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ABSTRACT

We present differential cross—sections dc/dy corrected for resolution and
acceptance, for events induced by both the neutral- and charged-current inter-
actions of neutrinos and antineutrinos. They are based on 8553 neutrino and 3578
antineutrino events obtained using the CHARM fine-grain calorimeter in the CERN
200 GeV narrow-band beam. From these differential cross-sections we demonstrate
that the coupling stremgth of the weak neutral current to the strange quark is
compatible with being equal to that of the down quark. Assuming this equality we
then describe the weak neutral current in terms of one parameter, sin® 8, which
we find to be 0.222 + 0,016, The charged-current differential cross-sections
yield values of the fractional momentum—weighted content of the nucleon for non-
strange (0.12 + 0.04) and strange (0.06 % 0.04) sea quarks.

Furthermore, from the strength of the allowed y° term in the neutral-current
differential cross-sections we put a limit of 3% on the presence of scalar or
pseudoscalar contributions to the weak neutral current. This can alternatively
be expressed in terms of the Callan—-Gross violation parameter R, where we find

R =0.10 = 0.10.



We have already reported [1] on the total inclusive cross—-sections of neutral-
current (NC) and charged-current (CC) events induced by both neutrinos and anti-
neutrinos scattering on an isoscalar target (CaC0,), and from these have deduced
values of the coupling constants of the neutral weak hadronic current. In this
paper we report on the differential cross—-section do/dy determined from the
hadron-energy distribution of these events.

Together with a knowledge of the neutrino beam spectrum, the hadron-energy
(Eh} distribution of the events allows one to infer the form of the differential
cross—section of the events in the inelasticity y = Eh/EV' The differential
cross—-sections for both NC and CC events are directly related to the space-time
structure of the weak current involved. They give the admixture of vector (V)
and axial-vector (A) couplings and may indicate the presence of any scalar (S) or
pseudoscalar (P) terms. In addition, they yield informafion on the antiquark
content, both strange and non-strange, of the nucleon.

Previous experiments [2—5] have investigated the space-time structure of the
neutral current by means of the hadron-energy distributions. In this paper we
present, for the first time, the acceptance—corrected, resolution—unfolded dif-
ferential cross-sections do/dy.

The present experiment was performed using the CHARM electronic neutrino de-
tector in the CERN 200 GeV/c narrow-band neutrino beam [6]. Details of the appara-
tus may be found in another paper [7], and ref. [l] describes the beam layout and
monitoring. Briefly, the detector consists of a 180 t marble-scintillator sampling
calorimeter. This is surrounded by an iron window-frame magnet, also equipped
as a calorimeter, and is followed by a torcidal iron muon spectrometer. Planes of
proportional drift tubes measure muon trajectories in the whole apparatus and are
used for shower-energy sampling in the iron regions.

The narrow-band beam selects and focuses a momentum band of pions and kaons,
produced at 0° by interactions of 400 GeV/c protoms on a beryllium target, the
central momentum being known to 1%Z. These parent piomns and kaons are allowed to

decay in a 300 m long decay tumnel, which is followed by a2 410 m long iron and



earth shield to range out the decay muons. The two-body decay kinematics of the
kaons and pions lead to a dichromatic meutrino-energy spectrum at the detector.
In the narrow-band beam there is a well-defined relationship between the neutrino-
energy spectrum and the radius of the interaction vertex in the detector, up to
an ambiguity caused by the presence of neutrinos from both pion and kaon decays.
The neutrino-energy spectrum at a given radius is governed by the production
spectra of the secondary kaons and pions, the characteristics of the magnetic
focusing channel, and the geometry of the decay tunnel. These parameters are
well known [1] and allow one to calculate (via a Monte Carlo calculation) the
beam—energy spectrum. Pigure 1 shows the beam spectrum calculated for a radius
of 80 cm in the CHARM apparatus. In the CHARM detector the interactiom vertex of
an event is measured with a typical resolution of 3 em at 50 GeV. This accuracy
allows us to fully exploit the energy-radius relationship of the beam.

