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• Heavy flavor (HF) quarks, charm (~1.28 GeV) and bottom (~4.18 GeV), 
are expected to be produced isotropically prior to QGP formation  

• Azimuthal anisotropy of QGP is expected to propagate to heavy quark in 
a pT dependent way:

• Hadronization effects 
• Mass dependence

push dragvmedium

vHF
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HF muon identification
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Removed based on 
momentum imbalance: 
ρ = (pID

T − pMS
T )/pID

TBackground: 
• Hadron punch-through (leading) 
• 𝜋/K decay-in-flight 
• muon from Light/EW/quarkonium

ATLAS-CONF-2019-053

Remove based on Pythia

Charm/bottom separation via 
transverse impact parameter: d0

muons from heavy flavor hadron 
decays used as the proxy to 
heavy quarks in ATLAS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-053/


HF muon v2 in Pb+Pb
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• 2015+2018 Pb+Pb data with event-plane 
method 

• Significant non-zero v2 for c and b muon 
• v2(c)  > v2(b) at low pT 
• v2(c)  ~ v2(b) at high pT 

• Anti-correlated stat. uncertainty (𝜌 = -0.9)
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40-60%

ATLAS-CONF-2019-053

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-053/


HF muon v3 in Pb+Pb
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• v3(c) ~ 2-5%  
• v3(b) ~ 0  
• No obvious centrality dependence
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ATLAS-CONF-2019-053

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-053/
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Comparison to model calculations
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• DREENA-B (1805.04786): 1+1D medium, dynamical radiative + collisional energy loss
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ATLAS-CONF-2019-053

http://arxiv.org/abs/1805.04786
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-053/
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• DREENA-B (1805.04786): 1+1D medium, dynamical radiative + collisional energy loss 
• DAB-MOD (1906.10768):  2+1D medium, TRENTO initial geometry, Langevin with 

2𝜋TDs = 2.23 (2.79) for charm (bottom), no energy loss included
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• DREENA-B (1805.04786): 1+1D medium, dynamical radiative + collisional energy loss 
• DAB-MOD (1906.10768):  2+1D medium, TRENTO initial geometry, Langevin with 

2𝜋TDs = 2.23 (2.79) for charm (bottom), no energy loss included 
• POWLANG (1712.00588):  2+1D medium, Glauber-MC initial geometry, Langevin with 

2𝜋TDs ~ 3, collisional energy loss only

0-10% • Our data provide tight constrains 
to energy loss modeling 

• Radiative energy loss is playing an 
important role in the measured 
kinematic region

http://arxiv.org/abs/1805.04786
http://arxiv.org/abs/1906.10768
http://arxiv.org/abs/1712.00588


HF muon vs. HF hadron
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HF decay leptons vs. D0 or non-prompt J/𝜓 

Pros: 
• Easy to trigger 
• Better precise in central event than D0 
• More statistics than non-prompt J/𝜓 

Cons: 
• No access to low pT in ATLAS  
• kinematic smearing due to the HF hadron 

semileptonic decay

ATLAS-CONF-2019-053

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-053/


From Pb+Pb to smaller systems
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FIG. 2. Elliptic (v2), triangular (v3) and quadrupolar (v4) flow coe�cients from superSONIC simulations (bands) compared
to experimental data from ATLAS, CMS and ALICE (symbols) for p+p (left panel), p+Pb (center panel) and Pb+Pb (right
panel) collisions at

p
s = 5.02 TeV [58–62]. Simulation parameters used were ⌘

s = 0.08 and ⇣
s = 0.01 for all systems. Note that

ATLAS results for v3, v4 are only available for
p
s = 13 TeV, while all simulation results are for

p
s = 5.02 TeV.

imental measurements at mid-rapidity. The source code
to superSONIC is publicly available [57].

