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ABSTRACT: Charm quarks, predominantly produced in the early stage of heavy-ion collisions, are believed to provide unique information on the hot and dense medium created in 
such collisions. At RHIC, an enhancement in baryon-to-meson ratios for light hadrons and hadrons containing strange quarks has been observed in central heavy-ion collisions 
compared to p+p and peripheral heavy-ion collisions in the intermediate pT range (2 < pT < 6 GeV/c). This was explained by the hadronization mechanism involving multi-parton 
coalescence. Λc is the lightest charmed baryon with the mass close to D0 meson, and has an extremely short life time (cτ ~ 60 µm). Different models predict different levels of 
enhancement in the Λc/D0 ratio depending on the degree of charm quark thermalization in the medium and how the coalescence mechanism is implemented. 
In this poster, we will report the first measurement of Λc production in heavy-ion collisions using the recently installed Heavy Flavor Tracker at STAR. The Λc

 baryon is  reconstructed 
through the hadronic decay channel (Λc

 → pKπ) using topological cuts optimized by the Toolkit for Multivariate Data Analysis (TMVA). The invariant yield of Λc for 3 < pT < 6 GeV/c 
is measured in 10-60% central Au+Au collisions at √sNN = 200 GeV. The measured Λc/D0 ratio will be compared with different model calculations, and the physics implications will be 
discussed. 

Lawrence Berkeley National Laboratory & University of Science and Technology of China

•  Significant enhancement in baryon-to-meson ratio has been observed in central heavy-ion 
collisions compared to p+p and peripheral heavy-ion collisions in the intermediate transverse 
momentum (pT) range for light hadron and hadrons containing strange quarks, suggesting 
hadronization through collective multi-parton coalescence. 

•  Charm baryon-to-meson ratio in heavy-ion collisions is sensitive to the charm quark 
hadronization mechanism, charm quark thermalization. Different models have quite different 
predictions for this enhancement and to charm quark thermalization.
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Heavy Flavor Tracker 

 HFT: 
•  Silicon	Strip	Detector:	r	~22	cm. 
•  Intermediate	Silicon	Tracker:	r	~14	cm. 
•  PiXeL	detector:	r	~2.8	&	8	cm,		
					MAPS,	20.7x20.7	µm2,	50	µm	thick,	air-cooled,~0.5%X0	for	the	innermost	layer.	
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Efficiency : Data-Driven Fast Simulation

Validated  with full 
GEANT simulation !  

Results

 (GeV/c)
T

Transverse Momentum p

0 1 2 3 4 5 6

Ba
ry

on
-to

-M
es

on
 R

at
io

s

1−10

1

)-π++π(
)p(p+

60-80%

0-12%

 (GeV/c)
T

Transverse Momentum p

0 1 2 3 4 5 6

2
An

is
ot

ro
py

 P
ar

am
et

er
 v

1−10

1

S
02K
)Λ+Λ(

60-80%

0-5%

 (GeV/c)
T

Transverse Momentum p

0 1 2 3 4 5 6

2
An

is
ot

ro
py

 P
ar

am
et

er
 v

1−10

1

0D
cΛ

10-60%

PYTHIA

Greco

Ko: three-quark

Ko: di-quark

SHMBa
ry

on
/M

es
on

 R
at

io
s

Transverse Momentum (GeV/c)

•  First measurement of Λc in heavy-ion collisions by STAR 
•  A significant enhancement in the ratio of Λc over D0 has been observed in Au+Au 

collisions (10-60%) at √sNN = 200 GeV.  

•  OUTLOOK: In run 2016, STAR recorded 2 billion Au+Au events with all inner 
ladders replaced with Al cables and better operation with more active sensors. More 
precise  measurements of Λc production, especially its Rcp, will be possible. 

