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Primordial sea-quark distribution due to hadronic effects
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The nucleon is a system of an infinite number of quarks and antiquarks due to virtual emission of hadrons. We
analyze this phenomenon using a simplified multi-Regge- exchange picture and estimate the primordial sea-quark

distribution in the low-Q' region.

I. INTRODUCTION

I

In low-energy phenomenology the nucleon is
/

well described as a system of three valence quarks
bound by gluons. This picture is also valid in
deep-inelastic scattering in the low-energy region.
The momentum carried by the valence quarks
is 60'% or more for Q'-2 GeV' (Refs. I and 2}
and the sea-quark distribution is tiny. ' Even
the gluon distribution is relatively minor in the
low-Qm region. One intriguing approach to the
minor sea-quark and gluon distributions is to
assume that they vanish at some very small value
of Q' and to calculate the distribution for larger
Q' from the evolution equation [or the renormal-
ization-group equation (RGE)j.' ' This approach
has made, at least, a qualitative success and may
be regarded as a good zeroth-order approxima-
tion.

However, the gluon should exist inside the nu-
cleon to bind valence quarks and we can also
argue that the sea quark should exist even in
the very-small-Q' region due to many-body
effects. In fact, the nucleon emits hadrons vir-
tually, which implies that, in patron language,
nonvalence antiquarks do exist inside the nucleon.
[In the small-Q' region, where the quantum-
chromodynamics (QCD) coupling constant is not
small, we should be careful about ambiguity in
the definition of the patron distribution. The pres-
ent argument may be most clearly understood
by having in mind the definition in which a struc-
ture function (say, E,}coincides with the quark
and antiquark distribution in all orders. ']

The purpose of this paper is to present a semi-
qualitative analysis of this phenomenon due to
many-body effects. %e use the multi-regge-
exchange picture of.hadron interactions for the
analysis. The conclusion is that the magnitude
of the calculated sea-quark distribution is small
enough and consistent with our phenomenological
knowledge from neutrino experiments. Note
that we are not proposing an alternative to the
QCD approach but are calculating the primordial
part of the sea-quark distribution, which is a

rather long-distance phenomenon and outside
the scope of perturbative QCD. Of course we
should confine ourselves to the low-Q' region
(where the perturbative approach of the RGE is
not reliable anyway), and it is the role of the
ROE to study how the patron distribution evolves
as Q' increases for, say, Qm ~ 2 GeV'.

This paper is organized as follows. In Sec.
II we discuss the multiperipheral picture in patron
language and explain how it is related to the pri-
mordial sea-quark distribution. We present our
formula in Sec. III and analyze it numerically
in Sec. IV. Section V is for conclusions.

II. MULTI-REGGE-EXCHANGE MODEL IN THE
PARTON PICTURE

The multiperipheral model is a familiar picture
to deal with many-particle effects in soft-hadron
physics. This model has not only explained vari-
ous qualitative features of both two-body reactions
and many-hadron production, but also a particular
version of this picture —the multi-Regge-exchange
model with the dual unitarization scheme' —has
succeeded in giving us a semi-quantitative picture
of two-body reactions from the intermediate- to
the relatively-high-energy region. The application
of the multiperipheral model to deep-inelastic
scattering has already been discussed at least
in a qualitative level in some references" and
here we extend it to a more quantitative level
on the basis of the dual unitarization scheme.

Consider quark diagrams of the multiperipheral
process in current-nucleon scattering shown in
Fig. 1. The process is understood intuitively in
the Breit frame. The initial nucleon emits a
hadron, which emits another. The cascade evolves

FIG. 1. Quark diagrams of the multiperipheral pro-
cess in current-nucleon scattering.

1915



1916 SUMIO %ADA

and finally a (anti) quark in the last hadron of
the cascade chain is hit by the current. Note that
only the last stage is a process peculiar to deep-
inelastic scattering. We have shown several
possible quark diagrams in Pig. 1. If there is
a meson exchange with twisted quark lines, the
current can hit a (anti) quark which is not a val-
ence quark of the initial nucleon. This is nothing
but a sea quark in parton language and is what
we analyze in this paper. We do not deal with
term (Fig. 2) in which the current directly hits
a valence quark, which dominates the structure
function in the intermediate and large-x region.

III. FORMALISM

We explain how we calculate the processes
shown in Pig. 1 on the basis of the dual-unitari-
zation picture. We will fully use the method and

the results in hadron reactions in Ref. 6 to specify
our formula and to simplify the calculation.

We start from the diagram shown in Fig. 3(a).
Only the final part (the right-most part in Fig.
1) of the Regge exchange is shown explicitly. The
rest of the cascade chain is included in the left
blob. Prom the unitarity relation the imaginary
part of the amplitude is given as

2Im T=
4&1 n2

where

~ 1 g eel'Rg (f )
t

I

to be successful for various hadronic reactions.
The result is

and p(s, ) is the state density in the s, part and

P, is the Regge residue. We have used the Regge
propagator which takes the mass of the current
into account. ' Only the transversely polarized
current is considered here, and so Im T =2me~I,
(or 2ve'F, for the vector-axial-vector interfer-
ence).

