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ABSTRACT: We report a new measurement of the production of electrons from open heavy-
flavor hadron decays (HFEs) at mid-rapidity (|y| < 0.7) in Au+tAu collisions at /sy =
200 GeV. Invariant yields of HFEs are measured for the transverse momentum range of
3.5 < pr < 9 GeV/c in various configurations of the collision geometry. The HFE yields
in head-on Au+Au collisions are suppressed by approximately a factor of 2 compared to
that in p+p collisions scaled by the average number of binary collisions, indicating strong
interactions between heavy quarks and the hot and dense medium created in heavy-ion
collisions. Comparison of these results with models provides additional tests of theoretical
calculations of heavy quark energy loss in the quark-gluon plasma.
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1 Introduction

Ultra-relativistic heavy-ion collisions provide a unique opportunity for studying Quantum
Chromodynamics (QCD) in laboratories. The force that binds quarks together in nucleons
can be screened at sufficiently high energy density, leading to a transition from ordinary
nuclear matter to a new phase called the Quark-Gluon Plasma (QGP), whose properties
are governed by partonic degrees of freedom. This state of matter is hypothesized to
have existed in the early universe, a few millionths of a second after the Big Bang [1, 2].
Experiments at the Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider
(LHC) have provided strong evidence that a strongly-interacting QGP is created in collisions
of heavy ions at RHIC and the LHC [3-8].

Owing to their large masses, heavy quarks, including charm (c) and beauty (b) quarks,
are produced predominantly via hard partonic scatterings at early stages of a heavy-ion
collision, and the thermal production in the QGP is negligible [9]. They subsequently probe
the entire evolution of the system created in the collision, including the partonic phase of the
QGP, hadronization and the hadronic phase [10, 11]. In particular, heavy quarks lose energy
through interactions with the QGP via both collisional and radiative processes, with the
former dominating at relatively low transverse momentum (pr) and the latter taking over at
high pt. These interactions modify the momentum distributions of heavy quarks in heavy-
ion collisions compared to that in p-+p collisions, and measurements of such modifications
provide important insights into the properties of the QGP. Furthermore, beauty quarks
are expected to lose less energy than charm quarks because of their larger mass [12, 13|,



and therefore separate measurements of charm and beauty quarks will further contribute
to our understanding of the QGP. Significant suppression of charm meson yields at large
pr has been observed at both RHIC and the LHC [14-17], suggesting substantial energy
loss experienced by charm quarks during propagation through the QGP medium. At the
LHC, yields of beauty mesons [18], as well as J/1 [19, 20] and D° [21, 22] from b-hadron
decays, are found to be less suppressed than charm hadrons, consistent with the expected
mass dependence of the parton energy loss.

Electrons! from semileptonic decays of heavy-flavor hadrons (HFEs) are also widely
used for measuring heavy quark production in heavy-ion collisions [23-26]. Although they
provide weaker constraints on parent heavy quark kinematics than heavy-flavor hadrons,
the semileptonic decays of heavy-flavor hadrons have larger branching ratios and dedicated
electron triggers can be utilized to sample large luminosities, making them experimentally
more accessible. The HFE sample is usually a mixture of electrons from both charm and
beauty hadron decays, with the latter constituting more than half of the whole sample
above 5 GeV/c in p+p collisions at /s = 200 GeV [27, 28]. It is the main channel for
accessing beauty quark production at RHIC. The inclusive HFE production in Au+Au
collisions at \/syn = 200 GeV has been studied by the STAR (23| and PHENIX |24, 29]
experiments. However, these results have large uncertainties at high pr, where the beauty
quark contribution is the largest, and the previous STAR measurement only focused on
head-on collisions. This calls for comprehensive measurements of HFE yield modifications
at high pt with improved precision at RHIC, which also provide essential inputs for deriving
the yield suppression of electrons from charm and beauty hadron decays separately [30].

In this article, we report a new differential measurement of the HFE production within
3.5 < pr <9 GeV/c at mid-rapidity (Jy| < 0.7) across different centrality bins (0-10%, 10-
20%, 20-40%, and 40-80%) in Au+Au collisions at \/snn = 200 GeV, while the result for the
0-80% centrality bin has been recently reported in [30]. The paper is organized as follows.
In Sec. 2, components of the STAR detector relevant to this analysis are briefly discussed.
Section 3 is dedicated to the details of the data analysis of HFE production. Finally, results
are reported and compared to previously published results and model calculations in Sec. 4.

2 Experiment and datasets

This work uses Au+Au collisions at /syn = 200 GeV recorded by the STAR experiment
in 2014, utilizing the high-energy triggers, i.e. High Tower (HT) triggers, in addition to the
minimum bias trigger condition based on the Vertex Position Detectors (VPDs) [31]. The
minimum bias trigger is defined by requiring coincidence signals between the two VPDs,
with each VPD covering approximately half of the solid angle within the pseudorapidity (7)
range of 4.24 < |n| < 5.1 on each side of the collision region. The HT trigger requires at least
one tower in the Barrel Electromagnetic Calorimeter (BEMC) [32] above a transverse energy
threshold (Et). Events selected by two HT triggers of different thresholds are used: HT1
with Er > 3.5 GeV and HT2 with E1 > 4.2 GeV, corresponding to integrated luminosities

1Unless specified otherwise, electrons referred to here include both electrons and positrons and results
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of 1.0 and 5.2 nb~!, respectively. The location of the collision vertex along the beam
pipe direction can be calculated based on the timing information from the VPDs (V,YFD)
and reconstructed based on charged particle trajectories in the Time Projection Chamber
(TPC) (V,FFC) [33]. To remove pile-up events, the V.'FC is required to be consistent with
VVPD within 3 cm, i.e. |[V,IPC — VYPP| < 3 em. Furthermore, a cut of [V,'F¢| < 30 cm is
applied to ensure uniform TPC acceptance.

Two main subdetectors, the TPC and the BEMC, are used to reconstruct charged tracks
and perform Particle IDentification (PID). The TPC, covering full azimuth within |n| < 1,
provides tracking, momentum determination and PID via measuring ionization energy loss
(dE/dzx). The BEMC, covering |n| < 1 and full azimuth, can trigger on, and identify
high-pt electrons. The BEMC is also equipped with a Barrel Shower Maximum Detector
(BSMD) at a depth of 5.6 radiation lengths, which measures the shape and position of
electromagnetic showers in the BEMC to further enhance electron identification capability.
The multiplicity of charged particles in the TPC within |p| < 0.5 is compared with a
Glauber model [34] to determine the collision centrality [14]. Central (peripheral) events
refer to collisions where incoming nuclei overlap with each other the most (least).

3 Analysis details

Experimentally identified electron candidates, called inclusive electron (INE) candidates,
consist primarily of four components:

e Electrons from open heavy-flavor hadron (including non-prompt J/1) decays
e Hadron contamination
e Photonic electrons (PHE):

— photon conversion in the detector material: v — eTe™
— 7Y Dalitz decay: 7° — ete™y [B.R. = (1.174 £ 0.035)%]
— n Dalitz decay: n — ete ™y [B.R. = (0.69 £ 0.04)%]

e Hadron decayed electrons (HDE):

— Heavy quarkonia contribution (prompt J/v and T)

Di-electron decays of light vector mesons (p,w and ¢)

Drell-Yan contribution

— Kaon semileptonic decays (Ke3)

The HFE invariant yield can be calculated as:

Yure = YnpE — YHDE
1 1 NiNE X Pe — NpHE/€PHE (3.1)
X X — YupE,
Nevt 27TPT de dy €total




where Ynpg is the invariant yield of non-photonic electrons (NPE), Yypg is the invariant
yield of HDE, Ning is the raw yield of INE candidates, P, is the electron purity in the
INE candidates, Npyg is the raw yield of PHE candidates, eppgg is the PHE identification
efficiency, €iota1 1S the overall efficiency for triggering, tracking and particle identification
of electrons, y is the electron rapidity, and Neyt is the total numbers of sampled events.
Here, NPE refers to the inclusive electron sample with hadron contamination and photonic
electrons subtracted.

