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Measurement of azimuthal anisotropy of muons
from charm and bottom hadrons in Pb+Pb

collisions at
√

sNN = 5.02 TeV with the ATLAS
detector

The ATLAS Collaboration

Azimuthal anisotropies of muons from charm and bottom hadron decays are measured in

Pb+Pb collisions at
√

sNN = 5.02 TeV. The data were collected with the ATLAS detector

at the Large Hadron Collider in 2015 and 2018 with integrated luminosities of 0.5 nb−1 and

1.4 nb−1, respectively. The kinematic selection for heavy-flavor muons requires transverse

momentum 4 < pT < 30 GeV and pseudorapidity |η| < 2.0. The dominant sources of muons

in this pT range are semi-leptonic decays of charm and bottom hadrons. These heavy-flavor

muons are separated from light-hadron decay muons and punch-through hadrons using the

momentum imbalance between the tracking and muon spectrometers. Azimuthal anisotropies,

quantified by flow coefficients, are measured via the event-plane method for inclusive heavy-

flavor muons as a function of the muon pT and in intervals of Pb+Pb collision centrality.

Heavy-flavor muons are separated into contributions from charm and bottom hadron decays

using the muon transverse impact parameter with respect to the event primary vertex. Non-

zero elliptic (v2) and triangular (v3) flow coefficients are extracted for charm and bottom

muons, with the charm muon coefficients larger than those for bottom muons for all Pb+Pb

collision centralities. The results indicate substantial modification to the charm and bottom

quark angular distributions through interactions in the quark-gluon plasma produced in these

Pb+Pb collisions, with smaller modifications for the bottom quarks as expected theoretically

due to their larger mass.
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1 Introduction

The paradigm for the time evolution of heavy-ion collisions at the Relativistic Heavy Ion Collider (RHIC)

and the Large Hadron Collider (LHC) involves the formation and hydrodynamic expansion of a region of

hot and dense quark–gluon plasma (QGP) with a small ratio of the shear viscosity to entropy density. In

this paradigm, the QGP is considered to be a nearly perfect fluid [1, 2]. Initial geometric inhomogeneities

of the QGP are translated into momentum anisotropies of the final-state hadrons via large pressure

gradients. Extensive measurements of light-hadron azimuthal anisotropies have been performed, in which

the single-particle azimuthal distributions are expressed in terms of a Fourier expansion:

dN
dφ
∝ 1 + 2

∞∑

n=1

vn cos(n(φ − Ψn)), (1)

where the event-plane angle, Ψn, specifies the orientation of the initial density profile in the transverse

plane [3], and Fourier coefficients, vn, quantify the magnitude of the modulation with respect to the

event-plane angle. The second- and third-order vn coefficients are referred to as elliptic (v2) and triangular

(v3) flow coefficients, respectively, with the term ‘flow’ invoking the hydrodynamic paradigm.

Heavy-flavour (charm and bottom) quarks have masses much larger than the temperature of the QGP

(mc,b > T ), with maximum temperatures at early times ranging between 300 and 500 MeV [4]. Thus,

thermal production of heavy quarks during the QGP phase is highly suppressed. Instead, heavy quarks are

typically produced at the earliest times via high-momentum-transfer collisions between incoming partons.

Once created, the heavy quarks persist throughout the dynamical time evolution of the QGP and thus act

as sensitive probes of the hot and dense medium.

Owing to their larger mass, radiative energy loss of heavy quarks in the QGP is suppressed relative to that

of light quarks [5]. However, it was still postulated that charm quarks interact strongly enough to flow with

the QGP [6]. Experimental data at RHIC and then at the LHC reveals that heavy-quark hadrons, as well as

their decay leptons, have transverse momentum (pT) distributions that are strongly modified by the QGP

relative to observations in pp collisions. These hadrons and leptons are also observed to have significant

azimuthal anisotropies, suggesting that they participate in the overall collective flow of the medium. For

reviews of heavy-flavour measurements in heavy-ion collisions, see Refs. [7, 8].

For pT � 4–6 GeV, it was proposed that heavy quarks can be described via a Langevin approach with drag

and diffusion terms [9]. Modified pT distributions and azimuthal anisotropies of D mesons have been used

to constrain heavy-quark transport coefficients [10, 11]. At higher momenta pT � 6 GeV, heavy-quark

energy loss is thought to dominate, with collisional and induced radiative processes both contributing

[12]. There are numerous theoretical predictions for the azimuthal anisotropies of bottom quarks, e.g. in

Refs. [13–15]; however, only limited experimental data are currently available.

The flow coefficients v2, v3, and v4 of inclusive heavy-flavour muon production, which includes both muons

from charm hadron decays (“charm muons”) and muons from bottom hadron decays (“bottom muons”),

have been measured by the ATLAS experiment [16] and ALICE experiment [17] in Pb+Pb collisions

at
√s

NN
= 2.76 TeV. The measurement indicates significant elliptic flow for heavy-flavour muons with

4 < pT < 10 GeV. Recently, the heavy-flavour muon v2 has also been measured in high-multiplicity

13 TeV proton–proton (pp) collisions [18]. Unlike the earlier Pb+Pb measurement, the pp measurement

examined charm muons and bottom muons separately, finding a non-zero v2 for charm muons while the v2
for bottom muons is consistent with zero within uncertainties.
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In the measurement presented in this paper, the procedure of the previous 2.76 TeV Pb+Pb analysis using

the event-plane method is followed [16], and is extended to extract separate flow coefficients for charm

and bottom muons. These measurements extends the previously published ones to the higher 5.02 TeV

Pb+Pb beam energy, using a larger event sample provided by the 2015 and 2018 combined data sets. The

larger data sample enables measurements over a larger momentum range 4 < pT < 30 GeV for inclusive

heavy-flavour muons. It also allows the separation of the inclusive heavy-flavour muons into charm and

bottom contributions. Results for charm and bottom muon elliptic v2 and triangular v3 flow coefficients are

presented as a function of muon pT for various ranges of overlap between the colliding nuclei, referred to

as “centrality”.

