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Abstract

A generation of neutrino experiments have establishedtbatrinos mix and
probably have mass. The mixing phenomenon points to presdssyond
those of the Standard Model, possibly at the Grand Unifioaditergy scale. A
extensive sequence of of experiments will be required tosoneaprecisely all
the parameters of the neutrino mixing matrix, culminatirighvthe discovery
and study of leptonic CP violation. As a first step, extensiofhconventional
pion/kaon decay beams, such as off-axis beams or low-ersenggr-beams,
have been considered. These could yield first observatibng e+ v. tran-
sitions at the atmospheric frequency, which have not yen ldeserved, and
a first measurement df;3. Experiments with much better flux control can
be envisaged if the neutrinos are obtained from the decagtwaodd particles.
One such possibility is the concept of beta beams providetthdylecays of
radioactive nuclei, that has been developed within thesdmf these studies.
These would provide a pure (anti-)electron-neutrino bedra few hundred
MeV, and beautiful complementarity with a high-intenslgw-energy con-
ventional beam, enabling experimental probes of T viotads well as CP
violation. Ultimately, a definitive and complete set of m&@snents would
offered by a Neutrino Factory based on a muon storage rings gdwerful
machine offers the largest reach for CP violation, even évysmall values of
013.
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1 INTRODUCTION

Neutrino experiments over 30 yeaf$ [1], culminating wite Buper-Kamiokande atmospheric neutrino
data [2], have provided, for the first time, unambiguous ewizk for the existence of physics beyond the
Standard Model. This comes from the fact thattheo . flux ratio is far from theoretical expectations,
in combination with the nontrivial angular dependence @& #hmospherie,, flux. This ‘atmospheric
neutrino puzzle’ cannot be explained by standard means, asichanging the cosmic ray spectrum, or
improving the atmospheric neutrino flux computations. Remnore, the Super-Kamiokande result is in
good agreement with other, less precise, measurements afrtiospheric neutrino fluk][3].

On a different front, solar neutrino experimenfs[[¢, 5] havasistently been measuring solar
fluxes which are significantly smaller than those predictedheory [§]. It is equally hard to explain
this ‘solar neutrino puzzle' by traditional means (draroaliy modifying the currently accepted solar
models, questioning the estimation of systematic effegtsdme of the experiments, etc.). The recent
measurement of the solar neutrino flux via neutrino — deatsaattering performed by the SNO Col-
laboration in both charged-current and neutral-curreatesses provides unambiguous evidence (at the
five-sigma level) that there are active neutrinos other thasoming from the Sun[Jq] 7].

Neutrino oscillations provide the simplest and most elégaiution toboththe atmospheric and
solar neutrino puzzles. Neutrino oscillations take pldageutrinos have non-degenerate masses and,
similar to what happens in the quark sector, the neutrinsreagenstates differ from the neutrino weak,
or flavour, eigenstates. Although less standard solutiotised atmospheric and the solar neutrino puz-
zles, such as exotic neutrino decays, or flavour-violatintgractions[[8] may still be advocated, no
satisfactory single solution to both anomalies other thautmno oscillations is known.

The implications of the neutrino data are extremely intiéngs since they point towards non-
zero neutrino masses, which grema facieevidence for physics beyond the Standard Model. In the
absence of right-handed neutrineg, no Dirac neutrino mass can be generated, while the tramsttoon
properties of the left-handed neutrines, underSU (2) x U(1) also forbid a renormalisable Majorana
mass term. On the other hand, non-zero neutrino massesraigelly in many extensions of the
Standard Model, which generically contain an extendedlepind/or Higgs sector, and possibly new
lepton number-violating interactions.

A large number of analyses of the solar, atmospheric andaeaeutrino data can be found in the
literature [9], including two-flavour and three-flavour &yses of the solar datf][L0], two-flavour analyses
of the atmospheric datf [[11], three-flavour analyses of tmelined atmospheric and reactor d4td [12]
and combined analyses of all neutrino d4td [13]. It turnstbat both the solar and the atmospheric
neutrino deficits can be accommodated in minimal scheméstiviee light neutrinos, which may have
either of the following hierarchical patterns of masses:

(a) The normal hierarchy, in which the masses are fixed by thesndifferences required for the
atmospheric and solar deficits. The atmospheric neutrite @guirems ~ 10~! to 10~%° eV, while
mo is determined by the solar neutrino squared-mass diffexenc

(b) Inverted hierarchy solutions, in whidm,| ~ |my| > |mas|, wheremi, ~ Am?,  and
Am12 = Amzun
Since oscillation experiments are only sensitive to mafierdinces of two neutrino species and

not to the absolute values of the masses, normal and investations with near-degenerate masses are
also allowed.

Information about the absolute neutrino mass scale can ieddrom direct searches, and ex-
periments looking for neutrinoless double-beta decay iftrieos are Majorana particles, are sensitive to
neutrino masse®(eV) or below. If the masses are close to the upper boundary ofithits neutrinos
may still provide a significant component of hot dark mattezxt generation experiments looking for
direct neutrino mass will probe this scenario, which is hesvedisfavoured by the most recent cosmo-
logical observations.



Neutrino oscillations (and other types of new physics intleetrino sector) can potentially be
observed in terrestrial neutrino experiments, by studyfagexample, the flux ofi. coming from nu-
clear reactors[[14] or studying the, flux from pion or muon decayg [[L5]. The K2K experiment has
reported first results that are consistent with the atmospineutrino data[[16]. So far, no other ter-
restrial evidence for oscillations has been confirmed caigih the current results significantly constrain
the neutrino oscillation parameter space. However, thelD€Mllaboration has reported an anomalous
flux of v, from u* decays, which may be interpreted as evidence/fok+ v, oscillations [I7]. This
experimental evidence has not yet been independently owedirbut will be put to the test in the near
future [18].

The minimal schemes with only three neutrino masses alloly twvo independent mass differ-
ences, and thus the oscillation interpretation of the LSMBult cannot be considered, unless a light
sterile neutrino is introducecﬂ[lQ]. In this case, one hamke into account the constraints from cos-
mological Big Bang Nucleosynthesis: a sterile neutrind thixes with an active one, thus being in
equilibrium at the time of nucleosynthesis, can change thendance of primordially produced ele-
ments, such asHe and deuterium. The larger the mixing and the mass dift@sietween the sterile
and active neutrinos, the bigger the deviations from theolesl light element abundances. This implies
that models where the sterile component contributes to smtfaer than atmospheric neutrino oscillations
are accommodated more easily within the standard nuclé¢losyis scenarios. However, recent data on
solar neutrino oscillations disfavor the sterile solutadso in this case. In our discussion, we focus on
the minimal schemes with only three light neutrinos. Thegity programme of the Neutrino Factory
would be even richer if there were more light neutrinos.

We can hope that future neutrino data will provide importafidrmation on the possible mod-
els. Indeed, the main goals of the next generation of neugkperiments include the determination of
neutrino mass-squared differences and leptonic mixindesngf neutrino oscillations are indeed the
solution to the neutrino puzzles, the measurement of thes#aimental parameters is of utmost impor-
tance. Moreover, in general we may expect thét, — v3) # P(v, — vg) and that we may look for
CP violation in a neutrino factory [P0] by measuring obsétea of the type

Pv. »v,)— Pv. —»1,)

Plve = v,)+ P = 1,) @

Acp =

In the near future, it is essential to:

e Confirm the atmospheric neutrino puzzle in a terrestrialegxpent and determine the ‘atmo-
spheric’ mixing parameters. This is one of the driving farbehind the accelerator-based long-baseline
neutrino experiments, namely the K2K experimdni [16], wtstarted taking data in 1999 and already
has presented some results, the Fermilab NUMI/MIND§ [2djgat, which is under construction and is
supposed to start data-taking in 2005, and the CNGS (CERNinesito Gran Sasso) projeft]23], which
should start running in 2006. The CNGS effort also aims teueine whether,, <+ v, is the dominant
oscillation channel responsible for the atmospheric meonomaly, by searching for the appearance of
7 leptons from an initially pure, beam.

e Establish that the solar neutrino puzzle is indeed due tdrimeuoscillations and determine
what are the ‘solar’ mixing parameters. This is one of thelgadthe SNO experimen{ [24]. Other
experiments will also contribute significantly to theselgpsuch as KamLAND[[25], which may provide
terrestrial confirmation for the solar neutrino puzzle asgas the solar oscillation parameters lie in
the LMA region, and GNO, which may observe anomalous sedas@mations of the solar neutrino
flux [2G]. New experiments, such as Borexirjo][27], which iseatly under construction and should
start taking data in 2003, and a possible upgrade of the KatikfR5] experiment, may also observe
anomalous seasonal variatiofs][28] or a day-night vandg§] of the”Be solar neutrino flux. It should
also be mentioned that a ‘background-free’ version of Bmm@xor an experiment to measure the
solar neutrino flux, similar to the HELLAZ [30] proposal, ahid also be able to detect the presence of
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neutrinos other than. coming from the Sur{[31].

It is very likely that, after the present and the next rounflaeutrino experiments, both the at-
mospheric and solar neutrino puzzles will be unambiguoeshablished as signals for new physics.
Moreover, neutrino flavour conversions would also be cord@mNeutrino oscillations, and therefore
unambiguous evidence for neutrino masses and mixing, withore difficult to establish explicitly by
the observation of an oscillating pattern. However, the Ki#ita offer a hint of an oscillation effect in
their energy spectrum, KamLANI [P5] has an opportunity wlardying reactor neutrinos, and this is
also an objective of the MINOS experiment. For atmosphegittiinos, a possible option for better ob-
servations in the future is to build a new generation of laegmospheric neutrino detectors with higher
performance. Current detector studies include targetmadges different as iror [32], liquid argop 23]
and water[[38].

We set out in this review a multi-step programme for explgnireutrino oscillations and related
physics. This includes:

e An intense hadron source, such as could be provided by ther&upducting Proton Linac (SPL)
project at CERN, which could yield a low-energy neutrinoasupeam.

e The beta-beam concept, which envisages the productionrefip@andz, beams via the decays
of radioactive nuclei stored in a ring.

e The Neutrino Factory itself, in which pure. andz, beams, or pure,, andv. beams, are
produced via the decays of muons stored in a ring.

As we discuss in this report, this multi-step programme @spnts a systematic scheme for ex-
ploring neutrino physics. There are significant synergigtsvieen successive steps in the programme. It
also offers unique prospects for short-baseline neutrmaies and studies of rare decays of slow and
stopped muons, that are discussed elsewhef¢ [B4, 35]. Maren the longer term, the Neutrino Factory
is an essential stepping-stone towards possible muordedli as also discussed elsewhgrg [36].



2 CURRENT STATUSOF NEUTRINO MASSES AND OSCILLATIONS
2.1 Neutrino Masses

2.1.1 Laboratory limits

Direct laboratory limits on neutrino masses are obtainedfkinematical studies. The most stringent
current upper limit is that on the. mass, coming from studies of the end-point of the electrargn
spectrum in Tritium beta decal [37]

my, < 2.5eV

For some time, these experiments tended to prefer a negatigs squared, but this problem has now
disappeared, as has the previous report of a spectral éeagar the end-point. The proposed KATRIN
experiment aims to improve the sensitivityita,, ~ 0.3 eV [B8]. Constraints on the mass of are
derived from the decayt — p* + v, which leads to the boun{[39]

my, <170keV

This upper limit could be improved by careful studies usihg high fluxes provided at the front end
of a neutrino factory. Finally, the mass of is constrained by decays into multihadron final states:
77 = 2r n Ty, andr~ — 37277 ... The current limit is[[40]

m,, < 15.5MeV

and experiments at B factories may be sensitivetp < 10 MeV. We note that the distinction between
neutrino flavour and mass eigenstates is unimportant foaleve direct upper limits, as long as the
mass differences indicated by oscillation experimentsyareh smaller.

Animportant constraint on Majorana neutrino masses afisgsneutrinoless doublg-decay [4]L],
in which an(A, 7) nucleus decays to4, 7 + 2) 4+ 2 e~, without any neutrino emission. This could be
generated by the following quark-level interaction:

d+d —->ut+ut+e +e”

which violates lepton number by two unitd I, = 2). Such a transition could be generated by an exotic,
beyond the Standard Model interaction, and any such irtierawould necessarily generate a non-zero
Majorana neutrino masg [42]. Assuming that this dominatesrteutrinoless double-decay matrix
element as illustrated in Fi. 1, it can be used to consth@rcombination

< Mee D= |ZU*2mZ (2)

which involves a coherent sum over all the different Maj@rareutrino masses.;, weighted by their
mixings with the electron flavour eigenstate, which mayude CP-violating phases, as discussed below.
This observable is therefore distinct from the quantityesieed in Tritiumg decay.

The interpretation of neutrinoless douliedecay data depends on calculations of the nuclear
matrix elements entering in this process. The strictest linat had been reported until recently came
from a study of thé®Ge isotope by the Heidelberg-Moscow Collaboratipn [43]:

<mee > < 0.2eV

Subsequently, the data of this experiment have been resethly [4}4], where evidence for neutrinoless
double# decay at a rate corresponding to a mass

<m >= (0.11 - 0.56) eV,

has been reported, with a preferred value of 0.39 eV. Howekiex interpretation is not yet generally
accepted. We note that there are proposals capable of imgrtwe sensitivity of neutrinoless doubte-
decay experiments by an order of magnitude.



d —p P U

Fig. 1: Diagrammatic representation of the possible role of a Majwa neutrino mass in generating neutrinoless
doubles decay.

2.1.2 Astrophysical and cosmological constraints on riaotmasses

For a review of cosmological and astrophysical limits ontriao masses, se¢ [#5]. Neutrinos much
lighter than 1 MeV have relic number densities that are d&dgnindependent of their masses, yielding
a relic energy density that is linear in the sum of their magig§]:

RN
Quh2 — <m>7 (3)

whereQ, = p,/p., p, is the neutrino energy density apd the critical density/ parametrises the
uncertainty in the Hubble parameter and is probably in timge#.6 < & < 0.9, and the sum in[[3)

is over all conventional electroweak doublet neutrinosiclvtare assumed to be metastaﬂ)IeCosmic
microwave background data and large-redshift supernavdieate a total matter densify,, < 0.5,
corresponding t_, m,, < 30 eV. Theories of large-scale structure formation suggest®h <« ©,,,
with the remainder of2,, dominated by cold dark mattelr J47], and a recent global asiglyf data on
the cosmic microwave background radiation, large-scalegtre, big-bang nucleosynthesis and large-
redshift supernovae yields

Z m,, <2.5eV.

The small differences in neutrino masses-squared indidayethe oscillation data discuss later then
imply that each neutrino species must weigli.9 eV.

Cosmological nucleosynthesis additionally imposes cairgs on possible oscillations between
conventional active neutrinos and any additional lightilteneutrinos [4B]. If these are sufficiently
strong that the relativistic density of additional neutisris comparable to that of the active neutrinos, the
rate of expansion of the universe is affected during nuglethesis, and hence the produced abundance
of *He in particular. The success of conventional calculatimingrimordial nucleosynthesis suggests
that

sm? sin? 0 < 107% eV?
There are also constraints on the lifetimes of unstablerimastobtained by requiring that the energy density of tha-re

tivistic decay products be below the critical density, aaté idecays should also satisfy constraints from the cosiiciomave
background radiation and light-element abundances.
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for the mass-squared differenée:? and mixing anglé between any active and sterile species.

Additional limits on neutrino masses and mixing are obtdifrem astrophysical processes, such
as supernova physids [49,50]. The arrival times of neusrinom SN 1987a have been used to derive
upper limits of about 20 eV on neutrino masses. Oscillatios&le a supernova must be considered
in connection with the-process, and also for the interpretation of any future meaitsignal from a
galactic supernova. As a final point in this short discussismnote that one of the favoured scenarios
for generating the baryon asymmetry in the universe is lggnesis[[91]. In this scenario, CP violation
in the decays of massive singlet neutrinos create a leptgmrastry, which is subsequently recycled
by non-perturbative electroweak interactions into a bargesymmetry. We discuss later the possibility
that the parameters of such a leptogenesis scenario mayatedréo neutrino and/or charged-lepton
parameters that may be measurable in experiments.

2.1.3 General principles for neutrino masses

There is no fundamental theoretical reason why neutrinosilshnot have masses and mix with one
another. It is generally thought that particles are massfemnd only if they are associated with an exact
gauge symmetry. Examples include the photon and gluon,hadaie thought to be massless because
of U(1) andSU(3) gauge symmetries, respectively. There is no exact gaugmsymy associated with
lepton number., so it is expected that lepton number should be violatedmedevel. If I, is violated

by two units:A L = 2, then neutrino masses may arise.

On the other hand, the particle content of the minimal Stethiedel, in conjunction with gauge
invariance and renormalisability, allows neither a Dirar a Majorana neutrino mass term. A Dirac
mass of the formn (v vr + vrry) cannot arise in the absence of a singleffield, whilst a Majorana
term myfazyL has weak isospih = 1, and hence would violat§ U (2) gauge invariance. However,
it is possible to introduce Majorana neutrino masses intoStandard Model, even without postulating
any new particles, at the price of postulating a higher-oram-renormalizable interaction linking two
left-handed doublet neutrino fields and two Higgs doublets:

(H.L)(H.L)
4

o (4)
whereH denotes a Higgs doublet field,denotes a generic lepton doublet field, arids some (large)
mass parameter that is required for dimensional reasonsint&raction of the form[{4) would yield

neutrino masses of order [0 2
< 0|H|0 >
v ™ s 5
m 7 (5)
which would be< m, , if M >>< 0|H|0 >. However, an interaction of the typlg (4) is not satisfactory
from a theoretical point of view, because it is non-renoiraddle. Therefore, we need to understand the
presence of such a term in the framework of well-motivatadrsions of the Standard Model.

The minimal such possibility is to add three heavy singlettnno fields/N¢; to the Standard
Model, often called right-handed neutrinos, without nseeity expanding the gauge group. Then the
following neutrino Dirac and Majorana mass terms are alldinethe Lagrangian:

1
L= NZ'C(MUD)Z']‘LJ‘ + 5]\7Ci(]\41,]%)2']‘]\7]4C + h.c. (6)
where the indices, j run over three generations/,, = Y, < 0|H|0 > is the Dirac mass matrix,

and}1,, is the Majorana mass matrix for the right-handed isosinugetrino sector. The most general
neutrino mass matrix is then

M:(MOT %) @)

VR
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The entries iV, ,, require electroweak symmetry breaking, and so musg bey,, whereas the entries
in M,,, may be arbitrarily large. Assuming thaf, , > M, , the light eigenvalues af/ are given by

2
light M7,
v M,

VR

m

and therefore are extremely suppressed, as is also obvimuslhie associated diagram shown in Fig. 2.
This is the well-known seesaw mechanignj [52], which exglaiaturally why the neutrinos are so much
lighter than the other known fermions.

o>
<H CHY

VL Vli
Fig. 2: Diagrammatic representation of the seesaw mechanism fugrgéng small neutrino masses.

Neutrino mixing arises from the mismatch between the magsnsitates and the current eigen-
states that couple via the weak interactions to chargedtepf definite flavour. The neutrino mixing
matrix is therefore given by

vV =vIv, (8)
where V; diagonalizes the charged-lepton mass matrix, &ndliagonalizes the light neutrino mass
matrix m.*"" [53]. As a unitary3 x 3 matrix, V would seem to have 9 parametergpriori, but 3 of
these can be absorbed by phase transformations of the dHagen fields, yielding a net total of 6
parameters, of which 3 are light-neutrino mixing anglgs: 1 < ¢ # 7 < 3 and 3 are CP-violating
light-neutrino mixing phases, including the oscillatidrgse) and two Majorana phases , that appear
in the neutrinoless doublg-decay observable. Thus, the total number of neutrino paeméhat are
in principle observable at low energies is 9: 3 Iight-nemﬁnassemljght, 3 real mixing angles and 3
CP-violating phases.

However, the minimal seesaw model contains a total of 18mpeters, even after taking into
account the possible field redefinitions. In addition to thpa®ameters mentioned above, there are
additionally 3 heavy Majorana neutrino mass eigenvalugs, 3 more real mixing angles and 3 more
phases associated with the heavy-neutrino seftpr [54].ldstrated in Fig[[B, 12 of these parameters
play arole in generating the baryon number of the univeradeptogenesis, but these do not inclédge
o and¢; 2. Since the lepton number density involves a unitary sum tweiight neutrino and lepton
species, it is insensitive to the values of these light#ieaitmixing angles and phases. However, as
also shown in Fig[|3, 16 of the 18 neutrino parameters cankibo renormalization effects that are, in
principle, measurable in a supersymmetric version of thamml seesaw model.

2.1.4 Aspects of models for neutrino masses and mixing

Our experimental knowledge of the 18 neutrino parametdrsduoced above is limited so far to 4: 2
neutrino mass-squared differences, and 2 mixing angleswé\discuss later in more detail, the data
indicate that these 2 measured neutrino mixing angles atgaply both quite large, possibly even max-
imal, whilst the third angle is relatively small. Since treesaw mechanism suggests that the origins of
neutrino masses and mixings are different from, and morepticated than those of quarks, we should,
in retrospect, perhaps not have been so surprised that semteno mixing angles are larger than those
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Fig. 3: Roadmap for the physical observables derived fignand ;.

in the quark sector. The spate of experimental informatiomeutrino masses and mixing, and their
unexpected nature, has spawned many theoretical modef® sbwhose general features we review
below. The neutrino factory is uniquely well placed to pawicrucial input for distinguishing between
such models, in particular via neutrino-oscillation expemts. Models for neutrino masses and mix-
ing typically incorporate ideas for family (or generatigymmetries and/or grand unification schemes
linking quarks and leptons, and we now give examples of each.

U (1) Flavour Symmetries

The left- and right-handed components of quarks and leptoag be assigned varioug(1)
charges, as are the Higgs fields, such that only one or a imitenber of entries in the mass matrices can
be generated by renormalizable terms in the effective Lragjea [55]. Additional entries become per-
mitted if the symmetry is broken, for example by one or morewan expectation valuésfor fields that
appear in non-renormalizable terms in the mass matricafedby inverse powers of larger masdds
This type of scheme provides a perturbative expansion irgpewaf some small parametee= V/M. In
a popular class of realizations, only the (3,3) element eftfsociated mass matrix is non-zero at leading
order, whilst other terms arise with various powers ahat are fixed by th&/(1) charge assignments:

€m " P
M~ | e € € (9)
o1

In such models, each term in the mass matrix has a numeriefficient that may be calculated only
with a more complete theory.

