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The STAR Collaboration reports precise measurements of the longitudinal double-spin asymmetry, A; ;,
for dijet production with at least one jet at intermediate pseudorapidity 0.8 < 73, < 1.8 in polarized proton-

proton collisions at a center-of-mass energy of 200 GeV. This study explores partons scattered with a
longitudinal momentum fraction (x) from 0.01 to 0.5, which are predominantly characterized by
interactions between high-x valence quarks and low-x gluons. The results are in good agreement with
previous measurements at 200 GeV with improved precision and are found to be consistent with the
predictions of global analyses that find the gluon polarization to be positive. In contrast, the negative gluon
polarization solution from the JAM Collaboration is found to be strongly disfavored.

DOI: 10.1103/r5jw-lwhg

I. INTRODUCTION

Understanding how the intrinsic spins of quarks and
gluons, along with their orbital angular momenta, combine
to yield the proton spin of 7/2 has been a major challenge
in quantum chromodynamics (QCD) [1]. Over the last
20 years, significant progress has been made toward
unraveling the complexities of the proton spin structure,
fueled by increasingly precise measurements from polar-
ized deep inelastic lepton-nucleon scattering and hadronic
proton-proton (pp) collision experiments. These experi-
mental findings, integrated with sophisticated theoretical
frameworks, have shed light on the spin structure of the
proton. It has been established that the spins of quarks (AX)
contribute approximately 30% to the overall proton spin.
Spins of gluons (AG) are found to make a substantial
contribution of around 40% in regions where the longi-
tudinal momentum fraction (x) is larger than 0.05. With
these, the remaining contribution has been attributed to low
momentum fraction gluons and the orbital angular momen-
tum of partons within the nucleon (see [2,3] and references
therein).

Longitudinally polarized pp collisions at the Relativistic
Heavy Ion Collider (RHIC) [4] have provided unique data
to unravel the intricate spin structure of the proton with
various final state observables in the experiment. The
STAR and PHENIX Collaborations have been instrumental
in this quest, conducting key measurements of the longi-
tudinal double-spin asymmetry, A;;, for both inclusive jet
[5-8] and #° production in pp collisions at /s = 200 GeV
[9-13]. These observations, when incorporated with data
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from inclusive and semi-inclusive lepton-proton scattering,
placed substantial constraints on the DSSV14 [3] and
NNPDFpoll.1 [2] next-to-leading order (NLO) perturba-
tive QCD global analyses.

In contrast to the inclusive observables, dijet measure-
ments have potential to provide a more precise constraint
on the kinematics of the parton interaction. Therefore, they
could be a more effective tool to extract the momentum
fraction dependence of the gluon helicity distribution [14].
At leading order (LO), the dijet invariant mass (M) is
directly proportional to the square root of the product of the
partonic momentum fractions, encapsulated by the equation
M = /sx\x,, and the sum of the pseudorapidities of the jet
pair, n3 +n4 =In(x;/x,) (Here, it is 14+2 —3+4).
Investigating various dijet production topologies enables
the examination of partonic interactions across both sym-
metric (x; = x,) and asymmetric (x; > x, or vice versa)
momentum fraction scenarios. Although itis not as simple as
this in NLO, the dijet measurements allow us to better
constrain the kinematics of the initial partons. Using the 2009
dataset, STAR reported the first measurement of the differ-
ential cross section and A;; for dijets near midrapidity in
longitudinally polarized proton-proton collisions at /s =
200 GeV [15]. The measured cross section agreed with
NLO perturbative QCD expectations, and the extracted spin
asymmetries exhibited good agreement with predictions
from global analyses. STAR also presented the first meas-
urement of A;; for dijet production with one or both
jets entering the intermediate pseudorapidity region
0.8 < i < 1.8, utilizing data collected in 2009 at Vs =
200 GeV [16]. The reweighted fit results significantly
improve our knowledge of gluon polarization in the region
of x > 0.1. The representative value and 1-¢ uncertainty for
truncated moments of the gluon helicity density changed
from 0.133 £ 0.035 to 0.126 £ 0.023 [17].

In 2012 and 2013, STAR recorded longitudinally polar-
ized proton-proton collisions at +/s =510 GeV with

012003-3


https://crossmark.crossref.org/dialog/?doi=10.1103/r5jw-lwhg&domain=pdf&date_stamp=2025-07-07
https://doi.org/10.1103/r5jw-lwhg
https://doi.org/10.1103/r5jw-lwhg
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

B.E. ABOONA et al.

PHYS. REV. D 112, 012003 (2025)

82 pb~! and 250 pb~! respectively. Both inclusive jet and
dijet A;; measurements were extended to higher collision
energies, enhancing sensitivity to lower momentum frac-
tion partons. These results [18,19], presenting excellent
agreement with measurements at /s = 200 GeV in the
overlapping x region, offer crucial new insights into both
the magnitude and shape of gluon polarization within the
range 0.015 < x < 0.2. Moreover, STAR has extended its
investigations of /s = 510 GeV pp collisions to include
Ay, in 7° production at forward rapidities [20], which
provide sensitivity of x down to 0.001. PHENIX has also
measured A, ; for midrapidity z° [21], charged pions [22],
and direct photons [23] in pp collisions at /s = 510 GeV,
enriching our understanding of the proton’s internal spin
dynamics.

STAR concluded the longitudinally polarized program in
2015 with pp collisions at 200 GeV. The inclusive jet and
dijet results at midrapidity [24] confirm previous findings
with twice more integrated luminosity.

In 2022, the JAM Collaboration conducted a global
QCD analysis of the spin-dependent parton distribution
functions, utilizing the inclusive jet data from RHIC.
Remarkably, that analysis, which did not enforce the
positivity constraint, revealed that two distinct solutions
for the gluon polarization of opposite sign could provide
nearly identical results to the experimental spin-dependent
observables, A;; [25]. Nevertheless, more recent analysis
from the DSSV group indicated that the scenario involving
negative gluon polarization is disfavored by the data from
both the direct photon and dijet productions [26]. The
comparison of the direct photon result from PHENIX [23]
disfavored the negative solution at a confidence level of
2.80. Recently, the JAM Collaboration also found that the
negative gluon helicity solution cannot simultaneously
account for high-x polarized DIS data along with lattice
QCD calculations and polarized jet data [27].

In this paper, the STAR Collaboration presents a precise
measurement of the longitudinal double-spin asymmetry
for dijet production at intermediate pseudorapidity in pp
collisions at /s = 200 GeV, utilizing data collected in
2015 with approximately twice the integrated luminosity
compared to 2009. The results are measured as a function
of dijet invariant mass and extend the sensitivity to different
kinematic regions beyond midrapidity, thereby contributing
valuable insights to the understanding of polarized had-
ronic interactions. A direct comparison is also made to the
global analysis from JAM Collaboration, offering another
test of the negative gluon polarization result.

The remaining parts of this paper are arranged as
follows: Sec. II details the STAR detector subsystems
relevant to this measurement. Section III describes the
data sets and simulation samples. Section IV presents the
jet reconstruction and dijet selection. Section V provides
details on the experimental methods. The double-spin
asymmetry A;; and the associated bias and uncertainties

are discussed in Sec. VI. Section VII presents the results.
Finally, Sec. VIII concludes the paper.

II. THE STAR DETECTOR AT RHIC

RHIC [4] at Brookhaven National Laboratory stands as
the world’s first and only accelerator with the capability to
collide the longitudinally or transversely polarized proton
beams. Furthermore, RHIC is capable of colliding beams at
both /s =200 and 510 GeV. In the 2015 polarized pp
running period, each beam was filled with 111 bunches of
vertically polarized protons. Spin rotator magnets, located
at each side of the STAR interaction region, manipulated
the proton spin orientation from vertical to longitudinal and
vice versa, enabling collisions of longitudinally polarized
beams. To minimize potential spin-dependent systematic
effects that could emerge from variations across different
bunches, a distinct spin pattern was assigned to each proton
bunch. The determination of beam polarization at RHIC is
achieved through the use of two distinct types of polar-
imeters: the proton-carbon (pC) Coulomb-nuclear interfer-
ence polarimeters and the polarized atomic hydrogen jet
(H-jet) polarimeter [28,29]. The pC polarimeters are
designed for fast measurements and are capable of meas-
uring the relative polarization of the beam multiple times
during a storage period, which typically spans eight hours.
Meanwhile, the H-jet polarimeter provides an absolute
measurement of beam polarization, serving as a calibration
benchmark for the results obtained from the pC polar-
imeters. This dual-measurement approach ensures high
accuracy and reliability in assessing the polarization states
of the proton beams.

