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Symmetry restoration of the soft pion corrections for the light sea quark distributions
in the small x region
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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 mediuragion compared with that for the up and the down sea quark one,
it can become large and SU(3) flavor symmetric in the very sryagion. 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 regiar=ftont to 10 °

atQ®~1 GeV.
DOI: 10.1103/PhysRevD.68.054011 PACS nuni®er13.60.Hb, 11.40.Ha, 11.55.Hx, 13.85.Ni
[. INTRODUCTION Based on this observation, the soft pion contribution to the

Gottfried sum was investigatd®], and it was found that it

The soft pion theorem in exclusive reactions at low en-gave a sizable contribution to it and that its magnitude was
ergy has been well established. The same theorem can fist the one to compensate the typical contribution based
applied to inclusive reactions. However, in this case, whafgolely on the meson cloud modg]. This fact was consis-
kind of physical processes could be identified as the one itent with the study based on the modified Gottfried sum rule
the soft pion limit was unclear. Many years ago, an interestl7,8] in the sense that about 40% of the departure from the
ing proposal that the pions in the central region with the lowVvalue of 1/3 came from the region where the momentum of
transverse momentum in the center of méssn) frame the kaon in the laboratory frame was above 4 Ge\lh this
might be identified as the soft pion was givEl]. Though ~ Paper, we derive the soft pion corrections for the light sea
this proposal turned out to be false, it had been recognizeauark d|str|byt|ons. In Seq. I, we give a kinematics of the
that it might be physically meaningful if we restricted the single soft pion observed inclusive reaction. In Sec. Ill, we

pions to the ones produced directly in the reaction, wherdive soft pion contribution to the light sea quark distribution,

directly produced means that amond the pions in the fina nd show that the soft pion correction for the strange sea
yp i 9 P . quark one is greatly suppressed compared with that of the up
state the ones in the decay products of resonance paruclg

! . d the down sea quark one in the large and the medium
should be excludef2—4]. In this sense, the proposal in Ref. region. In Sec. IV, we show that, under a certain condition,

[1] opened up the way to relate the soft pion theorem ajhe goft pion correction for the light sea quark distributions
h|gh energy tc_)_phy5|_cal reactlc_ms. Let us explain the fachecomes SU(3) flavor symmetric in the very smalkgion.
inthe semi-inclusive reactions7(q) +N(p)—ms(k)  Then, using the mean charge sum rule for the light sea
+anything(Xo), wheres is the soft pion and anythin¥o)  quarks, we discuss the behavior of the light sea quark distri-
includes no soft pion. In the c.m. frame, we regard the diutions in the smalk region. In Sec. V, we give a conclu-
rectly produced pion below a low transverse momentum andion. In Appendix A, we give a detailed explanation of the
a small Feynman scaling variable as the soft pion and the onénematics of the method and in Appendix B, we explain
above this cut as the hard pion. Then we identify this softow the soft pion contribution to the phenomenologically
pion as the one in the soft pion limit through the refineddetermined up and down sea quarks enters.

scaling assumption which states that the differential cross

section of the directly produced pions divided by the total

cross section behaves smoothly nga=0 for each energy. Il. KINEMATICS
Here, the energy dependence of the value of the normalized . o , .
invariant cross section a-=0 is allowed. We call this re- Let us consider the semi-inclusive current induced reac-

fined scaling as the smoothness assumption. Though the 0N Va(Q) +N(p)— m¢(k) +anythingXo), whereVy is the
perimental value of the inclusive cross section in generagléctromagnetic or weak hadronic currents and anytpg(
includes the multisoft pion processes, by taking the ratidncludes_ no soft pion. The soft. pion limit Of.thIS reaction can
with the total cross section, this multisoft pion effect cancels?e obtained by the Adler consistency condit[/é By keep-
out, and we can compare the theoretical value of the one sofd the pion massn,#0, we takek”—0 limit of the am-
pion process with the experimental value. In this way, a thePlitude where the soft pion is off shell and the rest of the
oretical ambiguous part in the infrared structure in the hadparticles are on shell. We first také’ =0 andk*=0, and
ronic reaction originating from the soft pion has been re-after that we takd&™ =0. In this limit, k? is restricted to be
placed by the experimental value, and applicability of the0O, but the momentum of the initial particles are unrestricted.
soft pion theorem is extended to the high energy regionHere we use the partially conserved axial-vector current re-
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FIG. 1. The soft pion theorem in the inclusive reaction. The
graph(a) is the one where the proper part of the axial-vector current_ -
is attached to the initial nucleon, the graftif is the one to the final
nucleon(antinucleon, and the graphc) is the one which comes v,
from the null-plane commutator.

(d) N

lation d,J3*(x)=m2F ¢,(x), where F=\2f_ for a=1
+i2 and F=f_ for a=3. The resulting expressions are
given by the terms free from the pion pole terms and the
null-plane commutator term as in Fig. 1.