RESULTS

Using superSONIC with OSU initial conditions for the
nucleon, central p+p, p+Pb and Pb+Pb collisions atp
s = 5.02 TeV have been simulated using one single fluid

framework with fixed values of shear and bulk viscosity
coe�cients for all systems. The results for the di↵erential
elliptic, triangular and quadrupolar flow at midrapidity
from superSONIC are shown in Fig. 2 together with ex-
perimental results from the ALICE, CMS and ATLAS
experiments [58–62]. The size of the bands shown for su-
perSONIC calculations includes statistical errors for the
simulations as well as systematic uncertainties obtained
from changing the second-order transport parameter ⌧⇡.
The size of the uncertainty bands suggests that simula-
tion results for all systems shown are not strongly sensi-
tive to the presence of other, non-hydrodynamic modes,
and thus a hydrodynamic e↵ective description seems ap-
plicable.

Overall, Fig. 2 implies good agreement between the
superSONIC model and experiment at low momenta for
all collision systems when taking into account the sys-
tematic and statistical uncertainties in both the theory
and experimental results. It should be pointed out that
no fine-tuning of superSONIC parameters has been at-
tempted, so no precision fit of the experimental data can
be expected. Furthermore, note that in the case of p+p
collisions, ATLAS data for v3, v4 is only available forp
s = 13 TeV, more than twice the simulated collision

energy of
p
s = 5.02 TeV.

The case of p+p collision at
p
s = 5.02 TeV has more-

over been studied as a function of multiplicity, and re-
sults for the multiplicity, mean pion transverse momen-

tum, and integrated elliptic flow are shown in Fig. 3 to-
gether with experimental data. This figure suggests that
the multiplicity distribution is well represented in the
superSONIC model, while the pion mean transverse mo-
mentum only qualitatively matches experimental results:
the simulated hpT i values exceed the results measured
by ALICE (at

p
s = 7 TeV) at all multiplicities. This

finding is not surprising given that present simulations
did not include bulk viscous corrections to the pion spec-
tra, which can be expected to considerably a↵ect hpT i
results, cf. Refs. [38, 55, 63]. Given the extreme sensitiv-
ity of hpT i on bulk viscosity for proton+proton collisions
[38], it is quite possible that including bulk corrections to
spectra and/or fine tuning can lead to quantitative agree-
ment of simulation and experiment for hpT i in p+p col-
lisions, while not significantly altering results for p+Pb
and Pb+Pb collisions. Such fine-tuning is left for future
work.

Also shown in Fig. 3 is the integrated elliptic flow coef-
ficient as a function of multiplicity, indicating that v2 sat-
urates at high multiplicities similar to what is observed
experimentally. At low multiplicities, experimental pro-
cedures employed by di↵erent experiments lead to di↵er-
ent results. So while the method employed by the ATLAS
experiment suggests a near constant behavior of v2 as a
function of multiplicity, the method employed by CMS
(not shown in Fig. 3) by construction implies that inte-
grated v2 decreases as multiplicity is lowered. Neverthe-
less, reproducing the apparent saturation of integrated
v2 at around 6 percent for high multiplicities (for which
both ATLAS and CMS experiments agree on) is non-
trivial for any model as this trend depends on the choice
of shear viscosity and nucleon initial state parameters.

For p+Pb collisions and Pb+Pb collisions at
p
s = 5.02

TeV, the model results for dN
dy for the 0-5% highest mul-

tiplicity events are within five percent of the experimen-
tal values at midrapidity [64, 65] when converting super-
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• Similar collective motions/azimuthal anisotropy observed in all systems 
• What can we learn from heavy quarks about “smaller" systems

https://arxiv.org/abs/1701.07145


HF muon v2 in pp
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• 2017 pp collisions at 13 TeV with low pile-up 
• Charm/bottom muon extracted with the same methods as in Pb+Pb; 

v2 from 2PC with template fit for non-flow subtraction  
• v2(c) > 0 and v2(b) ~ 0

arXiv:1909.01650 

http://arxiv.org/abs/arXiv:1909.01650


HF muon flow in pp
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Small droplet of QGP? 
• Measured HF muon flow seems to be attributed to path-length 

dependence of energy loss in Pb+Pb 
• How can charm undergo such strong energy loss 
• Are we missing anything for Pb+Pb?

