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Spin dependent structure functions of the nucleon
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We calculate the spin dependent structure functions g,(x) and g,(x) of the proton and neutron. Our
calculation uses the meson cloud model of nucleon structure, which has previously given a good
description of the HERMES data on polarized sea quark distributions, and includes all the leading
contributions to spin dependent effects in this model. We find good agreement between our calculations
and the current experimental data for the structure functions. We include in our calculations kinematic
terms, which mix transverse and longitudinal spin components, for hadrons of spin 1/2, 1, and 3/2, and
which can give considerable contributions to the g, structure functions. We also consider the possible
interference terms between baryons or mesons in different final states with the same quantum numbers,
and show that most of these terms do not give leading contributions to the spin dependent structure

functions.
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L. INTRODUCTION

The spin dependent structure functions of the nucleon
are the subject of much theoretical and experimental inter-
est. The main reason for this interest has been the large
amount of evidence, starting with the EMC experiment [1]
which strongly suggests that constituent quark models
cannot fully describe the spin structure of protons and
neutrons. This has led to considerable activity in order to
determine how the spin of nucleons is built up from the
intrinsic spin and orbital angular momentum of their con-
stituent quarks and gluons.

Since 1988 further polarized deep inelastic scattering
experiments have generally confirmed the EMC results for
the proton-photon asymmetry A; and proton spin structure
function g, (x) [2—4]. These measurements have also been
performed on deuteron and neutron targets [5,6], which has
enabled the Bjorken sum rule [7] to be tested at the five
percent level.

In addition, there have been measurements, using trans-
versely polarized targets, of the second nucleon-photon
asymmetries AY and the related structure functions g% (x)
[8—12]. The g,(x) structure functions are of interest be-
cause they do not have a simple interpretation in the quark-
parton model, but are related to transverse momentum of
quarks and higher twist operators which measure correla-
tions between quarks and gluons. The identification of a
higher twist component in a measurement of g (x) would
be significant as this would give new information on the
gluon field inside the nucleon, and its relationship with the
quark fields.

Recently new experimental approaches have sought to
augment the information available from deep inelastic
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inclusive polarized DIS (HERMES and COMPASS), po-
larized proton-proton collisions (RHIC), and polarized
photoproduction.

There have been a number of theoretical approaches to
calculating g, (x) and g,(x) using phenomenological mod-
els of nucleon structure such as the MIT bag model [13—
15] and the chiral soliton model [16—18]. In addition, there
have been lattice calculations of some of the nucleon
matrix elements of operators corresponding to small mo-
ments of the structure functions [19].

In this paper, we shall use the meson cloud model
(MCM) to calculate the spin dependent structure functions
of the nucleon. This model has been applied successfully in
spin independent DIS, giving a good description of the
HERA data on semi-inclusive DIS with a leading neutron
[20,21], and also dijet events with a leading neutron
[22,23]. In addition, the MCM gives a good description
of the observed violation [24,25] of the Gottfried sum rule
[26-28].

The MCM has been used previously to calculate g;(x)
[29,30]. In those calculations pseudoscalar mesons were
identified as the main constituents of the meson cloud.
While these mesons do not directly contribute to the struc-
ture function, the presence of the cloud transfers some
angular momentum from the quarks in the “‘bare” proton
to the meson cloud and results in a decrease in the calcu-
lated first moment of g/ compared to the MIT bag model.
More recently it has been realized that vector mesons,
particularly the p, can also play a role in the spin structure
of the proton [31]. In particular, these will give rise to
flavor symmetry breaking in the sea, and the Ad(x) —
Ad(x) difference has been calculated by a number of
authors [32,33]. Interestingly, these calculations predict

scattering (DIS) experiments. These include semi-  that the spin dependent symmetry breaking is quite small,
in contrast to the spin independent symmetry breaking
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were found to be in good agreement with the recent results
from HERMES [35].

In this paper we revisit the earlier calculations of gV (x)
in light of the developments in the MCM since that time.
We also extend the calculations of structure functions using
the MCM to g2 (x), and investigate the kinematic regions
where it may be possible to observe a twist-3 piece of the
structure functions.

In Sec. II of this paper we present the formalism for
discussing spin dependent structure functions in the meson
cloud model, including a discussion of the kinematic terms
which lead to g; of cloud components contributing to g, of
the nucleon (and vice versa) [33]. Contributions to the
structure functions from interference between different
states of the cloud [32] are discussed in Sec. III, and it is
shown that most of the leading interference contributions
vanish. In Sec. IV we apply the MCM formalism and
determine all the necessary momentum distributions of
the components of the meson cloud. We also discuss the
correct prescription to use in describing the energy of the
intermediate state hadrons in the MCM. In Sec. V we
calculate the spin dependent structure functions of the
baryons and mesons in the cloud using the MIT bag model.
The numerical results for the nucleon structure functions
are shown and discussed in Sec. VI. In the last section we
summarize our findings.

II. SPIN DEPENDENT STRUCTURE FUNCTIONS
IN THE MESON CLOUD MODEL

In the LAB frame the cross section for inclusive inelastic
lepton-nucleon scattering may be written in terms of the
product of lepton and hadron tensors

d20' a2 E'
o~ 3 L

dQOdE"  q" E
where « is the fine structure constant, E(E’) is the energy
of the incident (scattered) lepton, and ¢ is the squared
four-momentum transfer. In spin dependent (polarized)
scattering we are interested in the antisymmetric part of
the hadron tensor Wﬁy, which can be written in terms of
two structure functions G; and G, [36]
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Here v is the energy transfer, 0 = —¢?, and s} is the
nucleon spin vector, normalized to s3 = —m%. In the

Bjorken limit (Q?, v — o) the structure functions scale,
modulo perturbative QCD logarithmic evolution in Q?,

2
m_zGZ(V» QZ) — g(x), 3

%awarm@) ;

where the scaling variable x = Q?/(2myv) lies between 0
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and 1. In this limit we have

g

S
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In order to discuss the structure functions separately we use
a projection operator

i
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P =
2pn

nv
such that

2 .2 + . 2
myg”+ Gy q) g1(x) — Y2, (%),
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(py - )
(6)
where
2.2
f=“§“ (7)

In the MCM [37,38], the nucleon can be viewed as a bare
nucleon plus some baryon-meson Fock states which result
from the fluctuation of nucleon to baryon plus meson N —
MB. The wave function of the nucleon can be written as

[29]

|N>physical = \/Z|N>bare + Z Z '/‘dydzkld)i)\\/lwgm(y; ki)

VB Ao,
X MM (y,ky);B*(1 —y, —Kk)) (8)

Here Z is the wave function renormalization constant and

ik (y, k%) is the wave function of the Fock state con-
taining a meson (M) with longitudinal momentum fraction
v, transverse momentum K | , and helicity A;;, and a baryon
(B) with momentum fraction 1 — y, transverse momentum
—k |, and helicity Ag. The model assumes that the lifetime
of a virtual baryon-meson Fock state is much longer than
the interaction time in the deep inelastic or Drell-Yan
process, thus scattering from the virtual baryon-meson
Fock states can contribute to the observed structure func-
tions of the nucleon, as shown in Fig. 1.

FIG. 1.

