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Cross section and transverse single-spin asymmetry of muons from open
heavy-flavor decays in polarized p +p collisions at /s =200 GeV
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The cross section and transverse single-spin asymmetries of g~ and gt from open heavy-flavor decays in
polarized p + p collisions at 1/s = 200 GeV were measured by the PHENIX experiment during 2012 at
the Relativistic Heavy Ion Collider. Because heavy-flavor production is dominated by gluon-gluon
interactions at /s = 200 GeV, these measurements offer a unique opportunity to obtain information on the
trigluon correlation functions. The measurements are performed at forward and backward rapidity
(1.4 < |y| < 2.0) over the transverse momentum range of 1.25 < p; < 7 GeV/c for the cross section and
1.25 < pr <5 GeV/c for the asymmetry measurements. The obtained cross section is compared to a
fixed-order-plus-next-to-leading-log perturbative-quantum-chromodynamics calculation. The asymmetry
results are consistent with zero within uncertainties, and a model calculation based on twist-3 three-gluon
correlations agrees with the data.

DOI: 10.1103/PhysRevD.95.112001

I. INTRODUCTION TSSA results were first observed in z# and z~ production
at large Feynman-x (xy) in transversely polarized p + p
collisions at /s = 4.9 GeV [1]. These results surprised the
quantum-chromodynamics (QCD) community because

they disagreed with the expectation from the naive pertur-

Transverse single-spin asymmetry (TSSA) phenomena
have gained substantial attention in both experimental
and theoretical studies in recent years. The existence of
TSSAs has been well established in the production of light

mesons at forward rapidity in transversely polarized
p+ p collisions at energies ranging from the Zero
Gradient Synchrotron up to the Relativistic Heavy Ion
Collider (RHIC). Surprisingly large but oppositely signed

fDeceased.
fakiba@rcf.rhic.bnl.gov

bative QCD of very small spin asymmetries [2]. The large
TSSA of pion production has been subsequently observed
in hadronic collisions over a range of energies extending up
to /s = 500 GeV for z° (/s = 200 GeV for z*) [3-12].
Furthermore, TSSA in 5 meson production has also
been studied at forward rapidity [13,14]. The results are
consistent with the observed z° asymmetries at various
energies in the overlapping xp regions. Two theoretical
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formalisms within the perturbative QCD framework have
been proposed to explain the origin of these large TSSAs
at forward rapidity. Both formalisms connect the TSSA
to the transverse motion of the partons inside the trans-
versely polarized nucleon and/or to spin-dependent quark
fragmentation.

One framework is based on the transverse-momentum-
dependent (TMD) parton distribution and fragmentation
functions, called TMD factorization. The initial state con-
tributions are originating from the Sivers function [15,16],
which describes the correlation between the transverse spin of
the nucleon and the parton transverse momentum in the initial
state. The final state contribution originates from the quark
transversity distribution and the Collins [17] fragmentation
function, which describes the fragmentation of a transversely
polarized quark into a final state hadron with nonzero
transverse momentum relative to the parton direction. This
framework requires two observed scales where only one
needs to be hard and both effects have been observed in SIDIS
measurements [18,19]. However, TMD factorization cannot
be used in the interpretation of hadron production in p + p
collisions as only one hard scale is available [20].

A second framework, applicable to our study, follows
the QCD collinear factorization approach. The collinear,
higher-twist effects become more important in generating a
large TSSA when there is only one observed momentum
scale that is much larger than the nonperturbative hadronic
scale Agep =200 MeV [21,22]. A large TSSA can be
generated from the twist-3, transverse-spin-dependent,
multiparton correlation functions in the initial state or
fragmentation functions in the final state.

At RHIC energies, gluon-gluon interaction processes
dominate heavy quark production [23], so heavy quarks
serve to isolate the gluon contribution to the asymmetries.
PHENIX has measured the TSSA (Ay) of J/y in central
and forward rapidity [24]. Theoretical predictions of the
J/y single-spin asymmetry are complicated by the lack of
good understanding of the J/y production mechanism
[25]. In addition, there are feed-down contributions from
higher resonance states in inclusive J/y production [26].
On the other hand, the effect of pure gluonic correlation
functions on D-meson production in transversely polarized
p + p collisions has been extensively studied within the
twist-3 mechanism in the framework of collinear factori-
zation [27,28]. However, it is difficult to constrain the
trigluon correlation functions due to the lack of exper-
imental results. Future measurements including D-meson
production are proposed at the Large Hadron Collider [29].

This paper reports on measurements of the cross section
and TSSA for muons from open heavy-flavor decays in
polarized p + p collisions at /s = 200 GeV. Results are
presented for muons from semileptonic decays of open
heavy-flavor hadrons, mainly D — u+X and B— u+X, in
the forward and backward rapidity regions (1.4 <|y| <2.0);
the accessible momentum fraction of gluons in the proton is

PHYSICAL REVIEW D 95, 112001 (2017)

0.0125-0.0135 and 0.08-0.14 in the backward (xp < 0)
and forward (xz > 0) regions with respect to the polarized
beam direction, respectively. Section II describes the RHIC
polarized proton beams and the PHENIX experimental
setup. The detailed analysis of muons from open heavy
flavor, including cross sections and TSSAs, will be
described in Sec. III, and the results will be presented in
Sec. IV. Finally, a discussion of the results and their
possible implications will be provided in Sec. V.

II. EXPERIMENTAL SETUP
A. The PHENIX experiment

The PHENIX detector comprises two central arms at
midrapidity and two muon arms at forward and backward
rapidity [30]. As shown in Fig. 1, two muon spectrometers
cover the full azimuthal angle in the pseudorapidity range
1.2 <y <24 (north arm) and —-2.2 <5 < —1.2 (south
arm). In front of each muon arm, there are about seven
interaction lengths (4;) of copper-and-iron absorber which
provides a rejection factor of 1000 for charged pions, and
an additional stainless-steel absorber (2 4; in total) installed
in 2011 contributes to further suppress the hadronic back-
ground [31,32]. Each muon arm has three stations of
cathode strip chambers, muon tracker (MuTr), for momen-
tum measurement, and five layers (labeled from GapO to
Gap4) of proportional tube planes, muon identifier (MulD),
for muon identification. Each MulD gap comprises a plane
of absorber (~14;) and two planes of larrocci tubes whose
orientation is along either the horizontal or the vertical
direction in each plane. The MulD also provides a trigger
for events containing one or more muon candidates.

The minimum bias (MB) trigger is provided by the
beam-beam counters (BBC) [33], which comprise two
arrays of 64 quartz Cerenkov detectors to detect charged
particles at high pseudorapidity. Each detector is located at
7 = +£144 cm from the interaction point and covers the
pseudorapidity range 3.1 < |n| < 3.9. The BBC also deter-
mines the collision-vertex position (z,.) along the beam
axis, with a resolution of roughly 2 cm in p + p collisions.

RPC3 . R RPC3

ol’/é Central Magnet (\VY‘?’@ M
N

1’0,7 \\“\\\

<

— H MPC

S
ZDC South ; : / \ ZDC North

MulD| l ) H M H : MulD
(o)}
=2 MuTr
South Side View North
18.5m= 60 ft

FIG. 1. Side view of the PHENIX detector in the 2012 run.
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B. RHIC polarized beams

RHIC is a unique, polarized p + p collider located at
Brookhaven National Laboratory. RHIC comprises two
countercirculating storage rings, in each of which as many
as 120 polarized-proton bunches can be accelerated to a
maximum energy of 255 GeV per proton.

