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Abstract

We present a new formulation of pseudoscalar meson loop corrections to nucleon parton distri-
butions within a nonlocal covariant chiral effective field theory, including contributions from SU(3)
octet and decuplet baryons. The nonlocal Lagrangian, constrained by requirements of local gauge
invariance and Lorentz-invariant ultraviolet regularization, generates additional interactions asso-
ciated with gauge links. We use these to compute the full set of proton — meson + baryon splitting
functions, which in general contain on-shell and off-shell contributions, in addition to §-function
terms at zero momentum, along with nonlocal contributions associated with the finite size of the
proton. We illustrate the shapes of the various local and nonlocal functions numerically using a

simple example of a dipole regulator.



I. INTRODUCTION

The important role played by chiral symmetry in hadron physics has been documented
for many decades. Traditionally the purview of low-energy hadron and nuclear physics,
more recently the relevance of chiral symmetry in QCD has become more prominent also
in high-energy reactions, in which the quark and gluon (or parton) substructure of hadrons
is manifest. One of the most striking expressions of the chiral symmetry and its approx-
imate breaking is in the nonperturbative structure of the sea quark distributions of the
nucleon [1, 2]. In particular, the breaking of chiral SU(3) symmetry was anticipated [3] to
generate unequal strange and (light) nonstrange sea quark distributions, and, even more
dramatically, an excess of d antiquarks over 4. The latter was confirmed in proton-proton
and proton-deuteron Drell-Yan experiments at CERN [1] and Fermilab [5], following earlier
indirect indications from inclusive [0] and semi-inclusive [7] deep-inelastic scattering (DIS)

data on proton and deuteron targets.

The observation of a large d — @ asymmetry has also served to motivate more challenging
searches for other nonperturbative asymmetries, such as between strange and antistrange
quarks in the proton, s — § [8, 9], or between the helicity dependent light antiquark distri-
butions, Ad — Aw [10]. The phenomenological success in describing the d — @ asymmetry, in
particular, in terms of nonperturbative models of the nucleon in which its peripheral struc-
ture is modeled by a pseudoscalar meson cloud suggested that signatures of chiral symmetry

breaking may also be found in other types of parton distribution functions (PDFs) [11-15].

While considerable experience has been accumulated with nonperturbative models, a
challenge has been to compute the chiral symmetry breaking effects on the PDF's in a model-
independent way from QCD. An important step in establishing a direct connection with QCD
was made with the observation [19] that the leading nonanalytic (LNA) behavior of moments
of the nonsinglet PDF's, expanded in powers of the pion mass, m,, could be obtained from
chiral effective field theory, which encodes the same chiral symmetry properties as present
in QCD [20-22]. In addition to demonstrating how lattice QCD data on PDF moments and
other observables simulated at unphysically large pion masses could be extrapolated to the
physical point [23], the result [19] demonstrated unambiguously that a nonzero component

of d — @ arises as a direct consequence of the infrared structure of QCD.

Subsequent work [21-29] computed the full set of lowest order corrections to PDF's arising
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from pseudoscalar meson loops, both for the PDF moments and the Bjorken-x dependence.
The LNA behavior of the various contributions can be established model-independently
by considering the infrared limit; however, the computation of the full amplitude requires
specific choices for regularizing the divergences in the loop integrals. In the literature, regu-
larization prescriptions such as transverse momentum cutoffs, Pauli-Villars and dimensional
regularization have been used, as well as form factors or finite-range regulators. The latter
take into account the finite size of hadrons, while the others are generally more suitable for
theories that treat hadrons as pointlike.

In practice, the extended structure of the nucleon and other baryons does become im-
portant in many traditional hadronic physics applications. In nonrelativistic calculations,
if the regulators are in three-dimensional momentum space, charge conservation, which is
related to the time component of the current, is respected in the presence of form factors.
In relativistic calculations, on the other hand, the use of covariant or relativistic regulators
often leads to explicit violation of charge conservation.

The problem of preserving gauge invariance in theories with hadronic form factors can
be formally alleviated by introducing nonlocal interactions into the gauge invariant local La-
grangian. A method for constructing nonlocal Lagrangians with gauge fields was described
by Terning [30], based on the path-ordered exponential introduced by Wilson [31] and earlier
by Bloch [32]. Variants of the method were subsequently used in phenomenological appli-
cations to strange vector form factors and other nucleon matrix elements by a number of
authors [33-35]. The pion and ¢ meson properties have been studied by gauging nonlocal
meson—quark interactions in relativistic quark models [36, 37]. The nonlocal Lagrangian at
the hadron level was also recently constructed and applied to electromagnetic form factors
of nucleon [38, 39].

The presence of gauge links in the nonlocal Lagrangian connecting different spacetime
coordinates generates additional diagrams which are needed to ensure the local gauge in-
variance of the theory. This guarantees that the proton and neutron charges, for example,
are unaffected by meson loops, or that contributions to the strangeness in the nucleon from
diagrams with intermediate state kaons and hyperons sum to zero. These basic features of
the theory are not guaranteed for a local Lagrangian with a covariant regulator, but arise
naturally in the nonlocal theory in which the Ward identities and charge conservation are

automatically satisfied.



In this paper we describe how the nonlocal formulation of the chiral SU(3) effective
theory can be used to derive the contributions from pseudoscalar meson loops to PDFs in
the nucleon. We include both the SU(3) octet and decuplet baryon contributions, using a
covariant regulator generated through the nonlocal Lagrangian that respects Lorentz and
gauge symmetry. In the present paper we focus on the formalism and the derivation of
the proton — baryon + meson splitting functions from the nonlocal chiral Lagrangian; a
follow-up paper [10] will report on the results for the nucleon PDFs, computed through
convolutions of the splitting functions and PDFs in the virtual mesons and baryons in the
loops.

We begin by reviewing in Sec. II the familiar local effective Lagrangian in the standard
chiral SU(3) effective field theory. The generalization of the effective Lagrangian to the
nonlocal case is described in Sec. III, a procedure which allows the preservation of gauge
invariance in the presence of covariant vertex functions for the nucleon—-baryon—meson inter-
action. The main results for the proton — meson + baryon splitting functions are derived
in Sec. IV for the full set of lowest order diagrams, including rainbow, bubble, tadpole and
Kroll-Ruderman contributions, as well as additional terms that arise from the gauge links
generated from the nonlocal interactions. Here we present the model independent results for
the nonanalytic behavior of the moments of the splitting functions, and illustrate the rela-
tive shapes and magnitudes of the various functions using a simple example of a covariant
dipole vertex form factor. Finally, in Sec. V we summarize our results and outline future

applications of the new formalism.

II. LOCAL CHIRAL EFFECTIVE LAGRANGIAN

In this section we review the standard local chiral effective theory for mesons and baryons.
The lowest-order Lagrangian, consistent with chiral SU(3),xSU(3)g symmetry, describing
the interaction of pseudoscalar mesons (¢) with octet (B) and decuplet (7)) baryons, is

given by [11, 12]

L =Tr[B(i]) —Mp)B] + D Tr[By*ys{u,, B}| + F Tr[ By"75[uy, B]

o+ T (97 D = Mgy )T + € |9 T, 0 (1, ) T B™ + hc|
Tt s It o) !



where Mp and Mp are the octet and decuplet masses, D and F' are the meson—octet baryon

coupling constants, C and H are the meson—decuplet baryon couplings, f = 93 MeV is
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the pseudoscalar decay constant, and “h.c.” denotes the Hermitian conjugate. The tensor

i

€% is the antisymmetric tensor in flavor space, and we define the tensors " = %h“, 71,

ye = 3{y", 7} and
O = g" — (2 +3)v"" (2)

in terms of the Dirac -matrices, with Z being the decuplet off-shell parameter. The SU(3)
baryon octet fields B¥ include the nucleon N (= p,n), A, X5 and =9 fields, and are given

by the matrix

1 0 1 +
_ — 1 0 1
= —0 _ 2
= = ZA

The baryon decuplet fields Tﬁjk, which include the A, ¥*, =Z* and Q™ fields, are represented

by symmetric tensors with components

T A++ 712 LA+ 12 L A0 222 _ A-

! Vi Vi
113 _ 1 v+ 123 _ 1 vx0 223 __ 1 yx—
TUS = Lyt T8 = Lyp0 728 = Ly ”
T133 — 1 =%0 T233 — 1 =
/3~ V3~
T33 — O,

In the meson sector, the operator U in Eq. (1) is defined in terms of the matrix of pseu-

doscalar fields ¢,

U=u? with u=exp <z \/ggf) , (5)
where ¢ includes the 7, K and 7 mesons,
\/%WO + \/%77 nt K+
¢ = T —gm+en K| (6)
K~ K° —ln