The photon may be scattered from (a) virtual meson
and (b) virtual baryon.
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The contribution to the nucleon tensor W, from pro-
cesses such as that in Fig. 1, where the virtual photon
interacts with a component of the cloud (such as a p
meson), is given by

dSPB my

@2m)* m

where sy, is the meson spin vector (normalized to 53, =
—m3,), and Jyps(p, k, P, Sn, Sy, Sp) is the meson propa-
gator multiplied by the NMB vertex. The meson tensor
here is defined by

ow,, =

ZlJNMBl W,LLV(k Sy C]) (9)
mp 3%

[0k 0.9) = 5 3 OmBE + g = palth sl %)

XXk, sp)- (10)

As first shown by Sullivan [37], the meson contribution to
the nucleon tensor is expressed in terms of the meson
tensor and the nucleon-meson-baryon vertex, and this leads
to the contribution being expressed as a convolution be-
tween the meson tensor and the probability distribution for
finding the meson in the cloud with momentum fraction y,

e.g.
SFY(x) = [ 1 dypr/N(ng(g) (1

gives the contribution to the nucleon structure function F,
arising from the virtual photon interacting with the p
meson from the N — Np part of the meson cloud.
Baryon or meson components of the cloud with spin =
1/2 will contribute directly to the antisymmetric part of the
nucleon tensor. We consider three cases of interest.

A. Spin 1/2 baryons

A spin 1/2 baryon in the cloud, such as a nucleon ora A,
has the antisymmetric part of its tensor similar to Eq. (4),
with the nucleon mass, momentum, and spin vector re-
placed by mpg, k (the baryon four momentum), and sg,
respectively. Multiplying by the projection operator P** =
(my/mg)P*", where P*” is given in Eq. (5), gives

PrrwPM K, s, q) = —[Alg (k, q) + Arg8(k, @],
(12)
where we have the coefficients

1

A= 7(51\/ *qSp 4 — qzsN “Sgp), (13)
Py gk q

7

(sy-ksg-q—k-qsy-sp) (14)

~py o qlk g

and the structure functions g? are those for the spin 1/2
baryon. In what follows we will use time-ordered pertur-
bation theory (TOPT), which has the advantage that all the
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baryon and meson structure functions that are required are
those for on-shell hadrons. We can now write the contri-
butions of the spin 1/2 baryon to the observed nucleon
structure functions as convolutions [33]

MO 5 () - y205:00)
ﬁ"’“ dyy[B (y)g1< )Q2> + BZ(y)ggG’ Qzﬂ’

(15)

where y.. is the maximum allowable value of the mo-
mentum fraction y = k - ¢/py - g, which is usually 1, and
the baryon momentum distributions are

)mdx |I_5 | ay/
B, (y) = f dkL[ dp -~ Yoy Z [Jnpml AL
Y XsAu

@2m)’
(16)
Here y' is the longitudinal momentum fraction
k=ki+Ypy (17)

which, in the infinite momentum frame (|py| — ), is
related to y by

y \/ 72

= 114+ |1+ 55— (J_+m23)} (18)
1+J1 7 yZ[ ym3,

Most previous calculations of structure functions in the
MCM have not taken into account the difference between
the light-cone momentum fraction y and the longitudinal
momentum fraction y’, as these are the same in the Bjorken
limit. However, at finite Q? the difference is not negligible.

The maximum transverse momentum squared is

1+ 931 =2y +4/1 + v —m}

— m% > m%\,, (19)

(k )max - mN (1

Y

1 —
2
—>Q x2

which at small x is much larger than any momentum cutoff
that is required for the vertex, so (k% )n.x may safely be
taken to infinity.

From Eq. (15) we see that the nucleon structure func-
tions pick up contributions from both g# and g% of the
baryon in the cloud. This occurs because the spin vector of
the cloud baryon s% is not parallel to the initial nucleon
spin vector sk. So if the initial nucleon is longitudinally
polarized, the baryon in the cloud will have both longitu-
dinal and transverse spin components, and hence g5 will
give a finite contribution to gV. Similarly g will get a
contribution from g%. As the bare g) structure functions
are expected to be small, this kinematic contribution from
the baryon-meson cloud could be a major portion of these
structure functions.
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Following Ref. [33] we write Eq. (15) in terms of the
nucleon and baryon helicities, Ay and Ap, and the nucleon

transverse spin vector sy,

, s T|2
A2 —

N

=S [ [ + B 0 e )

)581(3‘) 2582(x)

X

+ [Aﬁfﬂ(y) + li’zpfzr(y)}gf(g, Q2>}, 20)

N
where the momentum distributions f,; 7(y) are similar
(up to signs) to those given in Egs. (2.25-2.28) of Ref. [33]
with my and Ay replaced by mp and Ap, respectively. We
give these expressions in Appendix A below.

By combining the longitudinal Ay = 1(|s}|/my =
7n = 0) with the transverse Ay = O(7y = 1) amplitude
in Eq. (20), and defining the functions

Aflo 7)) = fi2H0) —

we can obtain the separate contributions to the nucleon g;
and g, structure functions:

12010 Q1)

I e R
N (x ) 22)
Saals 07) = j%zl[
e

B. Spin 1 mesons

The analysis for spin 1 mesons exactly follows that
above for spin 1/2 baryons, and was given by Kumano
and Miyama [33]. The reason for this is that the most
general form of the antisymmetric part of the meson tensor
is the same for spin 1 mesons as for spin 1/2 baryons [39].
Hence, the results of the previous subsection can be di-
rectly translated to the vector meson case, simply by
replacing mp and Az by my, and Ay, respectively, and
replacing the baryon structure functions by meson struc-
ture functions.

Interestingly, the symmetric part of the meson tensor for
spin 1 mesons contains two additional terms, which are
both proportional to the structure function b}/ (x) at leading
twist (via a generalized Callan-Gross relation). This would
lead to a contribution to the nucleon structure function
F,(x) coming from (for example) b%, though it is expected
that this will be rather small compared to the dominant
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MCM contribution coming from the pions in the cloud via
Fj.

C. Spin 3/2 baryons

The number of independent Lorentz invariant structure
functions for a spin J hadron increases approximately
linearly with J. If AhH wpp are the imaginary part of the
forward Compton helicity amplitudes for y;, + hadron}, —
Yy + hadronH,, it can be seen that there are 6J + 2 (6J +
1) independent amplitudes for J-integer (half-integer) sat-
isfying P and T invariance and helicity conservation. Of
these, 2J (2J + 1) amplitudes contribute to spin dependent
scattering. Thus, the general expression for the antisym-
metric part of the hadronic tensor for a particle of spin J is
[39]

2J Jg
A cLS1 _pvap, M2 oo o gL
Wi Z L€ 0 111,90 q
L=1,3...
2J Jg
+ LS2 _pvap Moo gL
+ Z lVL-HE p[ﬂleﬁ]l/QmManq q=".
L=1,3...

