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Jets are collimated clusters of particles formed by the hadronization of partons following a hard
interaction. In proton-proton (pp) collisions at the Relativistic Heavy Ion Collider (RHIC), jet production is
dominated by gg and qg partonic processes, allowing us to directly probe the gluon parton distribution
function (PDF) in the proton in a way complementary to deep inelastic scattering. In this paper, we report
the double-differential inclusive jet cross sections as a function of jet transverse momentum, pT, and
pseudorapidity, η, at center-of-mass energies

ffiffiffi
s

p ¼ 200 and 510 GeV, from pp collisions studied with the
STAR detector. The jet pT is corrected for underlying event contributions by applying an off-axis
cone method. At mid-pseudorapidity, jηj < 0.9, the kinematic coverage of our data extends to
0.07 < xTð¼ 2pT=

ffiffiffi
s

p Þ < 0.5 and 0.03 < xT < 0.31 at
ffiffiffi
s

p ¼ 200 and 510 GeV, respectively, where
the gluon PDF is poorly constrained by the TeV-scale pp (pp̄) colliders. The inclusive jet cross sections are
compared to the next-to-next-to-leading-order perturbative quantum chromodynamics calculations using
several recent PDF sets as inputs. These results will further constrain the gluon PDF, help tune Monte Carlo
generators, and provide critical reference data needed to study the quark-gluon plasma.

DOI: 10.1103/2fyx-y5hr

I. INTRODUCTION

The structure of the proton has been studied extensively
over the past several decades. Deep inelastic scattering
(DIS) data have revealed that the ordinary proton is a rich
and complex bound state, nominally composed of two up
quarks and one down quark held together by gluons, the
carriers of the strong force, and the source of the sea of
multiflavored quark-antiquark pairs that fluctuate on very
short timescales [1,2]. Based on the theory of quantum
chromodynamics (QCD), partons are distributed according
to the parton distribution function (PDF), fiðx;Q2Þ, para-
metrized by the fraction, x, of the hadron’s longitudinal
momentum carried by the parton being probed at the scale
Q2. The factorization framework allows us to connect
perturbative partonic scattering amplitudes and nonpertur-
bative PDFs to the observed scattering cross sections from
particle colliders [3].

The hard 2 → 2 scattering with two incoming partons,
each coming from one of the colliding protons, is an
effective channel to probe the proton structure in proton-
proton (pp) collisions [4]. The scattered partons from the
hard interaction fragment then hadronize into collimated
clusters of particles, known as jets [5]. At the center-of-
mass energies provided by the Relativistic Heavy Ion
Collider (RHIC),

ffiffiffi
s

p ¼ 200 and 510 GeV, the produced
jets are sensitive to gluons inside the protons [6] and
therefore provide direct access to the gluon distribution in a
manner complementary to DIS experiments. Compared to
previous inclusive jet cross section measurements at the
TeV scale from the Tevatron [7–11] and the Large Hadron
Collider (LHC) [12–19], measurements at RHIC energies
are particularly sensitive to gluons with x≳ 0.1. The
momentum fraction, x, is proportional to a dimensionless
variable, jet xT ¼ 2pT=

ffiffiffi
s

p
, for mid-rapidity jets, η ∼ 0,

where pT is the jet transverse momentum. The STAR
Collaboration has reported the inclusive jet cross section
in the jet pseudorapidity range 0.2 < η < 0.8 at

ffiffiffi
s

p ¼
200 GeV from pp collisions [20]. The PHENIX
Collaboration published their inclusive jet cross section
measurement with jηj < 0.15 at

ffiffiffi
s

p ¼ 200 GeV [21].
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Nearly five decades ago, Feynman, Field, and Fox
proposed the following differential invariant cross section
for meson production in hadron-hadron collisions fðp⃗Þ ¼
p4
TE

d3σ
d3p [22]. Integrating over the solid angle produces the

expression fðxTÞ ¼ 1
2π p

3
T

d2σ
dpTdη

. The invariant cross sections
are expressed as a function of jet xT, so that they can be
compared at different

ffiffiffi
s

p
[7,9,12]. The ratios of invariant

cross sections at different
ffiffiffi
s

p
provide tests of the factori-

zation and normalization scale dependence of the pertur-
bative QCD theory.
The underlying event (UE) associated with the parton hard

scattering is composed of beam remnants and multiple
parton interactions. The magnitude of the UE contributions
at RHIC is different from that seen at TeV-scale hadron
colliders [23]. For the Tevatron and LHC measurements, the
UE contributions to the inclusive jet cross section are often
included, together with the hadronization correction, as a
part of a nonperturbative correction estimated using
Monte Carlo (MC) event generator models. In our analysis,
we employ a data-driven UE correction method and estimate
the hadronization correction with the MC-based approach.

PYTHIA [24,25], a modern event generator, uses a fixed-
order matrix element from perturbative QCD calculations
and parton-shower and hadronization models to simulate
the hard scattering process in pp collisions. It also
incorporates sophisticated underlying event models.
PYTHIA tunes take the measured inclusive jet cross sections
at a wide range of

ffiffiffi
s

p
from experiments as the inputs to

tune the parameters of their models. Several recent PYTHIA
tunes used TeV-scale data as their reference. The behaviors
at

ffiffiffi
s

p ¼ 200 and 510 GeVare often extrapolated. A custom
UE tune that uses the RHIC data as the baseline, the Detroit
tune, is published [26]. The inclusive jet cross sections at
these energies will provide further constraints to those UE-
related parameters and other

ffiffiffi
s

p
-dependent parameters.