In the 2012 run, the beam injected into RHIC typically
consisted of 109 filled bunches in each ring. The bunches
collided with a one-to-one correspondence with a 106 ns
separation. Predefined polarization patterns for every eight
bunches were changed fill by fill in order to reduce
systematic effects. Two polarimeters are used to determine
the beam polarizations. One is a hydrogen-jet polarimeter,
which takes several hours to measure the absolute polari-
zation [34]. The other is a fast, proton-carbon polarimeter,
which measures relative changes in the magnitude of the
polarization and any variations across the transverse profile
of the beam several times per fill [35,36]. During the /s =
200 GeV run in 2012, the polarization direction in the
PHENIX interaction region was transverse. The average
clockwise-beam (known as blue beam) polarization for the
data used in this analysis was P = 0.64 £ 0.03, and the
average counterclockwise-beam (yellow beam) polarization
was P = 0.59 £ 0.03. There is a 3.4% global scale uncer-
tainty in the measured A y due to the polarization uncertainty.

III. DATA ANALYSIS
A. Data set

We analyzed a data set from transversely polarized p + p
collisions at /s = 200 GeV collected with the PHENIX
detector in 2012 with an integrated luminosity of 9.2 pb~!.
These data have been recorded by using the MulD trigger in
coincidence with the BBC trigger. The BBC trigger requires
at least one hit in both BBCs. The BBC trigger efficiency for
MB p + p events (events containing muons from open
heavy flavor) is 55% (79%) [37] with the van der Meer scan
technique [38]. The MulD trigger serves to select events
containing at least one MulD track reaching Gap3 or Gap4.

B. Yield of muons from open heavy flavor

PHENIX has reported several measurements of muons
from open heavy-flavor decays in various collision systems
[39,40]. Similar methods developed in the previous analy-
ses for background estimation are used in this analysis.
Because of the benefit of the additional absorber material,
the measurement of positively charged muons from open
heavy-flavor decays is possible in PHENIX for the first
time with these data.

1. Muon-candidate selection

We choose tracks penetrating through all the MulD gaps
as good muon candidates from events for which the BBC z
vertex is within £25 cm. Track quality cuts, shown in
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TABLE I.  Track selection cuts used in this analysis. Cut values
vary with the py of track; those shown here are for the lowest-py
bin (1.25 < py < 1.5 GeV/c).

DGO < 20 cm (South), 10 cm (North)

DDGO < 8 deg.

Fef < 125 cm

Number of hits in MuTr > 12, )(lz\/IuTr /ndf < 10
Number of hits in MuID > 6, y3;,mp/ndf <5
P+ (Opury — Ovi) < 0.2 rad - GeV/¢

x? of track projection to z, < 4

Table I, are also required to reject background tracks. DGO
is the distance between the projected positions of a MuTr
track and a MulD track at the z position of the MulD Gap0.
DDGO is the angular difference between the two projected
positions used in the DGO. r is the distance between the
interaction point and a projected position of a MulD track at
2=20. p- (Opmutr — Ovx) s the polar scattering angle of a
track inside the absorber scaled by the momentum, where
0. 1s the angle at the vertex and Oy, is the angle at the
MuTr Station 1. Two cuts, on p - (Oyurr — Oy ) and y? at
Zvi» are effective for rejecting tracks suffering from large
multiple scattering or decaying to muons inside the
absorber. Track quality cuts are determined with the help
of a Monte Carlo simulation with GEANT4 [41]; the cut
values vary with the momentum of the track.

In this analysis, we also use tracks that stopped at MulD
Gap3 for background estimation, although these tracks are
not considered as muon candidates. After applying a proper
p.cut (p, ~ 3.8 GeV/c), we obtain a data sample enriched
in hadrons (called stopped hadrons) [39]. These tracks are
used to determine the punch-through hadron background
which arises from hadrons traversing through all MulD
layers without decay; this background is described in more
detail in the next section.

2. Background estimation

The primary sources of background tracks are charged
pions and kaons. Decay muons from z* and K* are the
dominant background for p; <5 GeV/c, while the
fraction of punch-through hadrons becomes larger at
pr > 5 GeV/c. Another background component is muons
from J/y decays. The contribution from J/y decay is
small in the low-p; region but increases up to 20% of muons
from inclusive heavy-flavor decays at pr~5 GeV/c.
Backgrounds from light resonances (¢, p, and w) or other
quarkonium states (y.., ', and T) are negligible [39,42].
Therefore, the number of muons from open heavy-flavor
decays is obtained as

NHF:Nincl/gtrig_NDM_NPH_NJ/V/—’I“ (1)

where Ny is the number of muons from open heavy-flavor
decays, Nj,q is the number of muon candidates passing

112001-5



C. AIDALA et al.

through all track quality cuts in Table I, &, is the trigger
efficiency of the MulD trigger, Npy is the estimated
number of decay muons from z* and K*, Npy is the
estimated number of punch-through hadrons, and N, _, , is
the estimated number of muons from J /y decay. The trigger
efficiency correction should be taken into account before
subtracting the background, because the simulation of
the backgrounds does not include any inefficiency of the
MulD trigger. The MulD trigger efficiency is evaluated with
data by measuring the fraction of MUID triggers in non-
MUID triggered events containing tracks at MulD Gap3
or Gap4.

To estimate the hadronic background (Npy; and Npy),
the hadron-cocktail method, developed for the previous
analysis [39,42], is used. Initial particle distributions for the
hadron-cocktail simulation are estimated from measure-
ments of charged pions and kaons at midrapidity [43,44].
The PYTHIA event generator [45] is used to extrapolate the
pr spectra at midrapidity to the forward rapidity region.
To obtain enough statistics of reconstructed tracks in the
high-p; region, a p3 weight is applied to the estimated p;
spectra for the simulation and the simulation output is
reweighted by 1/p3 for a proper comparison with the
data. Based on these initial hadron distributions, a full
chain of detector simulation with GEANT4 [41] and track
reconstruction is performed. Because of uncertainties in the
estimation of input distributions and hadron-shower sim-
ulation with the thick absorber in front of the MuTr, an
additional, data-driven, tuning procedure of the simulation
is needed to determine the background more precisely. Two
methods, described below, are used to tune the hadron-
cocktail simulation:

Normalized z distribution: The z,,, distribution of tracks
(dN,/dz.y) normalized by the z, distribution of MB
events (dN.,/dz,) provides a good constraint on the
decay muon background. Because the distance from z,,, to
the front absorber is relatively short compared to the decay
length of 7% and K™, the production of decay muons shows
a linear dependence on z,,. Therefore, the number of decay
muons can be estimated by matching the slope in the
normalized z,, distribution at MulD Gap4 for each p bin.
More details are described in [39].

Stopped hadrons: Hadrons stopping at MulD Gap3
can be removed with an appropriate momentum cut
(p, ~3.8 GeV/c) as described in the previous section.
The remaining stopped muons are less than 10% in the
tracks at MulD Gap3, based on the simulation study. The
punch-through hadron background at the last MulD gap
can be estimated by matching the p; distribution of stopped
hadrons at MulD Gap3.

After tuning the hadron-cocktail simulation, the decay
muons (Npy) from the normalized z,,, distribution match-
ing and the punch-through hadrons (Npy) from the
stopped-hadron matching are combined for the final esti-
mate of the background from light hadrons. For the decay
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muons at p; > 3 GeV/c and the punch-through hadrons,
the difference between the two methods of tuning is
assigned as the systematic uncertainty. More details on
the hadron-cocktail simulation and the tuning procedure are
given in [39].

