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In order to investigate experimentally the background induced by atmospheric neutrinos in nucleon decay experiments we have
simulated very closely the expected spectrum by means of an accelerator produced neutrino beam and exposed to it a test module of a
fine train calorimeter. Two runs have been performed with the detector axis placed at 0° and 45° with respect to the neutrino beam
direction, and a total of 400 events have been detected and measured. The background induced by atmospheric neutrinos into various
nucleon decay channels has been deduced from these data. These results can be applied to the present or planned nucleon decay

experiments.

1. Infroduction

The most elusive background and the ultimate sensi-
tivity of nucleon decay experiments placed deep under-
ground is due to interactions in the detector of atmo-
spheric neutrinos whose intensity is obviously unaf-
fected by depth [1). If the charged secondaries of these
interactions are totally contained in the detector (con-
fined events), they can simulate nucleon decay events.
This is particularly important for fine grain calorime-
ters, where iron or other heavy materials are used as
absorbers. In fact, Fermi motion and reinteractions of
charged secondaries inside nuclei play an important role
in determining event topologies. Neutrinos from the sun
or from gravitational collapses do not contribute to this
background due to their low energies (a few MeV and a
few tens of MeV, respectively).

We will discuss here the expected features of interac-
tions by atmospheric neutrinos using the data obtained
in a dedicated experiment carried out at CERN with an
artificial neutrino beam similar in spectrum to that of
atmospheric neutrinos.

2. Atmospheric neutrinos

Atmospheric neutrinos are generated by decay in
flight of pions, kaons and muons, resulting from the

0167-5087 /84 /$03.00 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)

interactions with the nuclei of the atmosphere by cosmic
ray hadrons (mainly protons). From the prediction based
on the production mechanism [2}, the antineutrino flux
is expected to be about 50% lower than the neutrino
flux. About a third of neutrinos and antineutrinos are
expected to be of the electron type. Moreover the hori-
zontal intensity is expected to be about 30% more than
the vertical one, for the energy region compatible with
nucleon decay.

Unfortunately, apart from the recent results by the
Kolar Gold Field [3] and Mont-Blanc [4] experiment, no
data are available for interactions of atmospheric neu-
trinos inside an underground calorimetric detector. Most
of the available information still comes from an experi-
ment by the Case~Irvine-Witswatersrand Collaboration
[5], performed at a depth of 8890 m of water equivalent
of standard rock (m.w.e.), where the horizontal neutrino
flux has been deduced from the number of horizontal
muons, produced by interactions of muon neutrinos in
the rock surrounding the detector. These muons can be
discriminated from the atmospheric ones which are
strongly peaked around the vertical at great depth.
These results are confirmed by those of the Kolar Gold
Field nucleon decay experiment, performed also at great
depth (~ 7600 m.w.e.), but at a much lower geomagneti-
cal latitude (~ 3° NL.) [3]. This introduces an average
suppression of 1.6 in the atmospheric neutrino flux.
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Fig. 1. Comparison of the atmospheric neutrino and antineutrino spectra with those of the beams obtained from 10 GeV protons on

the bare target.
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Fig. 2. A skeich of the detector used in the present experiment. (a) The vertical iron plates, (b) the detector tubes, plus the x-strips, (c)

the y-strips, (d) the fiducial volume.
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The neutrino fluxes at 45°N, corresponding to the
Mont-Blanc and Frejus experiments, are reported in
table 1. Those expected in the American experiments
are approximately the same. Using the predicted fluxes
we have calculated the neutrino and antineutrino event
rates which are also shown in table 1. The cross sections
for elastic charged current neutrino interactions have
been obtained from threshold to 1.2 GeV by a fit to the
data of the ANL deuterium bubble chamber [6], and
taken as constant at a value of 0.45x107% cm?/
nucleon at higher energies. The cross section for single
pion production in charged current neutrino interac-
tions has been obtained from threshold to 1.2 GeV from
a linear fit to the above mentioned data [7] and to the
results obtained in heavy freon by the Gargamelle col-
laboration [8]. A constant cross section of 0.45 x 1073
cm?/nucleon has been taken for the same reaction at
higher energies. A total cross section proportional to the
neutrino energy has been taken above 1 GeV (produc-
tion. of more than one pion has been neglected at lower
energies). The slope has been taken as 0.75 x 1073
cm’/GeV nucleon by averaging between the ANL 9]
and Gargamelle [10] results.

