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The NuTeV Collaboration reported an anomalously large weak mixing andi@,sim comparison with the
standard model prediction. Neutrino and antineutrino charged- and neutral-current events are analyzed for
extracting sif4,,. Although the Paschos-Wolfenstein relation is not directly used in the analysis, it plays an
important role in the determination. Noting that the target nucleus, iron, is not an isoscalar nucleus, we derive
a leading-order expression for a modified Paschos-Wolfenstein relation for nuclei, which may have neutron
excess. Then, using charge and baryon-number conservations for nuclei, we discuss a nuclear correction in the
sirf4,, determination. It is noteworthy that nuclear modifications are different between valence up- and down-
quark distributions. We show this difference effect on the NuTeVésjrdeviation.
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[. INTRODUCTION On the other hand, there are suggestions from a conserva-
tive point of view. Miller and Thomas commenté¢d] that
The weak mixing angle sfi&, is one of the important the anomalous result could be explained by the shadowing
quantities in the standard model. In the on-shell scheme, it igifference between neutral and charged current reactions by
related to thew and Z masses by sfii,=1—ng/mz. Col-  using a vector meson dominan@éMD) model. The NuTeV

lider experiments provide accurate values for these massésollaboration replied to their commeriss] that the explana-
and the angle. According to a global analy$i, it is  tion is not favored because the shadowing effects are sub-
sirfgrshe!'=0.2227+0.0004 by excluding neutrino-nucleus tracted out in the PW relation. Furthermore, the model can-

scattering data. not explain observedR, and R, ratios, which are smaller
The NuTeV CollaboratioriZeller et al) reported recently than expected, and also the VMD model does not have
[2] that the mixing angle should be significantly larger: properQ® dependence. However, the@® discussion is re-

futed by Melnitchouk and Thomas in Ré8]. Nuclear cor-
sirf 6y =0.2277+0.0013stah = 0.0009sysh, (1.1)  rections are also discussed by Kovalenko, Schmidt, and Yang
[9] by noting nuclear modifications df,. However, one
by using their neutrino and antineutrino scattering data. Foshould note that such nuclear effects were taken into account
extracting sifé, it is known that the Paschos-Wolfenstein in the NuTeV analysis in a slightly different w0

(PW) relation[3] It is not the purpose of this paper to examine the details of
_ these previous studies. We rather try to address ourselves to
- (,—K,“é—gﬁl“é 1 the extraction of siff, from nuclear data in a model inde-
Zﬂzi—smzﬁw, (1.2 pendent way as much as possible by resorting to charge and
Jcc™ %cc baryon-number conservations. Because the NuTeV target is

is useful because uncertainties from charm production anﬁ]ainly the iron nucleus, nuclear corrections should be care-
P lly taken into account for a precise determination of

p?ﬁs'ble nuclear gﬁects are much re.duced. He(éé and sirf4,,. In this paper, we derive a modified PW relation for
occ are the deep inelastic cross sections for neutral-curreffenera| nuclear targets. Then, we discuss a possible nuclear

(NC) and charged-currett€C) neutrino interactions with the  ,qdification factor which could change the extractedjin
nucleon. The factop, which is the relative strength between ) e.

the neutral and charged currents, is taken as one. The NuTeV Thjs paper consists of the following. First, nuclear correc-
Collaboration measured charged and neutral current ratiogons of the PW relation are discussed in Sec. Il. Then, pos-
R,= e/t and R, = ot/ ot and then a Monte Carlo sible effects on the extraction of iy, are explained in Sec.
simulation is used for relating the data to %lp. Fitting  1Il. The results are summarized in Sec. IV.
these ratios simultaneously, they end up using the PW-like
relation although it is not directly employed in the analysis
[4]. In this sense, it is mentioned in REB] that “the NuTeV
result derives si#,, from the Paschos-Wolfenstein.” The re-
sult suggests that the left-handed neutral current coupling The PW relation was derived for the isoscalar nucleon;
should be smaller than expected. If it is confirmed, it shoulchowever, the used NuTeV target is mainly iron, which is not
lead to a new physics findings]. The situation is summa- an isoscalar nucleus. The neutron excess may cause unex-
rized in the paper by Davidsoet al. [6]. pected nuclear corrections, which should be carefully inves-
tigated. In this section, we derive a leading-orde®) PW
expression for general nuclei in a model independent way.
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cross sections are given in the LO H1]

vA

g - _
d;r;(;: oox[ dA(x) +S(x) +{uR(x) +cA(x) H1-y)?],

d A o _
_d>(<r 3‘3: aox[dA(X) +54(x) + {ur(x) + cA(X) H(1—y)?].
(2.2)

