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The helicity-dependent strange quark distribution in the proton, Δs, is calculated in a nonlocal chiral
SU(3) effective field theory. The hadronic proton to meson plus octet or decuplet baryon splitting functions
are derived at the one-loop level, with loop integrals rendered finite by correlation functions introduced in
the nonlocal Lagrangian. Within the convolution framework, the proton strange helicity distribution is
obtained using spin-flavor symmetry to constrain the input valence quark distributions in the hadronic
intermediate states. The polarized strange quark distribution is found to be quite small, with the lowest
moment of Δs negative, but consistent with recent global QCD analyses.
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I. INTRODUCTION

It has been over 30 years since the European Muon
Collaboration (EMC) published their polarized deep-
inelastic scattering (DIS) measurement of the proton’s
spin-dependent structure function, g1 [1]. The result sug-
gested that only a very small fraction of the proton’s spin
was carried by quarks—an initially shocking discovery
which contradicted the prevailing quark model view in
which constituent quarks accounted for the proton’s global
quantum numbers, including its spin. Subsequent experi-
ments with increasing precision and kinematic reach were
performed at SLAC [2–7], HERMES [8–10], SMC [11,12],
COMPASS [13,14], Jefferson Lab [15–24], and RHIC
[25–27], and various global QCD analyses of these data
in terms of spin-dependent parton distribution functions
(PDFs) have been carried out [28–39]. A recent analysis
from the JAM Collaboration, for instance, gives a total
fraction ΔΣ ¼ 0.36� 0.09 of the proton’s spin carried by
quarks at a scale of Q2 ¼ 1 GeV2 [38].

One early explanation proposed for the small value of
ΔΣ was that the contribution to the proton spin from
strange quarks, which is much less well determined than
that from up and down quarks, was large and negative.
Within the assumptions traditionally made in phenomeno-
logical analyses, such as SU(3) flavor symmetry and the
equivalence of the strange and antistrange polarizations,
Δs ¼ Δs̄, the integrated strange quark polarization has
typically come in at aroundΔsþ ≡ Δsþ Δs̄ ≈ −0.1. In this
scenario, the nonsinglet axial charge, a8, is extracted from
hyperon beta decays to be a8 ¼ Δuþ þ Δdþ − 2Δsþ ¼
0.58� 0.03 [40], in which case a strange quark polarization
of ≈ − 0.1 would give a total quark spin contribution ΔΣ≡
Δuþ þ Δdþ þ Δsþ ¼ a8 þ 3Δsþ that would be close to
the phenomenological result.
The accuracy of the flavor SU(3) symmetry assumption

has been questioned, on the other hand, in several analyses
[41–43] that have suggested that the uncertainty could be
as large as ≈20%. A reevaluation of the nucleon’s axial
charges in the cloudy bag model [44,45], for example,
taking into account the effect of the one gluon exchange
hyperfine interaction and the meson cloud, led to the
value a8 ¼ 0.46� 0.05 [43]. Recent lattice simulations
directly including the effects of disconnected quark loops
have yielded smaller magnitudes for the strange quark
polarization, Δsþlatt ¼ −0.046� 0.008 [46], while an
analysis of the proton spin taking into account the angular
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momentum carried by the pion cloud [47–49] favors a
value ≈ − 0.01 [43,50]. The recent JAM global QCD
analysis [38], which used data from inclusive and semi-
inclusive DIS in order to relax the SU(3) symmetry
constraint, also supports a smaller magnitude for the
strange quark polarization, ΔsþJAM ¼ −0.03� 0.10, at a
scale Q2 ¼ 1 GeV2, but with a somewhat larger uncer-
tainty. For a review of the status of global QCD analyses
and lattice QCD simulations, see Ref. [51], while for an
explanation of the importance of the mismatch between
the scale appropriate to quark models and that of lattice
QCD and DIS, see Ref. [48].
On the theoretical front, considerable progress has been

made in the last few years in developing the formalism and
feasibility of extracting the momentum dependence of
quark distributions from lattice QCD calculations of
quasi-PDFs and pseudo-PDFs [52,53], including contri-
butions from the qq̄ sea, and exploring ways in which
lattice data could constrain the phenomenological distri-
butions [54]. For continuum-based approaches, early
model-dependent work focused on the effects of proton
fluctuations to kaon-hyperon intermediate states on
strange nucleon observables [55–60], although reliably
quantifying such effects has proven challenging. A more
systematic methodology for quantifying the effects of
virtual meson loops on PDFs [61] was formulated sub-
sequently in the framework of chiral effective field
theory (EFT), and used to study the unpolarized light
quark asymmetry d̄ − ū, the strange–antistrange asymme-
try s − s̄, as well as the strange quark helicity in the proton
[62–65].
Along these lines, a nonlocal chiral effective theory

was recently proposed, which allows the study of hadron
properties at relatively large momentum transfer [66–68],
while consistently taking into account the finite size of
hadrons from the underlying chiral Lagrangian. This
framework was used to compute electromagnetic form
factors of the nucleon [67,68], as well as collinear
parton distributions [69,70] and transverse momentum
dependent distributions [71], such as the Sivers func-
tion, for the sea quarks in the nucleon. Furthermore,
if the nonlocal behavior is assumed to be a general
property of all the interactions, it produces interesting
results when applied to the lepton anomalous magnetic
moments [72].
In this paper, we extend our previous analysis [70,71]

of the chiral loop contributions to the nonperturbative
strange quark PDF in the polarized sector within the
framework of nonlocal chiral effective theory. In Sec. II,
we review the derivation of the nonlocal chiral Lagrangian
starting from the local effective Lagrangian. From this the
spin-dependent hadronic splitting functions are computed
in Sec. III, for the case of a covariant dipole form factor, and

numerical results are presented in Sec. IV. Finally, Sec. V
contains a summary of our findings and suggestions for
future research.

