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The helicity-dependent strange quark distribution in the proton, As, 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 As 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, g; [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 AX = 0.36 £ 0.09 of the proton’s spin carried by
quarks at a scale of Q> = 1 GeV? [38].
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One early explanation proposed for the small value of
AY 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,
As = Aj§, the integrated strange quark polarization has
typically come in at around As™ = As + A5 ~ —0.1. In this
scenario, the nonsinglet axial charge, ag, is extracted from
hyperon beta decays to be ag = Au™ + Ad™ —2As™ =
0.58 + 0.03 [40], in which case a strange quark polarization
of ~ — 0.1 would give a total quark spin contribution AX =
Aut + Ad" + AsT = ag + 3As™ 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 ag = 0.46 4+ 0.05 [43]. Recent lattice simulations
directly including the effects of disconnected quark loops
have yielded smaller magnitudes for the strange quark
polarization, As;’, = —0.046 £0.008 [46], while an
analysis of the proton spin taking into account the angular

Published by the American Physical Society


https://orcid.org/0000-0002-3024-5186
https://orcid.org/0000-0002-9521-5973
https://orcid.org/0000-0003-0142-350X
https://orcid.org/0000-0003-0026-499X
https://orcid.org/0000-0002-2135-0486
https://orcid.org/0000-0001-9164-0027
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.094007&domain=pdf&date_stamp=2022-05-12
https://doi.org/10.1103/PhysRevD.105.094007
https://doi.org/10.1103/PhysRevD.105.094007
https://doi.org/10.1103/PhysRevD.105.094007
https://doi.org/10.1103/PhysRevD.105.094007
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

FANGCHENG HE et al.

PHYS. REV. D 105, 094007 (2022)

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, Asj,, = —0.03 £0.10, at a
scale Q0% =1 GeV?, 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 g 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 d — ii, the strange—antistrange asymme-
try s — §, 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. II1, for the case of a covariant dipole form factor, and

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

II. EFFECTIVE LAGRANGIAN

Our analysis is based on the chiral SU(3), x SU(3),
effective Lagrangian, describing interactions of octet (B)
and decuplet (T,) baryons with pseudoscalar mesons (¢)
[73-75],

££MMm—MQM—§H@MﬁWﬂH
F—-D

F _
- ETr[By”ys [u,. B]] = Tr[By"ysB]Tr[u,]

(T (1, i+ He)
TP ipeD, - M1

Hijk ya il
- ETLJ yias yS(”(z)lell/j ’ (1)
where My and M 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 ®* is given by

1
o (Do

where Z is the decuplet off-shell parameter (usually chosen
to be Z=—1/2). The pseudoscalar mesons couple to
baryons through the vector and axial vector combinations

involving the field u = exp(i¢p/v/2f),

1, . i i
Fﬂ = E(ulaﬂu + Ma/ﬂ/ﬁ) +§(ulﬂau - uﬁa”k)az’ (3)

u, = i(u'Ou —udu’) — (u'2%u 4+ ur*u")as, (4)

where f is the pseudoscalar decay constant, a;; corresponds
to the external axial-vector fields, and A¢ (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 aj,
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1. - D_ 5
S = §Tr[By”[u,1“uT —u' A%, B]] + B Tr[By'ys{ua®u’ + u'A"u, B}]

F_ - F -
+ ETr[By")@ [uA®u® + u'A%, B]] +

D_ - .
Tr[By*ysB|Tr[ulu’ + u'2%u]

C _
+ 3 (T, 0% (ulu’ + u' 2u)B + H.c.) + g T, " (ud’u’ + u'2%u, T,), (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 meson coupling to a proton as [69]

L") (x) = p(x) (% 77 B(x) + %@WTAX)) / d*aF(a)d,p(x + a) + He.

