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Motivation

�2

Heavy flavors (HF) probes are unique for studying QGP 
in A+A collisions:
• Large mass 
• Most from hard scattering, pQCD calculable 

Heavy flavors in p+A / pp collisions:
• (Traditionally) baseline for understand A+A collisions 
• Probing small QGP drop in small systems



Heavy flavor probes in ATLAS
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ID MS

Momentum imbalance   
Δ𝑝 = 𝑝ID - ( 𝑝MS + 𝑝Calo ) 

template fit

arXiv: 1805.05220

HF muons
0-10% Pb+Pb 40-60% Pb+Pb pp
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Figure 2: Examples of template fits to Pb+Pb and pp data. The top panels show results for 5 < pT < 5.5 GeV and
the bottom panels show results for 10 < pT < 12 GeV. The left, middle, and right panels show results for Pb+Pb
0–10%, Pb+Pb 40–60%, and pp, respectively. The black points represent the data. The dotted and dashed lines
represent the signal and background template distributions weighted by f sig and (1 � f sig), respectively (see text)
and the continuous lines represent the summed template distributions.

combination of signal and background distributions222

1
Nµ

dNµ

d�p/pID
= f sig dPsig

d�p/pID
+
⇣
1 � f sig

⌘ dPbkg

d�p/pID
,

where Nµ is the total number of muons in the sample, dPsig/d�p/pID and dPbkg/d�p/pID represent223

the signal and background �p/pID probability distributions, respectively, and f sig represents the signal224

fraction.225

For Pb+Pb data, centrality-dependent templates are used for the signal while centrality-integrated templates226

are used for the background. The latter is motivated by the observed centrality independence of the227

background templates and the limited size of the background sample. Template fits are performed using228

binned �2 fits that account for the statistical precision of the signal and background templates. The fits229

are performed using MINUIT [67] with f sig as the free parameter. The uncertainties from the fits are230

used as statistical uncertainties of the yields and propagated into the final results. Example template fits231

are shown for two muon pT intervals in Figure 2 for Pb+Pb events in the 0–10% and 40–60% centrality232

intervals and for pp data. As shown in Figure 2, the measured �p/pID distributions are well described233

by a combination of the signal and background templates, and this holds for all studied kinematic and234

centrality intervals.235

The signal fractions f sig obtained from the template fits using these intervals are shown in Figure 3 for236

the Pb+Pb and pp data. The signal fractions increase with pT for pT > 5 GeV, indicating that at higher pT237

a larger fraction of the reconstructed muons are heavy-flavor (HF) muons. The increase in f sig at low pT238

results from the trigger, which is less e�cient for background muons that have low pMS
T . Such an increase239
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Figure 2: Examples of template fits to Pb+Pb and pp data. The top panels show results for 5 < pT < 5.5 GeV and
the bottom panels show results for 10 < pT < 12 GeV. The left, middle, and right panels show results for Pb+Pb
0–10%, Pb+Pb 40–60%, and pp, respectively. The black points represent the data. The dotted and dashed lines
represent the signal and background template distributions weighted by f sig and (1 � f sig), respectively (see text)
and the continuous lines represent the summed template distributions.
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where Nµ is the total number of muons in the sample, dPsig/d�p/pID and dPbkg/d�p/pID represent223

the signal and background �p/pID probability distributions, respectively, and f sig represents the signal224

fraction.225

For Pb+Pb data, centrality-dependent templates are used for the signal while centrality-integrated templates226

are used for the background. The latter is motivated by the observed centrality independence of the227

background templates and the limited size of the background sample. Template fits are performed using228

binned �2 fits that account for the statistical precision of the signal and background templates. The fits229

are performed using MINUIT [67] with f sig as the free parameter. The uncertainties from the fits are230

used as statistical uncertainties of the yields and propagated into the final results. Example template fits231

are shown for two muon pT intervals in Figure 2 for Pb+Pb events in the 0–10% and 40–60% centrality232

