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Scaling violations in neutrino and antineutrino charged current interactions are studied using
phenomenological power and logarithmic descriptions determined from eN and p, N scattering. Results for
the two descriptions are very similar to one another and to the predictions from the full machinery of
asymptotically free quantum chromodynamics. The accuracy of presently available v N and v N experimental
results, and in some cases the large spread between different experiments, permits only a qualitative test of
the expectations for scale breaking at this time.

I. INTRODUCTION

This work discusses scaling violations in high-
energy neutrino and antineutrino charged-current
interactions. This topic has been treated already
by a number of authors within the detailed form-
alism of asymptotically free quantum chromo-
dynamics (QCD). ' The approach presented here
is instead entirely phenomenological. We first
examine high-x inelastic eH data and low-x in-
elastic pNdata' t, o fix the size and x and Q'
dependence of scale breaking in electromagnetic
interactions. We then impose this pattern of scale
breaking on inelastic vN and vN scattering and study
the results. In particular, we examine the energy
dependence of o" "/E, R,=o"/tt", (y)"", and (Q')";"
using the standard four-flavor quark model with
weak and electromagnetic couplings according to the
Glashow-Iliopoulos-Maiani pattern. 4

We considt„r two different parametrizations of
scale breaking, one involving logarithms as
suggested by asymptotic freedom, the other power-
type suggested by conventional, renormalizable
field theories. As we show below, both forms pro-
vide acceptable descriptions of the observed scale
breaking in inelastic e+ and p.N scattering and,
moreover, both predict remarkably similar scaling
violations in inelastic vN and vN processes in the
regions currently explored. We also find that the
scale violations predicted by our phenomenological
approach are quite similar to those predicted for
vtV and vN by the full machinery of asymptotic
freedom' and are rather insensitive to the par-
ticular choice of quark distribution functions. '
These observations are not entirely surprising
since the size of scaling violations predicted by
QCD and the behavior of quark densities must in
practice by calibrated also by inelastic eN and
pN data.

We find further, in agreement with previous
treatments, that the presently available neutrino

and antineutrino results, where there is agree-
ment among the various experiments, are com-
patible with the expectations from scale breaking
obtained from eH and p¹This compari. son is at
present largely qualitative, however, since the
systematic and statistical errors of available ex-
perimental results typicany dominate the vari-
ations predicted from scale breaking. Finally,
we note that the predictions for several of the
observables which we study are very sensitive
to experimental acceptance cuts. We discuss the
difficulties which result from insufficient des-
cription of these cuts and from different cor-
recting procedures. The comparison between
various experiments as well as with the theory
would be greatly facilitated if the data were pres-
ented uncorrected for acceptance with the cuts
clearly stated.

II. SCALE Bg.EAKING IN ELECTROPRODUCTION

It is well established that the proper theoretical
framework for discussing asymptotic scale break-
ing is the moment spectrum of the structure func-
tions. ' The behavior in Q' of these moments
fingerprints the underlying field theory: conven-
tional, renormalizable field theory versus as-
ymptotically free gauge theories. In spite of
this we cannot choose at the present time be-
tween these two opinions. As extensive analyses
by Tung and collaborators has shown, ' there is
not yet enough range in Q' in deep-inelastic eN
and ttN experiments to distinguish (Qs)v from
y'ln(Q') with y, y' small. Both types of scale break-
ing give acceptable fits to the observed data. We
therefore consider both here.

For the eN (itN) deep-inelastic case we have,
dropping terms of order M„'/Q',
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where x=-q'/2P ~ q=q'/2P q and y=E„,QE. Let
us assume, together with many other authors, that
it is still meaningful to describe deep-inelastic
lepton-hadron production in a quark-parton-model
language even in the presence of scale breaking. ' '
Namely, we consider a Q' dependence in the parton-
model quark densities, i.e. ,

E",'(x, Q') = xP, [u(x, Q') +u(x, Q')]

+ —,
' [d(x, Q')+ d(x, Q')

+ s(x, Q') + s(x, Q') ]] (2a)

E","(x,Q') = x(&9[d(x, Q') +d(x, Q')]

+9 QXy +QXy

+ s(x, Q') + s(x, Q')]] . (2b)

Note that we have neglected the charm content of
the nucleon.

We relate I', and I', by a modified Callan-Gross
relation'

E,(x, Q') = [1 + $(x, Q') ]2xE,(x, Q') .

Throughout this work we will treat 8 as a constant,
independent of x and Q'. This cannot be literally
true since current conservation implies that (R

vanishes as Q'-0 at fixed v, and the spin- —, par-
ton model, without scale breaking, demands that
$-0 in the deep-inelastic limit Q -~ at fixed x.
Unfortunately, the experimental situation regarding
S remains quite uncertain in spite of enormous
effort. (A review, including new SLAC results,
is given in Ref. 10). In most of our calculations
we use 8=0.14 for both the proton and the neutron. "
We will occasionally indicate the sensitivity of our
results to the choice of S.

