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Why Heavy Flavor?
arXiv:1309.7616

• Large mass - predominantly produced in initial hard parton 
scatterings. 

• Long lifetime - experience full evolution of medium produced in 
heavy-ion collisions. 

• Mass hierarchy: 
- Comparison of QGP-quark interaction for light flavor, charm 

and bottom may allow detailed study of collisional and 
radiative energy losses within medium.  

- Thermalization in medium is mass dependent. Are charm and 
bottom thermalized?
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STAR Detector
Time Projection 
Chamber (TPC)

• Full azimuthal coverage
• Uniform acceptance for -1 < η < 1
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STAR Detector
Time of Flight 
(TOF)

• Full azimuthal coverage
• Uniform acceptance for -1 < η < 1
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STAR Detector
Barrel 
Electromagnetic 
Calorimeter 
(BEMC)

• Full azimuthal coverage
• Uniform acceptance for -1 < η < 1
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STAR Detector

PXL: 2 layers of silicon pixel (MAPS)
• Low material budget, 0.5% * X0 (2014)
• Excellent resolution

• Pitch 20.7 µm x 20.7 µm
• 2.8 cm and 8 cm from beam

IST & SSD: Silicon pad/strip detectors
• Fast signals to remove pileup
• 14 cm and 22 cm from beam

In use: 2014 - 2016 (R.I.P.)
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b/c→e in Au+Au 200 GeV

Courtesy 
Kunsu Oh

Secondary  
Vertex

Primary Vertex

e+

DCA
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X
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The improved track pointing resolution with the HFT allows use of 
DCA to separate individual contributions to inclusive electrons. 

c𝜏(D0) ~ 123 μm; c𝜏(B0) ~ 459 μm  

c𝜏(D±) ~ 312 μm; c𝜏(B±) ~ 491 µm
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b/c→e in Au+Au 200 GeV

Courtesy 
Kunsu Oh

Secondary  
Vertex

Primary Vertex
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Photonic electrons from Dalitz decays and gamma conversions.
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b/c→e in Au+Au 200 GeV

Courtesy 
Kunsu Oh

Secondary  
Vertex

Primary Vertex

e+

DCA

B or D

X
ve

c𝜏(D0) ~ 123 μm; c𝜏(B0) ~ 459 μm  

c𝜏(D±) ~ 312 μm; c𝜏(B±) ~ 491 µm

Hadron contamination is primarily from pions misidentified 
as electron candidates.
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b/c→e in Au+Au 200 GeV

Courtesy 
Kunsu Oh
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floating contribution 
parameters, are used to 
fit the data.

χ2/NDF = 61/48
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b/c→e in Au+Au 200 GeV

• b→e ratio shows enhancement 
relative to p+p measurement at 
STAR.
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Electron from HF decay

(STAR)
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b/c→e in Au+Au 200 GeV
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• Consistent with mass hierarchy of 
energy loss (ΔEc > ΔEb)

DUKE: Phys. Rev. C 92, 024907
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b/c→e in Au+Au 200 GeV
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ALICE: arXiv:1609.03898
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• Competitive precision compared to 
ALICE measurements in the same pT 
ranges.

Electron from HF decay
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Non-prompt D0 Production

Kunsu OH (PNU & LBNL)Quark Matter 2017, Chicago, Feb. 8, 2017

Non-prompt D0 in Au+Au 200 GeV

9

• Using the HFT drastically reduce the combinatorial background by imposing cuts. 

• Inclusive D0 signal extract from invariant mass reconstruction

STAR Preliminary

STAR Preliminary

DCAXY [cm]

Poster #XXX Xiaolong

D0 X

DCA

π-

K+

B

• HFT significantly reduces background. 
• Use DCA fitting to find B→D0 from secondary vertex.

Courtesy 
Kunsu Oh
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Non-prompt D0 Production

• No observed centrality dependence 
for the non-prompt D0 fraction.  

• Hint that non-prompt D0 sees less 
suppression than inclusive D0.
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Non-prompt J/Ψ Production

Kunsu OH (PNU & LBNL)Quark Matter 2017, Chicago, Feb. 8, 2017 11

• MC template obtained using the data-driven fast simulation + PYTHIA 
• Event mixing background estimation

! b→ J/ψ  in Au+Au 200 GeV

J/ψ

c"
B+

X

e-
e+

lJ/ψ = Lxy · mJ/ψ / pT

Courtesy 
Kunsu Oh

• Extract the J/Ψ signal then calculate the pseudo proper 
decay length.  

