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We report a new measurement of the production cross section for inclusive electrons from open heavy-
flavor hadron decays as a function of transverse momentum (pr) at midrapidity (|y| < 0.7) in p+ p
collisions at /s = 200 GeV. The result is presented for 2.5 < pr < 10 GeV/c with an improved precision
above 6 GeV/c with respect to the previous measurements, providing more constraints on perturbative
QCD calculations. Moreover, this measurement also provides a high-precision reference for measurements
of nuclear modification factors for inclusive electrons from open-charm and -bottom hadron decays in

heavy-ion collisions.

DOI: 10.1103/PhysRevD.105.032007

I. INTRODUCTION

In p + p collisions, heavy (charm and bottom) quarks
are dominantly produced in initial hard parton scatterings.
As the masses of the heavy quarks (mgq) are much larger
than the QCD scale parameter Agcp, such partonic scatter-
ing processes can be calculated by perturbative QCD
(pQCD) down to low transverse momentum (pr).
Detailed study of heavy-quark production and the
comparison to experimental data allows us to test pQCD
in different Kinematic regions (pp <mqg, pr~mg,
pr > mg). It also provides an important testing ground
for the pQCD calculations that deal with other processes of
high interest involving multiple hard scales (mq, pr) such
as weak boson production, Higgs boson production and
physics beyond the Standard Model [1-3].

In heavy-ion collisions, heavy quarks are produced
before the creation of quark gluon plasma (QGP) [4,5]
because their masses are much larger than the temperature
of QGP, Togp. Heavy quarks experience all stages of QGP
evolution and thus are an excellent probe of the QGP [6].
Heavy quark production in p + p collisions serves as an
important reference to compare with that in heavy-ion
collisions for understanding the nature of interactions of
heavy quarks with the QGP and the parton energy loss
mechanisms in general. Significant suppression of the
charm meson yield at large pr, resulting from the sub-
stantial energy loss of heavy quarks in the QGP, has been
observed at both RHIC and the LHC [7-12], indicating
significant interactions between heavy quarks and the
medium.

Charmed hadron production in p + p collisions has been
measured by the Solenoidal Tracker at RHIC (STAR) [13],
and was found to be consistent with the upper limit of
fixed-order next-to-leading logarithm (FONLL) calcula-
tions [2]. Due to a large combinatorial background, these

I —
Deceased.

measurements have a limited pr range (pr < 6 GeV/c).
Electrons' from semileptonic decays of heavy-flavor
hadrons, referred to as heavy flavor electrons (HFEs), have
also been used as proxies to measure heavy quarks [14-16].
Although kinematic information regarding the parent heavy-
flavor hadrons is incomplete, and the HFE sample is usually a
mixture of electrons from both charm and beauty hadron
decays, HFEs are still widely used to study heavy quark
production because they have higher branching ratios” than
the hadronic decays of open heavy-flavor hadrons and data
collection of high-pr electrons can be enhanced in an
experiment by dedicated triggers. The inclusive HFE pro-
duction in p + p collisions at /s =200 GeV has been
studied by the STAR [14] and PHENIX [17] experiments at
RHIC. These earlier results are seen to be consistent with
pQCD FONLL calculations, however their constraining
power at high pr is limited by the large experimental
uncertainties.

In this paper, we report a new measurement of the
inclusive HFE cross section at midrapidity (|y| < 0.7) in
p + p collisions at /s = 200 GeV. The cross section for
inclusive HFE as a function of pt (2.5 < pr < 10 GeV/c)
is obtained, with a higher precision at p > 6 GeV/c than
the previously published results [14,17]. The paper is
organized as follows. In Sec. II, components of the
STAR detector relevant to this analysis are briefly dis-
cussed. Section III is dedicated to the details of the data
analysis of inclusive HFE production. Finally, the results
are reported and compared with published results and
model calculations in Sec. IV.

Unless specified otherwise, electrons referred here
include both electrons and positrons and results are pre-

ot 1o~
sented as “—¢-.

