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Heavy quarks in heavy-ion collisions
• Production 

• by hard scattering at the early stage of collisions  
τbb ~ 0.02 < τcc ~ 0.07 < τQGP ~ 0.1-1 fm/c

• mQ >> ΛQCD: calculable with pQCD

• Traversing In QGP
• Collisional & radiative energy loss
• Drag and diffusion described by Langevin Dynamics

• Hadronization
• Coalescence
• Fragmentation

H

H• Decay into final-state particles
• hadronic, semileptonic, etc. μ±

H

c, b
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• Nuclear modification factor RAA
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ATLAS DRAFT

qq̄ T/Tc µ(Tc)/µ(T )
J/ 1.10 0.91

�c(1P) 0.74 *
 (2S ) 0.1-0.2 *
⌥(1S) 2.31 0.43
�b(1P) 1.13 0.88
⌥(2S) 1.10 0.91
�b(2P) 0.83 *
⌥(3S) 0.75 *

Table 2: The dissociation parameters of di↵erent quarkonium states, µ(T ) denotes the e↵ective screening mass in the
deconfined medium and Tc is the deconfinement temperature as obtained by color screening for for T > Tc[6] and
through decay into open charm or bottom for T < Tc [4].

Every event is characterized by the centrality of Pb+Pb collisions, which correspond to the overlap of107

colliding nuclei. The geometrical properties of the collisions are calculated using Glauber model [7].108

The changes in productions yields in Pb+Pb collisions with respect to the pp system are quantified by a109

nuclear modification factor RAA, which can be defined for each centrality bin as:110

RAA =
NAA

hTAAi ⇥ �pp
, (1)

where NAA is a number of observed per-event yield of bottomonium states, hTAAi is a mean of nuclear111

overlap function, and �pp is a bottomonium production cross section in proton-proton (pp) collisions112

at the same energy. If the RAA is unity, the production is the same as in pp, and if RAA < 1, there is a113

suppression of production.114

2 ATLAS Detector115

The ATLAS detector [8] at the LHC covers nearly the entire solid angle1 around the collision point. It116

consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic117

and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroidal118

magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged119

particle tracking in the range |⌘| < 2.5.120

The high-granularity silicon pixel detector covers the vertex region and typically provides three measure-121

ments per track, the first hit being normally in the innermost layer. It is followed by the silicon microstrip122

tracker which usually provides four two-dimensional measurement points per track. These silicon detectors123

are complemented by the transition radiation tracker, which enables radially extended track reconstruction124

up to |⌘| = 2.0. The transition radiation tracker also provides electron identification information based125

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, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.
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FIG. 4. (Color online) (a) The nuclear modification factor RAA for charm quarks for representative values of the diffusion coefficient.
(b) v2(pT ) for charm quarks for the same set of diffusion coefficients given in the legend in (a). In perturbation theory, D × (2πT ) ≈ 6 (0.5/αs)2.
The model for the drag and fluctuation coefficients is referred to as LO QCD in the text. The band estimates the light hadron elliptic flow for
impact parameter b = 6.5 fm using STAR data [2].

η = −20 . . . 20. Periodic boundary conditions are applied in
the η direction. The initial momentum distribution is drawn
from the following:

dN

dy dηd2pT

∝ δ(y − η)
1

!
p2

T + %2
"α , (46)

where α = 3.5 and % = 1.849 GeV. This parametrization
is a fit to leading order parton model calculations that
were performed with the marvelous CompHEP package [52].
Specifically, charm production at midrapidity was computed
for proton-proton collisions with

√
s = 200 GeV. The charm

mass was set to 1.4 GeV and the strong coupling constant was
evaluated at a scale 4m2

T = ŝ[1 − (−t + m2
c/ŝ)2]. Similarly

the CETQ4m parton distributions were evaluated at a scale
4m2

T . The resulting momentum distribution is comparable to
the results of Pythia calculations [53].

A few remarks about Lorentz invariance and numerical
implementation are necessary. Consider a heavy quark with
position and momentum four-vectors (x ′)µ and (p′)µ in a
medium with four-velocity uµ(x ′) in the computational frame.
Given an infinitesimal time interval &t ′, we can calculate
&x′ in the computational frame (i.e., &x′ = p′/E′&t ′). We
therefore know the four-vector (&x ′)µ and we can compute
(&x)µ in the rest frame of the medium. In particular, we know
the time interval in the rest frame &t . In the rest frame, we can
update the momentum using the Langevin rule. Now because
the quark is on mass shell, the four-momentum is known in
the rest frame and can be boosted back to the computational
frame. Generally there will be numerical artifacts that are
not Lorentz invariant of order

√
&t/L, where L is some

typical time/length scale of change in the computational frame.
Because of this dependence on &t , it is important to check
that Lorentz invariance is respected. Several test runs were
performed in different frames to verify that numerical artifacts
are under control at the 1.0% level when the γ factor u0 is
less than 15. The

√
&t error can presumably be avoided by

employing a higher order algorithm for stochastic differential

equations [54]. But, given the complexity of the intermediate
boosts, the lowest order algorithm was adopted.

In summary, we place heavy quarks with a reasonable
initial transverse momentum distribution in a hydrodynamic
simulation of heavy-ion collisions. Then the heavy quarks
are evolved according the Langevin update rule in the local
rest frame. We have simulated a solidly midcentral collision,
b = 6.5 fm.

There are at least two items of experimental interest in the
heavy-ion program. The first is the suppression factor RAA,
which experimentally is the ratio of the proton-proton D meson
spectrum to the Au-Au D meson spectrum. We estimate RAA

at midrapidity using our “input” and “output” charm quark
spectrum as follows:

RAA =
!

dN
dpT

"
output!

dN
dpT

"
input

.

The “input” spectrum has already been described. Given the
Langevin nature of the force, the spectrum never completely
stops changing. However, the drag and fluctuations are
proportional to powers of the temperature, and therefore their
influence decreases at late times, as the temperature drops. We
have found that the spectrum is nearly frozen after τ = 9 fm.
The “output” spectrum is really the spectrum at τ = 15 fm.
Integrating further would have only a negligible effect. A
large unknown in the comparison to D meson data is how
hadronization will affect the final spectrum. In the truly heavy
quark limit, hadronization would not affect the spectrum
significantly. However, the charm quark is not particularly
heavy, and therefore various models of hadronization will give
different answers. Coalescence and independent fragmentation
are two extreme models that have been studied recently
[19,20]. We will ignore the important effects of hadronization
in this work. Therefore, a direct comparison of our RAA to the
experimental RAA is certainly misguided. The RAA factor is
illustrated in Fig. 4(a). This figure is discussed below.
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• Nuclear modification factor RAA

• Azimuthal anisotropy (flow coefficients vn)
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ATLAS DRAFT

qq̄ T/Tc µ(Tc)/µ(T )
J/ 1.10 0.91

�c(1P) 0.74 *
 (2S ) 0.1-0.2 *
⌥(1S) 2.31 0.43
�b(1P) 1.13 0.88
⌥(2S) 1.10 0.91
�b(2P) 0.83 *
⌥(3S) 0.75 *

Table 2: The dissociation parameters of di↵erent quarkonium states, µ(T ) denotes the e↵ective screening mass in the
deconfined medium and Tc is the deconfinement temperature as obtained by color screening for for T > Tc[6] and
through decay into open charm or bottom for T < Tc [4].

Every event is characterized by the centrality of Pb+Pb collisions, which correspond to the overlap of107

colliding nuclei. The geometrical properties of the collisions are calculated using Glauber model [7].108

The changes in productions yields in Pb+Pb collisions with respect to the pp system are quantified by a109

nuclear modification factor RAA, which can be defined for each centrality bin as:110

RAA =
NAA

hTAAi ⇥ �pp
, (1)

where NAA is a number of observed per-event yield of bottomonium states, hTAAi is a mean of nuclear111

overlap function, and �pp is a bottomonium production cross section in proton-proton (pp) collisions112

at the same energy. If the RAA is unity, the production is the same as in pp, and if RAA < 1, there is a113

suppression of production.114

2 ATLAS Detector115

The ATLAS detector [8] at the LHC covers nearly the entire solid angle1 around the collision point. It116

consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic117

and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroidal118

magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged119

particle tracking in the range |⌘| < 2.5.120

The high-granularity silicon pixel detector covers the vertex region and typically provides three measure-121

ments per track, the first hit being normally in the innermost layer. It is followed by the silicon microstrip122

tracker which usually provides four two-dimensional measurement points per track. These silicon detectors123

are complemented by the transition radiation tracker, which enables radially extended track reconstruction124

up to |⌘| = 2.0. The transition radiation tracker also provides electron identification information based125

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, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.
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Per-event yields in AA

cross-section in pp

Nuclear overlap function

1 Introduction

With the advent of lead–lead collisions at the centre-of-mass energy of 5.02 TeV per nucleon–nucleon pair,
new opportunities open up for understanding the detailed properties of the hot dense plasma produced in
such collisions. A special advantage of studies with quarkonia as hard probes of the plasma properties
is that the comparison of prompt and non-prompt J/ mesons elucidates the di�erences between the
responses of the produced c-quark and b-quark systems. This is because the prompt J/ mesons are cc̄
systems produced soon after the collision whereas the non-prompt J/ mesons come from decays of b-
hadrons that are formed outside the medium [1]. Thus, the comparison of these two classes of J/ mesons
probes the flavour dependence of the mechanisms of the interactions of heavy quarks with the medium.
ATLAS measurements of the attenuation of both the prompt and non-prompt J/ meson yields indicate
very strong medium e�ects that are surprisingly similar in magnitude at this collision energy [2].

A complementary and powerful probe into the heavy-quark flavour dependence of interaction mechanisms
can be obtained by studying the azimuthal asymmetries of prompt and non-prompt quarkonia. Such
studies [3–5] are especially useful in the dimuon transverse momentum range 9 < pT < 30 GeV,
investigated in this paper, since this range represents the transition between the lower pT region, in which
recombination processes are believed to play an important role [6–8], and the higher pT region in which
other processes are expected to dominate, such as absorption due to colour-exchange interactions with
the medium [9–12]. The naive expectation in this range is that recombination processes will partially
couple the produced J/ to the hydrodynamic flow of the hot medium, resulting in an enhancement of the
observed azimuthal asymmetry at lower pT relative to higher pT [7, 11]. In this picture, a flavour-dependent
enhancement of the azimuthal asymmetry of J/ at low pT can be interpreted as a di�erence in the degree
of recombination between c- and b-quarks and it is expected that any flavour dependence will vanish at
higher values of pT, which are accessible by this measurement. A recent transport model study suggests a
sensitivity of charm quarks to hydrodynamic flow [13]. In this model, additionally, a strong suppression
of the prompt J/ yield in the final-state medium should lead to an azimuthal asymmetry even in the high
pT region [11].

In non-central collisions, the overlap region of the colliding ions has an elliptic shape. The particle yield
is influenced by this matter distribution, leading to the observation of an azimuthal anisotropy relative
to the reaction plane as observed for charged hadrons [14–18]. The azimuthal distribution of particles is
characterised by a Fourier expansion of the particle yield:

dN

d�
/ 1 +

1X

n=1

2vn cos[n(�� n)],

where � is the azimuthal angle of the particle relative to the detector frame of reference, and  n is the
n-th harmonic of the event-plane angle, which can be estimated using the event-plane method [19]. The
second-order coe�cient, v2, is referred to as elliptic flow and its magnitude quantifies the yield modulation
relative to the elliptical shape of the initial matter distribution.

Interestingly the observed azimuthal asymmetry for prompt J/ is the same in central collisions as in
non-central collisions [5], although for inclusive J/ some indication of the centrality dependence is
reported in the lower pT region at forward rapidities at 5.02 TeV [4] and at 2.76 TeV [3]. This is in
contradiction with the expected hydrodynamic behaviour, which is confirmed by the results for charged
hadrons where the anisotropies are more significant in semi-central collisions than in peripheral and
central collisions [14–18]. This intriguing observation may ultimately provide more insight into the

2

• RAA =1 and v2 =0 without any medium effects 
• RAA gets smaller and v2 gets larger as there are more interactions with medium

Figure 3

(left) An example of a PbPb collision at LHC with impact parameter b ⇡ 7 fm. Number of participants (solid) are counted
by nucleons that collide with any nucleon, whereas the number of binary collisions count all overlapping blue/red nucleon
pairs. Spectators (dashed) do not collide. (Fig. from (53).) (right) Rapidity distributions of charged hadrons, in the rest
frame of one of the nuclei, for AuAu collisions at 19.6 and 200 GeV (converted from pseudorapidity from (54) using a
simplified Jacobian) and for PbPb collisions at 5.02 TeV (55).

is the number of nucleons inside the left- and right-moving nuclei. We then call those
nucleons that do not encounter any nucleon from the other nucleus spectators (dashed
in Fig. 3). These nucleons continue traveling down the beam pipe, and the number of
spectators Nspec can hence in principle be measured directly, although in practice this is
usually hard. In the gedanken experiment, all other ‘wounded’ or participating nucleons
collide with at least one other nucleon and make up the number Npart (solid in Fig. 3,
by definition Nspec + Npart = AL + AR). It is unfortunate that Nspec is not measurable
in practice, since if it were then Npart could be determined directly. Lastly, if we imagine
the spheres as transparent we can also count the total number of encounters between left-
and right-moving nucleons, which we will call the number of binary collisions Ncoll. For
example, if one "nucleus" consists of 7 nucleons lined up in a row and it collides head-on
with a “nucleus” consisting of 4 nucleons in a row, Npart = 11, Ncoll = 28, Nspec = 0 and
the impact parameter b = 0. In a real central heavy ion collision a nucleon at the center of
one nucleus will on average hit about 12 nucleons from the other, but less if it is located at
the edge of the collision. So, Ncoll will then be much larger than Npart, and even more so
for the more central collisions.

Participant: Nucleon
that collides with at
least one other
nucleon.

Spectator: Nucleon
that does not collide
and hence keeps on
moving along the
beam direction.

Binary collisions:

Total number of
nucleon pairs that
collide, assuming
transparency of the
collision.

In a pA collision, the probability of the proton hitting another nucleon is given by the
ratio �pp/�pA of inelastic scattering cross-sections. This makes it possible to determine that
on average Ncoll = Npart � 1 = A�pp/�pA, which can be measured directly. Experimental
data on pA collisions with widely varying A and collision energies (going back to the 1970s
(56)) show that the number of particles produced in such collisions is proportional to Npart

to a good approximation. Although in AA collisions Npart and Ncoll cannot be determined

14 Busza, Rajagopal and van der Schee

Ψn
Δφ Anisotropic particle density

• Initial geometry 
• Hydrodynamic property 

Observables

vn = hcos[n(�� n)]i
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FIG. 4. (Color online) (a) The nuclear modification factor RAA for charm quarks for representative values of the diffusion coefficient.
(b) v2(pT ) for charm quarks for the same set of diffusion coefficients given in the legend in (a). In perturbation theory, D × (2πT ) ≈ 6 (0.5/αs)2.
The model for the drag and fluctuation coefficients is referred to as LO QCD in the text. The band estimates the light hadron elliptic flow for
impact parameter b = 6.5 fm using STAR data [2].

η = −20 . . . 20. Periodic boundary conditions are applied in
the η direction. The initial momentum distribution is drawn
from the following:

dN

dy dηd2pT

∝ δ(y − η)
1

!
p2

T + %2
"α , (46)

where α = 3.5 and % = 1.849 GeV. This parametrization
is a fit to leading order parton model calculations that
were performed with the marvelous CompHEP package [52].
Specifically, charm production at midrapidity was computed
for proton-proton collisions with

√
s = 200 GeV. The charm

mass was set to 1.4 GeV and the strong coupling constant was
evaluated at a scale 4m2

T = ŝ[1 − (−t + m2
c/ŝ)2]. Similarly

the CETQ4m parton distributions were evaluated at a scale
4m2

T . The resulting momentum distribution is comparable to
the results of Pythia calculations [53].

A few remarks about Lorentz invariance and numerical
implementation are necessary. Consider a heavy quark with
position and momentum four-vectors (x ′)µ and (p′)µ in a
medium with four-velocity uµ(x ′) in the computational frame.
Given an infinitesimal time interval &t ′, we can calculate
&x′ in the computational frame (i.e., &x′ = p′/E′&t ′). We
therefore know the four-vector (&x ′)µ and we can compute
(&x)µ in the rest frame of the medium. In particular, we know
the time interval in the rest frame &t . In the rest frame, we can
update the momentum using the Langevin rule. Now because
the quark is on mass shell, the four-momentum is known in
the rest frame and can be boosted back to the computational
frame. Generally there will be numerical artifacts that are
not Lorentz invariant of order

√
&t/L, where L is some

typical time/length scale of change in the computational frame.
Because of this dependence on &t , it is important to check
that Lorentz invariance is respected. Several test runs were
performed in different frames to verify that numerical artifacts
are under control at the 1.0% level when the γ factor u0 is
less than 15. The

√
&t error can presumably be avoided by

employing a higher order algorithm for stochastic differential

equations [54]. But, given the complexity of the intermediate
boosts, the lowest order algorithm was adopted.

In summary, we place heavy quarks with a reasonable
initial transverse momentum distribution in a hydrodynamic
simulation of heavy-ion collisions. Then the heavy quarks
are evolved according the Langevin update rule in the local
rest frame. We have simulated a solidly midcentral collision,
b = 6.5 fm.

There are at least two items of experimental interest in the
heavy-ion program. The first is the suppression factor RAA,
which experimentally is the ratio of the proton-proton D meson
spectrum to the Au-Au D meson spectrum. We estimate RAA

at midrapidity using our “input” and “output” charm quark
spectrum as follows:

RAA =
!

dN
dpT

"
output!

dN
dpT

"
input

.

The “input” spectrum has already been described. Given the
Langevin nature of the force, the spectrum never completely
stops changing. However, the drag and fluctuations are
proportional to powers of the temperature, and therefore their
influence decreases at late times, as the temperature drops. We
have found that the spectrum is nearly frozen after τ = 9 fm.
The “output” spectrum is really the spectrum at τ = 15 fm.
Integrating further would have only a negligible effect. A
large unknown in the comparison to D meson data is how
hadronization will affect the final spectrum. In the truly heavy
quark limit, hadronization would not affect the spectrum
significantly. However, the charm quark is not particularly
heavy, and therefore various models of hadronization will give
different answers. Coalescence and independent fragmentation
are two extreme models that have been studied recently
[19,20]. We will ignore the important effects of hadronization
in this work. Therefore, a direct comparison of our RAA to the
experimental RAA is certainly misguided. The RAA factor is
illustrated in Fig. 4(a). This figure is discussed below.
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FIG. 4. (Color online) (a) The nuclear modification factor RAA for charm quarks for representative values of the diffusion coefficient.
(b) v2(pT ) for charm quarks for the same set of diffusion coefficients given in the legend in (a). In perturbation theory, D × (2πT ) ≈ 6 (0.5/αs)2.
The model for the drag and fluctuation coefficients is referred to as LO QCD in the text. The band estimates the light hadron elliptic flow for
impact parameter b = 6.5 fm using STAR data [2].