3.1 Electron identification and purity

A track reconstructed in the TPC is selected only if its Distance of Closest Approach
(DCA) to the collision vertex is less than 1.5 cm, in order to suppress particles produced
at secondary vertices. The number of TPC space points, also called “TPC hits”, used for
track reconstruction should be 20 or more to ensure good track quality, and also be larger
than 52% of the maximum possible number of TPC hits (< 45) along the track trajectory
to avoid split tracks. For achieving good dFE/dz resolution, the number of TPC hits used
for dF/dx calculation is required to be at least 15. Finally, only tracks within |n| < 0.7
and with at least one hit in the first three TPC padrows are retained in order to minimize
photonic electron background from photon conversions in the beam pipe support structure
and TPC gas, respectively.

Electron candidates are identified using dE /dx measured in the TPC, the ratio of track
momentum measured by the TPC over energy deposition of the most energetic tower in the
matched BEMC cluster (p/E), and the shower shape measured by the BSMD. To eliminate
the momentum dependence of the dE/dz value and its resolution, a normalized quantity,
Noe = In(dB/ ‘ﬁ;’;&}gjgg)lf / dx”‘), is used, where dFE/dxmeq is the measured value, dE/dxyy, is
the theoretical value for electrons based on the Bichsel formalism [35], and o(In(dE/dz)) is
the resolution. Tracks with 0.3 < p/E < 1.5 and —1.5 < no. < 3.0 are selected. To further
discriminate electrons against hadrons, electron candidates are required to fire at least two
strips in both the ¢ and 7 planes of the BSMD, and the distances from the projected TPC
track position to the reconstructed BEMC cluster position in the ¢ and 5 planes to be less

than 0.015 rad and 3 cm, respectively.

TPC tracks that pass all the aforementioned cuts are classified as INE candidates.
Figures 1 (a) and (b) show examples of no. distributions for 4.5 < pr < 5.0 GeV/c in 0-
10% central and 40-80% peripheral Au+Au collisions, respectively, for tracks satisfying all
selection cuts except the noe cut. The integrals of noe distributions within —1.5 < no. < 3.0
are the raw yields of INE candidates. To estimate the purity of the electron sample (F;)
in the INE sample, a constrained fit to the no, distribution with three Gaussian functions
representing 7, K*+p(p) and e*, is performed and shown in Figs. 1 (a) and (b). For
7+ and K*4p(p), initial mean no, values in the fit function are obtained from the Bichsel
formalism [35], while initial widths are set to be 1. The mean and width of the Gaussian
function for electrons are fixed according to the no, distribution of a pure electron sample
consisting of photonic electrons (as described in Sec. 3.2) selected with an invariant mass
cut of M.~ < 0.1 GeV/c%. A good agreement between data and the fit function is seen,
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Figure 1. (a) An example of no. distribution (black circles) with a three-Gaussian fit (solid red
curve) for 4.5 < pr < 5.0 GeV/c in 0-10% central Au+Au collisions at \/syn = 200 GeV. Gaussian
functions (dotted curves in various colors) represent fits for different particle species. The dotted
pink vertical lines indicate the —1.5 < no, < 3.0 range used for electron selection. The small bump
at 4 < noe < 10 is from track merging [36]. (b) Same as (a) except that it is for 40-80% centrality.
(¢c) Electron purity as a function of pr in 0-10% central (yellow circles) and 40-80% peripheral
(green squares) Au+Au collisions. Vertical bars represent statistical uncertainties (smaller than the
marker size) while boxes represent systematic uncertainties (details in Sec. 3.5). Horizontal bars
indicate the bin width.

as evidenced by the x?/ndf values shown in Figs. 1 (a) and (b). The electron purity is
extracted by taking the ratio of the integral of the electron fit function to that of the overall
fit function in the no, cut range (—1.5 < noe < 3.0). The resulting purities as a function
of electron pr in 0-10% central and 40-80% peripheral Au+Au collisions are shown in Fig.
1 (¢). The purity decreases with increasing pr because the pion peak gets closer to the
electron peak and the relative yield of pion to electron increases. At py > 5.5 GeV/c, the
purity seems smaller in 40-80% peripheral collisions than that in 0-10% central collisions,
which is caused by the larger relative pion to electron yield in peripheral collisions.

3.2 Photonic electron subtraction

There are primarily two sources of PHEs: photon conversion and Dalitz decays of 7° and
n mesons. Among the INE candidates, PHEs are found by paring them (tagged electrons)
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Figure 2. (a) An example of invariant mass distributions for tagged electrons of 4.5 < pp <
5.0 GeV/c in 0-10% central Au+Au collisions at \/sxn = 200 GeV. The blue histogram labeled
“Unlike Sign” shows the eTe™ pairs, the red circles labeled “Like Sign” mimic the combinatorial
background, and the difference of the two labeled “Unlike-Like Sign” represents PHEs and is shown
as the yellow histogram. The dotted green vertical line indicates the PHE selection cut. (b) Same
as (a) except it is for 40-80% centrality. (c¢) Combined PHE identification efficiency (red squares),
together with a fit (black curve) and fit uncertainty (orange band), as a function of pr in 0-10%
central Au+Au collisions. PHE identification efficiencies for individual sources: photon conversion
(yellow up triangles), 7% Dalitz decay (green circles), and n Dalitz decay (blue down triangles)
are also shown. (d) Parametrizations of combined PHE identification efficiencies in 0-10% central
(dotted line) and 40-80% peripheral (long dashed line) Au+Au collisions, with the uncertainties
drawn as bands.

with oppositely-charged tracks (partner electrons) reconstructed in the TPC, denoted as
unlike-sign pairs [37]. Tagged electrons are also paired with tracks of the same charge to
construct like-sign distributions from a sum of eTe™ and e~e™ pairs, as estimates of misiden-
tified PHESs arising from combinatorial background. Raw yields of PHESs are extracted by
subtracting the invariant mass spectra of like-sign electron pairs from the unlike-sign ones,
and applying an invariant mass cut of M,+.- < 0.24 GeV /c?, which takes into account the
broadening of the invariant mass distribution with increasing tagged-electron pr. Partner
electrons are required to have |n| < 1, at least 15 TPC hits used for reconstruction, the
ratio of the number of used to the maximum possible number of TPC hits larger than
0.52 and pr > 0.3 GeV/c. These requirements are less strict than those for tagged elec-



trons in order to enhance the probability of finding PHEs. In addition, a maximum DCA
of 1.0 cm between the two electron tracks is applied to ensure that the partner electron
originates from the same production vertex as the tagged electron. Figures 2 (a) and (b)
show examples of invariant mass distributions for unlike-sign pairs, like-sign pairs, as well
as differences between unlike- and like-sign pairs, for tagged electrons of 4.5 < pr < 5.0
GeV/c in 0-10% central and 40-80% peripheral Au+Au collisions, respectively. The like-
sign distributions are seen to match well unlike-sign distributions at M,+.- > 0.24 GeV/c?,
where combinatorial background dominates.

