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Gluon helicity: positive or negative?

• Inclusive jet  is insensitive to the sign of the  

• Di-jet  disfavors negative  solution 

• -tagged jet  provides an additional way to constrain the 
sign of 
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of bands represent solutions with Δg > 0 and Δg < 0, as
we discuss below, with each giving very similar descrip-
tions. Only the fits to the STAR 2005 [19] and 2012 [21]
data show noticeable deviations, with χ2red ≈ 1.5 for these
sets, which is mostly due to the presence of some outliers in
these spectra.
The fits to the jet ALL asymmetries are similar for the

other scenarios, with χ2red values almost identical, as listed
in Table II. As may be expected, the less restrictive SU(2)
scenario produces moderately wider uncertainty bands at
the larger pT values, pT ≳ 30 GeV, due to the relatively
larger uncertainties on the helicity PDFs in the absence of
the SU(3) flavor symmetry constraint. Conversely, the more
restrictive SUð3Þ þ positivity scenario yields narrower
error bands for pT ≳ 30 GeV as a result of the significant

suppression of the Δg solution space from the positivity
constraints, as we discuss next.
To illustrate more explicitly the influence of theoretical

assumptions on the PDFs and their uncertainties, we
compare in Fig. 6 the Δuþ, Δdþ, Δsþ and Δg distributions
at Q2 ¼ 10 GeV2 for the different scenarios with SU(2),
SU(3), or SUð3Þ þ positivity constraints. For the least
constrained fit with only the SU(2) relation in Eq. (12)
imposed, the Δuþ and Δdþ PDFs are reasonably well
determined, while the Δsþ distribution has a very large
uncertainty and is consistent with zero. The imposition of
the SU(3) relation in Eq. (12a) has a dramatic effect on the
polarized quark PDF uncertainties, especially for the Δsþ
distribution, but also on the nonstrange spin PDFs which
have reduced uncertainties.

FIG. 5. Double longitudinal spin asymmetries ALL in polarized pp collisions from STAR [17,19–23] and PHENIX [24] versus jet
transverse momentum pT for bins in pseudorapidity η. The data are compared with the JAM global QCD analysis using the SU(3)
scenario in Eq. (12b) for the “positive” gluon solutions Δg > 0 (blue bands) and “negative” gluon solutions Δg < 0 (green bands) with
1σ uncertainties. The final panel (with the same data as for the STAR 2015 panel on its left) shows the contributions from the gg (solid
lines) and qg channels (dashed lines).
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Figure 8: STAR double-helicity asymmetries

ALL for dijet production vs dijet invariant

mass Minv in polarized pp collisions at
p
s=510

GeV at midrapidity from 2013 data set [21].

DSSV14 evaluation [17] is plotted as the black

curve with the 1� uncertainty band marked

in light blue. The blue curve with 1� uncer-

tainty band in dark blue shows the impact of

all the data sets included in the new prelimi-

nary DSSV fit [2] as in Fig. 6. The red curves

show the JAM �g < 0 solution [41] calculated

by the DSSV group.

contributions from double-parton scatterings (DPS) to the d+A! ⇡0⇡0X cross section are
suggested as an alternative explanation for the suppression [47] beyond gluon saturation.
Therefore, it is important to make the same measurements in the theoretically and experi-
mentally cleaner pA collisions. Under the color glass condensate (CGC) framework [48–50],
at a given x, gluons from different nucleons are predicted to amplify the total transverse
gluon density by a factor of A1/3 for a nucleus with mass number A. RHIC 2015 pp, pAl,
and pAu datasets are ideal to study the A-dependence by varying the nuclei species.

The recent published forward di-⇡0 correlation measured by the STAR detector pioneered
the observation of the dependence of nonlinear gluon dynamics on the nuclear mass number
A [51], see the left panel of Fig. 9. The area is extracted by a Gaussian fit of the back-to-
back correlation measured from each collision system. The area ratio of pA/pp presents the
relative yields of back-to-back di-⇡0s in pA with respect to pp collisions. The area ratio in
pAu over pp is about 50% indicating a clear suppression of back-to-back di-⇡0 correlation in
pAu compared to pp collisions. The same trend but smaller amount of suppression is observed
in pAl collisions. The suppression is found to scale with A and linearly dependent on A1/3.
The extracted slope from the linear dependence will be critical input for the gluon saturation
model in CGC. Meanwhile, STAR revisited the same measurement for dAu collisions. It was
predicted by comparing the forward di-⇡0 correlation in pp, pAu, and dAu collisions, one
can access the contribution from DPS [47].

For RHIC 2016 data, a large background of ⇡0 identification is found in dAu collisions,
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Imposition of the positivity constraints in Eq. (14) further
reduces the uncertainties on the polarized quark PDFs,
especially for the strange quark, and augments somewhat
the shape of the Δdþ PDF in particular. The latter effect is
induced by assuming a flavor symmetric polarized sea,
Δū ¼ Δd̄ ¼ Δs̄ ¼ Δs, so that changes in Δs propagate to
theΔuþ andΔdþ distributions. Since the absolute values of
Δdþ are smaller than those of Δuþ, the impact on the
polarized d quark is greater. The dependence of the strange
helicity distribution on theoretical assumptions, such as
SU(3) symmetry and positivity, may be reduced with
additional experimental data on semi-inclusive DIS and
single inclusive eþe− annihilation data, which can provide
independent combinations of the quark flavor PDFs [9,28].
For the gluon helicity distribution, we find in the absence

of PDF positivity constraints two distinct sets of solutions
that differ in sign, with the positive Δg solutions closely
resembling results from earlier PDF analyses [26,30].
Examining the solution space more closely, we observe
that the Δg solutions are extremely non-Gaussian for the
SU(2) and SU(3) scenarios, as Fig. 7 illustrates for the
individual replicas. For the SU(2) scenario, we find 72%
are positive solutions and 28% are negative solutions, while
for the SU(3) case the fractions are 85% and 15%,
respectively. With the inclusion of the PDF positivity
constraints, when using the negative solutions from the
SU(3) scenario as starting points for the minimization

process all the replicas remain negative with very large
values of χ2red ≈ 5.7. These results indicate that the pos-
itivity constraints are satisfied at the expense of a signifi-
cant deterioration in the description of the jet ALL data.

FIG. 6. Expectations values for spin-dependent Δuþ, Δdþ, Δsþ, and Δg PDFs at Q2 ¼ 10 GeV2 fitted under various theory
assumptions according to the SU(2) (yellow 1σ bands), SU(3) (blue 1σ bands) and SUð3Þ þ positivity (red 1σ bands) scenarios, as well
as with the SU(2) scenario but filtered to ensure ALL positivity at large x (dashed lines). The vertical dotted lines indicate the range of
parton momentum fractions x constrained by data.

