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Do the E866 Drell-Yan data change our picture of the chiral structure of the nucleon?
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We reexamine the evaluation of the pionic mechanism of theū2d̄ asymmetry in the proton structure
function. Our analysis is based on the extended AGK unitarity relation between contributions of different
mechanisms to the inclusive particle production and the total photoabsorption cross section~i.e. the proton
structure function!. We reanalyze the role of isovector Reggeons in inclusive production of nucleons and Delta
isobars in hadronic reactions. We find a rather large contribution of Reggeon-exchange induced production of
Delta isobars. This leaves much less room for the pion-exchange induced mechanism ofD production and
provides a constraint on thepND form factor. The production of leading pions in proton-proton collisions at
CERN puts additional constraints on thepNN vertex form factors. An extension of the AGK rules to Reggeon
exchange suggests a negligible contribution to the proton structure function from DIS off the exchangedr,a2

Reggeons. All these constraints are used then to estimate the pion content of the nucleon and allow us to

calculate parameter-free thex dependence ofd̄2ū. We discuss the violation of the Gottfried sum rule andd̄

2ū asymmetry and compare it to the one obtained from the E866 experiment at Fermilab. We estimate the
background to the pion structure function being determined by the ZEUS and H1 Collaborations at DESY
HERA from leading neutron experiments.@S0556-2821~99!03311-1#

PACS number~s!: 13.85.Ni, 13.60.Hb
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I. INTRODUCTION

The violation of the Gottfried sum rule discovered by t
New Muon Collaboration~NMC! at CERN in muon deep
inelastic scattering@1# opened the long ongoing discussio

on the d̄2ū asymmetry in the nucleon. Extending and fo
lowing the early work of Sullivan@2#, the asymmetry can be
naturally explained within the framework of the isovect
meson cloud model of the nucleon~for recent reviews see
@3,4# and references therein!, which uniquely predicted the
asymmetry to be placed at largex, in good agreement with
the early NA51 Drell-Yan experiment@5#. In the practical
evaluation the dominant contribution can be interpreted
due to the admixture of thepN and pD Fock states in the
physical proton. The model results for the asymmetry dep
in an essential way on the choice of the parameters forpNN
and pND vertices, and on the elementary particle vers
Regge treatment of meson exchanges. In most of the ca
lations the vertex parameters, which at present canno
calculated from first principles, were simply adjusted to
produce the observed Gottfried sum rule~GSR! violation. In
contrast in Refs.@6,7# a unified approach to hadronic rea
tions and deep inelastic scattering has been pursued an
vertex parameters were constrained by the experimental
on the leading nucleon and/or leading Delta isobar prod
tion in high-energy hadronic reactions to which pion e
change contributes substantially. The numerical evaluat

of the ū2d̄-asymmetry were based on the fact that for
elementary particle exchange the contribution to the to
virtual photoabsorption cross section equals that to the in
sive cross section for leading baryon production, which
one of the manifestations of the extended Abramovs
Gribov-Kancheli~AGK! unitarity relations@8#. For the pion
exchange such a treatment is well justified, because
0556-2821/99/60~1!/014004~10!/$15.00 60 0140
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Reggeization effects are negligible.
Besides the pion vertex parameters, theū2d̄ asymmetry

is affected by the contribution of heavier isovector meso
In Ref. @7# the effect of heavier vector mesons has be
evaluated in an extended Fock state decomposition of
nucleon light-cone wave function into meson-baryon, inclu
ing Nr,Nv,Dr in addition to pN,pD and hN which are
known to be important at low and intermediate energy h
ron scattering.

A fit to leading baryon experimental data suggests the
rather largerN component in the expansion of the nucle
wave function. The relatively heavyr-meson carries then a
large fraction of the nucleon momentum and with a plausi

ansatz for therNN vertex, it introduces thed̄2ū which
extends to rather largex*0.5 @7#. The so-constructed mode
was perfectly consistent with the NA51 experiment at CER

@5,9#, which measured theū2d̄ asymmetry atx50.18 @5#.
Furthermore, after the incorporation of the NA51 result, t
global parton model analyses@10# have produced parametr
zations which were practically indistinguishable from the
sults of the meson cloud dynamical calculations in@7#.

A recent E866 experiment at Fermilab has reported a

high precision mapping of thex-dependence of theū2d̄
asymmetry from the comparison of thepp andpd Drell-Yan
production with the striking finding that the difference of th

ū andd̄ distributions seems to vanish at largex*0.3,1 and is

1The determination of theū2d̄ difference in @11# depends on

assumptions on the flavor symmetric seaū1d̄. Within the error

bars of E866 one can regardū1d̄ as well constrained by the neu

trino experiments; the difference betweenū1d̄ from different glo-
bal parton analyses is marginal.
©1999 The American Physical Society04-1
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definitely smaller than the results of the model@7# and of all
the early global parton parametrizations based on the N
result and the observed GSR violation. There is no conse
yet on understanding this interesting result@12,13#. In the
framework of the meson cloud picture, one possible i
provement is a Regge treatment of heavy particle exchan
which seems to be more appropriate in the kinematical

gion relevant to theū2d̄ asymmetry problem. Although
because of the lack of a microscopic QCD picture
Reggeon exchange one is forced to use rather a phenom
logical approach, one can take advantage of a large bod
work on the Regge phenomenology of hadronic two-bo
exclusive@14,15#, and inclusive@16#, reactions, which con-
strains the Regge vertices, and imposes useful constr
between Reggeon contributions to inclusive production
different baryons.

