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Abstract

Results are presented for the transverse single-spin asymmetries of direct photons, neu-
tral pions, and eta mesons for |η| < 0.35 from p↑ + p collisions with

p
s = 200 GeV at

PHENIX. As hadrons, π0 and η mesons are sensitive to both initial- and final-state ef-
fects and at midrapidity probe the dynamics of gluons along with a mix of quark flavors.
Because direct photon production does not include hadronization, the direct photon
TSSA is only sensitive to initial-state effects and at midrapidity provides a clean probe of
the gluon dynamics in transversely polarized protons. All three of these results will help
constrain the collinear twist-3 trigluon correlation function as well as the gluon Sivers
function, improving our knowledge of spin-dependent gluon dynamics in QCD.
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1 Introduction

Transverse single-spin asymmetries (TSSAs) are a type of spin-momentum correlation mea-
surement in hadronic collisions. In the context of proton-proton collisions, one of the protons
is transversely polarized while the other is unpolarized. The TSSA measures the asymmetry
of particle yields which travel to the left versus the right of the polarized-proton-going direc-
tion. Theoretical calculations which only include effects from high energy partonic scattering
predict that spin-momentum correlations like these should be small, on the order of less than
one percent [1], but in fact large nonzero asymmetries have been measured in a variety of
collision systems. This includes the forward π0 asymmetry for p+ p and p+ A collisions with
p

sNN = 200 GeV and transverse momentum up to pT ≈ 7 GeV/c [2]. Because the perturbative
part of QCD calculations could not account for these large spin-momentum correlations, this
led to the reexamination of the nonperturbative part. Two theoretical frameworks were devel-
oped: transverse momentum dependent functions and collinear twist-3 correlation functions
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both of which describe spin-momentum correlations within the nucleon and in the process of
hadronization.

Traditionally parton distribution functions (PDFs) and fragmentation functions (FFs) are
collinear, meaning that they integrate over the nonperturbative dynamics of partons and only
depend on longitudinal momentum fractions. Transverse momentum dependent (TMD) func-
tions, as the name suggests, depends explicitly on the parton’s relative transverse momentum
kT . The Sivers function is a TMD PDF that describes the spin-momentum correlation be-
tween the transversely polarized proton and the nonperturbative transverse momentum of the
quark [3]. The quark Sivers functions have been extracted through polarized semi-inclusive
deep inelastic scattering (SIDIS) measurements, while the gluon Sivers function has remained
comparatively unconstrained because SIDIS is not sensitive gluons at leading order [4]. The
Collins function is an example of a TMD FF and describes the spin-momentum correlation be-
tween the transverse spin of a quark and the soft-scale relative transverse momentum of the
unpolarized hadron it produces [5]. In order for TMD factorization to apply, this transverse
momentum must be both nonperturbative and much smaller than the hard-scale energy of the
scattering event. Thus, the most straight forward way to extract these TMD functions is with
a two-momentum scale scattering process, like SIDIS. In SIDIS it is also possible to isolate
the effects from particular TMD functions through angular moments and measure both the
Sivers [6,7] and Collins [8] functions directly.

However, the measurements that are presented in these proceedings are single scale pro-
cesses and are measured as a function of transverse momentum which is used as a proxy for
the hard scale. In order to apply TMD functions to these measurements, one must take the kT
moment of these functions. The neutral meson TSSA presented in this document are sensitive
to both initial- and final-state effects. In the TMD picture these are divided into the Sivers
effect where the kT moment of the Sivers function has been taken and the Collins effect where
the Collins function has been convolved with the collinear Transversity function, a PDF that
describes the correlation between the transverse spin of a quark and the transverse spin of the
proton. Theoretical calculations using TSSAs measured in proton-proton data have suggested
that the Collins effect’s contribution [9] is smaller than Sivers effect’s contribution [10], which
is consistent with the small Collins asymmetry that was measured for forward-rapidity π0s
in jets [11]. Because the Sivers function is parity-time odd, in order to be nonzero, it must
include a soft-gluon exchange with the proton fragment, which can happen before and/or
after the hard-scattering event. In processes like proton-proton to hadron interactions soft
gluon exchanges are possible in both the initial- and final-state simultaneously, leading to the
prediction of TMD factorization breaking [12].