2 ATLAS detector

The ATLAS detector [19–21] at the LHC is a multipurpose particle detector with a forward–backward sym-

metric cylindrical geometry and a near 4π coverage in solid angle.1 It consists of an inner tracking detector

surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and

hadron calorimeters, and a muon spectrometer. The inner tracking detector (ID) covers the pseudorapidity

range |η| < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking (TRT)

detectors. The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region |η| < 3.2,

electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)

calorimeters, with an additional thin LAr presampler covering |η| < 1.8, to correct for energy loss in mater-

ial upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter,

segmented into three barrel structures within |η| < 1.7, and two copper/LAr hadronic endcap calorimeters.

The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules

(FCal) optimised for electromagnetic and hadronic measurements respectively. The muon spectrometer

(MS) comprises separate trigger and high-precision tracking chambers, covering |η| < 2.4 and |η| < 2.7

respectively, and measures the deflection of muons in a magnetic field generated by superconducting

air-core toroids. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector.

The minimum-bias trigger scintillators (MBTS) detect charged particles over 2.07 < |η| < 3.86 using

two hodoscopes of 12 counters positioned at z = ±3.6 m. The zero-degree calorimeters (ZDC) measure

neutral particles at pseudorapidities |η| ≥ 8.3 and consist of layers of alternating quartz rods and tungsten

plates. A two-level trigger system [22] is used to select events. The first-level trigger (L1) is implemented

in hardware and uses a subset of the detector information to reduce the accepted rate to below 100 kHz.

This is followed by a software-based high-level trigger (HLT) stage that reduces the accepted event rate to

1–4 kHz depending on the data-taking conditions during Pb+Pb collisions.

3 Event selection

Data used in this analysis were recorded with the ATLAS detector in 2015 and 2018 from Pb+Pb collisions

at
√s

NN
= 5.02 TeV with integrated luminosities of 0.5 nb−1 and 1.4 nb−1, respectively. Events were

selected online using a set of muon triggers that require a muon at the HLT stage with pT larger than 3,

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.

Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The pseudorapidity

is defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ΔR ≡ √(Δη)2 + (Δφ)2.
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4, 6, or 8 GeV [22]. The muon trigger selecting pT > 8 GeV sampled the full luminosity in both 2015

and 2018, while triggers with lower pT thresholds were prescaled to reduce the overall data rate. Thus the

higher-threshold triggers are utilised at a given muon pT to sample a larger fraction of the full luminosity.

The resulting sampled luminosities are 0.3 nb−1, 0.6 nb−1, and 1.9 nb−1 for muons with 4 < pT < 6 GeV,

6 < pT < 8 GeV and pT > 8 GeV, respectively. The selected events are further required to satisfy offline

minimum-bias Pb+Pb collision criteria to reject pile-up based on a combination of the total transverse

energy measured in the FCal, denoted by ΣEFCal
T

, and the ZDC energy.

The centrality of each Pb+Pb event is characterised by its ΣEFCal
T

. For the results shown here, the minimum-

bias ΣEFCal
T

distribution is divided into percentiles ordered from the most central (large ΣEFCal
T

, small

impact parameter) to the most peripheral (small ΣEFCal
T

, large impact parameter): 0–10%, 10–20%, 20–

30%, 30–40%, and 40–60%, where 0–100% corresponds to the total Pb+Pb inelastic cross section. A

Monte Carlo Glauber [23] calculation is used to characterise each centrality interval [24]. The above

centrality intervals have an average number of participating nucleons 〈Npart〉 = 358.8 ± 2.3, 264.1 ± 2.9,

189.2 ± 2.8, 131.4 ± 2.6, and 70.5 ± 2.2 respectively.

Muons with 4 < pT < 30 GeV and |η| < 2.0 reconstructed in both the ID and the MS are selected and

required to pass ‘medium’ selection requirements, detailed in Ref. [25], without any requirement on the

number of TRT hits, due to the high occupancy in heavy-ion running. Candidate muons are required to be

matched with a muon reconstructed by the event trigger. Each muon is assigned a weight given by the

inverse of the reconstruction and trigger efficiency for the specific muon kinematics.

The muon reconstruction and trigger efficiencies are determined using the J/ψ → μ+μ− tag-and-probe

method as detailed in Ref. [25]. The muon reconstruction efficiency is factorized as the product of

ID and MS reconstruction efficiencies. The ID reconstruction efficiency is obtained from Pb+Pb data

directly, while the MS reconstruction efficiency is obtained both from Pb+Pb data and by overlaying

Pb+Pb minimum-bias events on simulated J/ψ produced by Pythia 8 [26] with the CTEQ6L1 [27] parton

distribution functions, using the same tag-and-probe method. The events in overlay simulations are then

given weights such that the ΣEFCal
T

distribution matches the muon-triggered Pb+Pb data distribution. The

MS reconstruction efficiency obtained from simulation is used as the central value for MS reconstruction,

with additional data-to-MC scale factors applied to account for residual differences between data and

overlay simulation. The same J/ψ→ μ+μ− tag-and-probe method is used to determine the muon trigger

efficiency. The central value of the single-muon trigger efficiency correction is obtained from simulations

without overlaying Pb+Pb minimum-bias events. Additional correction factors of order 1–10% are obtained

from data and applied to the selection to correct for trigger detector performance differences between data

and simulation, as well as the centrality dependence of the muon trigger efficiency in Pb+Pb data.