FIG. 7. Monte Carlo replicas for the spin-dependent gluon PDF
xΔg at Q2 ¼ 10 GeV2 fitted under various theory assumptions
according to the SU(2) (yellow lines), SU(3) (blue lines) and
SUð3Þ þ positivity (red lines) scenarios, with 300 replicas
randomly selected from the total of 723, 647 and 639 for the
three scenarios, respectively. The vertical lines indicate the range
of parton momentum fractions x constrained by data.
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contribution from the gluon-gluon channel and a negative
contribution from the quark-gluon channel, giving equally
good descriptions of the inclusive jet data.
Earlier, Jäger et al. [13] discussed possible constraints on

the sign of Δg from inclusive pion production in polarized
pp collisions. In particular, they considered PHENIX
data [14] for neutral pions produced with relatively low
transverse momentum, 1 < pT < 5 GeV, within a collinear
factorization framework. While the applicability of collin-
ear factorization in this region may be questionable, Jäger
et al. extracted a small but negative lower bound for the
double spin asymmetry by finding the extremum of the
asymmetry in Mellin space as a function of the moments

of Δg. They found that the extremum corresponds to a
negative gluon helicity, with associated violations of PDF
positivity bounds at higher x values, similar to those found
in the JAM analysis [8].
Moreover, the sign of Δg was investigated by comparing

PHENIX data on inclusive charged pion production
[15,16]. A positive Δgwas expected to produce a hierarchy
of double spin asymmetries with that for πþ > π0 > π−.
In Fig. 2, we show the πþ and π− asymmetries at pp center
of mass energies

ffiffiffi
s

p
¼ 200 and 510 GeV as a function of

xT ¼ 2pT=
ffiffiffi
s

p
, where pT is the transverse momentum

of the final state pion in the laboratory frame, compared
with predictions from the recent JAM analysis [8]. While
the πþ asymmetry in particular has the potential to
discriminate between the different Δg solutions, the uncer-
tainties on these data do not exclude either a positive or
negative Δg.
A possible way to resolve this problem would be to

identify observables that are linear in the gluon polarization
Δg, and where the gluon contribution is not suppressed
relative to the quark contribution, as it is in inclusive deep-
inelastic scattering (DIS). One candidate process is polar-
ized lepton-nucleon semi-inclusive DIS (SIDIS), with
production of hadrons in the final state with large transverse
momentum. Here, the contribution in which the hard
scattering involves an initial state gluon enters at the same
order in the strong coupling αs as the quark scattering
contribution. One therefore expects greater sensitivity to
the Δg PDF at high transverse momentum than at low
transverse momentum.
In this paper, we examine the polarized SIDIS process

for the production of charged pions at large transverse

FIG. 1. Polarized gluon distribution xΔgðxÞ at Q2 ¼ 10 GeV2

from the recent JAM global QCD analysis [8], showing sepa-
rately solutions with Δg > 0 (red lines) and Δg < 0 (blue lines),
and compared with % the unpolarized gluon distribution, xgðxÞ
(green lines).

FIG. 2. Inclusive double spin asymmetry for πþ (left column) and π− (right column) production from the PHENIX experiment [15,16]
at

ffiffiffi
s

p
¼ 200 GeV (top row) and 510 GeV (bottom row) as a function of xT ¼ 2pT=

ffiffiffi
s

p
, compared with the predictions from the JAM

analysis [8] with positive (red bands) and negative (blue bands) gluon helicity.
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Constraining gluon polarization with -tagged jet π± ALL

•  and  
• -  and -  scatterings are sensitive to the sign of  
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Aπ±
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σ++ − σ+−
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=
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300 NNPDF Collaboration / Nuclear Physics B 887 (2014) 276–308

Fig. 13. The NNPDFpol1.1 parton set compared to DSSV08 [6] at Q2 = 10 GeV2.
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We report the first measurement of the inclusive jet and the dijet longitudinal double-spin asymmetries,
ALL, at midrapidity in polarized pp collisions at a center-of-mass energy

ffiffiffi
s

p
¼ 510 GeV. The inclusive jet

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

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

from recent next-to-leading order global analyses.

DOI: 10.1103/PhysRevD.100.052005

I. INTRODUCTION

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

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

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

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

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

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

ffiffiffi
s

p
¼ 200 GeV are most sensitive, the

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

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

ffiffiffi
s

p
¼ 510 GeV polarized pp collisions during the

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

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

ffiffiffi
s

p
¼

200 and 500 GeV, as a function of xT ¼ 2pT=
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[NNPDF], Nucl. Phys. B 887, 276 (2014).

The detailed expressions for DIS and SIA observables
can be found Refs. [5] and [14], respectively. For the SIDIS
data, the observables measured are the longitudinal double
spin asymmetries Ah

1 for the production of a hadron h,

Ah
1ðx; z; Q2Þ ¼ gh1ðx; z; Q2Þ

F1ðx; z; Q2Þ
; ð1Þ

where the semi-inclusive spin-dependent gh1 and spin-
averaged Fh

1 structure functions depend on both x and
the fraction z ¼ p · ph=p · q of the virtual photon’s
momentum (q) carried by the hadron (ph), with p the
target momentum.
The polarized gh1 function in Eq. (1) is defined in terms of

the spin-dependent PDFs Δq and FFs Dh
q,

gh1ðx; z; Q2Þ ¼ 1

2

X

q

e2qΔqðx;Q2ÞDh
qðz;Q2Þ þOðαsÞ; ð2Þ

where the OðαsÞ corrections are given in Ref. [15]. The
unpolarized structure function Fh

1 is defined analogously,
with the spin-dependent PDFs replaced by their spin-
averaged counterparts.
Following Refs. [5,14], we parametrize both the polar-

ized PDFs and FFs at the input scale Q2
0 ¼ 1 GeV2 using

template functions of the form

Tðx; aÞ ¼ Mxað1 − xÞbð1þ c
ffiffiffi
x

p
Þ

Bðnþ a; 1þ bÞ þ cBðnþ 1
2 þ a; 1þ bÞ

; ð3Þ

where a ¼ fM; a; b; cg are the fitting parameters, and B is
the Euler Beta function. For the polarized PDFs, we set
n ¼ 1 so that M corresponds to the first moment. This
template is used for all the fitted polarized PDFs, which we
choose to be Δqþ, Δq̄, and Δg, for flavors q ¼ u, d, and s.
The FFs are also given by Eq. (3) (with x replaced by z),
setting c ¼ 0 and n ¼ 2, so that M corresponds to the
average momentum fraction carried by the produced
hadron. For the FFs Dπþ

uþ ≡Dπþ
u þDπþ

ū ¼ Dπþ
dþ , D

Kþ

uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ

ū ¼ Dπþ
d , Dπþ

s ¼ ð1=2ÞDπþ
sþ ,

DKþ
ū ¼ ð1=2ÞDKþ

dþ and DKþ
s , along with the heavy quarks

and gluons, a single template function is used. Following
Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
COMPASS [52] p 24 12.3

Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).
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The detailed expressions for DIS and SIA observables
can be found Refs. [5] and [14], respectively. For the SIDIS
data, the observables measured are the longitudinal double
spin asymmetries Ah

