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Optimisation of Detectors for the Golden Channel
at a Neutrino Factory

Abstract

That neutrinos have mass and mix is now well established experimentally. Measurements
of the properties of neutrinos from both natural and man-made sources have measured the
large mixing angles and mass squared differences. In order to fully understand the nature
of the neutrino, and ultimately the lepton sector, a number of measurements remain to be
made. The Neutrino Factory would produce an intense beam of νµ (νµ) and νe (νe) from
the decay of muons creating an intense flux of neutrinos. Such a facility would be capable
of constraining the already measured mixing parameters to unprecedented accuracy while
achieving sensitivity to the measurement of the third mixing angle and leptonic CP violating
phase unrivaled by other facilities. The golden channel is characterised by the observation
of a primary muon of the opposite charge to that decaying at the source, however, since this
signal is subdominant the large data sample of correct sign muons have the potential to pro-
duce backgrounds to the desired signal channel and as such understanding the cross-sections
to high accuracy enables a far better understanding of the response of the detector. Mak-
ing these measurements requires the optimisation of all aspects of the detectors used for the
measurement of the interaction properties as well as those which search for the appearance
of neutrino flavours not present at the source.

Pixellated silicon detectors are capable of high resolution three dimensional track recon-
struction and vertexing. In studying active pixel sensors (APS) it was sought to understand
the feasibility of commercially available technology to perform vertexing at a detector posi-
tioned within 1 km of the neutrino factory source. Using such technology at this near detector
would improve significantly the ability of the experiment to constrain the cross-sections of
neutrinos. These measurements would be particularly important in understanding neutrino
induced charm production since the decays, in particular of D+/−, can produce penetrating
muons with the potential to confuse the extraction of the appearance of νµ (νµ). The ca-
pability to observe the impact parameter of the decaying meson significantly improves the
accuracy of any measurement of the charm production cross-section.

A Magnetised Iron Neutrino Detector (MIND) of large mass (50-100 ktonne) has been
studied as the far detector where high suppression of the beam inherent backgrounds can
be achieved due to the powerful suppression of hadronic particles in iron. Particular focus
has been given to the introduction of a realistic reconstruction of the signal and analysis
which optimises the signal efficiency below 5 GeV which has been identified by theoretical



studies as key to the accurate measurement of the oscillation parameters down to low values.
Studies of this detector have led to the extraction of the expected response of the detector
to both golden channel signals and demonstration of the power of such an analysis to the
measurement of the remaining oscillation parameters.

Using minimal assumptions in the digitization of the simulated signal, the reconstruction
and analysis of a large data-set of neutrino interactions, including deep-inelastic scattering
(DIS), quasi-elastic scattering (QEL) and resonant pion production (RES), in MIND has led
to the extraction of response matrices predicting signal efficiency for both νµ and νµ appear-
ance with thresholds between 2-3 GeV while suppressing key beam inherent backgrounds to
at or below the 10−4 level. Such a response has been shown to open the possiblity of sensi-
tivity to the measurement of leptonic CP violation through the measurement of the mixing
complex phase δCP down to θ13 ' 0.2◦ for maximal violation and to most possible values
from θ13 ∼ 1◦. Sensitivity to the measurement of θ13 and to the determination of the true
mass hierarchy is maintained down to θ13 ' 0.25◦.



to those who have an opinion
and those who have put up with mine...



Acknowledgements
There are many people who I’d like to thank, for various reasons but we’ll stick to stuff

relevant to the last few years. Firstly, as tradition dictates, thank you to Paul Soler who
has guided me through the four years of my PhD, forcing me to go such terrible places as
Japan, Spain and India (to name but a few). It continually impresses me how quickly you
understand something that has caused me days of confusion and invariably threats to take a
sledge hammer to my computer. Thank you, also, for being the only person but for myself
and, I hope, the examiners to have read (and this, I imagine, will remain true for ever more)
the document cover to cover.

I now come to my various other supervisors (official and otherwise) who have had the
dubious pleasure of listening to me when both I think I understand or am convinced of my
ignorance. Val O’Shea, who I think remembers now that he is associated to me somehow,
has given me numerous pieces of advice spanning a variety of subjects. Lars Eklund and
Andy Blue for great help in the lab, patience with my stupidity when but a newbie and
various forays into music and sports. The indominatable Dr. Dimska has affected my course
through the last few years greatly. Whether working together in the lab, forgetting to tell me
he ‘tidied up’ our analysis code or demanding booze, you have helped me to enjoy my time
as a PhD student. Thanks to Dan for all those early ROOT lessons, the KarmaROOTra lives
on. Everyone else from the motley lunch crew: Kenny, Aaron, Richie, Graeme, Juan Pablo
etc., from the lab Fiona, John and Fred and from the Atlas offices: Chris, Cristina etc. ta
very much.

Chief among my secret bosses has been Anselmo Cervera. Though I’m not convinced
that you understood a word I was saying for the first few months, you managed to get me
working and the majority of the work that I present here I owe to you. Gracias por invitarme
a Valencia y ayudarme tanto en todo el trabajo de MIND. A Anselmo y los demás de Va-
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Chapter 1

An introduction to neutrino physics

1.1 Discovery of the neutrino
Upon measuring the beta spectrum of various radioactive ions physicists were left with a
dilemma. The observed continuous spectrum was inconsistent with the two body process
expected. In order to solve the problem a third particle was required to take part in the decay.
The proposal of a neutral particle of not more than 1% of the proton mass by Pauli [20]
meant that the theory of conservation of energy could be saved, however, as no experimental
discovery of such a particle had been made the proposal was tentative at best. The discovery
of the neutron, which was, however, too massive to be the proposed particle, led one of
Pauli’s contempories, Enrico Fermi, to a more complete description of the beta decay as
the decay of the neutron into a proton, electron and another spin 1/2 particle of very low
mass which he re-named “neutrino”: n → p + e− + νe. This decay would be mediated
by the newly discovered weak interaction the strength of which could be understood via the
coupling constant GF .

The neutrino was finally discovered by the Savannah river reactor experiment in
1956 [21], more than twenty years later. The discovery was awarded with a Nobel prize.

1.1.1 Parity violation and the standard model neutrino
In observing an asymmetry in the angular distribution of beta electrons from polarised cobalt-
60 nuclei [22] the parity violating nature of the weak interaction was confirmed. However,
the implications of this result for the understanding of the neutrino were not fully understood
until the publication of another important result. By studying the polarisation of γs emitted
promptly by the daughter products of β+ and β− isotopes Golhaber et al. concluded that
neutrinos can only exist in the left handed chiral state where momentum and spin are op-
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positely aligned and that antineutrinos exist only in the right handed state [23]. These two
results led to the vector - axial vector theory of the weak interaction (V-A) in the standard
model where without a right handed doublet the Yukawa couplings which give mass to the
fermions leave the neutrino massless [24].

As will be demonstrated in the following sections and in chapter 2 the phenomenon of
neutrino oscillations requires that at least one of the neutrinos have non-zero mass and as
such physically significant discoveries of such processes require the extension of the model
and strongly indicate the existence of new physics. The simplest way in which neutrino
masses and mixing can be introduced to the standard model requires the introduction of m
‘sterile’ neutrinos which do not have any couplings in the existing standard model and results
in a Lagrangian describing the W couplings of

LW = − g√
2

∑

α=e,µ,τ
i=1,2,3

(`LαγλUαiνLiW
−
λ + νLiγ

λU∗
αi`LαW+

λ ). (1.1)

There is as yet no confirmed discovery of the existence of these sterile states though it is
implied by all of the competing theoretical explanations of neutrino mass and mixing.

1.2 Neutrino mixing
Using data from the LEP accelerator studies of the Z0 resonance the number of neutrinos
which take part in the weak interaction with a mass less than half the Z0 mass can be
measured to be: 2.92 ± 0.05 [25], independent of model. This number is consistent with
the 3 weak eigenstates observed coupling to the W bosons in charged current interactions,
νe, νµ and ντ . Considering these weak eigenstates να as separate to the mass eigenstates νi it
can be seen that they must be related by a 3×3 matrix as shown in equation 1.2. This matrix
would be diagonal in the case that the weak eigenstates were the same as the corresponding
mass state. In the mininal extension to the standard model required to allow a non-diagonal
mixing matrix, U must be unitary and is generally parameterised as shown in equation 1.3
as the Pontecorvo-Maki-Nagawa-Sakata (PMNS) matrix [26, 27].









νe

νµ

ντ









= U









ν1

ν2

ν3









(1.2)
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UPMNS =









c12 s12 0

−s12 c12 0

0 0 1

















1 0 0

0 c23 s23

0 −s23 c23

















c13 0 s13e
iδCP

0 1 0

−s13e
−iδCP 0 c13









×









1 0 0

0 eiφ2 0

0 0 eiφ3









(1.3)
Here sij ≡ sin θij and cij ≡ cos θij with θij the three mixing angles and δCP , φ2 and φ3

complex phases – the parameters φ2 and φ3 only enter if neutrinos are their own antiparticles
(see section 1.3).

1.2.1 Oscillations in Vacuum
It can be seen from equation 1.3 that any flavour eigenstate |να〉 can be considered as a linear
combination of the mass eigenstates such that |να〉 =

∑

i

Uαi|νi〉 and conversely the mass

eigenstate can be considered as |νi〉 =
∑

i

U∗
αi|να〉. This relation implies a non-zero proba-

bility that a neutrino created in the flavour state να via W exchange with the charged lepton
`α can interact after propagating some distance L as the flavour eigenstate νβ . Since the neu-
trino will propagate in one of the mass states (as illustrated by Fig. 1.1) the amplitude of this
process can be described by Amp(να → νβ) =

∑

i

U∗
αie

−imiτiUβi where τi is the proper time

in the neutrino rest frame. Considering Lorentz invariance and that the probability for such
a process should be described by |Amp(να → νβ)|2, where only the relative propagation
phases of the mass states are physically significant, it can be shown (illustrated in equa-
tion 1.4 for the relative phase between the first two mass states δφ(12)) that the propagator
for a mass state i can be written as Prop(νi) = e−im2

i L/2E and the probability of oscillation
between two weak states is unambiguously described by equation 1.5.

δφ(12) = (E2t − p2L) − (E1t − p1L)

= (p1 − p2)L − (E1 − E2)t

and since t = L/v where v ≡ p1 + p2

E1 + E2

δφ(12) ∼= p2
1 + p2

2

p1 + p2

L − E2
1 − E2

2

p1 + p2

L

= (m2
2 − m2

1)
L

p1 + p2

∼= (m2
2 − m2

1)
L

2E

(1.4)
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Figure 1.1: Neutrino oscillation in vacuum (figure taken from [1]).

P (να → νβ) = |Amp(να → νβ)|2

= δαβ −4
∑

i>j

<(U∗
αiUβiUαjU

∗
βj) sin2

(

∆m2
ijL

2E

)

+2
∑

i>j

=(U∗
αiUβiUαjU

∗
βj) sin

(

∆m2
ijL

2E

)

,

(1.5)

where ∆m2
ij = m2

j − m2
i .

If conservation of the CPT symmetry is assumed it must be true that P (να → νβ) =

P (νβ → να) which implies that the the same oscillation probability for CP partners must be
equal except for the the mixing matrix being replaced by its complex conjugate, P (να →
νβ; U) = P (να → νβ; U∗). Therefore, a difference in the probabilities of oscillation for
neutrinos and antineutrinos is possible if the mixing matrix is complex but only for oscillation
between two differing weak states as CPT conservation implies that ∆αβ ≡ P (να → νβ) −
P (να → νβ) = 0 for α = β. The distinct nature of the charged leptons which accompany
a neutrino and antineutrino CC interaction mean that this difference is possible regardless of
whether a neutrino is its own antiparticle [1].

If only the first two generations are considered, in analogy to the situation where the
third mixing angle θ13 = 0, it can be demonstrated that the mixing matrix is described by a
rotation in space:

U2D =

(

cosθ sinθ

−sinθ cosθ

)

. (1.6)
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Considering the two weak states involved in such mixing as |νe〉 and |νµ〉 the oscillation
probabilities for appearance and disappearance are those described by equations 1.7 where
oscillation for neutrinos and antineutrinos are exactly equivalent.

P (νe → νµ) = P (νµ → νe) = sin2 2θ sin2
(

∆m2
ijL

4E

)

P (νe → νe) = P (νµ → νµ) = 1 − sin2 2θ sin2
(

∆m2
ijL

4E

) (1.7)

It is known that there are three neutrino weak eigenstates which couple to the W boson,
corresponding to νe, νµ and ντ and as such there are at least three neutrino states which must
be considered in the extraction of oscillation probabilities. The full three flavour oscillation
probabilities require some assumptions to be extracted. As can be seen from Fig. 1.2, the
mass squared splitting corresponding to the solar parameters (see chapter 2 for evidence
of neutrino oscillations), ∆m2

sol = ∆m2
12, is significantly smaller than that which drives

atmospheric oscillations, ∆m2
atm which describes either ∆m2

23 or ∆m2
13. For an experiment

chosen with an appropriate L/E the smaller mass splitting cannot be seen by the experiment
and the oscillation probabilities can be approximated by those shown in equation 1.8 [1],
assuming |∆m2

12| � |∆m2
23|, with neutrino and anti neutrino oscillation equivalent.

P (να → νβ) ∼= 4|Uα3Uβ3|2 sin2
(

∆m2
23L

4E

)

P (να → να) ∼= 1 − |Uα3|2(1 − |Uα3|2) sin2
(

∆m2
23

L

4E

) (1.8)

However, in high intensity experiments the effect of the solar splitting cannot be ig-
nored and a better approximation is achieved by expanding in the small parameters
θ13, ∆12

∆13
and ∆12L with ∆ij =

∆m2
ij

2E
– shown in equation 1.9 [17] for the νe → νµ chan-

nel.

P (νe → νµ) = s2
23 sin2 2θ13 sin2

(

∆13L
2

)

+ c2
23 sin2 2θ12 sin2

(

∆12L
2

)

+J̃ cos
(

+δCP − ∆13L
2

)

∆12L
2

sin
(

∆13L
2

)

with J̃ ≡ c13 sin 2θ12 sin 2θ23 sin 2θ13 the Jarlskog coefficient
and P (νe → νµ) equivalent but for the interchange +δCP → −δCP .

(1.9)

1.2.2 Generalisation to Matter oscillations
In general, the path of any observed neutrino from its source will intersect some form of mat-
ter. For neutrinos described by the minimal extension to the standard model, interactions with
matter cannot change the flavour of the neutrino and as such any observed flavour change
in a beam implies neutrino mass and mixing. However, the cross-sections for interactions
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Figure 1.2: The three neutrino (mass)2 spectrum(figure taken from [2]).

between neutrinos and matter differ for the different weak eigenstates and indeed between
neutrinos and antineutrinos. One type of interaction of particular interest is coherent scat-
tering from electrons which while not changing the beam content causes an augmentation
of the mass splittings. This augmentation is known as the Mikheyev-Smirnov-Wolfenstein
(MSW) effect [28, 29].

The passage of neutrinos through matter can be conveniently described using the
Schrödinger equation i ∂

∂t
Ψ(t) = HΨ(t), where Ψ(t) is the wavefunction and H is the Hamil-

tonian. The Hamiltonian must contain terms concerned with the couplings of the different
neutrinos to the W and Z bosons. The Z couplings for all species are equal and as such any
change to the Hamiltonian will be proportional to the identity matrix. As described above,
only relative phases affect oscillation probabilities and as such neutral current couplings will
have no physical effect on the oscillation probabilities. However, as illustrated in Fig. 1.3
νe elastic (forward) scattering can also be mediated by W bosons while such a process is
not possible for other species. This adds an interaction energy term V =

√
2GF Ne to the

Hνeνe entry of the Hamiltonian and −V to the corresponding antineutrino entry. As such
defining A ≡ V for neutrinos and A ≡ −V for antineutrinos the Hamiltonian can be shown
in the scenario where the solar mass splitting can be neglected to be to be that shown in
equation 1.10.
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Figure 1.3: The W exchange process which augments the mass splittings in matter (taken
from [1]).

H = ∆M

2

[

− cos 2θM sin 2θM

sin 2θM cos 2θM

]

where:
∆M ≡

√

∆2
23 sin2 2θ13 + (∆23 cos 2θ13 − A)2

and

sin 2θM ≡ ∆23 sin 2θ13

∆M

where:
∆ij =

∆m2
ij

2E
.

(1.10)

The full analytical formulae for oscillations in matter were derived in [30]. However, in
order to understand the physical implications of these relations it is easier to expand in the
same small parameters as in the vacuum case plus the parameter ∆12

A
to achieve equation 1.11

which was shown in [17] to be accurate to within 10% over the parameter space allowed by
the current best fits to experimental data (see chapter 2 for more detail on experimental
measurements).

P (νe (νe) → νµ (νµ)) = s2
23 sin2 2θ13

(

∆13

B̃∓

)2

sin

(

B̃∓L

2

)

+c2
23 sin2 2θ12

(

∆12

A

)2

sin2

(

AL

2

)

+J̃
∆12

A

∆13

B̃∓

sin

(

AL

2

)

sin

(

B̃∓L

2

)

cos

(

±δCP − ∆13L

2

)

where:
B̃∓ ≡ |A ∓ ∆13|.

(1.11)
Equation 1.11 clearly shows that this oscillation channel is very sensitive to the CP phase

and the θ13 mixing angle. However, extraction of the value of δCP is complicated by the fact
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that even for δCP = 0 there remains a difference in the oscillation probabilities caused by
matter effects. This ‘fake CP’ violation means that the use of an asymmetry parameter of the
form

ACP
eµ =

P (νe → νµ) − P (νe → νµ)

P (νe → νµ) + P (νe → νµ)
(1.12)

via the interaction spectra is not a viable method for the extraction of the CP phase as un-
certainties in the matter parameter mean removal of this additional effect is less robust than
considering the energy dependence of the signals [17, 31].

1.3 Neutrino Mass
As mentioned above a confirmed measurement of neutrino oscillations requires that at least
one neutrino has non-zero mass and that the neutrino mass eigenstates are not degenerate.
However, oscillations do not probe the absolute scale of neutrino masses nor indeed the
nature of that mass.

There are several ways to directly measure the effective masses of the weak eigenstates,
however, at the time of interaction it is not possible to know which of the mass states the
neutrino is in and as such the accurate determination of the neutrino mixing parameters is
necessary to extract the mass of the individual νi. The present best bound on the νe effective
mass at mνe < 2 eV comes from tritium decay experiments [25]. Using high resolution
spectrometry and calorimetry of the beta electrons emitted from a tritium source it is possible
to measure the deviation from the calculated mν = 0 spectrum endpoint which, as illustrated
by Fig. 1.4, should be equal to the νe effective mass. Tritium is chosen due to its low endpoint
energy, low Z and short half-life which maximises statistics and the accuracy with which the
mν = 0 spectrum can be calculated. Measures of the other weak state masses require more
complex experiments which are often statistics limited and as such give looser bounds (for
a more complete description of mass measurements see [3]). The KATRIN experiment [32]
will begin data taking soon with sensitivity to mνe below 1 eV.

Determination of the mixing parameters, the mass hierarchy and a direct mass measure-
ment of the νe effective mass will allow a full understanding of the absolute scale of the
neutrino mass states and their mixing, however, another important result remains. There ex-
ists the possibility that neutrinos are not Dirac fermions like the other leptons but Majorana
particles. Majorana theorised that the neutrino could be a 2-component object [33] and hence
be identical to its antiparticle. This implies that total lepton number is not always conserved
in contrast to the minimal standard model extension where Dirac neutrino masses require
that lepton number is a symmetry. The process of neutrinoless double beta decay (0νββ)
was first described in [34]; 0νββ essentially involves the νe from a standard β decay being
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Figure 1.4: Tritium β decay spectrum endpoint showing deviation caused by a 1 eV νe effec-
tive mass (taken from [3])

Figure 1.5: Feynman diagram for neutrinoless double beta decay.

absorbed immediately as a νe by a neutron emitting a second electron (illustrated in Fig. 1.5).
This process requires that neutrino and antineutrino be identical and as such any observation
of 0νββ would confirm that neutrinos are Majorana particles. If neutrinos are found to be
Majorana particles their light masses can be explained via their interaction with massive right
handed neutrinos via the mechanism known as the See-Saw model [35]. In this model the
mass of these right handed partners is much larger than the electroweak symmetry breaking
scale, with smaller active neutrino masses implying greater mass scales for the right handed
neutrinos.

A number of neutrinoless double beta decay experiments are currently running or under
construction. Using a variety of isotopes with measured standard double beta decay half-
lives they seek to discover 0νββ by observing an excess of events with energy equal to the
Q-value of the interaction [36].
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1.4 Neutrino Oscillation Phenomenology
The PMNS matrix itself gives no indication of the sizes of either the mixing angles or the
mass splittings. However, a number of parameter groupings were formulated as possible ex-
planations after the first experimental studies indicated a reduction in solar neutrino flux (see
section 2.2.1). Due to the high electron density in the sun the correct description is highly
sensitive to solar data. The method of the ‘iso-SNU’ (where SNU is a standard neutrino unit
and 1 SNU is equivalent to 10−36 captures/s/absorber nucleus) was used to define the regions
allowed by the data; this involves the overlapping of contours of the combinations of ∆m2

and θ values which can describe the data from various experiments. Depending on the mass
splittings and mixing angles chosen by nature the oscillation can be considered to happen
entirely within the sun; the MSW solutions SMA and LMA (Small/Large Mixing Angle)
describe this scenario with mass squared splittings ∼ 10−5 and either small or large mixing
angles. Two other types of solution exist: the long oscillation wave solution (LOW) which
would have ∆m2 ∼ 10−7 and large mixing angles and solutions which have ∆m2 ∼ 10−11

and as such would not have a resonant transition in the sun but oscillate almost entirely in
the vacuum (see Fig. 2.4). As will be described in chapter 2 current experimental evidence
strongly favours the oscillation scenario where the mixing angles are large, the mass squared
differences small and that matter enhancement takes place (the LMA-MSW model). How-
ever, there are still certain situations in which the complexity of the oscillation probabilities
can be reduced allowing for a simplified analysis.

The optimisation of an oscillation experiment relies partly on the phenomenology of the
oscillation channel which will be studied. Since the phase of the oscillation is proportional
to L/E, in all cases the baseline distance for a particular experiment can be chosen to be at
the point where maximum difference is expected from the zero oscillation hypothesis. The
baselines of experiments can also be chosen to satisfy conditions where the matter effects are
essentially zero or where one ‘part’ of a particular probability formula dominates. For exam-
ple, the low energy of solar neutrinos means that oscillations can be effectively described by
two flavour oscillations considering only the mass splitting ∆m2

12 and first mixing angle θ12.

1.4.1 The Neutrino Factory golden channel
The oscillation probability P (νe → νµ)[P (νe → νµ)] shown in equation 1.11 can be consid-
ered to be made of three parts: Patm, Psol and Pint, shown in 1.13 for units of [∆m2] = eV2,
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[L] = km and [Eν ] = GeV:

Patm = s2
23 sin2 2θ13

(

∆13

B̃∓

)2

sin
(

2.54B̃∓L
)

Psol = c2
23 sin2 2θ12

(

∆12

A

)2
sin2 (2.54AL)

Pint = J̃ ∆12

A
∆13

B̃∓

sin (2.54AL) sin
(

2.54B̃∓L
)

cos (±δCP − 2.54∆13L)

(1.13)

.
The relative experimental ease with which muons can be reconstructed in a charged cur-

rent interaction along with its sensitivity to the remaining unknown parameters has identified
this oscillation channel as key to future oscillation experiments [17, 31]. For θ13 ≥ 1◦ the
atmospheric and interference terms (Patm and Pint) dominate, however, in the case of a neu-
trino factory where spectral information is of interest (facility described in greater detail
in chapter 3) the high luminosity beam means that, particularly for smaller values of θ13,
the solar term cannot be ignored. There are, however, certain situations where a simplified
treatment is possible.

For baselines shorter than ∼3000 km the matter effects have little impact on the oscil-
lation probabilities and as such the more simple vacuum oscillation formula describes the
channel well. While this effectively removes the ‘fake CP’ violation caused by the matter,
this relationship simplifies further from equation 1.9 at very short distances resulting in a
scenario where neutrinos and antineutrinos act similarly and the different contributions are
very difficult to disentangle [17] meaning that simultaneous determination of δCP and θ13

may not be possible in this scenario.
Optimisation of the golden channel physics sensitivity has led to the definition of baseline

distances for the neutrino factory in a number of scenarios. These have not only been derived
to allow the detector to see the oscillation maximum but to allow the resolution of certain
degenerate solutions that exist in the oscillation channel due to systematic effects.

1.4.1.1 The intrinsic degeneracy

The intrinsic degeneracy describes the existence of some set of values (θ13,δCP ) which give
the same probability as the values chosen by nature (θ13,δCP ) and was first described in [37].
Measuring only one polarity at one baseline without energy information leads to a continous
spectrum of possible solutions while the intoduction of another polarity still leaves another
solution as shown in Fig. 1.6. These two sets of solutions are not necessarily both CP con-
serving or violating and as such not excluding the fake solution could lead to a completely
different conclusion about the leptonic sector than that chosen by nature. These solutions
can be effectively excluded by using spectral information in fits to the observed signal and
by the combination of more than one detector distance as the mirror solutions are strongly
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Figure 1.6: Continuous spectrum of solutions for one polarity and baseline (left), Remaining
intrinsic solutions using two polarities (right) (taken from [4])

dependent on both energy and baseline. Alternatively, one could observe a complementary
oscillation channel (both scenarios are illustrated in Fig. 1.7). Equation 1.14 demonstrates
this dependency for the case of neutrinos:

θ13 = − Y+

2X+
cos

(

δ − ∆13L

2

)

±
[

(

Y+

2X+
cos

(

δ − ∆13L

2

))2

+
1

X+
(P (νe → νµ)(θ13, δCP ) − Psol)

]
1

2

,

(1.14)

with X+ and Y+ representing the parts of Patm and Pint not dependent on the parameters θ13

and δCP respectively. The equivalent equal probability curve for antineutrinos is obtained by
the interchange δCP → −δCP , X+(Y+) → X−(Y−).

