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Neutrino beams at CERN 400 GeV SPS
The main source of neutrinos at proton synchrotrons is from the 

decay of pions and kaons produced by protons striking a 
nuclear target.

In wide-band beams (WBB), the neutrino parent mesons are 
focused over a wide momentum range to obtain maximum 
neutrino intensity.

In narrow-band beams (NBB), the secondary particles are first 
momentum-selected to produce a monochromatic parent 
beam.

West Area Neutrino Facility (WANF) at CERN was operating a 
WBB and a NBB from 1977, for BEBC, CDHS and CHARM. 

After 1985, only WBB was used, mainly by CHARM II and after 
1992 WANF was rebuilt for CHORUS
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Why neutrino beams and experiments?
From 1967-1968, the years of electroweak unification 

theory (Glashow, Weimberg, Salam)
to 1983, Z and W discovery by UA1 and UA2 at CERN 

ptoton-antiproton collider
neutrino physics was the golden laboratory for 

esperimental tests of the standard model
e.g., weak neutral currents predicted by GWS, were 

observed by GGM (and Aachen-Padova) at CERN, 
exposed to the PS WB neutrino beam in 1972-73

WANF was a flag project to exploit neutrino physics, in 
direct competition with US experiments
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Cross sections for 
purely leptonic
neutrino interactions, 
as a function of the 
Weinberg angle

Note the different 
contributions of CC, 
NC and their 
interference
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semileptonic neutrino interactions
neutrino cross section proportional to √s = 2 Eν Mt,          

104 larger for nucleons than for electrons
but weak structure folded with parton distribution inside 

the nucleons
On the other hand, V-A structure of weak charged current 

distinguishes fermions from antifermions
CC neutrino interactions probe antiquark content of the 

nucleons

5



E. Longo - 20/6/2016

Schematics of the CERN WBB
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Particles which are produced in the very forward 
direction pass through the centre of the inner conduc- 
tor without being affected by the magnetic field of 
the horn. Since in the antineutrino beam configura- 
tion the majority of the forward-going particles was 
positive, a substantial fraction of the wrong-sign par- 
ticles was not defocused. To reduce this source of 
background, the hole in the horn was shielded by 
a 118 cm long beryllium stopper (~3 .6  interaction 
lengths). This 8 mm thick rod absorbed the hadrons 
leaving the target at angles __<2 mrad. The stopper 
also absorbed the remaining protons which, by inter- 
action in the air or in the entrance window of the 
decay tunnel, would also contribute to the creation 
of wrong-helicity neutrinos. 

The secondary particles were allowed to decay in 
a region of 410 m length. In the first 120 m the target, 
horn, and reflectors were installed. It was followed 
by a 290 m long decay tunnel which was evacuated 
to a residual pressure of 0.15 Torr. The entrance win- 
dow to this region consisted of a 2 mm thick titanium 
foil. The decay tunnel was followed by a shield con- 
sisting of 180 m of iron and 230 m of earth to absorb 
hadrons and to range out muons by energy loss. 

Silicon detectors were installed at various depths 
in the iron shield to measure the muon flux and there- 
by monitor  the neutrino flux [26]. For  the analysis 
presented in this paper these measurements were used 
only as a consistency check. The neutrino energy 
spectra and the absolute fluxes were determined ex- 
perimentally, as described in Sect. 5, from quasi-elas- 
tic and deep-inelastic neutrino interactions recorded 
in the C H A R M  neutrino detector. 

4 Description of the CHARM experiment 

4.1 The detector 

Because of the smallness of the cross-sections of reac- 
tions (6) a detector of large target mass is required 
for the study of neutrino interactions on electrons. 
In order to distinguish between different processes 
by accurate measurements of the kinematic variables, 
the detector was required to provide good spatial and 
energy resolutions. 

The C H A R M  detector [11] was designed to com- 
bine the advantages of a calorimetric detector with 
those of a fine-grain tracking device. It consisted of 
a target calorimeter of high mass and low density, 
in which the neutrino interactions took place, and 
of a muon spectrometer (see Fig. 4). In material of 
low atomic number Z the ratio of the width over 
the length of electromagnetic showers is small and 
a good determination of the shower direction can 
therefore by made. 

The fine transverse and longitudinal subdivision 
of the target calorimeter made it possible to determine 
accurately the energy and the direction of the particle 
showers produced in neutrino interactions, and to dis- 
tinguish between hadronic and electromagnetic show- 
ers and muons. The muon spectrometer, consisting 
of magnetized iron disks, proportional  drift tubes, and 
scintillators, determined the sign of the charge of 
muons and their momentum. 

The target calorimeter consisted of 78 equal units, 
each 20 cm thick and with a cross-section of 4 x 4 m 2. 
Each unit comprised a marble plate followed by layers 
of proportional drift tubes, scintillation counters and 
streamer tubes. Each marble plate, having a surface 
area of 300 x 300 cm 2 and a thickness of 8 cm, was 
surrounded by a 45 cm wide and 8 cm thick magne- 
tized iron frame at a distance of 5 cm. Two coils pro- 
duced a toroidal magnetic field of 1.5 T on average 
in the iron. Muons leaving the detector sideways 
could thus be identified and their charge and momen- 
tum measured. The scintillators served to measure 
the energy loss of single-particle tracks and of particle 
showers. This information was also used to recon- 
struct the shower profile. Each scintillator plane con- 
sisted of 20 scintillation counters 15 cm wide, 300 cm 
long, and 3 cm thick. The proportional drift tubes 
[27] in the calorimeter were used to determine the 
shower profile and the shower direction. They were 
also used to measure muon tracks in order to deter- 
mine their direction and deflection in the magnetized 
iron. Each plane of proportional  drift tubes consisted 
of 128 aluminium tubes, 3 cm wide, 400 cm long, and 
3 cm thick. The drift-time and the charge collected 
on the wire were measured. From the drift-time mea- 
surement the track position was determined with an 
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The CERN WBB spectrum
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duced by a neutrino of energy E with a measured 
muon momentum p. The quantity A is defined by 
the momentum-dependent  efficiency of the selection 
criteria, the momentum transfer of the neutrino to 
the muon, and the momentum resolution of the muon 
spectrometer (about 15%) whose contribution is the 
most essential. The unfolding is performed by a stan- 
dard mathematical procedure [39]. The resulting 
spectra from the first period are shown in Fig. 13; 
they are similar to those obtained in the second data 
period. The ratio of the mean muon-antineutrino en- 
ergy in the antineutrino beam and of the mean muon- 
neutrino energy in the neutrino beam, obtained from 
this analysis, was [35]: 

(E~(f%>/(E~.(v)> 
: 0.803 -t- 0.009 (stat.) + 0.010(syst.). (37) 

The energy spectra were used also to correct for the 
energy dependence of the selection criteria and for 
the acceptance of the energy cuts. 

