
PHYSICAL REVIEW D 68, 054011 ~2003!
Symmetry restoration of the soft pion corrections for the light sea quark distributions
in the small x region

Susumu Koretune
Department of Physics, Shimane Medical University, Izumo, Shimane 693-8501, Japan

~Received 3 March 2003; published 15 September 2003!

The soft pion correction at high energy may play a crucial role in nonperturbative parts of sea quark
distributions. In this paper, we show that, while the soft pion correction for the strange sea quark distribution
is suppressed in the large and the mediumx region compared with that for the up and the down sea quark one,
it can become large and SU(3) flavor symmetric in the very smallx region. This gives us a good reason for the
symmetry restoration of light sea quark distributions required by the mean charge sum rule for the light sea
quarks. Then, by estimating this sum rule with the help of the results obtained by the soft pion correction, it is
argued that there is a large symmetry restoration of the strange sea quark in the region fromx51022 to 1026

at Q2;1 GeV.
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I. INTRODUCTION

The soft pion theorem in exclusive reactions at low e
ergy has been well established. The same theorem ca
applied to inclusive reactions. However, in this case, w
kind of physical processes could be identified as the on
the soft pion limit was unclear. Many years ago, an intere
ing proposal that the pions in the central region with the l
transverse momentum in the center of mass~c.m.! frame
might be identified as the soft pion was given@1#. Though
this proposal turned out to be false, it had been recogn
that it might be physically meaningful if we restricted th
pions to the ones produced directly in the reaction, wh
directly produced means that among the pions in the fi
state the ones in the decay products of resonance part
should be excluded@2–4#. In this sense, the proposal in Re
@1# opened up the way to relate the soft pion theorem
high energy to physical reactions. Let us explain the f
in the semi-inclusive reactionsp(q)1N(p)→ps(k)
1anything(X0), whereps is the soft pion and anything(X0)
includes no soft pion. In the c.m. frame, we regard the
rectly produced pion below a low transverse momentum
a small Feynman scaling variable as the soft pion and the
above this cut as the hard pion. Then we identify this s
pion as the one in the soft pion limit through the refin
scaling assumption which states that the differential cr
section of the directly produced pions divided by the to
cross section behaves smoothly nearxF50 for each energy.
Here, the energy dependence of the value of the normal
invariant cross section atxF50 is allowed. We call this re-
fined scaling as the smoothness assumption. Though the
perimental value of the inclusive cross section in gene
includes the multisoft pion processes, by taking the ra
with the total cross section, this multisoft pion effect canc
out, and we can compare the theoretical value of the one
pion process with the experimental value. In this way, a t
oretical ambiguous part in the infrared structure in the h
ronic reaction originating from the soft pion has been
placed by the experimental value, and applicability of t
soft pion theorem is extended to the high energy regi
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Based on this observation, the soft pion contribution to
Gottfried sum was investigated@5#, and it was found that it
gave a sizable contribution to it and that its magnitude w
just the one to compensate the typical contribution ba
solely on the meson cloud model@6#. This fact was consis-
tent with the study based on the modified Gottfried sum r
@7,8# in the sense that about 40% of the departure from
value of 1/3 came from the region where the momentum
the kaon in the laboratory frame was above 4 GeV/c. In this
paper, we derive the soft pion corrections for the light s
quark distributions. In Sec. II, we give a kinematics of t
single soft pion observed inclusive reaction. In Sec. III, w
give soft pion contribution to the light sea quark distributio
and show that the soft pion correction for the strange
quark one is greatly suppressed compared with that of the
and the down sea quark one in the large and the mediux
region. In Sec. IV, we show that, under a certain conditio
the soft pion correction for the light sea quark distributio
becomes SU(3) flavor symmetric in the very smallx region.
Then, using the mean charge sum rule for the light
quarks, we discuss the behavior of the light sea quark dis
butions in the smallx region. In Sec. V, we give a conclu
sion. In Appendix A, we give a detailed explanation of t
kinematics of the method and in Appendix B, we expla
how the soft pion contribution to the phenomenologica
determined up and down sea quarks enters.

II. KINEMATICS

Let us consider the semi-inclusive current induced re
tion Va

m(q)1N(p)→ps(k)1anything(X0), whereVa
m is the

electromagnetic or weak hadronic currents and anything(X0)
includes no soft pion. The soft pion limit of this reaction ca
be obtained by the Adler consistency condition@9#. By keep-
ing the pion massmpÞ0, we takekm→0 limit of the am-
plitude where the soft pion is off shell and the rest of t
particles are on shell. We first takek150 andkW'50, and
after that we takek250. In this limit, k2 is restricted to be
0, but the momentum of the initial particles are unrestrict
Here we use the partially conserved axial-vector current
©2003 The American Physical Society11-1
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lation ]mJa
5m(x)5mp

2 Ffp(x), where F5A2 f p for a51
6 i2 and F5 f p for a53. The resulting expressions a
given by the terms free from the pion pole terms and
null-plane commutator term as in Fig. 1.

