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50Peking University, Beijing 100871, People’s Republic of China

51PNPI, Petersburg Nuclear Physics Institute, Gatchina, Leningrad region, 188300, Russia
52Pusan National University, Pusan 46241, Korea

53RIKEN Nishina Center for Accelerator-Based Science, Wako, Saitama 351-0198, Japan
54RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973-5000, USA
55Physics Department, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima, Tokyo 171-8501, Japan

56Saint Petersburg State Polytechnic University, St. Petersburg, 195251, Russia
57Department of Physics and Astronomy, Seoul National University, Seoul 151-742, Korea

58Chemistry Department, Stony Brook University, SUNY, Stony Brook, New York 11794-3400, USA
59Department of Physics and Astronomy, Stony Brook University, SUNY,

Stony Brook, New York 11794-3800, USA
60University of Tennessee, Knoxville, Tennessee 37996, USA

U. A. ACHARYA et al. PHYS. REV. D 103, 052009 (2021)

052009-2



 

61Department of Physics, Tokyo Institute of Technology, Oh-okayama, Meguro, Tokyo 152-8551, Japan
62Tomonaga Center for the History of the Universe, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

63Vanderbilt University, Nashville, Tennessee 37235, USA
64Weizmann Institute, Rehovot 76100, Israel

65Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics,
Hungarian Academy of Sciences (Wigner RCP, RMKI) H-1525 Budapest 114,

P.O. Box 49, Budapest, Hungary
66Yonsei University, IPAP, Seoul 120-749, Korea

67Department of Physics, Faculty of Science, University of Zagreb,
Bijenička c. 32 HR-10002 Zagreb, Croatia

(Received 30 November 2020; accepted 16 February 2021; published 22 March 2021)

We present a measurement of the transverse single-spin asymmetry for π0 and η mesons in p↑ þ p
collisions in the pseudorapidity range jηj < 0.35 and at a center-of-mass energy of 200 GeV with the
PHENIX detector at the Relativistic Heavy Ion Collider. In comparison with previous measurements in this
kinematic region, these results have factor-of-3-smaller uncertainties. As hadrons, π0 and η mesons are
sensitive to both initial- and final-state nonperturbative effects for a mix of parton flavors. Comparisons of
the differences in their transverse single-spin asymmetries have the potential to disentangle the possible
effects of strangeness, isospin, or mass. These results can constrain the twist-3 trigluon collinear correlation
function as well as the gluon Sivers function.

DOI: 10.1103/PhysRevD.103.052009

I. INTRODUCTION

Spin-momentum correlations in hadronic collisions have
attracted increasing experimental and theoretical interest in
the past two decades. In particular, transverse single-spin
asymmetries (TSSAs) have been one of the primary means
to probe transverse partonic dynamics in the nucleon. In the
context of proton-proton collisions, one transversely polar-
ized proton collides with another unpolarized proton and
the TSSA measures the asymmetry in yields of particles
that travel to the left versus the right of the polarized-
proton-going direction. Large azimuthal asymmetries of up
to ≈40% have been observed from transversely polarized
p↑ þ p collisions in light meson production at large
Feynman-x (xF ¼ 2pL=

ffiffiffi
s

p
), from center of mass energies

of (
ffiffiffi
s

p ¼ 4.9 GeV) up to 500 GeV [1–6]. Next-to-leading
order perturbative quantum chromodynamics (QCD) cal-
culations that only include spin-momentum correlations
from parton scattering predict small asymmetries on the
order of mq=Q [7], where mq is the bare quark mass and Q
is the hard scale, indicating that significant nonperturbative
effects must dominate the large measured asymmetries.
Two different approaches have been proposed to describe
the large asymmetries observed in hadronic interactions.