The pseudoscalar mesons couple to the baryon fields through the vector and axial vector

combinations
. )
r, = 3 (ud,u’ + uld,u) — % (uXu’ +ufAu) Up (7)
; 1
Uy = % (UauUT — UTauu> + 5 (U)\au]L - U'T/\au) UZ’ (8)



where v corresponds to an external vector field, and A* (a = 1,...,8) are the Gell-Mann
matrices. The covariant derivatives of the octet and decuplet baryon fields in the chiral

Lagrangian (1) are defined as [13, 41]

D,B = 8,B+ [, Bl —i(\°)v, B, (9)

D,TI* = 0, T + (T, T,) 7% — i A°)l) T, (10)

where 02 denotes an external singlet vector field, A" is the unit matrix, and (- --) denotes a

trace in flavor space. For the covariant derivative of the decuplet field, we use the notation
(T 1) = (L) T 4 (D)) T + (L) T (11)
For the pseudoscalar meson fields, the covariant derivarive is written

DU = 8,U + (iUX* — iX“U) . (12)

Expanding the Lagrangian (1) to leading order in the baryon and meson fields, the

interaction part for a meson and baryon coupling to a proton can be written explicitly

as
_D+F) s 0 _ 5 n (D+3F) 5 N
Eime = 57— (P12 Bur® + V219" n Ot ) — o PTTAOK
(D—-F) w5 _ D —3F _
2 © E-i- KO m 520 K—i— _ [T}
57 (fmv 0, K° + py'y°20 0, ) mfpvvp@m
C
+ 7 (F2P07 AL a0 —VRpOA drt 4 VEpOUAL A

—pO K" + V2O 0,K" + hie)
+ #p V'p [(ﬂ*ﬁ,ﬂr‘ — 1 O+ 2(KY9, K~ — K 9,K") + (K°9,K° — K°0, KO)] _
(13)
The terms involving the coupling H are not present because of the restriction to proton initial

states. The current calculations below also do not involve the terms with the coupling H

for the proton initial states.

From the Lagrangian (1) one can also obtain the form of the electromagnetic current that
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couples to the external field v},

JI = —I—%Tr [BA* [uXu

T uf A, B} + gTr [By“% {u/\“uT — u' )\, B}]

F _
+ ETr [B’y“% [u)\“uT — uf A\, B] }

f2

For the SU(3) flavor singlet current coupling to the external field vy, one has

1 _

+ 5 Ty (uX*u’ + w20, T,) + g (T,0"(uX*u' — u'A*u)B + h.c.)

+ T (0" U (UTiA* —iX*UT) + (Uix* — ix*U)o"U"]. (14)
(A Tx[By*B] + (\°) T, "** T, (15)

Ji =

where again \° is the unit matrix and (- --) denotes a trace in flavor space.

The currents for a given quark flavor are then expressed as combinations of the SU(3)

singlet, triplet and octet currents,

Using Egs. (14), (15) and (16),

JH = 2pyMp + nytn + AP A + 2i+7”2+ + 507“20 —

1 1 1
2 1 o 1 14 1 12
Jd = gJO - §J3 + ﬁjB, (16b)
1 1

the currents J#, J4 and J* can be written explicitly as

2—]62 (ﬁy“pwﬂr_ + 2pvyHp K+K_)

+ 3Zz+7a5m;+ + 2Za+yaﬂmg T ZZVQB“Ag + 2§;+fy°‘5“2;§+ + EZOVC“B“Z;;O

+i (Ot —wtotrT) +i (K- O'KT — KTO"K ™)

D+ F)
V2f

C
7z (

YTt +

+

— — - 1
J = pyFp + 2nykn + 28 AFET + 207“20 + AYPA + —

i

V6O AT 1T +iV2p0 At 4 i K 4 h.c.) ,

D+3F) , & i(D—F)_
N e AK+_— ,uSEOK-i-
\/ﬁf Py Yi Py

(17a)

_ _ _ —0
e (m"m*ﬂ -y K KO)

+ Do PHAT 4 2B NG 4 BA L UBEAG + S yEE) 4 98 Aty

—i(rO*rt —totnT) +
i(D — F)

‘(D+ F
D+ ) >m"v5m

V2f

_l’_

V6 f

(i\/ﬁp O AT ™ +ip O ALt 4 ipO Yt KO + h.c.) ,

(K MK® — K°0"K)

s K

V2f
(17h)



_ _ |
T = St S0 4 AyRA (2]37“]) KTK~ + ﬁv“pfOK())

212
+ §Z+7a6u22+ + izofyaﬁuzzo _ Z(K MKt — K+3“K’) . Z'(K[)&“KO B KO(‘?“KO)
i(D—F)_ sy o, (D=F)_, s o . i(D+3F)_, o
V2f 2f V12f

C
b= (—z’—@wx;o K+ +iV250mst KO+ h.c.> , 17¢
TR P (17c)

where the terms involving the doubly-strange baryons Z%~ and Z*%~ and the triply-strange

)~ are not present because they cannot couple to the proton initial states.

III. NONLOCAL CHIRAL LAGRANGIAN

In this section we describe the generation of the nonlocal Lagrangian from the local
meson—baryon Lagrangian in Sec. II. Evaluating the traces in Eq. (1) and introducing the
minimal substitution for the electromagnetic field 27,, the local Lagrangian density can be

rewritten more explicitly in the form

£ (1) = B(z) (i7" Dy — Mp)B(x) + % [P(2)7"7"B(x) Zpad(x) +hoc ]

4 T@) i7" T = M) Tufa) + 72 (@)L (2) Dy0(z) + hc)
+ B () [6(0) 906 (5) — Ty} )]
+ @M,mqb(x)(@lt,mqby(m) e (18>

where for the interaction part we show only those terms that contribute to a meson—baryon
coupling to a proton, and we keep the dependence on the space-time coordinate x explicitly.
The covariant derivatives here are written so as to indicate the coordinate with respect to

which the derivative is taken,

DpaB(x) = [0, — e} 7,(x)] B(x), (19a)
D, T" (x) = [0, — ieh o, (2)] T" (x), (19b)
Dppap() = [0, — ie] A (2)] (), (19¢)

where €%, el and e‘é are the quark flavor charges of the octet baryon B, decuplet baryon T’
and meson ¢, respectively. For example, for the proton one has the charges e; = 2e]‘§ = 2,

e, = 0, while for the >* hyperon e, = 2e$, = 2, e‘é+ = 0, and so forth. For the mesons,
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TABLE 1. Coupling constants Cpy, Crg and Cyyi for the pB¢, pT'¢ and ppod! interactions,

respectively, for the various allowed flavor channels.

B¢ pr nrt »HKO YOK+ AKT
Chs 3(D+F) %(DJFF) \%(D—F) 3(D-F) —\/%(D+3F)
To A0+ AT 70 Attt s+ K0 0 fr+
1 1 1 1 1
bt e KK’ K+K-
Coot > 2 1
the flavor charges for the 7t are e, = —efr+ = 1 but e, = 0 for all ¢, and for the K*
these are e, = —ej = 1, efﬁ = 0, and similarly for the charge conjugate states. The

coefficients Cpy in Eq. (18) depend on the coupling constants D, F' and C, and are given

explicitly in Table I for the processes discussed in this work.

Using the methods described in Refs. [30, 35-39], the nonlocal version of the local La-

grangian (18) can be written as

L0000 (1) = B(2) (1" Dy — Mp)B(x) + T (2) (i7" D — Mpy™ )T ()
+ p(x) [%7“753 (z) + %@“”Tv(l’)}

X /d4a Gi(z, 2 +a)F(a) Dyarad(x +a) +hec.

+ f}’;’* (@) p(x) / dia / 0 G(x + b, + a)F(a) F(b)
X [¢(x + a)(Dpws0) (& + ) = Dypwrad(@ + a)p' (x + )]
+ Dpad (@) (D) () + -+, (20)

where the gauge link Q’g is introduced to preserve local gauge invariance,

Ga.s) = oxp | ey [ a1, )], 1)

T

and the function F'(a) is the meson-baryon vertex form factor in coordinate space. One can

verify that the nonlocal Lagrangian in Eq. (20), as well as local Lagrangian in Eq. (18), are
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invariant under the gauge transformations

B(x) = B'(x) = B(x) exp [ie}; 6(x)], (22a)
T,(x) = T)(x) = T(a) exp [ied 0(2) (22b)
¢(z) = ¢'(2) = d(x) exp [ief ()] , (22c)
for the matter fields, and
G (x) = M (x) = FH(x) + 0H0(x) (22d)

for the electromagnetic field, where 6(z) is an arbitrary function of the space-time coordi-

nate z*.