1.4.1.2 The ∆m2

13
sign degeneracy

If the sign of the large mass splitting is still undetermined in the era of the neutrino factory
there is the possibility again of finding degenerate solutions for θ13 and δCP if the opposite
sign to that chosen by nature is assumed in the analysis (as demonstrated in [38]). In order
to avoid this ambiguity it is preferable to use a long baseline where matter effects are large
enough that the neutrino and antineutrino probabilities are very different regardless of the
value of δCP . This scenario allows for the resolution of this degeneracy down to small values
of θ13.
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Figure 1.7: Solving the degeneracy with multiple baselines (left) and with multiple channels
(right) (taken from [4])

1.4.1.3 The octant degeneracy

Current measurements have a best fit value for the large mixing angle at θ23 = 45◦

(sin2 2θ23 > 0.92). However, the error on this measurement allows the true value to lie
in the region 36.7◦ < θ23 < 53.2◦. Assuming the wrong octant for the mixing angle (the
exchange θ23 → π−θ23) can again lead to degenerate solutions to the probability. Resolution
of this ambiguity is aided by the use of two different baselines and by spectral infromation.
However, even if θ23 is very well measured by disappearance measurements there remains
certain scenarios where this ambiguity cannot be completely resolved. Measurement of the
νe → ντ channel could aid this resolution but high efficiency detection of ντ interactions is
very difficult.

1.4.1.4 The magic baseline

The currently favoured experimental scenario involves one of the two experimental detectors
being placed at a very distant site to correspond to a baseline of ∼7500 km, known as the
magic baseline. This baseline has been identified as particularly useful in breaking the de-
generacies mentioned above [39]. At this distance the terms Psol and Pint effectively cancel
leaving only the atmospheric term. As such at this distance the probability is only dependent
on θ13 and the parameters which have already been measured and the effects of θ13 and the
true mass hierarchy cannot be cancelled by competing terms in the other parts of the oscilla-
tion probability. The exact position of maximum “magicness” depends purely on the matter
density profile, the error on the knowledge which is as yet unclear, but the improvement in
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degeneracy resolution is present for detector baselines within a few hundred kilometres of
the optimum position.

1.5 Conclusion
The theory of neutrino oscillations has been presented, with discussion of the effect of pas-
sage through matter. Additionally, the current theoretical understanding of the nature and
size of the neutrino masses has been discussed with the implications for the extension of
the standard model mentioned. Through a combination of experiments with intense neutrino
beams using detectors at multiple baselines the oscillation sector can be understood fully and
without ambiguity. Armed with this understanding, the neutrino sector can be resolved fully
with additional measurements of absolute mass and neutrinoless double beta decay.
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Chapter 2

Neutrino oscillation experimental status

2.1 Introduction
Since the discovery of the solar neutrino deficit many experiments using solar, atmospheric
and man-made neutrinos as sources have probed the possibility and attempted to measure
the parameters of neutrino oscillations. Observation of the flux of νe expected from the sun
using nuclear conversion first indicated the possibility that neutrino oscillation could be a
physical process with further confirmation of the observed deficit coming from real time
observations of the same source. These results led to the use of atmospheric neutrinos to
confirm oscillations for νµ, a variety of experiments using antineutrinos created in nuclear
reactors and by bombarding targets with accelerator beams to create intense beams, all of
which enriched the field further.

2.2 Experiments using natural sources of neutrinos
The current best measurements and global accepted values rely heavily on the disappearance
measurements of νe from the sun and νµ from the decay of charged pions created by high
energy interactions in the atmosphere.

2.2.1 Solar Neutrinos
The Standard Solar Model (SSM) [40] is an extremely successful theory describing the sun
as a giant fusion reactor. Fusion of hydrogen and other low Z elements is carried out predom-
inantly via the processes summarised by Fig. 2.2, which produce sufficient photon pressure
to maintain hydrostatic balance in the sun and emit an electromagnetic spectrum consis-
tent with that observed. Observation of νe from the sun offers one of only two methods of
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Figure 2.1: Expected solar neutrino spectra (taken from [5]).

studying the solar core, the other being helioseismology. The processes predicted to take
place in the core of the sun by the SSM indicate the spectrum of neutrinos expected (shown
in 2.1), with the observed luminosity allowing for a theoretical prediction of the neutrino
abundances. As can be seen in Figures 2.1 and 2.2 a number of different processes con-
tribute to the solar neutrino flux. The pp cycle is responsible for ∼99.6% of the flux below
0.4 MeV where the contribution of this process ends. Other important processes which have
been studied by experiments are those from the 8B process which provides neutrinos with an
energy sprectrum from sub-MeV energies up to a few 10s of MeVs and the monoenergetic
7Be neutrinos which contribute ∼10% of the flux at an energy of ∼0.9 MeV.

There have been essentially two types of detector used to observe the solar neutrino flux.
Early experiments were of radiochemical type relying on the reaction

A
NZ + νe → A

N−1(Z + 1) + e−. (2.1)

The nucleus is chosen so that an unstable daughter nucleus is produced by the νe capture
whose decay can be detected at a later date. Solar neutrinos were first detected by the Home-
stake experiment [41], data taken from 1970-1992, which used 615 tons of common cleaning
fluid C2Cl4 (tetrachloral ethene) in a radiochemical experiment utilising the reaction:

νe + 37Cl → e− + 37Ar. (2.2)

Each data run lasted 2 months after which the argon atoms could be removed chemically and
counted. Data taking continued over 30 years with a final flux calculated to be ∼ 1/3 of that
predicted by SSM.
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Figure 2.2: Solar PP cycle reaction chain with branching fractions
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A further two experiments using the radiochemical approach were built both using the
reaction νe+

71Ga → e−+ 71Ge which has a lower energy threshold and as such al-
lows detection of a greater part of the pp spectrum. The SAGE [42] experiment, 1988-
2000, analysed 92 runs over a period of 12 years and reported 70.8+5.3

−5.2(stat)+3.7
−3.2(sys) SNU

where 1 SNU = 10−36 captures/s/absorber nucleus. GALLEX [43], 1991-1997, reported
77.5±6.2(stat)+4.3

−4.7(sys) SNU after six years of operation and 65 gallium extractions. Both
results should be compared with the SSM prediction of 128+9

−7 SNU. While one of the possi-
ble explanations of this deficit is neutrino oscillations, the lack of any real time or directional
information meant that the source of the detected neutrinos was unclear. Moreover, without a
measure of the absolute neutrino flux other possible interpretations including neutrino decay
and decoherence exist.

The next generation of experiments were required to remove these ambiguities. Large
scale water and heavy water Cherenkov detectors instrumented with photo-detectors were se-
lected as a viable technology due primarily to the possibility to take advantage of the highly
directional electron-neutrino elastic scattering interaction νe + e− → νe + e− which has an
energy threshold of ∼ 5 MeV and as such would be sensitive predominantly to 8B neutrinos
(see Fig. 2.1). During the early 1990s the Kamiokande and Super-Kamiokande (SK) water
Cherenkov detectors [6] took data using this interaction. The SK detector is a 50 ktonne
cylindrical ultra-pure water Cherenkov detector instrumented with 1885 8-inch Photomul-
tiplier tubes (PMTs) on its inner edge and 11146 20-inch PMTs around its 22.5 ktonne
fiducial volume. The detected Cherenkov light allows for unprecedented directional reso-
lution as well as energy measurement. A data taking run of 1496 days observing the electron
scattering of νe reconstructed a clear angular correlation of neutrino direction with the sun’s
position, illustrated in Fig. 2.3. This data run measured interactions of νe consistent with a
flux of 2.35±0.02±0.08×106 cm−2 s−1 which is ∼0.46 of the flux predicted by the SSM.

The Sudbury Neutrino Observatory (SNO) [44], 1999-2006, used a 1000 tonne target
mass of heavy water (D2O) enabling the observation of both CC and NC interactions via the
processes described in equation 2.3.

Elastic Scattering (ES) νe + e− → νe + e−

Charge Current (CC) νe + d → e− + p + p

Neutral Current (NC) νx + d → νx + p + n

(2.3)

where νx denotes any active neutrino type.

Since the NC cross section is equal for all active neutrino species, such sensitivity enables a
measurement of the absolute flux of active neutrinos from the sun. Elastic scattering mea-
surements utilised Cherenkov light as in SK. The charged current interactions of νe are char-
acterised by the Cherenkov light from an electron and scintillation light from two recoil
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Figure 2.3: SuperKamiokande solar angle correlation (from [6])

Interaction Flux (×106cm2s−1)

Elastic Scattering 2.35+0.22
−0.22(stat)+0.15

−0.15(sys)
Charged Current 1.60+0.06

−0.06(stat)+0.08
−0.09(sys)

Neutral Current 4.94+0.21
−0.21(stat)+0.38

−0.34(sys)
SSM predicted 8B 5.69 or 4.51 (depending on metallicity model [40])

Table 2.1: Calculated neutrino fluxes from the SNO salt phase and SSM predicted 8B flux.

protons. NC interactions provoke the dissociation of the deuterium nucleus into a neutron
and proton. Such a reaction can be detected by the delayed decay photons emitted when
the neutron is captured by a deuterium nucleus in the absence of an electron-like Cherenkov
ring. Detection efficiency of neutral currents was significantly improved in the second data
run by the addition of 2 tonnes of NaCl due to the larger neutron capture cross-section of the
chlorine nucleus.

The NC measurements yielded a calculated flux consistent with that predicted by the
SSM, while the CC interactions ∼ 1/3 of that expected (results summarised in table 2.1)
which is consistent with the observations of SK. The combination of all solar neutrino ex-
perimental results up to and including SNO proves a powerful dataset in the determination
of the correct model interpretation of oscillations. As can be seen from Fig. 2.4 the SNO
and SK data are particularly infuencial in the fit which strongly favours the LMA-MSW so-
lution. However, particularly when the possibility of sterile neutrinos is included [45], the
interpretation becomes somewhat analysis dependent. It is clear that the conclusions of these
combined fits would be strengthened by data at lower energies, particularly in the region of
1 MeV where oscillations in several solar scenarios should be peaked.
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Figure 2.4: Global fits to solar neutrino data post SNO. (left) All data. (right) Influence of
SNO and SK data. (taken from [7])

Sensitivity to lower energy neutrinos, particularly from the monoenergetic 7Be process
was achieved recently by the Borexino experiment [46], 2007-present. The high level of
radio-purity required to efficiently suppress background processes has been achieved using
an active target of pseudocumene (PC, 1,2,4-trimethylbenzene) doped with scintillators and
surrounded by two active buffer zones which are separated using nylon and encased in steel.
Scintillation light from interactions is detected in PMTs on the detector inner edge. The
whole detector is then submerged in an ultra-pure water tank instrumented to detect the
Cherenkov light from cosmic muons. The first data run has reported a 7Be neutrino rate of
49±3stat±4syst counts/(day·100 ton) which is in very good agreement with the LMA-MSW
oscillation prediction of 48±4 counts/(day·100 ton).

2.2.2 Atmospheric Neutrinos
Neutrinos created by the decay of charged pions and muons from high energy collisions in
the upper atmosphere are termed atmospheric neutrinos. An approximately uniform distribu-
tion of sources across the atmosphere is expected due to the extra-solar origin of the primary
particles. As such, any atmospheric neutrino observatory has essentially two baselines; ob-
serving neutrinos from above and those which have traversed the earth’s interior. The SK
detector has observed the disappearance of atmospheric νµ by looking for the distinctive sin-
gle clear ring of Cherenkov light produced by a muon created via quasi-elastic interactions.
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Figure 2.5: Zenith angle distributions for fully contained events with Monte Carlo zero oscil-
lation prediction (blue) and data points (black circles), (left) electron-like, (right) muon-like
in the Super-Kamiokande detector (taken from [8]).

The angular information available in SK means that in addition to the ratio of upwards to
downwards going events, which is already an effective measure of the oscillation signal, the
zenith angle dependence of the disappearance signal can be measured enabling measurement
of oscillations with multiple L/E. The zenith angle distributions for events fully contained
within the fiducial volume are shown in Fig. 2.5. Muon data shows a clear departure from
the no oscillation expectation indicating disappearance whereas the electron data shows no
spectral distortion.

A three flavour oscillation analysis of the the SK-I data set [8] finds best fit values
for the large mass splitting and mixing angles at |∆m2| = 2.5 × 10−3 eV2, sin2 θ23 =

0.5 and sin2 θ13 = 0.0 assuming that the large splitting dominates (|∆m2
12| � |∆m2

23|). The
allowed regions for θ13 are consistent with the bound from Chooz (see section 2.3) for both
the normal and inverted mass hierarchy scenarios (see Fig. 2.6 for confidence level plots).

A number of other atmospheric experiments were performed including the Soudan-
2 [47], 1989-2001, and MACRO [48], 1989-2000, experiments. These experiments reported
results consistent with those of Super-Kamiokande. For a review of atmospheric experiments
see [24].
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Figure 2.6: Contours of three family oscillation analysis of SK data (taken from [8]).

2.3 Reactor experiments
Reactor based oscillation experiments measure the disappearance of ν e from beta decays
in nuclear reactors. The range in energies available, high flux and well understood beam
made this type of experiment unique up until the advent of Borexino in their ability to probe
both mass splittings. In addition, as they can look for the same oscillation signal as solar
neutrino experiments but in the anti-neutrino sector they act as a terrestrial check of the
oscillation scenario. While there is an abundance of reactor neutrino experiments either
proposed or under construction, including the Daya Bay and Double Chooz experiments, the
main contributions in this sector have been from the experiments KamLAND and Chooz.

The KamLAND experiment [9], 2002-2007, constitutes a 1.2 ton ultra-pure liquid scintil-
lator filled balloon 2700 metres-water-equivalent underground. It receives flux from various
reactors in both Japan and South Korea resulting in a mean baseline of ∼180 km. High
efficiency detection of the inverse beta decay interaction: νe + p → e+ + n is afforded via
the characteristic correlated prompt scintillation light from positron annihilation with de-
layed light from neutron capture on hydrogen. The most recent high statistics run rejects
the no oscillation hypothesis to >5σ as can be seen from Fig. 2.7. This data has stringently
constrained the solar oscillation parameters (Fig. 2.7) to the level of excluding all scenarios
save the LMA-I solution to >4σ. Incorporation of the results of SNO and solar flux exper-
iments yields the best fit results for θ12 and ∆m2

21 to: ∆m2
21 = 7.59+0.21

−0.21×10−5 eV2 and
tan2 θ12 = 0.47+0.06

−0.05.
The Chooz experiment [49], 1996-1998, took place in the Ardennes region of France.

Neutrino spectra from two reactors with a combined thermal power of 8.5 GWth were used
to detect inverse beta decay in the gadolinium loaded scintillator detector positioned at 1 km
average distance from the neutrino source. The gadolinium was used due to the larger cross-

22



CHAPTER 2. NEUTRINO OSCILLATION EXPERIMENTAL STATUS

-110 1

-410

KamLAND
95% C.L.
99% C.L.
99.73% C.L.
best fit

Solar
95% C.L.
99% C.L.
99.73% C.L.
best fit

 10 20 30 40

σ1 σ2 σ3 σ4 σ5 σ6

 
5

10
15
20

σ1
σ2

σ3

σ4

12θ2tan 2χ∆

)2
 (e

V
212

m∆
2 χ∆

Figure 2.7: KamLAND results showing the allowed parameter region and comparision to
solar neutrino data (left) and the oscillatory form of L/E data for the ratio of observed to no
oscillation prediction (taken from [9]).

section for neutron capture on this isotope. Chooz did not detect any distortion in the ex-
pected νe spectrum over this distance and as such excluded to 90% confidence sin2 2θ13 >

0.18 in the oscillation scenario with ∆m2
32 > 0.9 × 10−3. This result constitutes the current

best limit on the third mixing angle.

2.4 Accelerator experiments
Experiments using neutrino beams created as secondary or tertiary decay products from pro-
ton beam bombardment of a target have the advantage that the energy of the neutrino beam
can be optimised for a suitable baseline as well as affording the possibility to repeat the
same experiment with both neutrinos and antineutrinos. A number of experiments have op-
erated with what are termed ‘conventional’ beams with the next generation of oscillation
experiments set to be dominated by so called ‘superbeams’. In addition, there are propos-
als for a third generation of accelerator facilities which would be able to create intense well
understood neutrino beams.

2.4.1 Conventional and Super beams
Standard accelerator based techniques rely on the production of muon type neutrinos from
the decay of charged pions. The neutrino beam is produced by directing a proton beam onto a
target optimised for charged pion production, capturing a specific charge using magnetic de-
vices and then allowing the captured species to decay in the process π+(−) → µ+(−) +νµ(νµ)
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with the main practical difference between a conventional and superbeam being increased
power on target. However, bombardment of a nuclear target creates, in addition to pions,
other charged mesons with decay modes containing neutrinos in amounts which are not eas-
ily calculated. These additional processes along with non zero probability of opposite charge
pion capture and of prompt muon decay lead to some pollution of the desired νµ (νµ) beam
with νµ (νµ), νe and νe as well as distorting the expected spectrum. Two main techniques
have and will be used to reduce the systematic uncertainties associated with these processes.
Dedicated hadron production experiments like HARP [50] and NA61 [51] study in detail
the production cross-sections of particular mesons while actual neutrino oscillation experi-
ments employ near detectors. A detector placed close to the neutrino source and generally
constructed at least partly of the same technology used for the main signal detector can be
used to measure the initial flux of each neutrino type. Extrapolation of this measurement
to the far site allows for the formation of the data/no-oscillation ratio and thus a measure-
ment of νµ (νµ) disappearance oscillation. Accelerator experiments generally serve as an
independent measure of the same parameters as atmospheric experiments, however, with an
appropriate far detector and low beam systematic on the initial νe (νe) content of the beam,
observation of appearance νe at the far site would allow measurement of θ13.

K2K [10], 1999-2004, was a conventional accelerator neutrino experiment which used
the observed disappearance of νµ (νµ) created by 12 GeV protons at the KEK sychrotron
after traversing the 250 km distance to the SuperKamiokande detector to measure oscillation
parameters. Taking into account the full data taking run of 5 years K2K excluded the no
oscillation scenario to 4.3σ and measured the atmospheric parameters as shown in Fig. 2.8
with best fit points at sin2 2θ23 = 1 and |∆m2

23| = 2.75 × 10−3 eV2.
The MINOS experiment [52], 2005-present, observed νµ (νµ) in a large magnetised steel

and scintillator calorimeter situated in the Soudan Underground laboratory 735 km from the
neutrino source at the NuMI beam line in Fermi National Laboratory. The neutrino beam
spectrum ranged in energy between 1 GeV-30 GeV with the focusing horn currents tuned
to select a peak energy of 3 GeV. Using the spectrum detected in the near detector situ-
ated 1 km from the production target it was possible to make a prediction of the expected
non-oscillation spectrum at the far detector. A data run of 292 days yielded the measure-
ments of the atmospheric parameters of |∆m2

23| = 2.74+0.44
−0.26 × 10−3 eV2 and sin2 θ23 >

0.87. While such a detector is not optimised for the detection of electrons some effi-
ciency can be achieved. MINOS has begun data taking to perform an analysis of elec-
tron neutrino appearance with initial results showing 35 electron-like events from an ex-
pectation of 27±5(stat.)±2(syst.) [53]. Results of an anti-neutrino run involving 1.71×1020

protons on target yield best fit values for the mass squared difference and mixing angle
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Figure 2.8: K2K measurement of atmospheric oscillation parameters (taken from [10]).

of a 2 flavour hypothesis of ∆m2 = (3.36+0.45
−0.40(stat.) ± 0.06(syst.)) × 10−3 eV2 and

sin2 2θ = 0.86 ± 0.11(stat.) ± 0.01(syst.) [11] which are inconsistent with the measure-
ments made in the MINOS neutrino data run at 68% CL (see Fig. 2.9). Further data taking
and a full three flavour analysis will confirm if this potentially important result is significant.
Another important result came from the LSND experiment which used low energy νµ (20 <

E < 60 MeV) from µ+ decay at rest to search for νe appearance via the same signal chan-
nel used by reactor experiments. They reported an excess consistent with a mass splitting
∆m2 ∼ 1 eV2 [54]. This result was then followed by a search for νe appearance in a νµ

beam (60 < E < 200 MeV) which yielded a result consistent with the antineutrino observa-
tion [55]. This result was inconsistent with the three flavour oscillation results from all other
experiments and has been interpreted via two flavour oscillation to a sterile neutrino. In order
to test this prediction another experiment MINIBooNE [12] was designed with a similar L/E
to LSND. The first data run with neutrinos excluded the LSND result to 98% confidence level
but detected an excess of νe at low energy (see Fig. 2.10). Recently presented antineutrino
analysis results indicate a 2.5σ excess consistent with the LSND result [56].

The T2K experiment [57] recently commissioned its beam. It will search for the ap-
pearance of electron neutrinos in a predominantly muon type beam at SK after the beam
has traversed 295 km from the new JPARC facility in Tokai. With a design proton beam
on target power of 0.75 MW, T2K is considered the first superbeam. In addition, by using
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Figure 2.9: Confidence Interval contours in the fit of the MINOS Far Detector antineutrino
data (red) to the hypothesis of two-flavor oscillations (taken from [11]).

Figure 2.10: Observed νe spectrum in MINIBooNE with expected background and com-
parison to LSND (left) and exclusion plot based on MINIBooNE observation (right) (taken
from [12]).
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a variable off axis angle T2K can create an almost monoenergetic beam with peak energy
between 0.5-0.9 GeV.

The NOνA experiment [58] is currently under construction in FermiLab and Minnesota.
It will use a 220 tonne liquid scintillator near detector in an off-axis position in the NuMI
beam to measure the neutrino spectrum at this angle. It will seek to measure the appearance
νe (νe) signal in a 15 kT liquid scintillator detector on the same off-axis angle 835 km from
the neutrino source. Measurement of the mass hierarchy and CP-violating phase will be
possible for part of the parameter space by running in both neutrino and antineutrino mode.

2.4.2 New accelerator concepts
Producing a high energy, well understood beam of neutrinos could also be achieved using
other techniques. One possible facility could use high Q-factor beta emitting ions acceler-
ated to high gamma. Such a facility, known as a beta beam, was first proposed in [59]. The
original proposal considered accelerating 6He ions to γ = 150 using the production and
acceleration infrastructure studied by ISOLDE [60] and to achieve the CP conjugate mea-
surement using 18Ne accelerated to γ = 100 (schematic shown in Fig. 2.11). Subsequent
studies of the physics potential of such a neutrino source have advocated the use of higher
γ factors [61] while novel designs including a recycling production allowing the use of the
higher Q β−emitters 8Li and 18B in a beam with very low transverse emittance [62] and the
use of electron capture isotopes to produce an essentially monochromatic beam [63] have
also been proposed. Another facility which could be used to probe the remaining oscillation
parameters is a Neutrino Factory producing a multi-species beam from the decay of muons.
The current design status of such a facility is described in greater detail in chapter 3.

2.5 Conclusion
The existence of neutrino masses and oscillation has been clearly established through the
measurements of many experiments using a variety of neutrino sources. Solar neutrino ex-
periments have excluded all other descriptions of the solar neutrino deficit other than oscil-
lations with consistent results using reactor neutrinos having given a terrestrial confirmation
of these results. Furthermore, atmospheric and accelerator neutrino sources have confirmed
the model for muon neutrinos. A combination of all results (excluding those from LSND)
yields the current best fit to the known parameters as those shown in equation 2.4 [25]. Fu-
ture oscillation experiments are left wth the challenge of measuring the small mixing angle
θ13, establishing the mass hierarchy and the possible measurement of leptonic CP violation
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Figure 2.11: Schematic of Beta Beam facility to accelerate and store 6He and 18Ne (or 8Li

and 18B) ions.

with discovery of a non zero δCP .

sin2 2θ12 = 0.87 ± 0.03

∆m2
21 = (7.59 ± 0.20) × 10−5 eV2

sin2 2θ23 > 0.92

|∆m2
32| = (2.43 ± 0.13) × 10−3 eV2

sin2 2θ13 < 0.19, at 90% CL.

(2.4)
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Chapter 3

The Neutrino Factory

3.1 Introduction
The Neutrino Factory was first proposed in [64, 65] as a means to create an intense, well
understood multi-flavour beam of neutrinos from muon decay, with the first full oscillation
physics potential study being presented in 1997 by Geer [66]. It was envisaged that a flux
of 1021 neutrinos per operational year could be achieved, however, the technical challenges
in constructing a facility capable of this are many fold. The current design thinking for the
neutrino factory facility and detectors is described below, with Fig. 3.1 showing the facility
as proposed by the international scoping study for a neutrino factory whose outcomes are
discussed in greater detail in [14, 67, 68].

3.2 Muon production
The first step in producing a high flux of muons is the production of charged pions. These
must then be captured and allowed to decay to muons. While charge pion production is a
well studied field, having been used in the context of standard accelerator neutrino facilities
(described in 2.4) and extensively studied at various energies (for example in [50, 51]), the
high fluxes required by the neutrino factory demand certain technical effort to achieve an
optimised design.