The PHE identification efficiency, epyg, which accounts for finding a partner elec-
tron and passing the pair DCA and invariant mass cuts, is evaluated by embedding full
GEANT [38] simulations of v, 7 and 5 decays in the STAR detector into real events,
which then go through the same reconstruction and analysis software chain as real data.
The decay processes are simulated with PYTHIA 6.419 [39]. Input 7° pr spectra in different
centrality classes are taken as the average of charged and neutral pion spectra in 200 GeV
Au+Au collisions measured by STAR and PHENIX experiments [40-42|, while the input
pr spectra for 7 are obtained from 70 spectra assuming traverse mass (mr) scaling, i.e.

replacing pr in the 7° spectra by ,/ p% —m2 + m%. The input rapidity distributions of

70 and 7 are parametrized with a Gaussian-like function cosh™2 ( 40(17y2%2 7 /m))>, where

In(y/s/(2mn)), /s is a nucleon-nucleon center of mass energy, m is the particle mass,
y is the particle rapidity, and my is the nucleon mass [43-45]. On the other hand, input
spectra for photons are a combination of direct photon spectra measured by the STAR
experiment [46] and decayed photon spectra from 70 — vy /ete~y and n — yy/eTe™y pro-
cesses obtained using the aforementioned 7% and 7 spectra for the Dalitz decay as inputs
to PYTHIA. Figure 2 (c) shows the combined PHE identification efficiency from photon
conversion and Dalitz decays as a function of pr in 0-10% central Au+Au collisions, along
with a fit using the functional form A/(e~(PT=Po)/P1 4 1) 4 C, where A, pg, p1, and C are
free parameters. The individual epyg distributions for « conversion and two types of Dalitz
decays are also shown in Fig. 2 (c¢). Figure 2 (d) shows fits to combined epyp, as a function
of pr in 0-10% central and 40-80% peripheral Au+Au collisions. As expected, epyg is lower
in central collisions than in peripheral collisions due to the decreasing tracking efficiency
for partner electrons with increasing TPC occupancy in central collisions.

The raw NPE yields can be obtained by statistically subtracting hadron contamination
and efficiency-corrected PHE yields from INE candidates. Figure 3 (a) shows the yield
ratios of NPE [Ning X P — Npug/epur in Eq. (3.1)] to PHE background [Npug/epug in
Eq. (3.1)] as a function of py in 0-10% central and 40-80% peripheral Au+Au collisions,
which are seen to be similar. These ratios are smaller than those in the previous STAR
analysis based on 200 GeV p+p collisions recorded in 2012 [37], due to the added material
of the heavy flavor tracker [47| and its support structure installed in 2014.
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Figure 3. (a) Ratios of NPE to PHE as a function of pr in 0-10% central (yellow circles) and 40-80%
peripheral (green squares) Au+Au collisions at /sy = 200 GeV. Vertical bars represent statistical
uncertainties while boxes represent systematic uncertainties (details in Sec. 3.5). Horizontal bars
indicate the bin width. (b) Overall electron detection efficiency [etota1 in Eq. (3.1)] as a function of
pr in 0-10% central (yellow circles) and 40-80% peripheral (green squares) Au+Au collisions. Open
and solid points are the efficiencies for HT1- and HT2-triggered electrons, respectively. Vertical
bars represent uncertainties, which are smaller than the marker size in many cases. Horizontal bars
indicate the bin width.

3.3 Efficiency correction

The NPE yields are obtained by correcting raw NPE yields for the overall efficiency [€total
in Eq. (3.1)]. The €4ota1 is evaluated using the same approach as in Ref. [37], which is
briefly summarized here. The detector acceptance and efficiencies of TPC tracking, BEMC
electron identification, and HT triggering are estimated by embedding single electrons into
real data. The electron identification efficiencies of the TPC no, and BSMD requirements
are evaluated using a data-driven method, i.e., taking the ratio of electrons with and without
the no. or BSMD selection in the pure electron sample. Figure 3 (b) shows the overall
efficiencies as a function of pr for HT'1- and HT2-triggered electrons in 0-10% central and
40-80% peripheral Au+Au collisions. The higher efficiency in peripheral collisions than
central collisions is again due to the reduced TPC occupancy. The increasing efficiency
with pp for HT'1 and HT2 trigger, and the efficiency dropping from HT1 to HT2 trigger
are mainly driven by the HT trigger threshold.

3.4 Hadron decayed electron background

There are four sources for HDEs, including quarkonia, light vector mesons, Drell-Yan and
Kaon semileptonic decays, as mentioned at the beginning of this section.

The EVTGEN event generator [48] is used to decay prompt J/9 to electrons. The input
pr spectra for prompt .J/¢ production are obtained from the published inclusive J/1 mea-
surements [49] parametrized with the Tsallis statistics [50-52] and with the non-prompt J/v
contribution subtracted based on Fixed Order plus Next-to-Leading Logarithms (FONLL)
calculation [53] plus Color Evaporation Model (CEM) [54, 55|. The rapidity distribution
of prompt J/1 is taken from PYTHIA. The resulting invariant yields of decayed electrons



in 0-10% central and 40-80% peripheral Au+Au collisions are represented by dot-dashed
lines in Fig. 4. For the T contribution, a model calculation [56] indicates no significant pr
dependence of T suppression in Au+Au collisions at /syy = 200 GeV, which is consistent
with STAR measurements within uncertainties [57|. Therefore, the T decayed electrons in
Au+Au collisions are estimated by scaling up their yield in 200 GeV p+p collisions [37]
by the average number of binary collisions (Ncoy) [14], incorporating model predictions of
T suppression in the QGP [56]. Invariant yields of electrons from Y decays are shown as
dotted lines in Fig. 4.

The pr spectra of light vector mesons, p, w, and ¢, in different centrality classes
of Au+Au collisions are obtained by assuming mt scaling based on the 7° spectra in
corresponding centrality classes, which are further scaled by the integrated yield ratio of
light vector mesons over 7° in 0-80% centrality class [36]. Their rapidity distributions are
obtained following the Gaussian-like function introduced in Sec. 3.2. PYTHIA is used to
model the di-electron decay of the p meson, while EVTGEN is used for w and ¢. Invariant
yields of resulting decayed electrons are illustrated as long dashed lines in Fig. 4 for 0-10%
central and 40-80% peripheral Au+Au collisions.

For the Drell-Yan contribution, it is estimated as the Drell-Yan — e yield from PYTHIA
simulation of 200 GeV p+p collisions [37| scaled by N assuming no cold or hot nuclear
matter effects, and shown as long dash-dotted lines in Fig. 4. Furthermore, simulation
studies based on STAR acceptance have shown that the K.3 contribute less than 2% to
HDE for pr > 3 GeV/c in Au+Au collisions at /sxy = 200 GeV [58], and are thus
neglected.

The overall HDE contributions in 0-10% central and 40-80% peripheral collisions, rep-
resented by solid lines in Fig. 4, are subtracted from the NPE sample, and the remaining
HFE yields are reported in Sec. 4. These contributions amount to a ~15%, ~16%, ~18%
and ~19% reduction to the NPE yield in the measured pt region for 0-10%, 10-20%, 20-40%
and 40-80% collisions, respectively.

3.5 Systematic uncertainties

For the NPE reconstruction efficiency, the uncertainties are estimated partially by changing
the track quality and PID cuts in data and simulation simultaneously and checking varia-
tions in the corrected NPE yield. These include: (i) the number of TPC hits used for track
reconstruction (dE/dx calculation) from 20 (15) to 25 (18), and the larger variation of the
two is taken; (ii) DCA from 1.5 ecm to 1.0 cm; and (iii) 0.3 < p/E < 1.5 t0 0.6 < p/E <
1.5 and 0.3 < p/FE < 1.8. Uncertainty in the HT trigger efficiency is evaluated by adjust-
ing the trigger threshold in simulation by + 5%, originating from the uncertainties of the
BEMC energy scale calibration. For the PID efficiency arising from BSMD requirements,
its uncertainties are taken as the statistical errors of the pure electron sample in data used
for estimating such an efficiency. The uncertainty of the no cut efficiency is estimated
from the parameter errors in fitting the noe distribution of the pure electron sample with
a Gaussian function, taking into account the correlation between the mean and width pa-
rameters, and from varying the selection cut from —1.5 < no, < 3.0 to —1.0 < noe < 3.0.
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Figure 4. Invariant yields of electrons from decays of prompt J/v (dot-dashed line), T (dotted
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Au+Au collisions at /syn = 200 GeV. Color bands represent systematic uncertainties. See text
for details.

