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Abstract

We report final results on electroweak parameters from muon-neutrino electron scattering
observed in the CHARM II detector from 1987 till 1991. In total 2677£82 and 2752188
neutrino-electron scattering events have been detected in the v and V-beam, respectively.
From the ratio of differential cross sections we obtain for the electroweak mixing angle
sin20ye = 0.232440.0083. From the absolute neutrino-eleciron scattering event rate we
determined the effective vector and axial-vector neutral current coupling constants to be

gv. =-0.03510.017 and g;°= —0.50310.017.
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1. Introduction

The study of muon-neutrino and muon-antineutrino scattering on electrons has provided
results which are crucial for the understanding of the neutral current weak interaction. The
observation of one event in 1973 [1] was a corner stone in the discovery of this new
interaction. The first quantitative study by the CHARM Collaboratmn based on 200
events [2] led to a determmauan of the axial vector coupling g3 of the electron to the Z.
A value close to —-2- was found lending strong support to a local internal symmetry under
which the leptons transform as doublets. The CHARM II experiment aimed at an increase
of statistics by an order of magnitude to investigate higher order contributions, so-called
radiative corrections. We are reporting in this letter the final data sample collected in the
years 1987 to 1991.

We determined the differential cross sections of muon-neutrino and muon-antineutrino
scattering on electrons. Within the framework of the electroweak theory t'Hooft [3] has
derived the expression for the cross section.
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where s = 2meEy, y = EJ/Ey = (1 — cose*)/2 and 0™ is the c.m. scattering angle, gy and ga
are the vector and axial vector electron-Z couplings. The neutrino beams contain muon-
neutrinos and a small contamination of electron-neutrinos. For electron-neutrinos there is
an additonal term, (2 + g, + g, ?. It is accounting for the interference of neutral and
charged current contnbutlons .&bout 10% of the neutrino-electron scattering events were
induced by electron-neutrinos. From the simultaneous measurement of dc/dy for vye and
Ve and for v,e and V,e scattering we derived g , and g, with a two-fold sign amblgulty
Results from experiments on ete™ — ete~ anmhllatlon have also a two-fold sign
ambiguity. Taken together they select a single solution.

We have already published results on the shapes of the differential cross sections [4].
They are sensitive to the handedness of the electrons on which the neutrinos scatter.
While the charged current weak interaction distinguishes left- from right-handed particles,
violating parity maximally, we showed that the Z couples to both left- and right-handed
electrons, although with different strength as predicted by the theory. We also gave the
first experimental evidence for flavour universality of neutrino couplings with the Z, a
crucial input for the determination of the number of light neutrino families from the
properties of the Z pole [5]. Limits on Z' states and on electromagnetic properties of
muon-neutrinos will be published in forthcoming papers.

The detector was conceived to study neutrino-electron scattering [6]. It consists of a
massive target calorimeter (692 t) followed by a muon spectrometer. The calorimeter has
low density and is instrumented with streamer tubes equiped with digital and analog
readout to measure both the energy and the direction of particles produced. This detector
was exposed to the horn focused wide band neutrino beam at CERN. Neutrinos were
produced by a 450 GeV proton beam accelerated in the Super Proton Synchrotron (SPS)
for 2.5-1019 protons on target. Approximately 108 neutrino interactions occurred in the
detector. Data were collected from 1987-1991. Results based on partial samples have
already been published previously [7-9].
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The signature of neutrino-electron scattering is a single, forward scattered electron
producing an electromagnetic shower in the calorimeter. Low Z material (glass) was
chosen for the target calorimeter to ensure good angular resolution for electron showers
[10]. Candidate events with electron energies between 3 and 24 GeV were selected.
Electron and pion induced showers were discriminated by their characteristic different
width. The variable E, 9,2 , the product of electron energy and the square of the scattering
angle, is kinematically constrained to values smaller than 1 MeV. This fact is used to
Separate neutrino electron scattering from the background of semileptonic events which
has a broad distribution.

2. Analysis

We followed the analysis method which was described in detail in a previous publication
[9], concerning event selection, neutrino flux measurement and the simultaneous fit of the
modelled distributions of events as a function of the invariant E, 6,2 (see figure 1) and of
E.. The experimental data and the result of the fit is shown in figure 1; the bin size has
been chosen according to the experimental resolution.