η = −20 . . . 20. Periodic boundary conditions are applied in
the η direction. The initial momentum distribution is drawn
from the following:

dN

dy dηd2pT

∝ δ(y − η)
1

!
p2

T + %2
"α , (46)

where α = 3.5 and % = 1.849 GeV. This parametrization
is a fit to leading order parton model calculations that
were performed with the marvelous CompHEP package [52].
Specifically, charm production at midrapidity was computed
for proton-proton collisions with

√
s = 200 GeV. The charm

mass was set to 1.4 GeV and the strong coupling constant was
evaluated at a scale 4m2

T = ŝ[1 − (−t + m2
c/ŝ)2]. Similarly

the CETQ4m parton distributions were evaluated at a scale
4m2

T . The resulting momentum distribution is comparable to
the results of Pythia calculations [53].

A few remarks about Lorentz invariance and numerical
implementation are necessary. Consider a heavy quark with
position and momentum four-vectors (x ′)µ and (p′)µ in a
medium with four-velocity uµ(x ′) in the computational frame.
Given an infinitesimal time interval &t ′, we can calculate
&x′ in the computational frame (i.e., &x′ = p′/E′&t ′). We
therefore know the four-vector (&x ′)µ and we can compute
(&x)µ in the rest frame of the medium. In particular, we know
the time interval in the rest frame &t . In the rest frame, we can
update the momentum using the Langevin rule. Now because
the quark is on mass shell, the four-momentum is known in
the rest frame and can be boosted back to the computational
frame. Generally there will be numerical artifacts that are
not Lorentz invariant of order

√
&t/L, where L is some

typical time/length scale of change in the computational frame.
Because of this dependence on &t , it is important to check
that Lorentz invariance is respected. Several test runs were
performed in different frames to verify that numerical artifacts
are under control at the 1.0% level when the γ factor u0 is
less than 15. The

√
&t error can presumably be avoided by

employing a higher order algorithm for stochastic differential

equations [54]. But, given the complexity of the intermediate
boosts, the lowest order algorithm was adopted.

In summary, we place heavy quarks with a reasonable
initial transverse momentum distribution in a hydrodynamic
simulation of heavy-ion collisions. Then the heavy quarks
are evolved according the Langevin update rule in the local
rest frame. We have simulated a solidly midcentral collision,
b = 6.5 fm.

There are at least two items of experimental interest in the
heavy-ion program. The first is the suppression factor RAA,
which experimentally is the ratio of the proton-proton D meson
spectrum to the Au-Au D meson spectrum. We estimate RAA

at midrapidity using our “input” and “output” charm quark
spectrum as follows:

RAA =
!

dN
dpT

"
output!

dN
dpT

"
input

.

The “input” spectrum has already been described. Given the
Langevin nature of the force, the spectrum never completely
stops changing. However, the drag and fluctuations are
proportional to powers of the temperature, and therefore their
influence decreases at late times, as the temperature drops. We
have found that the spectrum is nearly frozen after τ = 9 fm.
The “output” spectrum is really the spectrum at τ = 15 fm.
Integrating further would have only a negligible effect. A
large unknown in the comparison to D meson data is how
hadronization will affect the final spectrum. In the truly heavy
quark limit, hadronization would not affect the spectrum
significantly. However, the charm quark is not particularly
heavy, and therefore various models of hadronization will give
different answers. Coalescence and independent fragmentation
are two extreme models that have been studied recently
[19,20]. We will ignore the important effects of hadronization
in this work. Therefore, a direct comparison of our RAA to the
experimental RAA is certainly misguided. The RAA factor is
illustrated in Fig. 4(a). This figure is discussed below.
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Muon Spectrometer (MS)
|η| < 2.7

Inner Detector  (ID)
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HF muons flow
in Pb+Pb at 5.02 TeV

Are heavy quarks too “heavy” 
to flow with medium?
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Figure 1: Example fits to ⇢ (top) and d0 (bottom) for muons with 6 < pT < 7 GeV and 0 < |⌘| < 1 in 30 � 40%
centrality Pb+Pb collisions (left) and 12 < pT < 14 GeV and 1 < |⌘| < 2 in 0 � 10% centrality Pb+Pb collisions
(right).

di↵erence between overlay simulations and Pb+Pb data. The d0 shift and smearing parameters are found by
comparing high-quality prompt track distributions between Pb+Pb data and overlay simulations. The charm
and bottom muon d0 templates are obtained from hard QCD Pythia8 simulations, the ⇡/K background d0
templates are from non-di↵ractive QCD Pythia8 simulations, and the templates for light/onia background
are obtained from the direct J/ Pythia8 simulations. Additional reweighting is applied to the charm and
bottom muon signal sample to match the input charm and bottom hadron pT spectra to those measured in
Pb+Pb collisions [29, 30].

Examples of selected fits in ⇢ and d0 based on simulation templates are shown in Figure 1 for two di↵erent
muon pT selections (6 < pT < 7 GeV and 12 < pT < 14 GeV). The fits are performed independently in
two intervals of muon ⌘ and then combined to obtain charm, bottom and inclusive heavy-flavor muon
yields in di↵erent pT, centrality and n|� �  n| intervals.

The top row of Figure 2 shows the inclusive heavy-flavor muon yield as a function of 2|� �  2| (left) and
3|� �  3| (right), and the bottom row shows the charm and bottom muon yields as a function of 2|� �  2|
(left) and 3|� �  3| (right). The lines indicate the second (left) and third (right) extracted Fourier harmonics
from which the vraw

2 and vraw
3 are extracted.
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Figure 1: Example fits to ⇢ (top) and d0 (bottom) for muons with 6 < pT < 7 GeV and 0 < |⌘| < 1 in 30 � 40%
centrality Pb+Pb collisions (left) and 12 < pT < 14 GeV and 1 < |⌘| < 2 in 0 � 10% centrality Pb+Pb collisions
(right).

di↵erence between overlay simulations and Pb+Pb data. The d0 shift and smearing parameters are found by
comparing high-quality prompt track distributions between Pb+Pb data and overlay simulations. The charm
and bottom muon d0 templates are obtained from hard QCD Pythia8 simulations, the ⇡/K background d0
templates are from non-di↵ractive QCD Pythia8 simulations, and the templates for light/onia background
are obtained from the direct J/ Pythia8 simulations. Additional reweighting is applied to the charm and
bottom muon signal sample to match the input charm and bottom hadron pT spectra to those measured in
Pb+Pb collisions [29, 30].

Examples of selected fits in ⇢ and d0 based on simulation templates are shown in Figure 1 for two di↵erent
muon pT selections (6 < pT < 7 GeV and 12 < pT < 14 GeV). The fits are performed independently in
two intervals of muon ⌘ and then combined to obtain charm, bottom and inclusive heavy-flavor muon
yields in di↵erent pT, centrality and n|� �  n| intervals.

The top row of Figure 2 shows the inclusive heavy-flavor muon yield as a function of 2|� �  2| (left) and
3|� �  3| (right), and the bottom row shows the charm and bottom muon yields as a function of 2|� �  2|
(left) and 3|� �  3| (right). The lines indicate the second (left) and third (right) extracted Fourier harmonics
from which the vraw

2 and vraw
3 are extracted.

6

• Momentum imbalance: Signal vs. background

• Transverse impact parameter: charm vs. bottom

Primary
vertex

d0

μB,D

ρ = [pID - (pMS + ΔpCALO)] / pID

Template fit to extract signals
ATLAS-CONF-2019-053
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Figure 2: Examples of Fourier decomposition to inclusive heavy-flavor muon yields (top) and bottom/charm muon
yields (bottom) in Pb+Pb collisions at psNN = 5.02 TeV as a function of 2|� �  2| (left) and 3|� �  3| (right) for two
selected analysis intervals in di↵erent muon pT and di↵erent centralities. The inclusive heavy-flavor muon yields are
obtained from ⇢ template fits, the error bars on data indicates the statistical uncertainties obtained from the ⇢ fit. The
error bars on data indicate only the statistical uncertainties obtained from the ⇢ and d0 fits. The lines indicate the
second (left) and third (right) extracted Fourier harmonics.

5 Systematic uncertainties

Systematic uncertainties are presented for di↵erent categories covering each step of the analysis procedure:
1) muon e�ciency; 2) ⇢ fit; 3) d0 fit; 4) light/onia background; 5) other background; 6) ⇢-d0 correlation; 7)
event plane resolution; 8) jet bias. Table 1 summarizes the contributions of di↵erent sources of systematic
uncertainties to the final flow coe�cient results. All sources of systematic uncertainty are summed in
quadrature to determine the total uncertainty.

The systematic uncertainty from the MS reconstruction e�ciency and muon trigger e�ciency 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 [23] including variations on
the tag-and-probe e�ciency extraction method, object matching resolution, and the purity of the sample.
The systematic uncertainty on the muon trigger e�ciency also includes the determination of the centrality

7

v2 v3

Fourier decomposition
ATLAS-CONF-2019-053
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of centrality. The bottom muons have a v3 at all pT and in all centrality intervals that is significant below
that of charm muons.
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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 di↵erent centrality
interval.

Figure 7 shows the ATLAS v2 results for charm and bottom decay muons in the Pb+Pb 0–10% (left) and
40–60% (right) centrality interval in comparison with theoretical calculations, dreena-b from Ref. [14],
and dab-mod from Ref. [13, 34]. The dreena-b calculation includes radiative and collisional energy loss of
the heavy quarks traversing the QGP, modeled via 1 + 1D Bjorken expansion [35]. 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 for decay kinematics, the charm muon and
bottom muon v2 results are calculated and shown. The predominant e↵ect in going from the parent meson
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• Non-zero v2 for both charm and 
bottom muons

•  charm v2 > bottom v2

Charm and bottom v2 
ATLAS-CONF-2019-053
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Figure 6: Charm and bottom muon v3 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 di↵erent centrality
interval.

v2(pT) to the daughter muon v2(pT) is a shift downward in pT. The predictions are in reasonable agreement
with the experimental data, though somewhat over-predicting the v2 at high pT of bottom in central events.
The dab-mod framework includes a Langevin drag and di↵usion component as well as energy loss. The
curves shown here are run with Trento initial geometry conditions [36], a heavy quark Langevin dynamics
with the Moore and Teaney parameterization [9], and coupling values for charm (bottom) of D/2⇡T =
2.23 (2.79). The heavy-quark-to-medium decoupling temperature is T = 160 MeV and both coalescence
and fragmentation are implemented for hadronization. The predictions are qualitatively similar to the
dreena-b results for pT > 10 GeV, but with v2 values roughly a factor of two lower for charm and bottom
muons. At lower pT, the dreena-b v2 results rise significantly. A key component of these calculations is
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• Non-zero charm v3

• bottom v3 ~ 0
• No clear centrality dependence

Charm and bottom v3 
ATLAS-CONF-2019-053
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• DREENA-B
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• DREENA-B
• Radiative + collisional energy loss, 1+1D expansion
• Describes charm and bottom v2

• DAB-MOD
• Langevin dynamics with Ds(2πT) = 2.23 and 2.79, no energy loss, 2+1D expansion
• Underestimates charm v2

arXiv:1906.10768

ATLAS-CONF-2019-053
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0-10 %

Radiative energy loss is playing an important role?

JHEP 02 (2018) 043

ATLAS-CONF-2019-053
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Figure 13: Charm muon v2 as a function of pT in the 5.02 TeV Pb+Pb data for 0-10% (left) and 30-40% (right)
centrality intervals. Statistical uncertainties are shown as vertical lines and systematic uncertainties as boxes. Also
shown are measurements of charm meson D0 v2 as a function of pT from the CMS Experiment [37] in 5.02 TeV
Pb+Pb data for 0-10% (left) and 30-50% (right) centrality intervals. Also shown are theoretical calculations
dreena-b [14] in the same centrality selections for D meson v2, as well as the corresponding v2 results for the decay
muons.
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Comparison with CMS D0

• Results agree with each other (N.B. a shift downward in pT for HF muons)
• Charm muons give a better precision compared to D mesons

ATLAS-CONF-2019-053

CMS: PRL 120 (2018) 202301

0-10 % 30-40 %
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HF muons RAA
in Pb+Pb at 2.76 TeV

Ok, heavy quarks interact with medium. 
What about their yields?
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M. AABOUD et al. PHYSICAL REVIEW C 98, 044905 (2018)
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√

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
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uncertainties in the data are indicated by error bars and gray shaded boxes, respectively. The systematic uncertainty of the ratio from FONLL
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calculations. All results are averaged over |η| < 1.

components of the background are separately increased by
a factor of 2 and then separately decreased by a factor of
2, as motivated by differences observed in the kaon to pion
yields between PYTHIA—which is used to generate the MC
templates—and data [74]. For each variation, the template
fitting is performed, and a new value for f sig is obtained. The
average of the unsigned differences between the varied and
nominal f sig values is taken as the systematic uncertainty in
the template fitting due to the background composition. This
is less than 0.5% over the pT range of the measurement for
both the Pb+Pb and pp data.

In order to account for possible inconsistencies between
the data and MC templates that may arise from the effect of
the trigger, or other factors that may not be properly accounted
for in the MC simulation, a separate systematic uncertainty
in the template-fitting method is estimated using a “cut-
and-correct” procedure applied to the !p/pID distributions.
In this procedure, the fraction of muons having !p/pID <
!p/pID|cut, f <, is measured in the data in each centrality
and pT interval. This fraction provides an estimate of the
signal muon fraction, but it must be corrected for true muons

having !p/pID > !p/pID|cut (inefficiency) and background
muons having !p/pID < !p/pID|cut (fakes). The corrections
are obtained from the MC signal and background !p/pID
distributions and are expressed in terms of the efficiencies,
εtrue and εbkg, for true and background muons, respectively, to
pass the p/pID < !p/pID|cut. In terms of these efficiencies,
f < is given by

f < = f sigεtrue + (1 −f sig)εbkg.

Inverting this equation, the signal fraction estimated using the
cut-and-correct procedure is

f sig =
f < − εbkg

εtrue − εbkg
.

If the MC exactly describes the signal and background
!p/pID distributions in the data, then the cut-and-correct
f sig values will be identical to the signal fractions obtained
from the template fitting. Differences from the template-
fit signal fractions quantify the impact of inaccuracies in
the MC templates and are taken as a systematic uncer-
tainty. The cut-and-correct f sig values were evaluated using

044905-10

• Inclusive cross section without separating charm and bottom muons
• pp cross-section agrees with the FONLL calculations using CTEQ6.6 PDFs
• Relative contributions of b quark increases monotonically with muon pT

pp cross-sections as a baseline
PRC 98 (2018) 044905

• Renormalisation and factorization 
scale (~35% at low pT)

• Heavy quark mass (~9% at low pT)
• PDF-related (< 8%)
• Value of αs (~1%)
• Fragmentation function (< 5%) 

FONLL uncertainties
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MEASUREMENT OF THE SUPPRESSION AND AZIMUTHAL … PHYSICAL REVIEW C 98, 044905 (2018)
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!p/pID|cut = 0.1. The obtained signal fractions were found
to be systematically higher than the results from the template
fits at both low and high pT and in both the pp and Pb+Pb
data. The relative difference is largest in the lowest pT interval
where it is ∼ 11% and 6% for the pp and Pb+Pb data, respec-
tively. It decreases with increasing pT , and for the highest
pT interval, is ∼ 6% and 3% for the pp and Pb+Pb data,
respectively.

The pp cross sections and Pb+Pb per-event yields are
not corrected for any bin migrations that result from the
muon momentum resolution. An evaluation of MC bin-by-bin
correction factors gives values that are typically within 1%
(2%) of unity for pp (Pb+Pb) data. These corrections are
sufficiently small that they are not applied to the data. How-
ever, the deviations from unity are included in the systematic
uncertainties of the cross sections and per-event yields.
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• Clear centrality dependence (RAA~ 0.35 at most central 0-10%)
• No pT dependence within uncertainties

• Suppression of charm and bottom is expected to be different 
• Contribution of charm and bottom to cross-sections changes with pT in pp

HF muons RAA vs. pT
PRC 98 (2018) 044905
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• Results are consistent with each other

Comparison with ALICE
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• D0 RAA (c quarks) is similar to hadrons RAA (light quarks) at pT > 5 GeV
• Heavy-flavor muons (c + b quarks) RAA is larger than hadrons RAA

• Implies less suppression for muons from bottoms

HF muons vs. D0 vs. hadrons
PRC 98 (2018) 044905
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• D0 RAA (c quarks) is similar to hadrons RAA (light quarks) at pT > 5 GeV
• Heavy-flavor muons (c + b quarks) RAA is larger than hadrons RAA

• Implies less suppression for muons from bottoms

HF muons vs. D0 vs. hadrons
PRC 98 (2018) 044905

• Note that decay muons pT is 
lower than hadrons pT
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FIG. 14. Comparison of the measured heavy-flavor muon RAA in Pb+Pb collisions with the values predicted from the TAMU transport
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uncertainties are correlated between the EP and SP v2 values,
and for clarity are not shown for the vSP

2 . These measurements
are consistent with previous v2 measurements of heavy-flavor
muons [21] and heavy-flavor electrons [81] from the ALICE
Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
trality and pT ranges.

Figure 11 shows the v2 obtained from the EP method
plotted as a function of centrality for different pT intervals.
For pT in the range 4–8 GeV, the centrality dependencies of
the heavy-flavor muon v2 are qualitatively similar in shape,
but considerably smaller in magnitude, to those for charged
hadrons of similar pT [50,52]. In this pT range, the v2 first
increases from central to midcentral events, reaches a maxi-
mum between 20% and 40% centrality, and then decreases.
Over the pT range of 8–12 GeV, some deviation from this
trend is observed, with the v2 increasing monotonically from
central to peripheral events. However, the associated sta-
tistical and systematic uncertainties are considerably larger.
This monotonically increasing centrality dependence of the
v2 at high pT is also seen in the inclusive charged hadron
v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.

Figure 12 shows the pT dependence of v3. At a given pT

and centrality, v3 is a factor of 2–3 smaller than the corre-
sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
a parametrized analytic function of the velocity of the heavy
quark and the local temperature. The initial pT distribution of

044905-17

• TAMU
• Describes many features of the data well

• DABMod
• Only reproduces pT > 12 GeV

Comparison to models
PRC 98 (2018) 044905

PLB 735 (2014) 445

PRC 96 (2017) 064903



Songkyo LeeHFH2020 �22

• TAMU 
• describes the suppression well but underestimate flow

• DABMod 
• matches flow results well but overestimate the suppression at low pT

• Event-by-event fluctuations are expected to increases v2
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heavy quarks is obtained from FONLL calculations. The un-
derlying QGP is modeled using (2+1)-dimensional relativistic
viscous hydrodynamics including event-by-event fluctuations
in the initial conditions and subsequent hydrodynamic expan-
sion. All the hydrodynamic parameters are tuned to describe
the experimental flow data at low pT . The heavy quarks
are evolved on top of the hydrodynamic underlying event
until they reach a decoupling temperature below which they
are hadronized via fragmentation. Any subsequent hadronic
rescattering is neglected. The DABMod model calculations
are available for RAA and v2–v4 for all the centrality intervals
over which the measurements are performed in this paper.
The TAMU calculations for RAA are available for the 0–10%,
20–40%, and 40–60% centrality intervals, and for v2 for the
20–40% and 40–60% centrality intervals only.