The most general form of scale breaking per-
mits a different behavior in Q' for each of the
quark densities, but such a situation allows no
predictions in absence of a detailed theoretical
model. Instead, we consider a two component form
which can be fitted phenomenologically, namely

B"(x,q Q ')

E,""(x,Q')C, (x, Qo') -E", (x, Q')C„(x,qo')'
V„(x,q, ')C (x, Q ') —V (x, Q,')C (x, Q ') '

B'(x Q' Q')

V„(x,Q ')C (x, Q ') —V (x, Q ')C (x, Q,') '

where

E "=2(Ep+E,"),

V„(x,Q') = —,', x[u„(x,Q') + d„(x,Q') ],
V~(x, Q') = —,'x[4u„(x,Q')+d„(x, Q')],

C„(x,Q') = —,', x[u,(x, Q') +u, (x, Q')

+d,(x, Q')+d, (x, Q')]

+ 9XS Xy +S Xy

C~(x, Q') =—', x[u, (x, Q') + u, (x, Q') ],
+ —,

' x[d,(x, Q') + d, (x, Q')

(8}

have readily identifiable "valence" and "sea"
terms, the latter usually symmetric in flavor.
We do not imply that there is a fundamental dif-
ference between the valence and sea distributions,
rather we regard Eg. (6) as a reasonable but
flexible parametrization which can be fit directly
to deep-inelastic electroproduction on proton and
deuterium targets. This avoids the need for and
the accompanying assumptions of the moment ex-
pansion of the structure functions, but allows more
than single- component scale breaking, as expected on
general theoretical grounds. We will discuss
below the choice of Q, and its significance in the
two parametrizations that we employ.

We have then, in terms of electroproduction
data and quark densities at Q,',

q, (x Q') =q, (x Qo')B"(x Q' Qo ) (4)
+ s(x, Q') + s(x, Q') ] .

for valence quarks, and

q.(x, Q') =q.(x, Q.')B'(x, Q', Q.')

for sea quarks. Thus

u(x, Q') = u„(x,Q,')B"(x,Q', Q,'}
+ u, (x, Q~')B'(x, Q', Qo'),

d(x, Q'}= d„(x,Qo')B "(x,Q', Qo')

+ d,(x, q, ')B'(x, q', q, ') .
Virtually all of the (scaling) quark-density models

Differences in the behavior of 8" and 8' will lead
to differences in scale breaking for deuterium and

proton targets, as well as to differences in the
Q' dependence of E, and xE, in neutrino production.

To solve for the B(x, Qn, Q,'), we combined the SLAC
electroproduction data' for x ~ 0.10 with the p.N
data from Fermilab' for @&0.10. As of now,
these data indicate some but not a large difference
between scale breaking for proton and deuterium
targets. Much better statistics in the low-x
region, particularly for deuterium data, is still
needed. Therefore, as a working hypothesis
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since it will not generate the kinematic zero in Q'
which E, must have. " Consequently, in our fit-
ting procedure for electron and muon scattering
we use no data below Q' =0.45 GeV'.

Another scale-breaking fit, advocated by Per-
kins, "and loosely associated with conventional,
renormalizable "fixed-point" field theories, '
employs an x-dependent power of Q'.
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FIG. 1. The quantity b(e= 1/x) vs m for logarithmic
scale breaking, Eq. (9). The data are obtained from
Ref. 2 (v ~10) and Ref. 3 (co &10), as described in the
text. The curve represents our fit, Eq. (10), with Qp2

=3 GeV .

»(Q'/Q. ')
1+ b x

( z/A2) 2(xI Qo ) ' (9)

We obtained values of b(x) by a least-squares fit
to the combined SLAC and Fermilab data set in
each of the 21 1II bins (111 = 1/x). The results are
shown in Fig. 1 for Q,' = 2 GeV' and A = 0.400 GeV.
The errors displayed in Fig. 1 reflect only the
experimental uncertainties.

It is convenient for our subsequent calculations
to have a simple analytic expression for b(x)
which reproduces the experimental values shown
in Fig. 1. We find that

b(x) = b, [1 —(x/x, )'],
with xo

' = 4.489, 5, = 0.804 and n = 0.6345 is quite
adequate. This parametrization is shown by the
dashed curve in Fig. 1.