T Copt P(x)r"p(x) / d*aF(a)p(x + a) / d*b F(b) (8,4 (x + b) +H.c.), (6)

272

where Cpy, Cry, and Cy,+ are the coupling constants for the pBe, pT¢, and p po¢’ interactions, respectively (see Table I

of Ref. [69]).

The nonlocal interaction between a quark g in a hadron and the external axial-vector field a,, is given by

£ () = / EaF () (CL B 7 B(x) + CIT " T(x))ay (x + )

+ Chy / d*aF(a)(B(x)®"T,(x) +H.c.)a,(x + a)

C
+— /d4aF(a /d4bF

(X)y*B(x)¢p(x + a) + H.c.)

a,(x+b)

C
a /d4aF /d“bF /d4CF(C) WP p)$(x+ a)p’ (x + blay(x+ ). (7)

where C;? (j=B, T, BT, B¢, or ¢¢") are the coupling
constants (axial charges) for the interaction between the
quark ¢ 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 C; are
listed in Table L.

For the electromagnetic form factors and unpolarized
PDFs discussed in Refs. [67-69] the path integral of the
|

790 = [ ar(@)(Cypes- ayy Bl

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

a) + C4T,(x = a)yy*T*(x - a)

+ Chy / d*aF(a)(B(x —a)®*T,(x — a) + H.c.)

+iCTB‘/’/d4a (a )/d“bF(b)( (x=b)y*B(x —b)p(x + a—b) + H.c.)

c?
w2 [war) [ @b Fe) [ @ FOpt-arrpe-apra=op b= )

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.
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TABLE I. Coupling constants Cy, C%, Cjyy, C§¢, and Cj/') 4
for the interaction between a strange quark s and an external
axial-vector field in the corresponding hadronic configurations.

B A >0 T+
C3, F+1iD F-D F-D
T 2*0 E*+

C5 " TH

BT 0z T

Csyr ic -1ic

B¢ AK+ SO+ >+KO
i A % >
¢¢'J' KOI_(O K+K—

Cf/’ " 1(F-D) F

III. HADRONIC SPLITTING FUNCTIONS

The spin-dependent hadronic splitting functions, Af;,
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 =k*/p*, where k* is the four-momentum of the kaon
and p* 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 F(a) in the nonlocal Lagrangian to
take a dipole form,

F(k) = (ﬂ)

where A = Apy are the cutoff parameters for the octet
baryon-meson and decuplet baryon-meson vertices, and
my is the meson mass.

For the octet baryon rainbow diagram of Fig. 1(a), the
splitting function A fg:;w) can be expressed as a sum of the
on-shell, off-shell, and §-function contributions,

CsMp

G A5 0) ALV 0) + AR )]

(10)

hbw
Afgn(y) =

where M is the nucleon mass and Mz = M + M. The cou-
pling constants Cp, are given in terms of the usual SU(3)
coefficients D and F. The on-shell function is written as

A ()

— A8 [ k2 y[=ki +(Ap+yM)*|(4Dpy+Dpa,) 1

— B 1 2D2 D3 ., (11)
Y Py LB,

where y = 1 — y is the light-cone longitudinal momentum
fraction carried by the baryon, and we define, for short-
hand, Ag = My — M and A} = Aj — mj. The functions
Dg, and Dp, , are defined as

1 _ _
Dyy = —§(ki + yM§ + ym3 — yyM?),  (12a)

Dgy, = —= (K} +yM% + A% —yyM?).  (12b)

1

y
In the limit where Az — oo, the local on-shell splitting
function reduces to

(=K% + (Ap + yM)?]
}_)ZDIZL}(/)

AFEY (y) = / 2 . (13)

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

A=k given by
-~ T~ N - P
s ~ N
// \\ [ ) , \\ // \
| @ | \@, é)( \ | (‘)X
(a) (b) (©
7 - N 4 - N / -7 AN
/ \ / \ / \
L X ] | @ ] L 8 |
(d) (e

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).
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o 2A A M
Af%fﬂ( ) = /dk2 M (14)
My yDB¢DBA

For the o-function term, A f((/f), which arises from meson

loops with zero light-cone longitudinal momentum
(k* = 0), one has

s
Af5 ()
1 m2 6mt m
2 ¢ ¢
6M2 (2A +3m3 (1 +210gA2) _F+A4>5<y)
(15)
The splitting functions of the tadpole diagram in
Fig. 1(b) for the charged and neutral kaon loop contribu-
tions are given by
M3
(4nf)?

