EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP/82-109
20 July 1982

MEASUREMENT OF THE RATIO OF THE CROSS—-SECTIONS

OF MUON NEUTRINO AND ANTINEUTRINO SCATTERING ON ELECTRONS

CHARM Collaboration

F. Bergsma, J. Dorenbosch, M. Jonker, C. Nieuwenhuis and F. Udo

NIKHEF, Amsterdam, The Netherlands

3.V. Allaby, U. Amaldi, G. Barbiellini®’, L. Barone®), C. Busi,
A Capone**), W. Flegel, M. Metcalf, J. Panman and K. Winter

CERN, Geneva, Switzerland

. J. Aspiazu, F.W. Bisser, H., Daumann, P.D. Gall, E. Metz,
F. Niebergall, K.H. Ranitzsch and P. Stahelin

%)

I1. Imstitut fur Experimentalphysik* , Universitat Hamburg,

Hamburg, Fed, Rep. of Germany

P. Gorbunov, E. Grigoriev, V. Kaftanov, V. Khovansky and A. Rosanov

Institute for Theoretical and Experimental Physics, Moscow, USSR

A, Baroncellif), B. BorgiaTT), C. Bosio+), F. Ferroni+f), E. Longo++),
P. Monacelli++), F. de Notaristefani++), P. Pisti11i++), C. Santoni+),

L. Tortoraf) and V. Valentef++)

Istituto Nazionale di Fisica Nucleare, Rome, Italy

(Submitted to Physics Letters)

*) On leave of absence from the Laboratori Nazionali dell'INFN, Frascati, Italy.
*%) On leave of absence from the Istituto di Fisica, Universitd di Roma and INFN
Sezione di Roma, Italy.
**%) Supported by the Bundesministerium fir Forschung und Technologie, Bomn,
Fed., Rep. Germary.
+) INFN Sezione Sanitd and Istituto Superiore di Sanitd, Roma, Italy.
++) Istituto di Fisica, Universit3 di Roma and INFN Sezione di Roma, Italy.
+++) Laboratori Nazionali dell'INFN, Frascati, Italy.



L]

LT




ABSTRACT
The ratio R of muon neutrino-electron and antineutrimo-electron cross—sections
has been determined based on a sample of 46 * 12 neutrino events and 77 * 19 anti-
neutrino events obtained in the CHARM fine-grain calorimeter using the CERN Super
Proton Synchrotron horn-focused wide-band beams. The experimental result is
R = 1.37 * g:ii, corresponding to a value of sin® Gw = (0.215 £ 0.040. The system-

atic error of sin® GW is estimated to be 0,015.
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We report on an experimental determination of the ratio of muon meutrimo-
electron and antineutrino-electron cross-sections. The cross—sectiomns for the
two Teactions

ve-+ve : (1)
u U

Verve (2)

have been measured using the same detector; their ratio therefore determines the
coupling constants of the leptonic weak neutral current with an experimental un-
certainty which is smaller than in & measurement of a single cross-section. In
particular, many of the systematic errors tend to cancel out in the ratio.

The result will be compared with the prediction of the standard model of
electroweak interactions El]. In this model the ratio R is a function of the weak

mixing angle sin? Bw

gV e) 1 - 4 sin? o + 16/3 sin® 8,
R = —H— =3 . (3
g(v e) 1 - 4 sin® B8+ 16 sin* @
u w W

The data have been collected using the fine-grain CHARM detector [2] exposed
to the horn-focused wide-band neutrino beam of the CERN 400 GeV Super Proton
Synchrotron (SPS). The spectrum of the neutrino beam was computed using a simu-
lation program developed at CERN [3]. Tt was found to agree with the spectrum
deduced from the energy distribution of muons produced in elastic and quasi-
elastic neutrino interactions [4]. The average neutrino and antineutrino energies
are 31 CeV and 24 GeV, respectively. In two exposures of 1.4 x 10'® and
5.7 x 10%8 protons on target, 1.3 x 10° neutrino interactions and 1.4 % 10% anti-
neutrino interactions, respectively, were observed in the 80 t»fiducial mass of
the detector. About 807% of the antineutrino data used in the present determination
of the cross—section ratio have already been used for the determination of the
absolute antineutrino—electron scattering cross-section [5].

The same selection criteria have now been used to extract both the neutrino
and the antineutrino candidate events. This guarantees that the electron shower
detection efficiency is the same for neutrino and antineutrino events. The criteria

are those developed for the analysis published previously ES].
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The candidates have been searched for among events appearing as narrow showers,
which is the characteristic of showers initiated by a single electrom, photon, or
m° [6]. The angle B between the shower axis and the direction of the incoming
neutrino beam was required to be smaller than 100 mrad. Only events with a shower
energy E deposited in the calorimeter between 7.5 GeV and 30 GeV have been retained
in the final sample. The E?0® distributions of the 267 neutrino and 665 antineu-
trino selected events having E?6% < 0.54 GevV? are shown in fig. 1. The measured

(_.

electron energy and angular resolutions [6] imply that 90%7 of the ‘V' e events have

)
U
E®8% less than 0.12 GeVZ, corresponding to the first two bins in figs. la and 1b.