(24)

In this expression §#1#2-FL is a completely symmetric,
traceless pseudotensor. It can be thought of as a general-
ized Pauli-Lubanski spin vector. For spin 1/2 and spin 1
only 6* is nonvanishing, and it is proportional to the usual
spin vector s*. The structure functions 8, are general-
izations of the usual spin dependent structure functions. At
leading twist we have

J

1gy= > (L HJ —HILOg" ]g,=0 (25
H==J

and for J = 3/2 in particular

32 1 343/26/2)
gl \/2—0( qT

3/2)(1/2
_qi/)(/))

3/2)(3/2 3/2)(1/2
_3qf/)(/)+q%/)(/)

(26)
32 1 (/267

3gl \/2—0

4 3g20/2)

3/2)(3/2 3/2)(1/2
_qi/)(/)_?,q%/)(l/)

The polarization vectors for a spin 3/2 particle have a
spinor nature [40] which slightly complicates the expres-
sion for the Pauli-Lubanski vector

sﬂ<; A) = 3ie**" " Ti{E,(A)E,(M)]p.. (27)

where A can take the values =1/2, +3/2, and the trace is
taken over spinor indices. We have the normalization s> =
—A2M>.

As in the spin 1/2 and spin 1 cases, we can take 0% o
s*. We also require 04" in the spin 3/2 case. We take the
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traceless combination of symmetric pseudotensors
1
orvP Ps“s”s” + S(s#p”p*), (28)

where S symmetrizes over the Lorentz indices. After some
work we obtain
\/— 3 81

A . s7(2 "3/2
W,u,l/ = le,ul/poq \/— 1 1
[

4psq3z s7 pPs-q
SRR (-5

2(1) 3/2 )

3\/5 23 8 o, 2
2 2w?
(f Vg, - fi/zglﬂ (29)
where
5 (s q)*
=1+ 7, (30)

which goes to 2 in the Bjorken limit.

We can now follow the same steps as for spin 1/2 and
spin 1 hadrons to obtain the MCM contributions to the spin
dependent structure functions of the nucleon. In this case
the generalizations of the coefficients A; and B; above
depend on the helicity of the struck baryon, so it is useful
to rewrite the spin 3/2 structure functions as g/ which
depend only on one helicity state. We have

3/26/2 _ 3 32, 4 1 5p

i 2\/—1 i 2\/—3 g1 (31)
G0 _ L 32, 3 32,
i 2\/—1 l 2\/—3 1'

This gives

PrrwSIPM Kk, s, A, q) = % [A} 20Dk, )
B

+ Ai/zg(13/2)(1/2)(k’ q)
+ A;/Zg(;/z)(?’/z)(k’ q)
+ A28 g)] (32)

where the coefficients are linear combinations of A; and A,
from Eq. (14)

14 — 202 4 6+202 4
AV =" T A+ A, A=A -4
! 15 tostr 5 70 5
18 — 22 2+ 202
A T C A, AP =715‘“ A, (33)

and

2

2
w2=1+[1——"f”2 (1- 1+y2)] (34)
Yy my

Now doing the required integrations (details can be found
in Appendix A), we end up with a result similar to Eq. (23):
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1 Idy (3/2)h
5g1(x, 0%) = = (a7 0)
L+92 sy i:1,2h=1/zz,3/2
Fe/n (y)]g3/2h( Q2> (35)
1 Ldy <%/2>h
dgrx, Q%) = — f > [ )
1+ Joy i:ZLzh=1/Zz,3/2
f(s/z) (y)} (3/2)/1( Qz) (36)
7

III. INTERFERENCE CONTRIBUTIONS

In polarized DIS, we can consider the possibility of
interference terms between intermediate states containing
different hadrons. This possibility is allowed in polarized
DIS as the observed spin dependent structure functions do
not contribute to the total y*N cross section, but only to
Ao = 03/, — 0y, or, equivalently, to o the cross section
associated with interference between transverse and longi-
tudinal polarizations of the virtual photon [36]. Previous
authors have considered interference between 7 and p
mesons [32,41], 7= and o mesons [42], K and K* mesons
[43], and N and A baryons [30,34,44]. We show an ex-
ample of an interference term in Fig. 2.

The interference terms between mesons of different
helicity are particularly interesting as they appear to offer
a mechanism whereby angular momentum in the cloud can
be directly coupled to quarks, possibly giving rise to large
sea quark polarizations [41]. However, care needs to be
taken over which interference terms can actually contribute
to the observed structure functions. Let AhH’h/H* be the
imaginary part of the forward helicity amplitude for the
interference term v, + hadronly — vy, + hadron2y-. In
the Bjorken limit quark helicity is conserved, which im-
plies that the only amplitudes that contribute to Ao are in
the combinations (A,y 15—y — A_ 1y —11-=p). Also the
generalization of the Callen—Gross relation gives
A~0H’0H*: u — 0. These two results imply that for (pseudo)-
scalar mesons interfering with (pseudo)vector mesons only
combinations of amplitudes (Ao o+ — Ao _10+) can con-
tribute to the structure function. However, this combination

P(T) N,A () P(T)

FIG. 2. Interference between 7r and p mesons.
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will be zero by parity invariance, meaning that interference
between mesons cannot contribute to the leading twist
structure functions. Amplitudes like AIO,OH*:, can contrib-
ute to the interference cross section o; between transverse
and longitudinal photon polarizations at higher twist.

In the case of interference between N and A baryons,
this contribution involves the combination of amplitudes
(Al(l/z),lH*=1/2 - A*l(l/z),le*=]/2) which  need not
vanish.

We can write the contribution of interference terms to
the nucleon tensor W,,, where the two particles that
interfere are labeled X and Y and the spectator hadron is
labeled by S:

&’ p, 2 /myniym
5W§§(PN,SN,6I)=f P s

@2m)? Eg
X > [InxsInys Wi (kxosx by sv.9)
Axo Ay, Ag

+InxsInysWho X (ky, sy, kx, sx.9)],
37

where the interference tensor is given by

1
64 P /A m 1
4-7T1 /My y );/, X X
X 84(py — my)lkyx, sx|J,1X)

X (Y| T ky, sy). (38)

X_'Y(kx: sx, Ky, Sy, CI)

We see that the interference tensors in Eq. (37) are related
by

W"{?X(ky’ Sy, kX’ Sx, 4 ) [WX_'Y(kx, Sx, ky, Sy, 6])]"

(39)

This enables us to write the contribution to the nucleon
tensor as

d’p; 2 /mymymg

SW Y(pN’ SN» Q)

2m)? Eg
X > 2R[InxsTyys]
Ax, Ay, Ag

X Wﬁjy(kx’ SXx> kY! Sy, 51) (40)

In TOPT, the 3-vectors of the interfering particles /EX,Y will

be identical, however their energies are not, as both parti-
cles are on-shell. We introduce two momentum fractions

yxy = —"——, (41)

noting that the longitudinal momentum fraction y’ is the
same for both hadrons. If we define

k= Lkl + k), Skt = LKy — k) (42)
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y =30x + yy), 8y = 3(yx — yy) (43)

st= 1(sX + %), Sst = 1(sX —st), (44)

then in the Bjorken limit we have 6k — 0, 6y — 0, and
os — 0.