The nonlocal Lagrangian density in Eq. (20) can be further decomposed by expanding
the gauge link (21) in powers of the charge ei,

1
Gi(z + b,z +a) = exp —ie%(a—b)“/ dtﬂu(x#—at—i-b(l—t))}
0
=1+ 0G% + -, (23)

where the O(ef) term is

0G4 = — ief (a — b)* /Oldt%(x—i-at—i-b(l—t)) (24)

and we have used a change of variables z# — z#+a* t+b* (1—t). This allows the Lagrangian
L£omloe) t6 be written as a sum of free and interacting parts, where to lowest order the latter
consists of purely hadronic (ﬁg;%nloc)), electromagnetic (cé‘;ﬁ’m“ ), and gauge link (EIES{HIOC))
components. The hadronic and electromagnetic interaction parts of the nonlocal Lagrangian
arise from the first term in Eq. (23), and are given by

(nomloc) (1) = p(x Cis g Q m ‘a F(a r+a c
C @) = ) | 2207 Bla) + S T()}/d F(a)0,0(c + ) + e

ZC¢>¢>T 4 4
+2f2 x)yHp(x /d /de

o(x +a)0,¢' (z +b) — 0u0(x + a)d' (x + )], (25)
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and

LEM (@) = e} B(a)y" B(x) Fu(x) + e} Tu(w)y" T, (x) Halx)
¢} [0"9(2)¢! (2) — ¢(2)0" ¢! (2)] o7, (x)

~ ic} (o) [CT P Ba) + 2 T o)

X /d4a F(a) ¢(x + a)e/"(x + a) + h.c.

oz PEn"p(@) / d'aF(a) / d'b F(b)
X ¢($+G)¢T(3§—|—b) [%“(x+a)+ﬂﬂ<x+b)]’ (26)

respectively. For the 6G? term in Eq. (24), which explicitly depends on the gauge link, the
¢

nonlocal interaction with the external gauge field yields the additional contribution to the

Lagrangian density,

£ (1) = —ie$ p(x) [% v~ B(z) + Cro @WTV@)]

f f
1
></ dt/d4aF(a) a" 0,¢(x + a),(x + at) + h.c.
el Cyot
+ ¢2f§¢ 2)7°p(z /dt/d4 /d4bF b) (a — b)*

x [¢(x + a)9,0 (z + b) — 0,6(z + a) o' (x + b)] A, (z+at+b(1—1t). (27)

For the nonlocal theory the quark current has two contributions: the usual electromagnetic

current, JH9, obtained with minimal substitution from Eq. (26),

4 (nonloc)
J‘u (I) = 5 fd y»cem (y)
gem AT

= e B(2)y"B(x) + e Ta(2)y""T, (2) + ic}, [0"6(2)¢! (x) — p()0"¢! ()]

— i€} d*a F(a)p(x — a) {% Yy’ B(x —a) + % oM, (x — a)] é(x) + h.c.
elC i
- o) [aF0) o - e - @) 6216+ - a)
+p(e = b p(e = b o(a +a =)ol (@)],  (28)
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and an additional term obtained from the gauge link,

0 Jd'y L™ (v)
6/,(x)

= —iel 1 ‘a F(a)a" p(z —a SUTIVN T —a Cro o T—a
= iy [an [atar@atplo a2 Blo - a) + om0 - ar)
X Opp(x +a(l —1t)) + h.c.
/dt/d4aF /d4bF(b)(a—b) Pz —at —b(1 —t))yp(z — at — b(1 — 1))
X [¢(x +(a—b)(1— )0, (z — (a — b)t)
—~0p0(x + (@ = 0)(1 = 1)! (= = (a = b)1)] (29)

oJ(r) =

€4 Cgoi
212

respectively. Compared with Eqgs. (13) and (17), the nonlocal interaction Lagrangian and
currents in Eqs. (25)-(29) include the extra regulator function F'(a). The local limit can be
obtained by taking F'(a) to be a d-function, F(a) — 6 (a), which is equivalent to taking the
form factor in momentum space to be unity. Since the Fourier transform of the d-function
in position space is a plane wave in momentum space, the value of the plane wave at the
origin is unity. With the nonlocal interaction and current obtained here, in the next section
we will discuss the splitting functions describing the interaction of the external field with

the proton dressed by the pseudoscalar fields.

IV. SPLITTING FUNCTIONS

In this section we will derive the general expressions for the proton — pseudoscalar meson
+ baryon splitting functions for the full set of SU(3) octet and decuplet states. After giving
the model independent results for arbitrary regulating function F(a), we derive explicit
expressions for a specific choice of regulator in which the momentum dependence is given

by a dipole shape.

A. Model independent results

The interaction of an external probe with a proton dressed by pseudovector mesons at
leading order is given in Fig. 1 for octet intermediate states and in Fig. 1 for decuplet
intermediate states. The diagrams in Figs. 1(a)-1(c), 1(e), 1(f), 1(h)-1(j) correspond to
those in the local effective theory, while those in Figs. 1(d), 1(g) and 1(k) arise from the

12



/ N ;- \\ / A / \\
| | | ® + ® .
(a) (b) (c)
s - N 7 N /’\\
-~ RN { \ / \ /
// \\ // \\ \ ) \ ] \ /)
_I_._ + _‘— _>®./_ ~ 7 _;./_
(d) (e) () (9)
//®\\ //—\\\ //_\\ PN
/ \ / / / \
— — R — '—®_ PR S—
(h) (i) )]
AN VAN
/ \ / \
e , _g——
(k)

FIG. 1. Diagrams representing the interaction of an external current (denoted by the crossed
circles) with the proton involving SU(3) octet [(a)—(g)] and decuplet [(h)—(j)] states: (a) and (h)
are for meson coupling rainbow diagrams; (b) and (i) are for octet and decuplet baryon coupling
rainbow diagrams; (c¢) and (k) are for Kroll-Ruderman; (d) and (j) are for Kroll-Ruderman type
diagrams generated by the gauge link (denoted by the filled circle); (e) is for meson tadpole; (f) is

for meson bubble; and (g) is for meson tadpole diagram generated by the gauge link.

new interactions in the nonlocal theory given by Eqgs. (25)-(27). The resulting amplitudes
will be expressed in terms of specific meson—baryon splitting functions convoluted with
corresponding PDFs in the bare or undressed mesons and baryons. These will be used
to compute the contributions from meson loops to PDFs in the nucleon, the most direct
predictions for which will be for nonsinglet PDF combinations in which perturbative QCD
effects largely cancel. Examples include the light-antiquark flavor asymmetry d — @ and
the strange asymmetry s — §. In the valence approximation for the undressed hadrons, the
former will only receive contributions from the direct meson coupling diagrams in Figs. 1(a),

1(f) and 1(h), while all the diagrams in Fig. 1 will be relevant for the s — § asymmetry.
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1. SU(3) octet intermediate states

Beginning with the meson rainbow diagram in Fig. 1(a), the vertex function for the

nonlocal theory can be written as [17]

I (2m) 00 (p — p) = (p|i? / d'zdyd'z Lot (x) T () Liminy (2)|p)
20123¢

<p} /d4x dtyd*z /d4a F(a )/d4b F(b) p(x) v"7°B(x) 0,¢(z + a)
x (— [6(1)0" ' (y) — &' ()" 3(y)]) B(2)7"7°p(2) 8,0' (2 + ) [p),  (30)

(nonloc)

where L, A(B) is the part of the hadronic nonlocal Lagrangian (25) that depends on the
octet baryon fields B. (Note also that we defined the vertex such that the quark flavor
charge ei is included explicitly in the bare meson and baryon PDF's discussed in the next

section.) Integrating over the space-time coordinates x*, y* and z*, one has

vty = ) [ éﬂ’; o) [ e geny TEZR A o g

fr Dp

X D—¢2k“D—¢u(p) exp|—ik - (a — b)], (31)

where the Dirac spinor u is normalized such that uu = 1, and D, and Dp denote the

propagator factors for the intermediate baryon and meson, respectively,
Dy = k* —m? + e, (32a)
Dy = (p— k)’ — M} +ic, (32b)

where my and Mp are for the meson and octet baryon masses. Defining the regulator in

momentum space as

Fk) = / dia expl—ia - K] F(a), (33)
the vertex operator becomes
1 C% d*k o U@ — k) + Mgl it s
Ty = Ral) [ etk o) Fy SR i 08 ) B u()

Taking the 4 = + component of the integrand " s+ we define the splitting function f, ;fé’w)(y)

in terms of the light-cone projection of T 6B

M d*k ~ kt
(sbw)  \ _ +
0 =05 [ i (v 52, (35)

14



where kT = k% + k* and M is for the nucleon mass. From Eq. (34) the splitting function for

the meson rainbow diagram is then given by

ww, _ Chs [ d'k S i[(p — J) + Mp) i i
1570 = 5 [ e k) £ B
k.+

< B2(k) u(p) p—]‘f(s ( - —) | (36)

p+

Similarly, the splitting functions for the baryon rainbow diagram of Fig. 1(b) and the
Kroll-Ruderman (KR) diagram of Fig.1(c) can be expressed as

bw C% ko 5. U (P — Bl Li(®— Bl, 5
15 = 2 [ St eny 1 Ml AP B Ml s g
L Mol _F
< 5P ulp) 550 (5= 1) (37)
and
KR C% 4 _ . 5 { - B 5
1) = 5 [ at { e =R e g
+ (k 75)”(% _Z}g)B+ MB] (i’75’7+)}
i~ M o+
X D_¢F (k) u(p) F(S( — p—+) : (38)
respectively.

