Suplemento de la Revista Mexicana de Fisica 3 040908 (2022) 1-10

PHENIX Spin Physics Overview

Dillon S. Fitzgerald't*
1 University of Michigan, Ann Arbor, MI, USA
1 On behalf of the PHENIX collaboration
* dillfitz @umich.edu

Received 3 July 2022; accepted 15 September 2022

Understanding the spin structure of the proton is of large interest to the nuclear physics community and it is one of the main goals of the
spin physics program at the Relativistic Heavy Ion Collider (RHIC). Measurements from data taken by the PHENIX detector with transverse
(" + p, pT + Al, p" + Au) and longitudinal (P’ + p) proton polarization play an important role in this, in particular due to the leading
order access to gluons in polarized protons. This is a crucially important counterpart to measurements made in lepton-hadron scattering

experiments where gluons are not accessible at leading order. Transverse spin asymmetries provide insight into initial and final-state spin-

momentum and spin-spin parton-hadron correlations, while longitudinal spin asymmetries provide access to parton polarization. A number
of important recent PHENIX results and ongoing analyses will be presented, along with a discussion of how these measurements contribute

to our understanding of proton spin structure.

Keywords: PHENIX, spin physics, spin asymmetries, longitudinal double-spin asymmetries, transverse single-spin asymmetries, direct
photons, heavy flavor, charged pions, neutral mesons, jets, neutrons, gluon helicity, trigluon correlators

1 Introduction

In the past few decades, we have vastly improved our under-
standing of proton structure from a naive picture where va-
lence quarks carry all of the proton spin, to a much more com-
plex picture involving spin and orbital angular momentum of
constituent quarks and gluons. Collisions involving longitu-
dinally polarized protons provide sensitivity to partonic spin
contributions to the proton spin, while collisions involving
transversely polarized protons allow for access to correlations
between spin and orbital motion of partons with the proton
spin. Figure[T|shows a table of transverse momentum depen-
dent parton distribution functions (TMD PDFs), where the
column and row headings represent nucleon and quark polar-
ization respectively, and the diagonal elements highlighted in
yellow survive integration over the partonic transverse mo-
mentum (k7), including the familiar unpolarized PDFs, and
the helicity distributions that provide access to partonic spin
contributions.
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FIGURE 1. Table of TMD PDFs sorted by quark and nucleon polar-
ization with k7 integrated distributions highlighted in yellow

1.1 Longitudinal Spin

The origin of the total proton spin s = 1/2 in terms of par-
tonic contributions is of great interest and still under much
investigation — it has been dubbed "the proton spin puz-

zle". Equation [I]shows the proton spin decomposed in terms
of contributions from spin and angular momentum of quarks
and gluons.
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Agq, g represents the quark and gluon helicity respectively,
while L, , represents the orbital angular momentum of
quarks and gluons respectively. Agq is well constrained from
lepton-hadron scattering experiments [[143]], while data from
RHIC, the world’s first and only polarized proton collider,
allows for leading order access to gluons within polarized
protons and significantly improved constraints on Ag. Fig-
ure [2] shows a fit including /s = 200 GeV p + p data
from RHIC taken in 2009 with significant improvements to
the constraints on Ag, with evidence that it is positive for
x > 0.05 [4]. Many measurements with a much larger dataset
at /s = 510 GeV p'+ p'have since been published, allowing
for an even more precise determination of Ag, and bringing
us one step closer to solving the proton spin puzzle.
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FIGURE 2. Moments of Ag in various regions of x, with the DSSV
fit results, DSSV* fit results with the 90% confidence level (CL) re-
gion indicated by the green shaded area, and new fit results from [4]]
with the 90% CL region indicated by the blue shaded area
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Longitudinal double-spin asymmetry measurements al-
low for access to parton helicity functions, and their contri-
butions to the proton spin. They are defined as in Equation[2]
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with o7+~ representing the helicity-dependent cross-
section of a particular reaction with ++ denoting protons
colliding the same (positive) helicity, and +— denoting the
case where the protons have opposite helicity. The helicity-
dependent cross-section difference in the numerator of Equa-
tion 2] can be expressed as shown in Equation 3]
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Here Af,/4 and A fy, g are helicity distributions for par-
tons within protons, and o, is the partonic cross-section.
Equations [2| and |3| show that longitudinal double-spin asym-
metries provide direct access to parton helicity distributions.

