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Abstract

The discovery of neutrino oscillations confirmed that neutrinos are massive. It also
showed that the flavor and mass eigenstates are mixed in a way similar to the one
described by the CKM matrix in the quark sector. We have now fully entered an
era of precision measurements of the parameters that govern these oscillations.

Past experiments have provided a 3-family oscillation scenario and many param-
eters have been measured (612(so1); #23(atm)s Amﬂ(sol), |Am§3(atm)| and upper limits
in 013(interference))- The current and future neutrino experiments aim to complete
this scenario: more precise measurements of the known parameters, the measure of
sign(Am3s) which determines the mass hierarchy (normal with vy lighter, or
inverted with v, heavier than 5 and v3) and, most excitingly, the discovery of
013 > 0 and & which, if different from 0° and 180°, would mean the existence of CP
violation in the leptonic sector.

Different accelerator-based long baseline experiments have been proposed. They
present different merits, drawbacks and synergies. This sets the stage for this work.
We have explored the physics reach of the Neutrino Factory, the ultimate machine
in terms of precision. It produces neutrinos from the decay of muons, giving a
background-free beam and the suppressed transition v, ~ v, , where the CP-viola-
tion observables are best seen due to the interference of the solar and atmospheric
terms. We explore the appearance of correlations and degeneracies which affect the
reconstruction, search for their origin and propose different ways to handle them.
Related setups have been more recently proposed, and are also affected by these
phenomena, although in different ways. We explore the physics potential of super-
beams (high-intensity neutrino beams from the decay of pions), S-beams (pure neu-
trino beams from the (-decay of accelerated radioactive ions) and electron-capture
beams (monochromatic neutrino beams from EC-unstable ions). With the goal of
maximizing their separate and joint sensitivity to the neutrino oscillation parame-
ters, we optimize their designs.
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Resumen

Introducciéon

La fisica de neutrinos ha proporcionado la primera evidencia de fisica mas alla del
Modelo Estandar. Durante los dltimos 35 anos se han llevado a cabo una serie de
experimentos con resultados que no se ajustan a lo esperado segin este modelo.
Hoy en dia estos enigmas se pueden explicar gracias a la existencia de las oscila-
ciones de neutrinos.

Existen tres tipos (“sabores”) de neutrinos (méas sus correspondientes antipar-
ticulas), relacionados por las corrientes cargadas con el electrén y sus compafieros
mas masivos el muén y el tau respectivamente, por lo que reciben los nombres de
neutrino electrénico, muénico y taudnico (ve, vy, v-). En la formulacion original del
Modelo Estandar ninguno de ellos tiene masa, lo que era compatible con lo obser-
vado en los experimentos. Es a través del fenomeno de las oscilaciones de neutrinos
como se ha comprobado indirectamente que de hecho son masivos, y su masa es
extraordinariamente pequena: unos 7 oOrdenes de magnitud menor que la de la
siguiente particula més ligera, el electron.

Descubrimiento

Los neutrinos son unas de las pocas particulas fundamentales que forman la natura-
leza. Son parecidos a un electréon sin carga eléctrica: al igual que éstos sufren la
interacciéon débil y no sienten la interacciéon fuerte como los quarks, pero tampoco
la electromagnética. Su existencia fue primero postulada por Wolfgang Pauli en
1930 para explicar por qué los electrones que resultan de la desintegracion (3 no
tienen una energia fija. En la desintegracion se produciria también una particula
muy ligera, neutra y de spin 1/2 para que se conservara la energia, la carga eléc-
trica y el momento angular. Fermi propuso la primera teoria de la desintegracion (3
con la que se pudo predecir la probabilidad de interaccién de los neutrinos con la
materia (su “seccion eficaz”), que resulto ser extremadamente pequena.

En 1956 Cowan y Reines detectaron experimentalmente el primer neutrino (en
realidad, el primer antineutrino), y ese mismo afo Pontecorvo estudio la posibi-
lidad de que el neutrino oscilara en antineutrino, construyendo asi la primera teoria
de oscilaciones de neutrinos. Seis anos después se descubri6 la existencia de otro
tipo de neutrino, el neutrino muénico v,, y también se encontré que los neutrinos
so6lo pueden oscilar de un tipo a otro si tienen distintas masas.



Neutrinos solares y atmosféricos

Como consecuencia de las reacciones nucleares que se producen en el interior del
Sol se generan neutrinos con distintas energias, y estos se pueden detectar al llegar
a la Tierra. El nimero de neutrinos esperado se puede estimar a partir del Modelo
Estandar Solar (SSM), pero desde los primeros resultados en 1968 por Davis,
Bahcall y Harmer el ntimero de neutrinos observado es menor que el predicho.

A este problema de detectar menos neutrinos solares que los esperados se
anadié otro similar en la década siguiente con los neutrinos muénicos producidos en
la interaccion de los rayos cosmicos con la atmosfera. La cantidad de neutrinos
muonicos respecto a la de neutrinos electrénicos era menor que la esperada.

Finalmente, Super-Kamiokande mostr6 que aunque la cantidad de neutrinos
electronicos no dependia del dngulo con el que llegaban, la de neutrinos muénicos
si, justo de la forma esperada si los neutrinos muonicos oscilan a otra especie de
neutrino no detectada.

Oscilaciones

Los autoestados de sabor de los neutrinos no coinciden con los autoestados de
masa, de forma similar a la mezcla de los quarks descrita por la matriz CKM. La
matriz equivalente en el sector lepténico, llamada PMNS, depende de cuatro
parametros: tres angulos de mezcla (012, 023, 613) y una fase (J). Las oscilaciones
dependen de la forma de esta matriz y de las diferencias de masa al cuadrado entre
los distintos neutrinos (Am?,, Am3s).

Las oscilaciones de neutrinos solares estan gobernadas principalmente por 612 y
Am2,, mientras que la de los atmosféricos lo estan por a3 y Am3;. Del valor de 6,3
s6lo se sabe que es < 10° y para conocerlo, asi como para encontrar también el
valor de ¢, existen una serie de experimentos propuestos para realizar en los
préoximos anos.

En esta tesis se discuten estos experimentos, basados en haces de neutrinos pro-
venientes de aceleradores. La sefal principal es veewv, (v Tees7,), donde los
observables relacionados con violacion CP se ven mejor gracias a la interferencia del
término solar y atmosférico. Todos estos experimentos se ven afectados por la exis-
tencia de correlaciones y degeneraciones, aunque de forma distinta y con la posibi-
lidad de combinar resultados para resolverlas.

La Neutrino Factory

En una Neutrino Factory los neutrinos se producen por la desintegracion de muones
(0~ —e Devyy pt — et v v,) circulando en un anillo de almacenamiento. Esto
produce un haz con sélo dos especies de neutrinos, sin otra contaminaciéon. Los v,
que no oscilan producen en el detector un muén del mismo signo que el original,
W, pero si los 7, del haz oscilan 7, ~ 7, el 7, producird un muén de “signo equi-
vocado”, un pt. Asi, con un detector capaz de diferenciar la carga del leptén pro-
ducido, la senal de muones de signo equivocado es una indicacién precisa de que se
han producido oscilaciones.



La medida de muones de signo equivocado requiere un detector masivo del
orden de 50 kton, con capacidad de identificar muones y medir su carga. El
detector considerado aqui es un calorimetro de hierro magnetizado, similar a
MINOS. Aplicando cortes fuertes en el momento del muén y su identificacién, el
background por la desintegracion de otras particulas que se identifiquen incorrecta-
mente se puede reducir tanto como un factor 10%, a la vez que se mantiene una efi-
ciencia de un 40%.

La mayor focalizaciéon del haz con la energia de los muones junto al rapido creci-
miento de la seccidon eficaz con la energia de los neutrinos en el régimen fuertemente
inelastico hace que sea conveniente ir a distancias mas grandes a E/L constante.
Sin embargo, a partir de unos pocos miles de kilometros los efectos de materia
reducen fuertemente a la probabilidad de oscilaciéon. El efecto combinado lleva a un
disenio en el que la Neutrino Factory trabaja a un E/L mayor que el correspon-
diente al pico de la oscilacién a pequenas distancias, con una energia del orden de
30 GeV y una distancia de unos 3000 km.

Superbeams

El desarrollo de fuentes de alta intesidad que se requiere para la Neutrino Factory
sugiri6 explorar el potencial de los haces convencionales de neutrinos con alta inten-
sidad que podrian producirse con un proton driver similar. Los haces convencio-
nales provienen de la produccién de piones, 7™ o m~ que son seleccionados con un
cuerno electromagnético para después desintegrarse en neutrinos Tt - ,ui Vu(ﬂu)'
Los experimentos hechos con estos haces estdn siempre limitados por la presencia
en el propio haz de una componenente de v.(7.) que proviene de la desintegracion
de los pu*, que es un background irreducible en la busqueda de oscilaciones Uy~ Ve.
Aun asi, la alta intensidad de estos haces junto con el uso de detectores masivos les
permiten mejorar sensiblemente nuestro conocimiento de 6;3, e incluso tener cierta
sensibilidad al valor de la fase de violacion CP 4.

Las distancias tipicas entre la fuente y el detector en un Superbeam estan en el
rango 150 — 300 km, en el pico de oscilacion. La deteccién de neutrinos de baja
energia (comparados con la Neutrino Factory) a esas distancias precisa de un
detector masivo con eficiencia alta. Para buscar la aparicién de v, se requiere poder
rechazar fuertemente el background correspondiente a la identificaciéon equivocada
de u y a la produccién de 7% por corrientes neutras. Los detectores Cerenkov de
agua son especialmente apropiados para esta tarea.

Los Superbeams son capaces de medir con precisiéon los parametros atmosféricos
23 v Am3s. Sin embargo la medida de 6,3 estd correlacionada con § y la mejor
forma de medir ambas cantidades es combinando las polaridades con neutrinos y
antineutrinos. Como la seccién eficaz 7 + 0 es unas seis veces menor que la de
v + 180 a esas energias, para poder compensar la baja estadistica de antineutrinos,



estos deben correr aproximadamente durante 6 veces méas que los neutrinos, redu-
ciendo la sensibilidad del experimento.

Reduciendo incertidumbres

Para producir un haz de neutrinos primero se hace colisionar un haz de protones
contra un blanco, con lo que se forman piones entre otras particulas. Los piones
pueden utilizarse directamente para producir los neutrinos en su desintegracion
(método usado en los haces convencionales, incluyendo los Superbeams), o bien
muones que a su vez se desintegraran en neutrinos (como en la Neutrino Factory).
Las incertidumbres existentes en la secciéon eficaz de interaccién de los protones con
el blanco afecta pues al conocimiento preciso del flujo de neutrinos que se obtiene, y
por tanto afecta a la sensitividad tltima de estos experimentos. También en los
experimentos sobre neutrinos atmosféricos, una de las principales fuentes de incerti-
dumbre viene de la seccién eficaz de interaccién de los rayos césmicos con la atmos-
fera.

El experimento HARP se disefi6 para estudiar con precision la produccion de
hadrones para haces de entre 1.5 y 15 GeV/c y blancos nucleares desde el
hidrégeno hasta el plomo. El objetivo multiple es medir la produccién de piones
para varias energias y materiales relevantes en el diseno del proton driver de la
Neutrino Factory, medir también la produccién de piones en blancos de bajo
nimero atomico para mejorar la precision con la que se conoce el flujo de neutrinos
atmosféricos, y finalmente medir la producciéon de piones y kaones relevantes para
el calculo de los flujos de neutrinos en experimentos como MiniBooNE y K2K.

HARP estd compuesto de distintos subdetectores que permiten reconstruir las
trayectorias de las particulas producidas gracias principalmente a una TPC y varias
camaras de deriva, e identificarlas gracias a un detector Cerenkov, otro de tiempo
de vuelo (ToF) y un calorimetro electromagnético.

Los resultados del experimento se traducen en valores estimados, junto con sus
incertidumbres y correlaciones, para los pardmetros que aparecen en la parametri-
zacion empirica de Sanford-Wang de la seccion eficaz de produccién hadrénica.
Estos valores con sus incertidumbres y correlaciones son posteriormente propagados
para estimar la incertidumbre en el flujo de neutrinos.

El primer resultado de HARP midi6 la produccién de 77 en un blanco de alu-
minio para un momento del haz de protones de 12.9 GeV /¢, que se corresponde con
las energias del Proton-Sincroton de KEK y al material usado por el experimento
K2K. Los resultados se han incorporado en la simulacion Monte Carlo del haz de
K2K para estimar el espectro de neutrinos en el detector cercano y en SuperKamio-
kande, y la dependencia en energia del cociente del flujo lejano de neutrinos res-
pecto al cercano en ausencia de oscilaciones. La incertidumbre en el cociente es de
2-3% por debajo de 1 GeV de energia del neutrino, y de 4-9% por encima.



Otro resultado importante es el que afecta al Booster Neutrino Beam en Fer-
milab. HARP ha medido la seccién eficaz de produccién de 7+ para un blanco del-
gado (5% de longitud de interaccion) de berilio a un momento del proton de
8.9 GeV/e, que es el utilizado en el BNB. Los resultados se han anadido también a
la simulacién Monte Carlo del haz de neutrinos en el experimento MiniBooNE.

Existen también resultados para la seccién eficaz de producciéon de 7% en la
colision de protones a 12 GeV/c con un blanco delgado de carbono, importantes
para un célculo preciso del flujo de neutrinos atmosféricos y para la prediccién del
desarrollo de las cascadas hadronicas. También existen resultados para la produc-
cién de 7F en la colision de protones con tantalio, en un rango de momentos de
importancia particular para el diseno de la Neutrino Factory.

Suprimiendo correlaciones y degeneraciones

La formula que da la probabilidad de oscilacion acopla los parametros 612, 023, 013,
5, Am3y v Am3;. En general, cuando un experimento trata de medir varios
parametros simultaneamente, la incertidumbre en cada pardmetro dependerd del
valor real (pero conocido solo hasta cierto punto) de todos los demas. Los parame-
tros estan correlacionados en el sentido de que un experimento es sensible principal-
mente a cierta combinaciéon de pardmetros. Una informaciéon més débil en otras
combinaciones de pardmetros permite tipicamente desacoplarlos, pero ciertas corre-
laciones sobreviven.

Las degeneraciones ocurren cuando dos o més grupos de valores ajustan los
mismos datos. La forma en que afectan a la medida de un parametro concreto
puede describirse, por ejemplo, citando las incertidumbres asociadas a cada grupo
de parametros por separado, o tomando el rango completo cubierto por las degene-
raciones como la incertidumbre de la medida.

Para un solo experimento se pueden suavizar el efecto de las correlaciones e
intentar resolver las degeneraciones aprovechando la dependencia en energia de la
senal de oscilacién, si en el detector se puede reconstruir la energia del leptén pro-
ducido con una resolucién suficiente.

Si se han medido las probabilidades de oscilaciéon tanto para neutrinos como
para antineutrinos, para una distancia fija y una energia de los (anti)neutrinos
dada, en general existe una segunda soluciéon con valores de (613, 0) distintos de los
reales. Se trata de la llamada degeneracion intrinseca.

En una Neutrino Factory, si 613 no es muy pequenio (dependiendo de la dis-
tancia de base, 013 = 1°, el “régimen atmosférico”), la dependencia energética de la
senal no es suficientemente fuerte como para resolver la degeneracion intrinseca.
Para una distancia de 2810 km, la segunda solucién aparece aislada si § ~ 0°, 180°,
y es responsable de unas incertidumbres grandes que abarcan desde la regiéon de la
solucion real a la falsa si § ~90°, — 90°.



Para distancias de L = 732 km y 7332 km la medida de § no es posible, en el
primer caso porque hay una linea continua de soluciones que lo impide si no se
conoce 613 previamente, y en el segundo porque la sensitividad a violacion CP se
pierde por los efectos de materia y la pérdida en el niimero de sucesos.

Si 013 < 1° (dependiendo también de otros valores, el “régimen solar”), la degene-
racion intrinseca aparece con el § falso cercano a 180°, imitando las soluciones que
corresponden a 13 = 0°. La sensibilidad a violacién CP es mucho peor que en el
régimen atmosférico.

Combinaciones

Aparte de la degeneracion intrinseca, existen otras soluciones falsas que pueden
aparecer debido a la degeneracion en el signo de Am3s v en el octante de fa3 (fa3 <
m/2 — fa3). No se espera que estas degeneraciones estén resueltas antes de que entre
en funcinoamiento un Superbeam o la Neutrino Factory.

Existen distintas estrategias para eliminar estas degeneraciones. Se pueden com-
binar datos de distintas distancias, mejorar la medida de la energia del neutrino,
detectar los canales suplementarios v, ~~ v, y utilizar detectores off-axis para dis-
poner de medidas a distinta (£). Nos centraremos en la mas prometedora: la com-
binacién de la Neutrino Factory con un Superbeam.

La localizacion de la solucion falsa correspondiente a la degeneracion intrinseca
es opuesta en el caso de los Superbeams y la Neutrino Factory a 2810 km, debido a
que se encuentran a un E/L distinto. Esta es la mejor combinacion en términos de
sensibilidad a las degeneraciones tanto para el régimen atmosférico como para el
solar.

La degeneracién correspondiente al signo de Am3; también se resuelve gracias a
que en la Neutrino Factory las distancias son tales que los efectos de materia (que
dependen del signo de Am33) son importantes, y no para los Superbeams. Asi, para
013 > 2° (en el régimen atmosférico) no hay soluciones falsas usando tan solo la
Neutrino Factory a 2810 km, y hasta 613 > 1° la combinacién con el Superbeam es
capaz de resolver la degeneracion. Para 613 < 1° el signo no se puede determinar,
pero la combinaciéon de datos sigue siendo importante para reducir las soluciones
que mas interfieren con la medida de 613 y 4.

En cuanto a la degeneracion debida al octante de 623, la Neutrino Factory a
2810 km combinada con un Superbeam es capaz de resolverla hasta 613 > 2°. Por
otro lado, en el régimen solar, hasta 613> 0.6° la combinacién es capaz de resolverla
en muchos casos, pero no en todos. En general el comportamiento de las soluciones
es similar al caso de las soluciones falsas de sign(Am3s), aunque con el problema
anadido de que la solucion falsa estd mas lejos de cumplir sin 6’ = sin §, lo que es
potencialmente mas danino para medir la violacion de CP.



Otros experimentos

Beta Beam

Una posible fuente de neutrinos son los ntcleos de atomos inestables que sufren
desintegracion 3. El (-beam surgié con la idea de acelerar hasta cierta energia de
referencia un haz de iones pesados que sean (-inestables, dejandolos desintegrarse
luego en un anillo de almacenamiento con secciones rectas apuntando hacia el
detector. Asi se produce un haz de neutrinos puro, con sélo una especie de neu-
trino, a diferencia de un haz convencional donde conocer el espectro de las dife-
rentes especies supone un cierto error sistemético, y similar al caso de una Neutrino
Factory pero sin necesitar un detector capaz de discriminar la carga del lepton pro-
ducido.

Los iones que se han identificado como candidatos ideales son el SHe para pro-
ducir un haz de 7, y el '®Ne para producir uno de v.. El CERN es un buen candi-
dato para este tipo de experimento, pues los iones se podran producir en grandes
cantidades gracias a la nueva instalaciéon de EURISOL, ser posteriormente acele-
rados en el SPS y finalmente transportados a un anillo de almacenamiento donde se
desintegrarian produciendo el haz de neutrinos.

En la seccion sobre el 8-beam se discuten seis escenarios distintos, tres con dis-
tintas energias del haz manteniendo la distancia al detector a E/L fijo en el
maximo de la oscilaciéon, y otros tres variando la distancia manteniendo fija la
energia al maximo alcanzable en el SPS.

En general, un (-beam con energias tan altas como las méaximas alcanzables en
el SPS es el mejor candidato (ysy. = 150, L = 300 km), teniendo ain mejores resul-
tados si se utiliza una versiéon mejorada del SPS que permita alcanzar una mayor
energia (hasta ey, = 350, con L = 730 km). La razon principal es el aumento del
numero de sucesos y la capacidad de utilizar informacién espectral, que permite
resolver la degeneracion intrinseca.

Para las ambigiiedades discretas del signo de Am3; y del octante de a3, las
opciones de v alto son también las mejores opciones, ya que existe una region
donde son capaces de resolverlas.

Electron Capture Beam

Otro tipo de haz de neutrinos, que comparte muchas propiedades con el S-beam, es
el Electron Capture Beam. En lugar de acelerar iones que sufren desintegracién (3,
en el EC-beam se utilizan d4tomos pesados no completamente ionizados, que sean
capaces de realizar la captura electronica e~ p — n v.. En este proceso tan solo hay
dos particulas en el estado final, y por tanto la energia del neutrino esta fija: se
produce asi un haz de neutrinos “monocromatico” (monoenergético). El concepto es
operacional gracias al reciente descubrimiento de nucleos muy lejanos de la linea de
estabilidad, que poseen transiciones spin-isospin superpermitidas. Un candidato
ideal es el 1%9Dy.



En un EC-beam la energia de los neutrinos viene dictada por la elecciéon del ion
y el boost con el que se acelera. Se pueden seleccionar distintas energias discretas a
las que trabajar para explotar la dependencia de las oscilaciones de neutrinos con la
energia.

En el apartado donde se discute el EC-beam se consideran dos escenarios. El
primero es de més baja energia, con 5 anos corriendo a v =90 y otros 5 a v =195
(el maximo alcanzable en el SPS), con una distancia al detector L = 130 km
(CERN-Fréjus). El segundo corresponde a 5 afios con v = 195 y otros 5 a v = 440
(el méximo alcanzable en un SPS mejorado), con L = 650 km (CERN-Canfranc).
En ambos casos se utiliza un detector Cerenkov de agua, ya que al tener una sola
especie de neutrino no es necesario reconstruir la carga del muén producido. En el
régimen de energfas utilizado la mayoria de las interacciones son cuasi-elasticas, con
lo que se puede reconstruir la energia. Puesto que sélo hay una energia presente en
el haz, la reconstrucciéon no se usa para sacar informaciéon espectral, sino para des-
cartar la inmensa mayoria de sucesos de background, ya que estos tienen una
energia reconstruida mucho mas baja que la de la senal.

Ambos escenarios presentan, a falta de un estudio detallado de sistemaéticos,
correlaciones y degeneraciones, unos resultados espectaculares, siendo el segundo el
mas prometedor en cuanto a sensibilidad, con una capacidad para la medida de 613
y § que se insintia comparable con la Neutrino Factory.

Conclusiones

El descubrimiento de las oscilaciones de neutrinos ha mostrado que estas particulas
poseen masa, muy dificil de ver de otra forma debido a lo pequena que es. Mas
aun, ha mostrado que existe una mezcla entre los autoestados de sabor y masa en
el sector leptonico, similar al que ocurre con los quarks y descrito por la matriz
CKM. Todo ello ha expandido el Modelo Estandar minimo para acomodar 7
nuevos parametros fundamentales: las masas de los tres sabores de neutrinos, tres
angulos de mezcla y una fase de violacion CP. Experimentos pasados han sido
capaces de medir con cierta precision las dos diferencias de masa al cuadrado
(Am3, y Am3s) v dos angulos de mezcla (612 y 623), y de encontrar un limite supe-
rior al angulo de mezcla restante (613). Sin embargo, todavia no existe una medida
directa de 013 > 0 y del valor de la fase §, y si se tuviera ¢ # 0°, 180° implicaria la
existencia de violaciéon CP en el sector leptonico. Finalmente, quedan por resolver
un par de incognitas entre los parametros de oscilacion: la jerarquia de masa (el
signo de Am3;) y el octante de fas.

La generacion presente y la proxima de experimentos de neutrinos de base larga
se encuentran bien posicionados para encontrar estos parametros fundamentales
todavia desconocidos, asi como medir con mejor precisién los que ya se conocen.
Existen propuestas excitantes con capacidad para explorar una regiéon amplia del
espacio de parametros, tales como la Neutrino Factory, Superbeams, (-beams y
EC-beams. Cada una presenta sus propios méritos y limitaciones.