Recently, there was some interest in understanding
role of isoscalar Reggeons in diffractive lepton deep-inela
scattering@17–19# and in inclusive production of leadin
protons at the DESYep collider HERA @20#. The role of
isovector Reggeons was discussed both in the contex
leading neutron production in electron deep inelastic sca
ing ~DIS! @21# and in the context of diffractive DIS scatterin
with leading neutrons@22#. As a matter of fact, the isovecto
Reggeon exchanges in neutron and proton production m
be much more important than in the evaluations of@21,22#
based on the total cross section analyses, because the
constrain only the spin-non-flip Regge vertices, and
much more dominant spin-flip contribution has not been c
sidered in@21,22#. As will be discussed in the present pap
this has important consequences for the inclusive spectr
neutrons fromp→n transitions both in hadronic and lepto

DIS and indirectly also ford̄2ū asymmetry.
In the present paper we discuss the role of isovec

Reggeon exchange in the production of leading nucleons
D isobars. The subsequent decay of theD isobar intopN
channel generates additional nucleons both in hadroni
well as in lepton DIS processes. Based on the extended A
unitarity relation, we shall argue however that in spite of t
important role in populating thenX andDX inclusive chan-
nels, the opening of thenX and DX intermediate states via
Reggeon exchange leads to a negligible contribution to
hadronic total cross sections and/or the structure function
DIS. As a consequence the isovector Reggeon contribu
to the Gottfried Sum Rule violation is rather small. On t
other hand the Reggeon exchange contributions to the l
ing baryon spectra leave less room for the pion excha
contributions, which are essential for a quantitative und
01400
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standing of the Gottfried Sum Rule violation and theū2d̄
asymmetry.

Our principal conclusion is that once the wealth of info
mation on leading pions and leading neutrons andD ’s is
accounted for there emerges a consistent description of
E866 ~NuSea! data.

II. INCLUSIVE PRODUCTION OF PIONS, NUCLEONS
AND DELTA ISOBARS IN HADRONIC REACTIONS

A. Recalling the Regge phenomenology

Following Sullivan @2#, we expect that the dominan
mechanism of leading neutron production in DIS is an a
sorption of the virtual photon on the pion from th
p1n-Fock state of the nucleon, in which the spectator n
trons are observed as leading neutrons. But thesamedynam-
ics is supposed to be at work in the production of lead
neutrons in hadronic semi-inclusive reactions, where the
tual photon has been swapped for the hadronic projectile
the meson-baryon Fock-state picture of the proton’s lig
cone wave function one is still left with nonperturbative p
rameters, the ‘‘radii’’ of the Fock-states or in other words t
form factor cutoff parameters. These parameters canno
obtained from first principles, but one may hope to constr
them in a reasonably reliable way by demanding a con
tency with experimental data for hadron production at h
energies. This strategy has been taken in the work of
Jülich group@7# and the earlier work by Zoller@6# to extract
the parameters of vertex form factors. Some subtle po
connected to the distortion of the waves~or absorptive or
screening corrections! have been discussed in a recent pa
@23#; we shall also comment on that issue below.

Let us first collect the pertinent formulas for the followin
discussions of the experimental data. Following the stand
phenomenology of inclusive reactions, we define t
Lorentz-invariant cross section~the so-called inclusive struc
ture function! for the a1b→c1X reaction~see Fig. 1!

FIG. 1. The inclusive production of particlesc in the reaction
ab→cX.
Fb→c~z,p'
2 !5E

ds

d3pW
~ab→cX!5

z

p

ds

dzdp'
2 5

1

p

ds

dzdt
5

s

p

ds

dsXdt

5
1

2~2p!3

1

2s (
i ,X

E dtX uAi
ab→cX~s,t,sX ,tX!u2. ~1!
4-2
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Here (E,pW ) is the four-momentum of the outgoing particlec,
z5pz

c.m./pmax is the longitudinal momentum fraction~Feyn-
man variable! of c which for largez is identical to the light-
cone variable, andpW' its transverse momentum,t52p'

2 /z
1tmin with tmin52(mc

22ma
2)(12z)/z2ma

2(12z)2/z. By
sX we denote the invariant mass squared of the inclus
systemX, andtX is its Lorentz-invariant phase space. He
the Mandelstam variabless,t refer to the reactionab→cX;
and the indexi labels the exchange mechanism.2 In anticipa-
tion of large contributions from the region 12z!1 to the
considered cross section we shall use the Regge f
throughout the present paper. The large Regge paramet
this case iss/sX51/(12z) and one can write the amplitude
Ai

ab→cX in the form

Ai
ab→cX~s,t,sX ,tX!

5gac
i ~ t !S s

sX
D a i (t)

h„a i~ t !…•v ib→X~tX ,sX!, ~2!

where a i(t) is the Regge trajectory, h i(t)52@1
1t exp(2ipai(t))#/ sinpai(t) is the signature factor for the
trajectory with signaturet, andv ib→X(tX ,sX) is the vertex
for the transitionib→X that leads to the~operational! defi-
nition of the ib-total cross section via

s tot
ib 5

1

2sX
(
X

E dtXuv ib→X~tX ,sX!u2. ~3!

With these definitions we finally obtain for the inclusiv
cross section

Fb→c~z,p'
2 !5

1

2~2p!3 (
i

„gac
i ~ t !…2uh„a i~ t !…u2S s

sX
D 2a i (t)21

3s tot
ib ~sX!. ~4!