1.2 Transverse Spin

The rich structure of protons gives rise to a number of spin-
momentum and spin-spin correlations between the proton
spin and the spin and momentum of the constituent partons,
analogous to those in atomic systems. These correlations
manifest experimentally via azimuthal modulations of pro-
duced and measured particles, and are accessible through
measurements called transverse single-spin asymmetries, de-
fined in Equation 4]

o1 (¢) — o*(¢)
o1(¢) +o4(9)

oT¥(¢) are ¢ dependent cross-sections for different spin ori-
entations, and cos ¢ = sin(@per — @) for ¢pe = £7/2, cor-
responding to 1 and | spin orientations. Calculations based
on perturbative QCD (pQCD) in [5] predict negligible con-
tributions to TSSAs (<1%). While recent calculations sug-
gest the possibility of some pQCD contributions [6], the large
TSSAs seen in Figure [3| for 7+ measured as a function of
xp = 2pz/+/$ at various facilities [7H11]] and collision ener-
gies must arise from the nonpeturbative parts of the calcula-
tion.
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FIGURE 3. An(zF) for forward Tt production measured at vari-
ous collision energies of polarized proton-proton collisions [|8H11]]

Transverse single-spin asymmetry measurements have
since gained a lot of attention as a means of characterizing

the proton in terms of more than just the longitudinal momen-
tum fraction of partons, and as a driving force in looking be-
yond leading twist to power-suppressed terms in the collinear
factorization expansion (suppressed by 1/Q"~2 for twist-n).
This has led to the development of two theoretical frame-
works for describing observed TSSA measurements, one
with explicit dependence on the transverse momentum kg of
partons within hadrons, where standard collinear parton dis-
tribution functions (PDFs) and fragmentation functions (FFs)
are replaced with transverse-momentum-dependent (TMD)
functions, and the other considering the effect of looking
beyond leading twist (i.e. twist-2). To access TMD func-
tions experimentally, both a soft scale kp sensitive to partonic
transverse momentum in the proton or process of hadroniza-
tion and a hard-scattering energy scale () are required, with
@ > kp, while the higher twist formalism requires only a
hard scale (). The TSSA measurements presented in this
note are shown as a function of pr of the produced parti-
cle, which we take as a proxy for (). These measurements
are therefore more relevant for constraining models within
the higher twist formalism. However, unification of the two
frameworks has been demonstrated, showing that twist-3 cor-
relators are related to k7 moments of the corresponding TMD
PDFs [12]|. At twist-3, quantum interference between stan-
dard 2 — 2 QCD processes and those involving an ex-
tra gluon must be considered. This introduces additional
terms to cross-section calculations that encode the interfer-
ence in twist-3 correlation functions convoluted with stan-
dard collinear PDFs and FFs, with additional terms for every
colliding or produced hadron. This is shown in Equation|5]for
A N(pl + pp — ho + X) where h is particular final-state
hadron.

AN x Z ¢S’/)A(1?175E27 51)® ¢p/p(2") ®6 ® Deso(2)

a,b,c

+ ) 00asa(@,51) ® ¢7p(a1,75) © 6 @ Deso(2) (5

a,b,c

+ 37 00a/a(2,51) @ duy5(2)) © 6" @ D) (21, 22)

