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Abstract

The primary goal of the future experimental program in rieotoscil-
lation physics is to determine the size of the unknown mixangle,0,3,
whether CP-violation is present in the leptonic sector dmagign of the
atmospheric mass squared splittingb1t is not found by upcoming exper-
iments, then we must turn to intense sources of neutrin@sStiperbeam,
Neutrino Factory or Beta Beams.

The phenomenon and present status of neutrino oscillasamsoduced
and future experimental options and some of the strategiesnarised. A
measurement dd;3 and the CP-phas&requires a search of sub-dominant
appearance events, suchwas— v,. In general, neutrino appearance data
can accommodate up to 8 different solutions. This ‘probldrdemenera-
cies’ is discussed and some of the strategies to resolvedahehighlighted.

A Beta Beam is an intense, clean and collimated electronrineubeam
sourced from the the acceleration of radioactive ions. igttiesis, the abil-
ity of Beta Beams, using a neutrino run only, to resolve tldeggeneracies
is explored. The energy dependence of the neutrino oseilatrobability
and degeneracies is exploited to achieve a good overalli@&ton reach.
This approach is adapted to the variants on the Beta Beamndazely the
electron capture beams and hybrid beams. It is found foreaks consid-
ered that the reach is heavily dependent on the event ratedegeneracies
causing major problems for low luminosity machines. Thednte high
event rates suggests that electron capture and hybrid neschiill not be
competitive without extensive R&D. The single ion Beta Beiam viable
alternative to the dual ion Beta Beams considered in theatitee. Future
studies may indicate that it in fact has a better overall syeach.
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Chapter 1.

Introduction

Wolfgang Pauli was apologetic when he postulated the exgstef the neutrino to save the
principle of energy conservation in radioactive decaysifg felt that he had set an impossible
task for experimentalists; a light particle, possibly wagro mass, that was neutral. This fear
was deepened by Bethe and Peierls a few years later whenttbesed that its cross-section
with matter must be extremely small [2]. However, with theext of nuclear warfare and nu-
clear power, intense sources of radioactive nuclei becamitahble. Reines and Cowan made
use of this advance and discovered the neutrino in a wateCaddhium Chloride detector
placed near the nuclear reactor at Savannabh river, SouthiiGaf3].

Neutrinos are spin-1/2 particles that interact with matiarWeak interactions. Experi-
ments examining the helicity of ejected electrons in theagiexf Cobalt-60 indicate that neu-
trinos violate parity maximally [4]; only left-handed neuios or right-handed anti-neutrinos
appear to interact with matter. Within the Standard Mod i accommodated by placing
the left-handed neutrino in an SU(2) doublet with the etattiand treating the right-handed
electron as an SU(2) singlet. The right-handed neutrinoleitdhanded anti-neutrino do not
appear in the Standard Model. This has the consequence éb&iino masses cannot be
constructed in the same manner as the other fermions, andwonos are assumed to be
massless in the Standard Model. There is, however, no eyaghstry that forbids the ex-
istence of neutrino mass. Neutrinos are electrically mé@nd can therefore be Majorana
particles. Majorana mass terms can be constructed witld&tdModel fields and the gauge
symmetries, however, such terms violate lepton number emai@-renormalisable. These
terms relate the neutrino mass to higher energy scales aralraatural way to generate very
small neutrino masses consistent with the bounds from #&br experiments.

Direct searches for neutrino mass concentrate on searfdridgstortions close to the end-
point of the electron spectrum of a beta decay; however nawe returned a non-zero mass.
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The current bound is set by the Troitsk [5] and Mainz [6] Tt experimentsm, < 2.3 eV.
Within the next decade, the rang@V < m, < 2.3 eV will be explored by the KATRIN [7]
and MARE [8] experiments. Indirect searches have been mareessful. Experiments set
up to measure the neutrino flux from the sun [9] and the intena©f cosmic rays with the
upper atmosphere [10, 11, 12] have indicated that neutohaggiven flavour can transmute
into another; a trick that requires the neutrino to be massiwis trick is the phenomenon of
neutrino oscillations.

Neutrino oscillations is a physical phenomenon initialhnceived by Pontecorvo in the
1950s [13]. The flavour of a neutrino is tagged by the leptatoarpanying it at a weak
interaction vertex, not by its mass. Consequently, a neutwif given flavour can be a su-
perposition of mass eigenstates which, if produced andtbgteoherently, can evolve into a
different flavour over distance; an effect dependent on thssasquared splittings of the neu-
trino mass states. The neutrino ‘mixing’ is described by-a33unitary matrix parameterised
by 3 mixing angles and 1 (or 3) physical phases [14]. At presemixing angles and the two
mass-squared splittings are known [15]; however, the tiisdng angle, the physical phases
and the sign of one of the mass-squared splittings are alawk. The goal of the future neu-
trino experimental programme is to determine the absoletgrimo mass scale, whether the
neutrino is a Dirac or Majorana particle; and make measungsrad the unknown mixing and
oscillation parameters. The current and near future meutscillation experimental program
focuses on conventional accelerator and reactor sour¢esfar future might require the use
of intense neutrino beams such as the Superbeam, Neutriharfar Beta Beam.

This thesis is not a study of neutrino masses, nor is it pilgnabout neutrino oscillations
in general. The goal of this thesis is the study of the BetanBelass of machines that may
be part of the future neutrino oscillation experimentalgvean. A Beta Beam is a patrticle
accelerator and storage complex that can source cleansegand collimated beams of elec-
tron neutrinos and anti-neutrinos. Radioactive ions wellgsoduced by existing or specially
built nuclear ion facilities and then accelerated to a largeentz boost. This action produces
an intense neutrino spectrum covering a range of laboraoeygies suitable for the future
experimental program of long baseline neutrino oscillaggperiments. The aim of the thesis
is to provide an introduction to the phenomenology of thmeatrino mixing and oscillations
and some of the experimental challenges before discussingtail the physics of a Beta
Beam [16] and its related technologies. This work is part wioaldwide collaborative study
into a future long baseline neutrino oscillation facility.

This introductory chapter gives a brief overview of neutrmixing and oscillations; and
reviews the present experimental status of the leptonicngimatrix. The main facilities that
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will attempt to improve current limits and measure the unkngarameters, both in the near
and far future, will be introduced. The chapter ends withtaited outline of the thesis.

1.1. Neutrinos have mass

For a long time neutrinos were thought to be massless. Withghd-handed neutrino field
in the Standard Model, neutrino mass cannot be generatdtt isdme manner as the other
leptons. This view changed suddenly with the discovery tieaitrinos can change flavour in
the passage from source to detection; a result that requegsinos to have a non-zero proper
time and hence mass. Our current description of these caioweris within the framework
of neutrino mixing and oscillations, suggested theoréyiday Pontecorvo in the 1950s [13].
This description has now been confirmed by a series of expatsnmeasuring the atmo-
spheric and solar neutrino fluxes; and a number of groundimgderrestrial experiments
using neutrinos from nuclear reactors and accelerators.

A drama had been unfolding in the study of solar neutrinosesthe first publication of
data from the Davis Homestake experiment [17]. This was dreeseries of radiochemical
experiments designed to capture solar neutrinos via tlotioas

Ve+3'Cl-3"Ar+e” and  ve+''Ga—''Gete . (1.1)

The solar neutrinos are produced in the proton-proton sremd the Carbon-Nitrogen-Oxygen
(CNO) thermonuclear reactions that generate the sun’'ggmeits core. The Standard Solar
Models (SSM) [18] that calculate the solar neutrino fluxesetensive and make ‘accurate’
predictions on the number events in radiochemical expearismeHowever, there was a per-
sistent mismatch between theory and experiment in this &fser the final run of the Davis
experiment (which used Chlorine) the average neutrinotheiteigh the detector was [19]

REP=2567923  vecm st (1.2)
which is well below the theoretical prediction of the Startdi&olar Model (SSM):
Rheo— 7613 voem2st. (1.3)

Gallium experiments, such as SAGE [20] at the Baksan Laborat Russia, and
GALLEX/GNO [21] based at Gran Sasso, confirmed the deficit liaza come to be known
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as the ‘solar neutrino problem’. The resolution of this peol began with the results from
the Sudbury Neutrino Observatory (SNO) [9] - a WaBarenkov detector (see Sec. 2.3.2)
using heavy water. The novelty in this experiment was thitalbd detect neutrinos through
charge current, neutral current and elastic scatteringtsv€harge current reactions can only
be used to measure the ratewafpassing through the detector whereas the neutral current
reactions measure the sum rate of all neutrino flavours tiElssattering primarily measures
the electron neutrino rate. By construction, the SNO detetherefore, could measure the
total neutrino rate of active neutrinos coming from the séinthe end of the so-called ‘salt-
phase’ [22], the neutral current event rate was reportecetadproximately 3 times larger
than the charge current rate; the implication being that ttaals of the electron neutrinos
have become muon or tau neutrinos by some process on theeyoinom the Sun’s centre to
the detector.

To confirm the solar neutrino oscillation hypothesis regdithe further step of producing
the neutrinos terrestrially then observing the change withistant detector (or mulitple de-
tectors). The first experiment to make this observation WwaskamLAND experiment [23]
in Japan and Korea. A liquid scintillator detector locatedhie Kamioka mine was setup to
measure the anti-neutrino rates from 53 nuclear powergeslticated an average distance of
180 km from the detector. The number of events was 65 % theceegbeate with no flavour
change in flight. However, the major discovery was that thaadiens from the expected
number of events from the data sample as a function of thdibas#ivided by the energy
displayed an oscillatory structure (see Fig. 1.1) [23].

Similar to solar neutrinos, an ‘anomaly’ was present in aph@ric neutrino data sam-
ples. Atmospheric neutrinos are final state particles frioendecay of charged pionst, and
kaonsK* (and subsequently muonst), in the particle cascades following the a cosmic ray
interaction with the upper atmosphere, for example

+

- pt+vy

L € +ve+vy. (1.4)

In an atmospheric neutrino experiment one can measuretibe ra

(Np>

N

_ €/ D

R= (Nu> ,
Ne Theo

(1.5)
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Figure 1.1.: The ratio of the number of events to the expected number ®KEHMLAND experiment
as a function baseline/neutrino energy. The best fits fotrimeuoscillations, neutrino
decoherence and neutrino decay are shown. Plot reprodrarad23].

whereNy is the number ofiy andvy events in the detector, and the ratios are for the exper-
imental data (top line) and a theoretical prediction takintg account detector response and
the predicted atmospheric neutrino flux (bottom line). Traiso was measured by a number
of experiments [24, 25, 26, 27, 28] and was consistently dotanbe less than 1. This ‘at-
mospheric anomaly’ was confirmed by the large data samplejéiSKamiokande [10]; the
implication being a deficit of either (or both) neutrino flawve. Super Kamiokande was able
to ascribe this deficit to the phenomenon of neutrino osmites by reconstructing the angu-
lar dependence of the neutrino flux. The results indicatatl ttre discrepancy between the
data and the theoretical prediction grew with the distarete/ben source and detection. The
measurement of a ‘up-down asymmetry’ [11, 12] was consistéth v, oscillating intovy,
not sterile neutrinos [29]. The neutrino oscillation hypegis for atmospheric neutrinos was
confirmed by the KEK-to-Kamioka (K2K) [30] experiment whialtificially producedv,, by
firing protons onto a fixed target then using the subsequent @nd kaon decays. A deficit
was observed in both the total event rate and the event espeptrum with no observation
of thev, — Ve oscillation.
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In short, we now know that neutrinos are massive and they s discovery prompts
several important questions to be addressed by futuredtieal, phenomenological and ex-
perimental studies, including:

e Are neutrinos Dirac or Majorana particles?

What is the absolute scale of the neutrino mass?

Are neutrino masses related to a new physics scale?

What are the elements of the mixing?

Is there CP-violation in the lepton sector?
e What relations exist between the lepton and quark sectodspéder contexts?

Neutrino physics is a vast subject area combining manyreiffiesub-disciplines of high
energy physics. This thesis concentrates on the physicsudfino mixing and CP-violation
in long baseline neutrino oscillation experiments. In thissis, phenomenological work into
the physics reach of future long baseline neutrino expariswill be presented with focus on
specific aspects of the Beta Beam and its variants. A briééwesf the possible facilities that
will shape the future of the neutrino long baseline prograihbe given in Sec. 1.4.

1.2. Neutrino mixing and oscillations

The phenomenon of neutrino oscillations requires newriode massive but with their iden-
tities not tagged by their mass. The requirement of mas®wrimos is straightfroward; for
a neutrino to ‘change’ requires it to have a non-zero propeg,ti.e. they travel with speeds
less than the speed of light in a vacuum. For neutrinos tdlatithe flavour basis needs
to be rotated from the mass basis. In a weak interaction, @lweut of neutrino produced or
destroyed is the flavour of the lepton at the same vertex. @wtier hand, the flavour of a
charged lepton is identified by examining its kinematic gmies and decays, both of which
are dependent on its mass. A lepton of definite flavour is atept definite mass. Since the
mass of a neutrino is not measured, only the flavour, it is moessary for the mass basis
and flavour basis to be aligned. A neutrino of definite flavaur then be a superposition of
neutrinos of definite mass.
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The superposition enters the Standard Model (SM) Lagrangithe charge current inter-
actions as a mixing matrixJq;j,

V. g o 1_y5 0 AN
j=1230a=eU1T

Here,l, v andW are the lepton, neutrino and weak boson fields respectaetlg is the weak

coupling constant. The neutrino fields are written in the sri@asis. For 3-neutrino mixing,

this matrix is a 3x 3 unitary matrix,Uqj which relates the mass states, to flavour states,

Vg, Via

Vi= > Ugjva, (1.7)

a :e’ I‘l’T

or conversely, the flavour states to mass states

Va= > Ugvj. (1.8)

j=123
This matrix is parameterised by three mixing angles and@esiphysical phase. If neutrinos
are Majorana patrticles then there are two additional phaissent; however, these combine
to form an overall irrelevant phase that does not appearariitial oscillation probability. It
is therefore sufficient to consider Dirac neutrinos in thiofeing sections. The mixing an-
gles are labelle@12, 823 andB13, and together represent a 3-dimensional rotation of thesmas
basis to the flavour basis. The physical phaseanifests itself as a distinction between neu-
trino mixing and anti-neutrino mixing known as CP-violatid/Nith these labels, the standard
parameterisation of the mixing matrix is [14]

C12C13 S12C13 136710

U= | —s12C3— C12515536°  C12C23— S125135236° 23523 (1.9)
1253 — C12513C236°  —C12Sp3— S12513C23€°  C23Ca3
and is refered to as the Pontecorvo-Maki-Nakagawa-SaRM&S) matrix. Here, the short-

handcjj andsj has been used to label the cosine and sine of the mixing aéiglbstween
the mass stateasandj.
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1.2.1. The oscillation probability

As mentioned above, the phenomenon of neutrino oscillatiequires massive neutrinos and
the flavour states to be a superposition of the mass statessiWdaneutrinos evolve in time;
neutrino oscillations originate from the difference in gwolution of the individual states [31]
and is, in 3-neutrino oscillations, characterised by twagghshifts. To see this, begin by
noting that a massive neutrino stag) is an eigenstate of the free Hamiltonian

H i) =Ejvj), (1.10)

whereE; is the neutrino energy. Such neutrino states are solutithe Gehrodinger equation
and thus evolve in time

vj(t)) =e"Etvy) (1.11)

or, using Egs. 1.7 and 1.8, a definite flavour state createshat t= 0 evolves in time as

Va(t)) = )] D1 Ugie Eitug; |lve) - (1.12)

B:e’u’T j:l7273

The amplitude for the transition, — v is therefore
Aug v = (VglVa(t)) = > Ug Upe =1, (1.13)
j
with probability
Pog—vg = [Avgosug|? = > UgiUpUajUg; € BimEt (1.14)
ik

To convert this probability into a form based only on knowsetvables, we note that neutri-
nos are ultra-relativistic so that= L in natural units, wherg is the source-detection distance
known as the baseline. Secondly, for neutrino 3-momerfiand massn;, we approximate

Eit—piL~ (E L E’Z_p"zl_ m L szL 1.15
it—Pj “(J_pj)—EH_pj _Ek+pk TRl (1.15)
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so that
Ej—Ex~——-. (1.16)

Here, A, = m? —n; and the ‘equal-momentum assumption’ has been taken. ¥irtiad
Va — Vg oscillation probability for source-detection distaricand neutrino energg is

2 * * -Amjsz
Rig v = [Aasp(D)1” = > UaUpdJajUgjexp| —i—=— | - (1.17)
K.

Therefore, neutrino oscillation probabilities are deparidon the 4 parameters of the mix-
ing matrix and two independent mass squared difference® ablolute mass scale is not
attainable. It is sometimes useful to separate out the nehiraaginary parts of Eq. 1.17:

L, [bmE L _ [(DAmEL
Rog vy = Bap — 4, D€ UgUpla g S|n2< IE >+ZZDmuakuBkua,-qu sm( £ | -
i> ] i>]
(1.18)

This is the ‘textbook’ derivation of the oscillation probktly and should be accompanied by
a caveats regarding the last few steps. The assumptiorhi&tmomentum is the same for
all mass states witk = g has been made in Eq. 1.15: This is the ‘equal-momentum’ ggsum
tion and is not necessary [32]. The above form of the osmltgbrobability can be recovered
in more careful treatments involving wave packets [33] dfield theory calculations [34]
without resorting to this assumption. The approximatienL is also not valid here since the
amplitude of a plane wave is the same irrespective of itstimean space-time [35]. This
problem is overcome by noting that real localised partistesuld be described by wavepack-
ets [33]. For neutrino oscillations to occur, the neutrinasinbe produced as a coherent
superposition of the mass states. This is amounts to sdyatd¢ite uncertainty on the momen-
tum of the neutrino production process must be larger thamtbmentum difference of the
mass states [36]. If the momentum uncertainty of the prodngtrocess is very small, it may
be possible to determine which mass state has been emittedhich case the neutrinos are
emitted incoherently and neutrino oscillations cannouocklore quantitatively, if we define
the oscillation length

4mE

Losc= —5- 1.19
osc Amjzk, ( )
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and letAx andAp be the uncertainties on the localisation and momentum optbduction
process; we have

AxAp =h, (1.20)
and for oscillations to occur requires
AX > Losc. (1.21)

Note from Eq. 1.17 that the oscillation probability has awciltetory structure which is a
function of L andE. For a given baseling, it is customary to characterise the oscillatory
structure in the following manner:

e The probability peak at the highest energy is referred tchasfirst oscillation maxi-

mum-.

e Moving to smaller energies, the nth oscillation peak is lige'nth oscillation maxi-
mum’.

e The trough between first oscillation maximum and secondlagon maximum is the
‘first oscillation minimum’.

e The ‘nth oscillation minimum’ is defined the same manner asrith oscillation maxi-
mum.

For baselinet < 1500 km, the maxima correspond to the maxima of the real p&t|i 1.18,
i.e

AL (2n-1)
4E, = 2

T, (1.22)

whereE, is the energy of the nth maximum. For longer baselines, thigespondence is no
longer correct as the propagation of neutrinos throughendistorts the oscillation probabil-
ity. In these cases it is necessary to determine the maxisitigoes numerically.

1.2.2. Two-neutrino oscillations

Most neutrino oscillation data to date is interpreted ugngeutrino oscillation schemes. Al-
though a full 3-neutrino oscillation analysis is mandatimnyfuture experiments, it is instruc-
tive to analyse some of the features of neutrino oscillgti@iabilities using only 2 neutrinos.
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A 2-neutrino mixing matrix is parameterised by a single mixangle 9;

cosB sin@
U= , (1.23)

—sin® cosH

and there is also only one mass-squared splittingf, = Am3, = m3 — ¥ say. Using Eq. 1.17,
we distinguish two different cases

1. The ‘disappearance’ or ‘survival’ probability

AL
Pogove = 1— S|n2295|n2( A ) (1.24)

2. The appearance probability (far [3)

Pyg v, = Sin* 20 sir? (Am2L> (1.25)

Experiments using the first case are known as ‘disappeaexpeziments’, and the latter case
as ‘appearance’ experiments. Note that these vacuumaigmil$ are not sensitive to the sign

of Am?.

The above expressions are exact for vacuum oscillatiornmoapnately true for short
terrestrial baselines, but insufficient for intermediaitddng baselines. As neutrinos pass
through matter they interact inducing an effective masss process will be discussed in more
detail in Sec. 2.1.1. For the following discussion, it isf&ignt to note that these interactions
introduce a matter potentiah = /2 G ne, whereGg is the Fermi constant anak is the
electron density of matter [37]. The Hamiltonian in the flawbasis is given by

~ 1 m 0 2EA O
H =—|U uf+
2E 0 0 o
1 [ —AmPcosD+2A Anm?sin —A/2 0
- — + , (1.26)
4E An?sin28 An?cos D 0 -AR

whereA = 2EA. (This Hamiltonian could result from electron neutrino mixwith some
other flavour, and\ can be thought of as a charge current coherent scatteriegfudt) Not-
ing that the addition of a constant diagonal matrix to the Haman does not alter the neu-
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trino evolution and can be discarded, this matter Hamiéons equivalent to the vacuum
Hamiltonian with effective mixing matrix

- cosd  sind
U= y 3 (1.27)
—sinB cost
and effective mass-squared splitting
AP = \/(Arrﬁcosm—ﬁ\)qu(Amzsin%)z. (1.28)

The effective mixing angle can be found by comparing the Hamian with the effective
vacuum case

~ Am?sin20
tan = ————~ . 1.29
AmécosD — A ( )
There is thus a resonance when
A =Anmfcos® (1.30)

which returns maximal mixin§ = 45°. Note that the existence of a resonance is determined
by the signs oA andAm?, as well as the value & For neutrinosA > 0) andAn? > 0, the
resonance exists @ < 45°. For anti-neutrinog\ < 0 and so the resonance exist§if- 45°.
These are reversed Mn? < 0. Consequently, in the presence of matter, the sigArd

is accessible to experiment if fitted simultaneously vthor 6 is known externally from
another experiment. This resonance is known as the MSWtd8&t and is important for
understanding the passage of solar neutrinos [38] fromymtazh at the core of the sun to the
surface. Let the density of matter b at the resonance, then

res AP cos®D

- e 1.31
e = 5 2GeE (1.31)

An electron neutrino produced in the centre of the sun is@redantly a heavy mass state,
mp say, and is exposed to a background dengity neS. The neutrino will oscillate with the
oscillation length given in Eq. 1.19. If the density gradiensufficiently small for neutrino
conversions to occur adiabatically, as the neutrino ceose resonance region, the electron
neutrino can convert fully into a pume, mass state. The neutrino leaves the sun asnhis
state which is an eigenstate of the vacuum Hamiltonian. €qunently, the neutrino state does
not oscillate on its journey to Earth. A terrestrial detedteen measures the (or vy, or vy)
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component of this mass state which enables access to thegairgle. A measurement of the
Amé_, can be made since the resonance condition is dependent®rudially, the existence
of the resonance and simultaneous measuremedy,p¥ 45° implies AmZ,, > 0 and is the
reason why the sign diméol is known but the sign aAmg,,, is not (see next section). In the
context of long baseline experiments, the resonance nssitself as an enhancement of the
appearance oscillation probability for very long basedine

1.3. Present status

The phenomenology of 3-neutrino oscillations will be dssed in detail in the next chapter.
With the exception of the LSND experiment [39], the data fralimeutrino oscillation exper-
iments [9, 11, 12, 19, 20, 21, 22, 23, 30, 40, 41, 42, 43, 44]beadescribed with 3-neutrino
mixing. Up to now, experiments have studied ‘disappeararsmllation channels of the form
Vg — Vg (Or vq — V). To a good approximation, the 3-neutrino oscillation feavork ap-
pears to be hierarchical in nature; the two mass-squarétregs, Am3, andAm3,, differ by
an order of magnitude [15]:

A
M1 30, (1.32)

Amg,y

This result can be viewed as 3-neutrino mixing decouplinig thsets of 2-neutrino mixing,
each with single mixing angle and mass-squared difference.

e Data from solar [9, 19, 20, 21, 22, 41] and reactor [23, 42 e4periments witlve Or Ve
as their source neutrino are consistent with a small massedudifference and moderate
mixing angle (errors given in Tab. 1.1).

Amiy ~Amg; =7.6x107°eV?  and  Bgq =012 =34. (1.33)

e Data from atmospheric [11, 12] and accelerator [30, 44] erpents are described with
a larger mass-squared difference, albeit with unknown, sigd maximal mixing

IAME | ~ |[AMB,| =2.4x 103 eV?  and  Oym= 03 =45 . (1.34)

The unknown sign is a consequence of theZA'mJZk/4E dependence of a 2-neutrino
disappearance probability.
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The third mixing angle is currently bounded from above [15],
sifB13<0.04 (00569 at 20 (30), (1.35)
although some collaborations claim a slight hint that itas+zero [45]:
sif813=0.01670010 at 1o. (1.36)

This resultis also present abb in a different analysis that excludes the atmospheric dia [

In disappearance experimerfigz will manifest itself as a tension between the data of the two
separate 2-neutrino regimes. @iz = 0° then the two sectors decouple and 2-neutrino oscil-
lations is exact.) Any interference can be resolved in auikutrino analysis with non-zero
B13. This can be seen by breaking down the mixing matrix into apecb of three rotation
matrices:

ci2 sSi2 O C13 0 Slge_i6 1 0 0
U=|-s5 ci» 0 o 1 o0 0 C3 3| - (1.37)
0 0 1 —513é5 0 C13 0 —sp3 Co3

The mixing matrix can be thought of as a product of the atmesphinterference and solar
regimes with any CP-violation manifesting itself in thearference. For smafl;3, the inter-
ference is small and there is an approximate decouplingeo&timospheric and solar sectors.
A non-zeroB;3 will thus show up as a conflict between the fits of two separatel&rino
sectors.

The claims are not statistically significant [15] and datarfrupcoming experiments [47,
48, 49, 50] is eagerly anticipated to help resolve this isButact, it has recently been pointed
out that the presence of non-standard interactions [51acaount for these effects [52].

At present, an accelerator experiment known as MINOS isitaétata in the US. MINOS
is a conventional beam experiment that fivgsandv, towards a 5.4 kton far detector 735
km distant from Fermilab. The neutrinos are sourced frondetay of focussed pions taken
from the NuMIt beamline and directed down a long decay tunnel (see nexbsgctThe
goal of MINOS is primarily to improve precision almg,,, and8,3. Although in principle a
measurement d¥; 3 can be made by searching for sub-domingnt> ve and\7H — Ve events,
this is left for near and far future experiments such as thetog experiments [49, 50, 53] and
Superbeams [47, 48]. T2K will be the first ‘Superbeam’ expent (essentially an upgrade

INu represents, and Ml is an abbreviation for Main Injector.
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Figure 1.2.: The global fit to all presently available neutrino oscitbatidata. The left panel shows
the 95 % and 99 % confidence levels for the correlation bet@ggand Amz,. The fit
is preformed using all available solar data and the latesilte from KamLAND. The
middle panel shows the 95 % and 99 % confidence levels for thelaton between
023 andAm3,. All available atmospheric and accelerator data has beed. uEhe right
panel shows the current global bound &r. Atmospheric and accelerator data &3
are strongly correlated with the atmospheric mixing anddata from solar and reactor
experiments are only weakly correlated and therefore geothe strongest bounds. Plots
taken from [15].

in power of a ‘conventional” accelerator beam experimertt)civ will fire v, andv,, from
J-PARC to the SuperKamiokande Waerenkov detector at the Kamioka mine=R95 km).
Muon-events will be used to confirm and improve resulté\o,,, and8,3, and measuré;3
by searching for electron-type events. T2K is also the ficsekerator neutrino experiment
to use the off-axis technique - the exploitation of the kia¢ins of pion decay to reduce the
background (see next section). A Superbeam experimenmnig tise NUMI beamline, known
as NOVA [48] has just recently started construction.

All experiments to date have examined neutrino disappearanannels and have demon-
strated that neutrinos predominantly oscillate imtoor v¢; no electron-like or muon-like
appearance events have been observed. The high energyoldrés t production means
that dedicated detectors are necessary to search fondv; appearance events. A neutrino
beam from CERN known as CNG$s currently being shot at a emulsion detector known as
OPERA [54] located at Gran Sasso (L=730 km). The purposesoéxiperiment is the confir-
mation of neutrino oscillations using a terrestrial expennt, i.e. observation of an appearance
event. The global fit on all the oscillation parameters usih@vailable data, including the
latest MINOS experiment data set, is summarised in Tab.rid¥&g. 1.2.

2CERN Neutrinos to Gran Sasso
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parameter best fit 20 30

Am3, 7.65x10°eV? | 7.25-8.11| 7.05 - 8.34
|Am3, | 2.40x 1073 eV? | 2.18-2.64| 2.07 - 2.75
si6;, 0.30 0.27-0.35| 0.25-0.37
sirf 023 0.50 0.39-0.63| 0.36 -0.67
sif613 0.01 <0.040 | <0.056

Table 1.1.:Best fit values, @ and 3 intervals for the neutrino mixing and oscillation paramgte
The results are for global fits to all atmospheric, solamt@sand accelerator experiments.
Table adapted from [15].

1.4. Future technologies

All long baseline neutrino oscillation experiments conefghe following components

e A neutrino source with some theoretically known or simulateutrino spectrum. In

virtually all cases, this spectrum will span a range of elstgThe neutrino energy is

written eitherk or E, .

e The neutrino propagation from source to detection. Thikade is known as the ‘base-
line’ and given the symbdl.

e The detection: the neutrino events are counted or recarsthat the detector. How this
is done is dependent on the detector technology chosenZ Se2).

There are currently two categories of terrestrial neutbieam: reactors and accelerators. The
latter can be further divided into ‘beam dump’ and ‘storagg’roeams. In this section, a brief
review of each type of neutrino beam will be given. A completgew of the technologies,

results to date and projected sensitivities of future besren extensive undertaking and
will not be attempted here. For this information, one is cieel to the many optimisation
studies [55]; or, for a general overview, the Internatiddebping Study reports [56].

Reactor experiments: Reactor experiments use the high luminosity, but low engfgy) ~

3.5 MeV), v¢'s released as nuclear reactor fission products beta desayds stability. The
approach adopted is to investigate— Ve disappearance at short baselines [42, 43, 57] or
short-long baselines [23]. Multiple short-long baselimese used by the KamLAND collab-
oration to search for disappearance events in the solaneegihe primary interest for future
experiments is the use of short baselines to search for soidrdint atmospheric effects and,
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in particular, make a clean measuremen®gf The relevant 3-neutrino disappearance prob-
ability is given by

Pyov, ~ 1 —sin? 20,3sir? (A4E1L> — cod' 8;3sir? 20, ,sir? (A%L) : (1.38)

The baseline is typically chosen to match the first solaflasicin maximum, i.e.

%zg —~ L~1km, (1.39)
with a 813 measurement made by searching for additional superimpatsealspheric oscil-
lations. There are currently three planned reactor neutkperiments: RENO [49], Daya
Bay [50] and Double Chooz [53]. These experiments will befitisé to testd13 below the cur-
rent bound, however their reach is severely restricted Btesyatics [58] - the physics reach
cannot be boosted significantly further by pushing for highminosities. Even if experimen-
tal uncertainties can be kept under control, there is a sahsiimit to this approach since
one is searching for a subdominant 3-neutrino effect on fagpdominant 2-neutrino effect.
To push below reactor sensitivities requires the signalt@diely a 3-neutrino effect. This
can be achieved by searching for appearance events in deratcebased experiment.

Conventional beams and Superbeams A conventional beam sources high enexgyand
v, by a technique referred to here as the ‘beam dump’ method.vedbional beams and
Superbeams source neutrinos from the decay of charged aohisaons produced when high
luminosity proton beams are fired onto a fixed target. Thessongeare then collected and
focussed before directed towards a far detector via a desaet. The mesons that do not
decay, and the muons and electrons, are absorbed by a begmatina far end. The neutrinos
of interest are sourced from the following reactions

-yt +v,  and Kt >pt 4y, (1.40)

whose fluxes need to be calculated using a Monte Carlo sironlaf the production, fo-

cussing and decay. Anti-neutrinos can be sourced from thedDfigate decays with the
magnetic polarity of the focussing horns reversed. Corneeal beams like K2K [30] and

MINOS [44] use disappearance measurements to confirm arsiraomatmospheric neutrino
oscillations. MINOS, which is currently running; T2K [47%}hich is due to start taking data
in near future; and NOVA [48], which has just started cordtom; wish to also search for
013. They attempt this by searching for sub-dominanandv, events. Searches of this type
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are limited by an intrinsic contamination of the neutrin@ime Additional decay channels of
the kaons and the decay of the daughter muons in the decageallsurce)e’s:

ut et +ve+v, and KT -1m0tet +ve. (1.41)

Thev, — ve appearance channel can therefore be confused withetheve disappearance
channel.

Near future Superbeams, such as T2K and NOVA, are not expaztake the sifi2f;3
sensitivity reach much lower than the reactor experimeifitsgain an order of magnitude
requires Superbeams to be upgraded further. The main ehiferbetween the two classi-
fications is that the next generation Superbeams aim for rhigiter luminosities. Such a
facility requires the design and construction of powerftdtpn drivers and targets that can
withstand such bombardments. A number of projects are aggoiview of this such as the
development of the Super Proton Linac (SPL) at CERN [59],Rmgect-X at Fermilab [60].

There are two principle strategies for conventional beamisSuperbeams:

1. The Wide Band Beam (WBB) [61]. In proposals of this typee thetector is located
on-axis with the un-oscillated neutrino flux covering a widage of energies. Depend-
ing on the site, baselines up to 2500 km are possible. Thellspactrum means that
detectors are required to reconstruct the neutrino ergevgid good precision and keep
backgrounds to a minimum. Fluxes of this type allow for stoflynultiple oscillation
maxima with a single beam.

2. Off-axis beams [47, 48, 62] aim to reduce backgrounds fvgrm the beam (which
are energy dependent). By placing the detector off-axif) véspect to the vector in
the centre of the beam, one produces a smaller flux with awamoge of energies.
This is a consequence of the properties of the pion decayssasidcussed further in
Appendix B. Theve's, are sourced from 3-body decays and do not share this gyope
The benefits of this technique are that the flux can be tunedosxidlation maximum
and more restrictive cuts can be introduced to reduce baakgrevents from the beam
contamination.

