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Overview
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BU4

Anisotropic flow mechanisms 
• Path-length dependent dissociation
• Charm equilibration and J/ψ regeneration 
• Primordial J/ψ equilibration
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Geometric and Momentum Anisotropy
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Broad Study of Light-Flavor Hadrons 
in Small and Large Systems at 

Multiple Centrality Classes
&

Broad Study of Flow in Small Systems 
at Multiple Centrality Classes
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IDENTIFIED CHARGED-HADRON PRODUCTION IN … PHYSICAL REVIEW C 109, 054910 (2024)

FIG. 11. The ratios of K+/π+ and K−/π− as a function of pT measured in different centralities of Cu + Au and U + U collisions. Data
points measured in p + p collisions [43] are shown for comparison.
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FIG. 12. Identified charged-hadron nuclear-modification factors as a function of pT measured in central and peripheral p + Al, d + Au,
and 3He +Au collisions. The dashed lines are drawn as a visual aid at the value of RAB = 1 indicating absence of nuclear modification.
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FIG. 13. Identified charged-hadron nuclear-modification factors as a function of pT measured in central and peripheral Cu + Au, Au + Au,
and U + U collisions. The dashed lines are drawn as a visual aid at the value of RAB = 1 indicating absence of nuclear modification.
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FIG. 14. Light hadron [φ [6], π±, K±, (p + p̄)/2, and π 0 [44,45]] RAB values vs pT measured in central and peripheral Cu + Au and
U + U collisions. The dashed lines are drawn as a visual aid at the value of RAB = 1 indicating absence of nuclear modification.

054910-14

Nuclear Modification Factor
• Small systems on left, large on right
• Central on top, peripheral on bottom

Charged Hadron Production in p+Al, 
d+Au, 3He+Au, Cu+Au, Au+Au, U+U 

(PRC 109 054910 [2024])

Comprehensive look at PHENIX Data and Analysis
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v2 in Small Systems
• Extending prior central 

result (PRC 105 
024901)

• greater v2 for more 
peripheral collisions

MEASUREMENTS OF SECOND-HARMONIC FOURIER … PHYSICAL REVIEW C 107, 024907 (2023)
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FIG. 4. Second-harmonic azimuthal anisotropy v2{3 × 2PC} in (a) 0%–5% [24], (b) 5%–10%, (c) 10%–20%, (d) 20%–40%, (e) 40%–60%,
and (f) 60%–88% centrality p + Au collisions at √

sNN = 200 GeV with the FVTXS-CNT-FVTXN (BF) and BBCS-FVTXS-CNT (BB)
detector combinations as a function of pT . The solid (black) squares are shifted for visibility. The bands around the (black) squares and
(black) circles show the systematic uncertainties. The bands around the dashed (red) and dotted (blue) curves show statistical uncertainties in
the AMPT calculations with the 3 × 2PC method. The solid (green) curves show v2 in AMPT using the parton participant plane.

discussed. Noting that previous flow extractions were re-
stricted to 0%–5% central p + Au, d + Au, and 3He +Au
collisions, estimates of nonflow contributions indicated flow
dominance. In the present analysis, pushing to lower mul-
tiplicities, including p + p collisions, it is expected that
nonflow will have a larger role and become dominant, for
example, in p + p collisions. Thus, extraction of the second
Fourier coefficient as v2 should not necessarily be interpreted
as flow, but rather as an interplay of different effects.

A. pT Dependence

Shown in Figs. 4–6 is v2 with the 3 × 2PC method as a
function of pT in different centrality selections for p + Au,
d + Au, and 3He +Au collisions at

√
sNN = 200 GeV, respec-

tively. The results in the 0%–5% most-central collisions are
from Ref. [24]. Notably, nonzero v2 is observed over the en-
tire measured pT range from most-central to most-peripheral
collisions in these systems, with both the BB and BF detector
combinations.

The kinematic dependence seen in 0%–5% central col-
lisions, i.e., larger v2{3 × 2PC} with the BF combination
(v2{BF}) than that with the BB combination (v2{BB}), is
also observed in noncentral p + Au and 3He +Au collisions.
This trend becomes visible above pT = 0.5 GeV/c in p + Au
collisions and above pT = 1.5 GeV/c in 3He +Au collisions.
These observations in noncentral p + Au and 3He +Au colli-
sions confirm the interpretation of the kinematic dependence
discussed in Ref. [24]: the smaller multiplicity in the FVTXN
acceptance relative to that in the BBCS acceptance results
in more nonflow which makes the observed v2 larger. The
larger rapidity gap between FVTXS and FVTXN compared

to that between BBCS and FVTXS also increases the event-
plane decorrelation effects, which makes the denominator of
Eq. (8) smaller. However, the factorization of the decorrelation
effects between the numerator and the denominator is under
discussion [25] and thus the influence on v2 is inconclusive. In
contrast, the relation of v2{BF} = v2{BB} holds below pT <
1.5 GeV/c in 3He +Au collisions. Note that no kinematic
dependence is observed in noncentral d + Au collisions due
to the limited statistical precision.

Measurement of v2 with the 3 × 2PC method is further
extended to MB p + p collisions as shown in Fig. 7. Similar
to the other collision systems, nonzero v2 is observed over the
entire measured pT range for both the BB and BF detector
combinations. At pT = 3.5 GeV/c, the value of v2{BB} re-
mains at 0.3 while that of v2{BF} soars to 0.8. The latter value
larger than 0.5 indicates that correlations from back-to-back
jets are dominant in this kinematic range. The magnitude of
v2 in p + p collisions is found to be similar to that of v2 in
60%–84% central p + Au collisions.

B. Multiplicity dependence

Figure 8 shows v2 with the 3 × 2PC method in 0.5 < pT <
1 GeV/c and 2 < pT < 2.5 GeV/c as a function of centrality
in p + Au, d + Au, and 3He +Au collisions. In d + Au and
3He +Au collisions, v2 in 0.5 < pT < 1 GeV/c is generally
flat over the entire measured centrality range within uncertain-
ties. Only v2 in p + Au collisions shows an increasing trend
towards peripheral collisions for both the BB and BF detector
combinations. In 2 < pT < 2.5 GeV/c, v2 in p + Au and
3He +Au collisions shows increasing trends towards periph-
eral collisions for both the BB and BF detector combinations.

024907-7

Comprehensive look at PHENIX Data and Analysis

v2 in p+Au, d+Au, 3He+Au
(PRC 107 024907 [2024])
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Midrapidity Heavy-Flavor Measurement
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Flavor Determination Using the VTX, DC/PC, RICH, EMCal
• 𝜂 < 0.35
• Δ𝜙 = 𝜋
• Electron-ID: RICH, EMCal
• Track projection of electrons back to the primary vertex
• ID HF electrons based on DCAT (lifetime)
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Figure 6.15: Cross sectional view of the VTX detector along the beam axis, showing the radial

arrangement and numbering scheme of ladders in each layer. The innermost layers, B0 and B1,

consist of silicon pixel ladders, while the outermost layers B2 and B3 consist of stripixel ladders in

a staggered configuration.

e

Method of Analysis 40

Table 3.1: Heavy-Flavor Particle Lifetimes

Particle (Antip.) Lifetime (cτ , µm)

D0 (D0) 122.9
D+ (D−) 311.8
D+

s (D−
s ) 151.2

Λ+
c (Λ−

c ) 60.7
B0 (B0) 455.4
B+ (B−) 491.1
B0

s (B0
s) 454.2

Λ0
b (Λ0

b) 441.0
Source [72]

16

FIG. 15. DCAT distribution of electron candidates in various pT bins, along with the contribution from total background
electrons (brown) and the refolded electrons from charm (green) and bottom (blue) hadron decays. The sum of these three
components is shown in red, and the ratio with the data is shown in the bottom panels. The shaded gray areas indicate the
region over which the DCAT provides constraints for the unfolding procedure.
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FIG. 7. The measured invariant yield for (black markers)
c+ b ! e as a function of pT and refolded yields for (red
line) c+ b ! e, (green line) c ! e, and (blue line) b ! e
in MB Au+Au collisions.

electrons is characterized by using a Bayesian-inference
unfolding method that was also used by PHENIX in pre-
vious publications [12, 19].

This unfolding procedure is a likelihood-based
approach that uses the Markov-chain Monte-Carlo
(MCMC) algorithm [31] to sample the parameter space
and maximize the joint posterior probability distribution.
The response matrix or decay matrix assigns a probabil-
ity for a hadron at given pT h to decay into an electron
with pT e and DCAT. The yields of charm and bottom
hadrons with 17 pT bins each within 0 < pT h < 20 GeV/c
are set as unfolding parameters.

The pythia6 generator1 [32] is used to model the de-
cay matrix, which includes charm (D0, D±, Ds,⇤c), and
bottom hadrons (B0, B±, Bs,⇤b) from the whole rapid-
ity range decaying into electrons within |y| < 0.35. The
relative contributions of the charm hadrons and bottom
hadrons are modeled by pythia. Thus, the decay matrix
has some model dependence which may a↵ect the final
results.

In the decay matrix, there are two assumptions. One
is that the rapidity distributions of hadrons are not
changed in A+A collisions. The BRAHMS collabora-
tion reported [33] that the nuclear modification of pions

1
Using pythia6.2 with CTEQ5L parton distribution func-

tion, the following parameters were modified: MSEL=5,

MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1, PARP(31)=2.5.