At this point it is convenient to introduce the notion of a flu
associated with the exchanged object in thet channel:

f i /c~zi !5E d2pW'

Eds ( i )~ab→cX!

s tot
ib d3pW

~5!

or more explicitly:

f i /c~zi !5E dp'
2
„gac

i ~ t !…2uh„a i~ t !…u2

16p2 S 1

zi
D 2a i (t)21

. ~6!

Herezi512z5sX /s is the longitudinal momentum fractio
flowing through thet channel. The functionf i /b(zi) has an
interpretation of a flux of ‘‘i -quanta’’ emitted by the hadron
a in the a→c transition. Correspondingly its integral

2Note that in Eq.~1! we have omitted the contributions from in
terferences of different exchange mechanismsi , j . They are absen
in the reactions considered as will be discussed below.
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dzi f i /c~zi ! ~7!

shall be addressed as the number of ‘‘i -quanta’’ in b.
The contribution from thet-channel pion exchange Bor

term to the production of leading neutrons reads

Fp
p→n~z,p'

2 !5
gpnp1

2

16p3

~2t !

~ t2mp
2 !2

3FpNN
2 ~ t !~12z!122ap(t)

•s tot
pa~sX!. ~8!

Hereap(t)5ap8 (t2mp
2 ) is the pionic Regge trajectory,ap8

'0.7 GeV22, sX5s(12z) is theap c.m.-energy squared
and gpnp1

2 /4p527.5. Furthermoret52p'
2 /z1tmin with

tmin52(12z)2mp
2/z. FpNN(t) is the phenomenological ver

tex form factor that accounts for the finite size of particl
involved and/or off-shell effects. Because of the proximity
the physical pion pole, the Reggeization effects, i.e. the
parture ofap(t) from Jp50, are marginal and one can us
s tot

pa(sX) for the on-mass shell pion. The analogous formu
for the D(1232) production reads

Fp
p→D11

~z,p'
2 !5

gpD11p2
2

16p3

~M 1
2 2t !2~M 2

2 2t !

6mD
2 ~ t2mp

2 !2

3FpND
2 ~ t !~12z!122ap(t)

•s tot
pa~sX!,

~9!

where we introduced M 65mD6mN , gpD11p2
2 /4p

512.3 GeV22, and t52p'
2 /z1tmin with tmin52(mD

2

2mp
2)(12z)/z2mp

2(12z)2/z. Again FpND(t) is the vertex
form factor, a phenomenological quantity, that hasa priori
no simple relation to its counterpart in Eq.~8!. Integrating
Eqs.~8!,~9! over p'

2 we get

z
ds (p)

dz
~pp→nX!5pE dp'

2 Fp
p→n~z,p'

2 !

5
2

3
f p/N~12z!•s tot

pp~sX!,

z
ds (p)

dz
~pp→D11X!5pE dp'

2 Fp
p→D11

~z,p'
2 !

5
1

2
f p/D~12z!•s tot

pp~sX!.

~10!

B. Inclusive spectra of pions

For the moment let us focus on yet another issue, wh
did not receive due attention in the literature. The Reg
phenomenology outlined in Sec. II A allows us to constra
the large-z behavior of the vertex functions from the expe
mental data on leading baryons. For smallerz one must look
into another constraint, here the light-cone wave funct
4-3
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formalism offers an intimate relationship between the flux
mesons originating from a meson-baryonMB-Fock state and
the corresponding flux of baryons. Clearly, iff M /B(zM) de-
notes the probability to find in theMB-Fock state a mesonM
carrying the ~light-cone! momentum fractionzM and if
f B/M(zB) has the analogous meaning of finding the baryonB,
carrying momentumzB , it must hold true that

f M /B~z!5 f B/M~12z!. ~11!

The probabilistic interpretation is obvious. The symmetry
lation ~11! allows us to write the contribution from spectat
pions to the cross section for the production of leadingpions
as

zp

ds (p)

dzp
~pp→p0X!5

1

3
f N/p~12zp!•s tot

pp~sX!

5
1

3
f p/N~zp!•s tot

pp~sX!,

~12!

where we focussed solely on the leading pions originat
from the pN-Fock state; a contribution from thepD-states
does not affect the following conclusions.

In the absence of a theoretical tool to directly calculate
form factor FpNN(t), the parametrization ofFpNN(t) can
only be judged from its phenomenological success and c
sistency in a broad spectrum of processes. In the literat
rather bold extrapolations from low energy physics ha
been habitual and leading pion production data have b
seemingly overlooked in previous considerations. As an
ample in Fig. 2 we show the differential cross secti
zpds/dzp for production of thep0 mesons taken from the
NA27 pp experiment@24#. The spectra ofp1 andp2 from
the same experiment show that the contribution frompD
states is much smaller. Shown are several theoretical cu

FIG. 2. Differential cross sectionzds/dz(pp→p0X) at pLAB

5400 GeV/c. The data are taken from@24#. The dotted curve
shows a prediction of the model@7#. The solid curves were calcu
lated with a ‘‘Gaussian’’ form factorFpNN(t)5exp„2@RG

2 (t
2mp

2 )#2
…. The curves in the figure correspond toRG

2 51.0,1.5, and
2.0 GeV22 ~from top to bottom!. The dashed curves were calc
lated with an exponential form factorFpNN(t)5exp„RE

2(t2mp
2 )….