Tanto los Superbeams como la Neutrino Factory estan afectados en su sensibi-
lidad ultima por la incertidumbre en la seccion eficaz de produccion hadronica. En
particular, la medida de la seccién eficaz del proceso p 4 blanco — 7, K proporcio-
nada por HARP serd un componente esencial para experimentos actuales como
K2K y MiniBooNe, asi como para futuros experimentos de base larga con neutrinos
provenientes de aceleradores y también los de neutrinos atmosféricos.

Una Neutrino Factory donde los neutrinos son producidos por la desintegracion
de muones guardados en un anillo de almacenamiento, con energias del muén de
unas pocas decenas de GeV, sigue proporcionando la mayor sensitividad a través de
la busqueda de muones “de signo equivocado”. Cuando empiece a funcionar un
experimento de este tipo, tanto el valor de § como el de #;3 pueden permanecer
todavia desconocidos, y entonces deberédn ser medidos simultaneamente.

En la determinacién de los pardmetros desconocidos hay dos efectos que estro-
pean la medida: las correlaciones y las degeneraciones. Para un par de valores de
(013, ) la reconstruccion de la verdadera soluciéon viene en general acompafiada por
otras falsas, que pueden interferir severamente con la medida de violacion CP. Una
de las soluciones falsas viene de la correlacion intrinseca entre § y 63, y las otras
vienen de las ambigiiedades discretas en sign(Am3s) y el octante de 6a3.

Hay un potencial enorme para resolver estas degeneraciones combinando datos
de un Superbeam y una Neutrino Factory. Debido a la importancia de los efectos
de materia, las distancias entre fuente y detector que son 6ptimas para medir viola-
cion CP en una Neutrino Factory se encuentran a un L/FE bastante menor que el
propuesto en los Superbeams. Una Neutrino factory con una base L = 2810 km
junto a un Superbeam seria capaz de resolver todas las degeneraciones y proveer
una medida limpia de 613 y de ¢ hasta valores de 613 = 1°. Incluso para valores de
013 > 0.5° solo la ambigiiedad asociada con el octante de 33 seria un problema, si
023 fuera lejano a su valor maximo permitido.

Los f(-beams y EC-beams pueden proporcionar una sensitividad de un orden
similar, pero para poder hacer una comparacién justa con los Superbeams y la
Neutrino Factory se requiere un estudio completo de cémo son afectados por las
incertidumbres sisteméaticas y las degeneraciones.

Los Superbeams y la Neutrino Factory son dos pasos sucesivos en el camino
hacia el descubrimiento de la violacion CP en el sector leptonico, con una perspec-
tiva solida ofrecida por la combinacién de sus resultados.






Chapter 1
Introduction

1.1 Overview

Neutrino physics has provided the first evidence of physics beyond the Standard
Model. During the last 35 years a series of neutrino experiments have been carried
out with results that didn’t fit the commonly accepted picture. Today most of
those puzzles are explained thanks to the existence of neutrino oscillations.

A neutrino of a given flavor (ve, v, or v;) can transform into a neutrino of a dif-
ferent flavor, and the pattern of this transformation repeats itself in time, that is,
the neutrino “oscillates”. For these oscillations to happen neutrinos must have mass.
Also, eigenstates of the weak interaction must be rotated with respect to the mass
eigenstates, which can be described with a mixing matrix similar to the CKM-
matrix in the quark sector. This mixing matrix introduces 4 new fundamental
parameters: 3 mixing angles and a complex phase. The exciting possibility of lep-
tonic CP violation is thus accessible.

We have now fully entered an era of precision measurements of the parameters
that govern these oscillations.

1.2 Historical Context

1.2.1 Discovery of the Neutrino

The neutrino appears for the first time in 1930, as an hypothesis formulated by
Wolfgang Pauli [Pau77] to explain why electrons coming from (-decay don’t have a
fixed energy. In radioactive 3 decays, a nucleus mutates because a neutron is trans-
formed into a proton, which is slightly lighter, and also emits an electron and a
neutrino, n —pe~ V.

Without the neutrino, energy conservation requires that the electron and proton
share the energy of the neutron in a fixed amount, giving a monochromatic electron
peak. This is not what was observed. Experiments indicated conclusively that the
electrons were not mono-energetic, but could take a range of energies (see figure
1.1). This energy range corresponded exactly to the different ways the three parti-
cles in the final state of a three-body decay can share energy satisfying conservation
of energy and momentum, if the third particle was very light. Pauli required his
hypothetical particle to be neutral and have spin 1/2, to ensure conservation of
electric charge and angular momentum respectively.



2 INTRODUCTION

Energy spectrum of beta
decay electrons from 210g;

Intensity
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Figure 1.1. The wide energy spectrum of the outgoing electron in the beta decay n —
pe” Ve is in contradiction with the mono-energetic electron expected from a two body
decay, and thus points to the existence of a third particle, which we know today to be the
electron antineutrino, v .

Learning of Pauli’s idea, Fermi proposed in 1934 his theory of (§ decay, based
on which Bethe & Peierls predicted in the same year the cross section for the inter-
action of the neutrino with matter to be extremely small.

In 1956, Cowan and Reines discovered the electron antineutrino through the
reaction 7, p— et n using an experimental setup that they had proposed themselves
three years earlier [RC53|. For this discovery they got the Nobel Prize 39 years
later.

That same year Pontecorvo, influenced by the recent study of Gell-Mann and
Pais about the existence of neutral kaons, considered the possibility of a quantum
mixture in the neutrino. In his work [Pon57] he proposed that an antineutrino pro-
duced in a nuclear reactor could oscillate into a neutrino and that this one could be
detected. That is how the theory of neutrino oscillation was born.

In 1962 Danby et al. observed the existence of different types of neutrinos, and
the same year Maki, Nakagawa and Sakata introduced a key concept in the theory
of oscillations: two different types of neutrinos can only oscillate from one to
another if they have different masses [MNS62].

1.2.2 The Solar Neutrino Problem

Solar neutrinos are electron neutrinos produced in the thermonuclear reactions that
take place in the Sun. These reactions occur via two main chains, the proton-
proton chain (“PP chain”) and the CNO cycle, shown in fig. 1.2. The proton-proton
chain is more important in stars the size of the Sun or less. There are five reactions
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which produce v, in the proton-proton chain, and three in the CNO cycle. Both
chains result in the overall fusion of protons into “He:

4p—*He +2et 4 2u. + 7y (1.1)

where the energy released in the reaction, Q = 4m, — may, — 2m, ~ 26 MeV, is
mostly radiated through the photons, and only a small fraction is carried by the
neutrinos, (Fs, ) =0.59 MeV.
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Figure 1.2. Left: The proton-proton chain, Sun’s main source of energy, produces elec-
tron neutrinos. Right: CNO cycle in the Sun, which also produces electron neutrinos.

-

Solar Models [BKS98] describe the properties of the Sun and its evolution after
entering the main sequence. The models are based on a set of observational param-
eters: surface luminosity, age, radius and mass, and on several basic assumptions:
spherical symmetry, hydrostatic and thermal equilibrium, equation of state of an
ideal gas and present surface abundances of elements similar to the primordial com-
position. With such models it is possible to predict the neutrino fluxes from the
Sun, as well as their energy spectrum.

Raymond Davis Jr., John Bahcall and Don Harmer proposed in 1964 an experi-
ment to search for solar neutrinos from ®B using a tank full of chlorine. Soon after,
Davis started his historical experiment at the Homestake mine (South Dakota,
USA) [DHH6S].

Four years later, Davis and his collaborators informed of a deficit in the flux of
solar neutrinos when the obtained data were compared with the predictions of the
Standard Solar Model (SSM) defined by Bahcall et al. [BKS98].
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The disagreement was called the “solar neutrino anomaly”, the “solar neutrino
problem” and even the “mystery of the missing neutrinos”; it was thought that
something was wrong either with the experiment or the SSM. However, Gribov and
Pontecorvo interpreted this deficit as a clear evidence of neutrino oscillation.

Over the next twenty years many different possibilities were examined, but both
the SSM and the experiment appeared to be correct. The solar models have been
steadily refined as the result of increased observational and experimental informa-
tion about the input parameters (such as nuclear reaction rates and the surface
abundances of different elements), more accurate calculations of constituent quanti-
ties (such as radiative opacity and equation of state), the inclusion of new physical
effects (such as element diffusion) and the development of faster computers and
more precise stellar evolution codes.

Davis’ experiment has been operating since, and five other experiments have
joined in, GALLEX (in Gran Sasso, Italy) [GALLEX99]|, SAGE (Baksan, Rusia)
[SAGE99], Kamiokande  and Super-Kamiokande (Kamioka, Japan)
[Super-Kamiokande99] and more recently Sudbury Neutrino Observatory (SNO)
(Sudbury, Canada) [SNOO1]|. Each experiment is different from each other in that
it observes a specific part of the solar neutrino spectrum (fig. 1.3). All of them have
found fewer v, than predicted by the Standard Solar Model (fig. 1.4).

. SuperK, SNO
_
i Callium IChlorlne
1o T - T T
1 ﬂ 1% Baheall-Pinsonneaull 2004 E
10 P 1
s
+12%
E e § 1
= e +12% 12% ]
= "He "Be pep
E oTE E
%
= 1o 1
Q
= e 1
104 7
i / 1
'Eﬂ"l- 1
1043 5.3

Neutrino Energy (MeV)

Figure 1.3. Sensitivities of the different kind of solar neutrino experiments to the energy
of the electron neutrinos produced in different reactions in the Sun.
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Total Rates: Standard Model vs. Experiment
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Figure 1.4. Predictions of the Standard Solar Model with the total observed rates in the
six solar neutrino experiments: Davis’ chlorine, Super-Kamiokande, Kamiokande,
GALLEX, SAGE, and SNO. The model predictions are color coded with different colors
for the different predicted neutrino components. For both the experimental values and the
predictions, the 1o uncertainties are indicated by cross hatching.

Before the neutral current measurements at SNO all experiments observed a
flux that was smaller than the SSM predictions, ®°°*/®55M ~ 0.3 — 0.6. Also, the
deficit is not the same for the various experiments, which may indicate that the
effect is energy dependent. Those are the results that constitute what is called
the “Solar Neutrino Problem”.

1.2.3 The Atmospheric Neutrino Problem

Atmospheric neutrinos are the neutrinos produced in cascades initiated by collisions
of cosmic rays with the Earth’s atmosphere (see fig. 1.5). Some of the mesons pro-
duced in these cascades, mostly pions and some kaons, decay into electron and
muon neutrinos and antineutrinos:

+

T = v ()

pt = eFvem, (vev,)
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Figure 1.5. A high-energy particle coming from space, a cosmic ray, interacts with an
atom in the Earth’s atmosphere and develops a cascade of particles. Some of the final par-
ticles are neutrinos.

The expected flux of atmospheric neutrinos depends on three main factors: the
spectrum and composition of the cosmic rays, Earth’s geomagnetic field and the
neutrino production cross-sections in the hadronic interactions that take place in
the atmosphere. The fluxes are uncertain at the 20% level, but the ratios of neu-
trinos of different flavor are expected to be accurate to better than 5%. That’s why
the experiments with atmospheric neutrinos typically present their results as a
double quotient of the experimental values and the Monte Carlo predictions:

- (3).8),

Atmospheric neutrinos were first detected in the 1960’s by the underground
experiments in South Africa and the Kolar Gold Field experiment in India. These
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experiments measured the flux of horizontal muons (they could not discriminate
between downgoing and upgoing directions) and although the observed total rate
was not in full agreement with theoretical predictions, the effect was not statisti-
cally significant.

In the 1970s, with the appearance of the Grand Unification Theories (GUTs)
and of the symmetries between leptons and quarks, it was suggested that the
proton might be unstable. This originated the development of several underground
detectors (to minimize the contamination originated by the products of the cosmic
rays) big enough to contain enough protons and to detect the Cerenkov radiation
emitted by the products of the proton decay. Two different detection techniques
were employed. In water Cerenkov detectors the target is a large volume of water
surrounded by photomultipliers which detect the Cerenkov ring produced by the
charged leptons (see fig. 1.6). The event is classified as an electron-like or muon-like
if the ring is respectively diffuse or sharp. In iron calorimeters, the detector is com-
posed of a set of alternating layers of iron which act as target and some tracking
elements, such as plastic drift tubes, which allow the reconstruction of the shower
produced by the electrons or the tracks produced by muons. Both types of detec-
tors allow for flavor classification of the events.

Figure 1.6. Cerenkov rings produced by neutrino interactions in water.

The two oldest iron calorimeter experiments, Fréjus and NUSEX, found atmo-
spheric neutrino fluxes in agreement with the theoretical predictions. On the other
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hand, two water Cerenkov detectors, IMB and Kamiokande, detected a ratio of v,-
induced events to ve-induced events smaller than the expected one by a factor of
about 0.6. This was the original formulation of the atmospheric neutrino anomaly,
or the “atmospheric neutrino problem”.

Whether the ratio R, /G/Ri\t/[/ce is small because there is v, disappearance or v,
appearance or a combination of both could not be determined. Furthermore, the
fact that the anomaly appeared only in water Cerenkov and not in iron calorime-
ters could point to a systematic problem as the origin of the effect.

Kamiokande also presented the zenith angular dependence of the deficit for the
multi-GeV neutrinos. The results seemed to indicate that the deficit was mainly
due to the neutrinos coming from below the horizon. Atmospheric neutrinos are
produced isotropically at a distance of about 15 km above the surface of the Earth.
Therefore neutrinos coming from the top of the detector have traveled approxi-
mately those 15 km before interacting while those coming from the bottom of the
detector have traversed the full diameter of the Earth, ~ 10* km, before reaching
the detector. The Kamiokande distribution suggested that the deficit increases with
the distance between the neutrino production and interaction points.

The results of Kamiokande were later strongly confirmed by its successor,
Super-Kamiokande. The data from Super-Kamiokande show that the angular and
energy dependence of the v, spectrum corresponds to the expected one (with no
oscillations). On the other hand, the v, spectrum showed a strong dependency in
the azimuthal angle. This is a clear evidence of v, disappearance due to their oscil-
lation to other neutrino flavor not detected.

1.3 Theoretical Framework

1.3.1 Neutrino Flavors

In the Standard Model, the strong, weak and electromagnetic interactions are
related to, respectively, the SU(3), SU(2) and U(1) gauge groups. Many features
of the various interactions are then explained by the symmetry to which they are
related. In particular, the way that the various fermions are affected by the dif-
ferent types of interactions is determined by their representations under the corre-
sponding symmetry groups.

Neutrinos are fermions that have neither strong nor electromagnetic interac-
tions. In group theory language, they are singlets of SU(3)c x U(1)gu.
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The Standard Model has three neutrinos. They reside in lepton doublets:

Lé( Vlié ); 6:65/1‘77_' (13)
r

where e, ;1 and 7 are the charged lepton mass eigenstates. The three neutrino inter-
action eigenstates, the electron (v.), muon (v,) and tau (v,) neutrino, are defined
as the states that form the charged currents with their lepton partners, that is,
they are the SU(2)r, partners of the charged lepton mass eigenstates (see eq. (1.4)).

The states ve, v, and v, are called flavor states, in contrast with the quarks,
where flavors are identified with states with a definite mass.

The Lagrangian of the interaction of neutrinos with other particles is given by
the Charged Current (CC) and the Neutral Current (NC) Lagrangians:

£7¢ = —2_jCwe 1 h.e.
T 2\/5]
NC g -NC
= — A 1.4
‘CI COS@W‘]O‘ ( )

where g is the electroweak interaction constant, Ay is the weak angle, W< and Z¢

are the vectorial bosonic fields W+ and Z°, and j$¢, j&C are the charged and neu-

tral currents of the leptons respectively:

iS¢ = > el =)
l=e,p,T

jéVC = Z 77@7&(1775)1/4 (15)
l=e,p,T

1.3.1.1 Why Three?

The three flavors of neutrinos seem to be intimately related to the three flavors of
leptons and quarks. Nature seems to repeat itself three times with different masses.
The reason is not known, but might be a consequence of a symmetry of a higher
theory.

There might be other types of neutrinos, but either they don’t have any interac-
tion at all (sterile neutrinos) or they are very massive. We know that because the
number of light (that is, m, < myz/2) neutrino flavors have been measured by LEP
based on a fit to the Z invisible width. The Z — v U channel contributes to the
invisible width of the Z decay: I'jny =T'tot — I} — I'n, where T'tot, I'y, 'y, are the total,
leptonic (charged) and hadronic widths respectively. The effective number of neu-
trino species is defined as N, = 'y, /T, where T, is the width due to the decay to
a neutrino in the Standard Model. The fit (fig. 1.7) gives N, = 2.987 £ 0.012, con-
sistent with the expected 3.
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Figure 1.7. ALEPH 1993: Hadronic cross section as function of c.m. energy. Expecta-
tions for 2, 3 and 4 neutrinos are superimposed.

1.3.2 Dirac and Majorana

It was Dirac’s equation that first led to the concept of particles and antiparticles,
the positive electron being the earliest candidate for an antiparticle. While positive
electrons are clearly distinct from negative electrons by their electromagnetic prop-
erties, it is not obvious in what way neutral particles should differ from their
antiparticles. The neutral pion, for example, was found to be identical to its
antiparticle. The neutral kaon, on the other hand, is clearly different from its
antiparticle. However, the pion and kaon, both bosons, are not elementary parti-
cles, as they are composed of two charged fermions, the quarks and the antiquarks.

The concept of a particle that is identical to its antiparticle was formally intro-
duced by Majorana in 1937. Thus, such particles are normally referred as Majorana
particles. In contrast, those which are not, are called Dirac particles.

1.3.3 Neutrino Mass

There was never any good reason for neutrinos not to have mass, because there is
not an exact gauge symmetry that forbids them to have it. For photons and gluons,
it is the exact symmetries U(1) and SU(3) of the Standard Model that make them
have null mass. There is not a gauge boson of null mass corresponding to the lep-
tonic number, and so it was expected to find a non-zero mass for neutrinos.
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There are many models of neutrino mass based on GUTs, flavor theories with
an additional symmetry U(1) of generation, and recently extra-dimension models.
In that sense, neutrino masses allow to foresee physics at a higher scale, possibly
further away from the capacity of the experiments with colliders, providing us with
an insight at GUTs, flavor physics, and maybe even quantum gravity.

The electroweak Standard Model has only a left neutrino for each generation.
That is why the neutrino in this model cannot have a Dirac mass term, as this
requires the two helicity states for each particle. However, there is an alternative
mass term, called the Majorana mass term, that does not have this problem. This
term requires a single state of helicity for the particle and the opposite helicity
state for the antiparticle. But it violates the total lepton number in two units and
the Standard Model preserves the leptonic number for each generation. Because of
that, none of the possible mass terms can appear to any order in a perturbative
theory or in presence of non-perturbative effects. As a consequence, in this context
there is no neutrino mass, nor neutrino magnetic moment. Detection of neutrino
masses is a sign of physics beyond the Standard Model.

1.3.4 Mixing

The main idea in the theory of neutrino oscillations is the fact that neutrinos pro-
duced in weak interactions, which are weak interaction eigenstates, are not eigen-
states of the mass matrix, which determines how the quantum state of a neutrino
evolves in time. Similarly, in the detection process, the neutrino is a weak eigen-
state. So, when a neutrino of a given flavor is produced with a definite momentum
the different mass states will propagate through space at different velocities. After
a while the mass eigenstates will become out of phase with each other, so that the
mixture they form will change with time. Hence, what started as a pure neutrino
becomes a time-varying superposition of all three neutrinos.

1.3.4.1 2-Family Mixing

To illustrate the dynamics of neutrino oscillation, let’s consider a 2-flavor neutrino
mixing. The flavor eigenstates, v, and v, which are orthogonal, can be written as a
linear combination of the mass eigenstates (also orthogonal), v; and vy:

Ve cosf) sinf 121
= ; 1.
(1/“> (sm@ cos @ >< 1/2) (1.6)
that is, using the notation |v) to represent the state vector of the neutrino,

|ve) = cosf |v1) +sind |ve)
V) —sinf |v1) + cos O |va) (1.7)
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The mass eigenstates evolve in a very simple way in time, because they are eigen-
states of the Hamiltonian:

i) = e ) =)

6_1(P+$)t|yl>
m3
e_l(p+$)t|ug> (1.8)

[va(t))

the approximation being valid for p>>m.
If at t=0 a v, is created, its state vector will be |¥(0)) =|v.), and

(WD) = cln(®) +sv(t)

, —imdy —im3y
~ e P|lce 2 |y)+se 2P |o) (1.9)

R

where ¢=cosf and s=sinf to simplify the notation.
The probability that the original |v.), now |¥(t)), has oscillated to a |v,) after
a time ¢ is

Py, (t) = (v W()[* ,

_imd _im3
~ ‘(s<u1|+c<u2|><ce ) 4 se Z2pt|u2>>

- m3.|2

th i
—sce P 4cse P

2 .2
= 25202<1—Cos<wt))
2p

2
— sin?(20) sm2(i”; )
Am?

— w2 9
~ sin*(20) sin*( 15

L) (1.10)

where Am?=m3 — m? and we have used cos?(z) sin?(z) = % sin?(2z), 1 —cos(2x) =

2sinz and, in natural units, p~ F, t ~ L, where L is the distance that the neutrino
has traveled before its detection.

The oscillation probability is a periodic function of the distance. As can be seen
in eq. (1.10), the maximum oscillation happens for § = 7/4, that is, maximum
mixing between flavor and mass eigenstates, and the period of the oscillation is

1.3.4.2 3-Family Mixing

The current atmospheric and solar neutrino data can be easily accommodated in a
three-family mixing scenario. If we write the weak eigenstates as a function of the
mass eigenstates (see fig. 1.8) we get the leptonic equivalent of the Cabibbo-
Kobayashi-Maskawa matrix, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix:
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Ve 1551
vy = Ul 1n
Vr Vs
U = U Ui3Us2
1 0 0 C13 0 8136“S C12 S12 0
= 0 C23 S23 0 1 0 — 812 C12 0 (1.11)
0 —s23 c23 — 51379 0 ¢ 0 0 1

with ¢;; = cos 8;; and s;; =sin 6;;. There are three mixing angles 6;; and one phase
0, that, if different from zero, would be responsible for CP violation.

This decomposition parametrizes the 3D rotation matrix as the product of three
independent rotations, one in the plane 23 (which will be responsible for the atmo-
spheric transitions), another in the plane 12 (solar transitions) and a third one that
connects both.

Without loss of generality we can choose the convention in which all Euler
angles lie in the first quadrant, 0 < 6;; < w/2, while the phase is unrestricted, 0 <
0 < 2m.

With the currently known Am?2, < Am3; and sin?260;3 < 1, it is possible to
derive approximate expressions that can help to understand the behavior of the
probability. They will be presented in the next chapters. The main remark here is
that the oscillation probabilities in three neutrino families are described by two
mass differences (Am3; and Am3s) and 4 parameters from the PMNS matrix: three
mixing angles (012, 623, 013) and a phase (§). The presence of this phase in the
mixing matrix makes it possible to study CP violation, and is commonly called the
CP-violating phase.
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1.3.5 Matter Effects

Interactions modify the effective mass that a particle exhibits while traveling
through a medium. A well-known example is that of the photon, which is massless
in the vacuum but develops an effective mass in a medium. As a result, electromag-
netic waves do not travel with speed ¢ through a medium. The effective masses of
neutrinos are similarly modified in a medium by their interactions.

Wolfenstein pointed out that the patterns of neutrino oscillation might be sig-
nificantly affected if the neutrinos travel through a material medium rather than
through the vacuum. Normal matter contains electrons but no muons or taus at
all. Thus, if a v, beam goes through matter, it suffers both charged and neutral
current interactions with the electrons. However, v, or v, interact with an electron
only via the neutral current, so their interactions are different in magnitude to that
of the v.. This way, the modulation of the v, component is different from the same
modulation inside the vacuum. This leads to changes in the oscillation probabili-
ties.

We show an example in a simplified case with only v, and v,, and assume that
the density of the background matter is uniform, with n., n, and n,, denoting the
number of electrons, protons and neutrons per unit volume. Elastic scattering of
these particles change the effective masses of the neutrinos.

