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Utilizing the 2012 transversely polarized proton data from the Relativistic Heavy Ion Collider at
Brookhaven National Laboratory, the forward n-meson transverse single-spin asymmetry (Ay) was
measured for pT + p collisions at /s = 200 GeV as a function of Feynman-x (xz) for 0.2 < |xz| < 0.8
and transverse momentum (py) for 1.0 < py < 5.0 GeV/c. Large asymmetries at positive x are observed
({(Ay) = 0.086 £ 0.019), agreeing well with previous measurements of z° and 5 Ay, but with reach to
higher xz and p7. The contribution of initial-state spin-momentum correlations to the asymmetry, as

calculated in the collinear twist-3 framework, appears insufficient to describe the data.

DOI: 10.1103/6vng-5hfx

I. INTRODUCTION

In quantum chromodynamics (QCD), the behavior of the
theory depends strongly on the distance scale of the physics

fDeceased.
‘PHENIX Collaboration Spokesperson.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

involved. At short distances where the strong coupling is
small, the quarks and gluons, collectively known as partons,
are readily described within the framework of perturbative
QCD (pQCD). However, at long distances, the coupling
becomes large and the theory becomes nonperturbative.
Calculations of cross sections within QCD rely on factorizing
the perturbative hard scattering at short distances from the
nonperturbative physics at long distances, which is contained
in the universal parton distribution functions (PDFs) and
fragmentation functions (FFs) [1]. The standard factorization
procedure explicitly defines only the collinear degrees of
freedom of the nonperturbative functions and then expands
the cross section in inverse powers of the momentum transfer

072006-3
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0, alongside the usual expansion of the hard scattering in
powers of the strong coupling, «;.

Historically, unpolarized observables, such as inclusive
cross sections, have been well described by this collinear
QCD factorization scheme at the leading n = 2 term of the
1/Q"? factorization expansion, where n is known as the
twist. However, large azimuthal asymmetries in particle
production from transversely polarized proton collisions
(p" 4+ p = h + X) [2-6], particularly at forward rapidities,
disagree with the leading-twist collinear pQCD predictions
of asymmetries on the order of 10~ [7]. These transverse
single-spin asymmetries (TSSAs) persist at high p; [4,6,8]
where pQCD is valid, suggesting additional considerations
are needed in the nonperturbative initial- and final-state
functions.

Multiple factorization frameworks have since been
proposed with mechanisms to generate TSSAs. Transverse-
momentum-dependent (TMD) factorization generalizes the
definition of the PDFs and FFs to include explicit depend-
ence on a nonperturbative transverse momentum. The
resulting TMD distributions describe QCD spin-momen-
tum correlations between the partons and hadrons. Two
polarized TMD distributions have been identified as
sources for large TSSAs. In the initial state, the Sivers
TMD PDF [9,10] correlates the transverse polarization of
the hadron with the transverse momentum of a constituent
parton and explains the left-right asymmetry in particle
production as arising from a transverse momentum imbal-
ance of the partons. In the final state, the Collins TMD FF
[11] correlates the transverse polarization of the struck
parton and the angular distribution of the fragmenting
hadrons. The Collins effect attributes the left-right asym-
metries to the fragmentation of transversely polarized
quarks with a preferred transverse direction. It arises from
the coupling of the Collins TMD FF with the quark
transversity distribution [12,13], which encodes the corre-
lation between the transverse polarization of the initial-state
proton and that of its constituent quarks.

Experimental probes of TMDs require observables with
access to both a hard scale Q and a soft scale that defines
the nonperturbative transverse momentum component,
kr < Q. In semi-inclusive deep-inelastic scattering
(SIDIS), measurements of both pion and kaon single-spin
asymmetries [14—17] led to the extraction of the first
nonzero Sivers functions for u and d quarks [18-21].
Subsequently, nonzero Collins FFs for pions and trans-
versity distributions for u# and d quarks were extracted
[22-24] from a combination of SIDIS [25-27] and e e~
data [28]. Recent measurements have confirmed significant
Collins asymmetries at much higher precision [29-31].

