Cut v, CC v, CC v, NC
Efficiency || Efficiency || Efficiency
Q: > 1.0 GeV 673 .628 .034
pr < 2.5 GeV 965 977 .682
Az < 15 cm 923 971 .848
Q? > 2 GeV? .861 .848 .655
W2 > 5 GeV? 967 932 .828
Muon in event .969 .047 932
Lead Particle electron ID .799 .007 .038
Total .382 .00015 .00030

Table 6.4: MC Event Selection Cuts and Efficiencies on MC Samples.

of v, in the MC sample was normalized to match the level in the data sample.

In Table 6.6 the final number of selected events and the number expected from

Monte Carlo for both v, and v, are given.

In the end, 721 v, events and 52598 v, events were observed. The shape of
the v, spectrum is shown in Figure 6.22. A break down of the event population
can be found in Table 6.7. The Monte Carlo prediction of 722.3 events for the
number of v, compares well with the number found in the data. There was a
4.3% background (see Figure 6.23) in the 1,.’s and negligible background in the

v,’s. Note the low statistics in the v, background; it was small but not negligible.
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Cut v, CC v, CC v, NC
Efficiency || Efficiency || Efficiency

Q: > 1.0 GeV .628 673 .033

pr < 2.5 GeV 977 .966 .681

Az < 15 cm 971 923 .848

Q? > 2 GeV? .861 .848 .655

W2 > 5 GeV? 967 932 .828

Lead Particle muon ID .899 .001 .020
Total 419 .0006 .00021

Table 6.5: MC Event Selection Cuts and Efficiencies on MC Samples.

92



Selected v, || Selected v,
v, CC Monte Carlo 691.1 1.1
v, CC Monte Carlo 18.4 52589.9
v, NC Monte Carlo 12.8 7.1
Total MC 722.3 52598.1
4 DC Module Data 130.0 7643.0
8 DC Module Data 254.0 18383.0
11 DC Module Data 337.0 26572.0
Total Data 721.0 52598.0

Table 6.6: Final v, and v, Events Selected and Predictions from Monte Carlo.
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Energy Bin Selected v, || Selected v,
2.5- 17.5 GeV 17.0 £ 4.1 || 6479.0 &+ 80.5
17.5- 22.5 GeV || 38.0 £ 6.1 || 6235.0 & 78.9
22.5- 275 GeV | 52.0 £ 7.2 || 5932.0 £ 77.0
27.5- 32.5 GeV || 56.0 £ 7.5 || 5038.0 £ 70.9
32.5- 35.0 GeV || 35.0 £ 5.9 || 2050.0 £ 45.3
35.0- 37.5 GeV || 28.0 £ 5.2 || 1872.0 £ 43.3
37.5-42.5 GeV || 67.0 £ 8.1 || 3249.0 £ 57.0
42.5- 47.5 GeV || 50.0 £ 7.1 || 2673.0 £ 51.7
47.5- 52.5 GeV || 53.0 £ 7.3 | 2231.0 £ 47.2
52.5- 57.5 GeV | 53.0 £ 7.3 || 1900.0 £ 43.6
57.5- 62.5 GeV | 34.0 £ 5.8 || 1733.0 £ 41.6
62.5- 67.5 GeV || 37.0 = 6.1 || 1462.0 + 38.2
67.5- 75.0 GeV || 48.0 + 6.9 | 2044.0 + 45.2
75.0- 80.0 GeV || 24.0 + 4.9 || 1185.0 + 34.4
80.0- 90.0 GeV || 37.0 £ 6.1 || 2121.0 £ 46.1
90.0-100.0 GeV || 31.0 &£ 5.6 || 1541.0 = 39.3

100.0-120.0 GeV || 29.0 + 5.4 || 2154.0 £+ 46.4
120.0-200.0 GeV || 32.0 &£ 5.7 | 2699.0 = 52.0

Table 6.7: Final v, and v, Events Selected with Errors in Each Energy Bin.
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6.6 v,-v. Spectrum Ratio

An oscillation signal would evince itself in the form of an enhancement in the
low energy part of the spectrum (for low Am?) or over the entire spectrum (for
large Am?). Looking directly at the v, spectrum is problematic because this
makes the measurement extremely sensitive to fluctuations in the predicted flux
and simulation. Looking at the ratio v./v, helps to cancel out some of this
dependence but does not completely resolve the problem as v,.’s and v,’s have
different sources. The ratio approach also cancels out other common effects such
as hadronic energy resolution and event selection biases. This analysis, therefore,
looks at the ratio of the two spectra.