The uncertainties in electron purity are similarly estimated based on the uncertainties in
the mean and width of Gaussian fits to the pure electron no, distributions.

The PHE identification efficiency uncertainty stems from the uncertainties in simulation
statistics, parametrizations of 70 and 7 spectra, branching ratios of electrons from 7% and 7
decays, tracking efficiency of partner electrons and variations in the PHE selection criteria,
i.e., changing maximum M,.- from 0.24 GeV/c? to 0.15 GeV/c?> and minimum partner
electron pr from 0.3 GeV/c to 0.2 GeV /e. The parametrization uncertainty is taken as the
68% confidence interval of the fit function. Such an approach is also used in estimating the
uncertainties in spectrum parametrization as described in the following.

The uncertainty in estimating the HDE contribution includes those from J/1, Y, light
vector meson, and Drell-Yan contributions. Uncertainties from parametrizating the inclu-
sive J/1 spectrum and from FONLL+CEM calculations of the non-prompt .J/1 contribu-
tion are taken into account. For the T contribution, uncertainties arise from measurements
of T yields in p+p collisions [37] and model calculations |56|. Parametrization uncertainties
of the 70 spectra [40-42] as well as uncertainties in the measured yield ratios of light vector
mesons to 7V [36] are also propagated to the decayed electron invariant yields. Finally, the
uncertainty in the Drell-Yan contribution is from that of the results in p+p collisions [37].

The total systematic uncertainty is obtained as the square root of the quadratic sum of
individual sources. Table 1 summarizes the uncertainties from different sources and total
uncertainties for HFE invariant yield measurements in different centrality intervals (0-10%,
10-20%, 20-40%, 40-80%). Global uncertainties, referred to in the following section, include
those from the non-single diffractive cross section of p+p collisions [59] and Neop [14].

~10 -



Table 1. Summary of individual and total systematic uncertainties, in percentage, for the HFE
invariant yields in different centrality intervals (0-10%, 10-20%, 20-40%, 40-80%). The uncertainty
ranges indicate variations with HFE pr. In general, the uncertainty increases from low to high pr.

Source Systematic Uncertainty
0-10% 10-20% 20-40% 40-80%
NPE reconstruction efficiency 9-27% 7-26% 5-23% 9-29%
noe cut efficiency 1-23% 1-6% 1-8% 1-7%
Electron purity extraction 4-23% 4-28% 3-79% 4-76%
PHE identification efficiency 13-24% 13-29% 16-38% 15-70%
HDE contribution 1-2% 1-2% 1-3% 2-T%
Total 18-36% 17-37% 19-87% 19-107%
ST R AU AR RS SR SNBSS
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Figure 5. HFE invariant yields in different centrality intervals of Au+Au collisions at /syn = 200
GeV. The vertical bars and the boxes represent statistical and systematic uncertainties, respectively.
The horizontal bars indicate the bin width.

4 Results

Following Eq. 3.1, the obtained invariant yields of HFEs within |y| < 0.7 are shown in Fig. 5
as a function of pr for different centrality intervals (0-10%, 10-20%, 20-40%, 40-80%) in
Au+Au collisions at /syn = 200 GeV.

The nuclear modification factor (Raa) for HFEs is defined as:

1 dANR,/(dprdy)
Neon ngp/(dedy) ’

Raa = (4.1)

where dNR , /(dprdy) and dNZ, /(dprdy) are HFE yields in Aut-Au and p+p collisions [37],
respectively. Figure 6 shows HFE Raa as a function of pr in different centrality intervals
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Figure 6. HFE Raa (red circles) as a function of pr in different centrality intervals of Au+Au
collisions at \/sny = 200 GeV, compared with STAR (yellow stars) [23] and PHENIX (green
squares) [24] published results, and Duke (blue line) [60] and PHSD (orange line) [61, 62] model
calculations. Vertical bars and boxes around data points represent combined statistical and sys-
tematic uncertainties from both Au+Au and p+p measurements, respectively. Boxes at unity show
the global uncertainties, which for this analysis include the 8% global uncertainty on p+p reference
[59] and the N, uncertainties. The left box is for PHENIX and the right one for STAR.

of Au+Au collisions at /sy = 200 GeV. A suppression by about a factor of 2 is observed
within 3.5 < pr < 8.0 GeV/c in central and semi-central collisions, indicative of substantial
energy loss of heavy quarks in the QGP. Within uncertainties, no significant pt depen-
dence is observed in the measured pr range. Previous measurements by STAR [23] and
PHENIX [24], in which the STAR results include HDE contribution while the PHENIX
results exclude both HDE and electrons from non-prompt J/1 decays, are also shown in
Fig. 6. Compared to the PHENIX results [24], precision of the new results is significantly
improved for pr > 6 GeV /¢, while compared to previous STAR results [23], the new results
have greatly reduced uncertainties across the entire pr range and extend the measurements
beyond central collisions. The new results are consistent with previous measurements within
statistical and systematic uncertainties.

These results are also compared to Duke (modified Langevin transport model) [60]
and PHSD (parton-hadron-string dynamics model) [61, 62] model calculations shown in
Fig. 6. In the Duke model, heavy quarks lose energy due to quasielastic scatterings and
medium-induced gluon radiation implemented using the modified Langevin equation in the
medium, whose evolution is modeled according to a (2+1)-dimensional viscous hydrody-
namics. Their hadronization consists of a coalescence process dominating at low pr and a
fragmentation process becoming important at high pr. The produced heavy-flavor hadrons
are input into hadron cascade ultrarelativistic quantum molecular dynamics model [63] to
simulate hadronic interactions. In the PHSD model, heavy quarks lose energy through
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Figure 7. HFE Raa (red circles) as a function of Npa¢ in AutAu collisions at /syn = 200
GeV, compared with PHENIX measurements (green squares) [24], and Duke (blue line) and PHSD
(orange line) model calculations. Vertical bars and boxes around data points represent statistical
and systematic uncertainties from Au+Au measurements, respectively. The gray band represents
the Ngon uncertainties. The boxes at unity show the global uncertainties including the total uncer-
tainties of the p+p reference.

elastic scattering with massive off-shell partons whose masses and widths are given by the
dynamical quasiparticle model matched to the lattice QCD equation of state. Both coales-
cence and fragmentation processes take place during heavy quark hadronization, and the
produced heavy-flavor hadrons undergo hadronic interactions described using effective field
theory and taking into account resonant interactions. Both the Duke and the PHSD model
calculations agree with data within uncertainties.

The dependence of the HFE Raa on collision centrality, denoted as the number of
participating nucleons (Npart) [14], for pr > 5 GeV/c in Au+tAu collisions at /syn = 200
GeV is shown in Fig. 7, along with PHENIX measurement for pt > 4 GeV/c [24], and Duke
and PHSD mode calculations. There is a hint of HFE Raa decreasing from peripheral to
central collisions, which is in line with the expectation of stronger QGP effects in central
collisions. The new results are consistent with PHENIX results within uncertainties. Both
Duke and PHSD model calculations can qualitatively describe data, even though the PHSD
model seems to be systematically below the central values of data.

5 Summary

Measurements of HFE invariant yields and nuclear modification factors Raa as a function of
pr at mid-rapidity (|y| < 0.7) for 3.5 < pr < 9 GeV /c in Au+Au collisions at /syx = 200
GeV are reported. Compared to previous measurements at RHIC, the new results improve
measurements of HFE suppression in the QGP with better precision above 6 GeV /¢, and
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extend previous STAR measurements beyond central collisions. Approximately a factor of
2 suppression is observed in central and mid-central collisions above 3.5 GeV /¢, suggesting
significant energy loss of heavy quarks in the hot, dense medium. Both the Duke and PHSD
model calculations can qualitatively describe data within uncertainties. These results will
provide an improved reference for Ra o measurements of charm- and bottom-hadron decayed

electrons in heavy-ion collisions.