• Template based fitting to lJ/Ψ distribution is used to 
separate the contributions.

lJ/ =
~L · p̂
|~p|/c ·MJ/ 
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Non-prompt J/Ψ Production

• Observe strong suppression 
of B→J/Ψ at high pT. Similar 
trend for RAA as D0.
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Λc and Ds Motivation

• Baryon-to-meson ratio and strangeness enhancement 
observed for light flavors. Attributed to coalescence. 

• Coalescence hadronization models predict 
enhancement of Ds and Λc in Au+Au collisions 
compared to p+p collisions. 

• Can help constrain total charm yield.

Motivation: 𝛬𝑐+

2017/2/7 Long Zhou/USTC 2

• Significant enhancement in baryon-to-meson ratio observed in 
central A+A collisions for light hadron and hadrons containing 
strange quarks
₋ Coalescence mechanism well describes the observation

• Enhancement of 𝛬𝑐+/𝐷0 ratio depends on the degree of charm 
quark thermalization and coalescence mechanism implementation

Ko model : Y. Oh, et.al.  PRC 79,044905 (2009)
Greco model : S.Ghosh, et. al. PRD 90,054018 (2014)

V. Gerco, et. al. PRL 90,202302 (2003)
V. Gerco, et. al. PRC 68,034904 (2003)

STAR arXiv:nucl-ex/0601042

(0-5%)

(Λc/D)

3

Motivation 
• Study hadronization mechanism

- Strangeness enhancement in A+A collisions
- 𝑅𝐴𝐴(𝐷𝑠±)> 𝑅𝐴𝐴(𝐷), 𝐷𝑠±/𝐷0 enhancement 

due to coalescence  hadronization

2017/2/2 Long Zhou / USTC

He, Min et al. Phys.Rev.Lett. 110 (2013) 11, 
112301

• More sensitive to properties of 
Quark Gluon Plasma
- 𝑣2(𝐷𝑠±)<𝑣2 (D) due to earlier freeze-

out

• Measurement 𝚲𝒄
±and 𝐷𝑠±can better constrain total charm yield

(STAR) Y. F. Zhang, J. Phys. G38, 124142 (2011) 
H. Min et al. PRL 110,112301 (2013)

STAR arXiv:nucl-ex/0601042  
Ko model : Y. Oh, et.al. PRC 79,044905 (2009)  
Greco model : S.Ghosh, et. al. PRD 90,054018 (2014)
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Λc Production

• First measurement of Λc in heavy-ion collisions. 
• Measured in Λc+→pK-π+ channel (BR ~ 6.35%).

HFT Performance�

σXY < 40µm for kaons at p>1 GeV/c�
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Λc
+ (udc), m ~ 2286 MeV/c2, cτ ~ 60 µm 

D0 (cu), m ~ 1864 MeV/c2, cτ ~ 123 µm 

Distance of Closest Approach 
resolution achieved in Run 2014. 
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��Guannan Xie�

Λc
+ à p+K-π+   BR ~ 6.35% 

And charge conjugates 

Courtesy G. Xie
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Λc Production

• Observed an enhancement of Λc/D0 ratio relative to PYTHIA 
prediction. 
‣ Λc/D0 = 1.3 ± 0.3 (stat) ± 0.4 (sys) 

• Model including coalescence and thermalized charm quark is 
consistent with the data. 

• Magnitude of the enhancement is similar to observations for light 
hadrons.
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[1] S. G
hosh et al.,PRD

 90 054018 (2014). 
[2] Y. O

h et al.,PRC
 79 044905 (2009). 

[3] S. Lee et al.,PRL 100 222301 (2008).
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Ds and D± Production

• Ds±  and D± (BR = 0.27%) are 
reconstructed via [𝜙(1020) + 𝜋] 
decay channel.  

• D± also reconstructed in Kππ 
channel (BR = 9.46%). 
Agreement between channels.
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Ds/D0

• No strong centrality dependence 
to the enhancement. 

• Ds/D0 shows enhancement 
compared to PYTHIA and TAMU 
model. 

• Same magnitude as K/π ratio 
above 3.5 GeV/c, but 
disagreement at low pT.

ALICE: JHEP 03, 082(2016) 

TAMU: H. Min et al. PRL 110, 112301 (2013) 
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D0 Flow (v2)
D0

• Multiple methods for 
determining v2 agree. 

