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ABSTRACT

Inclusive neutrinc and antineutrino charged current interactions were stu-
died in the CHARM detector exposed to neutrino and antineutrino Wide Band Beams
of the CERN 400 GeV SPS. The x and Q? dependence of the structure functions F,
and xF; and of the antiquark momentum distribution q were determined.

The data have been interpreted in terms of QCD theory using the Furmanski-
Petronzic method. In this way we have determined ALO= [190 *7%/_,, (stat) £ 70
(syst)] MeV and the structure functions of quarks and gluons without specific

assumptions on their analytic dependence.

The results agree with previous experiments which relied on model assump-
tions in the analysis. We conclude that the model independent simultaneous ana-
lysis of the xF;, Fp, g structure functions gives a more reliable determination

of the gluon distribution in the nucleon.
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We report on a study of the nucleon structure functions F, and xF, and the
antiquark distribution measured as a function of x and Q?, based on neutrino and
antineutrino scattering on an isoscalar target. We analyzed the observed scaling
violations, which manifest themselves as a characteristic Q% -dependence of th~
quark and antiquark structure functions, in the framework of quantum chromody -
namics. This theory predicts that the interaction of gluons with quarks which
binds the hadrons also leads to scaling violations in the structure functions by
gluon bremsstrahlung and by quark-antiquark pair production by gluons. The ex-
perimentally observed ? dependence of the structure functions is directly re-
lated to the gluon momentum distribution. We used these measurements to deter-

mine the magnitude and the shape of the gluon distribution in the nucleon.

The data presented here were obtained using the CHARM fine-grain calorime-
ter exposed to the CERN 400 GeV SPS wide-band neutrino and antineutrino beams,
providing high event-rate and covering a large neutrino energy domain. These
features, combined with the capability of the detector to measure shower ener-
gies as low as 2 GeV, make it possible to explore a more extended kinematic re-

gion than in previous experiments.

Details of the apparatus and of its performance may be found in Ref.(1).
The fine-grain target calorimeter consists of 78 equal subunits of marble plates
( CaC0O; ), scintillators and proportional drift tubes, surrounded by an iron
frame magnet which serves as a calorimeter and muon spectrometer (*). The ca-
lorimeter is followed by a forward muon spectrometer consisting of iron disks

with a toroidal magnetic field. Both the frame and the end magnets are

(#*) In the antineutrino runs only two out of the four sides of the iron frames
are magnetized in order to produce a dipolar field for simultaneous measure-

ments of muon polarization.



instrumented with proportional drift tubes. We summarize the experimental reso-

lution of the detector for the quantities used in the present study:
. ) 1/2
1. Hadronic energy: G(Eh)/Eh ~ O.53/(Eh/GeV)

2. Muon momentum: G(pu)/pu ~ 15 to 20%

3. Muon angle(“): U(Bu) ~ 5 mrad for 50 GeV muons

2 mrad for 150 GeV muons

The electronic trigger of the experiment required that at least four scin-
tillator planes were hit and a total ionization energy larger than that produced
by a 2.0 GeV shower was recorded. A long, penetrating track was required as a
candidate for a muon.

This trigger is fully efficient for charged current neutrino interactions

satisfying the following selection criteria in the analysis:

1. The interaction vertex lies within a fiducial volume covering a square
of 240 x 240 cm? around the beam axis, and extending from plane 4 to 60,

corresponding to a target mass of 82 tons.

2. The event contains no charged tracks entering the front or the side of
the detector.

3. The event has a track identified as a muon associated with the interac-
tion vertex. A track is defined as a muon if it shows no evidence of in-
teraction and has a range corresponding to more than 1.0 GeV/c from the

vertex.

(**) The resolution of the angle of muon tracks is averaged over event topolo-~
gies and it includes the multiple scattering of the part of the track inside

the shower.
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4. The total energy of the event measured in the detector is larger than 10
GeV and smaller than 200 GeV.

In addition we required a fit of the muon trajectory observed in the spec-
trometers, selecting only the right-sign muons with a momentum larger than 2
GeV/c. To minimize the antineutrine {neutrino)-beam background in the neutrino
(antineutrino) sample, events with a large computed error in the muon fit were
also rejected. The final sample of events which passed all the selection crite-

ria consists of ~ 50,000 neutrino and ~ 110,000 antineutrino events.

We obtained the momentum distribution functions of quarks and antiquarks in
the nucleon by combining the two-dimensional event distribution in X and Q* for
neutrinos and antineutrinos. In the analysis we assumed the validity of the Cal-

(2) (3)

lan-Gross relation i.e. Fp = 2xF;. Fermi motion and radiative correction

effects have been taken into account in the following analysis.
To obtain the momentum distributions one needs to know:

1. the relative shape of the meutrino and the antineutrino energy flux dis-

tributions;
2. the acceptance of the detector as a function of the relevant variables;
3. the effects of the experimental resoluticns.

