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We discuss the nuclear effects in the Paschos-Wolfenstein relationship in the context of the extraction of the
weak mixing angle. We point out that the neutron excess correction to the Paschos-Wolfenstein relationship for
a neutron-rich target is negative and large on the scale of the experimental errors of a recent NuTeV measure-
ment. We find a larger neutron excess correction to the Paschos-Wolfenstein relationship for the total cross
sections than that discussed by the NuTeV Collaboration. The phenomenological applications of this observa-
tion are discussed in the context of the NuTeV deviation. The uncertainties in the neutron excess correction are
estimated. The effects due to the Fermi motion, nuclear binding, and nuclear shadowing are also discussed in
the context of the total cross sections.
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The NuTeV Collaboration recently reported the results ofdifference between the nuclear shadowing in the NC and CC
the measurement of the weak mixing angle in deep-inelastimteractions may account for the discrepancy in NuTeV'’s
neutrino and antineutrino scattering from a heavy taffiet measurement of st although no specific calculation of
The NuTeV value of sif%,=0.2277-0.0013(stat.) this effect was given. The impact of the nuclear effects on
+0.0009(syst.) turned out to be significantly larger than thathe extraction of sif¥,, from data was discussed in RET]
derived from a global standard model fit to other electroweakn terms of a phenomenological parametrization of the
measurements, 0.2220.0004 [2]. The discussion of the nuclear effects in the parton distributions derived from the
possible uncertainties and physics behind this discrepanagharged lepton deep-inelastic scattering. The phenomeno-
can be found in Ref.3]. However, before speculating on the logical studies of the difference between the nuclear effects
possible new physics, one should first worry about the “stanin the u- andd-quark distributions in the context of the PW
dard” effects and uncertainties. relationship were presented in RES].

A useful tool, employed by the NuTeV Collaboration to  In this paper we address the nuclear effects in the PW
derive sirt4,, is the Paschos-Wolfenste{RW) relationship ~ ratio for the total cross sections. We start from the discussion

(4] of the nonisoscalarity correction to the PW ratio, since there
-~ appears to be some confusion about the sign and the magni-
ol—al. 1 tude of this effect in the literature. Then we discuss the Fermi
__OncT O9Ne . i o ) ;
Ri=———>= z—smzew, (1) motion, nuclear binding, and nuclear shadowing corrections
Occ™0cc to the PW ratio.

whereoyc ando¢ are the deep-inelastic neutrino cross sec- |. THE PW RELATIONSHIP FOR GENERIC TARGET
tions for the neutral currerNC) and charged-curref€C)
interactions, ando{c and o¢c are the corresponding an-  We discuss théant)neutrino deep-inelastic scattering in
tineutrino cross sectiorn$]. the leading twist QCD approximation assuming that the four-
In a world without heavy quarks and with an exact isospinmomentum transfe@ is large enough. In this approximation
symmetry, Eq.(1) is an exact relation for the isospin zero the NC and CC structure functions are given by the well-
target for both the total and differential cross sections. Th&known expressions in terms of the quark and antiquark dis-
validity of this relationship is solely based on the isospintribution functions[9]. In order to simplify the discussion of
symmetry[4]. Therefore, Eq.1) also holds for a nuclear the isospin effects, we consider the isoscatgKx) = u(x)
target, provided that the nucleus is in the isoscalar state. Ir-d(x), and isovectorg;(x)=u(x)—d(x), quark distribu-
particular, this means that various strong interaction effectsjons (for simplicity, we suppress the explicit notation for the
including the nuclear effects, must cancel out in rati. Q? dependence of the parton distributipnEhe calculation
However, in the real world Eq1) must be corrected for the of the NC and CC cross sections, and the PW ratio in the
s and c-quark effects. Furthermore, the targets used in th€QCD parton model is straightforward. A QCD radiative cor-
neutrino experiments are usually nonisoscalar nuclei, and Egection to the PW ratio for the total cross sections was cal-
(1) must also be corrected for the nonisoscalarity effects, asulated in Ref[3]. The result can be written as
well as for other nuclear effects such as the Fermi motion,