The graph(a) is the one where the proper part of the
axial-vector current is attached to the initial nucleon. We call -
the term which comes from this type of the graph as the pion
emission from the initial nucleon. The gragh) is the one FIG. 2. Graphical representation of the soft pion correction for
where the proper part of the axial-vector current is attacheghe hadronic tensor.
to the final nucleonantinucleon. We call the term which
comes from this type of the graph as the pion emission from
the final nucleon. The gragle) is the one which comes from Thus, among the graphs in Fig. 2, we take the contribu-
the null-plane commutator. We cal! the term of this kind 8Stion from the graph€a),(b),(c),(d), and(i) into consideration,
the commutator term. The hadronic tensor can be obtaineg,,y giscard those from the grapt®,(f),(g), and (h). Now
by squaring this amplitude, and we have several terms COkne contributions from the graphia) and (d) are related to
responding to the three origins in the amplitude. AmonGhe known process directly. Hence, to estimate these, we
them, the term where the one soft pion is attached to the ongaeq o assumption except the one necessary to apply the
final nucleon (antinucleon and the other to the initial so pion theorem. However, to estimate the contribution
nucleon or the term where the two soft pions are attached tg . the graphs fronib),(c), and (i), we need further theo-
the different final nucleons can be neglected at high energyeyica| consideration. A detailed explanation to estimate these

In these cases we have the odd number of the helicity faCtorﬁarts is given in Appendix A.

@ N Voo N

in the same nucleotantinucleon line in the final state aris-

ing from the matrix element of the following form

(p(p),h|327(0)In(p),h"y=2p"hga(0)Shy,  wWhere p lll. SOFT PION CONTRIBUTION TO THE SEA QUARKS

means the protom means the neutrom, means the helicity

factor, and we taka=1+i2 by way of illustration. Since, at .

high energy, we can expect that the production of the suffix | means the Ieptoq anpig\ln) 1means the protorﬁth,\(‘a
MN_ 1rzpp mn v

helicity nucleon(antinucleon and that of the— helicity one ~ Neutron. Further, we define=;"=3(F3"+F3") and F;

are of the same order, the contributions from these terms are 3 (F5°+F3"+F3P+F3"). Let us first give the soft pion

expected to be small compared with those terms where theorrection for the differential between the up and the down

helicity factors in the same nuclegantinucleon line in the  sea quark distributiofb]. Since the separation of the sea and

final state are even. Typical graphs contributing to the hadthe valence part in the up and the down quark distribution

ronic tensor are given in Fig. 2. has some ambiguity, we use here the Adler sum rule. This

Now we denote the structure functiofs®™ where the
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function level. We require this also at the quark distribution

level as is usually fulfilled in a phenomenological analysis.

Thus the valence up and down quarks need no correction | 71 5 B
from the soft pion since they are defined through the experi- :_”[_(ng+ FP) o+ —=ga(0) (F4P+F4P) (14 (n)y™N)
mentally measurable quantity such as the structure function fi 12 16

where the soft pion effect is already included. This causes a

subtlety in the separation of the up and the down sea quark _ g(Fep+ Fen)QZ(O)(1+<n>eN)

distribution into the soft pion part and the other one. A de- 8" 2 2 79A

tailed explanation of this fact is given in Appendix B. Then,

the soft pion correction forx(A\gq—\,) where \; for i — 10xga(0) (g5P— g |. 3)
=u,d,s denotes the sea quark distribution for each flavor has

been determined from the soft pion correction for the struc-

ture function €5°-F5) as F3°—F5)|sor=—2X(\a  Since G¢F:N—3F4N) is expressed ag(As—\.) in the kine-

—Au)lsoff3. HereXg|son and\|sor are Ndlsot @A Nyl5or IN matical region where the charm sea quark can be neglected,
Appendix B, respectivelysee Eqs(B12) and (B13)]. Thus we can set §F2N—3F£N)=x\.. The suffix 0 in the expres-

sum rule is considered to be exactly satisfied at the structur,
—FyN—3F4N

soft

we obtain
sion (F3P+ F3P)4 on the right-hand side of E¢3) means the
structure function defined in the SU(3) model, and it comes
-3, from the graph(i) in Fig. 2. The reason why we meet here
X(Na— )‘u)|soﬁ:F[g/§(o)(ng_ P3N (3(m—1) such strugtur% functiongs is as follows. The fl):avor suffix of the
m axial-vector current corresponding to the pion isi2 or 3.
—16xga(0)(g7"— 97" ]- (1)  We use the commutation relation on the null plane between

the hadronic weak currents and the axial-vector current,
. ) ) . . hence the part related to the strange sea quark and the charm

The various expressions on the right-hand side of this equasea quark in the weak hadronic current drops out in this step.
tion are as follows. The mean multiplicity) is the sum of  The structure function obtained after such a manipulation is
the nucleon and the antinucleon multiplicity, and the factorequivalent to the structure function in the SU(3) model with
| is the phase space factor of the soft pion defined as  the Cabibbo angle being 0. Thus in the kinematical region
where the charm sea quark contribution is neglected we
obtain

. J d?k-dk* .
i (27)32k*’

X X
X)\s|soft: E(dv+uu)+§()\u+)\d)

w
2
with a kinematical constraint explained later in this section. i
The spin-dependent structure functing(“) is a usual one.

