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ABSTRACT

We present data of the reaction vue- > u Vo the inverse of muon decay, col-
lected in a long exposure of the CHARM neutrino detector to the CERN SPS horn-
focussed wide band neutrino beam.

After correction for efficiencies, a sample of 594 + 56(stat.) * 22(syst.)
events has been found. The ratio of the measured and expected cross sections is
0.98 + 0.12 assuming pure V-A interaction. 1In an SU(2)LXSU(2)RXU(1) model con~
taining two charged intermediate vector bosons, one can relate this ratio to the
ratio of the masses of the two vector bhosons and to their mixing angle w. From
the result of this experiment, the limits M(Wz)/M(Wl) 2 1.9 and w £ 15° at 90 %
¢.1. can be derived.

A search for the reaction Gue- ou ﬁe » a@llowed by multiplicative lepton

number conservation, gave a limit of o(ﬁue_ >y ﬁe)/ G(vue- > ve) < 0.05, at
90 % confidence level.



A study of the reaction
vue + U Ve (1)

usually called inverse muon decay, provides information about the chiral struc-
ture of the leptonic charged current interaction [1] and the two-component na-

ture of neutrinos [2].

Assuming completely left-handed charged leptons and making no assumptions
on the helicity of the neutral leptons, the differential cross section for reac-

tion (1) can be written as [3]}

do/d(cosB™) = G2 (s-muz)z /167s (2a)

x [(14#P) (1-3) (1-cos8™) (a-bcos® )44(1-P) (1+N)]

where 8 is the angle in the c.m. system between the incoming vy and the outgo-

. - 2 2 2 2
ing u, a = l+mu /s, b = 1_mu /sy, XA = - Z(ngA) / (lgv | + |gA l ), and P =

[N(vR) - N(vL)]/[N(vR) + N(vL)] is the neutrino polarization,.

2

In the limit s >> m the cross section (2a) can be expressed in terms of

the inelasticity y = (1-Eu/Ev)

do/dy = G2 s/4m [ (14P) (1-M)y2 + (1-P)(1+)) ]. (2b)

The yz term in (2b) describes the scattering of possible right-handed v

by left-handed e , coupled by S,P terms in the effective Lagrangian.

A pure V-A structure of the interaction implies A = 1, and left-handed two

component neutrinos imply P = -1.

In a different approach reaction (1) can be described in terms of a left-

right symmetric electroweak model based on the gauge group SU(Z)LXSU(Z)RXU(I)



[4]. In this model two charged gauge bosons exist, WL and WR » whose exchange

in reaction (1) produces respectively the constant part and the y2 part in

cross-section (2h).

A symmetry-breaking mechanism causes the WL and WR to mix with an angle w
forming two mass eigenstates Wl and W2 . When w = 0 and M(Wz) = o, Wl = WL is
the ordinary W-boson of the standard model.

In this model the rate of reaction (1), normalized to the integrated V-4
cross-section, is a function of the mass ratio r = M(Wl)/M(WZ) and of the mixing
angle w [5]. A measurement of the rate of reaction (1) then tests directly the
V-A coupling dominance of all the leptons involved, and in the left-right symme-
tric model it limits the mass ratio of the two charged bosons and their mixing

angle,

Theories of multiplicative conservation of the lepton number [6] allow the

final state of reaction (1) to be induced also by "wrong" neutrinos

- N -
vu e oy, (3
Up to now only few results have been presented on reaction (1), because of the
high energy threshold and the small cross section [7,8].

We have studied reaction (1) and searched for reaction (3) using the CHARM
neutrino detector, exposed to horn-focussed wide band neutrino and antineutrino
beams produced by 400 GeV protons from the CERN SPS, with a mean energy of 31
GeV for the neutrino and 24 GeV for the antineutrino beam.

The data presented here have been taken from 1979 to 1981 ; the previously
published data [8] concern only 1979 wide band runs and are part of the sample

we preseni here.

A detailed description of the CHARM detector may be found elsewhere [9].
Briefly,it consists of a segmented ionization calorimeter surrounded by a magne-

tized iron frame,and a muon spectrometer.



The calorimeter is made of 78 modules, each one consisting of a marble
plate of 3x3 m2 surface area and 8 cm thickness followed by a plane of 128 pro-
portional drift tubes and a plane of 20 plastic scintillators oriented at 90°
with respect to the tubes.