DO 5 et + X (BR = 6.5%), Dt — ¢* + X (BR = 16.1%),
B > et + X (BR = 10.1%), B* — ¢" + X (BR = 10.8%).
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II. EXPERIMENTAL SETUP

A. Detector

STAR [18] is a multipurpose detector with a large
acceptance at RHIC. In this analysis, three main STAR
subsystems are used: the time projection chamber (TPC)
[19], the barrel electromagnetic calorimeter (BEMC) [20],
and the beam-beam counters (BBC) [21]. The TPC is a gas-
filled detector providing tracking of charged particles with
the pesudorapidity range of || <1 and full azimuthal
coverage. Itis used for momentum determination and particle
identification via energy loss measurement (dE/dx) for
charged particles with pr > 0.2 GeV/c. The BEMC is a
lead-scintillator sampling calorimeter surrounding the TPC
with a depth of 21 radiation lengths, covering the full azimuth
(¢) and |g| < 1. The BEMC is segmented into 4800
projective towers, each with a size of 0.05 x 0.05 in
¢ xn. It is used for electron identification and provides
online triggers for high-pt electrons. The BBC, covering
3.3 < || < 5.0, is located on both sides of the center of the
detector at a distance of 3.75 m. Each BBC is made up of 18
hexagonal scintillator tiles. Signals in both BBCs form a
prompt coincidence to provide a minimum bias trigger.

B. Triggers and datasets

The reported measurement of HFE production in p + p
collisions at /s = 200 GeV utilizes data recorded by the
STAR experiment in 2012 that satisfy the high tower (HT)
triggers in addition to the BBC minimum bias trigger
condition. HT triggers require the transverse energy (Er)
deposition in at least one single BEMC tower to pass a
given analog to digital converter (ADC) threshold. The
tower ADC value is proportional to the Et deposited by
particles. Events used in this analysis are from two HT
triggers with Et thresholds of 2.6 GeV (HTO0) and 4.2 GeV
(HT2), which correspond to integrated luminosities of 1.4
and 23.5 pb~!, respectively. In these HT triggered events,
particle tracks in the TPC are projected onto the BEMC
tower plane, and only those electron candidates whose
projected trajectories can be associated to BEMC clusters
that include trigger towers are selected. The results pre-
sented in this paper combine HTO events for pg <
4.5 GeV/c and HT?2 for pp > 4.5 GeV/c.

III. DATA ANALYSIS FOR INCLUSIVE HFE
PRODUCTION

A. Analysis principles

Four steps are carried out to measure HFE production in
this analysis:
(1) identification and purity correction of inclusive
electrons (INE),
(2) identification and efficiency correction of the pho-
tonic electrons (PHE), and subtraction of PHE from
the INE sample,

(3) efficiency correction of nonphotonic electrons
(NPE),

(4) subtraction of remaining background sources called
hadron decayed electrons (HDE), including dielec-
tron decays of light vector mesons (p, @, ¢),
quarkonium decays (J/y, 1), Drell-Yan processes,
and kaon semileptonic decays (K,3).

The first three steps can be summarized by

NNPE:NINEXPe_NPHE/EPHE’ (1)
€iotal

where Nypg 1s the nonphotonic electron yield, Niyg is the
inclusive electron candidate yield, P, is the purity of the
candidate electron sample, Npyg is the photonic electron
yield, epyg is the photonic electron identification efficiency,
and €y, is the overall efficiency for triggering, tracking
and particle identification of electrons.

In the first step, electron candidates are identified using
combined information from the TPC and BEMC, and a
purity correction to account for hadron contamination
statistically (as described in Sec. III C) is applied to obtain
the inclusive electron sample (Nyyg X P.). In the second
step, the yield of PHE, which is the main source of
background in this analysis, is calculated. It consists of
electrons from photon conversion in the detector material
and Dalitz decays of 7 and 5 mesons (7° — yete,
n — yeTe™). The contribution of PHE is evaluated by
reconstructing the dielectron mass (M,+,-) spectrum (as
described in Sec. IIID). The observed PHE yield is
corrected for PHE identification efficiency (Npyg/éepug)
and subtracted from the inclusive electron sample. In the
third step, the remaining electrons in the inclusive electron
sample are then corrected for single electron tracking,
triggering, and identification efficiencies to obtain the NPE
yield. In the last step, the HDE background is subtracted,
after which the electron sample is from open charm and
bottom hadron decays.