For example,g5P can be expressed asS[5sAu+3Ad
+ 3 As], whereAq with g=u,d,s is a sum of the quark and (4
the antiquark of the differential between the helicity dis-
tribution and the helicity— one along the direction of the
proton spin in the infinite momentum frame in the parton
model. The spin-dependent term in Effj) is obtained in the
approximation in which the sea quark contribution gf{

3 5
+ ZXgA(O)(1+<n>))\S_ §XgA(O)(AuU_AdU) )

where we se{n)"N=(n)eN=(n), andAu,(Ad,) is the va-
lence part inAu(Ad). Now both sides of Eq(3) get con-
tribution from the charm sea quark. The equation which does
em . ) Lo not neglect the charm sea quark contribution is the one
_gén) S ignored.  Without this apprOX|mat|0r:), jéﬁp where \ ¢ 5.1 On the left-hand side of Eq4) is simply re-
—91")_in Eq. (1) should be replaced by 241°-g7") placed by & s—\¢)|sot @aNdA g 0N the right-hand side of it by
—3(91"—9g1"). The graphs in Fig. 2 can be identified to the (\,—\.). Since the main contribution in the smalkegion
various expressions in E@l) as follows. The term propor- comes from the term proportional to the factor{dn)) and
tional to(n) comes from the grapfd), the term proportional the charm sea quark begins to contribute also in this region,
to gi(O) without the nucleon multiplicity factor comes from the additional parts which are added to both sides of(&q.
the graph(@), and the term proportional @,(0) comes from  can be equated as

the graphgb) and(c). The contribution from the graph) is

canceled out by adding the contributions frerg , 75 , and | 13
0 T

s | . - Xhclso= 5 | 7XGA(0) (1+(n))Ae . 5
The soft pion correction for the strange sea quark distri- 5

bution can be obtained by calculating the soft pion contribu-

tion to the structure function%@ng—SF’Z‘N). In the SU(4)  With this assumption, we regard E€f) as the formula to
model with the Cabibbo angle being 0 we obtain determine the soft pion contribution to the strange sea quark
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distribution even in the region where the charm sea quark

contribution cannot be neglected. Now, following EG312)
and (B13) in Appendix B, we have the relatioffs"| s
_ZX()\u|soft+)\d|soft+)\slsoﬂ+)\c|soﬁ)v where )\u|soft )\u|soft

and\ gl so= Mgl oo @S is already stated. The soft pion correc-

tion for F4V| 4. can be calculated as

77' v 3 v
F3Msor= 17| 2(F5")o+ 70A(0)(1+(n)F3"

m

—12xga(0)(91"— 91" |, ©)

where the suffix 0 in the expressioﬁ;(’“) |o means the struc-

ture function in the SU(3) model as in E(). Thus, using
Egs.(1),(4),(5), and(6) we obtain

5x
—=(d,+u,)+

| 5X
X)\ulsoft f2 12 F()\u"')\d)

X, X 2
+ g 9A0)(1+3(n))u, + 792(0)d,

X 1
— 59a(0)(Au,—Ad,)+ Z7xga(0)(1+3(M))Ay
1,
+ 5XGA(0)Nal, @
| | 5X
X7\d|soft fz{l_z(dvdl'u) ()\u+>\d)
X 2 X 2
+ggA(O)(1+3<n>)dU+ZgA(O)uU
5x
+ 5 9A0)(Lu,— Ad,)
1 2 1 2
+ ZXGRO)(1+3M)Aat 5XGRON . (®

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

(1) The transverse momentum satisfigs|<bm, .

(2) Feynman scaling variable-=2k%/ /s satisfies|x|
<c, wheres=(p+0q)2.

Then,I , at high energy can be calculated explicitly as

PHYSICAL REVIEW D68, 054011 (2003

\/ (1+b?)m2 +C—S+i
4

| = (b?+ 1)mZlog
1672 % cys
(1+b2)m2+—— —
4 2
) c’s cys
m2+ —+——
) 4 2
—mZlog
) c’s cy/s
m? + ———
T 4 2

(€)

2 2

C”S C°Ss
\/(1+b2 m2+ —— \/mf,+—

4 4

rous

Following the previous study5,11], we setb=1 andc
=0.1. Though a large ambiguity exists here, these are the
parameters which explain the pion charge asymmetry in the
central region with the low transverse momentum in the ex-
periment[12] fairly well [3,4], and gave an adequate quan-
tity required by the Gottfried defedtll]. Of course these
parameters should be determined more accurately. For ex-
ample, the energy dependence of the parantwegtrould be
studied by the high energy experiment such as a pion charge
asymmetry measurement in the central region with the low
transverse momentum. Now as to the mean multipligity,

we take(n)=1+alog(s). The parametea is fixed as 0.21 in
consideration of the (nuclearantinucleon) multiplicity in
thee*e™ annihilation such thaa log \/s with \/s replaced by

the c.m. energy of that reaction agrees with the multiplicity
of that reactior}13]. Now we can check the magnitude of the
soft pion correction for the sea quarks if we specify the input
distributions which can be used on the right-hand side of
Egs.(4), (7), and(8). The exact magnitude of the soft pion
correction greatly depends on this input. Let us first estimate
the various terms by using typical sea quark distributions
given in Ref.[14] at Q3=4 Ge\’.

