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The STAR Collaboration reports a measurement of the transverse single-spin asymmetries, Ay,
for neutral pions produced in polarized proton collisions with protons (pp), with aluminum nuclei
(pAl) and with gold nuclei (pAu) at a nucleon-nucleon center-of-mass energy of 200 GeV. Neutral
pions are observed in the forward direction relative to the transversely polarized proton beam, in
the pseudo-rapidity region 2.7 < 1 < 3.8. Results are presented for 7’s observed in the STAR
FMS electromagnetic calorimeter in narrow Feynman x (zr) and transverse momentum (pr) bins,
spanning the range 0.17 < zr < 0.81 and 1.7 < pr < 6.0 GeV/c. For fixed zr < 0.47, the
asymmetries are found to rise with increasing transverse momentum. For larger xr, the asymmetry
flattens or falls as pr increases. Parametrizing the ratio 7(A) = An(pA)/An(pp) = AT over the
kinematic range, the ratio r(A) is found to depend only weakly on A, with (P) = —0.027 £ 0.005.
No significant difference in P is observed between the low-pr region, pr < 2.5 GeV/c, where gluon
saturation effects may play a role, and the high-pr region, pr > 2.5 GeV/c. It is further observed
that the value of Ay is significantly larger for events with a large-pr isolated #° than for events
with a non-isolated 7° accompanied by additional jet-like fragments. The nuclear dependence r(A)
is similar for isolated and non-isolated 7° events.

I. INTRODUCTION

The measurements and the evolving interpretations
of transverse single-spin asymmetries for forward pion
production in high energy pp collisions have a rich his-
tory [1-7]. These measurements guided the develop-
ment of Quantum Chromo-Dynamics (QCD) based mod-
els that incorporated quark helicity conservation, QCD
factorization, the nature of initial state parton motion
or angular momentum, and the dynamics of fragmenta-
tion within the scattering processes for polarized protons.
The new transverse asymmetry measurements, presented
here, again challenge aspects of current models for the
application of QCD to the spin dependence of cross sec-
tions. The 7¥ single-spin asymmetry, Ay, is measured as
a function of pion kinematics for collisions between po-
larized protons and protons (pp), aluminum nuclei (pAl)
and gold nuclei (pAu). Because Ay for this process is
expected to be very sensitive to the QCD fields in the
vicinity of a struck quark, the nuclear dependence of Ay
should be sensitive to phenomena that modify the local
fields, for example, gluon saturation effects.

This analysis presents the dependence of A in the for-
ward 70 production process, p! +p(or A) — 7%+ X. It is
useful to first define a simple azimuthal angle-dependent
asymmetry, ay(xp,pr, d), as the ratio of the difference
in cross section for the two proton transverse spin states,
ol and o+, to the sum of those cross sections for a pion
produced at zr (Feynman X) and pr (transverse mo-
mentum),

UT(‘rF7pT7¢) _U\L(xFapTv(ﬁ) (1)
UT(xFapTa ¢) + UL(CUFaPT, ¢)
= Ay (xzp,pr)cos¢.  (2)

aN(xF7pTa d)) =

The three components of pion momentum are specified
with coordinates zp, pr and ¢. The dependence of
the pion differential cross section on transverse spin, ex-
pressed as the pion momentum dependent asymmetry
an(zF,pr, @) and the transverse single-spin asymmetry,
An(zp,pr), are defined in terms of the simple asym-
metry accordingly, (Eq. 2). Referring to a right-handed
coordinate system, an initial state polarized proton is re-

ferred to as spin “up” if it has a positive spin projection
along the y axis while proton momentum is along the z
axis. This polarized proton collides with an unpolarized
proton or nucleus traveling along the —z axis. A forward
pion has a positive longitudinal component of momen-
tum p7, given by a positive fraction xp = 2% of the
polarized proton momentum. The angle ¢ is the pion
azimuthal angle about the z axis measured from the z
axis positive direction. Equation 2 defines Ay (zr,pr)
in terms of cross sections, which are differential in zp,
pr and ¢, with superscript arrows indicating the spin
directions up or down, respectively. Symmetry requires
that the ¢ dependence be proportional to cos ¢.

II. THE RELATION BETWEEN SCATTERING
WITH LONGITUDINAL AND TRANSVERSE
POLARIZATION

The unique features of the spin dependence of scatter-
ing from quarks or gluons in transversely polarized pro-
tons are best understood when contrasted with scattering
of partons in longitudinally (helicity) polarized protons.
For a longitudinally polarized Dirac fermion, the depen-
dence of cross section on the initial state spin is connected
to helicity conservation. For a relativistic electron or
quark, the absorption or emission of a virtual photon (or
similarly a gluon) cannot flip the helicity of a relativistic
fermion. However, in a one dimensional scattering ex-
ample, where a virtual photon is in a particular helicity
state, and is absorbed by a free quark at rest, the longitu-
dinal spin component of the quark must flip as one unit
of photon spin is absorbed by the quark, changing the
struck quark spin by one unit. Such a photon can be ab-
sorbed by only one of the two possible initial quark spin
states, so cross sections thus can depend on initial state
quark spin component along the final state direction or on
the final state helicity. But with absorption from a trans-
versely polarized quark, where transverse spin states are
composed of equal magnitude combinations of the two
helicity states, the cross section is the same for either
transverse spin state. For scattering between small mass
electrons and quarks, this generalizes to a cross section,



that depends on Dirac fermion helicities but not on their
transverse spins. Any cross section dependence on trans-
verse spin is associated with the negligibly small helicity
flip amplitudes.

In the original quark model, where the spin of a polar-
ized proton was attributed to the polarized quarks, it was
clear that the longitudinal polarization of these quarks
could be observed by the double helicity measurements in
scattering between protons and electrons. Because deep
inelastic scattering cross sections were most sensitive to
the up quarks, due to their larger electric charge, it was
a very early prediction of the quark model that the lon-
gitudinal polarization of up quarks within the polarized
proton could be observed by measuring the dependence
of the lepton-proton cross section on the proton and lep-
ton longitudinal spins [8].