In its absence, there are numerical ambiguities in the ptiedis of such a model, but mixing
angles are generically powers af There are two possible ways to obtain large mixing anglesuih
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a perturbative/ (1) framework. One of the mixing matrices may contain more thae entry appear-
ing with the same power of, for example perhaps the (3, 3) and (3, 2) entriegin (9) mimgith be
O(1). Alternatively, the numerical coefficients might be suctiasompensate for the ‘small’ expansion
parametee.

Grand Unified Theories

In a generic scheme, there is a lot of freedom in assigningvéineus U (1) flavour charges.
However in Grand Unified Theories, quark and lepton field¢ Hedong in the same GUT multiplets
have the same flavour charges. This introduces additiomsitcints, thus increasing predictivify [56].
For instance, irfO(10) models, all quarks and leptons are accommodated in a sisglepresentation
of the group, implying left-right symmetric mass matriceshasimilar structures for all fermions. As a
consequence, such GUT models prediigt ~ V.;, which is inconsistent with the data. Hence, in order
to construct a viabl&O(10) solution, one must consider the effects of the additionglgdimultiplets
that breakSO(10) down to.SU(3) x SU(2) x U(1). However, this introduces additional parameters,
thus decreasing predictivity.

The situation is different ity U (5) unification, where thég, u°, ¢°); fields (for left-handed quarks,
right-handed up quarks and right-handed charged leptesgectively) belong td0 representations, the
(¢, d°); fields (for left-handed leptons and right-handed down gsiadspectively) belong t represen-
tations, and theV; (singlet neutrinos) to singlet representations of the grda this case, the up-quark
mass matrix is symmetric, there is a lot of freedom in chogshey neutrino mass matrices, and the
charged-lepton mass matrix is the transpose of the dowrkaunee. Hence the mixing of the left-handed
leptons is related to that of the right-handed down quarkd, reot with the small CKM mixing of the
left-handed quarks. ThuSU(5) can in principle accommodate large MNS neutrino mixing atgame
time as small CKM quark mixing, without any tuning of paraerst

In left-right symmetric models, one has identi¢a(1) flavour charges for the left- and right-
handed fields, as ifO(10) unification, but quarks and leptons need not be correlatdds [€ads to
symmetric quark, lepton and neutrino mass matrices, bawalthe lepton mixing to be independent of
that in the quark sector.

Non-Abelian Flavour Symmetries

SpecificU (1) flavour models may yield one relatively large neutrino miiangle, but tend to
favour small values of the other mixing angles and hieraalmeutrino masses. Thus, such models are
comfortable with the small value @3, but could be embarrassed if the current preference for Ma L
solar solutionis confirmed. This feature of models with Alelflavour symmetries may be traced to the
lack of charge quantization and arbitrary coefficients, imglt difficult to obtain accurate cancellations
between the various entries of the mass matrices, unlessasdumptions are made, for example in the
heavy singlet-neutrino sector.

The situation is reversed in non-Abelian models. To illatrthis, consider a simple case in
which the lepton fields ar&O(3) triplets. In this case, degenerate lepton textures are &xpected.
Subsequently, one may bredk)(3) so that there are large mass splittings for charged leptarisjot
for the light neutrinos[[§7]. This means that, in scheme$witn-Abelian flavour symmetries, solutions
with degenerate neutrinos and bimaximal mixing can be gaadiin a natural way. On the other hand,
the understanding of any small mixing angles and phasestrtiigh become an issue.

2.1.5 Testing models of neutrino masses

The neutrino oscillation measurements that can be made atitaimo factory, notably the magnitudes
of 8,3 andd, will provide important constraints on models of neutrinasses. For example, as just
discussed, the expected sizesadind other CP-violating phases may be rather different inliabend
non-Abelian flavour models.
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When comparing model predictions with data, care must bertékinclude the effects of quantum
corrections in the neutrino parameters, which cause therarioas functions of energy [68]. To leading
order, entries in the neutrino mass matrix are renormaligethultiplicative factors[[59]:

mfjght(Q)Zj = mffght(MN)ij x Iy x 1, (10)

where thenlfght(MN)”, 1 = e, it, T denote the initial mass entries at the high-energy eneigig schere

the neutrino mass matrix is generated, and the

1 t
I = Y2dt): t =1 11
eXlD[167T2 /to dt] n fi (11)

are integrals determined by the running of the chargedblepukawa couplingd’; as functions of the
renormalisation scalg. This effect implies that the neutrino mixing can be amptifie even destroyed,
as we go from high to low energies, and the neutrino mass eiiges may also be altered significantly.
Although these renormalization effects are not signififanschemes with hierarchical neutrino masses,
they are potentially large in models with degenerate neosriand may be important in models with
bimaximal mixing. For instance, for the neutrino mass textu

light

mnu

0.8

| wl»—tﬁl|>—t
[N [}

(SIS | %|>—A
[T

Sk o

which would seem to lead to bimaximal mixing, F[§. 4 indicagéglarge change of the eigenvalues when
running from high to low energie§ [p9], and analogous lafffeces may also occur in the mixing angles.

In supersymmetric seesaw models, quantum corrections mmyde other ways of measuring
neutrino parameters and testing models via lepton-flavalating processes. In the minimal seesaw
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model without supersymmetry, the amplitudes for processeh ag: — e, pu-e conversion in nuclei,

pw — eee andr — (v,3( [BQ, B4,[61] where/ = ¢, denotes a generic light charged lepton, are
proportional to the neutrino mass-squared difference sanare many orders of magnitude smaller than
the existing experimental bounds. This is no longer the daswpersymmetric theories, due to the
existence of loop diagrams with internal sparticles, thaymiolate charged-lepton numbers. This may
happen either because sfermion masses are not diagonal lieptton flavour basis already at the input
scaleMqyr, in which case very large lepton-flavour violating rates gemerically predicted J$0], or
because flavour-violating effects are induced by quantumections [6P)].

These are generic in the Minimal Supersymmetric Standardé\lwith heavy singlet neutrinos,
because the Dirac Yukawa couplings to neutrinos and chagegéoins cannot, in general, be diagonalized
simultaneously. Since both these sets of lepton Yukawaltmsgpappear in the renormalization-group
equations, the slepton mass matrices receive off-diagmmratibutions. In the leading-logarithmic ap-
proximation, in the basis where the charged-lepton Yukasugolings are diagonal, these are given by

(5m§); X Ter 2(3—|—a ) (YT) Ly (Y) mg, (12)

wherel, = In MGUT , the singlet-neutrino mas®/y, is the scale above which the Dirac Yukawa cou-

plingV, appears |n  the renormalization- -group equatiaris,related to the trilinear mass parameter, and
myo IS the common value of the scalar masses at the GUT scale.

In this class of models, the rates predicted for process#atirig charged-lepton flavour may be
close to the current experimental bounds, and are in pri@signsitive to up to 16 of the 18 parametersin
the minimal seesaw model, as indicated in Ffjd. 3 [54]. Ttweefdifferent models predictin general dif-
ferent rates for the different charged-lepton flavour-atsig processes: the larger the lepton mixing and
the larger the neutrino mass scales, the larger the rateseqaently, schemes with degenerate eV neu-
trinos and bimaximal mixing generally yield significantbrgier effects than schemes with hierarchical
neutrinos and small mixing angles.

The prospects for measuring some of these processes abtiteefid of a neutrino factory are
discussed elsewherf J34]. Here we just note that the presgmrimental upper limits on the most
interesting of these processes #& (i — ey) < 1.2 x 107" [FF andR(p~ Tt — e~ T4) < 6.1 ¥
10~13 [B4], and that projects are underway to improve these uppets! significantly. An experiment
with a sensitivityB R — ey) ~ 10~ '* is being prepared at PT]65] and the MECO experiment with a
sensitivity toR2(u~ N — e~ N) ~ 10717 has been proposed for BNL]66], whilst the PRISM projéc} [67]
and a neutrino factor{ [84] may reach sensitivitie®tB (1 — ev) ~ 107'% andBr (i — eee) ~ 1071°,
The latter sensitivity may open the way to measuring the d;-@P-violating asymmetrjAy (i — eee).
Other measurements that may be sensitive to CP violatidrilepton sector include those of the electric
dipole moments of the electron and muon, and a neutrinotiggtould also have unique sensitivity to
the latter [3H].

In this way, the front end of the neutrino factory could cdmnite to determining as many as 16
of the 18 parameters in the neutrino sector, via their remtization of soft supersymmetry-breaking
parameters (see Fif. 3). Any such information would theeefrovide useful constraints on neutrino
models. Moreover, the combination of such front-end dath wsécillation data from the neutrino factory
may enable the baryon number of the universe to be calcylifiets due to leptogenesis in the minimal
supersymmetric version of the seesaw model.

2.2 Oscillation Physics

Neutrino oscillations in vacuum would arise if neutrinosrevenassive and mixed [p8] similar to what
happen in the quark sector. If neutrinos have masses, theeigenstates;, (o = e, i, 7, ...), produced
in a weak interaction are, in general, linear combinatiditte mass eigenstates(: = 1,2, 3,...). We
now review the basic physics of neutrino oscillations inwan and in matter.
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2.2.1 Relativistic approach to the two-family formula
In the simpler case of two-family mixing, one has:

(Va>:< CO‘SO sin@)(m) (13)

Vg —sinf cosé Vs

We use the standard approximation that is a plane wave and consider its propagation in a one-
dimensional space. A mass eigenstate produced at t,xd@wuilve in space and in time as:

it z)) = @By fori=(1,2). (14)

Starting from a flavour eigenstate, ), the probability for detecting a states| at a distancd. and time
t is given by:

P —p2)L — (B — Eg)t
2

P(va —vg) = |[(wslva(t, L))|? = sin? 26 sin? ( (15)

In the ‘same-energy prescription’, which is consistentrvitie wave-packet treatmefit one assumes
that the two neutrino mass eigentstates have the same engrgy F, — I/, but different momentum:

p1 =4/ E?—m?, Pg = \/E2 —m?+ Am?, (with Amiy, = mi —m3) (16)

which leads to:

—p2) L Am?, L
P(v, — vg) = sin” 20sin? % ~ sin? 26 sin? (/@ mEl2 ) ) a7

In (L7) » is 1/4 in natural units’{ = ¢ = 1) or 1.27 if we consider practical units where the energy is

expressed in GeV, the distance in km and the mass differenmeed in eV.

2.2.2 Three families in vacuum

In the three-family scenario, the general relation betwtberflavour eigenstates, and the mass eigen-
stateg; is given by the 3x3 mixing matri¥x’:

V =UA, (18)

where the matrix4 contains the Majorana phases

e 0 0
A= 0 P 0 (19)
0 0 1

that are not observable in oscillation experiments, &rid the MNSP matrix[[8[ 1], which is usually
parameterized by[TT5:

—18
U Ue Ues C12€13 512€13 si3e”"
_ _ ) 6
U= Uul Uuz ng = —512€23 — €12513523€ C12€23 — 512513523€ €13523 (20)
) )
Ui Uz Uss 512593 — €12513€23¢€" —€12523 — S125(3C23€" C13C23

2For a detailed discussion, see for exam@a [69] [70].
3Notice, though, that our convention for the signais opposite from that used in this reference. The MNSP miarike
leptonic analogue to the CKI\E|73] matrix of the quark sector.
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Fig. 5: Representaion of the 3-dimensional rotation between tieifland mass neutrino eigenstates.

where, for the sake of brevity, we writg; = sin 6;;, ¢;; = cos 8;;. The relevant angles can be derived
from the matrix elements via the following relations:

2
tan? by = %, (21)
tan® 0y, = :gj:z (22)
sin?f3 = |Us|?, (23)
dng = o mUaUslielis) @4

sin 2612 sin 2093 sin 26015 cos f15

The relations between mass and flavor eigenstates can k#izeslias rotations in a three-dimensional
space, with the angles defined as in ff]g. 5.

With a derivation analogous to the two-family case, theltg@n probability for neutrinos reads

P(I/a — 1/5) = ZJagjke_iAmikL/zE (25)
7k

where Josx = Up;Uj Uy Uak. For antineutrinos, the probability is obtained with thebstitution
Jagjk = I3 5;1- ASJapji is notreal in general, due to the phaseeutrino and antineutrino oscillation
probabilities are different, and therefore CP is violatedhe neutrino mixing sector. The CP-even and
CP-odd contributions in the oscillation probability carsiéabe distinguished by separating the real and
imaginary parts of/, ;-

P(vy, = vg) =0, — 4 ZR@(Jagjk) sin? 4& +2 ZIm(Jagjk) sin 2% . (26)
>k >k
The Jarlskog determinant[[4] is defined by:
Im(Jagjr) = J Y capy €in (27)
Y,
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and can be expressed in terms of the mixing parameters, as:
J = c¢y38in 2605 sin 26,3 sin 2653 sin 6. (28)
We define a complex quantity whose real part ig’;
J = c138in 20,4 sin 26,5 sin 2055¢”. (29)

Oscillations in a three-generation scenario are consdlyugascribed by six independent parameters:
two mass differences\m?, and Am3,), three Euler angled(,, 6,3 andé,3) and one CP-violating
phase’. As an example, we give the full oscillation probability tbe oscillatiorv, — v,,:

Plv. »v,) =P, = v) =
4033[sin2 A235%25%35§3 + C%z(SiHQ A135%3533 + sin® A125%2(1 - (1 + 5%3)533))]

1 -
- Z|J| cos 6[cos 2A 15 — cos 293 — 2 cos 2019 sin? Aj,]
+ i|j| sin &[sin 2A15 — sin 2A 3 + sin 2A3], (30)

where we have used the contracted notatigp = Am?kL/ZLE [F3]. The second and third lines are the
CP-violating terms, and are proportional to the imaginargt eeal parts off, respectively.
The present experimental knowledge on neutrino osciligtrameters indicatesm?, < Am2,

and small values fof5. In this situation, a good and simple approximation for the— v, transition
probability is obtained by expanding to second order in tmalsparametersfs, Ajo/Aq3 and Ay,

[L18]:
Py, = 534 8in? 26013 sin? Ags + 34 sin® 26,9 sin® Ay + |j| cos (0 — Agzz) Ajgsin Ags (31)

We refer to the three terms i (31) as the atmosphéﬂ?;, solarP°!, and interferencéjj?;jr terms,
respectively [13]7]. It is easy to show that

[P < Py + P (32)

implying two very different regimes. Whef; is relatively large orAm?, small, the probability is dom-
inated by the atmospheric term, sinByé(tgg > Pl We will refer to this situation as the atmospheric

regime. Conversely, whefy is very small orAm?, large, the solar term dominateB?°! > P“(’fgf)h This

v

is the solar regime. The interference term is relevant dingjther Am?, or 6,5 are non-negligible. The
possibility of observing CP violation in neutrino oscillats is connected to the possibility of separating
the interference term from the solar and atmospheric dautions in [3]L).

If we neglect completely\m?,, setting it to zerf}, oscillation probabilities take the simplified
form

P(v. = ve) = 1 —sin?26;53sin? Ay (33)
Plve = v,) = sin? 26,5 sin? B3 sin? Ags (34)
Plve —»v,) = sin? 265 cos? B3 sin? Agg (35)
P(v, —v,) = 1—4cos?f3sin®fa3(1 — cos? 13 sin? f3) sin® Ags (36)
Py, —v;) = cos? 013 sin? 26,5 sin? Ays. (37)

As expected CP-violating effects are absent since theyinethe interference of oscillations from two
mass differences.
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Fig. 6: Two possible configurations for the neutrino mass textuiescti(left) or inverted (right).

2.2.3 Oscillations in matter

So far, we have analyzed neutrino oscillations in vacuum.ekVineutrinos travel through matter (e.g.
in the Sun, Earth, or a supernova), their coherent forwaatteing from particles they encounter along
the way can significantly modify their propagation. As a teghe probability for changing flavor can
be rather different from its vacuum value. This is known asNtikheyev-Smirnov-Wolfenstein (MSW)

effect [B2].

The reason is simple: matter contains electrons but no moia@asis. Neutrinos of the three flavors
interact with the electrons, the protons and the neutrotiseofnatter via neutral currents (NC). Electron
neutrinos in addition interact with electrons via the clargurrent (CC). Since thB” mass is much
larger than typical center-of-mass energies for neutrgaitering, the relevant parts of the Lagrangian
for electron neutrinos can be written in the Fermi approxiora

L=v(if —m)v. — 2\/§GF(I76L7MI/6L)(EL7M€L). (38)

The latter term modifies the effective mass of thevhen it goes through matter and, consequently, the
transition probability changes. In the electron referefiaene only they, part of the electron current
contributes, being just the number operator:

< €Lvo€r >= n6/2 (39)
with n. the electron density given by:
ne =Ny x Yo X p(r), (40)

andY, = Z/A andp are the electron fraction and the density of the medium. Béthem depend on
the physical propierties of the medium traversed by thenreag. For the Earth’s mantlé, = 0.494,
and for the Earth’s cor®, = 0.466 [[[g]. The contribution to the, effective Hamiltonian due to the CC
interaction with matter is consequently given by:

A=V2Gpn, . (41)

For antineutrinost has to be replaced by A, so the behaviour in matter of neutrinos and antineutrigosi
different (matter is not CP invariant). In the treatment s€ilations, the extra potential only appears for
electron neutrinos, so the oscillatory terms will no lonigeproportional to the mass-squared differences
between the three families, but to effective masses-squéia result from the diagonalization of the
Hamiltonian:

m: 0 0 D 0 0
vl o m: o JU'+[ 0 0 0], (42)
0 0 md 0 0 0

with D = £2AF),, (depending if neutrinos or antineutrinos are considered).

“This is a good approximation if LOW or VO solutions happenéxatie one chosen by nature for the solar oscillation.
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The diagonalization of the 3-family Hamiltonian in the prase of the extra matter term modifies
the effective mixing angles appearing in oscillation fotamu It has to be noticed that the ordering of
the masses in the Hamiltonian is relevant, and the effectaifenis swapped between neutrinos and
antineutrinos in the cases of direct and reversed massrtigraas seen in Figﬂ 6. Thus, the effect of
matter in a neutrino oscillation experiment allows the dataation of the sign of\m3,.

The full formulae for the effective quantities (mass diffieces and angles) in a three-family sce-
nario are quite complicated, and can be foundif [77] 4np. [F&}wever, it can be shown that, in the
caselAmi,| < |Ami,| ~ |Am2,], the three-family mixing decouples into two independert-family
mixing scenarios, even in the presence of matter eff¢cfs [2Or energies not too small with respect
to that of the oscillation maximum (whete&\m?2,1/FE| ~ 1), the effective oscillation parameters will

become (see Fif] T 8]):

sin? 055 (D)  ~ sin? 63 (43)

A 2
sin? 207,(D)  ~ ”D“? sin 20,5 (44)

in* 26
sin? 207,(D)  ~ SmTB (45)
M~ § (46)
AM?, ~ D (47)
AMZ, ~ Ami,VF (48)
(49)

where we have defined
F =sin® 26,3 + ( D — cos20;3)* (50)
= 13 Am%?) 13) -

As expected, we see explicitly that all the angles returhédrioriginal values in the limit of small matter
denSityD —0 (le F— 1) inthe limit Ao << Amyz andAmy, < D.

At the Mikheyev-Smirnov-Wolfenstein (MSW) resonance gyer

cos 2013Am3;  1.32 x 10% cos 2613Am3,(eV?)
226G, plg/em?)

the value okin? 207, becomes equal to 1, independently of the actual value ofitglean vacuum. Also
the effective value of\m2, is significantly modified. If we také\m2, = 2.5 x 1072 eV?, 8,3 < 1 and
p = 2.8 glcn?, the energy of this MSW resonance is 11.8 GeV.

To see how this affects the oscillation probability, we caketthe simplified formula for the
v. — v, oscillation in vacuum, as appears {n](31), and neglect thesrdifferenceA;,. Replacing
the vacuum parameters with their effective values, oneiobtihe approximate. — v, oscillation
probability in matter:

Eres(GeV) =

(51)

in” 260 L
P(ve — v,) = sin? 2074 sin? 054 sin® AL = SmTB sin? O3 sin? (Am%x/ﬁE) , (52)

and the oscillation probability at the MSW resonance enbeggomes

L
Py » v, ') = sin? fys sin? (Am%z)) sin 2013@) . (53)
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Fig. 7: Evolution of the effective angles in matter as a functiowof

If we assume thatin 26,5 is small, and if the distancé is not too far away from that of the first
maximum, the probability reads:

L
Pve = v,; E"%) & s358in% 20,5 ¥ (Am%m) . (54)

In the limit Am2,L/4E < 1, this coincides with the vacuum expression [of] (34). This syt is

not possible to measure the signfn3, if the baseline is too short. Matter effects become visible
at distances where the argument of the function approaches/4. The oscillation maximum for the
value 7% = 11.8 GeV andAm32; = 2.5 x 1072 eV? is L = 2300 km, so matter effects start to be
visible as an enhancement of the oscillation probabilibpad the MSW resonance energy for baselines
longer than about 1000 km. For antineutrinos the effectivéng angle is smaller than the real one. For
small baselines, a similar compensation ag ih (54) takeephat at distances where matter effects start
to play a role the oscillation probability in matter is snealthan that in vacuum.

The above considerations are valid near the resonanceyeiemher words forD ~ Am2,. If
D> Am§3 i.e., v, > 217°% the effective mixing angle is always smaller than the vacwme, and the
effect of matter is again a suppression of the oscillatiabpbility.

22



2.2.4 Current status of neutrino mixing parameters

We assume that active neutrino oscillations are indeeddlugign to the neutrino puzzles, and that there
are only three light neutrino species. As discussed abavbjs case the Standard Model is augmented
by at least 9 new parameters, of which 3 are neutrino massae B&al mixing angles, there is one
oscillation phase and two additional Majorana phases, lwhigst only if the neutrinos are Majorana
particles. Neutrino oscillation experiments, howevee aot sensitive to the Majorana phases, and we
set them to zero henceforth.