In Fig. 3, the contribution tax\4|s.; decomposed into
three types are given. The XDBAR(X} is the one from the
valence quarks coming from all the graphs considered in Fig.
2. The XDBAR_2x) is the one from the sea quark coming
from the graphga) and(i) in Fig. 2. The XDBAR_3x) is the
one from the sea quark coming from the grdaghin Fig. 2.

The estimate given in Fig. 3 is an overestimate since the
phenomenologically determined quark distribution already
includes the soft pion correction, and the distributions on the
right-hand side of Eqsi4), (7), and(8) should be the ones
without the soft pion correction. However, as far as its cor-
rection is small, we can discard this fact and study its mag-
nitude roughly. In the region above~0.1, the soft pion
corrections are dominated by the terms originating from the
valence quarks and its magnitude is large in the up and the
down sea quark distribution. On the other hand, the correc-
tion for the strange sea quark distribution is greatly sup-
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FIG. 3. A typical example of

0.4 XDBAR_SOFT(X) b . .
the soft pion correction for the
035 F XDBAR_1(x) ~ = - . down sea quark distribution\ 4
o and the strange sea quark distribu-
XDBAR_2(x) . . .
03[ T tion xXA5. The soft pion correction
XDBAR_3(x) —"— for x\q is decomposed into three
025 1 types. XDBAR_1x) is the contri-

XSTRANGE_SOFT(x) =

bution from the valence quark,
XDBAR_2(x) is the one from the
i sea quark from the graplia) and
(i) in Fig. 2, and XDBAR_3%x) is

1 the one from the sea quark from
the graph(d) in Fig. 2.

0.2

0.15

0.1

0.05

0
0.001 0.01 0.1 1

pressed in this region. This reflects the fact that the contri- V. THE BEHAVIOR OF THE SOFT PION CORRECTION
bution from the commutator terms is suppressed. Below the IN THE SMALL x REGION

region x~0.1, the corrections originating from the sea Now the distribution on the right-hand side of Edé),

quarks begin to become large and they take over the Oneﬁ), and(8) should be the ones without the soft pion correc-

from the valence quarks. They come both from the pior]tion as is already noted. We can discard this fact as far as the
emission terms and the commutator term. In accord with this - y noted. . > .
soft pion correction is small as in the case of the differential

the correction for the strange sea quark distribution begins tg L : .
. . . f the up and the down sea quark distributions in the modi-
become sizable. We find that the correction from the soff. d fried | hen | h
ion for the strange sea quark distribution is yet suppresse € GOt.t red sum rute. However, w en it comes fo the sea
b Quark distribution itself, we must take into account this fact

but near the regiox~0.01, its magnitude becomes about _. . . ; .
since its correction is large in the smallregion. Here we

1/3 of the correction for the up or the down sea quark one. Irn,_ " . . .
the region belowx~0.01, among the above terms the pion consider this by using Eq¢10) and(11). In the approxima

emission from the final nucleofantinucleo term bein tion to neglect the higher order soft pion corrections, we can
. ) Ing express the phenomenologically determined sea quark distri-
proportional to(n) begins to become very large and in the

region below x~0.001, its magnitude rapidly becomes bution XA|pp for i=u,d,s aSXilpn=Xilns* Ailsor, Where the

dominant one. Thus in the region belaw0.01, by keeping distributionx\ |, is the one with no soft pion. In this case
the contribution only from the sea quark, the soft pion cor—thex}\d andxh on the right hand side of EeL0) and (11)

rection to the down sea quark distribution can be set ef“fec:§hOUId bexAlns a_nd Xhd|ns respectively. Then it may l:_)e
tively as thought that even !fO\d|nS andx)\_s|nS becom_es symmetric in
the very smalk region the soft pion correction is asymmetric
3 because of the difference between the first term on the right
N+ >Xg2(0)(1+(nY)Ay|, (10) handside of Eq(10) and that of Eq(11). This is not the case
4 if a certain condition is satisfied as discussed below. Let us
first assumex\ 4|,s and x\4|,s becomes symmetric some-
where we sek\,=X\y4 because, in this smal region, the  where in the very smalk region. We call the terms propor-
differential between the up and the down sea quark distributional togf\(O) on the right hand side of Eq&L0) and(11) as
tion is very small compared with their sum. Further we setsymmetric terms and the rest as the commutator terms since
X\ gl soft= XN u|sort Dy the same reason. Similarly, the strangethey come from the grapfi) in Fig. 2. In the smalk region,
sea gaurk distribution can be set as Eq. (10) and the definition of the phenomenologically

determined distribution\ 4|, gives us the relationk g|,s

Ayt gxgi(O)(lnL(n)))\s Coan Sdm/(1Kg)  with K= (1,/F2)[§+303(0)/4(1
4 +(n))]. Since(n) becomes very large as—0, X\ 4|, be-
haves a\ 4| ns~ X\ g|pn/ ((N)1 ;) apart from a numerical fac-
It should be noted that the distinction of the sea quark distor. Thus the commutator term in Eq10) behaves as
tributions classified by the superscripts 0 and 1 discussed ija)\d|ph/<n>, while the rest aschg|pn((n)+1)/(n). Thus if
Appendix B does not matter since both give the same resuthe condition
(10). This is because the differential between the two defini-
tions lies in the soft pion correction to the valence quark X\l
distribution and it is given only by the valence quark distri- lim ——d'ph _
butions. x—o (M)

|| 5x
X)\dlsoft:f_z ?