The longitudinal double spin lepton-proton scattering
measurements provided the mechanism for the first mea-
surements of quark momentum dependent longitudinally
polarized quark distributions in a longitudinally polar-
ized proton [9, 10]. Similar longitudinal double spin
proton-proton cross sections depended upon the longitu-
dinal polarization of partons, including gluons. Measure-
ments and analysis of longitudinally polarized protons
remain an important topic for the STAR experiment, to
constrain longitudinal polarization densities of partons in
the proton. Global analyses of many experiments [11-13]
have integrated the experimental results.

In a frame where the proton was highly relativistic,
where each quark momentum was nearly parallel to the
proton momentum, the cross section did depend directly
on the helicity of the struck quark. The cross section
associated with a longitudinally polarized, nearly free,
quark was calculable from hard scattering in helicity con-
serving perturbative processes. The longitudinal double
spin asymmetry was then sensitive to the longitudinally
polarized struck quark in the longitudinally polarized
proton. However, the scattering cross section for such
a quark did not depend on the components of its spin
measured along a transverse axis. Such a dependence
would have been associated with the parton flipping he-
licity as it interacted, by absorbing or emitting a photon
or gluon. Because the quark helicity-flip amplitude was
vanishingly small at high energies, early predictions, that
the transverse spin dependence of the quark scattering
process should vanish at high energy, implied that Ay
should be small for high energy collisions [14]. Trans-
verse spin dependence of cross sections are known to be
further suppressed because such dependencies required
an interference between helicity amplitudes with differ-
ent phases. Such a phase-shifted amplitude is not present
in the hard scattering part of leading twist perturbative
QCD (pQCD) processes.

From the above discussion, it is clear that the helicity
conserving hard parton amplitudes, which are apparently
dominant in the unpolarized cross sections, imply calcu-
lable sensitivity of the parton cross sections to parton
helicity. This leads to longitudinal asymmetries, reflect-

ing the polarization of partons in the proton. In contrast,
the corresponding hard isolated amplitudes are insensi-
tive to the transverse spin of the partons. The large
transverse spin asymmetries, Ay, in pp collisions reveal
physics beyond that of hard isolated parton scattering.

III. MECHANISMS FOR NON-ZERO
TRANSVERSE ASYMMETRY

The measurement of transverse spin asymmetries is
sensitive to effects that are very different than the physics
responsible for longitudinal asymmetries. The traditional
pQCD calculations for hard scattering from protons re-
lied on collinear factorization [15], where all parton mo-
menta were characterized as propagating parallel to the
parent proton momentum. Within this framework, the
transverse spin dependence was limited by the suppres-
sion of hard scattering helicity-flip amplitudes. But more
nuanced pictures of scattering of quarks in a transversely
polarized proton have emerged, utilizing parton density
distributions that characterize both transverse and lon-
gitudinal components of parton momentum. With such
a parton density distribution, the initial state parton
motion need not be parallel to the proton momentum,
meaning that a helicity frame for the proton may not
completely align with the helicity frame of the quark.

A transverse momentum offset of ET, representing the
average transverse momentum of the initial/final state
quark relative to the initial/final state parent hadron,
respectively, is added to the transverse momentum ﬁT
from the hard scattering process to form the observed
pion transverse momentum, pf. = |13T + ET\ So while
the quark scattering cross section has little direct depen-
dence on the transverse spin of the quark, the pion pro-
duction cross section can depend on the transverse spin
of the proton through initial and final state interactions
leading to non-zero ET. If this bias of ET is correlated
with the transverse spin of the proton, then non-zero Ay
will result. This kind of proton spin dependence of the
observed pion cross section is amplified by the extreme
pr dependence of the hard pion cross section.

The general expectation that the pion Ay should fall
with increasing pr for pr above a nominal QCD momen-
tum scale can be demonstrated in a simple model. If one
assumes that the forward hard scattering cross section of
a quark, with momentum fraction z, falls with increas-
ing transverse momentum, pr, by a power law form with
power N, then

dU -N
— , 3
dpr Pr ( )

where pr = |15T\ If the scattered quark acquires trans-
verse momentum kp = +k7Z from initial or final state
interactions that is correlated with the polarized proton

spin in the 4§ directions, then we see that Ay will also
fall with increasing pr. Assuming the hard scattering



transverse momentum is much greater than the initial
state or final state transverse momentum (pr > kr),
then the difference in cross section when p7. is measured
along the +2 direction leads to Ay as in Eq. 4. If we as-
sume a cross section form for pp, as in Eq. 3, expressing
Ap as a left-right asymmetry, we have

o (xp,pr,0) — o' (xp,pr,m)
O—T(IF7pTa O) + JT(xFapTﬂT)

An(zp,pr) =

~ (p%*kT)iNf (ngrkT)iN (4)
(P — k)N 4 (pF + k)= N
~ Nk—:
br

for small k7 /p7.. This demonstrates that if the kp shift is
independent of the hard scattering pr, it is very natural
to expect the magnitude of the asymmetry to fall with
increasing observed transverse momentum pp at large pp.
In previous measurements [5] of the pr dependence for
Apn with charged pions, the asymmetry has been seen to
increase with pp up to about pr < 1 GeV/c. In an earlier
STAR measurement [7], it was observed that there was
little evidence for Ay falling with pr up to at least 3
GeV/c. In this paper, the data are analyzed to separate
the independent effects of pr and xp.

