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Abstract

The helicity-dependent strange quark distribution in the proton, ∆s, 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 ∆s 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 struc-

ture function, g1 [1]. The result suggested 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 experiments 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

∆Σ = 0.36± 0.09 of the proton’s spin carried by quarks at a scale of Q2 = 1 GeV2 [38].

One early explanation proposed for the small value of ∆Σ 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 phenomenological analyses, such as SU(3) flavor symmetry and the equivalence of the

strange and antistrange polarizations, ∆s = ∆s̄, the integrated strange quark polarization

has typically come in at around ∆s+ ≡ ∆s + ∆s̄ ≈ −0.1. In this scenario, the nonsinglet

axial charge, a8, is extracted from hyperon beta decays to be a8 = ∆u+ + ∆d+ − 2∆s+ =

0.58 ± 0.03 [40], in which case a strange quark polarization of ≈ −0.1 would give a total

quark spin contribution ∆Σ ≡ ∆u+ + ∆d+ + ∆s+ = a8 + 3∆s+ 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 re-evaluation 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 = 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, ∆s+
latt = −0.046 ± 0.008 [46], while an analysis of the

proton spin taking into account the angular 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
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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, ∆s+
JAM = −0.03± 0.10, at

a scale Q2 = 1 GeV2, but with a somewhat larger uncertainty. 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], includ-

ing contributions from the qq̄ sea, and exploring ways in which lattice data could constrain

the phenomenological distributions [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 me-

son loops on PDFs [61] was formulated subsequently in the framework of chiral effective field

theory (EFT), and used to study the unpolarized light quark asymmetry d̄− ū, the strange–

antistrange asymmetry 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 consis-

tently 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 distri-

butions [71], such as the Sivers function, 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.
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II. EFFECTIVE LAGRANGIAN

Our analysis is based on the chiral SU(3)L×SU(3)R effective Lagrangian, describing in-

teractions of octet (B) and decuplet (Tµ) baryons with pseudoscalar mesons (φ) [73–75],

L = Tr
[
B̄(i /D −MB)B

]
− D

2
Tr
[
B̄γµγ5{uµ, B}

]
− F

2
Tr
[
B̄γµγ5[uµ, B]

]
− F −D

2
Tr
[
B̄γµγ5B

]
Tr
[
uµ
]
− C

2

(
εijk T

ilm

µ Θµν(uν)
ljBmk + H.c.

)
+ T

ijk

µ

(
iγµναDα −MTγ

µν
)
T ijkν −

H
2
T
ijk

µ γµναγ5(uα)kl T ijlν , (1)

where MB and MT 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 = gµν −
(
Z + 1

2

)
γµγν , (2)

where Z is the decuplet off-shell parameter (usually chosen to be Z = −1/2). The pseu-

doscalar mesons couple to baryons through the vector and axial vector combinations involv-

ing the field u = exp
(
iφ/
√

2 f
)
,

Γµ =
1

2

(
u†∂µu+ u∂µu

†)+
i

2

(
u†λau− uλau†

)
aaµ, (3)

uµ = i
(
u†∂µu− u∂µu†

)
−
(
u†λau+ uλau†

)
aaµ, (4)

where f is the pseudoscalar decay constant, aaµ corresponds to the external axial-vector

fields, and λa (a = 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,

Jµ,aA =
1

2
Tr
[
B̄γµ[uλau† − u†λau,B]

]
+
D

2
Tr
[
B̄γµγ5

{
uλau† + u†λau,B

} ]
+
F

2
Tr
[
B̄γµγ5[uλau† + u†λau,B]

]
+
F −D

2
Tr
[
B̄γµγ5B

]
Tr
[
uλau† + u†λau

]
+
C
2

(
T νΘ

νµ(uλau† + u†λau)B + H.c.
)

+
H
2
T νγ

ναµ
(
uλau† + u†λau, Tα

)
, (5)

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
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meson coupling to a proton as [69]

L(nonloc)
had (x) = p̄(x)

(
CBφ
f
γµγ5B(x) +

CTφ
f

ΘµνTν(x)

)∫
d4a, F (a) ∂µφ(x+ a) + H.c.