Another approach towards describing TSSAs are collinear twist-3 correlation functions.
While traditional nonperturbative functions are twist-2 and only consider the interactions of
a single parton in the proton and a single parton hadronizing at a time, twist-3 functions are
multiparton correlation functions. They describe the quantum mechanical interference be-
tween scattering off of one parton at a given x versus scattering off of a parton of the same
flavor and same x plus an additional gluon. These functions are broken into two types: the
quark-gluon-quark (qgq) correlation functions describe the quantum mechanical interference
between scattering of a single quark versus scattering off of a quark and a gluon, while the
trigluon (g g g) correlation functions describe the interference between scattering off of one
gluon versus scattering off of two. Collinear twist-3 correlation functions are used to describe
spin-momentum correlations both from initial-state proton structure and also from final-state
hadronization. Efremov-Teryaev-Qiu-Sterman (ETQS) function is a qgq correlation function
for the polarized proton [13–15] that is related to the kT moment of the Sivers TMD PDF [16].
Collinear qgq correlation functions have been used to describe forward π0 TSSA measure-
ments by including contributions from both the ETQS function and final state hadronization
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effects, which dominate [17,18]. Twist-3 collinear functions have the added benefit that they
do not depend on a soft-scale momentum and are uniquely suited to describing TSSA in proton-
proton collisions where only one final state particle is measured.

2 Experimental Setup

These measurements were taken at the Relativistic Heavy Ion Collider (RHIC), the only col-
lider in the world that is able to collide polarized proton beams. Both beams are polarized, and
the polarization direction changes direction bunch-to-bunch in order to avoid systematic ef-
fects. The polarization is maintained by a series of spin-rotating helical dipoles called Siberian
snakes which are placed at diametrically opposite points along both RHIC rings. They flip the
polarization direction for each bunch by 180o degrees without distorting the trajectory of the
beam, causing additive depolarization effects to cancel out.

PHENIX is one of the large multipurpose detectors around the RHIC ring. In 2015 PHENIX
took a transversely polarized proton-proton data set with an integrated luminosity of 60 pb−1.
These measurements use photons that were measured in the electromagnetic calorimeter (EM-
Cal) which has a pseudorapidity acceptance of |η| < 0.35 and two nearly back-to-back arms
that each cover ∆φ = π/2 in azimuth. The EMCal is comprised of eight sectors, six of which
are made of lead scintillator towers and two of which are made of lead glass. Events with high
pT photons are selected though an EMCal-based high energy photon trigger.

Traditionally TSSAs are measured as function of φ and then fit to a sinusoid to extract the
amplitude. This becomes more difficult with the limited PHENIX acceptance, especially for
midrapidity asymmetries that tend to be consistent with zero. So PHENIX midrapidity TSSA
analyses integrate over the full φ range of the detector:

AN =
σL −σR

σL +σR
=

1
P〈| cosφ |〉

N ↑ −RN ↓

N ↑ +RN ↓
. (1)

The acceptance correction, 〈| cosφ |〉, is used to correct for the dilution of the asymmetry over
the EMCal φ range. 〈| cosφ |〉 is measured as a function of pT for the π0 and η analyses since
the diphoton azimuthal acceptance changes with the photon decay angle. The asymmetry is
also diluted by the beam not being 100% polarized and so the asymmetry is divided the beam
polarization, P which for this data set was 59% on average. This asymmetry formula takes
advantage of the fact that the beam polarization direction changes bunch-to-bunch, where
N ↑ and N ↓ are the particle yields for when the beam is polarized up and down, respectively.
Because this formula takes the ratio of particle yields from the same detector, effects from
detector acceptance and efficiencies cancel out. This asymmetry needs to be corrected for the
relative luminosity of the different beam configurations: R = L↑/L↓. This is calculated by
taking the ratio of the number of events that fired the minimum bias trigger when the beam
was polarized up divided by the same for when the beam was polarized down.