Taking into account the difference of the cross- 
sections of neutrino and antineutrino quasi-elastic 
scattering averaged over the neutrino energy spectra 
(a~/aO=l.065+O.025) [35] and the small excess of 
protons over neutrons in the target calorimeter 
(Np/N, = 1.009 _ 0.004), we found 

F a = 1.22_+ 0.02 (stat.) + 0.06 (syst.), (38) 

in good agreement with the flux ratio determined us- 
ing inelastic neutrino-nucleon events. The systematic 
error was estimated by varying the selection criteria 
and the fraction of resonance events. The weighted 
mean value of the normalization factors F as calculat- 
ed from the deep-inelastic and quasi-elastic events is 

F =  1.18 +0.05. (39) 
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In order to make the total normalization factors G 
(33) consistent with this ratio F they were corrected 
by 3 % and the following numbers were used to deter- 
mine the neutrino and antineutrino electron cross- 
sections: 

G (v) = (1.60 _+ 0.06)  9 10- 44 cmZ/GeV, 
G(~) = (1.35 -t- 0.05). 10- 44 cm2/GeV. (40) 

The relative energy-weighted fluxes of the different 
neutrinos, 

vbeam: vu:gu:ve:%= 1:0.06:0.017:0.004 
~7 beam: f%:Vu:ge:%=l:O.09:0.O12:0.O06 (41) 

for the second period, and 

v beam: Vu:%:%:~e= 1:0.06:0.009:0.007 
~beam: Vtt:Vu:'Ve:Ye= 1:0.10:0.010:0.005 (42) 

for the first period, were used to attribute the neutrino 
electron scattering events (see Sect. 6) to the various 
reactions of %, ~7u, re, and ~ on electrons. The relative 
errors in (41, 42) are 5% for the muon-neutrino back- 
ground and 50% for the electron-neutrino flux. 

6 Measurement of neutrino-electron reactions 

This section describes the analysis of neutrino-elec- 
tron scattering events. These events have a single elec- 
tron in the final state and have to be separated from 
the large number of hadronic events produced by the 
scattering of neutrinos on nucleons by making use 
of the different event patterns of electromagnetic and 
hadronic showers. These events were then further sep- 
arated from the residual background due to neutrino- 
nucleon reactions with an electromagnetic shower in 
the final state by applying statistical methods that 
exploit the differences in the distributions of shower 
angle 0, shower energy E, and the energy E s deposited 
in the first scintillator plane of the shower. A value 
of sin 2 0w was determined from the neutrino and anti- 
neutrino cross-section ratio R. Also the measurement 
of the individual cross-sections allowed a determina- 
tion of the mixing angle, although with larger system- 
atic errors. 

6.1 Analysis of the data from the second exposure 
A total of 2.2 • 106 neutrino and 1.6 x 106 antineu- 
trino interactions were recorded in the second expo- 
sure of the C H A R M  detector to the WBB. To select 
events a rough filter was first applied to the data. 
i) The visible energy Evis in the scintillators of the 
calorimeter was required to be at least 200 MeV. ii) 
The ratio T of Evi s over the number of hits in t h e  
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Schematics of the CERN NBB
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Dicromatic spectrum of the CERN NBB
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Table 5. Cross sections a/E on iron from the 100, 160 and 200 GeV data separately for BCT and SSD flux normalisations. The errors 
are the flux errors only. In the last column, BCT and SSD flux measurements are averaged; here and in the cross section ratios the 
first error is statistical, the second the complete systematic error 

Ebeam E, (E~) BCT SSD Average 
(GeV) (GeV) (GeV) (10 -as  cma/GeV) (10 -38 cmZ/GeV) (10 -38 cma/GeV) 

v + 100 10-100 50 0.680 _ 0.023 0.711 • 0.036 0.6914- 0.007 • 0.027 
+ 160 20-160 85 0.710 _ 0.020 0.703 • 0.025 0.707 • 0.002 • 0.022 
+ 200 20-200 112 0.689 _ 0.025 0.746+ 0.042 0.708 • 0.007 ___ 0.029 

~7 - 100 10-100 47 0.326 • 0.009 0.339 • 0.017 0.332 • 0.004 4- 0.012 
- 160 20-160 72 0.332 • 0.006 0.335 • 0.012 0.333 • 0.004 • 0.009 
- 200 2(~200 87 0.317 • 0.009 0.346 _• 0.020 0.325 • 0.007 • 0.012 

g/v 100 10-100 0.477 • 0.008 • 0.007 
160 20-160 0.477 • 0.006 • 0.007 
200 20-200 0.464 • 0.011 • 0.007 

Table 6. Average cross section slopes for neutrinos from pion and kaon decays. The first error is statistical, the second systematic, excluding 
the common 2% scale error 

Ebear n (GeV) ( E , )  (GeV) aVE (10 -3s cm2/GeV) ~7~/E (10 -as  cm2/GeV) av/a ~ 

v~ 100 31 0.682 • 0.008 • 0.020 0.327 + 0.004 _ 0.008 0.479 + 0.008 • 0.008 
160 50 0.706 • 0.002 + 0.018 0.332 • 0.005 • 0.007 0.470 • 0.007 • 0.008 
200 61 0.707 • 0.009 + 0.023 0.338 • 0.009 • 0.010 0.478 • 0.014 • 0.008 

100 83 0.724 _ 0.012 • 0.051 0.346 • 0.007 • 0.022 0.478 • 0.013 • 0.042 
160 121 0.708 • 0.003 _ 0.023 0.337 • 0.008 • 0.012 0.476 • 0.012 _ 0.019 
200 143 0.711 • 0.010 _ 0.040 0.306 • 0.015 • 0.020 0.430 • 0.022 • 0.032 

0.7034-0.002+0.019 0.331 • 0.003 • 0.4714-0.005_+0.007 

VK 

Average: 

normalisations give consistent results. For the final 
results as given in the last column of Table 5 the flux 
measurements via BCT and SSDs were averaged, 
weighted according to their systematic uncertainties. 
The ant• to neutrino cross section ratios, 
which are also given in Table 5, were obtained by 
only using the SSDs. 

In a NBB neutrinos from pion and kaon decays 
are separated in the energy radius plane, see Fig. 8. 
Therefore cross sections for v~ and vK can be deter- 
mined separately. They are given in Table 6 and 
Fig. 9. The systematic errors quoted in Table 6 and 
Fig. 9 exclude a common 2% scale error which is 
due to uncertainties in the flux measurement (1%), 
the Cherenkov ratios (0.5%), the dead-time measure- 
ment (0.5%), the fiducial mass (1%), the reconstruc- 
tion efficiency (0.5%), and the acceptance calculations 
(1%). 

There is good agreement between the results ob- 
tained in the 100, 160 and 200 GeV beams. N o  signifi- 
cant deviation from a linear cross section rise with 
energy is visible. A straight line fit to the combined 
v and g data points gives a 1.5_+3.0% and 0.1 +4.0% 
rise of a/E between 50 and 150 GeV for neutrinos 
and ant• respectively. The fit takes the cor- 
relation through the well measured v to g flux ratio 
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Fig. 8. Neutrino data from the 160 GeV beam as a function of mea- 
sured energy E~ = Eh~ d + p.  and radial distance from the beam axis 

into account. The effect of the W boson propagator 
was not included. It induces a alE variation of - 0 . 7 %  
over this energy range. 