Elastic scattering through charged current interactions can only happen
between v, and e. The effective lagrangian for such an interaction is:

4TG;F (€ (p1) ¥ Prve(p2)) (ve(ps) v* Pre(ps))

4GE
V2

where the second form is obtained via a Fierz transformation. For forward scat-
tering where ps = p3 = p, this gives the following contribution that affects the prop-
agation of the v,:

(Ze(p3) Y2 Prve(p2)) (€ (p1) v Pre(ps))

V2 Grier(p) vaver(p) (€9 (1= 75) €) (1.12)

averaging the electron field bilinear over the background. It is possible to calculate
that average, using that the axial current reduces to spin in the non-relativistic
approximation, which is negligible for a non-relativistic collection of electrons. The
spatial components of the vector current give the average velocity, which is negli-
gible as well. So the only non-trivial average is

(%) = (efe) =n, (1.13)
which gives a contribution to the effective lagrangian
V2 GpneZer, Yover (1.14)

This effectively adds an amount v/2 G pne to the energy of the particle.
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For neutral currents, we can find in the same way the following contributions to
effective energies of both v, and v,

V2Gr Y ng (15 - 2520w Q1)) (1.15)
7

where f stands for the electron, the proton or the neutron, Q\/) is the charge of f

and 13(,{) is the third component of weak isospin of the left-chiral projection of f.
Thus, for the proton, @ =1 and I3;, = 1/2, whereas for the electron, @ = — 1 and
Is;, = — 1/2. Also, for normal neutral matter, n. = n,, to guarantee charge neu-
trality. Therefore the contributions of the electron and the proton cancel each other
and we are left with the neutron contribution, which is

—V2Gpn, /2 (1.16)

This neutral current is the same for all flavors of neutrinos, while the charged cur-
rent contribution affects v, only. Thus, in the evolution equation of neutrino

beams:
d{({ v v
— ¢ \=H' ¢ 1.1
dt( o ) ( Y ) (17

where H'=UHUT, H' is replaced by

1 V2Gpn. 0
H'=H' ——Gprn, Flte 1.18
Vo +< 0 0) (1.18)

The effective mixing angle in matter, 6, would accordingly be given by

2H{; _ (m3—m3)sin20

tan26 = =
o Hjy—H{; (m3—m3)cos26— A

(1.19)

where A=2v2Gpn.E.
The effective mixing angle thus changes inside matter. The change is most dra-

matic if A= (m3—m?)cos26, that is, if the electron number density is given by:

_ (m3—m?)cos26

Ne =
2V2GrE

Then, even if the vacuum mixing angle 0 is small, we have § =7 /4, which is to say
that v, and v, mix maximally. This phenomenon is known as resonance.

(1.20)






Chapter 2
The Neutrino Factory

2.1 Origin of the Idea

In a Neutrino Factory, neutrinos are produced by the decays of muons circulating
in a storage ring. Most of what is known of muon storage rings is due to the pio-
neering work of the Muon Collider Collaboration [Kos|. They were able to formu-
late and, to a large extent, simulate the basic concepts of a Muon Collider. The
concept of a Neutrino Factory was born from the realization that the beams of neu-
trinos emitted by the decaying muons along the accelerator chain or in the storage
rings could be valuable physics tools [Gee98|, the potential of which was empha-
sized in the ECFA prospective study. The Neutrino Factory design is presently
being pursued in the United States, in Europe and in Japan.

2.2 Characteristics

The main advantage of neutrino factories over conventional beams is the purity of
the beam. In a conventional beam an intense proton beam hits a target, and the
produced hadrons are focused and finally let decay in a long tunnel, thus producing
an almost pure v, or v, beam. However, the small background is what makes oscil-
lation experiments difficult. There is about 1% of v, and antineutrinos of both fla-
vors, produced by the three-body decays K+ — et 7%, and K1 — e* 7 ¥ v.(7,), and
tertiary muons that decay before they can be absorbed, u* — e* ve(77,.) 7,(v,,).

If one is trying to measure large effects this contamination would not be a big
problem, but the next step in neutrino oscillation physics will be to look for an
effect which has already been determined by experiment to be less than about 5%.
Precisely knowing this intrinsic background and subtracting it from a potential
signal will be the only way to make the measurement. Also, to most massive detec-
tors, neutral current events, in which there is no final state muon, can fake the v,
charged current events.

17
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On the other hand, the beam produced by a neutrino factory with, for instance,
p* in the storage ring, ut — et v, 7, gives a mixture of v.’s and 7,’s, but abso-
lutely no other flavors. The 77,’s that do not oscillate will give ;*’s at the detector
(allowing to count for the disappearance of 7,’s), but the v.’s can oscillate to a v,
and then give a p~ at the detector, that is, a “wrong sign muon”. As there are no
v,'s in the beam, then, in the absence of detector backgrounds (which are much
smaller than in the conventional case) any observation of p~’s signals the existence
of a v, ~ v, transition.

An additional advantage of muon-induced neutrino beams is that they are very
well understood from the theoretical point of view.

The next generation of Superbeams will improve the precision of Am3; and 63.
Nevertheless, with all the conventional neutrino beams there will not be any signifi-
cant improvement in the knowledge of:

e The angle 0,3, which is the key between the atmospheric and solar neutrino
realms, for which the present CHOOZ bound is 6;3 < 13°.

e The sign of Am3;, which determines whether the three-family neutrino spec-
trum is of the “direct” or “inverted” type (i.e. only one heavy state and two
almost degenerate light ones, or the reverse).

e Leptonic CP-violation.

e The precise study of matter effects in the v propagation through the Earth:
a model-independent experimental confirmation of the MSW effect will not
be available.

The main fact to note about the Neutrino Factory is that simply by measuring
both v, ~ v, and 7, ~ 7, one can access all of the interesting parameters which
describe the neutrino mixing [DGH99]. So, although neutrino factories in principle
allow the measurement of all possible transitions between one flavor neutrino to
another, one can extract all the interesting physics precisely, by simply building a
massive detector that can measure the charge and energy of muons, a well under-
stood detector technology.

2.3 General Design

The design includes a very high-power proton driver, delivering on target typically
4 MW of beam power of protons with energy in excess of a few GeV. A super-con-
ducting linac at 2.2 GeV has been studied at CERN, while the US design calls for a
rapid cycling proton synchrotron at 16-24 GeV, and an upgrade of JHF is consid-
ered in Japan. Designing a target that can withstand the thermal shock and heat
load naturally leads to a liquid jet target design, although rotating high tempera-
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ture solids are also being considered. Pions produced are collected as efficiently as
possible by a magnetic channel, which involves a 20 T solenoid or powerful mag-
netic horns. Pions quickly decay into muons with a similar energy spectrum. At
this point the beam is 0.6m in diameter and has an energy spread of more than
100%.

A momentum interval near the largest particle density, typically 250 + 100 MeV,
is monochromatized to within a few MeV by means of phase rotation, using a
strong variable electric field to slow down the fastest particles and accelerate the
slower ones. This requires low-frequency ( ~ 50 — 100 MHz) RF cavities or an
induction linac. To reduce the transverse emittance, cooling is necessary, and is
provided by ionization cooling. This involves energy loss of muons through a low-Z
material, like liquid hydrogen, in a strongly focusing magnetic field (solenoids of 5-
10 T'), which reduces momentum in all three dimensions, followed by accelerating
RF cavities, which restore the longitudinal momentum. The net effect is a reduc-
tion of emittance, leading to a transverse beam size of a few centimeters.

This leads to a linear configuration, as shown in fig. 2.1, for the initial muon
beam preparation section, or muon front-end. In this concept, each beam element
is used only once. It could be interesting, to save hardware, to be able to perform
phase rotation and/or transverse cooling in a recirculating configuration. Indeed, a
system of large aperture FFAG accelerators with low frequency RF (around 1.5
MHz) is the key to the Japanese Neutrino Factory design. Also, much progress has
recently been made on ‘ring coolers’, which allow both transverse and longitudinal
cooling in a circular configuration.

A possible

H linac 2.2 oV, 4 MW ﬁmulltm'
layout of a

+ ban

Rocireulating
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T __ vbaum to near detector

i T -
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Figure 2.1. Schematic layout of the CERN scenario for a Neutrino Factory.
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Assuming that the delicate questions of optics can be solved, these ‘ring’
options share the difficulty of injecting or extracting from a ring the very large
emittance beam of muons available at the end of the decay channel. The possibility
of very large aperture and very fast kickers is the major unknown and will be a key
issue for these potentially cost-saving developments.

Finally, a linac followed by recirculating linacs —or FFAG accelerators— pro-
vides the fast acceleration of muons to an energy of 20 to 50 GeV. Around 102!
muons per year (of 107 seconds uptime) could then be stored in a ring, where they
would circulate for a few hundred times during their lifetime. The storage ring can
take the shape of a racetrack, triangle or bow-tie. These latter two configurations
allow several beams of decay neutrinos to be produced in the direction of short and
long-baseline experiments. Optics have been designed for muon storage rings of
either triangular or bow-tie geometry, pointing for instance at distances of 730 km
(which would correspond to the CERN-Gran Sasso beam line), and 2800 km (which
would correspond to a more distant site in the Canary Islands or the Nordic coun-
tries).

Neutrino Factory design involves many new components and extrapolations
beyond state-of-the-art technology. The first design studies have come to the con-
clusion that, with the present designs and technology, such a machine could indeed
be built and reach the desired performance, but that various work is needed to
bring the cost down. Assuming adequate funding, it is considered that about five
years of research and development will be necessary to reach a point where a
specific, cost-evaluated machine can be proposed.

2.4 Muon Beams, Fluxes and Rates

In the muon rest-frame, the distribution of 7,(v,) and v.(7) in the decay u* —
eFve(Ve) V(1)) is
PN 1

s = 1= (fol@) F P filx)cos 0) (2.1)

where = 2E,/m,,, P, is the average muon polarization along the beam direction
and 6 is the angle between the neutrino momentum vector and the muon spin
direction. The functions fp and f; are given in Table 2.1.

folx) fi(z)
vy, €| 22%(3—2z) | 22%(1—2x)
Ve | 1222(1—2) | 1222(1—2)

Table 2.1. Flux functions in the muon rest-frame as in [Gai00].
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In the laboratory frame, the neutrino fluxes, boosted along the muon
momentum vector, are given by

dQNV H 4”#
Tutu Ly ( 42y (1
2yds TL2mE Ly (1— [Bcos @) {(3m 2y(1—pPcos¢))
F 77#( i 4E2y(175c05¢))}
d*N,, 24n, 4
VePe Ey?( —2E,y(1—
dyds ~I7mt Ly? (1— Bcos d) {(m y(1—fBcosg))
F Pu(mi—2E,y(1—Bcos¢))} (2.2)
where 3 = lfmi/Ef“ E, is the parent muon energy, y = E,/E,, n, is the

number of useful muons per year obtained from the storage ring and L is the dis-
tance to the detector. ¢ 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. As an example, in fig. 2.2 the neutrino spectra are shown for a
parent 1 of 50 GeV.
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Figure 2.2. Energy distribution of a neutrino beam from the decay p* — et i,.

Unlike traditional neutrino beams obtained from 7 and K decays, the fluxes in
eq. (2.1), in the forward direction, present a leading quadratic dependence on E,.
This comes from the shrinking of the angular opening of the neutrino beam due to
the Lorentz boost. Moreover, since the deep-inelastic scattering cross section rises
approximately linearly with neutrino energy, and the spectral shape only depends
on z, the total number of events observed in a far detector will grow as EZ Geo-
metrical solid-angle considerations suggest that, always assuming negligible detector
size with respect to the baseline, the flux goes like 1/L% Neglecting matter effects,
the oscillation probabilities will depend on L/FE,, so keeping the same oscillation
probability and maximizing the number of events would ideally require very long
baselines and large muon energies. The limitation to this, apart from the physical
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size of the Earth’s diameter, comes from the matter effect, that depresses oscilla-
tion probabilities for baselines above 4,000 km (see fig. 2.3).
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Figure 2.3. Oscillation probability v, ~» v, versus distance, for a neutrino of 30 GeV,
without matter effects (red, higher curve) and with matter effects (green for neutrinos and
blue for antineutrinos).

2.5 Wrong Sign Muons

One of the main characteristics of the Neutrino Factory is that it delivers a well-
defined beam free of intrinsic background. For instance, negative muons circulating
in the ring will produce v,, that in turn will again produce negative muons in the
interaction with the detector. Positive muons are in principle only produced from
the oscillation of the 7, component of the beam. The reverse argument applies for
positive muons in the ring. In general, the so-called right-sign muons are p* —
vp(vy) ~ vu(v,) — p, the original type of muons coming from the beam, and
wrong-sign muons pu* — ve(7.) ~ v,(7,) — p¥F, the muons with a sign originally not
present in the beam.

The first exploratory studies of the use of a Neutrino Factory were done in the
context of two-family mixing. In this approximation, the wrong-sign muon signal in
the atmospheric range is absent, since the atmospheric oscillation is v, «~v;. The
enormous physics reach of such signals in the context of three-family neutrino
mixing was only recently realized. The CP-violating phase § could be at reach.
Using muon disappearance measurements, the precision in the knowledge of the
atmospheric parameters fa3 and |Am3s| can reach the percent level at a Neutrino
Factory. Furthermore, the sign of Am3; can also be determined at long baselines,
through sizable matter effects.
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In practice, other processes can make contributions to the wrong sign muon
sample. They are quite rare, but they can become important for low values of 6;s.
The main backgrounds for a beam produced by p~ decays are:

e 7, CC events where the right sign muon is lost, and a wrong sign muon is
produced by the decay of a m, K or D. The most energetic muons are pro-
duced by D decays.

e v, CC events where the primary electron is not identified. In this case, D
decays are not a major problem since, due to the neutrino helicity, they
would produce right sign muons. However, wrong sign muons can come from
7 and K decays.

e 7, and v, NC events where charm production is suppressed with respect to
charged currents, and therefore also the main contributions are given by =«
and K decays.

These backgrounds can be rejected using the facts that muons coming directly from
neutrino interactions are higher in energy and more separated from the hadronic
jets than those produced in secondary decays. A cut on momentum and on the
transverse momentum, @, of the muon with respect to the jet can reduce the back-
ground to wrong sign muons by several orders of magnitude.

2.6 Detection

The measurement of wrong sign muons calls for a massive detector weighing ~ 50
kton, with the capability of muon identification and the measurement of their
charge. There are several technologies that could fulfill that. One of the most
promising of such detectors is the Large Magnetized Calorimeter.

2.6.1 A Large Magnetized Calorimeter

The proposed apparatus, shown in fig. 2.4, is a large cylinder of 10 m radius and 20
m length, made of 6 cm thick iron rods interspersed with 2 cm thick scintillator
rods built of 2 m long segments. The light read-out on both ends allows the deter-
mination of the spatial coordinate along the scintillator rod. The detector mass is
40 kton, and a superconducting coil generates a solenoidal magnetic field of 1 T
inside the iron. A neutrino traveling through the detector sees a sandwich of iron
and scintillator, with the  — y coordinates being measured from the location of the
scintillator rods, and the z coordinate from their longitudinal segmentation.
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scientillator
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Figure 2.4. Sketch for the Large Calorimeter for the Neutrino Factory.

The performance of this detector would be similar to that of MINOS. The main
difference lies in the mass, which is an order of magnitude larger, and in the smaller
surface-to-volume ratio which together seem to make it superior for the detection of
v, and 7, events.

The discrimination of physical backgrounds from the signal is based on the fact
that the u~ produced in a v, CC signal event is harder and more isolated from the
hadron shower axis than in background events (7, CC, v, CC, 7, NC and v, NC).

2.7 Oscillation Physics at the Neutrino Factory

As was commented before, in principle simply by measuring both ve ~ v, and 7e ~»
V., one can access all of the interesting parameters which describe the neutrino
mixing, and so extract all the interesting physics precisely, by simply building a
massive detector that can measure the charge and energy of muons.

2.7.1 Oscillation Probabilities in Matter

The exact oscillation probabilities in matter when no mass difference is neglected
have been derived analytically by Zaglauer and Schwarzer [ZS88]. However, the
physical implications of their formulas are not easily derived. A convenient and pre-
cise approximation is obtained by expanding to second order in the following small
parameters: 613, A13/Ag3, A1a/A and AqsL:
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2
Ami;

2E,

where A;; = , A=+/2Gn. is the matter parameter, Br=|AF A3 and
J = cos 913 sin2913 sin2923 sin2912 (24)

In the limit A — 0, this expression reduces to the simple formula in vacuum
. . A3 L
Py, (5.5,) = $335in*2013 Sln2<%)

+ 3550?2609 sin2< Al; L >

Az L A12Lsin Az L
2 2 2

+ Jcos<:|:5 (2.5)

Matter effects induce an asymmetry between neutrinos and antineutrinos oscillation
probabilities even for vanishing §. For this reason, a CP-odd asymmetry would not
be the most transparent observable.

In the standard decomposition of the PMNS matrix, it is the second rotation
matrix the one that contains the angle 63, which acts as a link between the atmo-
spheric and solar realms. It also contains the CP-violation phase 6. We know from
experimental data that 613 is small, and we know from solar and atmospheric
experiments that there exists a strong mass hierarchy in the neutrino sector
(Am33 > Ami,). The consequence is that solar and atmospheric oscillations
approximately decouple in two 2-by-2 mixing phenomena which results in the
second matrix in the parametrization of the PMNS matrix becoming the identity
matrix. Most experiments until now have been sensitive either to the atmospheric
or the solar parameters. What makes the neutrino factory unique is precisely its
ability to measure or set very stringent limits on these parameters, 613 and 6.

2.7.2 Precision Measurement of Known Oscillations

The parameters governing the leading atmospheric oscillation v, ~ v,, 03 and
Am3s, can be measured to an unprecedented precision with the Neutrino Factory.
These parameters are mainly determined from the disappearance of muon neutrinos
in the beam, observed using right sign muon events. The maximum of the oscilla-
tion probability will produce a dip in the visible spectrum. The energy position of
this dip will be correlated to the value of Am3;, and the depth to 6a3. It is there-
fore favorable to choose an energy and baseline such that the maximum of the
oscillation probability lies comfortably inside the detectable spectrum.

The precision on the measurement of the oscillation parameters has been
addressed by several groups, and is normally performed by a fit on the energy
spectra of the event classes. The expected precisions for the Neutrino Factory are
of 1% for Am3s and of 10% for sin?@s.
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2.7.3 Sensitivity to 6,3

So far, the most accurate information on 6;3 is the CHOOZ limit sin?26,3 < 0.11. In
a favorable case, a non-zero value of this parameter could be discovered before the
Neutrino Factory by experiments running in first-generation neutrino beams, such
as ICARUS and MINOS. Much larger sensitivity will however be achieved by
Superbeams, for instance T2K. But experiments performed with conventional
beams from pion decays will always be limited by the presence of a v, component
in the beam itself, representing an irreducible background to the search for v, ~ v,
oscillations.

On the other hand, the Neutrino Factory would have a significantly improved
sensitivity to 613 thanks to the wrong sign muon signal, that measures the oscilla-
tion v, ~» v,, where the oscillated muon neutrinos are easily separated from the
beam component of opposite sign by measuring the charge of the produced muon.

Applying strong cuts on muon momentum and isolation, the background from
the decays of charmed particles, kaons and pions, can be reduced by as much as a
factor 108, keeping an efficiency of about 40%.

The parameter 63 is extracted from a fit to the energy distribution of the
wrong sign muons. Moreover, from the formula of the oscillation probability we see
that the value of 013 has a limited influence on the spectral shape, and even factor-
izes out from the energy dependence in the approximation Am3, =0, so most of the
information actually comes from just counting wrong sign muon events.

The background level is the ultimate limiting factor for this measurement, and
the sensitivity would be of the order of sin?6;3~5 x 107> (see fig. 2.5).
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sin%6y3 sin?6y3

Figure 2.5. Sensitivity to sin?d;3 for a magnetized iron detector, without (left) and with
(right) realistic backgrounds. The three lines correspond to baselines of 730 (dashed),
3500 (solid) and 7300 km (dotted).

2.7.4 Sensitivity to CP violation

Detecting the presence of a complex phase in the leptonic mixing matrix is one of
the most ambitious goals of neutrino physics, and would justify the effort of
building a Neutrino Factory.
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In eq. (2.3) it is seen that the term with ¢ is only suppressed in the parameters
Am?, and f13. Since the CP-even parts of the probabilities are always larger than
the CP-odd parts, they dominate the number of events and thus the error on the
measured asymmetry.

Due to the small energy dependence induced by CP violation, the use of spec-
tral information to have a simultaneous measurement of § and 63 is not very effec-
tive, and only helps under some conditions. The simultaneous fits in 613 and §
reveal for most of the cases a strong correlation between the two parameters (see

fig. 2.6).
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Figure 2.6. Contour plots resulting from a x? fit of 613 and 4, at 1, 2 and 3 0. The
parameters used to generate the data are depicted by a star, and the baseline which is
used for the fit indicated in each plot.
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Chapter 3

Reducing Uncertainties

3.1 HARP’s Measure of Hadronic Cross-Sections

The HARP experiment [C+] was designed to perform a systematic and precise
study of hadron production (pions and kaons in particular) for beam momenta
between 1.5 and 15 GeV/c and target nuclei ranging from hydrogen to lead. The
detector was located at CERN, in the PS beam. The DAQ recorded 420 million
events during the years 2001 and 2002.

The physics program of HARP includes: a) the measurement of pion yields for a
variety of energies and targets relevant for the design of the proton driver of a
future Neutrino Factory [GCHO02]; b) the measurement of pion yields on low Z tar-
gets as well as on cryogenic oxygen and helium targets, useful to improve the preci-
sion of atmospheric neutrino flux calculations [BGL+04]; and c¢) the measurement
of pion and kaon yields, relevant for the calculation of the neutrino fluxes of experi-
ments such as MiniBooNE [BooNe| and K2K [K2K].

HARP (fig. 3.1) is a large acceptance spectrometer, with two distinct regions.
In the forward part of the apparatus (up to polar angles of about 250 mrad), the
main tracking devices are a set of large drift chambers. Magnetic analysis is pro-
vided by a 0.4 T dipole magnet and particle identification relies on the combination
of a threshold Cerenkov detector (CHE), a time-of-flight wall (TOFW) and an elec-
tromagnetic calorimeter (ECAL). In the rest of the solid angle the main tracking
device is a TPC, which is complemented by a set of RPC detectors for time-of-
flight measurements. The target is located inside the TPC. In addition, sophisti-
cated beam instrumentation (including three timing detectors and threshold
Cerenkov detectors) provides identification of the incoming particle and allows the
interaction time at the target to be measured.
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Figure 3.1. The HARP detector.

Given the immediate interest of the MiniBooNE and K2K experiments in a
measurement of the production cross sections for pions and kaons at the energies
and targets relevant for their beam setups, the HARP collaboration has given pri-
ority to the analysis of those particular data sets.

3.2 Forward Tracking and Particle Identification

3.2.1 Tracking

Tracking of forward-going particles is done by a set of large drift chambers (NDC)
placed upstream and downstream of the dipole magnet. The chambers were recu-
perated from the NOMAD experiment and their properties are described in
[A+02]. Each NDC module is made of four chambers, and each chamber of three
planes of wires with tilted angles — 5°, 0° and 5°. The single-wire efficiency is of
the order of 80%, and the spatial resolution approximately 340 pm.

The reconstruction builds 2D and 3D track segments in each NDC module (12
hits maximum), which are fitted to a straight line model via a Kalman Filter fit

Next, the algorithm attempts all possible combinations (which include at least a
3D segment) to connect tracking objects in the modules downstream of the dipole
magnet. Combinations such as 3D + 2D or even 3D + hits-not-associated are valid
ways to build longer, 3D segments.
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To measure the momentum it is necessary to connect a (3D) segment down-
stream of the dipole with at least one space point upstream of the dipole. Since one
can impose the constraint that all tracks emanate from the event vertex this point
is always known and therefore the necessary and sufficient condition for a particle
emanating from the target to have its momentum measured is that a 3D segment
can be measured by the combination of downstream NDC chambers.

