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Overview of PHENIX cold QCD results

• Gluon polarization - Longitudinal double spin 
asymmetry !""
• Direct photon #
• Jets 

• Nucleon-parton spin-momentum correlation 
- Transverse single spin asymmetry !$
• Direct photon
• %& , ' and %±
• Open heavy flavor 

• Forward neutron !$ in ) + ) and ) + A.
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Relativistic Heavy Ion Collider

• Located at Brookhaven National Laboratory in Long Island, NY.
• World’s only polarized synchrotron collider.  
• Spin patterns are predetermined for each bunch. 

3

PHENIX
was here 
taking data 
until 2016 STAR

polarized p+p
running in 2022 
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The PHENIX detector
• Central Arm detectors 

• |"|<0.35, 2×$
% coverage for &

• EMCal, RICH, DC and PC

• Forward Arm detectors
• 1.2 < " < 2.2
• MPC, FVTX, MuID, MuTr

• Luminosity counters            
BBC (3<|"| <3.9), ZDC (">6.8)
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• In 80’s, polarized DIS data showed ∆Σ
contribution to proton spin was only 30%.

• Polarized gluon PDF can be directly accessed 
via #$$ measurements in &⃗ + &⃗ collisions. 

• RHIC kinematics for jets and hadrons -
dominated by (( and )( at low * ; their 
#$$‘s sensitive to gluon polarization.  
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Longitudinal Double Spin Asymmetry
#$$ ≡ ,--.,-/

,--0,-/ ,
+ + + − ∶ same-sign (opposite-sign) incoming proton helicity

Introduction

2N. Lukow RHIC/AGS Annual Users Meeting, 22-23 October 2020

• “What is the nature of the spin of the proton?”

• “How can we describe the multidimensional landscape of 

nucleons and nuclei?”

• “What is the nature of the initial state in nuclear 

collisions?”

arxiv: 1602.03922

The goal of the RHIC Cold QCD program is to address several overarching questions:

J5 =
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2∆Σ + ∆9 + L
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Figure 2-3: Relative contributions of different partonic subprocesses contributing to inclusive π0 (left panel) and jet 
production (right panel) as a function of xT. Only minor differences can be seen when going from √s=200 GeV to 500 
GeV. At low xT  gluon-gluon scattering dominates, followed by quark-gluon scattering at higher xT.  At very high xT, 
quark-quark scattering eventually becomes the dominant production channel.  

 
Questions about the nature of the nucleon spin and the transverse momentum and spatial structure of 

partons in the nucleon have also manifested themselves in the Nuclear Physics performance milestones 
from DOE. Table 2-1 lists the current Nuclear Physics performance milestones related to the RHIC p+p 
physics program. In the following sections we will describe how these questions have been and will be ad-
dressed by the RHIC spin physics program in the next years.  

 
Year # Milestone 
2013 HP8 Measure flavor-identified  and  contributions to the spin of the proton 

via the longitudinal-spin asymmetries of W production  
2013 HP12 

(update of  
HP1 met in 
2008) 

Utilize polarized proton collisions at center of mass energies of 200 and 500 GeV, in 
combination with global QCD analyses, to determine if gluons have appreciable po-
larization over any range of momentum fraction between 1 and 30% of the momen-
tum of a polarized proton. 

2015 HP13 
(new) 

Test unique QCD predictions for relations between single-transverse spin phenomena 
in p-p scattering and those observed in deep –inelastic lepton scattering 

 
Table 2-1: Current nuclear physics performance milestones related to the RHIC p+p physics program. 
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We report the first measurement of the inclusive jet and the dijet longitudinal double-spin asymmetries,
ALL, at midrapidity in polarized pp collisions at a center-of-mass energy

ffiffiffi
s

p
¼ 510 GeV. The inclusive jet

ALL measurement is sensitive to the gluon helicity distribution down to a gluon momentum fraction of
x ≈ 0.015, while the dijet measurements, separated into four jet-pair topologies, provide constraints on the
x dependence of the gluon polarization. Both results are consistent with previous measurements made atffiffiffi
s

p
¼ 200 GeV in the overlapping kinematic region, x > 0.05, and show good agreement with predictions

from recent next-to-leading order global analyses.

DOI: 10.1103/PhysRevD.100.052005

I. INTRODUCTION

The proton consists of quarks and antiquarks, bound by
gluons. The gluons provide about half of the momentum of
the proton (see e.g., [1]), and their interactions provide
most of the mass [2,3]. Nonetheless, we know very little
about the role that gluons play in determining the funda-
mental proton quantum numbers, such as its spin.
The spin program at the Relativistic Heavy Ion Collider

(RHIC) has made significant progress toward addressing
the question of howmuch, if at all, gluon spins contribute to
the spin of the proton. The STAR and PHENIX collabo-
rations have performed a sequence of measurements of
the longitudinal double-spin asymmetry, ALL, for inclusive
jet [4–7] and pion [8–12] production. The results have
been incorporated, along with inclusive and semi-inclusive
lepton-proton scattering data, into the recent DSSV14 [13]
and NNPDFpol1.1 [14] next-to-leading order (NLO) per-
turbative QCD global analyses. These extractions of the
helicity parton distribution functions (PDFs) indicate that,
at momentum transfer scale of Q2 ¼ 10 ðGeV=cÞ2 and for
momentum fractions x > 0.05 that are sampled by the
included RHIC data, gluon spins contribute approximately
40% of the total proton spin.
RHIC data provide direct, leading-order sensitivity to

gluon polarization because hard scattering processes at
RHIC energies are dominated by gluon-gluon and quark-
gluon scattering, as shown in Fig. 1. In contrast, polarized
lepton scattering data constrain the gluon polarization
indirectly, via Q2 evolution effects. There have been two
recent global analyses [15,16] that only included lepton
scattering data in their fits. These fits also find substantial
gluon polarization in the region x > 0.05, albeit with
larger uncertainties than those of [13,14]. Recently, the
first lattice QCD calculation of the full first moment of the
gluon helicity distribution Δgðx;Q2Þ has been calculated to

be ΔGðQ2Þ ¼
R
1
0 Δgðx;Q2Þdx ¼ 0.251$ 0.047ðstat:Þ $

0.016ðsyst:Þ at Q2 ¼ 10 ðGeV=cÞ2 [17]. In addition, the
small-x asymptotic behavior of ΔgðxÞ has been derived in
the large-Nc limit [18], although the x range where the
asymptotic limit is applicable is not yet clear.
While the DSSV14 and NNPDFpol1.1 analyses are in

good agreement for the kinematic region x > 0.05 where
the included data from RHIC on inclusive jet and neutral
pion production at

ffiffiffi
s

p
¼ 200 GeV are most sensitive, the

extrapolations over smaller x and their associated errors are
markedly different. For example, at x ¼ 10−3, the quoted
gluon polarization uncertainty in NNPDFpol1.1 is twice as
large as that for DSSV14. These extrapolations are needed
to determine the full first moment of the gluon helicity
distribution. Complementary measurements are thus
required both to extend the sensitivity to smaller x and
better to resolve the x dependence of Δgðx;Q2Þ.
The inclusive jet and the dijet longitudinal double-spin

asymmetries presented in this paper will help address both
issues. The data for these measurements were collected
from

ffiffiffi
s

p
¼ 510 GeV polarized pp collisions during the

2012 RHIC running period. For a given jet transverse
momentum, pT , and pseudorapidity, η, the increased

)s/
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FIG. 1. Fractions of the next-to-leading-order cross section
[19,20] for inclusive jet production arising from quark-quark,
quark-gluon, and gluon-gluon scattering in pp collisions at

ffiffiffi
s

p
¼

200 and 500 GeV, as a function of xT ¼ 2pT=
ffiffiffi
s

p
.