In this paper, we report the inclusive jet differential cross
section as a function of jet transverse momentum, pT, and
pseudorapidity, η, at two center-of-mass energies,

ffiffiffi
s

p ¼
200 and 510 GeV, measured by the STAR detector. The
invariant jet cross sections, and their ratios, are presented at
both energies as well. This is the first inclusive jet cross
section measurement at

ffiffiffi
s

p ¼ 510 GeV from STAR. A
recently developed off-axis cone method to correct for the
underlying event contribution to the measured jet pT is
applied [27].
The paper is organized as follows: Section II will discuss

the experimental apparatus, the sampled luminosity deter-
mination, jet reconstruction, and the technique used to
correct for the underlying event. Section III focuses on the
unfolding process used to correct triggered inclusive jet
samples back to unbiased inclusive jet spectra by relying on
simulations. Section IV describes the contributions to the
systematic uncertainty on the inclusive jet cross section
measurement. Section V discusses our suggested approach

for correcting nonperturbative hadronization effects.
Section VI presents data comparisons with model predic-
tions, and conclusions are given in Sec. VII.

II. EXPERIMENT AND DATA

A. The STAR detector at RHIC

The results presented in this paper were obtained from
data taken with the STAR detector at RHIC [28–30] in
2012. RHIC is capable of colliding protons with center-of-
mass energies between 62 and 510 GeV and is the only
machine in the world capable of colliding polarized
protons. RHIC consists of two rings. The rings circulate
proton bunches in opposite directions. The bunch crossing
frequency is approximately 9.38 MHz.
STAR is a suite of detectors, which includes a tracking

system and electromagnetic calorimetry, located at the six-
o’clock position of the RHIC ring. Charged particle
tracking is provided by the Time Projection Chamber
(TPC), which provides full azimuthal coverage and rea-
sonable acceptance for tracks with jηj of up to ∼1.3 [31].
The electromagnetic calorimeter system consists of a barrel
calorimeter (BEMC) covering −1 < η < 1 and an end-cap
calorimeter (EEMC) covering 1 < η < 2 [32,33]. Zero-
degree calorimeters (ZDC) are located 18 m away from the
collision interaction point (IP) at jηj > 6.6. They detect
photons and neutrons resulting from the collisions and
serve as a beam luminosity monitor [34].

B. Luminosity measurement

A Van der Meer scan is a widely used method to
determine the collision luminosity, which depends on the
spatial distribution of protons in the colliding beams [35].
The luminosities based on this method have been used at
STAR to measure, for example, the total and elastic pp
cross sections at both

ffiffiffi
s

p ¼ 200 and 510 GeV [36,37], as
well as W� and Z0 cross sections from pp collisions atffiffiffi
s

p ¼ 510 GeV [38,39]. The method measures the changes
in collision rate as a function of beam displacement along
the horizontal or vertical direction in the plane
perpendicular to the beam axis. These dedicated scans
were taken for each specific

ffiffiffi
s

p
. An effective cross section

was calculated using a counting detector and applied to
scale the measured collision rates during data-taking to
obtain the sampled luminosity.
Two ZDCs, one on each side of STAR, were used as

monitoring detectors. The ZDC coincidence rate, which
required coincident hits above threshold values in both
ZDCs, was chosen as the luminosity monitoring rate. It was
corrected for accidental and multiple collisions [40]. The
correction to the luminosity measurement due to varying
transverse beam size along the beam moving direction, also
known as the hourglass effect [41], was 1%–2%. It was
suppressed due to the fact that the beta function at the IP,
β� ≈ 1 m, was comparable to the bunch length, ∼60 cm.

B. E. ABOONA et al. PHYS. REV. D 114, 072003 (2026)

072003-4



The dominant systematic uncertainty in the luminosity,
of roughly 3%, was due to the beam position measure-
ments. Other contributing sources included fluctuations in
the number of protons in a bunch and the small but nonzero
crossing angles of the colliding bunches. The total sys-
tematic uncertainties were found to be 5.6% and 5.2% forffiffiffi
s

p ¼ 200 and 510 GeV, respectively.
The dead time for the STAR trigger system, normally

between 5% and 10%, was factored into the sampled
luminosity calculation. After data quality assurance checks,
the integrated luminosities of the analyzed data were 17 and
42 pb−1 at

ffiffiffi
s

p ¼ 200 and 510 GeV, respectively.

C. Triggered events

Signals from both the BEMC and EEMC are fed into the
STAR trigger system to select events of interest for this
analysis. In the trigger logic, the BEMC and EEMC are
divided into six adjacent sections in φ, and five overlapping
sections in η: η∈ ½−1; 0�, ½−0.6; 0.4�, [0, 1], [0.4, 1.4], and
[1, 2]. Each of these fixed 1 × π=3 regions in η-φ space is
called a jet patch (JP). A JP event is triggered by requiring
the sum of the analog-to-digital converters (ADCs) from a
JP to be above a certain threshold. During the 200 GeV run,
three thresholds corresponding to transverse energies of
3.5, 5.4, and 7.3 GeV were used for the JP0, JP1 and JP2
triggers. In the 510 GeV run, these threshold energies were
raised to 5.4, 7.3, and 14.4 GeV, respectively. The rates of
accepted JP0- and JP1-triggered events are controlled by
applying prescale factors during data collection in order to
remain within the bandwidth of the STAR data-acquisition
system and to balance the number of events across the jet-
patch-triggered samples.

