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Abstract

We compute the helicity-dependent strange quark distribution in the proton in the framework
of chiral effective theory. Starting from the most general chiral SU(3) Lagrangian that respects
Lorentz and gauge invariance, we derive the complete set of hadronic splitting functions at the one
meson loop level, including the octet and decuplet rainbow, tadpole, Kroll-Ruderman and octet-
decuplet transition configurations. By matching hadronic and quark level operators, we obtain
generalized convolution formulas for the quark distributions in the proton in terms of hadronic
splitting functions and quark distributions in the hadronic configurations, and from these derive
model-independent relations for the leading nonanalytic behavior of their moments. Within the
limits of parameters of the Pauli-Villars regulators derived from inclusive hyperon production, we

find that the polarized strange quark distribution is rather small and mostly negative.



I. INTRODUCTION

In 1987 the measurement by the European Muon Collaboration (EMC) of the spin-
dependent ¢, structure function of the proton led to the surprising conclusion that the
sum of quark spins constituted a very small fraction of the spin of the proton [I]. The
early polarized deep-inelastic scattering (DIS) measurements also suggested that a large
fraction of the proton’s spin may be carried by strange quarks [2], in stark contrast with
simple quark model expectations (see Ref. [3] for a review). Subsequent polarized DIS
experiments with increasing precision and kinematic reach have been performed at SLAC [/

], HERMES [11-13], SMC [14, 15], COMPASS [16, 17] and Jefferson Lab [18-27], and have

provided a richer picture of the spin decomposition of the proton.

Data from these and other polarized high-energy scattering processes, such as jet and W
boson production in polarized pp collisions at RHIC [28-30], have been utilized in global
QCD analyses of spin-dependent parton distribution functions (PDFs) by a number of
groups [31-12]. The latest results from the JAM Collaboration’s simultaneous analysis [12]
of helicity PDFs and fragmentation functions give a fraction AY = 0.3640.09 of the proton’s
spin carried by quarks and antiquarks at a scale of Q? = 1 GeV?. Parallel efforts from lattice
QCD have also been made on calculations of moments of PDFs through the matrix elements
of appropriate quark and gluon local operators within nucleon states [13—17], and more re-
cently first studies have been explored of the feasibility of extracting information on the
dependence of PDFs on the parton momentum fraction = from quasi-PDF and pseudo-PDF

lattice calculations [18, 19].

Among the three light quark flavors, the contribution to the proton spin from the strange
quark is the least well determined, and phenomenological studies often rely on assumptions
such as SU(3) flavor symmetry and equivalence of the strange and antistrange polariza-
tions, As = As, to simplify the analyses. In many of the studies which have made these
assumptions the strange quark polarization has typically been found to be in the vicin-
ity of As™ = As + As =~ —0.1. Recent direct lattice simulations of disconnected loop
contributions have yielded slightly smaller magnitudes for the strange quark polarization,
As;h = —0.046(8) [17], while an analysis of the spin problem taking into account the angu-
lar momentum carried by the meson cloud [50-52], suggest a value of order —0.01 [53, 54].

The recent JAM global QCD analysis, which used inclusive and semi-inclusive DIS data in



order to relax the SU(3) symmetry constraint, also supports a smaller magnitude for the
strange polarization, AsJ,, = —0.03(10) [12] at a scale of Q* = 1 GeV?, but with a larger
uncertainty. A review of the status and results from the global QCD analysis and lattice
QCD communities can be found in Ref. [55].

It was shown recently by de Florian and Vogelsang [50] that a nonzero integrated asym-
metry between As and AS can arise from perturbative QCD evolution at three-loop order.
The effect was found to be small, however, with the difference As — As predicted to be neg-
ative and around 1% of the sum As-+ As. This is in contrast to the unpolarized case, where
the total number of strange and antistrange quarks must be equal, even though the shape
of their momentum fraction distributions in z need not be the same at three loops [57].

On the other hand, meson cloud models, in which the proton’s strangeness content is
generated by fluctuations to kaon-hyperon states such as p — AK™, naturally predict zero
polarization for antistrange quarks. In the limit in which the kaon mass is much smaller
than the baryon masses, the P-wave nature of the kaon emission would require the A to
be polarized in the opposite direction to the proton. Since in a nonrelativistic quark model
picture the strange quark carries all of the spin of the A, the expectation would be for
the strange quark polarization to be negative. On the other hand, inclusion of relativistic
effects [5%, 59], as well as Fock states with higher-mass hyperons and K* mesons [60-(2],
can significantly affect the shape and even the sign of the As distribution.

A more systematic approach to computing the effects of pseudoscalar meson loops lies
in the framework of chiral effective field theory, which establishes a more direct connection
between the meson cloud of the nucleon and the underlying QCD theory. This methodology
has been applied recently in studies of the unpolarized light quark asymmetry d — @ and the
strange—antistrange asymmetry s—5 in the proton, using both local [63-65] and nonlocal [66,

| formulations. Here, we extend our previous analysis [65] of the chiral loop contributions
to the nonperturbative strange quark PDF to the polarized sector. We work within the local
formulation of the chiral effective theory, using Pauli-Villars to regularize the integrals and
consider both the SU(3) octet and decuplet hadronic states.

In Sec. II, we begin with presenting the lowest order meson-baryon chiral effective La-
grangian, consistent with Lorentz and gauge invariance. The convolution formalism for the
nucleon PDFs in the framework of chiral effective theory is discussed in Sec. III, including

the effective twist-2 operators relevant for the spin-dependent distributions. Hadronic split-



ting functions are derived in Sec. IV, including for the octet and decuplet rainbow diagrams,
Kroll-Ruderman, tadpole, and octet-decuplet transition contributions, and from these the
model-independent leading nonanalytic (LNA) behavior of the loop contributions to the
moments of the PDFs is deduced in Sec. V. The regularization procedures dealing with the
divergent loop integrals are discussed in Sec. VI A, and the detailed numerical results for
the polarized strange quark distributions in the proton are shown in Sec. VI. Finally, we

summarize our analysis and discuss future possible extensions of this work in Sec. VII.

II. EFFECTIVE LAGRANGIAN

In this section we review the basic effective chiral SU(3) Lagrangian describing the rel-
ativistic interactions of pseudoscalar mesons (¢) and SU(3) octet (B) and decuplet (7'

baryons [68-70]. To lowest order, this can be written as
5 1, - 1,
L=1 <B’YM[DM7 B]> - §D <B’yu75{uu> B}> - §F <B/7u75[uu7 B]>
1 1= _ 1. —
-3¢ T.6"u, B + Bu,©"T,| - SHT A 5, T (1)

where D and F' are the meson—octet baryon coupling constants, and C and H are the meson—
octet—decuplet and meson—decuplet—decuplet baryon couplings, respectively. In the meson

sector the operator u,, is defined as
u, =i (u'du — udul), (2)

with u given in terms of the pseudoscalar fields ¢,

‘= exp (ITZ) | (3)

and fy is the pseudoscalar meson decay constant. The pseudoscalar pion, kaon and 1 meson

fields can be collected in the matrix ¢,

\%7?0 + \/Lén mt KT
¢ = T — 5+ g KO | (4)
- 770 2
The covariant derivative D* in Eq. (1) is defined by
[Duv B] - (‘LB + [Fw B]v (5)
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where I'* is the link operator,

Ty = gl ] (6)

The SU(3) octet baryon fields B are given by

1 0 1 +
_ — 1 0 1
== =0 _2
= = 2\

while the decuplet baryons may be included by way of a Rarita-Schwinger field, represented
by the tensor T%*,

++ + *+ + 0 1 0 * 1 50 =x0
) V3 A A b)) A A 752 b)) L =
= — + 0 1 v0 0 — *— 1 %0 *— —x—
T 7 A A ﬁz , A V3AT X , 752 b)) =
*+ 1 vx0 =*0 1 vx0 *— k= =0 —%— —
b)) ﬁz = ﬂz b)) = = = V30

The octet-decuplet transiton tensor operator ©#” is defined as

1
O = g — (Z + 5)7“7”, (9)

where Z is the decuplet off-shell parameter. To simplify the calculations, in this analysis we
will choose Z = 1/2 [71], although the physical results should be independent of the value of
Z chosen. The octet—decuplet—-meson interaction term in Eq. (1) can be written explicitly

in component form as [72]
T"w,B = (T")iju(wn)io (B)jy i - (10)

Expanding the effective Lagrangian (1) up to O(((b/ f¢)2), we can write this in more

explicit fashion as a sum of specific meson—baryon interactions,
L = Lypp + Losp + Lopr + Lot | (11)

where the first two terms, representing the meson—octet baryon interaction and the Weinberg-
Tomozawa term, are given in Ref. [65]. The third term involves the meson-octet—decuplet

vertex and is given by

c I =0 - I =4 a0 o+t auw
£¢BT = \/_ngb {_%EN Gl &,K P + %Eu Cls ('l,K P + AM Gl 8V7T+p
2 — 1 —
~\3 A: e 9,1’ p — ﬁAi " o,m" p+ h.c.} . (12)



The final term in Eq. (11) involving the meson—decuplet—decuplet baryon vertices is not
shown as it is not relevant to the matrix elements at the one-loop level when the initial and

final states are both nucleons.