In the first approach, nonperturbative parton distribution
functions (PDFs) and fragmentation functions (FFs) are
explicitly dependent on transverse momentum in the trans-
verse-momentum-dependent (TMD) framework. These
functions depend on a soft (kT) and hard (Q) momentum
scale such that ΛQCD ≲ kT ≪ Q. One possible origin of the
large TSSAs is the Sivers TMD PDF [8], which correlates
the nucleon transverse spin with the parton transverse
momentum, kT . Another possible origin of the TSSA is
the Collins TMD FF [9], which correlates the transverse
polarization of a fragmenting quark to the angular distri-
bution of hadrons.
The second approach to describe the large asymmetries

relies on collinear higher-twist effects with multiparton
correlations. In the twist-3 approach, interference arises
between scattering amplitudes with one and two collinear
partons, which leads to a nonzero TSSA. This approach
applies to observables in which only one sufficiently hard
momentum scale is measured, such that Q ≫ ΛQCD [10].
To keep the multiparton correlation functions process
independent, the initial- and final-state interactions
between the struck parton and the proton remnants are
included in the hard perturbative part of the twist-3
collinear factorization [11]. Collinear twist-3 correlation
functions are split into two types: the quark-gluon-quark
functions (qgq) and the trigluon functions (ggg). In the
context of initial-state effects, the qgq functions describe
the interference from scattering off of one quark versus
scattering off of a gluon and a quark of the same flavor,
while the ggg functions capture the interference between
scattering off of one gluon versus scattering off of two.

*Deceased.
†PHENIX Spokesperson: akiba@rcf.rhic.bnl.gov

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

TRANSVERSE SINGLE-SPIN ASYMMETRIES OF MIDRAPIDITY … PHYS. REV. D 103, 052009 (2021)

052009-3

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.052009&domain=pdf&date_stamp=2021-03-22
https://doi.org/10.1103/PhysRevD.103.052009
https://doi.org/10.1103/PhysRevD.103.052009
https://doi.org/10.1103/PhysRevD.103.052009
https://doi.org/10.1103/PhysRevD.103.052009
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


The twist-3 approach is well suited to describe observed
inclusive forward hadron asymmetries because the
observed hadron pT can be used as a proxy for the hard
scale, and unlike the TMD approach, these correlation
functions do not explicitly depend on a soft-scale transverse
momentum. However, the twist-3 approach has been
related to kT moments of TMD PDFs and TMD FFs
and has been shown to be equivalent to the TMD approach
in the overlapping kinematic regime [12].
Because the Sivers function is odd under parity-and-time

reversal (PT-odd, also referred to as “naïve T-odd”), to be
nonzero it must include a soft-gluon exchange with the
proton remnant. Depending on the process, the exchange
can occur before and/or after the hard partonic scattering
[13]. Significant nonzero asymmetries due to the Sivers
TMD PDF have been measured in semi-inclusive deep-
inelastic lepton-nucleon scattering (SIDIS) [14,15], where
the soft-gluon exchange can only happen in the final state.
In hadronic interactions where at least one final-state
hadron is measured, both initial- and final-state interactions
can play competing roles in the measured asymmetries;
here TMD-factorization breaking has been predicted due to
soft gluon exchanges that are possible in both the initial and
final states simultaneously [16]. Additional leading-power
spin asymmetries have been predicted in hadronic colli-
sions due to this breakdown, without which these asym-
metries would be subleading [17], but further work is
needed to connect TMD-factorization breaking to exper-
imentally measured asymmetries. Note that inclusive
hadron TSSA measurements in hadronic collisions appear
to plateau at pT up to 5 GeV=c [3,5] and have been
measured to be nonzero at up to pT ≈ 7 GeV=c [18].
Recent studies in the twist-3 framework have successfully
described the pT dependence of these forward asymmetries
by including twist-3 effects in hadronization [19]. The
twist-3 perturbative prediction is that the asymmetry should
eventually decrease as the hard scale pT continues increas-
ing [17].
Since the inception of the collinear twist-3 and TMD

factorization pictures, there has been theoretical evidence
that they could combine to form a unified picture of TSSAs
in hard processes. This concept was recently tested with the
first simultaneous global analysis of TSSAs in SIDIS,
Drell-Yan, eþe− annihilation, and proton-proton collisions
[10]. This study used quark TMD PDFs and FFs to describe
the asymmetries in processes that are sensitive to the soft-
scale momentum, i.e., SIDIS, Drell-Yan, and eþe− anni-
hilation. These TMD functions were also used to calculate
collinear twist-3 qgq correlation functions which were
applied to inclusive forward pion asymmetry measurements
from the Relativistic Heavy Ion Collider (RHIC). This
simultaneous description of TSSAs across multiple colli-
sion species indicates that all TSSAs have a common origin
that is related to multiparton correlations.