Muons from J/y decays are also subtracted in order to
obtain the number of muons from open heavy-flavor
decays. From the measurement of the J/y invariant cross
section in the forward region [26] and a decay simulation,
the number of muons from J/y decay (N,,_,) can be
estimated [42]. The contribution of muons from J/y to
the muons from inclusive heavy-flavor decays is ~2% at
low pr and increases up to ~20% at pr >5 GeV/c.
Because there is a B — J/y contribution in the inclusive
J/y measurement, a fraction of B is included in N;,_,,
and subtracted as background. However, the fraction,
Ng—jjy—u/Nug, is quite small based on the measurements
of the B — J/y fraction [46].

Figure 2 shows the py spectra of inclusive muon tracks
and estimated background components; the relative con-
tribution from each source varies with py. After subtraction
of backgrounds from light hadrons and J/y, the p; spectra
of muons from open heavy-flavor decays can be
obtained. Figure 3 shows the signal-to-background ratio

(W%) of negatively (top panel) and positively

(bottom panel) charged tracks; blue open circle (red closed
rectangle) points represent the results in the South (North)
arm. Vertical bars (boxes) around the data points are
statistical (systematic) uncertainties; details on systematic
uncertainties will be described in the following section.
Because K* has a longer nuclear interaction length than
other light hadrons, the signal-to-background ratio of
positively charged tracks is smaller than that of negatively
charged tracks.

3 T T T T 1 ]
107 € . e Inclusive tracks E
a4l . = Open heavy-flavor decay -
107 g = . o Light hadron decay E
50 xu® *  Punchthrough hadrons 1
10 ? x 1 E] e O Jly—u é
= Oe 3
%10'egooo§*.ﬁo 3
— F o é | ° ]
2 107F ®x B .
= g ® * 3
] o x = © ]
@ 108 L * =
3 & o] . ]
9L .
10 [ o
e
1 2 3 4 5 6 7

P, (GeV/c)

FIG. 2. py spectra of inclusive muon candidates and back-
ground sources from the hadron-cocktail simulation after p; -
dependent tuning.
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FIG. 3. Signal-to-background ratio of (a) negatively charged
and (b) positively charged tracks. Each panel includes results in
the North [closed (red) rectangle] and South [open (blue) circle]
arms. Vertical bars (boxes) correspond to the statistical (system-
atic) uncertainties.

3. Acceptance and efficiency correction

The acceptance and efficiency correction is evaluated by
using a single-muon simulation. The same simulation
procedure as for the hadron-cocktail simulation is used,
and reconstructed muons are filtered with the same track
quality cuts and fiducial cuts as was applied to the data.
Because detector performance throughout the data-taking
period is stable, one reference run is used to calculate the
correction factors. The variation of the number of muon
candidates per event throughout the data-taking period is
8.1% (4.6%) for the South (North) arm, and the quadratic
sum with the systematic uncertainty on the MuTr (4%) and
MulD (2%) is assigned to the systematic uncertainty on the
acceptance and efficiency correction.

4. Systematic uncertainty

There are three major sources of systematic uncertainty:
the background estimation (Jy,), the acceptance and
efficiency correction (d,,), and the BBC efficiency (0gpc)-

The sources of dy, are listed here:

Ouig A 5% (15%) systematic uncertainty is assigned to the
MulD trigger efficiency for tracks at MulD Gap4 (Gap3)
by considering the statistical uncertainty of tracks in the
non-MulD triggered events, and the uncertainty is included
in the systematic uncertainty on the Npy (Gap4) and
Npy (Gap3).

Osm The hadron-cocktail simulation with the thick
absorber (~134;) can be a source of systematic uncer-
tainty. In case of the Npy in pr <3 GeV/c where
background can be constrained with muons, a 10%
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systematic uncertainty is assigned conservatively due to
extraction of the slope in the normalized z,, distributions.
The difference between the two methods of tuning
described in Sec. IIIB 2 is assigned to the systematic
uncertainty on the Npy in pr >3 GeV/c and the
Npy. The systematic uncertainty on the Npy (Npy) is
10%—15% (10%—40%) depending on p7.

Jinput Because there is no precise measurement of 7+ and K*
production at forward rapidity, a 30% systematic uncertainty
is assigned to the estimation of the K/x ratio based on the
systematic uncertainty of measurements at midrapidity
[43,44]. The impact on Nyg is evaluated by performing
the hadron-cocktail tuning procedure with various initial
K /7 ratios, and the variation of Ny is less than 10%. The
uncertainty on the shape of the p distribution is negligible,
because the tuning of the hadron-cocktail simulation can
take into account a p; dependence. A 10% systematic
uncertainty is assigned to Nyp conservatively.

07—y The upper and lower limit of systematic uncertainty
on the J/y cross section measurement is taken into account
for the systematic uncertainty on N, _,,,. The contribution
from B decays is also considered. A 3% systematic
uncertainty is assigned to the Nyr due to the uncertainty
on the Ny, .

For the systematic uncertainty on the Nyg, the 6, and
Osim ON the Ny (Npy) are propagated into the Nyp with the
ratio of Npy/Nyg (Npy/Nyg)- This propagated uncertainty
is combined with the &, and &;,_, on the Nyp as a
quadratic sum. The &y, is 8%-40%, depending on pr.

There are also systematic uncertainties on the acceptance
and efficiency correction (5,,) and the BBC efficiency
(6gpc); see the discussion in [37]. For the §,,, all sources
described in Sec. III B 3 are added in quadrature, and 9.3%
and 6.4% systematic uncertainties are assigned to the South
and North arms, respectively.

Table II summarizes the systematic uncertainty on the
cross section of muons from open heavy-flavor decays, and
the quadratic sum of the three components is the final
systematic uncertainty.

C. Transverse single-spin asymmetry

1. Determination of the TSSA

Both of the proton beams are transversely polarized at
the interaction point. The TSSA (Ay) in the yield of muons
from heavy-flavor decays is obtained for each beam

TABLE II. Summary of systematic uncertainties on the cross
section of muons from open heavy-flavor decays.

Value
8%—-40%, varies with py

Component

Owg  Background estimation

One Acceptance and efficiency 9.3%(S), 6.4%(N)
oggc  BBC efficiency 10.1%
Sum 17%—-43%, varies with py
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separately by summing over the spin information of the
other beam. The final asymmetry is calculated as the
weighted average of the asymmetries for the two beams.
The maximum likelihood method is used for this
measurement. The likelihood £ is defined as

L= H(l + P - Ay sin(¢po — @) (2)

where P is the polarization, ¢, is the direction of beam
polarization (+% or —%), and ¢; is the azimuthal angle of
each track in the PHENIX lab frame. The unbinned
likelihood method is used in this study, so that the result
is not biased by low statistics bins. The likelihood function
is usually written in logarithmic form

log £ = log(1+P-Aysin(dp —¢1).  (3)

The Ay value is determined by maximizing log £. The
statistical uncertainty of the log-likelihood estimator is
related to its second derivative,

an) = (-55) (@)

2. Inclusive- and background-asymmetry estimation

We study tracks that penetrate to the last MulD gap
(Gap4); these tracks are created by muons from open
heavy-flavor decays, punch-through hadrons, muons
from light hadrons, and muons from J/w decay. The
contribution from other sources is negligible as discussed
in Sec. III B 2. To obtain the asymmetry of muons from
open heavy-flavor decays (ANF), the asymmetry of the
background from light hadrons (A% ) and muons from J /y
(A%/"™") should be eliminated from the asymmetry of
inclusive muon candidates (Al!). Because hadron tracks
can be selected with the p. cut, A% is obtained from the
asymmetry of stopped hadrons at MulD Gap3. Possible
differences between the Ay of stopped hadrons at MulD
Gap3 and the mixture of decay muons and punch-through
hadrons at MulD Gap4 is studied with the hadron-cocktail
simulation. The details are described in Sec. III C 3.

