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We present measurements of the differential cross sections of inclusive J=ψ meson production as a

function of transverse momentum (pJ=ψ
T ) using the μþμ− and eþe− decay channels in protonþ proton

collisions at center-of-mass energies of 510 and 500 GeV, respectively, recorded by the STAR detector at

the Relativistic Heavy Ion Collider. The measurement from the μþμ− channel is for 0 < pJ=ψ
T < 9 GeV=c

and rapidity range jyJ=ψ j < 0.4, and that from the eþe− channel is for 4 < pJ=ψ
T < 20 GeV=c and

jyJ=ψ j < 1.0. The ψð2SÞ to J=ψ ratio is also measured for 4 < pmeson
T < 12 GeV=c through the eþe− decay

channel. Model calculations, which incorporate different approaches toward the J=ψ production
mechanism, are compared with experimental results and show reasonable agreement within uncertainties.

DOI: 10.1103/PhysRevD.100.052009

I. INTRODUCTION

The J=ψ meson is a bound state of charm and anticharm
quarks (cc̄) which was discovered several decades ago [1].
In hadronic collisions at energies reached at the Relativistic
Heavy Ion Collider (RHIC), J=ψ are primarily produced
via inelastic scattering by two gluons into charm and
anticharm quarks, followed by hadronization of the cc̄
pair [2,3]. Studying the J=ψ production provides valuable
knowledge for the understanding of quantum chromody-
namics (QCD) in both perturbative and nonperturbative
regimes. The production of the cc̄ pair can be calculated
using the perturbative approach, however, the evolution of a
cc̄ pair into a J=ψ meson is nonperturbative, and the
theoretical description remains a challenge. Different theo-
retical approaches have been proposed to describe the J=ψ
production mechanism [4–8]. However, these descriptions
have difficulties in explaining the experimental results of
production cross section and polarization simultaneously.
Therefore, precise measurements of the J=ψ cross section
in elementary collisions at different collision energies are
essential for investigating the J=ψ production mechanism.
Moreover, as an important probe of the hot and dense
medium, known as quark-gluon plasma (QGP), it is
necessary to have a good understanding of the J=ψ
production mechanism in elementary collisions in order
to help understand the modification to its production in
heavy-ion collisions, which has been proposed and widely
pursued to study the properties of QGP [9].
There are three notable models for J=ψ production which

differ mainly in the description of the non-perturbative
process. These are the color singlet model (CSM) [4],

nonrelativistic QCD formalism (NRQCD) [5] and the color
evaporationmodel (CEM) [6]. In the CSM, it is assumed that
the hadronization process does not change the quantum
numbers of the cc̄ pair. The initially produced cc̄ can then
bind to a given charmonium state only if it is created in a
color-singlet state with matching angular-momentum quan-
tum numbers. The next-to-next-to-leading-order CSM
(NNLO⋆ CSM) has been tested for the S-wave quarkonium
states in the Tevatron and LHC data. However, this model is
not able to calculate the full NNLO contribution, or provide
the predictions for the P-wave states, due to limitations of
accuracy in the NLO calculation [10]. Therefore, it is
expected to underestimate the production for the quarkonium
states which have significant contributions from the decays
of excited states, known as feed-down contributions [11,12].
In the NRQCD approach, the charmonium can be produced
from both the CS state and a color-octet (CO) state. The
color neutralization of the CO state is achieved by radiating
soft gluons during the hadronization process. In the CEM,
the produced cc̄ pair is assumed to evolve into a J=ψ with a
certain probability if its invariant mass is below the threshold
for producing a DD̄ pair. In this model, spin is always
summed over which prevents it from predicting the J=ψ
polarization. A recent improvement to the CEM (Improved
CEM (ICEM) [7]) overcomes this issue by sorting out
different spin states and is able to predict the polarization of
the quarkonium states. In the low transverse momentum (pT)
range of the charmonium, the cc̄ cross section becomes
difficult to calculate at collider center-of-mass energies since
the dynamics are sensitive to the large logarithms of small
Bjorken x. A newly developed color glass condensate (CGC)
effective theory of small-x QCD provides a viable path
towards calculating the J=ψ cross section at low pT
(pT < ∼M, whereM is the quarkoniummass) by combining
the CGC effective theory with the NRQCD formalism [8].
This paper presents the measurements of the J=ψ

production cross sections covering a wide pT range
from 0 to 20 GeV=c in protonþ proton collisions at
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center-of-mass energies of 510 and 500 GeV at RHIC.
These cross sections are measured in two decay channels,
which include the μþμ− channel, for 0 < pJ=ψ

T < 9 GeV=c
and J=ψ rapidity (jyJ=ψ j) < 0.4, and the eþe− channel, for
4 < pJ=ψ

T < 20 GeV=c and jyJ=ψ j < 1.0, respectively. The
measured cross sections contain the direct production of
J=ψ , contributions from excited charmonium states, and
from decays of bottom-flavored hadrons. The first two are
often categorized as prompt J=ψ as they are produced at the
collision vertex and cannot be experimentally separated.
The last one is often called nonprompt J=ψ , while the
detector setup used in this analysis cannot experimentally
distinguish it from prompt J=ψ . The feed-down contribu-
tion to the J=ψ production is an additional complication in
understanding the J=ψ production mechanism as nearly
30%–40% of the inclusive J=ψ yields come from the decay
of excited charmonium states [13,14]. Many experiments
have already presented the results of heavy quarkonium
production in electronþ positron, hadronþ hadron, and
heavy-ion collisions [15,16]. The latest measurements from
the LHC [17–19] probe the high pT production cross
sections in protonþ proton collisions with center-of-mass
energies of 7, 8, and 13 TeV. The large kinematic range of
the J=ψ measurement at the highest beam energies at RHIC
(510 and 500 GeV) provides valuable insights to the J=ψ
production mechanism. Additionally, the ψð2SÞ to J=ψ
ratio is measured in the eþe− decay channel in the pT range
of 4 < pmeson