Additional questions about the origin of the TSSAs in
hadronic interactions remain. Forward jet measurements
indicate that the TSSA is significantly smaller than neutral
pion asymmetries at similar xF and

ffiffiffi
s

p
[20]. Nonzero kaon

and antiproton asymmetries observed at forward rapidities
show that the measured asymmetries cannot be due only to
proton valence quark contributions as naively predicted in a
valencelike model, where the Sivers effect from sea quarks
and/or gluons is ignored, and that the fragmentation of
quarks into hadrons in which they are not valence quarks
could play a role in the observed nonzero asymmetries
[4,21]. Eta meson measurements, sensitive to potential
effects from strange quark contributions, isospin, and/or
hadron mass show forward asymmetries similar in magni-
tude to neutral pions [22]. At midrapidity at RHIC, nonzero
TSSAs have been measured for charged pion pair produc-
tion [23,24]. Even four decades after the initial discovery of
large TSSAs in hadronic interactions [1], there remain
many unresolved questions about their origin. Therefore it
is crucial to continue extending measurements to try to
better understand the nonperturbative dynamics which are
responsible for the TSSAs in hadronic collisions.
In this paper we report a measurement of the TSSA of π0

and ηmesons in p↑ þ p collisions at
ffiffiffi
s

p ¼ 200 GeV in the
midrapidity region jηj < 0.35. The data was taken during
the 2015 RHIC run and a total integrated luminosity of
approximately 60 pb−1 was collected. This measurement
extends previous measurements from RHIC to higher pT
and reduces the statistical uncertainties by a factor of 3 in
the overlapping pT region.

II. ANALYSIS

The asymmetries are measured with transversely polar-
ized proton beams where the average polarization of the
clockwise beam was 0.58� 0.02 and that of the counter-
clockwise beam was 0.60� 0.02 [25]. The direction of the
beam polarization was found to be consistent with the
vertical within statistical uncertainties. The polarization
direction of each beam independently changes bunch to
bunch which reduces systematic uncertainties associated
with variations in detector performance with time. The
relative luminosity is the ratio of the integrated luminosity
for bunches that were polarized in opposite directions. It is
determined by the number of times each crossing fires a
minimum-bias (MB) trigger and is measured to better than
10−4. The relative luminosity values for both beams were
limited to the range of 0.91 to 1.09 for all beam fills used
in these measurements. The bunch-to-bunch changes in
polarization direction also allow for polarization-averaged
measurements and, for a single-spin asymmetry analysis,
provide two ways to measure the TSSA with the same
dataset. This is done by sorting the particle yields for the
polarization directions of one beam at a time, effectively
averaging over the polarization of the other beam. RHIC
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uses eight different spin patterns for sequential fills
which are carefully chosen to minimize potential effects
from nonzero average polarization of either beam. The
statistically independent asymmetries measured from the
two beams are used to verify the analysis and are averaged
together for the final result.
The data analysis procedure is similar to our previous

measurements [5]. Neutral pion and eta mesons are
reconstructed via their two-photon decays by using the
midrapidity electromagnetic calorimeter (EMCal). The
EMCal is located in two central arms, each covering Δϕ ¼
π=2 in azimuth and jηj < 0.35 in pseudorapidity, centered
at ϕ ¼ π=16 and 15π=16. The EMCal comprises two
different types of calorimeters: six sectors of sampling
lead-scintillator calorimeters and two sectors of Čerenkov
lead-glass calorimeters [26]. The two calorimeter systems
have different granularity (δϕ × δη ¼ 0.011 × 0.011 in the
lead scintillator and 0.008 × 0.008 in the lead glass) and
also different responses to charged hadrons, which provides
important systematic cross-checks for these measurements.
A tracking system includes a drift chamber to measure track
momentum and pad chamber stations to measure the
charged particle hit position [27]. The measurement of
the track positions in front of the calorimeter is used to veto
charged particles from the photon sample. The beam-beam
counters (BBC) are arrays of quartz Čerenkov radiators that
surround the beam pipe and are placed �144 cm away
from the nominal collision point. The BBC covers full
azimuth and 3.0 < jηj < 3.9 in pseudorapidity. They mea-
sure the z-vertex position; a vertex cut of �30 cm around
the nominal collision point is used for this analysis. The
MB trigger requires at least one charged particle to be
measured in both sides of the BBC. This analysis is based
on the data sample selected with the EMCal-based high-
energy-photon trigger with energy threshold of 1.5 GeV,
which is taken in coincidence with the MB trigger.
Photons are identified as clusters in the EMCal and are

