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The STAR Collaboration reports measurements of the transverse single-spin asymmetry (TSSA)118

of inclusive π0 at center-of-mass energies (
√
s) of 200 GeV and 500 GeV in transversely polarized119

proton-proton collisions in the pseudo-rapidity region 2.7 to 4.0. The results at the two different120

energies show a continuous increase of the TSSA with Feynman-x, and, when compared to previous121

measurements, no dependence on
√
s from 19.4 GeV to 500 GeV is found. To investigate the under-122

lying physics leading to this large TSSA, different topologies have been studied. π0 with no nearby123

particles tend to have a higher TSSA than inclusive π0. The TSSA for inclusive electromagnetic124

jets, sensitive to the Sivers effect in the initial state, is nearly an order of magnitude lower, but125

shows the same behavior as the inclusive π0 asymmetry as a function of Feynman-x. To investigate126

final-state effects, the Collins asymmetry of π0 inside electromagnetic jets has been measured. The127

Collins asymmetry is analyzed for its dependence on the π0 momentum transverse to the jet thrust128

axis and its dependence on the fraction of jet energy carried by the π0. The asymmetry was found129

to be small in each case for both center-of-mass energies. All the measurements are compared to130

QCD-based theoretical calculations for transverse-momentum-dependent parton distribution func-131

tions and fragmentation functions. Some discrepancies in particular in understanding the origin of132

isolated π0 TSSA are found, which indicates new mechanism might be involved.133

I. INTRODUCTION134

Significant transverse single-spin asymmetries (TSSA)135

have been observed for charged and neutral-hadron pro-136

duction in hadron-hadron collisions over a wide range137

of colliding energies since the 1970’s [1–5]. The early138

leading-order QCD calculation showed the correspond-139

ing asymmetry is exceedingly small [6]. Different mod-140

els and mechanisms have been proposed to understand141

these sizable asymmetries [7–9]. Recently, all of the142

QCD-based formalisms for TSSA have been catego-143

rized into two frameworks. The first one is based on144

transverse-momentum-dependent (TMD) parton distri-145

bution or fragmentation functions, and the second one146

is based on Twist-3 collinear factorization. These two147

ansätze probe different underlying sub-processes. In the148

TMD framework one requires two scales, a large momen-149

tum transferQ as a “hard” scale, and a modest transverse150

momentum qT, as a “soft” scale. In general one requires151

Q � qT . Calculations in the Twist-3 framework only152

require one scale with qT � ΛQCD, the strong interac-153

tion scale. It has been proven [10] that both approaches154

describe the same physics in the kinematic region where155

they overlap, i.e., Q� qT � ΛQCD.156

For both frameworks, the origin of the hadron TSSA157

in hadron-hadron collisions can have two sources, namely158

an initial and a final-state effect. In the pure TMD ap-159

proach, the initial-state effect is from the Sivers function160

(f⊥,q1T ) [11], and the final-state effect is from the cou-161

pling of the chiral-odd transversity parton distribution162

function (PDF) and the chiral-odd Collins fragmentation163

function (H⊥1 ) [12, 13]. The counterpart of the Sivers164

function in Twist-3 collinear factorization is the ETQS-165

function (Tq,F ) [14, 15]. It has been shown that Tq,F is166

related to the Sivers function [16] through the following167

relation:168

Tq,F (x, x) = −
∫
d2k⊥

|k2⊥|
M

f⊥,q1T (x, k2⊥)|SIDIS. (1)

Therefore the Sivers function extracted from semi-169

inclusive deep-inelastic scattering (SIDIS) data can be170

used to constrain the ETQS-function in transversely po-171

larized proton-proton collisions. A very similar relation172

holds for the Collins fragmentation function equivalent173

in the Twist-3 formalism [17].174

In the measurements discussed in this paper, the large175

transverse momentum (pT) of the final-state π0 fits the176

scale requirement of the Twist-3 formalism. Many phe-177

nomenological studies of the pion TSSA have been done178

in the Twist-3 framework. The contributions from initial-179

state effects [18–21], final-state effects [17, 22–24] and180

their combination [25, 26] have been calculated. For181

many years the initial-state effect was thought to be the182

main source of the TSSA. However, it has been realized183

that the ETQS-function extracted from proton-proton184

collisions and the Sivers function extracted from SIDIS185

do not coincide well [25]. In recent years, it was proposed186

that the initial-state effects are small and the final-state187

effects are the main contribution to the TSSA [26, 27].188

The initial-state and final-state effects cannot be dis-189

entangled for the pion TSSA, but other observables such190

as the jet TSSA and Collins asymmetry can be used to191

separate them. The TSSA for jets is considered to be192

sensitive to initial-state effects. An earlier measurement193

in transversely polarized proton-proton collisions at
√
s194

= 500 GeV by the ANDY experiment found the inclu-195

sive jet TSSA very small [28]. This was reproduced by196

theoretical calculations [29, 30] of the jet TSSA. On the197

other hand, the Collins asymmetry is only sensitive to198

final-state effects. It measures the azimuthal asymmetry199

of a hadron within a jet originating from the fragmen-200

tation of a transversely polarized quark. Theory predic-201
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tions for the Collins asymmetry in transversely polarized202