w

|| 2x
X)\s| soft:f_z ?

w

0, (12)
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FIG. 4. The strange sea quark
distribution X\ 4|, together with
the down and the strange sea

quark distribution xAM?ST and
XAMRST given by MRST [16],

wherex\*STis identified as the

down sea quark distribution
X\ glpn in the analysis in Sec. IV.

0 . .
1x10°® 1x10° 0.0001 0.001 0.01

is satisfied, the commutator term being asymmetric vanishegected to be relatively well determined phenomenologically,
and, among the remaining symmetric term, the one whiclwe use, for example, the distributions given by Martin-
comes from the pion emission from the final nuclganti-  Roberts-Stirling-ThornéMRST) [16] in this region and find
nucleon remains. The important point is that this fact doesthat it takes the value of about 0.03. Then, bebow0.01,

not depend on the soft pion phase space factor. At smaike consider thak 4|, is determined through Eq10) as
Q%~1 GeV?, the experiment at HERA shows that the be-x\ g|ns=X\glpn/(1+Kg), Where we usexhg|,, as the one
havior of the structure function in the smallregion is like  given by MRST. By settingk\ | ,<= X\ 4| nd2 atx=0.01, we

the soft pomeron. Though the nucleon multiplicity is as-take the interpolating function al(x)=1.085 exp156.6
sumed to behave as Ia)(in this paper, it can be also pa- —5848?—17.65/x], and set Agp=!(X)\glns from x
rametrized as if it behaves lik€*'% and we cannot distin- =0.01 up tox=10 6, and determinex\|, by using Eq.
guish between these two cagas]. Thus the Eq(12) has a  (11) as x\¢[pn=X\g|nstX\gsor- The interpolating function
good chance to be satisfied. Even if it is not satisfied, thes constructed to ensure that the strange sea quark distribu-
contribution from the commutator term becomes far smalletion determined in this way can be continued to the one of
than that from the pion emission terms as we go to thghe MRST atx=0.01, and that neax=10"% it becomes
smallerx region. Thus the multisoft pion effect from the pion aimost symmetric as is seen in Fig. 4. Then, belaw
emission from the nucleofantinucleon in the final state =0.01, using this strange sea quark distribution together
enhances the symmetric term and the commutator term beyith the MRST distribution for the down and the up sea
comes negligible. In this way, we can understand why theyuark distributions we find that their contribution to the sum
soft pion correction for the sea quark distribution becomesyle is about 0.19, where the contribution belaw 10~ ° is
SU(3) flavor symmetric. Now the SU(3) flavor symmetry in set to zero by regarding the sea quark distribution being
the limitx— 0 is the necessary condition for the mean chargesy(3) flavor symmetric in this region. Thus combining the
sum rule which holds under the same theoretical basis withalue abovex=0.01, the sum rule takes the value of about
the modified Gottfried sum rule. It takes the form 0.22. Though the extrapolation is rather arbitrary, we should
see the behavior of the strange sea quark distribution in the
region fromx=10"2to 10 8. If we use the MRST sea quark
distributions even for the strange sea quark one in the sum
rule (13), their contribution to it in this region is 0.72. Thus

This sum rule ixQ? independent and the perturbative correc-the sum rule is badly broken already in this region.
tion is negligibly small as in the modified Gottfried sum rule.
On the one hand the soft pion correction for the strange sea
quark distribution has a phenomenologically favorable prop-
erty being suppressed in the large and the mediuggion, The soft pion may contribute to the experimentally mea-
but on the other hand it can have a theoretically favorablesured quantity even at high energy. If this is the case, we
property being symmetric in the very smallregion. Since must either subtract the soft pion effect from the experimen-
the sum rule is very sensitive about the way how the symtal data or include it in the parameters of the theoretical
metry of the strange sea quark distribution is restored in thenodel considered. In this paper, we have shown that, while
small x region[11,15, let us study the sea quark distribu- the soft pion correction for the strange sea quark distribution
tions atQ?~1 Ge\? quantitatively by using this sum rule. is suppressed in the large and the mediamegion, it be-
Since the sea quark distributions abowve0.01 can be ex- comes SU(3) flavor symmetric in the very smalregion