The Solenoidal Tracker at RHIC (STAR) [30] is a large
acceptance detector which has been operational for over
two decades. The central part of the STAR detector is the
time projection chamber (TPC) [31], which measures the
momenta of the charged particles. The TPC operates within
a magnetic field of 0.5 Tesla, effectively covering a broad
range of pseudorapidity, || < 1.3. Complementing the
TPC are the barrel and endcap electromagnetic calorimeters
(BEMC and EEMC) [32,33]. BEMC has similar coverage
as TPC while EEMC extends the kinematic reach of the
BEMC to 1.09 < 5 < 2 with full azimuth. These calorim-
eters serve dual roles, not only measuring the electromag-
netic energy depositions, but also acting as triggering
detectors for high-energy particles and jets. The vertex
position detector [34] and the zero-degree calorimeters [35]
are pairs of far-forward detectors, providing measurements
of the relative luminosities of colliding bunches between
different helicity states.

III. DATA AND SIMULATION

A. Data sets and event selection

The data analyzed in this study were collected by the
STAR experiment in 2015 from longitudinally polarized
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pp collisions at /s = 200 GeV, with an integrated lumi-
nosity of 52 pb~!. The luminosity-weighted polarizations
for the two beams, known as the blue beam (Pg, going to
+z) and the yellow beam (Py, going to —z), were measured
to be 53% and 57%, respectively. The relative uncertainty
in the product of the beam polarizations, PgPy, was
determined to be 6.1% [36].

The event triggers employed for this analysis were jet
patch (JP) triggers, which impose thresholds on the total
transverse energy (Et) observed within fixed Ay x A¢ =
1 x 1 regions of the BEMC and EEMC. The coverage area
for these triggers spanned —1 < < 2, organized into 30
distinct jet patches. This arrangement is composed of five
partially overlapping jet patches in 7 in each six nonoverlap-
ping sectors in ¢b. During the operational period of 2015, two
levels of JP triggers were utilized to optimize the detection
and recording of relevant collision events: JP1 and JP2. The
JP1 trigger was set with a threshold of 5.4 GeV, designed to
capture lower-energy events, while the JP2 trigger had a
higher threshold of 7.3 GeV, targeting events with more
substantial energy depositions. To efficiently manage the
data-acquisition bandwidth and prioritize the recording of
high-value data, all events that activated the JP2 trigger were
recorded. Conversely, events that only activated the JP1
trigger were subject to prescaling. This strategy allowed for a
balanced data collection, ensuring that events across a
spectrum of energy depositions were sampled while main-
taining a manageable volume of data for subsequent
analyses.

B. Embedded simulation samples

Monte Carlo simulations are critical for correcting
detector-related distortions in measured observables and
for evaluating systematic uncertainties that might affect the
results. In this analysis, simulated events were generated
using PYTHIA 6.4.28 [37] with the Perugia 2012 tune [38]. A
specific adjustment in the parameter PARP (90), which
controls the energy dependence of the low-pt cutoff for the
underlying event (UE) generation process, was made from
its default value of 0.24 to 0.213. This modification was
made to align the simulated events with previous STAR
measurements of 7+ yields in 200 GeV pp collisions
[39,40]. The application of this specific setup in PYTHIA has
proven to be highly effective in describing various aspects
of collision events, including jet production, hadronization
within jets, and characteristics of the underlying event across
both 200 and 510 GeV pp collisions [18,19,24,41-44]. To
account for detector effects on the measurement, the gen-
erated events were processed through comprehensive detec-
tor simulations using Geant3 [45], which incorporated the
specific configurations of the 2015 STAR detector setup. To
account for the complexities of actual experimental con-
ditions, such as event pileup and beam background effects,
the simulated events were embedded into real “zero-bias”
events from the 2015 data. These zero-bias events are

randomly selected, independent of collision events, to
capture background conditions and represent the operational
environment of the data collection period. By embedding the
simulated events into these real-event backgrounds, the
simulations more accurately replicate the conditions under
which the experimental data were collected, ensuring that the
analysis reflects the true performance of the detector and the
real conditions of the experiment.

The simulation software also records the initial partonic
hard scattering, the subsequent stages of fragmentation and
hadronization where partons transform into hadrons, and the
interaction of these final-state particles with the detector.
These processes are categorized into three distinct levels of
information: parton level, particle level, and detector level,
each offering unique insights into the collision events. Parton
level focuses on the initial conditions and the products of the
partonic hard scattering, before any fragmentation or hadro-
nization processes occur and excluding underlying event
contributions. It provides a direct view into the theoretical
predictions at leading order and allows comparisons with the
calculations from perturbative QCD. After the initial scatter-
ing and parton showers, partons undergo fragmentation and
hadronization, leading to the production of stable or long-
lived particles at the particle level. The detector level
replicates the detector’s response to these particles, produc-
ing output in the same format as that generated by real
experimental data. This multilevel approach facilitates a
systematic analysis that ranges from theoretical calculations
at the parton level, through the physical processes leading to
stable particle formation, to the practical challenges of
measuring these particles with a detector. It enables the
precise correction of detector effects, the estimation of
systematic uncertainties, and the refinement of theoretical
models, thereby enhancing the accuracy and reliability of the
experimental results.

IV. JET RECONSTRUCTION AND DIJET
SELECTION

A. Jet reconstruction

In hadronic interactions, jets originate from the frag-
mentation and hadronization of quarks or gluons following
a hard scattering. This nonperturbative process transforms
the initial high-energy partons into a dense ensemble of
particles, primarily hadrons, providing a direct link to the
dynamics of the underlying quarks and gluons involved in
the interaction.

This measurement employs standardized procedures for
jet reconstruction, consistent with those used in previous
STAR analyses [16]. This standardization ensures reliability
and comparability across different datasets and analyses. The
anti-kt algorithm, a widely used method in jet physics, is
integrated into the Fastlet 3.0.6 package [46] for this purpose.
This algorithm is preferred for its resilience to soft radiation.
A resolution parameter R of 0.6 is chosen, balancing the need
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to capture most of the jet energy while minimizing the
inclusion of background particles.

The inputs for the jet reconstruction include charged
particle tracks detected by the TPC and energy depositions
in the calorimeter towers of the BEMC and EEMC.
Specific criteria are applied to these inputs to ensure
accuracy and reduce background noise. Tracks are required
to have a transverse momentum (py) of at least 0.2 GeV/c
and must exhibit a certain quality in their detection, such as
having more than five hits in the TPC and at least 51% of
the maximum possible hits along their trajectory. This
requirement enhances the momentum resolution and aids in
eliminating split tracks. To further refine the quality of data,
a distance of closest approach (DCA) to the vertex,
dependent on the pg of the tracks, is imposed. Tracks
with pr below 0.5 GeV/c were required to have a DCA of
less than 2 cm, while those with pr above 1.5 GeV/c
required a DCA under 1 cm. For intermediate pr values, a
linear interpolation between these two DCA limits was
applied. This criterion is crucial for filtering out tracks that
are not associated with the primary hard scattering event,
thus reducing the contamination from pileup effects. For
calorimeter towers, an energy threshold of E1 > 0.2 GeV is
set. Additionally, to avoid double counting the energy of
charged particles that hit the calorimeter towers, a correc-
tion is applied: the transverse momentum of the track times
¢ (prc) is subtracted from Et of the tower. In cases where
the track’s momentum exceeds the tower’s transverse
energy, the Et of the tower is set to zero. This approach
enhances the jet momentum resolution by reducing the
sensitivity to fluctuations in hadronic energy deposition, as
demonstrated in previous STAR analyses [8].

B. Dijet selection

The dijet selection process closely follows the method-
ology employed in previous measurements [16]. A basic
criterion for the selection of events is the positioning of the
event vertex along the beam axis, which is required to be
within 90 cm of the STAR detector’s center. A dijet is
chosen by selecting the two jets with the highest p within
the pseudorapidity range 7, (relative to the event vertex)
between —0.8 and 1.8, and a “detector pseudorapidity” #p.
(relative to the center of STAR) between —0.7 < 1jp; < 1.7.
These requirements are crucial for ensuring the selected jets
are within the geometric acceptance of the detector’s
tracking and calorimetry systems.

