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Motivaciones y Objetivos

El Modelo Estándar (ME) es una teoŕıa cuántica de campos renormalizable que respeta la simetŕıa
gauge SU(3)C × SU(2)L × U(1)Y [1–4]. Hasta ahora, ha descrito con gran éxito las interacciones
fuerte y electrodébil observadas entre part́ıculas elementales, que tienen lugar mediante el inter-
cambio de bosones vectoriales. Sin embargo, sabemos a priori que no es una teoŕıa completa, dado
que no es capaz de incorporar una descripción cuántica de la gravedad de manera consistente. Si
bien esta es la evidencia más fuerte de que el ME es tan sólo una versión efectiva de una teoŕıa más
completa a alta enerǵıa, presenta otros problemas adicionales que también apuntan en la misma
dirección.

Desde el punto de vista experimental, existen fuertes evidencias en este sentido. Por un lado,
para explicar las curvas de rotación de las galaxias, los datos de lentes gravitatorias y las medidas
de la Radiación de Fondo de Microondas de COBE y WMAP [5,6] es necesaria la presencia de una
gran cantidad (∼ 25%) de materia no bariónica en el Universo, llamada materia oscura. Por otro
lado, las medidas de la relación entre la distancia y el corrimiento al rojo de algunas supernovas
evidencian la aceleración del Universo [7]. Para acomodar los datos experimentales y conseguir
una expansión acelerada del Universo, es necesario introducir una gran cantidad de enerǵıa oscura

(∼ 70%) en las ecuaciones de Friedmann-Robertson-Walker. Una manera para introducir esta
enerǵıa oscura es a través de una constante Λ en el lagrangiano que, en presencia de gravedad, se
vuelve no trivial. A dicha constante, de origen desconocido, se la denomina constante cosmológica.
Una hipótesis bastante aceptada es que Λ podŕıa estar relacionada con la enerǵıa del vaćıo del ME.
Sin embargo, la estimación de la misma difiere, en el mejor de los casos, en más de 50 órdenes
de magnitud respecto del valor experimental. En definitiva, el ME no es capaz de explicar ni la
materia oscura ni la enerǵıa oscura, que componen aproximadamente un 95% de nuestro Universo.

Desde un punto de vista teórico, el ME presenta algunos problemas adicionales. En primer
lugar, no consigue explicar de manera consistente los vaćıos de la teoŕıa. Además del problema
de la constante cosmológica y su relación con el vaćıo en presencia de gravedad, en QCD nos
encontramos con el problema de violación de CP fuerte [8]. Los efectos no perturbativos de la

teoŕıa generan un término en el lagrangiano de QCD que viola expĺıcitamente P y CP : θFµνF̃
µν .

Dicho término se podŕıa reabsorber mediante una rotación de sabor si los quarks no tuvieran masa,
pero deja de ser aśı con quarks masivos. Las medidas experimentales del momento dipolar eléctrico
del neutrón establecen la cota θ < 3 × 10−10 [9], pero el ME carece de una simetŕıa que pueda
explicar un valor tan pequeño.

Estos problemas parecen indicar, por tanto, que el ME es una teoŕıa efectiva de otra más
completa a alta enerǵıa. De ser aśı, el sector escalar del ME estaŕıa afectado por un segundo
problema teórico: el problema de la jerarqúıa. En el ME, el bosón de Higgs es necesario para
proporcionar masas a los bosones gauge durante la ruptura espontánea de la simetŕıa electrodébil,
preservando la invarianza gauge y la renormalizabilidad de la teoŕıa. Al mismo tiempo, le da masas
a los fermiones cargados mediante acoplos de Yukawa, puesto que se encuentran permitidos por la
simetŕıa gauge. Siendo un bosón escalar, su masa no se encuentra protegida por ninguna simetŕıa
del ME, y por tanto es de esperar que reciba correcciones radiativas de orden cuadrático con la
escala en la cual el ME pierde su validez como teoŕıa efectiva debido a la presencia de nueva f́ısica,
δm2 ∝ Λ2. Sin embargo, las cotas de trivialidad para la masa del Higgs sugieren que su valor debe
estar en torno a la escala electrodébil [10–12]. De hecho, las medidas de precisión en LEP apuntan
incluso a valores relativamente pequeños [13], mH < 167 GeV (95% CL). Si suponemos que el ME
es válido hasta la escala de Planck (∼ 1019 GeV), esto implicaŕıa necesariamente un ajuste muy
fino de los parámetros del modelo de modo que las contribuciones radiativas a la masa del Higgs
se cancelaran y ésta quedara en torno a la escala electrodébil. Esto es lo que se conoce como el
problema de la jerarqúıa [14, 15]. Este problema podria estarnos indicando que la nueva f́ısica no
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se encuentra muy por encima de la escala electrodébil, o que incorpora un mecanismo (simetŕıa)
de manera que las correcciones radiativas a la masa del Higgs se cancelan de forma exacta.

En tercer lugar, el ME tampoco nos proporciona una explicación para la asimetŕıa materia-
antimateria del Universo. La simetŕıa entre part́ıculas y antipart́ıculas es una de las bases de la
f́ısica actual: el teorema de conservación de CPT establece que, dada una part́ıcula cualquiera
existe otra con su misma masa y anchura de desintegración, pero con carga opuesta [4]. Sin
embargo, nuestro Universo está compuesto casi por entero de materia y no de antimateria. La
explicación más natural de este hecho es que durante la expansión del Universo tuvo lugar un
proceso conocido como bariogénesis, que favoreció la producción de part́ıculas sobre antipart́ıculas
mediante procesos que violan el número bariónico B. Para que dicho proceso tenga lugar se deben
verificar las tres condiciones de Sakharov [16]: (1) debe violar B; (2) debe tener lugar fuera del
equilibrio térmico; (3) debe violar C y CP. Aunque en principio el ME contiene los ingredientes
necesarios para dar lugar a bariogénesis, no es capaz de expicar una asimetŕıa tan fuerte como la
que se observa hoy en d́ıa.

Por último, nos encontramos con el problema del sabor. El ME presenta una estructura muy
compleja en sabor, marcada sobre todo por grandes diferencias entre las masas de los fermiones.
Una vez las oscilaciones de neutrinos y la mezcla en el sector leptónico están bien establecidas y
soportadas por fuertes evidencias experimentales, es necesario ampliar el contenido del ME para
darles cabida de alguna manera. Esto tiene dos consecuencias importantes que agravan el problema
del sabor: la primera es que las masas de los neutrinos resultan extremadamente pequeñas en
comparación con las del resto de los fermiones; la segunda es que la mezcla en el sector leptónico
sigue un patrón completamente distinto al del observado en el sector bariónico. Por tanto, el
ME cuenta con un conjunto de acoplos de Yukawa cuyos valores se extienden a lo largo de doce
órdenes de magnitud, y con un patrón para la mezcla entre familias que difiere ampliamente entre
los sectores bariónico y leptónico. El problema del sabor consiste en entender si hay o no un
mecanismo que genere este complicado patrón de mezcla y que pueda quizá explicar el número de
generaciones del ME.

El sector de los neutrinos precisamente nos abre una ventana a algunos de estos proble-
mas y, en general, hacia nueva f́ısica por encima de la escala electrodébil. En primer lugar, las
oscilaciones de neutrinos demuestran que son part́ıculas masivas, y se hace necesaria la inclusión
de su correspondiente término de masa en el lagrangiano. Esto constituye, per se, una evidencia
de la existencia de f́ısica más allá del ME, ya que para incluir las masas de los neutrinos se hace
necesario incluir nuevas part́ıculas en el modelo. Cada una de estas extensiones del ME podŕıa,
además, tener consecuencias en otras áreas de la f́ısica de part́ıculas. Por ejemplo, los modelos
tipo See-Saw [17–19] contienen una fuente importante de violacion de B−L y fases adicionales de
violación de CP , que podŕıan ayudar a explicar bariogénesis a través de leptogénesis [20]. Además,
la posibilidad de que existan más de tres especies de neutrinos no ha sido descartada aún. Las
especies restantes seŕıan neutrinos estériles desde el punto de vista electrodébil, y su presencia en
la naturaleza sólo seŕıa detectable a través de la mezcla con los neutrinos activos o por su influ-
encia en cosmoloǵıa. Multitud de experimentos han sido diseñados para estudiar esta posibilidad
mediante oscilaciones con detectores cercanos, cuyo objetivo es explorar las oscilaciones entre neu-
trinos con diferencias de masa en torno al eV. De hecho, las recientes anomaĺıas observadas en
LSND y MiniBooNE parecen reforzar esta hipótesis en algún sentido. Por otro lado, las últimas
observaciones de WMAP, en combinación con los datos de lentes gravitacionales y las abundancias
primordiales de elementos ligeros, parecen sugerir la existencia de más de tres neutrinos ligeros.
Una consecuencia muy interesante de algunos modelos con neutrinos estériles (con masas en torno
al keV) es que proporcionan un posible candidato a materia oscura. Por último, existe toda una
multitud de modelos de sabor propuestos para explicar los patrones de mezcla entre familias. El
sector de los neutrinos podŕıa arrojar mucha luz sobre estos modelos, ayudando a discriminar entre



unos y otros.

Resulta por tanto evidente que entender bien el problema del sabor y cómo se produce la
mezcla en el sector leptónico podŕıa ayudarnos a explicar algunos de los problemas que sufre el ME.
Para ello, es necesario obtener una medida de los parámetros de mezcla que aún se desconocen, aśı
como reducir el error en los parámetros que ya han sido medidos. En este sentido la medida del
tercer ángulo de mezcla, θ13, resulta de gran importancia, ya que nos abre una ventana hacia la vi-
olación de CP en el sector leptónico. Además, si θ13 resultara ser cero, seŕıa extremadamente dif́ıcil
obtener una medida de la jerarqúıa que siguen los estados de masa. Hasta ahora, los experimentos
de oscilaciones de neutrinos han arrojado mucha luz sobre la matriz de mezcla leptónica y sobre los
valores de sus masas. En caso de que θ13 resultara ser extremadamente pequeño, éste se hallaŕıa
por debajo del alcance de la presente generación de experimentos, y se haŕıa necesaria una nueva
generación especialmente diseñada para medir θ13 y, si fuera posible, la fase de violación de CP y la
jerarqúıa de los estados de masa. Estamos entrando, por tanto, en una nueva era para la f́ısica de
neutrinos. Cuatro tipos de futuros experimentos, con el objetivo de medir los parámetros descono-
cidos del sector leptónico, se encuentran ahora mismo bajo discusión: Reactores, “Super-Beams”,
“β-beams ” y “Neutrino Factories”.

La primera parte del trabajo recogido en esta tesis consiste en el estudio de las posibilidades
que tendŕıan distintos setups de Super-Beams y β-beams para determinar θ13, δ y la jerarqúıa de
los estados de masa, considerando únicamente las interacciones del ME extendido con las masas
de neutrinos. En una segunda parte, consideramos además la posible existencia de operadores
efectivos provenientes de nueva f́ısica y sus efectos a baja enerǵıa. En este contexto, estudiamos
qué cotas se podŕıan establecer en una “Neutrino Factory” sobre los parámetros que acompañan a
dichos operadores, aśı como las posibilidades de medir violación de CP procedente de nueva f́ısica.

El esquema que hemos seguido es el siguiente. En el caṕıtulo 1, hacemos una introducción
teórica general al contenido de part́ıculas del ME y los mecanismos más simples para generar
masas para los neutrinos. Hacemos, además, una breve introducción general al formalismo de
operadores efectivos y los operadores de dimensión más baja que podŕıan tener algún efecto en
f́ısica de neutrinos a baja enerǵıa. En el caṕıtulo 2, hacemos un resumen sobre los distintos tipos
de experimentos, pasando por la desintegración β del tritio, la desintegración doble β sin neutrinos
en el estado final, las observaciones en cosmoloǵıa y los experimentos de oscilaciones. Por último,
introducimos de manera muy breve las anomaĺıas experimentales recientes. En los caṕıtulos 3, 4 y
5 presentamos nuestro trabajo. Los resultados del caṕıtulo 4 se corresponden con los resultados de
los art́ıculos [21] y [22] , publicados en la revista cient́ıfica Journal of High Energy Physics, mientras
que los resultados presentados en el caṕıtulo 5 son bastante recientes y aún están pendientes de
publicación [23,24]. Finalmente, presentamos nuestras conclusiones en el caṕıtulo 6.





Motivations and Goals

The Standard Model (SM) is a renormalizable quantum field theory which is invariant under the
gauge symmetry SU(3)C × SU(2)L × U(1)Y [1–4]. So far, it has been able to describe with great
success the observed strong and electroweak interactions between elementary particles, which take
place through the exchange of vector gauge bosons. However, we know a priori that the SM is not
a full theory, since it is not able to incorporate in a consistent way a quantum theory of gravity.
Even though this is the most accute evidence which indicates that the SM is only a low energy
version of another theory at higher energies, it presents additional problems which also point in
the same direction.

Strong experimental evidences claim for the existence of physics Beyond the Standard Model
(BSM). On the one hand, in order to explain the rotational curves of galaxies, data for gravitational
lensing and the measurements on the Cosmic Microwave Background obtained by COBE and
WMAP [5, 6] a great amount (∼ 25%) of non-baryonic matter should be present in the Universe.
This is the so-called dark matter. On the other hand, the measurements on the relation between
the distance and redshift of some supernovae are evidencing the acceleration of the Universe [7]. In
order to accomodate the experimental data and obtain an accelerated expansion of the Universe, a
large amount of dark energy (∼ 70%) has to be necessarily introduced in the Friedmann-Robertson-
Walker equations. One possible way to do this is by means of a constant term in the lagrangian,
Λ, which becomes non-trivial in presence of gravity. Such constant is commonly known as the

cosmological constant. The origin of this constant remains presently unknown. A quite accepted
hypothesis is that Λ could be related to the vacuum energy of the SM. Nevertheless, a näıve

estimate of this energy differs at least in more than 50 orders of magnitude with respect to the
experimental value. To sum up, the SM is not able to explain neither the dark matter nor the
dark energy, which roughly amount to a 95% of our Universe.

From a more theoretical point of view, the SM presents further issues. Firstly, it cannot
explain in a consistent way the vacua of the theory. In addition to the cosmological constant and
its presumed relationship with the vacuum of the theory in presence of gravity, in QCD we find
the strong CP problem [8]. Non-perturbative effects of the theory generate an explicitely C- and

CP -violating term in the lagrangian: θFµνF̃
µν . Such a term can be reabsorbed by means of a

rotation in flavour space assuming massless quarks. However, this is no longer true in the presence
of quark masses. Experimental measurements on the neutron electric dipole moment stablish a
bound on the value for θ at θ < 3× 10−10 [9]. Again, the SM does not provide an explanation for
such a small value.

These problems seem to indicate, thus, that the SM is an effective version of another theory
at higher energies. If this is true, the scalar sector of the SM would be affected by a second
theoretical problem: the hierarchy problem. In the SM, the Higgs boson is needed in order to
give masses to the electroweak bosons after the Electro-Weak Symmetry Breaking (EWSB). The
Higgs mechanism preserves gauge invariance and the renormalizability of the theory. At the same
time, it gives masses to the fermions through the Yukawa terms, which are allowed by the gauge
symmetry. The Higgs being a scalar boson, its mass is not protected by any of the symmetries
of the SM. Therefore, any New Physics (NP) beyond the Electro-Weak (EW) scale is expected
to produce quadratic corrections to its mass, δm2 ∝ Λ2, where Λ is the scale at which the new
degrees of freedom become relevant. However, triviality bounds on the Higgs mass suggest that
its value should be around the EW scale [10–12]. Indeed, the precision measurements obtained
at LEP even point to relatively small values [13], mH < 167 GeV (95% CL). If we make the
assumption that the SM is valid up to the Planck scale (∼ 1019 GeV), this would necessarily imply
a very precise fine-tuning of the parameters of the model so that the radiative contributions to
the Higgs mass cancel out. This is what is usually known as the hierarchy problem [14, 15]. The
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hierarchy problem could be pointing to the existence of NP not very far away from the EW scale.
Another possibility could be that the NP incorporates a specific mechanism (symmetry) leading
to the exact cancelation of the radiative corrections to the Higgs mass.

In third place, the SM does not provide an explanation for the baryon asymmetry of the
Universe. The symmetry between particles and antiparticles is one of the bases of modern physics:
the CPT theorem stablishes that, for a given particle there exists an antiparticle with identical mass
and decay width but with opposite charges [4]. However, our Universe is mainly made of matter
and not antimatter. The most accepted explanation for this is that during the early expansion of
the Universe a process known as baryogenesis took place. Such process would have favored the
creation of particles with respect to the creation of antiparticles through processes which violate the
baryon number B. As a result, the asymmetry we observe nowadays was generated. In order for
baryogenesis to take place, the three Sakharov conditions [16] need to be satisfied: (1) the process
must violate B; (2) it must take place out of thermal equilibrium; (3) the C and CP discrete
symmetries must be violated. Even though the SM contains all the ingredients for baryogenesis to
take place, it is not able to explain the large asymmetry observed nowadays.

Eventually, there is the flavour problem. The SM presents a very complex flavour structure,
with great differences between the masses of the different fermions. Once neutrino oscillations
and the mixing in the lepton sector have been clearly stablished by overwhelming experimental
evidences, it is necessary to enlarge the matter content of the SM in order to accomodate neutrino
masses. This has two main consequences which aggravate the flavour problem: firstly, neutrino
masses turn out to be extremely small in comparison with those of the rest of the fermions; (2)
secondly, the mixing in the leptonic sector follows a very different pattern to the one observed in
the baryonic sector. As a consequence, the SM presents a set of Yukawa couplings whose values
are placed along twelve orders of magnitude, and a different mixing pattern in the leptonic and
quark sectors. The flavour problem addresses the question of whether there is a mechanism behind
such a complicated mixing pattern, and if such mechanism is also able to explain the number of
fermion generations in the SM.

The neutrino sector is precisely opening a window to some of these problems and, in general,
to NP above the EW scale. Firstly, neutrino oscillations demonstrate that neutrinos are massive.
The inclusion of a mass term for them in the lagrangian is mandatory. This is, per se, an evidence
of NP since new particles need to be added to the SM particle content. Each of these extension
could, at the same time, have consequences in other areas of particle physics. For instance, the
See-Saw models contain an important source of violation of B − L as well as additional CP
violating phases [17–19]. Both could help to baryogenesis through leptogenesis [20]. Besides, the
existence of more than three neutrino species has not been discarded yet. The extra neutrino species
would be sterile from the electroweak point of view, and their presence in Nature could only be
observed through their mixing with the active species or their consequences in cosmology. Plenty
of experiments have been designed in order to study this possibility including near detectors. The
main purpose of such facilities would be to explore oscillations between neutrinos with squared-
mass differences around the eV. In fact, recent anomalies observed at the LSND and MiniBooNE
experiments seem to favor this hypothesis in some sense. On the other hand, the latest results from
WMAP, in combination with gravitational lensing results and the primordial abundances of light
elements, seem to suggest the existence of more than three light neutrino species. A very interesting
consequence of some models of NP including sterile neutrino species (with masses around the keV)
would be the availability of a candidate for dark matter. Finally, there is a whole plethora of
flavour models proposed in order to explain the mixing pattern between fermion families. The
neutrino sector could be particularly illuminating for these models and could help to discriminate
between them.

Therefore, it turns out that the understanding of the flavour problem and the mixing in the



leptonic sector could be of great help in order to undestand some of the rest of the problems of
the SM. In order to do so, it is necessary to obtain a measurement on the yet unknown mixing
parameters, as well as to reduce the present uncertainties on the parameters which have already
been measured. In this sense a measurement of the third mixing angle, θ13, turns out to be of great
importance. In first place, it opens a window to CP violation in the leptonic sector. In addition, if
θ13 turns out to be zero a measurement on the hierarchy of neutrino masses would be very hard to
obtain. So far, neutrino oscillation experiments have shed much light on the leptonic mixing matrix
and neutrino masses. In case θ13 turns out to be extremely small, this would be beyond the reach
of the present and forthcoming generations of neutrino experiments. A new generation, specially
designed in order to obtain a measurement on θ13 and, if possible, the CP violating phase and
the mass hierarchy, would be needed. We are entering a precision Era in neutrino physics. Four
kinds of future neutrino oscillation experiments are currently being under consideration: Reactors,
Super-Beams, β-beams and Neutrino Factories.

The first part of this thesis consists on the study of the possibilities that several Super-Beam
and β-beam setups would have in order to determine θ13, δ and the mass hierarchy. This analysis is
performed considering only the interactions of the SM extended with neutrino masses. In a second
part of the work, we have also considered the possible existence of effective operators originated
from NP beyond the SM and their effects at low energies. In this context, we study which bounds
could be placed at a Neutrino Factory over the parameters which are associated to these operators
in the lagrangian, as well as the possibilities of observing a CP violating signal coming from NP.

The structure of the manuscript is the following. In Ch. 1, a general introduction to the SM
particle content and the simplest mechanisms which can account for neutrino masses is presented.
In addition, we introduce very briefly the formalism of effective operators and the lowest dimen-
sion operators which could give an observable effect in low energy neutrino physics. In Ch. 2, we
summarize the experimental landscape in neutrino physics. We briefly review the experiments on
tritium double beta decay, neutrinoless double beta decay, the results from cosmological observa-
tions and the main neutrino oscillation experiments. Finally, we introduce the recent (unexplained)
experimental anomalies. Chapters 3, 4 y 5 are dedicated to present our results. The results pre-
sented in Ch. 4 correspond to the results obtained in Refs. [21] and [22] and have been published
in the Journal of High Energy Physics, whereas the results presented in Ch. 3 and Ch. 5 are ex-
pected to be published in the near future [23, 24]. Eventually, in Ch. 6 we summarize and draw
our conclusions.
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1
The origin of neutrino masses

In this chapter we introduce some of the minimal extensions of the SM which can account for
neutrino masses. In Sec. 1.4.2 the SM particle content and its properties are presented; in Sec. 1.2
the simplest possibilities for the inclusion of neutrino masses in the Standard Model and the d = 5
Weinberg operator are introduced; Sec. 1.3 is dedicated to introduce the leptonic mixing matrix; in
Sec. 1.4 the general formulae for oscillations and matter effects in a two family model are derived;
finally, in Sec. 1.5 higher dimensional operators able to produce neutrino masses and Non-Standard
Interactions at low energies are introduced.

1.1 The gauge group of the SM and its particle content

The gauge symmetry group of the Standard Model (SM), SU(3)C×SU(2)L×U(1)Y , determines the
number and general properties of the gauge fields which mediate its interactions. The fermionic
matter content of the SM, an external input, is classified in three families or generations. The
quantum numbers are the same for the three families, since the particles in each family correspond
to the same irreducible representations of the gauge group. Tab. 1.1 summarizes the fermionic
particle content of the SM, including the quantum numbers of each particle and the irreducible
representation to which it belongs.

The SM also includes a scalar field called the Higgs boson, which behaves as a singlet under
SU(3)C , as a doublet under SU(2)L and has hypercharge Y = 1/2 (see Tab. 1.1). The Higgs boson
is needed in the SM in order to give masses to the W± and Z gauge bosons without spoiling the
renormalizability of the theory. We know that the SM gauge group is broken into the subgroup
SU(3)C ×U(1)em, since the gauge bosons in the electroweak sector are massive while photons and
gluons remain massless. This is done through the spontaneous ElectroWeak Symmetry Breaking
(EWSB), when the Higgs boson takes a vacuum expectation value (vev):

φ −→ 〈φ〉 =
1√
2

(
0

v

)
.

Three out of the four degrees of freedom of the Higgs boson are absorbed by the vector
bosons in the EW sector. As a result, the W and the Z get a mass through the Higgs mechanism,
while the photon remain massless. The masses of the gauge bosons at tree level are related to the
Higgs vev as1 MW = (g2v2)/2; MZ = (g2 + g′2)v2/2, where g = e/ sin θW and g′ = e/ cos θW .
Direct measurement of the vector boson masses give M2

W = 80.398 ± 0.025GeV, M2
Z = 91.1876 ±

0.0021GeV [25], which automatically implies v ∼ O(250) GeV.

1These relations are modified at the loop level, though.



2 The origin of neutrino masses

Particle Quantum numbers

1st Family 2nd Family 3rd Family SU(3)C SU(2)L U(1)Y

(
u

d

)

L

(
c

s

)

L

(
t

b

)

L

3 2 1/6

(
νe

e

)

L

(
νµ

µ

)

L

(
ντ

τ

)

L

1 2 −1/2

uR cR tR 3 1 2/3

dR sR bR 3 1 −1/3

eR µR τR 1 1 −1

φ 1 2 1/2

Table 1.1: Quantum numbers for the different representations of the gauge group, associated to the
Higgs boson and the fermions belonging to each family in the SM. Fermion families are ordered
attending to their masses: the third one is the most massive, while the first one contains the
lightest fermions. Left-handed particles (first two columns) are generally denoted with uppercase
letters (QL, LL), while lowercase is used to refer to right-handed particles (qR, lR). Notice the
convention Q = T3 +Y , where Q, T3 and Y refer to electric charge, thrid component of the isospin
and hypercharge of a given particle, respectively.
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The Higgs boson has not been observed yet and its mass is also unknown. In the SM, the
Higgs mass is given by mH =

√
λv, where λ is the Higgs self-coupling parameter and v is the

Higgs vev. While v can be determined through the masses of the gauge bosons, λ is presently
unknown and, therefore, the value of mH cannot be derived directly. Direct searches at LEP
have placed a lower bound at mH > 114.4 GeV (95% CL) [13]. However, triviality bounds point
to the Higgs mass being below ∼ 600 − 700 GeV (see, for instance, Ref. [26] for a nice review
on theoretical bounds to the Higgs mass). Furthermore, precision electroweak data from LEP
measurements point to relatively low values [13], mH < 167 GeV (95% CL), a range which will
be fully explored at the LHC in the near future. Such a tiny window for the Higgs mass is the
source of a long-standing problem of the SM. The Higgs mass is not protected from becoming large
by any symmetry of the SM. Indeed, if we assume that the SM is an effective theory, the Higgs
mass is expected to receive quadratic corrections from any scale of New Physics (NP) above the
electroweak scale: δmH ∝ Λ2. In this case, the Higgs mass should be at the order of the scale Λ at
which the NP takes in. Clearly, if the NP arises at the Planck or at the GUT scales, for instance,
a strong fine tuning of the coefficients associated to the quantum corrections to the Higgs mass
will be needed in order to bring it down to the EW scale. This problem is known as the hierarchy

problem, and it is usually invoked to suggest that NP should lie at O(TeV) at most.

It is worth to note that the Higgs boson plays a double role in the SM: while it is introduced
in order to give masses to the gauge bosons through the EWSB, at the same time it accidentally

produces mass terms for all the fermions in the model (with the sole exception of the neutrinos,
for which right-handed particles are not present and Yukawa terms cannot be constructed). Since
Yukawa terms such as YdQLdRφ are allowed by the gauge symmetry, they have to be included in
the lagrangian. These also generate mass terms for the fermions once the EWSB takes place, as it
will be shown in the next section in detail. Therefore, the lagrangian of the SM can be written as:

L = Lk + Lg + LH + LY ,

where Lk contains the kinetic terms for all fermions, Lg the gauge interactions, LH the scalar
potential associated to the Higgs, and LY the Yukawa couplings for all fermions. The allowed
ranges for the fermion masses of the three families in the SM are summarized in Tab. 1.2. Dedicated
searches for particles belonging to a fourth family have been performed in several experiments, with
negative results. The following lower bounds for the masses of charged fermions belonging to a
fourth family can be derived from them at the 95%CL [25]:

mτ ′ > 100.8GeV

mt′ > 256GeV

mb′ > 128GeV

Notice that the Higgs boson could be either a fundamental or an effective field, but it is
absolutely necessary to break the gauge group and give mass to the vector bosons. In fact, the
Higgs boson contained in the SM is the minimal possibilily able to give masses to the W and Z
gauge bosons and all the fermions, but larger scalar sectors have also been considered in theories
beyond the SM, such as, for instance, the two-Higgs-doublet models (see, for instance, Ref. [27] for
a recent review).

Finally, it is worth to mention that two accidental discrete symmetries appear in the SM:
these are the baryon and lepton numbers, B and L. It is remarkable that, although both B and
L are anomalous, B − L is a non-anomalous symmetry of the SM. This is the main reason why
in some theories beyond the SM the gauge group is enlarged including a U(1)B−L additional local
symmetry, which would imply an unobserved additional neutral gauge boson [28–30].
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First Family (MeV) Second Family (MeV) Third Family (GeV)

me = 0.510998910 ± 1.3 × 10−8 mµ = 105.6583668 ± 3.8 × 10−6 mτ = 1.77682 ± 1.6 × 10−4

mu = 2.49+0.81
−0.79 mc = 1270+70

−110 mt = 172 ± 0.9 ± 1.3

md = 5.05+0.75
−0.95 ms = 105+25

−35 mb = 4.19+0.18
−0.06

Table 1.2: Allowed ranges at 1σ CL for the masses of the charged fermions of the three families
in the SM [25]. The u−, d− and s− quark masses are estimates of the so-called “current quark
masses” in a mass independent substraction scheme such as MS at a scale µ = 2 GeV. The
estimates of u− and d− quark masses are controversial and remain under active investigation.
The c− quark mass is the “running” mass (µ = mc) in the MS scheme. The range 1.0 − 1.4 GeV
for the MS mass corresponds to 1.47 − 1.83 GeV for the pole mass. The b− quark mass is the
“running” mass (µ = mb) in the MS scheme. In this case, the range 4.13 − 4.37 GeV for the MS
mass corresponds to 4.71 − 4.98 GeV for the pole mass. The value for the top mass quoted here
is an average of top mass measurements of Tevatron-Run-I and Run-II that were published at the
time when Ref. [25] was prepared.

1.2 Mechanisms to generate neutrino masses

Due to the gauge properties of the Higgs boson, the following interaction terms need to be intro-
duced in the lagrangian, since they are allowed by the gauge symmetry of the SM:

− LY = YdQLφdR + YuQLφ̃uR + YlLLφlR + h.c. ,

where φ̃ = iσ2φ
∗.

After EWSB takes place, as the Higgs gets a vev all the quarks and charged leptons acquire
their masses through these interaction terms in the lagrangian:

LY −→
∑

ψ=q,l

Yψ
v√
2
(ψLψR + h.c.) = mψψψ

The couplings Yψ are the Yukawa couplings, whose values are determined through the mea-
surement of fermion masses. As we have just seen, this mechanism needs the existence of right-
handed singlets to give masses to the fermions.

Note that right-handed particles necessarily have to be included in the SM particle content,
because the strong and electromagnetic interactions are not chiral. However, this is not the case
for neutrinos, since they do not interact neither strongly nor electromagnetically. Right-handed
neutrinos, thus, are not needed to explain the observed weak interactions phenomena. Therefore,
when the SM was built they were not included in its particle content.

As a consequence, in the absence of a νR, neutrinos cannot acquire mass through a Yukawa
term. This was not a problem when the SM was formulated, as neutrino masses had not been
observed yet. However, the first evidence of physics Beyond the Standard Model (BSM) came with
the discovery of neutrino oscillations [31,32]. Since the observed pattern of oscillations can only be
explained if at least two of the neutrino masses are non-vanishing, a mechanism to generate them
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must be added to the SM. In order to do so, the particle content of the SM needs to be enlarged.
This can be done in several ways.

Imposing exact L conservation: Dirac neutrinos.

A straightforward option to generate neutrino masses consists in the inclusion of right-handed
neutrinos in the SM particle content. In this case, neutrinos acquire their masses just as the rest
of the fermions, through their corresponding Yukawa terms in the lagrangian:

LνY = Y ναβLLαφ̃νRβ + h.c. (1.1)

However, notice that right-handed neutrinos are singlets of the gauge group. As a consequence, an
additional Majorana mass term of the form MνcRνR could in principle be added to Lνmass, since it
is compatible with the gauge symmetries of the SM. However, such a term is L violating. Since L
is respected in the SM, one possibility would be that it is also respected by any possible extension
of physics BSM.

In this approach, after EWSB the lagrangian would be:

Lνmass =
v√
2
Y ναβ

︸ ︷︷ ︸
mν

αβ

νLανRβ + h.c. ,

where Yν is a n × n′ hermitian matrix containing the Yukawa couplings, where n and n′ are
the number of left- and right-handed neutrinos, respectively. Notice that, in order to reproduce
neutrino masses in the observed range, mν ∼ O(10−2) eV, extremely small Yukawa couplings
are needed: Yν ∼ O(1011). It is commonly argued that such small values for the couplings are
“unnaturally” small, since the Yukawa couplings for the rest of the fermions adopt values which are
in the range

[
10−6, 1

]
. In particular, it is suggestive that neutrino Yukawa couplings are roughly

6 orders of magnitude below those of their multiplet counterparts, the charged leptons. A possible
interpretation for this is that neutrinos acquire their masses through a different mechanism related
to NP beyond the SM, which suppresses their masses with respect to those of the charged leptons.
However, it should also be noticed that this “naturalness” problem is not exclusive of the neutrino
sector: as it can be seen from Tab. 1.2, charged fermion masses span over 6 orders of magnitude,
with some hierarchy present between the ranges in the different families. Therefore, it could also
be possible that a mechanism responsible of the flavour structure in the SM explains its fermionic
spectrum.

Imposing partial L conservation: Light Majorana neutrinos.

A second possibility arises if we consider the L symmetry to be slightly violated in the full theory2.
Since it is an accidental symmetry of the model which appears due to the particle content of
the SM before neutrino masses were included, we can decide not to preserve it anymore. In this
approach, a Majorana mass term for the right-handed neutrinos should be added to the neutrino
mass lagrangian,

− LνY = Y ναβLLαφ̃νRβ +
1

2
MνcRνR + h.c. , (1.2)

2In some models, such as the one proposed in Ref. [33], for instance, Majorana terms are allowed whereas L
conservation is imposed at the same time. This can be done assigning appropriate values of L to the new particles
in the model.
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M being a n′×n′ complex matrix, in general. It should be noticed, however, that a trivial rotation
can always be performed for the νR states in such a way that the Majorana mass matrix M turns
out to be diagonal with real positive entries.

After EWSB, the mass lagrangian in Eq. (1.2) can be rewritten as:

− Lνmass =
1

2
ncLM∗nL + h.c. ,

where

nL =

(
νL
νcR

)
.

For n leptonic generations, M is the 2n× 2n′ neutrino mass matrix

M =

(
0 v√

2
Yν

v√
2
Y Tν M

)
. (1.3)

Finally, Majorana masses Mii run with the renormalization scale, Λ, as:

dMii

dΛ
∝Mii

∑

α

|Yαi|2 . (1.4)

As it can be seen, the renormalization running of the Majorana mass is proportional to
the Majorana mass itself. It is thus “protected” by chiral symmetry. If M is small, the running
guarantees that quantum corrections will be small, too. This observation applies to any particular
choice of M , which is therefore stable under renormalization3. Thus, small Majorana masses
enlarge the symmetries of the lagrangian since L conservation is recovered in the limit M → 0,
and at the same time they are protected from becoming large by the chiral symmetry.

Allowing large L violation: The See-Saw models.

A third possibility would be to allow for a large violation of L. Following this approach, there is
nothing now which prevents our Majorana masses in Eq. (1.2) from becoming large. Indeed, from
Eq. (1.4) it can be seen that M is stable under renormalization, regardless of its value. Therefore,
in principle M can also be large. In this approach, if we follow the procedure described above and
diagonalize the mass matrix in Eq. (1.3) in the limit where M ≫ v, the following expression for
light neutrino masses is obtained:

mlight
ν =

v2

2
Yν

1

M
Y tν . (1.5)

By doing this, the smallness of neutrino masses is automatically explained due to a suppression
with the mass of the heavy neutrino, and extremely small Yukawa couplings are not needed any-
more. The smallness of neutrino masses is provided in this case by the theory, which introduces a
suppression with the scale of NP Λ ≫ v. Consequently, these kind of models are called “See-Saw”
models [17,18,34,35].

An alternative approach which gives the same expression for neutrino masses consists in
integrating out the heavy fields in the theory, since M ≫ v, and working in the effective theory

3This case is quite different from the case of the Higgs mass, for which we have seen that quantum corrections
are quadratically sensitive to the UV cut-off.
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N
φφ

νcLνL

Σ
φφ

νL νcL
∆

νL νcL

φ φ

Figure 1.1: Feynman diagrams associated to the type I (left), type II (middle) and type III (right)
See-Saw mechanisms. When the heavy particle that is acting as a mediator is integrated out, the
Weinberg operator is generated in the low energy regime.

at low energies. Doing this in the theory described above, we obtain the following dimension 5
operator:

Ld=5 = (LLαφ̃)(Yν
1

M
Y tν )αβ(φ̃

tLcLβ),

where LLα stands for the leptonic doublet and ψc = Cψ
t
, C being the charge conjugation operator.

This is the so-called Weinberg operator [36], which will give rise to neutrino masses after EWSB. It
is important to notice that this is the only gauge invariant d = 5 operator which can be constructed
within the SM particle content. In addition, notice that its inclusion in the lagrangian violates the
B−L symmetry. Since the SM preserves the B−L symmetry, quantum corrections cannot generate
such a term at any order in perturbation theory. It cannot be generated due to non-perturbative
effects, either, since B − L is non-anomalous.

The most general expression for this operator would be the following:

Ld=5 =
cd=5
αβ

Λ
(LLαφ̃)(φ̃tLcLβ),

where the energy scale Λ is needed in order to keep correct dimensions in the lagrangian. In the
previous case, Λ corresponds to the mass of the heavy neutrino (type I See-Saw, [35,37]), and the
expression in Eq. (1.5) for the light neutrino masses is easily recovered at low energies. However,
this is not the only possible extension of the SM which gives rise to the Weinberg operator. The
inclusion of a heavy scalar triplet (type II See-Saw, [38–40]) or a heavy fermionic triplet (type III
See-Saw, [41]) would also produce the same effective lagrangian at low energies, although in these
cases different expressions for the light neutrino masses would be obtained since more parameters
are involved in the lagrangian at high energies. The three diagrams associated to the three types of
See-Saw mechanisms, which originate the Weinberg operator after the heavy particles are integrated
out can be seen in Fig. 1.1.

Several reasons make the See-Saw mechanism very appealing from the theoretical point of
view. Firstly, it provides a “natural” explanation for the smallness of neutrino masses due to the
suppression with the mass of the heavy particles: therefore, small Yukawa couplings are not needed
anymore. At the same time, it constitutes a window to a scale of NP at energies much above the
electroweak scale. Finally, these kind of models provide, in principle, the necessary ingredients for
leptogenesis to take place since they involve new sources of CP violation and a large violation of
L at temperatures above the electroweak scale [20].

Notice the strong interplay that takes place between the neutrino Yukawa couplings and the
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N

νL

φ φ

νL
φ φ

φ φ

Σ
∆

Figure 1.2: 1-loop contributions to the Higgs mass for the type I (left), type II (middle) and type
III (right) See-Saw models.

scale of NP, Λ. Neutrino masses obtained from the Weinberg operator take the form:

mν ∼ cd=5Y tY
v2

Λ
,

where the exact expression for cd=5 depends on the particular model of NP giving rise to the
Weinberg operator at low energies. For illustration, let us consider the type I See-Saw. If a
neutrino Yukawa coupling of O(1) (like the coupling for the top quark) is assumed, in order to
obtain neutrino masses in the correct ballpark Λ needs to be placed at the GUT scale. This possible
relation between the neutrino sector of the SM and new particles at the GUT scale is extremely
suggestive from the theoretical point of view, since it opens the possibility of obtaining bariogenesis
through leptogenesis. However, the scale of NP could also be lowered to the TeV range if smaller
Yukawa couplings of O(10−6) (like the coupling for the electron) are assumed.

On the other hand, while in See-Saw models neutrino masses are generated at tree-level,
notice that the Weinberg operator could be also generated at the one-loop level [42–46]. In this
case, the coefficient of the Weinberg operator in the expansion would have an extra suppression
due to the loop:

cd=5 ∼ 1

16π2
Y tY .

In this case, even with large Yukawa couplings of O(1) the NP scale could be placed at the TeV.
Notice that this interplay may become even more complicated when a particular model of NP is
considered, if the associated expression of cd=5 can involve additional parameters.

Finally, it should also be taken into account that large Majorana masses lead to a destabi-
lization of the electroweak scale (in absence of a mechanism to cancel them out, such as supersym-
metry, for instance), since Majorana fermions produce quadratic corrections to the Higgs mass. In
Fig. 1.2, the 1 loop contributions to the Higgs mass for the three types of See-Saw can be seen. For
instance, the contribution for the type I See-Saw (left diagram in Fig. 1.2 can be written as [47]:

δm2
H ∼ 1

v2
(4m2

t − 2M2
W −M2

Z −m2
H)Λ2 . (1.6)

Therefore, even if in principle large scales may be preferred in order to provide adequate conditions
for leptogenesis, for instance, at the same time they appear to be disfavoured since they worsen
the hierarchy problem.
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1.3 Diagonalization of the mass lagrangian. The UPMNS ma-
trix

In the previous section we have focused on the mass terms in the neutrino lagrangian. However,
they need to be diagonalized. In this section it will be shown that, analogously to what happens
in the quark sector, the rotation matrices cannot be fully reabsorbed.

Let us take first the case where n′ singlets (νRα) are added to the SM particle content and
exact lepton number conservation is imposed. In this case, the full neutrino lagrangian after EWSB
can be written as:

Lν = Lνk + LνCC + LνNC + Lνm ,
being4:

Lνk = iνLαD/νLα + iνRα∂/ νRα ,

LνCC = − g√
2

(
lLα γ

µ νLαW
+
µ + h.c.

)
,

LνNC = − g

cos θW

1

2
νLα γ

µ νLαZ
0
µ ,

where greek indices refer to flavour space, and summing over repeated indices is assumed.

The mass lagrangian would correspond to the one in Eq. (1.1), which can be diagonalized
through the bi-unitary transformation:

{
νLα = V ∗

αiνi ,
νRβ = Vβiνi .

A similar transformation can be performed to diagonalize the charged lepton masses:

{
lLα = Ṽ ∗

αili ,

lRβ = Ṽβili .

After diagonalization, the V and Ṽ cancel with their adjoints in the kinetic and mass terms,
since they are unitary. However, in the charged current lagrangian the mixed product will remain:

LνCC = − g√
2

∑

α

ṼjαV
∗
αi

(
lLj γ

µ νiLW
+
µ + h.c.

)
. (1.7)

Here, latin indices correspond to mass eigenstates, and greek indices to flavour eigenstates. A
redefinition of the lepton mass eigenstates as the flavour ones allows to rewrite Eq. (1.7) as:

LνCC = − g√
2
U∗
αi

(
lLα γ

µ νiLW
+
µ + h.c.

)
, (1.8)

where U = Ṽ †V is the so-called UPMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix [48–51].
Notice that the UPMNS matrix is physical and therefore can be measured experimentally. It is in
addition expected to be unitary, since it is the product of two unitary matrices. For n = 3 and
n′ ≤ 1, the mixing matrix is a 3×3 matrix, and therefore it is parametrized by a total of 3 angles

4Notice that, since the νR are SU(3)C × SU(2)L × U(1)Y singlets, the covariant derivative reduces to Dµ = ∂µ

in the kinetic energy term.
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and 6 phases. In general, it is also assumed to be unitary. If neutrinos are Dirac particles 5 out
of the 6 phases can be reabsorbed by means of a rotation in flavour space, and only one of them
remains in the parametrization: this is the CP violating phase δ.