II. EFFECTIVE LAGRANGIAN

Our analysis is based on the chiral SUð3ÞL × SUð3ÞR
effective Lagrangian, describing interactions of octet (B)
and decuplet (Tμ) baryons with pseudoscalar mesons (ϕ)
[73–75],

L ¼ Tr½B̄ðiD −MBÞB� −
D
2
Tr½B̄γμγ5fuμ; Bg�

−
F
2
Tr½B̄γμγ5½uμ; B�� −

F −D
2

Tr½B̄γμγ5B�Tr½uμ�

−
C
2
ðϵijkTilm

μ ΘμνðuνÞljBmk þ H:c:Þ
þ Tijk

μ ðiγμναDα −MTγ
μνÞTijk

ν

−
H
2
Tijk
μ γμναγ5ðuαÞklTijl

ν ; ð1Þ

whereMB andMT are the masses of the octet and decuplet
baryons, and D, F, C, and H denote the baryon-meson
coupling constants. The octet-decuplet baryon transition
operator Θμν is given by

Θμν ¼ gμν −
�
Z þ 1

2

�
γμγν; ð2Þ

where Z is the decuplet off-shell parameter (usually chosen
to be Z ¼ −1=2Þ. The pseudoscalar mesons couple to
baryons through the vector and axial vector combinations
involving the field u ¼ expðiϕ= ffiffiffi

2
p

fÞ,

Γμ ¼
1

2
ðu†∂μuþ u∂μu†Þ þ

i
2
ðu†λau − uλau†Þaaμ; ð3Þ

uμ ¼ iðu†∂μu − u∂μu†Þ − ðu†λauþ uλau†Þaaμ; ð4Þ

where f is the pseudoscalar decay constant, aaμ corresponds
to the external axial-vector fields, and λa (a ¼ 0;…; 8)
represent the unit matrix and the eight Gell-Mann matrices.
For further details about the SU(3) chiral Lagrangian see
the discussions in Ref. [69,73–75].
From the chiral Lagrangian (1) one can derive the

electromagnetic currents that couple to the external
field aaμ,
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Jμ;aA ¼ 1

2
Tr½B̄γμ½uλau† − u†λau; B�� þD

2
Tr½B̄γμγ5fuλau† þ u†λau; Bg�

þ F
2
Tr½B̄γμγ5½uλau† þ u†λau; B�� þ F −D

2
Tr½B̄γμγ5B�Tr½uλau† þ u†λau�

þ C
2
ðTνΘνμðuλau† þ u†λauÞBþ H:c:Þ þH

2
Tνγ

ναμðuλau† þ u†λau; TαÞ; ð5Þ

where the notations are as defined in Ref. [69]. Following the methodology discussed in Refs. [4,67,68,76–79], we write the
nonlocal baryon-meson interaction Lagrangian for the meson coupling to a proton as [69]

LðnonlocÞ
had ðxÞ ¼ p̄ðxÞ

�
CBϕ

f
γμγ5BðxÞ þ CTϕ

f
ΘμνTνðxÞ

�Z
d4aFðaÞ∂μϕðxþ aÞ þ H:c:

þ iCϕϕ†

2f2
p̄ðxÞγμpðxÞ

Z
d4aFðaÞϕðxþ aÞ

Z
d4bFðbÞ ð∂μϕ

†ðxþ bÞ þ H:c:Þ; ð6Þ

where CBϕ, CTϕ, and Cϕϕ† are the coupling constants for the pBϕ, pTϕ, and ppϕϕ† interactions, respectively (see Table I
of Ref. [69]).
The nonlocal interaction between a quark q in a hadron and the external axial-vector field aμ is given by

LðnonlocÞ
q ext ðxÞ ¼

Z
d4aFðaÞðCq

BB̄ðxÞγμγ5BðxÞ þ Cq
TTαγ

μγ5TαðxÞÞaμðxþ aÞ

þ Cq
BT

Z
d4aFðaÞðB̄ðxÞΘμνTνðxÞ þ H:c:Þaμðxþ aÞ

þ iCq
Bϕ

f

Z
d4aFðaÞ

Z
d4bFðbÞðp̄ðxÞγμBðxÞϕðxþ aÞ þ H:c:Þaμðxþ bÞ

þ
Cq
ϕϕ†

f2

Z
d4aFðaÞ

Z
d4bFðbÞ

Z
d4cFðcÞp̄ðxÞγμγ5pðxÞϕðxþ aÞϕ†ðxþ bÞaμðxþ cÞ; ð7Þ

where Cq
j (j ¼ B, T, BT, Bϕ, or ϕϕ†) are the coupling

constants (axial charges) for the interaction between the
quark q in the hadronic configuration j and the axial-vector
field. In the present work we focus on the strange quark
contribution, for which the corresponding couplings Cs

j are
listed in Table I.
For the electromagnetic form factors and unpolarized

PDFs discussed in Refs. [67–69] the path integral of the

vector field in the gauge link was necessary to guarantee
local gauge invariance. In the current application to
interactions with the axial-vector field and spin-dependent
PDFs, there is no associated conserved charge and hence no
gauge link term in the nonlocal Lagrangian. The corre-
sponding nonlocal axial-vector current can be obtained
from Eq. (7) and is given by