The energy dependence of the cross section was 
also determined from the 160 GeV data alone. In this 
case point to point errors are statistical only apart 
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The CHARM collaboration...
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The CHARM collaboration in Rome
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The CHARM collaboration in Rome
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The CHARM collaboration in Rome
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... and in Moscow
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... and in Moscow
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The CHARM concept
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The CHARM concept
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A fine-grained calorimeter,
with marble (isoscalar) target 
plates interleaved with a fine-
grained calorimeter made of 
scintillators, proportional 
chambers and streamer tubes, 
to measure the energy and the 
direction of the hadronic and 
e.m. showers, followed by a 
magnetic spectometer to 
reconstruct the muon 
momentum
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The CHARM concept
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Its main characteristic is a high 
spatial resolution, allowing to 
distinguish different event 
topologies: e.g., a charged 
current neutrino interaction is 
distinguished from a neutral 
current interaction by the 
presence of a muon

1.1.1-t.1-1-1,1,1 ,I.I . I - l . I  . I , l , l . l . l , l . l . l . l . l . l . l , i . l . l . l . i . l . l  . i . H .  I . 
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Fig. 7. a Typical neutral-current and h typical charged-current 
events recorded in the C H A R M  detector 

planes. The visible range of a muon track is defined 
as the length, measured in equivalent range, between 
the first clearly visible point outside the shower and 
the last point on the track, as seen by the proportion- 
al-tube system. Tube hits are deemed to be clearly 
visible points on a track if they are separated laterally 
by at least 5 quiet tubes from their neighbouring hits 
(15 cm isolation criterion). In addition they are re- 
quired to be isolated from other hits which do not 
belong to the muon track, in the longitudinal direc- 
tion. These isolation criteria are much more strict 
than the ones used in a previous publication on the 
same subject [7] and tend to reject more tracks on 
the basis of the requirement of 0.67 GeV visible range. 

All other neutrino-event candidates are classified 
as NC interactions. Only those events with a vertex 
inside the fiducial volume and with shower energy 
of at least 4 GeV were analysed further. It was 
checked that no bias was introduced by these cuts 
in the NC to CC event ratio. Representations of a 
typical NC and a typical CC event in the C H A R M  
detector are shown in Fig. 7. 

In order to obtain the CC and NC event numbers 
from the automatic classification, the following cor- 
rections have to be applied to the event numbers: 

i) classification inefficiencies of the automatic re- 
construction program, 

ii) loss of muons not satisfying the selection cri- 
teria, 

iii) rc and K decays in the shower faking a primary 
muon, 

iv) Ve background produced by Ke3 decays in the 
beam, 

v) cosmic-ray background and WB background 
These corrections will be discussed in the following 
subsections. 

4.1.2 Classification inefficiency. The program recog- 
nized and flagged event topologies for which the auto- 
matic procedure could fail. Events were selected for 
scanning before the energy and fiducial volume cuts 
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Table 4. Classification matrix of a sample of 5% of the data. Hori- 
zontal rows give the program classification; vertical columns give 
the scanning classification. Events are classified as CC, NC, and 
events outside the fiducial volume (OCC, ONC) 

CC NC OCC ONC 

CC 5669 1 0 0 
NC 1 2171 0 0 
OCC 3 0 2728 0 
ONC 0 2 0 1593 

and the cut on the 'double-event '  TDC were applied 
in order to check the systematic biases introduced 
by them. Approximately 1% of all neutrino triggers 
after rejection of the cosmic-ray events by the filter 
were flagged as events for which it is difficult to recon- 
struct the topology automatically. Typical cases are: 

i) tracks which fail the vertex extrapolation be- 
cause of random association of shower hits to the 
track resulting in a bad straight-line extrapolation 
to the vertex; 

ii) tracks for which the scintillator timing criteria 
are not fulfilled owing to geometrical or electronic 
inefficiencies; 

iii) multiple track events for which the matching 
of the two projections of the primary muon is difficult; 

iv) events with inconsistencies in the vertex-find- 
ing algorithm, producing two incompatible estimates 
for the vertex position. 

These flagged events were visually inspected in a 
double scan and corrected on an event-by-event basis. 
Roughly 600 events out of a total of 4000 flagged 
events were reclassified. The scanning efficiency for 
this category of events was found to be > 99%. 

In addition to these flagged events a randomly 
selected sample totalling 5% of all triggers which sur- 
vived the cosmic-ray filter were scanned in order to 
determine the inefficiency of the automatic pattern- 
recognition program and to correct for it on a statisti- 
cal basis. The double scan showed that, after applying 
the energy and fiducial volume cuts, 7 events in this 
sample were misclassified (Table 4). A global correc- 
tion for this classification error was then made; it 
introduced an uncertainty of ARVR ~ < 0.1%. 

4.1.3 Muon-recognition losses. Charged-current 
events in which the primary muon cannot be identi- 
fied are by definition classified as NC. Some of these 
lost CC events have a muon with an energy of less 
than 1 GeV. Another contribution to the loss of CC 
events is caused by muons of more than 1 GeV either 
leaving the sides of the detector before depositing suf- 
ficient energy, or being obscured by the hadronic 
shower. The two categories are of approximately 
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The detector is also able to 
distinguish hadronic from 
electromagnetic showers to 
detect neutrino-electron 
scattering
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Fig. 5. Typical displays of an e- and a ~-induced shower. The dots 
represent the scintillator and the proportional tube hits 

estimators of the shower pat tern were constructed in 
such a way as to be independent of the shower angle L 0. The lateral profile of a shower corresponds approx- 
imately to a Cauchy distribution: 0 

f ( L ) :  (1/=F) { 1/[1 + (L/r)2]}, (19) 
150 

where L is the distance from the shower axis and 
F is the half-width. For  electromagnetic showers lZS 
F ~ 1 cm. A Cauchy distribution was fitted to the pro- 
file determined from each scintillator plane, using 7 ~ m0 
or 8 scintillators. A mean value of the half-width in ~, 
each projection was determined and weighted with ~ 7s 
the energy deposition in each plane. The quadratic ~ s0 
average of the values measured in the two projections 
(F') was determined and multiplied by a correction 
factor which ensured that the efficiency of cuts on 
F was independent of the shower energy 

F = F ' .  [1 + 0.3. ( / (E /15  a e V ) -  1)]. (20) 

The F distribution measured for 10 GeV electron and 
pion events in the test beam is shown in Fig. 6a. As 
can be seen, the mean values for pions and electrons, 
(F=> and <Fe>, differ by a factor 10. 

The distributions of the streamer tube hits and 80 
of the hits of proport ional  drift tubes relative to the 
shower axis were also determined. For  the streamer ~- Z w 60 tubes the hits were weighted using the pulse height > 
of the nearest scintillator in the same unit. In the "' u_ 
case of the proport ional  drift tubes the pulse height o ~0 
of the tubes was used as a weight. The standard devia- ,,,~" 

IXl 
tion a of these distributions is a measure of the shower z 

-n 20 width. Figure 6b shows the distribution of the stan- z 
dard deviation measured with the streamer tubes ( a s J  
for 10 GeV electron and pion showers. 

Although the average longitudinal behaviour of 
electromagnetic and hadronic showers in the target 
material with <Z> ~ 12 is rather similar, the fluctua- 
tions of the individual shower lengths are much larger 
for hadronic showers than for electromagnetic ones. 
To exploit this fact the following quantity was calcu- 
lated for each shower using the scintillator informa- 
tion: 

L~h . . . .  = ZE~ xi/E--Xo ln(E/20 GeV), (21) 

where E~ is the energy deposited in the scintillator 
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Fig. 6. Distributions of the width of 20 GeV electron and pion show- 
ers: a as measured by the scintillators and b as measured by the 
streamer tubes. The width parameters F and as~ are discussed in 
the text 
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Fig. 7. Normalized shower-length distributions for electrons and 
pions of 20 GeV. The parameter Lshower is discussed in the text 

plane i, E=SEI, xi is the plane position relative to 
the vertex of the shower, Xo is the average radiation 
length of the calorimeter, and E the shower energy. 
The first term in (21) is the distance of the barycentre 
of the shower from the vertex. The energy dependence 
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error of 1 mm. The streamer tubes [28] were operated 
in the limited streamer mode. Their main function 
was to measure the vertex and the angle of electro- 
magnetic showers. They were also used to measure 
the spatial density of the energy flow of the showers. 
Every plane was equipped with 256 aluminium tubes, 
each having a cross-section of 1 cm 2 and a length 
of 265 cm. They were added for the second exposure. 
The active detector elements were mounted alternate- 
ly in horizontal and vertical direction. The orientation 
of streamer tubes and proportional drift tubes be- 
tween two absorber plates was orthogonal thus pro- 
viding a space point information. The scintillators 
had the same orientation as the streamer tubes. 