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,
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Gluon helicity distributions 
• PHENIX and STAR midrapidity data from 2009 "⃗ + "⃗ at √% = 

200 GeV have had a significant on understanding gluon 
polarization.
• PHENIX &' PRD 90 (2014) 012007 
• STAR inclusive jets PRL 115, (2015) 092002 

• DSSV        ∫'.'*
+ Δ- . /. = 0.203'.'45'.'6

• NNPDF ∫'.'*
+ Δ- . /. = 0.173'.'65'.'6

• With more data to be included (higher √%, forward 
measurements, more differential, diverse probes)
• Dijets, &± at 200 GeV in 2009 (STAR dijet impact study done in Phys. 

Rev. D 100 (2019) 114027)
• Jets, dijets and &' at 200 GeV in 2015
• Jets, dijets, &', &± , : at 510 GeV in 2012 and 2013

6

PRL 113 (2014) 012001, DSSV 
NPB 887 (2014) 276  NNPDF 
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Direct photon cross sections and !""5
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FIG. 1. Cross sections for (a) inclusive and (c) isolated direct photons as a function of pT compared with next-to-leading-order
(NLO) pQCD calculations [25, 26] for di↵erent renormalization and factorization scales µ = pT /2 (dashed line), pT (solid line),
2pT (dotted line). The vertical bars show statistical uncertainties and square brackets are for systematic uncertainties. Not
shown are 10% absolute luminosity uncertainties. Panels (b) and (d) show comparisons of data and calculations.

(isolated) direct-photon cross section. These contribu-
tions for the isolated direct-photon cross section are rel-
atively small compared to the inclusive case as the isola-
tion requirement largely reduces these backgrounds. The
loss of photons from conversions in the material before
the EMCal is estimated using a single-photon generator
plus full geant detector simulation [27]. The material of
the vertex tracker [28] leads to a (12.8 ± 1.9)% probabil-
ity for a photon to convert. This systematic uncertainty
only contributes to the west arm, because in 2013 the
east arm did not have a vertex-tracker installed. Conver-
sions in other materials lead to photon losses of 3±1)% in
the PbSc and 4.5±1.3% in the PbGl. When calculating
the direct-photon yield in Eq. (1) and Eq. (2), we vary
the photon-conversion rate by its systematic uncertainty
to get 1%–8% relative uncertainties of the direct-photon
yield. The uncertainties from the EMCal detector reso-
lution of 2%–8% and trigger of 2%–4.5% are also taken
into account. Other uncertainties, including geometrical
acceptance, trigger e�ciencies, and pileup e↵ect, are in
total less than 7%.

Figure 1(a) shows the measured inclusive direct-
photon cross section at midrapidity in ~p + ~p collisions

at
p
s = 510 GeV compared with NLO pQCD calcula-

tions [25, 26] using NNPDF3.0 parton-distribution func-
tions [29, 30] and Glück-Reya-Vogt (GRV) fragmentation
functions (FF) [31]. The pseudorapidity range for this
measurement is |⌘| < 0.25 after the fiducial requirement
that removes edge towers of the EMCal. The calcula-
tion is in good agreement with the data within the un-
certainties for pT > 12 GeV/c, but underestimates the
yield by up to a factor of ⇡3 for pT < 12 GeV/c. This
discrepancy is possibly due to multiparton interactions
and parton showers [32–36]. The isolated direct-photon
cross section is shown in Fig. 1(c) as a function of pT

and compared with the NLO pQCD calculation [25, 26]
using NNPDF3.0 [29, 30] and GRV FF [31]. The cal-
culation is in good agreement with the data within the
uncertainties, with slight overestimation in the lowest pT
bins.
The double-helicity asymmetry is defined as

ALL =
��

�

=
�

++

� �

+�
�

++

+ �

+�
, (4)

where �
++

(�
+�) is the cross section for the same (oppo-

site) helicity proton-proton collisions. This can be rewrit-
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ten in terms of particle yield and beam polarizations:

ALL =
1

PBPY

N

++

�RN

+�
N

++

+RN

+�
(5)

where N

++

(N
+�) is the number of isolated direct pho-

tons from the collisions with the same (opposite) helici-
ties. PB (PY ) are the polarizations for the blue (yellow)
proton beams, and the average values in 2013 were 0.55
(0.57) [37]. R = (L

++

/L
+�) is the relative luminosity

that is measured by the BBC. The systematic contribu-
tion of R to ALL was found to be 3.8⇥10�4 [13].

The asymmetry was calculated for photon candidates
that passed the same time-of-flight, minimum-energy,
and isolation requirements as in the cross-section anal-
ysis. The z-vertex requirement of 30 cm is used for the
asymmetry measurement. The asymmetry contribution
for background photons from ⇡

0’s decay was calculated
from the sideband regions (47–97 MeV/c2 and 177–227
MeV/c2) below and above the ⇡

0 mass peak (112–162
MeV/c2) using the inclusive photon sample due to the
limited statistics in the isolated photon sample. The
asymmetry for other hadron decays (mostly ⌘ decays)
was taken as A⌘

LL from previous PHENIX measurement
at

p
s = 200 GeV [6] by assuming xT scaling. The di↵er-

ence in A

⌘
LL between 200 GeV and 510 GeV for a given

xT is expected to be much smaller than the experimental
uncertainty of the 200 GeV result which was used to as-
sign a systematic uncertainty [11, 12]. The background-
corrected asymmetry can be calculated as

A

dir

LL =
A

total

LL � r⇡0
A

⇡0

LL � rhA
⌘
LL

1� r⇡0 � rh
, (6)

where r⇡0 (10%–14%) and rh (0.6%–1.4%) are back-
ground fractions of ⇡0 and other hadron-decay photons,
respectively. We used the bunch-shu✏ing technique by
assigning a random spin polarization to each bunch cross-
ing to make sure there is no hidden systematic e↵ect. The
data were divided into subgroups according to the bunch
spin patterns that were used to fill the RHIC rings, and
calculated asymmetries were found to be consistent.

