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1. Introduction 

Very precise measurements of  electroweak param- 
eters have been made at the electron-positron colli- 
der LEP at CERN [ 1 ]. In view of  higher order cor- 
rections, however, it remains of  great interest to 
compare these measurements at the Z°-resonance 
with those performed at lower energy where pro- 
cesses occur by virtual Z ° exchange. Neutrino-elec- 
tron scattering is perfectly suited for such a compar- 
ison, since the process is purely leptonic and, in terms 
of  coupling constants, nearly equivalent to the anni- 
hilation of  electrons and positrons into lepton pairs. 
In a previous publication [2] ,  we obtained a result 
for the electroweak mixing angle, sin20w, derived from 
a measurement of  the cross section ratio R = a ( v , e ) /  
a (9 , e ) .  We present here a new, improved analysis 
based on a measurement o f  the differential cross sec- 
tions of  muon-neutr ino and muon-antineutr ino scat- 
tering off electrons [ 3 ] 

da~,_ G2me Ev 
dy 2zr 

X [(gv--+gA) 2+ (gv-T-gA)Z(1--Y)2] , (1) 

where y =  ½ ( 1 - c o s  0") and 0* is the scattering angle 
in the CM system, gv and ga the vector and axial- 
vector coupling constants of  the electron to the neu- 
tral current respectively. In addition we include the 
knowledge on absolute v-fluxes and selection effi- 
ciencies. This new method enables us to determine 
simultaneously two electroweak parameters and in- 
creases the experimental sensitivity because o f  the use 
of  energy distributions of  the events. 

The C H A R M  II detector was built to study neu- 
tr ino-electron scattering [ 4]. It consists of  a massive 
target calorimeter followed by a muon spectrometer. 
The calorimeter is instrumented with streamer tubes 
equipped with digital and analog readout to measure 
the energy and the direction of  particles produced. 
The detector was exposed to the horn focused wide 
band neutrino beam (WBB) at CERN. Neutrinos 
were produced by a 450 GeV proton beam acceler- 
ated in the super proton synchrotron (SPS). 

The signature o f  neutr ino-electron scattering is a 
single, forward scattered electron producing an elec- 
tromagnetic shower in the calorimeter. The variable 
EeO 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 sep- 
arate re-scattering from the background of  semilep- 
tonic events which has a broad distribution. 

2. Analysis method 

The differential cross section as it is given in eq. 
( I ) is valid only for muon-(ant i )neutr inos .  Due to 
the contaminat ion of  neutrinos of  opposite helicity 
and electron-neutrinos (Ve and %) in the neutrino 
beam, the measured differential cross sections con- 
tain contributions from four different neutrino-elec- 
tron scattering processes. Since the four differential 
cross sections depend on the same electroweak pa- 
rameters, the measurements in the v- and 9-beam ~1 
lead to a simultaneous measurement of  two electro- 
weak parameters as will be shown below. 

The general form of  the neutrino-electron scatter- 
ing cross section can be written as 

da  G~m~ 3 
- - E v  ~ A,gi, (2) 

d y -  2t~ ~= i 

where the g, are different combinations of  electro- 
weak coupling constants: 

g~ = (gv + g a )  2 , 

g2=(gv--gA) 2 , 

g3 = ( 2 + g v  + g A )  2 • (3)  

The expressions A, are given in table 1 for the four 
processes involved. The third term in (2) accounts 
for the interference of  neutral and charged currents 
in electron-neutrino-electron scattering. 

The four differential cross sections (2) depend on 
two parameters only, either on gA and gv, or using the 
standard model relation between the coupling con- 
stants and the electroweak mixing angle: 

g ~ , = p ( - ~ + 2 s i n 2 0 w )  and g ~ = - ½ p ,  (4) 

on sin 20w and p, the relative coupling strength of  the 
neutral current with respect to the charged current. 

.t We call the beam produced by focusing positive parents the v- 
beam and by negative parents the v-beam. 
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Table 1 
Terms of the differential cross section for different processes. 

Process A~ A2 A3 

vue--,v~e 1 ( 1 _y)2 0 
9~e~v~e ( 1 _y)2 1 0 
v,e--* vee 0 ( 1 _y)2 1 
% e-,%e 0 1 ( 1 _y)2 

The measured event rate, e.g., in the neutrino beam 
is given by 

dnVe 3 
-- f~ 'egi ,  (5)  

dy  i_-~l 

where the differential  d i s t r ibu t ions f~  e contain  all in- 
format ion  about  the target density, the neutr ino flux 
and energy spectra, the cross section expressions A,, 
and the experimental  resolutions and acceptances. All 
these quanti t ies  are ei ther known by calculation or 
measured as descr ibed below. 