We can now write the most general form of the anti-
symmetric tensor for the interference term

SWAXY _ o g [ 57 gXY +< 7 s-q k0>gXY
14 vpo
w wvp k-q 1 k-q (k-q)* 2
os7 s q
+ gXY + 5k0’~XYi|
k-q (k- q)*
N T G i ks 2 S
2k - g 2k - q

(45)

where we denote #* = (v* — u - gq*/q*) for any four
vector v. This includes four possible new interference
“structure functions.” All of these new terms arise from
our use of TOPT, and would vanish in a covariant formu-
lation. However, the price to be paid in the covariant
formulation is that we would have to use structure func-
tions of off-shell hadrons, which are difficult to define and

measure. As 8k = [(m2 — m2%)/(4y'p),0] and &8s~

O[3 — m3)/ 4G/ p)IE L, (m3 — m3)/(4y'p)},  the
contributions from g{% will be kinematically suppressed,
and look like higher twist corrections to the observed g,
and g,.

The two structure functions af” and aX” involve anti-
symmetric combinations of hadron four Vectors and are
independent of polarization. These terms do not give any
contribution to the nucleon structure functions because
when the projector P#” is applied to them we obtain a
coefficient AXY which is proportional to sin¢. Integration
over ¢ then results in these terms being zero. This agrees
with our earlier observation that interference involving
(pseudo) scalar mesons and (pseudo) vector or scalar me-
sons does not contribute at leading twist, as this violates
parity invariance.

In a similar fashion to our procedure in the previous
section, we multiply the antisymmetric interference tensor
by the projector P#* = (my/./mixmy)P*”, which gives

puy swAXY my AXY oXY +AXY
124 \/W[ 1 gl
+AXYgXY +AXY~XY I (46)
where
1
AV =———(sy-qs-q—q’sy-s)  (47)
Py gk q
- 1
A = (sn-qds-q—q’sy-8s)  (48)
Py gk q
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2

XY _ q (sy-ks-q—k- - 5)
q qsy - s 49)
pynqlk-q? " N
Ay =— 20 (5 qk-q— qPsy - 8k). (50)
py - qk-q)

We observe that AYY and AXY are the same (up to mass
factors) as the coefficients given in Eqgs. (13) and (14) for
spin 1/2 baryons in the cloud. For the other two coeffi-
cients, we find

N m} — m}
e USRS BT
N
~ " mg — my
AXY = —A{‘Y<1 — W(l —41+ 72)) (52)
N

which both vanish in the Bjorken limit.

In the expression for the interference tensor [Eq. (40)]
we can write the part of the integrand that depends on the
vertices as a sum of polarization independent plus longi-
tudinal and transverse terms

21/mxmyms "
W}\Zszﬂ[fzvxsfzvys]

= C)($) + AyC(p) + TyCH ), (53)

where ¢ is the angle between k; and 5, 7y = |5} |/my
and A labels the helicity of the struck hadron. If we con-
sider the case of interference between a pion and a rho with
helicity =1, we find that C, is zero while C; and Cy are
not. When combined with the appropriate AXY coefficients
and integrated over ¢, we find that these contributions are
zero. Hence, there are no contributions to the interference
tensor from interference between 7 and p mesons. Similar
conclusions can also be drawn about any contributions
from interference between K and K* mesons.
Interference between N and A baryons also appears to be
suppressed. We find that when the spectator meson is a
pion the coefficients C, C;, and C7 are nonzero, however
their angular dependence is proportional to terms like
cos¢, sing, or cos2¢, all of which again integrate to
zero when combined with the appropriate coefficients.
Details of this calculation are in Appendix B below. In
the case of the spectator meson being a p meson the
coefficients are very difficult to calculate because of the
complicated gamma structure of the two vertices.
However, this contribution is already greatly suppressed
because of the small probability of the |Ap) state. Thus
interference contributions to the polarized structure func-
tions are mostly zero or very small in the meson cloud
model, and we shall henceforth neglect them.

Our conclusions regarding the contributions of interfer-
ence terms are different from those of earlier authors who
considered these terms [30,32,34,41-44]. These earlier
works generally calculated interference terms by consid-
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ering separately Jyys and Jyyg as given in Appendix B of
Ref. [29], or similar, which are worked out from consider-
ing the direct processes. However, it appears that these
calculations of the vertex factors have not followed the
same, or consistent, phase conventions when considering
different vertices. This is not important when considering
direct processes, as all terms are proportional to |J|?, but
for interference terms involving JyysJyys. any change in
relative phase between the two vertices renders the calcu-
lation meaningless. In this work we have not calculated the
two vertices separately, but considered the complete inter-
ference process. The advantage of this is that the two
amplitudes for the processes XS — Y§ and YS — XS
must be added. As these two amplitudes are conjugate,
the result must be real, which gives a check that the phase
factors have been correctly accounted for. More details are
given in Appendix B.

IV. SPIN DEPENDENT MOMENTUM
DISTRIBUTIONS OF MESONS AND BARYONS IN
THE CLOUD

We now turn to the calculation of the various momentum
distributions Af(y) of the components of the cloud. In
general, these distributions are of the form (up to kinematic
factors given in the previous section and Appendix A)

(K2 ),
Af gy~ fo R T (R IN 5, B)T. (54)

In this case Jyp) is the nucleon-baryon-meson vertex
function multiplied by the propagator of the struck com-
ponent of the cloud, i.e.

J)\l/\z o V(ﬁ’ Tvk’ /\lr ﬁ/y /\2)
NBM EN _ EM — EB

: (55)

which is the amplitude that a nucleon with momentum p
and helicity +1/2 is found in a meson cloud Fock state
where the struck hadron has momentum k and helicity A,
and the spectator hadron has momentum p’ and helicity A,.
Note that we have explicitly used TOPT to write the
propagator of the struck particle being proportional to the
energy denominator in this expression.

In the infinite momentum frame (IMF), p = |p| — oo,
Drell, Levy, and Yan [45] (building on earlier work by
Weinberg [46]) showed that contributions from Fock states
containing antiparticles vanish and also that only the con-
tributions with forward moving (y = 0) particles contrib-
ute. As we saw earlier, all relevant momenta can be
expressed in terms of y, which we take as the longitudinal
momentum proportion carried by the meson, and ky.The
amplitude is now proportional to

Vi, k)

(56)

where
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my + kK omy + kY
-y
is the invariant mass squared of the Fock state.
Using TOPT guarantees that, for a given |BM) compo-
nent of the cloud, the probability of finding the meson M
with longitudinal momentum fraction y is equal to that of
finding the baryon B with longitudinal momentum fraction
1 — y. This is not necessarily true in a covariant approach
[29], which leads to nonconservation of charge and mo-
mentum. However, a problem arises in TOPT when the
vertex contains derivative coupling between fields [e.g. the
usual pseudovector pNN vertex contains a term propor-
tional to o, (0#6” — 3”6*)iy where ¢ is the nucleon
field and @ is the vector field], as these terms introduce off-
shell dependence into the vertex function which is not
suppressed in the IMF. This leads to two possible choices
for the meson energy: (i) the on-shell meson energy E,, =

M3, (0, k%) = (57)

,/m%,l + k%, or (ii) the off-shell meson energy, i.e. the

difference between baryon energies Ey — Eg. While the
second choice may be more ‘“natural*“ in that the vertex
structure is only due to baryonic currents [47,48], the first
appears more compatible with TOPT in that the meson
remains on-shell. In practice a number of authors [31,33]
have used both prescriptions, and treated them as two
different models.

