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Studying spin-momentum correlations in hadronic collisions offers a glimpse into a three-dimensional
picture of proton structure. The transverse single-spin asymmetry for midrapidity isolated direct photons in
p' 4 p collisions at \/s = 200 GeV is measured with the PHENIX detector at the Relativistic Heavy Ton
Collider (RHIC). Because direct photons in particular are produced from the hard scattering and do not
interact via the strong force, this measurement is a clean probe of initial-state spin-momentum correlations
inside the proton and is in particular sensitive to gluon interference effects within the proton. This is the
first time direct photons have been used as a probe of spin-momentum correlations at RHIC. The
uncertainties on the results are a 50-fold improvement with respect to those of the one prior measurement
for the same observable, from the Fermilab E704 experiment. These results constrain gluon spin-
momentum correlations in transversely polarized protons.

DOI: 10.1103/PhysRevLett.127.162001

Unlike lepton-hadron scattering, proton-proton collisions
are sensitive to gluon scattering at leading order. Direct
photons are produced directly in the hard scattering of
partons and, because they do not interact via the strong force,
are a phenomenologically clean probe of the structure of the
proton. At large transverse momentum, direct photons are
produced at leading order via the quantum chromodynamics
(QCD) 2-to-2 hard scattering subprocesses quark-gluon
Compton scattering (g + g — y + ¢) and quark-antiquark
annihilation (g + ¢ — y + ¢). Compton scattering domi-
nates at midrapidity [1] because the proton is being probed
at moderate longitudinal momentum fraction x where gluons
are the primary constituents of the proton. Thus midrapidity
direct photon measurements are a clean probe of gluon
structure within the proton.

Transverse single-spin asymmetries (TSSAs) in hadronic
collisions are sensitive to various spin-momentum correla-
tions, i.e., correlations between the directions of the spin and
momentum of partons and/or hadrons involved in a scatter-
ing event. In collisions between one transversely polarized
proton and one unpolarized proton, the TSSA describes the
azimuthal-angular dependence of particle production relative
to the transverse polarization direction. TSSAs have been
measured to be as large as 40% in forward charged pion
production [2-5] and significantly nonzero forward neutral
pion asymmetries have been measured with transverse
momentum up to py ~7 GeV/c [6]. In this context, pr
serves as a proxy for a hard-scattering energy (Q) that is well
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into the perturbative regime of QCD. Next-to-leading-order
perturbative QCD calculations which only include effects
from high energy parton scattering predict that these
asymmetries should be small and fall off as m,/Q [7],
where m,, is the bare mass of the quark. Thus, to explain
these large TSSAs, they must be considered in the context of
the dynamics present in proton-proton collisions that cannot
be calculated perturbatively, namely, dynamics describing
proton structure and/or the process of hadronization.

One approach toward explaining the large measured
TSSAs is through transverse-momentum-dependent
(TMD) functions. These functions depend on the soft-
scale-parton transverse momentum, k7, in addition to the
partonic longitudinal momentum fraction x and Q, where
kr < Q. TMD functions can be directly extracted from
measurements that are sensitive to two momentum scales,
such as semi-inclusive deep-inelastic scattering (SIDIS)
where the angle and energy of the scattered electron can be
used to directly measure the hard-scale Q and the transverse
momentum of the measured hadron relates to the soft
scales k7 of TMD parton distribution functions (PDFs) and
fragmentation functions. The Sivers function is a PDF that
describes the structure of the transversely polarized proton
and correlates the transverse spin of the proton and k; of
the parton within it [8]. The quark Sivers function has been
extracted through polarized SIDIS measurements, but the
gluon Sivers function has remained comparatively less
constrained because SIDIS is not sensitive to gluons at
leading order [9]. The direct photon TSSA in proton-proton
collisions has been shown to be sensitive to the gluon
Sivers function [10], but the k; moment of TMD functions
must be used to apply these functions to the single-scale
inclusive TSSAs measured in proton-proton collisions.

