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Both the PHENIX and STAR experiments at the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory are running polarized proton—proton collisions at /s = 200 and
500 GeV. The main goal of the RHIC spin physics program is to gain deeper insight into the spin

structure of the nucleon. We will give an overview of recent spin results from RHIC, particularly

the study of gluon polarization via jet/hadron production and sea quark polarization via W boson

production in longitudinally polarized proton—proton collisions.
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1 Introduction

The spin structure of the nucleon has been an hot topic
in quantum chromodynamics (QCD) since the late 1980s,
when polarized lepton—nucleon deep inelastic scattering
(DIS) experiments revealed that only a small portion
(~20%) of the nucleon spin is carried by the spins of
quarks and antiquarks [1]. According to the spin sum
rule in the light cone gauge, the proton spin of one-half
can be decomposed into

1 1

where AY. denotes the combined quark and antiquark
spin contribution, and L, is the quark (gluon) or-
bital angular momentum contribution. In the past three
decades, significant efforts have been made both experi-
mentally and theoretically to elucidate the contribution
of the gluon spin and the flavor-separated contribution
of quarks and antiquarks, as well as the contribution of
the orbital angular momentum of quarks and gluons. DIS

*Special Topic: Spin Physics (Eds. Haiyan Gao & Bo-Qiang Ma).

experiments with polarized lepton and/or hadron beams
have shown that the fraction of proton spin carried by
the quark and antiquark spins is relatively small, with
a typical value of about one-quarter (0.25) [1]. Inclusive
DIS measurements, however, provided little constraint
on the gluon polarization. The current best probes of Ag
are offered by polarized proton—proton collisions, i.e., the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory, which is the first and currently the
only high-energy polarized hadron—hadron collider in the
world. On the other hand, the polarized proton—proton
collider can provide a cleaner probe of the flavor sep-
aration of quark and antiquark polarization via parity-
violating weak boson production than the semi-inclusive
DIS (SIDIS) process, which suffers from uncertainty of
the fragmentation functions.

Polarized proton—proton collisions at center-of-mass
energies of 200 and 500 GeV at RHIC provide a unique
way to gain new insights into the proton spin structure,
especially the gluon polarization and sea quark polariza-
tion in the nucleon, as mentioned above [2]. There are
two main experiments (detectors) for the spin program
at RHIC: PHENIX and STAR. Both are carrying out
a rich spin program using longitudinally polarized and
transversely polarized proton—proton collisions.

For precise determination of the gluon polarization
(Ag), the STAR detector is well suited for the recon-
struction of various final states including jets, identi-
fied hadrons (7°, 7%), electrons/positrons, and pho-
tons, which allows for measurements of different gluon-
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involved processes. The recent STAR results on the inclu-
sive jet double-spin asymmetry provide the first evidence
of a nonzero gluon polarization in the Bjorken-x range
x> 0.05, and the magnitude is even comparable to the
total quark spin contribution, as indicated in the recent
global analysis.

Another main objective of the STAR spin program is
flavor separation of the quark and antiquark spin to the
proton spin via W boson production in polarized proton—
proton collisions at /s = 500 GeV. The parity-violating
nature of the W boson provides a unique and clean way
of measuring the anti-u and anti-d quark polarization
without the involvement of hadronization as in the SIDIS
process. The recent results of W boson single-spin asym-
metry from the 2012 data at STAR, which provide new
constraints on light sea quark polarization, will be dis-
cussed.

2 Gluon polarization (AG) measurements

In proton—proton collisions, the gluon polarization can
be accessed with strongly interacting probes including
jet or hadron production by measuring the double-spin

asymmetries (Arr),
ott —ot™ 1 Ntt—RNT—

= = 2
O'+++O'+7 P1P2N+++RN+7, ( )

Arr

where o4 1/, denotes the cross section for jet/hadron
production with proton beam helicity of “++ /+—", P,
and P, are the beam polarizations, R = £71/L£7~ is the
ratio of the luminosities, and N*+ (N*t7) are the jet or
hadron yields for equal (opposite) helicity beams. To see
how Ay provides sensitivity to the gluon polarization,
at the leading order the asymmetry can be described as

Z Afa x Afy x dgfafo—fX .dﬁaLfb—#X

ALL — favfb
Z fo X fo x dglalo—1X ’
fasfo

(3)

where Af, ) denotes the helicity distribution function
for parton a(b), fa) is the unpolarized parton distribu-
tion function, and dé"Lf v =X g the double-spin asymme-
try for the partonic process f, fp — fX. The summation
considers all the subprocesses, including qq, qg, and
gg scattering. For most RHIC kinematics, gqg and gg
scatterings dominate the jet production [3, 4], making
Ap 1 measurements for jets and hadrons sensitive to the
gluon polarization, as shown in Fig. 1 for the fractional
contributions of different subprocesses to the inclusive
jet production in pp collisions at 200 and 510 GeV [5].
The measured Ay, versus jet transverse momenta cover
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Fig. 1 Relative contributions from different partonic subpro-
cesses to inclusive jet production as a function of z7(= 2pr//s)
at mid-rapidity at 200 and 510 GeV in pp collisions [5].

a wide range of the parton momentum fraction = of the
proton, with a combination of different subprocesses. Ul-
timately, the data will be included in the global analysis,
together with data on other processes such as DIS, to
constrain the gluon polarization as different groups have
done [6-10], similar to the unpolarized case.

