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We discuss shadowing corrections to the structure fundtioim neutrino deep-inelastic scattering on heavy
nuclear targets. In particular, we examine the role played by shadowing in the comparison of the structure
functionsF, measured in neutrino and muon deep inelastic scattering. The importance of shadowing correc-
tions in the determination of the strange quark distributions is explai$2h56-282(98)01323-X]

PACS numbes): 13.60.Hb, 11.40.Ha, 12.40.Vv, 13.35

[. INTRODUCTION feel that it is important to investigate the role played by
shadowing in neutrino reactiorifore concluding that the
Comparisons of structure functions measured in differentwo structure functions areeally different in the small
reactions have always been very useful in investigating th&-region. Furthermore, there are additional uncertainties aris-
structure of hadrons and extracting the parton distributionng because the heavy target corrections are applied by pa-
functions. Recently, there has been much interest in the meaametrizingonly the x-dependence of the available data on
surement of the structure functi®i}(x,Q?) in neutrino deep the ratio R=F4*(x,Q?)/F4P(x,Q?) between the neutrino
inelastic scattering by the CCFR Collaboratifh]. This  structure function measured on heavy targets and that of the
measurement makes it possible to compare structure funceuteron from charged lepton deep inelastic scattering. How-
tions measured in neutrino-induced reactions with thosever, it is well known that shadowing corrections are very
measured in charged lepton-induced ones and hence to teatichQ? dependent for smalle®? values(where a consid-
the universality of parton distribution functions and to ex- erable part of the available data was takemd theQ? and
tract the strange quark density of the nucleon. x-dependence of the data are strongly correlated because of
The CCFR Collaboration compared the neutrino structurehe fixed target nature of these experiments.
function F5(x,Q?) extracted from their data on an iron target  In view of these uncertainties, the main objective of this
[1] with F4(x,Q?) measured for the deuteron by the New Paper is a careful re-analysis of the shadowing corrections
Muon CollaboratioNMC) [2]. In the region of intermedi- Which must be understood before one can attribute the dis-
ate values of Bjorken (0.1<x<0.4), they found very good Crepancy betweefr;(x,Q?) and F5(x,Q?) to other possi-
agreement between the two structure functions. In the smaltilities, such as to different strange quark and anti-strange
x-region however X<0.1), the CCFR group found that the quark distribution3-7], to higher order QCD-corrections
two structure functions differ by as much as 10-15%. Sincé8—10] or to the violation of charge symmetry in parton dis-
several corrections have to be taken into account in order tiibution functions[11-15.
compare the structure functiorss(x,Q?) and F4(x,Q?),
the apparent discrepancy between the structure functions at
small x depends on the validity of the assumptions made in Il. COMPARISON OF NEUTRINO AND MUON
correcting the data. One of the crucial points is that the neu- STRUCTURE FUNCTIONS
trino structure function is measured on an iron target, while
the muon data is taken on the deuteron. Thus, one has H)e
account for heavy target effects in the neutrino reactions. "i'o
applying these corrections to the data, it has been assum%gn ¢
that heavy target effects are the same in neutrino and muay)
deep inelastic scattering, and a parametrization obtameé; charge symmetry and neglecting the contributions from
from muon data has been used. N 2
A priori there is no reasowhy heavy target corrections in Chirm quarks, the structure functiors, ®(x,Q%) and
neutrino deep inelastic scattering should be the same as thoB§ °(x,Q?) on iso-scalar targetsNy) are given by the fol-
in charged lepton deep inelastic scattering. Therefore, wéowing expressions:

Comparisons of structure functions measured in neutrino
ep-inelastic scattering with those measured in charged lep-
deep-inelastic scattering are based on the interpretation
hese structure functions in terms of parton distribution
nctions in the quark parton model. Assuming the validity
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FaNo(x) = Sx[u(x) +u(x) +d(x) +d(x) + 2(s(x) +5(x))] e :
(1) 3\ 2 with:utas:adovgving '
N — — & f f
F, °(x) =x[u(x) + u(x) +d(x) +d(x)+2s(x)]. (2 v % !
NI S S PO S
Thus, they can be related to each other by T2 /%% 3 %i I N
o5 o ost F1

Foro(x,QY) = —F; °(x,Q?%) % )

18 . L
%02 107
3X[s(X) +5(x)]+5X[s(x) ~ s(x)] . X
18 ' FIG. 1. The “charge ratio”’R; of Eq. (4) as a function ofx

calculated using the CCFR] data for neutrino and NM€2] data

This means that, once the charged lepton and neutrino strugsr muon structure functions. The data have been integrated over
ture functions and the strange quark distributions are knownne overlapping kinematical regions and have been corrected for
one can test the validity of this relation, or one can use th@eavy target effects using a parametrizatidashed lingfor heavy
above relation to extract the strange quark distribution fromarget corrections extracted from charged lepton scattering. The re-
the measured structure functions. sult is shown as open circles. The ratio obtained without heavy

