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• Heavy flavors (charm & bottom) are predominantly produced in hard scattering in heavy ion 
collisions.

• Dominant production mechanism at RHIC: pair creation and flavor excitation.

Heavy flavor production at RHIC
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mb > mc > ⇤QCD, Tc

Heavy flavor production at LO
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Heavy flavors as probes of Quark Gluon Plasma 
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• Low  (collisional energy loss dominant): partially thermalize in QGP?

• High  (radiative energy loss dominant): mass dependent energy loss in QGP?
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• Electron ID detectors (RICH and EMCal)

• , |η | < 0.35 ϕ = 2 × π/2
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Semi-leptonic decay

Electrons from semi-leptonic 
decay of HF measured in 

central arm

PHENIX central arm and the VTX
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• Electron ID detectors (RICH and EMCal)

• , |η | < 0.35 ϕ = 2 × π/2

• The Silicon vertex detector (VTX):

• 4 layers - 2 inner pixel layers 
(14.4 μm resolution) and 2 outer 
strips (23μm resolution)

• ,  in each 
arm
|η | < 1.2 ϕ = 0.8π
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B/D meson

R
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Distance of Closest 
Approach (DCAT) is 

proportional to decay length 
and is precisely measured 

by the VTX (~100  
resolution).

μm

PHENIX central arm and the VTX
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Underlying Hadron 
Distributions ( )ph
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Measured/Data 
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T

Response Matrices  
modeled by Pythia-6

Bayesian inference

Phys. Rev. C 
93, 034904 
(2016)

Phys. Rev. C 
84, 044905 
(2011)

Markov Chain Monte Carlo 
algorithm

Bayesian inference technique to extract charm and 
bottom separated yields
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HF  measurement in minimum biasRAA
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RAA =
1

< Ncoll >

(dN/dy)AA

(dN/dy)pp

• At low : 

• Higher  suppression than .

• Consistent with the expected mass dependence: 

• At high :

• Consistent with previously published  
result by PHENIX.

• Poor systematic precision & narrow coverage in 
 particularly due to p+p baseline.

pT

c → e b → e

ΔEg > ΔEu,d,s > ΔEc > ΔEb

pT

HF → e

pT
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•  is more 
suppressed than 

 in  
GeV.

•  is more 
suppressed than in 
minimum bias 
data.

• Better separation 
between  and 

 in 0–10% 
centrality bin.

c → e

b → e pT < 5.0

c → e

c → e
b → e

Centrality dependence 
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• T-Matrix: (T-Matrix + 
small diffusion const 
( ). Strong 
QGP coupling.

• SUBATECH: Boltzmann 
equation + running 
coupling + realistic hard 
thermal loop 
calculations.

• DGLV: Energy loss + 
plasma w/ static 
potentials.

• More precise 
measurement needed to 
distinguish between 
different models. 

2πTD = 4

Model comparison
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• b-fraction in 0—10% 
centrality and MB 
measured with 2014 
data consistent with 
MB measurement with 
2011 data. 

b-fraction
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• T-Matrix + small 
diffusion const 
( ): 
Consistent with data. 

• T-Matrix + large 
diffusion const 
( ) 
inconsistent with data.

• DGLV models: More 
precise measurement 
needed to separate 
between DGLV 
models with different 
gluon densities.

2πTD = 4/6

2πTD = 30

b-fraction model comparison
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FIG. 20. Fraction of bottom electrons obtained with the un-
folding procedure (red), compared to a pQCD FONLL cal-
culation (gray) [3], with uncertainties arising from the quark
masses and regularization scales.
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FIG. 21. Fraction of bottom electrons obtained with the un-
folding procedure (red), compared to previous measurements
by PHENIX [37] and STAR [12] using electron-hadron cor-
relations. Also shown are theory comparisons to a pQCD
FONLL calculation [3].

not be rejected. In short, both the unfold and the STAR
bottom fraction measurements are consistent given the
uncertainties.

VI. SUMMARY

We have reported on a new measurement of
the di↵erential-invariant production cross section of
separated-heavy-flavor electrons in p+p collisions atp
s = 200 GeV. The measurement proceeds via an

unfolding analysis where the yield of open-heavy-flavor

hadrons is inferred from the inclusive-heavy-flavor elec-
tron spectrum, and the electron DCAT distribution mea-
sured with the PHENIX silicon-vertex detector. The in-
dividual yields of charm and bottom electrons, as well
as the bottom electron fraction, are found to be con-
sistent with FONLL calculations. This measurement
will provide a precision baseline for future-heavy-flavor-
separation analyses. In particular, forthcoming PHENIX
results using a high-statistics Au+Au dataset promise to
reduce current uncertainties and shed light on the cen-
trality dependence of charm and bottom suppression.
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• More precise 
measurement 
with similar 
technique as the 
central Au+Au 
measurement. 