For processes with one accessible hard scale, such as
inclusive hadron production at high p; in hadronic colli-
sions, TSSAs can be described in collinear factorization
with higher-twist multiparton correlators [32-34]. These
twist-3 correlators represent the quantum interference
between scattering with a single active parton and a

composite parton state that contains an additional gluon
field. They have been shown to be related to the ki
moments of the TMD PDFs and FFs [35]. Asymmetries
of inclusive hadrons from hadronic collisions can receive
contributions from correlators in both the initial and final
state. Previous phenomenological studies attempted to
describe 7° and # TSSAs in hadronic collisions with the
initial-state Sivers-like twist-3 correlator [36,37]. More
recent studies indicate that the final-state Collins-like
twist-3 term may be of considerable importance [38,39]
compared to other higher-twist terms.

Additional sources for TSSAs have been suggested,
including diffractive processes [40] and nonperturbative
color-exchange effects that may signal factorization breaking
[41,42]. However, the extent to which such mechanisms
contribute to inclusive forward hadron asymmetries in
hadronic collisions is not yet well established. Thus, it
remains an open question which combination of initial-state
and final-state twist-3 correlators, or alternative contribu-
tions, dominates the generation of the observed asymmetries.

In this article, the PHENIX collaboration reports the
measurement of the forward n-meson TSSAs from /s =
200 GeV p' + p collisions recorded in 2012. The TSSAs
expand the kinematic reach on a previous /s = 200 GeV
PHENIX measurement from the 2008 dataset [43] to higher
xp and pz. This previous analysis at /s = 200 GeV also
included a cross section measurement which exhibited good
agreement with pQCD predictions, confirming the validity of
factorization in this regime. We combine the measurements
from both years of data taking and compare the resulting
TSSAs to collinear twist-3 predictions of the asymmetry
generated by only the initial-state Sivers-like contribution.
They are also compared to the 7° TSSAs in a similar rapidity
range, which can illuminate any potential dependence of the
asymmetry on isospin, strange quarks, and mass.

II. THE PHENIX EXPERIMENT AT RHIC

A. RHIC polarized proton beams

The Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory collides beams of polar-
ized protons up to center of mass energies of 510 GeV. The
two collider rings, called yellow and blue, store trans-
versely polarized protons in 111 bunches with ~10'!
protons per bunch. Depolarizing resonances in the rings
are mitigated through the implementation of two Siberian
snakes, which rotate the proton polarization 180° without
incurring orbit distortions [44].

The beam polarization P for (vertical) transversely
polarized protons is defined as the difference in the number
of protons with spin aligned versus antialigned with the
vertical axis divided by the sum. Two separate polarimeters
measure (P) throughout the run for each beam using
the asymmetry of hadronic elastic scattering in the
Coulomb-nuclear-interference region [44]. A proton-car-
bon polarimeter makes quick measurements of the relative
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(uncalibrated) polarization several times within a store [45].
They are normalized by the absolute polarization which is
determined using a hydrogen gas jet polarimeter [46]. The
absolute polarization measurements can take up to several
hours due to statistical limitations arising from the low
density of the hydrogen gas. Typically, the beam polar-
izations at RHIC range from =50% to 60% with an
uncertainty of 4%—7% for a few-hour store.

In each store during transverse-polarization running, the
polarization direction of the proton bunches is alternated
according to a predetermined pattern. Systematic effects
stemming from bunch-by-bunch luminosity differences or
detector efficiencies can be mitigated by having protons in
both beams polarized in both directions. Because a TSSA
measurement relies on the collision of a transversely
polarized proton with an unpolarized proton, the sensitivity
to polarization is removed in one beam by integrating over
both spin-up and spin-down bunches.

B. PHENIX forward detectors

The PHENIX experiment at RHIC [47] utilized a
versatile detector apparatus, purpose-built for the high-
resolution measurement of leptons, photons, and charged
hadrons at the central rapidity of || < 0.35, and with
additional capabilities for the measurement of charged
hadrons and muons at 1.2 < |§| <2.2. In the forward
region, PHENIX consisted of an electromagnetic calorim-
eter known as the muon piston calorimeter (MPC) and two
global detectors: the beam-beam counter (BBC) and the
zero-degree calorimeter (ZDC).