required to pass a shower profile cut which suppresses
clusters from hadrons. High-pT trigger photons are paired
with another photon in the same event that is also on the
same side of the detector. A charged track veto cut
eliminates clusters that geometrically match with a mea-
sured charged track, reducing background from electrons.
The contribution of EMCal detector noise is reduced by a
minimum energy cut of 0.5 GeVand a time-of-flight cut of
jTOFj < 5 ns. The timing of the cluster is measured by the
EMCal and the time zero reference of the event is provided
by the BBC. Each photon pair is required to pass an energy
asymmetry cut: α ¼ jE1 − E2j=ðE1 þ E2Þ < 0.8. The π0

yields comprise photon pairs with invariant mass in the
signal region �25 MeV=c2 from the π0 mass peak and η
meson yields are measured in the range �70 MeV=c2

around the η mass peak.
The transverse single-spin asymmetries are determined

with the “relative luminosity” formula

AN ¼ 1

PhcosðϕÞi
N↑ −RN↓

N↑ þRN↓ ; ð1Þ

which compares the yield of particles for when the beam
was polarized up versus down. Here P is the beam
polarization, N refers to the meson yield, the arrows refer
to the up (↑) or down (↓) directions of beam polarization,
and R ¼ L↑=L↓ is the relative luminosity. The acceptance
factor, hcosðϕÞi, accounts for the detector azimuthal cover-
age, where ϕ ¼ 0 points 90° from the (vertical) spin axis.
This correction is calculated as a function of photon pair
pT because the diphoton azimuthal acceptance depends
heavily on the decay angle and ranges from 0.95 at low pT
to 0.89 at high pT . The asymmetry is calculated separately
for the two detector arms and then the average weighed by
the statistical error is taken for the final result. As written,
Eq. (1) is for the arm to the left of the direction of travel of
the beam that is being taken as polarized. An overall minus
sign is needed for the asymmetry of particle yields in the
arm to the right of the polarized-beam-going direction.
An alternative method of calculating the asymmetry is

the “square root” formula

AN ¼ 1

PhcosðϕÞi

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↑

LN
↓
R

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↓

LN
↑
R

q
ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↑

LN
↓
R

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↓

LN
↑
R

q ; ð2Þ

which is used as a cross-check. This formula combines data
from the two arms (left and right) and both beam polari-
zation directions (up and down). The subscripts in Eq. (2)
refer to the yields to the left (L) and right (R) side of the
polarized-beam-going direction.
The measured asymmetries are also corrected for

background

ASig
N ¼ AN − r · ABG

N

1 − r
; ð3Þ

where r is the fractional contribution of photon pairs
from combinatorial background within the invariant mass
peak. The background fraction is calculated from fits to
the invariant mass spectra where a Gaussian is used to
describe the invariant mass peak, and a third order poly-
nomial is used to describe the combinatorial background, as
shown in the green curves in Fig. 1. Using this method,
the contribution of combinatorial background under the π0

peak is determined to vary from 10% in the lowest pT bin to
6% in the highest. Under the η meson invariant mass peak,
the background fraction varies from 71% to 47% in the
lowest to highest pT bins. In Eq. (3), the background
asymmetry, ABG

