5. Event Sdlection

This chapter dedls with thefirst step in the data analysis: the event selection. Out of the ~10°
triggers the Soudan 2 detector records every year, only some 100 events will end up in the
fina contained event sample, often referred to as the GOLD event sample. Thistask is partly
undertaken by the standard Soudan 2 FILTER, reducing the number of data events by a factor
of 10°. FILTER is a conservative piece of software, in that it performs a series of loose cuts,
mainly concerned with the trigger and the fiducial volume. Following FILTER, a process
called RINSE (Rapid Isolation of Neutrino Soudan 2 Events) has been developed in Oxford in
order to get down to the desirable GoLD sample [78]. Event sdection with the minimum
possible human intervention is achieved by a series of cuts, to be defined shortly. The RINSE
cuts have been developed (i) by maximising the acceptance of the atmospheric neutrino
Monte Carlo smulated data and (ii) by minimising the acceptance of background, which is
defined by the event sample that is rejected by the shield (see 85.3.7). The real data
acceptance is not taken into account. The cuts may then be fine-tuned (or even re-defined)
for optimum performance. Such multiple iterations of event selection are possible because
of the short time-scale involved — typically one week for a year's worth of data once the
whole mechanism has been set up. A schematic overview of the event reduction process is
shown in fig.5.1.

Both Mmc and real data are processed with the latest versisoaefbefore being
fed INtORINSE. RINSE processes the events that have been selectdreRr. These events
are stored in the so-call€E3 tapes. FILTER has been developing over the years and the
latest version (release 23) is more efficient in background rejection than the earlier versions
which created th€E3 tapes at the time of data acquisition. For this reaspbrgr23 has

been run on alCE3 events before passing themRINSE. This removes biases between
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« Figure 5.1: Schematic overview of the event selection process. RINSE allows for feedback
and rapid re-analysis of the whole sample.

DATA and mc, because the latter has only been processed with release 23 SOAP. It is
assumed here that the Contained EVent (CEV) acceptance of release 23 isthe same asthat of
earlier SOAP versions. Thisis believed to be the case because the standard SOAP and FILTER
event-rejection algorithms are very loose and reject events which are unambiguoudy outside

the detector’s fiducial volume (see the fiducial volume cut, 85.3.2).

The Soudan 2 data analysed in the present thesis has been collected bétween 26
August 1991 and %2 December 1996, a period that corresponds to run range 30000 to

74999 (Table5.1). A mc sample of 115.7 times the experiment’s exposure has been
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DATA Attributes

Number of CE3 Events Processed 35853
DATA Exposure Total 3.341
(kTon-Years) Fiducial 2.679

M CNO Attributes

MCNO Interactions Gener ated 149014
kTon-YearsGenerated (at 385 events/ kTon-Year) 386.5
Ratio of ExposuresM CNO/DATA 115.7

» Table 5.1: Number of events and exposures for DATA and MCNO
samples analysed for run range 30000-74999.

generated, in order to provide alarge, smulated sample of atmaospheric neutrino interactions
in the detector. The MC events were superposed on PUL SER data collected over that period
(see §84.2.1).

5.1 Event Samples. Definitions

The data sets used in this analysis are conveniently labelled. There are samples,
MCAF (MC All Flavours) andvcNO (MC No oscillations), described in 84.3. ThaTA

sample is divided into theoLD andBGD samples after the application of the shield cuts.

* ThecoLD Event Sample

The GoLD neutrino sample consists of the set of events which are fully contained in the
detector. Also these events have no associated shield activity, which would otherwise point
to possible external particles inducing the event.

* TheBGD Event Sample

TheBGD event sample is used in the description of the background contaminationoof

Two sources of background have been identified:
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» Cosmic ray muons interact in the rock surrounding the detector and produce
showers of particles. Of these, neutral particles (photons, neutrons, etc) may pass
through the shield and the outer layers of the main detector and produce a CEV
unnoticed. Such events would be prime candidates for background to neutrino
interactions in Soudan 2. However, their occurrence is not so frequent. Most of
the time charged particles, aso produced by the CR-muon, will leave atracein the
shidd, vetoing the event. However, a smal number of these events will be
accepted inthefinal CEV sample because of shield inefficiency.

*  Charged particles, such as CR-muons, may cross the veto shield without leaving a
trace because of shield inefficiency. Some of them may not leave a trace in the
outer main-detector layers and be accepted by the containment cuts. This will
occur very rarely and the contamination of GOLD by such eventsis expected to be

very small.

In the andysis that follows the background processes described above are put in one basket.
No attempt will be made to identify the contamination of GOLD by each of these processes
separately.

Thereisno smulation for the BGD sample. Thiswould be avery complex task in
itself and only approximate studies have seen the light of day. It would require tracking
cosmic ray showers through the rock down to the detector hall and then ask for neutral
particles entering the main detector without associated charged particles hitting the veto
shield. Also, the processes that contaminate the GOLD sample are rare — not more than one
third of the 280 events in the finabLD sample are attributed to background (85.5) — and the
simulation would be very sensitive to assumptions.

The alternative used here is to extrata sample from the data: tBeb sample
is therefore defined as the set of fully contained events that have associated shield activity

and fail the veto shield cuts.
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* RINSE Development Event Samples

In the presentation of the RINSE cuts that follows, the datais divided into events that pass or
fal the shield cuts. After applying the containment cuts, these event samples will reduce to
the final coLD and BGD samples. However, in the definition of each cut, oneisinterested in
the nature of the contained event sample before this cut has been applied. This introduces
the RINSE devel opment samples: for each of the automated cuts presented in this chapter, the
development BGD*, MCNO* (and occasionaly) coLD* samples will be used. These are
defined as the find BGD, MCNO and GoLD samples, before the check-scan has been applied,
with the events that are rgjected by that particular cut added on top. By definition, the
development samples are different for each cut.

The devel opment sampleswill be used to demonstrate the power of each cut alone
when al other RINSE cuts have aready been applied.

5.2 Survey of Cuts

RINSE cuts are divided into two main groups. the containment cuts and the shield cuts.

5.2.1 Containment Cuts

The cuts in this section deal with the containment of the event in the main calorimeter
detector. The RINSE containment cuts can be grouped into five basic categories. The order

the cuts are applied is not important.

e Error Cuts

The error cuts deal with software processor failures which, in turn, can be due to hardware

falures. Their effect on the acceptance is small.

* Fiducial Volume Cuts
Charged particles coming into the detector will deposit ionisation in its outer layers.

Moreover, many incoming photons will materidise within 20cm, approximately
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corresponding to a radiation length in the Soudan 2 detector. For this reason, events with
associated activity in the first 20cm inside the detector’s faces will be rejected from the

contained event sample. Most such events have already been rejettadroy

e Crack Cuts

Because of the detector's modular design, inter-modular gapsaais, typically 10cm

wide, exist between the main detector's modules. Energetic CR-muons reaching the
experimental cavity can travel through these cracks to appear inside the detector’s fiducial
volume. Such events start on a module boundary and can be thus rejected.

» DataQuality Cuts

The data quality checks are concerned with the poor performance of software processors, in
particular of pulse matching [T under hard and not-common situations, such as vertical
events etc. Quality cuts are also concerned with CR-muons that have passed all other
containment cuts because of a topology very specific to the Soudan 2 calorimeter design.
Finally, a group of quality cuts deals with breakdowns and other noise events, typically due

to high voltage trips.

 TheCheck-Scan

The data passing all the containment automated cuts is check-scanned by two physicists in
the form of a blind mixture afoLD andBGD events. The purpose of the procedure is two-
fold: (i) to reject the obvious failures of the cuts, i.e. events which are clearly not contained,
such as CR-muons and breakdowns; (i) to evaluate, during the development stage, the
performance of the cuts — on tB&Dd andMcNO samples only - and, maybe, fine-tune them

or re-define them.

5.2.2 TheShidd Cuts

Associated shield activity will determine whether an event contained by all other cuts will be

classified assoLD or BGD. In order to remain unbiased in the selectioo@fp, the shield
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information is considered only after the decision on the containment of the event has been

made.

5.3 Analysisand Deter mination of each cut

The data cuts are described and justified below. An event is rejected by a cut when it is
excluded from the contained event sample. As one might expect, the sets of events rejected
by each cut are not mutually exclusive. For this reason, the development of the cuts is an
iterative process, one returns to the drawing board many times, especialy after acquiring a
feeling on the performance of the agorithms after the check-scan, the latter being the last in
the series of containment cuts.