Jμ;qA ðxÞ ¼
Z

d4aFðaÞðCq
BB̄ðx − aÞγμγ5Bðx − aÞ þ Cq

TTαðx − aÞγμγ5Tαðx − aÞÞ

þ Cq
BT

Z
d4aFðaÞðB̄ðx − aÞΘμνTνðx − aÞ þ H:c:Þ

þ iCq
Bϕ

f

Z
d4aFðaÞ

Z
d4bFðbÞðp̄ðx − bÞγμBðx − bÞϕðxþ a − bÞ þ H:c:Þ

þ
Cq
ϕϕ†

f2

Z
d4aFðaÞ

Z
d4bFðbÞ

Z
d4cFðcÞp̄ðx − cÞγμγ5pðx − cÞϕðxþ a − cÞϕ†ðxþ b − cÞ: ð8Þ

From the nonlocal axial current and Lagrangian, in the next section wewill compute the proton to baryons + meson splitting
functions necessary for the helicity-dependent strange quark distribution.
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III. HADRONIC SPLITTING FUNCTIONS

The spin-dependent hadronic splitting functions, Δfj,
can be evaluated from the matrix elements of the hadronic
operators of the axial current, which correspond to the one
meson loop diagrams in Fig. 1 [62,69]. The matrix
elements of the hadronic operators give rise to the octet
rainbow, tadpole, Kroll-Ruderman (KR), decuplet rain-
bow, and octet-decuplet transition splitting functions, as
illustrated by the diagrams in Fig. 1. A detailed derivation
of the splitting functions corresponding to the processes
illustrated in Fig. 1 was presented in Ref. [62]. In this
section, we summarise those results, giving the splitting
functions as a function of the light-cone variable
y ¼ kþ=pþ, where kμ is the four-momentum of the kaon
and pμ is the four-momentum of the external proton.
Following Refs. [69,70], in our numerical calculation we
choose for simplicity the Fourier transformation of the
correlation function FðaÞ in the nonlocal Lagrangian to
take a dipole form,

F̃ðkÞ ¼
�Λ2 −m2

ϕ

Λ2 − k2

�
2

; ð9Þ

where Λ ¼ ΛB;T are the cutoff parameters for the octet
baryon-meson and decuplet baryon-meson vertices, and
mϕ is the meson mass.
For the octet baryon rainbow diagram of Fig. 1(a), the

splitting function ΔfðrbwÞBϕ can be expressed as a sum of the
on-shell, off-shell, and δ-function contributions,

ΔfðrbwÞBϕ ðyÞ ¼ C2
BϕM

2
B

ð4πfÞ2 ½Δf
ðonÞ
B ðyÞ þ ΔfðoffÞB ðyÞ þ ΔfðδÞB ðyÞ�;

ð10Þ

whereM is the nucleon mass andMB ¼ MB þM. The cou-
pling constants CBϕ are given in terms of the usual SU(3)
coefficients D and F. The on-shell function is written as

ΔfðonÞB ðyÞ

¼ Λ̄8
B

Z
dk2⊥

y½−k2⊥þðΔBþyMÞ2�ð4DBϕþDBΛB
Þ

ȳ2D2
BϕD

5
BΛB

; ð11Þ

where ȳ ¼ 1 − y is the light-cone longitudinal momentum
fraction carried by the baryon, and we define, for short-
hand, ΔB ¼ MB −M and Λ̄2

B ¼ Λ2
B −m2

ϕ. The functions
DBϕ and DBΛB

are defined as

DBϕ ¼ −
1

ȳ
ðk2⊥ þ yM2

B þ ȳm2
ϕ − yȳM2Þ; ð12aÞ

DBΛB
¼ −

1

ȳ
ðk2⊥ þ yM2

B þ ȳΛ2
B − yȳM2Þ: ð12bÞ

In the limit where ΛB → ∞, the local on-shell splitting
function reduces to

ΔfðonÞB ðyÞ ¼
Z

dk2⊥
y½−k2⊥ þ ðΔB þ yMÞ2�

ȳ2D2
Bϕ

; ð13Þ

which coincides with the results obtained in Refs. [56–58]
in this limit. The off-shell splitting function in Eq. (10) is
given by

(a) (b) (c)

(e)(d)

FIG. 1. One-loop contributions to the spin-dependent PDFs of the nucleon from (a) octet rainbow, (b) tadpole, (c) Kroll-Ruderman,
(d) decuplet rainbow, and (e) octet-decuplet transition diagrams. The octet baryons, decuplet baryons and pseudoscalar mesons are
represented by the solid, double-solid, and dashed lines, respectively, while the crossed out circle denotes the insertion of the hadronic
axial current operator in Eq. (8).

TABLE I. Coupling constants Cs
B, C

s
T , C

s
BT , C

s
Bϕ, and Cs

ϕϕ†

for the interaction between a strange quark s and an external
axial-vector field in the corresponding hadronic configurations.