3.2.2 Particle Identification

Particle identification (PID) in the forward region of the spectrometer combines the
information provided by beam detectors and three systems located downstream the
dipole magnet. Namely, the threshold Cerenkov detector, the time-of-flight wall,
and the electromagnetic calorimeter. These subsystems have been described in
[Cer04]. Their combined information results in good PID over the whole range of
relevant momenta, as well as redundancy due to overlaps. Pion/proton separation
is provided by TOFW up to 4.5 GeV/¢, and by the CHE above 3 GeV/c. Elec-
tron/pion separation is covered by the CHE below 3 GeV/c and by the ECAL
above 2GeV/c. Finally the kaon contamination can be estimated with the CHE
above 3 GeV/c and with the TOFW below this energy.

3.3 Implications for Neutrino Physics

The dominant uncertainty in neutrino flux predictions for conventional neutrino
beams is due to the pion production uncertainty in the hadronic interactions of pri-
mary beam protons with the nuclear target material.

3.3.1 MiniBooNE and SciBooNE

HARP provides cross section data to the Booster Neutrino Beam (BNB) at Fer-
milab. The BNB originates from protons accelerated to 8.9 GeV/c by the booster
and then collided against a beryllium target. A fundamental input for the calcula-
tion of BNB’s resulting v, flux is HARP’s measurement of the 7% cross-sections
from a thin 5% nuclear interaction length (A;) beryllium target at 8.9 GeV/c
proton momentum, which is presented in [C+07].

The absolutely normalized double-differential cross-section for the process
pBe — 7™ X can be expressed in bins of pion kinematic variables in the laboratory
frame, (px,0x), as

o™ A 1 1 +
dpdQ - NT Nl
where dpdQ (Pr, Or) Napt ApAQ Nyop (D, 0r) (3.1)
2 nt
Z:dQ is the cross-section in Cm2/(GeV/C)/Srad for each (pr, 0;) bin covered

in the analysis.
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is the reciprocal of the number density of target nuclei for Be (1.2349 x

A
Nap
10%® per cm?).

e ¢ is the thickness of the beryllium target along the beam direction. The

thickness is measured to be 2.046 cm with a maximum variation of 0.002
cm.

o AP = pPmax — Pmin and AQ =2 7 (cos(Omin) — c0S(Omax)) are the bin sizes in
momentum and solid angle.

e Npot is the number of protons on target after event selection cuts.

e N 7T+(p,r, 0.) is the yield of positive pions in bins of true momentum and
angle in the laboratory frame.

Equation 3.1 can be generalized to give the inclusive cross-section for a particle of
type a:
d*o® A 1 1 1

apaa P 0=, pt ApAQ Nyor Mppap

’O/a’Na(pae) (32)

where reconstructed quantities are marked with a prime and Mp_elap/‘g/a/ is the
inverse of a matrix which fully describes the migrations between bins of true and
reconstructed quantities, namely: lab frame momentum, p, lab frame angle, 6, and
particle type, a.

There is a background associated with beam protons interacting in materials
other than the nuclear target (parts of the detector, air, etc.). These events are
subtracted by using data collected without the nuclear target in place where the
sets have been normalized to the same number of protons on target. This proce-
dure is referred to as the “empty target subtraction”

N (p',0") = [NGrget(D',0') — Nupty (0’5 0")] (3.3)

The event selection is performed in the following way: a good event is required
to have a single, well reconstructed and identified beam particle impinging on the
nuclear target. A downstream trigger in the forward trigger plane (FTP) is also
required to record the event, necessitating an additional set of unbiased, pre-scaled
triggers for absolute normalization of the cross-section. These pre-scale triggers
(1/64 for the 8.9 GeV/c Be data set) are subject to exactly the same selection cri-
teria for a ‘good’ beam particle as the event triggers allowing the efficiencies of the
selection to cancel, thus adding no additional systematic uncertainty to the abso-
lute normalization of the result. Secondary track selection criteria have been opti-
mized to ensure the quality of the momentum reconstruction as well as a clean
time-of-flight measurement while maintaining high reconstruction and particle iden-
tification efficiencies.



3.3 IMPLICATIONS FOR NEUTRINO PHYSICS 33

The double-differential inelastic cross-section for the production of positive
pions from col- lisions of 8.9 GeV/c protons with beryllium have been measured in
the kinematic range from 0.75 GeV/c < pr < 6.5 GeV/c and 0.030 rad < 6, <
0.210 rad, subdivided into 13 momentum and 6 angular bins. Systematic errors
have been estimated. A full (13 x 6)? = 6048 element covariance matrix has been
generated to describe the correlation among bins. The data are presented graphi-
cally as a function of momentum in 30 mrad bins in figure 3.2. To characterize the
uncertainties on this measurement the diagonal elements of the covariance matrix
are plotted on the data points in the figure. A typical total uncertainty of 9.8% on
the double-differential cross-section values and a 4.9% uncertainty on the total inte-
grated cross-section are obtained.
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Figure 3.2. HARP measurements of the double-differential production cross-section of
positive pions, d20”+/dp dQ), from 8.9 GeV/c protons on 5% A1 beryllium target as a func-
tion of pion momentum, p, in bins of pion angle, 6, in the laboratory frame. The error
bars shown include statistical errors and all (diagonal) systematic errors. The dotted his-
tograms show the Sanford-Wang parametrization that best fits the HARP data.
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Sanford and Wang have developed an empirical parametrization for describing
the production cross-sections of mesons in proton-nucleus interactions [Wan73].
This parametrization has the functional form:

dQU A—-at X ca ,
(pd - ) (p,0) = exp|lci—cs fi —¢60 (p — 7 Pheam c0s0) | x
p beam
p
c2 (1 —
P ( pbeam)

where X denotes any system of other particles in the final state, ppeam is the
proton beam momentum in GeV/c, p and 6 are the 7™ momentum and angle in
units of GeV/c and radians respectively, d?c/dp dfQ is expressed in units of mb/
(GeV/esr), dd =2 md(cos §), and the parameters ¢y, ..., cs are obtained from fits to
meson production data.

The MiniBooNE neutrino beam is produced from the decay of 7 and K mesons
which are produced in collisions of 8.9 GeV/c protons from the Fermilab Booster on
a 71 cm beryllium target. The neutrino flux prediction is generated using a Monte
Carlo simulation. In this simulation the primary meson production rates are taken
from a fit of existing data with a Sanford-Wang empirical parametrization in the
relevant region. The results from HARP, being for protons at exactly the booster
beam energy, are then a critical addition to these global fits.

3.3.2 K2K

The first HARP physics publication [HARPO06| reported measurements of the 7+
production cross-section from an aluminum target at 12.9 GeV/c proton
momentum, which corresponds to the energies of the KEK PS and the target mate-
rial used by the K2K experiment. The results are incorporated into the K2K beam
Monte Carlo simulation to estimate the neutrino spectra at the Near Detector
(ND) and SuperKamiokande (SK) and the energy dependence of the far-to-near
(F/N) flux ratio in the absence of neutrino oscillations. The relatively-normalized
fluxes at ND and SK predicted by HARP, ®NP and ®5K are shown in fig. 3.3,
together with the associated total systematic uncertainties, by the empty circles
with error bars.
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Figure 3.3. Relatively-normalized muon neutrino flux predictions at the near (top) and
far (bottom) detectors. The empty circles with error bars show the central values and
shape-only errors based on the HARP #nt production measurement, the empty squares
with shaded error boxes show the central values and errors from the pion monitor
(PIMON) measurement, and the dotted histograms show the central values from the Cho-
CERN compilation of older (non-HARP) 7T production data. The PIMON predictions
are normalized such that the integrated fluxes above 1 GeV neutrino energy match the
HARP ones, at both the near and far detectors.
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The HARP 7™ Sanford-Wang parameters uncertainties and correlations are
propagated into flux uncertainties using standard error matrix propagation
methods: the flux variation in each energy bin is estimated by varying a given San-
ford-Wang parameter by a unit standard deviation in the beam MC simulation.
Other systematic errors that are taken into account [K2K06| include:

e Proton-aluminum hadronic interaction length.
e Overall charged and neutral kaon production normalization.

e Imperfect knowledge of secondary hadronic interactions (such as 7+ absorp-
tion in the targets and horns).

e Knowledge of the magnetic field in the horn.

e Beam optics.
The F/N flux ratio, ®5X/®NP  predicted by the HARP 7+ production measure-
ment for primary hadronic interactions with the systematic errors mentioned above,
in the absence of neutrino oscillations, is shown in figure 3.4 as a function of neu-
trino energy.
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Figure 3.4. Prediction for the K2K muon neutrino F'/N flux ratio in absence of oscilla~
tions. The empty circles with error bars show the central values and systematic errors on
the muon neutrino flux predictions from the HARP 71 production measurement, the
empty squares with shaded error boxes show the central values and errors from the pion
monitor measurement, and the dotted histograms show the central values from the Cho-
CERN compilation of older (non-HARP) 7+ production data.
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The flux ratio uncertainty is at the 2-3% level below 1 GeV neutrino energy,
and of the order of 4-9% above 1 GeV. The dominant contribution to the uncer-
tainty in the flux ratio comes from the HARP 7+ measurement itself. In particular,
the uncertainty in the flux ratio predicted integrated over all neutrino energies is
2.0%, where the contribution of the HARP 7« production uncertainty is 1.4%.

Even so, the HARP 7™ measurement provides a significant reduction of the
dominant systematic error associated with the calculation of the far-to-near ratio
and thus an increased K2K sensitivity to the oscillation signal.

3.3.3 Atmospheric Neutrinos

A similar analysis has been performed using the HARP forward spectrometer for
the measurement of the double-differential production cross-section of 7% in the
collision of 12 GeV/c protons with a 5% Ar carbon target. The results are shown in
figure 3.5. These measurements are important for a precise calculation of the atmo-
spheric neutrino flux and for a prediction of the development of extended air

showers.
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Figure 3.5. Measurements of the double-differential production cross-sections of m+
(open circles) and m~ (closed circles) from 12 GeV/c protons on 5% A carbon target as a
function of pion momentum, p, in bins of pion angle, 6, in the laboratory frame. The error
bars shown include statistical errors and all (diagonal) systematic errors.
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3.3.4 Neutrino Factory

Also, there are results on the measurements of the double-differential cross-section
for the production of charged pions in proton-tantalum collisions emitted at large
angles from the incoming beam direction [HARPOT7]. The pions were produced by
proton beams in a momentum range from 3 GeV/c to 12 GeV/c hitting a tantalum
target with a thickness of 5% A;. The angular and momentum range covered by the
experiment (100 MeV/c < p <800MeV/c and 0.35rad < 6 < 2.15rad) is of particular
importance for the design of a Neutrino Factory. Track recognition, momentum
determination and particle identification were all performed based on the measure-
ments made with the TPC. Results for the double-differential cross-sections d?c/
dp df at four incident proton beam momenta (3, 5, 8 and 12 GeV/c¢) are shown in
figure 3.6.
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Figure 3.6. Double-differential cross-sections for 7% (left) and 7~ (right) production in p —
Ta interactions as a function of momentum displayed in different angular bins (shown in mrad
in the panels). The results are given for all incident beam momenta (filled triangles: 3 GeV/c;
open triangles: 5 GeV/c; filled rectangles: 8 GeV/c; open circles: 12 GeV/c). The error bars
take into account the correlations of the systematic uncertainties.

Similar analyses are being performed for the Be, C, Cu, Sn and Pb targets using
the same detector, which will allow a study of A-dependence of the pion yields with
a reduced systematic uncertainty to be performed.



Chapter 4

Suppressing Correlations and
Degeneracies

4.1 Superbeams as an Intermediate Step

The notion of “super beams” was introduced by Richter [Ric00], who suggested that
a conventional neutrino beam of very high intensity could be competitive with the
pure two-flavor neutrino beams produced by the Neutrino Factory. Thanks to the
fact that the solution to the solar anomaly has been confirmed to be in the LMA
region, a Superbeam could largely improve our knowledge of Am3s, 623 and 63, as
well as provide some sensitivity to the CP violating phase 4. On the other hand,
the ultimate sensitivity to these parameters, in particular to ¢, will still require the
pure and intense beams of a Neutrino Factory.

4.1.1 Rationale

The signal to noise ratio in an experiment looking for the appearance of a type of
neutrino not initially present in the beam, in a two-neutrino model, is:

Pvi~12) A%sin? (Am2L/AE)

P(l/lwyl) - 1—A251n2(Am2L/4E) (4.1)

where A is the mixing amplitude, Am? is the difference of the squares of the
masses, L is the distance from the source to the detector, and E is the beam
energy. The optimum signal to noise ratio comes when the sine term is equal to
one: Am?L/AE = (2n + 1)m/2. However, all of the muon storage ring designs have
high energy, making this factor small with the known mass differences. On the
other hand, a conventional low-energy beam can be tuned to make it maximum.

39
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Neutrino cross sections increase approximately linear with the energy, and the
flux of neutrinos increases with the square of the energy of the parent particle. This
gives an overall factor E? that makes going to high energy very appealing. How-
ever, in an experiment looking for the appearance of a neutrino species different
from the primary species (as is the golden channel in a Neutrino Factory), the
probability is proportional to E~2, so there is only an overall FE factor in the
improvement of Neutrino Factories versus conventional beams.

These considerations and the big cost of a Neutrino Factory spurred the interest
in a thorough study of Superbeams as alternatives to the Neutrino Factory.

4.1.2 Neutrino Generation in a Superbeam

A conventional neutrino beam is produced by hitting a nuclear target with an
intense hadron beam, then sign-selecting and letting decay the resulting hadrons
through a beam decay tunnel. At the end of the tunnel there is an absorber, where
the copiously produced muons, a byproduct of pion and kaon decay, are ranged out
before most of them can decay.

The resulting neutrino beam is mostly made of v, (assuming that 7

selected). Nevertheless, kaon and muon decays result in small but sizable contami-
nation of v, and 7.. Opposite sign pion feed-through yields also some contamina-
tion of 7,. Fig. 4.1 shows a typical composition for these kind of neutrino beams.
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Figure 4.1. Fluxes of T2K. The beam is mostly made of v, but there is a significant
contamination of 7, v and J.
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The contamination of other neutrino species is a handicap for the neutrino oscil-
lation appearance experiments, in which one searches for a flavor not originally in
the beam. Indeed this is the key advantage of Neutrino Factory beams, over con-
ventional beams.

A Superbeam is just a conventional beam (7% — u* v,(7,)) of very high inten-
sity. Thus, for 7 selected in the horn, its basic composition is v, with small
admixtures of v,, 7, and 7,. To gain some appreciation of the relative sensitivity of
a conventional neutrino beam and a Neutrino Factory beam, it is useful to estimate
the sensitivity to a v, ~» v, oscillation search in the appearance mode, assuming a
perfect detector. In a Neutrino Factory we will be able to see the probability P,,,,
as soon as the expected appearance events ijp = No Py, ~ 1. The minimum
Py, to which we are sensitive is then

1

N (4.2)

Pl/ellu ~

This is because there is no beam contamination. On the other hand, in the case
of a conventional beam, we are sensitive as soon as Ny P, ., ~ background =~ /N,
so the sensitivity to P, . goes as

nle

vV Ne
Ny

(4.3)

PV[LVE ~

so if the v, contamination is a fraction f of the primary v, beam, N, = f Ny, we
have a sensitivity

ai
Py~ Vi (4.4)

Although +/f is a small quantity, the key difference between conventional and
muon-induced beams is clear comparing equations (4.2) and (4.4). In the first case
the sensitivity improves “linearly” while in the second improves only with the
square root of the total collected statistics.

Another issue concerns systematics in beam composition. While the neutrino
spectra from muon decay can be computed to a great precision, the convoluted
spectra in a conventional beam is affected by a number of uncertainties, the most
important of which is the initial 7/K ratio in the hadron beam, which affects the
composition of the beam. Typically, these and other uncertainties translate into a
systematic error at the level of few per cent in the conventional neutrino fluxes, to
be compared with a few per mil in the case of a Neutrino Factory.
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Other important aspects to be considered when designing a conventional beam
are whether one prefers a wide or narrow band beam and the energy regime. Beam
energies range typically from few hundred MeV to few hundred GeV, depending on
the colliding hadron beam and beam optics. High energy yields more interactions,
but sufficiently low energy yields a better control over backgrounds and less beam
uncertainties.

4.1.3 Detection

Typical Superbeam source-detector distances are in the range of 150 — 300 km, in
the peak of the neutrino oscillation. The detection of low energy neutrinos at those
distances requires a massive target with high efficiency. Moreover, a search for v,
appearance demands excellent rejection of physics backgrounds, namely g misiden-
tification and neutral current 7° production, which should be controlled to a lower
level than the irreducible beam-induced background.

Two technologies that have demonstrated excellent performance in the low
energy regime while being able to provide massive targets are water Cerenkov
detectors and diluted liquid scintillator detectors.

In spite of the fact that liquid scintillator detectors provide, a priori, more han-
dles to reject backgrounds than their water Cerenkov counterparts, the only truly
massive detectors built so far are of the latest type.

4.1.4 Water Cerenkov Detectors

An example of this kind of detectors is Super-Kamiokande, with its 40 kton of fidu-
cial mass. The response of the detector to the neutrino beams was studied with the
NUANCE neutrino physics generator [Cas02] and reconstruction algorithms devel-
oped for the Super-Kamiokande atmospheric neutrino analysis.

In the absence of neutrino oscillations, the dominant reaction induced by the
beam is v, quasielastic scattering, leading to a single observed muon ring.
Recoiling protons are well below Cerenkov threshold at the energies of the gener-
ated neutrinos, and hence produce no rings. To unambiguously identify a poten-
tially small v, appearance signal, it is essential to avoid confusion of muons with
electrons. Thanks to the low energy of the neutrino beam, the Cerenkov threshold
itself helps to separate muons and electrons, since a muon produced near the peak
of the spectrum ( ~ 300 MeV) cannot be confused with an electron of comparable
momentum; instead it will appear to be a much lower energy ( ~ 100 MeV) elec-
tron.

Particle identification exploits the difference in the Cerenkov patterns produced
by the showering (“e-like”) and non-showering (“u-like”) particles. Besides, for the
energies of interest in this beam, the difference in Cerenkov opening angle between
an electron and a muon can also be exploited. Furthermore, muons which stop and
decay produce a detectable delayed electron signature which can be used as an
additional handle for background rejection.
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Production of 7% through neutral current resonance-mediated and coherent pro-
cesses is another major source of background, which is, however, suppressed by the
low energy of the beam and the relatively small boost of the resulting #°. This
results in events where the two rings are easily found by a standard 7° search algo-
rithm.

4.1.5 Sensitivity

To illustrate the sensitivity of a Superbeam we will use a 40 kton water or liquid oil
detector located at 130 km from the source. Actually, the last designs for Super-
beams that are under consideration include much bigger detectors, UNO-style, of
about 400 kton.

4.1.5.1 Sensitivity to the Atmospheric Parameters

A 40 kton detector has excellent opportunities of precision measurements of sinfy3
and Am3; with a v, disappearance experiment. Given the mean beam energy of
the v, beam, (1.27L/E)~'=1.6 x10"3eV? and P, ,, is just at its minimum.

To illustrate the precision in measuring Am3; and 633 in case of positive signal,
fig. 4.2 shows the result of 5 years exposure in case the oscillation occurs with
sin?2653 = 0.98 and Am3;=3.8,3.2 or 2.5 x 10~3eV2. To make the reconstruction it
is not possible to bin much in energy, due to the smearing caused by the Fermi
motion.
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Figure 4.2. Fits in the Am3s, sin®20,3 plane after 5 years of run, for a systematic uncer-
tainty of 2%. The crosses sign the initial points.
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4.1.5.2 Sensitivity to CP violation

Unfortunately for a water Cerenkov detector, the 7 4 60 cross-section is approxi-
mately six times less than that for v + 160 at these energies, diminishing the exper-
iment’s sensitivity to CP violation.

Because of the big correlations between 613 and §, a simultaneous fit of both
parameters is convenient. Fig. 4.3 shows the confidence level contours for a simula-
tion fit of A5 and 9, corresponding to the three values of 013 = 5°, 8°, 10° and a
maximal CP violation phase of § =+ 90°. Since the sensitivity is dominated by the
low antineutrino statistics, this is done for a 10 year run with focused 7~ and a 2
year run with 7.
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50 —

-100 -
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Figure 4.3. 1, 2 and 3 o confidence level intervals resulting from a simultaneous fit to
the 013 and § parameters. The generated values are 613 = 5°, 8°, 10° and 6 = 4+ 90°. The
detector mass is 40 kton.



4.2 CORRELATIONS 45

From the same figure it is possible to see that the sensitivity to § does not
worsen very much when 613 becomes (moderately) smaller. Also, at 90% confidence
level, a maximally violating CP phase § = + 90° would be just distinguishable from
a non CP violating phase § = 0°. So this experiment would offer a chance to
observe CP violation only on a very lucky scenario.

Fig. 4.4 shows the result of the same fit for a very large water detector, such as
the proposed UNO water Cerenkov, with a fiducial mass of 400 kton. Clearly, the
prospects to observe CP violation are much improved.
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Figure 4.4. 1, 2 and 3 o confidence level intervals resulting from a simultaneous fit to
the 013 and § parameters. The generated values are 613 = 5°, 8°, 10° and 6 = 4+ 90°. The
detector mass is 400 kton.

4.2 Correlations

The oscillation probability formulas couple the set of parameters 612, 03, 613, §,
Am?2, and Am3s. In general, when one experiment tries to measure several parame-
ters simultaneously, the uncertainty in each measured parameter will depend on the
real (but only measured up to a certain degree) value of all the others. The param-
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eters are correlated in the sense that an experiment is dominantly sensitive to a
certain parameter combination. Weaker information on other parameter combina-
tions allows typically to disentangle the parameters, but some correlations survive.

As an example, the measurement of a sum a 4+ b does not determine the indi-
vidual values of a and b. Some more small information on other combinations of a
and b produce potato-shaped regions aligned along a + b = const.

The value of a parameter and its uncertainty is merely the projection of the
allowed region on the axis of that parameter, which will be bigger in general than
the allowed region for the rest of the parameters equal to their central values (see
fig. 4.5).
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Figure 4.5. 10, 20 and 30 contours of the y2-function for a fit in (Am%;),7 sin?2613). The
vertical lines indicate the ‘extra’ overall uncertainty in sin®26;3 coming from the correla-
tion with Am?, [HLWO02].

4.3 Degeneracies

Degeneracies occur when two or more separated sets fit the same data (see for
example fig. 4.6). Dealing with degeneracies, one might, for example, either quote
separate uncertainties for completely separated parameter sets, or take the whole
range covered by the degeneracies as the measurement uncertainty.
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Figure 4.6. 1, 2 and 3 o contours of the y2-function for a fit in (13, §). For the central
values 013 =8° and § = 15°, a second solution appears, affecting our knowledge of 4.

4.4 Status at the Neutrino Factory

The best way to measure ¢ and 613 is through the sub-leading transitions vee~svy,
and Peewv,. They can be measured, for instance, at a Neutrino Factory by
searching for wrong-sign muons while running in both polarities of the beam, i.e.
utand p.

The exact oscillation probabilities in matter when no mass difference is
neglected can be approximated expanding the exact formulas to second order in the

small parameters 013, A12/Ag3, A12/A and AjoL (where A= A;jj):
. A3\’ . o BxL
P,y 55, = S535in72013 (B—f> sm2<%>
2
+ 335in?205 A gl AL (4.5)
A 2
Ay Ay . (ALY . [ B+L AL
+ A By sm( 5 )sm( > cos| £6 >

where L is the baseline, B+ = |A F Ay3| and the matter parameter, A, is given in
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terms of the average electron number density, n.(L), as A = V2Ggn.(L). J is
defined as

J = cos 013 sin 2013 sin 2053 sin 2601 (4.6)

In the limit A — 0, this expression reduces to the simple formulas in vacuum
A13 L

2
+ c355in%2619 SiHQ(#)

" Jcos(iéAlSL)AuLsin<A13L)

P,

2 2 -2
(7ol $53 8Iin“2613 sin (

(4.7)

2 2 2

The three terms in eq. (4.5) will be called the atmospheric, Pf(%g, solar, P,

and interference term, P;‘g“;f

An immediate result is
(4.8)

\PUEST < PIG + P!
implying two very different regimes. When 63 is relatively large or Am32, small,
the probability is dominated by the atmospheric term, since Pf(tf—f; > Pl This situ-
ation is referred as the atmospheric regime. Conversely, when 6;3 is very small or
Am?, large, the solar term dominates P%°! > Pf(tf;% This is the solar regime.
Fig. 4.7 illustrates the separation between the two regimes on the plane (Am3,, 613)
for neutrinos and antineutrinos, as derived from eq. (4.5). The area to the right

(left) of the curves corresponds to the atmospheric (solar) regime.
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Figure 4.7. Contours P2 = Ps°! (left) and P2"™ = P°! (right) on the plane (6;3,d), for
three reference baselines.