A 'veto '  plane detected charged particles entering 
the detector from the front. It was installed in front 
of the first marble plate of the calorimeter and con- 
sisted of a hodoscope of 29 scintillators, 3 cm thick, 
15 cm wide and 4 m long, arranged in such a way 
that they mutually overlapped each other, covering 
a total surface area of 4 x 4 m 2. 

The end system served both as a muon spectrome- 
ter and as a coarse calorimeter for measuring the ener- 
gy of showers which were not fully contained in the 
target calorimeter. It consisted of 30 magnetized iron 
disks, interleaved with 18 planes of 128 proportional  
drift tubes each and 6 planes of 18 scintillators each. 
The first 15 iron disks had a thickness of 5 cm; the 
remaining disks were 15 cm thick. They were magne- 
tized toroidally. The scintillation counters were 44 cm 
wide and covered the magnetized region. They mea- 
sured the energy of photons radiated by high-energy 

Fig. 4. Layout of the detector 

muons. The reconstruction of multiple muon tracks 
was made possible by three additional proportional  
drift-tube planes with the wire direction rotated by 
_ 12.5 ~ The left-right drift-path ambiguity could be 
solved because each second plane with the same ori- 
entation was staggered by half a tube width. 

4.2 The selection of electromagnetic showers 

In this subsection we discuss the methods used to 
distinguish between showers induced by electrons and 
hadrons in the calorimeter. To study the features of 
these showers a part of the detector was exposed to 
a test beam [-29, 30] of electrons and pions with mo- 
menta in the range 5-30 GeV. Figure 5 shows typical 
electron- and pion-induced showers of 15 GeV energy 
in the detector. The electromagnetic showers have a 
more regular development and a narrower transverse 
profile while the average length of the two kinds of 
showers is similar. According to the theory of shower 
development in the low-Z calorimeter material one 
expects that 90% of the total energy of electromagnet- 
ic showers is contained in a cylinder with radius 
r = 9  cm. The corresponding radius for hadronic 
showers is r = 3 5  cm. The length of electromagnetic 
(hadronic) showers containing 90% of the deposited 
energy turns out to be similar, L = 210 cm (220 cm). 

The start of the shower was defined by hits in 
two consecutive scintillator planes with a pulse height 
corresponding to at least 2 MeV each. The properties 
of the shower were studied in the following 20 planes. 
The shower axis was determined first and different 

Iron frame providing either a toroidal 
field in iron, or a weak dipole field in 
the calorimeter region
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The CHARM competitor
CDHS - WA1

target mass of 500 tons, running from 1976

CHARM - WA18
target mass of 150 tons, running from 1979

a cumberson competitor...
CDHS vs CHARM: 3 times the mass, 3 years in advance, 

lead by Jack Steinberger...
of course our experiment was better: more ambitious, 

more sophisticated, but also more tricky to be tuned
so, Guido and Jack...
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The CHARM physics program
CHARM was a versatile experiment, with many choices:

• WWB vs NBB
• CC vs NC
• leptonic vs semileptonic neutrino interactions
• toroidal field vs dipole

moreover, other experimental configurations became 
available during the operation period:

• neutrino resulting from SPS beam dump
• a first attempt to observe neutrino oscillations with a far 

and a near detector
actually, many analyses and studies were going on in 
parallel...
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Abstract. The  cross-sect ion rat io of  neut ra l -current  
and charged-cur ren t  semileptonic interact ions of  
muon-neu t r inos  on isoscalar  nuclei has been mea-  
sured with the result:  R ~ = 0.3093 4- 0.0031 for hadron-  
ic energy larger than  4 GeV. F r o m  this rat io we deter- 
mined  the e lec t roweak mixing angle sin 2 0 w =0.236 
+ 0.012 (me - 1.5) + 0.005 (exp.) _ 0.003 (theor.), where  
mc is the c h a r m - q u a r k  mass  in GeV/c  2. C o m p a r i s o n  
with direct measu remen t s  of m w  and m z determines  
the radiat ive shift of the in te rmedia te  boson  mass  
A r = 0.077_+ 0.025 (exp.)__ 0.038 (syst.), in agreement  
with the predict ion.  Assuming  the validity of  the elec- 
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t roweak  s tandard  theory  we de termined  Q=0.990 
- 0.013 (me - 1.5) _+ 0.009 (exp.) _+ 0.003 (theor.). 

I Introduction 

The S tandard  Mode l  of  the e lec t roweak gauge theory  
is successful in describing a large a m o u n t  of  experi-  
menta l  da ta  [1]. Par i ty  viola t ion in a tomic  t ransi t ions  
[2], the a s y m m e t r y  in the scat ter ing of polar ized elec- 
t rons  on deuter ium [3], the neut ra l -current  induced 
elastic scat ter ing of muon-neu t r inos  on electrons [4, 
5] and  on p ro tons  [-6], deep inelastic semileptonie  
neut r ino  scat ter ing by the neut ra l  weak  current  [7, 
8], and  the direct obse rva t ion  of the weak  bosons  
[9, 10] are all consistent  with universal  s t rength  of 
the forces associated with the SU(2) and  U(1) symme-  
try groups  of the s tandard  model .  

The  fundamenta l  quant i t ies  of  the S tandard  M o d -  
el, g and  g', and  the masses  of  the weak  bosons,  m w  
and mz ,  are related to the angle Ow tha t  describes 
the mixing of the two local symmetr ies  th rough  the 
relat ions 

tan 0~, = g'/g, (1) 
sin 20w = 1 2 2 - - m w / m z .  (2) 

• from semileptonic CC vs NC comparison
• high statistics, quark content to be disentangled

• from purely leptonic, purely NC νµe → νµe/νµe → νµe
• low statistics, very little systematics
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The “semileptonic” mixing angle 
From                             or

one can derive

so that 

CHARM final result:

compared with other 
contemporary
neutrino results:
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Table 1. Values of sin 20w obtained from various processes and the values after electroweak radiative 
corrections have been applied 

Experiment sin 2 0~v nc Condition sin 2 0~ ~ 

Parity violation in Cs atoms [2] 0.221 +0.027 0.228 +_0.027 
eD scattering asymmetry [3] 0.224 -+ 0.020 Q = 1 0.218 _+ 0.020 
v~ ('~u)e scattering [4] 0.215 + 0.034 independent of 0 0.215 _+ 0.034 
v , (~ , )e  scattering [53 0.209 +_ 0.032 independent of ~ 0.209 + 0.032 
vu (vu) P scattering [6] 0.220 _+ 0.016 M4 = 1.05 GeV 0.220 _+ 0.016 
v u N deep incl. scattering [7] 0.232 + 0.014 0 = 1 0.223 +_ 0.014 
v~, N deep incl. scattering [8] 0.239 4- 0.012 O = 1 0.226 +_ 0.012 
mw and mz [9] 0.219+0.015 O= 1 0.214_+0.016 
mw and mz [-10] 0.215_+0.008 Q= 1 0.232_+0.008 

The value of this mixing parameter  is not predicted 
by the model. It  can be determined experimentally 
from measurements of the processes mediated by the 
neutral weak current. The values thus determined 
from various types of experiment are shifted by elec- 
t roweak radiative corrections which have to be taken 
into account to perform a precise test of the theory. 
Because of the gauge nature of the interaction these 
radiative corrections can be calculated to all orders. 
Table 1 summarizes measured and corrected values 
of sin 2 0~ up to 1985. The agreement of the values 
corrected for electroweak radiative effects is excellent, 
whereas the measured values differ from each other. 