Neutrino Factories The Neutrino Factory [63] was born out of the Muon Collideo{pr
posal [64]. The basic idea is to extend the Superbeam plebip extracting the muons
produced in pion and kaon decay and then cool, bunch andesateithem. These muons
are then injected into a storage ring in which the muon detajise long straight sections,
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pointing towards distant detectors, source the neutrifibs.two decays are
Ut —>et +ve+tvy, and P > € +Vet+Vy; (1.42)

so that a large set of CP-conjugate and T-conjugate osaillahannels are in principle avail-
able. The high luminosity and acceleration of the muons gpeed intense and collimated
beams ofve and\7H (or ve andvy). There is an inherent problem with sourcing neutrinos in
this manner which has important consequences on the stratiegpted. Neutrino events are
tagged by the observed lepton. Without a magnetised detegte> v, ‘right-sign’ u~ events
are indistinguishable from, — v, ‘wrong sign’ ™ events.

There are currently two magnetised detector proposalstaatthe sub-dominant appear-
ance events from the signal [63, 65]

1. The High Energy Neutrino Factory (HENF) [63] using Magsed Iron Neutrino Detec-
tors (MIND) [66]. This is the basis for the International bgs Study for the Neutrino
Factory (IDS-NF) [67]. In order to remove backgrounds fromam-sign misidentifica-
tion and charmed-meson decays [66], restrictive cuts omsitieal are necessary. This
has the side-effect of removing large fractions of the apgez events at low energies,
in turn preventing the use of these detectors at short IneseliAt present, the optimal
setup for this facility is two detectors B = 4000 km and_, = 7500 km [68].

2. The Low Energy Neutrino Factory (LENF) [65] using a magsext Totally Active Scin-
tillator Detector (TASD). Initial studies suggest that&tilely large detection efficiencies
downto 0.8 GeV can be achieved. Studies have been carriétotite phenomenology
of such a machine for the FNAL - Homestake (1280 km) and FNAlen#erson Mine
(1480 km) baselines [65].

Beta Beams The Beta Beam [16] is a variant on the Neutrino Factory thsteiad uses the
neutrinos from beta emitting ions. Beta Beams have the adgarover other technologies of
sourcing uncontaminated beams that are well collimatedaa@@f high energy. Magnetised
detectors are therefore not necessary; large Wageenkovs (WC), Liquid Argon detectors
(LAr), Totally Active Scintillator Detectors (TASD) anddn Calorimeters (IC) are all options.
A restrictive energy threshold is not a problem with neutremergies from 200 MeV up to
several GeV accommodated. The Beta Beam can thereforeassgl ttange of long baselines:
CERN-Frejus (130 km) up to CERN-ING-(7000 km). A Beta Beam does not need to be built
from scratch; current proposals all aim to take advantagexisting or suggested upgrades



22 Introduction

to the accelerator complexes at CERN and Fermilab (and mR#&Y). A more complete
overview of the Beta Beam will be given in Chap. 3.

1.5. Outline of the thesis

The goal of future long baseline neutrino oscillation expents is to continue the exploration
of the mixing matrix; specifically

e Improve the precision on the known oscillation parameters;

e Make a measurement 6iz;

Determine if there is CP-violation in the lepton sector ahdpssible, measure it;

Determine the sign of the atmospheric mass-squared splitti

Determine whethe,3 = 45°. If not, in which octant does it reside?

Search for beyond 3-neutrino oscillation effects such asstandard interactions and
sterile neutrino mixings.

The unravelling of the neutrino mixing matrix and neutrin@asges is important for under-
standing the origins of flavour and relations between thtolepnd quark sectors. With our
incomplete knowledge, there is scope for many differentneu mass and mixing models
consistent with the available data [69]. It is important tinese gaps in our understanding are
filled so that the models can be discriminated. Long baselperiments are a rich source of
results not available or easily attainable with mass searfh 6, 7, 8, 70, 71, 72] neutrinoless
double beta decay experiments [73, 74, 75, 76] or astropfysvr].

The goal of this PhD has been to study in detail the physicshred Beta Beams and
their related technologies: electron capture beams, bbetal beams and electron capture
and Beta Beam hybrids. This thesis serves as a summary @ shedies with the focus on
studies of CP-violation in the lepton sector and the abdftiong baseline neutrino oscillation
experiments using this technology to observe and measukeniitmber of phenomenological
studies into the physics reach of Beta Beams have beendauteo varying degrees of so-
phistication prior to this thesis [78, 79, 80, 81, 82, 83,83,87, 88, 89, 90]. The goal of this
thesis is the analysis of electron neutrino beams sourcimggean baselines with the tech-
nologies mentioned above, but without using a CP-conjugfzenel. Concrete facility setups
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will not be considered; the objective being the study of tieviblation reach properties of
these machines.

Big decisions are looming in the neutrino community. Aro@@d.2-2013 will be the cul-
mination of an intense period of experimental R&D on the Sopams, the Neutrino Factory
and the Beta Beams. To plot the future of the long baseliné&rinewscillation programme
requires a phenomenological analysis of all the availabbnis and their variants with care
to make realistic assumptions but, at the same time, to giweexperimentalists optimistic
targets to aim for. The work contained within this thesistabates to this on-going deci-
sion and revision process. Specifically, studies examiaingn-standard approach to a Beta
Beam facility [89]; an expansion of an introductory studsoithe electron capture machine
concept [91]; and a novel idea using a neutrino flux that dostaoth Beta Beam and electron
capture beam neutrino spectra [92] is presented, as iS@ueriid93] of a recent suggestion of
using bound beta decays to source mono-energetic antiimetitxes [94]. Neutrino facili-
ties of this kind and/or the strategy they employ may not besjiade or be built for a number
of reasons. Never-the-less, they need to studied so thatetlteino community can make a
decision based on sound physical analyses and the statiig Bi&D. The potential to mea-
sure CP-violation will be discussed in all cases and will beip a context through discussion
of the technology and the necessity of the approach adopted.

The thesis is essentially in two parts; Chaps. 2 and 3 pravglenmary of the background
to the thesis. In Chap. 2, the phenomenological task foréutang baseline neutrino facilities
will be set out. The ultimate goal of the future experimesttoi determine the values of the
third mixing angleb;3 and CP-violation phas& and to settle the unresolved questions from
pervious experiments: what is the sign of the atmospherigsrsguared differencé&mz,;
doesB,3 deviate from 45 degrees and, if so, in which octant doeside@sThe subdominant
appearance channels— v, andve — vy, have been identified as the best experimental signals
for future experiments. Analysis of these channels will tm@agh a perturbative expansion
which provides a wealth of insight on the behaviour on longghiae experiments, in general,
and specific setups, in particular. The problem of degeaesalutions will be introduced
along with its ramifications. The statistical procedurell also be discussed at this point so
that the seriousness of degenerate solutions can be madesham Chap. 3, the Beta Beam
technology and proposed facility setup will be tenderedtaled discussion is beyond the
scope of this thesis, however, a sketch of a Beta Beam fauilit be given and the salient
features relevant for the following studies highlighted.

The final three chapters contain the phenomenologicalesdifdr single ion Beta Beams
and their related technologies. The content of Chap. 4 isas the study [89] conducted
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to examine the properties of a Beta Beam that only uses nestri The rationale behind
this strategy is the current uncertainty on the number ofrireas and anti-neutrinos that can
sourced for a given baseline. The absolute numbers andtibeofdhe source rates are both
unknown; all Beta Beam studies either have to use target atswip arbitrary rates (of varying

degree of realism). In this chapter, a strategy involvinky meutrinos will be motivated semi-

analytically with the suggested conclusions investigatgdg a full simulation of a case study
baseline.

The study of electron capture machines in Chap. 5 naturdibpts the same approach
by the absence of an equivalent anti-neutrino flux. The sprdgented in this chapter is an
extension of the work carried out by collaborators at CERN dalencia [91]. The analysis
presented is the first optimisation of the electron captusehime. The number of ion decays,
the boosts and the run times will be all be looked at to ascetteir importance. The at-
mospheric neutrino background will also be included forftret time. The chapter will end
with a critique of the bound beta beam. Bound beta decays e put forward [94] as a
possible source of mono-energetic anti-neutrinos to apemythe electron capture fluxes. |
will argue that this is not possible in any realistic manner.

The final chapter looks at an idea that was initially born duhe original electron capture
beam papers. Finding electron ions with suitable decaygeis tricky since for the energies
required in the laboratory frame, there is typically a bezaay ‘background’ to the electron
capture with equivalent or greater strength. The chaptmaxes whether there is any benefit
to using this non-standard hybid neutrino flux as opposelddstandard Beta Beam spectrum
or the mono-energetic neutrino from electron capture decay



Chapter 2.

Contemporary long baseline
phenomenology

In the last chapter, several goals for future experimente vekentified. The present data can
be described by two distinct mass-squared differentes,; ~ Amz; andAm2,, ~ Amg,; and

two mixing angles81, andB23. The labeling of the mass-squared differences is suggestiv
of two regimes: atmospheric and solar. The lack of any edectr muon appearance events
means that the third mixing angle allowed by the theory mastrhall. The atmospheric and
solar regimes can be thought of as two approximately disjpimeutrino oscillation schemes.

If exact, i.e. 613 = 0°, then there can be no CP-violation in the neutrino sectorséarch

for CP-violation requires a search for the sub-dominamrfetence effects between the two
regimes whose strength depends on the sif of

2.1. 3-neutrino oscillations

The search for CP-violation requires a measurement of otiee@ppearance channels and is a
3-neutrino effect. Thisis a consequence of the CPT invagafa quantum field theory and/or
the subdominant nature of the effect. First suppose oneadishattempt a measurement of
CP-violation by looking for a discrepancy between CP-cgaje channels. At a given energy
and baseline, the neutrino and anti-neutrino disappearnarababilities are the same. To see
this consider a neutrino oscillation from flavauto flavour: vq — vg. A CP transformation
exchanges the neutrino and anti-neutrino channels

25
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Similarly, a T transformation is the change
-
Vg — Vg «—— Vg — Vg , (2.2)
so that the complete CPT transformation is the exchange

CPT is a symmetry of a local quantum field theory. Assumingtnivew oscillations to be
formulated in such a theory, we must have

For the case = [3, we see that neutrino and anti-neutrino channels for a gessjance event
are identical. However, note this does not mean that thegibties are independent &t

If 613 # 0° thend is part of the Hamiltonian and can affect neutrino evolutidbne can
then ask whether it is feasible to attempt a measuremedtbyf reconstructing the energy
dependence of the signal. This is in principle possible fsappearance events, however, the
effect is subdominant with the signal dwarfed by the 2-neatoscillation effects. The best
approach is therefore is use appearance events as the {Ligaterprobabilities are different
for 813 # 0° and the subdominant effecse the signal. Future experiments will in general use
both energy reconstruction of the signal and a comparis@Retonjugate channels in each
bin. In this thesis, neutrino runs alone will be used and @mkation measurements will rely
on energy reconstruction of the signal. Note that it is alsssfble to seek a discrepancy from
T-conjugate channels; CP-violation is equivalent to Tiation for CPT to remain conserved.
For example,the combination of Superbeams and Beta Beaensheysame baseline [82, 87,
95, 96] will partly adopt this strategy.

The physics reach of future long baseline experiments f®s1en the so-calleédolden’
Ve — V|, Oscillation channel and its CP-conjugate partner. Changesot (CC)v, events are
typically long, clean tracks accompanied by a hadronic gnamd are easy to identify and
reconstruct [66]. CQGse events, on the other hand, shower electromagnetically imaner
similar to a hadronic shower, but without the long track @ thuon. Such a track is necessary
to reconstruct the charge and momentum of the lepton, ancehiire flavour and helicity.
A calorimetric measurement of the hadronic shower combimigldl the lepton measurement
allows for the reconstruction of the incident neutrino giyetWithout the track, the electro-
magnetic shower makes the ®@gevents look like neutral current (NC) events. These points
are especially true for the large magnetised calorimetensgsed for Neutrino Factories.
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Figure 2.1.: Neutrino mass orderings relevant for neutrino oscillaiofeking the solar mass squared
splitting to be between the mass states 1 and 2, the normtmemass ordering has;
as the smallest state. if; is the smallest state then we have an inverted ordering.

In addition to the golden channel, the following channelsd(¢éheir CP-conjugates) are
also considered in CP-violation analyses:

® Ve —Vy the‘golden’ channel ,
® Vg — Vg the‘silver’ channel ,
® vV, — Ve the‘platinum’ channel .

The golden channel is the main physics channel for Beta BaawthdNeutrino Factories. The
silver channel has been considered as a source of additdoahation to help resolve degen-
eracies (see Sec. 2.2) [97, 98, 99], or to improve sensitiwihon-standard interaction effects
and searches for oscillations into sterile neutrinos [1@}servation of th&e — v channel

is only possible for neutrino energies greater thanttipeoduction threshold. The platinum
channel is the principle appearance channel availablerteerdional beams and Superbeams.
It is also available to the Neutrino Factory but is little satered for the reasons described
above. The physics in this thesis concentrates on the galugmel. Searches f6f3 and
CP-violation need appearance oscillation channels. Footiner unknown oscillation param-
eters, the appearance channels are not mandatory; andtioulaa, the sign ofAmgZ,,, could

in principle be measured with thvg — ve andvy, — v, channels for a sufficiently large matter
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potential. Recall that neutrino mass splittings are haralrsince

Ay ~ 30. (2.5)

Amg,y

In the context of neutrino oscillatiohs we can identify two cases (depicted in Fig. 2.1)

Normal hierarchy  sigf\m3;) >0 : m <m<mg,
Inverted hierarchy sigiAm3;) <0 : Mm<m <.

If the mass splittings are small in relation to the absoluéssrscale, the neutrino masses have
a degenerate spectrum(~ my ~ mg). Since the absolute neutrino mass is not observable in
a neutrino oscillation experiment, it is customary to refethe mass orderings as the normal
and inverted hierarchy, irrespective of the absolute meale s

To extract the sign oAmg,, recall that the mixing angle and mass-squared splitting in
matter are dependent on the sign of the vacimmf. In the absence of CP-violation, there will
still be a discrepancy between CP-conjugate channels tieaexternal matter fields are CP-
invariant. For 3-neutrino oscillations appearance evierayacuum, however, the discrepancy
is only present in the sub-leading effects. For a pure 2rimeLvacuum oscillation analysis in
the atmospheric regimes, the oscillation probabilitiesiavariant with respect to this change
(hence why it is currently unknown): Eq. 1.24. The mass hétrgcan be determined by
searching for this effect, although the presencé gf0° is a problem (see Sec. 2.2).

Far future facilities will focus on the appearance chanaeld will search primarily for
013, 0 and the sign oﬁmgl. It is expected that the other mixing parameters will be mess
to a better precision with running and near future facsiti€he physics reach of a new facility
rests on the size d;3 since this controls the size of the interference betweersoier and
atmospheric sectors. The solar contributions to the appearprobability have no dependence
on the sought parameters (see Sec. 2.1.B,3lfs too small, then few statistically significant
results are possible for any given facility. The overall gpilog reach, and the smalldsg for
which statistically significant results can be returnedigpendent on the facility type and the
particular setup (or combination of experiments). The psygeach of an experiment can be
seriously hampered by the unknown ilgmgl) and the octant db,3 (see Sec. 2.2).

1The hierarchal nature of neutrinos is also important foeatineutrino mass searches using beta decays, and
for neutrinoless double beta decay experiments. Such iexpets use effective mass observables whose
behaviour as a function of the true mass scale is hierarghgradient.
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2.1.1. The appearance probability

The evolution of the neutrino state) is determined by the Schrodinger equation

0|V)

W V) = IW’ (2.6)
where# is the Hamiltonian
m 0 O 2EA 0 O
}}:% Ulo m o[uT+| o o of]. (2.7)
0 0 m 0 00

Here, them are the neutrino massds;|s the neutrino energy is the mixing matrix defined
in Eq. 1.2, andA is the potential defined below. The first term is the evolutbthe neutrino
field, in the flavour basis, in a vacuum. The second term is tdmribution to the evolu-
tion from forward coherant scattering of the neutrinos irtteraFig. 2.2). These scatterings
introduce the effective Hamiltonians

55 - % [T (- P)e| [Evo(1— yP)ve] (2.8)
and
e %Zﬂ; e (@ -yP)va | [ (el ~ 0P ] 2.9)

Here,Gr is the Fermi constany, eandf are the neutrino, electron and fermion fields respec-
tively. g\f, and:\ for fermion f with chargeqg; are given by

f

g\f, = Isf — 205 SinBy and gL =1l;. (2.10)

Bw is the Weinberg angle ané is the weak isopin of fermiorf.

To obtain an average of the effective potentiakf — gecﬁc

integrate over all variables associated with the elect@mndoing so, one obtains [101]

+#NC), it is necessary to

}?eff: Z ACX\TGLVOVGL7 (2.11)

a=eT
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where

1
Aq = AccBae + Anc = V2Gk (ne6ae - énn> . (2.12)

ne andn, are the electron and neutron densities in matter. The eleetnd proton contribu-
tions to the neutral current potential cancel since they lgpposite charge and opposite weak
isospin. The contribution from the neutron can also be resd@s a constant factor added to
each diagonal element of the Hamiltonian introduces anadiyginase in the evolution which
has no significance in the oscillation probabilifiesVe are therefore left with the potential
introduced in Eq. 1.2.2.

A=+V2GEne. (2.13)

Passage through matter changes the oscillation probebidis the potential modifies the
mixing angles and effective energy of the neutrinos. It isiown to rewrite the Hamiltonian
as

0 O 0 A 0O
# =Uxg |UU12 |0 By O ULul+|o o of|ulk. (2.14)
0 0 Az 0 0O

Here,mf has been factored out as it will introduce an irrelevant pliaghe probability, and
the common notation

Aj=—1 (2.15)

has been introduced. The matter term is invariant undddsgéransformation.

In Fig. 2.3, theve — v, appearance probabilities are presented for the CERN-Bdabe-
line (L = 1050 km) for various assumptions on the oscillation paramsetin all plots, the
matter effect has been included assuming a constant dexsity the baseline of §/cn?, or

2This is also the reason that atmospheric data can be addgtiav, — v, oscillations, and the CP-conjugate
channel, since if sterile neutrinos are included, therélwilan obsverable matter effect in the signal. Since
sterile neutrinos do not interact with matter, the neuttatent can not be removed in this manner. Put
another way, this is the reason atmospheric neutrinoseaett as vacuum oscillations even though there is
substantial passage through matter.
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Figure 2.2.: Coherent scattering Feynman diagrams that generate tihgecbarrent and neutral cur-
rent matter potentials for the electron neutrinos inténgcivith an electron background.
Neutral current diagrams can also be drawn for all neutriaeofirs and on proton and
neutron backgrounds.

in terms of the potential:

V2GEEne~1.15x 10~ eV2 <3g§nr3> (1 cfev) , (2.16)
wherep is the matter density. On the top line of Fig. 2.3, te- v, appearance probabilities
are shown fo® = 0°, d = —90° and® = 9C° for two choices 0B13. On the bottom line, the
difference between neutrino and anti-neutrinos prohi#sli and the effect of the choice of
hierarchy are shown. To find a probability for anti-neutannote that the appropriate weak
currents are

L =2 Ugivar Y lat , (2.17)
a i

i =227 Ugi laL Y2 Va - (2.18)
a i

Vacuum neutrino and anti-neutrino oscillations therefame the same up to the switéh—
—d. In matter, the sign of the potential also needs to be redesisethe neutrino and anti-
neutrino have opposite weak isospins. The procedure usednerically evolve the Hamil-
tonian is presented in Appendix A.

From the top line of Fig. 2.3, the appearance probabilityeapp to have an underlying
1/E? form which is modified by an oscillatory structure; the sg#imof which depends on the
size 0fB13. The value of the CP-phase modifies the size and locatioresktbscillations. In
the next section, it will be shown that these features ardalselar, atmospheric and interfer-
ence effects respectively. Further, the solar trend doesppear to change withy 3. For small
013, the solar contribution is dominant; the atmospheric amerfaerence contributions can be
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Figure 2.3.: ve — v, appearance probabilities for the CERN-Boulby baselin®(1kim) as a function
of energy. On the top row, the effect of the CP-phase and #eea$ib,3 is demonstrated.
In each case the probabilities for= 0° (black), d = —9C° (blue) andd = 9(° (red) are
calculated. On the bottom row, 9f; = 0.05 andd = 0° are taken. On the left, the red
line representse — v, and the blue’e — v.. On the right, the red line is for the normal
hierarchy whilst the blue is for the inverted.
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thought of as corrections to th¢B? trend. An inverted hierarchy suppresses the probability
for neutrinos but enhances it (not shown) for anti-neusifuw large matter effects. For small
matter effect, the inverted hierarchy shifts the probabibrm to lower energies.

2.1.2. Perturbative expansion of the probability
The goal of this section is to find an analytical form for th@earance probability. To do this

note that the Hamiltonian (Eq. 2.14) is equivalent to a ‘wanuHamiltonian with modified
mixing angles and mass eigenstates:

A O O
#=0|0 xr o]0, (2.19)
0 0 As

whereU = U,3U13U15 is the modified mixing matrix and thk are the effective neutrino
masses squared divided by energy. To find analytic forms®Btneutrino oscillation prob-
abilities one needs to find and the\; and then use Eq. 1.17 witth — U andnm?/2E — A;.
This has been done [102] but the results are not physicalijtive. An alternative is to use the
hierarchal nature of the neutrino mass splittings, andrath®ll parameters in the problem,
to perform a perturbative expansion [66, 103, 104].

For a given mass-squared differermﬂrﬁ-, baselineL and neutrino energfe, the first
oscillation maximum (for small matter effects or vacuunt)sees
AL T

et (2.20)

Neutrino event cross-sections are dependent on incideitine energies, with preference for
high energies to achieve useful rates. From the above equate therefore wish to configure
a facility to examine the oscillatory structure of the atpiosric regime as it has the larger
Anﬁ . Following [66], a perturbative expansion is made by tregathe atmospheric regime as
zeroth order with the solar regime as a correction, viz:

0 0 0
H =Ups | +UU12 | 0 Ay 0 |UL VL5 UL, (2.21)
0 0 0
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where

00 O +A

M =Ui3Ui12l 0 0 O U:IZUIS—F (2.22)

o o O
o O O

0
0 0 Az 0

is a 2-neutrino oscillation matrix in matter that we wish tagbnalise. It is easy to find the 3
eigenvalues o

A?tzémmiA—Bﬂ, (2.23)
A —o, (2.24)
A?ﬁzgagytA+B¢); (2.25)
where
B; = \/ (D31c0S Bys T A)2 + (A SirP20,3)° (2.26)

is an effective mass in matter. The effective mixing anglmatter,0y, for this leading order
effect, therefore satisfies

tan D13
tan Dy = 2.27
M NA3z1c0sD13FA ( )
and has a resonance when
A= NA31C05Dq3. (2.28)

For very long baseline oscillation experiments, the resoads is important since the en-
hancement of the probability compensates for the divegehthe neutrino flux.
The diagonalised matrix to first order is

A2 0 o
w©@=uzl 0 o o [Ul, (2.29)



Contemporary long baseline phenomenology 35

and the first order correction in the basis of the non-peeidigenvectors is

0 0 0
MY —0Tu [0 Ay ofUTUZ. (2.30)
0 0 O

HereU_; = U23(923)U13(§M¢) and§M¢ = 013— Ow . The eigenvectors to first order are now

)\51) = )\50) + §2A21COS2 éM; , (2.31)
A=A+ oo (2.32)
A = AD 4 2801 5irP O - (2.33)

With these eigenvalues, and their corresponding eigeokgdihe neutrino probabilities can
be found using Eq. 1.17 keeping terms ug@ta. It is known that913 is small, so the resulting
probability is given a further expansion @33, keepingA»1 and813 terms up to second order.
The probability is not complete however as the expansidiysdoes not return the second
order termso (A3,). To find the extra term note that it is the second order cautiob in the
813 — 0 limit. To find this term, the best approach is to diagonatiseexactly in this limit.

Finally, the probability is found to be

2 —
Pve—wp(elS, 5)i = sir? 26135in2 023 <ﬂ> sir? (%L)

N>1N31 . (AL BxL 31L
—eso- — - 45— ==
i A B, S|n<2>sm< > )cos(_é > )
. A1 \2 ., /AL
+ co< B,3Sin 2015 (%) sir? <?> , (2.34)

wheres = cosB13Sin2013Sin20,3siNn 2012 andB+ = |Az1 F A|. Up to notation, this expression
is equivalent to the form derived in [103]. That study alsmtemed a detailed compari-
son with a full numerical analysis. These perturbative espas are only valid for small
matter effects. With increasing baselines, and h&gyg®n-pertubative effects need to be in-
cluded [105]. Although the above expression remains fildeecto the resonance, the result
is too large. For the baselines considered in this thesssiifficient.

Most features of long baseline neutrino oscillation expents can be understood, to some
degree, with this formula: both the motivation of strategytlte interpretation of results.
Indeed, this formula is fundamental to the understandinthef‘problem of degeneracies’
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which will be discussed in the next section. To finish thistiseg the important features of
the probability will be pointed out.

e The expansion consists of three terms: the zeroth-ordessgtheric term, thé, first
order interference term and tig, second order solar term.

e The atmospheric and solar terms represent the regimes chvatinospheric and solar
features dominant respectively. These regimes are ealg@tneutrino mixing schemes
and so no CP-phase is present in these terms. All CP-vialat@anifests itself through
the interference term which has components of both regimes.

e Both the atmospheric and interference termstagadependent. For smabh s, the solar
term dominates making it hard to measure CP-violation. Thtke effect seen on the
top line of Fig. 2.3.

¢ Inthe absence of matter, the leading order term is invauadér the change of hierarchy.
In matter, the hierarchy modifies the amplitude of the atrhesp and interference terms.
The effect is felt strongest from the atmospheric contrdsuat high energies and/or long
baselines. The solar term can be approximated to

. Axl\?
cog 9235|n2 201> 5 (2.35)

for small matter effect and/or baseline and therefore doésontribute to the discrep-
ancy.

¢ In the presence of matter, there will always be CP-violagwan ifd = 0° or 18® as
the external matter fields are CP-invariant. Therefore,effiective potentials in the
Hamiltonian are different for neutrinos and anti-neutsn@he evolution of the flavour
states is therefore different, even for CP-conservingeshbfo.

e Both the atmospheric and interference terms are invariaa¢uthe changé,z — 90° —
023. Determining the octant dd13 therefore needs small energies and/or siglso
that the solar term dominates.

e The coefficients of the oscillatory parts of each term haviemdint energy dependen-
cies. Therefore the relative strength of each term variegrding to which region of the
neutrino spectrum is being investigated. Exploiting thal@zory structure of the prob-
ability is therefore equivalent to exploring different fege of the oscillation probability.
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e When the conditio®L = 2rtholds, only the atmospheric term remains. The baseline for
which this is true is known as th&fagic baseliné This particular choice of baseline is
important in the breaking of degeneracies and will be diseddurther in Sec. 2.2.2 .

All the neutrino oscillation parameters are correlatethendense that a single measurement
of the probability is insufficient for the determination dietunknown parameters. Trivially,
multiple measurements and/or experiments need to be pertbto extracB;3 andd. It is
expected that at the time of any measurement, the curremsearn the solar and atmospheric
parameters will be much smaller. Never-the-less, any taicgéies on these parameters im-
pact onB13 and® measurements, especiallydfs is small. For smalB;3, the probability is
essentially the solar term corrected by the interference.td he sough6,3 andd effects at
smallB13 can be mimiced by the uncertainty on the solar parametersekaively large and
moderated; 3, the uncertainties on the atmospheric parameters can ynbeifoverall size of
the probability and shift the oscillation peaks. In factthwhoth0,3 andd currently unknown,
the problem is more severe. This is theoblem of degeneraciesd which we now turn.

2.2. The problem of degeneracies

Typically, future long baseline oscillation experimenit® & extract the unknown parameters
using both a neutrino and anti-neutrino run. Since we anebewy for the two parametefss
andd, naively one would expect that the two runs should be suffidiebreak the correlation
and measure both. It was pointed out in [106], however, thati$ a false expectation. If one
makes just a single measurement of the probability in eathegpolarities, then up to 7 fake
solutions can also fit that data [107, 108, 109].

The intrinsic degeneracy

Consider theve — v, appearance probabilit?wt_,v“(elg, 0), for fixed baselind. and fixed
energyE. The correlation betweey 3 andd means that for the true p&ig5, d"), a measure-
ment of the appearance probability can return a continuusolotions, viz

P v, (813,87) = Py v, (013,8) . (2.36)
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Likewise, for an anti-neutrino run under the same assumstithere is a second continuum
Prev, (013,8") = Ry v, (813,3) - (2.37)

In general, this system has two solutions. This can be setheithe left panel of Fig. 2.4
where, for the CERN-Boulby baseline (1050 km), the two empbpbility curves defined by
the above equations have been plotted for the cagh s 0.05, = 0°, normal hierarchy,
and neutrino energids = 2.1 GeV (first oscillation maximum) and = 2.5 GeV. The neutrino
equiprobability (solid lines) and anti-neutrino equipabidity (dashed lines) both pass through
the true solution by construction. There is an additiontsofuat similarf,13 but largerd. The
second measurement has broken the correlations but leSteetk degeneracy: an additional
solution that is also consistent with the data. This is'ithteinsic degeneracy’

The location of the intrinsic degeneracy can be determimediyically using the pertur-
bative expansion in Eq. 2.34 and simultaneously solvingtwee equations above. This is
done in practice by rewriting the equations wiity as the subject then equating [106]. At-
tempting this in general results in involved algebra andoisvery instructive. However, the
exercise simplifies greatly in the atmospheric and solaeaxts. Following [106], for large
013, EQ. 2.2 can be rewritten

013 =04, — ZYTJ—’ [cos(é— A3—21L> — cos(EStr — A3—21L>] , (2.38)
+

where the non-essential information is contained in caeffisX; andY;.:

. As1\? ., (BrL
Xi = Sirf 03 (ﬂ> sir? (L> , (2.39)
B, 2
. . N1AN31 . AL\ . /B=L
Yy = c0s9135in Mpssin Wio—2= —Lsin( == ) sin —=— ) . (2.40)
A By '\ 2 2

‘+’ corresponds to neutrinos and ‘-’ to anti-neutrinos. Bvethis approximation the resulting
solutions are complicated. For baselines at the shorteioétite spectrum, in the vacuum
limit:

013~0f; and d~m-d". (2.41)

This result is consistent with the left panel of Fig. 2.4; a@eyiations are the result of matter
corrections. The possibility of returning multiple validsfito the data is clearly a problem.
From the left panel of Fig. 2.4, a possible solution presis¢df. The location of the intrinsic
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Figure 2.4.: The problem of degeneracies. All curves use the the CERNEgdaseline (1050 km)
and true values sibif; = 0.05 and®" = 50°. Left panel:The neutrino (solid lines) and anti-
neutrino (dashed lines) equiprobability curvesEgr=2.1 GeV (black) and, = 2.5 GeV
(red). The curves were plotted assuming the normal hieyaRight panel:ForE, = 2.5
GeV, the normal hierarchy (black lines) and inverted higmr(red lines) equiprobability
curves for neutrinos (solid lines) and anti-neutrinos Keaklines).

degeneracy is energy dependent for a g¥gyandd”. In a realistic experiment, one does not
measure the probability directly; the parameters are etedaby reconstructing event spectra
which are dependent on the initial flux, the detector teabgplthe interaction cross-sections
and the probability (see next section). Since, in generalexiract information from a range
of energies, the intrinsic degeneracy is easily resolvesblEPms may arise at largas where
atmospheric uncertainties are felt more strongly and/etirergy range range is restricted by
large energy thresholds and systematics (for example, ighadmergy Neutrino Factory).

The energy degeneracy

There is an additional intrinsic degeneracy present ingfigphnel of Fig. 2.4 that is not dis-
cussed in the literature. It is seen that the two equiprdityaburves for neutrinos at different
energies have a second solutio®a ~ 5° andd ~ —125°. This degeneracy is not present in
most experiments since the corresponding anti-neutrine do not share the same solution.
(In fact, for the case above, the anti-neutrino runs do neehhis extra degeneracy.) For
the single helicity experiments discussed in this thehis,degeneracy is in general present
since a different energy changes the overall magnitudeeo€dmtributions and shifts the si-
nusoidal maximum of the interference term (as seen in FY). Henceforth this degeneracy
shall be referred to as thenergy degeneracyto distinguish it from the intrinsic degeneracy
originating from neutrino and anti-neutrino runs.
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The hierarchy degeneracy

If the neutrino hierarchy is unknown at the time of@a4,8) measurement; for both the true
and intrinsic (or energy) degeneracy there can exist ariaddl solution known as a hierarchy
clone [108]. In the right hand panel of Fig. 2.4, the equiptabty curves

R, (813,87, 1Am8,)) = Ry, (13,5, —|Amg,)  and (2.42)
Preov, (813, 8", 1AME,)) = R,y (813,83, —|AME,|) (2.43)

are presented. The changrm§2| — —|Am§2| lowers the appearance probability for a given
energy and paiff13,d). This change can be compensated with an increa@gjshifting the
equiprobability curves to the right. The two equiprobadpiturves for the wrong hierarchy
intersect in two places as before. The size of these chasgiependent on the size of the
matter effect (i.e. the neutrino energy and the baselingPas For the vacuum case, there is
no discrepancy between the probabilities to leading orddrsa the clones are sited with the
true solution and the intrinsic clone (or energy clone). réhare therefore four solutions that
now fit the data: the true solution, its intrinsic (or energigne, and two hierarchy clones.
As before, the location of the hierarchy clones are depdmulethe energies. The existence
of hierarchy clones can be turned to our advantage, howé@verse clones originate in the
unknown sign ofAmg,.. If these clones can be ruled out in favour of the true sofugind its
intrinsic solution, the mass hierarchy can be determindut ability of an experiment to do
this is controlled by the size of the matter effect &g

The octant degeneracy

Finally, it is not known whetheB,3 # 45°. If 8,3 = 45° by assumption, then there are no
additional fake solutions. B,3 # 45° by assumption, then it is necessary to consider 4 sets of
equations

P v, (613, 8", [AMB,|, B23) = Py, (613,3, [AMME,], 623) , (2.44)
Poe—wv, (613,08, |8, |, 823) = Ry, (813, 8, —[AME|, 623) , (2.45)
Pie—sv, (613,08, |AmE, |, B23) = veﬁv“(ew 8, |Amg;|, 90° — 823) , (2.46)
Py, (613,87, |AME,|, 623) = Ri-_, (613, 8, —|AME,|, 90° — B23) ; (2.47)
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so that there are in general 8 solutions that can fit the datarder, the first set of equations
results in the ‘intrinsic clone’; the second returns thesthrchy clones’; the third gives the
‘octant’ clones; and the fourth equation allows for ‘mixetbnes.

