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Calculation of the nucleong1 structure function using the meson cloud model
in the light-cone frame

F. Zamani and D. Saranchak*
Department of Physics, Villanova University, Villanova, Pennsylvania 19085

~Received 13 November 2000; published 9 May 2001!

We calculate polarized quark distribution functions andg1 structure functions for the nucleon. The calcu-
lation is performed in the light-cone frame. The dressed nucleon is assumed to be a superposition of the bare
nucleon plus virtual light-cone Fock states of baryon-meson pairs. For bare nucleon we consider both the case
of diquark-quark clusterization and the case which there is no quark clusterization inside the nucleon. The
initial distributions are evolved. The final results are compared with other theoretical calculations and experi-
mental observations.
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I. INTRODUCTION

In the late 1980’s measurements by the European M
Collaboration~EMC! indicated that only a small fraction o
the proton spin is carried by the spin of the quarks@1,2#. In
light of the fact that this was in disagreement with qua
model prediction, a model which had great success in
scribing the gross features of the nucleon, the EMC re
caused quite a stir in the particle physics community. T
resulted in what came to be known as the ‘‘proton spin c
sis’’ and resulted in a considerable amount of both theor
cal and experimental investigation of the nucleon spin. Si
then literally hundreds of papers have been published on
subject. On the experimental side, the original experimen
EMC at CERN was followed by the Spin Muon Collabor
tion ~SMC! @3–12#, also, at the Stanford Linear Accelerat
Center~SLAC! @13–20# and the HERMES Collaboration a
Deutsches Elektronen-Synchrotron~DESY! @21–24#. Among
other things, these experiments have confirmed the orig
EMC result, the Bjorken sum rule~BSR! @25,26#, but show
the violation of Ellis-Jaffe sum rule~EJSR! @27#, and what
appears to be a rather large negative strange quark pola
tion.

On the theory side the investigation of the nucleon s
has been very active since the EMC result. The objectiv
to find the contribution of different sources, i.e., quarks, g
ons, and orbital motion of the partons, to the spin of
proton. In the late 1980’s, Altarelli and Ross@28# and Carl-
itz, Collins, and Mueller@29# suggested that there is a ha
gluonic contribution to the first moment ofg1 structure func-
tion of the proton. Others followed up on this suggesti
@30–32#. The objective here was to see whether there i
positive gluon polarization, since this would explain aw
the rather large negative sea polarization and rather s
contribution of the quarks to the spin of the proton. Fo
period of time there was some apparent conflict between
ral invariant approach and gauge invariant approach to
calculation of the contribution of the gluon to the quark p
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larization. The reason being that in operator product exp
sion ~OPE! approach, which is model independent, the ha
gluons at twist-2 level make no contribution to the first m
ment of g1 structure function This apparent problem h
been clarified@31,33# and now the general understanding
that there is a rather significant contribution due to glu
anomaly, which is not unexpected in PQCD regime@34#.
Therefore, the observed experimental results are superp
tion of the quark and gluon polarizations and therefore, th
is no spin crisis. For interested readers a number of exce
extended articles on this topic are in Refs.@32–44#.

In Sec. II we briefly present a light-front representation
three-body systems and introduce the two types of w
functions that we will use for core nucleon. This will b
followed by the formalism for the meson cloud model in Se
III. Results and discussion will be presented in Sec. IV.