1 for the production of a hadron h,

Ah
1ðx; z; Q2Þ ¼ gh1ðx; z; Q2Þ

F1ðx; z; Q2Þ
; ð1Þ

where the semi-inclusive spin-dependent gh1 and spin-
averaged Fh

1 structure functions depend on both x and
the fraction z ¼ p · ph=p · q of the virtual photon’s
momentum (q) carried by the hadron (ph), with p the
target momentum.
The polarized gh1 function in Eq. (1) is defined in terms of

the spin-dependent PDFs Δq and FFs Dh
q,

gh1ðx; z; Q2Þ ¼ 1

2

X

q

e2qΔqðx;Q2ÞDh
qðz;Q2Þ þOðαsÞ; ð2Þ

where the OðαsÞ corrections are given in Ref. [15]. The
unpolarized structure function Fh

1 is defined analogously,
with the spin-dependent PDFs replaced by their spin-
averaged counterparts.
Following Refs. [5,14], we parametrize both the polar-

ized PDFs and FFs at the input scale Q2
0 ¼ 1 GeV2 using

template functions of the form

Tðx; aÞ ¼ Mxað1 − xÞbð1þ c
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Þ

Bðnþ a; 1þ bÞ þ cBðnþ 1
2 þ a; 1þ bÞ
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where a ¼ fM; a; b; cg are the fitting parameters, and B is
the Euler Beta function. For the polarized PDFs, we set
n ¼ 1 so that M corresponds to the first moment. This
template is used for all the fitted polarized PDFs, which we
choose to be Δqþ, Δq̄, and Δg, for flavors q ¼ u, d, and s.
The FFs are also given by Eq. (3) (with x replaced by z),
setting c ¼ 0 and n ¼ 2, so that M corresponds to the
average momentum fraction carried by the produced
hadron. For the FFs Dπþ

uþ ≡Dπþ
u þDπþ

ū ¼ Dπþ
dþ , D
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uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ

ū ¼ Dπþ
d , Dπþ

s ¼ ð1=2ÞDπþ
sþ ,

DKþ
ū ¼ ð1=2ÞDKþ

dþ and DKþ
s , along with the heavy quarks

and gluons, a single template function is used. Following
Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
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Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).
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• Longitudinal spin transfer  of  and  in p+p collisions 

‣ Polarization of  can be measured via its weak decay 

‣ Large fraction of  spin is carried by its  quark

DLL Λ Λ

Λ

Λ s

Λ spin p

π−

θ*

 rest frameΛ

Probing strange quark helicity distribution
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[NNPDF], Nucl. Phys. B 887, 276 (2014).

The detailed expressions for DIS and SIA observables
can be found Refs. [5] and [14], respectively. For the SIDIS
data, the observables measured are the longitudinal double
spin asymmetries Ah

1 for the production of a hadron h,

Ah
1ðx; z; Q2Þ ¼ gh1ðx; z; Q2Þ

F1ðx; z; Q2Þ
; ð1Þ

where the semi-inclusive spin-dependent gh1 and spin-
averaged Fh

1 structure functions depend on both x and
the fraction z ¼ p · ph=p · q of the virtual photon’s
momentum (q) carried by the hadron (ph), with p the
target momentum.
The polarized gh1 function in Eq. (1) is defined in terms of

the spin-dependent PDFs Δq and FFs Dh
q,

gh1ðx; z; Q2Þ ¼ 1

2

X

q

e2qΔqðx;Q2ÞDh
qðz;Q2Þ þOðαsÞ; ð2Þ

where the OðαsÞ corrections are given in Ref. [15]. The
unpolarized structure function Fh

1 is defined analogously,
with the spin-dependent PDFs replaced by their spin-
averaged counterparts.
Following Refs. [5,14], we parametrize both the polar-

ized PDFs and FFs at the input scale Q2
0 ¼ 1 GeV2 using

template functions of the form

Tðx; aÞ ¼ Mxað1 − xÞbð1þ c
ffiffiffi
x

p
Þ

Bðnþ a; 1þ bÞ þ cBðnþ 1
2 þ a; 1þ bÞ

; ð3Þ

where a ¼ fM; a; b; cg are the fitting parameters, and B is
the Euler Beta function. For the polarized PDFs, we set
n ¼ 1 so that M corresponds to the first moment. This
template is used for all the fitted polarized PDFs, which we
choose to be Δqþ, Δq̄, and Δg, for flavors q ¼ u, d, and s.
The FFs are also given by Eq. (3) (with x replaced by z),
setting c ¼ 0 and n ¼ 2, so that M corresponds to the
average momentum fraction carried by the produced
hadron. For the FFs Dπþ

uþ ≡Dπþ
u þDπþ

ū ¼ Dπþ
dþ , D

Kþ

uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ

ū ¼ Dπþ
d , Dπþ

s ¼ ð1=2ÞDπþ
sþ ,

DKþ
ū ¼ ð1=2ÞDKþ

dþ and DKþ
s , along with the heavy quarks

and gluons, a single template function is used. Following
Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
COMPASS [52] p 24 12.3

Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).

PRL 119, 132001 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

29 SEPTEMBER 2017

132001-2

The detailed expressions for DIS and SIA observables
can be found Refs. [5] and [14], respectively. For the SIDIS
data, the observables measured are the longitudinal double
spin asymmetries Ah

1 for the production of a hadron h,

Ah
1ðx; z; Q2Þ ¼ gh1ðx; z; Q2Þ

F1ðx; z; Q2Þ
; ð1Þ

where the semi-inclusive spin-dependent gh1 and spin-
averaged Fh

1 structure functions depend on both x and
the fraction z ¼ p · ph=p · q of the virtual photon’s
momentum (q) carried by the hadron (ph), with p the
target momentum.
The polarized gh1 function in Eq. (1) is defined in terms of

the spin-dependent PDFs Δq and FFs Dh
q,

gh1ðx; z; Q2Þ ¼ 1

2

X

q

e2qΔqðx;Q2ÞDh
qðz;Q2Þ þOðαsÞ; ð2Þ

where the OðαsÞ corrections are given in Ref. [15]. The
unpolarized structure function Fh

1 is defined analogously,
with the spin-dependent PDFs replaced by their spin-
averaged counterparts.
Following Refs. [5,14], we parametrize both the polar-

ized PDFs and FFs at the input scale Q2
0 ¼ 1 GeV2 using

template functions of the form

Tðx; aÞ ¼ Mxað1 − xÞbð1þ c
ffiffiffi
x

p
Þ

Bðnþ a; 1þ bÞ þ cBðnþ 1
2 þ a; 1þ bÞ

; ð3Þ

where a ¼ fM; a; b; cg are the fitting parameters, and B is
the Euler Beta function. For the polarized PDFs, we set
n ¼ 1 so that M corresponds to the first moment. This
template is used for all the fitted polarized PDFs, which we
choose to be Δqþ, Δq̄, and Δg, for flavors q ¼ u, d, and s.
The FFs are also given by Eq. (3) (with x replaced by z),
setting c ¼ 0 and n ¼ 2, so that M corresponds to the
average momentum fraction carried by the produced
hadron. For the FFs Dπþ

uþ ≡Dπþ
u þDπþ

ū ¼ Dπþ
dþ , D

Kþ

uþ , and
DKþ

sþ , which contain both favored and unfavored distribu-
tions, we assign two template functions, while for the
remaining unfavored FFs, Dπþ