For the three-family case, the matrix is usually parametrized as [25]:

UPMNS =




1 0 0
0 c23 s23
0 −s23 c23






c13 0 s13e
−iδ

0 1 0
−s13eiδ 0 c13






c12 s12 0
−s12 c12 0

0 0 1


 ,

where cij ≡ cos θij , sij ≡ sin θij .

In case neutrinos also have a Majorana mass only three of the phases can be reabsorbed in
a rotation in flavour space, and thus the UPMNS matrix can be written as:

UMaj
PMNS = UPMNS · diag(1, eiα1 , eiα2) . (1.9)

The values for the UPMNS matrix elements are [52]:

|UPMNS | ∼




0.8 0.5 0 − 0.15
0.4 0.5 0.7
0.4 0.5 0.7


 .

When a comparison is made with its analogous in the quark sector, VCKM [25]:

VCKM ∼




0.97 0.23 0.003
0.23 0.97 0.04
0.008 0.04 0.99


 ,

the second piece of the flavour puzzle appears. The mixing matrix in the quark sector is almost
diagonal, showing a strong hierarchy for the mixing between particles belonging to different gen-
erations. On the contrary, all the matrix elements in the PMNS matrix are of the same order
of magnitude (with the sole exception of Ue3). In particular, they seem to follow a tribimaximal
pattern [53]. This has been widely discussed in the literature (see, for instance, Ref. [54] and refer-
ences therein), since a tribimaximal mixing matrix for the leptonic sector is obtained, for instance,
in models where discrete flavour symmetries are imposed. Finally, it should be mentioned the huge
uncertainties over the PMNS matrix elements, to be compared with their analogous in the quark
sector, of O(1%).

1.4 Neutrino oscillations

The existence of a physical mixing matrix in the leptonic sector has two main consequences: first
of all, leptons can change flavour as it occurs in the quark sector and, secondly, neutrinos can oscil-
late5. Oscillations are quantum mechanics interference phenomena which consist in the conversion
of a particle of one flavour into another with different flavour after traveling a certain distance L.
A clear indication of neutrino oscillations is precisely the L/E dependence, which distinguishes
them from lepton flavour violating interactions, for instance. In this section, the neutrino oscilla-
tion probabilities for N families will be derived for the vacuum case, and then the potential for
neutrinos traveling through matter will be introduced. The two neutrino oscillation formulas in

5Oscillations do not take place in the quark sector due to strong interactions. However, oscillation phenomena
occur for K and B mesons.
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matter will be presented, while we refer the reader to App. B for the expanded probabilities in the
three family case. Nothing in this section is different from the classical references (see, for instance,
Ref. [55] and references therein).

1.4.1 Oscillations in vacuum with N families

We can consider that a neutrino is produced as a wave packet localized around the source position
x0 ≡ (t0, ~x0) in a flavour eigenstate να, which is a superposition of the mass eigenstates νi. Then,
at another point x ≡ (t, ~x) the neutrino will have evolved freely as:

|να(x)〉 =
∑

j

Uαj

∫
d3k

(2π)3
fj(~k)e

−ikj(x−x0)|νj〉 , (1.10)

where U is the UPMNS mixing matrix, and kj ≡ (k0,j ,~k) is the four-momenta associated to νj .

An important remark should be done at this point regarding the use of flavour eigenstates
with respect to mass eigenstates. Flavour eigenstates are neither momentum nor energy eigen-
states6. A first consequence which is derived from this fact is that each wave packet corresponding
to a mass eigenstate propagates with a different group velocity, vk = pk/Ek. Therefore, they
separate as they travel towards the detector. In order for oscillations to take place, the different
mass eigenstates must be able to interfere at the detector. This is only possible if the separation
between the wave packets at the detector is smaller than the size of the wave packet. An additional
consequence due to the difference between flavour and mass bases is the quantum entanglement
existing between the particles involved in neutrino production and the neutrino mass eigenstates.
Therefore, a careful treatment of the process, taking into account the rest of particles resulting
from the production process, should be done. In Ref. [56] a detailed analysis, taking this into ac-
count, was performed. It was shown that the detailed properties of the states involved in neutrino
production play no role in the analysis of neutrino oscillations, provided that the spatial separation
of the wave packets associated to the mass eigenstates allows them to interfere at the detector.
Therefore, in the following we will ignore the production process of the neutrino.

Since the mass eigenstates form an orthonormal basis, the transition amplitude να → νβ
will be, at a point x:

Aα→β(x) = 〈νβ |να(x)〉 =
∑

j

UαjU
∗
βj

∫
d3k

(2π)3
fj(~k)e

−ikj(x−x0) . (1.11)

For the sake of simplicity, in the following we will work in one dimension only, assuming
that the detector is placed at x = (t, L). This is a good approximation, since neutrino oscillation
experiments require the neutrino to propagate far from the production point. Therefore, only the
particles which propagate in that direction will be detected. We will also set x0 = (0, 0). Thus,
the transition amplitude can be written as:

Aα→β(L, t) =
∑

j

UαjU
∗
βj

∫
dkz
(2π)

fj(kz)e
−ik0,jt+ikzL , (1.12)

where k2
0,j = k2

z +m2
j .

6Neutrino flavour eigenstates are states with more or less well-defined energy, but they are not momentum
eigenstates and therefore need to be treated as wave-packets with a certain spread in momentum. Ignorance of this
fact could lead to wrong statements, such as the violation of energy-momentum conservation in neutrino oscillations.



12 The origin of neutrino masses

The oscillation probability is obtained by squaring the amplitude (1.12). Since we do not
know the time of the neutrino detection, an integration over t is also needed7:

P (να → νβ) =

∫
dt
∣∣Aα→β(L, t)

∣∣2

∼
∑

i,j

UαjU
∗
βjU

∗
αiUβi

∫
dkz

∫
dk′z

∫
dt fj(kz)f

∗
i (k′z)e

i(k0,j−k′0,i)tei(kz−k′z)L .

Notice that no normalization factors have been included so far. These will be included later through
a normalization of the probability to 1.

Since neutrinos are relativistic in the range of energies which are relevant for neutrino os-
cillation experiments, the neutrino energy can be safely approximated as k0,i =

√
k2
z +m2

i =
kz + O(m2

i /k
2
z). After integration over t and k′z, and neglecting the corrections O(m2

i /k
2
z), the

following expression for the oscillation probability is obtained:

P (να → νβ) ∼
∑

i,j

UαjU
∗
βjU

∗
αiUβi ×

∫
dkz

{
fj(kz)f

∗
i (kz)e

−i(
∆m2

ij
2kz

)L + fj(kz)f
∗
i (−kz)ei(2kz)L

}
,

where ∆m2
ij ≡ m2

j − m2
i . We have neglected all the corrections with the only exception of the

exponent in the first term, since L is expected to be large enough to avoid the suppression with
1/kz. The second term in the oscillation probability disappears if we make the general assumption
that the neutrino wave packets have finite size, much smaller than L. After integrating over kz
and normalizing the probability to 1, the following expression for neutrino oscillations is obtained:

P (να → νβ) =
∑

i

|Uαi |2|Uβi |2 +2
∑

i,j
i<j

Re
(
UαiU

∗
βiU

∗
αjUβj

)
cos

(
∆m2

ijL

2E

)
+

+2
∑

i,j
i<j

Im
(
UαiU

∗
βiU

∗
αjUβj

)
sin

(
∆m2

ijL

2E

)
, (1.13)

where kz ≃ E has been assumed for the oscillation phase.

Applying now the unitarity of the UPMNS matrix and some trigonometrical equivalences,
we get the final oscillation formula for neutrinos:

P (να → νβ) = δαβ − 4
∑

i,j
i<j

Re(UαiU
∗
βiU

∗
αjUβj) sin2

(
∆m2

ij

4E
L

)
+

+2
∑

i,j
i<j

Im(UαiU
∗
βiU

∗
αjUβj) sin

(
∆m2

ij

2E
L

)
. (1.14)

The antineutrino oscillation probability can be obtained from this one, assuming CPT is
conserved:

P (να → νβ) = P (νβ → να) .

7The distance from the source to the detector is a well-known parameter in neutrino oscillation experiments. On
the contrary, the exact time at which the neutrino is produced is not known.
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Changing α ↔ β in the probability, all terms remain unchanged except the last one, which
flips sign:

Im(U∗
αiUβiUαjU

∗
βj) = −Im(U∗

βiUαiUβjU
∗
αj) .

Taking this into account, the antineutrino oscillation probability is written as:

P (να → νβ) = δαβ − 4
∑

i,j
i<j

Re(U∗
αiUβiUαjU

∗
βj) sin2

(
∆m2

ij

4E
L

)
−

−2
∑

i,j
i<j

Im(U∗
αiUβiUαjU

∗
βj) sin

(
∆m2

ij

2E
L

)
. (1.15)

From the comparison of Eqs. (1.14) and (1.15), we can see that if UPMNS turns out to
have a non-vanishing CP-violating phase δ, then the probabilities for neutrino and antineutrino
oscillation between the same flavour states will not coincide. It should also be noted that, for the
two-family case, δ can be reabsorbed through a rotation in the flavour basis.

Due to the unitarity of the PMNS matrix all possible combinations Im(U∗
αiUβiUαjU

∗
βj) can

be expressed in terms of only one of them, in the three family case:

∣∣Im(U∗
e2Uµ2Uµ3U

∗
e3)
∣∣ = c12s12c23s23c

3
13s13 sin δ ≡ J ,

which is the so-called Jarlskog invariant [57]. Note that the Jarkslog invariant will be automatically
zero if any of the mixing angles turns out to be zero. Therefore, in this case there would not be
any possibility of observing CP violation in the leptonic sector.

On the other hand, it can be easily checked that the Majorana phases cancel out in the
oscillation probabilities. From Eq. (1.9), it follows that:

UMaj
α1 = Uα1

UMaj
α2 = Uα2e

iα1

UMaj
α3 = Uα3e

iα2

Since these relations are independent from the flavour index, both Majorana phases disappear from
the oscillation probabilities. Thus, oscillation experiments are completely unable to distinguish
whether neutrinos are Dirac or Majorana particles.

Some final remarks should be done at this point regarding this particular derivation for
neutrino oscillation probabilities:

(i) it is important to notice that the neutrino oscillation probability has been derived here within
the assumption that they are relativistic. However, this assumption is not really necessary.
In Ref. [56] it was found that, as long as the separation between the wavepackets associated
to each mass eigenstates is smaller than the size of the wave packets, interference phenomena
and quantum oscillations may take place, without any further assumptions on the masses
or the momenta of the particles involved in the process. The following oscillation phase is
derived in that case:

φ = t
∆m2

ij

Ei + Ej
. (1.16)

This result is more general, and thus can be applied to K and B oscillations as well. In
particular, for relativistic neutrinos t ∼ L and the phase in Eq. (1.13) is recovered. Moreover,
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the condition of interference for the wave packets at the detector also guarantees the indepen-
dence of neutrino oscillations from the particular production process [56]. Therefore, it can
be argued that, in some sense, the oscillation phase (1.16) is “universal”. A detailed review
of the quantum mechanics formalism for neutrino oscillations can be found, for instance, in
Refs. [56,58,59].

(ii) a slight correction to the relation t = L is due to the finite time interval in which the
wave packets overlap with the detection process and to the finite coherence time of the
detection process. The probability in Eq. (1.14) should be averaged over the resulting total
time interval ∆tD for the detection process. However, since this time is characteristic of
a microscopic process, it is always much smaller than the macroscopic propagation time,
t ≃ L. Since neutrino oscillations are observable only if (∆m2

ij/2E)t ∼ O(1), the correction

(∆m2
ij/2E)∆tD is always negligible. In other words, the phase of the oscillation remains

practically constant during the detection process, and averaging it over the detection time
interval is equivalent to the approximation t = L.

1.4.2 Oscillations in matter

Neutrino oscillations may be modified when neutrinos travel through matter, due to their interac-
tions with nuclei and electrons. If a neutrino interacts with matter N times, the resulting cross
section will be proportional to the sum of the squared amplitudes of each interaction:

N∑

i=1

∣∣∣Mi

∣∣∣
2

∝ NG2
F .

However, the suppression due to GF is large, and therefore the resulting effect will be
small. An alternative approach is to consider the neutrino as a wave passing through matter. If
the wavelength λ is large compared to the interatomic spacing, the effect of the medium can be
described by introducing a refraction index. If λ is also small compared to the size of the scatterer,
so that diffraction can be ignored, one can describe the propagation of a neutrino through matter
by geometrical optics8. The transmitted wave is formed by a superposition of amplitudes from
atoms lying within a distance of order λ:

∣∣∣∣
N∑

i=1

Mi

∣∣∣∣
2

∝
∣∣∣NGF

∣∣∣
2

.

This is the so-called forward coherent scattering. Notice that not all possible interactions of
neutrinos in matter will contribute to this amplitude. The coherent interference will only take place
if the neutrino flavour does not change through its propagation through matter. The processeses
which satisfy this condition are depicted in Fig. 1.3. Notice that, while NC processes affect the
three flavour eigenstates, the only flavour which will interact via a CC process is νe, since only
electrons are present in matter (while muons and taus are not). As a consequence, matter effects
will affect each flavour eigenstate differently.

The forward scattering amplitude, Fνlf (0), is related to the refraction index of neutrinos in
matter as [60]:

nνl
= 1 + 2π

∑

f

Fνlf (0)
Nf
p2

, (1.17)

8The wavelength for a neutrino of momentum p is λ = h/p ∼ 200(1MeV/p)(10−13cm). Therefore, both conditions
will usually be satisfied.
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where p is the momentum of the neutrino, l ≡ e, µ, τ , and Nf corresponds to the number density
of fermions, f being the constituents of matter, f ≡ p, n, e. This relation is valid for homogeneous,
isotropic media and for scattering amplitudes sufficiently smaller than n− 1. On the other hand,
the refraction index can be related to the potential in matter as:

nνl
≃ 1 +

Vνl

p
+ O(

mν

p
) . (1.18)

Thus, from the comparison of Eq. (1.17) and Eq. (1.18), the effective matter potential for a
neutrino traveling through matter is obtained:

V = 4π
∑

f

Fνlf (0)Nf . (1.19)

The forward scattering amplitude for a relativistic neutrino interacting with a target at rest
in an unpolarized medium can be computed from the electroweak lagrangian as [61,62]:

Fνlf (0) = ∓ 1

π

GFE√
2
gf , (1.20)

where gf is the coupling constant associated to the electroweak current. In our case, gf = 1 for
CC interactions, while gf = If3 − Qf sin θW for NC interactions, with If3 and Qf being the third
component of the isospin and the electric charge of the fermion f , respectively.

From Eq. (1.20) and Eq. (1.19), the resulting potential can be obtained:

V ≃
√

2GFNfg
f .

We can now compute the contributions to the potential associated to the interactions de-
picted in Fig. 1.3. The contribution associated to charged current interactions (right diagram)
with neutrinos gives [62]:

Ve =
√

2GFNe ,

where the ± sign corresponds to neutrinos and antineutrinos, respectively.

For the potential associated to neutral current interactions (left diagram) we get, on the
other hand:

Vnc =
√

2GF
∑

f

Nf

[
If3 − sin2 θWQ

f
]
,

where f stands for the constituents of matter (i.e., protons, neutrons and electrons). Once all
charges are substituted, and assuming that Np = Ne (neutral matter), the contributions due to
protons and electrons cancel out. Therefore, only the neutron contribution remains:

Vnc = −
√

2GF
Nn
2
.

Notice that neither muon nor tau neutrinos interact with matter via W exchange (right
diagram of Fig. 1.3), since the probability of a significant coherent scattering on µ or τ in matter
is practically zero. Because of this, the potential these neutrinos feel is exclusively due to their
interaction by means of a Z boson (left diagram in Fig. 1.3).

Once we change to the mass basis, the full hamiltonian, including the matter potential, is
written as:

H =
1

2E



m2

1 0 0
0 m2

2 0
0 0 m2

3


 + U



Ve 0 0
0 0 0
0 0 0


U† + U



Vnc 0 0
0 Vnc 0
0 0 Vnc


U† , (1.21)
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u, d, e−

Z

να να

u, d, e− e−

W±

νe e−

νe

Figure 1.3: Feynman diagrams contributing to the forward coherent scattering between neutrinos
(α = e, µ, τ) and the constituents of matter.

where U is the PMNS mixing matrix. Notice that since the neutral current contribution to the
potential, Vnc, is diagonal, it can be substracted from the hamiltonian. Therefore, the only con-
tribution that will have a physical effect will be that associated to electron neutrinos, Ve.

The hamiltonian in Eq. (1.21) needs to be diagonalized in order to obtain the eigenvalues
needed to compute the transition amplitude. This diagonalization is rather complicated if we
consider 3 families (approximate expressions can be found in App. B), but it can be easily solved
in the two-family case:

P (να → νβ) = sin2 2θM sin2
(

∆m2

ML
4E

)

P (να → να) = 1 − P (να → νβ) ,
(1.22)

where ∆m2
M and θM are the effective squared mass difference and mixing angle in matter. In turn,

these can be expressed as functions of the squared mass difference and the mixing angle for two
families in vacuum, ∆m2 and θ:





∆m2
M ≡ ∆m2

√
sin2 2θ + (cos 2θ ∓ x)2 ,

sin2 2θM ≡ sin2 2θ

sin2 2θ + (cos 2θ ∓ x)2
,

x ≡ 2EVe
∆m2

,

(1.23)

where the ∓ corresponds to neutrinos and antineutrinos, respectively.

In the following, we will always refer to matter with constant density9 (as it is the case for
neutrinos traveling through the Earth). An interesting phenomenon arises for the particular case
where:

x = ± cos 2θ ⇔ E = ±∆m2

2Ve
cos 2θ , (1.24)

since in this case the parameters in Eq. (1.23) take the values:

sin2 2θM = 1

∆m2
M = ∆m2 sin 2θ . (1.25)

9The case where neutrinos travel through matter with variable density, as it is the case for neutrinos produced
in the Sun, is not discussed in the present manuscript. We address the interested reader to Ref. [55] and references
therein.
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Therefore, a resonance takes place for certain values of the neutrino energy, and the effective
mixing in matter is maximal even if that is not the case in vacuum. This dramatic amplification of
a small mixing angle in vacuum into a very large one in matter is the so-called Mikheyev-Smirnov-
Wolfenstein (MSW) effect [60, 63, 64]. Notice that this resonance takes place only for neutrinos
or only for antineutrinos, depending on the value of sgn(∆m2). Therefore, this can be used as a
powerful tool to obtain a measurement on the mass hierarchy, as it will be shown in Sec. ?? for
the three family case.

1.5 Higher dimension operators

Effects of NP at high energy manifest at low energies through an infinite set of non-renormalizable
effective operators of dimension d > 4, which are invariant under the SM gauge group. These are
weighted by inverse powers of the NP scale Λ:

Leff = LSM +
1

Λ
δLd=5 +

1

Λ2
δLd=6 + . . . , (1.26)

where LSM is the SM Lagrangian which contains all gauge invariant operators of dimension d ≤ 4.
Therefore, in general it would be expected that any NP above the EW scale produced additional
signatures at low energies beyond neutrino masses. Since the effects of such operators scale with
inverse powers of Λ, however, their effects at low energies are expected to be smaller as the di-
mension of the operator increases. Therefore, if no further assumption is given, in general it is
expected that the greatest effects come from the lowest dimension operators. The d = 5 operator
was discussed in Sec. 1.2. In the following, we will discuss the d = 6 operators, which are the next
more relevant ones according to their dimensionality.

d = 6 operators

According to dimensionality, after the Weinberg operator the next relevant operators are the d = 6
ones. We are interested in operators leading to effects in neutrino physics. Therefore, here we will
only consider operators involving leptons.

Before the W and Z bosons were discovered, electroweak processes were described by an
effective theory: the Fermi theory for electroweak interactions [65]. This theory was needed in
order to account for three electroweak processes observed at low energies: β decays of nuclei,
muon decays and muon capture by nuclei. It described in a correct way the electroweak processes
at energies much smaller than the EW scale through the inclusion of (non-renormalizable) four
fermion operators. In this range of energies, the W and Z propagators are contracted and the
full diagram is reduced to a four fermion point-like interaction (see Fig. 1.4). The strength of the
coupling for each of the three examples mentioned above seemed to be equal: this was the origin
of the Fermi coupling constant, Gf .

Following the same approach, we could try to introduce all d = 6 operators which violate
flavour in the SM at low energies. The so-called “Non-Standard neutrino Interactions” (NSI)
approach consists in the parametrization of all possible effects of NP in the neutrino sector in a
phenomenological way, including all the effective four fermion operators which can lead to effects
in neutrino oscillations. These can affect neutrino production, detection or propagation processes,
depending on their particular structure.

NSI affecting production and detection come from charged current processes, and the neu-
trino flavour is identified through the measured charged lepton. These interactions can take place
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Figure 1.4: Left: SM diagram for muon decay. Right: resulting vertex in the Fermi effective theory
at low energies after the W is integrated out.

either with leptons or with quarks. General leptonic NSI are given by the effective lagrangian:

δLlNSI = −2
√

2GF ε
αβ,P
γδ

(
lαγ

µPlβ
)
(νγγµPLνδ) , (1.27)

where P ≡ PL,R = (1 ∓ γ5)/2, GF is the Fermi constant, and greek indices correspond to flavour

indices (e, µ, τ). Notice also that for charged current NSI α 6= β and, due to hermiticity, εαβPγδ =

εαβP∗
γδ .

In a similar way, charged current NSI with quarks are given by the effective lagrangian:

δLqNSI = −2
√

2GF ε
qq′,P
γδ Vqq′ (qγµPq′)

(
lαγµPLνβ

)
+ h.c. , (1.28)

where q and q′ are up- and down-type quarks, and Vqq′ refers to the corresponding element of the
CKM matrix. Obviously, only q = u and q′ = d are of practical interest for neutrino production
and detection processes, since neutrinos are produced through meson and muon decays and are
observed through their interactions with nuclei.

Finally, NSI affecting neutrino propagation are described through the inclusion of the fol-
lowing four fermion effective operators:

δLpropNSI = −2
√

2GF
∑

f,P

εfPαβ (ναγ
µPLνβ)

(
fγµPf

)
, (1.29)

where f stands for the index running over fermion species in Earth matter, f = e, u, d.

Any model of NP giving rise to these operators should meet the necessary requirement of
gauge invariance under the SM gauge group, though [66–70]. This leads to another remarkable
point: the set of effective operators which generate neutrino NSI is tightly related to its analogous
in the charged lepton sector, which is much more constrained experimentally. For instance, the
NSI operator for f = e in Eq. (1.29) could be originated from the following gauge invariant one:

− 2
√

2GF
∑

f,P

εfPαβ
(
Lαγ

µ
LLβ

) (
Leγµ,LLe

)
, (1.30)

which would produce after EWSB, in addition to the mentioned NSI operator, another one which
would contribute to the µ → eee process (for α = µ, β = e). Since this is experimentally very
constrained, this imposes tight bounds on the coefficients associated to the NSI operators. It is
thus very hard to build a particular model giving large NSI effects in neutrino oscillations without
violating stringent experimental bounds on processes involving charged leptons. It is also clear
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that, for any particular model of NP, once the corresponding set of low-energy effective operators
is derived, relations between their coefficients are expected to take place and (usually) additional
bounds apply.

On the other hand, a model independent approach could be followed instead. In this case,
all effective four-fermion operators which can affect neutrino oscillations have to be included at
once, and the experimental bounds are used to constrain their coefficients independently. Bounds
obtained this way are usually looser, but apply to a wide variety of high-energy extensions of the
SM. Constraints obtained this way on NSI parameters in propagation are very mild, generically
at O(10−1) or even order unity [67, 71]. However, from the theoretical point of view, such large
values of the NSI parameters are not really expected. This is easily understood if one tries to find
a model of NP responsible for NSI effects without enlarging the low-energy SM particle content.

Finally, higher dimension operators with d = 6+2n will produce corrections to the effects of
d = 6 operators. However, these will be further suppressed with the ratio v2/Λ2. If these operators
are produced at tree level, these corrections will take the form:

ε ∼ 1

Λ2

[
cd=6 +

∑

n=1

cd=6+2n v
2n

Λ2n

]
.

Therefore, unless a certain symmetry is imposed in order to forbid the d = 6 operators in the
effective lagrangian, the effects from higher dimension operators will be subleading.

Can these operators lead to sizable effects at low energies?

We have already mentioned that the relative importance of the operators involved in the effective
theory at low energies scale with inverse powers of Λ. Therefore, their effects at low energies are
expected to be smaller as the dimension of the operator increases. However, we have implicitely
assumed here that the NP which originates this infinite set of operators is unique. An alternative
(and interesting) possibility would be that the scales of NP which give rise to these operators at
low energies are different for some of them.

As an illustrative example, let us consider the d = 5 and d = 6 operators. While the only
d = 5 operator which can be constructed within the SM particle content is the Weinberg operator,
there is a whole set of d = 6 operators [72] which can be contructed with the SM fields. An
important common feature that all the d = 6 operators share is that they preserve B − L, while
the Weinberg operator does not. Therefore, it may be “natural” (in some sense) to consider that
the NP which produce these operators is associated to different energy scales. If we consider the
case of four fermion operators for instance, these give rise, in general, to lepton flavour violating
processes. In this case, a reasonable assumption could be that the scale where lepton flavour
violation is relevant, ΛLFV , differs from the one associated to lepton number violation, ΛLNV .
Consequently, the effective lagrangian may be written as:

Leff = LSM +
1

ΛLNV
δLd=5 +

1

Λ2
LFV

δLd=6 + . . . . (1.31)

In principle, for this lagrangian effects coming from such d = 6 operators could still be
relatively large (and therefore measurable) as long as the condition ΛLFV ≪ ΛLNV is fullfilled
(see, for instance, Ref. [73], or Ref. [47] in the context of minimal seesaw models). A natural
proposal is that, if in the new theory the Majorana character is associated to some tiny parameter
which breaks B−L, the coefficient associated to the Weinberg operator is necessarily proportional
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to it, and consequently suppressed. This does not have to be the case for dimension 6 operators,
which are unrelated to the B − L symmetry. An interesting example in this sense is the type II
See-Saw, for instance, or the so-called inverse See-Saw models [74], where a suppression parameter
is automatically included.

However, and as we have already mentioned, this is very difficult to achieve since gauge
invariance imposes tight relations between the operators in the neutrino and the charged lepton
sector (see, for instance, Refs. [69] and [68] where the possibility of obtaining large gauge invariant
neutrino interactions is discussed in detail).



2
Experimental landscape in neutrino physics

This chapter is dedicated to give an overview of the current experimental landscape in neutrino
physics: in Sec. 2.1, a brief discussion on the absolute scale of neutrino masses is performed, and
the bounds obtained from the main experiments are summarized; in Sec. ?? the three neutrino
oscillation framework is introduced, and the current experimental values for the neutrino oscillation
parameters are presented; in Sec. 2.3 we explain the “degeneracy problem”; in Sec. 2.4 the main
future neutrino oscillation facilities are introduced; finally, in Sec. 2.5 a brief review of the most
important (yet unexplained) anomalies observed in neutrino experiments (with respect to the 3
neutrino scenario) are presented.

2.1 The absolute scale of neutrino masses

It is important to note that, since oscillation experiments depend on squared-mass differences,
no information on the absolute mass scale of neutrinos can be extracted from them. However,
indirect bounds on their masses can be derived from electroweak decays and cosmology. Additional
bounds can also be derived from neutrinoless double beta decay experiments, in case neutrinos are
Majorana particles.

2.1.1 Limits from electroweak decays

Accurate measurements of the end-point energy in the spectrum of certain electroweak decays can
be used to place direct bounds on the effective neutrino masses for the flavour eigenstates, defined
as:

m2
α ≡

∑

i

|Uαi|2m2
i .

A tight direct limit for the electron neutrino mass can be derived from the measurements of tritium
β decay [25,75,76]:

mνe
< 2 eV (95%CL)

The KATRIN experiment [77], which is expected to start running in 2012, will improve this bound
an order of magnitude (mνe

< 0.2 eV at 90% CL [78]).

For the other two neutrinos direct limits are much weaker1, though. These can be obtained
from the measurement of the end-point in the spectrum of their charged counterparts in the decays

1In Ref. [79], a slightly more restrictive bound for the muon neutrino mass was obtained, mνµ < 170 keV (90%
CL). However, this bound is very sensitive to small changes on the pion mass, the muon momentum and their errors.
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π+ → µ+νµ and τ+ → π+ντ [25]:

mνµ
< 190 keV (90%CL) (2.1)

mντ
< 18.2MeV (95%CL) (2.2)

2.1.2 Cosmological bounds

Additional (more stringent) bounds on the absolute scale of neutrino masses can be obtained from
cosmological measurements on the formation of large scale structures. Notice that atoms form in
the so-called recombination era (T < 1 eV) of the early Universe, when the density fluctuation of
photons is still related to that of baryons. Observation of the anisotropies in the Cosmic Microwave
Background (CMB) indicate that such fluctuations are (δρ/ρ) ≤ 10−5 [5], but such a small value is
not enough to explain the formation of the observed large scale structures in the present Universe.
Non-baryonic matter, on the other hand, plays a very important role in structure formation2. This
can be used to place bounds on neutrino masses, for instance. Take into account that, as long
as neutrinos are relativistic (i.e., as long as T > mν) no fluctuations can grow, since they can
free-stream and wash-out perturbations at all scales within the horizon. Therefore, the formation
of large scale structures is directly related to the moment when neutrinos become non-relativistic,
and consequently, this imposes a bound on the masses of the active neutrino species [6, 80]:

∑

i

mi < 0.54 eV (95%CL).

This value corresponds to the result obtained from the latest data from WMAP for the
CMB, combined with the data from weak lensing measurements, supernovae and baryonic acoustic
oscillations. The ΛCDM cosmological model has been assumed3.

2.1.3 Bounds from neutrinoless double β-decay

Another process that would help in the determination of the absolute scale of neutrino masses is
the so-called neutrinoless double beta decay (0νββ decay):

(A,Z) → (A,Z + 2) + e− + e− .

It is worth noticing that, since it is a lepton number violating process, it can only take place if
neutrinos have Majorana masses (see Sec. 1.2). Its amplitude can be written as:

A0νββ ∝
∑

i

U2
eimiM

0νββ(mi) ,

where mi is the mass of the neutrino which is mediating the process, Uei is the matrix element of
the PMNS matrix, and M0νββ is the nuclear matrix element, which takes into account the nuclear
transition between the initial and final states. The observation of 0νββ decay would not only be
an experimental evidence of the Majorana nature of neutrinos, but it would also place a bound on
their masses. The usual bound derived in the literature is obtained summing over the contributions
due to active neutrinos and implicitly neglecting the contribution of extra degrees of freedom. In

2In particular, cold dark matter plays a very important role in the formation of large scale structures.
3Notice that this value strongly depends on the particular cosmological model under consideration and the data

included in the analysis. For instance, if the supernovae and baryon acoustic oscillation observations are not included
in the analysis, this bound is relaxed to Σimi < 1.1 eV [25].
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this case, the only contribution comes from neutrinos with m2
i ≪ p2, where p is the momentum

exchanged in the process between the two nuclei, p2 ≃ −(100MeV)2. Then, the nuclear matrix
element can be approximated to be independent of the neutrino mass, M0νββ(mi) ≃ M0νββ(0),
and the amplitude of the process is simply proportional to:

A0νββ ∝M0νββ(0)mee,

with

m2
ee =

∣∣∣∣
Nlight∑

i=1

miU
2
ei

∣∣∣∣
2

,

where Nlight is the number of light neutrino species (m2
i ≪ p2). In the particular case of Nlight = 3,

we get:

m2
ee =

∣∣∣∣m1c
2
12c

2
13 +m2s

2
12c

2
13e

2iα1 +m3s
2
13e

2iα2

∣∣∣∣
2

, (2.3)

where cij = cos θij , sij = sin θij and the αi are combinations of the Dirac and Majorana phases.
It is important to notice, though, that if there exist extra neutrinos with masses M2 ∼ p2, the
corresponding expression for mee will be different (see Ref. [81] for details).

0νββ decay has already been explored for different nuclei by several collaborations [82–89],
but no signal has yet been observed4 on the effective 0νββ decay neutrino mass, leading to the
upper bound [82]:

|mee| < 0.34 eV (90%CL).

New projects [93–103] are expected to explore the parameter space down to |mee| < O(10−1 −
10−2) eV2 [104].

2.2 Neutrino oscillation experiments

Oscillation neutrino experiments can be classified according to their L/E ratio. This fixes the
range of squared-mass differences that a given experiment can explore. Notice that the oscillatory
pattern of the probabilities is given through the following combinations of parameters:

φij ≡ 1.27
∆m2

ij(eV
2)L(Km)

Eν(GeV)
,

where the prefactor 1.27 arises when ∆m2
ij ≡ m2

i −m2
j , L and E are expressed in terms of eV2,

Km and GeV, respectively.

Without any loss of generality, one can choose the mass differences so that ∆m2
21 is always

positive. For the second mass difference, ∆m2
31, there are two possible mass orderings denoted

as normal and inverted (see Fig. 2.1): these correspond to the two possible values of the sign of
∆m2

31. Normal ordering is related to hierarchical masses, m1 ≪ m2 ≪ m3, for whichm2 ≃
√

∆m2
21

and m3 ≃
√

∆m2
32. On the other hand, the inverted ordering implies that m3 ≪ m1 ≃ m2. A

third possibility would be a mass spectrum with quasi-degenerate masses, m1 ≃ m2 ≃ m3 ≫
∆m2

21, ∆m2
32. Notice that the angles θij can be taken without loss of generality to lie in the first

quadrant, θij ∈ [0, π2 ], while the CP phase is defined in the interval δ ∈ [−π, π]. Other conventions
are also possible, though [105].

4There is a claim for a signal from part of the Heidelberg-Moscow collaboration, though [90, 91]. However, this
measurement is quite controversial because: (1) it has not been confirmed by any other experiment yet; (2) it is in
conflict with cosmological bounds on neutrino masses [6, 92].
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Figure 2.1: Neutrino mass patterns compatible with the current data from neutrino oscillations.
Left hand diagram shows normal mass ordering, while the right hand side shows the inverted
one. Each color corresponds to the amount of each neutrino flavour that is involved in each mass
eigenstate (yellow, red and blue correspond to e, µ and τ , respectively). Notice that, as we have
already commented in Sec. 2.1, the absolute scale of neutrino masses remains unknown.

If for a certain L/E one of the oscillation phases φij is of order one, then the oscillation prob-
abilities can be safely approximated to the two-family case. The appearance oscillation probability
in this case is written as:

P app2f ≃ sin2 2θeff sin2

(
∆m2

eff

L

4E

)
, (2.4)

while the disappearance probability reads:

P dis2f = 1 − P app2f

≃ sin2 2θeff sin2
(
∆m2

eff
L
4E

)
,

(2.5)

where θij and ∆m2
ij have been replaced by two effective parameters, θeff and ∆m2

eff . Notice that
in the two-family approximation the probabilities are CP-conserving. Therefore, they are valid for
both neutrinos and antineutrinos.

2.2.1 Oscillations in the solar regime

Neutrinos coming from the Sun have been detected using a wide variety of radiochemical tech-
niques [32,106–111], as well as in Čerenkov (WC) detectors [112–117].

WC detectors are sensitive only to the Elastic Scattering (ES) process5:

νe + e− → νe + e− (ES)

Contrary to the standard WC detectors (such as SK), the SNO experiment [32,110,118–120]
is a second generation WC detector, where D2O is used instead of water as the detection medium.
Therefore, SNO could observe not only ES processes, but also CC and NC interactions:

νe + d → p+ p+ e− (CC)
νx + d → p+ n+ νx (NC)

5Muon and tau neutrinos also interact via ES processes. However, their interaction rates are very suppressed
with respect to that for electron neutrinos in the range of energies for solar neutrino experiments.
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This allows to obtain a solar model-independent test of neutrino oscillations by comparing the
charged- and neutral-current interaction rates: while the CC interaction is sensitive only to electron
neutrinos, the NC interaction is sensitive to all active neutrino flavours (x ≡ e, µ, τ). This means
that, if solar (electron) neutrinos change into other active flavours, then the interaction rate via
ES will be smaller than the interaction rate due to NC processes, φES(νe) < φNC(νx). The
measurement on the ES interaction rate at SNO was observed to be consistent with the observed
rate at Super-Kamiokande [32], whereas the total flux of active neutrinos was observed to be in
agreement with the predictions of the Standard Solar Model [121]:

φ(νx) = 5.44 ± 0.99 × 106cm−2s−1 ,

thus providing the first compelling evidence of a non-electron flavour component in the solar
neutrino flux measured at the Earth. The results were consistent with oscillations (νe → νµ, ντ )
in the so-called “solar regime”, replacing θeff and ∆m2

eff in Eq. (2.5) by θsol and ∆m2
sol.

More recently, the Borexino solar neutrino experiment [122], which is located at the LNGS
laboratory at Gran Sasso, presented new data. At Borexino, neutrinos are detected via ES processes
in a scintillator detector with a very low energy threshold. This allows to detect solar monocromatic
7Be neutrinos (with Eν = 0.862 MeV) for the first time. Notice that in the energy range above
3 MeV, neutrino oscillations are dominated by matter effects, while vacuum effects are dominant
below 0.5 MeV. The measurement of Pee in both oscillation regimes is important in order to discard
exotic explanations of neutrino oscillations. The results obtained from the Borexino experiment
reject the no oscillation hypothesis at 4σ CL [123]. However, they show some tension with the
present best-fit for the rest of solar oscillation experiments. This could be pointing out to some
new effect to be unveiled at this L/E.

Neutrino oscillations in the solar regime can also be observed at reactor experiments. At
nuclear reactors, neutrinos procuded in the reactor core have their energies in the MeV range. In
these kind of experiments, neutrinos are detected through inverse β-decay:

ν̄e + p→ e+ + n .

which has a lower energy threshold of about 2.6 MeV. The signature for this reaction is a delayed
coincidence between the detection of a prompt e+ and the signal from the neutron capture. If
the distance from the reactor to the detector is such that E (MeV)/L (100 km) ∼ 10−5 eV2, then
neutrino oscillations in the solar regime will be observed at the detector. This is the case of the
KamLAND experiment [124–126], where neutrinos produced in several reactor cores are detected
at a liquid scintillator detector placed at an average distance L ∼ O(150) km. Results from
KamLAND constitute a confirmation of neutrino oscillations in the solar regime using a different
source.

Recently, both the Super-Kamiokande and the KamLAND collaborations have released new
data [127,128]. From the combination of both the solar and KamLAND data, the currently allowed
ranges at 3σ CL for the solar parameters are [128]:

tan2 θsol = 0.444+0.036
−0.030

∆m2
sol = (7.50+0.19

−0.20) × 10−5 eV2
(2.6)

In Fig. 2.2, the allowed regions in the (tan2 θ12, ∆m2
21) plane, for the combination of the

solar and KamLAND latest data, are shown [128]. As it can be seen from the plot, KamLAND
measurements have noticeably reduced the uncertainty on the solar mass difference, while the
allowed range for the mixing angle is basically set by the solar experiments.



26 Experimental landscape in neutrino physics

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2 (a)

 = 013θ

12θ 2tan

)2
eV

-4
 (

10
212

m∆

KamLAND+Solar

KamLANDSolar
95% C.L.

99% C.L.

99.73% C.L.

best-fit

95% C.L.

99% C.L.

99.73% C.L.

best-fit

95% C.L.

99% C.L.

99.73% C.L.

best-fit

5
10
15
20

σ1
σ2

σ3

σ4

2 χ∆

5 10 15 20

σ1 σ2 σ3 σ4

2χ∆

Figure 2.2: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane, for the solar and KamLAND

latest data, from the analysis in the two-family oscillation approach. The shaded regions show the
results from the combined analysis from the solar and KamLAND data. The side panels show the
∆χ2 profiles projected onto the tan2 θ12 and ∆m2

21 axes, where the red lines show the results from
the combined analysis. This figure was taken from [128].

2.2.2 Oscillations in the atmospheric regime

For E/L ≫ 10−5 eV2, terms oscillating with φ13 and φ23 frequencies dominate over φ21, and the
experiment becomes sensitive to θ23 and ∆m2

32. This regime is called the “atmospheric regime”,
because it was first studied using the neutrino flux produced by cosmic rays hitting the outer layers
of the Earth atmosphere. Again, in this regime the oscillation probability can be approximated to
the two-family case (see Eq. (2.5)), this time replacing θeff and ∆m2

eff by θatm and ∆m2
atm.

Oscillations from neutrinos produced in the atmosphere have been observed by several ex-
periments: Kamiokande [129], Super-Kamiokande [31, 130–132], IMB [133], Soudan2 [134] and
MACRO [135]. The typical values obtained for the atmospheric parameters in these experiments
are ∆m2

atm ∼ 2.5 × 10−3 eV2 and sin2 2θatm ∼ 1.

More recently, conventional neutrino beams have also explored the atmospheric mixing pa-
rameters. At conventional neutrino beams, neutrinos are produced from pion and kaon decays in
a decay pipe aimed at the detector:

π+ → µ+ + νµ ,

K+ → µ+ + νµ .
(2.7)

Neutrinos produced in conventional beams have energies in the range
[
10−1, 10

]
eV2. Therefore, if

a detector is placed at L ∼ 102 Km, oscillations in the atmospheric regime can be explored. This is
precisely the case of the K2K [136] and the MINOS [137] collaborations. Both of them have reported
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the observation of neutrino oscillations in the atmospheric regime [138–141], thus confirming the
phenomenon with a different source. The most precise measurement on the atmospheric mass
splitting comes from the analysis of the data from the MINOS experiment, while for the mixing
angle Super-Kamiokande gives the best result. The currently allowed ranges for the atmospheric
parameters at 90% CL [141]:

sin2 2θatm > 0.90

∆m2
atm = (2.32+0.12

−0.08) × 10−3eV2
(2.8)

This very large value for θ23 indicates a strong mixing between the second and the third families:
atmospheric oscillations, therefore, take place mainly in the channel νµ → ντ . All neutrino oscil-
lation experiments listed above have observed disappearance signals in the atmospheric regime. A
third conventional beam experiment has been designed in order to explore the appearance signal
due to νµ → ντ oscillations: the OPERA experiment [142–144]. At OPERA, the CNGS beam
is aimed from CERN to the detector placed in the undergound Gran Sasso Laboratory (LNGS),
730 km away from the neutrino source at CERN. Very recently, the OPERA collaboration has
observed a candidate event [145].