B. Event selection and electron identification

During data processing, the event vertex is reconstructed
offline in 3 dimensions, based on charged particle trajec-
tories in the TPC, and it is called the primary vertex. In
addition, at least two tracks contributing to vertex deter-
mination are required to either match to hits in the fast
BEMC or time-of-flight [22] detectors or cross the TPC
central membrane, to suppress pileup. To ensure a uniform
TPC acceptance, only events with primary vertices located
within +35 cm from the geometrical center of the TPC
along the beam line direction and within 2 cm in the radial
direction are selected.

A set of selection criteria is applied to ensure a high
quality sample of tracks in the analysis. The number of
points measured in the TPC (TPC hits) on a track is
required to be at least 20 to ensure good tracking. At least

032007-4



MEASUREMENT OF INCLUSIVE ELECTRONS FROM OPEN ...

PHYS. REV. D 105, 032007 (2022)

15 of these TPC hits must be used to measure the charged
particle ionizing energy loss in the TPC gas to ensure a
good dE/dx resolution. The ratio of the number of used to
the maximum possible number of TPC hits, which
accounts, e.g., for inactive electronic channels, is required
to be higher than 0.52 to avoid split tracks. The distance-of-
closest-approach (DCA) between a track trajectory in the
TPC and the primary vertex (gDCA) is required to be less
than 1.5 cm to suppress background electrons produced in
the detector material. Additional selections are applied to
minimize photonic electron background from photon con-
versions in detector material. Tracks are required to have
|| < 0.7 to avoid the beam pipe support structure. Also, to
suppress photon conversion in the TPC gas, we require at
least one hit within the first three TPC pad rows.
Electrons are identified using dE/dx in the TPC and
energy deposition in the BEMC. First, the BEMC clusters are
associated with the TPC tracks by projecting track trajecto-
ries onto the BEMC tower plane, and electron candidates are
required to have the momentum-to-energy ratio (p/E) from
0.3 to 1.5 [23], where energy is that of the most energetic
tower in a BEMC cluster and momentum is measured by
the TPC. Second, tracks with —0.5 < no, < 3 are selec-
ted, where no, represents a standardized energy loss
expected for electrons. The no. is defined as no, =
1n(<dE/dxmea)/(dE/dxﬂl>)/6dE/dxv where dE/dxrnea is
the measured value, dE/dxy, is the theoretical value for
electrons and o 4/4, is the experimental dE/dx resolution.
Electron candidates that pass all the aforementioned selec-
tion criteria are called the inclusive electrons. They are
composed primarily of electrons, including HFE, PHE, and
HDE sources, but also contain hadron contamination.

C. Electron purity

The electron purity of the inclusive electron sample is
estimated by a constrained fit to the no, distribution of
inclusive electron candidates with the p/E cutin each pt bin,
prior to the no, selection being applied. Three Gaussian
functions representing the distributions of 7%, K* + p(p),
and e* are summed together to fit the no, distribution. The
constraints on the Gaussian function representing electrons
are obtained from the no, distribution of a pure electron
sample, i.e., photonic electrons selected with a tight invariant
mass cut M,+,- < 0.1 GeV/c?, as described in Sec. III D.
For each pr bin, the pure electron no, distribution is fit with a
single Gaussian function and the obtained mean and width
are used to constrain the electron shape in the three-Gaussian
fit. The no, distributions for hadrons are also expected to
follow Gaussian distributions. The initial mean no, values
are obtained from theoretical Bichsel function calculations
[24] and the initial widths are set to be one. Figure 1(a) shows
an example of the three-Gaussian fit to the inclusive electron
candidates at4.5 < pr < 5.0 GeV/c. The purity is obtained
by taking the ratio of the integral of the electron fit function to
that of the overall fit function in the no., cut range

