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Data are presented on the Gross— Llewellyn Smith sum rule obtained from combined
narrow-band neon and Freon bubble-chamber neutrino-antineutrino experiments. Re-
markably no significant deviation from the parton-model prediction for the sum rule
is observed at very low values of ¢?<1 GeV?. Limits on the effective QCD scale param-
eter A and on the magnitude of the twist-4 correction are set. The best fit, neglecting
higher-twist contributions, gives A= 92# MeV.

PACS numbers: 13.15.Em, 12.35.Eq

In the quark-parton model the neutrino-nucleon
structure function F, measures the difference of
the x distributions of the quarks and the anti-
quarks in the nucleon:

dN, _ dNgz

e dx (1

Fax) o=

where x is the usual Bjorken scaling variable,
The integral of F, measures the number of “va-
lence quarks” per nucleon, equal to three in the
quark model:

1
]OFS(x)dx = N,-N;=3 valence quarks. (2)

@
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This relation, originally derived from current
algebra, is known as the Gross-Llewellyn Smith
(GLS) sum rule.!

In QCD the GLS sum rule remains valid in the
leading log approximation, but in higher order it
acquires a correction proportional to the strong-
coupling constant aj,>*

~ 1 a K2
J, Fole)ax =3 (1 -t F)’ (3)

where a,=127/(271ng?/A%) and A is the effective
QCD scale parameter, known to be of order a few
hundred megaelectronvolts. In general (as in

the case of the higher moments, N =2) there will
also be 1/¢® power corrections due to the pres-
ence of higher twist terms (twist >2). In Eq. (3)
the term «2/¢® represents the twist-4 correction.
In the case of the N=1 moment (in contrast to the
case of the higher moments), theoretical argu-
ments*® predict that the twist-4 correction will
be particularly small, Thus it might be expected
that measurements to test the validity of the GLS
sum rule (particularly at low ¢? would provide
definite evidence for the presence of the higher-
order correction [Eq. (3)] and provide informa-
tion on A.

Figure 1 shows the data on the GLS sum rule
from the combined BEBC (Big European Bubble
Chamber) narrow-band neon and the GGM-PS
(Gargamelle —proton synchrotron) freon neutrino/
antineutrino experiments plotted versus ¢®. The
errors shown are statistical only and do not in-
clude various systematic errors which are dis-

¢ BEBC/GGM-PS (N=I Nachtmann moment of xFj )

— — Parton model prediction

100
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FIG. 1. Data on the Gross—Llewellyn Smith sum
rule from the combined BEBC narrow-band neon and
GGM-PS freon neutrino/antineutrino experiments plot-
ted vs g% (errors shown are statistical only). The
quantity plotted is the N =1 Nachtmann moment of Fj.
The broken line is the parton-model prediction and the
solid curve represents the QCD prediction [Eq. (3)].

cussed below. Details of the event sample togeth-
er with a complete account of the methods and
assumptions used to extract F; are published
elsewhere.®

In Fig, 1 the quantity plotted is actually the N
=1 Nachtmann moment of F, as given by Wand-
zura,”

fgmaxF @B+m?e2/q®) (1 +m£/q°)
0 : 3 (1-m?£2/q%)

computed in terms of the Nachtmann variable, £
=2 /|1 +(1 +4m??2/¢?)"?|. For comparison with
theoretical predictions, the Nachtmann definition
[Eq. (4)] is preferred to the simpler Cornwall-
Norton definition |Eq. (2) | because Nachtmann
moments correctly account for kinematical scal-
ing violations due to the target nucleon mass m.
For ¢®>1 GeV? this choice has essentially no ef-
fect on the experimental result for the sum rule.
For lower ¢% however, the two definitions differ
appreciably and for ¢®~0.1 GeV?, for example,
the Cornwall-Norton definition would give a larger
result for the sum rule by about a factor of 2,

Elastic events, for which £=£,,=2/[1+(1
+4m?/¢?)"?), have been included in the evaluation
of the integral |[Eq. (4)] with the assumption of
dipole forms for the vector and axial-vector form
factors F, and F,; xF,=F,F, F,=4.711/(1+q¢%/
0.71)%, F,=1.22/(1+4¢%/0.90)%. In Fig. 1 the con-
tribution of the elastic events is shown separate-
ly. The contribution of A production is qualita-
tively similar and the elastic and A-production
events together contribute most of the integral at
q*~0.1 GeV?,

In Fig. 1 the broken line indicates the parton-
model prediction [Eq, (2)]. On the basis of Fig, 1
we conclude that the data are broadly consistent
with the prediction from the parton model. Simi-
lar conclusions have been drawn from previous
data.®® More remarkably we observe that the
data show very little evidence for appreciable
deviations from the parton-model prediction even
at very low values of ¢* (¢® <1 GeV?) where elastic
and quasielastic processes make important con-
tributions to the cross section. Before drawing
quantitative conclusions, however, we discuss
some experimental problems to which attention
should be drawn.

