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The STAR Collaboration reports measurements of the transverse single-spin asymmetry (TSSA) of
inclusive z¥ at center-of-mass energies (,/s) of 200 GeV and 500 GeV in transversely polarized proton-
proton collisions in the pseudo-rapidity region 2.7 to 4.0. The results at the two different energies show a
continuous increase of the TSSA with Feynman-x, and, when compared to previous measurements, no
dependence on +/s from 19.4 GeV to 500 GeV is found. To investigate the underlying physics leading to
this large TSSA, different topologies have been studied. z° with no nearby particles tend to have a higher
TSSA than inclusive z°. The TSSA for inclusive electromagnetic jets, sensitive to the Sivers effect in the
initial state, is substantially smaller, but shows the same behavior as the inclusive z° asymmetry as a
function of Feynman-x. To investigate final-state effects, the Collins asymmetry of z° inside electro-
magnetic jets has been measured. The Collins asymmetry is analyzed for its dependence on the z°
momentum transverse to the jet thrust axis and its dependence on the fraction of jet energy carried by the
7°. The asymmetry was found to be small in each case for both center-of-mass energies. All the
measurements are compared to QCD-based theoretical calculations for transverse-momentum-dependent
parton distribution functions and fragmentation functions. Some discrepancies are found, which indicates

PHYS. REV. D 103, 092009 (2021)

new mechanisms might be involved.

DOI: 10.1103/PhysRevD.103.092009

I. INTRODUCTION

Significant transverse single-spin asymmetries (TSSA)
have been observed for charged- and neutral-hadron
production in hadron-hadron collisions over a wide range
of collision energies since the 1970s [1-5]. The early
leading-order QCD calculation showed the corresponding
asymmetry is exceedingly small [6]. Different models and
mechanisms have been proposed to understand these
sizable asymmetries [7-9]. Recently, all of the QCD-based
formalisms for TSSA have been categorized into two frame-
works. The first one is based on transverse-momentum-
dependent (TMD) parton distribution or fragmentation
functions, and the second one is based on Twist-3 collinear
factorization. These two ansétze probe different underlying
subprocesses. In the TMD framework one requires two
scales, a large momentum transfer Q as a “hard” scale, and
a modest transverse momentum ¢t as a “soft” scale. In
general one requires Q > ¢gr. Calculations in the Twist-3
framework only require one scale with gr > Agcp, the
strong interaction scale. It has been proven [10] that both
approaches describe the same physics in the kinematic
region where they overlap, i.e., Q > gr > Aqcp.
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For both frameworks, the origin of the hadron
TSSA in hadron-hadron collisions can have two sources,
namely an initial-state and a final-state effect. In the pure
TMD approach, the initial-state effect is from the Sivers
function (fllT”’) [11], and the final-state effect is from
the coupling of the chiral-odd transversity parton distri-
bution function and the chiral-odd Collins fragmenta-
tion function (H ll) [12,13]. The counterpart of the Sivers
function in Twist-3 collinear factorization is the Efremov-
Teryaev-Qui-Sterman (ETQS) function (7', z) [14,15]. It
has been shown that T’ - is related to the Sivers function
[16] through the following relation:

2

yr(en) = - [ ek B e ) loms ()
Therefore the Sivers function extracted from semi-inclu-
sive deep-inelastic scattering (SIDIS) data can be used to
constrain the ETQS-function in transversely polarized
proton-proton collisions. A very similar relation holds
for the Collins fragmentation function equivalent in the
Twist-3 formalism [17].

In the measurements discussed in this paper, the
large transverse momentum (p) of the final-state 79 fits
the scale requirement of the Twist-3 formalism. Many
phenomenological studies of the pion TSSA have been
done in the Twist-3 framework. The contributions from
initial-state effects [18-21], final-state effects [17,22-24],
and their combination [25,26] have been calculated. For
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many years the initial-state effect was thought to be the
main source of the TSSA. However, it has been realized
that the ETQS-function extracted from proton-proton
collisions and the Sivers function extracted from SIDIS
do not coincide well [25]. In recent years, it was proposed
that the initial-state effects are small and the final-state
effects are the main contribution to the TSSA [26,27].

The initial-state and final-state effects cannot be disen-
tangled for the pion TSSA, but other observables such as the
jet TSSA and Collins asymmetry can be used to separate
them. The TSSA for jets is considered to be sensitive to
initial-state effects. An earlier measurement in transversely
polarized proton-proton collisions at /s = 500 GeV by the
ANDY experiment found the inclusive jet TSSA to be very
small [28]. This was reproduced by theoretical calculations
[29,30] of the jet TSSA. On the other hand, the Collins
asymmetry is only sensitive to final-state effects. It measures
the azimuthal asymmetry of a hadron within a jet originating
from the fragmentation of a transversely polarized quark.
Theory predictions for the Collins asymmetry in trans-
versely polarized proton-proton collisions can be found in
Refs. [31-33]. Experimental results at mid-rapidity have
been reported by the STAR (Solenoidal Tracker At
Relativistic Heavy Ion Collider) Collaboration [34].