• Extends the 
measurement to 
much lower 
value in  of 1 
GeV.

pT
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FIG. 14. Inclusive heavy-flavor-electron invariant yield from the refolded charm and bottom yields (closed squares [red])
compared to published data (closed circles [gray]). Individual refolded spectra from charm and bottom are shown in green and
blue, respectively.

3. the choice of the regularization parameter strength
↵ in the unfolding procedure; and

4. the choice of prior used in the unfolding.

The uncertainty associated with the normalization of
individual electron background components originates
from the parameterization of the associated primary par-
ticle spectrum. Each spectrum is repeatedly deformed
randomly within the extent of its own statistical and sys-

tematic uncertainties, with a new parameterization being
obtained at every iteration. The RMS value of all param-
eterizations is then taken as the associated systematic un-
certainty. In this manner, a systematic uncertainty will
exist for every background electron source in the cocktail.
Their combined e↵ect on the unfolded result is estimated
by running the unfolding procedure for every combina-
tion of individual background normalizations, raised and
lowered by their associated parameterization uncertainty.

PRD 99, 092003 (2019)

Individual yields and bottom fraction 
consistent with FONLL calculations, 
and inclusive HF yield from refolded 
distribution consistent with published 
measurements.

More precise p+p baseline
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New analyses done and paper are being written for analyses using  GeV Au+Au collision 
dataset from 2014 + 2016  runs.

‣Charm & bottom  using 8 X more data.

‣Similar technique as the previously published Au+Au collision analysis.

‣Using recently published more precise p+p baseline measurement with high statistics. 

✓Reduces the charm and bottom  uncertainties. 

✓Extends the measurements to lower values in .

‣Centrality dependence study. 

sNN = 200

RAA

RAA

pT

Towards more precise measurement with 2014+2016 dataset

19
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•  measurement in minimum bias using 2004+2014 data shows agreement with previously published 
PHENIX measurement. 

•  measurement in 0—10% centrality bin show better separation between  and  than in MB.

• Need for more precise measurements to understand which models the  measurements favor - at high  
DGLV performs quite well.

• b fraction measurement favor T-Matrix + small diffusion const models.

• New analysis with 8 X data has been done with reduced charm and bottom uncertainties, and better coverage 
in 

• Paper writing in progress.

• Additionally, similar analysis employing different techniques is also underway at forward rapidities. 

RAA

RAA b → e c → e

RAA pT

pT .

Summary
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Thank you!
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Background estimate
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R
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L

DCAT = L�R
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TABLE I. Lifetime c⌧0 of selected D and B states [1].

Particle Lifetime c⌧0

D0 129.9 µm

D+ 311.8 µm

B0 457.2 µm

B+ 491.1 µm

out chips constitute one sensor module, with four sensor
modules in a single ladder. Layers B0 and B1 have 5
and 10 ladders per arm, respectively. Layers B2 and B3,
were constructed using a novel silicon-stripixel technol-
ogy developed at Brookhaven National Laboratory. Each
4.34 ⇥ 6.46 cm sensor in these layers is segmented into
80µm⇥1000µm stripixels. These are implanted with two
serpentine metal strips defining two readout directions,
X and U , such that the two-dimensional location of hit
positions can be determined. Layers B2 and B3 have 8
and 12 ladders per arm, respectively, with 5(6) sensors
per ladder in B2(B3). Stripixel sensors are read out us-
ing the SVX4 readout chip, developed by a collaboration
between Fermilab and Lawrence Berkeley National Lab-
oratory [23].

III. METHODS

The goal of this analysis is to measure the invariant
yield of heavy-flavor electrons, independently for charm
and bottom decays. This is accomplished by exploiting
the fact that hadrons with bottom content have a longer
lifetime than those with charm, as shown in Table I for B
and D mesons [1]. As will be described in the following
subsection, the provenance of heavy flavor electron tracks
is determined statistically based on the distance of closest
approach in the transverse plane (DCAT ) between the
tracks and the beam center, which is the point relative
to which they are reconstructed,

Thus, the longer lifetime of the B, and its decay kine-
matics, will result in a broader DCAT distribution than
for electrons from the shorter-lived D mesons. How-
ever, the measured electron candidate sample contains
not only heavy flavor electrons, but also abundant back-
ground from a variety of sources (i.e., decays of ⇡0, ⌘, ⇢,
! J/ , K±, K0

s , ⌥ mesons and the Drell-Yan process,
as well as conversions of direct and decay photons), each
with its own characteristic DCAT shape. Once this back-
ground has been determined, the DCAT distribution of
inclusive heavy flavor electrons can be isolated. The indi-
vidual contributions from charm and bottom can then be
obtained through an inversion procedure often referred to
as unfolding [24]. We outline the steps involved in the
analysis as follows:

1. Measure the DCAT distribution of hadrons and

electrons candidate tracks in data, as a function
of track pT .