a,b,c

Terms with a superscript (3) correspond to a twist-3
correlation functions, the rest are at leading twist (twist-2).
The lower case subscripts represent the parton type while
the uppercase subscripts represent the parent hadron. ¢
and D denote PDFs and FFs respectively, and dq,,, x (,51)
is the transversity distribution, a spin-spin correlation
of transversely polarized quarks in transversely polarized
hadrons [13]]. The twist-3 correlators have more intuitive
physical meaning through their relation to corresponding
TMD PDFs [[12,|{14416]]. The choice of the final-state par-
ticle affects the sensitivity to different production channels
and therefore the constraining power on twist-3 correlators
of different parton types. In particular, the leading order ac-
cess to gluons allows for constraints to be placed on trigluon
correlation functions within polarized protons, related to the
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gluon Sivers TMD. For example, heavy flavor production is
dominated by gluon-gluon fusion at RHIC, and gluons do not
have a transversity distribution in spin 1/2 nucleons, provid-
ing heightened sensitivity to the first term in Equation[3] and
therefore the twist-3 trigluon correlation functions. Direct
photons also provide clean access to constrain the trigluon
correlation functions, as there are no fragmentation effects at
leading order, and hence the third term in Equation[5]vanishes
for this channel.

2 Apparatus

The Relativistic Heavy Ion Collider is the world’s first polar-
ized proton collider, allowing for spin physics measurements
with leading order access to gluons at collider energies. The
RHIC spin physics program complements existing lepton-
hadron scattering experiments in its ability to constrain gluon
helicity, twist-3 trigluon correlations, and gluon TMD PDFs.
Figure[]is a table of RHIC runs from 2006 to 2015 with the
polarization fraction and the recorded luminosity displayed
for both PHENIX and STAR for longitudinally and trans-
versely polarized collisions. The blue box around the 2013
and 2015 runs indicates the datasets used for the majority

panel. The central arm spectrometer has an acceptance of
[n] < 0.35 and A¢ = 0.5 per arm, and is comprised of
drift and pad chambers for tracking and momentum measure-
ments, a Ring-Imaging Cherenkov (RICH) detector for parti-
cle identification with e/7 separation up to 4.9 GeV/c, elec-
tromagnetic calorimeters for measuring energy deposits with
triggers used to select e*, 7+, and +, and hit patterns mea-
sured by layers of the silicon vertex detector (VTX) which
are useful for removing conversion electrons. All of this
provides detection capabilities for several particles including
7%, e*, v, 70, n, and jets. The forward detectors are com-
prised of the muon arms, forward VTX detectors (FVTX),
muon piston calorimeters (MPC), and the far forward zero
degree calorimeters (ZDC). The forward detection system is
capable of measuring particles including p*,n, 7%, 7. Fi-
nally, the beam beam counter is an event characterization
detector used to measure the integrated luminosity, and the
RHIC polarimeters are used to measure the beam polariza-
tion fraction. More information about the PHENIX detector
can be found in the following reference [[17].

2012 PHENIX Detector
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of the measurements in this note — the 2013 run was the
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larized proton collisions at RHIC, with 60 pb~! of recorded n
. . .. b2
luminosity at PHENIX. In addition, the 2015 RHIC datasets wmpe (BIVTX 2
for transversely polarized proton collisions with aluminum
and gold are the only of their kind, allowing for some incred- /
ibly unique measurements, some of which are presented in ToF-E
this note. West Beam View East B
RPC RPC3
__\%%5 Central Magnet V"'f-
Year Vs Recorded Luminosity for Recorded Luminosity for  <P> Ay, cntas aghe &
(GeV) longitudinally / transverse longitudinally / transverse in % I %df \“J‘
polarized p+p polarized p+p @% ‘yﬁ'
STAR PHENIX 4
2006 (624 —-pb’ /0.2 pb” 0.08 pb”' / 0.02 pb™ 48 .
\200 6.8pb" /8.5 pb” 7.5pb /2.7 pb” 57 - M]:‘r:
2008 (229,> ~ TR ~ P 3= mCsoun |50 M & ZDC North
2009 200 25pb’ / —-pb” 16 pb” /--pb’" 55 = m = H = =
500 10 pb™ / — pb 14pb” / - pb”! 39 MulD| FIVTX MulD
2011 500 12pb'/25pb* 18 pb'/--pb* 48 o
i 1 i 4 " = MuTr
2012 \i‘?‘g) --pb” /22 pb —-pb” /9.7 pb 61/56
82pb'/--pb”! 32pb’/--pb’ 50/53
2013 510 300 pb" / —-pb" 155 pb'/ -~ pb™! 51/52
2013 @ el e s A South Side View North
2015 C200 p Au total delivered Luminosity = 1.27 pb-! 60 [ Bsmo 60
2015 (200 p Al total delivered Luminosity = 3.97 pb! 54 T