T < 12 GeV=c. This measurement could help
constrain the feed-down contribution to the J=ψ from the
excited charmonium states.
The paper is organized as follows: the STAR detector

will be discussed in Sec. II, and the analyses of the μþμ−
and eþe− decay channels will be described in detail in
Secs. III and IV, respectively. The results from these two
different channels will be presented and compared to
different theoretical models in Sec. V. Finally, conclusions
will be given in Sec. VI.

II. THE STAR DETECTOR

The STAR detector is optimized for high energy nuclear
physics. It has excellent particle identification capability
and a large acceptance at mid-rapidity. The heart of the
STAR detector is the time projection chamber (TPC). The
TPC is the primary tracking detector for charged particles
and provides particle identification via measurements of
their ionization energy losses (dE=dx) [20]. It covers the
full azimuthal range (0 ≤ ϕ < 2π) and a large pseudor-
apidity range (jηj < 1). The pT of charged particles are
measured from the curvature of their trajectories in the
0.5 Tesla solenoidal field [21]. There are 30 iron bars,
known as “backlegs” outside the coil to provide the return
flux path for the magnetic field. These are 61 cm thick at a
radius of 363 cm corresponding to about 5 interaction
lengths. These backlegs play an essential role in enhancing

the muon purity by absorbing the background hadrons from
collisions. The hadron rejection rate is about 99% as shown
in the simulation study [22]. The Muon Telescope Detector
(MTD) is a fast detector which uses multigap resistive plate
chamber technology to record signals, also referred to as
“hits,” generated by charged particles traversing it. It
provides single-muon and dimuon triggers depending on
the number of hits within a predefined online timing
window. The MTD modules are installed at a radius of
about 403 cm, and the full MTD detector covers about 45%
in azimuth within jηj < 0.5 [22]. The timing resolution of
the MTD is ∼100 ps and the spatial resolutions are
∼1–2 cm in both rϕ and z directions as demonstrated in
the cosmic-ray data [23]. The data used in this analysis
were taken during the run in which the MTD detector was
63% completed. The Barrel Electromagnetic Calorimeter
(BEMC) is a lead-scintillator sampling calorimeter with 23
radiation lengths [24]. The BEMC, being a thick absorber,
is dedicated to measuring energies of particles with
electromagnetic interactions, such as electrons and posi-
trons. The BEMC is physically segmented into a total of
4800 towers with a granularity of 0.05 × 0.05 in Δϕ × Δη.
The energy deposited in the towers is used as a trigger to
record rare events. The vertex position detectors (VPD)
[25] and the beam beam counters (BBC) [26] are scintilla-
tor-based detectors located on both sides of the main
detector, and they cover pseudorapidity ranges from 4.4
to 4.9 and 2 to 5, respectively.

III. MEASUREMENT OF J=ψ → μ+ μ− SIGNAL

A. Data and Monte Carlo

Data for the μþμ− channel in this analysis were collected
by the STAR detector during the 2013 RHIC protonþ
proton run at a collision energy of 510 GeV. The corre-
sponding integrated luminosity sampled by the MTD
dimuon trigger, which requires at least two coincidence
hits on the MTD, as well as signals in the VPD and the two
BBCs, within the bunch crossing is 22.0 pb−1. Events used
in the analysis are required to have a valid reconstructed
vertex with at least two tracks that are associated with
corresponding MTD hits.
A Monte Carlo (MC) simulation sample was generated

by a single-particle generator with flat distributions in pT , ϕ
and y for the J=ψ signal. These simulated signals were
passed through a full GEANT3 [27] STAR detector
simulation and then “embedded” into real data events.
These embedded events were reconstructed using the same
reconstruction procedure used for real data. The kinematic
distributions of the embedded J=ψ were weighted by the
pT spectrum of J=ψ in protonþ proton collisions at a
collision energy of 510 GeV, determined via interpolation
through a global fit of world-wide measurements of J=ψ
cross sections [28]. Due to the systematic uncertainties
on various distortion corrections for the TPC, the pT
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resolution of the reconstructed muon in MC was retuned to
match the reconstructed J=ψ signal mass shape in data.

B. Muon candidate selection

Muon candidates for reconstructing the J=ψ signal must
satisfy the following selection criteria: pμ

T is greater than
1.3 GeV=c to ensure the track can reach the MTD detector;
the pseudorapidity of the track is within the MTD accep-
tance, jημj < 0.5; the distance of closest approach (DCA) to
the collision vertex must be less than 3 cm to suppress
background tracks from pile-up events and secondary
decay vertices; the number of TPC clusters used in track
reconstruction is more than 15 (the maximum possible is
45) to ensure good momentum resolution; the number of
TPC clusters used for the dE=dx measurement should be
more than 10 to have good dE=dx resolution; the ratio of
the number of TPC clusters used over the number of
possible clusters is at least 0.52 to avoid double counting
for the same tracks from track splitting. Tracks are
propagated from the interaction vertex to the MTD and
required to match the MTD hits geometrically which fired
the trigger. In addition, the muon candidates were selected
by an advanced muon identification method called the
likelihood ratio method which is described in Ref. [29]. The
rapidity of the μþμ− pairs should be smaller than 0.4 to
reduce the edge effect from the J=ψ kinematic acceptance
which will be described in the next section. Figure 1 shows
the invariant mass spectrum of the μþμ− pairs with the
selection criteria described above applied to both candidate
daughters. This can be well described by a single Gaussian
as signal plus second-order polynomial function as back-
ground. A total of 1154� 54 final J=ψ candidates are

observed within the kinematic phase space of 0 < pJ=ψ
T <

9 GeV=c and jyJ=ψ j < 0.4.

C. Acceptance and efficiency

The differential production cross section multiplied by
the J=ψ → μþμ− branching ratio (BR), ð5.961� 0.033Þ%
[30], is given by