For the purpose of analysis and discussion, the jets are
classified based on their pseudorapidity values. Jets within
the pseudorapidity range of —0.8 < n;, < 0.8 are termed
“barrel jets,” as they fall within the barrel region of the
detector. Meanwhile, jets with pseudorapidities ranging
from 0.8 < 7;; < 1.8 are labeled as “endcap jets,” indicat-
ing their detection in the endcap region of the detector.
Only dijets that include at least one “endcap jet” are kept
for the current analysis. The results for dijets with both jets

falling within —0.8 <#;, < 0.8 have been published in
[24]. Thus, the lower limit of 77, = 0.8 for “endcap jets”
avoids publishing overlapping datasets. The correlation
matrix between the 2015 inclusive jet A;; measurement
and these dijet results can be found in Appendix.

Jets resulting from a partonic hard-scattering event are
expected to exhibit a roughly back-to-back alignment in
azimuth (¢). To enhance the selection of events likely
originating from a 2 — 2 hard scattering process, an
opening angle cut is applied. This cut requires the azimu-
thal angle between the two highest pt jets in the event to
exceed 120°. To facilitate comparisons with theoretical
predictions, an asymmetric condition on the transverse
momentum of the jets is imposed. Specifically, the leading
jet (the jet with the highest pr in the dijet pair) must have a
pr of at least 8.0 GeV/c, while the subleading jet must
have a py of at least 6.0 GeV/c [47].

Events that contain a track with pt exceeding 30 GeV/c
are excluded if the dijets show highly imbalanced transverse
momenta (with ratios greater than 3 /2 or less than 2/3). This
condition addresses potential inaccuracies due to the finite
resolution in the track curvature calculation, which can
occasionally result in a significant overestimation of a track’s
pr- To minimize potential biases introduced by the non-
overlapping jet patch along the azimuthal direction, espe-
cially near the trigger thresholds, it is required at least one of
the jets must geometrically match with the triggered jet patch.
Additionally, the geometrically matched jets must exceed a
minimum py threshold of 6.0 GeV/c for JP1-triggered
events or 8.4 GeV/c for JP2-triggered events.

Furthermore, to minimize the contamination from non-
collision sources, such as cosmic rays and beam-gas
interactions, dijet candidates with both jets without tracks
are excluded.

C. Underlying event corrections

The presence of a diffuse background in hadronic jet
production presents a significant challenge in accurately
reconstructing the properties of jets. This background arises
from the multiparton interactions and soft interactions
between scattered partons and beam remnants, collectively
referred to as the underlying event. While these particles do
not participate in the primary hard scattering event that
produces the jets of interest, their contributions to the energy
and transverse momentum within the jet reconstruction area
can significantly affect the measurement of jet properties.
During 2015 operations, a higher instantaneous luminosity
compared to 2009 led to an increase of the pileup events.
Additionally, the presence of the heavy flavor tracker [48] at
the center of the detector introduced more material, thereby
increasing the background levels.

Because the underlying event particles are generally
evenly distributed across the #-¢ space, it is reasonable to
assume that the UE energy density is uniform. The STAR
detector exhibits good uniformity in the azimuthal angle
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(¢) but not in pseudorapidity (7). The nonuniformity in 7 is
particularly noticeable in the endcap region, where there is
a service gap between BEMC and EEMC (An ~ 0.08).
Also, the tracking efficiency of the TPC drops rapidly in
more forward regions due to the fewer hits at intermediate
pseudorapidities. To effectively address the challenges
posed by variations in detector performance and the
increased background, the off-axis cone method, which
has been widely used in STAR jet and dijet measurements
[16,18,19,24,44], is employed.

In this method, for each reconstructed jet, two off-axis
cones are defined, each with a radius equivalent to the jet
resolution parameter (R = 0.6). These cones are centered at
the same pseudorapidity # as the jet but are offset in the
azimuthal direction ¢ by 4x/2, positioning them away
from the direct influence of the jet itself. The transverse
momentum density pr ;g within these cones is determined
by summing the pr of all particles contained within the two
cones and dividing by their total area 27R>. This density
serves as a measure of the UE’s contribution to the
transverse momentum observed in the vicinity of the jet.
Similarly, the mass density pp, .one Of the off-axis cones is
calculated. This involves computing the invariant mass of
the vector sum of all particles inside each cone and then
dividing this mass by the combined area of the two cones.
This step provides an estimate of the mass contribution of
the UE to the jet measurement.

Dijet analyses are particularly sensitive to both the
directional and mass properties of jets. To accurately reflect
the impact of the UE on these properties, a four-momentum
correction is applied to each jet, a process facilitated by the
four-vector subtraction method developed by the Fastet
group [46]. The equation used is

le'let,corr = Pfet - [ijcet’ijyet’ (p+ pm)AjZétv (p+ pm)Afn]’
(1)

where P! and P! are the jet 4-momentum vector

jet jet,corr
before and after the underlying event subtraction. p and p,,
are the average underlying event transverse momentum and
mass densities respectively, and A, is the 4-momentum
vector area, as calculated by the Faset package [46] using
the ghost particle technique [49].

This correction ensures that the measured properties of
dijets, such as their invariant mass, are representative of the
jets’ characteristics in the absence of UE contributions.
Both data and simulation have UE subtraction at the
detector level for dijets, and simulation also has the same
procedure at the particle level. The systematic uncertainty
associated with the UE correction is evaluated by compar-
ing the corrections applied to the dijet invariant mass (0M)
between the data and the simulations, as illustrated in
Fig. 1. This comparison helps to quantify the potential
discrepancies in the underlying event modeling and its
impact on the analysis.

351
L p+p—Jet+Jet+X —e— STAR Data
— 3E Antik; R=0.6 — Simulation
o
S 25
[0} C
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= 2 C I
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w 15F
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1 F Not corrected for detector effects
C_1 L L L | L L L | L L L | L L L | L L L
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Dijet Invariant Mass [GeV/c?]
FIG. 1. Data/simulation comparisons of the mean UE correc-

tion 6M as a function of underlying event corrected detector-level
dijet invariant mass. The points represent the data, and the
histogram is the simulation.

D. Comparison to simulation

In the simulation samples, jets are reconstructed at the
detector level using the same algorithms as in the real data.
The left two panels in Fig. 2 compare the distribution of
normalized jet yields as a function of detector jet pr in both
data and simulation for barrel jets (top panel) and endcap
jets (bottom panel). The middle two panels in Fig. 2 present
a comparison between data and simulation for the observed
neutral energy fraction distributions, separately for barrel
and endcap jets. The right two panels in Fig. 2 show the
comparisons between data and simulation for jet pseudor-
apidity and jet azimuthal angle distributions. The simu-
lation provides a reasonable description of all these
observables.

Figure 3 presents several detailed comparisons between
data and simulated dijet distributions. The left panel shows
the invariant mass spectrum of dijets, specifically within a
topology where one jet originates from the barrel region
and its counterpart from the endcap. The right two panels
provide a detailed look at the geometrical and kinematic
relationships between these jets constituting the dijet,
highlighting the distributions of pseudorapidity differences
(An) and azimuthal angle differences (A¢, representing the
opening angle). Good agreement is also observed for these
distributions.

Jets are also reconstructed in simulation at the particle
and parton levels using the anti-k; algorithm with a
resolution parameter of R = 0.6. As mentioned earlier,
particle-level dijets consist of all stable final-state particles
in Perugia 2012 tune [38], while parton-level dijets are
reconstructed from all hard-scattered partons produced in
the collision, including those from initial- and final-state
radiation, but not those from the underlying event or beam
remnants. The same off-axis cone UE correction procedure
used for detector jets is applied to the particle jets. It is
important to note that the selection of dijets at the particle or
parton levels from the comprehensive, unbiased PYTHIA
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FIG. 2. Data/simulation comparisons of the normalized detector level jet yields from dijet pairs as functions of detector jet transverse
momentum (left) or jet neutral energy fraction (NEF, middle), for the barrel (upper panels) and endcap (lower panels) jets, respectively.
The right two panels are plotted as functions of barrel 4+ endcap jet pseudorapidity (upper right) and jet azimuthal angle (lower right).
The open circles represent the data, and the histograms are the simulation.

sample does not necessitate considerations for the detec-
tor’s performance. As such, specific cuts typically applied
in detector-level analyses, such as the neutral fraction cuts,
are not relevant and thus not implemented at these levels.