For bottom (charm) hadron studies, PARJ(13)=0.75(0.63),

PARJ(2)=0.29(0.2), PARJ(1)=0.35(0.15).
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FIG. 8. The measured DCAT distribution of (black line) elec-
tron tracks, (red line) refolded c+ b ! e, (yellow line) back-
ground, (green line)c ! e, and (blue line) b ! e in MB
Au+Au collisions for 1.6 < pT < 1.8 GeV/c.

and protons at y⇡3 is similar to that at midrapidity.
The rapidity modification is also less sensitive to the fi-
nal result because electron contributions from large ra-
pidity to the PHENIX acceptance with |y| < 0.35 are
small. The second assumption is that the relative contri-
butions of charm (bottom) hadrons are unchanged. The
charm hadrons have their own decay lengths which can
a↵ect the final results. Charm-baryon enhancement in
Au+Au collisions was reported by the STAR collabora-
tion [34]. To study the e↵ect of this, the baryon enhance-
ment for charm and bottom hadrons was tested using
a modified decay matrix [35]. Following Ref. [36], the
baryon enhancement for charm and bottom is assumed
to be the same as that for strange hadrons. The re-
sult is that baryon enhancement produces a lower charm-
hadron yield and a higher bottom-hadron yield at high
pT , but the di↵erence is within the systematic uncertain-
ties discussed in the next section. The test result is not
included in the final result.
In each sampling step, a set of hadron yields are se-

lected by the MCMC algorithm. The pT and DCAT

distributions in the decay-electron space are predicted
by applying corresponding decay matrices to the sam-
pled values. The predicted pT and DCAT distributions
along with the measured ones are used to compute a log-
likelihood:

lnL = lnP (Y data|Y (✓))+
12X

j=1

lnP (Ddata

j |Dj(✓)) (8)

where Y data and Ddata

j
represent a vector of measured

(b) Au + Au

Figure 3.9: Typical DCAT distributions for proton–proton and proton–gold collisions

Example of heavy-flavor DCAT spectra for proton–proton (a) and gold–gold (b) collisions for 1.5 GeV/c
! pT < 1.8 GeV/c (Figures reproduced from [21], [3].)
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N. J. ABDULAMEER et al. PHYSICAL REVIEW C 109, 044907 (2024)
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FIG. 3. The fraction of nonphotonic electrons (FNP) as a function
of pT for MB and the indicated four centrality classes.

the Drell-Yan process are found to be negligibly small com-
pared to the total background. The nonphotonic backgrounds
included in FNP are estimated by the full GEANT-3 simula-
tion of the PHENIX detector with measured particle yields
[25,26] as inputs and normalized by the background cocktail,
applying with the uncorrelated survival rate εUC. The detailed
modeling of these backgrounds is described in Ref. [12]. After
subtracting these backgrounds, the remaining signal compo-
nent is the inclusive heavy flavor (Fc+b). Figure 4 shows the
fractions of signal, photonic, and nonphotonic backgrounds
of isolated electrons in MB Au+Au collisions.
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FIG. 4. The fractions of signal component in isolated electron-
track candidates as a function of pT in MB Au+Au collisions.
The isolation cut is applied. The modeling of these backgrounds is
described in the text and in Ref. [12].
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FIG. 5. The invariant yields of c + b → e as a function of pT

for different Au+Au centrality classes. These spectra are scaled by
factors of 10 for clarity.

D. Invariant yields of heavy-flavor electrons

The invariant yield of heavy-flavor electrons is calculated
from the photonic electron yields and the fraction of heavy-
flavor electrons to photonic electrons as

d2Nc+b
e

d pT dy
=

d2Nc+b
e

(
Nγ

e
)

d pt dy
× Fc+b

FP
, (7)

where Nc+b
e (Nγ

e ), Fc+b (FP), and d2Nγ
e /d pT dy are the yield,

fraction, and invariant yield, respectively, of heavy-flavor
(photonic) electrons. The photonic electron yield is calcu-
lated based on the invariant yields of π0 and η measured by
PHENIX [27,28], using a method which has been demon-
strated to give an accurate description of photonic electron
yields in the previous heavy-flavor electron measurement
[12,29]. The fractions Fc+b and FP are determined by the
data-driven method described in the previous section. Note
that the efficiency and acceptance cancel out in Fc+b and FP.
The invariant yields of heavy-flavor electrons (c + b → e) in
MB Au+Au as well as four centrality classes in Au+Au are
shown in Fig. 5. The bars and boxes represent statistical and
systematic uncertainties which are described in Sec. IV.

E. DCAT distribution of the background

The DCAT distribution of misidentified hadrons and mis-
matched backgrounds are determined by the RICH and
VTX swap method as described in Sec. III C 1. The swap
method is data driven and the obtained DCAT distribution in-
cludes the normalization and resolution effects. Photonic- and
nonphotonic-background DCAT distributions are determined
by the full GEANT-3 simulation of the PHENIX detector.
Background sources are generated with the pT distribution
measured by PHENIX and decay electron tracks are re-
constructed and analyzed with the same analysis cuts used
to calculate DCAT. The obtained DCAT distributions are

044907-6

HF IY, c- & b-hadron separation, RAA 
for Au + Au 200 Gev @ different 

centrality (PRC 109 044907 [2024])

Heavy-Flavor Invariant Yield
• Centrality classes scaled for clarity

Improvement over last analysis:
6x more data!
Larger active VTX area for tracking
Extended pT results down to 1 GeV/c
Reduced systematic uncertainties
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N. J. ABDULAMEER et al. PHYSICAL REVIEW C 109, 044907 (2024)

1.6–6.0 GeV/c, respectively. For the 40%–60% centrality bin,
11 vectors of measured DCAT in 1.6–5.0 GeV/c are used due
to statistical limitations. The Y (θ ) and D(θ )j represent the pT
and DCAT distribution predicted by the unfolding procedure.
MCMC repeats the process through multiple iterations until
an optimal solution is found. Only statistical uncertainties in
the data are included in the calculation of the log-likelihood.

The analyzing power to separate charm and bottom con-
tributions is mainly contained in the tail of the DCAT
distribution, but the DCAT distribution has a sharp peak with
many measurements at DCAT = 0, which dominates the like-
lihood calculation in the unfolding method. A 5% uncertainty
is added in quadrature to the statistical uncertainty when a
given DCAT bin has a yield above a threshold that was set
to 100.

Without additional information, the unfolding procedure
introduces large statistical fluctuations in the unfolded dis-
tributions due to negative correlations of adjacent bins.
However, the unknown hadron spectra are expected to be
relatively smooth. This prior belief of smoothness, π , is mul-
tiplied with the likelihood to get a posterior distribution P as

ln π (θ ) = −α2(|LRc|2 + |LRb|2) (9)

and

ln P = lnL + ln π (θ ), (10)

where L denotes a 17 × 17 matrix of regularization conditions
and, Rb(Rc) is the ratio of the trial bottom (charm) spectra
to the prior. The strength of regularization is characterized
using a parameter α that is tuned by repeating the unfolding
procedure with several values of α and selecting the one that
gives a maximum of the posterior distribution.

Once the unfolded charm- and bottom-hadron pT spectra
are obtained, the same response matrices are applied to the
heavy-flavor hadron distribution to obtain refolded c + b → e
yields. Figure 7 shows the refolded invariant yield of c + b →
e compared to the measured data, which is in reasonable
agreement with the refolded spectrum. Figure 8 compares
the refolded DCAT distributions to the measured data. The
DCAT distribution is fit with the refolded components within
|DCAT| < 0.1 cm, and indicates good agreement between the
measured and refolded distributions.

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are independently evaluated
for the measured data and the unfolding procedure. Figure 9
shows the contribution of each systematic uncertainty source.
The total uncertainty is obtained by adding them in quadra-
ture. Each source of uncertainty is discussed below.

1. Background normalization

Systematic uncertainties associated with modeling of the
background processes are estimated from the difference
between the nominal measurement and that obtained by re-
peating the unfolding procedure with systematic variation of
the background DCAT normalization. The background DCAT
template for each source of background is modified inde-
pendently by ±1σ of the nominal value, and the unfolding
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FIG. 7. The measured invariant yield for (black markers) c +
b → e as a function of pT and refolded yields for (red line) c +
b → e, (green line) c → e, and (blue line) b → e in MB Au+Au
collisions.

procedure is repeated with the modified-background DCAT
template. For each background source, the difference between
the unfolding result using nominal-background templates and
that with a modified-background template is taken as the sys-
tematic uncertainty. Estimates of background normalization
uncertainty from all the background processes are added in
quadrature to get a single value of the background normaliza-
tion uncertainty.

1

10

210

310

410

C
ou

nt
s

Data

Refold

Charm

Bottom

Background

(a)
PHENIX
Au+Au
min. bias

=200 GeVNNs
 < 1.8

T
1.6 < p

0.15− 0.1− 0.05− 0 0.05 0.1 0.15
 [cm]TDCA

2−

0

2

σ
(D

at
a 

- 
R

ef
ol

d) (b)

FIG. 8. The measured DCAT distribution of (black line) elec-
tron tracks, (red line) refolded c + b → e, (yellow line) background,
(green line)c → e, and (blue line) b → e in MB Au+Au collisions
for 1.6 < pT < 1.8 GeV/c.
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1.6–6.0 GeV/c, respectively. For the 40%–60% centrality bin,
11 vectors of measured DCAT in 1.6–5.0 GeV/c are used due
to statistical limitations. The Y (θ ) and D(θ )j represent the pT
and DCAT distribution predicted by the unfolding procedure.
MCMC repeats the process through multiple iterations until
an optimal solution is found. Only statistical uncertainties in
the data are included in the calculation of the log-likelihood.

The analyzing power to separate charm and bottom con-
tributions is mainly contained in the tail of the DCAT
distribution, but the DCAT distribution has a sharp peak with
many measurements at DCAT = 0, which dominates the like-
lihood calculation in the unfolding method. A 5% uncertainty
is added in quadrature to the statistical uncertainty when a
given DCAT bin has a yield above a threshold that was set
to 100.

Without additional information, the unfolding procedure
introduces large statistical fluctuations in the unfolded dis-
tributions due to negative correlations of adjacent bins.
However, the unknown hadron spectra are expected to be
relatively smooth. This prior belief of smoothness, π , is mul-
tiplied with the likelihood to get a posterior distribution P as

ln π (θ ) = −α2(|LRc|2 + |LRb|2) (9)

and

ln P = lnL + ln π (θ ), (10)

where L denotes a 17 × 17 matrix of regularization conditions
and, Rb(Rc) is the ratio of the trial bottom (charm) spectra
to the prior. The strength of regularization is characterized
using a parameter α that is tuned by repeating the unfolding
procedure with several values of α and selecting the one that
gives a maximum of the posterior distribution.

Once the unfolded charm- and bottom-hadron pT spectra
are obtained, the same response matrices are applied to the
heavy-flavor hadron distribution to obtain refolded c + b → e
yields. Figure 7 shows the refolded invariant yield of c + b →
e compared to the measured data, which is in reasonable
agreement with the refolded spectrum. Figure 8 compares
the refolded DCAT distributions to the measured data. The
DCAT distribution is fit with the refolded components within
|DCAT| < 0.1 cm, and indicates good agreement between the
measured and refolded distributions.