Twist-3 correlation functions are another approach
toward describing TSSAs. Unlike TMD functions,
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collinear twist-3 correlation functions depend only on a
single scale, the hard scale Q. Twist-3 functions describe
spin-momentum correlations generated by the quantum
mechanical interference between scattering off of one
parton versus scattering off of two. There are two different
types: the quark-gluon-quark (ggq) correlation functions
and the trigluon (ggg) correlation function. In the context of
proton structure, ggq correlation functions describe the
interference between scattering off of a single quark in
the proton versus scattering off of a quark which carries the
same flavor and the same momentum fraction and an
additional gluon. Analogously, the trigluon correlation
describes the interference between scattering off of one
gluon in the proton versus scattering off of two. Additional
twist-3 collinear correlation functions describing spin-
momentum correlations in the process of hadronization
also exist, but are not relevant to the production of direct
photons. Collinear twist-3 functions have been shown to be
related to the k; moment of TMD functions [11,12]. For
example, the Efremov-Teryaev-Qiu-Sterman (ETQS) func-
tion is a ggq correlation function for the polarized proton
[13-15] that is related to the k7 moment of the Sivers TMD
PDF. The ETQS function has also been extracted from fits
to inclusive TSSAs in proton-proton collisions [16,17], and
the forward direct photon TSSA has been suggested to be
dominated by this ETQS function [18]. The fact that both
TMD and collinear twist-3 functions are nonzero reflects
that scattering partons do in fact interact with the color
fields present inside the proton, which goes beyond tradi-
tional assumptions present in hadronic collision studies.

Multiple observables can provide sensitivity to the ggg
correlation function. Midrapidity inclusive hadron TSSA
measurements are sensitive to gluon spin-momentum
correlations in the proton but also include potential effects
from hadronization and final-state color interactions.
Heavy flavor production at the Relativistic Heavy Ion
Collider (RHIC) is dominated by gluon-gluon fusion and
thus particularly sensitive to gluons in the proton. A heavy
flavor hadron TSSA measurement [19] has been used to
estimate the trigluon correlation function in the transversely
polarized proton assuming no effects from hadronization or
final-state color interactions [20]. The midrapidity isolated
direct photon TSSA is instead a clean probe of the trigluon
correlation function because it is insensitive to hadroniza-
tion effects as well as final-state color interactions [21].

The only previously published direct photon TSSA
measurement is the Fermilab E704 result, which used a
200 GeV/c polarized proton beam on an unpolarized
proton target (/s = 19.4 GeV). It was found to be con-
sistent with zero to within 20% for 2.5 < p%. < 3.1 GeV/c
[22]. The PHENIX results presented in this Letter measure
photons with p% > 5 GeV/c with total uncertainties up
to a factor of 50 smaller than the E704 measurements.
This measurement will constrain trigluon correlations in
transversely polarized protons.

The presented direct photon measurement was performed
with the PHENIX experiment in the central rapidity region
In] < 0.35, using p' + p collisions at /s = 200 GeV. The
dataset was collected in 2015 and corresponds to an
integrated luminosity of approximately 60 pb~!. Direct
photons were reconstructed using similar techniques to a
previously published direct photon cross section result at
/s =200 GeV [23]. The asymmetry was measured with
transversely polarized proton beams at RHIC where the
clockwise and counterclockwise beams had an average
polarization of 0.58 +0.02 and 0.60 £ 0.02, respectively
[24]. Collisions between bunches are spaced 106 ns apart
and the polarization direction changes bunch-to-bunch such
that two statistically independent asymmetries can be
measured with the same particle yields through sorting them
by the polarization direction in one beam, effectively
averaging over the polarization in the other beam. These
two independent measurements serve as a cross check and
are averaged together to calculate the final asymmetry.

The PHENIX central detector comprises two nearly back-
to-back arms each covering A¢ = z/2 in azimuth and
|n| < 0.35 in pseudorapidity. Photons are identified through
clusters in the electromagnetic calorimeter (EMCal), which
has two detector arms: the west and the east. The west arm
comprises four sectors of sampling lead-scintillator (PbSc)
calorimeters with granularity 6¢ x én = 0.011 x 0.011 and
the east arm comprises two more PbSc sectors along with
two sectors of Cerenkov lead-glass (PbGl) calorimeters with
granularity 6¢ x én = 0.008 x 0.008 [25].

The PHENIX central tracking system uses pad chambers
and a drift chamber to measure the position of charged
particle tracks [26]. The beam-beam counters (BBC) are
far-forward arrays of quartz Cerenkov radiators that cover
the full azimuth and 3.0 < || < 3.9 [27]. They measure the
position of the vertex in the beam direction, for which a
30 cm vertex cut around the nominal collision point is
applied. The minimum-bias trigger fires on crossings where
at least one charged particle is measured in each arm of the
BBC. Events with high-p; photons are selected through an
EMCal-based high-energy photon trigger that is taken in
coincidence with this minimum-bias trigger.

