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The STAR Collaboration reports measurements of the transverse single-spin asymmetry (TSSA)
of inclusive 7° at center-of-mass energies (1/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-z, and, when compared to previous
measurements, no dependence on /s from 19.4 GeV to 500 GeV is found. To investigate the under-
lying physics leading to this large TSSA, different topologies have been studied. 7° with no nearby
particles tend to have a higher TSSA than inclusive 7°. The TSSA for inclusive electromagnetic
jets, sensitive to the Sivers effect in the initial state, is nearly an order of magnitude lower, but
shows the same behavior as the inclusive 7° asymmetry as a function of Feynman-z. To investigate
final-state effects, the Collins asymmetry of 7° inside electromagnetic jets has been measured. The
Collins asymmetry is analyzed for its dependence on the 7° 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 func-
tions and fragmentation functions. Some discrepancies in particular in understanding the origin of
isolated 7° TSSA are found, which indicates new mechanism might be involved.

I. INTRODUCTION 168

Significant transverse single-spin asymmetries (TSSA)
have been observed for charged and neutral-hadron pro-ie
duction in hadron-hadron collisions over a wide rangei,
of colliding energies since the 1970’s [1-5]. The early.
leading-order QCD calculation showed the correspond-is
ing asymmetry is exceedingly small [6]. Different mod-iz
els and mechanisms have been proposed to understand,s,
these sizable asymmetries [7-9]. Recently, all of thes
QCD-based formalisms for TSSA have been catego-iz
rized into two frameworks. The first one is based on.
transverse-momentum-dependent (TMD) parton distri-iz
bution or fragmentation functions, and the second one
is based on Twist-3 collinear factorization. These twoig
ansatze probe different underlying sub-processes. In theis
TMD framework one requires two scales, a large momen-g,
tum transfer @ as a “hard” scale, and a modest transverse;g;
momentum ¢, as a “soft” scale. In general one requires;s,
@ > qp. Calculations in the Twist-3 framework onlygs
require one scale with gr > Aqcp, the strong interac-ig
tion scale. It has been proven [10] that both approaches,s
describe the same physics in the kinematic region where;g
they overlap, i.e., @ > g1 > Aqcp. 189

190

For both frameworks, the origin of the hadron TSSAin
in hadron-hadron collisions can have two sources, namely1o
an initial and a final-state effect. In the pure TMD ap-is:
proach, the initial-state effect is from the Sivers functionios
( ﬁlq) [L1], and the final-state effect is from the cou-iss
pling of the chiral-odd transversity parton distributioniss
function (PDF) and the chiral-odd Collins fragmentationier
function (Hi-) [12, 13]. The counterpart of the Siversis
function in Twist-3 collinear factorization is the ETQS-10
function (T, r) [14, 15]. It has been shown that T, p iszo
related to the Sivers function [16] through the followingzn

relation:

k2
Ty r(z,x) = _/koLg 2 (2, k2 |sipis.

- (1)

Therefore the Sivers function extracted from semi-
inclusive deep-inelastic scattering (SIDIS) data can be
used to constrain the ETQS-function in transversely po-
larized 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 (pt) of the final-state 7° fits the
scale requirement of the Twist-3 formalism. Many phe-
nomenological studies of the pion TSSA have been done
in the Twist-3 framework. The contributions from initial-
state effects | ], final-state effects [17, 22-24] and
their combination [25, 26] have been calculated. For
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 dis-
entangled 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 inclu-
sive jet TSSA 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 fragmen-
tation of a transversely polarized quark. Theory predic-
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tions for the Collins asymmetry in transversely polarizedas
proton-proton collisions can be found in Refs. [31-33].2
Experimental results at mid-rapidity have been reportedass
by the STAR (Solenoidal Tracker At RHIC) Collabora-zs
tion [ ] 258

In this paper, the STAR Collaboration at the Relativis-aso
tic Heavy Ion Collider (RHIC) reports new measurementszso
of the transverse single-spin asymmetry(TSSA) for inclu-za
sive 70 production at large rapidity in transversely polar-z:
ized proton-proton collisions at /s of 200 and 500 GeV t02ss
study the energy dependence of the TSSA. To understandas
the underlying physics mechanisms, different topologieszes
for the TSSA have been investigated, which include theass
extraction of the TSSA for inclusive and isolated 70, elec-267
tromagnetic jets, and the Collins effect through 7% insideass
an electromagnetic jet. Recently STAR published a com-
plementary study of the nuclear dependence of the m°
TSSA [35], which used the same 200 GeV proton-proton
data that are investigated here. Although some techni-
cal aspects of the two analyses slightly differ, the results
are consistent in those cases where the same quantity is
measured.