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are independently evaluated
for the measured data and the unfolding procedure. Figure 9
shows the contribution of each systematic uncertainty source.
The total uncertainty is obtained by adding them in quadra-
ture. Each source of uncertainty is discussed below.

1. Background normalization

Systematic uncertainties associated with modeling of the
background processes are estimated from the difference
between the nominal measurement and that obtained by re-
peating the unfolding procedure with systematic variation of
the background DCAT normalization. The background DCAT
template for each source of background is modified inde-
pendently by ±1σ of the nominal value, and the unfolding
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procedure is repeated with the modified-background DCAT
template. For each background source, the difference between
the unfolding result using nominal-background templates and
that with a modified-background template is taken as the sys-
tematic uncertainty. Estimates of background normalization
uncertainty from all the background processes are added in
quadrature to get a single value of the background normaliza-
tion uncertainty.
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FIG. 11. Comparison of unfolded pT spectrum of (a) charm
hadrons and (b) bottom hadrons in Au+Au collisions to that scaled
by TAA in p + p collisions [18].

V. RESULTS

A. Invariant yield

The Bayesian unfolding is applied for MB Au+Au colli-
sions as well as four centrality classes in Au+Au collisions.
Figure 10 shows the invariant yields of electrons from charm
and bottom hadron decays in Au+Au collisions at

√
s = 200

GeV. The line represents the median of the yield distribution at
a given pT and the band represents the 1σ limits on the point-
to-point correlated uncertainty. These yields are compared
with the PHENIX p + p result scaled by the nuclear-overlap
function, TAA [18]. Both comparisons of the invariant yields
of c → e and b → e show substantial yield suppression at
high pT . The suppression increases at higher pT and in more-
central collisions.

The invariant yields of charm and bottom hadrons are un-
folded point-by-point in 17 bins for each centrality class as

FIG. 12. Unfolded yield of D0 mesons as a function of pT at
midrapidity |y| < 1, compared to the measurement from STAR [36].

shown in Fig. 11. The point at each pT bin is the most likely
value of the hadron yields to describe the measured electron
yields and DCAT distributions. Note that the hadron yields
are integrated over all rapidity because the decay matrix used
in the unfolding method handles all hadron rapidity decaying
into electrons in the PHENIX acceptance.

Our unfolded charm-hadron yields have been compared
with D0 yields in Au+Au collisions measured by the STAR
collaboration [36]. To compare them, PYTHIA is used to cal-
culate the D0 fraction within |y| < 1 compared to all charm
hadrons for the whole rapidity region. To match the centrality
range, the STAR result is scaled by the ratio of the number
of binary collisions. This comparison is shown in Fig. 12. For
clarity, we have fit our unfolded D0 yields with the modified
Levy function used in Ref. [12]. The ratio of the data to the fit
is shown in the bottom panel of Fig. 12. Within uncertainties,
the unfolded D0 yield is found to be in qualitative agreement
with the D0 yields [36].

B. Nuclear modification factor RAA vs. pT

To compare the yield suppression between charm and
bottom quarks, the nuclear-modification factor RAA is
calculated as

R c→e
AA = (1 − FAuAu)

(1 − Fpp)
RHF

AA , (11)

R b→e
AA = FAuAu

Fpp
RHF

AA , (12)

where FAuAu (Fpp) is the bottom electron fraction in Au+Au
(p + p), and RHF

AA is the nuclear modification of inclusive
heavy-flavor electrons (charm and bottom) whose yields are
fully anticorrelated. The R c→e

AA and R c→e
AA are calculated by
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FIG. 11. Comparison of unfolded pT spectrum of (a) charm
hadrons and (b) bottom hadrons in Au+Au collisions to that scaled
by TAA in p + p collisions [18].

V. RESULTS

A. Invariant yield

The Bayesian unfolding is applied for MB Au+Au colli-
sions as well as four centrality classes in Au+Au collisions.
Figure 10 shows the invariant yields of electrons from charm
and bottom hadron decays in Au+Au collisions at

√
s = 200

GeV. The line represents the median of the yield distribution at
a given pT and the band represents the 1σ limits on the point-
to-point correlated uncertainty. These yields are compared
with the PHENIX p + p result scaled by the nuclear-overlap
function, TAA [18]. Both comparisons of the invariant yields
of c → e and b → e show substantial yield suppression at
high pT . The suppression increases at higher pT and in more-
central collisions.

The invariant yields of charm and bottom hadrons are un-
folded point-by-point in 17 bins for each centrality class as

FIG. 12. Unfolded yield of D0 mesons as a function of pT at
midrapidity |y| < 1, compared to the measurement from STAR [36].

shown in Fig. 11. The point at each pT bin is the most likely
value of the hadron yields to describe the measured electron
yields and DCAT distributions. Note that the hadron yields
are integrated over all rapidity because the decay matrix used
in the unfolding method handles all hadron rapidity decaying
into electrons in the PHENIX acceptance.

Our unfolded charm-hadron yields have been compared
with D0 yields in Au+Au collisions measured by the STAR
collaboration [36]. To compare them, PYTHIA is used to cal-
culate the D0 fraction within |y| < 1 compared to all charm
hadrons for the whole rapidity region. To match the centrality
range, the STAR result is scaled by the ratio of the number
of binary collisions. This comparison is shown in Fig. 12. For
clarity, we have fit our unfolded D0 yields with the modified
Levy function used in Ref. [12]. The ratio of the data to the fit
is shown in the bottom panel of Fig. 12. Within uncertainties,
the unfolded D0 yield is found to be in qualitative agreement
with the D0 yields [36].

B. Nuclear modification factor RAA vs. pT

To compare the yield suppression between charm and
bottom quarks, the nuclear-modification factor RAA is
calculated as

R c→e
AA = (1 − FAuAu)

(1 − Fpp)
RHF

AA , (11)

R b→e
AA = FAuAu

Fpp
RHF

AA , (12)

where FAuAu (Fpp) is the bottom electron fraction in Au+Au
(p + p), and RHF

AA is the nuclear modification of inclusive
heavy-flavor electrons (charm and bottom) whose yields are
fully anticorrelated. The R c→e

AA and R c→e
AA are calculated by

044907-10
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FIG. 13. The nuclear modification of c → e and b → e as a function of pT for different centrality classes. The yellow box at unity is the
uncertainty on the total normalization.

determining the full probability distribution assuming Gaus-
sian uncertainty on FAuAu, Fpp, and RHF

AA . The median of the
distribution is taken to be the center value with lower and
upper one-σ uncertainties of 16% and 84% of the distribution,
respectively.

Figure 13 shows R c→e
AA and R b→e

AA as a function of pT for
MB Au+Au collisions as well as four centrality classes in
Au+Au collisions. These results are improved by six times
more Au+Au data than the previous analysis with a wider
active area of the VTX detector [12] and the latest p + p [18].
The p + p reference was also improved by using the same
VTX analysis technique with ten times more statistics than
the previous p + p result [22].

These results extend the pT coverage down to 1 GeV/c
and the systematic bands are reduced by a factor of two. The
systematic uncertainty of R b→e

AA is large at low pT because of
the large uncertainty of Fpp at low pT , but the uncertainty of
bottom electrons in Au+Au is independent of pT . Significant
suppression is seen for electrons from both charm and bottom
decays at high pT at MB and all centrality classes. The nuclear
modification is consistent with unity within uncertainties at
low pT . Charm electrons show a stronger suppression than
bottom electrons for 2 < pT < 5 GeV/c in MB and 0%–10%,
10%–20%, 20%–40% centrality classes, whereas charm and
bottom suppression are similar at 40%–60%. Note that the
prior information used in the unfolding is changed for these
centralities. This change can possibly bias the center position

of the resulting c → e and b → e yields. If there is energy
loss, then the pT spectra are shifted to lower pT . Therefore,
the resulting RAA is suppressed at high pT , but the yield is
slightly enhanced at low pT to conserve the total number of
produced particles. For bottom hadrons, this enhancement can
be seen at higher pT than the charm hadrons due to the harder
pT slope.

The nuclear modification for charm and bottom electrons
in 0%–80% Au+Au collisions was reported from the STAR
collaboration [9]. As Fig. 14 shows, our unfolding results for
charm and bottom electrons are in good agreement with the
STAR measurements within uncertainties.

Figure 15 shows the significance of the difference between
R c→e

AA and R b→e
AA , where the ratio of R b→e

AA /R c→e
AA is calculated,

leading to cancellation of the correlated uncertainty between
c → e and b → e yields. The data show that R b→e

AA is at least
one standard deviation higher than R c→e

AA in almost the entire
pT range for the most central events 0%–40%, with the largest
difference at 3 GeV/c.

To account for possible autocorrelations in the electron-
decay kinematics, the RAA of parent charm and bottom
hadrons are calculated with the unfolded yield of charm and
bottom hadrons as shown in Fig. 16. A significant difference
of the yield suppression between charm and bottom hadrons
is observed in the region 2 < pT < 6 GeV/c in 0%–40%
central collisions, similar to what is seen in the decay-electron
space.
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FIG. 13. The nuclear modification of c → e and b → e as a function of pT for different centrality classes. The yellow box at unity is the
uncertainty on the total normalization.

determining the full probability distribution assuming Gaus-
sian uncertainty on FAuAu, Fpp, and RHF

AA . The median of the
distribution is taken to be the center value with lower and
upper one-σ uncertainties of 16% and 84% of the distribution,
respectively.

Figure 13 shows R c→e
AA and R b→e

AA as a function of pT for
MB Au+Au collisions as well as four centrality classes in
Au+Au collisions. These results are improved by six times
more Au+Au data than the previous analysis with a wider
active area of the VTX detector [12] and the latest p + p [18].
The p + p reference was also improved by using the same
VTX analysis technique with ten times more statistics than
the previous p + p result [22].