ū ¼ Dπþ
d , Dπþ

s ¼ ð1=2ÞDπþ
sþ ,

DKþ
ū ¼ ð1=2ÞDKþ

dþ and DKþ
s , along with the heavy quarks

and gluons, a single template function is used. Following
Ref. [14], we use the zero mass variable flavor scheme and
parametrize the heavy quark FFs discontinuously at their
mass thresholds.
The resulting χ2 values for each process fitted in our

analysis are presented in Table I. For inclusive DIS, we use
the data sets from Refs. [16–31], and for SIA from
Refs. [32–49]. The SIDIS data sets are from HERMES
[50] for π% and K% production from the deuteron, and π%

production from the proton, and from COMPASS with π%

and K% production from deuterium [51] and hydrogen [52]

targets. Overall, the χ2 per datum for all the SIDIS π% data
is 68.5=80 and 49.3=71 for the K% data, while the χ2 per
datum for the combined inclusive DIS, SIDIS, and SIA data
is 1969.7=1855 ≈ 1.06.
The polarized quark and antiquark PDFs from the

combined fit are illustrated in Fig. 1, together with their
1σ uncertainties. (The polarized gluon PDF is essentially
unchanged from the earlier JAM15 analysis [5].) For the
denominator of the asymmetries Ah

1 , we use spin-averaged
PDFs from the CJ12 NLO global fit [53]. Using the

TABLE I. Summary of χ2 values and number of data points
Ndat for the various processes used in this analysis.

Process Target Ndat χ2

DIS p, d, 3He 854 854.8
SIA (π%) 459 600.1
SIA (K%) 391 397.0
SIDIS (π%)

HERMES [50] d 18 28.1
HERMES [50] p 18 14.2
COMPASS [51] d 20 8.0
COMPASS [52] p 24 18.2

SIDIS (K%)
HERMES [50] d 27 18.3
COMPASS [51] d 20 18.7
COMPASS [52] p 24 12.3

Total 1855 1969.7

FIG. 1. Spin-dependent PDFs with 1σ uncertainty bands from
the JAM17 fit at the input scale Q2

0 ¼ 1 GeV2. The full results
(red solid curves) are compared with the JAM15 Δqþ PDFs [5]
(blue dashed curves) and with the DSSV09 fit [10] for sea quark
PDFs (green dotted curves). The Δsþ PDF is also compared with
the JAM17 fit including the SU(3) constraint on the octet axial
charge (black dot-dashed curve).
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dN ∼ (1 + αPΛ cos θ*)d cos θ*

helicity 
distribution

pQCD 
calculable

longitudinally 
polarized FFs

dΔσ ∝ Δfa(xa)fb(xb)Δσab→cdΔDΛ(z)

DΛ
LL ≡

dσp+p→Λ+X − dσp+p→Λ−X

dσp+p→Λ+X + dσp+p→Λ−X
=

dΔσ
dσ

: weak decay constant 
:  polarization

α
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The Relativistic Heavy Ion Collider

• The first and only polarized p+p collider in 
the world 

• Collides both longitudinally and transversely 
polarized proton beams at  and s = 200 GeV
500/510 GeV

7

Year

2009 200 19 57% / 57%

2015 200 52 52% / 56%

2012 510 82 50% / 53%

2013 510 300 51% / 52%

used in this analysis

 ∫ L (pb−1) s (GeV) Pbeam

Longitudinally polarized  collision samples taken at STARp + p
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The Solenoidal Tracker at RHIC

8

• Time Projection Chamber (TPC) 
‣  and  

‣ Tracking and particle identification (PID) 

• Time of Flight detector (TOF) 
‣  and  

‣ Particle identification 

• Electromagnetic Calorimeter (EMC) 
‣ Barrel EMC (BEMC):  and  

‣ Endcap EMC (EEMC):  and  

‣ Reconstruction of photon, , jet …, and serves as trigger 
detectors 

• Vertex Position Detector (VPD) 
‣  

‣ Monitor the relative luminosities and determine the 
primary vertex

|η | < 1.3 0 ≤ ϕ ≤ 2π

|η | < 0.9 0 ≤ ϕ ≤ 2π

|η | < 1.0 0 ≤ ϕ ≤ 2π

1.086 < η < 2.0 0 ≤ ϕ ≤ 2π

π0

4.24 < |η | < 5.1

TPC

TOF

EEMC

BEMC

VPD
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Part I: Longitudinal double spin asymmetry  of -tagged jetsALL π±

9
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JET RECONSTRUCTION

Anti-kT algorithm via FastJet
Cacciari, Salam, Soyez, Eur. Phys. J. C 72, 1896 (2012)
Cacciari, Salam, Soyez, JHEP 04, 063 (2008)

PYTHIA + GEANT + Zero-bias events for embedding

Jets reconstructed at three levels:
● Detector, particle and parton

Underlying event correction 
● Jet-by-jet underlying event correction using off-

axis cone method ALICE, PRD 91 (2015), 112012

Example UE correction values for 2015 data:
pT = 6 – 7.1 GeV/c: avarage UE dpT ~ 0.77 GeV/c
pT = 26.8 – 31.6 GeV/c: avarage UE dpT ~ 0.6 GeV/c

Jets corrected back to parton level 

Trigger bias and reconstruction efficiency
● Estimated using replicas from polarized 
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Jet Reconstruction
• High-  jet triggers (JP1 and JP2) are used based on 

energy deposits in EMC 
• Jet reconstruction (TPC tracks + energy deposits in EMC) 
‣ Anti-   algorithm, with  
‣ Simulation: PYTHIA6 + GEANT3 + Zero-bias events 

- Jet was reconstructed at parton, particle and detector level 
‣ Jet  was corrected back to particle level 

• Jets tagged with  with  or 

pT

kT R = 0.6

pT

π± z > 0.2 z > 0.3
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 PIDπ±

•  are identified based on their energy loss inside the TPC 
• Particle purity is estimated with multi-Gaussian fitting of the  distribution 
• 3 particle rich regions ( , ,  ) 

π±

nσπ

π± K± + p(p̄) e±
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shows the pT resolution for p! and anti-protons in
STAR. The figure shows two regimes: at low
momentum, where multiple Coulomb scattering
dominates (i.e., pTo400 MeV=c for pions, and
pTo800 MeV=c for anti-protons), and at higher
momentum where the momentum resolution is
limited by the strength of the magnet field and the
TPC spatial resolution. The best relative momen-
tum resolution falls between these two extremes
and it is 2% for pions.

