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54Peking University, Beijing 100871, People’s Republic of China

55PNPI, Petersburg Nuclear Physics Institute, Gatchina, Leningrad region 188300, Russia

U. A. ACHARYA et al. PHYS. REV. D 101, 052006 (2020)

052006-2



 

56Pusan National University, Busan 46241, South Korea
57RIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351-0198, Japan

58RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
59Physics Department, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima, Tokyo 171-8501, Japan

60Saint Petersburg State Polytechnic University, St. Petersburg 195251, Russia
61Department of Physics and Astronomy, Seoul National University, Seoul 151-742, Korea

62Chemistry Department, Stony Brook University, SUNY, Stony Brook, New York 11794-3400, USA
63Department of Physics and Astronomy, Stony Brook University, SUNY,

Stony Brook, New York 11794-3800, USA
64University of Tennessee, Knoxville, Tennessee 37996, USA

65Department of Physics, Tokyo Institute of Technology, Oh-okayama, Meguro, Tokyo 152-8551, Japan
66Tomonaga Center for the History of the Universe, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

67Vanderbilt University, Nashville, Tennessee 37235, USA
68Weizmann Institute, Rehovot 76100, Israel

69Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Hungarian Academy of
Sciences (Wigner RCP, RMKI) H-1525 Budapest 114, POBox 49, Budapest, Hungary

70Yonsei University, IPAP, Seoul 120-749, Korea
71Department of Physics, Faculty of Science, University of Zagreb,

Bijenička c. 32, HR-10002 Zagreb, Croatia

(Received 1 January 2020; accepted 19 February 2020; published 13 March 2020)

The PHENIX experiment at the Relativistic Heavy Ion Collider has measured the differential cross
section, mean transverse momentum, mean transverse momentum squared of inclusive J=ψ , and cross
section ratio of ψð2SÞ to J=ψ at forward rapidity in pþ p collisions at

ffiffiffi
s

p ¼ 510 GeV via the dimuon
decay channel. Comparison is made to inclusive J=ψ cross sections measured at

ffiffiffi
s

p ¼ 200 GeV and
2.76–13 TeV. The result is also compared to leading-order nonrelativistic QCD calculations coupled to a
color-glass-condensate description of the low-x gluons in the proton at low transverse momentum (pT) and
to next-to-leading order nonrelativistic QCD calculations for the rest of the pT range. These calculations
overestimate the data at low pT. While consistent with the data within uncertainties above ≈3 GeV=c, the
calculations are systematically below the data. The total cross section times the branching ratio is BR
dσJ=ψpp =dyð1.2 < jyj < 2.2; 0 < pT < 10 GeV=cÞ ¼ 54.3� 0.5ðstatÞ � 5.5ðsystÞ nb.
DOI: 10.1103/PhysRevD.101.052006

I. INTRODUCTION

Charmonium states such as J=ψ and ψð2SÞ mesons are
bound states of a charm and anticharm quark (cc̄). At the
Relativistic Heavy Ion Collider (RHIC) energies, they are
produced mostly from hard scattering of two gluons into a
cc̄ pair followed by the evolution of this pair through a
hadronization process to form a physical charmonium.
Despite several decades of extensive studies [1–9] since the
discovery of J=ψ , we still have very limited knowledge
about the J=ψ production mechanism and hadronization.
Therefore, carrying out as many charmonium measure-
ments as possible in pþ p collisions over a wide range of

transverse momentum (pT) and of rapidity (y) at different
energies is essential to understanding production mecha-
nisms. These measurements over a wide range of pT (down
to zero pT) and rapidity allow calculating quantities, such
as the mean transverse momentum hpTi, the mean trans-
verse momentum squared hp2