proton-proton collisions can be found in Refs. [31–33].203

Experimental results at mid-rapidity have been reported204

by the STAR (Solenoidal Tracker At RHIC) Collabora-205

tion [34].206

In this paper, the STAR Collaboration at the Relativis-207

tic Heavy Ion Collider (RHIC) reports new measurements208

of the transverse single-spin asymmetry(TSSA) for inclu-209

sive π0 production at large rapidity in transversely polar-210

ized proton-proton collisions at
√
s of 200 and 500 GeV to211

study the energy dependence of the TSSA. To understand212

the underlying physics mechanisms, different topologies213

for the TSSA have been investigated, which include the214

extraction of the TSSA for inclusive and isolated π0, elec-215

tromagnetic jets, and the Collins effect through π0 inside216

an electromagnetic jet. Recently STAR published a com-217

plementary study of the nuclear dependence of the π0
218

TSSA [35], which used the same 200 GeV proton-proton219

data that are investigated here. Although some techni-220

cal aspects of the two analyses slightly differ, the results221

are consistent in those cases where the same quantity is222

measured.223

The rest of the paper is organized as the following.224

Section II provides the analysis details including brief225

overview of RHIC and the Forward Meson Spectrometer226

(FMS) detector, event selection, π0 and jet reconstruc-227

tion, and the methods of spin asymmetry calculation.228

The correction and systematic uncertainty studies are229

discussed in Section III. Section IV gives the TSSA re-230

sults for inclusive π0, isolated π0 and jets, and the Collins231

asymmetry results for π0. Finally, Section V presents a232

summary of the measurements.233

II. ANALYSIS234

A. Experiment235

The measurements have been performed with the236

STAR detector[36] at RHIC at Brookhaven National237

Laboratory. RHIC is currently the only facility in the238

world that can provide high energy, high luminosity,239

highly polarized proton-proton collisions. The clockwise240

and counterclockwise proton beams at RHIC are labeled241

as blue and yellow, respectively. The beam polariza-242

tion measurements are provided by the RHIC polarime-243

ter group, which develops, maintains and operates the244

RHIC polarimeters. The details of the beam polariza-245

tion measurements in recent years can be found in Ref.246

[37].247

The analysis in this paper uses the FMS detector at248

STAR to reconstruct photons and π0s. The FMS is an249

electromagnetic calorimeter installed on the west side of250

the STAR detector, about 7 meters away from the inter-251

action point. It faces the blue beam with a pseudorapid-252

ity coverage of about 2.6 < η < 4.1. The layout of the253

FMS is shown in Fig. 1. The FMS has an octagonal shape254

with a radius of about 1 m surrounding the beam pipe255

with a 40 cm × 40 cm central cutout. The FMS is made256

of 1264 lead glass towers of two types, which differ in size257

and density of towers. The towers closer to the beam line258

are smaller in size in order to separate photons from high259

energy π0 decays. The inner towers are 3.8 cm × 3.8 cm260

× 45 cm in size and cover a pseudorapidity range from261

3.3 to 4.1. The outer towers are larger, 5.8 cm × 5.8 cm262

× 60 cm in size, and cover a pseudorapidity range from263

2.6 to 3.3. All towers are wrapped in thin aluminized264

mylar for optical isolation. Both tower types have more265

than 18 radiation lengths, so photons deposit nearly all266

of their energy in the detector. A detailed description of267

the detector can be found in Ref. [38–40].268

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

The calibration of the FMS is based on the invariant269

mass of the reconstructed π0. Since the decay photons270

from the π0 cover multiple towers, iterations are per-271

formed until the gains of all the towers have converged.272

B. Event selection273

The data sets used in this paper were collected by274

STAR in 2011 and 2015 from transversely polarized275

proton-proton collisions at
√
s of 500 and 200 GeV, re-276

spectively. The beam polarization of the data set is 52.4277

± 1.8 % for the blue beam in 2011 and 56.6 ± 1.7 % for278

the blue beam in 2015.279

The proton-proton collision events were triggered by280

the FMS itself, based on the total transverse energy (ET)281

deposited in the detector. There were two types of trig-282

gers used in the analysis, which differ in how the regions283

for the energy deposition were chosen. The Board Sum284

triggers were based on the energy sum of overlapping ar-285

eas, which covered a patch of 4 × 8 adjacent towers. The286
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Jet Patch triggers used combinations of a few Board Sum287

regions, each of which covered a quarter of the detector.288

In order to avoid a possible bias from the Board Sum289

triggers, only Jet Patch triggered data were used in the290

jet TSSA analysis.291

Different ET thresholds were applied for each trigger292

including the same type of trigger. The thresholds for the293

small tower Board Sum triggers were 1.6/2.7 GeV in 2011294

and 1.1/1.6/1.9/2.2 GeV in 2015. For the large tower295

Board Sum triggers, the thresholds were 2.9/4.3 GeV in296

2011 and 1.1/1.6/2.4 GeV in 2015. For the Jet Patch297

triggers, the thresholds are 2.7/4.3 GeV in 2011 and298

1.6/2.4/3.2 GeV in 2015. The triggers with the lower299

thresholds were pre-scaled due to the limited bandwidth300

of the STAR data acquisition system. In the π0 TSSA301

analysis, the π0 pT, is required to be larger than the trig-302

ger threshold of the event.303

The longitudinal vertex position (z-vertex) of FMS304

events was provided by the Beam Beam Counters (BBC)305

at STAR [41]. The z-vertex selection for 500 GeV data306

was −68 cm < z < 68 cm and −126 cm < z < 54 cm307

for 200 GeV data. The latter vertex range was biased308

towards the negative direction due to the FMS trigger309

system setup in 2015.310

In 2015, the installation of the Heavy Flavor Tracker311

(HFT) [42] in STAR introduced some non-collision back-312

ground. These events are removed effectively with se-313

lections based on information from sub-detectors BBC314

and Time-of-Flight (ToF) [43]. For the east BBC, which315

covers the pseudorapidity range −5 < η < −3.2 on the316

opposite side of STAR from the FMS, it was required317

that at least one tile fired. For the TOF, which covers318

the mid-rapidity region −0.9 < η < 0.9, the multiplicity319

was required to be greater than three.320

C. π0 reconstruction and selection321

There are three major steps to reconstruct a π0 can-322

didate in the FMS: cluster finding, shower shape fitting,323

and photon combination. The first step is to incorporate324

the adjacent towers with non-zero energy into clusters.325

A minimum energy threshold of 0.5 GeV for 200 GeV326

data and 1.0 GeV for 500 GeV data is applied to the re-327

constructed clusters to reject part of the charged hadron328

background. Due to the finite tower size, decay photons329

from a high energy π0 tend to merge into one cluster, so330

the clusters need to be classified as one-photon-type or331

two-photon-type based on their size and energy distribu-332

tion. After the clusters are found, a shower shape fitting333

procedure is applied to determine the energy and posi-334

tion of the photon candidate(s) for each cluster. An ideal335

shape of an electromagnetic shower is used to compare336

the actual energy pattern of a cluster in the fitting. For a337

two-photon-type cluster, the separation between the two338

photons and their energy sharing are additional degrees339

of freedom that need to be determined. In the end, a list340

of photon candidates is generated and all pairs are used341

to build π0 candidates.342

Further π0 selection includes a fiducial volume cut for343

the photons and other cuts for the π0 candidates de-344

scribed below. The fiducial volume cut requires the pho-345

ton position to be at least half of a tower width away346

from the outer and inner edge of the detector. For the347

π0 reconstruction, there are further requirements as the348

following:349

• pT > 2 GeV/c,350

• 2.7 < η < 4.0,351

• Mγγ < 0.3 GeV/c2,352

• Zγγ =
∣∣∣E1−E2

E1+E2

∣∣∣ < 0.7, where E1 and E2 are the353

energies of two photons.354

Figure 2 shows an example of the invariant mass distri-355

bution of the reconstructed π0 in 500 GeV proton-proton356

collision data. The data were fitted to determine the sig-357

nal fraction in the signal region (0.0-0.2 GeV/c2) and358

sideband region (0.2-0.3 GeV/c2). In this paper, skewed359

Gaussian functions in Eq. (2) are used to fit the signal360

and background shapes. The skewed Gaussian function361

have three parameters: the mean (ξ), the width (ω) and362

the skewness (α). The expected signal and background363

shapes parameters for the two-photon invariant mass dis-364

tribution in each π0 energy bin are extracted from Monte365

Carlo (MC) simulation. The parameters of the skewed366

Gaussian functions are allowed to vary during fitting367

by 10-20 % depending on energy. The MC simulation368

used the standard STAR simulation framework based on369

GEANT 3 [44], and PYTHIA 6.428 [45] as event gener-370

ator with the CDF tune A [46].371

f(x) =
2

ω
φ

(
x− ξ
ω

)
Φ

(
α · x− ξ

ω

)
φ(x) =

1√
2π
e−

x2

2

Φ(x) =

∫ x

−∞
φ(t)dt =

1

2

[
1 + erf

(
x√
2

)] (2)

D. Jet reconstruction372

In the measurement of the jet TSSA and the Collins373

asymmetry, the jet reconstruction is needed. In this374

paper, the jet reconstruction is based on FMS energy375

deposits and the anti-kT algorithm is used within the376

FASTJET framework [47], requiring radius parameters377

R = 0.7. The photon candidates are used as basic build-378

ing units in the jet reconstruction. Similar as π0 recon-379

struction, a minimum energy threshold of 0.5 GeV for380
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FIG. 2. Example of invariant mass spectrum of the recon-
structed π0 in the FMS with an energy 38 GeV < Eγγ <
43 GeV in transversely polarized proton-proton collisions at√
s = 500 GeV. The mass spectrum is divided into sig-

nal region (0.0-0.2 GeV/c2) and the sideband region (0.2-
0.3 GeV/c2). The dashed lines are the fit results for the π0

signal and background. The solid line is the combined fit
result.