As discussed in Sec. III, the current generated by the gauge link in Eq. (29) produces
the additional diagrams in Fig. 1(d), 1(g) and 1(k). The amplitude for the Kroll-Ruderman

additional diagram in Fig. 1(d) can be written as

6T, (2m)*6W(p — p) = <p‘i/d4y d*z (Eg:;lzg;) (y) 06! (2) + 0Jk(y) Eflr;zlzlg;)(z))

— Z%‘b /0 1 dt (p| / dy d*z / d*a F(a) / d*b F(b)

x| =iV BV B(y) Dby + a) Bz = by p(z = bt) 9,61 (= + b(1 ~ 1))

+ia"ply — at)y"y° Bly — at) 8,0(y + t(1 — a)) B(2)7"7°p(2) 0,0' (= + b)] ). (39)

which after Wick contraction and integration over z#, y* and z#, becomes

sty = “Beay) [atari) [avro) [25

w {ra ey LB Ml oy iy = Ml )
x u(p) exp[—ik - (a — b)]. (40)
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Performing the integrations over the space-time coordinates a* and b*, the vertex can be

further simplified to

ot = ) [ {—8F<‘k)f<k><% ) =B Ml

f2 271')4 8k:# DB

-OEW By L= el f)} 5o ) ()

In analogy with the definition of the splitting function in Eq. (34), the splitting function for
the nonlocal Kroll-Ruderman diagram in Fig. 1(d) induced by the gauge link can be written

KR) 0123 4 _ . B] * 5
51 = 22 [ty ) M Loy
OF2(k) M ket

The main additional feature here compared with the splitting functions in the local theory
is the dependence on the derivative of the hadronic form factor Fonk™.

For the remaining meson tadpole and bubble diagrams in Fig. 1(e) and 1(f), the splitting
functions are given by

13 (y) = C;ff /(Q&Tkyl i(p) 7+~ u(p) F2(K) 0 (y - E> ’ o

and

) = - [ a2 we (Di¢)2u<p> P sro(v-12).

f2 (27)4 pt pt
where the coupling constant Cy: is listed in Table I.
Finally, the vertex associated with the nonlocal tadpole diagram in Fig. 1(g) geneated by
the gauge link is defined by

o (2r) 59— p) = (o] [ 57y (15)
and can be reduced to
Cost [ d*k i ~ OF(k) OF (—k)
w_ 99 -~ - —

oy = = [ k) [Fh S+ = (46)

The splitting function for the nonlocal tadpole diagram is then given by

C d*k i 20F2(k) M kt
(tad) — ﬂ s 7 I S - 4

o) = < [t kg s (v 1) )
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2. Decuplet intermediate states

For the splitting functions associated with the decuplet intermediate states in Fig. 1, the
diagrams in Figs. 1(h), 1(i) and 1(j) arising from the local Lagangian are supplemented by
the additional nonlocal Kroll-Ruderman diagram in Fig. 1(k) induced by the gauge link in
the nonlocal theory. Similarly to the meson rainbow contribution in Eq. (30), the vertex
function for the meson rainbow diagram in Fig. 1(h) with an intermediate decuplet baryon

T can be written

Il (27)' 6@ (p — p) = (p|s? / d'zd'y d*z L (@) Tlen(y) L, (2)|p)

20%¢

(p| /d4xd4yd4 /d4aF( )/d4bF(b) ()0 Ty(x) Dup(x + a)
x {—@ (1)0"'(y) — &' (y)"d(y)]} Tp(2)07p(2) D¢ (2 + b)|p),  (48)

(nonloc) .

where L, A(T) is the part of the hadronic nonlocal Lagrangian (25) that depends on the
decuplet baryon fields T, and the operator ©*® is given in Eq. (2). Integrating over the
space-time coordinates, one finds
*CF d'k —i[(# — §) + My] Psy(p — k)
_ ¢ — 4 4 ap T £p\P
FZT_Tu(p)/(QW)‘l/d bF(b)/d aF(a)k,© D,

X D—¢2k“ O ky u(p) exp|—ik - (a —b)], (49)

where the decuplet baryon propagator Dr is the same as Dg in Eq. (32b), but with Mp
replaced by decuplet baryon mass Mp. The spin-3/2 projection operator P,z depends on the
off-shell parameter Z, defined in Eq. (2). To simplify the form of the spin-3/2 propagator,
in our calculation we choose Z = 1/2, following Refs. [16, 17], in which case the projector

P, is written

1 YaPB — V8Pa  2DPaP
ey — ebe ke ZPaby (50)

Pos(p) = gap — :

v

Note that for this choice one then has the operator O = ¢g" — 4#4¥. Performing the

integrations over the space-time coordinates a* and b* then gives

W _ P07 Ak s 5 ZHW = K) + Mr] Po,(p — k)
Vyr = 12 : u(p)/(zﬂ>4 ka® g F(k) Dy -

x D—¢2k:“ D¢@p0k o F(—k) u(p). (51)
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The splitting function for the meson rainbow diagram with decuplet intermediate state is

therefore given by

wow), + Chg [ d'% op —4(# — ) + Mr] Pg,(p — k)
quT (y) - F /(27T)4 U’(p) ka@ g Dy
okt ok ) u(p) F2(k) L s (y - E) (52
D¢ D¢ i pt pt

Following similar procedures as for the octet baryon case, the splitting functions for the
decuplet baryon rainbow diagram in Fig. 1(i) and the decuplet Kroll-Ruderman diagram in

Fig. 1(j) can be written as

Cz S —i|(p — 7| Fva(p —
1) = 2 [ty ko =B Tielb =) o
% —i[( — ¥) +£T] Psp(p — k) qus(_@paka) u(p)
e M,
x Fi(k) o (y p+) (53)
and
K Cc3 ko i —i[(p — 7|Poa(p —

1O = 2 [t {5 om) RSB =0 g
+ kﬂ@uu _Z[(ﬁ - %) +l;\jT]Pua(p — k) (_i@a+>DL¢} u(p)
M i+

xF(k)FcS( —p—+), (54)

respectively. Finally, the splitting function for the nonlocal Kroll-Ruderman decuplet dia-
gram in Fig. 1(k) induced by the gauge link is

KR _ 20% d*k ~ . ov _Z[(ﬁ — k) + MT]PVa(p — k) i ac
) = / 5 10) (4,67 - 5o (-0 K, ulp)
OF2(k) M kt

The set of functions { f(g)w), fg;w), f](BKR), 5 féKR), fébUb), fd(fad), ) fétad) } for the octet
baryons, and { fq(fwa), :(Frﬁw), f}KR), 5 f}KR) } for the decuplet baryons, then represent the
complete set of functions that describe the dressing at one loop of the interaction of an

external current with the proton in the nonlocal meson—baryon field theory.
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B. Covariant dipole form factor

To evaluate the splitting functions derived in the previous section requires a specific
choice for the meson-baryon vertex form factor F(k). Consistency with Lorentz invariance
restricts the form factor to in general be a function of the meson virtuality k% and the baryon
virtuality (p — k)2. For convenience, we choose the regulator to have a simple dipole shape

in k% with a cutoff parameter A [33, 3], independent of the details of the baryon state,

A= () 56)

where Dy = k? — A? + ie and we define A=A my.