Located 220 cm along the beamline on either side
of the nominal PHENIX interaction point and covering
3.1 < || < 3.9, the MPC was a scintillating electromag-
netic calorimeter comprising 220 (196) PbWQO, crystal
towers in its north (south) arms. Previous measurements of
cross sections and asymmetries have exhibited the capabil-
ity of the MPC to reconstruct light neutral mesons in the
forward region through their decays to photons [6,43,48].
To sample high-momentum 5-meson candidates, an MPC
trigger fired when a localized 4-by-4 group of towers had a
cumulative energy deposition greater than a set threshold.
In /s =200 GeV collisions, this threshold corresponded
to cluster energies of roughly 20 GeV.

The BBC [49], located at 3.0 < || < 3.9, had two arms
of quartz Cerenkov radiator arrays 144 cm to the north and
south side of the nominal PHENIX collision point. It was
used primarily to define the condition of a minimum-bias
(MB) event and to provide a vertex position along the beam
axis by utilizing its precise timing resolution to measure the
difference in the particle time of flight between the north
and south arms. The ZDC [49] was a hadronic calorimeter
in the far-forward region ( 2 6) used for neutron detection
from diffractive or double-diffractive events. By sandwich-
ing scintillating hodoscopes known as the shower-maxi-
mum detectors (SMD) within the ZDCs, PHENIX was also

sensitive to the position of these neutrons with =1 cm
resolution. The ZDC/SMD system functioned as a local
polarimeter for PHENIX through the measurement of
known neutron single-spin asymmetries [50]. In 2012,
results from the PHENIX local polarimeter confirmed
the nominal vertical polarization direction of both beams.

III. ANALYSIS METHODS

In transversely polarized p' + p collisions, the cross
section of inclusive particle production is modified to first
order by an azimuthal-cosine modulation known as the raw
asymmetry,

e(¢p) = PAy cos ¢, (1)

where P is the beam polarization and Ay is the TSSA. Ay is
measured by fitting a cosine function to the raw asymmetry
and dividing the amplitude of the fit by the beam polari-
zation. It quantifies the difference between azimuthally
dependent cross sections when the proton is polarized up
(do) versus down (doV)

1 do’ () — do(9)
Pdc' () + do' ()’

Aycos¢p = (2)

or, equivalently, when the final-state particle is produced to
the left or right with respect to the polarized proton going
direction. The angle ¢ is measured in the vertical plane,
with the up direction being ¢ = z/2. By convention, to the
left (right) of the polarized proton going direction is defined
as ¢ =0(¢ = x). Rotating in this plane clearly gives
do'(¢) = do* (¢ + x) and do' (¢) = do' (¢ + 7).

During the 2012 data taking period, the south MPC
underwent an upgrade, leaving only the north MPC to
collect data for this measurement. It collected 1.23 x
1072 pb~! of MB data and 12.95 pb~! of MPC triggered
data. By treating the north-going (blue) beam as polarized
and south-going (yellow) beam as unpolarized, A, can be
measured as a function of positive x = 2p_/+/s. Likewise,
a polarized yellow and unpolarized blue beam provides
access to negative xp values. As such, Ay is measured at
both positive and negative xy with bin widths of 0.1 from
0.2 to 0.4 and —0.2 to —0.4 in the MB data and 0.3 to 0.8
and —0.3 to —0.8 in the MPC-triggered data. Additionally,
Ay is measured as a function of p; in MB from 1.0 to
2.5 GeV/c and with MPC triggers from 2.0 to 5.0 GeV/c
in py bins of width 0.5 GeV/c. The high-x; behavior of
the asymmetry is explored further by separating Ay versus
pr into xp regions of 0.2 to 0.6 and 0.6 to 0.8.

A. Polarization

The polarizations of both RHIC beams were tracked
throughout the 2012 data taking period using the proton-
carbon and hydrogen gas jet polarimeters introduced in
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FIG. 1. A selection of MPC-triggered raw asymmetries and
their cosine fits in the p; range between 1.0 and 5.0 GeV/c¢ for
(@ 04<xp<05 (b) 05<x<0.6 (¢) 0.6 <xp<0.7
(d) 0.7 <xp <0.8.