intervals and for pp data. As shown in Figure 2, the measured �p/pID distributions are well described233

by a combination of the signal and background templates, and this holds for all studied kinematic and234

centrality intervals.235

The signal fractions f sig obtained from the template fits using these intervals are shown in Figure 3 for236

the Pb+Pb and pp data. The signal fractions increase with pT for pT > 5 GeV, indicating that at higher pT237

a larger fraction of the reconstructed muons are heavy-flavor (HF) muons. The increase in f sig at low pT238

results from the trigger, which is less e�cient for background muons that have low pMS
T . Such an increase239
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ID MS

Momentum imbalance   
Δ𝑝 = 𝑝ID - ( 𝑝MS + 𝑝Calo ) 

template fit
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Figure 5: Top panel: the pT dependence of the measured heavy-flavor muon cross-section in
p

s = 2.76 TeV pp
collisions. The data points are plotted at the average muon pT within a given pT interval. The vertical bars and bands
on the data points indicate statistical and systematic uncertainties, respectively. The cross-section for heavy-flavor
decays from FONLL calculations is also shown, along with the individual contributions from bottom and charm
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Figure 2: Examples of template fits to Pb+Pb and pp data. The top panels show results for 5 < pT < 5.5 GeV and
the bottom panels show results for 10 < pT < 12 GeV. The left, middle, and right panels show results for Pb+Pb
0–10%, Pb+Pb 40–60%, and pp, respectively. The black points represent the data. The dotted and dashed lines
represent the signal and background template distributions weighted by f sig and (1 � f sig), respectively (see text)
and the continuous lines represent the summed template distributions.
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where Nµ is the total number of muons in the sample, dPsig/d�p/pID and dPbkg/d�p/pID represent223

the signal and background �p/pID probability distributions, respectively, and f sig represents the signal224

fraction.225

For Pb+Pb data, centrality-dependent templates are used for the signal while centrality-integrated templates226

are used for the background. The latter is motivated by the observed centrality independence of the227

background templates and the limited size of the background sample. Template fits are performed using228

binned �2 fits that account for the statistical precision of the signal and background templates. The fits229

are performed using MINUIT [67] with f sig as the free parameter. The uncertainties from the fits are230

used as statistical uncertainties of the yields and propagated into the final results. Example template fits231

are shown for two muon pT intervals in Figure 2 for Pb+Pb events in the 0–10% and 40–60% centrality232

intervals and for pp data. As shown in Figure 2, the measured �p/pID distributions are well described233

by a combination of the signal and background templates, and this holds for all studied kinematic and234

centrality intervals.235

The signal fractions f sig obtained from the template fits using these intervals are shown in Figure 3 for236

the Pb+Pb and pp data. The signal fractions increase with pT for pT > 5 GeV, indicating that at higher pT237

a larger fraction of the reconstructed muons are heavy-flavor (HF) muons. The increase in f sig at low pT238

results from the trigger, which is less e�cient for background muons that have low pMS
T . Such an increase239
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Figure 2: Examples of template fits to Pb+Pb and pp data. The top panels show results for 5 < pT < 5.5 GeV and
the bottom panels show results for 10 < pT < 12 GeV. The left, middle, and right panels show results for Pb+Pb
0–10%, Pb+Pb 40–60%, and pp, respectively. The black points represent the data. The dotted and dashed lines
represent the signal and background template distributions weighted by f sig and (1 � f sig), respectively (see text)
and the continuous lines represent the summed template distributions.
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• Event collected by MinBias trigger 
• Dominated by open charm contribution