Figure 2 shows the double-helicity asymmetry of iso-
lated direct-photon production in longitudinally polar-
ized proton-proton collisions at

p
s = 510 GeV for 6 <

pT < 20 GeV/c. The NLO pQCD calculation was ob-
tained using DSSV14 polarized PDF, NNPDF3.0 unpo-
larized PDF and GRV FF for the renormalization and
factorization scales µ = pT with 1� uncertainty band via
MC replicas (a sampling variant of the DSSV14 set of he-
licity parton densities) [11, 38, 39]. The calculation is in
good agreement with the results within experimental un-
certainties. In the asymmetry measurement, systematic
e↵ects are largely canceled. The systematic uncertain-
ties in Fig. 2 include point-to-point uncertainties from
background estimation and false asymmetry in the back-
ground due to pileup e↵ects at low pT .
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FIG. 2. Double-helicity asymmetry ALL vs pT for isolated
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p
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3.9⇥10�4 shift uncertainty from relative luminosity and 6.6%
scale uncertainty from polarization. The NLO pQCD calcu-
lation is plotted as the solid curve with 1� uncertainty band
via MC replicas [11, 38, 39].

In summary, PHENIX has measured the cross sec-
tion and ALL of direct photons at midrapidity in ~p + ~p

collisions at
p
s = 510 GeV. The NLO pQCD calcula-

tions are consistent with the results except at lower pT

where the calculations underestimate the inclusive direct-
photon cross section. With isolation criteria, the partonic
level calculation is in better agreement with the measure-
ment. This is the first measurement of the ALL of direct
photons, which is sensitive to the polarized-gluon distri-
bution inside the proton and in future global analyses
will provide an independent constraint on the gluon con-
tribution to the proton spin.

We thank the sta↵ of the Collider-Accelerator and
Physics Departments at Brookhaven National Labora-
tory and the sta↵ of the other PHENIX participating
institutions for their vital contributions. We acknowl-
edge support from the O�ce of Nuclear Physics in the
O�ce of Science of the Department of Energy, the Na-
tional Science Foundation, Abilene Christian University
Research Council, Research Foundation of SUNY, and
Dean of the College of Arts and Sciences, Vanderbilt Uni-
versity (U.S.A), Ministry of Education, Culture, Sports,
Science, and Technology and the Japan Society for the
Promotion of Science (Japan), Natural Science Founda-
tion of China (People’s Republic of China), Croatian
Science Foundation and Ministry of Science and Educa-
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• Theoretically golden channel to access gluon polarization; hard process predominantly #$, no 

fragmentation function. 

• Statistically limited due to being EM process.

• Isolated production consistent with predictions from NLO pQCD + NNPDF3.0 + GRV FF.

• Inclusive production affected by multi-parton interactions (MPI).

• Measured asymmetries isolated photons consistent with global fit.

arXiv:2202.08158 
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Jet !"" at 510 GeV

• PHENIX jet measurements limited by 
acceptance, smaller jet radius of R = 0.3. 
• Measured asymmetries consistent with 

nonzero gluon polarization findings based on 
STAR Jet and PHENIX #$ %&& results. 
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Transverse structure of proton

9

Transverse Single Spin Asymmetry (TSSA)
A" ≡ $↑&'$↓&

$↑&)$↓&
↑ or ↓ : proton transverse spin states.  

x+ =
2./
√1

= �"��#

�"+�#
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TMD
- Requires 2 scales:

- Hard scale Q
- Soft scale p# ≪ Q

- Suitable for
- SIDIS, DY, W/Z and 

hadrons in jets 

Collinear Twist-3
- Only require single scale

- Hard scale: p# ~ Q
- Suitable for

- Inclusive &', jet, ( and Λ

*+,-.(0, 2-3)

e.g. Sivers Fn:

Efremov, Teryaev;
Sterman, Qiu

5.,6 0, 0 = 1
9:

∫ <32-2-3 =,(0, 2-)

Nucl. Phys. B 667 (2003) 201
Phys. Rev. Lett. 97 (2006) 082002

PRD 41 (1990) 83
PRD 43 (1991) 261

=>= correlator

Sookhyun Lee  CIPANP 2022
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TMD
- Requires 2 scales:

- Hard scale Q
- Soft scale p# ≪ Q

- Suitable for
- SIDIS, DY, W/Z and 

hadrons in jets 

Collinear Twist-3
- Only require single scale

- Hard scale: p# ~ Q
- Suitable for
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9:

∫ <32-2-3 =,(0, 2-)

Nucl. Phys. B 667 (2003) 201
Phys. Rev. Lett. 97 (2006) 082002

PRD 41 (1990) 83
PRD 43 (1991) 261

=>= correlator

Sookhyun Lee  CIPANP 2022
Similar relation holds for gluon Sivers Fn and ggg correlator.



Direct photon !"
• First direct photon #$
• Measured asymmetry consistent with 

zero.
• Sensitive to transverse gluon structure 

inside proton
• Direct photon production predominantly 

from QCD Compton scattering.
• Small contribution from %&% correlation 

function predicted at midrapidity. 

• Clean probe for extraction of trigluon 
correlator and sensitive to gluon Sivers
fn. 
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Phys. Rev. Lett. 127 (2021) 162001

dead areas of the EMCal and use the previously measured
π0 [29] and η [30] cross sections. The background fractions
for photons from π0 (η) decays are plotted in Fig. 1 and are
systematically larger in the east arm versus the west due to
the PbGl sectors having slightly more dead area compared
to the PbSc sectors. The contribution of decay photons
from sources heavier than η mesons is estimated to be less
than 3% with respect to the measured background and so an
even smaller percentage of the total direct photon sample.
The uncertainty on the background fraction is propagated
through Eq. (2) to assign an additional systematic uncer-
tainty to the direct-photon asymmetry.
A similar method to Eq. (3) is used to find the

contribution of merged π0 decay photons. The equivalent
Rh is calculated using simulated h → γγ decays, taking the
ratio of the number of reconstructed EMCal clusters
produced by merged decay photons divided by the number
of reconstructed clusters associated with a single decay
photon. The contribution from merged photon clusters was
found to be less than 0.2%, small compared to the up to
50% background fraction due to the one-miss effects, and
the contribution from merged η decays was confirmed to be
negligible.
An additional systematic study is performed by calcu-

lating the asymmetry with the square root formula:

AN ¼ 1

PhcosðϕÞi

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↑

LN
↓
R

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↓

LN
↑
R

q

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↑

LN
↓
R

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↓

LN
↑
R

q ; ð4Þ

where the L and R subscripts refer to yields to the left and
to the right of the polarized-beam-going direction, respec-
tively. This result is verified to be consistent with the
relative luminosity formula results from Eq. (1) and the
differences between these results are assigned as an addi-
tional systematic uncertainty due to possible variations in
detector performance and beam conditions. The systematic

uncertainty due to setting the background asymmetries to
zero dominates the total systematic uncertainty by an order
of magnitude for all pT bins except for the highest pT bin,
where it is only slightly larger than the difference between
the square root formula and relative luminosity formula.
Another study using bunch shuffling found no additional
systematic effects. Bunch shuffling is a technique that
randomizes the bunch-by-bunch beam polarization direc-
tions to confirm that the variations present in the data are
consistent with what is expected by statistical variation.
The results for the AN of isolated direct photons, Adir

N , at
midrapidity in p↑ þ p collisions at

ffiffiffi
s

p
¼ 200 GeV are

shown in Table I and in Fig. 2, where the shaded (gray)
bands represent the systematic uncertainty and the vertical
bars represent the statistical uncertainty. The measurement
is consistent with zero to within 1% across the entire pT
range. Figure 2 also shows predictions from collinear twist-
3 correlation functions. The solid (green) curve shows the
contribution of qgq correlation functions to the direct-
photon asymmetry which is calculated using functions
that were published in Ref. [18] that are integrated over
the jηj < 0.35 pseudorapidity range of the PHENIX
central arms. This calculation includes contributions from
the qgq correlation functions present in both the polarized
and unpolarized proton, including the ETQS function
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FIG. 1. The fractional contribution of photons from (a) π0 and
(b) η decays to the isolated direct photon candidate sample.

TABLE I. The measured AN of isolated direct photons in p↑ þ
p collisions at

ffiffiffi
s

p
¼ 200 GeV as a function of pT . An additional

scale uncertainty of 3.4% due to the polarization uncertainty is
not included.

hpTi½GeV=c& Adir
N σstat σsyst

5.39 −0.00 049 2 0.00 299 0.00 341
6.69 0.00 247 0.00 404 0.00 252
8.77 0.00 777 0.00 814 0.00 159
11.88 0.00 278 0.0105 0.00 106
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the polarization uncertainty is not shown.
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!" and # $%
• Improved statistical precision to sub-percent level.

• Measured asymmetries consistent with zero and with 
previous measurements.

• $% (!") vs. $% (#): no evidence of differences due to 
strangeness, isospin or mass.

• Small contribution from ()( correlator predicted at 
midrapidity by JAM Collaboration. 

• Moderately sensitive to trigluon correlator and gluon 
Sivers fn.

• CPI-GPM scenario 1 and 2 maximize (minimize) previously 
measured open heavy flavor $% generated by gluon Sivers
Fn within statistical uncertainties.
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!± #$
• First charged pion %&.

• Difference between '( and ') at 2* deviation level. 

• #$ (!±) vs. #- (!.):  Charge average of charged pion 
asymmetries consistent with neutral pion asymmetries.

• Provide different flavor sensitivities than neutral 
particles via fragmentation functions; hard process 
dominated by /0 scattering at high 12.

• Increasing /0/ contribution predicted with hard scale 
and opposite sign for oppositely charged '34 (which was 
seen cancelled in '5 %&).

• Can provide additional information on /0/ correlators 
and constrain trigluon correlators.
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Open heavy flavor !"
• Charge separated e$ and e% &'.

• Measured asymmetries consistent with zero.

• Most sensitive probe of trigluon correlator; (( → * +* dominance 
relative to ,+, → * +*.

• Model calculations provided by two groups rely on normalizing 
symmetric and antisymmetric trigluon correlators -./,1 to unpolarized 
gluon PDF. 

• First quantitative extraction of trigluon correlators.
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FIG. 1. AN (OHF ! e±) (red) circles and (blue) squares for
positrons and electrons, respectively. Also plotted are predic-
tions of AN (D0/D̄0 ! e±) from Ref. [23], and AN ((D0/D̄0+
D+/�) ! e±) from Ref. [24] for best-fit trigluon-correlator-
normalization parameters [(red/blue) solid, dashed, and dot-
ted lines]

FIG. 2. Results of the statistical analysis performed to ex-
tract best-fit parameters �f and �d by comparing data to
theory [23]. �2(�f ,�d) � �2

min is shown for (a) e+ and (b)
e�. Panel (c) shows the 1, 2, and 3� confidence level regions,
�2(�f ,�d)� �2

min < n2 (n = 1, 2, 3).

charges simultaneously. The measurements are consis-
tent with zero, and are statistically more precise than
previous measurements. The total systematic uncertain-
ties come from combining those associated with the back-
ground fractions, background asymmetries, and the dif-
ference in calculating A

N

with Eqs. (7) and (8); there
is no dominant source of systematic uncertainty across

charges and p
T

bins. The systematic uncertainty reaches
at most 37% of the corresponding statistical uncertainty,
while it is typically suppressed by an order of magnitude
or more [34]. The placement of the theoretical curves
in Fig. 1 di↵ers for e+ vs e� due to the contribution of
the symmetric trigluon correlator having opposing signs
in charm vs. anticharm production, leading to construc-
tive vs destructive interference with the antisymmetric
trigluon correlator contribution for the separate charges.
This allows for significant constraining power of all pa-
rameters.
To determine theoretical parameters that fit the data

best, �2(�
f

,�
d

), �2(K
G

), and �2(K 0
G

) were calculated
for the separate charges and summed to extract minimum
values. The results along with 1� confidence intervals
are �

f

= �0.01±0.03 GeV and �
d

= 0.11±0.09 GeV for
those introduced Ref. [23], and K

G

= 0.0006+0.0014
�0.0017, and

K 0
G

= 0.00025±0.00022 for those introduced in Ref. [24].
This corresponds to the first constraints on (�

f

,�
d

), and
is in agreement with previous constraints on K

G

and K 0
G

derived in Ref. [24]. Figure 2 summarizes the results of
the statistical analysis performed to extract best-fit pa-
rameters �

f

and �
d

, in which case the theoretical asym-
metries depend on both parameters. Nicely illustrated
are the constraining power of the individual charges and
the necessity of combining the charges in the statistical
analysis. Each individual charge predicts that contri-
butions from trigluon correlations are small, indicating
that the best fit prefers �

f

and �
d

values that result in
cancellation of their contributions to the asymmetry cal-
culation.

In summary, the PHENIX experiment has measured
the transverse single-spin asymmetry of midrapidity
open-heavy-flavor decay electrons and positrons as a
function of p

T

in p" + p collisions at
p
s = 200 GeV.