Ti, and the pT-integrated cross
section dσ=dy. The collision energy dependence of these
quantities can put stringent constraints on the different
theoretical approaches that are used to describe the had-
ronic production of J=ψ . These approaches include the
color-evaporation model [10,11], the color-singlet model
[12], and the nonrelativistic quantum chromodynamics
formalism (NRQCD) [13]. In this work, we compare the
data to NRQCD, an effective field theory derived from
QCD and valid for heavy-quark pairs with low relative
velocity, where a J=ψ can be formed from cc̄ pair produced
in a color-singlet or a color-octet state.
In this paper, we present the inclusive J=ψ production

cross section and the ratio of ψð2SÞ to J=ψ production
cross sections at forward rapidity (1.2 < jyj < 2.2) mea-
sured in pþ p collisions at center-of-mass energyffiffiffi
s

p ¼ 510 GeV. These mesons are measured in the dimuon
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decay channel. The J=ψ inclusive differential cross sec-
tions are obtained as a function of pT and y over a wide
range of pT . The J=ψ and ψð2SÞ results at ffiffiffi

s
p ¼ 510 GeV

are the first measurements at this rapidity. Comparisons to
similar PHENIX measurements performed at

ffiffiffi
s

p ¼
200 GeV [2] and Large Hadron Collider (LHC) measure-
ments at

ffiffiffi
s

p ¼ 2.76, 5.02, 7, 8, and 13 TeV [3–6] allow
studying the variations of hpTi, hp2

Ti, and dσ=dy as a
function of

ffiffiffi
s

p
. The results are also compared to next-to-

leading order (NLO) NRQCD calculations [8].
The paper is organized as follows: the PHENIX appa-

ratus is described in Sec. II, the data samples used for this
analysis and the analysis procedure are discussed in Sec. III,
while the results are presented and compared to measure-
ments at different

ffiffiffi
s

p
as well as to models in Sec. IV.

II. EXPERIMENTAL SETUP

A complete description of the PHENIX detector can be
found in Ref. [14]. Only the detector systems relevant to
this measurement are briefly described here.
The PHENIX muon spectrometers, see Fig. 1, cover the

full azimuth and the north (south) arm cover forward
(backward) rapidity, 1.2 < y < 2.2 ð−2.2 < y < −1.2Þ.
Each muon spectrometer comprises a hadronic absorber,
a magnet, a muon tracker (MuTr), and a muon identifier
(MuID). The absorbers comprise layers of copper, iron, and
stainless steel and have about 7.2 interaction lengths.
Following the absorber in each muon arm is the MuTr,
which comprises three stations of cathode strip chambers in
a radial magnetic field with an integrated bending power of
0.8 T · m. The MuID comprises five alternating steel
absorbers and Iarocci tubes. The composite momentum
resolution, δp=p, of particles in the analyzed momentum
range is about 5%, independent of momentum and domi-
nated bymultiple scattering. Muon candidates are identified

by reconstructed tracks in theMuTrmatched toMuID tracks
that penetrate through to the last MuID plane.
Since 2012, the PHENIX detector had a new forward

vertex detector (FVTX) [15], which comprises four planes
of silicon strip detectors, finely segmented in radius and
coarsely segmented in azimuth. For the subset of muon
candidate tracks passing several of these detector planes,
this additional information was used to improve mass
resolution by a factor of 1.5 for studying ψð2SÞ.
Another detector system relevant to this analysis is the

beam-beam counter (BBC), comprising two arrays of 64
Čerenkov counters, located on both sides of the interaction
point and covering the pseudorapidity range 3.1 < jηj <
3.9. The BBC system was used to measure the pþ p
collision vertex position along the beam axis (zvtx), with
2 cm resolution, and initial collision time. It was also used
to measure the beam luminosity and form a minimum bias
(MB) trigger.

III. DATA ANALYSIS

The results presented here are based on the data sample
collected by PHENIX during the 2013 pþ p run atffiffiffi
s

p ¼ 510 GeV. The BBC counters provided the MB
trigger, which required at least one hit in each of the
BBCs. Events, in coincidence with the MB trigger, con-
taining a muon pair within the acceptance of the spec-
trometer are selected by the level-1 dimuon trigger
(MuIDLL1-2D) requiring that at least two tracks penetrate
through the MuID to its last layer. The data sample, used in
this analysis, corresponds to 3.02 × 1012 MB events or to
an integrated luminosity of 94.4 pb−1.