BR ×
d2σ

2πpTdpTdy
¼

Ncorr:
J=ψ→μþμ−

ð2πpTÞ ·
R
Ldt · ΔpT · Δy

; ð1Þ

whereNcorr:
J=ψ→μþμ− is the efficiency-corrected number of J=ψ

candidates.
R
Ldt is the corresponding integrated luminos-

ity.ΔpT andΔy are the corresponding bin widths in pT and
y of the μþμ− pairs, respectively. For each μþμ− candidate,
a weighting factor (wi) is multiplied to correct for the
detector acceptance (A) and the total reconstruction effi-

ciency (εreco:), to obtain Ncorr:
J=ψ→μþμ− ¼ PNJ=ψ

i¼1 wi, where

w−1
i ¼ A × εreco: and i indicates the ith candidate. This

minimizes the potential bias from the efficiency correction
due to the gaps between the MTD modules and restricted
pseudorapidity coverage.
The detector acceptance, A, is the probability of

detecting muons having certain kinematics, namely pμ
T >

1.3 GeV=c and jηj < 0.5, from the J=ψ decay within the
detector fiducial volume. The A can be factorized into the
J=ψ decay kinematic acceptance and the MTD geometric
acceptance, A ¼ AJ=ψ ×AMTD. The acceptance can be
determined with the muon angular distribution calculated in
the J=ψ rest frame by the following formula [31]:

d2N
d cos θ⋆dϕ⋆ ∝ 1þ λθcos2θ⋆ þ λϕsin2θ⋆ cos 2ϕ⋆

þ λθϕ sin 2θ⋆ cosϕ⋆; ð2Þ

where θ⋆ is the polar angle between the μþ momentum in
the J=ψ rest frame and the direction of the J=ψ momentum
in the laboratory frame; ϕ⋆ is the azimuthal angle between
the J=ψ production plane (defined in the J=ψ rest frame by
the momenta of the incoming protons) and the J=ψ decay
plane in the lab frame; and λi are the parameters for
different polarization configurations. Similar to the analy-
ses carried out by other experiments [11,17], five extreme
configurations are considered to cover the polarization
phase space: unpolarized, λθ ¼ λϕ ¼ λθϕ ¼ 0; longitudi-
nally polarized, λθ ¼ −1, λϕ ¼ λθϕ ¼ 0; zero transversely
polarized, λθ ¼ þ1, λϕ ¼ λθϕ ¼ 0; positively transversely
polarized, λθ ¼ þ1, λϕ ¼ þ1, λθϕ ¼ 0; and negatively
transversely polarized, λθ ¼ þ1, λϕ ¼ −1, λθϕ ¼ 0.
Figure 2 shows the J=ψ decay kinematics acceptance
and the MTD geometric acceptance as a function of J=ψ
pT with different polarization assumptions, respectively.
There is a significant difference in the J=ψ decay kinematic
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FIG. 1. The μþμ− invariant mass spectrum in protonþ proton
collisions at

ffiffiffi
s

p ¼ 510 GeV. The red solid line depicts a fit using
a Gaussian function (blue line) for J=ψ signal and a second-order
polynomial function (red dashed line) for background.
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acceptance for different polarization assumptions at pT
around 2 GeV=c, and the fractional difference becomes
smaller at higher pT. On the other hand, the MTD geo-
metric acceptance is almost independent of the J=ψ
polarization configuration.
The total J=ψ reconstruction efficiency, εreco:, includes

the VPD requirement, the TPC tracking efficiency, the
vertex-finding efficiency, the dimuon triggering, the MTD
in-situ response and matching, and muon-identification
efficiencies, as shown in the following:

εreco: ¼ εVPD × εvtx × εtrig: × ðε1trk · ε1MTD · ε1IDÞ
× ðε2trk · ε2MTD · ε2IDÞ; ð3Þ

where the superscripts, 1 and 2, indicate the first and second
muon from a J=ψ candidate. The VPD efficiency (εVPD) is
obtained from the zero-bias MC sample. The TPC tracking
efficiency (εtrk) is calculated from the J=ψ → μþμ− MC
sample. The vertex finding efficiency (εvtx) is obtained
from data directly and is about 95% across the entire J=ψ
pT region. The MTD trigger efficiency (εtrig:) includes the
trigger electronics efficiency which varies from 95% at low
pT to more than 99% at high pT , and the online timing
window cut efficiency which reaches a plateau of 99.9%.
The MTD efficiency (εMTD) is determined from the cosmic
ray data for the in-situ response efficiency and from the MC
sample for the matching efficiency. It is evaluated as a
function of muon pT for each MTD backleg and module
separately. Finally, the muon identification efficiency is
calculated from the MC events and the plateau efficiency is
above 95% [29]. Figure 3 shows the individual and total
efficiencies used for the J=ψ cross section measurement as
a function of pJ=ψ