In our fits to electron and muon data and in our
subsequent applications to neutrino processes it is
understood that Eq. (9) is to be applied over a
limited range of Q, namely Q, /2 & Q & 2Q, . To go
outside this range the formula is to be applied re-
cursively, "e.g. , for the range 2Q, &Q &4Q„use

ln(Q'/4Q. ')
E2(x Q ) I 1+b(x)

( 2/ 2)

&& Il+b( )
1

. A, F."(,Q, '). (9')
t' ln(4)

ln, ' A'

subject to future refinement, we take here B"
=B' =B (x,Q', Q,')

The overall behavior in x and Q' for a logarithmic
Q' dependence, suggested by asymptotic freedom,
is well fitted by

F",(x, Q') -=B,(x, Q', Q.')F".(x, Q.')

Note that this formula is invariant under re-
cursion (choice of Q, ') and therefore may be used
for all, Q, excepting again the very small Q'
region. Figure 2 shows values of f(x) which we
obtained by a direct fit of Eq. (11) to the SLAG
and Fermilab data, ' ' with Q,' = 2 GeV'. Again
it is convenient to have a simple analytic form
for f(x); we use

f(x) = a+ bx+ e/x (12)
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FIG. 2. The quantity f (+=1/x) vs + for power scale
breaking, Kq. (11).. The data are obtained from Ref. 2
(e &10), and Ref. 3 (e &10), as described in text. The
curve represents our fit, Eq. (12), with Qp =3 GeV .

with a = 0.213 24, b = -0.979 55, and & = 5.9 && 10 4.

This parametrization generates the dashed curve
shown in Fig. 2. The upward turn, owing to q w 0,
is probablya reflection of theQ' —Obehavior rather
than deep-inelastic scale breaking. In any case this
feature has no effect on our neutrino calculations
since it occurs at very high u.

The quality of the fits obtained with logarithmic
[Eq. (9)] and power [Eq. (11)]Q' dependence is
very similar. In Fig. 3 we show examples of our
fits to B~ and B~. The overall y' is the same for
the two displayed fits. Obviously one cannot say
that experiment favors one over the other. We
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where x and y are defined as before and the E",~

(x, Q') are the standard structure functions for the
V+A weak charged currents.

The statistical quality of inelastic neutrino data
does not yet permit systematic presentation of
experimental results directly in terms of the
variables Q' and x which are natural for a struc-
ture function analysis. Instead, most of the avail-
able neutrino data" "is reported as a function
of x and y for fixed incoming neutrino energy E.
This means that scale breaking, i.e. , the Q' de-
pendence of the structure functions, is revealed
as an energy dependence via the kinematic rela-
tion Q' = 2M„xy E. Often only the x and/or y mo-
ments, calculated at fixed E, are presented. This
complicates comparison to deep-inelastic eN and
p.N results, since constant E moments contain
contributions from a range of Q' including small
Q' values. For quantities which are obtained by
integrating over x at fixed E, the energy dependence
owing to scale breaking will always enter via the
combination yE. We will indicate this explicitly
in our formulas below.

Equation (13) may be rewritten

x 500
O

I

O (GeV )

60- 240 I l-

I
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I I I I I I I I

2 5 4 5

cP"" GME" 2.F"'"(.Q')
dxdy 1T

+@(x,Q')(1 -y)], (14)

FIG. 3. J'~"~ {Q ) for different +=1/x bins. The data
are from Rpf. 2 tco ~10, Figs. 3{a), 3{b)] and from Ref.
3 [z &10, Figs. 3{c), 3{d), 3{e), 3{f)]. The results of
logarithmic and power of Q2 fits are shown as solid and
broken line, respectively. The centers of the circles
show the values for E2~ {Qo = 3 GeV ) from the fits with
the radii representing the errors.

where

xE,"~(x,Q')
2xE"~"(x Q')

(,Q )-2 F.~( Q,)
(16)

emphasize, as discussed above, that in both fits
the quantity Q, has no fundamental significance.
It simply serves as a reference point for writing
formulas; no experimental predictions would change
if we changed QD. [Note, however, that the parameter
& in Eq. (9) does have real significance. ]

If we integrate Eq. (14) over x at fixed E and y, we
have

dy g

x 9. [1p& ~(yE)](y —,'y )

+ 8 "~"(yE) (1 —y)],

HI. DEEP-INELASTIC NEUTRINO SCATTERING

For the charged-current case we have, again
dropping terms of order M„'/Q',

where

Eu /v(y E J,dx xFS "(x,2M„xyE)

J,' dx 2xF"+(x, 2M„xyE}
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f,dxF, (x, 2M„yE)

f,dx 2xE," "(x, 2M„yE)

It is important to note that when scaling is violated
the y dependence of do"~"/dy is more complicated

than that given by the simple polynominal factors
in Eq. (17). (This is discussed in detail in Sec.
III E below. )

In the quark-parton model the structure functions
can be readily expressed in terms of quark dis-
tributions. For an isoscalar target (equal number
of protons and neutrons) these expressions take
the form