For the estimation of A%/Y™ a previous PHENIX
A]J\,/ ¥ measurement [24] is used. The asymmetry of
single muons from J/y decay (A%/Y™*) is estimated from
a decay simulation with the initial AY in [24]
(A,JV/"’ = -0.002 £ 0.026 at xp <0, and —0.026 £ 0.026
at xr > 0). The initial p; and rapidity distributions of J/y
are taken from [26]. The obtained A%/¥~* is —0.002: 0018 at
xp < 0and —0.0191’8:82159 at x; > 0. A possible effect from
J/w polarization is tested by assuming maximum polari-
zation, and the variation of A7/*~* is < 0.001. Because the
variation due to J/y polarization is much smaller than the
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variation from the uncertainty of AZJV/”’, the J/y polarization
effect is not included to evaluate A7/¥ ™"
uncertainty.

Once AD, and A%/¥~* are determined, the Ay of muons
from open heavy-flavor decays and its uncertainty can be

obtained as

and the systematic

3 J/w—
Al — f AN — AT

S T R G)
VAT + £ (3R + 13, - (AP M)
SANF = :
T=fu=Forw
(6)

where f1, = (Npy + Npu)/Nina is the fraction of the light-
hadron background, and f/, = N, —,/Nina is the frac-
tion of muons from J/y. Both fractions (f}, and f,,,) are
determined from the background estimation described
above. S5A)/"7*, estimated from the previous PHENIX
measurement, is included in the systematic uncertainty.

3. Systematic uncertainty

The systematic uncertainty is determined from variation
of AMF between the upper and lower limits of each back-
ground source. An additional systematic uncertainty is
derived from the comparison between the two A calcu-
lation methods; the maximum likelihood method [Eq. (3)]
and the polarization formula [Eq. (7)]. The final systematic
uncertainty is calculated as the quadratic sum of systematic

uncertainties from each source (5Aff“, SAL, 5A,Jv/"'_’” , and
SAmethod) " described here:

5A5Nf " Systematic uncertainty on the fraction of light-hadron
background (6f},) from Fig. 3 is an important source
of systematic uncertainty on AMF. The upper and lower
limits of AXF are calculated using Eq. (5) with the upper and
lower limits of the fraction of the light-hadron back-
ground (f}, = df})-
SAY The asymmetry of the light-hadron background (A%)
at MulD Gap4 is estimated by using stopped hadrons at
MulD Gap3. Because of decay kinematics, the A%, at MuID
Gap4 can be different from the A% measured at MulD
Gap3. In order to quantify the difference, a simulation
study using the decay kinematics of light hadrons from the
hadron cocktail in Sec. I B2 and an input asymmetry
(A" is performed. AY™ is taken as 0.02 x py (with py
in GeV/c) at p;y <5 GeV/c and 0.1 at p; > 5 GeV/c,
based on the most extreme case of A% measured at MuID
Gap3. The detailed procedure is as follows:
(1) Generate a random spin direction (1, |,) for all tracks.
(2) Apply a weight (1 4+ Ay™" - cos ¢) for each track
based on the manually assigned initial asymmetry

(Aian"t). The sign is determined from the random
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polarization direction in step 1, and ¢, is the
azimuthal angle of the track at the generation level.

(3) Extract AN of the tracks at MulD Gap3 and Gap4
with the az1mutha1 angle and momentum of the
reconstructed tracks by fitting the asymmetry of the
two polarization cases with Ay - cos .

The largest difference between AN at MulD Gap3
and Gap4 is ~0.008 in the entire py range, so £0.008
is assigned to the systematic uncertainty. In the case of
X binning, the difference of Ay at MulD Gap3 and
Gap4 is quite small (<0.001).

SAY/Y™* The systematic uncertainty from A%/Y ™" is deter-
mmed from the J/y — u simulation with the upper and
lower limits of A%/Y in [24]. Propagation to ANF is
calculated using Eq. (5). The effect from B — J/y is
negligible due to its small fraction in the inclusive J/y.
SAmethod The Alrel regults from the maximum likelihood
method at Eq. (3) are compared with results using the
polarization formula at Eq. (7). Because the measurement
of A% using tracks at MulD Gap3 suffer from large
statistical fluctuations, the difference of two methods with
inclusive tracks at MulD Gap4 is used for both Al and AY,
variations using Eq. (5). Ay(¢) of inclusive tracks for each
pr or xp bin is calculated as

o @)=ot@) | NP -R-N'()
= vt g) PN RN (B

where P is the average beam polarization, 6" and ' are
cross sections for each polarization, NT and N are yields
for two polarizations, and R = LT /L is the relative
luminosity where the luminosity (", L) is measured by
the BBC detectors. A is calculated by fitting the Ay (¢)
distribution with a function £Ay - cos¢, where =+
depends on the beam direction. The systematic uncer-
tainty on AYF is evaluated by propagating variations of
Al and A%, between the maximum likelihood method
and the polarization formula.

IV. RESULTS

A. Cross section of muons from open
heavy-flavor decays

The invariant cross section of muons from open heavy-
flavor decays is calculated as

1nel

ﬁ: 1 (Nur/€gpc) - 0
dp3 ZHPTAPTAy ( evt/EBBC) AE"

(8)

where Ap; and Ay are the bin widths in pr and y, Ny is
the number of sampled MB events, ey (b ) is the BBC
correction factor for the trigger efficiency of MB events
(events containing muons from open heavy-flavor decays),
Ae is the detector acceptance and track reconstruction
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efficiency, and o9 =42 +3 mb is the inelastic cross
section of p + p collisions at /s = 200 GeV.

Figure 4 shows the invariant cross section of positively
(open square) and negatively charged (open circle) muons
from open heavy-flavor decays as a function of prin p + p
collisions at /s = 200 GeV. Vertical bars (boxes) corre-
spond to the statistical (systematic) uncertainties. The
previous PHENIX results for negatively charged muons
[40] are shown, and vertical bars represent total uncertain-
ties. The bottom panel shows the ratio between positively
and negatively charged muons from open heavy-flavor
decays (red open circles); the two pr spectra are consistent
within the systematic uncertainties which are dominated by
the uncertainty from the hadron contamination. The com-
parison with the previous PHENIX results for negative
muons is also presented as a ratio (black diamonds); the fit
function in [40] is used to make a ratio at p; > 4.0 GeV/c.
The uncertainties from the new results are included in the
ratio, and two results are in good agreement.