T .
The Ncorr:

J=ψ→μþμ− in different pT regions are extracted
using the χ2 fit with several combinations of signal and
background models of the efficiency-corrected μþμ− mass
distributions. The signal shape is modeled by a single
Gaussian, double Gaussian or Crystal-Ball function, and
the background shape can be well described by the same-
sign muon track pairs or a polynomial function at different
orders. The averaged result from the various fits with
different shapes for signal and background is used as the
mean of Ncorr:

J=ψ , and the maximum deviation from the mean
is assigned as the signal extraction systematic uncertainty.
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FIG. 2. (a) The J=ψ decay kinematic acceptance and (b) the
MTD geometric acceptance as a function of J=ψ pT with
different polarization assumptions in the J=ψ → μþμ− analysis.
The black solid line is the unpolarized, the red dashed line is
longitudinally polarized, the pink dotted line is zero transversely
polarized, the blue dashed-dotted line is positively transversely
polarized, and the green dashed-dotted-dotted line is negatively
transversely polarized.
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Figure 4 shows an example of the fit results using a single
Gaussian as the signal function and same-sign muon track
pairs as the background template for different pT bins.

D. Uncertainties

The statistical uncertainty is about 10.6%–18.8% for
different J=ψ pT regions. There are several systematic
uncertainties considered in this analysis. The maximum
deviation in the results for variations in cuts/methods is
taken as the systematic uncertainty for each source listed
below.

(i) The luminosity estimate and the in-bunch pile-up
effect contribute global uncertainties of 8.1% [32]
and 7.7%, respectively. The latter is estimated by
comparing the results with different selections of the
difference of the z position measured by the VPD
and TPC detectors.

(ii) The uncertainty in the number of J=ψ candidates
extraction is evaluated using different signal and
background models as described in the previous
section. It contributes about 0.3%–4.8% uncertainty
depending on J=ψ pT .

(iii) The uncertainty in the TPC tracking efficiency is
estimated by comparing the results using different
TPC track quality selection criteria. Since it is

difficult to obtain a pT dependent uncertainty due
to the low statistics, the pT-integrated uncertainty of
10.6% is applied to the entire pT range.

(iv) The uncertainty in the MTD trigger includes two
components: (i) the trigger electronics which is
dominated by the statistical uncertainty in calculat-
ing the MTD trigger efficiency; (ii) the online timing
window cut which is evaluated by the difference
between the 2013 and 2015 data-taking. A total
3.6% uncertainty is assigned.

(v) The MTD efficiency includes three sources: (i) stat-
istical precision of the cosmic ray data; (ii) different
fit templates used for determining the response
efficiency which is the main contributor; (iii) differ-
ence in the matching efficiency between cosmic ray
data and simulation. The resulting uncertainty is
between 1.9%–7.6%.

(vi) The uncertainty in the muon identification efficiency
is determined by comparing the efficiencies from the
data-driven method and the MC sample. It contrib-
utes a 5.2%–8.7% uncertainty depending on J=ψ
pT [29].

(vii) The uncertainty in vertex finding efficiency is esti-
mated by comparing the efficiencies from data-driven
and zero-bias MC sample. A 4.1% uncertainty is
assigned.

2.5 3 3.5

]2 [GeV/cμμM

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

610×

)2
W

ei
gh

te
d 

co
un

ts
/(

50
 M

eV
/c /ndf = 40.0/242χ

 < 1.5 GeV/c
μμ

T
0.0 < p

| < 0.4
μμ|y

(a)

2.5 3 3.5

]2 [GeV/cμμM

0

0.05

0.1

0.15

0.2

0.25

0.3

610×

)2
W

ei
gh

te
d 

co
un

ts
/(

50
 M

eV
/c /ndf = 26.0/242χ

 < 3.0 GeV/c
μμ

T
1.5 < p

| < 0.4
μμ|y

(b)

2.5 3 3.5

]2 [GeV/cμμM

0

10

20

30

40

50

60

70

80

90

310×

)2
W

ei
gh

te
d 

co
un

ts
/(

50
 M

eV
/c /ndf = 33.9/242χ

 < 5.0 GeV/c
μμ

T
3.0 < p

| < 0.4
μμ|y

(c)

2.5 3 3.5

]2 [GeV/cμμM

0

2

4

6

8

10

310×

)2
W

ei
gh

te
d 

co
un

ts
/(

50
 M

eV
/c

/ndf = 20.9/242χ
 < 7.0 GeV/c

μμ

T
5.0 < p

| < 0.4
μμ|y

(d)

2.5 3 3.5

]2 [GeV/cμμM

0

0.5

1

1.5

2

2.5

310×

)2
W

ei
gh

te
d 

co
un

ts
/(

50
 M

eV
/c

/ndf = 17.2/192χ
 < 9.0 GeV/c

μμ

T
7.0 < p

| < 0.4
μμ|y

(e)
Opposite-sign

Fit

Signal

Background
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The systematic uncertainties from the MTD geometric
acceptance is negligible. Systematic uncertainties from
different sources are added in quadrature. Figure 5 shows
all the uncertainties as a function of J=ψ pT .