Since no data are available on cross sections for
elastic antineutrino interactions below 1.2 GeV, we have

Fig. 3. Reststive tubes with bidimensional read-out.

calculated the antineutrino data by using values of 0.84
and 0.95 GeV for the masses of the vector and axial-
vector bosons which describe the form factors, respec-
tively. For energies above 1.2 GeV we have taken a
constant elastic cross section of 0.19 X107 em?/
nucleon. The cross section for charged current single
pion production by antineutrinos has been obtained by
fitting the freon and propane data in Gargamelle
[11-13], while above 1 GeV a total cross section propor-
tional to the antineutrino energy. The slope is taken as
0.28 x 10738 cm?/GeV nucleon, as given by Gargamelle
[10}.

The neutral current contribution has been evaluated
by assuming a ratio of neutral to charged current inter-
actions at the same hadronic energy equal to 0.15 and
0.25 for neutrinos and antineutrinos, respectively. The
average hadronic energy has been taken as one half and
one third of the total energy for neutrino and anti-
neutrino interactions.

The predictions of table 1 could be in error up to
50%, at least for energies below 1 GeV, due to uncer-
tainty in the neutrino and antineutrino fluxes and on
their electronic and muonic composition, as well as
uncertainty in the neutrino and antineutrino cross sec-
tions.
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It can be seen from table 1 that the total rate of
neutrino and antineutrino interactions above 0.3 GeV
amounts to about 0.16 per ton per year, and that about
20% of such interactions occur at an energy compatible
with nucleon decay if a 20% energy resolution is as-
sumed. This background can be further reduced only by
discriminating neutrino interactions from genuine
nucleon decay events on the basis of different kinemati-
cal properties.

3. Accelerator neutrinos

The study of the atmospheric neutrino background
can be carried out experimentally taking advantage of
the fact that the energy spectrum of an artificial neu-
trino beam produced by protons of an energy around 10
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Fig. 4. A 500 MeV /¢ electron incident at 0° and 40° with
respect to the detector axis.

GeV impinging on the “bare” target, without any focus-
ing of the secondary pions and kaons, is very similar to
the atmospheric neutrino one.

Taking into account the beam layouts available at
CERN we have adopted an unfocused neutrino beam
produced by 10 GeV protons on a 60 cm long, 1.2 cm
diameter cylindrical beryllium target, with a 10.0 m
decay tunnel, and a detector-target distance of 23 m.
The energy spectrum of this beam has been evaluated
by means of the Monte-Carlo program NUBEAM [14]
and is compared in fig. 1 with the one expected for
atmospheric neutrinos. The expected rates of neutrino
events, calculated as for those of atmospheric neutrinos,
are reported in table 2. We consider them to be affected
by an error of 30% due to uncertainties in the evaluation
of the cross section and flux.
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Fig. 6. Number of hits in the XZ planes and energy resolution
as function of energy for electron incident at 0° and 40°,

4. The test module

The test module used in the present experiment is
almost identical in structure to that of the nucleon
decay detector {4-15) operating at present in the Mont-
Blanc laboratory. This consists of a cube (3.5 X 3.5 X 3.5
m®) made of 134 horizontal iron plates, 1 cm thick, 3.5
cm side, interleaved with planes of plastic streamer
tubes with bidimensional read-out [16].

The test module (fig. 2) consists of 29 vertical plates
of iren (1 X 100 X 350 ¢m?) interleaved with planes of
plastic streamer tubes identical to those of the Mont-
Blanc detector (1 cm? X 350 cm). Details of the plastic
strearner tubes are visible in fig. 3. Tubes were operated
with an argon + isobutane, 1 + 3 gas mixture.

Each detector plane is read out by 966 X strips
(parallel to wires), 350 cm long, 0.4 cm wide, 1 cm pitch,
covering the entire plane surface and by 96 Y strips
(orthogonal to wires), 105 cm long, 1 cm wide and with

Fvents e DUB MeV
X strips
16801 2 degr‘ees
1201
80+
40+
-30 -20 -10 %] 10 20
Degr\ees
Events e 500 MeV
X strips
100
41 degr‘ees
80+
6o+
40+
20+
1_,.__J_FL_J:|~ L 1 IlLl_l\L\’ln_‘—H"—‘
~-30 -20 -10 4] 18 20

Degr‘ees

Fig. 7. Angular resolution for a 500 MeV /¢ electron incident at
0° and 40°,

1.2 cm pitch, covering only the central detector area.