1. Octet splitting functions

With the dipole regulator in Eq. (56), after reduction of the v matrices in Eq. (36) the

splitting function for the meson rainbow diagram in Fig. 1(a) can be written as

oy OB [ dk
18570 = =5 [ Gy

—92 . I
yMO(A°—mi) 0 y(MA = 2p- k)
D3 Dg Dy Dy Dg D} D2 D}
/{3+
X 0 <y - —) (57)

p+

where the average mass M and mass difference A are defined as
M = M + Mg, A = Mg — M. (58)

It will be convenient to perform the d*k integration in terms of light-cone momentum com-
ponents k¥ = k° & k* and transverse momentum k, . The first two terms in Eq. (57) have
poles both on the upper and lower half-plane, so the integration over £~ can be obtained
using the residue of Dg or Dy. For the third term, proportional to 1/D?%, when k™ # 0 both
D, and D, have poles on same half-plane, so the integral vanishes. On the other hand,

when k% = 0 the integral becomes divergent. We can simplify this term using

/d4k2yp-k_ / /d4 2p - kyl—Z)
D;Dy 600 Q—Ha)
(1—2)z
4
6894/ /d (k2 — Q+@5) (59)
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where we define

Q = (1—2)m) +zA% (60)
The integration over k= in Eq. (59) can be written as [21, 18]
> 1 k3 +Q

dk™ 5———— = 2mi ] = 5(k™). 1

[ et Og( 2 ) (") (61)

where p is a momentum independent constant. After the k~ integration, the splitting

function for the meson rainbow diagram can be expressed as a sum of an on-shell term,

](30n) , and d-function terms, f](;) and 0 f](;), generated by the contact interaction,
C3, M
rbw) B on 0 é
1 W) = e (187 ) + 10 w) = 015 w) (62)
The on-shell function is given by
y k2 + (yM + A)Q]
Yy / i | (63)
. y* D iB Dip

where § = 1 — y, and we employed the shorthand notations [29]
k2 +yMg —yy M? +gm}

D¢B:— — (64&)
y
k2 4 yME — yg M2 + 5 A2
Dyp= LTIV Z VI EYA (64D)
7

The d-function contributions are nonzero only at y = 0, and arise from the local and nonlocal

interactions. The local d-function term is given by

90 =5 [ [0 oo
By_MZ 1 Zki—i—ﬂ)‘ly

-2
= — [ dk? |log =2 2
— [ o gl + o W, )
with
Qp = K +mj, Qp = kT + A% (66)

The log (2, term in Eq. (65) gives rise to the leading nonanalytic contribution, which is
independent of the regularization method, as we have verified using various methods, in-
cluding Pauli-Villars, dimensional regularization or a hadronic form factors. In the limit
when A — oo, the second term in Eq. (65) ~ A /A becomes a constant. Within dimen-
sional regularization, the integral of a constant is defined to be zero, in which case the result

coincides with that in Ref. [28],

1 Q
P = [0 g d) (o7
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The nonlocal d-function contribution, d f 1(35), in Eq. (62) is given by

5FO(y :——/dkl/ dz —— kg 5()

1 LT Q¢ 391 + 13020, — 50,02 + O3
_ 422 10g 2t .

In the A — oo limit the first term in the integrand of ¢ fg) vanishes, while the second term
becomes a constant, independent of k. In dimensional regularization the latter can again
be taken to be zero. The local function f g), on the other hand, retains a dependence on k|
through the log 2, term, so that the splitting function for the rainbow diagram in Eq. (62)
will reduce in this limit to the local splitting function. In the same limit, for the case ¢ =
and B = N, the integrand of Eq. (63) reduces to the familiar on-shell form found in the
literature [1, 19, 50],
k) — fai )

W" k2 +y2]\/[2+ym2]

for the specific dissociation p — 7 n.

(69)

For the baryon coupling rainbow diagram, Fig. 1(b), the splitting function in Eq. (37)

can be reduced to

. -8 =2 . J—
be f? (2m)* |  DEDyD} DEDy  DpDyDy  DyDj
ket

Performing the k= integral, this can then be expressed as a sum of on-shell, local and

nonlocal off-shell, and d-function terms,

o A0+ 1550 + 1055 — 10w (7)

Note that the on-shell splitting functions for the baryon and meson couplings are equivalent,

Tis" (y) =

while the J-function contribution f ](35) is as in Eq. (65). The off-shell contributions in Eq. (71)

include local and nonlocal terms. The local off-shell contribution,

2A (yM + A)
o a2 LT 72
is similar to that derived in Refs. [25, 28], while the nonlocal off-shell term is given by
2
(off) A ) Yy [kL (yM + A) }
Sfg (y) = /dk P Do Doy (73)
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In the A — oo limit, the nonlocal term behaves as A /D35 ~ 1/A?, so vanishes, as expected.
For the Kroll-Ruderman diagram in Fig. 1(c), the splitting function in Eq. (38) for the

dipole regulator becomes

2C2, N [ &k [(wM+AM 1 ket
féKR) (y) — B2¢ / n (y )4 + - 5 y—— ), (74)
f (27’[’) D¢DBDA D¢DA p+

which after the £~ integration can be written in terms of the off-shell and d-function terms,

——2
CpeM

(4 f)?
as given in Egs. (65) and (72). (Note that the notation used here differs slightly from that

a o (y) =

g (= 150 + 219 )] (75)

of Ref. [29], where for strange octet baryons coupled to kaons the Kroll-Ruderman function
was labelled by fi(,I}R); here we drop the meson label, as for a proton target the choice
of baryon intermediate state uniquely specifies the meson, and also label the J-function
contribution by the baryon involved rather than the meson.) For the nonlocal gauge link
contribution in Fig. 1(d), reduction of the Dirac matrices with the dipole form factor allows

the corresponding splitting function ¢ f éKR) to be rearranged as

D,DsDL | DuDn D, D,
k+
X 0 (y — —) : (76)

After the k£~ integration, this reduces to a sum of the nonlocal off-shell and d-function

. -8 —2 — R
of () = iChoh / d'k | M (A —mj) agM dy(MA —2p- k)
i 2 ) (et

contributions,
—2

K 02 M o
515 ) = e 40050 — 1) (77)

as given in Egs. (68) and (73), respectively. From Egs. (62), (71), (75) and (77) one can

verify that the splitting functions satisfy the relation

FE () = F55 () + F50 () + 615 (), (78)

which generalizes the result in Ref. [28] to the nonlocal theory. Note that the local and
nonlocal off-shell contributions f g)ff) and ¢ f](;ﬁ) cancel between the three terms on the right
hand side of Eq. (78). As noted above, in the A — oo limit each of the functions induced
by the nonlocal gauge link, fg’ff) and ¢ f]ga), vanishes, reproducing the local result from

Ref. [25] that does not include the gauge link function 0 ffBKR). Remarkably, the nonlocal
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generalization (78) means that gauge invariance is satisfied even in the presence of a finite
form factor cutoff A!

A similar analysis can be applied to the tadpole and bubble diagrams in Fig. 1(e), 1(f)
and 1(g) in the presence of a hadronic form factor. From Eq. (43), the splitting function for

the tadpole contribution with the dipole form factor can be written as

CoM

e te W), (79)

fq(btad) (y) —
where the function ff) is equivalent to that in Eq. (65),

5 5
157w = 15 ). (80)
For the bubble diagram in Eq. (44) the corresponding splitting function is given by

L C’MTMQ [

e UROREAO)] (81)

where the nonlocal function  f f) is given by Eq. (68),

3fP(y) = f (y)- (82)

Finally, the splitting function for the nonlocal tadpole gauge link diagram in Fig. 1(g) from
Eq. (47) with a dipole regulator is

" Coysi M
515 W) = Ly

Combining Egs. (79)—(83), one finds that the tadpole and bubble diagrams satisfy the gen-

S (y). (83)

eralized relation

£ ) = 19 (y) + 55 (), (84)

which confirms the gauge invariance of the nonlocal theory.

2. Decuplet splitting functions

Turning now to the splitting functions for the decuplet baryon intermediate states in

Fig. 1(h)-1(k), the contribution from the rainbow diagram with coupling to the pseudoscalar
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meson in Eq. (52) for the covariant dipole form factor (56) is given by
o 78 -2
flim (v) = iC3y A / d*k [ y(My —m2)* (A% —m?)
oT 6M2f2 ) (2m) D? Dr Dy
—2 —2 —2
y(My — mi)(MT +2A2% — Bmi) N y(2M 7y + A% — k? — 2m§))
D, Dy DX Dy D}

Yy —2
+ o (A k)2 = 2007 = B2) p- ke + (M3 — &%)

o LA

Lt
+M(2My7 — M® — 2M*My) — 2ME*(2M + MT))] 0 (Z/ - p_+) , (85)

where the coupling constants Cry for the decuplet intermediate states are listed in Table I,

and the masses My and Ar here are defined in analogy with Eq. (58),
My = M + My, Ar = My — M. (86)

After performing the £~ integration, the splitting function can be decomposed in terms of
on-shell decuplet, end point, and local and nonlocal d-function terms,

02 M2 on on en 1 M2
L T[ﬂ ) + £y >—1—8f$><y>+6T( Dy >—5f$><y>)].

for" W) = Ty

(87)

As for the octet case, the first term in Eq. (87) is the on-shell splitting function for the

meson rainbow with a decuplet spectator,

— —2 —2
TR iy T ][ R e RS
6MZ e y Dy Diy Dyr Diy
(88)
where Dyr and Dar are defined analogously to Eqs. (64),
B2 - uM2 — u i M2+ Gm2
Dyp— LA YME Yy ME A+ g (98)
Yy
k2 M2 . 7M2 7A2
Dpp= LTV Z VY RYR (89D)
Yy

Since A" /Dir — 1 in the A — oo limit, the decuplet on-shell function (88) reduces to the
pointlike result found in Ref. [27].