arXiv:1909.01650 

http://arxiv.org/abs/arXiv:1909.01650
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Initial state correlation / hadronization? 
• why charm has as strong anisotropy as light flavor; while bottom has none

arXiv:1909.01650 

http://arxiv.org/abs/arXiv:1909.01650


What about p+Pb
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Hadron v2 in p+Pb
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• h-h 2PC in MinBias and jet triggered 
events in 0-5% centrality 

• Remove associated particle in jets, v2 
extracted from template fit 

• Can be interpreted in bulk-jet two 
composition picture

bulk particle 
dominated

jet particle 
dominated

Eur. Phys. J. C 80 (2020) 73
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Hadron v2 in p+Pb vs Pb+Pb
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• Scale p+Pb results by 1.5 and 
compared to Pb+Pb in 20-30%  

• Very similar shape up to 60 GeV

Eur. Phys. J. C 80 (2020) 73

https://link.springer.com/article/10.1140/epjc/s10052-020-7624-4?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200202


vn vs. RpPb in p+Pb
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Jet quenching models cannot simultaneously describe both vn and RAA

https://link.springer.com/article/10.1140/epjc/s10052-020-7624-4?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200202
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.064905
https://arxiv.org/abs/1311.5463


Color coherence of in-medium jets
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FIG. 1. A sample jet event resolved with Rmed = 0.1 (left

panel) and 0.15 (right panel). The blue histogram denotes

the hardest resolved sub-jet, the green the next-to-hardest

one, while the pink histogram denotes soft fragments.

only loosing energy by induced radiation as a single par-
ton. As will be shown below, for typical LHC kinematics
there is a significant probability that the experimentally
reconstructed jet with cone parameter R accommodates
only one resolved charge which contains the leading con-
stituents carrying nearly all of the total jet transverse
energy.

From the antenna to the jet. The dynamics of a
QCD jet in vacuum is described in terms of the scales
of the problem. The initial hardness, given by the jet
transverse mass E⇥jet, where E is the jet energy and ⇥jet

its aperture, is distributed among several constituents in
the course of a branching process. Multiple emissions in
the shower are governed by color coherence which can
most easily be understood in the context of the antenna
radiation, the soft gluon radiation o↵ a pair of highly
energetic color correlated partons. The antenna serves
as the building block for a probabilistic scheme of jet
evolution.

In the radiation process from any such antenna of
opening angle ⇥, the emitted gluon transverse wave-
length �?, which is related to its transverse momentum
by �? ⇠ 1/k?, needs to be compared to the transverse
separation of the pair at the time of formation of the
gluon, r? = ⇥ tf, with tf ⇠ k2

?/! and ! the gluon fre-
quency . If �? > r?, the gluon cannot resolve the two
components of the antenna which act coherently as a sin-
gle emitter; in the opposite case, when �? < r?, the
radiative spectrum is the superposition of independent
gluon emissions o↵ each of the antenna components. In
other words, radiation with �? > r? is only sensitive to
the total charge. This relation takes a particularly simple
form for the angular distribution of gluons, namely glu-
ons emitted at small angles ✓ < ⇥ resolve the individual
charges while those with ✓ > ⇥ behave as if emitted o↵
the total charge. This generic feature is responsible for

the angular ordering constraint [5].
The presence of a deconfined medium introduces a new

transverse length scale into the problem, which we sim-
ply denote by ⇤med, defining the transverse size of the
color correlations of the plasma as seen by a probe. The
response of a single, energetic parton immersed in this en-
vironment is the radiation of modes with k? . 1/⇤med,
giving rise to an energy depletion of the projectile. The
nature of this radiation has been extensively discussed
in the literature and is generically referred to as the
BDMPS-Z spectrum [6]. For more than one simultane-
ously propagating parton, this medium-induced compo-
nent will also be accompanied by a modification of the
color correlation structure among the di↵erent charges
[4], which we proceed to discuss.