D. Jet reconstruction

Jets were reconstructed from TPC tracks and BEMC and
EEMC tower energy deposits, which were passed to the
anti-kT jet-finding algorithm implemented in FastJet
[42,43]. For the

ffiffiffi
s

p ¼ 510 GeV dataset, the jet-resolution
parameter, R, was optimized at a value of 0.5 to reduce
susceptibility to the soft diffuse background and pileup
events, which increase at larger center-of-mass energies
[27]. To facilitate comparisons, the R parameter at

ffiffiffi
s

p ¼
200 GeV was kept consistent between the two datasets.
The TPC only provided information on charged-particle
momenta, so the pion mass was assumed for all tracks for
the purpose of constructing the 4-momenta that were
passed to the jet finder. Similarly, the BEMC and
EEMC towers measured only deposited energy, and the
resultant 4-momenta were reconstructed assuming massless
particles with trajectories originating at the collision vertex.
The selected TPC tracks were required to have at least 12

hit points out of a possible 45 to provide good momentum
resolution. To remove split tracks, the number of hit points
was also required to be greater than 51% of the maximum

possible number of hit points when the track geometry and
active electronic channels were considered. In addition, the
tracks were required to have transverse momenta pT >
0.2 GeV=c and be associated with the selected collision
vertex for the event within a pT-dependent distance of
closest approach (DCA). The DCAwas required to be less
than 2 cm for pT < 0.5 GeV=c and less than 1 cm for
pT > 1.5 GeV=c; the DCA requirement was linearly inter-
polated in the region between these two limits. The BEMC
and EEMC tower hits were required to have an ADC signal
well above the pedestal and the calibrated transverse energy
ET ≡ E sin θ > 0.2 GeV, where θ is the polar angle of a
tower in the STAR lab frame.
If a track could be projected onto a BEMC/EEMC tower,

the track transverse energy pT · c was subtracted from the
matched tower ET. If the difference was negative, the
contribution from that tower was discarded. This pro-
cedure, referred to as “pT subtraction,” suppressed dou-
ble-counting by EMC towers from fully reconstructed TPC
tracks. Hadrons could leave energy in a cluster of towers, in
which case the pT subtraction resulted in a systematic
undersubtraction. In the rare case (about 1% of charged
hadrons) where a photon struck the same tower as a
charged hadron, an oversubtraction happened. Overall,
the pT subtraction improved the resolution of the recon-
structed jet energy by suppressing the contribution of the
charged-hadron energy deposition in the electromagnetic
calorimeters.
A pileup-proof vertex finder [44] was used to reconstruct

collision vertices. In this analysis, an event was discarded if
no good vertex was found. The selected vertex was the one
least susceptible to pileup events for events that passed. By
requiring all TPC tracks to be associated with the best
vertex and to satisfy the DCA cut, we removed most of the
backgrounds, such as pileup, beam-gas, and charged
cosmic rays. Furthermore, the jets analyzed were required
to contain at least one track. This left the underlying event
background as the major background we focused on.

E. Underlying event correction

Although the UE contribution is expected to be uni-
formly distributed in η-φ space, the STAR detector has a
reasonably uniform acceptance in azimuth, but not in
pseudorapidity. An η-dependent UE correction, called
the “off-axis cone” method [45,46], was introduced to
fix the nonuniformity in η of the STAR detector. This
technique was first applied in the inclusive jet and dijet
longitudinal double-spin asymmetry analysis at STAR [27].
For a given jet, the procedure was to look at the particles
measured in the two off-axis cones centered at �90° away
in φ and at the same jet η. The averaged transverse
momentum density was calculated for both cones, ρcone i,
along with the jet area, Ajet, to define a shift,
δpT ¼ Ajetðρcone 1 þ ρcone 2Þ=2, that was subtracted from
the raw reconstructed jet pT. The Ajet was calculated by
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the FastJet package [43] using their default ghost particle
method.
The underlying event correction was at the level of

1 GeV=c and mostly flat across the measured jet pT ranges.
The energy density extracted from the off-axis cone
analysis was anisotropic. Both the data and embedding
samples demonstrated an average 5% increase of the
density on the side of the off-axis cone away from the
jet compared to the side near the jet. Additionally, a roughly
15% difference was found in the underlying event
pT-correction between data and simulation. This differ-
ence was much smaller than the systematic uncertainties
due to the detector effects and the unfolding discussed
below in Sec. IV. Therefore the uncertainty due to
underlying event correction on the jet cross section was
negligible.

F. Counting jets

An event that passed a higher JP threshold had auto-
matically satisfied the condition for a lower threshold, and
therefore, depending on the prescale values, as mentioned
in Sec. II C, an event could be identified as firing more than
one JP trigger. To avoid statistical correlations among the
overlapping triggered samples, an exclusive jet-triggered
sample was formed by first assigning each event to only
one trigger group based on the highest applicable threshold
and then combining all the trigger groups.
Jets reconstructed from the JP-triggered events were

“geometrically matched” by requiring them to point to a jet
patch with a sum of ADC signals above the corresponding
trigger threshold. Jets were binned based on their UE-
subtracted transverse momenta. The intervals of selected jet
pT values were [6.9, 25], [8, 52], and ½9.5; 52� GeV=c ([8,
33.6], [10, 39.3], and ½21; 80� GeV=c) for JP0, JP1 and JP2
triggered events for the

ffiffiffi
s

p ¼ 200 GeV (
ffiffiffi
s

p ¼ 510 GeV)
sample. The two pseudorapidity ranges were jηj < 0.5 and
0.5 < jηj < 0.9 for all triggers.

III. SIMULATION

Computer simulation is an essential component of this
analysis, used for both correcting the raw data to account
for detector effects and evaluating systematic uncertainties.
The Monte Carlo event generator also provides a means to
study the hadronization correction needed to relate the
experimentally determined particle-level cross section to a
fixed-order pQCD calculation.

A. Embedding process

The simulation sample was generated using a process
called embedding, where detector signals recorded for
zero-bias events were embedded into a full detector
simulation of events produced by PYTHIA. Zero-bias events
were collected without any trigger requirement on one out
of a fixed number of bunch crossings during experimental

data taking. Events were simulated using PYTHIA version
6.4.28 [24] and the Perugia 2012 [47] tune with the
PARP(90) value lowered from the default value of 0.24
to 0.213. This setting has been shown to match STAR’s
previously published identified hadron invariant yields
from pp collisions at

ffiffiffi
s

p ¼ 200 GeV [48,49] well.
Detector responses were simulated via a model of the
STAR detector based on Geant3 [50].