Electroweak parameters  are obta ined from a si- 
multaneous fit o f  model led  differential  dis t r ibut ions 
ftve to the data  collected in the v- and ??-beam. In this 
way a direct de te rmina t ion  of  the coupling constants  
is possible. Previous ve exper iments  have also de- 
duced the coupling constants  from e~,e and ??re cross 
sections [ 5,6 ] but  with much lower statistics. 

3. Data analysis 

The data  presented here were collected during the 
years 1987-1990 and represent  ~ 8 0 %  of  the final 
statistics. In total  2.1 × l019 protons were del ivered 
to the target. The data- taking in neutr ino and anti-  
neutr ino mode was al ternated every 2-3  days to 
equalize the detect ion efficiency and protons were 
shared in such a way that  the number  of  neu t r ino -  
electron and an t ineu t r ino-e lec t ron  scattering candi-  
dates  was nearly equal. 

3.1. Neutrino f l ux  and energy spectra 

The neutr ino flux was obta ined  from a moni tor  re- 
act ion with known cross section, namely inclusive 
neu t r ino-nuc leon  scattering. The analysis of  these 

reactions was based on two different methods.  
For  the first method neut r ino- induced events were 

selected without  separat ion into charged current  
(CC)  and neutral  current  ( N C )  with an energy 
threshold of  3 GeV (so-called min imum bias events).  
Based on the known CC cross section and N C / C C  
cross section ratio the number  of  these events was 
conver ted into an integrated neutr ino flux. The sec- 
ond method is based on CC interact ions in a re- 
stricted fiducial volume in the neutr ino energy range 
15-60 GeV where the CC cross section is well known. 
Good  agreement of  observed and s imulated differ- 
ential  d is t r ibut ions  ensured that  acceptance correc- 
tions were correctly calculated. The neutrino flux was 
then scaled to the full energy range. 

The results o f  the two methods  show good agree- 
ment.  The acceptance correct ions and uncertaint ies  
in the beam composi t ion  are different for the two 
samples. Thus the systematic error was reduced. The 
absolute flux in the ??-beam was not  de te rmined  in 
the same way, since the CC cross section is not so 
well known for ??r. Instead it was de te rmined  from a 
measurement  o f  the flux ratio f =  q~v/q~v in the neu- 
tr ino and ant ineut r ino  beam which had already been 
evaluated for the measurement  of  the ratio o f v , e  and 
,)re cross sections [2 ]. 

A total energy weighted flux of  main component  
neutr inos in the fiducial  volume of  the detector  of  
(1 .68_+0 .08)×10  j8 GeV and (1 .68_+0 .09)×10  ~s 
GeV was obta ined for the v- and v-beam, respec- 
tively. The total  uncertainty on the flux measure-  
ment  was found to be 4.7% and 5.2% for the neutr ino 
and ant ineutr ino beam, respectively. 

For  the flux normal iza t ion  as well as for the mo- 
delling of  the ve event dis t r ibut ions  the knowledge of  
the neutr ino beam propert ies  is essential.  The neu- 
tr ino beam spectra and the relative flux of  opposi te  
helicity components  were obta ined  from a new anal- 
ysis of  charged current  events with low m o m e n t u m  
transfer. Acceptance and resolut ion effects were un- 
folded. The electron-neutr ino components  were de- 
termined by Monte Carlo methods. The results on the 
beam composi t ion  are summar ized  in table 2. 

3.2. Neutrino-electron scattering event selection 

The selection of  neu t r ino-e lec t ron  scattering can- 
didates  was descr ibed previously [2 ]. The selection 
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Table 2 
Neutrino beam composition. 

Beam Component Relative (Ev) 
abundance (GeV) 

v v. 1 23.7 + 0.3 
v~ 0.072 +0.004 19.2+0.5 
Ve 0.0087_+0.0013 44.0_+2.2 
v~ 0.0017_+0.0003 33.8_+ 1.7 

v v~ 0.136 _+0.007 26.3_+0.5 
vu 1 19.1 _+0.2 
v~ 0.0071 -+ 0.0011 36.5 _+ 1.8 
v~ 0.0043_+0.0006 37.0_+ 1.9 

is coming from coherent (n o coh. ) an diffractive (n o 
diff.) neutrino production of  single neutral pions in 
NC interactions. Electromagnetic showers are also 
produced in quasi-elastic neutr ino-nucleon reac- 
tions o f  electron-neutrinos (vc q.e. ). A small fraction 
of  the background is due to inclusive neutrino reac- 
tions (incl.) with a large electromagnetic component  
in the final state. The background d is t r ibu t ionsf~  6 
are modelled using data and Monte-Carlo techniques 
as described in ref. [2].  

4. Results 

efficiencies which have to be known for this analysis 
were determined using test beam data and found to 
be independent of  the shower energy. A careful check 
of  possible systematic effects due to detector instabil- 
ities was performed. The overall uncertainty of  the 
selection efficiency of  neutr ino-electron scattering 
candidates was found to be _+ 3.4%. 