4 Analysis procedure

The analysis follows the event-plane method for measuring flow coefficients as used in previous ATLAS

measurements [16, 24] and is briefly summarised here. Each Pb+Pb event has a geometric orientation of the

impact parameter vector, and the event can also have a tilt relative to that due to fluctuations in the geometry

of the resulting QGP. In any particular Pb+Pb collision, one can estimate the orientation, represented

by the FCal-determined nth-order event-plane angle Ψn. The azimuthal distribution of transverse energy

deposited in the forward and backward rapidity FCal is used to determine the event plane. A comparison of

event planes, as measured separately in the forward-rapidity FCal and the backward-rapidity FCal, enables

a determination of the event-plane resolution Res{nΨn} as detailed in Ref. [24]. In each Pb+Pb centrality
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interval and in each muon pT selection, the muons are divided into a finite number of intervals in φ −Ψn,

where φ is the azimuthal angle of the muon. As different harmonic orders are orthogonal to each other,

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

expressed as

1

NμX

dNμX
d(n(φ − Ψn))

= 1 + 2vraw
n cos

(
n(φ − Ψn)

)
,

where the vraw
n are the raw flow coefficients and the NμX are the extracted yields for the muons of interest.

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

The final vn coefficients are obtained by correcting for the event-plane resolution: vn = v
raw
n /Res{nΨn}. The

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

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

as direct quarkonia, low-mass resonances, τ-leptons and W/Z decays (labeled “light/onia background”).

Other sources of background from hadronic showers and fake muons are found to be very small and are

only considered in systematic uncertainties.

Similarly to previous ATLAS publications [16, 18, 28], different sources of muons are separated using two

variables. The first is the momentum imbalance, ρ = (pID − pMS)/pID, where pID is the muon momentum

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

Different shapes of the ρ distribution for the π/K background and other muons enable the isolation of

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

opposed to the total momentum imbalance ρ, and no difference is observed. The second variable is the

transverse impact parameter, d0, relative to the event’s primary vertex [29]. Charm and bottom muons have

different d0 distributions due to the different decay lengths of charm and bottom hadrons.

A two-step fit in ρ and d0 is performed in data, using ρ and d0 line-shape templates for different sources

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

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

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

are approximately 4% on average. Then, with the extracted π/K background yields fixed, a fit to the d0

distribution is performed to determine the relative fraction of charm and bottom muons within the yield of

inclusive heavy-flavour muons.

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

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

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

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

smearing parameters are determined by comparing the invariant mass resolution of simulated J/ψ→ μ+μ−
events in Pythia 8 with that from Pb+Pb data at different centralities. The charm and bottom muon ρ

templates are determined from multijet hard-scattering pp collision events at
√

s = 13 TeV filtered on the

presence of a generator-level muon in Pythia 8 with parameter values as in the A14 tune [30] and using

the NNPDF23LO parton distribution functions [31]. The π/K background ρ templates are obtained from

non-diffractive QCD simulations of pp collisions at
√

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

NNPDF23LO parton distribution functions. The ρ templates for the light/onia background contribution are

obtained from simulations of direct J/ψ in pp collisions at
√

s = 5.02 TeV. No differences in the template

shapes were observed between simulations at
√

s = 13 TeV and 5.02 TeV.
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As the d0 resolution is sensitive to the primary vertex position resolution, the d0 templates are all obtained

from Pythia 8 simulations at
√

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

imate the primary vertex resolution. The distributions of d0 are shifted and smeared to remove residual

differences between overlay simulations and Pb+Pb data. The d0 shift and smearing parameters are found

by comparing the distributions of high-quality prompt-tracks between Pb+Pb data and overlay simulations.

The charm and bottom muon d0 templates are obtained from multijet hard-scattering pp collision events at√
s = 13 TeV filtered on the presence of a generator-level muon, whereas the π/K background d0 templates

are from non-diffractive QCD simulations, and the templates for light/onia background are obtained from

direct J/ψ simulations. Additional reweighting is applied to the charm and bottom muon signal samples to

match the input charm and bottom hadron pT spectra to those measured in Pb+Pb collisions by ALICE [32]

and CMS [33].

Examples of selected fits in ρ and d0 based on simulation templates are shown in Figure 1 for two different

muon pT selections (6 < pT < 7 GeV and 12 < pT < 14 GeV). The fits are performed independently in

two intervals of muon η (|η| < 1 and 1 < |η| < 2) to minimize residual data/MC difference in the barrel and

endcap muon detectors separately, and then combined to obtain charm, bottom, and inclusive heavy-flavour

muon yields in different pT, centrality, and n|φ − Ψn| intervals.

The top row of Figure 2 shows the inclusive heavy-flavour muon yield as a function of 2|φ − Ψ2| (left) and

3|φ − Ψ3| (right), and the bottom row shows the charm and bottom muon yields as a function of 2|φ − Ψ2|
(left) and 3|φ − Ψ3| (right). The lines indicate the second (left) and third (right) extracted Fourier harmonics

from which the vraw
2

and vraw
3

coefficients are extracted.

5 Systematic uncertainties

Systematic uncertainties are presented for different categories covering each step of the analysis procedure:

1) muon efficiency; 2) ρ fit; 3) d0 fit; 4) light/onia background; 5) other background; 6) ρ–d0 correlation;

7) event-plane resolution; and 8) jet bias. Table 1 summarises the contributions from different sources of

systematic uncertainty to the final flow-coefficient results. Systematic uncertainties from all sources are

summed in quadrature to determine the total uncertainty.