Sec. I A. The luminosity-weighted magnitude of the
proton polarization was determined to be (Ppe) =
0.652 £ 0.009 (stat) £0.022 (syst) and (Pyejiow) = 0.587 &
0.009 (stat) £0.020 (syst). The ratio in luminosity between
polarized-up and polarized-down bunches, known as the
relative luminosity R, is an important quantity when
determining the raw asymmetry. It is calculated using
bunch-dependent trigger counts from the BBC. For both
the blue and yellow beams in 2012, R ~ 1 within a tenth of
a percent.

B. Raw asymmetries

Two independent methods are used to extract the raw
asymmetry, e(¢). The first utilizes a geometric mean of
yields on the left and right sides of the MPC from collisions
of up and down polarized protons (Fig. 1),

_ VN @IN (¢ +7) = VN ()N (§ + 7)

) = NN @+ m) + NN (§ 1

)

where the yields NT-! are determined by integrating the
invariant mass distribution of diphoton candidates from the
decay n —yy in the signal region of 0.48 <M, <
0.70 GeV/c? (Fig. 2). This formula, to first order, cancels
detector efficiency and relative luminosity effects. As a
cross check, the raw asymmetry can also be measured with
a formula that relies on counts from the same azimuthal
region,

_ N -RN)
=N @) RN (9) “

This method must account for the relative luminosity
between up and down bunches. The final Ay is determined
with Eq. (3) while the difference between the two methods
is taken as an uncorrelated systematic uncertainty.

C. Background correction

The asymmetry in the signal region must undergo
a purity correction to account for the background
underneath the # meson peak. The presence of a com-
binatorial background in the signal region dilutes the
asymmetry. In contrast, correlated background clusters,
composed primarily of z° decay photons that are recon-
structed in the same cluster due to their small opening
angle (merged 7° clusters), could generate some false
asymmetry in the 7 meson mass window that enhances
the signal Ay. Both effects can be corrected for the
TSSA (Ay) as

peak bkg
_ Ay —rAy

Ay = : (5)

1-r
where 7 = Nyyg/(N, + Nyig) is the fraction of back-
peak .
N 1s the transverse

single-spin asymmetry in the signal region, and A?\,kg is

the transverse single-spin asymmetry in the sideband
mass regions.

The background fraction is determined by fitting the
invariant mass spectra with a gamma distribution back-
ground and Gaussian signal, as seen in Fig. 2. In the MB
data, an additional Gaussian centered at 0.78 GeV/c? was
included in the background fit function to account for the
(782) — 7° +y decay. This w(782) signal does not
appear in the MPC 4-by-4 triggered sample because the
merged 7° and y typically do not have enough energy to
exceed the trigger threshold by themselves and the opening
angle at /s = 200 GeV is such that they rarely are found
in the same 4-by-4 tile. In the MB (MPC-triggered) data,
the background fractions are ~75% (55%). A systematic
uncertainty is taken as the difference between background
fractions from the nominal extraction using a functional fit
and a separate estimation using Gaussian-process regres-
sion [51].

The sideband regions are chosen to be sufficiently far
from the signal region to remove nearly all # — yy pairs but
close enough to the peak to sample a similar composition of
the background under the peak. The low-mass sidebands
are defined at 0.32 < M,, < 0.42 GeV/c? and the high-
mass sidebands are defined at 0.86 < M,, < 0.96 GeV/ c?
(0.76 < M,, < 0.86 GeV/c?) in the MB (MPC-triggered)
data, where the MB high sideband is shifted higher to avoid

ground in the signal region, A
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FIG. 2. Examples of two-photon invariant mass distributions in the MPC at /s = 200 GeV from the 2012 data taking period in
(a) MB and (b) MPC-triggered data. The blue filled regions are used for the # meson-peak asymmetries while the red filled regions are
designated as the sidebands for calculation of the background asymmetries.
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pr bin. The difference in Ay when using the two raw r
asymmetry extraction methods is taken as a systematic and -
ranges from 0.005-0.060. Another systematic uncertainty -0
comes from the difference between background fraction ie et Xp 0 8
estimation when using functional fits and Gaussian-
process regression (< 0.01-0.03). Any remaining system-
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FIG. 3. The xy dependent Ay of forward # mesons from
PHENIX in the 2012 data taking period. The error bars show
the statistical uncertainty and the error boxes show the uncorre-
lated systematic uncertainties added in quadrature. A 3.4% global
polarization scale uncertainty is not shown.