B. Unfolding

The unfolding process included three elements: match-
ing ratios, the unfolding matrix, and efficiencies. Matching
ratios, sometimes referred to as background ratios,
accounted for the fraction of detected jets not associated
with particle jets. The detector jets are those reconstructed
from TPC tracks and EMC towers. The particle jets are
those clustered from the final-state generated particles in
MC events without detector-response simulation. These
ratios were estimated from simulation by requiring a
matching criterion between detector jets and particle jets.
The distance in η-φ space between a detector jet and
particle jet was defined as ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δη2 þ Δφ2

p
. A match

was found when the minimum distance, ΔRmin < R, where
R was the jet-resolution parameter used in the jet-finding
process. The matching ratios were close to 1, except at the
edges of the fiducial acceptance, where the values dipped
to ∼70%.
The unfolding matrix, A, with rows representing detector

jets and columns representing particle jets in two-dimen-
sional kinematic bins, pT and η, were reconstructed from
matched detector- and particle-jet pairs. The columns of A
were normalized by the number of matched pairs, so that
Ai;j represented the probability of a particle jet in the jth bin
being detected in the ith detector-jet bin. The particle-jet
spectrum, x, was calculated directly by inverting A and
multiplying by the detector-jet spectrum b: x ¼ A−1b. A
can be visualized in terms of ratios of detector- and particle-
jet pT, pT;detector jet=pT;particle jet, as shown in Fig. 1. Events
for which this ratio is above 1 are dominated by the detector
resolution. Those for which it is below 1 are affected by
detector acceptance and efficiency, where in the smallest jet
pT range they are also subject to threshold cutoffs.
The statistical uncertainty in the detector-jet spectrum

was propagated through the unfolding process. Because the
uncertainty in any unfolded particle-jet bin contained
contributions from multiple detector-jet bins, small stat-
istical uncertainties in the measured spectrum could be
translated into large uncertainties on the unfolded spec-
trum. To overcome this problem, detector-jet bin sizes were
chosen carefully to guarantee an acceptable unfolded
uncertainty.
Efficiencies, ε, were used to correct for the fact that cuts

were employed to select events and jets within a reasonable
acceptance and to remove those events that might be poorly
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reconstructed or overly sensitive to pileup contributions or
trigger biases. The particle-jet spectrum from simulations,
without any detector-jet-matching requirement applied,
was used as the reference spectrum to be compared with
the matched particle-jet spectrum found with the unfolding
matrix.

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the inclusive jet cross
section are separated into two categories: those associated
with detector effects, and those inherent to the unfolding
process. Uncertainties associated with detector effects
relate to how well the jet pT is measured in the data, with
sources including the jet energy scale, and the tracking
efficiency uncertainty. The unfolding uncertainty is driven
by statistical limitations and the prior bias from the
simulation. Each contribution is discussed below.

A. Detector effect uncertainty

The jet energy scale uncertainty had contributions from
both the TPC track momentum calibration and the EMC
energy scale. The global TPC track momentum calibration
uncertainty was estimated to be 1%. The response of
calorimeters to electromagnetic particles (such as electrons,
positrons, and photons) and hadrons contributed to the
energy scale uncertainty. For electromagnetic energy

deposited in the calorimeter towers, the uncertainty of
3.8% was determined by a gain calibration. The total
hadronic activity in the calorimeters was estimated from
the number and momenta of the TPC tracks. The TPC track
contributions were weighted by the track reconstruction
efficiency and boosted by a scale-up factor that accounts
for the energy of the neutral hadrons not reconstructed by
either the TPC or the calorimeters. The average TPC track
efficiency is 90% at

ffiffiffi
s

p ¼ 200 GeV and 75% at
ffiffiffi
s

p ¼
510 GeV due to a large amount of pileup. The scale-up factor
was taken as 1.16 [51] for both

ffiffiffi
s

p ¼ 200 and 510 GeV.
The uncertainty of hadron energy loss in the EM towers

was studied from the simulation. The hadron shower model
used in the simulation was the GHEISHA cascade model
[52] with a transport cut threshold at 1 MeV, below which a
showering track would deposit all of its remaining energy
in the calorimeter tower.
The average fractional energy a hadron deposits into the

calorimeters, fh, was estimated by measuring charged-
hadron tracks from the TPC, projecting them to a BEMC
tower, and finding the total energy, Eclust, in the 3 × 3
cluster centered around the projected tower. Thus,
fh ¼ Eclust=p, where p is the hadron’s momentum. In
order to select hadron tracks, and not electrons or positrons,
the tracks were required to satisfy nσe > 2 or nσe < −1,
where nσe represented the deviation of the energy depos-
ited by the track in the TPC from that expected for an

FIG. 1. The distribution of reconstructed jets as a function of pT;detector jet

pT;particle jet
for various particle-jet pT bins from the embedding sample

where the corresponding detector jets were required to satisfy the exclusive JP0 trigger for the lowest pT bin, exclusive JP1 for the
intermediate pT bin, and exclusive JP2 for the highest pT bin. The exclusive-trigger selections were based on the choice made in this
analysis to avoid double-counting among three jet-patch-triggered events with increasing thresholds. The left plot is for

ffiffiffi
s

p ¼ 200 GeV,
and the right plot is for 510 GeV.
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identified electron. An isolation cut was also applied so that
no other measured TPC track intersected the selected
cluster. We found the average hfhi, weighted by the track
momentum, was around 32%. The relative uncertainty,
which was the difference of hfhi between data and
simulation, was 6%. The fh distributions for charge-
separated tracks with momentum between 2 and 3 GeV
from data and simulations are shown in Fig. 2, where the
data are samples from the 510 GeV pp collisions. The pT
subtraction implemented in the jet reconstruction sup-
pressed the contribution of hadron energy loss uncertainty
to the measurement of the tower energies by 72%; there-
fore, the remaining uncertainty for the EM tower energy
due to unsubtracted hadronic energy was 1.6%.
The effect of the jet energy scale uncertainty on the