N , is evaluated with photon pairs in sideband
regions located on either side of the signal peak, as
represented in the red regions in Fig. 1. For the π0 analysis
these sideband regions are 47 < Mγγ < 97 MeV=c2 and
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177 < Mγγ < 227 MeV=c2, and for the η meson analysis
these regions are 300 < Mγγ < 400 MeV=c2 and 700 <
Mγγ < 800 MeV=c2. These background regions match the
ranges that were used in previous results [5] and are chosen
to approximate the behavior of the combinatorial back-
ground under the invariant mass peak. They are selected to
be close to the peak while still far enough away to contain
negligible contributions from signal photon pairs. The
background asymmetries are consistent with zero across
all pT bins. The background asymmetries between the low-
mass and high-mass regions are also consistent with zero
and with each other.
Tables I and II show the asymmetries with statistical and

systematic uncertainties. The total systematic uncertainty is
the sum of the three sources of systematic uncertainty
added in quadrature. The systematic uncertainty on the
asymmetry due to the background fraction in Eq. (3) is
determined by varying the fit ranges when computing r and
calculating how much the background-corrected asymme-
try changes. While the asymmetries calculated with the
“relative luminosity” [Eq. (1)] and the “square root”
[Eq. (2)] formulas were found to be statistically consistent,
their difference was assigned as a conservative systematic
uncertainty due to possible variations in detector perfor-
mance and beam conditions. This dominates the total
systematic uncertainty for most pT bins.
Bunch shuffling is a techniqueused to investigate potential

sources of systematic uncertainty that could cause the
measured asymmetry results to vary from their true values
beyond statistical fluctuations. Bunch shuffling involves
randomizing the assigned bunch-by-bunch polarization
directions of the beam such that the physical asymmetry
disappears, thereby isolating the statistical variations present
in the data. All asymmetry values have bunch shuffling
results consistent with statistical variations except for the
lowest pT bin where there is 7% and 6% more variation
beyondwhat is expected from statistical fluctuations in theπ0
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FIG. 1. Example invariant mass distributions around the (a) π0

and (b) η peak for photon pairs with 4 < pT < 5 GeV=c in one of
the detector arms. The minus-45° hatched (blue) region at the
center of each plot corresponds to the invariant mass region under
the peak which is used to calculate AN in Eq. (3) and the plus-45°
(red) sideband regions correspond to the photon pairs that are
used to calculate ABG

N . The bold solid (green) curves correspond
to the fit to the combinatorial background, which is used to
calculate the background fraction.

TABLE I. The measured AN of π0 in pþ p collisions at
ffiffiffi
s

p ¼ 200 GeV as a function of pT . An additional scale uncertainty of 3.4%
due to the polarization uncertainty is not shown. The total σsyst in the lowest pT bin includes an additional systematic uncertainty of
1.06 × 10−4 from bunch shuffling. Columns 5 and 6 show the systematic errors due to relative luminosity vs square root formulas (rel.
lumi. vs sqrt.) and background fraction (bg. fraction).

hpTi (GeV=c) pT bin ranges (GeV=c) AN σstat σsyst (rel. lumi. vs sqrt.) σsyst (bg. fraction) σsyst (total)

2.58 2–3 1.43 × 10−4 2.81 × 10−4 5.71 × 10−5 3.92 × 10−7 1.20 × 10−4

3.42 3–4 −3.43 × 10−4 3.21 × 10−4 1.73 × 10−5 3.92 × 10−6 1.77 × 10−5

4.40 4–5 3.35 × 10−4 5.71 × 10−4 6.56 × 10−5 1.91 × 10−6 6.57 × 10−5

5.40 5–6 2.33 × 10−3 1.06 × 10−3 9.61 × 10−5 6.68 × 10−7 9.61 × 10−5

6.41 6–7 −6.89 × 10−4 1.87 × 10−3 1.12 × 10−4 2.11 × 10−5 1.14 × 10−4

7.42 7–8 1.93 × 10−3 3.11 × 10−3 3.41 × 10−4 7.61 × 10−5 3.50 × 10−4

8.43 8–9 −2.38 × 10−3 4.88 × 10−3 2.45 × 10−4 3.99 × 10−4 4.69 × 10−4

9.43 9–10 4.04 × 10−4 7.03 × 10−3 3.31 × 10−4 1.16 × 10−4 3.51 × 10−4

10.79 10–12 7.34 × 10−3 7.99 × 10−3 9.71 × 10−5 3.13 × 10−4 3.28 × 10−4

13.53 10–20 −1.05 × 10−2 1.27 × 10−2 6.86 × 10−4 1.15 × 10−5 6.86 × 10−4
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and ηmeson analyses, respectively. These values are used to
assign additional systematic uncertainties to the lowest pT

bin of theπ0 and ηmeson asymmetries and dominate the total
systematic uncertainty for those bins.
Additional cross-checks included examining the asym-

metries in the two arms separately using Eq. (1) and
measuring the asymmetry as an explicit function of ϕ.
All checks were statistically consistent with the main
asymmetry results.