3.2.1 Proton driver
In order to achieve sufficient flux of charge pions it is envisaged that a proton driver with a
power on target of 4 MW is required. The optimum proton energy as well as the appropriate
repetition rate, bunch length and the best accelerator technology or combination of technolo-
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Figure 3.1: The neutrino factory facility.

gies to achieve these goals must be determined. Conceptual designs have been proposed
in [67] with the current baseline design using a sychrotron to achieve a proton energy in the
range 5-10 GeV, however, there are other possible accelerator designs utilising non-scaling
FFAGs which have the potential to achieve the required power. The highest power proton
target interactions used by existing facilities provide 0.75 MW in the case of the JPARC neu-
trino beam recently commissioned for the T2K experiment in Japan and the 1.4 MW beam
to be used at SNS in the USA. The required increase in intensity for an optimum neutrino
factory will be a great challenge. The project X proposal to build a 2 MW source at FNAL in
USA incorporates design traits allowing for potential upgrades to serve as a 4 MW Neutrino
factory source [69] allowing an active R&D program alongside experimental data taking.

3.2.2 Target, capture and decay
The design of an appropriate target is dictated by optimisation of production while limiting
re-absorption. The main problem is the huge energy density created in the target when the
proton beam is incident. The exact design with respect to geometry, material and state will
feed back into the optimisation of the proton driver described in 3.2.1 as well as determining
what level and form of secondary shielding and what type of beam dump will be required.
A large fraction of the incident protons will not be fully absorbed so a suitable absorber
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positioned as to not interfere with the experiment is required.
A solid target would have the advantage of greater density of nucleons to act as inter-

action centres and has many precedents such as the graphite target developed for the T2K
experiment [70]. However, it is unclear whether such a target would be able to withstand the
thermal shock produced by the energy deposition of a 4 MW beam for a sufficiently long pe-
riod of time to be a worthwhile option for the neutrino factory. There are two main proposed
schemes currently under study. A liquid mercury jet is currently considered the baseline
option. In the scenario envisaged by the ISS, the proton beam and Hg jet would cross at an
angle of 33 mrad and the pool of Hg from the jet would act as the beam dump before being
passed through a heat exchanger and re-circulated. An Hg jet target was tested in the guise
of the MERIT experiment [71] particularly to quantify the dispersion of the jet caused by
beam interaction and related effects. There is also the possibility of using a fluidised pow-
der target [72] which could avoid some of the radiological and chemical difficulties of the
mercury jet solution while avoiding the disadvantages of solid targets.

3.2.2.1 Pion capture

A solenoidal focusing system would allow for the simultaneous capture and focus of both
positively and negatively charged pions. In this way it is possible to either run with opposite
polarities to two different detector sites or pulse the beam between each polarity. As such the
favoured technology for pion capture is that the target will be housed within a 20 T hybrid
solenoid (superconducting outer and resistive inner coil) and that the capture region will
be comprised of a series of superconducting solenoids to taper the field adiabatically down
to 1.75 T. Once captured, the pions will be allowed to decay in a 100 m long drift region
with minimal time dependent RF producing a µ± beam of with momentum spread related to
position within the bunch.

3.3 Muon Phase Rotation and Cooling
Pion-muon decay kinematics result in the bunch length of the produced muons being short
but having a large momentum spread of between 100 → 300 MeV/c. Such a momentum
spread cannot easily be accelerated and must be reduced. The first technique employed to
achieve this goal is phase rotation. Phase rotation involves using Radio Frequency (RF)
acceleration to speed up slower muons and slow quicker ones resulting in a long bunch
length with a very dense core in energy narrowly centered around 100 MeV/c2. The current
favoured design adopted by two major studies [67, 73] involves the use of two induction
linacs surrounding a drift space.
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Figure 3.2: Schematic of expected momentum rotation due to an ionization cooling channel
(taken from [13]).

Even after phase rotation, the muon beam occupies too large a phase space volume to be
injected into a conventional accelerator. In order to solve this problem the beam must have
its transverse emittance reduced. Where the transverse emittance is related to the momen-
tum and angular distribution of the beam and the reduction of this parameter being termed
cooling. Standard methods for cooling particle beams such as stochastic, electron and laser
cooling take of order a few seconds to minutes to cool a beam by a sufficient amount and
are, as such, inappropriate for a muon beam due to the mean lifetime of the muon being only
2.2µs at rest. A more novel approach is required, muon ionization cooling.

Muon ionization cooling involves, as the name suggests, using ionization losses in ma-
terial to cool the beam. On passing through an absorber a muon loses both transverse and
longitudinal momentum but, to first order, does not change the beam size. Longitudinal loss
is undesirable and as such RF cavities are used to re-accelerate the muons longitudinally.
The net effect is the rotation of the muon momentum vector towards the forward direction as
illustrated in Fig. 3.2. The Muon Ionization Cooling Experiment (MICE) [74] exists to test
this technology.

3.3.1 MICE
MICE seeks to prove muon ionization cooling technologically by performing measurements
of muon beam transverse emittance both before and after a cooling channel constructed of
liquid hydrogen absorbers and RF cavities for re-acceleration.

Liquid Hydrogen was chosen as the absorber material as low Z materials tend to cause
less multiple scattering. Multiple scattering is a second order effect which can cause an
increase in the beam emittance. MICE is positioned on a dedicated beamline at the ISIS
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Figure 3.3: Planned staged evolution of the MICE experiment.

accelerator facility and will aim to measure the emittance of the muons produced on target
and after absorption and re-acceleration by the staged introduction of absorbers and RF as
illustrated in Fig. 3.3.

3.4 Re-acceleration and storage
After cooling the muon beam kinetic energy will have reduced to a mean level of 138 MeV.
Quick and effective re-acceleration of the beam will be required to limit decay loss and to
reach the desired energy at the decay region. Current physics studies envisage a 25 GeV
muon energy in the decay ring. The ISS presented the baseline schemes as a combination
of recirculating linear accelerator (RLA) and fixed-field alternating gradient (FFAG) tech-
nologies. These were chosen as the time required to cycle the magnets in even a fast-cycling
synchrotron is too great for this technology to be considered.

Once accelerated to the desired energy the muons will be injected into two ‘racetrack’
storage rings. In the baseline design, injection into a particular storage ring will oscillate
between the two polarities for each bunch. These storage rings must be optimised to have
as large a straight side to arc ratio as possible so that the majority of the muons can decay
in the straight sections pointing towards the detectors. Straight sections of 600 m in length
with total racetrack length ∼1600 m are envisaged as an achievable design able to fulfill all
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the requirements of the facility. They would have to store 1021 muons to achieve the baseline
requirement of 2× 1020 decays in the straight section pointing towards the detector per year.

3.5 Detector Concepts
The decay pipes will point at two far sites chosen to optimise the physics possible with the de-
tector technology under use. In the region close to the decay pipes there will be one or more
detectors termed Near Detectors (ND). These detectors should be high granularity tracking
calorimeters designed to take advantage of the unprecedented flux available at the NF fa-
cility. The oscillation signal detectors or Far Detectors (FD) will be high mass magnetised
calorimeters capable of high efficiency νµ (νµ) charge current (CC) interaction identifica-
tion and calorimetry, positioned thousands of kilometres from the facility and optimised for
measurement of the golden channel signal described in section 1.4.1.

3.5.1 Near detectors
The primary function of the near detectors will be to measure to high acccuracy the cross sec-
tions of the interactions of interest at the far detector. Moreover, there are certain background
processes to the oscillation signal at the far detector which cannot be measured accurately
there and thus must be quantified at the near site. First among these is the measurement of
the production of Charm containing mesons in Deep Inelastic Scattering (DIS) events whose
leptonic decays can constitute background (described in greater detail in 4.2.1). Moreover,
the ND will be required to measure the absolute flux from the beam pipe and could even be
used to predict the far detector non-oscillation flux, a technique for which is described in
chapter 7.

In addition, the huge number of interactions available for analysis open up the possibility
of a rich tapestry of physics studies [75, 76].

3.5.2 Far detectors
There are likely to be two far detector sites positioned at ∼2000-4000 km and ∼7500 km
from the facility. The two sites allow for the disentanglement of the degeneracies described
in section 1.4 with the 7500 km site being of particular use in the determination of the matter
effect parameter and the mass hierarchy. The basic requirement for both far detectors will
be the measurement of the golden channel. There are many technologies which have been
proposed as being capable of performing this task. A large magnetised Liquid Argon TPC is
likely to be restrictively expensive even in the scenario where the technological leap required
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to make such a detector viable were made. It is more likely that a solid state detector will
be used as achievement of the required mass would be far easier. A sampling calorimeter
made of iron interspersed with plastic scintillator and based on technology exploited by the
MINOS experiment [77] was originally studied in the context of a neutrino factory in [17].
This Magnetised Iron Neutrino detector (MIND) is described in greater detail in chapters 5
and 6 where work to develop and exploit a modern simulation and analysis framework to
optimise the sensitivity of a neutrino factory with MIND like detectors is presented. Studies
of the limit of this technology as the proportion of iron tends to zero, the totally active
scintillating detector (TASD) have been presented in [78].

3.6 Physics at a neutrino factory
Although the muons seen by the detectors will come from multiple sources along the length
of the storage rings this length is so small in comparison to the distance to the far detectors
(> 2500 km) that the expected neutrino spectra there are accurately calculated using the
point source approximations:

d2Nνµ,νµ

dydΩ
=

4nµ

πL2m6
µ

E4
µy2(1 − β cos ϕ){[3m2

µ − 4E2
µy(1 − β cos ϕ)]

∓Pµ[m2
µ − 4E2

µy(1 − β cos ϕ)]}
d2Nνe,νe

dydΩ
=

24nµ

πL2m6
µ

E4
µy2(1 − β cos ϕ){[m2

µ − 2E2
µy(1 − β cos ϕ)]

∓Pµ[m2
µ − 2E2

µy(1 − β cos ϕ)]}

(3.1)

where β =
√

1 − m2
µ

E2
µ

, Eµ is the parent muon energy, y = Eν/Eµ, L is the distance to the
detector, Pµ is the polarisation of the muons and ϕ is the angle between the beam axis and
the direction to the detector. Since the far detector is essentially a point as seen by the beam,
it is only necessary to replace L with L + s, where s is the position in the decay region
where a decay takes place, and integrate along the straight section length to achieve the line
source versions of eqs. 3.1. A near detector positioned within ∼ 1 km of the beam pipe will,
however, see a different spectrum due to the transverse spread of the beam being a significant
fraction of the detector diameter, the straight section length ranging from 0.6→7.5 times the
detector baseline (assuming a minimum baseline of 80 m and a 600 m straight section),
meaning both multiple ϕ and additional contributions from other sections of the storage ring
are possible. These additional contributions tend to increase the low energy content of the
spectrum seen by the near detector particularly due to the tendency of low energy neutrinos
to be emitted at larger angles to the beam direction.
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Figure 3.4: Expected fluxes at source from stored νµ (left) and stored νµ (right) at 25 GeV.
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Figure 3.5: Variation of golden channel oscillation probability (νµ app. (left) νµ app. (right))
with distance for fixed Eν = 17 GeV and (top) fixed δCP = 45◦, (bottom) fixed θ13 = 8◦.
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Figure 3.6: Variation of golden channel oscillation probability (νµ app. (left) νµ app. (right))
with energy for fixed L = 4000 km and (top) fixed δCP = 45◦, (bottom) fixed θ13 = 8◦.

The fluxes per steradian calculated from equation 3.1 with Pµ = 0 are shown in Fig. 3.4.
As can be seen the peak energy of the νe (νe) spectrum is at ∼ 17 GeV but is very broad.
Choosing the peak energy and the values for the measured oscillation parameters as pub-
lished in [79] Fig. 3.5 shows how the golden channel oscillation probability varies with
distance for various values of θ13 and δCP . Larger distances would be interesting at this en-
ergy but since statistics will be smaller as the distance increases the experimental sensitivity
is reduced. Considering instead the full spectrum of energy at a fixed distance of 4000 km,
the variation of the probability can be seen in Fig. 3.6, where it is clear that understanding
the low energy region fully would require very good energy resolution and high statistics.
Clearly the energy dependence of the oscillation probability is a useful tool in understand-
ing the values of the remaining unmeasured parameters, but how well this can be exploited,
of course, relies on the energy resolution of the detector. Combining the neutrino factory
flux and the oscillation probability it can be seen (Fig 3.7) that measurement of δCP would
be aided significantly by using a detector with efficiency below 5 GeV and good energy
resolution, especially when cross-section energy depenence is considered. As described in
chapters 1 and 2, the Neutrino factory would perhaps need to measure the last mixing angle
and CP phase simulataneously and to do that the detector distances and analyses should be
optimised to resolve certain ambiguities which arise in the golden channel.
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Figure 3.7: Variation of νµ appearance flux (νµ app. (left) νµ app. (right)) with energy for
fixed L = 4000 km and (top) fixed δCP = 45◦, (bottom) fixed θ13 = 8◦

Sensitivity of the baseline neutrino factory to the key goals of θ13, δCP and sign(∆m2
23)

determination as well as to the resolution of the degeneracies mentioned in section 1.4.1
has been carried out in the context of the International Scoping Study for the neutrino fac-
tory [14]. Since the optimal L/E for the study of different parameters and resolution of
different degeneracies are not the same, the physics optimisation took into account how sen-
sitivity varies from optimal as different combinations of muon energy and baseline are used.
As can be seen in figures 3.8, 3.9 and 3.10, the optimum baseline and energy combination for
the discovery of θ13, δCP and the mass hierarchy differ significantly with shorter baselines
clearly favoured for the discovery of CP violation and longer for the mass hierarchy. How-
ever, in all cases a combination of two detectors, one at ∼4000 km and another at ∼7500 km,
receiving neutrinos from muons stored at between 20-30 GeV is a good compromise. For
this reason the current design study favours a 25 GeV neutrino factory with 2 detectors with
baselines of this order.

Another important study looked at how sensitivity to δCP changed as the signal efficiency
threshold of the detectors was changed. As δCP affects the phase of the oscillation, the
efficiency at lower energies allows greater sensitivity due to increased coverage of the second
maximum of the oscillation, as shown in Fig. 3.11.

The study concluded that a combination of one detector at a distance of ∼ 3000−5000 km

38



CHAPTER 3. THE NEUTRINO FACTORY

Figure 3.8: Sensitivity to sin2 2θ13 at 5σ relative to optimal (white) successively taking into
account statistics, systematics, correlations and degeneracies. The diamond marks the opti-
mal combination in each case (taken from [14]).

Figure 3.9: Sensitivity to maximal CP-violation (δCP = π/2 or δCP = 3π/2) for true mass
hierarchy normal (taken from [14]).
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Figure 3.10: Sensitivity to normal hierarchy for different values of δCP (taken from [14]).

Figure 3.11: Sensitivity to δCP for different detector threshold energies (taken from [14]).
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and another at ' 7500 km fed by a stored muon beam of energy 25 GeV gave the best
sensitivity to all required measurements and disambiguities.

3.7 Conclusion
The Neutrino Factory facility has the potential to provide an unprecedented level of neutrino
flux allowing studies of oscillations and other physics. Work to optimise the facility detec-
tors and physics reach is ongoing under the guise of the International Design Study for the
neutrino factory (IDS-NF) and Euro-ν projects. The IDS-NF seeks to produce a reference
design report detailing the optimum specifications of the facility and detectors by 2013. Such
a document would be used as the spring board to begin full engineering designs and ultimate
construction of the neutrino factory.
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Chapter 4

Active Pixel Sensors for vertex detection
at the Near Detector

4.1 Introduction
The Neutrino Factory near detector facility will be comprised of either one multi-purpose
detector or many smaller task specific detectors. The primary studies required to be per-
formed at any near detector facility will be the measurement of cross-sections, quantification
of the absolute flux from the beam pipe in both polarities and measurement of processes
which could constitute background to the wrong-sign muon search at the far detector. More-
over, a number of other physics studies could be performed taking advantage of the large,
multiflavour neutrino flux.

4.2 Physics at the near detector
The neutrino flux achieved from muon decays is very well understood and calculable. Hence,
the flux of neutrinos at the near detector of a neutrino factory could be calculated to a high
degree of accuracy using only the beam monitoring available in the decay ring. This knowl-
edge could be improved further due to the high interaction statistics expected at the near site,
making suppressed interaction processes like inverse muon decay and electron scattering
statistically significant. The cross-section for these processes can also be calculated accu-
rately in the standard model and as such, using high granularity tracking and calorimetry,
the near detector would be able to understand the neutrino flux, particularly at high ener-
gies, to a high degree of accuracy. Thus, it is possible to decouple the measurement of other
cross-sections from the flux and seek to measure exclusive neutrino and antineutrino cross-
sections across the full energy range to at least the 1% level. This well understood, high flux
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Figure 4.1: Feynman diagram for DIS charm production (figure taken from [15]).

beam could also be used to perform other physics studies including the measurement of the
Weinberg angle, sin2 θw, using the ratio of neutral current to charged current interactions,
nucleon Parton Distribution Function (PDF) measurements, nuclear re-interactions using a
range of target materials and, if placed at an appropriate distance from the source, perform
beyond the standard model searches using non-standard interactions or non-standard oscilla-
tions [75, 76, 80]. One of the most important cross-section measurements to be undertaken
is that of charm production in deep inelastic scattering interactions, due to its importance as
a background to the neutrino oscillation search (see chapters 5 and 6).

4.2.1 Charm production background
Neutrino interactions on nuclear targets can produce charm containing mesons as part of the
hadronic shower produced in deep inelastic scattering events (DIS) (see Fig. 4.1), particu-
larly at high neutrino energies. Charm quarks can be produced in charged current interactions
through the Cabibbo favoured transition s (s) → c (c), which can be used to measure the
strange content of the nucleon, in addition to more suppressed transitions from d quarks
and via charm production at fragmentation, which is also possible in neutral current inter-
actions [15]. With appropriate detector resolution and analysis the relative production of
the charmed particles D+, D0 and Λc can be measured for neutrino and the conjugate chan-
nels for antineutrino beams. The combination of these measurements can be used to extract
the Cabibbo-Kobayashi-Maskawa (CKM) matrix element |Vcd|. In addition to the study of
nucleon structure, the production of charm mesons (particularly D+/−) is interesting for neu-
trino factory experiments since these processes constitute possible background to the wrong
sign muon signal at the far detectors through muon containing leptonic and semileptonic
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Figure 4.2: Possible backgrounds to a wrong sign muon search from charm meson decays.

decays as demonstrated in Fig. 4.2. Charm decays are of particular interest because of their
kinematics. The short lifetime of these mesons and the relatively high momentum of the pro-
duced muon means that they can mimic the primary muon of a charged current interaction,
particularly where the primary muon itself is short enough not to be disentangled from the
hadronic activity. While many of these events should be excluded by the analysis performed
on the far detector data, the expected abundance of these events must be understood in order
to calculate the remaining background. The current best measurements of the cross-sections
for charm meson production come from the NOMAD [81] and CHORUS [82] experiments.
However, these results have errors of between 6% and 10% and only cover part of the energy
region of interest to the NF. In order to measure this cross-section accurately, a fast, high
resolution detector is required to locate the displaced vertex of the meson decay.

4.2.2 A silicon vertex detector at the near detector
A vertex detector composed of silicon sensors interspersed with passive target material sim-
ilar to the NOMAD-STAR detector [83] could be used in conjunction with a fully active
scintillator detector or indeed a NOMAD-like detector to perform the required studies of a
neutrino factory. The vertex detector would be used to search for charm production in neu-
trino interactions by either looking for an impact parameter, indicative of D+/− decay, or a
double vertex in the case of neutral meson decays. Such a study would require any vertex
detector to have position resolution of ∼ 30 µm [83] which would enable resolution of the
impact parameter down to ∼ 90 µm. While the 50 µm pitch strip detector of NOMAD-STAR
achieved such resolution, the conditions at a neutrino factory demand a re-optimised design
for the vertex detector to be able to achieve the required resolution. Using pixelated detectors
would allow for the measurement of 3D position in each plane. 3D resolution would allow
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for the measurement of the actual impact parameter instead of its projection into a plane
as was the case for NOMAD-STAR [83] which has the potential to improve the minimum
impact parameter visible to the detector and reduce the possibility of inclusion of hits due to
non-beam related interactions. Moreover, the event rate expected at a neutrino factory near
detector means that inclusion of additional hits due to event pile up could be possible without
3D postion reconstruction per layer. In one year (defined as the Snowmass year of 107 s) the
combination of all CC and NC interaction channels would result in ∼ 7 × 1013 interactions
in a 100 kg detector placed 100 m from the end of one of the decay ring straight sections.
Taking into account the expected duty cycle of ∼10% this translates to a total interaction
rate in a data taking window of > 107 neutrino interactions per second. Considering the
current best measurements of the charged current charm induced dimuon cross-section [81]
and a selection efficiency of 10%, a 100 kg vertex detector would have ∼ 108 dimuon charm
events per year to study potential background to the oscillation signal.

4.3 APS technology
A possible technology for the active layers of the silicon detector is that of Active Pixel Sen-
sors (APS). APS are silicon pixel devices based on basic CMOS technology and as such are
low cost and widely available. This manufacture technique affords the possibility of inte-
gration of first stage amplification within the pixel and is relatively low in cost. Moreover,
the monolithic nature of these devices, where all parts are integrated into a single silicon
wafer, removes the need for high voltage for depletion. Although this technology was orig-
inally developed for photon detection, the flexibility of design could have huge potential for
application in particle physics and be of particular use for the application described above.

The sensitive element in such a device is an n-well in a p-type epitaxial (epi-)layer which
forms a pn photodiode. Electrons are excited to the conduction band when ionising radiation
passes through the epi-layer and then subsequently spread out by diffusion to be collected
when they come sufficiently close to the photodiode. While the thin epitaxial layer – ranging
from a few µm in width to ∼ 25 µm – means that the collected charge for a MIP is less than
that in competing similar technologies, the integrated nature of this type of device makes
it possible to design pixels with low noise. However, this structure is susceptible to other
sources of noise, including reset noise. Therefore, novel designs are required to achieve the
stability and low level of noise required for the above application.

Two devices were considered: the Vanilla detector, which was designed primarily as a test
device for a novel reset technique used to reduce noise and the HEPAPS4 device designed
specifically for charged particle detection and using a standard three transistor design where
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Figure 4.3: An APS pixel. Basic pixel structure common to Vanilla and HEPAPS4 within
dotted line; additional electronics for Vanilla flushed reset outside.

the transistors control reset, amplification and readout. Both detectors were designed at the
Rutherford Appleton Laboratory as parts of the UK MAPS [84] and the MI3 projects [85].

4.4 The Vanilla detector
The Vanilla APS comprises an array of 520×520 pixels each of 25 µm pitch with integrated
analogue to digital converters (ADC). This structure allows for in-pixel digitisation and out-
put at a rate of 12 bits for full frame mode, although it can also be read out in analogue mode,
where digitization is handled off chip. The sensor can operate at a readout rate of up to 100
frames/s for full frame, and at 20 kHz (in analogue mode) at 10 bits resolution for ROI. In
addition to Vanilla’s standard three transistor pixel architecture there is additional structure
allowing for 3 reset modes – soft, hard and flushed.

A hard reset involves applying a voltage to the gate of the transistor Mrst which is higher
than the voltage applied to the drain by more than the threshold voltage of the transitor and
results in a noise level of ∼

√
kTC – where kTC is the base level noise of a a device

calculated from the temperature, T , and the main collection node capacitance, C with k

Boltzmann’s constant – while a soft reset involves holding both the gate and drain voltage at
Vdd and allowing the charge to flow out and can reduce the noise base to

√

kTC
2

but can suffer
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from image lag. Image lag occurs when the charge from a previous frame is not completely
removed at reset and, as such, subsequent frames are affected. This leads to a non-uniform
base level in the pixel. Vanilla pixels contain an additional in-pixel structure (see Fig. 4.3)
which enables the use of a hard reset immediately followed by a soft reset in one reset cycle.
This ‘flushed’ reset was designed to achieve the noise base level of a soft reset while avoiding
image lag [86].

4.4.1 Gain determination using photon transfer curve method
Although sensitivity to charged particles is of greatest interest in determining the suitability
of a detector to the application, photonic techniques are useful to determine the basic perfor-
mance parameters, such as the conversion gain, which are required to fully understand the
response of the device to charged particles. The gain of pixelated devices can be efficiently
determined using the photon transfer curve technique (PTC) [87].

The PTC technique utilises the fact that the arrival of photons to a pixel is a Poisson
process where the variance is equal to the mean. The method involves illuminating the
sensor uniformly across the region under test and gradually increasing the intensity while
recording several frames at each setting. The measured ADC signal can be understood as
SADC = G× ne where G is the camera gain and ne is the number of electrons excited to the
conduction band. Above a certain irradiance level the noise of the device will be dominated
by the noise of the arriving photons, the shot noise; in this region the signal variance in ADC
units is σ2

ADC = (G × σe)
2 where σe is the standard deviation of the number of excited

electrons and since shot noise satisfies Poisson statistics then σ2
e = ne. As a result the

variance and signal are related by σ2
ADC = G × Gne = GSADC and a plot of variance with

Signal should exibit a linear region with gradient equal to G.
Using several frames taken without any illumination, a pedestal frame is calculated where

each ‘pixel’ is the mean dark level recorded in the corresponding device pixel. The mean at
each illumination level for a pixel is then calculated as the mean of the pedestal subtracted
value recorded at that level. The corresponding pixel variance is σ2

true = σ2
sub. − σ2

ped. since
subtraction of the pedestal frame will introduce additional variance. When fitted, the linear
region of the variance/mean plot should have gradient equal to the gain for the pixel under
consideration in the shot noise dominated region. Fig. 4.4 shows a PTC curve where the
mean and variance averaged across many pixels has been used, the gradient of the linear
region in this plot should give an indication of the mean gain across those pixels used. How-
ever, assessing the gain in this way does not properly take into account the possibility of
variable gain across the device. Calculating the gain for each pixel individually requires a
greater number of frames at each setting but allows for a better assessment of the gain sta-
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Figure 4.4: Examples of PTC curves for three reset modes.