5.8. Particle identification using dE=dx

Energy lost in the TPC gas is a valuable tool
for identifying particle species. It works especially
well for low momentum particles but as the
particle energy rises, the energy loss becomes less
mass dependent and it is hard to separate particles
with velocities v > 0:7c: STAR was designed to be
able to separate pions and protons up to
1:2 GeV=c: This requires a relative dE=dx re-
solution of 7%. The challenge, then, is to calibrate
the TPC and understand the signal and gain
variations well enough to be able to achieve
this goal.

The measured dE=dx resolution depends on the
gas gain which itself depends on the pressure in the
TPC. Since the TPC is kept at a constant 2 mbar
above atmospheric pressure, the TPC pressure
varies with time. We monitor the gas gain with a
wire chamber that operates in the TPC gas return
line. It measures the gain from an 55Fe source. It
will be used to calibrate the 2001 data, but for the
2000 run, this chamber was not installed and so we
monitored the gain by averaging the signal for
tracks over the entire volume of the detector and
we have done a relative calibration on each sector
based on the global average. Local gas gain
variations are calibrated by calculating the average
signal measured on one row of pads on the pad
plane and assuming that all pad-rows measure the
same signal. The correction is done on the pad-row
level because the anode wires lie on top of, and run
the full length of, the pad rows.

The readout electronics also introduce uncer-
tainties in the dE=dx signals. There are small
variations between pads, and groups of pads, due
to the different response of each readout board.
These variations are monitored by pulsing the
ground plane of the anode and pad plane read-out

Fig. 11. The energy loss distribution for primary and secondary particles in the STAR TPC as a function of the pT of the primary
particle. The magnetic field was 0:25 T:

M. Anderson et al. / Nuclear Instruments and Methods in Physics Research A 499 (2003) 659–678676

M. Anderson et al., Nucl. Instrum. Methods 
Phys. Res., Sect. A 499, 659 (2003).

ALL =
1

PBPY
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(N++ + N−−) + R3(N+− + N−+)

 denotes the beam helicity 
 etc are the jet yields for different beam helicity configurations 

 and  are beam polarizations 
 is the relative luminosity calculated with the VPD
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Results of  vs jet ALL pT

• Indication of  

• NNPDFpol1.1 predicts  with positive gluon helicity  

• The results are close to the predictions
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Results of  vs jet ALL pT

• JAM+PYTHIA predicts different trends of  

• The measurements are not consistent with the JAM+PYTHIA prediction with 
A±

LL

Δg < 0

13

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

T
jet p

0.1−

0

0.1
LL

A

 = 200GeVsSTAR, 
 + X±π jet + →p + p

| < 1.0η, R = 0.6, |TAnti-k
 > 0.2±πz

STAR Preliminary

+π +π g < 0 + PYTHIA for ∆JAM 

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

T
jet p

0.1−

0

0.1

LL
A

-π -π g < 0 + PYTHIA for ∆JAM 

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

T
jet p

0.1−

0

0.1

LL
A

 = 200GeVsSTAR, 
 + X±π jet + →p + p

| < 1.0η, R = 0.6, |TAnti-k
 > 0.3±πz

STAR Preliminary

+π +π g < 0 + PYTHIA for ∆JAM 

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

T
jet p

0.1−

0

0.1

LL
A

-π -π g < 0 + PYTHIA for ∆JAM 

zπ± > 0.2 zπ± > 0.3

[JAM], Phys. Rev. D 105, 074022 (2022).
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Part II: Longitudinal double spin asymmetry  of ,  and ALL Λ Λ K0
S
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 and  Selection & Jet ReconstructionΛ K0
S

•  and  selection 
‣  

‣  and  tracks were measured with the TPC 
‣ Sets of topological cuts were applied to reduce background 

‣ Residual background fraction  was estimated with side-band method 

• Jet reconstruction 
‣ Jet reconstructed with anti-  algorithm with  
‣  and  candidate as input for jet reconstruction 

‣ In-jet  and  are used to make sure they are originate from the hard 
scattering
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 vs  for ,  and ALL pT Λ Λ K0
S

• First measurement  vs  for ,  and  in 
polarized p+p collisions   

• The results are independent of particle  
• The results are consistent with zero 
•  Indication of small helicity distributions of  and  

ALL pT Λ Λ K0
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 and  tagged jet Λ, Λ K0
S ALL

• A subset of inclusive jets 

• No jet  dependence 
• Results are consistent with zero 
• Provide constraints on strange quark 

helicity distribution

pT
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Part III: Longitudinal spin transfer  of  and DLL Λ Λ
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8 Z.-B. Kang et al. / Physics Letters B 809 (2020) 135756

Fig. 4. Predictions for the asymmetry D jet!
LL at the RHIC (left) and EIC (right) for various scenarios, which have been proposed in [65] and shown in Fig. 3. Our predictions 

show that D jet!
LL is capable of discriminating different scenarios.

where the last equation uses the structure functions in eq. (23). For the unpolarized cross section in the denominator, factorization is 
given by [7]1

dσ pp→(jet!)X

dp J T dη J dz!
=

∑

a,b,c

1∫

xmin
a

dxa

xa
fa(xa,µ)

1∫

xmin
b

dxb

xb
fb(xb,µ)

1∫

zmin
c

dzc

z2
c

Hc
ab Dh/c

1 (zc, z!, p J T R,µ) . (25)

On the other hand, the numerator of eq. (24) is defined as d$σ = [dσ (+, +) − dσ (+, −)]/2 with the first and second index representing 
the helicities λ and !! , respectively, and it can be written in the following factorized form

d$σ p⃗p→(jeth⃗)X

dp J T dη J dz!
=

∑

a,b,c

1∫

xmin
a

dxa

xa
ga(xa,µ)

1∫

xmin
b

dxb

xb
fb(xb,µ)

1∫

zmin
c

dzc

z2
c

$LL Hc
ab Gh/c

1 (zc, z!, p J T R,µ) . (26)

Here fa(xa, µ) and ga(xa, µ) are the unpolarized PDFs and helicity parton distribution functions, and Hc
ab (or $LL Hc

ab) are the correspond-

ing hard functions, respectively. Finally, Dh/c
1 and Gh/c

1 are the relevant unpolarized collinear JFFs and helicity JFFs defined in the previous 
section. Once again, Gh/c

1 can be matched onto the standard helicity FFs as in eq. (13).
Let us now present the numerical results for longitudinally polarized ! production inside jets at the RHIC and EIC kinematics. We use 

the polarized and unpolarized NNPDF sets [72,73] for collinear helicity parton distributions and unpolarized PDFs, respectively. For both 
unpolarized and longitudinally polarized fragmentation functions for !, we use the leading-order set from [65], whose three different 
scenarios are plotted in Fig. 3.