The rest of the paper is organized as the following.
Section II provides the analysis details including brief
overview of RHIC and the Forward Meson Spectrometer
(FMS) detector, event selection, 7° and jet reconstruc-
tion, and the methods of spin asymmetry calculation.
The correction and systematic uncertainty studies are
discussed in Section III. Section IV gives the TSSA re-
sults for inclusive 79, isolated 7° and jets, and the Collins
asymmetry results for 7°. Finally, Section V presents a
summary of the measurements.

II. ANALYSIS
269
A. Experiment 270

271

The measurements have been performed with the*?
STAR detector[36] at RHIC 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 labeled2s
as blue and yellow, respectively. The beam polariza-2rs
tion measurements are provided by the RHIC polarime-2z
ter group, which develops, maintains and operates thezr
RHIC polarimeters. The details of the beam polariza-2r
tion measurements in recent years can be found in Ref.2r
[ ]. 280

The analysis in this paper uses the FMS detector ates
STAR to reconstruct photons and 7%. The FMS is anze
electromagnetic calorimeter installed on the west side ofzss
the STAR detector, about 7 meters away from the inter-sss
action point. It faces the blue beam with a pseudorapid-zss
ity coverage of about 2.6 < n < 4.1. The layout of thezss

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 m° decays. The inner towers are 3.8 cm x 3.8 cm
X 45 cm in size and cover a pseudorapidity 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 pseudorapidity 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 Ref. [38-40].
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FIG. 1. The layout of the FMS detector [39)].

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

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 /s of 500 and 200 GeV, re-
spectively. The beam polarization of the data set is 52.4
+ 1.8 % for the blue beam 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 (Er)
deposited in the detector. There were two types of trig-
gers 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 ar-
eas, which covered a patch of 4 x 8 adjacent towers. The
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Jet Patch triggers used combinations of a few Board Sumsao
regions, each of which covered a quarter of the detector.sa
In order to avoid a possible bias from the Board Sumss
triggers, only Jet Patch triggered data were used in thess
jet TSSA analysis. 304
Different Er thresholds were applied for each triggersss
including the same type of trigger. The thresholds for thesss
small tower Board Sum triggers were 1.6/2.7 GeV in 20115«
and 1.1/1.6/1.9/2.2 GeV in 2015. For the large towerss
Board Sum triggers, the thresholds were 2.9/4.3 GeV inas
2011 and 1.1/1.6/2.4 GeV in 2015. For the Jet Patch
triggers, the thresholds are 2.7/4.3 GeV in 2011 and™®
1.6/2.4/3.2 GeV in 2015. The triggers with the lower,_
thresholds were pre-scaled due to the limited bandwidth
of the STAR data acquisition system. In the 7% TSSAss
analysis, the 70 pr, is required to be larger than the trig-
ger threshold of the event. 353
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 datass
was —68 cm < z < 68 cm and —126 cm < z < 54 cm3ss
for 200 GeV data. The latter vertex range was biasedss”
towards the negative direction due to the FMS triggersss
system setup in 2015. 359
In 2015, the installation of the Heavy Flavor Trackerss
(HFT) [42] in STAR introduced some non-collision back-3
ground. These events are removed effectively with se-se2
lections based on information from sub-detectors BBCses
and Time-of-Flight (ToF) [13]. For the east BBC, whichse
covers the pseudorapidity range —5 < 1 < —3.2 on thesss
opposite side of STAR from the FMS, it was required3ss
that at least one tile fired. For the TOF, which covers3
the mid-rapidity region —0.9 < 1 < 0.9, the multiplicity3es
was required to be greater than three. 369
370
371