Reset mode Mean Gain (e−/ADC) Read noise (ADC)
Soft 23.97 3.31
Hard 6.67 9.17

Flushed 26.33 3.04

Table 4.1: Summary of measured gains for each reset type and read noise level.

bility across the device. Particularly when in-pixel conversion is used this can be important.
The distribution of calculated gain values per pixel yields a mean value for the gain of the
device.

Measurements were taken using a LED (with λ = 520nm), with a diffuser utilized to give
uniform illumination of the active region to within 1%. The device was run in digital readout
mode and all reset types were tested using a central 100×100 pixel region. Fig. 4.5 shows
the achieved gain spread expressed in e−/ADC (the inverse of the PTC curve gradient) for
each reset mode with the mean gain values summarised in table 4.1. The measured gain
using hard reset differs significantly from that measured in the other reset modes. While
no definitive reason has been found for the difference, it is interesting to note that this dif-
ference is not seen when using analogue readout [88] and that flushed and soft reset modes
demonstrate significant non-linearity in analogue mode which is not seen in digital mode (see
section 4.4.2). Non-linearity has been observed in MAPS before [89] and was attributed to
varying capacitance of the diode during charging, compensation in the on-chip ADC could
account at least partially for the observed difference in the gains. The intercept of the PTC
curve with the variance axis can also be used to give an indication of the device base level
read noise [90] as this should be a constant value and dominate at low illumination.
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Figure 4.5: Distribution of calculated pixel gains for Vanilla working in Digital readout
mode for the three possible reset modes.

4.4.2 Device Linearity
The linearity of any device is a measure of how closely its response follows a simple linear
relation with illumination across its entire dynamic range. Significant variance from linearity
would indicate a varying gain making reliable reconstruction of any signal problematic. Such
a characteristic would complicate the characterisation of a device to particle passage as a
reliable measurement of the device gain is required to properly classify the energy deposited
by a minimum ionising particle (MIP).

Using the same data set as in the PTC measurement to plot the mean response averaged
across the whole detector against illumination allows for an accurate measure of this quantity.
Accurate knowledge of the irradiance of the LED at different settings used was achieved
through the use of a calibrated Hamamatsu photodiode. Results show that the Vanilla digital
readout mode exibits linear response (with less than 1% non-linearity up to 3000 ADC)
across the whole dynamic range, Fig. 4.6, for all reset modes.

4.5 HEPAPS4
HEPAPS4 [91] utilises standard NMOS technology and was designed specifically for low
noise readout of particle hit information at the speeds required for a lepton collider. The
1024 × 384 pixel array is comprised of 15 µm ×15 µm pitch pixels. Traversing particles
deposit charge in the 20 µm p-type epitaxial layer. The charge then diffuses to the n-type
well to be collected, normally in more than one pixel. HEPAPS4 is the latest in a line of
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Figure 4.6: Response versus irradiance for Vanilla with the three reset modes (left) and
variance from a linear fit to the non-saturation region as % of the measured range (right)

Diode size (µm2) Gain (e−/ADC) Noise (e−)
1.7×1.7 5.1 54

Table 4.2: Summary of key characteristics of the HEPAPS4 chip.

monolithic active pixel sensors (MAPS) designed for particle physics experiments by the
UK MAPS Project [84].

4.5.1 Sensitivity of HEPAPS4 to electron passage
Suitable vertex detectors must be sensitive to particle passage at a range of energies with high
position resolution. The sensitivity to minimum ionising particles (MIP) can test accurately
this characteristic. While electrons do not act exactly as MIPs – due to their energy loss
being dominated by radiation losses – the ready availability of β− sources and of electron
testbeams allows for extensive multi-energy testing of devices. HEPAPS4 was tested under
the passage of 6 GeV electrons from the DESY synchrotron and MIP energy electrons from a
strontium-90 β-source (the Q-value of 90Sr is 0.546 MeV and that of its short lived daughter
product 90Y is 2.28 MeV). Photonic studies were performed and presented in both [92, 93]
with relevant results summarised in table 4.2. HEPAPS4 was measured to have a conversion
gain of 5.1 e−/ADC, the detection of Minimum Ionising Particles (MIP) should be more
efficient with a detector producing more ADCs per electron, however, the noise level is
somewhat high. Collider applications require as low a noise level as possible for efficient
tracking.
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4.5.2 Exposure to 6 GeV electrons at DESY
As a test of the triggering logic implemented in the firmware of HEPAPS4 and as a first
step towards testing the response of the device to charged particles, HEPAPS4 was exposed
to 6 GeV e− at DESY (Hamburg). Tracking data was provided by 5 silicon pixel devices
(named ISIS [94]).

Figure 4.7: Pedestal and Noise for each pixel in one region of interest.

Pedestal frames were calculated from data taken in situ without beam and were used in
the analysis to correct data frames. In addition, the noise of the pedestal corrected frames
was calculated (examples of both pedestal and noise found in Fig. 4.7). A potential signal
could then be assessed according to its significance as a multiple of the noise level calculated
for that pixel; for the analysis described a pixel with a significance of 7σ or greater could
act as a seed. A seed was accepted as such if the pixels directly adjacent to it were of
lesser significance and that beyond the 3×3 region directly adjacent no other pixel had a
significance of greater than 7σ. Those seeds found were then used as the central base to
form a cluster. Any pixel in the surrounding 5×5 region with a significance greater than 3σ

was added to the pixels considered part of the particle’s deposited energy. This technique
ensures that all or most of the diffused electrons excited by the passage of the particle were
collected.

The hit map shown in Fig. 4.8 was the first indication of beam sensitivity. Although the
full circular beam profile is not seen, a large enough section of the beam is in the field of view
of the detector. Full analysis of the clusters associated with these seeds yields a measurement
of the most likely signal strength and cluster size at this energy, shown in Fig. 4.9.

While the results of the beam test confirmed that the device responded to charged parti-
cles, the setup was found to be dominated by non-uniform system noise with a mean level
of 23 ADC counts. Sub-optimal sample timing resulted in a non-uniform gain across the
array so that conversion to electron charge was not possible. In addition, the low energy
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Figure 4.8: Distribution of accepted seeds in one ROI. Center of beam indicated from row
150.

Figure 4.9: Cluster analysis results for DESY testbeam. Left: Signal distribution in ADC.
Right: Signal distribution in number of pixels.
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Figure 4.10: Source testing setup.

of the electron beam and the larger pixel size of the telescope devices meant that efficient
correlation and position resolution was not possible. Optimisation of the system – including
improved timing settings and the use of shorter, higher quality cables with greater shielding
– before source testing was necessary to fully understand the response of the detector.

4.5.3 Exposure to 90Sr β source
A high activity (4MBq) 90Sr β source was used to test the device with the newly optimised
settings. Experiments were carried out using a setup, developed by the author and shown in
Fig. 4.10, containing a PMT read out scintillator for triggering. The device was placed in a
continuous scan of all pixels within a central region of the array with a pulse from the PMT
causing a digital signal to be sent to the device triggering a readout of these pixels. While
an accelerator beam can be tuned to a well defined energy a β source is by its very nature
a continuous spectrum. However, only a restricted energy range of particles should be able
to fully traverse the device and cause a trigger. While the activity of the source means that
frames may contain multiple clusters, some of which correspond to particles which did not
cause the trigger, the dominant signal should be that of electrons with energy close to the
MIP energy region.

Considering a Region of Interest (ROI) consisting of the central 600 rows and the full 384
columns we find the noise level distributed with a most probable value at ∼ 13 ADC (see
Fig. 4.11) and a mean noise of 15 ADC. As can be seen from table 4.2 the device gain for
the optimised settings was measured to be 5.1 e−/ADC. This value was obtained using the
PTC method described in 4.4.1 with the row and column sampling and reset times optimised
using a setup designed to limit all external noise (see [93] for details). The resulting mean
noise level of ∼ 77 e− is slightly greater than the 54 e− expected from the photonic studies,
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however, the nature of the source testing set-up meant that longer cables with less shielding
had to be used. It is possible that some external noise may have been measured in this case.
In addition, a larger region of interest was used in order to ensure as great a statistical sample
as possible; introduction of a larger number of pixels and pixels from the edge of the device
could also have increased the mean noise due to the proximity to the readout electronics.

Figure 4.11: Noise distribution calculated from 1800 dark frames.

The data was analysed using the same clustering algorithm as in section 4.5.2 with sig-
nificance cuts also as described above. As mentioned before, electrons never exactly act
as MIPS due to their low mass. Considering the straggling functions described in [95] it
is expected that the distribution would be broadened by additional processes and as such a
broad peaked distribution somewhat dissimilar to the standard MIP convoluted Landau and
Gaussian should be expected.

Figure 4.12: Source cluster analysis results. Left: Cluster signal distribution, Right: Cluster
size distribution.

The measured distribution has a most probable value at 1775 electrons created per clus-
ter. The straggling functions mentioned above calculate a most probable value for the energy
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loss of a particle traversing 20 µm of silicon as ∼ 3.94 keV which corresponds to ∼ 1100

electrons, assuming an ionization constant of 3.6 eV/electron-hole pair for silicon. Consider-
ing the true situation where diffusion of electrons from the inner surfaces of parts adjacent to
the epi-layer is possible and the finite probability of including deposits from non-traversing
electrons deviation from this theoretical calculation is not unexpected.

4.6 Discussion
The results obtained for both devices are promising with regard to the suitability of MAPS
to vertexing at a neutrino factory near detector. The noise reduction obtained in the more
modern Vanilla detector indicates a promising trend in the development of this technology.
The lack of built in logic to perform triggering in Vanilla meant that it was not possible to
test this device in a testbeam scenario. However, a number of ongoing studies will develop
similar devices specifically designed for low noise performance [85] which will be tested
as possible vertex detectors for lepton colliders. While the noise requirements are not so
stringent for a vertex detector at a neutrino factory near detector any technology capable of
performing vertexing at a lepton collider would be ideal for this application.

The signal to noise of HEPAPS4 for MIP energy electron detection, measured as S/N '
23, is sufficient for use as a vertex detector at a neutrino factory. With proper development
and proof that sufficient position resolution can be achieved a MAPS based vertex detector
could be a viable option. It is unlikely that such a detector would require pixels as small as
those present in either of the devices to achieve the required position resolution which could
further reduce cost for both electronics and the silicon devices themselves to make the vertex
detector.

4.7 Conclusions
Two APS devices have been tested with electron testing indicating the suitability of such
technology to the detection of MIP energy particles. Development of the techology with ad-
ditional structures such as those still under test in the Vanilla device indicate that competitive
noise levels could be reached and as such the flexibility of APS technology could win out in
selecting devices for future particle physics detectors. Ongoing studies using back-thinned
versions of Vanilla – where the substrate is etched off – are being used to demonstrate that
the technology can be used with significantly reduced non-active material [96] another ad-
vantage for particle detectors.

Further development of the technology to reduce noise and demonstrate scalability is

55



CHAPTER 4. ACTIVE PIXEL SENSORS FOR VERTEX DETECTION AT THE NEAR
DETECTOR

necessary before APS techology becomes a clear candidate for the vertex detector at a neu-
trino factory. However, the current trend in the development of the technology indicates that
MAPS could be an ideal option for the application.
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Chapter 5

Development of reconstruction and
analysis software for a Magnetised Iron
Neutrino Detector

5.1 Introduction
Early papers on the physics outcomes of a Neutrino Factory concentrated on the sub-
dominant νe → νµ oscillation [31] in which a muon of opposite charge to that stored in the
facility storage ring (wrong-sign muon) would be produced in a far detector by the charge
current (CC) interactions of the oscillated νµ. The first analysis of the capabilities of a large
magnetised iron detector to detect the wrong-sign muon signature was discussed in [17]
(termed the Golden Channel), where it was demonstrated that this combination was capable
of the extraction of the remaining unknown parameters in the neutrino sector, the third mix-
ing angle θ13 of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [97, 98, 26] and the
CP violating phase δCP .

The Magnetised Iron Neutrino Detector (MIND) is a large scale iron and scintillator sam-
pling calorimeter. As a result of the studies mentioned above it is considered the baseline
detector for a Neutrino Factory (NF) storing muons in the energy range 20-50 GeV [68].
Under the remit of EUROnu [99] and the International Design Study for a Neutrino Factory
[100] all aspects of possible future neutrino beam facilities including accelerator, detectors
and physics must be studied and compared to select the best option to determine the remain-
ing oscillation parameters.

Previous studies of MIND focused on the topology and kinematics of neutrino events in
the detector, assuming perfect pattern recognition. By smearing the kinematic variables of
the participant muon and hadronic shower it was demonstrated that using a combination of
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cuts on the relative length of the two longest particles in the event and the momentum and
isolation of this candidate, high signal identification efficiency and background suppression
could be achieved [101, 19]. However, a full study without such assumptions is necessary to
fully characterise the detector response.

While MIND is essentially a large scale version of the MINOS detector [77], the nature
of the NF beam – containing 50% νe and 50% νµ in the case of stored µ+ – means that
the optimisation of the analysis is somewhat different. Incorrect charge assignment (charge
misidentification) of non-oscillated νµ CC interactions present a significant possible back-
ground in this beam configuation, in addition to backgrounds from meson decays in the
hadronic shower and misidentification of Neutral Current (NC) and νe CC events.

This current study re-visits the problem by taking an un-biased look at the visible part of
a large sample of neutrino interactions – generated using the same GEANT3 [102] simula-
tion as in the above mentioned studies with a uniform distribution in neutrino energy – and
developing pattern recognition algorithms (first presented in [103]) – described in Sec. 5.3 –
to extract a candidate muon for fitting using a Kalman filter. Successful fits are then subject
to offline analyses – described in Sec. 5.4 – to determine the validity of those wrong sign
candidates. Analysis results are presented in Sec 5.5.

5.2 MIND parameterisation and expected event yields
For the purpose of the described study, MIND is a cuboidal detector of 14 m × 14 m cross-
section and 40 m length, segmented longitudinally as 4 cm of iron and 1 cm of plastic scin-
tillator for a total mass of ∼51.0 ktonnes. No transverse segmentation was simulated, but
transverse position smearing of σ = 1 cm was carried out, corresponding to an effective
segmentation of 3.5 cm. Each scintillator plane currently represents 2 view matched planes.
A dipole magnetic field of mean induction 1 T in the transverse plane provides the field
neccessary for charge and momentum measurements.

In the first part of the analysis, event vertices were generated centred in the detector plane
at 1.5 m from the front of the detector in the beam direction (z) in order to study the nature
of the backgrounds without detector edge effects. Sec. 5.4.3 discusses the expected fiducial
effects when a more realistic randomly generated vertex is considered.

At a MIND placed 4000 km from the neutrino source and assuming the current best
global fit oscillation parameters: θ12 = 33.5◦, θ23 = 45◦, ∆m2

21 = 7.65×10−5 eV2, ∆m2
32 =

2.40 × 10−3 eV2 [79], setting δCP = 45◦ and calculating matter effects using the PREM
model [104], the expected total number of interactions due to 1021 µ+ decays at 25 GeV
energy would be of order those shown in table 5.1, for θ13 = 5.7◦ and θ13 = 0.2◦.
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θ13 νµ CC νe CC νµ + νe NC νµ (Signal)
5.7◦ 1.27 × 105 3.50 × 105 1.56 × 105 5.92 × 103

0.2◦ 1.27 × 105 3.60 × 105 1.59 × 105 1.12 × 102

Table 5.1: Expected absolute number of interactions in a 51 ktonne MIND at a distance of
4000 km from 1021 µ+ decays at 25 GeV in a NF storage ring.

Thus in order to successfully extract oscillation parameters from the golden channel,
potential backgrounds from non-signal interactions must be suppressed to at most the 10−3

level in absolute terms with sensitivity to smaller values of θ13 requiring even more stringent
suppression. Moreover, the existence of possible degenerate solutions due to uncertainty
in the measured parameters and due to the nature of the oscillation probability (see [105,
38]) means that spectral information is required to reliably determine δCP . This additional
requirement dictates that backgrounds must be suppressed to below 10−3 in each energy bin
while maintaining an efficiency threshold below 5 GeV so that information on the rise of the
first oscillation maximum is available.

5.3 Reconstruction tools
The reconstruction package was used to analyse a large data set comprised of Deep Inelastic
Scattering (DIS) neutrino interactions of νµ and νe generated by the LEPTO61 [106] pack-
age in the energy range 0-30 GeV and tracked through the GEANT3 simulation of MIND.
Considering ∼ 106 interactions each of νµ and νe CC with a dedicated study of events con-
taining wrong sign muons from meson decay νµ CC (performed with statistics equivalent to
5× 106 interactions to give ∼ 6× 105 wrong-sign events) and ∼ 2.5× 106 NC interactions,
the main expected backgrounds were studied.

Each event considered comprised all three dimensional points with their associated en-
ergy deposit, which were recorded in the scintillator sections of the MIND simulation, with
the x,y position of these hits smeared according to a σ = 1 cm Gaussian before analysis
began.

5.3.1 Muon candidate extraction
After ordering the hits from smallest to greatest z position in the detector the first step of the
reconstruction was to extract a candidate muon from the event. Two methods were employed
to perform this task depending on the event topology: a Kalman filter incremental fit was

59



CHAPTER 5. DEVELOPMENT OF RECONSTRUCTION AND ANALYSIS
SOFTWARE FOR A MAGNETISED IRON NEUTRINO DETECTOR

i) ii)

Figure 5.1: Muon candidate purity as a function of true muon momentum for i) the Kalman
filter extraction method and ii) the Cellular Automaton method.

used to extract candidates from those events with one particle clearly longer than the others
(described in Sec. 5.3.1.1), while a Cellular Automaton method was used in those events not
viable for reconstruction through the first method (see Sec. 5.3.1.2). The criterion for the
first category was that the five planes with activity furthest downstream should contain no
more than one hit per plane.

5.3.1.1 Kalman Filter candidate extraction

Using the Kalman filter algorithm provided by RecPack [107] it is possible to propagate
the track parameters back through the planes using a helix model, which takes into account
multiple scattering and energy loss. Since, in general, a muon will act as a Minimum Ionising
Particle (MIP) and will travel further in the detector than the hadronic particles, those hits
furthest downstream can be assumed to be muon hits and used as a seed for the Kalman filter.
The seed state is then propagated back to each plane with multiple hits and the matching χ2

to each of the hits is computed. Hits with matching χ2 below 20 are considered and in each
plane the one with the best matching among these is added to the trajectory and filtered
(the track parameters are updated with the new information). All accepted hits constitute
the candidate muon and are presented for fitting (Sec. 5.3.2), with the remaining hits being
considered as hadronic activity. Fig. 5.1-(left) shows the fraction of true muon hits in the
candidate when using this method.

5.3.1.2 Cellular Automaton candidate extraction

Events with high Q2 transfer or low neutrino energy can tend to be rejected by the first
method, since in general the muon will not escape the region of hadronic activity. Should this
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be the case reconstruction is attempted using a Cellular Automaton. The Cellular Automaton
method (based on the method described in [108]) uses a neighbourhood function to first rank
all the hits and then form all viable combinations into possible trajectories.

A ‘neighbour’ is defined as a hit in an adjacent plane within a pre-defined transverse
distance of the projection into that plane of the straight line connecting hits in the previous
two planes. Starting from the plane with lowest z position, hits are given a rank one higher
than their neighbour in the previous plane should they have one. Trajectories are then formed
from every possible combination of one hit per plane starting with those of highest rank using
the neighbourhood function with a stricter condition.

Those trajectories formed using this method are then subject to a number of tests to
determine which is most likely to be a muon. After having a basic helix fit performed and
being assessed according to their length, trajectories are rejected for being short, having high
χ2 fit or high relative curvature error (described in Sec. 5.4.1). The candidate muon is then
selected as the longest remaining trajectory with the lowest χ2. All other hits in the event are
considered to be from hadronic activity. Fig. 5.1-(right) shows the purity of the candidate
when using this method.

5.3.2 Candidate fitting
All candidates successfully extracted from their event that have greater than six hits are
presented to the fitter as a candidate muon. The same Kalman filter algorithm is used here
as in Sec. 5.3.1.1. Fitting the candidate iteratively improves seeding and thus using a more
constricted χ2 condition than in the pattern recognition, the maximum number of successful,
reliable fits was achieved.

With the trajectory hits ordered in increasing z position, a least squares quartic fit was
performed on the section outside the planes where there was hadronic activity. This fit was
used to estimate the slopes in x and y and the momentum of the candidate, to be used as
a seed for the Kalman filter helix fit in the forward direction. The matching χ2 was once
again checked at each hit. Hits with greater than the pre-determined maximum (20) were
ignored. In addition, the filtering process only allows a pre-determined maximum number of
hits (5) to be ignored. Should this number be reached, the filtering process is aborted and the
smoother uses only those hits up to this point in the candidate. This method efficiently rejects
hits beyond any large angle scatter which could cause charge misidentification. Successful
fits were re-seeded with the state vector at the first fitted hit and a scalar multiple (5) of the
corresponding covariance matrix (taking only the diagonal elements) and then refitted.

Failed fits and those with less than 50% of their hits fitted are then fitted again in the back-
wards direction using the seed from the pattern recognition. Two iterations are once again
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Figure 5.2: Momentum resolution for as a function of µ momentum.

performed, with successful fits being accepted and those which are unsuccessful reverting to
the result of the original fit.

The result of a fit being the track parameters at the projection to the event true vertex
z position (3-momenta, position and charge) The momentum resolution as a function of the
true primary muon momentum is shown in Fig. 5.2. Resolution is below 20% at high energies
and can be parameterised as

σ1/p

1/p
= 0.19 − 4.38 × 10−5p2 +

0.37

p2
. (5.1)

5.3.3 Hadronic reconstruction
The hadronic activity must be used to reconstruct the energy of the hadronic shower in or-
der to ultimately reconstruct the energy of the interacting neutrino. In the absence of a well
developed algorithm to perform this task due to the simplification of the hadronic shower
representation in the current simulation, the current study assumes reconstruction of the
hadronic energy Ehad with a resolution δEhad equal to that recorded by the MINOS CalDet
testbeam [77, 109]:

δEhad

Ehad
=

0.55√
Ehad

⊕ 0.03. (5.2)

It was demonstrated in [17] that a cut based on the isolation of the muon candidate from
the hadronic shower was a powerful handle for the rejection of hadronic backgrounds. This
isolation was measured via the Qt variable:

Qt = Pµ sin2 ϑ, (5.3)

where Pµ is the muon momentum and ϑ is the angle between the muon and the resultant
hadronic vector. This requires the reconstruction of the direction vector of the shower. The
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Monolith test-beam [110] measured an hadronic angular resolution described by:

δθhad =
10.4√
Ehad

⊕ 10.1

Ehad
(5.4)

for a similar detector. This parameterization was used to smear the hadron shower direc-
tion vector, which in combination with the reconstructed muon momentum and direction
(see Sec. 5.3.2) were use to compute the Qt variable defined above. While the design of
MonoLith, MINOS and MIND are not identical there is a great deal of similarity. MINOS
consits of 2.5 cm low carbon steel plates interspersed with scintillator bars read out using
multi-anode photo-tubes. The energy resolution of this detector is, therefore, a very good
model for the expected resolution of MIND. However, the electronics used in MINOS do not
allow a reliable measurement of the hadronic angle due predominantly to cross-talk. Mono-
lith comprised 6 cm iron plates read out using RPCs and measured the angular resolution
using a pion test beam. While the resolution of a DIS neutrino event hadronic shower would
be different, the combination of the additional information available from scintillator read-
out, improved scintillator/iron spacing and improved electronics – using for example silicon
photomultipliers – means that while ambitious the angular resolution used in this study is
not unrealistic. In this analysis the Qt cut is applied to all events demonstrating hadronic
activity with energy above a minimum level, however, particularly when electronics noise
is considered, there will be some events with too little activity for the hadronic angle to be
reliably reconstructed. Since only DIS interactions are considered here those events falling
into this category are unlikely to be cut since the cut is only applied to events reconstructed
with high energy (see section 5.4.4) and the cut is most effective against events containing
decay muons where the hadronic activity is necessarily higher.

5.4 Analysis tools and cuts
As mentioned in Sec. 5.1 there are four main possible sources of background to the wrong
sign muon search: incorrect charge assignment and high energy wrong sign muons from
meson decays in νµ CC events, and NC and νe CC events wrongly identified as νµ CC. In
order to reduce these backgrounds while maintaining good efficiency a number of offline
cuts were employed. They can be organised in four categories: i) muon candidate quality
cuts, ii) νµ CC selection cuts, iii) fiducial cuts and iv) kinematic cuts.

5.4.1 Muon candidate quality cuts
These cuts are related to the quality of the candidate track fit and the determination of its
curvature. Two observables are considered: the χ2 probability of the Kalman filter fit and
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i) ii)

Figure 5.3: i)
σq/p

q/p
likelihood for signal and background from νµ CC for all energies consid-

ered, and ii)
σq/p

q/p
log likelihood ratio (Lq/p).

the relative error of the determined curvature ( σq/p

q/p
) where q is the charge as measured by the

Kalman filter (1/-1). The first helps in rejecting high angle scatters or muon candidates with a
large contamination from hadronic hits. The second variable is related with the probability of
misidentifying the charge, and shows significant separation for correct and incorrect charge
assignments for all neutrino events as shown in Fig. 5.3-(left).