The number of genuine (Gae events in the region Eéez < 0.12 GeV? (forward
region) was obtained by extrapolating the background from the regiom 0.12 < E%8? <
< 0.54 GeV? (reference region). We assumed that the background is due to two
sources:

a) elastic and quasi-elastic charged—current events induced by the Vo and Ge
contamination of the beam;

b) neutral-current events with v and/or 7° in the final state produced by coherent
scattering of muon neutrinos on nuclei.

The normalization of background (a) and (b) was obtained, as in the previocusly
pubiished analysis [5], By a study of the energy deposition (Ef) in the first scin-
tillator plane following the shower vertex. This analysis is based on the obser-
vation that electromagnetic showers initiated by one or more photons almost always
deposit in this scintillator plane an energy larger than one minimum ibnizing
particle (6 MeV), whilst a large fraction of the showers due to single electrons
give an energy deposition corresponding to one minimum ionizing particle. This is
clearly seeﬁ in fig. 2: fig. 2a shows the Eg distribution for 15 GeV electrons as
measured in a test run; fig. 2b shows the distribution obtained by selecﬁing
neutrino~induced events belonging to a kinematic region where the production of
photons and 7°'s dominates. The sample shown has been obtained by applying the

cuts E262 > 0.54 GeV? and 7.5 < £ < 17.5 GeV.
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The number of events attributed to background {(a) is obtained from the number
of events with Ef < 8 Mev *! in the region 0.12 < EZ262 < 0.54 GeV?, and from the
known efficiency of this cut for elastic and quasi-elastic (Gl—induced events*z.
The remainder was attributed to background (b).

The E268% distribution of background (a), known to be energy-independent, has
been determined by folding the measured E%6%? distributions of elastic and qua§i~
elastic charged—current reactions induced by muon neutrinos and antineutrinos [4]
with the measured electron energy and angular resolutions [6]. For this process,
the ratio (forward rate)/(reference rate) is 0.49. The E26% distribution of back-—
ground (b) was calculated using the predictions for coherent m° production by
neutrinos om nuclei E?]. The ratio (forward rate)/(reference rate) is 0.39. Since
the two ratios are not very differemt, a possible error in the composition of the
total background has little effect on the final result.

The results of this analysis are summarized in table 1, and the shapes of the
two backgrounds are.shown in figs. la and 1b.

The amount of background (a) found in the v and vV beam exposures agrees with

the background expected from the computed Vo and 53 contamination of these beams [2].

The number of the neutrino and antineutrino events attributed to background (b)

corresponds to a cross—section ratio compatible with 1. This supports the hypo-
thesis that these events are due to coherent scattering of muon neutrinos on nuclei.
So far, no assumption has been made regarding the nature of the forward peak,

whether caused by electrons or by photons produced in an unknown exotic process.

+1) In the previous analysis [5], we chose E_ < 9 MeV. This is a good choice in
the antineutrino case because the backgrounds (a) and (b) are of the same order
of magnitude (see table 1). In the neutrino beam, background (b) (m° and/or ¥)
dominates, and a harder cut in E; is necessary in order to reduce the contami-
nation of the one minimum ionizing particle peak at 6 MeV due to.the tail of
events having two particles in the first gcintillator plane.

#2} The efficiency of the cut Ef < 8 MeV for the showers induced by reaction (a)
was deduced by using the events with visible energy between 30 and 50 GeV and
0.12 < E202 < 0.54 Gev?. The result is (0.26 + 0.06) and is equal for neu-
trino and antineutrino events. This number is in agreement, within the large
errors, with the measured efficiency for single electrons (0.32 * 0.05). Since
the true efficiency for quasi-elastic eveats is expected to be somewhat smaller
than that measured in a test beam, because in a fraction of neutrino-induced
events the electron is accompanied by other charged particles, the value
(0.26 * 0.06) was used in the analysis.
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There is, however, an alternative method of analysing the data, which is selectively
sensitive to electrons. It is based on the selection of a clean sample of electron-
induced showers by the requirement Ef < 8 MeV. The E*0? distributions for the

32 selected neutrino and 123 antineutrino events with E262 < 1,08 GeV? are shown in
figs. lc and 1d. Since the background (b} is cut by requiring Ec < 8 MeV, by fitting
the shape of background (a) to the events having E®8% > 0.12 GeVz, (10 * 4) events
are attributed to the signal in the case of neutrino exposure and (25 % 8) events

in the antineutrino case, in good agreement with the two signals derived from the
full samples of events and the efficiency of (0.32 * 0.05) for detecting electrons
(see footnote *2).