The recent measurement of the structure funciigrby  target corrections is shown as solid triangles. Statistical and system-
the CCFR Collaboratiofil] makes it possible to carry out atic errors are added in quadrature.
such an analysis for the first time with reasonable precision.
However, the actual comparison between neutrino angbarton model relations. For the strange quark distributions,
charged lepton structure functions is not straightforward bewe used the CTEQCTEQA4L) distributions of Laiet al.[16].
cause several corrections have to be applied to the data. The result is shown in Fig. 1. We note that, under the
Since the above relations are only valid ©F values well assumptions thas(x) =§(x) and that charge symmetry is
above charm production threshold, charm threshold effectgalid for parton distributions, the “charge ratioR, of Eq.
have to be removed. Furthermore, the neutrino Structur€4) should be equa| to one at all For intermediate values of
function has been extracted from measurements using aBjorkenx (0.1<x=<0.4), the charge rati®; is equal to one
iron target. Therefore one has to account for the excess @ within errors of a few percent. The agreement between the
neutrons in iron(iso-scalar correctionsand for heavy target two structure functions in thix region allows us to place
effects. ) rather strong upper limits on contributions from charge sym-

In applying the heavy target corrections, one could asmetry violation in parton distribution§13]. However, R,
sume that heavy target effects are the sameeinrinodeep  appears to be substantially below unity in the smaiégion,
inelastic scattering as imuondeep inelastic scattering and o x<0.1.
use a parametrization of the heavy target corrections ob- |5 Fig. 1 we also show the effects of the heavy target
tained from muon-induced reactions. This is the assumptiogorrections which were applied to the neutrino structure
which has been made by the CCFR Collaboration in itsynctions. The solid triangles show the result we would ob-
anaIyS|s[1]._Usmg such a parametrization for the heavy tar-tain for the “charge ratio,” if we did not apply any heavy
get correction and a parametrization of the strange quarfgrget corrections to the neutrino structure functions. We see
distribution[16] extracted from other experiments, we calcu- that the heavy target corrections definitely play a very im-

lated the “charge ratio”: portant role in interpreting the result of such an analysis.
2No Since the heavy target corrections applied to the neutrino

_ F2 °(%) results were obtained from data in charged lepton deep-

Re(X)= inelastic scattering, differences between shadowing for neu-

(5118 F,N°(x) — x(s(X) +5(x))/6 , dowi !
trinos and for muons could make a substantial difference in

the charge ratidz; in Eq. (4). Since the heavy target correc-
. (4)  tions for largex-values are expected to be independent of the
Qs(x) probe used to measure the quark distributions in a nu¢ius
i — large x the target corrections should be dominated by quark
Here, we definedQy(X)=2q-y,a[A(X)+a(X)]=3(5(X)  Fermi motion, in this paper we discuss only the shadowing
+5(x))/5. For the charged lepton structure function, we usegegion,x<0.1.
F‘z‘No measured in muon deep inelastic scattering by the
NMC Collaboration on a deuteron targéz]. For fixed Il SHADOWING CORRECTIONS
x-values, we averaged the structure function over the over-
lappingQ?-regions of the two experiments in order to obtain  In calculating the shadowing corrections, we use a two-
better statistics. We also applied a cut f@¢ less than phase model which has been successfully applied to the de-
3.2 GeV and 2.5 GeY for the CCFR data and the NMC scription of shadowing in charged-lepton deep inelastic scat-
data, respectively, in order to insure the validity of quark-tering[17,18. This approach uses vector meson dominance

_ s =s(x)
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(VMD) to describe the lov@?, virtual photon interactions, such a fluctuation is long enough, a coherent hadronic state
and Pomeron exchange for the approximate scaling region. ttan build up before interacting with the target, leading to a
is ideally suited to describe the transition region betweershadowing characteristic of hadrof#0,21]. To generalize
largeQ? and smallQ?. This is the kinematic region where VMD to neutrino scattering, we have to include both pseudo-
the largest differences occur between the NMC and CCFRcalar mesongpions and axial vector mesonsA( ---) be-
data sets. cause of thdV-A) nature of the weak currents.

First, we discuss hadron dominance for neutrino deep in- In order to identify the contributions of the different, vir-
elastic scattering19,20. The basic physical picture is that tual hadronic states to the nucleon structure functions, we
the photon or vector boson fluctuates into a quark-antiquarkote that the hadronic tensor for deep inelastic neutrino scat-
pair before interacting with the nucleus. If the lifetime of tering is defined by

WMV(V,Q2)=%§S‘, ; (PSI,IX)(X]3,|PS)(2m)36*(P+q—py). (5)
|
In Eq. (5), q, and v are the momentum and energy transfer VD , Q2 fyo )2
from the neutrino to the nucleo@?= —qg? is the invariant F27m(x.Q%=—— Z QZ+mz) v )
mass of theW-boson; M, P and S are the mass, four- V=pTAL v

momentum and Spin of the target nuclequy s the four- Here,f\, are the vector meson coupling constants;are the
momentum of the final stat¥. J,=V,—A,, is the weak 35565 of the vector mesoms,y, is the vector meson target
current with vector ¥,,) and axial vector4,) components, iqta| cross section. Since the vector mesons couple differ-
respectivelyW,,, can be parametrized in terms of six invari- ently to the electromagnetic and to the weak current, the
ant structure functionsVi(»,Q?) in the following form: coupling constants are different in neutrino and charged lep-
ton scattering. Their relative strength can be determined ac-
cording to the quark counting ruld49]. It turns out that,