II. LIGHT FRONT REPRESENTATION OF THE
NUCLEON

Since the original work by Dirac@45# several decades
ago, there has been extensive use of light front frame
study high-energy processes. References@46–49# present
more in depth study of the subject for the interested rea
Basic definitions and a formalism are presented in Re
@50,51#. A four vector in light front frame is defined as

a5~a1,a2 ,a'!, ~1!

where a65(a°6a3)/A2 and a'5(a1,a2). Following the
relativistic treatment of the nucleon by Terent’ev@52,53#, we
separate the center of mass motion of the three quark
nucleon from their relative motion by transforming their m
mentap1 ,p2 ,p3 into total and relative momenta as follow

PW 5pW 11pW 21pW 3 , ~2a!

j5
p1

1

p1
11p2

1 , h5
p1

11p2
1

P1 , ~2b!

q'5~12j!p1'2jp2' ,

Q'5~12h!~p1'1p2'!2hp3' . ~2c!
©2001 The American Physical Society02-1
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Then, the Hamiltonian of the system takes the form

H5
P'

2 1M̂2

2P1
, ~3!

whereM̂ is the mass operator with the interaction termW:

M̂5M1W, ~4a!

M25
Q'

2

h~12h!
1

M3
2

h
1

m3
2

12h
, ~4b!

M3
25

q'
2

j~12j!
1

m1
2

j
1

m3
2

12j
, ~4c!

with m1 , m2, and m3 as the constituent quarks masses.M
andM3 can be rewritten in a more transparent way in ter
of the relative momentaq andQ:

E15Aq21m1
2, E25Aq21m2

2, E35AQ21m3
2,

E125AQ21M3
2, ~5a!

j5
E11q3

E11E2
, h5

E121Q3

E121E3
, ~5b!

M5E121E3 , M35E11E2 , ~5c!

whereq5(q1 ,q2 ,q3) andQ5(Q1 ,Q2 ,Q3).
The wave function of the nucleon can be written as

C5Fxf, ~6!

where F, x, and f are the flavor, spin, and momentu
distributions, respectively. We are going to consider two d
ferent wave functions for the core nucleon. First, we assu
that the nucleon is a quark-diquark system. In general,
nucleon state can be a linear combination of the follow
spin-isospin diquark states:~0,0!, ~0,1!, ~1,0!, and ~1,1!.
However, work done by Close@54# and Glashow@55# sug-
gest that the spin zero diquark state will be the dominant
and therefore in the following we will only consider linea
combination of spin-isospin diquark states~0,0! and ~0,1!.
Therefore, the proton wave function can be written as

C15
A

A2
@uud~xr1f1

l11xr2f1
l2!2udu~xr1f1

l12xr3f1
l3!

2duu~xr2f1
l21xr3f1

l3!#1
B

A6
@uud~xr1f1

r1

1xr2f1
r222xr3f1

r3!1udu~xr1f1
r122xr2f1

r2

1xr3f1
r3!1duu~22xr1f1

r11xr2f1
r21xr3f1

r3!#.

~7a!

For the second case we assume that there is no clusteriz
of the quarks inside the nucleon@50#:
06520
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C25
21

A3
~uudxl31uduxl21duuxl1!f2 . ~7b!

In Eq. ~7a!, uAu21uBu251 and in our case, withB520.2.
Also, in Eq. ~7!, u andd represent the up and down flavo
xr i andxl i with i 51,2,3 represent the Melosh transform
spin wave functions@56#, for example,

x↑
r35

1

A2
~↑↓↑2↓↑↑ !, ~8a!

x↓
r35

1

A2
~↑↓↓2↓↑↓ !, ~8b!

x↑
l35

1

A6
~↓↑↑1↑↓↑22↑↑↓ !, ~8c!

x↓
l35

1

A6
~2↓↓↑2↓↑↓2↑↓↓ !. ~8d!

The spin wave function of thei th quark is

↑5RiS 1

0D , ↓5RiS 0

1D . ~9!

In Eq. ~9!, Ri are the Melosh matrices

R15
1

Aa21Q'
2Ac21q'

2 S ac2qRQL 2aqL2cQL

cQR1aqR ac2qLQR D ,

~10a!

R25
1

Aa21Q'
2Ad21q'

2 S ad1qRQL 2aqL2dQL

dQR2aqR ad2qLQR D ,

~10b!