The left part of Fig. 3(a) is Reggeon-nucleon
scattering which also appears in purely hadronic
reacti;ons, and it has been shown numerically
in Ref. 6 that it can be replaced with the single
Reggeon exchange as shown in Fig. 3(b). There-
fore, we make the replacement

(2)

where a(0), y, and p are relevant Regge para-
meters as indicated in Fig. 3(b).

The right part of Fig. 3(a) is current-Reggeon
scattering. We relate this part to the on-shell
meson scattering amplitude Im T, by the extra-
polation using the form of the Veneziano-type
amplitude. This extrapolation procedure is known

where ( ), indicates the average of an exchange-
degenerate pair of Regge trajectories. Note that
Im &~,~, is only for the valence quarks in the
meson so as to avoid the double counting of sea
quar ks.

Finally we perform the integration of the two-
body phase space in Eq. (1) analytically. It be-
comes possible if we assume I' in Eq. (3) is a
constant. This approximation is legitimate, be-
cuase the integrand is suppressed exponentially
unless f takes a small (negative) value, and be-
cause the I' function is weakly t dependent in
this region. In the numerical analysis in Sec. IV
we use leading vector and tensor trajectories
as o., and o., in Fig. 3. Therefore, we assume
here that I'=1 because 1 —a, (f) is around one
in the dominant region. Using I', instead of Im
T, Eq. (1) finally becomes

K&(t)~
S2 S)

M2 O.

{a) (b)

FIG. 2. The quark diagram of direct current-nucleon
scattering, i.e., the Born term of the multiperipheral
process.

FIG. 3. The unitarity diagram of current-nucleon
Regge-exchange scattering (a) and its modification by
duality (b).
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s " tg+ ~2 e&, (o&+am(o&1
x i ds, ds&~'~'

I

--s
I

a (o &-al (0 &-a2(0 &(e "meum&a e-matmgg)
&, (g +qR) g (4)

where

The energy scale of the Regge propagators above
is assumed to be set by a' (=1 GeV~).' The in-
tegrand of Eg. (1) shows unphysical behavior in
the region s+ Q'/(s, + Q')s, &1 and t--~, which
is due to fake behavior of the Regge variable in
the low-energy region. This has been discussed
in Ref. 6 by studying the dual model. Following
their argument we modify the definition of a as

s+Q' 4

(s, + Q'}s, e (5)

IV. NUMERICAL ANALYSIS

Here we analyze Eg. (4} [with Eg. (5)] numeric-
ally. For the Reggeons n, and a, (Fig. 3}we
take the exchange-degenerate vector-tensor-nonet
trajectories of intercepts 0.5, 0.25, and 0. For
the Reggeon o. we take the Pomeron and the f tra-
jectory. The Regge residue P and the triple-
Regge coupling y are"

Pp„„=5.4 mb~~ GeV,

Pg&&g
= 6,1 mb GeV~

y =2.3mb ~ Gey .

numerical results for both cases. As the defi-
nition of xin case A, we use the Bloom-Gilman
variable in the photon-Reggeon system, i.e.,
x =Q'/(s, + Q'). Note that Ff&'~ above is only for
the valence quarks of the Reggeons and we should
not include Regge behavior (x '~') to avoid double
counting. Begge behavior of the whole structure
function automatically appears due to the factor
s, @& in Eg. (4). We determine the magnitude of
F~' ' by requiring that two valence quarks carry
half of the total momentum of the meson. Because
F, is linearly related to F, ~ ', the following re-
sult can be easily converted for other choices
of the magnitude.

In Fig. 4 we show the ordinary-antiquark dis-
tribution xu (=xd) and the strange-quark distri-
bution xs (xV} calculated from F, [Ega. (4) and
(5}]for case A and case B. The reason for the
difference between the two cases becomes rela-
tively easy to see by rewriting Eq. (4}using some
new variables, x, -=x(1+xM'/Q') ' (-x), x'=Q'/
(s, + Q'), and y = 2ct's, (s, +-Q')/(s —s,):

O.OS

0.06

y is assumed to be common for the Pomeron and
the f. When the strange Reggeons couple to the
Pomeron, y is reduced by the factor 0.75 or 0.5.'
For the meson structure function F~oj.o2 we use
the following two forms:

0.04

0.02

B F ~ 2=const.1

The choice A is consistent with the counting rule
and also with the pion structure function recently
estimated from the experiments of p-pair pro-
duction and high-P ~ hadron production. " However,
there is some experimental indication" that the
exponent of 1-x is smaller in the low-Q' region
which is our present concern. %e will present