Figure 14 compares the measured heavy-flavor muon RAA

values with theoretical calculations from the TAMU and
DABMod models. Generally, the TAMU model describes
many features of the data well, especially the weak pT depen-
dence of RAA, while DABMod only reproduces the measured
RAA for pT > 12 GeV. The failure of the DABMod model
at low pT is understood to result from incomplete modeling
of heavy-flavor suppression for pT ! mb. The TAMU model

predicts a larger suppression in the 40–60% centrality interval
and a lower suppression in the 0–10% centrality interval than
what is measured. Thus, the range of the suppression seen
in the data is larger than in the TAMU model. As stated
above, the TAMU model does not implement event-by-event
fluctuations in the initial geometry, which are known to affect
the dynamical evolution of bulk medium [63,84]. This may be
one of the possible reasons for the smaller dynamical range of
RAA predicted by the model.

Figure 15 compares the measured heavy-flavor v2 values
with calculations from the TAMU and DABMod models.
The DABMod v2 values are systematically larger than the
TAMU values and closer to the measured v2. Unlike TAMU,
the DABMod calculations include event-by-event fluctuations
which are known to increase vn [63,84]. This could be a
possible reason for the systematically larger v2 values ob-
tained in the DABMod model. The DABMod calculations are
consistent with the measured values for pT > 6 GeV for all
centralities. However, for 4 < pT < 6 GeV and for the 10–
40% centrality range, the calculated values are significantly
smaller than the measured v2 values. The TAMU v2 values are
significantly smaller than the measured v2 over the 4 < pT <
10 GeV pT range. Figure 16 compares the measured v3 values
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uncertainties are correlated between the EP and SP v2 values,
and for clarity are not shown for the vSP

2 . These measurements
are consistent with previous v2 measurements of heavy-flavor
muons [21] and heavy-flavor electrons [81] from the ALICE
Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
trality and pT ranges.

Figure 11 shows the v2 obtained from the EP method
plotted as a function of centrality for different pT intervals.
For pT in the range 4–8 GeV, the centrality dependencies of
the heavy-flavor muon v2 are qualitatively similar in shape,
but considerably smaller in magnitude, to those for charged
hadrons of similar pT [50,52]. In this pT range, the v2 first
increases from central to midcentral events, reaches a maxi-
mum between 20% and 40% centrality, and then decreases.
Over the pT range of 8–12 GeV, some deviation from this
trend is observed, with the v2 increasing monotonically from
central to peripheral events. However, the associated sta-
tistical and systematic uncertainties are considerably larger.
This monotonically increasing centrality dependence of the
v2 at high pT is also seen in the inclusive charged hadron
v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.

Figure 12 shows the pT dependence of v3. At a given pT

and centrality, v3 is a factor of 2–3 smaller than the corre-
sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
a parametrized analytic function of the velocity of the heavy
quark and the local temperature. The initial pT distribution of
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heavy quarks is obtained from FONLL calculations. The un-
derlying QGP is modeled using (2+1)-dimensional relativistic
viscous hydrodynamics including event-by-event fluctuations
in the initial conditions and subsequent hydrodynamic expan-
sion. All the hydrodynamic parameters are tuned to describe
the experimental flow data at low pT . The heavy quarks
are evolved on top of the hydrodynamic underlying event
until they reach a decoupling temperature below which they
are hadronized via fragmentation. Any subsequent hadronic
rescattering is neglected. The DABMod model calculations
are available for RAA and v2–v4 for all the centrality intervals
over which the measurements are performed in this paper.
The TAMU calculations for RAA are available for the 0–10%,
20–40%, and 40–60% centrality intervals, and for v2 for the
20–40% and 40–60% centrality intervals only.

Figure 14 compares the measured heavy-flavor muon RAA

values with theoretical calculations from the TAMU and
DABMod models. Generally, the TAMU model describes
many features of the data well, especially the weak pT depen-
dence of RAA, while DABMod only reproduces the measured
RAA for pT > 12 GeV. The failure of the DABMod model
at low pT is understood to result from incomplete modeling
of heavy-flavor suppression for pT ! mb. The TAMU model

predicts a larger suppression in the 40–60% centrality interval
and a lower suppression in the 0–10% centrality interval than
what is measured. Thus, the range of the suppression seen
in the data is larger than in the TAMU model. As stated
above, the TAMU model does not implement event-by-event
fluctuations in the initial geometry, which are known to affect
the dynamical evolution of bulk medium [63,84]. This may be
one of the possible reasons for the smaller dynamical range of
RAA predicted by the model.

Figure 15 compares the measured heavy-flavor v2 values
with calculations from the TAMU and DABMod models.
The DABMod v2 values are systematically larger than the
TAMU values and closer to the measured v2. Unlike TAMU,
the DABMod calculations include event-by-event fluctuations
which are known to increase vn [63,84]. This could be a
possible reason for the systematically larger v2 values ob-
tained in the DABMod model. The DABMod calculations are
consistent with the measured values for pT > 6 GeV for all
centralities. However, for 4 < pT < 6 GeV and for the 10–
40% centrality range, the calculated values are significantly
smaller than the measured v2 values. The TAMU v2 values are
significantly smaller than the measured v2 over the 4 < pT <
10 GeV pT range. Figure 16 compares the measured v3 values
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uncertainties are correlated between the EP and SP v2 values,
and for clarity are not shown for the vSP

2 . These measurements
are consistent with previous v2 measurements of heavy-flavor
muons [21] and heavy-flavor electrons [81] from the ALICE
Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
trality and pT ranges.

Figure 11 shows the v2 obtained from the EP method
plotted as a function of centrality for different pT intervals.
For pT in the range 4–8 GeV, the centrality dependencies of
the heavy-flavor muon v2 are qualitatively similar in shape,
but considerably smaller in magnitude, to those for charged
hadrons of similar pT [50,52]. In this pT range, the v2 first
increases from central to midcentral events, reaches a maxi-
mum between 20% and 40% centrality, and then decreases.
Over the pT range of 8–12 GeV, some deviation from this
trend is observed, with the v2 increasing monotonically from
central to peripheral events. However, the associated sta-
tistical and systematic uncertainties are considerably larger.
This monotonically increasing centrality dependence of the
v2 at high pT is also seen in the inclusive charged hadron
v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.

Figure 12 shows the pT dependence of v3. At a given pT

and centrality, v3 is a factor of 2–3 smaller than the corre-
sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
a parametrized analytic function of the velocity of the heavy
quark and the local temperature. The initial pT distribution of
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2 . These measurements
are consistent with previous v2 measurements of heavy-flavor
muons [21] and heavy-flavor electrons [81] from the ALICE
Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
trality and pT ranges.

Figure 11 shows the v2 obtained from the EP method
plotted as a function of centrality for different pT intervals.
For pT in the range 4–8 GeV, the centrality dependencies of
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but considerably smaller in magnitude, to those for charged
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increases from central to midcentral events, reaches a maxi-
mum between 20% and 40% centrality, and then decreases.
Over the pT range of 8–12 GeV, some deviation from this
trend is observed, with the v2 increasing monotonically from
central to peripheral events. However, the associated sta-
tistical and systematic uncertainties are considerably larger.
This monotonically increasing centrality dependence of the
v2 at high pT is also seen in the inclusive charged hadron
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the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.

Figure 12 shows the pT dependence of v3. At a given pT

and centrality, v3 is a factor of 2–3 smaller than the corre-
sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
a parametrized analytic function of the velocity of the heavy
quark and the local temperature. The initial pT distribution of
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2 . These measurements
are consistent with previous v2 measurements of heavy-flavor
muons [21] and heavy-flavor electrons [81] from the ALICE
Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
trality and pT ranges.

Figure 11 shows the v2 obtained from the EP method
plotted as a function of centrality for different pT intervals.
For pT in the range 4–8 GeV, the centrality dependencies of
the heavy-flavor muon v2 are qualitatively similar in shape,
but considerably smaller in magnitude, to those for charged
hadrons of similar pT [50,52]. In this pT range, the v2 first
increases from central to midcentral events, reaches a maxi-
mum between 20% and 40% centrality, and then decreases.
Over the pT range of 8–12 GeV, some deviation from this
trend is observed, with the v2 increasing monotonically from
central to peripheral events. However, the associated sta-
tistical and systematic uncertainties are considerably larger.
This monotonically increasing centrality dependence of the
v2 at high pT is also seen in the inclusive charged hadron
v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.

Figure 12 shows the pT dependence of v3. At a given pT

and centrality, v3 is a factor of 2–3 smaller than the corre-
sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
a parametrized analytic function of the velocity of the heavy
quark and the local temperature. The initial pT distribution of
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Fig. 2 Dimuon invariant mass for events with 2.6 < mµµ < 4.2 GeV
(left) and dimuon pseudo-proper lifetime (right). The data, corrected for
acceptance times efficiency, are shown for the range 9 < pT < 40 GeV,

|y| < 2.0, and centrality 20–50% in Pb+Pb collisions. Superimposed
on the data are the projections of the fit results

from Drell–Yan muons and combinatorial background. The
same Gaussian resolution functions are used for the back-
ground and the signal. For the background parameteriza-
tions in the mass distribution, the three components: prompt,
single-sided non-prompt, and double-sided non-prompt were
modelled with exponentials functions.

Example fit projections are shown in Fig. 2. The important
quantities extracted from the fit are: the number of signal
J/ψ , the number of signal ψ(2S), the non-prompt fraction
of the J/ψ signal, and the non-prompt fraction of the ψ(2S)
signal. From these values and the correlation matrix of the
fit, all the measured observables and their uncertainties are
extracted.

4.3 Observables

The suppression of charmonium states is quantified by the
nuclear modification factor, which can be defined for a given
centrality class as:

RAA = NAA

⟨TAA⟩ × σpp
, (3)

where NAA is the per-event yield of charmonium states mea-
sured in A+A collisions, ⟨TAA⟩ is the mean nuclear thickness
function and σpp is the cross section for the production of
the corresponding charmonium states in pp collisions at the
same energy [25].

In order to quantify the production of ψ(2S) relative to
J/ψ a ratio of nuclear modification factors, ρ

ψ(2S)/J/ψ
PbPb =

Rψ(2S)
AA /RJ/ψ

AA , can be used. However, in this analysis the
numerator and denominator are not calculated directly from
Eq. (3), rather, it is advantageous to calculate it in the equiv-
alent form as:

ρ
ψ(2S)/J/ψ
PbPb = (Nψ(2S)/NJ/ψ )Pb+Pb/(Nψ(2S)/NJ/ψ )pp.

This formulation minimizes the systematic uncertainties due
to a substantial cancelling-out of the trigger and reconstruc-
tion efficiencies for the two quarkonium systems because
they are very similar in mass and they are measured in the
identical final-state channel.

Also measured is the non-prompt fraction fnp, which is
defined as the ratio of the number of non-prompt charmonia
to the number of inclusively produced charmonia,

f ψ(nS)
np =

N np,corr
ψ(nS)

N np,corr
ψ(nS) + N p,corr

ψ(nS)

,

where the non-prompt fraction can be determined for the
J/ψ and ψ(2S) simultaneously. This observable has the
advantage that acceptances and efficiencies are similar for
the numerator and denominator, and thus systematic uncer-
tainties are reduced in the ratio.

5 Systematic uncertainties

The main sources of systematic uncertainty in this mea-
surement are the assumptions in the fitting procedure, the
acceptance and efficiency calculations, and the pp lumi-
nosity and ⟨TAA⟩ determination. The acceptance, and hence
the corrected yields, depend on the spin-alignment state of
the ψ(nS). For prompt production, six alternative scenar-
ios have been considered, corresponding to extreme cases of
spin alignment, as explained in Ref. [44]. An envelope to
the acceptance has been obtained from the maximum devia-
tions from the assumption of unpolarized production. In the
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Fig. 3 The differential non-prompt production cross section times
dimuon branching fraction of J/ψ (left) and ψ(2S) (right) as a func-
tion of transverse momentum pT for three intervals of rapidity y in pp
collisions at 5.02 TeV. For each increasing rapidity slice, an additional
scaling factor of 10 is applied to the plotted points for visual clarity.
The horizontal position of each data point indicates the mean of the

weighted pT distribution. The horizontal bars represent the range of pT
for the bin, and the vertical error bars correspond to the combined statis-
tical and systematic uncertainties. The FONLL theory predictions (see
text) are also shown, and the error bands in the prediction correspond
to the combined factorisation scale, quark mass and parton distribution
functions uncertainties

the bin in the original map. In each pseudo-experiment, the
total weight is recalculated for each dimuon kinematic inter-
val of the analysis. A distribution of total weight is obtained
from repeating pseudo-experiments for 200 times, which is
sufficient to suppress the statistical fluctuation of the sample
used in each experiment. For each efficiency type, the RMS
of the total weight distributions is assigned as the systematic
uncertainty.

An additional uncertainty of 1% is applied to cover the
small muon reconstruction inefficiency in the inner detector
in p+Pb collisions. The dimuon trigger efficiency factori-
sation is tested in simulation, and a bias of at most 4% is
found in yield observables. The bias stems from the imper-
fect approximation of the correlation between trigger algo-
rithms at different levels in the dimuon trigger factorisation.
An additional correlated uncertainty of 4% is added to cover
this bias. This uncertainty is applied to quarkonium yields in
p+Pb collisions, but is assumed to cancel in ratios measured
in the same datasets.

Muon reconstruction and trigger efficiencies in pp collisions

For the ppmeasurements, the efficiency maps are determined
from MC simulation and corrected with measured data-to-
simulation scale factors as detailed in Ref. [44]. The sta-
tistical uncertainty associated with efficiency scale factor is

evaluated using random replicas of the efficiency maps as
for p+Pb and the different sources of uncertainty described
below are treated as correlated. The systematic uncertainty
in reconstruction efficiency is obtained by varying the signal
and background models in the fits used to extract the effi-
ciency in data, and taking the difference between the recon-
struction efficiency calculated using generator-level informa-
tion and the value obtained with the tag-and-probe method
in MC simulation. An additional 1% correlated uncertainty
is added to cover a systematic variation due to a small mis-
alignment in the ID. For the trigger efficiency, the following
variations of the analysis are studied and the effects are com-
bined in quadrature:
• variations of signal and background fit model used to

extract the data efficiency;
• variations of the matching criteria between a muon and

a trigger element;
• using dimuon correction terms determined at positive (or

negative) rapidity for whole rapidity range.

A test of the approximation of muon–muon correlation at
L1 in the pp dimuon trigger factorisation in MC simulation
results in a bias of at most 4%, which is the same size as the
factorisation bias of the p+Pb trigger but with totally differ-
ent origins. An additional 4% correlated uncertainty is added
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Fig. 7 The nuclear modification factor as a function of rapidity for the
prompt J/ψ (left) and non-prompt J/ψ (right) for 9 < pT < 40 GeV,
in 0–80% centrality bin (top) and in 0–10%, 20–40%, and 40–80% cen-
trality bins (bottom). The statistical uncertainty of each point is indicated

by a narrow error bar. The error box plotted with each point represents
the uncorrelated systematic uncertainty, while the shaded error box at
RAA=1 represents correlated scale uncertainties

striking signs that the hot dense medium has a strong influ-
ence on the particle production processes. The two classes of
meson production have essentially the same pattern which is
unexpected because the two cases are believed to have quite
different physical origins: the non-prompt production should
be dominated byb-quark processes that extend far outside the
deconfined medium, whereas the prompt production happens
predominantly within the medium.

6.3 ψ(2S) to J/ψ yield double ratio

The double ratio of ψ(2S) production to J/ψ meson pro-
duction, ρ

ψ(2S)/J/ψ
PbPb is shown in Fig. 9 for the centrality bins

of 0–10%, 10–20%, 20–50%, 50–60% and 60–80%. These
results represent a measurement complementary to an earlier
measurement of ψ(2S) to J/ψ yield ratios at the same centre-
of-mass energy made by the CMS Collaboration [58]. This
ratio, which compares the suppression of the two mesons,
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Fig. 5 The nuclear modification factor as a function of pT for the
prompt J/ψ (left) and non-prompt J/ψ (right) for |y| < 2, in 0–80%
centrality bin (top) and in 0–10%, 20–40%, and 40–80% centrality
bins (bottom). The statistical uncertainty of each point is indicated by

a narrow error bar. The error box plotted with each point represents
the uncorrelated systematic uncertainty, while the shaded error box at
RAA=1 represents correlated scale uncertainties

the width of the pT and y bin and the number of events,
Nevt, measured in minimum-bias data for each centrality
class, as defined in Eq. (1). The resulting per-event yields
and non-prompt fraction for J/ψ production are shown in
Figs. 3 and 4 respectively, as a function of transverse momen-
tum, for three centrality slices and rapidity range |y| < 2.
The vertical error bars in the J/ψ per-event yields shown
in Fig. 3 are the combined systematic and statistical uncer-
tainties. The non-prompt fraction appears to be essentially

centrality-independent and to have a slightly different slope
from that found in pp collisions [25].

6.2 Nuclear modification factor, RJ/ψ
AA

The influence of the hot dense medium on the production
of the J/ψ mesons is quantified by the nuclear modifica-
tion factor, given in Eq. (3), which compares production of
charmonium states in Pb+Pb collisions to the same process
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class, as defined in Eq. (1). The resulting per-event yields
and non-prompt fraction for J/ψ production are shown in
Figs. 3 and 4 respectively, as a function of transverse momen-
tum, for three centrality slices and rapidity range |y| < 2.
The vertical error bars in the J/ψ per-event yields shown
in Fig. 3 are the combined systematic and statistical uncer-
tainties. The non-prompt fraction appears to be essentially

centrality-independent and to have a slightly different slope
from that found in pp collisions [25].
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The influence of the hot dense medium on the production
of the J/ψ mesons is quantified by the nuclear modifica-
tion factor, given in Eq. (3), which compares production of
charmonium states in Pb+Pb collisions to the same process
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uncertainties are correlated between the EP and SP v2 values,
and for clarity are not shown for the vSP

2 . These measurements
are consistent with previous v2 measurements of heavy-flavor
muons [21] and heavy-flavor electrons [81] from the ALICE
Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
trality and pT ranges.

Figure 11 shows the v2 obtained from the EP method
plotted as a function of centrality for different pT intervals.
For pT in the range 4–8 GeV, the centrality dependencies of
the heavy-flavor muon v2 are qualitatively similar in shape,
but considerably smaller in magnitude, to those for charged
hadrons of similar pT [50,52]. In this pT range, the v2 first
increases from central to midcentral events, reaches a maxi-
mum between 20% and 40% centrality, and then decreases.
Over the pT range of 8–12 GeV, some deviation from this
trend is observed, with the v2 increasing monotonically from
central to peripheral events. However, the associated sta-
tistical and systematic uncertainties are considerably larger.
This monotonically increasing centrality dependence of the
v2 at high pT is also seen in the inclusive charged hadron
v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.

Figure 12 shows the pT dependence of v3. At a given pT

and centrality, v3 is a factor of 2–3 smaller than the corre-
sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
a parametrized analytic function of the velocity of the heavy
quark and the local temperature. The initial pT distribution of
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Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
trality and pT ranges.