III. PARTON DISTRIBUTIONS IN THE NUCLEON

In this section, we derive the polarized PDF's in the nucleon within the convolution for-
malism by matching the spin-dependent twist-2 quark operators to hadronic operators with
the same quantum numbers. We identify the complete set of hadronic operators contributing
to the polarized quark distributions, and relate the matching coefficients to the moments of

PDFs in the hadronic configurations.

A. Convolution formalism

The n-th Mellin moment of the spin-dependent quark distribution Ag(x) is defined as

(" N py = /_11 dr 2"t Aq(z) = /01 de 2" <Aq(x) + (—1)"‘1A(j(x)), (13)

where we have used the crossing symmetry relation Ag(—x) = +Ag(x) between the quark
and antiquark distributions. (Note that spin-averaged PDF's, in contrast, have the opposite
crossing symmetry property [65].) From the operator product expansion these moments can

be related to the matrix elements of local twist-2 operators (’)Zlq"'“ " between nucleon states,

(N(p, $)|OX "IN (p, 5)) = 2(a" ") ag M sW1pH2 - pnd, (14)
where p* is the four-momentum of the nucleon and s* its polarization vector, with s? = —1,

and the braces {- - - } represent total symmetrization of Lorentz indices. The spin-dependent

twist-two operators are defined as
1 — A= —
(’)“ﬁlq Hn — g lqvgﬁ{“l D#F2... Dhnbg, (15)

=
with D = %(B — %) In an effective field theory, these quark operators are matched to
hadronic operators with the same quantum numbers (but not necessarily with the same

twist) [73)],
OR" =Dl OR (16)
h
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where the subscript h labels different types of hadronic operators. The c-number coefficients
C(A"; /p can be defined through the n-th moments of the spin-dependent PDFs Agy () in the

hadronic configuration h,
() '
Cagrn = (@) ag/m = /0 de 2"t [Agu(x) + (=1)" " Agu()] . (17)

Matrix elements of the hadronic operators (’32‘1"'“ " are used to define the moments of the

hadronic splitting functions Af;, by taking the “+” components of the Lorentz indices,

1
1 -

dyy" A = ——F—(N OF " *IN . 18

[ @i ) = S (V090 N ) (15)

In analogy with the unpolarized case [05], the operator relation in Eq. (16) then gives rise

to a convolution form for the spin-dependent PDF's in the nucleon,

1 1
Aq(x) = Z [Afh ® Agf](2) = Z/ dy / dz8(x —yz) Afu(y) Agl (),  (19)
where Ag;" = Agy+Agy, is the spin-dependent valence quark distribution for quark flavor ¢ in
the hadronic configuration h. The convolution expression (19) is the basis for the calculation

of the contributions to the quark helicity distributions from the chiral loop corrections

generated from the Lagrangian (1).

B. Twist-2 operators

The spin-dependent quark operators in Eq. (15) can be matched to hadronic operators
derived from the lowest order Lagrangian in Eq. (11) [67, 7],

Ot — [ By BXL) + 3 (Byi45\LB) + o™ (By*15B) mﬂ P phn

+ [0t By BAT) + 80 By X B) + o) (By# B)TeX? | pr .y

n :7(n) (T "5\ T, — \/g 5™ [(T,0"" \.B) + (BXi@‘“”Ty)H Pt

+ permutations — Tr, (20)

where the trace “Tr” here is over the Lorentz indices. The a priori unknown coefficients
{a™, 3" MY and {a™, ™ o™} correspond to the octet baryonic pseudovector and
vector operators, respectively, while 5™ and @™ correspond to decuplet-decuplet and octet-
decuplet transition operators, respectively. Note that only those operators that contribute

to matrix elements with initial and final nucleon states are listed in Eq. (20).
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Writing the spin-1/2 octet baryon operator B in a three-index tensor representation, one

can relate this to the octet baryon field matrix B by

Bijk = €ijk'B;]§l + Eikk’B]]?/% (21)

=
V6
with the corresponding conjugate representation giving

Bkji = Eijk:’B]];/ + fikk/B]"c,)a (22)

il
V6
where €;;; is the antisymmetric tensor. In Eq. (20) the flavor operator A% is defined as

(urtu’ £+ ufAu) (23)

[\DI»—t

with A\ = diag(64u, ga, 0gs) being diagonal 3 x 3 matrices. Expanding A% up to O(¢?), one

has
AL =24 ﬁ (2¢X1¢ G2 — Aq¢2> +0 (6", (24a)
@
= \/_f¢ (w X) + 0 (¢°). (24D)

Finally, the combinations of operators (B - -B), (TuAT l,) and (THAB) in Eq. (20) involving

the three-index tensors are given by [72]

(BB) = Tt [BB], (250)
(BBA) = STr[BAB] + STr[BB]Te[4] - <T[BBA], (25h)
(BAB) =~ Te[BAB] + ST [BB| T[] - ST[BBA], (250)
and
(T.AT,) =T, A" TI", (26a)
T AB f kAl i R (26b)

With these relations we can write the hadronic operators explicitly for each of the spin-
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dependent u, d and s quark distributions as

HiBn
OAu -

U1
OAd

<ga(”) n %5@) +ot)Opn (éam) 2B 50 B

L (é@m) n %B(") L 5<n)) Orrmm 4 G@(n) n %gm) n 5<n>> Orion

4 <% A 4 é@m) o) B 4 (gam) n %5@) 5O

+ o (O Ok + ﬁ (at = 2800 (Ohsi + Ol

+ 1—12 [( — 46" 4 2pM)Om -t — (56 4 25M) Ot
(40" = 280) Ot — (o) + 480 Ol |

p GO ) G e B0 e O (G BB )
3v2 T "

- %W) [3(5@"& 20K QLTI L 9O L O 5;15'“"]

+ % o™ [6@;” O Qi %6;15;& — ?65&5# - 6;1;;3”} :

(27)

o 1 250 4 5<n>>(§51~~un n ( am 4 Lgm 5(n>)5u1~~un
3 3 "

Il
A/
[ X
— | Ot

2 ~ 1 ~
d(”) + gB(n) + 5(”))(9;17“" + <_d(”) + Eﬁ(”) + 5(n)>0x1'~un

(n) + éB(n) + 6_(n)>6gloun + <2@(n) + %B(n) + 5—(”))6;1_/%

_l’_
/N

W

Qi

_l’_
/N

+
Qi
Zgle

~ —~ 1 _ . "
O + Oy ) — 13 (at = 2800 (Ohgi + O )

4@(”) _ 25(”))(5{‘1”':‘% . (@(”) 4 4B(n))6lfl"'#n

pprtm— ppKOK°

+
ol -
—

—

46 — 23 QR (5a() 4 9B ) DRk }

nnTTTT AanKOKO

_ (204(") - 5(n)) OF b ﬁa(n) OF - Hn + (O‘(n) + 45(71)) (6#1---;@ _ ﬁ@m“#ﬁn)
3\/5 npmw— 4 AnKO 12 YOnKO StpKO

+ 5/(") [36?:% + 26210.“% + 621;%1 + 26;:/@ + 6;3% + 6;1:-%]

W —

+ ) [6u1~--un + 6210-4% _ 6g1~--un _ l@ﬂl"'ﬂn _ ﬁ@ﬂl"'ﬂn _ 621-%”}
n * 2 == |

Atp -X- #0330 2 S*0A
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~ 1 2 _ ~ ~ ~
d(n) + 6—(”))0/!(1}% + (6@(n) + g5(n) + 6_(71)) (Ogiun + O;E'“M" + Ogaﬂn)

(5a™ + 25™) (5;;[(17;{7 + 52;K‘g%0> + (a™ 4 45™) <5§;};5§o + 6571%’1"1(*)}

S

+

= . 1, N P
o™ (ox;,gi” + Oxgk‘é”) + 3 (al™ +45M) (o;gp;;, + \/5(9;:;{0)

() +45) (045,55 — V20g i)

+ |
W =
\é\ l\Dl}_ll-';

Sl

W Oyt — Oty — Okt + Ottty — OLite . (20)

The hadronic operators appearing in Eqs. (27)-(29) are given by

6%1'"“” = (ny’“%B) P2 ph, (30a)
(’3%1,}_'3'“" = (B'y"'y5B) p** ... pH, (30Db)
o 1 - _

Ofpde = f—g(Bv“l%B ¢9) P2 ... p", (30¢c)
g (- _ -

Oy = f—¢(B"y“13gb — By B'¢) p ... p'm, (30d)

for octet baryon operators, and

6511"'Mn _ (TV’YM’YE,TV) pre i, (31a)

6%13"”” = (T, 0" B + BO""T,) p"* .. .pi, (31b)

for operators involving decuplet baryon fields.