3 π0 and η Meson TSSA

Forward-rapidity light hadron production corresponds to probing the proton at higher x , mean-
ing that valence quark spin-momentum correlations dominate the forward rapidity π0 and η
TSSA measurements. Measurements of the forward π0 TSSA have been used to constrain qgq
correlation functions both in the transversely polarized proton and the process of hadroniza-
tion [17,18]. In contrast, at midrapidity the proton is probed at comparatively more moderate
x , and so light hadron production includes contributions from valance quarks, gluons, and sea
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Figure 1: The new π0 and η TSSA results [20] plotted with the previously published
PHENIX results [21]. An additional scale uncertainty of 3.4% due to the uncertainty
in the polarization is not shown

quarks [19]. While this makes interpreting results a midrapidity more challenging, it does
mean that these midrapidity TSSA measurements are sensitive to gluon dynamics at leading
order. As hadrons, π0 and η mesons are sensitive to both proton structure as well as in the
process of hadronization and the η meson is also sensitive strange quark dynamics. The π0

yields are comprised of 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. Figure 1 shows the new midrapidity π0 and η TSSA results [20] compared
with the previously published PHENIX results [21]. The π0 asymmetry is consistent with zero
to within 10−4 at low pT and the η asymmetry is consistent with zero to within 0.5% at low
pT . Both new results have a statistical uncertainty that is three times smaller than the previous
PHENIX results and have a higher reach in pT .

Figure 2 shows this same π0 result plotted with theoretical predictions. The qgq curves
shows the predicted contribution of the quark-gluon-quark correlations from both the trans-
versely polarized proton and the process of hadronization. This calculation uses fits to data
that were published in Ref [18] and recalculated for the pseudorapidity ranges of this mea-
surement. Midrapidityπ0 production also includes a large fractional contribution from gluons,
and so a full twist-3 collinear description of the midrapidity π0 TSSA also needs to include the
contribution from the trigluon correlation function, such as those published in Ref [22]. Given
the small expected contributions from the qgq correlation functions, this measurement can
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constrain future calculations of the trigluon correlation function.
The rest of the theory curves in Figure 2 show predictions for the midrapidity π0 TSSA

calculated in the TMD picture. These curves show the predicted asymmetry as generated by
the Sivers TMD PDF for both quarks and gluons. They are calculated using functions published
in Ref [23] which have been reevaluated at Feynman-x (xF = 2pL/

p
s) equal to zero, which

approximates the measured kinematics. The red curve was calculated using the Generalized
Parton Model (GPM) meaning that the first kT moment of the Sivers function is taken and
the calculation does not include next-to-leading-order interactions with the proton fragment.
The color-gauge invariant generalized parton model (CGI-GPM) somewhat relaxes these as-
sumptions and includes both initial- and final-state interactions via the one-gluon exchange
approximation. The CGI-GPM curves plotted in Figure 2 come from simultaneous fits to open
heavy flavor [24] and midrapidity π0 [21] TSSA measurements from PHENIX. Scenario 1 max-
imizes the asymmetry, while scenario 2 minimizes it. As shown in the zoomed in top panel of
Figure 2, this π0 TSSA measurement has the statistical precision to distinguish between the
GPM and CGI-GPM models, preferring CGI-GPM Scenario 2.
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Figure 2: The π0 TSSA [20] with theoretical curves in both the collinear twist-3 [18]
and TMD [23] frameworks. See text for details.