The curves in the figure are forRE
251.0,1.5, and 2.0 GeV22 ~from

top to bottom!.
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calculated from Eq.~12! with different functional forms for
thepNN form factor. The dotted curve shows the predicti
from the model of Holtmann and two of the authors@7#. In
this work a simple light-cone parametrization of the for
factor had been adopted:

FpNN~z,p'
2 !5exp@2RLC

2
„M2~z,p'

2 !2mN
2
…#

5expFRLC
2 ~ t2mp

2 !

~12z!
G . ~13!

HereM2(z,p'
2 )5(p'

2 1mN
2 )/z1(p'

2 1mp
2 )/(12z) is the in-

variant mass of thepN Fock state, andRLC
2 '0.5 GeV22

@7#. In the spirit of the light-cone picture, the form factor~13!
was meant to describe the low-mass componentsM2;(mp
1mp)2 and 12z;mp /mp . If one streches this simple pa
rametrization also to largezp512z then one would run into
serious conflict with the experimental data on leading pio
As we shall see below, such an overprediction of the lead

pion spectra leads to a related overprediction of theū2d̄
asymmetry at largex. The dipole~monopole! parametriza-
tion of the light-cone form factor@13# does not resolve the
conflict with the NA27 data. We have neglected here
absorptive corrections, but one would expect them to red
the Born term by at most a factor of 1.5–2; see for instan
@23#.

Clearly there is no real conflict between theory and e
periment; one simply should not extrapolate to largezp the
functional form of form factors designed forzp!1. Revers-
ing the attitude, one should look for parametrizations wh
are consistent with the leading pion data and explore
resulting constraints from the leading pion data for pred

tions of theū2d̄ asymmetry in DIS. We show the result fo
two different simple options only, the exponential parame
zation FpNN(t)5exp„RE

2(t2mp
2 )… ~dashed lines, for values

of RE
251.0,1.5,2.0 GeV22) and the ‘‘Gaussian’’ parametri

zationFpNN(t)5exp„2@RG
2 (t2mp

2 )#2
… ~solid lines, for val-

ues ofRG
2 51.0,1.5,2.0 GeV22).

We conclude that the forward pion data suggest that pi
in thepN Fock state of the nucleon wave function are rath
‘‘soft,’’ carrying longitudinal momenta of not more thanz
'0.5. This is quite a subtle constraint on the tail of thepN
two-body wave function and imposes the empirical boun
RE,G

2 .1 GeV22.

C. Inclusive spectra of neutrons fromp˜n

Let us proceed now to the neutron spectra. In what f
lows we shall use the ‘‘Gaussian’’ parametrization with
cutoff parameterRG

2 51.5 GeV22 which does a reasonabl
job for the leading pion data~see Fig. 2!. In Figs. 3, 4 we
show the relevant data for the forward neutron production
the analysis of these data we also improved on what has b
done before. Absorptive corrections to thet-channel pion
exchange are incorporated in terms of standard method
the Reggeon calculus in the quasi-eikonal formulation. T
formalism is presented in@23# and there is no need to repe
that here.
4-4
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For thepN total cross sections tot
pN(sx) we can use the

convenient database provided in@26#. It is especially conve-
nient at smallsX where the resonance structure ofs tot

pN(sx) is
important, as this is the case with the low-energy data in@27#
(As54.93,6.84 GeV).

We decompose the inclusive structure function for n
tron production in terms of the pion and background con
butions:

Fp→n~z,p'
2 !5Fp

p→n~z,p'
2 !1Fr,a2

p→n~z,p'
2 !1FD

p→n~z,p'
2 !.

~14!

We take into account two background contributions: e
change of the r,a2 trajectories ~which are assumed
exchange-degenerate following the Regge theory wisd!
and production of neutrons via the two-step processep

FIG. 3. Invariant cross section for the reactionpp→nX at
pLAB524 GeV/c. The experimental data are taken from@27#. The
long dashed curve shows the contribution from the pion excha
the dotted curve is ther,a2-exchange contribution, and the dash
curve shows the contribution from the two step processp→D→n.
In addition we present the sum of the two background contributi
as the dot-dashed line. Finally the solid curve represents the su
all components.

FIG. 4. Invariant cross section for the reactionpp→nX as a
function of z for p'

2 50. The long dashed curve shows the cont
bution from the pion exchange; the dotted curve is
r, a2-exchange contribution, and the dashed curve shows the
tribution from the two-step processp→D→n. In addition we
present the sum of the two background contributions as the
dashed line. The solid curve represents the sum of all compon
The experimental data are taken from@25#.
01400
-
-

-

→D→n. The decay ofD ’s had been entirely neglected in a
previous analyses except in Ref.@20# where it was shown to
play an important role for leading proton production. T
contribution of this mechanism top→n reaction is sup-
pressed in comparison top→p reaction if the dominant
mechanism of theD production is an exchange by an isove
tor object. In the spirit of the Regge phenomenology t
contribution ofr,a2 to Eq. ~14! is parametrized as

Fr,a2

p→n~z,p'
2 !5sRS p'

2

4mp
2 1x2D ~12z!22ar8texpS 2BR

p'
2

z D .

~15!

Please note that ther2a2 interference is negligible becaus
of the different G-parity ofr anda2. The non-spin-flip/spin-
flip ratio is known to be small:x'0.12 @28#. In accord with
the Regge phenomenology we takeaR851 GeV22.

There are no unique extrapolations from ther,a2 particle
pole to the Reggeon exchange andsR remains a free param
eter. Our analysis of the neutron data in the largez region
suggestssR'250 mb GeV22 ~for the slope a typical value
of BR'6.5 GeV22 was taken!, which is similar to earlier
estimates@29#.