(_) = Transversely polarized

FIGURE 4. Table of RHIC runs sorted by running year, collision
energy, recorded luminosity for longitudinally and transversely po-
larized runs for PHENIX and STAR, and polarization fraction. The
blue outline indicates the largest polarized p+p datasets from RHIC,
measurements from which are presented in this note

Figure [5] shows the PHENIX detector as configured in
2012-2016, with the central arm spectrometers shown in the
top panel, and the forward/backward detectors in the bottom

FIGURE 5. The PHENIX detector configuration in 2012 (relevant
for the 2013 and 2015 data taking), showing the central arm spec-
trometers in the top panel and the forward/backward detectors in the
bottom panel

3 Results

The results shown include Ay measurements for midrapid-
ity 7, direct v, and jets at /s = 510 GeV, and Ay measure-
ments for midrapidity 7°, 7, heavy flavor decay e* and for-
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ward 1, n, and unidentified charged hadrons at /s = 200
GeV. Figures [6] and [7] show the partonic subprocess fractions
from simulation for pions and jets 18] respectively, with the
solid lines representing /s = 200 GeV and /s = 510 GeV.
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FIGURE 6. Partonic subprocesses fraction for midrapidity 7° pro-
duction, with the solid and dashed lines representing /s = 200 and
500 GeV respectively
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FIGURE 7. Partonic subprocesses fraction for anti-kr jets with
R=0.6 at midrapidity from Ref. [[18]], with the solid and dashed lines
representing /s = 200 and 500 GeV respectively

Both figures indicate that for these production channels,
2 — 2 processes involving gluons dominate below 20 GeV/,
with quark-gluon scattering dominating in the region 5 — 20
GeV. In addition, direct photons are dominantly produced
via the quark-gluon Compton scattering process, and heavy
flavor hadrons are dominantly produced from gluon-gluon fu-
sion.

3.1 Longitudinal Spin

Figures([8and[Q]are the longitudinal double-spin asymmetries
for midrapidity charged pions with /s = 510 GeV plotted
as a function of pr and xr = 2pr/\/s respectively [19].
Figure (8| shows the 7+ plotted as blue squares, the 7~ as
red circles, and the 70, measured in [20], as black circles.
The DSSV fits from [4]] are plotted alongside the data with
with long, short, and medium length dashes for 7%, 7~, and
79 respectively, and with the same color coding as the data

points (blue, red, and black respectively). Figure [§] shows
consistency amongst each respective pion type (7+, 7%) and
the corresponding DSSV14 fit. Figure 0] shows the double-
spin asymmetry plotted as a function of x1 with a measured
xp range corresponding to 0.04  xp < 0.09. Blue squares
and red circles are used again for 7+ and 7~ for this measure-
ment, in addition to purple upward triangles for 7+ and black
downward triangles for 7w~ for a previous PHENIX measure-
ment at /s = 200 GeV [21]], where a significant increase of
precision was achieved in a complementary region of xr.
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FIGURE 8. Longitudinal double-spin asymmetry measured as a
function of pr for midrapidity ot production at /s = 510
GeV [19] (blue squares/red circles) plotted alongside DSSV14
fits [4]] and the 7° results from [20] (black open squares)
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FIGURE 9. Longitudinal double-spin asymmetry measured as a
function of xr for midrapidity 7% production at /s = 510
GeV [19] (blue squares/red circles) plotted alongside previous
Vs = 200 GeV 7t results from Ref. [21]] (upward purple trian-
gles/downward black triangles)