D0→K𝜋 decay vertex selection: 
Vertex probability 
Pointing angle 
Decay length significance Lxy / σ(Lxy) 
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• Non-Prompt J/𝝍 refers to J/𝝍 from B hadron decays 
• Measured via dimuon decay channel 
• Extracted from 2D fit in invariant mass and pseudo proper lifetime
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EPJC 78 (2018) 171

https://cds.cern.ch/ejournals.py?publication=Eur.+Phys.+J.+C&volume=78&year=2018&page=171
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HF muon (Open Charm + Beauty) 
• HF muon yield and flow in 2.76 TeV Pb+Pb 
• HF muon flow in 8.16 TeV p+Pb 

D meson (Open Charm) 
• D meson yield and flow in 8.16 TeV p+Pb 

Non-prompt J/𝝍 (Open Beauty) 
• Non-prompt J/𝝍 yield in 5.02 TeV Pb+Pb 
• Non-prompt J/𝝍 flow in 5.02 TeV Pb+Pb 
• Non-prompt J/𝝍 yield in 5.02 TeV p+Pb

prelim.

prelim.

prelim.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2015-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-073/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2016-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2014-05/
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New or updated since last QM

HF muon (Open Charm + Beauty) 
• HF muon yield and flow in 2.76 TeV Pb+Pb 
• HF muon flow in 8.16 TeV p+Pb 

D meson (Open Charm) 
• D meson yield and flow in 8.16 TeV p+Pb 

Non-prompt J/𝝍 (Open Beauty) 
• Non-prompt J/𝝍 yield in 5.02 TeV Pb+Pb 
• Non-prompt J/𝝍 flow in 5.02 TeV Pb+Pb 
• Non-prompt J/𝝍 yield in 5.02 TeV p+Pb

prelim.

prelim.

prelim.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2015-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-073/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2016-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2014-05/


HF muon RAA in Pb+Pb
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• HF muon RAA measured in 5 centrality slices covers 0-60% 
• Significant suppression ~ 0.4 in most central 
• Strong centrality dependence. No significant dependence on pT

arXiv: 1805.05220
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Figure 7: The measured Pb+Pb heavy-flavor muon RAA as a function of pT. For clarity, the centrality intervals are
split between the two panels. The left panel shows results for the 0–10%, 20–30%, and 40–60% centrality intervals
while the right panel shows results for the 10–20% and 30–40% intervals. The error bars represent statistical
uncertainties. The boxes indicate theoretical uncertainties of hTAAi. The shaded bands represent the experimental
systematic uncertainties.
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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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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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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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Figure 9: Comparison of the Pb+Pb heavy-flavor muon RAA measured in this analysis to the RAA for inclusive
charged hadrons from ATLAS and the RAA for identified D0 mesons from the CMS 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. The inclusive charged hadron RAA values shown in the
top left panel are for the 0–5% centrality interval.
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Figure 9: Comparison of the Pb+Pb heavy-flavor muon RAA measured in this analysis to the RAA for inclusive
charged hadrons from ATLAS and the RAA for identified D0 mesons from the CMS 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. The inclusive charged hadron RAA values shown in the
top left panel are for the 0–5% centrality interval.
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Figure 9: Comparison of the Pb+Pb heavy-flavor muon RAA measured in this analysis to the RAA for inclusive
charged hadrons from ATLAS and the RAA for identified D0 mesons from the CMS 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. The inclusive charged hadron RAA values shown in the
top left panel are for the 0–5% centrality interval.
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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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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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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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ATLAS HF muon vs. CMS prompt D0  
• Similar at low pT 

• Less suppression of HF muon at higher pT



HF muon 𝒗2 in Pb+Pb

�13

• 𝒗2 is extracted based on event 
plane method, good consistency 
with scalar product method 