In this paper, the STAR Collaboration at the RHIC reports
new measurements of the TSSA for the inclusive 7°
production at large rapidity in transversely polarized pro-
ton-proton collisions at /s of 200 and 500 GeV to study the
energy dependence of the TSSA. To understand the under-
lying physics mechanisms, different topologies for the
TSSA have been investigated, which include the extraction
of the TSSA for inclusive and isolated z°, electromagnetic
jets, and the Collins effect through z° inside an electro-
magnetic jet. Recently STAR published a complementary
study of the nuclear dependence of the 7° TSSA [35], which
used the same 200 GeV proton-proton data that are inves-
tigated here. Although some technical aspects of the two
analyses slightly differ, the results are consistent in those
cases where the same quantity is measured.

This paper is organized as follows. Section II provides
the analysis details including a brief overview of
RHIC and the Forward Meson Spectrometer (FMS)
detector, event selection, z° and jet reconstruction,
and the methods of spin asymmetry calculation. The
correction and systematic uncertainty studies are dis-
cussed in Sec. III. Section IV gives the TSSA results
for inclusive 7°, isolated z° and jets, and the Collins
asymmetry results for z°. Finally, Sec. V presents a
summary of the measurements.

II. ANALYSIS

A. Experiment

The measurements have been performed with the STAR
detector [36] at RHIC located at Brookhaven National

Laboratory. RHIC is currently the only facility in the world
that can provide high energy, high luminosity, highly
polarized proton-proton collisions. The clockwise and
counterclockwise proton beams at RHIC are labeled as
blue and yellow, respectively. The beam polarization
measurements are provided by the RHIC polarimeter
group, which develops, maintains, and operates the
RHIC polarimeters. The details of the beam polarization
measurements in recent years can be found in Ref. [37].

The analysis in this paper uses the FMS detector at STAR
to reconstruct photons and z%. The FMS is an electro-
magnetic calorimeter installed on the west side of the STAR
detector, about seven meters away from the interaction
point. It faces the blue beam with a pseudo-rapidity
coverage of about 2.6 < n < 4.1. The layout of the FMS
is shown in Fig. 1. The FMS has an octagonal shape with a
radius of about 1 m surrounding the beam pipe with a
40 cm x 40 cm central cutout. The FMS is made of 1264
lead glass towers of two types, which differ in size and
density of towers. The towers closer to the beam line are
smaller in size in order to separate photons from high
energy 7° decays. The inner towers are 3.8 cm x 3.8 ¢cm x
45 cm in size and cover a pseudo-rapidity range from 3.3 to
4.1. The outer towers are larger, 5.8 cm x 5.8 cm x 60 cm
in size, and cover a pseudo-rapidity range from 2.6 to 3.3.
All towers are wrapped in thin aluminized mylar for optical
isolation. Both tower types have more than 18 radiation
lengths, so photons deposit nearly all of their energy in the
detector. A detailed description of the detector can be found
in Refs. [38—40].

The calibration of the FMS is based on the invariant mass
of the reconstructed z°. Since the decay photons from the
7° cover multiple towers, iterations are performed until the
gains of all the towers have converged.

1
&

FIG. 1. The layout of the FMS detector [39].
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B. Event selection

The data sets used in this paper were collected by STAR
in 2011 and 2015 from transversely polarized proton-
proton collisions at y/s of 500 and 200 GeV, respectively.
The beam polarization of the data set is 52.4 £ 1.8% for the
blue beam, which faces the FMS, in 2011 and 56.6 = 1.7%
for the blue beam in 2015.

The proton-proton collision events were triggered by the
FMS itself, based on the total transverse energy (ET)
deposited in the detector. There were two types of triggers
used in the analysis, which differ in how the regions for the
energy deposition were chosen. The Board Sum triggers
were based on the energy sum of overlapping areas, which
covered a patch of 4 x 8 adjacent towers. The Jet Patch
triggers used combinations of several nonoverlapping
Board Sum regions. Each Jet Patch covered a quarter of
the FMS with a 7/2 coverage in azimuth. In 2011, there
were four patches, with each covering one quadrant. In
2015, two additional patches straddling the horizontal axis
were added to smooth the acceptance. In order to avoid a
possible bias from the Board Sum triggers, only Jet Patch
triggered data were used in the jet TSSA analysis.

Each trigger condition was operated with multiple
Et thresholds. The thresholds for the small-tower
Board Sum triggers were 1.6/2.7 GeV in 2011 and
1.3/1.8/2.2/2.5 GeV in 2015. For the large-tower Board
Sum triggers, the thresholds were 2.7/4.3 GeV in 2011 and
1.3/1.8/2.8 GeV in 2015. For the Jet Patch triggers, the
thresholds are 2.7/4.3 GeV in 2011 and 1.8/2.8/3.7 GeV
in 2015. The triggers with the lower thresholds were
prescaled due to the limited bandwidth of the STAR data
acquisition system. In the 7°/EM-jet TSSA analysis, the
7°/EM-jet py is required to be larger than the trigger
threshold of the event.

The longitudinal vertex position (z-vertex) of FMS events
was provided by the Beam Beam Counters (BBC) at
STAR [41]. The z-vertex selection for 500 GeV data was
—-68cm<z<68cm, and —126 cm < z <54 cm for
200 GeV data. The latter vertex range was biased towards
the negative direction due to the FMS trigger system setup
in 2015.