These results extend the pT coverage down to 1 GeV/c
and the systematic bands are reduced by a factor of two. The
systematic uncertainty of R b→e

AA is large at low pT because of
the large uncertainty of Fpp at low pT , but the uncertainty of
bottom electrons in Au+Au is independent of pT . Significant
suppression is seen for electrons from both charm and bottom
decays at high pT at MB and all centrality classes. The nuclear
modification is consistent with unity within uncertainties at
low pT . Charm electrons show a stronger suppression than
bottom electrons for 2 < pT < 5 GeV/c in MB and 0%–10%,
10%–20%, 20%–40% centrality classes, whereas charm and
bottom suppression are similar at 40%–60%. Note that the
prior information used in the unfolding is changed for these
centralities. This change can possibly bias the center position

of the resulting c → e and b → e yields. If there is energy
loss, then the pT spectra are shifted to lower pT . Therefore,
the resulting RAA is suppressed at high pT , but the yield is
slightly enhanced at low pT to conserve the total number of
produced particles. For bottom hadrons, this enhancement can
be seen at higher pT than the charm hadrons due to the harder
pT slope.

The nuclear modification for charm and bottom electrons
in 0%–80% Au+Au collisions was reported from the STAR
collaboration [9]. As Fig. 14 shows, our unfolding results for
charm and bottom electrons are in good agreement with the
STAR measurements within uncertainties.

Figure 15 shows the significance of the difference between
R c→e

AA and R b→e
AA , where the ratio of R b→e

AA /R c→e
AA is calculated,

leading to cancellation of the correlated uncertainty between
c → e and b → e yields. The data show that R b→e

AA is at least
one standard deviation higher than R c→e

AA in almost the entire
pT range for the most central events 0%–40%, with the largest
difference at 3 GeV/c.

To account for possible autocorrelations in the electron-
decay kinematics, the RAA of parent charm and bottom
hadrons are calculated with the unfolded yield of charm and
bottom hadrons as shown in Fig. 16. A significant difference
of the yield suppression between charm and bottom hadrons
is observed in the region 2 < pT < 6 GeV/c in 0%–40%
central collisions, similar to what is seen in the decay-electron
space.
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FIG. 11. Comparison of unfolded pT spectrum of (a) charm
hadrons and (b) bottom hadrons in Au+Au collisions to that scaled
by TAA in p + p collisions [18].

V. RESULTS

A. Invariant yield

The Bayesian unfolding is applied for MB Au+Au colli-
sions as well as four centrality classes in Au+Au collisions.
Figure 10 shows the invariant yields of electrons from charm
and bottom hadron decays in Au+Au collisions at

√
s = 200

GeV. The line represents the median of the yield distribution at
a given pT and the band represents the 1σ limits on the point-
to-point correlated uncertainty. These yields are compared
with the PHENIX p + p result scaled by the nuclear-overlap
function, TAA [18]. Both comparisons of the invariant yields
of c → e and b → e show substantial yield suppression at
high pT . The suppression increases at higher pT and in more-
central collisions.

The invariant yields of charm and bottom hadrons are un-
folded point-by-point in 17 bins for each centrality class as

FIG. 12. Unfolded yield of D0 mesons as a function of pT at
midrapidity |y| < 1, compared to the measurement from STAR [36].

shown in Fig. 11. The point at each pT bin is the most likely
value of the hadron yields to describe the measured electron
yields and DCAT distributions. Note that the hadron yields
are integrated over all rapidity because the decay matrix used
in the unfolding method handles all hadron rapidity decaying
into electrons in the PHENIX acceptance.

Our unfolded charm-hadron yields have been compared
with D0 yields in Au+Au collisions measured by the STAR
collaboration [36]. To compare them, PYTHIA is used to cal-
culate the D0 fraction within |y| < 1 compared to all charm
hadrons for the whole rapidity region. To match the centrality
range, the STAR result is scaled by the ratio of the number
of binary collisions. This comparison is shown in Fig. 12. For
clarity, we have fit our unfolded D0 yields with the modified
Levy function used in Ref. [12]. The ratio of the data to the fit
is shown in the bottom panel of Fig. 12. Within uncertainties,
the unfolded D0 yield is found to be in qualitative agreement
with the D0 yields [36].

B. Nuclear modification factor RAA vs. pT

To compare the yield suppression between charm and
bottom quarks, the nuclear-modification factor RAA is
calculated as

R c→e
AA = (1 − FAuAu)

(1 − Fpp)
RHF

AA , (11)

R b→e
AA = FAuAu

Fpp
RHF

AA , (12)

where FAuAu (Fpp) is the bottom electron fraction in Au+Au
(p + p), and RHF

AA is the nuclear modification of inclusive
heavy-flavor electrons (charm and bottom) whose yields are
fully anticorrelated. The R c→e

AA and R c→e
AA are calculated by
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FIG. 13. The nuclear modification of c → e and b → e as a function of pT for different centrality classes. The yellow box at unity is the
uncertainty on the total normalization.

determining the full probability distribution assuming Gaus-
sian uncertainty on FAuAu, Fpp, and RHF

AA . The median of the
distribution is taken to be the center value with lower and
upper one-σ uncertainties of 16% and 84% of the distribution,
respectively.

Figure 13 shows R c→e
AA and R b→e

AA as a function of pT for
MB Au+Au collisions as well as four centrality classes in
Au+Au collisions. These results are improved by six times
more Au+Au data than the previous analysis with a wider
active area of the VTX detector [12] and the latest p + p [18].
The p + p reference was also improved by using the same
VTX analysis technique with ten times more statistics than
the previous p + p result [22].

These results extend the pT coverage down to 1 GeV/c
and the systematic bands are reduced by a factor of two. The
systematic uncertainty of R b→e

AA is large at low pT because of
the large uncertainty of Fpp at low pT , but the uncertainty of
bottom electrons in Au+Au is independent of pT . Significant
suppression is seen for electrons from both charm and bottom
decays at high pT at MB and all centrality classes. The nuclear
modification is consistent with unity within uncertainties at
low pT . Charm electrons show a stronger suppression than
bottom electrons for 2 < pT < 5 GeV/c in MB and 0%–10%,
10%–20%, 20%–40% centrality classes, whereas charm and
bottom suppression are similar at 40%–60%. Note that the
prior information used in the unfolding is changed for these
centralities. This change can possibly bias the center position

of the resulting c → e and b → e yields. If there is energy
loss, then the pT spectra are shifted to lower pT . Therefore,
the resulting RAA is suppressed at high pT , but the yield is
slightly enhanced at low pT to conserve the total number of
produced particles. For bottom hadrons, this enhancement can
be seen at higher pT than the charm hadrons due to the harder
pT slope.

The nuclear modification for charm and bottom electrons
in 0%–80% Au+Au collisions was reported from the STAR
collaboration [9]. As Fig. 14 shows, our unfolding results for
charm and bottom electrons are in good agreement with the
STAR measurements within uncertainties.

Figure 15 shows the significance of the difference between
R c→e

AA and R b→e
AA , where the ratio of R b→e

AA /R c→e
AA is calculated,

leading to cancellation of the correlated uncertainty between
c → e and b → e yields. The data show that R b→e

AA is at least
one standard deviation higher than R c→e

AA in almost the entire
pT range for the most central events 0%–40%, with the largest
difference at 3 GeV/c.

To account for possible autocorrelations in the electron-
decay kinematics, the RAA of parent charm and bottom
hadrons are calculated with the unfolded yield of charm and
bottom hadrons as shown in Fig. 16. A significant difference
of the yield suppression between charm and bottom hadrons
is observed in the region 2 < pT < 6 GeV/c in 0%–40%
central collisions, similar to what is seen in the decay-electron
space.

044907-11

AuAu 200 Gev @ different centrality classes (PRC 109 044907)

Result
• Greater HF 

suppression in 
central collisions
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HF Electron Flow @ Midrapidity

HF v2 at midrapidity

• c + b together
• consistent with prior 

measurement without Silicon 
Vertex detector tracking

• Clear collective motion
• Small uncertainty

Additional Details: Nuc. Phys. A 982 663
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Fig. 1. DCA distribution of electrons for min-
imum bias Au+Au collisions. The charm
and bottom components are determined by
the unfolding method. The DCA distribu-
tions are split with two regions to separate the
charm and bottom v2.
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Fig. 2. v2 of electrons from inclusive heavy quark decays for min-
imum bias Au+Au collisions. The result from this analysis is con-
sistent with the published result[8].

result is qualitatively consistent with the expected mass ordering of energy loss for quarks(q) and gluons(g),
∆Eg > ∆Eq > ∆Ec > ∆Eb. Both collisional and radiative loss mechanism suggest less energy loss with
larger quark mass [2]. To study the energy loss of heavy quarks in more detail, it is essential to measure the
centrality dependence of RAA and azimuthal anisotropy of charm and bottom separately. Recently, strong
suppression and significant azimuthal anisotropy for charm are reported from RHIC and LHC experiments
[3, 4, 6, 5]. Suppression of bottom yield and bottom anisotropy are also under experimentally investigation.
The bottom production will provide further information of QGP.

The mass dependence of azimuthal anisotropy for light particles in small collision systems at RHIC is an
intriguing observation[7]. To see the extension of this phenomenon in heavy quark particles, we measured
single muons from heavy quark decays in d+Au collisions at forward rapidity.

In these proceedings, we report the azimuthal anisotropy (v2) of separated charm and bottom in the
single electron measurement at mid-rapidity in minimum bias Au+Au collisions and the anisotropy of single
muons from heavy flavor decays in d+Au collisions at forward rapidity.

2. Azimuthal anisotropy of single electrons from separated bottom and charm decays

We analyzed the dataset from Au+Au collisions at
√

sNN = 200 GeV recorded in 2014. The analysis
performs a statistical separation of electrons from charm and bottom decays utilizing the difference of their
decay lengths measured by a silicon vertex detector (VTX). The VTX provides precise tracking information
in the form of the distance of closest approach (DCA) of electrons to the collision vertex. The DCA is
proportional to the decay length, thus the shape of the DCA is broader for electrons from bottom decays
than that from charm decays. The DCA distributions are measured for 1< pT <8 GeV/c.

Inclusive electrons contains not only the bottom and charm electrons but also electrons from several
backgrounds. The main sources of these backgrounds are photon conversions, Dalitz decays of π0 and η,
and misidentified hadrons. Background electrons from Ke3 decays and random association with VTX hits
in high multiplicity make large DCA tail. Electrons from J/ψ decays are also a non-negligible background
for high pT . Those backgrounds are estimated by event driven methods and the PHENIX detector simu-
lations. To separate the bottom and charm components, the unfolding method fits the DCA distributions
simultaneously with the invariant yield of electrons from inclusive heavy quark decays. The analysis meth-
ods (the background subtraction and the unfolding ) are described in the article[1]. Figure 1 shows the DCA
distribution of electron for minimum bias Au+Au collisions. The bottom and charm components obtained
by the unfolding method are also plotted as well as the sum of the all background components.