R35
1

Ab21Q'
2 S b QL

2QR b D , ~10c!

where

a5M31hM , b5m31~12h!M , ~11a!

c5m11jM3 , d5m21~12j!M3 , ~11b!

qR5q11 iq2 , qL5q12 iq2 , ~11c!

QR5Q11 iQ2 , QL5Q12 iQ2 . ~11d!

The functionsf1
r i and f1

l i , with i 51,2,3, andf2 are the
2-2
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momentum wave functions, which we take to be of the f
lowing form:

f1
r i5Nr i~Xj2Xk!f1

si/XT , ~12a!

f1
l i5Nl i~Xj1Xk22Xi !f1

si/XT , ~12b!
e
.

t
he
de
co

nd

06520
-with i 5” j 5” k, and@50#

f25
N

~M21b2!3.5
. ~12c!

Also,
X35
Q'

2

2h~12h!bQ
2 1

q'
2

2hj~12j!bq
21

m1
2

2hjbq
21

m2
2

2h~12j!bq
2 1

m3
2

2~12h!bQ
2 , ~13a!

X25q'
2

~12h!~12j!bQ
2 1jbq

2

2bQ
2 bq

2hj~12j!~12h1jh!
1Q'

2
~12j!~12h!bq

21jbQ
2

2bQ
2 bq

2h~12h!~12h1jh!

1q'Q'

bQ
2 2bq

2

bQ
2 bq

2h~12h1jh!
1

m1
2

2hjbq
21

m2
2

2h~12j!bQ
2 1

m3
2

2~12h!bq
2 , ~13b!

X15q'
2

~12j!bq
21j~12h!bQ

2

2bQ
2 bq

2hj~12j!~12jh!
1Q'

2
~12j!bQ

2 1j~12h!bq
2

2bQ
2 bq

2h~12j!~12jh!
2q'Q'

bQ
2 2bq

2

bQ
2 bq

2h~12jh!

1
m1

2

2hjbQ
2 1

m2
2

2h~12j!bq
2 1

m3
2

2~12h!bq
2 , ~13c!

XT5X11X21X3 , ~13d!
in

n
p-

orre-
ing

e

and

f1
si5

1

~11XT!ni
. ~13e!

In the above equationsbQ , bq , andb are confinement scal
parameters andNr i

, Nl i
, andN are normalization constants

III. MESON CLOUD MODEL IN LIGHT-CONE FRAME

The meson cloud model has been used extensively in
1990’s, mostly to investigate the flavor asymmetry of t
nucleon sea. In this approach using the convolution mo
one can decompose the physical nucleon in terms of the
nucleon and intermediate, virtual meson-baryon states@57–
76#. Following the work done by Holtmann, Szczurek, a
Speth@69# and Speth and Thomas@72#, one can write

uN↑&5Z1/2F uN↑&bare1(
BM

(
ll8

E dyd2k'bBM
ll8~y,k'

2 !

3uBl~y,kW'!;Ml8~12y,2kW'!&G , ~14a!

with
he

l,
re

bBM
ll8~y,k'

2 !5
1

2pAy~12y!

AmNmBVIMF
ll8~y,k'

2 !

mN
2 2MBM

2 ~y,k'
2 !

,

~14b!

whereZ is the probability of the physical nucleon being

the core state.bBM
ll8(y,k'

2 ) is the probability amplitude for
the physical nucleon with helicity1 1

2 is in a virtual state
consisting of baryonBl(y,kW'), with helicity l, longitudinal
momentumy, and transverse momentumkW' , and meson
Ml8(12y,2kW ), with helicity l8, longitudinal momentum

12y, and transverse momentum2kW . VIMF
ll8(y,k'

2 ), is the ver-
tex function and its explicit form for different baryon-meso
pairs with their corresponding helicities are listed in the A
pendix. The summations in Eq.~14! include all physically
possible pairs from the pseudoscalar mesons and their c
sponding baryons from baryon octet and decuplet. Us

bBM
ll8(y,k'

2 ), one can define polarized splitting function in th
following way:

nBM/N
l ~y!5(

l8
E

0

`

dk'
2 ubBM

ll8~y,k'
2 !u2, ~15a!

nMB/N
l8 ~y!5(

l
E

0

`

dk'
2 ubBM

ll8~12y,k'
2 !u2. ~15b!