4.4.1 Correlation Between d and 043

The oscillation probabilities of eq. (4.5), whose measurement ¢ could be extracted
from, depend as well on 63, Am3s, 012, Am3,, A and 63. Uncertainties in the
latter quantities can then hide the effect of CP violation. Although the first five of
these parameters are expected to be well known at the time of the neutrino factory
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with a good accuracy, 613 might well remain unknown. It is essential then to
understand whether the correlation between 613 and § can be resolved in such a
way that CP violation is measurable.

For a single beam polarity and a fixed neutrino energy and baseline, the expan-
sion of eq. (4.5) to second order in 6;3 leads to

Aqs L S
Puel/u(ﬁelju) = Xi 9%3 + Yi 913 COS( + 6 - 123 ) + PbOI (49)

with obvious assignations for the coefficients X and Y, which are independent of
615 and 6. Note that the solar term P%°! is the same for neutrinos and antineu-
trinos.
As eq. (4.9) is a function of 2 parameters, 613 and 0, there is a continuum of
pairs of values (f;3,4) that give the same probability as the real values (63,6 ).
This requirement can be solved for 63 as a function of §:

_ Y AL
013 = 2X+cos<5 B >
Yy AisL\\* 1 o -
- \/<2X+C°S<‘5‘ 2 )) 57 (P (013,6) = P*°) (4.10)

Eq. (4.10) is a curve of equal probability on the plane (613, d), which for most of
the parameter space spans the whole range of §. It follows that, at any baseline, it
is not possible to determine § with the measurement of wrong-sign muons at a fixed
neutrino energy with a single beam polarity.

The analogous case for antineutrinos results in a different equal probability
curve, with the following substitutions in eq. (4.10): 6 — — 6, X+ (V}) — X _(Y_).

When finite uncertainties are taken into account, the shapes of the y2-allowed
regions are two broad bands with close paths. The intersection of these two regions
will result in one region where 613 and § are correlated.

4.4.2 Intrinsic Degeneracies

If both the neutrino and antineutrino oscillation probabilities have been measured,
for a fixed (anti)neutrino energy and baseline, the two equal-probability curves may
intersect at values of (63, 6) different from (613,9 ). This condition implies equating
eq. (4.10) to the corresponding one for antineutrinos and solving for ¢, for small
013 > 0. The resulting equation is rather complicated, but simplifies considerably in
the atmospheric and extreme solar regimes.

4.4.2.1 Atmospheric Regime

In this regime it is safe to keep terms only up to first order in Y, /X (Y_/X_) in
eq. (4.10). As a result only the solution of eq. (4.10) with + sign in front of the
square root is acceptable since 013 >0. Eq. (4.10) simplifies to

013="013 — 2};'(: |:COS(6 — A123L) —005(5 —#)] (4.11)
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The equation for ¢ is then obtained from equating eq. (4.11) for neutrinos to
that for antineutrinos. The problem amounts to finding the roots of a function of &
which is continuous and periodic. Since it must have at least one root at 6 =4 , by
periodicity there must be at least a second root in the range — 180° < ¢ < 180°.

The second solution for § in this approximation is:

sind —zcosé
14 22
sind —zcosd

cosd —cosd = 2z T (4.12)

sind —sind = —2

Ais3L

where z = %tan and Cy = —( LES _,) The corresponding value of 613 is:

1sind —zcosé CJr C? . AL
sin

brs=b13—5— + 22 C_ 2 (4.13)
Only for the value of § satisfying
tand =z (4.14)

do the two solutions degenerate into one. Except for this particular point, there are
two degenerate solutions with the penalty that, in an unfortunate value of ¢ , one
solution may correspond to CP-conservation and its image not.

In vacuum this is not the case. Eq. (4.12) in the vacuum limit: C_ — 0 or z —
o0, gives § =7 — § so that only for § =+ 7/2 there is no degeneracy. Then the two
solutions either break or conserve CP.

In fig. 4.8 it is shown the value of § as a function of § for 013 =28° and for three
reference baselines together with the vacuum result. The difference between § and

§ is maximal close to § =0°, 180°.
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Figure 4.8. Degenerate value of § as a function of true value §, for 13 = 8° and three
different baselines. The vacuum result § =7 — ¢ is also shown.
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It is interesting to consider the different impact of these degenerate solutions at
different baselines. At short baselines, the oscillation probabilities for neutrinos and
antineutrinos are approximately the same for two reasons: 1) the relative size of the
sin 0 versus cos ¢ term in eq. (4.5) is tan(A13L/2) < 1, 2) matter effects are irrele-
vant with the solutions approaching the vacuum case. Indeed, the expansion of
eq. (4.11) for Ay3L/2 < 1 simplifies to

O13~ 0153 — 21;;; (cos§ —cos§ ) (4.15)

The same equation holds for antineutrinos, since X4 (Y}) = X_(Y_) in this approxi-
mation. The two equations have collapsed into one, and consequently one expects
to find a continuum curve of solutions (613, §) of the approximate form given by
eq. (4.15). As the baseline increases the probabilities for neutrino and antineutrino
oscillations start to differ, not only due to the term in sin §, but also because of the
matter effects. A shift in § cannot in general be then compensated in the neutrino
and antineutrino probabilities by a common shift of 63, and only the two-fold
degeneracy discussed above survives.

4.4.2.2 Solar Regime

In this regime the second term in eq. (4.5) dominates, although the first term
cannot be neglected in the analysis of degenerate solutions even for very small
values of f13. The reason is that it exists, at fixed neutrino energy and baseline, a
pair of values (613,9) at which the first and third terms in eq. (4.5) exactly compen-
sate both for neutrinos and antineutrinos, in such a way that they are indistin-
guishable from the situation with 613 =0 and any § . It is easy to find these values
by setting 013 =0 in eq. (4.10) and in the equivalent equation for antineutrinos. ¢ is
the solution of:

fand—— = (4.16)
z
and the corresponding 613 is:
913:73(/—1cos (5#) (4.17)

Taking as an example Am3s =3 x 1073 eV?2, L =2810 km and E, =0.3 E,, E,=50
GeV, this point is:

015~15° &~ —165° (4.18)

Alike to the pattern in the atmospheric regime, this degeneracy occurs only at
fixed neutrino energy and baseline.
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In summary, even with the information from both beam polarities, there are in
general two equally probable solutions, at fixed neutrinos energy and baseline, for
the parameters 613 and §.

4.4.3 Simultaneous Determination of § and 6,3

The observables used to determine ¢ and 63 simultaneously are the number of
wrong-sign muons in five bins of energy for both beam polarities:

Ni+ (4.19)

where ¢ labels the energy bin, and + the sign of the decaying muons. These num-
bers are given by:

Ny / By o)(Eus L)) (Ev) Poo(Evs L, 013, 5, ) (4.20)

E;
where « is the set of remaining oscillation parameters: a3, 612, Am3s, Am3, and the
matter parameter A, which are taken as known. ®, ;) denote the neutrino fluxes
and o0, () the deep inelastic scattering cross sections.

With these observables, the 2 fits of the parameters § and 6,3 are obtained
from:

xX*= Z Z (ni,p— Ni,p)ci_,pl;j,p/(”j,p’ —Njpr) (4.21)
,j p,p’
where C' is the 2Ny, X 2Ny, covariance matrix. m; ; are the simulated “data”
obtained from a Gaussian or Poisson smearing including backgrounds and efficien-
cies. For a correct analysis that takes the correlations into account, the form of the
matrix C' is:

ON;,p ONj pr
Ci,psj,p' = 0ij Oppr (5ni,p>2+z a—am#(ﬂ(a) (4.22)

where o(a) is the 1o uncertainty on the parameter a.

4.4.3.1 Atmospheric Regime

In figs. 4.9 we can see the results of the fits including efficiencies and backgrounds
for L = 2810 km for central values of § = — 90°,0°, 90°, 180° and for 013 = 2° (left)
and 13 = 8° (right). The energy dependence of the signals is not significant enough
(with this setup) to resolve the expected two-fold degeneracy. The second solution
is clearly seen for the central value of § = 0° as an isolated island. For the central

values of & = — 90° and § = 90°, the degeneracy is responsible for the rather large
contours which encompass the two solutions. As 13 diminishes the fake solution for
0 = 90° moves towards & = 180°, as expected because, in the solar regime, the

vacuum fake image lies at § = 180°.



4.4 STATUS

AT THE NEUTRINO FACTORY

-50

-100

-150

/\m§5>0

% L= 2810

Figure 4.9. Simultaneousiﬁts of § and 013 at L = 2§10 km for different central values
(indicated by the stars) of § = —90°,0°,90°, 180° and 613 =2° (left), 8° (right). The value
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of § for the degenerate solutions is also indicated.
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Figs. 4.10 show the fits for 6,3 = 8° at L =732 km and 7332 km. In the former,
the expected continuous line of solutions of the form given by eq. (4.15) is clearly
seen. The measurement of § is thus impossible at this baseline if 63 is unknown.
In the longer baseline, the sensitivity to § is similarly lost but for a different reason:
the CP-signal is fading away (indeed the underlying degenerate solutions become
much closer in #13) and statistics is diminishing.

Figure 4.10. Simultaneous fits of § and 013 at L =732 km (left) and L =7332 km (right)
for different central values of § = — 90°, 0°, 90°, 180° and 63 = 8°.
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4.4.3.2 Solar Regime

In fig. 4.11 are shown the fits including efficiencies and backgrounds for L = 2810
km for central values of § = — 90°, 0°, 90°, 180° and 63 = 0.3° (left) and ;3 = 0.6°
(right). On the left, the images of the four points chosen appear grouped at the
right /lower side of the figure. These are the solutions that mimic 613 = 0 as pre-
dicted from (4.17). The comparison of these figures with fig. 4.9 illustrates the
expected decrease of the sensitivity to CP violation for very small 6;3.
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Figure 4.11. Simultaneous fits of § and 03 at L = 2810 km for different gentral values of
§ = —90°, 0°, 90°, 180° and 63 = 0.3° (left), 0.6° (right). The value of § for the degen-
erate solutions is indicated.

4.5 Combinations

As explained in section 4.4.2, there exists generically, at a given (anti)neutrino
energy and fixed baseline, a second value of the set (613, §) that gives the same
oscillation probabilities for neutrinos and antineutrinos as the true value that
appears in nature. That’s what we call intrinsic degeneracies.

It has also been pointed out [BMWO02a] that other fake solutions might appear
from unresolved degeneracies in two other oscillation parameters:

e the sign of Am3,

e (033, upon the exchange 63— 7/2 — Oa3 for Oaz #+ /4
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It is not expected that these degeneracies will be resolved before the time of the
Superbeam or Neutrino Factory operation. However, the subleading transitions
Vee~svy,, from which the parameters 613 and 6 can be measured, are sensitive to
these discrete ambiguities. A complete analysis of the sensitivity to the set (613, )
should therefore assume that sign(Am3s) can be either positive or negative, and
that a3 is either bigger or smaller than 7/4. If a wrong choice of these possibilities
cannot fit the data, the ambiguities will be resolved, else they will generically give
rise to new fake solutions for the parameters 613 and §.

There are different strategies to eliminate some of the fake solutions. It is pos-
sible to make a combination of different baselines [BCGGC+01]|, an improved
experimental technique allowing the measurement of the neutrino energy with good
precision [FHLO1], the supplementary detection of v, ~» v, channels [DMMO02] and a
cluster of detectors at a superbeam facility located at different off-axis angles, so as
to have different (E) [BMWO02b].

All the strategies are based in the inclusion of new information into the anal-
ysis, combining the ‘standard Neutrino Factory dataset’ with some other dataset,
be it different baselines, energy resolution, new channels or modifications of the
flux. We will present what is one of the most promising combinations: a Neutrino
Factory with a Superbeam.

4.5.1 Neutrino Factory with Superbeam

The development of a Neutrino Factory requires, by design, the essentials of a
Superbeam facility as an intermediate step. Although the ultimate precision and
discovery goals in neutrino oscillation physics may only be attained with a neutrino
factory from muon storage rings, those “for free” superbeam results can already lead
to significant progress in central physics issues, as is the case of the degeneracies.

Superbeams and the Neutrino Factory are not alternative options, but succes-
sive steps. In this perspective, the analysis strategy is to contemplate the combina-
tion of their expected physics results, which would improve the measurements of
the Neutrino Factory and may resolve the problem of degeneracies.

For concreteness, the results of the next sections will consider the following
experimental setup: 1) A Neutrino Factory with a parent u* energy of 50 GeV and
two reference baselines at 732 and 2810 km, and 2) A Superbeam with the pro-
posed CERN SPL accelerator, with an average energy of (E) = 0.25 GeV and a
baseline of 130 km (CERN-Fréjus).

4.5.2 Resolution of Intrinsic Degeneracies

At a fixed neutrino energy and baseline, there are degenerate solutions in the (613,
d) plane for fixed values of the oscillation probabilities ve(7e) ~ v, (7,). If (613, J)
are the values chosen by nature, the conditions

PI/el/”(H{?ﬂ 5/> = Pvevu(ol& 5)

Py.5,(013,0') = Py5,(013,0) (4.23)
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can be generically satisfied by another set (613, d’). Using the approximate formulas
of eq. (4.7), it is easy to find the expression for these intrinsic degeneracies deep in
the atmospheric and solar regimes, as shown in section 4.4.2.

For 60,3 sufficiently large and in the vacuum approximation, apart from the true
solution, '’ =4 and {3 =013, there is a fake one at

0 ~ m—4
Ami, L Am3s L
I . 12 23
015 ~ 013+ cosdsin2b, —5 cot 03 cot —5 (4.24)
Note that for values § = —90°, 90°, the two solutions degenerate into one. Typi-

2
ATE;L has on average opposite signs for the proposed superbeam and

Neutrino Factory setups, for Am3; =3 x 10~ 3%V

cally cot

2
(E)(GeV) | L(km) Cot%
SPL 0.25 130 —-0.43
T2K off-axis 0.7 295 —0.03
NuFact@732 30 732 +10.7
NuFact@2810 30 2810 +2.68
[-beam 0.35 130 +0.17

When 613 — 0 and in the vacuum approximation, the intrinsic degeneracy is
independent of §:

4F

. Am%;gL ’
if COt(T <0 then 1) ~0

2
if Cot<Am23L>>0 then 6'~m

Amfg L

015 ~sin 2609 ——==—
13 =810 2012 1

AmggL
cot O3 cot < 15 (4.25)

This solution is named €13 = 0-mimicking solution and occurs because there is a
value of 013 for which there is an exact cancellation of the atmospheric and interfer-
ence terms in both the neutrino and antineutrino probabilities simultaneously, with
sind’=0.

Figure 4.12 shows the results of measuring (613, J) at the SPL-superbeam
facility, for #13 = 8° and the central values of § = — 180°, — 90°, 90°, 180°. The
intrinsic degeneracies clearly appear and are well described by eqs. (4.24).
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Figure 4.12. Fits to the given true solutions and their intrinsic degenerate solutions at a
Superbeam facility. The 68.5%, 90% and 99% contours are depicted, for four central
values of § = —90°,0°,90°, 180° and 013 = 8°.

The analysis is based on the total number of electron/positron events, so it is
not assumed that the neutrino energy can be reconstructed.

A comparison of the Neutrino Factory and SPL-superbeam fits shows that the
displacement of the fake solution with respect to the true one is opposite for the
two facilities.

In order to understand the intermediate region between the solar and atmo-
spheric regimes, as well as the influence of matter effects, the possible physical solu-
tions to eqs. (4.23) can be computed numerically, using the approximate formulas
for the probabilities including matter effects. In what follows, L and E are fixed to
the average values for the different facilities. The results for the shift 673 — 613 and
0’ are shown in fig. 4.13 as a function of 63, for two values of § = 0°, 90° and for
the different experimental setups. In the whole range of parameters there are two
solutions, as expected by periodicity in §, since one solution is warranted: the true
one.
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Figure 4.13. 0{3 — 6013 (left) an §’ (right) versus 613, for the intrinsic fake solution, for fixed
values of § =0° (up) and § =90° (down).

The most important point to note in egs. (4.24) and (4.25) and in figs. 4.13 is
that the position (measured in 015 — 613 or ¢’) of the degenerate solution is very dif-
ferent in the neutrino factory, the SPL-superbeam and JHF setups. As a result, it
is expected that any combination of the results of two of these three facilities could
in principle exclude the fake solutions. The i3 — 013 of the fake solution depends
strongly on the baseline and the neutrino energy through the ratio L/E, so the
combination of the results of two experiments with a different value for this ratio
should be able to resolve these degeneracies, within their range of sensitivity. Even

more important is that, for small 613, ¢’ may differ by 180° if the two facilities have

2
%. For the Neutrino Factory setups, this sign is clearly

positive, since the measurement of CP violation requires, because of the large
matter effects, a baseline considerably shorter than that corresponding to the max-
imum of the atmospheric oscillation (in vacuum), where the cotangent changes sign.
In the superbeams scenario, on the other hand, because of the smaller (E), matter
effects are small at the maximum of the atmospheric oscillation, which then
becomes the optimal baseline for CP violation studies. It is then not very difficult

opposite sign for cot
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Am3s L
to ensure that cot =22

is dominantly negative in this case, which results in an
optimal complementarity of the two facilities in resolving degeneracies.

4.5.2.1 Effect of Am2;

Clearly the position of the fake solution is very sensitive to the atmospheric |Am3s|.
In matter we expect a milder dependence. especially if matter effects become domi-
nant. In fig. 4.14 one can see the separation in 13 of the intrinsic degenerate solu-
tion at § = 0° in the atmospheric regime as a function of |Am3s|. Although in gen-
eral the separation becomes smaller for smaller |Am3s], it is sizable in the whole
allowed range. The relative difference between the results for the neutrino factory
and the SPL superbeam option is always largest, although the differences between

the two superbeams and that between the neutrino factory and JHF are also very

2
large. Note also that the sign of {3 — 013, which is related to that of cot AT§L7

positive in all the domain for the neutrino factory baselines and negative in most of
the domain for SPL-superbeam scenario, which implies that the difference in ¢’
between the two facilities is 180° for small 6;5. For JHF, it is negative only for
|Am3s| >3 x 107 3eV?2,

is

25

1"!3_'013(0)

NF-2810

=25

_ |
7'8.002 0.003 0.004
Am?;5(eV?)

Figure 4.14. 6|3 — 613 versus |Am%3\ for the intrinsic fake solution in the atmospheric
regime and 6 =0°.
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Concerning the dependence on the solar parameters, it enters only through the
Am3s L
1E
degenerate solutions become closer with smaller Am?2, and also closer to the true

solution. Note however that ¢’ in the solar regime does not depend on the solar
parameters and that it differs by 180° in the two facilities, and this separation will
remain when Am?, is lowered.

combination sin? 2 0;, . In general 0{3 — 013 is linear in this quantity, so

4.5.2.2 Effect of Am3,

Turning to the variation of the solar parameters while in the atmospheric regime,
we will see that, if the two facilities that are combined have opposite
. Am3s L
sign(cot =%

tion of degeneracies. The statistical error on the measurement of 6;3 and ¢ is
mainly independent of the solar parameters (it is dominated by the atmospheric

), the effect of lowering Am?, is not dramatic either in the resolu-

term), which means that at some point when Am?, is lowered, the degenerate solu-
tions of the two facilities will merge, since the error remains constant while the sep-
aration of the solutions gets smaller. However, because of the opposite sign of 015 —
013, the solutions of the two facilities will merge only when they merge with the
true solution in 6;3. If this happens, it would therefore not bias the measurement of
913 and 6.

The combination of a Neutrino Factory with the SPL-superbeam facility, for the
optimal Neutrino Factory baseline L = 2810 km, is sufficient to get rid of all the
fake solutions, as shown in the result of a complete numerical analysis in figs. 4.15
(left). It is to note that indeed the disappearance of the fake solutions takes place
even in the solar regime.
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Figure 4.15. Fits combining the results from the SPL-Superbeam facility and a Neutrino
Factory baseline at L = 2810 km (left) or L = 732 km (right). The true values illustrated cor-
respond to § = — 90°,0°,90°, 180° and 613 =8° (top) or 613 =0.6° (bottom). The fake intrinsic
solutions completely disappear in the combinations.
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There are some differences when the combination of the SPL-Superbeam is done
with a shorter Neutrino Factory baseline of L =732 km. The degenerate solution is
not so relevant to this neutrino factory baseline when considered alone, because
there the sensitivity to CP violation is so poor that there exists a continuum of
almost degenerate solutions, which makes the determination of & impossible with
the wrong-sign muon signals. The combination of the results from this neutrino fac-
tory baseline with those from the SPL-superbeam facility is summarized in
figs. 4.15 (right). Not only do the fake solutions corresponding to the intrinsic
degeneracies in the superbeam disappear, but the accuracy in the determination of
the true solution becomes competitive with that obtained in the combination with
the optimal baseline for large values of 013. At small values of 613 the latter still
gives better results, as expected.

4.5.3 sign(Am3;) Degeneracy

To see the effect of sign(Am3s) one can try to perform the analysis assuming its
value is the opposite of the real one. The oscillation probability with the sign of
Am3; reversed will be called Pu'euu(ﬁegu)(é’lg, ). New fake solutions (13, ), at fixed
FE, and L, will appear if the equations

Plieu”(oi?n 5/) = Vevu(913a 5)
P}.5,(013,0") = Py 5,(013,0) (4.26)

have solutions in the allowed physical range.

It turns out that there are generically two fake solutions to eqs. (4.26). It is
very easy to find them in the vacuum approximation, as the mirror of the two solu-
tions (true and fake) obtained in the analysis of the intrinsic degeneracies. It can
be seen in eq. (4.7) that a change in the sign of Am3; can be traded in vacuum by
the substitution § — 7 — §, implying then for eqs. (4.26)

P/ (013,0") =~ Py0, (5.5,) (013, 7 — ) (4.27)

eV u(Telp)
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in the vacuum approximation. Consequently, the solutions in vacuum can be
obtained from those present for the intrinsic case, upon the substitution §’ — m — ¢’.
One of them mirrors the true (nature) solution and will be called below solution I,
given in vacuum by

!
913 ~ 913

The fact that it is approximately F and L-independent suggests that it will be
hard to eliminate it by exploiting the L, F dependence of different facilities, as
indeed is confirmed by the fits below. Fortunately, this fake solution does not inter-
fere significantly with the determination of 613 or CP-violation (i. e. sind).

The second fake sign solution, which will be called solution II, can be read in
vacuum from eqgs. (4.24) and (4.25), upon the mentioned ¢’ — m — ¢’ exchange. It is
strongly L- and E- dependent. Both solutions I and II can be seen in the numerical
analysis for the SPL superbeam in fig. 4.16 (left), for 6;3 = 8° and positive
sign(Am3s).
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Figure 4.16. Fits for central values 613 = 8° and § = — 90°, 0°, 90°, 180° for the SPL-Super-
beam (left) and Neutrino Factory at L = 732 km (right). The real sign for Am3; is assumed
to be positive, while the fits are performed with the opposite sign. All fake solutions disap-
pear when the two sets of data are combined.
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Matter effects are obviously very important in resolving fake sign solutions: the
task should thus be easier at large 613 and large enough Neutrino Factory baselines,
where matter effects are largest. In fact it is easy to prove that no solutions can
remain for large enough #;3. This can be seen in figs. 4.17, which show the fake
sign solutions as they result from solving numerically eqs. (4.26) (using the approxi-
mate probabilities with matter effects included) for the different experiments. For
small 8135 the two solutions I and II exist in all cases, while for large 613 they degen-
erate and disappear because of matter effects. Nevertheless even if no fake solution
exists, there might be approximate ones that will show up in a measurement with
finite errors.
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Figure 4.17. 0{3 — 013 (left) and ¢’ (right) for the sign degeneracies as functions of 63 for
fixed values of § =0° (up) and § =90° (down).