B. Transverse single-spin asymmetry

The TSSA of muons from open heavy-flavor decays is
calculated by using Eq. (5), and the statistical uncertainty is
determined by using Eq. (6). Figures 5 and 6 present the
TSSA of negatively (A% ) and positively (A’I(;) charged
muons from open heavy flavor as a function of p; in the
forward (xp > 0) and backward (xr < 0) regions with
respect to the polarized-proton beam direction. Figure 7
shows the TSSA versus x of muons from open heavy-flavor
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FIG. 4. (top) Invariant cross section of muons from open heavy-

flavor decays as a function of py in p + p collisions at /s =
200 GeV at forward rapidity. (bottom) Ratio of invariant cross
sections. Vertical bars (boxes) correspond to the statistical
(systematic) uncertainties.
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FIG.5. Ay ofnegatively charged muons from open heavy-flavor

decays as a function of py in the backward (xy < 0, left) and
forward (xp > 0, right) regions. Vertical bars (boxes) represent
statistical (systematic) uncertainties. Solid and dashed lines
represent twist-3 model calculations [27], described in Sec. V.

decays. Vertical bars (boxes) represent statistical
(systematic) uncertainties; a scale uncertainty from the

polarization (3.4%) is not included. A’I(,+ in the negative
xp region, shown in the left panel of Fig. 6, shows some
indication of a negative asymmetry; in the combined pr
range of 2.5 < pr <5.0GeV/c the asymmetry is
—0.117 £ 0.048(stat) + 0.037(syst). However, the com-
bined asymmetries for all p; or xy bins are consistent with
zero within total uncertainties. Other results for A’;; at
positive x and Aﬁ,— in all kinematic regions are consistent
with zero within statistical uncertainties. The asymmetry
results are tabulated in Tables III and IV, while Tables V and
VI list the systematic uncertainties from each source.
Table VII gives the invariant cross section of muons from
open heavy-flavor decays vs py.
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FIG. 6. Ay of positively charged muons from open heavy-flavor
decays as a function of pr in the backward (xp < 0, left) and
forward (xp > 0, right) regions. Vertical bars (boxes) represent
statistical (systematic) uncertainties. Solid and dashed lines
represent twist-3 model calculations [27], described in Sec. V.
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FIG.7. Ay of (a) negatively charged and (b) positively charged

muons from open heavy-flavor decays as a function of x, where
xr > 01is along the direction of the polarized proton. Vertical bars
(boxes) represent statistical (systematic) uncertainties. Solid and
dashed lines represent twist-3 model calculations [27], described
in Sec. V.

V. DISCUSSION

Table VII and Fig. 8 show the charge-combined, invariant
cross section of muons from open heavy-flavor decays as a
function of p;. Vertical bars (boxes) in Fig. 8 correspond to
the statistical (systematic) uncertainties. The solid line in
Fig. 8 represents the fixed-order-plus-next-to-leading-log
(FONLL) calculation of muons from open heavy-flavor
decays from charm and bottom [47], and the band around
the line represents the systematic uncertainty from the
renormalization scale, factorization scale, and heavy
(c and b) quark masses. The bottom panel shows the ratio
between the data and the FONLL calculation. In general, the
agreement between the data and the FONLL prediction
becomes better with increasing pr where the systematic
uncertainties of both are decreasing. At p; <4 GeV/c
where the charm contribution is larger than that from bottom,
the measured yield is larger than the FONLL calculation, but
systematic uncertainties are large in both the data and the
theoretical calculation. Recently, a theoretical approach
within the gluon saturation (color-glass-condensate) frame-
work also presents the cross section of leptons from heavy-
flavor decays in p + p and p + A collisions [48].
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FIG. 8. (Top) Charge-combined, invariant cross section of

muons from open heavy-flavor decays as a function of py in
p + p collisions at /s = 200 GeV at forward rapidity. The solid
line and band represent the FONLL calculation for charm and
bottom and its systematic uncertainty. The dashed and dotted
curves show contributions from charm and bottom separately.
(Bottom) Ratio between the data and the FONLL calculation.
Vertical lines (boxes) represent statistical (systematic) uncertain-
ties of the data.

A recent theoretical calculation [27] incorporating the
collinear factorization framework makes predictions for Ay
in the production of D mesons (AR) produced by the gluon-
fusion (gg — cc) process and therefore is sensitive to the
trigluon correlation functions which depend on the momen-
tum fraction of the gluon in the proton in the infinite-
momentum frame (x-Bjorken). Two model calculations,
assuming either a linear x dependence (Model 1 in Figs. 5,
6,and 7)ora \/)_c dependence (Model 2 in Figs. 5, 6, and 7),
for the nonperturbative functions participating in the twist-
3 cross section for AR are introduced to compare their
behavior in the small-x region, and the overall A% scale is
determined by assuming |AY| < 0.05 at |xz| < 0.1.

To compare with our results for A%, the decay kinematics
and cross section of D — p from PYTHIA [49] have been
used to convert AY into A% The theory calculations of the
xp and py dependence of Ay for D°, D°, D*, and D~ at
—0.6 <xP <0.6and 1 < p? <10 GeV/c are used as the
input AY to the simulation. A similar procedure to that
described in the systematic-uncertainty evaluation for 5AY,
is used. A weight of (I £ AR (p?.xP) - sin(¢p? — ¢yq1)) is
applied for each muon from a D meson, and the sign is
determined with a random polarization direction (1, |).
Then, A is extracted by fitting the asymmetry of the two
polarization cases with Af; - cos ¢*.
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FIG. 9. (a) py and (b) |xp| distributions of D mesons

(D°, D°, D*, and D) decaying into x* in 1.25 < p4 < 5.0,
0.0 < |¥%] < 0.2, and 1.4 < |[y*| < 2.0 from PYTHIA. Each dis-
tribution is normalized to unity.

Figure 9 shows the p; and |xg| distributions of D
mesons which decay into muons in the kinematic range
of this measurement (1.25 < p4 <5.0 GeV/c, 0.0 < |x%| <
0.2, and 1.4 < |y#| < 2.0); accepted charm hadrons com-

prise D(18.7%), D°(20.3%), D*(24.2%), D~(26.1%),
and others (D, Dy, and baryons). Because A’ and AD"

(AP and AR") are very close in both models, the effect of
potential different abundance of D mesons between the
data and PYTHIA is negligible. In addition, the modification
of Ay due to azimuthal smearing from the D decay is quite
small (<5% relative difference between AR and Af) in
P > 1.25 GeV/c. One notes that muons from charm and
bottom are combined in the data, and the contribution
from bottom is about 2% (55%) at pr =1 GeV/c
(5 GeV/c) according to the FONLL calculation shown
in Fig. 8. Therefore, the charm contribution is expected
to be dominant except for the last p; bin of A%
(3.5 < pr <5 GeV/c). In addition, subprocesses other
than gluon fusion can contribute to the measured yield
of muons from heavy-flavor decays. The converted Ay of
muons from D mesons are shown in Figs. 5, 6, and 7, and
both calculations are in agreement with the data within
the statistical uncertainties. The difference between two
models becomes larger at increasing |xx|, but it is hard to
distinguish these two models due to the limited x5 coverage
for this measurement ({|x|) = 0.04, 0.07).

VI. SUMMARY

We have reported the cross section and transverse single-
spin asymmetry of muons from open heavy-flavor decays
at 1.4 < |y| < 2.0 in transversely polarized p + p colli-
sions at /s =200 GeV. Comparing with previous mea-
surements by PHENIX, the cross section and asymmetry
for positively charged muons from open heavy-flavor
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decays are measured for the first time with the help of
additional absorber material in the PHENIX muon arms. In
the comparison with the FONLL calculation, the FONLL
prediction is smaller than the measured cross section at low
pr where both experimental and theoretical systematic
uncertainties are large, but it shows an agreement at p; >
4 GeV/c within systematic uncertainties.