A more  advanced test of the theory, at the level 
of the radiative corrections of order e, can be per- 
formed by a precise determination of sin z 0" from 
semileptonic neutrino scattering and the direct mea- 
surements of mw and mz. The Fermi interaction, me- 
diated by the weak bosons, leads to a relation between 
the fine-structure constant ~, the Fermi coupling con- 
stant GF, the boson masses, and the weak mixing 
parameter  sin 2 0~ 

m 2 = m 2 COS 20w = ~/[//2GF sin 2 0w. (3) 

Using l / a =  137.035963(15), as measured by the Jo- 
sephson effect, and G~=1.16637(2)x 10 -5 GeV -2 as 
determined from the muon  lifetime, leads in lowest 
order to the relations: 

sin 2 0 ~  c = (37.281 GeV/mw) 2, (4 a) 

sin z 2 0~ nc = (74.562 GeV/mz) 2. (4b) 

Because of the definition of sin 2 0w in (2) this relation 
must  be radiatively corrected by using values of 
and GF at the mass of m . .  The change of the value 
of Gv(m 2) is negligible, whereas e is changed to 
~(mw) = ~(0)/(1 - A r) with 

A r = 0.0713 _ 0.0013, (5) 

assuming mHigg s =  100 GeV and a top quark mass of 
ms = 45 GeV [-1, 11]. The predicted corresponding ra- 

diative shift of the Wmass is about  3 GeV. The radia- 
tive correction can be experimentally determined 
from the measurements  of mw and mz and of sin 2 0 w 
through the relation 

A r = 1 -(~z~/m~v ~f2GF sin z Ow) (6) 

and the corresponding relation involving mz. A com- 
parison with the calculated radiative shift thus tests 
the predictive power of the Standard Model at the 
level of first-order radiative corrections in the same 
way as the predictive power of Q E D  has been probed 
on the Lamb  shift and on ( g - 2 )  of the muon  and 
the electron. The electroweak radiative shift is ap- 
proximately 50 times larger than ( g -  2) of the muon, 
owing to the larger masses of the weak bosons in- 
volved. 

We report  here on a precise determination of 
sin 2 0w from semileptonic neutrino scattering* which 
allows this test to be performed at a sensitive level. 
The result puts constraints on new physics which 
might be appended to the Standard Model, on the 
mass of the top quark and of a hypothetical fourth 
generation charged lepton as well as on the mass of 
additional neutral gauge bosons. Furthermore,  this 
measurement  now provides an accurate value of 
sin 2 0" which can be used to rule out, or at least 
constrain, Grand  Unified Theories which predict it. 

2 Determination of sin z 0,~ from semileptonie 
deep inelastic v~ scattering 

Several methods can be used to determine a value 
of sin 2 0~ from semileptonic neutrino scattering. We 
have used a method recently proposed by Llewellyn 
Smith [12]. The coupling of the neutral weak current 
to fermions of charge q and the third component  of 
weak isospin 13 is according to the Standard Model:  
gL = 2 (13 - q sin 2 0~), (7 a) 
gR = - 2 q sin 2 0w. (7 b) 

* See also J.V. AUaby et al. (CHARM Collaboration): Phys. Lett. 
177B (1986) 446 
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For the constituent u and d valence quarks of nuc- 
leons we thus expect 

u 4 gL-  1 - ~  sin2 0w, g[=  - 1  +2 sin2 0w, (8a) 
g~-- - ~  sin 2 0w, g~ = ~ sin 2 0~. (8b) 

Llewellyn Smith has shown that for isoscalar target 
nuclei the contribution of u, ~, and d, d quarks to 
the cross-sections of deep inelastic scattering of neu- 
trinos by the neutral weak current (NC) and the 
charged weak current (CC) are related to sin 2 0~ by 
the relation 
d 2 a~)/d x d y = ( 89 - sin 2 0 w + 5 sin4 0w) d 2 a~)/d x d y 

+5 sin 4 0w d 2 a~)/dx dy. (9) 

Its validity depends on weak isospin symmetry. Inte- 
grating (9) over x and y, one obtains a relation con- 
taining only ratios of cross-sections, 

RV=a~c/a~c= 89 20w+ 5 sin 40w(1 +r), (10) 
V where r = acc/acc. 

A precise measurement of R ~ can be performed 
without the need to monitor precisely the incident 
neutrino flux. Events induced by neutrinos have to 
be classified as NC or CC events by the detection 
of a muon. One must, therefore, aim at a high effi- 
ciency of muon detection in designing a precise exper- 
iment. The track length of muons increases linearly 
with the mean neutrino energy and, hence, with par- 
ent (pion and kaon) beam momentum, whereas the 
length of hadron showers which may obscure the 
muon track increases only logarithmically with the 
beam momentum. Thus, a high-momentum parent 
beam is required. For a 160 GeV beam momentum, 
which was chosen as an optimum for the event statis- 
tics and the muon detection efficiency, more than 96% 
of the muons originating in CC reactions can be re- 
cognized; the losses can be calculated precisely, allow- 
ing a total experimental error of AR/R= _0.01 to 
be reached. A measurement of the ratio r of CC cross- 
sections for antineutrino and neutrino deep inelastic 
scattering is required to determine the correction 
term, ~-r sin 40w, which accounts for NC scattering 
on right-handed quarks. The experimental precision 
required for r is reduced by the coefficient 5 sin40w 

0.035; hence a measurement error of A r/r = _+ 0.04, 
because of the relative antineutrino and neutrino flux 
monitoring required, is sufficient to achieve a total 
experimental error of A sin 20w = + 0.005 at which we 
were aiming. 

Equation (10) holds for deep inelastic scattering 
of neutrinos; processes which are not sensitive to the 
weak charge of the quarks, namely quasi-elastic scat- 
tering and coherent pion production, have to be re- 
jected. This would be best achieved according to stu- 

dies of deep inelastic scattering [13] by selecting 
events with a momentum transfer Q2>4 GeV 2. In 
NC interactions a direct measurement of Q2 is not 
possible, because the outgoing neutrinos are undetect- 
able. However, for these near elastic processes there 
is a close relation between Q2 and the hadron energy 
Eh. A selection of events with Eh > 4 GeV is an equiva- 
lent way of rejecting events which are not due to deep 
inelastic neutrino scattering. 

Some processes contributing to deep inelastic 
scattering do break the isospin symmetry required 
for the validity of (10). These are mainly due to the 
asymmetry of the strange-quark sea and the charm- 
quark sea, owing to their different mass values, and 
to quark mixing. These asymmetries, amounting to 
ARVRV~2%, have to be corrected for by using the 
quark model to determine sin 20w. The remaining un- 
certainties due to our present limited knowledge of 
the quark structure of nucleons have been estimated 
to contribute A sin 20w = _+ 0.005, the largest uncer- 
tainty being in the choice of the charm-quark mass 
which is required to describe the threshold of charm 
production in CC interactions. However, these uncer- 
tainties are expected to be reduced once better data 
are available to describe the quark structure of the 
nucleon. 