+
iCφφ†

2f 2
p̄(x)γµp(x)

∫
d4aF (a)φ(x+ a)

∫
d4b F (b)

(
∂µφ

†(x+ b) + H.c.
)
, (6)

where CBφ, CTφ and Cφφ† are the coupling constants for the pBφ, pTφ and ppφφ† interac-

tions, 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

L(nonloc)
q ext (x) =

∫
d4aF (a)

(
Cq
B B̄(x)γµγ5B(x) + Cq

T Tαγ
µγ5Tα(x)

)
aµ(x+ a)

+ Cq
BT

∫
d4aF (a)

(
B̄(x) ΘµνTν(x) + H.c.

)
aµ(x+ a)

+
iCq

Bφ

f

∫
d4aF (a)

∫
d4b F (b)

(
p̄(x)γµB(x)φ(x+ a) + H.c.

)
aµ(x+ b)

+
Cq
φφ†

f 2

∫
d4aF (a)

∫
d4b F (b)

∫
d4c F (c) p̄(x)γµγ5p(x)

× φ(x+ a)φ†(x+ b) aµ(x+ c), (7)

where Cq
j (j = 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 corresponding nonlocal axial-vector current can be obtained

from Eq. (7) and is given by

Jµ,qA (x) =

∫
d4aF (a)

(
Cq
B B̄(x− a)γµγ5B(x− a) + Cq

T Tα(x− a)γµγ5 Tα(x− a)
)

+ Cq
BT

∫
d4aF (a)

(
B̄(x− a) Θµν Tν(x− a) + H.c.

)
+
iCq

Bφ

f

∫
d4aF (a)

∫
d4b F (b)

(
p̄(x− b)γµB(x− b)φ(x+ a− b) + H.c.

)
+
Cq
φφ†

f 2

∫
d4aF (a)

∫
d4b F (b)

∫
d4c F (c) p̄(x− c)γµγ5 p(x− c)

× φ(x+ a− c)φ†(x+ b− c). (8)
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TABLE I. Coupling constants Cs
B, Cs

T , Cs
BT , Cs

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 Σ+

Cs
B F + 1

3D F −D F −D

T Σ∗0 Σ∗+

Cs
T

1
3H

1
3H

BT Σ0Σ∗0 Σ+Σ∗+

Cs
BT

1
3C −1

3C

Bφ ΛK+ Σ0K+ Σ+K0

Cs
Bφ

√
3

2
1
2

1√
2

φφ† K0K
0

K+K−

Cs
φφ†

1
2(F −D) F

From the nonlocal axial current and Lagrangian, in the next section we will compute the

proton to baryons + meson splitting functions necessary for the helicity-dependent strange

quark distribution.

III. HADRONIC SPLITTING FUNCTIONS

The spin-dependent hadronic splitting functions, ∆fj, 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 rainbow, 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 = k+/p+, 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
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(a) (b) (c)

(e)(d)

FIG. 1. One-loop contributions to the spin-dependent PDFs of the nucleon from (a) octet rain-

bow, (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 symbol ⊗ denotes insertion of the

hadronic axial current operator in Eq. (8).

function F (a) in the nonlocal Lagrangian to take a dipole form,

F̃ (k) =

(
Λ2 −m2

φ

Λ2 − k2

)2

, (9)

where Λ = 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 ∆f
(rbw)
Bφ can be

expressed as a sum of the on-shell, off-shell and δ-function contributions,

∆f
(rbw)
Bφ (y) =

C2
BφM

2

B

(4πf)2

[
∆f

(on)
B (y) + ∆f

(off)
B (y) + ∆f

(δ)
B (y)

]
, (10)

where M is the nucleon mass and MB = MB +M . The coupling constants CBφ are given in

terms of the usual SU(3) coefficients D and F . The on-shell function is written as