All photons used in the asymmetry calculation are
required to pass the following cuts. A shower shape cut
selects clusters whose energy distribution is consistent with
a parametrized profile from a photon shower. This reduces
the contribution of clusters from hadrons along with
merged photons from high energy z° decays, which resolve
as a single cluster in the EMCal. A time-of-flight cut
suppresses the contribution of EMCal noise, where the
timing of the cluster is measured by the EMCal and the time
zero reference of the event is provided by the BBC.
A charged-track-veto cut eliminates clusters that geomet-
rically match with a charged track and uses the track
position measured directly in front of the EMCal. This cut
reduces the background from electrons as well as charged
hadrons that were not eliminated by the shower shape cut.
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Direct photon candidates are also required to pass
tagging cuts that reduce the hadronic decay background
by eliminating photons that are tagged as coming from
either 7° — yy or n — yy decays. The candidate direct
photon is matched with a partner photon in the same event
and same EMCal arm, which has passed a minimum-
energy cut of 0.5 GeV. A photon is considered tagged
as coming from a 7° — yy (n — yy) decay if it is matched
into a photon pair with invariant mass 105 <M, <
165 MeV/c? (480 < M,, < 620 MeV/c?), which corre-
sponds roughly to a 26 window around the observed 7°
and 5 peaks.

Additionally, direct photon candidates have to pass an
isolation cut, which further reduces the contribution of
decay photons [23]. Reference [1] estimates that the
contribution of the next-to-leading-order fragmentation
photons to the isolated direct photon sample is less than
15% for photons with p; > 5 GeV/c. The photon isolation
cut requires that the sum of the particles’ energy surround-

ing the photon in a cone of radius r=+/(An)*+(A¢)? <

0.4 radians be less than 10% of the candidate photon’s
energy: Egone < E, - 10%. To be included in the cone sum
energy, E .., an EMCal cluster must have energy larger
than 0.15 GeV and a charged track needs to have a
momentum above 0.2 GeV/c. To provide a more inclusive
sample of the particles surrounding the photon, the clusters
and tracks that are included in the E.,,. sum are only
required to pass a minimum set of quality cuts. The charged
track veto cut is still used to ensure charged particles are not
double counted by the energy that they deposit in the
EMCal. The shower-shape cut is not applied to EMCal
clusters to ensure that neutral hadrons and charged hadrons
that were not reconstructed as charged tracks can still
contribute to E_qp..

The asymmetry measurement is formed from photons
that satisfy these criteria, using similar techniques to
previously published PHENIX TSSAs which include
Refs. [19] and [28]. The TSSA is determined using the
relative luminosity formula:

1 Nt — RNV
Av = P{cos(¢)) Nt + RNV’ (1)

where R = £1/L} is the relative luminosity of collisions
for when the beam was polarized up versus down. P is the
average polarization of the beam, and (cos(¢)) is the
acceptance factor accounting for the azimuthal coverage of
each detector arm. In Eq. (1), N refers to the particle yield
and the up (1) or down (|) arrow superscripts refer to the
direction of the beam polarization. The asymmetries are
calculated separately for each arm of the detector and
averaged together for the final result, weighted by the
statistical uncertainty.

The main source of direct-photon background comes
from decay photons that were not eliminated by the tagging
cut because their partner photon was not measured. This
can occur because the partner photon was out of accep-
tance, hit a dead area of the detector, or did not pass
the minimum-energy cut. To calculate the isolated
direct-photon asymmetry, A%, the candidate isolated
direct-photon asymmetry, A}\S,", must be corrected for the
contribution from background:

. o .
S0 __ 150,77 180,17
Adic _ AN — 1Ay r,,AN (2)
N —_ .
L —rp—r,

This expression removes the effects of background asym-

. . 150720 .
metries from isolated 7z° photons, A}f,"’” , and isolated 7
iso,n

photons, Ay, where r,o and r, are the background

fractions due to photons from z° and  decays, respectively.
Because the midrapidity z° and # TSSAs have been
measured to be consistent with zero to high statistical
precision [28] and their isolated asymmetries were also

confirmed to be consistent with zero, A" and AR are
set to zero in Eq. (2). The systematic uncertainty due to
setting the background asymmetries to zero dominates the
total systematic uncertainty of the direct-photon asymmetry
for all py bins. It is assigned by integrating the inclusive
midrapidity z° and # TSSAs over photon p; and propa-
gating their uncertainties through Eq. (2).