Following the recent STAR measurement at RHIC [71], we first study ! polarization inside jets that are reclustered through the anti-kT

algorithm with a jet radius R = 0.4 in proton-proton collisions at 
√

s = 200 GeV. We plot our predictions for D jet!
LL in Fig. 4a as a function 

of z! , while integrating over the jet transverse momentum and rapidity: 10 < p J T < 15 GeV and |η J | < 1.2. We find that the size of 
the asymmetry is on the order of a few percents, and polarized FFs in different scenarios lead to quite different behavior in the spin 
asymmetry. Such behavior can be understood from the fact that contributions from u and d quarks dominate in this kinematic region, 
and thus D jet!

LL follows the signs of the corresponding helicity FFs G!/u,d
1 . In other words, as z! directly probes the polarized FFs in Fig. 3, 

no other differential information is required to discriminate the three scenarios. This new observable is thus capable of discriminating 
different scenarios without binning in η J , as in the case of single inclusive ! production [68].

Next, we study longitudinally polarized ! for the EIC at a CM energy of 
√

s = 89 GeV. We measure R = 0.4 anti-kT jets with transverse 
momentum and rapidity in the range 10 < p J T < 15 GeV and |η J | < 2, respectively. We notice that with quark contributions enhanced 
by the LO eq → eq process, D jet!

LL becomes order of tens of percents at the EIC as shown in Fig. 4b and will be able to clearly discriminate 
different scenarios of helicity FFs.

3.3. Example 2: transversely polarized ! from unpolarized scatterings

As a phenomenological application of polarized TMDJFFs, we consider production of a transversely polarized ! inside a jet from an 
unpolarized fragmenting parton. The corresponding standard TMDFFs are the TMD PFFs D⊥h/c

1T , as mentioned in section 2.2. The Belle 

1 We will write factorization expressions for pp, but similar expressions for ep follow simply.
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The relevant differential polarized cross section can be schematically written as (the subscripts “1”, “2” below
denote helicities)

dDsp $p! $LX

dh
;

dspp1!L1X

dh
2

dspp2!L1X

dh

≠
Z

pmin
T

dpT

X

ff 0!iX

Z
dx1 dx2 dz fpsx1, m2dDf 0psx2, m2dDDL

i sz, m2d
dDsf $f 0!$iX

dh
, (1)

the sum running over all possible LO subprocesses, and
where we have integrated over pT , with pmin

T denoting
some suitable lower cutoff to be specified below. The
Dfp s fpd are the usual (un)polarized parton distributions
of the proton, and

DDL
i sz, m2d ; D

Ls1d
is1d sz, m2d 2 D

Ls2d
is1d sz, m2d (2)

describes the fragmentation of a longitudinally polar-
ized parton i into a longitudinally polarized L, where
D

Ls1d
is1d sz, m2d fDLs2d

is1d sz, m2dg is the probability for finding
a L at a mass scale m with positive (negative) helicity in
a parton i with positive helicity, carrying a fraction z of
the parent parton’s momentum.
The directly observable quantity will be not the cross

section in (1) itself but the corresponding spin asymmetry,
defined as usual by

AL ;
dDsp $p! $LXydh

dspp!LXydh
, (3)

where the unpolarized cross section dspp!LXydh is
given by an expression similar to the one in (1), with all
D’s removed.
To study the sensitivity of (3) to the poorly known

L fragmentation functions DDL
i , we use the three LO

sets obtained in [2]. For the discussion below, the idea
behind these very different models for spin-dependent L
fragmentation should be briefly recalled here.
Scenario 1.—is based on expectations from the non-

relativistic naive quark model, where only strange quarks
can contribute to the fragmentation processes that eventu-
ally yield a polarized L.
Scenario 2.—is inspired by estimates of Burkardt and

Jaffe [10,11] for a fictitious DIS structure function gL
1 ,

taking into account a similar breaking of the Gourdin-
Ellis-Jaffe sum rule [12] for L’s as is observed for
nucleons. Assuming the same features also for the DDL

i ,
a sizable negative contribution from u and d quarks to L
fragmentation is predicted here.
Scenario 3.—is the most extreme counterpart of sce-

nario 1 since all of the polarized fragmentation functions
are assumed to be equal here, which might be realistic
if, for instance, a sizable contribution to the production
of polarized L’s results from decays of heavier hyperons
who have inherited the polarization of u and d quarks pro-
duced originally.
For the unpolarized parton distributions of the pro-

ton, fp , appearing in (1) and (3) we use the LO set of

Ref. [13] throughout our calculations (using other recent
LO sets would not lead to any sizable differences here).
Unless otherwise stated we use for the corresponding
polarized densities Dfp the LO Glück-Reya-Stratmann-
Vogelsang (GRSV) “standard” scenario [14]. For the
unpolarized L fragmentation functions DL

i needed for cal-
culating dspp!LXydh we use the LO set presented in
[2], which provides an excellent description of all avail-
able, rather precise e1e2 data. It should be emphasized,
however, that there are still sizable uncertainties for the
DL

i , mainly related to possible SUs3df breaking effects
not discernible from the presently available data. We note
that, in contrast to this, the assumption of SUs2df symme-
try (DL

u ≠ DL
d ) appears to have a far more solid founda-

tion. Clearly, further measurements of theDL
i are required

here. Nevertheless, the uncertainty in the DL
i resulting

from SUs3df breaking does not really affect our con-
clusions to be drawn below, since the contribution from
strange quark fragmentation to the unpolarized cross sec-
tion is only about 5%.
Figure 1(a) shows our predictions for the spin asymme-

try AL as a function of rapidity, calculated according to
Eqs. (3) and (1) for

p
s ≠ 500 GeV and pmin

T ≠ 13 GeV.
Note that we have counted positive rapidity in the forward
region of the polarized proton. We have used the three
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FIG. 1. (a) The asymmetry AL as defined in Eq. (3) as a
function of rapidity of the L at RHIC energies for the various
sets of spin-dependent fragmentation functions. The error bars
have been calculated according to (4) and as discussed in the
text. (b) same as for scenario 3 in (a), but using the “maximal”
DDL

g (see text), a hard scale m ≠ pT y2, Dg ≠ 0, or the spin-
dependent parton distributions of the proton of set 1 of [15].
For comparison the solid line repeats the original result for
scenario 3 of (a).
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 in p+p collisionDLL

• Definition
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Prediction of  at RHIC energyDLL
D. de Florian, M. Stratmann, and W. 
Vogelsang, Phys. Rev. Lett. 81, 4 (1998).