The graph~a! is the one where the proper part of th
axial-vector current is attached to the initial nucleon. We c
the term which comes from this type of the graph as the p
emission from the initial nucleon. The graph~b! is the one
where the proper part of the axial-vector current is attac
to the final nucleon~antinucleon!. We call the term which
comes from this type of the graph as the pion emission fr
the final nucleon. The graph~c! is the one which comes from
the null-plane commutator. We call the term of this kind
the commutator term. The hadronic tensor can be obta
by squaring this amplitude, and we have several terms
responding to the three origins in the amplitude. Amo
them, the term where the one soft pion is attached to the
final nucleon ~antinucleon! and the other to the initia
nucleon or the term where the two soft pions are attache
the different final nucleons can be neglected at high ene
In these cases we have the odd number of the helicity fac
in the same nucleon~antinucleon! line in the final state aris-
ing from the matrix element of the following form
^p(p),huJa

51(0)un(p),h8&52p1hgA(0)dhh8 , where p
means the proton,n means the neutron,h means the helicity
factor, and we takea511 i2 by way of illustration. Since, a
high energy, we can expect that the production of the1
helicity nucleon~antinucleon! and that of the2 helicity one
are of the same order, the contributions from these terms
expected to be small compared with those terms where
helicity factors in the same nucleon~antinucleon! line in the
final state are even. Typical graphs contributing to the h
ronic tensor are given in Fig. 2.
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N N

N

+

X

N

+

X
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q pq p
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FIG. 1. The soft pion theorem in the inclusive reaction. T
graph~a! is the one where the proper part of the axial-vector curr
is attached to the initial nucleon, the graph~b! is the one to the final
nucleon~antinucleon!, and the graph~c! is the one which comes
from the null-plane commutator.
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Thus, among the graphs in Fig. 2, we take the contri
tion from the graphs~a!,~b!,~c!,~d!, and~i! into consideration,
and discard those from the graphs~e!,~f!,~g!, and ~h!. Now
the contributions from the graphs~a! and ~d! are related to
the known process directly. Hence, to estimate these,
need no assumption except the one necessary to apply
soft pion theorem. However, to estimate the contribut
from the graphs from~b!,~c!, and ~i!, we need further theo-
retical consideration. A detailed explanation to estimate th
parts is given in Appendix A.

III. SOFT PION CONTRIBUTION TO THE SEA QUARKS

Now we denote the structure functionsF2
lp(n) where the

suffix l means the lepton andp(n) means the proton~the
neutron!. Further, we defineF2

mN5 1
2 (F2

mp1F2
mn) and F2

nN

5 1
4 (F2

np1F2
nn1F2

n̄p1F2
n̄n). Let us first give the soft pion

correction for the differential between the up and the do
sea quark distribution@5#. Since the separation of the sea a
the valence part in the up and the down quark distribut
has some ambiguity, we use here the Adler sum rule. T

t
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FIG. 2. Graphical representation of the soft pion correction
the hadronic tensor.
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sum rule is considered to be exactly satisfied at the struc
function level. We require this also at the quark distributi
level as is usually fulfilled in a phenomenological analys
Thus the valence up and down quarks need no correc
from the soft pion since they are defined through the exp
mentally measurable quantity such as the structure func
where the soft pion effect is already included. This cause
subtlety in the separation of the up and the down sea qu
distribution into the soft pion part and the other one. A d
tailed explanation of this fact is given in Appendix B. The
the soft pion correction forx(ld2lu) where l i for i
5u,d,s denotes the sea quark distribution for each flavor
been determined from the soft pion correction for the str
ture function (F2

ep2F2
en) as (F2

ep2F2
en)usoft522x(ld

2lu)usoft/3. Hereldusoft and luusoft are ldusoft
1 and luusoft

1 in
Appendix B, respectively@see Eqs.~B12! and ~B13!#. Thus
we obtain

x~ld2lu!usoft5
23I p

8 f p
2 @gA

2~0!~F2
ep2F2

en!~3^n&21!

216xgA~0!~g1
ep2g1

en!#. ~1!

The various expressions on the right-hand side of this eq
tion are as follows. The mean multiplicitŷn& is the sum of
the nucleon and the antinucleon multiplicity, and the fac
I p is the phase space factor of the soft pion defined as

I p5E d2kW'dk1

~2p!32k1
, ~2!

with a kinematical constraint explained later in this sectio
The spin-dependent structure functiong1

ep(n) is a usual one.

For example,g1
ep can be expressed as12 (@ 4

9 nu1 1
9 nd

1 1
9 ns#, wherenq with q5u,d,s is a sum of the quark and

the antiquark of the differential between the helicity1 dis-
tribution and the helicity2 one along the direction of the
proton spin in the infinite momentum frame in the part
model. The spin-dependent term in Eq.~1! is obtained in the
approximation in which the sea quark contribution to (g1

ep

2g1
en) is ignored. Without this approximation, 16(g1

ep

2g1
en) in Eq. ~1! should be replaced by 24(g1

ep2g1
en)

2 4
3 (g1

n̄p2g1
np). The graphs in Fig. 2 can be identified to th

various expressions in Eq.~1! as follows. The term propor
tional to^n& comes from the graph~d!, the term proportional
to gA

2(0) without the nucleon multiplicity factor comes from
the graph~a!, and the term proportional togA(0) comes from
the graphs~b! and~c!. The contribution from the graph~i! is
canceled out by adding the contributions fromps

1 , ps
2 , and

ps
0 .
The soft pion correction for the strange sea quark dis

bution can be obtained by calculating the soft pion contri

tion to the structure function (5
6 F2

nN23F2
mN). In the SU(4)

model with the Cabibbo angle being 0 we obtain
05401
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S 5

6
F2

nN23F2
mND U

soft

5
I p

f p
2 F 1

12
~F2

np1F2
n̄p!01

5

16
gA

2~0!~F2
np1F2

n̄p!~11^n&nN!

2
9

8
~F2

ep1F2
en!gA

2~0!~11^n&eN!

210xgA~0!~g1
ep2g1

en!G . ~3!

