
Open heavy flavor measurements 
with ATLAS
Qipeng Hu (Colorado) 

HF Workshop 2017  
Oct 30, 2017, LBNL



Motivation
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‣ Heavy flavors (HF) have large masses and are 
produced at the early stage of heavy ion collisions. 
Unique tool to study QGP and parton energy loss 

‣ HF measurements in p+A would be helpful to 
understand shadowing 

‣ Heavy flavor meson flows in A+A. Do they have 
the same sinusoidal modulations in smaller 
systems?
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HF probes in ATLAS: 

Non-prompt charmonia in p+Pb and Pb+Pb 
Muons from HF decays 

‣ HF muon RAA in Pb+Pb (2.76 TeV) 
‣ HF muon v2 in Pb+Pb (2.76 TeV) 
‣ HF muon v2 in p+Pb (8.16 TeV) 

Identified HF mesons 
‣ D meson RFB and flow in p+Pb (8.16 TeV)

https://arxiv.org/abs/1708.03497
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‣ Heavy flavors (HF) have large masses and are 
produced at the early stage of heavy ion collisions. 
Unique tool to study QGP and parton energy loss 

‣ HF measurements in p+A would be helpful to 
understand shadowing 

‣ Heavy flavor meson flows in A+A. Do they have 
the same sinusoidal modulations in smaller 
systems?

HF probes in ATLAS: 

Non-prompt charmonia in p+Pb and Pb+Pb 
Muons from HF decays 

‣ HF muon RAA in Pb+Pb (2.76 TeV) 
‣ HF muon v2 in Pb+Pb (2.76 TeV) 
‣ HF muon v2 in p+Pb (8.16 TeV) 

Identified HF mesons 
‣ D meson RFB and flow in p+Pb (8.16 TeV)

https://arxiv.org/abs/1708.03497


D meson production in 8.16 TeV p+Pb 
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No PID, all possible candidate track pairs 
with pT > 1GeV from the same vertex are 
considered 

D0 vertex selection optimized based on: 
‣ Vertex probability 
‣ Pointing angle 
‣ Decay length significance Lxy / σ(Lxy)  

For D*, the third soft track with pT > 400 MeV 
is required

D0→K𝜋 

D*→D0𝜋→K𝜋𝜋 

Event collected by MinBias trigger

cuts, perform a correction closure test, and to study the fit model in p+Pb collisions. The response of the
ATLAS detector is simulated using G���� 4 [17]. The simulated events are reconstructed with the same
algorithms used for data.

3 Yields

The di�erential production cross section of prompt D mesons, including particles and anti-particles, is
calculated for each measurement interval as:

d2�

dpTdy⇤
=

fprompt ⇥ N

corr.

�pT ⇥ �y⇤ ⇥ B ⇥P ⇥
R

L dt

, (1)

where �pT and �y⇤ are the interval sizes in terms of charmed meson transverse momentum and center of
mass rapidity respectively, B is the decay branching fraction adapted from Ref. [18], P is the prescale
factor of the minimum bias trigger,

R
L dt is the integrated luminosity, fprompt is the fraction of prompt

D mesons in the inclusive production and N

corr. is the observed corrected D meson signal yields in each
kinematic interval under study. The prompt D meson fraction is determined using a method similar to
the one used in Ref. [6], in which expected number of reconstructed non-prompt D mesons is calculated
using fixed-order next-to-leading-logarithm (FONLL) predictions [19]. The corrected signal yields are
obtained from fitting the m(K⇡) distributions for D

0 and the�m distributions for D

⇤, both weighted by per-
candidate factors to correct for acceptance, track reconstruction e�ciency and selection e�ciency. Based
on the measured D meson yields at forward and backward center of mass rapidities, the forward-backward
asymmetry can be studied by taking RFB defined as:

RFB(D; |y⇤ | < 0.5) =
d2�(D)/dpTdy⇤(0 < y⇤ < 0.5)

d2�(D)/dpTdy⇤(�0.5 < y⇤ < 0)
, (2)

where the forward and backward y⇤ intervals are chosen to be symmetric such that the RFB is unity for pp

collisions by definition.