The data sample comprises those events, with hadron-emergy deposition above
4.0 GeV, lying within a fiducial volume chosen to minimize the background of events
induced by neutrinos from decays before the momentum slit and to maximize the dis-
crimination between NC and CC events. The numbers of events, before background
correction, are given in table 1, The backgrounds for which corrections are needed
fall into two general classes, namely event misidentification, leading to con—
fusion between the classes NC and CC, and events induced by the non-narrow-band
component of the beam. A full discussion of the event-selection criteria and
background evaluations may be found in ref. [1].

For CC events all the initial energy (Ev) appears as visible energy in the
final state, i.e.

Ev+M=Eu+M+Eh , (1)

and the ylvalue of the event is unambiguously defined by

E

where M is the nucleon mass and EU the muon energy.
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For NC events EU is replaced by E¢, the outgoing neutrino energy. The latter
is obviously not an observable and one must resort to the knowledge of the incoming
neutrino—energy spectrum and its radial dependence, Since the neutrino energy
for a given event is only known to the level of the inherent beam spread and am-—
biguity, an unfolding procedure is necessary.

The approach used here was to determine that form of the differential cross-
section do/dy which yielded the best fit to the measured event distribution

dzN/dEhdr as a function of E, and the radius r of the interaction point in the

h

detector. Assuming a total cross-section rising linearly with-Ev, then

d®N  _ do
_—---dEhdr = fF(E\),r) I €, (3)

where F(Ev,r) is the calculated neutrino flux. The differential cross-section
do/dy was parametrized as a limear combination of bell-shaped functions (B-splines),
bi(Y):
= = E: aibi(y) . (4)

i
The width of the bi(y) was chosen to be equivalent to a histogram bimning of 0.1
in y *). This representation involved no a priori assumption concerning the shape
of the unfolded differential cross-section, merely that it varies smoothly over an
interval in y of the order of the experimental resolution, The unfolding con-

sisted of determining the coefficients a, in

B
S [h]
Todr Z aifbi T F(E ,r) dE, (5)
i

by a maximum likelihood fit to the experimental distribution, taking into account
the magnitude and shape, in Eh and r, of all backgrounds [1]. The integrals over
the meutrino flux were numerically evaluated taking account of the experimental
resolutions in r and Eh. These integrals can be considered to give the shape of
the contribution to dzN/dEhdr from each bin in y, while the coefficients a; give

the relative magnitudes of these contributioms.

*) More specifically the knot distance was chosen to be equal to 0.1. This im-
plies that the bi(y) cannot represent structures finer than 0.1 in y.
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Finally, the value of do/dy, averaged over each bin, was evaluated by inte-
grating the parametrization in eq. (4). The resulting unfolded differential cross-
sections for both CC and NC events are showm in figs. 2a and 2b, respectively;
the CC distribution incorporates radiative corrections [8]. We emphasize that
both the CC and the NC differential cross-sections have been obtained in exactly
the same fashion, the primary muon in the CC events being used solely for event
classification.

In unfolding a distribution measured with finite resolutioms, negative cor-
relations are necessarily introduced between adjacent bins. Representing the
distribution by spline functions rather than step functioms (a histogram) reduces
these correlations. Nevertheless, in fitting a theoretical expression to the un-
folded distributions, the complete covariance matrix must be used in calculating
the x*° *), In fig. 2 the diagonal elements of the covariance matrix have been
plotted as "error bars" to give an impression of the statistical uncertainty of
each point.

A simple comparison of the shapes of the NC and CC differential cross—sections

was first made by parametrizing them as

d v
—df’; = A{(1 -~ a) + a(l - y)2}

5 (6
9%_ =al(a+ (1 -0 - 2} .

Fitting the v and V differential cross-sections simultaneously yielded the
CC NC .
two shape parameters o = 0.16 % 0.02 and @ ~ = 0.22 % 0.02. The curves in
fig. 2 correspond to these fitted shape parameters.