Let us start by the simplest case of a single antenna
in a static and homogeneous medium of length L. The
maximal degree of decoherence, due to color randomiza-
tion, of the two constituents of the antenna is controlled
by [4]

�med ' 1 � e� 1
12 q̂Lr2? ⌘ 1 � e�(⇥/✓c)

2

. (1)

Here q̂ is the well known quenching parameter, character-
izing the degree of momentum broadening in the trans-
verse plane per unit length, and r? = ⇥L. Moreover,
1/⇤2

med ⌘ q̂L. Since the first jet splitting defines the
largest antenna in the jet, it is now simple to discuss the
two possible scenarios, depicted in Fig. 1, for a jet with
opening angle ⇥ = ⇥jet.

When ⇥jet ⌧ ✓c, the whole jet is not resolved by the
medium. Therefore, all its components act as a single
emitter. This gives rise to two central consequences.
Firstly, the fragmentation pattern of the jet is unmod-
ified compared to the vacuum. Secondly, the jet energy
is depleted coherently proportionally to the color charge
of the jet initiator (e.g., with color charge CR = CF in the
case of a quark jet). In other words, for a jet energy loss
�E, each parton reduces its energy by a constant factor
1��E/E. This is a manifestation of color transparency
for highly collimated jets.

For the case ⇥jet � ✓c, on the other hand, some parts
of the jet can be resolved by the medium depending on
the formation time of the di↵erent jet fragments. Nev-
ertheless, the partons within the jet may be reorganized
into a reduced e↵ective number of emitters which are sen-
sitive to medium e↵ects in the shower.
An estimate of the relevance of color coherence

for LHC conditions. As a proof-of-principle study,
we have analyzed the transverse structure of vacuum
jet showers in the kinematic range of the LHC. Using
PYTHIA 8.150 [7], we studied jet events at partonic level
in p+p collisions at 2.76 TeV identified via the anti-kt al-
gorithm, as implemented in FastJet 3.0.3 [8]. Since the
resolution power of the medium depends upon the ge-
ometry encountered by the jet, we have embedded these
events into an evolution model for the plasma. Each
event was assigned a production point in the transverse
plane according to the Ncoll distribution in the Glauber

Phys. Lett. B725 (2013) 357 

incoherent/resolved coherent/unresolved

Eincoherent
loss > Ecoherent

loss

• Larger jet energy loss is expected if 
medium can break color coherence 
of gluon emission 

• Reclustered large radius jet can be 
used to probe color coherence



Large radius jet reconstruction
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“Reclustered” 
large radius jet 

R = 1.0

No recovery of energy 
outside R = 0.2 jets 
compared to normal 
large radius jet

R = 0.2 Jet with pT > 35 GeV 
(w/ UE subtraction in Pb+Pb)

re-cluster with anti-kt R = 1.0



What are these jets
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ATLAS-CONF-2019-056
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• 2018 Pb+Pb collisions + 2017 pp collisions 
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Large radius splitting scale

21

R = 0.2 Jet with pT > 35 GeV 
(w/ UE subtraction in Pb+Pb)

re-cluster with anti-kt R = 1.0

re-cluster with kt algorithm and 
determine splitting scale

splitting scale of 
large radius jet

“Reclustered” 
large radius jet 

R = 1.0



Large radius splitting scale
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• Splitting scale parameter:
 

• Single subject jet (SSJ), 

d12 = min(p2
T,1, p2

T,2) ⋅ ΔR2
12

d12 = 0

kT clustering 
history 

21



Large radius splitting scale
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kT clustering 
history 
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Large radius jet RAA vs splitting scale
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• Jets are all suppressed with the same 
centrality ordering 

• SSJ shows significant less 
suppression wrt.  

• No obvious dependence on  for 
 

• Not able to isolate any color coherent 
emissions with splitting. 0.2 is still 
larger than the color correlation scale?

d12 > 0

d12
d12 > 0
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single sub-jet 
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Large radius jet RAA vs splitting scale
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Summary
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• HF flow in Pb+Pb: consistent with path-
length dependence of energy loss 

• HF flow in pp: charm is like light hadron 
while bottom has zero v2 

• High pT hadron flow in p+Pb: similar to 
Pb+Pb, no convincing interpretation 

• Reclustered large radius jet: significant less 
suppression for single sub-jet, no obvious 
color coherence with more splitting so far
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• Measurement of azimuthal anisotropy of muons from charm and bottom hadrons in 
Pb+Pb collisions at 5.02 TeV with the ATLAS detector, ATLAS-CONF-2019-053 

