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Abstract

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.



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, ¢g; [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

AY. = 0.36 £ 0.09 of the proton’s spin carried by quarks at a scale of Q* =1 GeV? [38].

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 phenomenological analyses, such as SU(3) flavor symmetry and the equivalence of the
strange and antistrange polarizations, As = As, the integrated strange quark polarization
has typically come in at around As™ = As 4+ As ~ —0.1. In this scenario, the nonsinglet
axial charge, ag, is extracted from hyperon beta decays to be ag = Aut + Adt — 2As™ =
0.58 + 0.03 [40], in which case a strange quark polarization of ~ —0.1 would give a total
quark spin contribution AY = Au™ + Adt + 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 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 ag = 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, As;", = —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, As},,; = —0.03 £ 0.10, at
a scale Q? = 1 GeV?, 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 ¢q 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 PDF's [61] was formulated subsequently in the framework of chiral effective field
theory (EFT), and used to study the unpolarized light quark asymmetry d — 1, the strange—
antistrange asymmetry s — 5, 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.



II. EFFECTIVE LAGRANGIAN

Our analysis is based on the chiral SU(3),xSU(3)g effective Lagrangian, describing in-
teractions of octet (B) and decuplet (7},) baryons with pseudoscalar mesons (¢) [73-75],

L="Tr [B(le — MB)B] — gTr [By“%{uu, B}} — gTr [37”75[%“ BH

F—-D _ C /... —ilm .
— Tr [By*ysB] Tr [u,] — 3 (e”k Tﬂl O (u, ) B™* + H.c.)
kg Qo iz ijk H gk pro kl rpijl
+ T,u, (Z/y Da - MT’Y )Ty - E Tll, 7 75(,“04) Tl/ ’ (1>

where Mp and My 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
O is given by

O =g — (Z + )", (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 © = exp (2¢/\/§ f),

1 1
r,= 5 (uTauu + udyul) + 5 (uT)\“u — uMul) ay, (3)
w, =i (u'du — udul) — (WA *u + urul) ay, (4)

a

4 corresponds to the external axial-vector

where f is the pseudoscalar decay constant, a
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 az,

Jh = %Tr [By*[ur*u’ — uf\u, B]] + g Tr[By"ys {uX*u' + u'A\"u, B} ]

F _
+ 5 Tr[By"vys[urul + u'A\u, B]] +

+ g (TV@VAL<U)\GUT + uT)\au)B + HC) + %Tufyuau (u)\au]L + UT/\au7 Ta) ’ (5)

Tr [37“753] Tr [u)\“uT + uT)\“u}

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

4



meson coupling to a proton as [69]

£ @) = o) (22907 B(0) + 2o (0)) [ e Flyoyote +) + e

+ Zg’;ﬁ* p(z)y"p(x) /d4a F(a) ¢(z + a) /d4b F(b) (0,6 (x +b) + He), (6)

where Cpy, Cry and Cuyt are the coupling constants for the pB¢, pT'¢ and ppdo! interac-

tions, respectively (see Table I of Ref. [69]).
The nonlocal interaction between a quark ¢ in a hadron and the external axial-vector

field a,, is given by
£45@) = [ d'aF@)(C4 Bla)y*B(o) + CLTar' (@) au(o + o

+ Chp /d4a F(a) (B(m) oM T,(x) + H.c.) a,(x+a)

; C}«ﬁ dtaF(a) [ dBFO) (pa)y" B) ol + ) + He) aya + b
ct
5 / d'a F(a) / a'h F(b) / de F(c) p(a)7"2 ()

X ¢(x+a) ¢ (x +b)a,(z+c), (7)
where CJ (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 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
J(z) = /d4a F(a) <C’]‘13 B(z — a)y"y"B(x — a) + CLTo(x — a)y"~y* T*(z — a))

+ C’%T/d‘La F(a) (B(:U —a)O" T,(z —a) + H.c.)

+ ZC’% d*a F(a> /d4b F(b) <]3(J} — b)'y’“B(l‘ _ b) ¢(x +a— b) i HC)
cr

X ¢p(x+a—c)p(z+b—c). (8)



TABLE I. Coupling constants Cg, C7., Cxp, Cpy and Cjﬁqﬁf

quark s and an external axial-vector field in the corresponding hadronic configurations.

for the interaction between a strange

B A »0 >+
Cy F+3iD F-D F-D
T 2*0 2*-{-
Cs M M
BT 3030 »ty*t
Chr %C _%C
Bo AKT SOK+ STKO°
V3 1 1
Che 7 2 7
ol KK’ KtK-
C;;w %(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.

ITII. 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 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 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



(d) (e)
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,

" A2 _ mgﬁ 2

F(k) = <m) ) (9)
where A = Ap r are the cutoff parameters for the octet baryon-meson and decuplet baryon-
meson vertices, and m, is the meson mass.