1 o 2 PuP, 2 once the overall weak and electromagnetic coupling constant
o Wun(,07)= =0, W1 (7,9 + —7o= Wa(7,07) is removed, the relative coupling gf* and A; to the
. pagh W-boson ¢§+= f,il) is twice as large as the coupling of the
i
- %Ws(v,qz) p° to the photon,fio.
The main difference between the axial vector and vector
9,9, currents is related to the fact that axial currents are only
+ M2 Wy(v,9%) partially conservedPCAC). Adler’'s theoren] 23] relates the
divergence of the axial vector current to the pion fiéldor
PO, +P, Q*=0:
+ %Ws(v,qz)
9, AF=f m2d, 8
. Py,qv_ qu,u 2 . .
+1 TWG(V,Q ). (6)  wheref_=0.93n_ is the pion decay constant amd,, the

pion mass. Imposing this constraint on the hadronic tensor,

W,,, we see that only the term containilig, survives the

In contrast to the vector current, the axial current is not con!Imlt Q-0 and we obtain t.he following contribution from
o : PCAC to the structure functioR,(x,Q?):

served. Thus, we cannot impose current conservation on

W,, . In the following, we are interested only in the sym- £2

metric, parity conserving piece of the hadronic tensor and F7(x,Q%)= — 0N 9

want to discuss the major differences between axial and vec- ™

tor currents which are relevant to this wolklore detailed . . .
discussions can be found in Ref49,20,22.) whereo .y is the pion nucleon total cross section. However,

Hadronic dominance assumes that the weak current ig_is impor.tant to note Fhat this is not a consequence .Of the
dominated by intermediate hadronic states coupled to thB'O" dommanpe of axial currents. In order to see this, we
weak current. The generalization of vector meson dominanc¥/ité the(matrix element of theaxial vector current in terms
to axial vector mesons is straightforward. Here, we quoté’ the pion-pole term:
only the resulf19]. The contribution of the vector mesons
and axial vector mesons to the structure functigifx,Q?) AM:A;L_Ffﬂ_%TTrNHX_ (10)
= »W,(»,Q?) can be written in the familiar form: Q°+m

w
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Here, the second term stands for the contribution of the pionpionic contribution does not play a significant role in the
pole, with T™N=X being themwN— X transition amplitude, kinematic region of the CCFR experiment which is the focus
andA ), the other contributions; for example, the contribution of this paper.

from axial vector mesons. Now comparing this expression The vector meson undergoes multiple scattering, while
with the hadronic tensor, Eq6), we immediately see that traveling through nuclear matter. The resulting shadowing
the pion-pole and its interference terms with will only can be calculated using the Glauber multiple scattering ex-
contribute to the structure functioMy, andWs, but not to ~ pansion[27]. In the eikonal approximation, this gives the
the structure functioW,. Besides, the pionic contributions following correction to the nuclear structure function
to the cross section will be proportional to the mass of thd17,18]:
outgoing muon,m,, because the leptonic tensor is con-

M . - 2 2
served up to terms proportional te, . Thus, the coupling of V) vA s Q v
virtual pions to the axial current is strongly suppressed. AR (xQO =T p+§... (Q%+mi)? dova (13
Al

This is a remarkable result. Although the axial current
cannot “emit a pion in the vacuum[21], the cross section where
for neutrino scattering on a nucleon is proportional to the

pion cross section on the same target. The observation that

the PCAC-term is not to be attributed to the pion-pole, but Soya=—3A(A—1)0l, Re f d*bdzd?

rather to the longitudinal component of higher mass terms z-z

(Ag---) [19], helps to resolve the apparent contradiction. xexfik/(z'—2)1xp?(b,z2,2")

PCAC thus provides a relation between the higher mass con-

tributions to the axial current and the pion cross section. If A (7 d¢

we identify the PCAC component with the longitudinal part ><exp( ) L Ly (14

of the A;, we have the following constraint for the longitu-
dinal cross section: is the shadowing correction to the vector meson-nucleus
cross section with impact parametermnd longitudinal mo-
mentum transfer to the nucledq’=Mx(1+mZ/Q?). M,

my and fy, are the nucleon mass, vector meson masses and
vector meson coupling constants, respectively. Further,

@VYR N e ) ; i
Inserting Eq(11) back in Eq.7), we obtain our final expres- p. (b,2,2’) Ncp(r)p(r ) |s.the two bo;iy 3densz|ty9 fgnc
sion for the PCAC-term: tion, normalized according to fd3d3’ p@(r,r")
=fd3rp(F)=1. For the single particle density in iron, we
use the Woods-Saxdor Ferm)j density with typical param-