A numerical analysis with fits including realistic background errors and efficien-
cies confirms the above expectations, at each given facility. There are no fake sign
solutions for values of 613 > 2°, when considering just one neutrino factory baseline
of L = 2810 km (or longer), while for 2° > 613 > 1° they do appear but get elimi-
nated when the data are combined with those from the SPL Superbeam. At L =
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732 km some fake sign solutions remain close to the present experimental limit for
013, as shown in figs. 4.16 (right). Once again, in the combination of these latter
data with those from the SPL superbeam facility, all fake sign solutions disappear
for large 613 >4°, and the sign of Am3; could thus be determined from it.

Figures 4.17 also illustrate that solution I is more facility-independent than
solution II, as argued above. The solutions that survive in the combinations for
small 613 are indeed of type I, as shown in figs. 4.18.
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Figure 4.18. Fits resulting in fake sign solutions, for central values 613 = 0.6° and § = — 90°,
0°, 90°, 180°. The real sign for Am3; is positive, while the fits are performed with the oppo-
site sign. The results from a Neutrino Factory baseline at L = 2810 km can be appreciated on
the left, while their combination with data from the SPL-Superbeam can be seen on the right.

In conclusion, the sign of Am35 can be determined from data at an intermediate
or long neutrino factory baseline alone for 613 well inside the atmospheric regime.
For the larger values of 6013, the combination of data from the superbeam facility
and a L =732 m neutrino factory baseline also results in no fake sign solutions.

With lowering 613 (613 > 1° for our central parameters), the sign can still be
determined through the combination of superbeam and neutrino factory data at the
intermediate or long distance.

Finally, for the range 613 < 1°, the sign cannot be determined, but the combina-
tion of data from the superbeam facility and an intermediate (or long) neutrino fac-
tory baseline is still important to reduce the fake solutions to those of type I, which
do not interfere significantly with the determination of 613 and §.
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Concerning the dependence on the solar parameters, it is not expected that the
conclusions will change very much with lower sin 2 615 Am?,. The argument for
solutions of type II parallels that given in the previous subsection for the intrinsic
fake solution, while the existence and position of the type I solutions is pretty
insensitive to the solar parameters.

4.5.4 033 — w/2 — 023 Degeneracy

The present atmospheric data indicate that a3 is close to maximal, although not
necessarily 45°. Super-Kamiokande results give 90% CL-allowed parameter regions
for sin?2023 > 0.88, translating into the allowed range 35° < fa3 < 55°. Therefore
even if the value of sin?20,3 is determined with great accuracy in disappearance
measurements, there may remain a discrete ambiguity under the interchange 623 <
m/2 — 033. If this 023 ambiguity is not cleared up by the time of the neutrino fac-
tory operation, supplementary fake solutions may appear when extracting 6,3 and
0, when the wrong choice of octant is taken for 6s3. Fake solutions follow from
solving the system of equations, for fixed L and E,:

Pljiuu(ei& 61) = PVE!V[L(913, 6)
Py, (013,0') = Pyy,(013,0) (4.28)

e

where P/ 7, denotes the oscillation probabilities on the exchange O23 — /2 — Ba3.

It turns out that, within the allowed range for the parameters, there are generi-
cally two solutions to these equations. They should converge towards the true solu-
tions and its intrinsic degeneracy, in the limit 6335 — /4. It is called again solution
I that which mirrors nature’s choice and solution II that which mirrors the intrinsic
degeneracy. Because of this parenthood, solution I is a priori expected to present
generically less L and E dependence than solution II, and be thus more difficult to
eliminate in the combination.

It is easy and simple to obtain the analytical form of the fake degeneracies in
the vacuum approximation, in which, from egs. (4.7) we get

2
P, (pun(013,0') = c33sin?2013 SiHQ%
2
+ s sin22912sm2% (4.29)
Am33 L\ Am3,L . ( Am3sL
/ /
+Jcos(6$ 1E 1p St 15
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4.5.4.1 Atmospheric Regime
For large 613,

~

sin §’ cot 093 sin &

9{3 ~ tan923913

. Ami, L
Sln2912&
+ 4F
Am3s L

2sin

fake 023 solutions are given by

<cos<5

4F

67

(4.30)

4F

2 2
AmQBL) tan923c0s<5’w)>

This system describes two solutions. For one of them (I) the L- and E-depen-
dent terms in eqs. (4.30) tend to cancel for 63 — /4, resulting in 013=~013,6’ =4 in
this limit. The other solution (II) coincides in this limit with that for the intrinsic
degeneracy, eq. (4.24), as expected. For both fake 623 solutions, deep in the atmo-
spheric regime the shift 073 — 613 is positive (negative) for 023 > (< )7 /4. Also, from
egs. (4.30), no fake solutions are expected for |cot 63 sin §| > 1. In the plots of
figs. 4.19 and 4.20 are the solutions to eqs. (4.28), including matter effects, for 023
at the two extremes of the 90% CL-allowed interval. It is to note that for large ;3
there is one solution (I) that is more facility-independent than the other, although
the E, L dependence is sizable for both solutions (see for instance the curves for
d=90° in figs. 4.20) when 63 is so far from maximal.
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Figure 4.19. 0{3 — 013 (left) and &’ (right) for the 633 fake solution as functions of 63, for
023 = 35°, for fixed values of § =0° (up) and § =90° (down).
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Figure 4.20. 0{3 — 613 (left) and &’ (right) for the 633 fake
023 = 55°, for fixed values of § =0° (up) and 6 =90° (down).
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The fits with the wrong choice of octant for 633 and central values of 33 at the
limit of the currently allowed domains, confirm the expectations above and indicate
a situation close to that for the fake sign degeneracies, albeit slightly more difficult.
For instance, at the L = 2810 km baseline of the neutrino factory alone, still some
fake 623 solutions remain down to €13 > 2°, but again they all disappear when com-
bined with the SPL superbeam data. As an illustration, in figs. 4.21 are the results
for 023 =35° and 613 =4°, at the SPL Superbeam facility (left) and the L =2810 km
Neutrino Factory baseline (right). The same exercise but for an L = 732 km base-
line of the neutrino factory, results in the elimination of the 53 degeneracies only
for 913 Z 8°.
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Figure 4.21. Fake solutions due to 023 degeneracies for SPL-Superbeam results (left) and a
L = 2810 km Neutrino Factory baseline (right), for 623 = 35°, 613 = 4° and 6 = — 90°, 0°, 90°,
180°. The combination of the results from both experiments resolves the degeneracies.
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4.5.4.2 Solar Regime

For 613 — 0°, there are again two fake solutions if the following condition is met:

tan26y3 < (4.31)

Am3sL

in2
Sin 1E

Otherwise no solution exists. This is important for the larger possible values of
023 and well reflected in figs. 4.20, which show the exact solutions for ;3 = 55°.
Indeed no fake 653 degeneracies appear in the superbeam facilities in this case, for
013 in the solar regime.

For 615 — 0°, egs. (4.28) can be solved to first order in es3 =tan 63 — 1. Solution
I becomes in this limit:

A 2
if cos 2053 cot <—>>0 then 6'~0

if cos 2623 cot <—><0 then 6~

9{3 ~sin 2912

Am%QL Am%:gL
T €23 CSC T (432)

Similarly, solution II for 813 — 0° is given by:

. AmggL ’
if cot(W >0 then 6~

. Am§3L ’
if cot(T <0 then 6'~0

. Ami, L Am3; L Am3s L
073~ sin 2013 41E2 (‘cot 4;5’ ‘i623C0t2—§’ (4.33)
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Am3s L
1E
eq. (4.25), is recovered for a3 = 45°. Note that, in the solar regime both fake 6033

solutions have a sizable L, E dependence, when 653 is far from maximal. These two
solutions can be seen in figs. 4.19 and 4.20 for small ;3. Only for the neutrino fac-
tory setups do solutions I and II remain on the same curve in the solar and atmo-
spheric regimes. In the case of the SPL and JHF facilities, they are mixed.

where the sign £ corresponds to the sign of cot . The intrinsic degeneracy,

Figures 4.22 show the fits for 613 = 0.6°, for a Neutrino Factory at L = 2810 km
(left) as well as the same combined with the results from the SPL superbeam
facility (right): only one fake solution remains in the latter, which results from the
merging of solution I for superbeams and solution II for the neutrino factory, owing
to the finite resolution.
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Figure 4.22. Fake solutions due to 023 degeneracies for a L = 2810 km Neutrino Factory
baseline (left) and its combination with a SPL-Superbeam (right). The central values are
613 = 0.6° and § = — 90°, 0°, 90°, 180°. The real 033 chosen is < 45°, while the fits have been
performed with 693 > 45°.

In general, the Neutrino Factory and SPL-Superbeam combination brings an
enormous improvement to the solution of these fake degeneracies, particularly for
large A13. The conclusions are rather parallel to those for the fake sign(Am3s) solu-
tions, with the caveat that for the #2353 ambiguities, solution I, which is harder to
resolve, is not that close to satisfying sin 8’ = sin §, and it is thus potentially more
harmful to the measurement of CP violation.

As regards the dependence on the solar parameters, the arguments of the pre-
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vious two subsections can be repeated for solutions I and II, when 653 is close to
maximal. When 0a3 is farther from m/4, the situation is more confusing since both
solutions have a dependence on the solar parameters and a detailed exploration of
the whole LMA parameter space is necessary.

4.5.5 The Silver Channels

4.5.5.1 Resolving Intrinsic Degeneracies

One possibility that can help very much to remove degeneracies further is to mea-
sure also the v, ~~ v, and 7, ~» U, transition probabilities. The relevance of these
stlver channels in reducing intrinsic degeneracies was studied in ref. [DMMO02], in
the atmospheric regime. The approximate oscillation probabilities in vacuum for
Ve~ Uy (D~ Uy) are:

. . Am3s L . Am3y L\
P, (p.5.) = c%;), sin?20;5 51112(4—2;) + S%s sin?2615 (4—15)

2 2 2
- Jcos< 5 Amas L) Amis L sin< Amas L) (4.34)

4F 4F 4F

They differ from those in eq. (4.7) by the interchange 6235 — 7/2 — 23 and by a
change in the sign of the interference term.

For the intrinsic degeneracies in the atmospheric regime, it follows that the sign
of 013 — 613 will be opposite to that for the golden ve«~v,, (Fee1,) channels given
in eqgs. (4.24). In the solar regime, the intrinsic solutions in these silver channels
will thus be identical to egs. (4.25) upon exchanging 6’ =0 and 7, and the combina-
tion of the golden and silver channels remains a promising option.

4.5.5.2 Resolving Fake 6023 Solutions

When considering only v, ~» v, and 7, ~» U, oscillations, the location of the fake
solutions related to the A3 ambiguity, in the atmospheric regime, is

sind’ ~ tanfy3sind

9{3 ~ cot 923 913 (435)
Amis L Am3s L Am3s L
— sin20p—2E (COS(& — i) — cot O3 cos<5’ — ¢) >
2sin ATEB'L 4K 4E

Thus the shift {3 — 013 at large 613 would have the opposite sign to that in
eq. (4.30).
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In the solar regime, on the other hand, solution I for the v, appearance mea-
surement is the same as that in eq. (4.32), while solution II is different, namely:

2
if Cot<Am23L>>0 then 6'~0

4 F
A2 g (4.36)
. mas )
if cot<—4E ><0 then 6’ ~x
013~ sin 20 Am; L cot Am, L 5 cotAm—%BL (4.37)
13~ 2= 1E + €23 1E .

The condition for the existence of solutions in the solar regime is also different:
1

. Am3sL
2 23
ne(BEL

A detailed analysis for a realistic experimental setup is being done now, but it is
expected that the combination of the two appearance measurements v, ~ v, and
ve ~ v, for both polarities can help to resolve the dangerous solution I associated
with the 033 ambiguity, for 613 in the atmospheric regime.

Finally, we recall that the disappearance measurements (e. g.v, ~» v,) should
also be helpful in reducing these ambiguities for large 023. If the angle 623 will turn
out to be close to maximal (as the best-fit point now indicates), the #335 degenera-
cies will be of very little relevance.

C0t2923 < (438)

4.5.5.3 Resolving Fake sign(Am33) Solutions

As for the removal of the fake sign(Am3s) degeneracies, the silver channels will also

help, for qualitatively the same reason as in the combination of facilities with oppo-
013 L
1E °
is the same in vacuum as that in the golden v,~~v. channel, and it is thus not

expected to disappear in the combination of the two appearance measurements.
The solution of type II, instead, has an opposite displacement in 613 in the atmo-
spheric regime and a difference of 180° in the phase in the solar one.

site value of cot For maximal 63, the solution of type I in the silver channel







Chapter 5

New Long Baseline Experiments:
How It All Fits Together

5.1 Beta Beam

The [-beam was first introduced in [Zuc01], [Zuc02]. It involves producing a beam
of [-unstable heavy ions, accelerating them to some reference energy, and allowing
them to decay in the straight section of a storage ring, resulting in a very intense
neutrino beam. Two ions have been identified as ideal candidates: He, to produce
a pure 7, beam, and '®Ne, to produce a pure v, beam. The golden subleading tran-
sitions v, ~» v, and 7, ~ v, can be measured through the appearance of muons in a
distant detector.

As in the case of muon-induced neutrino beams, the (-beam offers the unique
features of being pure (only one neutrino species, in contrast to a conventional
beam, where knowledge of the spectrum always involves a sizable systematic uncer-
tainty).

One of the most attractive features of the (-beam is that it leverages existing
CERN facilities. The original design, whose feasibility with existing technology has
been demonstrated [A+03], envisions a “low-"7 scenario, in which ions are produced
by a new facility (EURISOL), accelerated by the present SPS to v < 150, and
stored in a storage ring (also a new facility) with straight sections pointing to the
experimental area.

An underground location where a very massive neutrino detector could be
located has been identified in the Fréjus tunnel, roughly 130 km from CERN. This
baseline is ideal for exploring the first peak of the atmospheric oscillation, the
optimal environment to search for CP-violating effects. A new, very large cavern
excavated in the Fréjus tunnel would host a megaton water Cerenkov detector
UNO-style. The capabilities of such a detector are well-matched to this energy
range, and the low neutrino energies produced by the low-+ option (in the range of
a few hundred MeV) require a very large mass to compensate for the tiny cross-sec-
tions.

75
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Furthermore, the existing design calls for a conventional low-energy “super-
beam” based on the proposed SPL proton driver, that would deliver a total power-
on-target of about 4 MW, resulting in a very intense neutrino beam. The physics
reach of such a super-beam has been studied in detail, both alone [SuperBeams01],
and together with a low-v S-beam [Mez03], [BLMO04]. The results of these studies
can be summarized as follows:

e Neither the SPL super-beam nor the low-v 8-beam, by themselves, result in
fully-satisfactory performance, especially compared to other proposed facili-
ties such as T2K [T2KO01]. The performance is limited, in spite of the large
detector mass by the small cross-sections, by systematics due to the SPL
super-beam backgrounds (both beam- and detector-related) and by the
intrinsic degeneracies identified in [BCGGC+01].

e A combination of the super-beam and [-beam would explore a large range
of the parameter space (13,9).

e The sign of the atmospheric Am3; cannot be determined because matter
effects are negligible.

5.1.1 Energy Regimes

We explored different scenarios increasing the energy of the originally proposed (-
beam, with a corresponding increase in baseline to keep (E,)/L approximately con-
stant, and also when the constraints are a fixed detector distance (CERN-Fréjus)
and the maximum < achievable at the current and an refurbished SPS.

There are three reasons to expect an improvement of sensitivity with higher ~
values:

e The rates (and thus the sensitivity to 613 if the backgrounds are kept under
control) increase linearly with (E,) at fixed (E,)/L.

e At longer baselines, measurement of the neutrino mass hierarchy becomes
possible, as matter effects become more sizable. This is illustrated in figure
5.1, which shows the v, ~» v, oscillation probability for neutrinos and
antineutrinos, as a function of the baseline, for neutrino energy constrained
to the first atmospheric peak, i.e. E/L = |Am%3|/2 7. The difference between
the neutrino and antineutrino oscillation probabilities induced by matter
effects becomes comparable to that due to CP-violation for L ~ 1000 km.

e Increased neutrino energy enhances the energy dependence of oscillation sig-
nals. This is extremely useful in resolving the correlations and degeneracies
in parameter space [C+00], [BCGGC+01]. Energy dependence is particu-
larly helpful for energies close to the peak of the atmospheric oscillation
[BCGGC+02]. Figure 5.2 compares the vacuum probabilities for v, ~» v, and
Ve~ 1y, with 013 =6° and 6 =40° to those of the intrinsic-degenerate solution
at <Eu(17)>~ The neutrino and antineutrino probabilities cross at the <Eu(l7)>,
but are quite different at other energies. Thus spectral information can defi-
nitely help in disentangling them.
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Figure 5.1. P, ., and Pz, as a function of the baseline L, at a neutrino energy E/L=
|Am33|/27 and for 0,3 =8° and § =0° (solid) and 90° (dashed).
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Figure 5.2. P(v, ~»v,) and P(¥, ~» 7,) as a function of the energy, at L = 730 km, for
613 = 6° and & = 40° (solid) and for the degenerate solution at 013({E.)), §'({E,)) with
(Ey) =1.5GeV (dashed).
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From a technical point of view, designs aiming at higher ~ factors are conceiv-
able by direct extrapolation of existing technology, and would not require a long
R&D program. A “medium-"+y scenario (v < 600) could be realized at CERN by
accelerating ions in a refurbished SPS with super-conducting magnets, or in LHC
(up to y = 2488 for *He and v = 4158 for ¥Ne). Another candidate would be Fer-
milab, where a combination of the existing Main-Injector and Tevatron could accel-
erate ions to 7y factors of a few hundred.

Two blocks of three scenarios for the 3-beam alone are considered. With a fixed
(E,)/L on the oscillation peak:

e Setup-1, low energy: v = 60 for *He and v = 100 for '®Ne, with L = 130 km
(CERN-Fréjus).

e Setup-2, medium energy: v = 350 for SHe and v = 580 for ®Ne, with L =
732 km (e.g. CERN-Gran Sasso with a refurbished SPS or with the LHC,
FNAL-Soudan with Tevatron).

e Setup-3, high energy: v = 1500 for He and v = 2500 for '®Ne, with L =
3000 km (e.g. CERN-Canary islands with the LHC).

And with the constraints of a fixed distance CERN-Fréjus and the maximum -~y
achievable at the SPS:

e Setup-4: L=130km (CERN-Fréjus) at the optimal « accessible to the SPS.

e Setup-5: v = 150 (maximum achievable at the SPS) for both ions, at the
optimal baseline.

e Setup-6: v = 350 for both ions at L = 730 km, a symmetric version of Setup-
2.

In all cases we assume the same number of ions, 2.9 x 108 6He and 1.1 x 10'® 18Ne
decays per year. This seems reasonable, as one does not expect losses with a refur-
bished SPS (to extrapolate, for instance, Setup-1 and Setup-2 at CERN). For the
LHC one could compensate for injection losses due to the different optics with a
different acceleration scheme with more or longer bunches (thus more ions).
Although these luminosities have been estimated for simultaneous ion circulation
(fixing the ratio of ~+’s to 1.67) they may be achievable even if the ions circulate
separately at the same v, by injecting more bunches. While these intensities are
realistic for the CERN-SPS, the same has not been demonstrated for other acceler-
ators like the Tevatron or LHC.

5.1.2 Neutrino Fluxes

Neglecting small Coulomb corrections, the electron energy spectrum produced by
an “allowed” nuclear §-decay at rest is described by:

dNrest
dpe

where FEj is the electron end-point energy and E. and p. are the electron energy
and momentum. For He, Fy= 3.5 MeV + m,., while for ¥Ne, Fy=3.4MeV + m..

~pz (B, — Ey)? (5.1)
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We are interested instead in the neutrino spectrum resulting from ion decays
after they are boosted by some fixed . In the ion rest frame the spectrum of the

neutrino is
dNrest

Y U R2 _ _ 2 _ 2
dCOS@dEV EV (EO E,,) (EO El,) me (52)

After performing the boost and normalizing the total number of ion decays to
be Ng per year, the neutrino flux per solid angle in a detector located at a distance
L aligned with the straight sections of the storage ring is:

d dlab Ng ¥? 2 _ —
~ ~___ 7 1 1 — 1 2 2 .
53 0202 gy v -9 V- (5.3)
where 0 <y = 5—% fgo <1 —Ye, Ye=me/Ep and

:i 209 _ 0.2 Q.4 4 Y
g(ye)—GO V1—y: (2-9y:—8ye)+15yclog Y (5.4)

This expression has certain similarities with the electron neutrino fluxes at a
Neutrino Factory. One similarity is that the fluxes are known very accurately and
the v,(7,) appearance signal has no background from contamination of the beam.
The latter is true for the Neutrino Factory only to the extent that the charge of
final-state leptons can be determined, which requires a magnetized device (thus, in
particular, prevents the use of massive water detectors).

Figure 5.3 shows these fluxes for different reference setups as a function of the
neutrino energy. Although integrated fluxes at all the reference setups are nearly
identical, about 10! 7, /v, m~2 year~!, setups 2, 3 and 5, 6 have the advantage that
the appearance signal’s energy dependence should be more significant, while at low
energy the neutrino energy resolution is worsened by the Fermi motion.
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Figure 5.3. Fluxes for setups 1 and 2 (left), 3 (center) and 4 (right) as function of the neu-
trino energy for 7. (solid) and v, (dashed).

The Neutrino Factory flux of 10'? 7. /v, m~2 year~! at the optimum baseline of
3000 km is a factor 10 higher, but (EV>/L for setups 2 and 3 is matched to the
atmospheric splitting, while at the Neutrino Factory it is not. The oscillation prob-
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abilities are thus smaller in the latter.

5.1.3 Measurements

The parameters (613, 0) are best studied by probing the appearance channels for
neutrino oscillations in the atmospheric energy range: golden (v,«wv.) [DGH99]
[C+00] and silver (v e«~v,) [DMMO02] channels have been identified. In all setups
but Setup-3, neutrino energies are below 7 threshold, therefore only the golden
channel is available.

The disappearance transition v, ~ v, can also be measured. This is an impor-
tant complement to the golden channel, because the intrinsic degeneracy in the
golden measurement can be resolved: the disappearance measurement depends on
013, but not on §. The synergy between the appearance and disappearance channels
for a B-beam is thus analogous to that between superbeam and reactor experiments
[MMS-+03].

5.1.4 Cross-Sections

The (anti-)neutrino cross—sections relevant in the different setups are quite dif-
ferent. While in the low energy option quasi-elastic events are dominant and the
cross-section grows rapidly with energy, in the highest-energy option samples are
mostly deep-inelastic scattering and the growth is linear in the neutrino energy.
For the medium-energy options, there is a sizable contribution from both types of
events, as well as resonant channels. Figure 5.4 shows the cross-sections per
nucleon and per neutrino energy used in this analysis.

Figure 5.4. Cross-section per nucleon for an isoscalar target, divided by neutrino energy
in GeV.
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Asymptotically the number of events grows linearly with . Table 5.1 shows the
number of charged-current events expected in one year, per kiloton. The number of
events is somewhat sensitive to the isotopic composition of the target, as free pro-
tons in water contribute significantly to the anti-neutrino event rates.

Setup v L(km) |7, CC|v. CC|(E,) (GeV)
1 60,/100 130 4.7 32.8 | 0.23/0.37
2 350/580 730 57.5 | 224.7 | 1.35/2.18
3 1500/2500 | 3000 | 282.7 | 993.1 | 5.80/9.39
4 150/250 300 22.8 | 115.6 | 0.58/0.94

Table 5.1. Number of charged-current events without oscillations per kiloton-year for ref-
erence setups. The average neutrino energy is also shown.

