0.8

1 40-60%

ATLAS arXiv:1805.05220



CHARM 2018 Open charm in heavy-ion collisions X. Zhang

v2 and v3 of HFm: model comparison
�23
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