Since (56 F2
nN23F2

mN) is expressed asx(ls2lc) in the kine-
matical region where the charm sea quark can be neglec

we can set (56 F2
nN23F2

mN)5xls . The suffix 0 in the expres-

sion (F2
np1F2

n̄p)0 on the right-hand side of Eq.~3! means the
structure function defined in the SU(3) model, and it com
from the graph~i! in Fig. 2. The reason why we meet he
such structure functions is as follows. The flavor suffix of t
axial-vector current corresponding to the pion is 16 i2 or 3.
We use the commutation relation on the null plane betw
the hadronic weak currents and the axial-vector curre
hence the part related to the strange sea quark and the c
sea quark in the weak hadronic current drops out in this s
The structure function obtained after such a manipulation
equivalent to the structure function in the SU(3) model w
the Cabibbo angle being 0. Thus in the kinematical reg
where the charm sea quark contribution is neglected
obtain

xlsusoft5
I p

f p
2 F x

6
~dv1uv!1

x

3
~lu1ld!

1
3

4
xgA

2~0!~11^n&!ls2
5

3
xgA~0!~nuv2ndv!G ,

~4!

where we set̂n&nN5^n&eN5^n&, andnuv(ndv) is the va-
lence part innu(nd). Now both sides of Eq.~3! get con-
tribution from the charm sea quark. The equation which d
not neglect the charm sea quark contribution is the o
wherelsusoft on the left-hand side of Eq.~4! is simply re-
placed by (ls2lc)usoft andls on the right-hand side of it by
(ls2lc). Since the main contribution in the smallx region
comes from the term proportional to the factor (11^n&) and
the charm sea quark begins to contribute also in this reg
the additional parts which are added to both sides of Eq.~4!
can be equated as

xlcusoft5
I p

f p
2 F3

4
xgA

2~0!~11^n&!lcG . ~5!

With this assumption, we regard Eq.~4! as the formula to
determine the soft pion contribution to the strange sea qu
1-3
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SUSUMU KORETUNE PHYSICAL REVIEW D68, 054011 ~2003!
distribution even in the region where the charm sea qu
contribution cannot be neglected. Now, following Eqs.~B12!
and ~B13! in Appendix B, we have the relationF2

nNusoft

52x(luusoft1ldusoft1lsusoft1lcusoft), where luusoft5luusoft
1

andldusoft5ldusoft
1 as is already stated. The soft pion corre

tion for F2
nNusoft can be calculated as

F2
nNusoft5

I p

f p
2 F2~F2

nN!01
3

4
gA

2~0!~11^n&!F2
nN

212xgA~0!~g1
ep2g1

en!G , ~6!

where the suffix 0 in the expression (F2
nN)u0 means the struc

ture function in the SU(3) model as in Eq.~3!. Thus, using
Eqs.~1!,~4!,~5!, and~6! we obtain

xluusoft5
I p

f p
2 F5x

12
~dv1uv!1

5x

6
~lu1ld!

1
x

8
gA

2~0!~113^n&!uv1
x

4
gA

2~0!dv

2
x

6
gA~0!~nuv2ndv!1

1

4
xgA

2~0!~113^n&!lu

1
1

2
xgA

2~0!ldG , ~7!

xldusoft5
I p

f p
2 F5x

12
~dv1uv!1

5x

6
~lu1ld!

1
x

8
gA

2~0!~113^n&!dv1
x

4
gA

2~0!uv

1
5x

6
gA~0!~nuv2ndv!

1
1

4
xgA

2~0!~113^n&!ld1
1

2
xgA

2~0!luG . ~8!

Let us now consider the phase space factorI p . We as-
sume the soft pion satisfies the following two conditions.

~1! The transverse momentum satisfiesukW'u<bmp .
~2! Feynman scaling variablexF52k3/As satisfiesuxFu

<c, wheres5(p1q)2.
Then,I p at high energy can be calculated explicitly as
05401
rk

-

I p5
1

16p2F ~b211!mp
2 logS A~11b2!mp

2 1
c2s

4
1

cAs

2

A~11b2!mp
2 1

c2s

4
2

cAs

2

D
2mp

2 logS Amp
2 1

c2s

4
1

cAs

2

Amp
2 1

c2s

4
2

cAs

2

D
1cAsSA~11b2!mp

2 1
c2s

4
2Amp

2 1
c2s

4
D G . ~9!

Following the previous study@5,11#, we set b51 and c
50.1. Though a large ambiguity exists here, these are
parameters which explain the pion charge asymmetry in
central region with the low transverse momentum in the
periment@12# fairly well @3,4#, and gave an adequate qua
tity required by the Gottfried defect@11#. Of course these
parameters should be determined more accurately. For
ample, the energy dependence of the parameterc should be
studied by the high energy experiment such as a pion ch
asymmetry measurement in the central region with the
transverse momentum. Now as to the mean multiplicity^n&,
we takê n&511a log(s). The parametera is fixed as 0.21 in
consideration of the (nucleon1antinucleon) multiplicity in
thee1e2 annihilation such thata logAs with As replaced by
the c.m. energy of that reaction agrees with the multiplic
of that reaction@13#. Now we can check the magnitude of th
soft pion correction for the sea quarks if we specify the inp
distributions which can be used on the right-hand side
Eqs. ~4!, ~7!, and ~8!. The exact magnitude of the soft pio
correction greatly depends on this input. Let us first estim
the various terms by using typical sea quark distributio
given in Ref.@14# at Q0