In the following sections, each cut is presented by assuming and applying al other
RINSE cuts first (excluding the check-scan); this procedure will produce a “clean” event
sample on which the effect of the cut is maximised and is thus more easily grasped.
Furthermore, the shield cuts will be applied first, which will ease further the demonstration
of the logic of each cut. For example, cuts aimed at rejecting cosmic ray muons entering the
detector will be developed by comparBgd* with themcNo* expectation. On the other
hand, breakdown events are not correlated with shield activity; noise and breakdown cuts

will be investigated by analysing theLD* sample.

5.3.1 TheError Cuts

Three error cuts are in use. These aim to reject events where the detector trigger or software
processors failed to function correctly. TneNo sample is used here: it has been generated
on top ofPULSER data (84.2.1) and the random occurrence of such failures is properly

described.
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* CutO; Event Processed Successfully

All the processors in the event need to have run successfully. As part of this condition, the
event box needs to have at least 6 reconstructed 3D hits. Hit clusters of less than 6 3D hits
are very often due to detector noise and are not considered. Moreover, features of the trigger
which are understood but are hard to smulate will result in different acceptances between
GOLD and MCNO event samples at this very low end of the energy spectrum.

Let it be noted that, further down the cuts chain, a minimum number of 10 hitsin
the event box isrequired in order to regect the vast mgjority of the breakdown contamination
of the GoLD* sample.

CutO is special: an event that fails will not be processed any further and none of
the other RINSE cuts will be defined.

» CutEl; Physical Ty

The value of T, must be physicdl, i.e. lie in the range of 60 to 512 dtu (fig. 5.2). An
erroneous value of T, can occur from random hits in the event box or bad hit reconstruction

(83.3.3). This cut, however, particularly aims at rejecting the rare cases where two events

happen within the trigger window. Such a case may occur when the detector triggers on
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- Figure5.2: CutEl. Distribution of T, for MCNO* events passing all other RINSE cuts. The
tails of the distribution below 60 dtu and beyond 512 dtu will be rejected.
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» Figure5.3: CutE2. The hit with time nearest to the trigger time, 511, isfound. The difference
511- T, isplotted. Thisisdone for both reconstructed 3D-hits (left) and clustered 2D hits that
can be projected in the event box (right) in each event of the MCNO* sample after all other
RINSE cuts have been applied.

something small and a cosmic ray muon appearsin the frame dightly early or late. Sincethe

trigger is not due to the CR-muon, but T, is determined by the latter because of its dominant

size, T, isexpected to acquire unphysical values.

* CutE2; Removal of Random Triggers

The event box must contain at least one of the hits that triggered the event, removing random

triggers and rare situations in which the box clustering agorithm has settled on the wrong

group of hits. Since the trigger (see 83.1.2) only sees multiplexed 2D hits, the requirement is
thateither a reconstructed 3D hit a clustered 2D hit which can be projected into the event

box must lie in the time window &fL1+10dtu (fig. 5.3).

5.3.2 TheFiducial Volume Cut

In order to obtain a pure neutrino sample, it is necessary to exclude all particles incoming to
the main detector, be they cosmic ray muons or products of particle interactions in the rock

surrounding the detector cavity. This is partly achieved by rejecting all events which have
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associated activity in the outer layers of the main calorimeter. The detector volume within

which events are contained is called the fiducial volume. The standard Soudan 2 FILTER
appliesafiducial volume cut: an event isrgjected if it has a SEARCH track with three or more

2D hits within 20cm of the outsde. The distance of 20cm has been chosen because the
radiation length in the Soudan 2 main calorimeter is =15cm; most of the e ectromagnetic
radiation will have interacted before entering the detector’s fiducial volume. Moreover, only
a small fraction of charged particles travell2@cm through a calorimeter module will not

leave a trace and enter the fiducial volume unnoticed.

e CutFV; Fiducial Volume Cut

The performance of processoLTER in rejecting incoming charged particles is evaluated by
the depth distribution of the event. The depth estim&qy,, is defined as the shortest
distance to the detectskin from any of the six sides of the event BoxA significant
amount ofBGD* remains belowD ,, of 25cm, which corresponds to approximat@gcm

of active detector (figh.4). These events are rejected.

TheRINSE fiducial volume cut o20cm from any of the six faces of the Soudan 2
detector is applied to the hits in the event box. The distan28aph of active detector
corresponds to the spacing of 13 anode cables or 20 cathode strips. Therefore, an event is
rejected if a hit in the event box lies on anodes 1-13 or 242-255, if the latter are external to
the detector (as in an L-shaped main calorimeter configuration), or if it lies on cathodes 1-20
or 475-495. The above only covers the top-bottom and east-west detector faces. For the
end-looms of the north and south detector faces an event is rejected if
D,in — (To™ = T,) xV, <25cm , whereV, is the module drift speed in cm/dtu; this takes
into account how much the event can be stretched along the drift (z) axis, which is
determined by the magnitude Bf* —T,. In this fashion end-loom events will be kept only

if they have a narrow,-window that restricts them within the fiducial volume.

® In the scanned analysis the depth of an event is defined as the shortest distance between the reconstructed
vertex to the outside of the detector, where the bottom face is not considered.
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- Figure 5.4: CutFV. Distribution of D, shortest distance to the outside of the detector from
any of the 6 faces of the event box; BGD* (top) and MCcNO* (bottom) samples passing al other
RINSE cuts.

Finally, note that the RINSE fiducia volume cut is harsher than the FILTER cut

becauseit will rgject any event with at least one 3D hit in the outer 20cm of active detector.

5.3.3 TheCrack Cuts

The crack cuts are designed to reject the CR-muons entering the calorimeter detector through
inter-modular gaps (fig. 55). This is a very important cut and is smple in its
implementation. Because of the rock overburden, CR-muons reach the detector always from
above. We therefore look at the top of the event and examine the distributions of A™, the
anode channel, or C™, the cathode channel, or T, the time, of the highest hit in the event
box and ask whether there is any abundance of events near the module edges. For the

vertical (anode and wireplane) cracks, the angle between the event axis (83.3.4) and the
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« Figure5.5: Graphical illustration of a cosmic ray muon entering the detector through an anode
crack, which is parallel to the y-z detector plane. The muon may appear within the fiducial
volume but can be rejected because it starts on a module boundary. In this particular case, the
muon is expected to start on anode channels 1 or 63 of the module, as seen on theright. Cosmic
ray muons entering the main detector through the wireplane (y-x) or cathode (x-z) cracks can
similarly be regjected. The size of the cracks has been exaggerated.

plane of the crack is also of interest, since it is expected to be small for muons propagating

down the crack before they enter the detector.

* CrX; AnodeCrack Cut

The distribution for the BGD* sample of A%, the anode cable in module space (ranging
between 1 and 63) of the highest hit in the event box, clearly shows an excess in the edge
anode wires 1 and 63 (fig. 5.6). Moreover, for ¢, > 45°, where ¢, is the angle between the
event axis and the y-z plane of the anode crack, the population at the edge anode wires is
consistent with no CR-muon excess. The McNo* distribution of A% is nicely flat; the
increased population at the edge anode wires is due to the skin of the modules, which
absorbs energy but is not instrumented. On the basis of these plots, events with their highest
hit on anodes 1, 2, 62 or 63 and with ¢, <45 are rejected. The acceptance is reduced by

55.3% for BGD* and by 3.7% for McNO* when al other RINSE cuts have previousy been

applied.
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» Figure5.6: CrX. Distribution of ArTn%%, the anode channel in module space of the highest hit in
the event box, for BGD* (top); distribution of ¢,, the angle between event axis and plane of
anode crack, versus A% for BGD* (middle); distribution of A% for McNO* (bottom). All
other RINSE cuts have already been applied in al three plots. The boxes on the scatter plot
show where the cut is placed. The different populations of channels 1 and 63 in the top plot are
due to the fact that anode 1 is at the outside the fiducia volume for the outer of the four
modules in a loom. Hence, channel 1 is expected to carry % the events channel 63 does.
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* CrZ; Wireplane Crack Cut

An example of a CR-muon entering the main detector through the wireplane is given in fig.
5.7. By definition, a hit will be on the wireplane if its time is equal to T,. The BGD*
digtribution of T, —T,, where T, isthetime of the highest hit in the event box, exhibits a
very clear peak towards zero (fig 5.8). For ¢, > 45", where ¢, is the angle between the
event axis and the x-y plane of the wireplane crack, the population of events is consistent
with no CR-muon background. This is supported by the McNo* distribution of T, - T,
which exhibits a very strong pesk at zero due to events erroneoudy pushed on the wireplane
by the T, agorithm. The obvious point to placethe cut isat T, — T, = 5dtu. However, in
order to minimise the effect of the check-scan on red data, it was decided to exert a harsher
cut: events with T, — T, <10dtu and ¢, < 45" arergjected. The acceptance is reduced by

33.9% for BGD* and by 2.0% for McNO* when al other RINSE cuts have previousy been

applied.