binding, and nuclear shadowing. Rt @i La Aol o)X X X
The nuclear effects in the context of &y, were recently 2w 3w gy |27 %w Xg Xg Xg|
discussed in Ref§6—8]. It was suggested in Rdf6] that a @)
where s3,= sir’@, [10], as is the strong coupling, ang,
*Electronic address: kulagin@msz2.inr.ac.ru = [dx x(g;—0q.), with g, andq, the distribution functions
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of quarks and antiquarks of tyeg/11]. The subscripts 0 and N 7 Ao |1
1 refer to the isoscalay, and isovectom; quark distribu- SR =— 5N—1_ 1- —3\2,\,+—S(——s\2,v) , 5)
tions, respectively. In the derivation of E) we expanded Xo 3 9w \2

in X; /X, and xg /X, and retained only the linear correc-
tions. Equation(2) applies to any(not necessarily isoscajar

nuclear target. We observe that the PW relationfijpis The NuTeV Collaboration takes into account the nonisos-

corrected b}' theC-odd parts of the isovector component in calarity correction in the analysis and discusses this effect on
the target X; ) and the strange and charm components of th(hf [13,17. However, Eq.(5) is different from the corre-
targ%its_sea. K distributi ishes i . sponding NuTeV equatiofEqg. (7) of Ref.[12] and Eq.(9)

e |sovect(_)r quar 'St”. Ut'ogl Vanisnes in an 1Sosca- ¢ paf. [13]). First, it must be noted that the NuTeV equation
lar target, provided that the isospin symmetry is exact. HOWhas the wrong sign of théN term. Nevertheless, the NuTeV

ever, a correction due to the quark—anthqark asymmetry “?10nisosca|arity correction is eventually negafitéd]. There-
the nucleorfor nucleay strange sea is possible. In particular, fore, in the following discussion we assume a correct sign in

a positivexg would moves\z,\, towards a standard model Eq. (7) in Ref. [12]. Second, Eq(2) involves only C-odd
value [3]. However, the available phenomenological eSti_'fterms, hence the factot; /x, . The corresponding factor in
e are conloversial suen 1 he s of e fect & Sikets 13,12 i (1, /(6 X0, whrex, - Joxxa (0
' X b R X or the quark distributiorg, in the proton. This factor lacks
NuTeV Collaboration gives a positive shift of 0.0020 yhe contribution from antiquarks and has a mix@garity.
+0.0009[12]. For this reason it is not allowed in E(p). Furthermore, Eq.
(5) includes thea, correction, which was not taken into ac-
Il. THE NONISOSCALARITY CORRECTION count in Refs[13,12.
IN A HEAVY TARGET In order to understand the magnitude of the nonisoscalar-
) ) ity correction toR™ and compare it to that in Refg13,12,
Heavy nuclei, such as iron, have unequal number of neUye first neglect theas correction and compute; /X,
trons () and protonsZ). The ground state of such nucleiis _q 43 ang &,—Xg)/ (X, +X4) =0.34 using the parton distri-
not the isospin zero state but rather a mixture of different, tions of Ref[15] (CTEQS in the modified minimal sub-
isospins. Therefore, the isovector quark distribution is finite5tion scheme evaluated @P=20 Ge\?, an average)?

in such nuclei that causes a finite non-isoscalarity correctiok}, the NuTeV experiment. For the neutron excess, we use the
to the structure functions and cross sections. This correctioga“ue SN=0.0567 reported by NuTe\[12] Using :
- . . W

turns out to be large in the context of the NuTeV experiment,_n 55 o0 q collecting all factors in Eq5), we obtain the

amljr’n thr%re:otre, r;srt fangl:g?/ beﬁtal;el\quntfci)r e}[c|(1:ou|r1t. t oth rneutron excess correction ®  about—0.012. The corre-
nuclegr e?‘fecc:suande vsie?/v the r?eﬁtriencdscztter?n ifgf chuileigponding correction computed using &) in Ref. [12] is
9 —0.0094. This correction is smaller in magnitude because

as incoherent scattering off bound protons and neutrons %e factor &,—xq)/(x,+Xg) is smaller than the factor
u d u d

rest. In this approximation, the nuclear distribution of par-_ " _ o . o
tons of typea is the sum of those for bound protons and x'lnéxO by about 25%. In order to illustrate the sen3|t|y|ty of
neutrons sin‘é,, to thg treatment of the neutron excess correction, we
' apply the difference 0.0094—-0.0%2-0.0026 to the NuTeV
central value of sifé,,. Then we get a smaller value 0.2251,

wherex; andx, are taken for the proton.