The splitting functions must satisfy the equations
2-3
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nMB~y!5nBM~12y!, ~15c!

and

^xnMB&1^xnBM&5^nBM&. ~15d!

In Eq. ~15d!, ^n& and ^xn& are the first and second mo
ments of the splitting functions. Equation~15c! ensures the
global charge conservation and Eq.~15d! momentum conser
vation.

Calculation of the physical polarized quark distributio
is similar to the procedure that was followed for unpolariz
case in Ref.@76#, with the following modification: To calcu-
late the polarized core quark distribution we use the follo
ing expression@77#:

qcore
l ~x!5(

j
^N↑uPql

j d~x2xj !uN↑&, ~16a!

53^N↑uPql
3 d~x2x3!uN↑&, ~16b!

with

(
i

xi51, ~16c!

where x15jh, x25h(12j), and x3512h, and Pql
j is a

projection operator that projects outj th quark with helicityl
and Eq.~16b! is for symmetrized wave function.

These initial distributions are calculated at some init
low Q0

2. In order to be able to compare our results w
experiments, we evolve these initial distributions usi
Altarelli-Parisi equations@78# to some final highQ2. The
Altarelli-Parisi equations for polarized distributions are@33#

d

dt
DqNS~x,t !5

as~ t !

2p
DPqq

NS~x! ^ DqNS~x,t ! ~17a!

for nonsinglet distributions and

d

dt
DqS~x,t !5

as~ t !

2p
@DPqq

S ~x! ^ DqS~x,t !

12nfDPqG~x! ^ DG~x,t !#, ~17b!

d

dt
DG~x,t !5

as~ t !

2p
@DPGq

S ~x! ^ DqS~x,t !

1DPGG~x! ^ DG~x,t !# ~17c!

for singlet distributions. In Eq.~17! as is the QCD running
coupling constantDq, DG are the polarized quark and gluo
distribution functions,DP’s are the splitting functions,f is
the number of flavors, andt is defined as

dt5 ln~Q2/Q0
2!. ~17d!

Having the polarized distribution functions one can calcul
polarized singleta0 and nonsinglet,a3 and a8 distributions
06520
-

l

e

andg1
p andg1

n polarized structure functions along with the
first moment in the following way:

a0~x!5Du~x!1Dd~x!1Ds~x!, ~18a!

a3~x!5Du~x!2Dd~x!, ~18b!

a8~x!5
Du~x!1Dd~x!22Ds~x!

A3
, ~18c!

g1
p~x!5

1

2 S 4

9
Du~x!1

1

9
Dd~x!1

1

9
Ds~x! D , ~18d!

g1
n~x!5

1

2 S 1

9
Du~x!1

4

9
Dd~x!1

1

9
Ds~x! D , ~18e!

where

Dq~x!5@q↑~x!2q↓~x!#1@ q̄↑~x!2q̄↓~x!#, ~18f!

also

G1
p5E

0

1

g1
p~x!dx, ~19a!

G1
n5E

0

1

g1
n~x!dx, ~19b!

where Eqs.~19a! and ~19b! represent the first moment o
g1

p(x) andg1
n(x). Using Eqs.~18! and~19! one can calculate

BSR @25,26# and EJSR@27#

SB5G1
p2G1

n , ~20a!

SEJ
p 5

1

12S a31
5

A3
a8D , ~20b!

SEJ
n 5

1

12S 2a31
5

A3
a8D . ~20c!

Using Eqs.~18a!–~18c! one could write polarized quark dis
tributions in terms of singlet and nonsinglet distributions:

Du5
~A3a812a013a3!

6
, ~21a!

Dd5
~A3a812a023a3!