The inclusive electron v2 was measured with the reaction plane method. The reaction plane was deter-
mined from the multiplicity in the forward silicon vertex detector (FVTX). The background v2 from photonic
electrons and misidentified hadrons are subtracted. The dilution effect of v2 due to the finite resolution of the

T. Hachiya / Nuclear Physics A 982 (2019) 663–666664

calculated by the difference between the reaction plane measured by the
different detectors.

cos(2 ·∆Ψ(1, 2)) = cos(2 ·Ψ(1)−Ψ(2)) (3)

=
√
Reso2(Ψ(1))−Reso2(Ψ(2))) (4)

, where 1 and 2 is two different detector used for the reaction plane measure-
ment. For 3 sub event method, we first determine the resolution for CNT
using (BBC south, FVTX north and CNT) and (BBC north, FVTX south
and CNT). The detector coverage of the BBC and FVTX are close each other
and can remain the self-bias effects if we use BBC and FVTX at the same
time. To avoid this self-bias problem, we therefore use the south of BBC
and the north of FVTX and the opposite. Figure ?? show the reaction plane
resolutions for CNT. These are obtained with the 2 different combination of
the detector as written above. These CNT resolutions are in good agreement.
Once the reaction plane resolution for CNT is obtained, we can calculate the
BBC and FVTX reaction plane resolution as written below.

Reso2(Ψ(1)) = cos(2 ·∆Ψ(1, 2))−Reso2(Ψ(CNT )) (5)

Figure ?? shows the reaction plane resolution for BBC and FVTX.

3 Inclusive electron v2

Inclusive electron v2 is measured at minimum bias Au+Au 200GeV. v2 is
the second harmonics of Fourier decomposition of the emission angle of the
particles with respect to the reaction plane. This is described in the following
formula.

vmeas
2 =< cos(2 · (φi −Ψ)) > (6)

The measured v2 doesn’t represent its true v2 value because the measured
v2 is smeared by the reaction plane resolution. This is described in the
following equation. This smearing effect can be corrected using the resolution
determined in the previous section.

vmeas
2 =

vtrue2

Reso(Ψ)
(7)

The reaction plane resolution changes with the centrality. The change is
caused by both the initial eccentricity of collision geometry and multiplicity.

11
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c-, b-separation from unfolding 
leads to flow measurement at 
midrapidity
• measure v2 in flavor-enriched 
DCAT regions

N. J. ABDULAMEER et al. PHYSICAL REVIEW C 109, 044907 (2024)

1.6–6.0 GeV/c, respectively. For the 40%–60% centrality bin,
11 vectors of measured DCAT in 1.6–5.0 GeV/c are used due
to statistical limitations. The Y (θ ) and D(θ )j represent the pT
and DCAT distribution predicted by the unfolding procedure.
MCMC repeats the process through multiple iterations until
an optimal solution is found. Only statistical uncertainties in
the data are included in the calculation of the log-likelihood.

The analyzing power to separate charm and bottom con-
tributions is mainly contained in the tail of the DCAT
distribution, but the DCAT distribution has a sharp peak with
many measurements at DCAT = 0, which dominates the like-
lihood calculation in the unfolding method. A 5% uncertainty
is added in quadrature to the statistical uncertainty when a
given DCAT bin has a yield above a threshold that was set
to 100.

Without additional information, the unfolding procedure
introduces large statistical fluctuations in the unfolded dis-
tributions due to negative correlations of adjacent bins.
However, the unknown hadron spectra are expected to be
relatively smooth. This prior belief of smoothness, π , is mul-
tiplied with the likelihood to get a posterior distribution P as

ln π (θ ) = −α2(|LRc|2 + |LRb|2) (9)

and

ln P = lnL + ln π (θ ), (10)

where L denotes a 17 × 17 matrix of regularization conditions
and, Rb(Rc) is the ratio of the trial bottom (charm) spectra
to the prior. The strength of regularization is characterized
using a parameter α that is tuned by repeating the unfolding
procedure with several values of α and selecting the one that
gives a maximum of the posterior distribution.

Once the unfolded charm- and bottom-hadron pT spectra
are obtained, the same response matrices are applied to the
heavy-flavor hadron distribution to obtain refolded c + b → e
yields. Figure 7 shows the refolded invariant yield of c + b →
e compared to the measured data, which is in reasonable
agreement with the refolded spectrum. Figure 8 compares
the refolded DCAT distributions to the measured data. The
DCAT distribution is fit with the refolded components within
|DCAT| < 0.1 cm, and indicates good agreement between the
measured and refolded distributions.

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are independently evaluated
for the measured data and the unfolding procedure. Figure 9
shows the contribution of each systematic uncertainty source.
The total uncertainty is obtained by adding them in quadra-
ture. Each source of uncertainty is discussed below.

1. Background normalization

Systematic uncertainties associated with modeling of the
background processes are estimated from the difference
between the nominal measurement and that obtained by re-
peating the unfolding procedure with systematic variation of
the background DCAT normalization. The background DCAT
template for each source of background is modified inde-
pendently by ±1σ of the nominal value, and the unfolding
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FIG. 7. The measured invariant yield for (black markers) c +
b → e as a function of pT and refolded yields for (red line) c +
b → e, (green line) c → e, and (blue line) b → e in MB Au+Au
collisions.

procedure is repeated with the modified-background DCAT
template. For each background source, the difference between
the unfolding result using nominal-background templates and
that with a modified-background template is taken as the sys-
tematic uncertainty. Estimates of background normalization
uncertainty from all the background processes are added in
quadrature to get a single value of the background normaliza-
tion uncertainty.
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FIG. 8. The measured DCAT distribution of (black line) elec-
tron tracks, (red line) refolded c + b → e, (yellow line) background,
(green line)c → e, and (blue line) b → e in MB Au+Au collisions
for 1.6 < pT < 1.8 GeV/c.

044907-8

b-enriched b-enrichedc-enriched

HF Flow @ Midrapidity (electrons) (Conf.: Nuc.Phys.A 982 663)
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Charm electron v2
• Comparison to prior charged 

hadron measurement
• less elliptic flow below 3 GeV/c
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HF Flow @ Midrapidity (electrons) (Conf.: Nuc.Phys.A 982 663)



HF Electron FlowPH ENIX

Wednesday, June 12, 2024 2024 RHIC/AGS Users — Richford — PHENIX HF 20

 [GeV/c]
T

p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

b 2
e 

v
-0.05

0

0.05

0.1

0.15

0.2

0.25
=200GeVNNsMin. bias Au+Au 

 from bottom decay±e
 PHENIX PRC92.034913±h

PH ENIX
preliminary

Bottom electron v2
• Comparison to prior charged 

hadron measurement
• less elliptic flow below 4 GeV/c

HF Flow @ Midrapidity (electrons) (Conf.: Nuc.Phys.A 982 663)
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HF Muon Flow @ Forward Rapidity

Bran Blankenship (PHENIX Collaboration), QM23 Flash Talk  2

• Tuned PYTHIA+GEANT4 embedded in Au+Au to get hadron and 
muon fractions 

• Extract the contribution of open heavy flavor muons (FHF) 
• Determine heavy flavor muon v2 in the inclusive muon sample:

Extracting Heavy Flavor

is the inclusive muon elliptic flow, and vLF2 is the elliptic flow of muons that are the decay
products of light hadrons. The particle and decay contributions are determined from a tuned
PYTHIA+PISA+embedding simulation. The next section describes how the simulation was
tuned.

vHF

2 =
1

FHF
(vinc.2 � (1� FHF )vLF2 ) (12)

FIG. 8. Illustration of hadrons and muons traversing the PHENIX muon arms. Most of
the hadrons are stopped in absorber material prior to reaching lastgap=4, while most muons
penetrate all of the absorber material and stop in lastgap=4. However, some muons stop in
earlier lastgaps and some hadrons punchthrough to the final lastgap

4.3.1 Tuning PYTHIA simulation

In order to determine the particle ratios in each lastgap we use PYTHIA8 simulation,
run through the PISA detector simulation, embedded with real PHENIX data filtered for the
acceptance of the muon arms. The PYTHIA8 simulation generates hard scattering events.
The generated pions, kaons, protons, and muons with pT > 1GeV/c are then used as input
for the Geant4-based PISA detector simulation. If any of the hadrons in the event produce
at least three hits in the MuTr volume, the entire event is merged with hits from a real
data event (embedding). The PYTHIA+data merged event is then reconstructed and the
PYTHIA tracks are kept and if more than half of the tracks in the merged event come from
the PYTHIA simulation the track is tagged with the particle ID of the original hadron.

The primary issue with using PYTHIA in this way is that it does not accurately recreate
production of particles containing strange quarks in heavy ion collisions, which is a problem
given that approximately half of all the hadrons detected in the muon arms are kaons. To
remedy this we tune our simulations to match previous PHENIX results for kaon and pion
ratios. As can be seen from Figure 8 PYTHIA does well recreating pion ratios, so no tuning
is needed for this, but for the kaon/pion ratios we apply a pT -dependent scaling factor to
make the PYTHIA ratios (the red points) match the previous PHENIX results (the black
points).