Detector-level jets, on the other hand, are subject to the
physical limitations and efficiencies of the actual detection
equipment, making it essential to understand how these
practical constraints affect jet measurements. Establishing a
correlation between the jets reconstructed at the particle or
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FIG. 3. Data/simulation comparisons of detector level dijet
yields as a function of invariant mass (left), the pseudorapidity
gap (upper right), and azimuthal opening angle (lower right)
between the jets for barrel-endcap dijets topology. The points are
the data, and the histograms are the simulation.

parton levels and those observed at the detector level is vital
for accurately determining corrections and assessing sys-
tematic uncertainties. In practice, this correlation process
involves first identifying a dijet at the detector level.
Subsequently, particle and parton level dijets are associated
with this detector-level dijet if both of the jets within the
pair fall within a defined matching criterion, specifically a

radius AR = \/An?> + A¢? < 0.5. If more than one parton-
or particle-level jet matches a given detector jet, the one
closest in 7-¢p space is selected. Dijet pairs are considered
matched if each jet in the pair satisfies the inclusive jet
matching criterion. The detector—parton dijet matching
fraction is approximately 98% for dijet invariant masses
in the range M = 16-19 GeV/c? and quickly approaches
100% for M > 19 GeV/c?. The requirement to reconstruct
two nearly back-to-back jets significantly improves the
matching efficiency compared to the inclusive jet case. This
greatly reduces the reconstruction of fake jets or jets with
poorly reconstructed axes due to contributions from the
underlying event or background. Any residual dilution
from fake jets is accounted for in the trigger and
reconstruction bias correction (see Sec. VI B for details).

V. TRACKING INEFFICIENCY AND
CORRECTION METHODS

The primary challenge in this measurement arises
from the reduced tracking efficiency in the EEMC region.
While the TPC maintains its efficiency within the nominal
pseudorapidity range of |p| < 1.3, there is a notable
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values.

decrease in the forward direction, including a significant
portion of the EEMC’s coverage. This diminished tracking
efficiency leads to a tendency for jets in the endcap to be
reconstructed with lower pt on average. The implications
of this effect are clearly demonstrated in the simulation, as
shown in the upper panel of Fig. 4. This plot presents the
ratio of particle-level jet pr to detector-level pr across
various detector # values. The measured jet pt is system-
atically lower than its particle level jet pr. Thus, it
complicates the accurate extraction of initial state parton
momenta and favors the selection of jets with a higher
proportion of neutral energy, skewing the sample toward
jets less representative of the charged particle energy
distribution. Additionally, the reconstruction process biases
the jet mass calculation. In the jet reconstruction algorithm,
charged particle tracks are assumed to have the mass of
pions, whereas calorimeter towers are treated as massless,
leading to an underestimation of the detector-level jet
invariant mass compared to its true value.

To address these challenges and improve the accuracy of
jet pr and mass estimations, a machine learning approach

was adopted. A multilayer perceptron (MLP), provided by
the Toolkit for Multivariate Data Analysis (TMVA) [50],
was utilized as a regression method. This technique is adept
at correcting both the jet pr and mass as determined by the
jet finding algorithm, thereby enhancing the accuracy of the
measurement and mitigating the biases and limitations
introduced by the detector’s tracking inefficiencies and
reconstruction assumptions.

In the regression analysis, all simulated events contain-
ing endcap jets were utilized, which were further separated
into training and testing subsamples. The primary variables
selected for the pt correction process were the measured jet
pr and the detector pseudorapidity. The preference for
detector pseudorapidity over the jet’s own 7, value was
strategic, chosen for its direct relevance to the detector’s
geometry that significantly influences tracking efficiency.
Additionally, the jet’s neutral energy fraction was incorpo-
rated as an input variable, providing critical insight into the
biases that arise from the diminished tracking efficiency in
the endcap region. Moreover, considering that jets in dijet
events are expected to have approximately equal transverse
momenta, the pr of the away-side jet located in the barrel,
which is reconstructed with greater precision due to better
tracking efficiency, was also included as an input for the
endcap jet’s pr correction. As mentioned earlier, particle-
level to detector-level jet association is accomplished by
iterating over all particle-level jets and selecting the one
closest in 1-¢b space, with a geometric matching condition
of a distance less than 0.5. The target for the regression
analysis (the value that the p correction aims to achieve) is
the pt of the particle-level jet. This method integrates the
detailed jet characteristics and detector-specific parameters
to refine the accuracy of jet pr measurements, thereby
enhancing the overall precision of the correction.

The neural network was trained with its parameters
optimized to enhance the performance. The effect of this
machine learning correction is illustrated in the lower panel
of Fig. 4, which presents a comparison between the neural
network’s output and the target values (the ratio of particle-
level jet pt to the corrected detector-level jet pr). This ratio
exhibits a remarkable consistency across varying detector
pseudorapidities after correction, as shown by the data
points with uncertainty bars (which are smaller than the
data points). These points denote the average within each
pseudorapidity bin. Additionally, the vertical spread in the
distribution is reduced, resulting in an average improve-
ment of approximately 34% in the resolution of jet trans-
verse momentum.

Similar jet pt corrections were also applied to the barrel
region. Although the jet transverse momentum is generally
reconstructed more accurately in the barrel than in the
endcap, a systematic underestimation of the measured pt
relative to its true value was observed, due to the limitations
in detector performance. The correction method employed
for barrel jets mirrors the one described above, with the
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exception that the correlated jet pr from the opposing
(endcap) jet was not incorporated as an input in the
correction process for barrel jets. This ensures that both
barrel and endcap jets undergo precise pt correction,
significantly improving the accuracy of jet measurement
across the detector.

Figure 5 presents the distribution of the dijet pr
imbalance, which is defined as the difference in the
transverse momentum magnitudes between the two jets
in barrel-endcap dijet events. Initially, before any correc-
tions (depicted by the red curve), there is a noticeable
tendency for the reconstructed jet pr in the barrel to surpass
that of its counterpart in the endcap. This discrepancy leads
to a systematic bias toward positive values in the prg
imbalance distribution. However, following the application
of corrections (illustrated by the blue curve), this systematic
difference is significantly reduced, and the distribution’s
spread becomes noticeably narrower in both the data and
the simulations.

Although jet mass is generally small relative to its
transverse momentum at RHIC kinematics, it is a crucial
jet property for determining the dijet invariant mass. To
refine the accuracy of jet mass measurements, machine
learning techniques were similarly employed, following the
approaches previously outlined for pr corrections. The
inputs for the artificial neural network included the initially
calculated jet mass, track and tower multiplicities, jet
transverse momentum, the fraction of neutral energy, and
detector pseudorapidity. The decision to incorporate jet pr,
neutral energy fraction, and detector pseudorapidity as

inputs was motivated by the observed influence of decreas-
ing tracking efficiency on the accuracy of jet mass
estimation. Similarly, the goal of this correction process
was to match the detector-level jet mass with its particle-
level counterpart from the simulation, thereby enhancing
the precision of jet property measurements and contributing
to a more accurate representation of dijet dynamics. For jets
in dijet events where both jets are located within the endcap
region, the corrections are made with the same variables as
those employed for barrel jets in barrel-endcap dijet
configurations. Similar improvements are also seen after
the corrections.

VI. THE SPIN ASYMMETRY A4,;

At RHIC, the spin observable that most directly probes
the helicity distribution of gluons within the proton,
denoted as Ag(x), is the longitudinal double-spin asym-
metry, A;;. It is defined as the ratio of the helicity-
dependent cross sections,

0., —0,_
ALLEM’ (2)

where ¢, , and o, _ represent the differential production
cross sections corresponding to proton beams with equal
and opposite helicities, respectively. Experimentally, the
asymmetry is determined by sorting the measured yields
based on the beam spin state and combining this informa-
tion with other independent measurements. The expression
for the asymmetry is given by

Y (PyPg)(N*t —rN*7)
H S (PyPyA(NTF + hNT)

(3)

where the ratio of the differential cross section is further
converted into the ratio of dijet yields (N), which is then
scaled by the luminosity ratio (r) for the same (4+) and
opposite (+—) helicity beams. The summation in Eq. (3) is
over independent data runs, with run lengths ranging from
10 to 60 minutes in 2015. The beam polarizations Py and
Py are calculated luminosity weighted and time dependent
(provided by the RHIC polarimetry group [36]) for each
run. It is noteworthy that the run duration is relatively short
compared to the timescale over which the beam polar-
izations and relative luminosities varied; e.g., the average
lifetime is about 60 hours for polarization.

A. Dijet invariant mass correction

To facilitate the comparison between our experimental
results and theoretical predictions, which are calculated at
the parton level, we applied a simple mass shift to each
data point to determine the parton-level dijet invariant
mass. Compared to the exponentially varying cross sec-
tions, the asymmetries are small and exhibit only a weak,
nearly linear dependence on the dijet invariant mass.
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FIG. 6. Dijet invariant mass correlation between detector level
and parton level for east barrel-endcap dijet topology.