A. Raw yield extraction

A set of quality cuts is applied to the data to select good
pþ p events and good muon candidates as well as to
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FIG. 1. A side view of the PHENIX detector, concentrating on the muon arm instrumentation.
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improve the signal-to-background ratio. Good pþ p
events are selected by requiring that the collision occurs
in the fiducial interaction region jzvtxj < 30 cm as mea-
sured by the BBC. Each reconstructed muon candidate
comprises a combination of reconstructed muon tracks in
the MuTr and in the MuID. The MuTr track is required to
have more than nine hits out of the maximum possible of
16, while the MuID track is required to have more than six
hits out of the maximum possible of 10. In addition, a cut
on individual MuTr track χ2 of 23 is applied. The MuTr
track χ2 is calculated from the difference between the
measured hit positions of the track and the subsequent fit
for each MuTr track. The MuTr tracks are then matched to
the MuID tracks at the first MuID layer by applying cuts on
maximum position and angle differences. Furthermore,

there is a minimum allowed single muon momentum along
the beam axis, pz, which is reconstructed and energy-loss
corrected at the collision vertex, of 3.0 GeV=c correspond-
ing to the momentum cut effectively imposed by the
absorbers. Finally, a cut on the χ2 of the fit of the two
muon tracks to the common vertex of the two candidate
tracks near the interaction point was applied.
The invariant mass distribution is formed by combining

muon candidate tracks of opposite charges (unlike-sign). In
addition to the charmonium signal, the resulting unlike-sign
dimuon spectrum includes correlated and uncorrelated
pairs. In the J=ψ and ψð2SÞ region, the correlated pairs
arise from correlated semimuonic decays of charmed
hadrons, beauty, and the Drell-Yan process as well as light
hadron decays. The uncorrelated pairs mainly come from
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FIG. 2. Raw unlike-sign dimuon spectra (closed [black] circles) along with normalized like-sign background (upward [red] triangles)
and normalized mixed-event background (inverted [blue] triangles) for (a) one pT bin and (b) one rapidity bin. Panels (c) and (d) show
the background-subtracted spectra fitted as described in the text for (c) one pT bin and (d) one rapidity bin.
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the decays of light hadrons (π�, K� and K0) which decay
before or after passing through the absorber and form the
combinatorial background.
The combinatorial background is estimated using two

methods: the first one derives the combinatorial back-
ground from the mass distribution of the same sign (like-
sign) pairs of muon candidates within the same event. The
second method derives the combinatorial background from
the mass distribution of the unlike-sign pairs of muon
candidates from different events (mixed-event) of z-vertex
position within 2 cm. The normalization of the mass
distribution of the combinatorial background from the
like-sign dimuon distributions (Nþþ and N−−) is calculated
as NCB ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NþþN−−

p
. The mixed-event like-sign dimuon

mass distribution is normalized to the same-event like-sign
combinatorial background distribution in the invariant mass
range 2.0–4.5 GeV=c2. This factor is then used to normal-
ize the mixed-event unlike-sign dimuon mass distribution.
Figure 2 shows the unlike-sign dimuon spectrum

together with the combinatorial background estimated by
both methods. Both background distributions from the
mixed-event and like-sign methods are consistent; however,
the mixed-event background is more statistically stable,
because we mix each event with the previous four events.
Therefore, the mixed-event background was used to sub-
tract the uncorrelated background from the unlike-sign
dimuon spectrum.
After subtracting the uncorrelated background, the

unlike-sign spectra including the correlated background
are fitted by the following function:

fðmμμÞ ¼ p0

�ð1 − p3Þffiffiffiffiffiffi
2π

p
p2

exp

�
−
1

2

ðmμμ − p1Þ2
p2
2

�

þ p3ffiffiffiffiffiffi
2π

p
p4

exp

�
−
1

2

ðmμμ − p1Þ2
p2
4

��

þ p5 expðp6 þ p7mμμÞ; ð1Þ

where p0 − p7 are free parameters and mμμ is the unlike-
sign dimuon mass. The J=ψ shape is better described with
two Gaussian distributions, corresponding to the first two
terms in Eq. (1), one for the J=ψ peak and a second one
with larger width to account for the wider tails, which
occurs due to limitations in MuTr resolution, as discussed
in Sec. II. The peak also includes contribution from ψð2SÞ,
which is not resolved. An exponential is used to describe
the continuum contributions from correlated backgrounds.
Panels (a) and (b) of Fig. 2 show the raw spectra for
selected pT and rapidity bins, and panels (c) and (d) show
the spectra after subtracting the combinatorial background
fitted with the function described above for those
selected bins.
To extract the ψð2SÞ signal, we improve the mass

resolution of the muon tracking systems by utilizing the
FVTX. The FVTX being located before the absorber allows