The acceptance of D

0 ! K⇡ (D⇤ ! D

0⇡s ! K⇡⇡s) is defined as the probability that the decay products,
K and ⇡ from D

0 (K , ⇡ and ⇡s from D

⇤) , fall into the analysis fiducial volume at a given transverse
momentum and rapidity. The acceptance depends on the invariant mass, the rapidity in the lab frame, and
the pT of the D meson. The track reconstruction e�ciency is defined as the probability of a generator-
level charged hadron from D meson decays to be reconstructed in the ID. The reconstruction e�ciency
is determined from MC samples. The e�ciency, as a function of pT, reaches its maximum at around
600 MeV, and the plateau e�ciency is about 90% in the central ⌘ region of |⌘ | < 1.0 and 80% in the
forward ⌘ region of 1.0 < |⌘ | < 2.5. The selection cut e�ciency is also determined in simulations. The
e�ciencies are measured with respect to reconstructed D meson candidates in a pure signal sample. The
average selection e�ciency is about 25% with a strong pT dependence (10�20% at low pT and up to 40%
at high pT) and a 5% variation from central to forward rapidity.

The D

0 invariant mass (m(K⇡)) distribution is described by a sum of a single Gaussian function, and
a Crystal Ball (CB) function [20] sharing a common mean. The ratio of the Gaussian width to the CB
width is fixed at a constant factor, obtained from the ratio of the track pair invariant mass resolution at
central rapidity, to that at forward in the simulation. The fraction of the Gaussian function in the signal

4

B:  branching fraction 

P:  trigger prescale factor 

fprompt:  prompt D meson fraction estimated 
based on FONLL 

Ncorr:  corrected yields taking into account 
trigger, reconstruction and selection 
efficiency and acceptance



D0 and D* fits
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D0 invariant mass 
‣ CB+Gaussian signal 
‣ Gaussian swapped bkg 
‣ third-order polynomial  bkg

D* mass difference: 
‣ Novosibirsk signal 
‣ Generic bkg function obtained 

from control sample

ATLAS-CONF-2017-073
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proton lead beam

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

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

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

‣ Relatively small modification in p+Pb

ATLAS-CONF-2017-073

Prompt D*Prompt D0

FONLL uncertainties 
‣ renormalisation scale 
‣ factorization scale  
‣ charm quark mass 
‣ pdf
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Prompt D*Prompt D0

‣ Data and FONLL are 
comparable in whole 
kinematic range  

‣ Relatively small 
modification in p+Pb

ATLAS-CONF-2017-073
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‣ Consistent with unity for the investigated kinematic range  
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prompt D* and D0

ATLAS-CONF-2017-073
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Non-prompt J/𝝍
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‣ Consistent with unity for the investigated kinematic range  

‣ No obvious modification in forward wrt. backward for 
prompt D* and D0 

‣ RFB(prompt D0) ~ RFB(non-prompt J/𝜓)
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‣ Backgrounds: late K/𝜋 decays and 
punch-through jets 

‣ To enrich signal muons: Δp / pID < 0 

‣ Signal purity ~ 80%  

‣ Comparable c and b contribution at pT 
~ 5 GeV and b-dominated at pT > 5 GeV

Momentum imbalance

�p

pID
=

pID � pME

pID

Prompt vs non-prompt muons (MC)

Plots show momentum-imbalance distributions 
for reconstructed muons
1. Muons matched to primary truth muons
2. All Other muons (including unmatched)

Pythia simulation

Prompt vs non-prompt muons (MC)

Plots show momentum-imbalance distributions 
for reconstructed muons
1. Muons matched to primary truth muons
2. All Other muons (including unmatched)

Prompt vs non-prompt muons (MC)

Plots show momentum-imbalance distributions 
for reconstructed muons
1. Muons matched to primary truth muons
2. All Other muons (including unmatched)

signal muons
bkg muons

𝑝ID 𝑝ME = Δ𝑝calo + 𝑝MS

Signal 𝜇

𝜇

Punch-through

Late K/𝜋 decay

ID Calo MS
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‣ Event collected by single muon trigger and high multiplicity trigger 