2. Model the DCAT distributions of nonheavy-flavor
background in the candidate electron sample by
simulating the following electron sources: ⇡0, ⌘,
direct photons, J/ , K0

s , K
±, and hadron contam-

ination.

3. Determine the fraction of electrons attributable to
each of the background sources considered, thus
normalizing the background DCAT distributions
relative to those of electron candidates in data.

4. Separate the contribution of charm and bottom de-
cays to the electron sample using Bayesian infer-
ence techniques. This step is constrained by the
measured electron DCAT distributions, as well as
by the invariant yield of inclusive heavy-flavor elec-
trons, previously published by the PHENIX collab-
oration [25].

This analysis used 110 pb�1 of integrated luminos-
ity collected during the 2015 p+p RHIC running period.
A family of EMCal-RICH triggers were used to maxi-
mize the number of electron tracks available for analysis.
These triggers segment the calorimeter and RICH detec-
tor into a series of tiles, triggering on events in which a
certain energy threshold is exceeded in a calorimeter tile,
and for some triggers requiring that a spatial match can
be found in the RICH.

A. Measuring Track DCAT

Track reconstruction is carried out using the central
arm spectrometers, as detailed in Ref. [8]. Electron can-
didates within 1.5 < pT [GeV/c] < 6.0 are identified by
matching reconstructed tracks with hits in the RICH,
and energy deposits in the EMCal.
Electrons traversing the RICH emit Čerenkov light,

which is amplified by photomultiplier tubes (PMT). A
maximum displacement of 5 cm is allowed between a
track projection and the centroid of the hit PMTs. For
tracks with pT < 5 GeV/c, at least one PMT hit is re-
quired in the RICH, whereas at higher pT at least three
hits are required, given that pions in this kinematic re-
gion begin to radiate in the RICH.
Additionally, the energy E deposited by a track in the

EMCal is required to match its momentum p, since—
unlike hadrons—electrons deposit the majority of their
energy in the calorimeter. This is quantified through the
variable dep = (E/p�µE/p)/�E/p, where µE/p and �E/p

correspond to the mean and width of a Gaussian fit to the
distribution of the energy-momentum ratio E/p around
E/p = 1, respectively. A cut on |dep| < 2 is then used to
select electrons.
Additional cuts involving the EMCal include restrict-

ing the displacement in �z and �� between the track
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select electrons.
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ing the displacement in �z and �� between the track

DCAT is proportional to decay 
length and is precisely 
measured by the VTX.

Methodology:

•Measure the photonic background 
contribution.

•Determine background contributions 
from photonic, non-photonic and 
hadronic contaminations.

Large 𝜋0 background in electron channel.
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the fact that hadrons with bottom content have a longer
lifetime than those with charm, as shown in Table I for B
and D mesons [1]. As will be described in the following
subsection, the provenance of heavy flavor electron tracks
is determined statistically based on the distance of closest
approach in the transverse plane (DCAT ) between the
tracks and the beam center, which is the point relative
to which they are reconstructed,

Thus, the longer lifetime of the B, and its decay kine-
matics, will result in a broader DCAT distribution than
for electrons from the shorter-lived D mesons. How-
ever, the measured electron candidate sample contains
not only heavy flavor electrons, but also abundant back-
ground from a variety of sources (i.e., decays of ⇡0, ⌘, ⇢,
! J/ , K±, K0

s , ⌥ mesons and the Drell-Yan process,
as well as conversions of direct and decay photons), each
with its own characteristic DCAT shape. Once this back-
ground has been determined, the DCAT distribution of
inclusive heavy flavor electrons can be isolated. The indi-
vidual contributions from charm and bottom can then be
obtained through an inversion procedure often referred to
as unfolding [24]. We outline the steps involved in the
analysis as follows:

1. Measure the DCAT distribution of hadrons and

electrons candidate tracks in data, as a function
of track pT .