Finally, atmospheric oscillations can also be observed at nuclear reactors. If a detector is
placed at a distance L from the reactor core such that E/L ∼ 2.5 × 10−3 eV2, the experiment
will be sensitive to the atmospheric mass difference. In this case, though, the mixing angle which
plays a role in the probability is the third mixing angle, θ13, due to the initial flavour of the beam.
Oscillations in this regime can also be approximated to the two-family case (Eq. (2.5)), replacing
θeff and ∆m2

eff by θ13 and ∆m2
31, respectively. The present limit on θ13 was set by the CHOOZ

experiment [146,147] at sin2 θ13 < 0.15 (90% CL).

2.2.3 The three neutrino oscillation framework

From the results of solar [148], atmospheric [149] and reactor neutrino oscillation experiments [150]
it is obvious that the minimal joint description of solar and atmospheric evidences requires that
all three known neutrinos take part in oscillations, (see Refs. [151,152] for recent fits).

The strong hierarchy between the two squared-mass differences and the very small value of
the third mixing angle θ13 imply that even though the transition probabilities present an oscillatory
behaviour with two oscillation lengths, in present experiments such interference effects can be
neglected. However, when both terms are of the same order, the two-family approximation cannot
be used anymore, and three-family oscillation probabilities must be used instead. Notice that it is
in this last case when the CP-violating phase δ can play a role, since additional mixing effects due
to the third mixing angle θ13 appear (remember that, as it was shown in Ch. 1, CP-violation due
to neutrino mixing can only be observed if oscillations take pleace between three non-degenerate
generations at least). It is worth to mention that all solar and atmospheric experiments discussed
so far are “disappearance experiments” (with the only exception of the OPERA experiment): a
neutrinos of a certain flavour are measured at the detector, and the survival probabilities are
determined since the initial flux composition is known. On the other hand, some of the presently
running and most of the newly proposed terrestrial experiments are “appearance experiments”,
which are statistically more sensitive to small, θ13-governed probabilities. Notice that in this this
kind of experiments the L/E ratio can be tuned in order to maximize the sensitivity of a given
experiment to the third mixing angle.

For instance, θ13 allows atmospheric oscillations to occur in both the νµ→ντ and νµ→νe
channels (and, similarly, νe→ντ and νe→νµ). However, the oscillation amplitudes for channels
involving νe are controlled by the size of sin2 θ13 =|Ue3 |2. Therefore, these channels will be
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Figure 2.3: Allowed regions projected in the (sin2 θ23, ∆m2
32) plane, around the best fit values for

the mass splitting and mixing angle in Eq. (2.8) obtained from the analysis of the latest MINOS
data. For comparison, the contours from previous measurements [132, 140] are also shown. This
figure was taken from [141].

dominated by θ13 and the number of events at the detector will be small compared to the signals in
solar or atmospheric oscillation experiments. Furthermore, because of matter effects the probability
is different for normal and inverted hierarchies. This effect can be a decrease or an increase in
the expected number of events (with respect to the θ13 = 0 prediction), depending on the value of
|∆m2

31 |. Therefore, we see that our ability to determine the mass hierarchy through appearance
experiments will also depend on the value of θ13. It becomes, thus, a priority in neutrino oscillation
experiments, since a non-vanishing θ13 opens a window to possible measurements on δ and the mass
hierarchy6.

The full understanding of the leptonic mixing constitutes one of the main neutrino-physics
goals for the next decade. Several reactor [156–158] and accelerator [159,160] neutrino experiments
are currently running, or will start running in the near future, to search for positive signals of non-
zero θ13. Strategy for exploration of the remaining two unknown parameters in the leptonic mixing,
δ and the mass hierarchy, heavily depends upon whether they succeed or fail to detect non-zero θ13.
If these experiments fail to observe any positive signal for non-zero θ13, more powerful experiments

6The mass hierarchy could be determined by other means, though. For instance, in Ref. [153,154] the possibility of
measuring the neutrino mass hierarchy through the Pµµ channel was considered. Even though such a measurement is
experimentally very challenging, it would provide an alternative way to measure the mass hierarchy in case θ13 = 0.
On the other hand, an inverted hierarchy would also have an impact on 0νββ searches and cosmology [155].
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involving bigger detectors and improved beams in order to pin down this elusive mixing angle
will be needed. The main unknown parameters in the leptonic sector which could be determined
through oscillation experiments are the following:

• the mixing angle θ13;

• the value of the CP violating phase δ;

• the right order of the mass eigenstates (normal or inverted hierarchy), that is, the sign of
∆m2

31;

• possible deviations of θ23 from maximal mixing;

• in case that θ23 6= 45◦, the θ23 octant.

The determination of these parameters is definitely the first step towards the understanding of
the flavour puzzle. On the other hand, it should also be noted the present uncertainties in the
measurement of the solar and atmospheric parameters, much larger than their analogous in the
quark sector. These should also be reduced in order to approach an understanding of the flavour
mixing in the SM.

The latest derived ranges for the six parameters at 1σ (3σ) are summarized in Tab. 2.1,
which has been taken from [152]. It is worth to mention that the current best fit value for θ13 is
found to be different from zero, something which has been widely discussed in the literature in the
last few years. For instance, in [161] a hint for non-zero θ13 was already pointed out as a result of
the slight tension existing between solar and KamLAND data. In [151], a reanalysis of the solar and
KamLAND data was performed, including new releases of data and variations on the solar fluxes
as well as the Gallium capture cross-section. It was found that the inclusion of solar data tends
to lower the statistical significance of the hint for θ13 6= 0, while the results from νe appearance in
MINOS [162] and the new Super-Kamiokande results [163] increase it. In all cases, the statistical
significance was found to be between 1σ and 2σ, though. More recently, in Ref. [152], another fit
was obtained including both the latest solar [117, 127, 163] and MINOS [141, 164] data (including
both ν and ν̄), as well as the improved calculations on reactor antineutrino fluxes [165,166]. Also
in this case, the statistical significance of the hint for θ13 6= 0 was found to be above 1σ and,
depending on the set of data included in the fit, even above 2σ.

2.3 The degeneracy problem

In the three family case, there are 18 possible oscillation channels. However, using some symmetry
properties these can be expressed in terms of only two of them [167]:

• the 9 antineutrino oscillation probabilities can be obtained from the 9 neutrino oscillation
probabilities, assuming CPT invariance: P(νβ → να) = P(ν̄α → ν̄β);

• replacing δ → −δ in P(να → νβ) its T-conjugate is obtained, P(νβ → να);

• using the unitarity of the UPMNS matrix, three more relations between the probabilities can
be found;

• finally, from the parametrization chosen for the PMNS matrix, it follows that the exchange
of a νµ for a ντ in a probability can be done simply by replacing c23 → −s23 and s23 → c23.
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Parameter Best fit ±1σ±1σ±1σ 2σ2σ2σ 3σ3σ3σ

∆m2
21 [10−5eV2] 7.59+0.20

−0.18 7.24–7.99 7.09–8.19

∆m2
31 [10−3eV2]

2.45 ± 0.09

−(2.34+0.10
−0.09)

2.28 − 2.64

−(2.17 − 2.54)

2.18 − 2.73

−(2.08 − 2.64)

sin2 θ12 0.312+0.017
−0.015 0.28 − 0.35 0.27 − 0.36

sin2 θ23
0.51 ± 0.06
0.52 ± 0.06

0.41 − 0.61
0.42 − 0.61

0.39 − 0.64

sin2 θ13
0.010+0.009

−0.006

0.013+0.009
−0.007

≤ 0.027

≤ 0.031

≤ 0.035

≤ 0.039

Table 2.1: Current best-fit values for the neutrino oscillation parameters and their allowed ranges
at 1, 2 and 3σ, taken from Ref. [152]. For ∆m2

31, sin2 θ23, and sin2 θ13 the upper (lower) row
corresponds to normal (inverted) neutrino mass hierarchy. The new reactor anti-neutrino fluxes
taken from [165] have been considered, and short-baseline reactor neutrino experiments (L <∼ 100
m) have been included in the fit.

However, as we have already seen in Sec. ??, there are still two unknown parameters in the
mixing matrix. Moreover, the mass hierarchy and the precise value of the atmospheric mixing angle
remain also unknown. Since some of these unknowns belong to the same terms in the oscillation
probabilities, degenerate solutions are expected to take place. Let us consider now the neutrino
oscillation probability in Eq. (B.1) to explain this point in detail. The problem arises when one
tries to adjust the experimental data to the oscillation probability. If we assume the “true” values
to be (θ̄13, δ̄), the equation:

P+
eµ(θ̄13, δ̄) = P+

eµ(θ13, δ) (2.9)

has a continuous number of solutions. The set of points in the (θ13, δ) plane satisfying this equation
is called an “equiprobability curve”.

In order to find out which point of the curve is the true solution, a combination of the
measurements for neutrinos and antineutrinos can be done. In this case, the system will have
two equations (one for neutrinos, the other for antineutrinos) and two unknowns. Therefore, two
different solutions are expected to take place: these are the “true” solution and the “intrinsic
clone” [168].

Let us consider, for instance, P+,mat
eµ , Eq. (B.1) in App. ??, to illustrate this point in detail.

An expansion of the golden neutrino probability in Eq. (B.1) to second order in θ13, would return
the following expression:

P+
eµ(θ13, δ) = 4Xµ

+θ
2
13 + 2Y µ+ θ13 cos

(
δ − ∆31L

2

)
+ Zµ, (2.10)

where the coefficients Xµ
± and Y µ± are independent of θ13 and δ, and the solar term Zµ is the same

for neutrinos and antineutrinos. After substituting Eq. (2.10) in Eq. (2.9), the equiprobability
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curve for neutrinos in the (θ13, δ) plane is obtained:

θ13 = − Y µ+
4Xµ

+

cos

(
δ − ∆31L

2

)

±
{(

Y µ+
4Xµ

+

cos

(
δ − ∆31L

2

))2

+
1

4Xµ
+

(P+
eµ(θ̄13, δ̄) − Zµ)

}1/2

. (2.11)

Eq. (2.11) provides the whole set of points in the (θ13, δ) plane which satisfy Eq. (2.9). A repetition
of the same exercise for antineutrinos produces another equiprobability curve. This will be the
same as in Eq. (2.11), after the replacements: δ→ − δ, Xµ

+(Y µ+ )→Xµ
−(Y µ− ). To find out if the

equiprobabilities intersect at values of (θ13, δ) different from the “true” values, we have to equal
Eq. (2.11) to the corresponding one for antineutrinos and solve it for δ. These solutions are called
the “intrinsic clones” [168].

For small baseline experiments, this procedure is considerably simplified, as matter effects
are negligible and one can use the vacuum limit for the probabilities (V → 0). For instance, for
atmospheric oscillations in vacuum the intrinsic clone is located at (θ̄13, π − δ) [168].

A good method in order to solve this degeneracy is to combine the results obtained at several
energies. However, if the spread in energy is not large enough, the equiprobability curves will meet
at both the true solution and also (approximately) at the intrinsic clone. This can be clearly seen
in Fig. 2.4, where several equiprobability curves are shown for different energies in the range [5, 50]
GeV, for L = 7332 km. All the curves meet at both the true solution (θ̄13 = 5◦; δ̄ = 60◦) and the
intrinsic clone (θ13 ∼ 6◦; δ ∼ −100◦), with the sole exception of the curve corresponding to Eν = 5
GeV, which breaks the degeneracy. A statistical analysis of these data sets would give two minima
in the 2: the absolute one, located at the true solution, and a local minimum around the intrinsic
clone (with less statistical significance). The degeneracy is broken when the value of the 2 at the
degeneracy is sufficiently increased so that the true solution can be unambiguously identified.

Notice, however, that the instrinsic degeneracy is not the only possible degeneracy that can
take place. Here it has been implicitly assumed that the right values of the ∆m2

32 sign and the θ23
octant are known. However, since this is not the case, there are three more ways in which the true
solution can be confused with a clone:

the sign degeneracy: this degeneracy appears when trying to find out the hierarchy by looking
at the probability [169, 170]. For instance, the golden channel probability in the vacuum
limit, Eq. (??), remains unaffected under the change: (δ, satm)→(−δ, −satm), with satm =
sign(∆m2

32). However, this is not true if we look at the probability in matter, Eq. (B.1) in
App. ??. In Ch. 4 it will be shown how matter effects play a very important role in solving
this degeneracy.

the octant degeneracy: from Eq. (??) we see that there are two possible values for the mix-
ing angle θ23 that are compatible with the data because they give the same value for the
probability [171]: θ23 and π

2 − θ23.

mixed degeneracies: these arise from the combination of the latter two, because the sign and
octant affect at the same time to the same terms in the probability [172].

From this, we can conclude that for the true pair of values (θ̄13, δ̄) we will have eight
possible additional values which will correspond to the same probability [172]. This eight-
fold degeneracy can be reduced or even solved in some cases [172, 174–178], by combining the
results from different oscillation channels, energies and/or baselines, or using results from different
experiments.
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Figure 2.4: Equiprobability curve for antineutrinos, being θ̄13 = 5◦, δ̄ = 60◦, Eν ∈ [5, 50]GeV and
L = 7332 Km. The dashed line corresponds to Eν = 5 GeV, the solid line to Eν = 45 GeV; the
dotted lines lie between these two. This figure was taken from [173].

The Magic Baseline as a powerful degeneracy solver

It has been shown [172,179] that the first two degeneracies can be evaded, in principle, by choosing
the baseline of the experiment equal to the characteristic refraction lenght due to Earth matter [60].
This translates into the condition:

sin

(
V L

4E

)
= 0 , (2.12)

where V is the matter potential from Sec. 1.4.2. Notice that, if this condition is fullfilled, the
δ dependent terms in the probabilities in matter vanish (see App. ??). In this case, a clean
determination of θ13 and sgn(∆m2

31) would be possible, since the intrinsic and sign degeneracies
are broken. The condition in Eq. (2.12) is equivalent to:

ρ

[g/cm3]

L

[km]
≃ 32725 ,

where ρ is the matter density. According to the Preliminary Reference Earth Model (PREM)
[180–182], this condition is satisfied for:

L ≃ 7690 km,

which is also called the magic baseline [172, 179]. The position of the magic baseline depends
mainly on the density profile of the Earth and not on the oscillation parameters or the energy of
the beam7.

In Fig. 2.5 the effect of the magic baseline is shown. The neutrino oscillation probabilities
for the golden channel are depicted as a function of the neutrino energy. Results are shown in the
right panel for a value of L close to the magic baseline, L = 7500 km, while the left panel shows
the oscillation probability at L = 2000 km from the source. The mixing angle θ13 has been set to
5◦, while several lines, corresponding to δ = 0,±π/2, π, have been depicted in order to show the
δ-dependence on the probabilities. It can be easily seen from the right panel in the figure that the

7A mild dependence on the oscillation parameters and energy creeps in for large values of θ13 [183,184], though.
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probabilities at L = 7500 km are almost independent from δ. In addition, it is remarkable that the
probability is strongly enhanced around Eν ∼ 6 GeV. As it will be shown in Ch. 4, this particular
feature of the golden oscillation probability for baselines around 7000 km turns out to be a very
powerful tool for solving the sign degeneracy at certain β-beam setups.

L=2000 Km
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Figure 2.5: Golden neutrino probabilities for normal (red) and inverted (blue) hierarchies, at 2000
km (left) and 7500 km (right) from the source, as a function of the neutrino energy. Several lines,
corresponding to different values of δ, are shown. The mixing angle θ13 has been set to 5◦.

An additional relevant feature can be observed from the comparison of the two panels in
Fig. 2.5: a strong enhancement of the probabilitiy at 7000 km takes place for neutrinos around
Eν ∼ 6 GeV, only under the assumption of normal hierarchy (red lines in the right panel). This is
a resonant effect which takes place because the density encountered by the (anti)neutrinos at this
baseline allows for the denominators B∓ = |V ∓∆23| in Eq. (B.1) to cancel for Eν ∼ 6 GeV if the
mass hierarchy is normal (inverted). Even if the conditions under which Eq. (B.1) was expanded
are not satisfied in this case, the exact oscillation probability shows a resonant enhancement when
this condition is met [185]. The advantage of tuning the beam energy to the resonant one is two-
fold: first, the increase in the oscillation probability compensates the loss of events due to the very
long baseline, increasing the statistics at the far detector and improving its sensitivity to smaller
values of sin2 2θ13; second, the resonance only occurs for (anti)neutrinos if the mass hierarchy is
normal (inverted), therefore providing an extremely good probe of the mass ordering. The resonant
behaviour of the golden probability at 7000 km will be fully exploited in the β-beam setups studied
in Ch. 4, since the peak of the neutrino spectrum produced from the β-decay of 8Li and 8B ions
boosted at γ = 350 perfectly matches that of the resonance.

2.4 The next generation of experiments

The full understanding of the leptonic mixing matrix constitutes, together with the discrimination
of the Dirac/Majorana character of neutrinos and with the measurement of their absolute mass
scale, the main neutrino-physics goal for the next decade.

As we have just seen, the joint determination of θ13, δ and sgn(∆m2
31) is extremely difficult

due to degeneracies and correlations arising between them. A further problem arises from our
present imprecise knowledge of atmospheric parameters, whose uncertainties are far too large to
be neglected when looking for such tiny signals as those expected in appearance experiments [186].
If θ13 lies beyond the reach of the present generation of neutrino oscillation experiments, new
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facilities will be needed in order to address its measurement. The future generation of oscillation
experiments is focused on the simultaneous measurement of θ13 and δ. Therefore, most of the future
proposals imply the combination of different experiments and facilities to solve degeneracies. The
new generation of experiments can be divided in four classes: Reactors, Super-Beams, Neutrino
Factories and β-beams . We introduce the main future reactor experiments here, whereas Super-
Beams, β-beams and Neutrino Factories will be discussed in detail in the following chapters.
The work presented in this thesis perfectly matches the main purposes of two european projects:
LAGUNA and EUROnu. Their main goals are also introduced here.

New Reactor experiments

Reactor experiments have already been used to determine the solar mixing parameters [150], to test
the mixing angle θ13 [146] and to test oscillations to sterile neutrino species [187, 188]. As it was
already commented in Sec. ??, the present limit on θ13 has been set by the CHOOZ experiment [146,
147] at sin2 θ13 < 0.15 (90% CL). The main source of systematic error in the Chooz experiment is
due to uncertainties of the original neutrino flux emitted by the reactor. In order to reduce these
errors, the design of future reactor experiments includes at least two identical detectors, placed at
different baselines. The main disadvantage of this kind of experiments is that they are limited to
electron antineutrino disappearance, which is independent from δ. On the other hand, this may be
useful in order to obtain a clean measurement of θ13, since degeneracies and correlations will not
take place. Three future reactor experiments are currently under construction: Daya Bay [157],
Double Chooz [156, 189, 190] and RENO [158]. The detectors technology in these cases are liquid
scintillators loaded with Gadolinium in order to facilitate neutron capture.

Daya Bay is a nuclear power plant located at about 70 km northeast of the Hong Kong
airport in China. It is expected to explore the third mixing angle down to sin2 θ13 ≥ 0.01 (90%
CL). The nuclear power complex has two pairs of reactor cores, and another pair is currently
under construction. It is located in a mountainous region that provides natural overburden to
shield the underground antineutrino detectors from cosmic rays, the main background in this kind
of experiments. Two experimental halls near the reactor cores will measure the neutrino flux,
while one far hall is located near the oscillation maximum. From a total of 8 identical antineutrino
detectors, two will be placed at each of the near sites, while the remaining four will be placed at
the far site [191].

Double Chooz is located in the same site as Chooz, in the northeast of France, very close to
the Belgian border. Two identical detectors are already under construction: these will be placed
at 400 m and 1050 m from the reactor cores. The Double Chooz project is divided into 2 phases:
the first phase (which started at the end of 2010) will last ∼ 1.5 years, with only the far detector
running. During this phase, it is expected to achieve the sensitivity of Chooz after about one
month of data taking, and after 1.5 years it is expected to reach the limit sin2 2θ13 ≥ 0.06 (90%
CL). In a second phase, which is expected to start by the middle of 2012, the two detectors will be
taking data for 3 years, and the experiment is expected to reach the limit sin2 2θ13 ≥ 0.03 (90%
CL) [192].

The RENO experiment is located on the site of Yonggwang nuclear power plant in the
southwestern part of Korea, at around 250 km from Seoul. Again in this case, two identical
detectors are being constructed at 290 m and 1380 m from the reactor cores. This experiment is
expected to reach the limit sin2 2θ13 ≥ 0.02 (90% CL) [193].
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The LAGUNA and EUROnu design studies

In orther to determine the feasibility and optimal performance of the present candidates for a
future oscillation facility, a tight cooperation between phenomenologists and experimentalists is
mandatory. It is precisely with this purpose that the LAGUNA and EUROnu projects were
started.

The Large Apparatus for Grand Unification and Neutrino Astrophysics (LAGUNA) project
[194–196] is a European design study for the development of a kiloton-scale underground particle
detector. The detector will be a multi-purpose facility with a broad physics reach - searching for
proton decay, detecting astrophysical neutrinos, and it will also be used as part of a Long-Baseline
Neutrino Oscillation (LBNO) experiment. The LAGUNA-LBNO study focuses on assessing the
potential of three different detector technologies (liquid argon, liquid scintillator, Water Čerenkov)
and seven possible baselines within Europe. The neutrino beam is assumed to originate from
CERN, Geneva, and the baseline will be determined by the position of the detector. The work
presented in Ch. 3 is a detailed study of the performance of all possible setups under consideration
in LAGUNA, including variations on the performance parameters for each detector in order to
find out which ones are more relevant for the overall performance of the facility. Therefore, it
constitutes an important part within the LAGUNA-LBNO design study.

EUROnu is a European Commission FP7 Design Study for a High Intensity Neutrino Os-

cillation Facility in Europe [197, 198]. It started in 2008 and will run for 4 years. Its primary
aims are to study three possible future neutrino oscillation faciltiies in Europe and do a cost and
performance comparison between them. These facilities are a Super-Beam from CERN to Fréjus,
a β-beam with high-Q ions and the NF. In addition, EUROnu will look at the performance of the
baseline detectors for each facility and determine their physics reach. The work presented in Ch. 4
and Ch. 5 is embedded in the EUROnu project.

2.5 Experimental anomalies

Up to now, we have been focused on a three-family oscillation scenario. However, the existence
of additional (sterile) neutrino species has not been discarded yet. In addition to the solar, at-
mospheric and reactor neutrino oscillation experiments, additional experiments with very short
baselines have been performed in order to look for possible sterile neutrino species [199]. Amongst
these very short baseline experiments we find Bugey [187], CDHS [200,201], CHORUS [202], KAR-
MEN [203], LSND [204], MiniBooNE [205, 206] and NOMAD [207, 208]. In all of them, the L/E
ratio was tuned in order to look for oscillations driven by a squared-mass difference in the range
∆m2 >∼ 1eV2.

Several of these experiments have observed different anomalies, which could be pointing to
the existence of a fourth neutrino (see, for instance, Ref. [209] for a recent analysis). In addition to
this, different results in neutrino and antineutrino modes have been observed, not only in very short
baseline experiments, but also in the MINOS experiment [139,210], which is currently taking data.
The joint analysis of these anomalies seems to indicate the presence of new particles together with
some additional source of CP violation [209, 211], though more exotic explanations involving, for
instance, CPT violation [212] or Lorentz violation [213] have also been considered. Furthermore,
the results from cosmology obtained from the latest observations at WMAP seem to favour the
existence of additional effective neutrino degrees of freedom.
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2.5.1 LSND and MiniBooNE

The LSND experiment took data from 1993 to 1998 at LANSCE, in Los Alamos. At LSND,
neutrinos travelled for about 30 meters to the detector. The LSND collaboration announced an
excess in the ν̄µ → ν̄e appearance probability at 3.3σ of order 10−3 [214]. Such oscillation was
also observed in the CP conjugate channel, νµ → νe [215]. Both signals could be explained with
oscillations between two-families with a squared-mass difference ∆m2 = 1.2 eV2 and a mixing
angle such that sin2 2θ = 0.003.

Notice that this value for ∆m2 is not compatible with the rest of squared-mass differences
measured in atmospheric and solar experiments in the 3 family scheme (see Tab. 2.1). Therefore,
in order to explain the LSND anomaly one has to invoke an extension of the three-neutrino mixing
scenario, introducing either a mechanism to generate a third squared-mass difference or a new
form of flavour transition beyond oscillations. Nevertheless, statistical significance of the signal is
rather low. Furthermore, it is worth to note that such a signal was discarded by the KARMEN
and the NOMAD experiments. KARMEN [203] was located at the neutron spallation source, ISIS,
at the Rutherford Appleton Laboratory, and took data between 1997 and 2001. The KARMEN
experiment had very similar settings to LSND but a shorter baseline (L ∼ 17 m), and did not detect
such a signal. The NOMAD experiment, on the other hand, was designed to search for νe,µ→ντ
signals from neutrino oscillations in the CERN wide-band beam. With an average distance between
the neutrino source and the detector of ∼ 600 m and a L/E ratio of 0.025 Km/GeV, the NOMAD
experiment was sensitive to squared-mass differences ∆m2 > 1eV2. Also in this case, no evidence
for ντ appearance was found.

In order to test LSND results, Fermilab started a new experiment with an identical setup:
MiniBooNE. Its results were consistent with the LSND signal in the context of ν̄µ→ν̄e oscilla-
tions [205]. However, the signal has not been confirmed by the MiniBooNE search in the CP-
conjugate channel [204], νµ→νe, where the data has been found to be within the expected back-
ground. A remarkable feature is the low energy excess for Eν ≤ 475 MeV both in the neutrino and
antineutrino modes [206,216]. In Fig. 2.6, the low energy excess for the neutrino mode is depicted,
as a function of the neutrino energy. For comparison, results obtained assuming oscillations into
a sterile neutrino are also shown for several values of the mixing angle and the squared-mass dif-
ference. This low energy excess makes it even more difficult to find a plausible explanation for the
data. For instance, in [209], it was shown that a five neutrino model (with two squared-mass dif-
ferences in the ∆m2 ∼ 1eV2 range) would in principle be able to explain both anomalies, with the
exception of the low energy event excess for which an alternative explanation would be needed. In
the same reference, it was shown that a four neutrino model (3+1) would be strongly disfavoured
by the data, since in this case it is not possible to obtain CP violation.

2.5.2 The reactor anomaly

In preparation for the Double Chooz reactor experiment [192], the specific reactor antineutrino
fluxes have been reevaluated [165, 166]. New (improved) reactor antineutrino spectra have been
obtained for 235U, 239Pu, 241Pu and 238U. These calculations rely on detailed knowledge of the decays
of thousands of fission products, while previous estimates used a phenomenological model [217,218].
New calculations result in an increase of the antineutrino flux of about a 3%. For all reactor
experiments at L < 100 m from the reactor core [187, 219–225], the average ratio Nobs/Npred was
previously observed to be in reasonable agreement with the non-oscillation hypothesis, though
slightly lower than expected in some cases. However, with the new fluxes this ratio shifts to
0.943± 0.023, leading to a deviation from unity at 98.6% CL [166]. This might indicate that these
experiments would have observed a deficit according to these new fluxes [152,166].
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Figure 2.6: Low energy excess observed in the neutrino running mode in the MiniBooNE exper-
iment. For comparison, the results obtained assuming oscillations into a sterile neutrino are also
shown for several values of the mixing angle and the squared-mass difference. This figure has been
taken from [216].

It is remarkable that the neutrino results from MiniBooNE [205] and the gallium neutrino
sources experiments8 [226] seem to observe νe at similar L/E. These anomalies have been already
discussed in the literature [166, 226], suggesting again a possible oscillation into a fourth sterile
neutrino.

2.5.3 The MINOS anomaly

In MINOS, interactions of neutrinos produced in the Fermilab NuMI beamline are observed at
a near detector and at a far detector, located at 735 km from the source. MINOS is the first
experiment to probe sin2 2θ13 beyond the CHOOZ limit [189].

Recently, the MINOS collaboration has presented their results for antineutrino disappear-
ance data [210], which can be seen in Fig. 2.7. The contour obtained in [141] for νµ disappearance
at MINOS, as well as the results derived in [52] for a global fit to atmospheric disapperance data
are also shown for comparison. It is surprising that the results for neutrino and antineutrino os-
cillations are compatible only at the 90% CL, and in a very small region of the parameter space.
However, it is also important to notice that the statistics for antineutrinos is still well below that for
neutrinos (1.71×1020 POT for antineutrinos, to be compared with 7.25×1020 POT for neutrinos).

In Ref. [226], for instance, some tension between the neutrino data (from the combined
analysis of MiniBooNE and Gallium experiments) and the antineutrino data (from the combined
analysis of reactor experiments) was already pointed out, and the possibility of having differ-
ent mixing angles in the neutrino and antineutrino sector was considered. Possible explanations

8A possible anomaly has been also pointed out for the Gallium radioactive source experiments [226]. In these
experiments, the number of measured events is about 2.7σ smaller than the prediction.
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Figure 2.7: Allowed regions for the ν̄µ oscillation parameters from a fit to the data obtained by
the MINOS collaboration. Indirect limits taken from [52] and the MINOS allowed region for νµ
oscillation [141] are also shown for comparison. This figure was taken from [210].

for a different behaviour in the neutrino and antineutrino sectors include Non-Standard Interac-
tions [227] or active-sterile neutrino mixing [209]. However, the violation of fundamental symme-
tries of the SM, such as Lorentz violation or CPT violation, have also been considered (see, for
instance, Refs. [212,213]). A third possibility would be a model with an additional Lµ −Lτ gauge
symmetry [228].

2.5.4 Hints from cosmology for sterile neutrinos

A system is said to be in thermal equilibrium when the state of the system does not change with
time. In an expanding Universe, the temperature is constantly changing. Therefore, in order to
be in thermal equilibrium, the interaction rate of the particles in the Universe needs to be faster
than the expansion rate of the Universe. When this condition fails to hold, the particles are said
to decouple or freeze-out. This imposes a relation between the temperature at which particles
decouple and the effective number of relativistic degrees of freedom of the Universe at the time of
decoupling, g∗ [229]:

T 3 ∼ 1.66g
1/2
∗

G2
F

MP
,

where GF and MP are the Fermi constant and the Planck mass, respectively. Assuming that
neutrinos are relativistic at the time of decoupling, and that there are only three light neutrino
species, this implies that the temperature (time) at which they decouple is TD ≃ 1 MeV (t ≃ 1 s).
However, if there are more species of neutrinos the decoupling temperature would be higher. A
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Figure 2.8: 2D marginalized 68%, 90% and 95% confidence regions for the neutrino mass and
thermally excited number of degrees of feedom Ns (Neff = 3.046 +Ns). Ordinary neutrinos have
been taken to be massless, while sterile states have a common mass scale ms. This figure was
taken from [233].

higher decoupling temperature for neutrinos implies a higher neutron to proton ratio at the time
of nucleosynthesis, since:

nn
np

= e−(mn−mp)/T ,

Consequently, higher abundances of light elements (D,3He,4He and 7Li) would be expected. Thus,
it is clear that the observed abundances9 imply a bound on the number of relativistic neutrino
species at the time of decoupling.

From the latest data from the WMAP collaboration in combination with additional large
scale structure data [6], the effective number of thermally excited neutrino degrees of freedom is
found to be:

Neff = 4.34+0.86
−0.88(68%CL).

A similar study including the Sloan Digital Sky Survey data release 7 halo power spectrum found
Neff = 4.78+1.86

−1.79 at 95% CL [232].

If low-mass sterile neutrinos exist and mix with active neutrinos, they can be thermally
excited by the interplay of oscillations and collisions. In particular, for the eV mass range and the
relatively large mixing angles needed to explain the oscillation experiments, the sterile states are
good candidates to explain the extra degrees of freedom. In Ref. [233], the number of thermally
excited sterile neutrinos was taken to be an adjustable parameter, such that Neff = 3.046 + Ns,
Ns being the extra sterile states. The results obtained for the case where ordinary neutrinos are
taken to be massless, while the sterile states have a common mass scale ms (which is left as a free
parameter), are shown in Fig. ??. The main conclusion that can be drawn from the plot is that
sterile neutrinos are not excluded by present cosmological observations if they are not too heavy,
and an extra thermal degree of freedom would be even welcome in order to accomodate the Big
Bang Nucleosynthesis data.

Finally, it is worth to mention that in 2011 the Planck experiment will measure Neff with
a factor of 4 improved accuracy with respect to present data [234,235].

9It is worth to mention here that the observed primordial abundances for the majority of light elements are in
agreement with the predictions of Big Bang Nucleosynthesis, save one exception: that of 7Li is approximately two
to three times less than what the theory predicts [230]. This is usually referred to as the “Lithium problem” [231].
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3
Super-Beams

Super-Beams (SB) produce intense νµ beams produced from pion and kaon decays. A SB is taken
to be a conventional neutrino beam [] driven by a proton driver with a beam power in the range
2-5 MW [236, 237]. Two main experiments of this kind have already been approved. The T2K
experiment [238], aiming from J-PARC to Super-Kamiokande at a distance of L = 295 km, has
already started taking data. The NOνA experiment [160], on the other hand, will exploit a totally
active liquid scintillator and is expected to start taking data in 2013 [239]. The main advantage
of NOνA with respect to T2K is its larger baseline, which provides the experiment with some
sensitivity to the mass hierarcy (provided that θ13 is sufficiently large). Besides the LAGUNA
design study, some other SB proposals for the next generation of neutrino experiments (which are
currently under discussion) are: T2HK [240], the SPL [241,242] and, more recently, a Wide-Band
Super-Beam (WBB) in the US (LBNE [243,244]).

In this chapter we evaluate the physics potential of a SB based at CERN when exposed
to a massive detector placed at one of seven possible underground locations within Europe. The
chapter is organized as follows. In Sec. 3.1 the seven possible locations and the three detector
technologies (liquid argon, liquid scintillator and Water Čerenkov) are introduced. Sec. 3.2 is
dedicated to explain the simulation details in detail, including the specific details that have been
used to simulate the detectors. We also include the definition of the main observables that will
be used to describe the performance of the setups. In Sec. 3.3 we show the dependence of the
results for the liquid argon and liquid scintillator detectors against variations of several factors in
the simulations. These include systematic errors, efficiencies for quasi-elastic (QE) events, the NC
backgrounds and the running-time for each polarity, for instance. Finally, in Sec. 3.4 we present a
comparison of the performance of each detector technology for each of the seven possible baselines.

3.1 The setups

In this section we introduce the three main factors which determine the SB setups that will be
studied in the rest of this chapter: the seven possible sites in Europe capable of hosting a very
massive neutrino detector; the beam composition and its optimization for the different possible
locations; and the three detectors under consideration within the LAGUNA design study.

3.1.1 The baselines

For the purposes of minimising backgrounds, the detector must be situated underground. There-
fore, the choice of the baseline is limited to locations where there is already an existing mine capable
of accommodating a large-scale detector, or to locations where it would be possible to expand an
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Location Distance from CERN [km] 1st osc max [GeV]

Fréjus (France) 130 0.26

Canfranc (Spain) 630 1.27

Umbria (Italy) 665 1.34

Sierozsowice (Poland) 950 1.92

Boulby (UK) 1050 2.12

Slanic (Romania) 1570 3.18

Pyhäsalmi (Finland) 2300 4.65

Table 3.1: Potential sites under consideration within the LAGUNA design study [196]. The seven
possible locations for the detectors are shown, as well as their distances from CERN and the
energies corresponding to the first oscillation peak at these baselines (ignoring matter effects).

existing mine. The practical considerations of building a gigantic detector deep underground in-
clude engineering, construction, safety and transportation issues, all of which are considered in
the LAGUNA design study. The possible locations of the detectors, their distances from CERN
and the energies at the first oscillation maximum corresponding to each baseline (ignoring matter
effects) are shown in Table 3.1.

3.1.2 The beam

The range of energies matching the first oscillation peak for each of the possible locations for the
detector (see Tab. 3.1) points to the use of a SB. The main advantage of SBs, compared to other
proposals such as β-beams or NF, is that the technology required to produce the beam is relatively
well-known [245], whereas their major disadvantage is the intrinsic beam background. SB fluxes
have been provided by A. Longhin [246]. For each baseline, the beam has been optimized in order
for the peak to be as close as possible to the first oscillation maximum indicated in Tab. 3.1. The
spectra for the ν beam optimized for 130 km and 665 km baselines are shown in the left and right
panels of Fig. 3.1, respectively, as a function of the neutrino energy. Notice the different energy
range in the two panels due to different optimization of the beam in order to match different
oscillation peaks.

As it can be seen in the figure, together with the dominant neutrino flavour (νµ) a small
but unavoidable mixture of ν̄µ, ν̄e and νe is also produced (the spectrum for the ν̄ beam is very
similar). The contamination becomes larger as the energy of the beam is increased, as it can be
seen from the comparison between the two panels in the Fig. 3.1.. This limits the SB sensitivity to
νµ → νe oscillations. The intrinsic νe contamination, which grows with increasing neutrino energy,
must be kept as low as possible. One way to achieve this is setting the neutrino beam axis tilted
by a few degrees with respect to the vector pointing from the source to the far detector. This
is the case of both T2K [238] and NOνA [160]. Off-axis neutrino fluxes are significantly smaller,
though, and therefore are not optimal for very long baselines (O(1000 − 2000) km), such as the
ones envisaged by the LBNE or the LAGUNA-LBNO proposals, for instance.
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A second feature which can be seen from the comparison between the fluxes depicted in the
left and right panels is the much lower flux for the 130 km baseline with respect to the flux for 665
km. The lower flux is explained because a proper collimation of the beam is much more difficult
to achieve for lower beam energies.

In the standard setup, 2 years of ν running and 8 years of ν̄ running are assumed: such
an asymmetric configuration is needed in order to compensate the much lower fluxes obtained
in the antineutrino running mode, as well as to compensate the much smaller cross section for
antineutrinos with respect to neutrinos. With this configuration of running times, roughly the
same number of neutrino and antineutrino events will be observed at the detector. This will be
further discussed in Sec. 3.3.
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Figure 3.1: Optimized flux for the 130 km (left) and 665 km (right) baselines, produced at the
CERN high-power PS2 (50 GeV protons with 3× 1020 protons on target per year) in the neutrino
mode. Fluxes are shown at 100 Km from the source, in arbitrary units and as a function of the
neutrino energy [246].

3.1.3 The detectors

The final component of the experiment is the detector. Although a detector with charge identifi-
cation would be helpful in order to reduce the intrinsic background, in principle it is not necessary.
Due to the low energy range for these kind of experiments, an appropriate detector should have
a very low energy threshold and large efficiencies for QE events. On the other hand, it should
also be able to reduce the NC background produced from pion decays to a negligible level. Three
different technologies are currently under discussion:

GLACIER (Giant Liquid Argon Charge Imaging ExpeRiment [247]) consists of a 100 kton liquid
argon detector. Among the many ideas developed around the use of liquid noble gases,
the Liquid Argon Time Projection Chamber (LAr TPC) certainly represents one of the
most challenging and appealing designs. Images taken with a LAr TPC are comparable
with pictures from bubble chambers. It offers a very low energy threshold (of few MeV for
electrons and few tens of MeV for protons), good suppression for the NC background coming
from pion decays and good signal efficiencies. Its main drawback is its efficiency to detect
QE events, which is not clear yet. As it will be shown in Sec. 3.3, this is crucial in order to
have a good CP discovery potential for this kind of detectors.

LENA (Low Energy Neutrino Astronomy [248–250]) consists of a 50 kton liquid scintillator detec-
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tor optimized for the detection of low-energy neutrinos and for the search for proton decay.
It is based on the same technology developed for the BOREXINO detector [251]. Their good
energy resolution, low energy threshold and high light yield makes them very suitable for
being exposed to SBs or β-beams . Their main disadvantage, on the other hand, is their
limitations to reject the NC bacgkground coming from pion decays at the detector.

MEMPHYS (MEgaton Mass PHYSics [252]) consists of a 440 kton water Čerenkov (WC) detec-
tor. Three detector designs for Mton WC detectors are currently being carried out: Hyper-
Kamiokande in Japan [240], UNO in the USA [253] and MEMPHYS in Europe. The WC
detector technology is the cheapest and the most suitable to instrument very large detector
masses. However, WC detectors are not suited to measure high energy neutrino interactions
in the multi-GeV energy range. A further limitation comes from the confusion between single
electron or gamma rings and high-energy π0’s giving two overlapping rings.

The construction of one of these very massive underground detectors has additional advan-
tages to those derived from long baseline neutrino oscillation experiments. The three detector
technologies listed above could also be used to detect neutrinos produced in the atmosphere,
neutrinos coming from astrophysical sources (neutrinos produced in supernovae explosions, relic
supernovae neutrinos, solar neutrinos) and geoneutrinos (antineutrinos originated from the β-decay
of radioactive elements inside the Earth). In addition, they could improve further the experimental
sensitivity to proton decay and allow to probe non-minimal SU(5) models as well as other types
of GUTs.

3.2 Simulation details

In order to probe the power of future experiments, we need to simulate data. First, we simulate
the “true” distribution of events as a function of the neutrino energy for a given set of input
values. Then, we try to fit that distribution of events with the corresponding one obtained for a
certain set of “test” values. Moreover, neutrinos are detected through the observation of secondary
particles. The detection of these secondary particles helps to reconstruct the original event, with a
certain efficiency. The reconstructed event will hopefully be a good approximation to the original
event. However, the whole sample of reconstructed events will not correspond to the original
sample because no detector is perfect. The main consequence from this is that, sometimes, two
samples that have been generated with different input values (the “true” and the “test” values)
are statistically compatible. The question we need to address is how these limitations and errors
affect our ability to obtain information about the true neutrino events.

A software package which has been precisely designed to do so is the General Long-Baseline
Experiment Simulator (GLoBES) [254,255], which has been used for all the simulations described in
this chapter. The matter density has been taken in agreement with the Preliminary Reference Earth
Model (PREM) profile from Refs. [?,180,182], assuming an uncertainty of 5%1. Marginalization has
been performed over the solar and atmospheric oscillation parameters, including gaussian priors
around their input values consistent with the present allowed regions at 1σ (see, for instance,
Ref. [152] for a recent global fit). Normal mass hierarchy has been assumed for all the results
shown in the following sections unless stated otherwise. Nevertheless, we have checked that the
results for the inverted hierarchy are very similar to these (under the inversion of δ → −δ).

1This is a conservative estimate. For instance, in Ref. [256] a ∼ 2% uncertainty was found on the matter density
along the CERN - Pyhäsalmi baseline.
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3.2.1 Detector simulations

The particular details that have been used to simulate each detector are summarised in Tab. 3.2.
The LAr detector details are in agreement with Refs. [257] and [258]. The migration matrices for
the LAr detector have been provided by L. Esposito and A. Rubbia [259]. Specifications for the
LENA detector have been obtained from Refs. [260,261] and [262].

A detailed simulation of the WC detector when exposed to a multi-GeV neutrino beam is
lacking, and therefore its performance is yet unclear for high neutrino energies. We have followed
Refs. [257] and [263]. The migration matrices for a WC exposed to a multi-GeV SB have been kindly
provided by the LBNE collaboration [264]. However, these migration matrices are optimized in the
high-energy range and may be too pessimistic for our shorter baseline setups. This is particularly
relevant for the L = 130 km baseline, since in this case the peak of the spectrum is below the low
energy threshold of the LBNE migration matrices (0.5 GeV). Therefore, for the L = 130 km setup
we have used the same migration matrices and efficiencies as in Ref. [265].