Two classes of models have been introduced for for-
ward Ay, both involved the hard scattering of a leading
momentum quark in the polarized proton and both de-
pended upon secondary interactions to generate a spin
dependent contribution ET to the pion final state trans-
verse momentum. The Sivers effect [16] involved an
initial state interaction before the hard scattering of a
quark in a polarized proton, leading to initial state par-
ton transverse momentum that depended on the proton
transverse polarization. The Collins effect [17] generated
a transverse spin dependent component to the final state
pion transverse momentum from the fragmentation pro-
cess of the scattered quark, which retained its initial state
transverse polarization through the hard scattering pro-
cess. Closely related to Collins and Sivers models was an
approach involving higher twist calculation, where the
scattered quark was correlated with a soft gluon, which
also lead to a significant transverse asymmetry [18].

Many model calculations attempt to describe forward
pion transverse spin asymmmetries using one of these ap-
proaches. While for both types of models the basic
mechanism involves the production of a final state pion
from fragmentation of a hard scattered parton, only the
Collins approach explains large A arising from the frag-
mentation process. In contrast to pion production, jet
production does not involve fragmentation. The Collins
effect therefore does not contribute to that asymmetry.
Jet Ay measurements in this kinematic region have been
published and the values of Ay were observed to be
smaller than measured pion asymmetries [19].

Both the Sivers and the Collins approaches introduced
a parton transverse momentum relative to the initial or
final state hadron momentum to generate a transverse

asymmetry without violating helicity conservation. In
the Sivers picture, transverse momentum of initial state
quarks can be connected to the initial state orbital an-
gular momentum of a struck quark along the polariza-
tion axis. While an orbiting quark does not, on average,
have transverse momentum, Sivers argued that absorp-
tive effects could break the left-right symmetric parton
kr distribution to generate the required non-vanishing

average kp = <I;T . :%> Even though absorption does in-

troduce phase changes, the calculation of this phase in
the conventional perturbative calculation was not fully
appreciated until it was noted in [20] that the Wilson
line contribution, formally required in the pQCD calcu-
lation, did provide exactly the needed phase change for
a non-zero Ay [21].

The emerging physical picture is that unlike the case
for longitudinal spin dependence, the observed large val-
ues of Ay derive not from the spin dependence of the
hard scattering process between the pair of partons, but
from the interaction between the scattered quark and the
other constituents or fragments of the polarized proton.
While from symmetry, Ay must vanish at pr = 0, the
example of Eq. 4 demonstrates that the asymmetry is
expected to fall with transverse momentum above some
nominal scale, k} In recent years, there have been many
calculations based on Collins, Sivers or twist-3 collinear
methods, with a goal to reproduce the basic nature of Ay
dependence on kinematics [22-26]. Within the Collins or
Sivers methods it was necessary to account for the longi-
tudinal and transverse momentum distributions of par-
ton momentum within hadrons while traditional collinear
parton densities or fragmentation functions involved only
longitudinal distributions. In the twist-3 approach, one
started with those traditional collinear parton densities
or fragmentation functions and dynamically generated
the transverse motion from interactions with other fields
in the nucleon. A twist-3 calculation [24], involving fits
to many parameters, resulted in calculations that were in
agreement with single inclusive deep inelastic scattering
asymmetries and with the xr dependence of 70 Ay in
pp collisions. This calculation also resulted in a nearly
flat, or very slowly falling, pr dependence above about
3 GeV/c for the ™ Ay in pp scattering. While not ris-
ing with pr, as do the new Ay pp data presented in this
paper, the nearly flat p; dependence from the twist-3 cal-
culation is interesting. It shows that the intuitive picture
of Ay falling with Pr, based on the simple arguments of
Eq. 4, can involve a surprisingly large k7 scale, well above
the nominal QCD scale.

IV. MEASUREMENTS OF Ay IN
PROTON-NUCLEUS COLLISIONS

If the observed transverse single-spin dependent ampli-
tude for forward pion production arises completely from
the localized quark-gluon hard scattering process, then



the environment that provides the soft gluon in the sec-
ond proton or nucleus would not likely impact Apy. But
we know that the important source of Ay is not the
hard quark-gluon scattering process itself but primarily
involves the additional interactions with other fields in
the nucleon or nucleus, perhaps manifested by the gen-
eration of parton transverse momentum relative to the
parent hadron momentum. Because the mechanism re-
sponsible for transverse spin asymmetries is not a simple
local leading twist interaction but depends on the envi-
ronment in which a parton interaction occurs, it is clear
that Ay could be different for pp, pAl and pAu collisions.
Even the simple model of Eq. 4 reminds us that a change
in the shape of the pr dependence for pion production
due to either nuclear absorption, rescattering, or modifi-
cation of the gluon distribution, could lead to dependence
of Ax on nuclear size.

The measurement of how Ay changes when the beam
remnant partons of the proton are replaced with specta-
tor partons of a nucleus is a subject of this paper. It is
clear that the phase from the Wilson line integral, a line
integral of the gauge vector potential color field along
the struck quark trajectory, can give rise to color forces
between the struck quark and the rest of the polarized
proton. If there are also important color forces between
the hard scattering constituents and the residual specta-
tor nucleus, then nuclear dependence of Ay in pA scat-
tering could result. Studies of the spin dependence of
the interaction between the interacting quark and the
residual spectator nucleus have predicted large nuclear
A-dependent transverse spin effects but at a lower trans-
verse momentum scale than that of this analysis [27].
A more recent calculation was based on lensing forces,
with specific reference to the kinematics of this experi-
ment [28]. The model addressed the dependence of Ay
on nuclear saturation as well as the pr dependence of
An.