Firstly, a determination of the absolute magni-
tude of the neutrino structure functions requires
a knowledge of the incident neutrino flux. The
neutrino flux determination depends on measure-
ments of muon fluxes in the neutrino shielding
performed with solid-state counters and on meas-

dg, (4)
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urements of the K/7 ratio for the parent meson
beam. For the BEBC narrow-band runs the
uncertainty in the flux is 4% -5% (Ref. 9) while
for the GGM-PS runs in the wide-band beam the
corresponding uncertainty is 7%-12% (Ref. 10)
depending on the energy. Thus in addition to the
statistical errors shown in Fig. 1 there is an
overall systematic error on the inelastic con-
tribution of ~+10% at low g falling to ~+5% for
g2 1 GeV?3,

Apart from flux errors, one other fundamental
difficulty arises when an attempt is made to test
the Gross-Llewellyn Smith sum rule experimen-
tally. The point is that at fixed ¢® there is a
minimum value of & &y ~¢%/2mE ., which is
accessible experimentally (E ¢ is the highest
available neutrino energy). While it is possible
to give an experimental estimate for the integral
between the limits £, and £.,,, any estimate for
the complete integral [Eq. (4)] necessarily invol-
ves a model-dependent assumption about the be-
havior of F, at small x. In this analysis we have
replaced the integral [Eq. (4)] by a summation
over bins of width A¢=0.1 and quote an estimate
for the complete integral for those values of ¢°
for which &5, is appreciably less than 0.1, The
contribution to the integral coming from a particu-
lar bin is computed from the data multiplied by a
correction factor which takes account of the dis-
tribution of the events within a bin. These cor-
rection factors are computed from the neutrino
spectrum and the cross-section formulas with
the assumption of specific functional forms for
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FIG. 2. The N=1 Nachtmann moment of F; plotted
VS £ min showing the convergence of the Gross—Llewel-
lyn Smith sum rule for various ¢? intervals.
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the structure functions. The contribution to the
integral coming from the first bin (£=0-0,1) has
been evaluated under the assumption that x £,
behaves like x%° within the bin (an approximate
x/? dependence at small x, independent of ¢, is
expected on theoretical grounds®!). Figure 2
shows the data for the integral Eq. (4) evaluated
between limits £,; and &, treating £.; as a
variable for three different ranges of ¢°. The
convergence of the sum rule is clearly very slow
particularly at high g% For ¢2=10-20 GeV? al-
most two thirds of the integral comes from the
first bin. In order to demonstrate the sensitivity
of our results to the assumed form for xF, at
small x we have varied this form within the lim-
itg x%5*%1  This yields a “model” error which
is comparable in magnitude to the statistical
error and the flux error as summarized in Table
I. Note that in Table I and in Fig. 2 the data have
been averaged in Ing® as recommended by
Schrempp and Schrempp. 2

In conclusion, in view of the several problems
discussed above, very little attention should be
paid to the precise placing of the high-¢? points
with respect to the asymptotic predictions (Fig.
1), except insofar as the data are consistent with
these. However, the more remarkable conclu-
sion, that the data show very little evidence for
any ¢° dependence of the integral even at very
low ¢?, still stands.

We have performed fits to the data of Fig. 1
using Eq. (3) and taking into account both statisti-
cal and flux errors. Good fits are obtained with
very small values for A and « (x2 per degree of
freedom —11,3/11 as A, k- 0), Figure 3 shows
the 90%-confidence contours versus A and « (for
both positive and negative «®) as a function of the
lower g2 cut applied to the data. The contours
are represented by broken curves for those re-

TABLE I. Results for the complete integral [Eq. (4)]
showing statistical and flux errors together with an
estimate for the uncertainty arising from model-de-
pendent corrections.

Complete
integral [Eq. (4)] Flux “Model”
q% (GeV? + statistical error  error error
0.02-0.10 2.31+0.44 +0.12 +0.10
0.10-1.0 2.70+0.21 +0,19 +0.16
1-10 2.89+0.33 +0.20 +0.23
10-20 3.13+0.48 +0.15 +0.28




VoLUME 50, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JANUARY 1983

EXCLUDED
THEORETICALLY 2

K GeV (K2 positive ) —

— K GeV (r<2 negative )

08 1) q2>0.02 Gev2 |
2 2
- ) q >.0426ev
M) o2 > iGev?
1 | 1 L 1
0O 02 04 06 08 10O

A GeV —

FIG. 3. 90%-confidence contours for A and k (see
text) as a function of the lower ¢?2 cut applied to the
data. The contours are shown by broken curves when
a /7 (or | k%|/q® > 1. The shaded region represents
the theoretical bound due to Ellis, Furmanski, and
Petronzio (Ref. 13).

gions of A and « for which a /7 (or |«?|/q% >1.
In this case Eq. (3) is unlikely to be a sensible
theoretical approximation and the corresponding
bounds on A and k are not considered to be physi-
cally relevant. A theoretical bound on the twist-
4 correction has been given by Ellis, Furmanski,
and Petronzio.’® The twist-4 correction is
bounded such that «® <%m?M,/M,, where M,/M,
is the ratio of N=3 to N =1 Nachtmann moments
of xF,. In this experiment we measure M,/M,

to be in the range 0.03-0.08 depending on the
value of g% (Ref. 6). In Fig. 3 the region excluded
by the theoretical bound is represented by the
shaded area. On the basis of the data shown in
Fig. 3 we conclude that A, | k| < 350 MeV, allow-

ing for a partial cancellation of the higher-order
and higher-twist corrections, In view of the near
saturation of the sum rule by elastic and quasi-
elastic events at low ¢ the small value obtained
for the twist-4 parameter k should perhaps be
considered surprising. We emphasize that the
above bounds are independent of theoretical as-
sumptions regarding the x dependence of the
higher -twist contribution.

Finally, we note that acceptable fits are also
obtained using Eq. (3) but with no higher-twist
correction (i.e., k=0). The best fit with all the
data (¢%>0.02 GeV?) gives A=9212 MeV (xZ per
degree of freedom =8,1/12),
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