In Sec. 3.3 it will be shown how the performance of these detectors is affected against
variations on some of the parameters shown in Tab. 3.2.

A final comment should be done at this point regarding the inclusion of atmospheric data
in the simulations. Atmospheric data could be helpful in solving degeneracies, specially in the case
of very low baseline setups where no matter effects are present and the sign degeneracy cannot
be solved (see, for instance, Ref. [265]). No atmospheric data has been included in any of our
simulations, though.

Detector M (kton) ǫCC ǫQE NC backgr. Energy resolution E (GeV)

GLACIER 100 90% 80% 0.5% Migr. Matr. [259] [0.1, 10]

LENA 50 90%
70% (e)

[0.5, 5] %
σCC(e, µ) = 0.05E

[0.5, 7]
85% (µ) σQE(e, µ) = 0.10E

WC (L > 130)
440

40% 40%
5%

Migr. Matr. [265] [0.5, 10]

WC (L = 130) ∼ 70% ∼ 70% Migr. Matr. [264] [0.1, 1]

Table 3.2: Parameters used in the simulations of each of the LAGUNA detectors. See text for
details.

Finally, in Fig. 3.2 the QE and non-QE cross sections for neutrinos (solid) and antineutrinos
(dashed) are depicted as a function of the energy [266,267]. Blue and green lines correspond to the
non-QE and QE cross sections, respectively, divided by the neutrino energy. As it can be seen from
the plot, QE events dominate in the very low energy range, while they decay very quickly above 1
GeV. Above 2 GeV, the fraction of QE events is very small, and most of the events are non-QE.
This is particularly relevant for WC detectors. WC detectors perform very well in the QE event
region, where only one ring is produced by the scattered particle. However, their efficiencies start
to deteriorate very quickly as neutrinos enter in the non-QE region of the cross section, because
deep inelastic processes produce multiple rings which need to be correctly identified.
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Figure 3.2: Cross sections (divided by the neutrino energy) for neutrinos (solid) and antineutrinos
(dashed), as a function of the neutrino energy [266, 267]. Blue and green lines correspond to the
cross sections for non-QE and QE events, respectively.

3.2.2 Main backgrounds

All the LAGUNA detectors are capable of identifying electrons and muons; therefore the νµ →
νµ and νµ → νe channels, and their CP conjugates, can be observed. The main background
contributions for these channels arise from:

• Intrinsic νe (ν̄e) beam background (see Fig. 3.1): this is the main background to the primary
SB channel, the νµ → νe channel. The problem is that it is impossible to distinguish between
a νe which is the product of an oscillated νµ (signal), and one which was produced as a νe
in the beam (background). The rejection of this background stems purely from the ability
to predict or measure the intrinsic νe (ν̄e) component of the beam. Theoretical predictions
can be made based on measurements from fixed-target experiments and, ideally, from the
use of a near-detector which measures the un-oscillated beam spectrum. NOvA [160] and
T2K [238] estimate that they can reduce this component of their background to ∼ 50% of
the total νe (ν̄e) content using these methods. We will assume this value in our simulations
unless otherwise specified.

• Intrinsic ν̄µ (νµ) background in νµ (ν̄µ) beam: this forms ∼ 10% of the beam as can be seen
from Fig. 3.1. As there are no plans to magnetize any of the LAGUNA detectors, there is
no way of distinguishing between positively and negatively charged leptons, and therefore
it is not possible to distinguish between neutrino and anti-neutrino events. In case CP is
conserved, this is not relevant as ν and ν̄ will behave the same way. However, one of the
primary aims of the experiment is to detect the presence of CP violation. Therefore, it is
crucial to distinguish between ν and ν̄ and this background needs to be minimized. We
estimate that a background of 50% of the total content is realistic, given current knowledge
of neutrino beam fluxes and planned future experiments.

• Neutral-current events: π0’s can be produced in high-energy NC events and then decay into
two photons. If the two rings overlap, the event is often misidentified as an electron. This
is not a significant background for liquid argon which has a very good efficiency for the
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detection of photons, but is more problematic for WC detectors, and possibly also for liquid
scintillators. In addition to this, single π+/π− NC events are a background for the muon
appearance signals.

• An additional background is in principle expected to come from neutrinos produced in the
atmosphere - the so-called atmospheric background. This background would be particularly
harmful in the low energy range (approximately below 1 GeV) and therefore it could be
an issue for some SB and low-γ β-beam setups. However, it can be avoided by imposing
stringent duty cycles for the beams. In Ref. [265], it was shown that, for the envisaged duty
cycles of 2.4 × 10−4 at the SPL, this background is negligible in the SB case. For β-beams ,
though, further investigation is still needed to find out the actual duty cycles that could be
reached in the storage ring (see Ch. 4 for details).

3.2.3 Observables

To compare different options and to understand which of them is the one to be pursued as a future
neutrino facility, a list of observables to be measured has been defined: θ13; the CP-violating phase
δ; the sign of the atmospheric mass difference (hereafter called satm); the deviation from θ23 = 45◦;
and the θ23-octant (if θ23 6= 45◦). Aside from these measurements, a new facility should also reduce
the present errors on atmospheric and solar parameters. We now define the main observables that
will be used in the following to address the performance of the different setups2:

the sensitivity to θ13: this is defined as the ability of a certain experiment to rule out the θ13 = 0
hypothesis in the fit, after marginalizing over all the other parameters. In other words, the
sensitivity to θ13 gives the limiting value of θ13 for which the data can statistically distinguish
a positive θ13-driven oscillation from the θ13 = 0 prediction.

the CP discovery potential: this is defined as the ability of a certain experiment to rule out
the CP conservation hypothesis (δ = 0 and 180◦), after marginalizing over all the other
parameters.

the sensitivity to sgn(∆m2
31): this is defined as the ability of a certain experiment to rule out

the wrong hierarchy, after marginalizing over the rest of parameters. For each setup, there
is a limiting value of θ13 below which the predictions for the wrong hierarchy cannot be
separated from the data corresponding to the right hierarchy.

These observables are mainly accesible through the νe → νµ and the νµ → νe channels (to-
gether with their CP-conjugates), so they are common observables for β-beams and SBs. Therefore,
they will also be used to describe and compare the performance of the β-beam setups discussed in
Ch. 4.

In general, results will be presented in the sin2 2θ13-δ plane. However, sometimes it is also
useful to present the results showing the amount of values of δ for which a given observable can be
measured, the so-called CP-fraction. The concept of CP-fraction was introduced in Refs. [268,269]
to compare in a condensed form the performances of different proposals regarding the measurement
of a given observable. It translates into a loss of information about the specific values of δ for which
the sensitivity to a given observable is achieved but allows a better comparison of the relative
performance of the different facilities. Therefore, results will be presented in any of the following
planes, depending on the particular features that should be pointed out in each case:

2In some of the cited references these definitions can suffer minor changes.



48 Super-Beams

• in the sin2 2θ13-δ plane;

• as a function of sin2 2θ13 and the fraction of the δ parameter space for which a given observable
can be measured.

Unless otherwise stated, results will be shown at a statistical significance of 3σ (1 d.o.f.) and in
logarithmic scale in the sin2 2θ13-axis.

3.3 Optimisation studies

In this section we study the properties of the beam and detector which affect the sensitivity of the
experiment. We studied several variables: systematic errors, the intrinsic beam background, the
possibility of τ detection, the different detection properties for quasi-elastic and non-quasi-elastic
events, the time spent running in neutrino and anti-neutrino mode, and the effect of neutral-current
backgrounds.

3.3.1 NC background in LENA

The main limitation for the LENA detector is its ability to reject the NC background which
originates from the wrong identification of π0’s at the detector, which is not clear yet. Therefore,
in the following we will present our results for the LENA detector in the most optimistic and the
most pessimistic situations: in the former case, we assume a NC background rejection capability
comparable to that for the GLACIER detector (that is, only a 0.5% of the NC events cannot be
properly identified as background events); while in the latter we assume a 10 times worse NC
rejection capability (that is, a 5% of the NC events cannot be properly identified as background
events). In Fig. 3.3, we present a comparison of the results obtained for the CP discovery potential
of the LENA detector for these two values, as well as for several values in between: 1%, 2% and
3%. The minimum value of θ13 for which CP violation can be observed is severely affected by the
NC background, the worsening of the performance being roughly proportional to the amount of
NC background that cannot be rejected at the detector.

3.3.2 Quasi-elastic events in GLACIER

Quasi-elastic (QE) and non-quasi-elastic (nQE) events have different event topologies and therefore
different detection properties. The typical energy of a QE event is . 1.5 GeV although there are still
QE events at higher energies. The information from low-energy events contributes mainly to the
sensitivity to CP violation because matter effects (which can mimic CP violation) are proportional
to the neutrino energy. Therefore, the detection of QE events will be most valuable for CP
discovery. Results are only shown for the LAr detector, where the QE detection efficiencies could
be an issue. In Fig. 3.4 we show the effect of the QE efficiencies on the CP discovery potential for the
LAr detector placed at Pyhäsalmi. As it can be seen from the figure, the effect is remarkable. Even
though the minimum value of θ13 for which CP violation can be established remains practically
unaffected (the greatest worsening takes place around δ ∼ −90◦, where sin2(2θ13min) changes from
∼ 5 × 10−3 to 7 × 10−3), the amount of values of δ for which CP violation can be discovered is
considerably reduced when the QE events are removed from the whole sample of events (see right
panel in Fig. 3.4). Notice, however, that only the QE efficiencies for the detection of electrons
is relevant; the rate of detection of QE muons is unimportant since disappearance channels are
insensitive to CP violation.
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Figure 3.3: Effect of the NC background rejection capability of the LENA detector on the CP
discovery potential. The legend indicates the percentage of NC events at the detector which
cannot be rejected. Results are presented for the detector placed at Pyhäsalmi.
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Figure 3.4: Effect of different QE efficiencies on CP discovery potential for the LAr detector placed
at the Pyhäsalmi baseline. Left panel shows the results in the δ-sin2 2θ13 plane, while for the right
panel the results are shown as a function of sin2 2θ13 and the fraction of the δ parameter space for
which CP violation can be discovered.
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3.3.3 Systematic errors

The dominant sources of systematic errors are those associated to the predictions of the beam
flux composition and the interaction cross-sections at the detector. The effects due to systematic
errors can be separated into those affecting the signal, and those affecting the predictions for
the backgrounds. We show in Fig. 3.5 the dependence on the results against variations on the
systematic errors both for the signal and the background. Results are shown for the LAr detector
placed at the Pyhäsalmi mine in Finland, but qualitatively similar results are expected for the other
detectors and baselines. The CP discovery potential and the sensitivity to θ13 are shown for several
combinations of the systematic errors that have been taken for the signal and the background, as
indicated in the legend. In our baseline configuration, a 5% systematic error is assumed over the
signal and background, in agreement with Ref. [270] (light blue lines). We find that the magnitude
of the systematic errors is crucial for both the sensitivity to θ13 and the CP discovery potential.

Two main effects due to systematics can be observed in the CP discovery potential: first,
the amount of values of δ for which CP violation can be discovered in the large θ13 region is
mainly affected by the systematics in the signal; second, the minimum value of θ13 for which CP
violation can be observed is mainly affected by the background systematics. These features are
quite general, and can also be observed in Secs. 3.3.2 and 3.3.1: while signal efficiencies help to
improve the δ-fraction, background levels affect the minimum value of θ13 for which CP violation
can be discovered.

Finally, the systematic errors on the signal affect the sensitivity to θ13 almost indepen-
dently on the value of δ, whereas an increase in the background systematic errors only produces a
worsening of the sensitivity in the region where δ ∼ +90◦.
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(a) CP discovery potential.
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(b) Sensitivity to θ13.

Figure 3.5: Effect of systematic errors on the CP discovery potential (left) and θ13 discovery poten-
tial (right) for the LAr detector placed at Pyhäsalmi. The first and second values indicated in the
legend correspond to the systematic errors assumed over the signal and background, respectively.

3.3.4 Intrinsic beam backgrounds

As it was already mentioned in Sec. 3.1, the intrinsic beam background is one of the limiting factors
of a SB experiment. It is thus important to maximise our knowledge of the beam content, either
by using a near-detector, or by performing dedicated fixed-target experiments. The reason for this
can be seen in Fig. 3.6 where we show how different levels of the beam background (ranging from
10% to 50%) affect the CP discovery potential of the experiment. Results are shown for the LAr



3.3 Optimisation studies 51

detector located at Pyhäsalmi, but qualitatively similar results are expected for the other detectors
and baselines. The improvement is most prominent around the region δ = −90◦, whereas the
sensitivity around δ = +90◦ is limited instead by the ability of the setup to solve the degeneracies
in that region.
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Figure 3.6: Effect of intrinsic beam backgrounds on the CP discovery potential for the LAr de-
tector placed at Pyhäsalmi. The legend indicates the percentage of events coming from the beam
contamination that cannot be rejected at the detector.

3.3.5 Running times

As mentioned in Sec. 3.1 the running times for the neutrino and anti-neutrino beams are asymmetric
because of the different compositions of the beams, as well as to compensate the much smaller
antineutrino cross section (see Fig. 3.2). The default configuration of 2 years running in neutrino
mode and 8 years in anti-neutrino mode leads to an approximately equal number of neutrino and
anti-neutrino events. This is crucial for the CP discovery potential of the facility, since CP violation
would be observed through a different behaviour for neutrinos and antineutrinos.

It is worth to note that neutrinos and anti-neutrinos provide sensitivity to θ13 in different
regions of the parameter space - neutrinos provide sensitivity in the region of positive δ, whereas
antineutrino events are useful in the region of negative δ (the situation is precisely the opposite for
an inverted hierarchy). This can be clearly seen in Fig. 3.7, where we show how the sensitivity to
θ13 is affected by the running times for each polarity. Results are shown for several configurations
of the neutrino and antineutrino running times, as indicated in the legend. Results are shown for
the LAr detector placed at Pyhäsalmi, but qualitatively similar results are expected for the rest of
baselines and detectors.

In Fig. 3.8 we show the effect of the neutrino and anti-neutrino running times on the CP
discovery potential. The CP discovery potential is shown for several configurations of the neutrino
and antineutrino running times, as indicated in the legend. It is clear that both ν and ν̄ events
are necessary to optimise the CP discovery potential of the facility, whereas in the case where only
neutrinos or only anti-neutrinos are considered the CP discovery potential is severly worsened.

Finally, from the comparison of Fig. 3.7 and Fig. 3.8 it can be seen that the asymmetric
running times for ν and ν̄ mode are mostly useful in order to gain some sensitivity to θ13 in the
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Figure 3.7: CP discovery potential for several configurations of the neutrino and anti-neutrino
running times, for the LAr detector placed at Pyhäsalmi. The first and second numbers in the
legend indicate the neutrino and antineutrino running times, respectively.
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Figure 3.8: CP discovery potential for several configurations of the neutrino and anti-neutrino
running times, for the LAr detector placed at Pyhäsalmi. Left panel shows the results in the
δ-sin2 2θ13 plane, while for the right panel the results are shown as a function of sin2 2θ13 and the
fraction of the δ parameter space for which CP violation can be discovered. The first and second
numbers in the legend indicate the neutrino and antineutrino running times, respectively.
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regions of positive δ (with respect to the symmetric configuration, 5 + 5). However, the results for
the CP discovery potential do not change much.

3.3.6 τ detection

It is possible that a liquid argon or liquid scintillator detector will be able to detect and identify
tau leptons in addition to electrons and muons, making it possible to observe the ντ and ν̄τ
appearance channels. However, τ detection is experimentally very challenging and is therefore
only of benefit if the additional events produce a significant improvement to the performance.
Since the peak energy of the highest energy beam (for the 2285 km baseline) is only slightly above
the ντ detection threshold of 3.5 GeV, only a very small amount of τ production is kinematically
feasible. In Tab. 3.3, we show the total number of expected τ and τ̄ events at a 100 kton detector
with perfect efficiency and energy resolution, placed at Pyhäsalmi, after one year of exposure per
polarity. Results are shown for normal hierarchy and for θ23 = 45◦. For comparison, the number
of νµ and ν̄µ events at the detector is also shown. Even though the LAr and LENA detectors may
have some detection efficiency for τ particles, this would certainly be below 50%. This means that
the actual number of events would be even smaller than the numbers listed in the table. We have
numerically checked that the effect of τ detection in the performance of the setup is negligible,
even in the very optimistic case where a 50% efficiency is assumed.

Nνµ
Nν̄µ

Nντ
Nν̄τ

8189 3442 753 346

Table 3.3: Total number of tau events for a 100 kton detector with perfect efficiency placed at
Pyhäsalmi, after one year of exposure per polarity. Results are shown for normal hierarchy and
for θ23 = 45◦. For comparison, the total number of νµ and ν̄µ events are also shown.

3.4 Comparison for different baselines

The performance of any neutrino oscillation experiment depends strongly on the length of the
baseline: it is a well-established fact that matter effects, as first discussed by Wolfenstein [60], alter
oscillation probabilities relative to the vacuum case. The effect increases as the baseline and/or
the density of the medium through which the neutrino is propagating is increased. Matter effects
are also proportional to the neutrino energy (see Sec. 1.4.2). This phenomenon is exploited by
long-baseline neutrino oscillation experiments in order to determine the neutrino mass hierarchy
(normal or inverted). Matter effects are also needed in order to achieve a good CP discovery
potential; otherwise, the hierarchy degeneracies will considerably worsen the results. Finally, the
sensitivity to θ13 is the observable which is most robust against the presence of degeneracies and,
consequently, matter effects are not so relevant in this case. Therefore, the dependence on the
baseline for this observable is not so strong, whereas the specific details of each detector play a
more important role.

Therefore it is vital that we assess and compare the performances of each of the LAGUNA
baselines, listed in Tab. 3.1, in addition to each of the detectors. We present our results in terms
of the observables defined in Sec. 3.2.3: (1) sensitivity to θ13; (2) CP discovery potential; (3)
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sensitivity to the mass hierarchy. The results will in general be presented as a function of sin2 2θ13
and the fraction of values of δ for which a certain observable can be measured, at a statistical
significance of 3σ (1 d.o.f). In some cases, they may also be presented in the sin2 2θ13-δ plane,
in order to illustrate some particular features of the figures. Since two of the LAGUNA baselines
are very close in length (630 km and 665 km), their results are very similar. Therefore we have
decided to present the results for the 665 km baseline only, since the ones corresponding to 630
km are virtually identical.

In addition, we note that the ability to reject NC background events in LENA is still in the
process of being studied and is as yet unknown. As it was shown in Sec. 3.3.1, the level of the
NC background plays a large role in the final sensitivities. Therefore in this section we show the
results obtained in the scenario that the LENA detector can reject NC events down to 0.5% (as
for LAr), and one in which the NC background takes a higher value of 5% (as for WC).

3.4.1 Sensitivity to θ13

In Fig. 3.9, the results for the sensitivity to θ13 are presented for the six baselines and for the four
detectors under consideration. As already mentioned, this is the observable which is least affected
by the presence of degeneracies, and therefore the baseline dependence is not very relevant. It can
be clearly seen, though, that the results obtained when the detector is placed at Fréjus (L = 130
km) are considerably worse than for the rest of the baselines. This is mainly because the flux for
the Fréjus baseline is roughly an order of magnitude below those for the rest of the baselines, as it
was already commented in Sec. 3.1.

An interesting feature can be observed from the comparison of the upper plots in Fig. 3.9,
which correspond to the LAr (left) and LENA (right) detectors. Notice from Tab. 3.2 that the
energy range for the LENA detector goes up to 7 GeV, whereas for the LAr detector it reaches
10 GeV. However, the difference in performance for both detectors is not significant. It is also
important to notice that, even though the mass for the LAr detector is larger by a factor of two,
the effect due to its larger mass is unimportant. This is due to the extremely good energy resolution
of LENA in the lower energy part of the spectrum, which makes its performance comparable to
that of the LAr detector, even though its mass is smaller by a factor of two. This is something
which will also play an important role in the CP discovery potential of the facilities, as will be
shown in the next subsection.

The performance of the LENA detector when exposed to this kind of beam is, therefore,
remarkable. However, its ability to reject NC events is yet not clearly understood. This is crucial
in order to determine its ultimate performance. The impact of the NC background for the LENA
detector can be seen from the comparison between the two right panels in Fig. 3.9. Both panels
correspond to the performance of the LENA detector, but in the lower panel the NC background
has been increased by a factor of 10 in the simulations. As a result, the sensitivity to θ13 is
worsened roughly by a factor of 3.

In general, the longer the baseline, the better the sensitivity. However, it can be seen that
this does not hold for the longest baseline (2285 km), especially for the LAr detector and LENA
detector with a low NC background. This indicates that these two detectors perform sufficiently
well and that they are statistics-limited. On the other hand, the flux at the detector scales with
the distance from the source as L−2. Since we have considered the same number of PoT for all
possible locations, there is a limiting value of L for which the gain in sensitivity due to larger
matter effects does not compensate for the flux loss. A possibility to overcome this could be to
increase in the number of PoT, for instance.
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(b) LENA (0.5% NC)
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(c) Water Čerenkov
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(d) LENA (5% NC)

Figure 3.9: Sensitivity to θ13 as a function of sin2 2θ13 and the fraction of possible values of δ
for which the θ13 = 0 hypothesis can be ruled out at 3σ (1 d.o.f.). Results are shown for the six
baselines under study and for the four detectors under consideration.
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3.4.2 CP discovery potential

In Fig. 3.10, the results for the CP discovery potential are presented. In can be seen that very long
baselines always yield the best results for this observable. This is closely related to the presence
of stronger matter effects for the longer baselines, although the same reasoning as explained in
Sec. 3.4.1 applies to the 2285 km baseline, this time for all the detectors. In the region where
δ ∼ +90◦, the sign (hierarchy) degeneracies move to CP conserving values of δ and therefore the
CP discovery potential of the facility is worsened. This can be avoided if the facility is also able to
measure the sign and resolve these degeneracies. As a consequence, larger baselines are generally
better for this observable. The situation is critical for the shortest baseline of L = 130 Km (CERN
to Fréjus). In order to maximize the CP discovery potential of a certain experiment, one should try
to tune the L/E ratio to the first oscillation peak. This maximizes the Y term in the probability
(see Eq. (B.1) in App. B), which contains the δ-dependence, and at the same time the statistics at
the detector are increased.

A particular feature is observed in the plots, precisely regarding the baseline dependence.
Notice that, in principle, better results are obtained for higher energy setups. However, the results
for the Pyhäsalmi baseline are outperformed by those obtained at the 1570 km baseline, regardless
of the particular detector technology. In order to understand this, several things have to be taken
into account simultaneously: (1) the cross section in the non-QE range increases linearly with
the energy, so higher energies imply a larger number of events at the detector; (2) larger energies
imply also larger matter effects, which can mimic CP violation effects and diminish the actual
CP discovery potential of the facility; (3) the flux at the detector scales with the distance from
the source as L−2. In our case, it seems that higher neutrino energies and larger baselines are
preferred; however, for the Pyhäsalmi baseline the increase in the cross section with the neutrino
energy cannot compensate neither the flux loss nor the (too large) matter effects, and the CP
discovery potential starts to be worsened.

As it was already mentioned in Sec. 3.3.2, QE events are very important for CP discovery
potential whereas high energy events do not play a significant role for this observable. This can
be seen from the comparison between the upper panels in Fig. 3.10, which correspond to the LAr
(left) and LENA (right) detectors. Notice that the energy range for the LENA detector goes up
to 7 GeV, whereas for the LAr detector it reaches 10 GeV. However, the difference in the CP
discovery potential that can be reached with both detectors is not significant. It is also important
to notice that, even though the mass for the LAr detector is larger by a factor of two, the effect
due to its larger mass is not very relevant. This is due to the extremely good energy resolution of
LENA in the lower energy part of the spectrum, which makes its performance comparable to that
of the LAr detector, even though its mass is smaller by a factor of two.

Again in this case, we show the impact of the NC background for the LENA detector in the
two right panels in Fig. 3.10. As a result of the higher NC background, in the lower right panel the
CP discovery potential is considerably worse. Not only is the limiting value of sin2 2θ13 reduced by
around an order of magnitude (as it was the case for the sensitivity to θ13), but also the fraction
of values of δ for which CP violation can be observed has been considerably reduced. This effect is
particularly relevant for the detector placed at Pyhäsalmi - since it is mainly limited by statistics,
its performance is considerably reduced when larger backgrounds are included in the simulations.

3.4.3 Sensitivity to the mass hierarchy

Finally, in Fig. 3.11, we present the results for the sensitivity to the mass hierarchy. A normal
hierarchy has been assumed in all cases. We have checked that the results for an inverted hierarchy
are very similar to these, but with the interchange δ → −δ. Consequently, the fraction of values of
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(b) LENA (0.5% NC)
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(c) Water Čerenkov
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(d) LENA (5% NC)

Figure 3.10: CP discovery potential as a function of sin2 2θ13 and the fraction of possible values of
δ for which the CP conservation hypothesis (δ = 0 or π) can be ruled out at 3σ (1 d.o.f.).



58 Super-Beams

δ for which the wrong hierarchy can be ruled out remains unaffected when an inverted hierarchy
is assumed; therefore these results will not be presented here.

Unlike the other two observables, the choice of baseline is critical in this case in determining
the performance of the facility. Thus it is always true that the longer the baseline, the better the
performance - it can clearly be seen from the figure that the best results are obtained when the
detector is placed at the Pyhäsalmi baseline, regardless of the detector technology. On the other
hand, the results for the CERN-Boulby and CERN-Sierozsowice baselines are remarkably similar,
since their baselines only differ in 100 km. The worst results, in turn, are obtained for the shorter
baselines: no sensitivity at all is obtained if the detector is placed at Fréjus (L = 130 km), whereas
in the case of Canfranc/Umbria (L ∼ 665 km) some sensitivity can be achieved for some values of
δ.

Again, the performances of the LAr and LENA detector (in the absence of NC backgrounds)
are very similar, as it was in the case of the sensitivity to θ13 and for the CP discovery potential.
However, around a factor of 3 is lost when the NC background is increased from 0.5% to 5% for
the LENA detector.
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(b) LENA (0.5% NC)
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(c) Water Čerenkov
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(d) LENA (5% NC)

Figure 3.11: Sensitivity to the mass hierarchy as a function of sin2 2θ13 and the fraction of possible
values of δ for which the wrong hierarchy can be ruled out at 3σ (1 d.o.f.). A normal hierarchy
has been assumed.



4
The double baseline β-beam

In this chapter, we present the results of Refs. [21] and [22], where we studied the performance of
two different two-baseline high-γ β-beam setups. We face the same physics case considered for the
IDS-NF, that is, a very small value for θ13 out of reach for the present and forthcoming generation
of neutrino oscillation experiments (i.e., θ13 ≤ 3◦). The two setups proposed here are the natural
conclusion of a series of theoretical, experimental and accelerator achievements:

• In Ref. [271] the idea of accelerating radioactive ions and store them so as to produce intense
νe(ν̄e) beams was advanced. In the original proposal, 6He/18Ne ions were boosted at γ ∼ 100
using existing infrastructures at CERN, producing νe(ν̄e) beams aimed at a 1 Mton WC
detector to be located in a newly excavated cavern at the Fréjus underground laboratory, L =
130 Km down the source. The physics reach of this setup was studied in Ref. [174,272,273].

• In Refs. [274,275] it was proposed to accelerate the same two ions, 6He and 18Ne, at a much
higher γ (γ = 350 and 580, respectively), aiming again at a 1 Mton WC detector to be
located at a newly excavated cavern at the Canfranc underground laboratory, L = 650 Km
from the source. Such a high Lorentz boost factor could only be attained at CERN using
new infrastructures. Alternatively, the TeVatron could be used for the last acceleration stage
(see, e.g., Ref. [276]). This setup greatly outperforms the “low”-γ one discussed above and
could compete with NF–based setups in the sensitivity to CP violation.

• In Ref. [277,278], the “ionization cooling” technique to produce intense 8Li and 8B beams was
proposed (the latter being out of reach with standard ISOL-type targets). The feasibility of
this method will be studied in full detail in the framework of the EURO-ν Design Study [197].

• In Ref. [176], some of the authors of this paper proposed the use of a “cocktail” of 8Li/8B
and 6He/18Ne β-beams at γ = 100 (the maximum that can be achieved with existing CERN
infrastructures) illuminating a 1 Mton WC detector located at L = 650 Km, so as to solve
some of the parametric degeneracy from which the measurement of (θ13, δ) is afflicted. This
setup is only useful in the case of large θ13, due to its statistical limitations.

• In Refs. [279,280], the possibility of using a high-γ 6He/18Ne β-beam illuminating a (MINOS-
like) 50 Kton magnetized iron detector located at L = 732 Km down the source was explored.
The existing cavern at the Gran Sasso underground laboratory could be used for such a
compact detector. This setup is also statistically limited, though.

• Eventually, in Refs. [184, 185] a γ = 350 8Li/8B β-beam illuminating a 50 Kton magnetized
iron detector (INO [281,282]) located at L = 7100 Km down the source was proposed, to take
advantage of the resonant matter effects so as to measure sgn(∆m2

31) for sin2 2θ13 ≥ 10−3.
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The main difference of using 8Li/8B instead of 6He/18Ne ions is that the end-point energy of
the 8Li/ 8B β-decays is E0 ∼ 13 MeV (to be compared with E0 ∼ 3.5 MeV for 6He/18Ne). With a
Lorentz boost factor of γ = 350, a (relatively) high mean neutrino energy in the laboratory frame,
Eν ∼ 6 GeV is achievable. At these neutrino energies Peµ picks up near-resonant matter effects
and becomes very large and a very good sensitivity to the mass hierarchy is foreseen [184,185,283].
Both of the setups studied here take advantage of this fact. A baseline optimization study [284]
showed that indeed the magic baseline is the best place to measure the mass hierarchy and θ13
if a β-beam fueled with 8B and 8Li ions is used. A further consequence of having an energetic
neutrino flux is that we can safely use dense detectors with a good muon identification efficiency,
as an alternative to the WC technology.

However, this baseline is also very close to the “magic baseline” [168,179], at which matter
effects cancel the dependence of the oscillation probability on δ. As a consequence, the sensitivity
to δ is lost and another baseline, appropriately chosen in order to match the first oscillation peak,
is needed to gain sensitivity to δ. In setup A for 8Li /8B accelerated at γ = 350 the value for
this baseline turns out to be L = 2000 Km. For setup B 6He /18Ne are used instead to aim at
the shorter baseline, accelerated at γ = 350 too. In this case, the baseline which matches the first
oscillation peak is much shorter, L = 650 Km. Setup B takes advantage, on the one hand, of the
strong sensitivity that can be achieved with a 6He /18Ne β-beam to CP violation while, on the
other, the 8Li /8B β-beam takes advantage of the resonance at the magic baseline, thus providing
a good sensitivity to the mass hierarchy.

This chaper is organized as follows. In Sec. 4.1 the β-beam is introduced. In Secs. 4.2
and 4.3 we describe the technical details of both setups. Sec. 4.2 is dedicated to the technical
details regarding the acceleration of the ions, mainly: the choice of β-emitters, γ, the fluxes and
cross sections and the storage ring design. The atmospheric background is also discussed here,
since its relevance will be determined by the energy of the beam and the suppression factor in
the decay ring. Sec. 4.3 is dedicated, on the other hand, to discuss the relevant aspects for the
technology and location of the detectors: the choice of the two baselines, the detector details,
the matter resonance at 7000 km, the efficiencies, systematic errors and the rest of backgrounds.
Finally, in Sec. 4.4 we present the results for both setups, including a comparison with other high-γ
β-beam facilities. For technical details related to the production, acceleration and storage of the
ions we refer the interested reader to App. A.

4.1 The β-beam concept

The β-beam concept was first introduced in [271]. It involves producing a huge number of β-
unstable ions, accelerating them to some reference energy, and allowing them to decay in the
straight section of a storage ring aiming at a far detector, resulting in a very intense and pure νe or
ν̄e beam. Golden transitions, νe→νµ and ν̄e→ν̄µ, can then be measured through muon observation
at the detector.

It shares with the NF two main advantages with respect to conventional beams (where
neutrinos are obtained via pion decay): a) the neutrino flux is pure (for a β-beam , only νe or
ν̄e neutrinos are present in the flux), thus decreasing the beam-induced background, and b) the
neutrino spectrum can be exactly computed, thus strongly reducing flux systematics.

Three main variables determine the properties of the facility: the type of ion used, and in
particular the end-point kinetic energy of the electron in the center-of-mass frame for the β decay,
E0; the relativistic Lorentz boost factor γ (energy divided by mass) of the ion; and the baseline, L.
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The unpolarized1 neutrino flux per solid angle in a detector located at distance L from the source,
aligned with the boost direction of the parent ion is [274]:
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In this equation, me is the electron mass, E the energy of the final state neutrino in the laboratory
frame and Nβ the total number of ion decays per year. The average neutrino energy in the
laboratory frame is 〈E〉 = γE0. In Fig. 4.1, the β-beam fluxes obtained at 100 km from the source
are shown, as a function of the neutrino energy, for the four ion candidates. As it can be seen from
the figure, due to their different end-point energies the neutrinos produced from 8Li and 8B decays
are peaked at higher energies by a factor of 4, roughly. On the other hand, the spectrum is much
broader for 8Li and 8B decays than in the 6He and 18Ne case, where all neutrinos are produced
more or less with the same energy.
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Figure 4.1: β-beam fluxes (in arbitrary units) corresponding to each of the four ion candidates
boosted to γ = 350 as a function of the neutrino energy, measured at 100 km from the source.

The key parameter in the optimization of the β-beam flux is the relativistic γ factor. Notice
that, for a fixed number of decaying ions and a fixed baseline, the number of CC muon events in
the detector increases with γ and linearly decreases with E0. This can be derived from Eq. (4.1)
as follows: in the hypothesis of linear dependence of the total neutrino-nucleon CC cross-section
on the neutrino energy2 and for L/E tuned to the n-th νe → νµ oscillation peak, the number of
events expected at the detector is [271]:

1The possibility of using a neutrino beam coming from a polarized source has been studied in the context of a
NF, but not for a β-beam . The flux for neutrinos produced from a polarized source has extra terms which could
help to increase the statistical significance of a CP violating signal in the case of a NF [285, 286]. It would be
interesting to study that option also in the β-beam scenario. In this case, polarization would only be possible for
high-Q β-beams , since 8Li /8B have spin S = 2 whereas 6He /18Ne have S = 0.

2Notice, however, that this is not suitable for neutrino energies below 1 GeV, where the cross-section energy
dependence is Ek with k ≥ 1. This is, on the other hand, the typical range of energies considered for low-γ
β-beams .
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Nevents ∝ Nβ

(
∆m2

2n− 1

)2
γ

E0
. (4.3)

According to Eq. (4.3), it seems that ions with low E0 should in principle be preferred. The
choice of the isotope is, however, a compromise between production yield, E0, and the half-life of
the ion, T1/2: isotopes should be sufficiently long-lived to avoid strong losses in the acceleration
phase, but must decay fast enough to generate a neutrino beam of sufficient flux. A fourth relevant
parameter is the atomic number, Z: assuming a limited space charge capacity of the acceleration
chain, low-Z ions can be stored in larger number than high-Z ions (thus affectingNβ). The following
isotopes have been identified as good candidates: 6He for ν̄e production and 18Ne to produce νe,
both of them with E0 ∼ O(MeV). Another pair of ions with larger E0 have been also considered:
8Li and 8B. Notice that, at the same γ/L, the neutrino flux produced from high-Q ions is typically
three to four times more energetic than those produced in 6He/18Ne decays. This can be very
helpful in order to determine the mass hierarchy through matter effects. However, in order to
match the oscillation peak, larger baselines are needed as the energy of the beam increases. This
implies a loss in the flux, which is inversely proportional to L2. A detailed discussion on the
properties of the β-emitters will be performed in Sec. 4.2.1.

4.2 The accelerator design

In this section, we will discuss in detail the different features related to accelerator requirements.
These include the choice of the ions and an introduction to their main characteristics (Sec. 4.2.1),
the γ factor (Sec. 4.2.2), the achievable fluxes (Sec. 4.2.3) and possible alternatives for the storage
ring original design (Sec. 4.2.4). Finally, the atmospheric background, which can be reduced with
an appropriate bunching of the ions in the storage ring, is also discussed in Sec. 4.2.5.

4.2.1 Choice of β±-emitters

Three parameters that are crucial to determine the choice of the optimal β-emitters are E0, the ion
half-life T1/2 and Z. First of all, from Eq. (4.3) it can be seen that the lower the end-point energy
E0, the larger the statistics. Secondly, the ion half-life T1/2 must be long enough to accelerate
the ions to the desired energy and short enough to allow a large number of them to decay in the
storage ring such as to produce an intense neutrino beam. Eventually, assuming a limited space
charge capacity of the storage ring, low-Z isotopes can be stored in larger number than high-Z
isotopes [287].

It is well known (see for instance [284] for a discussion) that for two different isotopes
producing a beam, if one demands the same spectral shape of the neutrino flux, i.e. the same
peak energy and normalization, then the following relations hold:
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where E
(i)
0 is the end-point energy of the ion-decay, and where the effect of the electron mass has

been neglected. Clearly, the higher the end-point energy of the β-decay of an ion, the lower the γ
needed to reach a given neutrino energy in the lab frame. Recall that the maximum energy of the
neutrino in the lab frame is given by Emaxν = 2γE0, where the electron mass has been neglected.
Therefore, it is easier to reach higher neutrino energies using ions with higher end-point energy.
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Element A/Z T1/2 (s) E0 (MeV) Decay Fraction

18Ne 1.8 1.67 3.41 92.1%

2.37 7.7%

1.71 0.2%

8B 1.6 0.77 13.92 100%

6He 3.0 0.81 3.51 100%

8Li 2.7 0.83 12.96 100%

Table 4.1: A/Z, half-life and end-point energies for two β+-emitters (18Ne and 8B) and two β−-
emitters (6He and 8Li). All different β-decay channels for 18Ne are presented [288].

At the same time, however, to have the same number of events in the far detector for two sets of
ions with different E0 boosted at the same γ, we need larger number of useful ion decays for source
ions with higher E0. For our candidate source ions we can see that the following conditions hold

NB+Li
β ≃ 12 ·NNe+He

β , γNe+He ≃ 3.5 · γB+Li,

in order to obtain the same neutrino flux spectrum.

Experimental challenges on both Nβ and γ are in fact intimately related to a large extent.
The boost directly depends on the amount of acceleration possible. The number of useful ion
decays, on the other hand, is affected by losses during the acceleration process and hence impacts
the amount of acceleration possible. Another important way Nβ and γ get related is through the
design of the storage ring. Higher boost factors of the source ions make them harder to bend. Thus,
for the same magnetic field strength, a larger curved section of the storage ring is required to bend
ions boosted at high γ than at low γ. Unless the straight sections are increased proportionally,
the fraction of stored ions that decays in the straight sections of the ring (the so-called “livetime”
ℓ ≡ Ls/Lr) decreases. This will be discussed in detail in Sec. 4.3.

In Tab. 4.1 we remind the relevant parameters for four ions: 18Ne and 6He, 8Li and 8B. As it
was stressed in the literature (starting with Ref. [271]), 6He has the right half-life to be accelerated
and stored such as to produce an intense ν̄e beam using existing CERN infrastructures. According
to the prescriptions given above, 18Ne has been identified as the best candidate as β+-emitter,
although its half-life is twice that of 6He. Other ions were originally discarded for different reasons:
for example, 33Ar is too short-lived to be accelerated to the desired energy (T1/2 = 0.17 s). As it
can be seen in Tab. 4.1, 8Li and 8B are good alternatives to 6He and 18Ne as β−- and β+-emitters,
respectively. 8Li has similar half-life, Z and A/Z to 6He, thus sharing the key characteristics needed
for the bunch manipulation. 8B has a lifetime similar to that of 8Li and 6He. Its A/Z is similar
to that of 18Ne, instead, although its Z is much smaller (which could in principle allow to store a
larger amount of ions in the PS and in the SPS). This ion, however, is difficult to produce with
standard ISOLDE techniques [289] (it reacts with many elements typically used in ISOL targets
and ion sources and it is therefore barely released). For this reason it was originally discarded as
a possible β+-emitter.

A detailed study of the attainable production rate of 8Li and 8B using ISOLDE techniques
is lacking. Intense fluxes of both ions could be in principle produced using the “ionization cooling”
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technique proposed in Ref. [277], that is currently being studied in the framework of the EURO-ν
Design Study [197]. It is not difficult to produce an intense 8Li flux: using a thin Ta foil ISOL
target, it is possible to produce 6× 108 8Li ions per µC, to be compared with 6× 106 6He ions per
µC [290]. The case of 8B is different, though: this ion was previously discarded as a β+-emitter
since it is extremely difficult to produce at a sufficient rate with ISOLDE techniques. However,
using the “ionization cooling” technique, sustained 8Li and 8B production is supposed to be at
reach through the reactions 7Li + D → 8Li + p and 6Li + 3He → 8B + n [289]. We will assume
in the following that 8Li/8B ion fluxes can be produced at least as efficiently as 6He/18Ne ones. In
Sec. 4.2.3 the different fluxes under consideration will be presented in more detail.

4.2.2 Choice of γ

In principle, larger γ values are preferred mainly due to two reasons: (1) according to Eq. (4.3),
larger boost factors provide larger statistics at the detector; (2) the neutrino energy is proportional
to γ, and the cross section at the detector increases with the neutrino energy.

Four classes of β-beam setups have been considered so far: γ ≃ 10 (“very low” γ) [291,292],
γ ∼ 100 (“low” γ), with a typical baseline of L ∼ O(100) Km for 18Ne and 6He [174,265,272–274]
or L ∼ O(700) for 8B and 8Li [176, 278]; γ ∼ 300 (“high” γ), with L ∼ O(700) Km [269, 274,
275, 279, 280] for 18Ne and 6He or L ∼ O(7000) for 8B and 8Li [184, 185, 283]; and γ ≥ 1000 (very
“high” γ), with baselines of several thousands kilometers, comparable with those suggested for the
NF [269,274,293].

The three higher γ ranges are related to different CERN-based facilities: the SPS, with
γ ≤ 250; the SPS+, with γ ≤ 600; and the LHC, with γ ≥ 1000. The SPS+ is not built yet:
it would be a new synchrotron that would use fast cycling superconducting magnets, located in
the SPS tunnel. Such a facility should be able to accelerate particles up to 1 TeV. Injecting
protons into the LHC at 1 TeV strongly reduces the dynamic effects of persistent currents and
stabilizes the operation of the collider. This would ease operation of the LHC and permit to
increase luminosity up to 1035 cm−2s−1 and, if needed, prepare it to double the operating energy
(“DLHC” phase) [294]. Using the SPS+ as a final stage of acceleration for a β-beam is not in
conflict with LHC operations, since the SPS+ operates as injector only for a small fraction of its
duty time (in the LHC filling phase).