In the present work we will focus on the polarized strange quark distributions in the
proton, As(z). Correspondingly, the matrix elements of the hadronic operators give rise to
the octet rainbow, tadpole, Kroll-Ruderman, decuplet rainbow, and octet-decuplet transition
splitting functions, as illustrated by the diagrams in Fig. 1. The convolution representation

(19) then gives the strange quark PDF in terms of the explicit hadronic configurations as

As(z) = Z (Afg(zw) ® Asp + A —g;R) 2 AS%{R)) X ZAf_qgtad) 2 AS((Z)tad)

B¢ 1)
+ Z Af}r(;w) ® AST + Z A]ETB¢ ® ASTB R (32)
T¢ TB¢

where for notational convenience we define the splitting functions f;(y) = f;(¥), with

y = 1 — y the baryon momentum fraction when the meson carries momentum fraction y. For
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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 operators defined in Eqgs. (27)—(29).

strange quarks the hadron labels span the mesons ¢ = K°, K*; octet baryons B = A, X%, X F;
and decuplet baryons T' = £*0, ¥** . The strange quark distributions in the various hadronic
configurations include the strange quark PDFs in the octet and decuplet baryons, Asg or
Asr [Fig. 1(a), (d)], the transition decuplet-octet PDF, Asrp [Fig. 1(e)], the tadpole dis-
tributions, As((;ad) [Fig. 1(b)], and the Kroll-Ruderman distributions, sg(R) [Fig. 1(c)]. Note
that while the convolution result in Eq. (32) involves the As}r distribution in the hadronic
configuration, in our calculations we shall assume that all of the antiquarks reside in the
pseudoscalar meson loops, so that the antiquark polarization is zero, As; = 0. In the next

section we discuss the calculation of these PDFs in more detail.
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C. PDFs in hadronic configurations

The spin-dependent strange quark distributions in the hadronic configurations as appear
in Eq. (32) can be computed by relating their moments to the coefficients of the various
terms in the twist-2 operator for the strange quark in Eq. (29). Starting with the PDF's
in the bare octet baryons, Asp [Fig. 1(a)], the moments can be expressed in terms of the

coefficients @™, 3 and ™,

1
1
/ dr " 'Asy(z) = é(d(”) +26™M), (33a)
-1
1 1 B
/ dr 2z 'Asyi (z) = 6(@(”) +45™ 4 66(")) (33b)
-1
1
= / dx 2" ' Asso(x). (33c)
-1

For the kaon tadpole distributions As%ﬁd) [Fig. 1(b)], the moments are given by

1
1 _
/ dx x”’lAs%id) () = E(Sd(") +23M), (34a)
-1
1
1 _
/ do 2" AstaY () = 5 (@™ +43M™). (34b)
-1

For the distributions associated with the Kroll-Ruderman diagram [Fig. 1(c)], the presence

of the additional pion at the interaction vertex means that the moments of Asg(R)

are given
in terms of the coefficients o™, 3 and (in principle) o™,
1
3
/ dx a:"_lAsE\KR) () = % o™, (35a)
-1
' I A KR) L o 4 45m
drz" " As r) = ——=(a'" + 45" 35b
| K@) = == (o +46) (350)
1
= \/5/1 dx x"’lAsggR) (x). (35¢)

Using SU(3) flavor symmetry, the axial vector and vector coefficients can also be written in

terms of the spin-dependent and spin-averaged PDFs in the proton [(5],

am = %/1 dz 2" (4Au(z) — 2Ad(z)), (36a)
B — % /_ dra™! (5Md(a) = Au(x)) (36b)
™ =0, (36¢)
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and

o™ = %/_1 dz 2" (4u(z) — 2d(z)), (37a)
B — % /_ dra™ (5d(z) = ), (37b)
o™ =0, (37¢)

respectively. From the relations in Eqs. (33)—(37) one can then write the spin-dependent

strange quark PDFs Asg and As%ad) in the strange octet baryons in terms of the polarized

nonstrange PDFs in the proton,

Asy(z) = % (28u(z) — Ad(x)), (38a)
Asy+ (1) = Asso(x) = Ad(x), (38D)
and
ASED () = 2 Au(), (39)
Ast)(g) = %Ad(m), (30D)

and the spin-dependent strange Kroll-Ruderman PDFs Asgm) in terms of the unpolarized

nonstrange PDFs in the proton,

AsSE (2) (2u(z) — d(x)), (40a)
1

V2

For the PDF's involving decuplet baryons, the moments of the spin-dependent distribu-

1
= _2\/§

A (z) = V2 AsEP () = —d(x). (40b)

tions Asy [Fig. 1(d)] are related to the coefficient 5™ in Eq. (29),

1 1

1

/ dz 2" ' Asger (z) = —gf_y(”) :/ dz 2" Asso (), (41)
—1 —1

while for the octet-decuplet transitions [Fig. 1(e)] the moments of Asrp are expressed in

terms of the coefficient @™,

1 1 1
/ dr 2" Asgersgs () = ——= 0™ = —/ dr 2"t Asseoxo (). (42)
—1 -1

w

From SU(6) symmetry the coefficient ¥ can be related to the meson-baryon coupling
constant D [74],



from which the decuplet spin-dependent strange PDF's can be expressed as

Asser () = Asgo(z) = = (Au(z) — 2Ad(z)). (44)

N | —

For the coefficient of the octet-decuplet transition operators in Eq. (29), SU(3) symmetry

gives the relation

o = L a0 4 g, (1)

DN | —

which allows the spin-dependent strange transition PDFs to be written as

Asgrrse () = —Asgeoso(z) = %(Au(:c) _2Ad(x)). (46)

With these relations, we have expressed all of the necessary strange quark distributions in
the hadronic configurations in Fig. 1 in terms of PDFs in the bare proton, which, together
with the hadronic splitting functions, constitute the input to the convolution formula in
Eq. (19). In the next section we will derive the complete set of the hadronic splitting

functions necessary to complete the evaluation of the PDFs.

IV. HADRONIC SPLITTING FUNCTIONS

The spin-dependent hadronic splitting functions A f; defined in Eq. (18) can be evaluated
from the matrix elements of the hadronic operators in Eqgs. (30)—(31), which correspond to
the one meson loop diagrams in Fig. 1. In this section we derive each of the splitting functions
for the octet rainbow, tadpole, octet Kroll-Ruderman, decuplet rainbow, and octet-decuplet
transition contributions 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. The octet
rainbow splitting functions have previously been computed in the literature [58, 60], while
the spin-dependent splitting functions for the tadpole and Kroll-Ruderman diagrams are

computed here for the first time.
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A. Octet baryon rainbow

For the meson—octet baryon rainbow diagram of Fig. 1(a), the splitting function is given

by

Ch o i(p— F+ Mp i(p— b+ Mg
A0 = i 2 [ s ) e T
X D%é(kﬁ —yp*), (47)

where Dy and Dp are the meson and octet baryon virtualities,

Dy = k* —m3 + ie, (48a)

Dp = (p — k)? — M3 + ie, (48Db)

with m, and Mp the kaon and octet baryon masses, respectively. The spinor u(p) is nor-
malized such that @(p) u(p) = 2M, and s7 is the “+” component of the external proton spin
vector s*. The coefficients C’%d) can be obtained from the effective Lagrangian (1), and for

the AK and XK configurations are explicitly given in terms of the D and F' couplings as

D+ 3F F-D
. C =V2C = . 49
2\/§ TR B \/§ ( )

Using the Dirac equation, the integrand in Eq. (47) can be decomposed into several terms

CAK+ -

with different combinations of meson and octet baryon propagators,

. i C% d*k [ NB NB NB kT
AfE(y) = B¢/( { T 3]5<y— ) (50)

“2Mst f2 ) (2m)* | DDy ' DpDy | Dy p
where
NB = _2NI, [MAQB st +2Ap (k-pst —k-sp™) + M(k*s™ —2k-s k:+)], (51a)
NP = 40y [MAB st (k-pst — k-sp)], (51b)
NP = —2Ms*, (51c)
with
Ap=Mp—M,  Mg= Mg+ M. (52)

In a frame of reference in which p; = 0, the two combinations (k-ps™ — k-sp™) and

(k* st — 2k-sk™) appearing in Eqgs. (51) become independent of k~. After integration over
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k*, these two terms take the forms yM?s™ and (y*M?—k? ) sT, respectively. Tt is convenient,
therefore, to write the total octet baryon rainbow function A f ggw) as a sum of three splitting

functions associated with the on-shell, off-shell and J-function contributions,

c2 ¢M2

(4 f4)?