‣ 2PC between HF muon and charged hadrons 

‣ Multiplicity dependence of ridge strength but limited

Low Multiplicity High Multiplicity
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uncertainties are calculated for C(�⌘,��) using standard error-propagation procedures assuming no cor-
relation between S and B, and with the statistical variance of S and B in each �⌘ and �� bin taken to
be
P

1/(✏a✏b)2 where the sum runs over all of the pairs included in the bin. Typically, the two-particle
correlations are used only to study the shape of the correlations in ��, and are conveniently normalized.
In this paper, the normalization of C(�⌘,��) is chosen such that the ��-averaged value of C(�⌘,��) is
unity for |�⌘| > 2.

Examples of correlation functions are shown in Figure 2 for 0.5<pa,b
T <5 GeV and for two di↵erent Nrec

ch
ranges for each of the three data sets: 13 TeV pp (top), 5.02 TeV pp (middle), and 5.02 TeV p+Pb
(bottom). The left panels show results for 0Nrec

ch <20 while the right panels show representative high-
multiplicity ranges of Nrec

ch �120 for the 13 TeV pp data, 90Nrec
ch <100 for the 5.02 TeV pp data and

Nrec
ch �220 for the 5.02 TeV p+Pb data. The correlation functions are plotted over the range�⇡/2<��<3⇡/2;

the periodicity of the measurement requires that C(�⌘, 3⇡/2)=C(�⌘,�⇡/2). The low-multiplicity corre-
lation functions exhibit features that are understood to result primarily from hard-scattering processes: a
peak centered at �⌘=��=0 that arises primarily from jets and an enhancement centered at ��=⇡ and
extending over the full �⌘ range which results from dijets. These features also dominate the high-
multiplicity correlation functions. Additionally, in the high-multiplicity correlation functions, each of
the three systems exhibit a ridge – an enhancement centered at ��=0 that extends over the entire mea-
sured �⌘ range.

One-dimensional correlation functions C(��) are obtained by integrating the numerator and denominator
of Eq. (5) over 2<|�⌘|<5 prior to taking the ratio:

C(��) =

R 5
2 d|�⌘| S(|�⌘|,��)
R 5

2 d|�⌘| B(|�⌘|,��)
⌘ S(��)

B(��)
. (6)

This |�⌘| range is chosen to focus on the long-range features of the correlation functions. From the
one-dimensional correlation functions, “per-trigger-particle yields,” Y(��) are calculated [2, 4, 71]:

Y(��) =

0
BBBBBBBB@

R 3⇡/2
�⇡/2 B(��)d��

Na
R 3⇡/2
�⇡/2 d��

1
CCCCCCCCAC(��), (7)

where Na denotes the total number of trigger particles, corrected to account for the tracking e�ciency.
The Y(��) distribution is identical in shape to C(��), but has a physically relevant normalization: it
represents the average number of associated particles per trigger particle in a given �� interval. This
allows operations, such as subtraction of the Y(��) distribution in one event-activity class from the Y(��)
distribution in another, which have been used in studying the p+Pb ridge [2, 4].

5 Template fitting

In order to separate the ridge from other sources of angular correlation, such as dijets, the ATLAS Collab-
oration developed a template fitting procedure described in Ref. [41]. In this procedure, the measured
Y(��) distributions are assumed to result from a superposition of a “peripheral” Y(��) distribution,
Yperiph(��), scaled up by a multiplicative factor and a constant modulated by cos(n��) for n �2. The
resulting template fit function,

Y templ(��) = Y ridge(��) + F Yperiph(��) , (8)

9

where

Y ridge(��) = G

0
BBBBB@1 +

1X

n=2

2vn,n cos (n��)
1
CCCCCA , (9)

has free parameters F and vn,n. The parameter F is the multiplicative factor by which the Yperiph(��) is
scaled. The coe�cient G, which represents the magnitude of the combinatoric component of Y ridge(��),
is fixed by requiring that the integral of Y templ(��) be equal to the integral of the measured Y(��):R ⇡

0 d�� Y templ(��) =
R ⇡

0 d�� Y(��). In this paper, when studying the Nrec
ch dependence of the long-range

correlation, the 0Nrec
ch <20 multiplicity interval is used to produce Yperiph(��). When studying the EFCal

T
(EFCal,Pb

T ) dependence, the EFCal
T <10 GeV (EFCal,Pb

T <10 GeV) interval is used to produce Yperiph(��).