Consequently, a bin-by-bin correction is applied to ensure
that the final asymmetry values are reported at the average
parton-level dijet mass for each particle-level dijet mass
bin. This adjustment accounts for the difference between
the parton-level and particle-level dijet invariant masses as
shown in Fig. 6. As detailed in the previous section, the
machine learning procedure corrected jets back to the
particle level. Thus, this mass shift was calculated by
comparing particle-level masses to their corresponding
parton-level dijet masses. For each particle-level mass
bin, we calculated the event-by-event difference between
parton and particle-level dijet masses. The correction was
then determined as the mean value of these differences,
averaged across the entire simulation sample. The final data
points are plotted at this average particle-level mass plus the
estimated particle-to-parton mass shift.

B. Trigger and reconstruction bias

In hadronic pp interactions, quark-quark (¢g), quark-
gluon (gg), and gluon-gluon (gg) are the three dominant
partonic scattering processes. Thus, the value of A;;
extracted from the data represents an admixture of the
asymmetries produced from the three partonic scattering
subprocesses. However, the efficiency of the STAR jet
patch trigger system might not be uniform across all these
processes, which could potentially skew the fractions of
each subprocess contributing to the observed data. This
variation in trigger efficiency may, in turn, influence the
measured A;; values. Furthermore, systematic deviations
can occur due to the finite resolution of the detector. When
combined with the rapidly falling invariant mass distribu-
tion, these resolution effects can lead to shifts in the
subprocess fractions associated with specific mass values.

To address these challenges and accurately reflect the
underlying partonic dynamics, a trigger and reconstruc-
tion bias correction was applied to the raw A;; measure-
ments. This correction is designed to neutralize the impact
of trigger efficiency variations and detector resolution
limitations, thereby ensuring that the final A;; values

accurately reflect the underlying partonic interactions with-
out distortion.

In this method, the parameterizations of the polarized
parton distribution functions are combined with PYTHIA
parton kinematic variables to generate predictions of A;; vs
dijet mass for a particular model at both the parton
and detector levels. The asymmetry is calculated by first
extracting the parton scattering kinematics, including the
Mandelstam variables u, s, and ¢ for the parton-parton
scattering process, as well as the parton flavors involving in
the 2 — 2 scattering. This allows for the calculation of the
ratio of the polarized to unpolarized partonic cross sections
at the leading order. The result is then multiplied by the
ratio of the polarized to unpolarized Parton distribution
functions (PDFs) for the two incoming partons at their
respective x;, x, and Q” as shown in the equation

Ac
LL =~

% Afl (xl ’ QZ) AfZ(XZ’ Qz)
o filx, QZ) fa(x, QZ) '

(4)

Here, Ao represents the polarized partonic cross-section, ¢
is the unpolarized partonic cross-section, Af(x, Q%) is the
polarized PDF, and f(x,Q?) is the unpolarized PDF.
Similar to previous measurements, the NNPDFPoll.1
polarized PDF set [2] was used as input. The associated
ensemble of publicly available replica sets provides a
robust framework for estimating the uncertainty on the
correction. These replicas, generated using a Monte Carlo
sampling approach, represent statistically independent
realizations of the PDFs, each consistent with the exper-
imental constraints included in the global fit. The full
ensemble is used to extract both central values and
associated uncertainties of derived observables. The trigger
and reconstruction bias correction for each mass bin was
determined by evaluating the quantity

AApp = A — AR, (5)

for each of the 100 replicas in the NNPDFPoll.1 set. The
value of A% represents the measured longitudinal double-
spin asymmetry for detector-level dijets in the simulation,
while the AP7**" denotes the A, ; value for pure parton-level
dijets. This parton-level information is generated before
incorporating the Geant model and the trigger filter.
Subsequently, it is calculated at the average parton-level
dijet mass corresponding to the dijet bins sampled by the
detector. The correction is derived as the average of the 100
replica values for AA; ;. Then, the final result is obtained by
subtracting this average correction from the raw A;; value,
yielding Afinal — Amv _ AATY™¢ To determine the sys-
tematic uncertainty associated with dijet AA;;, the stat-
istical uncertainties of the detector-level NNPDF A;; and
the square root of the variance of the 100 AA;; values are
added in quadrature. The corrections generally fall between
0.0005 and 0.0026, accounting for roughly 10% of the
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measured asymmetries. Meanwhile, the corresponding
systematic uncertainties vary from 0.0003 to 0.0008.

C. Systematic uncertainty

The systematic uncertainties in the analysis of dijet
events are crucial, influencing both the calculated dijet
invariant mass (“x-axis uncertainties””) and the measured
longitudinal double-spin asymmetries (A;;, referred to as
“y-axis uncertainties”). The systematic uncertainties affect-
ing A;; include the beam polarization, relative luminosity,
effects from the underlying event, biases introduced by the
trigger and jet reconstruction processes, and residual trans-
verse polarization. On the other hand, the systematic
uncertainties impacting the dijet invariant mass calculation
arise from factors such as the jet energy scale, tracking
efficiency, underlying event, corrections applied to jet pr
and mass, shifts in the dijet invariant mass, and the selection
of the PYTHIA tune for simulations. While some of these
uncertainties have been previously discussed, others war-
rant further clarification.

The uncertainty in the product of the average beam
polarizations, a relevant quantity for double-spin asymme-
tries, was determined by the RHIC polarimetry group and
was estimated to be 6.1% [36]. The relative luminosity and
the residual transverse polarization systematic uncertainties
remain consistent with those determined for the inclusive
jet and midrapidity dijet analyses [24], with values of
40.0007 and 40.000065, respectively, and are applied to
all the mass bins.

1. Dijet energy scale systematic uncertainties

The primary source of the systematic uncertainty in the
reconstructed dijet mass arises from the uncertainty in the
jet energy scale. The jet energy scale uncertainties consist
of two parts: one from the scale and status uncertainties of
the EMC towers (3.5% for BEMC and 4.6% for EEMC)
and the other from the TPC track transverse momentum
uncertainty and the uncertainty in the tower response to
charged hadrons.

The uncertainty attributable to the tracks, including those
from track reconstruction, is found to be minimal at 0.003
based on weak decays study for 2015. The uncertainty of
tracks projected to the BEMC also contribute to this part,
which is estimated to be about 1.4% based on the tracking
efficiency as well as the hadronic energy deposition and
response of the electromagnetic towers. The total uncer-
tainty of tracks is scaled by the charged energy fraction for
each jet. Due to reduced tracking efficiency, the systematic
uncertainty calculation for endcap jets differs from that for
barrel jets. The tracking efficiency and scale factor adjust-
ments for endcap jets reflect these differences, resulting in a
tower-track response systematic uncertainty of 2.3%,
unaffected by the neutral energy fraction.

To further quantify uncertainties related to tracking
efficiency, we evaluated their impact by comparing the

average dijet invariant mass difference between detector
and parton levels. This assessment involved using the
complete set of reconstructed tracks from the TPC com-
pared to a scenario where only a partial set of tracks
was employed. The partial set was created by randomly
excluding a specific percentage of tracks from the full set
before conducting jet reconstruction. In our analysis, the
rejection fraction was set to 7%, which exceeds the typical
STAR tracking efficiency uncertainty, to account for the
limited determination provided by short tracks at 7 > 1.
Systematic uncertainties due to the dijet invariant mass shift
also account for limited simulation sample statistics, with
the overall statistical uncertainty derived by summing the
uncertainties from various trigger samples in quadrature,
weighted according to their trigger fractions.

2. PYTHIA tune systematic uncertainties

PYTHIA parameters can be independently adjusted
to accommodate various data sets. In this study, the
Perugia2012 set in PYTHIA 6.4.28 [37] is used as the standard
tune set in the simulation, with the parameter PARP (90)
fine-tuned from 0.24 to 0.213. To assess the impact of
PYTHIA parameter adjustments on our results and to
quantify the systematic uncertainty arising from the choice
of tune, we explore a range of seven alternative tunes within
the Perugia2012 set, namely, 371, 372, 374, 376, 377, 378,
and 383. Tunes 371 and 372 use different renormalization
scales to effectively change the initial- and final-state
radiation. Tune 374 reduces the color reconnection strength
relative to the default, and tunes 376 and 377 adjust the
fragmentation parameters to produce more longitudinal
and more transverse energy distributions, respectively. In
addition, tune 378 substitutes the default CTEQ6L1 PDF
with the MSTW 2008 LO set, and tune 383 employs an
alternative Innsbruck hadronization parameter set to further
probe uncertainties in the hadronization process [38].