The first method of analysing the data was carried out for different energy
windows, and gave the emergy distribution of the signal and of the two backgrounds
shown in fig. 3 together with their expected behaviour, based on a simulation of
the energy spectra of the beams and the energy dependence of the reactions involved.
The energy distribution of backgrounds (a) and (b) is in agreement, within the large

=)

errors, with that‘expected for elastic and quasi-elastic charged-current (Ue and
neutral-current (Gi induced events, confirming once more the validit& of the assump-
tions in the procedure for subtracting the backgrounds.

In order to calculate the cross-section ratioc R, one has to know the flux of
the various types of neutrinos in the two beams. The ratios GU/VU in the neutrino
beam and \Ju/\_/‘]J in the antineutrino beam were experimentally determined from the
observed u*/u” (u~/p*) ratios of elastic and quasi-elastic charged-current reac-
tions [4], whilst the ve(ﬁe) contaminations were computed using the wide-band beam

Monte Carlo simulation program [3]. The energy-weighted ratios of the components

of the two beams are:

<
<

<l
[

the v beam: Vv 1.00 : 0.03 : 0.016 : 0.003 (4

H o U e e

<
<
It

the V beam: VvV :v

1.00 :0.12 : 0.013 : 0.007 . (5
H H e e

According to (4) and (5) and assuming sin? SW = 0.22 to correct for the contami-
nation by wrong-kind neutrinos, we attribute (42 = 11) events of the total (46 *12)

to reaction (1) and (64 * 16) of the total (77 = 19) to reaction (2).
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The neutrine fluxes were monitored in two ways!

i) by measuring the number of inclusive neutrino and antineutrineo interactions on
nucleons induced by each beam in the same fiducial volume of the calorimeter,
making use of the known neutrino-nucleon and antineutrino-nucleon total cross-
sections [8];

ii) by measuring the number of single 1~ (u*) events induced by quasi-elastic

vu (Gu)—nucleon interactions in the fiducial volume of the calorimeter [3],

making use of the equality of the cross-sections for exclusive neutrino- and

antineutrino-nucleon interactions on am isoscalar target.

The inclusive cross-section rises limearly with the neutrino emergy, whilst
the exclusive cross-sections are constant in the energy domain of the neutrino
beams used in this experiment. The normalization by the inclusive events takes
into account implicitly the different mean energy of the neutrino and antineutrino
beam energy spectra, whereas normalizing to the exclusive events requires the mean
energies to be computed frbm the energy distributions of the events. The correc-
tions to be applied to inclusive or exclusive events are therefore different. The
inclusive events have different inelasticity distributions for vu— and Gu—induced
events, and the correction for the finite shower energy cut (E 2 2 GeV) is, there-—
fore, different for the two beams. The quasi-elastic events, which by definition
have zero inelasticity, require an equivalent correction to take into account the
experimental muon momentum cut (p 2 10 GeV/c) which was used in a previocus analy-
sis [4]. The different neutrino components in the beams require a further correc-
tion for the total number of inclusive semileptonic events, whereas the sign of
the produced muons automatically monitors the main component of the beam. Some of
the systematic errors implicit im the normalization procedure were monitored by
the time variation of the ratioc between the two normalization factors during the
three years of running. The observed r.m.s. variation is 4%,

The visible cross-section Tois is the fraction of the total cross—section
which satisfies the requirement imposed on the recoil electron enexgy in this

analysis: 7.5 < E £ 30 GeV. In the framework of the standard model of electroweak
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interactions the inelasticity distribution is a function of sin? SW, and the re-
lationship between G, and o depends on sin® 8§ .
vis tot W
By using the procedure outlined in ref., 4 we obtain the following cross—

sections:

c(vue) _
—— =[2.1 £ 0.55 (stat) * 0.49 (syst) ] x 107%% cm?/GeV

E

v (6)
oV e _

= 1.6 £ 0.35 (stat) £ 0.36 (syst)] x 107*2 cm?/GeV .
E-
AY

The second value agrees, within the errors, with the published value which is based
on 80% of the total statistics [5]. The systematic errors due to the uncertainties
in the knowledge of the background, in the normalization procedure and in the effi-
ciency in selecting electroms, are still large. However, they are strongly corre-
lated and partially cancel in taking the ratio of the two rates.