Figure [T0] shows Ay, for midrapidity jets as a function
of pr with /s = 510 GeV in black circles, reconstructed
with a radius parameter of R = 0.3 using the anti-kr algo-
rithm, plotted alongside NLO + In R theoretical predictions
from Kang and Ringer taking into account DSSV 14 fits, and
a measurement of jet Ay, from STAR at /s = 510 GeV in
red circles, reconstructed with a radius parameter of R = 0.6.
This PHENIX preliminary measurement is consistent with
both the measurement from STAR and the theoretical predic-
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tions from Kang and Ringer. It should be noted that a rather
small radius parameter of R = 0.3 is used due to the accep-
tance of the PHENIX central arm spectrometer || < 0.35,
and that the bins are correlated from the unfolding procedure.
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FIGURE 10. Longitudinal double-spin asymmetry as a function of
pr for midrapidity anti-kr jets with R = 0.3 at /s = 510 GeV
(black points) plotted alongside a midrapidity STAR anti-kr jet
Apr, measurement with R = 0.6 (red points) and theoretical pre-
dictions from Kang and Ringer

Figure [T1] shows the midrapidity direct photon Ay, as
a function of pr measured at /s = 510 GeV [22]]. This
is the first longitudinal double-spin asymmetry measurement
for direct photons to date. The dominant production mecha-
nism for direct photons with pr > 5 GeV/c is quark-gluon
Compton scattering gg — ¢y, which is free from final-state
fragmentation effects, allowing for direct access to helicity
distributions in the colliding protons. To access direct pho-
tons experimentally, an isolation criteria is applied in a cone
around the ~ to remove background from hadronic decays.
This observable is sensitive to both the sign and magnitude of
Ag for direct photon production, and was therefore proposed
to be a golden channel for accessing gluonic spin contribu-
tions in the 1992 RHIC-spin proposal [23}[24].
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FIGURE 11. Longitudinal double-spin asymmetry measured as a
function of pr for midrapidity direct v production at /s = 510
GeV [22], plotted alongside fits from DSSV14

Each of the measurements presented in this section will
contribute significantly to future fits in determining Ag. Fig-
ure 2] showed significant improvement on the constraints of
Ag from inclusion of the /s = 200 GeV 2009 RHIC data.
The /s = 510 GeV 2013 RHIC data has roughly an order of
magnitude more recorded luminosity. The charged pion Ay,
was published in 2020, while the direct photon Ay, has been
submitted to PRL, and the jet Ay is a PHENIX preliminary
result. All of these measurements can soon be included into
future fits for extracting Ag with more stringent constraints
than ever before.

3.2 Transverse Spin

Figure [T2] shows the transverse single-spin asymmetry Ay
as a function of pp for midrapidity 7~ in red circles and
7T in blue triangles with /s = 200 GeV from Ref. [23],
plotted alongside the TSSA for 7° at /s = 200 GeV from
Ref. [26], and theoretical predictions considering contribu-
tions from twist-3 quark gluon quark (ggq) correlation func-
tions from Cammarota, et al. These are the first results of
midrapidity charged pion Ay from PHENIX. They are con-
sistent with zero and the 7° results, but there is an indication
that 7% behave differently as a function of pr, exhibiting a
potential flavor, similarly to the theoretical calculations.
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p.oz = 3.4% Polarization scale uncertainty not shown
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FIGURE 12. Transverse single-spin asymmetry as a function of pr
for midrapidity ot production at /s = 200 GeV (blue trian-
gles/red circles) from Ref. [25]], plotted alongside the 7° results
from Ref. [26] (black open squares), and theoretical predictions
taking into account contributions from twist-3 qgq correlators from
Cammarota et al

Figure[T3|shows A as a function of py for midrapidity
neutral pions in blue circles and midrapidity eta mesons in red
squares with /s = 200 GeV from Ref. [26]. Both 7° and 7
results have a higher reach in pr, and a factor of 3 increase
in statistical precision compared with previous PHENIX re-
sults [[27]], and both are consistent with zero. FigurelEl shows
the 7° A result again in blue circles plotted alongside the-
oretical predictions for twist-3 qgq correlator contributions,
and from the Generalized Parton Model (GPM) [28]]. This
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result is useful in constraining the twist-3 trigluon correlation
functions [29]], as well as the gluon Sivers TMD function in
the GPM [28]], while the eta result in particular is sensitive to
strangeness effects in twist-3 correlation functions.