∆f
(on)
B (y) = Λ

8

B

∫
dk2
⊥
y
[
−k2
⊥ + (∆B + yM)2

](
4DBφ +DBΛB

)
ȳ2D2

BφD
5
BΛB

, (11)

where ȳ = 1−y is the light-cone fraction carried by the baryon, and we define for shorthand

∆B = MB −M and Λ
2

B = Λ2
B −m2

φ. The functions DBφ and DBΛB
are defined as

DBφ = −1

ȳ

(
k2
⊥ + yM2

B + ȳ m2
φ − yȳ M2

)
, (12a)

and

DBΛB
= −1

ȳ

(
k2
⊥ + yM2

B + ȳΛ2
B − yȳ M2

)
. (12b)
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In the limit where ΛB →∞, the local on-shell splitting function reduces to

∆f
(on)
B (y) =

∫
dk2
⊥
y
[
−k2
⊥ + (∆B + yM)2

]
ȳ2D2

Bφ

, (13)

which coincides with the results obtained in Refs. [56–58] in this limit. The off-shell splitting

function in Eq. (10) is given by

∆f
(off)
B (y) =

2Λ
8

B

MB

∫
dk2
⊥

(
∆B + yM

)
ȳ DBφD4

BΛ

. (14)

For the δ-function term, ∆f
(δ)
φ , which arises from meson loops with zero light-cone momen-

tum (k+ = 0), one has

∆f
(δ)
B (y) =

1

6M
2

B

(
2Λ2

B + 3m2
φ

(
1 + 2 log

m2
φ

Λ2
B

)
−

6m4
φ

Λ2
B

+
m6
φ

Λ4
B

)
δ(y). (15)

The splitting functions of the tadpole diagram in Fig. 1(b) for the charged and neutral

kaon loop contributions are given by

∆f
(tad)

K+ (y) = ∆f
(tad)

K0 (y) ≡ − M
2

B

(4πf)2
∆f

(δ)
φ (y) , (16)

where the generic tadpole function ∆f
(δ)
φ is related to the δ-function term in the rainbow

diagram in Eq. (15),

∆f
(δ)
φ (y) = −∆f

(δ)
B (y) . (17)

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

∆f
(KR)
Bφ (y) =

CBφM
2

B

(4πf)2

[
∆f

(off)
B (y) + 2∆f

(δ)
B (y)

]
, (18)

with the off-shell function ∆f
(off)
B given in Eq. (14) and the δ-function component, ∆f

(δ)
B , in

Eq. (15).

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,

∆f
(rbw)
Tφ (y) =

C2
TφM

2

T

(4πfφ)2

[
∆f

(on)
T (y) + ∆f

(off)
T (y) + ∆f

(δ)
T (y)

]
, (19)
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where MT = MT + M . The couplings CTφ are given in terms of the coefficient C. In our

analysis, we will take C = −2D from SU(6) symmetry. The on-shell part of the splitting

function is given by

∆f
(on)
T (y) = − Λ

8

T

18M2
TM

2

T

∫
dk2
⊥

[
k2
⊥ +

(
MT − yM

)2
][
k4
⊥ − 8ȳMMT k

2
⊥ −

(
M2

T − ȳ2M2
)2
]

×
y
(
4DTφ +DTΛT

)
ȳ4D2

TφD
5
TΛT

, (20)

where Λ
2

T = Λ2
T −m2

φ, and DTφ, DTΛ are defined in analogy with Eq. (12a),

DTφ = −
k2
⊥ + yM2

T + ȳ m2
φ − yȳ M2

ȳ
, (21a)

DTΛT
= −k

2
⊥ + yM2

T + ȳΛ2
T − yȳ M2

ȳ
. (21b)