• Measurement of azimuthal anisotropy of muons from charm and bottom hadrons in 
𝑝𝑝 collisions at 13 TeV with the ATLAS detector, arXiv:1909.01650, accepted by 
PRL 

• Transverse momentum and process dependent azimuthal anisotropies in 8.16 TeV 
p+Pb collisions with the ATLAS detector, arXiv:1910.13978, Eur. Phys. J. C 80 
(2020) 73  

• Measurement of suppression of large-radius jets and its dependence on 
substructure in Pb+Pb at 5.02 TeV by ATLAS detector, ATLAS-CONF-2019-056

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-053
http://arxiv.org/abs/arXiv:1909.01650
http://arxiv.org/abs/arXiv:1910.13978
https://link.springer.com/article/10.1140/epjc/s10052-020-7624-4?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200202
https://link.springer.com/article/10.1140/epjc/s10052-020-7624-4?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200202
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-056/
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Heavy quarks flow
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Low pT HF: 

 

“elastic” collisions 
anisotropy increases with pT ↑

vHF < vmedium

Intermediate pT HF: 

 

collisions and gluon emission 
anisotropy decreases with pT ↓

vHF > vmedium

High pT HF: 

 

gluon emission 
anisotropy decreases with pT ↓

vHF ≫ vmedium

equilibrium, HF quark experiences 
largest anisotropy as medium itself

push dragvmedium

vHF



Centrality in Pb+Pb
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ATLAS detector
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For muon with pT = 5 GeV, 𝜂 = 0: 
• d0 resolution ~ 0.020 mm 
• ID pT resolution ~ 2% 
• MS pT resolution ~ 6%
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muon trigger chamber

Electromagnetic 
Calorimeter (ECal) 

Hadronic Calorimeter 
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Muon Spectrometer (MS) 

Inner Detector (ID)
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FCal FCal

𝜂

Solenoid: 2T

Toroids: 4T at 
superconductor



ATLAS muon system
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Trigger chambers 
RPCs  |η| < 1.05 (barrel) 
TGCs  1.05 < |η| < 2.4 (end-cap)

𝜂 = 2.4

𝜂 = 2.7

The ATLAS muon spectrometer
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toroid
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µ

0.4 T

η=2.7

µ

Air core toroid magnet (B̄=0.4 T) to minimize multiple scattering.

Three layers of precision tracking chambers (MDT, CSC) for precise
momentum measurment.

Fast trigger chambers (RPC, TGC) for muon trigger.

Large rapidity coverage: |⌘| < 2.7 (coverage of the inner detector: |⌘| < 2.5).

Outline Muons at the LHC Basics Muon identification Calibration/Alignment Trigger DQ 17
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RPC3
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ATLAS RPC acceptance ~ 80% overall



Correlations between c and b results

35

0.005− 0 0.005 0.01 0.015

,h)µ(2,2
cv

0.01−

0.005−

0

0.005

0.01
,h

)
µ(

2,
2

b v
ATLAS

-1=13 TeV, 150 pbs pp
<70trkN≤60
|<5ηΔ1.5<|

<6 GeVµ

T
4<p

<5 GeVh
T

0.5<p

<12χΔ
<42χΔ

0.005− 0 0.005 0.01 0.015

,h)µ(2,2
cv

0.01−

0.005−

0

0.005

0.01

,h
)

µ(
2,

2
b v

ATLAS
-1=13 TeV, 150 pbs pp

<80trkN≤70
|<5ηΔ1.5<|

<6 GeVµ

T
4<p

<5 GeVh
T

0.5<p

<12χΔ
<42χΔ

0.005− 0 0.005 0.01 0.015

,h)µ(2,2
cv

0.01−

0.005−

0

0.005

0.01

,h
)