254 GeV2.
In Fig. 3, the contribution toxldusoft decomposed into

three types are given. The XDBAR_1~x! is the one from the
valence quarks coming from all the graphs considered in F
2. The XDBAR_2~x! is the one from the sea quark comin
from the graphs~a! and~i! in Fig. 2. The XDBAR_3~x! is the
one from the sea quark coming from the graph~d! in Fig. 2.
The estimate given in Fig. 3 is an overestimate since
phenomenologically determined quark distribution alrea
includes the soft pion correction, and the distributions on
right-hand side of Eqs.~4!, ~7!, and ~8! should be the ones
without the soft pion correction. However, as far as its c
rection is small, we can discard this fact and study its m
nitude roughly. In the region abovex;0.1, the soft pion
corrections are dominated by the terms originating from
valence quarks and its magnitude is large in the up and
down sea quark distribution. On the other hand, the corr
tion for the strange sea quark distribution is greatly su
1-4
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FIG. 3. A typical example of
the soft pion correction for the
down sea quark distributionxld

and the strange sea quark distrib
tion xls . The soft pion correction
for xld is decomposed into three
types. XDBAR_1~x! is the contri-
bution from the valence quark
XDBAR_2~x! is the one from the
sea quark from the graphs~a! and
~i! in Fig. 2, and XDBAR_3~x! is
the one from the sea quark from
the graph~d! in Fig. 2.
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pressed in this region. This reflects the fact that the con
bution from the commutator terms is suppressed. Below
region x;0.1, the corrections originating from the se
quarks begin to become large and they take over the o
from the valence quarks. They come both from the p
emission terms and the commutator term. In accord with t
the correction for the strange sea quark distribution begin
become sizable. We find that the correction from the s
pion for the strange sea quark distribution is yet suppres
but near the regionx;0.01, its magnitude becomes abo
1/3 of the correction for the up or the down sea quark one
the region belowx;0.01, among the above terms the pi
emission from the final nucleon~antinucleon! term being
proportional to^n& begins to become very large and in th
region below x;0.001, its magnitude rapidly become
dominant one. Thus in the region belowx;0.01, by keeping
the contribution only from the sea quark, the soft pion c
rection to the down sea quark distribution can be set ef
tively as

xldusoft5
I p

f p
2 F5x

3
ld1

3

4
xgA

2~0!~11^n&!ldG , ~10!

where we setxlu5xld because, in this smallx region, the
differential between the up and the down sea quark distr
tion is very small compared with their sum. Further we
xldusoft5xluusoft by the same reason. Similarly, the stran
sea qaurk distribution can be set as

xlsusoft5
I p

f p
2 F2x

3
ld1

3

4
xgA

2~0!~11^n&!lsG . ~11!

It should be noted that the distinction of the sea quark d
tributions classified by the superscripts 0 and 1 discusse
Appendix B does not matter since both give the same re
~10!. This is because the differential between the two defi
tions lies in the soft pion correction to the valence qua
distribution and it is given only by the valence quark dist
butions.
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IV. THE BEHAVIOR OF THE SOFT PION CORRECTION
IN THE SMALL x REGION

Now the distribution on the right-hand side of Eqs.~4!,
~7!, and~8! should be the ones without the soft pion corre
tion as is already noted. We can discard this fact as far as
soft pion correction is small as in the case of the differen
of the up and the down sea quark distributions in the mo
fied Gottfried sum rule. However, when it comes to the s
quark distribution itself, we must take into account this fa
since its correction is large in the smallx region. Here we
consider this by using Eqs.~10! and~11!. In the approxima-
tion to neglect the higher order soft pion corrections, we c
express the phenomenologically determined sea quark d
bution xl i uph for i 5u,d,s asl i uph5l i uns1l i usoft, where the
distribution xl i uns is the one with no soft pion. In this cas
thexld andxls on the right hand side of Eqs.~10! and~11!
should bexlduns and xlsuns respectively. Then it may be
thought that even ifxlduns andxlsuns becomes symmetric in
the very smallx region the soft pion correction is asymmetr
because of the difference between the first term on the r
hand side of Eq.~10! and that of Eq.~11!. This is not the case
if a certain condition is satisfied as discussed below. Let
first assumexlduns and xlsuns becomes symmetric some
where in the very smallx region. We call the terms propor
tional togA

2(0) on the right hand side of Eqs.~10! and~11! as
symmetric terms and the rest as the commutator terms s
they come from the graph~i! in Fig. 2. In the smallx region,
Eq. ~10! and the definition of the phenomenological
determined distributionlduph gives us the relationxlduns

5xlduph/(11Kd) with Kd5(I p / f p
2 )@ 5

3 13gA
2(0)/4(1

1^n&)#. Since^n& becomes very large asx→0, xlduns be-
haves asxlduns;xlduph/(^n&I p) apart from a numerical fac
tor. Thus the commutator term in Eq.~10! behaves as
xlduph/^n&, while the rest asxlduph(^n&11)/^n&. Thus if
the condition

lim
x→0

xlduph

^n&
50, ~12!
1-5
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FIG. 4. The strange sea quar
distribution xlsuph together with
the down and the strange se
quark distribution xld

MRST and
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MRST given by MRST @16#,
wherexld