15

Radial Distance of Closest Approach

BU26/05/2024 SQM 2024, Luis Bichon III

• DCAr is determined by projecting the 
particle track determined by the FVTX 
onto a plane in the z-axis located at the 
initial collision point 

• Essentially this is a measurement of the 
distance from the primary vertex at 
which a particle was produced, i.e. for a 
prompt particle DCAr = 0 

• With a precise measurement you can 
separate detected muons according the 
particle from which they decayed 

HF Results (Current)

Flavor Determination Using the FVTX, MuTr
• 1.2 < 𝜂 < 2.2
• Δ𝜙 = 2𝜋
• Muon-ID: MuID
• Track projection of muons back to the primary vertex
• DCAR

https://indico.cern.ch/event/1139644/contributions/5456502/
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HF Muon Flow @ Forward Rapidity (muons)

Bran Blankenship (PHENIX Collaboration), QM23 Flash Talk  3

Flow of charged hadrons and heavy flavor muons at forward rapidity

•Hint of rapidity-dependence of charged hadron v2, while open heavy flavor v2 results 
are consistent with previous PHENIX results at mid-rapidity 

•  YES, heavy flavor particles flow with the QGP, but less than charged hadrons

HF-inclusive muon v2
• Comparison to prior charged 

hadron measurement
• less elliptic flow below 4 GeV/c
• Consistent with results at 

midrapidity!

https://indico.cern.ch/event/1139644/contributions/5456502/
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PHENIX data and analysis are comprehensive and sophisticated
• Many reaction types from pp to UU, and mixed

HF Production and c-, b-separation result in Au+Au shows significant 
improvement from prior result
• More statistics, less uncertainty
• Clear suppression of charm and bottom hadrons in QGP, varying by 

centrality and nPart

Clear HF v2 at midrapidity and forward rapidity
• Agreement between the two probes
• Separate c, b v2 shows mass-ordering

Dan Richford
drichford@gradcenter.cuny.edu

richfordd@usmma.edu
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A. ADARE et al. PHYSICAL REVIEW C 90, 034902 (2014)
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FIG. 4. (Color online) Extracted distribution of the number of
binary collisions in each of the nine centrality quantiles (from right to
left): 0%–5%, 5–10%, 10%–20%, 20%–30%, 30%–40%, 40%–50%,
50%–60%, 60%–70%, and 70%–88%.

the neutron (proton) from the deuteron to miss the Au nucleus
(i.e., have no inelastic interaction with any target nucleon),
while the proton (neutron) does interact. These “p” + Au and
“n” + Au interactions have been studied and are detailed in
Ref. [18]. In the “p” + Au case, the method employed is to
measure the spectator neutron energy in the PHENIX ZDC
in the deuteron-going direction. The ZDC energy distribution
in d + Au MB events is shown in Fig. 5. The distribution
is only for events where energy above threshold is deposited
in the ZDC, and therefore the majority of events, i.e., those
where there is no spectator neutron, are not included. One
observes a clear single neutron peak with a mean energy

ZDC Energy (d-going direction) [GeV]
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FIG. 5. (Color online) ZDC energy distribution in the deuteron-
going direction for MB d + Au collisions. The data are well described
by an exponential background component, a single spectator neutron
peak, and a much smaller contribution from two neutrons owing to
double interactions.
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FIG. 6. (Color online) Data points are the measured fraction of
events where there is a spectator neutron from the deuteron projectile.
In comparison, the yellow band is the MC-Glauber result with
systematic uncertainties.

of 100 GeV (the expected beam energy) and a resolution
width of approximately 28 GeV. Additionally, there is a low
energy background component that is well described by an
exponential. Last there is a contribution from two neutrons.
The two-neutron contribution comes from double interactions
where the additional neutron results from an independent
inelastic d + Au interaction or a d + Au photodisintegration
reaction.

We select events with a spectator neutron with a ZDC
energy cut of 60–180 GeV, which captures 96% of the single
neutron peak. We estimate a 2%–3% contribution from the
exponential background. These effects tend to cancel and
we apply no net correction to the spectator neutron event
yield and apply a ±3% systematic uncertainty on this yield.
The double interaction contribution (i.e., the two-neutron
peak yield) depends on the instantaneous luminosity and the
“centrality” category of selected d + Au events. Accounting
for these double interaction contributions as detailed in the
next section, we determine from data the probability of a
spectator neutron from a single d + Au inelastic interaction
in the nine centrality selections, as shown in Fig. 6. The
error bars reflect systematic uncertainties from accounting for
double interaction contributions between the different data sets
(dominant in central events) and from the neutron tagging
efficiency (dominant in peripheral events). The yellow band
corresponds to the MC-Glauber calculated values and the
systematic uncertainties in that calculation from a full set of
parameter variations, discussed in detail in the next section.
The agreement between data and calculation is good and gives
us confidence in the geometric modeling of the collisions.

V. DOUBLE INTERACTION STUDY

Figure 7 shows the BBC Au-going charge distribution in
MB d + Au events (upper curves) and the distribution in the
subset of events where there is a single neutron spectator
present (lower curves). The lowest curve (blue) in each set

034902-6

Geometric and Momentum Anisotropy
and Measure of Event Activity
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Particle-ID Using the TOF, DC

5

TABLE I. Summary of the hNcolli and hNparti values calcu-
lated using Glauber Monte Carlo simulation.

System Centrality hNcolli hNparti
p+Al 0%–72% 2.1±0.2 3.1±0.1

0%–20% 3.4±0.3 4.4±0.3

20%–40% 2.3±0.2 3.3±0.1

40%–72% 1.7±0.1 1.6±0.2

3He+Au 0%–88% 10.4±0.7 11.3±0.5

0%–20% 22.3±1.7 21.1±1.3

20%–40% 14.8±1.1 15.4±0.9

40%–60% 8.4±0.6 9.5±0.6

0%–88% 3.4±0.3 4.8±0.3

Cu+Au 0%–80% 123.8±12.0 70.4±3.0

0%–20% 313.8±28.4 154.8±4.1

20%–40% 129.3±12.4 80.4±3.3

40%–60% 41.8±5.3 34.9±2.9

60%–80% 10.1±2.0 11.5±1.8

U+U 0%–80% 342±30 143±5

0%–20% 935±98 330±6

20%–40% 335±33 259±7

40%–60% 81±13 65±6

60%–80% 17±4 18±3

TABLE II. The pT ranges (GeV/c) of identified charged-
hadron yields measurements.

Hadron p+Al 3He+Au Cu+Au U+U

⇡+ 0.5–2.0 0.5–3.0 0.5–3.0 0.5–3.0

⇡� 0.5–2.0 0.5–3.0 0.5–3.0 0.5–3.0

K+ 0.5–1.8 0.5–2.0 0.5–2.0 0.5–2.0

K� 0.5–1.8 0.5–2.0 0.5–2.0 0.5–2.0

p 0.5–4.0 0.5–4.0 0.5–4.0

p̄ 0.5–2.5 0.5–4.0 0.5–4.0 0.5–4.0

they are excluded from measurements that require abso-
lute normalization, like the spectra, ratios, and nuclear
modification factors reported in this manuscript.

Particle identification (PID) was carried out by apply-
ing two-standard-deviation (2�) PID cuts in m2 and mo-
mentum space for each particle species. The hadron’s sig-
nals from TOF are approximated by Gaussian functions
with the root-mean-square deviations (�TOF) and mathe-
matical expectations (m2

TOF) in every �pT = 0.5 GeV/c
interval of the hadron identification pT range from Ta-
ble II. Discrete �TOF(pT ) and m2

TOF(pT ) dependencies
are parameterized by Eq. 2. PID cuts are based on ob-
tained continuous functions �TOF(pT ) and m2

TOF(pT ),
which are presented in Fig. 1 with black solid lines. The

fit to both the mean m2
TOF(pT ) and the standard devia-

tion �TOF(pT ) uses the same functional form,

m2
TOF(pT ),�TOF(pT ) = p0+

p1
pT

+
p2
p2T

+p3 ·e
p
pT +p4 ·

p
pT ,

(2)
where p0, p1, p2, p3, and p4 are fit parameters, and the set
of fit parameters is di↵erent form2

TOF(pT ) and �TOF(pT ).
In the high-pT region, hadron signals start to overlap;
therefore, the veto cut was introduced for better separa-
tion of ⇡, K and p. The veto cut requires that the hadron
mass does not satisfy the 1.5� condition for neighboring
hadrons. The PID and veto cuts are standard for the
PHENIX detector [14, 17].

FIG. 1. Distribution of hadron squared mass multiplied by
charge (m2 ·charge) vs. hadron pT as found from TOF timing,
DC momentum, and the path length. Black solid lines rep-
resent PID cuts, based on Eq. 2, which were used for hadron
identification.

C. Corrections to the raw data

The measured values of identified charged hadron pri-
mary yields should be corrected for the geometric accep-
tance of the detectors, detector e�ciency, and analysis
cuts used in data selection [14, 17]. This section describes
procedures of estimating the corrections applied to the
raw identified charged-hadron yields.

1. Reconstruction e�ciency

The geometric acceptance of the detectors, detector
e�ciency, and analysis cuts have been taken into ac-

𝑚- =
𝑝-

𝑐-
𝑡-𝑐-

𝐿-
− 1

mass squared

measured momentum

measured distance
from  event vertex
to TOF detector

measured time
of flight

p
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π



Light Flavor in PHENIXPH ENIX

Wednesday, June 12, 2024 2024 RHIC/AGS Users — Richford — PHENIX HF 28

Light-Flavor Invariant Yield
• Small systems (black=pAl, pink=3HeAu)
• Large systems (green=CuAu, red=UU)
• Centrality classes scaled for clarity

N. J. ABDULAMEER et al. PHYSICAL REVIEW C 109, 054910 (2024)

FIG. 3. The π+, π−, K+, K−, p, and p̄ invariant pT spectra measured in different centralities of p + Al, 3He +Au, and Cu + Au collisions
at √

sNN = 200 GeV and U + U collisions at √
sNN = 193 GeV. Invariant pT spectra are multiplied by powers of 10 for clarity of presentation.

pT range. Behavior of p/π ratios observed in Cu + Au and
U + U collision systems can be qualitatively described using
recombination models [23,24].

In small collision systems (p + Al and 3He +Au), the val-
ues of p/π ratios are similar to those measured in p + p
collisions [43]. In 3He +Au collisions a modest centrality
dependence can be seen, similar to that observed in d + Au
collisions [14,17]. The modest centrality dependence can be
understood in terms of the small range of 〈Npart〉 values rel-
ative to the large range of 〈Npart〉 values in large collision
systems. The values of p/π ratios measured in all central-
ity classes of p + Al collisions and in p + p collisions are
consistent within uncertainties. For all measurements type A
uncertainties sum quadratically to type B uncertainties and

are shown as a rectangles around the experimental points in
Figs. 10–15.

The ratios of K+/π+ and K−/π− are shown in Figs. 10 and
11. The values of K/π ratios show a modest centrality depen-
dence, which is insignificant within systematic uncertainties.
The centrality dependence of K/π ratios in d + Au and Au +
Au collisions was attributed to a strangeness-enhancement
effect [17].