« Figure5.7: CrZ. View of acosmic ray muon entering the main detector through the wireplane
crack. The blob that pins the event on the wireplane is visible but has not been pulse-matched at
thisinstance. The event is rejected.




Event Sdection 83

)
I - | Entries 2278
w —
S 200 =
it -
H -
100 |
0 :I 1 j— '—l_! t — | | e T e
0 5 10 15 20 25 30
T(%-T,BGD
F go K [ ENTRIES 227¢
60 L
40
20 - . .
0 Lot . T v Pt g Ly e by
0 5 10 15 20 25 30
T Top
@ VS Ty -To BGD Tarife To
)
I = | Entries 33953
® 1000 [
it -
I -
500 |—
0 :I ! — 1 t—1 T 1T 1T —t—1
0 5 10 15 20 25 30

Top
T3P -T,MCNO

- Figure 5.8: CrZ. Distribution of T4 — T, (in dtu), where T, is the time of the highest hit in
the event box, for BGD* (top); distribution of ¢, , the angle between event axis and plane of the
wireplane crack, versus T4 - T, for BGD* (middle); distribution of T4 —T, for MCNO*
(bottom). All other RINSE cuts have already been applied in al three plots. The box shows
where the cut is placed. The reader should note that the T, — T, distribution extends up to
values of approximately 450 dtu.
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e CrY; CathodeCrack Cut

A small fraction of cosmic ray muons are travelling close to the horizontal and may enter the
detector through the cathode crack which lies in the x-z plane. The BGD* didiribution of
C™, the cathode strip number of the highest hit in the event box, exhibits a small excess at
the top of the bottom module which is corrdated with A™, the anode channel of the same
highest hit in the event box (fig 5.9)."° Eventswith their highest hit on cathodes 235-239 and
anodes 1-26 or 230-255, if the latter are externa to the detector (as in the case of an L-
shaped detector configuration), are rejected.

The acceptance is reduced by 2.5% for BGD* and by 0.09% for McNO* when al
other RINSE cuts have previousy been applied.

5.34 TheData Quality Cuts

A variety of reasons may be responsible to rgect an event by the qudity criterion. These
follow anayticdly.

* CutQ4; Badly Reconstructed Events

Cosmic-ray muonstravelling in the x-y detector plane (which is normal to the drift direction)

will produce coincident 2D pulses which are not efficiently matched by PMT. It is therefore

possible that such events may have 2D pulses which cannot be projected within the
boundaries of the event box. TheBGD* distribution of NS5 _,, the sum of anode and cathode
clustered 2D hits (see 83.3.2) which could not be mapped into the event box, exhibits a long
tail relative tomcNo* (fig 5.10). Events withNy5_, above 20 are rejected. Tbed* and

MCNO* acceptances are reduced by 11.7% and 1.8% respectively when aligtecuts

have previously been applied.

19 On the south and north faces the harsh fiducial volume cut has reduced BGD excess through the cathode crack.
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- Figure 5.9: CrY. Scatter plot of C'®, the cathode strip number of the highest hit in the event

box, versus A ", the anode channel of the same hit, for BGD* when all other RINSE cuts have

already been applied (top). The concentration of events at the top of the lower modules and
towards the outside of the detector is due to CR-muons entering the main detector via the Y-
cracks on the east and west faces. The two lower plots are zoomed-in versions of the top plot
and the boxes show where the cut is placed. Events on anodes 230-255 will only be rejected if
these are external to the detector.
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- Figure 5.10: CutQ4. Distribution of NJo_,, the sum of anode and cathode clustered 2D hits
which could not be mapped into the event box, for BGD* (left) and McNoO* (right) when all
other RINSE cuts have previously been applied. Most events are at zero; the top of both plots
has been clipped. Observe the very large overflows of the BGD* distribution, due to badly
matched events, primarily CR-muons travelling in the x-y plane. The arrows point to where the
cut is placed.

« CutQ5; Vertical Cosmic-Ray Muons
A small fraction of cosmic-ray muons may enter the detector travelling in the z-y plane.
This results in a string of cathode pulses matching to a single anode pulse at the top of the
detector. PMT does not respond efficiently to this event topology and most of the cathode
pulses at the top of the event, typicaly above cathode 400, remain unmatched. The muon
eventualy scatters in the detector and is better reconstructed. Chances are that it will be
rglected by the fiducial volume cut as it leaves the detector from the bottom base. Thiscut is
designed to regject such CR-muons that stop in the detector.

The BGD* scatter plot of cosé,, where 6, isthe angle between the event axis and
the vertical, versus N2 ..., the number of clustered unmatched cathode pulses above
cathode 400, shows excess population for N ., >10 and cosé, > 0.8 (fig. 5.11). On

the other hand, the MmcNO* acceptance decreases with increasing cosé,, for Ny ¢y > 10
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(fig. 5.11), which is the opposite from what has just been observed for BGD*. Hence, the
BGD* excess in that region is, indeed, attributed to CR-muons. Events with NPy, o, >10
and cos6, > 0.8 arergjected. The BGD* and MCNO* acceptances are reduced by 2.8% and
0.5% respectively when all other RINSE cuts have previoudy been applied.
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- Figure5.11: CutQ5. Left: scatter plot of cos6,, where 6, is the angle between the event axis
and the vertical, versus N, o, the number of clustered unmatched cathode pulses above
cathode 400, for BGD* — the box encloses the rejected region. Rigltio* cosé, distribution

with a cut ofNJP, .4, >10. TheMCNO* expectation cannot predict tBep* excess at high

cosd, and highN P, o All otherRINSE cuts have already been applied in both plots.

* CutQ6; Crack Splats

A cosmic ray muon can travel straight down inter-modular cracks, sometimes producing
bremsstrahlung radiation, which is seen as clusters of hits randomly distributed aong the
crack. Thisisavery characterigtic pattern and is given the name of crack splat. The BGD*
distribution of cosé,, the angle between the event axis and the vertical, exhibits avery sharp
peak for vertical events, not described by mcNO* (fig 5.12). Interestingly, these events are
found to cluster around the anode cracks (fig 5.12 bottom), which is very strong evidence for
their crack-splat nature. We would aso expect the same to happen for the wireplane cracks

but thisis harder to demonstrate because such small events are alowed to shift away from
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the crack due to T, failure — theT, algorithm is optimised for neutrino interactions rather
than background events. Since the anode and wireplane detector cracks are in the z-y and x-y
planes respectively, events constrained in these plarjessiy| < 0.1 or [cosé,|< 0.1 and
which havecos6, > 0.96 will be rejected.
TheBGD* andMCNO* acceptances are reduced by 11.7% and 2.8% respectively

when all otheRINSE cuts have previously been applied.
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- Figure 5.12: CutQ6. Distributions of cosé,, the angle between the event axis and the vertical,
for BGD* (top) and MCNO* (middle). The BGD* distribution of X, the x-coordinate of the
centre of gravity of the event, with cosé, > 0.96 points to clustering around the anode cracks,
every 100cm, which corresponds to a module’s width. All otR&XSE cuts have already been
applied.
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* CutTopA; CR-muons Coming Down Parallel to Anode Wires

One of the hardest cases of non-contained events to rgect is that of CR-muons entering the
main detector in avertical trgectory, pardld to and between anode wires, without leaving a
trace in the drift tubes until they eventually scatter in the detector medium. The signature of
these eventsis their top pulses being at the same anode cable. In the early stages of RINSE,
such events were rejected at the check-scan level but it was soon redlised that their
characteristic topology is not uncommon to neutrino interactions and that the effect of the
check-scan on neutrino data was not negligible. This was particularly worrying because the
MC samples are not check-scanned and this introduced a systematic bias between red data
and Mmc data. It was decided to apply an automated cuit.