measuring the dimuon opening angle before any multiple
scattering occurs in the absorber [15]. Using this additional
tracking information gives a more precise measurement of
the dimuon opening angle and thereby a more precise
measurement of the pair mass, as well as rejecting back-
grounds from decay muons that emerge from the absorber.
However, these additional requirements on the dimuon
tracks that are necessary to separate the J=ψ and ψð2SÞ
peaks also reduce the statistics by a factor of 6 due to the
geometric acceptance of FVTX; therefore, we study the
dimuon mass spectra in each arm integrated over pT and
rapidity within each arm. The dimuon mass spectrum
extracted including the FVTX after subtracting the
mixed-event background is shown in Fig. 3.
Given the resolution enhancement, the sum of a

Gaussian and a crystal-ball function [16,17], rather than
a double Gaussian, was used for each of J=ψ and ψð2SÞ
peaks to fit the dimuon mass spectrum. The ψð2SÞ peak is
expected to be wider than the J=ψ peak, due to the fact that
the higher mass and harder pT spectrum of the ψð2SÞ state
will produce higher momentum decay muons which have
larger uncertainty in their reconstructed momentum in the
spectrometer due to a smaller bend in the magnetic field.
By selecting only poorly reconstructed tracks, we found a
J=ψ width of ≈200 MeV=c2; therefore, the width of the
second Gaussian in the fit to the entire sample of tracks is
set to 200 MeV=c2. The ratio of widths of the ψð2SÞ to
J=ψ is set to 1.15, following expectations of the perfor-
mance of the muon tracking system [18]. The difference
between the centroids of the ψð2SÞ and J=ψ peaks is set to
the Particle Data Group value of 589 MeV=c2 [19]. The
relative normalization of the second Gaussian is fixed to be
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FIG. 3. Raw unlike-sign dimuon spectrum summed over pT
and the whole backward rapidity range, −2.2 < y < −1.2.
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the same for both resonances, as are the parameters for the
crystal-ball line shape.

B. Detector acceptance and reconstruction efficiency

The acceptance and reconstruction efficiency (Aεrec) of
the muon spectrometers, including the MuID trigger
efficiency, is determined by running a PYTHIA

1 [20]
generated J=ψ signal through a GEANT4-based full detector
simulation [21] of PHENIX. The simulation tuned the
detector response to a set of characteristics (dead and hot
channel maps, gains, noise, etc.) that described the perfor-
mance of each detector subsystem. The simulated vertex
distribution was tuned to match that of the 2013 data. The
simulated events are reconstructed in the same manner as
the data and the same cuts are applied as in the real data
analysis.
Figure 4 shows Aεrec as a function of pT and rapidity for

J=ψ . The relative difference in Aεrec between the two
spectrometers is due to different detection efficiencies of
the MuTr and MuID systems and different amount of
absorber material.
In the case of ψð2SÞ, we are interested in the ratio of its

differential cross section to that of J=ψ ; therefore, we
extract the ratio of Aεrec for ψð2SÞ and J=ψ with addition of
the FVTX information in analyzing the simulation to match
that of the data analysis. A factor of 0.77 (0.69) is applied to

the ψð2SÞ=J=ψ ratio extracted from the fit to the invariant
mass spectrum to account for differences in acceptance,
efficiency, and dimuon trigger efficiencies in the north
(south) arm of the muon spectrometer.

C. Differential cross section

The differential cross section is evaluated according to
the following relation:

d2σψ
dydpT

¼ 1

ΔyΔpT

Nψ

AεrecBR
σBBC

εBBCNBBC
MB

; ð2Þ

where Nψ is the extracted J=ψ or ψð2SÞ yield in y and pT
bins with Δy and ΔpT widths, respectively. BR is the
branching ratio where BRJ=ψ→μþμ− ¼ ð5.93� 0.06Þ ×
10−2 and BRψð2SÞ→μþμ− ¼ ð7.9� 0.9Þ × 10−3 [19]. Aεrec is
the product of the acceptance and reconstruction efficiency.
NBBC

MB ¼ 3.02 × 1012 is the number of MB events, and
εBBC ¼ 0.91� 0.04 is the efficiency of the MB trigger for
events containing a hard scattering [22]. σBBC is the PHENIX
BBCcross section,32.5� 3.2 mbat

ffiffiffi
s

p ¼ 510 GeV,which
is determined from the van der Meer scan technique [23].