After this work was completed the construction of the SPS+ was cancelled, though. A
similar facility would be mandatory in order to accelerate ions to high-γ values such as the ones
that are being considered here. Therefore, in the following we will assume that the SPS+ (or a
similar machine) can be built, and present our results accordingly. Indeed, the SPS+ as the final
booster of the β-beam is not the only possibility that can be envisaged to reach the multi-GeV
regime. After injection of the ions from the SPS to the LHC, a mini-ramp of the LHC itself would
bring the ions at γ = 350. Differently from the previous case, this option would however require
allocation of a significant fraction of the LHC duty cycle for neutrino physics, and it could be in
conflict with ordinary collider operations. A third option could be to use the TeVatron at FermiLab
as the last acceleration stage (see, for example, Ref. [276]).

4.2.3 Fluxes and cross sections

The original β-beam proposals assumed useful fluxes of 1.1 × 1018 and 2.9 × 1018 decays per year
for 18Ne and 6He respectively when accelerated to γ = 100. These fluxes have been considered as
“goal” and are commonly assumed in the literature [272,274,275]. Similar “goal” numbers regarding
8B and 8Li are lacking. However, preliminary studies on the production rates of 8B and 8Li show
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that they are both produced more easily than 18Ne and 6He respectively. This is particularly true
for neutrinos produced from the decay of 8B since the production of 18Ne is very challenging.

Lacking a detailed study of the achievable 8Li and 8B fluxes, for setup A we consider three
possible values for the β-beam flux3:

• “Nominal flux”
In this case, 2 × 1018 total decays per year per baseline for both 8Li and 8B are considered.
These fluxes are close to the “goal fluxes”, i.e. 2.9 × 1018 and 1.1 × 1018 decays per year for
6He and 18Ne.

• “Medium flux”
In this case, fluxes of 5 × 1018 total decays per year per baseline for both ions are assumed.

• “Ultimate flux”
For this most optimistic scenario, fluxes of 10 × 1018 total decays per year per baseline for
both ions are considered.

For setup B, only the ultimate flux is considered, for all ions. Please notice that the useful
number of ion decays is obtained by multiplying the total number of decays by the storage ring
livetime, and therefore is expected to be roughly around a 30%. For instance, it should be noticed
that for the original ring design proposed in Ref. [271], with a livetime l = 0.36, the goal fluxes of
2.9× 1018 and 1.1× 1018 useful decays per year actually correspond to ∼ 8× 1018 and ∼ 3× 1018

total decays per year for 6He and 18Ne , respectively4. The livetime, though, depends on the exact
design of the storage ring, and needs to be optimized for the particular ion species and the γ at
which they are accelerated. This will be discussed in detail in Sec. ??.

We remind that an intense 8Li (but not 8B) beam could be produced using well-studied
ISOLDE techniques. An interesting option could be to start a first phase with an intense ν̄e flux
aiming at the two detectors for a five year period, whilst building the facility needed to produce
the 8B beam that would be used in the second phase.

As it is shown in App. A, no specific drawback in the acceleration and storage phase for
using Li/B instead of the standard He/Ne ions is expected. For this reason, we assume that the
“nominal flux” could be safely used at this setup, if shown to be achievable for standard setups.
An increase of the ion flux up to the “ultimate flux” is believed to be possible (see Ref. [295]).
Notice, moreover, that due to the higher energy of this setup compared to standard He/Ne options,
the atmospheric neutrino background is expected to be significantly lower and a larger number of
bunches can be thus injected into the storage ring, as it will be explained at the end of this section.

We have considered identical fluxes for 8Li and 8B ions, in the absence of a clear indication
of a significant asymmetry in the ion production stage (differently from the He/Ne case, see Ap-
pendix). Notice that for setup B, where the four ion species are considered, only the “ultimate
flux” will be considered, for the four ions. Finally, the total running time which has been consid-
ered for both setups is 10 years. This is translated into 5 years of data taking per ion circulating
in the storage ring for setup A, whereas it needs to be reduced to 2.5 years in setup B, since four
different ions will circulate in the ring.

The ν and ν̄ cross-sections on iron have been taken from Ref. [296]. Notice that, for both
of the setups proposed here, most of the neutrinos have multi-GeV energies, and therefore the νN

3Notice that we consider identical fluxes for the two detectors. As it will be explained in Sec. 4.3, this does not
mean that the number of ions circulating in the storage ring must be twice the number considered for single detector
setups.

4At the time when this work was published, it was uncertain if these fluxes could be achievable or not. Recent
studies [289] seem to indicate that these values can be in principle achieved at least for 6He and 18Ne , and quite
probably for 8Li too. The case of 8B , though, is more complicated and needs further research.
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cross-sections are dominated by the deep inelastic part. Thus, the details of the different cross-
sections present in the literature are not as relevant as it was in the case for lower energies neutrino
beams (see, for instance, Ref. [297] for a recent discussion on how the present uncertainties in the
neutrino-nucleon cross-sections can have serious impact on the performance of low-energy neutrino
oscillation facilities).

4.2.4 The Storage Ring

Two geometries for the β-beam storage ring have been considered in the literature so far: the
racetrack geometry and the triangle geometry. Both geometries have been considered also in the
framework of the NF studies, see Ref. [298]. The original storage ring design, proposed by Piero
Zucchelli back in 2002 [271] was conceived to store 6He and 18Ne ions boosted at γ = 100 (the
maximum boost achievable using the PS and the SPS at CERN being γ = 150 for 6He and γ = 250
for 18Ne, respectively). The main parameters for this ring, which will be referred to as “Ring 1”
hereafter, are summarized in the first column in Tab. 4.2. This ring was designed to bend ions
boosted to γ = 100. However, more powerful magnets are needed in order to bend ions accelerated
to γ = 350. In the same table some possible alternative designs, which include 8.3 T magnets, are
also shown. “Ring 2” and “Ring 3” keep the same length for the straight sections as in the original
design, while for the ring labelled as “Short Ring” this length has been considerably shortened.

Ring 1 Ring 2 Ring 3 Short Ring IDS-NF

Magnets 5 T 8.3 T 8.3 T 8.3 T –

Radius (m) 300 633 569 633 65

ℓ 0.36 0.28 0.29 0.17 0.37

Ls (m) 2500 2500 2500 998 599

Lt (m) 6885 8974 8531 5970 1606

Table 4.2: Main parameters which describe some possible designs for a racetrack storage ring for
a β-beam . For comparison, we also show the corresponding parameters for the IDS-NF muon
storage ring, taken from Ref. [299]. ℓ corresponds to the livetime in Eq. (4.4).

The ratio between the number of useful ion decays and the total number of ion decays in the
whole ring is given by the livetime. It can be obtained as the ratio between the straight section of
the ring which is aiming at the detector and its total length, ℓ = Ls/Lt. For a ring with racetrack
geometry, this corresponds to:

ℓracetrack =
Ls

2πR+ 2Ls
, (4.4)

where Ls and R correspond to the length of the straight section aiming at the detector and the
curvature radius, respectively. As it can be seen from Tab. 4.2, the original racetrack design for
the 6He /18Ne γ = 100 β-beam had a livetime of ℓ = 0.36. The situation changes when different
ions are stored in the ring, or higher boost are considered. Higher boost factors make ions more
difficult to bend, and therefore larger magnetic fields and/or larger curvature radius are required.
On the other hand, slightly smaller curvature radii are required to bend 8Li /8B with respect to
6He /18Ne , due to their different A/Z (see Tab. 4.1).
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On the other hand, the livetime for a triangular ring is obtained as:

ℓtriangle =
2Ls

2πR+ 3Ls
. (4.5)

In setup A, 8Li /8B ions are boosted to γ = 350. If LHC 8.3 T dipolar magnets are used
instead of 5 T magnets, the radius needed to bend the ions in this case can be obtained by rescaling
the radius in the original design:

R′ = 300 ×
(

5

8.3

)(
350

100

)(
2.7

3

)
= 569m , (4.6)

where the last factor is needed because of the different A/Z ratio.

From Eq. (4.5), a triangular ring with three straight sections with Ls = 2500 m and three
arcs with R = 569 m curvature radius would have ℓ = 0.46. With this geometry, the total length of
the ring is Lt ∼ 10 km, not much larger than in the original proposal. It should also be taken into
account that, in this case, 23% of the total number of ion decays will be aimed at each detector.
This may be advantageous with respect to the case where two racetrack rings are built. In this
case, since the total number of ions that can be produced would have to be split in half and stored
in each of the two rings, only a 30% of the total number of ion decays would be useful. This is the
storage ring geometry which has been chosen for setup A.

For setup B the situation is different, though. Imagine that one of the long straight sections
of a triangular ring aims at a detector located at L = 7000 km and that a second one aims at
a detector located at L = 650 km. If we inject 6He and 18Ne ions in the storage ring and let
them decay, neutrinos produced in the straight section aiming at the “near” detector give a very
good sensitivity to θ13 and to the CP violating phase δ. On the other hand, neutrinos produced
in the straight section aiming at the “far” detector will contribute scarcely to the measurement
of the sign of the atmospheric mass difference, since their energy is too small to have a resonant
behavior in matter and compensate the very long baseline (see Sec. ??). A similar situation can
be observed when 8Li and 8B ions are injected in the ring: those ions that decay aiming at the
“far” detector produce a neutrino flux that provides a very good sensitivity to the mass hierarchy.
On the other hand, those decaying in the straight section which is pointing to the “near” detector
contribute very little to the measurement of θ13 and δ, since the neutrino flux is strongly off the
oscillation peak and, consequently, their energy is too high for the oscillations to develop at the 650
km baseline. For this reason, it is easy to understand that no particular advantage arises in using
a triangle geometry storage ring for setup B. We will thus consider two racetrack geometry storage
rings instead, each of them with one of the straight sections aiming at one of the two detectors.
Notice that this setup is similar to the one considered in the IDS-NF baseline proposal [298].

However, some technical difficulties have to be faced regarding the design of the storage ring.
In Tab. 4.2 the main parameters for several possible storage rings are summarized. In the same
table the corresponding parameters for the muon storage ring, in the case of a NF, are also shown
for comparison. Notice the much more compact storage ring in the case of the NF, compared to
the analogous device proposed for the β-beam . The different size is motivated by two important
differences between the β-beam and the NF: first, shorter arcs are needed to bend muons with
respect to ions, for similar magnetic fields; second, the occupancy of a β-beam ring must be very
small to reduce the atmospheric background as stressed at the beginning of this section (i.e., either
we inject very few ions into the ring, or the size of the ring must be very large). The atmospheric
background, however, is not a significant problem at the NF5, the neutrino energy being of the

5Notice that the so-called “low-energy NF”, proposed in Ref. [300, 301], could be affected by the same problem
as the β-beam . In this case, the storage ring design for this facility should be modified accordingly.
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Ions (γ)
6He /18Ne 6He /18Ne 8Li /8B 8Li /8B

IDS-NF
(100/100) (350/350) (350/350) (390/656)

Ring Ring 1 Ring 2 Ring 2 Short Ring IDS ring

Baseline (km) 130 650 7000 7000 4000 7500

ϑ 0.6◦ 3◦ 34.5◦ 34.5◦ 18◦ 36◦

Depth (m) 32 197 2132 1282 225 428

Table 4.3: Summary of the tilt angles and the total depth that would need to be reached if the
storage rings described in Tab. 4.2 are used to aim at several baselines. Results are presented for
the original 6He /18Ne γ = 100 proposal, as well as for several high-γ options. For comparison,
the corresponding parameters for the IDS-NF setup [299] are also shown.

order of several GeVs (in this range of energy the atmospheric background is at least two orders
of magnitude smaller than in the case of O(100) MeV neutrinos).

The original design of the storage ring for the β-beam must be modified when the boost
factor γ is increased. In the second column in Tab. 4.3 the main parameters for this ring are
summarized (Ring 2). In order to bend the ions more powerful magnets are preferred in this case.
Notice that the length of the straight sections has been kept as in the original design. Since the
radius is now much larger, though, the total length of the ring is increased, and as a consequence
the livetime is reduced with respect to the original design, ℓ = 0.28. If we use this ring to aim to
a detector placed at 650 km from the source, it would have to be tilted ϑ = 3◦ with respect to the
horizon. This can be seen from Tab. 4.3, where a summary of the tilt angles and maximum depths
for different ring designs is presented, for different possible baselines. As it can be seen from the
table, the maximum depth that the Ring 2 would reach into the ground in this case would be
d = 197m. From the comparison with the IDS-NF muon storage ring design, it emerges that this
design is not unrealistic: albeit much longer than the ring conceived for the NF, the decay tunnel
for this ring reaches the same depth d as the NF ring aiming at L = 4000 km.

However, if Ring 2 is used to aim at a detector located at L = 7000 km from the source,
the maximum depth of the far end of the ring would be d = 2132 m (see Tab. ??), something well
beyond any realistic possibility. As it was stressed in the beginning of this section, however, two
storage rings will be used in setup B to aim to the detectors located at L = 650 km and L = 7000
km. Therefore, it is possible to design two rings of different characteristics, each of them optimized
for a different detector. In particular, the ring aiming at the magic baseline could be more compact
than the other one.

One possibility could be to use the slightly more favorable Z/A ratio of 8Li with respect
to 6He to build a ring with smaller curvature radius, Ring 3 (see Tab. 4.2). It is clear that the
final depth would not be considerably reduced, although it would have a slightly better livetime,
ℓ = 0.29. A second, more interesting, possibility is to reduce the straight sections of the ring to
reduce its longitudinal size, and correspondingly d, at the price of a reduced livetime. A relevant
question is, then, how much can we reduce the livetime of the ring so as to increase its technical
feasibility, but with only a small loss in the sensitivity to the mass hierarchy? Even more important,
which loss of sensitivity to the mass hierarchy is acceptable without a significant loss of sensitivity
to the CP violating phase δ?
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An answer to these questions is offered by Tab. 4.4. Notice that in Ring 2 we can store 8Li ,
18Ne and 8B ions boosted up to γ = 390, 583 and 656, respectively. In Tab. 4.4, it can be observed
that increasing the boosting factor of 8Li and 8B ions to the maximum γ for which these ions can
still be stored into this ring, a significant increase of the number of events in the far detector can be
achieved. Such increase depends on the hierarchy and on the fulfillment of the resonant condition
of the oscillation probability in matter: for example, a 10% increase of the boost of 8Li ions from
γ = 350 to γ = 390 implies a 50% (25%) increase in the number of events observed at the detector
for inverted (normal) hierarchy. Similar results are obtained for 8B ions.

γ
8Li 350 360 370 380 390

+
Nev(γ) 1.84 1.94 2.05 2.18 2.33

Nev(γ)/Nev(350) 1.05 1.11 1.18 1.27

-
Nev(γ) 55.80 62.46 69.40 76.54 83.86

Nev(γ)/Nev(350) 1.12 1.24 1.37 1.50

γ
8B 583 600 617 633 650

+
Nev(γ) 477.16 499.72 521.64 541.68 562.34

Nev(γ)/Nev(583) 1.05 1.09 1.14 1.18

-
Nev(γ) 15.20 16.58 17.99 19.34 20.79

Nev(γ)/Nev(583) 1.09 1.18 1.27 1.37

Table 4.4: Number of muons observed at a 50 kton magnetized iron detector [281,282] with perfect
efficiency located at 7000 km from the source after 5 years of data taking as a function of the boost
factor of 8Li (upper table) and 8B ions (lower table), for θ13 = 5◦ and δ = 90◦. A livetime ℓ = 0.3
has been assumed for the storage ring. The ratio of the number of events obtained with a given γ
with respect to those obtained storing 8Li (8B ) ions boosted at γ = 350 (583) is also shown.

The increase in the statistics can be used for two different purposes: the first possibility, of
course, is to use it to achieve a higher sensitivity to the mass hierarchy. However, the sensitivity
increase is not dramatic (as it should be expected, since for Gaussian statistics the sensitivity
scales with the square root of the statistics). The second possibility, that could open the path to
a feasible β-beam facility with long baseline, is to use the higher statistics to reduce significantly
the size of the storage ring: the physics reach of a setup using Ring 2 with 8Li ions boosted at
γ = 350 is identical to the reach of a racetrack ring with a much shorter straight section, Ls = 998
m, if the 8Li ions are boosted at γ = 390. This ring has been labelled as the “Short ring” (see
Tab. 4.2). The maximum depth in this case is still much larger than what is needed for any of
the NF rings (see Tab. ??), but is almost 1 km shorter than for Ring 2. Note that for the higher
energy 8Li/8B beams, the problem of atmospheric neutrino background is almost non-existent, as
discussed before. Therefore, the reduction of the total ring size does not pose any serious threat
to the experiment.

We therefore propose two storage rings of different design for setup B: Ring 2 to store
6He and 18Ne ions boosted at γ = 350, aimed at L = 650 km, whereas the Short Ring could be
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used to store 8Li and 8B boosted at γ = 390 and 656, aiming at L = 7000 km.

Eventually, it is worth to mention that a more compact ring (with larger ℓ) could be obtained
by increasing the magnetic field in the curved section, taking advantage of the R&D programme
for LHC upgrades aimed to the development of high field magnets (with B ∈ [11 − 15] T). If one
assumes that magnetic field strengths of 15 T could be used for the storage ring [302], then 6He ions
boosted at γ = 350 could be stored in a ring with curvature radius R = 350 m. If the straight
sections of the ring are kept fixed to Ls = 2500 m, the total length of the ring is Lr = 7200 m
with a livetime ℓ = 0.35. The longitudinal section of this ring would be 3200 m, with a maximal
depth d at the far end of the ring when tilted at ϑ = 34.5◦ of 1812 m. If we now fill a ring
equipped with the same magnets with 8Li and 8B ions boosted at γ = 390/656, we can still achieve
a good sensitivity to the mass hierarchy reducing the livetime to ℓ = 0.17 (as discussed above),
corresponding to straight sections of length Ls = 556 m. Such a ring has a total length Lr = 3311
m, a longitudinal section of 1256 m and a maximal depth at the far end of the ring aiming at the
magic baseline detector d = 711 m. This depth is not much larger than the depth required for
the NF magic baseline ring, and hence it could represent an extremely interesting option to be
investigated further.

Finally, activation of the ring in the baseline setup (6He/18Ne at γ = 100) is under study.
Results presented at the last NuFact Conference seem to indicate that energy deposit at the end of
the straight sections is under control [303]. Power losses and activation for 6He/18Ne at higher γ
have not been computed in detail, however. In the case of 8Li and 8B ion beams, no detailed study
has been performed for any γ. The β−-decay channel of 8Li is 8Li → 8Be → 2α. 8B also decays
into 8Be and finally to two α’s (it is the mirror nucleus of 8Li). The two α’s have the same A/Z as
the 6Li, and therefore the energy deposit should be located in the same part of the magnets at the
end of the ring straight sections. It must be reminded that the 8B β-decay spectrum is affected
by several systematics errors that must be tamed before using it for a precision experiment (see
Ref. [304]).

4.2.5 The atmospheric background for a high-γ β-beam

Atmospheric neutrinos interacting inside the detector or in its proximity give rise to muon events
that can be confused with the signal. This background was studied at a β-beam , both for
WC [274, 305] and iron detectors [276, 279, 280]. The number of muons produced by atmospheric
neutrinos crossing the detector aligned with the β-beam flux was found to be of the order of tens
of events per Kton per year. This background would completely dominate the oscillation signal
(see Tab. 4.4). It is therefore mandatory to reduce it by a proper timing of the ion bunches.

In order to have a good time correlation of the signal with the neutrino flux produced at
the source, the ions circulating in the storage ring must occupy a very small fraction of it. This is
given by the “suppression factor” (Sf ), defined as:

Sf =
v × ∆tbunch ×Nbunch

Lring
(4.7)

where v ≃ c is the ion velocity. For 6He/18Ne ions boosted at γ = 100 (E ∼ 300 MeV), the
suppression factor must be Sf ∼ 10−3 in order to overcome the atmospheric background. Such
a tight Sf could be achieved with a challenging ∆tbunch=10 ns time-length, with a maximum of
Nbunch = 8 bunches circulating at the same time. A suppression factor of Sf ∼ 5×10−3 is currently
at hand [289]. Further research is ongoing, though, to try to reduce it6 down to 10−3.

6More recently, the effect of the suppression factors was studied for several γ = 100 β-beam setups [306], where
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At higher energies (e.g. γ = 350 for 6He, E ∼ 1.2 GeV), however, the atmospheric back-
ground is suppressed by about one order of magnitude with respect to γ = 100. Sf can thus be
correspondingly relaxed. The average neutrino energy for high-γ 8Li/8B ion beams being E ∼ 6
GeV, moreover, an extra suppression of the atmospheric neutrino background is expected with
respect to the high-γ 6He/18Ne ion beams. As it can be seen from Fig. 2 of Ref. [131], for example,
the atmospheric neutrino flux decreases about two orders of magnitude passing from 1 to 6 GeV.
As a consequence, less demanding bunch time-lengths are acceptable for the setups proposed here,
thus simplifying the storage ring design. For this reason, in the numerical analysis presented in
Section 4.4 we have neglected the atmospheric neutrino induced background.

4.3 The detector design

In this section, the details of the setup related to the detector are discussed in detail. These include
the choice of the two baselines (Sec. 4.3.1) and a discussion of the suitable detector technologies for
a β-beam (Sec. 4.3.3). Finally, a discussion on backgrounds and systematic errors is also performed
(Sec. 4.3.1).

4.3.1 The choice of the two baselines

As it was already shown in Sec. 2.3 (Ch. ??), for very long baselines L ∼ O(7000) km the δ-
dependence in the oscillation probabilities vanish due to the proximity to the magic baseline, thus
providing a very good sensitivity to θ13 due to the lifting of the intrinsic degeneracies. In addition
to this, for neutrino energies around Eν ∼ 6 GeV a resonant enhancement of the probability takes
place only for neutrinos (antineutrinos) if the hierarchy is normal (inverted), thus providing a
clean measurement of the mass hierarchy. In addition, the resonant enhancement in the oscillation
probability compensates the loss of events due to the very long baseline, increasing the statistics
at the far detector and improving its sensitivity to smaller values of sin2 2θ13.

For the second baseline the most important criterion is the measurement of CP violation,
since a detector placed at 7000 km will be insensitive to δ. For that we want the second term to
dominate in the probability. Moreover, matter effects can fake true CP violation stemming from
the phase δ and, therefore, short baselines and low energies are better for those studies. The mean
neutrino energy of neutrinos from 8Li and 8B decays at γ = 350 is E0γ ∼ 6 GeV, which translates
to an on-peak baseline of L ∼ 1000 − 2000 km. This is the short baseline considered for setup
A. For setup B, since the end-point energies for 6He and 18Ne are roughly three times smaller
than the ones for 8Li and 8B , the baseline corresponding to the first oscillation peak is expected
to be three times smaller than the one for 8Li and 8B . The vacuum limit can be considered in
this case in order to determine a more exact value. In the limit of A → 0, maximizing the CP
violating terms amounts to require that sin ∆31 = 1. For ∆m2

31 = 2.4 × 10−3 eV2 this implies
L/E = 515 km/GeV. The mean neutrino energy of neutrinos from 6He and 18Ne decays at γ = 350
is E0γ ∼ 1.2 GeV. This translates to an on-peak baseline of L = 618 km matching perfectly the
650 km baseline between CERN and the Canfranc laboratory.

the atmospheric background is more problematic. The main outcome of that study can be summarized as follows:
(1) the atmospheric background affects the performance of the β-beam in the region of small θ13, but this is not
the case for large θ13; (2) a suppression factor below 10−4 is equivalent to no atmospheric background at all.
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4.3.2 Signal event rates: the matter resonance at 7000 Km

In Tab. 4.5 we show the total expected event rates when each detector (assuming perfect efficiency)
is exposed to the “ultimate flux” for one year of data taking, for several input values of sin2 2θ13,
δ and the mass hierarchy. Results are shown for the WC detector placed at 650 km exposed to a
γ = 350 6He /18Ne β-beam (setup B), and the two 50 kton MIND detectors placed at 2000 (setup
A) and 7000 km (setups A and B) exposed to a γ = 350 8Li /8B β-beam . The rest of oscillation
parameters have been fixed to the best-fit values in Ref. [152]. Notice that we the νe disappearance
data will not be studied in any of our setups (see Ref. [283] for such a study at the L = 7000 Km
baseline).

sin2 2θ13 sgn(∆m2
31) δ N650

νµ
N650
ν̄µ

N2000
νµ

N2000
ν̄µ

N7000
νµ

N7000
ν̄µ

0.01

+
90◦ 2759 198 114 4 31 1

−90◦ 683 952 39 21 34 0

-
90◦ 2101 321 49 18 1 14

−90◦ 429 1249 10 53 1 13

0.001

+
90◦ 767 48 27 2 3 0

−90◦ 109 286 3 7 4 0

-
90◦ 657 41 16 1 0 2

−90◦ 128 335 4 12 0 1

Table 4.5: Event rates for a detector with perfect efficiency after 1 year of exposure to 1× 1019 ion
decays. Results are shown for the WC detector placed at 650 km (setup B), and the two 50 kton
MIND detectors placed at 2000 (setup A) and 7000 km (setups A and B), as well as for several
choices of sin2 2θ13, δ and the mass hierarchy.

Notice the strong complementarity between the two baselines:

• The event rates both at the 650 km and the 2000 km baselines show a strong dependence
on both the CP-violating phase δ and the sign of the atmospheric mass difference. Neutrino
(antineutrino) events are enhanced for positive (negative) values of δ and normal (inverted)
hierarchy. This strong dependence on both unknowns is also the source of strong degeneracies,
when the effect of δ is able to compensate that of the mass hierarchy. Such a situation can
be seen in the second and third rows of Tab. 4.5, where very similar event rates are found at
the L = 2000 Km baseline for δ = −90◦ and satm = + and for δ = 90◦ and satm = −. For
this reason, with only one detector the sensitivity to the mass hierarchy would be limited to
positive (negative) values of δ for a normal (inverted) hierarchy, where the effects of δ and
the mass hierarchy push in the same direction (see eg. Fig. (19) of Ref. [307]).

• On the other hand, it can be seen that the event rates at the L = 7000 Km baseline are
practically insensitive to the CP-violating phase δ (as this baseline is so close to the “magic
baseline”, where δ-dependence vanishes). The dependence on the mass hierarchy is, however,
very strong, with a nearly resonant enhancement of the neutrino (antineutrino) oscillation
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probability if the hierarchy is normal (inverted), regardless of the value of δ (see Refs. [184,
185,283]).

The combination of both baselines can thus provide an unambiguous determination of both the
CP violation phase and the mass hierarchy for large regions of the parameter space. This will be
exploited both for setups A and B.

4.3.3 Detector technologies

Traditional technologies for ν production (conventional beams and superbeams) allow the inves-
tigation of the 1-3 sector of the leptonic mixing matrix through the appearance of νe and ν̄e at
baselines ≥ 100 km, i.e. through the information encoded in the νµ → νe and ν̄µ → ν̄e transi-
tions probabilities. In that context, optimal far detectors are low-density, massive electromagnetic
calorimeters (liquid scintillators, WC or liquid Argon TPC’s [308]).

On the other hand, both β-beams and NF exploit the T-conjugate channel νe → νµ and ν̄e →
ν̄µ. An important difference of the β-beam with respect to the NF is that in the former only νe(ν̄e)
are present in the beam, whereas in the latter both νe and ν̄µ (or ν̄e, νµ) are present. Therefore, in
a β-beam –based experiment final lepton charge identification is not needed. Magnetization of the
detector could in principle be removed from the detector, since at the β-beam no significant ν̄µ flux
that must be distinguished from the νe → νµ signal is produced. Removing the magnetization of
the detector can be used to reduce costs on the detector side, if it is not necessary to reduce possible
backgrounds. In addition, it also allows for the use of large WC detectors, something impossible
at the NF, where magnetized detectors are mandatory when looking for νe → νµ oscillations. In
both cases, calorimetric measurements are needed to reconstruct the neutrino energy7.

For neutrinos produced by a β-beam with a (relatively) high energy (Eν ∼ 6 GeV), the use
of dense detectors is therefore possible. In particular, the choice of the passive material of the
calorimeter depends on the typical range of the primary muon; the latter must be significantly
larger than the interaction length to allow for filtering of the hadronic part and effective NC and
νe CC selection. For neutrinos of energies greater than ∼1 GeV, iron offers the desired properties.
As a consequence, the energy reached at the SPS+ can be exploited to switch from a low-Z to a
high-Z/high-density calorimeter also in the case of the β-beam . The use of iron detectors avoids
the need for large underground excavations, which are mandatory for β-beams of lower ν energies.
Since these detectors are capable of calorimetric measurements, they can be exploited even better
than WC to obtain spectral informations. Several techniques can be employed for the design of the
active detectors of large mass iron calorimeters. A detailed study of a magnetized iron detector
suitable for a γ = 350 6He/18Ne β-beam was performed in Ref. [279].

Iron detectors are not expected to reach, anyhow, the granularity of liquid argon TPC’s or
the megaton-scale mass of a WC. Hence, in spite of the underground location, they cannot be used
for proton decay measurements and low-energy astroparticle physics.

Most known detector technologies have been considered in the literature exposed to a β-
beam . Each of these detectors offers the best performance only within a certain neutrino energy
range. The main features of MIND, TASD and WC detectors are summarized in Tab. 4.6. A
detailed report card on the detector performance in terms of energy threshold, energy resolution,
backgrounds, statistics and costs is required for deciding the best detector option. The detector
choice is also directly dictated by the energy of the β-beam .

For the 18Ne and 6He β-beam , it was argued in Ref. [269] that a WC would be best

7The only notable exception concerns “monochromatic Beta Beams” [309–312] based on ions decaying through
electron capture. Energy reconstruction with these beams serves to suppress backgrounds, though.
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Detector Characteristics
MIND [282,313] TASD [160] WC [275]

(Only µ±) (Both µ± & e±)

Fiducial Mass 50 kton 50 kton 500 kton

Emin 1 GeV 0.5 GeV 0.5 GeV

Bin Size ∈ [0.6, 2.3] GeV 0.2 GeV 0.25, 0.5 GeV

Background Rejection 0.0001 0.001 ∈ [0.0001, 0.001]

Signal error (syst.) 2.5% 2.5% 2.5%

Background error (syst.) 5% 5% 5%

Detection Efficiency (ǫ) ∈ [5, 70] % 80% (µ±) & 20% (e±) ∈ [20, 50] %

Energy Resolution (σ) 0.15 E(GeV)
0.03

√
E(GeV) for µ±

.0.15E(GeV)
0.06

√
E(GeV) for e±

Charge Id Efficiency (fID) Yes No No

Table 4.6: Comparison of the typical detector characteristics expected for the three most popular
β-beam detectors.
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for γ ≤ 300, while for larger boost factors one should use the TASD detector. In fact, most
studies have used megaton scale water Čerenkovdetectors as detector option for a L ≤ 1000 km
[174, 176, 274–276, 314, 315]. In Refs. [316, 317] the idea of observing high γ β-beam neutrinos
with magnetized iron detectors was introduced for the first time. This prospect was further used
in Refs. [184, 185, 318, 319] and later in Refs. [284, 320]. We show in Tab. 4.6 the comparative
catalogue of detector characteristics. The first relevant difference between the different technologies
is the energy threshold: both the TASD [160] and water Čerenkovdetectors [275] have a very low
energy threshold and are, hence, ideal for neutrino beams of relatively low energy (up to a few
GeV). Magnetized iron detectors of the MIND type [313] (see also [282]), on the other hand, are
a good option only for higher energy beams. The energy resolution of TASD is impressive up to a
few GeV, whereas that of water Čerenkovdetector is good, but only for the energy regime which
has a predominance of quasi-elastic events (E1 GeV). Eventually, iron detectors energy resolution
is limited by the present segmentation design. The background rejection fraction, on the other
hand, is seen to be best for the magnetized iron detector. It is in fact expected to be better for
magnetized iron by at least an order of magnitude compared to water Čerenkovand TASD. Scaling
of the detector mass is difficult for TASD and magnetized iron detectors beyond 50 kton, whereas
megaton scale water Čerenkovdetectors are currently under study [238,252]. Notice, however, that
a 50 kton magnetized iron detector represents, at present, the cheapest option between the three
detectors technologies and design considered in Tab. 4.6.

Based on the comparative performance of the detectors and our physics goals we make
the following choices: (1) for setup B, since the short baseline is the optimal one to perform CP
violation studies, and since CP measurements are better at lower energies with 18Ne and 6He as
source ions than at higher energy with 8Li and 8B [320], it is preferable to have a detector with
lower threshold and good energy resolution. Therefore, the choice would be between TASD and
WC detectors. Another two-baseline setup, using 8B and 8Li as source for a 50 kton magnetized
iron detector at the magic baseline and 18Ne and 6He as the source for a 50 kton Totally Active
Scintillator Detector (TASD) at L = 730 km was proposed in [320]. The sensitivity reach for this
setup was seen to be remarkable, and for very high values for the number of useful radioactive ion
decays and γ, even comparable to the NF. Notice, however, that a WC can be made much larger
than TASD, implying larger satistics. Therefore, we opt for a water Čerenkovdetector with 500
kton fiducial mass at the shorter baseline (as in Refs. [274, 275]). This detector could be housed
at Canfranc, for example, at a distance of 650 km from the β-beam at CERN; (2) for γ = 350,
neutrinos produced in the decay of 8B and 8Li are much more energetic, E ∼ 6 GeV. In this range
of energies, inelastic processes dominate and therefore multiring events are produced, for which WC
efficiencies are very poor. We prefer to use a magnetized iron detector at this baseline. A candidate
for this detector at the magic baseline could be the ICAL@INO detector in India [281,282] which is
at a distance of 7152 km from CERN, and which will soon go under construction. We will assume
50 kton of detector mass for this detector, though it is possible that INO will be upgraded to 100
kton. In setup A, we will consider an additional identical iron detector located at 2000 km from
the source.

In order to simulate the response of the WC and magnetized iron detectors when exposed to
the β-beam fluxes, we follow the analyses performed in Refs. [274] and [313]. The efficiencies and
beam-induced backgrounds expected in a water Čerenkovdetector for the γ = 350 β-beam fluxes
from 18Ne and 6He decays are given in [274] as migration matrices that we use to simulate our
“near” detector. Unfortunately, a similarly detailed analysis of the performance of the iron detec-
tor exposed to the β-beam fluxes is lacking. We therefore follow the efficiencies and backgrounds
derived in [313] for the NF fluxes instead (see, also, Ref. [321]). Notice that this is a very conser-
vative assumption since charge ID is not mandatory in a β-beam , unlike for the NF, given the
purity of the beam. Moreover, the NF spectrum is much wider than the β-beam one and reaches
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much higher energies. Higher energy events, in turn, can induce neutral current interactions that
feed down background to lower energies. The largest uncertainties in the performance of the iron
detector are on the efficiencies and backgrounds for the events of lowest energy, around 1− 5 GeV.
However, the main role of the iron detector considered in this setup is to observe the resonant
enhancement of the oscillation probability that happens around 6 − 7 GeV to measure the mass
hierarchy. Therefore, the performance of the proposed setup does not depend critically on the
efficiency and background of the lowest energy events, unlike in the IDS-NF baseline design where
these events are crucial to solve degeneracies and improve the sensitivity to CP violation for large
θ13. We will illustrate the mild dependence of the performance of the setup on the energy threshold
of the detector in the next section.

4.3.4 Backgrounds, efficiencies and systematic errors for the MIND de-
tector

The β-beam flux illuminating the detector can be considered, with a very high accuracy, a pure νe
beam. An undesired νµ and ν̄µ beam contamination could in principle originate from the daughter
ions produced in the β-decay that collide with the storage ring magnets, acting as a fixed target.
This background was studied in Ref. [271] for 6Li ions and it is smaller than 10−4. The beam
contamination induced by 18F and 8Be ions has not been studied in detail, but it is supposed to
be similar to that of 6Li, and thus negligible.

When looking for νe → νµ oscillations at a β-beam , the main source of beam background
are νe CC interactions (with a non-observed electron) or NC interactions in which a pion or some
other meson produced in the hadronic shower mimics a muon track. Another, sub-dominant,
possible background source are νe CC (again, with a non-observed electron) or NC interactions
in which a charmed-meson is produced that eventually generates a muon through a semileptonic
decay. It is clear that measuring the charge of the muon will strongly reduce both backgrounds
(for νeN → e−D+X, the final µ+ has opposite charge with respect to the signal, νµN → µ−X).

A full simulation of the response of a magnetized iron detector to a high-γ β-beam is lacking.
In Ref. [279] the signal identification efficiency of such a detector for 6He boosted at γ = 350 and
18Ne boosted at γ = 580 (i.e. for a neutrino energy around 1 GeV) was found to be of the order
of 50-60%. On the other hand, in the framework of the ISS report [322], a detailed study of the
MIND detector exposed to the NF beam (i.e. for a neutrino energy around 30 GeV) has been
presented, finding a νµ identification efficiency in the energy range of interest as high as 70%.
More recently, improved efficiencies8 for the MIND detector in the energy range below 10 GeV
have been obtained [321]. These are crucial for our study, since our the oscillation probability has
a maximum around 6 GeV.

In Ref. [279], it was found that the probability for the background to mimic a CC-like event
is around 1%. A rather large beam-induced background was therefore expected for this setup,
as the consequence of the limited pion rejection capability of this detector compared with more
challenging β-beam or NF detector designs. This large background was mainly caused by the
(relatively) low energy of the neutrinos. At the typical neutrino energy of a 8Li/8B γ = 350
β-beam , these backgrounds are much easier to suppress in iron calorimeters. Consistently, in
Ref. [185] this background was completely neglected, on the basis of the simulations by the INO
collaboration. Moreover, in Refs. [313,324,325] the fractional backgrounds for a 50 GeV NF beam
targeting an iron calorimeter were found to be around or below 10−4 for the region around 5

8The migration matrices for the golden channels have also been obtained very recently. However, they are not
completely understood yet. It seems that a systematic “pull” of the reconstructed neutrino energy took place in the
montecarlo simulation which results, for instance, in an significant overflow of events above 25 GeV [321,323].
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GeV. Since in our setup there is no such a strong down-feed of the background from high energy
neutrinos, we expect 10−4 to be a pessimistic upper limit for the beam-induced background.

In the numerical analyses presented for the MIND detector in setups A and B, event rates
have been divided into nine bins between 1.5 and 10.5 GeV, with ∆E = 1 GeV. The detector energy
resolution has been implemented through a gaussian resolution function with σ = 0.15 × E. For
setup A we considered constant efficiencies of 65%, while for setup B we considered the identification
efficiencies in [321] and a constant fractional background equal to 10−5 of the unoscillated events
per bin. We have also studied the impact of the beam background on the physics performance
of the setup increasing the fractional background up to 10−4, showing explicitly that the effect is
small for any of the considered observables.

4.4 Results

In this section, we present the results for the two β-beam setups that have been considered in this
chapter, according to the observables defined in Sec. 3.2.3 (see Ch. 3). To probe possible deviations
from maximal mixing of the atmospheric mixing angle and eventually measure its octant in case
it turns out not to be maximal, very precise measurements of θ23 are required. For this task the
best sensitivities are achieved through the νµ → νµ and νµ → ντ channels. These channels are
not accessible through β-beams , though, since only νe’s are present in the beam9. Therefore, in
this chapter we will focus in the measurement of the parameters which are accesible through the
golden channel, which can provide excellent sensitivities to θ13, δ and the mass hierarchy.

Sec. 4.4.1 is dedicated to present the results obtained for setup A. These include the results
for the three observables introduced in Sec. 3.2.3, as well as some plots showing the performance
when different features of the setup are varied, such as the number of ion decays in the storage
ring, the systematic errors and the size of the detector placed at the magic baseline. Results for
setup B are presented in Sec. 4.4.2. In this case, the results will be presented in two cases: (1)
considering two storage rings of the same size aiming at the two detectors; (2) considering a shorter
ring aiming at the far detector. A comparison with the results obtained for setup A will also be
included. Finally, in Sec. 4.4.3 a comparison between the performance of setups A and B and other
high-energy facilities in the literature is presented.

In the first two subsections, results will be presented in the plane sin2 2θ13-δ, in logarith-
mic scale, whereas in the last subsection the results will be shown as a function of sin2 2θ13 (in
logarithmic scale) and the fraction of possible values of δ for which a given observable can be
measured.

4.4.1 Results for the two-baseline 8Li /8B β-beam (setup A)

Lacking a detailed study of the maximum achievable 8Li and 8B fluxes, we will present the results
for three fluxes, as defined in Sec. 4.3. As we will see, this is the key factor limiting the sensitivity
of the setup, since its very long baselines limit the statistics at the detectors. We have also studied
the impact of the beam-induced background and of the systematic errors on the performance of
the experiment. We will show that these uncertainties do not affect significantly the physics reach
of the setup.

9These oscillations however occur in atmospheric neutrinos and could be studied in the detectors for the two
setups considered here. The combination of this data with the study of the golden channel of the β-beam could
provide some sensitivity to these unknowns (see, e.g., Refs. [265,326–328]).
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Figure 4.2: Sensitivity to θ13 at 3σ. Top left: comparison of baselines for a flux of 1× 1019 useful
ion decays per year. Dashed stands for L = 2000 Km; dotted for L = 7000 Km and solid for the
combination of the two; Top right: the impact of the flux for the combination of the two baselines.
Dotted stands for 2 × 1018, dashed for 5 × 1018 and solid for 1 × 1019 useful ion decays per year;
Bottom left: the impact of the beam-induced background for the combination of the two baselines
and a flux of 1×1019 useful ion decays per year. Dotted stands for a background of 10−4 times the
non-oscillated events, solid for 10−5 times the non-oscillated events; Bottom right: the impact of
systematic errors for the combination of the two baselines and a flux of 1×1019 useful ion decays per
year. Solid stands for systematics of 2.5% and 5% on the signal and the background, respectively:
dotted for systematics of 10% and 20% on the signal and the background, respectively.

Sensitivity to θ13

In Fig. 4.2 we present our results for the sensitivity to θ13, defined in the following way: the values
of θ13 and δ in the plots represent the “true” values of these parameters, i. e. the input values
assumed to generate the number of events that would be measured at the detector. A “true”
normal hierarchy is also assumed. For each of these input values, the χ2 for θ13 = 0 (marginalized
in the rest of the parameters) was computed. If the value of the χ2 > 9, then the hypothesis that
θ13 = 0 can be rejected at 3σ for those “true” values of θ13 and δ.

In the top left panel we present the sensitivities to θ13 of the two baselines considered.
The (green) dashed line corresponds to the sensitivity to θ13 with the detector at 2000 Km. The
maximal sensitivity, sin2 2θ13 ≥ 1.5 × 10−4, is achieved for δ = 90◦ and δ = −90◦, when event
rates for neutrinos and antineutrinos peak, respectively. The (red) dotted line is the sensitivity
to θ13 with the detector at 7000 Km. Notice that, in spite of the longer baseline, the sensitivity
is similar to the one achievable with the 2000 Km detector. This can be understood from the
resonant enhancement of the mixing angle through matter effects at this baseline. Notice also that
the δ dependence of the sensitivity is much milder, since the detector is located near the magic
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baseline, where the terms involving δ vanish. Eventually, the (blue) solid curve is the sensitivity
to θ13 for the combination of the two baselines. In this case, θ13 can be measured for any value of
δ provided that sin2 2θ13 > 2 × 10−4.