In order to address the issue, N7, the number of the highest 5 hits in the event
box lying on a single anode wire,™! is introduced. It is observed that of the BGD* events
passing al other RINSE cuts, 15.8% have N]>" > 3. The equivaent number for MCNO* is
12.8%, pointing out the smilarity of BGD* and MCNO* in this respect.

The cut concentrates on events which have N> >3 because this is where the
candidate CR-muon events travelling down between anode wires are found. It is observed
that such BGD* events cluster near the top of the detector (fig. 5.13). Indeed, thisis afeature
of the whole BGD* sample that passes al other RINSE cuts, but is more pronounced for
NJ°" > 3. The corresponding McNo* distribution does not exhibit this feature.

Of the BGD* events with N> > 3 that pass al other rinse cuts, 55% have their

highest hit above cathode 400. The corresponding number for MCNO* is 18% (which is

TOP
an

independent of N, , of course).

It two anode wires have the same population (such as two hits on one channel and two hits on another

channel) the wire which is closest to the module’s edge is chosen. Note that this is not necessary because this cut
does not deal with cracks. However, it was thought best to be consistent for future reference and possible
alterations to the algorithm.
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« Figure 5.13: CutTopA. Distribution of the Cathode number of the highest hit in the event box
for BGD* (top), BGD* with N > 3 (middle) and McNO* (bottom). All other RINSE cuts have
already been applied. The BGD* excess near the detector top is obvious and becomes more
pronounced with the cut on N°"

an

Events which have N]°° >3 and are high in the detector will be rejected. The
reglection of BGD* relative to MCNO* is mogt efficient when the highest hit lies above cathode
450: 5.9% for BGD* and 0.6% for McNO* (Table 5.2). Nevertheless, it was observed during
check-scanning that verticd muons entering the main detector between anode wires
appeared below cathode 450. In order to minimise bias between red data and mcC it was
decided to reject events if their highest hit is above cathode 400 and N]°° >3; this

corresponds to extending the fiducia volume cut to 95cm from the top of the detector.
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Highest hit N, range
Cathoderange | 1 5 (4| events) 25 35 45 5
1-475 1649(100%) | 883(535%) | 261 (158%) 91 (5.5%) 37 (2.2%)
(@l events) | 34049 (100%) | 16652 (489%) | 4345(12.8%) | 1312(39%) | 506(15%)
1014 (6L5%) | 582(35.3%) | 189 (115%) 78 (4.7%) 34 (2.1%)
>0 15004 (44.9%) | 7575(222%) | 2026(6.0%) | 633(L9%) 242 (0.7%)
837(50.8%) | 498(302%) | 172 (10.4%) 70 (4.2%) 30 (1.8%)
e 10597 (3L1%) | 5218(153%) | 1394(4.1%) | 429 (1.3%) 163 (0.5%)
637(386%) | 383(232%) | 144(87%) 63 (3.8%) 27 (1L6%)
e 5064 (17.5%) | 2834(85%) | 781(23%) 225 (0.7%) 90 (0.3%)
531(22%) | 323(19.6%) | 124 (7.5%) 53 (3.2%) 26 (1.6%)
> 3855 (113%) | 1839(54%) | 478(14%) 140 (0.4%) 55 (0.2%)
369 (224%) | 228(13.8%) 97 (5.9%) 45 (2.7%) 24 (1.5%)
e 1800 (5.3%) | 842 (25%) 217 (0.6%) 63 (0.2%) 22 (<0.1%)

« Table 5.2: CutTopA. Number and fraction (in brackets) of events of the BGD* (italics) and the
MCNO* (bold) event samples which fall within a range of NI°" for a given range of the
Cathode of their highest hit in the event box. All other RINSE cuts have already been applied.
The shaded column is for NJ>¥ >3, where most of the vertical muons that enter the main
detector by travelling between anode wires are expected to lie.

With this cut the BGD* acceptance is reduced by 8.7% while the MCNO* acceptance is
reduced by 2.3% when al other RINSE cuts have previoudy been applied.
Findly, notethat for this cut oneis not concerned with the north/south faces of the

detector because of the harsher fiducia volume cut applied at the end-looms.

* CutTopT; Eventswith Blob not |dentified by BLOBER

It is observed that, despite the existence of a blob, single-loom events may be sometimes
misplaced at the module centre, because of a failure of the T, agorithm, which is usualy
due to random noise hits. A pulse-matched blob at the top of the event will indicate a

charged particle which probably came down through a wireplane crack. Such events were
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originally rejected at the check-scan level but, smilarly to the previous cut, a software
algorithm was devised.

We examine N7, the number from the highest 5 hits in the event box that are

time
coincident, where coincidence is defined empirically within a time window of 2dtu.

Remarkably, the distributions of N, differ little between BGD* and MCNO*; 17% of BGD*

time

and 12% of McNO* eventshave N, > 3. We concentrate on these events because they are
candidates with blob structure at their top. In the BGD* sample they show an excess a the
top (high cathode number) and east/west sides (low anode number) of the detector (fig.

5.14). Aneventisregected if N> >3 and its highest hit is above cathode 400 or on anode

time
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« Figure 5.14: CutTopT. Distribution of the Cathode channel (top) and the Anode channel
(bottom) for BGD* eventswith N, >3 and &l other RINSE cuts applied. For the bottom plot,
events with the Cathode channel of their highest hit above 400 have also been rejected in order
to enhance the effect of the cut. The arrows show where the cuts on these two quantities are set.
The corresponding distributions for MCNO* (not shown) are flat, when allowing for phase-space

effects.
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channdls 14-26 or 229-241, if the latter are externd to the detector. In other words, the
fiducia volume cut is extended to 95cm from the top and to 40 cm from the east/west faces
of the detector when N, > 3. The above cut rejects 5.7% of the BGD* sample and 1.5% of
the MmcNO* sample when al other RINSE cuts have previously been applied.

Note that CutTopT is aso a harsh cut in order to minimise systematic biases that
may occur between real dataand Mc data because of the check-scan, not unlike the previous

cut, CutTopA.

e CutBreak; Classof Breakdown Events

The coLD* data exhibits high concentration of small events whose event axis is very well
aligned with the drift direction (fig. 5.15). This excess is unphysical and not described by
MCNO* and is attributed to a class of breakdown events whose most characteristic pattern is
a series of hitsin the same drift tube. These events are due to module mafunction and are

not correlated with the shield activity, which is why they are seldom found in the BGD*
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- Figure 5.15: CutBreak. Scatter plot of the absolute value of cosine of 8,, the angle between
the event axis and the drift (z) axis, and N, the number of 3D hits in the box, for GoLD*
when all other RINSE cuts have previously been applied (Ieft). A concentration is observed for
small events whose axis is parallel to the drift direction. The zoomed-in plot (right) illustrates
wherethe cut is placed.




94 Event Sdection

sample. Eventswith \cost?z >0.99, where 6, isthe angle between the event axis and the z

(drift) axis, and N, <30, where N, is the number of 3D hits in the event box, are
rejected. The GoLD* and MCNO* acceptances are reduced by 8.9% and 0.5% respectively
when al other RINSE cuts have previoudy been applied.

* CutSnake, Snake Cut
Snakes are very large breakdown events, which are due to a high voltage discharge in the
detector. Their layout is very characterigtic in that they consist of a group of coincident
pulses in al the anode or cathode channels in a module or even in a whole loom. All the
coincident pulses count as a single pulse “edge” and do not trigger the detector. Snakes may
appear superimposed in the time frame of contained events. Only a very small fraction of
snakes, to be referred to spersnakes, can trigger the detector on their own. Their very
large breakdown pulses have oscillating amplitude and, as they die out, form tail pulses by
going below detection threshold and back up again, thus creating multiple edges to which the
trigger is sensitive.

Supersnakes are not correlated with shield activity and are mostly found in the
GoLD* sample. ThesoLD* distributions of AT, and Cgo,., the largest populations of
coincident 2D pulses on a single anode and cathode channel respectively, have long tails
which are not reproduced cNO* (fig. 5.16). These are attributed to snakes and an event
with AZo,. >40 or CZir. >40 is an anode or cathode supersnake candidate. Note that

AT andClo. . are measured in loom space and range within 1-252 and 1-478 respectively.