The function f; (onend) 3p) Eq. (87) is finite for finite values of A,
—8

(onend) A 2 Y
f (y) = /dk -y
' 6M2 M) PP Dir

x [ki +y?M? — 2y(My — MAy) — 25m? + 30 — AM My |, (90)
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but in the A — oo limit corresponds to the end point function in Ref. [27], with a singularity
at y = 1. To see this, first note that Dy in Eq. (89b) can be written in the form yDyr =
—(X7 +yQq), where Xr = yQr —yyM? and Qr = k3 + MZ. In the A — oo limit, one can

then write the factor

iy i " A\
1m
ZTID?\T A—oo  Qp—oo Qo (’yt — ngQ —|—§QA)5 A
A ; NP3 KNPl o)
PO Qo0 \ YDA, 7D ) Ao

where 5Dy = —(Xo + 7 Q), with X = yQo — yyM? and € is a A-independent constant.
At finite A, the term involving Dy vanishes; however, care must be taken when evaluating
this for A — oo. Replacing €2, in the first and second terms in Eq. (91) by (—yDar — X7)
and (—yDy — X), respectively, one obtains

A

—— — ——— lim
g4Dj1\T A—oo g3Q?j\ Qp—00

8 -6 2 -2

Iy A XXy AX,
i o ) T3\ . T e
yDxr YDy y* Dy 92 Dg
AX: AX3 AXx: AX3

3 . (92
! <§3D2T 173D8> ' (y‘*DiT 174D6‘>]A %)
—00

Since in the A — oo limit one has yDx7 — —K2(g + X7/€y), the first term in parentheses
in Eq. (92) can be written

X o 11 (93)
yDar  yDy N g+ Xp/Q g+ Xo/Qa
—00 A—oo

where we have taken €y < A?. The right hand side of Eq. (93) has the properties that it

vanishes if § # 0, is divergent if § = 0, and becomes log(Xr/Xy) when integrated over g, so

that it can be represented by a ¢ function,

—9 2
A A Xr

- =6(y) log —. 94

(yDAT yDO)A—m @ gXo (54)

Similarly, for the 1/(yDxr)™ terms in Eq. (91) with n > 2, one can write in the A — oo

limit
A Xy (Xp/A2)"!
S N e ey ONT
Since the same result is obtained when Xr is replaced by X, the 1/(gDar)™ and 1/(yDo)"

= : n>2. (95)

terms cancel for n > 2, and one obtains
-8

A 1 Q _ 1 Q _
AT
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where p is defined such that log(Q7/u?) = log(Qr /) + 1. With this result, one can finally

write the end point splitting function in the A — oo limit as

(onend) 1 2 {|: B 2 oy i| & _
Ir (y) e —6M%M2T /d/ﬁ Qr — 2(A7 —my) — 6M Mr| log 2 Qr
+2(AZ — m2) + 6MMT}5(g). (97)
This expression is identical to that for the end point term in Ref. [27], except for the k-

independent terms in (97). For dimensional regularization, however, these are again defined
to be zero, so that the result does indeed match that in [27].

For the ¢-function contributions at y = 0, there are three distinct terms in the decuplet
rainbow function ngbw). The new decuplet §-function term in Eq. (87) for the nonlocal case

is given by

)
Dy M2M /dkl/ dz s s k2+Q = 0(y)

Q4
/d/’{:L 202 [692 Qylog Q_ + (2 QA)(Qi5 — 50 — 293\)} I(y), (98)

M%M T

where , and Q) are as in Eq. (66). In the A — oo limit, only the first term in the integrand
of Eq. (98) survives, so that the local limit of the function f:(pa) is

) 3 Q
P 2 s [ [2eron s —0d]ow) (99)

where the constant p here is defined by log(Qs/p?) = log(Q2s/Q) + 17/6.
The remaining J-function terms in Eq. (87), namely, the local fd(f) and nonlocal ¢ ff)
functions, are given in Eqgs. (80) and (82), respectively. The combined contribution of the

I'W

o-function terms to f g7 in the local limit is then

—2
1 (3(Mg—m3) ) _ 1 > 2 9 Q

(100)

Note that this expression differs from the total local d(y) contribution in Ref. [27], which
was computed using the projector P,z in Eq. (50) but with Z = —1/2 for the interaction
O in Eq. (2). The result here supercedes that in Ref. [27].
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For the decuplet baryon coupling rainbow diagram in Fig. 1(i), reduction of the y-matrices

in Eq. (53) yields

Fo(y) =

. -8 _ =2
ZC%¢> A / d*k | y(Mp — ) (A% — ¢)
6M2f2 | (2m) Dy D2 DA
L O[0 +m2) (2D + A} — m3) — My — I AF — b
D% Dy
— mi) [(y — 2)MZ — 2y MMy + (y + 2)(M?* — mi)}
Dr Dy D1
N (y +2)(2M? —m3 — k) + (yMy + 2M)2My
D D4

M 2y My MMy —2yp -k — 3k? k™

——2
(M

D2 D} Yo
Integrating over k£~, the splitting function for the decuplet coupling rainbow diagram can

be written analogously to the function f d(fj?w) in Eq. (87),

(rbw) o O%qﬁM; (on) (onend) B (off) (off end) . (off)
) = g | A ) 0 ) = 2 (0 )+ T ) - 2650 )
1 Mo+ 3m2
(W) 3087 w) - = 1 <y>] . (102

The first term in Eq. (102) is the on-shell splitting function for the decuplet baryon rainbow,
and is identical to that for the meson coupling rainbow in Eq. (87). The second term is the
same as the end point function contribution in Eq. (90).

The off-shell decuplet contributions to f}r;f)w) appear as three individual terms — a local

off end)
f(

off-shell piece, f:(r an off-shell end point contribution, , and a purely nonlocal term,

) f}Off). The local off-shell function is given by

fomy _ & / g2 M=) [§ (M2 = m) = (L+y)Mi]

— - : (103)
r 6 M2 Y Dgr Djr
which in the A — oo limit reduces to
—9
1 M, —m?2) |y (M? —m? 1+ M2
A—oo 6M%MT yD¢T

In addition to the end point function for the on-shell contribution in Eq. (90), a separate

end point contribution exists for the off-shell case, f; (off end) , and is given by

off end
Y (y) = -

s [ki+g2M2+g(M2T—m§)—M%
/ dk? (105)

6M2M 9 Dir
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Using the relation in Eq. (96), one can show that in the A — oo limit this term is proportional

to a ¢ function at y = 1,

OIT en 1 Q y
floffend) oy —_z/dkﬁ{[ﬂT — 2M3] log —5 — QT} 0()- (106)
A—o0 6M72~MT %

As for the octet case in Eq. (73), the decuplet splitting function also includes a nonlocal

decuplet off-shell term, given by

A 2 Y [ki + (yM — WT)QF [k’i + (yM + AT)Q}

SFN () = — 2 / di . . (o7
! 6M2D ) 7' Dor D}y

The presence of the 1/D3; in the integrand of (107) ensures that in the A — oo limit the
nonlocal function vanishes, § f}Oﬂc) — 0.

For the d-function contributions at y = 0, the local terms f(z(f) and f:(pé) in Eq. (102) are
given above in Egs. (80) and (82), respectively, while the new nonlocal §-function term,
) f}‘s), is given by

N

1
S (y) = —— / dk? — 5(y). 108)
7 (Y) et ) e (

As with the other nonlocal contributions, this term also vanishes in the A — oo limit.
The final diagram in Fig. 1 is that for the Kroll-Ruderman contribution with a decuplet
intermediate state, Fig. 1(j). The splitting function corresponding to this diagram, after

reducing the y-matrices in Eq. (54), can be written

-8 -2 _

<r) = Ored / d'k | My —m3)*[(1+y) M7 — g(M? — m3)]
T W 3M2 2 ) (21 D, Dr DY

POl —2(1+1y)p-k+y(2M? + M) + M2

Dy Dy
2uM?2 — y(k? +m?2 — 2M M k+
M3 2z 2P (y - —+) . (109)
DT DA P

After integrating over k~, the splitting function for the decuplet KR diagram can be ex-

pressed in terms of local and nonlocal off-shell and d-function terms,
——2
(4 f)?