The muon spectrometer is composed of four toroidal iron magnets providing
information for the identification and the momentum analysis of forward going
muons. Fach magnet is segmented in iron disks, 5 cm thick in the first module

"end

(the "end calorimeter"), and 15 cm thick in the next three modules (the
magnet"), for a total iron length of 3 m, with an external diameter of 3.7 m,
and a central hole of 16.7 cm diameter. Eighteen planes of proportional drift
tubes, interspersed between the disks, are used to measure the muon momentum
with a resolution of 16% on average. Six planes of gscintillation counters have
been inserted in the gaps of the last three magnets to detect and to measure

muon 'bremsstrahlung" energy loss.

The detector was triggered requiring that at least four scintillator planes
were hit, that the detected donization loss was larger than 50 MeV, and that a
track had penetrated through at least four planes of the muon spectrometer end
magnets, equivalent to 1.35 m of iron. In later runs it was further requested
that at least nine consecutive planes in the calorimeter were hit. The two sam-
ples have been compared in all the relevant variables, and found compatible with

each other.

The particular characteristics of reaction (1) are the energy threshold Ev
> 10.8 GeV, the small muon emission angle BU < 10 mrad, and the absence of a
visible recoil. Consequently, the analysis aims at selecting recoil-less sin-

gle muon events above threshold.

A fiducial volume was defined to ensure good track measurement. Tracks
starting between plane 3 and 69 (59 for later data), with | v,z | < 150 cm, were
accepted. Tracks were required to have a distance from the beam axis of 25 <R

< 180 cm, to ensure full detection efficiency in the muon spectrometer.

Events were selected which satisfied the following conditions
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1. less than 92 MeV deposited energy in the first six planes of scintilla-
tors following the vertex, less than 18 MeV in each of the first three
scintillator planes, and the sum of the deposited energy in the first
two planes less than 20 MeV (the peak value of the Landau distribution
of the energy deposited by a minimum ionizing particle in ome plane of
the calorimeter is 6 MeV). In addition, less than 10 MeV in each of the
first three scintillator planes was required if more than one propor-
tional drift tube was hit in one of the first three planes.

2.- negative (positive) muon charge for neutrino (antireutrino) runs ;

3. the time-of-flight measured between the scintillators in the last plane
of the calorimeter and the scintillation counters in the last magnet of
the muon spectrometer was compatible with a track following the direc-

tion of the neutrino beam.

Out of 43478 neutrino and 99596 antineutrino quasi-elastic candidates, the final
sample selected in this way contains 16843 mneutrino and 44703 antineutrino

events.
Above Ev = 10 GeV the q2 dependence of quasi-elastic scattering

\)u n->qu ) {&4a)

and of one pion production
vy N> 7N (4b)

is expected to be energy independent and equal for v and for 3 on an isoscalar
target . On the other hand the reaction (1} is expected to occur at very low
values of q2

Our selection criteria imposed a limit of q2 < 0.1 GeV2 on the detection of
quasi-elastic v and G'scattering, because of the rejection of proton reccils at

larger q2 and excluded at the same time events belonging to reaction (4b). This



fact allowed us to separate the background from the signal in the v sample, in

2 <o0.02 GeV2 , by subtracting the q2 distribution of the ¥ sam-

2 < 0.1 GeV2

the region 0 < g
ple normalized to the equivalent v sample in the range 0.02 = g

We approximate q2 by ptz, the muon transverse momentum squared, because Gu is

very small. For q2 < 0.02 GeV2 we observe an excess of U events (fig. 1),
N, () - an(u+) = 937 - (0.407x1355) = 386 + 36, (5)

where & = N_(17;0.02 < g% < 0.1 Gev?)/ N, (u'50.02 < g < 0.1 Gev?), which we at-

tribute to reactiom (1}. The binning in fig. 1 is of the same order of our q2

resolution .

The efficiency of the selection criteria has been determined experimentally
by applying them to later parts of the same tracks, starting at least 18 planes

after the vertex, with the result :

= +
£, = 0.882 £0.003 . (6)

Two other corrections must be applied to the number of events obtained :
ut of the cuts (q2 < 0,02 GeV2 and Py > 10 GeV/c),

which is estimated using the observed Ev spectrum and the simulated detector re-

i) for the efficiency e

sclution

= +
gy = 0-789 % 0.030 (7)

ii) for the muon track fitting efficiency £..,

Eeip © 0.934 * 0.002 . (8)

The quoted errors of the efficiencies are mainly of systematic origin . Cor-

recting the result for the efficiencies (6-8) we find

N(uuef + W v,) = 594 % 56(stat.) * 22(syst.) (9)



for a total number of acceptance-corrected inclusive one-muon events with EVis >

10 GeV of (1.046 % 0.063) x 10° or a relative rate of
N (vu e Ty Vg )
4

R = = [5.68 * 0.53(stat.) * 6.40(syst.)] = 10
N (vu N2>y X) EVis > 10 GeV '
Integrating eq. (2) over the observed E spectrum, we obtain the predicted

number of inverse muon decays

N
0
N= ____ [ (1+P)(1-2)C + 8(1-P)(1+\) ], (10)
32
where C = 2.98 is given by the integrated neutrino spectrum and N is the ex-

pected number of events for pure V-A interaction.