B Λ Σ0 Σþ

Cs
B F þ 1

3
D F −D F −D

T Σ�0 Σ�þ

Cs
T

1
3
H 1

3
H

BT Σ0Σ�0 ΣþΣ�þ

Cs
BT

1
3
C − 1

3
C

Bϕ ΛKþ Σ0Kþ ΣþK0

Cs
Bϕ

ffiffi
3

p
2

1
2

1ffiffi
2

p

ϕϕ† K0K̄0 KþK−

Cs
ϕϕ†

1
2
ðF −DÞ F
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ΔfðoffÞB ðyÞ ¼ 2Λ̄8
B

MB

Z
dk2⊥

ðΔB þ yMÞ
ȳDBϕD4

BΛ
: ð14Þ

For the δ-function term, ΔfðδÞϕ , which arises from meson
loops with zero light-cone longitudinal momentum
(kþ ¼ 0), one has

ΔfðδÞB ðyÞ

¼ 1

6M2
B

�
2Λ2

Bþ3m2
ϕ

�
1þ2 log

m2
ϕ

Λ2
B

�
−
6m4

ϕ

Λ2
B
þm6

ϕ

Λ4
B

�
δðyÞ:

ð15Þ

The splitting functions of the tadpole diagram in
Fig. 1(b) for the charged and neutral kaon loop contribu-
tions are given by

ΔfðtadÞKþ ðyÞ ¼ ΔfðtadÞK0 ðyÞ≡ −
M2

B

ð4πfÞ2 Δf
ðδÞ
ϕ ðyÞ; ð16Þ

where the generic tadpole function ΔfðδÞϕ is related to the
δ-function term in the rainbow diagram in Eq. (15),

ΔfðδÞϕ ðyÞ ¼ −ΔfðδÞB ðyÞ: ð17Þ

The splitting function of the Kroll-Ruderman diagrams in
Fig. 1(c) can be written in terms of the off-shell and
δ-function contributions as

ΔfðKRÞBϕ ðyÞ ¼ CBϕM2
B

ð4πfÞ2 ½Δf
ðoffÞ
B ðyÞ þ 2ΔfðδÞB ðyÞ�; ð18Þ

with the off-shell function ΔfðoffÞB given in Eq. (14) and the

δ-function component, ΔfðδÞB , in Eq. (15). Note that
Eq. (18) has the opposite sign relative to Eq. (49) of

Ref. [62] because the coefficient CBϕ used here has the
opposite sign compared to that in [62].
For the decuplet intermediate states, because of the

higher spin of the baryon the polarized splitting functions
are somewhat more complicated. As in the octet case, the
splitting function associated with the decuplet rainbow
diagram in Fig. 1(d) can be decomposed as a sum of on-
shell, off-shell and δ-function contributions,

ΔfðrbwÞTϕ ðyÞ ¼ C2
TϕM

2
T

ð4πfϕÞ2
½ΔfðonÞT ðyÞ þ ΔfðoffÞT ðyÞ þ ΔfðδÞT ðyÞ�;

ð19Þ

where MT ¼ MT þM. The couplings CTϕ are given in
terms of the coefficient C. In our analysis, we will take
C ¼ −2D from SU(6) symmetry. The on-shell part of the
splitting function is given by

ΔfðonÞT ðyÞ ¼ −
Λ̄8
T

18M2
TM

2
T

Z
dk2⊥½k2⊥ þ ðMT − yMÞ2�

× ½k4⊥ − 8ȳMMTk2⊥ − ðM2
T − ȳ2M2Þ2�

×
yð4DTϕ þDTΛT

Þ
ȳ4D2

TϕD
5
TΛT

; ð20Þ

where Λ̄2
T ¼ Λ2

T −m2
ϕ, and DTϕ and DTΛT

are defined in
analogy with Eqs. (12a) and (12b),

DTϕ ¼ −
k2⊥ þ yM2

T þ ȳm2
ϕ − yȳM2

ȳ
; ð21aÞ

DTΛT
¼ −

k2⊥ þ yM2
T þ ȳΛ2

T − yȳM2

ȳ
: ð21bÞ

The off-shell decuplet function part is given by

ΔfðoffÞT ðyÞ ¼ Λ̄8
T

ð3M2
TMTÞ2

Z
dk2⊥

1

ȳ3DTϕD4
TΛT

½k6⊥ þ ðȳ2M2 −M2
T − 3ȳMTMÞk4⊥

− ð3M4
T þ 2ȳM3

TM þ 4ȳ2M2
TM

2 þ 6ȳ3MTM3 þ ȳ4M4Þk2⊥ − ðM3
T − 2ȳM2

TM þ ȳ3M3ÞðMT þ ȳMÞ3�: ð22Þ
For the δ-function contribution, we perform the k⊥ integration analytically to obtain