2.2.1. Resolution of degeneracies

The existence of degenerate solutions, trivially, doesatiotv good sensitivity reach fdi13
and/ord. A pair of measurements could return multiple valid solasiavhich, when combined,
can occupy large regions of parameter space. How these elegersolutions are incorpo-
rated in a CP-violation sensitivity plot and how they afféwt sensitivity will be discussed in
Sec. 2.3.3. To finish this section, a number of strategiegestgd to combat the problem of
degeneracies will be highlighted.

The location of degenerate solutions is energy dependéetpfinciple weapon available
is therefore the reconstruction of the data in energy bihe.Aumber of events in a given bin is
the convolution of the un-oscillated neutrino flux, the ama@ce probability, the interaction
cross-section and the event reconstruction efficiency. aFgiven experimental setup, the
binned data is generated for a given oscillation hypoth@sie next section)x? functions
are then calculated to quantify the discrepancy betweenhypmtheses. Clone solutions
manifest themselves as extra allowed regions at some canédevel in the(613,8) plane.
Degeneracies are resolved by introducing extra informaitio the analysis such that the
statistical significance of the clone solutions is reduddds is the power of binning the data
- much more information can be incorporated into a fit withth& need for extra channels
or experiments. Information from the oscillatory struetwf the appearance probability is
often sufficient to remove any intrinsic or energy degenegcThis is the approach that is
investigated in the Chaps. 4, 5 and 6. Below, some of the atpgroaches suggested in the
literature are listed

¢ Wide band beams: One way to include energy dependence is to use a ‘wide band
beam’. Near future Superbeams [47, 48] place detectoraxufto reduce backgrounds
and concentrate the flux in narrow energy ranges [112]. Setlps suffer badly from
the intrinsic degeneracy since they are close in designetadialised discussion of de-
generacies at single energies. An alternative approachuse high energy Superbeams
on axis so that the flux at the detector covers a large enengyei®1]. Binning the data,
even conservatively, is an effective strategy at resoldiegeneracies.
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¢ Include extra oscillation channels: Different oscillation channels have slightly differ-

ent correlations between the unknown parameters. Anabfdbss type focus on the use
of ve — v, andve — v, but with the inclusion of the silver [97, 98], platinum [116]

vy — Vr channels. The silver channel is often helpful in dealindhwiite octant degen-
eracy [99], non-standard interactions or sterile neutasallations [100]. The platinum
channelis the T- conjugate channel of the golden channe c@émbination of the golden
and platinum and their CP-conjugates is a good strategyswivimg the mass hierarchy
at shorter baselines where the matter effect is small [96iks ilea has been studied ex-
plicitly for Beta Beam and Superbeam combinations in Eurapéthe US [82, 87, 95].
Thev, — v; channel is currently being investigated by the CNGS expami[54] and is
sensitive to the atmospheric parameters. The gain in imgutis extra channel is tem-
pered by the difficulty in measuring appearanceré decay rapidly, hence not leaving a
track, and produce many patrticle is the following casadesjusion of the appearance
V; events sometimes adds little to the overall sensitivity]11

Multiple baselines: The major degeneracy concern for future very long basekpere
iments is the hierarchy degeneracy. In the high energy NeuEactory, the efficiency
profile of the MIND detector forces the shortest baselinegddng ¢~ 3000 km). At
such long baselines, the matter effect is large and the eéegeynwithf13 andd is se-
vere. To break this degeneracy requires a clean measurefraare or a pair of the three
parameters. This can be achieved with a second detectdetbator near the magic
baseline, where all but the atmospheric contribution topifedability vanishes, giving

a clean measurement 6f3 (see Sec. 2.2.2). In addition, since the neutrino has to pass
through the dense outer core of the earth, the MSW resonahemees or suppresses the
probability. This effect can be used to determine the hagrarThe information from the
magic baseline reduces the significance of the clone sakiibthe short baseline. This
approach has been copied for a number of recent Beta Bearogaisfd79, 80, 84]. Beta
Beams of this type are at the hard limit of what is possiblesirttechnical and practical
feasibility are open questions. Beta Beams have shortibasealvailable where a clean
measurement ;3 andd can be made. The use of the magic baseline is therefore not
mandatory.

Several suggestions have been put forward for using mellipselines for Superbeams
that use the off-axis approach. The most prominant of tre3@KK [62]. The current
beam line for T2K can also source detectors in South Kore@dmbshima Island in the
Sea of Japan [115]. The idea is to upgrade the T2K beam lin&tgarbeam irradiating
a new Mton WateCerenkov, known as Hyper Kamiokande [116], close to theenrr
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Kamiokande site at Kamioka (L=295 km) at first oscillationimaum. This beam could
also source a detector® off-axis in Korea covering second oscillation maximum at
~ 1000 km. The combination of different maxima and baseliseitile ground for
resolving degeneracies [117].

A similar idea has been put forward to supplement the plaiN@dA experiment [48].
This is an off-axis experiment which uses neutrinos fromNkiI beamline with a far
detector 810 km away at Ash river (Minnesota). In a proposadex SuperNOVA [118],
it was pointed out that introducing a second off-axis deteafth neutrino energy at the
same L/E but a much shorter baseline was beneficial in regpthie hierarchy degener-
acy.

e Multiple fluxes at the same baseline:In the ‘alternating ions’ Beta Beam [88], two
different ion pairs are used with similar boosts. The déferQ-values of the ions (see
Chap. 3) allow for multiple energy ranges to be explored whthsame baseline which
is helpful for breaking intrinsic and octant degeneracmsshort baselines. It is also
useful if one wishes to optimise the fluxes for each basetireemultiple baseline Beta
Beam since the flux is quadratic in the boost; low Q-value mmsbest for the shorter
baselines, and high Q- value ions are needed for the magetil@§79, 80, 84].

2.2.2. The magic baseline

Although not a feature of this thesis, the use of the magielb@asis an important strategy in
the resolution of degeneracies. As mentioned previoustilfeamagic baseline
AL

sin<7> =0 — V2GgneL = 211. (2.48)

Assuming a constant matter dengptynd two electrons per atom on average [119],

1

plg/cm’]
Using the Preliminary Reference Earth Model (PREM) [120jick describes the Earth’s den-
sity as a function of depth, the baseline is numerically tbtmbelL magic = 7250 km [119].
The importance of this baseline lies in the reasonably cheeasurement dd;3 and the hi-
erarchy without any degeneracy wibh This baseline needs to be combined with a shorter
baseline to search for CP-violation.
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It was pointed out in [121] that the probability expansiomag correct when close to the
resonance. Nevertheless, the existence of a magic baselien out with a full numerical
simulation and the simple argument above serves as a demmst The probabilities are
calculated and presented in [79]. In addition to not havicgeas to the CP-phase, the magic
baseline also suffers because of its length. An un-oseillaeutrino flux scales agll” and
so the event rate at a detector at the magic baseline is exjdbe low. This expectation can
be compensated by the matter resonance (see Sec. 1.2.8), fehthe CERN-INO baseline
(7152 km) is at [79]

_ |amg,|cosBys
res 2\/§GF Ne

~6 GeV. (2.50)

For small values 0813, the event rate per unit decay is approximately constantratthe
first oscillation maximum as a function of baseline - the @ase in the cross-section and
the resonance in the oscillation probability compensateshfe heavy reduction in the un-
oscillated flux for the magic baseline.

The magic baseline is a stable feature of Neutrino Factaspgsals due to unavailabil-
ity of short baselines. The baselines in the range 2000<kin< 6000 km suffer badly
from the hierarchy degeneracy and need to accompanied l®aa oleasurement éfand/or
sign(dm3,) to achieve good physics reach. A number of Beta Beam prépbase been put
forward incorporating the magic baseline in a dual basedgtep in a similar manner to the
Neutrino Factory. However, with the availability of shoddelines, and hence a clean mea-
surement o3 andd with little or no matter degeneracy, the use of the magic lbeséor a
Beta Beam is certainly not mandatory.

2.3. Anatomy of an analysis

The core of any analysis for the physics reach of a long baseleutrino experiment is the
calculation of the neutrino event rate at the detector anstibsequent use inkd analysis. In
this section, an outline of the event rate calculation wéligiven as will an overview of the?
analysis for use in 2-parameter fits, CP-violation sengitpots and hierarchy determination
plots. With this information, it will be seen explicitly hotle presence of degenerate solutions
affects the sensitivity of the experiment.
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2.3.1. The simulation

The event rate for a given bin and detector channel is a coneal of the source neutrino
flux; propagation effects: oscillations, matter enhana@ne suppression, any new physics,
such as non-standard interactions; and the event recotistrat the far detector. A ‘channel’
is a possible source of events for a given initial neutrinedia and helicity. For example,
consider the Beta Beam oscillatiog — v,,. Each of the following contribute events to the
total muon event rate and are individual channels

1. Theve — v, appearance oscillation channel through detection of muons
2. Neutral currenve events misidentified as muons;
3. Charge currente — v disappearance events with a muon in the final state.

The number of events in th& energy bin for the appearance channel for true @ﬁé{g, o) is
given by the following expression

Ei +AE;
N; (6]5,8") = At t f £(Ey) Ov,(Ey) Pey(Ev, 645, 0") @, (Ey) dE, . (2.51)

Ei
Herea(T t is an overall normalisation that represents the size of ¢éteatior and running time
for the particular channel. Physicallr is the number of nuclei ‘targets’ within the detector.
The integrand is composed of 4 experimental distributidhe;neutrino flux at production
@y, (Ey), the oscillation probabilitye,(Ey, 875,8"), the event cross-sectian, (E,), and the
event reconstruction efficieneyE,).

The neutrino flux at production is parameterised by the feorf of the facility. The shape
and normalisation ofp,,(E,) is dependent on the type of decay and its maximum rest frame
energy (Q-value), the boost of the source particle, and malisation in the guise of some
production rate. The shape of the beta decay flux and its paesisation will be introduced
in Chap. 3. For the Beta Beam, the normalisation is the numieseful ion decays per year;
for Superbeams and Neutrino Factories, one often refehetaumber of protons on target or
more simply the power of the proton source. It is conventitmanclude the neutrino source-
far detector distance (the baseline) in the fig(Ey ), as opposed to the propagation, making
it the un-oscillated neutrino flux at the detector.

3‘Front-end’ is a term often used to describe the productiagesof a neutrino facility. Specifically, | take it to
mean all technology prior to the propagation over the lorgghae. Some people might use it to mean prior
to acceleration.
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The probability, at a given laboratory neutrino enegfor true pair(8Y,,8), is simulated
numerically by time evolving the initial neutrino state, @sscribed in appendix A. This
probability is also a function of the baselibgthe matter potential, and all the other oscillation
parameters. For brevity, these are not labelled.

The convolution of the un-oscillated neutrino flux and datibn probability gives the
differential rate of appearance neutrinos at the dete€tee.number of neutrino events is then
determined by the size of the interaction cross-sectionraedaction identification efficiency.
The neutrino flavour is tagged by the interaction lepton. itleatification cross-sections are
therefore always charge current cross-sections. Neutredt reactions are flavour blind and
therefore can provide a background if misidentified. Theectaree types of charge current
interaction used in event reconstruction:

1. Quasi-elastic events (QE)

These are events in which the target nucleon changes buhdbbseak up. The flavour
of the neutrino is through identification of the lepton in hmal state. Examples include

Vpt+tn—p +p and Vut+p—p+n. (2.52)

Events of this type dominate for neutrino laboratory eresdielow 1 GeV and are im-
portant in Beta Beam studies using large Waterenkov detectors (WC).

2. Pion production events (PD)
These events are essentially QE events but with an excitatidiate nucleon, possi-

bly with aN* or A. Depending on the resonance, pions typically appear intlaédtate;
for example

Vptn—p +p+T10° or Vptp—n+T1 . (2.53)

Pion production events make a substantial contributiohéadtal cross section for en-
ergies around 1 GeV, but are suppressed at higher energaslikel QE events.
3. Deep inelastic scattering events (DIS)

For energies of several GeV upwards, DIS events dominatetlthege current cross-
section. Events of this type break up the initial state nutleaving hadrons in the final
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Figure 2.5.: Contributions to the charge current neutrino cross sedtiomuon identification events.
Current experimental data [122, 123] is shown with the @l¢\theoretical predictions.
Figure reproduced from [123].

state. Energy reconstruction relies heavily on the abdityhe detector technology to
account for and reconstruct the final state hadron energies.

The individual contributions to the total charge curreriss-section as a function of energy
is shown in Fig. 2.5. The ability of a particular detectorhteclogy to satisfactorily recon-
struct the incident neutrino energy is dependent on therineuénergy. For example, Water
Cerenkov detectors (WC) use QE events but are extremely gto@constructing hadronic
events. Consequently, WC detectors are optimal for feslin which the bulk of the neutrino
flux is at low energies. The size of a realistic detector isetelent on the choice of the tech-
nology. Therefore, the physics reach of a given facilityesvily dependent on the choice of
detector technology.

Event reconstruction has two important aspects: the efitgien which a given event
can be identified, and the energy resolution of its reconstm. The efficiency is the final
distribution in the integrand of Eq. 2.51. The reconstittefficiency is a function of the
neutrino energy, but is not theoretically known. This fumietneeds to be determined from
a detector Monte Carlo assuming a particular incident meugpectrum. Only for a small
number of cases have such simulations been carried ouioe sechnologies, no efficiency
curves are available. The standard approach in such casestiser extrapolate known results
or to base the efficiencies on advice from experimental boHations. Typically, however, the
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efficiency is expected to be constant over large energy gnde often applied strategy
is to then assume a experimental cuts which introduce arggriereshold in the facility
simulation. A constant efficiency can then be factored ihi mormalisation allowing for
studies examining generic detector technologies with serposure’.

The evaluation of the integral in Eq. 2.51 returns the nunebeeutrino events in binfor a
given facility, neutrino parameter hypothesis and perd@ergy reconstruction of the detector.
In reality, a further step is required to compensate for thpdrfect energy reconstruction.
The differential event fluxdN /dE needs to be appended with a resolution function which
(physically) is the probability density function of retimg event energyE when the true
neutrino energy i&. In this thesis, any energy resolution is treated as Gaussid the event
rate integral is modified to

E +AE; d N

Ni(8Y5,8") = ar t L_ d—EKi(E)dE, (2.54)

whereK (E) is the energy resolution kernel for ti& bin and is given by
Ei+AE; o
Ki=art f R(E,E)dE . (2.55)
Ei

Here,R(E, E) is the energy resolution function

_ (E—E)?

1
R(E, E) = 7\/_8 ZOZ(E) . (256)

This approach to energy reconstruction is adopted by theB&ISo[124] software and is out-
lined in detail in the manual [125].

The above outline represents the bulk of the computatidif@iten evaluating the event
rates for a given neutrino oscillation hypothesis. Thelttant rate for a given bin is the rate
sum of the channels and backgrounds that can produce or rtlismgought oscillation event.
For a Beta Beam, this is the sum of the appearance channé&aheurrent events involving
Ve's that can mimic the signal; disappearance charge curkemt® that can be misidentified,
andvy, atmospheric neutrino events that survive directional.cuts

dN* dN d dBatm

d
R4 NC - CcC Rl
dE == dE K|(E) + Ove r]NCqu)\)e + OVe r]CCPeequ)\)e dE
(2.57)
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In this equationnnc andncc are the fraction of neutral current and charge current svibiat
are misidentified as,, appearance event®ee is theve — Ve disappearance probabilty. The
atmospheric background events are skewed towards sub-@eYies and provide technolog-
ical problems for the Beta Beams and related technologiessd are the, that are produced
in the particle cascades from cosmic rays collision in theauatmosphere. This issue will be
discussed further in Sec. 3.7.

2.3.2. Detectors

Future neutrino facilities will be set up to search for thé-slominantve — v, or vy — Ve
appearance channels and their CP-conjugates. Since BatasBenly search fov, appear-
ance with no intrinsic contamination of the beam, the folloyvdiscussion restricts itself to
muon events. To help resolve the degeneracies inherenutor@ flong baseline facility, it is
important to reconstruct the energy spectrum of the evé&xisellent energy reconstruction of
muon events is therefore mandatory over a large range ofjiessenf 613 is small, the back-
ground events will dominate the signal if left uncheckeds ltherefore important to be able
to separate charge current events from neutral currentssead to identify and subtract non-
beam backgrounds such as atmospheric neutrino eventdlyFsnace the appearance signals
are small, maybe incredibly so, it is important to have thgdat detector volume available
SO to possess a huge number of nucleon targets. This isatptiint for a Beta Beam as the
available number of events is the main limitation (see S&9. 3

From Fig. 2.5, QE events dominate charge current crossesedit low neutrino energies.
For high neutrino energies, a detector needs to reconstraictly DIS events. A number of
different detector types have been identified for a Beta Besnility and are split into two
categories based on the event types they reconstruct

1. Massive WateCerenkov detectors that can only use QE events in the recchish.
From Fig. 2.5, these are only useful if the neutrino flux isaamtrated below 1.5 GeV.

2. Smaller tracking calorimeters and Time Projection CharslfTPC) that, in addition,
reconstruct the inelastic events. These are useful at Imglges where the QE events
are sub-dominant. Although detectors of this type can bd as®w energies, they are
often not considered since their smaller size returns mongtiler event rates than a WC.

A Water Cerenkov detector is a large cavern filled with water surdearby photo-multiplier
tubes (PMT). Neutrino events are identified from the Cergnight from the final state lep-
ton as it transverses the detector. WCs are ideal for muam®gence muons do not scatter
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electromagnetically. Instead a muon event is a Cerenkaywith sharp edges. Electrons,
on the other hand, do scatter electromagnetically and pedery fuzzy Cerenkov rings.
(Muons have the same electromagnetic interactions witin @myironment as electrons, but
their much larger mass means that the deviation from thaedtory is very much smaller.)
WC Cerenkovs up to 1 Mton have been proposed [78] which gooregds to a fiducial mass
of around 440 kton. Such a size constitutes the main advamtiluilding a WC. However,
WC detectors are only good options for quasi-elastic evérasmulti-particle final state pro-
cesses, neutral particles or low energy particles are pftesent, but cannot be reconstructed.
Particles below the Cerenkov threshold are lost. For higinggnevents with multiple particles
above the threshold, there will be more than one Cerenkavpiaventing an accurate event
tag. From Fig. 2.5, they are only feasible when a large pomiothe neutrino flux is below
1.5 GeV. The large fiducial volumes cannot compensate fagegemuch beyond 2 GeV.

Neutrino events at high energies are dominated by deepstiekcattering (DIS) events
(Fig. 2.5). To satisfactorily reconstruct the neutrino rgge a measurement of the energy
deposited from DIS hadrons is necessary. Detectors typieaiploy TPC techniques, such
as proposed Liquid Argon (LAr) detectors, or traditionadking calorimetry, such as Iron
Calorimeters (IC) or Totally Active Scintillator detecsof TASD). Detectors of this type are
assumed to be no more than 100 kton in mass; often they ammadsuuch smaller.

IC detectors are typically considered magnetised, althdbig is not a necessary feature
for a Beta Beam. The proposed India Neutrino Observatorg][i2of this type, and is used
as the far detector in magic baseline Beta Beam studies (7 843. INO will consist of three
modules each containing several layers of active detecabenal sandwiched by iron plates.
The whole detector volume will be magnetised with a 1.3 Téslé.

TASD detectors are established technology and are cwreatisidered for the NOVA
Superbeam [48] and low energy Neutrino Factories [65]. TAfeRectors will be modules of
liquid scintillator with long fibers passing through eaclteomReconstruction is then through
the analysis the particle tracks. TASD detectors possesdlent energy resolution and back-
ground rejection.

In LAr detectors [127, 128], a uniform electric field can sport particle tracks undis-
torted over many meters. An electrical signal can then beé atdéhe end of the drift. R&D
has been carried out on small scale detectors, the largegtioh is 3 tons. A much larger
600 tonne detector has been built and installed in the GrascSaboratory, and will search
for neutrino oscillations (from solar, atmospheric andgdmaseline events); and nucleon de-



Contemporary long baseline phenomenology 51

cays. For a next generation neutrino oscillation experinmggtector masses of 50-100 kton
are sought. Such a leap needs a major extrapolation of thedtgy [128].

2.3.3. The statistical analysis

With the number of events in each bin calculated, the negtistthe analysis is the calculation
of ax? function. For this purpose, we distinguish threie’ event rate from &est’ event rate.
In statistical parlance, the analyses to be carried outasedon the following statistical test:

Ho : 813 andd assume their true values (813,8) = (8Y5,8")

Hi:  813andd assume different values (813,8) = (815" 8"

All analyses in this thesis work on this raw basis. For a gpain (6% 5, can we distin-
guish the resulting event distribution at a given confiddagel from the true event spectrum?
The statistical test carried out is a maximum likelihood @onsider an experiment witN
bins and len; be the number of events in tif& bin for a given parameter vect6r so that an
experiment returns the event vector

= (nl,nz,....,nN) . (2.58)
Here the vectoB holds all the oscillation parameters:
6= _é(elz, 013, 623, An%l,Amgl, d) . (2.59)

The number of events in a given bin will follow some probapitlistribution function (p.d.f.),
f (n;, 8) with the likelihood function defined to be the joint p.d.f. tbe number of events for
all the bins

N

L(i) =] [f(n.6). (2.60)

i=1

The task at hand is to compare the event rate vébioth E’ =(&1,&2,....,&n) computed under
a different hypothesis. To this end, the ratio

_LE

A= W (2.61)

| —
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is constructed. To make this statistic applicable for ouppees, we make use of a theo-
rem [129, 130]: “The Iikelihood(% defined by

X2 = —2logh = —2logL (€) + 2logL () (2.62)

asymptotically obeys a chi-square distribution.” Tfestatistic required is therefore

X* = Zi [Ei —n+njlog (%)] : (2.63)

and is referred to as the ‘Poisson form’. Alternatively, on&y choose to use the ‘Gaussian
form’ of the x?;

N (g )2
xzzzw, (2.64)

which is valid in the large sample limit (typically taken as &; > 5), irrespective of the
distribution. Both these statistics can form the basistierrhaximum likelihood method used
to construct sensitivity plots. There are two approachdsdinude systematics and external
information in the analysis:

1. Covariance matrix method: We are comparing the event spectr?jmith the true event
spectunmi. In a given bin, the variance is simply the number of eventdat bin as the
number of events follows a Poisson distribution. Consither Gaussian form of the
X?: the expression is the simply the squared difference bettreetwo hypotheses nor-
malised by the statistical variability. The inclusion ofsggmatic errors and imperfect
external information reduces tixé by adding non-statistical components to the normal-
isation. With these additions, th@ now takes the form [129, 131]

X2=>>,E—m)C i E—nj, (2.65)
i

whereC; ; is the covariance matrix

a_zia_g'jo-z

) 5 70 (a), (2.66)

Gj=¢&+
anda is a systematic parameter. The second term allows one tod@@xternal infor-
mation and systematic errors in the form of correlationse Tross term appears since
we are examining the square of the distributign{n;).
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2. The pull method: Consider some experimental paramefevith uncertaintyo;. One
introduces a new parametgr and modifies the ‘test’ event vector

& =(1+m), (2.67)

then adds the contribution

(%)2 (2.68)

to the error-freg(®. The requireg(? function, %2, is then found by minimising over;:

X2 = ng[in IZi{Ef—m +nilog (2—:,)}+ (%)2] : (2.69)

For many systematics, the approach just described is @iptownith the minimisation
performed simultaneously over all pull parameters. Toudelexternal information on
the experimental parameters, one adds the contributioq.i2 B8, but does not modify
the test vector. This ‘prior’ can be thought of as adding aajtgrio thex? function if the
minimisation strays too far from the central values imposeernally.

It can be shown [132] that these two procedures are equivdlennclude an overall system-
atic error on the fluxg¢; note that it will not alter the shape of the oscillation pabbity. The
total event rate in each bin is modified by the same faclo, fsys), say. Consequently, there
are no correlations between bins in this respect so thexafftarms are all zero. An error on
the normalisation of the flux modifies the statistical errgr(fsys- Ei)z. The inclusion of the
known errors on the measured oscillation parameters isasitraightforward. Although the
parameters themselves have no energy dependence, theerstegngths of the atmospheric,
solar and interference contributions are different foheaio. Their effect is therefore energy
dependent even though the parameters themselves are maheRaclusion of the external
information, the cross terms need to computed and the @@ imatrix needs to be inverted.
In general, this needs to be done numerically.

In any realistic simulation of a future neutrino facilithet uncertainties on the unknown
oscillation parameters will have to be included in the asialysing the technique above.
In this thesis, the goal is to demonstrate the charactesisii Beta Beam and their related
technologies, not to present final sensitivities, and sp &ne not included. The experimental
parameters of the Beta Beam are far from certain and so fhidite gain including the details
outside a comprehensive optimisation study. The resuttdfamfeatures raised in this thesis
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will be largely unchanged with their inclusion. This is afeo consistency between the codes
used for the phenomenological studies of this thesis.

With the calculation of thg? function, one is now in the position to perform the statstic
test. Suppose an experiment has been carried out thatsehatinned datd. The first step
would be to fit the oscillation model to the data by minimisowgr all oscillation parameters
and other important experimental uncertainties, givenrtaicehypothesis. This procedure
will return ax?2,,, which in general does not equal zero. From this, one can thémefidata
keeping some of the parameters fixed, but minimising overeéh@aining parameters, using
the Ax? statistic

AXZ = X%~ Xzin - (2.70)

In the absence of data we must artificially generate the vettdo do this we pick ‘true’
values for the parameters that are to be fixed in the fit. Somelations then smear this data
to mimic statistical fluctuations and generatgﬁqn # 0. Itis usual, however, to neglect this
feature so thax2,, = 0 andAx? = x2. With this clarification, each type of sensitivity plot will
be considered in turn.

e Two parameter fits

These are the standard sensitivity plots in which the eveettsum for theétrue’ pair
(6Y,,8") is compared to alternativeest’ pairs across thédis, 8)-plane. They show the
region of parameter space in which the event spectrum fengmair is indistinguishable
from the true event spectrum at given confidence levels. & pkeds are useful for under-
standing the behaviour of degenerate solutions. Boundaeyg hre typically drawn for
90 %, 95 % and 99 % confidence levels with 2 degrees of freedonexample of such

a plot is shown in Fig. 2.6. In this figutethe features relevant here are the two regions
bounded by black lines.

e Two parameter fits - hierarchy degeneracy

To include the degenerate solutions within any analysis tecessary to first fit the
data to the opposite hierarchy. This procedure is esshntied same, however, there
are some minor differences that need pointing out. Suppesgue hierarchy is normal
and the true event rates ame= n;(6Y,,8", |Am3,|). We assign the event vectbito the

4This is an old version of a figure that appears later in thisitheThe experimental details are not important
for this discussion and are neglected.
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Figure 2.6.: 90 %, 95 % and 99 % for true pairs (shown in bla¢k), 90°) and(1°,16(°). A hierarchy
clone exists for th¢1°,90°) pair and is shown in red.

inverted hierarchy and attempt to fit it to the true solutiging thex? statistic intro-
duced above, returningyg,., # 0 in general. The 90 %, 95 % and 99 % contours for the
degenerate solution are drawn for tfefunction using only one degree of freedom. An
example of a hierarchy clone are the regions bounded by thines in Fig. 2.6.

e Hierarchy exclusion plots

The above procedure automatically determines whether auraaent of the sigﬂ(’ngl)
can be made for a given facility. )(ﬁm is greater than the required confidence level
threshold then the hierarchy is said to be resolved. Sineéigrarchy is not known
beforehand, hierarchy exclusion plots are constructelddridliowing way

1. Assume the true hierarchy to be normal. Locate the ingdrierarchy degenerate
solution and assigR2,., = X&

2. Repeat with normal and inverted hierarchies interchdngesignxfnin = X|2H
3. For a given(8",8") the hierarchy? is X2, = MiN{X& 1, Xa }

The hierarchy is said to be resolved at some confidence feygliexceeds the threshold
for that confidence level with 1 degree of freedom. If the nttiegeneracy is included
in the analysis, then all solutions consistent with the wgrarerarchy need also to be
checked. The fing{? is then the minimum of all those calculated.

e CP-violation sensitivity plots
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To analyse the ability of a facility to measure CP-violatitre simulation of many two
parameter fits is not helpful. The presence and location génleracies; and the size
and shape of the sensitivity regions make such an approadhagive; lacking simple
guantitative statements. The strategy typically emplagéd determine whether or not a
given true pair can be distinguished from CP-conservaflitis amounts to plotting the
true solution, and all the degenerate solutions, and chgakhether thé = 0° and/or

d = 18 lines cross the sensitivity region at some confidence |8k is then repeated
for the opposite hierarchy. To automate this numericatyg does the following.

1. Calculate the event rate vector for the true pair with themal hierarchy as true.
Calculate the(?’s with the usual test rate vectgibut fixing & = 0°.

2. Find the minimuny? along thed = 0° line and label itxg -

3. Repeat the above steps but fixtheg 187, the other CP-conserving case. Label the
minimumyZgqp -

4. Locate the hierarchy degeneracy. If the degeneracy isesolved, one needs to
check that it is also not consistent with CP-conservatioefoBe, the true solution
regions were calculated with 2 degrees of freedom but theeslevere drawn with
only 1. To resolve this incompatibility, one now recalcekthe true rate vector
but assuming the wrong hierarchy and using the clone latasothe true pair. 2
degrees of freedom can now be used.

5. Test thed = 0° andd = 18( lines as before and label thé's X3, andxfgo; -

6. 1-5 are repeated but starting from the assumption thatukenierarchy is inverted.
This will generate a further $°’s.

7. The finaly? is the minimum of all 8.

The contour separating the discovery of CP-violation fraitufe to rule out CP-conservation
at a given confidence level is then drawn. These analysesthavgenefit of including

all the degenerate effects in a sensible way and allows fey eemparison between
facilities.

In this thesis, the policy of constructing these plots witd.@.f. is adopted. A significant
statistical result should therefore be interpreted as &aiven pair(8Y,,8"), the allowed
region in(813,8) parameter space does not include CP-conserving valu®s of
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It is now seen explicitly how degenerate solutions affeet $bnsitivity of a facility. To
determine the effect of any degeneracy, we need to considdoliowing issues

1. Where is the clone solution?
2. How big is the allowed region surrounding the clone soh/®i
3. In what energy ranges does the clone solution manifestits

If we wish to rule out CP-conservation then no solution mosss thed = 0° or 8 = 18( lines.
For degenerate solutions close together - for example tleeand hierarchy clone solution
for short baselines - this poses not problem. If true sotutan be distinguished from CP-
conservation then, in general, so can the hierarchy cloodaFge matter effects, the hierarchy
clone can be located far from the true solution. If the disphaent involves a substantial shift
in O, then there is a risk that the the clone is consistent withc@fservation even if the true
solution is significantly different in a statistical sengeor intrinsic degeneracies, we know
that in the atmospheric limit the the true and fake CP-phaseselated by = 1t— §¢one,
True solutions that can be distinguished from the CP-caasiegd = 0° (or & = 18(°) might
be accompanied by large intrinsic clones that are consigtiémthe CP-conserving = 18¢°
(ord=0Q°).

2.4. The GLoBES simulation package

GLOBES stands for ‘General Long Baseline Experiment Sitouland is a public code for
long baseline neutrino oscillation experiments, or anyeexpent with a stationary neutrino
point source [124]. The source code for GLOBES is written iand allows for the computa-
tion of oscillation probabilities, event rates afg? for a given experimental setup. It is then
the responsibility of the user to write code that constrtloéglot types discussed in the previ-
ous section. The details of a GLOBES simulation are discligsdetail in the manual [125].
In short, a simulation consists of a detector definitiongttdes not change during run time.
The calls to the C and GLoBES libraries; and the statistinalysis make up the main scope
of C program. The calculation of the event rates is carrigdusing the method outlined in
Sec. 2.3.1.

All simulations performed for Chap. 4 used the built-in B&aam fluxes by adapting
the Totally Active Scintillator Detector experimental filsed for [133]. The simulations in
Chap. 6, belonging to Catalina Espinoza, were calibratejise same file. The results of the
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two chapters are therefore consistent. The codes usedda@liestron capture machine used
in Chap. 5 are based on the fortran 77 files used to generatstiiation probabilities. The
code is far simpler as there is no need for energy recongiruckhese codes just generate the
event rates for a given hypothesis using the flux given in Camd code for the oscillation
probability (see Appendix A).



Chapter 3.

The Beta Beam

In the previous chapters, the challenges for future longlbss neutrino oscillation experi-
ments were introduced; in particular, the problem of deggmes. The three facility options,
and some of the strategies associated with them, were suseaaf he Beta Beam is one such
machine option and, with its related technologies (to bengefshortly), will be the focus of
the remainder of this thesis. More specifically, in this degpa more detailed overview of
the Beta Beam will be given with particular emphasis on ticbrielogical aspects relevant for
phenomenology. Feasibility studies for the constructimh@perational of such a machine are
presently being carried out in Working Package 2 of the EURR@esign study. Beta Beam
technology will be summarised but the majority of the fineatletare beyond the scope of this
thesis and will not be discussed.