,o°L (@) STAR p+p Vs = 200 GeV ]
E 4.5<p_|_< 5.0 GeV/ce 3
10k ) . — 3 Gaussian  _
E : D=t 3
C . K ]
o 10°F : - ef+p@ E
+— E \: : 3
= F ! \ ;. No, CUts 3
[ { : _
3 10°¢ / V% %%/ndf=48.20/20F
o - ,’ | : ]
10 ! A AR 3
E ] bt §
IR AL
3 N T 3
L Y A TS PN T AP WA PR P B
-15 -10 -5 0 5 10 15
no,
1.15:'-"|""|""|""|""|""|""|""|_
. £ ®) STAR p+p Vs =200 GeV 3
> 1.05F -
§ 0.95;— —— —
g oo H -
W o.85F |
0.8F -
:. PR | 1 1 PR PR 1 P BT ET N B I:
T I T SN T(
P, (GeV/c)
FIG. 1. (a) Example of no, distribution (black circles) with

three-Gaussian fit (solid red curve) at 4.5 < pr < 5.0 GeV/c in
p + p collisions at /s = 200 GeV. Gaussian functions (dotted
curves in various colors) represent fits for different particle
species. The dotted pink vertical lines indicate the —0.5 < no, <
3 range used for electron selection. The small bump at4 < no, <
10 is from the merging of two tracks [25]. (b) Electron purity as a
function of prin p + p collisions at /s = 200 GeV. The vertical
bars represent statistical uncertainties while the boxes represent
systematic uncertainties.

(—0.5 < no, < 3). Figure 1(b) shows the purity of the
inclusive electron sample as a function of p with statistical
and systematic uncertainties as described in Sec. I'V.

D. Photonic electron subtraction

Photonic electrons arise from 2-body y conversions
(y — eTe™) and 3-body Dalitz decays of 7° and  mesons
(n°/n = eTe”y). Electrons among the inclusive electron
sample, referred to as the tagged electrons in the following,
are paired with oppositely charged tracks (partner elec-
trons) in the TPC in the same event to reconstruct the
invariant mass of their photonic parent, y, 7°, or 5. Such
pairs are called unlike-sign (US) pairs. Unless specified
otherwise, the pt assigned to an electron pair is that of its
tagged electron. A looser set of quality cuts (|| < 1, at least

032007-5



M. S. ABDALLAH et al.

PHYS. REV. D 105, 032007 (2022)

15 TPC hits used for track reconstruction and
pr > 0.3 GeV/c), compared to the tagged electrons, is
applied to select partner electrons, in order to enhance the
probability of finding them. No no, or BEMC p/E cuts are
applied to the partner electrons since the invariant mass cut
alone is sufficient to identify photonic electrons. One
complication is that the primary momentum of a track,
used for an electron candidate so far, is calculated with the
assumption it originates from the primary vertex, and thus
the primary vertex is included in the track trajectory.
However, since photon conversions mostly take place in
detector material away from the primary vertex, using the
track momentum determined including the primary vertex
will bias the reconstruction of photonic parents. Instead, the
so-called global track momentum, which is calculated
without including the primary vertex, is used. In order to
ensure that a partner electron has the same origin as the
tagged electron, a maximum DCA of 1.0 cm between two
electron tracks is required.

To account for the combinatorial background present in
the selected e*e™ pairs, tagged electrons are also paired
with same-charge partner electrons (like-sign (LS) pairs)
in the same event. Figure 2(a) shows an example of
invariant mass distributions for all eTe™ pairs and the
combinatorial background at 4.5 < pp < 5.0 GeV/c. The
photonic electron yield is calculated as Npyg =
(Nys — Nis), where Nyg and Nyg are the numbers of
unlike-sign and like-sign tagged electrons with an invari-
ant mass cut of M,+,- <0.24 GeV/c?. Such a cut is
chosen to account for the broadening of the invariant mass
distribution at high tagged electron pr. The invariant mass
cut efficiency decreases from 99% to 94% with increas-
ing pr.