ΔfðδÞT ðyÞ ¼ 1

ð3MTMTÞ2
�

Λ̄2
T

12Λ4
TM

2
T
½4Λ8

T þ Λ6
Tð29MTMT þMTM þ 14M2 − 14m2

ϕÞ

þ Λ4
Tð22m4

ϕ − 5m2
ϕð14M2 þ 30MMT þ 29M2

TÞ þ 4M2
Tð2M2 þ 2MMT − 3M2

TÞÞ
− 2Λ2

Tm
2
ϕðm2

ϕð14M2 þ 30MMT þ 29M2
TÞ − 5ð2M2 þ 2MMT − 3M2

TÞM2
TÞ − 2m4

ϕM
2
Tð2M2 þ 2MMT − 3M2

TÞ�

þ 1

2M2
T
½2M2

Tð2M2 þ 2MMT − 3M2
TÞ −m2

ϕð14M2 þ 30MMT þ 29M2
TÞ þ 2m4

ϕ�m2
ϕ log

m2
ϕ

Λ2
T

�
δðyÞ: ð23Þ
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For the octet-decuplet rainbow transition diagrams in Fig. 1(e), the splitting function can also be written as a sum of three
terms,

ΔfðrbwÞTBϕ ðyÞ ¼ −
CTϕCBϕMTMTB

ð4πfÞ2 ½ΔfðonÞTB ðyÞ þ ΔfðoffÞTB ðyÞ þ ΔfðδÞTBðyÞ�; ð24Þ

where MTB ¼ MT þMB. Explicit calculation of the on-shell octet-decuplet transition function in Eq. (24) gives

ΔfðonÞTB ðyÞ ¼ Λ̄4
BΛ̄4

T

3M2
TMTBΔTB

Z
dk2⊥
ȳ2

�
1

DTϕD2
TΛB

D2
TΛT

−
1

DBϕD2
BΛB

D2
BΛT

�

× ½k4⊥ − ȳMð3MT −MBÞk2⊥ − 2MTΔTBk2⊥ − ðΔB þ yMÞðΔT þ yMÞðMT − yMÞ2�; ð25Þ

where ΔTB ¼ MT −MB, while for the off-shell transition function we have

ΔfðoffÞTB ðyÞ ¼ Λ̄4
BΛ̄4

T

3M2
TMTMTB

Z
dk2⊥
ȳ2

�
MTðk2⊥ðȳMþ 2MTÞ− ðMT − ȳMÞðMT − yMÞ2Þ

DTϕD2
TΛB

D2
TΛT

þ 1

DBϕD2
BΛB

D2
BΛT

½k4⊥ þ ðȳMð3Mþ 4MBÞ þ 3ð1þ ȳÞMBMT þMMT − 2M2
TÞk2⊥

− ðMB − ȳMÞðy3M3 − y2Mð2MBMT þ ð4MþMBÞMTÞ− yðM2
BðMþ 3MTÞ þMMBΔT −Mð5M −MTÞMTÞ

þM3
B þM3

T þ 2MΔBMB þMTð2MþMBÞMTBÞ�
�
: ð26Þ

Finally, for the δ-function contribution to the octet-decuplet transition, we have

ΔfðδÞTBðyÞ ¼
δðyÞ

6M2
TMTMTBðΛ2

B − Λ2
TÞ3

�
2ðΛ2

B þ Λ2
TÞΛ̄4

BΛ̄4
T log

Λ2
B

Λ2
T

þ Λ̄4
T log

m2
ϕ

Λ2
B
½2m2

ϕððΛ2
B þ Λ2

TÞðMTMTB þ ΔBMBÞ − Λ2
BΛ2

T − 2Λ4
BÞ

þ 2m4
ϕðΛ2

B þ Λ2
TÞ − Λ4

Bð4MTBMT þ 4ΔBMB − Λ2
B − Λ2

TÞ�

− Λ̄4
B log

m2
ϕ

Λ2
T
½2m2

ϕððΛ2
B þ Λ2

TÞðMTMTB þ ΔBMBÞ − Λ2
BΛ2

T − 2Λ4
TÞ

þ 2m4
ϕðΛ2

B þ Λ2
TÞ − Λ4

Tð4MTBMT þ 4MBΔB − Λ2
B − Λ2

TÞ�
þ ðΛ2

B − Λ2
TÞΛ̄2

BΛ̄2
T ½m2

ϕð4MTBMT þ 4ΔBMB þ Λ2
B þ Λ2

TÞ

− 2ðΛ2
T þ Λ2

BÞðMTBMT þ ΔBMBÞ − 2Λ2
BΛ2

T �
�
: ð27Þ

In the local limit, where the regulator parameters
ΛB;T → ∞, all of the splitting functions presented here
are consistent with those obtained using Pauli-Villars (PV)
regularization in Ref. [62].
Using the above set of splitting functions, the strange

quark PDF can be computed in the form of convolutions
with the strange quark PDFs in the hadronic configurations
in terms of the explicit hadronic configurations as [62,70]

ΔsðxÞ¼
X
Bϕ

ðΔf̄ðrbwÞBϕ ⊗ΔsBþΔf̄ðKRÞBϕ ⊗ΔsðKRÞB Þ

þ
X
ϕ

Δf̄ðtadÞϕ ⊗ΔsðtadÞϕ þ
X
Tϕ

Δf̄ðrbwÞTϕ ⊗ΔsT

þ
X
TBϕ

Δf̄TBϕ⊗ΔsTB; ð28Þ

FANGCHENG HE et al. PHYS. REV. D 105, 094007 (2022)