µ(
2,

2
b v

ATLAS
-1=13 TeV, 150 pbs pp

<90trkN≤80
|<5ηΔ1.5<|

<6 GeVµ

T
4<p

<5 GeVh
T

0.5<p

<12χΔ
<42χΔ

0.005− 0 0.005 0.01 0.015

,h)µ(2,2
cv

0.01−

0.005−

0

0.005

0.01

,h
)

µ(
2,

2
b v

ATLAS
-1=13 TeV, 150 pbs pp

<100trkN≤90
|<5ηΔ1.5<|

<6 GeVµ

T
4<p

<5 GeVh
T

0.5<p

<12χΔ
<42χΔ

0.005− 0 0.005 0.01 0.015

,h)µ(2,2
cv

0.01−

0.005−

0

0.005

0.01

,h
)

µ(
2,

2
b v

ATLAS
-1=13 TeV, 150 pbs pp

<110trkN≤100
|<5ηΔ1.5<|

<6 GeVµ

T
4<p

<5 GeVh
T

0.5<p

<12χΔ
<42χΔ

0.005− 0 0.005 0.01 0.015

,h)µ(2,2
cv

0.01−

0.005−

0

0.005

0.01

,h
)

µ(
2,

2
b v

ATLAS
-1=13 TeV, 150 pbs pp

<120trkN≤110
|<5ηΔ1.5<|

<6 GeVµ

T
4<p

<5 GeVh
T

0.5<p

<12χΔ
<42χΔ

Due to the methodology of the b/c separation, the results are anti-correlated. 
Statistical correlation of the results are also provided by ATLAS for theorists to 
perform a simultaneous comparison to charm and bottom results

ATLAS-CONF-2019-053

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-053/


Inclusive HF muon v2 in Pb+Pb
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• 2015+2018 Pb+Pb data 
• vn extracted from event-plane method, 

corrected for resolution 
• Good agreement with Run1 ATLAS results

ATLAS DRAFT

� is the azimuthal angle of the muon. As di↵erent harmonic orders are orthogonal to each other, the Fourier141

decomposition of the angular distribution (introduced in Eq. (1)) at a given order n can be expressed as142

1
NµX

dNµX
d(n(� �  n))

= 1 + 2vraw
n cos

�
n(� �  n)

�
,

where the vraw
n are the raw flow coe�cients and the NµX are the extracted yields for the muons of interest.143

Three types of signal are considered in this measurement (X = charm, bottom, and inclusive heavy-flavour).144

The final vn coe�cients are obtained by correcting for the event-plane resolution: vn = vraw
n /Res{n n}. The145

leading sources of background contribution in the selected muon samples are muons from decay-in-flight146

and punch-through of ⇡ and K (⇡/K background) and muons from non-heavy-flavour components such as147

direct quarkonia, low-mass resonances, ⌧-leptons and W/Z decays (light/onia background). Other sources148

of background from hadronic showers and fake muons are found to be very small and are only considered149

in systematic uncertainties.150

Similarly to previous ATLAS publications [16, 17, 25], di↵erent sources of muons are separated using two151

variables. The first is the momentum imbalance, ⇢ = (pID � pMS)/pID, where pID is the muon momentum152

measured in the ID, and pMS is that measured in the MS corrected for the energy loss inside the calorimeter.153

Di↵erent shapes of the ⇢ distribution for the ⇡/K background and other muons enable the isolation of154

inclusive heavy-flavour muons. The analysis is repeated using the transverse momentum imbalance, as155

opposed to the total momentum imbalance ⇢, and no di↵erence is observed. The second variable is the156

transverse impact parameter, d0, relative to the event’s primary vertex. Charm and bottom muons have157

di↵erent d0 distributions due to the di↵erent decay lengths of charm and bottom hadrons.158

A two-step fit in ⇢ and d0 is performed in data, using ⇢ and d0 line-shape templates for di↵erent sources159

of muons obtained from simulation. First, the yields of inclusive heavy-flavour and ⇡/K-background160

muons are extracted from a fit to the ⇢ distribution. The relative yields of light/onia background muons161

and inclusive heavy-flavour muons are fixed to the fractions obtained from Pythia 8 simulations. Then,162

with the extracted ⇡/K background yields fixed, a fit to the d0 distribution is performed to determine the163

relative fraction of charm and bottom muons within the yield of inclusive heavy-flavour muons.164