D. Systematic uncertainties

All systematic uncertainties are evaluated as standard
deviations and are summarized in Tables I and II. They are
divided into three categories based upon the effect each
source has on the measured results:

Type-A.—Point-to-point uncorrelated uncertainties al-
low the data points to move independently with
respect to one another and are added in quadrature
with statistical uncertainties; however, no systematic
uncertainties of this type are associated with this
measurement.

Type-B.—Point-to-point correlated uncertainties which
allow the data points to move coherently within the
quoted range to some degree. These systematic un-
certainties include a 4% uncertainty from MuID tube
efficiency and an 8.2% (2.8%) from MuTr overall
efficiency for the north (south) arm. A 3.9% signal
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FIG. 4. Aεrec as a function of pT for 1.2 < y < 2.2 (closed [red]
circles) and −2.2 < y < −1.2 (open [blue] circles).

TABLE I. Systematic uncertainties associated with J=ψ differ-
ential cross section calculation in the north (south) arm.

Type Origin North (south)

B MuID hit efficiency 4.0% (4.0%)
B MuTr hit efficiency 8.2% (2.8%)
B Signal extraction 3.9% (3.9%)
B ψð2SÞ contribution 3.0% (3.0%)
B Aεrec pT and y input distributions 4.4% (5.0%)
B Aεrec ϕ distribution 11.2% (8.8%)
B Aεrec trigger emulator 1.5% (2.0%)
B Quadratic sum 16.0% (12.4)%
C MB trigger efficiency 10%

1We used PYTHIA 6.421, with parton distribution func-
tions given by CTEQ6LL. The following parameters were
modified: MSEL ¼ 0, MSUBð86Þ ¼ 1, PARPð91Þ ¼ 2.1,
MSTPð51Þ ¼ 10041, MDMEð858;1Þ ¼ 0, MDMEð859;1Þ ¼ 1,
MDMEð860; 1Þ ¼ 0, and Tune A.
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extraction uncertainty is assigned to account for the
yield variations when using different functions, i.e.,
second, third, and fourth order polynomials, to fit the
correlated background and ≈3% uncertainty is as-
signed to account for the ψð2SÞ contribution. The
systematic uncertainty associated with Aεrec includes
the uncertainty on the input pT and rapidity distribu-
tions which are extracted by varying these distribu-
tions over the range of the statistical uncertainty of the
data, yielding 4.4% (5.0%) for the north (south) arm.
Additional 11.2% (8.8%) systematic effect for the
north (south) arm was also considered to account for
the azimuthal angle distribution difference between
data and simulation. To be consistent with the real data
analysis, a trigger emulator was used to match the
level-1 dimuon trigger for the data. The efficiency of
the trigger emulator was studied by applying it to the
data and comparing the resulting mass spectrum to the
mass spectrum when applying the level-1 dimuon
trigger which resulted in a 1.5% (2%) uncertainty for
the north (south) arm. Type-B systematic uncertainties
are added in quadrature and amount to 16.0% (12.4%)
for the north (south) arm. They are shown as shaded
bands on the associated data points.

Type-C.—An overall normalization uncertainty of 10%
was assigned for the BBC cross section and efficiency
uncertainties [24] that allow the data points to move
together by a common multiplicative factor.

In the measurement of the ψð2SÞ to J=ψ ratio, most
of the mentioned systematic uncertainties cancel out.
However, the fit that was used to extract the yields is
more complex and additional systematic uncertainties arose
from the constraints applied during the fitting process.
A systematic uncertainty from constraining the normali-

zation factor is determined by varying the mass range over
which the factor is calculated and a 3%systematic uncertainty
is assigned for both arms. Systematic uncertainty of 3% (7%)
was assigned to the north (south) arm on the fit range by
varying the range around the nominal values, 2–5 GeV=c2.
The effect of constraining the second Gaussian peak width to
200 MeV=c2 was studied by varying the width between 175
and 225 MeV=c2, resulting in a systematic uncertainty of
12% (10%) in the north (south) arm.
The systematic uncertainty component on Aεrec that

survived the ratio amounts to 2.7% (4.1%) in the north

(south) arm. The systematic uncertainties associated with
the ratio measurement are summarized in Table II.

