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We present an overview of recent results from the PHENIX collaboration on spin physics using
a transversely polarized proton beam. Several experiments have been conducted at RHIC in the
past decade using such beam polarization in proton-proton collisions. Recently, polarized proton-
nucleus collisions have also been studied. Important recent transverse spin measurements in
PHENIX include the transverse spin asymmetry in light meson production (z° , 17), where a non-
zero asymmetry can be interpreted as an initial state interaction (related to the Sivers effect) or a
final state correlation (partially related to the Collins effect). Transverse spin asymmetries have
also been measured for muons from heavy flavored hadrons and J/'¥'. Some of these asymmetries
have been measured in both proton-proton and proton-ion collision allowing the study of nuclear
dependence.
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1. Introduction: transverse spin physics in the PHENIX experiment

1.1 Physic interests

One major interest of measurements using transversely polarized colliding beams is to probe
the transverse structure of the nucleon (see for instance review from [1]). Indeed, several non-
perturbative effects coming from quark and gluon dynamics inside the nucleon may induce non-
zero spin asymmetries when using transversely polarized protons. Such asymmetries are defined
as:

ol —ot

A= ot

(1.1)

where o'+ represent polarized cross sections with a proton spin pointing along up and down re-
spectively of the x-axis defined to be perpendicular to the beam direction.

Effects inducing non-zero spin asymmetries in p+p collisions include the Sivers effect, the
Collins effect, and other interaction effects involving gluon exchange at initial and/or final states
(sub-leading twist effects) [2, 3, 4]. The well-known Sivers effect comes from the correlation
between the proton transverse spin and the quark angular motion, and is interpreted as an initial
effect in hadrons collisions. The Collins effect is interpreted as a final state effect where a non zero
asymmetry is induced by the asymmetric fragmentation of polarized quarks, having a non zero
transverse momentum k7, into hadrons. The PHENIX measurements reported here observe only a
single scale and need to be interpreted in the collinear factorization framework as initial/final state
higher twist effects.

1.2 Experimental conditions

The PHENIX experiment benefits from the RHIC proton-proton and proton-ion beams. Since
2002, several runs have been taken using a transversely polarized proton beam, allowing for mea-
surement of transverse spin asymmetries [5]. Over 90 pb~! of transversely polarized p+p data have
been accumulated with an average polarization ranging from ~50% to ~60 %. In 2015, for the
first time, 3.97 pb~ 1 and 1.27 pb™~ 1 respectively of p+Al and p+Au data have been taken, where the
proton was transversely polarized (with an average polarization of ~54% and ~ 60% in p+Al and
p+Au, respectively). This allows for the first time to study nuclear effects in transversely polarized
spin asymmetries. All but the 2006 run with transverse proton polarization were at a beam center
of mass energy of /s =200 GeV (/s = 62.4 GeV for the 2006 run).

The PHENIX spectrometer [6] allows for measurements at both mid rapidity and forward
rapidities. Charged and neutral hadrons, with hadron identification, are reconstructed in the central
region of the PHENIX spectrometer in a rapidity region |n| < 0.35. These measurements are
used for neutral mesons (7%, 1) analysis presented in this proceeding for the low rapidity region.
At forward rapidity (1.2 < || < 2.4) muons are reconstructed in two muon arms, working as
two independent spectrometers in the backward and forward regions. The heavy quark and J /¥
analyses presented in this proceeding have been performed in this region of PHENIX spectrometer.
At even larger rapidity (|n7| > 3.1), neutral meson measurements (7°, ) were also performed.
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2. Transverse spin asymmetries of light mesons: 7° and 7
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Figure 1: Top left panel (A, from [7]): Ay measured at midrapidity (|n| <0.35), as function of pr for 7°.
Latest PHENIX results from 2015 data (black squares) are compared to [8] (blue open dots). Top right
panel (B, from [7]): nuclear dependence of the integrated Ay for pr > 4 GeV/c. Bottom left panel (C -
from [8]): Neutral pion Ay at /s = 62.4 GeV as function of xz in two different pseudorapidity ranges
(3.1 < |n] < 3.5and 3.5 < |n| < 3.8) with statistical and systematic uncertainties. Bottom right panel (D -
from [9]): Comparison between the 7 meson Ay and 79 meson Ay results from PHENIX [8], STAR [10],
and E704 [11] in red circle, blue star, and green square symbols, respectively. For all figures, an additional
uncertainty from the beam polarization is not included.