The muon ID momentum resolution in Pythia 8 simulations overlaid with minimum-bias Pb+Pb events is165

found to be worse than the resolution in Pb+Pb data. Thus, the ⇢ templates are obtained from simulation166

without Pb+Pb event overlay. The single-muon ID and MS momentum responses in the Pythia 8 simulation167

are shifted and smeared in order to match those in Pb+Pb data. The single-muon momentum shift and168

smearing parameters are determined by comparing the invariant mass resolution of simulated J/ ! µ+µ�169

events in Pythia 8 with that from Pb+Pb data at di↵erent centralities. The charm and bottom muon ⇢170

templates are determined from hard QCD simulations, forcing either cc̄ or bb̄ production from pp collisions171

at
p

s = 13 TeV in Pythia 8 with parameter values as in the A14 tune [26] and using the NNPDF23LO172

parton distribution functions [27]. The ⇡/K background ⇢ templates are obtained from non-di↵ractive QCD173

process samples from pp collisions at
p

s = 13 TeV in Pythia 8, also with the A14 tune and NNPDF23LO174

parton distribution functions. The ⇢ templates for the light/onia background contribution are obtained from175

the direct J/ simulation in pp collisions at
p

s = 5.02 TeV. No di↵erence in the template shapes was176

observed between simulations at
p

s = 13 TeV and 5.02 TeV.177

As the d0 resolution is sensitive to the event primary vertex resolution, the d0 templates are all obtained178

from Pythia 8 simulations at
p

s = 5.02 TeV overlaid with minimum-bias Pb+Pb events to best match179

the primary vertex resolution. The distributions of d0 are shifted and smeared to remove the residual180
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HF muon vs. hadron in Pb+Pb
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DREENA-B
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Hadron to muon smearing in Pythia
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HF muon vs. HF hadron
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Where does heavy quark go?



HF muon flow in small systems
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In small systems (pp and p+Pb):  
2PC + Δ𝜂 gap + non-flow subtraction

vn,n factories and vn is extracted.

Assumptions of non-flow subtraction: 
• Universal jet-correlation shape  
• Non-zero flow for low multiplicity 

(difference wrt. CMS)

ATLAS-CONF-2017-006

vn is called “flow” coefficient in this talk just for simplicity. 
Hydrodynamic flow is not the only explanation of the results

Δ𝜂 gap will remove 
near-side non-flow

C(Δϕ) = FCperiph(Δϕ) + G{1 + 2∑ vn,n cos(nΔϕ)}

https://arxiv.org/abs/1909.01650

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-006/
https://arxiv.org/abs/1909.01650


HF muon flow extraction in pp
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• Intervals in momentum imbalance to allow variation on signal fraction 
• Intervals in impact parameter to allow variations on b-fraction

• Low pile-up pp collision data at 13 TeV collected in 2017 
• Correlation coefficients vn,n is additive, so a linear combination 

of different contributions:

https://arxiv.org/abs/1909.01650

https://arxiv.org/abs/1909.01650


Inclusive HF muon flow in pp
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• Results cover  and  
• Significant non-zero v2 for inclusive HF muon
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pp vs. p+Pb
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Closure test in Pythia8
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• Closure test in Generator-level and reconstruction-level Pythia events 
• No azimuthal anisotropy in Pythia as expected → no bias from selection/

non-flow subtraction
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What about p+Pb
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Template fit in p+Pb jet events
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Pair fraction vs. particle v2
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Hadron v3 in p+Pb
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Large radius jet RAA

52

ATLAS-CONF-2019-056

200 300 400 500
 [GeV]

T
p

0.5

1.0

AA
R  PreliminaryATLAS

, 5.02 TeV-1 257 pbpp, -1Pb+Pb 1.72 nb
0-10%
10-20%
20-40%
40-60%
60-80%

|<2.0    y|
 1.0 jetsR =Reclustered 

https://cds.cern.ch/record/2701506


Large R jet RAA
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