For each selected PYTHIA tune, we calculate the shifts in
the dijet invariant mass between the particle level and
parton level. For tunes 371 and 372, as well as 376 and 377,
which modify the same parameters but in opposing
directions, we derive the uncertainty by taking half of
the absolute difference between each pair’s results. The
final systematic uncertainty is then determined by summing
these differences in quadrature across all considered tunes,
and it is about 0.4 GeV/c? on average for most data points.

3. Systematic uncertainties on machine
learning correction

Corrections to jet transverse momentum and invariant
mass in this analysis were conducted using the MLP, a
machine learning technique known for its adaptability to
complex nonlinear data relationships. Given the MLP’s
sensitivity to its configuration, such as the number of layers
and nodes, we considered the potential influences these
parameters might have on the accuracy of our corrections.
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To estimate the systematic uncertainties associated with the
pt and mass corrections, we compare outputs derived from
slightly modified input parameters and network configu-
rations, as well as from alternative machine learning
methods, with the differences among these outputs being
added in quadrature.

For the MLP, we systematically varied factors such as the
training sample size, the number of layers, and the number
of nodes to estimate their impact on the jet pr and mass
corrections. Additionally, to evaluate the sensitivity of our
results to the choice of machine learning algorithm, we
employed alternative methods, namely, the linear discrimi-
nant and k-nearest neighbors algorithms, both from TMVA.
For each event, corrections to jet pr and mass were made
using these diverse configurations and methods, following
which we calculated the differences in the dijet invariant
masses between these modified samples and the default
MLP settings. The deviations arising from the various
machine learning methods and different MLP configura-
tions were then summed in quadrature to provide the final
estimation of the systematic uncertainty associated with the
jet pt and mass corrections. For most data points, it is about
0.15 GeV/c? on average.

4. Underlying event systematic uncertainties

The presence of the underlying event in hadronic
interactions results in a systematic increase in the energy
scale of the jets composed solely from showers arising from
only the hard scattering. Consequently, this phenomenon
introduces distortions to the measured dijet invariant mass.
As already discussed in Sec. IV C, the systematic uncer-
tainty associated with the UE correction is evaluated by
comparing the corrections applied to the dijet invariant
mass between the data and the simulations.

Furthermore, if the underlying event exhibits a longi-
tudinal double-spin dependence, it could induce a spin-
dependent energy to the triggered jet patches, which could
introduce a spin dependence in the trigger efficiency that is
not associated with the hard scattered partons. To assess the
potential impact of this factor, an investigation into the spin
dependence of the measured 6M iy (Change in invariant
mass for different helicity states) values was conducted. We
did not observe any significant effect attributable to the
underlying event’s spin dependence. The established upper
limits for the potential distortion were found to be less than
0.2% for barrel-endcap dijets and less than 0.4% for endcap-
endcap dijets. These constraints were subsequently utilized
to estimate the alterations in the dijet cross section that could
be ascribed to the UE. These estimations were then assigned
as the corresponding systematic uncertainties in the analysis.

VII. FINAL RESULTS

The final results are categorized into three distinct dijet
topologies: dijets in which one jet is detected in the east half

of the barrel EMC (—0.8 < 77, < 0.0) or in the west half of
the barrel EMC (0.0 < 7;¢ < 0.8), while the other is in the
endcap (0.8 < 7, < 1.8), and events in which both jets fall
in the endcap. As shown in Fig. 7, RHIC dijet data exhibit
direct sensitivity to gluon polarization. This is attributed to
the dominance of gluon-gluon and quark-gluon scattering
processes in hard scattering events at RHIC energies.
Notably, the polarized pp collisions at 200 GeV primarily
involve quark-gluon interactions.

The different event topologies probe distinct ranges of
the momentum fractions, x; and x,, carried by the partons
participating in the hard scattering, where x; is associated
with the beam heading toward the EEMC. The distributions
of x; and x, obtained from simulation for the three
topologies are illustrated in Fig. 8. These distributions
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FIG. 7. Fractions of the next-to-leading-order cross section for
dijet production arising from quark-quark, quark-gluon, and
gluon-gluon scattering in pp collisions at 200 and 510 GeV,
as a function of dijet invariant mass over the collision energies.
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FIG. 8. The distributions of the parton x; and x,, which have
been weighted by the partonic d;;, from PYTHIA detector level
simulations at /s = 200 GeV, for different jet pseudorapidity
ranges. x; is associated with the beam heading toward the EEMC.

are weighted by the partonic longitudinal double spin
asymmetry d;; [51] appropriate for each subprocess,
thereby highlighting the regions that are sensitive to gluon
polarization. They correspond to a sample of dijets from
PYTHIA with detector-level invariant masses in the range
of 23.0 < M < 28.0 GeV/c>.

As can be seen from the plot, the separation in x between
the two distributions increases with the rising sum 73 + 74,
indicating a larger momentum asymmetry of the colliding
partons. Similar distributions for barrel-barrel dijet top-
ology provide sensitivity down to x ~ 0.05. It is evident
that extending the measurement into the endcap region
grants access to significantly lower values of x.
Additionally, the substantial imbalance in the initial state
momentum fractions, coupled with the shapes of well-
established unpolarized PDFs, suggests that the low-x peak

is predominantly governed by gluons, while the high-x
partons are primarily valence quarks [52].

Figure 9 presents our new A;; results as a function of
dijet mass from the 2015 dataset, depicted in green,
compared with previous results, shown in gray. These
results are categorized according to the same event topol-
ogies as used in Figs. 7 and 8. The A;; data points
are positioned at the mass-weighted average of each dijet
mass bin and have been corrected back to the parton
level. The error bars show the statistical uncertainties.
The height of the uncertainty boxes represents the total
systematic uncertainty, incorporating contributions from
trigger and reconstruction bias, residual transverse polari-
zation components in the beams, and underlying
event uncertainties. The relative luminosity uncertainty,
common to all points, is indicated by the small gray band
on the horizontal axis. An overall vertical scale uncer-
tainty (of 6.1% for 2015 and 6.5% for 2009), due to the
uncertainty in the absolute beam polarizations, is not
displayed. The width of the uncertainty boxes include the
total systematic uncertainty associated with the corrected
dijet invariant mass values. This includes uncertainties in
dijet invariant mass correction, calorimeter tower gains
and efficiencies, TPC momentum resolution, tracking
efficiencies, and additional uncertainty related to
differences among predictions from the PYTHIA tune sets.
The total systematic uncertainty also incorporates the
study of UE effects in both simulation and data. The
comparison between the new results and the previous
measurements reveals good agreement, with improved
statistical precision.

The A;; asymmetry results presented in the Fig. 9
are also compared with two different theoretical model
predictions. The next-to-leading order (NLO) dijet cal-
culations were performed using the anti-k; algorithm
with a jet radius parameter of R = 0.6, as implemented
in the dijet production code by de Florian et al. [53]. This
choice is consistent with our previous measurements at
/s =200 GeV. The anti-k; algorithm is less sensitive to
diffuse soft backgrounds from the underlying event and
pileup, thereby significantly reducing trigger bias. The
radius parameter R = 0.6 is selected to maximize jet
reconstruction efficiency while minimizing sensitivity
to differences in quark- and gluon-jet fragmentation.
Theoretical predictions were generated using the polari-
zed PDF sets DSSV2014 [3] and NNPDFpoll.l [2],
with MRST2008 [54] and NNPDF2.3 [55] used as the
corresponding unpolarized PDFs in the denominator of
the asymmetry calculations. Although the jet radius is
matched between the data and theory, previous studies
from both experimental and theoretical sides have dem-
onstrated that the double-spin asymmetry A;; is largely
insensitive to the choice of R, as long as it is not too
small. The renormalization scale was set to the jet trans-
verse momentum, pp = prje. 10 estimate the associated
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FIG. 9. A;; as a function of parton-level invariant mass for
dijets with the east barrel-endcap (top), west barrel-endcap
(middle), and endcap-endcap (bottom) event topologies. The
squares present the new results from 2015, while the triangles are
the previous results with 1 GeV offset on the horizontal axis [16].
The error bars show the statistical uncertainties. The boxes show
the systematic uncertainties, with the heights giving the system-
atic uncertainties in A;; and the widths giving the parton-level
dijet mass uncertainties. The theoretical expectations are based on
global analysis from NNPDF Pol 1.1 [2] and DSSV2014 [3], with
a renormalization scale of ygp = pr je-

systematic uncertainty, the scale was varied between
Prje/2 and 2prj. This scale uncertainty was found
to be small compared to the PDF uncertainty for both jet
and dijet A;; measurements. The data are generally in
good agreement with current theoretical model expect-
ations. This suggests that incorporating these results
into global analyses may not significantly alter the
integrated value of Ag(x) but would lead to reduced
uncertainties.