Signals from strips (=2 mV/ 50 ) are fed into a
monolithic amplifier discriminator circuit (LeCroy
ML200). The TTL output is shaped to 6 us. Outputs
from 8 contiguous channels are then fed into an 8-bit,
parallel in serial out, shift register. 32 electronic chan-
nels are grouped into a single printed circuit card. A
single bus allows serial readout of the all shift registers
of each plane. A single CAMAC processor (LeCroy
STOS controller 4700) is connected to eight of such
buses. At every trigger the processors generate the load
signal to the shift registers; data are then transferred
from processors to a PDP 11,/40 computer without any
selection.
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Fig. 8. A 500 MeV /¢ negative pion incident at 0° and 40°,

3. Calibration to charged particles

In order to assess a priori the performance of our
calorimeter to secondaries produced by neutrino inter-
actions and nucleon decays, the test module has been
exposed to various Cherenkov separated negative beams
of secondary pions and electrons at the CERN PS.
Runs have been carried out at momenta ranging from
0.150 to 2.0 GeV /c and with angles between the beam
directions and the normal to iron plates ranging from 0°
to 40°. A typical 500 MeV /¢ electron impinging at 0°
and 40° is shown in fig. 4. The higher hit multiplicity in
the YZ view is due to the fact that the Y-strips are
placed orthogonally to the tubes. The distribution of the
centroids of the clusters for the events in fig. 4 are
shown in fig. 5. The number of hits in the XZ view and
the energy resolution are shown as a function of energy
in figs 6(a) and (b) for angles of 0° and 40°; respec-
tively.

It is interesting to note that the energy resolution
only changes by 25%.

" 500 MeV, 0° centroids

17 500 MeV, 40°, centroids
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Fig. 9. Centroid distribution for the events of fig. 8.

The average number of hits in the YZ view is about
twice that in the XZ view. The angular resolution for 0.5
GeV /c electrons impinging with angles of 0° and 40° is
shown in fig. 7. A typical 0.5 GeV pion event and its
centroid distribution are shown in figs 8 and 9, respec-
tively. The difference in the features with respect to an
electron event of the same energy (figs 4 and 5) is
obvious.

Fig. 10 shows the range distribution for 300 MeV /¢
and 500 MeV /¢ #~. The range is defined as the path
tength in iron of a single track up to the stopping point
or a visible interaction with > 2 prongs.

For a 500 MeV /¢ 77, 40% would be ambiguous with
muons, and 5% with electrons. In these cases the muon
and electron momenta will be generally different.

6. The neutrino run

The beam layout used in this run is shown in fig. 11
and described in sect. 3. The test module, placed im-
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mediately behind the 12 m thick muon absorber, is
heavily shielded in all directions with blocks of concrete
to reduce the background of low energy neutrons..

The trigger system consists only in a gate opened by
the beam signal for a time (2.5 ps) slightly exceeding the
time width of the fast extracted proton beam incident
on the target. This further reduces the background of
slow neutrons produced around the proton target, which

10 GeV
Protons

7z %

/ 60cm, 1.5cm
% Be target

10m

.,
Fe/concrete
shielding

0

12m

\

..

<1m =t | _— Detector

Schematic layout of neutrino beam used
in the experiment.

Fig. 11. Schematic layout of the neutrino beam used in the
experiment.

however still gives many single hits and sometimes even
short tracks in the apparatus.

In order to simulate as well as possible the back-
ground of cosmic ray neutrinos in nucleon decay detec-
tors two runs have been carried out with the detector
axis placed at 0° and 45° with respect to the beam
direction, with a total of 1.8 X 10'® and 1.5 x 10'® pro-
tons incident on target, respectively. The targetting. ef-
ficiency varied considerably during the runs, with an
average around 70%.

Candidates for neutrino interactions have been
selected on the basis of the following criteria.

(a) at least three contiguous planes fire in the time gate;
(b) the vertex is contained between planes 3 and 25 and’
must be seen in both XZ and YZ view. This require-

ment gives a fiducial mass of ~ 2 t.

Events with two or more prongs are found to be
uniformly distributed along the beam direction as ex-
pected for neutrino interactions. The same analysis for
single prong events shows on the contrary that a frac-
tion of events is distributed in an exponentially decreas-
ing way, as expected for interactions of neutrons of a
few hundreds of MeV /¢ producing in the detector pions
and spallation protons which can cross more than two
iron plates. In order to eliminate this background we
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(b)

Y

Fig. 12. A single prong neutrino event. (a) and (b) show the hits collected by XZ and YZ, respectively. The various small hits are due

to the low energy neutron background.