The off-shell decuplet function part is given by

∆f
(off)
T (y) =

Λ
8

T(
3M2

TMT

)2

∫
dk2
⊥

1

ȳ3DTφD4
TΛT

[
k6
⊥ +

(
ȳ2M2 −M2

T − 3ȳMTM
)
k4
⊥

−
(
3M4

T + 2ȳM3
TM + 4ȳ2M2

TM
2 + 6ȳ3MTM

3 + ȳ4M4
)
k2
⊥

−
(
M3

T − 2ȳM2
TM + ȳ3M3

)(
MT + ȳM

)3
]
. (22)

For the δ-function contribution, we perform the k⊥ integration analytically to obtain

∆f
(δ)
T (y) =

1(
3MTMT

)2

{
Λ

2

T

12Λ4
TM

2
T

[
4Λ8

T + Λ6
T

(
29MTMT +MTM + 14M2 − 14m2

φ

)
+ Λ4

T

(
22m4

φ − 5m2
φ

(
14M2 + 30MMT + 29M2

T

)
+ 4M

2

T

(
2M2 + 2MMT − 3M2

T

))
− 2Λ2

T m
2
φ

(
m2
φ

(
14M2 + 30MMT + 29M2

T

)
− 5

(
2M2 + 2MMT − 3M2

T

)
M

2

T

)
− 2m4

φM
2

T

(
2M2 + 2MMT − 3M2

T

)]
+

1

2M2
T

[
2M

2

T

(
2M2 + 2MMT − 3M2

T

)
−m2

φ

(
14M2 + 30MMT + 29M2

T

)
+ 2m4

φ

]
×m2

φ log
m2
φ

Λ2
T

}
δ(y) . (23)

For the octet-decuplet rainbow transition diagrams in Fig. 1(e), the splitting function

can also be written as a sum of three terms,

∆f
(rbw)
TBφ (y) = −CTφCBφMTMTB

(4πf)2

[
∆f

(on)
TB (y) + ∆f

(off)
TB (y) + ∆f

(δ)
TB(y)

]
, (24)
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where MTB = MT + MB. Explicit calculation of the on-shell octet-decuplet transition

function in Eq. (24) gives

∆f
(on)
TB (y) =

Λ
4

BΛ
4

T

3M2
TMTB∆TB

∫
dk2
⊥

ȳ2

(
1

DTφD2
TΛB

D2
TΛT

− 1

DBφD2
BΛB

D2
BΛT

)
×
[
k4
⊥ − 2ȳM(3MT −MB) k2

⊥ − 2MT∆TB

−
(
∆B + yM

)(
∆T + yM

)(
MT − yM

)2
]
, (25)

where ∆TB = MT −MB, while for the off-shell transition function we have

∆f
(off)
TB (y) =

Λ
4

BΛ
4

T

3M2
TMTMTB

∫
dk2
⊥

ȳ2

{
MT

(
k2
⊥(ȳM + 2MT )− (MT − ȳM)MT − yM)2

)
DTφD2

TΛB
D2
TΛT

+
1

DBφD2
BΛB

D2
BΛT

[
k4
⊥ +

(
ȳM(3M + 4MB) + 3(1+ȳ)MBMT +MMT−2M2

T

)
k2
⊥

− (MB − ȳM)
(
y3M3 − y2M

(
2MBMT + (4M +MB)MT

)
− y

(
M2

B(M + 3MT ) +MMB∆T −M(5M −MT )MT

)
+M3

B +M3
T + 2M∆BMB +MT (2M +MB)MTB

)]}
. (26)

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

∆f
(δ)
TB(y) =

δ(y)