3.1. Introduction

Before going into the detail of a future Beta Beam facilityisinecessary to deconstruct the
phrase “Beta Beam and its related technologies”. As inttedun Chap 1, a Beta Beam
sources a flux of neutrinos through the production, acceterand storage of ions with a
100 % or dominant beta decay channel. Such a beam, conssstiely of electron neutrinos
or electron anti-neutrinos, will be intense and well colited. The goal of the facility would
be to measure the unknown oscillation parameters and eeswoly degeneracy of the setup
through the reconstruction of the muon (or anti-muon) espettrum as a function of energy.
However, note that there are four possible ion decays witbudrimo or anti-neutrino in the
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final state. For a parent ida and daughter iolp, these are

Bt —decay lp—> Ip+ €™ + Ve,
B~ —decay lp — Ip+€ +Ve,
Electron capture decay € +lp—Ip+Ve,

Bound beta decay lp —> Ip + Ve

In a Bt (B7) decay a proton (neutron) is converted to a neutron (pro&mm) a positron
(electron) is ejected from the nucleus in combination witllextron neutrino (electron anti-
neutrino). These are three-body decays and so the neup@atram is continuous with ener-
gies ranging from zero up to the maximum kinetic energy atéd to the decay, the Q-value.
The neutrino energy spectrum takes the following form initimerest frame

d Nrf

dcoBdEy E% (Eo—Ex) \/(Eo— E)2—mg. (3.1)

Here,E is the rest frame neutrino energy aiglis the total energy available to the decay and
differs from the Q-value by the mass of the electron. Thd ttailable energy is sometimes
referred to as the ‘endpoint energy’. Virtually all studeBeta Beams choose pairs of ions
that decay through these processes, typically\anend oneve emitter. Indeed, it was after
these processes that the name ‘Beta Beam’ was coined [16]cl&urs that is proton rich may
also decay through electron capture. This is a process iohvwan orbital electron is captured
by the nucleus with a conversion of a proton into a neutronemdsion of ave. This is a
two body decay and so the neutrino, for a given transitiomaso-energetic. For a parent
nucleus with proton number Z and mass number A, the maximwerggnelease for a proton
rich nucleus of masklia(Z,N) is given by

AMp = MA(Z,N) =Ma(Z—1,N+1) . (3.2)

For an electron capture decay, this is just the Q-val@ez = AMa. For the competing de-
cay mode of positron decay, however, an excess positromduped. The maximum kinetic
energy available for this decay mode is tHQg: = AMa —2me. Clearly, forAMa < 2m,
positron decay is kinematically forbidden with electrompttaeie decay the only allowed pro-
cess, in general. F&kMa > 2m, the two processes compete with their respective branching
ratios dependent chMp and the existence, or not, of non weak-interaction decayasisdch
asa-decay. The use of electron capture decays in long baseduneimo physics will form the
discussion of Chap. 5.
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The bound beta decay process can be considered as the inoVesieetron capture. In
a bound beta decay, a neutron is converted to a proton withrdeted electron not ejected
but instead captured into one of the electron orbitals. Thislso a two body decay with
the electron anti-neutrinos mono-energetic in energy &henuclear transition. The rate of
bound beta decay is dependent on the orbital wave-functodsis thus only a significant
effect for fully, or almost fully stripped, ions. In fact, éhprocess has only be observed in
a handful of ions [134, 135, 136, 137, 138] even though it leenlknown theoretically for
50 years [139]. A second difference with the electron captigcays is that thB~ is not
kinematically forbidden and will always constitute a baakgnd to the bound beta decay
process except in the lim — 0. An idea was put forward to combine beams sourced from
this process with electron capture decay modes [94]. Thereaaumber of physical and
technological drawbacks which render this idea implaesibtiese will be discussed at the
end of Chap. 5.

Although all four processes could be consideiigeta Beams’one is usually referring to
a proposal using the first two decays as the source. Beta Beamsed from electron capture
decays and bound beta decays shall be referred ‘®dexdron capture machinesind‘bound
beta beams’Beams sourced from ions that both decay through Bdtand electron capture
modes shall be referred to dg/brids’ and shall be discussed in Chap 6. Collectively, these
three are th&aelated technologies’

3.2. The Beta Beam concept

The Beta Beam was originally introduced as a reworking ofNkatrino Factory idea using
radioactive ion decays with the production and subsequec#laration using the existing
or potential upgrades of the CERN accelerator complex [T6je Beta Beam proposes to
produce high energy, collimated andve beams from the decay of radioactive ions. The Beta
Beam’s primary interest are the

oscillation appearance channels. By opting to source th&ine flux from radioactive de-
cays, the Beta Beam differs from coventional beams, Supaerbend Neutrino Factories in
one crucial respect: the neutrino flux consists of only onsfiaand helicity. Recall that Su-
perbeams, which are sourced from the two-body decay of @odskaons, are contaminated
by neutrinos from the three body decay of kaons and the deidag snuons in the decay tun-



62 The Beta Beam

nel. Neutrino Factories require magnetised detectorspgarage out the right-sign muons and
wrong-sign muons. For high energy Neutrino Factories ugiegMIND detector technology,
two very long baselines are required owing to poor efficieseit low energies. Low energy
Neutrino Factories do not have the problem of poor efficesbut the need for magnetisation
rules out the use of large Wat€erenkov detectors which are ideal for the shorter baseline
(see Sec. 2.3.2). The Beta Beam does not possess thesensaslenly one neutrino flavour
and either neutrino or anti-neutrino is present in the beigonaaluction. Magnetised detectors
are therefore not necessary;, WaBarenkov, Liquid Argon and Iron Calorimeters are all can-
didate far detectors, in addition to the magnetised detestach as MIND and Totally Active
Scintillator Detectors. The only requirement is good mueeng identification to observe the
Ve — V, OF Ve — V,, appearance channels. Consequently, depending on theeaifaietector
technology, a Beta Beam could be used to source the entige @frlong baseline neutrino os-
cillation experimental baselines; from CERN-Frejus (18%) ko the Magic Baseline~ 7200
km).

The physics reach of a Beta Beam is highly dependent on thentoboost factory, of
the source ion and the ion Q-valu@on = Eg — me, WhereEy is the decay endpoint anmds
is the mass of the electron. The maximum boost attainablenstmined by the maximum
magnetic rigidity (to be defined in Sec. 3.5) of the final stafyhe acceleration. Beta Beams
are sometimes described as ‘statistics limited’ machinBsis means the physics reach is
high dependent on the magnitude of the un-oscillated ewef changes in the overall rate
can induce large changes in the physics reach. (High luntyn8sperbeams and Neutrino
Factories are described‘systematics dominated’ machiftes high rates accentuate the sys-
tematics contributions which behave (dsys- n)2.) The principle reason for this limitation is
the intrinsic difficulty in producing the required numberaflioactive ions and transiting them
through the acceleration and storage chain. This featulleedBeta Beam will be revisited in
later sections.

3.2.1. Neutrino flux

The neutrino spectrum in the ion rest frame is given by theesgon in Eq. 3.1. The flux of
interest is this expression, but in the laboratory frameit&\the flux in the ion rest frame as
®,; and the same in the laboratory framedag,. It is shown in Appendix B that these fluxes,
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for boosty, are related by

Pyt (Eyy[1— B cosd])
q)lab(Ev, e) = y[l _ B COSB]

(3.4)

Here,E, is the on-axis neutrino energy in the laboratory frame iglthe velocity of the ion
in natural unitsy is the Lorentz boost defined by

y— 1
V1-p2
To calculate the flux in the laboratory frame, it is custontargiefine a new parametegt,such
that [86]

(3.5)

2yEo

whereye = mg/Eg. The expression for the flux in the laboratory frame, perdsaligleQ, at a
detector located at baseliheand boost factoy is then given by

N T AR PR
%Jm%%fQW(lw ¥2, (3.7)

o<y <1—Ve, (3.6)

leab
dQdy

whereNg is the number of useful ion decays per year and

Q(Ye)56—10{\/1—yg (2—9y2—8ya) + 15y; log ll—yii—yz]} (3.8)

e

is the normalisation

1-ve
d(Ye) = Oyyal—w\M1—w2—%. (3.9)

Using the small angle approximation féand that the velocity and boost (for large boost) are
related by3 ~ 1 — # a neutrino energy in the laboratory frame with off-axis lartjis (see
appendix B)

2yE!

The maximum neutrino energy in the laboratory frame for @givn and accelerator is thus

Evmax — 2y"XQ (3.11)
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Most Beta Beam studies make the assumption that the prodwtivironment and accelerator
complex will be located at CERN. lon production naturallg fitto the planned expansion of
the nuclear physics facilities known as EURISOL [140] whigh use the Isotope Separation
Online (ISOL) technique. This aspect will be discussed io. Se4. The acceleration could
be carried out by the existing linacs and synchrotrons orpthtential additions and refur-

bishments required primarily for LHC upgrades. In prineipthe LHC itself could be used,

however, the availability of any run time is unlikely. TheeptHC accelerators culminating
in the Super Proton Synchrotron (SPS), does not impinge o@ bperations and therefore
its characteristics determine the maximum energy of a BetB Other possibilities are the
Main Injector and Tevatron at Fermilab and the HERA ring aSYEThe maximum energies
in principle available for Beta Beam are

Current SPS 450 GeV
Upgraded SPS 1000 GeV
FNAL Main Injector 150 GeV
Tevatron 980 GeV
HERA ring 960 GeV

There are currently 4 main ion choicé§Ne and®B for neutrino production antHe and®Li

for anti-neutrino production'®Ne and®He are normally paired and have low Q-values in this
context.8B and®Li have Q-values- 4 times larger. Although the neutrino spectra shapes are
the same, the difference in Q-values results in differestg@nranges in the laboratory frame.
In Tab. 3.1, the maximungs (to be calculated in Sec. 3.5) for each ion are presentethé
current SPS, upgraded SPS and the Fermilab Main Injectoe. TEatron and HERA ring
have similar energies to the upgraded SPS and are not intindlee tablé. High energies in
the laboratory frame need high-Q ions. However, for the sama@mum neutrino laboratory
energy and baseline, high-Q ions need a larger number afilidatays a year to produce an
equivalent flux to the low-Q ions, as seen from Eq. 3.7. (Laf@&alues need smaller boosts
to reach the same laboratory energies and therefore neeel $oabted appropriately by the
number of useful decays to produce the same flux.) The phyesacs is therefore a balancing
act between these two experimental parameters.

1There are currently no published numbers of the maximum iwrgy of a Beta Beam based at DESY. The
idea is to use the HERA ring as the decay ring and to use the fnd pre-HERA storage rings as the
acceleration. The figure of a 960 GeV comes from an advenise800 Beta Beam from DESY to Frejus
(L ~ 960 km) for'®Ne [141]. An energy of at least the size quoted is necessary
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Current SPS | Upgraded SPS Main Injector

Isotope| Ep(MeV) | v |E,(GeV)| v | E (GeV)| vy | E (GeV)

18Ne 1.86 270 1.0 590 2.2 90 0.3

SHe 1.94 160 0.6 355 1.4 53 0.2
5B 7.37 300 4.4 670 9.8 100 1.4
8Lj 6.72 180 2.4 400 5.4 223 3.2

Table 3.1.: Energy at the peak of the Beta Beam spectrum in the rest fr&g)ead in the boosted
frame for the current (maximum proton energy of 450 GeV),raggd (maximum proton
energy of 1 TeV) SPS and the Fermilab Main Injector. Also shdwe maximum achiev-
abley factor in both cases for each isotope.

This feature of the flux can be seen more explicitly in Fig. @Here the un-oscillated
neutrino flux for'®Ne ions Eg = 3.9 MeV) boosted toy = 100, 200 and 300 is shown. The
CERN-Canfranc baseline is used assumirig 10'® useful decays per year. In addition, the
flux for the equivalent baseline and decays has been shoWB fevhich hasEg = 18.4 MeV,
for the same baseline and useful decaysyfer200.

The choice of baseline, or combination of baselines, iscBlfyi chosen on basis of the
properties of the appearance probability and the size cfigmal. For example, short baselines
such as CERN-Canfranc (650 km) or CERN-Gran Sasso (730 kve)dwod sensitivity t®13
andd since there is little degeneracy from sign(%l) and the un-oscillated neutrino rate is
high because of the/IL? flux dependence. Another example is the magic baseline 252)
which is often used for a clean measuremerfi@fand the hierarchy. For a measurement of
CP-violation, if the magic baseline is chosen, it is necgsgachoose an additional baseline
whose probability has strong CP-violating features andahagent rate large enough to make
use of the synergy between baselines.

The maximum energy in the laboratory frame ustfiga is 4.0 GeV. If this is being paired
with ®He, the maximum energy at which ones has both helicities5sG2V. Therefore, if
the required oscillatory structure of the appearance fntibais much higher than this, one
is forced to use the pairingB and8Li. For short baselines, the pairif§Na and®He is
preferred as the larger boost needed to cover the same erergy aB and8Li returns
a larger un-oscillated flux for a given baseline (from Eq.)3.With the ions available and
maximum boosts in principle attainable, baselines up tantagic baseline can be sourced.
Depending on the choice of boost and source ions, the Betam®8&adate can be split into



66 The Beta Beam

1
X 101
2_0 T T T T T T I T I T
i — "“Nevy=100
18
—= "Ne y=200
—~ 1.5 N = ®Ney=300|
< Lo — % y=200
S - ! : _
> / B
N \
> 1.0 I : _|
o N \
cC [ :
2 L \ .
o) 1 .
s coA |
e i/ \
© 0.5~ i\ \ .
Ui \
vl \
- \ ‘ 1
/
| ! ' | | | |
OO 1 11 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

E GeV
\Y

Figure 3.1.: Un-oscillated neutrino fluxes per year at a far detector ier CERN-Canfranc baseline
(650 km). 11-10'® useful ion decays per year have been assumed in all cases.

two categories: Continental and inter-continental. | de@iantinental Beta Beams as facilities
for which production, acceleration and the detectors atkimthe same continent. Although
most Beta Beam studies use CERN as their source site, thistaefiallows one to include
Fermilab and DESY based proposals. All other Beta Beamsgecontinental.

3.2.2. Continental Beta Beams

Most studies of Beta Beams fall into this category and tylpioase thel®Na and®He ion
pair. There is no advantage in using the high-Q ions for ocemtial baselines unless the
number of useful decays can be increased by a factor of 16npensate for the lower boosts.
Continental Beta Beams can be sub-divided into yamd highy machines.

Low y. The original Beta Beam proposals assumed only the SPS iaritsrt configuration
is to be available. The boosts were chosen ?om@/yHe = 100/60 or 100100. These initial

2At the time, the possibility of circulating both neutrinodsanti-neutrino producing ions together in the storage
ring was common. Timing at the detector could then be useégarste out the right and wrong sign muons.
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Figure 3.2.: 8,3 discovery reach (left) - the smallest 4263 for a givend for which 8,3 = 0 can be
ruled out - and CP-violation sensitivity, as defined in Se8.2, (right). The plots show the
reach for the 2 CERN-Frejus Beta Beams described in the tekiabso in combination
with a SPL Superbeam for two energies (labelled on left pldihe plots also include
the equivalent analyses for T2K [47] and the Brookhaven viided beam. Plot taken
from [86].

studies suggested the use of a large Waeenkov detector known as MEMPHYS [78] with
a fiducial detector volume of 440 kton. For the first case, trexage neutrino energies are
(Ey) = 0.36 GeV and E;) = 0.24 GeV. Owing to nuclear motion effects, energy reconstruc-
tion is not possible at these energies; the facility is a hitmg experiment’. Beta Beams will
only use a small fraction of the available protons to be pceduat CERN. A Superbeam can
therefore be constructed for the same baseline withouttaftgthe physics reach of the Beta
Beam. The physics reach of the two Beta Beams just descrifzbith@ombination of a Super-
beam sourced from a proposed new Super Proton Linac (SPLERNGs shown in Fig. 3.2.
The 100/100 Beta Beam in combination with a 3.5 GeV SPL Swgaerbcan reacB;3 andd
sensitivity down to sifi2813 ~ 10~4. At short baselines, there is very little sensitivity to the
mass hierarchy.

In [142] it was suggested that the Fermilab Main Injectorldde used to sourc?B and
8Li ions for the FNAL-Soudan baseline (L=730 km) using boasfty = 80. The equivalent
boosts for'®Na and®He will be ~ 4 times larger with the flux- 16 times larger due to the
quadratic dependence on the boost. For the usaind®Li, the total number of decays
will need to be increased by this factor to achieve an egemntgbhysics reach. This is plau-
sible [142]. The use dfB and®Li only needs the Main Injector whild€Na and®He would
need the Tevatron (possible in principle but its slow rantpsat ideal for a Beta Beam). No
comprehensive study of this idea has been carried out.

For this to work, the boosts have to be in the ratio of the twargh to mass ratios which fé#Ne and®He is
3/5.
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Figure 3.3.: 6,3 discovery reach (left) and CP-violation sensitivity (rfigfor a number of Beta Beam
proposals. The 350/350 aimed down the CERN-Gran Sassdrimsedjuires the SPS to
be upgraded to 1 TeV.= 350 is the maximum boost possible fite in such a machine.
Figure reproduced from [86].

High y. As part of proposed LHC upgrades, the SPS could be equippidfagt cycling
superconducting magnets. These will provide fast rampgdoae ion losses in the accel-
eration and increase the maximum proton energy to 1 TeV. Téwsémum boosts available
are presented in Tab. 3.1. A number of proposals exist initiw@ture for Beta Beam facil-
ities using an upgraded SPS to source the CERN-Canfrancs(Lk), CERN-Gran Sasso
(L=730 km) and CERN-Boulby (L=1050 km) baselines. The CE&#nic (L=1500 km) and
CERN-Phyalsalmi (L=2248 km) baselines are also availabténbve not been studied in de-
tail. They are not expected to perform better than the pus/iaselines owing to the stronger
degeneracies betwe®s, & and sigriAmg,) and the 1L2 flux dependence. Wat€rerenkov,
Iron Calorimeters, Liquid Argon detectors and Totally AetiScintillator Detectors have all
been considered as far detectors; in the first two cases;tdetesponses given an incident
flux have been simulated. The sensitivity fas andd for a 350/350 boost setup is shown in
Fig. 3.3.

Just recently, the physics reach of a high boost Beta Beam Fermilab aimed at the
DUSEL site at Homestake (L=1280 km) was examined. The baselas simulated for a
300 kton WateCerenkov and a 100 kton liquid argon detector and was cordpare FNAL-
Homestake wide band beam without assuming the Project Xpudbyiver upgrade. The results
are presented in Fig. 3.4.
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Figure 3.4.: 6,3 discovery reach (left) and CP-violation sensitivity (ripfor the FNAL-DUSEL Beta
Beam proposals. Show are the results for a 100 kton liquidradgtector with 10%
background rejection (red) and 1®background rejection (brown dashed); and a 300 kton
waterCerenkov with 163 background rejection (blue dot dashed) andZbackground
rejection (black double-dot dashed). The green region sk sensitivity for the wide
band beam consider in [143]. Plots taken from [143].

3.2.3. Inter-continental Beta Beams

With a high energy accelerator and the high Q-value fihand®Li, it is possible to source a
useful neutrino flux for inter-continental baselines. Theilbatory structure of these baselines
is found at energies unattainable wiftNa and®He. In general, at very long baselines both
CP-violation and hierarchy effects are large. The bestagh@i this context is the magic
baseline where all CP-violation effects vanish from theegwance probability. If the magic
baseline is chosen, another (shorter) baseline needs tonselered if the facility is to have
any sensitivity to CP-violation. This is the approach aédpby the current International
Design Study for a Neutrino Factory [67] proposal.

The interest in using the magic baseline for a Beta Beam e=rround the proposed
large magnetised iron calorimeter known as the India-bakadrino Observatory (INO). Its
expected location at Pushep is 7152 km distant from CERNy-alese to the magic baseline.
A number of studies have examined the physics of a ‘magictd Beam’ as a single base-
line [79, 80] or in combination with a shorter baseline [8A}pically boosts ofy = 350— 650
are chosen. To achieve good physics reach from these setapgeeds to compensate for the
loss of events owing to the/ll? dependence of the flux. There are serious feasibility con-
cerns over such a facility which will be discussed furtheSec. 3.7. In Fig. 3.5, th8;3,
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Figure 3.5.: Physics reach of magic baselines Beta Beams [84] comparttk tt5S Neutrino Fac-
tory [56]. The top-left panel shows tiig; discovery reach; and top-right the CP-violation
reach. The bottom panels show the ability to rule out the giuirrarchy assuming nor-
mal to be true (left) and inverted to be true (right). Notepdits show & with 1 degree

of freedom. (In this thesis, 2 degrees of freedom are usefl % Bonfidence level. ) The
green doted line is the IDS-Neutrino Factory; the purple taBReam setup only using
18N e and®He and a Wate€erenkov at 730 km; and the solid black line shows the com-
bination of a Water Cerenkov at 650 km with a magic baselig@-gamma Beta Beam.

Figures reproduced from [84].

CP-violation and mass hierarchy reaches are shown for tibst lmagical Beta Beam proposal

and compared to the equivalent analyses for the a igata Beam in Europe and the IDS
Neutrino Factory proposal. It shows improvement over alsibgseline high boost European
Beta Beam, but is not competitive, in general, with the higérgy Neutrino Factory.

3.3. The Beta Beam complex

In this and the following sections, a description of a Betafdacility will be given. Three

distinct phases in a Beta Beam complex can be identified:

1. Radioactive ion production,
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RCS

Figure 3.6.: The EURISOL Beta Beam based at CERN. The Beta Beam would aggdposed EU-
RISOL facility and existing acceleration infrastructuogproduce then accelerate radioac-
tive ions. The construction of a storage ring is necessagctumulate the ions and to
direct the neutrinos towards a distant detector. Figureodkced from [144].

2. An acceleration chain,
3. A storage ring.

The schematic of a EURISOL Beta Beam complex at CERN is shawag. 3.6. The pro-
duction of radioactive ions is a well established field - theduction mechanism of 3000
different ion species is both known and actively exploitedrfuclear physics studies. In par-
ticular, the ISOLDE group at CERN are world leaders in bothpghoduction and subsequent
acceleration of ions to energiesMeV. It was suggested in [16] that the ISOL (Isotope Sepa-
ration On-Line) technique is “the most suitable for higreimsity®He production”. The CERN
heavy ion programme routinely accelerates ions th50 GeV/nucleon; however, the ion in-
tensities are much lower. Preliminary studies of the BetarBéndicated that 108 — 1019
useful ion decays per year would be necessary for a physigggamnme competitive with Su-
perbeams and Neutrino Factories [81, 86]. To source thistquaf neutrinos would require
a significant upgrade in the ion production rates and sigmifiR&D on upgrading PS and
SPS which, at present, cannot deal with the large intesgfieons [145, 146]. The major in-
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frastructure addition required at CERN would be the comsimn of a storage ring. Typically,
storage rings would either be a ‘racetrack’ or trianguladeésign; the straight sections direct
the neutrinos towards the detector. The neutrinos thatydedhe bends or in a straight sec-
tion not aligned to a baseline would be lost. The design oktheage ring will be discussed
in 3.6.

An initial study was carried out [146] soon after the Zucti@ioposal which considered
ions given a relativistic boost gf~ 100 using the accelerators currently available; in partic-
ular, the SPS with its current configuration and magnetidityy This will be made more
explicit in the Sec 3.5. The study examined in detail for thet ime the broad requirements
on the production and acceleration chain. A long list of ptigg ions for bothve andve
emittence were identified wittHe and'®Ne identified as the best candidate ions.

Since the front-end of the Beta Beam had many synergies vptitential upgrade to the
CERN nuclear production facilities, it was decided to irnmmate a design study for a Beta
Beam based at CERN within the EURISOL design study, the proj@me for the R&D on
a future radioactive beam facility based on the ISOL produactechnique. The EURISOL
design study finished at the end of 2008 with a conceptualrtépoa Beta Beam facility
expected in the near future. Almost all R&D on a Beta Beamlifgdb date was carried out
within EURISOL, and hence ion production R&D has been cehtrelSOL techniques. This
R&D is continuing as Working Package 4 (WP4) of EURCA High Intensity Neutrino Os-
cillation Facility in Europe”, which is a European Comma@siFP7 design study incorporat-
ing R&D on superbeams (WP2) and neutrinos factory (WP3)rteldyies, neutrino detectors
(WP5), and the physics reach of the facilities (WP6).

The present status of the R&D of a Beta Beam facility will besuarised in the next three
sections. In Sec. 3.4, the ISOL technique of radioactiveprmduction will be introduced.
This will be accompanied by a description of two alternagassibilities. In Sec. 3.5, an
overview of the CERN acceleration infrastructure (and ggrades) relevant to a Beta Beam
facility will be given. The storage ring and the useful numbg&ion decays will be finally
discussed in Secs. 3.6 and 3.7.

3.4. lon production

The initial feasibility study for Beta Beam [146] outlinedweral characteristics of potential
source ions. There is a narrow range of half-lives if one isuccessfully exploit the accel-
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eration chain in addition to sourcing a sufficient numberaitninos for phenomenologically
competitive facility. It is important that the ions do noteaoo short a half-life otherwise the
losses in the acceleration chain will be too great (the dyeie of the CERN accelerator com-
plex is around 8 seconds). On the other hand, too long aifalfalthough it minimise losses
during acceleration, severely restricts the neutrino pateluction rate in the storage ring.
Half-lives of about 1 second are optimal [145, 146]. lonsexpected to be fully stripped of
their electrons. Space charge restrictions (discussedrne oetail in Sec. 5.1.1), especially
at the required intensities, point to low-Z ions if very langumbers are to be accelerated and
stored at any one time. Based on these critéHa, is the best candidate ion fag production.
For ve emission 8B appears to be the ideal candidate [146], however, thisdricannot be
produced in large quantities with ISOL techniques. Boroa igry reactive element, espe-
cially with the carbon, nitrogen, oxygen and metallic comgxats of the production setup. The
optimal ion identified fowe production was8Ne; an inert gas (as fHe) that can diffuse out
of the target areas with little loss. Most R&D on ion prodoatiup to the present, has focused
on these two ions with the target rates

e 2.9-10"% v, yr~1 sourced fronfHe
o 1.1-10'®ve yr—! sourced from®Ne

from each straight section of the storage ring. Since thpgsed ions are close to the line of
stability, there is a possibility that production of larggnmbers of ions through direct reactions
may be possible; for example, bombardmentide onto a'®0 based target ha$Ne in
the final state. Independent of the EURISOL design studyopgsal was put forward by
Rubbiaet al. [142] for the production of large quantities 8B and®Li. The idea is to use

a ‘production ring’ that can recirculate and re-accelerats that otherwise would be lost in
a beam dump. This design also circumvents the reactivithlpros associated witfB in
ISOL target regions. In addition, there is also a proposprtaluce’He andPLi in a two-step
process involving fast secondary neutrons®8e and''B targets. These three approaches
shall now be summarised in turn.

3.4.1. ISOL

Production ofHe and!®Ne at the future EURISOL facility has been the focus of the R&D

ion production. The centrepiece of the EURISOL design stsidynew 2.2 GeV Super Proton
Linac (SPL). Although such an intense source of high energtops is not a requirement for
a Beta Beam facility, a proton source is required to starnti@ear reactions in ISOLDE. At
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present, ISOLDE is integrated into the current CERN infrattre; it is fed 1 GeV protons
from the Proton Synchrotron Booster (PSB). ISOL technique&e use of thick targets in
this high energy beam. The different isotopes are then pexdluia spallation, fragmentation
or fission reactions in or around this thick target. The démigparticles are then magneti-
cally separated so as to select beams with a given mass radgdiract them towards the
experimental halls.

To produce®He with ISOL techniques, [146] states that “it is preferatuleise a direct
reaction with high cross-section and little power dissgrabf the primary beam”. Examples
would be

SLi (n, p) ®He E,.>27MeV, and
%Be(n,a)®He E,> 0.6 MeV.

The second reaction is preferred as an ISOL target siBeeis chemically and physically
stable at the high temperatures. Specifically, when bourlBe&y the stresses and thermal
shocks can be withstood. Fast neutrons are produced byehnigity proton induced spallation
on heavy metal targets such as lead or water-cooled tungthes target is situated close to
the actual target, or even inside a hollow of the target agcthpin Fig. 3.7. As of summer
2008, > 1-10 ®He ions per second could be produced this way. A further faat@ is
needed to reach the target rate [148].

Production of'®Ne does not need the fast neutrons; instead, it can be prodomzugh
spallation on target compounds of Na, Mg, Al and Si. The esipul of the neutrons from
the reaction leaves a final state of the desired nuclide.eTaandidates include MgO, MgS,
Al»03, Al4Cs and SIC [146]. MgO appears to be favoured.

3.4.2. Direct production

Candidate ions for the Beta Beam are low-Z nuclides and aefitre close to the line of
stability on a Segre chart. Such nuclides are desirable gsdte easier to produce - the
parent nuclides have similar numbers of neutrons and psof®his is in contrast to nuclides
that are far from the stability line. These are much hardertmluce because of the proton
number - neutron number mismatch. In fagtcandidate ions can normally be produced in
larger quantities thame candidate ions as production methods favour neutron richdes.
Production methods that do not use neutron or proton typioes are referred to as ‘direct
production’ methods. For many ions close to the line of $itghsuch approaches are possible.
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8He and 4He iR Spallation neutrons

Transfer line o
to ion source )

Spallation target:
a) water-cooled W
b) liquid Pb
ISOL target (BeO) in concentric cylinder
Figure 3.7.: 5He production using ISOL techniques. A high energy protaanbés incident on a spal-
lation target surrounded by a BeO cylinder. The neutronsiywed participate in the
9Be(n,a) ®He to form the®He. Figure reproduced from [147].

For example, the reaction
160 (®He,n) 18Ne (3.12)

is a possible route t¥Ne. The disadvantage of direct production methods is thatatget
usually also serves as the beam dump. In the above exampl&d¢hions that do not go
on to source!®Ne are lost and the high intensities required for a Beta Beaility will
possibly destroy the target. Non-ISOL techniques to prediccandidates typically use a
direct reaction activated by fast neutrons. Specificalse@nd scheme [149] proposes to use
fast secondary neutrons from a 40 MeV deuteron beam whicHisgeted onto a ‘converter
target’. A very high yield offHe and®Li can be produced this way. The design is a two-
target system. The first target converts the deuterons astioneutrons. Li, Be, C and-D
compounds have been identified as possible candidates.ethadtarget, to be made from
BeO or BN materials, is placed within the forward fast neatitax. Production then proceeds
via the

°Be(n,a)®He and 1B (n,a)8Li (3.13)

reactions. A sketch of the design is shown in Fig. 3.8. Ihitigestigations pointed to a
production, for an optimised geometry for BeO and BN, of

e 1-10"8v.s 1 sourced fronfHe ,
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Figure 3.8.: Sketch of the two target method. A deuteron beam is incidera primary target which
sources fast neutrons. Beryllium and Boron compounds & phaced in the forward
neutron flux. The sought ions are produced via the reactiotiwitext. Figure reproduced
from [149].

e 2-102v.s 1 sourced fronfLi .

The authors of [149] feel that these numbers can in prindyglencreased by an order of
magnitude for anti-neutrino production if the ions are tsbarced for a Beta Beam.

3.4.3. Production ring

As previously mentioned, in direct production facilitiéise beam that does not source a new
ion through a nuclear reaction is often lost in a beam dumps 3éverely limits production
rate as large portions of the primary particles are waste@ production ring, the idea is to
re-circulate and re-accelerate the primary particlesreedending them to the target again. In
the context of Beta Beam facilities, this was initially segted in [142] and it was proposed
to use the reactions

’Li (d, p) BLi and SLi (He,n)®B (3.14)

to produce

o 1-10"8is 1,
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Stored beam fully stripped

M)

ISOL foil collection target
RF system A

D [:l To ECR source
\_1\— Gas and stripper target

7Li(d,p)8Li or éLi(He.n)°B

7Li or BLi

Figure 3.9.: lilustration of the production ring methodLi and®Li are fired towards a target as in direct
production with the sought nuclides collected and sent taisation source. Lithium
nuclei that do not source souréki and 8B nuclei are re-circulated and re-accelerated
before being sent to the target area once more. Figure negpeddrom [148].

e 2.101288 51 |

A schematic of the initial design is shown in Fig. 3.9. Thecieulation of the beam
greatly increases the nuclear reaction probability fonegiparent particle. To exploit this
technique, heavy ions incident on a gas-jet target are peef¢l42]. Initial estimates suggest
the above rates could be achieved with a small ‘table-toyg rather than a large device in
an experimental hall. The daughter particles are typicadiytral and therefore need to pass
through an ion source before injected into the accelerdtainc

3.5. Acceleration

Once the ions have been produced, there are several statjes GERN accelerator com-
plex to transverse before the SPS is used to boost the iohg t@tjuiredy. The production
techniques do not actually produce ions. The nuclides willl lIsave their full (or almost
full) compliment of electrons on exiting from the productiarea. lonisation is necessary
since neutral atoms cannot be accelerated. The prefekditgie is too use a Electron Cy-
clotron Resonance (ECR) ion source. A moving charge wilatg/with some frequency
say, around magnetic field lines in a cavity - this is simplg ¥hx B form of the Lorentz
force. When microwaves are propagated through such a c#wityelectrons can be made to
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resonate. When neutral atoms are passed through theseabotgptegions, they can ionised
into a high charge state. For the low-Z candidate nuclidek@Beta Beam, this amounts to
full ionisation. There are substantial losses®{e atoms at this stage (efficiency 29 %ite
fairs much better (efficiency 93 %).

There are two further stages before the ions are injectedlivet Proton Synchrotron (PS)
and then the Super Proton Synchrotron (SPS). First a linased to boost the ions to= 1.1
before being passed to the Rapid Cycling Synchrotron (RB&e the ions will be boosted
slightly further to aroung ~ 2 — 3 depending on the ion; however, about 50 % of the ions will
be lost at this stage. The ions reach different boosts asthge because the machine is circular
in design. It will be shown below that, for a given machine thaximum boost available to a
particular ion is a function of the maximum boost possibles@roton, the proton number of
the ion and the mass number of the ion. The acceleration tittéscstage is short. Therefore,
there are no significant ion losses owing to space chargeteffeee Chap. 5) even though the
boosts are still low. This changes with the injection of thies into the PS.

On leaving the PS, the ions will have boogts 9 — 18; the reason for the variation the
same as for the RCS. However, there will be large losses astage if the old PS is to be
used [146]. The proposal to replace the PS with a new 50 Gevhsgtron will help greatly
in this respect.

The last stage of the acceleration is the SPS. The role ofRi&is$to take the ions from
the PS and accelerate to the boost required by the experintarde this is done, the ions
are bunched further before injected into a storage ring sgittions pointing towards the far
detectors. The maximum boost attainable with a synchragatependent on the ion, the
radius of the accelerator and the maximum magnetic fieldaai The calculation of the
maximum boosts available will be summarised below.

The maximum boost obtainable for a given ion is determinethibymagnetic rigidity of
the synchrotron. For a particle with chargenasam, velocityv and with a circular trajectory
in a magnetic field, (following [150]), the Lorentz force is the centripetatde:

myv?K +e(vx B) =0. (3.15)
Here,k = (K, Ky, 0) is the local curvature vector of the trajectory defined by

1
Kx7y =, (316)
Pxy
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wherepyy is the local bending radius of the trajectdnyif we take the magnetic field to be
perpendicular to the particle velocity so as to only considasverse fields, and write= ymv
as the momentum, we obtain:

_9
Bl = - (3.17)

The quantity on the left hand side is known as ‘thagnetic rigidity’. For a given rigidity, it
is then straightforward to calculate the maximum boost fporaon:

1
vp=m—«/q2+m%. (3.18)

p

For an ion with charg& and masdA, the boost for a given magnetic rigidity is found by
appending the equivalent proton boost with the relevantgehto mass ratio, viz:

Z
Yion = E\Vp . (3.19)

The maximum boost for the four standard Beta Beam ions wighctirrent Super Proton
Synchrotron (SPS) and a possible ungraded version arenpeesin Table. 3.1. The SPS
currently has a magnetic rigidity of 1344 Tm correspondim@ tmaximum proton energy of
450 GeV. Upgrades to the CERN accelerator complex and in gfgvossible LHC upgrade
scenarios, indicate the possibility of a 3335 Tm machinpab&e of pushing protons up to 1
TeV at injection into the LHC ring.