The angled,; and#,, are thought to be mainly responsible for solving, respetfi\the atmo-
spheric and solar neutrino puzzles, as long/s:2,| > |Ami,| (normal neutrino mass hierarchy). If
the opposite happens to be trua{r3;| < |Ami,|, an inverted mass hierarchy), the definitions above
can still be related to the appropriate neutrino puzzledpag as the mass eigenstates are relabelled
3 - 2 — 1 — 3. We make this assumption henceforth, and refe,to= 6,,,,, 612 = 05.,,. Thus,
the third mass eigenstate is defined as the one whose massdgidurther away’ from the other two,
which are arranged in ascending order of masses-squaréihwiiany loss of generality. Given this
choice, the inverted hierarchy differs from the normal aiehy by the sign ofAm2,. The entire oscilla-
tion parameter space is spanned by varying the three mixigtga from 0 tor /2, keepingAm?, > 0f,
AmZ, (including the sign), and varyingfrom —= to .

The current knowledge of the oscillation parameters canumnsarized as follows. There is
good evidence thd\m2,| > Am?,, and therefore\m?2, ~ Am?,. This being the case, the current
atmospheric data are sensitivg £om?2,|, tan? 6,4, and|U.s|?, while the current solar data are sensitive
to Am?,, tan? ,,,, and|U.3|?. The Chooz and Palo Verde reactor experiments, when caesidie
combination with the solar data, constrdifn;|? as a function of Am3,|. The experimentally allowed
range of the parameters depends on a number of assumptibitd1 experimental data are considered,
how many neutrino species participate in the oscillationatwvas the statistical recipe used to define
allowed regions, etc. We comment briefly later on some ofdlpasnts. In this Section, we simply quote
the current ‘standard’ results, with some appropriateregfees.

For the atmospheric and reactor parameters, one obfaihat{1f3 99% confidence level (CL),

|Ues]? < 0.06, (55)
0.4 < tan? fum < 2.5, (56)
1.2x 1072 eV? < |Ami;| < 6.3 x 1073 eV2. (57)

The situation of the solar parameters is less certain, ahdssdescribed graphically. Fig. 8 depicts the
result of the most recent analysis of all solar neutrino dBflj, which uses the current version of the
standard solar modef][6], but allows tAB neutrino flux to float in the fit. This particular analysis is
performed assuming two-flavour oscillations, a scenariichvis realised in the three-flavour case for
|U.3|> = 0. The changes to the allowed regions are not qualitativglgifcant for values ofU.s|? up

to the upper bound quoted above: in fact, the allowed regjoms, even forlU.3|? = 0, simply because
the confidence level contours are defined for three instead@mflegrees of freedom. The right panel
of Fig.[8 exhibits the impact of the recent neutral-currestasurement from SNO on the preferred solar
neutrino oscillation parameters.

There are still several disjoint regions of the parametacspvhich satisfy the current solar neu-
trino data at some CL. These include the large mixing angMA) solution, the lowAm?, MSW
solution (LOW), various vacuum (VAC) solutions at very sallues of Am?,, and (at a lower CL)
the small mixing angle (SMA) MSW[$2] solution. Of the fougiens, two (LMA, and LOW) are very
robust, and appear in different types of data analysis. @ 8blutions are rather unstable, and can dis-
appear if the data are analysed in a different fashion. Natethe LOW solution is no longer connected

®In two-flavour solar data analyses, it is important also tegkthe mixing angle from 0 ta /2 if Am? > 0 is fixed, in
order to cover the entire parameter sp , 80].
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B e o v e e e s g Fig. 8. Global fits to current so-
m_\,z_ BPOQ. Free °B BPOQ. Free "B _ 5 _ lar neutrino data [8]L], leaving free the
m'_f? 8B neutrino flux. The best-fit point is
F 3 marked by the star, while the allowed re-
fﬁf"'%;— 3 gions are shown at 90%, 95%, 99%, and
X! 4 | 99.73% CL HereAm® = Ami, and
7l i tan? @ = tan®60,,,. This analysis was
<7 m"”-_ i _ performed assuming a two-flavour os-
m’"’% Active : Active “"';"“" cillation scenario. In the left panel, only
161 ;_G0+CI+CC+SI\{Sp.Zenéith) Ga+ClHSK{Sp Zerith) _; data announ?ed_ before_ April 20, 2002 s
pEEefure Aprll 20, 200 +CCHAW(CCI+NC analyzed, wh.lle in the -rlght pgnel all the
H v 1'021'0, J'I e Ilﬂ*j:y'zlla’ " J'I ', current neutrino data is considered, in-
tans cluding the recent neutral current mea-

surements from SN [7].

to the VAC solutions, as used to be the cds¢ [80] before trente®NO neutral-current data. The SMA
solutionis currently excluded at more than the three-sitawel, but cannot be completely discarded yet.
A word of caution is in order: it has recently been pointed loyiseveral different group$ [B3] that the
standard statistical treatment of the solar neutrino datiaieh is usually analysed viax@ method, and
includes the definition of confidence level contours - is rayrapriate. However, & method should
be perfectly adequate when more data available becomehigih the near future.

In summary, while some of the oscillation parameters arenknaith some precision (the atmo-
spheric mass-squared difference is known within a factoooghly six), the information regarding other
parameters is very uncertain. In particukamn? 6,,,,, can be either very smal(10~* — 10~?), or close
to unity, while Am?, can take many different values, from aroun!° eV? to more than 0~ eV=.
Finally, there is absolutely no information on the CP-virlg phase’, nor on the sign ofAm2,, while
for |U.3|? only a moderate upper bound has been establ§hed

2.2.5 Motivations for new physics

So far, we have not discussed the potential implicationdhefltND data. If the three experimental
results from solar, atmospheric and LSND neutrinos arealect, there must be three different mass-
squared differences\m?,,, << Am?2,,. << Am?_ ., which cannot be accommodated with just three
neutrinos. The simplest option for incorporating all théedaould be to introduce a fourth light neutrino,
which must besterilg i.e., having interactions with Standard Model particlegscimn weaker than the
conventional weak interaction, in order not to affect thasible Z decay width that was measured very
precisely at LEP.

In this case, one has to take into account the constraintsdéasmological Big Bang Nucleosyn-
thesis: a sterile neutrino that mixes with an active one,iardus in equilibrium at the time of nucle-
osynthesis, can change the abundance of primordially mextielements, such dsle and deuterium.
The larger the mixing and the mass differences between #nidesand active neutrinos, the bigger the
deviations from the successful standard calculationsefitiht element abundances. This implies that
models where the sterile component contributes to solaerahan atmospheric neutrino oscillations
would be accommodated more easily. However, recent data fin@ two solar neutrino experiments -
SNO on charged-current and neutral-current scatteringl-Sarper-Kamiokande - on electron scattering
- provide very strong evidence that there are additionalacteutrinos coming from the Sun. A large

®It is interesting to note that/.s| can still be as large as the sine of the Cabibbo angle.
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mixing between the sterile and active neutrinos is exclufléhle SSM calculation of thé B flux is
correct [L7B].

Altogether, we conclude that current neutrino data anddstahbig bang nucleosynthesis dis-
favour the four-neutrino mixing scheme.

An alternative approach accounts for the LSND results withe three-neutrino framework, by
invoking CPT violation [179]. However, this hypothesisatves a dramatic change in the Standard
Model that requires more motivation from the data. Anothesgibility is that small non-standard weak
interactions of leptons may instead provide a simultansoligion to the three neutrino anomalies with-
out introducing a sterile neutrino or invoking CPT violatifLt8Q]. According to this hypothesiaZ = 2
lepton-number-violating muon decays are invoked to actfmunhe LSND events. These anomalous de-
cays could easily be tested at a Neutrino Factory using @teteapable of charge discriminatidn182],
as discussed later in this report.

2.2.6 Prospects for the near future

More information will be needed for the detailed planningngfutrino factory experiments, much of
which may be provided by near-future experiments, as we risauds. The precision with which some
neutrino oscillation parameters are known will improversfigantly in the near future, and it is almost
certain that the ambiguity in determining the solution te #olar neutrino puzzle will disappear. In
this Section, we review briefly how open questions in theeniranalysis may be resolved by future
experiments, discussing subsequently more details ofherenents.

The values of Am2,| andtan? 6,,, should be better determined by long-baseline neutrino ex-
periments [I6[ 31, 23]. In particular, the MINOS experimffii] aims at 10% uncertainties, while the
CNGS programme[[23] may achieve slightly better precisidihe sensitivity to]U.3|%, on the other
hand, is expected to be limited to at most a few %: perhaps? = 0.01 could be obtained at the
first-generation long-baseline beams, with JHF doing aeraoéimagnitude better.

In the solar sector, different solutions will be exploreddifferent experiments. We concentrate
first on strong ‘smoking gun’ analyses, and comment lateherprospects for other experiments.

The LMA solutiorto the solar neutrino puzzle will soon be either establisbreeixcluded by the
KamLAND reactor experimen{[25]. Furthermore, if LMA hapseto be the correct solution, Kam-
LAND should be able to measure the oscillation parameteis 6,,,, and Am?, with good precision
by analysing the. energy spectrum, as has been recently investigated byetitfgroups[[§4] 34, $6].
Three years of KamLAND running should allow one to determatehe three-sigma levelm?, within
5% andsin? 26, within 0.1. A combination of KamLAND reactor data and solatalshould start to
address the issue whetlgr,,, is smaller or greater than/4 [B3].

The LOW solutionill be either excluded or unambiguously established byBbeexino experi-
ment [29] (and possibly by an upgrade of the KamLAND experinsaich that it can be used to Sde
solar neutrinos), using the zenith-angle distributiorheBe solar neutrino flux. This should allow one
to measure, at the three-sigma leveh:?, within a factor of three (say, in the range 1o 10~7 eV?)
andtan? 6,,,, within 0.2 [29[8F]. These estimates are very conservatided® not depend, for example,
on the solar model prediction for ti8e neutrino flux [2P].

VAC solutionswith Am?, less than a fenk 10~? eV? and greater than a few10~'* eV?, and
tan? ,,, between roughly 0.01 and 100, will also be either excludedstablished by experiments
capable of measuring tH@e solar neutrino flux. In this region of parameter spacefltheof “Be solar
neutrinos depends very strongly on the Earth—Sun distamceanomalous seasonal variations should be
readily observed, for example, at GNO or Borexino. Estimatiewhat will be inferred from the data of
these experiments and KamLAND indicdid [28] that, evendf Be solar neutrino flux is conservatively
assumed to be unknown,m?, can be measured at better than the percent level (sed d3o [86

The situation withthe SMA solutioris less clear. If SMA is indeed correct, something must be
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wrong with part of the current solar neutrino data, or we Hasen extremely ‘unlucky’. Nonetheless, the
SMA solution would be favoured if none of the above ‘smokinmigsignatures were observed. There
are also ‘smoking gun’ signatures for the SMA solution, Ingit non-observation would not necessarily
exclude the SMA region. One characteristic feature of theAddlution is a spectrum distortion for
8B neutrinos, which can be measured at Super-Kamiokande M@ $he current Super-Kamiokande
spectrum data are consistent with a constant suppressitie ®8 neutrino flux, and an analysis of the
Super-Kamiokande data alone excludes the SMA solution e than 95% CL[[§7]. Combined analyses
of all the solar data render the SMA solution even less likEBhe SMA solution also predicts that thee
solar neutrino flux should be very suppressed with respestandard solar model results. Therefore,
the measurement of a very smaBe neutrino flux could be interpreted as a ‘smoking gun’ sigre
for the SMA solution. However, background-suppressionoés would be needed to measure a very
suppressed flux, and some independent checks of the riiabisuch techniques are inconclusiye][28].
Furthermore, in order to relate a small measured flux to meutrscillations, one must rely on predictions
from solar physics, which we should prefer to avoid.

1
: Fig. 90 The 99% confidence level contours obtained af-

ter fitting simulated future solar data (including KamLAND
and Borexino), for a few points (marked with a in the
(Am?,/eVF tan?,,,) plane. The continuous lines indicate
the 99% CL contours obtained after analysing the solar data
available earlier in 2002. Note that not only is the true solu
tion (SMA, LMA, etc) identified, but the values/®in?, /e\?
andtan? 6,,,, are also measured with good accuracy. [86]

for details.

1o 1o¥ 107 1ot 10 1!

Fig.[d depicts the expected 99% CL contours in then?,/eV?, tan? 6;,,) plane for different
candidate solutions to the solar neutrino puzzle, afteathent of KamLAND and Borexino. We see
that the large degeneracies in the parameter space willfted ljwith a few exceptions in the LMA
region, as pointed out iff [B5]), and that reasonably pregisasurements of the oscillation parameters
are to be expected.

Supplementary possibilities are also available. The SN@#gment may also provide sufficient
further information to resolve the ambiguities in the salantrino sectof{[§d, 89]. Further information
may also be obtained if neutrinos from a nearby supernovaletected [90]. Finally, it is important
to mention that non-oscillation experiments can also doute to the understanding of neutrino masses
and leptonic mixing angles. In particular, future seardoeeseutrinoless double beta decfy][91] are not
only capable of measuring a particular combination of thgdvma neutrino phases, but can also help
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piece together the solar neutrino puzld [92].

We conclude that near-future experiments will provide mo€lthe key information needed for
planning neutrino-factory experiments, in particular Wiex the LMA solar solution is correct.
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3 CONVENTIONAL NEUTRINO BEAMS

3.1 First-Generation Long-Baseline Neutrino Projects

The small values ofAm? measured in oscillations of atmospheric and solar neugrimave focused

the interest of the community of neutrino physicists on Kirageline projects using neutrinos of artificial
origin. As an example, for a value &fm?, = 2.5x 1073V %, the maximum of the oscillation probability
for 1 GeV neutrinos, a typical energy produced in accelesatoccurs at a distance of about 500 km.
The Am? value for solar neutrinos is about two orders of magnitudalkm so oscillations of reactor
neutrinos, whose energy is of the order of 10 MeV, can be obsdat the same distance. We describe in
this chapter the different approved long-baseline prgject

3.1.1 KamLAND

We have seen that solar neutrino experiments suggestaismils with parameters in one of four possible
regions, usually referred to as the large mixing angle (LiM#all mixing angle (SMA), LOW and
vacuum (VAC) solutions. Only the large mixing angle solatisould allow the practical possibility of
discovering CP violation in neutrino oscillations. Thigji@n will be probed over the next few years by
the KamLAND reactor neutrino experimeft]25], which stdrtaking data in January 2002. After a few
years of data taking, KamLAND will be capable of either exithg the entire LMA region or, in the
case of a positive signal for oscillations, not only of eitdling v. < v,¢ner OSCillations in the solar
parameter region, but also of measuring the oscillatioapatergtan? 6,,, Am?,) with unprecedented
precision [84[ 98] 34].

KamLAND is located in the old Kamiokande site in the Kamiokaenin Japan. Its neutrino
source consists of 16 nuclear power plants at distanceses &findred km. The apparatus consists of
approximately 1 kt of liquid scintillator that detects réacneutrinos through the reaction

p+7v. s n+tel. (58)

The positronis then detected via scintillation light arschihnihilation with an electron. This annihilation,
in delayed coincidence with theray from neutron capture, represents a very clean sigeatur

To estimate the precision to which KamLAND could measureab@llation parameters, the au-
thors of [9%] considered a 3 kt-y exposure during which trecters operated at 78% of their maximum
capacity. Backgrounds were neglected and perfect detefficiency was assumed. Systematic effects,
in particular those connected with chemical compositiath ffux uncertainties, have also been studied.

The measurements that KamLAND could be expected to perfoitim tivese assumptions are
shown in Fig.[1P, taken fron[P5]. Since the oscillations efe on the mixing angle only through
sin? 26,4, there is a two-fold degeneracy in the measurement, hereeeftection symmetry about
tan? 6,2 = 1. The LMA solution, which is overlaid, does not possess suslgrametry, so it is nec-
essary to plot againstn? 6y, and notsin® 26, [P7)], in order to have a visual combination of the two
measurements.

It has been shown irj__[p4] that, combining KamLAND with theasalata, one can solve the two-
fold degeneracy, i.e., find out wheth@r, < =/4 or 6,5, > = /4 at the 95% confidence level (CL) for
most of the LMA region. In this reference, a more conseneatimalysis than in[95] was performed,
with comparable results.

3.1.2 Long-baseline accelerator-based experiments

Whilst the KamLAND experiment will help understand osdilbas in the solar region, the study of the
atmospheric region is best performed with artificial neudrbeams from particle accelerators. Three
such beams exist or are planned in three different contanent
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Fig. 10: The expected measurementof? andtan? ¢ in the KamLAND experiment. Contours for 68%, 90%
and 99% CL are shown, and the LMA solution to the solar neatpiroblem is overlaid|E5].

e The K2K beam from KEK to Super-Kamiokande,
e The NuMI beam from Fermilab to the Soudan mine,

e The CNGS beam from CERN to the Gran Sasso laboratory.

These three projects are quite different in scope and chipedi due to the different characteristics of
the accelerators that produce the beams, and of the prodesectors. The K2K beam has lower energy
and intensity, and its main aim is to confirm thedisappearance observed in Super-Kamiokande. The
NuMI beam will have more intensity, and the focusing systéimsen will produce neutrinos peaked at
an energy of about 2 GeV, to achieve a better precision on gasorement of the oscillation parameters.
The CNGS beam will have smaller intensity but higher enel@ntNuMI, and will be used for the
search, to confirm that the atmospheric deficit is due,to— v, oscillations. Characteristics of the
different beams are shown in Taljle 1.

Beam Eprotons(GeV) | Power (MW) | < E), > | L (km)
K2K 12 0.005 1.3 250
NuMI (LE) 120 0.41 35 734
CNGS 400 0.3 18 732
JHF 50 0.75 0.7 295

Table 1: Characteristics of long-baseline beams

A large community is gathering around the possibility oflfirig a beamline for neutrinos at
the future Japanese Hadron Facility (JHF), and sending faax@af beam to Super-Kamiokande, and
to a planned future Iargé:erenkov detector (Hyper-Kamiokande). Details of thisoselegeneration
beamline, that will mainly be used to look for a non-zero eabfithe electron neutrino mixing andles,
are given below. A more detailed analysis is preser{tih [96]
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3.1.3 K2K

The only long-baseline experiment to have taken data scférd K2K experiment, which was in the
middle of its run when an unfortunate accident in the Supamiokande detectd} stopped their data
taking until January 2003. The goal of K2K is to confirm thedevice of oscillations presented by
Super-Kamiokande by looking for the disappearance,&f. The neutrino beam has a mean energy of
about 1 GeV and points toward the Super-Kamiokande detedhich is located some 250 km from the
neutrino source. Thus, th&®?m to which they are sensitive is:

1
Am2 ~ ﬁ ~ 4 X 10_3€V2

near the maximum of the atmospheric oscillation. Beforeat@dent in Super-Kamiokande, K2K had
abouts x 10'? of their planned final 02° protons on target. They had obsendgcevents, compared with
the80 + 6 expected in the case of no oscillations. These numbers &irdhtleasured energy spectrum
are consistent with the Super-Kamiokande data. HoweveK#K data alone could not yet be regarded
as an independent confirmation of the atmospheric osdifiaifect.

3.1.4 NuMlI

The MINOS detectof[31] for the NUM[[32] beam between Feahiand the Soudan mine in Minnesota
is currently under construction. Its goal is to make a piecisneasurement of the parameters governing
the atmospheric neutrino oscillation. The experiment haaseline of 735 km , and can be modified
to produce beams of mean energies up to 14 GeV . The low-eh@Egmy, with an average neutrino
energy of 3.5 GeV , yields about the samgF than the K2K experiment, and due to its higher flux is
expected to provide a better precision on the atmosphecitiatton angleAm?2,. The far detector is a

5 kt sandwich of magnetized steel and scintillator plandse fiear detector will be located at 1040 m
from the proton target, and will be a scaled-down 1 kt versibMINOS. Systematic errors from the
difference in the neutrino spectrum between near and fatioe are expected to be at the level of few
%. The run is expected to start in early 2005, and after a tear-yun MINOS should be able to perform
a 10% measurement of the atmospheric parameters, uaksshappens to be too low, as shown in

Fig.[11.

3.1.5 CERN-Gran Sasso

Due to the higher energy of the SPS accelerator, the beam@®RN to Gran Sasso is the ideal place
to look for r appearance, and this has been the main objective in degitir@rdetectors at Gran Sasso.

The first approved project aimed atidentification is the OPERA experiment [98]. The require-
ment for a large mass and a space resolution of the orderof has led to the choice of hybrid emulsion
as the basic detector component. Lead-emulsion sandwéchesranged in bricks, walls, modules and
supermodules, for a total mass of 1.8 kt. Tracking devicepkaced behind each brick to localize where
interactions take place, enabling one to remove and dewelaal time the interesting brick.

Another detector that will observe neutrinos from the CN@&rh is ICARUS[[9]. So far, only
a 600 t module is approved, which has already been built aockssfully tested in summer 2001 on the
surface in Pavia, and a proposal for a five-fold mass incrisagending approval. The detector consists
of a large liquid Argon TPC, that allows a three-dimensiaeabnstruction of neutrino interactions with
excellent imaging and energy reconstruction.

Ther identification strategy of the two detectors is complemgnfBhe OPERA approach is topo-
logical, ther being identified by the direct observation of the decay kimkile ICARUS will exploit
the different kinematics of decays (especially in the golden— e channel) compared to the back-
grounds from charged currents andin the beam. The identification capabilities of the two detectors

"Seehttp://www-sk.icrr.u-tokyo.ac. jp/doc/sk/index.htnl for details.

30



£.008

Arr? {EV!)

2.0C5

2004

G003

G002

.00

Super—K, 1144 days

O .5 DB Db D.65 B.7 075 OF U85 0.8 095 1
sin"2¢

Fig. 11: Expected 90% C.L. determination of the atmospheric ositgparameters in a 10 kt-year exposure of
MINOS to the low-enegy NuMI beam.

(assuming the 3 kt option for ICARUS) are quite similar. Eagperiment expects to be able to observe
about 10r events after 5 years of running, with an expected backgrefind’ events, assumingm2,
i$2.8 x 1072V 2,

3.1.6 JHF-Super-Kamiokande

We have seen that the three projects K2K, NuMI and CNGS wilk gis a better understanding of
oscillations in the atmospheric region, measuring prégige oscillation parameters and establishing
thev, — v, nature of such oscillations. Some progress will be also nradlee search for a non-zero
participation of the electron neutrino in the third flavougenstate, namely the elemelibf.;| of the
leptonic mixing matrix. The search for a nonzero valueiaft, 3 is a fundamental step towards defining
the future of neutrino physics. A further step in this difentwill require high-intensity neutrino beams
(super-beams).