In the top right panel we study the dependence of the θ13-sensitivity on the neutrino flux.
Fluxes of 2×1018 (red dotted line), 5×1018 (green dashed line) and 1×1019 (blue solid line) useful
ion-decays per year per baseline have been considered, for the combination of the two baselines.
The more or less linear increase of the sensitivity with the flux indicates that the experiment
performance is statistics-dominated.

The bottom left panel shows the impact of the beam-induced background on the θ13-
sensitivity for the combination of the two baselines for a flux of 1 × 1019 useful ion decays per
year. Backgrounds of 10−5 (blue solid line) and 10−4 (red dotted line) of the total unoscillated
events are considered. Notice that even increasing the background by an order of magnitude the
loss of sensitivity is very small. On the other hand, decreasing the fractional background below
10−5 has no effect whatsoever. This background is thus equivalent in practice to no background.

Eventually, in the bottom right panel we present the impact of the systematic errors on the
θ13-sensitivity for the combination of the two baselines for a flux of 1× 1019 useful ion decays per
year. The systematic errors are increased from 2.5% and 5% (blue solid line) on the signal and
the background, respectively, to 10% and 20% (red dotted line). It can be seen that the impact of
systematic errors is negligible.

CP discovery potential

In Fig. 4.3 we present our results for the CP discovery potential, defined in the following way:
the values of θ13 and δ in the plots represent the “true” values of these parameters. A “true”
normal hierarchy is also assumed. For each of these input values, the χ2 for δ = 0◦ and δ = 180◦

(marginalized in the rest of the parameters) were computed. If the value of the χ2 > 9, then
the hypothesis that CP is conserved can be rejected at 3σ for those “true” values of θ13 and δ.
Obviously this can never happen if the “true” value of δ is either 0◦ or 180◦, hence no sensitivity
is found in stripes around those values of δ.

In the top left panel we present the CP discovery potential for the three different fluxes at
the 2000 Km baseline. Notice that for the “nominal flux”, 2× 1018 useful ion decays per year (red
dotted line), the low statistics at the detector and the presence of degeneracies at CP-conserving
values of δ spoil the discovery potential of the experiment. In this case there is no sensitivity to CP
violation whatsoever. For the intermediate flux, 5× 1018 useful ion decays per year (green dashed
line), some areas in which CP violation can be discovered appear. Sensitivity is again lost around
sin2 2θ13 = 4 × 10−3 for negative δ and for sin2 2θ13 < 10−3 for positive δ. Even for the “ultimate
flux”, 1× 1019 useful ion decays per year (blue solid line), the CP discovery potential for negative
values of δ around sin2 2θ13 = 4 × 10−3 is lost. This is because sign degeneracies at δ = 180◦

appear and do not allow to unambiguously determine CP violation, even if the true value of δ is
CP-violating. This is the so called “π-transit” which also spoils the sensitivity of the L ∼ 3000
Km detector of a NF for negative values of δ and sin2 2θ13 = 3 × 10−4 (see Fig. 8 of [329]).

However, as we will see in the next subsection, excellent sensitivities to the mass hierarchy
can be achieved at the far detector observing the resonant enhancement of the neutrino or an-
tineutrino oscillation probability depending on whether the hierarchy is normal or inverted. The
combination of the data taken at the two detectors can thus solve the sign degeneracy at π-transit
and provide sensitivity to CP violation also for that region of the parameter space. Moreover, at
the L = 7000 Km, close to the “magic baseline”, the effects of CP violation vanish providing a
clean measurement of θ13 that can greatly improve the CP discovery potential when combined with
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Figure 4.3: 3σ CP discovery potential. Top left: the impact of the flux for the L = 2000 Km
baseline. Dotted stands for 2×1018, dashed for 5×1018 and solid for 1×1019 useful ion decays per
year; Top right: the same, for the combination of the two baselines. Bottom left: the impact of the
beam-induced background for the combination of the two baselines and a flux of 1 × 1019 useful
ion decays per year. Dotted stands for a background of 10−4 times the non-oscillated events, solid
for 10−5 times the non-oscillated events; Bottom right: the impact of systematic errors for the
combination of the two baselines and a flux of 1× 1019 useful ion decays per year. Solid stands for
systematics of 2.5% and 5% on the signal and the background, respectively: dotted for systematics
of 10% and 20% on the signal and the background, respectively.

the data at 2000 Km. This combination is depicted in the top right panel of Fig. 4.3, where now
very good sensitivities to CP violation can be obtained for sin2 2θ13 > 1.5 × 10−4. Notice that we
would get the same results for the combination of the two baselines in case an inverted hierarchy
were assumed.

In the bottom panels the impact of the beam-induced background (left) and of the systematic
errors (right) on the CP discovery potential is studied, finding again that their effect is marginal.

Sensitivity to the mass hierarchy

In Fig. 4.4 we present our results for the sensitivity to the mass hierarchy, defined in the following
way: the values of θ13 and δ in the plots represent the “true” values of these parameters. A given
“true” hierarchy is also assumed. For each of these input values, the χ2 for the opposite mass
hierarchy (marginalized in the rest of the parameters) was computed. If the value of the χ2 > 9,
the wrong hierarchy can be rejected at 3σ for those “true” values of θ13 and δ.

In the top panels we present the sensitivity to the sign of the atmospheric mass difference for
the combination of the two baselines and three different fluxes, for normal (left) and inverted (right)
hierarchy. Notice that at 7000 Km either the neutrino or the antineutrino oscillation probability
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Figure 4.4: 3σ sensitivity to the mass hierarchy. Top left: the impact of the flux for the combination
of the two baselines and normal hierarchy. Dotted stands for 2×1018, dashed for 5×1018 and solid
for 1 × 1019 useful ion decays per year; Top right: the same, for inverted hierarchy. Bottom left:
the impact of the beam-induced background for the combination of the two baselines and a flux of
1×1019 useful ion decays per year. Dotted stands for a background of 10−4 times the non-oscillated
events, solid for 10−5 times the non-oscillated events; Bottom right: the impact of systematic errors
for the combination of the two baselines and a flux of 1 × 1019 useful ion decays per year. Solid
stands for systematics of 2.5% and 5% on the signal and the background, respectively: dotted for
systematics of 10% and 20% on the signal and the background, respectively.

becomes resonant [185, 283], depending on the mass hierarchy. As a consequence, the sensitivity
to the sign of the atmospheric mass difference at this baseline is excellent: in Ref. [184], indeed,
sensitivity to satm at 3σ down to sin2 2θ13 ≥ 1 × 10−3 (for γ = 350 and “standard” fluxes) is
achieved. In our setup, due to the combination of the two baselines, a slightly better sensitivity
is at reach for “nominal flux”, down to sin2 2θ13 = 8 × 10−4(1 × 10−3) for normal (inverted) true
hierarchy, whereas sensitivity down to sin2 2θ13 = 2×10−4(4×10−4) is achievable for the “ultimate
flux”. These sensitivities are enough to lift the sign degeneracy at the π-transit that causes the
loss of sensitivity to CP violation for negative values of δ (compare top left and top right panels
in Fig. 4.3).

In the bottom panels, we again show the impact of the background (left) and of systematic
errors (right), respectively. The effect of both is found to be very small also in this case.

Asymmetric detectors

Up to this moment we have considered a symmetric setup in which two identical MIND-like 50
Kton detectors are located at L = 2000 Km and L = 7000 Km. The far detector is exploited, as
explained in Sec. ??, to solve the sign degeneracy in a CP-independent environment. To perform
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Figure 4.5: Comparison at 3σ between the performance of two detectors with equal masses (50
Kton each) and an alternative setup considering an 80 Kton near detector and a 20 Kton far one.
In all plots, solid lines correspond to the symmetric setup and dashed lines to the asymmetric one.
The left, middle and right panels show the sensitivity to θ13, the CP discovery potential and the
sensitivity to the mass hierarchy, respectively. Results have been obtained considering a flux of
1× 1019 ion decays per year per straight section of the storage ring, a 10−5 fractional background
and a systematic error of 2.5% on the signal and 5% on the background.

this task, however, it is not necessary to have such a large detector mass, due to the resonant effect
in oscillation probabilities in matter for 6 GeV neutrinos at this baseline. At the price of losing
some sensitivity to the hierarchy, thus, we can move some of the far detector mass to the near
detector, increasing in this way the sensitivity to θ13 and δ.

This is shown in Fig. 4.5, where we present our results for the sensitivity to θ13, δ and the
mass hierarchy for an asymmetric setup with a 20 Kton MIND-like far detector and an 80 Kton
(otherwise identical) near one. The left, middle and right panels show the sensitivity to θ13, the CP
discovery potential and the sensitivity to the mass hierarchy, respectively. The results have been
obtained considering the “ultimate” flux, a 10−5 fractional background and a systematic error of
2.5% on the signal and 5% on the background. Solid lines stand for the symmetric 50 Kton case
and dashed for the 80/20 Kton option.

As it was expected, we can see that the sensitivity to the hierarchy is slightly worse. In
particular, we lose some sensitivity for δ = 0, π, going from sin2 2θ13 ≤ 2 × 10−4 to sin2 2θ13 ≤
3 × 10−4. The sensitivity loss for other values of δ is less significant. The same sensitivity loss
for δ = 0, π is observed in the sensitivity to θ13. However, we can see that an increase in the
θ13-sensitivity is achieved for |δ| = π/2: we go from sin2 2θ13 ≤ 1 × 10−4 to sin2 2θ13 ≤ 7 × 10−5.
This can be easily understood from the top left panel of Fig. 4.2. The sensitivity to θ13 at 2000
Km peaks for |δ| = π/2 due to the increase in the neutrino (antineutrino) oscillation probability
for δ = π/2 (δ = −π/2). On the other hand, at the magic baseline the δ dependence of the
sensitivity is very mild and it is more strongly constraining θ13 near the CP-conserving values of
δ. The CP-violation discovery potential, depicted in the middle panel, improves for any value of
δ. In particular, for |δ| ∼ π/2 we go from sin2 2θ13 ≤ 1.5 × 10−4 to sin2 2θ13 ≤ 9 × 10−5.

Therefore, depending on the specific interest in a given physics observable, a symmetric
setup or an asymmetric one should be adopted. Adding mass to the near detector favors the
sensitivity to CP-violation, whereas increasing the size of the far detector favors the sensitivity to
the mass hierarchy.

4.4.2 Results for the optimized two-baseline β-beam (setup B)

In Fig. 4.6 the black lines show the sensitivity reach of our proposed setup in terms of the three
performance indicators defined above. We also compare its performance with three other high γ
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β-beam setups, the sensitivity reaches for which are also shown. To make a fair comparison, we
(re)calculate the sensitivities for each of the benchmark setups assuming the same total number of
radioactive ions injected in the storage ring(s) and the same total number of years of running of
the experiment. We assume that, at a given time, only one source ion is accelerated and fed into
a storage ring. Expected performance of each of these benchmark setups is shown by a particular
line type, and they are defined as follows:

1. Blue, dotted lines: These correspond to setup A (Sec. 4.4.1), where neutrino beams from
decay of 8B and 8Li with boost factor γ = 350 are detected in two 50 kton magnetized iron
detectors located at 2000 km and 7000 km.

2. Solid, black lines: These correspond to setup B. Neutrino beams produced by 18Ne and
6He decays, each accelerated to γ = 350 and detected in a 500 kton water Čerenkovdetector
located at 650 km. A second set of beams from 8B and 8Li decays with γ = 656 and γ = 390,
respectively, are detected at 7000 km by a 50 kton magnetized iron detector.The straight
sections of storage ring of the 8B and 8Li source ions are 60% shorter than in the original
ring design, and the total 8B and 8Li fluxes at the far detector is 40% smaller.

3. Orange, dashed lines: The two-baseline β-beam setup proposed in [320]. Here all four ions
are used. Beams from decays of 18Ne and 6He accelerated to γ = 575 are detected in a 50
kton TASD detector at 730 km. Beams from decays of 8B and 8Li accelerated to γ = 656
are detected in a 50 kton magnetized iron detector at 7000 km.

4. Purple, dot-dashed lines: The one-baseline β-beam setup proposed in [274, 275]. Neutrino
beams produced by 18Ne and 6He decays, each accelerated to γ = 350 are detected in a 500
kton water Čerenkovdetector located at 650 km.

For all the four setups we assume that there are 1019 total decays per year, irrespective of
the choice of the ion [302]. Of these, only ions which decay along the straight section of the storage
ring aimed at one of the two detectors are useful. For the “standard” storage ring considered
in setups 2, 3 and 4, the livetime is l = 0.28. We have, thus, used 3 × 1018 useful decays per

year for each ion species to reproduce the reach to the three observables for these earlier proposals.
However, the storage ring for the 8B and 8Li ions in setup B has straight sections which are shorter
by 60%, giving a livetime that is 40% smaller than for the standard storage ring. Accordingly,
for the 8B and 8Li generated fluxes, we have only 0.6 × 3 × 1018 useful decays per year. We
conservatively assume that only one type ion can be accelerated at a time and consider a total
runtime of 10 years for all the setups we compare. We thus consider 5 years run per source ion
for the experiments with two ions10, and 2.5 years run per ion for those with four ions. We have
considered 2.5% and 5% systematic errors on the signal and on the beam-induced background,
respectively. They have been included as “pulls” in the statistical χ2 analysis. The following 1σ
errors for the oscillation parameters were also considered: δθ12 = 1%, δθ23 = 5%, δ∆m2

21 = 1%
and ∆m2

31 = 2%. Eventually, an error δA = 5% has been considered for the Earth density given
by the PREM model [?, 180, 182]. Marginalization over these parameters has been performed for
all observables. The GLoBES 3.0 [254,255] software was used to perform the numerical analysis.

10For setup 2 where we have two ions but two baselines, we are therefore assuming that both detectors are
irradiated simultaneously with neutrino beams from each ion for 5 years each. This can be done, as suggested in
Setup A, using a triangular geometry storage ring, with a total livetime l = 0.46, i.e.with a flux aimed at each
detector of 0.23 × 1019 useful decays per year.
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Figure 4.6: Sensitivity reach of the different β-beam setups in terms of the three performance
indicators defined in the text. The upper left hand panel shows the sensitivity to , the upper
right hand panels shows the CP discovery potential, while the lower panels show the sensitivity
to the mass hierarchy. The lower left hand panel assumes normal hierarchy while the lower right
hand panel shows the corresponding results for inverted hierarchy. The different line types are for
different β-beam setups as described in the text. Note that the black lines are for setup B, which
has the 8B and 8Li storage ring with straight sections shorter by 60% compared to all other setups
(i.e., a 40% smaller flux at the far detector).
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Sensitivity to θ13

The upper left hand panel of Fig. 4.6 shows the discovery reach. As it can be seen, the four
setups perform in a very similar way. While for particular values of δ ≃ ±90◦, the best reach
comes from setup 4, with 6He/18Ne ions and water Čerenkovdetector (purple dot-dashed line),
≤ 7 × 10−5, its δ-marginalized sensitivity is seen to be the poorest. This happens due to the very
strong δ-dependence of the probability at L = 650 km. On the other hand, the two baseline setups
2 (blue dotted line) and 3 (orange dashed line) which involve the magic baseline as well, show
very little δ-dependence. Setup B (black solid line) apparently shows some δ-dependence despite
having one of the detectors at the magic baseline because the near detector in this case is 10 times
larger than the near detectors for setups 2 and 3. Therefore, while the δ-marginalized discovery
reach of our proposed setup is similar to that for both the earlier two baseline setups, we see more
δ-dependence here due to the 10 times larger detector at the shorter baseline. Note that while the
flux is comparatively lower at the magic baseline, the probability is higher. The latter therefore
compensates the effect of the former and we expect the same statistics per kton of the detector at
both baselines. However, the detector size for water Čerenkovhas been taken as 10 times larger
compared to magnetized iron or TASD. Therefore, the statistics at the water Čerenkovdetector
at L = 650 km is 10 times larger compared to the statistics at the magnetized iron detector at
L = 7000 km. For this reason, the results of setup 1 follows closely those of setup 4: the ultimate
reach for our setup ≤ 2 × 10−4, is also obtained for δ ≃ ±90◦.

CP discovery potential

The upper right hand panel shows the CP violation discovery potential. This is best at the shorter
baselines. Thus, the facilities with larger number of events at short baseline outperform the others
in their CP violation reach. This means that setup 4,from [274,275] has sensitivity to CP violation
for the smallest values of , since the short baseline water Čerenkovdetector is exposed to the beam
for ten years(i.e., all the considered runtime). Unsolved sign degeneracies due to the lack of events
at longer baselines, however, spoil the sensitivity for negative values of δ around sin2 2θ13 ∼ 10−2

(the so-called “π-transit” [329]). This problem is solved when a magic baseline detector is added
to the on-peak one. For this reason, no loss in the discovery potential is found for setups 1, 2
and 3 for particular values of θ13. Notice that setup B has the next-to best performance (the near
detector is exposed to the beam for five years instead of ten) and no π-transit problem. Finally
,the worst performance for CP violation is that of the setups 2 and 3, in which the near detector
has a fiducial mass of 50 kton, only.

Sensitivity to the mass hierarchy

The lower panels show the sensitivity to the mass hierarchy. This is best at the far detectors and
thus, the facilities with larger number of events at the magic baseline perform best. That explains
the much smaller sensitivity of setup 4 from [274, 275] with no events at the longer baseline.
The best sensitivities are in this case achieved for setup 3 from [320] due to the higher statistics
granted by the larger gamma factor assumed of γ = 656 for both 8B and 8Li . This plots shows the
advantage of accelerating the ions to higher energies. Since for the setup we propose here we restrict
to the maximum γ attainable at the SPS+, which for 8Li is γ = 390, the difference between the
two setups is larger for the inverted hierarchy (lower right hand panel), where the sensitivity stems
mainly from the antineutrinos from 8Li decays. The ultimate sensitivity to the mass hierarchy for
our setup is ≤ 1×10−3(4×10−3) for normal (inverted) hierarchy, independently from δ. This must
be compared with ≤ 6 × 10−4(1 × 10−3) for normal (inverted) hierarchy, achievable with setup
3 [320].
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Figure 4.7: Comparison of setup B (black solid lines) with the setup with longer decay rings
(blue dashed lines) and longer decay plus improved detector characteristics (green dotted lines).
Comparisons are shown for the three performance indicators and the layout of the panels are as
for Fig. 4.6.

Detector and decay ring specification dependence

In this subsection we study how stable the results presented here are to modifications of the
experimental setup described. In particular, we focus on two effects. The first is the gain in
number of useful ion decays by increasing the length of the straight sections of the storage ring.
The second is the uncertainty on the achievable low energy threshold, efficiency and background
at the iron detector. The sensitivity reach of our proposed setup is shown in Fig. 4.7 by the black
solid lines. We first probe the effect of increasing the number of useful ion decays by increasing the
length of the straight sections of the storage ring for 8B and 8Li ions. This is shown by the blue
dashed lines where we restore the straight sections to 2500 km. This increases the 8B and 8Li flux
at the far detector by 40% compared to the black reference lines of our setup. As it can be seen
from the figure the impact of increasing the flux at the far detector is mainly on the sensitivity
to the mass hierarchy (that becomes ≤ 8 × 10−4(3 × 10−3) for normal and inverted hierarchy,
respectively), but is still mild even for that observable. Smaller and more feasible designs of the
decay rings are therefore possible without affecting significantly the physics reach of the proposed
facility.

The second effect concerns the detector specifications. For the reference setup (black solid
lines) we have assumed the same efficiencies and backgrounds as a function of the neutrino energy
as those derived for the MIND detector when exposed to a NF beam in Ref. [313]. As we argued
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Figure 4.8: Comparison between setups A and B, the IDS-NF and the high-γ 6He /18Ne β-
beam from Refs. [274, 275]. The upper left hand panel shows the sensitivity to , the upper right
hand panels shows the CP discovery potential, and the lower panels show the sensitivity to the
mass hierarchy. The lower left hand panel is obtained assuming normal hierarchy while the lower
right hand panel shows the corresponding reach when inverted hierarchy is assumed.

above, this is a conservative choice for the β-beam , since this purer beam does not demand charge
ID. Also, the spectrum is not as wide in energy as that of the NF and hence the problems with
neutral current backgrounds are also less severe. However, the task of the iron detector at the
long baseline is to determine the mass hierarchy and this will be achieved as long as the efficiency
at around 6 − 7 GeV is high enough to observe the matter resonance enhancement. The effect
that a more optimistic assumption of a lower energy threshold of 1.5 GeV with a flat efficiency of
70% and background of 10−4 would imply for the different observables is shown in Fig. 4.7 by the
green dotted lines. For these lines we also work with the longer decay ring with 40% more fluxes
at the far detector. As it can be seen from the figure the gain is not very significant for any of the
observables, this confirms that the challenging efficient discrimination of the lowest energy events
mandatory for a NF, is not as critical for the setup proposed here.

4.4.3 Comparison with other high-energy future proposals

It is important to study how the sensitivities of the proposed set-ups compare with other facilities
of the next-to-next generation proposals. We compare the performance of our two-baseline β-
beam proposals (both setups A and B) with the other two facilities typically considered for the
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small θ13 regime: the IDS-NF baseline design [322]11 and the high γ β-beam based on 6He and
18Ne of Refs. [274,275]. For this comparison we present in Fig. 4.8 the same observables as in the
previous figures but as a function of the fraction of the values of δ for which they can be discovered
instead of the true values of δ.

From Fig. 4.8 it is clear that the facility with sensitivity to the different observables down
to smallest values of is the Neutrino Factory. This can be understood from the very large fluxes
assumed for the IDS baseline as compared to the ones assumed here for the β-beam set-ups: 1021

useful muon decays per year to be compared to the 3 × 1018 assumed for the β-beams . This
translates into much higher statistics that provide sensitivities to smaller values of θ13. On the
other hand, the high energy of the Neutrino Factory beams implies a very small value of L/Eν .
This translates in a stronger suppression of the CP violating term of the oscillation probability with
respect to the one suppressed by two powers of θ13 for large values of this parameter. Therefore,
the CP discovery potential of β-beams outperforms that of the Neutrino Factory in Fig. 4.8 when
sin2 2θ13 > 10−3. Since this large values of sin2 2θ13 also guarantee a discovery of the mass hierarchy
and regardless of the value of δ, this makes β-beams the better option when sin2 2θ13 > 10−3.
Furthermore, even if the statistics in the near β-beam detector is reduced by half in the present
set-up compared to the one in Ref. [274, 275] in order to illuminate the second detector, the CP-
discovery potential for sin2 2θ13 > 10−3 is better in the two-baseline set-up due to the lifting of
the degeneracies that can mimic CP-conservation when combining the information from the two
detectors.

11More recently, the mass of the detector placed at 4000 km in the baseline design has been changed from 50 kton
to 100 kton [299]. However, a dramatic improvement in the performance of the facility is not expected from such
upgrade, since the IDS-NF is not limited by statistics but by systematics.



5
NSI at Neutrino Factories

In this chapter, we present the results obtained in Ref. [24]. As it was already explained in Ch. 1,
Non-Standard Interactions (NSI) can be studied from a top-down or a bottom-up approach. In
the top-down approach, a given model of NP is studied, and the corresponding set of low-energy
effective operators are derived systematically. Being these operators derived from a fundamental
theory, their coefficients are related and (usually) stringent bounds exist between them. In the
bottom-up approach, on the other hand, all the effective four-fermion operators which can affect
neutrino oscillations are included in the analysis, and the experimental bounds are used to constrain
their coefficients independently of the model. This latter approach is clearly model independent,
in the sense that no assumption is made regarding the model of NP behind and, consequently, the
possible relations between operators. Bounds obtained in this way are looser than in the top-down
approach, but apply to a wide variety of high-energy extensions of the Standard Model.

In the bottom-up approach, NSI that modify neutrino production, propagation and detection
processes must be included [330–333]. Such a large number of new parameters in the analysis,
however, makes it extremely difficult to extract any useful information from the results. It is a
standard strategy, thus, to separate the study of NSI in neutrino propagation in matter from the
NSI effects in production and detection. The latter can be studied using near detectors [334,335]1.
This is the strategy that we follow in this chapter. We introduce all the operators that modify
neutrino propagation in matter at once, adding nine new parameters (six moduli and three phases)
to the existing νSM parameter space. A complete analysis with such a huge number of parameters
is extremely demanding, from both the numerical and analytical point of view. For this reason
the effects of NSI in matter propagation have been widely explored in the literature turning on
only one new parameter in the analysis, or two at most (one modulus and one phase) [337–339].
In this work, we try to achieve two main goals: (1) We attempt a first complete phenomenological
analysis of the potential of HENF to constrain all the NSI parameters which can contribute to
propagation in matter; (2) We illuminate complicated correlations between the effects of NSI and
νSM CP violating phases.

In order to illustrate which features of the particular NF setup will be helpful in disentangling
the correlations between the different NSI parameters and which features will be more relevant
in order to observe a CP violating signal, the results will be presented for three different NF-
based setups. These correspond to the standard IDS-NF setup, and two modified options where
neutrinos are produced from the decay of muons with Eµ = 50 GeV: the first one corresponds to
a higher energy version of the standard IDS-NF setup; while for the second one only one baseline
is considered, and a small detector provided with τ detection capability is added to the standard

1Notice, however, that near detectors will necessarily put bounds on the combination of NSI in production
and detection processes. Several near detectors with different sources and/or target materials could be used to
disentangle them [336].
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MIND detector considered in the IDS-NF standard setup.

This chapter is structured as follows. Sec. 5.1 is dedicated to introduce the formalism of NSI
in neutrino propagation, and the main features of the analytical probabilities (in presence of NSI)
in App. B. In Sec. 5.2, the three NF setups under study are explained in detail, whereas in Sec. ??
the input values and the marginalization procedure used in Secs. 5.4 and 5.5 are introduced. In
Secs. 5.4 and 5.5, the sensitivities to θ13 (in presence of NSI) and to all NSI parameters are studied.
Throughout the study, we paid special attention to existing correlations between the whole set of
parameters, and we found that these can be divided in two sectors which are mainly uncorrelated
from each other. In Sec. 5.4 we present the sensitivities to θ13, ǫeµ and ǫeτ , which are achieved
mainly through the Peµ and Peτ oscillation channels, whereas in Sec. 5.5 we summarize our results
for the sensitivities to ǫµτ and the diagonal NSI parameters, which are achieved mainly through the
Pµµ disappearance channel. Finally, in Sec. 5.6 we study the CP discovery potential of the three
setups in presence of NSI. In doing so, we pay special attention to complicated correlations existing
between the standard and non-standard CP violating phases. A generalization of the CP-fraction
concept for the case where there are several CP violating phases is introduced, and the synergy
between detectors and baselines is analyzed for the different setups. For technical details related to
the statistical approaches that have been followed throughout this chapter, we refer the interested
reader to App. C.

5.1 Neutrino Oscillations with Non-Standard Interactions

Following the model independent approach, NSI in neutrino propagation (from here on, we will
refer to them simply as NSI) are described through the inclusion of the four fermion effective
operators in Eq. (1.29). Nevertheless, from neutrino oscillations we have no information on the

separate contribution of a given operator with coefficient εfPαβ , but only on their sum over flavours
and chirality. The effects of these operators appear in the neutrino evolution equation, in the
flavour basis2, as:

i
d

dt




νe
νµ
ντ


 =


U




0 0 0
0 ∆21 0
0 0 ∆31


U† +A




1 + ǫee ǫeµ ǫeτ
ǫ∗eµ ǫµµ ǫµτ
ǫ∗eτ ǫ∗µτ ǫττ








νe
νµ
ντ


 , (5.1)

where ∆ij = ∆m2
ij/2E, U is the PMNS matrix, A ≡ 2

√
2GFne and ǫαβ ≡ (1/ne)

∑
f,P nfε

fP
αβ ,

with nf the f -type fermion number density. The three diagonal entries of the modified matter
potential are real parameters. Only two of them affect neutrino oscillations: we will consider the
combinations ǫee−ǫττ and ǫµµ−ǫττ , subtracting ǫττ ×I from the Hamiltonian. The three complex
NSI parameters ǫeµ, ǫeτ and ǫµτ will be parametrized as 3 ǫαβ = |ǫαβ |e−iφαβ .

In order to understand the impact of different NSI parameters in various oscillation chan-
nels it is useful to obtain approximate analytical expressions for the oscillation probabilities. In
Ref. [341] approximate formulæ were derived for all the oscillation probabilities up to order ε2 (ε3

for the golden channel) by making a perturbative expansion in ∆m2
21/∆m

2
31 ≡ ε and ǫαβ ∼ θ13 ∼ ε.

In App. B the approximate expressions for Peµ, Peτ , Pµµ and Pµτ are presented up to second order
in ε, expanding in ∆m2

21/∆m
2
31, ǫαβ , θ13 and δθ23 ≡ θ23 − π/4, too.

Let us review very briefly the main conclusions which can be extracted from this analytical
study:

2If production or detection NSI were present, though, the effective production and detection flavour eigenstates
would not coincide with the standard flavour ones [340].

3This is the prescription used in the MonteCUBES software. In the section devoted to CP violation, though, the
prescription is precisely the opposite, ǫαβ ≡ |ǫαβ |e

iφαβ .
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• Up to second order in ε, Peµ and Peτ depend only on ǫeµand ǫeτ but not on the rest of the NSI
parameters (see Eq. (B.4) and Eq. (B.5) in App. B). The precise determination of these two
NSI elements is only possible in the golden and the silver channels. However, it is well-known
that already in the νSM case a combination of data, either from different oscillation channels
or different baselines, is needed in order to avoid the well known degeneracy problem [168,
169,171]. This problem is even more difficult to solve in presence of NSI, because four extra
parameters (2 moduli and 2 phases) appear simultaneously in the golden and silver channels
and severe correlations are expected to exist, not only between NSI parameters but also
between them and the νSM ones.

• The Pµµ and Pµτ oscillation probabilities show a leading O(ε) dependence on the real part
of ǫµτ (which provides a very high sensitivity to this parameter), in addition to the usual
quadratic dependence on ǫeµ and ǫeτ as in the golden and silver channels. On the other hand,
the sensitivity to the imaginary part of ǫµτ is expected to be much worse, since it comes
only through O(ε2) terms in the probability. The dependence on the diagonal combination
(ǫµµ− ǫττ ) appears in Pµµ and Pµτ at O(ε2), too. Terms proportional to δθ23(ǫµµ− ǫττ ) lead
to important correlations between these two parameters.

• The dependece on (ǫµµ − ǫττ ) and ǫµτ in Pµµ and Pµτ is the same. Therefore, the νµ → ντ
channel may be useful only because it adds further statistics at the detector. However, the
sensitivities to ǫαα and ǫµτ are not limited by statistics, since the disappearance channel
alone already provides enough events at the detector. As a consequence, the sensitivities to
these parameters are mainly achieved through the Pµµ channel.

• The dependence on the diagonal combination (ǫee − ǫττ ) appears at third order in ε in the
oscillation probabilities. Therefore, it is hard to expect a good sensitivity to this parameter.
Moreover, as we can see in Eq. (5.1), when all NSI parameters vanish except for the combi-
nation (ǫee − ǫττ ), A (ǫee − ǫττ ) can be interpreted as a small perturbation on the standard
νSM matter effect. Therefore, our sensitivity to (ǫee − ǫττ ) will be ultimately limited by
uncertainties of the earth matter density.

In view of the features listed above, in the following we are going to distinguish two different
groups of oscillation parameters: (i) θ13, ǫeµ and ǫeτ , that will be studied in Sec. 5.4, and (ii)
(ǫee − ǫττ ), (ǫµµ − ǫττ ) and ǫµτ , that will be studied in Sec. 5.5. This classification is the natural
consequence of the fact that, in practice, Peµ and Peτ are sensitive to (i), while the sensitivity to (ii)
comes mainly from Pµµ. The only possible exception to this classification is (ǫee − ǫττ ), for which
the golden channel also plays an important role. Because of this structure, strong correlations
between (i) and (ii) are not expected, as it has indeed been found in our numerical simulations.
For this reason, we will study in Sec. 5.6 the CP discovery potential of the HENF for all the
parameters belonging to (i) simultaneously (as strong correlations are expected between them),
whilst neglecting parameters belonging to (ii).

5.2 The Neutrino Factory

In a Neutrino Factory (NF), muons are accelerated from an intense source to energies of several
tens of GeV and injected into a storage ring with very long straight sections [342–345]. These
muons decay through the processes µ+ → e+νeν̄µ and µ− → e−ν̄eνµ, providing a very well known
flux (see Fig. 5.1) of neutrinos with energies up to the muon energy itself. In the laboratory frame,
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the neutrino fluxes, boosted along the muon momentum vector, are given by [325]:

d2Nν̄µ,νµ

dydΩ
=

4nµ
πL2m6

µ

E4
µy

2 (1 − β cosϕ)
{[

3m2
µ − 4E2

µy (1 − β cosϕ)
]

∓Pµ
[
m2
µ − 4E2

µy (1 − β cosϕ)
]}

,

d2Nνe,ν̄e

dydΩ
=

24nµ
πL2m6

µ

E4
µy

2 (1 − β cosϕ)
{[
m2
µ − 2E2

µy (1 − β cosϕ)
]

∓Pµ
[
m2
µ − 2E2

µy (1 − β cosϕ)
]}

. (5.2)

Here, β =
√

1 −m2
µ/E

2
µ, Eµ is the parent muon energy, y = Eν/Eµ, nµ is the number of useful

muons per year obtained from the storage ring, Pµ is the polarization of the decaying muon and
L is the distance to the detector. ϕ is the angle between the beam axis and the direction pointing
towards the detector, assumed to be located in the forward direction of the muon beam. The
angular divergence will be taken as constant, δϕ ∼ 0.1 mr.
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Figure 5.1: Electron and muon neutrino fluxes for a 25 GeV NF, measured at 100 km from the
source, as a function of the neutrino energy.

Neutrino Factory designs have been proposed in Europe, US and Japan. The conclusion of
these studies is that an accelerator complex capable of providing ∼ 1021 muon decays per year can
be built.

One of the most striking features of the Neutrino Factory is the precision with which the
characteristics of all components of the beam would be known. In addition to this, a total of twelve
oscillation processes can be studied using the Neutrino Factory, which can store beams of both
positive and negative muons. In order to take full advantage of this flavour-richness, the optimal
detector should be able to perform both appearance and disappearance experiments, providing
lepton identification and charge discrimination: for example, a 50-Kton MINOS-like magnetised-
iron detector to study the golden channel, plus a 5-10 Kton emulsion cloud chamber or a 15 Kton
magnetised liquid-argon TPC detector to look for νe→ντ and νµ→νe oscillations.

The νe → νµ transition appears to be particularly attractive at the Neutrino Factory. It can
be studied in appearance mode, by looking for muons with charge opposite to that of the stored
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muon beam, thus strongly reducing the dominant background (“right-sign muons” and charmed-
meson decays). This yields an impressive sensitivity to sin2 θ13 and sensitivity to the leptonic
CP-violating phase δ. Another important feature of the Neutrino Factory is that it is the only
facility that could exploit the νe→ντ and the νµ→ντ channels, as the average energy of neutrinos
produced must be high enough to produce τ CC events if we want to study these oscillation
channels. The “standard” Neutrino Factory refers to a facility in which a 50 GeV stored-muon
beam delivers a luminosity of 1 × 1021 muon decays per year.

5.2.1 Neutrino Factory setups

At a NF, intense νe and νµ beams are available as decay products of muons (with both polarities)
circulating in storage ring(s). As a consequence, a total of twelve different oscillation channels
could in principle be studied. The International Design Study for a Neutrino Factory [346], as
already mentioned, has undertaken the task of defining the optimal setup to have good sensitivity
to θ13, δ, and to the neutrino mass hierarchy, sign(∆m2

23). This resulted in what we will refer to
as the IDS25 setup hereafter: a HENF with a muon beam energy of 25 GeV, and 1021 useful muon
decays per year aimed at two identical 50 kton MIND detectors located at two different baselines
to look for νµ appearance events4. The detector located at L = 4000 km (which will be referred
to as “intermediate baseline” from now on, to distinguish it from the short baseline where a near
detector will be located5 ) is optimized to have sensitivity to the CP-violating phase δ. It, however,
suffers from a severe degeneracy problem [168,169,171], that can be solved locating an additional
“far” detector at the so-called “magic” baseline (7500 km) [168,179]. This second detector increases
significantly the potential of the NF to measure the mass hierarchy, taking advantage of matter
effects.

If a HENF is to be optimized to detect effects of NSI, several issues must be understood:
which energy and baseline would be the best; how and to what extent the synergy between two
detectors help; and, if there are any ways of optimization in order to achieve good sensitivities to
both νSM and NSI parameters. Some of these problems were addressed in [347], concluding that
a setting similar to IDS25 but with higher muon energies (such as 50 GeV) would be preferred to
look for NSI. This is easily explained by the fact that, since NSI in propagation are introduced as
an effective matter potential, an increase in the average neutrino energy will improve the relative
significance of the NSI with respect to the leading standard oscillations in vacuum. This was indeed
confirmed in Ref. [337] where, however, it was found that the improvement with respect to the
25 GeV setup was not very large (see, also, Ref. [339]). All of these works were performed within
the ad-hoc assumption of having only one ǫαβ at a time. One of the goals of this work is indeed
to check if the results obtained in these analyses survive when correlations between the various
NSI parameters are taken into account. Armed with MonteCUBES, we examine this problem by
comparing the sensitivity to NSI of the IDS25 and of a variant of the IDS setup with the same
detectors but with parent muon energy Eµ = 50 GeV when all NSI parameters are turned on
simultaneously. The new setup, for obvious reasons, will be called as IDS50.

We will also check the potential of the two detectors to reduce the strong correlations between
νSM and NSI parameters and within different NSI parameters, to test if this detector combination
can be optimized or not for NP searches. For this reason, the performance of the two setups
above, in which two identical detectors looking for νe → νµ and νµ → νµ oscillations are located at
different baselines, will be compared with the performance of a HENF setup in which two different
detectors, one of which is equipped with τ -identification capability (that could, thus, profit of the
νe → ντ and νµ → ντ channels), are located at one single baseline at 4000 km. Initially, L = 2000

4Notice that, in the latest IDS design, the MIND located at the intermediate baseline is 100 kton.
5We will not consider such a near detector in our analysis, though.
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and L = 3000 km were also considered as alternative baselines. They give similar results, although
the 4000 km performs slightly better, and therefore will not be considered here. This setup will
be called 1B50. Notice that the parent muon energy for the 1B50 setup has to be large enough
to overcome the smallness of the ντN cross-section due to the τ production threshold below 4
GeV [348] and get larger statistics at the detector. For this reason, also for this setup we fix
Eµ = 50 GeV. Notice that the advantage of aiming at one site is two-fold: on one side, we avoid
the technical difficulties of aiming one of the beams at a detector located al L = 7500 km (with a
tilt angle of the storage ring of ∼ 36◦ [349]); on the other side, as only one storage ring is needed
all muon decays are aimed to the same site, therefore doubling the statistics at the detector.

The characteristic features of the three setups (IDS25, IDS50 and 1B50) are resumed in
Tab. 5.1, where we remind the parent muon energy, the detectors location and technologies and
the neutrino flux aiming at each detector per year. For all setups we consider 5 years of data taking
for each muon polarity6.

IDS25 IDS50 1B50

Eµ 25 GeV 50 GeV 50 GeV

D1 MIND@4000 km MIND@4000 km MIND@4000 km

D2 MIND@7500 km MIND@7500 km MECC@4000 km

Φ1 5 × 1020 5 × 1020 1 × 1021

Φ2 5 × 1020 5 × 1020 1 × 1021

Table 5.1: The characteristics of the three considered setups. From top to bottom: the parent
muon energy Eµ; the technology and location of the two detectors, D1 and D2; the number of
useful muon decays per year aiming at each of the two detectors, Φ1 and Φ2.

The characteristic features of the two types of detector are summarized in Tab. 5.2. For
technical details on these parameters, we address the interested reader to Refs. [313] and [350,351].

σ(E) fS fB Mass

MIND 0.55
√
E 2.5% 20% 50 kton

MECC 0.2E 15% 20% 4 kton

Table 5.2: Main characteristics of the two detectors technologies. From left to right: energy
resolution, σ(E); systematic error over the signal, fS ; systematic error over the background, fB;
detector mass.

In the analyses of Secs. 5.4 and 5.5, data have been distributed in bins of the reconstructed
neutrino energy with the following size: ∆Eν = 1 GeV for Eν ∈ [1, 10] GeV; ∆Eν = 2.5 GeV

6We assume that the experiment is run on the two polarities separately. This means that we are considering
a total number of useful muon decays per baseline and polarity of 5 × 5 × 1020 = 2.5 × 1021. Notice that this is
completely equivalent to consider 10 years of data taking per polarity but with 2.5 × 1020 useful muon decays per
baseline, year and polarity. This last option corresponds to the setup where muons of both polarities are circulating
at the same time in the decay ring(s).



5.3 Input parameters and marginalization procedure 95

for Eν ∈ [10, 15] GeV; ∆Eν = 5 GeV for Eν ≥ 15 GeV. This binning applies to all setups and
detector technologies. In Sec. 5.6, on the other hand, data have been distributed in bins of equal
size: ∆Eν = 5 GeV for the IDS25; ∆Eν = 10 GeV for the IDS50, 1B50 (both for the MIND and
the MECC technologies).

The efficiencies for the MIND and the MECC detector technologies as a function of the
reconstructed neutrino energy are shown in Fig. 5.2. The νµ identification efficiency at MIND has
been taken from Ref. [313]. The ντ identification efficiency at MECC corresponds to the efficiency
of the ECC for the silver channel νe → ντ as computed in Ref. [352] multiplied by a factor of five
to take into account the capability of the MECC to look for taus not only through their decay into
muons (as for the ECC) but also into electrons and hadrons (see a detailed discussion in Ref. [350]
regarding this point). The cross-sections have been taken from Refs. [266,267].
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Figure 5.2: Efficiency of the MIND (blue triangles) and MECC (red circles) detectors as a function
of the neutrino energy. The MIND efficiency has been taken from Ref. [313]. The MECC efficiency
corresponds to the ECC efficiency [352] multiplied by a factor of five (see text for details).

Table 5.3 shows the number of events in the golden (silver) channel per kton×year at a
MIND (MECC) detector with perfect efficiency, located at 4000 km from the source, for a 50 GeV
NF. Normal hierarchy has been assumed, and results are shown for δ = ±90◦, and for two different
values of θ13 = 0, 3◦. In order to illustrate the effect when NSI are included in the analysis, we
show the total number of events at the detector also in presence of NSI, ǫeµ = ǫeτ = 10−2. The
two NSI CP violating phases have been set to zero. As it can be seen from the table, the number
of events in the silver channel is very small for vanishing θ13.

5.3 Input parameters and marginalization procedure

Unless otherwise stated, the input values taken in this chapter for the atmospheric and the solar
parameters are: ∆m̄2

21 = 7.59×10−5eV2, θ̄12 = 34◦, ∆m̄2
31 = 2.45×10−3eV2, θ̄23 = 45.5◦ [152]. In

all the simulations, the matter density has been taken according to the PREM density profile [181]
assuming a 5% error. The sign of the atmospheric mass difference, sgn(∆m2

31), has been chosen
to be positive throughout the paper and marginalization over it will not be considered.