The resolution functions for the energy and direc- 
tion determination were obtained from a calibration 
of  the detector in a test beam [ 7 ]. We determined the 
energy of  electromagnetic showers from the number  
of  streamer tube hits in the event. The relative reso- 
lution was found to be 

L~kE e 0.09 
~-0.11. (6) 

Ee - x /Ee/GeV 

The absolute energy scale uncertainty is estimated to 
be 5%. For the angular resolution, 

A0ePr°J =~{27(Ee/GeV)-2+~e~ 14 b 1)mrad (7) 

was found ~2. 

3.3. Background determination 

The background consists of  semileptonic neutrino 
reactions producing predominantly electromagnetic 
final states. In total four processes are expected to 
contribute to the background. The main contribution 

This is equivalent to A0~ r°j ~ 17 mrad/x/-~-~/GeV in the en- 
ergy range of our analysis. 

4.1. The fit procedure 

The experimental data and the theoretical predic- 
tions are described as double differential distribu- 
tions in the kinematic variables Ec and Ec02. 

d2n 
f=  dE~d(Ee02) . (8) 

They discriminate between signal and background in 
the variable EeO 2, and determine the background 
composition because of  their different energy (Ec) 
distributions (see fig. 1 ). 

The task of  the final analysis step is to fit the pre- 
dicted distributions p of  the neutrino-electron scat- 
tering signal and the background processes, 

3 4 

p= ~f~gCg,+ ~ f ~ b , ,  (9)  
~ =  1 i =  I 

to the experimental distributions d = f  data. The coef- 
ficients bi determine the contributions of  the four 
background processes. 

The theoretical prediction for neutrino-electron 
scattering was corrected for higher order QED effects 
[ 8 ]. The coupling constants determined from this fit 
are therefore effective values including, but not cor- 
rected for, higher order electroweak effects. 

The fit was performed using distributions with non- 
equidistant binning according to the experimental 
resolutions. The energy range from 3 to 24 GeV was 
subdivided in 22 bins, and the EO 2 range from 0 to 
72 MeV in 16 bins, leading to 352 bins in the two- 
dimensional distributions. The fit was performed to 
both neutrino and antineutrino data simultaneously, 
hence to 704 bins. 
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Fig. 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~ and E~O 2 of the two-dimensional distributions are shown. The different background components are added on top 
of each other. 

The coupling constants gv and gA and the back- 
ground composit ion bi were taken as free parameters. 
With the ratio of diffractive to coherent pion produc- 
tion ( b 2 / b l )  constrained to be equal in neutr ino and 
ant ineutr ino beam data [ 9 ] this adds up to nine free 
parameters. The result of the best fit ()¢2 = 703 for 695 
DOF)  is illustrated in fig. I and summarized in table 
3. From the fit results the number  of ve scattering 
events can be extracted. A total of 

2105+69  and 2215+ 76 

events are present in the v and 9 data sample, 
respectively. 

The fourfold ambiguity in the determinat ion ofgv 
and gn which is expected from the quadratic depen- 
dence of the cross sections on the couplings, is re- 
duced to a twofold one owing to the presence of Ve 
and 9e components  in the beam. About 10% of the ve 
events are induced by electron-neutrinos, which se- 
lect two solutions. Results from e+e - - , e + e  - experi- 
ments [ 10 ] resolve the remaining ambiguity. 

The systematic errors are dominated by uncertain- 
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Table 3 
Results of the fit to neutrino and antineutrino data. The errors are statistical. The coefficients b, are the number of background events in 
th~ full fit range. 

Fit parameter 

gv gA bl (=° cob.) b2/bl b3 (v~ q.e.) b4 (incl.) 

v-beam -0.0254+0.0138 -0.5027_+0.0069 22238_+ 1335 0.34_+0.06 4234_+233 681_+] 94 
9-beam -0.0254_+0.0138 -0.5027_+0.0069 25723_+1542 0.34_+0.06 7413_+269 381+2~ 4 

Table 4 
Systematic errors. 

Error source 5gv ~g~, 

neutrino flux 0.006 0.009 
selection efficiency 0.002 0.009 
experimental resolutions 0.001 0.001 
energy scale 0.002 0.004 
background 0.011 0.009 
beam spectra and composition 0.005 0.002 

systematic error 0.014 0.016 

statistical error 0.014 0.007 

total 0.019 0.018 

ties of the background determinat ion,  of  the neutr ino 
flux measurement  and of the selection efficiency. A 
break down of the error sources which contr ibute to 
the uncertainties in the determinat ion of the electro- 
weak couplings is shown in table 4. 

