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Motivation

2

‣ c(m~1.3 GeV) and b(m~4.7 GeV). 
Unique probe to study QGP. Mass 
not affect by interaction with QCD 
medium 

‣ Produced at early stage and can 
used to probe QGP medium 
properties and evolution 

‣ Suppression and elliptic flow of 
heavy flavor leptons, originating 
from semileptonic decays of D and 
B mesons, observed at RHIC energy 

6/27/2016 SQM16, Berkeley

X. Zhu, M. Bleicher, S.L. Huang, ks, H. Stöcker,
N. Xu, and P. Zhuang, PLB 647 (2007) 366.

mc,b » QCD, TQGP : new scale

mc,b ≈ const., mu,d,s ≠ const.

initial conditions:

test pQCD
probe gluon distribution

early partonic stage:
diffusion (g), drag ()
flow, jets, correlations
probe thermalization

hadronization:
chiral symmetry restoration
confinement
statistical coalescence
J/ enhancement / suppression

s cc , s bb

Heavy - flavor: a unique probe 

Q2

time

2/25
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Inner Detector (ID) |η| < 2.5 
Calorimeter (CALO) |η| < 4.9 
Muon Spectrometer (MS) |η| < 2.7

Forward Calorimeter 
(FCal) 3.1 < |η| < 4.9 
Event characteristics 
(centrality, event plane)
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High quality muons leave 
tracks in ID and MS, and lose 
energy in the Calorimeter

𝜂 = 1.05

𝜂 = 2.4

Barrel  |𝜂| < 1.05 

End-cap 1.05 < |𝜂| < 2.4  

Transverse slice  
through ATLAS
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Heavy flavor muon extraction 
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 = 2.76 TeVNNs
 < 6 GeV

T
5 < p

| < 1η|

Pb+Pb 0-60%
signal
background

p-p
signal
background

‣ Heavy flavor (HF) muons have quite 
different momentum imbalance 
distribution from the decay-in-flight  

‣ Sufficient discrimination variable but 
sensitive to momentum resolution  

‣ Very similar for pp and Pb+Pb, no 
centrality dependence
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p
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� (p
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+�p
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)

p
ID

Momentum imbalance:
ATLAS-CONF-2015-053

ID CALO MS

𝑝ID Δ𝑝calo + 𝑝MS

Signal 𝜇

𝜇Bkg



Qipeng Hu (USTC) SEPT 24, 2016 WUHAN

Signal extraction in data

6

ID
 p/p∆

0 0.2 0.4

 
ID

p/
p

∆d
µ

dN
 

µN1

0

2

4

6

8 Signal
Background
Fit template

0-10%
 < 5.5 GeV

  T
5 < p

ID
p/p∆

0 0.2 0.4

ID
p/

p
∆d

µ
dN

 
µN1

0

2

4

6

8  PreliminaryATLAS

0-10%
 < 12 GeV

  T
10 < p

/p
loss

 pδ
0 0.2 0.4

ID
p/

p
∆d
dN

 N1

0

2

4

6

8

40-60%
 < 5.5 GeV

  T
5 < p

-1 = 0.14 nbint2011 Pb+Pb L
 = 2.76 TeVNNs

|<1η|

ID
p/p∆

0 0.2 0.4

 
ID

p/
p

∆
1/

N
 d

N
/d

0

2

4

6

8

40-60%
 < 12 GeV

  T
10 < p

/p
loss

 pδ
0 0.2 0.4

 

 < 5.5 GeV
  T

5 < p

-1 = 4.0 pb
int

2013 pp L
 = 2.76 TeVs
|<1η|

ID
p/p∆

0 0.2 0.4

 

 PreliminaryATLAS

 < 12 GeV
  T

10 < p

ATLAS-CONF-2015-053

‣ Templates are builded in simulation. Fits 
performed to extract heavy flavor muon fraction 

‣ Good agreements between data and templates

Signal template 
Bkg template 
Fitted result
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Other background contamination
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‣ Inclusive single muon pT 
spectrum after subtracting 
decay-in-flight using 2010 pp 
data at 7 TeV 

‣ For pT < 14 GeV, other sources 
of background are negligible 

‣ HF muon fiducial volume: 