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

A () = A (y) = -

Afy (). (16)

ALY () = =AF (). (17)

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

CooMiy 1 ptom () 4 2af D). (18)

A5 0) = Cyn

with the off-shell function A f B glven in Eq. (14) and the

o-function component, A f 5 » In Eq. (15). Note that
Eq. (18) has the opposite sign relative to Eq. (49) of
|

A8 1
A fof) T_ / K2
fT ( )= (3M7M7)? ygDTlﬁDTA,

(kS + (*M?

— (3M7 + 23MiM + 4> MFM? + 65° My M? + 5*M*) k] — (M7 —

Ref. [62] because the coefficient Cpy 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 S-function contributions,

C T(/)i

CIAR ) + AT ) + ALY )]s

(19)

rbw
A (y) =

where My = My + M. The couplings Cr, 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

AS —
~Toarizr | 1L+ O =

X (K4 — SFMM k3 — (M3 — M2

y(4Dzy + Dra,)
o s (20)
y D DTAT

AF(y) =

where A7 = A7 —mj, and Dy, and Dy, are defined in
analogy with Egs. (12a) and (12b),

K+ yM7 + ymy, — yyM?
DT¢ _ - )_) )

(21a)

k3 4 yM3 + YA} — yyM>
- .

Dy, = - (21b)

The off-shell decuplet function part is given by

— M} —3yM M)k’

29M2M + M) (My +3M)3?]. (22)

For the d-function contribution, we perform the k| integration analytically to obtain

2
) () — 1 T
A = —
1) (3MMy)? {12A‘}M%

[4AS + AS(29M My + MM + 14M? —

14m3)

+ A7(22my — 5mj (14M* 4 30MM 7 + 29M7) + 4M7.(2M* 4 2MM7y — 3M7))

— 2A3mg (mg (14M? + 30M My + 29M7) — 5(2M? + 2MMy — 3M7)M7) — 2myM7(2M?* + 2MM7 — 3M7))]

1 172 2 2 2 2 2 4 2 mi
o8 203 (2M? + 2MMy — 3M3%) — m3,(14M> + 30M My + 29M3) + 2m}|m, logA—% 5(y). (23)
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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,

Trow C C M M on [0)
Afyo (y) = — %j;—f) [AFSR () + AFEE () + AFR()). (24)

where M3 = My + M. Explicit calculation of the on-shell octet-decuplet transition function in Eq. (24) gives

Af(on)( ) — /_\4}3[\‘71" ﬁ 1 _ 1
8 ) = M A 32 \Dy,D2, D2, DyyD2\ D2
TMTBATE y TOTA, P TA, Bop BAgY BA;

where Ayp = My — My, while for the off-shell transition function we have

off
Af<TB )()’> = m

1
DpyDgy, Dia,
—(Mp—3M)(y’M? — y>M(2M pM 1 + (AM + M )M 1) — y(M%(M +3M7) + MM pAp — M(5M — M7)M7)

ApAT / it {MT(ki@M +2My) — (M7 = 3M) (M7 = yM)?)
5’2 DT¢D%ABD%AT

+ (k% + (YM(3M +4Mp) +3(1 +y)MgMy + MMy —2M3) k%

+ M3+ M3 +2MAgM g+ My (2M + Mg)M )] } (26)

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

_ 5(y)
6MIM Myp(A} — A})?