The first neutrino super-beam will probably be built from tlure Japanese Hadron Facility
(JHF) in the JAERI lab at Tokai-mura (60 km NE of KEK) to the Kiaka site [I0p]. The 50 GeV JHF
machine, scheduled to start operation in 2006, is designeeliver3.3 x 104 protons every.4 seconds
with a high beam power of 0.77 MW, that could later be upgradetl MW [L03]. The beam axis will
be tilted by 2 degrees with respect to the position of thedaation. This off-axis beam will be almost
monochromatic around an energy of 800 MeV, and will have dlsma contamination than the direct
beam. The baseline between JHF and Super-Kamiokande is2@®im.

The first phase of the project could start as early as 2007erGive great intensity of the beam
and the large mass of Super-Kamiokande, in a 5-year run thjeqt would provide the best knowledge
of the neutrino mixing matrix parameters before the Neuatfactory. The authors of [IP0] claim:

e A precision measurement of the atmospheric oscillatiotepatyieldingsin? 26,5 with 1% preci-
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sion andAm?2,,, with a precision better that—* eV?,

e Sensitivity tof;; as small a$3°(sin? 26,3 ~ 0.01), by searching fow, — v. appearance (see
[LOQ] for details on background reduction, taking advaata the narrow beam and the good
electron discrimination capabilities of Super-KamiokandThis is illustrated in Figl_12 (notice
that the plotted quantity isin? 26, = 0.5sin? 2613). The expected sensitivity is an order of
magnitude better than the current limit set by the Chooz expmt, namelyin? 26,5 < 0.1.

4 90% C.L. sensitivities

1p = (dHF Syear TN
[ WBB . e

- AB 2deg:

NEB 2GeVn

: CHOOZ excluded

1
sinZ28;,e

Fig. 12: The expected 90% CL sensitivity contours for 5-year exmssirvarious beam configurations for the
JHF-Super-Kamiokande project. The 90% CL excluded regidhedChooz experiment is plotted for comparison.
Note that the plotted quantity in” 260, = 0.5 sin” 20;3.

3.1.7 Possible scenario

After operation of the first-generation neutrino beams amther progress in the JHF project, one could
expect the experimental situation to be as follows:

o KamLAND will have established or excluded the LMA solutiar the solar oscillations,
e MINOS will have measured the atmospheric oscillation patams with a few % precision,

e The reality of oscillations will have been proven beyond doubt by the observation efappear-
ance at Gran Sasso,

e The angldd3 will be measured if itis larger than abo2ft — 3°.

3.2 Second-Generation Long-Baseline Neutrino Beams

Extremely intense neutrino beams could have very largeod@y potential, in the search for a non-
zero value offy3 and possibly CP violation, for a favourable choice of parare Several studies
have been performed to assess the discovery reach of sudtimescalso in comparison with Neutrino
Factories, since normally the proton driver used to prodiwzsh a super-beam would be the first step in
the construction of a Neutrino Factory.
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We have already seen that the JHF-Super-Kamiokande pagadie considered as the first neu-
trino super-beam. However, it is foreseen to increase ttengity of that beam by almost a factor 5,
and to use as a target a next-generation waegenkov detector (Hyper-Kamiokande), with an order of
magnitude more mass than the present Super-Kamiokandh.aSaoye water detector would not only
be used as a neutrino target, but, due to its large mass, Wewlle to push the search for nucleon decay
into an unexplored region, and also be a unique laboratargdpernova neutrino astronomy. Another
possible location for a large water detector is the Fréjusel between France and Italy. This site is
located at 130 km from CERN, from where it could be illumirthtey a low-energy neutrino beam.
Another option has been studied in the United States, inah&gt of a high-power proton driver for the
Fermilab complex. In that case the energy is larger than teequs proposals, and different possible
detectors have been studied.

A different way of building a neutrino beam, conceptuallygar to that of the Neutrino Factory,
is to produce neutrinos from the decays of heavy ions citingan a storage ring. Compared to storing
muons, the quality factor, defined as the ratio of the relstitv~ factor and the free energ¥, of
the reaction is much higher, thus producing narrower beamd large fluxes even for relatively small
beam currents. The resulting beam would consist of pure. (or 7., depending on the isotope used
for neutrino production), of relatively low energy. The [#igs capabilities of such a beam are similar
to those of the super-beam, but complementary since efecgatrinos are involved instead of muon
neutrinos. Very interesting opportunities may instead fiem the possibility of running simultaneously,
but with different timing, a super-beam and a radioactiveagebeam (beta beam). The possibility of
havingr. andv,, in the same beamline, but separated by timing, is extremédyesting since, unlike the
Neutrino Factory, oscillated events can be separated fhaset of the original beam by mean of flavour
tagging without the need of lepton charge identificatione Tost appealing possibility of this option is
the direct search for T violation, comparing the— v, andv,, — v, oscillation probabilities.

3.2.1 JHF-Hyper-Kamiokande

The JHF neutrino project already foresees the possibifignoupgrade to higher neutrino flux (4 MW
with respect to the initial 0.77 MW) and the beam will be pethin a direction intermediate between
the present Super-Kamiokande location and the main caredgige for a future Hyper-Kamiokande
experiment, in such a way that both locations will be illuated by a narrow-band beam, off-axis by 2
degrees. The Hyper-Kamiokande far detector would be coetpos several almost cubic modules of
size4b x 45 x 46, for a total fiducial volume of 70 kt per module; 16 comparttsemould make a total
fiducial mass of above 1 Mt, read by about 200,000 photomidtiy if the spacing between them is 1
meter.

A combination of Hyper-Kamiokande and a 4 MW beam would ptevthe possibility of explor-
ing CP violation in the leptonic sector. For this purposés itecessary to compare oscillation probabili-
ties for neutrinos and antineutrinos. The latter can be geed by focusing negative instead of positive
pions in the horn system. However, since they are smalleuimber, and since antineutrinos have a
smaller cross section than neutrinos, the antineutrinawrould have to be considerably longer than that
with neutrinos, in order to have comparable statisticalieacy. For instance, for an experimental setup
with a 4 MW beam, 1 Mt far detector, 2 years gf and 6.8 years of,, running, the 3 sensitivity
extends tain § > 0.25 (14 degrees) at largén? 26,5 andsin § > 0.55 for sin? 26,5 = 0.01, as seen in

Fig.[I3.

3.2.2 Possible off-axis experiments in the CNGS beam

Proposals have been made for an off-axis experiment exgosté CNGS beam, also with the aim of
improving the sensitivity t@.;. One suggestion is to install a wat€erenkov experiment in the Gulf
of Taranto, whose distance from CERN could be varied to dgtinthe sensitivity to the oscillation
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Fig. 13: The JHF-Hyper-Kamiokande sensitivity fon” 26,5 = 0.01, 0.04 and 0.10.

pattern [ITIB]. Another suggestion is a surface experimiersecto the Gran Sasso laboratory, using the
atmosphere as a targpt [119].

3.2.3 Studies for a high-energy super-beam at FNAL

An efficient way of producing a super-beam at FNAL would beaket advantage of the NuM| [R1]
investment and make an upgrade of the proton driver][[20, I22]. One could then envisage a new
generation of experiments to include shooting the intenswentional muon-type neutrino beam, pro-
duced with NuMI and the upgraded proton driver, towards acet located suitably off the main beam
direction. These off-axis beams have several advantagésr@dpect to their on-axis counterparts, as
discussed earlier. They are more intense, narrower and lemexgy beams without a large high-energy
tail, and they provide clean accesstoappearance, given the existence of a suitable detectogeat
electron identification capabilities. In order to fully ®akdvantage of such tools, however, two different
beams are essential, one predominanmtland the other predominantly,. The antineutrino beam, how-
ever, provides an extra experimental challenge: as disduiexonnection with JHF, the pion production
and antineutrino scattering cross sections are suppregisedespect to those for neutrinos. In order

to obtain a statistically comparable antineutrino and rieatdata set, the running time ratio between
antineutrinos and neutrinos should be 2 or 3 to 1.

Studies show how well experiments in the NuMI beamline wipihaton driver upgrade plus an off-
axis detector can address these issueg [123]. In orderioagstproperly the experimental response, e.g.,
signal efficiency as well as beam and detector-induced lvagkgss, a realistic simulation of the NuMI
beam was performed, including the response of a 20 kt higétynented iron detector, followed by a
detailed ‘data’ analysis. A 5 kt Liquid Argon TPC in the samE&MI location would have comparable
sensitivity to|U.s|%.

To assess properly the capabilities of such a set up, it dalrto explore all the different physics
scenarios, which we hope will be distinguished by the curkamLAND reactor experimenf[?5]. For
different values of the solar mass-squared difference, btaio different results for a five-year pro-
gramme with an upgraded NuMI beam and a 900 km long baseliraxf experiment. The mean
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neutrino energy at this location is 2 GeV, while theandr, fraction in the beam is less then 0.5% in
the signal region:

1. If KamLAND does not observe a suppression of the reactotrime flux, |U.3|* can be measured
with very good precision and the neutrino mass pattern caeskeblished, as long &8.5|? 2
few x 1073,

2. If KamLAND sees a distortion of the reactor neutrino spatt, one should be capable of mea-
suring|U.s3|* with good precision and obtaining a rather strong hint forv@#tation, as long as
|U.s|* 2 few x 1073 andd is close to either/2 or 37 /2, as seen in Fid. 14, assuming that the
neutrino mass hierarchy is already known.

3. If KamLAND sees an oscillation signal but is not able to meaAm? ,, , one should be capable
of measuringU.3|* with some precision and obtaining a strong hint for CP violats long as
|Ues|? 2 1072 andd is close to eitherr /2 or 37 /2, even if Am2,,, is poorly known. However,

sun

Am?,  cannot be measured with any reasonable precision, evemasgthat the neutrino mass

sun

hierarchy is already known.

Other physics goals of the NuMI off-axis project are to meassith an order of magnitude bet-
ter precision, compared to MINOS and CNGS estimates, thestheric parametersi(Am2,,,) <
107* eV? and §(sin? 20,4m) < 0.01, confirmy, « v, oscillations, or discover sterile neutrinos by
measuring the neutral-current event rate, and to improva factor of 20 the sensitivity to, — v.
appearance. After a five-year programme using NuMI with atafffkaxis detector, one could establish
a two-sigma confidence level on thg — v, transition of|U.3|* > 0.00085 (0.0015) with (without) an

upgrade to the proton driver, assumigr?,, < 10~* eV? and a normal neutrino mass hierarchy.

3.2.4 The SPL super-beam

The planned Super Proton Linac (SPL) would be a 2.2 GeV priogam of 4 MW power[[142], which
could be used as a first stage of the Neutrino Factory compl&E&N [I03]. It would work with a
repetition rate of 75 Hz, delivering 5 - 10'* protons per pulse, correspondingl®*® protons on target
(pot) in a conventional year of0” s. These characteristics are also suitable for the prooluctf a

super-beam.

Pions would be produced by the interactions of the 2.2 GeVWoprbeam with a liquid mercury
target and focused with a magnetic horn. The target and resuaraed in the following are just those
studied for the Neutrino Factory, and no optimization hasnbatempted for this super-beam. The pions
next traverse a cylindrical decay tunnel of 1 meter radiuds 20 meters length. These dimensions have
been optimized in order to keep the contribution low and the,, flux as high as possible.

The MARS program[10H#] has been used to generate and track pions.rizdien effects orp
decays were added, and analytical calculations used towfdhe = and i decays and patrticle trajec-
tories [I0p]. The work presented in the following was presity published in somewhat more detail
in [[L08]. The resulting neutrino spectra are shown in Figah8 Tablg]2. The average energy of the
neutrinos is around 250 MeV, and the contamination~ 0.4%.

Ther. inthe beam can be produced onlyyecays, since the center-of-mass energy is below the
kaon production threshold. The andv. come from the same decay chairt® — v, ut — etv.7,,
so thev. flux can be predicted by a direct measure of thethemselves. It has been estimated that,
combining the measurement of thg interaction rate at the far detector with the andv. rates in
a nearby detector of 0.5 kt at 1 km from the target, thecontamination can be established with 2%
systematic and statistical errors.
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sets are combined. The solid star indicates the simulateatirBottom right panel: same as before, for different
simulated data points (indicated by the stard)in?; = +3 x 1072 e\?, sin? O, = 1/2, Am?, = 1 x 10~* e\?,

sin? Oy, = 1/4.
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Table 2: The SPL neutrino fluxes, fart (left) andx~ (right) focused in the horn, computed at 50 km from the

target.
7t focused beam 7~ focused beam
Flavor | Absolute Flux  Relative (F£,) || Flavor| Absolute Flux Relative (F,)
(v/10%pot/m?) (%) (GeV) (v/10%pot/m?) (%) (GeV)
Vy 1.7 10" 100 026 | 7, 1.1-10' 100 0.23
v, 4.1-101° 24 024 | v, 6.3-10% 5.7 0.25
Ve 6.1-10° 0.36 0.24 || 7. 4.3 -10° 0.39 0.25
Ve 1.0-10% 0.006 0.29| v 1.6 - 10% 0.15 0.29
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Fig. 15: The SPL neutrino spectra, fart (left) and=x~ (right) focused in the horn, computed at 50 km from the

target.
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Fig. 16: The oscillation probability? (v, — v.) computed for the SPL neutrino beam, wiff}, ) = 0.26 GeV,
=5-1075,6-107°% e\?, £Am3s,sin” 613 = 0.01,6 = 0.

AmZ, =25-1073eV? Am?,,

3.2.5 Detector scenarios
Fig. [16 shows the oscillation probability(»,, — v.) as a function of the distance. Notice that the
first maximum of the oscillation at ~ 130 km matches the distance between CERN and the Modane

laboratory in the Fréjus tunnel, where one could locatergelaeutrino detectof J[1IP7]. The detection
of low-energy neutrinos at?(100) km from the source requires a massive target with hffibiency.
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Moreover, a search far. appearance demands excellent rejection of physics bagkdsy namely.
misidentification and neutral current production, which should be controlled to a lower level thiaa
irreducible beam-induced background. Backgrounds fromoapheric neutrinos remain negligible if
the accumulator foreseen in the Neutrino Factory compleséd, which provides a duty cycle of 4000.

Here two detector technologies are considered, which hewedstrated excellent performance in
the low-energy regime, while being able to provide massivgdts. These are watEerenkov detectors
such as Super-Kamiokan{le[108], and diluted liquid sdaitk detectors such as used by the LSIND]109]
and MiniBOONE experiment$ [[L8], where bafterenkov and scintillation light are measured.

We have considered an apparatus of 40 kt fiducial mass andigéysdentical to the Super-
Kamiokande experiment. The response of the detector togh&ino beam was studied using the NU-
ANCE [[LTI0] neutrino physics generator and detector sinnteind reconstruction algorithms developed
for the Super-Kamiokande atmospheric neutrino analysiesé algorithms, and their agreement with

real neutrino data, have been described elsewherg [10B[L121

The Super-Kamiokande standard algorithms jige separation are very effective in the SPL-
super-beam energy regirﬂeEvents with ar® are easily rejected in events where the two rings are found
by a standara® search algorithm, a la Super-Kamiokande. To reject ewghtge only oney has been
initially identified, an algorithm[[133] forces the identifition of a candidate for a second ring, which, if
the primary ring is truly a single electron, is typicallytedr very low energy, or extremely forward. By
requiring that the invariant mass formed by the primary dreltecondary rings is less thahMeV/c?,
almost all remainingr contamination is removed. Since the SPL super-beam woutddagmer and at
lower energies than the JHF begm [[L00], we have not attenpiattoduce more aggressivérejection
algorithms. The data reduction is summarized in Thble 3reive see that contamination by the intrinsic
beamv, is dominant.

Table3: Summary of simulated data samplesfdrand=— focused neutrino beams. The numbers in the rightmost
column (after all cuts) represent the sample used to estitieg oscillation sensitivity for a 200 kt-y exposure.

Fitin fid. vol. Tight
Initial | Visible Single-ring particle| No Moryry
Channel | sample| events| 100 — 450 MeV /c? ID p—e | <45MeV/c?
7T focused beam
vy 3250 887 578.4 55 2.5 15
Ve 18 12. 8.2 8.0 8.0 7.8
NC 2887 36.9 8.7 7.7 7.7 1.7
v, — v, | 100% | 82.4% 77.2% 76.5% | 70.7% 70.5%
7~ focused beam
v, 539 186 123 2.3 0.7 0.7
v, 4 3.3 3 2.7 2.7 2.7
NC 687 11.7 3.3 3 3 0.3
v, —7. | 100% | 79.3% 74.1% 74.0% | 67.1% 67.0%

The energy range (50 MeV-1 GeV) and the rejections agairsigraund needed by MiniBOONE

"We have only tightened the cut on the particle identificatidrerion, which is based on a maximum likelihood fit of both
the uu-like and e-like hypothese#(, and P., respectively.). We usg. > P, + 1 instead of the defaul®. > P,,.
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Table4: Summary of data samples in a 40 kton liquid scintillator degeat /. = 130 km for a 200 kt-y exposure.

7T focused beam 7~ focused beam
Channel | Initial sample| Final sample|| Channel | Initial sample| Final sample
v, 2538 25 e 451 0.5
v.0¢ 12 6 v, ¢ 2.3 1.0
NC (visible) 48 0.5 NC 10 < 0.1
Vy — Ve 100% 50% v, — Ve 100% 50 %

nicely match the requirements of our study. The neutfi#®-cross sections are taken frofn [L{4]
Table[# shows the data reduction assuming/po,. oscillation, for a 200 kt-y exposure. As before,
intrinsic beany,. contamination turns out to be the dominant background.

As one can see comparing Tab¢s 3 8nd 4, the performancestodédces are quite similar. The
conclusion is that one would prefer for this experiment aewaletector, where truly gargantuan sizes
can be afforded more easily.

3.2.6 Physics pote ntial

To illustrate the attainable precision in measuring?,,, and#és,s , Fig.[1T shows the result of a 200 kt-y
exposurey, disappearance experiment using a liquid scintillatorctete The computation is performed
defining 4 energy bins in the 0.1-0.7 GeV energy range andidtiaty Fermi motion, which is by far the
most important limiting factor for energy reconstructidrtzese energies: sge [}15] for more details. We
find thatAm2, can be measured with a standard deviation-afo—* eV?2, whilesin® 26,5 is measured

at the~ 1% precision level.

In the case of a wateCerenkov detector, the first energy bin would be lost, sithes.twould
be below threshold. In this case the resolution on the atherép parameters is slightly worsened,
especially in the case of lotxm?. The different solar solutions do not affe€{v,, — v.) very much
for L = 130 km, as can be seen in F@ 16. Here we use SMA parameters,adtigal mass model,
and set = 0. Given the low statistics and the poor energy resolutioncavesider in this case a counting
experiment, not exploiting spectral distortions. The tiganel of Fig[1]7 shows the expected sensitivity
for a 5-year run with a 40 kt (400 kt) water target at a distanfcE30 km.

The sensitivity of this search turns out to be about 15 (GDe# better than the present experi-
mental limit ofsin? #;3 coming from the Chooz experimefii]14]. In the rest of thissediion we assume
§m32, = 10~* eV2 (in the upper part of the LMA region) andh? 26, = 1. Since thev,, + 10 cross-
section is approximately six times less than that:for 10 at £, ~ 0.25 GeV, we have considered a
10y run with focusedr— and a 2 y run with focused.

We follow the approach ifJ116, 1]17], and fit simultaneoukly humber of detected electron-like
events to the CP phageandé,s;. Notice that, although we apply a full three-family treatrhé&o our
calculations, including matter effects, these are not irgra at the short distances and low energies
considered.

Fig.[18 (left) shows the confidence level contours includitagistical and background subtraction
errors. A maximal CP-violating phasé:= 4+90° would just be distinguishable from a zero CP-violating
phase § = 0°). Fig.[1$ (right) shows the result of the same fit, now assgraivery large water detector,
such as the proposed UND ]33], with a fiducial mass of 400 keafy, the prospects to observe CP

"They come from an upgraded version of the continuous randeasg approximation method, and on average they are
lower by about- 15% from those quoted by the MiniBOONE experiment.
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violation are much improved.

Summarizingwe have examined the physics potential of a low-energyrsigem which could
be produced by the CERN Super Proton Linac. Waterenkov and liquid oil scintillator detectors have
been considered.

e The low energy of the beam studied has several advantagesbhddm systematics are kept low,
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because 2.2 GeV protons are below the kaon production thicsFurthermoree /i ande/7°
separation in a water (liquid oil) detector is near optimatheese low energies. The drawback is
the small anti neutrino cross section, which is more thancéofdive smaller than the neutrino
cross section. These cross sections are in addition quitertain and would certainly need to be
measured.

e The peak of the oscillation is at a distance of about 130 knere/lan ideal location exists, the
Modane laboratory in the Fréjus tunnel.

e A ‘'moderate-size’ detector (‘only’ twice as big as Supemiiakande) at this baseline could, in a
five-year run, improve the precision in the determinationh&f atmospheric parameters by about
one order of magnitude with respect to the expected pratisimext-generation neutrino experi-
ments such as MINOS. It could also improve by more than onerafimagnitude the sensitivity
tosin? #;3, compared to the present experimental limits.

e Such a detector could also, if the solution to the solar reoisroblem lies in the upper part of the
LMA region, detect a maximal CP-violating phase. For CPation studies, a very large detector
ala UNO (with 400 kt fiducial mass) is mandatory.

3.2.7 Effect of the inclusion of neutrino spectral inforinat

In the previous subsection, the parameters of neutrindlaticns were extracted either by counting the
number of events or by fitting smeared generated neutringerse Here we describe a reconstruction of
the neutrino energy starting from the information avaiésinl a wateiCerenkov detector, i.e., the lepton
energy F;, its momentumP; and angle, also considering detector smearing, Fermi matiw Pauli
blocking.