Coinc Coinc

The small peak ah 5. = 63 for bothcoLD* andmcNo* samples is due to snakes which

Coinc

are contained within a module. The snakesievent samples come from tReLSER
events on which thc neutrino events are superposed.
In order to trigger the detector, supersnakes must occur close to (and before) the

trigger time. The distributions oF5. "™ and TS."™, the times at which the populations

Coinc Coinc !

Az andCla  respectively occurred, indicate that @ D* supersnake candidates occur

Coinc Coinc

in a time-window of 450 t&11dtu, the latter being the trigger time, for both the anodes and



Event Sdection 95

the cathodes (fig. 5.17). However, it was observed in the check-scan that some supersnakes
occurred just below 450dtu and it was decided to enlarge the supersnake time-window from
400 to 511dtu.

Events with AZ> >40 and 400 < T, ™ <512 or eventswith CZ%< . > 40 and

400 < TS ™ <512 are rgjected. The GoLD* and MCNO* acceptances are reduced by
11.7% and 0.8% respectively when al other RINSE cuts have previoudy been applied.
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- Figure 5.16: CutSnake. Distributions of Aga. and Cgar., the largest populations of
coincident 2D pulses on a single anode and cathode channel respectively, for GoLD* (top) and
MCNO* (bottom). All other RINSE cuts have already been applied. The arrows point to the

supersnake cut in these variables.
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- Figure 5.17: CutSnake. Distributions of T4 ™ (left) and TS.™™ (right), the times at which

Coinc Coinc

the populations Al and Co  respectively occurred, measured in dtu, for GOLD* supersnake

Coinc Coinc

candidates. All other RINSE cuts have previously been applied. The arrows point to the limits
of the supersnake time-window.

* CutZen; Zen Cut
Zens preoccupied the Soudan 2 Collaboration in the early days of the experiment. They are

small events that occur on particular cathode channels and the whole range of anode
channels. It was soon realised that the existence of zens was due to a design feature of the
modules constructed at Argonne laboratory: every 32 cathode strips are fixed on 35 cm high
boards, which, when mounted on the module, are separated by a 2-3 mm gap. lonisation
deposited on the back face of the cathode boards can drift through this gap and be recorded
because of the wesk fringe fields from the anode cables that extend into this region. Because
of their extended time structure, zens can trigger the detector. Zens indeed occur on the two
cathode channels on either side of the gap between cathode boards in Argonne modules.
Over the frequent refurbishment operations on the detector, these gaps were covered with a
strip of Mylar. The cathode strips in the UK-constructed modules are fixed on alarge, single
board and, as expected, are found to be zen-free.

Zens are not correlated with shield activity: most of them appear in the GOLD*

sample. The earliest GoLD* data analysed in this thesis, before run 39000, has many events
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- Figure 5.18: CutZen. Distribution of the ratio of N/, the number of 3D hits in the box on
zen channels, to N, the total number of 3D hits in the box, for GoLD* (left) and MCNO*
(right). All other RINSE cuts have previoudy been applied. The arrows point to the value of the
cut.

with a high fraction of their 3D hits on zen channels, which is incompatible with MCNO*
(fig. 5.18). Events before run 39000 with 30% or more of their 3D hits on zen channdls are
rejected. The GoLD* and MCNO* acceptances are reduced by 17.2% and 0.2% respectively
when al other RINSE cuts have previoudy been applied.

It is worth pointing out that before run 39000 certain detector regions, such as
loom 8, were particularly active; their population has been dramaticaly reduced after
applying the zen cut (fig. 5.19).

* CutHit; Number of Hits (Energy) Cut

The comparison of the hit distributions for GoLD* and MCNO* clearly pointsto a very large

excess in the data for small events (fig 5.20). This is attributed to detector noise and
breakdowns. Events having 10 or less 3D hits are rgjected. Ten hits correspond to

= 300MeV (see 86.3). Excess in the data is still noticeable for events of up to 25 hits and is

also attributed to detector breakdowns. Because they have a very characteristic pattern that
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« Figure 5.19: CutZen. Population of detector looms for GOLD* data before run 39000 (left)
when all other RINSE cuts have previously been applied. For the plot on the right the zen cut
has also been applied: the population of the previously “hot” looms has been supressed.

is quite unlike a neutrino induced event, it was decided to have them removed at the check-
scan stage, after which the final GoLD and MCNO hit distributions agree well (fig 5.20).

After the 10-hit cut, the GoLD* and MCNO* acceptances are reduced by 57.7%
and 10.2% respectively when al other RINSE cuts have previoudy been applied.

The rejection of low energy events contradicts one of the strengths of the Soudan
2 detector against the water Cerenkov detectors: its lower energy threshold for heavy
charged paticles. On the other hand, very low energy (below 300MeV) neutrino
interactions carry very little flavour information and no direction information; the latter is
washed out by nuclear Fermi momentum, typicaly of the order of 250MeV/c [47]. It is
therefore believed that the Hit cut will have a minimal effect on the investigation of the
atmospheric neutrino problem, where both the neutrino flavour and direction are quantities

of interest.
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« Figure 5.20: CutHit. Distributions of the number of 3D hits in the event box: GoLD* with all
other RINSE cuts already applied (top left); the same is repeated with GoLD* (top clipped off)
and MCNO* (normalised to the data exposure by 1/116) superposed. The bottom plot presents
the fina coLD and MCNO (normalised by 1/116) hit distributions when al RINSE cuts,
including the hit cut and the check-scan, have been applied.
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* CutRun; Faulty Runs Cut
The sets of runs where the detector malfunctioned was inferred by the very large numbers of

CEV sthat passed the RINSE containment cuts. The faulty run ranges are (inclusive):

31011-31105; gasrack 3 was leaking.

» 31670; half-wals 1 to 15 and 18 had a high voltage trip.

»  49975-50013; high voltage sweep a —150V off the nomina vaue of 9KV . In
order to optimise each module for minimum noise and maximum drifting
efficiency, the detector operation was monitored under different values of drift
voltage during December 1993. It turned out that, from the drifting point of view,
—-150V off the nominal value wastoo low for most of the detector modules.

»  50419-50533; gasrack 4 malfunction and severe leakage.

These runs are reglected from both data and mc event samples. The BGD*, GoLD* and
MCNO* acceptances are reduced by 20.3%, 2.4% and 0.5% respectively when al other
RINSE cuts have previously been gpplied. It is worth pointing out that there were no such
major faults since December 1993, which is to the credit of the mine-crew who take care of

the detector.

5.3.5 Summary of Automated RINSE Containment Cuts

The presentation of the automated RINSE containment cuts has been completed. A summary
of their performance is given in Table 5.3, where the number of events rejected by each cut
adoneisliged for coLD, BGD and McNO. The fiducia volume, crack (anode and wireplane)

and hit cuts are the most powerful here.
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CuUT MCNO GOLD BGD
Number of eventspassing all RINSE cuts (exlc. Check-Scan)
All RINSE (excl. Check-Scan) 33268 409 1505
Number of eventsfailing only this RINSE cut
CutEl 26 (<0.1%) 6 (1.4%) 6 (0.4%)
CutE2 354 (1.1%) 47 (10.3%) 43 (2.8%)
CutrFv 3886 (10.5%) 96 (19.0%) 1903 (55.8%)
Crx 1273 (3.7%) 84 (17.0%) 1861 (55.3%)
crz 685 (2.0%) 54 (11.7%) 773 (33.9%)
Cry 31 (<0.1%) 5 (1.2%) 38 (2.5%)
cutQ4 611 (1.8%) 29 (6.6%) 199 (11.7%)
cutQs 177 (0.5%) 1(0.2%) 44 (2.8%)
CutQ6 615 (1.8%) 16 (3.8%) 199 (11.7%)
CutTopA 781 (2.3%) 22 (5.1%) 144 (8.7%)
CutTopT 514 (1.5%) 23 (5.3%) 91 (5.7%)
CutBreak 171 (0.5%) 40 (8.9%) 12 (0.8%)
CutSnake 275 (0.8%) 54 (11.7%) 54 (3.5%)
CutZen 67 (0.29%0) 85 (17.2%) 30 (2.0%)
CutHit 3795 (10.2%) 558 (57.7%) 606 (28.7%)
CutRun 167 (0.5%) 10 (2.4%) 384 (20.3%)

« Table 5.3: Number of events passing all RINSE containment cuts, excluding the
Check-Scan, (top) and failing only one of the RINSE cuts (below) for MCNO, GOLD
and BGD. The number in brackets is the loss of acceptance for each cut when dl
other cutsin the table have already been applied.
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5.3.6 TheCheck-Scan

The very last stage in the RINSE chain of containment cutsis the check-scan. It isimportant

to point out that thisis a process unique to the real data (both GoLD and BGD) and is not

applied to the very large MC sample. For this reason, the effect of the check-scan on the redl

neutrino sample must be minimal: the scanner only rejects events which are certainly not due

to a neutrino interaction in the main detector. In this category lie the cosmic ray muons,

which have passed the RINSE containment cuts because of small detector mafunctions or

because of the presence of noise hits (natura radioactivity etc.), as well as detector
breakdown events. All the contained events are classified as such and a “dubious” category,
when the scanner cannot decide with certainty upon the nature of the event, is optional. In
order to minimise any systematic effects due to human biasptireandsGD samples are

mixed together and are scanned shield-blind, without the scanner knowing their identity.