C. = reconstruction and selection

There are three major steps to reconstruct a 70 can-

didate in the FMS: cluster finding, shower shape fitting,
and photon combination. The first step is to incorporate
the adjacent towers with non-zero 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 re-
constructed 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, so3
the clusters need to be classified as one-photon-type or
two-photon-type based on their size and energy distribu-sss
tion. After the clusters are found, a shower shape fittings
procedure is applied to determine the energy and posi-srs
tion of the photon candidate(s) for each cluster. An idealss
shape of an electromagnetic shower is used to compares:
the actual energy pattern of a cluster in the fitting. For ass
two-photon-type cluster, the separation between the twosr
photons and their energy sharing are additional degreessso

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 70 selection includes a fiducial volume cut for
the photons and other cuts for the 7% candidates de-
scribed below. The fiducial volume cut requires the pho-
ton position to be at least half of a tower width away
from the outer and inner edge of the detector. For the
70 reconstruction, there are further requirements as the
following:

e pr > 2 GeV/e,
0 2.7<n <40,

o M,, <0.3 GeV/c?,

© Ly = ’%Igg < 0.7, where F; and Ey are the

energies of two photons.

Figure 2 shows an example of the invariant mass distri-
bution of the reconstructed 7° in 500 GeV proton-proton
collision data. The data were fitted to determine the sig-
nal 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
have three parameters: the mean (), the width (w) and
the skewness (a). The expected signal and background
shapes parameters for the two-photon invariant mass dis-
tribution in each 7° energy bin are extracted from Monte
Carlo (MC) simulation. The parameters of the skewed
Gaussian functions are allowed to vary during fitting
by 10-20 % depending on energy. The MC simulation
used the standard STAR simulation framework based on
GEANT 3 [44], and PYTHIA 6.428 [45] as event gener-
ator with the CDF tune A [10].

s =Ge (50) o (= °5°)

2

x

¢(z) = e 2 (2)

—_

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 framework [17], requiring radius parameters
R = 0.7. The photon candidates are used as basic build-
ing units in the jet reconstruction. Similar as 7° recon-

struction, a minimum energy threshold of 0.5 GeV for
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FIG. 2. Example of invariant mass spectrum of the recon-
structed 7° in the FMS with an energy 38 GeV < E., <
43 GeV in transversely polarized proton-proton collisions at
Vs = 500 GeV. The mass spectrum is divided into sig-
nal 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.

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-*7
tracting the contributions from the underlying event,
which is estimated utilizing the so-called “off-axis cone#s
method” [48]. For a reconstructed jet, one first defines?
the axes of two cones at the same pseudo-rapidity as these
reconstructed jet but at angles of £7/2 relative to the az-
imuthal angle of the jet. The cone parameter used is R4
= 0.7. The energy density is calculated within each cone,*s
where the jet area is given by the FASTJET package [417]4
using the ghost particle technique. 425

Then the jet kinematics are further corrected back to*s
the “particle level”, with a corrector 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 factor4
ranges from 0.8 to 0.9 for 500 GeV data and from 0.9
to 1.0 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 pho-s:
ton multiplicity distribution for reconstructed jets withaz
jet pr greater than 2 GeV/c. The average photon multi-s
plicity is 5.2 for 200 GeV data, and 4.3 for 500 GeV data.sss

The higher photon energy cut at 500 GeV during jet re-
construction makes the multiplicity smaller than that at
200 GeV.

T 0l
s 25 STAR p'+p-> EMdet+ X % 200 GeV
3 18— IMso0 Gev
w16
14 pl'> 2 Gevic
12 29<n1et<3'8
10i Average photon multiplicity
= 200 GeV: 5.2
8 500 GeV: 4.3
6
a—
2
of
0 2 4 6 8 10 12 14

Photon number

FIG. 3. The measured EM-jet multiplicity with the STAR
FMS detector in transversely polarized proton-proton colli-
sions at 200 and 500 GeV .

E. Asymmetry calculation
E.17° and jet TSSA

Equation (3) shows the 7° 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, £ 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 non-uniform detector
efficiency and a time-dependent luminosity, the “cross-
ratio” method is used in calculating the asymmetry, see
Eq. (4). The “cross-ratio” method [19] takes advantage
of the detector symmetry, which cancels efficiency and
luminosity effects to leading order. In practice, ¢ is di-
vided into 10 bins, which results in 5 data points on the
r.h.s. of Eq. (4) as a function of cos ¢, which are used to
extract ARY.

NT(¢) = eLlo?