200 GeV data and 1.0 GeV for 500 GeV data is applied381

to the photon candidates to reduce the possible charged382

hadron contribution.383

The reconstructed jet energy is first corrected by sub-384

tracting the contributions from the underlying event,385

which is estimated utilizing the so-called “off-axis cone386

method” [48]. For a reconstructed jet, one first defines387

the axes of two cones at the same pseudo-rapidity as the388

reconstructed jet but at angles of ±π/2 relative to the az-389

imuthal angle of the jet. The cone parameter used is R390

= 0.7. The energy density is calculated within each cone,391

where the jet area is given by the FASTJET package [47]392

using the ghost particle technique.393

Then the jet kinematics are further corrected back to394

the “particle level”, with a corrector factor determined395

by a PYTHIA+GEANT simulation with same version396

and tune as in last subsection. We define the “particle397

level” as the stable particles (photons here) produced in398

a proton-proton event in PYTHIA prior to the GEANT399

simulation of detector responses. The correction factor400

ranges from 0.8 to 0.9 for 500 GeV data and from 0.9401

to 1.0 for 200 GeV. Note that the jet reconstructed this402

way is a partial jet in the sense that only photons are403

included, and will be referred to as an electromagnetic404

jet (EM-jet) in order to distinguish it from a full jet.405

Throughout the remainder of this paper, we will refer to406

an EM-jet as simply a jet, unless specified otherwise.407

In the jet reconstruction, no requirement on photon408

numbers is applied. Figure 3 shows the measured pho-409

ton multiplicity distribution for reconstructed jets with410

jet pT greater than 2 GeV/c. The average photon multi-411

plicity is 5.2 for 200 GeV data, and 4.3 for 500 GeV data.412

The higher photon energy cut at 500 GeV during jet re-413

construction makes the multiplicity smaller than that at414

200 GeV.415

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 calculation416

E.1 π0 and jet TSSA417

Equation (3) shows the π0 yield N↑ for spin “up” of418

the π0 production as a function of the azimuthal angle φ419

in transversely polarized proton-proton collisions. In this420

equation, ε stands for the efficiency of the detector, L for421

the beam luminosity, and P for the beam polarization;422

the arrow indicates the spin direction of the beam. In423

order to eliminate effects due to a non-uniform detector424

efficiency and a time-dependent luminosity, the “cross-425

ratio” method is used in calculating the asymmetry, see426

Eq. (4). The “cross-ratio” method [49] takes advantage427

of the detector symmetry, which cancels efficiency and428

luminosity effects to leading order. In practice, φ is di-429

vided into 10 bins, which results in 5 data points on the430

r.h.s. of Eq. (4) as a function of cosφ, which are used to431

extract Araw
N .432

N↑(φ) = εL↑σ↑

= εL↑ (1 + P ·AN cosφ) σ0
(3)

P ·Araw
N cosφ =

√
N↑(φ)N↓(φ+ π)−

√
N↓(φ)N↑(φ+ π)√

N↑(φ)N↓(φ+ π) +
√
N↓(φ)N↑(φ+ π)

(4)
The raw asymmetry Araw

N obtained using Eq. (4) has a433

contribution both from the signal and background. As-434

suming the background asymmetry AbkgN is constant over435

the mass region 0.0 < Mγγ < 0.3 GeV/c2, the signal436
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asymmetry Aπ
0

N can be extracted by solving Eq. (5).437

In these equations, the uncorrected signal (A
rawsig

N ) and438

background (Arawsb

N ) asymmetries are calculated in the439

signal region 0.0 < Mγγ < 0.2 GeV/c2 for the signal and440

the side-band region 0.2 < Mγγ < 0.3 GeV/c2 for the441

background. The regions are shown in Fig. 2. The signal442

fractions in these two regions, fsigsig and fsigsb , are ob-443

tained from fits to the π0 invariant mass distribution as444

shown in Fig. 2.445

A
rawsig

N = fsigsigA
π0

N + (1− fsigsig )AbkgN

Arawsb

N = fsigsbA
π0

N + (1− fsigsb)AbkgN

(5)

The extraction of the jet TSSA is almost the same as446

the π0 TSSA using Eq. (4) except slight difference on447

background part as detailed in Sec.III-C.448

E.2 Collins asymmetry449

The extraction of Collins asymmetry (AUT) is similar450

to the π0 TSSA. Because of the different definition of451

the azimuthal angle, the cross-ratio method needs to be452

modified to account for the Collins angle φC = φS − φH,453

see Eq. (6). For the Collins angles we follow the same454

definition as in Ref. [34]. φS is the angle between the455

upward spin direction of the polarized proton and the456

plane spanned by the momenta of the jet and the beam.457

The angle φH is the angle between the jet-beam plane458

and the jet-pion plane determined by the π0 momentum459

and the jet momentum.460

P ·AUT sinφC =√
N↑(φC)N↓(φC + π)−

√
N↓(φC)N↑(φC + π)√

N↑(φC)N↓(φC + π) +
√
N↓(φC)N↑(φC + π)

(6)