267782 events in the v beam and
2752+88 eventsinthe ¥V beam
are attributed to neutrino-electron scattering.

We have made an experimental verification of the modelling of the background processes.
The background consists of single ©° production by neutral current neutrino interaction
(r°) and of quasi-elastic scattering of electron neutrinos on nucleons (ge). A small
background of inclusive production of electromagnetic showers is not shown in figure 1
but was taken into account in the fit. A shower induced by a photon yields an even
number of charged particles while electron induced showers yield odd numbers. The
characteristic difference between electron and photon induced showers is best observed in
an early stage of shower development [11]. The analysis of one sample was therefore
restricted to those events starting in glass plates directly followed by a scintillator plane.
We ensured that detected particles should have traversed the full thickness (3cm) of a
scintillation counter by requiring that the reconstructed impact point of the shower is at
least Icm away from the edges of the counter and at least Scm away from its ends. The
scintillation counters covered every fifth module of the target calorimeter. Each counter
was composed of twenty 15cm wide and 3cm thick elements, The geometrical acceptance
of this selection compared to the standard fiducial volume is 14.7%. In the event selection
one and only one of the counter element was allowed to be hit by a shower starting in the
glass plate preceding it. The efficiency for this selection is different for 1° production (%°

and quasi-elastic v, scattering (ge); the values are given as €, in table 1. The scintillator
pulse heights were corrected for light attenuation and for the signal amplification of the
individual counter.

The most probable energy loss of a single electron traversing one scintillation counter is 5
MeV. We selected events associated with a single electron by requiring an energy loss of
less than 8 MeV. The efficiency calculated by Monte Carlo methods for detecting the
processes is given as €g in table 2, separately for the neutrino and the antineutrino beam.
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The background composition for the region 5 < EB2 < 72 MeV can be described by two
equations; one equation holds for the candidate sample

N4 = NT 4 N% | )

the other applies for selected events with less than 8 MeV energy loss in a scintillation
counter element,

N = ¢l°N™ + g§° N** (3)

Solving these two equations for N ** and N%we obtained the values given in table 2. The

errors are due to the uncertainty of the efficiencies and the event statistics. The result can

be expressed in the form of background ratios for the reference region. In order to obtain

the background ratio in the candidate sample, R,,, one has to correct for the different
selection efficiency of n° and quasi-elastic v, events (table 1).

N% eI

R = — 4

bg NT gt 4)

scin

The corrected ratios for the neutrino and antineutrino beam are given in table 2, together
with the ratios R,{;‘ obtained from the fit of the modelled distributions in figure 1. The two
background ratios are in agreement and confirm the modelling of the background
distributions.

Another use of the energy loss information in the scintillation counters was to define for
each candidate event the probability to be due to a single electron. Classifying the events
according to their electron probability we obtained a sample enriched in neutrino-electron
scattering events. The signal to background ratio of this sample is improved by a factor of
about 3.5 (see figure 2).

3. Results

Turning now to the determination of ga and gy we used the samples with and without
energy loss information, to reduce the statistical error. Moreover, the absolute
normalisation of neutrino fluxes and the presence of v,e and V,e events detected in the
same experiment was used to reduce the well known fourfold ambiguity of g, and g, to
two solutions.

We calculated the ratio of v, and V, fluxes with respect to the dominant v, and v, fluxes
using Monte Carlo methods and measurements of pion and kaon production [15‘]. The
agreement of the ratio of quasi-elastic v, scattering and single ©° production determined
from the energy loss in a scintillation hodoscope counter and from the fit of the modelled

distributions in figure 1 is lending support to this flux evaluation.