A Z—N iR
qa/A:an/erNqam:E(qa/er Qurr) + 5 (Carp— Clarn) \\//v;}ch is now about 1.5 away from the standard model
(€©)) The NuTeV Collaboration reported the neutron excess

correction to be—0.0080[13,14. Although this correction
whereA=Z+N. We now apply this relation to the isoscalar was discussed in Reff13] in the context ofR™, it does not
and isovector quark distributions. Assuming an exact isospilirectly apply to the ratio of the total cross sections. Zeller
symmetry, we haveqo,=0on and gy,=—0yn. For the and McFarland explain that this is the shift in the NuTeV
nuclear parton distributions per one nucleon we then obtairsin’éy derived from a Monte Carlo simulation which con-
tains the neutrino flux as well as all the experimental effects
AilqOIA:qO/pr (48 of cuts, smearing, resoluti_ons, efds]. _
The a4 correction toR ™ is also negative, but small com-
pared to the leading term. Using the next-to-leading order

A tqya=— NGy, (4D (NLO) as=0.2161 atQ?=20 Ge\?, we find theas correc-
tion to R~ about—0.0002.
where we introduced a fractional excess of neutrohé Let us now discuss the possible uncertainties in the non-
=(N—2)/A. Similar equations can readily be written for the isoscalarity correction. Using Eq5) and the error in the
antiquark distributions. neutron excess in the NuTeV target of 0.02%3], we obtain

Equations(4) suggest anegativeneutron excess correc- the uncertainty in sitt,, of 0.00004. However, this is not the
tion to R~ in a neutron-rich target. Indeed, using EGBH, we  only source of uncertainties in th#\ correction. Indeed, the
find from Eq.(2) that the correction is ratio x, /X, is subject to the theoretical and experimental
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uncertainties. This ratio depends on the set of the partonuclear shadowing corrections to the quark distributions can
distributions as well as on the order of perturbation theory tde written as
which the analysis is performdd7]. For example, the ratio

X1 /Xy is very similar for the CTEQS5 and the Martin- A" o= Aot Ssllos (6a)
Roberts-Stirling-Thorne parton distribution8]. However, L
it is somewhat largerx; /x, =0.445, for Alekhin’s parton A" 7qup=— ONQupt Sy - (6b)

distributions[19]. Furthermore, the parton distributions are

known with some error. This error was estimated in a recenpiMilar equations can be written for the antiquark distribu-
analysis of Ref[19], in which the experimental errors in UONS. The nuclear shadowing effect in the isosc&laven
deep-inelastic data as well as a number of theoretical uncetdo = 0o+ do) andC-odd (qy =0o— o) quark distributions
tainties were taken into account. Using the results of Refwas studied in Ref.24], where a different magnitude of the
[19], we have the estimation on the uncertainty in the raticshadowing effect iy and ing, was observed. In particu-
8(x11x5)=0.04! This gives the uncertainty ilR~ about lar, it was argued that the relative shadowing effect in the
0.001, much larger than the uncertainty due to the error ic-odd quark distribution is enhanced compared to that in the
the neutron excess in the target. The NuTeV Collaboratior-even distribution(see alsd25]). In order to estimate the
takes into account similar uncertainty in the analysis, i.e., théhadowing effect in the total cross sections, we apply the
uncertainty in thed/u ratio of the quark distributiong14].  approach of Ref[24] and calculate the shadowing correc-
However, the reported uncertainty in the NuTeV2gjpis  tions to the average quark light-cone momentuigixo, in
much smaller, 0.0000BL]. We also comment that the varia- the C-even andC-odd distributions. For the iron nucleus the
tions of the parton distributions wit®? introduce additional ~ results aresg,xg /xg = —0.01 anddg,Xo /X = —0.002. We
uncertainty, which is hard to access in the present analysispbserve that the shadowing effect in the total cross sections
is significantly bigger in theC-even channel, in spite of the
ll. THE FERMI MOTION AND NUCLEAR enhancement of the relative nuclear shadowing effect in the
BINDING CORRECTIONS C-odd quark distributions. This, paradoxical from the first
glance, result can be understood by observing thaCtoed
: i ; . ross section is saturated by the valence region at large
sort out different effects, in the present discussion we do ng here the nuclear shadowing effect is small. On the other