Interestingly, the detector mass can be reduced linearly with ~ without
changing the number of events. This offers the possibility of moving from the large
water Cerenkov detector required in the lowest-energy option to a less massive but
more granular detector in the higher-energy ones.

5.1.5 Detectors: Efficiencies and Backgrounds

The signature for the golden subleading transitions v, ~ v, and 7, ~ 7, in a (3-
beam is the appearance of prompt muons which must be separated from the main
background of prompt electrons due to the bulk v./7. charged interactions. Since
there is only one neutrino species in the beam, no charge identification is required.
Furthermore, to compensate the small cross sections, specially for Setup-1, very
massive detectors are needed. In addition, good energy resolution is required in
order to resolve parameter degeneracies. As demonstrated by Super-Kamiokande
[Super-Kamiokande98|, massive water detectors are capable of offering simultane-
ously excellent particle identification and good energy resolution, particularly in the
range of few hundred MeV to about 1 GeV, where most of the interactions are
quasi elastic, yielding simple event topologies (a typical QE interaction is character-
ized by a single ring from the final muon, the scattered proton being below
Cerenkov threshold thus invisible). As energy increases, deep inelastic processes
start to dominate the cross section and the event topology becomes more compli-
cated. The turn-over region is about 1.5 GeV. The neutrino spectra in Setup-2
extend all the way up to 4 GeV. Nevertheless, as it will be shown below, water is
still the best option in this range.

For neutrinos energies up to 10 GeV, as considered in Setup-3, deep inelastic
CC and NC events are dominant and water is no longer suitable. Massive tracking
calorimeters are the best option in this range [CDGO00] [C-+00].
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5.1.5.1 Signal Selection and Background Suppression in Water

We have considered a Megaton-class water detector, as proposed by the UNO col-
laboration [G+] with a fiducial mass of 400 kiloton, for both setups I and II. The
response of the detector was studied using the NUANCE [Cas02] neutrino physics
generator and detector simulation and realistic reconstruction algorithms as
described in [SuperBeams01].

Particle identification in water exploits the difference in the Cerenkov patterns
produced by showering (“e-like”) and non-showering (“pu-like”) particles. Besides, for
the energies of interest the difference in Cerenkov opening angle between an elec-
tron and a muon can also be exploited. Furthermore, muons which stop and decay
(100% of u* and 78% of p~) produce a detectable delayed electron signature that
can be used as an additional handle for background rejection.

For this study, we have used a particle identification criterion similar to the one
used by the Super-Kamiokande collaboration, which is based on a maximum likeli-
hood fit of both u-like and e-like hypotheses. Figure 5.5 shows the particle identifi-
cation estimator P, for electron-like events (solid line) and for muon-like events
(dashed line). The normalization is arbitrary. A cut at P,q > 0 (PID cut) separates
optimally the e-like and p-like populations. Since most v,, events are followed by a
muon-decay signature, the background is further reduced by accepting only events
with a delayed coincidence.

1200 —
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Figure 5.5. Rejection of l/ec ¢ background in a water Cerenkov detector. The particle ID
estimator Pjq is shown in arbitrary units for the electron-like background (left, solid line)
and muon-like signal (right, dashed).
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To summarize, the appearance event selection requires:

e The event must be fully contained in the fiducial volume. This is necessary
to guarantee a good measurement of the energy as well as to exploit the
muon-decay signature.

e A single ring in the event.
e The PID estimator must be muon-like, P,q > 0.
e The event must show a delayed signature (muon decay signature).

For the disappearance v, ~> v, (Ve ~ U,) transitions, the signal is a CC interaction
with an electron (positron) in the final state. In setups 1 and 2 this channel is
included with a conservatively estimated 50% flat efficiency and negligible back-
ground. The energy resolution is strongly affected by the non-QE contamination for
this sample, and so the posterior analysis in setups 4—6 are refined to include the
effect of migrations. While the background level for this large signal can be safely
neglected in comparison with other systematic errors, a matrix of efficiencies should
be used to account for the signal migrations. Table 5.2 shows these matrices for
SHe and '®Ne at various 7’s. Efficiencies are quite high, especially at lower energies
where they reach 80-90%.

Ton | ~ e?}s

6 0.89 0.25 0.10
He | 120 0.04 0.62 0.40

0.00 0.023 0.38
18 0.83 0.35 0.21
Ne | 120 0.073 0.46 0.36

0.0015 0.043 0.22
6 0.89 0.21 0.086
He [ 150 || 0.045 0.63 0.25

0.00 0.041 0.52
18 0.83 0.33 0.16
Ne | 150 0.078 0.47 0.27

0.0019 0.059 0.33

Table 5.2. Fractional migration matrices (e?}s) of the CC v, disappearance signal for dif-
ferent values of ~.

5.1.5.2 Atmospheric Background

An important background for any accelerator-based experiment to control arises
from atmo- spheric neutrinos. A detector like Super-Kamiokande will expect
approximately 120 v, and 7, interactions per kiloton-year (including the disappear-
ance of v, into v,). Of these, 32 atmospheric v, and 7, per kiloton-year pass all
the selection cuts (one non-showering ring, accompanied by a delayed coincidence
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from muon decay). The reconstructed spectrum of those events scaled by a factor
1/500 is shown in figure 5.6 (solid line) alongside the signal for three example
setups, assuming 613 =1°.
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Figure 5.6. Solid line: energy spectrum of atmospheric v, and 7, background per
kiloton-year, scaled down by a factor 1/500. Dashed, dotted and dash-dotted lines: energy
spectrum of signal events per kiloton-year for v =120, 150 and 350 assuming 6;3 = 1°.

There are two additional handles to further reduce the atmospheric back-
ground. First, at a given 7, we know the end-point of the signal spectrum, and
there is no efficiency penalty for excluding events above the maximum beam
energy. This cut obviously works best for lower-v scenarios. Table 5.3 shows the
effect of the end-point cut for different +’s. For higher ~, it is also helpful to set a
lower energy cut. Requiring E > 500 MeV, for instance, is free for the v = 350
option, since this bin is not considered in the analysis anyway.

v | Selection | Fax cut | Enyin cut | cos; cut
120 32 19 19 15
150 32 24 24 15
350 32 30 19 5

Table 5.3. Surviving atmospheric v, background per kton-year after cuts: on the high-
energy end-point of the 8-beam neutrino spectrum (Fmpax), the low-energy tail (Enin) for
setup 6, and the lepton scattering angle (cos6;).
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Second, a directional cut is also possible, since the beam arrives from a specific,
known direction but the atmospheric background is roughly isotropic. While the
neutrino direction cannot be measured directly, it is increasingly correlated with
the observable lepton direction at high energies. Figure 5.7 illustrates this correla-
tion for three reference setups. Thus, a directional cut is more effective as ~y
increases, but is never perfectly efficient. To compare the power of this cut for the
different setups, we define it to achieve a 90% efficiency in all cases: cos 6; > 0.45 for
v = 350, cos 8; > — 0.3 for v = 150 and cos 6; > — 0.5 for v = 120. The remaining
atmospheric background for each setup is summarized in Table 5.3. Thanks to the
directional cut, background rejection for the highest v is a factor three better than
the alternative scenarios.
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Figure 5.7. Cosine of the reconstructed neutrino-lepton scattering angle for three setups:
~ =120 (top), v=150 (middle) and v = 350 (bottom).

Even with energy and directional cuts, 5 to 15 atmospheric v, background
events per kiloton-year remain, compared to the expected intrinsic beam-induced
detector background (mostly due to NC single-pion production) of O(1072) events.
To reduce atmospheric contamination to a negligible level (say ten times below the
intrinsic background) would require a rejection factor O(10%), although since the
atmospheric background can be well measured a rejection factor 5-10 times less
stringent is probably tolerable.

This rejection factor can be achieved by timing of the parent ion bunches. It is
estimated [Mez03| that a rejection factor of 2 x 10* is feasible with bunches 10 ns in
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length. Based on the present results, a less demanding scheme for the number of
bunches and bunch length could be workable.

5.1.6 Systematic Errors

For setups 4-6 we have included the two systematic errors that will likely domi-
nate. First, the uncertainty in the fiducial mass of the near and far detectors, which
we estimate as a =+ 5% effect on the expected far-detector rate. Second, the uncer-
tainty on the ratio of anti-neutrino/neutrino cross sections, which we assume a near
detector can measure with an accuracy of +1%.

To include these errors, two new parameters are added to the fits: A, the global

normalization, and zx, the relative normalization of anti-neutrino to neutrino rates.
i+
woe

energy bin 4 for the antineutrino (+) or neutrino ( — ) beam, and N;’:(Gl& 0) is the

More precisely, if n;’~, is the number of measured muon and electron events in the
expected number for some values of the unknown parameters (63, ), then we mini-
mize the following 2 function:

i+
2(013,0,A,2)=2 Az Not —nb T +nF log[ —L—
R A A b

. . . ni’_
+ ANY —n% +n% lo f
e o )

(A-17 , (@=17
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+

where 04 = 0.05 and o, = 0.01. The minimization in the parameters A and x for
fixed values of #13 and § can be done analytically to leading order in the deviations
A —1 and x — 1, that is solving the linearized system:

o _

N
= A 5.5
; 0 (5.5)

0 or

5.1.7 Signal and Backgrounds in Setup-1

The PID cut eliminates almost completely the electron background, leaving a
residual back- ground due to v and diffractive events in which a single pion is
confused with a muon. The low energy of Setup-1 (particularly in the case of the
antineutrinos) results in negligible backgrounds for ®He. In the case of 1®Ne, diffrac-
tive events result in an integrated background fraction below 10~2. The efficiency
is rather large but drops dramatically below 300 MeV. Background ratio and effi-
ciency as a function of the energy in Setup-1 are shown in figure 5.8.
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Figure 5.8. Background fraction (left) and efficiency (right) as a function of the true neu-
trino energies for He and 8Ne in water in Setup-1.

A major drawback of Setup-1 is that no energy binning is possible, since the
neutrino energy is of the order of the Fermi motion. This is illustrated in figure 5.9
where the reconstructed neutrino energy is plotted against the true energy. As it
can be seen the events are almost uncorrelated. Therefore, spectral information
cannot be used and one has to do with the integrated signal, which cannot resolve
the intrinsic degeneracies.
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Figure 5.9. Reconstructed versus true neutrino energy for '8Ne. The lack of correlation
shows that the event energy information is completely washed out by Fermi motion.
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5.1.8 Signal and Backgrounds in Setup-2

Figure 5.10 shows the reconstructed energy spectrum for both signal and back-
ground in Setup-2. Notice that, as for Setup-1, the backgrounds are smaller for SHe
than for 8Ne, and that both neutrino and antineutrino backgrounds tend to cluster
at low energies. A cut demanding that the reconstructed energy be larger than 500
MeV suppresses most of the residual backgrounds at a modest cost for the effi-
ciency.
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Figure 5.10. Reconstructed energy for signal and background in Setup-II (the absolute nor-
malization is arbitrary) for 6He (left) and ®Ne (right).
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Figure 5.11 shows the reconstructed energy (solid line), the QE component
(dotted line) and the non-QE component (dashed line) for events passing the selec-
tion criteria. Notice that the non-QE contamination is high, specially for neutrino
events. This spoils sizeably the resolution, since the neutrino energy is recon-
structed under the hypothesis that the interaction was QE. The effect is illustrated
in figure 5.12, which shows the reconstructed versus true energy for antineutrinos in
Setup-2 for QE events only (left) and all events (QE and non QE) that pass the
selection criteria (right). Notice the excellent correlation between reconstructed and
true energy in the case of QE events, which is, however, spoiled by the non-QE
events. We take into account this effect by computing a matrix that describes the
migrations between the true and the reconstructed neutrino energy. Migration
matrices have also been computed for the backgrounds. Figures 5.13 and 5.14 show
those matrices (in the form of lego-plots) for He and '®Ne respectively. The inte-
grated efficiencies are quite high (30 — 50%) for background fractions below 3 x
103
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Figure 5.11. Reconstructed energy (solid line), the QE component (dotted line) and the

non-QE component (dashed line) for signal-like events (arbitrary normalization) for ®He (left)
and 18Ne (right).
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Figure 5.12. Reconstructed versus true energy for antineutrinos in Setup-II for QE events
on the left and for signal-like events (QE and non-QE events) on the right.
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Figure 5.13. Efficiencies and background fractions as a function of the true and recon-
structed neutrino energies for ®He in water in Setup-II.
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Figure 5.14. Efficiencies and background fractions as a function of the true and recon-
structed neutrino energies for 18Ne in water in Setup-II.

One possibility to control still better the backgrounds would be to have a tun-
able v. In this way one could characterize the signal at a given energy reducing the
background coming from higher energy events maximally.

5.1.9 Setup-3

The neutrino spectra for Setup-3 extends up to a few GeV, well in the deep
inelastic regime, where a tracking calorimeter (possibly a massive version of
MINOS) could offer better performance than water. The performance of such a
device (a 40 kiloton magnetized calorimeter) for the case of the Neutrino Factory
has been extensively studied [CDGO00| [C+00]. However, the neutrino energy for
that setup was higher (mean energy of about 25 GeV to compare with mean energy
of about 5 GeV here) and the charge of the muon had to be measured, which is not
the case here. We expect a similar performance, with efficiencies better than 30%
and background fractions better than 10~% We also assume that the neutrino
energy can be reconstructed also for CC events. Energy bins of 1 GeV will be con-
sidered and we discard events with neutrino energies below 1 GeV.

5.1.10 Optimization of the SPS (3-beam
The following sensitivity plots are used to optimize the physics performance of dif-
ferent (B-beams:
e Sensitivity to CP violation: region on the plane (63, §) where the phase &
can be distinguished from both § = 0° and § = 180° for any best fit value of
013, at 99% confidence level or better.
e Sensitivity to 6;3: region on the plane (6;3,5) where the angle 613 can be dis-
tinguished from 613 = 0 for any best fit value of §, at 99% confidence level
or better.
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5.1.10.1 Optimal v for the CERN-Fréjus baseline

One frequently considered standard setup adopts the CERN-Fréjus baseline L =
130 km and v = 60/100 for °He/!®Ne [Mez03] [BLMO04]. This setup appears to be
far from optimal even if the baseline is kept fixed. A higher-y beam increases the
event rate and allows the energy dependence of the signal to be analyzed. Taking
the identical +’s for 5He and '®Ne, figure 5.15 shows the 7-dependence of the 99%
CL § and 63 sensitivity, as defined above. The stars indicate the values of the
setup corresponding to v = 60/100. Clearly the CP-violation sensitivity is signifi-
cantly better for larger . For v > 100 the sensitivity to CP violation and 63
changes rather slowly. This is not surprising, since increasing v at fixed baseline
does not reduce the flux significantly at low energies (see figure 5.16), just as for a
Neutrino Factory. In the absence of backgrounds, there is no penalty associated
with higher ~, although in practice, the non-negligible backgrounds result in a
small decrease in 613 sensitivity at higher -, for some values of §.

L=130 km
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5 - 0,,=8°
()
20 —
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ion
15
5=90°
-
613(0)
05 —
0 | | | |

Figure 5.15. ~-dependence of 99% confidence level § sensitivity at 613 =8° (top) and 6013
sensitivity (bottom) for 6 =+ 90° (solid) and é = — 90° (dashed), assuming L = 130km and
~(%He) = v('8Ne). The stars indicate the values for the v =60/100 option.
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Figure 5.16. Energy spectra of v. (dashed) and 7, (solid) at L =130km for v =100, 120,
150.

Although there is no unique optimal v within the wide range v = 100—150
when the baseline is fixed to L = 130 km, we will take for illustration an interme-
diate v =120 to define Setup-4; a different choice of v > 100 will not make a signifi-
cant difference.

There appears to be no advantage to the asymmetric choice v(!*Ne)/v(°He) =
1.67. The asymmetric option is always comparable in sensitivity to a symmetric
one with the smaller v of the two, so a symmetric 7 configuration is adopted for
Setup-4.

5.1.10.2 Optimal L for maximum ion acceleration v =150

As stated before, physics performance should improve with increasing -y, if the
baseline is correspondingly scaled to remain close to the atmospheric oscillation
maximum, due to the (at least) linear increase in rate with . This growth in sensi-
tivity eventually saturates for a water detector, which becomes inefficient in recon-
structing neutrino energies in the inelastic regime. Figure 5.17, where the number
of CC appearance candidates selected (for unit oscillation probability) is plotted as
a function of v (for v/L fixed), confirms this expectation. Saturation occurs for
v~ 400, above the maximum acceleration possible at the CERN-SPS; since the flux
is still large in the quasi-elastic region (see figure 5.16).
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Figure 5.17. Number of CC appearance candidates (from '®Ne) for unit oscillation prob-
ability, as a function of ~, holding ~/L fixed.

Fixing « to the CERN-SPS maximum value we next study the optimal baseline
and how the symmetric v setup compares with the asymmetric one.

Figure 5.18 shows the |§| and 63 sensitivities as a function of the baseline for
v = 150/150 and the asymmetric case v = 150/250. The best CP sensitivity is
achieved around L ~ 300(350) km for symmetric (asymmetric) beams. The baseline
dependence of 013 sensitivity leads to similar conclusions, although the importance
of choosing the optimum baseline is more pronounced. A significant loss of 63 sen-
sitivity results if the baseline is too short, as in Setup-4.

99% CL sensitivity to CP violation, for 4.4 Mton y (6,5 = 8 deg) 99% CL sensitivity to 8,5, for 4.4 Mton y
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Figure 5.18. Left: minimum value of |§| distinguishable from 0 and 180° at 99% CL (for
013 =8°) vs. baseline for v=150/150 (red) and = 150/250 (green). Right: minimum value of
013 distinguishable from 0 at 99% CL (for § =+ 90° and § = — 90° as shown).

Setup-5 is hence defined as v = 150/150 for L = 130 km. Similar results are

1000
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expected for the asymmetric option v =150/250 with slightly shorter baseline.
5.1.11 Determination of 6,3 and

The simultaneous measurement of 65 and ¢ is affected by correlations [C+00] and
the so called intrinsic degeneracy [BCGGC+01], which results in either a prolifera-
tion of disconnected regions of parameter space, where the oscillation probabilities
are very similar to be distinguished, or artificially large uncertainties in both
parameters when these regions overlap.

As has been discussed before, these degeneracies can be resolved either com-
bining different experiments with different E/L or matter effects, or exploiting,
whenever this is possible, the energy dependence of the signal within one experi-
ment.

One of the main advantages of going to higher energies and longer baselines in
the [-beam is precisely to have some significant energy resolution which allows to
resolve these degeneracies.

5.1.11.1 Setups 1-3

In figure 5.19 we compare the reach concerning CP-violation on the plane (63, §),

i.e. the range of parameters where it is possible to distinguish with a 99% CL, ¢
from 0 or 180° for the different setups and 10 years of running in each case. We
assume that both ions are bunched and accelerated simultaneously. We thus
include the results from the measurement of both polarities. The remaining oscilla-
tion parameters are fixed close to their best fit values.

90
80 [ |

70 i
[

30 [

Figure 5.19. Region where § can be distinguished from § =0° or § = 180° with a 99% CL
for Setup-1 (solid), Setup-2 with the UNO-type detector of 400 kton (dashed) and with
the same detector with a factor 10 smaller mass (dashed-dotted). In all cases we consider
10 years of running time for both polarities.



96 NEw LonG BaseLINE EXPERIMENTS: How IT ALL FiTs TOGETHER

The solid line corresponds to the Setup-1. The dashed lines correspond to
Setup-2 for the UNO detector described in the previous section and for a detector
scaled down by a factor of 10. Surprisingly the small water Cerenkov in Setup-2
performs similarly to the UNO detector in Setup-1, while the performance of the
latter in Setup-2 is spectacular and clearly comparable with the Neutrino Factory.
One of the reasons for this improvement is precisely the resolution of correlations.
This can be seen in fig. 5.20, where we compare the result of the fits for setups 1, 2
and 3. While the intrinsic degeneracies are present for the low-energy option, they
tend to get resolved in the higher one, even with the smaller detector.
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Figure 5.20. 1, 2 and 3 o contours on the plane (613, ) in the setups 1, 2 for the 40 kton
and 400 kton detectors and for Setup-3 in 10 years of running time. The “true” values of
the parameters are indicated by a star.

The necessity to suppress backgrounds due to charge misidentification forces a
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very stringent cut in the momentum of the muon when searching for “wrong sign’
muons at the Neutrino Factory. This cut translates in practice to throwing away
neutrino energies below 5 GeV, thus losing precious spectral information. In that
respect, the presence of two neutrino species in the Neutrino Factory is a disadvan-
tage, compared with the §-beam, where one has only one neutrino species and the
ability to identify low energy muons in water, separating them clearly from back-
grounds (as opposed to a tracking calorimeter, where a muon of momentum less
than about 1 GeV cannot be easily separated from the pion background).

Although other systematic errors, such as the knowledge of the flux or the
error on the backgrounds and efliciencies have not been included in this study, they
are very unlikely to change the conclusion concerning the comparison of the three
setups of the [-beam, since they would affect them in a similar manner. However
all systematic errors should be included in a fair comparison of the S-beam and the
Neutrino Factory, since they might be quite different in both machines.

5.1.11.2 Setups 46

Figure 5.21 compares the CP-violation and 613 exclusion plots for the three setups
assuming, for the moment, that the discrete ambiguities in sign(Am3s) and
sign(cos f23) can be ignored because correct assignments have been made. Also
included for reference is the previously considered Setup-1. Although the highest
option remains best, the performance of Setup-5 is comparable. Even the sensi-
tivity of the much-improved CERN-Fréjus scenario in Setup-4 is considerable.
Although only the range ( — 90°, + 90°) is shown, to make it easier to read the y-
scale, the region around 180° has a similar pattern.
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Figure 5.21. Left: CP-violation exclusion plot at 99% CL for the three reference setups 4
(dashed), 5 (dotted) and 6 (dashed-dotted) compared with the standard (solid) setup 1.

Right: exclusion plot for 613 at 99% CL with the same setups. The discrete ambiguities are
assumed to be resolved.
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Figure 5.22 shows typical fits for the three setups at several true values of 63
and §. While both setups 5 and 6 manage to resolve the intrinsic degeneracy essen-
tially everywhere in the sensitivity range, this is not the case for Setup-4; there
(when the fake solution gets closer to and merges with the true one) the errors in
013 and § are sometimes strongly enhanced by the intrinsic degeneracy. This effect
is not necessarily noticeable in the exclusion plot for CP violation.

Determination of 6,,,  (only intrinsic)
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Figure 5.22. Determination of (013, ) at 99% CL for setups 6 (thicker line), 5 (interme-
diate) and 4 (thinner line) and six different true values of the parameters indicated by the
stars, assuming the correct sign(Am%3) and sign(cos 623).
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5.1.12 Determination of sign(Am33)

The sign of Am3; is an essential missing piece of information to determine the
structure of the neutrino mass matrix. The measurement of this quantity cannot be
done from the measurement of neutrino oscillations in vacuum, so matter effects
need to be sizable. In Setup-I, matter effects are too small to allow the determina-
tion of this unknown, however this is no longer the case for the intermediate base-
line setup.

In figure 5.23 we show the exclusion plot for the sign of Am3; on the plane
(013, 6) at 99% CL. The measurement of the sign is possible in a very significant
region of parameter space. In particular for the largest detector, it can be measured
for 013 > 4°, simultaneously with 613 and .
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Figure 5.23. Regions where the true sign(Amgg,) = + 1 can be measured at 99% CL
(i.e. no solution at this level of confidence exists for the opposite sign). The lines corre-
spond to Setup-2 with the 400 kton water Cerenkov (solid) and the 40 kton one (dashed)
in 10 years of running time.
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5.1.13 Effect of the Eight-fold Degeneracies

By the time any (-beam begins, it is probable that a number of uncertainties in
the oscillation parameters besides 613 and § will remain, in particular the discrete
ambiguity in sign(Am3s) or the octant of 3. Both questions are theoretically
important and the possibility of answering them with a g-beam is attractive. These
ambiguities are problematic, if they can’t be resolved, because they can bias the
determination of the parameters (613, 0), that is, the solutions surviving with the
wrong assignment of the sign and/or the octant lie at different values of 613 and ¢
than the true ones.