The systematic uncertainties from the MS reconstruction efficiency and muon trigger efficiency corrections

are dominated by the uncertainty in determining the data-to-MC scale factor. The scale factor uncertainties

are evaluated following the procedure from previous ATLAS measurements [25] including variations in

the tag-and-probe efficiency extraction method, object-matching resolution, and purity of the sample. The

systematic uncertainty in the muon trigger efficiency also includes the determination of the centrality-

dependent correction factors. The uncertainty on the flow coefficients resulting from uncertainties in the

muon ID reconstruction efficiency is evaluated by comparing the results with and without the ID efficiency

correction, as the ID efficiency is approximately 99% for all centralities.

The systematic uncertainty of the ρ fit is due to the uncertainty in the shifts and smearing parameters for

single-muon momentum response in simulation, which is evaluated by comparing the nominal results

with those 1) without any shifts or smearing, 2) only applying shifts and smearing to the signal muons,

and 3) incorporating additional smearing of the background ρ distributions in simulation to match data

distributions in the background-enriched region (ρ > 0.2). The changes resulting from these variations are

combined in quadrature. The combined uncertainty from the ρ fit is 1%–10%, depending on muon pT for

charm and bottom muon results.

6



0.2− 0.1− 0 0.1 0.2 0.3 0.4
ρ

0

10

20

30

40

50

60

70

310×

W
ei

gh
te

d 
Ev

en
ts

 < 7 GeVμ
T

p6 < 
| < 1μη|

30-40%

ATLAS
 = 5.02 TeVNNsPb+Pb

-10.3 - 1.9 nb

Data
Inclusive HF Muon

/K Bkgπ
Light/Onia Bkg
MC Stat. Error

0.2− 0.1− 0 0.1 0.2 0.3 0.4
ρ

0

5

10

15

20

25
310×

W
ei

gh
te

d 
Ev

en
ts

 < 14 GeVμ
T

p12 < 
| < 2μη1 < |

0-10%

ATLAS
 = 5.02 TeVNNsPb+Pb

-10.3 - 1.9 nb

Data
Inclusive HF Muon

/K Bkgπ
Light/Onia Bkg
MC Stat. Error

0.4− 0.2− 0 0.2 0.4
 [mm]0d

10

210

310

410

510

610

710

W
ei

gh
te

d 
Ev

en
ts

ATLAS
 = 5.02 TeVNNsPb+Pb

-10.3 - 1.9 nb
 < 7 GeVμ

T
p6 < 

| < 1μη|
30-40%

Data
Bottom Muon
Charm Muon

/K Bkgπ
Light/Onia Bkg
MC Stat. Error

0.4− 0.2− 0 0.2 0.4
 [mm]0d

10

210

310

410

510

610

710

W
ei

gh
te

d 
Ev

en
ts

ATLAS
 = 5.02 TeVNNsPb+Pb

-10.3 - 1.9 nb
 < 14 GeVμ

T
p12 < 

| < 2μη1 < |
0-10%

Data
Bottom Muon
Charm Muon

/K Bkgπ
Light/Onia Bkg
MC Stat. Error

Figure 1: Example fits to ρ (top) and d0 (bottom) for muons with 6 < pT < 7 GeV and |η| < 1 in 30–40% centrality

Pb+Pb collisions (left) and 12 < pT < 14 GeV and 1 < |η| < 2 in 0–10% centrality Pb+Pb collisions (right). Muon

trigger and reconstruction efficiency corrections are applied to the data.

Table 1: Summary of the typical sizes of the absolute systematic uncertainties of all categories for the flow coefficient

results. The d0 related systematic uncertainties are not relevant for the heavy-flavour inclusive flow measurements as

the d0 fit is not utilised for these results. Systematic uncertainties from the event-plane resolution and jet bias are

negligible and not included in the final uncertainties, and therefore are not shown in the table.

Category Inclusive heavy-flavour muon v2 (v3) Charm muon v2 (v3) Bottom muon v2 (v3)

Muon efficiency < 0.0002 (0.0006) < 0.006 (0.001) < 0.001 (0.001)

ρ fit < 0.004 (0.006) < 0.009 (0.01) < 0.005 (0.003)

d0 fit N/A < 0.02 (0.03) < 0.01 (0.01)

Light/onia bkg < 0.004 (0.002) < 0.02 (0.01) < 0.008 (0.004)

Other bkg < 0.000001 (0.000001) < 0.002 (0.004) < 0.001 (0.0004)

ρ–d0 correlation N/A < 0.01 (0.004) < 0.007 (0.005)
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Figure 2: Examples of Fourier decomposition of inclusive heavy-flavour muon yields (top) and bottom/charm muon

yields (bottom) in Pb+Pb collisions at
√

s
NN
= 5.02 TeV as a function of 2|φ − Ψ2| (left) and 3|φ − Ψ3| (right) for two

selected intervals in muon pT and centrality. The inclusive heavy-flavour muon yields are obtained from ρ template

fits, while the bottom and charm muon yields are further separated using d0 fits. In all cases the error bars on data

indicate the statistical uncertainties obtained from the ρ or d0 fit. The lines indicate the extracted second (left) and

third (right) Fourier harmonics.