• D0 follows with mass ordering 
at pT < 2 GeV/c 

• D0 follows NCQ scaling, 
suggesting that charm quarks 
may be just as thermalized as 
light flavors.

mT =
q

p2T +m2
0

L. Adamczyk et al. (STAR), arXiv:1701.06060
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D0 Flow (v2)

2x10-4

2x10-5
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D0 v3

• First measurement of D0 v3 at STAR. 
• D0 v3 is non-zero for Au+Au 

collisions at 200 GeV. 
• Consistent with NCQ scaling within 

large error bars. 
• Still need more statistics to begin 

testing models in detail.
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Summary

• Separate measurements of B→e and D→e RAA is consistent 
with mass hierarchy in energy loss(ΔEc > ΔEb). 

• See strong suppression of B→J/Ψ and B→D0 in high pT region. 
• Observe significant enhancement in Λc/D0 and Ds/D0 ratios with 

respect to PYTHIA predictions. The Λc/D0 ratio is consistent with 
models that include coalescence hadronization and charm 
quark thermalization. 

• D0 v2 measurements are consistent with models including 
charm quark flow. 
‣ 3D viscous hydrodynamic model describes data suggesting 

charm quarks have achieved thermal equilibrium. 
‣ Dynamic models describe data well with a diffusion 

coefficient 2πTDs of ~2-5 at Tc, and a temperature dependent 
range of ~2-12 within 2Tc.
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Outlook

The next few years at STAR will be filled 
with exciting heavy flavor results!

Already on disk at STAR: 
• High statistics p+p data at      = 200 GeV to improve the 

baseline for heavy flavor production measurements. 
• High statistics p+Au data at      = 200 GeV to investigate 

CNM effects on heavy flavor production.  
• Another large Au+Au dataset at         = 200 GeV.

p
s

p
s

p
sNN



Backup
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b/c→e in Au+Au 200 GeV
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• Generally agree with PHENIX results, 
though within large errors bars from 
PHENIX at high pT.

DUKE: Phys. Rev. C 92, 024907
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Ds and D± Production

See strong suppression at 
high pT, consistent with 
suppression seen in D0. 
Indicates substantial energy 
loss for charm quarks in 
QGP.

D±

D±

D± meson production in Au+Au collisions at 𝒔𝑵𝑵 = 𝟐𝟎𝟎 GeV 
measured by the STAR experiment

Jakub Kvapil, for the STAR Collaboration
Faculty of Nuclear Sciences and Physical Engineering

Czech Technical University in Prague

Abstract
Charm quarks are mainly created in hard processes at the beginning of the heavy-ion collisions and can be used as a tool to study properties of the Quark-Gluon Plasma (QGP). The modification to D-meson production in heavy-
ion collisions is sensitive to the energy loss of charm quarks in the QGP. The Heavy Flavor Tracker was installed at the STAR experiment in 2014 and enables the topological reconstruction of the decay vertices for open charm
mesons. It significantly improves precision on charm meson measurements. Besides the measurement of D0, D± provides an additional handle and cross-check to study the interaction between charm quarks and the medium. In
this poster, we will present measurements of D± production in Au+Au collisions at sNN = 200 GeV. D± mesons are reconstructed topologically via the hadronic decay channel D± →K∓π±π± from the data collected in 2014 with
the Heavy Flavor Tracker. The invariant yield of D± mesons in the transverse momentum range of 2 < pT < 10 GeV/c is extracted for 0-10% most central Au+Au collisions, and is found to be consistent with the D0 yield..

The STAR Collaboration
drupal.star.bnl.gov/STAR/presentations

Results

Acceptance and reconstruction efficiency

Conclusion

D± raw yields

D± three body decay, 
DCApair (blue lines), 
Δmax (red lines).
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D± reconstruction
• 858 million minimum-bias Au+Au events at sNN =
200 GeV recorded in year 2014 are used for this analysis.

• Event selection cuts:
• Vertex position |Vz(TPC)| < 6 cm
• Vertex correlation |Vz(VPD)-Vz(TPC)| < 3 cm.

• Track selection cuts:
• Hits in every HFT layer is required.
• At least 20 space points in the TPC for track

reconstruction.
• Pseudo-rapidity: η < 1.

• Topological cuts:
• Daughter DCA to primary vertex: DCAπ > 100 μm,

DCAK > 80 μm.
• Pointing angle of reconstructed vertex to primary

vertex: cos(θ) > 0.998.
• D± decay length between 30 μm and 2000 μm (PDG
cτ = 311.8 μm).