Figure 11 shows the v2 obtained from the EP method
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the heavy-flavor muon v2 are qualitatively similar in shape,
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tistical and systematic uncertainties are considerably larger.
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v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.
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sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
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Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
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Figure 11 shows the v2 obtained from the EP method
plotted as a function of centrality for different pT intervals.
For pT in the range 4–8 GeV, the centrality dependencies of
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but considerably smaller in magnitude, to those for charged
hadrons of similar pT [50,52]. In this pT range, the v2 first
increases from central to midcentral events, reaches a maxi-
mum between 20% and 40% centrality, and then decreases.
Over the pT range of 8–12 GeV, some deviation from this
trend is observed, with the v2 increasing monotonically from
central to peripheral events. However, the associated sta-
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This monotonically increasing centrality dependence of the
v2 at high pT is also seen in the inclusive charged hadron
v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.

Figure 12 shows the pT dependence of v3. At a given pT
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sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
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Figure 5: Prompt (left) and non-prompt (right) J/ v2 as a function of rapidity for transverse momentum in the
range 9 < pT < 30 GeV and centrality 0–60%. The statistical and systematic uncertainties are shown using vertical
error bars and boxes respectively. The horizontal error bars represent the kinematic range of the measurement for
each bin.
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Figure 6: Prompt (left) and non-prompt (right) J/ v2 as a function of average number of nucleons participating
in the collision for transverse momentum in the range 9 < pT < 30 GeV and rapidity |y| < 2. The statistical and
systematic uncertainties are shown using vertical error bars and boxes respectively. The centrality interval associated
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• v2 extracted using event plane method
• Non-zero v2 observed in the kinematic range investigated
• No significant centrality or pT dependence 
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Figure 4: Prompt (left) and non-prompt (right) J/ v2 as a function of transverse momentum for the rapidity interval
|y| < 2 and centrality 0–60%. The statistical and systematic uncertainties are shown using vertical error bars and
boxes respectively. The horizontal error bars represent the kinematic range of the measurement for each bin.

close to 0.09 that decreases by nearly a factor of two over the whole studied kinematic range. The results
for non-prompt J/ indicate a non-zero value with limited statistical significance. These v2 values are
consistent with being independent of pT and compatible within uncertainties with the v2 values of prompt
J/ , particularly at the highest pT.

The rapidity dependence of v2 is shown in Figure 5 and the centrality dependence in Figure 6 for both
prompt and non-prompt J/ . Neither shows significant rapidity or centrality dependence. The prompt
J/ v2 is larger than the non-prompt, in agreement with the larger values observed in the pT dependence
integrated over rapidity and centrality. The measured value of v2 for prompt J/ stays approximately
the same in central collisions as in non-central collisions within uncertainties, in agreement with the
observation of Ref. [5]. This is similar to the case of non-prompt J/ where no evident centrality
dependence is observed within the uncertainties. This feature is in disagreement with the expected
hydrodynamic behaviour for charm quarks and may manifest a transition at medium pT regime where
there are thought to be di�erent e�ects influencing J/ production [6, 7, 9–11].

In Figure 7 the available results for inclusive J/ (pT < 12 GeV) from the ALICE experiment [4] and
prompt J/ (4 < pT < 30 GeV) from the CMS experiment [5] are compared with the results obtained
in this analysis for prompt J/ (9 < pT < 30 GeV) as a function of the J/ transverse momentum.
Despite di�erent rapidity selections, the magnitudes of the elliptic flow coe�cients are compatible with
each other. Two features can be observed: first, the hydrodynamic peak is around 7 GeV, a value that
is significantly higher than what is observed for charged particles [14–18] where the peak is around 3 to
4 GeV. This e�ect can be described qualitatively by thermalisation of charm quarks in the quark–gluon
plasma medium with J/ regeneration playing a dominant role in the flow formation [6, 7]. The second
feature is that v2 has a substantial magnitude at high pT. This can be connected with the suppression
of J/ production due to mechanisms involving interactions with the medium such as absorption and
melting [11] or energy loss [42, 43].
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Nonprompt J/ψ vs. bottom muons

of centrality. The bottom muons have a v3 at all pT and in all centrality intervals that is significant below
that of charm muons.
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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 di↵erent centrality
interval.

Figure 7 shows the ATLAS v2 results for charm and bottom decay muons in the Pb+Pb 0–10% (left) and
40–60% (right) centrality interval in comparison with theoretical calculations, dreena-b from Ref. [14],
and dab-mod from Ref. [13, 34]. The dreena-b calculation includes radiative and collisional energy loss of
the heavy quarks traversing the QGP, modeled via 1 + 1D Bjorken expansion [35]. 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 for decay kinematics, the charm muon and
bottom muon v2 results are calculated and shown. The predominant e↵ect in going from the parent meson
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Figure 4: Prompt (left) and non-prompt (right) J/ v2 as a function of transverse momentum for the rapidity interval
|y| < 2 and centrality 0–60%. The statistical and systematic uncertainties are shown using vertical error bars and
boxes respectively. The horizontal error bars represent the kinematic range of the measurement for each bin.

close to 0.09 that decreases by nearly a factor of two over the whole studied kinematic range. The results
for non-prompt J/ indicate a non-zero value with limited statistical significance. These v2 values are
consistent with being independent of pT and compatible within uncertainties with the v2 values of prompt
J/ , particularly at the highest pT.

The rapidity dependence of v2 is shown in Figure 5 and the centrality dependence in Figure 6 for both
prompt and non-prompt J/ . Neither shows significant rapidity or centrality dependence. The prompt
J/ v2 is larger than the non-prompt, in agreement with the larger values observed in the pT dependence
integrated over rapidity and centrality. The measured value of v2 for prompt J/ stays approximately
the same in central collisions as in non-central collisions within uncertainties, in agreement with the
observation of Ref. [5]. This is similar to the case of non-prompt J/ where no evident centrality
dependence is observed within the uncertainties. This feature is in disagreement with the expected
hydrodynamic behaviour for charm quarks and may manifest a transition at medium pT regime where
there are thought to be di�erent e�ects influencing J/ production [6, 7, 9–11].

In Figure 7 the available results for inclusive J/ (pT < 12 GeV) from the ALICE experiment [4] and
prompt J/ (4 < pT < 30 GeV) from the CMS experiment [5] are compared with the results obtained
in this analysis for prompt J/ (9 < pT < 30 GeV) as a function of the J/ transverse momentum.
Despite di�erent rapidity selections, the magnitudes of the elliptic flow coe�cients are compatible with
each other. Two features can be observed: first, the hydrodynamic peak is around 7 GeV, a value that
is significantly higher than what is observed for charged particles [14–18] where the peak is around 3 to
4 GeV. This e�ect can be described qualitatively by thermalisation of charm quarks in the quark–gluon
plasma medium with J/ regeneration playing a dominant role in the flow formation [6, 7]. The second
feature is that v2 has a substantial magnitude at high pT. This can be connected with the suppression
of J/ production due to mechanisms involving interactions with the medium such as absorption and
melting [11] or energy loss [42, 43].
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• Nonprompt J/ψ v2 are in good agreement with bottom muons v2 
in overlapping pT regions (9 < pT < 20 GeV)

10-20 %

0-60 %
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Cridge(��) = G

1 +

4X

n=2

2vn,n cos(n��)
�
,

has free parameters F and nth-order flow (anisotropy) coe�cients vn,n; the coe�cient G is fixed by requiring
that the integrals of Ctempl(��) and C(��) are equal. The template fits include harmonics 2–4 because the
contribution from higher-order coe�cients is negligible. Based on the assumption of flow factorization [28],
the flow coe�cients vn of muons are obtained as vµn(pµT) = vn,n(pµT, p

h
T)/vhn(ph

T), where vhn(ph
T) are the flow

coe�cients of charged hadrons previously measured by ATLAS using the same template fit method in
di↵erent analyses [17, 25].

The selected muon sample includes background muons from particles produced in hadronic showers
and from punch-through hadrons. Previous studies [29, 30] showed that the signal (heavy-flavor) and
background muons can be separated statistically using the fractional momentum imbalance, �p/pID =

(pID � pMS) /pID, where pID is the muon momentum measured in the ID, and pMS is that measured in
the MS corrected via simulation for the energy loss inside the calorimeter. The signal fraction f sig is
obtained by fitting the measured �p/pID distribution with signal and background template distributions
obtained from simulation. The signal muon sample includes remaining contributions from non-heavy-
flavor components such as quarkonia, low-mass resonances, and ⌧-leptons; these amount to ⇠ 2.5%, based
on Pythia8 simulation.
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Figure 1: Template fit to the muon–hadron correlation function, C(��), with pseudorapidity interval 1.5 < |�⌘| < 5
and track multiplicity 110  Nrec

ch < 120. Muons with transverse momentum 4 < pT < 6 GeV and charged particles
with 0.5 < pT < 5 GeV are used. Each panel shows the muon–hadron correlation function for muons of a di↵erent
signal fraction ( f sig). The solid red lines show the final function Ctempl(��), while the open points and dashed blue
lines show the scaled CLM(��) and vn,n components, each above a vertical pedestal for visibility.

Figure 1 shows muon–hadron correlation functions and template fits for muons with 4 < pT < 6 GeV and
charged hadrons with 0.5 < pT < 5 GeV from events with 110  Nrec

ch < 120; the Nrec
ch < 40 region is used

for LM events. The two panels represent di↵erent �p/pID regions, characterized by di↵erent f sig values,
as indicated in the plots. The amplitude of the v2,2 modulation changes with the signal fraction. The values
of v2,2 are determined from muon–hadron correlation functions generated using muons in three di↵erent
regions of �p/pID, and v2,2 as a function of f sig is extracted from a linear fit to the points. Then v2,2 from
heavy-flavor muon–hadron correlations vsig

2,2(pµT, p
h
T) is calculated by extrapolating to f sig = 1, based on

v2,2(pµT, p
h
T) = f sigvsig

2,2(pµT, p
h
T) + (1 � f sig)vbkg

2,2 (pµT, p
h
T),
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• v2 extracted using two-particle correlation method
• Template fit method to subtract non-flow components
• Charm vs. bottom muon separated same as PbPb using d0

reconstructed by the HLT. The trigger with the highest threshold for the number of tracks sampled the full
integrated luminosity of 150 pb�1. For each charged-hadron multiplicity range reported here, analyzed
events are taken exclusively from the trigger that sampled the largest integrated luminosity.

Charged-particle tracks and collision vertices are reconstructed in the ID using algorithms described in
Ref. [18]. Tracks with pT > 0.4 GeV and |⌘| < 2.5 satisfying the set of quality requirements [17] are
used in this analysis. Muons with 4 < pT < 7 GeV and |⌘| < 2.4 reconstructed in both the ID and the
MS are selected and required to pass ‘medium’ selection requirements described in Ref. [19]. Events are
required to have at least one but not more than four reconstructed vertices to reduce the contribution from
in-time pileup events containing multiple pp collisions per event. The number of reconstructed tracks with
pT > 0.4 GeV associated with the vertex containing the muon is denoted by Nrec

ch .

Simulated events were generated using Pythia8 [20] with the NNPDF23LO parton distribution function
set [21] and A14 [22] set of tuned parameters. Multijet hard-scattering events filtered on the presence of a
generator-level muon were passed through a Geant4 simulation [23, 24] of the detector and reconstructed
under the same conditions as the data.

This analysis follows two-particle correlation methods used in previous ATLAS measurements [17, 25] and
summarized here. Two-particle correlations are measured as a function of �� ⌘ �µ � �h and �⌘ ⌘ ⌘µ � ⌘h,
where particles µ and h are muons and charged hadrons, respectively. For each muon, correlation functions
S (�⌘,��) and B(�⌘,��) are formed [26]. The correlation function S (�⌘,��) uses charged hadrons from
the same event. The function B(�⌘,��) is constructed by selecting charged hadrons from di↵erent events
of similar Nrec

ch (|�Nrec
ch | < 10) and vertex position zvtx (|�zvtx| < 10 mm). Detector acceptance e↵ects

largely cancel out in the ratio S/B. Each muon–hadron pair is weighted by the inverse product of the trigger
and reconstruction e�ciencies for the muon and the reconstruction e�ciency for the charged hadron.

One-dimensional correlation functions C(��) are obtained by integrating S (�⌘,��) and B(�⌘,��) over
the pseudorapidity interval 1.5 < |�⌘| < 5:

C(��) =

R 5
1.5 d|�⌘|S (|�⌘|,��)
R 5

1.5 d|�⌘|B(|�⌘|,��)
⌘ S (��)

B(��)
,

and S (��) and B(��) are normalized such that the average value of C(��) is unity. Requiring a gap in
�⌘ that excludes |�⌘| < 1.5 reduces the contribution to the correlations from jet fragmentation. Previous
hadron–hadron correlation results used a larger gap, integrating over 2 < |�⌘| < 5 instead [17, 25]; however,
studies with the Pythia8 sample described above indicate that the jet-fragmentation correlation is narrower
for heavy-flavor quarks.

In order to separate the flow contribution from that due to back-to-back dijets and resonance decays,
together referred to as non-flow, a template fitting method developed for previous ATLAS analyses [17,
25] is used. This method assumes that the shape of non-flow correlations is independent of the particle
multiplicity in the events, an assumption which results in a good description of the correlation functions
in these measurements and is tested in simulation [27]. Hence the correlation function in low particle-
multiplicity (LM) events dominated by non-flow is used to estimate the non-flow contribution in high
multiplicity (HM) events. The resulting template fit function:

Ctempl(��) = F ·CLM(��) +Cridge(��),

where

3

Muon-hadron correlations

Low multiplicity events
(dominated by non-flow)

Cridge(��) = G

1 +

4X

n=2

2vn,n cos(n��)
�
,

has free parameters F and nth-order flow (anisotropy) coe�cients vn,n; the coe�cient G is fixed by requiring
that the integrals of Ctempl(��) and C(��) are equal. The template fits include harmonics 2–4 because the
contribution from higher-order coe�cients is negligible. Based on the assumption of flow factorization [28],
the flow coe�cients vn of muons are obtained as vµn(pµT) = vn,n(pµT, p

h
T)/vhn(ph

T), where vhn(ph
T) are the flow

coe�cients of charged hadrons previously measured by ATLAS using the same template fit method in
di↵erent analyses [17, 25].

The selected muon sample includes background muons from particles produced in hadronic showers
and from punch-through hadrons. Previous studies [29, 30] showed that the signal (heavy-flavor) and
background muons can be separated statistically using the fractional momentum imbalance, �p/pID =

(pID � pMS) /pID, where pID is the muon momentum measured in the ID, and pMS is that measured in
the MS corrected via simulation for the energy loss inside the calorimeter. The signal fraction f sig is
obtained by fitting the measured �p/pID distribution with signal and background template distributions
obtained from simulation. The signal muon sample includes remaining contributions from non-heavy-
flavor components such as quarkonia, low-mass resonances, and ⌧-leptons; these amount to ⇠ 2.5%, based
on Pythia8 simulation.
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Figure 1: Template fit to the muon–hadron correlation function, C(��), with pseudorapidity interval 1.5 < |�⌘| < 5
and track multiplicity 110  Nrec

ch < 120. Muons with transverse momentum 4 < pT < 6 GeV and charged particles
with 0.5 < pT < 5 GeV are used. Each panel shows the muon–hadron correlation function for muons of a di↵erent
signal fraction ( f sig). The solid red lines show the final function Ctempl(��), while the open points and dashed blue
lines show the scaled CLM(��) and vn,n components, each above a vertical pedestal for visibility.

Figure 1 shows muon–hadron correlation functions and template fits for muons with 4 < pT < 6 GeV and
charged hadrons with 0.5 < pT < 5 GeV from events with 110  Nrec

ch < 120; the Nrec
ch < 40 region is used

for LM events. The two panels represent di↵erent �p/pID regions, characterized by di↵erent f sig values,
as indicated in the plots. The amplitude of the v2,2 modulation changes with the signal fraction. The values
of v2,2 are determined from muon–hadron correlation functions generated using muons in three di↵erent
regions of �p/pID, and v2,2 as a function of f sig is extracted from a linear fit to the points. Then v2,2 from
heavy-flavor muon–hadron correlations vsig

2,2(pµT, p
h
T) is calculated by extrapolating to f sig = 1, based on

v2,2(pµT, p
h
T) = f sigvsig

2,2(pµT, p
h
T) + (1 � f sig)vbkg

2,2 (pµT, p
h
T),
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• Significant nonzero v2 for charm muons
• almost independent of multiplicity 
• Decreases with pT

• bottom muons v2  is consistent with zero!

Charm and bottom muons v2

0 20 40 60 80 100 120
rec
chN

0.05−

0

0.05

0.1

0.152v

ATLAS
-1=13 TeV, 150 pbs pp

<6 GeV
T

4<p
|<5ηΔ1.5<|

µ→c
µ→b

0 1 2 3 4 5 6 7 8
 [GeV]

T
p

0.05−

0

0.05

0.1

0.152v

ATLAS
-1=13 TeV, 150 pbs pp

<120rec
chN≤60

|<5ηΔ1.5<|
µ→c
µ→b

Figure 4: Elliptic anisotropy coe�cient v2 of muons from charm and bottom decays as a function of track multiplicity
Nrec

ch for muons with transverse momentum 4 < pT < 6 GeV (left) and as a function of pT for the 60  Nrec
ch < 120

multiplicity range (right). Data points are shifted by ±1 in Nrec
ch and ±0.125 GeV in pT for better visibility. The

vertical bars and shaded bands represent statistical and systematic uncertainties, respectively.

pT dependence. In contrast, the v2 of muons from charm decays is non-zero at lower pT but consistent
with zero at higher pT. It also shows no significant Nrec

ch dependence within the uncertainties.

In summary, a measurement of elliptic flow coe�cients for heavy-flavor decay muons in pp collisions at
13 TeV is presented, including a separation between charm and bottom contributions. The measurement
uses a dataset corresponding to an integrated luminosity of 150 pb�1 recorded by the ATLAS experiment
at the LHC. The inclusive heavy-flavor muon v2 values are not dependent on Nrec

ch in the range 60–120 and
show a clear decrease with pT from 4 to 7 GeV. The bottom-decay muons have v2 values consistent with
zero within statistical and systematic uncertainties, while the charm-decay muons have significant non-zero
v2 values. These results indicate that bottom quarks, unlike light and charm quarks, do not participate
in the collective behavior in high-multiplicity pp collisions. There are theoretical calculations within a
linearized Boltzmann-Langevin transport framework for Pb+Pb collisions at

p
sNN = 5.02 TeV predicting

larger v2 for D meson than v2 for B meson at pT < 10 GeV and similar v2 at pT > 10 GeV [32]. However,
no such calculations have been published for smaller systems including high-multiplicity pp events. The
results will provide fundamental new input to the theoretical models in development which attempt to
describe heavy-quark transport and energy loss in these smallest collision systems.

We thank CERN for the very successful operation of the LHC, as well as the support sta↵ from our
institutions without whom ATLAS could not be operated e�ciently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW
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Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey;
STFC, United Kingdom; DOE and NSF, United States of America. In addition, individual groups and
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ch for muons with transverse momentum 4 < pT < 6 GeV (left) and as a function of pT for the 60  Nrec
ch < 120

multiplicity range (right). Data points are shifted by ±1 in Nrec
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pT dependence. In contrast, the v2 of muons from charm decays is non-zero at lower pT but consistent
with zero at higher pT. It also shows no significant Nrec

ch dependence within the uncertainties.