In 2015, the installation of the Heavy Flavor Tracker [42]
in STAR introduced some noncollision background, which
has an impact on the jet TSSA analysis. In the jet selection,
these events are removed effectively with cuts based on
information from the BBC and Time-of-Flight (TOF) [43]
subdetectors. For the east BBC, which covers the pseudo-
rapidity range —5 <7 < —3.2 on the opposite side of
STAR from the FMS, it was required that at least one tile
fired. For the TOF, which covers the mid-rapidity region
—0.9 <5 < 0.9, its multiplicity was required to be greater
than two. The noncollision background was found to affect
the 7° analysis much less, such that the above cuts were not
applied.

C. #' reconstruction and selection

There are three major steps in reconstructing a z°

candidate in the FMS: cluster finding, shower shape fitting,
and photon combination. The first step is to incorporate the
adjacent towers with nonzero energy into clusters. A
minimum energy threshold of 0.5 GeV for 200 GeV data
and 1.0 GeV for 500 GeV data is applied to the recon-
structed clusters to reject part of the charged hadron
background. Due to the finite tower size, decay photons
from a high energy 7° tend to merge into one cluster, so the
clusters need to be classified as one-photon-type or two-
photon-type based on their size and energy distribution.
After the clusters are found, a shower shape fitting
procedure is applied to determine the energy and position
of the photon candidate(s) for each cluster. An ideal shape
of an electromagnetic shower is compared to the actual
energy pattern of a cluster in the fitting. For a two-photon-
type cluster, the separation between the two photons and
their energy sharing are additional degrees of freedom that
need to be determined. In the end, a list of photon
candidates is generated and all pairs are used to build 7°
candidates.

Further 7° selection includes a fiducial volume cut
for the photons and other cuts for the z° candidates
described below. The fiducial volume cut requires the
photon position to be at least half of a tower width away
from the outer and inner edge of the detector. For the 7°
reconstruction, there are further requirements such as the
following:

1) pt>2GeV/c,

(i) 2.7 <n < 4.0,

(iii) My, <0.3 EGeV/cz,

(iv) Z, =|g5£1<0.7, where E; and E, are the
energies of two photons.

Figure 2 shows an example of the invariant mass
distribution of the reconstructed z° in 500 GeV proton-
proton collision data. The data were fit to determine the
signal fraction in the signal region (0.0-0.2 GeV/c?) and
sideband region (0.2-0.3 GeV/c?). In this paper, skewed
Gaussian functions in Eq. (2) are used to fit the signal and
background shapes. The skewed Gaussian function has
three shape parameters: the mean (&), the width (@), and the
skewness (a). The expected signal and background shape
parameters for the two-photon invariant mass distribution
in each 7° energy bin are extracted from Monte Carlo (MC)
simulation. The parameters of the skewed Gaussian func-
tions are allowed to vary during fitting by 10-20% depend-
ing on energy. The MC simulation used the standard
STAR simulation framework based on GEANT 3 [44],
and PYTHIA 6.428 [45] as event generator with the CDF
tune A [46]:
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x10°
250'_STAR —— plep->m0+X
—— combined fit
20— /N e n° signal
''''''' background
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FIG. 2. Example of invariant mass spectrum of the recon-
structed gamma pairs in the FMS with an energy 38 GeV <
E,, <43 GeV in transversely polarized proton-proton collisions
at /s =500 GeV. The mass spectrum is divided into
signal region (0.0-0.2 GeV/c?) and the sideband region
(0.2-0.3 GeV/c?). The dashed lines are the fit results for the
7° signal and background. The solid line is the combined fit

result.
£(x) =3¢<x_5>¢(a-x‘5>,
Q) 0] 0]
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$) ==,
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For the 7° in a jet, which is used in studying the Collins
asymmetry, the z° reconstruction is slightly different and
will be discussed in Sec. II E2 in detail.

D. Jet reconstruction

In the measurement of the jet TSSA and the Collins
asymmetry, the jet reconstruction is needed. In this paper,
the jet reconstruction is based on FMS energy deposits, and
the anti-kt algorithm is used within the FASTJET frame-
work [47], with resolution parameter R = 0.7. The photon
candidates are used as basic building units in the jet
reconstruction. Similar as z° reconstruction, a minimum
energy threshold of 0.5 GeV for 200 GeV data and 1.0 GeV
for 500 GeV data is applied to the photon candidates to
reduce the possible charged hadron contribution.

The reconstructed jet energy is first corrected by sub-
tracting the contributions from the underlying event, which
is estimated utilizing the so-called “off-axis cone method”
[48]. For a reconstructed jet, one first defines the axes of
two cones at the same pseudo-rapidity as the reconstructed
jet but at angles of +7/2 relative to the azimuthal angle of
the jet. The cone parameter used is R = 0.7. The energy
density is calculated within each cone, where the jet area is

given by the FASTIJET package [47] using the ghost
particle technique.