094007-6



where the symbol “⊗” represents a convolution integral,
and for notational convenience we define the splitting
functionsΔf̄jðyÞ≡ ΔfjðȳÞ. The input PDFs for the strange
quark in the hadronic configurations on the right-hand side
of Eq. (28) can be related to the valence quark unpolarized
uðxÞ and dðxÞ PDFs and polarized ΔuðxÞ and ΔdðxÞ PDFs
in the proton by comparing the coefficients of the axial-
vector operators using SU(6) symmetry [62]. Specifically,
the input PDFs ΔsB in the rainbow diagram with inter-
mediate octet states are related to the polarized PDFs in the
proton as

ΔsΛðxÞ ¼
1

3
ð2ΔuðxÞ − ΔdðxÞÞ;

ΔsΣþðxÞ ¼ ΔsΣ0ðxÞ ¼ ΔdðxÞ: ð29Þ

The input PDFs in the Kroll-Ruderman diagrams, ΔsðKRÞB ,
are related to the unpolarized distributions in the proton by

ΔsðKRÞΛ ðxÞ ¼ 1

2
ffiffiffi
3

p ð2uðxÞ − dðxÞÞ;

ΔsðKRÞΣþ ðxÞ ¼
ffiffiffi
2

p
ΔsðKRÞΣ0 ðxÞ ¼ 1ffiffiffi

2
p dðxÞ: ð30Þ

For ΔsðtadÞϕ in the tadpole diagram, we have the relationship

ΔsðtadÞKþ ðxÞ ¼ 1

2
ΔuðxÞ; ΔsðtadÞ

K0 ðxÞ ¼ 1

2
ΔdðxÞ: ð31Þ

Finally, for the decuplet ΔsT and octet-decuplet transition
ΔsTB, these can be expressed as

ΔsΣ�þðxÞ ¼ ΔsΣ�0ðxÞ ¼ 1

2
ðΔuðxÞ − 2ΔdðxÞÞ; ð32Þ

ΔsΣ�þΣþðxÞ ¼−ΔsΣ�0Σ0ðxÞ ¼ 1ffiffiffi
3

p ðΔuðxÞ− 2ΔdðxÞÞ: ð33Þ

With these inputs, we can proceed to compute the strange
helicity PDF in the proton in Eq. (28) numerically, as we
discuss next in the following section.

IV. NUMERICAL RESULTS

In this section we discuss the numerical results for the
spin-dependent strange quark distributions in the proton
from the present analysis. In the previous analysis of meson
loop contributions to the spin-averaged strange quark PDFs
in the proton [69,70], the regulator parameter Λ was
determined by fitting the cross section data for inclusive
baryon production in high-energy pp scattering,
pp → BX, for different species of baryon B. The best
fit yielded the values ΛB ¼ 1.1ð1Þ GeV and ΛT ¼
0.8ð1Þ GeV for the octet and decuplet intermediate cases,
respectively. In the present analysis of spin-dependent
PDFs we use the same parameters ΛB and ΛT and the
coupling constants CBϕ and CTϕ to compute the splitting
functions numerically.

A. Splitting functions

The on-shell and off-shell contributions to the spin-
dependent splitting functions in the nonlocal EFT calcu-
lation for the strange octet, decuplet and octet-decuplet
baryon interference intermediate states are shown in Fig. 2,
with the bands corresponding to regulator cutoff values
ΛB ¼ 1.0–1.2 GeV and ΛT ¼ 0.7–0.9 GeV for the octet
and decuplet baryons, respectively. The results are quali-
tatively similar to those found for the splitting functions in
the local EFT calculation with Pauli-Villars regularization
[62], although the magnitude there was somewhat smaller.
For the octet baryon case, the on-shell splitting function

ΔfðonÞB is negative at small meson momentum fractions y,
but changes sign to become positive for y≳ 0.3. The off-

shell contribution ΔfðoffÞB remains negative for all y values,
and is ≈4 times larger in magnitude at the peak y ≈ 0.1 than
the on-shell contribution. Note that because of the mass

(a) (b)

FIG. 2. On-shell “(on)” and off-shell “(off)” contributions to the spin-dependent splitting functions in the nonlocal EFT for (a) the
octet baryon ΔfB and (b) the decuplet baryon ΔfT and octet-decuplet interference ΔfTB intermediate states. The bands correspond to
regulator parameter values ΛB ¼ 1.0–1.2 GeV for octet and ΛT ¼ 0.7–0.9 GeV for decuplet baryons.
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difference between the hyperon and nucleon, the off-shell
function is nonzero at y ¼ 0. Interestingly, compared with
the corresponding spin-averaged splitting functions from
Ref. [69], the spin-dependent off-shell function is identical,
while the spin-averaged on-shell function is positive.
For intermediate state involving decuplet baryons, the

splitting functions are generally smaller in magnitude than
for the octet baryons. Both the decuplet on-shell and off-
shell splitting functions are positive, and as in the octet case
the on-shell contributions vanish at y ¼ 0, while the off-
shell contributions remain nonzero. The octet-decuplet
transition splitting functions are significantly larger in
magnitude than the decuplet functions, indicating a greater
role played by the BT transition in spin-dependent observ-
ables than for the diagonal T contributions. The on-shell
transition function is negative, peaking at y ≈ 0.2, while the
off-shell transition function is positive and decreases with y.
Compared with the corresponding splitting functions for the
local EFT calculation with Pauli-Villars regularization [62],
the shapes are quite similar; however, the magnitude of the
transition contributions in the nonlocal case are again larger.