MRST is identified as the
down sea quark distribution
xlduph in the analysis in Sec. IV.
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is satisfied, the commutator term being asymmetric vanis
and, among the remaining symmetric term, the one wh
comes from the pion emission from the final nucleon~anti-
nucleon! remains. The important point is that this fact do
not depend on the soft pion phase space factor. At sm
Q2;1 GeV2, the experiment at HERA shows that the b
havior of the structure function in the smallx region is like
the soft pomeron. Though the nucleon multiplicity is a
sumed to behave as log(s) in this paper, it can be also pa
rametrized as if it behaves likes0.15, and we cannot distin-
guish between these two cases@13#. Thus the Eq.~12! has a
good chance to be satisfied. Even if it is not satisfied,
contribution from the commutator term becomes far sma
than that from the pion emission terms as we go to
smallerx region. Thus the multisoft pion effect from the pio
emission from the nucleon~antinucleon! in the final state
enhances the symmetric term and the commutator term
comes negligible. In this way, we can understand why
soft pion correction for the sea quark distribution becom
SU(3) flavor symmetric. Now the SU(3) flavor symmetry
the limit x→0 is the necessary condition for the mean cha
sum rule which holds under the same theoretical basis w
the modified Gottfried sum rule. It takes the form

E
0

1

dxH 2

3
lu2

1

3
ld2

1

3
lsJ ;0.2. ~13!

This sum rule isQ2 independent and the perturbative corre
tion is negligibly small as in the modified Gottfried sum rul
On the one hand the soft pion correction for the strange
quark distribution has a phenomenologically favorable pr
erty being suppressed in the large and the mediumx region,
but on the other hand it can have a theoretically favora
property being symmetric in the very smallx region. Since
the sum rule is very sensitive about the way how the sy
metry of the strange sea quark distribution is restored in
small x region @11,15#, let us study the sea quark distribu
tions atQ2;1 GeV2 quantitatively by using this sum rule
Since the sea quark distributions abovex50.01 can be ex-
05401
es
h

ll
-
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e
r
e

e-
e
s

e
th

-

ea
-

le

-
e

pected to be relatively well determined phenomenologica
we use, for example, the distributions given by Marti
Roberts-Stirling-Thorne~MRST! @16# in this region and find
that it takes the value of about 0.03. Then, belowx50.01,
we consider thatxlduns is determined through Eq.~10! as
xlduns5xlduph/(11Kd), where we usexlduph as the one
given by MRST. By settingxlsuns5xlduns/2 at x50.01, we
take the interpolating function asI (x)51.085 exp@156.6x
25848x2217.65Ax#, and set lsuns5I (x)lduns from x
50.01 up tox51026, and determinexlsuph by using Eq.
~11! as xlsuph5xlsuns1xlsusoft. The interpolating function
is constructed to ensure that the strange sea quark dist
tion determined in this way can be continued to the one
the MRST atx50.01, and that nearx51026 it becomes
almost symmetric as is seen in Fig. 4. Then, belowx
50.01, using this strange sea quark distribution toget
with the MRST distribution for the down and the up s
quark distributions we find that their contribution to the su
rule is about 0.19, where the contribution belowx51026 is
set to zero by regarding the sea quark distribution be
SU(3) flavor symmetric in this region. Thus combining th
value abovex50.01, the sum rule takes the value of abo
0.22. Though the extrapolation is rather arbitrary, we sho
see the behavior of the strange sea quark distribution in
region fromx51022 to 1026. If we use the MRST sea quar
distributions even for the strange sea quark one in the s
rule ~13!, their contribution to it in this region is 0.72. Thu
the sum rule is badly broken already in this region.

V. CONCLUSION

The soft pion may contribute to the experimentally me
sured quantity even at high energy. If this is the case,
must either subtract the soft pion effect from the experim
tal data or include it in the parameters of the theoreti
model considered. In this paper, we have shown that, w
the soft pion correction for the strange sea quark distribut
is suppressed in the large and the mediumx region, it be-
comes SU(3) flavor symmetric in the very smallx region
1-6



t-
ym
a

od
re
i

th
g
ll
r

th
re
th
ig

r

as

so
i

t
a

th
ac
f
ti
th
h
th

al-
ch
ur-
the

he
ght-

we
et-

tin-
us

ee

-

one

or-
nti-

ll
n

d

SYMMETRY RESTORATION OF THE SOFT PION . . . PHYSICAL REVIEW D68, 054011 ~2003!
somewhere belowx;0.01. Based on this fact, by interpola
ing the asymmetric strange sea quark distribution to the s
metric one, the mean charge sum rule for the light sea qu
which holds under the same theoretical basis with the m
fied Gottfried sum rule has been studied. This sum rule
quires the symmetric light sea quark distributions in the lim
x→0. However, there was no theoretical reason why
strange sea quark distribution being suppressed in the larx
region became large and flavor symmetric in the very smax
region. The soft pion correction has these properties. Mo
over, the sum rule is very sensitive about the way how
symmetry of the strange sea quark distribution is resto
Then, by estimating the sum rule, it has been discussed
the large symmetry restoration of the light sea quarks or
nating from the soft pion emission from the nucleon~anti-
nucleon! in the final state should exist in the region fromx
51022 to 1026 at Q2;1 GeV.

APPENDIX A

The hadronic tensor of the reactionVm(q)1N(p)
→ps(k)1anything(X0) @2# can be expressed as

Tabcd
mn 5~mp

2 2k2!2E d4xd4yd4z exp@2 ik•~x2z!1 iq•y#

3^N~p!u@T†
„fp

a8~x!Vb8
m

~y!…,T„fp
c ~z!Vd

n~0!…#u

3N~p!&c , ~A1!

where the spectral condition is used to express the tenso
the matrix element of the commutator,a8†5a,b8†5b, and
the sum over the intermediate stateX0 is understood. Then
we define the soft pion limit of the hadronic tensor
Wabcd

mn (p,q), where we neglect the argumentk since the limit
km→0 is taken. Under the exchangeq→2q and a↔c,
b↔d, each structure function defined by the hadronic ten
has a definite crossing property. Among the terms
Wabcd

mn (p,q), the term coming from the graph~b! in Fig. 2 is
given, for example, as

A2
mn5

21

4 f p
2 p1E d4xE d4y exp~ iq•y!d~x12y1!