Here, o is defined aSTo=G|2:S/7T, by neglecting the factor
QZ/MS\, from the propagator, with the Fermi coupling con-
stantGg and the center-of-mass squared enexgyhe vari-
ablesx andy are defined by the momentum transfer squar
Q? (=—q?), the energy transfeq®, and the nucleon mass
M asx=Q?/(2Mq°) andy=q%E, or q°/E;,. Nuclear quark
and antiquark distributions are denotg(x) and g*(x),
respectively. They depend also @f; however, the explicit
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Z u,(xX)+ N d,(x)

UG =Wy (X,A,Z) A

Z d,(x)+N u,(x)
A )

dy(¥)=wq (X,A,Z)
(2.4)

whereu, andd, are the distributions in the protod, is the
atomic numberN is the neutron number, andis the mass
number of a nucleus. The weight functions are defined at
fixed Q2(=1 Ge\?) in Ref.[12]; however, they are used at
any Q? throughout this paper. The explic@? dependence is
abbreviated as for the PDFs. Although these equations are

€riginally motivated by the isospin symmetry in nuclei for

the virtualw, =wy =1 case, we do not rely on such an
assumption. This is because nuclear modifications, including
isospin violation [13,14 and nuclear charge-symmetry
breaking[15], could be taken into account by the weight

Q? dependence is abbreviated in the parton distribution funceynctions in any case. Therefore, the expressions are given
tions (PDF9 throughout this paper. Next, the neutral currentyyithout losing any generality.

cross section for neutrino scattering is given[tg]

d vA
dx gy~ T LLUE ULy PHUA 00 +¢00)
+{ud+ud(1-y)BH{UuAx) +cA(x)}
+{dZ+d3(1—y)ZH{dAX) + 57 (x)}

+{dE+d2(1-y)2Hd ) +sh X0}, (2.2

where left- and right-handed couplings are expressed

by the weak mixing angle asu =1/2—(2/3)sirfby,

Next, we define neutron excess constapiand a related
function e ,(x) by

~ N-=2z
= (2.9
Then, a difference between the weight functions is defined
by
Wy (X,A,Z)—w, (X,A,Z)
g,(X)=— - .
de(x,A,Z)eruU(x,A,Z)

(2.6

ug=—(2/3)sirtd,y, d, =—1/2+(1/3)sirf4y, and dg  The functione, depends also oA, Z, and Q?, but these
=(1/3)sirfé,. The cross section for antineutrino scatteringfactors are abbreviated in writing, . Substituting Eqs(2.4),
is obtained by exchanging the left- and right-handed cou{2.5), and(2.6) together with the coupling constants into Eq.

plings. (2.3), we obtain
Using these equations, we obtain a nuclear PW relation as
1 1
A A Ry = (z—sinzaw {1+e,(X)en(X)}+ §sin26W{sU(x)
~ _ONnCcT ONnC 2 2 2\ (A A
Ra=—1 4 = {1 (1=y) T (uf = up){u,(x) + ¢, (x)} L o
g — 0,
cec ree +en(X)}+ E—gsinzaw)ss(x)
+(df = dR){d;(x) + 5,0}/ [dP(x) + (%)
A A 1 4
—(1=y)Hug(x) +c; (0} (2.3 +5- §sin26W)sc(x) / 1+e,(X)en(X)
Here, the valence quark distributions are defined iy 5
=g"—q”. The name , valence quark, is conventionally used +M{8 (X)+en(X)}
for valence up- and down-quark distributions, but we use the 1-(1-y)2 "’
same nomenclature for strange and_charm distribuﬂons by 5
applying the same definitions)=s"—s” andc=c*—c”. N 2{es(X) ~ (1=y)%ec(X)} 2.7
Of course, there is no net strangeness and charm in ordinary 1—(1-y)?