Integrating over the k=~ component in Eq. (50) and using the residue theorem, one can write

ATE ) = 2y [ AFS W) + ATEP W) + AP )] (53)

the individual functions in (53) in terms of integrals over k2. In particular, for the on-shell

function one has

on) - k2 + (AB + yM)2 on
AFE(y) = y/dki[ = =D }Fé 'y, k2), (54)
Y Uy
where
k3 +yMg +ym3 — yy M?
Dpy= -7 IR0 T W (55)
Yy

and F ](;n) (y,k?) is a function that represents the regularization of the k% integration (see
Sec. VI A below).
The result in Eq. (54) for the on-shell splitting function is in agreement with that in

Refs. [58, 60]. On the other hand, the new, off-shell splitting function in Eq. (53) is given
by
2 (A B +yM ) i)
N /d/{:2 —F(O k 56
150w = [t S R ), (56

where here F gﬂ) (y, k? ) is the corresponding regulating function for the &% integration (which
can in practice be different from the on-shell regulating function F ](;n) in Eq. (54)). For
the d-function term, A fq(f), which arises from meson loops with zero light-cone momentum

(k™ =0), one has

1
ATy ) =~ ) [ 1050, P 012), (57)
B

where Q, = k3 + mi, and F é&) (y,k?) is the corresponding regulating function.
Compared with the splitting functions for the spin-averaged case derived in Ref. [(5], the

(on) .

spin-dependent on-shell function Afy;™ in Eq. (54) differs from the spin-averaged analog by
a change in sign of the &2 term in the numerator of the integrand. On the other hand, the
off-shell function Afy ©f) and the d-function term A fgs) are identical to the corresponding

spin-averaged counterparts.
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B. Tadpole

The distribution functions associated with the meson tadpole diagram in Fig. 1(b), with

an operator insertion at the two nucleon-two meson vertex, can be written as

1 i
Af () = 2]\;3"' fié / (;lWI; wp)r s ulp) oo (T = yp), (58)

The tadpole splitting functions for the charged and neutral kaon loop contributions are then

given by
M
(4 f5)?

where the generic tadpole function A f(f) related to the J-function term in the rainbow

AfED(y) = AfED(y) = — AfP (), (59)

diagram in Eq. (57),
AL (W) = =A15 (). (60)

C. Kroll-Ruderman

The light-cone momentum distribution associated with the Kroll-Ruderman diagrams in

Fig. 1(c), which arise from the derivative coupling in the pseudovector chiral effective theory,

is given by
; 4 i(p — M i(p — M
A0 = gypr B [ g ) [t P R
< g =), (61)

Straightforward calculation gives

i C d*k AMpg(k-pst —k-spt) —4M(2k-p — k?) s*
ASER () = B¢ / 5( ) ( )

C2Mst f2 ) (2m)! DgpD,
x (kT —yp™). (62)

The Kroll-Ruderman splitting function can then be written in terms of the off-shell and

d-function contributions as

_Cpy M,
(47 fy)?

with the off-shell function A fgﬂ) as in Eq. (56) and the J-function component A fg) in

Eq. (57).

At () = AFEP ) + 2878 w). (63)
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D. Decuplet baryon rainbow

For the decuplet intermediate states, because of the higher spin of the baryon the polarized
splitting functions are somewhat more complicated. The splitting function associated with

the decuplet rainbow diagram in Fig. 1(d) can be written

1 C2, [ d* i(p — ¥+ Mrp) i(p — K+ Mr)
A £bw) _ T / () k. ©HP ol )~y
ngi) (y) IMs+ f¢2) (27‘()4 u(p> ,U@ DT P (p )7 V5 DT
x P (p - k)O™ k, u(p)DL5(/~C+ —yp"), (64)
¢
where the usual spin-3/2 Rarita-Schwinger energy projector is
PoA(p) = g — 29097 — (4 — py?) — — . (65)
3 3Mrp 3MZ

This expression for the decuplet propagator corresponds to the particular choice Z = 1/2
in Eq. (9), for which the octet-decuplet transiton tensor operator ©*” takes the simple form
g — y*yY. The coefficients C’%¢ can be derived from the effective Lagrangian (12), and for

the X*°K and ¥** K configurations are explicitly given by

C
OE*+KO = —\/§ OE*OKJr — % (66)

In our analysis, we will take C = —2D from SU(6) symmetry. Straightforward but tedious

calculation then allows A fg;w) to be written in a form similar to the octet baryon result in

Eq. (50),

. C2 d*k [ NT NT NT k+
A (rbw) _ ? T / 1 2 '3 5 v 67
fre" W =572 | @oi D20, T DeDy T D, (v-72) (@

as a sum of 3 terms involving different numbers of decuplet baryon propagators, Dr. In
analogy with the octet baryon splitting function in (50) and (51), the numerators N7 in

Eq. (67) can be written as linear combinations of the structures 2Ms™, (p-kst — k-sp™)
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and (k? st — 2k-s k™),

{ = _(3];T>2 [(QMMTjLM;)(I%k)2+M(M%—4MM%_ 7M2MT—2M3)p~k
— MM (Mg + Nr) Ar] 2Ms*
+ (3]\§T)2 (MT + Mrp)p-k(p-k—MMy) — M2M;AT] (p-kst —k-sp")
_ (3%)2 (p k) + M(Ap — M) p-k — M*Mp(Mgp + AT)i| (k2 st — 2k-sk'),
(68a)
N, = (3]\2)2 :4HT(MT + Mr)(p- k)* — 2M (AM® + 12M* My + TM M3 + M}) p - k
+M?(4M* + 12M3 My + 5M? M7 — 6 M M3 — 3 M;)} OMst
- ﬁ [Q(MT +2My)(p- k)? — M(8M? + 12M My — M2) p - k
+2M2(2M3 + 3M* My — MM? — QM%)] (p-k s — kesp*)
+ (3?\%)2 :4(M2 —p-k)’ - MZM%] (st — 2k-s k™), (68D)
Ny = m :(MT + QMT)2k2 — M?(4M? + 12M My + 7M;)} oM st
+%:(MT"‘QMT)(M?—p'k:)}(p-ker—k:-sij), (68¢)

where we define the difference and sum of the masses for the decuplet baryons as in Eq. (52),
ATEMT—M, MTEMT—FM (69)

This structure then allows the decuplet rainbow splitting function to be decomposition into

decuplet on-shell, off-shell and d-function terms,
—2
(47 f5)?

Details of the derivations of the individual functions in Eq. (70) are given in Appendix A.

A ) = AR W) + A W) + AR )- (70)

After the k™ integration we therefore obtain

1
A flom :——_/dk2L{k2+M+—M2

<[ = s -t -] b A,
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and

1
(3M2My)?
- [3M§£ oG M M2 + 47 M2 M2 + 65° M® My + 3]4M4} K2

o 1 i _
Af(y) = /dki m{ki - [M% + 3yM My — yQMQ] k1

— (M3 — 2pM 3 + 0P (M + yM)3}F}°“) (K1), (72)

for the decuplet on-shell and off-shell functions, respectively, with FF}OH) and F}OH) the cor-

responding regulating functions, and in analogy with Eq. (55) we have

k* +yMZ 4+ ym?2 — yy M?
DT¢:—l yMp ;/ o —YY ' (73)

For the o-function contribution, we have

AfD () = W{ [(MT +2Mr)*m? — M?(4M? + 12M My + 7M%)] AFO(y)
[t + 238 a1 ) (7
where the two functions proportional to §(y) are given by
AP ) = 30) 3z [0 tox 0 B (0. kD), (750)
AR W) = 30) 375 [ 02 108 0 P 0. (751)

with regulating functions F}M)(y, k%) and F}gz) (y, k), respectively. Explicit expressions for

each of the regulating functions are given in Sec. VI A for Pauli-Villars regularization.