detector-jet spectrum was estimated by shifting the jet pT
up and down separately. The final impact on the particle-jet
spectrum was determined by applying this shifted jet
spectrum from data, and then unfolding the spectrum with
the nominal unfolding matrix. The larger of the differences
between the nominal unfolded spectrum and either the up-
shifted or down-shifted spectrum was taken as the system-
atic uncertainty on the unfolded particle level jet cross
section. At large jet pT, this contribution reached 20% or
more and was the dominant systematic uncertainty.
The relative tracking efficiency uncertainty at

ffiffiffi
s

p ¼
200 GeV was about 1% [53]. Due to larger track multi-
plicities and a greater number of soft tracks from pileup

events at
ffiffiffi
s

p ¼ 510 GeV, a 4% relative tracking efficiency
uncertainty was conservatively estimated [53]. To estimate
the tracking efficiency uncertainty on the jet cross section,
we resorted to the embedding sample. Before reconstruct-
ing the jets following the standard procedure, 1% and 4% of
reconstructed TPC tracks were randomly rejected at

ffiffiffi
s

p ¼
200 and 510 GeV, respectively. Then we used the recon-
structed jet spectra as our input to the unfolding process.
The differences between the unfolded particle-jet spectra
and the original unbiased particle-jet spectra were taken as
the uncertainties due to the tracking efficiency. Atffiffiffi
s

p ¼ 200 GeV, the maximum uncertainty on the unfolded
particle-jet spectrum was 5%. At

ffiffiffi
s

p ¼ 510 GeV, the
uncertainty was less than 5% at low jet pT, and more than
10% at high jet pT.

B. Unfolding uncertainty

The systematic uncertainty from the unfolding process
has two contributions: one related to simulation statistics

FIG. 2. A comparison between data and simulation of the
charge-separated fh distribution for tracks with momenta, 2 <
p < 3 GeV=c from 510 GeV pp collisions. The reason to
separate by hadron charge is that K− has a larger interaction
cross section with the electromagnetic calorimeter materials than
Kþ, and that p̄ can annihilate with p from the Pb plates in the
calorimeter.

TABLE I. Percent systematic uncertainties for inclusive jet
cross section at

ffiffiffi
s

p ¼ 200 GeV.

jηj < 0.5

Bin
(GeV=c)

Total
(%)

Energy scale
(%)

Tracking efficiency
(%)

Unfold
(%)

6.9–8.2 17.1 15.9 2.1 3.4
8.2–9.7 25.4 24.6 1.3 5.3
9.7–11.5 12.5 10.3 2.4 4.8
11.5–13.6 17.3 16.6 1.5 3.9
13.6–16.1 10.7 9.8 2.2 2.7
16.1–19.0 8.8 7.9 2.4 2.1
19.0–22.5 13.0 12.5 2.5 1.7
22.5–26.6 9.9 9.2 2.3 1.4
26.6–31.4 12.3 12.0 3.4 1.3
31.4–37.2 12.9 12.6 0.9 1.4
37.2–44.0 16.2 14.4 5.1 1.6
44.0–52.0 26.4 25.3 3.7 2.1

0.5 < jηj < 0.9

Bin
(GeV=c)

Total
(%)

Energy scale
(%)

Tracking efficiency
(%)

Unfold
(%)

6.9–8.2 19.1 17.4 1.7 4.0
8.2–9.7 20.3 19.1 1.7 6.7
9.7–11.5 19.4 17.8 2.0 6.1
11.5–13.6 16.6 14.3 1.7 5.4
13.6–16.1 9.9 8.6 2.4 3.7
16.1–19.0 12.0 11.1 2.5 2.8
19.0–22.5 9.8 8.9 1.9 2.5
22.5–26.6 12.8 12.1 2.9 2.3
26.6–31.4 10.5 9.9 2.7 2.3
31.4–37.2 15.2 14.9 3.8 2.2
37.2–44.0 17.9 17.4 1.2 3.2
44.0–52.0 35.1 34.0 3.4 6.1

B. E. ABOONA et al. PHYS. REV. D 114, 072003 (2026)

072003-8



and the other to prior bias. A conventional bootstrap
method was used to estimate the systematic uncertainty
due to the limited simulation sample [54].
As discussed in Sec. III A, events used to seed the Geant

detector response simulation were generated with a STAR-
specific tune for the PYTHIA generator. Differences in the
trigger or detector response to jets arose from different
subprocesses (e.g., by virtue of gluon jets being wider and
containing more particles than the quark jets). This
contribution was estimated by varying the initial input
PDFs for the PYTHIA generator. This was achieved by
reweighting the simulation based on the input PDF. One
hundred replicas from the unpolarized NNPDF 3.0 set, in
addition to the central PDF, were included in this analysis.
An event weight for the ith PDF replica was calculated
as wi ¼ f1;if2;i

f1f2
, where f1ð2Þ;i was the parton density for

incoming parton 1(2) taken from the ith PDF replica
and f1ð2Þ was the parton density for incoming parton 1
(2) from the nominal PDF used in the simulation. The
reweighted detector-jet spectra were unfolded with the
nominal unfolding matrix. The averaged difference
between the unfolded particle-jet spectra and the

reweighted particle-jet spectra was taken as the system-
atic uncertainty due to prior variation, and was found to
be negligible.
Finally, the individual contributions were added in

quadrature as the total systematic uncertainties, as sum-
marized in Tables I and II, for

ffiffiffi
s

p ¼ 200 and 510 GeV,
respectively. The dominant systematic uncertainty came
from the jet energy scale. The subdominant contributions
were from the tracking efficiency and the limited simu-
lation sample size.