E;(x,Q') =
2 [u(x, Q') + d(x, Q') + u(x, Q') + d(x, Q') + 28(2M~Ey(1 —x) —W, '}s()„Q2)]'cos'8e

+ —,'[u (x, Q') + d(x, Q') + 2s (x, Q') + 8(2M„Ey(1 —x) —W,') [d()„Q')+u()„Q')P sin'8 e, (20)

F;(x, Q') = (1 +6P)(fx[u(x, Q') + d(x, Q') +u(x, Q') + d(x, Q') ]+2$,8(2M„Ey (1 —x) —W,')s()„Q')]'cos'8e

+fx[u(x, Q')+d(x, Q')+ 2s(x, Q')]+ $,8(2M&Ey(1 -x) —W,')[d()„Q')+u()„Q')]jsin'8 ),
(21)

E,"(x,Q') = -[u(x, Q') + d(x, Q') —u(x, Q') —d(x, Q') + 28(2M„Ey(1 —x) —W,')s()„Q')]cos'8

-(-u(x, Q') —d(x, Q')+ 2s(x, Q') + 8(2M„Ey(1 —x) - W,')[d()„Q') +u(F„,Q')]] sin'8e, (22)

where sin'8e=0. 05, W, =S GeV, ),=x(1+m,'/Q'),
and m, =1.5 GeV. [For antineutrinos the cor-
responding expressions are obtained by the sub-
stitutions (u, d, s) (u, d, s) and in addition the
overall sign of E," should be changed. ] The last
three parameters control the turn-on of charm
production as discussed in Ref. 22. We have
chosen to use a 8-function cutoff and the "slow"
sealing variable g„ in spite of the fact that this un-

doubtedly neglects dynamical effects, because we
have then all of the correct qualitative features:
no charm production at low energies, a scaling
charm contribution at high Q', and a transition
between the two regimes with a scale set by rn, '.
Since the neutrino data we discuss below span
the charm-threshold region it is important to have
some description of this effect. Within the accuracy.
of present neutrino data a description in terms of
(, seems quite adequate.

In making predictions for neutrino and anti-
neutrino scattering we require a set of quark-
parton distributions. We make use of three dif-
ferent sets: those of Chu and Gunion, of Fox, and
of Dao et al. ' These distributions are used with
the following modifications. We leave. the u and
d distributions unchanged, retain the form of the
s and s distributions, choose a normalization such
that s is one half of u, and neglect the charm con-
tent of the sea. We also assume that the above
distributions are appropriate for Q' =Q,'= 3 GeV'.
We find that our results are quite insensitive to
the particular choice of quark-parton distributions.

We choose for both neutrinos and antineutrinos
a constant value $=0.14 as suggested by electro-
production, "except when specifically stated
otherwise. Since almost all neutrino experiments
are analyzed assuming S=0, we must on occasion
correct for this.

To compare our results with neutrino data, we
must first understand and include the acceptance
cuts particular to each experiment. We study
here results obtained in bubble chambers:
Gargamelle (GGM), " the 15 ft bubble chamber at
Fermilab (FIMS), " and the Big European Bubble
Chamber (BEBC)", as well as results obtained
from counter experiments: the Harvard-
Pennsylvania-Wisconsin-Fermilab (HPWF)" and
the Caltech-Fermilab-Rockefeller (CFR)""col-
laborations working at Fermilab, and the CERN-
Dortmund-Heidelberg-Saclay-Bologna (CDHS)"
collaboration at CERN. Results from all of these
experiments are shown in Figs. 4-10. However,
since the experimental acceptance, and in the
case of B(E) even the definition of the quantity
presented, differs from one experiment to another,
the results from different groups cannot always be
compared directly. We therefore study the various
experiments separately when necessary.

A. Total cross sections (Fig. 4)

For exact scaling the "slopes" e"/E and e"/E
are constants. As Fig. 4 shows, the slope of the
neutrino cross section is higher in the Gargamelle
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FIG. 4. The cross-section "slopes" 0" "/E vs inci-
dent energy. The data are from CFR (Ref. 20; the dotted
circles represent high- and low-energy averages of the
same data), GGM (Ref. 15), and BEBC (Ref. 17). Our
predictions for power and logarithmic Q dependence
are shown as broken and solid curves, respectively.

low-energy region" than that measured by CFH"
and BEBC" at E~ 50 GeV where the data indicates
'either a constant behavior or a slight decrease.
Strictly speaking, given the large scatter and
statistical errors of the present measurements
even a constant behavior everywhere is not ruled
out. (Note that these data as well as the data in
Fig. 5 are corrected for acceptance losses and
therefore maybe compared directly to one another. )

Our curve for power-type scale breaking follows
the trend of neutrino data very well, showing a
rapid drop at low energy, 5&E&15 GeV followed
by a flat plateau. The behavior at low E can be
understood when one realizes that (Q') increases
from 1.5 to 3.5 GeV' over this energy interval
(Fig. 5) and that (Q2/Q, ')f with f& 1 varies rapidly
for Q'/Q, ' ~ 1 and slowly for Q'/Q, ' large. The
curve for logarithmic scale breaking shows a
small drop in the region just above the Gargemelle
data point and then switches over to a gradual rise
with increasing energy.