The template fitting procedure is similar to the peripheral subtraction procedure used in previous ATLAS
p+Pb ridge analyses [4]. In those analyses, the scale factor for the peripheral reference, analogous to
F in Eq. (8), was determined by matching the near-side jet peaks between the peripheral and central
samples. A more important di↵erence, however, lies in the treatment of the peripheral bin. In the earlier
analyses, a ZYAM procedure was performed on the peripheral reference, and only the modulated part
of Yperiph(��), Yperiph(��) � Yperiph(0), was used in the peripheral subtraction.7 The ZYAM procedure
makes several assumptions, the most relevant of which for the present analysis is that there is no long-
range correlation in the peripheral bin. As pointed out in Ref. [41], neglecting the non-zero modulation
present in Yperiph(��) significantly biases the measured vn,n values. Results from an alternative version
of the template fitting, where a ZYAM procedure is performed on the peripheral reference, by using
Yperiph(��) � Yperiph(0) in place of Yperiph(��) in Eq. (8), are also presented in this paper. This ZYAM-
based template fit is similar to the p+Pb peripheral subtraction procedure. These results are included
mainly to compare with previous measurements and to demonstrate the improvements obtained using the
present method.

In Ref. [41] the template fitting procedure only included the second-order harmonic v2,2, but was able
to reproduce the Nrec

ch -dependent evolution of Y(��) on both the near and away sides. The left panel of
Figure 3 shows such a template fit, in the 13 TeV pp data, that only includes v2,2. The right panel shows
the di↵erence between the Y(��) and the Y templ(��) distributions demonstrating the presence of small
(compared to v2,2), but significant residual v3,3 and v4,4 components. While it is possible that cos 3��
and cos 4�� contributions could arise in the template fitting method due to small multiplicity-dependent
changes in the shape of the dijet component of the correlation function, such e↵ects would not produce the
excess at ��⇠0 observed in the right-hand panel in Figure 3. That excess and the fact that its magnitude
is compatible with the remainder of the distribution indicates that there is real cos 3�� and cos 4��
modulation in the two-particle correlation functions. Thus this paper extends the v2,2 results in Ref. [41]
by including v3,3 and v4,4 as well. A study of these higher-order harmonics, including their Nrec

ch and
pT dependence and factorization (Eq. (4)), can help in better understanding the origin of the long-range
correlations.

Figure 4 shows template fits to the 13 TeV (left panels) and 5.02 TeV pp data (right panels), for 0.5 <
pa,b

T < 5 GeV. From top to bottom, each panel represents a di↵erent Nrec
ch range. The template fits (Eq. (9))

include harmonics 2–4. Visually, a ridge, i.e. a peak on the near-side, cannot be seen in the top two rows,
which correspond to low and intermediate Nrec

ch intervals, respectively. However, the template fits indicate
the presence of a large modulated component of Y ridge(��) even in these Nrec

ch intervals. Several prior pp
ridge measurements rely on the ZYAM method [71, 72] to extract yields on the near-side [14, 15]. In these
analyses, the yield of excess pairs in the ridge above the minimum of the Y(��) distribution is considered

7 The minimum of Yperiph(��) is at ��=0 and is thus equal to Yperiph(0), which the ZYAM procedure subtracts out.
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where

vn,n factorizes and vn is extracted.
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‣ 2-4 order harmonic considered in fit
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Figure 16: Left panels: comparison of the vn obtained from the template fitting procedure in the 13 TeV pp, 5.02 TeV
pp, and 5.02 TeV p+Pb data, as a function of Nrec
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respectively. The error bars and shaded bands indicate statistical and systematic uncertainties, respectively.
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‣ No obvious multiplicity dependence of 
HF muon v2 