In summary, a measurement of elliptic flow coe�cients for heavy-flavor decay muons in pp collisions at
13 TeV is presented, including a separation between charm and bottom contributions. The measurement
uses a dataset corresponding to an integrated luminosity of 150 pb�1 recorded by the ATLAS experiment
at the LHC. The inclusive heavy-flavor muon v2 values are not dependent on Nrec

ch in the range 60–120 and
show a clear decrease with pT from 4 to 7 GeV. The bottom-decay muons have v2 values consistent with
zero within statistical and systematic uncertainties, while the charm-decay muons have significant non-zero
v2 values. These results indicate that bottom quarks, unlike light and charm quarks, do not participate
in the collective behavior in high-multiplicity pp collisions. There are theoretical calculations within a
linearized Boltzmann-Langevin transport framework for Pb+Pb collisions at

p
sNN = 5.02 TeV predicting

larger v2 for D meson than v2 for B meson at pT < 10 GeV and similar v2 at pT > 10 GeV [32]. However,
no such calculations have been published for smaller systems including high-multiplicity pp events. The
results will provide fundamental new input to the theoretical models in development which attempt to
describe heavy-quark transport and energy loss in these smallest collision systems.
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institutions without whom ATLAS could not be operated e�ciently.
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Charm vs. bottom vs. light quarks
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• Charm v2 is comparable to light quarks v2 while bottom v2 is zero
• Small QGP droplet in pp? 
• Why charm and bottom quarks behave differently?
• No model/theory comparison available
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• Full Run2 pp collision data allows to reach pT up to 360 GeV
• FONLL calculations exceed experimental data at high pT
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Figure 7: The non-prompt di�erential cross-section overlaid with FONLL [27] predictions are shown for (a) J/ 
mesons, and (b)  (2S) mesons, where the horizontal position of each point represents the mean of the weighted
pT distribution for that bin. The data are shown after all relevant corrections are applied, including corrections
for acceptance under an isotropic assumption. The ratios of the FONLL prediction to the measured di�erential
cross-sections are shown for non-prompt (c) J/ and (d)  (2S) mesons. The green shaded bands represent the range
of theoretical uncertainty associated to the variations of the scales. The symbols for the data are centred at unity and
the vertical error bars represent the relative uncertainties of the data.
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Figure 7: The non-prompt di�erential cross-section overlaid with FONLL [27] predictions are shown for (a) J/ 
mesons, and (b)  (2S) mesons, where the horizontal position of each point represents the mean of the weighted
pT distribution for that bin. The data are shown after all relevant corrections are applied, including corrections
for acceptance under an isotropic assumption. The ratios of the FONLL prediction to the measured di�erential
cross-sections are shown for non-prompt (c) J/ and (d)  (2S) mesons. The green shaded bands represent the range
of theoretical uncertainty associated to the variations of the scales. The symbols for the data are centred at unity and
the vertical error bars represent the relative uncertainties of the data.
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• Both charm and bottom quarks 
flow in Pb+Pb 

• HF muons yields are suppressed 
in Pb+Pb compared to pp

• Results of Nonprompt J/ψ coming 
from b hadrons are consistent 
with those of HF muons

• Charm flows similar to light quarks 
but bottom does not in pp
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uncertainties are correlated between the EP and SP v2 values,
and for clarity are not shown for the vSP

2 . These measurements
are consistent with previous v2 measurements of heavy-flavor
muons [21] and heavy-flavor electrons [81] from the ALICE
Collaboration, but have significantly smaller statistical and
systematic uncertainties, and are performed over wider cen-
trality and pT ranges.

Figure 11 shows the v2 obtained from the EP method
plotted as a function of centrality for different pT intervals.
For pT in the range 4–8 GeV, the centrality dependencies of
the heavy-flavor muon v2 are qualitatively similar in shape,
but considerably smaller in magnitude, to those for charged
hadrons of similar pT [50,52]. In this pT range, the v2 first
increases from central to midcentral events, reaches a maxi-
mum between 20% and 40% centrality, and then decreases.
Over the pT range of 8–12 GeV, some deviation from this
trend is observed, with the v2 increasing monotonically from
central to peripheral events. However, the associated sta-
tistical and systematic uncertainties are considerably larger.
This monotonically increasing centrality dependence of the
v2 at high pT is also seen in the inclusive charged hadron
v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
clear centrality dependence of v2.

Figure 12 shows the pT dependence of v3. At a given pT

and centrality, v3 is a factor of 2–3 smaller than the corre-
sponding v2. As with v2, v3 also decreases with increasing
pT over the 4–8-GeV pT range. At higher pT , the statistical
uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
a parametrized analytic function of the velocity of the heavy
quark and the local temperature. The initial pT distribution of
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v2 [50,52]. For the highest pT interval of 12 < pT < 14 GeV,
the statistical and systematic errors are too large to identify a
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uncertainties are too large to observe clear pT -dependent
trends. The parameter v3 shows a much weaker variation with
centrality: the v3 values at a given pT are consistent within

uncertainties across the different centrality intervals. These
features for the centrality and pT dependence are consistent
with observations of the inclusive charged-hadron v3 [52].
Figure 13 shows the pT dependence of v4. The statistical
uncertainties in v4 do not allow inference of any significant
pT - or centrality-dependent trends.

C. Comparison with theoretical models

In this section, the measured RAA and v2 values are com-
pared with calculations from the TAMU transport model [82]
and the DABMod model [83]. TAMU is a transport model for
heavy flavor within the QGP and subsequent hadronic phase.
The initial heavy-quark spectra used in the model are obtained
from FONLL calculations, accounting for shadowing effects
in Pb+Pb collisions. The space-time evolution of the bulk
QGP medium, in which the heavy quarks diffuse, is modeled
using ideal relativistic hydrodynamics, tuned to reproduce
the charged-hadron pT spectra and inclusive elliptic flow
measured in Pb+Pb collisions at the LHC. The initial con-
ditions for the hydrodynamic modeling are obtained from the
Glauber model and do not include initial state fluctuations or
initial flow. After this tuning, there are no free parameters in
the model. The hadronization of heavy-flavor quarks is done
partially via recombination of heavy quarks with light-flavor
hadrons in the QGP and partially by fragmentation. Finally,
the diffusion of heavy-flavor hadrons in the hadronic phase is
continued until kinetic freeze-out. DABMod is an energy-loss
model for heavy quarks traversing the QGP. The energy loss is
a parametrized analytic function of the velocity of the heavy
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Figure 4: Elliptic anisotropy coe�cient v2 of muons from charm and bottom decays as a function of track multiplicity
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ch for muons with transverse momentum 4 < pT < 6 GeV (left) and as a function of pT for the 60  Nrec
ch < 120

multiplicity range (right). Data points are shifted by ±1 in Nrec
ch and ±0.125 GeV in pT for better visibility. The

vertical bars and shaded bands represent statistical and systematic uncertainties, respectively.

pT dependence. In contrast, the v2 of muons from charm decays is non-zero at lower pT but consistent
with zero at higher pT. It also shows no significant Nrec

ch dependence within the uncertainties.

In summary, a measurement of elliptic flow coe�cients for heavy-flavor decay muons in pp collisions at
13 TeV is presented, including a separation between charm and bottom contributions. The measurement
uses a dataset corresponding to an integrated luminosity of 150 pb�1 recorded by the ATLAS experiment
at the LHC. The inclusive heavy-flavor muon v2 values are not dependent on Nrec

ch in the range 60–120 and
show a clear decrease with pT from 4 to 7 GeV. The bottom-decay muons have v2 values consistent with
zero within statistical and systematic uncertainties, while the charm-decay muons have significant non-zero
v2 values. These results indicate that bottom quarks, unlike light and charm quarks, do not participate
in the collective behavior in high-multiplicity pp collisions. There are theoretical calculations within a
linearized Boltzmann-Langevin transport framework for Pb+Pb collisions at

p
sNN = 5.02 TeV predicting

larger v2 for D meson than v2 for B meson at pT < 10 GeV and similar v2 at pT > 10 GeV [32]. However,
no such calculations have been published for smaller systems including high-multiplicity pp events. The
results will provide fundamental new input to the theoretical models in development which attempt to
describe heavy-quark transport and energy loss in these smallest collision systems.
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Figure 4: Prompt (left) and non-prompt (right) J/ v2 as a function of transverse momentum for the rapidity interval
|y| < 2 and centrality 0–60%. The statistical and systematic uncertainties are shown using vertical error bars and
boxes respectively. The horizontal error bars represent the kinematic range of the measurement for each bin.

close to 0.09 that decreases by nearly a factor of two over the whole studied kinematic range. The results
for non-prompt J/ indicate a non-zero value with limited statistical significance. These v2 values are
consistent with being independent of pT and compatible within uncertainties with the v2 values of prompt
J/ , particularly at the highest pT.

The rapidity dependence of v2 is shown in Figure 5 and the centrality dependence in Figure 6 for both
prompt and non-prompt J/ . Neither shows significant rapidity or centrality dependence. The prompt
J/ v2 is larger than the non-prompt, in agreement with the larger values observed in the pT dependence
integrated over rapidity and centrality. The measured value of v2 for prompt J/ stays approximately
the same in central collisions as in non-central collisions within uncertainties, in agreement with the
observation of Ref. [5]. This is similar to the case of non-prompt J/ where no evident centrality
dependence is observed within the uncertainties. This feature is in disagreement with the expected
hydrodynamic behaviour for charm quarks and may manifest a transition at medium pT regime where
there are thought to be di�erent e�ects influencing J/ production [6, 7, 9–11].

In Figure 7 the available results for inclusive J/ (pT < 12 GeV) from the ALICE experiment [4] and
prompt J/ (4 < pT < 30 GeV) from the CMS experiment [5] are compared with the results obtained
in this analysis for prompt J/ (9 < pT < 30 GeV) as a function of the J/ transverse momentum.
Despite di�erent rapidity selections, the magnitudes of the elliptic flow coe�cients are compatible with
each other. Two features can be observed: first, the hydrodynamic peak is around 7 GeV, a value that
is significantly higher than what is observed for charged particles [14–18] where the peak is around 3 to
4 GeV. This e�ect can be described qualitatively by thermalisation of charm quarks in the quark–gluon
plasma medium with J/ regeneration playing a dominant role in the flow formation [6, 7]. The second
feature is that v2 has a substantial magnitude at high pT. This can be connected with the suppression
of J/ production due to mechanisms involving interactions with the medium such as absorption and
melting [11] or energy loss [42, 43].
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A simultaneous understanding of both yields and flow 
from PbPb to pp is still puzzling!  
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Why are heavy quarks important? 

3 22/12/18 

"  Produced early in the history of HIC.  
          - calculable by pQCD. 
          - numbers are conserved. 
"  Experience most of the stages of the 

system evolution. 
          - sensitive to properties of the medium. 
           - HQ energy loss ΔEg > ΔEu,d,s > ΔEc > ΔEb 

"  HQ hadronization mechanism. 

Heavy quarks (charm and beauty): 
 excellent probes of QGP 
Hot-dense system (A-A collisions)  

A A 

Yifei Zhang / USTC @ CLHCP2018 

Heavy quark evolution in QGP
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Figure 3: Inclusive heavy-flavor 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 measurements [16]. Statistical uncertainties are shown as
vertical lines and systematic uncertainties as boxes for the 5.02 TeV results. For better visibility statistical and
systematic uncertainties on the 2.76 TeV data are combined in quadrature and shown as vertical lines. Each panel
represents a di↵erent centrality interval.

Figure 5 shows the separated charm and bottom muon v2 as a function of pT, with each panel presenting a
di↵erent Pb+Pb centrality. The charm and bottom flow coe�cients are extracted only up to pT = 20 GeV,
since above that momentum range the inclusive heavy-flavor 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 charm and bottom muons, with a substantially larger elliptic flow coe�cient
for charm muons. The statistical and systematic uncertainties have a significant contribution that is
anti-correlated between the charm and bottom v2, i.e. a fluctuation up in the charm v2 in a particular pT bin
will be correlated with a fluctuation down in the bottom v2 in the same bin and vice versa. Qualitatively,
the charm and bottom v2 ordering matches theoretical expectations where the heavier bottom quarks have
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Figure 4: Inclusive heavy-flavor 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 measurements [16]. Statistical uncertainties are shown as
vertical lines and systematic uncertainties as boxes for the 5.02 TeV results. For better visibility statistical and
systematic uncertainties on the 2.76 TeV data are combined in quadrature and shown as vertical lines. Each panel
represents a di↵erent centrality interval.

a smaller modification to their initial momentum trajectories due to the larger mass. Light quarks and
heavy quarks can lose energy in traversing the QGP via induced gluon bremsstrahlung; however, heavy
quarks with momentum less than or approximately equal to the quark mass (pT . m) radiate less than
lighter quarks due to a suppression of radiation at small angles relative to the quark direction, referred to
as the “dead-cone” e↵ect [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
di↵erent Pb+Pb centrality interval. The charm muons show significant non-zero v3 with values independent
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• Inclusive HF v2: steadily decrease with pT

• Results at 2.76 TeV and 5.02 TeV agree with each other

v2 v3

Pb+Pb at 2.76 TeV vs. 5.02 TeV
PRC 98 (2018) 044905
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as they are not sensitive to the effects of trigger and tracking
efficiency. A total of 9.2 million (1.8 million) muons are
reconstructed within these kinematic ranges from 8.7 million
(1.8 million) events recorded using the Pb+Pb (pp) muon
triggers. The performance of the ATLAS detector and offline
analysis in measuring muons in pp collisions is evaluated
by a GEANT4 [64] simulation of the ATLAS detector [65]
using Monte Carlo (MC)

√
s = 2.76 TeV pp events produced

with the PYTHIA event generator [66] (version 6.423 with
parameters chosen according to the AUET2B set of tuned
parameters [67]). The reconstruction performance in Pb+Pb
collisions is evaluated by “overlaying” simulated PYTHIA
pp events on minimum-bias Pb+Pb events. In this overlay
procedure, the simulated hits are combined with the data
from minimum-bias events to produce the final sample. The
minimum-bias Pb+Pb events used in the overlay procedure
were recorded by ATLAS during the same data-taking period
as the data used in this analysis. For both the pp and Pb+Pb
measurements, the muon reconstruction efficiency increases
by about 30% from pT = 4 GeV to pT = 6 GeV, above
which it is approximately constant at 0.80 and 0.77 for the
pp and Pb+Pb data, respectively. The Pb+Pb muon recon-
struction efficiency is independent of the centrality within
uncertainties.

The Pb+Pb muon trigger efficiency is measured for fully
reconstructed muons using the minimum-bias Pb+Pb data set.
The efficiency is evaluated as the fraction of reconstructed
muons for which the HLT finds a matching muon with pT >
4 GeV. It is observed to be independent of centrality, within
statistical uncertainties, and increases from about 0.6 at pT =
4 GeV to about 0.8 at 6 GeV, above which it is approxi-
mately constant. The pp muon trigger efficiency is similarly
evaluated using pp events selected by a set of minimum-bias
triggers. The efficiency increases from 0.40 for pT = 4 GeV
to 0.75 for pT = 12 GeV.

C. Heavy-flavor-suppression measurement

The muons measured in the pp and Pb+Pb data sets
contain background from in-flight decays of pions and kaons,
muons produced from the decays of particles produced in
hadronic showers in the material of the detector, and misas-
sociations of ID and MS tracks. Previous studies have shown
that the signal and background contributions to the recon-
structed muon sample can be discriminated statistically [57].
This analysis relies solely on the fractional momentum im-
balance !p/pID, which quantifies the difference between
the ID and MS measurements of the muon momentum after
accounting for the energy loss of the muon in the calorimeters.
It is defined as

!p

pID
= pID −pMS −!pcalo(p, η,φ)

pID
,

where pID and pMS represent the reconstructed muon mo-
menta from the ID and MS, respectively, and !pcalo repre-
sents the momentum- and angle-dependent average momen-
tum loss of muons in the calorimeter obtained from simula-
tions. Muons resulting from background processes typically
have pMS values smaller than would be expected for a muon
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FIG. 1. Signal and background template distributions in pp col-
lisions (square points) and Pb+Pb collisions (circular points) in the
0–60% centrality interval for muons having 5 < pT < 6 GeV and
|η| < 1. The signal and background distributions are separately nor-
malized such that their integral is unity. For clarity, the background
distribution is binned more coarsely.

produced directly in pp or Pb+Pb collisions or via the decays
of heavy-flavor hadrons. This is because the background
muons from pion/kaon decays or from hadronic interactions in
the calorimeter have, on average, smaller pT compared to the
parent particle. As a result, background muons are expected
to have !p/pID > 0.

Distributions for !p/pID are obtained from the simulated
samples separately for signal muons and for background
muons. The signal muons include muons directly produced
in electromagnetic decays of hadrons, in decays of τ leptons,
in decays of W and Z bosons, in decays of top quarks,
and in semileptonic decays of heavy-flavor hadrons; this
last contribution dominates the signal sample, contributing
about 99% of the muons over the pT range measured in
this analysis (Ref. [57] and references therein). The different
contributions to the background—pion decays in flight, kaon
decays in flight, muons produced by secondary interactions
of prompt particles, and misassociations—are evaluated sep-
arately. Figure 1 shows MC distributions of !p/pID for
signal and background muons having 5 < pT < 6 GeV for
Pb+Pb collisions in the centrality range 0–60% and for
pp collisions. The !p/pID distribution for signal muons
is centered at zero while the distribution for background
muons is shifted to positive values. The signal distributions
show only modest differences between pp and Pb+Pb col-
lisions. Similarly, when making separate templates for dif-
ferent Pb+Pb collision centralities, a weak dependence of
the signal templates on centrality is observed. The back-
ground !p/pID distributions are much broader and are in-
sensitive to the centrality-dependent effects seen in the signal
distributions.

A template-fitting procedure is used to estimate statistically
the signal fraction for each kinematic and centrality selection
used in the analysis. The measured !p/pID distribution is as-
sumed to result from a combination of signal and background
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FIG. 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.

distributions,

1
Nµ

dNµ

d!p/pID
= f sig dP sig

d!p/pID
+ (1 − f sig)

dP bkg

d!p/pID
,

where Nµ is the total number of muons in the sample,
dP sig/d!p/pID and dP bkg/d!p/pID represent the signal
and background !p/pID probability distributions, respec-
tively, and f sig represents the signal fraction.

For Pb+Pb data, centrality-dependent templates are used
for the signal while centrality-integrated templates are used
for the background. The latter is motivated by the observed
centrality independence of the background templates and
the limited size of the background sample. Template fits
are performed using binned χ2 fits that account for the
statistical precision of the signal and background templates.
The fits are performed using MINUIT [68] with f sig as the
free parameter. The uncertainties from the fits are used as
statistical uncertainties of the yields and propagated into
the final results. Example template fits are shown for two
muon pT intervals in Fig. 2 for Pb+Pb events in the 0–
10% and 40–60% centrality intervals and for pp data. As
shown in Fig. 2, the measured !p/pID distributions are well
described by a combination of the signal and background tem-
plates, and this holds for all studied kinematic and centrality
intervals.