Open-heavy-flavor production at RHIC is an ideal chan-
nel for probing trigluon correlations in polarized pro-
tons because initial-state qgq correlations in the proton
and final-state twist-3 correlations in hadronization con-
tribute negligibly. This measurement provides signifi-
cant constraints for the antisymmetric and symmetric
trigluon correlation functions in transversely polarized
protons, including the first constraints on �

f

and �
d

as
�
f

= �0.01±0.03 GeV and �
d

= 0.11±0.09 GeV — a
necessary step forward in our understanding of proton
structure through correlations between proton spin and
gluon momentum.
We thank the sta↵ of the Collider-Accelerator and

Physics Departments at Brookhaven National Labora-
tory and the sta↵ of the other PHENIX participating
institutions for their vital contributions. We also thank
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N
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Energy, the National Science Foundation, Abilene Chris-

Best fit results:
PRD78, 114013 Kang-Qiu-Vogelsang-Yuan 
2/ = -0.01 ± 0.03 GeV 
21 = 0.11 ± 0.09 GeV 

PRD84, 014026 Koike-Yosida model
3. = 6.0x10-4 (+0.0014 -0.0017) 
3.4 = 2.5x10-4 (± 0.00025) 
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tions of AN (D0/D̄0 ! e±) from Ref. [23], and AN ((D0/D̄0+
D+/�) ! e±) from Ref. [24] for best-fit trigluon-correlator-
normalization parameters [(red/blue) solid, dashed, and dot-
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theory [23]. �2(�f ,�d) � �2

min is shown for (a) e+ and (b)
e�. Panel (c) shows the 1, 2, and 3� confidence level regions,
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min < n2 (n = 1, 2, 3).

charges simultaneously. The measurements are consis-
tent with zero, and are statistically more precise than
previous measurements. The total systematic uncertain-
ties come from combining those associated with the back-
ground fractions, background asymmetries, and the dif-
ference in calculating A

N

with Eqs. (7) and (8); there
is no dominant source of systematic uncertainty across

charges and p
T

bins. The systematic uncertainty reaches
at most 37% of the corresponding statistical uncertainty,
while it is typically suppressed by an order of magnitude
or more [34]. The placement of the theoretical curves
in Fig. 1 di↵ers for e+ vs e� due to the contribution of
the symmetric trigluon correlator having opposing signs
in charm vs. anticharm production, leading to construc-
tive vs destructive interference with the antisymmetric
trigluon correlator contribution for the separate charges.
This allows for significant constraining power of all pa-
rameters.
To determine theoretical parameters that fit the data

best, �2(�
f
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d

), �2(K
G

), and �2(K 0
G

) were calculated
for the separate charges and summed to extract minimum
values. The results along with 1� confidence intervals
are �

f

= �0.01±0.03 GeV and �
d

= 0.11±0.09 GeV for
those introduced Ref. [23], and K

G

= 0.0006+0.0014
�0.0017, and

K 0
G

= 0.00025±0.00022 for those introduced in Ref. [24].
This corresponds to the first constraints on (�

f
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d

), and
is in agreement with previous constraints on K

G

and K 0
G

derived in Ref. [24]. Figure 2 summarizes the results of
the statistical analysis performed to extract best-fit pa-
rameters �

f

and �
d

, in which case the theoretical asym-
metries depend on both parameters. Nicely illustrated
are the constraining power of the individual charges and
the necessity of combining the charges in the statistical
analysis. Each individual charge predicts that contri-
butions from trigluon correlations are small, indicating
that the best fit prefers �

f

and �
d

values that result in
cancellation of their contributions to the asymmetry cal-
culation.

In summary, the PHENIX experiment has measured
the transverse single-spin asymmetry of midrapidity
open-heavy-flavor decay electrons and positrons as a
function of p

T

in p" + p collisions at
p
s = 200 GeV.

Open-heavy-flavor production at RHIC is an ideal chan-
nel for probing trigluon correlations in polarized pro-
tons because initial-state qgq correlations in the proton
and final-state twist-3 correlations in hadronization con-
tribute negligibly. This measurement provides signifi-
cant constraints for the antisymmetric and symmetric
trigluon correlation functions in transversely polarized
protons, including the first constraints on �

f

and �
d

as
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f

= �0.01±0.03 GeV and �
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necessary step forward in our understanding of proton
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Forward neutron !" in p+p
• Hadronic interactions based model:

• Interference  between amplitudes with # and 
Reggeon exchange proposed to be dominant 
source of asymmetries in $% < 0.2 GeV.

• Negative !" and linear dependence with $%
predicted by #–R interference; not sufficient to 
describe data
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where

tan!0;s ¼
Im"0;sðqT; zÞ
Re"0;sðqT; zÞ

: (21)

The results are depicted in Fig. 4. It is clear that our
calculations significantly underestimate the PHENIX data
in the range of qT covered by the experiment.

IV. OTHER SOURCES OF SPIN
EFFECTS: a1 REGGEON?

In addition to pion exchange, other Regge poles R ¼ #,
a2, !, a1, etc. and Regge cuts can contribute to the pp !
nX reaction. We should remind that the total collision
energy is shared by the reaction $þ p ! Rþ p depicted
in the upper blob of the diagram Fig. 5, and by the rapidity
gap, rather unequally: while the former can be very large,
M2

X ¼ ð1% zÞs at high energies, the c.m. energy for pion
exchange is rather small, s0 ¼ s0=ð1% zÞ, and independent
of s.

Summing over different produced states X and using
completeness one arrives at the imaginary part of the
amplitude of the process $þ p ! Rþ p at c.m. energy
M2

X. The production of natural parity states, like #, a2, etc.
can proceed only via reggeon exchange, therefore these
amplitudes are strongly suppressed at RHIC energies by a
power of MX (dependent on the Regge intercept) and can
be safely neglected everywhere, except at the region of
very small ð1% zÞ & s0=s, unreachable experimentally.

Only the unnatural parity states, which can be diffrac-
tively produced by a pion, like the a1 meson, or #-$ in the
axial-vector or pseudoscalar states, contribute to the inter-
ference term in the neutron production cross section at high
energies.

The a1NN vertex is known to be pure non spin-flip
[11,12]. Therefore, it should be added to the first term in
Eq. (15),

Aa1
p!nðqT; zÞ ¼ eL% !n&5&%p ¼ 2mNqLffiffiffiffiffi

jtj
p "a

0ðqT; zÞ !'n(3'p;

(22)

where the longitudinal polarization vector of a1 reads [13],

eL% ¼ 1
ffiffiffiffiffi
jtj

p
" ffiffiffiffiffiffiffiffiffiffiffiffiffi

q20 % t
q

; 0; 0; q0

#
; (23)

and the transferred energy

q0 ¼ Ep % En ¼ qL þOðmN=
ffiffiffi
s

p Þ: (24)

In the Born approximation,

"a
0ðqT; zÞ ¼

)0
a1

8
GaþpnðtÞ*a1ðtÞð1% zÞ%)a1

ðtÞAaþ1 p!XðM2
XÞ;

(25)

and

*a1ðtÞ ¼ %i% tg
$
$)a1ðtÞ

2

%
: (26)

The amplitude (22) contains three unknowns, to be fixed
before numerical evaluation:
(i) The amplitude Aaþ1 p!XðM2

XÞ;
(ii) The a1-nucleon vertex Gaþ1 pn

ðtÞ;
(iii) The Regge trajectory )a1ðtÞ.
Notice that the general structure of the amplitude

Eq. (25) is valid for any axial-vector state. In what follows
we find the a1 pole to be quite a weak singularity, and
conclude that the spectral function of the axial current is
dominated by the contribution of $# pair in the 1þS state.
So we will replace the weak a1 pole by an effective
singularity a.