It is possible to reject a large portion of possible backgrounds using sequential cuts on
these two variables:

∣

∣

∣

∣

σq/p

q/p

∣

∣

∣

∣

< 0.7 and χ2
prob > 0.9999, (5.5)

(where χ2
prob is the χ2 probability as calculated in the TMath class of the ROOT frame-

work [111]). However, a slightly better rejection is found when the relative error cut is
substituted by a cut on the log likelihood ratio of σq/p

q/p
for signal and background (see Fig. 5.3-

(right)):

Lq/p > 2 and χ2
prob > 0.9999. (5.6)

5.4.2 νµ CC selection cuts
The discrimination between νµ CC and NC interactions relies on three easily available or
calculable parameters, which are those of the extracted muon candidate. Due to the similarity
of MIND and MINOS the parameters employed in the MINOS analysis [52] were used.
Using a high statistic data set with knowledge of the true nature of each event, distributions
of these three parameters for both NC and CC events were formed into PDFs (or likelihoods).
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The first parameter was the length of the candidate in terms of the number of hits which
form it (lhit). This variable takes advantage of the nature of the muon as a penetrating particle
and shows clear separation between νµ CC and NC events (see Fig. 5.4-(top-left)).

The second parameter is the fraction of the total visible energy – the sum of all scintillator
deposits as reconstructed from the charge read-out – in the event which is in the candidate
(lfrac). This parameter is not useful for all events due to the high probability for both NC
and CC events to have a fraction very close to or equal to one although no rise towards these
values is present for NC since only DIS interactions are considered and the likelihood for a
NC interaction to produce a viable candidate along with few other deposits in a DIS event is
smaller than that to produce a single unaccompanied track or multiple tracks. Thus, events
that fall into this category, low Q2 CC events or single pion production NC predominantly,
are excluded from this distribution and do not use this parameter in their analysis. Here,
while NC events demonstrate the full spectrum of possible values, signal events tend to be
more concentrated at high fractions (see Fig. 5.4-(top-right)). However, high Q2 CC events
will tend to exhibit NC like behaviour.

While the third parameter used by MINOS is the mean energy deposited per plane for
the candidate, the current simulation setup of MIND does not exhibit sufficient separation in
this parameter for effective analysis. This effect is most likely due to the simplification of
the hadronic shower development in the current version of the simulation. Thus, in place of
this parameter the variance of the deposit is used (lvar), shown in Fig. 5.4-(bottom).

The likelihood ratio for each of the three observables was computed and combined in
three main log likelihood discriminators described in Eqs. 5.7 to 5.9:

L1 = log

(

lCC
hit × lCC

frac × lCC
var

lNC
hit × lNC

frac × lNC
var

)

(5.7)

L2 = log

(

lCC
2D × lCC

hit

lNC
2D × lNC

hit

)

(5.8)

L3 = log

(

lCCfrac=1

hit × lCCfrac=1

var

lNCfrac=1

hit × lNCfrac=1

var

)

(5.9)

L1 is formed from the multiplication of the likelihoods mentioned above while L2 is formed
by the multiplication of the lhit likelihood and a 2 dimensional likelihood of the variance
and energy fraction (l2D = lhit : lfrac), such a distribution allows for the consideration of
correlations between the parameters. L1 or L2 are used when the energy fraction is less than
0.999 and L3 otherwise. Distributions of these discriminators for samples of νµ NC and CC
events are shown in Fig. 5.5.
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i) ii)

iii)

Figure 5.4: PDFs of the three parameters used for NC/CC likelihood separation. i) Number
of hits in candidate lhit, ii) Fraction of visible energy in candidate lfrac and iii) Variance of
energy deposit in candidate lvar .

66



CHAPTER 5. DEVELOPMENT OF RECONSTRUCTION AND ANALYSIS
SOFTWARE FOR A MAGNETISED IRON NEUTRINO DETECTOR

i) ii)

iii)

Figure 5.5: Log likelihood discriminator distributions for energy fraction <0.999, i) L1,
defined in Eq. 5.7, ii) L2, defined in Eq. 5.8 and iii) for energy fraction ≥ 0.999, L3, defined
in Eq. 5.9.
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5.4.3 Fiducial cuts
Events originating near the edges of the detector can leave the sensitive volume. This will
result not only in the loss of event energy and thus worsened energy resolution but, due to
the shortening of the event, can cause a misidentification of the charge of a candidate. While
the shortening of the event has the potential to reduce backgrounds from NC and νe CC as
there should be less viable candidates, viable signal can also be lost, with a corresponding
increase in charge misidentification background. Therefore, it is recommendable to apply a
fiducial volume cut so that these pathologies are minimised. Specifically, events are rejected
should their candidate have both its first hit within 50 cm of the sides or back of the detector
and its last within 10 cm. In sec. 5.5.1.3, the edge effects and their suppression are presented
using νµ CC events as a model since they should affect little or no increase on NC and νe CC
backgrounds and any small variation should be of the same spectral form as those seen in νµ

CC events.

5.4.4 Kinematic cuts
Considering the remaining signal and background after applying all cuts described above,
the Qt (see Sec. 5.3.3) and muon candidate momentum (Pµ) distributions are those shown in
Fig. 5.6. A clear separation between signal and background events is observed. In particular,
background events are concentrated at very low Qt, while the signal exhibits much larger
Qt values. In order not to reduce the efficiency at low neutrino energy, cuts on these two
variables are only applied for reconstructed neutrino energy (Eν) above 7 GeV. The applied
cuts are those of Eq. 5.10:

Pµ ≥ 0.2 · Eν and Qt > 0.25 GeV/c for Eν > 7 GeV. (5.10)

5.4.5 Summary of analysis cuts
As will be dicussed in the next section the most successful set of cuts is given below in
table 5.2.

5.5 Analysis Results
Using a large data set and the analyses described above the efficiency and rejection power of
MIND has been studied.
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Figure 5.6: Distributions of kinematic variables: Reconstructed muon momentum (left) and
Qt variable in GeV/c units (right) versus reconstructed neutrino energy, for (top→bottom)
signal, νµ CC backgrounds, NC background and νe CC background. All events reconstructed
with energy > 30 GeV are shown in an overflow bin.
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Cut type Cut value

Fiducial if |rfirst
i − rdet

i | ≤ 50 cm, |rlast
i − rdet

i | > 10 cm

for ri = x, y, z

Track quality Lq/p > 2.0 and χ2
prob > 0.9999

νµ CC selection L1 > 0 for lfrac < 0.999

L3 > 0 for lfrac ≥ 0.999

Kinematic Pµ ≥ 0.2 · Eν and Qt > 0.25 GeV/c for Eν > 7 GeV

Table 5.2: Summary of analysis cuts.

5.5.1 νµ charge current interactions
The background from νµ interactions can be separated in two different contributions: i) fake
wrong-sign muons from charge misidentification of the primary muon (mainly) and from
pion to muon confusion, and ii) true wrong-sign muons from the decay of hadrons.

5.5.1.1 Incorrect charge assignment

The charge misidentification background was studied using νµ interactions where events
containing hadronic decays to µ− were excluded to be considered separately (Sec. 5.5.1.2).
An event is considered background if a candidate is successfully extracted and fitted with
charge opposite to that of the true primary muon. Background events are mainly due to
incorrect charge assignment to the true primary muon (due to multiple scattering or impurity
of the candidate), but have a small contribution from penetrating hadrons (mainly pions)
which are identified as muon candidates when the true primary muon has low momentum
and is not correctly identified.

As shown in Fig. 5.7-(left) this background can be efficiently suppressed by cutting on
the track quality variables, described in Sec. 5.4.1. Further rejection is obtained by applying
νµ CC selection cuts (see Fig. 5.7-(right)).

5.5.1.2 Wrong sign muons from hadron decays

The production and decay of negatively charged mesons in the hadronic part of a DIS in-
teraction has high probability to produce a µ−. Particularly mesons containing charm will
decay promptly and produce high energy muons which can be selected as primary muon can-
didates when the true primary muon is not correctly identified (in general when it has low
momentum). Suppression of this background is particularly important due to the high level
of uncertainty on the value of the charm production cross section [82]. Track quality and
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i) ii)

Figure 5.7: Charge mis-assignment and hadron to muon mis-identification background i)
with track quality cuts only and ii) including νµ CC selection cuts.

Figure 5.8: Wrong sign muon decay background with track quality and νµ CC selection cuts.

νµ CC selection cuts are effective in reducing this type of background for low neutrino ener-
gies, but the suppresion of high energy background requires further cuts, which are described
below.

5.5.1.3 Inclusive νµ background with fiducial and kinematic cuts

Considering a set of νµ CC events generated randomly throughout the detector volume the
inclusive background from this type of interaction has been studied. An additional cut on
those events with a candidate failing the fiducial volume cut, defined in Sec. 5.4.3, is used to
suppress background caused by edge effects. As can be seen in Fig. 5.9-(left), the additional
background introduced by edge effects is almost compensated by the fiducial cut, leading to
a inclusive νµ background similar to the addition of the ones shown in Figs. 5.7-(right) and
5.8.
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The high energy background of Fig. 5.9-(left) is mainly due to very hard muons from
the decay of charm mesons. Fortunately these muons, due to their decay origin, tend to be
embedded in the hadron shower unlike a true primary muon. Thus the Qt variable should be
very effective in rejecting this kind of event. As can be seen in Fig. 5.9-(right) the kinematic
cuts afford a sizeable suppression, particularly at higher neutrino energy.

i) ii)

Figure 5.9: Expected background from νµ CC interactions when events are randomly gener-
ated in the entire detector: i) after track quality, νµ CC selection and fiducial cuts, and ii)
including kinematic cuts.

5.5.2 Neutral current interactions
Neutral current interactions should be of the same nature for all species. Background events
will tend to originate from penetrating pions or muons from the decay of hadrons. Moreover,
since there will always be missing energy in the event, those events successfully fitted will
tend to be reconstructed at lower energy than the true neutrino energy. As such and due to
the large amount of NC events expected in the detector, this background must be suppressed
efficiently. Fig. 5.10 shows the evolution of the NC background when different cuts are
included.

5.5.3 νe charge current interactions
The interactions of νe present in the beam can also produce some background to the signal.
While the electron itself will be stopped quickly and will shower far more than a muon,
penetrating pions or decay muons originating in the hadronic shower can be mistaken for
primary muons.
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i) ii)

iii) iv)

Figure 5.10: Expected background from νµ NC interactions, i) with track quality cuts
(Eq. 5.5) only, ii) including νµ CC selection cuts, iii) substituting track quality cuts of Eq. 5.5
by those of Eq. 5.6 and iv) including kinematic cuts.

i) ii)

Figure 5.11: νe CC background to golden channel signal, i) with track quality and νµ CC
selection cuts, and ii) including kinematic cuts.
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After application of track quality and νµ CC selection cuts it can be seen in Fig. 5.11-
(left) that the νe CC background can be reduced to a similar level as the NC background
when the same cuts are applied. Moreover, excellent rejection for high energy neutrinos
is obtained by applying kinematic cuts, as shown in Fig. 5.11-(right). This is because the
candidate muon in νe events tends to have lower momentum than in NC events, as shown in
Fig. 5.6 .

5.5.4 Summary

Total 0 − 5 GeV 5 − 10 GeV 10 − 30 GeV

νµ CC 5.5 × 10−4 6.6 × 10−4 8.2 × 10−4 4.6 × 10−4

νe CC 7.8 × 10−6 2.6 × 10−5 5.5 × 10−6 5.5 × 10−6

νµ + νe NC 3.8 × 10−5 6.8 × 10−5 4.3 × 10−5 3.1 × 10−5

νµ (signal) 0.64 0.25 0.66 0.69

Table 5.3: Summary of expected fractional signal and background with true neutrino energy.

Considering all types of events mentioned above and applying the most successful analy-
sis chain described in table 5.2 the resulting signal efficiency and fractional backgrounds are
those summarized in table 5.3. The evolution of the backgrounds for the different cuts is in
Figs. 5.9, 5.10 and 5.11, while similar plots for the signal efficiency are those of Fig. 5.12.
While it is obvious that the effect of the kinematic cuts below 7 GeV true neutrino energy
is small due to their application only to events reconstructed with energy greater than this
value, it is important to remark that fiducial cuts do not affect the efficiency at low energies
either.

Another important question is that of the relation between the true and the reconstructed
neutrino energy for the different interaction types. The response matrices are shown in
Fig. 5.13 and presented numerically in appendix A.

5.6 Conclusions
Through a combination of fiducial, track quality, νµ CC selection and kinematical cuts, an
analysis has been applied demonstrating the power of MIND to detect and identify νµ CC
DIS interactions in the presence of realistic reconstruction of the primary muon. The ef-
ficiency threshold currently lies between 3 and 4 GeV, and an efficiency plateau of 70%
is reached at about 6 GeV. While improved sensitivity could be achieved by lowering the
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i) ii)

iii)

Figure 5.12: Expected signal identification efficiency: i) after track quality and νµ CC selec-
tion cuts, ii) including fiducial cuts, and iii) including kinematic cuts.
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Figure 5.13: Response matrix in true/reconstructed neutrino energy for signal and back-
grounds: i) signal efficiency, ii) backgrounds from νµ CC, iii) NC and iv) νe CC. The area of
the rectangles is proportional to the relative size of the response matrix element.
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threshold, as mentioned in Sec. 5.2, this region would be dominated by quasi-elastic and
resonance interactions which have not yet been considered due to the overall dominance of
DIS interactions. This study was carried out using LEPTO61, which contains only DIS in-
teractions, in order to perform a direct comparison to the efficiencies obtained in previous
studies [17, 68, 19]. Especially quasi-elastic interactions should contain less hadronic ac-
tivity and thus the low energy pattern recognition efficiency should improve. An increased
sample of successfully reconstructed events in this region should increase the efficiency of
the golden channel analysis particularly since other methods for neutrino energy reconstruc-
tion exist in this region which do not require hadronic calorimetry. While it is likely any
background present due to these low energy interactions could not be excluded using the
kinematic cuts mentioned above, isolation from the hadronic shower becomes irrelevant and
exclusion can be achieved through the combination of the neutral current rejection parame-
ters and fit quality.

The powerful rejection afforded by the inclusion of the hadronic energy and direction
vector highlights the importance of good hadronic reconstruction. While the hadronic energy
has been reconstructed well in other similar experiments the direction vector requires careful
consideration of both technology and analysis to achieve the required resolution. In the next
chapter, an optimisied MIND design will be included, within a GEANT4 framework, where
low energy quasi-elastic and resonance interactions will also be taken into account.

Compared to the baseline MIND presented in [68], where perfect pattern recognition was
assumed, these new results show some improvement. The aforementioned study considered
the charge and NC backgrounds and in both cases the results presented here are of similar
level. The signal efficiency curve reaches a plateau at 70% in the bin of 6 − 7 GeV. The
corresponding curve in the previous study reaches approximately the same level at a similar
or slightly higher energy depending on the particular analysis. Using the efficiency curve
in [68], Neutrino Factory sensitivity studies were carried out in the context of the Interna-
tional Scoping Study (ISS) for a future neutrino facility [112], demonstrating that a NF with
two 50 ktonne MIND detectors at two different baselines has the largest θ13 − δCP cover-
age out of all possible facilities. This paper reinforces the conclusions from that study by
showing that the pattern recognition and reconstruction of events in MIND do not degrade
the selection efficiency for the oscillated signal.
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Chapter 6

The Golden Channel oscillation signal
with a Magnetised Iron Neutrino
Detector

6.1 Introduction
In conjunction with the development of reconstruction algorithms for MIND, an entirely
new simulation was developed in collaboration with colleagues at IFIC, Valencia, using the
Nuance event generator and Geant4. This simulation will ultimately allow for a full optimi-
sation of MIND in terms of segmentation, technology and analysis. Described here is work
undertaken by the author in developing the simulation and digitization as well as the applica-
tion and re-optimization of the reconstruction algorithm described in chapter 5. Additionally,
the analysis described in chapter 5 was re-optimised and the resultant efficiencies were used
in chapter 7 to evaluate the expected sensitivity of the combination of MIND and a 25 GeV
Neutrino Factory to key oscillation parameters.

6.2 Neutrino event generation
As mentioned in chapter 5, generation of neutrino events in MIND was previously performed
using the LEPTO61 package. Although, the deep inelastic scattering (DIS) events generated
using this program will dominate over the majority of the energy region of interest for the
neutrino factory there are other important processes which must be considered especially at
low energies where the oscillation signals exhibit most variation.

As can be seen from Fig. 6.1, there are three processes of significant importance in the NF
energy range. Particularly at energies below 5 GeV there should be a large contribution from
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Figure 6.1: Experimentally measured cross-sections for Quasi-elastic, single pion and deep
inelastic νµ CC interactions with the predictions made by Nuance [16].

quasi-elastic (QE) and single pion production (1pi) events. A QE event is well described by
the interaction of the neutrino with a nucleon as a whole in a process of the form: νµ + n →
µ− + p. The energy of such an event is very easily reconstructed from the momentum of
the muon and the angle it makes with the beam direction. In addition, the low multiplicity
of the event makes muon reconstruction simpler. 1pi events should also improve the purity
of low energy region candidates due to their low multiplicity, however, in cases where the
pion produced is penetrating or decays to a muon there is also the possibility of increased
background due to reconstruction of a candidate which is not a νµ (νµ) CC primary muon.
There are also other types of interaction which are more highly suppressed. There will be
contributions from nuclear resonances, particularly those classified as producing 2 or 3 pions,
as well as small contributions from diffractive and coherent production.

Generation of all types of interaction was achieved using the Nuance framework [113].
The relative proportions of interaction types generated by Nuance are shown in Fig. 6.2
where ‘other’ interactions include the resonant and diffractive processes other than single
pion production mentioned above. These distributions are consistent with that expected and
as such can be passed to a simulation of the detector with confidence. Nuance attempts also
to simulate the effect of re-interaction within the participant nucleon which is particularly
important for low energy interactions in high Z targets like iron. The interacting and resultant
particles are listed in text format along with information on their energies and momenta and
the type of neutrino interaction. These events can easily be read into a detector simulation.
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Figure 6.2: Proportion of total number of interactions of different ν interaction processes
for events generated using Nuance and passed to the G4mind simulation. (top) νµ (left) and
νe CC (right), (middle) νµ (left) and νe CC (right) and (bottom) NC from antineutrinos (left)
and neutrinos (right).
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Figure 6.3: Exclusive cross-section parameterisation for νµ CC (left) and νµ CC interactions
(right).

Using the flux spectrum used to generate the events and the resultant interaction spectrum
the cross-section as a function of energy can be estimated by normalising the highest energy
bin to the high energy limit – 0.67 × 10−38 cm2 GeV−1 for νµ and 0.34× 10−38 cm2 GeV−1

for νµ [25]. As can be seen in Fig. 6.3 a parameterisation can be fitted to the cross-section
distribution and used to calculate absolute number of interactions expected for a given flux.
The parameterisations extracted here will be discussed in greater detail in section 7.1 where
they will be used to calculate expected interaction spectra in MIND.

6.3 Simulation of MIND using Geant4
A new simulation of MIND utilising the Geant4 toolkit [114] has been developed in col-
laboration with colleagues in Glasgow and Valencia. The simulation was designed to give
as much flexibility to the geometry as possible so that an optimisation of all aspects of the
detector could be carried out. The dimensions and spacing of all scintillator and iron pieces
as well as all external dimensions of the detector can be controlled. This will allow for easy
comparison of the simulation itself and the subsequent analyses to other potential NF de-
tectors. Moreover, the ability to perform a direct comparison with an existing detector like
MINOS [77] would lend considerable weight to any results published from this exercise.

In the iteration of the MIND design presented here a rectangular detector cross-section
is used in which the transverse extent (x and y dimensions) and length in the beam direction
(taken as transverse to the detector face, z dimension) are controlled from a parameter file. A
dipole magnetic field of mean induction 1 T pervades the detector volume in the positive y
direction. Data files generated using Nuance were read into the simulation with all final state
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particles of the Nuance interaction being treated as primary particles for tracking through the
MIND volume. Two data files are provided: one with events generated on iron nuclei and
another where the events are generated on the nuclei in polystyrene. The file to be read for a
given event is selected by a random generator according to the relative number of nucleons
available in the two materials. An event vertex is then generated within one of the slabs
of the appropriate material randomly positioned in three dimensions. Physics processes are
modelled using the QGSP BERT physics lists provided by Geant4. This particular set was
chosen due to its recommendation for calorimetry and tracking detectors (the implementa-
tion of the physics list is described in [115]). In addition, optimisation of the simulation
requires the introduction of certain cuts selected to reduce simulation time without reducing
the quality of the model.

In the current set-up, secondary particles are required to be predicted to travel at least
30 mm from their production point or to cross a material boundary between the detector
subvolumes to have their trajectory fully tracked. In the case where they do not pass this cut,
particles are only considered by processes which control the production of other particles. In
addition, all particle types other than gammas and positive and negative muons are only fully
tracked until their kinetic energy reduces to 100 MeV with the same processes as mentioned
above still considered beyond this point. Gammas are excluded from this cut because they
only take part in discrete processes. Muons were excluded as their interactions at the end
point could be important to the pattern recognition.

In order to obtain the optimal amount of information from the simulation without increas-
ing simulation time due to excessive readout, an event model must be defined. The studies
of MIND require the truth information of the primary particles and any particles resultant of
hadronic decays which could constitute background to the oscillation signal. Additionally, as
much information as possible about the energy deposits in the scintillator layers is required.
Persistency is achieved using the BHEP framework1 which uses C++ classes to represent
particles and events and uses ROOT trees to hold the data. Kinematic information about
the initial interacting neutrino and nucleon is stored along with all kinematic and tracking
information about the primary resultant particles. Particles from decays and those resultant
from the nuclear interactions of the primary particles also have all kinematic variables saved
and additionally are symbolically linked from the particle whose decay they originate (their
mother particle). All of these particles have any scintillator deposits which they leave as-
sociated to them with full three dimensional position and energy deposit being saved. The
kinematical information of all remaining particles – particularly those from showering – is
not necessary to understand the event and as such is not saved. However, should one of these

1BHEP is a data persistency tool which was used by the HARP and K2K collaborations.
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Figure 6.4: Voxel raw energy deposit showing a peak at ∼4 MeV above a noise background.

additional particles deposit energy in a scintillator plane, the position and energy of this de-
posit is associated to one of two ’shower particles’. The shower particles are essentially maps
of hits with one containing the deposits of particles who ultimately find their origin in the
hadronic part of the interaction and the other containing those whose origin is associated to
any primary lepton present (that is the lepton resultant from the charge current interaction of
a neutrino).

The analysis results described below were carried out using a MIND with a cross section
of 14 m×14 m and 3 cm of iron for every 2 cm of polystyrene extruded plastic scintillator.
The simulated length of 40 m would correspond to a mass of just greater than 40 kTon,
however, since the detector is already larger than the greatest longitudinal extent of any
particle from a 25 GeV interaction, the efficiency curves can be applied without loss of
generality to a larger detector of the same geometry.

6.4 Digitization
Ultimately the digitization of the hit information from Geant4 will be carried out by a full
light passage simulation of appropriately shaped scintilator bars. However, for the purpose
of these studies a simplified parameterisation is considered where two dimensional boxes
– termed voxels – represent view matched x,y readout positions. Any deposit which falls
within a voxel has its energy deposit added to the voxel total raw energy deposit. The thick-
ness of two centimetres of scintillator per plane assumes 1 cm per view. Fig. 6.4 shows the
distribution of raw energy deposit in the voxels.

Voxels with edge lengths of 3.5 cm were chosen. As can be seen from Fig. 6.5 de-
posits are evenly distributed across the voxels. This results in a position resolution of
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Figure 6.5: Difference of voxel position and contained deposit positions.

3.5/
√

12 ∼=1 cm, analogous to the resolution assumed in the initial reconstruction studies
of MIND presented in chapter 5. The raw deposit energy of each voxel is used to approxi-
mate the response of the scintillator bars assuming readout using wavelength shifting (WLS)
fibres with attenuation length λ = 5 m as reported by the MINERvA collaboration [116].
Assuming that approximately half of the energy will come from each view the deposit is
halved and the remaining energy at each edge in x and y is calculated. This energy is then
smeared according to a gaussian with σ/E = 6% to represent the response of the electronics
and then recombined into x, y and total = x+y energy deposit per voxel. At this point the
size of the deposits in each plane must be assessed as to whether they are viable. Assuming
an output wavelength of 525 nm and that electronics with a quantum efficiency of ∼30%
could be achieved, it was required that there should be enough energy remaining at the read-
out planes to make at least 4.7 photo electrons (pe) as in MINOS [77]. Any voxel whoses
two views do not make this cut is not saved. Should only one view pass, the failing view is
excluded from any subsequent calculations (described in section 6.5). The digitization of an
example event is shown in Fig. 6.6.

6.5 Reconstruction and analysis of Geant4 MIND
The reconstruction and analysis packages are described in detail in chapter 5. However, the
added complexity of events generated in the new framework require some changes to both.
All events used here in the optimisation of cuts and extraction of efficiencies were generated
using a flux profile, designed to maximise statistics in all energy bins of interest. While a
slight change in the likelihood distributions would be expected using a neutrino factory flux
profile any slight change in the efficiencies is outweighed by the loss of statistics in key low
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Figure 6.6: The digitization and voxel clustering of an example event: (top left) bending
plane view, (top right) non bending plane, (bottom) an individual scintillator plane. The
individual hits are small dots (in red), the blue squares are the voxels and the black asterisks
represent the centroid positions of the clusters.
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energy bins. Thus the response matrices, when multiplied by the expected interactions from
a neutrino factory should give an accurate representation of the observed spectra at a MIND
of this design used for a neutrino factory experiment.