IV. RESULTS

The inclusive J=ψ differential cross section as a function
of pT is calculated independently for each muon arm, then
the results are combined using the best-linear-unbiased-
estimate method [25]. Results obtained using the two muon
spectrometers are consistent within statistical uncertainties.
The combined inclusive J=ψ differential cross section is
shown in Fig. 5 and listed in Table III. The gray shaded
bands represent the weighted average of the quadratic sum
of type-B systematic uncertainties of the north and south
arms, ≈10.1%. The average is weighted based on the
statistical uncertainties of each arm.
The data points are corrected to account for the finite

width of the analyzed pT bins [26]. We compare the data to
inclusive J=ψ data at 200 GeV [2] which show similar pT
dependence. At low pT, the data are compared to prompt
J=ψ leading-order (LO) NRQCD calculations [8,13]
coupled to a Color Glass Condensate (CGC) description
of the low-x gluons in the proton [9]. For the rest of pT
range, the data are compared to prompt J=ψ NLO NRQCD
calculations [8,13]. The LO-NRQCDþ CGC calculations
overestimate the data at low pT. The NLO-NRQCD
calculations underestimate the data at high pT , while to
some extent, are consistent with the data at intermediate pT ,
3–5 GeV=c. It is important to stress that the nonprompt
J=ψ contribution (from excited charmonium states and

TABLE II. Systematic uncertainties associated with the differ-
ential cross section ratio of ψð2SÞ to J=ψ in the north (south) arm.

Type Origin North (south)

B σð2sÞ=σð1sÞ constraint 3% (3%)
B Background fit mass range 3% (7%)
B Second Gaussian width constraint 12% (10%)
B Aεrec 2.7% (4.1%)
B Quadratic sum 13% (13%)

 (GeV/c)
T

p

0 2 4 6 8 10

]2
 [

nb
/(

G
eV

/c
)

T
/d

yd
p

σ2
 B

R
 d

-1 )
T

 pπ
(2

4−10

3−10

2−10

1−10

1

10

PHENIX
μμ→ψJ/

1.2< y <2.2
 10% Global Uncertainty±

LO-NRQCD+CGC
 = 510 GeVs

NLO-NRQCD
 = 510 GeVs

 = 510 GeVsp+p
 = 200 GeVsp+p
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representing the quadratic sum of type-B systematic uncertain-
ties. NRQCD calculations at 510 GeV [8] are also shown.
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from B-meson decays) is not included in these calculations.
This is expected to be a significant contribution at high pT ;
therefore, the addition of the nonprompt J=ψ contribution
could account for the difference between the data and
calculations [27–29]. The pT coverage down to zero pT
allows the extraction of the pT-integrated cross section, BR
dσJ=ψpp =dyð1.2 < jyj < 2.2; 0 < pT < 10 GeV=cÞ ¼ 54.3�
0.5ðstatÞ � 5.5ðsystÞ nb.
Inclusive J=ψ differential cross section as a function of

rapidity is listed in Table IVand shown in Fig. 6, which also
includes PHENIX inclusive J=ψ data at 200 GeV [2] and
NLO-NRQCD calculations [8]. The 510 GeV data show a
similar rapidity dependence pattern to that of the 200 GeV
data. NLO-NRQCD calculations overestimate the data, and
this is consistent with what was observed in the case of pT-
dependent differential cross section (see Fig. 5) because the
y-dependent differential cross section is dominated by the
low-pT region where NRQCD calculation overestimates
the data.
To quantify the feed-down contribution of excited

charmonium states, the ratio of the cross section of
ψð2sÞ to J=ψ , multiplied by their respective branching
ratio to dimuons, is measured (R ¼ 2.84� 0.45%) and
shown in Fig. 7. This ratio is compared with other
pþ p and pþ A systems at different collision energies
[17,30–38]. The results are consistent with world data
within uncertainties with no significant dependence on
collision energy.