nuclei, so that “valence” strange and charm distributions

should satisfy/dx §\(x)=0 and fdx ¢(x)=0. However, Here, &5 and e, are defined byes=s}/[w,(u,+d,)] and

these equations do not mean that the distributions themselves=c’/[w,(u,+d,)] with w,=(wg +w, )/2. We would

vanish:s,(x) #0 andc}(x)#0. like to stress that the LO expression in H8.7) has been
The valence-quark distributiong andd’ are expressed derived without using any model dependent factor and any

by the weight functionsv, andwy at anyQ?: serious approximation.
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The strange quarks@) effects are investigated in Ref. 1 1 1+(1—y)?

[14], and the neutron-excess effects, namelystheerms, are Ra =5~ Sirf Oy —&,(X) 57 sir? GW) P

taken into account in the NuTeV analy$i]. In addition to 1-(1-y)

these corrections, we notice in E@.7) that another correc- 1

tion factore, contributes to the deviation from the PW rela- — sirf6y,
tion 1/2—sirf4,, due tothe difference between the valence 3

up- and down-quark modifications in a nucletghis fact

needs to be clarified. There are two restrictions on the

valence-quark distributions in a nucleus. One is the baryon ) ) )
number conservatiofiL6], and the other is the charge con- 1€ higher-order and other correctior8(e;), O(en),
servatior[12]. Nuclear baryon number and charge have to bé2(€s), and O(sc) are not explicitly written. As far as

A andz, and they are expressed in the parton model as ~ Préesent neutrino data suggest, the “valence” strange distri-
bution should be small, and the measurements indicate that

1 o A such a correction increases the NuTe\2gjpdeviation ac-
A:f dx AS §(qA_qA):f dxg(ujﬂjﬁ), cording to Ref.[14]. Therefore, at least at this stage, the

a finite s;' andc’ distributions effectsD(es) andO(e,), are

not the favorable explanation. Although accurate rT/leasure—
- A ments may clarify the details of the distributiogisandc; in

Z:J dx A}q: eq(qA_qA):J’ dx§(2 uy —dy), future, they are not discussed in the foIIowir?Z%The neutron-

(2.9 excess effect©(e,) are included in the NuTeV analysis

[10], so that they are not the source of the?gjjpdeviation.

whereA is multiplied in the integrands because the nuclear AS mentioned in Sec. | and R¢b], the NuTeV sifidy is
parton distributions are defined by those per nucleon, and thélerived” from the PW-like relation indirectly. It is obvious
relation fdx s,(x)=dx c,(x)=0 is used in obtaining the from Eq. (3.1 that there is ar,-type correction to sité,,

right-hand sides. Substituting E2.4) into Eq. (2.8, we and it may explain, at least partially, the deviation from the
obtain standard model. However, the correction is essentially un-

known at this stage in the sense that there is no significant

data to find the difference between valence up- and down-
f dx(u,+d,)[Aw,+w,e,(X)e(x)]=0, (2.9  quark modifications£,). In order to investigate whether or

not thee, correction is large enough, we should inevitably
use some prescription for describing the factor. In the
following, we introduce two different descriptions as ex-

+0(82)+0(g,)+0(e) +O(sy).

(3.9

f dx(u,+d,)[Aw,{1—3e,(x)}

amples.
—W,e,(X){3—en(x)}]=0, (2.10 o _ o
A. A prescription for the conservations—description 1
where Aw, is defined byAw,=w,—1. Although it is not It is not straightforward to find a solutios, (X) to satisfy
straightforward to determine,(x) from Egs. (2.9 and Egs. (2.9 and (2.10. For an approximate estimate, the
(2.10, it indicates that,(x) is finite. higher-order corrections, e, are neglected in these equa-

In this way, we find that nuclear modifications are, intions. Then, substituting E¢2.9) into Eq. (2.10, we obtain
general, different between the valence up- and down-quark
distributions because of the baryon number and charge con- o (X)=—5 U, (X) —d,(X) Aw,(x)
servations. It gives rise to the factoy . This kind of detailed v "u,(X)+d,(x) w,(x)
nuclear effects cannot be accounted simply by investigating

electron and muon scattering data and by fitting charged cuky considering a special case that the integrand vanishes. Of
rent cross-section data for the same tafdél. Because the o rse, this is not a unique solution, but this estimate should

physics associated with the, factor is missing in the pe aple to provide information about the magnitude of the
NuTeV analysis, it may cause a significant effect on thegq rection.

sirfé,, determination.