For point (1), we calculated the expected energy distribution of the beam

using a Monte Carlo simulation of the beam optics combined with measurements of

(4)

served distribution of the total neutrino energy. We assumed, based on our pre-

the parent spectra This predicted spectrum was then compared with the ob-

vious measurementscs),that

0. V= 0.604-Ev-10-38cm2/GeV .. = 0.301~Ev-10—38cm2/GeV

cC CC

over the energy range covered by this experiment {10-200 GeV),and

= v v - +
r = 055 /g = 0.498 £ 0.019



and used the predicted spectrum as input to a calculation which simulated the
response of the apparatus. The comparison of the resulting spectrum with the ob-
served neutrino energy distribution was then used to produce a refined predic-
tion of the input spectrum. The simulation, together with our assumption on the
ratio of the cross sections, also gives the relative normalisation of the neu-
trino and antineutrino event samples. We estimate a systematic uncertainty in
this determination of the order of 4%. The Monte Carlo simulatiomr used to eval-
uate the effects of the acceptance (point 2) and the finite resolution (point 3)
was based on the measured resolutions and on the experimentally determined fit-

ting efficiency for several topologies of the muon track.

The main problem of the analysis is connected with point (3) as a two di-
mensional unfolding of the experimental resolution is required. This problem is
usually solved (see for example ref.(é)) by assuming a.model for the structure
functions as input for the Monte Carlo simulation. Comparing the input with the
smeared output distribution, a correction factor for each two-dimensional bin

can be determined.

The CHARM collaboration has developed a different method which makes use of
a two-dimensional B-spline technique to determine resoclution-unfolded functions
representing d%o/(dx-dQ?). This procedure has the advantage to be to a large
extent model independent, but makes the interpretation of the results more dif-
ficult and their comparison with theoretical predictions less direct because the
contents of the (x,Q?) bins are correlated. Furthermore, although both methods
work on the experimental distributions in Eh and x, the spline technique allows
an analytical transformation from F(x,Eh) to F(x,Q?), while for the first method

only the mean value of Q2 for each bin can be computed.

The resolution-unfolded functions representing d?cv/(dx-dQ%) have been ob-
tained with the B-spline method following the recipe given in Ref. (7) for ana-
lysing the narrow band beam CHARM data. The results for F,(x,Q2) and xF;(x,Q?)
are shown in Figs. la and 1b. The error bars also include the propagation of

errors of the unfolding procedure. The trend of the two structure functions
shows the well known shrinking with increasing (®, already observed in previous
experimentscs).
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In addition, the high statistics of this experiment makes it possible to
determine the antiquark distribution function q(x,Q%), which we extracted from

the antineutrino data at large y, using the relation
q(x) = d26%/(dx-dy) - (1-y)?-d%c"/(dx-dy)
for data with v 2 0.6. The results are shown in Fig. lc.

The interpretation of structure functions in terms of QCD predictions re-
quires the integration of the Altarelli-Parisi equations(g). These equations al-
low the determination of the structure functions at any value of the evolution
variable t « 1n as(Qz)/as(Quz) once one knows the distributions of quarks and
gluons at some Qe¢? (t=0). Introducing 6(x,0),V(x,0),8(x,0) as the gluon, the
valence quark and the sea quark x-distributions at t = 0, respectively, the ex-

perimental distributions can be expressed as:
xF3(x,Q%) = Ey(x,t)eV(x,0) (1.1)
Fo(x,Q%) = EFF(x,t)®[V(x,0)+S(x,O)]+EFG(x,t)G>G(x,O) (1.2)
2E(x,Q2)=[EFF(x,t)-Ev(x,t)]@V(x,0)+EFF(x,t)@s(x,0)+EFG(x,t)@G(x,0) (1.3)

where the © symbol denotes a convolution integral and Ev(x,t), EFF(x,t),
EFG(x,t) represent the evolution of non singlet (valence) quarks in themselves,
of singlet quarks in singlet quarks and of singlet quarks in gluons respective-
ly; they are determined by the Altarelli-Parisi equations once the scale parame-
ter A is fixed. V(x,0), S(x,0) and G(x,0) are not computable in the framework of
perturbative QCD and have to be extracted from the experimental data together
with A. Several numerical methods have been developed and used so far. They all
require an explicit input parametrization of the x dependence of V{(x,0), S(x,0),

G(x,0) at the reference value Qo”.

A different approach has been recently proposed by Furmanski and Petron-
zio(lo),in which the analytical solution of the evolution equations is given in

the form of a series of Laguerre polynomials in the variable y=In(1/x), without



any prior knowledge of the particular analytic form of the x dependence of the
functions V,S5 and G.

From Eq. (1.1) one notices that V(x,0) can be determined from xF,;(x,Q?) al-
one. In this way a value of A can be extracted independently of § and G. The
fit was performed to leading order using the data with x > 0.03 and Q* 2 3 GeV?,
assuming contributions from four quark flavours and introducing the condition
xF,(x) = 0 for x = 1. The results of the fit are shown in Fig. la as continuous
lines. The value of ALO obtained from the best fit, including all corrections is
Aty = (187 *1307 110) MeV.