E. Cross section for J=ψ → μ+ μ−
We measure the invariant differential cross section

multiplied by the μþμ− branching ratio of the J=ψ meson
as a function of J=ψ pT in a fiducial volume defined by
pμ
T > 1.3 GeV=c and jημj < 0.5 (fiducial cross section)

and in a full muon decay phase space with jyJ=ψ j < 0.4 (full
cross section). Figure 6 shows the fiducial and full cross

sections of the J=ψ production. The fiducial cross section is
calculated using the fiducial weight, wfid:

i ¼ AMTD × εreco:,
in which the kinematic acceptance is not included. This
eliminates the large unknown effect from the polarization
assumption. The full cross section uses the full weight,
wfull
i ¼ AJ=ψ ×AMTD × εreco:, to correct for the efficiency

effect on each J=ψ candidate. The central values of the full
cross section in this analysis are derived under the unpo-
larized assumption. The gray shaded band indicates the
maximum span of the cross-sections with different
polarization assumptions, denoted as the “polarization
envelope.”
Table I summarizes the results on fiducial and full cross

sections of the J=ψ production in different pT bins. The
integrated fiducial and full cross sections up to 9 GeV=c of
J=ψ pT within jyJ=ψ j<0.4 are 10.3�0.9ðstat:Þ�1.6ðsys:Þ�
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cross sections multiplied by the branching ratio as a function of
J=ψ pT . The bars and boxes are the statistical and systematic
uncertainties, respectively. The gray shaded band is the polari-
zation envelope. A common luminosity uncertainty of 11.2% is
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TABLE I. A summary of the fiducial and full differential cross sections of the J=ψ production via the μþμ− decay
channel in protonþ proton collisions at

ffiffiffi
s

p ¼ 510 GeV. The fiducial volume is defined as pμ
T > 1.3 GeV=c and

jημj < 0.5. A common luminosity uncertainty of 11.2% is not included.

pJ=ψ
T range

(GeV=c)
pJ=ψ
T position
(GeV=c)

BR ×
dσ2fid:

2πpTdpTdy
� δstat: � δsys:

(pb=ðGeV=cÞ2)
BR × dσ2full

2πpTdpTdy
� δstat: � δ

þδpol:upper
sys: −δpol:lower

(pb=ðGeV=cÞ2)
0.0–1.5 0.67 ð9.3� 1.6� 1.5Þ × 102 ð5.4� 0.9� 0.9 þ11.5

−1.3 Þ × 103

1.5–3.0 2.07 ð2.2� 0.2� 0.3Þ × 102 ð1.8� 0.2� 0.3 þ7.3
−0.5Þ × 103

3.0–5.0 3.65 ð4.4� 0.4� 0.6Þ × 101 ð2.6� 0.3� 0.4 þ7.2
−0.7Þ × 102

5.0–7.0 5.68 ð6.7� 0.9� 0.9Þ × 100 ð2.6� 0.3� 0.3 þ4.3
−0.6Þ × 101

7.0–9.0 7.73 ð1.7� 0.3� 0.2Þ × 100 ð4.6� 0.9� 0.6 þ3.7
−0.9Þ × 100
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1.1ðlumi:Þnb and 67� 6 ðstat:Þ � 10 ðsys:Þ þ200−18 ðpol:Þ�
7 ðlumi:Þ nb, respectively.

IV. MEASUREMENT OF J=ψ → e+ e − SIGNAL

A. Data set and analysis

The protonþ proton collision data at
ffiffiffi
s

p ¼ 500 GeV,
used in the eþe− analysis, were recorded by the STAR
detector in 2011. The integrated luminosity of the data set is
22.1 pb−1 sampled by the BEMC trigger which requires a
BEMC tower with a transverse energy deposit larger than
4.3 GeV [15]. The e� candidates are reconstructed and
identified using information from the TPC and BEMC
detectors. The track quality requirements are that each track
has at least 25 out of 45 possible hits in the TPC, the
number of hits for the dE=dx measurement must be larger
than 15 to ensure a good dE=dx resolution, and tracks are
reconstructed within the TPC acceptance of jηj < 1. The
electron and positron candidates are then identified by their
ionization energy loss (hdE=dxi) in the TPC. The normal-
ized hdE=dxi is defined as follows:

nσe ¼
1

σdE=dx
ln

� hdE=dxime:

hdE=dxiexp :e

�
; ð4Þ

where hdE=dxime: and hdE=dxiexp :e are the measured
hdE=dxi and the expected hdE=dxi value for electron,
and the σdE=dx is the experimental lnðdE=dxÞ resolution.
The nσe requirement for the triggered e� candidates is set
to be jnσej < 2. The triggered e� candidate is also required
to have pT > 3.5 GeV=c, its track must have DCA from
the primary vertex less than 1 cm to reduce contamination
from pile-up tracks, and it is required to match to a BEMC
trigger tower in which the ADC value is larger than 290,
corresponding to a deposited energy of 4.3 GeV. A cut on
the ratio of the momentum measured by the TPC to the
energy deposited in the BEMC towers, 0.3 < pc=E < 1.5,
is used to further suppress contribution of hadrons in
triggered electron selection. However, the nontriggered
e� candidate is only required to be a TPC track with pT >
1 GeV=c and DCA < 3 cm. The looser DCA requirement
is applied to increase the statistics, since lower pT tracks are
more affected by multiple scattering.
Figure 7 shows both J=ψ and ψð2SÞ signals which are

reconstructed from eþe− pairs, which include the triggered
electron pairing with either another triggered electron or
with a nontriggered electron. The signal shape for J=ψ
candidates is obtained from the MC simulation, which
includes track momentum resolution and electron brems-
strahlung radiation in the detector. On the other hand, the
background includes the combinatorial background evalu-
ated using the like-sign eþeþ and e−e− pairs within the
same event (green histogram) and the residual background,
which mainly comes from the Drell-Yan process, cc̄ and bb̄
decays. The invariant mass distribution after the like-sign

background subtraction is fitted with a J=ψ signal shape
combined with an exponential function. The raw J=ψ yield
is obtained by counting the bin contents after subtracting
the residual background in the mass range of 2.7 <
Mee < 3.3 GeV=c2. There are 9581� 207 J=ψ signals
in 4 < pJ=ψ