E. Octet-decuplet baryon transition

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

can be written as

S = - e [ 2,
LS SS PSS
+kv5l(‘¢ _é: M) guilP é: MT)PW( k) k
x u(p)ié(y - ﬁ—i) (76)



for the TB¢ = XK and X" tX T KO configurations, with Cpg and Crg given by Eqs. (49)
and (66), respectively. The two terms in the brackets of Eq. (76) correspond to the two order-
ings of BT and T'B in Fig. 1(e). Also note that there is no Kroll-Ruderman type diagrams
with decuplet intermediate states contributing to spin-dependent splitting functions. In
analogy with the splitting functions for the octet and decuplet baryon intermediate states
in Egs. (50) and (67), we write the octet-baryon transition rainbow splitting function as a

sum of 3 terms with different number of baryon propagators,

b i CreC d*k [ NTB NIB  NTB ket
BRI = i [ o pp e 8y ). ()
2M st f¢ (271') DTDBDd) DBD¢ D¢ p+
where the numerators of the terms in the brackets are given by
MM, — o
NlTB - ;T%Y:B{ |:2<MT - MMT)p -k + M(M + MT)MTAT] 2MS+
— [4(M + Mr)p -k + 8MMTAT] (p-ks™ — k-spt)
+ [4Mp ke 2M? (Ap — M)] (k*st — 2k-s k*)}, (78a)
1 T _
NP = TE 2(A%p — MMy — M?) p -k + 3Myp (2M?>Mp — Mp, + M*Mr)
2|
+ Mg (4M? — 2M% + M:%)} OMs*
4
t 5l (Mg = Arp) (p- k= M?) +2M° — 2M (My5 — MpMr) — 3M3 M|
X (p-kst —k-sph)
2M 2| (1.2 ot +
t o [2]) k — 2M My — 3MpMyp — 4M }(k ~ ks k), (78b)
1 _
Nf? =< e [2 Dk —2MMypp — 3MBMT] oM st
4
5 My + 20E | (k™ — ks ), (78¢)
and we define
ATBEMT—MB, MTBEMT—FMB. (79)

Finally, as with the octet-only and decuplet-only intermediate state contributions, the octet-

decuplet transition splitting function can be written in terms of on-shell, off-shell and J-
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function terms,

CrsCpyMrMrp
(4 fy)?

Following the steps given in Appendix A, the on-shell octet-decuplet transition function in

Ay (y) =

[AFR )+ A5 ) + A% (80)

(80) can be written as

Af(on)( ) o 1 /dki (FT(%_;) FT(“??))
5 Y ?)M%MTATB §2 DT¢> DB(i)

X [kfj — (2MyAgp + GM(3My — Mp)) K>

(A + yM)(Ag +yM) (y — yM)?] (81)

where the regulator functions F}TB) and F}? are given in Sec. VI A below. The off-shell

transition function is given by

Af(oﬂ < ) _1 __ \/dk‘i
?)M%MTMTB y2
FiB [+ : T — 2
x {D_w | M (2My + GM) R — M (A + yM) (Vr — yM)’|
£ B
+D_B¢> [kl (Mp(Mp — 2A75) + § (3M? + AM My + 3Mp M)k

— (Ap +yM) (M}, + M} + (1 + §)MMrAr + yyM*(4Mr + Mpg)

+ MpMpp(Mr + §M) — 3yMpMr(Mp + yM))] } ; (82)

in terms of the same regulators F}g) and Fg];) as in the on-shell function (81). Finally, for

the d-function contribution to the octet-decuplet transition, we find

1
Afrs(v) = 57 (2M +

3MBMT

TB

) A (y), (83)

where the function A fl((s) is given in Eq. (74).
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V. NONANALYTIC BEHAVIOR

In the chiral expansion of moments of PDF's, the coefficients of the leading nonanalytic
(LNA) terms in the pseudoscalar meson mass, m,, are model independent and can only
arise from meson loops. Within the convolution framework of Sec. IIT A, the LNA behavior
of the nucleon PDF moments is determined by the LNA behavior of the moments of the
splitting functions describing the transitions to the meson-baryon intermediate states. In the
unpolarized case, the LNA terms were previously found to have a characteristic mi log mi

dependence [73, 75-77].

To begin with, we define the n-th moment of the spin-dependent splitting function Aﬁ(z))
in the hadronic configuration h = B,T or T'B by

AR = [ vt an) (34)

for the i = {on, off, §} contribution. From the convolution expression for the As PDF in the
nucleon in Egs. (19) and (32), and the definition of the nucleon PDF moment in Eq. (13),

we can write the n-th moment of the strange PDF in the nucleon as
n— - n—1 — 7 (k n—1
(@ Nas=> (k_1> (DM ARG) ASY, (85)
k=1
where
1
AS,(Ln_l) :/ dz 2" ' Asy () (86)
0

is the n-th moment of the strange quark PDF Asj, in the hadronic configuration h. The
binomial symbol in Eq. (85) arises from the splitting functions in Eq. (32) being evaluated
at . From the relations in Sec. IIIC, the moments AS}(L”A) are given in terms of the
coefficients @™, W, g™ 70 50 o) and g™, Writing the contributions from the

different types of splitting functions in Fig. 1 explicitly, we can compute the LNA behavior
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of the strange PDF moments as

LNA k—1
<ZE >As Z 47Tf¢ 2 Z ( )
x{c§¢ Afpon + AFS )+Af]§’;§)] AS}B"—”
— Coo | A +20F55 | ASER

ASn 1)

P(tad)

_Af]‘g’z‘);)]LNA
" /n—1
+Z 47Tf¢, Z(k—l)(_

x{0%¢[Af AR +AfT(5] AS:(Fnl)}

Tk (o)

= (4mfy)?

{CB¢CT¢> [AfTB (on) + AfTB(off + AfTB 5)} AS:(F%I)} : (87)

)

l)k—l

In the following we focus specifically on the n = 1 moment of the strange quark PDF,
(9 KNA = ASI(J?\)I A, Which requires computing the LNA behavior of the n = 1 moments of
the splitting functions, A]A”;L(B). These are expanded in powers of my,/M and Ag/M, and
consider the nonanalytic (NA) behavior, which includes LNA and also higher powers, of the
individual on-shell, off-shell and J-function contributions. For the octet baryons, the NA

behavior of the n = 1 moment of the on-shell function is given for the cases when Ag > m,,

or Ag < my,
2 2 Rp
QABIOgm¢—2RBABIOgm [AB > m¢]
2 AFD
AN . (88)
2A% logm3 — 2Rp Ap (7r — 2arctan R—i) . [Ap <my)

where Rp = (/A% —m?2 and Rp = ,/m3 — A%, The spin-dependent off-shell and d-function

terms are equivalent to the corresponding unpolarized splitting functions, and for the n = 1
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moments have the NA behavior |
(

2 AFD
5 Ay, =

\

My A

LNA

respectively.

—2m3 logmj —

—2m7 log m3 +

2 2
= mg, log my,

I
3 _
2Ry Ap— Rp

A
Mg °Ap+Rp’ (A > m]
89
2R, A Y
M—j(ﬂ' — 2arctan E_B) ) [Ap < my)
B
(90)

For the decuplet rainbow splitting functions, the NA behavior of the n = 1 moments of

the on-shell and off-shell functions is given by

(4 A 2R Ar — R
[AT > m¢]
M’I% AfT(%gn) NA - (91)
4 A 2R A
3 [mi - %(M - %AT)} log mg) + TT(M + %AT) <7r — 2arctan E—;),
L [AT < m¢]
and
¢ 4 A 2R Ar — R
[AT > m¢]
2750, - )
—Z—l[m2 - ﬁ(M'—i— 1A )} log m? — 2_ﬁ(ﬂ/f—i— 1A )<7T - 2arctan&)
gl ¢ 2 2T ¢ 9 22T Ry’
[AT < m¢]

\

respectively, where Ry = /A7 —mj and Ry =, /mZ — AZ. Note that the results for the

individual on-shell and off-shell contributions in (91) and (92) depend on the choice of the

decomposition into the two pieces, the sum of the on-shell and off-shell contributions of the

separation, and gives rise to

=72 71 7
My <Af7(“(())n) + AfT((gff)>NA = 9

8r ., 5., . 20ArRr . Ag— Ry
9[m¢— 2AT} logm¢+ 5 log AT Ry
[Ar > my]
(93)
8 5 20Ar Ry Ap
9 [mi — §A%’} log m + — <7T — 2arctan }_%—T>
[Ap < my]
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The LNA contribution arising from the d-function term is given by

—2 5 23
My ALY = g malogm, (94)

For the octet-decuplet transition splitting functions, the NA behavior is slightly more
involved because of the presence of two baryon mass differences, Ag and Ar. For the

on-shell and off-shell splitting functions, the first moments are given by

My Mrp A]?T(g(

= [ —4m? + 2M (305 + Ar) + BAL + BARAL + %A%] log m;

—2
— 16 R A
— RB(MB— %MT+ oA B)(?T—Qarctanﬁ—3>

TB B

on)

—=2
_ 1 A
— Ry (QMT — 96ART) (w — 2arctan E_D (95)

MTMTB AfNTElB)(off))NA = [gmi — QM(%AB + AT) - AB + %ABAT - QA%] lOg mi
— A

+ Rp (MB — %MT) <7T — 2arctan E_B>

B

_ A
+ 2Ry My <7r _ 2arctan _—T> , (96)
Ry

for Ap < my and Ap < mgy. There is strong cancelation between the on-shell and off-shell

pieces, resulting in a sum that is given by

MrMrs (D ffBom + AFihen) o, = | = im3 + % (8% + ApAr + A3)| logm?