The antineutrino data displayed in Fig. 4 sug-
gest a constant "slope" for E& 80 GeV followed
by a slight rise above this energy. Again, an
overall constant behavior is not ruled out by
experiment. We see that the predictions of both
power-type and logarighmic scale breaking fol-
low the trend of the antineutrino data very well.
The slight rise with energy which both predict
is due to the fact that the rising antiquark contri-
bution which is flat in y, is significant addition to
the (1 —y)' contribution of'the valence quarks in the
antineutrino cross section. The analogous effect

in v"/E is much smaller since the antiquark con-
tribution is instead suppressed by (1 —y)2 com-
pared to the valence-'quark terms which are Qat
in y. The key conclusion we draw from Fig. 4 is
that although scale breaking produces energy-
dependent "slopes" for the neutrino and anti-
neutrino cross sections, the variations when
calibrated by deep-'inelastic electron and muon
scattering are quite small for either power-type
or logarithmic scale breaking. Uncertainties in
the present data greatly exceed the expected
changes in o/E with energy. We have tested the
sensitivity of these conclusions to the choice of
parton-model distributions and find that the
changes are much smaller than the scatter of the
data. Setting 8=0 in our fits produces noticeable
changes in the e/E slopes, lowering them 10-15%
for antineutrino and 5-10'%%ug for neutrino.

10:

I I I I I I I I I I I I I

40 80 120 E(GeV)

OJ

0.3—

~ 0.2—x

0.1
t

40 80 120 E{GeV)

FIG. 5. Mean momentum transfer squared, scaled
(Q2) /E and unscaled (Q2) for v/v vs incident energy
The data are from GGM (Ref. 15), FIMS (Ref. 16) and
BEBC (Ref. 17). Fits from power and logarithmic Q
dependence are shown as broken and solid curves, res-
pectively.

B. Mean squared momentum transfer (Fig. 5)

The data for (Q') = 2M+E(xy) are still very
scarce at high energies for both neutrinos and
antineutrinos. "" However, the experimental trend
shown in Fig. 5 is well approximated by both the
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power and logarthmic scale-breaking forms we
obtained from electroproduction. As remarked
above, this trend supports our understanding of
the behavior of c"/E at low energy. Again, the
predicted decrease of (Q')/2M„E with increasing
energy is insensitive to the choice of parton den-
sities. We hope that (Q') will be studied further
experimentally.
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0 CDHS
0 CFR
b BEBC
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C. The 0"/o' ratio (Fig. 6)

There exists considerably more data for the
cross-section ratio R, = a "/g" then for the indi-
vidual cross sections themselves. We show these
data in Fig. 6 but emphasize that the results from
different experiments cannot be compared directly
in some cases because of different experimental
cuts. The low energy GGM" point and the high
energy CFR" and BEBC"points are corrected
to 100%%uc acceptance as in Fig. 4.

The CDHS data" are uncorrected for an angular
acceptance cut 8 & 400 mrad and minimum muon
momentum cut P„& 5 GeV. The P requirement
translates to y ~ 1 —5/E (GeV), which cuts out the
high-y region, a region more important for neu-
trinos than antineutrinos; this gives an apparent
R, slightly higher than the true value.

The HPWF points" shown in Fig. 6 have been
corrected by this group for experimental cuts

and inefficiencies by a procedure which assumed
scaling. The two sets of HPWF points (open and
solid squares} shown in Fig. 6 were obtained using
different flux normalizations. Our curves favor
the lower version of the HPWF data but we feel no
clear statement can be made. Our attempt to
include the HPWF acceptance cuts does not re-
produce the trend shown in Fig. 6 for this experi-
ment. We hope that a new analysis of these data
will become available.

Our curves shown in Fig. 6 for both power-type
and logarithmic scale breaking are computed as-
suming full acceptance. The two types of Q' de-
pendence produce slightly different R,(E), but
both results are compatible with the combined
GGM, CFR, and BEBC data except for one high
CFR point at 125 GeV. When we increase' S.
= cz/o r from 0.14 to 0.25 we find a 5-10%%uo in-
crease in R,. Conversely setting 8=0 in our fits,
we obtain an R, value 5-10%% lower than the R,
shown in Fig. 6 which corresponds to 8=0.14.
Again different quark-parton-model distributions
give very similar results. Also shown in Fig. 6
are two curves calculated for full acceptance using
the formalism of asymptotic freedom. The dash-
dotted line is the "x fit" of Fox'4 and the dotted
line is the "ASF fit".of Buras." The similarity to
our results is notable.