The π0 reconstruction here is slightly different com-461

pared to inclusive π0 reconstruction as in Sec.II-C. Since462

the π0 is part of a jet, one needs to iterate over all com-463

binations of photons within the jet. To avoid double-464

counting, photons can only be used once to reconstruct a465

π0. In practice, the reconstruction starts with the high-466

est energy π0 candidate. If it passes all the selection cuts,467

its constituent photons will be excluded from the subse-468

quent reconstruction. If it doesn’t, the second highest en-469

ergy π0 candidate is checked, and so on, until a qualified470

candidate is found. The reconstruction continues with471

the next highest energy π0 candidate from the remain-472

ing photons until all π0 candidates have been evaluated.473

For this way of π0 reconstruction, we do not perform a474

background subtraction for the Collins asymmetry. The475

possible influence from background is studied through476

the mass dependence of the asymmetry as discussed in477

Sec.IV-D.478

III. CORRECTIONS AND SYSTEMATIC479

UNCERTAINTIES480

A. Energy uncertainty481

The photon energy uncertainty includes contributions482

from calibration, non-linear detector responses, and ra-483

diation damage. The contributions of the three types of484

energy uncertainties are 3.5 %, 1.5 %, and 2.2 % for 500485

GeV data and 2.5 %, 1.5 %, and 0.5 % for 200 GeV data,486

respectively. The overall photon energy uncertainty is487

4.4 % for 500 GeV data and 3.0 % for 200 GeV data.488

The π0s and jets are composed of multiple photons.489

Their energy uncertainties are related to the energy of490

each of the constituent photons, and differ for every case.491

However, an upper limit for the energy uncertainty of a492

π0/jet can be estimated using the constituent photon en-493

ergy uncertainties. This estimation shows that the π0 en-494

ergy uncertainty is less than 4.4 % for 500 GeV data and495

3.0 % for 200 GeV data. For the jet energy, additional496

uncertainties related with the energy correction factor to497

particle level are considered, which are estimated from498

simulation to be 6.4 % for 500 GeV and 8.0 % for 200 GeV499

data. These estimations show that the final jet energy500

uncertainty is less than 7.8 % for 500 GeV and 8.5 % for501

200 GeV data. The details on these energy uncertainties502

can found be in Ref. [50]503

In this paper, the π0 TSSA is extracted as a func-504

tion of Feynman-x and pT. Feynman-x is defined as505

xF = 2pL/
√
s, and pL is the longitudinal momentum. It506

approximately equals the π0 energy divided by the pro-507

ton beam energy. Its uncertainty is the same as the one508

for the π0 energy. Since the photon angular uncertainty509

is much smaller than the energy uncertainty, the π0 pT510

uncertainty is also dominated by the π0 energy. In sum-511

mary, the uncertainties of xF and pT for π0 TSSA are512

4.4 % for 500 GeV and 3.0% for 200 GeV data. The jet513

TSSA is also presented versus xF in next section, and514

the xF uncertainties are 7.8 % for 500 GeV and 8.5 % for515

200 GeV data.516

The Collins asymmetries are measured as a function of517

zem, which is the fraction of the π0 energy over the jet518

energy, zem = Eπ0/Ejet. The uncertainty of zem can be519

estimated using the uncertainty on the ratio of π0 energy520

and jet energy. This is less than 9.0 %×
√

(1− 0.3z2em)521

for both 2011 and 2015. The factor
√

(1− 0.3z2em) is due522

to the correlation of the π0 energy and jet energy.523

B. The π0 TSSA524

As discussed earlier, the two fractions, fsigsig and fsigsb525

in Eq. (5) needed to calculate the TSSA, are obtained526

from fits to the π0 invariant mass distribution. The un-527

certainty of the fractions as obtained from the fit are528

propagated to the π0 TSSA as a source of systematic un-529
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certainty. It is found that this uncertainty is up to 5.8 %530

of the magnitude of the asymmetry. Please note that it531

is invisible in the TSSA result plots in next section as it532

is smaller than the marker size.533

C. The Jet TSSA534

The 200 GeV data set contains a small number of jets535

reconstructed with energy far above the beam energy.536

These nonphysical events serve as a background under537

the jet signal, which may come from the pile up of non-538

collision background to normal events. The asymmetry539

of these events is consistent with zero as expected. We540

assume these events also exist at lower energy, which will541

decrease the measured jet TSSA. The asymmetries can be542

corrected using a background subtraction, with a correc-543

tion factor 1/(1−r), where r is the background fraction in544

the specified energy range. To estimate the background545

fraction, we choose the jet events in the energy range of546

120 GeV to 150 GeV as pure background events. The547

energy spectrum of these events is found to be follow-548

ing a linear trend. A linear fit is done in this energy549

range and extrapolated to lower energy to estimate the550

background fraction. Results using this method show the551

highest background fraction is about 3 % for the highest552

xF bin.553

D. The Collins asymmetry554

The resolution of the Collins angle, φC, used in the555

calculation of the Collins asymmetry, is limited by the556

resolution of the photon position and jet axis. The reso-557

lution can be obtained from Monte Carlo simulations by558

comparing the reconstructed φC on detector and particle559

levels. The smearing of this angle tends to underestimate560

the asymmetry and this effect can be corrected by mul-561

tiplying a correction factor to the raw asymmetries. The562

resulting correction factor ranges from 1.01 to 1.04 in the563

region of 0.3 < zem < 0.9.564

IV. RESULTS565

The clockwise-circulating RHIC beam (blue) faces the566

FMS. Single-spin asymmetries measured with respect to567

the blue beam polarization correspond to positive xF.568

The asymmetries with respect to the polarization of the569

counter-clockwise circulating beam (yellow), which cor-570

responds to negative xF, are consistent with zero. This571

has been observed in multiple experiments [3–5]. There-572

fore, the results with negative xF are not shown. Please573

note that there is a general scale uncertainty of 3.0/3.4%574

for 200/500 GeV data from beam polarization for all spin575

asymmetries in this section, which are not included in the576

plots.577

A. The π0 TSSA578

Figure 4 shows the results of the π0 TSSA for 200 GeV579

(red points) and 500 GeV (blue points) transversely po-580

larized proton-proton collisions as a function of xF. The581

lower panel shows the average π0 pT for each xF bin. The582

asymmetry increases with xF and the largest asymme-583

tries are observed at the largest xF. The xF of 200 GeV584

data reach up to 0.6, where the largest asymmetry is ob-585

served. The results of both data sets are consistent in the586

overlapping region, 0.2 < xF < 0.35. For both energies,587

the background asymmetries, which are not shown in the588

figure, are consistent with zero.589

FIG. 4. Transverse single-spin asymmetry(AN) as a func-
tion of xF for π0 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 AN for each point is invisible, as they are smaller
than the size of the markers. The average pT of the π0 for
each xF 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 π0 pT,590

in the overlap xF region, 0.18 < xF < 0.36, for the two591

data sets. The three panels represent different regions592

in xF. Although the statistics for the 500 GeV data are593

limited, it can be seen that the results are consistent. In594

the xF regions covered by the data, the 200 GeV results595

show the asymmetries rise with the pT, clearly indicat-596

ing a dependence of the asymmetry on pT and xF. This597

is consistent with similar observations in previous STAR598

measurements [3]. More details regarding the pT depen-599

dence at 200 GeV can be found in Ref. [35].600
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FIG. 5. The transverse single-spin asymmetry as a function of the π0 pT for three different xF ranges for transversely polarized
proton-proton collisions at

√
s = 200 and 500 GeV . The three panels (a)(b)(c) show the results in three xF ranges respectively.

The error bars are statistical uncertainties only. A systematic uncertainty up to 5.8 % of AN for each point is invisible, as they
are smaller than the size of the markers. Theory curves based on the recent global fit [51] are also shown.

Figure 6 shows the comparison of these STAR results601

with the other existing measurements in transversely po-602

larized proton-proton collisions, which include previous603

STAR measurements using the FPD detector [3], results604

from the RHICf experiment [5], the PHENIX experiment605

[4] and the E704 experiment [2] at Fermi National Accel-606

erator Laboratory. The average pT of the π0 for each607

xF bin is shown in the lower panel. The π0 TSSA re-608

sults in this paper are consistent with the other measure-609

ments. This can only be explained with a very weak610

scale dependence of the π0 TSSA for a
√
s range of611

19.4 to 500 GeV . The earlier 200 GeV STAR results612

[3] seem to be slightly lower than the current 2015 re-613

sults in the range of xF < 0.4. This could be explained614

by the pT dependence of the TSSA results. From the615

above discussion, the TSSA results are not only a func-616

tion of xF, but also a function of the pT. At the same617

xF range, the asymmetries rise with the pT in the region618

1 GeV/c < pT < 3 GeV/c. The lower panel of Fig. 6619

shows that the mean pT as a function of xF in the region620

of xF < 0.4 in this paper are higher than those of the621

earlier 200 GeV STAR results.622

B. The TSSA for isolated π0
623

In searching for the origin of the transverse single-624

spin asymmetry, one particularly interesting aspect is the625

topological dependence of π0 TSSAs, meaning one di-626

vides the π0 sample into sub-groups based on the event627

structure. One group contains the isolated π0s, which628

refers to the π0s with no other surrounding photons. The629

other group contains the non-isolated π0s, which are ac-630

companied by other photons. In practice, the energy631

fraction zem, which is the π0 energy over the jet energy,632

FIG. 6. Comparison of this measurement of the transverse
single-spin asymmetry as a function of xF for inclusive π0

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 pT of the π0 for each xF bin is shown in the lower panel.

is used to determine whether or not a π0 is isolated. Two633

photons alone can be reconstructed as a jet, so a π0 would634

be identified as isolated when its zem is close to 1. In the635

following step, one applies zem > 0.98 to select isolated636

π0 and zem < 0.9 for the non-isolated ones. The gap637

ensures a clean separation between the two groups.638

In this way, both types of π0s always correlate with a639

jet. Therefore, its constituent photons should be limited640

within the same jet. The π0 selection and asymmetry641
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calculation remain the same. The jet resolution parame-642

ter R = 0.7 indicates the area where the π0 is considered643

to be isolated.644

FIG. 7. The transverse single-spin asymmetry as a function
of xF for the isolated and non-isolated π0 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 AN 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
pT of the π0 for each xF bin is shown in the lower panel.