=eLT(1+P- Axcos o) oo ®)

Ho+m)— \/Niqﬁ (o +m)

P-AXY cos ¢ =

VNT(9)N
VN ()N (¢ + )
(4)

The raw asymmetry ARY obtained using Eq. (4) has a
contribution both from the signal and background. As-
suming the background asymmetry Alf\lkg is constant over
the mass region 0.0 < M,, < 0.3 GeV/c?, the signal

Ho+m) +V/NHN
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asymmetry Aﬁo can be extracted by solving Eq. (5).s1
In these equations, the uncorrected signal (ArNaWSig) andsso
background (AF"*") asymmetries are calculated in the

signal region 0.0 < M., < 0.2 GeV/c? for the signal ands
the side-band region 0.2 < M, < 0.3 GeV/c? for the

background. The regions are shown in Fig. 2. The signal,g,
fractions in these two regions, fsigm,g and fsig_,, are ob-,g;

tained from fits to the 79 invariant mass distribution asss

shown in Fig. 2. -
—_— 0 bkg 486
AN _ fsigsig N (1= fsigmg)AN (5)487
. ) - 488
14rNeL b= fsigsbAg + (1 - fsi,gsb) AN I

489

The extraction of the jet TSSA is almost the same as™”

the 7% TSSA using Eq. (4) except slight difference on”
background part as detailed in Sec.III-C. 2

91

493
494
E.2 Collins asymmetry 49

496

The extraction of Collins asymmetry (Ayr) is similar”

to 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 — ¢H,500
see Eq. (6). For the Collins angles we follow the same

definition as in Ref. [31]. ¢g 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 is the angle between the jet-beam plane505
and the jet-pion plane determined by the 7° momentum

and the jet momentum. o
508

P- AUT sin (;5(; = 50
510

VNT(c)N*(pc + ) — /NHpc)NT(dpc + 7) o,
\/NT(¢C ¢C+7T \/Z\/vi gbc—i—ﬂ') 512

(6)513

514

The 7° reconstruction here is slightly different com-sis

pared to inclusive ¥ reconstruction as in Sec.II-C. Sincesi

the 79 is part of a jet, one needs to iterate over all com-sir
binations of photons within the jet. To avoid double-ss
counting, photons can only be used once to reconstruct asiw
70, In practice, the reconstruction starts with the high-so
est energy ¥ candidate. If it passes all the selection cuts,s
its constituent photons will be excluded from the subse-sx
quent reconstruction. If it doesn’t, the second highest en-s»
ergy m° candidate is checked, and so on, until a qualified

candidate is found. The reconstruction continues with

the next highest energy 7% candidate from the remain-s
ing photons until all 7% candidates have been evaluated.

For this way of 7° reconstruction, we do not perform ases
background subtraction for the Collins asymmetry. Thesz
possible influence from background is studied throughs»
the mass dependence of the asymmetry as discussed inszs
Sec.IV-D. 529

III. CORRECTIONS AND SYSTEMATIC

UNCERTAINTIES

A. Energy uncertainty

The photon energy uncertainty includes contributions
from calibration, non-linear detector responses, and ra-
diation 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% 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
7%/jet can be estimated using the constituent photon en-
ergy uncertainties. This estimation shows that the 7° en-
ergy 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 70 TSSA is extracted as a func-
tion of Feynman-r and pr. Feynman-z is defined as
zr = 2pr/+/s, and py, is the longitudinal momentum. It
approximately equals the 70 energy divided by the pro-
ton beam energy. Its uncertainty is the same as the one
for the 7° energy. Since the photon angular uncertainty
is much smaller than the energy uncertainty, the 7° pr
uncertainty is also dominated by the 7° energy. In sum-
mary, the uncertainties of xp and pr for 7 TSSA are
4.4 % for 500 GeV and 3.0% for 200 GeV data. The jet
TSSA is also presented versus zp in next section, and
the zy 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 ¥ energy over the jet
energy, Zem = L0/ Ej;. The uncertainty of zem can be
estimated using the uncertainty on the ratio of 7° energy
and jet energy. This is less than 9.0 %x /(1 — 0.322,)
for both 2011 and 2015. The factor /(1 — 0.322,,) is due
to the correlation of the 7° energy and jet energy.