3$^N~p!u@Ja
51~x!,Vb

m~y!#Vd
n~0!uN8~p!&

3^N8~p!uJc
51~0!uN~p!&1^N~p!uJc

51~0!uN8~p!&

3^N8~p!uVd
n~0!@Ja

51~x!,Vb
m~y!#uN~p!&%. ~A2!

If we seta511 i2,c512 i2, andb5d† and take the targe
as the proton, the second term in the brace on the right-h
side of Eq.~A2! is zero. While, by takingm5n51 and
using the current commutation relation on the null plane,
first term becomes the product of the currents if we repl
the sum over the intermediate stateX0 to the complete set o
the state. We cannot change this product to the commuta
relation which may be obtained as the imaginary part of
retarded product, since it changes the crossing property. T
we must use the method which can be applied directly to
05401
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light-cone dominated process such as the cut vertex form
ism @17#. Further this example shows that the quantity whi
we must calculate is the nucleon matrix element of the c
rents product, hence we see that this part is related to
structure function in the total inclusive reactions. For t
purpose of searching such a relation, we can use the li
cone current algebra@10# at someQ25Q0

2. We take this as
the point where the perturbative evolution is started. Now
encounter the symmetric bilocal current and the antisymm
ric one. The nucleon matrix element of these currents dis
guish how the quark and the antiquark contribute. Let
explain this fact in detail.

We define

Wab
mn5

1

4pME d4x exp@ iq•x#^N~p!uJa
m~x!Jb

n~0!uN~p!&c .

~A3!

In the light-cone limitq2→`, the leading term comes from
the regionx150 andx250. Hence we takexW'50 butx2 is
left arbitrary. Using the light-cone current algebra, we s
that F2 is proportional tohF̃ab(h) with h52q2/2p•q and
F̃ab(h) being defined as

Fab~p•x,x250!5E dh exp@ ihp•x#F̃ab~h!, ~A4!

whereFab(p•x,x2) is defined as

^N~p!uFab
m ~xu0!uN~p!&c

5pmFab~p•x,x2!1xmF̄ab~p•x,x2!. ~A5!

The bilocal currentsFab
m (xu0) are decomposed into the sym

metric and the antisymmetric bilocal asFab
m (xu0)

5 f abcSc
m(xu0)1dabcAc

m(xu0), where

Sc
m~xu0!5

1

2 H :q̄~x!gm
lc

2
q~0!1q̄~0!gm

lc

2
q~x!:J ,

Ac
m~xu0!5

1

2i H :q̄~x!gm
lc

2
q~0!2q̄~0!gm

lc

2
q~x!:J .

~A6!

Here the phase factor is discarded by taking the light c
gaugeA150 for simplicity, but the following discussion is
unchanged if we do not take this gauge and include it. C
responding to the decomposition of the symmetric and a
symmetric bilocals, we define F̃ab(h)5 f abcSc(h)
1dabcAc(h). Now we expand the quark field on the nu
plane x150, xW'50 into the creation and the annihilatio
operator as

q~x!5(
n

anfn
(1)~x!1(

n
bn

†fn
(2)~x!, ~A7!

where the sum over the subscriptn means the spin sum an
the momentum integral collectively. Here (1) means the
1-7
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positive energy solution and (2) the negative one. The nor
mal ordered product is given as

:q̄~x!g1
la

2
q~0!ª(

n,m
an

†amf̄n
(1)~x!g1

la

2
fm

(1)~0!

2(
n,m

bm
† bnf̄n

(2)~x!g1
la

2
fm

(2)~0!.

~A8!

Then, when the matrixla/2 is diagonal, we define a pa
contributing to the quark distribution function of the proto
as

^a& f a~x!5
1

2pp1E2`

`

da exp@2 ixa#

3^pu(
n,m

an
†amf̄n

(1)~y2!g1
la

2
fm

(1)~0!up&c

~A9!

and a part contributing to the antiquark one as

^ā&gā~x!52
1

2pp1E2`

`

da exp@2 ixa#

3^pu(
n,m

bm
† bnf̄n

(2)~0!g1
la

2
fm

(2)~y2!up&c ,

~A10!

wherea5p1y2, ^a& is a symmetry factor originating from
the flavor symmetry, and̂ā&52^a&. Here we use an abbre
viated notation. For example, whena53, ^a& f a5 1

2 f u

2 1
2 f d and ^ā&gā52 1

2 gū1 1
2 gd̄ . Corresponding to the de

composition of the normal ordered product, we classify
matrix element of the bilocal current into the quark part a
the antiquark part as

Sa~a!5Sa
q~a!1Sa

q̄~a!, Aa~a!5Aa
q~a!1Aa

q̄~a!.
~A11!

The moments become

E
0

`

dxxn21^a& f a~x!

5
~n21!! ~2 i !n

2pp1 E
2`

`

da
1

~a2 i e!n

3^pu(
n,m

an
†amf̄n

(1)~y2!g1
la

2
fm

(1)~0!up&c

~A12!
05401
e
d

and

E
0

`

dxxn21^ā&gā~x!