The signal fractions f sig obtained from the template fits
using these intervals are shown in Fig. 3 for the Pb+Pb and pp
data. The signal fractions increase with pT for pT > 5 GeV,
indicating that at higher pT a larger fraction of the recon-

structed muons are heavy-flavor (HF) muons. The increase in
f sig at low pT results from the trigger, which is less efficient
for background muons that have low pMS

T . Such an increase is
not observed when repeating this analysis using the minimum-
bias Pb+Pb data set. This increase in the f sig due to the trigger
does not affect the measurement, as is demonstrated by studies
of variations in the pMS

T criterion in Sec. IV A.
With the f sig obtained from the template fits, the pp

differential cross section for producing heavy-flavor muons is
calculated according to

d2σHFµ

dpT dη
= 1

L
!Nµf sig

!pT !η

1
εtrigεrec

, (3)

where L is the integrated luminosity of the pp measurement,
!pT is the width of the given pT interval, !η = 2 is the size
of the pseudorapidity interval, !Nµ represents the number of
muons in the given pT and η intervals, and εtrig and εrec rep-
resent the trigger and reconstruction efficiencies, respectively.
The luminosity is calibrated using a set of beam-separation
scans performed in February 2013. It has a relative uncertainty
of 3.1% that was derived following a methodology similar to
that detailed in Ref. [69].

The Pb+Pb differential per-event yields for producing
heavy-flavor muons are calculated according to

1
Nevt

d2NHFµ

dpT dη

!!!!
cent

= 1
N cent

evt

!N cent
µ f sig

!pT !η

1
εtrigεrec

, (4)
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as they are not sensitive to the effects of trigger and tracking
efficiency. A total of 9.2 million (1.8 million) muons are
reconstructed within these kinematic ranges from 8.7 million
(1.8 million) events recorded using the Pb+Pb (pp) muon
triggers. The performance of the ATLAS detector and offline
analysis in measuring muons in pp collisions is evaluated
by a GEANT4 [64] simulation of the ATLAS detector [65]
using Monte Carlo (MC)

√
s = 2.76 TeV pp events produced

with the PYTHIA event generator [66] (version 6.423 with
parameters chosen according to the AUET2B set of tuned
parameters [67]). The reconstruction performance in Pb+Pb
collisions is evaluated by “overlaying” simulated PYTHIA
pp events on minimum-bias Pb+Pb events. In this overlay
procedure, the simulated hits are combined with the data
from minimum-bias events to produce the final sample. The
minimum-bias Pb+Pb events used in the overlay procedure
were recorded by ATLAS during the same data-taking period
as the data used in this analysis. For both the pp and Pb+Pb
measurements, the muon reconstruction efficiency increases
by about 30% from pT = 4 GeV to pT = 6 GeV, above
which it is approximately constant at 0.80 and 0.77 for the
pp and Pb+Pb data, respectively. The Pb+Pb muon recon-
struction efficiency is independent of the centrality within
uncertainties.

The Pb+Pb muon trigger efficiency is measured for fully
reconstructed muons using the minimum-bias Pb+Pb data set.
The efficiency is evaluated as the fraction of reconstructed
muons for which the HLT finds a matching muon with pT >
4 GeV. It is observed to be independent of centrality, within
statistical uncertainties, and increases from about 0.6 at pT =
4 GeV to about 0.8 at 6 GeV, above which it is approxi-
mately constant. The pp muon trigger efficiency is similarly
evaluated using pp events selected by a set of minimum-bias
triggers. The efficiency increases from 0.40 for pT = 4 GeV
to 0.75 for pT = 12 GeV.

C. Heavy-flavor-suppression measurement

The muons measured in the pp and Pb+Pb data sets
contain background from in-flight decays of pions and kaons,
muons produced from the decays of particles produced in
hadronic showers in the material of the detector, and misas-
sociations of ID and MS tracks. Previous studies have shown
that the signal and background contributions to the recon-
structed muon sample can be discriminated statistically [57].
This analysis relies solely on the fractional momentum im-
balance !p/pID, which quantifies the difference between
the ID and MS measurements of the muon momentum after
accounting for the energy loss of the muon in the calorimeters.
It is defined as

!p

pID
= pID −pMS −!pcalo(p, η,φ)

pID
,

where pID and pMS represent the reconstructed muon mo-
menta from the ID and MS, respectively, and !pcalo repre-
sents the momentum- and angle-dependent average momen-
tum loss of muons in the calorimeter obtained from simula-
tions. Muons resulting from background processes typically
have pMS values smaller than would be expected for a muon
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FIG. 1. Signal and background template distributions in pp col-
lisions (square points) and Pb+Pb collisions (circular points) in the
0–60% centrality interval for muons having 5 < pT < 6 GeV and
|η| < 1. The signal and background distributions are separately nor-
malized such that their integral is unity. For clarity, the background
distribution is binned more coarsely.

produced directly in pp or Pb+Pb collisions or via the decays
of heavy-flavor hadrons. This is because the background
muons from pion/kaon decays or from hadronic interactions in
the calorimeter have, on average, smaller pT compared to the
parent particle. As a result, background muons are expected
to have !p/pID > 0.

Distributions for !p/pID are obtained from the simulated
samples separately for signal muons and for background
muons. The signal muons include muons directly produced
in electromagnetic decays of hadrons, in decays of τ leptons,
in decays of W and Z bosons, in decays of top quarks,
and in semileptonic decays of heavy-flavor hadrons; this
last contribution dominates the signal sample, contributing
about 99% of the muons over the pT range measured in
this analysis (Ref. [57] and references therein). The different
contributions to the background—pion decays in flight, kaon
decays in flight, muons produced by secondary interactions
of prompt particles, and misassociations—are evaluated sep-
arately. Figure 1 shows MC distributions of !p/pID for
signal and background muons having 5 < pT < 6 GeV for
Pb+Pb collisions in the centrality range 0–60% and for
pp collisions. The !p/pID distribution for signal muons
is centered at zero while the distribution for background
muons is shifted to positive values. The signal distributions
show only modest differences between pp and Pb+Pb col-
lisions. Similarly, when making separate templates for dif-
ferent Pb+Pb collision centralities, a weak dependence of
the signal templates on centrality is observed. The back-
ground !p/pID distributions are much broader and are in-
sensitive to the centrality-dependent effects seen in the signal
distributions.

A template-fitting procedure is used to estimate statistically
the signal fraction for each kinematic and centrality selection
used in the analysis. The measured !p/pID distribution is as-
sumed to result from a combination of signal and background
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FIG. 3. Signal fraction values obtained from template fits to the Pb+Pb and pp data as a function of the muon pT . Results are shown for
different Pb+Pb centrality intervals and for pp collisions in the bottom right panel. The error bars correspond to statistical uncertainties only.

where N cent
evt is the number of Pb+Pb collisions in a given cen-

trality interval, !N cent
µ represents the number of total muons

with |η| < 1 measured in the given pT and centrality interval,
f sig represents the corresponding signal fraction obtained
from the template fits, and εtrig and εrec represent the trigger
and reconstruction efficiencies, respectively.

D. Azimuthal anisotropy measurement

The vn measurements additionally require determination of
the event-plane (EP) angles "n [Eq. (2)]. However, due to
detector acceptance effects and finite particle multiplicity in
an event, the measured EP angles, denoted #n, fluctuate event
by event around the true EP angles [48]. The “observed” vn,
vobs

n , is obtained by measuring the distribution of the particle
directions relative to the #n planes:

dN

dφ
= N0

!

1 + 2
"

n!1

vobs
n cos[n(φ − #n)]

#

. (5)

The vobs
n are smaller in magnitude than the true vn because

they are calculated around the #n planes rather than the "n

planes. To account for this, the vobs
n are corrected by the EP

resolution factor Res{n#n}, which accounts for the smearing
of #n relative to "n [48]:

vn = vobs
n

Res{n#n}
, Res{n#n} = ⟨cos[n(#n − "n)]⟩evts, (6)

where, the ⟨. . .⟩evts indicates averaging over all events in
a given centrality class. In this analysis, the #n angle is
determined using the flow vector or “q -vector” method [48],
in which the q vector is calculated from the ET deposited in

the FCal according to

q n,x = $ET,i cos(nφi ) − ⟨$ET,i cos(nφi )⟩evts

$ET,i

,

q n,y = $ET,i sin(nφi ) − ⟨$ET,i sin(nφi )⟩evts

$ET,i

, (7)

where the sum is over all the calorimeter towers3 in the FCal,
ET,i is the transverse energy deposited in the ith tower, and
φi denotes the azimuthal angle of the position of the center
of the tower. The event-averaged terms ⟨$ET,i cos(nφi )⟩evts
and ⟨$ET,i sin(nφi )⟩evts are subtracted in order to remove
detector effects [70]. From the q n vectors, the EP angles #n,
are determined as [71]

tan(n#n) = q n,y

q n,x

.

The parameter Res{n#n} is determined by the two-subevents
(2SE) method [48]. In the 2SE method, the signal from a
detector used to measure the event plane is divided into two
“subevents” covering equal pseudorapidity ranges in opposite
η hemispheres, such that the two subevents nominally have the
same resolution. The FCal detectors located at positive and
negative η, FCalP and FCalN, provide such a division. The
resolution of the FCalP(N) is calculated from the correlation
between the two subevents

Res
$
n#P(N)

n

%
=

&'
cos n

$
#P

n − #N
n

%(
,

where #P(N)
n is the event-plane angle determined from the pos-

itive (negative) side of the FCal. From the subevent resolution
the full FCal resolution can be determined by the procedure

3Calorimeter towers are localized groups of calorimeter cells that
have a δη × δφ segmentation of 0.1 × 0.1.
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FIG. 4. Examples of heavy-flavor muon yields, expressed in thousands of muons, as a function of 2|φ − !2| in intervals of π/4. The left
and right columns show results for the 10–20% and 40–60% centrality intervals, respectively, and the top and bottom rows correspond to
4.0 < pT < 4.5 GeV and 8 < pT < 10 GeV, respectively. The error bars on the data points show statistical uncertainties from the fits. There
are significant bin-to-bin correlations between the statistical uncertainties due to the use of the same signal and background templates in all
2|φ − !2| intervals. The continuous lines indicate the results of fits of the data to Eq. (5).

described in Ref. [48]. The Res{n!n} for the FCal and their
associated systematic uncertainties were determined in a pre-
vious ATLAS analysis [52]. Those values and uncertainties
are directly used in this paper. Depending on the centrality
class, the EP resolution factor for the FCal varies between
0.7 and 0.9, 0.3 and 0.65, and 0.2 and 0.4 for v2, v3, and v4,
respectively. The uncertainties in the EP resolution factor are
less than 3%, 4%, and 6% for v2, v3, and v4, respectively, for
all the centrality classes used in this analysis.

The heavy-flavor muon vobs
n values are measured by eval-

uating the yields differentially relative to the !n plane. For
this, the template-fitting procedure is repeated in intervals of
n|φ − !n| for each pT and centrality interval. Utilizing the
n-fold symmetry of the !n plane and the fact that cos[n(φ −
!n)] is an even function, it is sufficient to bin only over
the interval (0,π ) in n|φ − !n|. Four intervals of n|φ − !n|
[(0,π /4), (π/4,π/2), (π/2, 3π/4), and (3π/4,π )] are used.
The same signal and background templates are used for the
four n|φ − !n| intervals in a given pT and centrality interval.
As a result, there is a significant correlation between the
statistical uncertainties of the signal fractions measured in the
four cos[n(φ − !2)] intervals. This correlation is accounted
for in the statistical uncertainties of the final vn values.

Figure 4 shows examples of the differential yields of
heavy-flavor muons obtained from the template fits as a
function of 2|φ − !2| for two centrality and two pT intervals.

A clear dependence of the yields on 2|φ − !2| can be ob-
served, with a larger yield in the “in-plane” direction (2|φ −
!2| ∼ 0) compared to the “out-of-plane” direction (2|φ −
!2| ∼ π ), implying a significant v2 signal. The differential
yields are fitted with a second-order Fourier function of the
form in Eq. (5) to obtain the vobs

2 values. In the fits, the χ2

minimization takes into account the correlations between the
statistical uncertainties of the yields in the different 2|φ −
!2| bins. These fits are indicated by the continuous lines
in Fig. 4. The vobs

2 values are then corrected to account for
the EP resolution [Eq. (6)] for the final results presented in
Sec. V.

One drawback of the EP method is that there is an ambigu-
ity in the interpretation of the vn values obtained from it (from
here on the vn values obtained from the event-plane method
are denoted by vEP

n ). In the limit of perfect EP resolution,
Res{n!n} → 1, vEP

n → ⟨vn⟩, while in the limit of poor resolu-
tion, Res{n!n} → 0, vEP

n →
!

⟨v2
n⟩ where the ⟨. . .⟩ indicates

an average over all events [59]. In general, the vn values
measured with the EP method lie somewhere between ⟨vn⟩
and ⟨

!
v2

n⟩, depending on the value of the resolution. For this
reason, the scalar-product (SP) method is considered to be a
superior measurement technique, as it always measures the
r.m.s. vn value, i.e.,

!
⟨v2

n⟩ [59]. The ideal SP method entails
weighting the contribution of each measured signal muon by
the magnitude of the q vector [Eq. (7)] measured in the FCal,
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FIG. 6. The pT dependence of the measured Pb+Pb heavy-flavor muon differential per-event yields for different centrality intervals scaled
by the corresponding ⟨TAA⟩. Also shown is the measured pp heavy-flavor muon differential cross section. For clarity, the results for the
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!p/pID|cut = 0.1. The obtained signal fractions were found
to be systematically higher than the results from the template
fits at both low and high pT and in both the pp and Pb+Pb
data. The relative difference is largest in the lowest pT interval
where it is ∼ 11% and 6% for the pp and Pb+Pb data, respec-
tively. It decreases with increasing pT , and for the highest
pT interval, is ∼ 6% and 3% for the pp and Pb+Pb data,
respectively.

The pp cross sections and Pb+Pb per-event yields are
not corrected for any bin migrations that result from the
muon momentum resolution. An evaluation of MC bin-by-bin
correction factors gives values that are typically within 1%
(2%) of unity for pp (Pb+Pb) data. These corrections are
sufficiently small that they are not applied to the data. How-
ever, the deviations from unity are included in the systematic
uncertainties of the cross sections and per-event yields.
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a different 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.

The measured pp cross section has an additional normal-
ization systematic uncertainty of 3.1% due to uncertainties in
the integrated luminosity.

For the RAA measurement, the systematic uncertainties
from the pp cross section and Pb+Pb per-event yields are
propagated as if they are correlated, i.e., the systematic vari-
ations are simultaneously performed in the pp and Pb+Pb
data and the change in the RAA value is taken as the sys-
tematic uncertainty. Besides the systematic uncertainties from
the pp cross section and Pb+Pb per-event yields, additional
systematic uncertainties in the RAA measurement come from
theoretical uncertainties in ⟨TAA⟩, which are listed in Table I.
Table II summarizes the final experimental systematic uncer-
tainties in RAA. The total uncertainty is obtained by adding
the individual uncertainties in quadrature.

B. Systematic uncertainties in vn

The sources of the systematic uncertainties in the vn mea-
surements are primarily the same as those in the RAA mea-
surements (Sec. IV A). However, several sources of systematic
uncertainty that affect RAA do not have a significant effect
on the vn values. The vn measurements are independent of

the trigger and tracking efficiencies. While these efficiencies
have an impact on the absolute muon yields, the vn values,
which measure the relative or fractional modulation in yields,
are insensitive to them. Therefore, the uncertainties in the
efficiencies do not have any effect on the vn measurements.
Varying the muon selection as described in Sec. IV A changes
the measured value of v2 by (1–2) × 10−3 below pT of 6 GeV.
The pMS

T criterion variation changes the measured value of
v2 by (0.5–1) × 10−3 for pT < 6 GeV. At higher pT the
effect of this criterion on v2 is about 0.2 × 10−3. For v3 and
v4 the effect of the pMS

T criterion is (0.5–1) × 10−3 across
the measured pT range. The effects of the muon selection
and the pMS

T criterion are evaluated not just by applying the
selection in the data but also by rebuilding the templates in
the MC simulation while applying the variations, and then
repeating the entire analysis. The variation in the shape of the
background template, when varying the relative contribution
of the pion and kaon backgrounds, results in variations in
the vn values that are less than 0.5 × 10−3 across most of
the centrality and pT ranges. The systematic uncertainty in
vn due to pT -resolution effects is estimated to be less than
1% (relative) for pT < 10 GeV. This estimate is obtained
by first determining the pT resolution using MC simulation

044905-13

• Significant non-zero v2 up to hight pT in all centrality bins
• 10-40% centrality: v2 decreases with pT

• Most central (0-10%) and peripheral (40-60%): no clear pT dependence
• Event plane method and scale product method are consistent
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FIG. 16. Comparison of the Pb+Pb heavy-flavor muon v3 with calculations from the DABMod model. Each panel represents a different
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.

to calculations from the DABMod model. Features similar
to the v2 comparison are observed; the model predictions
are smaller than the measured v3 for 4 < pT < 6 GeV but
become consistent with the data at higher pT . The DABMod
calculations are also compared with the v4 measurements.
However, the large experimental uncertainties do not allow
detailed comparisons with the model predictions.

VI. CONCLUSION

This paper presents ATLAS measurements of heavy-flavor
muon production in 0.14 nb−1 of

√
s

NN
= 2.76 TeV Pb+Pb

collisions and 570 nb−1 of
√

s = 2.76 TeV pp collisions at
the LHC. The measurements are performed over the trans-
verse momentum range of 4 < pT < 14 GeV. Backgrounds
arising from in-flight pion and kaon decays, hadronic showers,
and misreconstructed muons are statistically removed using
a template-fitting procedure based on the relative difference
between the muon track momenta in the muon spectrometer
and inner detector, corrected for energy loss in the calorimeter
system. The heavy-flavor muon differential cross sections and
per-event yields are measured in pp and Pb+Pb collisions,
respectively. The nuclear modification factor RAA calculated
from these quantities shows a centrality-dependent suppres-
sion that does not depend on pT within uncertainties. In the

0–10% centrality interval, RAA ∼ 0.35. In Pb+Pb collisions,
measurements of the heavy-flavor muon yields as a function
of φ − !n, the azimuthal angle of the muons relative to the
event-plane angles, show a clear sinusoidal modulation of the
yield in all centrality intervals. The heavy-flavor muon vn, for
n = 2–4, is measured in Pb+Pb collisions as a function of
pT for five centrality intervals covering the 0–60% centrality
range. Significant v2 values up to about 0.08 are observed at
pT = 4 GeV. In the 10–20%, 20–30%, and 30–40% intervals,
the v2 decreases with pT but is still significant at 10 GeV.
At fixed pT , the v2 values show a systematic variation with
centrality which is typical of elliptic-flow measurements. For
most centrality intervals, v3 also decreases with increasing
pT over the 4–8-GeV pT range. For pT > 8 GeV, the sta-
tistical uncertainties in the measured v3 values are too large
to discern any pT -dependent trends. At a given pT and
centrality, the v3 values are smaller than the v2 values by a
factor of 2–4. Further, v3 shows a much weaker centrality
dependence than v2. Conclusions about any pT - or centrality-
dependent trends in the v4 are limited by the statistical
precision.

