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Presented are the first measurements of the transverse single-spin asymmetries (AN) for neutral pions and
eta mesons in pþ Au and pþ Al collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV in the pseudorapidity range jηj < 0.35
with the PHENIX detector at the Relativistic Heavy Ion Collider. The asymmetries are consistent with zero,
similar to those for midrapidity neutral pions and eta mesons produced in pþ p collisions. These
measurements show no evidence of additional effects that could potentially arise from the more complex
partonic environment present in proton-nucleus collisions.

DOI: 10.1103/PhysRevD.107.112004

I. INTRODUCTION

Transverse single-spin asymmetries (TSSAs) in particle
production for hadronic collisions involving a transversely
polarized proton result from nonperturbative spin-momen-
tum correlations in the proton and/or the process of
hadronization [1]. For recent discussions of TSSAs mea-
sured in polarized pþ p collisions at the Relativistic
Heavy Ion Collider (RHIC) and the possible mechanisms
contributing to them, see Refs. [2–10].
In hadronic collisions involving a nucleus, the under-

lying partonic origins of the asymmetries could be affected
by the presence of more complex quantum-chromodynam-
ics environments. For example, relations between TSSAs
and the physics of small parton momentum fractions have
been proposed, in particular, how comparisons of asym-
metries measured in p↑ þ p and p↑ þ A collisions for
forward hadron production could be used to probe gluon
saturation effects in the nucleus [11]. Further theoretical

works have explored these ideas [12–22]. At RHIC, TSSA
measurements for proton-nucleus collisions have been
performed for forward charged hadrons [23,24] and for-
ward J=ψ mesons [25] by PHENIX, and for forward π0

production by STAR [26], revealing some nuclear depend-
encies that remain to be understood in detail. PHENIX has
additionally measured the TSSAs for far forward neutron
production, with the observed nuclear dependence of
the asymmetries understood to be due to the interplay
of hadronic and electromagnetic interactions in ultra-
peripheral collisions [27,28]. No experimental measure-
ments exist, and very little theoretical work has been done
to explore possible nuclear effects for midrapidity TSSA
observables, which can only be studied at RHIC.

II. ANALYSIS

This brief article reports the first measurement of the
TSSAs of neutral pions and eta mesons in proton-Gold
(p↑ þ Au) and proton-Aluminum (p↑ þ Al) collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at midrapidity (jηj < 0.35). The data
were taken in 2015 at RHIC, and total integrated lumi-
nosities of approximately 202 and 690 nb−1, respectively,
were collected.
Measurements were performed with collisions of a

vertically polarized proton beam on an ion beam (Au or
Al). The proton or ion bunches are separated by 106 ns in
the RHIC rings. Each polarized proton bunch is assigned a

*Deceased.
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polarization direction, either up or down, so that measure-
ments with both spin directions can be performed nearly
simultaneously. This significantly reduces any possible
systematic uncertainties related to the detector performance
with time. The average proton beam polarization was 0.60
and 0.57 in p↑ þ Au and p↑ þ Al collisions, respectively
[29], with a relative uncertainty of 3% due to uncertainty in
polarization normalization.
The data analysis procedure follows almost exactly

from the recent TSSA measurement for π0 and η mesons
in

ffiffiffi
s

p ¼ 200 GeV polarized pþ p collisions [5], with
the distinction that only the proton beam is polarized in
p↑ þ A collisions. Only events with a collision z vertex
within �30 cm from the nominal collision point were
selected. The collision or minimum-bias trigger, as well as
vertex position, were determined by two beam-beam
counters (BBC) located at �144 cm from the nominal
collision point along the beam line, and covering the
pseudorapidity range 3.1 < jηj < 3.9 with full azimuthal
coverage.
Neutral pions and eta mesons were reconstructed