• DCA between daughter pairs: DCApair< 80 μm.
• Longest edge of the triangle formed by reconstructed

daughter pair vertices must fulfil Δmax < 200 μm.
• Particle identification:

• Daughter pT > 500 MeV/c.
• TPC: |nσπ| < 3.0 for pions and |nσK| < 2.0 for kaons.
• TOF: |1/β-1/βπ| < 0.03 for pions and |1/β-1/βK| < 0.03

for kaons. TOF information is used when available,
otherwise only TPC is used.

Motivation

Plot taken from [1].

• Heavy quarks are created in the initial
phase of the heavy-ion collisions.
Therefore they experience the entire
evolution of the system and are a good
probe to study the properties of the
Quark-Gluon Plasma (QGP).

• The strong suppression of high-pT D0

meson yield indicates large energy loss of
charm quarks in the QGP.

• Besides the D0 meson, D± provides an
independent handle to study the charm
quark interaction with the medium.

STAR detector

Heavy Flavor Detector (2014-2016)

Time Projection Chamber Time Of Flight

Magnet

Muon Telescope
Detector (2014)

Barrel ElectroMagnetic
Calorimeter

Vertex Position
Detector

STAR detector with main mid-rapidity detectors. HFT resolution [3].

• The Solenoidal Tracker at RHIC (STAR) was designed to investigate the strongly 
interacting matter. It covers full azimuth at mid-rapidity ( η < 1) with 0.5 T of solenoidal 
magnetic field.

• Main sub-detectors used in this analysis are:
1. Time Projection Chamber (TPC): main tracking device, particle identification via 

specific energy loss dE/dx, momentum reconstruction.
2. Time Of Flight (TOF): low pT particle identification via velocity 1/β.
3. Heavy Flavor Tracker (HFT) [2]: new inner tracking system composed of three silicon 

detectors – the PIXEL made of 2 Monolithic Active Pixel Sensors layers, Intermediate 
Silicon Tracker and Silicon Strip Detector.

Δmax

DCApair

• Hadronic decay channel
D± →K∓π±π± used.

• Background is estimated via the
wrong-sign method: 2 correct-
signal (D+, D-) and 6 wrong-signal
(background) combinations.

• Yield and significance have been
calculated using the bin-counting
method in 0-10% central Au+Au
collisions for 2 < pT < 10 GeV/c.

• Significance: 𝑠𝑖𝑔𝑛𝑎𝑙
𝑠𝑖𝑔𝑛𝑎𝑙+𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

• Data-driven fast simulator has been
developed using:

1. Centrality-dependent Vz(TPC)
distributions from data.

2. Ratio of HFT matched tracks to
TPC tracks from data.

3. TPC efficiency and momentum
resolution from embedding

• Validated with full GEANT simulation.

• Raw Yield is corrected using the following formula:
• d2𝑁

d𝑝𝑇d𝑦
1

2𝜋𝑝𝑇
= 𝑌𝑖𝑒𝑙𝑑𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

2∙𝜋∙𝑁𝑐ℎ𝑎𝑟𝑔𝑒∙𝑁𝑒𝑣𝑒𝑛𝑡𝑠∙𝐵𝑅∙𝑝𝑇∙∆𝑝𝑇∙∆𝑦∙𝐸𝑓𝑓 𝑝𝑇
• where Ncharge = 2, Nevents number of events, BR = (9.13±0.19) %, ΔpT bin width, Δy

rapidity width, Eff(pT) detector x acceptance efficiency.
• Systematic errors were estimated by varying cuts on daughter pT, daughter DCA,

DCApair, Δmax, TPC fit points, changing histogram binning and testing fit stability.
• The invariant yield of D± mesons above 2 GeV/c in 0-10% central Au+Au collisions is

consistent with that od D0 mesons within uncertainties. The nuclear modification factor
(RAA) for D± also exhibits strong suppression at high pT, indicating substantial energy loss
of charm quarks in the medium.

• Systematic uncertainty of fragmentation functions included in pp reference uncertainty
(grey), uncertainty of number of collision (orange) and uncertainty of pp cross-section
(green).

• D± invariant yield in 0-10% central Au+Au collisions at sNN = 200 GeV is measured via
the hadronic decay D± →K∓π±π± in pT range 2-8 GeV.

• D± and D0 yields are consist, indicating that D± yield is also strongly suppressed at high pT
due to probably the charm quark energy loss in the medium.

D+ ! K�⇡+⇡+