In fig. 4 the dashed curve represents the expected cross-section ratio ac—
cording to formula (3) for the case of full energy acceptance. In comparing with
the experimental results, one has to take into account the experimental energy
cuts (solid curve) representing the ratio

g . (v e)
R, (sin? 8 ) = 222

v "
Ovis(vue)

The integration of Ovis over the energy spectra of the beams takes into account
the effect on the electron energy cuts of the energy resolution of the calori-
meter. Here again one can appreciate the advantage of the ratio method: the
difference between the two curves is very small around sin? Gw = 0.25, implying
that the uncertainties of the spectra and of the energy cuts have little influence
on the final result,

The ratio of the normalized number of v“e and Uue events 1s

N(v e) 42 £ 11
R, =———xF=—— X209 =137
P NE o) 64 + 16

+ 0.65

. 0.44 (statr) , (7

T T L T T i e e s b e ] R s e



-7 -

where N(Uue) and N(Gue) are the number of events induced by muon neutrino and
antineutrino elastic scattering interactions, and F=2.09 * 0.15 is the ratic of
GU and vu energy-weighted fluzes. Its value is the average of the results of the
two previously described normalization methods.

The measured quantity R agrees with the predicted R_. (sin? 6 ) for
exp vis w
sin? 8 = 0.215 £ 0.040 (stat) ,

as shown in fig. 4, without ambiguity with larger values.

The majin sources of systematic uncertainty on R are due to the background sub-
traction (*#10%Z) and to the normalizatiom (£77).

The error in the background subtraction has been evaluated by varying the
shapes and the amounts of background (2) and (b) in a correlated way for the neu-
trino and antineutrino cases. The error in the normalization factor was estimated
from the stability of the procedures used, as discussed above, and from the dif-
ference between the results for the two methods. The systematic error on R, ob-

tained by adding these two components quadratically, leads to the final result

sin? 6 = 0.215 * 0.040 (stat) * 0.015 (syst) . (8)

Within the framework of the SU(Z)L x U(1) theory the neutrino and antinevtrino
cross-sections can be expressed in terms of the electroweak mixing angle (sin® ew)
and a multiplying factor (0?) equal to the ratio of the over-all strengths of
neutral~current and charged-current couplings. The parameter { can be related to
the isospin of the Higgs system [9], and in the standard model it is equal to 1.
The simultaneous measurement of R and U((Gie] allow a determination of p, with

the result
p=1.12 £ 0.12 (stat) * 0.11 (syst) ,

in good agreement with the prediction of the standard model.

In surmary, the new determination [eq. (8)] of the value of the weak mixing
angle, derived from the ratio of the measured cross-sections of two purely leptonic
neutral-current processes, is less affected by systematic errors than the ome ob-

tained from the value of a single leptonic cross-section alone, and is not subject
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to theoretical uncertainty due to the value of p2, Tt agrees within the statistical
error with the values previously found in leptonic and semileptonic [10] reactions,

thus favouring a universal coupling of leptoms and quarks to the weak neutral current.
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Table 1

"Signal" and "Background" in the forward and reference regions

Beam \Y v

Reference region: 0.12 < E?0% < 0,54 GeV?
Background, electron-induced (a) 40 = 14 ] 194 + 28

photon~induced () [ 112 + 19} 202 + 35
Tail of signal : 5% 1 8+ 2
Total number of events 157 £ 13§ 404 = 20
Forward region E?62 < (.12 GeV?
Background, electron-induced (a) 20 = 7 95 * 14

photon-induced {(b) 44 =7 79 14
Bulk of signal 46 * 12| 77 + 19
Total number of events - | 110 + 10| 251 £ 16
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

-

Distributions of the candidate events as a function of E26°
a) for neutrinos, b) for antineutrinos. The backgrounds of CC (51
events and NC (GL events, shown in the figures, are discussed in the

text, Figures lc and ld show neutrino— and antineutrino-induced

events satisfying the additional criteriom that the energy deposition
in the first scintillator plane traversed by the showers is Ef < 8 MeV.
In this case the background is only due to (Gl quasi-elastic scattering.
Measured distributions of the energy deposition in the first scintil-
lator planme following the shower vertex: a) Showers induced by 15 GeV
electrons traversing, on the average, half a marble slab . (0.45 radia-
tién lengths). b) Photon-induced showers produced by neutrino and
antineutrino beams in an energy—angle range where photon—induced
showers due to coheremt processes dominate (7.5 < E < 17.5 GeV,

E?8% > 0.54 GeV?). The contamination due to electron~induced showers
is estimated to be 15%.

Distribution of the shower energy E deposited in the calorimetgr for
the_evgnts attributed to signal and to background {(a) [CC (Gl],‘and to
background (b) ENC»(GL]. The curves show the expected distributions.
Ratio of muon neutrino—-electron to antineutrino—electron cross-sections

2 ew. The full curve represents the expectation

as a function of sin
for events in the energy range 7.5 to 30 GeV. The dashed curve re-
presents the expectation in the case of full energy acceptance. The

measured value of R and its statistical error are shown together with

the corresponding values for sin? ew.
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