A. Diffractive production of a1 meson and
nonresonant !"ð1þSÞ pairs

The amplitude Aaþ1 p!XðM2
XÞ is normalized as,

X

X

Ay
aþ1 p!X

ðM2
XÞA$p!XðM2

XÞ

¼ 4
ffiffiffiffi
$

p
M2

X '
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d(ð$p ! a1pÞ=dp2

TjpT¼0

q
(27)

Evaluation of the ratio of the forward diffractive-to-
elastic cross sections in this expression is a subtle problem.
The cross section of diffractive a1 production is so small
that it has been escaping detection for a long time.
Eventually a1 production was observed in $þp!3$þp
performing a phase shift analysis of high-statistics data
[14,15]. The a1 resonance was only detected in this process
as a fast variation of the relative phase of 1þS.
The #$ð1þSÞ mass distribution depicted in Fig. 6 forms

a strong and narrow peak, related mainly to the Deck
mechanism [16]. The data [15] combined for lab energies
63 and 94 GeV were taken with the small-qT trigger. We
normalize this distribution on the measured cross section in
the invariant mass interval 1:0<M3$ < 1:2 GeV which is
54( 8 %b and 48( 7 %b at 63 and 94 GeV, respectively.
With the measured p2

T-slope B ¼ 14:3( 0:17 GeV%2 we
can evaluate the forward cross section for this mass interval
at d(=dp2

TjpT¼0 ¼ 0:73( 0:07 mb=GeV2 averaged for
the two energies.
In order to normalize the mass distribution plotted in

Fig. 6 to this cross section, we fitted the data with a simple
Gaussian parametrization,

RR

Rπ

X

X

Σ

A(  p        p)

nn pp

pp

ππ

nn pp

pp

FIG. 5. Graphical representation for the interference between
the amplitudes with pion and Reggeon exchanges.
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We calculate the single transverse spin asymmetry ANðtÞ, for inclusive neutron production in pp
collisions at forward rapidities relative to the polarized proton in the energy range of RHIC. Absorptive

corrections to the pion pole generate a relative phase between the spin-flip and nonflip amplitudes, leading

to a transverse spin asymmetry which is found to be far too small to explain the magnitude of AN observed

in the PHENIX experiment. A larger contribution, which does not vanish at high energies, comes from the

interference of pion and a1-Reggeon exchanges. The unnatural parity of a1 guarantees a substantial phase
shift, although the magnitude is strongly suppressed by the smallness of diffractive !p ! a1p cross

section. We replace the Regge a1 pole by the Regge cut corresponding to the !" exchange in the 1þS
state. The production of such a state, which we treat as an effective pole a, forms a narrow peak in the 3!
invariant mass distribution in diffractive !p interactions. The cross section is large, so one can assume

that this state saturates the spectral function of the axial current and we can determine its coupling to

nucleons via the partially conserved axial-vector-current constraint Goldberger-Treiman relation and the

second Weinberg sum rule. The numerical results of the parameter-free calculation of AN are in excellent

agreement with the PHENIX data.
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I. INTRODUCTION

The single transverse spin asymmetry of neutrons was
measured recently by the PHENIX experiment at RHIC [1]
in pp collisions at energies

ffiffiffi
s

p ¼ 62, 200 and 500 GeV.
The measurements were performed with a transversely
polarized proton beam and the neutron was detected at
very forward and backward rapidities relative to the polar-
ized beam. Preliminary results are depicted in Fig. 1. An
appreciable single transverse spin asymmetry was found in
events with large fractional neutron momenta z. The data
agree with a linear dependence on the neutron transverse
momentum qT , and different energy match well, what
indicates at an energy independent ANðqTÞ.

Usually polarization data are more sensitive to the
mechanisms of reactions than the cross section. Below
we demonstrate that the large magnitude of the single
transverse spin asymmetry of forward neutrons discovered
in [1], reveals a new important mechanism of neutron
production ignored in all previous studies of the reaction
cross section.

At the same time, neutrons produced with xF < 0 show a
small asymmetry, consistent with zero. This fact is ex-
plained by the so called Abarbanel-Gross theorem [2]
which predicts zero transverse spin asymmetry for
particles produced in the fragmentation region of an un-
polarized beam. This statement was proven within the
Regge pole model illustrated in Fig. 2. The amplitude
of the reaction p " þp ! X þ n squared, Fig. 2(a), is
related by the optical theorem with the triple-Regge graph

in Fig. 2(b). According to Regge factorization the proton

spin can correlates only with the vector product, [ ~k% ~k0],
of the proton momenta in the two conjugated amplitudes,
as is shown in Fig. 2(b). According to the optical theorem

these momenta are equal, ~k ¼ ~k0, so no transverse spin
correlation is possible. Regge cuts shown in Fig. 2(c)
breakdown this statement, but the magnitude of the gained
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FIG. 1 (color online). Single transverse spin asymmetry AN in
the reaction pp ! nX, measured at

ffiffiffi
s

p ¼ 62, 200, 500 GeV [1]
(preliminary data). The asterisks show the result of our calcu-
lation, Eq. (40), which was done point by point, since each
experimental point has a specific value of z (see Table I).
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V. RESULTS

The inclusive neutron asymmetries obtained from the
average of all parametrizations and MC generators are
displayed in Fig. 3 as a function of the true transverse
momentum. The final results are tabulated in Table I.
The absolute values of the asymmetries are consistent

with an increase with transverse momentum but show an
indication of leveling off at higher transverse momenta.
A simple linear dependence as suggested by [10], as well
as the central values of transverse momentum integrated
asymmetries at different collision energies [4,18], seems
not necessarily to be preferred by the data. However, a
simple linear dependence cannot be excluded within uncer-
tainties either. From the MC reweighting exercise no
substantial differences between the different MC generators
have been seen.

Taking into account the indication of very different
asymmetries in ultraperipheral collisions in proton-nucleus
collisions [12,13] and in particular a different sign, it
appears that the UPC contribution to the proton-proton
collisions is limited in this pT region. This is expected
given the electromagnetic nature of the interaction being
proportional with Z2. However, in these inclusive results
some contribution from UPC events may remain, which
could alter the transverse momentum behavior in compari-
son to the purely hadronic theoretical calculations.