- A2

o
AF0) {203 + DRSS 0872
T

+ Aflog % [2m3 (A} + A3) (M Mpp + ApMp) — AjAG — 2A%)

+ 2my(Ap + A7) = Ap(4MpgMy + 4Ag Mg — Aj — A7)
2
_ my — —
— Ay 1OgA_;/ 2m3 (A + A7) (MpMrg + AgMp) — ApAG — 2A7)
T
+ 2my(Ap + A7) = AT (4M My + AMpAg — Af — A7)

+ (Af = AP AGAG MG (4M My + 4Ag My + A + A7)

(A2 4 N3 (Mg Ty + AgH) —M%A%]}- @7)

In the local limit, where the regulator parameters As(x)=Y ( A]‘c(be) ® Asp + AJ‘c(KR) ® AS(KR))
Apr — oo, all of the splitting functions presented here Z B b B i

B
are consistent with those obtained using Pauli-Villars (PV) _ —(tbw
regularization in Ref. [62]. + ZAf z(i;ad) ® Ast(i:ad) + ZAf (Tr; : ® Asr
Using the above set of splitting functions, the strange ¢ 9
quark PDF can be computed in the form of convolutions +ZA}TB » ® Asrp, (28)
with the strange quark PDFs in the hadronic configurations TB¢

in terms of the explicit hadronic configurations as [62,70]
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where the symbol “®” represents a convolution integral,
and for notational convenience we define the splitting
functions Af;(y) = Af;(7). 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
u(x) and d(x) PDFs and polarized Au(x) and Ad(x) PDFs
in the proton by comparing the coefficients of the axial-
vector operators using SU(6) symmetry [62]. Specifically,
the input PDFs Asp in the rainbow diagram with inter-
mediate octet states are related to the polarized PDFs in the
proton as

Asy(x) = % (28u(x) — Ad(x)),

Asy+(x) = Asso(x) = Ad(x). (29)

The input PDFs in the Kroll-Ruderman diagrams, AsE;Km,

are related to the unpolarized distributions in the proton by

A (x) = % (2u(x) - d(x)).
AtV (x) = V245V (x) = \%d(x). (30)

For Asgad) in the tadpole diagram, we have the relationship

a 1
As' (x) = EAu(x),

Kt

AstaV (x) = %Ad(x). (31)

Finally, for the decuplet As; and octet-decuplet transition
Aszp, these can be expressed as

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 A 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 Ap =1.1(1) GeV and Ay =
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 Ap and Ay and the
coupling constants Cp, and Cry 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
Ap = 1.0-1.2 GeV and Ay = 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

A f](_;m) is negative at small meson momentum fractions Yy,

1
Asys (x) = Asyo(x) = 2 (Au(x) —2Ad(x)). (32) but changes sign to become positive for y > 0.3. The off-
] shell contribution A f ](_,;Off) remains negative for all y values,
Asyeiyt (x) = —Assoso(x) = —=(Au(x) —2Ad(x)). (33) and is ~4 times larger in magnitude at the peak y ~ 0.1 than
V3 the on-shell contribution. Note that because of the mass
AfT e, | -
-0.02 001} A £l
-0.04 0.00
—-0.06 -0.01
ff) ~(on
~0.08 Afg° @ ~0.02 AfSY
0.0 0.2 04 0.6 0.8 00 02 04 0.6 0.8
y y

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 Afp and (b) the decuplet baryon Af; and octet-decuplet interference A f;5 intermediate states. The bands correspond to
regulator parameter values Agp = 1.0-1.2 GeV for octet and Ay = 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 = 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, indicating a greater
role played by the BT transition in spin-dependent observ-
ables than for the diagonal 7 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

0.015

0.010

00 0.2 04 0.6 0.8 1.0

0.004
rbw (dec)

ot (dec+trans

rbw (trans)

0.002
4 0000
= 20,002

-0.004

~0.006 ©
00 02 04 06 08 10
X

FIG. 3.

hadronic splitting functions and the PDFs in the hadronic
intermediate state configurations. The &(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 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 Au and Ad PDFs are taken from the JAM analysis
in Ref. [38].

