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Abstract

We present the results of a global QCD analysis of helicity parton distribution functions
(PDFs) that includes the latest polarized W-lepton production data from the STAR collab-
oration at the Relativistic Heavy-Ion Collider (RHIC). This data allows the first extraction
of a nonzero helicity light-quark sea asymmetry within a simultaneous global QCD anal-
ysis of unpolarized and helicity PDFs.
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1 Introduction

While the valence quark contribution to the proton’s spin is constrained by polarized inclusive
deep-inelastic scattering (DIS) data, far less is known about the helicity PDFs of gluons and an-
tiquarks [1,2]. For the unpolarized PDFs, an asymmetry between the up and down antiquarks,
ii—d, has been well established through experiments [3,4] and global analyses. Semi-inclusive
DIS (SIDIS) experiments have searched for evidence of an analogous sea asymmetry in helic-
ity PDFs, Aii — Ad [5-7], but only recently has evidence emerged for the asymmetry from
W -lepton production in polarized pp collisions; see [8] and references therein.

The STAR collaboration at RHIC has measured at center-of-mass energy /s = 510 GeV the
longitudinal single-spin asymmetry A; = (o0, —o_)/(o, + 0_), where o, (0_) is the cross
section for positive (negative) proton helicity, for the leptonic decay channels W* — e* v and
W™ — e™ . At leading order in the strong coupling ag, these observables can be written as

Ad(x1)u(xy) — Aux;)d(x,)
d(p)ulxg) + u(x;)d(x5)
Ati(xq)d(xy) — Ad(xq)i(x,)
(2 )d () + d(xp)a(xy)

Al (yw) o< : (1a)

AV (yw) o< (1b)
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where f (Af) represents an unpolarized (helicity) PDE x; (x,) is the momentum fraction
carried by the parton in the polarized (unpolarized) proton and yy, is the rapidity of the
intermediate W boson. Combined with observables from DIS, these asymmetries provide an
extra handle that allows the extraction of the helicity antiquark PDFs Aii and Ad.

For the first time we include this data in a full global QCD analysis using the JAM Monte
Carlo framework, along with data on polarized lepton-nucleon DIS and polarized jet produc-
tion [9]. We also perform a simultaneous fit of unpolarized and helicity PDFs in order to
properly quantify the errors on both distributions.

2 Methodology

Our theoretical framework is based on the JAM iterative Monte Carlo approach to QCD global
analysis [11], which utilizes Bayesian inference sampling methodology that allows thorough
exploration of the parameter space and robust error quantification. In this analysis, we pa-
rameterize both the unpolarized and helicity PDFs at the input scale ,u(z) = mf, with m, the
mass of the charm quark, using the standard form,

£l pd) =Nx®(1—x)P(1+nx), (2)

where N, a, 3, and 7 are the parameters to be fit. For the helicity PDFs, we discriminate the
valence and sea components through parameterizations for the quantities

Au=Au,+Ai, Ad=Ad,+Ad,
Al = AS + Aily,  Ad=AS+ Ad,,
As = AS + As, AS = As, 3)

where the dependence on x and u(z) has been suppressed. The input distributions Au,, Ad,,
Aily, Ady, and As, characterizing the quark distributions in the valence region, and the gluon
helicity PDF Ag are parameterized individually as in Eq. (2). We assume that A§ = As as no
data in this analysis is capable of distinguishing the two distributions. The AS distribution,
which is shared between all sea quarks, also uses the template function and is designed to
describe the small-x region by restricting the a in Eq. (2) so that the resulting distribution
is more divergent compared to the valence PDFs. The parameter 7 is fitted for the gluon
distribution to allow the flexibility of a zero crossing at the input scale. A similar, but more
flexible, parameterization is used for the unpolarized PDFs [10].
Further constraints on the helicity PDFs are provided by fitting

1
f dx[Au+(x,Q2) — Ad+(X,Q2)] = ga 4)
0

1
J dx[Au®(x,Q) + Ad*(x,Q%) — 245" (x,Q)] = a,
0

where AfT = Af + Af, while g, = 1.269(3) and ag = 0.586(31) are the triplet and octet
axial-vector charges, respectively, obtained from neutron and hyperon f-decays [12]. Further
constraints on the PDFs can be imposed through the use of positivity for PDFs, which, atleading
order, requires that the relation |Af(x,Q2)| < f(x,Q?) holds for all quarks, antiquarks, and
the gluon at all values of x and Q2. Results will be shown both without these constraints
(referred to as "JAM") and with these constraints (referred to as "+Pos").