(on

— AlfB [EZ <7r — 2arctan %—i) — RSF <7r — 2arctan %—;)] .

[AB < My, AT < m¢] (97)

In the chiral limit, one has Ap < my while Ay > my, and the corresponding NA behavior

is given by
NN (Aff o + A fgg(oﬁ))m = | = 4m2+ £(A} + ApAg + A3)| logm?
16 [—s3 Ap Ar — RT}
—— R (W—Qarctan_—> — R3log ———=|.
ATB[ B Rp T gAT‘f‘RT

[AB < My, Ar > m¢] (98)
Finally, for the d-function contribution the LNA behavior is

— 7
My Mrs AT, ’LNA = —gm? logm?, (99)
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In the chiral limit, m4 — 0, the mass difference Ap ~ (’)(mé) approaches zero first, while
Ar remains a constant. Further expanding Ry = Ap—mj/2A7+O(my), the LNA behavior
in Egs. (93) and (98) can be evaluated as

72 (A FO F() 2

My (AFf oy + AFi0m) = —sm logm?, (100)
S ) ~ 4
MrMrp (A Fimom + A fT(g(Oﬂ)>LNA = +§m§) log m, (101)

for the T" and T'B contributions, respectively.

Finally, combining the derived LNA behaviors for the splitting function moments with
Eq. (87), the LNA contribution to the n = 1 moment of the spin-dependent strange-quark
PDF in the nucleon is given by

0 1 0 0 7 0 0
AS{A =) arf,)? (‘ Cho ASE + ASJ ) + gc%qa ASY — CpyCry AS(T%) mi log my.
BT

(102)

Summing over all the relevant octet B and decuplet T' states, and using the expressions for
the couplings in Eqs. (49) and (66) and the moments AS,&O) in Sec. IITC, we arrive at the
final result for the LNA behavior of the n = 0 strange PDF moment,

o 1 5 3 1 9 9

We stress that any calculation of the strange quark PDFs in the nucleon or its moments must
obtain this behavior, if it is to be consistent with the chiral symmetry properties of QCD,
which provides an important, model-independent constraint on nonperturbative models of

the nucleon.

VI. NUMERICAL RESULTS

Combining the results derived in Secs. III and IV for the splitting functions and the
PDF's in the hadronic configurations, in this section we present the results for the numerical
computation of the spin-dependent strange quark distributions in the proton. We begin
by discussing the regularization procedure for the splitting functions, and then compare
the computed PDF's with some recent phenomenological parametrizations from global QCD

analyses.
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A. Regularization of splitting functions

The hadronic splitting functions computed in Sec. IV in the framework of chiral effec-
tive theory generally involve loop integrals that are ultraviolet divergent. A regularization
prescription is therefore required to regulate the high-energy behavior and render the loop

integrals finite. Various prescriptions have been utilized in previous analyses, including

dimensional regularization [75], finite momentum cutoffs, Pauli-Villars [64, 65], as well as
finite-range regularization within local [79-81] and nonlocal [$2, 83] formulations. Follow-
ing our earlier analysis of spin-averaged strange-antistrange quark asymmetries [(4, (5], we

adopt here the Pauli-Villars regularization scheme, which has the advantages of preserving
the Lorentz invariance, gauge invariance, and chiral symmetry of the effective theory. It al-
lows us to use the same phenomenological parameters as those determined in the unpolarized
strange analysis [(5].

As discussed in Refs. [64, 65], the Pauli-Villars method regularizes divergent integrals
by subtracting from the pointlike results expressions in which the propagator masses are
replaced by finite cutoff masses, such that in the high-energy limit the difference between
them vanishes. For the on-shell baryon octet splitting function, A fl(gon), we employ the
subtraction

1 1 1 1

i — — 104
Dy l€2—m§5 /<:2—m35 k2 —p2’ (104)

which corresponds to using a regulating function in Eq. (54) given by

(on) 2 DZBQS
FB (yv kL) =1- D2 (105)
Bui

where 4 is the subtraction mass parameter, and Dp, is given in Eq. (55), and Dp,, is given
by an analogous expression with m, — p1. A similar replacement to that in Eq. (104) is
made for the off-shell baryon octet function, A f gﬁ), in Eq. (56), in which case the off-shell

regulating function becomes

(106)

For the d-function term, A f](;), in Eq. (57), two subtractions are necessary to take into

account the divergences in both the k¥~ and k% integrations,

1 1 aq a9
— 5 - - , 107
Dy k2 —mZ kP —pi ks (107)
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where 17 and uo are the mass parameters for the subtraction terms, whose coefficients aq

and ay must satisfy the relation

2 2 2 2
s —m 1wy —m
a9 =, A=y (108)
o — Ha — My
This leads to an effective regulating function in Eq. (57) given by
log €2 log €2
FO(y, 12) = 1 — 2108 hn T azloglh, (109)

log Q4
with Q,,, = k2 + u2.

In the decuplet sector, the loop integrals associated with the on-shell and off-shell func-
tions are more divergent than those of the octet contributions due to the presence of deriva-
tive couplings. To regularize the integrals for the decuplet splitting functions, therefore,
requires several subtractions, which we take to have the form

1 1 b, by b3 by
Dy k2—mi K2 —pf RP—pd o kP K2 g

where the coefficients b; satisfy

4 2 ~2
ms — [
b=]]—% i=1....4 (111)
o Hi T H
JFi

To reduce the number of free parameters, in our numerical analysis we take j1; = o = i3 =

14 = p for the decuplet baryon contributions, in which case we have the replacement
4
1 1 m; — p?
— = . 112
Dy l{:Q—mi(k?—u? (112)

For the on-shell and off-shell decuplet splitting functions in Egs. (71) and (72), the regulating

functions can be written as,

(m2 — u2)* 4Dy
F(on) ,k2 —_ N T 1+ ¢ 7 113
T (y J.) D%u DT“ ( )
2 2\4
off (m - )
FPD(y,k2) = ¢D4 : (114)
T

respectively. For the decuplet §-function contributions, Eq. (74), Pauli-Villars regularization

gives the regulating functions

2002 — 9020, + 180,02 — 1103
FOY(y k2)=1-— log ¢ "o w Ak Z 115
T (y7 J_) log Q¢ 0og 1% + 6Qi ) ( a’)
1 Q3 — 6020, + (50 + 2u* — 2m3)Q?
F(52) 2y 1——— 0.1 O — ¢ P- K ¢ H 11
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for the two functions in Eqgs. (75a) and (75b), respectively. Finally, for the octet-decuplet
transition splitting functions, the regulators in the on-shell and off-shell functions in Eqgs. (81)

and (82) are given by

2 2\4
B (mg — 1)
Fyg (y,k?) = “5D4 : (116)
Bp
(m2 . M2)4
iy, k) = 57 (117)
T

In our previous analysis of meson loop contributions to the spin-averaged strange quark
PDFs in the proton [641, (5], the cut-off parameter p; was fixed by fitting the pp — AX
differential cross section data, and an upper limit was set on s by requiring that the
calculated total s + 5 distributions do not exceed the phenomenological values, within the
experimental uncertainties, for any value of x. The best fit gave {u1, uo} = {545,600} MeV,
while the set {u1, 2} = {526,894} MeV resulted in two standard deviations below the
best fit. For the the cut-off parameter p in the decuplet sector, a good fit to the pp —
¥*+ X differential cross section data [34] was achieved with p = 762(21) MeV. In the present
analysis of spin-dependent PDFs we use the same parameters, along with SU(3) symmetric
values of the couplings Cr4 and Crg, to compute the splitting functions numerically.