When we include the CDHS acceptance cuts (as
discussed previously) in our predicted curves, we
obtain an R, which for &El 00GeV lies 5%%up above
the values indicated in Fig. 6; above 100 GeV the
curves with cuts approach the total acceptance
curves shown in Fig. 6. These predictions lie
slightly higher than the CDHS results. "

We conclude that the predicted behavior of R„
is consistent with the GGM, "BEBC,"CFR,"
and CDHS" data for either power-type or logarthmic
scale breaking parametrizations. As with other
observables, the scale breaking effects are pre-
dicted not to be large.

0.5 il- ———
~ ~ 0 Wt+ ~

~ «] ~ ~ a a ~ oAo ~ i ~ &+ ~ ~ ~ & ~ ~ ~

IP~ D. Mean value ofy (Figs. 7-9)

———(Q /Q )
2 2 f(x)

log(Q&Qp)

I

50
I

IOO

E(GeV)

I

150

FIG. 6. Ratio of antineutrino and neutrino total
charged-current cross sections. Data are from HPWF
(Ref. 18), CDHS (Ref. 21), CFR (Ref. 20), and BEBC
(Ref. 17). Fits for power and logarithmic Q2 dependence
are shown as broken and solid curves, respectively.
The dotted and dash-dotted curves are @CD asymptotic-
freedom fits from Ref. 25 and Ref. 24, respectively.

In Fig. 7 we show all of the available data""
for (y)" and (y)" along with our scale breaking
predictions calculated without acceptance cuts.
Since our logarithmic and power-type predictions
agree within 3%% over the entire energy range their
difference is too small to show in Fig. '7; the
solid curves shown in Fig. 7 apply to either model.
Also shown in Fig. 7 are the predictions of the
same two asymptotic-freedom calculations il-
lustrated in Fig. 6. Setting @=0produces a higher
(y). The effect is 10-15/0 for antineutrinos and
-2%%uo for neutrinos.

The sensitivity of model predictions to experi-
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FIG. 7. Mean value of y for v/v. Data are from FIMS
(Ref. 16),CDHS (Ref. 21), HPWF (Ref. 18), CFR (Ref.
20), and BZBC (Ref. 17). The solid curve represents
our predictions (logarithmic and power, see text), with-
out acceptance cuts. The dotted and dash-dotted curves
are QCD asymptotic-freedom fits from Refs. 25 and
24, respectively.

FIG. 8. Mean value of y for v/v obtained by CDHS
(Ref. 21). Curves are our predictions for (a) scalebreak-
ing, with no acceptance cuts (b), same but with CDHS
acceptance cuts (Ref. 21), and (c) no scale breaking, but
acceptance cuts are included and B= 0.8.

mental cuts is well illustratedby(y). Figure 7 shows
good agreement between our predictions and the
bubble-chamber data (FIMS" and BEBC)" and
partial agreement with the CFR counter data"
all of which correspond to 100%%up acceptance. The
variation in (y) below 50 GeV is mostly due to
the charm threshold whereas the slight variation
above this energy is due to genuine asymptotic
effects.

In Fig. 8 we show (y) from the CDHS experi-
ment" together with three model predictions:
(a) our scale breaking predictions (Power ox
logarithmic) with no cuts (broken line), (b) our
predictions but with the CDHS cuts e„~400 mrad
and p„» 5 GeV (solid line), and (c) no scale
breaking but with experimental cuts as in (b) and
B = const =0.8 (dash-dotted line). All three curves
and the data have the additional cut x ~ 0.6. This
latter restriction has only a very weak effect.

We see that the influence of the muon-momentum
cut is large and in the correct direction to improve
agreement between our predictions and experi-
ment. This effect is not big enough, however.
The predictions remain too high compared to the
CDHS data. However, there are puzzling features

of the published CDHS results for (y). As the
dash-dotted curve in Fig. 8 shows, the value of
(y) for antineutrinos is consistent with a scaling
fit with B =0.8, but the same picture is not con-
sistent with the neutrino results for (y). Thus
unless the published description of the experimen-
tal cuts is incomplete or unknown systematic
effects are at work, one will have to consider un-
conventional processes to cause B"to be sub-
stantially smaller than B". (See Sec. III E below. )
This feature of the published data needs clarifi-
cation.