3.6. The storage ring

Finally, it is necessary to inject the ions into a storage mvith straight sections directed
towards the far detectors sourcing the neutrino flux. Théigoration of the ring is important,
not only for technical and engineering reasons, but alsmesieutrinos that decay in the curved
sections or the straight sections pointing away from thedé&ectors are lost. The principle
ring designs are equivalent to those of the Neutrino Faoidrgre two configurations have
been proposed

3Note that this is not the same as the radius of the synchrdfmrexample, the Large Hadron Collider (LHC)
occupies the old LEP tunnel which is approximately 27 km inwinference and hence has a radius of about
4.2 km. The LHC comprises 1200 bending magnets, each 15 nmgtHe This corresponds to a bending
circumference of only 18 km and a bending trajectory raditepproximately 2.8 km.



80 The Beta Beam

1. The racetrack design
This design consists of two long straight section paratbebach with a (as small as
possible) curved section connecting them. The usefulitmactf neutrinos in the storage
is known as the ‘livetime’l, defined as the fraction of neutrinos that decay in one sttaig
section:

Lstr

Iy = ——————— 3.20
' 2Lstr+ 2T[R ’ ( )

whereLgy is the length of a straight section aRds the radius of the curved sections.

2. The triangle design
This is a design initially considered for the high energy tieo Factory as it is, in
principle, capable of sourcing two baselines simultangoé@ssuming that the design is
an equilateral triangle, the livetime is

Lstr

= 3.21
3Lstr+ 2T[R ( )

lt

The storage ring design for the ‘baseline’ Beta Beam u&fe and®Ne is ongoing [152].
The study focuses on a racetrack design with 3100 m stragghiiosis and 5 Tesla magnets
for the curved sections. These corresponds to a radiBs~0800 m. The total circumference
of this design is approximately 7000 m with a livetinhe= 0.36. Clearly, the design of the
decay ring, and hence livetime, is dependent on both thetlmddke injected ions and the
magnetic fields available.

3.7. The number of useful ion decays

The neutrino flux at the detector is dependent upon the fatigw experimental parameters:
e The number of useful ion decaysy ;
e Theion boosty;
e The baselinel. ;

e The Q-value of the ion .
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Boost | Rigidity [Tm] Ring Length Dipole Field
T=5Teslal; =0.36| p=300m
100 935 4197 3.1
150 1403 6296 4.7
200 1870 8395 6.2
350 3273 14691 10.9
500 4676 20987 15.7

Table 3.2.: Magnetic rigidities and racetrack storage ring lengthsafaange of boosts. In the third
column the length of the storage ring assuming a 5 Tesla figddaalive time of 0.36 is
shown. The fourth column shows the size of the dipole fieldiireq for the storage ring
to be equivalent to the baseline design.

The first three are dependent on each other, although theftareconsidered as independent.
The rate of useful ion decayR, is given by

MTrep

linl _
R= (1—e 7 ) Toun ; (3.22)
Trep

wherel;, is the ion intensity injected into the decay ringjs the livetime defined in the
previous sectionlrep is the repetition period for ion fills in the ring; m is the nuertof bunch
merges possible without significant losses; &qdlis the length in seconds of the experimental
run. The experimental details are beyond the scope of tesghthe important point to note
here is that to first order

R o =, (3.23)

so that, with everything else remaining the same, the réievidth increasingy. To assume
the same number of useful decays with increagitigerefore requires the implicit assumption
that the the number of injected ions is increased; the cifetence of the decay is increased
to compensate; the magnetic rigidity of the curved sectieriacreased so to increase the
livetime of the ring; or a combination of the previous sudges. The changes needed in the
magnetic rigidity or the circumference of the ring are maxigieit in Tab. 3.2. The magnetic
rigidity of the curved sections is shown for a series of bs@gth the required circumference
of the ring, assuming 5 Tesla fields ahé- 0.36, and the magnetic fields to maintain the
baseline design.
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The length of the baseline is important since it determiheditt of the storage ring with
respect to the ground. For the CERN-Frejus baseline, tlgtean Q6°. For the standard
decay ring design (each straight section is 3100 metras);dhresponds to a maximum depth
of 32 metres. For the CERN-Canfranc baseline (650 km), tigéeancreases to%giving a
maximum depth of 324 metres. A baseline of 7000 km, as use®#lin fieeds a tilt of 34° a
has a maximum depth of 1756 metres. Therefore geologiogineering and cost factors will
come into play, especially for the very long baselines. Amythtion on the maximum depth
will have to be compensated by a reduction of the length df sr@ight section of the decay
ring which in turn will lower the useful rate, all else remiaig unchanged.

All the previous points have to be born in mind when discugsire useful decay rate for
a given facility. However, these are not the main limitatemthe useful decay rate. Events
from atmospherioy, andvy, mimic the oscillation appearance signal. Approximatelys86h
events per kton-year will pass all the event selection ecapoised [86]. For largé:3 these do
not pose a problem since the appearance event rate is higihe Aensitivity boundary and
low 813, however, these events dominate the signal and destrogmiséigity. To alleviate this
problem, the ions are bunched in the decay ring so as to gieea jme correlation between
the signal at the detector and at the decay ring. The fracfidime decay ring filled by ions is
known as the ‘suppression factor’ or ‘duty factor’ defined as

VNG A, |

Si="p

(3.24)

wherev is the ion velocity Ny is the number of bunches, add, is the length of the bunch
(in time). For Beta Beams at low energies (i.e. lpw®NePHe machines), a suppression
St ~ 1073 is required [81]. With at least 108 useful decays needed, this is very restric-
tive indeed and is the main limitation of the physics reaattifie Beta Beam at low energy.
The atmospheric neutrino flux f& = 2-10~2 is shown in Fig. 3.10 and is normalised to 32
atmospheric events. For bins at high energies, the numlanafspheric events is consider-
ably fewer. For the longer baselines and larger boosts uppression factor can therefore be
relaxed. This loosening can in full or in part compensatetfier1/y dependence on the rate
and any restrictions on the maximum depth and the availabgetic rigidity of the curved
sections. The easing of the suppression to increase this ragger considered as a method to
improve physics reach for these reasons.

Recently, concerns have been made about the feasibilitgnang a decay ring with maxi-
mum depth~ 2 km [85]. Rather than attempting to improve the physicshigigvas suggested
to alter some of the experimental parameters to maintaisdnge physics reach so that the
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Figure 3.10.: v, + v, atmospheric neutrino events per kiloton-year assumingyafdator of 2-10 3
(solid lines). The other lines are the event rates for setopsidered in [86]. The figure
is taken from this reference.
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decay ring could be shrunk. The observation made is that a&staacrease of the ion boost
can return much large increases in the event rate. An inenieathe boost can then be used
to compensate for a decrease the length of the straighbaesabif the decay ring. For this

strategy to work requires the availability of superconthgmagnets up to 15 Tesla.



Chapter 4.

Beta Beams with a neutrino run only

This chapter examines the CP-violation reach of a Beta Béatuses only a neutrino run.
The content of this chapter is based on the work [89] whereseel the CERN-Boulby base-
line (1050 km), a 10 year run with a high8Ne beam only, and a generic detector with
excellent energy resolution. Whereas all previous BetarBsidies for short baselines had
used conservative energy resolutions and both a neutrid@ati-neutrino run to break de-
generacies and boost sensitivities; we pointed out thaeifenergy resolution of a detector
is sufficiently good, so that the energy binning could be oaer, the spectral nature of the
appearance probability could be used to break degeneractesnprove the physics reach.
Specifically, the behaviour of the probability at (and amufirst and and second maximum
is sufficiently different that their combination can be ugedachieve sensitivity similar to
dual-ion Beta Beams.

In this chapter, our motivations for the above scheme wilpbesented. The simulations
presented in this chapter are different from those in [88 fle-simulation of the setup is for
the consistency with the other chapters with regards thengstsons made and the code used.

4.1. The CERN-Boulby case study

This study had both site-practically motivations and textbgical motivations. At the time,

recent studies had indicated that expansion of the Boulmepon the north-east coast of
England, had excellent potential with relatively modestsd151]. Specifically, there were
plans to dig below the current mine level and laboratory Ikewato a harder rock stream.
Caverns up to 30 m high were suggested as plausible. Suchaties are therefore capable

85
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of hosting massive detectors of several tens of ktons. Witlipte caverns, detector masses
around 100 ktons could be housed at Boulby.

Secondly, a baseline of 1050 km is longer than most otheonptonsidered in the litera-
ture, but not significantly more so. This means the mattecef§ larger, improving sensitivity
to the mass hierarchy, but not sufficiently longer to amplify degeneracy between the CP-
phased and the sign of thé\m§2, catastrophically reducing the CP-violation sensitiviiiis
increase in baseline length, but not extravagant increaseafficient merit to study this base-
line.

There is a third motivation not available to the shorter bass. As the baseline increases,
the oscillation probability functional form shifts to highenergies. For small matter effect,
this is essentially linear in the baseline. For example fitisé oscillation maximum for the
CERN-Canfranc (650 km) baseline+s1.3 GeV. The equivalent energy for CERN-Boulby is
2.1 GeV~ 1.3 x 1050/650. This is important because for a given detector enengghiold,
more of the oscillation structure is available to the expent. Specifically, for the CERN-
Boulby baseline and an energy threshold of 400 MeV, appearavents from both first and
second oscillation maximum are available. In addition,abellatory structure spreads out so
that with a given energy resolution and binning, betterIrggm of the oscillatory structure is
possible. The combination of these two effects suggestegalsibility of using the oscilla-
tory structure alone (sometimes referred to ‘using muatlpE s’) to resolve the degeneracies
and achieve a good physics reach.

The motivation for this study is complete with an observatiout the potential number
of useful ion decays. As mentioned in the previous chaper, BURISOL target numbers
for the useful number of ion decays per year along a straigttian of the baseline storage
ring are 11-10'8 18\e decays and.9- 10'® ®He decays. As of summer 2008 (with no update
in 2009), the number of®Ne decays was a factor of 20 short, whHe still a factor of 2
short. R&D is on-going for the other ion production mecharss The numbers available are
within the baseline design study but, these will vary witloick of boost and storage ring
configuration. In short, the useful number of ion decays &mhespecies are not known with
any certainty. A possibility to consider would be that thefus number of neutrinos could
greatly outnumber the number of anti-neutrinos, or vicesaetn which case, a facility with
a neutrino (or anti-neutrino) run only would need to be cdesed. Such a facility would
have to use the oscillatory structure of the appearanceapility as outlined in the previous
paragraph to achieve competitive physics reach. The strontawe carried out in [89] are the
only studies to consider this possibility.
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In [89], a flux of electron neutrinos sourced from the decay®dle ions accelerated to a
boosty = 450 was considered. The choice of ion is not important heeesame results would
be obtained witt¥B ions as the source at the lower bogst 115 provided 16 times as may
useful decays could be achieved. Sourcing neutrinosif#iNle ions aty = 450 assumes that a
1 TeV SPS will be realised in the futur?B ions would not need such an upgrade. The choice
of neutrino or anti-neutrino run is also not important. Iotfat was noted earlier that the pro-
duction of anti-neutrino emitters is generally easier asxaess of neutrons is required. With
anti-neutrinos, though, the cross-sections are apprdeigna factor of 3 lower than for neu-
trino events. It is therefore quite possible that any excessber of anti-neutrinos would be
used up compensating for this. The neutrino and anti-meuappearance vacuum probabili-
ties differ only through the change— —d. This makes no change to the results in this chapter.
For the CERN-Boulby baseline, however, the matter effesuificiently strong to induce a
measurable splitting of the two probabilities. This effesatoughly mimicked by a change in
the sign ofAm3, so, overall, the CP-violation sensitivity analysis wiltuen similar results
up to a reflection . The motivation above has focused on tlettiifferent aspects: location,
phenomenological and technological. In the following Eettthe probability expansion will
be used to take a closer phenomenological look at the beagfite single helicity strategy. In
particular, for idealised assumptions, the combinatidirsffand second oscillation maximum
will be examined in the context of its degeneracy breakingtabThe following analysis is
also relevant for electron capture beams and hybrid feslib be discussed in the following
chapters. Indeed, the following analysis is essentialjyraxmating a neutrino flux to two
mono-energetic beams, one at first maximum and the othecande

4.2. Resolving degeneracies with a neutrino run only

A detailed analysis of the neutrino run only approach rexpua full numerical simulation
taking into account the energy dependence of the incidex} ¥iy-appearance probability,
cross-sections and efficiencies (see Chap. 2). Neveret®-t is possible to understand some
of the general trends through semi-analytical calculatitor a simplified case. Using the
oscillation probability expansion (Eq. 2.34), it is podsito get a measure on how this strategy
will resolve (or not) the degeneracies.

Recall that the number of neutrino events in aibior the pair(@lg, d) is given by

Ei+AE

N@28) =Tt | 6(E) 0y (Ey) Pal B Brd) Ou(Bu) 0B, (A1)
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wherea(T Is the detector massis the run time of the experiment in years and the detector
efficiency. The cross-section, appearance probabilitythedin-oscillated flux complete the
integrand. The potential benefits of this approach can tleessbablished by considering the
combination of event information from first and second d¢attdn maximum. Consider the
idealised case of infinite energy resolution so that theyiaden Eq. (4.1) reduces to a product.
The number of events at the neutrino energy of the first aesidh maximumEg, is to be
compared to the number at the second oscillation maxinfigmintroducing proportionality
constants (the product of the number of targets, time of tddiag, efficiency, the neutrino
flux and cross sectiorg; andc; for each energy, in this approximatioi (E;) = clPeJL(El)
ansz(Ez) = CzPé’h(Ez).

As a first case, the location of the energy degeneracy is $o&ghthe true pai(@lg, g),
the clone solutiori,3,d) is located by solving [110]

Ni(B13, 5, SIgN(AM,),623) — Nu(B13,5, SigN(AMS,), 623) , (4.2)
No (813, 8, Sign(Am8y),B825) = Na(13, 8, Sign(Amgy), 653) . (4.3)

It is straightforward to show that only one solution is alkmhfor 813 for a measured number
of eventsN; andNy. To see this, write the appearance probability at osaltathaximumm
in the following form

P™ — [Msir?20:3+ 1"cosBi3sin M13sind + 1", (4.4)

so as to concentrate on tiles and d dependency at a given energy and baseline. he
incorporate the non-essential constants in the probglexpansion in this respect. Note that
since we are considering the appearance probability ataigsm maxima, the cod contribu-
tion to the interference term is absent and so there is no feeedz}". In this notation, the
first equation in Eq. 4.2 becomes

1}sin?2813— 18I 20813 — sindcosA13sin D3 i1}
cosD13Sin D13 3 cosBizsinM;3  cosBizsinMig

3sind = (4.5)

Here, ther™ correspond to the true values. However, it is clear tat 1™, at a given
baseline, energy and mass hierarchy, so the above expressipfor functions andg, be
neatened to

12sind = 11 £(613,013) + 12siNdg(613,013) ; (4.6)
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and equivalently for the second oscillation maximum:
12sind = 12 f(013,013) + 12sindg(013,013) . (4.7)
f andg are just replacements:

sir? 2513— sir? 2013 cos@lgsin 2513

f(B13,013) = c0s013SiN D13 and (813, 01) = cos013SiN D13 (4.8)
Solving for sin leads to
(5_5> f-o0. 4.9)
I3 13
For this to be true in general,= 0 and hence
Sin? 2013 = Sinf 2013 . (4.10)

The combination of data from first and second oscillation imaxn partially resolves the de-
generacy. Although there is no longe®g degeneracy, the energy degeneracy is still present
since Eq. 4.5 is invariant under the transformator 1— 3. The combination of the data
from additional energy pairings is sufficient to break thergy degeneracy completely and is
discussed in more detail in Appendix C. This analysis doegnarantee good CP-violation
reach, however, since for a given p(a@rlg, 8) the sensitivity region at a given confidence level
may still cross théd = 0° and/ord = 18 lines. In this case, CP-violation cannot be estab-
lished. When the calculation is repeated for a neutrino auidreeutrino beam configuration,
the intrinsic degeneracy is found to be resolveable.

Moving to the hierarchy degeneracy, the clone solutiorsBas [108]

Ni (813, 8, Sign(Amgy),B823) = Na(13,8, —sign(Amd;), 03) . (4.11)
N2(B13,3,Sign(AMG,),623) = Na(B13,3, —sign(AmB, ), B23) . (4.12)

Since we are comparing the event rates from different assangpon the mass hierarchy, we
have

Mz 102N and 1= (4.13)
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Repeating the calculation as for the energy degeneracyfjrmtethat ther;" and 1_3"‘ depen-
dency vanishes leaving

_ 1
Sin? 20,3 — % St 2643 . (4.14)

1
The 613-degeneracy is not fully resolved in this analysis; a fakkitsmn is found to exist

(replacing the shorthand) at

sif2013 ~ sin22§13<1+4i>, (4.15)
Az

sind ~ sind, (4.16)

where terms up to first order #y/A3; have been kept. The hierarchy degeneracy is therefore
expected to affect the determination@ag; at a mild level and negligibly that o Again, this
result matches expectations; the event rate for the invdaigrarchy will be less than for the
normal case for a give§h3 andd (orvice versa). Consequently, the event rate can be reedver
with larger sirf 26,3 (or smaller depending on the true sigm3,)). Note that in this analysis,
we have solved for sih One could equally well match the event rate with a small glean
in d or, in general, both 5?112613 andd. Indeed, in a full numerical simulation, the location
of the degenerate solution generally includes a changetindmmrdinates. For the short and
intermediate baselines for which the probability expamssovalid, the matter effect is weak
at second oscillation maximum with only a small or moderdifece at first maximum. It is
therefore expected that the combination of events fromdmsgtsecond oscillation maximum
is insufficient to determine the type of neutrino mass ordgriHowever, when one includes
information on the neutrino oscillation probability at etrenergies this degeneracy could be
broken for competitive ranges 613. In particular, matter effects increase with energy and the
high energy bins will turn out to be important in breaking #ign degeneracy. (This feature
was discussed in [89].)

Finally, although not the focus of the thesis, this procedtan be repeated for the octant
degeneracy, with any clone solution will satisfying [107]

Ni1(613,3,Sign(AMB,), B23) = Ny(B13.8,Sign(Am3;), /2~ 853) , (4.17)
Na2(613,3,Sign(AMB,),B23) = No(B13, 8, Sign(AmSy), 11/2 — B23) . (4.18)
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A clone solution exists and is non-trival:

_ _ _ _ 2
sir? 2013 ~ tarf 023 sir? 2013+ (1—tar12 623) sir? 201> (2—21> g , (4.19)
31

sind Sind <1+ ™ (1— ! ) S?”Zzglz (A—Zl>2> . (4.20)
tanB,3 8 tar?B,3 ) sinf2013 \As1

These expressions are valid in the whole allowed range ob#udlation parameters for
sir? 2513 <1072 and only terms up t@ (Ap1/A31)? have been retained. As has already been
discussed, an asymmetry between the two posBjlectants is not present in the atmospheric
and interference contributions to the probability. In grteresolve the octant degeneracy re-
quires either smalB;3, so that these two contributions are suppressed, or suiastavent
rates at low energies. For the European baselines, withxitepaon of CERN-Phyhasalmi,

the appropriate energy range is below the detector thréskolropean baselines are therefore
expected only to provide information on tBgs-octant for small values dd3.

0

The results of this idealised analysis suggest that a meutun alone is sufficient to resolve
degeneracies and, provided the event rates are high enougftain a good physics reach for
the unknown oscillation parameters. A more detailed amalss carried out taking into
account finite energy resolution, statistical and systemetors, backgrounds, the energy
dependence of the integrand in Eqg. 4.1 and multiple binssddted shortly, that analysis
confirmed the general trends suggested by the semi-aradlgatculations. It is necessary,
however, to attach an additional caveat to the above asalbove it was determined whether
or not the number of events for the true péﬁﬁg, 8) could be matched by the event vector of
a fake pair(813,0). If not, it was ‘claimed’ that any degeneracy was resolvedrellity, one
resolves degeneracy at a given confidence level and so sayeaatate regions can remain.
In particular, since we work witly2-functions, as opposed to rates directly, the degeneracies
may still persist owing to the smallge at the low energies, even if a probability analysis like
above separates them.

4.3. Strategy and simulations

The analysis presented here is a re-simulation of the setgepted in [89]. As mentioned
previously, this is primarily for consistency with the asgations of the later chapters. Specif-
ically, the analysis presented here sfs= 45° so there is no octant degeneracy. The simu-
lations are carried out using the GLoBESs long baseline meutrscillation public code.
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Figure 4.1.: Transition probability ofe into v, as a function of the neutrino energy for normal hierar-
chy andd = 0° (blue solid line), normal hierarchy arkd= 90° (blue dotted line), inverted
hierarchy and = 0° (red short dashed line) and inverted hierarchy ard90° (red long
dashed line). Also shown in arbitrary units the unoscitdbeta-beam neutrino spectrum
from ®Ne decays angl = 450. Figure taken from [89].

First, the common features of the two studies will be mo&daind presented. In Fig. 4.1,
Ve — V appearance probabilities are shown for the CERN-Boulbglbvees(1050 km) for the
casesd = 0° andd = 90°; and for the normal mass ordering (blue lines) and invertegdsm
ordering (red lines). Superimposed on this isyRre450 un-oscillated neutrino flux from the
decays ofi®Ne. The units of the flux are arbitrary.

The maximum neutrino energy in the laboratory frame is 3.8¥ @ith an average neu-
trino energyEy) ~ yEg ~ 1.5 GeV. The second oscillation maximum is around 600-700 MeV
for this baseline depending on the true values of the osiciigparameters. First maximum
is around 2 GeV. With the choicge= 450, first oscillation maximum is not aligned with the
peak of the neutrino flux. Although larger boosts returnéangumbers of events at the high
energies they also suffer from more beam and misidentifiodiackgrounds. Also, the form
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of the probability at first oscillation maximum and in the taidominated by the atmospheric
contributions and so events at higher energies do not pea@ng additional information on the
interference contributions of the appearance probabilite choice ofy = 450 is not rigorous
but, all the above considered, it is a good compromise betwarge event rates and reduced
backgrounds.

From Fig. 4.1, it is seen that with a detector energy thresbbl400 MeV both the first
and second oscillation maximum can be studied. As mentiabegle, there is little need to
carefully reconstruct the probability for energies beydingt oscillation maximum; a single
bin to the maximum neutrino energy will suffice. A genericatgbr was assumed in the first
study and the un-oscillated event rate was phrased as asmepd his allowed for the study
of the effect of different ion intensities, detector stud@end run times.

After the above considerations, in both studies, the faligBeta Beam configuration was
used

e CERN-Boulby baselinel(= 1050 km)
e 18Ne ions boosted ty = 450 as thee source

e A detector with low energy threshold that could reconsthath QE and non-QE events
was assumed with the following detector binning

— An energy threshold of 400 MeV;
— 200 MeV bins from 400 MeV up to 2 GeV,
— Afinal bin of 1.06 GeV.
e A 100 % efficiency was assumed for all energies.

e A 2 % normalisation error on the flux was taken as was an intrineam background
of 0.1 % of the un-oscillated flux. The beam background is gattributed to neutral
current pion production and electrons misidentication asms.

A Water Cerenkov is disfavoured at this baseline because the celian quasi-elastic events
for energy reconstruction result in small cross-sectidrenargies above 1.5 GeV. In the
absence of a specific detector choice, it is standard pedcticse 100 % efficiency. A smaller,
but constant efficiency, can be absorbed into the exposuwese& how this works, in both
studies, two exposures are considered:

1. 5-10%' ions-kton-yr
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2. 1-10*t ions-kton-yr

The first exposure could be achieved with a 10 year run with05® useful decays per year
and a far detector with fiducial mass 100 kton. An imperfefitiehcy can be incorporated
into the interprettion of the results by assuming a largeagleate, longer run time, or larger
detector mass.

The simulations presented in this chapter are differenhiniamber of respects compared
to the original study [89]. As mentioned previously, thigrémarily for consistency with the
other studies in this thesis. Below the main differencedisied.

e 0,3 = 45° in this thesis but not in the original study [89]. The anadyisi the original
study therefore needed to incorporate any octant deggneitacdhe analysis.

e The codes used in [89] used a statisitical smearing to gmwar)aﬁ]m # 0 so that all
analyses usedyx?. In this thesis, all simulations generate ‘true’ data usting pair
(65, 8") without simulating an experimental fit.

e NoO energy resolution was incorporated into the orginal wtuehilst here the public
TASD GLoBES-detector file is used. Consequently, an enezgglution for muon de-
tection is taken aAE = 3 %/+/E in this chapter.

e The analyses presented in Figs. 4.2, 4.5, 4.6 and the rigthithanel of Fig. 4.7 were
not carried out in [89]. They are included here to demossatae of the features of the
proposal, whilst the original paper focussed on the physiash.

¢ In [89], studies examining the ability to determine the miaigssarchy and the octant of
023 were carried out. The focus in this thesis is solely on CRatiion.

In the next section, the results are presented with denadisis of the benefit of com-
bining low and high energy bins, the ability to rule of CPJation, and analyses examining
the behaviour of the true solutions and hierarchy cloness&mesults are also compared to a
similar configuration that uses both neutrino and anti+meairuns.

4.4. Results

In Fig. 4.2, the benefit of combining low energy and high epduigs is demonstrated. Defin-
ing the low energy bins to be the bins up to the first oscillati@nimum, i.e 0.4 GeV to 1.2
GeV, and the high energy bins to be from this energy to the mari neutrino laboratory
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Figure 4.2.: 90 %, 95 % and 99 % confidence levels for an exposure 1 ions-kton-yrs for the low
energy bins (red) and high energy bins (blue). The simulatitave been performed for
O = 90° and—9(P for the cased" = 1° (left) and6Y; = 3° (right). Normal mass ordering
has been assumed and any energy degeneracy has been labbtegolot demonstrates
how the lower energy bins rule out the intrinsic degeneraspeaiated with the high energy
bins although little overall sensitivity is contributed.

energy; 90 %, 95 % and 99 % confidence levels for an exposure ¥5 ions-kton-yr are
presented. The setup has been simulate@ifpr= 1° (left) and®Y, = 3° (right) for " = —90°
and 90 assuming the true hierarchy to be normal.

It is seen that the data from the high energy bins often allowah energy degeneracy,
more so for largeB13. This is to be expected since for lar§g; and energies around the first
oscillation maximum, the atmospheric contribution to tp@earance probability dominates.
The interference contribution provides the sensitivitZ#®-violation, but its influence is weak
in the high bins. The interference contribution, and theusobntribution, is more dominant
at the low energies. For gl013,0) pairs considered, there is only one sensitivity regioreialb
a large one. Although the form of the appearance probaldityelpful for determining the
true values 0B;3 andd at these energies, the low event rates are not. The gainng asents
from both regions is in their combination. The sensitiviéggions from the high energy bins
are small and provide good resolution on the true valuds 9andd. For a high energy run
alone, the presence of an energy degeneracy can inhibitiggynss these solutions could
be consistent with CP-conservation at 99 % level. Theirtioog, however, are typically far
from the true solution. This means that the role of the lowgyéins is to select the correct
region in the(613,0) plane. No or very little sensitivity comes from these enesgiAll the
sensitivity is derived from the events in the high energysbin

In Fig. 4.3, the sensitivity is presented for the combinabbthe low and high energy bins
for 85 = 1° and ¥; andd" = —90°, 0°, 9¢° and 180. The true hierarchy is assumed to be
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normal; however, in all cases a fit has been attempted asguhennverted hierarchy. These
solutions, when they exist, are shown in red for the same dende levels. An exposure of
5.10%! ions-kton-yr has been assumed. This setup demonstratdssgasitivity for all cases
considered. For large;s, the hierarchy clone solutions do not appear for all choafdsue
values. From Fig. 4.1, the choice of hierarchy has a morequioced effect around first os-
cillation maximum. Specifically, the discrepancy in the e@@ance probability is much larger,
especially for largé,3. There the location of the hierarchy clone solution woulddyérom
the true solution at the high energies. Around second asioll maximum, the matter effect
is much smaller: the probabilities for normal and inverteztdrchies for a givef;13 andd are
very similar. Consequently, the hierarchy clone aroun@seémscillation maximum is very
close to the true solution. Therefore the combination ohfagd low energy bins is sufficient
to rule out the hierarchy clone. This, however, B gdependent statement as can be see from
Fig. 4.3. The magnitude of the atmospheric term varies g98in. As 013 is lowered, the
discrepancy between the two oscillation probabilitiesreases. As a consequence, the loca-
tion of the hierarchy clone solution moves closer to the soletion. When the atmospheric
contribution is sufficiently weak, the data from second kestton maximum, dominated by
the interference effects and solar effects, is unable tindisish the true solution from the
fake solution. At 99 % confidence level, the hierarchy clooletson exists for all cases. This
is not a problem in general since the fake solutions are dlms$ke true solutions for small
values off13 and do not greatly interfere with sensitivity to CP-viotati From Fig. 4.3, the
hierarchy clones that are indistinguishable from CP-cos®n at 99 % confidence level be-
long to true solutions which themselves are indistinguaéh&rom CP-conservation at 99 %
confidence level. F&#Y; = 1° andd" = 18, the position of the hierarchy degeneracy appears
to not follow the pattern in being located close to the truletsan. In fact, if the analysis is
repeated for other 90< 3" < 18, the position of the degeneracy appeard atmm— o' + €
where, € is a small correction. This feature is was not explored indhginal paper and
has not been investigated further here. This feature is maliiassigned to the lack of an
anti-neutrino run, but this cannot be confirmed without ailieti analysis of the oscillation
probability. Whatever its origin, the effect on the CP-sewigy is largely unaffected as the
position of the degeneracies are typically away from CPseoration if the true solution is
also. In summary, the sensitivity B33 andd looks competitive from this initial analysis. The
next step is to examine the single ion setup’s ability to awleCP-conservation.

Fig. 4.4 shows the regionin thiein2 2013,d) plane for which CP-conservation can be ruled
out at 99 %. As a comparison, the same analysis has beenmpeddor a 5+5 experimental
run, all other experimental parameters the same. The 5 y@aneutrino run was simulated
with boosty = 350 and®He as the sourcey(= 350 is the maximum boost available with a
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Figure 4.3.:90 %, 95 % and 99 % confidence levels for an exposure -dfo5 ions-kton-yrs for
8%, = 1° (left) and 8" = 3° (right). The ‘true’ mass ordering has been taken as normal
with sensitivity simulated fod" = —90°, 0°, 9C° and 180 in both cases. Each event
spectrum has also been fitted to the ‘wrong’ inverted massriorgl and these are shown
in red.

1 TeV machine foPHe and so a completely matching anti-neutrino flux cannotobeced).
The same useful decay rate was assumed for both ions. Thesaesdlave been carried out
with 8,3 = 45° and the hierarchy degeneracy taken into account in the malaseribed in
Chap. 2. The sensitivity region for the 5+5 setup takes a $meatually symmetric form,
whilst the single ion setup takes on a anti-symmetric andesiones jagged appearance. In
addition, there are enclaves of poor sensitivity at largé28;3 where good sensitivity would
be expected regardless of the strategy employed. Furtieee is a region for sfi£813 > 103
and —18C° < & < —135 where sensitivity is poor owing to persistent degeneracitise
asymmetry is easy to understand. The swibch> —& leaves all terms in the appearance
probability expansion unchanged apart from thedstontribution to the interference term.
This asymmetry in the probability will therefore lead to aymmetry in the the procedure
for minimising and locating the degenerate solutions. Tdeson for the pockets of poor
sensitivity is less clear and is studied below. On the whibie,sensitivity regions for both
setups are similar; the minimal €i?0,3 for which CP-conservation can be ruled out-~is
10~4 in both cases. The minimum £i#0;3 for which CP-conservation can be ruled out
is slightly larger for the dual boost machine though prityabecause of the smaller cross-
sections of anti-neutrinos and the smaller boost for hathefrun time. The single ion setup
suffers more at the sensitivity limit and gives an overaldier coverage of théd3, d) plane.
This is not significant, except for the region mentioned &y@nd does not appear to be a
phenomenological obstacle preventing this from being & \@tperimental option. Below,
the sensitivity is investigated further for the enclaved tre regions at the boundary.
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Figure 4.4.: 99 % confidence levels for the ability to rule out CP-consiéowa The red lines show
the sensitivity for the single ion setup whilst the blue aalines represent the results
of the same analysis for the dual ion setup. An exposure-df0% ions-kton-yrs has
been assumed with the hierarchy degeneracy incorporatedhia analysis. The octant
degeneracy is not included sinBg, = 45° has been taken. To read this plot: all points
that share the same regions as the pdits3, —90°), (102,90°) and (7-10-3, -150),
the event rate vector is not consistent with CP-consemvatio
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Fig. 4.5 takeﬁ)‘lr3 = 1° and considers the cad€ = 9(° for the true hierarchy being normal.
This pair can be distinguished from CP-conservation fohlsatups. On the other hand, the
same analysis is presented & = 1° andd" = 16(°. This pair is within the sensitivity region
for the 5+5 setup, but lies just outside for the single iombea@his case demonstrates the CP-
sensitivity behaviour at the boundary. The location of thegdrchy clone is attempted in all
cases (shown in red if they exist). The results for the siiayidbeam are presented on the left,
and the 5+5 setup on the right. For both setups, the semgitivithe true pair6Y5,8") is very
similar. There is a hierarchy clone solution of similar size@ach case. The single ion beam
fake solution is larger, as expected, due to the absenceaftaneutrino run. Since none of
these solutions are close to the- 0° or & = 18( lines, this pair can be distinguished from
CP-conservation at 99 % confidence level. The same is nofdrd¥ = 160 however. This
pair lies on the sensitivity boundary for the 5+5 setup. Thisvident from the right panel of
Fig. 4.5 where the true solution just touches the CP-consgv= 18 line. The hierarchy
clone does not appear at 99 % confidence level. There is naigiyso CP-violation for the
single ion setup because the true solution sensitivityoregs large. In particular, it crosses
thed = 18(° line and spreads into tle< 0° region. In addition, there is also a large hierarchy
clone solution present that cannot be distinguished frort@#ervation at 99 % confidence
level. From this analysis, it is concluded that the prineidason for the shape of the single
ion beam sensitivity boundary is the lack of an anti-newtrim. Without this complementary
information, the sensitivity regions are larger and carm®tlistinguished from CP-violation
for larger ranges o8" at a giverd{,.