The PDFs are evolved using the DGLAP evolution equation, and the renormalization group
equation (RGE) is solved numerically for ag at two loops making use of the boundary condition
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Figure 1: Left panel: Single-spin asymmetries A‘f’i from STAR [8] (black circles)
compared with the full JAM fit (red solid lines and bands) and with a fit where At is
set equal to Ad (green dashed lines). Right panel: Result from this analysis (JAM)
for the helicity sea asymmetry x(Aii — Ad) (red bands) at Q% = 10 GeV2. The result
is also shown with positivity constraints (red hatched bands) and is compared to the
results from JAM17 [11] (cyan band) and the unpolarized asymmetry x(d —i) (black
lines) (note the reversed sign). All bands and doubled lines represent 10 uncertainty.

ag(M;) = 0.118. The boundary conditions for the RGE are parameterized at the scale u% and
inferred from data. The evolution equations are solved using the zero-mass variable-flavor-
number scheme with splitting kernels evaluated at (’)(aé). The values of the heavy-quark mass
thresholds for the evolution of the PDFs and ag are taken from the PDG values m, = 1.28 GeV
and m, = 4.18 GeV in the MS scheme [13]. All hard-scattering kernels are expanded to NLO
in the strong coupling, with the NLO expressions for W-lepton production taken from [14].

3 Quality of Fit

In this analysis we include 365 data points of the DIS asymmetries A and A, from fixed-target
experiments on proton, deuterium, and 3He with cuts on the four-momentum transfer Q and
the hadronic final state masses W of Q% > mf and W2 > 10 GeV2. We also include 61 data
points on polarized jet production and 18 data points on W -lepton single-spin asymmetries, in
particular those from the recent measurement at STAR [8]. We obtain the main constraints for
the unpolarized PDFs from (unpolarized) data on DIS, jet production, W /Z boson production,
and Drell-Yan.

The quality of our analysis is summarized by the global average y2/Ng,, = 0.90 for a total
of 444 data points, with a y2/Ng4,, of 0.93 for DIS, 1.00 for jet production, and 0.46 for W-
lepton production. The addition of positivity constraints slightly increases the y2/Nj,, but
the amount is negligible for all datasets. However, when Aii = Ad is enforced there is a large
increase in the y2 /N(iat for the STAR data, from 0.45 without this constraint to 1.53. The STAR
measurement on AEV is shown in Fig. 1 (left panel) compared to the JAM theory. When the
asymmetry is forced to be zero, the quality of the fit suffers the most for AEW at low rapidity.
This can be understood from Eq. (1), where it is seen that the asymmetries are most sensitive
to Ail and Ad at backwards rapidity.
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4 Result for sea asymmetry of helicity PDFs

The result of our global analysis based on over 150 Monte Carlo samples for the helicity light-
quark sea asymmetry is shown in Fig. 1 (right panel). We find a clear nonzero sea asymmetry
in the range 0.01 < x < 0.3 at Q% = 10 GeV2. The inclusion of positivity constraints makes
little difference below x ~ 0.1, but significantly reduces the errors above that as the helicity
sea-quark PDFs are restricted by the size of the unpolarized sea-quark PDFs. The unpolarized
asymmetry is shown for comparison, and it is seen that the helicity asymmetry is opposite in
sign but similar in magnitude.

The results are compared to those from the JAM17 analysis [11], which analyzed both
DIS and SIDIS data. The SIDIS data provides flavor separation for the light sea quarks but
the extracted sea asymmetry of JAM17 is consistent with zero. Despite this, the results from
JAM17 are still consistent with the results from this analysis within 1o, indicating that the
SIDIS data is consistent with the latest W-lepton data in this analysis.

5 Conclusions

We have presented the helicity sea asymmetry from a global QCD analysis using the latest
W -lepton production data from RHIC. We find that the STAR data is crucial for extracting a
nonzero asymmetry and that the resulting asymmetry is positive between 0.01 < x < 0.3
at Q%> = 10 GeV2. In the future, high-x DIS data from Jefferson Lab will be added to this
analysis to further reduce PDF uncertainties and extract nuclear and higher-twist effects. With
the Jefferson Lab 12-GeV upgrade and the Electron-Ion Collider (EIC) under construction,
future experiments will be able to provide new information on the spin structure of the proton
[15,16]. The EIC, being the first polarized electron-ion collider, will be able to provide new
information on all helicity PDFs while also extending the kinematic coverage of polarized DIS
experiments.
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