6.5.1 Event reconstruction
Many traversing particles, particularly hadronic particles, will deposit energy in more than
one voxel. Forming clusters of adjacent voxels reduces event complexity and can improve
pattern recognition in the region of the hadron shower.

The clustering algorithm is invoked at the start of each event. The voxels of every plane
with deposited charge are considered in sequence. Where an active voxel is in contact with
no other active voxel this voxel becomes a measurement for the fit. If there are adjacent
voxels, the voxel with the largest total deposit (at scintillator edge) is sought and all active
voxels in the surrounding 3×3 area are considered part of the cluster. Adjacent deposits
which do not fall into this area are considered separate.

The cluster position is calculated independently in the x and y views as the weighted sum
of the individual voxels:

Xc =

∑

i xiE
x
i

∑

i E
x
i

, Yc =

∑

i yiE
y
i

∑

i E
y
i

. (6.1)

Any deposit below the noise cut applied in the digitization is ignored. The positions calcu-
lated for the clusters in one test event are shown as black asterisks in Fig. 6.6. Comparison
of the calculated weighted sums for the clusters to the weighted sum of all raw deposits in
the included voxels (shown in Fig. 6.7) gives an estimate of the resolution appropriate for
different classes of cluster. A single voxel forming a cluster has the position resolution of the
voxels as described in section 6.4. Charge sharing results in improved position resolution for
clusters formed from more than one cluster, which is clearly visible in the RMS of the 2 and
3 voxel distributions. As such, the resolution attibuted to such clusters is the standard 1 cm
resolution scaled by the ratio of the RMS of the appropriate distribution to that of the 1 voxel
distribution. If there is no voxel with deposit above the noise cut in a view, then that view is
given an error large enough that it is not considered by the Kalman filter.

The clusters formed from the hit voxels of an event are then passed to the reconstruc-
tion algorithm. However, an additional step has been added before implementation of the
Kalman filter or cellular automaton to take into account the added complexity induced by
more complete simulation of the hadronic and muon decays in this iteration of MIND. Fully
contained muons (particularly µ−) can have additional deposits at their endpoint due to cap-
tures on nuclei or decay particles. The additional clusters present at the muon endpoint due
to these processes could cause an event with a clear long track free of any planes contain-
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Figure 6.7: Difference between calculated cluster position and weighted sum of raw deposits
included for 1 voxel (top left), 2 voxels (top right) and 3 voxels (bottom).
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ing hadronic activity to be sent to the cellular automaton as the endpoint does not conform
to the simple requirement that it be in such a ‘free’ plane. Since the cellular automaton is
optimised for low energy events this often leads to long, well defined tracks being rejected.
Therefore, after sorting clusters into increasing z position, the length and endpoint of the
longest ‘free’ section is recorded. Those events which do not contain such a section with
sufficient clusters to form a seed (set to 5 hits as in the Geant3 analysis) are immediately
sent to the cellular automaton. Otherwise, if the ‘free’ section reaches the end of the event
the only additional algorithm checks whether any of the last 2 hits lie more than 10 voxel
lengths in transverse position away from the bulk of the track. This allows for the exclusion
of any badly reconstructed clusters which at this point could cause bad seeding and for the
filtering to fail. There are two other categories of events: those which have a high occupancy
endpoint (mean occupancy of greater than 2 clusters per plane in the section following the
‘free’ section) and are associated with captures or the showering of the decay electron and
those where the occupancy at the end point is low, the latter being associated with a more
well defined decay or high curvature of the muon itself. The first category are only sent to
the cellular automaton if the ‘free’ section ends outwith the final 20% of the event and the
length of the ‘free’ section is less than twice the minimum number of seed hits, otherwise
the high occupancy section is removed and not considered in subsequent assessments. The
‘free’ section is used to form a track to filter through the hadronic planes. The second type
have a track formed from the ‘free’ section and are subject to an additional forward filtering
through the planes in which only two clusters are present towards the endpoint after filtering
through the hadronic region.

The only other change to the event pattern recognition is to the Kalman filter method.
Where in the past an event was rejected should three planes in a row find no viable hit, here
due to the greater complexity of the hadronic shower this cut is loosened. If three planes
in a row have no viable hit the event can still be accepted if 70% of the planes not already
identified as hadronic or due to muon decay (those skipped) have been filtered into the can-
didate trajectory. The complete pattern recognition chain using these additional algorithms
leads to candidate purity (fraction of candidate hits of muon origin) for νµ (νµ) CC events
as shown in Fig. 6.8. A cluster is considered to be of muon origin if greater than 80% of the
raw deposits contained within the cluster were recorded as muon deposits.

Fitting of the candidates proceeds as in chapter 5 with a Kalman filter being used to fit
a helix to the candidate using an initial seed estimated using a quartic fit and refitting any
successes. Projecting successful trajectories back to the true vertex z position, the quality
of the fitter can be estimated using the pulls of the different parameters in the fit vector (see
Fig. 6.9). The pulls on the position and direction exhibit a larger sigma than expected indi-
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Figure 6.8: Muon candidate hit purity for νµ CC (top) and νµ CC (bottom) interactions
extracted using (left) Kalman filter method and (right) Cellular automaton method.
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cating some underestimation of the position resolution. This underestimate is most likely in
the vertex region where the plane occupancy will be high and it is likely that clusters will be
formed from deposits from many different particles. This effect will be better understood as
the digitization algorithms are improved and the position resolution is studied in more detail
in specific regions of events. The momentum pull, however, behaves as expected but for a
slight bias which can be attributed to the parameterisation of the energy loss in the version
of RecPack used for the study. In this version the energy loss is not changed as the filter
progresses along the track and can result in a bias. A new version with updated treatment
of the energy loss will be implemented for the next stage of the study but was not available
for use in the studies presented here. The muon momentum resolution is slightly improved
from studies of chapter 5, paricularly at low energies. The resolution can be parameterised
as follows:

σ1/p

1/p
= 0.18 − 0.28

p
+ 1.17 × 10−3p. (6.2)

6.5.1.1 Hadron shower reconstruction

Hadronic reconstruction is predominantly performed using a smear on the true quantities as
described in section 5.3.3. However, the presence of QE interactions in the sample allows
for the reconstruction of certain events using the formula:

Eν =
mNEµ +

m2
NX

−m2
µ−m2

N

2

mN − Eµ + |pµ| cos ϑ
, (6.3)

where ϑ is the angle between the muon momentum vector and the beam direction, mN is
the mass of the intial state nucleon and mNX

is the mass of the outgoing nucleon for the
interactions νµ + n → µ− + p and νµ + p → µ+ + n [117]. QE interactions can be selected
using their distribution in ϑ and their event plane occupancy among other parameters. For
the current analysis an event is reconstructed using the appropriate version of equation 6.3,
as dictated by the reconstructed charge of the candidate, if it contains 100% of the event
visible energy (ignoring any skipped hits). Should the use of equation 6.3 result in a negative
value for the energy it is recalculated as the total energy of a muon with prec.

6.5.2 Analysis of potential signal and background
Using the analysis technique developed for the Geant3 simulation and presented in chapter 5
the expected efficiencies and background suppressions for the appearance of both νµ and
νµ have been studied. The greater complexity of events as well as the changes to geometry
and interaction spectra has, however, demanded the re-optimisation of existing cuts and the
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Figure 6.10: Distribution of
σq/p

q/p
for signal and background processes.

introduction of others. Cut levels and likelihood distributions have been defined using a test
statistic of νµ and νµ CC and NC events.

6.5.2.1 q/p relative error

The error on the momentum parameter of the Kalman filter is still a powerful handle in the
rejection of background but as can be seen in Fig. 6.10 the distribution of calculated values
of σq/p

q/p
differs somewhat from those of the Geant3 case (shown in Fig. 5.3). The likelihood

distributions for the combination of the two signals and of the neutral current and charge
current backgrounds (re-normalising in the latter case to take account for the differing data
sets) are used to assess events as signal or background (shown in Fig. 6.11-left).

Signal events are selected as those with a log likelihood parameter greater than -0.5
(where the parameter Lq/p is defined as in section 5.4.1). As can be seen from Fig. 6.11-
right this cut level effectively rejects much of the background.

6.5.2.2 Neutral current rejection

Rejection of neutral current events with fitted candidates is most efficient using the likelihood
analysis of trajectory quantities. As in chapter 5 the MINOS parameters are employed. In
this iteration, the three parameters of most use mirror those of the MINOS exactly: number of
hits in the candidate, fraction of the total visible energy in the candidate and the mean deposit
per plane of the candidate. The distributions of these variables for a test set of neutral current
and charge current events were used to form the PDFs shown in Fig. 6.12.

The energy variables are calculated by first taking the summed deposits at the x and y
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Figure 6.11: PDF of
σq/p

q/p
(left) and the resulting log likelihood distribution (Lq/p) for a test

statistic (right).

edges and correcting for attenuation according to the cluster x and y position. The total
visible energy is taken as the sum of these values over all clusters either in the candidate or
hadronic shower vectors and the trajectory visible energy as the sum of those in the candidate.
Since there are still a number of assumptions present in the scintillator readout and view
matching and there is a high level of correlation between the energy variables, only the first
likelihood parameter is used in the analysis presented. An alternative analysis introducing
the likelihood functions derived from these energy parameters is discussed in section 6.7.1.
Analysis using the likelihood parameter formed from the number of clusters proceeds as
follows. Candidates with greater than 150 clusters are considered signal. This condition
reflects the fact that the test statistic used for the likelihoods shown in Fig. 6.12 did not
contain any NC event with a candidate in this region. Otherwise, samples are taken from the
NC and CC PDFs to form the log likelihood rejection parameter

L1 = log

(

lCC
hit

lNC
hit

)

, (6.4)

the distribution of which is shown in Fig. 6.13. Allowing only those candidates where the
log parameter is > 1.0 to remain in the sample ensures that the sample is pure.

6.5.2.3 Kinematic cuts

Kinematic cuts based on the momentum and isolation of the candidate as related to the
reconstructed energy of the event can be used to reduce backgrounds from decays. Using the
same definitions as in section 5.4.4 the distributions after the application of the preceeding
cuts are those shown in Fig. 6.14. While the remaining backgrounds from νµ and νµ CC are
not as concentrated at low Qt as in the data of section 5.4.4, cuts based on these variables are
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Figure 6.12: Likelihood distributions for the NC rejection parameters. (top left) Clusters in
candidate, (top right) fraction of visible energy in candidate and (bottom) candidate mean
deposit per plane. CC in black and NC in red.

Figure 6.13: Distribution of log likelihood L1.
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still an effective way to reduce all of the relevant beam related backgrounds.

Erec 6 5 GeV or Qt > 0.25 GeV/c (6.5)

Erec 6 7 GeV or Pµ > 0.3 · Erec (6.6)

The acceptance level is described in equations 6.5 and 6.6. With the exception of those
events whose energy is reconstructed using the quasi-elastic formula and hence do not have
a hadronic shower whose separation can be calculated, events are subject to the Qt cut if
their reconstructed energy is greater than 5 GeV. Those events fulfilling the condition of
equation 6.5 and those reconstructed using the quasi-elastic formula are then subject to the
second cut if they have Erec > 7 GeV. All remaining events which fulfill the conditions of
equation 6.6 (those above and to the left of the red lines in Fig. 6.14) are kept in the dataset
for the next series of cuts.

6.5.2.4 Additional cuts

A number of additional cuts have been developed and employed for the Geant4 data, partic-
ularly to reduce the background from identification of νµ (νµ) CC as the opposite polarity at
high neutrino energy. A set of new cuts of two categories are used: 1) Those related to the
range in z, displacement in the bending plane and reconstructed momentum of the candidate
and 2) a cut utilising the results of a re-fit of the remaining events to a quadratic.

Additionally, a fiducial cut requiring that the first cluster in a candidate be at least 2 m
from the end of the detector is employed to reduce the mis-identification of candidates orig-
inating at high z. Moreover, a high proportion of the mis-identified candidates are not fully
fitted. The distribution of the ratio of the candidate clusters which are fitted with respect
to the total number of candidate clusters for signal and background is shown in Fig. 6.15.
Accepting only those events with a candidate with 60% of its clusters fitted reduces further
the background levels.

The momentum of the muon candidate can be badly reconstructed due to multiple scat-
tering and impurity in addition to other effects. These badly reconstructed events contribute
significantly to the overall background. In order to reduce this effect three separate but re-
lated cuts are employed. Firstly, a maximum reconstructed momentum is enforced at 40 GeV.
Knowledge that the true neutrino momentum cannot be greater than 25 GeV allows for this
cut, however, the finite resolution of the detector demands that the cut not be as strict as
< 25 GeV. However, plotting the reconstructed momentum against the longitudinal extent of
the candidate as well as the displacement in the bending plane as a proportion of the longi-
tudinal extent against the number of hits in the candidate (see Fig. 6.16) further separation
is possible. The background events tend to be concentrated at low relative displacement
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Figure 6.14: Distributions of kinematic variables: (left) Reconstructed muon momentum with
reconstructed neutrino energy for (top→bottom) νµ (νµ) signal, νµ (νµ) CC background, NC
background, νe (νe) CC background and (right) Qt variable (in the same order).
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Figure 6.15: Distribution of the proportion of clusters fitted in the trajectory.
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Figure 6.16: Distributions of momentum and displacement with cut levels: (top left) relative
displacement in the bending plane to the z direction against candidate hits for signal events,
(top right) reconstructed momentum against displacement in z for signal events and (bottom)
as top for νµ (νµ) CC backgrounds.
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Figure 6.17: Distribution of the qppar variable with the region where the parameter is < 0
representing those candidates fitted with charge opposite to the initial Kalman filter (region
of highest occupancy shown).

and low number of hits. Events are accepted should they meet the conditions described in
equation 6.7 and illustrated by the red lines in Fig. 6.16:

dispX

dispZ
> 0.18 − 0.0026 · Nh (6.7)

dispZ > 6000 mm or Pµ 6 3 · dispZ, (6.8)

where Nh is the number of clusters in the candidate, dispZ is in units of mm and Pµ in units
of MeV/c.

The final cut involves fitting the candidates projection onto the bending plane to a
parabola. If the charge fitted is opposite to that found by the Kalman filter (in the cur-
rent simulation a negatively charged muon bends upwards so that for a parabola defined as
a + bz + cz2 the c would be positive and the charge of the muon is Qpar = −sign(c)) the
quality of the fit is assessed using the variable:

qppar =



















∣

∣

∣

σc

c

∣

∣

∣
, if Qpar = Qkal.

−
∣

∣

∣

σc

c

∣

∣

∣
, if Qpar = −Qkal.

(6.9)

where Qkal is the charge fitted by the Kalman filter fit. Defining the parameter in this way
assures that the cut is independent of the initial charge fitted. Accepting only those candidates
with qppar < −1.0 or qppar > 0.0, that is those without a change in charge and those fitted
badly with a change, effectively reduces the background level from CC mis-identification as
can be seen in Fig. 6.17.

98



CHAPTER 6. THE GOLDEN CHANNEL OSCILLATION SIGNAL WITH A
MAGNETISED IRON NEUTRINO DETECTOR

Cut Acceptance level
Eff. after main back. (×10

−3)
νµ νµ νµ νµ

Fiducial
z1 6 18000 mm

0.85 0.91 120 (νe) 100 (νe)
where z1 is the lowest z cluster in the candidate

Track quality Lq/p > −0.5 0.76 0.85 20 (νe) 20 (νe)

Max. momentum Pµ 6 40 GeV 0.76 0.84 20 (νe) 20 (νe)

CC selection L1 > 1.0 0.74 0.83 0.49 (νe) 1.6 (νµ)

Fitted proportion Nfit/Nh > 0.6 0.73 0.83 0.46 (νe) 1.2 (νµ)

Kinematic
Erec 6 5 GeV or Qt > 0.25

0.63 0.77 0.65 (νµ) 0.59 (νµ)
Erec 6 7 GeV or Pµ > 0.3Erec

Displacement
dispX/dispZ > 0.18 − 0.0026Nh

0.59 0.72 0.38 (νµ) 0.38 (νµ)
dispZ > 6000 mm or Pµ 6 3dispZ

Quadratic fit qppar < −1.0 or qppar > 0.0 0.58 0.71 0.07 (νµ) 0.07 (νµ)

Table 6.1: Summary of cuts applied to select the golden channel appearance signals. The
level of absolute efficiency and the background level which would contribute the highest
absolute number of background events (assuming the parameter values of table 5.1-row 1)
after each cut are also shown.

6.5.2.5 Cut summary

In summary, the test statistic leads to the chain of cuts described above and in table 6.1.
Application of this analysis and the resulting efficiencies and background suppressions are
described in the following section.

6.6 MIND response to the Golden Channel
Using a high statistics dataset of 3 × 106 events each of νµ CC, νµ CC, νe CC, νe CC and
7×106 NC interactions from neutrinos and antineutrinos generated using Nuance and tracked
through the Geant4 representation of MIND the expected efficiency and background suppres-
sion for the reconstruction and analysis of the golden channel appearance for both polarities
of stored muons has been carried out. In addition, an estimate of the likely systematic error
of the analysis has been made.
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Figure 6.18: Background from mis-identification of νµ (νµ) CC interactions as the opposite
polarity. (left) νµ CC reconstructed as νµ CC, (right) νµ CC reconstructed as νµ CC. (top)
As a function of true energy, (bottom) response matrices in the true/reconstructed energy
plane. Box sizes represent relative proportions with numeric values available in appendix B.

6.6.1 Analysis efficiency
The resultant efficiencies for both polarities and the corresponding background levels ex-
pected for the appearance channels are summarised in Figures 6.18 – 6.21. Numeric response
matrices for each of the channels may be found in appendix B.

The background from mis-identification of the beam inherent muon type neutrino was
in the case of the Geant3 study the largest of the main beam inherent backgrounds. As can
be seen in Fig. 6.18 the expected level of background from these processes is significantly
below 10−3 at all energies for the new simulation and re-optimised analysis.

The background from neutral current interactions also lies at or below the 10−4 level
with the high energy region exhibiting a higher level than the low energy region due to the
dominance of DIS interactions in this region making a viable candidate more likely because
of the increased visible energy and particle multiplicity. As expected, the NC background

100



CHAPTER 6. THE GOLDEN CHANNEL OSCILLATION SIGNAL WITH A
MAGNETISED IRON NEUTRINO DETECTOR

 energy (GeV)νRec. 
0 5 10 15 20 25

 e
ne

rg
y 

(G
eV

)
ν

Tr
ue

 

0

5

10

15

20

25

Background response

 energy (GeV)νRec. 
0 5 10 15 20 25

 e
ne

rg
y 

(G
eV

)
ν

Tr
ue

 

0

5

10

15

20

25

Background response

Figure 6.19: Background from mis-identification of NC interactions as νµ (νµ) CC inter-
actions. (left) NC reconstructed as νµ CC, (right) NC reconstructed as νµ CC. (top) As a
function of true energy, (bottom) response matrices in the true/reconstructed energy plane.
Box sizes represent relative proportions with numeric values available in appendix B.

tends to be reconstructed at low energy due to the missing energy.
The background from νe (νe) CC interactions are once again expected to constitute a very

low level addition to the observed signal. This background is particularly well suppressed
due to the thickness of the iron plates and the tendency for the electron shower to overlap
with any hadronic activity.

The efficiency of detection of the two νµ polarities was expected to have a threshold lower
than that seen in the study described in chapter 5 due to the presence of non-DIS interactions
in the data sample. The efficiencies expected for the current analysis are shown in Fig. 6.21.
Fig. 6.22 shows a comparison of the resultant νµ efficiency to that extracted in chapter 5 and
in the studies described in [17, 18, 19], the clear improvement in efficiency with development
of the analysis has been made possible by the use of a more sophisticated approach to the
application of cuts and by the introduction of the full spectrum of interactions. The presence
of quasi-elastic interactions had a large impact on the threshold due to the lower multiplicity
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Figure 6.20: Background from mis-identification of νe (νe) CC interactions as νµ (νµ) CC
interactions. (left) νe CC reconstructed as νµ CC, (right) νe CC reconstructed as νµ CC. (top)
As a function of true energy, (bottom) response matrices in the true/reconstructed energy
plane. Box sizes represent relative proportions with numeric values available in appendix B.
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Figure 6.21: Efficiency of reconstruction of νµ (νµ) CC interactions. (left) νµ CC efficiency,
(right) νµ CC efficiency. (top) As a function of true energy, (bottom) response matrices in
the true/reconstructed energy plane. Box sizes represent relative proportions with numeric
values available in appendix B.
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Figure 6.22: Evolution of the MIND νµ CC detection efficiency. For 2000 analysis see [17],
for 2005 see [18] and for 2007 see [19]

of low energy events of this kind. The thresholds of the newest results at between 2-3 GeV
correspond well with the expected saturation point of sensitivity to the extraction of the
oscillation parameters illustrated in Fig. 3.11.

The difference in efficiency between the two appearance channels is effectively described
by the difference in inelasticity as described in the following section.

6.6.2 Inelasticity and the difference in efficiencies
The inelasticity of neutrino CC interactions are expected to follow an approximately flat
distribution in the Bjorken variable

y =
Eν − El

Eν
, (6.10)

with El the exiting lepton energy, due to neutrinos interacting mainly with quarks in DIS
events. However, antineutrinos interacting with quarks tend to follow a distribution ∝ (1 −
y)2 [24]. As such neutrino interactions tend to involve a greater energy transfer to the target.
As can be seen from Fig. 6.23-top left the efficiencies for the two species as a function of y

after all cuts are the same to within error over the full y range. As such when the distribution
of events with y is considered, the difference in efficiencies when translated into true ν energy
can be explained by the greater abundance of neutrino events at high y. However, since the
cross-section for the interaction of neutrinos is approximately twice that for antineutrinos

104



CHAPTER 6. THE GOLDEN CHANNEL OSCILLATION SIGNAL WITH A
MAGNETISED IRON NEUTRINO DETECTOR

Ey
Entries  1912212
Mean    0.331
RMS    0.2005

y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fr
ac

tio
na

l E
ffi

ci
en

cy

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Ey
Entries  1912212
Mean    0.331
RMS    0.2005Efficiency as function of inelasticity

µν
µν

tracksy
Entries  2678789
Mean   0.2494
RMS    0.2099

y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pr
op

or
tio

n 
of

 e
ve

nt
s

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

tracksy
Entries  2678789
Mean   0.2494
RMS    0.2099

All events inelasticity

 energy (GeV)µνTrue 
0 5 10 15 20 25

y

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

0.0018

0.002

True energy vs bjorkeny

 energy (GeV)µνTrue 
0 5 10 15 20 25

y

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

True energy vs bjorkeny

Figure 6.23: νµ CC and νµ CC signal detection efficiency as a function of y (top left) and
the normalised distribution of all events considered in each polarity as a function of y (top
right). (bottom) Normalised distributions for νµ CC (left) and νµ CC events in the y, true
energy plane.
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it is not expected that this reduced efficiency would affect the fit to the observed spectrum
significantly.

6.6.3 Systematic study
The efficiencies described above will be affected by several systematic effects. There will be
many contributing factors including uncertainty in the determination of the parameters used
to form the cuts in the analysis, error in the determination of the hadronic shower energy
and direction resolution, uncertainty in the relative proportions of the different interaction
types and any assumptions in the representation of the detector and electronics. While exact
determination of the overall systematic error in the efficiencies is complicated, an idea of the
contribution of different factors can be obtained by setting certain variables to the extremes
of their errors.

Since the neutrino energy is reconstructed generally from the sum of the hadron shower
and primary muon energies and this reconstructed quantity is used in the kinematical cuts,
uncertainty in the energy and direction resolution of the detector could contribute signifi-
cantly to the systematic error in the efficiencies. Taking a 6% error as quoted for the energy
scale uncertainty by the MINOS collaboration [77] and varying the constants of the energy
and direction smears by this amount it can be seen (Fig. 6.24) that to this level the hadronic
resolutions have little effect on the true neutrino energy efficiencies. However, the hadronic
direction resolution is likely to have far greater uncertainty and would be very sensitive
to noise in the electronics. Shown additionally in Fig. 6.24 are the efficiencies when the
hadronic energy resolution parameters are 6% larger but with a 50% increase in the angular
resolution parameters. Even at this level the observed difference in efficiency is only at the
level of 1%.