1) =

M 4 m2
[2 (A w) + £ ) - é (72w =07 @) + %ff) (y)]

(110)
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each of which have been defined previously. Finally, the splitting function for the additional
decuplet diagram induced by the gauge link, Fig. 1(k), is obtained from Eq. (55),
C2,K [ dik
5fKR)():_2i T¢22/ 1Y
3Mif* ) (2m)

+(k32+m¢)(2M + A2 —m2) — (Mg — 202) My — k*
Dy D}

—2
(M — m¢) (AQ - m¢)
Dy Dy DY

1

+D¢ D3

<4(p - k)? + 3my — (3k% + 3M2T + A% — MpAr)m

—(4K> — 6m> + 20 ) (p - k) + K> Moy + M Ap + k:4>

5 <y - le—i) . (111)

With integration over k~, the splitting function for the nonlocal KR gauge link diagram can

1
— 5= (3M+5M% + 4 M My — 3m? —6p- k)
A

be simplified to a sum of nonlocal off-shell and d-function contributions,

=2

c2, M )
aﬁ%>ﬂggl4wﬁu i) -

From Egs. (87), (101), (110) and (112), one can then explicitly verify that gauge invariance

for the decuplet baryon contributions is satisfied through the relation

(rbw) rbw KR KR
1" W) = 125" W) + 1770 w) + 01 ). (113)
This generalizes the result from Ref. [29] to nonlocal interactions in the presence of vertex

functions parametrizing the extended nature of the proton.

C. Leading nonanalytic behavior

Having derived the complete set of splitting functions for the one-loop diagrams in Fig. 1
for the dissociation of a proton to a pseudoscalar meson (¢) and an SU(3) octet (B) or
decuplet (T") baryon, in the rest of this section we discuss the characteristics of each of the
functions and illustrate their relative shapes and magnitudes numerically. The full set of
functions includes 8 basis functions that are nonzero in the local limit, { fgm), f](;ﬁ), f:(pon),
f;onend), f:(FOH), f}OHend), f , qu)} and 4 nonlocal functions, {§ fB off) 5 f , 0 f:(pé), ) fqgé)},
that vanish for pointlike particles. All of the diagrams in Fig. 1 are then represented by

splitting functions that can be written as linear combinations of these basis functions.
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Before presenting the numerical results for the splitting functions for the case of the
covariant dipole form factor in Eq. (56), we first identify some features of the basis functions
that do not depend on details of the regularization method, but are entirely determined by
the infrared behavior of the chiral loops. Namely, expanding the lowest moments ( f;) of

the basis splitting functions,

)= [ s, (114)

as a series in the pseudoscalar meson mass my, the coefficients of terms that are nonanalytic
in mi (either odd powers of my or logarithms of my,) are determined by the low-energy
properties of the nucleon and do not depend on the ultraviolet behavior of the functions [19-

]. In particular, the moments of the on-shell and off-shell functions [ (on) ¢ gﬂ), f}on), f:(FOH)
and the o-function terms fj ©) and fr ©) all receive leading nonanalytic (LNA) contributions,

while the purely nonlocal functions and the decuplet end-point contributions fTonend) and

fTOH nd) are purely analytic.
For the octet intermediate states, we find the LNA term for the on-shell moment (™)

is given by

A—-R
(4777,; — 6A2) logmi +6RA log m, A > me,

(115)

(1)

LNA B A
(4m§5 — 6A%) log mi + 6§A<7r — 2arctan ﬁ)’ A < my,

where R = /A2 —m2 and R = /m3 — A2 For the off-shell moment (Y the LNA

contribution is

( 2R®*  A-R

—2m3 logm? — o log AT R A > my,
(off) ‘ 116
Nowa = - . (116)

—2m? logm +—(7T—2arctan_> A < my.

\ @ 08T Mp R i

The LNA behavior of the moment of the d-function term, ( ff)), is

()| = —m2logm?, (117)

These results generalize the LNA expressions given for hyperons and kaons in Ref. [29].
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For the decuplet intermediate states, the LNA term for the on-shell moment (f. (On)> is

8m?2 — 12A2 Ap
( @ - ) lOg m¢ + 4R Ar lOg A—]};T Ar > Mg,
T+ Iip
A (118)
(8m¢ —12A%) Ar
3 log m¢ + ARy Ap <7T — 2arctan R—), Ar < myg,
T

where Ry = /A% —m? and Ry = \/MZ — A%. The LNA contribution to the moment of

the decuplet off-shell function ( f}OH)) is given by

(2 AR3 Ar — Rr
“m21 4 1 A >
3m¢ ogm¢ + 30 AT TRy My,
Flom ‘ - 119
W e 2 1R, A e
—m?lo m2——T<7r—2arctan_—T>, A < myg,
[ 3708 T 3, Tor ¢
while the decuplet d-function moment has the LNA term
—2 s 2
My ()] = =SmElogm?, (120)

LNA 3

The decuplet results agree with those for the 7A intermediate states derived in Ref. [27].
We stress that these results are completely general, depending only on the infrared prop-
erties of pseudoscalar meson loops, following directly from the symmetries of the chiral
Lagrangian. They are independent of short-distance contributions, which are model depen-
dent, and so provide us with a powerful tool that can be used to verify whether any model

is consistent with the chiral symmetry properties of QCD.

D. Phenomenology of meson—baryon splitting functions

In this section we explore the features of the meson—baryon splitting functions for the
various octet and decuplet contributions that are nonzero at y > 0, for a finite dipole cutoff
parameter A in Eq. (56). For illustration, we consider the nucleon and lightest A hyperon
states for the octet baryons, and the A and X* for the decuplet states. Unless otherwise
indicated, we will use a typical value for the cutoff mass of A =1 GeV.

In Fig. 2 we show the basis splitting functions for the on-shell fBor}), off-shell fB , and
nonlocal off-shell & f T contrlbutlons as well as the on-shell and off-shell end point functions

fTOn ) and fTOH 2d) for the decuplet A and X* states. For all baryon intermediate states, the
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FIG. 2. Splitting functions versus meson momentum fraction y for the proton dissociations into
(a) N+, (b) A+ K, (c) A+, and (d) X*+ K state, for the on-shell f(° (red solid curves), off-shell
£ (blue dashed), and nonlocal off-shell 6 f(°) (black dotted) contributions. For the decuplet A
and X* states, additional contributions from on-shell end point f(°*¢*d) (red dot-dashed) and off-
shell end point f©Ferd) (blue dot-dot-dashed) are included. All results correspond to the covariant

dipole form factor in Eq. (56) with cutoff mass A =1 GeV.

on-shell functions f 1(301}) are positive at all y values and peak at around y = 0.1—0.2, depending
on the mass of the baryon. The main difference between the on-shell functions for the
different baryons is the magnitude: for the strange baryons the functions are approximately
an order of magnitude smaller than for the non-strange.

The off-shell functions féﬁfp for the octet baryons are negative, with magnitude com-
parable to the on-shell functions. For decuplet baryons, the off-shell functions increase as
y — 0, and in fact dominate the small-y region. The nonlocal off-shell functions f](;? have
the same sign as the on-shell contributions, but are somewhat smaller in magnitude. The

additional on-shell and off-shell end point contributions for the decuplet intermediate states
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FIG. 3. Normalized splitting functions f;(y)/(fi) for the (a) on-shell end point and (b) off-shell
end point contributions for the A + 7 intermediate state, for different values of the dipole cutoff

mass A (1 GeV to 1 TeV) and a fixed value of the constant g = 100 GeV?2.

are positive and negative, respectively, with the former vanishing at y = 0 and the latter

increasing in magnitude as y — 0.

Interestingly, both the on-shell and off-shell end point functions at A = 1 GeV both peak
at rather small values of y, while formally they become d-functions at y = 1 for A — oo.
The dramatic change in the shape of the end point functions with increasing A is illustrated
in Fig. 3, which shows the on-shell and off-shell end point terms as a function of y for a

range of A values from 1 GeV to 1 TeV.