4 Direct Photon TSSA

Direct photons are photons that come directly from the hard-scattering event. Because they
do not undergo hadronization they are only sensitive to initial-state effects from proton struc-
ture. At large transverse momentum they are produced by the 2-to-2 hard scattering sub-
processes quark-gluon Compton scattering (g + q→ γ+ q) and quark-antiquark annihilation
(q̄+ q→ γ+ g). At midrapidity quark-gluon Compton scattering dominates [25] because the
proton is probed at a moderate x where the gluon PDF dominates. As a result, midrapidity
direct photons are a uniquely clean probe of gluon structure in the proton.

The vast number of photons present in an event are not direct photons, but instead come
from decays and next-to-leading order fragmentation processes. Many of these photons are
eliminated by a tagging cut which removes that photons that have been matched into a pair
with another photon in the same event which reconstructs either a π0→ γγ or η→ γγ decay.
An isolation cut further reduces the contribution of decay photons [26] as well as next-to-
leading order fragmentation photons to about 15% for direct photons with pT > 5 GeV/c [25].
This cut adds up the energy of all of the surrounding EMCal clusters and the momentum of
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all of the surrounding tracks that are within a cone of 0.4 radians. The photon only passes
this isolation cut if it has ten times the energy of the surrounding cone. The remaining back-
ground is dominated by decay photons where the second partner photon was missed because
it was either out of acceptance or too low in energy. This decay photon would not have been
eliminated by the tagging cut so this background is estimated through single particle Monte
Carlo and found to be about 50% for the lowest pT bin and drop to about 16% in the highest
pT bin.

The final direct asymmetry is plotted in Figure 3 and is consistent with zero to within
about 2% [27]. The only previously published direct photon TSSA result was measured at
the E704 Fermilab experiment and was found to be consistent with zero to within about 20%
for 2.5 < pγT < 3.1 GeV/c for

p
s = 19.4 GeV [28]. This new result measured photons with

pγT > 5 GeV/c with total uncertainties a factor of 50 times smaller than the E704 measurement.
The green curve in Figure 3 shows the contribution from qgq correlation functions from both
the polarized and unpolarized proton that were published in Ref. [29] and recalculated for
|η|< 0.35. The error bars shown correspond to propagated uncertainties from fits to data and
do not include uncertainties from assuming functional forms. The g g g correlation function
contributions use fits that were published in Ref. [30] and were reevaluated for η = 0. Mod-
els 1 and 2 correspond to different functional forms assumptions for the trigluon correlation
function in terms of the collinear leading-twist gluon PDF. The trigluon correlation function
is divided into symmetric and antisymmetric parts. Setting these parts to have the same sign
maximizes the direct photon asymmetry while setting them to have the opposite sign mini-
mizes it. Given the small predicted qgq correlation function contribution, this direct photon
asymmetry result will help constrain the trigluon correlation function.
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Figure 3: The direct photon TSSA [27] plotted with the contributions from the
qgq [29] and g g g [30] correlation function contributions. See text for details. An
additional scale uncertainty of 3.4% due to the uncertainty in the polarization is not
shown.

5 Conclusion

TSSAs are spin-momentum correlations that probe parton dynamics in the proton as well as
in the process of hadronization. They can be described by both the TMD and collinear twist-
3 frameworks, were collinear twist-3 correlation functions only require a single hard-energy
scale to be measured directly. The midrapidity π0 and η TSSAs measurements were presented
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for
p

s = 200 GeV. Both results are consistent with zero and have a factor of 3 increase in
precision compared to the previous PHENIX results. Midrapidityπ0 and ηmesons are sensitive
to both initial- and final-state effects for both quarks and gluons and the η TSSA is in particular
sensitive to strangeness in twist-3 functions. Midrapidity isolated direct photons offer a clean
probe of gluon initial-state effects. The direct photon TSSA has been measured for the first
time at RHIC and is also consistent with zero. These asymmetry results will help constrain the
trigluon correlation function in the transversely polarized proton as well as the gluons Sivers
function, both of which are steps towards creating a more complete, three-dimensional picture
of proton structure.
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