The measured RAA and v2 are also compared with the-
oretical predictions from the TAMU and DABMod mod-
els. The RAA values from the TAMU model show a weak
pT dependence over the 4–14-GeV pT range, qualitatively

044905-19

• Theoretical calculation is smaller at 4 < pT < 6 GeV and similar to data at high pT
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FIG. 13. The pT dependence of the Pb+Pb heavy-flavor muon v4. Results are shown for both the EP and SP methods. Each panel represents
a different centrality interval. The error bars and shaded bands represent statistical and total uncertainties, respectively, and are shown only for
the EP v4. The horizontal dashed lines indicate v4 = 0.

with pT in the pp case, as shown in Fig. 5. The parameter
RAA decreases between peripheral 40–60% collisions, where
it is about 0.65, to more central collisions, reaching a value of
about 0.35 in the 0–10% centrality interval.

Figure 8 shows a comparison of the RAA measurements
in this paper with similar measurements for muons at for-
ward rapidity (2.5 < y < 4) [20] and heavy-flavor electrons at
midrapidity (|y| < 0.6) [47] from the ALICE Collaboration.
In general, the results are consistent; however, the present
measurements have considerably smaller uncertainties.

Figure 9 compares the RAA measurement presented in
this paper with the RAA of inclusive charged hadrons [42]
at

√
s

NN
= 2.76 TeV and identified D0 mesons [80] from

the CMS Collaboration at
√

s
NN

= 5.02 TeV. The RAA from
D0 analyses is similar to that of inclusive hadrons for pT >
5 GeV [80], implying that the charm suppression is very
similar to that for the light quarks and gluons. On the other
hand, the heavy-flavor muon RAA, which includes contribu-
tions from bottom and charm, is observed to be larger than
that of inclusive hadrons. This would imply a significantly
smaller suppression for muons from the decays of b hadrons.
One caveat is that the D0 pT and the HF muon pT are
related differently to the pT of the HF quark that produced
them. However, this effect is mitigated by the relatively weak

pT dependence of both the D0 and HF muon RAA over the
4–14-GeV pT range.

B. Heavy-flavor muon vn

Figure 10 shows the v2 values measured using the EP
method as a function of pT for the five centrality intervals in
this analysis, including the statistical and total uncertainties.
The evaluation of the total uncertainty includes the correla-
tion between the statistical uncertainties and the systematic
uncertainties that are proportional to vn, i.e., the relative
uncertainties associated with the EP and pT resolutions. This
correlation arises because as the measured vn is varied within
its statistical uncertainty, the relative uncertainties that are
proportional to vn also vary. The other (absolute) systematic
uncertainties are added in quadrature to the correlated uncer-
tainty to get the total uncertainty. Over the 10–40% centrality
range, v2 is largest at the lowest measured pT of 4 GeV and
decreases for higher pT . However, in the 0–10% and 40–
60% centrality intervals, no clear pT dependence is visible.
For all centralities, a significantly nonzero v2 is observed up
to a pT of 12 GeV. Figure 10 also shows the vSP

2 values,
which are slightly higher than the EP values. The systematic
uncertainties and a significant fraction of the statistical

044905-16

Pb+Pb at 2.76 TeV
PRC 98 (2018) 044905



Songkyo LeeHFH2020 �46

Eur. Phys. J. C (2018) 78 :762 Page 11 of 28 762

|y|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 20 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

AAR

0.2

0.4

0.6

0.8

1

1.2

1.4 ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb,

-1 = 5.02 TeV, 25 pbs,pp

ψPrompt J/
Centrality 0-80%

 < 40 GeV
T

9 < p

CMS, Eur. Phys. J. C. 78 (2018) 509

Correlated systematic uncer.

|y|

AAR

0.2

0.4

0.6

0.8

1

1.2

1.4 ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb,

-1 = 5.02 TeV, 25 pbs,pp

ψNon-Prompt J/
Centrality 0-80%

 < 40 GeV
T

9 < p

CMS, Eur. Phys. J. C. 78 (2018) 509

Correlated systematic uncer.

|y|

AAR

0.2

0.4

0.6

0.8

1

1.2

1.4
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb,

-1 = 5.02 TeV, 25 pbs,pp
 < 40 GeV

T
, 9 < pψPrompt J/

ATLAS
Cent. 40-80 %
Cent. 20-40 %
Cent. 0-10 %

Correlated systematic uncer.

|y|

AAR

0.2

0.4

0.6

0.8

1

1.2

1.4
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb,

-1 = 5.02 TeV, 25 pbs,pp
 < 40 GeV

T
, 9 < pψNon-prompt J/

ATLAS
Cent. 40-80 %
Cent. 20-40 %
Cent. 0-10 %

Correlated systematic uncer.

Fig. 7 The nuclear modification factor as a function of rapidity for the
prompt J/ψ (left) and non-prompt J/ψ (right) for 9 < pT < 40 GeV,
in 0–80% centrality bin (top) and in 0–10%, 20–40%, and 40–80% cen-
trality bins (bottom). The statistical uncertainty of each point is indicated

by a narrow error bar. The error box plotted with each point represents
the uncorrelated systematic uncertainty, while the shaded error box at
RAA=1 represents correlated scale uncertainties

striking signs that the hot dense medium has a strong influ-
ence on the particle production processes. The two classes of
meson production have essentially the same pattern which is
unexpected because the two cases are believed to have quite
different physical origins: the non-prompt production should
be dominated byb-quark processes that extend far outside the
deconfined medium, whereas the prompt production happens
predominantly within the medium.

6.3 ψ(2S) to J/ψ yield double ratio

The double ratio of ψ(2S) production to J/ψ meson pro-
duction, ρ

ψ(2S)/J/ψ
PbPb is shown in Fig. 9 for the centrality bins

of 0–10%, 10–20%, 20–50%, 50–60% and 60–80%. These
results represent a measurement complementary to an earlier
measurement of ψ(2S) to J/ψ yield ratios at the same centre-
of-mass energy made by the CMS Collaboration [58]. This
ratio, which compares the suppression of the two mesons,
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Fig. 5 The nuclear modification factor as a function of pT for the
prompt J/ψ (left) and non-prompt J/ψ (right) for |y| < 2, in 0–80%
centrality bin (top) and in 0–10%, 20–40%, and 40–80% centrality
bins (bottom). The statistical uncertainty of each point is indicated by

a narrow error bar. The error box plotted with each point represents
the uncorrelated systematic uncertainty, while the shaded error box at
RAA=1 represents correlated scale uncertainties

the width of the pT and y bin and the number of events,
Nevt, measured in minimum-bias data for each centrality
class, as defined in Eq. (1). The resulting per-event yields
and non-prompt fraction for J/ψ production are shown in
Figs. 3 and 4 respectively, as a function of transverse momen-
tum, for three centrality slices and rapidity range |y| < 2.
The vertical error bars in the J/ψ per-event yields shown
in Fig. 3 are the combined systematic and statistical uncer-
tainties. The non-prompt fraction appears to be essentially

centrality-independent and to have a slightly different slope
from that found in pp collisions [25].

6.2 Nuclear modification factor, RJ/ψ
AA

The influence of the hot dense medium on the production
of the J/ψ mesons is quantified by the nuclear modifica-
tion factor, given in Eq. (3), which compares production of
charmonium states in Pb+Pb collisions to the same process
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Fig. 8 The nuclear modification factor as a function of the number
of participants, Npart , for the prompt J/ψ (left) and non-prompt J/ψ
(right) for 9 < pT < 40 GeV and for rapidity |y| < 2. The statis-
tical uncertainty of each point is indicated by a narrow error bar. The

error box plotted with each point represents the uncorrelated systematic
uncertainty, while the shaded error box at RAA=1 represents correlated
scale uncertainties
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ticipants, Npart , for prompt meson production compared with different
theoretical models (left) and non-prompt meson production (right). The

narrow error bar represents the statistical uncertainties while the error
box represents the total systematic uncertainty

can be interpreted in models in which the binding energy of
the two mesons is estimated [59], leading to different sur-
vival probabilities in the thermal medium, or in which the
formation mechanisms differ, such as different susceptibil-
ity of the two mesons to recombination processes [60,61].
If the non-prompt J/ψ and ψ(2S) originate from b-quarks

losing energy in the medium and hadronizing outside of the
medium, then the ratio of their yields should be unity. This
statement should be true for the ratio expressed as a func-
tion of any kinematic variable. By contrast, prompt J/ψ and
ψ(2S) or their pre-resonant states, should traverse the hot and
dense medium. Considering both mesons as composite sys-
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• Two experiments agree well with each other
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can be interpreted in models in which the binding energy of
the two mesons is estimated [59], leading to different sur-
vival probabilities in the thermal medium, or in which the
formation mechanisms differ, such as different susceptibil-
ity of the two mesons to recombination processes [60,61].
If the non-prompt J/ψ and ψ(2S) originate from b-quarks

losing energy in the medium and hadronizing outside of the
medium, then the ratio of their yields should be unity. This
statement should be true for the ratio expressed as a func-
tion of any kinematic variable. By contrast, prompt J/ψ and
ψ(2S) or their pre-resonant states, should traverse the hot and
dense medium. Considering both mesons as composite sys-
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can be interpreted in models in which the binding energy of
the two mesons is estimated [59], leading to different sur-
vival probabilities in the thermal medium, or in which the
formation mechanisms differ, such as different susceptibil-
ity of the two mesons to recombination processes [60,61].
If the non-prompt J/ψ and ψ(2S) originate from b-quarks

losing energy in the medium and hadronizing outside of the
medium, then the ratio of their yields should be unity. This
statement should be true for the ratio expressed as a func-
tion of any kinematic variable. By contrast, prompt J/ψ and
ψ(2S) or their pre-resonant states, should traverse the hot and
dense medium. Considering both mesons as composite sys-
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• Nonprompt Jpsi double ratios ~ 1
• Suppression of both 1S and 2S from the decay of B hadrons outside the medium
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Figure 5: Prompt (left) and non-prompt (right) J/ v2 as a function of rapidity for transverse momentum in the
range 9 < pT < 30 GeV and centrality 0–60%. The statistical and systematic uncertainties are shown using vertical
error bars and boxes respectively. The horizontal error bars represent the kinematic range of the measurement for
each bin.
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Figure 6: Prompt (left) and non-prompt (right) J/ v2 as a function of average number of nucleons participating
in the collision for transverse momentum in the range 9 < pT < 30 GeV and rapidity |y| < 2. The statistical and
systematic uncertainties are shown using vertical error bars and boxes respectively. The centrality interval associated
to a given value of hNparti is written below each data point.

12

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
y

0

0.05

0.1

0.15

0.2
2v ATLAS

-1 = 5.02 TeV, 0.42 nbNNsPb+Pb, 
 < 30 GeV, 0 - 60%

T
, 9 < pψPrompt J/

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
y

0

0.05

0.1

0.15

0.2

2v ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb, 

 < 30 GeV, 0 - 60%
T

, 9 < pψNon-prompt J/

Figure 5: Prompt (left) and non-prompt (right) J/ v2 as a function of rapidity for transverse momentum in the
range 9 < pT < 30 GeV and centrality 0–60%. The statistical and systematic uncertainties are shown using vertical
error bars and boxes respectively. The horizontal error bars represent the kinematic range of the measurement for
each bin.

50 100 150 200 250 300 350
〉partN〈

0

0.05

0.1

0.15

0.2

2v ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb, 
 < 2y < 30 GeV, 

T
, 9 < pψPrompt J/

40-60% 20-40% 0-20%

50 100 150 200 250 300 350
〉partN〈

0

0.05

0.1

0.15

0.2

2v ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb, 

 < 2y < 30 GeV, 
T

, 9 < pψNon-prompt J/

40-60% 20-40% 0-20%

Figure 6: Prompt (left) and non-prompt (right) J/ v2 as a function of average number of nucleons participating
in the collision for transverse momentum in the range 9 < pT < 30 GeV and rapidity |y| < 2. The statistical and
systematic uncertainties are shown using vertical error bars and boxes respectively. The centrality interval associated
to a given value of hNparti is written below each data point.

12

EPJC 78 (2018) 784

Nonprompt J/ψ v2

• No clear centrality or rapidity dependence within uncertainties
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pp at 13 TeV (two particle correlation)

reconstructed by the HLT. The trigger with the highest threshold for the number of tracks sampled the full
integrated luminosity of 150 pb�1. For each charged-hadron multiplicity range reported here, analyzed
events are taken exclusively from the trigger that sampled the largest integrated luminosity.

Charged-particle tracks and collision vertices are reconstructed in the ID using algorithms described in
Ref. [18]. Tracks with pT > 0.4 GeV and |⌘| < 2.5 satisfying the set of quality requirements [17] are
used in this analysis. Muons with 4 < pT < 7 GeV and |⌘| < 2.4 reconstructed in both the ID and the
MS are selected and required to pass ‘medium’ selection requirements described in Ref. [19]. Events are
required to have at least one but not more than four reconstructed vertices to reduce the contribution from
in-time pileup events containing multiple pp collisions per event. The number of reconstructed tracks with
pT > 0.4 GeV associated with the vertex containing the muon is denoted by Nrec

ch .

Simulated events were generated using Pythia8 [20] with the NNPDF23LO parton distribution function
set [21] and A14 [22] set of tuned parameters. Multijet hard-scattering events filtered on the presence of a
generator-level muon were passed through a Geant4 simulation [23, 24] of the detector and reconstructed
under the same conditions as the data.

This analysis follows two-particle correlation methods used in previous ATLAS measurements [17, 25] and
summarized here. Two-particle correlations are measured as a function of �� ⌘ �µ � �h and �⌘ ⌘ ⌘µ � ⌘h,
where particles µ and h are muons and charged hadrons, respectively. For each muon, correlation functions
S (�⌘,��) and B(�⌘,��) are formed [26]. The correlation function S (�⌘,��) uses charged hadrons from
the same event. The function B(�⌘,��) is constructed by selecting charged hadrons from di↵erent events
of similar Nrec

ch (|�Nrec
ch | < 10) and vertex position zvtx (|�zvtx| < 10 mm). Detector acceptance e↵ects

largely cancel out in the ratio S/B. Each muon–hadron pair is weighted by the inverse product of the trigger
and reconstruction e�ciencies for the muon and the reconstruction e�ciency for the charged hadron.

One-dimensional correlation functions C(��) are obtained by integrating S (�⌘,��) and B(�⌘,��) over
the pseudorapidity interval 1.5 < |�⌘| < 5:

C(��) =

R 5
1.5 d|�⌘|S (|�⌘|,��)
R 5

1.5 d|�⌘|B(|�⌘|,��)
⌘ S (��)

B(��)
,

and S (��) and B(��) are normalized such that the average value of C(��) is unity. Requiring a gap in
�⌘ that excludes |�⌘| < 1.5 reduces the contribution to the correlations from jet fragmentation. Previous
hadron–hadron correlation results used a larger gap, integrating over 2 < |�⌘| < 5 instead [17, 25]; however,
studies with the Pythia8 sample described above indicate that the jet-fragmentation correlation is narrower
for heavy-flavor quarks.

In order to separate the flow contribution from that due to back-to-back dijets and resonance decays,
together referred to as non-flow, a template fitting method developed for previous ATLAS analyses [17,
25] is used. This method assumes that the shape of non-flow correlations is independent of the particle
multiplicity in the events, an assumption which results in a good description of the correlation functions
in these measurements and is tested in simulation [27]. Hence the correlation function in low particle-
multiplicity (LM) events dominated by non-flow is used to estimate the non-flow contribution in high
multiplicity (HM) events. The resulting template fit function:

Ctempl(��) = F ·CLM(��) +Cridge(��),

where

3

Cridge(��) = G

1 +

4X

n=2

2vn,n cos(n��)
�
,

has free parameters F and nth-order flow (anisotropy) coe�cients vn,n; the coe�cient G is fixed by requiring
that the integrals of Ctempl(��) and C(��) are equal. The template fits include harmonics 2–4 because the
contribution from higher-order coe�cients is negligible. Based on the assumption of flow factorization [28],
the flow coe�cients vn of muons are obtained as vµn(pµT) = vn,n(pµT, p

h
T)/vhn(ph

T), where vhn(ph
T) are the flow

coe�cients of charged hadrons previously measured by ATLAS using the same template fit method in
di↵erent analyses [17, 25].

The selected muon sample includes background muons from particles produced in hadronic showers
and from punch-through hadrons. Previous studies [29, 30] showed that the signal (heavy-flavor) and
background muons can be separated statistically using the fractional momentum imbalance, �p/pID =

(pID � pMS) /pID, where pID is the muon momentum measured in the ID, and pMS is that measured in
the MS corrected via simulation for the energy loss inside the calorimeter. The signal fraction f sig is
obtained by fitting the measured �p/pID distribution with signal and background template distributions
obtained from simulation. The signal muon sample includes remaining contributions from non-heavy-
flavor components such as quarkonia, low-mass resonances, and ⌧-leptons; these amount to ⇠ 2.5%, based
on Pythia8 simulation.
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Figure 1: Template fit to the muon–hadron correlation function, C(��), with pseudorapidity interval 1.5 < |�⌘| < 5
and track multiplicity 110  Nrec

ch < 120. Muons with transverse momentum 4 < pT < 6 GeV and charged particles
with 0.5 < pT < 5 GeV are used. Each panel shows the muon–hadron correlation function for muons of a di↵erent
signal fraction ( f sig). The solid red lines show the final function Ctempl(��), while the open points and dashed blue
lines show the scaled CLM(��) and vn,n components, each above a vertical pedestal for visibility.

Figure 1 shows muon–hadron correlation functions and template fits for muons with 4 < pT < 6 GeV and
charged hadrons with 0.5 < pT < 5 GeV from events with 110  Nrec

ch < 120; the Nrec
ch < 40 region is used

for LM events. The two panels represent di↵erent �p/pID regions, characterized by di↵erent f sig values,
as indicated in the plots. The amplitude of the v2,2 modulation changes with the signal fraction. The values
of v2,2 are determined from muon–hadron correlation functions generated using muons in three di↵erent
regions of �p/pID, and v2,2 as a function of f sig is extracted from a linear fit to the points. Then v2,2 from
heavy-flavor muon–hadron correlations vsig

2,2(pµT, p
h
T) is calculated by extrapolating to f sig = 1, based on

v2,2(pµT, p
h
T) = f sigvsig

2,2(pµT, p
h
T) + (1 � f sig)vbkg

2,2 (pµT, p
h
T),
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reconstructed by the HLT. The trigger with the highest threshold for the number of tracks sampled the full
integrated luminosity of 150 pb�1. For each charged-hadron multiplicity range reported here, analyzed
events are taken exclusively from the trigger that sampled the largest integrated luminosity.

Charged-particle tracks and collision vertices are reconstructed in the ID using algorithms described in
Ref. [18]. Tracks with pT > 0.4 GeV and |⌘| < 2.5 satisfying the set of quality requirements [17] are
used in this analysis. Muons with 4 < pT < 7 GeV and |⌘| < 2.4 reconstructed in both the ID and the
MS are selected and required to pass ‘medium’ selection requirements described in Ref. [19]. Events are
required to have at least one but not more than four reconstructed vertices to reduce the contribution from
in-time pileup events containing multiple pp collisions per event. The number of reconstructed tracks with
pT > 0.4 GeV associated with the vertex containing the muon is denoted by Nrec

ch .