Following the cross section results, we have measured
the single-spin asymmetry of muons from open heavy-
flavor decays for the first time. There is no clear indication
of a nonzero asymmetry in the results, which have
relatively large statistical uncertainties. Theoretical calcu-
lations of Ay for D-meson production which take into
account trigluon correlations are converted into Ay for
muons with the help of PYTHIA to compare directly with the
data. The calculations are in agreement with the data within
experimental uncertainties. Future studies with improved
statistics (6.5 times current integrated luminosity of this
analysis), using data taken with the PHENIX detector at
RHIC in 2015, could provide further constraints on the
trigluon correlation functions.
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APPENDIX: DATA TABLES

The asymmetry results are tabulated in Tables III and IV, while Tables V and VI list the systematic uncertainties from each
source. Table VII gives the invariant cross section of muons from open heavy-flavor decays vs pr.

TABLE III. Data table for Ay of muons from open heavy-flavor decays as a function of p7.
Forward (xp > 0) Backward (x; < 0)

Muon pr bin [GeV/c] Ay SAN AV pr bin [GeV/c] Ay SAN SAV™

u- (1.25, 1.50) —-0.101 +0.088 jg:ggg (1.25, 1.50) —-0.138 +0.086 fgf?gé
(1.50, 2.00) —0.003 +0.060 j8;8§§ (1.50, 2.00) 0.110 +0.060 jg:gﬁ;‘
(2.00, 2.50) 0.045 +0.077 jg:g;;‘ (2.00, 2.50) —0.060 +0.076 jg:gg‘l‘
(2.50, 3.00) 0.016 +0.077 jg;gig (2.50, 3.00) 0.022 +0.076 jg:gfg
(3.00, 3.50) —0.056 +0.094 jg:g{‘s‘ (3.00, 3.50) —-0.002 +0.093 jg:g{i
(3.50, 5.00) 0.087 +0.104 jg:ggg (3.50, 5.00) 0.018 +0.104 jggg’

ut (1.25, 1.50) 0.030 +0.069 jg:ggg (1.25, 1.50) —0.004 +0.066 jg_-ggg
(1.50, 2.00) —-0.009 +0.040 jg:g%g (1.50, 2.00) —-0.010 +0.039 jg:ggg
(2.00, 2.50) 0.072 +0.055 i8;8§$ (2.00, 2.50) —-0.021 +0.054 jgg%;
(2.50, 3.00) 0.056 +0.065 jgg%g (2.50, 3.00) —-0.127 +0.066 iS;SZ;‘
(3.00, 3.50) 0.147 +0.087 jg:ggg (3.00, 3.50) —-0.139 +0.088 jg:gig
(3.50, 5.00) —-0.104 +0.108 jg:gig (3.50, 5.00) —0.054 +0.109 jg:g}g
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TABLE IV. Data table for Ay of muons from open heavy-flavor decays as a function of x.

Muon xp bin (xF) Ay SAN  SAYY  Muon xp bin (xF) Ay SAN" SANY
u (-0.20,-0.05) -0.07  0.003 +0.048 jg:g‘g ut (=0.20,—-0.05) —-0.07 -0.030 +0.035 jg:g?z
(—0.05,0.00) —-0.04 —-0.009 40.061 jg:g?g (—0.05,0.00) —-0.04 —0.026 £0.043 fgjgg?,
(0.00, 0.05) 0.04 —0.030 +0.062 jg:g}g (0.00, 0.05) 0.04  —0.004 +0.045 jgg?g
(0.05, 0.20) 0.07 0.019  +0.047 jg:gg‘; (0.05, 0.20) 0.07 0.058  +0.035 jg:g%g
TABLE V. Sources of 5A?3m for muons as a function of py.
Forward (xp > 0) Backward (xp < 0)
Muon  py bin [GeV/c] 5A‘,’;f n SAY, 5A1’V/VH” SARpethod — pr bin [GeV/c] 5A‘,’;f n SAY, 5AL/VH" SAmethod
- 0.036 0.030 0.001 0.008 0.054 0.030 0.000 0.003
H (1.25, 1.50) S0 L0030 Z0.000 o008 (1.25, 1.50) ohs o030 .00 L0003
0.003 ) 0.00 0.004 0.079 0.02 0.00 0.00
(1.50, 2.00) 0001 tg.ggg J—rvoo% 0004 (1.50, 2.00) J—rvogs 4:002; J—rvoo% J—r(mo;
024 023 003 ) 022 023 003 01
(2.00,250) 505 oo Toom  ooos (2.00.250) ek 0o Toos  foowo
0.004 0.014 ) 0.007 0.009 0.014 0.004 0.010
(2.50, 3.00) To004  Looia fg.ggg L0007 (2.50, 3.00) To006  Looia 0004 0010
0.008 0.010 0.00 0.001 0.003 0.010 0.00 0.008
(3.00, 3.50) Zoont ooto 0004 L0001 (3.00, 3.50) Zo00s  ooto 0003 o008
0.018 0.009 0.00 0.019 0.00 0.009 ) 0.00
(350, 5.00) Tood o000 0009 oo (350, 5.00) 000 Toom j8.(0)82 o007
0.00 0.034 0.000 0.00 0.001 0.032 0.000 0.00
w (1.25, 1.50) 0008 To0a Z0.000 o007 (1.25, 1.50) Too01 o0 0.000 By
0.004 : 0.00 0.00 0.00 : 0.00 0.003
(1.50, 2.00) L0007 tg.ggg o001 o001 (1.50, 2.00) 0003 j8.8%; o001 0003
0.028 0.023 0.003 0.003 } 0.022 0.002 0.011
(2.00, 2.50) Too1s Lo L0002 0003 (2.00, 2.50) fgg?? To02 0002 Zoot
0.021 0.017 0.004 0.006 0.029 0.017 0.003 0.006
(2.50, 3.00) Zoors Loow 0003 0,006 (2.50, 3.00) Tooie  ooi 0003 0,006
0 0.013 . 0.007 0.027 0.013 0.004 0.012
(3.00, 3.50) fgggg So013 fgggg L0007 (3.00, 3.50) Toot1 Lo 0004 Zoor2
0.031 0.013 0.006 0.008 0.004 0.013 0.005 0.005
(3.50, 5.00) Toon  Looi3 o004 o008 (3.50, 5.00) To004  Loo3 0,003 0,003
TABLE VI. Sources of Ay" for muons as a function of x.
Muon X bin 6A§f h 5A,J\,/ Undl SARethod Muon X bin 6Af\-,f n 5Azjv/ Ul SAmethod
W (-0.20.-0.05) =05 15003 0003 uto (£020.-005) O 00 “0006
(-005.000) R e (-005.000) R
0.008 0.001 +0.007 +0.004 0,001 +0.003
(0.00, 0.05) Too13 Too01 0007 (0.00, 0.05) Toot3 To001 0003
00s020  gm w4 00020 g e A
TABLE VII. Data table for the invariant cross section of muons from open heavy-flavor decays in 1.4 < |y| < 2.0.
pr [GeV/c] EZL{;; [mb GeV—2] Stat uncert.  Syst uncert. pr [GeV/c] Eflil;; [mb GeV—2]  Stat uncert. ~ Syst uncert.
1.375 7.9 x 1073 9.4 x 1077 2.4 x 107 3.25 3.1x 1077 1.1 %108 45x 1078
1.625 3.3 x 107 3.7 x 1077 8.2 x 1076 3.75 9.8 x 1078 5.0x 107 1.4x1078
1.875 1.2 x 107 1.8x1077 29x107° 4.25 32x 1078 28x 107 47x107°
2.125 52x107° 1.0x 1077 1.2x 1076 4.75 1.7 x 1078 1.8x 107  24x107°
2.375 2.4 x107° 59x10%  47x1077 5.5 4.5x107° 6.1 x 10710 6.5x 10710
2.625 1.4 x10°° 3.8x 1078 2.4 x 1077 6.5 1.1 x107° 33x1071%  2.0x 10710
2.875 6.8 x 1077 26x107% 1.1 x 1077

112001-13



C. AIDALA et al.

[1] R.D. Klem, J. E. Bowers, H. W. Courant, H. Kagan, M. L.
Marshak, E. A. Peterson, K. Ruddick, W. H. Dragoset, and
J. B. Roberts, Measurement of Asymmetries of Inclusive
Pion Production in Proton Proton Interactions at 6 and
11.8 GeV/c, Phys. Rev. Lett. 36, 929 (1976).