At STAR, jets were reconstructed from charged tracks
with |n| < 1.3 measured in the Time Projection Chamber
(TPC) and energy deposits in the Barrel Electromag-
netic Calorimeter (BEMC) with towers at || < 1 and
the End-cap Electromagnetic Calorimeter (EEMC) at 1
< n < 2. The jets were reconstructed using the midpoint
cone algorithm [11] for early data and then the anti-kt al-
gorithm [12] (known as infrared-safe) was chosen as the
jet algorithm at STAR since run 9 data. The jet cross
section measurement and the first Ay measurements
of inclusive jets were done using 2003 and 2004 data at
STAR [13], and inclusive jet production can be well de-
scribed by pQCD. Updated measurements of Ay with
higher precision using 2005 and 2006 data have also been
published [14, 15]. STAR also measured the double-spin
asymmetries for 70 at |n| < 1 [16] and the near-forward
rapidity at 1 < n < 2 [17]. The early Apj, results were
included in the DSSV2008 QCD global analysis to pro-
vide information on the gluon polarization and ruled out
large positive and negative scenarios with a small value
of Ag in the range of 0.05 < x < 0.2, resulting in a small
gluon polarization within the uncertainties [7].

After the 2006 run, several improvements at STAR,
including an increase in the jet trigger efficiency and a
faster data acquisition system, enabled us to improve the
App precision significantly during the 2009 run. Figure
2 shows the Ay results for inclusive jet production ver-
sus jet pr in two pseudo-rapidity bins for the 2009 data
[18] at STAR, theoretical predictions with inputs from
different global analyses are also shown for comparison.
These predictions were made by inserting the polarized

Qinghua Xu, Front. Phys. 10(6), 101402 (2015)



REVIEW ARTICLE

0.07 4
0.06 4
0.05 4

STAR 2009
ptp — Jet+X
V5=200 GeV

0.04
5 0.03
0.02
0.01

—0.01 4

0.07 1 e STAR
0.06 4 DSSV
0.05 1
0.04
g 0.03
0.02 1
0.01 1

—0.01 4

+6.5% scale uncertainty

2009 App results from the STAR inclusive jet channel
and PHENIX 7° channel, which suggested a consistent
sizable value of the gluon polarization at the level of
[ 05 Agdz (Q? = 10 GeV?) = 0.2075:55 [21], which is of
similar magnitude as the total quark spin contribution
itself.

In addition, STAR recently released new results on jet
Arr in pp collisions at 510 GeV, which cover a smaller
x range and provide new constraints on the gluon po-
larization at low z. Figure 4 shows Ap; versus zp for
inclusive jet production at mid-rapidity at 510 GeV in
pp collisions from 2012 STAR data [5], together with the
results at 200 GeV, in comparison with theoretical pre-
dictions.

Di-jet production will allow a better constraint on
the partonic kinematics to determine the shape of the
gluon polarization. The partonic Bjorken-z of the incom-
ing partons can be extracted at leading order from the

from polarization not shown

5 10 15 20 25 30 35
Parton jet py (GeV/c)

Fig. 2 Longitudinal double-spin asymmetry Ay, for inclusive jet
production vs. jet pr for |n| < 1 in pp collisions at 200 GeV at
STAR [18].

parton distribution functions (PDFs) from BB [6], DSSV
[7, 8], LSS [9], and NNPDF [10] into the NLO jet produc-
tion code of Mukherjee and Vogelsang [4]. The BB10 and
NNPDF polarized PDFs are based only on inclusive DIS
data, whereas that of LSS includes both inclusive and
SIDIS data sets. The LSS10 gluon density has a node at
x ~ 0.2, and the LSS10p gluon is positive definite at the
input scale Q3 = 2.5 GeVZ2. The DSSV [7] model, in addi-
tion to DIS and SIDIS data, also incorporates RHIC po-
larized proton—proton data before 2009. LSS10p provides
the best description of these STAR jet data, whereas the
STAR results are higher than the predictions of DSSV
and NNPDF and below the predictions of BB10. How-
ever, the measurements fall within the combined data
and model uncertainties for these three cases.