We can gain some insight into the choice of meson
energy if we recall that TOPT in the IMF is equivalent to
light-cone perturbation theory (LCPT) [45,49,50]. In
LCPT it is important to be aware of the light-cone singu-
larities in the particle propagators. For spin-zero particles
the Klein-Gordon propagator (in light-cone coordinates) is

[49]
= f ’p / AP o ye i
Q2m)? tJo 2p*

+ O(—x1)er~]. (58)

Ap(x) =

The singularity at p™ = 0 does not affect the light-cone
behavior of the propagator, which is governed by the light-
cone discontinuities ®(*x™). For particles of higher spin,
the propagators all pick up terms proportional to

1 © dp* .
gt [ s [ S exsl it~y -]
(59)

in addition to the terms proportional to ®(+x"). The term
proportional to 8(x*) is an instantaneous part of the propa-
gator. This term can be absorbed into the regular propa-
gator by replacing in the numerator of the diagrams in
which the particle propagates over a single time interval,
the momentum p associated with the line by

p= <p+, dSrm=>'r", h), (60)

inc int

S(x1)
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where ;. sums over all the initial particles in the diagram
/ . . . .
and ) sums over all the particles in the intermediate state

nt

except the particle of interest [50]. Returning to TOPT in
the IMF, we see that this is equivalent to choice (ii) for the
meson energy, for nonscalar mesons. For spin-zero mesons
there are no terms corresponding to instantaneous propa-
gation (in light-cone coordinates), and the propagator is not
adjusted. Hence for scalar and pseudoscalar mesons the
correct meson energy is choice (i), i.e. the mesons are
always treated as on-shell.

The vertex function Vji(y, k2) is calculated from the
effective interaction Lagrangians (see Appendix B) which
are usually employed in the meson exchange models [51].
Phenomenological vertex form factors Ggy,(y, ki) are also
introduced into Eq. (55) to describe the unknown dynamics
of the fluctuation N — BM arising from the extended
structure of hadrons. We use the exponential form factor

mzzv — mgp(y, ki)} 61)

Gpu(y, ki) = exp[ ZA%M
with Ap,, being a cutoff parameter, which is well defined
in the model and provides a cutoff in both ¢ and u (the four
momentum squared of the intermediate baryon). The form
factor satisfies the relation Gy (y, k3) = Gyp(l — y, k3).
Using form factors introduces new parameters {A g} into
any calculation using the MCM, with each Fock state
having (in principle) its own cutoff. However, the Jiilich
group [29] and Zoller [52] used high-energy particle pro-
duction data to determine all the A g,, of interest, and found
that the data could be described by two parameters: A; for
octet baryons and pseudoscalar and vector mesons, and A,
for decuplet baryons. The upper limits for these two pa-
rameters were determined to be about 1 GeV, which is
fairly soft, and gives the probability of all Fock states
totalling about 40%. Melnitchouk, Speth, and Thomas
[28] found a good fit to both the violation of the
Gottfried sum rule [24] and the observed ratio of
d(x)/ii(x) from the E866 experiment [25] using values
A, =0.80 GeV and A, = 1.00 GeV, and we shall use
these values of the cutoffs in this work.

The Fock states we consider are |N7r), [Np), |Ar), and
|Ap). The coupling constants and probabilities for each of
these states in the nucleon wave function are shown in
Tables I and II. The effect of increasing one or both cutoffs
is to increase the probability for the states controlled by the
cutoff, and correspondingly decrease the probability of
finding the bare nucleon. Also the probability for higher
mass Fock states increases faster with the cutoff than the

TABLE I. Strong coupling constants used in this work.
S fzszv ENNp f fNAﬂ
4 472 4 NNp 4w
13.6 12.3 GeV ™2 0.84 6.1gnn, 20.45 GeV~?
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TABLE II. Meson cloud model cutoff parameters and proba-
bilities. Z is the wave function renormalization Z =
(1 + Y guPsi)”". In this paper we have used A; = 0.8 GeV
and A, = 1.0 GeV. We also display the probabilities obtained
using the cutoffs of the Jiilich group [29].

Ay (GeV) A, (GeV) Py,  Par Py, Py, z

0.8 1.0 0.132 0.118 0.015 0025 0.775

1.0 1.0 0252 0.118 0.106 0.025 0.666
0.03
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—

FIG. 3. Fluctuation functions for N — N7 with N being
struck. The thick solid and dashed curves are for Af,; and
Af5;, respectively. The thin solid and dashed curves stand for
10A f17 and 100A f,7, respectively.
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FIG. 4. Fluctuation functions for N — A7 with A being
struck. The thick solid and dashed curves are for Af,; and
Af5;, respectively. The thin solid and dashed curves stand for
10Af,7 and 100Afy7, respectively. Afyoy iy = Af7A02

3/20/2 1(2)L(T)
3ALTC.
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FIG. 5. Fluctuation functions for N — Np with N being
struck. The thick solid and dashed curves are for Af;; and
Af,;, respectively. The thin solid and dashed curves stand for
10Af17 and 100A f,7, respectively.

probability for lower mass states, so increasing e.g. A;
increases the ratio of |[Np) states to |Na) states. The
contributions from Fock states involving higher invariant
mass squared are very small, at most a few percent of the
contributions from the states we consider here. In Figs. 3-8
we show the fluctuation functions f g, (y) for each of the
Fock states. In each of these calculations we take x = 0.2
and Q% = 2.5 GeV?, i.e. y?> = 0.056. In general, we see
that the longitudinal functions A f,; ,; are much larger that
the transverse functions A f}7,7. This means that the con-
tributions to g; of the nucleon coming from g, of the struck
hadron will be small, whereas the kinematic contributions
to g, of the nucleon from g of the struck hadron should not
be ignored as they will generally be larger than the con-
tributions coming from g, of the Fock state hadrons. We

0.02

0.015
d 0.01
S 0.
<

0.005

— -~

L)\ UL L L L L L Y L B L

o2
V)
<
~
o
(@)
=]
o)

FIG. 6. Fluctuation functions for N — Np with p being struck.
The thick solid and dashed curves are for Af;; and Af,;,
respectively. The thin solid and dashed curves stand for
10A f17 and 100A £y, respectively.
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FIG. 7. Fluctuation functions for N — Ap with A being
struck. The thick solid and dashed curves are for Af,; and
Af,;, respectively. The thin solid and dashed curves stand for
10Af,7 and 100Afyy, respectively. Afyoy iy = Af7A02

(3/2)(3/2 (2)L(T
3ALTO.

also observe that the fluctuation functions arising from
|A7) states are generally much larger than those of the
other Fock states we consider. Amplitudes with the A
having s = 3/2 are particularly important. We therefore
expect that the |A7) fluctuation will play a very important
role in the MCM contributions to the spin structure func-
tions. Fluctuation functions involving p mesons should not
be neglected either, as these are of similar size to the [N )
fluctuation functions.