Z.-B. Kang, K. Lee, and F. Zhao, Physics 
Letters B 809, 135756 (2020).

scenario 1: only s quark can contribute to  polarization. 
scenario 2: u and d quarks have the same contribution to polarized    
                          but with an opposite sign from s quark.    
scenario 3: u, d and s quarks have the same contribution to the   
                         polarized 

Λ

Λ

Λ

•  can shed light on both polarized fragmentation 
functions (FFs) and the helicity distributions of  

•  vs  can provide direct probe to the polarized FFs

DLL
s(s̄)

DLL z

helicity 
distribution

pQCD 
calculable

longitudinally 
polarized FFs

dΔσ ∝ Δfa(xa)fb(xb)Δσab→cdΔDΛ(z)

DΛ
LL ≡

dσp+p→Λ+X − dσp+p→Λ−X

dσp+p→Λ+X + dσp+p→Λ−X
=

dΔσ
dσ
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 ExtractionDLL

•  is measured with the asymmetry of  yields as a function of  

‣ : the  yields with positive (negative) beam helicity 
‣ : relative luminosity measured by the VPD 
‣ : decay parameter of ,  
‣ : the beam polarization

DLL Λ(Λ) cos θ*

N+(−) Λ
R
α Λ αΛ = 0.732, αΛ = − αΛ
Pbeam

20
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firstly used in STAR, Phys. Rev. D 80, 111102 (2009).
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Previous  vs  results with STAR 2009 dataDLL pT

21

STAR, Phys. Rev. D 98, 112009 (2018).

• Statistically limited. 
• In agreement with models

• Theoretical models, when fit to data, provide 
constraints to (anti)strange quark polarization

of positive and negative pseudorapidity with respect to the
momentum of the incident polarized proton. Only statistical
uncertainties are shown and the data satisfied the JP1
trigger condition. Figure 2(b) shows the corresponding Λ̄
results. The Λ and Λ̄ results are constant with cos θ!, as
expected and as confirmed by the fit quality of the averages.
A null measurement was performed by analyzing the spin
transfer to the spinless K0

S meson, δLL, through the K0
S →

πþπ− decay channel. This decay channel has a topology
similar to the Λ → pπ− and Λ̄ → p̄πþ channels. The values
for δLL were determined with an artificial weak decay
parameter α ¼ 1 using otherwise identical methods as for
the hyperon spin-transfer measurements. The results are
shown in Fig. 2(c) and are consistent with zero as expected.
No significant asymmetries AL, defined as the cross-section
asymmetry for positive and negative beam helicity in single
polarized proton-proton scattering, were observed either, as
expected at

ffiffiffi
s

p
¼ 200 GeV. The asymmetries ALL, defined

as the cross-section asymmetry for aligned and opposed
beam helicity configurations in double polarized proton-
proton scattering, do not necessarily vanish. While no
statistically significant values were observed for the Λ
and Λ̄ hyperons, an average value of ALL ¼ 0.006$ 0.002
was observed for K0

S mesons associated with jets for
pT > 1 GeV=c.
Figure 3 shows a comparison of the results of DLL to the

Λ (top) and Λ̄ (bottom) for negative (left) and positive
(right) hyperon pseudorapidities obtained from the JP1 and
L2JetHigh triggered data samples in comparison with
previously published data [31] in the region of kinematic
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[31] is due mostly to the refined treatment of background
[cf. Eqs. (4) and (5)] made practicable with the larger data
sample. The size of the systematic uncertainty was esti-
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(a) Longitudinal spin transfer to Λ. (b) Longitudinal spin transfer to Λ̄ .

Fig. 4 Comparison of the measured spin transfer data with theory pre-
dictions AΛ and AΛ̄ for positive η versus pT at

√
s = 200 GeV. Markers

with error bars are the data collected by the STAR Collaboration [55].
The vertical bars and boxes indicate the sizes of the statistical and
systematical uncertainties, respectively. The solid curve represents the
result with the asymmetric input of the polarized strange and antistrange

quarks, and the dashed curve, with cuts to a much smaller range in pT
compared to Fig. 3, represents the result with the symmetric input of the
polarized strange and antistrange quarks. The asymmetric coefficients
αi for corresponding process are presented with errors. The shadow
region covers the error band. More details about the fitting results of αi
are presented in Table 1

Table 1 Fitting results of αi and
calculated results of ∆s and ∆s̄ Coefficient Value ∆s ∆s̄ χ2

min

α1 − 1.20 ± 1.31 − 0.014 ± 0.015 0.37

α2 − 0.24 ± 0.49 − 0.003 ± 0.005 2.48

resolution can be viewed as a fluctuating system coupling
to the intermediate baryon–meson Fock state p(uudss̄) =
Λ(uds)+K+(us̄), predicts the nucleon asymmetric strange–
antistrange sea distributions: the intrinsic s quarks in the
proton sea are negatively polarized, whereas the intrinsic s
antiquarks give zero contributions to the proton spin. From
previous results, we see that under the present experimen-
tal conditions, the spin transfer process from proton to Λ

is sensitive to the polarized strange and antistrange quarks.
The results in Fig. 4 also illustrate this point well. In order
to further explore the influence of the polarized strange and
antistrange quarks, a strange–antistrange asymmetry is given
in the following way.

To test the asymmetry of the polarized strange–antistrange
quarks in the proton, based on the assumption ∆s(x) =
∆s̄(x) provided by the DSSV parametrization [64,65], we
take an asymmetric coefficient on the polarized strange
quark with ∆sth = α1∆sDSSV, and antistrange quark with
∆s̄th = α2∆s̄DSSV, respectively. To insure that the value
of the asymmetric coefficients αi are in a reasonable phys-
ical range, we adopt the relation |∆sth| = |αi∆sDSSV| ≤
sMSTW to satisfy the constraint condition in energy scale
pT < 7 GeV. By making a χ2 test with the simplest form
χ2 = ∑

n(A
Λ,th
n − AΛ,data

n )2/σ 2
n on the value of αi between

range (αi,min, αi,max), we obtain the fitting results of αi with
corresponding χ2

min and errors in Table 1. We also calculate
the first moment of the modified polarized strange quark,

∫ 1
x̄a
dx∆s(x, Q2)th = α1

∫ 1
x̄a
dx∆s(x, Q2)DSSV, and the

corresponding antiquark counterpart
∫ 1
x̄a
dx∆s̄(x, Q2)th =

α2
∫ 1
x̄a
dx∆s̄(x, Q2)DSSV. We then compare the calculated

results with the light-cone meson–baryon fluctuation model
prediction. According to the calculated results presented in
Table 1, where the first moment is ∆s ≈ −0.014 ± 0.015
for strange quark and ∆s̄ ≈ −0.003 ± 0.005 for antistrange
quark, we see that the central values of the fitting results are
basically consistent with the model prediction ∆s ≈ − 0.05
to − 0.01 and ∆s̄ ≈ 0.

We also compare our results of spin transfers AΛ and AΛ̄

with the experiment data in Fig. 4, with the solid curves repre-
senting the results with the asymmetric input of the polarized
strange and antistrange quarks. The asymmetric coefficients
αi for corresponding processes are presented with errors.
The shadow region covers the error band. One can see that
the spin transfer to Λ/Λ̄ in the polarized pp collision is sen-
sitive to the polarization of strange–antistrange quarks and
the fitting results can describe the experimental data within
a reasonable error range.