through their two-photon decay in the electromagnetic
calorimeters (EMCal) of PHENIX. The EMCal is located
in two nearly back-to-back central arm spectrometers (west
and east), each covering Δϕ ¼ π=2 in azimuth and �0.35
in pseudorapidity. The EMCal comprises two types of
calorimeters, six sectors of sampling lead-scintillator
(PbSc) calorimeters and two sectors of Čerenkov lead-
glass (PbGl) calorimeters [30]. The two-calorimeter sys-
tems have different granularity (Δϕ × Δη ¼ 0.011 × 0.011
in PbSc and 0.008 × 0.008 in PbGl) and also have a
different response to charged hadrons, which provides
important systematic cross checks for the measurement.
The PHENIX EMCal was also used to generate a high-

pT photon trigger to tag events with a high-energy cluster in
the EMCal. The high-pT photon trigger (with an energy
threshold of 1.5 GeV) in coincidence with a minimum-bias
trigger that requires charged particles in both BBC detec-
tors was used to collect the π0 and η statistics in this
analysis. The efficiency of such a trigger for π0 ’s increased
from 20% at pT ¼ 3 GeV=c to 90% at pT > 6 GeV=c,
with the plateaued efficiency level defined by the accep-
tance of the live trigger tiles.
Photons were identified in the EMCal by placing

selection criteria on the shower profile and time of flight
(TOF) with jTOFj < 5 ns, and with a minimum energy
selection of 0.5 GeV to reduce the contribution from
electronic noise in the EMCal, and combinatorial back-
ground in π0 and η reconstruction. A charged track veto
was also implemented to eliminate clusters that are
geometrically associated with a track and to suppress
the background from electrons and charged hadrons.
Photon pairs were reconstructed by finding a high-pT
trigger photon and pairing it with another photon from
the same event and spectrometer arm. Photon pairs

passing an energy-asymmetry requirement, α ¼ jE1 − E2j=
ðE1 þ E2Þ < 0.8, were selected for further analysis.
Figure 1 shows the two-photon invariant mass distribu-

tions around the π0 and η peaks for photon pairs within
4 < pT < 5 GeV=c in the west central arm spectrometer
for pþ Au and pþ Al collisions. The π0 and η meson
yields were defined to be within the signal-invariant mass
window (blue leftward-hatched regions in Fig. 1) of �25

and �70 MeV=c2 from the π0 and η mass peaks, respec-
tively, in the two-photon invariant mass distribution for
each pT bin. The sideband regions used to approximate the
combinatorial background under the signal peak (red
rightward-hatched regions in Fig. 1) are defined as 47–
97 and 177–227 MeV=c2 for the π0 and 300–400 and
700–800 MeV=c2 for the η mesons. The same signal and
sideband regions were used in a previous PHENIX analysis
[5]. The combinatorial background for the two-photon
invariant mass spectrum (described by a third-order poly-
nomial and shown as the green solid lines in Fig. 1) was
used to quantify the fraction of background existing under
the signal peaks. For the π0, this ranged from 14% (13%) to
6% (6%) from the lowest to the highest pT bins in pþ Au
(pþ Al) collisions, while for the η, the combinatorial
background under the signal peak ranged from 79%
(77%) to 48% (43%) in pþ Au (pþ Al) collisions.
Similar to the recent pþ p π0 and η TSSA analysis [5],

the transverse single-spin asymmetry AN is determined
with the “relative-luminosity” formula, which is calculated
separately for the two detector arms. This yields measure-
ments from two independent data sets that are verified for
consistency and then averaged to obtain the final result. The
equation for the relative-luminosity TSSA is

AN ¼ 1

PhcosðϕÞi
N↑ −RN↓

N↑ þRN↓ ; ð1Þ

where P is the beam polarization, and R is the relative
luminosity, defined as the ratio of integrated luminosities
between the bunches with ↑ and ↓ spin states and measured
by the BBC detectors. Here, hcosðϕÞi is the acceptance
factor which reflects the detector azimuthal coverage,
calculated separately for each pT bin and spectrometer
arm, and N refers to the yields, with the arrows referring to
the up (↑) or down (↓) polarization of the proton beam.
Another method to calculate the asymmetry is the