meson TSSA from 2008 [43] and 2012 data. Panel (a) shows the
asymmetry compared to measurements from STAR [5] and
FNAL-E704 [3], and a twist-3 calculation of the initial-state
Sivers-like contribution to the asymmetry [52,53]. Panel
(b) shows the asymmetry compared to previous 7° TSSAs from
PHENIX [6], STAR [40], and FNAL-E704 [2]. The TSSA at
xp <0 is consistent with zero in both 2008 and 2012 (not
shown here).
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TABLE I. The Ay of forward # mesons as a function of x5 at /s = 200 GeV using 2012 PHENIX data, as shown in Fig. 3, and
combined 2008 4 2012 data, as shown in Fig. 4. A global 3.4% polarization scale systematic uncertainty is not included.

Data year xp bin (xp) (pr) [GeV/cl Ay[107%] Oy [1077] Ooyst [1077]
2012 —-0.8 to —=0.7 —-0.736 4278 —184 259 134
—0.7 to —=0.6 —-0.637 3.717 88 91 24
—-0.6 to —=0.5 —-0.543 3.250 20 41 13
—-0.5to =04 —0.448 2.787 35 31 9
—-0.4 to =0.3 —-0.353 2.161 -62 60 34
—0.3 to —0.2 —-0.234 1.374 7 53 17
0.2 to 0.3 0.234 1.374 14 47 5
0.3 t0 0.4 0.353 2.161 38 53 34
0.4 to 0.5 0.448 2.787 75 30 15
0.5 to 0.6 0.543 3.250 143 37 18
0.6 to 0.7 0.637 3.717 185 81 33
0.7 to 0.8 0.736 4.278 360 219 107
2008 4 2012 0.2 to 0.3 0.232 1.358 19 28 5
0.3 t0 0.4 0.357 2311 47 21 13
0.4 to 0.5 0.445 2.708 78 15 14
0.5 to 0.6 0.539 3.134 85 25 13
0.6 to 0.7 0.634 3.608 188 65 26
0.7 to 0.8 0.736 4278 360 219 107

asymmetries away from what could be explained
by their statistical uncertainty. This is accomplished by
randomizing the bunch-by-bunch polarization directions
of the protons and then recalculating Ay. This bunch
shuffling technique removes any knowledge of proton
polarization and should generate asymmetries consistent
with zero. Any artificial shift or unaccounted for sys-
tematic uncertainty can be seen by generating a sample of
10,000 bunch shuffled asymmetries and fitting Ay /6, to
a Gaussian. This Gaussian should follow a standard
normal distribution, N (u =0,6 =1). The resulting
distributions are found to be consistent with g =10
(consistent with no artificial asymmetry shift) for all
xp and py bins. However, all |xz| > 0.4 bins and all p;
bins except for 1.0<pr <15 and 2.0 < pr<
2.5 GeV/c have distributions with widths exceeding
unity by more than twice their fit uncertainty. These
bins are assigned a bunch shuffling systematic uncer-
tainty taken as what is necessary to be added in quad-
rature with the statistical uncertainty to account for this
larger width. The bunch shuffling uncertainties range
from 0.01-0.10.

IV. RESULTS AND DISCUSSION

Figure 3 shows the xp-dependent Ay of forward g
mesons at /s =200 GeV from the 2012 data taking
period. The asymmetry at positive xj increases with xp
up to =35% in the highest x; region above 0.7. The
asymmetry at negative xp is consistent with zero within
0.860 of the statistical uncertainty.

The combined results from 2008 and 2012 PHENIX
data in Fig. 4 provide the most precise measurement of

the forward # meson Ay to date. Both the 2012 asym-
metry from this measurement and combined 2008 +
2012 asymmetry are listed in Table I. Previous Ay
measurements from STAR and FNAL-E704 [3,5] are
consistent with this result in a similar kinematic regime,
as seen in Fig. 4(a). A prediction of the twist-3 initial-
state contribution to the asymmetry [52], utilizing the
Sivers-like correlator from Ref. [53] and the newly
updated collinear # meson fragmentation functions
[54], significantly underestimates the data. Presently, a
prediction for the contribution from the Collins-like
correlator is unavailable for # mesons because of the
lack of SIDIS and e*e™ data to constrain the Collins
TMD FF.