4 < pT < 14 GeV 
|𝜂| < 1.0 

Best momentum resolution 
Signal purity ~100% 
Small systematic uncertainty

Phys.Lett.B 707 
(2012) 438
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Figure 3: Muon differential cross-section as a function of the muon transverse
momentum for |η| < 2.5 compared to theoretical predictions. The Drell-Yan com-
ponent corresponds to the Z/γ∗ for Mµ+µ− < 60 GeV.

data [31]. A full set of smearing parameters for the MS and ID are obtained,
and the corresponding effect on the combined muon derived. The corrected
sample is used to obtain the unfolding coefficients Cmigrationi in Eqn. 1. The
uncertainty on the unfolding coefficients is determined by varying indepen-
dently the cross-section values of the heavy-flavour and W/Z components by
30% and 10% respectively. The associated systematic uncertainty is at the
level of 0.1% over almost the whole spectrum with a maximum value of 1.2%
around the W/Z Jacobian peak.

6.6. Muon production cross-section result

The signal fraction of the muon transverse momentum spectrum has been
corrected for the trigger and reconstruction efficiencies and unfolded from the
detector response. Figure 3 shows the resulting inclusive muon differential
cross-section for muons within |η| < 2.5 as a function of pT, compared to the
overall theoretical expectation. The expected W/Z component comes from
MC@NLO [32, 33] using the CTEQ6.6 PDFs, normalised to the cross-sections
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6.6. Muon production cross-section result

The signal fraction of the muon transverse momentum spectrum has been
corrected for the trigger and reconstruction efficiencies and unfolded from the
detector response. Figure 3 shows the resulting inclusive muon differential
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Mid-rapidity vs. forward
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‣ Good agreement between ATLAS and ALICE 

‣ No obvious rapidity dependence
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Fig. 5. Upper panel: pT-differential elliptic flow of muons from heavy-flavour hadron 
decays in 2.5 < y < 4, in Pb–Pb collisions at √

sNN = 2.76 TeV for the central-
ity class 20–40% compared to various transport model predictions: MC@sHQ +
EPOS [59–61], TAMU [62] and BAMPS [63–65]. The TAMU model is shown with 
a theoretical uncertainty band. Lower panel: pT-differential RAA of muons from 
heavy-flavour hadron decays for the centrality class 0–10% from [21] compared to 
the same models as for vµ←HF

2 .

model tends to overestimate it. The TAMU model describes the 
RAA measurement over the entire pT interval within uncertain-
ties. These comparisons indicate that it is challenging to simul-
taneously describe the strong suppression of high-pT muons from 
heavy-flavour hadron decays in central collisions and the azimuthal 
anisotropy in semi-central collisions. Similar trends are also ob-
served in the mid-rapidity region from the comparison of the RAA
and v2 of D mesons with model calculations [34].

6. Conclusions

In summary, we have reported on a measurement of the elliptic 
flow of muons from heavy-flavour hadron decays at forward rapid-
ity in central and semi-central Pb–Pb collisions at √sNN = 2.76 TeV
with the ALICE detector at the LHC.

Measurements have been carried out using several methods 
which exhibit different sensitivity to initial-state fluctuations and 
non-flow correlations. The systematic comparison of scalar prod-
uct, two- and four-particle Q cumulants and Lee–Yang zeros helps 
in understanding the processes that build up the observed differ-
ences between two-particle correlation methods and multi-particle 
correlation methods and suggests that flow fluctuations are signif-
icant.

The magnitude of the elliptic flow of muons from heavy-flavour 
hadron decays increases from central to semi-central collisions and 

decreases with increasing pT, becoming compatible with zero at 
high pT. The results indicate a positive elliptic flow with the scalar 
product and two-particle Q cumulants in semi-central collisions 
(10–20% and 20–40% centrality classes) for the pT interval from 3 
to about 5 GeV/c with a significance larger than 3σ . The elliptic 
flow in semi-central collisions and the previously published nu-
clear modification factor in the 10% most central collisions were 
compared with transport model calculations. These comparisons 
show that a simultaneous description of RAA and v2 over the 
whole pT interval remains a challenge. The results reported in this 
Letter in various centrality classes may provide further important 
constraints to the models.
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HF muon vs. D meson

11

‣ Very different behavior compared to the D0 or inclusive hadron 

‣ Significantly smaller suppression for inclusive HF muons  

‣ Strong momentum dependence for hadrons and D0

ATLAS HF muon CMS D0 meson

0-10%
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HF muon vs. B meson
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‣ Different energy and different centrality 