645

646

Figure 7 shows the TSSA of these two types of π0. Al-647

though the asymmetries of both types increase with xF,648

their magnitudes are significantly different. The asym-649

metries for the isolated π0 are clearly larger than the650

asymmetries for the non-isolated π0. This result suggests651

there could be different mechanisms in play to explain652

the large asymmetries shown in Fig. 4. The non-isolated653

π0s are considered to be part of a jet, which has frag-654

mented from a parton, while the underlying subprocess655

for the isolated ones is not yet clear. One possible expla-656

nation is that isolated π0s are from diffractive processes657

[52], which needs further confirmation. The theoretical658

descriptions mentioned in the introduction only apply to659

the TSSA of the non-isolated π0, which usually assume660

all the π0s come from parton fragmentation, for example661

in a recent global analysis [51]. A recent measurement662

of TSSA for very forward π0 in transversely polarized663

proton-proton collisions by the RHICf experiment also664

indicates that the diffractive process could give a sizable665

asymmetry [5].666

To understand the contributions from isolated and667

non-isolated π0 to the overall π0 TSSA, Fig. 8 shows the668

fractions of each type in the overall π0 sample. It is noted669

that these fractions are background corrected to ensure670

the fractions represent the π0 signal only. It can be seen671

that, for each data set, the isolated π0 plays an impor-672

tant role in the high xF region where the asymmetry is673

significantly larger. In Ref. [35], a somewhat different674

isolation criterion was used, but the same conclusion was675

obtained that the isolated π0 have larger TSSA than the676

non-isolated π0 in p+Al and p+Au collisions in addition677

to proton-proton collisions.678

FIG. 8. Fractions of isolated and non-isolated π0 to the over-
all inclusive π0 sample in the mass region 0-0.3 GeV/c2 , af-
ter background subtraction. The missing fraction mainly in-
cludes the events between the isolated cuts: 0.9 < zem < 0.98.

C. The Jet TSSA679

Figure 9 shows the results of the jet TSSA as a function680

of xF for both data sets. The solid symbols in the figure681

represent the results that have no limitation on the pho-682

ton multiplicity when reconstructing the jet, while the683

open symbols represent the results that required the ob-684

served photon multiplicity in the jet to be greater than685

2. The asymmetries are non-zero and increase with xF,686

similar to the π0 TSSA. The consistency of the 200 and687

500 GeV jet asymmetries in the overlap region suggests a688

weak energy dependence. However, the jet asymmetries689

are nearly an order of magnitude smaller than the π0
690

ones for the same xF. Theoretically, the jet asymmetry691

is believed to be dominated by initial-state effects related692

with the Sivers function.693

Since a single photon or two photons can be recon-694

structed as a jet, the isolated π0s sample described earlier695

is part of the jet sample and therefore enhances the over-696

all jet TSSA. The open symbols in Fig. 9 show the TSSA697

for jets with a measured photon multiplicity greater than698

2. The jet TSSAs with a minimum multiplicity require-699

ment are smaller than the ones without the requirement,700

while the pT at each xF of the two samples is almost701

the same. The 200 GeV results are significantly larger702

than zero, while the 500 GeV results are consistent with703

zero within uncertainties, which may indicate a stronger704
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energy dependence than what was observed for the π0
705

TSSA.706

The black crosses in Fig. 9 represent the results from707

the ANDY Collaboration at RHIC [28] with trans-708

versely polarized proton-proton collisions at 500 GeV.709

The ANDY experiment measured jets using an electro-710

magnetic and a hadronic calorimeter to reconstruct both711

the electromagnetic and hadronic components of jets.712

The ANDY result shows the jet TSSA are very small713

and they are close to the STAR jet TSSA result measured714

at 500 GeV with the minimum multiplicity requirement.715

The consistency of these two results nicely shows that the716

TSSA for EM-jets probes the same underlying physics as717

full jets.718

FIG. 9. Transverse single-spin asymmetry as a function of
xF for electromagnetic jets in transversely polarized proton-
proton collisions at

√
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 pT of the jet for each xF bin is shown in
the lower panel.

719

720

D. The Collins asymmetry721

The Collins effect is defined as a non-uniform az-722

imuthal distribution of a particle’s pT in the hadroniza-723

tion of a transversely polarized quark [12]. By mea-724

suring the Collins asymmetry of π0 within a jet, one725

can directly study the fragmentation process contribu-726

tion to the single-spin asymmetry at forward rapidities.727

The Collins angle (φC) in Eq. (6) is defined in the same728

way as in Ref. [34]. The resolution of the Collins an-729

gle is the major source of the asymmetry uncertainty.730

If the direction of the π0 momentum is close to the jet731

thrust axis, for example at high zem, the uncertainty732

of the φC angle becomes large. Therefore, a ∆R cut,733

∆R =
√

((ηπ0 − ηjet)2 + (φπ0 − φjet)2, has been applied734

in the analysis to reject such events. The value of this735

cut was balanced between the benefit of excluding those736

events with large uncertainty and the loss of statistics737

at high zem. We determined ∆R > 0.04 to be the best738

choice, which is the same as in Ref. [34].739

As mentioned in Sec.II-E.2, there is no background740

subtraction for the Collins asymmetry. Nevertheless, the741

influence of possible background can be studied through742

the mass dependence of the asymmetry. The π0 signal743

is concentrated in the mass region Mγγ< 0.2 GeV/c2,744

whereas the background fraction changes significantly as745

a function of mass from the region Mγγ< 0.2 GeV/c2746

to the region Mγγ> 0.2 GeV/c2. A comparison of the747

Collins results in the region of (0, 0.2 GeV/c2) and those748

in the region of (0.2, 0.3 GeV/c2) did not show a clear749

mass dependence in both data sets.750

The jet pT is required to be larger than 2 GeV/c.751

The average jet pT is 3.8 GeV/c for 500 GeV data and752

3.0 GeV/c for 200 GeV data. The average jet pseudo-753

rapidity is 3.1 for 500 GeV data and 3.3 for 200 GeV754

data. Figure 10 shows the measured Collins asymmetries755

(AUT ) originating from the final-state effect, for both the756

200 and 500 GeV data. Both results show very small757

asymmetries within uncertainties.758

The π0 momentum transverse to the jet axis, jT, can759

be used to measure how close the π0 is to the jet axis.760

An investigation of the dependence of the Collins asym-761

metry on jT at 200 GeV is presented in Fig. 11. The762

Collins asymmetries are separated into four jT bins. It763

is found that the asymmetries for jT > 0.2 GeV/c show764

a tendency to be negative. This jT dependence can be765

used to further constrain TMD models.766767

E. Comparison to models768

We compare our results to the theoretical calculations769

that can be seen in Figs. 4,5,7,9,10. The calculations770

of π0 TSSA [51], jet TSSA [30] and Collins asymme-771

try [31] are based on the TMD and Collinear Twist-3772

functions that have been extracted from semi-inclusive773

deep inelastic scattering, Drell-Yan, e+e− annihilation774

into hadron pairs, and transversely polarized proton-775

proton collisions that included also previous forward π0
776

and charged hadron TSSA data from RHIC. The calcu-777

lations refer to the kinematics of the data in this paper778

to account for the known kinematic dependencies of the779

measurements.780

As shown in Figs. 4 and 5, the calculations have almost781

no energy dependence [51]. They underestimate the π0
782



12

FIG. 10. The Collins asymmetry for π0 in an electromagnetic
jet for transversely polarized proton-proton collisions at

√
s =

200 and 500 GeV . The error bars are statistical uncertainties
only. Theory curves for the Collins asymmetry of a π0 in a
full jet with or without TMD evolution [31] are also shown.