The impact of new STAR jet data on constraining
the gluon polarization was studied using the reweighing
method by the NNPDF group [19] and the truncated
r-integral of Ag(r,Q* = 10 GeV?) = 0.17 £ 0.06 in
the range 0.05 < = < 0.2, which was 0.05 £ 0.15, as a
comparison before having the 2009 STAR jet data. The
STAR jet App data are found to be consistent with the
PHENIX 70 Ay values [20], as shown in Fig. 3, which
are very small or consistent with zero within the uncer-
tainty but cover a different scale range. The DSSV group
also updated their global analysis by incorporating the
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Fig. 3 Longitudinal double-spin asymmetry Ay, for 70 produc-
tion vs. pp for |n| < 1 in pp collisions at 200 GeV at PHENIX
[20].
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Fig. 4 Inclusive jet Apyp vs. zp(= 2pr/+/s) at mid-rapidity at
510 and 200 GeV in pp collisions at STAR, compared to recent
NLO predictions. Red (blue) data points and curves represent 200
(510) GeV.
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pseudo-rapidity plus the transverse momentum of the di-
jets. The wide acceptance of the STAR experiment per-
mits reconstruction of di-jet events with different topo-
logical configurations. Future inclusive and di-jet Ay,
measurements at both /s = 200 and 500 GeV at STAR
will extend the range toward smaller values of Bjorken-z.

3 Sea quark polarization measurements

While the valence quark helicity distributions are well
determined at intermediate x from DIS experiments, the
polarization of the sea quarks @ and d is not well con-
strained by SIDIS data, especially regarding whether the
light sea symmetry is broken as in the unpolarized case
[22]. The production of W*(=) bosons in pp collisions
with beams longitudinally polarized provides a perfect
tool to access sea quark and valence quark helicity dis-
tributions without the need for hadron fragmentation
functions. As W production is a parity-violating process,
W bosons couple only to either left-handed particles or
right-handed antiparticles, thus selecting only the cor-
responding helicity-positive or -negative quark and anti-
quark from the polarized proton. The longitudinal single-
spin asymmetry Ay for W boson production with one
proton beam polarized is defined as

— 0(p+p - W) — 0(p—p - W) (4)

AW = =) T ooy = W)’

where o /o_ is the cross section with a helicity posi-
tive/negative proton beam.

As the production of W bosons violates parity maxi-
mally, the above A equation for W# can be rewritten
as follows at leading order:

wH _ Au(zy)d(z2) — Ad(xy)u(zs)
AL = T d(ea) + dGenu(as) ®)
Ag/f _ Ad(l‘l)a(l'g) — Aﬁ(:vl)d(:vz) (6)

d(:z:l)ﬂ(xg) + ﬁ(xl)d(:cg)

We can see that A‘i‘ﬁ approaches Au/u in the limit
yw > 0, as the rapidity along the polarized proton
beam is defined as positive, and the valence quark usu-
ally carries a larger momentum fraction. Similarly, AEW
approaches —Ad/d when yy < 0. Thus, by identifying
the rapidity of the W bosons, we can measure the polar-
izations of quark and antiquarks directly. For W~ Au/a
can be accessed in the backward region accordingly.

In experiments, W¥ is usually detected via the lep-
tonic channel with the kinetics of lepton decay, as the
missing energy of the neutrino is hard to measure. The
theoretical framework that describes inclusive lepton
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production of W bosons has been developed, so the
measurements of Ay versus the lepton rapidity can be
compared with theoretical predictions [27, 28]. The first
measurements of the spin asymmetry, Ay, and cross sec-
tion for W+ production were reported by the STAR [23,
25] and PHENIX [24] experiments using data collected
in 2009 at /s = 500 GeV. These measurements paved
the way for further measurements with larger statistics
and more pseudo-rapidity bins that will provide real con-
straints on @ and d polarization in the nucleon.

At STAR, W) are detected through et(=) with
large transverse momentum via the W — ev channel
with the BEMC and EEMC. The W — ev events are
characterized by an isolated e* with a sizable transverse
energy, B, that peaks near half the W mass (~40 GeV,
referred to as the Jacobian peak). The neutrino from W
decay, close to opposite in the azimuthal of decay e™,
with a large missing transverse energy, is undetected,
which causes a large imbalance in the ppr sum of all the
reconstructed final state particles. A pp-balance variable
is defined in terms of the py sum of the e* candidate and
the reconstructed jets outside an isolation cone around
the electron track with a radius AR = 0.7. This signed
pr-balance must be larger than a typical value of 14
GeV/c for the 2011 and 2012 data. Charge separation
of W* and W~ is implemented on the basis of the e®
track curvature measured in the TPC. The W# yield
versus the e® transverse energy Er is shown in Fig. 5.