B. Nuclear-modification factors

To quantify differences of hadron production in rel-
ativistic nucleus-nucleus collisions (A + B) and in p + p
collisions, nuclear modification factors (RAB) were calculated

054910-8
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FIG. 5. Second-harmonic azimuthal anisotropy v2{3 × 2PC} in (a) 0%–5% [24], (b) 5%–10%, (c) 10%–20%, (d) 20%–40%, (e) 40%–60%,
and (f) 60%–88% centrality d + Au collisions at √

sNN = 200 GeV with the FVTXS-CNT-FVTXN (BF) and BBCS-FVTXS-CNT (BB)
detector combinations as a function of pT . The solid (black) squares are shifted for visibility. The bands around the (black) squares and (black)
circles show the systematic uncertainties. The bands around the dashed (red) and dotted (blue) curves show statistical uncertainties in the
AMPT calculations with the 3 × 2PC method. The solid (green) curves show v2 in AMPT using the parton participant plane.

In d + Au collisions, this trend is not observed because of the
limited statistical precision.

Figure 9 shows that a point-by-point comparison among
the different collision systems can be made with the 3 × 2PC
method using both the BB and BF detector combinations by

plotting v2 as a function of charged-particle multiplicity dNch
dη

at midrapidity. The values of dNch
dη

are obtained from Ref. [31].
In 2 < pT < 2.5 GeV/c, v2{BB} shows an increasing trend
towards the low dNch

dη
side; the peripheral p + Au data points
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FIG. 6. Second-harmonic azimuthal anisotropy v2{3 × 2PC} in (a) 0%–5% [24], (b) 5%–10%, (c) 10%–20%, (d) 20%–40%, (e) 40%–60%,
and (f) 60%–88% centrality 3He +Au collisions at √

sNN = 200 GeV with the FVTXS-CNT-FVTXN (BF) and BBCS-FVTXS-CNT (BB)
detector combinations as a function of pT . The solid (black) squares are shifted for visibility. The bands around the (black) squares and (black)
circles show the systematic uncertainties. The bands around the dashed (red) and dotted (blue) curves show statistical uncertainties in the
AMPT calculations with the 3 × 2PC method. The solid (green) curves show v2 in AMPT using the parton participant plane.
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AuAu 200 Gev @ different centrality classes (PRC 109 044907)
SINGLE ELECTRON YIELDS FROM SEMILEPTONIC . . . PHYSICAL REVIEW C 93, 034904 (2016)

FIG. 19. (a) The RAA for c → e, b → e and combined heavy
flavor [12] as a function of pe

T . The c → e and b → e RAA are
calculated using Eqs. (11) and (12), where FAuAu uses the unfolded
result determined in this work and Fpp determined from STAR e-h
correlations [35]. (b) The ratio Rb→e

AA /Rc→e
AA as a function of pe

T .

assuming Gaussian uncertainties on FAuAu, Fpp, and RHF
AA.

As when determining the charm and bottom hadron yields,
we take the median of the distribution as the central value
and the 16% and 84% of the distribution as the lower and
upper 1σ uncertainties, respectively. The resulting values are
shown in Fig. 19(a). We find that the electrons from bottom
hadron decays are less suppressed than electrons from charm
hadron decays for 3 < pT GeV/c < 4. To further clarify this
statement, we calculate the ratio of Rb→e

AA /Rc→e
AA , shown in

Fig. 19(b). In this ratio, the uncertainty on RHF
AA cancels. Here

again we calculate the full probability distributions and use
the same procedure as above to determine the central values
and uncertainties. We find that the probability distributions for
Rb→e

AA /Rc→e
AA are highly non-Gaussian, which leads to the large

asymmetric uncertainty band shown in Fig. 19(b). It is clear
from the ratio that b → e is less suppressed than c → e at the
1σ level up to pT ∼ 4 GeV/c.

V. DISCUSSION

There are a number of theoretical calculations in the
literature for the interaction of charm and bottom quarks
with the QGP. Many of these models have predictions for
the nuclear modification factor RAA for electrons from charm
decays and, separately, RAA for electrons from bottom decays.
For consistency, we have assumed the FONLL [33] yields for

electrons from charm (bottom) decays calculated for p + p
at

√
s

NN
= 200 GeV and then scaled them by the heavy-ion

model results for the RAA of electrons from charm (bottom).
Figure 20(a) compares the bottom electron fraction from

one class of calculations modeling only energy loss of these
heavy quarks in medium. In an early pQCD calculation by
Djordjevic et al. [62], the authors apply the DGLV theory
of radiative energy loss. They find that even for extreme
opacities with gluon rapidity densities up to 3500, the bottom
quark decay electrons dominate at high pT and that limits the
single electron RAA to the range 0.5–0.6 for pT > 5 GeV/c.
Although this result is known to be higher than the PHENIX
measured heavy flavor electron RAA [12], we show the b →
e/(b → e + c → e) predictions for gluon rapidity densities of
1000 and 3500 in Fig. 20(a). However, we do note that the
calculations are for 0%–10% central collisions compared to
the MB data, although the calculations span a factor of 3.5
range in the gluon density. We find that the calculations for
both gluon rapidity densities are in good agreement with our
results for pT < 4 GeV/c, but are slightly above and outside
the uncertainty band on the unfolded result at higher pT .
More recent calculations in the same framework, but with
the inclusion of collisional energy loss [31], result in a heavy
flavor electron high-pT RAA closer to 0.3 and in reasonable
agreement with previous PHENIX published results [12]. This
updated prediction for the bottom electron fraction, also shown
in Fig. 20, gives a similar value to their previous result, but is
only published for pT > 5 GeV/c.

Figure 20(b) compares the bottom electron fraction from a
calculation using a T -matrix approach by van Hees et al. [63].
The authors provided us with different results for 0%–10%
central Au + Au collisions depending on the coupling of the
heavy quark to the medium. The coupling is encapsulated in the
diffusion parameter D, where smaller values yield a stronger
coupling. Shown in Fig. 20(b) are three results corresponding
to three values of the parameter D(2πT ) = 4,6,30. The largest
D value, corresponding to the weakest coupling, yields almost
no deviation from the p + p reference FONLL result, and the
successively stronger coupling pushes the bottom fraction
contribution higher and higher. We find that the calculations
with D(2πT ) = 4,6 are in good agreement with our result
for pT < 4 GeV/c, but begin to diverge where the calculation
stops at 5 GeV/c.

Figure 20(c) compares the bottom electron fraction from
another class of calculations which employ a combination
of Langevin, or transport-type modeling of heavy quarks, in
the bulk QGP with energy-loss mechanisms that dominate at
higher pT . In Ref. [64], Alberico et al. employ a Langevin
calculation where a good match to the PHENIX heavy flavor
electrons is found. It is notable that this calculation has a very
strong suppression of charm decay electrons such that bottom
contributions dominate even at modest pT ! 2 GeV/c. The
calculations are consistent with the data for pT < 4 GeV/c
and overpredict the bottom contribution for higher pT values.

Figure 20(c) also compares the bottom electron fraction
from another variant of the Langevin calculation by Cao
et al., as detailed in Ref. [65]. For this calculation, we
show two results corresponding to two different input values
D(2πT ) = 1.5 and 6. For the lower parameter, again stronger

034904-23

Prior Result
PRC 93 034904

Fig. 19



Background Comp.: Au+Au HFPH ENIX

Wednesday, June 12, 2024 2024 RHIC/AGS Users — Richford — PHENIX HF 32

Simulation of background components

N. J. ABDULAMEER et al. PHYSICAL REVIEW C 109, 044907 (2024)
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FIG. 3. The fraction of nonphotonic electrons (FNP) as a function
of pT for MB and the indicated four centrality classes.

the Drell-Yan process are found to be negligibly small com-
pared to the total background. The nonphotonic backgrounds
included in FNP are estimated by the full GEANT-3 simula-
tion of the PHENIX detector with measured particle yields
[25,26] as inputs and normalized by the background cocktail,
applying with the uncorrelated survival rate εUC. The detailed
modeling of these backgrounds is described in Ref. [12]. After
subtracting these backgrounds, the remaining signal compo-
nent is the inclusive heavy flavor (Fc+b). Figure 4 shows the
fractions of signal, photonic, and nonphotonic backgrounds
of isolated electrons in MB Au+Au collisions.
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FIG. 4. The fractions of signal component in isolated electron-
track candidates as a function of pT in MB Au+Au collisions.
The isolation cut is applied. The modeling of these backgrounds is
described in the text and in Ref. [12].
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FIG. 5. The invariant yields of c + b → e as a function of pT

for different Au+Au centrality classes. These spectra are scaled by
factors of 10 for clarity.

D. Invariant yields of heavy-flavor electrons

The invariant yield of heavy-flavor electrons is calculated
from the photonic electron yields and the fraction of heavy-
flavor electrons to photonic electrons as

d2Nc+b
e

d pT dy
=

d2Nc+b
e

(
Nγ

e
)

d pt dy
× Fc+b

FP
, (7)

where Nc+b
e (Nγ

e ), Fc+b (FP), and d2Nγ
e /d pT dy are the yield,

fraction, and invariant yield, respectively, of heavy-flavor
(photonic) electrons. The photonic electron yield is calcu-
lated based on the invariant yields of π0 and η measured by
PHENIX [27,28], using a method which has been demon-
strated to give an accurate description of photonic electron
yields in the previous heavy-flavor electron measurement
[12,29]. The fractions Fc+b and FP are determined by the
data-driven method described in the previous section. Note
that the efficiency and acceptance cancel out in Fc+b and FP.
The invariant yields of heavy-flavor electrons (c + b → e) in
MB Au+Au as well as four centrality classes in Au+Au are
shown in Fig. 5. The bars and boxes represent statistical and
systematic uncertainties which are described in Sec. IV.