The spin-dependent splitting functions for the strange octet, decuplet and octet-decuplet
baryon interference intermediate states are shown in Fig. 2, for the on-shell and off-shell
contributions. For the octet baryon splitting functions [Fig. 2(a)], both the on-shell A fgm)
and off-shell A fg)ﬂ) polarized functions are negative for all values of y, peaking at y ~
0.1 — 0.2. Interestingly, the off-shell function has a magnitude that is several times larger
than the on-shell function. Compared with the analogous spin-averaged results [05], the
(negative) spin-dependent on-shell function is about 4-5 times smaller in magnitude, while
the off-shell function is identical in both cases. (There is small difference arising from the
different baryon masses between A and X°.) The uncertainties on the on-shell and off-shell
distributions arising from the choice of cutoffs p; and ps, indicated by the bands, is smaller
than the difference between the respective on-shell and off-shell results.

For the splitting functions that involve decuplet baryons in the intermediate state
[Fig. 2(b)], the on-shell contributions vanish at y = 0, while the off-shell contributions
remain non-zero. The decuplet on-shell and off-shell splitting functions are both positive,

while there is strong cancelation between these two pieces for the octet-decuplet interfer-
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FIG. 2. Momentum dependence of the spin-dependent splitting functions for (a) octet baryon A fp
and (b) decuplet baryon A fr (dashed lines) and octet-decuplet interference A frp (solid lines)
intermediate states for the on-shell (red bands and curves) and off-shell (blue bands and curves)
contributions. The octet results are computed for LK+ intermediate state with the cutoffs in the
range {u1, ua}t = {545,600} to {526,894} MeV for the upper (dashed) and lower (solid) edges of
the bands, respectively, while the decuplet results are computed for £*0X0K T intermediate state

with a cutoff u = 762 MeV.

ence splitting function. Note that since A f}‘g‘) and A f}(jg) are multiplied by the couplings
CryChy in Eq. (80), which for the Z*°X°K ™ case is negative [Egs. (66) and (49)], the sign

of the overall contribution of these terms can be opposite to that shown in Fig. 2.

B. DPolarized strange quark distributions

With the hadronic splitting functions thus determined, the remaining ingredients needed
to proceed with the evaluation of the polarized strange quark PDF in the proton are the
PDFs in the hadronic configurations given in Sec. ITI C. Specifically, the SU(3) relations in
Egs. (38)—(40), (44) and (46) connect the strange quark PDF's for the various intermediate
states with the spin-dependent and spin-averaged v and d quark PDF's in the proton. The
latter are relatively well determined from global analyses of high-energy polarized [39, 12, 85]
and unpolarized [36, 87] cross section data. For the spin-averaged u(z) and d(z) quark dis-
tributions in the proton, for convenience we use the parametrization from Ref. [35], while the

polarized PDFs, Au and Ad, are taken from Ref. [37]. For our applications, the dependence
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on the choice of input parametrization is relatively mild, however.
For representing the contributions to the polarized strange PDF from the various terms
in Eq. (32), it is convenient to express the total distribution in terms of the diagrams in

Fig. 1. Decomposing each diagram into on-shell, off-shell and d-function contributions, in

analogy with the unpolarized case in Ref. [65], one can write the total As PDF as
As(z) = (As(on) + AsD 4 As(‘s))Brbw + (AS(OH) + A3(5))KR + (As(é))tad
+ (As©) + AsCD 4 A5(5))Trbw + (AsC + AsC 4 As(‘;))TBrbw (118a)
= Asigi + Asiy + Asip, + Asiin, + Asi, + Asipl, + Ay
on—shell off —shell
+ As A5l + AT+ Asih + As) (118b)

5—function
Note that the on-shell contributions arise only from the (octet, decuplet and octet-decuplet
interference) baryon rainbow diagrams [Fig. 1(a), (d), (e)], the off-shell terms come from
rainbow and Kroll-Ruderman diagrams [Fig. 1(c)], while all diagrams, including the tadpole
[Fig. 1(b)], contribute to the d-function terms.

The contributions to the polarized strange PDF xAs from the various terms in Eqs. (118)
are shown in Fig. 3, for both the decompositions in terms of types of diagrams [Eq. (118a)]
and types of functions [Eq. (118b)]. For the octet baryon states, we find [Fig. 3(a)] large
cancellations between the negative rainbow and positive KR diagrams, with the tadpole
diagram making a relatively small and positive contribution. The result is a negative total
octet baryon contribution to xAs that is about 1/3 of the rainbow, peaking at = ~ 0.1.

A somewhat clearer picture of the cancellations is revealed when we look at the total
on-shell, off-shell, and d-function contributions in Fig. 3(b) from all octet baryon diagrams.
Here one sees that at intermediate values of x, 0.1 < z < 0.4, the total As is dominated by
the negative on-shell component. At smaller x values, x < 0.2, the off-shell term makes a
non-negligible, and also negative, contribution, but falls off rapidly at larger x. In contrast,
the d-function piece is the only one that is positive, and has a broad shape, peaking at
x ~ 0.3 — 0.4. Its overall magnitude is smaller than the other contributions, so that it only
partially cancels the negative on-shell and off-shell terms, leaving the total zAs distribution
peaking at around —0.002 for z ~ 0.1.

For the diagrams involving intermediate states with decuplet baryons, shown in Fig. 3(c)

and (d), there are again large cancellations between positive decuplet rainbow and negative
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FIG. 3. Contributions to the xAs distribution in the proton at Q> = 1 GeV? from various
meson loop diagrams with octet intermediate states [(a), (b)] and decuplet (and decuplet-octet
interference) states [(c), (d)]. The bands for the octet contributions correspond to the range
of parameters {p1, p2} = {545,600} MeV to {526,894} MeV for the dashed and solid edges of
the bands, respectively, while the decuplet results use p = 762 MeV. The left column [(a), (c)]
corresponds to the decomposition according to the diagram type [Fig. 1 and Eq. (118a)], while
the right column [(b), (d)] corresponds to the decomposition according to the function type
[Eq. (118b)].

octet-decuplet transition contributions, whose overall magnitude is smaller than those from
the octet states. Furthermore, in contrast to the octet case, the on-shell contributions are
positive, but cancelled somewhat by the negative off-shell and §-function terms, which turn
out to have a very similar shape and magnitude. The net result is a total positive effect,

with about 1/5 of the magnitude of the octet contribution.

Comparing the calculated polarized strange distribution with phenomenological PDFs

obtained from global QCD analyses, in Fig. 4 we show the total xAs from the chiral theory
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FIG. 4. Comparison of the calculated total meson loop contribution to the polarized strange
quark PDF (dark red band) with zAs™ = 2As + 2ASs from the phenomenological NNPDF [39, 85]
(orange band) and JAM [12] (yellow band, spanning most of the graph) global QCD analyses at
Q? = 1 GeV2. The band for the meson loop contributions corresponds to the range of cutoff
parameters {1, uo} = {545,600} MeV to {526,894} MeV for octet baryons and p = 762 MeV for

decuplet baryons.

together with parametrizations from the NNPDF [39] and JAM [12] analyses at Q* =
1 GeV2 The most striking observation is the small magnitude of the calculated strange
polarization compared with the uncertainty bands of the global parametrizations, which
reflects the relatively weak constraints on As that exist from current experiments. The
JAM study [42], in particular, performed a dedicated analysis of the strange quark PDF
using data from inclusive and semi-inclusive DIS, without imposing the commonly used
assumption about SU(3) flavor symmetry for the axial charges extracted from hyperon
decays [89]. This leads to a significantly larger uncertainty on As than that obtained in

analyses that do impose SU(3) symmetry on the axial charges [31-10].

Furthermore, since existing data cannot discriminate between the strange quark and
antiquark polarizations, in all of the global QCD analyses the assumption is made that As =

A3, so that in practice Ast = As+As — 2As. In contrast, in the chiral theory calculation,
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TABLE 1. Individual contributions to the first moment of As(x) at Q? = 1 GeV?, in units of 1072,
summed over the appropriate octet and decuplet hyperon states. The contributions from octet,
decuplet and octet-decuplet interference intermediate states, as in Eq. (118b) are listed separately.

The sum of all contributions to the total moment is in the range (As) = [—0.53, —0.28] x 1072.

on off ) off ) )
{1, o} (MeV)| (As)™ (A0 (As)D (APl As)0) (as)?) | total
{545, 600} —0.41 —1.65 0.07 1.43 ~0.15 0.08 | —0.63
{526, 894} —0.25 —1.00 0.16 0.86 —-0.31 0.16 —0.38
on off ) on off )
p(MeV) | (As) L (As)RE, (AP, (As) R, (As)Fhh, (As)Ph ., | total
762 0.11 0.06 0.11 —0.27 0.28 —-0.19 +0.10

assuming valence dominance of the bare hadronic state wave functions, the only source of
strangeness in the proton is the coupling to the strange meson—baryon intermediate states.
Since all strange antiquarks reside in the spin-0 kaon, in this framework the antistrange
polarization As is identically zero. One may therefore expect the determinations of the
strange polarization in the global QCD analyses to overestimate the As contribution from

the chiral calculation.