In the ideal case, it is possible to reconstruct the neugimargy from the lepton kinematics in a
waterCerenkov detector using

2 2 2
My, —mmy, —1mM
i

my, — E;+ Py cos(8)’

wheref is the angle between the outgoing lepton and the neutriratiin. This angle can be measured
via the knowledge of the beam direction, and the reconstduletpton direction. The simulation used
here is the fast Monte Carlo described [n [124]. The techmigtesented in this paragraph aims at
unfolding detector and nuclear physics effects, using atel@arlo reweighting method. We have used
the spectrum calculated for the CERN SPL super-beam. Theifaslation only deals with CC quasi-
elastic interactions. To describe nuclear effects, nestiare generated isotropically in a sphere with
Fermi momentunkr = 225 MeV/c. The nuclear potential well is taken to be 50 MeV deem) the
double differential cross section frorn [125] was used. Falotking was implemented by requiring that
the outgoing proton lies outside the Fermi sphere of rafljusBased on Super-Kamiokande ddta ]126,
[L27], the momentum resolution for electrons is set to 2.5%(GeV)+0.5%; for muons it is constant
and equal to 3% in this energy range; the angular resoluti@siimated to be 3 degrees, constant for
electrons and muons.

The analysis method is based on the construction, for eaehedant, of a distribution of all the
Monte Carlo events with a visible energy close to that of theadevent. It is based on the method
described in8]. For each data event, a box is defined watimall volume around its reconstructed
energy. All MC events whose reconstructed energy lie closkedt of the data event are considered to be
good approximation to the data event, and their value of theerated energy is used in the likelihood
function. The total likelihood can be found iﬂi24], and nmazes information from the total number
of events and unfolded spectral information. The weighthef ¢éach MC event in the box is the ratio
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between the number of events for the value of the candidaifai®n parameter set and the number of
events for the value of the oscillation parameters at whiehMC sample was produced.

The results of a two-dimensional fit of the likelihood for thienospheric parameters are displayed
in Fig.[19. It is clear that the atmospheric parameters arelated, therefore counting the number of
events is not enough to obtain a measurement. The use ofdb&itging method dramatically improves
the precision, showing the efficiency of the unfolding prwe: Am?, can be measured with a standard
deviation of~ 0.7 x 10~* eV?, andsin? 26,5 is measured with a precision ef 1.5%.

The results are also very promising for CP violation in thetriao sector: using neutrinos with an
exposure of 200 kt-y and antineutrinos with 1000 kt-y to cengate for the lower cross section, we have
obtained the results plotted in Fig. 3]2.7. In this casentiraber of events (left-hand side plot) contains
most of the information, but reconstructing the spectridrimation reduces theslerror oné by roughly
a factor three, from 120to 35°. We find thakin? 26,5 can be measured with precisien20%.
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Fig. 19: Contour plots of the different terms and the total of the libgllhood function. The star indicates
the true value of the experimental parameters. The contarshe b, 20 and 3¢ confidence levels.Both plots
are made with theX(5 x 10~3 e¢V?, 0.9) sample. In each case, the star indicates the parameatewhich the
‘experimental’ sample was produced. Left panel: contourthe likelihood using counting information only.
Right panel: contours of the total likelihood.
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Fig. 20: Contours of the likelihood, assuming 200 kt-y of electrontrigeo data and 1000 kt-y of electron
antineutrino data. The star indicates the position at whilch ‘experimental’ sample was produced, ahis
measured in radians. Left panel: contours of the likelihasithg counting information only. Right panel: contours
of the total likelihood.
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4 BETA BEAMS

4.1 Introduction

The demand for better neutrino beams is correlated withahsiderable improvement in neutrino detec-
tors, and to the recent exciting claims of evidence for neatoscillations by various experiments. The
largest existing detectors are based on the waéeenkov detection technique, that seems to be scalable
to thea: Mton order of magnitudg[129]. Such a detector is motivatetépendently by the exploration

of extra-galactic neutrinos, solar neutrinos, atmosihregiutrinos and proton decay. The additional pos-
sibility of a conventional high-intensity beam, called psitbeam would allow one to extend the search
for the mixing anglé; 3, limited mainly by the beam purity that can be obtained.

A high-intensity neutrino source of a single flavour, wittpiraved backgrounds and known energy
spectrum and intensity, could extend further the measuneofethe missing lepton mixing parameter,
#13, and allow one to explore the CP-violation phasé&he beta beam described here could provide such
a source.

The beta beam could be exploited well by non-magnetic waeenkov detectors, and is very
complementary to a super-beam. Combining a super-bearthergeith a beta beam, the CP-violation
phase’ could be measured in complementary ways: by a CP-violatieasurement and a T-violation
measurement, as is explained below in detail.

4.2 Machinelssues
It is proposed to produce a collimated beam orv, beam, by accelerating to high energy radioactive
ions that will decay through a beta process ]130].

Radioactive ion production and acceleration to low eneargieseveral MeV have already been
performed for nuclear studies, and various techniques bage developed, e.g., at the CERN ISOLDE
facility [[[31]. Moroever, the acceleration of positivetyrarged ions to about 150 GeV/nucleon has
already been done in the CERN PS/SPS accelerators for tregimgntal programme on heavy-ion
collisions. Storage of radioactive-ion bunches in a stenagg would be very similar, in principle, to
what is being studied for the muon-based neutrino factohes® [I3R]. The combination of these
capabilities would provide a unique physics opportunityG&RN.

The neutrino beam resulting from radioactive-ion decaystheee distinctive and novel features:

e A single neutrino flavour, which is essentially backgrourek;
e A well-known energy spectrum and intensity;

e Low energy in the ion centre of mass which, when given a largeshtz boost, results in strong
collimation. This feature is particularly important forig-baseline neutrino studies.

4.2.1 Nuclear beta decays

As a guideline, we consider a textbook atorfiic decay which has well-known characteristics and good
features for neutrino production:

SHet™ —  SLitTT e77,

The half-life'7’, /, of SHe is 0.8067 s and th@ value of the decay is 3.5078 MeY [133]. The energy
spectrum of the electron producediie beta decay has been measured extensively, and is wellloegcri
theoretically (without corrections due to the Coulombaattion between the nucleus and the electron)
by the simple analytic formula:
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Fig. 21: Allowed transitions of He [£33].

N(EYAE ~ E*(E - Q)*dE

where [ is the electron kinetic energy. The neutrino spectrum maycdmpletely determined by
laboratory measurements of the associated electron, wiiihwolving a neutrino measurement, since
.+ F, ~ () because of the relatively large mass of the nucleus. Thegeeznergy of the neutrino
from SHe decay is 1.937 MeV, and the neutrino is emitted isotropygalhce the parent ion is spinless.
The beta decay dfHe is an extremely clean process, and in fact is the only allomezlear transition,
as seen in Fid. 1.

Increasing the atomic number, various potential candglateerge with different features: life-
time, neutrino energy, and/A. A list of possible neutrino and antineutrino emitter catades is re-
ported in Tabld]5, as well as the possible neutrino energyeifecelerated to the maximum energy
achievable by a 450 GeV proton machine such as the CERN SPS.

4.2.2 The relativistic effect

We suppose that tHéle ion is accelerated t9 = 150, corresponding to the typical energy-per-nucleon
currently obtained in the heavy-ion runs of the CERN SPShélaboratory frame, the neutrino mo-
mentum transverse to the beam axis is identical to that sedevhen the atom is at rest: 1.937 MeV on
average. In contrast, the average longitudinal momentumuisiplied by a factor corresponding tgo
and therefore neutrinos have typical decay angles/of in our case 7 mrad. In the forward direction,
the centre-of-mass neutrino energy is multiplied by thédie2y, so that the average neutrino energy at
a far detector is 582 MeV, as seen in Hig. 22.

As the lateral dimensions of the far detector are typicallycmsmaller tharl /+ multiplied by
the distancd., the neutrino spectrum has essentially no radial deperddre neutrino flux per parent
decay and unit area is obtained by a Lorentz transformafitmeccentre-of-mass distribution of neutrino
emission into the laboratory system. For the vadue= 150, the relative neutrino flux computed at
distances above 1 km varies according to the/ Z.? scaling law, and at 100 km distance, corresponding
to (F) /L = 5.9 x 1072 GeV/km, its value isb = 7.2 x 10~7 m~2. It is important to compare the
focusing properties of a beta beam with those of a muon-basetlino-factory beam. The comparison
should be made for identical values(@f) / L: if we choose arbitrarily the valugF) /L = 5.9 x 1073
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Table 5: Possible characteristics of some beta-beam emitter catelsd The laboratory neutrino energies are
computed for emitters accelerated to the maximum energgwatble by a 450 GeV proton accelerator such as the
CERN SPS. All energies are in MeV units.

Nucleus | ZIA | 11 (s) | Qs Q77 | Es | E, | Evas

7. decay

SHe 3.0 10807 |35 |35 |1.57|1.94]|582
SHe 40 | 0.119|10.7|9.1 |4.35|4.80| 1079
SLi 2.7 | 0.838 | 16.0| 13.0 | 6.24| 6.72| 2268
oLi 3.0 | 0.178 | 13.6| 11.9 | 5.73| 6.20| 1860
lec 27 | 0.747 | 8.0 |45 |2.05]| 246|830
S\ 26 | 0.624 | 13.9| 8.0 |5.33| 2.67| 933

2Ne 25 (0602 |73 |69 |3.18|3.73| 1344
26Na 24 (107293 |72 |334|3.81]| 1450

v. decay

‘B 1.6 | 0.77 | 17.0| 139 | 6.55| 7.37| 4145
oc 1.7 1193 |26 |19 |0.81|1.08| 585
15 Ne 1.8 | 167 |34 |34 |150]|1.86|930
TS Ar 1.8 | 0.173 | 10.6| 8.2 | 3.97| 4.19| 2058
TaAr 19 | 0845 |50 |50 |229]|267]| 1270
J3Ar 19 | 1775149 |49 |227]|2.65]| 1227
97K 19 | 1.226 | 5.1 |51 |235|272| 1259

S9Rb 22 |34 |47 |45 |2.04]|248]| 1031

GeV/km previously mentioned, the neutrino-factory detegtould be located 5750 km from a 50 GeV
muon storage ring[[132]. The relative flux of neutrinos reaghthe far detector of the muon-based
neutrino factory is5.7 x 1079/m?, 128 times less than in a beta beam. It should also be saiththat
relative neutrino flux comparison is essentially indepenaé the~ factor, if the comparison is made
under identicak ') /L conditions, since both fluxes are proportionall{d.2. This is strictly correct

if the polarization effects due to the muon spin are negteclidhe polarization of the muon affects the
energy spectrum and the relative flux of both neutrino flasquioduced in the muon decdy [135].

Another significant neutrino beam parameter is the numbaeatrino interactions whef'/ L ~
Am? . This is the parameter that determines the overall stesistllected by an oscillation disappear-
ance experiment, and is also indicative of the appearagoaldntensity, since

Am? [eV?]L[km]
E[GeV] )

I o sin?(1.27

Assuming the neutrino cross sections to be proportionddéatutrino energ[( and taking into account
the fact that the focusing properties of the neutrino beapedé solely on the factor, the neutrino
interaction rateV;,, in the far detector is:

v
EClTlS

wherel’. . is the neutrino energy in the frame where its parent is at rest

Ning < (Am?)? x

IThis approximation is good for electron and muon neutrirtde@ energies under discussion.
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Fig. 22: The boosted spectrum fle neutrinos at the far detector.

The quality factory / F'..,s characterizes the neutrino beam and now includes the attengprob-
ability in the approximation previously described. It isasghtforward to see that — despite the larger
probability that the high-energy neutrinos from muon debaye to interact — &He beta beam accel-
erated toy = 150 is more than five times as efficient as a neutrino beam from s@aocelerated to
~v = 500.

4.2.3 Baseline, energy and intensity considerations

Order-of-magnitude performances of the accelerationraehgan be estimated from the current efficien-
cies of existing machines. The acceleration scheme anaipettproduction yields which are assumed
are described elsewhere in this report. Tghle 6 shows theifdesieutrino flux of a beta beam, which
can be easily scaled to different detector distances aadylrdiscussed. This table is estimated for the
highest energy possible wiftile acceleration in a facility like the CERN SPS. One may als@k&cate
other ions, and in particulait emitters that produce in the final state. A good candidate'i&Ne,
and features of its acceleration scheme are summarizedie[fa

4.3 Physics Reach of the Beta Beam

4.3.1 Signal

The signal in a beta beam looking far — v, oscillations would be the appearancergfcharged-
current events, mainly via quasi-elastic interactions.sétect such events the following criteria have
been used:

e A single-ring event,

e The track identified as a muon track using the standard SKipetiokande identification algo-
rithms,

e The detection of the muon decay into an electron.
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Table 6: Possible characteristics of a beta beam optimized forthimteraction rate.

5He ion production

5He collection efficiency
5He accelerator efficiency
5He maximum final energy
7, average energy

5 x 10'%/s every 8 s
20%

65%

150 GeV/nucleon
582 MeV

Storage ring total intensity
Straight section relative lengt

1 x 10 ®He ions

h36%

Running time/year 10" s

Detector distance 100 km

(E)/L 5.9 x 107 GeV/km
7. interaction rate o, O 69/kton/year

Table 7: Possible characteristics of a beta beam optimized fornthénteraction rate.

1¥Ne ion production 1 x 10'%/severy 4 s

1%Ne collection efficiency 50%

18Ne accelerator efficiency | 82%

18Ne maximum final energy | 75 GeV/nucleon
v, average energy 279 MeV

Storage ring total intensity | 1.3 x 10'3 1¥Ne ions
Straight section relative length36%

Running time/year 107" s

Detector distance 130 km

(E)/L 2.1 x 107% GeV/km
v, interaction rate oil;O 3.1/kton/year

The signal efficiency as function of the true neutino endrgthe case of, interactions, is shown
in Fig. 4 (left), with and without the request of the detentof the decay electron. The backgrounds and
signal efficiency have been studied in a full simulationngghe NUANCE code[[130], reconstructing
events in a Super-Kamiokande-like detector.

4.3.2 Backgrounds

The beta beam is intrinsically free from contamination by different flavour of neutrino. However,
background can be generated by imperfections in parti@atitication or external sources, such as
single-pion production in neutral-current (7. ) interactions, electrons (positrons) mis-identified as
muons, and atmospheric neutrino interactions.

Neutral-current (NC) backgrounds come from the resonastgsses
ve(We)+p—= v (D )ntn (60)

and

Ve(Te )+ n — v (Ve )77 p (61)
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In a waterCerenkov detector, pions below 1 GeV can be distinguished fmuons only by requiring
the decay electron signature to be associated to an identifison. However, at low neutrino energy
this background is intrinsically highly suppressed, sitteethreshold for these processes is about 400
MeV, and furthermore the outgoing pion must be above@eeenkov threshold. As a net result,~at
values below 60, NC pion production is suppressed. At highealues, single-pion production rises
quite fast, as shown in Fifj.]23(left). Electrons (positdgreduced by, (7. ) can be mis-identified as

1200 . N
5 2
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E o :
o 800 % 15
i o 125
- ;
n 600 |- Q 10l
5 Q o)
C o400 | 7.5
é 200 5
g a5 |-
E 50 80 70 82 90 100 1140 120 130 140 150 an 80 100 120 140
Y Y

Fig. 23: Left panel: Backgrounds from single-pion production for408 kt-y exposure, as functionef Right
panel: The charged-current, interaction rate as function of in arbitrary units.

muons, therefore giving a fake signal. Standard algoritfangarticle identification in wateCerenkov
detectors are quite effective to suppress such backgrouddhermore, the signal of the decay electron
in muon tracks can be used to reinforce the muon identifinatio

Atmospheric neutrino interactions are extimated tebg0/kton/yr in the energy range of interest
for the experiment, a number of interactions that far exsetb@ oscillation signal. The atmospheric
neutrino backround has to be reduced mainly by timing of thept ion bunches. The time structure
of the interactions in the detector is identical to the tintrecture of the parent ions in the decay ring.
The location of the beta decay does not matter, since thesanave essentially the same speed as the
neutrinos. The far-detector duty cycle is therefore giverthe ratio of the bunch length to the ring
length. For a decay ring of 6.9 km and a bunch length of 10 niglwéeems feasible, this ratio provides
a rejection factor of - 10*. The directionality of the (anti)neutrinos can be used tppsass further
the atmospheric neutrino background by a faetort. With these rejection factors, the atmospheric
neutrino background can be reduced to the order of 1 evehidth/yr. Moreover, out-of-spill neutrino
interactions can be used to normalize this background té%h@ccuracy level.

4.3.3 Systematic errors

The cross-section estimates for signal and backgrounduptmh at energies below 1 GeV are quite
uncertain, the systematic errors being of the order of 203n% respectively. Systematic errors of this
size would seriously reduce the sensitivity of the expenmén the other hand, a beta beam is ideal
for measuring these cross sections, provided that a cldsetdeat the distance of about 1 km from the
decay tunnel and of proper size (1 kt at least) can be built:

e The energy and the flux of the neutrino beam is completely défby the acceleration complex,
and can be known with a precision better than 1%, the limifaajor being knowledge of the
number of accelerated ions in the machine.

e The near/far residual error is extremely reduced, becausebeta beam the divergence of the
beam is completely defined by the decay properties of thenpare.
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e The ~ factor of the accelerated ions can be varied, in particulacan can be initiated below
the production threshold of the backgrounds, allowing @igeemeasure of the cross sections for
resonant processes.

It is extimated that a residual systematic error of 2% wilthefinal precision with which both the signal
and the backgrounds can be evaluated.

4.3.4 Beam optimization
The Lorentz boost factoy of the ion accelerator can be tuned to optimize the sentsitifihe experiment
to CP violation in the neutrino sector. We perform the optiaion assuming the valuen?, = 2.5 -
10~2 eV? for the atmospheric neutrinos, a baseline of 130 km, the CIER#jus distance, and ®He
beam. In principle, baselines in the range 100-250 km arsiblas given the characteristics of the
acceleration scheme.

There are competitive processes that must be balanced tthéraptimal sensitivity:

1. The number of quasi-elastic events in the far detectdescaughly as?, see Fig[ 33(right). This
factor comes from the beam focussing, whichxisy?, and the cross section, whichds~. The
number of quasi-elastic events at a given L/E is then pragmeat to~.

2. The number of background events from the proceqdsés[(§Oinéteases withy, as shown in
Fig. P3(left). An excessive background severely limits $kasitivity of the experiment, so back-

ground contamination prefers the lowest possible

3. The signal efficiency as function of energy, see in Fiylet))( severely disfavours neutrino en-
ergies below 300 MeV. We note that the signal efficiency dexas slightly above 0.7 MeV. This
is due to the request for single-ring events: at higher vabféher energy, the fraction of quasi-
elastic events decreases.
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Fig. 24: The signal efficiency as function of the neutrino energy)(l&nergy spectra for different values pf
compared with the probability function for CP-odd osciitats (right).

4. The true signal of the experiment consists of the obsemvalf thosev,, produced by the CP-odd
terminp(v. — v, ). In Fig.[24(right), this term is compared with the neutrimeegy spectrum
produced at three differentvalues:y = 50,75, 100, all at the baseline of 130 km. It is evident
that the neutrino energy is de-tuned with respect to thdlatog term wheny > 100.

Based on these considerations; galue of 75 seems to approach the optimal value for CP seitgiti
We report In Tabl¢]8 signal and background rates for a 44Q0gdposure té¢He and'®*Ne beams.
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10 years SHe 'BNe
y=T75 =75
CC events (no osc, nocut) 40783 18583

Total oscillated 34 63
CP-Odd oscillated -43 22
Beam background 0 0
Detector bkg. 60 10

Table 8: Event rates for a 4400 kt-y exposure. The signals are corddoted;s = 3°, dm?, = 0.6 - 10~ %V 2,
d = 90°.

4.3.5 Sensitivity to CP violation

A search for leptonic CP violation can be performed runnimg beta beam with*Ne and®He, and
fitting the number of muon-like events to thés, — v, ) probability. The fit can provide simultaneus
determinations of,3 and the CP phase Uncertainties in the mixing-matrix parameters can aftbet
precise determination @f ; andé. These effects have been taken into account, consideriag@s in
these other parameters the values that can be expected hgahiture experiments:

e A 10% error on the sola¥m? andsin? 26, as expected from the KamLAND experiment, after 3
years of data taking [25].

e A 2% error on the atmospheri&n? andsin? 20, as expected from the JHF neutrino experi-

ment [Z0{].

Only the diagonal contributions of these errors are conmsitln the following. They contribute less than
5% of the total error in the final sensitivity. Given the rélatinteraction rates for quasi-elastic events, a
sharing of 3 years dfHe and 7 years offNe has been considered.

The results of this analysis are summarized in Tfble 8, farhitrary choice of the mixing matrix
parameters. Since the sensitivity to CP violation is hgaléipendent on the true value®f:7, andé 3,
we prefer to express the CP sensitivity for a fixed valué iofthe wholem?, , 8, sparameter space. The
CP sensitivity to separate= 90° from § = 0° at the 99%CL as a function éfn?, andé, s, following
the convention of[[116], is plotted in Fif.]25.

4.3.6 Synergy between the SPL super-beam and the beta beam

The beta beam needs the SPL as injector, but consumes at~md%t of the SPL total number of
produced protons. The fact that the energies of both thersagsm and the beta beam are below 0.5
GeV, with the beta beam being tunable, offers the fasciggiossibility of exposing the same detector
to two neutrino beams at the same time.

We recall that the SPL super-beam is,a(7,, ) beam, while the beta beam is’a(7. ) beam, so
the combination of the two beams offers the possibility of TBnd CPT searches at the same time:

e Searches for CP violation, running the super-beam wjtlandz,, , and the beta beam wifiHe
(7. ) and'®Ne (. ).

e Searches for T violation, combining neutrinos from the supsam ¢, — ».) and from the beta
beam usind®Ne (. — v, ), or antineutrinos from the super-beam), (— 7. ) and from the beta
beam usingHe 7. — 7,,).