To better understand the shape of the pT spectrum for
J=ψ at forward rapidity and quantify its hardening atffiffiffi
s

p ¼ 510 GeV, we calculate the corresponding mean
transverse momentum hpTi and mean transverse momen-
tum squared hp2

Ti. This is done by fitting the inclusive
J=ψ pT-dependent differential cross sections with the
following function [2,6]:

TABLE III. Differential cross sections in nb=ðGeV=cÞ2 and pT
in (GeV=c) of inclusive J=ψ with statistical and type-B system-
atic uncertainties.

pmin
T pmax

T
BR
2πpT

d2σ
dydpT

0.00 0.25 ð5.04� 0.23� 0.51Þ × 100

0.25 0.50 ð4.85� 0.17� 0.49Þ × 100

0.50 0.75 ð4.42� 0.15� 0.45Þ × 100

0.75 1.00 ð3.73� 0.13� 0.38Þ × 100

1.00 1.25 ð3.16� 0.11� 0.32Þ × 100

1.25 1.50 ð2.47� 0.08� 0.25Þ × 100

1.50 1.75 ð2.00� 0.07� 0.20Þ × 100

1.75 2.00 ð1.52� 0.05� 0.15Þ × 100

2.00 2.25 ð1.18� 0.04� 0.12Þ × 100

2.25 2.50 ð8.45� 0.30� 0.85Þ × 10−1

2.50 2.75 ð6.44� 0.23� 0.65Þ × 10−1

2.75 3.00 ð4.90� 0.18� 0.50Þ × 10−1

3.00 3.25 ð3.69� 0.14� 0.37Þ × 10−1

3.25 3.50 ð2.74� 0.10� 0.28Þ × 10−1

3.50 3.75 ð1.99� 0.08� 0.20Þ × 10−1

3.75 4.00 ð1.44� 0.06� 0.15Þ × 10−1

4.00 4.50 ð9.53� 0.36� 0.96Þ × 10−2

4.50 5.00 ð5.16� 0.21� 0.52Þ × 10−2

5.00 6.00 ð2.31� 0.09� 0.23Þ × 10−2

6.00 7.00 ð7.17� 0.34� 0.72Þ × 10−3

7.00 8.00 ð2.05� 0.15� 0.21Þ × 10−3

8.00 10.00 ð5.18� 0.44� 0.52Þ × 10−4
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FIG. 6. The inclusive J=ψ differential cross section integrated
over 0 < pT < 10 GeV=c as a function of rapidity at 510 GeV
(closed [red] circles) and at 200 GeV (open [blue] squares). The
error bars represent the statistical uncertainties, and the gray
shaded band represents the quadratic sum of type-B systematic
uncertainties. NLO-NRQCD calculations [8] are also shown.

TABLE IV. Differential cross sections in nb versus rapidity of
inclusive J=ψ over 0 < pT < 10 (GeV=c) with statistical and
type-B systematic uncertainties.

ymin ymax BR dσ
dy (nb)

−2.20 −2.00 27.6� 1.3� 4.4
−2.00 −1.90 37.7� 1.8� 6.0
−1.90 −1.80 47.0� 2.1� 7.5
−1.80 −1.70 57.6� 2.6� 9.2
−1.70 −1.60 65.2� 2.9� 10.4
−1.60 −1.50 71.5� 3.2� 11.4
−1.50 −1.20 75.9� 3.4� 12.1
1.20 1.50 72.0� 3.4� 11.5
1.50 1.60 69.1� 3.2� 11.0
1.60 1.70 65.5� 3.0� 10.4
1.70 1.80 52.3� 2.4� 8.3
1.80 1.90 46.7� 2.2� 7.5
1.90 2.00 38.4� 1.9� 6.1
2.00 2.20 27.8� 1.4� 4.4
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fðpTÞ ¼ A
pT

ð1þ ðpT
B Þ2Þn

; ð3Þ

where A, B, and n are free parameters and their values
from the fit are 54.6� 0.5, 10.4� 0.4, and 0.45� 0.06,
respectively, and hpTi and hp2

Ti are the first and second
moments of Eq. (3) in a given pT range. This fit results in
a hpTi ¼ 1.90� 0.02� 0.30 GeV=c and hp2

Ti ¼ 5.00�
0.06� 0.51 ðGeV=cÞ2. The first error is statistical, and the
second is the systematic uncertainty from the maximum
shape deviation permitted by the type-B correlated errors.
Figure 8 shows hpTi as a function of

ffiffiffi
s

p
from this

measurement compared with results from 200 GeV
PHENIX data at the same rapidity range [2] and results
from ALICE at different

ffiffiffi
s

p
values and in the rapidity

range, 2.5 < y < 4.0 [39]. This result follows the increas-
ing pattern observed between PHENIX results at 200 GeV
and ALICE results at 2.76–13 TeV.
Figure 9 shows hp2