5
2~n21!! ~ i !n

2pp1 E
2`

`

da
1

~a1 i e!n

3^pu(
n,m

bm
† bnf̄n

(2)~y2!g1
la

2
fm

(2)~0!up&c .

~A13!

Then, using the facts :q̄(x)gm (la/2) q(0)ªSa
m1 iAa

m and
the support property of the quark distribution function w
obtain

E
0

1

dxxn21^a& f a~x!5
~n21!! ~2 i !n

2p E
2`

`

da
1

~a2 i e!n

3@Sa
q~a!1 iAa

q~a!# ~A14!

and

E
0

1

dxxn21^ā&gā~x!5
~n21!! ~2 i !n

2p E
2`

`

da
1

~a2 i e!n

3@Sa
q̄~a!2 iAa

q̄~a!#, ~A15!

whereSa
q̄(2a)5Sa

q̄(a) andAa
q̄(2a)52Aa

q̄(a) are used to
obtain the last equation. Similar equation can be obtained
the normal ordered product:q̄(0)g1(la/2)q(x): and we
obtain,

E
21

0

dxxn21^a& f a~x!

5~21!n21E
0

1

dxxn21^a& f a~2x!

5
~21!n21~n21!! ~2 i !n

2p

3E
2`

`

da
1

~a2 i e!n
@Sa

q~a!2 iAa
q~a!#,

~A16!

and
1-8



f
e
ua
th
-
m

of
r-

he

o-
d
ents

d by

and
tion
rent

g
is

o
r

las-
k
e
c-
e

n-
is

ish

to
on

tri-
o

efi-
nd
oft
the

SYMMETRY RESTORATION OF THE SOFT PION . . . PHYSICAL REVIEW D68, 054011 ~2003!
E
21

0

dxxn21^ā&gā~x!

5~21!n21E
0

1

dxxn21^ā&gā~2x!

5
~21!n21~n21!! ~2 i !n

2p

3E
2`

`

da
1

~a2 i e!n
@Sa

q̄~a!1 iAa
q̄~a!#.

~A17!

Then, since we have the relation

~21!(n21)~n21!!

~a2 i e!n
5

dn21

dan21 S 1

~a2 i e! D
5~21!(n21)~n21!! P

1

an
1 ipdn21~a!,

~A18!

at n5even, we obtain

^a&E
0

1

dxxn21[ $ f a~x!1 f a~2x!%2$gā~x!1gā~2x!#

5
~n21!! ~2 i !n

p
PE

2`

`

da
1

an
Sa~a!, ~A19!

^a&E
0

1

dxxn21[ $ f a~x!2 f a~2x!%1$gā~x!2gā~2x!#

5 i nE
2`

`

dadn21~a!Aa~a!, ~A20!

and atn5odd

^a&E
0

1

dxxn21[ $ f a~x!1 f a~2x!%2$gā~x!1gā~2x!#

5 i n21E
2`

`

dadn21~a!Sa~a!, ~A21!

^a&E
0

1

dxxn21[ $ f a~x!2 f a~2x!%1$gā~x!2gā~2x!#

5
~n21!! ~2 i !n21

p
PE

2`

`

da
1

an
Aa~a!. ~A22!

Equations~A19! and ~A22! correspond to the moments o
the missing integers in the classical derivation of the mom
sum rule and that they are expressed by the nonlocal q
tity. Information of these missing parts are supplied by
cut vertex formalism. The moment atn51 stands on a par
ticular status, since we have another method to get infor
05401
nt
n-

e

a-

tion of it. This method is very general. It is independent
the light-cone limit and needs no particular form of the cu
rents. For a detail of this method and the definition of t
quark distributions in this method see Refs.@7,8# and the
references cited therein. As it is explained there, the m
ments of the structure functions atn51 can be decompose
into the expressions which can be regarded as the mom
of the quark distribution functions atn51. The mean charge
sum rule discussed in this paper is one example obtaine
this method and it holds at anyQ2. The reason why we
obtain the moments such as~A19! and~A22! lies in the fact
that the current product decomposes into the commutator
the anticommutator. Hence, we have the structure func
defined by the current commutator and the one by the cur
anticommutator. They are identically the same in thes chan-
nel but opposite in sign in theu channel. Thus the crossin
property is opposite. In terms of the quark distribution, th
appears as*21

1 dxxn21f a(x) and *21
1 dxxn21e(x) f a(x),

wheree(x) is a sign function, and explains why we have tw
moments for eachn. The fact is important when we conside
the analytical continuation to the complexn plane to obtain
the anomalous dimension in the missing integer in the c
sical derivation @18,19#. Finally, we see that the (quar
2antiquark) and the (quark1antiquark) corresponds to th
symmetric bilocal and the antisymmetric bilocal, respe
tively. We know that the two different combinations of th
quark and the antiquark evolve differently@18,20#, hence the
distinction of these two bilocals is important. However, u
der the approximation to neglect the sea quark which
equivalent to neglect the antiquark, we need not distingu
the symmetric and antisymmetric bilocals.

APPENDIX B

Let us consider how the soft pion contribution enters in
the correction to 1/3 in the Gottfried sum. In the part
model, we have

x~l d̄2l ū!52 1
4 ~F2

np2F2
n̄p!2 3

2 ~F2
ep2F2

en!. ~B1!