0.0a PHENIX p' + p, s = 200 GeV, [n|<0.35
. pl+p o+ X
[ =pl+p—om +X
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FIGURE 13. Transverse single-spin asymmetry as a function of pr
for midrapidity 7° and 7 production at /s = 200 GeV from
Ref. [26] plotted with blue circles and red squares respectively

[ p'+p — 1+ X, Vs=200 GeV, |n|<0.35
I e p———
0.011  opocay PHENIX
I —0.001 N
= C 2 ZE 4
< 0 e -.-%.., e M T T e
L ey qgq Contribution
| =—=—GPM
001} - CGI-GPM Scenario 1 .
i CGI-GPM Scenario 2

5 4 6 8 10 12 14
pT[GeV/c]

FIGURE 14. Transverse single-spin asymmetry for midrapidity 7°
production from Figure[[3]plotted alongside several theoretical pre-
dictions, including those in the GPM from Ref. [28§]]

The midrapidity direct photon Ay (pr) with /s = 200
GeV from Ref. [30] is shown in Figure E] in black cir-
cles, plotted alongside theoretical predictions for contribu-
tions from twist-3 ggq and trigluon ggg correlators. It is the
first midrapidity direct photon TSSA measurement at RHIC,
with a 50 fold improvement in precision with respect to the
only previous measurement for this observable carried out
by the Fermilab E704 experiment [31]. The measurement is
consistent with zero in the measured p7 range within ~ 2%.
As mentioned before, direct photon production is an excel-
lent channel for accessing gluons in the initial state, due to
the lack of final-state fragmentation effects and quark-gluon
Compton scattering being the dominant production mecha-
nism. Direct v Ay is therefore an excellent observable for
constraining the trigluon correlation functions [32].
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FIGURE 15. Transverse single-spin asymmetry as a function of pr
for direct  production at /s = 200 GeV [30], plotted alongside
several theoretical predictions considering contributions from ggq
correlators, and from trigluon correlators [32]