B. Strange quark polarization

Using the convolution formula (28), the polarized
strange quark PDF is evaluated in terms of the derived

hadronic splitting functions and the PDFs in the hadronic
intermediate state configurations. The δðyÞ terms in the
splitting functions, although not shown in Fig. 2, make
significant contributions to the strange quark PDFs via the
convolutions. With the SU(3) relations, the strange quark
PDFs for the intermediate states can be given in terms of the
spin-dependent and spin-averaged u and d quark PDFs in
the proton [62], which are determined from global QCD
analyses of high-energy polarized [35,38,80] and unpola-
rized [81–84] scattering data. In this analysis, for the spin-
averaged u and d quark distributions in the proton we use
the CJ15 parametrization from Ref. [85], while the pola-
rized Δu and Δd PDFs are taken from the JAM analysis
in Ref. [38].
The contributions to the polarized strange PDF xΔs from

the various terms in Eq. (28) are shown in Fig. 3, illustrating
both decompositions in terms of diagram types and in terms
of splitting function types. In Fig. 3(a) we observe large
cancellations between contributions from the positive tad-
pole and negativeKRdiagrams. In contrast, themagnitude of
the octet rainbow diagram contribution is relatively small,
changing sign from negative at small x to positive at larger x.
The sum of these contribution is positive for x≳ 0.2 with
magnitude ≲0.004. Compared with the calculation in
Ref. [62] which used PV regularization, the tadpole

(a) (b)

(c) (d)

FIG. 3. Contributions to the strange quark polarization in the proton, xΔsðxÞ, at Q2 ¼ 1 GeV2 from the octet rainbow, Kroll-
Ruderman, and tadpole diagrams [(a), (b)]; and the decuplet rainbow and decuplet-octet transition rainbow diagrams [(c), (d)]. The
uncertainty bands correspond to the range of ΛB ¼ 1.0–1.2 GeV for octet and ΛT ¼ 0.7–0.9 GeV for the decuplet and decuplet-octet
transition. The left column [(a), (c)] shows the decomposition according to the type of diagram, while the right column [(b), (d)] shows
the decomposition according to the type of splitting function.
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contribution in the nonlocal case is significantly larger, and
the contribution from the KR diagram has the opposite sign.
This is mainly because the δ-function contribution in the
nonlocal calculation is much larger, as can be seen in the
decomposition in Fig. 3(b). Here, the (positive) δ-function
term gives the largest contribution, while the (mostly
negative) on-shell and off-shell terms are somewhat smaller.
The on-shell contribution changes smoothly from positive at
small x to negative at x≳ 0.2, whereas the off-shell term has
largest magnitude at low x. The overall behavior of the octet
contribution is driven by the δ-function contribution.
The contributions from diagrams involving decuplet

baryons in the intermediate states are shown in Figs. 3(c)
and 3(d). There are strong cancellations seen between the
positive decuplet rainbow and the negative octet-decuplet
transition contributions, resulting in a total result that is
negativewith a smallmagnitude (≲0.002), comparable to the
total octet contribution. Furthermore, in contrast to the octet
case, the off-shell decuplet contributions are positive, but
canceled somewhat by the negative on-shell and δ-function
terms. Compared with the earlier calculation [62] with PV

regularization, the signs of each of the decuplet rainbow and
octet-decuplet transition terms is the same, but somewhat
different magnitudes result in a net contribution which is
negative.
In Fig. 4 we plot the full results for the strange quark PDF,

xΔsþðxÞ, including all octet, decuplet and transition con-
tributions (the contribution from meson loops to polarized
antistrangeness Δs̄ is zero). For comparison, the results for
xΔsþðxÞ from the NNPDF [35] and JAM [38] global QCD
analyses at Q2 ¼ 1 GeV2 are also shown. The overall
magnitude of the calculated strange polarization in the
nonlocal chiral effective theory is relatively small, with xΔs
starting out negative at x≲ 0.25 and becoming positive at
larger x values. The large uncertainty on the PDF para-
metrizations reflect the weak constraints that currently exist
on Δs from data. Other analyses in which the strange quark
helicity-dependent distributions have been extracted have
been under the assumption ofΔs ¼ Δs̄ [31,86–89]. Similar
to our result, the sign change of xΔs from negative to
positive with increasing x was found in Refs. [86–88],
although the zero appeared in the smaller-x region. In some
other extractions [31,89], Δs was negative in the entire x
region without any sign change, driven by the assumption of
SU(3) flavor symmetry for the axial vector charges. Recent
lattice simulations of xΔðsÞ [90] also suggest a sign change
at x ∼ 0.3, consistent with our result.
Integrating the strange polarized PDFs over all x, the

resulting contributions to the total moment hΔsi≡R
1
0 dxΔsðxÞ are listed individually in Table II. This moment
is especially interesting in view of its role in neutrino
transport in neutron stars, which is a key cooling mecha-
nism [91,92]. With the exception of the on-shell compo-
nent, the contributions from the octet states are larger than
the corresponding ones from the decuplet baryons, with the
total octet contribution several times larger than the total
decuplet. For the range of ΛB;T values considered in this
analysis, the octet intermediate state contribution to hΔsi is
between −0.0204 and −0.0083, while the contribution
from decuplet intermediate states is between −0.0046 and
−0.0027. The large positive contribution from the tadpole
diagram cancels much of the (negative) octet and decuplet

TABLE II. Contributions from various diagrams to the integral of ΔsðxÞ at Q2 ¼ 1 GeV2, in units of 10−2. The sum of the total octet,
tadpole, and total decuplet and octet-decuplet transition terms is in the range hΔsi ¼ ½−0.51;−0.26� × 10−2.