T < 20 GeV=c. About ∼10% of J=ψ candidates
are reconstructed outside this mass window based on MC
simulations, and the J=ψ raw yield as a function of pT is
corrected for this effect. A total of 350� 89 ψð2SÞ signals
are obtained in the mass counting range of 3.5 <
Mee < 3.8 GeV=c2. The ψð2SÞ signals are extracted by
using the same method as for J=ψ, but with a linear
function to describe the residual background. Figure 8
shows invariant mass distributions of eþe− pairs (black
histogram) and the like-sign (filled histogram) eþeþ and
e−e− pairs pairs in three representative pT bins.
The measurement of the J=ψ differential production

cross section multiplied by BR for the eþe− decay channel,
ð5.971� 0.032Þ% [30], is defined as:

BR×
d2σ

2πpTdpTdy
¼

Nraw
J=ψ→eþe−

ð2πpTÞ ·
R
Ldt ·Aε ·ΔpT ·Δy

; ð5Þ

where BR is the branching ratio for the J=ψ → eþe− decay
channel;Nraw

J=ψ→eþe− is the raw number of reconstructed J=ψ

via the eþe− pairs; Aε is the detector’s geometric
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FIG. 7. The invariant mass distributions of eþe− pairs before
and after the like-sign background (the green histogram) sub-
traction, as shown in black histogram and red solid circles,
respectively. The blue curve is a fit to the mass spectrum. The
green-dashed line indicates the residual background and a
Crystal-Ball function is used to describe the J=ψ and ψð2SÞ
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acceptance times the detection efficiency of the J=ψ
candidates;

R
Ldt, ΔpT , and Δy have the same meanings

as of that in the μþμ− decay channel.
The total J=ψ detection efficiency, Aε, includes the

detector acceptance, the mass bin counting efficiency, and
individual efficiency of the electron candidates including
the TPC tracking efficiency, the electron identification, the
selection on the number of hits for the dE=dx measure-
ment, the additional efficiency for the trigger, and the cut on
pc=E for the triggered electrons. The decay electron’s
momentum resolution and additional pT smearing are also
included in the calculation of the J=ψ detection efficiency.
The efficiencies for the number of dE=dx hits and nσe cuts
are assessed using a pure electron sample from photon

conversion data, while all the other acceptance and effi-
ciencies are obtained from MC simulation with the STAR
detector geometry. Figure 9 shows the individual efficien-
cies for the triggered electron candidates as a function
of pe

T .
The detection efficiency for ψð2SÞ candidates is obtained

in the same way as for J=ψ. The relatively larger invariant
mass of ψð2SÞ enhances the trigger efficiency in the low pT
range while the slightly larger opening angle between the
electron and positron daughters decaying from the ψð2SÞ
will result in a smaller acceptance and thus a lower
detection efficiency at high pT . Figure 10 shows the
detection efficiency for J=ψ and ψð2SÞ, as well as the
ψð2SÞ to J=ψ efficiency ratio as a function of peþe−

T .
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B. Uncertainties

The systematic uncertainties for the final J=ψ cross
section are estimated by varying analysis selections in both
data and MC simulation and comparing the corresponding
J=ψ cross section to the nominal value. The systematic
uncertainties considered in this analysis are the following:

(i) The uncertainty in the luminosity contributes an
overall 8.1% uncertainty [32]. The uncertainty in the
in-bunch pile-up effect is negligible due to the low
instantaneous luminosity in the 2011 data-taking
and the high vertex finding efficiency for the BEMC
triggered events [33].

(ii) The J=ψ extraction uncertainty is estimated by using
different fitting ranges and different residual back-
ground shapes. It contributes a 0.2%–12.7% uncer-
tainty depending on J=ψ pT .

(iii) The uncertainty in the TPC tracking efficiency is
estimated in the same way as in the μþμ− decay
channel, and it contributes a 4%–14%.

(iv) The uncertainty in the trigger efficiency is evaluated
by comparing BEMC response in data and MC
simulation, and the contribution is a 0.3%–11.8% in
various J=ψ pT range.

(v) The uncertainty in the electron identification is
estimated by comparing the difference between
photonic electron’s nσe distribution at different pT
ranges, and it contributes an overall 1% uncertainty.

(vi) The J=ψ internal conversion is estimated to be 4%
within themass counting range of 2.7 to 3.3 GeV=c2.

The systematic uncertainty from the vertex finding is
negligible. Systematic uncertainties from different sources
are added in quadrature. Figure 11 shows all the uncer-
tainties as a function of J=ψ pT . For the ψð2SÞ to J=ψ ratio,
most of the systematic uncertainties cancel in the ratio,
except for the signal extraction and trigger efficiency. They
are evaluated the same way as for the J=ψ . They contribute
5.5% and 5.3%, respectively, to the uncertainty of the ratio
measurement.