Summary and Outlook

[1] S. Ghosh et al.,PRD 90 054018 (2014). [2] Y. Oh et al.,PRC 79 044905 (2009). [3] S. Lee et al.,PRL 100 222301 (2008).
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(Rectangular) Topological Cut Optimization using TMVA
•  Background was constructed from real data using wrong-sign method. 
•  Signal was simulated with data-driven fast simulation. 
•  The figures below show the comparison between signal and background for pT > 3 GeV/c. 
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Λc Reconstruction

•  Comparison of fast simulation and full GEANT simulation  •  Λc
+/- reconstruction efficiency 

Motivation

Ingredients: 
•  Extract centrality-dependent vertex z distributions from data. 
•  Extract ratio of HFT matched tracks to TPC tracks from data. 
•  Extract DCAXY - DCAZ distributions from data.  
•  Extract TPC efficiency and momentum resolution from embedding. 

Distance of Closest Approach resolution 
achieved in Run 2014 using Al cables. 

STAR Preliminary� STAR Preliminary� STAR Preliminary�

STAR Preliminary�

•  The invariant yield of Λc for 3 < pT < 6 GeV/c is measured in 10-60% central 
Au+Au collisions. 

•  The ratio of Λc over D0 ratio in 10-60% Au+Au collisions is significantly enhanced 
than PYTHIA prediction in proton-proton collisions. 

Λc
+ (udc), mass ~ 2286 MeV/c2, cτ ~ 60 µm 

D0 (cu), mass ~ 1864 MeV/c2, cτ ~ 123 µm 
D+ (cd), mass ~ 1869 MeV/c2, cτ ~ 311 µm 
 
 
 

Direct topological reconstruction: 
Λc

+ à p+K-π+   BR ~ 6.35% 
•  pK�  1.98% � 66.7% = 1.32%
•  Δ++Κ  1.09% � 100% = 1.09%
•  Λ(1520) π+ 2.2% � 22.5% = 0.495%
•  Non-resonant  3.5% 
 
 

Λc
+/- signals from different centralities 

[4] C. Patrignani et al. Chin. 
Phys. C 40 100001 (2016)

)2 (GeV/cπpKM
2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5

)2
C

ou
nt

s/
(1

0 
M

eV
/c

5−

0

5

10

15

20 right-sign, same evt
wrong-sign, same evt

Au+Au 200GeV, 40-80% 
<6.00 GeV/c

T
3.00<p

   = 30 ±
cΛ

 S+BS/   = 4.4
/ndf : 12.2/29.02χ

 0.068±A  : 0.30 
 0.003±mean: 2.28 
 0.003±      : 0.009 σ

)2 (GeV/cπpKM
2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5

)2
C

ou
nt

s/
(1

0 
M

eV
/c

20

40

60

80

100

120
right-sign, same evt
wrong-sign, same evt

Au+Au 200GeV, 10-40% 
<6.00 GeV/c

T
3.00<p

   = 84 ±
cΛ

 S+BS/   = 4.4
/ndf : 58.5/35.02χ

 0.185±A  : 0.82 
 0.003±mean: 2.29 
 0.003±      : 0.010 σ

)2 (GeV/cπpKM
2.1 2.15 2.2 2.25 2.3 2.35 2.4 2.45 2.5

)2
C

ou
nt

s/
(1

0 
M

eV
/c

20

40

60

80

100

120

140

160

right-sign, same evt
wrong-sign, same evt

Au+Au 200GeV, 10-80% 
<6.00 GeV/c

T
3.00<p

   = 114 ±
cΛ

 S+BS/   = 5.6
/ndf : 55.9/35.02χ

 0.197±A  : 1.11 
 0.002±mean: 2.29 
 0.001±      : 0.010 σ

Decay-Length (cm)
0 0.02 0.04 0.06 0.08 0.1

C
ou

nt
s

0

200

400

600

800

1000

1200

1400

1600

1800

 < 4.0 GeV/c
T

3.0 < p

Hijing w/o cuts

Fast-simulator Hijing w/o cuts

±
cΛ

Daughters-DCA (cm)
0 0.01 0.02 0.03 0.04 0.05

C
ou

nt
s

0

200

400

600

800

1000

1200

1400

1600

1800

 < 4.0 GeV/c
T

3.0 < p

Hijing w/o cuts

Fast-simulator Hijing w/o cuts

±
cΛ

Transverse Momentum (Gev/c)
0 1 2 3 4 5 6 7 8 9 10

Ef
fic

ie
nc

y

6−10

5−10

4−10

3−10

2−10

10-60%

STAR Au+Au @ 200 GeV
±
cΛ

Run14 HFT

STAR Preliminary�

STAR Preliminary� STAR Preliminary�STAR Preliminary�

may not be responsible for the centrality dependence of the
D measure.