The uncertainty in the d0 template shift and smearing parameters is tested by comparing results when

determining the parameters using 2018 data (as in the nominal results) with results when using the 2015

Pb+Pb data to determine the parameters, which covers the slightly different detector alignment between the

two data sets. Sensitivity to the charm and bottom hadron pT spectra reweighting in simulation is covered

by a variation in which the pT spectra are reweighted to agree with those from Pythia 8 simulations without

any modification due to QGP. The variations in the results due to d0 template shift and smearing and pT

spectra reweighting are considered to be uncorrelated and are combined in quadrature, and the combined

systematic uncertainty is 1%–20%, depending on muon pT, for the charm and bottom muon results.

The magnitude of the light/onia contribution is held at a fixed fraction relative to the inclusive heavy-flavour

muon contribution, based on the Pythia 8 MC sample. The analysis is repeated to study this choice, first

ignoring the light/onia contribution and then fixing it to twice the fraction predicted by Pythia 8. As

is shown in Ref. [34], Pythia overestimates prompt quarkonium production at the LHC, and thus these

variations of the light/onia contribution are large enough to not underestimate the uncertainty. Each nominal
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result is assigned a systematic uncertainty equal to the larger of the changes from the two variations. For

the nominal results, light/onia muons are assumed to have the same v2 and v3 as the inclusive heavy-flavour

muons. The analysis is repeated with variations assuming light/onia muons have zero flow coefficients or

double the inclusive heavy-flavour muon flow coefficients. The larger of the resulting changes is assigned

as the systematic uncertainty.

The contributions of hadronic showers, punch-through hadrons and fake muons are ignored in the nominal

analysis. They were included in the analysis based on ρ and d0 templates from the Pythia 8 simulation

with a fixed relative fraction of a few percent also obtained from Pythia 8 simulation. The deviation from

the nominal result is found to be negligible for the inclusive heavy-flavour muon flow coefficients, and

approximately 8% at low pT (< 8 GeV) and less than 1% at high pT (> 12 GeV) for charm and bottom

muon flow coefficients.

All muons are assumed to have independent ρ and d0 distributions in the nominal results, which is only true

for signal muons. To test the sensitivity to this assumption, d0 fits in data are repeated with a requirement

of ρ < 0.1 on the sample, thus significantly reducing the background contribution. The difference between

results with and without the restriction on ρ is assigned as a systematic uncertainty to cover the systematic

effect of ignoring any correlation between ρ and d0 for background muons.

The systematic uncertainty associated with the event-plane angle resolution is evaluated by measuring

the event-plane resolution in two subregions of the FCal (3.2 < |η| < 4.0 and 4.0 < |η| < 4.8), following

a previous ATLAS flow analysis [24]. The systematic uncertainties are evaluated independently for Ψ2

and Ψ3. The maximum difference between these two variations and the nominal results is considered as a

systematic uncertainty. The uncertainty associated with the event-plane angle resolution is found to be

negligible compared to other systematic uncertainties, and thus is not included in the results.

The charm and bottom muons are often produced with a recoil jet. The orientation of Ψn could be biased

to align with the signal muon if the recoil jet reaches the FCal [16]. The magnitude of this bias in muon v2
and v3 is studied with Pythia generator-level muon flow in samples overlaid with Pb+Pb data. The bias is

found to be 0.3%–0.4% for v2 and v3, and it is larger in peripheral events than in more-central events. This

small bias is negligible and is not included as a systematic uncertainty.

6 Results

Figure 3 shows the inclusive heavy-flavour muon elliptic flow coefficient v2 as a function of pT in the

5.02 TeV Pb+Pb data. Each panel corresponds to a different Pb+Pb centrality interval. The v2 results

decrease steadily with pT over the entire pT range and in all centrality intervals. The overall magnitude

of v2 is smaller in the most central 0–10% selection, as expected since the corresponding smaller impact

parameter Pb+Pb collisions have smaller initial geometric ellipticity.

Figure 4 shows the inclusive heavy-flavour muon triangular flow coefficient v3 as a function of pT in the

5.02 TeV Pb+Pb data. Each panel corresponds to a different Pb+Pb centrality interval. The v3 results

decrease steadily with pT over the entire pT range in all centrality intervals within statistical and systematic

uncertainties. The overall magnitude of v3 is quite similar in all centrality intervals, as expected since

triangular deformations of the initial geometry are primarily the result of fluctuations and are generally

unrelated to any intrinsic geometry from the colliding nuclei [35].
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Figure 3: Inclusive heavy-flavour muon v2 as a function of pT in the combined 2015 and 2018 5.02 TeV Pb+Pb

data compared with the results in the 2.76 TeV Pb+Pb data [16]. Statistical uncertainties are shown as vertical lines

and systematic uncertainties as boxes for the 5.02 TeV results. For better visibility the statistical and systematic

uncertainties of the 2.76 TeV data are combined in quadrature and shown as vertical lines. Each panel represents a

different centrality interval.

Each panel of Figures 3 and 4 also presents previous ATLAS results from 2.76 TeV Pb+Pb data [16].

Compared to the earlier result, the present 5.02 TeV results significantly improve the statistical precision

of the measurements and extend the pT range. The 5.02 and 2.76 TeV Pb+Pb data inclusive heavy-flavour

muon v2 and v3 coefficients are consistent with each other within uncertainties. Indeed, according to

hydrodynamical models, no significant differences are expected between Pb+Pb collisions at the two

different energies [36]. Thus the observed consistency between 2.76 and 5.02 TeV data is in agreement

with expectations. The inclusive charged-particle flow coefficients are also observed to be nearly identical

at the two collision energies [24].
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Figure 4: Inclusive heavy-flavour muon v3 as a function of pT in the combined 2015 and 2018 5.02 TeV Pb+Pb

data compared with the results in the 2.76 TeV Pb+Pb data [16]. Statistical uncertainties are shown as vertical lines

and systematic uncertainties as boxes for the 5.02 TeV results. For better visibility the statistical and systematic

uncertainties of the 2.76 TeV data are combined in quadrature and shown as vertical lines. Each panel represents a

different centrality interval.