0.02|-

20.03 L L L L
0.2 0.4 0.6 0.8

y

—_

FIG. 8. Fluctuation functions for N — A p with p being struck.
The thick solid and dashed curves are for Af;; and Af,;,
respectively. The thin solid and dashed curves stand for
10Af,7 and 100Af,7, respectively. Afioyr) = Af7202

3/20/2 1(2)L(T)
3ALTC.
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V. POLARIZED STRUCTURE FUNCTIONS OF
BARE HADRONS

To use the meson cloud model, we need to know the
polarized structure functions of all the baryons and mesons
in the Fock expansion of the nucleon wave function. At
present the only polarized structure functions that are
known experimentally are those of the proton and neutron
(apart from the trivial case of the pseudoscalar or scalar
mesons). It would appear unlikely that the structure func-
tions of the p mesons and the A baryons, which are the
most important polarized cloud constituents, will be mea-
sured in the near future. Our approach therefore is to
estimate all the structure functions we require, including
those of the nucleons, using the MIT bag model [53,54]
and the methods developed by the Adelaide group [30,55]
and ourselves [34,56]. This approach gives a reasonable
description of the unpolarized structure functions of the
nucleons when compared to experimental data.

In the bag model the dominant contributions to the
parton distribution functions of a hadron in the medium-x
range come from intermediate states with the lowest num-
ber of quarks, so the intermediate states we consider con-
tain one quark (or antiquark) for the mesons and two
quarks for the baryons. Following [55] we can write these
contributions as

M |6:(p,) 2
G10) = s S ABIP it j Pl o
X 3(M, (1 — ) — pIFL ()P, 62)

where M), is the hadron mass, “+” components of mo-
menta are defined by p* = p° + p3, and p,, is the 3-
momentum of the intermediate state. ¥ is the Fourier
transform of the MIT bag ground state wave function
WY(r), and ¢,,(p) is the Fourier transform of the Hill-
Wheeler overlap function between m-quark bag states:

b, (p)? = dee—fP'RUdr\Iﬁ(r - R)‘If(r)}m. (63)

In Eq. (62) we take i = 1, j = 2 for the mesons and i = 2,
j =3 for the baryons. The matrix element (u|P,|uw)
appearing in Eq. (62) is the matrix element of the projec-
tion operator Py, onto the required flavor f and helicity A
for the SU(6) spin-flavor wave function | ) of the hadron
under consideration.

The input parameters in the bag model calculations are
the bag radius R, the mass of the quark (antiquark) m,, for
which the parton distribution is calculated, the mass of the
intermediate state m,,, and the bag scale u”—at this scale
the model is taken as a good approximation to the valence
structure of the hadron. The natural scale for the model is
set by the typical quark k,, which is around 0.4 GeV. In
Table III we list the values for these parameters adopted in
this work. These values have previously been shown to
give a good description of the unpolarized nucleon parton
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TABLE III. Input parameters for the bag model calculation of
bare structure functions.

R (fm) m, (MeV) m, (MeV) u? (GeV?)
N 0.8 0 800 0.23
p 0.7 0 425 0.23

distributions [30] and also of the meson distributions [34].
After calculating the hadron structure functions at the bag
scale u?, we evolve them using next-to-leading order
(NLO) evolution [57] to the scale of Q> = 2.5 GeV? where
the HERMES results for gf [4] and g7 [6] are available.
While NLO evolution from the bag scale appears stable, it
would be of interest to compare with next-to-next-to-
leading order (NNLO) evolution, as it is known that LO
evolution does not give very good results for this procedure
[58]. Unfortunately, the necessary NNLO coefficient func-
tions and anomalous dimensions for spin dependent struc-
ture functions and parton distributions have not all been
calculated at this time.

The calculated polarized structure functions gf(x) and
g"(x) agree reasonably well with experimental data at
medium and large x, however they do not give a good
description of the low x data (see the thin solid curves in
Figs. 11 and 12). This discrepancy may well arise because
our bag model calculations cannot estimate the polarized
gluon distribution Ag(x), which is believed to play an
important role in the observed spin of the nucleons [59].
We can add a phenomenological Ag(x),

Ag(x) = N, (1 = x)*, (64)

to our calculated structure functions, where global analyses
of polarized deep inelastic scattering data suggest « should
be in the range of 7-10 [60]. In this work we use a value of
a = 10, however we have found that the calculated struc-
ture functions are not very sensitive to the value of . We
normalize the polarized gluon distribution so that the con-
tribution of polarized gluons to the first moment of g
(Ellis-Jaffe sum rule) and g is —0.05, which gives theo-
retical moments that are in agreement with experiment.
The structure functions g, for the bare proton, neutron, A"
and p are given in Fig. 9. We have not taken account of any
possible topological contributions to the singlet axial
charge gg)), which can also contribute to g,(x) at x =0
[61]. As our procedure gives a reasonable description of
the observed g7 (x) and g7(x), especially once MCM con-
tributions have been added (see below), there appears little
need to add an extra phenomenological term to the bare
structure functions.

The structure functions g, for the bare hadrons are
estimated via the Wandzura-Wilczek relation [62] which
is obtained by considering only twist-2 contributions to g;
and g,

PHYSICAL REVIEW D 73, 094008 (2006)
0.08 ‘ T T ‘ ‘

0.06

0.04

~
o0
= L/
0.02 ]
0 .
R P i
L N~ a
-0.02 TR R P P P
0 0.2 0.4 0.6 0.8 1
X
FIG. 9. “Bare” structure functions xg;(x) of the nucleons,

delta baryons and p meson at Q% = 2.5 GeV?. The thick solid
and dashed lines are for the proton and neutron, respectively. The
thin solid line is for the A* baryon and the thin dashed line is for
the p meson.

d
eV (x 02) = —g,(x, 0?) + f l%gl(y, 0). (65

We also note that previous bag model studies of g,(x)
[14,15,56] accord reasonably well with the experimental
data.

VI. NUMERICAL RESULTS AND DISCUSSIONS

We show our results for the MCM contributions to g4 (x)
and g5(x) at 0> = 2.5 GeV? in Fig. 10. As expected, the
dominant contributions to g} are the longitudinal contri-
butions of the form Af;; ® g;, while the transverse con-
tributions are fairly small at this scale. For gj the
transverse contributions are similar in size to the longitu-
dinal contributions, but tend to be opposite in sign, which
makes the overall MCM contribution to g5 smaller than for
g7. We also show the contribution from the |N7r) portion of
the MCM wave function. While important, it is clear that
taking into account only this part of the wave function does
not give a good indication of the total MCM contribution to
the spin dependent structure functions. The A baryon,
especially the s = 3/2 component, plays an important
role and should not be ignored.