Thus we can obtain the soft pion contribution to the dis
butionx(l d̄2l ū) by calculating the soft pion contribution t

the structure function (F2
np2F2

n̄p) in addition to the structure
function (F2

ep2F2
en). Then we can express

x~l d̄2l ū!5x~l d̄2l ū!ubare
0 1x~l d̄2l ū!usoft

0 , ~B2!

where the superscript 0 distinguish the difference of the d
nition of the sea quark distribution as explained below a
the suffix bare means the contribution other than the s
pion one in this case. The valence part is determined by
Adler sum rule, and we express it as

x~uv2dv!5x~uv2dv!ubare1x~uv2dv!usoft, ~B3!

where

x~dv2uv!usoft5
1
2 ~F2

np2F2
n̄p!usoft. ~B4!
1-9



s

n

si
th

ib
e
ex

te

.

the

ark
ion
n to
stri-
by

part

y

-
-
n

ti-

etry
me

o at
c-
is
ion

se
w

it

SUSUMU KORETUNE PHYSICAL REVIEW D68, 054011 ~2003!
The Adler sum rule determines*0
1dx$uv(x)2dv(x)%51.

Now, the structure function (F2
ep2F2

en) can be expressed a

~F2
ep2F2

en!5
x

3
~uv2dv!ubare2

2x

3
~l d̄2l ū!ubare

0

1~F2
ep2F2

en!usoft. ~B5!

Then, expressing the valence part by (uv2dv), we obtain

~F2
ep2F2

en!5
x

3
~uv2dv!2

x

3
~uv2dv!usoft

2
2x

3
~l d̄2l ū!ubare

0 1~F2
ep2F2

en!usoft,

~B6!

and hence

~F2
ep2F2

en!5
x

3
~uv2dv!1

1

6
~F2

np2F2
n̄p!usoft

2
2x

3
~l d̄2l ū!ubare

0 1~F2
ep2F2

en!usoft.

~B7!

By using Eqs.~B1! and~B2!, we can rewrite this expressio
as

~F2
ep2F2

en!5
x

3
~uv2dv!2

2x

3
~l d̄2l ū! ~B8!

as it should be. However, in a phenomenological analy
we use the valence quark distribution determined by
Adler sum rule from the first, and, instead of Eq.~B5!, we
express (F2

ep2F2
en) as

~F2
ep2F2

en!5
x

3
~uv2dv!2

2x

3
~l d̄2l ū!ubare

1

1~F2
ep2F2

en!usoft. ~B9!

Here we discriminate the bare part of the sea quark distr
tion by the superscript 1 from that specified by the sup
script 0. In this case, the soft pion contribution can be
pressed simply as

x~l d̄2l ū!usoft
1 52

3

2
~F2

ep2F2
en!usoft, ~B10!

where (l d̄2l ū)5(l d̄2l ū)ubare
1 1(l d̄2l ū)usoft

1 . By compar-
ing Eqs.~B5! and~B9! with use of the relation~B3!, we see
that the bare part of the sea quark distribution discrimina
by the superscript 1 includes the soft pion piece as

x~l d̄2l ū!ubare
1 5x~l d̄2l ū!ubare

0 2
1

2
x~dv2uv!usoft.

~B11!
05401
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Since we havel d̄ubare
0 1l d̄usoft

0 5l d̄ubare
1 1l d̄usoft

1 and similar
equation forl ū , we have

xl d̄usoft
1 5xl d̄usoft

0 1
x

2
dvusoft, ~B12!

xl ūusoft
1 5xl ūusoft

0 1
x

2
uvusoft, ~B13!

whereld5l d̄ andlu5l ū . Theseluusoft
1 andldusoft

1 are ex-
pressed asluusoft andldusoft respectively, in Secs. III and IV
Now, from Eq. ~B1! we obtain the soft pion contribution
classified by the superscript as 0 by calculating that of
neutrino reactions as

x~l d̄2l ū!usoft
0 5

I p

f p
2 F x

2
~uv2dv!2gA~0!x~2nuv12ndv!G ,

~B14!

where we use the relation

~F2
ep2F2

en!usoft5
I p

4 f p
2 @gA

2~0!~F2
ep2F2

en!~3^n&21!

216xgA~0!~g1
ep2g1

en!#. ~B15!

Here we assume the symmetry for unpolarized sea qu
distribution and neglect the polarized sea quark distribut
by the same reason as explained in the text. The correctio
1/3 depends largely on the bare part of the sea quark di
bution, and it may be possible to expect the part defined
the superscript 0 is not so large. By assuming the bare
x(l d̄2l ū)ubare

0 is zero, the numerical integration of (l d̄

2l ū)usoft
0 from x50.0001 tox51 gives us the value 0.11 b

using the distribution by MRS and@14# at Q0
254 GeV2 and

the parametersa50.2,b51,c50.1. Since the integral con
verges well in the smallx region, only by the soft pion con
tribution we can explain the result by the New Muo
Collaboration ~NMC! @21#. Now the contribution to the
NMC deficit from the low energy region has been inves
gated extensively by the mesonic models@6#. They have
more or less related to the spontaneous chiral symm
breakings, and hence will be related to the soft pions in so
sense. While the soft pion studied here contributes als
low energy. Some of it should be effectively taken into a
count in the low energy models. From this point of view, it
natural to consider that the sum of the soft pion contribut
to the valence quark distribution and the bare partx(l d̄

2l ū)ubare
0 , which is given in Eq.~B11! asx(l d̄2l ū)ubare

1 , is
the quantity given by the low energy models. In this sen
the additional contribution which is not included in the lo
energy models is given byx(l d̄2l ū)usoft

1 52 3
2 (F2

ep

2F2
en)usoft. The contribution of this part to the NMC defic

is about 0.03 for the parametera50.2,b51,c50.1 @5#.
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