C. Cross section for J=ψ → e + e−
Figure 12 shows the fiducial and full production cross

sections measured in the eþe− decay channel for 4 <
pJ=ψ
T < 20 GeV=c and jyj < 1.0. Table II summarizes the

cross sections of the J=ψ production as a function of pT .
Similarly as for the μþμ− channel, the full cross section is
calculated under the unpolarized assumption and the polari-
zation envelope is obtained from the same five extreme cases.
This provides us the information of the J=ψ production cross
section within the full J=ψ decay phase space. On the other
hand, the fiducial cross section only accesses the restricted
phase space, but it is independent from any polarization
assumptions. The integrated fiducial and full cross sections
from 4 to 20 GeV=c of J=ψ pT are 2.90 � 0.08 ðstat:Þ �
0.22 ðsys:Þ � 0.24 ðlumi:Þ nb and 10.7 � 0.5 ðstat:Þ �
0.8 ðsys:Þ þ5.9

−2.2 ðpol:Þ � 0.9 ðlumi:Þ nb, respectively.
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The cross section ratio of ψð2SÞ over J=ψ is
0.038� 0.010 ðstat:Þ � 0.003 ðsys:Þ measured in the pT
range of 4 < pmeson

T < 12 GeV=c, which is shown in
Fig. 13. The result is consistent with other experimental
measurements [34–38] and there is no obvious dependence
on the collision energy observed. The ICEM model [7]
prediction is consistent with our data within uncertainties.

V. COMBINED RESULTS

Figure 14 shows the differential cross section of inclu-
sive J=ψ production in protonþ proton collisions at

ffiffiffi
s

p ¼
510 and 500 GeV measured by the STAR experiment
combining the μþμ− and eþe− decay channels. Please note
that there is a ∼3% difference between the cross sections at
510 and 500 GeV collision energies and the difference
between the different rapidity coverages is negligible [39].
The unpolarized-assumption result is compared to the
NRQCD [5] and ICEM [7] calculations of J=ψ production,
which includes feed-down contributions from excited
charmonium states. The prediction from the CGC effective
theory coupled with NRQCD (CGCþ NRQCD) [8] lies
systematically above the data at low pT, however, it is
consistent with the data within the polarization envelope.
The NLO NRQCD [5] result does a reasonably good job in
describing the data above 6 GeV=c. The ICEM calculation
[7] can cover the entire pT range and is also consistent with

TABLE II. A summary of the fiducial and full differential cross sections for the inclusive J=ψ production via the eþe− decay channel
in protonþ proton collisions at

ffiffiffi
s

p ¼ 500 GeV. A common luminosity uncertainty of 8.1% is not included.

pJ=ψ
T range

ðGeV=cÞ
pJ=ψ
T position
ðGeV=cÞ

BR ×
dσ2fid:

2πpTdpTdy
� δstat: � δsys:

(pb=ðGeV=cÞ2)
BR ×

dσ2full
2πpTdpTdy

� δstat: � δ
þδpol:upper
sys: −δpol:lower

(pb=ðGeV=cÞ2)
4.0–4.5 4.23 ð1.64� 0.20� 0.12Þ × 101 ð1.32� 0.16� 0.10 þ0.72

−0.35 Þ × 102

4.5–5.0 4.73 ð1.88� 0.16� 0.15Þ × 101 ð9.0� 0.8� 0.7 þ5.2
−2.0 Þ × 101

5.0–5.5 5.23 ð1.36� 0.07� 0.11Þ × 101 ð4.6� 0.2� 0.4 þ2.6
−0.8 Þ × 101

5.5–6.0 5.73 ð10.3� 0.7� 0.8Þ × 100 ð2.69� 0.17� 0.20 þ1.59
−0.39 Þ × 101

6.0–6.5 6.23 ð7.6� 0.4� 0.6Þ × 100 ð1.64� 0.09� 0.13 þ0.97
−0.24 Þ × 101

6.5–7.0 6.73 ð5.40� 0.29� 0.31Þ × 100 ð10.6� 0.6� 0.6 þ5.4
−1.6 Þ × 100

7.0–7.5 7.23 ð3.15� 0.20� 0.20Þ × 100 ð5.8� 0.4� 0.4 þ2.9
−0.9 Þ × 100

7.5–8.0 7.73 ð2.41� 0.16� 0.16Þ × 100 ð4.26� 0.28� 0.28 þ1.76
−0.61 Þ × 100

8.0–8.5 8.23 ð1.40� 0.11� 0.13Þ × 100 ð2.40� 0.19� 0.23 þ0.97
−0.33 Þ × 100

8.5–9.0 8.73 ð10.6� 0.8� 0.6Þ × 10−1 ð1.75� 0.14� 0.11 þ0.65
−0.23 Þ × 100

9.0–9.5 9.24 ð7.5� 0.7� 0.4Þ × 10−1 ð12.0� 1.1� 0.7 þ4.0
−1.6 Þ × 10−1

9.5–10.0 9.73 ð5.26� 0.48� 0.33Þ × 10−1 ð8.3� 0.7� 0.5 þ2.4
−1.1 Þ × 10−1

10.0–10.5 10.23 ð3.26� 0.43� 0.21Þ × 10−1 ð5.06� 0.67� 0.32 þ1.57
−0.62 Þ × 10−1

10.5–11.0 10.74 ð2.31� 0.35� 0.14Þ × 10−1 ð3.51� 0.52� 0.22 þ1.02
−0.42 Þ × 10−1

11.0–12.0 11.44 ð1.58� 0.20� 0.13Þ × 10−1 ð2.33� 0.30� 0.19 þ0.62
−0.27 Þ × 10−1

12.0–13.0 12.45 ð7.5� 1.5� 0.6Þ × 10−2 ð10.7� 2.1� 0.9 þ2.3
−1.2 Þ × 10−2

13.0–15.0 13.83 ð3.5� 0.7� 0.6Þ × 10−2 ð4.9� 1.0� 0.8 þ1.0
−0.5 Þ × 10−2

15.0–17.0 15.85 ð2.02� 0.39� 0.31Þ × 10−2 ð2.7� 0.5� 0.4 þ0.4
−0.3 Þ × 10−2

17.0–20.0 18.20 ð0.84� 0.18� 0.17Þ × 10−2 ð1.07� 0.23� 0.22 þ0.13
−0.09 Þ × 10−2
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FIG. 13. The cross section ratio of ψð2SÞ over J=ψ as a
function of their pT measured by STAR (red solid star) is
compared to results from CDF (open circles), PHENIX (open
boxes), HERA-B (solid-down-triangles and open-up-triangles),
ATLAS (gray crosses), CMS (gray solid and open triangle-
crosses) experiments, and the prediction from ICEM (purple
band). The bar and box indicates the statistical and total
systematic uncertainty, respectively.
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the data within the polarization envelope. The feed-down
contributions from B-hadrons are about 10%–20% in the
pT < 10 GeV=c region and nearly 40% in our maximum
pT bin (20 GeV=c) as measured by other experiments
[17,18]. Therefore, to present a fair comparison, all of the
predictions are adjusted to include this contribution using
the FONLL calculation [40], shown as a green band in
Fig. 14(a).
The scaling behavior of particle production with

xT ¼ 2pT=
ffiffiffi
s

p
is characteristic for production through

fragmentation due to hard scatterings. The xT scaling
(E d3σ

dp3 ¼ gðxTÞ=sn=2) has been tested for pions, protons,

and the J=ψ for various collision energies [41], where n is a
free parameter which can be interpreted as the number of
active partons involved in hadron production. Figure 15

shows the xT dependence of protons, pions, and J=ψ . The
J=ψ measured in 510 and 500 GeV protonþ proton
collisions has been fit to extract the parameter n, with
n ¼ 5.6� 0.1. This value is consistent with n ¼ 5.6� 0.2
as found in a previous STAR measurement [42], as well as
other previous measurements [34,43–51] at high-pT , and
this value is close to the CO and CEM predictions, which
are n ∼ 6 [52,53] and smaller than that from NNLO⋆ CSM
prediction which is n ∼ 8 [54]. The broken scaling at low-
pT is due to the onset of soft processes [42].

VI. CONCLUSIONS

Differential cross sections for the J=ψ meson in
protonþ proton collisions at

ffiffiffi
s

p ¼ 510 and 500 GeV at
RHIC are measured using the μþμ− and eþe− decay
channels. The results cover a wide pJ=ψ

T range from 0 to
20 GeV=c within jyJ=ψ j < 0.4 and 1.0 for the μþμ− and
eþe− channel, respectively. Two different measurements of
the inclusive J=ψ production cross section have been
presented. The first is a fiducial cross section measurement
utilizing only a restricted phase space as defined by detector
acceptance. It is independent of the assumptions regarding
polarization which results in a large systematic uncertainty
at low pT. This allows direct comparisons between mea-
surements and theoretical calculations in the future, for
more discriminating tests of the models. The second is a
full cross section measurement, accessing the full J=ψ
decay phase space, depending highly on assumptions
regarding polarization. The integrated fiducial and full
production cross sections measured for inclusive J=ψ
mesons within 0<pJ=ψ

T < 9GeV=c are 10.3�0.9ðstat:Þ�
1.6ðsys:Þ�1.1ðlumi:Þnb and 67�6ðstat:Þ�10ðsys:Þþ200

−18 ×
ðpol:Þ�7ðlumi:Þnb, respectively, via the μþμ− channel.
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FIG. 14. (a) The J=ψ differential full production cross sections
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decay channels (red circles). The shaded region around the data
points denotes the polarization envelope and the green curve is
the estimation of the B-hadrons feed-down from FONLL [40]. (b,
c, d) Ratios of data and different model calculations to the Levy
fit function. The bars and boxes indicate the statistical and total
systematic uncertainty, respectively. A common luminosity un-
certainties of 11.2% and 8.1% for the μþμ− and eþe− decay
channels are not included.
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For 4 < pJ=ψ
T < 20 GeV=c, they are 2.90� 0.08 ðstat:Þ �

0.22 ðsys:Þ � 0.24 ðlumi:Þ nb and 10.7� 0.5 ðstat:Þ�
0.8 ðsys:Þ þ5.9

−2.2 ðpol:Þ � 0.9 ðlumi:Þ nb, respectively, via the
eþe− channel. The calculations from CGCþ NRQCD,
NLO NRQCD and ICEM [5,8], which cover low, high,
and both pT regions respectively, give a reasonable
description for the data within the polarization envelope.
The xT dependence for J=ψ production is also presented for
510 and 500 GeV protonþ proton collisions. The result is
consistent with measurements at other collision energies
from other collaborations. The ratio of ψð2SÞ to J=ψ
for pT from 4–12 GeV=c is measured to be 0.038�
0.010 ðstat:Þ � 0.003 ðsys:Þ. It is consistent with results
from other experiments and there is no obvious collision
energy dependence. Since the J=ψ production mechanism
is not yet fully understood, it is important to continue
confronting the models that incorporate the most current
understanding with new data. A more discriminating
comparison to theoretical models at low pT can be
performed in the future, if the calculations are carried
out within the fiducial volume of the STAR detector,
eliminating the uncertainty due to the J=ψ polarization.
The results presented in this paper, together with cross
section measurements at other energies, and measurements
of the polarization, contribute to the goal of better

understanding the production of heavy quarkonium in
hadronic collisions.
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