• Combinatorial background is 
subtracted by momentum 
imbalance template fits 

• Significant 𝒗2 observed with 
high precisions in all centralities

arXiv: 1805.05220
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Figure 10: The pT dependence of the Pb+Pb heavy-flavor muon v2. Results are shown for both the EP and SP
methods. Each panel represents a di�erent centrality interval. The error bars and shaded bands represent statistical
and total uncertainties, respectively, and are shown only for the EP v2. The horizontal dashed lines indicate v2 = 0.
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HF muon RAA and 𝒗2 vs calculations
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Figure 14: Comparison of the measured heavy-flavor muon RAA in Pb+Pb collisions with the values predicted from
the TAMU transport model and the DABMod model. Each panel represents a di�erent centrality interval. For the
20–30% and 30–40% centrality intervals, the plotted TAMU values correspond to the 20–40% centrality interval.
For the data, the error bars represent statistical uncertainties, the shaded bands represent the experimental systematic
uncertainties, and the boxes indicate theoretical uncertainties from hTAAi. For the model calculations the bands
indicate the theoretical systematic uncertainties.
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Figure 14: Comparison of the measured heavy-flavor muon RAA in Pb+Pb collisions with the values predicted from
the TAMU transport model and the DABMod model. Each panel represents a di�erent centrality interval. For the
20–30% and 30–40% centrality intervals, the plotted TAMU values correspond to the 20–40% centrality interval.
For the data, the error bars represent statistical uncertainties, the shaded bands represent the experimental systematic
uncertainties, and the boxes indicate theoretical uncertainties from hTAAi. For the model calculations the bands
indicate the theoretical systematic uncertainties.
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Figure 15: Comparison of the Pb+Pb heavy-flavor muon v2 with calculations from the TAMU and DABMod models.
Each panel represents a di�erent centrality interval. For the 20–30% and 30–40% centrality intervals, the plotted
TAMU values correspond to the 20–40% centrality interval. For the data, the error bars and shaded bands represent
statistical and total uncertainties, respectively. For the model calculations, the bands represent theoretical systematic
uncertainties.
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Figure 15: Comparison of the Pb+Pb heavy-flavor muon v2 with calculations from the TAMU and DABMod models.
Each panel represents a di�erent centrality interval. For the 20–30% and 30–40% centrality intervals, the plotted
TAMU values correspond to the 20–40% centrality interval. For the data, the error bars and shaded bands represent
statistical and total uncertainties, respectively. For the model calculations, the bands represent theoretical systematic
uncertainties.

25th April 2018 – 14:47 31

RAA 𝒗2

DABMod (energy-loss model with event-by-
event fluctuations) gives a good description 
of 𝒗2 but underestimates RAA at low pT due to 
incomplete modeling of low pT heavy-flavor 
suppression

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS DRAFT

 [GeV]
T

p

4 6 8 10 12 14

   
 

2v

0

0.05

0.1
0-10 %

 [GeV]
T

p

4 6 8 10 12 14

   
 

2v

0

0.05

0.1 10-20 %

 [GeV]
T

p
4 6 8 10 12 14

   
 

2v

0

0.05

0.1 30-40 %
TAMU values for 20-40%  [GeV]

T
p

4 6 8 10 12 14

   
 

2v

0

0.05

0.1 20-30 %
TAMU values for 20-40%

 [GeV]
T

p
4 6 8 10 12 14

   
 

2v

0

0.05

0.1 40-60 %

5 5.2 5.4 5.6 5.8 6

0

0.05

0.1

| < 2η|
-1Pb+Pb, 0.14 nb

 = 2.76 TeVNNs
 InternalATLAS

DATA
DABMod
TAMU

Figure 15: Comparison of the Pb+Pb heavy-flavor muon v2 with calculations from the TAMU and DABMod models.
Each panel represents a di�erent centrality interval. For the 20–30% and 30–40% centrality intervals, the plotted
TAMU values correspond to the 20–40% centrality interval. For the data, the error bars and shaded bands represent
statistical and total uncertainties, respectively. For the model calculations, the bands represent theoretical systematic
uncertainties.
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arXiv: 1805.05220 
TAMU: PLB 735 (2014) 445  