Acknowledgments

We thank the RHIC Operations Group and RCF at BNL, the NERSC Center at LBNL,
and the Open Science Grid consortium for providing resources and support. This work
was supported in part by the Office of Nuclear Physics within the U.S. DOE Office of
Science, the U.S. National Science Foundation, National Natural Science Foundation of
China, Chinese Academy of Science, the Ministry of Science and Technology of China and
the Chinese Ministry of Education, the Higher Education Sprout Project by Ministry of
Education at NCKU, the National Research Foundation of Korea, Czech Science Foundation
and Ministry of Education, Youth and Sports of the Czech Republic, Hungarian National
Research, Development and Innovation Office, New National Excellency Programme of the
Hungarian Ministry of Human Capacities, Department of Atomic Energy and Department
of Science and Technology of the Government of India, the National Science Centre and
WUT ID-UB of Poland, the Ministry of Science, Education and Sports of the Republic of
Croatia, German Bundesministerium fiir Bildung, Wissenschaft, Forschung and Technologie
(BMBF), Helmholtz Association, Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) and Japan Society for the Promotion of Science (JSPS).

References

[1] J. Ellis, From Little Bangs to the Big Bang, J. Phys.: Conf. Ser. 50 (2006) 002.

[2] P. Braun-Munzinger and J. Stachel, The quest for the quark-gluon plasma, Nature 448
(2007) 302-309.

[3] BRAHMS collaboration, I. Arsene et al., Quark-gluon plasma and color glass condensate at
RHIC? The perspective from the BRAHMS experiment, Nucl. Phys. A 757 (2005) 1 — 27.

[4] STAR collaboration, J. Adams et al., Experimental and theoretical challenges in the search
for the quark-gluon plasma: The STAR Collaboration’s critical assessment of the evidence
from RHIC collisions, Nucl. Phys. A 757 (2005) 102 — 183.

[5] PHENIX collaboration, K. Adcox et al., Formation of dense partonic matter in relativistic
nucleus-nucleus collisions at RHIC: Ezxperimental evaluation by the PHENIX Collaboration,
Nucl. Phys. A 757 (2005) 184 — 283.

[6] PHOBOS collaboration, B. Back et al., The phobos perspective on discoveries at rhic, Nucl.
Phys. A 757 (2005) 28-101.

[7] J. Schukraft, Heavy ion physics at the Large Hadron Collider: what is new ¢ What is next?,
Phys. Scr. T158 (2013) 014003.

— 14 —


http://dx.doi.org/10.1088/1742-6596/50/1/002
http://dx.doi.org/10.1038/nature06080
http://dx.doi.org/10.1038/nature06080
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/10.1088/0031-8949/2013/t158/014003

18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

22]

23]

[24]

[25]

P. Braun-Munzinger, V. Koch, T. Schéafer and J. Stachel, Properties of hot and dense matter
from relativistic heavy ion collisions, Phys. Rept. 621 (2016) 76-126.

Z. Lin and M. Gyulassy, Open charm as a probe of preequilibrium dynamics in nuclear
collisions, Phys. Rev. C 51 (1995) 2177-2187.

X. Dong, Y.-J. Lee and R. Rapp, Open heavy-flavor production in heavy-ion collisions, Ann.
Rev. Nucl. Part. Sci. 69 (2019) 417-445.

A. Andronic et al., Heavy-flavour and quarkonium production in the LHC era: from
proton—proton to heavy-ion collisions, Eur. Phys. J. C 76 (2016) 107.

Y. L. Dokshitzer and D. E. Kharzeev, Heavy quark colorimetry of QCD matter, Phys. Lett. B
519 (2001) 199-206.

M. Elias, J. Peralta-Ramos and E. Calzetta, Heavy quark collisional energy loss in the
quark-gluon plasma including finite relaxation time, Phys. Rev. D 90 (2014) 014038.

STAR collaboration, J. Adam et al., Centrality and transverse momentum dependence of
D-meson production at mid-rapidity in Au + Au collisions at \/sxn = 200 GeV, Phys. Rev.
C 99 (2019) 034908.

ALICE collaboration, B. Abelev et al., Suppression of high transverse momentum D mesons
in central Pb-Pb collisions at \/sxn = 2.76 TeV, JHEP 2012 (2012) 112.

ALICE collaboration, J. Adam et al., Transverse momentum dependence of D-meson
production in Pb-Pb collisions at \/snny = 2.76 TeV, JHEP 2016 (2016) 81.

CMS collaboration, A. Sirunyan et al., Nuclear modification factor of D° mesons in PbPb
collisions at \/snn = 5.02 TeV, Phys. Lett. B 782 (2018) 474-496.

CMS collaboration, A. M. Sirunyan et al., Measurement of the BY Meson Nuclear
Modification Factor in Pb-Pb Collisions at \/sny = 5.02 TeV, Phys. Rev. Lett. 119 (2017)
152301.

ALICE collaboration, J. Adam et al., Inclusive, prompt and non-prompt J/i production at
mid-rapidity in Pb-Pb collisions at \/s\y = 2.76 TeV, JHEP 07 (2015) 051.

CMS collaboration, A. M. Sirunyan et al., Measurement of prompt and nonprompt
charmonium suppression in PbPb collisions at 5.02 TeV, Fur. Phys. J. C 78 (2018) 509.

CMS collaboration, A. M. Sirunyan et al., Studies of Beauty Suppression via Nonprompt DY
Mesons in Pb-Pb Collisions at Q? = 4 GeV?, Phys. Rev. Lett. 123 (2019) 022001.

ALICE collaboration, S. Acharya et al., Measurement of beauty production via non-prompt
D mesons in Pb-Pb collisions at \/snn = 5.02 TeV, JHEP 2022 (2022) 126.

STAR collaboration, B. I. Abelev et al., Transverse Momentum and Centrality Dependence
of High-pr Nonphotonic Electron Suppression in Au+ Au Collisions at /snn = 200 GeV,
Phys. Rev. Lett. 98 (2007) 192301.

PHENIX collaboration, A. Adare and others., Heavy-quark production in p + p and energy
loss and flow of heavy quarks in Au + Au collisions at \/snn = 200 GeV, Phys. Rev. C 84
(2011) 044905.

ALICE collaboration, J. Adam et al., Measurement of the production of high-pt electrons
from heavy-flavour hadron decays in Pb-Pb collisions at \/s\ny = 2.76 TeV, Phys. Lett. B
771 (2017) 467-481.

~15 —


http://dx.doi.org/10.1016/j.physrep.2015.12.003
http://dx.doi.org/10.1103/PhysRevC.51.2177
http://dx.doi.org/10.1146/annurev-nucl-101918-023806
http://dx.doi.org/10.1146/annurev-nucl-101918-023806
http://dx.doi.org/10.1140/epjc/s10052-015-3819-5
http://dx.doi.org/10.1016/S0370-2693(01)01130-3
http://dx.doi.org/10.1016/S0370-2693(01)01130-3
http://dx.doi.org/10.1103/PhysRevD.90.014038
http://dx.doi.org/10.1103/PhysRevC.99.034908
http://dx.doi.org/10.1103/PhysRevC.99.034908
http://dx.doi.org/10.1007/JHEP09(2012)112
http://dx.doi.org/10.1007/JHEP03(2016)081
http://dx.doi.org/10.1016/j.physletb.2018.05.074
http://dx.doi.org/10.1103/PhysRevLett.119.152301
http://dx.doi.org/10.1103/PhysRevLett.119.152301
http://dx.doi.org/10.1007/JHEP07(2015)051
http://dx.doi.org/10.1140/epjc/s10052-018-5950-6
http://dx.doi.org/10.1103/PhysRevLett.123.022001
http://dx.doi.org/10.1007/JHEP12(2022)126
http://dx.doi.org/10.1103/PhysRevLett.98.192301
http://dx.doi.org/10.1103/PhysRevC.84.044905
http://dx.doi.org/10.1103/PhysRevC.84.044905
http://dx.doi.org/10.1016/j.physletb.2017.05.060
http://dx.doi.org/10.1016/j.physletb.2017.05.060

[26]

27]

28]

[29]

[30]

[31]

32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

ALICE collaboration, S. Acharya et al., Measurement of electrons from semileptonic
heavy-flavour hadron decays at midrapidity in pp and Pb-Pb collisions at \/sxn = 5.02 TeV,
Phys. Lett. B 804 (2020) 135377.