Finally, we show in Fig. 9 the HPWF results"
and our model prediction without cuts (broken
line) and with the experimental cuts P„~4 GeV,
6~ ~ 225 mrad, and Q'&I GeV' ox W)1.6 GeV
(solid line). As in Fig. 8 all curves and data also
contain the mild cut, x&0.6. As expected, the
major effect of the muon cut is a strong decrease
of (y) at low energy which improves but does not
bring about agreement between our predictions
and the HPWF data. However, because there are
apparently large efficiency corrections for high
y events (y ~ 0.6) for the HPWF apparatus at low
energies, "the remaining disagreement belovr
50 GeV is probably not serious. On the other
hand we have no way of accounting for the very
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high values of (y)' observed in the interval 50 GeV
(E ~ 100 GeV nor the glitches observed in (y)"
above 100 GeV. Some of these effects may be
systematic as Fig. 7 suggests.

The comparison of (y) from various experiments
with our quark-parton scale breaking models is
inconclusive. Since we have seen how sensitive
the results for (y) are to the acceptances of a
given experiment, the situation will not be clari-
fied until the detailed cuts and corrections which
have been made in various experiments are fully
stated and published, and the consistency or in-
consistency of the different neutrino experiments
finally settled.

FEG. 9. Mean value of y for v/V obtained by HPWF
(Ref. 18). Curves are our predictions for (a) scale break-
ing with no acceptance cuts and {b) same but with HPWF
acceptance cuts (Ref. 18).
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I
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I
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[Note that in writing Eq. (23) we have included
charmed-quark and antiquark contributions which

in our numerical calculations and previous for-
mulas were set equal to zero. ]

We see from Eq. (23) that &B is expected to be
nonzero except for the special situation in which
strange. and charmed quarks carry equal amounts
of the nucleon's momentum [e.g. SU(4) sea]. At
presently accessible Q' the difference LQ3 should
be small, however, since only the denominator
in Eq. (23) contains the large valence contributions.
For the kinematic region close to the charm threshold
the expression for AB is slightly more complicated
but, . because it contains an explicit factor of
sin'6~, a small but in general nonzero 48 will
result. Thus on rather general theoretical grounds
we expect that M x0 but

I
AB

~

«(B"+B") through-
out the kinematic range of Q' now available.

The experimental situation regarding 8"~ is
rather complex as we now discuss. Essentially
all experimental groups assume in their analyses
that 8"=J3"; this is reasonable given the present
errors unless new quarks and/or new currents
are present. When scaling is violated, the 8
parameter [see Eq. (18)]picks up a y dependence
through Q' -Ey. Since various experiments han-
dle this problem differently, one must take their
particular methods into account, as well as the
possible presence of an (R(1 —y) term, when com-
paring the prediction for B of any scale breaking
model with experimental results.

The BEBC collaboration" defines in their

E. Shape parameter B {Fig. 10)

(23)

When scaling is exact and $=0, the y depen-
dence of do"/dy (do"/dy) is characterized by a
single constant B"(B') defined as in Eq. (18) ex-
cept that there is no energy dependence. This
constant then reflects the fraction of the target
momentum carried by antiquarks. For an iso-
scalar target and in the kinematic region well above
the charm threshold, one has (independent of IIc)

48:—B"-9,"= 4 fodxx(s —c)
f0dxx(u+u+ d+ d+ 2s+ 2c)

0.4—

0.2—

I

40
I I I

80 I 20
E(GeV)

I

I60 200

FIG. 10. The shape parameters B&, B» and B' (see
text). Data are B' from CDHS (Bef. 21), FIMS (Ref. 16),
HPWF (Ref. 18);B2 from CF (Ref. 19) and CFR (Ref.
20); B& from GGM (Bef. 15) and BEBC (Ref. 17). Our
predictions for B& and B2 (for either power-type or log-
arithmic scale breaking) are represented by the solid
and dashed curves, respectively.



18 SCALING VIOLATIONS IN ELECTROMAGNETIC AND. . .

analysis a parameter 8„
(24)

This is the only analysis which stresses that,
because of the y dependence of 8 as defined by
Eq. (18), the procedure of fitting the experimental
y distribution with a constant 8 to

d~v/v

dy
~ [I —(I +B"~)y+ (1mB "~)y'/2] (25)

f, = ,C(o" —g")/—E

and alternatively

(26)

gives a different value of B than Eq. (24). The
BEBC" and GGM" data points are shown in Fig.
10 as defined by Eq. (24). Also shown are our
predictions for B,(E) (solid curve). As in Figs.
7-9, the results for power-type and logarithmic
scale breaking differ by so little (&3%) that we
have represented them by a common curve.