A. Comparison with JAM22 calculations

The global analysis from the JAM Collaboration con-
tains both positive and negative gluon polarization results.
The latter does not impose positivity constraints, which are

|Afi(x. Q%) < fi(x, Q%) (6)

where f; represents the various quark, antiquark, and gluon
flavors. The positivity bound on the helicity can be derived
naturally from their definitions in terms of the probabilistic
interpretation and cross-section asymmetries [56]. The
violation of the positivity bounds could exhibit hard
processes with unacceptable negative cross sections, for
example, the Higgs boson production [57]. If we nonethe-
less allow the cross section to be negative and implement
the JAM22 PDF sets into the NLO polarized cross section
calculations [53,58-60], the theoretical expectations for
Ay are presented in Fig. 10. Here, we use the same NLO
dijet code as in Fig. 9, and all the computational settings
remain consistent except for the choice of PDFs. The
JAM22 PDF sets feature 101 and 91 replicas for positive
and negative gluon polarization, respectively. The corre-
sponding asymmetries, depicted in blue and red for these
distinct PDF sets and their replicas, are presented.
Additionally, specific results for varied subprocesses are
demonstrated for central replica (ID = 0), where dashed,
dotted, dash-dotted, and solid lines represent the separate
contributions from gluon-gluon, quark-gluon, and quark-
quark scattering processes and their combined effect,
respectively. In scenarios of negative gluon polarization,
the positive asymmetry from the gluon-gluon scattering
process offsets the negative asymmetry from quark-gluon
scattering, ensuring a final asymmetry above zero.
Remarkably, for this substantial asymmetry in the gluon-
gluon process, the polarized cross section surpasses the
unpolarized counterpart at high dijet mass values, leading
to negative o, _ values for gluon-gluon scattering in these
regions. Specifically, for these dijet topologies, o, _ is
found to be negative when the dijet invariant mass exceeds
70,50, and 40 GeV/c?, from top to bottom panels,
respectively.

The data from 2009 and 2015 are combined by average
weighting and then compared with the theoretical expect-
ations from JAM22 in Fig. 10. In order to provide a
quantitative comparison, a y° test between the data and
theoretical expectations was calculated following the dis-
cussion in [61].

There are three correlated systematic uncertainties in
our results. One is associated with the relative luminosity
and is estimated to be f; = 0.00065 for 2015 and 0.0005
for 2009 measurement. The second one is associated with
the dijet energy scale. This uncertainty is estimated as

pr = % x AM. The differential factor is from a third
order polynomial fit of the theory curve, and AM is the
systematic uncertainty on the dijet invariant mass. The last

012003-15



B.E. ABOONA et al.

PHYS. REV. D 112, 012003 (2025)

0.08 g
r u STAR p+p—> Jet+Jet+ X o°
[~ *
o =2 V 0
0.06 — T JAM22: Ag>0 is =200 Ge R
L Anti-k; R=0.6 ,*
o JAM22: Ag<0 .
0.04 [ -0.8< n, < 0;0.8< n, < 1.8
0.02 —

Relative luminosity uncertainty: 0.0006

-0.02 + 6.2% scale uncertainty from polarization not shown e, ’
Y E Y (P
L K
| = All subprocess '.'
L 5
= === gluon-gluon o
0.06 — gluon-g K
Mo quark-gluon K4
- )
I == quark-quark
0.04 —
4 L
< L
% L
D ool 0 e e
a L et e Bl

|
o
o
N
\l\\\
o
A
=
e
A
o H
| & H
o
©
A
=
A
=8
Ce

Parton-Level Dijet Invariant Mass [GeV/cz]

FIG. 10. A;; as a function of parton-level invariant mass for
dijets with the east barrel-endcap (top), west barrel-endcap
(middle), and endcap-endcap (bottom) event topologies. The
STAR results presented here are the combination of 2009 and
2015 measurements. The error bars show the statistical uncer-
tainties. The boxes show the systematic uncertainties, with the
heights giving the systematic uncertainties in A;; and the widths
giving the parton-level dijet mass uncertainties. The theoretical
expectations are based on global analysis from JAM22 [25], with
a renormalization scale of pgr = pr jet-

one is the scale uncertainty from polarization and is
estimated to be ;3 = 6.1% for 2015 and 6.5% for 2009.
This polarization uncertainty scales both the A;; and its
uncertainty ¢, ,; thus, the expression for 2 is

N
_ (14 B5r3)m; = t; = Py iy = Paira\ 2
= Z( (14 ps,ir3)0; >

it (7)

i=1

where m; is the measured data asymmetry; ¢; is the theory
expectation at the mass of the data point; o; is the
uncertainty on the measured data asymmetry; and it is
the quadrature sum of the statistical and point-to-point
systematic uncertainties. r, r,, and r; are the corres-
ponding free parameters associated with the three corre-
lated uncertainties, which are chosen to minimize the y?
values.

x? was calculated for each of the replicas. The average >
for the 101 replicas with positive gluon polarization is 20.4
for 20 degrees of freedom, and it is 32.7 for negative gluon
polarization. Our results disfavor the negative gluon polari-
zation fit at the 3.5¢ level.

VIII. SUMMARY

The STAR Collaboration presented high-precision longi-
tudinal double-spin asymmetry measurements for dijets at
intermediate pseudorapidities, utilizing data from polarized
pp collisions at a center-of-mass energy of 200 GeV
collected in 2015. These A;; results exhibit good agree-
ment with previous measurements, underscoring the
robustness and consistency of the experimental approach
and analysis. They are also consistent with the predictions
of previous global analysis fits that find the gluon polari-
zation to be positive. However, they strongly disfavor the
JAM negative gluon polarization fit. These results provide
insights and impose new constraints on both the magnitude
and shape of the gluon helicity distribution (Ag(x)),
advancing our comprehension of gluon polarization within
the proton.
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APPENDIX: CORRELATION MATRIX

The correlation matrices for the quadrature sum of the
point-to-point  statistical and systematic uncertainties
between the 2015 dijet results at intermediate pseudora-
pidity to the previous measurements of A;; for inclusive
jets and dijets at midrapidity [24] are shown in Tables I-111.
Bins 1-11 represent the 11 jet pr points that have |1y | <
0.5 while bins 12-22 represent the 11 pr points that
have 0.5 < |75 < 1.0. Bins 23-29 represent the seven
dijet invariant mass points from the same-sign topology

TABLE 1.

[Sign(#,) = Sign(n,)], and bins 30-36 represent the
seven dijet points from the opposite-sign topology
[Sign(n;) # Sign(n,)]. Bins 37-43 represent the dijet in
which one jet has ny, <0 while the other jet has
0.8 < 15 < 1.8. Bins 44-50 represent the dijet with one
jet 0 < e < 0.8 and the other jet 0.8 < 775, < 1.8. Bins
51-56 represent the dijet with both jets 0.8 < 7, < 1.8.
Table T gives the correlations between the midrapidity
inclusive jet and the intermediate pseudorapidity dijet
results. Table II gives the correlations between the mid-
rapidity dijet and the intermediate pseudorapidity dijet
results. Table III shows the correlations within the inter-
mediate pseudorapidity measurements.

There are two systematic uncertainties on A;; that are
not included in the tables, but are 100% correlated between
bins: the relative luminosity uncertainty and the polariza-
tion uncertainty. The relative luminosity uncertainty is a
vertical shift uncertainty with magnitude of 0.0007, and the
polarization uncertainty is a vertical scale uncertainty
of 6.1%.

Correlation matrix. Columns: bins 1-11 represent the inclusive jet with || < 0.5; bins 12-22 represent the inclusive jet

with 0.5 < |75 < 1.0. Rows: bins 37-43 represent the intermediate pseudorapidity dijet with one jet in —0.8 < n;,, < 0; bins 44-50
represent the intermediate pseudorapidity dijet with one jet in 0 < 75, < 0.8; bins 51-56 represent the dijet with both jets in

0.8 < 11 < 1.8.