The contributions to the polarized strange PDF xAs 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 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

0.006
0.004
“
< 0002
R

0.000

-0.002

0.006

x As

0.0 02 04 0.6 08 1.0

Contributions to the strange quark polarization in the proton, xAs(x), at Q> = 1 GeV? 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 Ag = 1.0-1.2 GeV for octet and Ay = 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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!
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X

FIG. 4. Meson loop contribution to the polarized strange quark
PDF (red band) xAs™ = xAs + xA5 compared with the results
from the NNPDF [35,80] (orange band) and JAM [38] (yellow
band) global QCD analyses, at a scale Q> = 1 GeV?. The meson
loop band reflects the range of cutoff parameters Ap =
1.0-1.2 GeV and Ay = 0.7-0.9 GeV for the octet and decuplet
sectors, respectively.

contribution in the nonlocal case is significantly larger, and
the contribution from the KR diagram has the opposite sign.
This is mainly because the §-function contribution in the
nonlocal calculation is much larger, as can be seen in the
decomposition in Fig. 3(b). Here, the (positive) é-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 2 0.2, whereas the off-shell term has
largest magnitude at low x. The overall behavior of the octet
contribution is driven by the §-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
negative with a small magnitude (<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 é-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,
xAs™t(x), including all octet, decuplet and transition con-
tributions (the contribution from meson loops to polarized
antistrangeness A5 is zero). For comparison, the results for
xAs™(x) from the NNPDF [35] and JAM [38] global QCD
analyses at Q? = 1 GeV? are also shown. The overall
magnitude of the calculated strange polarization in the
nonlocal chiral effective theory is relatively small, with xAs
starting out negative at x < (.25 and becoming positive at
larger x values. The large uncertainty on the PDF para-
metrizations reflect the weak constraints that currently exist
on As from data. Other analyses in which the strange quark
helicity-dependent distributions have been extracted have
been under the assumption of As = A5 [31,86-89]. Similar
to our result, the sign change of xAs 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], As 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 xA(s) [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 (As) =
Jo dx As(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 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 Ap values considered in this
analysis, the octet intermediate state contribution to (As) 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

TABLEII. Contributions from various diagrams to the integral of As(x) at 0% =1 GeV?, in units of 1072. The sum of the total octet,
tadpole, and total decuplet and octet-decuplet transition terms is in the range (As) = [—0.51,—0.26] x 1072,
ff ff
A @eV) A, (A Ak, (As)R (As)x Total octet (As)
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
ff 5 ff P)
AT (GCV) <AS>”(FOrKI13)W <As>"(l"0rb1v <As>"<l"1?bw <AS>"<F(§>rbw <As>"(l“(;3 wa <AS>”(H; 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
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contributions, leaving a net strange quark polarization in
the proton to be in the range (As) ~ [-0.0051, —0.0026)].
Note that although the first moment of As(x) is negative,
the sign of the distribution is x dependent. The overall
negative value of (As) results from the relatively larger
negative As(x) at small x, including at x = 0, compared
with the smaller positive As(x) at large x.

Interestingly, our results are comparable with those
from Ref. [62] using PV regularization, where the low-
est moment (As) was also negative and in the range
[-0.0050, —0.0025]. However, we should note that
although the total moments (As) turn out to be similar,
the individual contributions from the various terms are
quite different. In particular, the J-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
(Ast);am = —0.03(10). 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 (As™), and allow a better
discrimination between the As and AS 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 (As) = [-5.1,-2.6] x 1073. 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 As(x) 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,
(AsT)jam = —0.03(10) [38], as well as with the latest
lattice QCD simulations from the ETM Collaboration,
(AsT) e = —0.046(8) [46]. We expect uncertainties in
the determination of (As™) on both of these fronts to
decrease as more experimental and lattice data become
available over the next few years.
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