Then the jet kinematics are further corrected back to the
“particle level,” with a correction factor determined by a
PYTHIA + GEANT simulation with same version and
tune as in last subsection. We define the “particle level”
as the stable particles (photons here) produced in a proton-
proton event in PYTHIA prior to the GEANT simulation of
detector responses. The correction factor ranges from 0.84
to 0.91 for 500 GeV data and from 0.97 to 1.03 for
200 GeV. Note that the jet reconstructed this way is a partial
jet in the sense that only photons are included, and will be
referred to as an electromagnetic jet (EM-jet) in order to
distinguish it from a full jet. Throughout the remainder of
this paper, we will refer to an EM-jet as simply a jet, unless
specified otherwise.

In the jet reconstruction, no requirement on photon
numbers is applied. Figure 3 shows the measured photon
multiplicity distribution for reconstructed jets with jet pr
greater than 2 GeV/c. The average photon multiplicity is
5.6 for 200 GeV data, and 4.9 for 500 GeV data. The higher
photon energy cut at 500 GeV during jet reconstruction
makes the observed multiplicity smaller than that at
200 GeV.

E. Asymmetry calculation

1. 7° and jet TSSA

Equation (3) shows the z° yield NT for spin “up” of the
7° production as a function of the azimuthal angle ¢ in
transversely polarized proton-proton collisions. In this
equation, € stands for the efficiency of the detector,
L for the beam luminosity, and P for the beam polarization;
the arrow indicates the spin direction of the beam. In order
to eliminate effects due to a nonuniform detector efficiency
and a time-dependent luminosity, the “cross-ratio” method
is used in calculating the asymmetry, see Eq. (4).

205 STAR p'+p-> EMdet+ X =200 Gev
s MM s00 Gev
16—
14 P> 2 GeVic
g 12 29< T]M <38
5 10 E == Average photon multiplicity
Z F 200 GeV: 5.6
£ 8C 500 GeV: 4.9
6
a-
2
of
0 2 4 6 8 10 12 14
Photon number
FIG. 3. The observed EM-jet multiplicity distribution with the

STAR FMS detector in transversely polarized proton-proton
collisions at 200 and 500 GeV.
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The “cross-ratio” method [49] takes advantage of the
detector symmetry, which cancels efficiency and luminos-
ity effects to leading order. In practice, ¢ is divided into ten
bins, which results in five data points on the right-hand
side of Eq. (4) as a function of cos ¢, which are used to
extract AG™:

N'(p) = eL6?,
=eLT(1+ P-Aycosg)o, (3)

VN (@)N (g +7) = V/NHPN
VNN (PN (p+7) +/NYp)N

((/H—ﬂ
Yp+n

(4)

P-A%%Y cos¢p =

) .
)

The raw asymmetry AJ"Y obtained using Eq. (4) has a
contribution both from the signal and background.
Assuming the background asymmetry Aﬁ,kg is constant
over the mass region 0.0 < M,, < 0.3 GeV/ 2, the signal
asymmetry Aﬁo can be extracted by solving Eq. (5). In these
equations, the uncorrected signal (AEW“""’) and background
(AQ"") asymmetries are calculated in the signal region
00<M,, <02GeV/ ¢? for the signal and the side-band
region 0.2 < M,, < 0.3 GeV/ ¢? for the background. The
regions are shown in Fig. 2. The signal fractions in these
two regions, f’ Sigyiy and f g, , , are obtained from fits to the 7°
invariant mass distribution as shown in Fig. 2,

Si b
Al'aW ’ f%lgw N + ( - fsig‘\.,‘y)Angv
s 0 bk
Araw b fmg ,A ( - fsigsb)AN q' (5)

The extraction of the jet TSSA is almost the same as the
7% TSSA using Eq. (4) except a slight difference on
background part as detailed in Sec. III C.

2. Collins asymmetry

The extraction of Collins asymmetry (Ayr) is similar to
that of the 7° TSSA. Because of the different definition of
the azimuthal angle, the cross-ratio method needs to be
modified to account for the Collins angle ¢c = g — Py,
see Eq. (6). For the Collins angles we follow the same
definition as in Ref. [34]. ¢y is the angle between the
upward spin direction of the polarized proton and the plane
spanned by the momenta of the jet and the beam. The angle
¢y 1s the angle between the jet-beam plane and the jet-pion
plane determined by the z° momentum and the jet
momentum.

P'AUTSin¢C
\/NT(¢C (¢c+” +\/NL (¢C+ﬂ)

The 7° reconstruction here is slightly different from the
inclusive 7° reconstruction as in Sec. II C. Since the #° is
part of a jet, one needs to iterate over all combinations of
photons within the jet. To avoid double-counting, photons
can only be used once to reconstruct a z°. In practice, the
reconstruction starts with the highest energy z° candidate.
If it passes all the selection cuts, its constituent photons
will be excluded from the subsequent reconstruction.
If it doesn’t, the second highest energy z° candidate is
checked, and so on, until a qualified candidate is found.
The reconstruction continues with the next highest energy
7" candidate from the remaining photons until all z°
candidates have been evaluated. For this way of z°
reconstruction, we do not perform a background subtrac-
tion for the Collins asymmetry. The possible influence from
the background is studied through the mass dependence of
the asymmetry as discussed in Sec. IV D.