In all the simulations presented in Secs. 5.4 and 5.5 we have marginalized over the whole set
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δ Channel
θ13 = 0 θ13 = 0 θ13 = 3◦ θ13 = 3◦

ǫαβ = 0 ǫeµ = ǫeτ = 10−2 ǫαβ = 0 ǫeµ = ǫeτ = 10−2

+90◦
νe → νµ 2.75 44.93 66.70 108.54

νe → ντ 1.08 7.97 15.63 22.60

−90◦
νe → νµ 2.75 44.93 41.69 83.96

νe → ντ 1.08 7.97 23.77 30.56

Table 5.3: Total number of events per year for the golden (silver) channel, measured at a 1 kton
MIND (MECC) detector with perfect efficiency located at L = 4000 km from the source, for a 50
GeV NF. Normal hierarchy has been assumed. Results are presented for δ = ±90◦ and for two
different values of θ13 = 0, 3◦, with and without including NSI effects in the golden sector. The
two NSI CP violating phases have been set to zero: φeµ = φeτ = 0◦.

of νSM parameters. A gaussian prior distribution centered on the input values given above with
variance σ = 0.08(0.03) has been assumed for the atmospheric (solar) parameters. On the other
hand, marginalization over θ13 and δ has also been performed assuming a flat prior distribution.

In Secs. 5.4 and 5.5 we have also marginalized over the NSI parameters ǫαβ , that is, over
both their moduli |ǫαβ | and phases φαβ . Gaussian priors, in agreement with the bounds computed
in Ref. [71], are taken into account for all the moduli of the NSI parameters around their input
values, which have been set to zero throughout the next two sections. Notice that for the NSI
phases no prior knowledge has been taken into account (i.e., π(θ) = 1), since we do not have any
information about these phases yet. We will refer the above procedure involving νSM and NSI
parameters as the “standard marginalization procedure” hereafter.

5.4 Sensitivities achieved mainly through the νe → νµ and
νe → ντ channels

As we stressed in Sec. 5.1, the sensitivity to NSI parameters comes from different oscillation
channels depending on the considered parameter. In this section, we study the sensitivities to ǫeµ
and ǫeτ which would be achieved mostly through the golden (and, to a lesser extent, also through
the silver) channel for the three setups under study. Since the sensitivity to the νSM parameter θ13
(which is the key to the measurement of δ and of the mass hierarchy, too) is also achieved through
the same oscillation channels, we will examine first the question of how and to what extent the
inclusion of NSI affects the sensitivity to θ13 (Sec. 5.4.1). We will, then, study the sensitivities to
the moduli of ǫeµ and ǫeτ as a function of their respective CP violating phases, through which some
features of the synergy between two detectors/baselines will be illuminated depending upon the
settings (Sec. 5.4.2). To show the effect of the correlations between the NSI parameters and with
θ13, the standard marginalization procedure defined in App. C will not be always used. We will
specify in each case the procedure adopted. We remind the readers that sgn(∆m2

31) is kept fixed
throughout this work. This point has to be kept in mind when interpreting the results.

To conclude the preamble, we describe the layout of the figures: in figures with three
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columns, the left, middle and right panels correspond to the results for the IDS25, IDS50 and
1B50 settings, respectively. Red, green and blue lines correspond to 68%, 90% and 95% 2 d.o.f.’s
CL contours, respectively. Whenever we depart from the standard format we will give a note in
the caption of the corresponding figure to specify the layout.

5.4.1 Impact of the NSI on the measurement of θ13

In Fig. 5.3 we show the sensitivity to θ13 as a function of δ when the NSI parameters, in addition to
the νSM ones, are also taken into account during marginalization. In top panels, marginalization
over ǫαα (α = e, µ, τ), ǫeµ and ǫeτ is performed; in bottom panels, the marginalization procedure
is done over ǫαα and ǫµτ . As a reference, we also present the 68% CL sensitivity to θ13 obtained
without considering NSI in the analysis, represented by the dotted black lines7. It can be clearly
seen that the impact of the presence of NSI degrees of freedom on sensitivity to θ13 is much more
significant in top panels than in bottom panels. When marginalization is performed over ǫeµ and
ǫeτ , the degree of sensitivity loss ranges from a factor 3 (IDS50) to almost an order of magnitude
(1B50) with respect to the νSM result. On the other hand, the effects of marginalization over
ǫαα and ǫµτ are quite mild, leading to a sensitivity loss of a factor of 3 (1B50), at most. We have
checked that the above sensitivity loss comes from the marginalization over ǫαα, and not over ǫµτ
which is effectively decoupled from θ13. Approximate decoupling between the two parameter sets
(θ13, ǫeµ , ǫeτ ) and (ǫαα, ǫµτ ) is consistent with the expectation from the perturbative analysis [341]
(see App. B), as explained in Sec. 5.1: in a nutshell, the golden (and silver) channel oscillation
probabilities (that dominate the sensitivity to θ13) only depend on ǫeµ and ǫeτ up to second order
in ε.
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Figure 5.3: 68%, 90% and 95% CL contours for the sensitivity to θ13 as a function of δ for the
case with NSI, compared to the 68% CL contour for the sensitivity to θ13 in the absence of NSI
(represented by the black dotted line). Marginalization was performed over the νSM parameters,
the diagonal NSI parameters ǫαα and either ǫeµand ǫeτ (top panels) or ǫµτ (bottom panels). The left,
middle, and right panels show the results obtained for IDS25, IDS50, and 1B50 setups, respectively.

7We have checked that our results for the νSM θ13-sensitivity are in reasonable agreement with those reported
in the literature (see, for example, Ref. [322]).
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A careful comparison between the three upper panels reveals an interesting feature: the se-
vere impact on the sensitivity to θ13 observed at the 1B50 setup is largely (moderately) overcome in
the IDS50 (IDS25) setups. Sensitivity to θ13 at the two baseline settings is robust against inclusion
of NSI because they probe generalized matter effects at two different distances, a particular type
of the synergy between the intermediate and far detectors [347].

In summary, in spite of the fact that the 1B50 setup apparently yields the best sensitivity
to θ13 in absence of NSI (which is likely to be due to the doubled flux with respect to the IDS25
and IDS50 setups), its worsening after marginalization over ǫeµ and ǫeτ , strongly correlated with
θ13, is much more severe due to the lack of the magic baseline detector.

5.4.2 Sensitivity to ǫeµ and ǫeτ
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Figure 5.4: 68%, 90% and 95% CL contours for the sensitivity to ǫeµas a function of φeµ for θ̄13 = 0
(upper panels) and θ̄13 = 3◦; δ̄ = −π/2 (lower panels). Marginalization has been performed over
the νSM parameters, the diagonal NSI parameters ǫαα and ǫeτ . The left, middle, and right panels
show the results obtained for IDS25, IDS50, and 1B50 setups, respectively.

In Fig. 5.4 (5.5) we present the sensitivity to |ǫeµ| (|ǫeτ |) for θ̄13 = 0 (upper panels) and θ̄13 =
3◦; δ̄ = −π/2 (lower panels) as a function of φeµ (φeτ ), respectively. For all panels, the standard
marginalization procedure defined in Sec. 5.3 is carried out, albeit neglecting marginalization over
ǫµτ (which is totally uncorrelated from |ǫeµ| and |ǫeτ |, as we have checked).

We first discuss the results in Fig. 5.4. The most important remark is that both high-energy
setups (IDS50 and 1B50) present similar performances, with sensitivities that are much better than
that of IDS25 both for θ̄13 = 0 and θ̄13 = 3◦. The fact that both IDS50 and 1B50 give sensitivities
to |ǫeµ| that are extremely similar implies that the improvement with respect to the IDS25 is due
to the increase in energy, in agreement with our expectation for preferring higher energies for NSI
searches. It can also be seen that the dependence of the sensitivity to |ǫeµ| on φeµ is stronger for
θ̄13 6= 0◦ (bottom panels) than in the case of θ̄13 = 0.

In Fig. 5.5 we can see that the results obtained for the sensitivity to |ǫeτ | are quite different
from those found for |ǫeµ|. For vanishing θ̄13, it can be seen that the IDS50 setup is better than
the IDS25 and the 1B50 by a factor of ≃1.7 and a few, respectively. When θ̄13 is increased to
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θ̄13 = 3◦, the sensitivity to ǫeτ becomes worse by a factor of ≃2 or so, independently on the setups:
the relative performance of the three setups remains almost the same as in the case of θ̄13 = 0.
Notice that for the sensitivity to |ǫeτ |, unlike for |ǫeµ|, the synergy between the two detectors plays
a key role [337, 339, 347], improving the sensitivity up to an order of magnitude when a second
detector at the magic baseline is considered. An additional improvement is achieved due to the
increase in energy, as expected.
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Figure 5.5: 68%, 90% and 95% CL contours for the sensitivity to ǫeτ as a function of φeτ for θ̄13 = 0
(upper panels) and θ̄13 = 3◦; δ̄ = −π/2 (lower panels). Marginalization has been performed over
the νSM parameters, the diagonal NSI parameters ǫαα and ǫeµ. The left, middle, and right panels
show the results obtained for IDS25, IDS50, and 1B50 setups, respectively. Notice the different
scale for the lower right panel, for which the sensitivity is much worse than for the rest of setups.

The oscillation probabilities presented in App. B can help us to understand further the
results presented in Figs. 5.4 and 5.5. In the first line of Peµ in Eq. (B.4) we can observe that the
two terms proportional to ǫeµ appear with the same sign, while the ones proportional to ǫeτ have
opposite sign and tend to cancel. We have checked that, in the energy range relevant for the three
setups under consideration, the coefficient of the ǫeµ term can be one order of magnitude larger
than the corresponding coefficient of the ǫeτ term. For this reason, the golden channel is more
sensitive to ǫeµ than ǫeτ , as it can be seen by comparing Figs. 5.4 and 5.5. For the same reason,
the ǫeµ sensitivity is only mildly affected by marginalization over ǫeτ , whereas the sensitivity to ǫeτ
is strongly affected by the marginalization over ǫeµ. This explains why the detector at the magic
baseline plays an important role for the sensitivity to |ǫeτ |, whereas for ǫeµ the energy is the key
parameter independently of the number of baselines. Notice that the features of Peτ are quite the
opposite: terms proportional to ǫeτ add up, while those proportional to ǫeµ tend to cancel (see
the first line of Eq. (B.5) in App. B). One could naively think, then, that a better sensitivity is
expected for ǫeτ instead of ǫeµ in the 1B50 setup due to its ability to detect τ ’s. This is not the
case, however, because the statistics in MECC is poor compared to that in MIND. The good ǫeµ
sensitivity observed at the 1B50 depends on the doubled flux at the MIND section of the detector8.

A last interesting remark can be drawn in the phase dependence of the results of Figs. 5.4
and 5.5. If we compare the sensitivity contours for θ̄13 = 0 (upper panels) and θ̄13 = 3◦ (lower

8We will see in Sec. 5.6 that the silver channel can, however, play an important role in the discovery of CP
violation due to NSI.
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panels), we can see a shift of locations of the sensitivity minima. This feature is a result of the
complicated correlations between δ, φeµ and φeτ in the golden channel probability. The key factor
for this effect to take place is the CP-violating value we have chosen for δ̄, which maximizes the
effect.

5.5 Sensitivities achieved mainly through the νµ → νµ chan-
nel

As we have mentioned in Sec. 5.1, sensitivity to the rest of the NSI parameters, i.e. the diagonal
elements ǫαα and ǫµτ , mainly comes from the νµ → νµ channel9. In this section, we will study
first the expected sensitivity to |ǫµτ | as a function of its CP-violating phase φµτ (Sec. 5.5.1). The
sensitivity to the diagonal NSI parameters will be studied next (Sec. 5.5.2), taking particular care
to unveil the correlations between ǫαα, θ13 and θ23.

5.5.1 Sensitivity to ǫµτ

In Fig. 5.6 the sensitivity to ǫµτ for θ̄13 = 0 is shown only for the IDS50 setup, since we have
found remarkably similar results for the rest of setups under study. The standard marginalization
procedure is employed as usual. The most significant feature in this figure is the extremely high
sensitivity to the real part of ǫµτ (better than 10−3). The high sensitivity is driven by the leading
NSI correction to the disappearence oscillation probability in Eq. (B.6):

Pµµ = P SI
µµ − |ǫµτ | cosφµτ (AL) sin (∆31L) + O(ε2) + . . . (5.3)

When ǫµτ is mostly imaginary, φµτ ∼ ±90◦, we observe a significant sensitivity loss of more than
an order of magnitude, as expected from the fact that the leading dependence on Im(ǫµτ ) appears
at O(ε2) in the probability, as seen in Eq. (B.6). We have explicitly verified that fixing ǫeµ and
ǫeτ during marginalization does not produce any appreciable change in the sensitivity to ǫµτ . This
confirms the numerical results presented in Sec. 5.4.2 where no correlation between ǫeµ (or ǫeτ )
and ǫµτ was found. Eventually, we have checked that the ǫµτ sensitivity does not vary significantly
for nonzero θ̄13, in agreement with the discussion in Sec. 5.4.1.

5.5.2 Sensitivity to the diagonal NSI parameters

In Fig. 5.7 we show the sensitivities to the NSI diagonal parameters obtained with the IDS50 setup
for different input values of θ̄13 and θ̄23. As for the ǫµτ case, the results are extremely similar for
the other two setups under study, and hence their results are not shown. Top panels correspond
to θ̄13 = 0, the bottom ones to θ̄13 = 3◦. Left panels are obtained for θ̄23 = 45◦, in which the
red, green and the blue lines stand for the 68%, 90% and 95% CL contours, respectively. In the
right panels only the 95% CL contours are drawn, for θ̄23 = 43◦ by the purple dashed lines and
θ̄23 = 47◦ by the black solid lines. The standard marginalization is adopted here too.

First of all, we see that all panels show that the sensitivity to (ǫee − ǫττ ) is about an order
of magnitude worse than the sensitivity to (ǫµµ − ǫττ ). This behaviour is in agreement with the
fact that the leading dependence on the latter combination appears at O(ε2) in the oscillation
probabilities, while for the former one it appears at O(ε3) (see [341]). Notice, nonetheless, that

9The νµ → ντ channel only increases the statistics at the detector. However, the sensitivity to ǫαα and ǫµτ is
not limited by statistics thanks to the disappearance channel. As a consequence, the νµ → ντ channel is not very
useful in this context since it does not add any additional information.
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Figure 5.6: 68%, 90% and 95% CL contours for the sensitivity to ǫµτ as a function of φµτ for
θ̄13 = 0. Marginalization has been performed over the νSM parameters, the matter density and
the rest of NSI parameters. The 50 GeV IDS setup has been assumed.

the sensitivity to (ǫee - ǫττ ) (approximately ≃ 10% and ≃ 20% at 95%CL, 2 d.o.f.’s, for θ̄13 = 3◦

and 0, respectively) is better than the sensitivity achieved at any other facilities considered in the
literature. It improves as θ̄13 increases, probably due to the effect of the golden channel, as we
can see by comparing top and bottom panels. On the other hand we have observed, in agreement
with the discussion in Sec. 5.1, that the (ǫee - ǫττ ) sensitivity is mainly limited by the matter
uncertainty, which has been set to 5% in our simulations. In other words, unless the PREM error
on the matter density is improved, a ∼ 10% sensitivity to (ǫee - ǫττ ) would be the limiting accuracy
that could be reached10.

The impact of a non-maximal atmospheric mixing angle can be seen in the right panels
in Fig. 5.7: two narrow strips appear at both sides of the central region. By looking into the
disappearance probability, Pµµ in Eq. (B.6), it is easy to realise that the sensitivity in the central
region of the plots is driven through the term proportional to (ǫµµ − ǫττ )

2 in the disappearence
channel, being the only one which does not vanish to order ε2 for maximal mixing in the atmospheric
sector. The narrow bands at both sides appear as a consequence of the non-maximal input for
the atmospheric mixing angle, and they are driven by the terms proportional to δθ23(ǫµµ− ǫττ ) in
Pµµ. Indeed, the fact that these two strips appear both for θ̄23 = 43◦ and θ̄23 = 47◦ indicates the
existence of an “octant” degeneracy between δθ23 and (ǫµµ - ǫττ ).

It is also remarkable that no significant correlations among ǫαα, ǫeµ and ǫeτ have been found,
as expected from the results presented in Sec. 5.4.2.

5.6 Discovery potential for CP violation in the (φeµ, φeτ , δ)
space

One of the most interesting aspects of any system involving NSI is the possible existence of multiple
sources of CP violation. It is important to understand characteristic features of CP violation such
as correlations between the phases or possible degeneracies arising between them. In this section
we focus on the study of CP violation associated with the two NSI CP-violating phases φeµ and

10An alternative method to constrain ǫee, which is free from this problem and is complementary to our method,
is to use solar neutrinos, whose sensitivity to ǫee appears to reach ∼ 20% at 1 σCL (1 d.o.f.) [353].
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Figure 5.7: Sensitivity to (ǫee -ǫττ ) and (ǫµµ -ǫττ ) at the IDS50 setup.Top panels: θ̄13 = 0; bottom
panels: θ̄13 = 3◦. Left panels: 68%, 90% and 95% CL contours for θ̄23 = 45◦; right panels: 95%
CL contour for θ̄23 = 43◦ (purple dotted line) and θ̄23 = 47◦ (black solid line). Marginalization
has been performed over θ23, ∆m2

31, the matter density, θ13 and δ.

φeτ together with the standard νSM phase δ, which appear in the golden and silver channels.
Depending on the values of θ13, |ǫeµ| and |ǫeτ |, strong and complicated correlations are expected
to take place between these three phases. The third NSI phase, φµτ , only appears in Pµµ and
Pµτ (see App. B) and is uncorrelated to the rest of the CP-phases. For this reason effects of CP
violation in the µ− τ sector will not be studied here.

For any realistic NP model giving rise to NSI at low energies, the effects are generally
not expected to be larger than O(10−2). For this reason, we will focus on “reasonable” values
for |ǫeµ| and |ǫeτ |, in the range |ǫαβ | ∈ [10−3, 10−2], for which the correlations with θ13 can still
be large11. For NSI moduli smaller than 10−3, the effect of δ always dominates and it is very
difficult to detect CP violation due to NSI. On the other hand, we will see that a very interesting
structure arises in the discovery potential in the three-dimensional parameter space for the input
values we have considered for the NSI moduli. In particular, we have studied three cases: (a)
both moduli are “small”, |ǭeµ| = |ǭeτ | = 10−3, (b) both of them are “large”, 10−2, and finally (c)

11The range of values considered for the NSI moduli in this work differ significantly from that in Ref. [338], where
values for |ǫeτ | as large as unity were considered. In addition, the number of NSI parameters in the analysis is
different as well. As a consequence, the comparison of the results obtained is not straightforward. Some qualitative
features of the results obtained in Ref. [338] have been recovered, though.
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an “asymmetric” case where |ǭeµ| = 10−3; |ǭeτ | = 10−2. Within these three cases, the last one is
particularly interesting. Let us remind that, in the golden channel, ǫeµplays a leading role while ǫeτ
is subdominant (Sec. 5.4). Therefore, the difference by a factor of ten in their order of magnitudes
triggers interesting three-fold correlations between δ, φeµ and φeτ .

5.6.1 Non-standard CP violation in the absence of νSM CP violation

The first question we address is whether it is possible to detect a new CP-violating signal due
to NSI in the absence of standard CP violation. We study, therefore, the CP discovery potential
(defined in Sec. C.2) in the case where the input value for the standard CP-violating phase, δ̄, is
set to zero or π. The two cases defined in Sec. C.2 are considered. The first possibility stands for
a relatively large value of θ13, θ̄13 = 3◦, which would be already measured by the time the HENF
is built. In this case, we can safely use Eq. (C.3) to study the CP-discovery potential. The second
possibility arises when no signal for a non-vanishing θ13 is found by the ongoing and soon-coming
neutrino oscillation experiments. In this case, we can only conclude that θ13 <∼ 3◦, and we have to
use Eq. (C.4) instead. These two cases yield the best and the worst results12 for the CP discovery
potential in the (φeµ, φeτ ) space for δ = 0 and 180◦.

We show in Figs. 5.8 and 5.9 the CP discovery potential in the (φeµ, φeτ ) plane for δ̄ = 0
and 180◦, respectively. From left to right we show results for the IDS25, IDS50 and 1B50 setups,
respectively. From top to bottom we present the CP discovery potential for the three choices
of the two NSI moduli input values, (|ǭeµ|, |ǭeτ |) = (10−3, 10−3), (10−3, 10−2), and (10−2, 10−2),
respectively. The shaded regions represent the area of the parameter space in which CP violation
can be distinguished from CP conservation at the 99% CL (3 d.o.f.). The yellow (light gray) regions
have been obtained for θ̄13 = 3◦ using Eq. (C.3). The cyan (dark gray) regions, on the other hand,
have been obtained after searching for intrinsic degeneracies in θ13 and then marginalizing over
θ̄13, using Eq. (C.4).

We first discuss the case of θ̄13 = 3◦ (yellow regions). The results obtained are quite
similar for δ̄ = 0 and 180◦. In both cases the CP discovery potential for small NSI parameters
corresponding to (|ǭeµ|, |ǭeτ |) = (10−3, 10−3) (top row) vanishes for the IDS25 and the 1B50 setups,
and it is non-vanishing only for two very small regions at |φeµ| ≃ 90◦, independently of the value
of φeτ , for the IDS50. The IDS25 setup presents no CP discovery potential at all for the case
where (|ǭeµ|, |ǭeτ |) = (10−3, 10−2) either. For this choice of NSI parameters, on the other hand,
the IDS50 and the 1B50 setups show different performances: the former is able to discover CP
violation due to NSI when both NSI phases are nearly maximal, (|φeµ|, |φeτ |) ∼ (90◦, 90◦); the
latter can establish NSI-induced CP violation for |φeτ | ∼ 90◦ (regardless of the value of φeµ). In
the case of “large” NSI parameters, (|ǭeµ|, |ǭeτ |) = (10−2, 10−2), the three setups yield a very good
CP discovery potential for θ̄13 = 3◦. In this case we observe a similar pattern of the sensitivity
regions for all three setups: most of the space is covered, apart from two strips around φeµ = 0
and 180◦ whose widths mildly vary for differing setups.

As it was already mentioned in Sec. 5.4.2, the dependence on ǫeµ and ǫeτ in the νe → νµ
oscillation probability is quite different: the coefficient of the ǫeµ term is roughly one order of
magnitude larger than the corresponding coefficient of the ǫeτ term in the considered range of
energy and baselines. Therefore, the behaviour of the CP discovery potential due to NSI at
the IDS25 and IDS50 are primarily determined by ǫeµ if |ǫeµ| and |ǫeτ | are comparable. This
is clearly seen by the vertical bands shown in the top and bottom panels in Figs. 5.8 and 5.9:
the CP discovery potential presents practically no dependence at all on ǫeτ , its behaviour being
dominated by ǫeµ , since for these panels both parameters are of the same order of magnitude

12We have also checked that for θ̄13 > 3◦ our results do not change dramatically.
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Figure 5.8: The 99% CL (3 d.o.f.’s) CP discovery potential in the (φeµ, φeτ ) plane for δ̄ = 0. From
top to bottom: (|ǭeµ|, |ǭeτ |) = (10−3, 10−3), (10−3, 10−2) and (10−2, 10−2). The yellow (light gray)
regions have been obtained for θ13 = θ̄13 = 3◦, Eq. (C.3). The cyan (dark gray) regions have
been obtained after searching for intrinsic degeneracies in θ13 and then marginalizing over θ̄13, Eq.
(C.4).

(and, therefore, the latter is suppressed by its coefficient). In the asymmetric case, however,
(|ǭeµ|, |ǭeτ |) = (10−3, 10−2) (middle row), these vertical bands disappear since now both parameters
are competitive. A particularly interesting feature is seen in the right panels, which correspond
to the performance of the 1B50 setup. In this case, due to the presence of the silver channel, the
roles of ǫeµ and ǫeτ are interchanged: two horizontal bands appear at |φeτ | = 90◦, showing that
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Figure 5.9: The same as Fig. 5.8 but with δ̄ = 180◦.

the behaviour of the CP discovery potential is dominated by ǫeτ in spite of the low statistics of
the silver channel. This is a consequence of the enhanced role of the silver channel due to the
asymmetric choice of ǫeµ and ǫeτ and by the size of their corresponding coefficients (inverted with
respect to the golden channel). For |ǭeµ| = 10−3 we see no significant difference for δ̄ = 0 or 180◦

in the case θ̄13 = 3◦ (yellow regions).

Now we discuss the CP discovery potential for the case of θ13 <∼ 3◦, depicted as the cyan
regions in Figs. 5.8 and 5.9. The first thing we notice is that, when marginalization over θ13 and θ̄13
is performed, the CP discovery potential is partially lost for all the setups under study. This effect
is due to the presence of interference terms in the form θ13|ǫeα|×exp i(δ + φeα) in the probabilities.
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Notice that this effect is much worse in the case of δ̄ = 180◦ than for δ̄ = 0. In the former case,
only small islands in the (φeµ, φeτ ) space survive at around the maximally CP-violating values of
the NSI phases only for the 1B50 setup, while the IDS25 and the IDS50 setups show no discovery
potential at all for any of the considered input values of the NSI moduli. The marked difference
between the shaded regions for δ̄ = 0 and δ̄ = 180◦ illuminates very well how complicated the
interplay among the three CP-phases is; once we marginalize over θ13, flipping the sign of eiδ leads
to a cancellation between the standard and non-standard CP-violating contribution, which results
in a heavy loss of the CP discovery potential of the facilities. This cancellation is less effective
when the 1B50 setup is considered, as the silver channel is enhanced when the golden channel gets
depleted and viceversa.

It is remarkable to see that high enough neutrino energies turn out to be of key importance
in order to observe NSI-induced CP violation; the IDS50 setup always performs better than the
IDS25, for all the input values we have considered for the NSI moduli.

To conclude this section, we point out the following two features: firstly, as this analysis
has been performed with fixed mass hierarchy, it is expected that the CP discovery potential could
become worse when the sign-∆m2 degeneracies are taken into account13. Secondly, a more refined
analysis of the correlations between the three phases with a proper treatment of backgrounds,
systematic errors and marginalization over atmospheric parameters should be performed to confirm
robustness of the observed features.

5.6.2 δCP fraction: Non-standard CP violation in presence of νSM CP
violation

In the previous section, we have presented the two dimensional slice of the three-dimensional “CP
sensitivity volume” at the very particular points δ̄ = 0 or 180◦. For different values of δ̄, the CP
discovery potential changes dramatically due to the correlations between the three phases. We
have indeed found very different features depending on the considered setup, the choice of the
input values for the NSI moduli (|ǭeµ|, |ǭeτ |), and the mixing angle θ̄13; in particular, many “holes”
appear indicating regions inside the three-dimensional parameter space for which we are not able
to distinguish a CP-violating input from the CP-conserving points. The existence and position
of these holes change for the three setups and for the considered choices of (|ǭeµ|, |ǭeτ |) and θ̄13.
Therefore, to repeat the procedure adopted in Figs. 5.8 and 5.9 and draw infinitely many slices of
the CP discovery potential for different values of δ̄ would neither be practical nor shed any useful
light over the intimate structure of the correlations.

We therefore introduce a new quantity, the “δCP-fraction contour in the (φeµ, φeτ ) space”,
to condense the information. This quantity, denoted as Fδ(φeµ, φeτ ), is defined as the fraction of
possible values of δ̄ which fall into the region where CP violation can be established at the 99%
CL (3 d.o.f.) for a certain point in the (φeµ, φeτ ) space. Notice that this is nothing but the usual
CP-fraction redefined on the two-dimensional plane14 (φeµ ,φeτ ). Such contours are shown for
θ̄13 = 3◦ in Fig. 5.10, using Eq. (C.3), and in Fig. 5.11, using Eq. (C.4).

In Fig. 5.10, the white, yellow, cyan, pink and red regions correspond to Fδ(φeµ, φeτ ) ≤
40%, 60%, 80%, 90% and 95%, respectively, for fixed θ13 = θ̄13 = 3◦. Globally, the IDS50 setup

13Notice, however, that in the two-baselines setups for measuring the νSM parameters the magic baseline detector
is able to solve the sign degeneracy in most of the parameter space [322]. It is an intriguing question to examine to
what extent it continues to hold with NSI. This question has been investigated in [339] but only partially and needs
to be examined further.

14The concept of CP-fraction was introduced in Refs. [268,269] to compare in a condensed form the performances
of different proposals regarding the measurement of a given observable. It is defined as the fraction of the δ-parameter
space (i.e., the fraction of 2π) for which a given setup is able to perform a given task.
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has the best CP discovery potential, while the IDS25 and 1B50 setups yield comparable results
(the 1B50 performance being slightly better). The top and bottom panels, which correspond to
(|ǭeµ|, |ǭeτ |) = (10−3, 10−3) and (10−2, 10−2), respectively, display similar features as those we have
seen for δ̄ = 0 or 180◦. Fδ(φeµ, φeτ ) larger than 40% (60%) is achieved in almost the whole plane
for all the setups in the case of “small” (“large”) NSI parameters. A Fδ(φeµ, φeτ ) greater than
80% is achieved for all the setups under study around |φeµ| ∼ 90◦ for “large” NSI input values.
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Figure 5.10: Contours for the δCP-fraction Fδ in the (φeµ, φeτ ) plane (as defined in the text) for
θ̄13 = 3◦, obtained using Eq. (C.3). From left to right: results for the IDS25, IDS50 and 1B50
setups. From top to bottom: (|ǭeµ|, |ǭeτ |) = (10−3, 10−3), (10−3, 10−2) and (10−2, 10−2). The
white, yellow, cyan, pink and red regions correspond to Fδ(φeµ, φeτ ) ≤ 40%, 60%, 80%, 90% and
95%, respectively.
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On the other hand, the result for asymmetric NSI moduli, (|ǭeµ|, |ǭeτ |) = (10−3, 10−2),
is peculiar. We can see that the CP discovery potential for the IDS25 and the 1B50 setups is
worse than for “small” NSI moduli, since a larger white region with Fδ(φeµ, φeτ ) ≤ 40% arises
for φeτ ∼ −90◦. At the same time, the discovery potential for the IDS50 setup is maximal at
φeτ ∼ 90◦. The fact that the main features of Fδ(φeµ, φeτ ) are determined by φeτ rather than
by φeµ appears to be again a consequence of the asymmetric choice of NSI parameters. Having
|ǭeτ | an order of magnitude larger than |ǭeµ|, the two parameters play an equally important role
and huge correlations arise between them, which could explain the absence of a peak in sensitivity
at φeµ ≃ φeτ ≃ −90◦ for the IDS50 setup. When the two parameters are of the same order, ǫeµ
always dominates over ǫeτ , in agreement with our previous results. A comparison between left
panels in Fig. 5.10 and, for instance, Fig.12 of Ref. [354] indicates that marginalization over NSI
hurts the CP sensitivity in a significant way.
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Figure 5.11: Contours for the δCP-fraction Fδ in the (φeµ, φeτ ) plane (as defined in the text) after
searching for intrinsic degeneracies in θ13 and marginalizing over θ̄13, using Eq. (C.4). Left (right)
panels: results for the IDS50 (1B50) setup. Top panels: (|ǭeµ|, |ǭeτ |) = (10−3, 10−2); bottom
panels: (|ǭeµ|, |ǭeτ |) = (10−2, 10−2). The white, light yellow, yellow, cyan, pink and red regions
correspond to Fδ(φeµ, φeτ ) ≤ 5%, 40%, 60%, 80%, 90% and 95%, respectively.

In Fig. 5.11 we show contours corresponding to Fδ(φeµ, φeτ ) ≤ 5%, 40%, 60%, 80% and 95%
in white, light yellow, yellow, cyan, pink and red, respectively, after marginalization over θ13 and
θ̄13 below 3◦, using Eq. (C.4). Results for the IDS25 setup are not presented because we have found
vanishing Fδ for any choice of |ǭeµ| and |ǭeτ | under consideration. Similarly, we do not show any
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results corresponding to (|ǭeµ|, |ǭeτ |) = (10−3, 10−3) either, since we have found vanishing Fδ for
all the three setups. Notice that we have included in this figure an additional contour for Fδ < 5%
in order to achieve a better resolution in small Fδ regions. When we compare Fig. 5.11 to Fig. 5.10
we observe some contrived features. That is, the CP-fraction obtained for the ISD50 is not always
better than that for 1B50. In certain limited regions the CP-fraction is actually larger for the 1B50
setup, but the area covered by the regions where some sensitivity to CP violation is achieved (light
yellow) is larger for the IDS50 setup. It appears that this feature is an outcome of the complicated
correlations between these phases.

5.6.3 CP volume fraction

If we focus on the most general possible case in which CP violation comes both from the νSM as
well as from NSI, it would be interesting to understand its global features. For this purpose we
define a new quantity which we call the “CP volume fraction”. This is defined as the fraction of
volume in which CP-violating signal can be distinguished, at a given CL, from a CP-conserving
one in the three-dimensional parameter space spanned by δ, φeµ and φeτ . We use 99% CL (3 d.o.f.)
to define the CP volume fraction presented in the figures in this subsection.
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Figure 5.12: Comparison of the CP volume fractions (as defined in the text) as a function
of θ̄13, using Eq. (C.3). From left to right: IDS25, IDS50 and 1B50 setups. Results for
(|ǭeµ|, |ǭeτ |) = (10−3, 10−3), (10−3, 10−2) and (10−2, 10−2) are represented by dotted, dashed and
solid lines, respectively.

In Fig. 5.12, we present the results of the CP volume fraction computed using Eq. (C.3) for
the three setups and the three choices (“small”, “asymmetric” and “large”, as usual) as a function
of θ̄13. Consider first the IDS25 and IDS50 setups: we can see that, at both setups, the CP volume
fraction achievable for (|ǭeµ|, |ǭeτ |) = (10−3, 10−3) and (10−3, 10−2) are extremely similar. This
means that the CP discovery potential for both setups is dominated by |ǭeµ| and the effect of |ǭeτ |
is marginal, in agreement with the results obtained in previous sections. On the other hand, we
see that when |ǭeµ| = 10−2 (solid line), the CP volume fraction rises abruptly to approximately
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80% or above for θ̄13 ≥ 2◦.

This is not the case for the 1B50 setup: we can see that in the case of “small” NSI parameters
(dotted line) it shows a similar (but slightly worse) sensitivity than that of the IDS50. The CP
volume fraction is approximately 50% for θ̄13 ≥ 2◦. However, as soon as |ǭeτ | = 10−2, it rises to
70%, and reaches 90% for larger |ǭeµ| = 10−2 at larger θ13. The behaviour clearly indicates that
the 1B50 setup is taking advantage of the combination of both channels in an efficient way.

Another interesting observation that we can draw from Fig. 5.12 concerns the θ13-dependence
of the CP volume fraction. Firstly, the CP volume for θ13 = 0 reflects the ability of each setup
of observing CP violation exclusively due to NSI. While for the IDS25 setup the CP volume is
nonzero only when |ǭeµ| is “large”, the higher energy setups would be able to measure a CP
violating signal even in the case of “small” NSI parameters. This confirms the results presented in
Sec. 5.6.1 (Figs. 5.8 and 5.9). Secondly, we can see in the “small” NSI parameters case, and also
in the “asymmetric” case for the IDS25 and IDS50 setups, that the CP volume fraction decreases
at “large” θ13, reaching a maximum for θ̄13 ∈ [1◦, 2◦]. It means that, when the NSI parameters
are rather small, correlations with a “large” θ13 can actually reduce the CP-discovery potential of
those facilities. This is no longer true when the NSI parameters are set to be “large”: in this case,
the CP volume fraction increases for increasing θ13 value but remains practically unchanged for
θ13 ≥ 2◦. No destructive correlations arise when the NSI parameters are sufficiently “large”.
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Figure 5.13: Comparison of the CP volume fractions (as defined in the text) as a function of
θ̄13 for (|ǭeµ|, |ǭeτ |) = (10−3, 10−2). From left to right: IDS25, IDS50 and 1B50 setups. Results
for the first detector (MIND at the Intermediate Baseline) and for the second detector (either
MIND at the Magic Baseline or MECC at the Intermediate Baseline) are shown in red and green,
respectively. Combination of the two detectors (V1+2, see text) is shown in blue. The dotted
black line corresponds to the simple sum of the CP volume fractions of the separate baselines or
detectors, V1,2 (see text). The dashed black lines represent the synergy, i.e. V1+2 −V1,2 (see text).

To conclude this section, we address here the issue of the relative importance of the different
detectors and different baselines, and of the possible synergies between them. We present in
Fig. 5.13 the CP volume fractions computed for each detector and their combinations for the
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three setups. Only the case of “asymmetric” NSI parameters, (|ǭeµ|, |ǭeτ |) = (10−3, 10−2), is
shown. Notice that it is precisely the case where the synergy between channels/detectors is most
important because the two NSI parameters are equally relevant in the golden channel, which
presents the largest statistics.

Let Vi be the CP volume fraction obtained by analyzing data given by a detector i, where
i = 1 refers to the MIND detector at L = 4000 km and i = 2 to the MIND detector at L = 7500
km (left and middle panels) or to the MECC detector at L = 4000 km (right panel), respectively.
The volume V1 is represented by red lines, V2 by green lines in all panels. The CP volume fraction
obtained combining two detectors, V1+2, is represented by the blue lines. Notice that V1+2 is not
the simple sum of the CP volume fractions of the two detectors, V1 + V2. When we combine the
CP volume fractions of two detectors, we must take into account that some part of the parameter
space can be covered by both detectors at the same time. We call the latter volume fraction as
Voverlap, the fraction of the three-dimensional parameter space that is covered simultaneously by
both detectors. Then the correct definition of the simple sum of the CP volume fractions of two
detectors is V1,2 = V1 + V2 − Voverlap. The volume V1,2 is shown by the black dotted lines in
Fig. 5.13. We can see that, in general, V1,2 does not coincide with V1+2, because the combination
of the data from two detectors could in principle cover regions of the parameter space that are not
accessible to each detector separately. This is nothing but the effect of the synergy between two
detectors, an increase in the CP volume fraction due to simultaneous analysis of the data sets of
two detectors, a procedure different from the simple sum of the sensitivities achieved by each one
separately. The synergy V1+2 − V1,2 is represented by the black dashed lines in Fig. 5.13.

The first thing to be noticed is that the synergy is never much larger than approximately
10% for any of the considered setups. In the IDS25 and IDS50 setups, V1,2 (black solid lines)
almost coincides with V1 (red lines for the intermediate detector). This means that most of the CP
volume fraction due to the magic baseline detector is already covered by the intermediate detector.
In the case of 1B50 setup the situation is different. For θ̄13 ≤ 1◦ the MECC detector does not
contribute at all, as the red, black and blue lines coincide. For θ̄13 ≥ 1◦, the MECC contribution
grows linearly and it starts to cooperate with the MIND detector, as expected. However, we see
that V1,2 (black) and V1+2 (blue) are closer compared to the cases of IDS25/50. This means that
the overlap region Voverlap is relatively small in this case. The two detectors are complementary,
as they test different regions of the parameter space.
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Summary and Conclusions

During the last two decades, a whole plethora of neutrino oscillation experiments has been per-
formed in order to measure the mixing parameters in the leptonic sector. A great success has been
achieved in the measurement of the solar and atmospheric parameters. However, the third mixing
angle, θ13, is still unknown. The CP violating phase in the leptonic sector, δ, is also unknown, as
well as the hierarchy of the neutrino mass eigenstates. If θ13 lies beyond the reach of present and
near future neutrino oscillation experiments, more powerful facilities involving larger detectors and
improved beams will be needed in order to pin down this elusive mixing angle. This is precisely
the physics case which has been considered in the present manuscript. A deep study of the three
main proposals for the future neutrino oscillation facilities has been done in detail: Super-Beams
(SB), β-beams and Neutrino Factories (NF).

The quest for θ13, δ and the mass hierarchy at Super-Beams and β-beams

In case θ13 turns out to be extremely small (sin2 2θ13 ≤ 10−4) the NF is, of course, the best option.
However, the situation might change depending upon the value of θ13. In particular, if θ13 turns
out to be relatively large (sin2 2θ13 >∼ 10−3), a 25 GeV NF may not be needed anymore. In this
case, a Low Energy NF could be helpful in order to avoid technical difficulties related to muon
cooling, while it still yields a very good performance. It should be reminded, though, that in the
case of relatively large θ13, both SBs and β-beams offer interesting possibilities as well.

SBs offer a major advantage with respect to reactor experiments: their capability to observe
CP violation and the mass hierarchy in a reasonable amount of the parameter space, if θ13 is not
very small. Furthermore, the technology needed to produce the beam is well-known. However,
their performance is tightly related to the availability of very massive detectors optimized in the
low energy range and their particular specifications. At the same time, SBs are strongly limited
by the intrinsic beam backgrounds. In the work presented in Ch. 3 we have studied in detail the
LAGUNA-LBNO proposal, where a SB based at CERN is aimed at one of the possible locations
for a neutrino observatory in Europe. Their distances to CERN range from 130 km to almost
2300 km. Different beam fluxes, optimized in order to match the first oscillation peak for each
baseline, have been used. Therefore, the abilities of the different setups to explore the unknown
parameters in the leptonic sector will be very different. We have considered three different very
massive detectors optimized for the detection of low energy neutrinos: GLACIER, LENA and
MEMPHYS. These detectors could also be used to explore neutrinos from astrophysical sources,
as well as atmospheric and geoneutrinos.

This is a contribution of great interest to the community, which demonstrates that the mea-
surement of the unknown neutrino parameters could be accomplished by the well-established SB
technology together with the use of very massive neutrino detectors which have further applications
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in astrophysics. Moreover, the limiting factors for each setup have been identified, providing very
useful information for the optimization of the facility.

Ch. 4 has been devoted to the study of β-beams in detail. β-beams are (mainly) based
in infrastructure which is already built at CERN, but they are certainly less understood and
technically more challenging than SB experiments. β-beams also offer a great advantage with
respect to SBs: since only one flavour is present in the beam, they are almost background-free (with
the only exception of the atmospheric background, perhaps). In addition, well-known detection
technologies such as the ones employed in magnetized iron or Water Čerenkov detectors can be
employed. High neutrino energies, though, are mandatory in order to probe CP violation at a
β-beam . These can be reached in two ways: (1) using high-Q ions; (2) going to high boost factors
(a third possibility would be a combination of the two). In both cases, additional infrastructures
and further research would be needed.

In particular, we have focused on two different two-baseline β-beam setups. In both cases,
a β-beam produced from the decay of 8Li and 8B boosted at γ = 350 is aimed at a MIND detector
located at 7000 km from the source. The purpose of this detector is two-fold: on one hand, it
takes advantage of the resonant enhancement in the νe → νµ probability which takes place only
in the (anti)neutrino channel if the hierarchy is normal (inverted), providing a very clean probe
of the mass ordering; on the other, due to its proximity to the magic baseline the δ-dependence
disappears from the probability, providing a clean determination of θ13 due to the lifting of intrinsic
degeneracies. The shorter baselines have been chosen so as to set the νe → νµ oscillation at its first
peak, where the effect of the CP violating phase is maximal. We have explored two possibilities
for this baseline, depending on the ion candidates that are used to produce the beam in this case
(6He /18Ne or 8Li /8B ). Since both the flux and cross sections grow with γ, larger boost factors are
also preferred in this case. We have restricted them to the the maximum boost factors achievable
at the SPS+ at CERN (a replacement of the SPS that was proposed in a first phase within the
maintainance and upgrade programme of the LHC).