6M2
TMTMTB

(
Λ2
B − Λ2

T

)3

{
2
(
Λ2
B + Λ2

T

)
Λ

4

BΛ
4

T log
Λ2
B

Λ2
T

+ Λ
4

T log
m2
φ

Λ2
B

[
2m2

φ

(
(Λ2

B + Λ2
T )(MTMTB + ∆BMB)− Λ2

BΛ2
T − 2Λ4

B

)
+ 2m4

φ (Λ2
B + Λ2

T )− Λ4
B

(
4MTBMT + 4∆BMB − Λ2

B − Λ2
T

)]
− Λ

4

B log
m2
φ

Λ2
T

[
2m2

φ

(
(Λ2

B + Λ2
T )(MTMTB + ∆BMB)− Λ2

BΛ2
T − 2Λ4

T

)
+ 2m4

φ(Λ2
B + Λ2

T )− Λ4
T

(
4MTBMT + 4MB∆B − Λ2

B−Λ2
T

)]
+ (Λ2

B − Λ2
T )Λ

2

BΛ
2

T

[
m2
φ

(
4MTBMT + 4∆BMB + Λ2

B + Λ2
T

)
− 2(Λ2

T + Λ2
B)(MTBMT + ∆BMB)− 2Λ2

BΛ2
T

]}
. (27)

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

10



of the explicit hadronic configurations as [62, 70]

∆s(x) =
∑
Bφ

(
∆f̄

(rbw)
Bφ ⊗∆sB + ∆f̄

(KR)
Bφ ⊗∆s

(KR)
B

)
+
∑
φ

∆f̄
(tad)
φ ⊗∆s

(tad)
φ

+
∑
Tφ

∆f̄
(rbw)
Tφ ⊗∆sT +

∑
TBφ

∆f̄TBφ ⊗∆sTB , (28)

where the symbol “⊗” represents a convolution integral, and for notational convenience we

define the splitting functions ∆f̄j(y) ≡ ∆fj(ȳ). The input PDFs for the strange quark in the

hadronic configurations on the right-hand side of Eq. (28) can be related to the nonstrange

unpolarized u(x) and d(x) and polarized ∆u(x) and ∆d(x) PDFs in the proton by comparing

the coefficients of the axial-vector operators using SU(6) symmetry [62].

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 = 1.1(1) GeV and ΛT = 0.8(1) 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 calculation for the strange octet, decuplet and octet-decuplet baryon inter-

ference intermediate states are shown in Fig. 2, with the bands corresponding to regulator

cutoff values ΛB = 1.0−1.2 GeV and ΛT = 0.7−0.9 GeV for the octet and decuplet baryons,

respectively. The results are qualitatively 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 ∆f
(on)
B

is negative at small meson momentum fractions y, but changes sign to become positive for

11



��� ��� ��� ��� ���

-����

-����

-����

-����

����

�

(�)Δ ��
(���)

Δ ��
(��)

��� ��� ��� ��� ���

-����

-����

����

����

����

�

(�)

Δ ��
(���)

Δ ���
(���)

Δ ���
(��)

Δ ��
(��)

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 ∆fB and (b) the decuplet baryon ∆fT and octet-

decuplet interference ∆fTB intermediate states. The bands correspond to regulator parameter

values ΛB = 1.0− 1.2 GeV for octet and ΛT = 0.7− 0.9 GeV for decuplet baryons.

y & 0.3. The off-shell contribution ∆f
(off)
B 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 difference between the hyperon and nucleon, the off-shell function is nonzero

at y = 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 = 0, while the off-shell contributions remain nonzero. The octet-decuplet transition

splitting functions are significantly larger in magnitude than the decuplet functions, indi-

cating a greater role played by the BT transition in spin-dependent observables than for

the diagonal T contributions. The 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.
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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 the hadronic inter-

mediate state configurations. The δ(y) 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

unpolarized [81–84] scattering data. In this analysis, for the spin-averaged u and d quark dis-

tributions in the proton we use the CJ15 parametrization from Ref. [85], while the polarized

∆u and ∆d PDFs are taken from the JAM analysis in Ref. [38].