VI. SUMMARY

In summary, the PHENIX experiment has measured for
the first time the transverse momentum dependence of
very forward neutron single spin asymmetries in proton-
proton collisions at a center of mass energy of 200 GeV.
With these measurements the first reliable tests of the
suggested mechanisms producing such forward neutron
asymmetries can be performed. While the uncertainties
from the unfolding are very sizable, a simple linear trans-
verse momentum dependence as suggested in [10] is not
inconsistent; however, the asymmetries appear to level off
at higher transverse momenta. Instead, a much slower rise
of the asymmetries or even a turnaround at larger transverse
momenta is favored when considering the best parametri-
zations. To understand the mechanisms in even more detail,
the correlations with other detector activity will be useful.
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Atomique, and Institut National de Physique Nucléaire
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FIG. 3. Neutron transverse single spin asymmetries as a
function of the true transverse momentum. The data points
represent the unfolded asymmetries obtained via the average
over all parametrizations and MC generators. The uncertainty
boxes represent the systematic uncertainties due to the para-
metrization, functional form, MC generator, and unfolding
procedure.

TABLE I. Neutron single spin asymmetries as a function of
transverse momentum after unfolding transverse-momentum and
azimuthal-angular smearing. ΔAN corresponds to the statistical
uncertainties while the last two columns specify the upper and
lower systematic uncertainties δAN .

hPTi (GeV=c) AN ΔAN δAN

0.043 −0.039 !0.003 þ0.014 −0.014
0.085 −0.050 !0.002 þ0.013 −0.013
0.132 −0.055 !0.002 þ0.022 −0.014
0.180 −0.053 !0.001 þ0.017 −0.017
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Forward neutron !" in p+A
• Ultra Peripheral Collision (UPC)

• Positive #$ with %& dependence due to EM 
interaction.
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• Selection of two mutually exclusive event types:
• ZDC⨂BBC- tag (N ∩ S): hadronic interactions.
• ZDC⨂BBC- veto (5N ∩ 6S): UPC interactions.

4

surement, the proton beam was angled off axis by ∼2
mrad relative to the nominal beam direction at the colli-
sion point, with a crossing angle with the Au (Al) beam
of 2.0 mrad (1.1 mrad). Correspondingly, the ZDC was
moved by 3.6 cm (2 mrad) to keep zero-degree neutrons
at the ZDC center (see Fig. 1).
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FIG. 1. ZDC location and beam orbits of proton (blue) beam
and heavy-ion (yellow) beam in the special stores used for this
analysis; the z-axis shows the nominal beam direction, and
the dashed line represents the zero-degree neutron trajectory.
DX and D0 are the RHIC beam bending dipole magnets.

The data was collected with triggers employing the
ZDC and beam-beam counters (BBCs) [41]. Only the
north ZDC detector, facing the incoming polarized pro-
ton beam was used in this analysis. Two BBC coun-
ters are located at ±144 cm from the nominal collision
point along the beam pipe and are designed to detect
charged particles in the pseudorapidity range of ±(3.0–
3.9) with full azimuthal coverage. The ZDC inclusive
trigger required the energy deposited in the ZDC to be
greater than 15 GeV. The ZDC⊗BBC-tag trigger in ad-
dition required at least one hit in each of the BBCs, and
ZDC⊗BBC-veto trigger required no hits in both BBCs.
The latter two sets represent mutually exclusive but not
complete subsets of the ZDC inclusive triggered data.
As described in detail in Ref. [39], event selection and

neutron identification cuts include: (1) a total ZDC en-
ergy cut of 40–120 GeV; (2) at least two SMD strips
fired (above threshold) in both x and y directions, and
a nonzero (above threshold) energy in the second ZDC
module (to reject photons); and (3) an acceptance cut of
0.5 < r < 4.0 cm for the reconstructed radial distance r
from the determined beam center (to reduce the impact
of the position resolution and edge effects in the asym-
metry measurements).
The raw asymmetry (ϵN (φ)) is calculated using the

square-root formula [39] for each azimuthal angle (φ) bin.
The polarization normalized Afit

N is then extracted from
the fit to a sine function

ϵN(φ) = PAfit
N sin (φ − φ0), (1)

where P is the proton beam polarization and φ0 is the
polarization direction in the transverse plane.
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FIG. 2. Afit
N fit of ZDC inclusive samples.

Figure 2 compares ϵN (φ)/P results for ZDC inclusive
samples from p+p, p+Al and p+Au collisions and shows
the nuclear dependence of Afit

N , including a sign change
from negative in p+p collisions to positive in p+Au colli-
sions. The Afit

N was measured separately in each PHENIX
data taking segment, typically 60 min long, and then the
weighted average was calculated. The obtained Afit

N is
then corrected for backgrounds and detector responses.
The main background contribution comes from protons,
generated by elastic, diffractive, and hard processes.

Protons from elastic and diffractive reactions travel
close to the beam line and are swept by the DX mag-
net to the right (toward negative x in Fig. 1). Only a
small fraction of such protons scattered by large angles,
larger than 4–5 mrad, fall in the ZDC acceptance. Be-
cause the cross section for these reactions falls sharply
with scattering angle, these protons contribute mainly
on the right side of the ZDC. This contribution was eval-
uated from the particle position distribution as measured
by the SMD and found to be 9% and 32% in the inclu-
sive ZDC and ZDC⊗BBC-veto triggered samples respec-
tively in p+p collisions, < 2% in both samples in p+A
collisions, and negligible in ZDC⊗BBC-tag samples of
both p+p and p+A collisions. The significant suppres-
sion of elastic and diffractive proton background relative
to the neutron signal in p+A collisions can be under-
stood as due to the stronger magnetic fields in the DX
magnets. Correspondingly, the minimum scattering an-
gle for the elastic and diffractive proton backgrounds to
reach the ZDC acceptance increases from 3.8 mrad to 5
mrad, leading to a cross section reduction by an order of
magnitude.

The contribution of charged hadron background
from hard scattering processes, distributed nearly uni-
formly over the ZDC acceptance, was estimated using
pythia6 [42] with a geant3 [43] detector simulation.
However, from previous studies where a charge veto
counter was installed in front of the ZDC to measure
the charged hadron background, it was found that simu-
lation underestimates the proton background by a factor
of ∼2 [39]. Therefore the hard scattering background
contribution from simulation was scaled by a factor of
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cross section dσ/dpT by pT ∝ r [39]. From a comparison
with simulation assuming different slope parameter, b,
in the parameterization dσ/dpT ∼ e−b·pT , the data were
found to be consistent with b = 4 (GeV/c)−1 for all colli-
sion systems in ZDC⊗BBC-tag triggered data, and b =4,
6 and 8 (GeV/c)−1 in p+p, p+Al and p+Au collisions,
respectively, in ZDC⊗BBC-veto triggered sample, with
uncertainty σb = 1 (GeV/c)−1 reflecting its sensitivity to
SMD gain calibration and thresholds. These variations
lead to a difference in the average pT sampled in differ-
ent collision systems and triggers by as much as 10%. As
can be also judged from Fig. 3, due to the small detector
acceptance, the sampled pT distribution shows very mod-
est dependence on the slope of the input pT distribution,
particularly at low pT (or r), which is most responsible
for the dilution of the measured asymmetry. As a con-
sequence, the variation of the correction factor Cφ due
to different slope parameters b discussed above was less
than 1%.
Figure 4 and Table I summarize the results for