In Figs. 11 and 12 we compare theoretical calculations
for g7 and g/ with recent experimental measurements from
HERMES Collaboration [4,6]. The calculation of g/ (x)
agrees very well with the data, but the agreement is less
impressive in the case of gf(x), where the calculated
structure function is significantly smaller than the data
points in the region x > 0.3, and the peak of the calculated
structure function occurs near x = 0.3. As can be seen in
Fig. 11, the fit to the experimental data is considerably
improved by including both the polarized gluon distribu-
tion and meson cloud effects. It is known [30,63] that the
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FIG. 10. Meson cloud model contributions to g% (x) and g5 (x)
at Q% = 2.5 GeV?. The thick lines are the total longitudinal
contributions to the structure functions. The thick dashed lines
are the total transverse contributions to the structure functions
[multiplied by 10 in the case of g;7(x)]. The thin lines show the
total contribution of the |Nar) Fock state to the structure func-
tions [multiplied by 5 in the case of g,(x)].
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FIG. 11. Spin dependent structure functions xg} at Q2 =

2.5 GeV?. The thin solid curve is the bag model calculation.
The thick dashed curve is the bag model calculation plus con-
tributions from the polarized gluon. The thick solid curve is the
total result in the MCM calculations. The HERMES data are
taken from [4].
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FIG. 12. As in Fig. 11 but for xg|. The HERMES data are
taken from [6].

meson cloud lowers the bag model calculation for g} over
the entire range of x since the angular momentum of the
meson cloud carries some of the spin of the nucleon.
However these calculations overestimate gf(x) in the re-
gion x < 0.1 and give results with much smaller magnitude
than the experimental data for g/ (x) in the region x < 0.2.
Including the polarized gluon distribution significantly
improves the fit to the experimental data. The importance
of these polarized gluon contributions is more obvious in
the calculation of the structure function g. Without these
contributions our theoretical calculations are not able to
reproduce the shape of the experimental data. We note that
the magnitude of the polarized gluon distribution we use is
determined only by the Ellis-Jaffe sum rule, and we have
not attempted to change the shape of the distribution to
improve the agreement with the data. A harder polarized
gluon distribution would reduce g} even more at large x.
Another factor which affects the quality of our fit to the
data at large x is the difficulty the bag model calculation of
structure functions has in this region because of the non-
relativistic projection used to form momentum eigenstates
[55], which results in the calculated distributions being
systematically smaller than the data.

The values for the Ellis-Jaffe sum rule for the proton and
neutron are found to be 0.120 and —0.027, respectively,
which are close to the experimental values at this scale of
[083, g7 (x)dx = 0.122 = 0.003(stat.) = 0.010(sys.)  [4]
and —0.037 = 0.013(stat.) == 0.005(sys.) = 0.006(extrap.)
[6]. The Bjorken sum rule is found to be 0.147 which is
close to the experimental value, and can also be compared
with the theoretical value calculated to O(ag) [64] of
0.173. This is consistent with the value of g, calculated
in the bag model being 10% smaller than the experimental
value. In this work, the structure functions have been
calculated by considering only the contributions from the
valence partons. In the MCM, the polarized antiquark
distributions A#(x) and Ad(x) are found to be rather small
[34,65]. However, Pauli blocking effects [32,66] may be of
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FIG. 13. Spin dependent structure functions xg; at 0% =
2.5 GeV?2. The thin solid curve is the bag model calculation.
The thick dashed curve is the bag model calculation plus con-
tributions from the polarized gluon. The thick solid curve is the
total result in the MCM calculations. The data are taken from
SLAC-E155 [9] and 0.8 GeV? < Q2 < 8.2 GeV>.

similar size in the polarized distributions as in the unpo-
larized distributions [28], and could contribute 5% —10% to
the observed value of the Bjorken sum rule.

Now we turn our attention to the calculations for the
structure functions g,(x). The results are presented in
Figs. 13 and 14 for the proton and neutron, respectively,
along with experimental data from E99-177, E97-103, and
E155 Collaborations. The agreement between theoretical
calculations and experimental measurements for the proton
in the region 0.05 < x < 0.7 is very good. The calculations
for g4 are consistent with the recent precision measure-
ment at JLab for x = 0.2, although experimental informa-
tion on the x-dependence of g4(x) is not conclusive due to
large error bars. Once again we find that including the
polarized gluon contribution is crucial to the calculations
for the region x < (0.2, especially for the calculation of
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FIG. 14. As in Fig. 11 but for xg5. The data are taken from
Jefferson Lab experiments [11,12] and 0.57 GeV? < Q%2 <
4.83 GeV?2.
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TABLE IV. Comparison of our calculations with experiment
for the moments of the g, structure functions, where M, [g,] =

f(l) x"g,(x)dx.

My[gh1 X 10> My[gh] X 10° My[gh]x 10°

This work —5.13 —1.14 —0.33
Experiment [9] —7.2 £ 0.5 = 0.3

M,[gh] X 103 My[gh] X 10> Mg[gh] X 103

—0.564 —0.203 —0.067
33%6.5

This work
Experiment [8]

g5(x). The cloud mesons can have a dramatic effect on
the calculations for the structure functions g5, especially
in the region 0.1 < x < 0.4. For g3 in the region of x ~ 0.1
the cloud contributions are comparable in magnitude with
the bare contributions.

The close agreement between our calculations and the
experiments implies that any twist three portion of g,(x) is
rather small. We note that experimental data from E155 [9]
is compatible, within 2 standard deviations, with there
being no twist three contribution to the structure functions.
If precision experiments at low values of Q2 also show no
firm evidence for twist three contributions to g,, this will
provide a new challenge for model builders, as it is ex-
pected that higher twist parts of the structure functions will
be of similar size to leading twist contributions at the
model scale [56]. We give our results for the first few
moments of g5 and g4, along with the experimental esti-
mates of these moments in Table IV. The disagreement
between our value of the second moment of g5 and that of
E155 is largely due to the data point at x = 0.78 which gets
a large weighting in the calculation of the moment.

VII. SUMMARY

We have used the meson cloud model to calculate the
spin dependent structure functions g;(x) and g,(x) of the
proton and neutron. An important part of this calculation is
the use of bare structure functions of the hadrons in the
model calculated in the MIT bag model, with the addition
of an extra polarized gluon term, which gives good agree-
ment with the observed value of the lowest moment of g
(Ellis-Jaffe sum rule).

We included in our calculations the full effects of kine-
matic terms that arise at finite Q2 because the spin vector of
the struck hadron is not parallel with the spin vector of the
initial nucleon. This leads to three or more additional
contributions to each spin dependent structure function
for each hadron species included in the model nucleon
wave function. While these contributions vanish in the
Bjorken limit, they can make a substantial proportion of
the observed structure functions at finite Q?, and are par-
ticularly important for describing the neutron structure
functions. We note that these contributions have the same
form as expected for target mass corrections [36] and
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should not be confused with genuine higher twist contri-
butions to the structure functions, which arise from new
operators involving quark-gluon correlators [56,67]. As the
quality of data on neutron structure functions improves, it
will be interesting to compare the behavior of the structure
functions as a function of Q2 with that predicted by the
MCM. We have not done this here, as most of the data is at
fairly low x, and the Q? variation in this kinematic region is
quite small.

We have considered the effects of possible interference
between intermediate states containing different hadrons,
which can contribute to the spin dependent parts of the DIS
cross section. Our analysis shows that for the most part
these terms cannot affect the observed structure functions
or parton distributions. It is possible that states involving
higher spins, e.g. |Ap), can give interference contributions.
The difficulties in calculating the dynamics of the relevant
vertices are formidable, however these terms are sup-
pressed in the MCM owing to their high mass, so we
have ignored these contributions in this work.

Our calculations of the spin dependent structure func-
tions show good agreement with the experimental data. We
see significant corrections to the structure functions calcu-
lated using the bag model arising both from the inclusion
of a polarized gluon distribution and from the cloud con-
tributions. In both cases these improve the agreement with
the experimental data. Our calculations of g,(x) includes
only the Wandzura-Wilczek term, which gives the twist
two portion of the structure function.