B. The 7° TSSA

As discussed earlier, the two fractions, fblg and fgig ,
in Eq. (5) needed to calculate the TSSA, are obtained
from fits to the 7° invariant mass distribution. The un-
certainty of the fractions as obtained from the fit are
propagated to the 7° TSSA as a source of systematic un-
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certainty. It is found that this uncertainty is up to 5.8 %szs
of the magnitude of the asymmetry. Please note that its»
is invisible in the TSSA result plots in next section as it

is smaller than the marker size.
578

C. The Jet TSSA 579

580

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 non-**
collision background to normal events. The asymmetry™
of these events is consistent with zero as expected. 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 correc->*°
tion factor 1/(1—7), where r is the background fraction in
the specified energy range. To estimate the background
fraction, 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 follow-
ing 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
T bin.

D. The Collins asymmetry

The resolution of the Collins angle, ¢¢, 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 mul-
tiplying a correction factor to the raw asymmetries. The
resulting correction factor ranges from 1.01 to 1.04 in the
region of 0.3 < zem < 0.9.

IV. RESULTS

590

The clockwise-circulating RHIC beam (blue) faces theso
FMS. Single-spin asymmetries measured with respect toso
the blue beam polarization correspond to positive xp.sos
The asymmetries with respect to the polarization of these
counter-clockwise circulating beam (yellow), which cor-ses
responds to negative xp, are consistent with zero. Thisses
has been observed in multiple experiments [3-5]. There-sor
fore, the results with negative xp are not shown. Pleasesos
note that there is a general scale uncertainty of 3.0/3.4%s9
for 200/500 GeV data from beam polarization for all spineoo

asymmetries in this section, which are not included in the
plots.

A. The 7° TSSA

Figure 4 shows the results of the 70 TSSA for 200 GeV
(red points) and 500 GeV (blue points) transversely po-
larized proton-proton collisions as a function of zg. The
lower panel shows the average 7° pr for each zp bin. The
asymmetry increases with xr and the largest asymme-
tries are observed at the largest zr. The xp of 200 GeV
data reach up to 0.6, where the largest asymmetry is ob-
served. The results of both data sets are consistent in the
overlapping region, 0.2 < zp < 0.35. For both energies,
the background asymmetries, which are not shown in the
figure, are consistent with zero.
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N L
02p >2Gevic 4 500 Gev
C [ Theory 200 GeV
0.15—27<n<4.0 [ ] Theory 500 GeV
F 3.0/3.4% beam pol. scale uncertainty not shown
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FIG. 4. Transverse single-spin asymmetry(Ax) as a func-
tion of zr for 7° production 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 invisible, as they are smaller
than the size of the markers. The average pr of the w0 for
each g bin is shown in the lower panel. Theory curves based
on a recent global fit [51] are also shown.

Figure 5 shows the TSSA result as a function of 7% pr,
in the overlap zp region, 0.18 < zg < 0.36, for the two
data sets. The three panels represent different regions
in zp. Although the statistics for the 500 GeV data are
limited, it can be seen that the results are consistent. In
the xr regions covered by the data, the 200 GeV results
show the asymmetries rise with the pr, clearly indicat-
ing a dependence of the asymmetry on pr and xp. This
is consistent with similar observations in previous STAR
measurements [3]. More details regarding the pr depen-
dence at 200 GeV can be found in Ref. [35].
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FIG. 5. The transverse single-spin asymmetry as a function of the 7° pr for three different zr ranges for transversely polarized
proton-proton collisions at /s = 200 and 500 GeV . The three panels (a)(b)(c) show the results in three zr ranges respectively.
The error bars are statistical uncertainties only. A systematic uncertainty up to 5.8 % of Ay for each point is invisible, as they

are smaller than the size of the markers. Theory curves based on the recent global fit |

Figure 6 shows the comparison of these STAR results
with the other existing measurements in transversely po-
larized proton-proton collisions, which include previous
STAR measurements using the FPD detector [3], results
from the RHICf experiment [5], the PHENIX experiment
[1] and the E704 experiment [2] at Fermi National Accel-
erator Laboratory. The average pr of the 70 for each
xp bin is shown in the lower panel. The 7° TSSA re-
sults in this paper are consistent with the other measure-
ments. This can only be explained with a very weak
scale dependence of the 7 TSSA for a /s range of
19.4 to 500 GeV . The earlier 200 GeV STAR results
[3] seem to be slightly lower than the current 2015 re-
sults in the range of xp < 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 func-
tion of zw, but also a function of the pr. At the same
T range, the asymmetries rise with the pt 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 xzf in the region
of rr < 0.4 in this paper are higher than those of the
earlier 200 GeV STAR results.