“square-root” formula, which is used as a cross check.
The square-root formula is defined as

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

and it is used to calculate the asymmetry for both
spectrometer arms simultaneously, where the L and R
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subscripts of N correspond to yields measured in the left
and right detector arms, respectively, with respect to the
polarized-proton-going direction. This results in only one
measurement of AN that can be compared with the
weighted average of the left and right relative-luminosity
asymmetry calculation. The comparison of results using
Eqs. (1) and (2) was used as a cross check, with corre-
sponding systematic uncertainties discussed below.
As an additional cross check, the TSSA is calculated as a

function of ϕ, in which case, a cosine modulation is fit to
extract the asymmetry. This was found to be statistically
consistent with the main asymmetry results.
The measured asymmetries were corrected for the back-

ground as follows,

Asig
N ¼ AN − r · ABG

N

1 − r
; ð3Þ

where r is the background fraction under the π0 or η peaks,
calculated from the background fits (green solid lines)
shown in Fig. 1. Note that ABG

N is the background asym-
metry, which was evaluated from the sidebands on
both sides of the π0 and η peaks, also shown in Fig. 1.

The background asymmetry is consistent with zero in all pT

bins and all collision systems for both the π0 and ηmesons.
Asymmetries were calculated separately for each accel-

erator fill, during which the detector performance and beam
conditions are considered to be relatively stable. The final
asymmetry was obtained from the weighted average over
the accelerator fills.
The possible sources of systematic uncertainties consid-

ered are (i) the background contribution r in Eq. (3), and
(ii) possible variation in detector performance and beam
conditions. A systematic uncertainty on the background
fraction is quantified by varying the fit ranges used to
calculate r and computing how much the background-
corrected asymmetry changes. The variations in detector
performance and beam conditions, including uncertainty on
the relative luminosity, were tested by comparing results
calculated with the “relative-luminosity formula” Eq. (1)
and the “square-root formula” Eq. (2), and with a technique
known as “bunch shuffling” [31]. The asymmetries calcu-
lated with the different formulas were found to be sta-
tistically consistent when taking into account the
correlation between data sets. However, a conservative
systematic uncertainty calculated as the absolute value of

FIG. 1. Invariant mass distributions around the π0 → γγ peak in (a) p↑ þ Au collisions and (b) p↑ þ Al collisions and around the
η → γγ peak in (c) p↑ þ Au collisions and (d) p↑ þ Al collisions for photon pairs within 4 < pT ½GeV=c� < 5 in the west central-arm
spectrometer. The blue leftward-hatched regions are the signal peaks, used for quantifying yields for the AN calculations; the red
rightward-hatched regions are the sidebands, used to quantify yields for the ABG

N calculations; and the green solid curves correspond to
fits to the combinatorial background, used in calculating the background fractions.
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the difference in central values is assigned. In the bunch-
shuffling procedure, the polarization of each bunch is
randomly assigned to be up or down, and a distribution
of AN in each pT bin is obtained by repeating the procedure
10,000 times [31]. While most pT bins were found to be
consistent with the statistical variation, some of the lower
pT bins for both the π0 and the η in both pþ A collision
systems included up to 15% variation beyond what was
expected from statistical fluctuations. To account for this
effect, an additional systematic uncertainty was assigned
in any pT bin showing variations significantly beyond
expected statistical fluctuations.