A non-uniform binning was used for the energy spectrum. This was done in
order to maintain a sufficient level of statistical significance in each channel. The
energy bins were chosen so that each channel has no fewer than than 15 v, events
(see Table 6.7).

As can be seen from a cursory scan of Figure 6.24, the agreement between the
selected sample and the prediction was quite good. Over the eighteen bins there
were 10 bins with an excess of the data over the Monte Carlo and 8 bins with a

deficit. The x? [40] used for this data sample is

X* = —2log P(ni|u;) + 2log P(n|n;) (6.3)
where
nexp_ﬂ'i'b
P(n|p) = (p+b) — T (6.4)
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Here j is the number of signal events expected, b is the number of background
events and n is the number of events observed.

These were summed for all energy bins and found to be 20.9 for 18 degrees
of freedom. Locally, there were no regions of significant excess. It was therefore
assumed that there was no excess of v, events over the Monte Carlo and therefore
no evidence for neutrino oscillations.

The rest of the discussion will now concentrate on extracting a limit on the

oscillation probability.

6.7 Setting a 90% Confidence Limit

The standard way of presenting neutrino oscillation limits is by giving a region
in the plane of Am? vs sin?26 for which oscillations have been ruled out at a
90% confidence level. In order to define this region, several values for Am? were
taken and the corresponding Monte Carlo prediction for the ratio spectrum was
calculated for the sin? 26 which minimizes the y2. Then the values of sin? 2 for
which the y? is 2.71 over the minimum were found. For each Am? there is now

a value of sin? 20 and these points define the 90% confidence level boundary.

6.7.1 v, Oscillation Contribution

The oscillation probability is a function of the energy of the incoming neutrino
as well as the distance it has travelled. In order to calculate the probability
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p(v, — v.) that a given neutrino will oscillate, the following equation was used:

1.27TAm*L
p(v, — v.) = sin®20 sin(%) (6.5)

where F is the energy of the incoming neutrino in GeV, and L is the path length
travelled in kilometers. The neutrino source is not a point source, it is in fact a
413 meter long tunnel. The oscillation probability was calculated at 200 points
along the length of the tunnel and averaged. The distribution of decays along the
tunnel was assumed to be flat. The difference this length effect has on the final
oscillation contribution can be seen by comparing the distributions in Figure 6.25
and Figure 6.26. It can be seen that absence of corrections due to the length of
the tunnel induces spikes to the spectrum which are smoothed out due to the
different points of origins of neutrinos along the tunnel.

Once the oscillation probability was calculated it can be applied to the v,
spectrum to determine the shape of the oscillation contribution to the v, spec-
trum. This distribution is shown for four different values of Am? in Figure 6.26.
Then from the previous Monte Carlo study the selection efficiency and correc-
tions from the reconstruction can be factored in to give the spectrum as it would
be observed in the data. The effect is shown for four different values of Am? in
Figure 6.27. Finally, the oscillation contribution was added to the background v,
spectrum from standard v, sources. Looking at Figure 6.28 where a contribution
with a sin?26 of 0.01 has been added to the v, spectrum, the different effects from
different Am? can be seen. For low Am? the excess will be seen mostly in the
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low energy region whereas, for higher Am? the excess is noticeable on the whole

spectrum.

6.7.2 Minimization of the y?

With the form of the signal available for a set of Am?s, it is possible to calculate
the value of sin?2f that minimizes x? for each value of Am?. For gaussian errors

the standard form that x? takes is:

(NZ.EVe (MC)—i—NZ.EVe (Osc) NZ.EVe (Data) )2
9 Z NEH(MC) NE(Data)
X = 2
i i

(6.6)

where o7 is just taken from the ,/n; where n; is the number entries in the ith bin.
This form unfortunately has the problem that for bins where the data is less than
predicted the error is too small and bins where there is more data than predicted
the error is too big. An alternate form for the x? based on the likelihood function

was used:

NE™(Data)

2 =25 NF™(Predicted) — NF* (Data) + NF™ (Data) 1
X = 250N (Predicted) = NP (Date) + N (Data) log it 0o
(6.7)
where
Ve . v, N'EIUE MC Ve
Nz'E (Pred@cted) = NZE M(Data)W + NZE (OSC) (68)