The photonic electron identification efficiency, epyg,
which accounts for finding a partner electron and passing
the pair DCA and invariant mass cuts, is calculated by
propagating 7%, 5 decays and y conversions through the
GEANT [26] simulation of the STAR detector before
embedding them into real events. The combined events
then go through the same reconstruction and analysis
software chain as the real data. Such events are called
embedded events. The published # [26-29] and the
average charged and neutral pion spectra [27,30,31]
are used as the inputs for # and z° Dalitz decays. The
input ypr spectrum is a sum of measured direct y by
the PHENIX experiment [32-34] and simulated 7° —
yy/ete "y and n — yy/et ey processes using PYTHIAG6.419
[35] with default settings, in which the aforementioned 7°
and 7 spectra are used as inputs. The rapidity distributions
of 7° and 7 are parametrized with a Gaussian-like function

cosh_z(m), where ¢ = +/In(y/s/(2my)), \/s

is a nucleon-nucleon center of mass energy, m is the
particle mass, and my is the nucleon mass [36-38]. All
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FIG. 2. (a) Example of invariant mass distribution for electron

pairs at electron 4.5 < py < 5.0 GeV/c in p + p collisions at
/s =200 GeV. The blue histogram labeled “Unlike Sign”
shows the eTe™ pairs, the red circles labeled “Like Sign”
represent the combinatorial background, and the difference of
these two is the photonic electrons, shown as the yellow
histogram labeled “Unlike-Like Sign”. The dotted green vertical
line indicates the photonic electron selection; (b) Combined
photonic electron identification efficiency (orange squares) to-
gether with a fit (black curve) and parametrization uncertainty
(red band narrower than the black curve), and individual photonic
electron identification efficiencies: photon conversion (yellow up
triangles), z° Dalitz decay (green circles), and 5 Dalitz decay
(blue down triangles) as a function of pr in p + p collisions
at /s = 200 GeV.

these photonic electron sources are then combined
together, according to their yields. Figure 2(b) shows
epur as a function of p for y conversion and two types of
Dalitz decays in p + p collisions. The z° Dalitz decays
have higher efficiencies than other sources due to the
narrower ete” invariant mass distributions and higher
partner electron mean pt. The combined epyg, which
starts from about 40% at low pt and increases to
about 60% at pp~10GeV/c, is also shown in
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FIG. 3. Signal-to-background ratio as a function of pr, where
the signals are nonphotonic electrons [Ning X P, — Npyg/épyg in
Eq. (1)] and the backgrounds are photonic electrons [Npyg/€pug
in Eq. (1)], in p + p collisions at /s = 200 GeV. The vertical
bars represent statistical uncertainties while the boxes represent
systematic uncertainties (details in Sec. IV).

Fig. 2(b), along with a fit using the functional form
A/(e=(Pr=po)/Pi 1) + C, where A, py, p;, and C are free
parameters.

After statistical subtraction of hadron contamination and
photonic electrons, the remaining electrons are the non-
photonic ones. Figure 3 shows the yield ratio of non-
photonic electrons to photonic electron background as a
function of pr.

E. Track reconstruction and electron
identification efficiency

Before removing the HDE background, the nonphotonic
electron sample needs to be corrected for the overall
efficiency [e in Eq. (1)] of triggering, tracking
reconstruction and electron identification. This overall
efficiency is studied with a combination of data-driven
approaches and utilization of the embedded events of single
electrons. The combined detector acceptance and tracking
efficiency is studied based on the embedded events of
single electrons, which is about 69% at low pt and 70% at
high pr. The no, cut efficiency is calculated based on the
Gaussian fit to the pure electron sample, as described in
Sec. III C, which decreases with pt and is about 55%-50%.
The BEMC particle identification (PID) and trigger effi-
ciencies are studied in embedded events with GEANT
simulated BEMC responses to electrons. The BEMC PID
efficiency is evaluated by taking the ratio of electrons with
and without the BEMC selection, and is roughly 79%. The
trigger efficiency is obtained by requiring the offline ADC
value of the most energetic tower in a BEMC cluster,
matched to an electron track, to be larger than the threshold,
and about 35% at low pr and increases to about 99% at
pr ~ 10 GeV /c. Figure 4 shows the overall efficiency as a