The background fraction calculation is performed by

taking the ratio of measured photon yields: Ni;‘gi'h /N,
where N is the isolated direct photon candidate sample.
N {;‘éh is the number of photons that were tagged as coming
from a diphoton decay of hadron % and pass the photon
pair isolation cut, Eone — Epariner < E, - 10%, which sub-
tracts off the energy of the partner photon, Epye,- Tagged
photons that pass this cut would have been included in
the isolated direct photon candidate sample had their
partner photon not been detected. Simulations are used
to calculate how to convert from the number of tagged
decay photons to the number of decay photons where the
partner photon was missed. The background fraction r,, for
photons from 7z° and 5 meson decays, is calculated
separately to account for their differences in particle
production and decay kinematics,

is0,h
N tag
Niso ’

rn =Ry, (3)
where R, is the one-miss ratio for the decay of hadron 4. It
is the ratio in single particle Monte Carlo of the number of
photons for which only one of the simulated decay photons
was reconstructed to the number of photons in which both
decay photons were reconstructed [23]. These simulations
include the geometry, resolution, and configuration of the
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FIG. 1. The fractional contribution of photons from (a) z° and

(b)  decays to the isolated direct photon candidate sample.

dead areas of the EMCal and use the previously measured
7Y [29] and 7 [30] cross sections. The background fractions
for photons from z° (37) 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 7 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 7° decay photons. The equivalent
R, is calculated using simulated &7 — yy 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 7 decays was confirmed to be
negligible.

An additional systematic study is performed by calcu-
lating the asymmetry with the square root formula:

P ard b art
1 Ny Ng— /N[ Ng
Ay = \/ \/ (4)

Pleos(¢)) \/NEN}e + \/ NiNL

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

TABLE I. The measured Ay of isolated direct photons in p' +
p collisions at /s = 200 GeV as a function of p;. An additional
scale uncertainty of 3.4% due to the polarization uncertainty is
not included.

<pT> [GCV/C} A?\}r Ostat Gsyst

5.39 —0.000492 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 0.00278 0.0105 0.00 106

uncertainty due to setting the background asymmetries to
zero dominates the total systematic uncertainty by an order
of magnitude for all p; bins except for the highest pr 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 Ay of isolated direct photons, A%, at
midrapidity in p' 4 p collisions at /s =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 py
range. Figure 2 also shows predictions from collinear twist-
3 correlation functions. The solid (green) curve shows the
contribution of ggg correlation functions to the direct-
photon asymmetry which is calculated using functions
that were published in Ref. [18] that are integrated over
the || < 0.35 pseudorapidity range of the PHENIX
central arms. This calculation includes contributions from
the ggq correlation functions present in both the polarized
and unpolarized proton, including the ETQS function

0.02 -
- p'+p o 7 +X, Vs =200 GeV, [n|<0.35
0oL PHENIX
Sz i
< L
or
i qgq Contribution
L ggg Contribution Model 1, min/max
~0.01 ggg Contribution Model 2, min/max
1 Lo b b v b b0 | i

5 6 7 8 9 10 11 12
P, [GeV/c]

FIG. 2. Transverse single-spin asymmetry of isolated direct
photons measured at midrapidity || < 0.35 in pt + p collisions
at+/s = 200 GeV. An additional scale uncertainty of 3.4% due to
the polarization uncertainty is not shown.
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which is extracted from a global fit in Ref. [17]. The error
band plotted with the solid (green) curve in Fig. 2 includes
uncertainties propagated from fits to data, but does not
include uncertainties associated with assuming functional
forms. Quark-flavor dependence is not considered in these
calculations, including ggqg correlators. Direct-photon pro-
duction in p + p collisions is four times more sensitive
to the up quark than the down quark in the proton because
of the factor of electric charge squared in the production
Ccross section.

Given the small predicted contributions from ggg corre-
lation functions to the midrapidity direct photon TSSA, this
measurement can provide a clean extraction of the ggg
function. The predicted ranges for the trigluon correlation
function’s contribution to the direct-photon asymmetry are
also plotted in Fig. 2. The dashed (blue) and dotted (red)
curves use results that were published in Ref. [20] and were
reevaluated as a function of photon p; for pseudorapidity
n =10 [31]. Models 1 and 2 assume different functional
forms for the trigluon correlation function in terms of the
collinear leading-twist gluon PDF; no uncertainties are
available for these curves. As shown in Fig. 2, this
measurement has the statistical precision, especially at
low pr, to constrain the trigluon correlation function.

In summary, the TSSA of midrapidity isolated direct
photons was measured by the PHENIX experiment to be
consistent with zero in the presented p; range, with uncer-
tainties as low as 0.4% in the lowest p bins. This is the first
time direct photons have been used to probe transversely
polarized proton collisions at RHIC and the first measurement
of this TSSA in almost 30 years, with significantly higher py
reach and up to a 50-fold improvement in uncertainty. Direct
photons are a clean probe of proton structure with no
contributions from final-state QCD effects and at midrapidity
are particularly sensitive to gluon dynamics. When included
in the global analysis of world TSSA data, this measurement
will constrain gluon spin-momentum correlations in the
transversely polarized proton for x = x; = 0.05-0.18,
marking an important step toward creating a more three-
dimensional picture of proton structure.
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