The CFR collaboration employs a somewhat
different analysis. They first note that for exact
scaling and (R= 0 the numerator and denominator
of Eq. (18) can each be written in two equivalent
forms. Namely for the numerator, f, =—JdxxE, (x),
one has

~j 8(o" &")+ 6((y&"& (y&"&")" 32(c'+ o') + 7((y&"o"+ (y&'o')
'

When the errors differ, the usual y' minimization
gives a rather longer expression for B,(E).
Figure 10 shows our predictions (dashed line) for
the quantity B, calculated from Eq. (32). We note
that 8, lies systematically below 8, except at
very low energies. Although the difference be-
tween 8, and 8, is not large, Fig. 10 illustrates
the important fact that in the future when high-
precision neutrino data becomes available, great
care will be necessary in defining the 8 param-
eter, especially if scaling violations are to be
studied as a function of energy.

The GGM, "BEBC,"and CFR" results agree
with our prediction for E & 80 GeV and, given the
large errors, also at higher energies. We note,
however, that above 80 GeV the BEBC and CFR
data systematically lie below the predictions for
8, and 8,.

In this connection it is interesting to consider
the effect of 6t= v~/o r on the determination of the
8 parameter. For this purpose we may neglect
scale breaking corrections and assume 8"=8"
—=B. A nonzero value of 8 introduces an additional
(1 —y) term in both do"/dy and der'/dy. With the
help of Eq. (1V) it is easy to show

(27) B,=B/(1+ —,'6t), (33)

where

C = v/(O'M, ) (28)

and similarly for the denominator, f, =—fdxE, (x),

f, = 4~(~'+ ~")/B (29)

f.= —", ~((y&"~"+ &y&'o")/E. (30)

B.(&) =- f.(&)lf.(B). (31)

The CFB values for this quantity are indicated in
Fig. 10.

For the case in which the errors of o" " and
(y)" " are of the same size, this procedure cor-
responds to

In the presence of scaling violations all four of
the observables c" "/E and (y)" ' develop a weak
energy dependence and the equation pairs (26),
(27) and (29), (30) are no longer equivalent. Using
just the total cross sections would give the quantity
B,(E) discussed above with the BEBC results.
Instead, CFR do a best fit to Eqs. (26) and (27)
to determine a quantity we call f,(E) and similarly
do a best fit to Eqs. (29) and (30) to determine a
second quantity f,(E). In terms of these one may
define

whe~e 8, is obtained from the total cross sections
via Eq. (24) and B from Eq. (18). We see that for
a given B= -fdxxFgfdxF» the value of B, is
10%%uo higher when we assume 6t=0 than is the case
for $= 0.14. Thus decreasing the value of (R used
in calculating the curve for 8, shown in Fig. 10 .

will tend to worsen the agreement between our
predictions and the BEBC and CFR data. The
same effect occurs for 8,.

The CDHS, "FIMS, "and HPWF'8 published
values of the 8 parameter correspond neither
to 8, nor 8,. Instead, these groups report the
best fit value for the parameter obtained by fit-
ting Eq. (18) to their experimental y distributions,
ignoring the yE dependence of 8 which will be
present with scale breaking. For purposes of
identification we will refer to parameter 8 ob-
tained in this manner as 8'. This procedure, while
adequate fo~ identifying the presence or absence
of scale breaking, is not suitable for quantitative
studies since the E dependence observed in B'
has no clear significance.

The CDHS, "FIMS, "and HPWF" values for
8' are shown in Fig. 10. The FIMS points" are
for B'", the CDHS" and HPWF" points are ob-
tained under the assumption 8'"=8'". It is vir-
tually impossible to show model predictions for
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the quantity B', since the experimental values
correspond to fitting the data with a functional
form which is not always consistent with theory
or the data itself. " Thus the comparison of the
CDHS, FIMS, and HPWF data points in Fig. 10 with
either of the cu'rves in Fig. 10 is only qualitative
and disagreement, when present, has no clear
significance. . It is clear from Fig. 10, moreover,
that the present situation for B' is dominated by
disagreements between the various experiments,
all of which report to have used the same method
to obtain B'. This needs to be clarified. We
advocate that experimental results in the future
not be presented by means of the parameter B',
since, as described above, it has no clear the-
oretical meaning.

IV. SUMMARY

We have examined scaling violations in charged-
current neutrino and antineutrino inelastic scat-
tering by means of a phenomenological procedure
using input data from muon and electron scat-
tering. ' ' We conclude that in spite of the intel-
lectual attractiveness of asymptotically free QCD
the experimental data examined here do not yet
demand it. Both power-type and logarithmic

scale-breaking forms give acceptable and similar
descriptions in the presently studied energy re-
gion. "" The global variables (i.e. , those integrated
over x and y) v/E, (y), and (Q')/E, for which the
most experimental data is available, ""are
predicted to have only a very weak dependence on
the neutrino (antineutrino) energy E A.t present
the experimental uncertainties permit only a
qualitative confirmation of this energy dependence.
Quantitative analysis will require very precise
measurements of global variables or measurements
of structure functions at fixed x, something which
has only recently become a real possibility. "
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