Next, consider the behaviour in the poor sensitivity enelavound siAi208,3 = 7103
andd = —40°. In Fig. 4.6, the 90 %, 95 % and 99 % confidence levels are preddar
the 2 pairs(7-1073,—40°) and (1-1073,—40°). As before, an exposure of-80?! ions-
kton-yrs is considered and the true hierarchy is taken todsenal. The left panel shows
the results for the single ion setup whilst the right pandtfdhe results for the dual ion
setup. From the left panel, the failure to establish CPatioh at 99 % is a consequence of
a hierarchy clone being consistent wiik= 18(°. For smaller siA2013, the clone is far from
CP-conservation. At larger values of %2613, the clone solution is ruled out at 99 % and
therefore poses no problem. In addition, for’d8;3 = 103, there exists a small energy
degeneracy but this does not interfere with the deternanadf CP-violation. No intrinsic or
hierarchy degeneracy is present. Therefore, one conctbdethe origin of the no sensitivity
enclaves is a consequence of the single ion setup not belag@bdequately remove the
hierarchy clone solutions. As $ip0, 5 increases, the relative size of the atmospheric and
interference contributions of the appearance probabshignge causing the location of the
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Figure 4.5.: Hierarchy degeneracy regions for a the single ion beta béefth 4nd the dual ion beta

beam (right). The analysis presented are the 90 %, 95 % andc@fitlence levels for an
exposure of 510?1 ions-kton-yrs and®y,; = 1°. The ‘true’ mass ordering has been taken
as normal with sensitivity simulated fé = 90° and 160 in both cases. The blue line
is = 0°. There is no sensitivity at 99 % if any 99 % confidence leveltaoncrosses

it. The d = 9C° case represents a true pair that can be distinguisheddrer@® for both
setups whilst thé = 16 case lies just outside the 99 % contour of the single ion setup
The hierarchy clone solutions are ' T o
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Figure 4.6.: Analysis of the lack of sensitivity in the regidsin?® 26Y,,8") ~ (7-10%, —4CP). The 90 %,

95 % and 99 % confidence levels for an exposure-dfd! ions-kton-yrs and" = —40°

for the case§f; = 0.9° and 24°. The ‘true’ mass ordering is taken to be normal. On the
left the analysis has been performed for the single ion sehifst the right panel shows
the results for the dual ion setup.

hierarchy clone to migrate towards CP-conservation. Fificgntly large sirf 2613, the clone
solution is ruled out at 99 % confidence level.

The simulations performed up to now have used an exposure b¥?5 ions-kton-yrs
which has to be considered optimistic. For a 100 kton detegithh 100 % efficiency, this
exposure could be achieved if 50'® useful ion decays are available each year for 10 years.
This rate is not implausible but it should be considered agyer limit, especially for a large
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boost. The exposure is not a problem here since this studynisecned with determining the

behaviour of a single ion beta beam. Never-the-less, itsiguetive to examine the behaviour
for a smaller exposure. A realistic setup could then be clamsd as intermediate to the two
exposures studied. In the left panel of Fig 4.7 , the seiitsitio CP-violation is presented for

an exposure of 110%! ions-kton-yrs.

The smallest value of s7fr2613 for which CP-conservation can be ruled out is now 5 times
larger, consistent with expectations (the size gffdunction for a given hypothesis is pro-
portional to the number of useful decays, when everythisg eémains unchanged). How-
ever, with reductions in the number of useful ions, degeresalutions that were resolved at
99 % confidence level previously are now present and inexeath the sensitivity. The dual
boost setup maintains roughly the same form but with aduili@nclaves of no sensitivity
at sirf 20,3 ~ 102. This feature is sometimes present in Beta Beams at inteateclase-
line [111] as this is the region in which the interference atrdospheric contributions to the
appearance probability are of similar magnitude. The smadinges ob" for which there is
sensitivity for the single ion setup is expected, as is the@a’s haphazard shape. A feature
that was present, but not so marked, in the high exposurdatimu is very prominant here:
the lack of sensitivity for si1°‘12913 ~ 1072 andd < 0°. The reason for this is shown in the
right panel of Fig. 4.6. The true solution for the p&i0—2, —90°) is accompanied by a larger
energy degeneracy at smaller2813 andd. At 99 % confidence level, this clone solution
is consistent with CP-conservation. Additionally, therddio—2,135°) has been simulated to
examine the behaviour of true solutions that now exist detthe 99 % contour. No energy
degeneracy is present, however there is now a sensitivgipmehat is just consistent with
0 = 18(°. The location of the hierarchy clone is shown which itsel§ lam additional fake
solution.

4.5. Summary

In the present chapter, the CP-violation reach of a Beta Bedhout an anti-neutrino run

has been investigated using the CERN-Boulby baseline aseastady. The principle was to
bin the data sufficiently narrow to extract the oscillatarysture of they, appearance signal.
Such a strategy requires access to data from a range of esiespiecifically events around
second oscillation maximum where the interference coumtio to the oscillation probability

is strong.
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Figure 4.7.: 99 % confidence levels for the ability to rule out CP-constowafor the low luminosity
run (left panel). The red lines show the sensitivity for tivegke ion setup whilst the blue
dashed lines represent the results of the same analysisefdutl ion setup. An exposure
of 1-10%! ions-kton-yrs has been assumed with the hierarchy degsnéreorporated
into the analysis. The octant degeneracy is not includetk§if, = 45° has been taken.
The right panel shows a number of two parameter fits for thgleiion run as outline in
the text. The black contours are the true solutions (hibsaassumed to be normal) and
the red lines the hierarchy clone solutions.

This study was motivated by suggestions that large cavesokl e excavated below
the current laboratory level at the Boulby mine. The cavevosld be sufficiently large so
to host detectors of several tens of kilotons. At a distarfce060 km from CERN, both
the first and second oscillation maxima can be studied wittwadnergy threshold detector
located at Boulby. The second motivation was the uncestantthe number of useful ion
decays achievable for a Beta Beam. It may be the case thantbsaillated event rate is
significantly larger for one neutrino helicity than the athen which case it is necessary to
consider a single ion beam as a contender for a future neutamility. The usefulness of
information from first and second oscillation maxima was destrated analytically using the
appearance probability expansion. The combination of dietsiis sufficient to resolve any
energy degeneracy that is present for similar energiesreTisesome hierarchy degeneracy
present but it is not sufficiently strong to be catastropbithe CP-violation sensitivity.

In the numerical simulation, an exposure ofl8?! ions-kton-yrs was considered for the
18Ne and a boosy = 450. This was compared to a neutrino and anti-neutrinoifiailith
equal run times. CP-violation sensitivity plots were comstied for both cases and the features
were explored further with 2-parameter fits to chosen ‘tvsdues. The asymmetrical and
disorderly appearance of the sensitivity for the singlenam suggested that its degeneracy
breaking abilities might pose problems for lower luminiesit To check this observation, a
run was performed for an exposure reduced by a factor of 5.e&gcy that was resolved
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for the large exposure was no longer so for the low exposutgs iB especially true for
sinf 2613 ~ 1072 andd < 0°. A facility without an anti-neutrino run therefore requra large
exposure.

In conclusion, a Beta Beam that only uses a neutrino run isableioption is a large
luminosity can be realised. Although the discussion hesefbaussed on sensitivity to CP-
violation, | believe this might be the best option to studg thass hierarchy at these short
baselines. The mass hierarchy will be resolved by accumglatvents from the high energies
- those in excess of the first oscillation maximum - and comnigithem with the data from
the lower energies where the matter effect is small thuskiorgaany degeneracy. | consider
the setup presented here to be the desirable option bechtise charge-to-mass ratios of
the ions. With a 1 TeV machiné®Ne can be accelerated upye- 590 which corresponds
to a maximum neutrino laboratory energy of 4 GEWe, on the other hand, can only be
boosted toy = 355 corresponding to a maximum anti-neutrino laboratosrgyof 2.5 GeV.
A dual ion Beta Beam with the maximum boosts therefore willsha lower event rate in the
energy range beyond first oscillation maximum where theanidry will manifest itself and
hence an inferior hierarchy reach. If this hypothesis isaxir then the single ion Beta Beam
using neutrinos will have a better overall physics reachaned to its dual ion counterpart.
The hierarchy reach was presented in the original study, [8®lvever, the comparison just
described was not studied.
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Chapter 5.

Electron capture machines

In a standard Beta Beam the neutrino flux is sourced from tbaydef boosted radioactive
ions. It is advantageous to produce a clean, collimated libsmvay since a single boost is
all that is necessary for a laboratory neutrino flux to sparreargy range up to several GeV.
As discussed in the previous chapter, degeneracy can Heeddbrough the analysis of their
energy dependence of the oscillation signal. However, sm®i free to choose the neutrino
spectrum; the boost determines the maximum neutrino enertpe laboratory frame which
in turn determines the un-oscillated event at all enerdgtes example, if the peak of the Beta
Beam flux is chosen to align with first oscillation maximunre flux at the second oscillation
maximum is automatically determined by this choice. In aaB&¢am, complete freedom to
choose the relative fluxes at different energies is not alkal In addition, some neutrinos
are ‘lost’ because they have no practical use or their inédion is hidden by systematics and
backgrounds;

1. Neutrinos events below the detector threshold are nat insgn analysis and so are lost
in this sense. This affects the lowgBeta Beams since the fraction of neutrinos at the
detector below this energy in the laboratory frame is greate

2. Athigh energies, there are additional backgrounds, ascharmed meson decay, which
can have muons in the final state. It is therefore importattioely on information from
neutrinos with energies above the production thresholds.

3. In a WaterCerenkov detector, energy reconstruction is via quastel@vents. For
energies greater than 1.5 GeV, where hadronic processes begin to dominant the-cros
section, neutrino events are severely reduced, espeaiatiyghy where the proportion
of neutrinos with energies in this range is higher.
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4. Some might argue that neutrinos are lost at energiesspmneling to oscillation minima
and itis better to have more neutrinos at the maxima where th@ useful event even for
0 = 0 and/or negative (positive) hierarchies for neutrinogi{aautrinos). This is partly
true, but (see Fig. 2.3) the position of the maxima and mirgchange with the CP-phase
0 and the mass hierarchy and so the mimina also provides iangariformation in this
respect.

One way to alleviate these concerns is to use a source of moagetic neutrinos so that the
boost of the ion can be altered to freely choose the labgrétame energy of the neutrinos.
Clearly, such and approach needs at least two boosts a®adindd are unknown. Such a

beam would use ions that decay through a dominant electunrgachannel as their source;
an idea that is discussed in the next section.

5.1. The electron capture beam concept

The electron capture process was briefly introduced in CBajlectron capture is a decay
channel available to proton-rich nuclei and it compete$ widsitron decay depending on the
energy available. FAd@ < 2mg, positron decay is kinematically forbidden and so electam
ture decays form the entire phase space. For electron eajgaays, the rate is proportional to
the Q2 from the two body decay ar&f from the square of the electron orbital wave-function.
For proton numbeZ, shell binding energ¥g, fine structure constantand beta decay matrix
elementy , the electron capture rate for Q-valQes [153]

G?

Mec = ?(Q—EB)Z (az)®|ar |2 (5.1)

The equivalent expression for beta decay is (with the santexhedement)

GZ
Mg =55 M f(E0,2) o7, (5.2)
where thef is the normalisation
oy
f(Eo,Z) = J Vo2 —1 (0o —w)? F(w,Z) dw . (5.3)
1

In these expressionsy is the electron massy = E,/me andF(w, Z) is the Coulamb cor-
rection term for the interaction of the ejected electrorhwvitie final state nucleus. To first
order, the positron decay rate is proportional to fifth powfehe Q-value; the relative rate for
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Q > 2me is approximately given by

lec (O‘Z)S
—(I s
I_B Q3

(5.4)

where the matrix elements are assumed to be identical. Eotreh capture with Q-value
Qec and boosy, the neutrino flux in the laboratory frame at baseline L frayarse is given
by [91, 154]

dN B Nions

d0dE, = 2 YV?3(2yQec — Ey) = O(E,) 8(2yQec— Ev) . (5.5)

Trivially, the baselines available to electron capture niraes are dependent on the Q-value of
the ion and the maximum boost allowed from the accelerafiam different phenomenolog-
ical studies have been carried out to date and can be digghnggliby their choice of Q-value.

The use of electron capture decays to source mono-enengetiino fluxes was suggested
in [154] and subsequently in [155]. These papers proposedsh of ions with Q-values less
than twice the electron mass where positron decay is kineafigtforbidden. No phenomeno-
logical study was carried out initially; however, a hafeliin the laboratory frame) of order
months or up to a year was suggested. Small Q-value electioture machines are ruled
out by this criteria since the optimal laboratory half-lifeo (1seg which in the laboratory
frame is~ minutes. An interesting feature was highlighted, and wadcerd further in [155],
namely that with low Q and high boost electron capture maehimost of the neutrinos cross
the detector. This means that, in principle, positionabinfation can be used to extract the
energy dependence of the signal as the energy of the neurtrihe laboratory frame drops
as on goes off-axis (see Appendix B). In [155] a study explpthis idea was carried out
using1%Sn as the source ion. In the decay rest frafSn hasQ = 267 keV (for the K-
shell) and a half-life of 4.11 hours. Three setups were cmmed, all assuming a 500 kton
Water Cerenkov detector located at either 250 km or 600 km fromcsguand boosts in the
range 900< y < 2500. Such high boosts are necessary because of the very-l@u€, this
analysis assumes that the LHC is available to acceleraterise A detailed study was car-
ried out using the GLoOBES simulation package; sensitwiiieCP-violation were found to be
equivalent to the IDS Neutrino Factory setup, although thib@s acknowledge the idea to
be “extreme”. In summary, the very high boosts requiredndeethe moderate baselines of

1The use of the SPS for a Beta Beam does not disrupt LHC opesaffime on the LHC for Beta Beams is not
going to happen in reality and so very high boost setups ssi¢h&b] should be taken as a demonstration of
a principle rather a viable facility option.
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Europe, and the low Q-values mean that electron capturedasgline facilities of this type
are not realistic.

Prior to the above studies, a second option using higherl@gaons was discussed and
was later expanded into studies for the CERN-Frejus and GERBNranc baselines [91]. For
ions with Q-value greater than twice the electron mass, ldatren capture channel competes
with a positron decay background (Eg. 5.1); the branchitig far electron capture channels
drops sharply as the Q-value increases. With Q-valu8s-4 MeV and a 1 TeV accelerator,
one would be able to place a mono-energetic neutrino beamsoréicillation maximum for
baselines up to 1000 km, making the idea an attractive onarogde with the source based at
CERN. However, the positron decay background would makedise unattractive since the
number of useful electron capture decays would not be higligimfor competitive physics
reach. It could be argued that the positron decay neutriooklde used to boost sensitivity
by providing coverage of the second oscillation maxima wihcentration of the electron
capture neutrino on and around first oscillation maximasThthe strategy will be explored
in detail in Chap. 6. A number of nuclides that decay quiéklyrough large Gamow-Teller
resonances have been discovered, see for example [156¢ptid source dominant electron
capture channels at higher Q-values. A collection of somthe$e ions are presented in
Tab. 5.1. Dy formed the basis of the study [91]. This particular ion wassen as the
resonance did not have a width and because of its lower vdRecall from Eq. 5.5 that
the neutrino flux is proportional to the square of the boostafdixed baseline and number
of useful decays. Lower Q-values require higygo achieve the same laboratory neutrino
energies, and so lower Q-values are favoured in this sermadpd the accelerator is capable
of achieving the boosts. This particular study is the stérpoint and motivation for this
chapter. Before proceeding with the phenomenology thoighnecessary to point out some
extra technological challenges associated with electaptuce machines and hybrids.

5.1.1. Partially stripped ions

For Beta Beams, the ions will have all their electrons rerddwvefore the acceleration. The
probability that the ions will acquire an electron due to itmperfect vacuum conditions in
the acceleration and subsequent storage is effectivelyadilities that make use of electron

2Quickly is a vague word that is sometimes used in this contéxthould be treated to mean relative to ions
with similar Q-values. lons with similaZ3Q? will have similar electron capture rates from the K-shelh A
ion that can decay through a resonance will have a much largeix element, however, which quickens the
rate.
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Parent nucleu# Half-life EC BR EC intensity Ex Daughter level (keV)‘ Q-value (keV)

148py 3.1m 100 % 92.5 % 620 2678
148y 46s 100 % 8.8% 0.00 6800
150gy 19s 100 % 59.5 % 476+X 4108
150py 7.2m 64 % 64 % 397+Y 1794
152yp 3.1s 100 % 29 % 482 5470
154y 3.7m 99.53 % 96.8 % 26.9 2032

Table 5.1.: Candidate electron capture beam ions. Based on a similarftain [156].

capture decays and bound beta decays, however, will rettpgiigcceleration of partly stripped
ions. This is a necessity for electron capture machines ghdcdimachines since orbital
electrons are required for the electron capture to takeeplaor a bound beta decay machine,
high proton number ions are required to source a useful bbataldecay flux (see Sec. 5.5),
and so the likelihood of being able to produce a fully strghpen is low. Indeed, for the
Beta Beam hybrid study, to be discussed in the next chapieg)elctrons were assumed to
be left bound to the ion for experimental reasons, althobghrestriction is an arbitrary one.
The principle reason for this is to minimise losses due t@epdarge effects - the ion-ion
electromagnetic interactions causing dispersion of tiaerbe

The acceleration of partly stripped ions is not a problemsedil58]. In particular, [159]
reported that there has been intense study on partly strijgms at GSI for the FAIR facil-
ity [160] and at Brookhaven for the RHIC program. The issuth@context of the Beta Beam
related technologies is the intensities of the useful meagrrequired and the demands im-
posed on the accelerator chain. Imperfect vacuum conditiwhich will deteriorate as the
acceleration cycle progresses, is the major cause for oonées a consequence, at high en-
ergies, the electron stripping cross-section is large][&68 is the dominant source of losses
during the acceleration and storage - the act of removindegtren from a partly stripped ion
changes its charge-to-mass ratio: the magnetic field caatign no longer matches the field
needed to keep accelerate the ion or hold it in the storage Tinese ‘vacuum losses’ can be
considered as an extra decay channel, and it is useful tgragasvacuum half-life’ to it. In
[159] it was reported that a vacuum half-life of 1 minute dgriacceleration and 3 minutes
during storage ring should be taken as a conservative dstiofidhe effect. The annual rate
of neutrinos (Eq. 3.22) needs to be modified to include thizartant loss :

IinI )\EC/V M Trep (Aec/Y+A
R=—_ —"—"_[1—¢g"rep\EC Y+Avac) | 5.6
|rep )\E(:/V‘f' )\vac ( ) o ( )
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Here, Aec and Ay are the decay constants for the electron capture decay andiwva
losses respectively. For intense beams, especially higlged beams, stability is a major
problem. The Coulamb interactions of the particles in thanbeause a divergence from
the ideal conditions. Following [150], consider a streanpaifticles with a uniform particle
densitypg each with a velocity, and charge g. It is natural to take the coordinate system
as cylindrical with a point labelled bfr, b, ®). By symmetry, the electric field is only in the
radial direction and, from Coulomb’s Law, is given by

1
E, = —0por. 5.7
r 28090 (5.7)

The magnetic field is azimuthal; from Ampere’s Law we find

1
By = Epopovzr ) (5.8)

The Lorentz force is in the radial direction and is given by
€0q—>r . (5.9)

The above relations are written for S.1. units weghand g the permittivity and permeability
of free space, respectively. The contribution from the Gmb interaction on the test particle
is the net force in the rest frame. In the laboratory frame gibnerated magnetic field opposes
the electric field; the contributions exactly cancel for arnetravelling at the speed of light.
From the right-hand side of Eq. 5.9, the magnitude of the hiaréorce increases with charge
and intensity, but decreases with boost. Space chargersfohe a great concern for ions
considered for electron capture machines, hybrids anddbata beams, especially early on
in the acceleration chain where the boosts are still cloaantty. In addition the ions are
high-Z ions and, with their relatively long lifetimes (coamed to standard ions), will have
high densities (the ions during acceleration will be effedy continuous with bunching to
the required duty factor taking place on injection to theage ring). Typically, boosts are of
the same order for all types of machine proposed for longlin@sexperiments.

In reality, the above analysis is simplistic and a more tedaconsideration taking into
account bunching of the beam and the size of the vacuum chambequired [162]. One
should instead use the Laslett tune-shift [161]:

AQ= ST T (5.10)
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Here,Z is the charge of the iorf\p is the ion-to-proton mass ratioy is the classical proton
radius,cis the speed of lighRis the mean radius of the machimg, is the number of ions per
bunch of duratiorty,, ande is the physical emittance of the beam. Fundamental actetera
dynamics is beyond the scope of this thesis; loosely spgakia larger the tune shift, the
more the beam is unstable. For intense ion beams, the Coulpnlsion is a major source of
instability.

At present, no extensive R&D has been performed for electagture machines, hybrids
and bound beta beams. A brief survey [163], however, has bagied as a project in the
CERN Summer Student programme. In the analysis, the anewalimo intensities and the
incoherent tune-shifts were calculated for the four raxgkenuclei put forward in [91]. A
source rate of 1% ions per second from the proposed EURIOSOL facility, a bgest100,
T, = 0.8 and emittances the same order as®tde and'®He were all assumed. With these
assumptions, the tune shifts are about a factor of threeshigi the rare-earth ions than for
®He and'®He, and the annual neutrino rates ar@0'® neutrinos per year [163].

5.2. Optimisation of an electron capture machine

The discovery of ions far from the stability line that dechyough a giant Gamow-Tellar res-
onance opened up the possibility of using 1 TeV machines as@mn upgraded Super Proton
Synchrotron (SPS) to source the intermediate baselinearnopé. As mentioned previously,
[91] considered this probability for the CERN-Frejus (130)kand CERN-Canfranc (650 km)
baselines wit®®Dy as the chosen ion. Since only a neutrino flux is availabenirelectron
capture setup, the approach was to exploit the differentggngependence of the CP-odd
and CP-even properties of the appearance probability (Bg) ®dy running at two different
boosts. The purpose of those studies was not to optimiseeatr@h capture long baseline
setup, rather to demonstrate the phenomenological fésidithe idea: the use of multiple
boosts to extract the energy dependence of the event spéttveever, the electron capture
beam was not optimised in terms of the boosts and the run tifif@s is the purpose of this
chapter.

In this section, an electron capture facility will be optsad using two boosts. For sim-
plicity, the number of useful decays will be fixedMp,s = 108, irrespective of the boost; a
440 kton Wate€erenkov detector is assumed (with no energy reconstruali@€C events are
taken as signal); and no atmospheric backgrounds will Hedied. Since the expsoure and the
atmopsheric background are critical for the projectivegeRsitivity, they will be taken into
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account varied once the optimal energies have been fouredndittrino oscillation parameters
have been set to the current values [15].

For both electron capture and Beta Beams, the parent iohaagttlerated in the existing
or upgraded CERN infrastructure before accumulated amddto a ring whose long, straight
sections source the neutrino flux. For electron capture mastwith ion boosy, the mono-
energetic neutrino flux at a detector distahdeom the source is given by Eq. 5.5. Since the
neutrino energy in the laboratory frame is givenlyy= 2yE(')5C, for fixed baseline and number
of useful decays, the ions with lower Q-values result indaftuxes. The choice of ion is thus
a balance between Q-value and the available acceleratigele&tion of possible ions is pre-
sented was Tab. 5.148Dy and!®*Er have very similar characteristics; the bulk of all decays
being an electron capture, half-lives3 minutes and neutrino energies©f2 MeV in the
rest frame. The lower Q-value iof?®Dy, will be taken in this paper for consistency with [91]
and the highey's required compensate for the lower electron capture Iagcatio. The
remaining 36 % fot°’Dy is a-decay and so does not source a primary neutrino background,
the daughter has 100 #-decay with a 74 year half-life. The other ions in Tab. 5.1éhav
undesireable intensity and Q-value combinations. ThagweehiQ-value ions also have a large
beta decay background and are more suitable for the hybrathimaintroduced in the next
chapter.

For a 1®0Dy%6+ jon, the maximum boost attainaBlevith an upgraded 1 TeV SPS is
Ymax = 440 corresponding to a laboratory frame energip# 1.23 GeV. For a pure electron
capture machine with no backgrounds the choice of detectes dot depend on the energy
reconstruction capabilities as the event energy is detextnby the boost. In reality, some
reconstruction might be necessary for the electron camueats to reduce the atmospheric
background, especially if low production rates or issueth whe acceleration force a large
duty cycle. This point will be discussed further in Sec. 553nce the maximum laboratory
frame energy is 1.23 GeV, baselines in excess of CERN-Qaméee unrealistic propositions.
Therefore matter effects are small, but not negligible, it enough to achieve competi-
tive sensitivities to the mass hierarchy. Electron captoaehines of this type are therefore
‘CP-violation machines’.

3The maximum boost for a fully stripped®Dy ion is in facty = 468; however, it is necessary to leave several
electrons bound to the nucleus to source the electron @agagay. If one leaves the 2 K-shell electrons and
2 in the L-shell, this reduces the maximum boost to 440.
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Figure 5.1.: 5 %, 15 %, 25 % and 35 %®{3,d) plane coverage for f=0.3. Coverage is defined as the
fraction of the sample grid points for which one can rule oBt&nservation at 99 % C.L.

5.2.1. A dual boost electron capture machine

In this section, the sensitivity to CP-violation of an etectcapture machine as a function of
two boostsy; andyp, and the run time fractionf, will be explored. For a given boost pair
(v1,Y2), number of targets(t, and run time fractiorf, the simulated events are given by

o0
Ny, = AT Nit J;) CD(EV) G(Vu) Pve—wu(Ev) 6(E - Ev) dE, (5.11)

wheren; = f, N2 = 1— f andt is the total run time. The relatively short simulation timei w
be exploited to ‘optimise’ the electron capture machine. &pair §1,y2), the CP-sensitivity
plot is constructed by scanning thé; §,0) plane. At each point on the grid, CP-violation is
tested at the 99% C.L.. The fraction of points for which dagiafrom CP-conserving can
be determined is the ‘coverage’ for the paj, (). This procedure is repeated for many such
pairs. Note that any information on the shape of the 99% eogtis lost in this analysis. In
particular, it does not guarantee that the ‘optimal’ paill wield a CP-sensitivity symmetry
in & = 0°, nor that the minimum sf20,3 will be found. In Fig. 5.1, the 5 %, 15 %, 25 %
and 35% coverage contours are presented for thefcas@. 3. There are two distinct regions
in the {y1,Y2) plane; the first corresponds to the placement of the neutiirx at the highest
energy allowed in combination with a flux at second osciliatnaximum. This combination
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Figure 5.2.: CP-violation sensitivity at 99% for the pairs (y1,Y2) = (440,150) (left) and (y1,Y2) =
(280,160) (right).

corresponds to the naive expectation that good sensishidyld result from combining first
and second oscillation maximum, as discussed in the predibapter. However, there is a
(additional) large region ofy1,y2) space in which sizeable coverage can be achieved. Specif-
ically, for a high boost, 26&: y; < 400 and a narrower range of low boosts, X5, < 185;
there is at least 25 % coverage of {Bgs, 8) plane. This rises to 35 % fdy1,Y2) ~ (280 160).

This result is repeated for the cades 0.4 andf = 0.5 with little variation. The small region
with 35 % coverage at280 160) is the best CP-coverage of the run time fractions and boost
pairs studied.

In Fig. 5.2 the CP-sensitivity plots are shown for the twa®&440 150) and(280,160).
These correspond to the centre of the ‘naive’ choice of tsoastl the 37 % coverage region
on the coverage plot (Fig. 5.1), respectively. It is seenttinafirst option produces an asym-
metrical sensitivity region, the best sensitivity fox 0°; any degeneracy is resolved in larger
regions of parameter space. However, the minim&I28iy is larger ford > 0° and this choice
of boosts. Fo < 0°, the lack of sensitivity around 80,3 ~ 102 that was present in the
original study [91] is not present. The minimal $2913 ~ 102 for which CP-conservation
can be ruled out at 99 % is also slightly smaller.

In Fig.5.3, the 90%, 95% and 99% C.L. 2 parameter fits for thissb pair are presented.
The overall sensitivity and the contributions from eachdia@e shown and have been com-
puted on the assumption of normal mass ordering. The foanialue pairs{sin2 2615,8") =
(1073,60°), (10~3,—60°), (102,60°) and (1072, —6(°) are shown. The choice of boosts
corresponds to placing the electron capture flux on secaritfad®n maximum and, approxi-
mately, first oscillation maximum. The quantitiAm%3L/4E1 andAm%3L/4E2 are thereforat
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Figure 5.3.: 90%, 95% and 99% C.L. 2 parameter fits o1, y2) = (440,150) for the CERN-Canfranc
baseline (650 km). Plots have been produced on the assumtptb siﬁzet{3 =103
(left), 1072 (right), 8" = 60° (top) andd" = —60° (bottom). The blues curves correspond

toy =440, the red tg = 150 and the black to the overall sensitivity. Normal masgsong)
has been assumed.
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out of phase with each other. The sinusoidal shape in sdielgause of interference effects;
the solar and atmospheric features of the appearance plitblaéve nod dependance.

From the right-hand panel of Fig. 5.2, it is seen that the doatlon of two lower boosts
results in a more symmetrical sensitivity region in tttgs o) plane. For large values of
sin? 2013, the effects of degeneracies are still present, esped@lly < 0°. This is of little
concern, however, since measurement of 283 > 102 will be explored with the next gen-
eration reactor and accelerator long baseline experim@his minimum siA26:3 for which
CP-violation can be established is now a factor of 4 largéis Teature is a result of a large
region of equivalent solutions being present at small \&abfesir? 20,3 (smaller boosts imply
smaller event rates which weaken the sensitivity). By chgpsvo relatively small boosts,
the setup has been optimised to explore the interferentaréssof the appearance probability.
In doing so, there is now a poorer resolution®g which comes predominantly from the at-
mospheric features where there is no degeneracy bettygemdd. This is seen in Fig. 5.3,
where the 90%, 95% and 99% C.L. 2 parameter fits are presemtéidef same pairs of true
values as before and for normal mass ordering. The good Q$ttiséy for the boost pair is a
result of the CP-features of the appearance probabilitygoeut of phase with each other. In
particular, the inflexion point of the sensitivity regior fane boost corresponds to the turning
point of the other. There are, in general, two such pointssétond corresponds to an energy
degeneracy at large $i#0,3. This solution, however, can be ruled out by near futuretogac
and accelerator experiments. Note that any energy degsnibiat remains does not cross the
linesd = 0° or & = 18(° and therefore does not interfere with the sensitivity. Télatively
poor sensitivity to CP-violation, is therefore not a consstce of any energy degeneracy;
instead it can be attributed to poor%ﬁ@lg resolution and low event rates.

5.3. Useful decays and atmospheric backgrounds

In the previous sections, the optimisation of the electrapture machine was carried out
assuming that 1§ useful ion decays per year will be available and that the remol at-
mospheric background events is zero. As discussed in Skd., Bhis useful decay rate is
challenging and would require technology and R&D beyond tbquired for the standard
Beta Beam ions. Zero atmospheric backgrounds is not atieassumption; with no energy
reconstruction nor background rejection, every atmosplesent that passes the cuts will be
misidentified as an, appearance event. Assuming a duty factor of30.e. only 0.1 % of
the decay ring is filled with ions, there will about 0.03 atlosric neutrino events per kton-
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Figure 5.4.: 90%, 95% and 99% C.L. 2 parameter fits o1, y2) = (280, 160) for the CERN-Canfranc
baseline (650 km). Plots have been produced on the assumtptb siﬁzet{3 =103
(left), 1072 (right), 8" = 60° (top) andd" = —60° (bottom). The blues curves correspond

toy= 280, the red tq = 160 and the black to the overall sensitivity. Normal masgsong)
has been assumed.
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year [86]. With a 440 kton detector this amounts to 13.2 evpet year. This is a constant
that will need to be added to the number of events for all coatats in the simulation. The
effect of the atmospheric background is felt at the sensitboundary. In these regions, the
number of events is the same order as the atmospheric bacidyrd he inclusion of the at-
mospheric background reduces the value ofhand pushes the boundary, at a givero
higher sirf 26,3. This can be seen trivially with the Gaussian form gffaFor true event rate
n;, test event rat& and overall systematityys, the Gaussiag? is given by

2_ (ni —&)?
&i + (fsys )2

bins

X (5.12)

Inclusion of a constant backgrourtsl,is the replacememt;, — n/ = n; + B and similarly forg;.
This constant translation of the event rates leaves the ratoteof thex? unchanged whilst
increasing the denomenator. The result is that iscfhis reduced.

The physics reach of the electron capture beam cannot kexlstatil the atmospheric
background is included. Further, it is not known what is diséa useful decay rate per year
- it is reasonable to assume thatd tay well be close to an upper limit though. A technique
to improve the decay rate is to increase the duty factor wimcturn introduces a larger
atmospheric background rate. Since the useful decay nat¢ ksnown, the approach requested
by the experimentalists [165] is to treat the useful dectyyaad number of atmospheric events
as independent.

This analysis has been carried out and the results are peesernFig. 5.5. The two pairs
(440,150) and (280,160) with = 0.3 have been re-simulated incorporating the number of
background events per year and varying the number of usefutiecays. It is seen that
the electron capture machine, like all Beta Beam type mashiis statistics dominated; the
coverage of theésin2 2013,0) plane is reduced considerably with drops in the decay raie. F
example, if the average number of atmospheric backgroueiteyer year is 10, reducing the
useful decay rate by a factor of 2 reduces the coverage bysalh@c?o of the plane for both
cases. When the coverage is only 35 % fot®l@seful decays, this is a substantial drop. A
similar result, but with a lower reduction in coverage, isaned if instead it is necessary to
achieve the desired useful decay rate by increasing thefalctiyr.