FIG. 11. The jT dependence of the π0 Collins asym-
metry in transversely polarized proton-proton collisions at√
s = 200 GeV. The error bars are statistical uncertainties

only.

TSSA in the lower xF region for both 200 and 500 GeV783

data, but overestimate it in the higher xF region where784

200 GeV data are available. In Fig. 5, the calculations785

show the same trend of asymmetries rising with pT as786

the data, but the magnitude of the predicted asymmetry787

is much smaller than the measurements.788

The theory curves in Fig. 7 are identical to the ones in789

Fig. 4. In the xF region lower than 0.3, they can describe790

the non-isolated π0 TSSA measurements, in which these791

π0s are considered to originate from fragmentation. The792

theory curve in this region is mostly constrained by the793

Sivers/Collins inputs from SIDIS data [51].794

For the jet TSSA in Fig. 9, the calculation for 500 GeV795

is consistent with the measurement that has the mini-796

mum photon multiplicity requirement and also the full797

jet result from the ANDY experiment. However, the cal-798

culation for 200 GeV predicts the asymmetry to fall with799

xF, which contradicts our measurement. It is noted that800

the theoretical uncertainty bands are substantial [30].801

For the Collins asymmetry in Fig. 10, two sets of the-802

ory curves represent the cases with or without the TMD803

evolution being taken into account [31]. Our jT combined804

results for both collision energies are consistent with zero,805

which are within the uncertainty bands of the two calcu-806

lations.807

V. CONCLUSION808

We report the measurements of transverse single-809

spin asymmetries for π0s in the forward rapidity re-810

gion in transversely polarized proton-proton collisions at811

200 GeV and 500 GeV using the FMS detector at STAR.812

The measurement at 200 GeV was done with the largest813

data sample thus far. The asymmetries increase with xF.814

No energy dependence was found when comparing the815

current results with previous data at RHIC and FNAL816

with center-of mass energies as low as 19.4 GeV . The817

transverse single-spin asymmetries for isolated and non-818

isolated π0 at both 200 GeV and 500 GeV were also pre-819

sented. The asymmetries of isolated π0s are significantly820

larger than those of non-isolated π0s.821

The transverse single-spin asymmetries for electromag-822

netic jets were measured with the FMS in transversely823

polarized proton-proton collisions at both 200 GeV and824

500 GeV. The 500 GeV result with a minimum photon825

multiplicity requirement is consistent with zero, which826

coincides with the full jet measurement from the ANDY827

experiment. The 200 GeV results are small, but clearly828

non-zero within uncertainties.829

Collins asymmetries for π0s within an electromag-830

netic jet were measured in transversely polarized proton-831

proton collisions at both 200 GeV and 500 GeV. The832

asymmetries are small across the zem bins and might ex-833

hibit a jT dependence at 200 GeV. The latter could help834

to constrain TMD models and need theoretical predic-835

tions.836

These new data provide important information for un-837

derstanding the underlying physics mechanism for the838

transverse single-spin asymmetry. In particular, the ob-839

served small TSSA for non-isolated π0s and also small840

Collins asymmetries with EM jets suggest that the841

Collins effect itself cannot account for the observed π0
842

TSSA. On the other hand, the observed small TSSA for843

electromagnetic jets indicates the contribution from the844

Sivers effect cannot be the dominant source of π0 TSSA,845

either. The sizable TSSA for isolated π0 thus indicates846

a new mechanism, likely diffractive process, could be a847



13

significant source for the π0 TSSA in transversely polar-848

ized proton-proton collisions at RHIC, and more theory849

efforts and dedicated measurements are called for to have850

a complete understanding on this aspect.851

ACKNOWLEDGEMENT852

We thank the RHIC Operations Group and RCF at853

BNL, the NERSC Center at LBNL, and the Open Sci-854

ence Grid consortium for providing resources and sup-855

port. This work was supported in part by the Office856

of Nuclear Physics within the U.S. DOE Office of Sci-857

ence, the U.S. National Science Foundation, the Min-858

istry of Education and Science of the Russian Federa-859

tion, National Natural Science Foundation of China, Chi-860

nese Academy of Science, the Ministry of Science and861

Technology of China and the Chinese Ministry of Educa-862

tion, the Higher Education Sprout Project by Ministry863

of Education at NCKU, the National Research Founda-864

tion of Korea, Czech Science Foundation and Ministry865

of Education, Youth and Sports of the Czech Republic,866

Hungarian National Research, Development and Innova-867

tion Office, New National Excellency Programme of the868

Hungarian Ministry of Human Capacities, Department869

of Atomic Energy and Department of Science and Tech-870

nology of the Government of India, the National Science871

Centre of Poland, the Ministry of Science, Education and872

Sports of the Republic of Croatia, RosAtom of Russia and873

German Bundesministerium fur Bildung, Wissenschaft,874

Forschung and Technologie (BMBF), Helmholtz Associ-875

ation, Ministry of Education, Culture, Sports, Science,876

and Technology (MEXT) and Japan Society for the Pro-877

motion of Science (JSPS).878

[1] R. Klem, J. Bowers, H. Courant, et al., Phys. Rev. Lett.879

36, 929 (1976).880

[2] D. Adams et al. (E581/E704), Phys. Lett. B 261, 201881

(1991).882

[3] B. Abelev et al. (STAR), Phys. Rev. Lett. 101, 222001883