Figure 5 shows the separated charm and bottom muon v2 as a function of pT, with each panel presenting

a different Pb+Pb centrality interval. The charm and bottom flow coefficients are extracted only up to

pT = 20 GeV, since above that transverse momentum range the inclusive heavy-flavour v2 values are small

and the charm-to-bottom separation procedure becomes sensitive to fluctuations in data and yields unstable

results. The results indicate a non-zero v2 for both the charm and bottom muons, with substantially larger

elliptic flow coefficients for charm muons. The statistical and systematic uncertainties have a significant

contribution that is anti-correlated between the charm and bottom v2, i.e. an upward fluctuation in the

charm v2 in a particular pT bin will be correlated with a downward fluctuation in the bottom v2 in the same

bin and vice versa.
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Qualitatively, the charm and bottom v2 ordering matches theoretical expectations where the heavier bottom

quarks have a smaller modification to their initial momentum trajectories due to their larger mass. Light

quarks and heavy quarks can lose energy in traversing the QGP via induced gluon radiation [37]; however,

heavy quarks with momentum less than or approximately equal to the quark mass (p � m) radiate less than

light quarks due to a suppression of radiation at small angles relative to the quark direction, referred to as

the ‘dead-cone’ effect [5]. Thus the heavier bottom quarks at lower momentum are expected to lose less

energy in the QGP and thus have a smaller azimuthal anisotropy.

Figure 6 shows the separated charm and bottom muon v3 as a function of pT, with each panel presenting

a different Pb+Pb centrality interval. The charm muons show significant non-zero v3 values, which are

independent of centrality. The bottom muons have v3 values that are significantly below that of charm

muons at all pT and in all centrality intervals.

Figure 7 shows the results for v2 versus pT, from Figure 5, compared with theoretical calculations: dreena-

b from Ref. [14], and dab-mod from Refs. [13, 38] for charm and bottom decay muons in the Pb+Pb

0–10% (left) and 40–60% (right) centrality intervals. The dreena-b calculation includes radiative and

collisional energy loss of the heavy quarks traversing the QGP, the latter modelled via a 1 + 1D Bjorken

expansion [39]. The dreena-b theoretical uncertainties reflect the range of magnetic to electric screening

masses as constrained by non-perturbative calculations [39]. The predicted D meson v2 is higher than the

B meson v2, with the two converging at pT ≈ 25 GeV as expected when the pT is much larger than the

charm and bottom quark masses. Using Pythia 8 for decay kinematics, the charm muon and bottom muon

v2 results are calculated and shown. The predominant effect in going from the parent meson v2(pT) to the

daughter muon v2(pT) is a shift downward in pT. The predictions are in reasonable agreement with the

experimental data, although they overestimate the v2 at high pT of bottom muons in central events. The

dab-mod framework includes calculations with only Langevin drag and diffusion contributions. The curves

shown here are obtained with Trento geometric initial conditions [40], heavy-quark Langevin dynamics

with the Moore and Teaney parameterisation [9], and coupling values for charm (bottom) of D/2πT = 2.23

(2.79), where D is the spatial diffusion coefficient and T is the temperature. The decoupling temperature of

heavy quarks from the medium is T = 160 MeV and both coalescence and fragmentation are implemented

for hadronisation. The dab-mod predictions with only Langevin dynamics are roughly a factor of three

(two) lower for charm (bottom) muons compared with dreena-b. Additional energy loss contributions to

dab-mod, not included here, tend to increase the high pT anisotropies. At lower pT, the dreena-b v2 results

rise significantly. A key component of these calculations is the modelling of the QGP transverse expansion,

and thus it will be instructive in the future to compare the calculations with a common QGP model to test

whether the differences arise from the QGP modeling or the energy-loss implementation.
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Figure 5: Charm and bottom muon v2 as a function of pT in the combined 2015 and 2018 5.02 TeV Pb+Pb data.

Statistical uncertainties are shown as vertical lines and systematic uncertainties as boxes for charm and bottom

muons. The charm and bottom uncertainties are partially anti-correlated. Each panel presents a different centrality

interval.

13



ATLAS
 = 5.02 TeVNNsPb+Pb

-10.3 - 1.9 nb
 < 2μη

charm muon

bottom muon
4 5 6 7 8 910 20

 [GeV]
T

p

0.05−

0

0.05

0.1

0.15

3v

0-10%

4 5 6 7 8 910 20
 [GeV]

T
p

0.05−

0

0.05

0.1

0.15

3v

10-20%

4 5 6 7 8 910 20
 [GeV]

T
p

0.05−

0

0.05

0.1

0.15
3v

20-30%

4 5 6 7 8 910 20
 [GeV]

T
p

0.05−

0

0.05

0.1

0.15

3v

30-40%

4 5 6 7 8 910 20
 [GeV]

T
p

0.05−

0

0.05

0.1

0.15

3v

40-60%

Figure 6: Charm and bottom muon v3 as a function of pT in the combined 2015 and 2018 5.02 TeV Pb+Pb data.
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7 Conclusion

In summary, a measurement of elliptic and triangular flow coefficients for heavy-flavour decay muons in

Pb+Pb collisions at 5.02 TeV is presented, including a separation between charm and bottom contributions.