V. HADRONIZATION CORRECTION

The cross section extracted from data was presented at
the particle level, while the fixed-order pQCD calculation
was only at the parton level. To bridge the two, a
hadronization correction was applied to the pQCD calcu-
lation to allow a consistent comparison with our results.
Fortunately, the present hadronization model provided by
PYTHIA allowed us to quantify the size of this correction.
The hadronization correction was treated as a bin-by-bin

multiplicative correction to be applied to the pQCD theo-
retical prediction and was found by taking the ratio of the
particle-level jet cross section over the parton-level jet cross
section in a common jet pT and η bin,Chad ¼ σparticle

σparton
. The bin-

by-bin correction was sufficient, since PYTHIA reproduced
the shape of the unfolded particle-jet distribution as a
function of pT in the studied η range. The parton-level jets
were reconstructed from intermediate partons observed in
PYTHIA right before the hadronization step. For parton
and particle jets, the same off-axis cone correction was
employed as for the data. Our hadronization correction
had a larger magnitude compared to the traditional non-
perturbative correction because the latter included a correc-
tion for the UEs that coincidentally was of a similar
magnitude as hadronization, but of an opposite sign.
The uncertainty on Chad was estimated from several

variants of the Perugia 2012 tune with modified parameters
for initial-state radiation (ISR) and final-state radiation
(FSR), the fragmentation process, and the hadronization.
The tunes regarding the ISR and FSR parameters were a
pair of variations with αsð12pTÞ and αsð2pTÞ, respectively,
for both ISR and FSR. They captured the effect of the
change in the parton-level jet cross sections on Chad. The
variations with the fragmentation process were a pair of
tunes with more longitudinal and more transverse frag-
mentation than the default tune, and the Innsbruck hadro-
nization tune. For the two pairs of tunes, the larger
difference of each pair from the default was assigned as
the uncertainty. The differences of the three types of
variation to the default tune were summed in quadrature
as the Chad uncertainty. The hadronization correction
factors, Chad, and their uncertainties are shown in Fig. 3.
Note that for a given jet pT, Chad was slightly larger at

higher
ffiffiffi
s

p
. For example, at jet pT ¼ 40 GeV, Chad was

close to 90% at
ffiffiffi
s

p ¼ 510, while at
ffiffiffi
s

p ¼ 200 GeV, Chad

TABLE II. Percent systematic uncertainties for inclusive jet
cross section at

ffiffiffi
s

p ¼ 510 GeV.

jηj < 0.5

Bin
(GeV=c)

Total
(%)

Energy scale
(%)

Tracking efficiency
(%)

Unfold
(%)

8–10 9.8 7.3 1.4 6.3
10–13 6.9 4.5 1.1 5.1
13–17 7.4 4.8 3.0 4.7
17–21 9.5 7.0 4.1 4.9
21–26 5.8 3.3 1.7 4.4
26–32 8.4 5.9 3.1 5.1
32–39 10.8 8.5 4.4 5.0
39–47 12.1 9.8 5.1 4.9
47–57 15.6 12.7 6.6 6.3
57–68 23.9 19.7 9.7 9.5
68–80 28.4 22.7 11.0 13.0

0.5 < jηj < 0.9

Bin
(GeV=c) Total(%)

Energy scale
(%)

Tracking eff
(%) Unfold(%)

8–10 10.5 8.5 0.6 6.2
10–13 7.0 4.9 0.8 5.0
13–17 7.5 4.9 3.3 4.5
17–21 9.9 7.3 4.4 5.0
21–26 5.4 2.7 1.5 4.5
26–32 9.1 6.7 3.6 5.1
32–39 12.0 9.5 4.8 5.6
39–47 13.5 11.2 5.5 5.3
47–57 16.4 13.7 6.6 6.2
57–68 27.1 21.6 9.9 13.0
68–80 28.4 24.2 10.9 10.3
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was around 80%. This discrepancy could be explained
using an interpretation of the hadronization process as a
shift of the jet pT from the parton level to the particle level.
The first derivative of the jet cross section as a function of
jet pT should be considered. Specifically, for a fixed pT
shift at a given pT bin, the steeper slope of the jet pT spectra
at 200 GeV compared to 510 GeV would translate to a
larger deviation of Chad from 1. The assumption that the pT
shifts at both collision energies were quite close (at around
1 GeV=c) was based on predictions by PYTHIA.

VI. RESULTS

The double-differential inclusive-jet cross section, d2σ
dpTdη

,
is presented as a function of jet pT within two η ranges,
jηj < 0.5 and 0.5 < jηj < 0.9 at

ffiffiffi
s

p ¼ 200 and 510 GeV, as
shown in Fig. 4 and Tables III and IV, respectively. The
results were obtained by combining data from three jet-
patch triggers, JP0, JP1, and JP2. All of the unfolded results
are unbiased particle-jet cross sections corrected with the
matching ratios, unfolding matrix, and efficiencies calcu-
lated using the embedding sample.
The inclusive jet cross sections from PYTHIA event

generators, which incorporate the Lund string hadroniza-
tion model and provide the stable final-state particles, are
compared to our results in Fig. 5. The same jet-finding
algorithm with the identical parameters and kinematic cuts
as in the data analysis were applied to the final particles
generated by PYTHIA. The reconstructed jet pT from the
event generator was corrected by the off-axis cone UE

method. Although the embedding was generated from the
PYTHIA 6 Perugia 2012 tune with the modified PARP(90)
parameter, the results consistently underpredict the data by
almost 30%. In contrast, the newer “Detroit” tune of
PYTHIA 8 [26] overestimates the jet cross section by
20%–40%, depending on the jet pT.
Predictions at NNLO accuracy came from the NNLOJet