In evaluation of the background coming from the decay
fast D resonances, one can either model the spectra oD
isobars, as done in Ref.@20#, or take any convenient param
etrization, which reproduces the experimental data@24# . The
decay ofD ’s lead to a significant shift inz distributions,
compared to initialD distributions and only moderate mod
fication in perpendicular momentum distributions. We ha
found that the spectrum of neutrons fromD decays can be
parametrized to a good approximation by the followi
simple form:

FD
p→n~z,p'

2 !5s0z3~12z!3exp~2BDp'
2 ! ~16!

with s0548 mb GeV22, BD52 GeV22.
We find that there is substantial correlation between

parameter of the form factor and the strength of the abso
tive corrections. The choice of the form factor parame
made above (RG

2 51.5 GeV22) results in rather weak ab
sorptive corrections which has only a weak effect of
10–20% reduction of the pion-exchange Born term, mild
depending onz andp'

2 .
The description of the experimental data is excellent

general. The pion exchange is clearly seen to be the do
nant mechanism in the region ofz50.7–0.9 and p'

2

,0.2–0.3 GeV2. Because ar,a2
(t).ap(t), the Regge

theory uniquely predicts the dominance of the Reggeon
change atz→1 and the experimental data confirm that. W
improve upon an oversimplified treatment of the backgrou
in @23#, where its contribution was modeled scaling up t
pion exchange contribution, which underestimates ther,a2
background at large z. In the earlier work of two of th
authors@7#, the r ~particle-! exchange had been include
within the light-cone formalism with the form factors param
etrized in the form following Eq.~13! which also underesti-
mates ther contribution at largez.
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Notice that especially in the region of largez the inclusion
of r,a2 Reggeons leads to much improved description
compared to the previous calculations@7,23# where only the
pion exchange did contribute at largez. The fluctuations in
the theoretical curves in Fig. 3 are due to the use of exp
mental values of the cross sections. Indeed the region
large z corresponds to rather smallsX of the inclusive system
X; for example the peak atz close to unity corresponds to th
D(1232) resonance in pion-nucleon scattering.

D. Inclusive spectra ofD11 from the p˜D11 reaction

By far less ideal is the situation with the production
forward D ’s. Experimental data are scarce, and if availa
often of rather poor quality. Many sets of data suffer fro
substantial ambiguities from the nonresonantpN back-
ground subtraction~a factor'2 uncertainty is typical, see
for instance@30#! and cannot be used in the analysis. We
not have at hand measurements of double differential c
sections, that would allow us a meaningful determination
thep'

2 dependence of the individual mechanisms. In parti
lar the data are not sufficient to make any quantitative st
ment on the role of absorptive corrections. Nonetheless
experimental data provide valuable bounds on thepND
form factor which translate into substantial constraints on

pD contribution to thed̄2ū asymmetry.
In Fig. 5 we show thep'

2 -integrated cross sectio
ds/dz(pp→D11X) from two CERN experiments obtaine
by the ABCDHW@31# and LEBC-EHS@24# Collaborations.
The upper bound to the pion exchange can be obtained
adjusting the parameter of the form factor in Eq.~9! to the
CERN data@31,24#. Based on the Regge factorization, w
evaluate the background from ther and a2 Reggeon ex-
changes as follows. The experimental data on the two-b
reactionp1P→p0D11 exhibit a deep minimum of the dif
ferential cross section att50, which is consistent with a
pure M1 transition @32,33#. The related data on thep1p
→h0D11 charge exchange reaction show a similar dom
nance of theM1 transition in thea2ND vertex.

Therefore we take the following parametrization for t
r,a2 contribution:

FIG. 5. Differential cross sectionds/dz for the reactionpp
→D11X at pLAB5400 GeV/c. The dashed curve is the contribu
tion from pion exchange; the dotted curve shows ther,a2 contri-
bution. Shown by the solid curve is the sum of the two. Experim
tal data are taken from@24# ~open circles!, and@31# ~filled circles!.
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Fr,a2

p→D11

~z,p'
2 !5l0sR

p'
2

4mp
2~12z!22ar8texpS 2BR

p'
2

z D .

~17!

A careful inspection of two-body charge-exchange reacti
p2p→p0n andp1p→p0D11 in a broad range of energ
suggests ~assuming Regge factorization! that the
rpD11-coupling strength should be about a factor 1.5 larg
than that for therpn case. Correspondingly,l051.5. Con-
sequently, the Regge phenomenology offers a parameter
evaluation of ther,a2 exchange in production of leadingD ’s
in terms of ther,a2 exchange background to the productio
of leading neutrons. To the best of our knowledge, this re
tionship has not been used before. Consistently with the t
body reactions we take here the same slope parameterBR as
for the neutron production. The contribution of the Regge
exchange is shown in Fig. 5 as the dotted line. As can
seen from the figure it exhausts a significant fraction of
spectra leaving less room for the pion exchange contribut

Let us return to the estimate of the pion exchange con
bution which we take in the form according to Eq.~9! with
an exponential form factorFpND(t)5exp„RD

2 (t2mp
2 )…. Un-

fortunately the quality of the data@31,24# does not allow for
a fit of RD . The difficulties with the inclusiveD spectrum
have already been observed in the early work on the to
@34#, and without the constraints from the two-body rea
tions, one might be tempted to neglect ther contribution at
all; we quote from Gotsman@34#: ‘‘In an attempt toimprove
the fitswe added the exchange of ar trajectory,but to no
avail @ . . . #.’’ Only a lower limit on RD can be obtained by
comparing the sum of the Reggeon exchange and pion
change contributions

ds

dz
~pp→D11X!5

p

zE dp'
2
„Fp

p→D11

~z,p'
2 !