One mechanism that could provide nuclear A depen-
dence of Ay relates to the increase in gluon density in
the soft gluon distribution probed in forward scatter-
ing. It is predicted that at low gluon z, when the gluon
density becomes large, saturation effects begin to play
an important role. For interactions between soft gluons
and hard partons producing scattered pions in the range
1.5 < pr < 2.5 GeV/c, saturation effects might modify
the interaction, creating significant differences between
the corresponding scattering process in pp and pA col-
lisions. Specific saturation models, such as the Color
Glass Condensate [29], predict interactions of the scat-
tered quark with a condensate of gluons rather than a
hard scatter from a single gluon. Such saturation cal-
culations predict a change in the pr distribution of the
cross section in regions of pr near the saturation scale,
with a suppression of the cross section that increases with
nuclear size. In the pr ~ 2 GeV/c range and at more
forward pseudo-rapidity than this measurement (n ~ 4),
STAR has reported that the nuclear modification ratio
Rgau in dAu scattering to produce 7° mesons [30] is sig-

nificantly less than unity, suggesting a difference in the
scattering process as the size of the nucleus is varied.
In the same pr and rapidity range presented here, mea-
surements of the nuclear modification factors for charged
hadrons (mostly charged pions) [31] showed suppression
in Rgau. This paper addresses the nuclear dependence of
Ap, noting, in particular, the lower end of the pr range
where evidence for saturation effects has already been
seen in the corresponding dA cross sections [30].

V. PHOTON AND 7n° DETECTION IN THE FMS

These data from the Solenoidal Tracker At RHIC
(STAR) experiment at the Relativistic Heavy Ion Col-
lider (RHIC) were collected during the 2015 RHIC run,
involving collisions between nucleons at center-of-mass
energy /syn = 200 GeV per nucleon pair. The pho-
ton pair from the decay of the 7% was detected with the
STAR forward electromagnetic calorimeter, referred to as
the Forward Meson Spectrometer (FMS) [32]. To mea-
sure Ay for forward 7° production, the STAR detectors
used in this analysis were the FMS and the Beam-Beam
Counters (BBC).

The two RHIC beams (yellow and blue beams) are
bunched with up to 120 bunches in each ring. The small
angle scattering from the blue beam is associated with
positive rapidity. Only 111 bunches in each beam are
filled and a contiguous set of 9 bunches (the abort gap)
are unfilled. Bunch spacing is 106 ns and the transverse
polarization pattern is chosen for each fill according to a
predefined pattern (either alternating the polarization di-
rection from bunch to bunch or for pairs of bunches). The
blue beam polarization ranged between 50% and 60%.

The BBCs are located at a distance of 4+3.75 meters
east and west of the nominal STAR interaction point,
concentric with the beam line, and covering pseudo-
rapidity range 3.3 < n < 5.2 [33, 34]. On both the east
and west sides of STAR, each BBC detector consists of
an inner and outer hexagonal plane of scintillators. For
heavy-ion collisions, the summed energy deposited in the
BBC detectors is related to charged particle multiplicity
in nucleus-nucleus collisions and is sensitive to the event
collision centrality. As discussed below, for pA collisions
we remove events with small signals in the east BBC,
on the opposite side to the FMS, to reduce single beam
background.

The FMS is a Pb-glass electromagnetic calorimeter
consisting of 1264 rectangular lead glass blocks or cells,
stacked in a wall with front surface transverse to the
STAR beam line as shown in Fig. 1. The FMS cov-
ers the range of forward pseudo-rapidity, 2.7 < n < 3.8.
The blocks are of two types, small and large cells. Details
about the detection of 7¥s in the STAR FMS have been
discussed elsewhere [32].

The small and large FMS cells have Pb-glass with dif-
ferent compositions. For small and large cells the ratio
of cell sizes is chosen to be proportional to the ratio of



FIG. 1. The layout for the FMS calorimeter around the RHIC
beam-line located about seven meters west of the nominal
STAR interaction point. The FMS consists of lead glass
blocks with lengths corresponding to 18 radiation lengths.
There are 788 outer blocks with front face dimensions of 5.8
X 5.8 cm. and 476 inner blocks with front face dimensions of
3.8 x 3.8 cm.

Moliére radii (transverse electro-magnetic shower dimen-
sion); therefore a photon in the large cells will deposit its
energy into a similar number of cells as a photon of the
same energy in the small cells. For a 10 GeV photon, the
shower distributes measurable energy into about 10 cells.
For higher energy photons, the number of involved cells
increases. For a 30 GeV photon from the nominal inter-
action point, incident at the center of a cell, about 80%
of the photon energy is deposited in that cell. Fitting the
distribution of energy in cells to an expected distribution
from a known shower shape, the transverse coordinates
of the incident photon (at shower maximum depth) can
be obtained with a resolution of about 20% of the cell
dimension.

In the kinematic range discussed in this paper, ob-
served photons from 7° decays have a separation ranging
from a few cells to less than one cell. For the highest en-
ergy 7’s, above 60 GeV, the shower shape from the two
photons starts to overlap into a small cell single cluster.
Therefore, to reconstruct the highest energy 7¥s, the dis-
tribution of deposited energies in cells is fitted to a two
photon hypothesis, with parameters that represent the
two photon energies and transverse position coordinates.
The quality of these fits begins to degrade when the pho-
ton separation is on the order of a single cell width.

In addition to photons from 7° decays, the FMS mea-
sures electrons and positrons. It also has some sensi-

7

tivity to charged hadrons, such as 7*. On average, a
charged pion deposits about 1/3 of its energy in the
FMS. If the ¥ is from the fragmentation of a high pr
jet, the FMS sees many of the associated hadronic frag-
ments with degraded energy sensitivity. These charged
hadron showers are fit to the photon shower shape and if
the deposited energy is greater than 1 GeV, they are in-
cluded in the list of low energy photon candidates. The
FMS is triggered by high transverse momentum local-
ized FMS signals. Because these cross sections have a
severe transverse momentum dependence, the partially
measured charged hadronic background contributes lit-
tle to the trigger rate but does contribute background to
7° photon pair signals at high pr.