AN _ 1 ffT 4
o —&KmAlawN. (ll)
1

2 2

A f2 i .
F7(x,Q2)= 1 o . 12 eters given in Ref[28]. The mean ffee pr_:tth of the vector
2(0Q Q%+ mil w 7N (12 mesons in the nucleus,Ly, is given by Ly

z[oVNp(B,g)]*l. For the total vector meson cross sections,
Since, experimentally, relatiofL1) does not hold with the we use the energy dependent parametrizations of Donnachie

A, alone, one should include other higher mass contribund Landshoff29], o,y=oa y=13.63+31.7%" 7, where
tions. In fact, one should integrate over the whole diffrac-S is the photon-nucleon total center of mass sys(em.s)
tively produced spectrum, as was pointed out in R2p].  energy,s=(P+q)?, with P andq the four-momenta of the
However, if such an integration is performed, Ef2) re- nucleon and photon, respectively. The parameter$.08
mains a very good approximation for sm@if-values with a  and »~0.45 are motivated by Regge theory. Finally, the
mass which is not exactly the same, but is extremely close teglative strength of the coupling constants can be determined
ma, [22]. The presence of the pion-term for sm&Ff is  according to the quark counting rulé§+:fil:f§0=1:1:%.
experimentally well established. Experiments on diffractive\e use the experimental values for the coupling constants in
meson-production[24], on total cross section$25] in  charged lepton scattering fy=m2/y, and /4w

neutrino- and antineutrino interactions and shadoW@®in -2 0 23.1,13.2 fol/=p° w, ¢ [20]) and calculate the cou-
neutrino deep inelastic scattering for very snf@fl values, pling of the weak current to the® andA; according to the
have confirmed the validity of PCA{23]. above relation.

Finally, it should be noted here that the non-vanishing of ;¢ pionic component, arising through PCAC, will be

the longitudinal cross section f@@*—0 in neutrino deep  shadowed in the same way as the vector meson components
inelastic scattering, as a consequence of PCAC, leads to [@1:

ratio R= o /o1 which is different from that in muon deep

inelastic scattering where current conservatiéor vector 2 m2 2
currentg forceso —0 in theQ?—0 limit. In the extraction ASTFIAX,QY) = | | Soia (15)
of the structure function by the CCFR Collaboration, it was ™\ QT My,

assumed thaR is the same in both processes. However, this
assumption has little effect on the charge ratio, since thevhere
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b0 a=—3A(A—1)02 Ref d’bdzd? foa=—A(A—1)y?87y ! ReJ d’bdzd?
z'>z z2'>z
xexfik[(z' —z)1x p?(b,z,2") xexfikl(z' —2)1p?(b,z,2")
A (2 d§ A fz’ d§
Xexp(—EL : (16) xex;{ 2], L_x . (18

Here, y*=0,,/16m with 0,,=21.%+56.08 7 the

is the shadowing correction to the pion-nucleon total cros@roton-proton total cross sectid@9], y is the momentum
section. For the pion-nucleon total cross section, we us&action of the nucleon carried by the Pomeron and
o.n=24 mbamn and for the pion decay constarf =x/y is the momentum fraction of the Pomeron carried by
T T : ; _ 2 2 H
=(0.93n_)? [24]. Here we note the following. The appear- the struck quarkymin is given byymin=x(1+M5 /Q%) with

ance of the pion mass k" has the effect that shadowing in M>2<O:1-5 GeV, the minimal mass of the diffractively pro-
neutrino scatteringat Q>~0) sets in and saturates at much duced final statesv x, IS chosen such that it is above the
lower energies than in charged lepton scattering, where thgelevant vector meson masses in order to avoid double count-
coherence condition is governed by thenass. The early ing. The mean free path of the hadronic stateis Ly
onset of shadowing at low energies has been confirmed ex= 4., o(b,&)]~* and we assume that the total cross section
perimentally by the BEBC Collaboratio26] and suggests . for the stateX with the nucleon, is independent of the
that in neutrino scattering at lo®?, it is the pion which massMy ; we takeoyn=25 mbarn The longitudinal mo-
propagates through the nuclear medium and leads to shaghentum transfer to the nucleon k§=My. F,p(xp,Q?) is