III. RESULTS AND DISCUSSION

Figure 2 shows the AN of neutral pions at midrapidity in
p↑ þ p collisions at

ffiffiffi
s

p ¼ 200 GeV, where the bands
represent the systematic uncertainty and the bars represent
the statistical uncertainty. The comparison to previous
results [5] demonstrates the improvement in statistical
precision. The inset in Fig. 2 shows a zoomed-in com-
parison at small pT . The new measurement is consistent
with our previous measurement and improves the precision
on average by a factor of 3. The new measurement of AN of
neutral pions is consistent with zero in the entire pT range.

The measurement of AN of η mesons in p↑ þ p
collisions at

ffiffiffi
s

p ¼ 200 GeV is shown in Fig. 3. This
measurement is also compared to the previous result,
similarly to Fig. 2. The new measurement is consistent
with the previous result and with zero across the entire pT

range. In principle, comparisons of π0 and η meson TSSAs
may indicate additional effects from strange quarks, isospin
differences, or hadron mass. At forward rapidity, existing
measurements [22,28] do not yet clearly resolve whether
the η meson asymmetry is larger than the π0 asymmetry as
predicted in some models [29]. At midrapidity, there is a
larger contribution from gluon dynamics and, as shown in
Fig. 4, both asymmetries are consistent with zero and
therefore show no evidence for differences due to strange-
ness, isospin, or mass.
Figure 5 shows this π0 TSSA result plotted with

theoretical predictions. The qgq curve shows the predicted
contribution from collinear twist-3 qgq functions from both
the polarized proton and the process of hadronization. This
curve was calculated with fits that were published in
Ref. [10] and has been reevaluated in the rapidity range
of PHENIX. Midrapidity π0 production includes a large

TABLE II. The measured AN of ηmesons in pþ p collisions at
ffiffiffi
s

p ¼ 200 GeV as a function of pT . An additional scale uncertainty of
3.4% due to the polarization uncertainty is not shown. The total σsyst in the lowest pT bin includes an additional systematic uncertainty of
6.20 × 10−4 from bunch shuffling. Columns 5 and 6 show the systematic errors due to relative luminosity vs square root formulas (rel.
lumi. vs sqrt.) and background fraction (bg. fraction).

hpTi (GeV=c) pT bin ranges (GeV=c) AN σstat σsyst (rel. lumi. vs sqrt.) σsyst (bg. fraction) σsyst (total)

2.39 2–3 2.44 × 10−3 1.83 × 10−3 5.18 × 10−4 4.58 × 10−5 8.09 × 10−4

3.53 3–4 −1.99 × 10−3 1.59 × 10−3 8.36 × 10−5 3.31 × 10−5 8.99 × 10−5

4.39 4–5 −3.31 × 10−3 2.48 × 10−3 1.44 × 10−4 4.55 × 10−5 1.51 × 10−4

5.40 5–6 −1.39 × 10−3 4.21 × 10−3 2.41 × 10−4 3.59 × 10−5 2.44 × 10−4

6.41 6–7 2.22 × 10−3 7.09 × 10−3 1.12 × 10−3 6.35 × 10−6 1.12 × 10−3

7.42 7–8 1.03 × 10−2 1.15 × 10−2 7.03 × 10−4 1.60 × 10−4 7.20 × 10−4

8.75 8–10 7.90 × 10−3 1.37 × 10−2 1.24 × 10−3 1.88 × 10−4 1.25 × 10−3

11.76 10–20 1.68 × 10−2 2.19 × 10−2 4.25 × 10−3 3.70 × 10−4 4.26 × 10−3
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FIG. 2. Transverse single-spin asymmetry of neutral pions mea-
sured at jηj < 0.35 in p↑ þ p collisions at
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s

p ¼ 200 GeV. An
additional scale uncertainty of 3.4% due to the polarization
uncertainty is not shown.
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FIG. 3. Transverse single-spin asymmetry of eta mesons mea-
sured at jηj < 0.35 in p↑ þ p collisions at
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p ¼ 200 GeV. An
additional scale uncertainty of 3.4% due to the polarization
uncertainty is not shown.
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fractional contribution from gluons in the proton, so a
complete collinear twist-3 description of the midrapidity π0