Table 3
Experimental event distribution

0° 45°
One prong 100 104
Two prongs 54 52
Three prongs 11 14
Four prongs 3 5
One prong + shower 11 7
Two prongs + shower 5 1
Neutral current candidate 23 13

have selected for further analysis only single prong
events in which the track length exceeds a thickness of
10 cm of iron. This cut eliminated elastic charged cur-
rent events with total energies below ~ 290 MeV and
neutral current events consisting of a single pion or
proton with kinetic energies below ~ 180 MeV and 340
MeV, respectively.

Two of the selected events are shown in figs. 12 and
13, while the total numbers in the various topologies are
listed in table 3. The total numbers of events selected at

Fig. 13. A two-prong neutrino event. (a) and (b) as for fig. 12.
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Fig. 14. Scatter plot of the pion total energy versus the opening
angle for nucleon decays in iron, generated by Monte Carlo.

0° and 45° are 210 and 184, while the corresponding
expected numbers are 260 3 80 and 230 + 70, respec-
tively.

Note that in the event classification used for table 3

150 -

30

7 %”-nq
L Jl 1
20 50 00 500 500
Pion erergy (MeV)

Fig. 15. The same plot as in fig. 14 for our two-prong neutrino
events.

the knowledge of the neutrino direction was used. How-
ever, when considering these events as possible back-
ground for nucleon decay, we consider only the topol-
ogy.

7. Evaluation of the neutrino background in nucleon
decay experiments

Since these backgrounds are strongly dependent on
the nucleon decay mode we will consider only a few
specific channels:

(@) prorenw
(b) n > K%

-—)7T+

(¢) p—Ko%*

_—

7.

For events of type (a) we have performed a Monte
Carlo calculation, which takes into account Fermi
momentum and nuclear effects, to determine the angle
between the lepton and the pion, and the pion energy,
and the results are shown in fig. 14. We find that in 38%
of the events the pion is absorbed, and of the remainder
25% have an opening angle < 120°.

In our test run we have scanned for two-prong
events. The small size of the test detector means that in
many cases a track leaves and therefore in these cases
only a minimum energy estimate can be made.

Fig. 15 shows a scatter plot of the angle between the

180°
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I
5
v
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Fig. 16. Scatter plot in 3-prong v events of the largest and
smallest angles that the two other tracks make with the muon
candidate.
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lepton and the pion vs. pion energy, for the observed
2-prong events which have a visible total energy be-
tween 730 MeV and 1150 MeV. We observe 7 events
with an angle > 120°; this in a total » sample of 400
events, Hence the background simulating nucleon decay
into a charged lepton and charged pion is 1.7 +£ 0.5% of
the atmospheric ¥ events.

We would like to stress that the background for the
decay into lepton and #° is much lower. The reason for
this is that in our data there are only 20% of 1 prong +
shower, compared to 2-prong events. Only one of the
1-prong + shower events has an angle > 120°.

Events of type (b) would also appear as two-prong.
Here nuclear effects are negligible. We have tried to fit
all our two-prong events to the hypothesis n — K%
decay taking into account measurement error. We have
found 11 events satisfying these conditions of which
only two were not contained. In the case of non-con-
tained events the energy of the leaving track was al-
lowed to take energy above the minimum visible. The
inclusion of these non-contained events will only slighily
overestimate the background.

Therefore we conclude that the » background to the
n ~ K% mode is 2.8 + 0.8%.

Events of type (c) will appear as 3-prong. Again in
this mode nuclear effects are negligible.

We have observed 26, 3-prong events in our data, (25
charged currents plus 1 neutral current), and in fig. 16
we show a scatter plot of these events in terms of the
largest and smallest angle which the muon candidate
makes with respect to the two other tracks. Of the 4
events which lie in the region allowed for p — K%
decay (taking into account Fermi mornentum) only 2
events have a minimum visible energy < 1.2 GeV.

Hence, at the most, only 0.5% of the », neutrinos
interactions from the atmospheric neutrino flux will be
a background in this channel, the », flux being ineffec-
tive.

8. Conclusions

The present results can be applied to any proton
decay calorimetric detector with the same density and
granularity (1 cm spatial resolution in both views of
each detector plane). In these conditions the maximum
background from atmospheric »’s is at the 90% confi-
dence level

(a) ew, prr, charged pion <2.7%

ew, pw, neutral pion <1.3%
(b) n > »K°

> ateT, < 4.4%
(¢) p—p*K°
ataT, < 0.80%.

As neutrino events occur at a rate of 0.16 ton - year, one
third of which are due to »,, then our results show that
the neutrino background will be equal to the decay
rates, for the various topologies considered above, at
lifetimes ranging from between 10°2 and 103 years in
terms of lifetime/B.R. X efficiency for any set-up of
this granularity to detect nucleon decay.
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