owing. This experimental fact is to be compared to the Ob'the structure function of the Pomeron. It containgcpand a
servation that axial currents cannot emit pions in the vacuUnginle Pomeron component. These structure functions in Ref.
as mentioned above. However, in nuclear medium pions cang] have to be modified in the neutrino induced reaction
be diffractively produced as pointed out by Kopeliov[@].  pecause of the different coupling of the electromagnetic cur-
According to this interpretation, one should also take intorent and the weak current to the quarks in the Pomeron. In
account contributions from inelastic shadowing arising fromy, qq component, we replace the factor coming from the
diffractive dissociation of the pions0]. Since this inelastic charge sum of the quarks (X®\J)/9 by the factor 4
shadpwir_lg gives only small (_:orrec_tions to the_ elastic pion 2\, where the parametex, represents the weaker cou-
contribution, Eq.(16), and the inclusion of the pion compo- pling of the strange quarks to the Pomeron compared ta the
nent is only important for smalR*~m? and negligible for  andd quarks; we sex.~0.5. In the triple Pomeron term, we
Q%=1 Ge#, in the following, we neglect the tiny contribu- replace F3$3(x;;,Q?) by the structure function appropriate
tions from inelastic pion shadowing. for W exchange:
While shadowing due to VMD and PCAC dominates for
small Q?-values, at high virtuality, the interaction between — 12(4+ 2)\s)ﬁg Nge Q2
the virtual W-boson and the nucleus is most efficiently pa- ~ F5(xp,Q%) = 52 Xp(1—Xp),
X . . . ; o Q°+Q
rametrized in terms of diffractive scattering through PP 0
Pomeron exchange. The Pomeron-exchange between the
projectile and two or more constituent nucleons models the g
interaction between partons from different nucleons in the (3P) 2y_ 93P se 2
nucleus. The virtual vector boson scatters on one quark in the P (. Q%)= \/U_pp 2 (X, Q). 20
exchanged Pomeron, leading toQg-dependence which is
given by theQ?-dependence of the Pomeron structure func-The parameteNg.~0.17(at Q2~4 Ge\?) is determined by
tion. Thus, shadowing due to Pomeron exchange is a leadinge small x-behavior of the sea densityf29]. gsp
twist effect and survives for larg®?. The shadowing cor- =0.364 mB”2 and ,35=3-4 GeV? are the triple Pomeron
rections to the nuclear structure function due to Pomeronpg quark-Pomeron coupling constants, respectivé;)ﬁ;
exchange can be written as a convolution of the Pomeron. g 485 Ge\ is fixed by matching the photoproduction and
structure functionF,p, with the Pomeron fluxf s, which deep inelastic regiond31]. The y-dependence of the
describes the number density of the exchanged Pomeromg,meron flux is in accordance with recent experimental find-
(assuming factorization{17,18: ings by the H1[32] and ZEUS[33] Collaborations at Hera
from diffractive deep inelastiep scattering. These results
R also confirm that the Pomeron structure function contains
P vA 2y _ 2 both a hard and soft component, as had been found by the
ASTF(x.Q )_fmindyf")’A(y)Fz")(x'P’Q ) (47D yag Collaboration[34] previously.
The structure function on a heavy targéﬂ’* is given in
terms of the protor-3P and neutrorF}" structure function
where and the double scattering corrections by

(19
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—~—

<18 . - the heavy target corrections in muon deep inelastic scatter-
3“1 5 Q1.3 GeV* 1 ing. The open circles represent the uncorrected data points.
= R 1 The solid and dotted curves are calculated with and without
wiar ] the pion contributions, respectively. For sm@f the pion
1.2 I | contributions are relatively large, but with increasingly large
L . Q? values the pion contributions become progressively less
2 i important.
- ] As far as the similarities and differences between shadow-
161 ] ing in neutrino and muon deep-inelastic scattering is con-
r ] cerned, we expect to see the following. In the extremely
- ] small Q?-region, where the hadronic fluctuations of the vir-
121 ] tual photon and W-boson dominate the structure functions

(pions in the neutrino case and vector mesons in the charged
lepton casg shadowing in both cases should be large and
should have approximately the same magnitude. On the other
FIG. 2. The CCFR datél] are shown as a function of for ~ hand, for largeQ?-values,Q?=1, the pion contribution be-
different Q2-values together with the parametrization of R&fL]. comes negligible and shadowing is largely determined by the
(Data points with higheQ?-values are not shownThe solid dots  vector meson and the Pomeron component. Here, we expect
show the data points corrected for heavy target effects using thto see some differences due to the different coupling of the
“two-phase” model. The open triangles are corrected using a fit toweak current to vector and axial vector mesons, compared to
the heavy target corrections in charged lepton deep inelastic scaghe coupling of the electro-magnetic current to vector me-
tering. The open circles represent the uncorrected data points. Thgyns. More precisely, the relative magnitude of the VMD
solid _anq dotted curves are calculated with and without the piorsqgntribution in neutrino scattering should be roughly half of
contributions, respectively. that in the corresponding charged lepton case. The reason is
that, although the coupling is twice as large in the neutrino
induced reaction as in the muon induced one, the structure
function is larger by about a factor of 18/5. This effect is
(22) partly compensated by th®,, which has the same coupling
to the axial current as the*. However, since the mass Af

is large, theA; cannot account for the difference. Note also,

at the higher mass of th&; enters in the coherence con-

ition for shadowing which can be important at the relatively
low Q?-values of the CCFR-data. Finally, at largé-values

z z )
F5A=KFZP+ )F;“Jr SMEA+ SVIEA+ 6ELA,

=2

In the following, we will use this relation with the CCFR
data and the calculated shadowing corrections to obtain th
structure function on a deuteron targe}, , which then can