B. The TSSA for isolated =°

In searching for the origin of the transverse single-**

spin asymmetry, one particularly interesting aspect is the®*
topological dependence of 7 TSSAs, meaning one di-*°
vides the 70 sample into sub-groups based on the event®®
structure. One group contains the isolated 7¥s, which®
refers to the 7¥s with no other surrounding photons. The®®
other group contains the non-isolated s, which are ac-sss
companied by other photons. In practice, the energyewo
fraction zem, which is the 70 energy over the jet energy,s

| are also shown.
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FIG. 6. Comparison of this measurement of the transverse
single-spin asymmetry as a function of zp for inclusive 7°
with previous measurements from /s = 19.4 GeV to /s =
510 GeV in transversly polarized proton-proton collisions.
The error bars are statistical uncertainties only. The aver-
age pr of the 7° for each xr bin is shown in the lower panel.

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 zey > 0.98 to select isolated
7% and zenm < 0.9 for the non-isolated ones. The gap
ensures a clean separation between the two groups.

In this way, both types of 7% always correlate with a
jet. Therefore, its constituent photons should be limited
within the same jet. The 7° selection and asymmetry



642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

calculation remain the same. The jet resolution parame-e
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FIG. 7. The transverse single-spin asymmetry as a function
of zr for the isolated and non-isolated 7° in transversely po-
larized 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 invisible, as
they are smaller than the size of the markers. Theory curves
based on a recent global fit [51] are also shown. The average

pr of the 70 for each zr bin is shown in the lower panel. oo

Figure 7 shows the TSSA of these two types of 9. Al-g,
though the asymmetries of both types increase with e
their magnitudes are significantly different. The asym-g,
metries for the isolated 70 are clearly larger than theg;
asymmetries for the non-isolated 7¥. This result suggestses
there could be different mechanisms in play to explainggs
the large asymmetries shown in Fig. 4. The non-isolatedss
79 are considered to be part of a jet, which has frag-g
mented from a parton, while the underlying subprocessgss
for the isolated ones is not yet clear. One possible expla-gs
nation is that isolated 7%s are from diffractive processesyo
[52], which needs further confirmation. The theoreticalgy
descriptions mentioned in the introduction only apply toeo,
the TSSA of the non-isolated 7°, which usually assumes;
all the 7% come from parton fragmentation, for examplegs,
in a recent global analysis [51]. A recent measurementes
of TSSA for very forward ¥ in transversely polarizedess
proton-proton collisions by the RHICf experiment alsoe,
indicates that the diffractive process could give a sizablegs
asymmetry [5]. 690

To understand the contributions from isolated andrep
non-isolated 70 to the overall 7° TSSA, Fig. 8 shows ther
fractions of each type in the overall 7% sample. It is notedro
that these fractions are background corrected to ensurers
the fractions represent the 7° signal only. It can be seenros

10

that, for each data set, the isolated 7% plays an impor-
tant role in the high xp region where the asymmetry is
significantly larger. In Ref. [35], a somewhat different
isolation criterion was used, but the same conclusion was
obtained that the isolated 70 have larger TSSA than the
non-isolated 7% in p+Al and p+Au collisions in addition
to proton-proton collisions.
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FIG. 8. Fractions of isolated and non-isolated 7° to the over-
all inclusive 7° sample in the mass region 0-0.3 GeV/c* | af-
ter background subtraction. The missing fraction mainly in-
cludes the events between the isolated cuts: 0.9 < zem < 0.98.

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 pho-
ton multiplicity when reconstructing the jet, while the
open symbols represent the results that required the ob-
served photon multiplicity in the jet to be greater than
2. The asymmetries are non-zero and increase with =g,
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 nearly an order of magnitude smaller than the 7°
ones for the same xzg. Theoretically, the jet asymmetry
is believed to be dominated 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 s sample described earlier
is part of the jet sample and therefore enhances the over-
all 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 require-
ment are smaller than the ones without the requirement,
while the pr at each zg 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 uncertainties, which may indicate a stronger
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energy dependence than what was observed for the 7%
TSSA. 7