Since the polarization of gluon is not negligible, it is unrea-
sonable to take ∆DΛ

g (z, Q
2) = 0 in an oversimplified and

crude way. As before, due to the lack of the knowledge of the
polarized gluon fragmentation into Λ, it makes sense to con-
sider ∆DΛ

g (z, Q
2) = DΛ

g (z, Q
2)(∆gΛ(z, Q2)/gΛ(z, Q2))

assuming that the gluon polarization behaves in a similar way
between the octet baryons, i.e.,

123
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previous results, we see that under the present experimen-
tal conditions, the spin transfer process from proton to Λ
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in the following way.

To test the asymmetry of the polarized strange–antistrange
quarks in the proton, based on the assumption ∆s(x) =
∆s̄(x) provided by the DSSV parametrization [64,65], we
take an asymmetric coefficient on the polarized strange
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∆s̄th = α2∆s̄DSSV, respectively. To insure that the value
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ical range, we adopt the relation |∆sth| = |αi∆sDSSV| ≤
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results with the light-cone meson–baryon fluctuation model
prediction. According to the calculated results presented in
Table 1, where the first moment is ∆s ≈ −0.014 ± 0.015
for strange quark and ∆s̄ ≈ −0.003 ± 0.005 for antistrange
quark, we see that the central values of the fitting results are
basically consistent with the model prediction ∆s ≈ − 0.05
to − 0.01 and ∆s̄ ≈ 0.

We also compare our results of spin transfers AΛ and AΛ̄

with the experiment data in Fig. 4, with the solid curves repre-
senting the results with the asymmetric input of the polarized
strange and antistrange quarks. The asymmetric coefficients
αi for corresponding processes are presented with errors.
The shadow region covers the error band. One can see that
the spin transfer to Λ/Λ̄ in the polarized pp collision is sen-
sitive to the polarization of strange–antistrange quarks and
the fitting results can describe the experimental data within
a reasonable error range.

Since the polarization of gluon is not negligible, it is unrea-
sonable to take ∆DΛ
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crude way. As before, due to the lack of the knowledge of the
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New results of  vs DLL pT

• Twice statistics larger as STAR 2009 data 
• Most precise measurements up to date. 
• Consistent results between  and  
• Two year’s results are consistent 
• Results are consistent with LM calculation 
• Strong disfavor of the scenario 3 for the polarized FFs

Λ Λ

22

Model predictions: 
X.N. Liu, B.Q. Ma. Eur. Phys. J. C 10 (2019). 
D. de Florian, M. Stratmann, and W. Vogelsang, Phys. Rev. Lett. 81, 530 (1998).

1 2 3 4 5 6 7 8

0.1−

0.05−

0

0.05

0.1

LL
D

 2015Λ  2009Λ

 2015Λ  2009Λ

STAR

(a)

 < 1.2
)Λ(Λ

η = 200 GeV, 0 < s + X, Λ →  + pp
 > 5 GeVjet

T
p0.732, ± = 

)Λ(Λ
α

1 2 3 4 5 6 7 8

0.05−

0

0.05

LL
D

 2009 + 2015Λ

 2009 + 2015Λ

ΛLM 
ΛLM 

 < 1.2
)Λ(Λ

η0 < 

1 2 3 4 5 6 7 8

0.05−

0

0.05

LL
D

 2009 + 2015Λ + Λ

 scen.1Λ + ΛDSV 
 scen.2Λ + ΛDSV 
 scen.3Λ + ΛDSV 

 < 1.2
)Λ(Λ

η0 < 

(b)

1 2 3 4 5 6 7 8

0.1−

0.05−

0

0.05

0.1

LL
D

 2009 + 2015Λ

 2009 + 2015Λ

(c)

 < 0
)Λ(Λ

η-1.2 < 

)c (GeV/
)Λ(Λ, T

p

[STAR], Phys. Rev. D 109, 012004 (2024).

1 2 3 4 5 6 7 8
0.1−

0.05−

0

0.05

0.1

L
L

D

 = 200 GeVs + X,  Λ →  + pp
0.732± = 

)Λ(Λ
α

 < 1.2
)Λ(Λ

η0 < (a)

STAR

1 2 3 4 5 6 7 8
0.1−

0.05−

0

0.05

0.1

L
L

D

Λ

Λ

 < 0
)Λ(Λ

η-1.2 < (b)

 > 5 GeVjet

T
p

)c (GeV/
)Λ(Λ, T

p



Apr. 09, 2024 Yi Yu from Shandong University

First measurement of   vs DLL z

• The results directly probe the polarized fragmentation 
functions 

• Results are comparable to model predictions within 
uncertainties 

• Indication of small helicity distributions of (anti-) 
strange quark and/or small polarized fragmentation 
functions

23
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Transverse spin transfer  in p+p collisionsDTT

24

• Transversity: least known leading twist parton 
distribution functions 

•  can probe transversityDTT

NS65CH18-Yuan ARI 9 September 2015 14:34
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Comparison between the leading-order transverse momentum–dependent (TMD) extraction of (a) the
quark Sivers function from Reference 145 and (b) the full QCD extraction with TMD evolution effects taken
into account (92).

in Reference 152, the nonperturbative function was modified in the original fit. Further
improvements should achieve a consistent full QCD analysis for Sivers SSAs in SIDIS.

5.2. Global Analysis of Collins Asymmetries with Full QCD Dynamics
In a series of publications, the Torino group conducted a leading-order analysis for Collins asym-
metries in SIDIS and e+e− annihilation processes (Figure 15) (146, 147). Again in these analyses,
simple Gaussian assumptions were made for TMD distribution and fragmentation functions.
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Figure 15
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Modified from Reference 148.
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- Transversity involves helicity flip, thus no access in inclusive DIS process.  

l Possible experimental measurements on dq(x):
- Via Collins function (SIDIS, p+p), di-hadron production (SIDIS and p+p)
- Transversely polarized Drell-Yan process 
- Transverse spin transfer to hyperons (DIS, p+p) 

Proton spin ­

­ ¯

Transverse spin structure of nucleon

  

€ 

δq(x,Q2) =  q↑ (x,Q2) − q↓ (x,Q2)

• Transversity- least known pdf  
among 3 leading twist pdfs.

momentum

Qinghua Xu, SPIN2023Sep 26, 2023

δf(x) = f ↑(x) − f↓(x)
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directly probe polarized FFs below prediction at high pT

model prediction 
Q. H. Xu, Z. T. Liang, Phys. Rev. D 70, 034015 (2004). 
Q. H. Xu, Z. T. Liang, and E. Sichtermann, Phys. Rev. D 73, 077503 (2006).
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Summary
• -tagged jet  in p+p collisions at   at STAR 
‣ The results support positive  
‣   is consistent with the prediction with NNPDFpol1.1 ( ) 
‣  disfavors the prediction of JAM  

• ,  and   and  
‣ First measurements of  in polarized p+p collisions at  
‣ Indication of small strange quark and anti-quark helicity distribution 
‣  disfavors the extreme scenario about the polarized FFs 
‣ First measurement of  vs  provides direct access to the polarized FFs 

• Larger data samples of  p+p collisions at 510  taken in 2012 and 2013 will improve 
the precision and extend to lower  region
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Backup
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Impact of the  taggingπ±
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