The check-scan is carried out independently by two experienced physicists. Their
scan matrix determines which events pass to thedmab andsGbD samples, to be used in
the flavour analysis along with thecNno and MCAF samples. In this exercise Hugh
Gallagher and myself scanned the whole data-set, but for runs 30000-38999 where | was
replaced by Wade Allison.

In order to substantiate the check-scanning procedure, it was deemed necessary to
perform this task on a smallc sample. This was done while check-scanning the data for
runs 70000-74999. A small sample WENO events was randomly picked from the
corresponding/C data-set for this period and was mixed with the real data. The resultant
event sample was check-scanmettblind and shield-blind. Tablés4 to 5.6 contain the
scan matrices comparing the decisions of the two scanners fiNng®&l GoLD, BGD and
MCNO samples respectively.

It is apparent from the CNO scan matrix that only a small fraction of the neutrino
sample is rejected by the check-scan procedure (Table Statistics are low, but

approximately 6% of the events are rejected when events scanned as B#Vdoanners
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are passed to the find MCcNO sample. The rejected fraction is reduced to 2% when events
scanned as CEV by ether scanner are accepted in the find MCNO sample.

The population of the fina BGD sample will increase from 666 events, when both
scanners have to agree on a CEV, to 865 events, when one scanner's nod of approval is
enough for an event to be accepted (T&8l&le Relative to the former case, the background
contamination of theoLD sample will increase by 28.5% when events chosen as CEV by
either scanner are accepted.

In order to reduce the systematic uncertainty on the flavour analysis due to the fact
that themc sample is not check-scanned, it was decideddspt events that were passed as
CEV by either scanner. Events flagged as breakdowns by at least one scanner are rejected.
The background contamination®@bLD may increase but the dase: systematic biases are
reduced by a factor of 3.

The acceptance of the check-scan procedure is 68.686itar, 56.9% forsGD,

and 97.9% for the small fraction @tNo that was put through the test.

5.3.7 TheShidd Cuts

The shield cuts — which had not been defined but were used in the definition of the
containment cuts in the previous sections — will divide the contained event sample, which
has been selected from tRENSE containment cuts (including the check-scan) into the final
GOLD andBGD samples. A neutrino candidate in theLD event sample must not have any
shield activity associated with it. The contained events vetoed by the shield will form the
BGD sample which will be studied in order to estimate the contaminatisoLaf from CR-
muons and their interactions in the rock surrounding the main detector.

Only shield adjacencies and overlaps (see 83.1.3) will be considered in the
following discussion on the shield cuts. No distinction will be made between the two. The
random rate of single shield hits is too large to be useful (see §3.1.3). The variables that will

be used in the definition of the shield cuts are:
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GOLD Scanner 1 — AS (WWMA)
CEV CR-muon Dubious Breakdown
)
o CEV 256 5 6 3
T
g CR-muon 6 26 1 1
C
; Dubious 7 5 4 5
Breakdown 1 1 1 81

« Table 5.4: Check-scan matrix for GOLD sample, runs 30000-74999, 409 events, 280 pass.

BGD Scanner 1 — AS (WWMA)
CEV CR-muon Dubious Breakdown
% CEV 666 65 40 3
<; CR-muon 35 510 19 0
5 Dubious 50 62 19 3
Breakdown 2 4 1 26

« Table 5.5: Check-scan matrix for BGD sample, runs 30000-74999, 1505 events, 856 pass.

MCNO Scanner 1 — AS (WWMA)
CEV CR-muon Dubious Breakdown
O
o CEV 177 1 1 0
T
g CR-muon 2 2 0 0
5 Dubious 4 2 0 0
Breakdown 0 0 0 0

« Table 5.6: Check-scan matrix for fraction of MCNO sample, runs 70000-74999, 189 events.
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¢ Mg, theshield multiplicity inside the T,-window, defined asthe largest number
of coincident shield hitsin the time range of the T,-window.

s Mgy the shidd multiplicity outside the T,-window, defined as the largest
number of coincident shield hits outside the time range of the T,-window.

« D", the minimum distance in the detector volume along a direction joining
any one of the shield hits and any of the 8 corners of the event box. This is
caculated for the group of shield hits with the greatest multiplicity inside the T, -
window. If there exist two groups of shield hits with the same value of M,

occurring at different times, then the group with the minimum D2, is the one

used in thefollowing analysis.

* CutSh2: Shidd Multiplicity of 2 and Above

It is observed that 62.1% of the DATA events have M., of 2 or above (fig. 5.21). Onthe
other hand, only 2.0% of the MmcNO sample fdls in that region, because this requires a
random coincidence in the shield activity (coming from PULSER data on which mC events
are superimposed). For this reason, al events with M., = 2 are rgjected from GoLD and
are classfied asBGD candidates.

The T,-window defines the range of time within which the event may lie and
shield hits occurring outside that range are thought to be irrelevant with the event. Hence,
the distributions of Mgy, for the DATA and Mc samples should be similar. However, the
DATA shows small relative excess to McNo for large values of Mg, 1% of the DATA and
only 0.2% of MmcNO have M5, = 3 (fig. 5.22). This small difference is attributed to non-
neutrino-like events where the T,-window algorithm has failed. Eventswith M5, =3 are
regjected from GoL D and classified asBGD candidates.

After CutSh2, the GoLD and MCNO acceptances are reduced by 74.6% and 2.4%
respectively when all other RINSE cuts (including CutShl) have previousy been applied.
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« Figure5.21: CutSh2. Shield multiplicity in the T,-window for DATA (left) and MCNO (right).
All RINSE containment cuts have already been applied. The shaded areas are rej ected.
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- Figure 5.22: CutSh. Shield multiplicity outside the T,-window for DATA (top left) and MCNO

(top right). The same is repeated with the histograms’ top clipped to approx. 1.5% of their
maximum value (bottom plots). ARINSE containment cuts have already been applied. The
shaded areas are rejected.
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o CutShl: Unit Shidd Multiplicity

The case of unit shield multiplicity inside the T,-window is less straightforward.  As many
asaquarter of themc samplefdl in this category (fig. 5.21) and their rejection would have a
maor effect on the acceptance. On the other hand the DATA clearly exhibits an excess, due
to CR muons firing off just one shield hit.*?

One expects spatial correlation between shield hit and associated event in the main
detector. The distributions of DI, . for DATA against MCNO shows the clear DATA excess
for values of DZ", . up to 5 m (fig. 5.23), a figure that cannot be attributed to a physical
process because it corresponds to many interaction lengths in the detector. Nevertheless, it
can be understood by the fact that the shield was more inefficient in the early days of the
experiment (see 83.1.3). The distribution of run numbers before applying the unit shield
multiplicity cut shows excess DATA relative toMCNO which is more pronounced in the

early days of the experiment (fi§g24). The excess itself is due to the fact that CR-muon

% 50 Entries 386
o 40
3

30

20

10

0 . ]
0 100 200 300 400 500 600 700 800 900 1000
D sox (Mhiei=1) DATA
« Figure 5.23: Cutshl. Distribution of DQL[’BOX for DATA (thick line) and MCNO normalised to

the data exposure by 1/116 (shaded area) when MiS"hield =1. All RINSE containment cuts
(excluding the check-scan) have been applied.