The measurement uses a combined 2015 and 2018 data set corresponding to a total integrated luminosity

of up to 1.9 nb−1 recorded by the ATLAS experiment at the LHC. The inclusive heavy-flavour muon v2
and v3 values measured in 4 < pT < 30 GeV are observed to decrease with pT for all centrality intervals.

The v2 and v3 values are consistent within uncertainties with previous Pb+Pb measurements at 2.76 TeV.

Further separating the inclusive heavy-flavour muons into charm and bottom muons reveals a significantly

larger v2 and v3 for charm muons than for bottom muons. The results indicate that while both the charm

and bottom quarks have their trajectories and momenta modified when traversing the QGP, the effect is

stronger for the charm quarks. Theoretical calculations have a similar qualitative trend with smaller flow

coefficients for muons from decays of the heavier bottom quarks. The results can significantly discriminate

between models of heavy-quark energy loss and constrain heavy-quark transport coefficients in the QGP.
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M. Javurkova103, F. Jeanneau144, L. Jeanty131, J. Jejelava158a, A. Jelinskas177, P. Jenni52,b, N. Jeong46,

S. Jézéquel5, H. Ji180, J. Jia154, H. Jiang79, Y. Jiang60a, Z. Jiang152, S. Jiggins52, F.A. Jimenez Morales38,

J. Jimenez Pena115, S. Jin15c, A. Jinaru27b, O. Jinnouchi164, H. Jivan33e, P. Johansson148, K.A. Johns7,

C.A. Johnson66, R.W.L. Jones90, S.D. Jones155, S. Jones7, T.J. Jones91, J. Jongmanns61a, P.M. Jorge139a,

J. Jovicevic36, X. Ju18, J.J. Junggeburth115, A. Juste Rozas14,x, A. Kaczmarska85, M. Kado73a,73b,

H. Kagan127, M. Kagan152, A. Kahn39, C. Kahra100, T. Kaji178, E. Kajomovitz159, C.W. Kalderon29,

A. Kaluza100, A. Kamenshchikov123, M. Kaneda162, N.J. Kang145, S. Kang79, Y. Kano117, J. Kanzaki82,

L.S. Kaplan180, D. Kar33e, K. Karava134, M.J. Kareem167b, I. Karkanias161, S.N. Karpov80,

Z.M. Karpova80, V. Kartvelishvili90, A.N. Karyukhin123, A. Kastanas45a,45b, C. Kato60d,60c, J. Katzy46,

K. Kawade149, K. Kawagoe88, T. Kawaguchi117, T. Kawamoto144, G. Kawamura53, E.F. Kay175,

V.F. Kazanin122b,122a, R. Keeler175, R. Kehoe42, J.S. Keller34, E. Kellermann97, D. Kelsey155,

J.J. Kempster21, J. Kendrick21, K.E. Kennedy39, O. Kepka140, S. Kersten181, B.P. Kerševan92,

S. Ketabchi Haghighat166, M. Khader172, F. Khalil-Zada13, M. Khandoga144, A. Khanov129,

A.G. Kharlamov122b,122a, T. Kharlamova122b,122a, E.E. Khoda174, A. Khodinov165, T.J. Khoo54,

E. Khramov80, J. Khubua158b, S. Kido83, M. Kiehn54, C.R. Kilby94, E. Kim164, Y.K. Kim37, N. Kimura95,

O.M. Kind19, B.T. King91,*, D. Kirchmeier48, J. Kirk143, A.E. Kiryunin115, T. Kishimoto162,

D.P. Kisliuk166, V. Kitali46, O. Kivernyk24, T. Klapdor-Kleingrothaus52, M. Klassen61a, C. Klein34,

M.H. Klein106, M. Klein91, U. Klein91, K. Kleinknecht100, P. Klimek121, A. Klimentov29, T. Klingl24,

T. Klioutchnikova36, F.F. Klitzner114, P. Kluit120, S. Kluth115, E. Kneringer77, E.B.F.G. Knoops102,

A. Knue52, D. Kobayashi88, T. Kobayashi162, M. Kobel48, M. Kocian152, T. Kodama162, P. Kodys142,

D.M. Koeck155, P.T. Koenig24, T. Koffas34, N.M. Köhler36, M. Kolb144, I. Koletsou5, T. Komarek130,

T. Kondo82, K. Köneke52, A.X.Y. Kong1, A.C. König119, T. Kono126, V. Konstantinides95,

N. Konstantinidis95, B. Konya97, R. Kopeliansky66, S. Koperny84a, K. Korcyl85, K. Kordas161,

G. Koren160, A. Korn95, I. Korolkov14, E.V. Korolkova148, N. Korotkova113, O. Kortner115, S. Kortner115,

V.V. Kostyukhin148,165, A. Kotsokechagia65, A. Kotwal49, A. Koulouris10,

A. Kourkoumeli-Charalampidi71a,71b, C. Kourkoumelis9, E. Kourlitis148, V. Kouskoura29,

A.B. Kowalewska85, R. Kowalewski175, W. Kozanecki101, A.S. Kozhin123, V.A. Kramarenko113,

G. Kramberger92, D. Krasnopevtsev60a, M.W. Krasny135, A. Krasznahorkay36, D. Krauss115,

J.A. Kremer84a, J. Kretzschmar91, P. Krieger166, F. Krieter114, A. Krishnan61b, K. Krizka18,

K. Kroeninger47, H. Kroha115, J. Kroll140, J. Kroll136, K.S. Krowpman107, U. Kruchonak80, H. Krüger24,

N. Krumnack79, M.C. Kruse49, J.A. Krzysiak85, T. Kubota105, O. Kuchinskaia165, S. Kuday4b,

J.T. Kuechler46, S. Kuehn36, A. Kugel61a, T. Kuhl46, V. Kukhtin80, R. Kukla102, Y. Kulchitsky108,af,