The events from the FMS where obtained from two
trigger methods. The first method is called the board
sum trigger, which demands transverse energy to be de-
posited in localized overlapping rectangles of the 32 FMS
cells. The second method is called the jet trigger, which is
satisfied by deposition of transverse energy, with a higher
threshold than that of the board sum triggers, measured
within overlapping azimuthal regions of angle A¢ = 7/2.
Three parallel implementations of the board sum trig-
gers are used to select events, each with 7° pr above
one of three adjustable thresholds, typically 1.6, 1.9 and
2.2 GeV/c. Triggers were prescaled to conserve detector
readout bandwidth while sampling the different pr re-
gions with similar statistical uncertainties. The pp data
sample presented in this paper corresponds to an inte-
grated luminosity of 34 pb~! using the highest thresh-
old triggers, which are not prescaled. The corresponding
analyzed luminosity for proton-nucleus collisions is 905
nb~! = &‘52}&_1 and 206 nb~! = %E;?L_l for pAl and
pAu, respectively, where the numerators are provided for
direct comparison of proton-nucleon luminosities.

For each event, photon candidates are sorted into “cone
clusters.” Each cone cluster includes a subset of the pho-
ton candidates for which the momentum direction is
within an angular cone of 0.08 radians about the cone
momentum direction of included photons. For each pho-
ton in the pr sorted photon event list, the photon is
tested for inclusion in the cone cluster list, testing the
largest pr clusters first. If not included in an existing
cluster, this becomes the seed of a new cluster. Usu-
ally, only one of these cone clusters will be associated
with the large pr trigger. For this analysis of triggered
events, only the leading pr cone cluster is searched for
79 candidates. This 0.08 radian cone radius, with nomi-
nal kinematic pair cuts and for the pion energies around
40 GeV, restricts the selected diphoton mass of photon
pairs within a cone cluster to typically less than about 1
GeV/c?. Searching for ¥ candidates within a cone clus-
ter greatly reduces the combinatorial photon pair possi-
bilities and reduces diphoton background.

At higher energy, the separation between 7 photons
becomes small, on the scale of the cell size. In this case,
fits to a two photon hypothesis tend to overestimate the
separation between these photons. For large energy pi-



ons, or equivalently large xp, as seen in Fig. 2, cal-
culated masses are preferentially smeared to larger val-
ues. The 70 mass resolution is broadened significantly
to higher mass for 70 energies E,o > 35 GeV in the
large cells (lower pseudo-rapidity region) and for ener-
gies above F, 0 > 50 GeV in the small cells and higher
pseudo-rapidity region of the FMS.

The leading energy pair of photons in the highest pr
cluster was analyzed, with selection based on the de-
cay distribution of that two-photon pair. The condition
Z < 0.7 is utilized, where Z = |Z:£2| and E) and E;
are the energies of the two photons. This selection was
preferred over a less restrictive one because it decreases
background under the 7° mass peak. It is the accounting
for background under the 7° peak that represents the ma-
jority of the systematic uncertainty for the measurement
of AN.

While it is the intention to measure Ay for inclusive
70 production, the selection of the highest-energy two
photons for the 7% candidates does sacrifice 10-15% of
the pions, depending on kinematics. In proton-nucleus
collisions (pAl and pAu), we apply an additional selec-
tion criterion in order to remove a specific RHIC back-
ground which is seen in the abort-gap events, between
buckets where the nuclear beam is not present. These
events are referred to as single-beam events. For pA col-
lisions, we require that the east BBC have a minimum
signal (caused by the breakup of the nuclei). This re-
moves about 5% of the lowest activity including most
peripheral collisions from this analysis, but also removes
nearly all of the single-beam background. The residual
single-beam background contributes significantly to the
systematic error only for a few of the high-z bins.

The residual single-beam background fraction in each
kinematic bin is estimated from events seen in the abort-
gap bunches. The ratio of asymmetry for the single-beam
background to the 7¥ asymmetry is to be defined as Ry p,
so Axg = RypAn, where Ay is the 7° asymmetry in the
particular kinematic bin. Consistent with asymmetries
observed in the small number of events in the abort gap,
we conservatively assume that Ryp = 0.5 £ 0.5.

VI. THE INCLUSIVE Ay MEASUREMENTS

In this paper Ay for forward 7° production is mea-
sured for pp, pAl, and pAu collisions. The high trans-
verse momentum forward 7° is detected with the FMS
calorimenter, detecting pions with pion pseudo-rapidity
2.7 < n < 3.8. Candidate photon pairs passing the selec-
tion are independently analyzed within kinematic regions
of pr and zp. In Fig. 2, the diphoton mass, M., dis-
tributions are shown for two example kinematic regions,
for pp, pAl and pAu collisions. The two-photon mass dis-
tributions are initially fitted to a quadratic background
shape plus a Gaussian pion shape in the mass region be-
low the i peak. The Gaussian only approximately repre-
sents the shape of the pion peak and that Gaussian shape

is only used to determine a mass range above the pion
peak. To finally determine the background fraction, the
quadratic background shape is constrained to be zero at
a mass of zero and is fit to the mass distribution in the
limited mass region above the pion peak. Examples of
these background fits are shown in Fig. 2. The pion sig-
nal is obtained by counting the events in the pion peak,
0.015 < M., < 0.255 GeV/c?, and subtracting the fit-
ted background contribution in that region. The typical
fraction fp of background under the pion peak ranges
from about 20% at very low xp to a few percent when
the pion energy is larger. We define Ag = RgAp is the
asymmetry of the background under the 7° peak where
Rp is the fraction of non-pion background and Ay is the
70 asymmetry.