50



Nufact, 10%* pdecays, L=2810+7332
SuperBeam Only , L=130, 2+10 years
Beta Beam Only, 3+7 yrs, y=75

SB (2+8 yrs) + BB (3+7 yrs)

T search, SB(VH) 10 yrs + BB(Nel8), 10yrs

Am ,2(x10™) eV?
T

[Eny
\

Best LMA, Bahcall after SNO

05 +— e —————

Icarus, 732 km, 10 kton, 90%CL

—

Lowest LMA

O\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 1 2 3 4 5 6 7 8

8,;(degree)

Fig. 25: The CP sensitivity of the beta beam, of the SPL super-beahnfdhneir combination. They are compared
with a Neutrino Factory experiment with two detect116]

e Searches for CPT violation, comparidy(v,, — v. )to P(v. — 7, )andP(v, — 7. )to
Plv. = v, ).

Itis evident that the combination of the two beams would estift merely in an increase in the statistics
of the experiment, but would offer clear advantages in tdecton of systematic errors, and would offer
the redundancy needed to establish firmly any CP-violatifegewithin reach of the experiment.

We should also stress that this combination of beams offieremly known possibility of measur-
ing CPT violation combining signals from the same detecarucial issue for the control of systematic
errors.

Fig.[2% summarizes the CP sensitivity of different combiorat of the super-beam and beta beam
compared with the Neutino Factory sensitivity. The combisensitivity of the super-beam and beta
beam complex shown in Fif).]24 is very competitive with thaedfleutrino Factory, offering a truly
complementary approach to the search of of leptonic CP tiria
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5 THE NEUTRINO FACTORY

51 Oveview

In a Neutrino Factory, neutrinos are produced by the dechysions circulating in a storage ring. Most
of what is known of muon storage rings is due to the pioneenngk of the Muon Collider Collabo-
ration [39]. They were able to formulate and to a large exsémiulate the basic concepts of a Muon
Collider. The concept of a Neutrino Factory was born from tdhservation that the beams of neutri-
nos emitted by the decaying muons along the acceleraton drdn the storage rings could be valu-
able physics toold [136], the potential of which was empsebin the ECFA prospective study [137].
Neutrino Factory design is presently being pursued in thgddrStates[[138], at CERN [IB9] and in
Japan[[140]. It owes much to the earlier Muon Collider stadand its very similar components are
briefly recalled here.

5.1.1 General principles

The design includes a very high-power proton driver, deihgeon target typically 4 MW of beam power
of protons with energy in excess of a few GeV. A super-conidgdinac at 2.2 GeV has been studied
at CERN[10p], while the US design calls for a rapid cyclington synchrotron at 16-24 GeV, and an
upgrade of JHF is considered in Japan. Designing a target#mwithstand the thermal shock and
heat load naturally leads to a liquid jet target design,alth rotating high temperature solids are also
being considered. Pions produced are collected as effigiaatpossible by a magnetic channel, which
involves a 20 T solenoid or powerful magnetic horns. Pioniskdu decay into muons with a similar
energy spectrum. At this point the beam is 0.6 m in diametdriaas an energy spread of more than
100%.

A momentum interval near the largest particle density,dgfy 250 4+ 100 MeV/c, is monochrom-
atized to within a few MeV by means of phase rotation, usinigang variable electric field to slow down
the fastest particles and accelerate the slower ones. &dnisres low-frequency~ 50 — 100 MHz) RF
cavities or an induction linac. To reduce the transversedtante, cooling is necessary, and is provided
by ionization cooling[[I41]. This involves energy loss of oms through a low-Z material, e.g., liquid
hydrogen, in a strongly focusing magnetic field (solenoids-@0 Tesla), which reduces momentum in
all three dimensions, followed by accelerating RF cavjtigsich restore the longitudinal momentum.
The net effect is a reduction of emittance, leading to a trarse beam size of a few centimetres.

This leads to a linear configuration, as shown in Ffid. 26, fier initial muon beam preparation
section, omuon front-endn this concept, each beam element is used only once. ltddmilnterest-
ing, to save hardware, to be able to perform phase rotatidfoatransverse cooling in a recirculating
configuration. Indeed, a system of large aperture FFAG acatgrs with low frequency RF (around 1.5
MHZz) is the key to the Japanese Neutrino Factory design.,Asah progress has recently been made
on ‘ring coolers’, which allow both transverse and longital cooling in a circular configuratioh [I42].

Assuming that the delicate questions of optics can be spthede ‘ring’ options share the diffi-
culty of injecting or extracting from a ring the very large gtance beam of muons available at the end
of the decay channel. The possibility of very large aperauré very fast kickers is the major unknown
and will be a key issue for these potentially cost-savingetigyments.

Last but not least, a linac followed by recirculating linacsr FFAG accelerators - provide the
fast acceleration of muons to an energy of 20 to 50 GeV, thisngppoperating energy being presently
under discussion. Arounth?' muons per year of0” seconds could then be stored in a ring, where they
would circulate for a few hundred times during their lifeBmThe storage ring can take the shape of a
racetrack, triangle or bow-tie. These latter two configiorat allow several beams of decay neutrinos to
be produced in the direction of short- and long-baselinegrgents. Optics have been designed]143]
for muon storage rings of either triangular or bow-tie getimepointing for instance at distances of
730 km (which would correspond to the CERN-Gran Sasso beaf), land 2800 km (which would
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Fig. 26: Schematic layout of the CERN scenario for a Neutrino Factory

correspond to a more distant site in the Canary Islands axdndic countries). The geometries of these
rings are shown in Fid. 27.

As can be inferred from this brief description, Neutrino teag design involves many new com-
ponents and extrapolations beyond state-of-the-art tdofgg. The first design studief [138, 189, [140]
have come to the conclusions that, with the present desighteahnology, such a machine could indeed
be built and reach the desired performance, but that sevimuk was needed to bring the cost down.
Assuming adequate funding, it is considered that about #ars/of research and development will be
necessary to reach a point where a specific, cost-evaluaekdine can be proposed.

5.1.2 Rates and backgrounds

The large beam intensities envisaged in the framework ofmuadlider studies would provide an un-
precedented neutrino flux, that would allow one to perforipegiments with an unprecedented precision
on the oscillation measurements. We now take a closer lotileatpectra and event rates produced.

The neutrino energy spectrum in muon decay at rest followd$dhowing distribution:

d*N, 20?

dacd(g x %[(3 —2z)+ (1 —22) P, cosd] (62)
d*Ny 1227

ddee < [(1—2)+ (1 —2)P,cos¥] (63)

wherez = 2L, /m,, P, is the muon polarisation, andlis the angle between the muon polarisation
vector and the neutrino direction. In the laboratory framvbgen considering a detector located on the
same axis as the Lorentz boost, as is the case for long-bagiperiments where the detector size can
be neglected with respect to the baseline, the shape of grgyedistribution is preserved. So, if muons
are accelerated to an energy,, the spectral shape will be described by the same formulabasge,
this time withz = F, /F,,. The spectral shape of a Neutrino Factory flux, comparedabdha typical
neutrino beam from pion decays, namely the WANF beam at CERéhown in Fig[ 2.

53



-:n -

R s Ti@es T Cnes T ioon '“"’n:“ e en e me e e e e
ad

Figure A: Projection of the moon slerage Figors B: Verlical posiliohy alohg the cit-

ling on a plane tahgent 1o Eath

oo -

B = s
—ooo 1o ao -0 oo

Figole C: Projection of the muon slo-

age nbg on a plane langenl o Eanh,
The otizhlation is arbitrary.

cumfelence of the muoh stolage Ling

AL -+ = c cer e s e om s omas o= wa o anas s o= o= saam

oo -

- LL IR RS

o.o0 ioooo zmoo

Figute D Verlical position v alohg the cil-
cumferznce of the moon stowage ting. The
oligih of i 15 arbitrary.

Fig. 27: Description of the decay rings designed 43]. Top patie& triangular geometry, bottom panel: the

bow-tie geometry.

54



agx10 r

10000 *
8000 *
6000 *
4000 *

2000

—":7‘;7”‘wHHmH‘mH‘\HH\HH\HH\HH\HH
00 5 10 15 20 25 30 35 40 45 E50

v

Fig. 28: Comparison of the neutrino spectra for a traditional nentribeam (WANF at CERN), on the left, and a
neutrino factory, on the right. The vertical axes are notdals.

For different values of the muon energy, the total neutring ft the far location will increase
as 2, because of the shrinking of the angular opening of the meutream due to the Lorentz boost
v~% = (m,/F,)* Moreover, since the deep-inelastic scattering crosseserses approximately lin-
early with neutrino energy, and the spectral shape only migpenz = £, /L, the total number of
events observed in a far detector will growﬁg. Geometrical solid-angle considerations suggest that,
always assuming negligible detector size with respectadtseline, the flux goes likg L2. Neglecting
matter effects, the oscillation probabilities will depesnl ./ £, so keeping the same oscillation prob-
ability and maximising the number of events would ideallguige very long baselines and large muon
energies. The limitation to this logic, apart from the plogsisize of the Earth’s diameter, comes from
the matter effect, that depresses oscillation probabdlifior baselines above 4000 km. This topic will be
discussed later in more quantitative terms.

i charge| Ev.Class| Events
v, CC 134362
w v, NC 39952
v, CC 52000
v. NC 18054
v, CC | 60010
ut v, NC | 21067
v, CC 117369
ve NC 34558

Table 9: The number of events detected by a 10 kt detectot#&F muons in the ring, assuming a baseline of
3000 km and a muon energy of 30 GeV.

The total number of events for the non-oscillation caseenlesl per kiloton of detector mass at a
distance of 3000 km with a 30 GeV muon beam, is shown in Tﬁbléaﬁes for different values of the
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muon energy, baseline, number of muons or detector massecabthined from the relation

E, . 5,3000km 5, NH* M
30G6V) ( L ) (1021)(10kt0n)'
One of the main characteristics of the neutrino factory & thdelivers a well-defined beam free of
intrinsic background. For instance, negative muons catbogd) in the ring will produce/,,, that in turn
will again produce negative muons in the interaction with ttetector. Positive muons are in principle
only produced from the oscillation of the component of the beam. The reversed argument applies
for positive muons in the ring. In general, we talk about Ri§ign Muons (RSM) coming from the
beam, and Wrong-Sign Muons (WSM) coming from the oscillatitn practice, the picture is not so
simple, since other processes can make contributions ta/#& sample. They are quite rare, but they
can become important when we want to be sensitive to smallaigmn probabilities, for instance if the
value of6, 3 is very small.

The main background contributions to wrong-sign muonshadase of a beam produced oy
decays, are:

NEuem‘s(EvaNMvM) = Nighle (

Fuvents

e v, CC events where the right-sign muon is lost, and a wrong4sigon is produced by the decay
of aw, K or D. The most energetic muons are produced by D decays.

e . CC events where the primary electron is not identified. Iis ttdise, D decays are not a ma-
jor problem since, due to the neutrino helicity, they woutdduce right-sign muons. However,
wrong-sing muons can come from pion and kaon decay.

e v, andv. NC events where charm production is suppressed with respettarged currents, and
therefore also the main contributions are given by pion aamhkdecays.

These backgrounds can be rejected using the facts that nmoorisg directly from neutrino interactions
are higher in energy and more separated from the hadrosithjah those produced in secondary decays.
A cut on momentum and on the transverse momenfyraf the muon with respect to the jet can reduce
the background to wrong-sign muons by several orders of imadm

5.2 Flux Control and Resulting Constraints on the Decay Ring Design

One of the most significant qualities of the Neutrino Factenyd more generally of a system where
one stores a beam of decaying particles (such as the betg se#me potential for excellent neutrino
flux control. The main parameters that govern the systermatertainties on the neutrino fluxes are as
follows.

e The monitoring of the total number of muons circulating ie ting,

e Theoretical knowledge of the neutrino fluxes from muon deaastuding higher-order radiative
effects,

Knowledge of the muon beam polarisation,

Knowledge of the muon beam energy and energy spread,

e The muon beam angle and angular divergence.

Beam shape parameters are crucial for the measurementitttos length, while the absolute
normalisation is essential for the measurement of the mgizimgle. The relative normalisation of the two
muon charges plays a crucial role in the measurement of Crasyries.
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5.2.1 Absolute flux monitoring

Monitoring the total number of muons in the ring can be dona imumber of ways. The total beam
current can be estimated using a Beam Current Transforn@&rBhe total number of decay electrons
can be estimated using an electron spectrometer, the grofiilne flux and cross section can be inferred
from a near-by detector and, finally, the absolute normtitieacan be obtained from semi-leptonic
neutrino interactions in a nearby detector.

The operation of a BCT in the decay ring could provide faspmise monitoring of the muons in
the ring. There are, however, a few potential difficultiesttbould limit the precision of such a device,
which could normally reach the0 == level. The first one is the presence of decay electrons initigg r
along with the muons. Since all muons decay, the number @mapanying electrons could potentially
be much larger than the remaining muons after a few muonirtifet. A study of such decay electrons
has been mad4], with the conclusion that for 50 GeV muomemntum, the decay electrons are lost
in the beam elements (or the collimators placed to proterhjlafter less than half a turn, either because
they are momentum-mismatched or because they lose enetigy arcs by synchrotron radiation. Con-
sequently their number should be always less than abeut0~* of the remaining muons. In addition,
most of the losses arise in the straight sections or in tHg part of the arcs, so that a BCT situated just
at the beginning of a straight section would see an even enfadiction of them. Another worry could
be the existence of a moving electron cloud created by beaneed multipacting, or by ionization of
the residual gas or of the chamber walls. This has been stigien [L4%], with the conclusion that
the electron cloud will be several orders of magnitude lbas the muon flux itself. In the absence of a
significant parasitic current, it can be concluded that t@d Beadings should be precise to the level of
a few10~2, or better. This seems the most practical way to compare tiagrfluced fromu* and g~
decays.

The decay electrons will be used to measure the polarisafitme beam with a spectrometer as
described below, and in Fi@29. The same device could ircjmi@ be used to monitor the number
of electron decays in an absolute way, especially if onectelae momentum bite where the electron
spectrum is insensitive to the muon polarisation. Ceryatinis will be a useful tool, as a cross-check or
for monitoring, but a very detailed study of the dependerfdte@acceptance of this device on the beam
parameters must be performed before a conclusion can bleegac

muon polarimeter

First magnet after straight section

Fig. 29: A possible muon polarimeter design. The momenta of the detesyrons accumulated in a short straight
section are analysed in a bending magnet in the muon deagy3lits in the shielding define the acceptance of a
number of momentum bins.

Knowledge of the flux does not provide knowledge of the cressigns folded with the detector
acceptance. This task is traditionally delegated to a netctbr. The high flux should make things
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very easy. The event numbers appearing in THble 9 would ket with a detector of 10 kg situated
on the neutrino beam axis at a distance of 3 km from the midtitaeodecay tunnel. Given the high
importance of precision measurements in the Neutrino FFgciois likely that a near detector will be
an important tool for beam normalisation. Unlike the sitoatwith conventional pion decay beams, the
near detector will in fact be able to measure absolute cressons for a large number of exclusive and
inclusive processes.

It is worthwhile mentioning, finally, the possibility offed by the measurement of purely leptonic
interaction processes, which have been discussdd]in [36pradtical interest for normalisation is the
measurement aof, + ¢~ — p~v., Which appears as a low-angle forward-going muon with noitec
Using the standard electroweak theory, this purely lemt@hiarged-current process can be calculated
with high precision, and could be measured with a dedicatdelator aimed at measuring also thet
e~ — e v, andr, + e~ — e 1, processes. The weakness of this method is that it only apfalithe
1~ decay beam, but it could be seen as an overall absolute rieatiah process for the muon flux.

To conclude, there are many tools to monitor and control theokute flux normalisation in a
neutrino factory, so that the near detectors should be abjdvide very accurate measurements of
inclusive and exclusive cross sections, within the detemtoeptance. A flux normalisation at the level
of a few 10~2 seems an achievable goal. The relative normalisation ofith@nd u* decay beams
should be known with similar precision.

5.2.2 Theoretical knowledge of the neutrino fluxes from nusmay

The expressions given above for the neutrino flux in muon yjg@&), do not include QED radiative
corrections, which have been calculated 146]. The damirsource of corrections is, as can be
expected, related to photon emission from the decay electfor the electron energy distribution, the
corrections are of the order of 1% due to terms proportiot@#lin (Z—j). It turns out that the neutrino
spectrum is insensitive to the electron mass, i.e., thgiatmn over the system of electron and photons
cancels mass singularities. It can be seen that, in the fdmlieection, an overall decrease of the neutrino
flux of about4 x 10~ is observed, with a larger decrease near the end point. Talliecrease can be
understood by the overall softening and angular wideninpeieutrino decay spectrum due to photon
emission.

Since the overall size of the corrections is small, one cataicdy trust the calculated spectrum to
a precision much better than—3.

5.2.3 Muon polarisation

Muons are naturally polarised in pion decay. In te — p* v, rest frame, both the, andu* have
negative helicity. In the laboratory frame, the resultingrage helicity of the muon, or longitudinal
polarisation, is reduced from -100% for a pion at resttoh >= —18% for pions above 200-300
MeV momentum [[147]. For a pion of given momentum, muon psktion is correlated with muon
momentum. It has been argued [n [L48] that monochromatisatf the pions followed by i) a drift
space to separate muons of different momenta, and ii) ¢mtem successive RF buckets, should allow
separation in different bunches of muons of different dektions. This does not change theerage
polarisation, but creates bunches of different polarisafup to 50%), that can be of use for physics, as
long as the times of neutrino interactions are recorded avjphecision of a few nanoseconds.

The muon spin precesses in electric and magnetic fields thg@irasent during cooling and accel-
eration, but the muon spin tume- the number of additional spin precessions happening wiemtion
makes a complete turn —is very low:

_ _ g#« -2 Ebeam . Ebeam(GeV)
vV = (ZM’)/ = =
2 m, | 90.6223(6)
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It has been evaluatefi [47] that 80 to 90% of the originaligagion will survive all muon handling up
to the injection into the storage ring. Its orientation wiépend on the number of turns that the muons
encounter along the accelerator chain, and can be arrandsallbngitudinal by an appropriate choice
of geometry and of the energies in the recirculating lind&8]. As we will see, this is not necessarily
important.

What will happen to the muon polarisation in the decay ringatals in the first instance on
whether its geometry is a ring (race track or triangle) in efhthe muons undergo one rotation per turn,
or a bow-tie, in which the muon undergoes zero net rotatiaaah turn.

In the case of a ringthe polarisation will precess. The orientation of the pigktion vector will
be rotated with respect to the muon direction by an angle lwinicreases each turn Ryrv. Unless the
energy is chosen very carefully, it will not be aligned, aeduced on average by a factor 2. At a muon
energy of preciselyy = 45.311 GeV, the spin tune is 0.5 and the polarisation flips durincheaen.
This would allow the most powerful use of the polarisationgbysics purposes, but absolutely requires
that the orientation is correctly chosen at injection, aditon which is otherwise unnecessary in a ring
geometry. If no special measure is taken, however, depal@nin will occur, since particles of different
energies will have their spins precess with different Spimes.

The muon polarisation can be monitored by momentum anabfdise decay electrons, as dis-
cussed in[[149], in a polarimeter that could look like thagtsked in Fig.[49. One can expect that this
measurement will be difficult: the relative normalisatidnetectron rates in the different energy bins
will depend on various muon beam parameters such as its argtg and divergence, and on a precise
modelling of the beam-line geometry. In a ring geometry,dbeice will be exposed to a succession of
negative and positive helicity muon bunches, so it will hew@erform relative measurements. These
should be sensitive to small effects, withiedative precision of a few percent. In a bow-tie geometry,
however, there will be no spin precession, and one will biettemeasure the polarisation based on the
measured electron spectrum. A few % absolute accuracy sedhis case already very challenging.

The spin precession in a storage ring provides a means opinégision (0~° or better) for energy
calibration [I5p]. As shown i{[149], the measurement ofdepolarisation can be used to measure the
energy spread with high precision. In this case, the conmtbéaftect of precession and depolarisation
ensure that the muon polarisation integrated over a fillayes out to 0O with an excellent precision:
simulations show that any residual polarisation is lesa tha 10=*.

Depolarisation can be avoided, if the storage ring is ecedppith an RF system that ensures that
the muons undergo synchrotron oscillations [135]. By ddimg, one loses the possibility to measure
the energy spread from the depolarisation, but one can aiaititte muon polarisation. The average is
still essentially zero, but by recording the exact time aftn@o events, one can infer their bunch number
and turn number, and deduce the polarisation of the decaynsum a ring geometry either mode of
operation is left open, if one can run with the required RReyson or off.

In a case of a bow-tiethe muons will not depolarise: spin precession is zero nttenehat the
muon energy is. This configuration is not as convenient asitigfor several reasons.

e |t will be impossible to measure the spin precession, sottteaenergy and energy spread of the
muon beam will not be calibrated.

e The polarisation will not average to zero. This, combinethvhe fact that the polarisation mea-
surement will be more challenging, means that the flux datextion will be affected by a sizeable
uncertainty, due to the beam polarisation error.

o It will be difficult to change the sign of the muon beam polatign.
e Unless the geometry is very carefully chosen, the beam igatzwn will be different for the two

long straight sections.
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Fig. 32: Oscillation with turn number in a fill of the number of eleat®in the energy range 0.6-0i8,,
normalised to the total number of muon decays during thergiuen. The oscillation amplitude is a measure of
the beam polarisation, its frequency a measure of the beangyerand, if there is no RF bunching, its decrease
with time is a measure of energy spread. The muon lifetimeesponds here to 300 turns. The beam energy is
E, = 45.311 GeV and the energy spreadis< 10~%. On the left, there is no bunching RF in the muon storage
ring, on the right there is RF bunching wigh, = 0.03.

For these reasons, and despite the fact that in principleiseéul beam polarisation is higher in the
bow-tie geometrythe ring geometry is preferrefdom the point of view of beam control.

5.2.4 Neutrino fluxes and muon polarisation

Neutrino spectra with different beam polarisations areegiby the following equations valid fqr™
decays in the muon centre-of-mass (reverse polarisatwns):

— for thew,,:

% = No2[(3 — 20) — P(1 - 22) cosd]
— for thev.:

% = 6N2?[(1 — ) — P(1 - ) cos ]

whered is the decay angle in the muon centre-of-mass frafhis the muon longitudinal polarisation,
andz = 2F,/m,,.

In a long-baseline experiment, one is at extremely smallemn@o thatosé — 1. In this case,
thev. component of the beam is completely extinct foe= +1. This is due to spin conservation in the
decay: aright-handed muon cannot decay at zero angle ieft-hdnded. .