For the octet baryon rainbow diagram of Fig. 1(a), the splitting function A f g(l;w) can be

expressed as a sum of the on-shell, off-shell and J-function contributions,
2 _2

Ci M
AT W) = e [MIEY W)+ AT 0) + A7 )] (10)

where M is the nucleon mass and Mp = Mp + M. The coupling constants C4 are given in

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

[—k? + (Ap +yM)?] (4Dpy + Dpay,)
§2D%¢D%AB 7

(11)

on +38 Yy
AF (y) = Ay / dk?
where y = 1 —y is the light-cone fraction carried by the baryon, and we define for shorthand

Ap = Mp — M and K?B =A% — mé The functions Dp, and Dpy,, are defined as

1 . )
Dpy = —é(kiﬂLyMéﬂLymi—yyMQ), (12a)
and

1
Dppy = —§(ki +yMp +y NG — yy M?). (12b)
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In the limit where Ag — oo, the local on-shell splitting function reduces to

(on) y [k + (A +yM)?]
AfSO) = [t R (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

27, a2 (Ap +yM)

N .
I ) = Mg J Dpy D)

(14)

For the d-function term, A f f), which arises from meson loops with zero light-cone momen-

tum (k* = 0), one has

2 4 6

@y L 2 2 My Gmg My
Afg(y) = GM; (2AB + 3m¢<1 + 2log @> - A2 + A_j%; I(y). (15)
The splitting functions of the tadpole diagram in Fig. 1(b) for the charged and neutral

kaon loop contributions are given by

M,

(4 f)?

AFEDV () = AFED(y) = - Af (), (16)

where the generic tadpole function A fd(f) is related to the d-function term in the rainbow
diagram in Eq. (15),
5 5
Ay = —Afg5 (). (17)

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

Cpo My,
(4m f)?
with the off-shell function A f gjﬂ) given in Eq. (14) and the d-function component, A f g), in
Eq. (15).

Afs(y) =

AT ) + 2478 w). (18)

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 ¢-function contributions,

——2

C2, M.
A W) = G [ W)+ A W) + A7) (19)



where M¢ = My + M. The couplings Crg 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

8

A _
(on) 2 2 . 2l 14 o= 2 2 273 72)\2
AF (y) = —18M2MT /dk K2+ (M — yM)*| [k = SgMMr kS — (M3 — 2M1%)°
4D7y + D
Yy (4 T;s - :FAT)7 (20)
Y DT¢>DTAT
where Ay = A2 — m7, and Drg, Dry are defined in analogy with Eq. (12a),
k3 +yMZ+gmi — yy M?
DT¢:_L yMp ?i o — YY ’ (21a)
Y
k2 M2 7A2 . 7M2
Dppy = —L P YVr T VAT Z Yy A (21D)
Y
The off-shell decuplet function part is given by
A 1
AffY ) = —E— / Ak o K + (M — M3 = 35Myp M) K
! (302D Iy P DreDip, L ( ' )L
— (3M7} + 2gMJM + 4y° M7 M? + 65> Mp M + y* M*) k7
— (M} = 2MEM + 5 MP) (M + M) (22)

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

—2
1 A
AFD () = [4/\8 AS, (29M M+ Mo M + 14M2 — 14 )
7 (Y) (3MTMT) {12A4M2 + TMr + My M + mg

+ A4 (22m} - 5m2 (14M2 + 30M My + 20M3) + AN (2M? + 2M My — 3M3) )
— 23 m2 (m3 (14M2 + 30M My + 20M3) — 5(2M* + 2M My — 3M3) 7))
—omi1, <2M2 + MMy — SM%H

oy |2 (2M? + 2M My — 3M3) — m3 (14M2 + 30M My + 20M3) + 2m}]

2Mz. 2M2
21 Mo

x my log A_Q} d(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,

CT(]SCBqﬁMTMTB
(47 f)?

AL ) = - ARR W) + ALR W+ ALRW], @



where Mg = My + Mpg. Explicit calculation of the on-shell octet-decuplet transition
function in Eq. (24) gives
(on) Aphy dk? 1 1
Afrp'(y) = o T — D D2 D2 Dn~D2. D2
SMiMrpArg ) Y ToD7p PTar BoBA, VBAs
X |:k4L — 2@M(3MT — MB) k’i — 2MTATB

— (A +yM) (Ag + yM) (Vr - yM)°). (25)
where Arg = My — Mp, while for the off-shell transition function we have

AR Ak? [ Mr (K3 (M + 2Myz) — (Mg — §M) My — yM)?)
N 3M%MTMTB / g2 DT(}SD%AB D%AT
. 1

Dpg D%y, Dy,

— (Mg — M) (y3M3 — y?M (2Mp My + (AM + Mg)Nr)

AFSE (y)