DABMod: PRC 96 (2017) 064903 
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Figure 15: Comparison of the Pb+Pb heavy-flavor muon v2 with calculations from the TAMU and DABMod models.
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TAMU values correspond to the 20–40% centrality interval. For the data, the error bars and shaded bands represent
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TAMU (transport model) describes 
the feature of data RAA, but slightly 
underestimates 𝒗2
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Non-prompt J/𝝍 in Pb+Pb
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RpPb

RAA

Strong suppression in Pb+Pb 
collisions, small cold nuclear 
matter effects arXiv: 1805.04077 

ATLAS-CONF-2018-013

𝒗2 is extracted from event plane 
method, non-zero 𝒗2 observed

RAA 𝒗2

See Jorge’s talk on Monday 16:50



Non-prompt J/𝝍 vs. HF muon
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Figure 14: Comparison of the measured heavy-flavor muon RAA in Pb+Pb collisions with the values predicted from
the TAMU transport model and the DABMod model. Each panel represents a di�erent centrality interval. For the
20–30% and 30–40% centrality intervals, the plotted TAMU values correspond to the 20–40% centrality interval.
For the data, the error bars represent statistical uncertainties, the shaded bands represent the experimental systematic
uncertainties, and the boxes indicate theoretical uncertainties from hTAAi. For the model calculations the bands
indicate the theoretical systematic uncertainties.
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Figure 14: Comparison of the measured heavy-flavor muon RAA in Pb+Pb collisions with the values predicted from
the TAMU transport model and the DABMod model. Each panel represents a di�erent centrality interval. For the
20–30% and 30–40% centrality intervals, the plotted TAMU values correspond to the 20–40% centrality interval.
For the data, the error bars represent statistical uncertainties, the shaded bands represent the experimental systematic
uncertainties, and the boxes indicate theoretical uncertainties from hTAAi. For the model calculations the bands
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Figure 15: Comparison of the Pb+Pb heavy-flavor muon v2 with calculations from the TAMU and DABMod models.
Each panel represents a di�erent centrality interval. For the 20–30% and 30–40% centrality intervals, the plotted
TAMU values correspond to the 20–40% centrality interval. For the data, the error bars and shaded bands represent
statistical and total uncertainties, respectively. For the model calculations, the bands represent theoretical systematic
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Figure 10: The pT dependence of the Pb+Pb heavy-flavor muon v2. Results are shown for both the EP and SP
methods. Each panel represents a di�erent centrality interval. The error bars and shaded bands represent statistical
and total uncertainties, respectively, and are shown only for the EP v2. The horizontal dashed lines indicate v2 = 0.
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Non-prompt J/𝝍 
0-60%

HF muon 
10 -20%

RAA 𝒗2

arXiv: 1805.05220 
arXiv: 1805.04077 
ATLAS-CONF-2018-013

Smiliar suppression and flow for HF muon and non-prompt J/𝝍 at pT > 9 GeV



Prompt D0 yield in p+Pb

�17 ATLAS-CONF-2017-073
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Prompt D0 yield in p+Pb
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Prompt D0

• Forward: 0 < y* < 0.5, Backward:  -0.5 < y* < 0 
• No obvious modification in forward wrt. backward for prompt D 



Prompt D0 yield in p+Pb
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Prompt D0 yield in p+Pb
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HF muon flow in p+Pb
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• Event collected by single muon + high multiplicity trigger 
• Two particle correlation between HF muon and charged hadrons 

Low Multiplicity High Multiplicity

ATLAS-CONF-2017-006
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HF muon flow in p+Pb
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• Event collected by muon + high multiplicity trigger 
• Two particle correlation between HF muon and charged hadrons 
• Non-flow background subtracted with correlation template fit and 

fake HF muon background suppressed with momentum imbalance cut

Low Multiplicity High Multiplicity

ATLAS-CONF-2017-006
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HF muon flow in p+Pb
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• No obvious multiplicity dependence of HF muon 𝒗2 
• 𝒗2 (HF muon) ~ 0.6 × 𝒗2 (hadron)