Bin 1 2 3 4 5 6 7 8 9 10 11

12 13 14 15 16 17 18 19 20 21 22 Bin

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

0.009
0.012
0.004
0.000
0.000
0.000
0.000
0.010
0.006
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.050
0.057
0.027
0.005
0.000
0.000
0.000
0.046
0.033
0.009
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.020
0.057
0.047
0.017
0.002
0.000
0.000
0.032
0.048
0.026
0.004
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.003
0.035
0.061
0.046

0.000 0.000 0.000
0.010 0.001 0.000
0.041 0.015 0.003
0.065 0.045 0.016
0.012 0.042 0.070 0.051
0.001 0.006 0.032 0.075
0.000 0.000 0.000 0.002
0.012 0.002 0.000 0.000
0.047 0.024 0.006 0.001
0.054 0.057 0.030 0.008
0.022 0.056 0.068 0.035
0.002 0.015 0.054 0.079
0.000 0.001 0.008 0.040
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
55 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
56 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Bin 1 2 3 4 5 6 7 8 9

0.000
0.000
0.000
0.003
0.016
0.082
0.016
0.000
0.000
0.001
0.009
0.042
0.092
0.002
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.003
0.042
0.059
0.000
0.000
0.000
0.002
0.009
0.075
0.019
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.010
0.070
0.000
0.000
0.000
0.000
0.002
0.029
0.069
0.000
0.000
0.000
0.000
0.000
0.000
10

0.000
0.000
0.000
0.000
0.000
0.002
0.033
0.000
0.000
0.000
0.000
0.001
0.007
0.054
0.000
0.000
0.000
0.000
0.000
0.000
11

0.005
0.008
0.005

0.024 0.014 0.004
0.040 0.032 0.020
0.030 0.039 0.040
0.001 0.010 0.023 0.042
0.000 0.002 0.006 0.020
0.000 0.000 0.001 0.003
0.000 0.000 0.000 0.000
0.014 0.062 0.059 0.034
0.004 0.027 0.046 0.058
0.001 0.006 0.017 0.042
0.000 0.001 0.003 0.012
0.000 0.000 0.001 0.002
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
0.007 0.026 0.024 0.015
0.002 0.012 0.021 0.026
0.000 0.002 0.007 0.019
0.000 0.000 0.001 0.004
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
12 13 14 15

0.000
0.008
0.026
0.045
0.044
0.016
0.000
0.009
0.041
0.059
0.035
0.008
0.002
0.000
0.004
0.020
0.027
0.014
0.002
0.000
16

0.000
0.002
0.012
0.029
0.051
0.046
0.001
0.001
0.016
0.043
0.060
0.027
0.006
0.000
0.000
0.010
0.023
0.027
0.010
0.000
17

0.000
0.000
0.004
0.013
0.032
0.072
0.008
0.000
0.003
0.017
0.046
0.058
0.019
0.001
0.000
0.002
0.011
0.026
0.026
0.000
18

0.000
0.000
0.001
0.005
0.014
0.063
0.043
0.000
0.000
0.005
0.018
0.049
0.052
0.003
0.000
0.000
0.004
0.013
0.027
0.000
19

0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.001 0.000 0.000
0.004 0.001 0.000
0.031 0.011 0.003
0.086 0.073 0.034
0.000 0.000 0.000
0.000 0.000 0.000
0.001 0.000 0.000
0.005 0.001 0.000
0.018 0.005 0.001
0.062 0.033 0.009
0.013 0.033 0.040
0.000 0.000 0.000
0.000 0.000 0.000
0.001 0.000 0.000
0.004 0.001 0.000
0.014 0.003 0.001
0.000 0.000 0.000
20 21 22

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
Bin
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TABLE II. Correlation matrix. Columns: bins 23-29 represent the seven midrapidity dijet invariant mass points from the same-sign
topology [Sign(n7;) = Sign (1)1, and bins 30-36 represent the seven dijet points from the opposite-sign topology [Sign(i;) # Sign(n,)].
Rows: bins 3743 represent the intermediate pseudorapidity dijet with one jet in #;, < O; bins 44-50 represent the intermediate
pseudorapidity dijet with one jet in 0 < 775, < 0.8; bins 51-55 represent the dijet with both jets in 0.8 < 775, < 1.8.

Bin 23 24 25 26 27 28 29 30 31 32 33 34 35 36 Bin

37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 37
38 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 38
39 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 39
40  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 40
41 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 41
42 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 42
43 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 43
44 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 44
45  0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 45
46 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 46
47  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 47
48  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 48
49  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 49
50  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 50
51 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 51
52 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 52
53 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 53
54 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 54
55 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 55
56 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.000 56
Bin 23 24 25 26 27 28 29 30 31 32 33 34 35 36 Bin

TABLE III. Correlation matrix: bins 37—43 represent the intermediate pseudorapidity dijet with one jet in 7). < 0; bins 44-50
represent the intermediate pseudorapidity dijet with one jet in 0 < i < 0.8; bins 51-55 represent the dijet with both jets in
0.8 < i < 1.8.

Bin 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 Bin

37 1.000 0.011 0.014 0.013 0.015 0.010 0.007 0.017 0.013 0.015 0.021 0.014 0.013 0.007 0.012 0.013 0.016 0.027 0.012 0.001 37
38 0.011 1.000 0.014 0.012 0.015 0.010 0.007 0.017 0.013 0.015 0.021 0.014 0.013 0.006 0.012 0.013 0.015 0.026 0.011 0.001 38
39 0.014 0.014 1.000 0.015 0.018 0.012 0.008 0.020 0.015 0.018 0.026 0.016 0.016 0.008 0.014 0.015 0.019 0.032 0.014 0.001 39
40 0.013 0.012 0.015 1.000 0.016 0.011 0.007 0.019 0.014 0.016 0.024 0.015 0.015 0.007 0.013 0.014 0.017 0.029 0.013 0.001 40
41 0.015 0.015 0.018 0.016 1.000 0.013 0.009 0.022 0.017 0.019 0.028 0.018 0.017 0.009 0.016 0.017 0.020 0.034 0.015 0.001 41
42 0.010 0.010 0.012 0.011 0.013 1.000 0.006 0.015 0.012 0.013 0.019 0.012 0.012 0.006 0.011 0.011 0.014 0.024 0.010 0.012 42
43 0.007 0.007 0.008 0.007 0.009 0.006 1.000 0.010 0.008 0.009 0.013 0.008 0.008 0.004 0.007 0.007 0.009 0.016 0.007 0.001 43
44 0.017 0.017 0.020 0.019 0.022 0.015 0.010 1.000 0.019 0.022 0.032 0.021 0.020 0.010 0.018 0.019 0.023 0.040 0.017 0.001 44
45 0.013 0.013 0.015 0.014 0.017 0.012 0.008 0.019 1.000 0.017 0.024 0.016 0.015 0.007 0.014 0.015 0.018 0.030 0.013 0.001 45
46 0.015 0.015 0.018 0.016 0.019 0.013 0.009 0.022 0.017 1.000 0.027 0.018 0.017 0.008 0.015 0.016 0.020 0.034 0.015 0.001 46
47 0.021 0.021 0.026 0.024 0.028 0.019 0.013 0.032 0.024 0.027 1.000 0.026 0.025 0.012 0.022 0.024 0.029 0.050 0.022 0.002 47
48 0.014 0.014 0.016 0.015 0.018 0.012 0.008 0.021 0.016 0.018 0.026 1.000 0.016 0.008 0.014 0.015 0.019 0.032 0.014 0.001 48
49 0.013 0.013 0.016 0.015 0.017 0.012 0.008 0.020 0.015 0.017 0.025 0.016 1.000 0.008 0.014 0.015 0.018 0.031 0.013 0.007 49
50 0.007 0.006 0.008 0.007 0.009 0.006 0.004 0.010 0.007 0.008 0.012 0.008 0.008 1.000 0.007 0.007 0.009 0.015 0.007 0.000 50
51 0.012 0.012 0.014 0.013 0.016 0.011 0.007 0.018 0.014 0.015 0.022 0.014 0.014 0.007 1.000 0.013 0.016 0.028 0.012 0.001 51
52 0.013 0.013 0.015 0.014 0.017 0.011 0.007 0.019 0.015 0.016 0.024 0.015 0.015 0.007 0.013 1.000 0.017 0.029 0.013 0.001 52
53 0.016 0.015 0.019 0.017 0.020 0.014 0.009 0.023 0.018 0.020 0.029 0.019 0.018 0.009 0.016 0.017 1.000 0.036 0.016 0.001 53
54 0.027 0.026 0.032 0.029 0.034 0.024 0.016 0.040 0.030 0.034 0.050 0.032 0.031 0.015 0.028 0.029 0.036 1.000 0.027 0.002 54
55 0.012 0.011 0.014 0.013 0.015 0.010 0.007 0.017 0.013 0.015 0.022 0.014 0.013 0.007 0.012 0.013 0.016 0.027 1.000 0.001 55
56 0.001 0.001 0.001 0.001 0.001 0.012 0.001 0.001 0.001 0.001 0.002 0.001 0.007 0.000 0.001 0.001 0.001 0.002 0.001 1.000 56
Bin 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 Bin
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