Assuming a purely V-A charged weak current and that the strange (sS) sea is
negligible, uCC gives the antiquark (d,d) content of the nucleon. The value of
at® obtained here is in good agreement with another high-precision determination
[9], despite the completely different methods and systematic uncertainties in the

two experiments. This agreement confirms the validity of our approach to obtaining

the differential cross-sections without using the measured muon momentum in CC

*) The unfolded data points and covariance matrix can be supplied on request.
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events, and thus acts as a check on the validity of the results obtained in the
same way for the NC events.
Under the assumption that the charged current is purely V-A, the value ob-
tained for QNC indicates that the neutral current is also predominantly V-A.
Within the context of the quark parton model, and under the assumption that
the weak currents contain only V and A parts, the differential cross-sections

do/dy for deep inelastic scattering can be written im more detail [10] as

AY)

%?— (cc) = B{(L - o”) + o’ (1 - »?}

¥

ili (ccy = B{a\—’ + (1 - aﬁ)(l - 2}

dy ¥

(7)
v{(V) =
d"d—y we) = Bigl o[ (1 - ") + 0”1 - ]

2 v _ Y _ 2
repple’ + 4 -ah A -]
+ gé(dv - av)[l + (1 - y)zj} .
where B is a normalization constant.

The quark structure of the nucleon is described by o’ and av; for example

v Vo, . - .
o ~ o 1is the fractional momentum—weighted strange quark-antiquark content and

av is the non-strange antiquark content. The constants gi and gé are the left-
handed and right-handed couplings of the weak neutral ecurrent to "up” and "down'"
quarks, while gg is the sum of the right- and left-handed couplings to "strange'
quarks.

By simultaneously fitting these more detailed expressions to the four unfolded
differential cross—-sections we have extracfed the right—- and left-handed couplings
of the weak meutral current; the resulting fitted parameters are given in table 2.

The values of gi and g% obtained by neglecting the terms in gg (fit A) are
consistent with the values obtained from the cross-sections alome [1]. This con-
firms that the shapes of the differential cross—-sections are consistent with the
amount of right-handed coupling required by the cross-section ratios. The amount
of strange quark-antiquark sea (01ﬁ - av) = (0,086 * 0,058 is consistent with that

found in charm-changing reactions [11].
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The form of the NC y distribution in eq. (7) precludes the possibility of
varying all five parameters av, av, gi, gé, and gg simultaneously in a fit, In

v

particular the error on gg is strongly correlated with the value of (aﬁ -0 ).
This can be understood from the last term in eq. (7), where gg becomes undefined
as (OtU - av) tends to zero. In fit A the value of (OL\-3 - uv) is determined almost
completely by the CC data alone; omitting the NC data from the fit yields

v v
(a” - o

) = 0.086 + 0.050. In extracting gg we have thus constrained (OLv - av) =
= 0.086 + 0.050. Furthermore, the model-independent analysis of ref. [1] indi-
cates that gi and g§ are, within the context of the Glashow-Salam-Weinberg model,

consistent with being functions of only one parameter, the electroweak mixing

v v
-OJ)

angle. Fit B (see table 2) has av, sin® 8, and gg as free parameters and (o
constrained. The fitted over-all neutral-current coupling of the strange quark 1is
gg = 0.26 £ 0.06, and the fitted value of the electroweak mixing angle is sin? 8 =
= 0.23 * 0.02. From the value of sin®’ 0, one can calculate the over—all right-
and left~handed neutral-current coupling of the down quark gé, which is analogous
to gg; then

85

Eﬁ = 1.39 + (.43 ,
where the error includes systematic effects. The domain of gé and sin® 6 allowed
by this fit, in which the strange sea is constrained to be in the region favoured
by our CC data alone, is shown in fig. 3. The relationship between these para-
meters in the model is also shown.

Thus we find that the total coupling strength of the weak neutral current to
the strange quark is comsistent with being equal to that of the down quark, an
assumption implied by thé GIM mechanism [12].

Motivated by this result, we go on to assume that the couplings of the u, d,
and s quarks can all be described in terms of the Glashow-Salam-Weinberg pre-
scription. The neutral-current sector is then described by a single parameter,
sin® 8. The fit (fit C) gives sin® 6 = 0.222 ¢ 0.016, and (OLG - uv) = 0.06 £ 0.04.
These two numbers give the best description of our data within the context of the

Glashow—Salam-Weinberg model of the weak current, and the scaling quark parton

model of the nucleon.
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In the preceding we have first demonstrated the existence of a right-handed
part in the neutral current, independent of the validity of the Glashow-Salam~
Weinberg model. After showing that the neutral-current coupling of the strange
quark is consistent with being equal to that of the down quark, we have then de-
scribed the neutral-current sector completely in terms of the Glashow-Salam-Weinberg
model. This, of course, already assumes the presence of only V and A currents.
However, if there were a scalar (8) or pseudoscalar (P) contribution to the mneu-
tral current, it would contribute equally to neutrino and antineutrino interac-
tions, and would manifest itself, in the differential cross—sections, as a term
proportional to y*.