fld 2 ! ! 0.2 13
. X 5)\“—5)\,1—5)\3 ~0.2. (13

V. CONCLUSION
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somewhere below~0.01. Based on this fact, by interpolat- light-cone dominated process such as the cut vertex formal-
ing the asymmetric strange sea quark distribution to the symism[17]. Further this example shows that the quantity which
metric one, the mean charge sum rule for the light sea quanwe must calculate is the nucleon matrix element of the cur-
which holds under the same theoretical basis with the modirents product, hence we see that this part is related to the
fied Gottfried sum rule has been studied. This sum rule restructure function in the total inclusive reactions. For the
quires the symmetric light sea quark distributions in the limitpurpose of searching such a relation, we can use the light-
x—0. However, there was no theoretical reason why thecone current algebrglQ] at someszQS. We take this as
strange sea quark distribution being suppressed in the Xargethe point where the perturbative evolution is started. Now we
region became large and flavor symmetric in the very small encounter the symmetric bilocal current and the antisymmet-
region. The soft pion correction has these properties. Moreric one. The nucleon matrix element of these currents distin-
over, the sum rule is very sensitive about the way how theyuish how the quark and the antiquark contribute. Let us
symmetry of the strange sea quark distribution is restoredexplain this fact in detail.

Then, by estimating the sum rule, it has been discussed that We define

the large symmetry restoration of the light sea quarks origi-

nating from the soft pion emission from the nucle@mti- , 4 : Y

nucleon in the final state should exist in the region from 21Lb_477-|\/| d*xexiq-xJ(N(p)[I5(x)I5(0)IN(p))c -

=10"2to 10 ® atQ>~1 GeV. (A3)
APPENDIX A In the light-cone limitq™ — <, the leading term comes from

the regionx " =0 andx?>=0. Hence we tak&" =0 butx™ is
left arbitrary. Using the light-cone current algebra, we see

thatF, is proportional tonF ,,( %) with =—q%/2p-q and
F.u(7) being defined as

The hadronic tensor of the reactioW*(q)+N(p)
— (k) +anythingXy) [2] can be expressed as

Ty = (m2— kz)zf d*xdtyd*zexd —ik- (x—2z)+iq-y]

. 2: - i . I=
S(N()IITT (62 (VL (9), T(6S(2VA0))] Fan(p-xx"=0) f dnexdinp-x]Fap(n),  (A4)

XN(P))e¢, (Al)  whereF 4 (p-x,x?) is defined as
where the spectral condition is used to express the tensor as (N(p)|F£.(x|0)|N(p))c
the matrix element of the commutater,'=a,b’'=b, and o
the sum over the intermediate stafg is understood. Then =P F (P X, X2) + XHF 05(P-X,X%).  (A5)

we define the soft pion limit of the hadronic tensor as

WXL (p.q), where we neglect the argumeasince the limit ~ The bilocal current$4,(x|0) are decomposed into the sym-
k*—0 is taken. Under the exchange——q and a—c, metric and the antisymmetric bilocal a$-4;(x|0)
b« d, each structure function defined by the hadronic tensor= f ,;,:SE(x|0) + dp AL (X|0), where

has a definite crossing property. Among the terms in

WY (P,q), the term coming from the grapb) in Fig. 2 is _ E — E — E _
given, for example, as Sg(X|0)— 2 1q(x)y* 2 q(0)+q(0)y* 2 q(x):(,
wv_ 4 4 ; + + u 1 — M)\C — 'u}\c .
A =) 4] dyexriay)ex oy AL (x|0)= 771 :a00 ¥ 5 A(0) =q(0) ¥ - q(): .

(A6)

XUN(P)|LIZT (0, VE(Y) IVEO)N' (p)) - _ _

/ . 5 , Here the phase factor is discarded by taking the light cone
X(N"(p)|32" (0)[N(p))+(N(p)|IZ" (O)[N'(p)) gaugeA " =0 for simplicity, but the following discussion is

, » 54 unchanged if we do not take this gauge and include it. Cor-
X(N"(P)IVa(0)LI2" (), VEWTIN(P))}- (A2) responding to the decomposition of the symmetric and anti-

If we seta=1+i2c=1—i2, andb=d" and take the target Symmetric  bilocals, ~we  define Fay(7) = fapSc(7)
as the proton, the second term in the brace on the right-hand dancAc(7). Now we expand the quark field on the null
side of Eq.(A2) is zero. While, by takingu=v»=+ and Pplanex” =0, x"=0 into the creation and the annihilation
using the current commutation relation on the null plane, theperator as

first term becomes the product of the currents if we replace

the sum over the intermediate statgto the complete set of _ (+) t (=)

the state. We cannot change this product to the commutation q(x)—; anébn (XH; Bndrn (X). (A7)
relation which may be obtained as the imaginary part of the

retarded product, since it changes the crossing property. Thwghere the sum over the subscriptneans the spin sum and
we must use the method which can be applied directly to théhe momentum integral collectively. Heret{ means the
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positive energy solution and~) the negative one. The nor- and
mal ordered product is given as

a( Na S+ +)\a + “ —
1Ay 57a(0):=2 aandt”(X) v 5 67(0) f dxx" (@) gz(x)
n,m 0
1 )\a — _ _ N o
=2 bibnd(X)y" 5 64(0). _Z(n 1>!<'>f dot
' 2map” - (atie)"
(A8)