06— T T T

- STAR p+p Vs =200 GeV

0.5F —o- —o- HTO0 .
—= HT2 ]

S 0.4¢ 3
c C 1
L oaf —o—+'<>"¢"::t ;
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; = ]

0.1 o .
0:....I....I PR | P 1 1 I:

2 3 4 5 6 7 8 9 10

pT(GeV/c)

FIG. 4. Overall electron detection efficiency [€,,, in Eq. (1)] as
a function of pr in p + p collisions at /s =200 GeV. The
circles and squares are the efficiencies for HTO- and HT2-
triggered electrons, respectively. The vertical bars represent
uncertainties. The solid points are used to correct the nonphotonic
electron yield.

function of pt for HTO- and HT2-triggered electrons. It is
about 10%-30% and increases with pt. The solid points
are used in this analysis, while the open points are only for
comparison purpose.

F. Hadron decayed electron background

Electrons from dielectron decays of light vector mesons
(p, w, ¢), heavy quarkonium decays (J/y, ), Drell-Yan
processes, and kaon semileptonic decays (K 3) are addi-
tional sources of background which need to be subtracted
in order to obtain electrons from semileptonic decays of
open heavy flavors.

Inclusive J/y spectra have been measured in 200 GeV
p + p collisions at midrapidity by both the STAR [39] and
PHENIX [40] collaborations, and the combined J/y pr
spectra are parametrized with the Tsallis statistics [41-43].
The J/y rapidity distribution is from PYTHIA [44]. Since
decayed electrons from nonprompt J/y are one of the
components of bottom-decayed electrons, the FONLL +
CEM calculations [2,45] are used to remove the nonprompt
J/w contribution from the inclusive J/y spectrum. The
fraction of nonprompt J/y to inclusive J/y starts from
0.02 (£0.01) and increases with increasing J/y pr, becom-
ing up to 0.18 (£0.06) for pr =11.75 GeV/c. J/y
mesons are generated according to the parametrized pr
spectrum, after removing the nonprompt J/y contribution,
and EvtGen [46] is utilized to describe their decays to
electrons. In this procedure, J/y is assumed to be unpo-
larized, which is consistent with the STAR measurement
[47]. The J/w decayed electron cross section is represented
by the dot-dashed line in Fig. 5.

The Y decayed electron contribution is estimated in a
similar way as that for the J/y except that the T spectrum
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FIG. 5. [Invariant cross sections of the electrons from decays of
prompt J/y (dot-dashed line), T (dotted line), Drell-Yan (long
dash-dotted line), light vector mesons (long dashed line) and the
combined HDE contributions (solid line) in p + p collisions at
/s =200 GeV. The bands represent systematic uncertainties
(details in Sec. IV).

and rapidity distributions are used as inputs. The pt spectra
of Y states are parametrized with the following function:
f = Cx £, where the values of the T and C (free

7
eT +1
parameters) are taken from Ref. [48]. The rapidity distri-
bution of T is parametrized with the Gaussian-like function
mentioned in Sec. III D. The cross section of the electrons
from Y decay is represented by the dotted line in Fig. 5.
The vector meson spectra are obtained through mry

(r/p* + m?) scaling of the z° pr-shape, i.e., replacing

the py with |/ pt + m3, —m2, in the fit function to the z°

spectrum, where m,, is the mass of the vector meson. The
absolute yield is determined by matching the ratio of vector
meson over 7° to the measured values at high pr [17,49].
Their rapidity distributions are also obtained from
calculation of the Gaussian-like function mentioned in
Sec. IIID. EvtGen is used to decay w and ¢, while
PYTHIA6.419 with default settings is used to decay p since
EvtGen doesn’t provide the electron decay channel for p.
The following decay channels p — ete™, w - ete™,
w— n'ete”, ¢ — eTe”, and ¢ — nete” are included
in the calculation, and the resulting decayed electron cross
section is shown as the long dashed line in Fig. 5.