- We thus parametrize the NC differential cross—sections as

Y
ddiy (WG) = A{(1 - &) + a1l - y)?} + By?

_ (8)
do\J
rra (NCy = Afa + (1 - a)(1 - y)*} + By?

Then the ratio B/A gives the relative proportions of § and/or P and V,A.

A simultaneous fit of eq. (8) to the two NC differential cross~sections gives
B/A = -0.05 % 0.05, implying
2
Bsp )
—— £ 0.03 at the 95% confidence level ,
47
where géP and géA are the SP and VA total coupling strengths.

This represents a considerable improvement upon the previously published
limits [2—5]. The analysis in this form disregards the possibility of a conspiracy
of SPT terms mimicking a V,A structure in the neutral currents [13,14]. This
ambiguity has, however, already been resolved in the case of charged currents [15].

A term in y® could be induced independently of the presence of SP terms.

The naive quark model, with free spin % quarks, predicts the Callan-Gross relation
2xF, (%) = F,(x). A violation of this equality, as expected by quantum chromo-
dynamics (QCD), would also manifest itself as a term in y® in the NC differential

cross—sections. Defining
F,(x) - 2xF (x)

R = Fy () ’




- 8 -

from eq. (8) we may make the identification

and from the same fit we obtain

R = 0.10 + 0,10 ,

in agreement with results obtained from CC events by other experiments [9,16,17].
This evaluation, using NC events, has the advantage of not being affected by
radiative corrections, which play a major rele in the analysis of CC events.

In conclusion, we have presented, for the first time, differemtial cross-
sections do/dy corrected-for resolution and acceptance for both NC and CC events
induced by neutrines and antineutrinos on an isoscalar target. The CC differential
cross—gsections were obtained without use of the muon momentum, and their compati-
bility with other experiments serves to confirm the validity of the method when
applied to NC events.

Within the context of the Glashow-Salam-Weinberg model the weak neutral-
current coupling to the s quark was found to be equal to that of the d quark.
This justified a fit to our data, taking into account s quarks, in which the
neutral-current sector was described solely in terms of sin® 6. This fit yielded
sin® 6 = 0,222 * 0.016. The same fit yielded non-strange and strange nucleon sea
quark contents of 0.12 * 0.04 and 0.06 * (.04,

Finally, the NC differential c¢ross—sections seem to allow only a very small

contribution from $ and P terms.
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Table 1

Raw event numbers with shower energy > 4 GeV
(before background corrections)

Charged current

Neutral current

v 6271

2536

<l

2282

1042

Tahle 2

Results of simultaneous fits to all y distributions.
Errors include systematic effects.

Fit A Fit B Fit C
o’ 0.10 = 0.05 b) 0.12 + 0.04
o’ 0.18 = 0.02 0.18 % 0.02 0.18 + 0.02
2
&1, 0.32 = 0.02 } calculated
2 from sin“ 8 calculated
gr 0.05 = 0.02 from sin® 8
o o a) 0.26 = 0.06
sin? B - 0.23 + 0.02 0.222 + 0.016
a) Value fixed in fit.
b) (av - av) constrained to 0.086 + 0,050,
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Figure captions

Fig. 1

Fig. 2

The calculated neutrino and antineutrino fluxes, as a function of

neutrino energy, at a radius of 80 cm in the CHARM detector.

The differential cross—section, do/dy, after resolution unfolding and
acceptance correction. The curves correspond to the two—parameter

fit of eq. (6) described in the text: a) CC events; b) NC events.

The allowed domain of gg and sin® @, with (uv.- av) constrained to
0.086 * 0.050, in fit B. The 10 and 20 comntours are statistical
only. The dotted line is the expected relationship in the Glashow-

Salam-Weinberg model.
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