The contributions to the polarized strange PDF x∆s 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 tadpole and negative KR diagrams. In contrast, the magnitude 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 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 Fig. 3(c) and (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 negative with a small magnitude (. 0.002), comparable to the total octet

contribution. Furthermore, in contrast to the octet case, the off-shell decuplet contribu-
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FIG. 3. Contributions to the strange quark polarization in the proton, x∆s(x), at Q2 = 1 GeV2

from the octet rainbow, Kroll-Ruderman, and tadpole diagrams [(a), (b)]; and the decuplet rain-

bow and decuplet-octet transition rainbow diagrams [(c), (d)]. The uncertainty bands correspond

to the range of ΛB = 1.0–1.2 GeV for octet and ΛT = 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.

tions are positive, but cancelled 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, x∆s+(x), including all

octet, decuplet and transition contributions (the contribution from meson loops to polarized

antistrangeness ∆s̄ is zero). For comparison, the results for x∆s+(x) from the NNPDF [35]
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FIG. 4. Meson loop contribution to the polarized strange quark PDF (red band) x∆s+ ≡ x∆s +

x∆s̄ compared with the results from the NNPDF [35, 80] (orange band) and JAM [38] (yellow

band) global QCD analyses, at a scale Q2 = 1 GeV2. The meson loop band reflects the range of

cutoff parameters ΛB = 1.0–1.2 GeV and ΛT = 0.7–0.9 GeV for the octet and decuplet sectors,

respectively.

and JAM [38] global QCD analyses at Q2 = 1 GeV2 are also shown. The overall magnitude of

the calculated strange polarization in the nonlocal chiral effective theory is relatively small,

with x∆s starting out negative at x . 0.25 and becoming positive at larger x values. The

large uncertainty on the PDF parametrizations reflect the weak constraints that currently

exist on ∆s from data.

Integrating the strange polarized PDFs over all x, the resulting contributions to the total

moment 〈∆s〉 ≡
∫ 1

0
dx∆s(x) 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

mechanism [86, 87]. With the exception of the on-shell component, 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 〈∆s〉 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
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TABLE II. Contributions from various diagrams to the integral of ∆s(x) at Q2 = 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 〈∆s〉 = [−0.51,−0.26]× 10−2.

ΛB (GeV) 〈∆s〉(on)
B rbw 〈∆s〉(off)

B rbw 〈∆s〉(δ)B rbw 〈∆s〉(off)
KR 〈∆s〉(δ)KR total octet 〈∆s〉(δ)tad

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) 〈∆s〉(on)
T rbw 〈∆s〉(off)

T rbw 〈∆s〉(δ)T rbw 〈∆s〉(on)
TB rbw 〈∆s〉(off)

TB rbw 〈∆s〉(δ)TB 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

cancels much of the (negative) octet and decuplet contributions, leaving a net strange quark

polarization in the proton to be in the range 〈∆s〉 ≈ [−0.0051,−0.0026]. Note that although

the first moment of ∆s(x) is negative, the sign of the distribution is x dependent. The overall

negative value of 〈∆s〉 results from the relatively larger negative ∆s(x) at small x, including

at x = 0, compared with the smaller positive ∆s(x) at large x.

Interestingly, our results are comparable with those from Ref. [62] using PV regulariza-

tion, where the lowest moment 〈∆s〉 was also negative and in the range [−0.0050,−0.0025].

However, we should note that although the total moments 〈∆s〉 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 significantly 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 〈∆s+〉JAM = −0.03(10). Although

our value is smaller than the phenomenological results, they are compatible within the rel-

atively large uncertainty. Future data on semi-inclusive DIS and parity-violating inclusive

DIS at the planned Electron-Ion Collider [88] should reduce the uncertainty on the extracted

〈∆s+〉, and allow a better discrimination between the ∆s and ∆s̄ distributions.
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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 parameters 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 〈∆s〉 = [−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 ∆s(x) distribution 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 fact that 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, 〈∆s+〉JAM = −0.03(10) [38], as well as with the latest lattice

QCD simulations from the ETM Collaboration, 〈∆s+〉latt = −0.046(8) [46]. We expect

uncertainties in the determination of 〈∆s+〉 on both of these fronts to decrease as more

experimental and lattice data become available over the next few years.
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