The measured fluctuations may get diluted during the
evolution of the system from hadronization to kinetic
freeze-out because of the diffusion of charged hadrons in
rapidity. This has been addressed in Refs. [8,9], where a
diffusion equation has been proposed to study the depen-
dence of the net-charge fluctuations on the width of the
rapidity window. Taking the dissipation into account, the
asymptotic value of fluctuations may be close to the pri-
mordial fluctuations. This has been explored for the
ALICE data points by plotting hNchi!corr

ðþ#;dynÞ and D as a

function of !" for three centrality bins, as shown in Fig. 3.
We observe that, for a given centrality bin, the D measure
shows a strong decreasing trend with the increase of!". In
fact, the curvature of D has a decreasing slope with a
flattening tendency at large !" windows. Following the
prescriptions of [8,9], we fit the data points with the func-

tional form, erfð!"=
ffiffiffi
8

p
#fÞ, which represents the diffusion

in rapidity space. Here, #f characterizes the diffusion at

freeze-out. The resulting values of #f are 0:41% 0:05,
0:44% 0:05, and 0:48% 0:07 for the 0%–5%, 20%–30%,
and 40%–50% centralities, respectively. The fitted curves
are shown as solid lines in Fig. 3. The dashed lines are
extrapolations of the fitted curves to higher !", which
yield the asymptotic values ofD. For the top 5% centrality,
the measured values of D are 2:6% 0:02ðstatÞ % 0:15ðsystÞ
for !"¼1 and 2:3%0:02ðstatÞ%0:21ðsystÞ for !" ¼ 1:6.
The extrapolated value of D is 2:24% 0:09ðstatÞ%
0:21ðsystÞ.

The evolution of the net-charge fluctuations with beam
energy can be studied by combining the ALICE data with

those of the STAR experiment [12] at RHIC. In Fig. 4, we
present the values of hNchi!corr

ðþ#;dynÞ (left axis) and D

(right axis) for the top central collisions from ALICE atffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV and, for STAR, Au-Au collisions at
four different energies. The ALICE data points correspond
to !" ¼ 1 and 1.6, whereas, for STAR, the values
for !" ¼ 1 are shown. For the STAR data,
ðdNch=d"Þ!corr

ðþ#;dynÞ are plotted instead of hNchi!corr
ðþ#;dynÞ,

as the dNch=d" values are approximately equal to hNchi for
!" ¼ 1 at central rapidity. The theoretical predictions for
a HG and a QGP are indicated in the figure. In the absence
of any dynamic model, these predictions do not have a
dependence on the beam energy.
Figure 4 shows a monotonic decrease in the magnitude

of the net-charge fluctuations with increasing beam energy.
For the top RHIC energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, the mea-
sured value of fluctuation is observed to be close to the
HG prediction, whereas, at lower energy, the results are
above the HG value. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV, we observe
significantly lower fluctuations compared to those of
lower energies.
In summary, we have presented the first measurements

of dynamic net-charge fluctuations at the LHC in Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV in terms of !ðþ#;dynÞ and
their corrected values !corr

ðþ#;dynÞ (corrected for charge con-

servation and finite acceptance effects). The results for pp
collisions at the same center-of-mass energy are found to
be in agreement with hadron gas prediction. The values of
!ðþ#;dynÞ and !corr