Event numbers can readily be obtained by multiplying by tteess section. They are shown in
Fig.[33 for a 10 m radius detector 20 m long situated 730 km aBace the neutrino and anti-neutrino
cross sections are in the ratio 1/0.45, negative muons gecmrichment in, and positive ones in..

It is clear from Fig[3B that the combination of muon sign anthfsation allows large variations
in the composition of the beam, in a controlled way. Sinceder studies show that the muon sign can
easily be determined in a charged-current (CC) (anti)mea&vent, but that the electron sign is much
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Fig. 33: Event numbers for a detector of density 5 with 10 m radiusigi20 m long, situated 732 km away from
the muon storage ring, fort — et v.v, (left) andy~ — e~ v.v, (right) beams of 50 GeV. Full lines show the
spectra for the ‘natural’ helicity = +1 for ut, and dashed ones for the opposite case. The Cfor u+ with

P = +1 and CCv, for u~ with’P = —1 are not visible, because the fluxes are almost exactly zdre.vértical
axis gives event numbers per bin of 250 MeV. This plot assumasiuon beam angular divergence and no beam
energy spread.

more difficult, we have tried to use the variation of electnautrino flux with muon polarisation to infer

a signal ofy, — v, oscillations to be compared (for a T-violation test) witeth — v, oscillation
measured with the wrong-sign muons. Unfortunately, eved®% beam polarisation, the improvement
in the sensitivity to CP/T violation is no more than the e@léwnt of a factor of 1.5 to 2 in statistics.
Certainly, it appears that polarisation is more useful aschto measure the beam properties than as a
physicstool. Nevertheless, these statements might bengéea-dependent, and should be revisited once
the oscillation parameters are better known.

5.2.5 Effect of beam divergence

The opening angle of the neutrino beam is typicallyy, wherey = E,/m,. As soon as the beam
divergence is comparable with this natural opening andlege fraction of the flux will be lost. This is
shown for 45.311 GeV muons in Fi34. It is clear that bearemjence results in a loss of events, and
in a sizeable distortion of the spectra and of their muonnEd&ion dependence. A beam divergence not
larger thanv§,, = o6, = 0.2m,/L), seems to be desirable, if one want to avoid a large sengitivit
physics results upon the experimental determination ofrthen beam parameters.

This effect has been studied more precisely[in [151], wheenenumbers are calculated for
various polarisations and divergences. The impact of themieam divergence on the neutrino event
rate can be seen in Fifg.]35. The first conclusion one can dawtinese plots is that, for a given number
of muons, the highest flux is obtained for small muon beamrdamce. In order to keep the event rate
loss due to the muon beam divergence below 5%, the divergdoedd be close to 0.14,.

From the curves in Fid. 35, one can determine the relativar efrthe predicted event rate, given
the uncertainty in the knowledge of the beam divergencéd.iter example, if the beam divergence is
0.1 /+ and is known with a relative precision of 10%, thg andv. event rates can both be predicted
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Fig. 34: Neutrino event spectra for different beam divergences; ddpgft: o6, = 06, = 0.01 m,/E,; upper
right: 0, = 06, = 0.05m, /E,; lower left: 0, = o0, = 0.2 m,/E, ; lowerright:c0, = ¢, = 0.5m,/E,,.

It is clear that beam divergence results in a loss of events,ima sizeable distortion of the spectra and of their
muon polarisation dependence.

with an accuracy of about 0.75%. For a divergence of 6.2the uncertainty on the flux would be 2.5
%. As we will see, however, the knowledge of the beam divarges unlikely to be a constant relative
fraction.

One can turn the argument around, and request that the beangelice be 0.14 and known
to a relative precision of 1.5%, so that the correspondingetmainty on flux is onlyl0=3. It is clear
that in this case the muon beam divergence will need to beuns@dsFor a beam of 50 GeV, the beam
divergence is 200 micro-radians and the requirement istkabuld be known to 3 micro-radians.

As a measurement device, one could imagine a@a®nkov detector focusing th@erenkov
radiation in such a way as to make an image of the muon bearmtidineas sketched in Fif.]37. This
has been studied i [152], with the conclusion that for 206raradians divergence, a precision of a
few % can be achieved. The additional multiple scatterinigpduced by the device leads to a growth
of emittance during the muon fill, by a few tens of micro-radiawhich is small and will be measured.
Since the resolution is dominated by optical imperfectjatiiraction effects and heating effects in the
gas of theCerenkov detector, they act as an additional experimentabsngo.,, added in quadrature
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Fig. 35 The relative event rates for muon anti-neutrinos (top) aledteon neutrinos (bottom), for various
polarisation values as a function of the beam divergenaenpetrised as/n~.

to the true beam divergeneg..... In the scheme of Fid. B7, the largest effect is optical diffion,
which amounts to 30 micro-radians. It is easy to show thattmeection for experimental resolution is

AO-beam _ AO-exp ( Oexp )2 (64)

Obeam Oexp Obeam

This makes the beam divergence progressively harder toureas it becomes smaller. Assuming that
the experimental error is 30 micro-radians and is known &ifirecision of 30% of its value, the above
gives a flux uncertainty of x 10~*, more or less independent of the beam divergence in the maihge
0.05t0 0.2.

In conclusion, the requirement that the beam divergenceolzgeater thaf.1/~ ensures that the
corrections and uncertainties to the neutrino fluxes reramiall (below 1%), even if one should rely on
the accelerator properties themselves. In order to acladugher precision a direct measurement of the
beam divergence will be necessary — and is probably feaslblelaxing this condition would allow
a larger muon flux, a divergence measurement device becoredatory, and would ensure that the
uncertainty on the neutrino flux remains well belo® .
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5.2.6 Summary of uncertainties in the neutrino flux

A first look has been given to the sources of systematic uaicgies in the neutrino fluxes and their
possible cures.

The monitoring of the total number of muons circulating ie ting can be inferred from a Beam
Current Transformer with a precision of the orderldf> or better. The decay electrons vanish
quickly and are not a problem.

The theoretical knowledge of the neutrino fluxes from muatagés not an issue. Radiative effects
have been calculated: they amount to aroind10~2, with an error that is much smaller.

The muon beam polarisation determines the flux directhh lmshape and magnitude. Its seems
delicate to determine its value with a precision much bdttan a few %. In a ring geometry,
however, polarisation precesses and averages out withdragtision (a fewx 10~%). This is a
strong argument in favour of a ring geometry against a bevgéiometry.

The event rate varies like the muon beam energy to the thirgpdout the muon beam energy can
be inferred very precisely from the muon spin precession.okapmeter idea has been outlined,
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Fig. 37: Schematic of a muon beam divergence measurement devicev-griessure He gas volume is contained

by windows (one of which must be transparent) within a strasgction of the the muon decay ring. TBerenkov

light is collected by a parallel to point optics in the diliect of interest, so as to provide an image of the angular

distribution of particles in the focal plane.

and the measurement should cause no difficulty. Beam patemscan be preserved if an RF
system is installed in the decay ring. The energy spread eatelived from the depolarisation

pattern, in special runs with no RF if necessary.

e The muon beam angle and angular divergence have an impeffaat on the neutrino flux. For
a given number of muons, the smaller the beam divergencdiginer the flux. Thus the beam
divergence in the straight section of the muon decay ringishise made as small as possible, but

should not constitute a limit on the number of stored muons.

e Measurement devices for the beam divergence will be negedse they can probably be designed

and built to ensure a flux uncertainty belaw—>.

In addition, the near detector stations should allow meaments of cross sections with high
precision. The inverse muon decay reactign+ ¢~ — p~ v, offers the possibility of an absolute

normalisation of the flux.

We conclude that, provided the necessary instrumentagiforéseen, the Neutrino Factory flux

should be known with a precision of the orderlof>.
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5.3 Detector issues

5.3.1 Magnetic calorimetric iron detectors

The measurementof — v, oscillationsthrough the appearance of wrong-sign muolisfca massive
detectors weighin@(50) Kt, with the capability of: identification and the measurement of their charge.
A large mass magnetized iron calorimeter with active elésibased on RPCs or scintillator bars can ful-
fill both tasks. The particle electric charge can be deteeghiny an external magnetic fielgl. A charged
particle traversingV steel plates, each of thicknesswill receive ap; kick of 0.03N z(cm)B(T') GeV.
Multiple scattering will introduce a random of 0.014N /2 / X, GeV, with X, = 1.76 cm for the
radiation length of steel. Aftel steel absorbers, the significance of the charge deterramatill be

20.003B(T)av(cm)
0.0141/2/ X,

For a typical fieldB ~ 1 T, a3 or 4 — ¢ measurement can easily be obtained for muons.

Based on the MINOS experiende J21], proposals have beeropuaifd to use the design of the
proposed atmospheric neutrino detector MONOLITH [32], aogel design of iron-scintillator detector
(LMD) [[[(53] as a far detector in a neutrino-factory beam. he following, we summarize the known
experimental results about active read-out elements,l@dutline the main aspects of the designs of
MONOLITH and LMD.

5.3.2 Summary of the properties of active elements in massiv calorimetric detectors

Candidate active elements for massive iron calorimetrtecters forv studies are usually larocci pro-
portional tubes, RPCs, or scintillator bars, and each swlitas its avantages and disadvantages. Propor-
tional tubes are well studied, and with strip read-out walvea good spatial resolution, but do not perform
well for calorimetry. RPCs are inexpensive and easy to magtufe, and have good timing properties,
but their usual gas is flammable and their operation for lagrgpls of time is still debatable. Scintillators
have both good timing properties and very good calorimgtraperties. On economic grounds, the use
of good-quality scintillator with long attenuation lengthn be precluded. A relatively cheap solution,
pionereed by the MINOS Collaboration, is to use a polystgrbased scintillator doped witt, PPO
and0.03% POPOP, extruded into bars of the required dimensipng [1B& bar can be coated with a
layer of polystyrene mixed with titanium oxide, which is egtruded at the same time as the scintillator
and provides light-tightness and diffusion of the light lbawcto the scintillator. Because of the poor
attenuation length of the scintillator, the light produ@edhe bar is channelled to the photo-detector via
green wavelength-shifting (WLS) fibres of small diameted m. This solution allows the cost of the
read-out to be reduced by using multipixel PMTs with pixehdnsions comparable to the fibre size.

Other solutionsinclude the use of liquid scintillator inesgel with wavelength-shifting fibre read-
out, where optical separators can provide a granularity fefiacentimeters over a large volune J1L55].
Individual cells can be formed from extruded rigid PVC, whis made reflective by a layer of titanium
dioxide. A WLS fibre along the side of each cell can convertamgorbed blue scintillator light to green,
a fraction of which is then trapped inside the fibre and transg to external multipixel PMTs at the
very end of the detector. With the extruded scintillatoriquld scintillator option, one can obtain good
energy resolutions (both electromagnetic and hadron@)dgspatial resolution determined by the cell
width d: o, ~ d/+/12, and the possibility of fast timing. Reasonable light yglthve been measured.
As an example, with extruded scintillator and BCF91A WLSf#& m long, up to 2 p.e./MIP crossing
at the far end have been measured.

5.3.3 The Monolith design

The Monolith concept is based on a massive tracking caldemeith a modular structure, shown in
Fig.[38, where the magnetic field configuration is also shavem slabs are magnetized Bt~ 1.3 T.
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Each module would be a stack of 120 8 cm thick iron absorbeteplé4.5 x 15 m?), interleaved
with sensitive elements in a 2 cm gap. The detector heighbdsital3 m, and a mass of 34 kt can
be obtained with two such modules. External scintillatonrtiers are foreseen, as a veto, to reduce
the background from cosmic-ray muons. As active elemenéssgspark counters (RPCs with glass
electrodes) were chosen. They provide- y coordinates with a 3 cm pitch and a time resolution of
about 1 ns. The usual bakelite electrodes are substitutedrynercially available high-resistivity float-
glass electrodes, suitable for operation in streamer modelow counting environment. They have
stable volume resistivity over long periods and avoid, dubdtter planarity and homogeneity, surface
treatment with linseed oil. The high-voltage supply is #blto the electrodes by means of water-
based graphite. Long-term stability of the chambers oveersé months show a remarkable stability
of the efficiency and the time resolution. Test-beam reguita 8 t prototype have shown an hadronic
energy resolution;/E ~ 68% /v E + 2%, sufficient for a full reconstruction of energy and directio
of interacting neutrinos, a time resolutien1.7 ns and a good tracking capabilify [157].

On average 95% of the muons induced by atmospheric neutriemictions inside MONOLITH
have their charge correctly assigned, without specificctieles on the track quality. This makes it possi-
ble to test the neutrino mass hierarchy through the studsidiénduced matter effects with atmospheric
neutrinos [158]. In the context of a neutrino factory projebarge discrimination could be significantly
improved by selecting only unambigous muon candiddteg][ITB%e efficiency to discover wrong-sign
muons was estimated to be around 16%, for a backgroundimjeatt order10=°. The hadron shower
direction reconstruction has also been studied in detail.

The sensitivity region in theXm2,,sin2(26,3)) parameter space is about two order of magnitude better
than the current Chooz limit in the whole Super-Kamiokaf@lé C'. L. allowed region ofAm2,, if the
baseline i¥32 km; better at3500 km.

This result is achieved also in the simplest version of theaer configuration and of the analysis, i.e.
horizontal® ¢m planes and a simple muon momentum cut. Among the possibleuaments, the best
seems to be the verticélem planes option, that provides a very good hadronic backgtagjection.
This choice of the detector has also good performances Wwithspheric neutrinos.

The results of the analysis of a test beam prototype confiahttie requested hadronic angular
resolution is achievable with the massive magnetized itatder design.

5.3.4 The Large Magnetic Detector (LMD)

The proposed apparatus, shown in Hig. 39, is a large cylintié0 m radius and 2Qn length, made
of 6 cm thick iron rods interspersed with 2 cm thick scintilarods built of 2m long segments.
The light read-out on both ends allows the determinatiomefdpatial coordinate along the scintillator
rod. The detector mass is 40 kt, and a superconducting codrgées a solenoidal magnetic field of 1 T
inside the iron. A neutrino traveling through the detecersa sandwich of iron and scintillator, with the
x — y coordinates being measured from the location of the skituil rods, and the coordinate being
measured from their longitudinal segmentation.

The performance of the proposed detector would be similahab of MINOS [21]. The main
difference lies in the mass, which is an order of magnitudgela and in the smaller surface-to-volume
ratio which together, we believe, make the large magnetieaier superior for the detection of, and
7, events at the neutrino factory, and for the simultaneoudystfiatmospheric neutrino events.

To study the performance of the Large Magnetic Detector, aveperformed a fast Monte Carlo
simulation based on the GEANT 3 packafje |156]. The simulagsumes a sequence of 4 cm of iron
followed by 1 cm of scientillators. The muon momentum andtheronic shower are smeared following
the parameterizations of the MINOS proposal.
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Fig. 39: Sketch of the Large Magnetic Detector.

70



We consider th&,, + v. neutrino beam originating from a* beam of 50 GeW. The wrong-
sign muon signal is generated assuming the oscillatiompetersAmi, = 2.8 x 1072, 6y, = 45°, and
615 = 8°. We have simulate®5000 v, CC,107 7, CC,107 7, NC and10” v. CC events.

To study the charge misidentification background, we havsicered the 07 7,CC events, which
have a realistic neutrino spectrum. This simulation inekidnergy loss and multiple scattering. Finite
transverse resolution and loss of hits are simulatpdsteriori The momentum and the charge of jhe
were computed by means of a Kalman Filter fit to the recordesd hiwas assumed that there would be
2% of lost hits, a transverse resolution of 0.5 cm and a distheteeen measurement planes of 15 cm.
These parameters were varied inside logical limits, andiited out that even fax0%, 2.0 cm and 25 cm,
this background was below)—° for a momentum cut of GeV.

The discrimination of physical backgrounds from the sigadlased on the fact that the pro-
ducedin a/,, CC signal eventis harder and more isolated from the hadrowshaxis than in background
events{,CC, v. CC,7,NC andv. NC). Accordingly, we performed an analysis based on the nmeme
tum of the muonp,, and a variable measuring the isolation of the muon from trdn shower axis,
Q¢ = P,sin? 6. Obviously, optimal cuts depend on the baseline. Tble ¥6sghe signal and back-
ground events, after optimal cuts, at three different bassl The intermediate distanee 3500 km
turns out to be the best baseline from the point of view ofrojgting the.S/N ratio and thus the sensi-
tivity to the oscillation parameters.

Table 10: Signal efficiency and fractional backgrounds for optimabkdn the LMD detector.

Baseline(km)‘ P, cut ‘ Q. cut ‘ v, signal efficiency| 7, CC ve CC | 7,+v. NC
732 5.0 1.4 0.24 11x1077 | 1.0x 1077 | 2.0 x 1077
3500 5.0 0.7 0.45 54 x 1077 [ 1.0x 1077 | 23 x 1077
7332 5.0 0.6 0.52 74 %1077 [ 1.0x 1077 | 30 x 1077

5.3.5 A Liquid Argon detector

A liquid argon time projection chamber (TPC), as developgthe ICARUS Collaboration, is continu-
ously sensitive and self-triggering, with the ability tpide three-dimensional imaging of any ionizing
event: see Figurg 0. This detector technology combinesttheacteristics of a bubble chamber with
the advantages of electronic read-out. It offers the pdégibf performing complementary and simul-
taneous measurements of neutrinos, including those framiworay events, from the CERN to Gran
Sasso beam (CNGS), and even those from the Sun and from supermThe same class of liquid argon
detector can also be envisaged for high-precision measmsnat a neutrino factory, and can be used
to perform background-free searches for nucleon decay.céleam extremely rich and broad physics
programme[[99], encompassing both accelerator and nagleaator physics, will be addressed. This
will be able to answer fundamental questions about neupriaperties and about the possible physics of
the nucleon decay.

A liquid argon detector is a precise tracking device with metrical resolution $3x0.2 mn?,
that also makes high-resolutid#’' /dz measurements and has full-sampling electromagnetic airdhia
calorimetry. Imaging provides excellent electron idenéfion and electron/hadron separation. Energy
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resolution is excellent~ 3%/+/E for electromagnetic showers) and the hadronic energy uésol of
contained events is also very goed $0%/v/E},).

Fig. 40: Left panel: electronic liquid argon imaging of a hadronidénaction: the collection wire coordinate is
represented on the horizontal axis and the drift coordirmtdhe vertical axis (27080 cnt shown). Right panel:
a cosmic ray induced shower (4@0 cnt shown).

The operating principle of the ICARUS liquid argon TPC ishext simple: any ionizing event
(from a particle decay or interaction) taking place in thenadiquid argon volume, which is maintained
at a temperaturd’ ~ 89 K, produces ion-electron pairs. In the presence of a stroecfrec field
(~ 0.5 kV/cm), the ions and electrons drift parallel to the field ipposite directions. The motion
of the faster electrons induces a current on a number of |paraire planes located at the end of the
sensitive volume. The knowledge of the wire position anddtik time provides the three-dimensional
image of the track, while the charge collected on the wirevjoles information on the deposited energy.

Liquid argon imaging is now a mature technique, that hasiptsly been demonstrated up to the
scale of a 15 ton prototype. The latest major milestone has tie successful operation of the ICARUS
600 t prototypeT600), constructed during 2000 with all its various componewtsich operated during
the summer of 2001. The detector is to be transported to tla@ GSasso underground laboratory to
continue a long test period that will mainly feature the atsaon and study of atmospheric and solar
neutrinos.

The overall performance of an underground detector is pilyndetermined by two factors: its
total mass and its geometrical granularity, which deteasitine quality with which signal events can be
reconstructed, and hence separated from backgrounds.rngh@fiase of the ICARUS physics program
requires a sensitive mass of liquid argon of 5 kt or more. T8 detector stands today as the first proof
that such large detectors can be built, and that liquid aig@aging technology can be implemented
on such large scales. The superior bubble-chamber-likares of the ICARUS detector will provide
additional and fundamental tools for elucidating in a coelgnsive way the pattern of neutrino masses
and mixings.

5.3.6 Magnetized liquid argon detectors

The possibility of complementing the excelleh’' /dx measurements and energy resolution with those
provided by a magnetic field has been studied. Embeddingdgheme of argon into a magnetic field
would not alter the imaging properties of the detector, arghsnrements of the bending of charged
hadrons or penetrating muons would allow a precise detetioim of the momentum and a determination
of the charge: see Fi. ]41. Unlike muons or hadrons, the shdwering of electrons makes their charge
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identification difficult. It is found that the determinatiohthe charge of electrons of energy in the range
between 1 and 5 GeV is feasible with good purity, provideditld has a strength in the range of 1 Tesla.
Preliminary estimates show that these electrons exhibévanage curvature sufficient to have electron
charge discrimination better thafic with an efficiency of 20%.

i =
- T == = -

Fig. 41: Simulation of a 2.5 GeV electron shower in a magnetizeddigugon TPC. The magnetic field has
strengthB = 1.5 T, and is directed perpendicular to the plane of the figure.

5.3.7 A hybrid emulsion detector

This technology is based on the Emulsion Cloud Chamber (E€oGept (see references quoted in
[L64]), which combines the high-precision tracking cafitibs of nuclear emulsions and the large mass
achievable by employing metal plates as a target. It haadrbeen adopted by the OPERA Collab-
oration [16P[161] for a long-baseline search far <+ v, oscillations in the CNGS bearh [162]. The
experiment uses nuclear emulsions as high-resolutiokitrgaevices for the direct detection of the
produced in the,, CC interaction with the target.

The basic element of the ECC is the cell, which is made of a 1 hiok tead plate followed by
a thin emulsion film. The film is made up of a pair of emulsiondimp0 m thick on either side of a
200 um plastic base. The number of grain hit$inum (15-20) ensures redundancy in the measurement
of particle trajectories and in the measurement of theirggnéoss in the non-relativistic regime when
they are about to stof [1J60]. This is an important handle doice the background coming from CC
charm production with a soft primary muon.

Thanks to the dense ECC structure and the high granulaoiiged by the nuclear emulsions, the
OPERA detector is also suited for electron gndietection[[160]. The resolution in measuring the energy
of an electromagnetic shower is about 20%. Furthermorentictear emulsions are able to measure the
number of grains associated to each track. This allows aellext two-track separation®(1) xm
or even better. Therefore, it is possible to disentanglglsielectron tracks from tracks produced by
electron pairs coming frony conversion in the lead.