The experimental set-up, consisting of the neu- 
trino beam and the neutrino detector, and the data 
taking, trigger, and calibration procedure are de- 
scribed in Sect. 3. In Sect. 4 the analysis of the data, 
the determination of background, the classification 
of events, and the corrections applied to these classes 
are described. The results obtained after quark-model 
and radiative corrections have been applied, and their 
comparison with the results on mw and m z obtained 
at the CERN p/~ collider, are described in Sect. 5. 
Their impact on physics is discussed in Sect. 6. 

3 Experimental set-up 

3.1 The narrow-band neutrino beam 

The data were obtained in 1984 during a high-statis- 
tics exposure of the CHARM detector in the narrow- 
band neutrino beam at the CERN 450 GeV Super 
Proton Synchrotron (SPS). Neutrinos are produced 
in the decay of charge- and momentum-selected pions 
and kaons. Particles of positive or of negative charge 
produce a pure neutrino or antineutrino beam with 
a well-known energy spectrum. A small background, 
predominantly of low energy, the so-called wide-band 
(WB) background, is due to decays of particles which 
do not pass the charge and momentum selection of 
the beam line. 

A 160 GeV narrow band beam (NBB), developed 
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the quark structure of nucleons have been estimated 
to contribute A sin 20w = _+ 0.005, the largest uncer- 
tainty being in the choice of the charm-quark mass 
which is required to describe the threshold of charm 
production in CC interactions. However, these uncer- 
tainties are expected to be reduced once better data 
are available to describe the quark structure of the 
nucleon. 

The experimental set-up, consisting of the neu- 
trino beam and the neutrino detector, and the data 
taking, trigger, and calibration procedure are de- 
scribed in Sect. 3. In Sect. 4 the analysis of the data, 
the determination of background, the classification 
of events, and the corrections applied to these classes 
are described. The results obtained after quark-model 
and radiative corrections have been applied, and their 
comparison with the results on mw and m z obtained 
at the CERN p/~ collider, are described in Sect. 5. 
Their impact on physics is discussed in Sect. 6. 

3 Experimental set-up 

3.1 The narrow-band neutrino beam 

The data were obtained in 1984 during a high-statis- 
tics exposure of the CHARM detector in the narrow- 
band neutrino beam at the CERN 450 GeV Super 
Proton Synchrotron (SPS). Neutrinos are produced 
in the decay of charge- and momentum-selected pions 
and kaons. Particles of positive or of negative charge 
produce a pure neutrino or antineutrino beam with 
a well-known energy spectrum. A small background, 
predominantly of low energy, the so-called wide-band 
(WB) background, is due to decays of particles which 
do not pass the charge and momentum selection of 
the beam line. 

A 160 GeV narrow band beam (NBB), developed 
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Table 11. Corrections to sin 20w (Eh>4 GeV) 

Source A sin 20w Theoretical 
uncertainty 

M u o n  mass  + 0.0011 • 0.0001 
W z thresholds ,  F L + 0.0005 ___ 0.0005 
K - M  mix ing  ma t r ix  __+ 0.0010 
S t range  sea for rn c = 0 - 0.0074 • 0.0010 
C h a r m  sea for mc=O +0.0015  _ 0 .0 0 1 0  
Rad ia t ive  correc t ions  - 0.0092 + 0.0020 
To ta l  uncer t a in ty  (fixed me) _ 0.0030 
C h a r m  mass  (me = 1.5 GeV/c  2) + 0.0140 

Tota l  (m c = 1.5 GeV/c  2) + 0.0005 _ 0.0030 

5.4 Results 

Applying both quark-parton model (qpm) and radia- 
tive (rad) corrections, we obtain the final result 

sin 20w = 0.236 + 0.012(m c -  1.5) 
+ 0.005 (exp.)_+ 0.003 (theor.), (11) 

where mc is the mass of the charm quark in GeV/c 2. 
The total theoretical uncertainty in the determination 
of sin 20w, excluding the uncertainty on me, is estimat- 
ed to be of the order of _+ 0.003. 

Higher twist effects were neglected. To investigate 
their effects we repeated the analysis for hadron ener- 
gies larger than 9 GeV; the values of sin 2 0 w are given 
in Table 12. In each case the ' raw'  value is given, 
by simply substituting the measurements of R v and 
r in (10), and in addition the values after radiative 
corrections only and after radiative and quark-model 
corrections. The difference between the two values 
of sin 2 0 w is consistent with the statistical uncertainty 
of the event sample between 4 and 9 GeV hadron 
energy, combined with the different systematic errors 
from the hadron-energy threshold. The value of 
sin z 0 w does not vary with the hadron-energy thresh- 
old, thus demonstrating the consistency of the meth- 
ods used. 

We can use the measurement of R v to investigate 
the consistency with the assumption of ~ = 1. Fig- 
ure 15 shows the quark-model prediction for R ~ and 
R ~ for a range of values of sin 20w. The shaded area 
along the curve indicates the theoretical uncertainty. 
For  sin 2 0w=0.236, the value derived from R ~ and 

Table 12. Sin 20w values as a function of the Eh threshold 

Eh threshold sin 2 0~, w sin 2 0~, d sin z 0~ a+qpm 

4 GeV 0.2356 0.2252 0.2359 • 0.0050 
9 GeV 0.2409 0.2302 0.2383 _+ 0.0052 
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0.3 0/90 ~ 
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Fig. 15. Quark-model prediction for R" and R v as a function of 
sin 20w and Q 

Table 13. Comparison of values of sin 20w derived from semileptonic 
neutrino-scattering experiments. The common theoretical error is 
• 0.003 

Group Method sin 2 0w(exp.) 

FMMF [29] Event-by-event 0.246 _ 0.016 
CCFR [31] Event length 0.239 _+ 0.010 
CDHS [30] Event length 0.225 __+ 0.005 
CHARM [32] Event-by-event 0.236_+ 0.005 

r, a range of 0 values is indicated as well. We note 
good agreement with the model for 0 = 1.030 __ 0.020. 

This result can be compared with those obtained 
in other semileptonic neutrino-scattering experiments. 
Starting from a previous measurement (1981) of R" 
and r by this Collaboration [7], and applying the 
same quark-parton model and radiative corrections, 
we obtained sin20w--0.223_+0.014(exp.) (see Ta- 
ble 1). Our new result is compared with those ob- 
tained in other recent semileptonic neutrino-scatter- 
ing experiments (see Table 13) for me= 1.5 GeV/c 2. 
The F M M F  Collaboration at F N A L  used a method 
similar to ours, classifying NC and CC interactions 
on an event-by-event basis [29]. The CDHS Colla- 
borat ion at CERN  [30] and the CCFR Collaboration 
at F N A L  I-31] used a statistical method for classifica- 
tion based on the total event length. The agreement 
is good and significant considering the differences in 
experimental procedures used. The mean value de- 
rived from these experiment is 

average sin 2 0 w --- 0.233 __ 0.004 (exp.)__ 0.005 (theor.). (12) 

6 Discussion and conclusions 

Using the new precise value of sin z Ow together with 
the recent direct measurements of mw and mz [9, 10] 
we have determined the electroweak radiative shift 
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Abstract. A de te rmina t ion  of sin20w based on mea-  
surements  of  elastic scat ter ing of muon-neu t r inos  and 
muon-an t i -neu t r inos  on a tomic  electrons is described. 
These  purely  leptonic processes were studied using 
the C H A R M  calor imeter  exposed  to neut r ino  and  
ant ineut r ino  wide-band  beams  at  the C E R N  super  
p r o t o n  synchrot ron .  A total  of  83 +_ 16 neutr ino-elec-  
t ron  and  112__21 ant ineut r ino-e lec t ron  events  have  
been detected. F r o m  the measu remen t  of  the rat io  
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of muon-neu t r i no  and muon-an t ineu t r i no  cross-sec- 
t ions a value of  sin 2 0w =0.211 +_0.037 was obtained.  