ΛB (GeV) hΔsiðonÞB rbw hΔsiðoffÞB rbw hΔsiðδÞB rbw hΔsiðoffÞKR hΔsiðδÞKR
Total octet hΔsiðδÞtad

1.0 0.02 −0.90 0.73 0.87 −1.55 −0.83 0.84
1.1 0.00 −1.38 1.18 1.32 −2.48 −1.36 1.35
1.2 −0.04 −1.94 1.73 1.86 −3.65 −2.04 1.99

ΛT (GeV) hΔsiðonÞT rbw hΔsiðoffÞT rbw hΔsiðδÞT rbw hΔsiðonÞTB rbw hΔsiðoffÞTB rbw hΔsiðδÞTB rbw
Total decuplet

0.7 0.04 0.02 0.04 −0.45 0.42 −0.41 −0.34
0.8 0.14 0.08 0.18 −0.83 0.74 −0.77 −0.46
0.9 0.33 0.22 0.53 −1.24 1.05 −1.16 −0.27

FIG. 4. Meson loop contribution to the polarized strange quark
PDF (red band) xΔsþ ≡ xΔsþ xΔs̄ compared with the results
from the NNPDF [35,80] (orange band) and JAM [38] (yellow
band) global QCD analyses, at a scale Q2 ¼ 1 GeV2. The meson
loop band reflects the range of cutoff parameters ΛB ¼
1.0–1.2 GeV and ΛT ¼ 0.7–0.9 GeV for the octet and decuplet
sectors, respectively.
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contributions, leaving a net strange quark polarization in
the proton to be in the range hΔsi ≈ ½−0.0051;−0.0026�.
Note that although the first moment of ΔsðxÞ is negative,
the sign of the distribution is x dependent. The overall
negative value of hΔsi results from the relatively larger
negative ΔsðxÞ at small x, including at x ¼ 0, compared
with the smaller positive ΔsðxÞ at large x.
Interestingly, our results are comparable with those

from Ref. [62] using PV regularization, where the low-
est moment hΔsi was also negative and in the range
½−0.0050;−0.0025�. However, we should note that
although the total moments hΔsi turn out to be similar,
the individual contributions from the various terms are
quite different. In particular, the δ-function terms for the
intermediate octet states in the nonlocal case are signifi-
cantly larger than those in the PV case. The calculated
moment can also be compared with determinations from
the JAM global QCD analysis [38], which yielded
hΔsþiJAM ¼ −0.03ð10Þ. Earlier phenomenological ana-
lyses generally found more negative values of the first
moment of the strange quark polarization [35,87,89], which
were, however, largely driven by the assumption of SU(3)
flavor symmetry for the axial vector charges. Future data on
semi-inclusive DIS and parity-violating inclusive DIS at
the planned Electron-Ion Collider [93] should reduce the
uncertainty on the extracted hΔsþi, and allow a better
discrimination between the Δs and Δs̄ distributions.

V. CONCLUSION

Our main aim in this paper was to examine the
generation of polarized strangeness in the proton from
meson loops computed within a nonlocal chiral effective
field theory at the one loop level. In contrast to previous
calculations using local versions of the effective theory, the
nonlocal implementation allows one to study hadron
structure while a priori taking into account the finite size
of the hadrons in a natural and consistent way.
We derived explicit expressions for the spin-dependent

proton to pseudoscalar meson plus octet or decuplet baryon
splitting functions, using a simple dipole shape for the
Fourier transform of the correlation function that describes

the hadrons’ extended structure. With the regulator param-
eters determined phenomenologically from spin-averaged
measurements of semi-inclusive hyperon production in pp
collisions, the strange helicity PDF was computed from
convolutions of the splitting functions and the parton
distributions associated with the hadronic intermediate
states. The contributions involving octet baryons in the
intermediate states were found to be several times larger in
magnitude than those involving decuplet baryons, and
significant cancellation was found between these and the
tadpole contributions. The result was a relatively small net
polarized strange quark helicity, which was negative at
small x and positive at high x.
Integrated over x, the lowest moment was found to lie in

the range hΔsi ¼ ½−5.1;−2.6� × 10−3. Interestingly, this is
very similar to the results found in the previous calculations
[62] using a local effective chiral theory with Pauli-Villars
regularization, even though the shape of the ΔsðxÞ dis-
tribution there was somewhat different. This suggests that
while the details of the meson loop calculation depend on
the prescription chosen to regularize the short-distance
behavior, the overall effect on the generated strange quark
polarization is relatively robust.
Our results are also qualitatively similar to those found in

the recent global QCD analysis by the JAM collaboration,
hΔsþiJAM ¼ −0.03ð10Þ [38], as well as with the latest
lattice QCD simulations from the ETM Collaboration,
hΔsþilatt ¼ −0.046ð8Þ [46]. We expect uncertainties in
the determination of hΔsþi on both of these fronts to
decrease as more experimental and lattice data become
available over the next few years.
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