1Fr,a2

p→D11

~z,p'
2 !… ~18!

to the experimental data@31,24#. We consider RD
2

52 GeV22 to be the lower limit on the parameter. Th
corresponding upper limit of the pion exchange contribut
is shown by the dashed line in Fig. 5. The pion exchan
contribution found here is even smaller than in Ref.@7# and
excludes the scenario with largepD component discussed i

@13# as a possible explanation of the restoration ofū2d̄
symmetry at intermediate Bjorken-x observed in@11#. This
will have important consequences for the Gottfried Su

Rule violation andd̄2ū asymmetry.
A digression into unitarity relations and/or the extend

AGK rules is in order before we proceed with implications
the above analyses of inclusive reactions for the parto
structure of protons as seen in DIS.

III. FROM INCLUSIVE HADRONIC CROSS SECTION
TO THE TOTAL CROSS SECTION: THE EXTENDED

AGK RULES

As has been demonstrated in the previous section
Reggeon exchanges may contribute significantly to in

-
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vidual inclusive channels and definitely influence the prod
tion of leading baryons. The impact of specific inclusi
channels on the total cross section~total photoabsorption
cross section for DIS! is controlled by unitarity. The well
known example is the so-called AGK rules for diffractiv
scattering~Pomeron exchange! @8#, by which the opening of
diffractive channels gives rise to the shadowing correct
and reduces the proton structure function@35–37#. The gross
features of this relationship can be understood as follows
order to isolate how opening of the individual inclusiv
channelsab→cX via the specific exchange mechanisms
Fig. 1 affects the totalab cross section, let us consider th
discontinuity of theab-forward scattering amplitude assoc
ated with thec1X intermediate state~see Fig. 6!. The opti-
cal theorem relates its contribution to the total cross sec

D i
(2)s tot

ab5
1

s
Im Ti

(2)~s,t50!. ~19!

For the i-type-Reggeon exchange mechanism ofc1X pro-
duction it can be calculated as3

Ti
(2)~s,t50!5

1

2!E d4k

~2p!4i

@gac
i ~k2!#2

~p2k!22mc
21 i e

3h i~k2!2S s

sX
D 2a i (k

2)

T~ ib→ ib !, ~20!

where the Reggeon-particle scattering amplitudeT( ib→ ib)
is defined such that it fulfills the generalized unitarity con
tion

Im T~ ib→ ib !5
1

2E dtXuv ib→X~tX ,sX!u25sXs tot
ib .

~21!

Utilizing this relation after integrating over the propagat
pole of particlec and a suitable change of integration va
ables, we obtain

Ti
(2)~s,t50!5 i E d2k'dsX

2 ~2p!3
„gac

i ~k2!…2 h i~k2!2S s

sX
D 2a i (k

2)21

3s tot
ib ~sX!. ~22!

3See for instance Ref.@16#.

FIG. 6. The amplitude for the double Reggeon exchange
01400
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Now we observe thath i(k
2)25texp„2 ipa i(k

2)…uh i(k
2)u2

and approximate the phase factor by its value atk250. We
can now easily establish@cf. Eq. ~4!# the connection between
the double scattering contribution to the total cross sec
D i

(2)s[ImTi
(2)/s and the inclusive cross section:

D i
(2)s tot

ab5Im~ i te2 ipa i (0)!E d2k'dsX

p

ds i~ab→cX!

dsXdt

[j i s i
incl , ~23!

where we defined

s i
incl5E d2k'dsX

p

ds i~ab→cX!

dsXdt

'E dtdsX

ds i~ab→cX!

dsXdt
~24!

Let us illustrate the implications of the extended AGK ru
~23! by considering some examples.

For the Pomeron,aP(0)'1, t511 and thusjP521.
This is a well established fact, which has become known
one of the AGK cutting rules, meaning thatopening of dif-
fractive channelsleads to areductionof, or the absorptive
correction to, the total cross section.

For the pion,ap(0)'0, t511, hencejp511. This
implies that inelastic interaction with pions in the target ha
ron a enhances the total cross section by an amo
np/as tot

pb .
For the Reggeon withaR(0)'0.5(r,a2 , f 0 ,v), jR50;

which means that the contribution from inelastic interacti
with Reggeons ‘‘in the hadrona’’ to the total cross section
vanishes.

The latter two results concerning the contributions fro
thep trajectory and the secondary Reggeons are also kn
in a different context for some time: in calculations
nuclear shadowing in hadron-deuteron collisions it was
served that the inelastic intermediate states excited byp ex-
change contribute to ananti-shadowing, while the contribu
tions from excitation of intermediate states by oth
secondary Regge trajectories are negligible@38,39#.

IV. PION CONTENT OF THE NUCLEON AND d̄2ū
ASYMMETRY

Having set the parameters of the pion flux factors in S
II we can proceed to the calculation of the correspond
quark distributions. Those can be calculated as a simple c
volution of the flux factor and quark distributions in the pio

D (p)qf~x,Q2!5E
x

1dzp

zp
f p~zp!•qf

pS x

zp
,Q2D , ~25!

where f p5 f p/N , f p/D as introduced in Sec. II. In our calcu
lation we take the GRV-pion structure function@40# at the
average value of the E866 experimentQ2'50 GeV2. We

focus on the differenced̄(x,Q2)2ū(x,Q2). Because of fla-
vor symmetries only valence quark distributions in the pi
4-7
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contribute to this quantity. The less known sea contribut

cancels ind̄(x,Q2)2ū(x,Q2) @41#. While the quark distri-
butions in the pion can be verified in the valence reg
~intermediate and largex), the Drell-Yan processes do no
allow us to determine them in the sea region~low x).