The Drell-Yan contribution is estimated by the PYTHIA
simulation, which has the same settings as those in the
PHENIX Drell-Yan measurement [50], and is shown as the
long dash-dotted line in Fig. 5. Furthermore, STAR
simulation studies find that the K.; contribution is less
than 1% at pr > 2 GeV/c in p + p collisions at /s =
200 GeV [51] and thus neglected. The overall HDE
contribution, represented by the solid line in Fig. 5, is
subtracted from the NPE sample. This amounts to a 16%
reduction to the NPE yield integrated over the measured pt

region. The remaining electrons are HFE reported in
Sec. IV. The uncertainty of the HDE contribution will be
discussed in Sec. IV.

IV. RESULTS

The HFE cross section in p + p collisions is obtained as:

& 11 N &
EZ 0 (HFE) = -~ _gZ%(HDE), (2)
dp 2 L2nprAprAy dp

where L is the integrated luminosity, pr is the weighted
average of the bin, Apt and Ay are the pr and rapidity

. . Nooo oo .
intervals, respectively. L = o, where Ngyens 1S the

equivalent number of minimum bias events of the triggered
data and oyngp is the nonsingly diffractive cross section
(onsp = 30.0 £ 2.4 mb [13]).

The total systematic uncertainty is obtained as the square
root of the quadratic sum of the individual systematic
uncertainties discussed below. The uncertainties in the NPE
reconstruction efficiency are estimated by changing the
following selections in data and simulation simultaneously:
(1) the number of TPC hits used for track reconstruction and
dE/dx calculation from 20 and 15 to 25 and 18 (the larger
impact of the two variations on the NPE yield is used);
(ii) gDCA from 1.5 cmto 1.0 cm; and (iii) 0.3 < p/E < 1.5
to 0.6 < p/E <15 o0or 03 < p/E < 1.8, as well as by
changing only in the simulation ADC thresholds for HT
triggers by £3.5%. The uncertainty on electron purity is
estimated based on the mean and width uncertainties of
the Gaussian fit to the pure electron no, distribution, in
which the mean and width are varied independently within
one sigma. The PHE identification efficiency uncertainty
stems from the uncertainties in the parametrization of PHE
identification efficiency, parametrizations of z° and 75
spectra, branching ratios of electrons from z° and 7
decays, tracking efficiency of partner electrons and
variations in the PHE selection criteria, i.e., changing
M, ,- <024 GeV/c*> to M,:, <0.15GeV/c*> and
partner electron pr from 0.3 GeV/c to 0.2 GeV/c.
Parametrization uncertainties are taken as the 68% con-
fidence interval of the fit functions. Such an approach is
also used in estimating the parametrization uncertainties
described in the following. The uncertainty of the no, cut
efficiency is estimated from the parameter errors in fitting
the pure electron no, distribution with a Gaussian func-
tion, taking into account the correlation between the mean
and the width, and from varying the INE selection cut
from —0.5 < no, < 3.0 to 0.0 < no, < 3.0. The uncer-
tainty of the HDE contribution includes those from J/y,
T, vector meson, and Drell-Yan contributions. The para-
metrization uncertainty for the inclusive J/y spectrum
and the uncertainty from FONLL + CEM calculations of
the nonprompt J/y contribution are taken into account.
So are the uncertainties in the T yield and spectrum shape
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TABLE I. Summary of systematic uncertainties, in percentage,
for the HFE cross section. A range is given if the uncertainty
varies with HFE pr.