X(pl2 brbadl (v )7 ¢$n"<0>|p>c.
Then, when the matrin /2 is diagonal, we define a part

contributing to the quark distribution function of the proton (A13)
as

Then, using the factsq(x)y* (Ao/2) q(0):=S*+iA* and

1 @ ) the support property of the quark distribution function we
(@100= — | daextt—ixal obain
2apTJ -
X(p|2 ajandi Ny )y" > ¢(+) 0)|p)c 1 - (Nn—1)1(—i)" (= 1
f dxx" l(a)fa(x)=2—f da —
(A9) 0 ™ — (a—ie€)
X[Si(a)+iAd(a)] (A14)

and a part contributing to the antiquark one as

and
_ 1 (=
<a)g;(x)=——+f daexd —ixa]
2mp” ) - Jldxxn_l@ _(n—l)!(—i)”fwd 1
: G0 =) da—

_ A _ B _ s .\Nn
X(pI 2 bTbadl (007" 8y lp)e, a=ie)
’ X iAd A15
(A10) [S (a) ala)], (A15)
wherea=p*y~, (a) is a A symmetry factor originating from

the flavor symmetry, an¢a)= —(a). Here we use an abbre- whereSq( a)= Sq(“) anqu( a)= _Aq(“) are used to

viated notation. For example, whea=3, (a)f,=1f, obtainthe lastequation. Similar equation can be obtained for

—1fy4 and (a)gz=— tgy+ tgg. Corresponding to the de- the normal ordered producq(0)y*(A,/2)q(x): and we
composition of the normal ordered product, we classify theobtain,

matrix element of the bilocal current into the quark part and

the antiquark part as

_ _ “1
Si(a)=S{(a)+S)(a), Ai(a)=Ai(a)+A)(a). f_ldXX“ (a)fa(x)
(A11) 1
The moments become :(_1)n_1f0 dxx""Ha)f,(—x)
I (=D Y- D)
[Caor a0 _ "
(n=D!(=i)" [~ 1
- 27Tp+ fwda(a_ie)n J da [Sq(a) IAg(a)],

_ Na (A16)
X(p| 2 atamdt (v )y 5 7(0)[p)e

(A12) and
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0 _
f dxx""H(@)ga(x)
-1

1 _
~(-1 e aga—x)

C(—D)" Hn-1)1(—i)"
B 2

XJZdaﬁ[Sﬂ(a)%—iAg(Q)].

(A17)

Then, since we have the relation

(- Y(n—1)1  d"t ( 1 )

(a—ie)"  da"il(a—ie)
1
=(-D"D(n-1IP—+imé" Ha),
o

(A18)

at n=even, we obtain

1
<a>f0dxx***l[{fa(x)+fa(—x)}—{g;(x)+gz(—><)]

SR TG SV T
o

w

(A19)

— o0

1
(@ [ @or 141,00~ 10} + {0500 ~ gt ]
=i"J’jo dad" Ya)A(a), (A20)
and atn=odd

1
<a>f0dxxﬂ*l[{fa(x)+fa(—x)}—{gz(xwgz(—X)]

=i“*1fx dad" Y a)S,(a), (A21)

1
(@) [ dor 1,00~ (=0} 00— g~

_ _iyn—1
_(n=Di(=1) P

w

Jx dainAa(a). (A22)
-

Equations(A19) and (A22) correspond to the moments of

PHYSICAL REVIEW B8, 054011 (2003

tion of it. This method is very general. It is independent of
the light-cone limit and needs no particular form of the cur-
rents. For a detail of this method and the definition of the
quark distributions in this method see Refg,8] and the
references cited therein. As it is explained there, the mo-
ments of the structure functions a1 can be decomposed
into the expressions which can be regarded as the moments
of the quark distribution functions at=1. The mean charge
sum rule discussed in this paper is one example obtained by
this method and it holds at an@?. The reason why we
obtain the moments such 6819) and(A22) lies in the fact
that the current product decomposes into the commutator and
the anticommutator. Hence, we have the structure function
defined by the current commutator and the one by the current
anticommutator. They are identically the same in slehan-

nel but opposite in sign in the channel. Thus the crossing
property is opposite. In terms of the quark distribution, this
appears asfl dxx""1f,(x) and [1,dxx""le(x)fa(X),
wheree(x) is a sign function, and explains why we have two
moments for each. The fact is important when we consider
the analytical continuation to the complexplane to obtain

the anomalous dimension in the missing integer in the clas-
sical derivation[18,19. Finally, we see that the (quark
—antiquark) and the (quatkantiquark) corresponds to the
symmetric bilocal and the antisymmetric bilocal, respec-
tively. We know that the two different combinations of the
quark and the antiquark evolve differentli8,20, hence the
distinction of these two bilocals is important. However, un-
der the approximation to neglect the sea quark which is
equivalent to neglect the antiquark, we need not distinguish
the symmetric and antisymmetric bilocals.