1 Introduction 

The mixing angle 0w and the masses  of  the weak bo-  
sons m w and m z  are essential  pa rame te r s  of  the stan- 
da rd  mode l  [-1]. They  are related by  [2, 3] : 

cos 0~, = m w / m z ,  (1) 

where the min imal  Higgs  representa t ion  was assumed 
to be valid and,  consequent ly,  the rat io of  the weak  
neut ra l -current  (NC) and charged-cur ren t  (CC) cou- 
plings, p, is equal  to one [4]. 

Today ,  precise values of  m z  and m w are avai lable  
f rom the da t a  ob ta ined  by the exper iments  U A  1 [5] 
and  U A 2  [6] at  the C E R N  p/~ collider. C o m b i n i n g  
statistical and systemat ic  errors  in quad ra tu r e  one 
finds the following m e a n  values 

m w = (80.7 • 1.4) G e V  
mz = (92.0 ___ t.8) GeV. (2) 
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trino and antineutrino events attributed to back- 
ground (ii) corresponds to a cross-section ratio com- 
patible with one. This supports the hypothesis that 
these events are due to coherent scattering of muon- 
neutrinos on nuclei with rc ~ production. 

From the cross-section ratio a value of 

sin z 0~ = 0.206 _+ 0.048 (stat.)_+ 0.013 (syst.) (53) 

was determined. Using the absolute neutrino fluxes 
(Sect. 5) the following cross-section values were de- 
rived: 

(v. e)/Ev 
= [2.45 +_ 0.6 (stat.) +_ 0.6(syst.)]  9 10- 42 cm2/GeV 
a (9. e)/E~ 
= [ 1.75 + 0.4 (stat.) _ 0.4 (syst.)]  9 10- 42 cm2/GeV. (54) 

This analysis method  was also applied to the data 
from the second period [24]. The results are in good 
agreement with those obtained in the previous section 
by applying the maximum-likelihood method. Taking 
into account the improved angular resolution and the 
differences of the acceptance criteria, the signal-to- 
background ratio and the background composition 
of the first and the second period agree within the 
errors. 

7 C o m b i n e d  resu l t s  

In this section the results obtained from the analysis 
of the first and second data period will be combined. 
The E 2 02 distributions of all v, e and 9~ e candidate 
events collected in the first and in the second exposure 
of the C H A R M  detector are shown in Fig. 20a and 
b taking into account the different angular resolu- 
tions. Figure 20c and d show the analogousdistribu- 
tion for events satisfying the additional condition 
E s <  8 MeV applied to select unambiguously events 
with a single electron at the shower vertex. After the 
background subtraction, the number of events found 
[23, 24] in the region E20z<0.12 GeV was 83+16 
(neutrino) and 112 + 21 (antineutrino). From the E z 02 
distributions of the events with Er  MeV, signals 
of 24_+6 and 35+9 events, respectively, were ob- 
tained. The ratios of the signals found with h I 
< B M e V  and with E r  is 0.30_+0.08, in 
good agreement with the relative selection efficiency 
of (32 +_ 5)%, as measured in the electron test beam. 
This agreement supports the hypothesis that the sig- 
nals are due to events with a single recoil electron. 

The weighted mean of the sin 2 0w values obtained 
in the analysis of the first and second exposure is 

2 sin 0w = 0.211 _+ 0.035 (stat.) +_ 0.011 (syst.). (55) 

i I I I I I I 

200 - a) ~+001 b) 
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160 ~/ ]  .83~16 ev. 320[ 112-+21 ev. 

120 24ol 

,o . . . . . . . . .  ,or 
NE via ̀ . . . .  

0.12 036 0.60 084 012 0,36 060 0,84 > 
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Fig. 20a~t. Distribution of a neutrino and b antineutrino events 
collected in the first and in the second exposure. The data from 
the second exposure are shown using a horizontal scale expanded 
by a factor of 2 in order to take into account the different angular 
resolution. The same scale correction has been applied in the com- 
putation of the two backgrounds. Figure c and d show the analogous 
distributions for the events satisfying the additional condition that 
the energy deposited by the shower in the first scintillator plane 
by Ej-<8 MeV. In this case the background is due only to ve(g~) 
quasi-elastic scattering 

For the cross-sections the values 

a(v~ e)/E v 
= [2.2 + 0.4 (stat.) + 0.4 (syst.)]  9 10- 42 cm2/GeV 

(9. 
= [1.6 _+ 0.3 (stat.) + 0.3 (syst.)]. 10- 42 cmZ/OeV (56) 

were obtained. The statistical errors were averaged 
quadratically and the systematic errors were averaged 
linearly because of their correlations. 

Using the parametrizafion (9) for the v, e cross- 
section and as input from other experiments m z 
= (92_ 1.8) GeV (see Sect. 1) a value of 

sin 2 0w = 0.199 _+ 0.015 (stat.) + 0.020 (syst.) (57) 

was obtained. 
The cross-sections and the mixing angle are in 

good agreement with the results of other recent 
v,(g,) e measurements [45-52], which are summarized 
in Table 2. From the cross-sections vector and axial- 
vector coupling constants of the electron, g~ and g~, 
can be calculated up to a fourfold ambiguity. The 

Results from νµe → νµe



E. Longo - 20/6/2016

Axial and vector e couplings

29

5 8 6  

T a b l e  2. M e a s u r e m e n t s  o f  a (vu  e), a ( G  e), in  u n i t s  o f  1 0 - 4 2  c m 2 / G e V ,  
a n d  s in  ~ 0~ d e r i v e d  f r o m  R 

E x p e r i m e n t  a ( v .  e) a ( G  e) s i n 2 0 ~  

+ 1 , 3  
G G M - P S  [45] < 3,0 1.0 - 

- 0 , 6  

A C - P D  [ 4 6 ]  1.1 ___0.6 2 . 2 + 1 . 1  0.35__+0.08 

+ 1 . 2  
G G M - S P S  [ 4 7 ]  2.4 < 2.7 - 

- 0 . 9  

B N L - C O L  [ 4 8 ]  1.6 +_0.4 - 

F M M S  [ 4 9 ]  - < 2 . 1  - 

B E B C - T S T  [ 5 0 ]  - < 3.4 - 

V M W O P  [ 5 1 ]  1.4 + 0 . 4  - - 

B B K O P S  [ 5 2 ]  1 .85_+0.4  1 .16_+0.3  0 . 2 0 9 + 0 . 0 3  

T h i s  e x p e r i m e n t  2.2 + 0 . 6  1 .6_+0.5  0 .211 + 0 . 0 4  
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Fig. 21, Neutral-current coupling constants g~. and g~ of electrons 
as determined by this experiment and by ~ e scattering 1-43] and 
e + e  - ~ # + # -  [ 5 3 ]  

ambiguity was eliminated (see Fig. 21) by using mea- 
surements of other leptonic processes, ~7 e e ~ ~e e [43] 
and e + e-  ~ #+ # -  [53], leaving a unique solution: 

g5 = - 0.06 + 0.07 (stat.) _ 0.02(syst.) 
g~4 = - 0.57 +_ 0.04 (stat.) _ 0.06 (syst.), (58) 

in good agreement with the prediction of the standard 
model g ~ = -  1/2 based on the assumption that the 
left-handed electron transforms as a doublet under 
weak isospin rotation. 