In 2012, the STAR experiment collected pp data with
an integrated luminosity of 72 pb~! at /s = 510 GeV
and an average beam polarization of 56%, which is six
times larger than that in the 2009 dataset, thus allowing
a pseudo-rapidity-dependent measurement of A; for W
bosons. In 2011, STAR also collected a relatively small
data sample with an integrated luminosity of 11 pb~!
with a similar beam polarization. The Ay results from
the STAR 201142012 data [26] are shown in Fig. 6 for
both WT and W~ versus the lepton pseudo-rapidity,
with comparisons to theoretical predictions from NLO
(CHE) [27] and fully resummed (RHICBOS) [28] calcula-
tions based on the DSSV08 helicity distributions [7]. The
AEV+ data are in good agreement with the predictions
using the DSSV08 global analysis. However, the mea-
sured A" asymmetries are systematically larger than
the theoretical predictions using the DSSV0S8 analysis,
especially for n,- < —0.5, which indicates that these
data provide new constraints for Az compared to those
from previous data. The region of 7,- < —0.5 in partic-
ular is expected to be sensitive to the u quark helicity
distribution; hence, the enhancement of Az‘ﬁ there sug-
gests a sizable positive u quark polarization relative to
that expected from the global analysis of polarized DIS

Qinghua Xu, Front. Phys. 10(6), 101402 (2015)
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Fig. 5 E% distribution for W~ (top row) and W (bottom row) candidates (black), background contributions, and the
sum of background and W — e + v, Monte Carlo (MC) signals (red dashed) in pp collisions at STAR.
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Fig. 6 Single-spin asymmetry Ay, for W* + Z9 production as a
function of e in pp collisions at 510 GeV at STAR using 2011+2012
data [26].

data. These results provide the first clear evidence that
the flavor symmetry is also broken in the polarized light
sea quark, where A is positive and Ad is negative. The
very recent DSSVTT global analysis including the new
RHIC data, in particular the STAR 2012 W Aj, results,

Qinghua Xu, Front. Phys. 10(6), 101402 (2015)

shows a significant shift from negative to positive for the
best-fit value of Au with an integral of 0.05 < =z < 1
[29]. A first unbiased global determination of polarized
parton distribution by the NNPDF group [19], also con-
firmed the above conclusions, even though they did not
include any SIDIS data.

The PHENIX experiment also published its measure-
ments on the single-spin asymmetry Ay, for W= produc-
tion as a function of 7. in pp collisions at 510 GeV using
2011, 2012, and 2013 data [30], which cover only the mid-
rapidity range, and the Ap results are consistent with
the STAR results mentioned above in the same rapidity
range. RHIC-STAR completed a long successful longi-
tudinally polarized p 4+ p run at /s = 510 GeV in 2013
with an integrated luminosity of more than 300 pb~!; the
new results will be available very soon and will further
constrain the flavor-separated antiquark contributions to
the proton spin.

The longitudinal spin transfer Dy of A and A hy-
perons in pp collisions is expected to be sensitive to the
helicity distribution function of strange (anti)quarks and
to the polarized fragmentation functions [31, 32]. A first
proof-of-principle measurement of Dy at mid-rapidity
has been performed with STAR data taken in 2005 [33].
In 2009, an eightfold larger data sample was collected at
STAR; the Dy analysis of this data sample extended
the hyperon transverse momentum with better precision.
Figure 8 shows the obtained Dy results for A and A
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Fig. 7 Single-spin asymmetry A;, for W* production as a function of 7 in pp collisions at 510 GeV at PHENIX using
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Fig. 8 Longitudinal spin transfer Dy, for A and A in polarized
proton—proton collisions at /s = 200 GeV for positive n vs. pr.
The curves correspond to Dy predictions for A+A based on dif-
ferent models of the polarized fragmentation functions [31].

versus pr for 0 < 1 < 1.2 in pp collisions at 200 GeV
[34].

The data extend out to pr = 6 GeV/c with a statisti-
cal uncertainty of about 0.04. The model evaluations of
Dy, [31] for the combination of A and A are consistent
with the data and span a range of values that is similar
to the experimental uncertainties.

4 Summary and outlook

RHIC, currently the only polarized hadron—hadron col-
lider in the world, continues its efforts to deepen our
understanding of the nucleon spin structure. New results
from 2009 data on the jet double-spin asymmetry App
at RHIC-STAR in polarized proton—proton collisions at
200 GeV suggest a sizable gluon spin contribution com-
parable to the quark spin contribution itself. Future jet
measurements will double the available data set at 200

101402-6

GeV and also allow for a high statistics measurement at
500 GeV to provide constraints on Ag at lower x. Recent
measurement of the single-spin asymmetry Ay for W=+
production from 201142012 data at STAR, with a data
sample about six times larger than that used for the first
W measurement, have demonstrated new constraints on
the antiquark helicity distributions Aw and Ad. Future
measurements, in particular the much larger data sam-
ple taken in 2013 at RHIC, will further constrain the
gluon polarization and the flavor-separated antiquark
contributions to the proton spin.
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