We have also studied different factors that are relevant to the β-beam setups presented, such
as the size of the far detector, the achievable fluxes for 8Li and 8B , the systematic errors and the
livetime of the decay rings. In particular, we have pointed out the technical challenges involved in
the construction of a decay ring aiming at 7000 km. Even though the setups considered here for a
β-beam seem quite challenging from the experimental point of view, these are the kind of aggressive
proposals being discussed for the next-to-next generation of facilities. Indeed, the sensitivity gain
that a two-baseline β-beam would provide compared to the combination of all forthcoming reactor
and accelerator experiments is remarkable. The combination of two baselines already provides
good sensitivity to the three observables, whereas a more agressive proposal with a combination
of four ions provides the best β-beam results. While the presently assumed β-beam fluxes cannot
compete with the expectations from a NF, we find that β-beams are better optimized for regions
with sin2 2θ13 > 10−3, providing sensitivity to the different observables in larger fractions of the
parameter space.

The β-beam results presented in this thesis, together previous studies on the performance
of high-γ and/or high-Q β-beams , have eventually motivated the starting of the technical study
of these options. Indeed new simulations and experimental tests for the production of high-Q ions
and their acceleration to high γ factors are being performed inside the EUROnu community by
the experimental group at CERN in charge of the feasibility studies of a β-beam facility.
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The quest for Non-Standard Interactions at Neutrino Factories

The NF is the most challenging alternative for a future neutrino oscillation facility from the tech-
nical point of view. At the same time, it is also the facility which yields the best results, with
sensitivities to θ13, δ and the mass hierarchy which go down to sin2 2θ13 ∼ 10−5. In Ch. 5, we
have studied the bounds that a NF could place to Non-Standard Interactions (NSI) for neutrinos
propagating through matter. We have followed a completely phenomenological approach, regard-
less of the model of New Physics (NP) at high energies which could give rise to these low energy
effective operators. Therefore, our results are completely model independent and apply to a wide
variety of theories beyond the Standard Model. A comparison among three different setups has
been performed keeping in mind that a possible optimization of the High-Energy NF (HENF)
could be performed in order to search for NP in case θ13 turns out to be at reach by the ongoing
(or forthcoming) neutrino experiments.

Special attention has been paid to correlations arising between the whole set of parameters
associated to these new operators, and also between them and θ13. We have found two uncorre-
lated sectors: (1) the set of parameters θ13, ǫeµ and ǫeτ , whose sensitivities are mainly achieved
through the Peµ and Peτ ; (2) the ǫµτ and ǫαα, whose sensitivites are mainly achieved through the
disappearance channel. Significant correlations between θ13, ǫeµ and ǫeτ have been found at HENF
setups. Such effects can be reduced placing a detector at the magic baseline, but they cannot be
eliminated. The ultimate sensitivity to θ13 is worsened by a factor between 3 and 10 for the three
setups under study when NSI are included in the analysis with respect to the standard case. The
sensitivities to ǫµτ and to the diagonal parameters, on the other hand, are quite independent from
the setup under consideration. In the former case, we find a huge dependence on the sensitivity
with φµτ . We also find that the sensitivity to the combination (ǫee − ǫττ ) is quite limited, since
it shows up only at O(ε3) in all oscillation channels. We find that the sensitivity in this case is
strongly limited by the uncertainty on the matter density in the Earth.

We have also studied the possibilities of the different setups to discover CP violation due
to δ, φeµ and φeτ , and we have tried to illuminate the complicated correlations existing between
them. We have studied two different cases: (1) a first possibility where CP violation is exclusively
due to the presence of NSI; (2) another possibility in which CP violation could also be present
in the SM. We have introduced a generalization of the CP-fraction concept for the case where
several CP violating phases are involved in the analysis, and we have studied if the synergy due
to the combination of different baselines/detectors helps to the measurement of CP violation. CP
violation due to NSI may be observable in some cases, but strong correlations between φeµ , φeτ
and δ make it very difficult to disentangle standard and non-standard CP violation.

Among the huge amount of analysis of NSI in propagation that have been performed so
far in the literature, our analysis is the most complete. We have performed a thourough study
of correlations between all NSI parameters and the possibilities of observing CP violation due
to simultaneous presence of several CP violating phases at a time. It should be noted that the
sensitivities achieved at the high energy NF setups studied here are remarkable, and close to the
edge of the effects produced by some neutrino models of NP. If NP is at the TeV scale, it is
quite likely that new sources of CP violation beyond δ exist. If one interprets our exercise as an
example for such generic cases, apparently, the lessons we have learned are that interplay between
these phases are highly nontrivial, and any relations between them or knowledge of the right model
would be of crucial importance. What we have definitely learnt in this study is that higher neutrino
energies (such as 50 GeV) have proven to be crucial in order to pursue these elusive NSI effects in
neutrino oscillation experiments. The work presented in this thesis demonstrates, contrary to the
extended belief of the community, that a re-optimization of the NF would be needed in order to
search for low energy effects of NP in the neutrino sector.
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As a final remark, we have shown in this thesis how new facilities can be used to complete
the measurement of the remaining unknown parameters of the leptonic mixing matrix as well as
to start the study of NP beyond the three-family oscillation scenario. If any of these facilities is
eventually built, it will represent a major step forward to unveil whether there is any NP beyond
flavour mixing and, hopefully, to open the way towards an understanding of the flavour sector of
the SM.



7
Resumen y Conclusiones

Durante las dos últimas décadas, se ha realizado toda una plétora de experimentos de oscilaciones
de neutrinos para medir los parámetros de mezcla en el sector leptónico. Estos han cosechado
un enorme éxito en la medida de los parámetros solares y atmosféricos, pero el tercer ángulo
de mezcla, θ13, es todav́ıa desconocido, aśı como la fase de violación de CP, δ, y la jerarqúıa
de los estados de masa para los neutrinos. Si θ13 queda fuera del rango de sensibilidad de los
experimentos de oscilaciones de neutrinos actuales y de próxima construcción, será necesaria una
nueva generación que nos permita determinar este elusivo ángulo de mezcla. Éste es precisamente
el escenario f́ısico que se ha considerado en el trabajo recopilado en esta tesis. Se ha realizado un
estudio exhaustivo de las tres propuestas principales para futuros experimentos de oscilaciones de
neutrinos: Super-Beams (SB), β-beams y Neutrino Factories (NF).

La búsqueda de θ13, δ y la jerarqúıa de masas en Super-Beams y β-beams

En el caso en el que θ13 resultase ser extremadamente pequeño (sin2 2θ13 ≤ 10−4) la NF es, por
supuesto, la mejor opción. Sin embargo la situación podŕıa cambiar dependiendo del valor de θ13.
En particular, si resultase ser relativamente grande (sin2 2θ13 >∼ 10−3), una NF a 25 GeV podŕıa
no ser necesaria. En su lugar, una NF de baja enerǵıa seŕıa adecuada para evitar dificultades
técnicas relacionadas con el muon cooling, al tiempo que mantendŕıa un alto rendimiento. Aun
aśı, debe recordarse que en este caso de θ13 “grande”, tanto los SBs como los β-beams también
ofrecen posibilidades interesantes.

Los SBs tienen una ventaja importante con respecto a los experimentos con reactores: su
capacidad de observar violación de CP y la jerarqúıa de masas en una región razonable del espacio
de parámetros, si θ13 no es muy pequeño. Además, la tecnoloǵıa necesaria para producir el haz en
este caso se conoce bien. Sin embargo, su potencial está ligado a la disponibilidad de detectores
muy masivos optimizados para el rango de baja enerǵıa, y depender por tanto de las especificaciones
concretas del detector. Al mismo tiempo, los SBs están fuertemente limitados por los backgrounds

intŕınsecos al haz. En el trabajo presentado en el caṕıtulo 3 hemos estudado en detalle la propuesta
LAGUNA-LBNO, donde un SB situado en el CERN apunta a una de las posibles laboratorios
capaces de alojar un observatorio de neutrinos en Europa. Las distancias de estas al CERN vaŕıan
entre 130 km hasta casi 2300 km. Se han utilizado diferentes flujos para el haz, optimizados de
acuerdo al primer pico de oscilación para cada distancia al detector. Por tanto, las capacidades
de las diversas configuraciones para explorar los parámetros desconocidos del sector leptónico son
muy diferentes para cada configuración. Hemos considerado tres detectores diferentes muy masivos,
optimizados para la detección de neutrinos de baja enerǵıa: GLACIER, LENA y MEMPHYS. Estos
detectores pord́ıan usarse también para explorar neutrinos procedentes de fuentes astrof́ısicas, aśı
como neutrinos atmosféricos y geoneutrinos.
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Esta contribución es de gran interés para la comunidad, y demuestra que la medida de los
parámetros desconocidos en el sector de los neutrinos podŕıa alcanzarse mediante tecnoloǵıa bien
conocida como la de los SBs, junto con el uso de detectores muy masivos que tendŕıan aplicaciones
adicionales en astrof́ısica. Además, se han identificado los factores de mayor relevancia para cada
una de las configuraciones consideradas, aportando información muy útil para la optimización del
experimento.

El caṕıtulo 4 se ha dedicado al estudio de los β-beams en detalle. Los β-beams están
basados, principalmente, en infraestructura que ya existe en el CERN, pero ciertamente están
peor entendidos y constituyen un desaf́ıo técnico mayor que los experimentos basados en SBs.
Los β-beams ofrecen además una gran ventaja con respecto a los SBs: puesto que sólo un sabor
está presente en el haz, se encuentran prácticamente libres de background (con la única excepción,
quizá, del background atmosférico). Además, para el detector se pueden emplear tecnoloǵıas bien
conocidas como la del hierro magnetizado o la de los detectores de agua (Water Čerenkov). Por
otro lado, para explorar violación de CP en un β-beam es necesario ir a enerǵıas más altas. Éstas
pueden ser alcanzadas de dos maneras: (1) usando iones de alto end-point (Q); (2) acelerando los
iones a alto γ (una tercera posibilidad seŕıa una combinación de las dos). En ambos casos, seŕıan
necesarias nuevas infraestructuras y habŕıa que realizar investigaciones adicionales.

En particular, nos hemos centrado en dos configuraciones de β-beams con distintas distancias
al detector. En ambos casos, un β-beam producido por el decaimiento de 8Li y 8B acelerados a
γ = 350 se apunta hacia un detector tipo MIND situado a 7000 km de la fuente. EL propósito
de este detector es doble: por un lado, aprovecha el incremento resonante en la probabilidad
para νe → νµ que tiene lugar únicamente en el canal de (anti)neutrinos si la jerarqúıa es normal
(invertida), proporcionando una evidencia clara de la ordenación de las masas; por el otro lado,
debido a su proximidad a la llamada magic baseline, los términos que dependen de δ desaparecen
de la probabilidad, proporcionando aśı una determinación limpia de θ13 debido a la ruptura de las
degeneraciones intŕınsecas. Por otro lado, las distancias más cortas han sido escogidas de modo
que la oscilación νe → νµ se encuentre en su primer pico, donde la violación de CP es máxima.
Hemos explorado dos posibilidades para esta distancia, dependiendo de los iones que se usan para
producir el haz en este caso (6He /18Ne o 8Li /8B ). Puesto que tanto el flujo como las secciones
eficaces crecen con γ, en este caso se prefieren también mayores factores de aceleración. Los hemos
restringido al máximo alcanzable en el SPS+ en el CERN (un sustituto del SPS que se propuso en
una primera fase dentro del plan de mantenimiento y mejoras del LHC).

Asimismo, hemos estudiado los distintos factores que resultan relevantes para las configu-
raciones de β-beams presentadas, como el tamaño del detector lejano, los flujos de 8Li y 8B que
se podŕıan alcanzar, los errores sistemáticos y el livetime de los anillos de desintegración. En
particular, hemos indicado los desaf́ıos técnicos involucrados en la construcción de un anillo de
desintegración apuntando a 7000 km. Incluso a pesar de que las configuraciones consideradas aqúı
para un β-beam parecen muy complicadas desde el punto de vista experimental, éste es el tipo de
propuestas agresivas que se discuten para una segunda generación de futuros experimentos.

De hecho, la mejora en sensibilidad para un β-beam con dos detectores, comparada con
la combinación de todos los experimentos de reactores y aceleradores venideros, es notable. La
combinación de dos detectores situados a distintas distancias ya provee buena sensibilidad a los
tres observables, mientras que una propuesta más agresiva que incluye la combinación de cuatro
iones proporciona los mejores resultados que se pueden obtener con un en β-beam. Si bien los flujos
asumidos actualmente para este tipo de haces no pueden competir con las expectaticas de una NF,
hemos encontrado que los β-beams están mejor optimizados para regiones con sin2 2θ13 > 10−3,
puesto que son sensibles a los tres observables en porciones mayores del espacio de parámetros.

Los resultados de β-beams presentados en esta tesis, junto con estudios previos en el rendimiento
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de β-beams de alto γ y/o alto Q, han motivado en última instacia el estudio de estas opciones desde
el punto de vista experimental. De hecho, el grupo que se ocupa de los estudios de viabilidad de un
β-beam en el CERN ya está realizando nuevas simulaciones y pruebas experimentales en relación
a la producción de iones de alto Q y su aceleración a alto γ, dentro del proyecto EUROnu.

La búsqueda de Non-Standard Interactions en Neutrino Factories

Desde el punto de vista técnico, la NF constituye la alternativa más desafiante como experi-
mento futuro de oscilaciones de neutrinos. Al mismo tiempo, es también la que proporciona
mejores resultados, con sensibilidades para θ13, δ y la jerarqúıa de masas que llegan incluso hasta
sin2 2θ13 ∼ 10−5. En el caṕıtulo 5 hemos estudado las cotas que una NF podŕıa poner a Non-

Standard Interactions (NSI) para neutrinos propagándose en materia. Hemos seguido un enfoque
completamente fenomenológico, sin tener en cuenta el modelo de Nueva F́ısica (en ingls, NP) a
altas enerǵıas que pueda dar lugar a estos operadores efectivos a baja enrǵıa. Por tanto, nuestros
resultados no dependen de la realización de ningún modelo en concreto y se aplican a una amplia
variedad de teoŕıas más allá del Modelo Estándar. Se ha elaborado una comparación entre tres
posibles diseños, teniendo en cuenta que podŕıa realizarse una posible optimización de la NF a alta
enerǵıa (HENF) para la búsqueda de NP en caso de que θ13 resulte estar al alcance de la presente
(o próxima) generación de experimentos de oscilaciones de neutrinos.

Se ha prestado especial atención a las correlaciones surgidas entre la totalidad de los parámetros
asociados con estos nuevos operadores, y también entre éstos y θ13. Hemos encontrado dos sectores
descorrelacionados entre śı: (1) el conjunto de parámetros θ13, ǫeµ y ǫeτ , cuyas sensibilidades se
consiguen principalmente a través de Peµ y Peτ ; (2) ǫµτ y ǫαα, cuyas sensibilidades se obtienen a
través del canal Pµµ. Hemos encontrado correlaciones significativas entre θ13, ǫeµ y ǫeτ en NF de
alta enerǵıa. Estos efectos pueden reducirse colocando un detector a la magic baseline, pero no
eliminarse. La sensibilidad final a θ13 empeora en un factor entre 3 y 10 para las tres configuraciones
bajo estudio cuando se incluyen NSI en el análisis, respecto al caso estándar. Las sensibilidades a
ǫµτ y los parámetros diagonales, por otro lado, son independientes en gran medida de la configu-
ración considerada. En el primer caso, encontramos una gran dependencia en la sensibilidad con
φµτ , mientras que para la combinación (ǫee − ǫττ ), la sensibilidad está bastante limitada, puesto
que sólo aparece a orden O(ε3) en todos los canales de oscilación. En este caso, encontramos que la
sensibilidad del experimento se encuentra fuertemente limitada por la incertidumbre en la densidad
de materia de la Tierra.

Hemos estudiado también las posibilidades de los distintos diseños para descubrir violación
de CP debida a δ, φeµ y φeτ , y hemos intentado esclarecer las complicacadas correlaciones exis-
tentes entre ellos. Estudiamos dos casos diferentes: (1) una primera posibilidad donde la violación
de CP es debida exclusivamente a la presencia de NSI; (2) una segunda posibilidad en la que la
violación de CP pueda provenir también del Modelo Estándar. Hemos introducido una general-
ización del concepto de la CP-fraction para el caso en el que varias fases de violación CP están
involucradas en el análisis, y hemos estudiado si la sinergia debida a la combinación de diferentes
distancias/detectores ayuda a la medida de violación de CP. Cuando ésta es producida por NSI,
podŕıa ser observable en algunos casos, pero las fuertes correlaciones entre φeµ , φeτ y δ hacen muy
dif́ıcil desentrañar el origen de la violación de CP.

Entre la vasta cantidad de análisis de NSI en propagación existente en la literatura, el
nuestro es el más completo hasta ahora. Hemos realizado un estudio de las correlaciones entre
todos los parámetros NSI, aśı como de las posibilidades de observar violación de CP debido a
la presencia simultánea de varias fases que rompan CP a la vez. Se debe hacer notar que las
sensibilidades obtenidas en las configuraciones de NF de alta enerǵıa aqúı estudiadas son notables,
y se encuentran cerca del ĺımite de los efectos producidos en algunos modelos de NP en el sector de
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los neutrinos. Si hubiera NP a la escala del TeV, es bastante probable que existieran nuevas fuentes
de violación de CP más allá de δ. Si se interpreta nuestro ejercicio como un ejemplo genérico de
tal caso, aparentemente, las lecciones que hemos aprendido son que la interacción entre estas fases
es altamente no trivial, y que cualquie relación entre ellas o cualquier conocimiento del modelo
que origina dichos operadores efectivos seŕıan de crucial importancia. Lo que hemos aprendido
definitivamente en este estudio es que resulta indispensable llegar a altas enerǵıas (50 GeV) para
buscar estos elusivos efectos de NSI en experimentos de oscilaciones de neutrinos. El trabajo
presentado en esta tesis demuestra, contrariamente a la creencia extendida en la comunidad, que
una reoptimización de la NF seŕıa necesaria para buscar efectos a baja enerǵıa de NP en el sector
de los neutrinos.

Como observación final, en esta tesis hemos mostrado cómo los nuevos experimentos de
oscilaciones de neutrinos podŕıan utilizarse para completar las medidas de los parámetros aún
desconocidos de la matriz de mezcla leptónica, aśı como para comenzar el estudio de NP más allá
de las oscilaciones a tres familias. Si finalmente se construyera cualquiera de estas instalaciones,
representará un gran paso en dirección a revelar si hay NP detrás de la mezcla de sabores y, con
suerte, podŕıa abrirnos el camino hacia el entendimiento del sector de sabor del Modelo Estándar.







A
The acceleration and storage chain

In this Appendix we comment on some differences and similarities between the production and
acceleration of 8Li and 8B with respect to 6He and 18Ne (for γ = 100 or 350). Numbers quoted
here are taken from the EURISOL collaboration webpage [355, 356]. They have been computed
for 6He and 18Ne ions boosted at γ = 100, trying to achieve the goal luminosity of 2.9 × 1018 6He
and 1.1 × 1018 18Ne ion decays per year, respectively.

A.1 Proton Driver

We show in Fig. A.1 a schematic view of the infrastructure needed to produce and accelerate the
ion beam. Notice that this scheme was designed for “standard” 6He/18Ne beams. In the baseline
design, the proton driver is the proposed Super Proton Linac (SPL), a multi-MW (∼ 4 MW,
Ep =2.2 GeV [241] or 3.5 GeV [357, 358]) machine aimed at substituting the present Linac2 and
PS Booster (PSB). Contrary to naive expectation, however, a multi-MW booster is not needed for
the construction of a β-beam or an EURISOL facility1. Any of the possibilities currently under
discussion at CERN for the upgrade of the PSB, based either on Rapid Cycling Synchrotron’s
or on Linac’s, represents a viable solution for the production stage of a β-beam complex. In the
framework of the LHC maintenance and upgrade programme, the PAF committee [359] suggested
the substitution of the Linac2 with a new Linac (Linac4) that will inject protons into the PSB at
160 MeV. This would allow production of ∼ 2×1013 6He/s for 200 kW on target, consistent with
the current SPL-based design.

A.2 Ion production

The main difference between a 8Li /8B β-beam production and acceleration complex with respect
to the baseline design (depicted in Fig. A.1) is the target. Instead of an EURISOL target station,
a device in which a sustained 8Li/8B flux can be produced using the “ionization cooling” technique
is needed. For details on the ion production, see Refs. [277,361].

According to the latest numbers by the EURISOL collaboration [355], 5×1013 6He atoms/s
and 2 × 1012 18Ne atoms/s can be produced using standard BeO and MgO ISOL targets, respec-
tively. No relevant changes in these numbers are expected using a different design for the proton
driver. The 18Ne production rate is still low to obtain the goal luminosity 1.1 × 1018 νe/year.

1The SPL (or a similar proton driver) is mandatory, instead, for a low-energy neutrino SuperBeam [242] or for
a Neutrino Factory.



124 The acceleration and storage chain

Proton driver

EURISOL−like
target ECR

Pre−injectors 

PS (as in present design)

(RSS)

Mini−ramp (up to 1 TeV) of the LHC

Super−SPS (1 TeV)

Linac4 + 
RCS (200 kW)

SPSSPL (4MW) RCS PS

Figure A.1: The main components of the β-beam production and acceleration complex. In the
lower part, the machines considered in the baseline option are indicated (where RCS stands for
Rapid Cycling Synchrotron). The alternatives that profit of the LHC maintenance and upgrade
programme are mentioned in the upper part. The Rapid Superconducting Synchrotron [360] (RSS)
is a possible upgrade of the PS. Eventually, the Super-SPS is presently known as “SPS+”.

Once isotopes are produced, they are collected and ionized using an ECR ion source. Ion-
ization efficiency at this stage is 18Ne is 29%, whereas for the 6He flux is 93% [355].

A.3 Acceleration stage

In Tab. A.1 we give the relevant parameters, extracted from Ref. [355], for the acceleration stage
of He/Ne ions up to γ = 100 in the standard (reference) setup. At the same time, we compute the
values of the same parameters for Li/B ions injected and accelerated using the same setup up to
γ = 100. We assume for Li/B the same number of ions injected per second in each stage as for
He ions. Notice that no asymmetry is expected for Li/B, since both ions have similar Z, A and
T1/2 (see Tab. 4.1). This is not the case for 6He and 18Ne, whose production and ionization stages
differ significantly.

Unfortunately, we cannot perform a similar computation of these parameters for the setups
used in Ch. 4 (i.e. accelerating Li/B ions up to γ = 350) in the absence of a detailed technical
specification of the acceleration chain.

The standard acceleration stage consists of four steps:

1. Ions are accelerated to γ = 1.1 introducing them into a LinAc (where 18Ne ions get fully
ionized).

2. They are then injected into the Rapid Cycling Synchrotron (RCS), where they reach γHe =
1.8 and γNe = 2.8 (γLi = 1.9 and γB = 2.9). The transfer efficiency from the LinAc to the
RCS is 50%, only. The different γ reached at the end of this phase depends on the different
A/Z, at fixed magnetic field, radius and acceleration time (tacc ∼ 0.05 s). No significant
power losses (see, e.g., Ref. [356]) are expected at this stage (. 0.1 KW), for any of the
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considered ions. No benefit from the LHC maintenance and upgrade phase is expected.

3. After the RCS, ions are transported and injected into the PS. Once in the PS, they are
accelerated up to γHe = 9.3 and γNe = 15.5 (γLi = 10.3 and γB = 17.4), in tacc ∼ 0.8 s.
Significant power losses are expected at this stage, for any of the considered ions2: PHe ≃ 0.8
KW, PNe ≃ 1.0 KW, PLi ≃ 1.1 KW, PB ≃ 1.3 KW. This corresponds to a power loss per
meter of PHe/LPS = 1.3 W/m, PNe/LPS = 1.6 W/m, PLi/LPS = 1.8 W/m, PB/LPS = 2.1
W/m. These values exceed the permitted upper limit, 1 W/m. This is a well known problem,
see e.g. Ref. [287] and [355], that must be solved if we are to use the PS at CERN as a second
stage ion beam accelerator.

This acceleration stage could greatly benefit of the LHC maintenance and upgrade pro-
gramme. The PS is the oldest machine in the CERN complex, and it has been proposed to
replace it with a new 50 GeV synchrotron (called “PS2”) [359]. Using the PS2, substantial
improvements are expected.

4. After coming out of the PS, ions are transported and injected into the SPS with no significant
expected losses. In this last acceleration stage, they are boosted to γ = 100 in tHe = 2.5
s and tNe = 1.4 s (tLi = 2.2 s and tB = 1.2 s). Power losses at this stage are: PHe = 3.0
KW, PNe = 1.8 KW, PLi = 3.4 KW and PB = 2.2 KW. In this case, due to the longer
SPS circumference (L = 6912 m), the power loss per meter is: PHe/LSPS = 0.4 W/m,
PNe/LSPS = 0.3 W/m, PLi/LSPS = 0.5 W/m and PB/LSPS = 0.3 W/m, well within
acceptable limits for all considered ions.

The SPS+ would have an enormous impact on the design of a β-beam at CERN. A detailed
simulation of the acceleration and losses at this facility for any of the considered ions is
lacking. Notice, however, that the proposed design fulfills simultaneously the two most
relevant requirements for a high energy β-beam booster: it provides a fast ramp (dB/dt =
1.2 ÷ 1.5 T/s [362]) to minimize the number of decays during the acceleration phase and it
can increase the γ boosting factor up to γ ≤ 600.

The outcome of our analysis is that accelerating He/Ne or Li/B ions using the same ac-
celeration chain up to the same final γ will give similar results for particle losses and dissipated
power.

2We have computed the number of lost particles and the dissipated power at each acceleration stage following
Ref. [356], getting good agreement with Ref. [355] for the RCS and the SPS and for the particle loss at the PS.
However, our result for the power loss for 6He and 18Ne in the PS differ from that reported in Ref. [355]. We do not
understand the source of the disagreement. Notice that our conclusion is not affected by this discrepancy, though:
the total dissipated power at the PS exceeds presently allowed values.
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6He 18Ne 8Li 8B

LINAC

(Injected ions/s)/1012 17.1 [355] 5.25 [355] 17.1 17.1

γfinal 1.11 [355] 1.11 [355] 1.10 1.10

RCS (L = 251 m)

(Injected ions/s)/1012 8.53 [355] 2.62 [355] 8.53 8.53

γfinal 1.84 [355] 2.77 [355] 1.9 2.9

P (KW) . 0.1 . 0.1 . 0.1 . 0.1

tacc(s) 0.0475 [355] 0.0475 [355] 0.0475 0.0475

PS (L = 628 m)

(Injected ions/s)/1012 1.84 [355] 1.25 [355] 1.84 1.84

γfinal 9.33 [355] 15.53 [355] 10.3 17.4

P (KW) 0.8 1.0 1.1 1.3

P/L (W/m) 1.3 1.6 1.8 2.1

tacc(s) 0.8 [355] 0.8 [355] 0.8 0.8

SPS (L = 6912 m)

(Injected ions/s)/1012 1.59 [355] 1.20 [355] 1.61 1.68

γfinal 100 100 100 100

P (KW) 3.0 1.8 3.4 2.2

P/L (W/m) 0.4 0.3 0.5 0.3

tacc(s) 2.54 [355] 1.42 [355] 2.2 1.2

Table A.1: Relevant beam parameters at the different acceleration stages of the standard β-
beam setup for 6He/18Ne and 8Li/8B.



B
Oscillation probabilities

Vacuum oscillation probabilities are relatively easy to derive from Eqs. (1.14) and (1.15). However,
in matter these probabilities are much more complicated. The exact formulae where no mass
difference is neglected can be found in [363]. However, physical implications of these formulae are
not easily seen. On the other hand, approximated expressions of these oscillation probabilities can
be worked out through perturbative expansions on small parameters. We will introduce in Sec. B.1
the approximate probabilities in matter (under the assumption of constant matter density1) for
the νe→νµ,τ and νµ→νµ oscillation channels, while in Sec. B.2 we will present the approximate
oscillation probabilities for the same channels in presence of NSI.

B.1 Oscillation probabilities in the standard approach

Approximate expressions for the oscillation probabilities can be worked out taking advantage of
the fact that θ13 and ∆m2

21/∆m
2
31 ≡ α ≃ 7.5× 10−5/2.5× 10−3 ∼ 0.03 are very small parameters.

Remember that for long baseline experiments, such as the ones considered here, V ∼ ∆31. Thus,
probabilities can be safely expanded up to second order in the following parameters [167]:

ε :
{
θ13, ∆m2

21/∆m
2
31, ∆m2

21/V
}

where V =
√

2GFNe (eV2/GeV).

B.1.1 The νe → νµ appereance channel

This channel is often referred to as the “golden channel” [325], because it offers the best option
to find CP violation from both the theoretical and experimental point of view:

P±,mat
eµ (θ13, δ) = Xµ

± sin2 2θ13 + Y µ± cos θ13 sin 2θ13 cos

(
±δ − ∆31L

2

)
+ Zµ , (B.1)

1It is important to take into account that these probabilities are not valid for neutrinos traveling through the Sun
or the Earth core, where the constant matter density assumption is no longer valid. In addition, if ∆m2

21
L/2E ≃ 1,

the solar terms start oscillating and the probabilities presented here are no longer valid either.
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where ± refers to neutrinos and antineutrinos, respectively, and





Xµ
± = sin2 θ23

(
∆13

B∓

)2

sin2
(
B∓L

2

)
,

Y µ± = sin 2θ12 sin 2θ23
(

∆21

V

) (
∆31

B∓

)
sin
(
V L
2

)
sin
(
B∓L

2

)
,

Zµ = cos2 θ23 sin2 2θ12
(

∆21

V

)2
sin2

(
V L
2

)
,

with Zµ = Zµ+ = Zµ−, ∆ij =
∆m2

ij

2E
, and B∓ = |V ∓ ∆31| (with ∓ referring to neutrinos and

antineutrinos, respectively). sij and cij stand for sin(θij) and cos(θij), respectively.

Its T-conjugated channel, νµ→νe, has the same oscillation probability, changing δ→− δ. It
is sometimes called the “platinum channel”.

B.1.2 The νe → ντ appearance channel

This probability is identical to that for the golden channel, only replacing c23 ↔ −s23 and s23 ↔
c23. Theoretically, it has thus the same sensitivity to δ as the “golden channel”. However, taus
are more difficult to detect than muons, and thus this channel is often referred to as the “silver
channel” [173]:

P±,mat
eτ (θ13, δ) = Xτ

± sin2 2θ13 − Y τ± cos θ13 sin 2θ13 cos

(
±δ − ∆31L

2

)
+ Zτ , (B.2)

where ± refers to neutrinos and antineutrinos, respectively, and
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with Zτ = Zτ+ = Zτ−.

B.1.3 The νµ → νµ disappearance channel

The disappearance probability for muon neutrinos reads as:

P±,mat
µµ (θ13, δ) = 1 − χ± sin2 2θ13 − ψ± sin 2θ13 cos δ − ω , (B.3)
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where ± refers to neutrinos and antineutrinos, respectively, and
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,

with ω = ω+ = ω−.

All terms except the first one in ω are suppressed either by s13 or ∆m2
21L/E. This channel is

then, on first approximation, only sensitive to θ23 and ∆m2
32. This is in fact the oscillation regime

observed in atmospheric neutrino experiments, which have already measured the atmospheric pa-
rameters. However, the first term in Eq. (??) does not depend on the sign of ∆m2

32 which remains
unknown. Eq. (??) also shows that θ23 cannot be distinguished from π/2 − θ23.

B.2 Oscillation probabilities in presence of NSI

We will now show the oscillation probabilities Pαβ in matter with constant density, in presence of
NSI affecting only to propagation in matter. We start from the oscillation probability expansions
derived in [341] where ǫαβ , θ13, and ∆m2

31/∆m
2
21 are considered the expansion parameters. Here

we simply expand also on δθ23 ≡ θ23 − π/4, considering therefore:

ε :
{
ǫαβ , θ13, ∆m2

21/∆m
2
31, δθ23

}

as the order ε expansion parameters.

The oscillation probabilities for golden and silver channels at quadratic order on ε are given
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by the following formulae:
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(B.4)

Peτ =
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where ASM
αβ stands for the standard oscillation amplitude.

On the other hand, since the sensitivities to ǫǫµ and ǫeτ are mainly achieved through the
golden and silver channels, for the νµ − ντ sector we show here only the dependence on ǫαα and
ǫµτ of the relevant oscillation probabilities, which will be called PNSIαβ :
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PNSIµµ = −PNSIµτ

= −{δθ23 (ǫµµ − ǫττ ) + Re (ǫµτ )} (V L) sin (∆31L)

+

{
4δθ23 (ǫµµ − ǫττ )

V
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+ (ǫµµ − ǫττ )

2
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2
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2
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2 V
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(B.6)

The complete oscillation probabilities at quadratic order in presence of NSI can be found
in [341], though.
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C
Statistical procedure

In this section, we describe the statistical approaches used to perform the numerical analyses in
Ch. 5.

C.1 The statistical procedure used in Secs. 5.4 and 5.5

It is well-known that, in order to sample a N -dimensional parameter space through χ2 grids
with n samplings per parameter, a total of O(nN ) evaluations of the expected number of events
are required. When only three-family oscillations are considered, the computation can become
heavy (if all νSM parameters are taken into account) but is still affordable within the standard
frequentist approach. When the NSI parameters are also taken into account, however, the number
of parameters to be fitted simultaneously increases considerably and the computation time required
to perform the standard minimization procedure becomes too large. A different approach must
therefore be used if we want to sample a huge number of parameters with limited computational
resources. The way out is suggested by noticing that most of the points belonging to the χ2 grids
that are computed in the standard approach are useless, as they are very far from the χ2 minimum.
For this reason the standard technique used to sample large multi-dimensional manifolds is to rely
on efficient (either deterministic or stochastic) algorithms that search for the global minimum
and then start to sample the region near the minimum to determine its size and shape. Most of
the algorithms used fall into the category of Markov Chain Monte Carlo (MCMC): using these
class of algorithms, the number of evaluations required for the algorithm to converge and sample
properly the desired distribution grows polynomially with N , O(Nk), with k some integer. We
have followed this approach to scan the NSI parameter space in Secs. 5.4 and 5.5, using the
MonteCUBES (“Monte Carlo Utility Based Experiment Simulator”) software [70] that contains a
C library plug-in to implement MCMC sampling into the GLoBES [254, 255] package. It, thus,
benefits from the flexibility of GLoBES in defining different experiments while implementing an
efficient scanning of large parameter spaces.

Parameter determination through MCMC methods are based on Bayesian inference. The
aim is to determine the probability distribution function of the different model parameters θ given
some data set d, i.e., the posterior probability P (θ | d). From Baye’s theorem we have:

P = P (θ | d) =
P (d | θ)P (θ)

P (d)
≡ Ld(θ)π(θ)

M
. (C.1)

The likelihood Ld(θ) = P (d | θ) is the probability of observing the data set d given certain values of
the parameters θ. The prior π(θ) = P (θ) is the probability that the parameters assume the value θ
regardless of the data d, that is, our previously assumed knowledge of the parameters. Finally, the
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marginal probability M is the probability P (d) of measuring the values d. It does not depend on
the parameters θ, and therefore it can be regarded as a normalization constant1. Notice that the
χ2 functions defined in GLoBES provide the logarithm of the likelihood of the data d following a
Poisson distribution normalized to the distribution with mean d. Therefore, the actual probability
density sampled by MonteCUBES is the posterior probability P (θ | d):

P = exp

[
−χ

2(θ)

2

]
exp

[
−χ

2
P (θ)

2

]
,

where χ2
P (θ) = −2lnπ(θ). This probability distribution is equivalent to a Boltzmann weight with

temperature T = 1 and energy E = χ2(θ) + χ2
P (θ).

We have used ten MCMC chains in all our simulations. The convergence of the whole sample
improves as R → 1, with R being the ratio between the variance in the complete sample and the
variance for each chain. We have checked that the chains have reached proper convergence in all
cases better than R− 1 = 2.5 × 10−2.

A typical problem when a minimization algorithm different from the complete computation
of the multi-dimensional grid is applied is the possible presence of local minima or of multiple
global minima (“degeneracies”). In both cases, if the minima are deep enough the algorithm will
get stuck there and sample a region that does not correspond to the global minimum or will not be
able to identify the presence of degenerate minima. The MonteCUBES package includes a method
to identify local minima by increasing the temperature T of the chain so that the likelihood is
modified to P ∝ P1/T . This procedure flattens the likelihood distribution, making it possible
for the chains to jump from a local minimum to another. The temperature and step sizes are
then decreased in successive steps and thus the different chains get stuck around different minima,
unable to move through the disfavored regions when T is too low. After this, the points where
the different chains have stopped are compared to decide how many different minima the chains
have fallen into. Finally, new steps are added with the correct length in the direction between the
degeneracies. As a result, the algorithm is able to jump between minima and sample all of them
properly.

For the implementation of the NSI probabilities in matter, we use the non-Standard Inter-
action Event Generator Engine (nSIEGE) distributed along with the MonteCUBES package.

The definition of confidence level (CL) in a multi-dimensional MCMC algorithm need to be
clarified, as it approaches the standard definition only in the limit of infinite statistics. What is
done in practice with a MCMC is to generate a given number of points distributed stochastically
in the multi-dimensional parameter space around the global minimum (minima). After that,
projections of that multi-dimensional “cloud” of points are performed onto any desired plane
chosen accordingly to the variables under study in the analysis. The projection over a given plane
corresponds to marginalization over the parameters that are no longer retained. After projection,
the two-dimensional plane is divided into cells and the number of points falling into each cell is
computed. For small enough cells, the resulting two-dimensional histogram can be approximated
by a smooth surface, for which slices can be drawn for the desired CL (68%, 90%, or 95%, in this
work).

1In the limit of infinite statistics, it can be shown that the Bayesian probability distribution is maximized by the
same set of parameters θ that minimize the χ2 function in the frequentist approach.
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C.2 The statistical procedure used in Sec. 5.6

To explore the CP discovery potential we need a different statistical procedure from the one defined
in Sec. C.1. The reason is the following: a MCMC, as described above, explores the region which
is close to the global minimum (or to degenerate minima) sampling with good accuracy the χ2

distribution around that point(s). This is the right procedure to follow if we are exploring the
sensitivity that a facility has to some particular observable. Consider the particular case of the
sensitivity to θ13 in the (θ13, δ) plane with marginalization over the rest of νSM and NSI parameters
(see Sec. 5.4). In this case, the MCMC algorithm scans the multi-dimensional surface corresponding
to a given choice of the input parameters (with the particular choice θ̄13 = 0 for θ13) and a contour
at a given CL of the region compatible with vanishing θ13 is drawn, after projecting over the (θ13, δ)
plane. When we compute a discovery potential, on the other hand, we first fix the parameters to
be tested and draw the corresponding CL contours. Then, we check if the condition we want to
fulfill is satisfied or not at a given CL (in the case of the CP discovery potential, the condition is
that the contours drawn for a given set of CP violating input parameters do not touch any CP
conserving point of the parameter space). Eventually, we repeat the procedure again and again
varying the input parameters. If the grid density is large enough, the distribution of the input
parameters that satisfy the required condition is smooth and a“CL contour” can be drawn.

If we were to use the MCMC approach to compute a discovery potential, then, we should run
the algorithm as many times as the points in the grid that we want to test. In this case, the total
time required to compute the discovery potential goes as nNg ×Nk, with n the number of points
to be tested for one parameter and Ng the dimensionality of the grid. If n is large the MCMC
cannot be used and the standard frequentist approach must be adopted instead. The drawback
of the frequentist approach is that, in order to keep the computational time from being rapidly
divergent, we cannot marginalize over the whole νSM and NSI parameter space. For this reason,
in Sec. 5.6 we will not marginalize over atmospheric and solar parameters and will consider fixed
inputs for the NSI parameters.

The procedure that has been used in this work to determine the CP-discovery potential is
outlined below:

1. We first compute the number of expected events at the detector(s): N(θ13, {φ}), where
{φ} ≡ {δ, φeµ, φeτ}.

2. After having computed grids of number of events as a function of (θ13; {φ}), we compute the
χ2 as follows:

χ2(θ13, θ̄13; {φ}, {φ̄}) =
∑

polarities,bins

(N(θ13; {φ}) −N(θ̄13; {φ̄})2(
N(θ̄13; {φ̄})1/2 + fN(θ̄13; {φ̄})

)2 (C.2)

with f an overall systematic error. In all the plots given in this section, we assume the
overall systematic error for the MIND detector as fµ = 0.02, and the one for the τ -signal as
fτ = 0.05. No background has been considered to compute Eq. (C.2).

3. We compute, then, for any input (θ̄13; {φ̄}), the χ2 function defined in Eq. (C.2) at the eight
CP-conserving (CPC) points:

{φ}CPC = (0, 0, 0); (0, 0, π); (0, π, 0); (π, 0, 0); (0, π, π); (π, 0, π); (π, π, 0); (π, π, π) ,

taking the smallest χ2 value found. Using this procedure, we obtain the five-dimensional
surface:

χ2
CPC(θ13, θ̄13; {φ̄}) = min

{φ}CP C

(
χ2(θ13, θ̄13; {φ}CPC , {φ̄})

)
(C.3)
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This procedure generalizes to the case of three simultaneously active phases the procedure
outlined in Ref. [338], where only δ and φeτ were considered.

4. We distinguish, then, between two cases depending on the value of θ̄13:

• The first possibility is that θ13 is already measured by the time the HENF is built. In
this case, we can use the χ2 function (C.3) computed at θ13 = θ̄13 to see the region
of the phase parameter space where CP violation can be distinguished from the CP
conservation hypothesis.

• The second possibility stands for a very small (or even vanishing) θ13. In this case, it
is also necessary to marginalize over θ13 since possible CP-conserving solutions can be
found for a given CP-violating input (θ̄13; {φ̄}) at a different θ13 (what in the standard
three-family oscillation scenario is called an “intrinsic degeneracy” [168]). In order to
take these degeneracies into account, we minimize the χ2 over θ13:

χ2
θ,CPC(θ̄13; {φ̄}) = min

θ13

(
χ2
CPC(θ13, θ̄13; {φ̄})

)
.

However, notice that in this case the only information we have on θ̄13 is an upper bound,
θ13 ≤ 3◦, approximately. Therefore, marginalization over θ̄13 in the allowed range is
also required here:

χ2
θ,θ̄,CPC({φ̄}) = min

θ̄13

(
χ2
θ,CPC(θ̄13; {φ̄})

)
. (C.4)

5. Eventually, we draw the three-dimensional surfaces corresponding to χ2 = 11.34. These
contours represent the area of the phases parameter space in which CP violation can be
distinguished from CP conservation at the 99% CL for 3 d.o.f.’s. Results will be shown for
both cases in which θ13 is known, using Eq. (C.3), or unknown, using Eq. (C.4).
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