STAR collaboration, M. M. Aggarwal et al., Measurement of the Bottom Quark
Contribution to Nonphotonic Electron Production in p + p Collisions at \/s = 200 GeV,
Phys. Rev. Lett. 105 (2010) 202301.

PHENIX collaboration, C. Aidala et al., Measurement of charm and bottom production from
semileptonic hadron decays in p + p collisions at /s = 200 GeV, Phys. Rev. D 99 (2019)
092003.

PHENIX collaboration, U. A. Acharya et al., Charm- and Bottom-Quark Production in
Au+Au Collisions at /sy = 200 GeV, 2203.17058.

STAR collaboration, M. S. Abdallah et al., Fvidence of Mass Ordering of Charm and
Bottom Quark Energy Loss in Au+Au Collisions at RHIC, Eur. Phys. J. C' 82 (2022) 1150.

W. Llope, J. Zhou, T. Nussbaum, G. Hoffmann, K. Asselta, J. Brandenburg et al., The STAR
Vertex Position Detector, Nucl. Instrum. Methods Phys. Res., Sect. A 759 (2014) 23-28.

M. Beddo et al., The STAR Barrel Electromagnetic Calorimeter, Nucl. Instrum. Meth. A
499 (2003) 725 — 739.

M. Anderson et al., The STAR time projection chamber: a unique tool for studying high
multiplicity events at RHIC, Nucl. Instrum. Meth. A 499 (2003) 659 — 678.

M. L. Miller, K. Reygers, S. J. Sanders and P. Steinberg, Glauber Modeling in High-Energy
Nuclear Collisions, Annu. Rev. Nucl. Part. Sci. 57 (2007) 205-243.

H. Bichsel, A method to improve tracking and particle identification in TPCs and silicon
detectors, Nucl. Instrum. Meth. A 562 (2006) 154-197.

STAR collaboration, L. Adamczyk et al., Measurements of dielectron production in Au + Au
collisions at \/snn = 200 GeV from the STAR experiment, Phys. Rev. C' 92 (2015) 024912.

STAR collaboration, M. S. Abdallah et al., Measurement of inclusive electrons from open
heavy-flavor hadron decays in p-+p collisions at /s = 200 GeV with the star detector, Phys.
Rev. D 105 (2022) 032007.

R. Brun, F. Bruyant, M. Maire, A. McPherson and P. Zanarini, GEANTS,
CERN-DD-EE-84-1, 1987.

T. Sjostrand, S. Mrenna and P. Skands, PYTHIA 6./ physics and manual, JHEP 2006
(2006) 026-026.

STAR collaboration, B. I. Abelev et al., Identified Baryon and Meson Distributions at Large
Transverse Momenta from Au+ Au Collisions at /syn = 200 GeV, Phys. Rev. Lett. 97
(2006) 152301.

PHENIX collaboration, A. Adare et al., Suppression Pattern of Neutral Pions at High
Transverse Momentum in Au+ Au Collisions at \/syny = 200 GeV and Constraints on
Medium Transport Coefficients, Phys. Rev. Lett. 101 (2008) 232301.

PHENIX collaboration, A. Adare et al., Neutral pion production with respect to centrality
and reaction plane in Au+Au collisions at \/snn = 200 GeV, Phys. Rev. C 87 (2013) 034911.

S. Zhang et al., Extraction of inclusive photon production at mid-rapidity in p + p and Au +
Au collisions at \/sN\n = 200 GeV, NUCL SCI TECH 32 (2021) 7.

~16 —


http://dx.doi.org/10.1016/j.physletb.2020.135377
http://dx.doi.org/10.1103/PhysRevLett.105.202301
http://dx.doi.org/10.1103/PhysRevD.99.092003
http://dx.doi.org/10.1103/PhysRevD.99.092003
https://arxiv.org/abs/2203.17058
http://dx.doi.org/10.1140/epjc/s10052-022-11003-7
http://dx.doi.org/https://doi.org/10.1016/j.nima.2014.04.080
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(02)01970-8
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(02)01970-8
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(02)01964-2
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1016/j.nima.2006.03.009
http://dx.doi.org/10.1103/PhysRevC.92.024912
http://dx.doi.org/10.1103/PhysRevD.105.032007
http://dx.doi.org/10.1103/PhysRevD.105.032007
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1103/PhysRevLett.97.152301
http://dx.doi.org/10.1103/PhysRevLett.97.152301
http://dx.doi.org/10.1103/PhysRevLett.101.232301
http://dx.doi.org/10.1103/PhysRevC.87.034911
http://dx.doi.org/10.1007/s41365-020-00840-4

[44]

[45]

|46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

STAR collaboration, L. Adamczyk et al., Energy dependence of acceptance-corrected
dielectron excess mass spectrum at mid-rapidity in Au + Au collisions at /sy = 19.6 and
200 GeV, Phys. Lett. B 750 (2015) 64 — 71.

CERES collaboration, G. Agakichiev et al., e™ + e~ -pair production in Pb-Au collisions at
158 GeV per nucleon, Eur. Phys. J. C 41 (2005) 475-513.

STAR collaboration, L. Adamczyk et al., Direct virtual photon production in Au+Au
collisions at \/sSNn = 200 GeV, Phys. Lett. B 770 (2017) 451-458.

G. Contin et al., The STAR MAPS-based PiXeL detector, Nucl. Instrum. Methods Phys.
Res., Sect. A 907 (2018) 60-80.

D. J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth. A 462
(2001) 152 — 155.

STAR collaboration, J. Adam et al., Measurement of inclusive J/v suppression in Au+Au
collisions at \/snn = 200 GeV through the dimuon channel at STAR, Phys. Lett. B 797
(2019) 134917.

K. Saraswat, P. Shukla and V. Singh, Transverse momentum spectra of hadrons in high
energy pp and heavy ion collisions, J. Phys. Commun. 2 (2018) 035003.

T. S. Biro, G. Purcsel and K. Urméssy, Non-extensive approach to quark matter, Eur. Phys.
J. A 40 (2009) 325.

C. Tsallis, Possible generalization of Boltzmann-Gibbs statistics, J. Statist. Phys. 52 (1988)
479-487.

M. Cacciari, P. Nason and R. Vogt, QCD Predictions for Charm and Bottom Quark
Production at RHIC, Phys. Rev. Lett. 95 (2005) 122001.

A. Frawley, T. Ullrich and R. Vogt, Heavy flavor in heavy-ion collisions at RHIC and RHIC
II, Phys. Rept. 462 (2008) 125-175.

M. Cacciari, S. Frixione and P. Nason, The pr spectrum in heavy-flavour photoproduction,
JHEP 2001 (2001) 006.

B. Krouppa, A. Rothkopf and M. Strickland, Bottomonium suppression using a lattice QCD
vetted potential, Phys. Rev. D 97 (2018) 016017.

STAR collaboration, B. E. Aboona et al., Observation of sequential T suppression in
Au+ Au collisions at \/syn = 200 GeV with the STAR experiment, 2207 .06568.

STAR collaboration, L. Adamczyk et al., Elliptic flow of electrons from heavy-flavor hadron
decays in Au + Au collisions at \/snyn = 200, 62.4, and 39 GeV, Phys. Rev. C' 95 (2017)
034907.