III. CORRECTIONS AND SYSTEMATIC
UNCERTAINTIES

A. Energy uncertainty

The photon energy uncertainty includes contributions
from calibration, nonlinear detector responses, and radia-
tion damage. The contributions of the three types of energy
uncertainties are 3.5%, 1.5%, and 2.2% for 500 GeV data
and 2.5%, 1.5%, and 0.5% for 200 GeV data, respectively.
The overall photon energy uncertainty is 4.4% for 500 GeV
data and 3.0% for 200 GeV data.

The 7°s and jets are composed of multiple photons. Their
energy uncertainties are related to the energy of each of the
constituent photons, and differ for every case. However, an
upper limit for the energy uncertainty of a z°/jet can be
estimated using the constituent photon energy uncertain-
ties. This estimation shows that the z° energy uncertainty is
less than 4.4% for 500 GeV data and 3.0% for 200 GeV
data. For the jet energy, additional uncertainties related with
the energy correction factor to particle level are considered,
which are estimated from simulation to be 6.4% for
500 GeV and 8.0% for 200 GeV data. These estimations
show that the final jet energy uncertainty is less than 7.8%
for 500 GeV and 8.5% for 200 GeV data. The details on
these energy uncertainties can found be in Ref. [50].

In this paper, the 7° TSSA is extracted as a function of
Feynman-x and pr. Feynman-x is defined as xp =2py /+/s,
and p; is the longitudinal momentum. It approximately
equals the 7° energy divided by the proton beam energy. Its
uncertainty is the same as the one for the z° energy. Since
the photon angular uncertainty is much smaller than the
energy uncertainty, the z° pr uncertainty is also dominated
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by the z° energy. In summary, the uncertainties of xp and
pr for z° TSSA are 4.4% for 500 GeV and 3.0% for
200 GeV data. The jet TSSA is presented versus xg in
Sec. IV C, and the xg uncertainties are 7.8% for 500 GeV
and 8.5% for 200 GeV data.

The Collins asymmetries are measured as a function of
Zem» Which is the fraction of the z° energy over the jet
energy, Zem = E0/Ejy. The uncertainty of z, can be
estimated using the uncertainty on the ratio of z° energy
and jet energy. This is found to be less than 8.9% for
500 GeV and 9.0% for 200 GeV data.

B. The n° TSSA

As discussed earlier, the two fractions f Sigyi, and f, , in
Eq. (5) needed to calculate the TSSA are obtained from fits
to the z¥ invariant mass distribution. The uncertainty of the
fractions as obtained from the fit are propagated to the 7°
TSSA as a source of systematic uncertainty. It is found that
this uncertainty is up to 5.8% of the magnitude of the
asymmetry. This systematic uncertainty is smaller than the
marker size in the TSSA result plots in the next section.

C. The Jet TSSA

The 200 GeV data set contains a small number of jets
reconstructed with energy far above the beam energy.
These nonphysical events serve as a background under
the jet signal, which may come from the pile up of
noncollision background to normal events. The asymmetry
of these events is consistent with zero. We assume these
events also exist at lower energy, which will decrease the
measured jet TSSA. The asymmetries can be corrected
using a background subtraction, with a correction factor
1/(1 —r), where r is the background fraction in the
specified energy range. To estimate the background frac-
tion, we choose the jet events in the energy range of
120 GeV to 150 GeV as pure background events. The
energy spectrum of these events is found to be following a
linear trend. A linear fit is done in this energy range and
extrapolated to lower energy to estimate the background
fraction. Results using this method show the highest
background fraction is about 3% for the highest xg bin.

D. The Collins asymmetry

The resolution of the Collins angle, ¢c, used in the
calculation of the Collins asymmetry, is limited by the
resolution of the photon position and jet axis. The reso-
lution can be obtained from Monte Carlo simulations by
comparing the reconstructed ¢ on detector and particle
levels. The smearing of this angle tends to underestimate
the asymmetry and this effect can be corrected by multi-
plying a correction factor to the raw asymmetries. The
resulting correction factor ranges from 1.01 to 1.04 in the
region of 0.3 < z,,, < 0.9.

IV. RESULTS

The clockwise-circulating RHIC beam (blue) faces the
FMS. Single-spin asymmetries measured with respect to
the blue beam polarization correspond to positive xg. The
asymmetries with respect to the polarization of the counter-
clockwise circulating beam (yellow), which corresponds to
negative xp, are consistent with zero. This has been
observed in multiple experiments [3-5]. Therefore, the
results with negative xg are not shown. Please note that
there is a general scale uncertainty of 3.0/3.4% for
200/500 GeV data from beam polarization for all spin
asymmetries in this section, which is not included in
the plots.

A. The 7 TSSA

Figure 4 shows the results of the z° TSSA for 200 GeV
(red points) and 500 GeV (blue points) transversely
polarized proton-proton collisions as a function of xg.
The lower panel shows the average 7° py for each xp bin.
The asymmetry increases with xg. The xg of 200 GeV data
reach up to 0.6, where the largest asymmetry is observed.
The results of both data sets are consistent in the over-
lapping region, 0.2 < xg < 0.35. For both energies, the
background asymmetries, which are not shown in the
figure, are consistent with zero.