Simulated events were generated using Pythia8 [20] with the NNPDF23LO parton distribution function
set [21] and A14 [22] set of tuned parameters. Multijet hard-scattering events filtered on the presence of a
generator-level muon were passed through a Geant4 simulation [23, 24] of the detector and reconstructed
under the same conditions as the data.

This analysis follows two-particle correlation methods used in previous ATLAS measurements [17, 25] and
summarized here. Two-particle correlations are measured as a function of �� ⌘ �µ � �h and �⌘ ⌘ ⌘µ � ⌘h,
where particles µ and h are muons and charged hadrons, respectively. For each muon, correlation functions
S (�⌘,��) and B(�⌘,��) are formed [26]. The correlation function S (�⌘,��) uses charged hadrons from
the same event. The function B(�⌘,��) is constructed by selecting charged hadrons from di↵erent events
of similar Nrec

ch (|�Nrec
ch | < 10) and vertex position zvtx (|�zvtx| < 10 mm). Detector acceptance e↵ects

largely cancel out in the ratio S/B. Each muon–hadron pair is weighted by the inverse product of the trigger
and reconstruction e�ciencies for the muon and the reconstruction e�ciency for the charged hadron.

One-dimensional correlation functions C(��) are obtained by integrating S (�⌘,��) and B(�⌘,��) over
the pseudorapidity interval 1.5 < |�⌘| < 5:

C(��) =

R 5
1.5 d|�⌘|S (|�⌘|,��)
R 5

1.5 d|�⌘|B(|�⌘|,��)
⌘ S (��)

B(��)
,

and S (��) and B(��) are normalized such that the average value of C(��) is unity. Requiring a gap in
�⌘ that excludes |�⌘| < 1.5 reduces the contribution to the correlations from jet fragmentation. Previous
hadron–hadron correlation results used a larger gap, integrating over 2 < |�⌘| < 5 instead [17, 25]; however,
studies with the Pythia8 sample described above indicate that the jet-fragmentation correlation is narrower
for heavy-flavor quarks.

In order to separate the flow contribution from that due to back-to-back dijets and resonance decays,
together referred to as non-flow, a template fitting method developed for previous ATLAS analyses [17,
25] is used. This method assumes that the shape of non-flow correlations is independent of the particle
multiplicity in the events, an assumption which results in a good description of the correlation functions
in these measurements and is tested in simulation [27]. Hence the correlation function in low particle-
multiplicity (LM) events dominated by non-flow is used to estimate the non-flow contribution in high
multiplicity (HM) events. The resulting template fit function:

Ctempl(��) = F ·CLM(��) +Cridge(��),

where

3

reconstructed by the HLT. The trigger with the highest threshold for the number of tracks sampled the full
integrated luminosity of 150 pb�1. For each charged-hadron multiplicity range reported here, analyzed
events are taken exclusively from the trigger that sampled the largest integrated luminosity.

Charged-particle tracks and collision vertices are reconstructed in the ID using algorithms described in
Ref. [18]. Tracks with pT > 0.4 GeV and |⌘| < 2.5 satisfying the set of quality requirements [17] are
used in this analysis. Muons with 4 < pT < 7 GeV and |⌘| < 2.4 reconstructed in both the ID and the
MS are selected and required to pass ‘medium’ selection requirements described in Ref. [19]. Events are
required to have at least one but not more than four reconstructed vertices to reduce the contribution from
in-time pileup events containing multiple pp collisions per event. The number of reconstructed tracks with
pT > 0.4 GeV associated with the vertex containing the muon is denoted by Nrec

ch .

Simulated events were generated using Pythia8 [20] with the NNPDF23LO parton distribution function
set [21] and A14 [22] set of tuned parameters. Multijet hard-scattering events filtered on the presence of a
generator-level muon were passed through a Geant4 simulation [23, 24] of the detector and reconstructed
under the same conditions as the data.

This analysis follows two-particle correlation methods used in previous ATLAS measurements [17, 25] and
summarized here. Two-particle correlations are measured as a function of �� ⌘ �µ � �h and �⌘ ⌘ ⌘µ � ⌘h,
where particles µ and h are muons and charged hadrons, respectively. For each muon, correlation functions
S (�⌘,��) and B(�⌘,��) are formed [26]. The correlation function S (�⌘,��) uses charged hadrons from
the same event. The function B(�⌘,��) is constructed by selecting charged hadrons from di↵erent events
of similar Nrec

ch (|�Nrec
ch | < 10) and vertex position zvtx (|�zvtx| < 10 mm). Detector acceptance e↵ects

largely cancel out in the ratio S/B. Each muon–hadron pair is weighted by the inverse product of the trigger
and reconstruction e�ciencies for the muon and the reconstruction e�ciency for the charged hadron.

One-dimensional correlation functions C(��) are obtained by integrating S (�⌘,��) and B(�⌘,��) over
the pseudorapidity interval 1.5 < |�⌘| < 5:

C(��) =

R 5
1.5 d|�⌘|S (|�⌘|,��)
R 5

1.5 d|�⌘|B(|�⌘|,��)
⌘ S (��)

B(��)
,

and S (��) and B(��) are normalized such that the average value of C(��) is unity. Requiring a gap in
�⌘ that excludes |�⌘| < 1.5 reduces the contribution to the correlations from jet fragmentation. Previous
hadron–hadron correlation results used a larger gap, integrating over 2 < |�⌘| < 5 instead [17, 25]; however,
studies with the Pythia8 sample described above indicate that the jet-fragmentation correlation is narrower
for heavy-flavor quarks.

In order to separate the flow contribution from that due to back-to-back dijets and resonance decays,
together referred to as non-flow, a template fitting method developed for previous ATLAS analyses [17,
25] is used. This method assumes that the shape of non-flow correlations is independent of the particle
multiplicity in the events, an assumption which results in a good description of the correlation functions
in these measurements and is tested in simulation [27]. Hence the correlation function in low particle-
multiplicity (LM) events dominated by non-flow is used to estimate the non-flow contribution in high
multiplicity (HM) events. The resulting template fit function:

Ctempl(��) = F ·CLM(��) +Cridge(��),

where

3

• For each muon
• S(Δφ, Δη) with hadrons from the same events
• B(Δφ, Δη) with hadrons from the different events of similar Nch and zvtx

• Each muon-hadron pair is corrected for efficiencies (acceptance largely cancels in S/B)

• 1D correlation function (η gap reduces the contributions from jet fragmentation)

• Template fit to remove non-flow (back-to-bak dijet, resonance decays, etc)
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reconstructed by the HLT. The trigger with the highest threshold for the number of tracks sampled the full
integrated luminosity of 150 pb�1. For each charged-hadron multiplicity range reported here, analyzed
events are taken exclusively from the trigger that sampled the largest integrated luminosity.

Charged-particle tracks and collision vertices are reconstructed in the ID using algorithms described in
Ref. [18]. Tracks with pT > 0.4 GeV and |⌘| < 2.5 satisfying the set of quality requirements [17] are
used in this analysis. Muons with 4 < pT < 7 GeV and |⌘| < 2.4 reconstructed in both the ID and the
MS are selected and required to pass ‘medium’ selection requirements described in Ref. [19]. Events are
required to have at least one but not more than four reconstructed vertices to reduce the contribution from
in-time pileup events containing multiple pp collisions per event. The number of reconstructed tracks with
pT > 0.4 GeV associated with the vertex containing the muon is denoted by Nrec

ch .

Simulated events were generated using Pythia8 [20] with the NNPDF23LO parton distribution function
set [21] and A14 [22] set of tuned parameters. Multijet hard-scattering events filtered on the presence of a
generator-level muon were passed through a Geant4 simulation [23, 24] of the detector and reconstructed
under the same conditions as the data.

This analysis follows two-particle correlation methods used in previous ATLAS measurements [17, 25] and
summarized here. Two-particle correlations are measured as a function of �� ⌘ �µ � �h and �⌘ ⌘ ⌘µ � ⌘h,
where particles µ and h are muons and charged hadrons, respectively. For each muon, correlation functions
S (�⌘,��) and B(�⌘,��) are formed [26]. The correlation function S (�⌘,��) uses charged hadrons from
the same event. The function B(�⌘,��) is constructed by selecting charged hadrons from di↵erent events
of similar Nrec

ch (|�Nrec
ch | < 10) and vertex position zvtx (|�zvtx| < 10 mm). Detector acceptance e↵ects

largely cancel out in the ratio S/B. Each muon–hadron pair is weighted by the inverse product of the trigger
and reconstruction e�ciencies for the muon and the reconstruction e�ciency for the charged hadron.

One-dimensional correlation functions C(��) are obtained by integrating S (�⌘,��) and B(�⌘,��) over
the pseudorapidity interval 1.5 < |�⌘| < 5:

C(��) =

R 5
1.5 d|�⌘|S (|�⌘|,��)
R 5

1.5 d|�⌘|B(|�⌘|,��)
⌘ S (��)

B(��)
,

and S (��) and B(��) are normalized such that the average value of C(��) is unity. Requiring a gap in
�⌘ that excludes |�⌘| < 1.5 reduces the contribution to the correlations from jet fragmentation. Previous
hadron–hadron correlation results used a larger gap, integrating over 2 < |�⌘| < 5 instead [17, 25]; however,
studies with the Pythia8 sample described above indicate that the jet-fragmentation correlation is narrower
for heavy-flavor quarks.

In order to separate the flow contribution from that due to back-to-back dijets and resonance decays,
together referred to as non-flow, a template fitting method developed for previous ATLAS analyses [17,
25] is used. This method assumes that the shape of non-flow correlations is independent of the particle
multiplicity in the events, an assumption which results in a good description of the correlation functions
in these measurements and is tested in simulation [27]. Hence the correlation function in low particle-
multiplicity (LM) events dominated by non-flow is used to estimate the non-flow contribution in high
multiplicity (HM) events. The resulting template fit function:

Ctempl(��) = F ·CLM(��) +Cridge(��),

where

3

Low multiplicity events
(dominated by non-flow)

Cridge(��) = G

1 +

4X

n=2

2vn,n cos(n��)
�
,

has free parameters F and nth-order flow (anisotropy) coe�cients vn,n; the coe�cient G is fixed by requiring
that the integrals of Ctempl(��) and C(��) are equal. The template fits include harmonics 2–4 because the
contribution from higher-order coe�cients is negligible. Based on the assumption of flow factorization [28],
the flow coe�cients vn of muons are obtained as vµn(pµT) = vn,n(pµT, p

h
T)/vhn(ph

T), where vhn(ph
T) are the flow

coe�cients of charged hadrons previously measured by ATLAS using the same template fit method in
di↵erent analyses [17, 25].

The selected muon sample includes background muons from particles produced in hadronic showers
and from punch-through hadrons. Previous studies [29, 30] showed that the signal (heavy-flavor) and
background muons can be separated statistically using the fractional momentum imbalance, �p/pID =

(pID � pMS) /pID, where pID is the muon momentum measured in the ID, and pMS is that measured in
the MS corrected via simulation for the energy loss inside the calorimeter. The signal fraction f sig is
obtained by fitting the measured �p/pID distribution with signal and background template distributions
obtained from simulation. The signal muon sample includes remaining contributions from non-heavy-
flavor components such as quarkonia, low-mass resonances, and ⌧-leptons; these amount to ⇠ 2.5%, based
on Pythia8 simulation.
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Figure 1: Template fit to the muon–hadron correlation function, C(��), with pseudorapidity interval 1.5 < |�⌘| < 5
and track multiplicity 110  Nrec

ch < 120. Muons with transverse momentum 4 < pT < 6 GeV and charged particles
with 0.5 < pT < 5 GeV are used. Each panel shows the muon–hadron correlation function for muons of a di↵erent
signal fraction ( f sig). The solid red lines show the final function Ctempl(��), while the open points and dashed blue
lines show the scaled CLM(��) and vn,n components, each above a vertical pedestal for visibility.

Figure 1 shows muon–hadron correlation functions and template fits for muons with 4 < pT < 6 GeV and
charged hadrons with 0.5 < pT < 5 GeV from events with 110  Nrec

ch < 120; the Nrec
ch < 40 region is used

for LM events. The two panels represent di↵erent �p/pID regions, characterized by di↵erent f sig values,
as indicated in the plots. The amplitude of the v2,2 modulation changes with the signal fraction. The values
of v2,2 are determined from muon–hadron correlation functions generated using muons in three di↵erent
regions of �p/pID, and v2,2 as a function of f sig is extracted from a linear fit to the points. Then v2,2 from
heavy-flavor muon–hadron correlations vsig

2,2(pµT, p
h
T) is calculated by extrapolating to f sig = 1, based on

v2,2(pµT, p
h
T) = f sigvsig
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has free parameters F and nth-order flow (anisotropy) coe�cients vn,n; the coe�cient G is fixed by requiring
that the integrals of Ctempl(��) and C(��) are equal. The template fits include harmonics 2–4 because the
contribution from higher-order coe�cients is negligible. Based on the assumption of flow factorization [28],
the flow coe�cients vn of muons are obtained as vµn(pµT) = vn,n(pµT, p

h
T)/vhn(ph

T), where vhn(ph
T) are the flow

coe�cients of charged hadrons previously measured by ATLAS using the same template fit method in
di↵erent analyses [17, 25].

The selected muon sample includes background muons from particles produced in hadronic showers
and from punch-through hadrons. Previous studies [29, 30] showed that the signal (heavy-flavor) and
background muons can be separated statistically using the fractional momentum imbalance, �p/pID =

(pID � pMS) /pID, where pID is the muon momentum measured in the ID, and pMS is that measured in
the MS corrected via simulation for the energy loss inside the calorimeter. The signal fraction f sig is
obtained by fitting the measured �p/pID distribution with signal and background template distributions
obtained from simulation. The signal muon sample includes remaining contributions from non-heavy-
flavor components such as quarkonia, low-mass resonances, and ⌧-leptons; these amount to ⇠ 2.5%, based
on Pythia8 simulation.
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Figure 1: Template fit to the muon–hadron correlation function, C(��), with pseudorapidity interval 1.5 < |�⌘| < 5
and track multiplicity 110  Nrec

ch < 120. Muons with transverse momentum 4 < pT < 6 GeV and charged particles
with 0.5 < pT < 5 GeV are used. Each panel shows the muon–hadron correlation function for muons of a di↵erent
signal fraction ( f sig). The solid red lines show the final function Ctempl(��), while the open points and dashed blue
lines show the scaled CLM(��) and vn,n components, each above a vertical pedestal for visibility.

Figure 1 shows muon–hadron correlation functions and template fits for muons with 4 < pT < 6 GeV and
charged hadrons with 0.5 < pT < 5 GeV from events with 110  Nrec

ch < 120; the Nrec
ch < 40 region is used

for LM events. The two panels represent di↵erent �p/pID regions, characterized by di↵erent f sig values,
as indicated in the plots. The amplitude of the v2,2 modulation changes with the signal fraction. The values
of v2,2 are determined from muon–hadron correlation functions generated using muons in three di↵erent
regions of �p/pID, and v2,2 as a function of f sig is extracted from a linear fit to the points. Then v2,2 from
heavy-flavor muon–hadron correlations vsig

2,2(pµT, p
h
T) is calculated by extrapolating to f sig = 1, based on

v2,2(pµT, p
h
T) = f sigvsig

2,2(pµT, p
h
T) + (1 � f sig)vbkg

2,2 (pµT, p
h
T),

4

• Flow factorization assumption

• v2,2 determined in three different Δp/pID region
• signal fraction fsig is extracted from a linear fit to the points to get v2,2sig

• v2,2sig determined in two different d0 region
• v2,2b→μ and v2,2c→μ are determined from a linear fit

fsig

fb→μ
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uncertainty. The sensitivity to the width of the �⌘ gap is tested by using 2 < |�⌘| < 5 to obtain a wider
excluded range (|�⌘| < 2), and the resulting change in vsig

2,2(pµT, p
h
T) is smaller than the statistical uncertainty.

The results may be sensitive to a residual in-time pileup contribution when two closely spaced pp events
are reconstructed with a single merged vertex. This e↵ect is studied using a tighter event selection to reject
events containing more than two reconstructed vertices per event. The vsig

2,2(pµT, p
h
T) obtained is consistent

with the vsig
2,2(pµT, p

h
T) from the nominal event selection within the statistical uncertainties. The uncertainty

associated with the signal fraction extraction is evaluated by modifying the momentum-imbalance templates
from simulation, and considering the systematic uncertainties in the muon momentum resolution and scale.
For signal muons, the impact of using a data-driven template with muons from J/ ! µµ candidates is
also considered.

The uncertainty in vc2,2(pµT, p
h
T) and vb2,2(pµT, p

h
T) additionally includes the uncertainty in f b!µ. The extracted

f b!µ values are sensitive to the shape of the pT spectra of initial charm and bottom hadrons, the background
muon fraction, the non-heavy-flavor muon contribution, fit range, and d0-template shapes. The non-heavy-
flavor muon contribution, which is estimated to be 2.5% of the signal muon yield using simulation, is varied
in the range 0–5% and included in the d0 fit procedure to evaluate the impact on f b!µ. The sensitivity to
the fit range is evaluated by repeating the d0 fit with di↵erent exclusion regions, either 0 or 0.04 mm. The
resulting systematic uncertainty in f b!µ is 8–10%, and this uncertainty is propagated into the uncertainties
in vc2,2(pµT, p

h
T) and vb2,2(pµT, p

h
T) by combining it in quadrature with those in vsig

2,2(pµT, p
h
T). Finally, it was

checked in the generation-level and reconstruction-level Pythia8 events that v2,2(pµT, p
h
T) for inclusive

heavy-flavor muons as well as for muons from c and b decays is consistent with zero as expected.
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Figure 3: Elliptic anisotropy coe�cient v2 of inclusive heavy-flavor muons as a function of track multiplicity Nrec
ch for

muons with transverse momentum 4 < pT < 6 GeV (left) and as a function of pT for the 60  Nrec
ch < 120 multiplicity

range (right). The vertical bars and shaded bands represent statistical and systematic uncertainties, respectively.

Figure 3 shows the v2 of inclusive heavy-flavor muons, determined as vµ2(pµT) = v2,2(pµT, p
h
T)/vh2(ph

T), where
vh2(ph

T) is taken from Ref. [17]. The systematic uncertainty in the charged-hadron v2 is included in the
total uncertainty, but is negligible compared with the other uncertainties introduced in this measurement.
The v2 value is presented as a function of Nrec

ch for 4 < pT < 6 GeV (left) and as a function of pT for
60  Nrec

ch < 120 (right). Within the uncertainties there is no clear Nrec
ch dependence, but the value decreases

as the heavy-flavor muon pT increases from 4 to 7 GeV.

Figure 4 shows the v2 values for muons from charm and bottom decays separately, as a function of Nrec
ch

for 4 < pT < 6 GeV (left) and as a function of pT for 60  Nrec
ch < 120 (right). The v2 of muons from

bottom decays is consistent with zero in the entire Nrec
ch range of the measurement and has no discernible
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pp at 13 TeV: Inclusive HF v2

• Non-zero v2: almost independent of multiplicity 
• Decreases with pT 
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