ðþ#;dynÞ are seen to be negative in all cases,

indicating the dominance of the correlation of positive and
negative charges. A decrease in fluctuations is observed
while going from peripheral to central collisions. The D
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FIG. 3 (color online). hNchi!corr
ðþ#;dynÞ (left axis) and D (right

axis) as a function of the !" window for three different central-
ity bins in the Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. The data
points are fitted with the functional form erfð!"=

ffiffiffi
8

p
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dashed lines correspond to the extrapolation of the fitted curves.
The points are shifted minimally along the x axis for a clear
view. Both statistical (error bars) and systematic (boxes) errors
are shown.
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 The fluctuations of conserved quantities in a finite phase space rapidity window (∆η), like the net-charge, are predicted to be one of the most sensitive signals of 
the QGP formation and phase transition [1]. 
 In this study, D-measure and 1st to 4th order cumulant ratios are calculated in Au+Au collisions at √sNN = 7.7, 11.5, 14.5, 19.6, 39, 62.4, and 200 GeV during Beam 
Energy Scan in 2010, 2011 and 2014. We will report ∆η, centrality and energy dependence of the net-charge fluctuation, and discuss an energy dependence of the 
fluctuation as a function of ∆η and possible information from the QGP phase transition.
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Δη dependence of net-charge fluctuations in Au+Au collisions 
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• Centrality Bin Width Correction 
STAR detector Analysis method

• Efficiency correction

Time Projection Chamber

• Time Projection Chamber (TPC)

0.5 < |⌘| < 1

|⌘| < 0.5

0.2 < pT < 2.0

…used to define centrality 
          (Refmult2)

…used to calculate net-charge 
fluctuations

• Time Of Flight (TOF) … used to remove pile-up events

Using different kinematic window 
to avoid auto-correlation.

� =

P
r nr�rP
r nr

number of events in 
rth multiplicity

σ at rth multiplicity

Applied to address the effect of 
variation of the volume within a 
wide centrality bin

fik = pi1·pk2 ·Fik

Observed  
factorial moment

True factorial 
moment

Efficiencies

Observed 
cumulant…

True cumulant

p2K2 = c2 � n(1� p)

pK1 = c1

Efficiency correction has been 
done for each centrality bin

total multiplicity over 
full phase space

D
corr

= D + 4
hN

ch

i
hN

total

i

• Charge conservation correction

• Δη dependence of net-charge fluctuations (from 1st to 4th order) is 
measured in Au+Au collisions at BES energies. 

• Results of D-measure are consistent with ALICE results. 
• κσ2 is consistent with poisson baseline for all energies.

Summary
• Compare with simulation results.

Introduction

M = C1 �2 = C2  =
C4

(C2)2
S =

C3

(C2)3/2 �2 =
C4

C2
S� =

C3

C2

• Relation between moments and cumulants Cumulant ratios 
(Independent of volume)

• D-measure is observed to decrease 
with Δη in LHC-ALICE experiment at 
2.76TeV Pb-Pb collisions [3].

D-measure

D = 4
C2

hNchi

2nd order cumulant  
of net-charge

D=3-4   (Hadron fluctuation) 
D=1-1.5 (QGP fluctuation) [2]

total multiplicity in  
finite acceptance

Theoretically 
Signal of phase transition?

• Δη dependence of net-charge 
fluctuations are extremely important.

�2

M
=

C2

C1

STAR acceptance

Results

�⌘


�
2

• D-measure (4*c2/<Nch>=4*(c2/c1)/(Skellam))

• Sσ (c3/c2)

• κσ2 (c4/c2)

- Increase with Δη from poisson baseline for all energies.

- Consistent with statistical baseline for all energies.

D
-m

ea
su

re

- Decrease with Δη for all energies and centralitiy. 
- Approach to baseline after corrections at lower  

energies, and decrease with beam energies.

S
�

�
2
/M

Consistent with ALICE results
• σ2/M (c2/c1)
- Similar trends were seen to D-measure.

- Statistical errors 
Estimated by Bootstrap (100times) 

- Systematic errors  
Estimated from uncertainty in the efficiency, dca cut, 
nFitpoints, and nhitsdedx.

      : before charge  
conservation correction

(c2/c1)/(Skellam)*4

Sσ/(Skellam)

S
�
/(
S
k
el
la
m
)
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 STAR preliminary

(In recent net-charge paper in STAR, kinematic window is fixed at Δη=1 [4])
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