AN in forward neutron production in p+p, p+Al and
p+Au collisions, for ZDC inclusive, ZDC⊗BBC-tag and
ZDC⊗BBC-veto samples. In addition to 3% scale un-
certainty from polarization normalization, common to
all points, the other part of the polarization uncertainty
is correlated for different triggers in a particular colli-
sion system. The presented asymmetries in p+p colli-
sions are consistent with our previous publication [39], al-
beit with larger systematic uncertainties in this data due
to larger background (unlike this measurement, charged
veto counter was used in [39] to suppress the back-
ground), and larger variations due to uncertainty of the
beam position on the ZDC plane.
From Fig. 4, the A dependence of AN for inclusive

neutrons is strong. Compared to the AN of p+p colli-
sions, the observed asymmetry in p+Al collisions is much
smaller, while the asymmetry in p+Au collisions is a
factor of three larger in absolute value and of opposite
sign. This behavior is unexpected because the theoreti-
cal framework using π and a1-Reggeon interference can
only predict a moderate nuclear dependence, and there
is no known mechanism to flip the sign of AN within this
framework [34].
The asymmetries requiring BBC hits are remarkably

different. Once BBC hits are required (ZDC⊗BBC-tag),
the drastic behavior of the inclusive AN vanishes and its
sign stays negative, approaching AN = 0 at large A. In
contrast, the strong A dependence is amplified once no
hits in the BBC are required (ZDC⊗BBC-veto). While
the BBCs cover a limited acceptance, the requirement
(or veto) of hits in the BBC should place constraints
on the activity near the detected neutron and thus the
corresponding production mechanism.
One possibility to explain the present results is a con-

tribution from EM interactions, which have been demon-
strated to be important for reactions with small momen-
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FIG. 4. Forward neutron AN in p+A collisions for A =1
(p), 27 (Al) and 197 (Au), for ZDC inclusive, ZDC⊗BBC-
tag and ZDC⊗BBC-veto triggered samples; color bars are
systematic uncertainties, statistical uncertainties are smaller
than the marker size; 3% scale uncertainty (not shown) is
from polarization normalization uncertainty. Data points are
shifted horizontally for better visibility.

tum transfer, e.g., in ultra-peripheral heavy ion colli-
sion at RHIC [44–47] and Large Hadron Collider [48–
51], including forward neutron production in p+A col-
lisions [52], and polarization observables in fixed target
experiments [53, 54]. Although it was ignored in the
interpretation for the p+p data [34], EM interactions be-
come increasingly important for large atomic number (Z)
nuclei, as the EM field of the nucleus is a rich source
of virtual photons, increasing as Z2. Forward neutrons
in the final state can be produced through nonresonant
photo-π+ production and neutron decay channel from
photo-nucleon excitation processes, such as the ∆ reso-
nance [55].

According to a Monte-Carlo study [52], the neutron
and its associated π+ produced through this process are
substantially boosted towards the proton beam direction,
so that only a small fraction of pions would be detected
by the BBC. Thus, a large fraction of EM processes are
expected to be suppressed in the ZDC⊗BBC-tag events
while enhanced in the ZDC⊗BBC-veto events. Here, it
is noted that the importance of EM processes in p+A
collisions is also hinted at in the present data: the ratio
between reconstructed neutrons in ZDC⊗BBC-veto and
ZDC⊗BBC-tag samples increases from smaller than 0.5
in p+p to ∼ 1 (∼ 5) in p+Al (p+Au) collisions. In addi-
tion, a faster drop of the neutron production cross section
with pT in p+A collisions in ZDC⊗BBC-veto triggered
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• !" and #$ dependence. 
• %& stays negative and 

approaches zero in 
hadronic interaction 
enhanced data. 
• Nuclear dependence of 
%& amplified in UPC 
enhanced data.  
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FIG. 6. Single spin asymmetries AN for very forward neutrons in p+p collisions as a function of xF , in bins of
transverse momentum pT ([blue] triangles, [green] squares, [red] circles, and [purple] crosses in ascending order).
The error boxes represent the systematic uncertainties of the asymmetries. The size of uncertainty boxes does not
reflect the bin boundaries and is chosen for visualization purposes. The three panels display (a) inclusive neutron
asymmetries, (b) BBC-tagged neutron asymmetries, and (c) BBC-vetoed neutron asymmetries.

FIG. 7. Single spin asymmetries AN for very forward neutrons in p+Al collisions as a function of xF , in bins
of transverse momentum pT ([blue] triangles, [green] squares, [red] circles, and [purple] crosses in ascending order).
The error boxes represent the systematic uncertainties of the asymmetries. The size of uncertainty boxes does not
reflect the bin boundaries and is chosen for visualization purposes. The three panels display (a) inclusive neutron
asymmetries, (b) BBC-tagged neutron asymmetries, and (c) BBC-vetoed neutron asymmetries.

FIG. 8. Single spin asymmetries AN for very forward neutrons in p+Au collisions as a function of xF , in bins
of transverse momentum pT ([blue] triangles, [green] squares, [red] circles, and [purple] crosses in ascending order).
The error boxes represent the systematic uncertainties of the asymmetries. The size of uncertainty boxes does not
reflect the bin boundaries and is chosen for visualization purposes. The three panels display (a) inclusive neutron
asymmetries, (b) BBC-tagged neutron asymmetries, and (c) BBC-vetoed neutron asymmetries.
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Summary
q PHENIX measured first direct photon cross sections and !"". Theoretically 

favorable, but statistically limited. Isolated production and asymmetries 
consistent with NLO predictions.

q A set of new TSSA measurements sensitive to #$# and trigluon correlators;
q Direct photon, open heavy flavor measurements most clean and sensitive to #$#

correlators. First quantitative estimations obtained using OHF measurements. 
q Neutral hadrons moderately sensitive to trigluon correlators with suppressed #$#

contribution expected.
q Charged %± asymmetries provide more information on #$# correlators that is cancelled 

between opposite charges in neutral hadrons.

q Forward neutron TSSA measurements revealed different mechanisms in 
generating asymmetries in the forward region; Hadronic interactions results in
mostly negative asymmetries and show little to no nuclear dependence while UPC 
interactions show positive asymmetries and strong nuclear dependence.
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Thank you!
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Charged pion  !""

• Lower # reach compared to previously published 200 
GeV $%% data. 

• Ideally sign of Δg(#) visible in charge ordering of pion 
$%%s.

• Statistics limited due to EM shower based trigger, but 
important input for global fits. 
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