6
, ~21b!

Ds5
~2A3a81a0!

3
. ~21c!

IV. RESULTS AND DISCUSSION

In Table I we present the parameters, in energy units
GeV, that have been used in Eqs.~13!, ~12!, ~16!, and~17! to
calculate quark distribution functions and the proton a
2-4
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neutron polarized structure functions. Set 1 represe
diquark-quark distribution dominated by the isoscalar
quark for the core nucleon. Set 2 is the parameters use
Schlumpf @50# and represent symmetrical distribution
quarks inside the nucleon.

In Fig. 1 we present polarizedxu andxd distributions for
the core nucleon. One can see the relative closeness od↑
andd↓ for the diquark-quark distribution which means rath
small magnitude ofDd for set 1. Having these distribution
the bare nucleon is dressed up into physical nucleon by
troducing the meson cloud at some initial low momentu
transferred. Figure 2 showsxDu, xDd, and xDs distribu-
tions for set 1 and set 2. A couple of points concerning t
graph, one is thatDd is significantly larger for set 2 com
pared with that of set 1 and the second point is the smalln
of Ds for both sets which is expected. Figure 3 shows
details ofDs distributions which is positive, in contrast wit
observation~for example, see Ref.@18#!. However, this is not
surprising, since we have not introduced any gluon polar
tion at this stage. At this point we would like to mention th
one can correctly infer that our model does predict asym
tries between the strange and antistrange quark distribu
However, we have shown in Ref.@76# that *0

1(s(x)

1 s̄(x))dx50 as it should be for the nucleon. Figure 4 pr
sents thexa3 , xa8, andxa0 distributions. These initial dis-
tributions evolve using the code of Kumano and collabo

TABLE I. Parameters used in sets 1 and 2. Heremu , md , bQ ,
and bq are all in GeV, andmp and mn are in nuclear magneton
units. Set 1 represents our diquark-quark model, while set 2 re
sents parameters used by Schlumpf@50,51#.

mu md bQ bq n1 n2 n3 mp mn

Set 1 0.250 0.210 0.25 0.45 2.8 2.8 2.6 2.8221.61
Set 2 0.263 0.263 0.607 0.607 3.5 3.5 3.5 2.8121.66

FIG. 1. Polarizedxu-core andxd-core distributions for set 1 and
set 2. Set 1 represents a diquark-quark distribution while in s
there is no quark clusterization.
06520
ts
-
by

r

n-

s

ss
e

-
t
e-
n.

-

-

tors @79,80# to final momentum transferred and compar
with experimental results. The code uses the modified m
mal subtraction~MS! renormalization scheme and calculat
Q2 evolution to the next-to-leading order of the running co
pling constant with QCD scale parameter of 0.2 GeV. T
evolved distributions of Figs. 2–4, respectively, are shown
Figs. 5–7. We have used evolution parametert50.3 and
have assumed that there is no initial gluon polarization. W
the exception of the expected shift to lowerx the general
features are the same preevolution. For example, in Fig. 3
polarized strange quark distributions peak at aboutx50.2
and peak value of about 0.0022. In Fig. 6 the polarized d
tributions of the strange quarks after evolution peak at ab
x50.1 and peak value of about 0.0065, but the total stra

e-

2

FIG. 2. Initial xDu, xDd, andxDs for dressed nucleon. Set
represents a diquark-quark distribution while in set 2 there is
quark clusterization.

FIG. 3. Initial xDs for dressed nucleon. Set 1 represents
diquark-quark distribution while in set 2 there is no quark clust
ization.
2-5



1
se

io
h
ld
ll
-
r

a

se

ect
. In
uark
ra-
y
x-

e
e
f

-
re-

-

on
n

no

t 2
on
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quark polarization remains roughly the same at about 0.0
We know that evolution generates gluon polarization. In
1 we getDG50.66 and in set 2 we getDG51.21. For the
sake of consistency we renormalize total gluon polarizat
for both sets to be 2.5. Although this seems to be a rat
high contribution, it is not unexpected in PQCD but it shou
be considered as absolute upper limit as explained by E
and Karliner@34#. As mentioned in the Introduction the ex
perimental observation is actually a superposition of qua
and gluon polarization. Taking this into account one c
write

Dq→Dq2
as

2p
DG, ~22!