Ti as a function of
ffiffiffi
s

p
from this

measurement compared with several other measurements
[1,2,6,39–42]. Similar to hpTi, hp2

Ti from this measurement
follows the increasing pattern versus

ffiffiffi
s

p
established by

several sets of data over a wide range of energies. Belowffiffiffi
s

p
of 2 TeV, the trend is qualitatively consistent with a

linear fit of hp2
Ti versus the log of the center-of-mass energy

from Ref. [2]. However, above
ffiffiffi
s

p
of 2 TeV, the ALICE

data indicate hp2
Ti grows at an increased rate which is

interpreted by authors of Ref. [6] as due to the fact that
ALICE data sets have different pT ranges. The bottom
cross section also increases with increasing

ffiffiffi
s

p
, changing

the relative prompt and B-meson decay contributions to the
inclusive J=ψ samples discussed here [27,43]. This may
also contribute to the observed differences in the mea-
sured hp2

Ti.
The dσJ=ψpp =dy measurement at

ffiffiffi
s

p ¼ 510 GeV offers an
opportunity to test the center-of-mass energy dependence
of the pT-integrated cross section. Moreover, it bridges the
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gap between RHIC data at 200 GeV and ALICE data
starting at 2.76 TeV [3–6]. However, ALICE data are
collected at mid ðjyj < 0.9Þ and forward ð2.5 < y < 4.0Þ
rapidities and to have a proper comparison we interpolate
the ALICE data to the PHENIX forward rapidity range,
1.2 < y < 2.2. This is done by fitting the PYTHIA generated
dσ=dy distribution at each energy to the data at the same
energy with only the normalization as a free parameter. An
example is shown in Fig. 10. We used several PYTHIA [45]
tunes including PHENIX default, tune-A, modified tune-A,
and ATLAS-CSC [46]. After fitting each of these PYTHIA

tunes to the data, we extracted dσ=dy at 1.2 < y < 2.2,
from these fits. The rms value of the extracted dσ=dy from

the different fits is used in the comparison to RHIC data.
The error on the rms value is the rms of the errors
associated with the fit results.
Figure 11 shows the results from this measurement,

200 GeV PHENIX data (closed [blue] squares), ALICE
data (open [green] circles), and interpolated ALICE data
(closed [red] circles) at several energies. Figure 11 shows
that the data are well described by a power law,
dσJ=ψpp =dy ∝ ð ffiffiffi

s
p Þb, where the exponent is b ¼ 0.72� 0.03.

V. SUMMARY

We studied inclusive J=ψ production in pþ p collisions
at

ffiffiffi
s

p ¼ 510 GeV for 1.2 < jyj < 2.2 and 0 < pT < 10
GeV=c through the dimuon decay channel. We measured
inclusive J=ψ differential cross sections as a function of pT
as well as a function of rapidity. The pT-integrated differ-
ential cross section multiplied by J=ψ branching ratio to
dimuons is BR dσJ=ψpp =dy ð1.2 < jyj < 2.2; 0 < pT <
10 GeV=cÞ ¼ 54.3� 0.5ðstatÞ � 5.5ðsystÞ nb. With these
data measured over a wide pT range, we calculated hpTi,
hp2

Ti, and dσ=dy. The results were compared to similar
quantities at different energies from RHIC and LHC to
study their

ffiffiffi
s

p
dependence. These new measurements

could put stringent constraints on J=ψ production models.
The inclusive J=ψ differential cross sections were

compared to prompt J=ψ calculations. These calcula-
tions included LO-NRQCDþ CGC at low pT and NLO-
NRQCD for the rest of pT range. These model calculations
overestimated the data at low pT and underestimated the
data at high pT . The nonprompt J=ψ contribution was not
included which could account for the underestimation at
high pT where the nonprompt processes are significant.
In addition, we measured the ratio of the cross section of

ψð2sÞ to J=ψ , multiplied by their respective branching ratio
to dimuons, R ¼ 2.84� 0.45%. The result is consistent
with world data within uncertainties with no dependence on
collision energy.
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