The relative proportions of QE, DIS and other types of interaction in the data sample
could have a significant effect on the signal efficiencies and backgrounds. Fig. 6.25 shows
the change in efficiency if the data sample were purely DIS. Although experimental data is
available confirming the presence of non-DIS interactions in the energy region of interest
there are significant errors in the transition regions (see for example [118, 119]). These
errors lead to an uncertainty in the proportion of the different types of interaction which
can affect the efficiencies. In order to study the systematic error associated with this effect
many runs over the dataset were performed using different random seeds to exclude events
of a particular type from the dataset or alternatively exclude an equivalent proportion of
the ‘rest’. As an illustration of the method consider the contribution from QE interactions.
Taking the binned errors on the cross-section measurements from [118, 119] a run to reduce
the QE content would exclude a proportion of events in a bin so that instead of contributing
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Figure 6.24: Variation of signal efficiency (top) and NC backgrounds (bottom) due to a 6%
variation in the hadron shower energy and direction resolution and a more pessimistic 50%
reduction in angular resolution (focussed on region of greatest variation).
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Figure 6.25: Efficiencies for a pure DIS sample compared to the nominal case. (top) Signal
efficiency, (second line) νµ (νµ) CC background, (third line) NC background and (bottom)
νe (νe) CC background. νµ appearance on the left and νµ appearance on the right.
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a proportion
NQE

Ntot
, (6.11)

where NQE is the total number of QE interactions in the bin of interest and Ntot is the total
number of interactions in the bin, it would instead contribute

NQE − σQENQE

Ntot − σQENQE
, (6.12)

where σQE is the proportional error on the QE cross-section for the bin. The equivalent run
to increase the QE contribution reduces the contribution of the ‘rest’ by an amount calculated
to give the corresponding proportional increase in QE interactions:

NQE + σQENQE

Ntot + σQENQE
=

NQE

Ntot − εNrest
, (6.13)

where Nrest is the total number of non-QE interactions in the bin and ε is the required pro-
portional reduction in the ‘rest’. Solving for ε yields the required reduction as

ε =
σQE

1 + σQE

. (6.14)

Sampling randomly and repeating runs ensures that any observed change in efficency is not
solely due to the particular events excluded. The 1σ systematic error can be estimated as
the mean difference between the nominal efficiency and the increase due to a higher QE
proportion or decrease due to exclusion. Fig. 6.26 shows the errors in the true νµ and νµ

efficiencies extracted using this method to vary the contribution of QE, 1pi and other non-
DIS interactions. Errors for 1pi resonant reactions are estimated at ∼20% below 5 GeV (as
measured by the K2K near detector [120]) and at 30% above. Due to the large uncertainty
both theoretically and experimentally on the models describing other resonances, coherent,
diffractive and elastic processes a very concervative error of 50% is taken when varying the
contribution of the ‘others’. As can be seen the systematic effect is on the level of 1% in
the efficiency threshold region with increased QE and 1pi interactions generally increasing
the efficiency and increased contribution of the ‘other’ interactions having the possibility to
decrease efficiency. This last effect is likely to be predominantly due to resonances producing
multiple tracks. The effect on backgrounds, while expected to be minimal, has not yet been
studied due to the statistical limitations in the data sample making any calculation using this
method unreliable.

6.7 Summary and future work
The efficiency of identification of νµ and νµ CC interactions has been studied along with
the associated beam inherent backgrounds. The efficiencies indicate rich possibilities in the
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Figure 6.26: Calculated error on signal efficiencies on increasing (top) and decreasing (bot-
tom) the proportion of non-DIS interactions in the dataset. (left) Errors on true energy νµ

CC efficiency and (right) errors on true energy νµ CC efficiency
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study of the golden channel at a neutrino factory (which will be discussed in greater detail in
the following chapter) with further improvement possible with the introduction of currently
redundant energy deposit variables mentioned which are discussed in detail in section 6.7.1.

6.7.1 Development of the analysis
A number of additional steps will be required to fully benchmark the performance of MIND.
This section presents some possible improvements to the analysis which have not yet been
fully exploited.

6.7.1.1 Energy deposit likelihood analysis

As mentioned in section 6.5.2.2, the two energy deposit based parameters used by MINOS
were studied but not included in the analysis presented in this chapter. The standard im-
plementation involving the multiplication of samples from the three likelihood distributions
using the functions described in equations 6.15 – 6.18 was implemented as follows with the
specific function used depending on the range which the other parameters fall into. If the
candidate has more than 150 clusters it is considered as signal and is not subject to any like-
lihood function based on these parameters. The function L1 was used in the case where the
candidate has less than 150 clusters but the other two parameters are out of range (that is the
fraction of the total visible energy in the candidate > 0.999 and the mean deposit per plane
in the candidate > 100 MeV). L2 was used when the number of clusters and energy fraction
were in range, L3 when the number of clusters and mean deposit were in range and L4 when
all three parameters were in range. Distributions of these functions for a test statistic are
shown in Fig. 6.27.

L1 = log

(

lCC
hit

lNC
hit

)

(6.15)

L2 = log

(

lCC
hit × lCC

frac

lNC
hit × lNC

frac

)

(6.16)

L3 = log

(

lCC
hit × lCC

mean

lNC
hit × lNC

mean

)

(6.17)

L4 = log

(

lCC
hit × lCC

frac × lCC
mean

lNC
hit × lNC

frac × lNC
mean

)

(6.18)

While the separation of signal and background for all of the discriminators is good, appli-
cation of the analysis was found to result only in improved efficiency at low energies while
not yielding any clear advantage in background suppression. Indeed, for some choices of cut
levels the signal efficiency was worse than that achieved for the single parameter analysis
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Figure 6.27: Log likelihood distributions for the four possible scenarios. (top left) L1, (top
right) L2, (bottom left) L3 and (bottom right) L4
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Figure 6.28: Comparison of signal efficiency (left) and νµ CC background (right) for analysis
with cluster pdf only (black) and using the likelihood parameters of equations 6.15- 6.18.
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Figure 6.29: Two dimensional likelihoods for the fraction of visible energy in the candidate
and its number of clusters for (left) signal and (right) NC interactions.

over most of the energy range and low energy backgrounds were significantly increased (see
Fig. 6.28, for example). The assumptions made in the parameterisation of the scintillator re-
sponse should not degrade the performance of these variables to this extent. However, there
is significant correlation between these parameters (see, for example, Fig. 6.29) which, if ig-
nored, could have a detrimental effect on their performance. Development of a multivariate
analysis or neural net based on these variables (and, indeed, the other cuts used in the anal-
ysis) and taking their correlations into account could be beneficial to the ultimate analysis.
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6.7.1.2 µ momentum measurement by range

Measurement of the muon momentum using the range of the candidate in the detector was
shown to improve resolution, particularly at low momenta, by MINOS [52]. Moreover,
an independent measure of the momentum could aid in the analysis. The cuts currently
implemented via equations 6.7 and 6.8 are highly correlated with the range of the muon and
their power to remove background is likely to be improved with the inclusion of the muon
range measurement.

A full study of the range measurement was out of the scope of this thesis. Application
of a range measurement based on a path integral of the fitted section of a candidate coupled
with a scaling based on the expected range of muons in iron was found to be insufficient.
However, calculation of muon ranges in an appropriate mixture of iron and scintillator and
an improved measurement of the particle range should yield a muon range measurement of
resolution comparable to that presented by MINOS.

6.7.1.3 Hadronic reconstruction

The studies presented use parameterisations based on results presented by Monolith and
MINOS to estimate the quality of reconstruction of the hadronic energy and direction. These
parameters are important both for the reconstruction of neutrino energy and for the formation
of the kinematic cuts. In the ultimate analysis, reconstruction will be performed on an event
by event basis using deposit charge and distribution information from that part of the event
not associated to the candidate muon.

Full implementation of algorithms to perform the hadronic reconstruction was beyond
the scope of this thesis. Initial studies using the recorded charge deposit and a simple scal-
ing yielded a highly non-Gaussian distribution for both key parameters. The assumed view
matching and assumptions in the scintillator response will have contributed to this result,
however, a dedicated study will be required to fully understand the best method with which
to perform the reconstruction. Using these directly observable quantities as well as the mea-
sured quantities of an identified primary muon from the event could be used to form a seed
for a jet fitting algorithm which could reconstruct both the energy and momentum of the
hadronic shower. .

6.7.2 Unaccounted backgrounds
There remain two backgrounds which have not yet been studied which, depending on the
final detector design and location, could contribute significantly. The first is the background
from cosmic rays and cosmic neutrinos. While understanding the timing of the accelerator
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system and directional arguments will enable the rejection of many of these events it is clear
that some level of rock overburden or active vetoing will be required especially when con-
sidering the surface area of a 50-100 ktonne MIND and the NF design requiring a duty cycle
– the proportional time window when beam related interactions are possible – of ∼10%. The
study of this potential background is also important in the selection of any potential detector
site.

Another important study required is the contribution to the reconstructed spectrum from
νe → ντ (νe → ντ ) interactions. This oscillation channel would be expected to produce a
similar absolute flux of ντ (ντ ) to that produced by the golden channel νµ (νµ) oscillation.
While the high interaction threshold for these species means that fewer interactions will
take place in the detector, tau interactions become significant above ∼8 GeV. As such since
the τ produced in CC interactions will decay promptly and has a branching fraction for µ

containing channels of (17.36 ± 0.05)% [25] it is possible that a not insignificant fraction
of these events may survive the analysis. However, understanding of this background, if
treated with care, can contribute information to the fit instead of detracting from it [121].
The distortion caused is highly sensitive to the oscillation parameters as would be expected
of an appearance channel and as such fitting for this distortion could help in the removal of
ambiguities in the determination of θ13 and δCP .

6.8 Conclusions
A new Geant4 simulation of MIND has been developed with enough redundancy to be de-
veloped further as MIND is optimised with the inclusion of all expected effects. Considering
the spectrum of neutrino interactions in the energy region 0-25 GeV produced by the Nu-
ance generator this simulation has been used to study the efficiency of the MIND detector
and the expected sensitivity of a neutrino factory using this detector technology to the mea-
surement of θ13 and δCP . The proportions of quasi-elastic, single pion production and deep
inelastic events obtained from Nuance are consistent with that observed in experiment and a
parameterisation of the total interaction spectrum has been found to have the expected form.

Digitization of the events tracked through the simulation assumes read-out of the scin-
tillator using WLS fibres and electronics with 30% QE and a standard deviation on signal
response of 6%. Both assumptions should be achievable in reality by the time of construc-
tion and could, perhaps, turn out to be conservative if the current trend in electronics cost and
performance continues. These events have been used to study the efficiency and background
suppression of MIND used in a search for wrong sign muons considering a neutrino factory
storing both muon polarities. A reconstruction algorithm re-optimized from that introduced
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in chapter 5 was used in conjunction with a re-optimised analysis using the same method-
ology. Application of these algorithms to data-sets comprising several million νµ (νµ) and
νe (νe) CC and NC events calculated response matrices describing the expected response of
the detector with efficiency plateaus from 5 GeV in true neutrino energy at ∼60% for νµ and
∼80% for νµ and thresholds at ∼2 GeV with all beam inherent backgrounds simultaneously
suppressed to at or below the 10−4 level. The difference in efficiencies for the two polarities
has been studied and found to be predominantly due to the difference in the inelasticity spec-
trum expected for neutrino and anti-neutrino interactions. Systematic errors due to hadronic
energy resolution and relative errors in the different contibuting interaction types indicate a
maximum expected systematic error on the signal efficiency of ∼1%.

While the simulation still contains a number of assumptions concerning the digitization
and the magnetic field, the results obtained in this study are expected to be indicative of the
detection power of MIND for the golden channel.
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Chapter 7

Sensitivity of MIND to the Neutrino
Factory golden channel oscillation

7.1 Introduction
As described in section 3.6 the neutrino factory could be required to simultaneously measure
the third mixing angle θ13 and the CP-violating phase δCP while removing ambiguity caused
by degenerate solutions. An array of phenomenological studies have been performed to
study the extent to which the remaining uncertainties can be understood in certain scenarios
(see [14] for example).

Extracting the oscillation parameters from the observed signal at the far detectors requires
the accurate prediction of the expected flux without oscillation which is used along with the
calculated oscillation probabilities to fit the observed signal for the best value of θ13 and δCP .
Due to the large distance to the far detectors the flux spectra expected from the decay rings
of the neutrino factory are accurately approximated by the flux from a point source of muons
travelling with appropriate Lorentz boost in the direction of the detector. Using this flux or,
alternatively, a projection of the spectra observed in the near detector the number of true
interactions expected in MIND can be calculated for a set of the parameters θ13 and δ. These
spectra can then be multiplied by the response matrices extracted in chapter 6 to calculate
the observed golden channel interaction spectrum expected for some hypothetical values of
the oscillation parameters.

This study will use the response of MIND extracted in chapter 6 and shown numerically
in appendix B in the current standard IDS baseline NF set-up. That is a neutrino factory
storing muons of energy 25 GeV of which 2×1020 of each species decay in the straight
sections pointing towards the far detectors. The two MIND far detectors will constitute
150 ktonnes of mass in total with 100 ktonnes placed at 4000 km from the facility and
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50 ktonnes at 7500 km. The fit results obtained in this standard framework will then be
compared to fits obtained using a near detector spectrum projection.

7.2 The NuTS framework
The Neutrino tool suite (NuTS) was developed for the studies presented in [37, 105, 61]. It
provides a framework for the generation of appropriate fluxes for different neutrino acceler-
ator facilities along with the necessary infrastructure to calculate the true neutrino oscillation
probabilities for all channels. In addition, using the parameterisations of the total interaction
spectra calculated in section 6.2, the expected number of events in a given energy bin can be
calculated. Using this framework and the response matrices extracted for MIND, simulated
data for an experiment can be generated as

Datasim = smear

(

M i
sigN

i,j
sig +

∑

k

M i,k
backN

i,j,k
back

)

, (7.1)

for each polarity and detector baseline of interest, where M i
sig is the response matrix for

MIND for a particular signal channel i (stored µ+ or µ−), N i,j
sig is the 100% efficiency inter-

action spectrum in true ν energy bins for a channel i at a detector baseline j (either 4000 km
or 7500 km), M i,k

back is the response matrix for a background k (mis-identification of CC inter-
actions of other neutrino species or from NC) to the appearance channel i, N i,j,k

back is the 100%
expectation spectrum for a background k to an appearance signal i at a detector baseline j

and these expected values are used to calculate an observed number of interactions following
a Poisson distribution.

7.3 Fitting for θ13 and δCP simultaneously
Due to the correlation between the two remaining unmeasured parameters of the mixing
matrix it is possible that a simultaneous fit will be necessary. Defining a grid of θ13 and δCP

values the χ2 of a fit to Datasim can be calculated using the function

χ2 =
∑

j

{2 ×
Eµ
∑

e

(AjxjN
e
+,j(θ13, δCP ) − ne

+,j + ne
+,j log

(

ne
+,j

AjxjNe
+,j(θ13,δCP )

)

+AjN
e
−,j(θ13, δCP ) − ne

−,j + ne
−,j log

(

ne
−,j

AjNe
−,j (θ13,δCP )

)

)

+
(Aj − 1)2

σA
+

(xj − 1)2

σx
} [61], (7.2)

where ne
i,j is the simulated data (datasim) for an energy bin e, N e

i,j(θ13, δCP ) is the pre-
dicted spectrum for the values of θ13 and δCP represented by the grid point (calculated as in
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Figure 7.1: Examples of fits to simulated data for the standard IDS neutrino factory with
normal mass hierarchy (left) and with a fit using the incorrect mass hierarchy (right).

equation 7.1 but without a smear), j represents the baseline as in equation 7.1 and the uncer-
tainty in the expected number of interactions and expected difference in interactions between
neutrinos and antineutrinos are represented by the additional free parameters Aj and xj re-
spectively and their corresponding errors which are set to σA = 0.05 and σx = 0.01, which
is equivalent to assuming a 5% error on the fiducial masses of the detectors and 1% error
on the ratio of neutrino to antineutrino cross-sections which is the level to which the near
detector would seek to measure the interaction cross-sections. The minimisation of the pa-
rameters A and x is performed analytically for each predicted dataset to leading order. The
contours at χ2

min + 9 represent approximately the 3σ level of understanding. In such a fit,
the measured oscillation parameters are considered fixed. While there would be some sys-
tematic error associated with uncertainty in these parameters, systematics from the fiducial
masses and cross-section uncertainties are expected to dominate. Some examples for such
fits are shown in Fig. 7.1. Superimposed in Fig. 7.1-right are the solutions found when the
data is fitted with the incorrect mass hierarchy assumed. As can be seen the determination
of δCP becomes more difficult at lower θ13 and the correlation between the two parameters
becomes more apparent in the shape of the contours. Without the magic baseline this corre-
lation would be even more evident since the correlation breaking allowed by the cancellation
of the interference term would not be present. Although in Fig. 7.1-right the contours for
those fits assuming the wrong mass hierarchy seem equivalent or even smaller than those for
the correct hierarchy when one considers the fit χ2 it becomes clear that the correct mass
hierarchy fits the data far better.

One of the most important outcomes of phenomenological studies of future facilities is
the definition of the sensitivity a particular set-up would have to the measurement of key
variables and the exclusion of degeneracies. Generally such sensitivity is defined as the
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Figure 7.2: Sensitivity to θ13 for true normal hierarchy (left) and true inverted hierarchy
(right).

ability of a set-up to discern the true solution from a zero hypothesis to a certain level.

7.4 Sensitivity to θ13

A set-up is deemed sensitive to the measurement of θ13 at the nσ level for a set of true values
(θ̂13, δ̂CP ) if the minimum of equation 7.2 for a fit to data generated for these true values is
distinguishable from the value of equation 7.2 obtained on fitting the data with θ13 = 0 to
that level, that is:

χ2(θ13 = 0) − χ2
min > n2. (7.3)

Once again forming a grid on the (θ13, δCP ) plane and performing a fit to every grid point
as an ‘experiment’ the contour satisfying the condition described in equation 7.3 defines
the limit of sensitivity to θ13 of the set-up. For the purpose of these studies the ‘data’ is
not smeared so that the contour strictly defines the transition between regions where the zero
hypothesis could be excluded at nσ in less or more than 50% of any hypothetical experiments
and is equivalent to the sensitivity defined in the studies mentioned above. Fig. 7.2 shows
the sensitivities obtained for the standard neutrino factory set-up using the response matrices
extracted in section 6.6.1. As can be seen 3σ sensitivity is expected for all values of δCP from
θ13 ' 0.25◦ (equivalent to sin2 2θ13 ' 7.6 × 10−5). The exact positions in δCP of maximum
and minimum sensitivity coverage depends on the true mass hierarchy and the minimum is
shifted from δCP = 0 due to the large matter effects present for the two detector baselines
chosen for the study. The expected sensitivity compares favourably with the results of the
ISS [14] where similar coverage was achieved.
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Figure 7.3: Sensitivity to δCP for true normal hierarchy (left) and true inverted hierarchy
(right).

7.5 Sensitivity to δCP

Sensitivity to the measurement of δCP is defined similarly as when the minimum χ2 can
be distinguished from the minimum obtained by fitting with CP conserving cases to the
appropriate level, that is

min(χ2(δCP = 0), χ2(δCP = 180), χ2(δCP = −180)) − χ2
min > n2. (7.4)

The contours of such sensitivity for the standard neutrino factory are shown in Fig. 7.3. The
CP sensitivity reach at 3σ extends below 0.2◦ for maximal violation. Maximum coverage is
reached by θ13 ∼ 1◦ for both positive and negative δCP in the case of the inverted hierarchy
and at slightly higher values for the normal hierarchy. The extended coverage seen when
considering the inverted hierarchy is likely due to the increased antineutrino signal available
in this scenario. Again the results compare favourably to those of the ISS particularly when
one considers the drop in coverage observed for sin2 2θ13 > 10−2 (θ13 & 2.85◦) which is not
seen in these results.

7.6 Sensitivity to the mass hierarchy
Distinguishing between the two possible mass hierarchies is not only important in the re-
moval of degenerate solutions for θ13 and δCP but at a more fundamental level in the under-
standing of the neutrino mass sector as described in section 1.3. The sensitivity to the true
mass hierarchy is defined here as when the true sign of ∆m2

13 can be distinguished from the
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Figure 7.4: Sensitivity to the true mass hierarchy for true normal hierarchy (left) and true
inverted hierarchy (right).

opposite sign to the appropriate level, that is

χ2
min(−∆m2

13) − χ2
min(∆m2

13) > n2. (7.5)

Contours of this condition for the standard neutrino factory are shown in Fig. 7.4.
Sensitivity to the mass hierarchy covers, as expected for this scenario where the magic

baseline is combined with an intermediate baseline, the whole region where there is sen-
sitivity to θ13. There is no detrimental effect observed due to the difference in efficiencies
between the two channels which has not been included in an analysis of the neutrino factory
before.

7.7 Influence of near detector data
Any neutrino near detector facility will have many possible functions, as described in sec-
tion 4.2. Among these will be the measurement of the absolute flux in the direction of the
far detectors. There is the possibility that this measurement could be used, in addition to
the determination of the absolute normalisation, to project a non-oscillation flux prediction
to the far detector site to be used in the determination of the oscillation parameters. This
would require the reconstruction of the whole flux spectrum at the near detector so that the
projection could be carried out reliably. Descibed here are the initial studies into the power
of a technique for the projection of the near detector flux spectrum as a means of extracting
oscillation parameters.
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7.7.1 Flux measurement
Comparison of neutrino flux at the near and far sites is problematic for various reasons.
However small, a detector within ∼1 km of the beam pipe subtends a far greater beam solid
angle than a large scale detector positioned thousands of kilometres from the source and the
solid angle subtended by the near detector as seen from different parts of the decay pipe
varies considerably. Considering a 1 m radius near detector placed 100 m from the end of a
600 m long straight decay length and the the 14×14 m2 cross section MIND at 4000 km from
the same decay pipe it can be seen that the solid angle of the near detector as seen from the
two ends of the decay pipe ranges from 6.41×10−6−3.14×10−4 sr, a range of two orders of
magnitude, whereas for the far detector the solid angle ranges between 1.22−1.23×10−11 sr,
up to 7 orders of magnitude smaller and varying by only 1% of the larger value. As can be
seen in Fig. 7.5, this results in a differing energy spectrum for near detector distances up
to a distance of ∼1 km. Due to the steep angle of the beam direction, positioning the ND
facility at 1 km would be restrictively expensive as well as problematic from an engineering
standpoint. As such, one of the main focuses of this study must be to determine whether it is
still possible to extract a prediction for the FD flux, even if the ND flux differs considerably
from the FD spectrum, when the ND is positioned close to the end of the decay straight.

Direct comparison of expected fluxes at the two sites allows for a clear determination of
the expected reduction in certain energy bins. This technique would require any ND to have
excellent energy resolution to reduce the errors in the determination of the ND flux before
projection. However, the proximity of the detector to the beam source means that a large
mass is not a requirement from a statistical point of view (see interaction rates calculated in
chapter 4) and hence a high resolution detector constructed of multiple subdetectors could
be built with designs based on upgrades to the NOMAD [83] or Minerva [122] detectors
as possible candidates. The studies described below focus on the determination of oscil-
lation parameters via the neutrino factory golden channel using a matrix representation of
all aspects of the set-up and is inspired by the technique utilised by the MINOS collabora-
tion [123].

7.8 Flux projection for non-oscillation prediction
The technique essentially involves three matrices describing the set-up: near detector re-
sponse, flux projection and far detector response; in adddition to cross-section matrices for
the relevant processes and a parameterisation of the oscillation probability which is ulti-
mately used in the determination of the sensitivity to oscillation parameters. Through purely
mathematical arguments one can prove that the oscillation probability is related to the two
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Figure 7.5: Difference in expected fluxes at near and far sites: (top) νe flux through a 1 m
radius detector 100 m and 1 km from a 600 m decay straight (left) and at a 7 m radius
detector 4000 km from the Neutrino factory; (bottom) νµ flux for the same detectors (using
unpolarised muon expectation).
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observed signals via the relationship

Posc = M−1
FDMdatMNDM−1

nOsc, (7.6)

where MFD and MND are matrices representing the combination of cross-section and re-
sponse for νµ (νµ) at the far detector and νe (νe) at the near detector respectively, MnOsc

relates the expected FD νe (νe) flux without oscillations to the expected νe (νe) flux at the
near detector and Mdat is the ratio of the observed νµ (νµ) interaction spectrum at the far
detector to the observed νe (νe) interaction spectrum at the near detector. The extracted
function would then be fit to the oscillation probability formulae to find the best fit values of
the θ13 and δCP . This technique formed the basis of the first basic study of the matrix method
which was presented in [124].

There are, however, a number of problems with this direct method. The finite resolutions
of both detectors would mean the direct ratio of observed signals could not be used without
some correction but, more importantly, fitting such a complex function as the oscillation for-
mula, particularly in the low energy region, can be problematic. Inversion of the response of
a detector, particularly a course grained calorimeter like the far detector can lead to statisti-
cal instabilities or bias in the prediction of the true energy interactions (see [125] for a more
detailed discussion of this inverse problem). For these reasons the next step in the study
involved a re-definition of the fitted quantity.

In analogy to the technique used in section 7.1 the updated method attempts to fit the
observed far detector spectrum directly by using the projection of the observed near detector
spectrum. That is, the predicted spectrum for a given grid point on the (θ13,δCP ) plane is
calculated as:

NFD = MFDPosc(θ13, δCP )MnOscM
−1
NDNND, (7.7)

where NFD and NND are the observed far and near detector spectra respectively with other
symbols defined as in equation 7.6. In this way only the higher resolution near detector re-
sponse need be inverted. The prediction here would, however, use binned data as opposed to
using the integration of the flux calculations and as such the binning used at the near detec-
tor would have to be optimised for the projection. Calculation of the expected appearance
spectrum from the no-oscillation flux spectrum is aided by fine binning, however, statistical
significance and detector resolution limit how fine the binning can be in reality. An initial
study using the golden channel oscillation without backgrounds was performed and pre-
sented in [126] using a near detector with νe (νe) detection threshold of 5 GeV and energy
resolution of 35%/

√
E.