As discussed in the previous section, the contribution
DIS off exchangedr,a2-Reggeons to the proton structu
function is negligible and will be omitted in the following.

In Fig. 7 we displayd̄(x)2ū(x), which is due to pionic
contributions as obtained in the present analysis, and c
pare it to the recent result of the NuSea Collaboration@11#.
The pD contribution~dashed line! becomes important only
at rather small values of Bjorken-x which is due to rather sof
form factor as suggested by the analysis of leadingD isobars.
The analysis above clearly demonstrates that it is possib
construct the pion flux factor consistent with both hadro
and Drell-Yan data, provided the background processe
hadronic reactions are taken carefully into account.

Let us finally comment on the violation of the Gottfrie
sum rule. We obtain a number of pions in the proton in
pN Fock state ofnpN50.21 for the cutoff parameterRG

2

51.5 GeV22 and npN50.28 for RG
2 51 GeV22. For the

pD Fock state, a cutoffRD
2 52 GeV22 yields npD 5 0.03.

The latter value is considerably smaller~by a factor 2 – 8!
than those obtained in all previous analysis. These pio

multiplicities translate into the integrated value ofd̄2ū
asymmetry by means of

I A5E
0

1

@ d̄~x!2ū~x!# dx5
2

3
npN2

1

3
npD , ~26!

yielding values ofI A50.129 for RG
2 51.5 GeV22 and I A

50.177 forRG
2 51 GeV22.

For the Gottfried integral

FIG. 7. Flavor asymmetryd̄(x)2ū(x) at Q2554 GeV2. Ex-
perimental data are from E866@11#. The solid curves show the
contribution from thepN-Fock state and were calculated fo
Gaussian form factors; the upper curve belongs toRG

2 51 GeV22,
the lower one toRG

2 51.5 GeV22. The dashed line shows the con
tribution of thepD-Fock state, calculated for an exponential for
factor with RD

2 52 GeV22.
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SG5
1

3
2

2

3E0

1

@ d̄~x!2ū~x!#dx ~27!

we obtain correspondinglySG50.247 for RG
2 51.5 GeV22

and SG50.215 for RG
2 51 GeV22. The value reported by

NMC is SG50.23560.026@1# which is perfectly consisten
with our result 0.21&SG&0.25.

V. NONPIONIC BACKGROUND IN THE PRODUCTION
OF LEADING NEUTRONS AT HERA

There is still another interesting spin off of the prese
analysis. As discussed in Sec. II the Reggeon exchange
tribution and decays of theD resonances constitute a sizab
background to the pionic contribution, especially at lar
transverse momenta of leading nucleons. The same pe
eral processes are at work in the production of leading n
trons in electron deep inelastic scattering at HERA, wh
leading neutron tagged DIS is presently studied experim
tally as the method of determination of the pion structu
function @42–44#. The quality of the neutron tagging can b
judged from the pion purity factor shown in Fig. 8; here w
present the ratioR(z,t) defined as

R~z,t !5
I p~z,t !

@ I p~z,t !1I bg~z,t !#
, ~28!

where

I p,bg~z,t !5E
tmin

t

d t̃ Fp,bg
p→n~z,p'

2 !, ~29!

and the indexbg denotes the background~Reggeon ex-
change1 D decays in our case!. The calculations for Fig. 8
were performed for the hadronic reactionpp→nX. They
can, however, also be used as an estimate for the dee
elastic reactiong* p→nX. One should be aware of the fac
that this amounts to an implict assumption of

FIG. 8. The signal to background ratioR(z,t) as defined in Eq.
~28! shown as a function oft for several values ofz. Note that the
pion contribution peaks betweenz50.8–0.9.
4-8
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F2
R~x!

F2
p~x!

5
s tot

Rh

s tot
ph

. ~30!

Certainly this relation is approximate and can be used a
guiding principle only. A better approximation is howev
beyond the present, rather phenomenological, understan
of Reggeon exchanges.

Our phenomenological analysis suggests that in orde
extract the pion structure function one should limit rather
low t and/or low transverse momenta of neutrons. This is
region where the leading proton spectrometers of both
and ZEUS Collaborations have the largest sensitivity. In
der to identify the ‘‘unwanted’’ background one could ma
the analysis of the experimental data for different cuts
transverse momentum.

VI. CONCLUSION

The NuSea E866 experiment provided the first deta

mapping of thex dependence of thed̄2ū asymmetry in the
proton sea. While confirming the global features of t
asymmetry predicted by the meson cloud picture, the largx
behavior of these data called for revisiting the model add
more constraints from applications of the same model to h
ronic inclusive reactions. Specifically, in this paper we de
onstrated that the experimental data on fragmentation of
tons into leading pions impose useful constraints onto

pion inducedd̄2ū asymmetry such that the asymmetry mu
be negligibly small atx*0.3 in perfect consistency with th
NuSea findings.