Asymmetries in hadron production at central rapidity are expected to be related to the mo-
ments of the gluon Sivers function [1]. Fig. 1 (top left panel) displays the latest measurement of
the 10 Ay at mid-rapidity [7, 8]. The results were found to be consistent with zero for all bins over
an extended p7 range. Recently, the 7° Ay was also measured in p+A collisions and no quantifiable
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nuclear dependence was found within uncertainties (Fig. 1, top right panel) [7].

The same measurement was also performed at forward and backward rapidities (3.1 < |n| <
3.8) at an energy of 62.4 GeV. Fig. 1 (bottom left panel) displays the measured asymmetry as a
function of xr. Whereas the backward asymmetry is consistent with zero, we found large asymme-
tries in the forward direction. The Ay has a clear dependence and is increasing as a function of xg
and pr. In order to check for energy dependence, a comparison has been made with other exper-
iments which did a similar measurement. The asymmetries are found to be nearly independent of
the collision energy (Fig. 1, bottom right panel).

A similar measurement has been done for the 1 meson [9], and similar results were found.
Indeed, the large asymmetries found in the forward region are at the same level as those for 7°
production (Fig. 1, bottom right panel). Similarly, the Ay was found to be consistent with zero
in the backward region and was found to be increasing as a function of py in the forward direc-
tion. Observations lead to the conclusion of a weak energy dependence for both Ay in 7° and
1 production, with no quantifiable difference for both measurements. Twist-3 calculations using
quark-gluon correlation functions manage to reproduce the experimental result [12]. However, the
interpretation of these results in term of nucleon transverse structure is still subject of discussions.

3. Transverse spin asymmetries for muons from heavy flavor decays

The measurement of this asymmetry would allow for discriminating between various mod-
els. The production mechanism of heavy flavored mesons is largely dominated by gluon-gluon
interactions. Non-zero transverse spin asymmetries in the production of heavy meson would arise
from initial state effects, and are expected to be large for the case of a large gluon correlation
function, associated to the gluon Sivers function [13]. Recently, Ay for open charm production,
reconstructed as single muon decays, and dominated by D meson production were published [14].
The measurement was performed in the forward and backward rapidity regions (1.2 < || < 2.2)
at /s = 200 GeV. Whereas the measured asymmetries are found to be consistent with zero (Fig.
2), a comparison between (" and u~ production was performed as well as kinematic dependence.
We found a tendency for a small xr dependence for decays into 4 (dominated by D* meson pro-
duction). Model calculations including twist-3 effect, within a collinear factorization framework
are reproducing this tendency [15, 16].

4. Transverse spin asymmetries of J/'Y mesons

According to [17], asymmetries in transversely polarized J /W production are sensitive to the
J/¥ production mechanism and allow us to discriminate between different models. Larger asym-
metries are expected for a dominant color singlet model, coming from initial state interactions,
while smaller asymmetries would be expected for a dominant color octet model, as both initial and
final state effects would occur that cancel asymmetry effects. Four data sets were analyzed for
this measurement, with a huge increase (x5) of available statistics for the most recent run. Fig. 3
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Figure 2: Ay of (top panel) negatively charged and (bottom panel) positively charged muons from open
heavy-flavor decays as a function of xr, where Xy >0 is along the direction of the polarized proton. Vertical
bars (boxes) represent statistical (systematic) uncertainties. Solid and dashed lines represent twist-3 model
calculations [16].
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Figure 3: Transverse spin asymmetry in J /P production in p+p collisions at y/s = 200 GeV as a function of
xr. Left panel: analysis results from combined 2006+2008 data sets compared to the 2012 data set [18, 19].
Right panel: results from the 2015 data set [20].
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presents comparisions of these various measurements and dependencies as a function of xg (back-
ward and forward). With improved statistics, the measured asymmetry is still consistent with zero,
within uncertainties [18, 19, 20].

5. Summary

We presented a summary of recent measurements of transverse spin asymmetries Ay in the
PHENIX experiment. Several years of data allow for a broad range of measurement of such asym-
metries, enabling a better understanding of the nucleon’s transverse structure. New exciting results
are upcoming with further analysis. In particular, the first proton-ion data have recently been taken
which allow for the first time to study nuclear effects in Ay measurements.
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