=D

be compared to the muon structure functiby, V,Aonvg deu- (Q%>10 Ge\?) where the Pomeron component dominates,
teron target. For the discussion of the rélle-F5"/F"™, we  hare should be no differences in shadowing between neu-
need a parametrization of the neutrino structure functionging and charged lepton reactions. This is because the rela-
F2? and F;". We will use the parametrization of parton tive magnitude of this leading twist component is determined
distributions by Donnachie and LandshdB1] for small  py the coupling of the photon and the W-boson to the quarks
Q?-values and that of the CTEQ Collaboratii6] for large  in the exchanged Pomeron. This coupling changes in the
Q?-values. The parametrization of Donnachie and Landshofame way as the structure functions of the nucleons do if we
is designed for smalQ? and matches the deep inelastic andgo from charged lepton induced reactions to neutrino in-
the photo-production regions by taking the behavior of thejuced ones. Thus, differences in shadowing should only oc-
structure function into account f@?— 0. This behavior is  cyr in the higher twist VMD terms and should show up in the
parametrized by a multiplicative factdQ?/(Q?+Qg))**¢  region where shadowing of vector mesons plays a significant
which models vector meson dominance for sn@fl Itis  role. Since the CCFR data have relatively sn@f-values
clear that the smalQ?-behavior is different for the neutrino (Q?~1-15 Ge) in the smallx-region, modifications of
structure functions because of the presence of the pion conthe shadowing corrections due to vector mesons are expected
ponent. However, we expect that the behavior of the nonto be relevant for the CCFR-data.

pionic components should be the same as in muon deep in- In order to highlight the similarities and differences be-
elastic scattering. Therefore we use the parametrization afveen shadowing in charged lepton and neutrino scattering,
Donnachie and Landshoff for the neutrino structure functionye calculated the shadowing corrections to the structure
and add the terrf¥7 in order to take into account the effects functions for both reactions. Since there are experimental
of PCAC. We checked that this parametrization, with thedata for the ratio between the structure functions of Xenon/
pionic-term included, describes the CCFR data reasonablgieuteron and Ca/deuteron measured for charged lepton scat-
well in the smallQ2-region. In Fig. 2 the CCFR data is tering by the E665 Collaboratidi35] and by the NMC Col-
shown as a function ok for different Q%-values together laboration[36], we calculated these ratios for both charged
with the parametrization of Ref31]. The solid dots show lepton and neutrino scattering. The results for the muon in-
the data points corrected for heavy target effects according tduced reaction and their comparison with the experimental
Eq. (21), while the open triangles are corrected using a fit todata can be found in Ref18]. Here, we show them in Figs.
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F,A/F,D

0.85 (¢) vFe—ou X

0.01 0.1 1 10
X Q?
FIG. 3. The ratios3%F5 andF5®/F5 are calculated in the two FIG. 4. The different contributions to shadowing Ba in muon

phase model for charged leptda,0 and neutrino deep inelastic [(a) and(b)] and neutrind(c) and(d)] deep inelastic scattering as a
scattering(b,d). The dotted and the dashed curves stand for shadfunction ofx for fixed Q?=3 Ge\? [(a) and(c)] and as a function
owing due to the PCAC component alone, and due to PCAC withof Q? for fixed x=0.02[(b) and(d)]. The dotted, dashed and dash-
VMD contributions also included. The solid curve is the total shad-dotted curves stand for the pion, VMD and Pomeron contributions,
owing. The data are for muon scattering from R86,36. For the  respectively. The total shadowing corrections in the muon induced
structure functions we used the parametrization of Rt reaction are shown as the short dashed curve®)irand (d) for

comparison. The Q2 independent” fit is also shown as short
3(a) and 3c) for comparison. While the dashed curves standdashed curve ifa) for comparison.

for shadowing calculated only with vector mesons, the solid . h ianif for ch d
curves also include the Pomeron contributions. We stres3U€ t0 vector mesons is much more significant for charge

that the points are calculated for theand QZ-values of the |€Pton than for neutrino deep inelastic scatteriugshed
experimental data-points. The experimental data are repré'.-nes)' In the 2former, it plays an important role even at refa-
sented by solid dots with statistical and systematic error&Vely high Q= Note also that the pion component is negli-
added in quadrature. We note that the calculation describdP!e aboveQ®>3 Ge\. For comparison the Q? indepen-

the experimental data reasonably well and that the importarff€nt” shadowing is shown in Fig.(d) (short dashed line
contribution to shadowing comes from VMD in the muon W€ See that shadowing féxed Q is not to be described by
case. such a parametrization. This shows the strong