(2008), arXiv:0801.2990 [hep-ex].884

[4] A. Adare et al. (PHENIX), Phys. Rev. D 90, 012006885

(2014), arXiv:1312.1995 [hep-ex].886

[5] M. Kim et al. (RHICf), Phys. Rev. Lett. 124, 252501887

(2020), arXiv:2003.04283 [hep-ex].888

[6] G. L. Kane, J. Pumplin, and W. Repko, Phys. Rev. Lett.889

41, 1689 (1978).890

[7] Z.-T. Liang and C. Boros, Int. J. Mod. Phys. A 15, 927891

(2000), arXiv:hep-ph/0001330.892

[8] U. D’Alesio and F. Murgia, Prog. Part Nucl. Phys. 61,893

394 (2008), arXiv:0712.4328 [hep-ph].894

[9] K.-B. Chen, S.-Y. Wei, and Z.-T. Liang, Front. Phys.895

(Beijing) 10, 101204 (2015), arXiv:1506.07302 [hep-ph].896

[10] X. Ji, J.-W. Qiu, W. Vogelsang, and F. Yuan, Phys. Rev.897

Lett. 97, 082002 (2006), arXiv:hep-ph/0602239.898

[11] D. W. Sivers, Phys. Rev. D 41, 83 (1990).899

[12] J. C. Collins, Nucl. Phys. B 396, 161 (1993), arXiv:hep-900

ph/9208213.901

[13] J. C. Collins, S. F. Heppelmann, and G. A. Ladinsky,902

Nucl. Phys. B 420, 565 (1994), arXiv:hep-ph/9305309.903

[14] A. Efremov and O. Teryaev, Sov. J. Nucl. Phys. 36, 140904

(1982).905

[15] J.-W. Qiu and G. F. Sterman, Phys. Rev. Lett. 67, 2264906

(1991).907

[16] D. Boer, P. Mulders, and F. Pijlman, Nucl. Phys. B 667,908

201 (2003), arXiv:hep-ph/0303034.909

[17] F. Yuan and J. Zhou, Phys. Rev. Lett. 103, 052001910

(2009), arXiv:0903.4680 [hep-ph].911

[18] C. Boros, Z. Liang, and T. Meng, Phys. Rev. Lett. 70,912

1751 (1993).913

[19] C. Kouvaris, J.-W. Qiu, W. Vogelsang, and F. Yuan,914

Phys. Rev. D 74, 114013 (2006), arXiv:hep-ph/0609238.915

[20] Y. Koike and K. Tanaka, Phys. Rev. D 76, 011502 (2007),916

arXiv:hep-ph/0703169.917

[21] Z.-B. Kang and A. Prokudin, Phys. Rev. D 85, 074008918

(2012), arXiv:1201.5427 [hep-ph].919

[22] Z.-B. Kang, F. Yuan, and J. Zhou, Phys. Lett. B 691,920

243 (2010), arXiv:1002.0399 [hep-ph].921

[23] A. Metz and D. Pitonyak, Phys. Lett. B 723, 365922

(2013), [Erratum: Phys.Lett.B 762, 549–549 (2016)],923

arXiv:1212.5037 [hep-ph].924

[24] K. Kanazawa and Y. Koike, Phys. Rev. D 88, 074022925

(2013), arXiv:1309.1215 [hep-ph].926

[25] L. Gamberg, Z.-B. Kang, D. Pitonyak, and A. Prokudin,927

Phys. Lett. B 770, 242 (2017), arXiv:1701.09170 [hep-928

ph].929

[26] J. Zhou, Phys. Rev. D 96, 034027 (2017),930

arXiv:1704.04901 [hep-ph].931

[27] K. Kanazawa, Y. Koike, A. Metz, and D. Pitonyak,932

Phys. Rev. D 89, 111501 (2014), arXiv:1404.1033 [hep-933

ph].934

[28] L. Bland et al. (AnDY), Phys. Lett. B 750, 660 (2015),935

arXiv:1304.1454 [hep-ex].936

[29] M. Anselmino, M. Boglione, U. D’Alesio, S. Melis,937

F. Murgia, and A. Prokudin, Phys. Rev. D 88, 054023938

(2013), arXiv:1304.7691 [hep-ph].939

[30] L. Gamberg, Z.-B. Kang, and A. Prokudin, Phys. Rev.940

Lett. 110, 232301 (2013), arXiv:1302.3218 [hep-ph].941

[31] Z.-B. Kang, A. Prokudin, F. Ringer, and F. Yuan,942

Phys. Lett. B 774, 635 (2017), arXiv:1707.00913 [hep-943

ph].944

[32] F. Yuan, Phys. Rev. Lett. 100, 032003 (2008),945

arXiv:0709.3272 [hep-ph].946

[33] U. D’Alesio, F. Murgia, and C. Pisano, Phys. Lett. B947

773, 300 (2017), arXiv:1707.00914 [hep-ph].948

[34] L. Adamczyk et al. (STAR), Phys. Rev. D 97, 032004949

(2018), arXiv:1708.07080 [hep-ex].950

[35] S. STAR, .951

[36] K. Ackermann et al. (STAR), Nucl. Instrum. Meth. A952

499, 624 (2003).953

[37] W. B. Schmidke et al., RHIC polarization for runs 9-17,954

Tech. Rep. (Brookhaven National Laboratory, 2018).955

[38] C. J. Dilks, Ph.D. thesis, Penn State U. (2018).956

[39] J. Adam et al. (STAR), Phys. Rev. D 98, 032013 (2018),957

arXiv:1805.09745 [hep-ex].958

[40] E. Braidot, Ph.D. thesis, Utrecht U. (2011),959

arXiv:1102.0931 [nucl-ex].960

[41] J. Kiryluk (STAR), in Spin physics. Polarized electron961

sources and polarimeters. Proceedings (2005) pp. 718–962

721, arXiv:hep-ex/0501072.963

http://dx.doi.org/10.1103/PhysRevLett.36.929
http://dx.doi.org/10.1103/PhysRevLett.36.929
http://dx.doi.org/10.1103/PhysRevLett.36.929
http://dx.doi.org/10.1016/0370-2693(91)91351-U
http://dx.doi.org/10.1016/0370-2693(91)91351-U
http://dx.doi.org/10.1016/0370-2693(91)91351-U
http://dx.doi.org/ 10.1103/PhysRevLett.101.222001
http://dx.doi.org/ 10.1103/PhysRevLett.101.222001
http://dx.doi.org/ 10.1103/PhysRevLett.101.222001
http://arxiv.org/abs/0801.2990
http://dx.doi.org/10.1103/PhysRevD.90.012006
http://dx.doi.org/10.1103/PhysRevD.90.012006
http://dx.doi.org/10.1103/PhysRevD.90.012006
http://arxiv.org/abs/1312.1995
http://dx.doi.org/ 10.1103/PhysRevLett.124.252501
http://dx.doi.org/ 10.1103/PhysRevLett.124.252501
http://dx.doi.org/ 10.1103/PhysRevLett.124.252501
http://arxiv.org/abs/2003.04283
http://dx.doi.org/10.1103/PhysRevLett.41.1689
http://dx.doi.org/10.1103/PhysRevLett.41.1689
http://dx.doi.org/10.1103/PhysRevLett.41.1689
http://dx.doi.org/10.1142/S0217751X0000046X
http://dx.doi.org/10.1142/S0217751X0000046X
http://dx.doi.org/10.1142/S0217751X0000046X
http://arxiv.org/abs/hep-ph/0001330
http://dx.doi.org/10.1016/j.ppnp.2008.01.001
http://dx.doi.org/10.1016/j.ppnp.2008.01.001
http://dx.doi.org/10.1016/j.ppnp.2008.01.001
http://arxiv.org/abs/0712.4328
http://dx.doi.org/10.1007/s11467-015-0477-x
http://dx.doi.org/10.1007/s11467-015-0477-x
http://dx.doi.org/10.1007/s11467-015-0477-x
http://arxiv.org/abs/1506.07302
http://dx.doi.org/ 10.1103/PhysRevLett.97.082002
http://dx.doi.org/ 10.1103/PhysRevLett.97.082002
http://dx.doi.org/ 10.1103/PhysRevLett.97.082002
http://arxiv.org/abs/hep-ph/0602239
http://dx.doi.org/10.1103/PhysRevD.41.83
http://dx.doi.org/10.1016/0550-3213(93)90262-N
http://arxiv.org/abs/hep-ph/9208213
http://arxiv.org/abs/hep-ph/9208213
http://arxiv.org/abs/hep-ph/9208213
http://dx.doi.org/10.1016/0550-3213(94)90078-7