Source Uncertainty
NPE reconstruction efficiency 1.6%—7.8%
Electron purity extraction 0.1%-7.3%
PHE identification efficiency 2.2%—7.3%
no, cut efficiency 2.5%-10.8%
BBC trigger and vertex reconstruction 4.9%-5.2%
efficiencies

HDE contribution 0.7%-1.4%
Luminosity 8%
Total 10.4%-17.4%

[48]. The uncertainties in the parametrization of the z°
spectrum as well as in the measured yield ratios of vector
mesons to z° are also propagated to the decayed electron
cross section. The uncertainty from the Drell-Yan con-
tribution is estimated using the same method as in the
PHENIX published Drell-Yan result [5O]. The uncertainty
in the BBC trigger and vertex reconstruction efficiencies,
amounting to 4.9-5.2%, arises from the event multiplicity
difference in data and simulation, the difference in the
versions used (PYTHIAG vs PYTHIAS), and the different
parameter settings in the simulation (PYTHIAS.1.62 [52]
default setting with the STAR heavy flavor tune [53] vs
PYTHIAS.1.62 4CX [54] setting with the STAR heavy flavor
tune). The global uncertainty from the luminosity deter-
mination is 8% [13]. Table I summarizes the size of the
uncertainties from the different sources and the total
uncertainty.

In order to compare with the published STAR [14] and
PHENIX [17] results, where electrons from heavy quarko-
nium decays and Drell-Yan process were not subtracted,
only electrons from the light vector meson (p, w, ¢) decays
are subtracted from NPE:

3

d’c
E d—p3 (NPEy,oLvmpDE)

11 NNPE d30'

=—— — FE—(LVMDE), 3
2 L2nprAprAy dp3( ) 3)

where E %;(LVMDE) is the cross section of electrons

from light vector meson decays. The result is shown in
Fig. 6(a), together with the previously published results. A
combined power-law (f(pr) = A/(1 + pt/B)", where A,
B and n are free parameters) fit to the PHENIX data
and the result presented in this paper gives the power
n=28.99 +0.26, and is shown in Fig. 6(a). Ratios of
different results to the power-law fit are plotted in Fig. 6(b).
Overall, there is a good agreement among these results
within their uncertainties. The new result is measured with
significantly improved precision relative to the previous
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FIG. 6. (a) The NPE cross section after subtracting the light
vector meson contribution at STAR in p + p collisions at /s =
200 GeV from 2012 (filled circles) along with published STAR
data from 2005 and 2008 (filled down triangles) [14], published
PHENIX data from 2005 (filled up triangles) [17] and a power-
law fit (curve). (b) Ratio of data over power-law fit. The vertical
bars and the boxes represent statistical and systematic uncertain-
ties, respectively.
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FIG. 7. (a) The HFE cross section at STAR in p + p collisions
at /s =200 GeV from 2012 (filled circles) and the FONLL
calculation (curves). (b) Ratio of data over FONLL calculation.
The vertical bars and the boxes represent statistical and system-
atic uncertainties, respectively.
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measurements at pr > 6 GeV/c. Figure 7(a) shows the
measured HFE cross section for p + p collisions at
\/E =200 GeV, compared with the FONLL calculation.
The ratio of HFE data to the FONLL calculation is shown
in Fig. 7(b). The result reported in this paper is consistent
with the FONLL prediction within uncertainties, but the
central values sit at the upper limit of the theory uncertainty.

V. SUMMARY

The measurement of the cross section for production of
electrons from open-charm and open-bottom hadron decays
for 2.5 < pr <10 GeV/c in p + p collisions at /s =
200 GeV is reported. The result without subtracting the
J/w, Y, and Drell-Yan contributions is consistent with the
STAR and PHENIX published results, and significantly
improved precision relative to the previous measurements
is seen above 6 GeV/c. The result, with all background
hadronic decay sources removed, is qualitatively consistent
with the FONLL upper limit and provides further con-
straints on theoretical calculations. Furthermore, this result
provides a precise reference for nuclear modification factor
measurements for heavy flavor decayed electrons in heavy-
ion collisions. It also facilitates a study on the separation of
the charm and bottom contributions in HFE in p + p
collisions [55].
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