Note that the derivation of the local limit of the end point splitting functions, as in
Eq. (91), includes the Dy term. There, it was assumed that the constant Qy in Dy is
very large, although in the local limit it also satisfies Qy < A? [see Eq. (93)]. In order
to observe the Dy contribution to Eq. (92) in practice, we fix the parameter )y to a very
large value, €y = 100 GeV?. As shown in Fig. 3, when A is small, the contribution of Dy
is negligible, and the on-shell and off-shell end point distributions coincide with those in
Fig. 2(c) for A = 1 GeV. (The end point functions decrease in magnitude at y < 1 with
increasing A, so for clarity these are normalized by their integrals, (f;), over all y. This
then renders the ratio for the off-shell end point function in Fig. 3(b) positive, whereas the
unnormalized distribution in Fig. 2(c) is negative.) The Dy term can therefore be dropped
when considering the contribution of the nonlocal end point functions for finite values of

A. On the other hand, Fig. 3 clearly indicates that as A — oo the peaks of the end point
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FIG. 4. Splitting functions versus y for proton dissociations into various meson—baryon intermediate
states as in Fig. 2, but for the total contributions to the meson-coupling rainbow diagrams in
Fig. 1(a) and (h) (red solid curves), baryon-coupling rainbow diagrams in Fig. 1(b) and (i) (blue
dashed), KR diagrams in Fig. 1(c) and (j) (green dot-dashed), and nonlocal KR diagrams in
Fig. 1(d) and (k) (black dotted). Contributions from the tadpole and bubble diagrams in Fig. 1(e)—

(g) at y = 0 are not shown here.

functions migrate to higher values of y, approaching a shape that resembles a J-function,
d(1 —y), in the local limit.

The combinations of the various basis functions corresponding to the rainbow and KR di-
agrams in Fig. 1 are illustrated in Fig. 4 for the same intermediate states as in Fig. 2. Again
the main difference between the nonstrange and strange baryon contributions is the mag-
nitude of the functions, with the strange being an order of magnitude or more suppressed.
The total meson-coupling rainbow functions, f(;r];w) and fq(fwa), generally have very similar
shape to the corresponding on-shell functions in Fig. 2. The baryon-coupling rainbow func-

tions, fg;w) and f}rzw), have similar magnitude and are generally positive at intermediate
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FIG. 5. Decomposition of the splitting function for the nucleon-coupling rainbow digram in
Fig. 1(b) for (a) the nonlocal chiral theory with dipole regulator, and (b) the local chiral theory with
a symmetry preserving Pauli-Villars regulator. The value of the Pauli-Villars mass parameters A is
determined by normalizing to the momentum carried by the interacting nucleon, (y) = fol dyy f(y),

for the dipole regulator with A =1 GeV.

y, but become more negative as y — 0. The latter behavior is canceled by the KR func-
tions f ](;TR ) at small y, such that the sum of the baryon-coupling rainbow and KR diagrams
satisfies Egs. (78) and (113). The nonlocal KR functions, § fg,{;” ), at nonzero y values are
proportional to —4 times the nonlocal off-shell functions [Egs. (77) and (112)], and hence
are negative at y > 0.

The pattern of cancelations between the various contributions from the basis functions
to particular diagrams in Fig. 1 is further explored in Fig. 5, which shows the decomposition
of the splitting function for the nucleon-coupling rainbow diagram, f](\f:w). For the case
of the covariant dipole form factor with A = 1 GeV, Fig. 5(a), one observes very strong
cancelation between the positive on-shell and negative off-shell contributions, with the total
closely resembling the purely nonlocal off-shell function §f©%). At first sight this may be
perplexing, if one interprets the result to suggest that the total nucleon-coupling rainbow
function may be very small in the pointlike limit, where § f°) vanishes. In practice, however,
the on-shell and off-shell functions vary differently with A, so that the degree of cancelation
does depend on the cutoff.

This is illustrated in Fig. 5(b), which shows the decomposition of f](\;:w) for the case of
a local theory with a Pauli-Villars regulator, which preserves the necessary symmetries of

the theory [28, 29]. In this case there is no nonlocal contribution, and the total is given
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by the sum of the on-shell and off-shell terms. For the on-shell splitting function f](\?n) the

Pauli-Villars regulating function takes the form

(on) D35
Fpy (k) =1- D2 (121)
Apv
while for the off-shell splitting function f](\? ™ the regulator is given by
~ D
P (k) =1— =22 (122)
DAPV

In order to compare the shapes more directly, we choose the Pauli-Villars regulator to give

f(rbw)

the same total momentum (y) = fol dyy f(y) carried by the interacting nucleon in fy, "',

which yields Apy = 0.34 GeV. These have similar general features as the functions for the
nonlocal theory with covariant dipole regulator, with the small differences in magnitude for
the on-shell and off-shell contributions for the dipole and Pauli-Villars regulators allowing a
sizeable nonzero total to remain.

While the contributions of the various splitting functions at y > 0 are illustrated in Figs. 2
and 4, the relative importance of the J-functions terms at y = 0 is demonstrated in Fig. 6
by the integrated values of the basis functions, (f) as a function of the covariant dipole form
factor cutoff mass A. As expected, the magnitude of each of the integrated functions increases
with A, as more short-distance contributions are included. For the nominal A = 1 GeV used
in Figs. 2 and 4 the 7N intermediate states dominate, with the hyperon and decuplet
contributions an order of magnitude smaller. The picture changes for larger cutoff values,
and for A 2 1.2 GeV some of the 7A contributions become as large as the 7N. Of course,
the validity of a one-loop calculation for larger cutoffs is more questionable, as contributions
from higher-order terms become increasinbly more important. Interestingly, for the octet
baryons, the on-shell and nonlocal off-shell contributions are positive, while the local off-
shell and both the (local and nonlocal) d-function contributions are negative. In contrast,
for the decuplet states, all contributions are positive, with the exception of the off-shell end

point terms, as already indicated in Fig. 2.
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FIG. 6. Integrals of splitting functions over all y, for (a) N+, (b) A+ K, (¢c) A+ 7 and (d)
¥* 4+ K intermediates states, for the on-shell (red solid curves), off-shell (blue dashed), nonlocal
off-shell (blue dotted), local o-function (green dot-dashed), and nonlocal o-function (green dotted)
contributions. The decuplet states include additional contributions from on-shell end point (red
dot-dot-dashed) and off-shell end point (blue dot-dot-dashed) terms. All results correspond to the

covariant dipole form factor in Eq. (56) with cutoff mass A =1 GeV.

V. CONCLUSION

In this paper we have for the first time used a nonlocal covariant formulation of SU(3)
chiral effective theory to construct the framework necessary for systematically computing
the contributions from pseudoscalar meson loops to parton distributions in the nucleon.
The main result of the present work has been the derivation from the nonlocal theory of the
lowest order proton — meson + baryon splitting functions arising from transitions of the
initial state to intermediate states involving octet and decuplet baryons, as well as those

involving contact interactions at zero momentum.
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Since the contributions from the loop diagrams are ultraviolet divergent, care must be
taken to ensure that the integrals are regularized in a way that preserves the underlying
symmetries of the effective theory, such as gauge invariance, Lorentz invariance, and chiral
symmetry. A common approach adopted in the literature involves the use of local inter-
actions with regulators that explicitly depend on the 3-momentum of the meson. While
this does take into account the extended nature of hadrons and renders finite results, this
approach is in practice ad hoc and destroys the local gauge and Lorentz invariance of the
theory.

The virtue of the nonlocal formulation, on the other hand, is that it allows the use of
a 4-dimensional regulator while preserving all the necessary symmetries. In this case the
regulator is generated directly from the nonlocal Lagrangian, and gives rise to additional
diagrams that appear from the expansion of the gauge link [see Fig. 1(d), (g) and (k)].

To illustrate the characteristic features of the new nonlocal splitting functions, we have
used a simple dipole function for the 4-dimensional regulator. This reveals some novel patters
of cancelations among the local and nonlocal functions in the rainbow and Kroll-Ruderman
diagrams, and reveals importance of nonlocal contributions for finite values of the regulator
mass A. For the decuplet intermediate states, our analysis is able to study numerically
the transition from the case of a finite A to the pointlike limit, which is realized most
dramatically for the on-shell and off-shell end point contributions to the baryon-coupling
rainbow and Kroll-Ruderman diagrams. We verify explicitly that in the A — oo limit the
nonlocal generalization does indeed reproduce the results of the local theory.

The results derived here will serve as a basis for future applications of the formalism
to computing meson loop contributions to parton distributions in the nucleon. Within the
effective theory, these can be computed by matching twist-two quark level and effective

hadronic level operators, which leads to a convolution representation for the PDFs,
1
dy o( T
o) =3 [ Lrwat), (123)
5 Jo Y Y

where f;(y) are the meson—baryon splitting functions, and ¢j is the valence distribution for
the quark flavor ¢ in the hadronic configuration j. In a forthcoming paper [10], we will use
this formalism to study flavor asymmetries in the nucleon generated through meson loops,
such as in the light antiquark sea (d — ) or for strange quarks (s — ), consistently within

the 4-dimensional chiral effective theory framework.
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