In order to predict the interaction spectra at the far detector the near detector would be
required to measure both the νµ (νµ) and νe (νe) interaction spectra. The only background
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to the νµ (νµ) measurement is likely to be from neutral current interactions. Using a com-
bination of missing pT and vertexing resolution, both of which should be possible to high
resolution at a near detector, this could be suppressed to at least the level in the far de-
tector. The νe (νe) measurement would require a more sophisticated analysis to achieve a
pure sample. Both channels could benefit from the study of low background processes such
as electron scattering but these processes are limited by statistics and take place often in re-
stricted energy ranges and as such could not be used alone to perform this analysis. Any final
analysis is likely to utilise a combination of channels and analyses to maximise statistics and
purity.

Projection of the predicted flux is carried out using scaling matrices calculated using a
comparison of the true fluxes at the near and far sites. The ultimate analysis would benefit
from the use of a Monte Carlo study to either quantify the additional neutrinos expected in the
beam from neutral current interactions and the corrections required to take into account the
near detector resolution or to construct a probability matrix relating directly ND interactions
to FD no oscillation interactions which is the method favoured in the MINOS analysis [123].
However, a simple scaling argument allows for the understanding of the ND effects and can
be directly compared to existing studies which do not yet take into account the effect of
additional neutrinos scattered into the beam by interactions.

7.9 Comparison of near detector projection to standard fit
method

An initial study of the power of this technique has been carried out assuming a 100 kg
cylindrical detector of 1 m radius placed 100 m from the end of a 600 m straight decay
section. The flux expected at the near detector site is predicted by randomly generating muon
decays along a straight line with an appropriate beam divergence and calculating the expected
spectrum from the detector acceptance as calculated for each decay position. The detector
is modelled using a conservative estimate of the νe (νe) energy resolution of 35%/

√
E(GeV)

with efficiency of 70% above 4 GeV with a straight line rise from 0% at 0 GeV. νµ (νµ)

resolution is set at 20%/
√

E(GeV) with efficiency of 80% for νµ and 60% for νµ above
4 GeV (similar to the FD). A full detector simulation is not yet available to test the validity
of these assumptions and to estimate the background levels, as such the current basic study
assumes the two signals are separated without background.

A smear is performed on the calculated interactions at the near detector and the flux and
correlation matrices for each channel and far detector are then projected to the appropriate far
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Figure 7.6: Comparison of predicted to true flux through the ND for stored µ+ (left) and
stored µ−(right). (top) Actual spectra and (bottom) fractional residuals.

detector in bins of 0.5 GeV width. The total integrated interaction spectra expected at a near
detector over a data taking run of 5 years allows the flux through the detector to be predicted
to a high level of accuracy using the inversion of the response matrices (see Fig. 7.6). Only
slight oscillation of the predicted values is visible at higher energies. However, the quality of
the prediction is likely to be worse were the technique to be utilised for a limited data-set or
the efficiencies or energy resolutions reduced. In the future a more sophisticated unfolding
will be developed. The far detector spectra are calculated as in section 7.1 with the non-
oscillation predictions from the near detector then being used to perform a fit to this data
using the function:

χ2 =
∑

i

∑

j

(Ni,j − ni,j)V
−1
i,j (Ni,j − ni,j)

T (7.8)

where i is the detector baseline, j the polarity, N the predicted spectrum, n the data spectrum
and V the correlation matrix composed of the projected matrix of the prediction and the
expected errors on the far detector measurement. Fig. 7.7 shows the results of fits to a range
of θ13 and δCP values using this technique compared to the same fits performed as described
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in section 7.3. As can be seen the resolution of θ13 is as good or better using the projection
technique. Resolution of δCP is generally better for large θ13 but reduces to a similar level
for θ13 ≤ 1◦. This tendency is illustrated in Fig. 7.8 for a set of true values of θ13 = 1◦ and
δCP = 45◦ where the minimum χ2 is projected onto each axis in turn. At the 1σ level the
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Figure 7.8: Projection of the minimum χ2 onto (left) the θ13 axis and (right) the δCP axis.

fit to θ13 is very similar for both methods, however, the projection is already better at the
3σ level. The projection onto the δCP axis for both methods is very similar, although for
this example case the true value is a better fit in the case of the projection method. Fig. 7.9
shows the trend for the measurement of the oscillation parameters for both the standard and
projection method with 1σ errors garnered from the projection of the minumim χ2 onto the
appropriate axis. In both cases θ13 is determined very precisely with the true value being the
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Figure 7.9: Quality of fit to θ13 (left) and δCP (right) for a range of values. Using the
projection method (top) and the standard method (bottom).

best fit value in most cases. Determination of δCP is not as precise with the precision of the
projection method tending to be somewhat better. Considering the deviation of the the best
fit delta value from the true value it can be seen that the mean difference for the standard
method is ∼ 0.9σ whereas for the projection method it is ∼ 0.6σ.

7.10 Conclusions
The response of MIND and a parameterisation of the total neutrino and antineutrino cross-
sections calculated from the output of the Nuance generator were used to study the sensitivity
of the IDS-NF baseline neutrino factory to the measurement of key parameters of the PMNS
matrix. The results obtained indicate that such an experiment would remain sensitive to the
measurement of θ13, δCP and the true mass hierarchy down to θ13 values of ∼ 0.1◦.

Additionally, a basic method for the projection of the observed near detector spectrum
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at a neutrino factory to the far detector sites has been developed. Under the assumption of
pure near detector signals it has been shown that this projection can be used to predict the
far detector spectrum in the absence of oscillations accurately. While in its current form this
method has no clear advantage over the standard theoretical calculation method, with proper
development and the use of a high resolution near detector with a sophisticated analysis it has
the potential to improve the precision with which the oscillation parameters can be measured.

Either analysis method would allow for the neutrino factory to have the furthest reach in
the determination of the remaining parameters of the PMNS matrix.
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Chapter 8

Conclusions

Neutrino oscillations are now a well established physical phenomenon. As was introduced
in chapter 1 the standard mechanism describing the translation from one weak eigenstate
to another is well understood and the implication that neutrinos cannot be massless in this
paradigm has also been studied extensively. The experiments described in chapter 2 have
made measurements of a large part of the parameter space and already give an indication
of possible models capable of describing the neutrino and wider lepton sector. However, in
order to understand neutrino oscillations fully a new set of experiments are required using
high intensity, well unterstood neutrino sources to study the full parameter space to a high
level of precision. The Neutrino Factory facility which was described in detail in chapter 3
and whose detectors form the main focus of this thesis is one such facility which could
perform these measurements over a large range of possible values of the smallest mixing
angle, θ13.

In chapter 4 Active Pixel Sensors were discussed as a possible technology to perform
vertex measurements at a detector placed within 1 km of the neutrino factory source. This
technology was found to be sensitive to MIP energy particles and to have stable gain and
linear response to illumination. The possibility of integration of pre-amplification and dig-
ital convertion into individual pixels single out this technology for development as possible
tracking and vertexing detectors for future e+e− colliders as well as neutrino factory near
detector components.

In chapters 5 and 6 the development of a simulation, digitization, reconstruction and
analysis framework for the study and optimisation of the Magnetised Iron Neutrino Detector
as a far detector technology was discussed. This detector technology is ideal for the detec-
tion of νµ (νµ) appearance neutrinos indicative of the golden channel oscillation due to the
easy scalability to high mass and ease of magnetisation afforded by the iron. Reconstruction
algorithms were developed and applied first to the Geant3 simulation which had been used in
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the initial studies of this detector technology in the neutrino factory context. Pattern recog-
nition of νµ deep inelastic scattering events tracked through the simulation was performed
for the first time. These algorithms were developed along with an analysis based on track
fitting quality and likelihood assessment using the geometric and energy deposit information
available for the track. Application of this analysis along with cuts based on the kinematic
reconstruction of the neutrino energy allowed for a validation of the conclusions of an earlier
fast simulation and analysis.

Introduction of a full interaction spectrum data-set through the use of the Nuance inter-
action generator allowed study of the effect on the efficiency of low energy interactions like
quasi-elastics and resonances. A new simulation of MIND with cuts and data persistency
optimised for the study of the golden channel was used to study these interactions using a
data-set of several million νe and νµ CC and NC interactions of both polarities. Using a
parameterised digitization of the detector scintillators and electronics the reconstruction and
analysis algorithms were re-optimised to yield the current state of the art signal efficiency,
with an energy threshold at between 2-3 GeV and efficiency plateaus at 70% and 60% for
νµ and νµ appearance respectively, and background suppression, at or below 10−4 for all
channels, for the study of the golden channel with MIND. The level of suppression achiev-
able indicates the possibility to study the remaining parameters of the PMNS matrix down
to small values of θ13.

In the final chapter, the calculated response of MIND was used in the framework of the
IDS-NF baseline neutrino factory design to study the sensitivity of such an experiment to the
measurement of the key neutrino oscillation parameters, θ13, δCP and sign(∆m2

23). Under
the assumption that measurement of the absolute flux at the near detector can be performed
to an accuracy of 5% and that this measurement coupled with the theoretical calculation of
the neutrino spectrum from muon decay could predict the zero oscillation flux the sensitivity
to these parameters was quantified across the whole parameter space. The experiments were
found to have sensitivity to the measurement of θ13 down to values ∼ 0.25◦, sensitivity to
maximal CP-violation down to θ13 ∼ 1◦ and sensitivity to the determination of the true mass
hierarchy for whenever there is sensitivity to θ13. Using a basic method for estimation of
the far detector zero oscillation flux from a near detector spectral measurement the accuracy
with which θ13 and δCP can be measured has been studied. Results obtained show that the
neutrino factory remains the facility with the greatest reach for the measurement of these
parameters and that with proper development the projection technique has the potential to
increase the level of accuracy with which these parameters can be measured.
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Appendix A

Response Matrices for chapter 5 analysis

This appendix presents numerically the response matrices of MIND extracted for signal and
backgrounds int chapter 5.

Signal Efficiency

0-2.5 2.5-3.5 3.5-4.5 4.5-5.5 5.5-6.5 6.5-7.5 7.5-10 10-15 15-20 20-25 25-30

0-2.5 0 0 0 0 0 0 0 0 0 0 0

2.5-3.5 1.78 1.26 0.01 0 0 0 0 0 0 0 0

3.5-4.5 0.49 5.94 6.54 0.20 0.04 0 0 0 0 0 0

4.5-5.5 0.08 1.71 20.24 16.07 0.68 0.03 0.01 0 0 0 0

5.5-6.5 0.04 0.39 6.04 28.25 20.72 1.59 0.07 0 0 0 0

6.5-7.5 0 0.12 1.18 7.26 31.82 20.23 1.21 0.01 0 0 0

7.5-10 0 0.09 0.70 2.31 11.22 40.36 38.50 1.38 0.01 0.01 0.01

10-15 0 0.06 0.30 0.67 1.18 2.29 26.76 47.64 2.15 0.075 0.032

15-20 0 0 0.14 0.32 0.24 0.35 0.58 19.15 40.25 2.68 0.26

20-25 0 0 0.10 0.07 0.14 0.25 0.17 0.66 24.72 33.40 2.87

25-30 0 0 0 0.12 0.07 0.06 0.12 0.15 1.77 28.15 27.86

overflow 0 0.01 0.04 0.09 0.33 0.40 0.44 0.43 0.62 4.90 37.72

Table A.1: Signal Efficiency response matrix; All values ×10−2
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νµ CC background

0-2.5 2.5-3.5 3.5-4.5 4.5-5.5 5.5-6.5 6.5-7.5 7.5-10 10-15 15-20 20-25 25-30

0-2.5 0 0 0 0 0 0 0 0 0 0 0

2.5-3.5 0 0 0.14 0 0 0 0 0 0 0 0

3.5-4.5 0 0 0.29 0 0 0 0 0 0 0 0

4.5-5.5 0 0 0.43 0.29 0.14 0 0 0 0 0 0

5.5-6.5 0 0 0.14 0.15 0.14 0 0 0 0 0 0

6.5-7.5 0 0 0 0.15 0 0.29 0.06 0 0 0.03 0

7.5-10 0 0 0.14 0.15 0.72 0 0.29 0.03 0.03 0 0

10-15 0 0 0 0.29 0.29 0.15 0.29 0.29 0.03 0.03 0.03

15-20 0 0 0 0.15 0 0 0 0.26 0.20 0.09 0.03

20-25 0 0 0 0 0 0 0.06 0.06 0.03 0.09 0.06

25-30 0 0 0 0 0 0 0 0 0.03 0.06 0.09

overflow 0 0 0 0.15 0 0 0 0.06 0.03 0.14 0.17

Table A.2: νµ CC background response matrix; All values ×10−3

NC background

0-2.5 2.5-3.5 3.5-4.5 4.5-5.5 5.5-6.5 6.5-7.5 7.5-10 10-15 15-20 20-25 25-30

0-2.5 0 0 0 0 0 0 0 0 0 0 0

2.5-3.5 0 0.01 0 0.01 0 0 0 0 0 0 0

3.5-4.5 0 0 0.02 0.01 0.02 0 0 0 0 0 0

4.5-5.5 0.03 0.05 0.02 0.02 0.01 0.01 0 0.01 0.01 0.01 0

5.5-6.5 0 0 0.02 0.02 0.01 0.04 0.01 0.01 0.01 0 0.01

6.5-7.5 0 0.01 0 0 0.02 0 0 0.01 0 0.01 0

7.5-10 0 0.01 0.01 0.01 0 0 0 0.01 0 0 0

10-15 0 0 0 0 0 0 0 0 0.01 0.01 0

15-20 0 0 0 0 0.01 0 0 0 0 0 0

20-25 0 0 0 0 0 0 0 0 0 0 0

25-30 0 0 0 0 0 0 0 0 0 0 0

overflow 0 0 0 0 0 0 0 0 0 0 0

Table A.3: Neutral current background response matrix; All values ×10−3
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νe CC background

0-2.5 2.5-3.5 3.5-4.5 4.5-5.5 5.5-6.5 6.5-7.5 7.5-10 10-15 15-20 20-25 25-30

0-2.5 0 0 0 0 0 0 0 0 0 0 0

2.5-3.5 0 0 0 0 0 0 0 0 0 0 0

3.5-4.5 0 0 0 0 0 0 0 0 0 0 0

4.5-5.5 0 0 0 0.03 0 0 0 0 0 0 0

5.5-6.5 0 0 0.03 0 0 0 0 0 0 0 0

6.5-7.5 0 0 0.06 0 0 0 0 0 0 0 0

7.5-10 0 0 0 0 0 0 0 0.01 0 0 0

10-15 0 0 0 0 0 0 0 0 0 0 0

15-20 0 0 0 0 0 0 0 0 0.01 0 0

20-25 0 0 0 0 0 0 0 0 0 0 0

25-30 0 0 0 0 0 0 0 0 0 0.01 0.01

overflow 0 0 0 0 0 0 0 0 0 0 0

Table A.4: νe CC background response matrix; All values ×10−3
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Response Matrices for chapter 6 analysis

This appendix presents numerically the response matrices of MIND extracted for all signal
and backgrounds for the golden channel oscillation search in chapter 6.

νµ appearance
Signal Efficiency

0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-8.0 8.0-10.0 10.0-12.5 12.5-15.0 15.0-20.0 20.0-25.0

0-2.0 211.8 331.0 48.55 13.92 5.73 2.371 0.790 0.377 0.142 0.076 0.039

2.0-3.0 154.4 1379 522.0 118.0 42.03 15.18 4.903 1.916 1.049 0.572 0.156

3.0-4.0 45.17 906.6 1408 554.5 145.6 41.82 13.36 4.334 2.211 0.934 0.429

4.0-5.0 17.93 422.1 1377 1352 544.5 105.4 26.26 8.951 3.288 1.449 0.722

5.0-6.0 7.509 155.6 744.7 1476 1233 318.5 49.26 14.82 4.535 2.307 0.761

6.0-8.0 2.017 70.17 421.2 1469 2729 2010 447.4 71.04 18.31 7.302 3.025

8.0-10.0 0.112 7.406 46.89 230.1 850.6 2371 1823 380.8 56.63 13.65 5.212

10.05-12.5 0 2.134 12.61 37.15 134.9 963.9 2756 2011 416.5 48.96 11.50

12.5-15.0 0 0.126 2.739 11.20 27.05 127.4 886.8 2519 1788 242.5 22.84

15.0-20.0 0 0.126 0.498 2.346 7.930 36.72 173.2 1207 3621 2840 340.5

20.0-25.0 0 0 0.083 0.076 0.088 1.186 11.52 61.27 380.2 2665 2562

overflow 0 0 0 0 0 0.514 0.757 5.685 31.86 477.2 3338

Table B.1: νµ appearance detection efficiency. All values ×10−4
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νµ CC background

0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-8.0 8.0-10.0 10.0-12.5 12.5-15.0 15.0-20.0 20.0-25.0

0-2.0 0 0 0.096 0 0 0.041 0 0 0 0 0

2.0-3.0 0.346 0.546 0 0.083 0 0 0 0 0 0.039 0.020

3.0-4.0 0.173 0.273 0.096 0 0 0.084 0 0.065 0.029 0.077 0.020

4.0-5.0 0.173 0.546 0.192 0.166 0 0.042 0.068 0.065 0 0 0.020

5.0-6.0 0 0.273 0.384 0.083 0.187 0.042 0.034 0 0.029 0.039 0.039

6.0-8.0 0 0.273 0.288 0.249 0.468 0.209 0.068 0.097 0.115 0.096 0.039

8.0-10.0 0 0 0.096 0 0 0.084 0.137 0.129 0.086 0.116 0.020

10.0-12.5 0 0 0 0 0.094 0.042 0.205 0.032 0.086 0.019 0.138

12.5-15.0 0 0 0 0.083 0.094 0 0.102 0 0.058 0.058 0.079

15.0-20.0 0 0 0 0 0 0.084 0.068 0.065 0.029 0.116 0.079

20.0-25.0 0 0 0 0 0 0.042 0 0.032 0.086 0.058 0.059

overflow 0 0 0 0 0 0 0 0 0 0.019 0.098

Table B.2: νµ CC background. All values ×10−4.

νe CC background

0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-8.0 8.0-10.0 10.0-12.5 12.5-15.0 15.0-20.0 20.0-25.0

0-2.0 0 0 0 0 0 0 0 0 0.020 0.013 0

2.0-3.0 0 0 0 0 0 0 0.023 0.045 0.040 0 0

3.0-4.0 0 0 0 0 0 0 0 0 0 0.013 0.055

4.0-5.0 0 0 0 0 0 0.028 0 0 0 0 0.014

5.0-6.0 0 0 0 0 0 0 0 0 0 0 0.014

6.0-8.0 0 0 0 0 0 0 0 0 0.020 0 0

8.0-10.0 0 0 0 0 0 0 0 0 0 0 0

10.0-12.5 0 0 0 0.054 0 0 0 0 0 0 0

12.5-15.0 0 0 0 0 0 0 0 0 0 0 0

15.0-20.0 0 0 0 0 0 0 0 0.022 0.020 0 0

20.0-25.0 0 0 0 0 0 0 0 0 0 0 0

overflow 0 0 0 0 0 0 0 0 0 0 0

Table B.3: νe CC background. All values ×10−4.
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NC background

0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-8.0 8.0-10.0 10.0-12.5 12.5-15.0 15.0-20.0 20.0-25.0

0-2.0 0 0 0 0 0.035 0 0.026 0.050 0.022 0.015 0

2.0-3.0 0 0 0.034 0.061 0.070 0.016 0.052 0.050 0.034 0.030 0.039

3.0-4.0 0 0 0 0.061 0.070 0 0.052 0.076 0.056 0.068 0.055

4.0-5.0 0 0 0.034 0.030 0.106 0.157 0.210 0.088 0.146 0.106 0.086

5.0-6.0 0 0 0 0.030 0.035 0.031 0.026 0.076 0.067 0.030 0.023

6.0-8.0 0 0 0 0 0 0.094 0.105 0.113 0.067 0.046 0.047

8.0-10.0 0 0 0 0 0.035 0.047 0.026 0.088 0.011 0.015 0.023

10.0-12.5 0 0 0 0 0 0 0.013 0.025 0.034 0.046 0.055

12.5-15.0 0 0 0 0 0 0 0 0 0.034 0.015 0.008

15.0-20.0 0 0 0 0 0 0 0 0.013 0.011 0.030 0.016

20.0-25.0 0 0 0 0 0 0 0 0 0 0 0.008

overflow 0 0 0 0 0 0 0 0 0 0 0

Table B.4: NC background. All values ×10−4.
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νµ appearance
Signal Efficiency

0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-8.0 8.0-10.0 10.0-12.5 12.5-15.0 15.0-20.0 20.0-25.0

0-2.0 169.5 228.4 47.07 9.966 3.558 1.170 0.648 0.485 0.173 0.077 0

2.0-3.0 378.0 1007 392.8 103.1 24.72 7.939 2.594 1.260 0.490 0.270 0.157

3.0-4.0 310.3 1762 1234 435.1 115.1 22.06 4.983 2.197 0.951 0.481 0.216

4.0-5.0 97.66 1271 2188 1306 448.7 79.27 12.66 3.521 1.729 0.828 0.452

5.0-6.0 24.41 419.5 1627 2009 1188 258.6 30.55 8.561 2.825 1.367 0.748

6.0-8.0 6.926 146.9 895.2 2620 3790 2173 386.3 51.72 12.80 4.622 2.715

8.0-10.0 0.346 12.01 87.04 400.3 1451 3242 2012 354.2 48.22 12.81 5.371

10.0-12.5 0.173 3.274 25.27 70.34 224.4 1460 3617 2256 393.9 49.64 15.19

12.5-15.0 0 0.136 5.283 26.99 55.52 199.2 1243 3171 1971 249.2 29.33

15.0-20.0 0 0.136 0.384 2.907 14.79 68.24 273.2 1634 4485 3151 357.7

20.0-25.0 0 0 0 0 0.281 1.713 19.83 95.11 528.3 3212 2766

overflow 0 0 0 0 0 0.209 1.058 7.980 44.73 631.9 3982

Table B.5: νµ appearance detection efficiency. All values ×10−4

νµ CC background

0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-8.0 8.0-10.0 10.0-12.5 12.5-15.0 15.0-20.0 20.0-25.0

0-2.0 0 0.251 0 0 0 0 0 0 0 0 0

2.0-3.0 0.112 0.251 0 0 0 0 0 0 0 0 0.039

3.0-4.0 0.224 0.126 0 0.076 0 0 0 0 0 0 0.020

4.0-5.0 0 0.628 0.249 0.076 0.176 0.079 0 0 0 0 0

5.0-6.0 0 0 0.166 0.378 0.088 0.040 0.033 0 0.028 0 0

6.0-8.0 0 0.251 0.249 0.605 0.529 0.119 0.329 0.126 0.057 0.095 0.098

8.0-10.0 0 0.126 0 0.151 0.176 0.316 0.099 0.063 0.028 0.057 0.078

10.0-12.5 0 0 0 0.076 0.088 0.277 0.066 0.063 0.142 0.076 0.098

12.5-15.0 0 0 0 0 0.088 0.119 0.197 0.126 0.113 0.057 0.098

15.0-20.0 0 0 0 0 0 0 0.033 0.063 0.085 0.038 0.078

20.0-25.0 0 0 0 0 0 0 0 0.031 0.028 0.057 0.059

overflow 0 0 0 0 0 0 0 0 0.057 0.038 0.078

Table B.6: νµ CC background. All values ×10−4.
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νe CC background

0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-8.0 8.0-10.0 10.0-12.5 12.5-15.0 15.0-20.0 20.0-25.0

0-2.0 0 0 0 0 0 0 0.030 0 0 0.017 0.018

2.0-3.0 0 0 0 0 0 0.037 0 0.029 0 0 0.053

3.0-4.0 0 0 0 0 0 0 0 0 0 0 0

4.0-5.0 0 0 0 0 0 0 0 0 0 0.035 0

5.0-6.0 0 0 0 0 0 0 0 0 0.026 0 0.018

6.0-8.0 0 0 0 0 0 0 0 0 0 0 0

8.0-10.0 0 0 0 0 0 0 0 0 0 0.017 0

10.0-12.5 0 0 0 0 0 0.037 0 0 0 0 0

12.5-15.0 0 0 0 0 0 0 0 0 0 0 0

15.0-20.0 0 0 0 0 0 0 0 0 0 0 0

20.0-25.0 0 0 0 0 0 0 0 0 0 0 0

overflow 0 0 0 0 0 0 0 0 0 0 0

Table B.7: νe CC background. All values ×10−4.

NC background

0-2.0 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 6.0-8.0 8.0-10.0 10.0-12.5 12.5-15.0 15.0-20.0 20.0-25.0

0-2.0 0 0 0 0 0.070 0.016 0.013 0.038 0.056 0.023 0.055

2.0-3.0 0 0 0.068 0.030 0.070 0.094 0.026 0.038 0.079 0.061 0.063

3.0-4.0 0 0 0.137 0.091 0.106 0.110 0.092 0.088 0.213 0.129 0.117

4.0-5.0 0 0 0.068 0.122 0.317 0.268 0.275 0.189 0.213 0.236 0.250

5.0-6.0 0 0 0 0.030 0 0.063 0.079 0.101 0.067 0.084 0.055

6.0-8.0 0 0 0 0 0.070 0.094 0.171 0.076 0.180 0.137 0.156

8.0-10.0 0 0 0 0 0 0.016 0.105 0.076 0.101 0.084 0.117

10.0-12.5 0 0 0 0 0 0 0.039 0.06 0.056 0.053 0.055

12.5-15.0 0 0 0 0 0 0 0 0.025 0.011 0.053 0.031

15.0-20.0 0 0 0 0 0 0 0 0 0.011 0.023 0.047

20.0-25.0 0 0 0 0 0 0 0 0 0 0 0.008

overflow 0 0 0 0 0 0 0 0 0 0 0.008

Table B.8: NC background. All values ×10−4.
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