2. Model the DCAT distributions of nonheavy-flavor
background in the candidate electron sample by
simulating the following electron sources: ⇡0, ⌘,
direct photons, J/ , K0

s , K
±, and hadron contam-

ination.

3. Determine the fraction of electrons attributable to
each of the background sources considered, thus
normalizing the background DCAT distributions
relative to those of electron candidates in data.

4. Separate the contribution of charm and bottom de-
cays to the electron sample using Bayesian infer-
ence techniques. This step is constrained by the
measured electron DCAT distributions, as well as
by the invariant yield of inclusive heavy-flavor elec-
trons, previously published by the PHENIX collab-
oration [25].

This analysis used 110 pb�1 of integrated luminos-
ity collected during the 2015 p+p RHIC running period.
A family of EMCal-RICH triggers were used to maxi-
mize the number of electron tracks available for analysis.
These triggers segment the calorimeter and RICH detec-
tor into a series of tiles, triggering on events in which a
certain energy threshold is exceeded in a calorimeter tile,
and for some triggers requiring that a spatial match can
be found in the RICH.

A. Measuring Track DCAT

Track reconstruction is carried out using the central
arm spectrometers, as detailed in Ref. [8]. Electron can-
didates within 1.5 < pT [GeV/c] < 6.0 are identified by
matching reconstructed tracks with hits in the RICH,
and energy deposits in the EMCal.
Electrons traversing the RICH emit Čerenkov light,

which is amplified by photomultiplier tubes (PMT). A
maximum displacement of 5 cm is allowed between a
track projection and the centroid of the hit PMTs. For
tracks with pT < 5 GeV/c, at least one PMT hit is re-
quired in the RICH, whereas at higher pT at least three
hits are required, given that pions in this kinematic re-
gion begin to radiate in the RICH.
Additionally, the energy E deposited by a track in the

EMCal is required to match its momentum p, since—
unlike hadrons—electrons deposit the majority of their
energy in the calorimeter. This is quantified through the
variable dep = (E/p�µE/p)/�E/p, where µE/p and �E/p

correspond to the mean and width of a Gaussian fit to the
distribution of the energy-momentum ratio E/p around
E/p = 1, respectively. A cut on |dep| < 2 is then used to
select electrons.
Additional cuts involving the EMCal include restrict-

ing the displacement in �z and �� between the track
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TABLE I. Lifetime c⌧0 of selected D and B states [1].

Particle Lifetime c⌧0

D0 129.9 µm

D+ 311.8 µm

B0 457.2 µm

B+ 491.1 µm
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measured electron DCAT distributions, as well as
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tor into a series of tiles, triggering on events in which a
certain energy threshold is exceeded in a calorimeter tile,
and for some triggers requiring that a spatial match can
be found in the RICH.

A. Measuring Track DCAT

Track reconstruction is carried out using the central
arm spectrometers, as detailed in Ref. [8]. Electron can-
didates within 1.5 < pT [GeV/c] < 6.0 are identified by
matching reconstructed tracks with hits in the RICH,
and energy deposits in the EMCal.
Electrons traversing the RICH emit Čerenkov light,

which is amplified by photomultiplier tubes (PMT). A
maximum displacement of 5 cm is allowed between a
track projection and the centroid of the hit PMTs. For
tracks with pT < 5 GeV/c, at least one PMT hit is re-
quired in the RICH, whereas at higher pT at least three
hits are required, given that pions in this kinematic re-
gion begin to radiate in the RICH.
Additionally, the energy E deposited by a track in the

EMCal is required to match its momentum p, since—
unlike hadrons—electrons deposit the majority of their
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DCAT is proportional to decay 
length and is precisely 
measured by the VTX.

Methodology:

•Measure the photonic background 
contribution.

•Determine background contributions 
from photonic, non-photonic and 
hadronic contaminations.

Large 𝜋0 background in electron channel.
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Unfolded charm/bottom separated yields
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Sample DCAT distribution
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• Refolded distributions (applying same response matrix to the unfolded distribution) to get 
total HF e yield show agreement with previously published measurement.

Refolded distributions
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Refolded distributions
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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
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result determined in this work and Fpp determined from STAR e-h
correlations [35]. (b) The ratio Rb→e
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AA as a function of pe
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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
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RAA =
1

< Ncoll >

(dN/dy)AA

(dN/dy)pp

• Up to  GeV: 

• Higher  suppression than  at 1𝜎.

• Consistent with the expected mass dependence: 

•  GeV:

•   consistent with e-hadron/e-D0 
correlation results in p+p (PHENIX & STAR).