theoretical framework [55,56] with full color coherence in
the form of FastNLO interpolation grids [57] that were
produced with a recommended renormalization and fac-
torization scale choice, μ ¼ ĤT [58]. In order to compare
our results with these fixed-order pQCD calculations,
the hadronization correction factor Chad, as discussed in
Sec. V, was applied to the NNLO calculations. Figure 6
shows comparisons of these results with NNLO calcula-
tions using CT18 [59], HERAPDF2.0 [2], MSHT20 [60],
and NNPDF4.0 [61] PDFs with the hadronization correc-
tion applied. For CT18, MSHT20, and NNPDF4.0 PDF
predictions, our measured jet cross sections are larger than
the predicted value at low jet pT and smaller by an almost
constant 20% at high jet pT. It is interesting to note that our
data agree well with the HERAPDF2.0 prediction except in
the first few low jet-pT bins. The overall discrepancies
shown in Fig. 6 might not be explained solely from
the respective PDF uncertainties, but also from missing
higher-order contributions beyond the NNLO. Accurate

FIG. 3. Hadronization correction factor at
ffiffiffi
s

p ¼ 200 and
510 GeV. Error bars represent systematic uncertainty obtained
from Perugia 2012 tune variations which are related to alternative
parameters for initial-state and final-state radiations, fragmenta-
tion process, and hadronization. FIG. 4. Unfolded double-differential jet cross section, d2σ

dpTdη
, as

a function of the jet pT at
ffiffiffi
s

p ¼ 200 and 510 GeV. The double-
differential jet cross sections from the NNLO pQCD with CT18
PDF after hadronization corrections and the PYTHIA 6 STAR tune
are also plotted.
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TABLE III. Double-differential inclusive jet cross section atffiffiffi
s

p ¼ 200 GeV.

jηj < 0.5

ðpT − ΔpUE
T Þ (GeV=c) d2σ

dpTdη
ðpb=GeVÞ � statð%Þ � systð%Þ

6.9–8.2 5.42 × 106 � 0.4%� 17.1%
8.2–9.7 1.95 × 106 � 0.5%� 25.4%
9.7–11.5 7.03 × 105 � 0.5%� 12.5%
11.5–13.6 2.53 × 105 � 0.5%� 17.3%
13.6–16.1 9.51 × 104 � 0.6%� 10.7%
16.1–19.0 3.14 × 104 � 0.7%� 8.8%
19.0–22.5 1.01 × 104 � 1.0%� 13.0%
22.5–26.6 3.06 × 103 � 1.4%� 9.9%
26.6–31.4 8.31 × 102 � 2.3%� 12.3%
31.4–37.2 2.05 × 102 � 3.8%� 12.9%
37.2–44.0 4.15 × 101 � 7.3%� 16.2%
44.0–52.0 5.59 × 100 � 15.4%� 26.4%

0.5 < jηj < 0.9

ðpT − ΔpUE
T Þ (GeV=c) d2σ

dpTdη
ðpb=GeVÞ � statð%Þ � systð%Þ

6.9–8.2 4.84 × 106 � 0.4%� 19.1%
8.2–9.7 1.67 × 106 � 0.6%� 20.3%
9.7–11.5 6.54 × 105 � 0.6%� 19.4%
11.5–13.6 2.14 × 105 � 0.7%� 16.6%
13.6–16.1 7.99 × 104 � 0.7%� 9.9%
16.1–19.0 2.71 × 104 � 1.0%� 12.0%
19.0–22.5 7.96 × 103 � 1.3%� 9.8%
22.5–26.6 2.26 × 103 � 2.0%� 12.8%
26.6–31.4 5.25 × 102 � 3.5%� 10.5%
31.4–37.2 1.27 × 102 � 5.7%� 15.2%
37.2–44.0 1.82 × 101 � 13.8%� 17.9%
44.0–52.0 1.39 × 100 � 43.5%� 35.1%

TABLE IV. Double-differential inclusive jet cross section atffiffiffi
s

p ¼ 510 GeV.

jηj < 0.5

ðpT − ΔpUE
T Þ (GeV=c) d2σ

dpTdη
ðpb=GeVÞ � statð%Þ � systð%Þ

8–10 1.16 × 107 � 0.2%� 9.8%
10–13 3.11 × 106 � 0.1%� 6.9%
13–17 7.65 × 105 � 0.2%� 7.4%
17–21 2.02 × 105 � 0.4%� 9.5%
21–26 6.89 × 104 � 0.3%� 5.8%
26–32 1.95 × 104 � 0.4%� 8.4%
32–39 5.45 × 103 � 0.7%� 10.8%
39–47 1.55 × 103 � 1.1%� 12.1%
47–57 434� 1.5%� 15.6%
57–68 99.2� 4.0%� 23.9%
68–80 30.4� 4.1%� 28.4%

0.5 < jηj < 0.9

ðpT − ΔpUE
T Þ (GeV=c) d2σ

dpTdη
ðpb=GeVÞ � statð%Þ � systð%Þ

8–10 1.02 × 107 � 0.3%� 10.5%
10–13 2.83 × 106 � 0.2%� 7.0%
13–17 6.99 × 105 � 0.3%� 7.5%
17–21 1.98 × 105 � 0.5%� 9.9%
21–26 5.87 × 104 � 0.4%� 5.4%
26–32 1.75 × 104 � 0.6%� 9.1%
32–39 5.01 × 103 � 0.9%� 12.0%
39–47 1.38 × 103 � 1.4%� 13.5%
47–57 349� 2.1%� 16.4%
57–68 93.4� 4.5%� 27.1%
68–80 18.1� 6.9%� 28.4%