Comparing the sum of ~r(v, e) and 0-07 . e) with the 
cross-section values expected in the standard model 
for the value of sinZ0w given in (55) we derived the 

value of the ratio of NC and CC coupling constants" 

p = 1.14 _+ 0.07 (stat .) _+ 0.12 (syst.). (59) 

This result is compatible with our recent determina- 
tion in semileptonic reactions, p = 0.99_% 0.0l [10], 
and the value p = 1.02___0.03 as determined from W 
and Z measurements at the p/~ Collider [53]. In the 
standard model with a minimal Higgs sector p is pre- 
dicted to be equal to one [4]. 

8 Limits derived from the measurements 
of a(v~e) and a(~,e) 

8.1 Limits on the mass of an excited electron 
and of an additional neutral boson 
From the ratio of the Z and W masses [5, 6] a value 
of 

sin 2 0 w = 0.22 ___ 0.02 (60) 

was derived. Comparing the measured values of g~, 
and g~ in (58) to those obtained using this indepen- 
dent determination of sin 20w the upper limit. 

22AZ/m*2 <2.6(95% CL) (61) 

was determined making use of (14). With assumptions 
on the scale factor A > 1000 GeV and on the coupling 
constant 2 = 1 a lower limit for the mass of the excited 
electron is derived 

m* > 620 GeV(95% CL). (62) 

Using the same assumptions, a limit m* >72  GeV 
(95% CL) was derived previously from a measure- 
ment of the cross-section of the process e + e-  ~ y7 
[54] (see also [55-57]). Figure 22 shows the limit on 
2 as a function of m*, together with the previous limits 
[56]. 

Using (15) the upper limit 

(g,/g)2. (mz/mz,)2 < 0.11 (95 % CL) (63) 

was derived; g(g') and mz(mz, ) are the coupling con- 
stants and the masses of the Z boson and of an addi- 
tional Z' boson, respectively. With the assumption 
g '=  g a lower limit of 

mz, >280 GeV(95% CL) (64) 

was obtained. Analysing semileptonic processes at 
small Q2 another limit has been derived which is a 
factor of 2-3 smaller [15]. For  different models with 
an additional neutral boson, lower bounds between 
100 GeV and 300 GeV were obtained [58]. From a 
direct search the limit mz,> 188 GeV(90% CL) has 
been determined [59]. 
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surements of other leptonic processes, ~7 e e ~ ~e e [43] 
and e + e-  ~ #+ # -  [53], leaving a unique solution: 

g5 = - 0.06 + 0.07 (stat.) _ 0.02(syst.) 
g~4 = - 0.57 +_ 0.04 (stat.) _ 0.06 (syst.), (58) 

in good agreement with the prediction of the standard 
model g ~ = -  1/2 based on the assumption that the 
left-handed electron transforms as a doublet under 
weak isospin rotation. 

Comparing the sum of ~r(v, e) and 0-07 . e) with the 
cross-section values expected in the standard model 
for the value of sinZ0w given in (55) we derived the 

value of the ratio of NC and CC coupling constants" 

p = 1.14 _+ 0.07 (stat .) _+ 0.12 (syst.). (59) 

This result is compatible with our recent determina- 
tion in semileptonic reactions, p = 0.99_% 0.0l [10], 
and the value p = 1.02___0.03 as determined from W 
and Z measurements at the p/~ Collider [53]. In the 
standard model with a minimal Higgs sector p is pre- 
dicted to be equal to one [4]. 

8 Limits derived from the measurements 
of a(v~e) and a(~,e) 

8.1 Limits on the mass of an excited electron 
and of an additional neutral boson 
From the ratio of the Z and W masses [5, 6] a value 
of 

sin 2 0 w = 0.22 ___ 0.02 (60) 

was derived. Comparing the measured values of g~, 
and g~ in (58) to those obtained using this indepen- 
dent determination of sin 20w the upper limit. 

22AZ/m*2 <2.6(95% CL) (61) 

was determined making use of (14). With assumptions 
on the scale factor A > 1000 GeV and on the coupling 
constant 2 = 1 a lower limit for the mass of the excited 
electron is derived 

m* > 620 GeV(95% CL). (62) 

Using the same assumptions, a limit m* >72  GeV 
(95% CL) was derived previously from a measure- 
ment of the cross-section of the process e + e-  ~ y7 
[54] (see also [55-57]). Figure 22 shows the limit on 
2 as a function of m*, together with the previous limits 
[56]. 

Using (15) the upper limit 

(g,/g)2. (mz/mz,)2 < 0.11 (95 % CL) (63) 

was derived; g(g') and mz(mz, ) are the coupling con- 
stants and the masses of the Z boson and of an addi- 
tional Z' boson, respectively. With the assumption 
g '=  g a lower limit of 

mz, >280 GeV(95% CL) (64) 

was obtained. Analysing semileptonic processes at 
small Q2 another limit has been derived which is a 
factor of 2-3 smaller [15]. For  different models with 
an additional neutral boson, lower bounds between 
100 GeV and 300 GeV were obtained [58]. From a 
direct search the limit mz,> 188 GeV(90% CL) has 
been determined [59]. 

1
2

1
0
.
E
le
c
tr
o
w
ea
k
m
o
d
e
l
a
n
d
co
n
s
tr
a
in
ts
o
n
n
e
w
p
h
y
s
ic
s

!
!

!
!

!
!

!
!

!
!

!
!

!
!

!
!

!

Ν
Μ
!Ν
Μ
"
e

Ν
e e

Ν
e e

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

!
1.
0

!
0.
5

0.
0

0.
5

1.
0

!
1.
0

!
0.
5

0.
0

0.
5

1.
0

gA Ν
e

gV
Νe

F
ig
u
re
1
0
.1
:
A
ll
ow
ed
co
nt
ou
rs
in
g ν
e

A

vs
.
g ν
e

V

fr
om
n
eu
tr
in
o-
el
ec
tr
on
sc
at
te
ri
n
g
an
d

th
e
S
M

p
re
d
ic
ti
on
as
a
fu
n
ct
io
n
of
ŝ
2Z

.
(T
h
e
S
M

b
es
t
fi
t
va
lu
e
ŝ
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Nucleon structure functions and the gluon
CC from WBB exposure
50000 neutrino, 110000 antineutrino interactions
Hadronic shower energies down to 2 GeV
Muon momentum down to 1 GeV/c
Model independent unfolding of detector resolutions
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Nucleon structure functions and the gluon
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Nucleon structure functions and the gluon
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Muon polarisation

34

CDHS CHARM

Parity violation in π-µ-e decay chain, measuring the 
longitudinal polarization of muons by precessing the 
muon spin in a magnetic field (Friedman and Telegdi 
1957; Garwin, Lederman and Weinrich 1957)

CHARM repeated the measurement for muons produced 
in neutrino interactions, using its dipole field 
configuration
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The first “two-detectors” experiment on 
neutrino oscillations
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The legacy of CHARM collaboration
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...happy birthday, Guido!
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Prompt neutrino production
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Same sign and opposite sign muon pair production

CC charm production 
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