• Poor systematic precision & narrow coverage in 
 particularly due to p+p baseline.

pT 4

c → e b → e

ΔEg > ΔEu,d,s > ΔEc > ΔEb

pT > 4

b → e/HF → e

pT
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function modified by a blast-wave calculation given by

f (pT ) = p0

!
1 − (1 − p1)pT

p2

"1/(1−p1)

×
!

1.3
#

2πp2
4G(pT ,p3,p4) + p5

1 + e−pT +3

"
,

(10)

where G(pT ,p3,p4) is a standard Gaussian function, and pi

are the parameters of the fit. The ratio of the data to the
fit is shown in the bottom panel of Fig. 16. We find that,
within uncertainties, the unfolded D0 yield agrees with that
measured by STAR over the complementary pT range. The
unfolded yield hints at a different trend than the STAR data
for pT > 5 GeV/c. However, we note that the ⟨pT ⟩ of charm
(bottom) hadrons which contribute electrons in the range 4.0 <
pT [GeV/c] < 5.0 is 7.2 (6.4) GeV/c. This means that the
yields of charm and bottom hadrons have minimal constraint
from the DCAT measurements in the high-pT regions, which
is represented by an increase in the uncertainties.

A. The bottom electron fraction

The fraction of heavy flavor electrons from bottom hadrons
( b→e
b→e+c→e

) is computed by refolding the charm and bottom
hadron yields shown in Fig. 15 to get the invariant yield
of electrons from charm and bottom decays at midrapidity
(|y | < 0.35). Here the electrons from bottom hadron decays
include the cascade decay b → c → e. The resulting bottom
electron fraction is shown as a function of pT in Fig. 17. The
central values integrated over the pT range of each DCAT

distribution are also quoted in Fig. 13. As in the hadron
yields, the band represents the 1σ limits of the point-to-point
correlated (Type B) uncertainties.

Also shown in Fig. 17 is the bottom electron fraction
predictions from FONLL [33] for p + p collisions at

√
s

NN
=

200 GeV. We find a bottom electron fraction which is encom-
passed by the FONLL calculation uncertainties. The shape of
the resulting bottom electron fraction shows a steeper rise in

FIG. 17. The fraction of heavy flavor electrons from bottom
hadron decays as a function of pT from this work and from FONLL

p + p calculations [33].

FIG. 18. Bottom electron fraction as a function of pT compared to
measurements in p + p collisions at

√
s = 200 GeV from PHENIX

[34] and STAR [35]. Also shown are the central values for FONLL

[33] for p + p collisions at
√

s
NN

= 200 GeV.

the region 2.0 < pT [GeV/c] < 4.0 with a possible peak in
the distribution compared to the central FONLL calculation.

The fraction of electrons from bottom decays has been
previously measured in p + p collisions at

√
s

NN
= 200 GeV

by both PHENIX [34] and STAR [35]. These measurements
are made through electron-hadron or electron-D meson
correlations. These are very different analyses than the one
presented here and have their own model dependencies. In
Fig. 18 we compare the bottom electron fraction between our
unfolded Au + Au result and the electron-hadron correlation
measurements in p + p. For pT > 4 GeV/c we find agreement
between Au + Au and p + p within the large uncertainties
on both measurements. This implies that electrons from
bottom hadron decays are similarly suppressed to those from
charm. For reference, included in Fig. 18 is the central FONLL
calculation which, within the large uncertainties, is consistent
with the p + p measurements.

With the additional constraints on the bottom electron
fraction in p + p from the correlation measurements and
the measured nuclear modification of heavy flavor electrons,
we can calculate the nuclear modification of electrons from
charm and bottom hadron decays separately. The nuclear
modifications, Rc→e

AA and Rb→e
AA , for charm and bottom hadron

decays, respectively, are calculated using

Rc→e
AA = (1 − FAuAu)

(1 − Fpp)
RHF

AA, (11)

Rb→e
AA = FAuAu

Fpp

RHF
AA, (12)

where FAuAu and Fpp are the fractions of heavy flavor
electrons from bottom hadron decays in Au + Au and p + p,
respectively, and RHF

AA is the nuclear modification of heavy
flavor electrons (combined charm and bottom). Rather than
combining all measurements for the bottom electron fraction
in p + p, which introduces a further extraction uncertainty,
we have chosen to calculate Rc→e

AA and Rb→e
AA using only the

six STAR electron-hadron Fpp values. When performing the
calculation we determine the full probability distributions
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