APPENDIX B

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

X(Ng=A)=—z(F3P=F3") = 3(F3"~F3").  (BY

Thus we can obtain the soft pion contribution to the distri-
butionx(Ng—\y) by calculating the soft pion contribution to
the structure functionR3—F3P) in addition to the structure
function (F5P—F35"). Then we can express

X( AE_ )\U) = X( )\E_ AU) | 8are+ X( 7\3_ )\U) | (s)oft* (BZ)

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

X(uv_dv):X(Uv_dv)|bare+x(uv_du)|softa (83)

the missing integers in the classical derivation of the moment
sum rule and that they are expressed by the nonlocal quan-
tity. Information of these missing parts are supplied by theWhere
cut vertex formalism. The moment at=1 stands on a par- —
ticular status, since we have another method to get informa- X(dy = Uy)[sor= 2 (F 37 = F37)|soit- (B4)
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The Adler sum rule determine$gdx{u,(x)—d,(x)}=1.
Now, the structure functionR5°—

X 2X
(F5P—F5M = §(uv_dv)|bare_ ?()\E_ Amlgare

+(ng_ an)|soft- (BS)

Then, expressing the valence part by, {d,), we obtain

X X
(F2P=F2") =3 (U= dy) = 5 (Uy—dy)[son

—2—(7\d Aol paret (FSP—F5M lsot
(B6)
and hence
(FEF$")= 2 (U, d)+ 5 (FP—F 5o
O N et (FEP— P
(B7)

By using Egs(B1) and(B2), we can rewrite this expression

as

X 2X
(FSP-FN=3(u,—d)—=(0\g=Ap) (B9

PHYSICAL REVIEW D68, 054011 (2003

Since we have\g| ).+ +\glix and similar

)\‘1 dlsoft— )\ﬂ dlbare

F5™ can be expressed as equation forny, we have

X
X)\méoft: X)\m 2oft+§du|soft- (812)

X
X)\Uiioftz X)\Elgoft"_ zuv|soft! (813)

wherehg=\g and\,=\y. These\,|iq and\ 4|5 are ex-
pressed a& <o aNd\ 4| ot rESpectively, in Secs. Il and IV.
Now, from Eg.(B1) we obtain the soft pion contribution
classified by the superscript as 0 by calculating that of the
neutrino reactions as

.| X
u)|soft z(uv

7T

_dv)_gA(O)X(_Auv+2Adu) y
(B14)

where we use the relation

Iﬂ' e en
(F5°=F5)lsor= 7 [02(0) (FEP~ FE")(3(n)—1)

—16xga(0) (97— 91" (B15)

Here we assume the symmetry for unpolarized sea quark
distribution and neglect the polarized sea quark distribution

as it should be. However, in a phenomeno|ogica] ana|ysi§?y the same reason as eXplained in the text. The Correcti(?n t.O
we use the valence quark distribution determined by thé/3 depends largely on the bare part of the sea quark distri-

Adler sum rule from the first, and, instead of E85), we
express F5P—F35") as
X 2X
(ng_an): §(uv_dv)_?()\a_)\a)|%are

+(ng_ an)|soﬂ- (Bg)

bution, and it may be possible to expect the part defined by
the superscript 0 is not so large. By assuming the bare part
X(Ng— m|gare is zero, the numerical integration ofn{
—Ay)|% from x=0.0001 tox=1 gives us the value 0.11 by
using the distribution by MRS and 4] at Q§=4 GeV? and

the parametera=0.2b=1,c=0.1. Since the integral con-
verges well in the smablt region, only by the soft pion con-
tribution we can explain the result by the New Muon

Here we discriminate the bare part of the sea quark distribucollaboration (NMC) [21]. Now the contribution to the
tion by the superscript 1 from that specified by the superNMC deficit from the low energy region has been investi-
script 0. In this case, the soft pion contribution can be exgated extensively by the mesonic modgs]. They have

pressed simply as

3
X(\g=A)sor= ~ 5 (FP=F§Nlsor,  (B10)

where 0 g—\g) = (\g— ) |pare™ (\g—\)5o- BY compar-
ing Egs.(B5) and(B9) with use of the relatioriB3), we see

more or less related to the spontaneous chiral symmetry
breakings, and hence will be related to the soft pions in some
sense. While the soft pion studied here contributes also at
low energy. Some of it should be effectively taken into ac-
count in the low energy models. From this point of view, it is
natural to consider that the sum of the soft pion contribution
to the valence quark distribution and the bare pedity

that the bare part of the sea quark distribution discriminated- A\y) | are Which is given in Eq(B11) asx(Ag—\y) |tarer 1S

by the superscript 1 includes the soft pion piece as

X()\E_ _uu)lsoft-

(B11)

1 — 10 1
)\u)|bare: X()\d_)\u)|bare_ Ex(du

the quantity given by the low energy models. In this sense
the additional contribution which is not included in the low
energy models is given byx(\g—\y)|tor=—3(FSP

F5M|soi- The contribution of this part to the NMC deficit
is about 0.03 for the parametar=0.2b=1,c=0.1[5].
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