STAR collaboration, L. Adamczyk et al., Measurements of D° and D* production in p+p
collisions at \/s=200 GeV, Phys. Rev. D 86 (2012) 072013.

S. Cao, G.-Y. Qin and S. A. Bass, Energy loss, hadronization, and hadronic interactions of
heavy flavors in relativistic heavy-ion collisions, Phys. Rev. C' 92 (2015) 024907.

T. Song, H. Berrehrah, D. Cabrera, J. M. Torres-Rincon, L. Tolos, W. Cassing et al.,
Tomography of the quark-gluon plasma by charm quarks, Phys. Rev. C' 92 (2015) 014910.

T. Song, H. Berrehrah, J. M. Torres-Rincon, L. Tolos, D. Cabrera, W. Cassing et al., Single
electrons from heavy-flavor mesons in relativistic heavy-ion collisions, Phys. Rev. C' 96

(2017) 014905.

17 -


http://dx.doi.org/https://doi.org/10.1016/j.physletb.2015.08.044
http://dx.doi.org/https://doi.org/10.1140/epjc/s2005-02272-3
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2017.04.050
http://dx.doi.org/https://doi.org/10.1016/j.nima.2018.03.003
http://dx.doi.org/https://doi.org/10.1016/j.nima.2018.03.003
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/j.physletb.2019.134917
http://dx.doi.org/10.1016/j.physletb.2019.134917
http://dx.doi.org/10.1088/2399-6528/aab00f
http://dx.doi.org/10.1140/epja/i2009-10806-6
http://dx.doi.org/10.1140/epja/i2009-10806-6
http://dx.doi.org/10.1007/BF01016429
http://dx.doi.org/10.1007/BF01016429
http://dx.doi.org/10.1103/PhysRevLett.95.122001
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2008.04.002
http://dx.doi.org/10.1088/1126-6708/2001/03/006
http://dx.doi.org/10.1103/PhysRevD.97.016017
https://arxiv.org/abs/2207.06568
http://dx.doi.org/10.1103/PhysRevC.95.034907
http://dx.doi.org/10.1103/PhysRevC.95.034907
http://dx.doi.org/10.1103/PhysRevD.86.072013
http://dx.doi.org/10.1103/PhysRevC.92.024907
http://dx.doi.org/10.1103/PhysRevC.92.014910
http://dx.doi.org/10.1103/PhysRevC.96.014905
http://dx.doi.org/10.1103/PhysRevC.96.014905

[63] S. Bass, M. Belkacem, M. Bleicher, M. Brandstetter, L. Bravina, C. Ernst et al., Microscopic
models for ultrarelativistic heavy ion collisions, Prog. Part. Nucl. Phys. 41 (1998) 255-369.

The STAR Collaboration

M. I. Abdulhamid?, B. E. Aboona®®, J. Adam'®, L. Adamczyk?, J. R. Adams®’,

I. Aggarwal*!, M. M. Aggarwal*', Z. Ahammed®?, D. M. Anderson®°,

E. C. Aschenauer®, S. Aslam?%, J. Atchison!, V. Bairathi®®, W. Baker!!,

J. G. Ball Cap??, K. Barish!!, R. Bellwied??, P. Bhagat®”, A. Bhasin?, S. Bhatta®?,
J. Bielcik!?, J. Bielcikova?®?, J. D. Brandenburg®, X. Z. Cai’’, H. Caines®’,

M. Calderén de la Barca Sanchez?, D. Cebra?, J. Ceska'®, I. Chakaberia®?,

P. Chaloupka'®, B. K. Chan'®, Z. Chang?’, A. Chatterjee!”, D. Chen'!, J. Chen?®,
J. H. Chen?®, Z. Chen??, J. Cheng®’, Y. Cheng!?, S. Choudhury®®, W. Christie®,

X. Chu®, H. J. Crawford®, M. Csanad'®, G. Dale-Gau'?, A. Das'®, M. Daugherity’,
I. M. Deppner?', A. Dhamija®!, L. Di Carlo®, L. Didenko®, P. Dixit**, X. Dong>?,
L. Drachenberg!, E. Duckworth®’, J. C. Dunlop®, J. Engelage®, G. Eppley*?,

. Esumi®®, O. Evdokimov!3, A. Ewigleben33, O. Eyser®, R. Fatemi?!, S. Fazio’,

. J. Feng37, Y. Feng42, E. Finch®!, Y. Fisyak®, F. A. Flor%, C. Fu'?,

. A. Gagliardi®®, T. Galatyuk'%, F. Geurts*?, N. Ghimire®*, A. Gibson%!, K. Gopal®’,
. Gou??, D. Grosnick®!, A. Gupta®’, W. Guryn®, A. Hamed?, Y. Han%3,
Harabasz', M. D. Harasty?, J. W. Harris®, H. Harrison-Smith3!, W. He?’,

. H. He?8, Y. He*?, N. Herrmann?!, L. Holub'®, C. Hu?®, Q. Hu?®, Y. Hu%?,

. Huang?®", H. Z. Huang'®, S. L. Huang®?, T. Huang!?, X. Huang®’, Y. Huang®’,

. Huang'?, T. J. Humanic®, D. Isenhower!, M. Isshiki®®, W. W. Jacobs?’,

. Jalotra?, C. Jena?®, A. Jentsch®, Y. Ji®2, J. Jia%2, C. Jin*3, X. Ju®S, E. G. Judd®,
. Kabana®®, M. L. Kabir!!, S. Kagamaster3?, D. Kalinkin3!, K. Kang®7,

. Kapukchyan!!, D. Keane®’, M. Kelsey®®, Y. V. Khyzhniak?’, D. P. Kikota %3,

. Kimelman?, D. Kincses'®, I. Kisel'?, A. Kiselev®, A. G. Knospe?®?, H. S. Ko??,

K. Kosarzewski'®, L. Kramarik!®, L. Kumar®!, S. Kumar?s,

. Kunnawalkam Elayavalli®®, R. Lacey®?, J. M. Landgraf®, J. Lauret®, A. Lebedev’,
H. Lee®, Y. H. Leung?!, N. Lewis®, C. Li*?, W. Li*3, X. Li%%, Y. Li*%, Y. Li*7,

Li*6, X. Liang'!, Y. Liang®’, R. Licenik3®15, T. Lin*°, M. A. Lisa®, C. Liu®,
Liu'?, G. Liu*", H. Liu??, H. Liu!2, L. Liu!2, T. Liu%, X. Liu??, Y. Liu®®, Z. Liu'?,
. Ljubicic®, W. J. Llope®, O. Lomicky!®, R. S. Longacre®, E. M. Loyd!!, T. Lu%,
. S. Lukow®?, X. F. Luo'?, L. Ma?®, R. Ma%, Y. G. Ma?°, N. Magdy®?, D. Mallick?®,
. Margetis®?, C. Markert®®, H. S. Matis®?, J. A. Mazer**, G. McNamara®, K. Mi'?,
Mioduszewski®®, B. Mohanty?®, M. M. Mondal®¢, I. Mooney®®, A. Mukherjee'®,

. 1. Nagy'®, A. S. Nain%!, J. D. Nam®*, M. Nasim?%, D. Neff!?, J. M. Nelson?,

. B. Nemes®, M. Nie??, T. Niida®®, R. Nishitani®®, T. Nonaka®®, G. Odyniec??,

. Ogawa®, S. Oh*®, K. Okubo®®, B. S. Page®, R. Pak’, J. Pan’, A. Pandav?,

. K. Pandey?®, T. Pani*4, A. Paul'!, B. Pawlik?’, D. Pawlowska®, C. Perkins®,
Pluta®, B. R. Pokhrel®*, M. Posik®®, T. Protzman33, V. Prozorova'®,