III. RESULTS AND DISCUSSION

Figure 2 shows the measurement of AN for π0 and η
mesons in p↑ þ Au and p↑ þ Al collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV. The measured asymmetries in p↑ þ Au and
p↑ þ Al are consistent with zero across the entire pT range
for both the π0 and η mesons. Table I lists the asymmetries,
statistical uncertainties, and total systematic uncertainties
for the π0 and ηmesons in p↑ þ Au and p↑ þ Al collisions.
The TSSA measurements presented here probe the

complex dynamics of partons within a nucleus. Measure-
ments of asymmetries with heavy nuclei have not been

FIG. 2. Transverse single-spin asymmetry for (a) π0 and (b) η mesons in p↑ þ Au collisions (blue circles), and p↑ þ Al collisions
(green squares) from this measurement, shown alongside the same measurement in polarized pþ p collisions from Ref. [5] (black
diamonds). The error bars represent the statistical uncertainty (σstat) while the boxes represent the total systematic uncertainty (σsyst).

TABLE I. Summary of final asymmetries with statistical and systematic uncertainties for π0 and η mesons
in p↑ þ A collisions. Note that σsyst corresponds to the systematic uncertainties, displayed by the shaded boxes
in Fig. 2.

Meson Collisions pT range [GeV=c] hpTi½GeV=c� AN σstat σsyst

π0 p↑ þ Au 2–3 2.71 0.000818 0.000993 0.000569
3–4 3.73 −0.000145 0.000701 0.000286
4–5 4.31 −0.000135 0.000974 0.000257
5–6 5.4 −0.00011 0.00164 0.00028
6–7 6.41 0.00097 0.00281 0.00024
7–8 7.42 −0.00243 0.00464 0.00109
8–9 8.43 0.00179 0.00732 0.00055
9–10 9.44 0.0093 0.0106 0.0005
10–12 10.8 −0.0072 0.0122 0.0014
12–20 13.5 −0.0438 0.0198 0.0008

π0 p↑ þ Al 2–3 2.67 −0.00147 0.00163 0.00088
3–4 3.47 0.00056 0.00113 0.00006
4–5 4.41 0.00126 0.00153 0.00005
5–6 5.41 −0.00018 0.00254 0.00051
6–7 6.42 0.00500 0.00429 0.00042
7–8 7.42 −0.00809 0.00699 0.00060
8–9 8.43 0.0035 0.0109 0.0004

(Table continued)
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performed at collider energies before 2015. Therefore, it is
unclear to what extent the nuclear environment affects
TSSAs. Collisions with a nucleus explore spin-momentum
correlations in an environment where larger multiplicities
and stronger color fields could play an additional role. In a
factorized picture, initial-state spin-momentum correlations
in the polarized proton cannot be affected by the presence
of a nucleus; however, it is possible for final-state spin-
momentum correlations in the process of hadronization to
be affected as the scattered parton passes through the
nuclear matter. Allowing for factorization-breaking effects,
the larger color field of the nuclear remnant in p↑ þ A
collisions as compared to the proton remnant in p↑ þ p
collisions could potentially modify the observed asym-
metries [32,33]. Neutral-pion measurements in the forward
region [26] and charged-hadron measurements in the
intermediate rapidity region [23,24] show sizable TSSAs
in p↑ þ p collisions, with moderate nuclear modifica-
tions in p↑ þ A for the former and strong nuclear mod-
ifications in p↑ þ A for the latter. In contrast, the π0 and η
meson asymmetries at midrapidity are consistent with zero
in all collision systems, showing no difference between
p↑ þ p and p↑ þ A collisions.

IV. SUMMARY

The data presented here were motivated by the out-
standing questions regarding the physical origin of trans-
verse single-spin asymmetries. The TSSAs of midrapidity π0

and η mesons were measured in p↑ þ Au and p↑ þ Al
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV by the PHENIX experiment

at RHIC. The measured asymmetries are consistent with
zero up to very high precision in both collision systems
for both meson species. The data presented here will
contribute to the understanding of transverse spin phe-
nomena in the more complex environment present in
proton-nucleus collisions. In particular, we find that at
midrapidity the presence of a heavy nucleus in the
collision does not significantly modify the magnitude
of the measured TSSAs.
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