4.2. Discussion 

The results for the effective vector and axial-vector 
coupling constants from neutr ino-e lec t ron scattering 

are 

g~) ( r e )  = - 0 . 0 2 5 + 0 . 0 1 9 ,  

g~,(ve) = - 0 . 5 0 3  _+ 0.018,  

where the statistical and systematic errors have been 
combined in quadrature.  

This result can be compared with the measure- 
ments at LEP. The Z ° exchange diagram for re-scat- 
tering is related by crossing symmetry to the annihi-  
lation process e+e - - * e + e  - via Z ° exchange. 
However, the two measurements  refer to different Q2 
scales. Differences of the two couplings at the two 

scales ( Q 2 = 0.01 GeV 2 and Q2 = m 2z) are expected to 

arise from the running of the fine structure constant 
a and the effect of the neutr ino charge radius. How- 

ever, these different contr ibut ions cancel almost 
completely, resulting in a difference of g ~ ( v e ) -  
g ~ ( L E P ) = - 0 . 0 0 2  while individual  contr ibut ions 
are larger by an order of magnitude ~3 

Thus it is possible to compare our result directly 
with those obtained from a measurement  of the par- 
tial width Fee at the Z ° resonance and the forward- 
backward asymmetry A w at LEP. Fig. 2 shows that 
results from neutr ino-elect ron scattering have 
reached comparable precision in g~. The agreement 
of the measurement  performed at Q2~0.01 GeV 2 
with those performed at Q2= m2z is remarkable. 

Using the parametrizat ion (4) for the coefficients 
g, in (2) it is also possible to perform a fit to the data 
using the electroweak mixing angle sin20w and the rel- 
ative coupling strength p of neutral and charged cur- 
rents as free parameters: 

sm-0ve = 0.237 _ 0.007star -% 0.007sys,, 

Pvc = 1.006 _+ 0.014star -+ 0.033syst . 

Using the MS renormalization scheme [ 13 ] we can 
correct our result for higher order electroweak ef- 
fects. This renormalization scheme is advantageous, 
because the dependence of this correction on un- 
known quantities, like m, and mH, is rather small. 
Applying these corrections [8], we derived at 
Q2=m27 

sin2@(ve ) = 0.23 7 _+ 0.010c~v -+ 0.002th . . . .  

fi(ve) = 1.001 _+ 0.038¢~p _+ O.O04th . . . .  

~3 The difference depends on the choice of the top and Higgs 
masses. In calculations done with the program NUFITTER 
[ 8 ] the masses were fixed to m, = 150 GeV, m. = 100 GeV. 
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Fig. 2. Comparison of results from neutrino-electron scattering 
and from e + e - ~ e + e  - annihilation at the Z ° pole in the gv--gA 
plane. The crosses show different experimental data points 
[ 1,11,12 ] and the contours (their projections correspond to one 
standard deviation) the averages obtained for the two different 
channels. 

where the theoretical error accounts for varying the 
top quark mass in the range mr=80-180 GeV and 
the Higgs boson mass in the range ran= 50-1000 
GeV. This result can be directly compared to the pre- 
dictions of the minimal standard model using as in- 
put parameters c~, GF and the mass measurements of 
the Z ° boson performed at LEP [ 1 ]: 

sin20(ol, GF, mz) =0.233 + 0.002th . . . .  

fi(O~, GF, mz) = 1.001 +_ 0.004th . . . .  

with the theoretical errors accounting for the same 
sources as above. The experimental error from the 
uncertainty of the Z ° mass measurement is compar- 
ably negligible. 

Since the results in terms of sin20 and p are practi- 
cally uncorrelated we can compare our new result with 
that previously obtained for sin20 from the ratio of 
cross sections [2]. The systematic error due to the 
absolute neutrino flux and part of the error due to the 
background subtraction do not influence sin20 and 
cancel in the same way for the two-parameter fit as 
for the cross section ratio. In fact, fixing p to unity 
and leaving the absolute normalization as a free pa- 

rameter in the fit, the method described above is 
equivalent to a measurement of the cross section ra- 
tio. Using the same data sample (taken in 1987- 
1989 ) as in ref. [ 2 ] we obtain 
sinZ0(ve)=0.236+0.008+0.007, in good agree- 
ment with our previous publication. The small dif- 
ference in the value of sin20 v° arises mainly from a 
more accurate new calculation of the beam spectra 
(cf. table 2 ). The statistical error has been improved 
by including the information of the differential cross 
section in the determination of sin20. 

In conclusion, electroweak parameters determined 
from the differential cross sections of neutrino-elec- 
tron scattering are in very good agreement with those 
from LEP experiments. The observed agreement of 
measurements spanning a factor 106 in Q2 is a re- 
markable confirmation of the standard model. In fu- 
ture, more data will be included in the analysis and 
the analysis will be further improved. 
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