Our reanalysis has been based on a unified treatmen
inclusive production of leading nucleons andD ’s in hadronic
collisions and we paid special attention to the background
pion exchange from isovectorr,a2 exchanges. Then, base
on the extended AGK unitarity rules, we related the con
butions of different exchange mechanisms to inclusiveab
→cX cross section to the contribution of inelastic interacti
~DIS! on the exchanged objects to the totalab cross section
~DIS structure function of the target hadron!. We observe
that the extended AGK rules suggest a negligible contri
.

Z
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tion of DIS off the exchangedr,a2 to the d̄2ū asymmetry,
leaving pions as the dominant source of the asymmetry
numerical evaluation of the pion contribution to inclusiv
cross section, and eventually to the asymmetry, we mad
extensive use of the Regge factorization which allows to
late ther,a2 exchange contribution to the leading neutr
and D production based on the Regge phenomenology
two-body charge exchange reactions. One of the result
that the isovectorr,a2 Reggeon exchanges exhaust a lar
fraction of inclusive leadingD production. The implication
for the asymmetry is a substantial reduction of the contri
tion from thepD Fock states. As a result a reduction of th

d̄2ū asymmetry by the contribution from thepD Fock
states in the proton turns out much weaker than evalua

before. We reevaluated the GSR with the result*0
1dx@ d̄

2ū#.0.13–0.18 andSG.0.21–0.25.
As a spin off of our evaluation of isovector Reggeon e

change to leading neutron production, we estimated wh
fraction of the inclusive leading neutrons in DIS can be co
sidered as due to DIS off pions in the proton. In a substan
part of the phase space covered by the Forward/Lead
Neutron Calorimeters installed at HERA by H1 and ZEU
@43,44#, the purity of neutron tagging of DIS off pions can b
estimated as 70–80 percent. We feel that the correspon
uncertainties with the determination of the pion structu
function do not preclude a useful test of itsx,Q2 evolution.
To this effect we recall that judging from experimental da
on the proton structure function, the pion structure funct
is expected to vary by the factor;4 from x51021 to x
51024 and by the factor ;2 from Q255 to Q2

5100 GeV2 at x5331023.
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N. N. NIKOLAEV, W. SCHÄFER, A. SZCZUREK, AND J. SPETH PHYSICAL REVIEW D60 014004
on Deep inelastic scattering and QCD (DIS ’98), edited by Gh.
Coremans and R. Roosen~World Scientific, Singapore, 1998!,
hep-ph/9806295.

@19# K. Golec-Biernat and J. Kwiecin´ski, Phys. Rev. D55, 3209
~1997!.

@20# A. Szczurek, N.N. Nikolaev, and J. Speth, Phys. Lett. B428,
383 ~1998!.

@21# B. Kopeliovich, B. Povh, and I. Potashnikova, Z. Phys. C73,
125 ~1996!.

@22# K. Golec-Biernat, J. Kwiecin´ski, and A. Szczurek, Phys. Rev
D 56, 3955~1997!.

@23# N.N. Nikolaev, J. Speth, and B.G. Zakharov, KFA-IKP~TH!-
1997-17, hep-ph/9708290.

@24# M. Aguilar-Benitezet al., Z. Phys. C50, 405 ~1991!.
@25# W. Flauger and F. Mo¨nnig, Nucl. Phys.B109, 347 ~1976!.
@26# Particle Data Group, R.M. Barnettet al., Phys. Rev. D54, 1

~1996!.
@27# V. Blobel et al., Nucl. Phys.B135, 379 ~1978!.
@28# Yu.I. Arestov and S.B. Nurushev, Yad. Fiz.40, 204 ~1984!

@Sov. J. Nucl. Phys.40, 130 ~1984!#.
@29# B.G. Zakharov and V.N. Sergeev, Yad. Fiz.38, 1555 ~1983!

@Sov. J. Nucl. Phys.38, 947 ~1983!#.
01400
@30# P.D. Higginset al., Phys. Rev. D19, 731 ~1979!.
@31# A. Breakstoneet al., Z. Phys. C21, 321 ~1984!.
@32# L. Stodolsky and J.J. Sakurai, Phys. Rev. Lett.11, 90 ~1963!.
@33# B.G. Zakharov and V.N. Sergeev, Yad. Fiz.28, 1339 ~1978!

@Sov. J. Nucl. Phys.28, 689 ~1978!#.
@34# E. Gotsman, Phys. Rev. D9, 1575~1974!.
@35# V. Barone, M. Genovese, N.N. Nikolaev, E. Predazzi, a

B.G. Zakharov, Phys. Lett. B317, 433 ~1993!.
@36# N.N. Nikolaev and B.G. Zakharov, Z. Phys. C64, 631~1994!.
@37# J. Bartels and M.G. Ryskin, Z. Phys. C76, 241 ~1997!.
@38# A.B. Kaidalov and L.A. Kondratyuk, Nucl. Phys.B56, 91

~1973!.
@39# L.G. Dakhno, Yad. Fiz.37, 993~1983! @Sov. J. Nucl. Phys.37,

590 ~1983!#.
@40# M. Glück, E. Reya, and A. Vogt, Z. Phys. C53, 651 ~1992!.
@41# A. Szczurek, H. Holtmann, and J. Speth, Nucl. Phys.A605,

1741 ~1996!.
@42# H. Holtmann, G. Levman, N.N. Nikolaev, A. Szczurek, and

Speth, Phys. Lett. B338, 363 ~1994!.
@43# H1 Collaboration, T. Nunnemann@18#.
@44# ZEUS Collaboration, A. Garfagnini@18#.
4-10