Integrating the calculated distribution over all x, in Table I we list the contributions of
the various terms in Eq. (118b) to the lowest (n = 1) moment of As(x), which from Eq. (13)
we denote by (x°)as = (As). Numerically, a large degree of cancellation is seen between the
various on-shell and off-shell terms, with the J-function terms somewhat smaller. Within
the range of cutoff parameters considered in this analysis, the octet baryon intermediate
state contributions to (As) are in the range —0.006 to —0.004, while the contributions
from decuplet baryon intermediate states is &~ +0.003 and from octet-decuplet interference
~ —0.002. The net polarization in the proton carried by strange quarks is then predicted to
be in the range (As) ~ [—0.005, —0.003] within the uncertainties of the cutoff parameters.

This can be compared with the value determined from the JAM global QCD analysis [12]
of (As™)jam = —0.03(10). While our central values are about an order of magnitude smaller
than the phenomenological results, they are in good agreement within the relatively large

uncertainty. Future data on semi-inclusive DIS and parity-violating inclusive DIS from the
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planned Electron-Ion Collider [90] should reduce the uncertainty on the extracted (As™)

and allow a better discrimination between the As and As distributions.

VII. CONCLUSION

In summary, we have performed a comprehensive study of the polarized strange quark
distribution in the proton within chiral effective field theory at the one meson loop level. The
full set of spin-dependent proton — meson + baryon splitting functions has been computed,
including contributions from octet and decuplet rainbow diagrams, as well as tadpole, Kroll-
Ruderman and octet-decuplet transition diagrams. From these we have derived the leading
nonanalytic behavior of the lowest moment of the polarized strange quark PDF, finding a
characteristic mé log mi behavior with a coefficient depending on the SU(3) couplings.

We have used the Pauli-Villars regularization scheme to regularize the ultraviolet di-
vergences in the loop integrals, with cutoff parameters determined from comparison of the
spin-averaged distributions with semi-inclusive hyperon production in pp collisions. With
these parameters the octet intermediate state contributions are dominated by the negative
on-shell term, with further enhancement from the off-shell term at low z, and partial can-
cellation from the positive d-function component. Some cancellation also exists between the
positive decuplet rainbow and the negative octet-decuplet contributions, with both on-shell
and off-shell terms playing an important role.

The result is that the octet contributions are mostly responsible for the polarized
strange PDF As(z) to be negative at small z, with the lowest moment, (As), lying in
the range (—5.3, —2.8) x 1073, In comparison with the recent JAM global QCD analysis,
(Ast)jam = —0.03(10) [12], or the latest lattice QCD calculation from the ETM Collab-
oration, (As™)y = —0.046(8) [17], the chiral contribution is relatively small, although
consistent with the phenomenological values within the uncertainties.

In the future it will be important to compare the current work with calculations within
a nonlocal chiral theory, such as that used for the unpolarized sea quark asymmetries in
Refs. [66, 67]. Furthermore, extending the analysis to the nonstrange (valence quark) dis-
tributions Au(z) and Ad(z) using the relativistic formalism presented here should provide
robust estimates of the effect of the chiral effects on the axial charges g4 and gg and total

helicity AY carried by quarks.
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Appendix A: Derivation of decuplet and octet-decuplet splitting functions

In this appendix we present some details about the derivation of the decuplet rainbow
splitting function A f:(pr(;:w) in Egs. (67)—(68) and the octet-decuplet transition splitting func-
tion A fi(prgg) in Egs. (77)—(78) using the Pauli-Villars regularization scheme as discussed in
Sec. VI A. After performing k™ integration in Eq. (67), the first term gives rise to

i Cy / d*k NP (mi— ,u2)4(5( k+)
2005t 2 ) Gy DED, =)\ T
O%qb (mé - :U“2)4 /de
(4mfy)*  (3Mr)? .
y[k% + (Mr + gM)?) [k} — 8gMMrkE — (MF - g?M?)°] ¢ 4Dry
X — (1 + )
2y4D%¢D§M Dy,

+k‘j — 5yM Mgk — (Mg + gM)* (M2 + §M My + 52 M?) } (A1)

?J3DT¢D%#
where Dy, is given by Eq. (73), and Dy, is given by an analogous expression with mg — p.
The second term in Eq. (67) can be written as
i Ciy / d*k  NJ (mi— “2)45( k;+>
st 72 @r) DD, (2 =2\
012“(;5 (mi —p?) / 1 {
= dk? ———— kS — g[3M My — yM?| k!
(Amfs)?  (3M7)? “§PDre DY, [ ! kL
—[3MF + TyM M3 + 45° MP M3 + 65° M My + y* M*| k7

—[2M} — PM2MZ + 5P M® My + 5 M*] (Mg + gM)Q}. (A2)

The term proportional to 1/D7, in Eq. (A1) is identified as the on-shell splitting function,
consistent with the result in Ref. [00], which gives rise to Eq. (71) and the regulating function
in Eq. (113). The sum of the terms proportional to 1/ Dz in Egs. (A1) and (A2) gives rise
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to the decuplet baryon off-shell function in Egs. (72) and (114). Finally, the 1/Dp, term in

Eq. (67) that gives rise to the o-function term involves the integral,

/d“k——(mi =) 6(y k+)
Dy (k* — p?)* pr

4 k+
— a(m? — dir dz 15 5<y - +>
2(k? — p2 +ie) + (1 — 2) (k2 —mj +ic)] P
1 ot AL —k+
_6394/d'zz /d Q—l—ze)5<y_p+>
i7T2 84 3 2 2
= o dzz dk? log(k> + Q)8 (y) (43)

= —im /dkl/ dz —5—— k:2—|—Q 2 0(y)

208 — 9020, + 180,02 11
=i /dk;L{logQ 693 +E}5(y),
I

where

Q=z"+ (1 - z)mj,
Qy =k +m}, (A4)

Q. =k + 2

Similarly, we can compute the integral

2 . 2 _ ,,2\4 +

Dy (K —p?)t p*
_ Qy 5 PPN U R L
= /dkzL{Qd,(logQ 6>—§(m¢—u)+@—9—u i(y). (A5)

Combining the results in Eqs. (A1)—(A5), we then arrive at the expressions for the on-shell,
off-shell and é-function decuplet splitting functions in Eqs. (71), (72) and (74), respectively.
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For the octet-decuplet transition splitting function A f}rgz), following the same procedure

we have for the first term in Eq. (77),

i CreChe / 'k NIP o (md—p?) < k+>
2Mst f2 ) @m) DeDsD, (I — i2)

B OT¢OB¢MTMTB (mi—u2)4 /dkz

a (47 f4)? 3M%MTBATB *
{3l - o]
y*LDryD7,  DpsDp,

< [k‘j — (2MpArg + FM My — Mp)K — (Ag 4+ yM) (Ap + y) (3 — yM)Q}
ATB

§2DT¢D§{H
. ATB

y*Dpy Dy,

+ (@M + gM)KE — (Ar + yM) (V7 — yM)”|

[(ATB + MK + P M?(2Mrp + gM) + Mp (M2 + gM My + §* M 2)} }
(A6)

For the second term in Eq. (77), we can write
i CrsChg / d*k  NIB (mj—p)? 5 ( k+>
2Mst 2 ) @n)' DD, (2 — 2yt \ T p
_ CrsCpoyMpMpg (m3 — p*)? / 9 1
(4 fy)? 3MZMrMrp - QQDB¢D4B,L

x {k‘j — | M3 = 2Mr M + MMy — §(4M? + MMy + 3Mr Mg + 4MMp) | K3
— My, — M} (My — 3yMy) — M7 [M7 — 25 M? + (1 + 3y — 6y*) M M|
+yM [MFMr + 3gM M7 + 35° M* My — i M°]
+yMMp[M7 + (1 + 35°) M My + 3yM?] } (A7)
As for the decuplet rainbow diagram, the first term in the braces of Eq. (A6) is defined as the
on-shell octet-decuplet splitting function, Eq. (81), consistent with the result of Ref. [60],

and the remaining part is combined with Eq. (A6) to give to the off-shell octet-decuplet
splitting function, Eq. (82).
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