Generically, an eight-fold degeneracy of solutions appears when only the golden
channel is measured and no energy dependence is available. There are two solutions
in the absence of the discrete ambiguities, the true and the intrinsic one. Each gets
an false image for the wrong assignment of the sign [MNO1], for the octant [FLI6]
[BMWO02a] and for both.

The intrinsic solution and its three images are strongly dependent on the neu-
trino energy and therefore can be excluded, in principle, when the energy depen-
dence of the oscillation signal is significant. On the other hand images of the true
solution are energy independent and impossible to resolve unless there are addi-
tional measurements (e.g. disappearance measurements or the silver channel), or
when there are significant matter effects.

Figure 5.24 shows fits including the discrete ambiguities on the plane (613, d)
for the three setups and different choices of the true 613 and §. In Setup-4 we
generically find the full eight-fold degeneracy, while in setups 5 and 6 the intrinsic
solution and its images are typically excluded, thanks to the stronger energy depen-
dence.
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Figure 5.24. Solutions for (613, d) for the true values § = &40 and 613 =4° in (a) Setup-4,
(b) Setup-5 and (c) Setup-6 without discrete ambiguities, with the sign, octant and mixed
ambiguities ordered from thicker to thinner-line contours.
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Some general observations concerning these results include:

Presence of the intrinsic degenerate solution or its images as in Setup-4 is
problematic, because it implies a significant increase in the measurement
errors of 613 and § (as shown in figure 5.22) for some values of d.

When only the images of the true solution survive, as in setups 5 and 6, they
interfere with the measurement of 613 and § by mapping the true solution to
another region of parameter space. In vacuum [MNO01]| [BCGGC+O01]:

o Wrong sign: 613 — 613, 6 >7—§

o  Wrong octant: 013 — tan fs36013+ O(Amfg), sin d — cot 053 sin &
Since these different regions occur for different choices of the discrete ambi-
guities they cannot overlap and one ends with a set of distinct measurements

of 613, 6 with different central values but similar errors (see the middle and
right plots of figure 5.24).

In vacuum, CP violating solutions are mapped into CP violating solutions,
therefore the effects of degeneracies on the exclusion plot for CP violation
are often small, even when degeneracies are a problem. In matter, on the
other hand, § shifts in the fake solutions are enhanced by matter effects and
for some central values of (13, §) the fake solutions may move closer to the
CP conserving lines than the true solution, resulting in an apparent loss of
sensitivity to CP violation. This effect is visible in figure 5.24 where the
fake-sign solution, which in vacuum should be located at ~ — 140° for § = —
40°, gets shifted towards the CP conserving line for longer baselines where
matter effects are larger.

Figures 5.25 and 5.26 show the range of (f;3, &) where sign(Am3s) and
sign(cos f33) can be measured respectively. Asymmetric vy options are also included,
since there are some differences. As expected, sensitivity to the discrete ambiguities
is better for large 613 and larger «y. In Setup-4 there is essentially no sensitivity
anywhere on the plane.
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Figure 5.25. Region on the plane (613, §) in which sign(Am33) can be measured at 99% CL

for 623 = 40.7° and positive (left) and negative (right) Am3;. Symmetric and asymmetric

beam options are shown for Setup-5 (300 km, solid and dashed, respectively) and Setup-6
(730 km, dotted and dash-dotted). There is no sensitivity for Setup-5.
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999% CL determination of 8,5 octant for 8,; = 40.7 deg (4.4 Mton y) 99% CL determination of 8,5 octant for 6,5 = 49.3 deg (4.4 Mton y)
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Figure 5.26. Region on the plane (613, d) in which sign(cos 623) can be measured at 99% CL
for 023 = 40.7° (left) and 623 = 49.3° (right). Setups 5 (300 km, solid: symmetric, dashed:
asymmetric) and 6 (730 km, dotted: symmetric, dash-dot: asymmetric) are shown. There is
no sensitivity for Setup-5.

Sensitivity to the discrete ambiguities and their bias in the determination of the
parameters 613 and § could be significantly improved if data for any of the setups is
combined with v, ~» v, disappearance measurements, for instance in a superbeam
experiment. This combination is studied in [DFMRO5] for the original S-beam with
significant improvement in sensitivity to the mass hierarchy, even without matter
effects.

One of the most important limitations of the [S-beam, compared to the super-
beam or the Neutrino Factory, is its inability to measure the atmospheric parame-
ters (623, Am3s) with precision. At the very least, information from T2K phase-I
should be included, since otherwise the uncertainty on these parameters will seri-
ously compromise sensitivity to #13 and 6. Synergies in resolving degeneracies,
between the B-beam and T2K, should also be exploited.

Another interesting observation is that atmospheric neutrinos can be measured
in the same megaton detector considered here. A study [HMS05| combining atmo-
spheric data with T2K phase-II has found a large improvement in sensitivity of the
latter to both discrete ambiguities when 63 is not too small (> 4°).

5.2 Electron-Capture Beam

Yet another kind of neutrino beam, which shares many properties with the §-beam,
is the electron-capture beam. The option of a monochromatic neutrino beam from
atomic electron capture in *°Dy was first presented in [Lin04] and then discussed
both in its physics reach and the machine feasibility in the CERN Joint Meeting of
BENE/ECFA for Future Neutrino Facilities in Europe. The subsequent analysis
showed that this conception could become operational when combined with the
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recent discovery of nuclei far from the stability line, having super allowed spin-
isospin transitions to a giant Gamow-Teller resonance kinetically accessible [A+404].
Thus the rare-earth nuclei above 146Gd have a small enough half-life for electron
capture processes. In an electron-capture facility, the neutrino energy is dictated by
the chosen boost of the ion source and the neutrino beam luminosity is concen-
trated at a single known energy.

Electron capture is the process in which an atomic electron is captured by a
proton of the nucleus leading to a nuclear state of the same mass number A,
replacing the proton by a neutron and a neutrino. Its probability amplitude is pro-
portional to the atomic wavefunction at the origin, so that it becomes competitive
with the nuclear 3% decay at high Z. Kinetically, it is a two body decay of the
atomic ion into a nucleus and the neutrino, so that the neutrino energy is well
defined and given by the difference between the initial and final nuclear mass
energies (Qgc) minus the excitation energy of the final nuclear state. In general,
the high proton number Z nuclear beta-plus decay (3%) and electron-capture (EC)
transitions are very disfavored, because the energetic window open @Qg/Qgc does
not contain the important Gamow-Teller strength excitation seen in (n, p) reac-
tions. There are a few cases, however, where the Gamow-Teller resonance can be
populated (see fig. 5.27) having the occasion of a direct study of the “missing”
strength. For the rare-earth nuclei above !46Gd, the filling of the intruder level
hi1/2 for protons opens the possibility of a spin-isospin transition to the allowed
level hg,; for neutrons, leading to a fast decay. The properties of a few examples of
interest for neutrino beam studies are given in Table 5.4.
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Figure 5.27. Gamow-Teller strength distribution in the EC/8% decay of 148Dy.
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Decay Ti2 |BR,|EC/3" | Egr |Tcr | Qec | B, |AE,
8Dy SUBTh* [31m| 1 | 96/4 | 620 | ~0 |2682]2062| ~0
150Dy —10TH* (72 m|0.64 100/0 | 397 | ~0 1794|1397 | ~0

152Tm2— —152Er* | 8.0 s 1 45/55 4300 | 520 | 8700 | 4400 | 520
1502~ —=150Dy* | 725 1 77/33 | 4400 | 400 | 7400 | 3000 | 400

Table 5.4. Four fast decays in the rare-earth region above 199°Gd leading to the giant
Gamow-Teller resonance. Energies are given in keV. The first column gives the life-time,
the second the branching ratio of the decay to neutrinos, the third the relative branching
between electron capture and 81, the fourth is the position of the giant GT resonance,
the fifth its width, the sixth the total energy available in the decay, the seventh is the
neutrino energy F, = Qrc — Fgr and the eighth its uncertainty.

A proposal for an accelerator facility with an EC neutrino beam follows the
structure of the [B-beam, with partially stripped EC-unstable ions accelerated at
the PS and stored in a decay ring with straight sections pointing to the detector. It
shares some of the most attractive features of the S-beam concept: the integration
of the CERN accelerator complex and the synergy between particle physics and
nuclear physics communities.

5.2.1 Neutrino Flux

A neutrino (of energy Ep) that emerges from radioactive decay in an accelerator
will be boosted in energy. In the laboratory, the measured energy distribution as a
function of the angle (#) and Lorentz gamma () of the ion at the moment of decay
can be expressed as E = Ey/[y (1 — [ cos 6)]. The angle 0 in the formula expresses
the deviation between the actual neutrino detection and the ideal detector position
in the prolongation of one of the long straight sections of the decay ring. The neu-
trinos are concentrated inside a narrow cone around the forward direction. If the
ions are kept in the decay ring longer than the half-life, the energy distribution of
the neutrino flux arriving to the detector in absence of neutrino oscillations is given
by:
d’N, _1 dr, N . I'n Nions
dSdE T dSdE™ '™ T wL2
with a dilation factor 7> 1 and where Njoys is the total number of ions decaying to
neutrinos. For an optimum choice with £ ~ L around the first oscillation max-
imum, Eq. (5.6) says that lower neutrino energies Fy in the proper frame give
higher neutrino fluxes. The number of events will increase with higher neutrino
energies as the cross section increases with energy. To conclude, in the forward
direction the neutrino energy is fixed by the boost E =2 v Ey, with the entire neu-
trino flux concentrated at this energy. As a result, such a facility will measure the
neutrino oscillation parameters by changing the ~’s of the decay ring (energy
dependent measurement) and there is no need of energy reconstruction in the
detector.
Furthermore, the neutrino beam has only one flavor, v, so there are no beam
backgrounds, as is the case for the (-beam and the Neutrino Factory (when the

72 8(E — 2 Eo) (5.6)
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charge of the produced muon can be measured), and in contrast to the conventional
neutrino beams from the decay of pions.

5.2.2 Physics with an EC-beam

An EC-beam can work at different energies to exploit the energy dependence of the
neutrino oscillation. It is able to study the detailed energy dependence by means of
choosing different v and so different discrete energy values. In an electron capture
facility the neutrino energy is dictated by the chosen boost of the ion source and
the neutrino beam luminosity is concentrated at a single known energy which may
be chosen at will for the values in which the sensitivity for the (6;3,4) parameters is
higher. This is in contrast to beams with a continuous spectrum, where the inten-
sity is shared between sensitive and non sensitive regions.

Moreover, the definite energy would help in the control of both the systematics
and the detector background. By knowing the expected energy of the neutrino, a
mild cut in the reconstructed neutrino energy can get rid of most of the detector
background. In the beams with a continuous spectrum, the neutrino energy has to
be reconstructed in the detector. In water-Cerenkov detectors, this reconstruction
is made from supposed quasielastic events by measuring both the energy and direc-
tion of the charged lepton. This procedure suffers from non-quasielastic back-
ground, from kinematic deviations due to the nuclear Fermi momentum and from
dynamical suppression due to exclusion effects [Ber72].
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Figure 5.28. The appearance probability P(ve ~» v,) for neutrino oscillations as a func-
tion of the LAB energy E, with fixed distance between source and detector and for 613 =
5°. The three curves refer to different values of the CP violating phase §. The two vertical
lines are the energies proposed.
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5.2.3 Considered Setups

There have been two setups proposed for an electron capture beam. Both combine
two different energies for the same '5°Dy ion. In all cases the fluxes are 10'®
decaying ions/year, a water Cerenkov detector with fiducial mass of 440 kton and
both appearance (v, ~+v,) and disappearance (v, ~»1,) events are considered.

e Setup I is associated with a five year run at v = 90 plus a five year run at
v = 195 (the maximum energy achievable at present SPS), with a baseline
L=130km from CERN to Fréjus.

e Setup II is associated with a five year run at v = 195 plus a five year run at
~v = 440 (the maximum achievable at the upgraded SPS with proton energy
of 1000 GeV), with a baseline L =650 km from CERN to Canfranc.

5.2.3.1 Perspectives for Setup I

For the Setup I the corresponding fit with two parameters is shown in figure 5.29
for selected values of 613 from 8° to 1° and covering a few values of §. As observed,
the principle of an energy dependent measurement (illustrated here with two
energies) is working to separate out the two parameters. With this configuration,
the precision obtainable for the mixing is much better than that for the CP phase.
As seen, even mixings of 1° are still distinguishable. And this is for a simultaneous
fit of 913 and 4.
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Figure 5.29. Simultaneous fits of (013, §) in Setup I for different central “true” values of
these parameters.

At the time of the operation of this proposed facility, it could happen that the
connecting mixing 613 is already known from the approved experiments for second
generation neutrino oscillations, like Double CHOOZ, Daya-Bay, T2K and NOVA.
To illustrate the gain obtainable in the sensitivity to discover CP violation from the
previous knowledge of 63, the precision to obtain d is then much better than that
of figure 5.29, as will be shown later.
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5.2.3.2 Perspectives for Setup II

In the case of Setup II the longer baseline for v = 195 leads to a value of E/L well
inside the second oscillation (see fig. 5.30). In that case the associated strip in the
(013, 0) plane has a more pronounced curvature, so that the two parameters can be
better disentangled. The results of the simultaneous fits for several central chosen
values of (31, ) are given in figure 5.31 for a two-parameter fit. Qualitatively, one
notices that the precision reachable for the CP phase is better than that in the case
of Setup I. This improvement in the CP phase determination has been obtained
with the neutrino channel only, using two appropriate different energies. One may
discuss in this Setup II the sensitivity to discover 613 # 0 by giving the x? fit, for
each 613, to the value 613 = 0. This is given in fig. 5.32. Although it is somewhat
dependent on the §-value, most values of 613 are in general distinguishable for zero.
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Figure 5.30. P(v.~>v,) as a function of E/L for a fixed 013 =5°. The three curves refer
to different values of the CP violating phase . The vertical lines are the energies for both
Setup I and II.
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Figure 5.31. Simultaneous fits of (613, §) in Setup II for different central “true” values of
these parameters.
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Figure 5.32. Setup II. Sensitivity to 613 # 0 for a two parameter (03, 6) fit. The black
region is indistinguishable from 613 = 0, and the rest is colored according to the value of
the x? fit to 613 =0.

The corresponding exclusion plots for CP violation in the two setups are com-
pared when both 613 and § are unknown. The sensitivity to discover CP violation
has been studied by obtaining the x? fit for 6 = 0°, 180° if the assumed value is a
given ¢. For 99% CL, the sensitivities to see CP violation in both Setups are com-
pared in fig. 5.33. In both cases, a two-parameter fit is assumed, i.e., 613 previously
unknown. For Setup I, a non-vanishing CP violation becomes significant for 6,3 >
4°, with values of the phase ¢ around 30° or larger to be distinguished from zero.
For Setup II, the sensitivity to CP violation is better and significant even at 1° in
certain cases, depending on the hemisphere for the value of the phase §.

3 (deg)

613 (deg)

Figure 5.33. CP violation exclusion plot at 99% CL, if 613 is still unknown, for the two
reference setups: I (broken blue line) and II (continuous red line).

If 6,3 is previously known, the corresponding analysis for the sensitivity to dis-
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cover CP violation is presented in figure 5.34. In this case, the x2 fit is made with
the single parameter §. One may notice that the improvement in this sensitivity is
impressive, suggesting that going step by step in the determination of the neutrino
oscillation parameters by means of several generation experiments is very
rewarding. Setup II provides better sensitivity to the discovery of CP violation
than Setup I. In the best case, i.e., 013 already known at the time of the proposed
experiment with Setup II, figure 5.35 shows the sensitivity to discover CP violation
to be distinguished from ¢ = 0°, 180°.

3 (deg)

613 (deg)

Figure 5.34. CP violation exclusion plot at 99% CL, if 613 is previously known, for the
two reference Setups: I (broken blue line) and II (continuous red line).
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Figure 5.35. Setup II. CP violation sensitivity for the statistical distribution of events
depending on the single parameter §, assuming previous information on the value of ;3.
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Although the proposed scenarios look very promising, the ambiguities coming
from the sign of Am3; and the octant of fy3 can be problematic and reduce signifi-
cantly the sensitivity. The eight-fold degeneracy of solutions is expected to appear
if only one energy is measured. The power of the EC-beam to disentangle these
ambiguities, combining several energies and/or combining its measurements with
another facility remains to be explored.



Chapter 6
Conclusions

The experimental discovery of neutrino oscillations has shown the existence of neu-
trino masses, otherwise extremely difficult to measure because of their smallness.
Furthermore, it has shown that a mixing between flavor and mass eigenstates hap-
pens in the leptonic sector, in a way similar to the quark sector with the CKM
matrix. All this has expanded the minimal Standard Model to accommodate 7 new
fundamental parameters (the three neutrino masses, three mixing angles and a CP-
violating phase). Past experiments have been able to measure with some precision
the two squared-mass differences (Am?,, Am3s) and two mixing angles (612, 0a3),
and to set an upper limit to the other mixing angle (613). Still, a direct measure of
013 > 0 and the phase § is missing, and if ¢ # 0°, 180° it would imply the existence
of CP violation in the leptonic sector. Finally, a couple of unknowns remain among
the oscillation parameters: the mass hierarchy (the sign of Am3s), and the octant of
023.

The current and next generation of long baseline neutrino experiments are in a
good position to find the unknown fundamental parameters, and measure with
better precision the ones already known. There are exciting proposals that would
be able to explore a sizable region in the parameter space, like a Neutrino Factory,
Superbeams, B-beams and EC-beams. Each one has its own merits and drawbacks.

Superbeams and the Neutrino Factory are affected in their ultimate sensitivity
by the uncertainty in the hadronic production cross-sections. In particular, the
measure of p + target — 7%, K differential cross-sections provided by HARP will be
an essential input for current experiments like K2K and MiniBooNE as well as for
the future facilities and also for atmospheric neutrino experiments.

A Neutrino Factory from muon storage rings, with muon energies of a few dozen
GeV, still provides the ultimate sensitivity through wrong sign muon searches. At
the hypothetical time of the Neutrino Factory, the value of the parameters 613 and
0 may still be both unknown and will have to be simultaneously measured.

In the determination of the unknown parameters there are two effects that spoil
their measurement, in the form of correlations and degeneracies. For a given pair
(013, ) the reconstruction of the true solution comes out in general accompanied by
fake ones, which might interfere severely with the measurement of CP violation.
One of the fake solutions comes from the intrinsic correlation between § and 643,
and the others come from the discrete ambiguities in sign(Am3s) and the octant of
023.
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There is an enormous potential to eliminate these degeneracies in combining the
data from a superbeam and the Neutrino Factory. Because of the sizable matter
effects, Neutrino Factory baselines that are optimal to measure CP violation imply
a considerably smaller ratio L/E than in the proposed superbeam facilities. A Neu-
trino Factory with baseline L = 2810 km together with a superbeam would be able
to resolve all the degeneracies and deliver a clean measurement of 613 and leptonic
CP violation down to 613 > 1°. Even for values down to #;3 > 0.5° only the ambi-
guity associated with the octant of 633 would remain a problem, if 033 were far
from maximal.

B-beams and EC-beams could provide a sensitivity of the same order, but to get
a fair comparison with superbeams and the Neutrino Factory a full study of how
they are affected by systematics and, for EC-beams, the degeneracies, must be
done.

Superbeams and the Neutrino factory are two successive steps in the path
towards the discovery of leptonic CP violation, with a solid perspective offered by
the combination of their physics results.



Appendix A

Software Tools and Design

A.1 Numerical Simulations

Exploration of the physics reach of the different long baseline neutrino experiments
requires an intensive numerical simulation.

The neutrino flux must be correctly characterized for the source, which in the
case of the Neutrino Factory, §-beams or EC-beams comes from the analytic for-
mulas, but for superbeams it requires a full Monte Carlo simulation. The fluxes
must be then extrapolated to the detector, by solving the exact oscillation for-
mulas, and taking into account matter effects, which implies the diagonalization of
the hermitian neutrino mass matrix. The number of events recorded in the detector
must be evaluated knowing the different cross-sections involved —to know them
and estimate both the efficiencies and the background rejection factors typically
involve a heavy Monte Carlo simulation. Finally, all this process must be carried
out for all the allowed parameter space, to get the x? that allow for the reconstruc-
tion of the oscillation parameters (or to compute the limits in the sensitivity to
them).

A.2 Implementation

To address the numerical simulations we have developed several programs. The
results of the Monte Carlo simulations of the neutrino source and the detector have
been taken from external sources.

Because the parameter space is very large, the efficiency of the programs has
been addressed with special care. We chose to program the basic components in
C++ so we could benefit of the fast execution of its compiled binaries, and also
follow an object-oriented approach to carry the simulations in an orderly manner.
We have defined the following main interfaces:

e Nature, a singleton that knows about the true values of the oscillation
parameters, including neutrino masses and mixing angles. It is the object
who answers questions of the type “what is the probability of the oscillation
Ve~ v, for a certain energy?”.
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e Source, which knows about the neutrino fluxes as a function of the

energy, including every type of neutrino present irllh%gﬁge2 beam, and in partic-
ular, including the beam background. It hides the details of the beam pro-
duction, whether it is known analytically like the case of a Neutrino Factory
or a (-beam, or from a Monte Carlo simulation, like in the case of super-

beams.

e Detector, which knows about the kind of detector and its fiducial mass, the
cross sections o; for each neutrino species and energy, as well as the efficien-
cies ¢; and detector backgrounds.

e Experiment, composed of a source and detector located at a certain dis-
tance. It is the object that internally will compute the number of events (for
any requested energy bin) taking into account everything that is necessary:

d2N; 1 d2N;
— = — = Pj;
dEdS ), - L2 dEdQ

dNZ-) / < d*N; >
= — dE
(dS o dEdS ),
dNevti — e d2Ni o
i~ “\dEdas),,”

Nows = [ Tttar

dE

These parts appear as classes and functions in a library, which also has a
Python interface. A xZbased study usually follows the generation of the large
datasets for the observables in a neutrino experiment.

We have also developed a few programs to explore interactively the neutrino
oscillation phenomenology. They can be used to quickly get familiarized with the
neutrino oscillation physics by playing with the parameters and seeing their effect
immediately. For the same reason, they can be used as an educational tool.

The programs include the graphical evolution of the neutrino wavefunction for
2-family mixing, as seen in the mass and flavor basis, an automatic plotter for the
neutrino flavor oscillation as a function of the energy or the baseline, for a given set
of oscillation parameters and taking into account if desired the MSW effect, and an
automatic fitter to see rough reconstructions in the (613, 9) plane for a certain com-
bination of neutrino experiments. These programs have been developed with the Qt
toolkit.

Another step in the availability of software is the conversion of the analysis pro-
grams in web tools. Simply accessing a web page is much easier than downloading
and compiling a program, and so we have also developed some programs to explore
online the phenomenology of neutrino oscillations.
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A.3 Availability

Scientific research requires reproducibility. To develop our programs we have made
extensive use of Free Software. Free Software is not about price, it is about
freedom. It is software that respects the user’s freedom, the freedom to

e run it for any purpose

e study how it works and adapt it to your needs (access to the source code is
a precondition for this)

e make copies for your colleagues/friends

e modify it to improve it or suit it for your needs, and release your improve-
ments to the rest of the community

Making our code available to the rest of the community and relying only on
Free Software ensures that anyone can trace, check and reproduce our results. It
also allows others to push research further without having to start from scratch.

In our work we have in particular much profited from

e The GNU Scientific Library (GSL) (http://www.gnu.org/software/gsl/)
A numerical library for C/C++ that provides a wide range of mathemat-
ical routines.

e Qt (http://trolltech.com/products/qt)
A C++ graphics library.

e Maxima (http://maxima.sourceforge.net/)
A system for the manipulation of symbolic and numerical expressions.

as well as many other utilities like gnuplot, emacs, gcc and CVS.

All our libraries and interactive programs can be downloaded from the following
location: http://evalu29.uv.es/software/

Our web tools can be found at http://evalu29.uv.es/pop/

Several persons have showed their interest in using the programs we have devel-
oped. We are very pleased for it, and would like to continue encouraging this prac-
tice.
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