‣ v2 (HF muon) ~ 0.6 × v2 (hadron)
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‣ No obvious multiplicity dependence of 
HF muon v2 

‣ v2 (HF muon) ~ 0.6 × v2 (hadron) 

‣ v2 (p+Pb; 2PC) ~ v2 (Pb+Pb; 10-20%, EP) 
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Smear of similar anisotropy due to 
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‣ No obvious multiplicity dependence of 
HF muon v2 

‣ v2 (HF muon) ~ 0.6 × v2 (hadron) 

‣ v2 (p+Pb; 2PC) ~ v2 (Pb+Pb; 10-20%, EP) 
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‣ Event collected by MinBias and high multiplicity triggers 

‣ Third soft pion from D* decay with pT > 250 MeV for larger D* fiducial 
volume ( 3 < pT < 30 GeV and -1.5 < y* < 0.5 ) 

‣ Charged particles pT > 0.25 GeV, Δ𝜂 > 1 for more statistics for 2PC
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D*-hadron correlation
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Signal 
Region

‣ Event collected by MinBias and high multiplicity triggers 

‣ Third soft pion from D* decay with pT > 250 MeV for larger D* fiducial 
volume ( 3 < pT < 30 GeV and -1.5 < y* < 0.5 ) 

‣ Charged particles pT > 0.25 GeV, Δ𝜂 > 1 for more statistics for 2PC 

‣ Using sideband region 150 < Δm < 170 MeV to estimation the 
background correlation function
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‣ Assuming weak multiplicity dependence 
of near-side D*-h long range correlation 

‣ Peripheral reference bin 10 < Nch < 80 

‣ Simultaneous template fit method 
applied to low and high Nch single 
correlation functions
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D*-h correlation results
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‣ Template fit favors v2,2 > 0 

‣ 1~2σ hint for cos(2Δ𝜙) azimuthal 
angle modulation of D* 

‣ Broadly consistent with h-h and 
µ-h correlations

Nch
v2,2 
×103

Stat. Error 

×103

Syst. Error 

×103

120~160 8.5 ± 3.3 ± 0.4

160~240 3.1  ± 2.6 ± 0.3
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‣ D0 and D* productions are measured in p+Pb for the first time in 
ATLAS. No obvious modification observed to due CNM effects 

‣ HF 𝜇-h correlation in p+Pb:  
‣ v2(HF 𝜇) = 0.6 × v2 (hadron), no obvious Nch dependence 
‣ significant cos(2Δ𝜙) modulation of HF 𝜇, evidence for similar 

modulations of D/B hadrons. 

‣ D*-h correlation in p+Pb:  
finite cos(2Δ𝜙) modulation of inclusive D* in p+Pb at 1~2σ significance, 
broadly consistent with h-h and µ-h correlations

More identified HF meson in p+Pb / Pb+Pb 
from ATLAS in the near future. So stay tuned! 
Thanks for your attentions!
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ATLAS detector
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Inner Detector |η| < 2.5 

Calorimeter |η| < 4.9 

Muon Spectrometer |η| < 2.7

By J. Goodson



D reconstruction
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Trigger selection MinBias (+HMT for correlation)

D0 selection

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

Vertex probability 
Pointing angle cos𝛼xy 
Lxy / σ(Lxy) 

D* selection

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



Signal muon composition
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Stability with different gaps
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Template fits — 𝛍-h in p+Pb
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Closure test of template fit
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Limitation of Template fitting 6

§ Input a v2 in Pythia

V2	constant V2	in	crease	with	Nch
Template	fitting	works		good Template	fitting	overestimates	v2	

From	Wei	Li



Systematics for mu-h correlation
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‣ Choice of peripheral bin 
0-20, 20-40, 10-20, 20-30, 30-40 