[2] G.L. Kane, J. Pumplin, and W. Repko, Transverse Quark
Polarization in Large-p; Reactions, eTe™ Jets, and Lep-
toproduction: A Test of Quantum Chromodynamics, Phys.
Rev. Lett. 41, 1689 (1978).

[3] C.E. Allgower et al., Measurement of analyzing powers of
7+ and 7z~ produced on a hydrogen and a carbon target with
a22 — GeV/c incident polarized proton beam, Phys. Rev. D
65, 092008 (2002).

[4] J. Antille, L. Dick, L. Madansky, D. Perret-Gallix, M.
Werlen, A. Gonidec, K. Kuroda, and P. Kyberd, Spin
dependence of the inclusive reaction p + p (polarized) —
7% 4 X at 24 GeV/c for high-p; 7° produced in the central
region, Phys. Lett. 94B, 523 (1980).

[5] D.L. Adams et al. (FNAL-E581/E704 Collaboration),
Comparison of spin asymmetries and cross sections in z°
production by 200 GeV polarized antiprotons and protons,
Phys. Lett. B 261, 201 (1991).

[6] D.L. Adams et al. (FNAL-E704 Collaboration), Analyzing
power in inclusive # and z~ production at high x; with a
200 GeV polarized proton beam, Phys. Lett. B 264, 462
(1991).

[7] 1. Arsene et al. (BRAHMS Collaboration), Single Trans-
verse Spin Asymmetries of Identified Charged Hadrons in
Polarized pp Collisions at /s = 62.4 GeV, Phys. Rev.
Lett. 101, 042001 (2008).

[8] John Adams et al (STAR Collaboration), Cross
Sections and Transverse Single-Spin Asymmetries in For-
ward Neutral-Pion Production from Proton Collisions at
/s =200 GeV, Phys. Rev. Lett. 92, 171801 (2004).

[9] B.1. Abelev et al. (STAR Collaboration), Forward Neutral-
Pion Transverse Single-Spin Asymmetries in p 4+ p Colli-
sions at /s = 200 GeV, Phys. Rev. Lett. 101,222001 (2008).

[10] M. M. Mondal (STAR Collaboration), Measurement of the
transverse single-spin asymmetries for z° and jet-like events
at forward rapidities at STAR in p + p collisions at
/s =500 GeV, Proc. Sci., DIS20142014 (2014) 216.

[11] H. Jung, D. Treleani, M. Strikman, and N. van Buuren,
Preview from RHIC Run 15 pp and p Au forward neutral
pion production from transversely polarized protons, in
Proceedings of the 7th International Workshop on Multiple
Partonic Interactions at the LHC (MPI@LHC 2015),
Miramare, Trieste, Italy (2016), pp. 1-259.

[12] A. Adare et al. (PHENIX Collaboration), Measurement of
transverse-single-spin asymmetries for midrapidity and
forward-rapidity production of hadrons in polarized p+ p
collisions at /s =200 and 62.4 GeV, Phys. Rev. D 90,
012006 (2014).

[13] A. Adare et al. (PHENIX Collaboration), Cross section and
transverse single-spin asymmetry of # mesons in p' + p
collisions at /s = 200 GeV at forward rapidity, Phys. Rev.
D 90, 072008 (2014).

[14] L. Adamczyk et al. (STAR Collaboration), Transverse
single-spin asymmetry and cross-section for z° and 7
mesons at large Feynman-x in polarized p + p collisions
at /s = 200 GeV, Phys. Rev. D 86, 051101 (2012).

PHYSICAL REVIEW D 95, 112001 (2017)

[15] D. W. Sivers, Single spin production asymmetries from the
hard scattering of point-like constituents, Phys. Rev. D 41,
83 (1990).

[16] D. W. Sivers, Hard scattering scaling laws for single spin
production asymmetries, Phys. Rev. D 43, 261 (1991).

[17] John C. Collins, Fragmentation of transversely polarized
quarks probed in transverse momentum distributions, Nucl.
Phys. B396, 161 (1993).

[18] A. Airapetian et al. (HERMES Collaboration), Effects of
transversity in deep-inelastic scattering by polarized pro-
tons, Phys. Lett. B 693, 11 (2010).

[19] C. Adolph et al. (COMPASS Collaboration), Experimental
investigation of transverse spin asymmetries in p-p SIDIS
processes: Collins asymmetries, Phys. Lett. B 717, 376
(2012).

[20] Ted C. Rogers and Piet J. Mulders, No generalized TMD-
factorization in hadro-production of high transverse mo-
mentum hadrons, Phys. Rev. D 81, 094006 (2010).

[21] A. V. Efremov and O.V. Teryaev, QCD asymmetry and
polarized hadron structure functions, Phys. Lett. B 150B,
383 (1989).

[22] J.-W. Qiu and G.F. Sterman, Single Transverse Spin
Asymmetries, Phys. Rev. Lett. 67, 2264 (1991).

[23] E. Norrbin and T. Sjostrand, Production and hadronization
of heavy quarks, Eur. Phys. J. C 17, 137 (2000).

[24] A. Adare et al. (PHENIX Collaboration), Measurement of
transverse single-spin asymmetries for J/y production in
polarized p + p collisions at /s = 200 GeV, Phys. Rev. D
82, 112008 (2010); Erratum, Phys. Rev. D 86,099904 (2012).

[25] F. Yuan, Heavy quarkonium production in single transverse
polarized high energy scattering, Phys. Rev. D 78, 014024
(2008).

[26] A. Adare et al. (PHENIX Collaboration), Ground and
excited charmonium state production in p + p collisions
at /s = 200 GeV, Phys. Rev. D 85, 092004 (2012).

[27] Y. Koike and S. Yoshida, Probing the three-gluon correla-
tion functions by the single spin asymmetry in p'p — DX,
Phys. Rev. D 84, 014026 (2011).

[28] Z.-B. Kang, J.-W. Qiu, W. Vogelsang, and F. Yuan,
Accessing tri-gluon correlations in the nucleon via the
single spin asymmetry in open charm production, Phys.
Rev. D 78, 114013 (2008).

[29] S.J. Brodsky, F. Fleuret, C. Hadjidakis, and J. P. Lansberg,
Physics opportunities of a fixed-target experiment using the
LHC beams, Phys. Rep. 522, 239 (2013).

[30] K. Adcox et al. (PHENIX Collaboration), PHENIX detector
overview, Nucl. Instrum. Methods Phys. Res., Sect. A 499,
469 (2003).

[31] H. Akikawa et al. (PHENIX Collaboration), PHENIX muon
arms, Nucl. Instrum. Methods Phys. Res., Sect. A 499, 537
(2003).