S. Kuleshov146b, Y.P. Kulinich172, M. Kuna58, T. Kunigo86, A. Kupco140, T. Kupfer47, O. Kuprash52,

H. Kurashige83, L.L. Kurchaninov167a, Y.A. Kurochkin108, A. Kurova112, M.G. Kurth15a,15d,

E.S. Kuwertz36, M. Kuze164, A.K. Kvam147, J. Kvita130, T. Kwan104, L. La Rotonda41b,41a,

F. La Ruffa41b,41a, C. Lacasta173, F. Lacava73a,73b, D.P.J. Lack101, H. Lacker19, D. Lacour135, E. Ladygin80,

R. Lafaye5, B. Laforge135, T. Lagouri146b, S. Lai53, I.K. Lakomiec84a, S. Lammers66, W. Lampl7,

C. Lampoudis161, E. Lançon29, U. Landgraf52, M.P.J. Landon93, M.C. Lanfermann54, V.S. Lang46,

J.C. Lange53, R.J. Langenberg103, A.J. Lankford170, F. Lanni29, K. Lantzsch24, A. Lanza71a,

A. Lapertosa55b,55a, S. Laplace135, J.F. Laporte144, T. Lari69a, F. Lasagni Manghi23b,23a, M. Lassnig36,

24



T.S. Lau63a, A. Laudrain65, A. Laurier34, M. Lavorgna70a,70b, S.D. Lawlor94, M. Lazzaroni69a,69b, B. Le101,

E. Le Guirriec102, A. Lebedev79, M. LeBlanc7, T. LeCompte6, F. Ledroit-Guillon58, A.C.A. Lee95,

C.A. Lee29, G.R. Lee17, L. Lee59, S.C. Lee157, S. Lee79, B. Lefebvre167a, H.P. Lefebvre94, M. Lefebvre175,

C. Leggett18, K. Lehmann151, N. Lehmann20, G. Lehmann Miotto36, W.A. Leight46, A. Leisos161,v,

M.A.L. Leite81d, C.E. Leitgeb114, R. Leitner142, D. Lellouch179,*, K.J.C. Leney42, T. Lenz24, R. Leone7,

S. Leone72a, C. Leonidopoulos50, A. Leopold135, C. Leroy110, R. Les166, C.G. Lester32, M. Levchenko137,

J. Levêque5, D. Levin106, L.J. Levinson179, D.J. Lewis21, B. Li15b, B. Li106, C-Q. Li60a, F. Li60c, H. Li60a,

H. Li60b, J. Li60c, K. Li147, L. Li60c, M. Li15a,15d, Q. Li15a,15d, Q.Y. Li60a, S. Li60d,60c, X. Li46, Y. Li46,

Z. Li60b, Z. Li104, Z. Liang15a, B. Liberti74a, A. Liblong166, K. Lie63c, S. Lim29, C.Y. Lin32, K. Lin107,

T.H. Lin100, R.A. Linck66, R.E. Lindley7, J.H. Lindon21, A.L. Lionti54, E. Lipeles136, A. Lipniacka17,

T.M. Liss172,am, A. Lister174, J.D. Little8, B. Liu79, B.L. Liu6, H.B. Liu29, H. Liu106, J.B. Liu60a,

J.K.K. Liu37, K. Liu60d, M. Liu60a, P. Liu15a, Y. Liu46, Y. Liu15a,15d, Y.L. Liu106, Y.W. Liu60a,

M. Livan71a,71b, A. Lleres58, J. Llorente Merino151, S.L. Lloyd93, C.Y. Lo63b, E.M. Lobodzinska46,

P. Loch7, S. Loffredo74a,74b, T. Lohse19, K. Lohwasser148, M. Lokajicek140, J.D. Long172, R.E. Long90,

L. Longo36, K.A. Looper127, I. Lopez Paz101, A. Lopez Solis148, J. Lorenz114, N. Lorenzo Martinez5,

A.M. Lory114, P.J. Lösel114, A. Lösle52, X. Lou46, X. Lou15a, A. Lounis65, J. Love6, P.A. Love90,

J.J. Lozano Bahilo173, M. Lu60a, Y.J. Lu64, H.J. Lubatti147, C. Luci73a,73b, A. Lucotte58, C. Luedtke52,

F. Luehring66, I. Luise135, L. Luminari73a, B. Lund-Jensen153, M.S. Lutz103, D. Lynn29, H. Lyons91,

R. Lysak140, E. Lytken97, F. Lyu15a, V. Lyubushkin80, T. Lyubushkina80, H. Ma29, L.L. Ma60b, Y. Ma95,

G. Maccarrone51, A. Macchiolo115, C.M. Macdonald148, J. Machado Miguens136, D. Madaffari173,

R. Madar38, W.F. Mader48, M. Madugoda Ralalage Don129, N. Madysa48, J. Maeda83, T. Maeno29,

M. Maerker48, V. Magerl52, N. Magini79, J. Magro67a,67c,r, D.J. Mahon39, C. Maidantchik81b, T. Maier114,

A. Maio139a,139b,139d, K. Maj84a, O. Majersky28a, S. Majewski131, Y. Makida82, N. Makovec65,

B. Malaescu135, Pa. Malecki85, V.P. Maleev137, F. Malek58, U. Mallik78, D. Malon6, C. Malone32,

S. Maltezos10, S. Malyukov80, J. Mamuzic173, G. Mancini51, I. Mandić92,
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