‣ Similar behavior within uncertainties 
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HF muon vs. b-jet
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‣ Centralities (averaged over measured ranges) are similar  

‣ Weak (or none) 𝑝T dependence in both measurements
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Elliptic flow of HF muons

14

|
2

Ψ - φ2|
0 0.5 1 1.5 2 2.5 3

si
gn

al
 c

ou
nt

s 
[k

]

25

30

35

10-20%
|<1η|

 < 4.5 GeV
T

4 < p

 = 2.76 TeVNNs
-1 = 0.14 nbint2011 Pb+Pb L

 PreliminaryATLAS

|
2

Ψ - φ2|
0 0.5 1 1.5 2 2.5 3

si
gn

al
 c

ou
nt

s 
[k

]

12

14

40-60%
|<1η|

 < 4.5 GeV
T

4 < p

 = 2.76 TeVNNs
-1 = 0.14 nbint2011 Pb+Pb L

 PreliminaryATLAS

|
2

Ψ - φ2|
0 0.5 1 1.5 2 2.5 3

si
gn

al
 c

ou
nt

s 
[k

]

4

5

6

10-20%
|<1η|

 < 10 GeV
T

8 < p

 = 2.76 TeVNNs
-1 = 0.14 nbint2011 Pb+Pb L

 PreliminaryATLAS

|
2

Ψ - φ2|
0 0.5 1 1.5 2 2.5 3

si
gn

al
 c

ou
nt

s 
[k

]

2

2.5

40-60%
|<1η|

 < 10 GeV
T

8 < p

 = 2.76 TeVNNs
-1 = 0.14 nbint2011 Pb+Pb L

 PreliminaryATLAS

‣ Event plane method is used to 
extract HF muon elliptic flow 

‣ Reaction plane angle 𝛙2 is 
determined based on FCal 
energy deposition 

‣ Decay-in-flight subtracted 
‣ EP resolution correction applied
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HF muon flow

15

‣ Significant v2 (~8%) at lower 𝑝T. Still 
significant up to 𝑝T ~10 GeV 

‣ Good agreement between ATLAS and ALICE 
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HF muon flow vs. D0 flow
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‣ Similar decrease trend for pT > 4 GeV 

‣ v2 (HF muon) < v2 (D0) 

ATLAS        
HF muon

CMS 
D0 meson

CMS-HIN-16-007 
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Summary
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‣ HF muons found to be suppressed in Pb+Pb 
collisions with a strong centrality dependence 

‣ HF muon RAA similar with b-jet, but different 
from D0 and charge hadron 

‣ Significant non-zero v2 of HF muons up to 10 
GeV. Good agreement between ATLAS and 
ALICE.  

‣ v2 (HF muon) < v2 (D0) 

Thanks!



BACKUP
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HF muon extraction for 2010 data
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Signal fraction and spectra
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HF fraction and spectra in 2010 data
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Mass ordering of RAA
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Gunther Roland QM’15  Student DayHard Probes of the Hot Medium 49

Flavors of Energy Loss

Qualitative agreement  
with expectation:  
• Mass ordering at low pT 
• RAA(b) ~ RAA(light) at high pT 
Much more to come this week 
from RHIC and LHC

LHC Run 2: fully 
reconstructed B mesons

n.b: s quarks are not “heavy” compared to  
typical QCD/QGP momentum scales

mc ~ 1.5 GeV

mb ~ 5 GeV

Buzatti, Gyulassy 2011

Bugatti, Gyulassy 2011
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Event plane determination

• Reaction plane (ΨRP) is approximated by 

event plane (Ψ
n

EP) measured in FCal:

Ψn
EP=

1

n
tan

−1

∑
i

ET,i
tower

wi sin(nϕi )

∑
i

E
T,i
tower w

i
cos (nϕ

i
)

Ψ
2

Ψ
4

Ψ
3

~400 nucleons

• Reaction plane (ΨRP) is approximated by 

event plane (Ψ
n

EP) measured in FCal:

• The event plane resolution 

correction factor R is 

obtained using two-sub 

event and various 

tree-subevent method

• Significant resolution for 

harmonics  n=2 – 6

• Resolution corrected 

harmonics:

ATLAS, Phys. Rev. C 86, 014907 (2012)

v n=〈cos (n (Φ−Ψn )) 〉 /R

Event plane determination
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