0.01
0 0.1 0.2 0.3

FIG. 4. The distribution of I and g at Q = 1 GeV2 cal-
culated from Eqs. (4) and (5). Here x means the ordi-
nary Bjorken variable. The dashed-dotted line is the
result (Ref. 4) of dynamical @CD. See the end of Sec.
IV.
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xY 2- al+a0-1X -a -1 . dXi j'ning(Xi )Xta-1 1 0 n -al-a2+1
16m' 1 x'

&mI[n

X -ya n a (8-2at mm S~atmax),1
a

(7)

The integration region for y is

2a 'M' ' (y (2a'(Ms -Ms, }'x x
x ~xp x ~xp

and x' „=Q'/[(v s —M)2+ Q'] (-x). Then we can
see that two inequalities,

En™2(Faten2 fOr large X,
g m r1

dx&++1+2 xP+ 1) I dx g+lo2 x gQ 1
lsA ' is+ t

~t p p

explain the difference between the two cases in
Fig. 4. Regge behavior of Fl(00x ) for x 0 is
also obvious from Eq. (7), but due to phase-space
effects the behavior x is very slow to set in.

We show the second moments of u for various
Q' in Fig. 5. The difference of the second moments
between the two cases is very small. In fact, we
can prove that for Q0 ~ the nth moment of Fl is
proportional to that of F, l a, which we have as-
sumed to be the same for n =2. The shape of u(x}
is essentially the same as Fig. 4 for all QI, and
the second moment approaches the value-0. 024
as Q'-~. As Q' increases F, scales simply be-
cause we have assumed that &, l & does. As was
explained in the Introduction, the purpose of
the present calculation is to estimate the primor-
dial sea-quark distribution in the low-Q region.
As Q' increases the ROE gives us a reliable pre-
diction for the Q2 dependence of the patron diS-
tribution. The second moment of u, in the four-
flavor theory, should approach~00 for Q'-~, which
is well beyond the values in Fig. 5. Our results
should not be taken seriously for, say Q') 2 GeV'.

The dashed-dotted lines in Figs. 4 and 5 are
the sea- quark distributi. on' "calculated from
the RGE (in the leading-logarithm approximation)
assuming that only the valence quarks exist inside
the nucleon at Q0= 0.25 GeV .

fixed Q' experimentally at present. There may
be theoretical uncertainties in our formalism
itself, and we are not in a position to tell, for
example, which choice in Eq. (6) (A or B) is
better. However, the authors of Ref. 4, who
discussed the parton distribution in the "dynam-
ical" QCD picture ( the dashed-dotted lines in
Figs. 4 and 5), claimed that their results are
consistent with the data except for a possible
underestimate of a factor of 2 in the intermediate-
x region (0.2 (x (0.5). Comparing their results
with ours, we can say that our result is also con-
sistent with the data if it is extrapolated to the
higher-Q2 region by the RGE with an adequate
gluon distribution.

As was emphasized before, our aim is to esti-
mate the primordial sea-quark distribution in
the low-Q2 region, and its evolution for higher
Q2 is in the realm of the RGE. So our conclusion
here is that we can explain the magnitude of the
initial sea-quark distribution theoretically, though
not very accurately yet.

Note added. The formalism applied here is
based on the conventional multi-Hegge picture with
some topological arguments, which is purely soft-
hadron physics. However, being inspired by the
results of two-dimensional @CD [for example,
R. C. Brower et aL, Nucl. Phys. B128, 175 (1977)],
some people tried to apply soft-hadron physics
to the hard-parton process and vice versa [see

0.02

V. CONCLUSIONS 000l

In this paper we have analyzed the multi-Regge-
exchange process in deep-inelastic scattering
so as to, estimate the primordial sea-quark
distribution in the low-Q region. Our result
in Fig. 5 can successfully be compared with the
neutrino experiment' which suggests that the
second moment of the ordinary sea quarks (four
times u) is about 0.06 for Q'= 2 GeV'. We cannot
tell the precise sea-quark distribution for

0— /1
0.3 0.5

l
3 4

FIG. 5. q2 dependence of the second moment of g.
The dashed-dotted line is the result (Ref. 4) of dynami-
cal QCD.
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G. Cohen- Tannoudji et al. , Phys. Hev. D 19,
339V '(19V9) and references therein]. Their basic
strategy is to extend topological similarity to
dynamical ones. Pr'edicted relations between in-
clusive cross sections of hadron scattering and
fragmentation functions and/or structure functions
in deep-inelastic scattering have made some re-
markable successes phenomenologically. However,
the validity of the dynamical similarity between
two processes in the four-dimensional world
is not obvious and we need more theoretical
consideration about it.

In this paper, we have avoided the discussion
on hard-parton dynamics by introducing an em-
pirical meson structure function. By doing so
we could calculate the sea-quark distribution

in the small-x region. Although the discussion
of the sea-quark distribution for x-1 may become
possible by modifying Eg. (1) with the power be-
havior of large-angle scattering for large t, the
valence-quark distribution is beyond the scope
of the conventional soft-hadron physics and has
nothing to do with the argument in this paper.
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