2 The scanning team classifies the unit shidd multiplicity events into their BGD sample. Their loss of
acceptance is smaller because (i) they have a tighter Ty window set by hand and (ii) they only consider
adjacencies (and not overlaps) as shield activity and their random rate is lower.
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« Figure5.24: Cutshl. Digtribution of run number for DATA (thick line) and MCNO normalised
to the data exposure by1/116 (shaded area). All RINSE containment cuts (excluding the check-
scan) and CutSh2 have been applied.

events coming through the shield and leaving one hit or no hit at al have not yet been
rejected. The fact that a greater surplus occurs in the early data is a statement of the poorer
shield performance in these days. On the basis of this argument, the DATA is divided into
two parts, before and after run 55000.

The DATA and Mc digtributions of DE", . with M., =1 for these two periods

support the above (fig. 5.25). In the early era, the MCNO population is scarce relative to the
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- Figure 5.25: CutShl. Distributions of D&, When My, =1 for runs before and after
55000 (left and right respectively) for coLD (thick line) and McNO normalised to the data
exposure by 1/116 (shaded area). All RINSE containment cuts (excluding the check-scan) have
aready been applied.
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DATA: eventswith M., =1 before run 55000 are rejected from GoLD and are classified as
BGD. In the later era, MCNO matches the DATA more closdly for DI, >200cm. It was
decided to reject events after run 55000 with M3, ,, =1 and DZ", <150cm.

This cut till leaves extra DATA events, especialy for 150cm < D3, < 200cm,
which are due to CR-muons that have fooled al the containment agorithms and which
usually appear deep in the detector. Such events are rejected at the check-scan stage, after
which the DE",  distributions for coLD and McNO agree very well (fig. 5.26). Thisisaso
truefor the distribution of run number, where McNoO follows GoLD closaly (fig. 5.27), giving
us confidence that GOL D contamination by background is small.

After CutShl, the GoLD and MCNO acceptances are reduced by 42.6% and 12.3%
respectively when all other RINSE cuts (including CutSh2) have previously been applied.

Entries 47
OVFLW 4.000

#Events

100 200 300 400 500 600 700 800 900 1000
Do (CutSh and CheckScan) DATA vs MCNO

OFRLrNWM~UOIO

O

- Figure 5.26: CutShl. Distributions of D3, When M., =1 for GoLD (thick line) and
MCNO normalised to the data exposure by 1/116 (shaded area). All RINSE cuts, including both
shield cuts and the check-scan, have been applied.

5.4 Acceptance of Event Selection

The acceptance for the neutrino signal, as described by mcNo for Soudan 2 data for the
period between 26 Aug 1991 to 22 Dec 1996 (runs 30000 to 74999), from generation to the
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« Figure5.27: CutShl. Digributions of run number for GoLD (thick line) and MCNO normalised
to the data exposure by 1/116 (shaded area). All RINSE cuts, including both shield cuts and the
check-scan, have been applied.

final accepted number, is22.3% (Table 5.7). Before and after August 1994 the acceptanceis
18.6% and 25.7% respectively, because of the different treatment of unit shield multiplicity
events. These figures do not take into account the 2% loss of acceptance on the fina sample
due to the check-scan,™® discussed in §5.3.6. The total exposure of the experiment for the
aforementioned period is3341kTonYears, while the fiducial exposure is
2.679kTonYears.* Itis customary to quote the latter number which takes into account the
effect of the fiducial volume cuts on the “target” detector volume. The loss of acceptance
can be attributed to three major factors: (i) the lack of trigger from low-energy neutrino
interactions (or neutral currents), simulatedFyrer, (i) the fiducial volume and crack
cuts, applied brINSE and (iii) the shield cuts, also appliedAIxSE.

A summary of the event selection f@oLD, BGD, BGD1 andBGD2 is given in
Tables5.7 to 5.11. Sample®cbl andBGD2 are subsets &GbD, defined in the following

section on background contamination and are presented here for the sake of completion.

3 The overall acceptance for the scanning andlysis is 27% for quasi-elastic tracks and 27% for quasi-dlastic
showers [46].
14 The exposure has been calculated by EXPOSURES3, a program written by Prof. Earl Peterson for Soudan 2.
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Runs 30000-54999 Runs 55000-74999 Total (All runs)
Exposure Total 1.648 1.693 3341
(KTon-Years) Fiducial 1.306 1.373 2,679
Event Sdection Stage Number of MCNO Events

Interactions Gener ated 70692 78322 149014
Passed Rel. 23 FILTER 28058 31561 59619
Passed RINSE CEV cuts 13171 20097 33268
Acceptance 18.6% 25.7% 22.3%

Passed all cutsnormalised to data 1138 173.7 2875

exposure (1/115.7)

« Table 5.7: Summary of MCNO event selection divided into early and later eras. The total and
fiducial exposures are given at the top. The number of events generated and passing different
selection stagesis given below. Note there is no check-scan for MCNoO.

GOLD Runs 30000-54999 Runs 55000-74999 Total (All runs)
Event Sdection Stage Number of GOLD Events
Passed Rel. 23 FILTER + Cut0 2384 1610 39
Passed RINSE CEV cuts 201 208 409
Passed Check-Scan 126 14 280

« Table 5.8: Summary of GOLD event selection divided into early and later eras.

BGD Runs 30000-54999 Runs 55000-74999 Total (All runs)
Event Sdection Stage Number of BGD Events
Passed FILTER23 + CutO 9622 8108 17730
Passed RINSE CEV cuts 834 671 1505
Passed Check-Scan 465 391 856

« Table 5.9: Summary of BGD event selection divided into early and later eras.
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BGD1

Runs 30000-54999

Runs 55000-74999

Total (All runs)

Event Sdlection Stage

Number of BGD1 Events

Passed FILTER23 + CutO 3660 1835 5495
Passed RINSE CEV cuts 194 105 299
Passed Check-Scan 69 31 100

« Table 5.10: Summary of BGD1 event sdlection divided into early and later eras.

BGD2 Runs 30000-54999 Runs 55000-74999 Total (All runs)
Event Sdlection Stage Number of BGD2 Events
Passed FILTER23 + CutO 138 9% 234
Passed RINSE CEV cuts 37 28 65
Passed Check-Scan 33 24 57

« Table5.11: Summary of BGD2 event selection divided into early and later eras.

5.5 Comparison to the GoLD Scanned Sample

It isinteresting to compare the contained event samples of the fully scanned analysis and of

RINSE. The two approaches are very different but reach to comparable event samples. Out

of the 280 RINSE GoLD events, 207 find their way into the scanned GoLD sample.

Conversdy, there are 117 scanned GOLD events that were not selected by RINSE. The

differences are due to the following reasons.

RINSE rejects low energy events which are selected by the scanners: the 3D-hit cut
in the scanning analysis reects track events with less than 6 hits and shower
events with less than 9 hits (the scanning shower hit cut is higher in order to
reduce breakdown contamination). Approximately 60% of the events selected by

the scanners and rejected by RINSE have failed the RINSE 10 3D-hit cut.
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» Of the remaining events selected by the scanners and rgjected by RINSE, the
maority fail the RINSE fiducial volume cut. This occurs because these events
have 3D hits in the event box which are outside the fiducia volume. Scanners
have chosen to neglect these hits by judging them either (i) as irrelevant to the
event or (i) as part of the event but “clearly” not vetoing it as being outside the
fiducial volume — a common example for the latter is 3D hits in the tails of
showers, which point from the inside of the detector outwards.

* On the other han®INSE accepts events which have one or more prong on cracks
and which are rejected by the scanners. It has been demonstrated in this chapter
(see Crack Cuts) that these events do not contribute to the background
contamination of theoLD sample — they are thus unnecessarily rejected by the

scanners.

5.6 Background Contamination

In this section the contamination of tke®LD sample by non-neutrino interactions is
addressed. This exercise is an introduction to background contamination and will be referred

to in later chapters.

5.6.1 Choiceof Background Sample

Three subsets of th®sb sample,BGD1, BGD2 andROCK, are introduced here. We are
interested in the background sample which best represents the set of physical processes that
lead to the contamination GbLD (as described in §85.1, teeD sample). The definitions of

the three subsets and the motivation for their study is presented below.

» Events in theacDl sample would have passed the shield cuts but for one shield

hit vetoing the event. ThesD1 sample is enriched in cosmic ray muons entering
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the main detector through inter-modular gaps and would be more useful in
studying contamination due to shield inefficiency aone.