The 5 meson Ay is also compared to the 7°Ay
from PHENIX [6], STAR [40], and FNAL-E704 [2] in
Fig. 4(b). The compatibility of the 5 and 7z°4, seems to
indicate that differences in strange-quark content, iso-
spin, or mass have a limited impact on the generation of
the asymmetry.

The pr-dependent Ay from 2012 data is presented in
Fig. 5(a) and Table II. At positive x, the asymmetry is
nonzero and increasing with p; until ~4 GeV/c at which
point it levels out. At negative xp, the asymmetry is
consistent with zero within statistical uncertainty. The
high-p; behavior is explored further by splitting the
asymmetry into an intermediate-x; (0.2 < xp < 0.6) and
ahigh-xy (0.6 < xp < 0.8) region. As seen in Fig. 5(b), the
asymmetry shows the flattening or potential suppression at
high pr in the high-x region that is expected from twist-3
calculations [36,37,39] and is hinted at in the recent STAR
forward 7° results [8].
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FIG. 5. The py dependent Ay of forward n mesons from
PHENIX 2012 data. The error bars show the statistical uncer-
tainty and the error boxes show the uncorrelated systematic
uncertainties added in quadrature. A 3.4% global polarization
scale uncertainty is not shown. Panel (a) shows A at positive and
negative xy while panel (b) shows Ay at positive x split into
intermediate-x; and high-xj.

V. SUMMARY

The transverse single-spin asymmetries of 7 mesons at
forward rapidity in /s = 200 GeV p' + p collisions have
been measured by the PHENIX collaboration. The TSSAs
are measured as a function of # meson x5 and p;. Previous
measurements of large asymmetries in the forward region
are confirmed with greater precision at high xp. Twist-3
predictions of the TSSA using only the initial-state Sivers-
like correlator do not fully describe these asymmetries and
comparisons between the 7 and 7z° TSSAs indicate that
effects on the asymmetry that could be caused by mass,
isospin, or strange quarks are relatively minor. At high xp
and increasing pr, the 7 meson Ay is consistent with the
flat or decreasing behavior that has been seen in previous
RHIC results and twist-3 predictions of light meson Ay.
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TABLEIL. The Ay of forward 7 mesons from PHENIX 2012 data as a function of p; at /s = 200 GeV, as shown in Fig. 5. A global
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Xp pr bin [GeV/c] {pr) [GeVl/c] (xF) Ay[1073] Caat|107%] gyt [1077]

xp < —02 1.0 to 1.5 1.247 —-0.229 41 71 25
1.5t0 2.0 1.691 —0.264 —81 111 27
2.0to 2.5 2.259 —-0.407 -8 55 9
2510 3.0 2.746 —0.459 39 38 10
3.0to 3.5 3.227 —0.503 —-10 44 25
3.5t0 4.0 3.714 —0.543 -21 62 28
4.0to 4.5 4.209 —0.583 129 116 35
4510 5.0 4.699 -0.625 308 309 110

xp>02 1.0to 1.5 1.247 0.229 —41 62 15
1.5 t0 2.0 1.691 0.264 208 98 37

(Table continued)
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TABLE 1I. (Continued)

Xp pr bin [GeVic] (pr) [GeVic] (xr) Ay[1077] Oya[107] Ooys[107]
20to0 2.5 2.259 0.407 69 49 14
2.51t0 3.0 2.746 0.459 63 40 11
30to0 3.5 3.227 0.503 129 40 42
3.51t0 4.0 3.714 0.543 216 58 19
4.0to 4.5 4.209 0.583 208 101 37
4510 5.0 4.699 0.625 =50 271 93
02 <xr<0.6 20to0 2.5 2.267 0.407 87 51 8
2.5t0 3.0 2.743 0.455 58 40 14
3.0to 3.5 3.222 0.483 126 42 44
3.51t0 4.0 3.708 0.508 202 64 14
4.0to 4.5 4.200 0.534 264 119 85
0.6 <xp <038 2.5t0 3.0 2.888 0.619 115 251 104
3.0to 3.5 3.264 0.640 246 132 44
3.51t0 4.0 3.734 0.656 273 133 44
4.0 to 4.5 4.224 0.666 146 188 87
4510 5.0 4.716 0.671 —239 326 298
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