The value Rp = 0.33 & 0.33 was conservatively de-
termined based on the asymmetry in the mass region
(0.3 < M,, < 0.4 GeV/c?) above the pion peak and
below the n meson peak . This background asymmetry
cannot be well measured with significance within a single
kinematic bin, but is estimated based on an average over
many kinematic bins. Uncertainty in this background
correction is the most important contribution to the sys-
tematic uncertainty in the 7° measurement of Ay. An
for a given bin in xr and pr is extracted from the fits to
the uncorrected asymmetries, ag(¢), which is determined
in each ¢ bin from the number of pions (NT and N*t) de-
tected when the proton polarization is up’ /down¢ (see
Fig. 3). The uncorrected asymmetry is

_ NT(¢) - N*(¢)

(9) = () ¥ M)

()
The azimuthal dependence of ag(¢) is fit to the form

ao(¢) = po + p1 cos . (6)

The parameter p; is proportional to Ay but must be
corrected for the polarization of the proton beam Pp and
a factor K to account for background effects,

K

AN =pm Py (7)
The beam polarization varied for different RHIC fills.
The polarization and beam luminosity were largest at
the start of a fill and decayed during the fill. To max-
imize the use of available data acquisition bandwidth,
STAR adjusts the FMS trigger prescale factors during
the fill, collecting a larger fraction of available low pp
cross section when the luminosity is lower. The analysis
of RHIC polarization has been described by the RHIC
Polarimetry group [35]. In this analysis, the average po-
larization for each kinematic data point is calculated by
folding the run by run polarization with the trigger rate
contributing to each kinematic point. For a given beam
fill, there is variation in the average polarization of 1-2%
for different kinematic regions. The variation of Ay from
these different polarizations is small with respect to the
overall uncertainties. The uncertainty on polarization is
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FIG. 2. Example invariant mass spectra for diphoton pairs selected within two kinematic regions (two columns) and three
collision types (rows: pp, pAl, pAu). The asymmetries Ay for pion peaks are obtained within the mass region 0.015 < M, <
0.255 Gev/c?. For the indicated fitted backgrounds under the peaks, the fraction of background events is fg. The measured
Ay for the mo, with all corrections applied, is included within each panel with statistical uncertainty followed by systematic

uncertainty in parentheses.

divided between scale uncertainties common throughout
the running period and non-scale uncertainties that vary
fill by fill. The scale uncertainties, AP/P, are 3%, 3.1%,
and 3.2% for pp, pAu, and pAl, respectively, and are not
included in the point-by-point polarization measurement.
When ratios of asymmetries are taken, the dominant po-
larization uncertainty, like many of the other systematic
uncertainties, tends to cancel in the ratio.

In Eq. 7, K represents a correction factor to the asym-
metry based on the estimates of backgrounds in the mass
region 0.015 < M,, < 0.255 GeV/c?. The largest part
of the correction K of Eq. 7 was obtained from the
background fraction fp under the peak with asymme-
try Ap = RgApn. The fraction fyp represents a small
additional background fraction (typically 1 to 3%) from
interactions that cannot be associated with polarized pp
or pA collisions with asymmetry Ayg = RypAn . Then
the factor K is

K= [1—1—]“3(133 — 1)} [l—i—fNB&%NB -0l

(®)

The systematic uncertainties on Ay come from three
sources: polarization error (typically < 0.5%, exclud-
ing the overall polarization scale uncertainty); the beam
background (typically 1 — 30%); and the single-beam
background (typically 1 — 3%). The uncertainty in the
multiplicative factor K is the largest source of systematic
error in our measurement of Ay. These uncertainties are
calculated individually for each given kinematic bin.

The various systematic contributions to our pp uncer-
tainty have been discussed in detail in a previous anal-
ysis [32]. The transverse momentum error analysis us-
ing that data, collected in 2012 and 2013, is applicable
for these 2015 data. That analysis determined the final
Opy/PT to be approximately 5-6%, an estimate we will
adopt here. In both analyses, the dominant contribution
lies in the uncertainty on the energy calibration of the
detector (o¢ ~ 5%). The energy calibration of the FMS
is based on an analysis of the 7% mass for 20-30 GeV 7°
photon pairs in the large cells and 40-50 GeV pairs in the
small cells. We have conservatively set our final error in
transverse momentum, o,,./pr = 7%, allowing for minor
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FIG. 3. Uncorrected transverse spin asymmetries for the same 6 kinematic regions as in Fig. 2. The azimuthal ¢,0 distributions
of the uncorrected asymmetries, ao(¢), are shown for events in the mass range 0.015 < M,, < 0.255 GeV/c?. Fits to the
functional form from Eq. 6 are shown with fitted parameter values py and p;.

differences with this analysis and the previous analysis.

The value of the parameter pg from Eq. 6 indicates the
asymmetry of relative integrated luminosity, as measured
in the given kinematic region. RHIC spin patterns are
changed for each fill so the integrated luminosities for
spin up and spin down bunches are nearly equal. The
distributions of parameters pg for the three collision sys-
tem data sets (pp, pAl and pAu) have weighted means of
(0.0032 +0.0002, —0.0009 + 0.0002 and 0.0001 + 0.0002),
respectively. The fits over all kinematic regions to a sin-
gle constant value, pg, have corresponding x? values of
32, 57 and 45 for 40 kinematic regions (39 degrees of free-
dom). While the extracted values for A depend only on
the p; parameter, it is seen from the above that the val-
ues of pg parameters are small and for each beam data
set, the measurements of pg in different kinematic regions
are internally consistent within each set.

An Ay point is extracted from each of 110 kinematic
and “collisions beam type” bins based on the value of
parameter p; from the fit to Eq. 6. As shown for a few
example kinematic regions and beam types in Fig. 3,
each two-parameter fit to the 20 azimuthal points results

in a x2 value. Over this large ensemble of such fits, the
distribution of measured x? values is in good agreement
with the theoretical x? distribution. For the pp, pAl and
pAu data sets, the average x2s for the fits to Eq. 6 are
18.5, 18.1 and 18.4 for 18 degrees of freedom, respectively.

The examples shown in Figs. 2 and 3 represent only six
kinematic regions of 110 kinematic points at which Ay
has been calculated. The transverse single-spin asymme-
try for the full data set is shown in Fig. 4.