The 67% confidence domains of g, and g,, thus determined from the absolute differential
cross sections of v, e, V,e and Ve, V,escattering are shown in figure 3. They are
intersecting each other in two regions of g, and g,, Also shown in figure 3 are two cones
of values determined by experiments on the forward-backward asymmetry in ete=— ete™
annihilations at LEP [13]. These two solutions are selected out of eight possible cones by
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the results on ete™ annihilations to lepton pairs off the Z pole at PETRA and PEP [15].
For clarity we do not display the results on the Z decay width to ete—, I'e, which define a
ring of possible g 4 and gy, values. Contributions to the systematic errors are given in table
3. One of the cones is intersecting one of the two solutions of neutrino electron scattering

from the CHARM II experiment; this single solution is in agreement with g = -1

gy’ = —0.035+0.012 (stat) £ 0.012 (syst)

—0.503 £ 0.006 (stat) £ 0.016 (syst)

ve
8a

This had been demonstrated already in 1984 by combining results from the CHARM
experiment 2], from V,e scattering at a Nuclear Reactor [14] and from experiments on
ete~—>ptu— events at PETRA and PEP [15]. It should be remembered that g, and g;*
are the product of g A -84 and g/*-gv [5]. As a convention, the sign and the value of
84" = g =+1% is assumed.

The neutral current couplings g; and gy derived from neutrino electron scattering and
from e*e™ — ¢+¢~ annihilation studies at LEP [13] surprisingly agree ,within the errors,
as shown in figure 4, despite the large difference of energy scales, Q2 ~ 0.01 GeV?2 (for
vpe) and Q2 ~10% GeV2 (for ete™). The agreement seems to occur because of the near
cancellation of two large higher order terms arising from ¥ - Z mixing and from the
neutrino charge radius. The magnitude of the first term depends on the top quark mass
and the cancellation is therefore indeed surprising [16].

Constraining only the relative neutrino to antineutrino flux in the fit of the data we
determined from the ratio of vye and Ve differential cross sections the value of the
electroweak mixing angle. From the combined sample we obtained

sin2 8, = 0.2324 + 0.0058 (stat) + 0.0059 (syst) .
This value is in very good agreement with the results obtained at LEP [13].

In conclusion, this high precision experiment on neutrino electron scattering has provided
clear experimental support for local internal gauge symmetry as the principle underlying
the unification of the weak and electromagnetic interactions, for flavour universality of
neutrino-Z coupling, and for a cancellation of radiative corrections involving a particular
range of values of the top quark mass.
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Table 1

Efficiency of scintillator event selection

events €scin
n° (825+2.8)%
ge (76.7 £1.6)%

Table 2
Efficiency of E < 8MeV selection, events and background ratios
v beam V beam
& 0.561 + 0.022 0.582 + 0.027
& 0.103 + 0.009 0.102 + 0.009
N 3886 4996
Ny 609 855
N™ 3430 + 102 4276 + 121
N 456 + 87 720 1 106
Ry 0.14 1 0.03 0.18+0.03
Rl 0.141 £ 0.006 0.199 + 0,006




Table 3
Breakdown of error sources

error source Bgv dg A\ o sin20
statistics 0.012 0.006 0.0058
v-beam composition 0.005 0.002 0.0026
v-flux 0.006 0.009 0.0030
r°-Background 0.005 0.007 0.0025
veN-Background 0.001 0.002 0.0008
incl. vN-Background 0.002 0.002 0.0007
detector resolution 0.006 0.005 0.0028
fit range 0.004 0.004 0.0019
selection efficiency 0.001 0.009 0.0007
X systematics 0.012 0.016 0.0059
total 0.017 0.017 0.0083
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Figure 1 : Experimental data and the result of the best fit; data are shown as circles and
the fit results are displayed as a dashed line. Only the projections in E, 6,2 of the 2-dim.
distributions are shown. The different background components are added on top of each
other. The bin size varies with the experimental resolution.
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Figure 2 : Experimental data and the result of the best fit for the sample of events with
energy loss information weighted with the electron probability, The signal to background
ratio is improved by a factor 3.5 with respect to the total sample shown in figure 1. The
bin size varies with the experimental resolution.
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Figure 3 : 90% confidence level contours in the g,,—g, plane, as obtained from the fitto
the data from the v—beam, the V—-beam and to both Geams. Only statistical errors are
considered. Results from experiments on the forward-backward asymmetry for ete™—et

e- at LEP [13] are shown as well. Together they select a single solution in agreement with
8a =-1R2.
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Figure 4 : Comparison of results from neutrino-electron scattering (this experiment) and
measurements of the forward-backward asymmetry and of I, for ete~ —» ete~
annihilations at the Z° pole [13] in the 8y-8, Plane.