(3.2

B. A x? analysis of nuclear PDFs—description 2
lll. EFFECTS ON sin 26,y DETERMINATION 5 ) )
Global x“ analysis results could be used for calculating

The angle sif@y can be extracted by using E@®.7) to- ¢ (x). A x2 analysis for determining nuclear parton distri-
gether with the experimental data Bf, . In order to find  bution functions(NPDF9 is reported in Ref[12], and ob-
whether or not the, corrections could explain the deviation tained distributions can be calculated by using subroutines at
from the standard model value for #y,, we approximate the web site in Ref[17]. Before using the NPDF code, we
the relation by considering that the corrections are smallwould like to remind the reader what has been done for the
(e,<1). Retaining only the leading correction of in Eq.  valence distributions. AQ?=1 Ge\?, the weight functions
(2.7), we obtain are assumed to be
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FIG. 1. Thes, correction term is evaluated %=1 Ge\~. FIG. 2. The correction term is evaluated@t=20 Ge\~.

The solid curve is calculated by E(B.2), and the dashed curve is
obtained by the¢? fit code[12,17. The NuTeV deviation 0.005 is

shown by the dotted line just for comparison. —vy)?]. Another effect at largex comes from the Fermi-

motion-like factor 1/(+x)#v in Eq. (3.3). The &® correc-

1 \a+b x+c x®+d k3 tion term is very smgll \{vith the foIIov_ving reason. The
Wi(X)=1+| 1-—= AT BT X T ., (3.3  dependence in EG3.3) indicates that(? is almost indepen-
A (1—x)P dent ofx except for largex. The first terms in Eqg2.9) and

. (2.10 are valence-quark distributions multiplied v, ,
wherei denotesu, or d,, anda, ., b,, ¢,, andd, are the  ,n4 these integrals almost vanish. The obtainéd is
parameters to be determined by tp&fit. Because it is the roughly proportional to these small integral values. One
first x* analysis attempt for nuclei, the parameter number haghould note that this result could be artificially small due to
to be reduced as many as possible. It is the reason why thfie weakx dependence assumption. On the other hand, the
common parameters are chosen for, b,, ¢,, andd,.  magnitude ofs{") is large in general and it has completely
However, in order to satisfy both the charge and baryonyiterentx dependence. Becausé" is directly proportional
number conservations, at least one parameter should be dif5 e valence-quark modificatioAgv,) in Eq. (3.2, the
ferent. Because the paramete(s anday, are determined SO nction changes sign at~0.3, which is the transition point
as to satisfy these conservations, this descriptior §k)  from antishadowing to the EMC-effect region. In the revised
surely satisfies Eq42.9) and (2.10. However, one should analysis[18,19, the valence modifications are slightly dif-
note that thise,(x) may not be valid if it has more compli- ferent; however, the essential features are the same. Accord-

catedx dependence than the one calculated from Bd). ing to the first description, the function becomes comparable
_ magnitude to the NuTeV deviation.
Numerical results Because the averad@? is much larger than 1 GéVin

In the first descriptiong, is evaluated numerically by the NuTeV experiment, the corrections are also calculated at

using Eq.(3.2 with the NPDF code in Ref.17] for calcu- Q°=20 GeV by noting the kinematical limiy<1. The re-
lating u, , d, , w, , andw,_ at givenQ2. In the second one, Sults a\;ze shown in Fig. 2. In comparison with tI@z_ _
s, is calculated by the definition in E2.6) with the weight ~—+ GV results, the effects are much suppressed. This is