There is a further spin dependent structure function of
the nucleon, which we have not discussed in this paper.
This is the transversity distribution 4;(x), which measures
the distribution of transversely polarized quarks in a trans-
versely polarized nucleon. In the nonrelativistic limit
h;(x) = g,(x), so a measurement of &, can tells us about
the importance of relativistic effects in the quark wave
function. We will be extending our calculations to the
transversity distribution of the proton and neutron, where
we expect that meson cloud model effects will affect
significantly the observed structure functions.
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APPENDIX A: BARYON AND MESON
MOMENTUM DISTRIBUTIONS

We reproduce here the results for the general form of the
baryon and meson momentum distributions f7,, ;(y) as

PHYSICAL REVIEW D 73, 094008 (2006)

given by Kumano and Miyama [33] for spin 1 mesons. As
we have noted above, these results also hold for spin 1/2
baryons and can be generalized to spin 3/2 baryons. First,
we note that the portion of the integrand of Eq. (16) that
depends on Jy,,5, the NM B vertex times the propagator of
the struck hadron, may be written as a sum of an unpolar-
ized, a longitudinal and a transverse part:

D d
(Isz)L y Zl NBM|2 C)‘ + )lNC/\ + T™N C0S¢CT,

(AD)

where ¢ is the angle between k; and 5y, ki Sy =
|k | |7y cose, and A labels the helicity of the struck hadron.
We find that the unpolarized part is such that C;* = C}), so
any contribution arising from this part will cancel itself
when we compute Af using Eq. (21). Therefore we will
ignore any contributions from C} in the following.
Performing the integration over ¢ then gives Eq. (20)
with the hadron momentum distributions given by

(2 )m

b)) = /0 S, (KL m) (A2)
(k3 )m

Far () = /l dl?ir&,r(la,m), (A3)

where m is the mass of the struck hadron and the integrands
rt,; are given by

2
L 1-1-’)/2—1)} (A4)

ri\L(l?l, m) = ZWC’L‘[I +

yy my
k
(i, m) = —WC%@ (A5)
2 m?
ry, (k1, m) = —Yzﬂcﬁm (A6)
N
(KL, m) =y 7TCT 2 - (\/1 +y2=1). (AD

We note that we have changed the signs of f;7 and f,;
from those of [33], as this is more consistent with the
notation we use below for the spin 3/2 baryon momentum
distributions In the Bjorken limit only f;; remains non-
zero. By combining the longitudinal Ay = 1(7y = 0) with
the transverse Ay = 0 (7 = 1) amplitude in Eq. (20), and
defining the functions

Af{,ZL,T(y) = fi\ZLJ,r%(Y) - fffi,%(y)

with j the spin of the struck hadron, we can obtain the
separate contributions to the nucleon g; and g, structure
functions:

(A8)
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5600 = 17— ['D T A7

i=12

~ AfL ()] G Q2> (A9)
e 0= [ S [0
Af;T(y)} ( Q2> (A10)

The momentum distributions for spin 3/2 baryons follow a
similar pattern to those above. In this case the distributions
also have to be labeled by h = l, 3 with A = =h. We

obtain

G 14 — 20?
AL = [ R S R

4
+ 157 T(kl,m)} (A11)
®) 18 .
o= [ a’kiTréL,T(ki, m)  (A12)
(k%) 6 + 2w?
glL/zT)/\( )_f dﬁ[Trﬁ,r(la,m)
4, -
~5rr(kL m)} (A13)
(3 ) 2 + 2w?
15 0) = [ AL ——rly (KL, m).  (A14)
Now defining
AFEDLO) = ILPSTHO) = A7) (AL5)

the contributions to the structure functions become

581(36, QZ) — 1 —'—172 [19 Z Z [Af(3/2)h( )

x V5 h=1/2,3/2

(3/2)h(y)]g(3/2)h< Q2>

(A16)

1 dy

5g2(-x’ QZ) = - 1+ ')’2

[ AFGPM(y)
x Y ST h=(172).3/2)

f(z/,) ()’)} (3/2)h( Q2>

(A17)

APPENDIX B: CALCULATION OF N — A
INTERFERENCE TERMS

As an example of the general technique for calculating
the vertex functions in the MCM, and more specifically

PHYSICAL REVIEW D 73, 094008 (2006)

how to calculate interference terms, we present the calcu-
lation of the terms for interference between |N#) and | A7)
states, where the pion is the spectator. We start from the
interaction Lagrangians for the two vertices [29,48,51]

L =igynPysmip (B1)

2 = fyaqPhd, mU* + He, (B2)

where U*(p, s) is the Rarita-Schwinger spinor for the spin
3/2 field. These give the required vertices in the numer-
ators of Jyy, and Jya -, whereas the denominators will be
given by the propagators of the nucleon and A. respec-
tively. Standard techniques then give us that R[Jya /vy ]
is proportional to the trace of

sLulp, 9)a(p, )1 (ysE (ky, s1)ilks, 55)

— u(ky, s)E*(ky, $1)¥5) Pl (B3)

where E#(k,, s,) is the positive energy spin 3/2 spinor,
which is a linear combination of Dirac spinors of positive
and negative helicity with polarization vectors e* for
longitudinal and left or right circular polarization in the
moving frame. We note that the nucleon and A in the
intermediate states do not have identical momentum or
spin 4-vectors, which may have been previously over-
looked in earlier calculations. This fact makes the interfer-
ence calculations much more difficult than the usual
noninterference terms as E*(ky, s,)ii(k,, s,) cannot be
written as a propagator, but requires careful evaluation.
We also note that our calculation adds together two con-
tributions depending on whether the initial MCM state is
|N7r) or |A7r). As these two are Hermitian conjugates, the
final result should be real, which acts as a check that we
have correctly accounted for all phase factors.

It is easiest to do the calculation in two parts, corre-
sponding to the A = *1/2 helicities of the intermediate
state hadrons. For the coefficients Cj),  of Eq. (53) we
obtain

K3 (my + my)

CH) = Gi() =t "l cosd B
N N
2 A
Ci @) = ~Ci(9) = L2 B cong
N\/
(B5)
and
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Cr () = —Cr(9)

_ 0 = DO'my +mpaky ki
4:J6y"? iy 46y my fmyims
X cos(2¢)

(my + m)( + % = (' — DPm ks
4B = 1yP(mymy )

X sin(¢).

These coefficients now must be multiplied by coefficients
A’]Y ZA, A’l\f 2A from Eq. (46), all of which have the structure

(B6)

ANA = ab )y + al' Ty cosg (B7)

and similarly for AIIYZA, where Ay and 7y refer to the
polarization of the parent nucleon. The functions r{,, ;
(and their analogous 71,, ;) are then given by

PHYSICAL REVIEW D 73, 094008 (2006)

2T
= f dgatC) (B8)
0

2T
r{‘T=f dpal C)cosd (B9)
0

while any contribution to the unpolarized cross section will
be proportional to

] AL + Cy ) (B10)
0

By inspection all these angular integrals are zero. Thus the
interference between |N7) and |A7) intermediate states
makes no contribution to the observed structure functions.
Similar arguments hold for the case of interference be-
tween |[N7r) and |Np) intermediate states.
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