This is derived from equations 6.3 and 6.4.
In order to find x2,;, the Newton-Raphson method for finding roots was used.
This method uses the the derivative of a function to extrapolate to zero and then
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using that point as the next guess. The functional form the N”* (Predicted) can

be rewritten in terms of sin®26:

ve ) v NE™(MC
NF™ (Predicted) = NF" (Data) (MC)

e ——4 + sin®20N/" :
NFT(MC) +sin“20N;* " (Osc) (6.9)

where NF” (Osc) is now the oscillation contribution for a sin?26 value of 1.
Then, taking the derivative of this function with respect to sin®28 is trivial.
Minimum values of y? were then sought between values of -1.0 and 10. Once a
value for the minimum of x? was found, then the Newton-Raphson method was
used once more to find the value of sin?26 for which 2 is the minimum y? +
2.71 which gives us the two-sided 90% confidence limit for a x? distribution with
one degree of freedom. This was done for for values of Am? from 0.1 eV?/c* up
to 250 eV2/c*. For each of these values of Am?, a value of sin?26 was found.
These points define the boundary of a 90% confidence level area of exclusion of
neutrino oscillation in the Am?-sin?26 plane. It is displayed in Figure 6.29. The
limit, at 250 eV2/c?, is 2.4 x 1073, Notice also the ripple in the curve with a
frequency of about 20 eV?/ct. This is the effect of the sin(%) term in the
oscillation probability. With an average energy of 30 GeV and the propagation

distance about 1 km, a frequency of order 20 eV2/c* is expected.

6.7.3 Alternative Methods

While this method is valid given that it is assumed that there was no signal in
this selected data sample, there are other techniques which have historically been
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used to perform this calculation. These methods are discussed in [41] where, also,
a new method for performing this calculation is presented. These methods are
referred to as the Raster Scan, the Flip-Flop Raster Scan, and the Global Scan.

The method used in this analysis is called the Raster Scan.

The Flip-Flop Raster Scan makes a decision whether to set a one-sided upper
limit or a two-sided interval based on what is seen in the data. If a signal with
greater than three standard deviations significance is seen, then one performs the
normal Raster Scan to come up with an interval of acceptance. If not an upper
limit is set using the one-sided 90% C.L. Ax? value of 1.64. This method suffers

from the fact that it undercovers the 90 % C.L. region.

The Global Scan makes a best fit to both Am? and sin?(260), and then all
points that have a x? within 4.61 of this minimum value are said to be within
the region of confidence. This method suffers from both under-coverage and

over-coverage.

The method that was used in this analysis is not very effective at finding
regions of signal if they exist. This is because it performs the limit calculation at
fixed values of Am?. Also there is no mechanism for insuring that the limit set
is meaningful (i.e., within the physical bounds). The technique proposed in [41]
overcomes this flaw by using a method similar to the Global Scan, but it uses a
Monte Carlo simulation to determine Ax? values for different values of Am? and
sin?(26) using an ordering technique proposed in the text.
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6.8 Systematic Effects

Up to now only statistical errors have been taken into account, even though there
are many systematic effects, including the prediction of the neutrino flux, which

have not been looked at. This will now be done.

6.8.1 Modifying the Limit

The method used for modifying the limit finds errors for each effect, adds them
in quadrature with each other, and then adds this sum in quadrature with the

limit.

6.8.2 Kinematic Selection

This analysis is basically a counting and comparison experiment, so variations
between the Monte Carlo and reality can have a strong influence on the the final
result. A good way to check this is to look for systematic effects due to this
selection. In order to study whether systematic effects were introduced by the
selection of specific kinematic cuts, the cuts were varied and the subsequent shifts

in the end results were observed.

The kinematical cuts were varied as follows.
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Cut Min Max Value used

Q: 0.9 GeV 1.1 GeV 1.0 GeV
e 2.2 GeV 2.8 GeV 2.5 GeV
Az 13.0cm  17.0 cm 15.0 cm
Q? 1.5 GeVZ 2.5 GeV? 2.0 GeV?
| 4.5 GeV? 5.5 GeV? 5.0 GeV?

X and Y Vertex 120.0 cm  140.0 cm 130.0 cm

Each cut was varied individually.

The best fit value of sin?(26) was calculated for several values of the given
cut in the ranges given above. A search for a systematic pattern was looked
for. If none were found the error was taken to be the average shift from the
original selected value for value sin?(20)gpsr. The variation in sin?(20)ppgr for
the different cuts can be seen in Figure 6.30 and Figure 6.31.

In Figure 6.31 it is seen that a transition between 130 and 120 cm of the
vertex cut is undergone. This is near the edge of the fiducial region of NOMAD.
It can be seen that this effect is of the order of about 0.3 x 103, which is small
compared to the statistical error. An error of 0.3 x 1073 was assigned due to the
choice of the vertex.

More significant seems to be the choice of W? cut. As can been seen in
Figure 6.32, there is a transition region between 4 GeV? and 6 GeVZ2. The level
of this effect is of the order 0.7 x 1073, An error of 0.7 x 1073 was assigned due
to the choice of the W? cut.
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A similar effect exists for the Q? cut (see Figure 6.32). The level of the effect
is of the order of 0.5 x 1073. An error of 0.5 x 10~% was assigned due to the choice
of the Q? cut.