The black crosses in Fig. 9 represent the results froms
the AxDY Collaboration at RHIC [28] with trans-
versely polarized proton-proton collisions at 500 GeV.r
The ANDY experiment measured jets using an electro-7
magnetic and a hadronic calorimeter to reconstruct bothr
the electromagnetic and hadronic components of jets.7
The AnDY result shows the jet TSSA are very smalls
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 nicely shows that ther
TSSA for EM-jets probes the same underlying physics as?

full jets. 7
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FIG. 9. Transverse single-spin asymmetry as a function of:
zr for electromagnetic jets in transversely polarized proton-
proton collisions at v/s = 200 and 500 GeV. The error bars are’
statistical uncertainties only. 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 ANDY Collaboration [28] are also plotted.
Theory curves [30] for TSSA of full jets at mean rapidity (y)-
= 3.25 for 200 GeV and (y) = 3.57 for 500 GeV are also
shown. The average pr of the jet for each xr bin is shown in

the lower panel. 4
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D. The Collins asymmetry .
7
The Collins effect is defined as a non-uniform az-7
imuthal distribution of a particle’s pr in the hadroniza-z
tion of a transversely polarized quark [12]. By mea-s
suring the Collins asymmetry of 7° within a jet, oner
can directly study the fragmentation process contribu-z
tion to the single-spin asymmetry at forward rapidities.r
The Collins angle (¢¢) in Eq. (6) is defined in the sames
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way as in Ref. [34]. The resolution of the Collins an-
gle is the major source of the asymmetry uncertainty.
If the direction of the 7° momentum is close to the jet
thrust axis, for example at high zen,, the uncertainty
of the ¢¢ angle becomes large. Therefore, a AR cut,
AR = \/((Nz0 — Njet)? + (¢x0 — Pjet)?, 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 zem. We determined AR > 0.04 to be the best
choice, which is the same as in Ref. [34].

As mentioned in Sec.II-E.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 7° 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
(Ayr) originating from the final-state effect, for both the
200 and 500 GeV data. Both results show very small
asymmetries within uncertainties.

The 7% momentum transverse to the jet axis, jr, can
be used to measure how close the 7° is to the jet axis.
An investigation of the dependence of the Collins asym-
metry on jr at 200 GeV is presented in Fig. 11. The
Collins asymmetries are separated into four jr bins. It
is found that the asymmetries for jp > 0.2 GeV/c show
a tendency to be negative. This jr 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. 4,5,7,9,10. The calculations
of 7 TSSA [51], jet TSSA [30] and Collins asymme-
try [31] are based on the TMD and Collinear Twist-3
functions that have been extracted from semi-inclusive
deep inelastic scattering, Drell-Yan, ete™ annihilation
into hadron pairs, and transversely polarized proton-
proton collisions that included also previous forward 7°
and charged hadron TSSA data from RHIC. The calcu-
lations 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 7°
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For the jet TSSA in Fig. 9, the calculation for 500 GeV
is consistent with the measurement that has the mini-
mum photon multiplicity requirement and also the full
jet result from the ANDY experiment. However, the cal-
culation for 200 GeV predicts the asymmetry to fall with
zy, 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 the-
ory curves represent the cases with or without the TMD
evolution being taken into account [31]. Our jp combined
results for both collision energies are consistent with zero,
which are within the uncertainty bands of the two calcu-
lations.

V. CONCLUSION

We report the measurements of transverse single-
spin asymmetries for 7% in the forward rapidity re-
gion 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 xp.
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 non-
isolated 7¥ at both 200 GeV and 500 GeV were also pre-
sented. The asymmetries of isolated 7°s are significantly
larger than those of non-isolated 7s.

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 ANDY
experiment. The 200 GeV results are small, but clearly
non-zero within uncertainties.

Collins asymmetries for 7's within an electromag-
netic jet were measured in transversely polarized proton-
proton collisions at both 200 GeV and 500 GeV. The
asymmetries are small across the zey, bins and might ex-
hibit a jp dependence at 200 GeV. The latter could help
to constrain TMD models and need theoretical predic-
tions.

These new data provide important information for un-
derstanding the underlying physics mechanism for the
transverse single-spin asymmetry. In particular, the ob-
served small TSSA for non-isolated 7%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 7% TSSA,
either. The sizable TSSA for isolated 7° thus indicates
a new mechanism, likely diffractive process, could be a
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