http://arxiv.org/abs/hep-ph/9305309
http://dx.doi.org/10.1103/PhysRevLett.67.2264
http://dx.doi.org/10.1103/PhysRevLett.67.2264
http://dx.doi.org/10.1103/PhysRevLett.67.2264
http://dx.doi.org/10.1016/S0550-3213(03)00527-3
http://dx.doi.org/10.1016/S0550-3213(03)00527-3
http://dx.doi.org/10.1016/S0550-3213(03)00527-3
http://arxiv.org/abs/hep-ph/0303034
http://dx.doi.org/10.1103/PhysRevLett.103.052001
http://dx.doi.org/10.1103/PhysRevLett.103.052001
http://dx.doi.org/10.1103/PhysRevLett.103.052001
http://arxiv.org/abs/0903.4680
http://dx.doi.org/ 10.1103/PhysRevLett.70.1751
http://dx.doi.org/ 10.1103/PhysRevLett.70.1751
http://dx.doi.org/ 10.1103/PhysRevLett.70.1751
http://dx.doi.org/ 10.1103/PhysRevD.74.114013
http://arxiv.org/abs/hep-ph/0609238
http://dx.doi.org/10.1103/PhysRevD.76.011502
http://arxiv.org/abs/hep-ph/0703169
http://dx.doi.org/10.1103/PhysRevD.85.074008
http://dx.doi.org/10.1103/PhysRevD.85.074008
http://dx.doi.org/10.1103/PhysRevD.85.074008
http://arxiv.org/abs/1201.5427
http://dx.doi.org/ 10.1016/j.physletb.2010.07.003
http://dx.doi.org/ 10.1016/j.physletb.2010.07.003
http://dx.doi.org/ 10.1016/j.physletb.2010.07.003
http://arxiv.org/abs/1002.0399
http://dx.doi.org/10.1016/j.physletb.2013.05.043
http://dx.doi.org/10.1016/j.physletb.2013.05.043
http://dx.doi.org/10.1016/j.physletb.2013.05.043
http://arxiv.org/abs/1212.5037
http://dx.doi.org/10.1103/PhysRevD.88.074022
http://dx.doi.org/10.1103/PhysRevD.88.074022
http://dx.doi.org/10.1103/PhysRevD.88.074022
http://arxiv.org/abs/1309.1215
http://dx.doi.org/10.1016/j.physletb.2017.04.061
http://arxiv.org/abs/1701.09170
http://arxiv.org/abs/1701.09170
http://arxiv.org/abs/1701.09170
http://dx.doi.org/10.1103/PhysRevD.96.034027
http://arxiv.org/abs/1704.04901
http://dx.doi.org/ 10.1103/PhysRevD.89.111501
http://arxiv.org/abs/1404.1033
http://arxiv.org/abs/1404.1033
http://arxiv.org/abs/1404.1033
http://dx.doi.org/ 10.1016/j.physletb.2015.10.001
http://arxiv.org/abs/1304.1454
http://dx.doi.org/ 10.1103/PhysRevD.88.054023
http://dx.doi.org/ 10.1103/PhysRevD.88.054023
http://dx.doi.org/ 10.1103/PhysRevD.88.054023
http://arxiv.org/abs/1304.7691
http://dx.doi.org/10.1103/PhysRevLett.110.232301
http://dx.doi.org/10.1103/PhysRevLett.110.232301
http://dx.doi.org/10.1103/PhysRevLett.110.232301
http://arxiv.org/abs/1302.3218
http://dx.doi.org/ 10.1016/j.physletb.2017.10.031
http://arxiv.org/abs/1707.00913
http://arxiv.org/abs/1707.00913
http://arxiv.org/abs/1707.00913
http://dx.doi.org/10.1103/PhysRevLett.100.032003
http://arxiv.org/abs/0709.3272
http://dx.doi.org/10.1016/j.physletb.2017.08.023
http://dx.doi.org/10.1016/j.physletb.2017.08.023
http://dx.doi.org/10.1016/j.physletb.2017.08.023
http://arxiv.org/abs/1707.00914
http://dx.doi.org/10.1103/PhysRevD.97.032004
http://dx.doi.org/10.1103/PhysRevD.97.032004
http://dx.doi.org/10.1103/PhysRevD.97.032004
http://arxiv.org/abs/1708.07080
http://dx.doi.org/10.1016/S0168-9002(02)01960-5
http://dx.doi.org/10.1016/S0168-9002(02)01960-5
http://dx.doi.org/10.1016/S0168-9002(02)01960-5
http://dx.doi.org/ 10.1103/PhysRevD.98.032013
http://arxiv.org/abs/1805.09745
http://arxiv.org/abs/1102.0931
http://dx.doi.org/ 10.1142/9789812701909_0152
http://dx.doi.org/ 10.1142/9789812701909_0152
http://dx.doi.org/ 10.1142/9789812701909_0152
http://arxiv.org/abs/hep-ex/0501072


14

[42] H. Qiu (STAR), Nucl. Phys. A 931, 1141 (2014).964

[43] W. Llope et al., Nucl. Instrum. Meth. A 522, 252 (2004),965

arXiv:nucl-ex/0308022.966

[44] R. Brun, A. McPherson, P. Zanarini, M. Maire, and967

others., GEANT 3: user’s guide Geant 3.10, Geant 3.11,968

Tech. Rep. (CERN, 1987).969

[45] T. Sjostrand, S. Mrenna, and P. Z. Skands, JHEP 05,970

026 (2006), arXiv:hep-ph/0603175.971

[46] R. Field and R. Group (CDF), (2005), arXiv:hep-972

ph/0510198.973

[47] M. Cacciari, G. P. Salam, and G. Soyez, Eur. Phys. J.974

C 72, 1896 (2012), arXiv:1111.6097 [hep-ph].975

[48] B. B. Abelev et al. (ALICE), Phys. Rev. D 91, 112012976

(2015), arXiv:1411.4969 [nucl-ex].977

[49] G. Ohlsen and P. Keaton, Nucl. Instrum. Meth. 109, 41978

(1973).979

[50] Z. Zhu, Ph.D. thesis, Shandong U. (2020).980

[51] J. Cammarota, L. Gamberg, Z.-B. Kang, J. A. Miller,981

D. Pitonyak, A. Prokudin, T. C. Rogers, and N. Sato,982

(2020), arXiv:2002.08384 [hep-ph].983

[52] E.-C. Aschenauer et al., (2015), arXiv:1501.01220 [nucl-984

ex].985

http://dx.doi.org/ 10.1016/j.nuclphysa.2014.08.056
http://dx.doi.org/10.1016/j.nima.2003.11.414
http://arxiv.org/abs/nucl-ex/0308022
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/hep-ph/0510198
http://arxiv.org/abs/hep-ph/0510198
http://arxiv.org/abs/hep-ph/0510198
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://dx.doi.org/10.1103/PhysRevD.91.112012
http://dx.doi.org/10.1103/PhysRevD.91.112012
http://dx.doi.org/10.1103/PhysRevD.91.112012
http://arxiv.org/abs/1411.4969
http://dx.doi.org/10.1016/0029-554X(73)90450-3
http://dx.doi.org/10.1016/0029-554X(73)90450-3
http://dx.doi.org/10.1016/0029-554X(73)90450-3
http://arxiv.org/abs/2002.08384
http://arxiv.org/abs/1501.01220
http://arxiv.org/abs/1501.01220
http://arxiv.org/abs/1501.01220

	Measurement of transverse single-spin asymmetries of 0 and electromagnetic jets at forward rapidity in 200 and 500 GeV transversely polarized proton-proton collisions at STAR
	Abstract
	introduction
	Analysis
	Experiment
	Event selection
	0 reconstruction and selection
	Jet reconstruction
	Asymmetry calculation
	E.1 0 and jet TSSA
	E.2 Collins asymmetry


	Corrections and Systematic uncertainties
	Energy uncertainty
	The 0 TSSA
	The Jet TSSA
	The Collins asymmetry

	Results
	The 0 TSSA
	The TSSA for isolated 0
	The Jet TSSA
	The Collins asymmetry
	Comparison to models

	Conclusion
	Acknowledgement
	References