Trends in the other variables were not detected. The magnitude of all these

effects can be see in Table 6.8.

6.8.3 Electron Selection

In order to see the effect of differences in electron selection between data and
Monte Carlo, the electron selection criteria were modified and the subsequent

shift in the v, /v, ratio was looked at. The variations used were:

Cut Min Max Value used
TRDPICON 8x 102 15x1072 1x10°2
Ecat — poc/A(Ecar — ppe) 0.0 -1.0 -0.5
PRS, + PRS, 2.0 9.0 3.0

Each criteria was varied individually.

The best fit value of sin?(20) was calculated for several values of the given
cut in the ranges given above. A search for a systematic pattern was looked for.
If none were found the error was taken to be the average shift from the original
selected value for value sin®(20) ppgr. The variation in sin?(260) st can be seen
in Figure 6.33.

As expected these effects are not large (see Table 6.8), as the main selection
of the proper leading lepton comes from the kinematical choice of the leading
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lepton. Most of the error originates from the Ecal cut on E — p/A(E — p).

6.8.4 v, Flux

The error of the v, flux from the empirical parametrization used is 2.7% [30]. In
order to see the effect on this analysis, the predicted v, spectrum was shifted by
plus/minus this amount and the difference in the end result was observed. It can
be seen that this variation is small, in Figure 6.34. In Figure 6.35 the variation
can be seen to be small relative to the statistical error. The error introduced is

of the order 0.9 x 1073. This is the single largest error.

6.8.5 Electron Track Reconstruction

The difference between muon tracks being reconstructed in the MC and data
was measured to be less than 1% [35] by using tracks in the TRD. Electrons are
much more difficult to measure as they scatter in the tracking media and this
has not been measured very well. For this analysis we assumed an error of 3% as

reasonable given the order of the effect for muons.

6.8.6 Other Effects

A study using a similar method was done by Weber [42] on the same data sample
and several other systematic effects were looked at and found to be small. Among
these effects were the shape of the background, the shape of the flux, event
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Figure 6.34: The v, /v, Spectrum Ratio of the Simulation. The v, flux has been

varied +2.7%. The solid line is the nominal ratio, the dotted line is for —2.7%,

and the dashed line is for +2.7%.
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Cut Associated error
Q: 0.7
Dt 0.3
Az 0.3
Vertex 0.3
Q? 0.5
W2 0.7
TRD 0.04
PreShower 0.1
E —p/A(E —p) 0.4
Flux 0.9
Electron Reconstruction 0.9

Table 6.8: Systematic Errors at the Am Value of 250 eV?/c*. The errors are

quoted in units of 1073,

generator cutoffs and muon identification. These effects were not taken into

account in this analysis.
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Chapter 7

Conclusion

A search for an excess of v, charged current events was conducted using the
NOMAD detector with the data sample from the 1995 run in order to attempt
to find a signal of excess v,’s from the v, — v, oscillation process. A limit was
then set at a 90% confidence level for this process. This is shown in Figure 7.1.
The high mass limit on sin?(26) is 3.2 x 107%. A limit on Am? is set below 1 eV?
for full mixing and a limit of 2.1 x 10~2 can be set at the Am? value of 26 eV?
(see Table 7.1).

A large section of the LSND result in the high mass region can be excluded.
This leads one to believe that if the LSND result is indeed an oscillation signal,
it likely is an indication for oscillations in a lower Am? region.

The major limitations of this analysis arise primarily from the limited statisti-
cal sample and the uncertainty in the beam composition. With the data samples
from the 1996 and 1997 runs, the number of events should increase by close to
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Am? | sin?(20)grsr | 90% C.L. sin?(20)
1eV? -0.14 0.34
10eV? | —1.9 x 1073 4.9 x 1073

26 eV? | —3.7x 107! 2.1 x 1073
50eV? | 3.7x 1071 2.8 x 1073
75eV? | 1.1x 1076 2.4 x 1073
100 eV? | 2.4 x10°? 3.0x 1073
150 eV2 | 4.0 x 10~* 2.8 x 1073
200 eV? | 3.2 x 107" 2.6 x 1073
250 eV2 | 5.8 x 107* 3.2 x 1073

Table 7.1: sin?(20) ppsr and 90% C.L. Limits for various Am?

an order of magnitude. Also, results from the SPY collaboration on the study
of the pion to kaon ratios at different energies from 450 GeV protons on beryl-
lium should be able to provide a useful comparison with the empirically derived

neutrino spectrum used.
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