ATLAS-CONF-2017-006
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D* meson flow in p+Pb

�24

• Template fit performed to background subtracted correlation function, 
result favors 𝒗2,2 > 0 

• 1~2σ hint for cos(2Δ𝜙) azimuthal modulation of D* 
• Improved final results of D meson 𝒗n will be available soon
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Summary
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• Large system: significant suppression and flow of all 
heavy flavor probes 

• Small system: no net modification on heavy flavor 
production at mid-rapidity / high pT, but significant HF 
muon flow is observed
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• Large system: significant suppression and flow of all 
heavy flavor probes 

• Small system: no net modification on heavy flavor 
production at mid-rapidity / high pT, but significant HF 
muon flow is observed

System size
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Collectivity
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Summary
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• Large system: significant suppression and flow of all 
heavy flavor probes 

• Small system: no net modification on heavy flavor 
production at mid-rapidity / high pT, but significant HF 
muon flow is observed 

• Crucial to have simultaneous theoretical descriptions on 
HF yield and flow in large system and small system

System size

Energy loss

Collectivity

?



ATLAS detector
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Inner Detector ⎢η⎥ < 2.5 

Calorimeter ⎢η⎥ < 4.9 
Muon Spectrometer ⎢η⎥ < 2.7

By J. Goodson



Heavy flavor probes in ATLAS
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Momentum imbalance   
Δ𝑝 = 𝑝ID - ( 𝑝MS + 𝑝Calo ) 

template fit

HF muons
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Figure 1: Signal and background template distributions in pp collisions (square points) and Pb+Pb collisions (circular
points) in the 0–60% centrality interval for muons having 5 < pT < 6 GeV and |⌘ | < 1. The signal and background
distributions are separately normalized such that their integral is unity. For clarity, the background distribution is
binned more coarsely.

in the calorimeter have, on average, smaller pT compared to the parent particle. As a result, background204

muons are expected to have �p/pID > 0.205

Distributions for �p/pID are obtained from the simulated samples separately for signal muons and for206

background muons. The signal muons include muons directly produced in electromagnetic decays of207

hadrons, in decays of ⌧-leptons, in decays of W and Z bosons, in decays of top quarks, and in semi-208

leptonic decays of heavy-flavor hadrons; this last contribution dominates the signal sample, contributing209

about 99% of the muons over the pT range measured in this analysis (Ref. [55] and references therein). The210

di�erent contributions to the background – pion decays in flight, kaon decays in flight, muons produced211

by secondary interactions of prompt particles, and mis-associations – are evaluated separately. Figure 1212

shows MC distributions of �p/pID for signal and background muons having 5 < pT < 6 GeV for Pb+Pb213

collisions in the centrality range 0–60% and for pp collisions. The �p/pID distribution for signal muons214

is centered at zero while the distribution for background muons is shifted to positive values. The signal215

distributions show only modest di�erences between pp and Pb+Pb collisions. Similarly, when making216

separate templates for di�erent Pb+Pb collision centralities, a weak dependence of the signal templates217

on centrality is observed. The background �p/pID distributions are much broader and are insensitive to218

the centrality-dependent e�ects seen in the signal distributions.219

A template-fitting procedure is used to estimate statistically the signal fraction for each kinematic and220

centrality selection used in the analysis. The measured �p/pID distribution is assumed to result from a221
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HF muon yields in Pb+Pb
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Figure 6: The pT dependence of the measured Pb+Pb heavy-flavor muon di�erential per-event yields for di�erent
centrality intervals scaled by the corresponding hTAAi. Also shown is the measured pp heavy-flavor muon di�erential
cross-section. For clarity, the results for the di�erent centralities are multiplied by scale factors that are indicated in
the legend. The pp cross-section is re-plotted multiple times, as dashed lines, multiplied by these scale factors, for
comparison with the results for the di�erent Pb+Pb centralities. The error bars and shaded bands represent statistical
and systematic uncertainties, respectively, and in many cases are too small to be seen.
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HF muon 𝒗2 in Pb+Pb
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• Good agreement between ATLAS and 
ALICE  