- - - again due to the kinematical factof 1+~ (1—y)?]. For ex-
functionsw,, andwyg , which are numerically calculated by ample, this factor is 55 fok=0.5 andQ?=1 GeVE: how-
the NPDF code. In the NuTeV measuremdut$], averages ever, it becomes 3.0 foc=0.5 andQ2=20 Ge\2. This is

of the kinematical variables are given b)=120 and 112 yne veason why both distributions become smaller. Although

2\ —
S:\{’r.ig >e;135£t'i2dtr;r?c.)4 (feeV éé?_ ;?'Z_Ehgr:gno'lg for  the (2 effect is too small to explain the deviation Q%
utrinos ineutrinos, respectively. gesaoll o5 e, thes! is still comparable magnitude.

2 2
Q* are 0.0kx<0.75 and :Q*<140 GeV’. Although the In order to investigate these effects on the NuTe\?&in

v and v incident energies are different, we use the Zaverageq,]e analysis should be done with the Monte Carlo code with
valuze (E)=116 GeV for connectingx, y, and Q% Y  the experimental data. However, in order to show the order
=Q /(_ZMX<E>)- ) o ) of magnitude, we simply average the obtained curves over
In F!g. 1, theQ value is fixed alQ?=1 Ge\?, a_nd the thex range (Ax) from 0.01 orXy,=Q2/(2M(E)) to 0.75.
correction term in AEq(3.1) is evaluated as a function of  Because the data are centered at abou0.2, this kind of
The neutron excess,=4/56 and sifg,,=0.2227 are used in  simple average could overestimate the effects coming from
the calculations. The solidef*) and dasheds(?) curves the largex region. The calculated results are shown by the
are obtained by the first and second descriptions, respesolid curves in Fig. 3. As already found in Figs. 1 and 2, the
tively. The dotted line indicates the NuTeV &y, deviation  effects are very large at sma&li> and become smaller &3°
(0.22770.2227~=0.0050) just for a comparison. Both becomes larger.
curves increase rapidly as becomes larger, and this is If the simplex average is taken, the effects look large. On
mostly a kinematical effect due to the factor[1l/(1  the other hand, there is a method to take the NuTeV kine-
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o
2

NuTeV experiment. Therefore, as far as the considered two
descriptions are concerned, the nuclear modifications are not
0.006] large enough to explain the whole NuTeV deviation.

It is, however, still too early to conclude that the present
mechanism is completely excluded, because the nuclear
modification difference betweenf' andd” is not measured
at all. It may not be possible to find this nuclear effect until
a neutrino factoryf19,20 or the NuMI project[21] is real-
ized. On the other hand, if these facilities are built, the
“nucleon” cross sectionghence sif,) could be measured
with proton and deuteron targets with minor nuclear correc-
tions. The NuTeV also reported that, andR,, are unexpect-
edly smaller[5]. We are also investigating this issue, and
FIG. 3. The solid curves indicate the corrections averaged ovePOpefu”y it will be clarified in the near future.

the x range. The dashed ones are obtained by taking the NuTeV
kinematics into account.

7 —% sin8y]

1+a-yy
1-(1-y)

sin’fy)

0.004

d_
2z

dx g, [¢

0.0021

.01/xmin

0.75

[

L
Ax

Q* (GeV?)

IV. SUMMARY

matics into accourit22] by using the functionals in Fig. 1 of We have derived a modified Paschos-Wolfenstein relation
Ref.[14]. Although the physics motivation is completely dif- for nuclei. Using this relation, we investigated the possibility
ferent, the present, distribution could be simulated by the that the NuTeV sif¥,, deviation could be explained by the
NuTeV distributionsuf)—d; and d®—uy . It is interesting nuclear parton distributions in iron. In particular, we pointed
that their “isospin-violating distributions” could effectively out that nuclear modifications are different between valence
contain the present nuclear effect. If such a correspondenag- and down-quark distributions. The difference partially
is made, the effect on sif, is calculated by using the explains the NuTeV deviation although it may not be large
NuTeV functionals[4,22]. The results are shown by the enough to explain the whole deviation. Because such modi-
dashed curves in Fig. 3. We find that the effects becomdcations are not measured, it is important to investigate them
significantly smaller due to the lack of largeevents in the in future.
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