Because of the small number of parameters involved, the systematic uncer-
tainties in the wvalue of ALO can best be studied for xF;. We estimated the unc-
ertainty by performing fits with different assumptions. The results are shown in
table 1. We note that the more restrictive cut Q2 2 10 GeV? does not change
substantially the results of the fit, giving a value of Arg = (185 TR0 o)
MeV. From the first part of Table 1 we can estimate a global systematic uncer-
tainty of 70 MeV. The final value of ALO estimated from the non-singlet struc-

ture function is:

ALO = [187 4130/_110 (stat.) +70 (Syst.)] MeV

From the fitted distribution of xF; we evaluated the Gross-Llewellyn Smith

sum-rule 1) and found , at Q* = 10 GeV?:
1
J Fi(x)-dx = 2.56 + 0.41
0 be7s

1

QCD predicts a wvalue of 3-(1 - as/ﬂ)

mental value.

2.8, in good agreement with the experi-

We determined the gluon.structure function by analysing simultaneously the
three data sets appearing on the left hand side of Eq. (1). Different values of
ALO lead to different expressions for V(x,0). We then introduced V(x,0) and the



corresponding ALO value in Eq. (1.2) and (1.3) and fitted simultaneously G(x,0)

and S(x,O)(*). We assumed S(x,t) = 0 for x 2 0.5 . Consequently, G(x) and
V(x) do not rely directly on data with x 2 0.5, where the effects of Fermi mo-
tion and of experimental resolutions are large. In this way each value of ALO
corresponds to a set of distributions for V, G and S, and a total x* value can
be evaluated by comparing the right hand side of Eq. (1) with the data. From
this x? curve we can estimate

A 190 *7°%/.,, (stat.) 70 (syst.)] MeV

1o = |
in good agreement with the results obtained from the mnon singlet structure func-
tion alone. QCD is predicting small deviations from the Callan-Gross relation.
Allowing for R = (2xF,-F,)/2xF,) = 0.1 in the analysis, we found no significant
change of the best value of ALO'

The resulting fit is shown in Fig. 1b and lc as continuous lines. In Fig 2
the x-dependence of the structure functions of the valence quarks, the sea
quarks and the gluons are shown at different values of Q?, as determined by the
fit. Changes of the gluon structure function induced by reducing the antineu-
trino over neutrino flux ratio by its estimated uncertainty (4%) and by assuming
R = 0.1 are shown in Fig. 3. We note that these variations hardly exceed the

statistical uncertainties.

In summary, we have determined the structure functions F, and xF; and the g
distribution using the B-spline technique. Using the Furmanski-Petronzio ap-
proach we have determined the ALO parameter and the gluon momentum distribution
in the nucleon. This picture of the nucleon structure is obtained for the first
time without specific assumptions on the shape of the structure functions, both
in the unfolding of the experimental resolutions and in the comparison with the

Altarelli-Parisi QCD equations. The results agree with previous

(%) We assumed an SU(3) symmetric sea. The uncertainty introduced by this as-

sumption is estimated to be small by other analysis(7’12).



(8,12) which relied on model assumptions in the analysis. We con-

experiments
clude that this model independent simultaneous analysis of xF;, F, and g struc-
ture functions gives a more reliable determination of the gluen distribution in

the nucleon.
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TABLE 1

Sensitivity of ALO from xF; fit to changes in the analysis.

Systematic uncertainties AALO

v/¥ flux ratio * 4% i 62 MeV
v beam shape + 5%C°) + 33 MeV
% beam shape % 5%(°) + 5 MeV
Change in the analysis AALO

Q% 2 10 GeV? (imstead of 3 GeV?) - 2 MeV
W2 2 5 GeV? - 30 MeV
No radiative corrections - 24 MeV

(*) The beam shape has been varied by a multiplicative factor w = 1 * «-E {GeV)
corresponding to a maximum variation of 5% at E = 200 GeV.
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Fig. 1.
Fig. 2.
Fig. 3.

FIGURE CAPTION

Observed Q%-dependence for xF; (a), F, (b) and q (c¢) for different x
intervals. The error bars also include the propagation of errors of
the unfolding procedure. The continuous curves are the results of the
model independent QCD fit described in the text.

68% confidence contour of the x-dependence of valence quark (V), sea
quark (S) and gluon (G) structure functions determined by the fit at
Q? = 3,10,20,50 GeV?Z.

Changes of the gluon structure functiom at 0% = 10 GeV? by reducing

the antineutrino over neutrino flux ratio by its estimated uncertain-
ty of 4% (dashed line) and by assuming R=(2xF,-F,)/2xF,;=0.1 (dotted
line). The full lines represent the best fit of the gluon distribu-

tion and one standard deviation of the statistical uncertainties.
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