FIG. 5. Ratio of jet cross sections predicted by PYTHIA 6 and PYTHIA 8 to the present measurements at
ffiffiffi
s

p ¼ 200 GeV (left) and atffiffiffi
s

p ¼ 510 GeV (right). Jets reconstructed from data and PYTHIA are both corrected for UE contributions using the off-axis cone method.
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estimations of uncertainties due to missing higher-order
contributions or future developments on the next-to-next-
to-next-to-leading-order calculations and beyond could
accommodate the difference seen in Fig. 6.
While the PHENIX Collaboration also reported an

inclusive jet cross section at
ffiffiffi
s

p ¼ 200 GeV that was
smaller than NNLO pQCD calculations [21], several
differences in the experimental results should be recog-
nized. PHENIX presented an inclusive jet cross section in a
limited η range, jηj < 0.15. Their results used a smaller jet-
resolution parameter, R ¼ 0.3, for the anti-kT jet-finding
algorithm rather than the R ¼ 0.5 chosen in this analysis. A
larger R value would capture more parton radiation, reduce
hadronization corrections, be prone to UE contributions,
and therefore result in an increase in the jet cross section
[62]. Experiments at the LHC showed that the larger the
value of R is, the better the comparison between the data
and the pQCD calculations after nonperturbative correc-
tions [16,18]. Another difference is that PHENIX treated
the UE contribution to the jet pT as a part of the non-
perturbative correction and its uncertainty.
Figure 7 compares the invariant cross sections for

inclusive jets at
ffiffiffi
s

p ¼ 200 and 510 GeV as a function of
xT. Scale-breaking effects—i.e., deviations from unity—
are observed in the RHIC data, similar to effects reported
from data collected at the Tevatron [7,9] and the LHC [12].
The cross-section ratios at

ffiffiffi
s

p ¼ 630 and 1800 GeV from
the Tevatron span a similar kinematic range to those from
the LHC, where the xT at

ffiffiffi
s

p ¼ 2.76 and 7 TeV extend to
lower values. We also show in Fig. 7 that the NNLO pQCD
with CT18 PDF calculations predict smaller ratios than
what we have measured, especially at xT < 0.14, but very

FIG. 6. Ratio of jet cross sections calculated from pQCD at NNLO with hadronization correction applied to cross sections from the
present measurements at

ffiffiffi
s

p ¼ 200 GeV (left) and at
ffiffiffi
s

p ¼ 510 GeV (right). The NNLO PDFs include CT18 [59], MSHT20 [60],
NNPDF4.0 [61] and HEARPDF2.0 [2].

FIG. 7. Inclusive jet invariant jet cross section, 1
2π p

3
T

d2σ
dpTdη

vs xT
compared with NNLO pQCD calculations after hadronization
corrections and PYTHIA 6 with STAR tune. Because the jet xT bins
from the two measurements at

ffiffiffi
s

p ¼ 200 and 510 GeV are not
aligned, the ratios are based on the interpolated values from
the inclusive jet cross sections at a given xT from one of the
measurements. The ratios are for illustrative purposes; the
uncorrelated and correlated uncertainties from the two measure-
ments are not shown.
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similar trends at xT > 0.14. The cross-section ratios vary
with the renormalization and factorization scale depend-
ence of αS and PDFs used in pQCD calculations, instead
of the choice of PDF. The ratios from PYTHIA 6 with the
STAR tune lie close to the NNPDF pQCD calculation. It
should be noted that Fig. 7 offers a direct comparison of
the inclusive jet cross sections at

ffiffiffi
s

p ¼ 200 and 510 GeV;
the correlated systematic uncertainties and the uncorre-
lated statistical uncertainties between the two measurements
are not shown on the invariant jet cross section ratios,
because the jet pT bins used in two measurements do not
align with jet xT bins.

VII. CONCLUSION

The double-differential inclusive-jet cross sections,
d2σ

dpTdη
, are presented as a function of jet transverse momen-

tum, pT, in two pseudorapidity ranges, jηj < 0.5 and
0.5 < jηj < 0.9, at center-of-mass energies

ffiffiffi
s

p ¼ 200
and 510 GeV. The off-axis cone method was applied to
account for the underlying-event contributions to the jet pT.
This enabled us to separate corrections for the underlying
event and hadronization effects. This approach is an
improvement over previously published jet cross section
analyses in high-energy pp (pp̄) collisions where the two
corrections are treated as one.
The predictions from simulation event generators such as

PYTHIA 6 and 8 were compared to our results. We found that
PYTHIA 6 described the shape of the jet cross section well,
while a scale difference was observed for both versions of
PYTHIA. These results should provide crucial input for
tuning the event generators at RHIC energies, especially
parameters that depend on

ffiffiffi
s

p
.

The measured particle-jet cross sections and the hadro-
nization correction factor provided in this analysis permit a
direct comparison to fixed-order NNLO pQCD calcula-
tions. We find that our data at both center-of-mass energies
lie slightly under the NNLO pQCD predictions with recent
PDF sets, which include the LHC data. Predictions using
the earlier HERA PDF set fitted from DIS data align most
closely to our data, compared to the other explored PDF
sets. The kinematic limits explored in this analysis espe-
cially help to constrain gluon PDFs with parton momentum
fraction x > 0.1, where x approximates the dimensionless
jet xT ¼ 2pT=

ffiffiffi
s

p
.

The invariant cross sections as a function of jet xT were
compared at

ffiffiffi
s

p ¼ 200 and 510 GeV. The ratios of the
cross sections indicate scale-breaking effects similar to
those observed at the Tevatron and LHC, but comparisons

to NNLO pQCD calculations and PYTHIA 6 indicate
consistent trends with our measurements.
Our data can be used as a baseline to study the properties

of the quark-gluon plasma produced in heavy-ion
collisions—for example, the jet quenching phenomenon
through nuclear modification factors for inclusive jets atffiffiffi
s

p ¼ 200 GeV from RHIC. They also serve as a funda-
mental test of the perturbative QCD framework used to
interpret the multitude of spin-dependent measurements
published from the STAR Collaboration.
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