FIG. 4. Initial xa3 , xa8, and xa0. Set 1 represents a diquark
quark distribution while in set 2 there is no quark clusterization.

FIG. 5. EvolvedxDu, xDd, andxDs distributions with evolu-
tion parameter t5 0.3. Set 1 represents a diquark-quark distributi
while in set 2 there is no quark clusterization with no correctio
due to gluon anomaly.
06520
5.
t
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whereas is QCD running coupling constant and in our ca
we choose as /2p50.048 which relates toQ2, about
4 GeV2. The results of taking into account Eq.~22! are
shown in Figs. 8 and 9. As can be seen in Fig. 8 this eff
clearly results in negative strange sea-quark polarization
Figs. 8 and 9 we also present plots generated by using q
distributions parametrized by asymmetry analysis collabo
tion ~AAC! group. AAC has generated their distributions b
fitting the world experimental data and gives analytical e
pressions atQ251 GeV2 @84#. The plots in Figs. 8 and 9 ar
generated by evolving the initial AAC distributions using th
evolution parametert50.1. As can be seen in Fig. 8 both o
our models overestimate the contribution of theu quark to
the nucleon polarization. For thed quark set 2 is in reason
ably good agreement with the AAC result. Figure 9 rep

s

FIG. 6. EvolvedxDs with evolution parametert50.3. Set 1
represents a diquark-quark distribution while in set 2 there is
quark clusterization with no corrections due to gluon anomaly.

FIG. 7. Evolvedxa3 , xa8, andxa0 with evolution parametert
50.3. Set 1 represents a diquark-quark distribution while in se
there is no quark clusterization with no corrections due to glu
anomaly.
2-6
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sents high resolution plots for strange quark distributio
Again, for this case set 2 is in reasonable agreement with
next-to-leading order calculation of the AAC group. Our n
merical results along with some experimental and theoret
results are presented in Table II. There are a few points to
made concerning this data. Set 1 even after the introduc
of gluon anomaly results in rather small magnitude ofDd
and positive first moment ofg1

n , which is in contrast with
observation@9,17,18#. However, it reproduces strange qua

FIG. 8. EvolvedxDu, xDd, andxDs distributions. Set 1 repre-
sents diquark-quark distribution while in set 2 there is no qu
clusterization with corrections due to gluon anomaly. AAC-LO a
AAC-NLO-1 plots have been generated using leading order
next-to-leaing order calculations of quark distributions by AA
group, respectively~Ref. @84#!.

FIG. 9. EvolvedxDs distributions. Set 1 represents a diquar
quark distribution while in set 2 there is no quark clusterizati
with corrections due to gluon anomaly. AAC-LO and AAC-NLO-
plots have been generated using leading order and next-to-lea
order calculations of quark distributions by AAC group, respe
tively ~Ref. @84#!.
06520
.
he
-
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be
n

polarization and BSR rather nicely. Set 2 reproduces a m
reasonableDd and first moment ofg1

n but somewhat over-
estimates BSR. The important point is that when one co
pares the last two rows of Table II with other theoretic
calculations~NRQPM and RQPM rows! one realizes that
introduction of meson cloud in relativistic quark model r
sults in better agreement with experiment which once ag
shows the significance of the role of meson cloud in nucle
structure.