To see this more explicitly, in Fig. 5.6, CP-sensitivity fsihave been constructed (for both
boost pairings) that include a constant atmospheric backgr of 13.2 events per year for a
range of useful ion decay rates. The choice of boost pairsepted here provide excellent
resolution of the energy degeneracy. As a consequence, e kwent rate merely reduces
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Figure 5.5.: CP-violation coverage for a dual electron capture machiite W= 0.3 for (y1,y2) =
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Figure 5.6.: CP-violation sensitivity at 99 % confidence level foe 0.3 andNam = 13.2 per year for
(y1,Y2) = (440,150 (left) and (280,160 (right). In both cases, the sensitivity curve has
been constructed for a range of useful decay rates.

to overall sensitivity of the setup, rather than let degaaies ruin the sensitivity. The first
manifestation of any degeneracy is Mgecays= 2 x 10" for (440,150) at sifi28;3 ~ 1072
andd < 0°.

These plots indicate that the physics reach of the electaptuce machine is a struggle
between sourcing a plentiful useful decay rate whilst kegghe atmospheric background
to a minimum. With binning of the neutrino signal, the constdecay rate per year can be
reduced whilst keeping the useful decay rate fixed. Therenare@lrawbacks to this idea:

1. The use of QE-events would be necessary;

2. An event reconstruction efficiency needs to be included.
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The electron capture machines need to use large \Watemkov detectors to achieve a com-
petive event rate: the cross-sections are small at the lemengies studied at short baselines.
The energy reconstruction of neutrino events at a Wakmenkov is through selection of
guasi-elastic events which with an efficiency of about 6G4/0This is in addition to the loss
of events from not using pion or hadron events (see Fig. 225)y = 440, this amounts to
70 % fewer appearance events. There will also be a smallgultiss owing to finite energy
resolution (some neutrinos will be recorded in adjacenshiBinning the signal will reduce
background but the reduction in events is essentially edgi to using a smaller useful decay
rate. There is therefore likely no gain in using either applo

The boost parings with the largest CP-violation coverageegther asymmetrical id or
symmetrical, but with a larger s420,3 limit. It is clear that unless vast improvements in
the available number of useful decays per year are achiavedvisaged, the physics reach
of electron capture machines cannot compete with the stdriglzta Beams over equivalent
baselines which can rule out CP-conservation down 28z ~ 10~* and are close to sym-
metric ind. The reason for this is the absence of an anti-neutrino rba.nked for information
complementary to first oscillation data, forcing runs at kend&oosts, has reduced the overall
event rate across the whole experimental run. One optioxploee is whether it is possible to
construct a facility with a mono-energetic anti-neutrinocfat first oscillation in combination
with an equivalent neutrino flux from electron capture. The fluxes would be complimen-
tary with the need for additional runs at lower energies geesary. The event rate across
the entire run of any experiment would be higher, with lesceptibility to variations in the
useful decay rate. One process put forward as a complemesdarce of mono-energetic
anti-neutrinos is the bound beta decay process (BBD) [94].

5.4. Benefits of an anti-neutrino run

In the previous sections, the physics reach of an electrptuta machine was optimised;
first through the variation of the boosts, then secondly byiporating the atmospheric back-
grounds and the possible restrictions on the number of ittnsas found that good cover-
age for CP-violation was possible provided the targed 6£0*8) useful ion decays per year
could be met. This is known to be very challenging and willuiegd much R&D beyond

that required for a standard Beta Beam; a recycling ring alithost certainly be necessary
to minimise accelerator dead-time, in addition to new ioodoiction techniques. In electron
capture beams, one has the freedom to choose the energy éutrenos in the laboratory
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frame by altering the boost. This has the advantage thatinesitare no longer wasted as in a
Beta Beam, but this is also the main disadvantage. In ordeaich competitive sensitivities,
substantial runs at lower energies, where the event rategBey, are necessary to extract com-
plementary information from the appearance probabiligtaBBeams in general are ‘statistics
dominated’ which means the physics reach is high volatildhéoevent rate. This feature is
manifest in electron capture machines, as seen in Fig. hi&erchanges in physics reach are
dramatic even with small changes in the useful decay rate.dption to explore is whether it
is possible to construct a facility with a mono-energetit-aputrino flux at first oscillation in
combination with an equivalent neutrino flux from electr@pture decays, thus making the
need for runs at low energies redundant. The two fluxes woalddmplementary with the
need for additional runs at lower energies unnecessarye\idm rate across the entire run of
any experiment would be higher, with less susceptibilityddations in the useful decay rate.
One process that has been identified as capable of sourcing-emergetic anti-neutrinos is
the bound beta decay process (BBD), introduced in Chap.dBwdhform the focus for the
following sections.

The possibility of using BBD as a neutrino source for a longdbae neutrino oscillation
experiment was first suggested in [94] where the authorsgsexpthe use of ions that can
BBD as well as electron capture and continuum beta decay JCBRe paper defined the
‘CP-evenness’ as

N(Ey) = oo o ge o (5.13)

where thef are fluxes and the cross-sections at definite energies. Simd@)o(v) is the
unoscillated number of events at the detector, it was sugdésat an optimum neutrino beam
is one withn ~ 0 (equal un-oscillated neutrino and anti-neutrino eveni$le authors were
considering mono-energetic neutrinos, and the form of xipeession reflects this.

A beam, or combination of beams, with~ O can determine the existence of CP-violation,
for oscillations in vacuum, since the detector responskhbeilsymmetrical fod = 0° and
18C°, providedB,3 is sufficiently large. In this case, CP-violation will magst itself as a
discrepancy between the numberof andp™ events. In general, however, since neutrino
interactions with matter are not CP-invariant, the appsa@ahannels for neutrinos and anti-
neutrinos will be different, even fay= 0° and 180.

To contrast the CP-even and dual boost electron captureingaapproaches, the CERN-
Canfranc baselind.(= 650 km) is considered and CP-sensitivity analyses havesiserated
for two exposures:
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Figure 5.7.: CP-violation sensitivity at 99% confidence level for a hymtical CP-even setup. The
red solid lines correspond to an exposure @f-40?! ions-kton-years, whilst the dashed
blue lines depict ®- 10°° ions-kton-years.

e High statistics: #4-10% ions-kton-years;
e Low statistics: 50- 10?0 ions-kton-years.

For example, the high statistics exposure could be achieitkda 10 year run, 1% useful
decays per year and a 440 kton Wabarenkov detector. Here, the number of ions refers to
the electron capture ions. To achieve a CP-even setup, e Isaost for neutrinos and anti-
neutrinos has been assumed but the number of decays faraitinos has been increased to
compensate for the lower cross-sectiony?analysis has been performed using the Gaussian
form with an overall systematic error of 2% included.

As seen from Fig. 5.7, the CP-even setup has symmetry betdvee® andd < 0. The
anti-neutrinos compensate for the poor sensitivity fromributrinos in regions of parameter
space, and vice versa. In addition, the anti-neutrino rgo,aty = 440, allows for higher event
rates for a given exposure. Clearly, in this hypotheticalgethe CP-sensitivity coverage is
far to superior to the dual boost electron machine and ang Beam. In order to source
such a machine, however, one would negd 0'8) useful mono-energetic anti-neutrinos and
separate them out from any continuum beta decay backgr@swhentioned previously, one
possible source could be fully stripped ions that can theayleia bound beta decay. Is this
a realistic proposition? It is my view that it is not and thigl\we justified in the following
sections.
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5.5. Technological challenges

In this section, the possibilty of using BBD will be discudssnd some of the technological
challenges articulated. First, the physics of bound betaylevill be briefly summarised

before the demands on the acceleration chain and the imp#oe@nti-neutrino fluxes will be

focussed on. In the third part, the effect of the energy regswi of the detector will examined

with the likely demands on the acceleration chain investida

5.5.1. Bound beta decay

Recall that bound beta decay is the process
157 — 15% + Ve, (5.14)

in which the electron is captured into an orbital and¥hepectrum is mono-energetic. The
process is heavily suppressed in neutral atoms owing to Wweekngs and the small wave
function overlaps of the outer electron orbitals. With cédetg ionisation, BBD can take a
significant branching of the decay rate. BBD can be thoughasothe inverse process of
electron capture and therefore the ratio of the rates isvatpnt to Eq. 5.1:

2 2
s _ Qsl*n(O)F . (5.15)

s f(Qc.2)
For a fully ionised atom, the BBD decay Q-valQéJr is related to the continuum beta decay
Q-valuesQc andQ&* via

QE" =Qc +[Bn(l")|—|AB™(1", 1),
= Q" +Ba(1")], (5.16)

where|Bp(1")| is the binding energy of the electron captured into orbitaf the daughter nu-
cleus andAB!(1’,1)| is the difference in binding energies of the complete pazedtdaugh-
ter atoms. The smallness [B,(l’)| is one of the principle reasons why using BBD is not a
realistic proposition. This will be discussed in the contaxenergy resolution shortly.

To make the following discussion more explicit, some ionoices’ are presented in
Tab. 5.2. It is stressed that a concrete setup is not beingjdened here - the table is just
for illustration. An optimal ion will have a half-life- 1 second [146]; however, the paucity of
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lon | Q-value| Channel %| Half-life | 'sgp/I'ceD
(MeV)
200 | 2.757 99.97 | 13.51sec| 9.4-10°°
34gj | 2.993 100 2.77sec| 3.6-107%
5217 | 1.831 100 1.7 min | 88-1073
6Cr | 1.506 100 5.94min | 7.0-10°3
5Cr | 2.603 99.96 |3.497 min| 2.1-10°°
62Fe | 2.023 100 68sec | 45.10°°
98zr | 2.250 100 30.7 sec 0.010
®Nb | 3.403 100 15.0sec | 4.1-107°3
120cq | 1.760 100 50.8sec| 0.026
124n | 2.434 100 23.1sec| 0.014
206T] | 1.533 99 4.199 min|  0.080
200 | 1.423 99.72 | 4.77 min 0.138
209T) | 1.832 98.8 2.20 min 0.118

Table 5.2.: A selection of ions selected based on their half-lives andidant decay channels. The
quoted Q-values are for CBD and need to modified as discuss®eld. 5.5.1 fully stripped
ions.

choice means the half-lives may be much higher. A scan of éit@badse [157] for ions with
single dominant decay channels and half-lifes in the ranges@c< t; , < 8 min was mad&
Very few ions matched the criteria.

Acceleration and flux

In a Beta Beam, the radioactive ions are accelerated thesdsito a ring to decay. To source
a useful flux from the storage rings requires an optimal hi@fo (1 sec). The ions put for-
ward for electron capture machines and BBD machines are ptonhal in that they have
half-lives up to several minutes and so the number of usefutinos sourced is several orders
to low [163]. This problem could be dealt with R&D in the acation stage: increased pro-
duction rates, reduction of losses during acceleratiothJ@msening of constraints on the duty
factor could all lead to a boost in useful decay rate. An aadation ring is also an option

4The asymmetry abotf/> = 1 second is necessary so to increase the chances of findiitglaieion.
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Figure 5.8.: Bound beta decay branching ratios as a function of the dlailenergy and the proton
number. These results are a fully relativistic calculatol have been taken from [138].

to compensate for the accelerator complex dead time of appately 8 seconds [158]. For
electron capture machines, the aim is to choose ions with @226 branching ratios. This
is not a luxury available to BBD sources however. As showni@ 5.8, and can be seen
from Tab. 5.2, the branching ratio for BBD is typically smaiiless the Q-value is very small
or the proton number of the ion is large. However, if one wssteesource a long baseline
experiment, very small Q-value ions are not an option (Tab).. 3.ow or modest branching
ratios are therefore an intrinsic feature of BBD long bamelandidate ions. For example,
consider’®’Tl which has the highest branching ratio of the selected.id08® useful decays
is the target rate for any long baseline Beta Beam type exyat. If this could be achieved,
one is still an order of magnitude short for the useful monergetic anti-neutrinos. In addi-
tion, to extract a useful BBD rate requires hydrogen-likenat. Large proton numbers point
to severe space charge problems, especially in the low empeng of the accelerator chain.
This is in addition to the losses through ion decays in thelacation [164]. These effects
collectively force the need for an extra factor of 10 in protion [165] requiring an extensive
R&D program and large duty factors (up to 10%). For the etectrapture proposals, this is
less of a problem since electrons can be left bound to theensclFor an electron capture
machine, the stripping of the nuclides is only a necessityife acceleration of the ions. For
a fully stripped ion, vacuum losses are not a concern sireertbbability of the ion capturing
an electron is effectively nil [158].

Additional concerns can be brought up with respect to thestsod-or an ion boost an
energyE, in the laboratory frame is related to its rest frame couraterpy E, = 2yE". For a



126 Electron capture machines

given accelerator, the maximum boost possible for arﬁbo'?‘vr is given by

N
Yion = 3Vp o (5.17)

whereyy® is the maximum boost of the proton and N is the number of edestremoved
from the atom. For the 1 TeV machines available to Beta Beant) as an upgraded SPS,
Yp*=1066. lons that beta decay lie on the neutron-rich side difitieeof stability on a Segre
chart, and typically hav&/A ~ 0.4—0.5. Therefore, energies 1 MeV in the rest frame
correspond to energies 0.8 GeV in the laboratory frame at maximum boost. The attamabl
boosts also put tough restrictions on the energy resolutidghe detector when using BBD
ions, a point to which we now turn.

Detectors and energy resolution

In the previous section, a number of issues surrounding ¢belaration were highlighted.
BBD will now be examined in the context of the technology tisadr may be available to the
Beta Beam class of machines and what energy resolutiongequéed. In what follows, the

lower limit, yig2* = 400 is taken.

The ions considered in [94] could BBD, CBD and decay througleteon capture. Four
ions were identified with BBD Q-values ranging from 1.67 Me&/2.46 MeV. The branch-
ing ratios were therefore low. The motivation behind thisgmsal was to use the BBD and
electron capture spectra with the end part of the CBD spectoufix n ~ 0. Such a beam
will contain both neutrinos and anti-neutrinos. For suclrategy, it is therefore mandatory
to discriminate thei~ andu™ events at the detector, as for Neutrino Factories. The Magne
tised Iron Neutrino Detectors (MIND) studied for use withutieno Factories have thresholds
> 3 GeV [56]. Neutrino energies set to first oscillation maximwill therefore be below
the MIND threshold (withy = 400) for baselines < 1500 km. Magnetised variants of LAr
detectors and TASD are alternatives that could providedblertiques to deal with this issue.

In what follows, it will be assumed that the neutrino and -a@utrinos are sourced from
separate ions. If one sources the electron capture nesituiitio ions which possess a Gamow-
Teller resonance, as discussed earlier, then one has fnetedchoose the energy of the neu-
trino flux, provided it is possible with the available bogsisd to alter the run time to fix
n = 0. This method is therefore constrained by the choice of BB the baseline and
energies required.
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The shortest long baseline being considered for the futumg baseline neutrino oscilla-
tion program is CERN-Frejus at 130 km. Using the currenteslof the oscillation parame-
ters [15], the energy of first oscillation maximum for the— v, channel at 130 km is 0.25
GeV. With a boosy = 400,Qp > 0.315 MeV is necessary for the mono-energetic anti-neutrino
flux to get placed on first oscillation maximum at Frejus. Freig. 5.8, it can be seen that
for Z=90, BBD will make up~ 75% of the anti-neutrino flux. Therefore the CBD fraction
will be at least 25 % for all cases in which the mono-energegigtrinos are to be placed on
first maximum. From Tab. 5.2, all the ions identified have miacher Q-values. The mini-
mum CBD fraction, from these choices is a much higher 85%.tl#dke ions could place a
mono-energetic source on (or around) the first oscillatiaximum for the CERN-Canfranc
baseline L. = 650 km). The CERN-Boulby baseliné & 1050 km) requires a minimum
Qc ~ 2.5 MeV. From the ions selected, no more than 1 % BBD would beiplessTherefore,
in all conceivable cases, a substantial flux from the CBD isg@xpected and it is important
to understand what energy resolutions are required if tedBBD ions is to be advocated.

Consider a setup in which the separation of the CBD and BBPpt(ca into a %, , state)
channels at the detector is a requirement. In the rest frmeetwo channels are split by
the difference between the CBD and the BBD Q-values: thareledinding energyB;(Y).
Therefore, for a detector with energy resolutisis, to separate the channels one requires

AE < 2yBy(Y). (5.18)

For example 297TI8%+ hasB;(Y) = 99 keV. For a detector withE = 150 MeV, a boost

y > 750 is required. SincBy(Y)oc(Z 4 1)2, whereZ is the proton number of the parent, the
y factors required will be larger than this for other ions. Mtihe accelerators expected to be
available to the community, such as an upgraded SPS andvhedie, CBD and BBD cannot
be separated for this example. A substantial portion of titereeutrino flux will always,
therefore, be sourced from the CBD. If creating hydrogee idas is problematic, the BBD
neutrinos will be suppressed, or effectively reduced tolnithat case, one would have a high
Z anti-neutrino Beta Beam.

5.6. Summary and remarks

In this chapter, the work of collaborators [91] examining @P-violation reach of an electron
capture machine has been extended. In [91], a 440 kton fiduaiss Wate€erenkov detector
was considered for the CERN-Frejus and CERN-Canfranc ipasel The mono-energetic
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neutrinos were sourced frof°Dy and two boosts were considered for equal run times. The
results of that study indicated that discovery of CP-violatvould be possible (for som®
down to sirf 2613 ~ 10~4, competitive with large boost European Beta Beam propd8éls
However, the initial study did not include systematic esrand atmospheric backgrounds, nor
did it attempt to find the optimal boost pairing and the refipeaun times. That was the
principle task of this chapter.

Since the simulation of electron capture machines is nobagpfex nor time consuming as
the simulation of a neutrino facility with a spectrum andrgiygeconstruction, itis possible to
perform a CP-violation analysis for many different pairdobsts on a reasonable time scale.
The CP-coverage was simulated for the CERN-Canfranc In&selith a 440 kton fiducial
mass Wate€erenkov detector and wifti°Dy as the source ion. Two large coverage regions
of the (y1,Y2) plane were found: the naive pairing of first and second @l maximum;
and a boost close to second oscillation maximum and a bostdb@yond the first oscillation
minimum, on the rise towards first oscillation maximum. Thaxmum CP-coverage for the
cases considered was for a run time fractfor 0.3 and(y1,Yy2) ~ (280,160). The shape of
the (613,0) coverage regions were not equivalent, however. For the oatibn of first and
second oscillation maximum, the CP-violation reach wasremsgtrical ind with sensitivity
down to sirf2813 ~ 10~% for & < 0° but only sirf2813 ~ 102 for & > 0°. The (y1,y2) ~
(280,160) pairing, on the other hand, had a symmetrical CP-violateath with sensitivity
down to sif 2013 ~ 3x 1074,

The above results were obtained fortd@seful ion decays per year and no atmospheric
backgrounds. If one assumes a duty faGo«= 103, there will be 13.2 atmospheric neutrino
events per year in a 440 kton detector. Since an electroumaptachine needs R&D in
addition to that for the standard Beta Beam, it is not cleaetiver 138 useful ion decays per
year can be achieved with a suppression of 0.1 %. The nex stag therefore to examine
the coverage as a function of the number of useful ions andsgheric backgrounds, treating
both as independent variables. It was found that the numhbesedul decays was the more
important experimental parameter: in both pairings cared, a halving of the useful decay
rate reduced the coverage by around 10 %; whereas a doubtimgatmospheric background
only diminishes the coverage by a few %. For the symmetriéatGverage facility, a useful
decay rate oNgecays= 6 x 107 is required to reach the 8613 ~ 1072 level, assuming a
13.2 atmospheric event rate per year.

The limitation of the electron capture method is the needutofor substantial periods
of time at low energies. An option would be to combine an etecicapture experiment
with an equivalent mono-energetic anti-neutrino beam atséime energy. Such a flux will
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complement the neutrino flux rendering the need for runsmatlwergies unnecessary. Anidea
put forward in [94] to use the anti-neutrino flux from ionsttbaund beta decay was critiqued.
The useful decay rates of mono-energetic anti-neutrinb®e/ivery low and inseparable from
the continuum flux unless either the boost is extremely lébggyond a 1 TeV machine) or
energy resolution is exceptional. These two points are @selated with the lack of ions
with an appropriate half-life for a Beta Beam-type machine.

The plausibility of an electron capture machine rests oratikty to achieve a sufficiently
high useful decay rate. The ions in the Gamow-Teller resomaegion of the Segre plot are
not very interesting for nuclear Physicists [165] and stielitesearch has been carried out
searching for fast decays with a resonance and productidinoaie for these ions; although
there is a possibility some R&D will be performed in the nadufe [166]. Without this extra
work, | see no reason to promote the electron capture maokerea standard Beta Beam for
short European baselines.
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Chapter 6.

Hybrid Beta Beams

In the previous chapter, the physics reach and experimebsahcles of mono-energetic neu-
trino long baseline oscillation facilities were presentidvas pointed out that the configura-
tion of such machines are limited by the Q-values of candidats and the need for the decay
to be dominated by a Gamow-Teller resonance. In this chap&physics reach of facilities
using source ions not in possession of a resonance will baaened; such machines shall be
referred to ashybrids. For ions withQ ~ 3 —4 MeV, one would expect the the branching
ratios of the positron decay and electron capture decay td bienilar size. Source ions with
a dominant positron decay would constitute a high-Z BetanBaad will not be considered
as they are of no interest.

There are a number of reasons for studying facilities thathah positron decay and
electron capture decay to source their neutrino flux:

e The option should be investigated in its own right.

e To see if there any benefit in concentrating the high energyrimes of a standard Beta
Beam into a narrow energy range in combination with a low gyn&eta Beam flux.

e A hybrid setup may possess degeneracy breaking propexieavailable to simpler
neutrino spectra. Specifically, is there a physics motivafor attempting this more
challenging facility?

e The simulation of the hybrid provides a toy setup to explaeegsynergy between the low
and high energy neutrino events; and equivalently, theabtbe atmospheric, interfer-
ence and (to a lesser extent) the solar features of the apeaprobability.

All these motivations (to some extent) overlap, differinglyoin their perspective. On
embarking on this study, | took the view that hybrid setupsusthbe studied for completeness
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with the main physics focus on the fourth motivation. Forraikir number of useful decays
and a similar energy range in the laboratory frame, one wexgect similar physics reach to
a standard Beta Beam. It is was shown in Chap. 3 that with gnerg resolution, & = 450
Beta Beam could achieve sensitivity down t0’d8,3 ~ 10~4 for CP-violation. | expected
the hybrid to perform in a similar manner but possibly withmgex 99 % C.L. sensitivity
regions in the(B13,d) plane. In such an eventuality, there is no reason push thencority
towards a hybrid Beta Beam which would require extra expenit@ resources and ingenuity
for similar physics reach that could be obtained with le$srefThis view was borne out by
the simulations.

In this chapter | will summarise the study of hybrid Beta Beararried out in [92] with the
focus on CP-violation. The physical case study will be idtroed and the strategy followed
will be presented. The results of the simulations includalyses looking into the separate
contributions of the two channels and CP-violation sevigjti The chapter will finish with
some remarks about the feasibility of a hybrid Beta Beam taylace in any strategy towards
a future long baseline neutrino oscillation experiment.

6.1. The Beta Beam and electron capture combination

In this section, the hybrid Beta Beam setup studied in [92]] bg presented. | will briefly
review the physics of the ions that can decay through bothrpasiecay and electron capture
taking care over the definition of the Q-value and endpoietgyn Two ions were identified
for this study: 1°°Yb and 128MTh. Their physical properties will be summarised before a
physics strategy based on the first will be sketched.

Recall that in an electron capture decay an electron is comsd from the initial state
whereas for a positron decay the electron needs to be cneateel final state. Therefore, for
the same nuclear transition, the maximum neutrino energifadle in the positron decay is
the energy available to the neutrinos in the electron ceptinus twice the electron mass.
Define, as usual, the endpoint energy for the positron dégags the energy available to the
decay. Then the maximum energy available to the neutrintdseipositron decay is given by
Qp = Eo —me, whereme is the mass of the electron. The energy of the neutrinos fteen t
electron capture decay is then given by

Qec=Eo+Me=Qp+2me. (6.1)
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Decay (i-channel)| Daughter| Q°f (MeV) BR

B* 6Tm* 2.44 52%
EC $eTm* 3.46 38%
o % 4.81 10%

Table 6.1.: Decay summary fof3®Yb. The Qec-value for the transition between ground states is 3.58
MeV and taking into account the excitation energy of the fmatlear state (0.12 MeV),
the effectiveQEi-value is 3.46 MeV [169, 156].

When there are two decay channels, the advertised Q-val@gdsbut this will also need
to be corrected for any excitations. For example, the decaygy of 1°°Tb in the web-
based databases [157] is given as 3.58 MeV. Studies havenghawthe decay is in fact into
an excited state of Thuliam with energy 0.12 MeV. The appaterenergies are therefore
Qec = 3.48 MeV andQp = 2.44 MeV.

For an ion with dominant positron decay and electron capdecay channels (both from
the same nuclear transition) one expects the branchirgsratisatisfy

Mec (az)®
—C .
I_B Q3

(6.2)

For ions withEg ~ 3—4 MeV, similar branching ratios are expected. When seagdinions,

it should borne in mind that for high-Z nuclei that are protm, a-decay is a possible decay
channel. Candidate ions with rio-decay channel are therefore preferred, or if they exist,
low a-decay Q-values are required. This ensuresttkecay is slow so that the weak decay
processes can dominate. Given these constraints, andetdareon half-lives in the region
of a second to several minutes, one would expect to find matgnpal ions. In reality, a
scan of the nuclear databases returns very little. Nuctedres of the target area of the Segre
chart have been carried out; however, they are not compsefgeanough in the context of
hybrid Beta Beams. Accurate breakdowns of the differenagetiannels, both the nature of
the decay and the nuclear transition are lacking. Positemayk and electron capture decays
are often reported together; for example, the details¥¥b reported in Table 6.1 will not
match the online databases. The branching ratios preskatednstead come from a recent
study [156].
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Decay (i-channel)| Daughter| Q°f (MeV) BR

B* sa8Gd* 2.05 32%
EC G ar 3.07 68%

Table 6.2.: Decay summary foég‘s’“Tb. The Qgc-value for the transition between ground states is
5.77 MeV and the effectiv@2-value to the excited state is 3.07 MeV [170, 168, 171].

The relevant data fol®®Yb and12™Tb are presented in Tables 6.1 and 6.2 respectively.
(All the known nuclear structure information on the= 148 andA = 156 nuclides has been
reviewed in Ref. [168] and Ref. [169], respectively, where tlata obtained in various re-
action and decay experiments is presented, together wigpted level schemes%BGYb is a
nuclide with spin-parity @, which decays 90% via electron capture @ddsdecay [169], split
as 38% via electron capture and 52% Biadecay [156]. The remaining 10% goes into alpha
particles. Thex-decay has a relatively small branching ratio as a resulisadmall Q-value.
The higher end-point energies of hybrid candidate ions laéps from a acceleration point
of view; the half-lives are in general closer to the optimualfife than the mono-energetic
electron capture ion candidates. The electron caitirelecay transition has only one pos-
sible daughter state with spin-parity li.e., a Gamow-Teller transition into an excited state
of Thulium, £3°Tm*. As previously mentioned, the excitation energy of the fmadlear state
(0.12 MeV) needs to be taken into account; the effedfige-value is 3.46 MeV [169].

The (28" Th isomer with spin-parity ® was also identified, having @gc-value of 5.77
MeV [168, 170]. Although the decay to the ground statef56d is highly forbidden, the
presence of a Gamow-Teller resonance allows the decaynrdgated state with effectiv@-
value 3.07 MeV [171]. This nuclide, however, is longer livedh a half-life of 2.2 minutes.
This ion was ruled out since the electron capture channelagerdominant than desired;
providing insufficient information to obtain the good seivdies aspired to by future long
baseline experiments. It was shown in the previous chapémhultiple runs are necessary
for an exclusive or dominant electron capture channel teesela good physics reach. Use of
this ion is was expected to return poor results and hencetuldy sf the hybrid approach in
this chapter will focus oA%6Yb.
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Machine Ymax 2Vma>€QEf(f; (GeV) 2Vmangf+f— (GeV)
SPS 166 1.15 0.81
Upgraded SPS 369 2.55 1.80

Table 6.3.: Maximum boosts and neutrino endpoint energies'f¥b available for the current SPS
setup and a proposed 1 GeV upgraded SPS.

6.1.1. Choice ofy and baseline

In the study [92], we adopted the arbitrary restriction thételectrons should be left on the
ion to assist in the acceleration and storage [165]. As raratl in the previous chapter, this
is an experimental request and not a necessity. The maxinoast lymax, available is thus
given by

EaccZ — 16
) 6.3
Ymax my A ) (6.3)

wheremyp is the mass of the proton arih.c is the ‘maximum’ energy accessible with the
accelerator. In the analysis, the maximum boosts avaifedshe the current SPS and upgraded
SPS will be considered. These are presented in Table 6.8ffmence.

With the maximum energies possible, CERN-Frejus (130 knd)@BRN-Canfranc (650
km) are the feasible baselines for facilities based on thneentuSPS. With an upgraded SPS,
the CERN-Gran Sasso (730 km), Polkewice (950 km) and CERMHyq 1050 km) baselines
can then be used. In this study, we focussed on the followasglines and boosts;

1. Boosty = 166with current SPS
e CERN-Frejus (130 km)
e CERN-Canfranc (650 km)

2. Boosty = 369with an upgraded SPS
e CERN-Canfranc (650 km)

e CERN-Boulby (1050 km)

From Fig. 6.1b and Tab. 6.3, the current magnetic rigiditthefSPS can place the electron
capture neutrino flux on first oscillation maximum for the QR anfranc baseline (650 km)
with the Beta Beam spectrum peaking around the secondatgmillmaximum. For such a
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Figure 6.1.:ve — v, appearance probabilities for ttffanel a) CERN-Frejus (130 km)(Panel b)
CERN-Canfranc (650 km)Panel c) CERN-Canfranc (650 km) an@Panel d) CERN-
Boulby (1050 km) baselines. In all cases, the dash-dottesk Icorrespond té = 0°,
dashed lines t& = 9¢° and dotted lines t& = —90°. The value sif20;3 = 0.01 was
taken for all curves. The unoscillated flux in the laboratory frame is also shown (solid
lines) for1%6Yb given a boosy = 166 (left panels) ang = 369 (right panels) in arbitrary
units. Figure reproduced from [92].
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choice, a detector with a low energy threshold is necessagyjtloit the oscillatory structure
of the appearance probability. For the CERN-Frejus basgetin the other hand, events from
first oscillation maximum are available only. The electrapttire neutrino flux is far into the
probability tail and it contribution is expected to be migimWith a 1 TeV SPS, the electron
capture beam could be placed at first oscillation maximunenathe probability tail, for the
CERN-Boulby baseline (1050 km) or, using the Tevatron, fier ENAL-Homestake baseline
(1280 km).

6.1.2. Choice of detector

From the previous chapter, the electron capture machinge doenecessarily need energy
reconstruction of the neutrino events at the detector; ¢éuérimo energy is given by the choice
of ion and boost factor leaving no need for this. Energy retroigtion can be used to reduce
the atmospheric background, but this is done at the expéimeer efficiencies in the detector
which in turn does not guarantee improved physics reach.tiehybrid approach, energy
reconstruction is necessary for the Beta Beam flux, but n@tinciple, to separate the energy
of the line spectrum from the continuous spectrum. To se shippose an event is identified
to be an QE elastic event with enerBy(QE), then it must be the case that the true energy
EUU® > E,(QE). There are then two cases

1. If Ey(QE) < 2yEg then the event originates from the Beta Beam or is some form of
background.

2. If Ey(QE) > ZVEE,3 then the event must have come from the electron capture flua (o
background) and there is no need to reconstruct the eneegylgsince the true energy
is known.

The separation between the energy of the electron captargsfrom the end-point events of
the Beta Beam isr®y in the laboratory frame. Since this is large, i.e. sevenas bihe sepa-
ration of the two fluxes should be possible with minimum erfidris was assumed throughout
the study.

In the analysis, two strategies with regard the detectae typre followed. A generic de-
tector technology, which could be LAr or TASD, with a fiduamhss of 50 kton and a 500 kton
(fiducial) WaterCerenkov detector. For the generic detector, the energynstaiction is as-
sumed to come from the charged current events whilst then&zeenkov can only use the

1This argument is attributed to Jose Bernabeu.
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guasi-elastic events. However, the information from tletastic events is included in a single
bin since no spectral information can be taken from theséfe&eefficiency is assumed for
the 50 kton detector (which can be easily scaled), and 70 @eeftly for the Wate€erenkov
detector.

Based on the selected boost factors and baselines, the ftgj@teators were assigned in
the following manner in the analysis

1. 50 kton detector (LAr or TASD) with 2 x 108 ions/yr
e Setup I: CERN-Frejus (130 km) aiyd= 166
e Setup II: CERN-Canfranc (650 km) ayd= 166
e Setup lll: CERN-Canfranc (650 km) aryd= 369
e Setup IV: CERN-Boulby (1050 km) angd= 369
2. 500 kton Water Cerenkov detector with 2 x 10'8 ions/yr
e Setup IlI-WC: CERN-Canfranc (650 km) ayd= 369

e Setup IV-WC: CERN-Boulby (1050 km) and= 369

The choice of the number of ions per yeas; 2018 ions/yr, is arbitrary as the ion production
rate for'®6Yb has not been studied. This choice is similar to the tarmfetsrfor the standard
Beta Beam. Since the hybrid is essentially a Beta Beam wittnatrivial flux, it is expected
that a similar useful decay rate is required to achieve caoitngeresults.