Figure 5 shows the TSSA result as a function of z° pr, in
the overlap xg region, 0.18 < xg < 0.36, for the two data
sets. The three panels represent different regions in xg.
Although the statistics for the 500 GeV data are limited, it

0.25

A [ STAR P +p-> 0+ X e 200 GeV
N [
02p >2GeVic 4 500 GeV
C [ Theory 200 GeV
0.15-27<n<4.0 [ Theory 500 GeV
E 3.0/3.4% beam pol. scale uncertainty not shown
01—
0.05—
0
L | 1 !
— 5
S N
%) 4? A A 4
S f.st °
~ 3 s ° ® ° ° ° .
2 .
2
£ | | L | 1
0.2 0.3 0.4 0.5 0.6

FIG. 4. Transverse single-spin asymmetry (Ay) as a function of
xg for z° production in transversely polarized proton-proton
collisions at v/s = 200 and 500 GeV. The error bars are statistical
uncertainties only. A systematic uncertainty up to 5.8% of Ay for
each point is smaller than the size of the markers. The average pr
of the z° for each xp bin is shown in the lower panel. Theory
curves based on a recent global fit [S1] are also shown.
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FIG. 5.

The transverse single-spin asymmetry as a function of the z° pr for three different x ranges, (a), (b), and (c), for transversely

polarized proton-proton collisions at /s = 200 and 500 GeV. The error bars are statistical uncertainties only. A systematic uncertainty
up to 5.8% of Ay for each point is smaller than the size of the markers. Theory curves based on the recent global fit [5S1] are also shown.

can be seen that the results at the two beam energies are
consistent. In the xp regions covered by the data, the
200 GeV results show the asymmetries rise with pr, clearly
indicating a dependence of the asymmetry on pr and xg.
This is consistent with similar observations in previous
STAR measurements [3]. More details regarding the pt
dependence at 200 GeV can be found in Ref. [35].
Figure 6 shows the comparison of these STAR results
with the other existing measurements in transversely
polarized proton-proton collisions. They include previous
STAR measurements using the FPD detector [3], results
from the RHICf experiment [5], the PHENIX experiment
[4], and the E704 experiment [2] at the Fermi National
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FIG. 6. Comparison of this measurement of the transverse
single-spin asymmetry as a function of xg for inclusive z° with
previous measurements from /s = 19.4 GeV to /s = 510 GeV
in transversely polarized proton-proton collisions. The error bars
are statistical uncertainties only. The average pr of the z° for each
Xxg bin is shown in the lower panel.

Accelerator Laboratory. The average p of the z° for each
xp bin is shown in the lower panel. The z° TSSA results in
this paper are consistent with the other measurements. This
can only be explained with a very weak scale dependence
of the 7% TSSA for a /s range of 19.4 to 510 GeV. The
earlier 200 GeV STAR results [3] seem to be slightly lower
than the current 2015 results in the range of xg < 0.4. This
could be explained by the pr dependence of the TSSA
results. From the above discussion, the TSSA results are
not only a function of xg, but also a function of the pr. At
the same xp range, the asymmetries rise with the pr in the
region 1 GeV/c < pr <3 GeV/c. The lower panel of
Fig. 6 shows that the mean pr as a function of xg in the
region of xg < 0.4 in this paper are higher than those of the
earlier 200 GeV STAR results.

B. The TSSA for isolated z°

In searching for the origin of the transverse single-spin
asymmetry, one particularly interesting aspect is the topo-
logical dependence of 7° TSSAs, meaning one divides the
7Y sample into subgroups based on the event structure. One
group contains the isolated z%s, which refers to the z%s with
no other surrounding photons. The other group contains the
nonisolated 7°s, which are accompanied by other photons.
In practice, the energy fraction z,,, which is the z° energy
over the jet energy, is used to determine whether or not a 7°
is isolated. Two photons alone can be reconstructed as a jet,
so a 7° would be identified as isolated when its z,,, is close
to 1. In the following step, one applies z.,, > 0.98 to select
isolated 7° and z,,, < 0.9 for the nonisolated ones. The gap
ensures a clean separation between the two groups.

In this way, both types of z°s always correlate with a jet.
Therefore, its constituent photons should be limited within
the same jet. The 7° selection and asymmetry calculation
remain the same. The jet resolution parameter R = (.7
indicates the area where the z° is considered to be isolated.
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FIG. 7. The transverse single-spin asymmetry as a function of
xg for the isolated and nonisolated z° in transversely polarized
proton-proton collisions at /s = 200 and 500 GeV. The error
bars are statistical uncertainties only. A systematic uncertainty up
to 5.8% of Ay for each point is smaller than the size of the
markers. Theory curves based on a recent global fit [51] are also
shown. The average pt of the z° for each x bin is shown in the
lower panel.

Figure 7 shows the TSSA of these two types of z°.
Although the asymmetries of both types increase with x,
their magnitudes are significantly different. The asymme-
tries for the isolated z° are clearly larger than the asym-
metries for the nonisolated z°. This result suggests there
could be different mechanisms in play to explain the large
asymmetries shown in Fig. 4. The nonisolated z°s are
considered to be part of a jet, which has fragmented from a
parton, while the underlying subprocess for the isolated
ones is not yet clear. One possible explanation is that a
significant part of the isolated z%s are from diffractive
processes [52], which needs further confirmation. The
theoretical descriptions mentioned in the introduction
would mainly apply to the TSSA of the nonisolated 7°s,
which usually assume all the 7% come from parton
fragmentation, for example in a recent global analysis
[51]. A recent measurement of TSSA for very forward z° in
transversely polarized proton-proton collisions by the
RHICf experiment also indicates that the diffractive process
could give a sizable asymmetry [5].