CPPUZTVUZATNMNCINrTONDLIXONXNAOAWC

~ 18 —


http://dx.doi.org/https://doi.org/10.1016/S0146-6410(98)00058-1

N. K. Pruthi*!, M. Przybycien?, J. Putschke®?, Z. Qin®7, H. Qiu?®, A. Quintero®,

. Racz!!, S. K. Radhakrishnan’, N. Raha®, R. L. Ray®®, R. Reed??, H. G. Ritter??,
. W. Robertson??, M. Robotkova®®!®, M. A. Rosales Aguilar?!, D. Roy**,

Roy Chowdhury%3, L. Ruan®, A. K. Sahoo?*, N. R. Sahoo*’, H. Sako®®, S. Salur,
Sato®®, W. B. Schmidke®, N. Schmitz**, F-J. Seck!¢, J. Seger!4, R. Seto'!,

. Seyboth?*, N. Shah?6, P. V. Shanmuganathan®, T. Shao?’, M. Sharma?’,

. Sharma?*, R. Sharma?®, S. R. Sharma?®, A. |. Sheikh3?, D. Y. Shen?’, K. Shen?,
S. Shi'2, Y. Shi*?, Q. Y. Shou?’, F. Si*6, J. Singh*!, S. Singha?®, P. Sinha??,

. J. Skoby5’42, N. Smirnov®®, Y. S6hngen?!, Y. Song®, B. Srivastava??,

. D. S. Stanislaus®!', M. Stefaniak??, D. J. Stewart®*, B. Stringfellow42, Y. Su?,

. A. P. Suaide®, M. Sumbera®®, C. Sun’?, X. Sun?, Y. Sun®, Y. Sun??,

. Surrow®*, Z. W. Sweger?, P. Szymanski®®, A. Tamis®, A. H. Tangf, Z. Tang?,
. Tarnowsky?>, J. H. Thomas®?, A. R. Timmins?2, D. Tlusty!4, T. Todoroki’?,

A. Tomkiel??, S. Trentalange!®, R. E. Tribble®®, P. Tribedy®, T. Truhlar'?,

. A. Trzeciak'®, O. D. Tsai'®%, C. Y. Tsang®?6, Z. Tu®, J. Tyler®>, T. Ullrich®,

. G. Underwood?%!, I. Upsal*®, G. Van Buren®, J. VanekS, I. Vassiliev'?,

. Verkest®*, F. Videbak®, S. A. Voloshin%, F. Wang*?, G. Wang!?, J. S. Wang??,
. Wang49, Y. Wang46, Y. Wang'?, Y. Wang57, Z. Wang49, J. C. Webb,

. C. Weidenkaff?!, G. D. Westfall?>, D. Wielanek®3, H. Wieman?32, G. Wilks!3,

W. Wissink2?, R. Witt%, J. Wu!2, J. Wu28, X. Wull, Y. Wull, B. Xi?,

G. Xiao®’, G. Xie®, W. Xie??, H. Xu?3, N. Xu??, Q. H. Xu®, Y. Xu®, Y. Xu'?,
Xub, Z. Xu'%, G. Yan®, Z. Yan’2, C. Yang®, Q. Yang®’, S. Yang?’, Y. Yang®7,
Ye®3, Z. Ye'3, L. Yi*, K. Yip®, Y. Yu*, H. Zbroszczyk®, W. Zha*%, C. Zhang®?,
. Zhang'?, J. Zhang®, S. Zhang®®, W. Zhang?", X. Zhang?®, Y. Zhang®,

. Zhang?S, Y. Zhang!?, Z. J. Zhang®", Z. Zhang®, Z. Zhang!3, F. Zhao?®, J. Zhao?",
. Zhao®, C. Zhou?, J. Zhou*®, S. Zhou'2, Y. Zhou'?, X. Zhu®", M. Zurek?3¥,

. Zyzak"

L Abilene Christian University, Abilene, Texas 79699

2 AGH University of Science and Technology, FPACS, Cracow 80-059, Poland

3 Argonne National Laboratory, Argonne, Illinois 60439

4 American University in Cairo, New Cairo 11835, Eqypt

5 Ball State University, Muncie, Indiana, 47306

8 Brookhaven National Laboratory, Upton, New York 11973

" University of Calabria & INFN-Cosenza, Rende 87036, Italy

8 University of California, Berkeley, California 94720

9 University of California, Davis, California 95616

10 University of California, Los Angeles, California 90095

Y University of California, Riverside, California 92521

12 Central China Normal University, Wuhan, Hubei 430079

13 University of Illinois at Chicago, Chicago, Illinois 60607

Y Creighton University, Omaha, Nebraska 68178

15 Czech Technical University in Prague, FNSPE, Prague 115 19, Czech Republic

16 Technische Universitit Darmstadt, Darmstadt 64289, Germany

7 National Institute of Technology Durgapur, Durgapur - 713209, India

BELTE Edtvés Lordnd University, Budapest, Hungary H-1117

ZTT<XONNNWNITIX<OWONAE>PAZIVZ2TLITNN

~19 —



19 Frankfurt Institute for Advanced Studies FIAS, Frankfurt 60438, Germany

20 Pudan University, Shanghai, 200433

21 University of Heidelberg, Heidelberg 69120, Germany

22 University of Houston, Houston, Texas 7720/

23 Huzhou University, Huzhou, Zhejiang 313000

2 Indian Institute of Science Education and Research (IISER), Berhampur 760010 , India
2 Indian Institute of Science Education and Research (IISER) Tirupati, Tirupati 517507, India
26 Indian Institute Technology, Patna, Bihar 801106, India

2T Indiana University, Bloomington, Indiana 47408

28 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu 730000
29 University of Jammu, Jammu 180001, India

30Kent State University, Kent, Ohio 44242

31 University of Kentucky, Lexington, Kentucky 40506-0055

32 Lawrence Berkeley National Laboratory, Berkeley, California 94720

33 Lehigh University, Bethlehem, Pennsylvania 18015

34 Max- Planck-Institut fiir Physik, Munich 80805, Germany

35 Michigan State University, East Lansing, Michigan 48824

36 National Institute of Science Education and Research, HBNI, Jatni 752050, India
37 National Cheng Kung University, Tainan 70101

38 Nuclear Physics Institute of the CAS, Rez 250 68, Czech Republic

39The Ohio State University, Columbus, Ohio 43210

40 Institute of Nuclear Physics PAN, Cracow 81-342, Poland

4 Panjab University, Chandigarh 160014, India

42 pyrdue University, West Lafayette, Indiana 47907

43 Rice University, Houston, Texas 77251

44 Rutgers University, Piscataway, New Jersey 0885/

45 Universidade de Sio Paulo, Sao Paulo, Brazil 05314-970

46 University of Science and Technology of China, Hefei, Anhui 230026

47South China Normal University, Guangzhou, Guangdong 510631

48 Sejong University, Seoul, 05006, South Korea

49 Shandong University, Qingdao, Shandong 266237

50 Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800
51 Southern Connecticut State University, New Haven, Connecticut 06515

52State University of New York, Stony Brook, New York 11794

53 Instituto de Alta Investigacion, Universidad de Tarapacd, Arica 1000000, Chile
54 Temple University, Philadelphia, Pennsylvania 19122

55 Texas AEM University, College Station, Texas 77843

56 University of Texas, Austin, Texas 78712

5T Tsinghua University, Beijing 100084

58 University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan

59 University of Chinese Academy of Sciences, Beijing, 101408

60 United States Naval Academy, Annapolis, Maryland 21402

51 Valparaiso University, Valparaiso, Indiana 46383

52 Variable Energy Cyclotron Centre, Kolkata 700064, India

83 Warsaw University of Technology, Warsaw 00-661, Poland

64 Wayne State University, Detroit, Michigan 48201

65 Yale University, New Haven, Connecticut 06520

—90 —



	Introduction
	Experiment and datasets
	Analysis details
	Electron identification and purity
	Photonic electron subtraction
	Efficiency correction
	Hadron decayed electron background
	Systematic uncertainties

	Results
	Summary
	The STAR Collaboration