2 . . .
The shadowing corrections in neutrino deep inelastic scafQ -dependence of shadowing in the available charged lepton

tering are shown in Fig.(®) for Xe and in Fig. &) for Ca, data. o _ _
respectively. Here, the dotted curves are the results with only Having seen how shadowing in muon deep inelastic scat-
pion contributions, the dashed with pion and vector mesofi€"ing compares with shadowing in neutrino deep inelastic
contributions, and the solid curves include the Pomeron comgcaltering, we calculate the shadowing corrections for the
ponent also and describe thus the total shadowing. We séeCFR-data on an iron target. We apply thzese correct|02ns for
that the total shadowing in the neutrino induced reaction i€ach data point and integrate ove@” (above Q
comparable in magnitude to shadowing in the charged leptoft 2-5 GeV) where the CCFR-dafd] and the NMC-daté2]
induced reactions. However, the relative importance of th@verlap(in order to obtain better statisticand calculate the
individual contributions to shadowing are very much differ- “charge ratio. In the non-shadowing regmrx%0.0?), we

ent. While the PCAC term dominates in the smaflegion,  Use theQ“-independent parametrization Bh/F5 measured
the VMD and Pomeron contributions become more and mor& charged lepton induced processes. The result is shown in

important with increasing (which, in these experiments, is Fig. 5(k_)lack circles. The statistical and systemat_ic errors are
correlated with increasin@?) and shadowing is largely de- added in quadrature. The result we would have if we used the

termined by their interplay. Q?-independent parametrization of the muon shadowing data
Next, we focus on the effects arising from the differencegn the shadowing region is shown as open circles for com-
in VMD between the neutrino and the charged lepton cas®arison. The shadowing correction factors are shown as solid
and their relevance to the CCFR data. We calculated th@nd dotted lines for the “two-phase” model and the
relative contributions of the different components to shadow-" Q“-independent” shadowing, respectively. The shadowing
ing on an iron target in the kinematical region of the CCFRcorrection for charged lepton scattering calculated in the
experiment. The result is shown in Fig. 4, where the ratio, tWo-phase” model is shown as dashed line for comparison.
R=F5¢/FD, is plotted as a function ok for fixed Q2  These ratiosR=F3°/F7 have been obtained according to
=3 Ge\? and as function of)? for fixed x=0.02 for neu- EQ- (17). While in the neutrino case, we used the data for
trino and charged lepton scattering. We see that leading twists together with the correctionsst; . . .) to calculateF5
shadowing(Pomeron components the same for both neu- and the ratioR, in the charged lepton case, we used a pa-
trino and charged lepton induced reactions and is importartametrization forF3 and the shadowing corrections to cal-
for high Q2-values(dash dotted lings Further, shadowing culatnge and thus the rati®. Since the data include points

114030-7



C. BOROS, J. T. LONDERGAN, AND A. W. THOMAS PHYSICAL REVIEW 58 114030

A T ' A o0.4f '
& 1.2t &
o ® NMC-CCFR : o
- A BCDMS-CCFR : .
?"6 qq| A staccer ] X 031
o - 2
v Voo2k
1 FoT T~
¢t 0.1} RS
0.9F +-% : =
) 0 & 5]
0-8 _2 * * * e _1 * * * B L L L L PR | L
-2 -1

FIG. 5. The charge ratio as a functionxtalculated using the FIG. 6. The strange quark distribution extracted from the CCFR
CCFR([1] data for neutrino and NM2], SLAC[37] and BCDMS 5,4 NMC data assuming the validity of charge symmetry and

[38] data for muon induced structure functions. The data have been, | — . g
integrated above&)?=2.5 Ge\? over the overlapping kinematical S(x)=5(x). The data have been integrated over the overlapiig

. - . . region to obtain better statistics. The sol@pen circles stand for
regions and the statistic and systematical errors are added in quadra=_, . . 2.
) . . 6F;—3F4 using the two phase modelsing theQ“-independent
ture. The heavy target corrections are calculated by using the “twg o : ;
. . . . arametrization for the shadowing corrections. The open boxes
phase-model” in the shadowing region and a fit to the experimenta L2 ;
o : stand for the LO CCFR determination of the strange quark density
data on nuclear shadowing in the non-shadowing redlmack ) . 5 P
circles and by using theQ? independent fit in the entire region from dimuon production aQ°=4 Ge\* [39]. The solid line is the
oot 2_
(open circles The ratioR= FE‘“’/FZD calculated for neutrino and for NLO CCFR determination aQ”=4 Ge\* [40]. The band around

charged lepton scattering, is shown as solid and dashed lines, rtehe NLO curve indicates the- 1o~ uncertainty in the distribution.

spectively. They are calculated in the “two phase model” and are

averaged over the san@¥-regions as the data. TI? independent production in neutrino deep-inelastic scattering. The trigger-
fit is represented by a dotted line ing signal for this process is the measurement of opposite

sign dimuons, one coming from the lepton vertex, while the
other comes from the semi-leptonic decay of the charmed
hadron[39,40. The other method is to obtain the strange

quark distribution by comparing charged lepton deep inelas-
tic scattering with neutrino deep inelastic scattering. In the

pleteness. second case, the strange quark distribution can be extracted
The differences between the calculated and “fitted” Shad'from the rela:[ion ged

owing corrections are partly due to the difference between

shadowing in neutrino and muon scattering and partly dueto 5 ) N ) X _

the Q*-dependence of shadowing, as can be seen in Fig. 5. In g F, °(x,.Q )—3F5 °(x,Q%) =xs(x) + 3[sC)=s(x)].
connection with the&Q?-dependence, we note that the param- (22)
etrization of the shadowing corrections has been obtained by