• Smaller uncertainties of ATLAS results 
would provide tight constraints on models
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HF muon in pp vs FONLL
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Figure 5: Top panel: the pT dependence of the measured heavy-flavor muon cross-section in
p

s = 2.76 TeV pp
collisions. The data points are plotted at the average muon pT within a given pT interval. The vertical bars and bands
on the data points indicate statistical and systematic uncertainties, respectively. The cross-section for heavy-flavor
decays from FONLL calculations is also shown, along with the individual contributions from bottom and charm
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HF muon yields wrt. event plane
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HF muon flow in Pb+Pb
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𝒗3 𝒗4

• Measured HF muon 𝒗3 and 𝒗4 agrees DABMod calculations
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D reconstruction
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Trigger selection MinBias (+HMT for correlation)

D0 selection

Two tracks, pT > 1GeV  
𝜋 and K masses assigned in turn, 1.7 < m(K𝜋) < 2.0 GeV 

Vertex probability 
Pointing angle cos𝛼xy 
Lxy / σ(Lxy) 

D* selection

A selected D0 vertex 
An additional track (𝜋 mass), same charge with the 𝜋 in D0  with soft pion pT 
> 400  MeV (for yield) or 250 MeV (for correlation) 
1.75 < m(K𝜋) < 1.96 GeV as SR, m(K𝜋) < 1.76 GeV || m(K𝜋) > 1.96 GeV as CR



Cross sections
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‣ Prompt D0 (3 < pT < 30 GeV) and prompt D* (5 < pT < 30 GeV) 

‣ |ylab(D)| < 1.0 for better mass resolution ⟶ -1.5 < y* < 0.5 

‣ FONLL (fixed-order next-leading-logarithm) prediction extrapolated 
from 7 and 8 TeV calculates, and scaled by 208 

‣ Relatively small modification in p+Pb
ATLAS-CONF-2017-073

Prompt D*Prompt 
D0 FONLL uncertainties 

‣ renormalisation scale 
‣ factorization scale  
‣ charm quark mass 
‣pdf



Cross sections
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• Data and FONLL are comparable in 
whole kinematic range  

• Relatively small modification in p+Pb



Recoil jet bias estimation
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Figure 18: The pT dependence of the Pb+Pb heavy-flavor muon v2. Each panel represents a di�erent centrality
interval. The error bars and shaded bands represent statistical and total uncertainties, respectively. The horizontal
continuous lines indicate the jet bias on the v2 estimated using the data-overlay MC. Half of the estimated bias is
used as a correction to the measured v2 and half is used as a systematic uncertainty (Section 3.5). The horizontal
dashed lines indicate v2 = 0.

12th May 2018 – 19:26 42



Template fits — 𝛍-h in p+Pb
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Systematics for mu-h correlation
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• Choice of peripheral bin 
0-20, 20-40, 10-20, 20-30, 
30-40 

• Background muons 
• Efficiency correction 
• Track/muon selection 
• Pileup 
• Acceptance

systematics for muon-hadron correlation
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D*-hadron correlation
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• Event collected by MinBias and high multiplicity triggers 
• Third soft pion from D* decay with pT > 250 MeV for larger D* fiducial volume ( 3 < pT < 30 GeV 

and -1.5 < y* < 0.5 ) 
• Charged particles pT > 0.25 GeV, Δ𝜂 > 1 for more statistics for 2PC 
• Using sideband region 150 < Δm < 170 MeV to estimation the background correlation function
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• Assuming weak multiplicity 
dependence of near-side D*-h long 
range correlation 

• Peripheral reference bin 10 < Nch < 80 

• Simultaneous template fit method 
applied to low and high Nch single 
correlation functions