Assuming respectively left-handed or right-handed neutrinos, we predict the

following rates for reaction (1)

N1 = 607 * 35,

= +
N2 226 £ 13,

Comparing these predictions with the observed signal (9) we obtain

R, =0.98 % 0.12,
R 2.63 + 0.33.

2

Rl expresses the ratio between the observed rate and the rate expected from V-4
coupling among all the leptons in reaction (1), while R2 excludes at the level
of 6 standard deviations the dominance of 5,P couplings in the interaction.

Fig. 2a shows the qz distribution of the inverse muon decay candidates and
fig. 2b shows their u~ momentum distribution. We note that fig. 2b does show

the expected threshold behaviour of reaction (1).

In fig. 3 we compare our result in terms of V-A interaction and left-handed

neutrinos to the previous experiments [7,8], and show the statistical signifi-
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cance and correlation with which the parameters A and P of equation {(2) are

determined.

Evaluating now R1 in the SU(2)LXSU(2)RxU(l) model [5], as a function of the
ratio of the masses I = M(Wl)/M(wz) and of the mixing angle w we find the 90%
confidence limits w < 15° and M(W,) 2 1.9 M(W,) -

We conclude that the V-A structure of the leptonic charged current interac-
tion and the two component theory with left-handed neutrinos is confirmed again,

on the basis of four times larger statistics than in the previcus result [8].

Candidates of reaction (3) have been searched for in the antineutrinoc expo-
sure. We observed 9406 recoil-less single 1~ events inm antineutrino runs, and
found an excess of 120 % 20 u  events with Py~ 10 GeV/c and q2 < 0.02 GeV?

We expect a contribution from reaction (1), due to neutrino contamination
of the antineutrino beam. This can be computed by scaling the observed excess
in neutrino runs, taking into account the fitting efficiencies for focussed and
defocussed muons

386 x 9406 / 43478 = 84 events.

Another contribution to the u  sample in antineutrino runs may be due to

the reaction
v e *Tu v (11)

induced by the Ve contamination of the antineutrino beam. This can be computed

from the knowledge of the beam composition to be

N(ﬁe) <E(§e)> c(ﬁee)
84 x x x = 7 events,
N(vu) <E(vu)> c(vue)

with N(V_) / N(vu) = 0.11 and <E(3_ )> / <E(vu)> = 1,89 derived from the calcu-
lated neutrino fiux spectra [10], and o(ﬁee) / c(vue) = 3/8 for V-A interaction

[3].



The candidates of reaction (3) are thus
120 - 84 - 7 = 29 + 22

If we assume a multiplicative lepton number conservation [6] which allows reac-

tion (3) to occur, we can evaluate the ratio between cross-sections of reaction
(1) and (3), with the result

oGue ~uT 5 ) NGNS h

= < 0.05 (12)
c(vue T v, ) N(l)/Nv(u )

at the 90 % confidence level, where Ng(u+) and Nv(u") are respectively the

number of quasi-elastic antipeutrino and neutrino events. Our result seems to

exclude multiplicative lepton number conservation [11].

- 10 -~
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Figure captions
Fig. 1: q2 distribution of single recoil-less ¥ and u+ events, normalized to
equal numbers for 0.02 £ q° < 0.1 GeV? . The excess at ¢ < 0.02 Gev? ic attri-

buted to the reaction vy e > v,

Fig. 2: a) Observed q2 distribution of the difference Nv(u") - sNﬁ(u+), normal-

ized to equal rate for 0.02 < q2 < 0.1 GeVz, compared to the prediction for in-

verse mucn decay assuming V-A coupling and left-handed neutrinos (selid line).
b) Observed 1 momentum distribution of the difference
N,(u73q9° < 0.02 Gev?) - N, (7350% > 0.02 Gev?) normalized to 386 events, and V-A

prediction for inverse muon decay.

2

Fig. 3: 90 % confidence contour of the V-A parameter A and left-handed neutrino
polarization P deduced from the observed rate of the inverse muon decay reac-
tion. Previous limits from the Gargamelle Collaboration [7] and from the CHARM
Collaboration [8] are shown as well.
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