‣ Background muons 

‣ Efficiency correction 

‣ Track/muon selection 

‣ Pileup 

‣ Acceptance

Syst Uncertainty Value
25-15%: Nrec

ch 2(60,100)
Peripheral bin 15–10%: Nrec

ch 2(100,150)
10–6%: Nrec

ch 2(150,300)
Background Muons 16%
Trigger & Tracking 5%E�ciency

Muon Selections 2%

Pileup 1%<: Nrec
ch <250

1-5%: Nrec
ch 2(250,300)

Pair Acceptance 1%

Table 2: List of systematic uncertainties on the h–µ v2,2 for 0.5<pa
T<5 GeV and 4<pµT<6 GeV.
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Figure 6: Left panel: the v2,2 obtained from the template fits to h–h correlations with 0.5<pa,b
T <5 GeV(circles) and

to h–µ correlations with 0.5<pa
T<5 GeVand 4<pµT<6 GeV(squares). Right panel: the corresponding v2 values for the

associated particle. The error bars and shaded bands indicate statistical and systematic uncertainties, respectively.
For the h–h correlations, the statistical errors are too small to be seen.

the muons. For the muons, over this pT range the measurements are consistent with no Nrec
ch dependence

down to Nrec
ch =60.

Figure 7 shows a comparison of the v2,2 values measured in h–h correlations in the present study atp
sNN=8.16 TeV to those measured at

p
sNN=5.02 TeV recorded by ATLAS during Run 1 [7]. The mea-

sured v2 values at the two collision energies are quite similar and the di↵erence between them is covered
by the systematic uncertainties. This independence of the v2,2 from the collision energy was also observed
in pp [6, 7] and Pb+Pb collisions [40].

Figure 8 shows the pT dependence of the muon-v2 for 4<pµT<8 GeV measured in a broad multiplicity in-
terval of Nrec

ch >100. Significant v2 values are observed over this pT range, which decrease with increasing
muon-pT.

A systematic study of the �⌘ dependence of the vn,n can also help in determining the origin of the long-
range correlation. If it arises from mechanisms that only correlate a few particles in an event, such as jets
and dijets, then a strong dependence of the correlation on the �⌘ gap between particle pairs is expected.

12

systematics for muon-hadron correlation



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

0 fit model and six
variations of the D

⇤ fit model are considered. The total fit model systematic uncertainty is give by the
RMS of the di�erences between the nominal result and all di�erent variation results.

4 D⇤-h correlation

The study of D meson and hadron correlations in this analysis follows previous ATLAS two-particle
correlation analyses [8–10]. For a given event class, the correlations, denoted as D

⇤-h correlation,
are measured by correlating D

⇤ candidates with 144 < �m < 148 MeV to other charge particles with
pT > 250 MeV in the event, with pseudorapidity separation of |�⌘ | = |⌘(D

⇤) � ⌘(h) | > 1.0, and are
presented as a function of the relative azimuthal angle �� = �(D

⇤) � �(h), The correlation function
is defined as C(��) = S(��)/B(��), where S(��) and B(��) represent self-normalized D

⇤-h pair
distributions constructed from the same event and from mixed events [27], respectively. The same-event
distribution S(��) is constructed using D

⇤-h pairs that can be formed in each event, while B(��) is
constructed by choosing the D

⇤ and charged particle in each pair from di�erent events that have similar
multiplicity. The B(��) distribution does not contain physical correlations, but includes detector e�ects
similar to those in S(��). By taking the ratio, detector e�ects largely cancel. The contributions from
D

0–hadron and hadron–hadron correlations are subtracted from the D

⇤-h correlation function based on the
correlation function measure in the sideband region (150 < �m < 170 MeV) of D

⇤ �m distributions:

C(��; Signal) =
1

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

where fsig is the D

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

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

C

templ(��) = C

ridge(��) + FC

periph(��)

= G

⇣
1 + 2v2,2 cos(2��)

⌘
+ FC

periph(��),
(4)

where F and the v2,2 are the free fit parameters. The parameter G, which represents the magnitude of the
combinatoric component of C

ridge(��), is fixed by the requirement that the integral of the C

templ(��) and

6
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Systematics: 

‣ Statistical uncertainty in fsig 

‣ Nch dependence of fsig 

‣ Δm dependence of sideband correlation