Figure [T6] shows the midrapidity open heavy flavor de-
cay e TSSA as a function of pr with /s = 200 GeV
from Ref. [33]] (e* in red circles, e~ in blue squares), which
has been submitted to PRL. The data is plotted alongside
theoretical predictions from [34,[35] for model parameters
that best fit the e™ and e~ TSSA data simultaneously. The
model parameters (s, \y) correspond to normalization pa-
rameters of the antisymmetric and symmetric trigluon corre-
lators to the unpolarized gluon PDF (g(x)) respectively [34],
while similarly, K and K, correspond to normalization
parameters of both trigluon correlators to the unpolarized
gluon PDF from Ref. [35], each with separate functional
dependence on z in the normalization to g(z). In mod-
els with Ax(Af, Aq) and An(K(;), the model parameters
that fit the data best yield predictions for Ay with oppo-
site signs for the separate charges. The data for e™ and e~
are consistent with zero, as well as with the theory curves
with best-fit model parameters. The best-fit model parame-
ters are determined by performing scans in parameter space,
and calculating _A’]\Vf’Ad (pr), AXC(pr), and A]I\{,G (pr) for
D — et and D — e~ separately. The results are com-
pared to data in each pr bin for each parameter value,
and x*(Ar, Aa) = X2+ (A, Aa) + X2 (Mg, Aa), X (Ke) =
Xor (Ka)+x2- (Kg), and X*(Kg) = x21 (Kg)+x2- (Kg)
distributions are calculated, from which the minimum values
are used to determine the best-fit model parameters. The re-
sults of the scan for (A;, A\4) are shown in Figure (17| where
AXZi(Af, Ad) = X2 (Mg, Aa) — XZimin distributions are
shown for e in panel (a) and e~ in panel (b), while panel
(c) depicts the the values of (A s, A4) that correspond to X2 ;..
for both charges combined as well as 1, 2, and 3 o confidence
level regions, calculated as Ax? < n? forn = 1,2, and 3.
This gives 1o confidence intervals of (A; = —0.01 £ 0.03
GeV, A\; = 0.11 £ 0.11 GeV). A similar procedure is per-
formed for K¢ and K, yielding K¢ = 0.000675-001% and
K{, = 0.00025 £ 0.00025. This represents the first set of
experimental constraints for the normalization parameters of
trigluon correlators to the unpolarized gluon PDF.
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FIGURE 16. Transverse single-spin asymmetry as a function of pr
for midrapidity heavy flavor et production at /s = 200 GeV
(red circles/blue squares) plotted alongside theoretical predictions
of from Refs. [34][33] for best-fit trigluon correlator normalization
parameters (solid, dashed, and dotted red/blue lines)
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FIGURE 17. Results of the statistical analysis performed to extract
best-fit model parameters Ay and A\q by comparing data to the-
ory . X2(Af, Ad) — XZin is shown for (a) eT, and (b) e™. (c):
1, 2, and 30 confidence level regions, X2(A\f, Ad) — XZin < 12
(n=1,2,3)

Figure [T8]depicts the open heavy flavor decay muon Ay
with /s = 200 GeV from Ref. plotted as a function
of pr in the left panels and = in the right panels. The top
panels show results for 11~ in blue and red circles, while the
bottom show results for ;7 in blue and red squares, and in
each panel, the points with xp < 0 (backward rapidity) are
plotted in blue on the left while the points with xp > 0
(forward rapidity) are plotted in red on the right. In each
panel, the data is plotted alongside theoretical predictions

from Ref. with two phenomenological models (solid and
dashed black curves) including contributions from trigluon
correlation functions — these correspond to model parame-
ters K and K (; constrained by the new heavy flavor electron
result [33]]. This measurement was performed using the 2012
PHENIX dataset, and a follow up measurement is planned for
the 2015 dataset with ~ 6.5 times the integrated luminosity.
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FIGURE 18. Transverse single-spin asymmetry as a function of pr
(left panels) and xr (right panels) for forward 1~ (top panels) and
p ™ (bottom panels) production at 1/s = 200 GeV from Ref. ,
plotted alongside theoretical predictions considerting contributions

from ggg correlators

The forward positively charged hadron Ay (¢) measured
at \/syy = 200 GeV in p' + p, p' + Al, and p" + Au
collisions from Ref. is shown in Figure [T9] This mea-
surement includes 7 /K™ /p with proportions of roughly
0.45/0.47/0.05. A clear suppression of the amplitude Ay
can be seen in collisions with heavier nuclei. This suppres-
sion can be seen again in Figure[20|with Ay plotted as a func-
tion of the cube root of mass-number A in the left panel and
N C’X]g in the right panel. While the data is consistent with an
A3 suppression predicted in models with gluon saturation
effects [38]/39], it is important to note that the average pr for
this measurement is above the expected saturation scale for
Au.

04} p'+p = h*+X | p'+Al =/ h*+X | p'+Au — h*+X]
§Z 0 M\’*& W?i?/ﬁﬂ‘?iﬁi Hgméh ¢¢5?+?
9

< PHENIX
q 1 {sw=200GeV { ]
0.1 (@) 0.1<x,<0.2 (b) (©
832401238240 12838210123

O (rad) 0 (rad) O (rad)