[ki + (GM(3M + 4Mp) + 3(1+§)Mp My + MMy —2M2)k>

—y (M3(M + 3My) + MMpAgr — M(5M — Mr)Mr)
+ M3+ M3+ 2M ANy + My(2M + MB)MTBH } (26)

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

i(y) a1 A3
AfRY) = ———— 2(A% + A2)ApAs log =2
TB( ) GM%MTMTB(AQB_A%)SS ( B T) BT A%

+ RAplog T_% (22 (A% + A3) (M Mrp + ApM p) — AGAG - 2A%)
+2mi (A% + A3) — Af (40 My + 400 5 — A} — A3)]
R g Zigf (22 (X3 + A3) (W T + ApTTs) — ABAS - 203)
+2mA (AL + AZ) — AL (ADMpp My + AM pAg — A?B_A;)]
+ (A} — A3VRRAT |md (40rp My + 4ApM 5 + A + A3)
(A2 + A2)(MypMr + ApMy) — 2A2BA§,] } @

In the local limit, where the regulator parameters A — 00, 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 PDF's in the hadronic configurations in terms
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of the explicit hadronic configurations as [62, 70]

As(z) = Z (Afg(ZW) ® Asp + A —g;R) 2 ASSBKR)> 4 Zﬁfé“ad) 2 Asgad)
¢

B¢
+Y A @ Asy + > Afrps ® Asrp (28)
Té TBé

where the symbol “®” represents a convolution integral, and for notational convenience we
define the splitting functions A f;(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 nonstrange
unpolarized u(z) and d(x) and polarized Au(z) and Ad(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 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 Agp = 1.1(1) GeV and Ar = 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 C'g, 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 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 Agp = 1.0—1.2 GeV and Ay = 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
(on)

there was somewhat smaller. For the octet baryon case, the on-shell splitting function A f;

is negative at small meson momentum fractions y, but changes sign to become positive for
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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 A fr and octet-

decuplet interference A frp intermediate states. The bands correspond to regulator parameter

values Ap = 1.0 — 1.2 GeV for octet and A7 = 0.7 — 0.9 GeV for decuplet baryons.

y 2 0.3. The off-shell contribution A f ](BOH) 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 J(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 PDF's 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

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 tadpole and negative KR diagrams. In contrast, the magnitude of the octet
rainbow diagram contribution is relatively small, changing sign from negative at small = to
positive at larger x. The sum of these contribution is positive for z = 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 §-function contribution in the
nonlocal calculation is much larger, as can be seen in the decomposition in Fig. 3(b). Here,
the (positive) d-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 = to negative at = = 0.2, whereas the off-shell term has largest
magnitude at low x. The overall behavior of the octet contribution is driven by the 6-

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, zAs(x), at Q? = 1 GeV?
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 Agp = 1.0-1.2 GeV for octet and Ar = 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 J-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, zAs™(x), including all
octet, decuplet and transition contributions (the contribution from meson loops to polarized

antistrangeness A3 is zero). For comparison, the results for xAs™(x) from the NNPDF [35]
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FIG. 4. Meson loop contribution to the polarized strange quark PDF (red band) zAst = zAs +
xAS compared with the results from the NNPDF [35, 80] (orange band) and JAM [38] (yellow
band) global QCD analyses, at a scale Q? = 1 GeV2. The meson loop band reflects the range of
cutoff parameters Agp = 1.0-1.2 GeV and Ar = 0.7-0.9 GeV for the octet and decuplet sectors,

respectively.

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 < 0.25 and becoming positive at larger x values. The
large uncertainty on the PDF parametrizations reflect the weak constraints that currently

exist on As from data.

Integrating the strange polarized PDFs over all x, the resulting contributions to the total
moment (As) = fol dz 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
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
Ap 1 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
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TABLE II. Contributions from various diagrams to the integral of As(z) at Q% = 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 10~2.

Ap (GeV) <AS>S§?&W <A3)S§§EW <As)g)rbw (As>£§§) <As>%)>L total octet <As>(5)

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

Ar (GeV) (As>§?ﬁ))w (As>$ff8w <As>§§ibw <AS>§?§)rbw <As)¥)g)rbw <As>§%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 (As) ~ [—0.0051, —0.0026]. Note that although
the first moment of As(x) is negative, the sign of the distribution is = dependent. The overall
negative value of (As) results from the relatively larger negative As(z) at small x, including

at x = 0, compared with the smaller positive As(z) at large .

Interestingly, our results are comparable with those from Ref. [62] using PV regulariza-
tion, where the lowest 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
o-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 (AsT)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

(As™t), and allow a better discrimination between the As and As 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 (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) 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, (As™)jam = —0.03(10) [38], as well as with the latest lattice
QCD simulations from the ETM Collaboration, (Ast), = —0.046(8) [46]. We expect
uncertainties in the determination of (Ast) on both of these fronts to decrease as more

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