TSSAwould also need to include the contribution from the
trigluon correlation function. Given the small expected
contribution from the qgq correlation function, this meas-
urement can constrain future calculations of the ggg
correlation function, such as those in Ref. [30].
The other theory curves in Fig. 5 show predictions for the

midrapidity π0 TSSA generated by the Sivers TMD PDF.
These curves include contributions from both the quark and
gluon Sivers functions and have been evaluated for xF ¼ 0,
which approximates the measured kinematics. These cal-
culations use the generalized parton model (GPM) which
takes the first kT moment of the Sivers function [e.g.,R
kT · qðkTÞ] and does not include next-to-leading-order

interactions with the proton fragments. The “GPM” curve
uses the parameters stated in Eq. (32) of Ref. [31]. The
color-gauge-invariant generalized parton model (CGI-
GPM) expands on the GPM by including initial- and
final-state interactions through the one-gluon exchange

approximation. This model has been shown to reproduce
the predicted sign change for the quark Sivers function in
SIDIS and Drell-Yan. The CGI-GPM curves plotted in
Fig. 5 show two different scenarios for this model, the
specifics of which can be found in Eq. (34) of Ref. [31].
The values that are used for the scenario 1 curve are chosen
to maximize the open heavy flavor TSSA generated by the
gluon Sivers function while still keeping this asymmetry
within the statistical error bars of the published result in
Ref. [32] and simultaneously describing the previously
published midrapidity π0 TSSA from Ref. [5]. The values
used in the scenario 2 curve are similarly calculated,
except that they minimize the open heavy flavor TSSA
within the range of the published statistical error bars. As
shown in the zoomed-in inset of Fig. 5, this π0 TSSA result
has the statistical precision at low pT needed to distinguish
between the GPM and CGI-GPM frameworks, preferring
CGI-GPM scenario 2.
Measurements of TSSAs in pþ p collisions are

essential to understanding the underlying nonperturbative
processes which generate them. In particular, further
measurements are necessary to clarify certain questions
in the interpretations of the TSSAs. For example, the
small forward jet asymmetries measured in Ref. [20] have
been interpreted as a cancellation of up and down quark
asymmetries, implying that the comparatively forward
large neutral pion asymmetries include significant contri-
butions from spin-momentum correlations in hadronization
[19]. Additionally, the pT dependence of these forward
rapidity measurements remains to be clearly understood;
measurements of nonzero asymmetries out to even higher
pT would help confirm that these twist-3 observables
eventually fall off with increasing hard scale. While the
midrapidity measurements here are all consistent with zero,
they still provide the highest available statistical precision
and pT reach available at the PHENIX experiment. While
forward rapidity light hadron TSSAs are dominated by
valence quark spin-momentum correlations in the polarized
proton, these midrapidity TSSA measurements are sensi-
tive to both quark and gluon dynamics at leading order.
Thus these data also provide further constraints to gluon
spin-momentum correlations in transversely polarized
protons [30,33].

IV. SUMMARY

The measurements presented here were motivated by the
outstanding questions regarding the physical origin of
TSSAs. The TSSAs of π0 and η mesons were measured
at midrapidity in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV by the
PHENIX experiment. The measured π0 (η) meson asym-
metry is consistent with zero in the presented pT range, up
to precision of 3 × 10−4 ð2 × 10−3Þ in the lowest pT bins.
Both measurements have a significant reduction in uncer-
tainty from previous measurements at midrapidity at RHIC.
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FIG. 4. Comparison of the π0 and η meson asymmetries mea-
sured at jηj < 0.35 in p↑ þ p collisions at
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p ¼ 200 GeV. An
additional scale uncertainty of 3.4% due to the polarization
uncertainty is not shown.
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These data extend previous constraints to any presence of
gluon spin-momentum correlations in transversely polar-
ized protons.
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