To understand the contributions from isolated and non-
isolated 7° to the overall z° TSSA, Fig. 8 shows the
fractions of each type in the overall z° sample. It is noted
that these fractions are background corrected to ensure the
fractions represent the z° signal only. It can be seen that, for
each data set, the isolated z° plays an important role in the
high xp region where the asymmetry is significantly larger.
In Ref. [35], a somewhat different isolation criterion was

background subtraction. The missing fraction mainly includes the
events between the isolated cuts: 0.9 < z.,, < 0.98.

used, but the same conclusion was obtained that the
isolated 7° have larger TSSA than the nonisolated z° in
p + Al and p + Au collisions in addition to proton-proton
collisions.

C. The Jet TSSA

Figure 9 shows the results of the jet TSSA as a function
of xg for both data sets. The solid symbols in the figure
represent the results that have no limitation on the photon
multiplicity when reconstructing the jet, while the open
symbols represent the results that required the observed
photon multiplicity in the jet to be greater than 2. The
asymmetries are nonzero and increase with xg, similar to
the 7° TSSA. The consistency of the 200 and 500 GeV jet
asymmetries in the overlap region suggests a weak energy
dependence. However, the jet asymmetries are much
smaller than the 7° ones in Fig. 4 for the same x.
Theoretically, the jet asymmetry is believed to be domi-
nated by initial-state effects related with the Sivers
function.

Since a single photon or two photons can be recon-
structed as a jet, the isolated 7° sample described earlier is
part of the jet sample and therefore enhances the overall jet
TSSA. The open symbols in Fig. 9 show the TSSA for jets
with a measured photon multiplicity greater than 2. The jet
TSSAs with a minimum multiplicity requirement are
smaller than the ones without this requirement, while the
pr at each xg of the two samples is almost the same. The
200 GeV results are significantly larger than zero, while the
500 GeV results are consistent with zero within uncertain-
ties, which may indicate a stronger energy dependence than
what was observed for the 7° TSSA.

The black crosses in Fig. 9 represent the results from the
AnDY Collaboration at RHIC [28] with transversely polar-
ized proton-proton collisions at 500 GeV. The AnDY
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FIG. 9. Transverse single-spin asymmetry as a function of xg
for electromagnetic jets in transversely polarized proton-proton
collisions at y/s = 200 and 500 GeV. The error bars are statistical
uncertainties only and the systematic uncertainties are negligible.
The results that require more than two photons observed inside a
jet are shown as open symbols. The previous measurements for
full jets at 500 GeV reported by the AyDY Collaboration [28] are
also plotted. Theory curves [30] for TSSA of full jets at mean
rapidity (y) =3.25 for 200 GeV (red) and (y) =3.57 for
500 GeV (blue) are also shown. The average pr of the jet for
each xg bin is shown in the lower panel.

experiment measured jets using an electromagnetic and a
hadronic calorimeter to reconstruct both the electromagnetic
and hadronic components of jets. The AyDY result suggests
the jet TSSA are very small and they are close to the STAR
jet TSSA result measured at 500 GeV with the minimum
multiplicity requirement. The consistency of these two
results suggests that the TSSA for EM-jets probes the same
underlying physics as full jets.

D. The Collins asymmetry

The Collins effect is defined as a nonuniform azimuthal
distribution of a particle’s pt in the hadronization of a
transversely polarized quark [12]. By measuring the Collins
asymmetry of z° within a jet, one can directly study the
fragmentation process contribution to the single-spin asym-
metry at forward rapidities. The Collins angle (¢¢) in
Eq. (6) is defined in the same way as in Ref. [34]. The
resolution of the Collins angle is the major source of the
asymmetry uncertainty. If the direction of the 7° momen-
tum is close to the jet thrust axis, for example at high z.,,
the uncertainty of the ¢ angle becomes large. Therefore, a

AR cut, AR = \/((77,,0 —jer)* + (¢p0 — Pjer)?, has been
applied in the analysis to reject such events. The value of
this cut was balanced between the benefit of excluding
those events with large uncertainty and the loss of statistics

at high z.,. We determined AR > 0.04 to be the best
choice, which is the same as in Ref. [34].

As mentioned in Sec. IIE 2, there is no background
subtraction for the Collins asymmetry. Nevertheless, the
influence of possible background can be studied through
the mass dependence of the asymmetry. The z° signal is
concentrated in the mass region M, <0.2 GeV/ c?,
whereas the background fraction changes significantly as
a function of mass from the region M,, < 0.2 GeV/ c? to
the region M, > 0.2 GeV/ c?. A comparison of the Collins
results in the region of (0, 0.2 GeV/c?) and those in the
region of (0.2, 0.3 GeV/c?) did not show a clear mass
dependence in both data sets.