E. DCAT distribution of the background

The DCAT distribution of misidentified hadrons and mis-
matched backgrounds are determined by the RICH and
VTX swap method as described in Sec. III C 1. The swap
method is data driven and the obtained DCAT distribution in-
cludes the normalization and resolution effects. Photonic- and
nonphotonic-background DCAT distributions are determined
by the full GEANT-3 simulation of the PHENIX detector.
Background sources are generated with the pT distribution
measured by PHENIX and decay electron tracks are re-
constructed and analyzed with the same analysis cuts used
to calculate DCAT. The obtained DCAT distributions are

044907-6
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Unfolding constraint: FNP

N. J. ABDULAMEER et al. PHYSICAL REVIEW C 109, 044907 (2024)

1 2 3 4 5 6 7 8
 [GeV/c]

T
p

0

0.2

0.4

0.6

0.8

1

1.2

 (
w

/ i
so

la
tio

n 
cu

t)
N

P
 F

min. bias
0-10%
10-20%
20-40%
40-60%

PHENIX
=200 GeVNNsAu+Au,

FIG. 3. The fraction of nonphotonic electrons (FNP) as a function
of pT for MB and the indicated four centrality classes.

the Drell-Yan process are found to be negligibly small com-
pared to the total background. The nonphotonic backgrounds
included in FNP are estimated by the full GEANT-3 simula-
tion of the PHENIX detector with measured particle yields
[25,26] as inputs and normalized by the background cocktail,
applying with the uncorrelated survival rate εUC. The detailed
modeling of these backgrounds is described in Ref. [12]. After
subtracting these backgrounds, the remaining signal compo-
nent is the inclusive heavy flavor (Fc+b). Figure 4 shows the
fractions of signal, photonic, and nonphotonic backgrounds
of isolated electrons in MB Au+Au collisions.
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D. Invariant yields of heavy-flavor electrons

The invariant yield of heavy-flavor electrons is calculated
from the photonic electron yields and the fraction of heavy-
flavor electrons to photonic electrons as

d2Nc+b
e

d pT dy
=

d2Nc+b
e

(
Nγ

e
)

d pt dy
× Fc+b

FP
, (7)

where Nc+b
e (Nγ

e ), Fc+b (FP), and d2Nγ
e /d pT dy are the yield,

fraction, and invariant yield, respectively, of heavy-flavor
(photonic) electrons. The photonic electron yield is calcu-
lated based on the invariant yields of π0 and η measured by
PHENIX [27,28], using a method which has been demon-
strated to give an accurate description of photonic electron
yields in the previous heavy-flavor electron measurement
[12,29]. The fractions Fc+b and FP are determined by the
data-driven method described in the previous section. Note
that the efficiency and acceptance cancel out in Fc+b and FP.
The invariant yields of heavy-flavor electrons (c + b → e) in
MB Au+Au as well as four centrality classes in Au+Au are
shown in Fig. 5. The bars and boxes represent statistical and
systematic uncertainties which are described in Sec. IV.

E. DCAT distribution of the background

The DCAT distribution of misidentified hadrons and mis-
matched backgrounds are determined by the RICH and
VTX swap method as described in Sec. III C 1. The swap
method is data driven and the obtained DCAT distribution in-
cludes the normalization and resolution effects. Photonic- and
nonphotonic-background DCAT distributions are determined
by the full GEANT-3 simulation of the PHENIX detector.
Background sources are generated with the pT distribution
measured by PHENIX and decay electron tracks are re-
constructed and analyzed with the same analysis cuts used
to calculate DCAT. The obtained DCAT distributions are
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FIG. 14. The nuclear-modification factors of c → e and b → e
as a function of pT in MB Au+Au Collisions from this work
compared with the corresponding measurement from the STAR Col-
laboration [9].

C. Nuclear modification factor RAA vs. Npart

The collision centrality is characterized by the number of
nucleon participants in the collision (Npart) estimated using
Monte Carlo Glauber calculations. The Npart-dependent nu-
clear modifications R c→e

AA and R b→e
AA are obtained in three pT

intervals as shown in Fig. 17.
In the low-pT region (1.0–1.4 GeV/c), there is no Npart

dependence and no suppression for both c → e and b → e,
within uncertainties. The mid-pT region (2.6–3.0 GeV/c)

shows a clear suppression of charm hadrons when the number
of participants increases. The high-pT region (5.0–7.0 GeV/c)
shows an increasing suppression of both charm and bottom
hadrons with increasing collision centrality.

D. Comparison to theoretical models

Figure 18 shows a comparison of data to three theoretical
models: the T -matrix approach, the SUBATECH model, and
the DGLV model. The T -matrix approach is a calculation as-
suming formation of a hadronic resonance by a heavy quark in
the QGP based on lattice quantum chromodynamics [38]. The
SUBATECH model employs a hard thermal loop calculation
for the collisional energy loss [39]. The DGLV model calcu-
lates both the collisional and radiative energy loss assuming an
effectively static medium [40]. Because the DGLV model in-
cludes only energy loss and does not include the back reaction
in the medium, the curves are only shown for pT > 5 GeV/c.
All models expect a quark mass ordering for the energy loss in
the QGP medium, as observed in the data. The SUBATECH
and DGLV calculations for charm suppression agree with the
data. The T -matrix approach is slightly higher than the data
for pT > 3 GeV/c. The measured bottom nuclear modification
is larger than the calculations at pT < 4 GeV/c, although the
uncertainty in the measurement is large for pT < 2 GeV/c.

VI. SUMMARY AND CONCLUSIONS

This article reported the results of measurements of the
separated invariant yields and nuclear-modification factors of
charm and bottom hadron-decay electrons in Au+Au colli-
sions at

√
sNN = 200 GeV at midrapidity. The measurements

were performed by the use of a Bayesian unfolding method to
extract the invariant yield of parent charm and bottom hadrons
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FIG. 15. RAA ratio of b → e to c → e as a function of pT for different centrality classes.
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FIG. 18. Measured R c→e
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AA compared to theoretical-
model calculations.

from pT and transverse distance of the closest approach DCAT
distributions of decay electrons.

The nuclear-modification factors RAA have been calculated
from the invariant yield in Au+Au and the TAA scaled yield
in p + p. The comparison between R c→e

AA and R b→e
AA indicates

that charm hadrons are more suppressed than bottom hadrons
by at least one standard deviation for 0%–40% central colli-
sions. Quark-mass ordering of suppression is also seen in the
RAA of the parent charm and bottom hadrons, where there is a
pattern of RAA consistent with unity for pT < 1.4 GeV/c for
both charm and bottom, charm suppression for 2.6 < pT <
3.0 GeV/c, and suppression of both charm and bottom for
pT > 5.0 GeV/c. These results suggest that charm quarks
lose more energy than bottom quarks when crossing the hot
and dense medium created in 200 GeV Au+Au collisions
in the intermediate-pT region. The theoretical models used
to compare with our data are based on different energy-loss

mechanisms and all agree with the mass ordering and the
charm suppression for the entire pT range covered by this
measurement. However, the same models overestimate the
bottom-quark suppression in the intermediate pT region.
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FIG. 16. The nuclear modification of charm and bottom hadrons as a function of pT for different centrality classes. The yellow box at unity
is the uncertainty on the total normalization.
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Fig. 1. DCA distribution of electrons for min-
imum bias Au+Au collisions. The charm
and bottom components are determined by
the unfolding method. The DCA distribu-
tions are split with two regions to separate the
charm and bottom v2.
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Fig. 2. v2 of electrons from inclusive heavy quark decays for min-
imum bias Au+Au collisions. The result from this analysis is con-
sistent with the published result[8].

result is qualitatively consistent with the expected mass ordering of energy loss for quarks(q) and gluons(g),
∆Eg > ∆Eq > ∆Ec > ∆Eb. Both collisional and radiative loss mechanism suggest less energy loss with
larger quark mass [2]. To study the energy loss of heavy quarks in more detail, it is essential to measure the
centrality dependence of RAA and azimuthal anisotropy of charm and bottom separately. Recently, strong
suppression and significant azimuthal anisotropy for charm are reported from RHIC and LHC experiments
[3, 4, 6, 5]. Suppression of bottom yield and bottom anisotropy are also under experimentally investigation.
The bottom production will provide further information of QGP.

The mass dependence of azimuthal anisotropy for light particles in small collision systems at RHIC is an
intriguing observation[7]. To see the extension of this phenomenon in heavy quark particles, we measured
single muons from heavy quark decays in d+Au collisions at forward rapidity.

In these proceedings, we report the azimuthal anisotropy (v2) of separated charm and bottom in the
single electron measurement at mid-rapidity in minimum bias Au+Au collisions and the anisotropy of single
muons from heavy flavor decays in d+Au collisions at forward rapidity.

2. Azimuthal anisotropy of single electrons from separated bottom and charm decays

We analyzed the dataset from Au+Au collisions at
√

sNN = 200 GeV recorded in 2014. The analysis
performs a statistical separation of electrons from charm and bottom decays utilizing the difference of their
decay lengths measured by a silicon vertex detector (VTX). The VTX provides precise tracking information
in the form of the distance of closest approach (DCA) of electrons to the collision vertex. The DCA is
proportional to the decay length, thus the shape of the DCA is broader for electrons from bottom decays
than that from charm decays. The DCA distributions are measured for 1< pT <8 GeV/c.

Inclusive electrons contains not only the bottom and charm electrons but also electrons from several
backgrounds. The main sources of these backgrounds are photon conversions, Dalitz decays of π0 and η,
and misidentified hadrons. Background electrons from Ke3 decays and random association with VTX hits
in high multiplicity make large DCA tail. Electrons from J/ψ decays are also a non-negligible background
for high pT . Those backgrounds are estimated by event driven methods and the PHENIX detector simu-
lations. To separate the bottom and charm components, the unfolding method fits the DCA distributions
simultaneously with the invariant yield of electrons from inclusive heavy quark decays. The analysis meth-
ods (the background subtraction and the unfolding ) are described in the article[1]. Figure 1 shows the DCA
distribution of electron for minimum bias Au+Au collisions. The bottom and charm components obtained
by the unfolding method are also plotted as well as the sum of the all background components.

The inclusive electron v2 was measured with the reaction plane method. The reaction plane was deter-
mined from the multiplicity in the forward silicon vertex detector (FVTX). The background v2 from photonic
electrons and misidentified hadrons are subtracted. The dilution effect of v2 due to the finite resolution of the

T. Hachiya / Nuclear Physics A 982 (2019) 663–666664

HF-inclusive Electron v2 @ Midrapidity HF-inclusive Muon v2 @ Forward Rapidity
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HF Flow: Muons (constituent parts of equation)
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• Tuned PYTHIA+GEANT4 embedded in Au+Au to get hadron and 
muon fractions 

• Extract the contribution of open heavy flavor muons (FHF) 
• Determine heavy flavor muon v2 in the inclusive muon sample:

Extracting Heavy Flavor