* Eventsin the BGD2 sample have two shield hits which trace a trgectory that does
not cross the main detector (TASSO shield counters sitting right on top of the
main detector are not considered here), aluding to a charged particle (possibly a
CR-muon). The BGD2 sample is expected to be rich in background events due to
neutral particles contaminating the GoLD sample. It is worth pointing out that
87.7% of the BGD2 events passed the check-scan, a percentage even higher than
that for coLD. However, its normdisation relative to the GoLD sample is
unknown so one only hopes to acquire a quaitative understanding of the nature of
background. Moreover, the satistics of BGD2 are scarce.

» Events in the Rock sample have shield multiplicity in the T,-window of 2 or
above. This background sample is expected to be minimally contaminated by
genuine neutrino interactions, because the shield double-coincidence random rate
isvery smal (from MCNo it is measured below 2% - fig. 5.21). The population of

ROCK is 738 events, only 14% lower than that of the parent BGD sample.

The complete BGD sample is aso suited to the background study of GoLD. It may be argued,
however, that BGD contains classes of events, such as those with very high shield
multiplicity, which, under no circumstances, may be classfied as GoLD. Such clams are
hard to justify because we have no detailed understanding or smulation of the processes
leading to the contamination of GOLD by interactions of neutral particles originating in the
rock. BGD hasthe higher statistics here.

In practice there is little difference between the four background samples. Their
depth (D,,,,) and hit (N,;) distributions, where D ;, is the minimum distance between any
of the event box’s eight corners and any of the detector’s six facé$, and the number of

3D hits in the event box, are remarkably similar §ig8).
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From the depth distributions, the mgority of the events are concentrated near the
detector’'s edge. This is expected, since the interaction length of a neutron in the Soudan 2
detector is approXd80cm. A small number of events are situated right at the heart of the
detector and their nature is harder to understand. They may be due to neutrons that enter the
main detector volume through a crack and then scatter and interact inside a module. Such
events are typically small — this is also a phase space requirement, since, had they been
larger, they would be nearer the outside of the detector.

Most of the background events are small (below 40 hits). This is due to the
typically low energy of the neutral particles produced in the rock. Still, some spectacularly
large events (above 100 hits) are observed.

Considering the aboverock is the event sample chosen to represent the

background contamination abLD for the following reasons:

* ltis similar in essence to the other three background samples.
* It has minimal contamination by neutrino events.

» It has high statistics.

5.6.2 Depth and Hit Distributions of DATA and MCNO

The contamination akoLD by non-neutrino interactions is prominent in the distributions of
D,,, for coLD andmcNo, where the latter is normalised to the experiment’'s exposure (fig.
529). The two samples qualitatively agree D, >70cm but below 70cm GoLD
presents considerable excess relativedso. On the other hand, ti,, distributions for
GOLD andmcNo agree well, at least on a qualitative level.

It is interesting to examine the correlation betwép, and N,,.. This is

presented at fig5.30. TheD,,, versusN . space has been divided into six zones, as

n

defined in fig.5.30. Small events lying near the outside of the detector populate zones 1 and

2, while events deep inside the detector lie in zones 3 and 4. Events near the outside of the
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- Figure 5.29: Distributions of D, (in cm, left) versus N, (right) for GoLD (thick line) and
MCNO normalised to the experiment’s exposure by 1/116 (shaded area).

detector are found in zones 5 and 6. It is worth pointing out that the larger an event is, the
closer to the outside it will be (the maximum distance to the outside is =260cm). The
population of each zone for each of the three samples has been recorded in Table 5.12 and
graphically represented in fig. 5.31. Unlike GOLD and MCNO, ROCK events are concentrated

a low valuesof D ;, and N .

5.6.3 A Background Calculation: Fittingto GoLD

The am of the following fit is to determine the number of neutrinos in the GoLD event
sample. GOLD is described as the sum of some neutrino signal, described by mcNo, and
some background signal, described by ROCK. The neutrino and background signals are not
correlated and should be alowed to fluctuate independently.

Consider the digtributions described in Table 5.12 and fig. 5.31, for GOLD, MCNO
and ROCK: G,

distribution. The total number of eventsin each distribution G, M, and B is Ng, N,, and

, M, and R respectively, where i =1..n and n is the number of bins of each

Ny respectively, which are summarised in Table 5.12. From the above, the GoLD
distribution, G, may be fitted by the following function:
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- Figure 5.30: Scatter (box) plots of D, (in cm) versus N, for GOLD, ROCK and MCNO.
The population of each bin is proportional to its side and not its area. The box defines the area
of the background reduction cut. The bottom right plot defines the six zones into which the
D, versus N, surfaceis divided.
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Zone Number of eventsin each Zone
GOLD MCNO ROCK

1 51 3362 311
2 43 4534 147
3 74 8430 107
4 28 6971 35
5 36 2761 107
6 48 7190 31

Total 280 33268 738

- Table 5.12: Population of each zone of the D, ;, versus N, plot, as defined in fig. 5.30, for
GOLD, MCNO and ROCK.
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f. = AM. + XR (5.1
which can be re-written as:
fzale p +xe (52)
NM NR

where a= AN,,/Ng and x = X N, /N;. Thefit parameters a and x represent the fractions
of GOLD described by MCNO and ROCK respectively.

A simple fit will only take into account the fluctuations of G, and the goodness of
the fit into the error calculation. However, the ROCK distribution has finite statistics and its
fluctuations must also be included in the final errors. This is dso true for MCNO but to a
much lesser extent, because of its very large population. The method of the “binned
likelihood fit” will be implemented, as described in [54] and [74]. HBOOK routine
HMCMLL returns the fractions andx when the distribution§,, M, andR are given. They
should sum to unity but are not constrained to do so; this is a property of the maximum
likelihood approach adopted here.

The results of the fit are summarised in Tdhk8 and fig.5.32. Approximately
one third of the finaboLD sample is attributed to non-neutrino events. It is observed that
the best fiRock plusmcNO model is not in good agreement widbLD in zones 3 and 4,
i.e. for small and medium sized events in the heart of the detector. This could be an
indication that therRock sample is not a good representation of the background
contamination irgoLD. Alternatively, this may be an indication that the physics model (no
oscillations regime) is unsuitable to describe the data. Further discussion is beyond the scope

of this chapter. The subject will be revisited in the flavour analysis of the data in chapter 7.
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a 0.668 £ 0.075
X 0.332 £0.068
Number of Neutrinosin
187.0+21.0
GOLD =280 xa
Number of Background
93.0+19.0

in GOLD =280 xx

« Table 5.13: Results of background fit in GOLD.
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- Figure 5.32: Graphic representation of the population of the six zones of D, versus N .
space for GOLD (error bars) and the best fit of MCNO plus ROCK (shaded, normalised to GOLD).
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5.6.4 Effect of Depth and Hit Cutson Background sample

The background population is clustered at low vaues of D,,, and N,.. The
effect on the populations of the event samples when a background reduction cut, defined by
D, >70cm or N, >30, is applied is shown in Table 5.15. The RoCK acceptance is
reduced by 58%, while that of MCNO has only dropped by 14%. The GOLD acceptance is
affected more than that of MCNO, an indication in favour of the hypothess that GOLD is
contaminated by background.

A harsher cut may be applied, rgecting all events below 40 hits. The outcome is
presented in Table 5.14. Now only 10% of ROCK survives the cut. The background
contamination in GOLD is estimated to be less than 10%, assuming ROCK to be a good model
for the background. The large events sample will be an interesting set to look for new

Physics effectsin an almost background-free environment.

Number of events GOLD MCNO ROCK BGD
Final sample (N) 280 33268 738 856
After CutBGD (N™*) 208 28533 308 370
Fraction (T) passng CutBGD | 0.743+0.026| 0.858+0.002 0.417+0.017 0.432x0.017

« Table 5.15: Number and fraction of events passing the BGD-cut for GOLD, MCNO, ROCK
and BGD. Theerror on T isgivenby /T(1-T)/ N, since N and N™* are correlated.

Number of events GOLD MCNO ROCK BGD
Final sample (N) 280 33268 738 856
After 40+ Hit Cut (N™) 105 13899 72 97

Fraction (T) passing Hitcut | 0.375+0.029| 0.412+0.003 0.098+0.011  0.113+0.011

» Table 5.14: Number and fraction of events passing the 40+ hit cut for GOLD, MCNO, ROCK
and BGD. Theerroron T isgivenby /T(L-T)/ N, since N and N™* are correlated.