One final comment is that in Ref.@76# we calculated the
F2 structure function for the nucleon using the same
proach as we have done in the present work. There
showed that a diquark-quark distribution which is domina
by a spin-0 diquark makes it possible to have reasona
agreement with experiment. In contrast with a core nucle
where there is no clusterization of quarks, and calculatedF2
structure function consistently undershoots observa
rather significantly in the medium to highx range. However,
in this case although the results are mixed for both sets
seems that set 2 is in better agreement with experim
Therefore, for a diquark-quark model to consistently d
scribe polarized and unpolarized cases, one may have to
clude the effects of a spin-1 diquark. What is common b
tween the previous work and the present one is, once ag
the important role of meson cloud in nucleon.

APPENDIX

The explicit form of the vertex functionVIMF
ll8(y,k'

2 ) used
in Eq. ~14b! is

VIMF
ll8~y,k'

2 !5uGMB~M MB
2 !u2VIMF8ll8~y,k'

2 !, ~A1!

whereGMB(M MB
2 ) is the vertex form factor and is param

etrized by the exponential function of the invariant ma
M MB of the intermediate baryon-meson state

k

d

ing
-

TABLE II. Comparison of the results of our models with theo
and experiment. The first three rows are experimental results co
sponding to Refs.@18,17,9#, respectively. The fourth row corre
sponds to Ellis-Jaffe@27# and Bjorken@25,26# sum rules. Row five
is simply the nonrelativistic quark parton model prediction. T
sixth row corresponds to relativistic quark model calculations@83#.
The results of our work are presented in the last four rows.

Du Dd Ds G1
p G1

n G1
p2G1

n

E143 (3 GeV2) 0.83 20.43 20.09 0.13320.032 0.165
E154 (5 GeV2) 0.122 20.056 0.168
SMC (5 GeV2) 0.132 20.048 0.181
EJSR/BSR 0.16720.015 0.182
NRQPM (DG50) 1.33 20.33 0
RQPM (DG50) 1.0 20.25 0
Set 1 (DG50) 1.04 20.075 0.015 0.228 0.042 0.186
Set 2 (DG50) 1.02 20.199 0.014 0.216 0.013 0.203
Set 1 (DGÞ0) 0.917 20.195 20.105 0.187 0.002 0.185
Set 2 (DGÞ0) 0.951 20.271 20.059 0.19320.011 0.204
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GMB~M MB
2 !5e2(MMB

2
2mN

2 )/LMB
2

, ~A2!

wherelMB are free parameters which are determined by
ting experimental data. In the following we present the e

plicit form of VIMF8ll8(y,k'
2 ), for intermediate helicity states o

pseudoscalar meson and baryon states. The complete lis
be found in the original work presented in Refs.@69,72#. For
intermediate statesNp, Nh, SK, andLK the vertex func-
tions are
06520
-
-

can

1

2
→1

1

2
, 0

gNMB

2

ymN2mB

AymNmB

, ~A3!

1

2
→2

1

2
, 0

gNMBe2 if

2

k'

AymNmB

, ~A4!

and the following represent those forDp,S* K intermediate
states:
n,
rse
1

2
→1

3

2
, 0 2

gNMBe1 if

2A2

k'~ymN1mB!

yAymNmB

, ~A5!

1

2
→1

1

2
, 0

gNMB

2A6

~ymN1mB!2~ymN2mB!1k'
2 ~ymN12mB!

ymBAymNmB

, ~A6!

1

2
→2

1

2
, 0

gNMBe2 if

2A6

k'@~ymN1mB!223mB~ymN12mB!1k'
2 #

ymBAymNmB

, ~A7!

1

2
→2

3

2
, 0 2

gNMBe22if

2A2

k'
2

yAymNmB

. ~A8!

In the above equations we have used the notation 1/2→l,l8, wherel and l8 are the helicities of the baryon and meso
respectively.y is the longitudinal momentum fraction of the baryon andf is the angle between the baryon’s transve
momentum and that of the nucleon.gMB are the coupling constants which we choose@57,69# gpp0p

2
513.6 andgpD11p2

2

510.85 GeV22. Other coupling constants are related to these two through the quark model@69,81,82#.
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