ggﬁlﬁaetrtﬁ;ﬁggg Vilr?lstlr(r)]rrlqse?rf t?ee Lsi(r);sl?Thgynnarcr?g;rryéﬁwee(:trs,e;gand' a large part of thé-even cross section comes from the
. pin Symmetry requ Sea region, where the nuclear shadowing effect is essential.
cancel out in theR™ ratio for the isoscalar target. For a

nonisoscalar nucleus, E¢B) was derived neglecting the ef- Since the isovector distribution must vanish in the isosca-
S 1 neg 9 - ._lar nucleus, the shadowing effect in the isovector channel
fects of the Fermi motion and nuclear binding. However, it is

rather obvious that these effects and the nonisoscalarity copppears at least in the order &. This effect has not been

rection must be considered in a unified approach. In such a uantitgtively stud.ied ygt. n our es.tin'qates we neglec_t the
approach Eq(3) must be replaced by a convolution of the shadowing correction te, leaving this Interesting question
quark distributions with the nuclear distributions of boundmdfurther stuhdles. Then,l_the_ nuclfearr] shan;mggbcor;]ectmn
protons and neutrorf@0]. Note that in the approximation in €duces to the renormalization of the rakg/x, by the

which the proton and neutron distributions are identical, thd@ctor of 1.002 for the iron nucleus. ) _
Fermi motion and nuclear binding effects cancel out in the C€Ombining the nuclear shadowing effect with the Fermi

ratio x; /x, [21]. Therefore, a possible correction comes motion and nuclgar binding correctionsRo, we observea}
through the difference between the proton and neutron di§:—’artlal cancellat|o-n betweep these effects. F‘Er t,h_e iron
tribution functions and is likely to be small. One source ofucleus the resulting correction factor to the ratia'x, is

the correction is a nonlinear dependence of the nucleon di€-995 that gives a negligible correctionfo .

tribution functions on the number of bound particles. In

heavy nuclei withZ#N this effect results in different V. SUMMARY

nucleon distribution functions in the isovector and isoscalar

channels even if no violation of the isospin symmetry is
admitted 22]. Because of this effect the ratig /x, receives

a correction factor of + £T/M, whereT is the average ki-
netic energy of the bound nucleon alds the nucleon mass
[23]. For the iron nucleus this factor is 0.993 that gives only
a small correction tdrR™.

We briefly discuss other nuclear effectsRn. In order to

We have studied the nuclear effects in the PW relationship
for the total cross sections. We observed that for a neutron-
rich target(such as iron, used in the NuTeV experimethie
neutron excess correction to the PW relationship is negative
and large on the scale of the experimental errors. We found a
larger neutron excess correction than that discussed by the
NuTeV Collaboration in the context & . The ratioR™ is
rather sensitive to the value of the neutron excess correction
and a consistent treatment of this correction may well ex-

We now discuss the nuclear shadowing effect in the conplain at least a large part of the NuTeV deviation.
text of the isoscalar and isovector quark distributions. The The uncertainties in the nuclear nonisoscalarity correction

were discussed. We found that this uncertainty is dominated
by the uncertainty in the parton distributions leading to the
1l am grateful to S. Alekhin for providing this estimate. variation in R~ about 0.001 that should have a significant

IV. THE NUCLEAR SHADOWING EFFECT
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impact on the theoretical error in $iy,. which cancel out inRR™ remain in actual experimental ob-
We discussed the effects of the Fermi motion, nucleaservables. Therefore, in order to clarify the impact of the
binding, and nuclear shadowing on the rafo for the total ~ nuclear effects on the NuTeV result, it is necessary to explic-
cross sections. We point out that the nuclear effect®kon  itly take them into account in the analysis.
vanish for the isoscalar nucleus and appear in the first or
higher order in6N. For this reason these effects are small.
Furthermore, we observed a partial cancellation between the
Fermi motion and the nuclear shadowing effects in the ratio This work was supported in part by the RFBR project no.
R™. 03-02-17177. | am grateful to S. I. Alekhin, A. L. Kataev, S.
However, this cancellation of the nuclear effects in theLiuti, W. Melnitchouk, R. Petti, and V. A. Rubakov for useful
ratioR™ for the total cross sections does not, of course, meadiscussions, G.P. Zeller and K.S. McFarland for useful com-
that these effects identically cancel out in the ratio of themunications on the NuTeV analysis, and to the Theory Divi-
differential cross sections. Since the NuTeV experiment doesion of CERN, where a part of this work was done, for a
not measure the total cross sections, some nuclear effectgarm hospitality.
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