Even though Ay is observed to differ among differ-
ent nuclear collisions systems by 10% to 20%, it is an
instructive exercise to combine the data sets from differ-
ent collision systems. In Fig. 5, the data points from
all beams and all transverse momenta are combined in
each of the six xr bins shown in other figures, with cen-
ters located at zp = {0.19, 0.24, 0.32, 0.42, 0.54, 0.71}.
All data from pp, pAl and pAu collisions are combined
and show the zr dependence for several pr regions. For
zp < 0.47, Ay seems to depend only weakly on trans-
verse momentum, with a gentle increase in asymmetry at
larger pp, but at larger zp > 0.47, it appears that Ay
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may flatten or perhaps falls with pr.

For each zp region, the ratios of Ay for pAu(pAl) to
Ap for pp scattering are shown as a function of pr in Fig.
6(7). The pr dependences of these ratios are consistent
with a constant ratio. Nevertheless, the Ay ratios shown
in Fig. 6 and Fig. 7 were separately averaged for low pp
(1.5 GeV/e < pr < 2.5 GeV/e) and high pr (pr > 2.5
GeV/c). The fitted average values of Ay ratios for each
plot in Figs. 6 and 7, averaging over the full pr range
for each zp, are plotted in Fig. 8 as a function of log A.
The systematic uncertainties in Fig. 6 and Fig. 7 are
reduced to account for the correlated background correc-
tions between pp and pA distributions. The non-beam
backgrounds thus contribute the most to these system-
atic errors with statistical uncertainty dominating.

We parameterize the dependence of A on nuclear size
A with a power law form

An(pA) = An(pp)A". (9)

To determine the exponent P for each of the six zp
bins, the weighted means shown in Fig. 8 are fitted to
the power law form,

_ AN(PA) _ 4P
ripd) = < Ay (pp) >au o 4 (10)

The ratios, r(pA), as defined in Eq. 10, represent the ra-
tio of nuclear suppression of Ay in pA to Ay observed
pp scattering, averaged over the full observed pr range.
For each region of zp, we fit to a power law in nuclear
size A with a fitted exponent, P. Recognizing that the
uncertainties in the ratio of pA to pp are correlated, the
simple x? fit in the figure can be biased in the determi-
nation of the exponent, P. We refer to this simple fit,
with correlated uncertainties in the ratios, as a “Type 1”
determination of P.

A second method for determining the exponent, P,
without correlated uncertainties is to fit each point in pr
and zp to the two-parameter form of Eq. 9, with param-
eters Ay (pp) and P. These fits are two-parameter fits to
three measurements within each kinematic region. Then
with a weighted mean over pr of the exponents from fits,
an average P is obtained for each xp region. This is
referred to as the “Type 2” method, and the bands cor-
responding to the one sigma uncertainties in this “Type
27 fit are shown in Fig. 8 as the shaded regions.

Fitting the exponent of the A dependence of the ratios
separately for the low and high pr regions, the exponents
P, and Py are obtained,

An(pA)

_ N — APL
TL(pA) B < AN(pp) >pT<2.5 Gev/c A (11)
_ An(pA) — APu
rpA) = < An(pp) >pT>2.5 GeV/c A 12)

Calculations of Ay ratios by Hatta et al. [36] iden-
tify an amplitude that is thought to be dominant in
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the saturation region and would scale as Ay A"3 in
p' 4+ A — 79X. These calculations could apply to our
present measurements of Ay for pp, pAl and pAu in the
transverse momentum range 1.5 < pr < 2.5 GeV/c.

Comparing gold with A=197 and proton collisions with
A=1, this implies a reduction of Ay for pAu by more
than a factor of 5. Above the saturation region, they
predict the Ay will scale as AY, indicating that the trans-
verse single-spin asymmetry at larger pr could be similar
for pp and pAu collisions. The fitted values of the expo-
nents Py, and Py as functions of z are shown in Fig. 9.
The exponents are generally within about 5% of zero in
both the low and high pr regions and significantly dif-
ferent from the value of f% that has been predicted to
apply in the region below the saturation scale.

Another approach [37], based on a geometrical scaling
of gluon distributions and with Collins-type fragmenta-
tion, has also been used to calculate the transverse single-
spin asymmetry. They predicted that for pion transverse
momentum below the saturation scale, p% << @2, the

2
Ap ratio is Ay(pA)/An(pp) ~ SQZ, where Q2 is the
square of the saturation scale for a nucleus with A nucle-
ons. For pr well above the saturation scale, the ratio was
expected to be 1. Models, which suggest that at large pr
the ratio should approach a form with exponent zero, are
in good agreement with these data.

VII. ISOLATED Ay MEASUREMENTS

It is observed here that the presence of soft photons or
hadronic fragments in the vicinity of the highest pr pion
can decrease the asymmetry significantly, cutting Ay in
half in most kinematic regions. For a subset of the events
shown in Fig. 4, there are exactly two photons with en-
ergy greater than 1 GeV in the 0.08 radian cone around
the ¥ event. We refer to “isolated” events as those with
a highest pr cone cluster with only a single pair of pho-
ton candidates. “Non-isolated” events are more jet-like,
having at least three photon candidates within the cone.
For a large fraction of the covered kinematics, about 1/3
of the inclusively selected 7° events contributing to Fig.
4 have an isolated 7°. These more exclusive events have
generally larger values of Ay .

It is seen from the comparison of Fig. 4 with Figs.
10, 11, and 12 that Ay for isolated 7¥s is significantly
greater than for the complementary part of the inclusive
event set with additional fragments observed.