A running time of 10 years for all the experimental configimas was considered. In all
setups, an energy threshold of 250 MeV is taken with 200 Me¢ bBbove that value, except
for non-QE events in WateCerenkov detectors which are grouped in a single bin. For the
electron capture events a single bin was always taken. Allsimulations in this chapter
were carried out by Catalina Espinoza. Although not sigaificthere is a slight difference
compared to the earlier chapters in how the hierarchy degensolutions are located. In the
location of the degenerate solutions, the mimisation wafopaed by marginalising over all
the unknown oscillation parameters. The error®on 6,3, Am3, andAmZ, were incorporated
via the addition of priors as described in Chap. 2. Once tigewkerate solution was located,
the 2 parameter fits and the CP-violation analyses wereechott keeping these parameters
fixed.
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6.2. Contribution of the channels

Firstly, the study of the combination of the channels is pnésd. The performance of the Beta
Beam (upper row), electron capture (middle row) and theinlomation (lower row) is shown
for 813 = 1° andd = 90° for setup | (left column) and setup Il (right column), at 9096%
and 99% confidence level (CL) in Fig. 6.2. Setups | and Il usseloost factory = 166 and

a 50 kton detector. The sensitivity @3 andd is very limited as a consequence. Specifically,
CP-violation can be established only for a small range ofieslof thed phase and only if
013 is close to the present bounds. As seen from the right pahélg06.2, the Beta Beam
channel contributes very little to the overall sensitivfithe setup. This is a consequence of
they?-dependence of a Beta Beam flux and the small cross-sectitims energies centred on
second oscillation maximum. With a scarce count rate froenBata Beam, the bulk of the
sensitivity comes from the electron capture channel. Tkeeahthy clone solution has been
included but does not change the findings at these shortibesel

In Fig. 6.3, the contours for Setup Ill as presenteddet 90° and for the caseB13 =
1° (left column) and 3 (right column). Similarly to Fig. 6.2, in Fig. 6.3, the coibintions
from both theB*-decay (upper row) and electron capture (middle row) chisrare shown in
addition to the total sensitivity (lower row). The effectgacing the electron capture flux in
the tail of first oscillation maximum has also given the Be&aB flux coverage of the second
oscillation maximum and substantial portions of the firgilketion maximum. Comparing the
y = 166 andy = 369 cases for the CERN-Canfranc baseline, the influencesdBéta Beam
neutrinos and electron capture neutrinos are interchanedm Fig. 6.1, the Beta Beam
spectrum covers the first oscillation maximum. The Beta Beantribution is now much
more pronounced with substantial information coming fréva first oscillation maximum in
addition to a now larger count rate from the second osalfathaximum.

This setup best demonstrates how the Beta Beam and elecptare beam combine.
Separately, both fluxes suffer from a continuum of allowddtsans. From Fig. 6.2, the gain
in combining the two channels is in the difference in the phasd amplitude between the two
sinusoidal regions. The combination constrains the cos@ation to a much narrower region
of parameter space than either of the two techniques separkiowever, forB13 = 3° some
energy degeneracy still remains at 99 % confidence level.

Finally, the same analysis is performed for setup IV and es@nted in Fig. 6.4. The
CERN-Boulby baseline (1050 km) and= 369 should be considered as an intermediate case
- the position of the electron capture neutrino flux is neithrefirst oscillation maximum nor
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Figure 6.2.: 90%, 95% and 99% CL contours for setup | (left panels) andoskt{right panels). The
parameter®,3 = 1° andd = 90° have been taken assuming normal mass ordering and
0,3 = 45°. The thick lines in red, blue and green correspond to the cht®ie normal
hierarchy, while the fine blue dotted lines indicated thenelgsolution for the wrong in-
verted hierarchy. The upper row is the contribution of thiak@eam, the middle row is
that of the electron capture channel while the lower rowndde combination, shows the
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far into the probability tail. The Beta Beam in this case #fere has coverage of both the
first and second oscillation maxima regions. Here the @aatapture channel shows simi-
lar behaviour to its sensitivity in setup Ill. Although sonméormation from first oscillation
maximum is available to the Beta Beam (the characteristiessiidal shape of first oscillation
maximum and higher energies is not dominant), the bulk osémsitivity is derived from the
events around second oscillation maximum. This means lileatambination of channels is
also important here. The lack of concurrence of the Beta Baadrelectron capture allowed
regions means that their combination constr@aasd;3 in small ranges.

6.3. Sensitivity to CP-violation

In this section, the sensitivity to CP-violation will be pented for they = 369 setups only as,
from the previous section, the sensitivity is very limited they = 169 options.

The CP-violation discovery potential is shown in Fig. 6.6tfee 50 kton generic detectors,
and in Fig. 6.6 for the 500 kton Wat&erenkov detector. In both figures, the CERN-Canfranc
baseline is displayed in the left panel and the CERN-Boulkseline is on the right. In all
cases, the results are presented for the Beta Beam onlydbitesl lines); the overall sensitiv-
ity of the combination (red solid lines); both without (tHines) and with (thick lines) taking
the hierarchy degeneracy into account. This presentatsritte benefit of separating out the
effect of the hierarchy and energy degeneracies. For exammgall cases, the inclusion of the
electron capture channel improves the sensitivity as thaanhof the energy degeneracy and
the continuum of allowed solutions is severely weakeneeoraved. This is to be expected
from the discussion of the previous section. With a singknctel, the 99 % confidence level
region often crossed th&= 0° or & = 18 lines or both. Consequently, CP conservation
cannot be ruled out. The addition of the electron capturamélaconstrained the solution to
close to its true value, limiting the closeness of the 99 %@ars to CP-conservation.

The sensitivity to CP-violation is greatly affected by thregence of the hierarchy degen-
eracy. This is seen in all cases, especiallydor 0° where its inclusion results in loss of
sensitivity by a couple of orders of magnitude in°28;3. To understand this, in Figs. 6.7
and 6.8, the 90 %, 95 % and 99 % confidence level contours avensioo setups IlI-WC and
IV-WC. In both cases, the setups have been simulateéffpe 1° (left) and6l; = 3° (right),
andd’ = —90°, 0°, 90° and 186. For CERN-Canfranc, the degenerate solutions exist within
similar & ranges fod" = 90°, whereas fod!" = —9(°, the location of the fake solution exist at
differentd. Specifically, the degenerate 99 % confidence regions forNGERnfranc cannot
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Figure 6.4.: Same as Fig. 6.3 but for setup IV.
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Figure 6.6.: Same as Fig. 6.5 but for setup IlI-WC (left panel) and setupM& (right panel).
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Figure 6.7.: 90%, 95% and 99% CL contours for setup 11I-WC with solutiorei discrete degenera-
cies included foB,3 = 1° (left panel) and13 = 3° (right panel) for different values of the
CP-phased = —90°,0°,90°,180°.

be distinguished from CP-conservation except at |&ge With its larger matter effect, the
CERN-Boulby baseline, the hierarchy degeneracy is stmrig@vever, with reconstruction
of the oscillation spectrum, this baseline is in a betteitpsto resolve them. This is seen
in the right panel of Fig. 6.8 where only ti¥ = 90° hierarchy clone remains. Therefore the
results with and without the hierarchy clone are not sigairfity different for this baseline,
except for somé'" < 0° where the problem persists.

Overall, it is noted that the CERN-Canfranc baseline hasti@beeach for CP-violation
than CERN-Canfranc since at fixed boost, the un-oscillatedstales as/L?. The CERN-
Boulby baseline is better at resolving the hierarchy degeaye however this does not com-
pletely compensate for the small event rates. The sengitovCP-violation is therefore worse,
but by no means poor. Trivially, the WC with its much largeunbrates, achieves significantly
better results: CP-sensitivity down to $#613 ~ 104,

6.4. Summary and conclusions

In the present chapter a new type of experimental setup wddatbines a Beta Beam with
an electron capture beam has been studied.. This can beregtmaturally by using nuclei
which can decay into both channels. The nucliéRYb was chosen as it has favourable beta
decay and electron capture branching ratios, and only d aitplb decay contribution. This
combination is very powerful as the EC channel provides h bigergy signal at a well known
energy, while the Beta Beam provides coverage of the firstssednd oscillation maxima.
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Figure 6.8.: Same as Fig. 6.7 but for setup IV-WC.

The allowed regions in thé){s, d) plane for the two separate channels have a limited overlap
resulting in a good resolution of the energy degeneracy.

A detailed study of the dependence of the physics reach ®eitperimental technique by
considering six different setups was performed: two vataethe ion boost factoy= 166 and
369; two choices for the detector: a 50 kton TASD or LAr and @ ktbn WC detector; and
three baselines: CERN-Frejus, CERN-Canfranc, CERN-Boullnis allowed the impact of
the count rate, choice of baseline and the tuning of the grddrthe beta-beam and EC beam
to the oscillatory pattern to be studied. The setups withdamma and 50 kton detectors have
very poor physics reach, owing to the limited event ratese iffiormation on CP-violation
is mainly provided by the high energy EC signal. We studieddptions withy = 369, the
highest value of the boost factor allowed by an upgraded B&3hese neutrino energies, two
types of detectors were considered: a 50 LAr/TASD optiorictvhas good energy resolution
for the high energy part of the neutrino spectrum; and a 500 W C detector, which provides
a larger number of events.

Setups Il and 11I-WC, which use the CERN-Canfranc baseglia&e larger count rates and
a better tuning of the beam to the oscillatory pattern, wapect to their CERN-Boulby coun-
terparts: setups IV and IV-WC. This results in a very gooditgttio measure the parameters
(see Fig. 6.6). In particular these setups provide the leesitsvity to CP-violation for positive
values ofd. However, for negativé, owing to the relatively short distance, the type of hierar-
chy can be resolved only for very large value®gf. The sign degeneracy prevents discovery
of CP-violation in this case (see Fig. 6.7). The CERN-Bowbkyups, IV and IV-WC, suffer
from smaller count rates and poor tuning of the Beta Beameao#rillation pattern. Com-
paring the two baseline options, if the hierarchy is knowméonormal from other neutrino
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experiments, the CERN-Canfranc option has an improvedighysach, while if the ordering
is not known, the CERN-Boulby baseline outperforms the tehaption. For the high event
rate scenario, one gets sensitivity to CP-violation dowwalnies of sif2813 ~ 3 x 107° at
99% CL for a WC detector at Canfranc, and’s8,3 ~ 104 for a WC detector at Boulby.

In conclusion, the novel idea of using a single beam whichldoes neutrinos from beta
and electron capture decays has been presented and thesplegsih of several possible setups
has been demonstrated. This could naturally be done withgb&°Yb, which has compa-
rable Beta Beam and electron capture branching ratios. Aslimams are produced from a
single isotope, this combination cannot be further optadisThe simulations performed in
this chapter have taken similar experimental parametess'sisndard’ Beta Beam; namely
useful decays- 108 and a duty factoB; = 10~3. In reality this requires considerable R&D
on top of that necessary for the standard Beta Beam, and mayembe attainable. Either the
number of useful decays or the duty factor or both may neeeé telaxed. In which case, the
sensitivity will be poorer. It is not practical to carry out analysis that varies the exposure and
atmospheric neutrino rate independently because of teméatl run time of the simulations.
The extent to which the exposure is important can be gaugedimparing Figs. 6.5 and 6.6.
It is seen that lowering the exposure not only reduces theitsaty but brings degeneracy in
the region siA20,3 ~ 102 to the fore. The difference in fiducial detector volumes iactdr
of 10, but the Wate€erenkov use only QE-events and has been taken to have aereffiof
70 %. Therefore the average difference, at a given neutneayy, is around 5. The increase
in minimal sirf 2813 is far more than this. Therefore one must conclude that de=gen is a
major problem for hybrids unless the exposure is large. niakie degeneracy problems and
extra necessary R&D into account, there appears to be no gason to promote this idea
instead of a standard Beta Beam.
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Chapter 7.

Conclusions

The last decade has seen a shift in our understanding ofmesitA series of experiments have
resolved the long standing solar neutrino problem and ohetexd the origin of the atmospheric
neutrino anomaly. The combination of data from solar, aphesic, reactor and accelerator
experiments provide compelling evidence for neutrinoldans. The existence of neutrino
oscillations implies that neutrinos are massive and they thix; the mass states and the
flavour states are misaligned. Three neutrino mixing andlasans can be described by 3
mixing angles, a CP-violating phase (and possibly two Majarphases) and two independent
mass-squared splittings. Current oscillation data inde#hat neutrino mass splittings are
hierarchal in nature; the three neutrino mixing can be vieagtwo approximate decoupled 2
neutrino oscillation schemes, each with a mass-squarétrgphnd mixing angle.

Despite all this progress, a number of important questioassall un-answered. What
is the absolute neutrino mass scale and its origin? Whatisdlture of neutrinos (Dirac or
Majorana)? In the context of long baseline neutrino oswdlfaexperiments, it is important to
determine the third mixing angle that manifests itself astarference between the solar and
atmospheric sectors; whether CP-symmetry is violatederndpton sector; and whether the
neutrino mass ordering in normal or inverted.

It is the goal of the future long baseline neutrino osciiatprogramme to address these
guestions. To this end, Superbeams, Neutrino FactorieBetadBeams are all being studied
in detail with the intention of sourcing intense neutrin@ies that are to be aimed at distant
detectors where searches for sub-dominant appearances exibe made. The phenomeno-
logical analysis and optimisation of future long baselirpeziments is not straightforward;
the extraction of the unknown mixing parameters suffermftbe problem of degeneracies
with up to 8 solutions being able to fit a given data set. Thenary goals of phenomeno-
logical research into the future neutrino machines is toebbgy strategies to resolve these
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degeneracies and simultaneously push for the best satysitithe unknown mixing parame-
ters.

In Chaps. 1 and 2 a brief survey of the phenomenology of meutscillations was given.
This included a brief history and a summary of two neutrinoiltaions. This discussion
included the ‘standard’ derivation of the oscillation pabiities in the vacuum; and how the
result needs to be modified for passage through matter. Tdsepr analysis of the experi-
mental data was presented and the future goals of the newistillation program were high-
lighted. In Chap. 2, the discussion was extended to threginewscillations and included
both numerical and analytical results. A sketch of the deion of theve — v, appearance
probability was given and the important features of its favere pointed out. An introduc-
tion to the problem of degeneracies followed and a brief \deer of the many strategies to
resolve them was imparted. A detailed discussion of how tibpa a numerical simulation
of a future facility, including the calculation of the evesptectrum and the statistical analysis,
concluded the chapter.

Chap. 3 introduced the technological aspects of the BetanBea Beta Beam aims to
exploit much existing accelerator infrastructure, or megd upgrades to it. There are three
distinct phases: ion production; the acceleration of tims;i@nd the bunching and storing of
the ions. The chapter began with a brief summary of the BetarB#ux and the physical
parameters that determine the neutrino energy range irati@dtory frame. Two general
classes of long baseline Beta Beam were identified (cortahand inter-continental) and a
short survey of the main phenomenological studies to datepsesented. Each sector of a
Beta Beam front-end was considered in turn before the chéptehed with some comments
of number of useful beta decays available to an experiment.

In the Chap. 4, the first phenomenological analysis was ptede This study was a re-
working of a case study performed for the CERN-Boubly baseglbut under different as-
sumptions and through the use of numerical simulationsistam with the later chapters.
The ability of a moderate baseline to resolve energy degegeras investigated with the
conclusion that coverage of th@13,0) plane similar to dual ion setups was possible; es-
pecially for large exposures when degeneracy is less ofsaareisThis study confirmed the
expectations from an analytical study using the expansidinecappearance probability. The
underlying principle is that data from high energy bins jpdeg the CP-violation sensitivity
whilst the data from low energy bins, although they provideadditional sensitivity, select
the correct region of théd;3,8) plane.



Conclusions 151

These ideas were extended in Chap. 5 where existing work ¢adlaborators were con-
tinued and examined in more phenomenological detail. Tinsliest resolved around the use of
ions with fast Gamow-Teller resonant electron capture yleuades to source mono-energetic
neutrinos for the CERN-Canfranc baseline. The matter effied hierarchy degeneracies were
included for the first time and a scan of the boost pair spatieddhe maximum CP-violation
coverage was performed. The next step was to examine tha affaltering the number of
useful decays and the number of atmospheric events. Anr@becapture neutrino beam does
not need to be reconstructed at the detector since the meetnergy is known. However, this
means that alv, events will misidentified age — v, appearance events. This limits the sensi-
tivity, especially if the duty factor of the storage ring dedo be relaxed to achieve the sought
useful ion decay rate. The chapter finished with a critiquehefsuggestion from a Japanese
collaboration to use bound beta decays to source a mongetiteanti-neutrino beam. Such
a beam would greatly increase physics reach since neutnimoat low boost would not be
necessary. The idea falls-down on the need for fully stidppes with low Q-values. Space
charge issues, very precise energy resolution and usefayaates much larger than standard
Beta Beams make the proposal unrealistic in practice.

The final chapter examined the possibility of combining aaBBeam with an electron
capture beam using a single ion. For ions that can electrptuadecay but do not possess
a Gamow-Teller resonance, the beta decay sources a baokigrabe magnitude of which
is dependent on the total energy available to the ion decagummary of the CP-violation
studies of a recent paper was presented and included arsenafyhow the different decay
channels combine to yield the overall physics reach of tbiitia

Since the conception of the idea by Zucchelli in 2002, a nurobeifferent Beta Beam
facilities have been proposed for use in long baseline meugscillation experiments. Since
the neutrino flux at source is not contaminated by other flesyon CP-conjugate channels,
a magnetised far detector is not necessary. As a conseqtlareeis complete freedom to
choose the experimental parameters within the hard lireit®g the technology. This is not
to say that the feasibility of a Beta Beam is a given; mereft thom a phenomenological
point of view there is flexibility in one’s choice of ion, badsaseline and detector technology.
The choices made influence the physics reach of a giventfaaitid, vice versa, a facility
with a specific set of physics capabilities can be proposesuth judicious choice of the
experimental parameters. Not all Beta Beams are equallgitike, of course, since influences
outside merely choosing the experimental parameters desgitaken into account in the long
run.

As an example, consider the following question
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‘What is the maximuny available to a Beta Beam sourced fréfiNe?’

This question was dealt with in Chap. 3: the maximum boostae to an ion is the maxi-
mum boost available for a proton multiplied by its charge tssratio. For a 1 TeV machine,
the maximum boost available t€Ne is thereforamax = 592. If one is being precise, this is in
fact the theoretical maximum boost, which is not necesstréd same as the maximum boost.
This result is the maximum boost available to a single iooutating in a 1 TeV accelerator.
This is not a Beta Beam. A Beta Beam is a machine that aims twseul10'® useful ion
decays in a straight section of a storage ring directed at @efi@ctor. The goal is to achieve
this rate with a given boost, duty factor and storage rindgigonation. A Beta Beam is thus a
facility that consists of production, ionisation, sevestalges of acceleration and injection into
a storage ring. The number of useful decays is a function@ftitelerator technology, the
size of the decay ring and magnetic fields available. It maly besthe case that, to achieve
~ 10" useful ion decays,

B ya
Vﬁmx < A Vr%ax-

The point is that the experimental parameters are all aigélbetween themselves and with
outside influences such as the local geology of the sitd, emgineering issues, the require-
ments for related areas of nuclear and high energy physiesgrhount of resources required
for collider sector, and so on. Until these correlations amderstood, the optimal physics
reach of a Beta Beam cannot be determined.

All the studies to date have made assumptions on the av#yaifitechnology at the time
of construction. The results presented are only as validleassumptions made. The studies
presented in this thesis do not follow this philosophy. Tlealgvas not to claim absolute
physics reach, rather to explore the properties of theifiesi

In this thesis, the ability to rule out CP-conservation fomgée ion Beta Beams; multi-
boost electron capture machines; and a hybrid Beta Beamlacito: capture machine were
presented. The main strategy adopted was the use of theyespactrum of appearance events
for facilities using a neutrino run only. The energy depeatwdeof the oscillation probability
can then be used to constrain the true regiofin, ) space and break any energy or hierar-
chy degeneracies that may have been present. For a stanelar@&m, this approach had
not been studied elsewhere. For electron capture machimekydrid machines, this is the
only way to achieve sensitivity as there is no correspondimgjpractical anti-neutrino source
available.
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The studies in this thesis contribute to the overall phystasly of future long baseline
neutrino oscillation experiments. The use of a single iotaH&eam is a viable alternative
to the combination of a neutrino and anti-neutrino run. la évent that a run in one of the
neutrino or anti-neutrinos becomes unworkable, for eighgnysics or non-physics reason, the
single ion proposal is an attractive option for Beta Beamhigh luminosity can be achieved.
Specifically, since a single ion beam with neutrinos hasgelaevent rate at high energies, it
may well be superior in overall physics reach compared tocaion facility. The feasibility
of the electron capture and hybrid beams is not clear. Suslitizs need extra R&D on all
aspects of the front-end to ascertain how plausible it istieve~ 10 useful ion decays in
one straight section of a storage ring when the ions are aga bsost. For an electron capture
machine to be a viable alternative, it is necessary to detraieghat it has capabilities beyond
a standard Beta Beam that warrant the extra necessary teghoad research. It is my view
that hybrid machines should not be considered for furthetystThe form of the neutrino flux
is not sufficiently different as to provide physics oppoiti@s not available to a standard Beta
Beam. In this context it is less attractive since the nongsed flux shape and the lack of
an equivalent anti-neutrino run gives the CP-sensitivatyion a complex form. Degeneracies
are a problem even with a good energy resolution. If reaetodsnear future Superbeams fail
to measuré;3, a hybrid beam could miss out on detection ifzéaﬁlg ~103-102 Ina
standard Beta Beam, this problem is either not present @iderably less pronounced.

Within the next few years, new experimental data and R&D dar&utechnologies will
bring into focus both our priorities and technologies calgads. Until then, the feasibility
of the Beta Beam and its related technologies will remaimapeestions. The results of this
thesis indicate that a single ion Beta Beam type facility imaye a place in the future neutrino
oscillation experimental programme.
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Appendix A.

Numerical calculation of the oscillation
probabillities

The computation of the oscillation probabilities used iis thesis formed the base of a more
extensive code that attempted to numerically evolve aralmeutrino state from production at
the centre of the sun to its surface. In such a computatiemehtrino evolution is complicated
by its coupling to an external environment: the neutrincapison and re-emission via neutral
current and charge current interactiongyegeneration and a finite size production region at
the centre of the sun all need to be included. The approgaatelism for this is the evolution

in space of the neutrino density matrix [172].

A.1l. The density matrix

For some operatap, the density operatdy is defined by
(0Y=Trpo, (A.1)
with

Trp=1. (A.2)
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Consider a system with wave-functignand expand it in a basik) that spans the space
containing@

@ = > 1Kk - (A.3)
k

Substituting this in the usual expression for the expemtati

(0)={(ql0]@) (A.4)
gives
(0)= ;2@“% [0[kxKI® (A.5)
= 22 PIKOKI (A.6)
with

Pik = (@1 }XK|@) . (A7)

Note that the diagonal elementsmére the probabilities for the system to be in a given state;

Pk = [<QK)* = Pk, (A.8)

and the off-axis elements represent a projection of a paaticstate on the vectdp). Note
also that some information is redundant:

Pik = (@K@ = (@) K@) = (oK) = (@U|@)" =pi . (A9)

With these definitions, it is straightforward to show thag tfensity matrix evolves in time in
relation to the Hamiltonian according to

P _

e [#0,D] . (A.10)
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A.2. Calculation of the probability

To use the previous relation to obtain the neutrino os@ihaprobabilities, it is necessary to
convert it from evolution in time to evolution in space andhwtorrect units. We wish to
measure neutrino energies in GeV, baselines in km and noasses! splittings in e¥ In
natural units and converting to the fore-mentioned uniicdsy Eq. A.10 becomes

0P ~
IS = 5077l (A.11)
The density matrix is
Pee Pep Per Pee pgp+ ipgu Per +iPer
P=1 - Pu Px|=| - Pup pa + ipE‘[ ) (A.12)
Prr : : P

where the off-diagonal elements have been written as thameamaginary parts. The below
diagonal elements have not been written as they provide diti@ual information. Inserting
the Hamiltonian from Eq. 2.1.1, returns 9 simultaneousedgitial equations for the elements
of the density matrix. These simultaneous equations wik lienction of the mixing angles,
the mass squared splittings, the neutrino energy and thempaitential. These equations are
solved numerically using code based on the solution of stjffations taken from [173]. The
evolution has initial conditions

100 000
pbL=0)=|0 0 0 or p(L=0)=f0 10 (A.13)
000 000

for initial ve or v, beams respectively. For thvg beam, at baselink,

Pee(L) = Pyesve 5 (A.14)
puu(L) = Pve_)vp , (A15)
p'['[(L) == PVe—’VT . (A16)
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Appendix B.

Neutrino flux in the laboratory frame

The calculation of the un-oscillated neutrino flux in thededdory is a two stage process: first
perform the appropriate Lorentz transformation, then ednthe angle the neutrino makes
with the beam direction in the ion rest frame to the corresipgmn angle in the laboratory
frame.

Consider a neutrino with enerdy” and 3-momentunp* = (pg, py, p;) in the centre of
mass frame. Neglecting the neutrino mass, we can &fite |p*| and

px =E* sin6* cosy,
py =E*sin®*sing,
p; =E*cos* . (B.1)

Without loss of generality, take = 0° and consider the boost to be in the= 0° direction.
The 4 momentum in the laboratory frame is then found via thehtz transformation

E y 0 0 By E*
Esinb 0 10 O E* sinB*
0 0 01 O 0
Ecosd By 0 0 vy E* coso*
so that the energy of the neutrino in the laboratory framevisrgby
YE*(1+ BcosB®) . (B.3)
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This is still in terms of the rest frame angle and thereforedseto be trasnformed a little
further. Now

dE dE dcost* _, dcos9* (B.4)
dcosB  dcosB* dcosh dcosB '
Using the result of the Lorentz trasnformation we can write
cosd — YE*(B + cos9*) | _ B+cos . (B.5)
/(VE*(B +cos9*))2 + (E*sing*)2 1+ BcosH*
Inverting this we get
. —B+cosd
cosB* = 71—[30036 , (B.6)
and hence
dcoso* 211
o " [V*(1—Bcos9)?] . (B.7)
From equation B.4, the exact energy at an afglethe laboratory frame is
E* 1
E@)= ————. B.
(®) y 1—[BcosH (B:8)

Largey and smalB allows the further approximation

E(O) = 1 g ®.9

wheref ~ 1— # and co® ~ 1— 9—22 have been used.

We require that the neutrino spectrum which will take therfor

dN

dE,dcosh ~ T\ EY)- (510

Boosting from the centre of mass frame to the laboratory é&requivalent to the transfor-
mation

Ev — Eyy(1—Bcosh) ,
dE, — y(1—BcosB)dE, . (B.11)
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Consequently the laboratory spectrum is related to theeefitmass spectrum via

_ ®cm(Evy[1—Bcosd])
cDIab(Ev,e) - y[l— BCOSG]

(B.12)

Note that the spectrum maintains its functional form, thiy alifference being the scale - a
factor ofy(1— B cos9) that alters the overall magnitude of the flux and also theraeggu. Note
that the flux off-axis is equivalent to a flux on-axis but witeraaller boost.

Off-axis conventional beams

The manner of neutrino production for conventional and 8ugems allows one to source
fluxes in narrow energy ranges by placing the far detectoaxaf (with respect to the centre
of the beam.) To see this, first note that the neutrino energya rest frame of its source pion
is a constant, given by

. my
EV_?<1—E ~ 30 MeV, (B.13)

wheremy; andm, are the pion and muon masses respectively. This can be cechhiith
Eqg. B.9 to find the neutrino energy in the laboratory frame famation of the off-axis angle:

Eu(0) = (1— %) n%i"i'zgrez . (B.14)

For 6 = 0°, the range of neutrino energies is determined by the rang®ofenergies selected
by the focussing horns. As one goes off-axis, the neutrima®ime bunched into narrower
energy ranges. This can be see by noting ditgt/d E; vanishes foB = my/E;;. Whereas for
6 = 0° the neutrino energy was linear with the pion energy, for mere off-axis angles, there
is a peak neutrino energy given by

E\E)eak% 30 MeV .

5 (B.15)

The neutrinos are therefore concentrated into the enermpeld, E\‘,’ea'j, irrespective of the
energy of the source pion. This is the principle of off-axaseentional and Superbeams. This
trick cannot be applied to Beta Beams nor Neutrino Factatiesto the different nature in
which they are sourced.
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Appendix C.

Energy degeneracy discussion from
arxiv:0912.2676

In this appendix, discussion of the energy degeneracy fraelectron capture article is pre-
sented verbatim for reference. In Chap. 4 the discussiarskxcon first and second oscillation
maximum, as it did in the original paper [89]. The discusdiere is more general.

The energy degeneracy

It is well known that the analysis of data from a future longdlae facility suffers from
the problem of degeneracies [106, 107, 108, 109]; the asymretween neutrino and anti-
neutrino probabilities, the unknown signMn%l, and the unknown octant 83 can all lead
to multiple fits to experimental data. For binned data, thelper of neutrino (anti-neutrino)
events in the ith neutrino (anti-neutrino) energy bin fa ﬂair(@lg, S) is given by

o Ei+AE o
Ni(613,8) = ATt JE €(Ey)Oy, () (Ev) Pa(Ev,013,8) Oy gy (Ev) dEy (C.1)

wherea is the number of targets in the detectbrs the time of data taking(E,) is the
detector efficiencyg(E,) is the interaction cross sectio(E, ) is the beam spectrum addE
is the bin width. Using the shorthadg = Amlzi/(ZE), the oscillation probability?,, .y, = Pep
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can be expanded in the small parameé@sAlz/Alg, A12/A andAqoL [66],

(913, ) = Sln22913 Sln2923 ( B ) Sl n2 ( )
+

i %AB—? sin ('A;') sin (%) <+8_ A3—21L>
+0052923 Sln22912< A ) sir? ( ) (C.2)

wheres = COSé]_gSin 2512$in 2§ggsin 2513, the + corresponds to neutrinos/anti-neutrinos and
Bz = AT Az;. Here we are using = v/2Ggne(L) (the constant density approximation for the
index of refraction) wher@e = 1/L S'(; ne(L")dL’ is the average electron density amdL) is
the electron density along the baseline.

Labelling N* to be the number of neutrino events, aNd to be the number of anti-
neutrino events; 4 pairs of equations can be solved

N (013, 8, |AMBy|, B23) = N* (813, 8, |AMB,|, B23) , (C.3)
NE(013,8, |AME, |, 023) = NT (013, 8, —|AMBy|, 023) |, (C.4)
NE(013,8, |AME, |, B23) = NT (813, 3, |AmB,|,90° — B23) | (C.5)
N (013, 8, |AME, |, B23) = NT (813, 8, —|AME,|, 90° — B23) ; (C.6)

which in general lead to 8 solutions that can fit the data. tregrthe first set of equations
results in the ‘intrinsic clone’; the second returns thestarchy clones’; the third gives the
‘octant’ clones; and the fourth equation allows for ‘mixexibnes. Solutions to the first set
of equations are depicted graphically in Fig. 1 for’géys; = 102, § = 50°, 6,3 = 45° and

L = 650 km. The black lines correspond to E = 1.3 GeV (first ogtmfamaximum) and
the red lines are for E = 1.8 GeV. Solid lines are for neutriand dashed lines are for anti-
neutrinos.

From Fig. C.1, there is another type of degeneracy not dssclis the literature. Consider
the first set of equations above but now also for enerfgieandE; :

Nli,z(éls, 5, 1AM, |, 823) = Ni5 (813, 3, |AMgy |, B23) . (C.7)

Attempting to find a solution to these equations will returilyothe true solution since the
location of the intrinsic clone is energy dependent. Thitésmain strategy in resolving the
intrinsic degeneracy. Suppose, one does not have an aritireechannel. This set reduces
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Figure C.1.: Equi-probability curves for the CERN-Canfranc baselin60(&m) for sindY, = 0.05
andd" = 50°. The other oscillation parameters have been set to theiemucentral
values [15]. The black curves ugg = 1.3 GeV and the red curves ugg = 1.8 GeV.
Solid lines are for neutrinos, dashed lines are for antinmans.

from 4 to 2 equations, and in general will possess a clondisaluThis can been seen as
the intersection of the red and black solid curvesas,0) = (4.8°, —14(). The location of
this degeneracy will be different for neutrino and anti4new runs. Therefore the inclusion
of both resolves the degeneracy and hence it is not presenbs setups discussed in the
literature. For single ion Beta Beams and electron capturies [89, 91, 92], this degeneracy
needs to be resolved by the experiment or constrained tevali®:3 larger than near future
experimental limits. This degeneracy shall hereafter bermed to as the ‘energy degeneracy’
to distinguish it from the usual intrinsic degeneracy whiels a different origin.

Ideally, we would want the energy degeneracy to not be ptasethe data. To find a
condition for this to be so, first rewrite the probability (E}2) as

Poy = 11 5ir? 2013 + 125N 2013083 + 135in 20135iN3 + 14 (C.8)

so that all the non-essential constants are tied up i ths a first step, we attempt to solve
Eg. C.7 for mono-energetic neutrinos only with enerdgtesandE,. Labelling the respective
coefficients ag! andl? we obtain the relation

1 2 B 12 _ _ _
ll—l — :—12] (sin? 2013 — Sin?2013) + [I—z — I—Z] (sin 201309013083 — sin 271305073€083) = 0.

11 11 2
3 3 3 3

(C.9)

For the energy degeneracy to be resolved, we must bgve 613 which is true if either
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1. 1313 =12/12, i.e. AmZ, /4E; andAm3, /4E; differ by Tg

2. 1113 =12/12.

In generall}/11 + 12/12 so we are left with the first condition. The set of equationgjCan
accommodate the solution

=

&=m—5—2tant (:%) : (C.10)

w

in addition to the trivial solutiod = & for the cas@;3 = 013. Therefore the energy degeneracy
for a pair of neutrino energies is only completely resolMezbindition 1 above and

5— g—tan_l (ﬁ) (C.11)

hold. Therefore, the energy degeneracy is present in gdoetevo beams of mono-energetic
neutrinos; however, this is not necessarily a nuisance. cbingination of mono-energetic
neutrino beams placed almost on first oscillation maximuih @m second oscillation max-
imum provides some of the largest CP-violation sensitigibyerage. In such a case, the
CP-even part of the probability vanishes and the energyraegey is located al = 11— .
Since this change will leave the probability invariant, tegenerate region will be the same
strength and will be symmetrically placed about &e 11/2 or —11/2 lines. The two regions
will always be either be CP-conserving or CP-violating & $hme time.

In [89, 92] only neutrinos were used. In those studies, thetesjy was to exploit the
energy dependence of the oscillation signal to break degeyand push for a good physics
reach; specifically though the combination of bins centrediiad first and second oscillation
maximum. The above argument says that the combination ofmieéma is insufficient to
completely break the energy degeneracy, buttfigpart of the degeneracy is broken. The
reason why the degeneracy was only present for very smalsaif sif 26,3 in these studies
was because the data was binned. If one thinks of the dates ggedominantly pairs of
bins separated b&Am%l/4E = T1, the location of the energy degeneracy is different for each
pair and only the true solution is statistically significa@tr more simply, from Eq. C.9, the
combination of multiple energies completely breaks theedegacy as its location is energy
dependent. In this paper, only two electron capture booitbewused and so this degeneracy
is in general present.
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