The jet pr is required to be larger than 2 GeV/c. The
average jet pr is 3.8 GeV/c¢ for 500 GeV data and
3.0 GeV/c for 200 GeV data. The average jet pseudo-
rapidity is 3.1 for 500 GeV data and 3.3 for 200 GeV data.
Figure 10 shows the measured Collins asymmetries (A7)
originating from the final-state effect, for both the 200 and
500 GeV data. Both results show very small asymmetries
within uncertainties.

The 7z° momentum transverse to the jet axis, jr, can be
used to measure how close the z° is to the jet axis. An
investigation of the dependence of the Collins asymmetry
on jr at 200 GeV is presented in Fig. 11. The Collins
asymmetries are separated into four jp bins. It is found that
the asymmetries for jr > 0.2 GeV/c show a tendency to
be negative. This j; dependence can be used to further
constrain TMD models.

E. Comparison to models

We compare our results to the theoretical calculations
that can be seen in Figs. 4, 5, 7, 9, and 10. The calculations
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FIG. 10. The Collins asymmetry for z° in an electromagnetic
jet for transversely polarized proton-proton collisions at /s =
200 and 500 GeV. The error bars are statistical uncertainties only
and the systematic uncertainties are negligible. Theory curves for
the Collins asymmetry of a z° in a full jet with or without TMD
evolution [31] are also shown.
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FIG. 11. The jr dependence of the z° Collins asymmetry in

transversely polarized proton-proton collisions at /s =200 GeV.
The error bars are statistical uncertainties only and the systematic
uncertainties are negligible.

of 7% TSSA [51], jet TSSA [30] and Collins asymmetry
[31] are based on the TMD and collinear Twist-3 functions
that have been extracted from semi-inclusive deep inelastic
scattering, Drell-Yan, e'e™ annihilation into hadron pairs,
and transversely polarized proton-proton collisions that
included also previous forward z° and charged hadron
TSSA data from RHIC. The calculations refer to the
kinematics of the data in this paper to account for the
known kinematic dependencies of the measurements.

As shown in Figs. 4 and 5, the calculations have almost
no energy dependence [51]. They underestimate the 7z°
TSSA in the lower xg region for both 200 and 500 GeV
data, but overestimate it in the higher xp region where
200 GeV data are available. In Fig. 5, the calculations show
the same trend of asymmetries rising with pp as the data,
but the magnitude of the predicted asymmetry is much
smaller than the measurements.

The theory curves in Fig. 7 are identical to the ones in
Fig. 4. In the x region lower than 0.3, they can describe the
nonisolated 7° TSSA measurements, in which these 7°s are
considered to originate from fragmentation. The theory
curve in this region is mostly constrained by the Sivers/
Collins inputs from SIDIS data [S51].

For the jet TSSA in Fig. 9, the calculation for 500 GeV is
consistent with the measurement that has the minimum
photon multiplicity requirement and also the full jet result
from the ANDY experiment. However, the calculation for
200 GeV predicts the asymmetry to fall with xg, which
contradicts our measurement. It is noted that the theoretical
uncertainty bands are substantial [30].

For the Collins asymmetry in Fig. 10, two sets of theory
curves represent the cases with or without the TMD
evolution being taken into account [31]. Our j; combined
results for both collision energies are consistent with
zero, which are within the uncertainty bands of the two
calculations.

We report the measurements of transverse single-spin
asymmetries for #%s in the forward rapidity region
in transversely polarized proton-proton collisions at
200 GeV and 500 GeV using the FMS detector at
STAR. The measurement at 200 GeV was done with the
largest data sample thus far. The asymmetries increase with
xg. No energy dependence was found when comparing the
current results with previous data at RHIC and FNAL with
center-of mass energies as low as 19.4 GeV. The transverse
single-spin asymmetries for isolated and nonisolated 7° at
both 200 GeV and 500 GeV were also presented. The
asymmetries of isolated z%s are significantly larger than
those of nonisolated 7°s.

The transverse single-spin asymmetries for electromag-
netic jets were measured with the FMS in transversely
polarized proton-proton collisions at both 200 GeV and
500 GeV. The 500 GeV result with a minimum photon
multiplicity requirement is consistent with zero, which
coincides with the full jet measurement from the AyDY
experiment. The 200 GeV results are small, but are clearly
nonzero within uncertainties.

Collins asymmetries for z°s within an electromagnetic
jet were measured in transversely polarized proton-proton
collisions at both 200 GeV and 500 GeV. The asymmetries
are small across the z., bins and might exhibit a jr
dependence at 200 GeV. The latter could help to constrain
TMD models and needs theoretical predictions.

These new data provide important information for under-
standing the underlying physics mechanism for the trans-
verse single-spin asymmetry. In particular, the observed
small TSSA for nonisolated 7z°s and also small Collins
asymmetries with EM-jets suggest that the Collins effect
itself cannot account for the observed 7° TSSA. On the other
hand, the observed small TSSA for electromagnetic jets
indicates the contribution from the Sivers effect cannot be the
dominant source of z° TSSA, either. The sizable TSSA for
isolated 7° thus indicates a new mechanism, likely diffractive
process, could be a significant source for the z° TSSA in
transversely polarized proton-proton collisions at RHIC, and
more theory efforts and dedicated measurements are called
for to have a complete understanding on this aspect.
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