FIGURE 19. Transverse single-spin asymmetry measured as a func-
tion of ¢ for forward positively charged hadron production in
VNN = 200 GeV p' +p,p" + Al, and p' + Au collisions
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FIGURE 20. Transverse single-spin asymmetry measured as a func-

tion of the cube root of mass number A (left panel) and Ng‘,’,g

for forward positively charged hadrons in \/syy = 200 GeV
pt+p,p" + Al and p" + Au collisions [37]]

Figures [21] and [22] depict very forward TSSA measure-
ments as a function of ppr and zy for neutrons in p' + p,
p' + Al, and p' + Au collisions at \/syy = 200 GeV
from Ref. [40] for beam-beam-counter(BBC) tagged events
dominated by hadronic interactions, and BBC vetoed events
(with little activity in the BBC) that show an enhancement
of ultra peripheral collisions (UPC) respectively. In both fig-
ures, the blue triangles are for pT + p collisions, the green
squares are for 10T + Al collisions, and the red circles for
p' + Aw collisions. Each panel is plotted as a function of pr,
while the individual panels represent different x z bins. The-
oretical predictions provided by Mitsuka [41,/42]] with contri-
butions from UPC and one pion exchange (OPE) processes
are plotted alongside the data for each collision system (with
the same color coding). The asymmetries tend to be nega-
tive in the BBC tagged case for each collision system, but
in the BBC vetoed case, the asymmetries tend to be positive
and grow quite large due to the enhancement in UPC, which
can be seen by the increase in magnitude of Ay for colli-
sions with successively heavier nuclei. While the asymme-
tries agree qualitatively with the theory curves, there are still
fairly large discrepancies in various regions of pr and z .
PHENIX )

®) £ 40 meaneston som

4% Polarization seale
£ uncertainty not shown
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FIGURE 21. Transverse single-spin asymmetry measured as a func-
tion of pr (horizontal axis) and zr (4 panels) for forward neutron
production in \/syn = 200 GeV p' + p (blue triangles), p' + Al
(green squares), and p' 4+ Au (red circles) collisions [40] for BBC
tagged events, with an enhancement in hadronic interactions, plot-
ted along side theory predictions from Mitsuka with contributions
from UPC and OPE interactions from Ref. [41] based on Ref. [42]]

PHENIX

040<x, <055 | BBC Velo 0.5 <x, <0.70
(b)

[ s=200Gev, 1568
$ £ 3.4 % Polarization scale
[ uncertainty not shawn
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FIGURE 22. Transverse single-spin asymmetry measured as a func-
tion of pr (horizontal axis) and xr (4 panels) for forward neutron
production in /sy n = 200 GeV p" + p (blue triangles), p' + Al
(green squares), and p' 4+ Au (red circles) collisions [40] for BBC
vetoed events, with an enhancement in UPC as the atomic number Z
increases, plotted along side theory predictions from Mitsuka with
contributions from UPC and OPE interactions from Ref. [41]], based
on Ref. [42]

All of the TSSA measurements at PHENIX presented
in this note contribute significantly to our understanding of
transverse spin physics and polarized proton structure. From
multiple measurements with the ability to constrain the pre-
viously unconstrained trigluon correlation functions, to mea-
surements on the incredibly unique p" 4 A datasets that con-
tinue to yield surprising results and new insights.

4 Conclusions

In conclusion, the PHENIX spin physics program continues
to provide insight into many remaining mysteries in QCD,
from the gluonic contributions to the proton spin, to devel-
oping a clearer picture of the theoretical origins of observed
TSSAs. The polarized proton collision datasets at RHIC are a
crucial complement to lepton-hadron scattering experiments
due to the leading order access to gluons, as the gluonic po-
larized PDFs are not as well constrained as their quark coun-
terparts. Inclusion of the measurements presented in this note
in global fits will play a key role in constraining gluon helic-
ity, and twist-3 trigluon correlation functions, significantly
improving our understanding of gluon dyanmics in polar-
ized protons. In addition, measurements from the incredi-
bly unique polarized pT + A data provide an opportunity to
pin down the underlying mechanisms behind TSSAs and how
they are affected in the presence of cold nuclear matter.
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