The electromagnetic calorimeter has limited sensitiv-
ity to charged pions, so isolation does not guarantee the
absence of hadrons other than 7%. However, this ob-
servation hints at the possibility that the asymmetry for
jets with a leading energy 7° is much less than the sin-
gle 70 asymmetry in this forward kinematic region. The
enhanced Ay for events with no observed jet fragment
may indicate that these events are not related to jet pro-
duction with fragmentation.
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FIG. 6. The transverse momentum pr dependence of the ratio of An for pAu scattering to that for pp for six Feynman xg
ranges. This figure refers to the same data as is plotted in Fig. 4. The event selection criteria are given in the text. The
statistical uncertainties are shown with vertical error bars, and the filled boxes indicate systematic uncertainties appropriate
for the ratio. Horizontal lines indicate the fit to the average ratio over the region 1.5 < pr < 2.5 GeV/c, 2.5 < pr < 7.5 GeV/c

and for the combined pr range.

The observation that isolated 7° events have larger
Ap does not appear to depend upon the nuclear size A
in pA collisions. In Fig. 13 the determination of the
exponent P in the A dependence, defined in Eq. 9, has
been analyzed separately for isolated and non-isolated
events. The average exponents are similar for these two
subsets of the data.

This dependence of the measured Ax on event topol-
ogy is further described in a jet analysis [39], with some
of these same data. Although technical aspects of that
analyses differ from this one, the results are consistent in
those cases where the same quantity is measured.

VIII. CONCLUSIONS

This new measurement of Ay for forward 7° produc-
tion, in pp, pAl and pAu collisions, determines the depen-
dence on zr and pr. It is observed that Ay generally
increases with increeasing pr at fixed xp (0.17 < zp <

0.47), for pr up to 5 GeV/c. In many calculations, ex-
emplified by the simple model of Eq. 4, Ay is expected
to fall with pp when pr is significantly larger than some
nominal QCD scale kp, representing the spin dependent
part of the transverse momentum shift due to initial or
final interactions. The persistent rise in Ay for pr well
beyond the 1 GeV/c scale, is unexpected.

Furthermore, the asymmetry Ay, for forward 7° pro-
duction is significantly larger for events with an observed
isolated 7° than for events that show evidence of addi-
tional fragmentation products. It is interesting to com-
pare this result to the published Ay for jets, from [19],
where the asymmetry was observed to be small compared
to this 7 measurement. The Sivers picture, where a
proton spin dependent transverse momentum kp is ac-
quired from initial state interactions, is not the natural
choice for explaining the difference in Ay for isolated
and non-isolated 7’s in the final state. But neither is
the enhancement of Ay for isolated pions expected in
the Collins picture, where jet fragmentation into multi-
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FIG. 7. Similar to Fig. 6 but the ratio of Ax in pAl to that in pp.

ple hadrons imparts a spin dependent momentum kr to
the observed pion, to generate pion asymmetry.

The kinematic dependence of Ay on xp and pr is
similar for the three collision systems. The suppression
of Ay in collisions with nuclear beams is modest, with
the typical Ay ratios between pAu and pp greater than
80%. When the suppression of Ay is fit to a power law
nuclear A dependence, Ay (A) oc AP, the measured ex-
ponents from Type 2 fits are in the range of —0.075 <
P < 0.00. The weighted average exponent in Fig. 9 is
(P) = —0.027 £ 0.005. This corresponds to a reduction
of r(Au) = 0.87 £0.02. For the Type 1 fits in the low pr
region, the weighted average is (Pr) = —0.037 £ 0.013,
implying r7,(Au) ~ 0.82 4+ 0.06. In the high pr region,
the weighted average is (Pg) = —0.039+0.0048, implying
rg(Au) ~ 0.81 £ 0.02. There is no significant difference
between the exponent Ppy in the higher pp region and
Py, in the low pr region, where gluon saturation effects
could be most relevant. The general agreement between
Type 1 and Type 2 fits helps to give confidence in the
fitting methods.

This nuclear suppression of 7% Ay is much less
than that reported by the PHENIX collaboration, for
positively charged hadrons at somewhat lower pseudo-

rapidity or lower xp. The fits from the PHENIX mea-
surement favored an exponent P = —0.37 [38]. Un-
like the result of this paper, the PHENIX results are
nominally consistent with the prediction of Hatta et al.,
(P=-1/3).

It is noted that the range of zp coverage by the
PHENIX measurement, 0.1 < zp < 0.2, is below the
range presented here, shown in Fig. 9. The range of
gluon momentum fractions, x, probed within the unpo-
larized beams in this measurement is z < 0.005, be-
low the z range probed in the PHENIX measurement.
The distribution of exponents shown in Fig. 9 indi-
cates that the P exponents slowly increase with increas-
ing zp. The Type 2 data points can be fit to the lin-
ear form P(zp) = Py + Pjzp, yielding fitted parameters
Py = —0.0840.02 and P’g = 0.14£0.05. Linear extrapo-
lation of these data into the center of the PHENIX accep-
tance gives an exponent P(xp = 0.15) = —0.06 £ 0.02.
The PHENIX measurement reported a x> = =£1 con-
fidence range, expressed here as a P range, of approx-
imately —0.6 < P < —0.25. Comparing this to the
STAR extrapolated value, the difference appears signifi-
cant. From the x? plot in the PHENIX paper, the value,
P = —0.06, corresponds to x? ~ 13. Of course, the linear
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extrapolation is just an assumption.

Combining all beam types to maximize statistics for
Apn measurements, for Feynman zp < 0.47 the asymme-
try Ay increases with xp and with pr. For xp > 0.47
the trend moderates, as the dependence of Ay on pr
flattens or may begin to fall with pr over the measured
pr range.

These measurements of the dependence of Ay, for for-
ward 7° production, on kinematics and event topology,
should provide new input for ongoing theoretical studies
of the underlying dynamics for these processes. In pA
collisions, the dependence of Ay on nuclear size A has
been measured and is small.
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region and high pr regions (pr > 2.5 GeV/c) separately. Examples of one parameter power law fits for P are shown in Fig. 8,
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in the text and are dominated by statistical uncertainties. The systematic uncertainties are small, mostly cancelling, in ratios
between different nuclear A data sets and are not separately shown.

dependence of the asymmetry ratio
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