[32] S. Adachi et al., Trigger electronics upgrade of PHENIX
muon tracker, Nucl. Instrum. Methods Phys. Res., Sect. A
703, 114 (2013).

[33] M. Allen et al. (PHENIX Collaboration), PHENIX inner
detectors, Nucl. Instrum. Methods Phys. Res., Sect. A 499,
549 (2003).

[34] H. Okada et al., Measurement of the analyzing power in pp
elastic scattering in the peak CNI region at RHIC, Phys.
Lett. B 638, 450 (2006).

112001-14


https://doi.org/10.1103/PhysRevLett.36.929
https://doi.org/10.1103/PhysRevLett.41.1689
https://doi.org/10.1103/PhysRevLett.41.1689
https://doi.org/10.1103/PhysRevD.65.092008
https://doi.org/10.1103/PhysRevD.65.092008
https://doi.org/10.1016/0370-2693(80)90933-8
https://doi.org/10.1016/0370-2693(91)91351-U
https://doi.org/10.1016/0370-2693(91)90378-4
https://doi.org/10.1016/0370-2693(91)90378-4
https://doi.org/10.1103/PhysRevLett.101.042001
https://doi.org/10.1103/PhysRevLett.101.042001
https://doi.org/10.1103/PhysRevLett.92.171801
https://doi.org/10.1103/PhysRevLett.101.222001
https://doi.org/10.1103/PhysRevD.90.012006
https://doi.org/10.1103/PhysRevD.90.012006
https://doi.org/10.1103/PhysRevD.90.072008
https://doi.org/10.1103/PhysRevD.90.072008
https://doi.org/10.1103/PhysRevD.86.051101
https://doi.org/10.1103/PhysRevD.41.83
https://doi.org/10.1103/PhysRevD.41.83
https://doi.org/10.1103/PhysRevD.43.261
https://doi.org/10.1016/0550-3213(93)90262-N
https://doi.org/10.1016/0550-3213(93)90262-N
https://doi.org/10.1016/j.physletb.2010.08.012
https://doi.org/10.1016/j.physletb.2012.09.055
https://doi.org/10.1016/j.physletb.2012.09.055
https://doi.org/10.1103/PhysRevD.81.094006
https://doi.org/10.1016/0370-2693(85)90999-2
https://doi.org/10.1016/0370-2693(85)90999-2
https://doi.org/10.1103/PhysRevLett.67.2264
https://doi.org/10.1007/s100520000460
https://doi.org/10.1103/PhysRevD.82.112008
https://doi.org/10.1103/PhysRevD.82.112008
https://doi.org/10.1103/PhysRevD.86.099904
https://doi.org/10.1103/PhysRevD.78.014024
https://doi.org/10.1103/PhysRevD.78.014024
https://doi.org/10.1103/PhysRevD.85.092004
https://doi.org/10.1103/PhysRevD.84.014026
https://doi.org/10.1103/PhysRevD.78.114013
https://doi.org/10.1103/PhysRevD.78.114013
https://doi.org/10.1016/j.physrep.2012.10.001
https://doi.org/10.1016/S0168-9002(02)01950-2
https://doi.org/10.1016/S0168-9002(02)01950-2
https://doi.org/10.1016/S0168-9002(02)01955-1
https://doi.org/10.1016/S0168-9002(02)01955-1
https://doi.org/10.1016/j.nima.2012.11.088
https://doi.org/10.1016/j.nima.2012.11.088
https://doi.org/10.1016/S0168-9002(02)01956-3
https://doi.org/10.1016/S0168-9002(02)01956-3
https://doi.org/10.1016/j.physletb.2006.06.008
https://doi.org/10.1016/j.physletb.2006.06.008

CROSS SECTION AND TRANSVERSE SINGLE-SPIN ...

[35] I. Nakagawa et al., p-carbon polarimetry at RHIC, AIP
Conf. Proc. 980, 380 (2008).

[36] H. Huang and K. Kurita, Fiddling carbon strings with
polarized proton beams, AIP Conf. Proc. 868, 3 (2006).

[37] S.S. Adler et al. (PHENIX Collaboration), Mid-Rapidity
Neutral Pion Production in Proton-Proton Collisions at
/s =200 GeV, Phys. Rev. Lett. 91, 241803 (2003).

[38] K. A. Drees, Z. Xu, B. Fox, and H. Huang, Results from
Vernier scans at RHIC during the pp Run 2001-2002, in
Proceedings of the PAC2003 Conference, Portland (IEEE,
Piscataway, 2003), p. 1688.

[39] A. Adare et al. (PHENIX Collaboration), Nuclear-
modification factor for open-heavy-flavor production at for-
ward rapidity in Cu + Cu collisions at /syy = 200 GeV,
Phys. Rev. C 86, 024909 (2012).

[40] A. Adare er al. (PHENIX Collaboration), Cold-
Nuclear-Matter Effects on Heavy-Quark Production at
Forward and Backward Rapidity in d+ Au Collisions
at /syy =200 GeV, Phys. Rev. Lett. 112, 252301
(2014).

[41] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4: A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[42] A. Adare et al. (PHENIX Collaboration), Heavy quark
production in p + p and energy loss and flow of heavy

PHYSICAL REVIEW D 95, 112001 (2017)

quarks in Au + Au collisions at /syy = 200 GeV, Phys.
Rev. C 84, 044905 (2011).

[43] A. Adare et al. (PHENIX Collaboration), Identified charged
hadron production in p + p collisions at /s =200 and
62.4 GeV, Phys. Rev. C 83, 064903 (2011).

[44] G. Agakishiev er al. (STAR Collaboration), Identified
Hadron Compositions in p + p and Au + Au Collisions
at High Transverse Momenta at ,/syy = 200 GeV, Phys.
Rev. Lett. 108, 072302 (2012).

[45] T. Sjostrand, S. Mrenna, and P.Z. Skands, PYTHIA 6.4
Physics and Manual, J. High Energy Phys. 05 (2006)
026.

[46] C. Aidala et al. (PHENIX Collaboration), B-meson produc-
tion at forward and backward rapidity in p + p and Cu 4 Au
collisions at /syy = 200 GeV, arXiv:1702.01085.

[47] M. Cacciari, M. Greco, and P. Nason, The p; spectrum in
heavy flavor hadroproduction, J. High Energy Phys. 05
(1998) 007.

[48] H. Fujii and K. Watanabe, Leptons from heavy-quark
semileptonic decay in pA collisions within the CGC
framework, Nucl. Phys. A951, 45 (2016).

[49] T. Sjostrand, S. Ask, J. R. Christiansen, R. Corke, N. Desali,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

112001-15


https://doi.org/10.1063/1.2888112
https://doi.org/10.1063/1.2888112
https://doi.org/10.1063/1.2401392
https://doi.org/10.1103/PhysRevLett.91.241803
https://doi.org/10.1103/PhysRevC.86.024909
https://doi.org/10.1103/PhysRevLett.112.252301
https://doi.org/10.1103/PhysRevLett.112.252301
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevC.84.044905
https://doi.org/10.1103/PhysRevC.84.044905
https://doi.org/10.1103/PhysRevC.83.064903
https://doi.org/10.1103/PhysRevLett.108.072302
https://doi.org/10.1103/PhysRevLett.108.072302
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
http://arXiv.org/abs/1702.01085
https://doi.org/10.1088/1126-6708/1998/05/007
https://doi.org/10.1088/1126-6708/1998/05/007
https://doi.org/10.1016/j.nuclphysa.2016.03.045
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024