φΔ

0 0.5 1 1.5 2 2.5 3

)φ
Δ (

C

0.92
0.94
0.96
0.98

1
1.02
1.04
1.06
1.08

1.1
1.12

ATLAS Preliminary
 = 8.16 TeVNNs+Pb p

 < 120chN80 < 
Simultaneous fit

)φΔ (C
)φΔ( periphCf + g

)φΔ( templC
(0) periphCf) + φΔ( ridgeC

 0.9(syst)± 8.5(stat) ± = 15.4 310×2,2v



Sideband subtraction

�43

it is assigned as the di�erence between the track reconstruction e�ciencies obtained from the nominal MC
sample and from those with additional materials. The systematic uncertainties associated with the selection
cuts are evaluated by comparing the nominal results to those with either looser or tighter selections. The
maximum di�erence found between the nominal selection and the variation selections is assigned as the
systematic uncertainty. The minimum bias trigger is found to be not fully-e�cient for events with low
multiplicity, so an additional systematic uncertainty is introduced to cover the trigger ine�ciency. The
systematic uncertainty in the prompt D meson fraction is dominated by the theoretical uncertainties in
expectations for non-prompt D meson yield. The uncertainty in the fit procedure is determined by varying
the signal and background line shape parameterizations. Eight variations of the D0 fit model and six
variations of the D⇤ fit model are considered. The total fit model systematic uncertainty is give by the
RMS of the di�erences between the nominal result and all di�erent variation results.

4 D⇤-h correlation

The study of D meson and hadron correlations in this analysis follows previous ATLAS two-particle
correlation analyses [8–10]. For a given event class, the correlations, denoted as D⇤-h correlation,
are measured by correlating D⇤ candidates with 144 < �m < 148 MeV to other charge particles with
pT > 250 MeV in the event, with pseudorapidity separation of |�⌘ | = |⌘(D⇤) � ⌘(h) | > 1.0, and are
presented as a function of the relative azimuthal angle �� = �(D⇤) � �(h), The correlation function
is defined as C(��) = S(��)/B(��), where S(��) and B(��) represent self-normalized D⇤-h pair
distributions constructed from the same event and from mixed events [27], respectively. The same-event
distribution S(��) is constructed using D⇤-h pairs that can be formed in each event, while B(��) is
constructed by choosing the D⇤ and charged particle in each pair from di�erent events that have similar
multiplicity. The B(��) distribution does not contain physical correlations, but includes detector e�ects
similar to those in S(��). By taking the ratio, detector e�ects largely cancel. The contributions from
D0–hadron and hadron–hadron correlations are subtracted from the D⇤-h correlation function based on the
correlation function measure in the sideband region (150 < �m < 170 MeV) of D⇤ �m distributions:

C(��; Signal) =
1

fsig
· {C(��; Signal + Background) � (1 � fsig)C(��; Sideband)}, (3)

where fsig is the D⇤ signal fraction inside the signal region, which is extracted from �m fit as described
above. Examples of the background subtraction procedure is shown in Fig. 2 with the correlation functions
before and after background subtraction compared to the correlation function evaluated in the�m sideband
region.

A template fit procedure, as used in previous ATLAS measurements [10, 28], is used to extract the
harmonic coe�cients associated with the long-range ridge contribution, using a decomposition based on
a template extracted from low-multiplicity events:

Ctempl(��) = Cridge(��) + FCperiph(��)

= G
⇣
1 + 2v2,2 cos(2��)

⌘
+ FCperiph(��),

(4)

where F and the v2,2 are the free fit parameters. The parameter G, which represents the magnitude of the
combinatoric component of Cridge(��), is fixed by the requirement that the integral of the Ctempl(��) and
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• Systematics: 
• Statistical uncertainty in fsig 
• Nch dependence of fsig 
• Δm dependence of sideband 

correlation