fitting the ratioR= FgA/FgD, in charged lepton deep inelas- Equation(22) follows if we assume parton charge symmetry
tic scattering. In the smakt-region, this fit is mainly deter- and neglect charm quark contributions. If one assumes that
mined by the NMC data on CE86]. However, the NMC-  s(x)=s(x), the difference between the neutrino and muon
data for the structure function ratio have low@f-values in  structure functions measures the strange quark distribution in
the firstx-bins than the CCFR-data we use to calculate thehe nucleon. Experimentally, the two methods for determin-
charge ratio. The averag®® for the NMC ratio R  ing the strange quark distribution are not compatible in the
=FSYFY are Q%?=1.9,25,34,47GeV for x  region of smallx. This conflict is also reflected in the fact
=0.0125,0.0175,0.025,0.035, respectively. On the othethat the “charge ratio”R; is different from one in this re-
hand, we integrate the CCFR-data ab@®=3.2 GeV¥ and  gion. If we had used the “correct” strange quark distribu-

haveQ2=4.1,5..5,7.9.,9.7 Ge%/fqr the ayerage@z values tion, the charge ratio would be unifgssumings(x) =s(x)].
for the samex bins. Since VMD is more important for lower e converted the CCFR neutrino data on iron to deuteron
Q2, it is clear that the parametrlzatlon of the NMC'datadata by app|y|ng our Shadowing corrections. We then ex-
overestimates the shadowing. tracted the strange quark distribution according to @4).
In order to get better statistics, we integrated the structure
functions over the overlappin@?-regions, as before. The
result is shown in Fig. 6, where the strange quark distribu-
tions extracted with the “two-phase” shadowing and the
Now that we have determined the shadowing corrections' Q-independent” shadowing corrections are shown as
for neutrinos, we can examine how they influence the deterblack and open circles, respectively. Statistical and system-
mination of strange quark densities. Currently, there are twatic errors are added in quadrature. The strange quark distri-
viable methods for the extraction of strange quark partorbution as determined by the CCFR Collaboration in dimuon
distributions. The “direct” method utilizes charm-hadron production using a LO analysj89] is shown as open boxes,

with relatively highQ?-values, we use the parametrization of
Ref. [16] (CTEQA4L for the parton distributions. We also
include the data from SLAC37] and BCDMS[38] for com-

IV. EXTRACTION OF THE STRANGE
QUARK DISTRIBUTION
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while the distribution extracted in NLO analydi40] from A 02 —— ——
dimuon data is shown as a solid line. The band around the 5 } }
NLO curve indicates thet 1o uncertainty. Although the 7 0 - T1 } ¢ $
strange quark distribution obtained from the difference be- v ﬁ If I
tween the neutrino and muon structure functions using the
“two phase” model for shadowing is smaller in the small -0.21
x-region than that obtained by applying tQ#-independent
shadowing, both distributions are incompatible with the 04¢
strange quark distribution extracted from dimuon production.
The remaining discrepancy could be attributediifferent
strange and anti-strange quark distributid@s5] in the '0-16 z 3
nucleon. From Egs4) and(22) and Fig. 5, we see that the 0 0 X

differences(x) —s(x) should be positive for smak-values

(x<0.1). This is Inico'ntradlc.tlon Wlt.h the anaIyS|§ of Ref. bution extracted from the data assuming that the discrepancy be-
[4], but f_;lgrees qualitatively V_V'th that in R¢6]. Note in this tween the muon and neutrino structure function is due to different
Conn?Ct'oncctpRat. the experimentally determined Structurgrange quark and anti-strange quark distributions and that the
function, F7~7, is a flux weighted average of the neutrino syrange quark distribution is given by that extracted from di-muon

and antineutrino structure functionfsl]. Since neutrino  experiments.

events dominate over the antineutrino events in the event ] . )

sample of the CCFR experiment, it can be approximatelyghadowing corrections into account properly resolves part of
regarded as neutrino structure function. In Fig. 7 we extracin€ discrepancy between the CCFR neutrino and the NMC
the strange antiquark distribution ¥sising Eq.(22). We use ~ Muon data in the smak-region. Neutrino shadowing correc-

the experimental data for the muon and neutrino structur%onS also remove part of the corresponding discrepancy be-
functions (with our calculated shadowing correctiongo- ween the two different determinations of the strange quark

gether with the strange quark distribution measured indenS't'eS' However, the charge raflg, of Eq.(4), still de-

. ; : . - _viates from unity at smatk. Furthermore, the data rules out
dimuon production. Note that with this method, we obtain 8the possibility that the discrepancy is entirely due to the dif-

negativestrange antiquark d|str|bu'g|on for smathvalues.  forence hetween the strange and anti-strange quark distribu-
This strongly suggests that the entire discrepancy cannot Rgys \we are therefore forced to consider the possibility of a
attributed to the difference betwes(x) ands(x). rather uncomfortably large charge symmetry violation in the
sea quark distributions. This will be discussed in a subse-
quent papef41].

FIG. 7. The(physically unacceptablenti-strange quark distri-

V. CONCLUSIONS

In conclusion, we have carefully re-examined shadowing ACKNOWLEDGMENTS
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