The outstanding position resolution of nuclear emulsicars also be used to measure the angle
of each charged track with an accuracy of about 1 mrad. Thisvalmomentum measurement by us-
ing multiple Coulomb scattering with a resolution of aboQ#2 and the reconstruction of kinematical
variables characterizing the event, i.e., the missingstrarse momentum at the interaction vergé}ti“,
and the transverse momentum of a track with respect to hadstower direction)r. For details on
the event reconstruction, both with the nuclear emulsiomkthe electronic detector in an OPERA, we
refer the interested reader {0 [340, [L61].

Concerning the capability of an emulsion-based detectdratudle the high interaction rate ex-
pected at a Neutrino Factory, we should stress that onlyteweith a wrong-sign muon (WSM) in the
final state are analysed. Therefore, one expects an attaimainber of events to be scanngd J176]. Hav-
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ing in mind that in the past few years the scanning power as®d by a factor of 10 every two years, it

could be considered as realistic to assume that, by the liemdéutrino Factory will become operational,

it will be possible to scan a larger number of events, say lagtf two. Therefore, a lead-emulsion mass
a factor two larger than the one proposed for OPERA could wésaged for a detector operating at a
Neutrino Factory[[176].

5.4 Oscillation Physics at the Neutrino Factory

The possibility of having intense neutrino beams of weltdin composition opens the road to a large
variety of physics studies. Having a simultaneous beamatftedn and muon neutrinos, distinguished
by helicity, allows the study of several oscillation proses. If we consider negative muons in the ring,
the following transitions can occur:

e v, — v, disappearance
e v, — U, @ppearance
e v, — v; appearance
e . — 1. disappearance
e U, — I, appearance

e U, — i/, appearance

An important feature of the Neutrino Factory is the pos#ipibf having opposite muon charges circu-
lating in the ring, therefore allowing also the study of theuged-conjugated processes of those above.

The simultaneous presence of both neutrino flavours in thenmoses the problem of separating
neutrinos due to oscillations from beam background. A s@mgéntification of the lepton produced
in charged-current interactions is not sufficient, sinceons) for instance, could come from thg
component of the beam, from the oscillation— »,,, or even from the oscillation. — v, followed by
the decayr — p. The obvious way to distinguish neutrinos coming from tharbhdrom those coming
from oscillations is to measure the charge of the lepton gpeced in charged-current events. The ideal
case would be to be able to measure the charge for both elscirad muons, and perhaps find a way
also to identify taus. Since the last two requirements arelifficult to match, we consider as a default
case that the detector for the neutrino factory will only béego identify the charge of muons. If also
electron identification can be performed, the detectedtevamn be classified in four classes:

e Charged-current electrons,
e Right-sign muons,
e \Wrong-sign muons,

e Events with no leptons.

An example of the set of energy spectra for these classeppfitive and negative muons circu-
lating in the ring, is given in Fid. 42. At a later stage, weatiss the physics opportunities that will be
opened by a detector able to also identify the charge of #wrein, and taus using kinematic criteria.
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Fig. 42: The four classes of events that can be studied in a detectoeleictron and muon charge identification.
From the top, left to right: events with high-energy elenspright-sign muons, wrong-sign muons and no charged

leptons [7B].
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5.4.1 Precision measurements of oscillations

The first parameters to be measured are those governingatiméeatmospheric oscillatian, — v,
623 andAm2,. These parameters are mainly determined from the disappezof muon neutrinos in the
beam, observed using right-sign muon events. The maximuimeadscillation probability will produce
a dip in the visible spectrum; the energy position of thiswlifpbe correlated to the value akm2,, and
the depth td,3. It is therefore favourable to choose an energy and basslioke that the maximum of
the oscillation probability lies comfortably inside theteletable spectrum.

The precision on the measurement of the oscillation pammmdtas been addressed by several
groups [16B[ 78] 172], and is normally performed by a fit of ¢éinergy spectra of the event classes (as
previously said, this fit is largely dominated by right-sipnon events). As shown in Fi.]43, precisions
of the order of 1% om\m2, and of 10% onsin? 6,5 are foreseen.

Ei.z =30GeV, L=20900km, 2x 1020 U decuys Ei.z =30GeV, L=7400km, 2x 1020 U decuys
w;‘o.ms .go.ms
3 a) APy = 3.5 x 107 eV 3 a) APy = 3.5 x 107 eV
NﬁE b) A,y = 5 x 107 eV? NﬁE b) A, = 5 x 107 eV?
F0-008 oy Aty = 7 x 1077 VP F0-008 oy Aty = 7 x 1077 VP
0.007 |- s O 0.007 -
0.006 B 0.006 B
0.005 |- WIIIEITE 0.005 |-
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0.002 :_ e gnaioge ok ngy g 3 0.002 :_ e gmaioge F Sy g £ B
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Fig. 43: Measurement of the parameters of the leading oscilla@. [7

5.4.2 Sensitivity té3

So far, the most accurate information we have on the afglé.e., the mixing of electron neutrinos and
the other two families (which are maximally mixed among tiseives), is thatin® 26,5 < 0.1 [[[4]. In a
favourable case, a non-zero value of this parameter couttidzevered before the Neutrino Factory by
experiments running in first-generation neutrino beamshss ICARUS, OPERA and MINOS. Much
larger sensitivity will however be achieved by super-beafos instance the JHF-Super-Kamiokande
project. Experiments performed in ‘conventional’ beanmfrpion decays will, however, always be
limited by the presence of & component in the beam itself, representing an irreducibigkground
to the search for,, — v, oscillations. It was first realized i [P0] that the Neutrikactory would
have a significantly improved sensitivity ty; from the measurement of the wrong-sign muon signal.
This measures the oscillatien — v, where the oscillated muon neutrinos are easily separabed f
the beam component of opposite helicity by measuring thegehaf the produced muon. We have
already seen that the decays of charmed particles, kaonpiand can produce a background to the
wrong-sign muon sample. Applying strong cuts on muon moomergnd isolation, it was reported [116]
that the background could be reduced by as much as a fattpkeeping an efficiency of about 40%.
An excellent background rejection with good efficiency abalso be obtained using a hybrid emulsion

detector [17]6].
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As in the previous case, the parameter is extracted from a fit to the energy distribution of the
various classes, and in this case the fit is largely domirtateékde wrong-sign muons. Moreover, from the
formula of the oscillation probability we see that the vatii@; 5 has a limited influence on the spectral
shape, and even factorizes out from the energy dependetiv@approximatiomm?, = 0, see [3}4), so
most of the information actually comes from just countingag-sign muon events.

The background levelis the ultimate limiting factor fordlmeasurement, and pushing background
rejection to the high values quoted above allows one to reanbitivities of the order ain? 6,5 < 107>
for the optimal intermediate baseline (see the right pldfigft [43). In the ideal case of no background
and 100% efficiency for the signal, almost another order ajmitade on the sensitivity could be gained

(left plot of Fig.[4%).
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Fig. 45: Sensitivity tasin? 6,3 for a magnetized iron detector, in the case of no backrousft)(and when a
realistic background is considered (right). The three firm@rrespond to baselines of 730 (dashed), 3500 (solid)
and 7300 km (dotted). Both plots were made assuming nefgligfitects of the solar parameters (i.e. for the small
angle or smallAmn?, solutions of the solar neutrino deficif) [1]16].

5.4.3 Matter effects

For practical reasons, long-baseline experiments cantmmlyerformed with neutrinos passing through
the Earth. We know that electron neutrinos traversing matteract with the electrons of the material,
leading to a modification of the effective mixing matrix, atidrefore of the oscillation probability, in
a way which is asymmetric between neutrinos and antineagrinVe have seen in sectipn 2|2.3 that
the oscillation probabilities including matter effectstive context of three-family oscillations are rather
simple when the solar mass diﬁerenﬁeﬁz, can be neglected.

According to [5R), the oscillation probability — v, has the same form as in vacuum|(344;if
is modified to:

2
sin? 2075 (D) = — = D2013 (65)
sin? 20,5 + (A—2 — cos 26;3)?
Ma3
and the effective atmospheric mass splitting is modified to
D
AMZ, ~ Am%z))\/sin2 2013+ (—5 — cos 2613)%. (66)
Amss,
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where
P K

gcm—?’)(GeV)7

with n. being the average electron density in the path crossélde average electron density, and the
sign =+ standing for neutrinos and antineutrinos, respectivelye GuantityAm2, can also be positive
in the case of a hierarchical spectrum or negative in the chtee inverted hierarchy. In the first case,
the denominator of (§5) is always larger than 1 for antirieos, and thus the effective angle is always
smaller than the vacuum one. For neutrinos, the resonamubtzm will be met for

D = 4+2V2Grn E = 7.65 x 107°eV?(

D ~ Am3, cos 26,3,

for which value the effective angle becomes unity, no matteat the vacuum value was. It is therefore
possible to have large enhancements of the oscillatiorgtitity, around the resonance energy

1.32 x 10* cos 20 Am? (eV'?)
plg/em?) '

Note however that the effective mass splitting at resondececases linearly with the vacuum value of
sin 2613, SO, in order to get large probabilities, one needs to gorgelebaselines for smallein 26, 3. If
the sign ofAmZ, is negative, the same reasoning applies, interchangintginesiand antineutrinos.

ET’BS ~

The asymmetry between neutrinos and antineutrinos due togtter effect is a very effective way
to measure the sign adfm2,, and establish the degenerate or hierarchical structunewtino masses.
It has never been observed, and will be hard to detect witharttional super-beams, since it requires
the comparison of runs with neutrinos and antineutrinos, laaselines larger than 1000 km. On the
other hand, the crossing of such an MSW resonance is a plawsiplanation for reconciling the large
disappearance of solar neutrinos from the Sun with the l&eksignificant seasonal variation, as would
be expected from the eccentricity of the Earth orbit if theilkstion was taking place in the vacuum.
Unfortunately, solar neutrino experiments cannot tellmgtlaing about the sign afim?,.

Matter asymmetries on earth are relatively easy to deteatNeutrino Factory[[164, 165]. Al-
though this is good news for the measurement of the sigiwot,, these asymmetries actually interfere
with the measurement of leptonic CP violation, which is thestrambitious goal of this machine. The
relative amplitudes of the two effects as a function of thedtiae can be seen in Fim46. It shows, on
a logarithmic scale, the ratio of events that have oscillatéo muon antineutrinos to events that have
oscillated into muon neutrinos, as a function of the baselirhe measurement of such a ratio requires
running the machine alternatively with positive and negathuons in the ring. The upper lines corre-
spond to negative values dfm?,, and the lower ones to positive values. The three lines ai@irvdyl
for different values of the CP-violating parametgrthat will be discussed in more detail in the next
section, and the error bars correspond to statistical®fara 40 kt detector aftei)?' muon decays in
the ring for each muon charge. We see that the asymmetry duatter effects is quite large, and can
easily be detected for baselines larger than about 1000 katteleffects and CP violation interfere, and
one effect can mask the other, until baselines of about 26@04Above that distance matter effects are
always larger than CP violation, which is even completelyoedied for one particular distance around
7500 km.

5.4.4 CP violation

Detecting the presence of a complex phase in the leptonimmixatrix is one of the most ambitious
goals of neutrino physics, and would justify the effort oflting a neutrino factory[[3d, 16§, 1p[, 168,
f[18,[78]. In vacuum, we saw inh (30) that the difference betwibe oscillation probabilities for the
transitionsy, — v, andv. — v, can be written as

1
Acp ~ 5613 sin 2615 sin 263 sin 26,3 sin 6[sin Ayg sin Az sin Ags], (67)
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which shows that, for the large mixing angle solution of tloéas deficit, it is suppressed only in the
parameters\;, andf;s. Since the CP-even parts of the probabilities are alwaygetathan the CP-
odd parts, they dominate the number of events and thus tbe @nrthe measured asymmetry. For
small enough)\,, these terms are approximately proportionakio?® 26,5 and independent oA,
(they are driven by the atmospheric oscillation, i.e. th&t fierm in [3]1)). Assuming Gaussian errors, the
significance of CP violation will then be proportional to

P o By, (68)
\/Nev \/sm 2013

and will not depend o#;5 [[[68], while it is linearly proportional to the small masdiging. The fact
thatA 5 is actually different from zero means that the subleadirmjlasion will become important and
eventually dominate for smafl 5. In this regime the role ofin 26,5 and A, are interchanged and the
significance of the CP asymmetry is suppressed lineariynid;3 and approximately independent of
the solar mass splitting

Acp ~ Aqy
\/Nev \/(A12)2

This is shown in Fig[ 47, where the CP asymmetry at the maxirtithe oscillation probability is
compared to its error (computed for a relatively modest rieaflux) as a function ofin? 26,5. We see
that the effect and the error decrease together siith26,5 until a value (that depends ak;,) where
the subleading oscillation becomes dominant, and the nuailoscillated events goes to a constant even
for very smallf,s. In this regime the significance of the asymmetry decreaseary withsin 26, 3.

A possible measurement of this asymmetry is given by thgiated asymmetnf [20]:
op _ ANTTY/Nole Ty = {NH)/No[et ] - 70)
# AN[pT]/NoleT T 4 + {N[pt]/No[et ]} -
where the suffix defines the sign of the decaying musfy*] is the measured number of wrong-sign

muons andVy[eT] the expected number of andv,. charged-current interactions in the absence of os-
cillations. The statistical significance of the asymmatgy, the asymmetry divided by its error, assumed

sin 2013. (69)
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Fig. 48: The significance of the CP asymmetry as a function of the ihas@]. On the left, the asymmetry
is just the matter-induced asymmetry (SMA solution pararagt On the right we show, for LMA parameters, a
subtracted asymmetry directly measuring

to be Gaussian, in vacuum is proportional[to ]167]

ACP Am2.L
— x VE [si 23701, 71

h Sm( 1L, )‘ 7

This is maximal at the peak of the atmospheric oscillation.

AACP

These considerations, valid in vacuum, get however modifiechatter effects, as already seen
in Fig. @8. In matter, very large asymmetries are createcheyMSW effect. The left plot of Fig. 48
shows the total asymmetry in matter as a function of the baselvhile the one on the right shows the
asymmetry obtained after subtracting the matter-indusgdhanetry for§ = 0. Clearly the significance
of the matter-induced asymmetry and the intrinsic one peédiffarent baselines.

Although the right plot shows that for the parameters in tidALrange, intrinsic CP violation
should be measurable at distanc&8000) km, this analysis assumes only experimental errors and not
‘theoretical’ ones. Given that the matter-induced asymyng¢pends very sensitively on the oscillation
parameters, mainly;s, 625 and Am2, as well as on the Earth matter density, it is very important to

clarify whether the expected uncertainties in those ‘tedoal’ parameters will be small enough not to
wash out the effect.

Concerning the atmospheric parametgtsni,| andsin? 26,3, we have seen that they can be
measured with very good precision using disappearanceurezasnts at the neutrino factory. It was
shown [7§] that the knowledge of the precise profile of theteradensity along the neutrino path is
not very relevant, but for a neutrino experiment only thewlealge of the mean value is needed. This
average density can probably be known with accuracy[[169], or even directly measured with0&
precision [7B].

On the other hand the anglg; as well as the discrete choices of the sigm\ofi2, andcos 62 if
6.5 #= 7 /4, will have to be determined simultaneously using the wreiggr muon signals. The analysis
has to be refined to include these unknowns and, as we wilhsxe inext sections, this will reveal the
existence of

e Strong parameter correlations: mainly betwégnands [[L14],
e Degenerate solutiong [117, 171].

In order to minimize and resolve these, it is important to alé¢he spectral information available and
choose appropiately the baseline. fig. 49 shows the enemgndience of the intrinsic effect &~ 0.
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Fig. 49: Left plots: number of oscillated events fbe= 0 (black histogram) and = = /2 (red histogram). The
right plots represent the difference of the two, for — v, andv. — v, transitions, respectively. If the difference
is similar, the signal in the electron channel is invisiblgedo the vey large background. In the muon channel, we
notice the the shift of the oscillation maximum generate@Byiolation ].

In the global fit of course we consider the wrong-sign muonaigfor bothu* andx~ and not only the
CP asymmetries, since also the CP-even parts contain vierghia information on the unknowns.

5.4.5 Correlations and choice of baseline

Due to the small energy dependence induced by CP violatienj$e of spectral information to have a
simultaneous measurementdoéndé, 5 is not very effective, and only helps under some conditidns.
fact, the first simultaneous fits 6f; andé perfomed in [136] 48] revealed for most of the cases a strong
correlation between the two parameters, which was more itapbat shorter baselines, see F@. 50 and
F1. The reason for this is easy to understand. The neutrid@atineutrino oscillation probabilities in
vacuum [3D), have the following dependenceggrands:

Pv. —wv,)Pv, = v.) = Asin? 26,5 + Bsin 265cos8 + C'sin 26y5sin § + D (72)

where the coefficientd, B, (', D depend on the energy, baseline and the remaining oscillpicame-
ters. In matter a similar structure is found, though the ficiehts are different for neutrinos and antineu-
trinos and depend also on the earth matter density. In theditarge £/, or smallL (A2 < Agz < 1),
the coefficientsA, B and D have the same energy dependence, whiile suppressed by an extra factor
A3 compared to the others. Thisis so both in vacuum and in matteause matter effects are irrelevant
in this limit. In this situationit is clear that the measurmts of the oscillation probabilities for neutrinos
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and antineutrinos give information on the same combinaticdhe two unknownsé;3 andé
Asin? 2615 + Bsin 2015 cosé + D, (73)

resulting in the strong correlatiof [1]16] that can be nicggn in the left plot of Fid. §7, at a baseline
of I, = 732 km. Even though the spectral information has been used fb#seline, it is only relevant
in the low-energy region. The same fit performed with a loweergy threshold in Fi§.51 shows that
correlations are smaller, but still present. As the baseafiincreased the CP-odd term, i.e., the coefficient
C, grows and the neutrino and antineutrino probabilitiessneatwo independent combinations of the
two parameters. Also the energy dependence in the acoegsiblgy range becomes more important.
Indeed, the fits al = 3500 km in Fig.[5p and af. = 2900 km in Fig.[51 show tha# andé,; can be
disentangled. At even larger baselines, sensitivityimlost.

How much can the neutrino energy threshold actually be ledi@r order to reduce correlations,
using spectral information in the important low-energyio®e® The answer to this question depends of
course on the detector, but since we want to discriminate#odlation signal from a constant back-
ground, also on the amplitude of the oscillation signal, io@ the oscillation parameters. For small
values off 3, the good purity needed to discriminate the wrong-sign msignal from background re-
quires very hard cuts on the muon momentum, and thereforl$iseof the most interesting part of the
neutrino spectrum. For instance, a magnetized iron deteatoin principle reach background rejection
factors of the order of(0°, but at the price of an effective cutoff on neutrino energitabout 10 GeV.

The conclusion of this study was that in the case of one basdlie optimal choice to study CP
violation was in the intermediate range= ((3000) km for a machine of7,, = 30 — 50 GeV [L1§].

All the above considerations pointing to the optimal diseaof O(3000)km have assumed a con-
stant beam flux. It is possible to argue that a lower-energghing could profit from savings on the
accelerator and provide a larger flux than a high-energy dmee assume that, for various possible Neu-
trino Factory designs, the flux can be inversely proportitméhe beam energy (in other words, the total
beam power is constant), this fact compensates the lineaitiséty growth, and it can be showp [75] that
all energy/baseline combinations that keep constant tieahthese two quantities are equivalent, with
a slight preference for the lower energy-baseline comimnat due to the smaller influence of matter
effects. This study assumes a neutrino energy thresholdz#\2 for which a baseline of 732 km and a
maximal neutrino energy of 7.5 GeV are slightly better thdraaeline of 2900 km and an energy of 30
GeV, if the flux of the first case is 4 times larger than the sdomme. However, a coarse detector with
larger energy thresholds will always benefit from a longesdiime and higher neutrino enerdy [172].

Correlations of the phasg& with other oscillation parameters have also been studieskural

works [I78,[137[ 144, 174,]78]. The main conclusions are:

e The parameters of the leading oscillation will be measunel@pendently by the Neutrino Factory
itself using the same-sign muon sample, and the precisiachesl will be much superior than
that producing any sizeable systematic effect on the meawmnt ofs. An exception are sign
and octant ambiguities, that can produce degenerate so#tand will be discussed in the next
section.

e Knowledge of the parameters governing solar neutrino lasicihs ¢, andAm,5) is essential, but
the indications are that KamLand results should be precisegh to reduce to negligible levels
the impact of the uncertainties on these measurements tietbanination of.

e The average earth density can probably be known up to 5% gsioghysical techniquef [169];
however, a precision at least a factor 2 better would be alelsir
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Fig. 50: Correlations in a simultaneous fit 6f5 andd, using a neutrino energy threshold of about 10 GeV. Using
a single baseline correlations are very strong, but can bgdly reduced by combining information from different
baselines and detector techniqufs [[116].
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5.4.6 Degeneracies

We have seen in the previous section that it is very hard tendéngled,; andé at short baselines of
O(1000) km, because the neutrino and antineutrino probabilitiesansitive to approximately the same
combination of the two parameters. At larger baselines teetation is resolved thanks mainly to the
largersin § term in (73). However, even in this case, the impossibilftyneasuring precisely the energy
dependence of the wrong-sign muon signals can result indiséeace of degenerate solutions for the
A3 andyd, i.e., disconnected areas of the parameter space thatdeagbérimentally indistinguishable
signatures[[137]. The origin of this is that, at fixed neutrémergy and baseline, the equations

Pl’el’p (0/137 5/7 6/) = Pl’el/p (0137 57 6)
Pgegﬂ(0/137(s/7®/) ~ Pgegﬂ(0137(§7 @) (74)

have more solutions than the true oflg; = 6,5 andd’ = 6. We use the symbold and®’ to denote the
other sets of oscillation parameters. The reason why inrgé® might be different fron® is due to
the discrete ambiguities of the type sigom2,) and signos ,3). The three main types of degeneracies
correspond to different choices 6¥:

e Intrinsic, when®’ = ©, so all other parameters are the same, but the condisa(éélsatisfied
for sets off; 3, § different from the true ond [117].

e The sign ofAmi, is different in the two sides of the equatiofis] (74) J171]. &twum, a change of
sign of Am?, is approximately equivalent to the substitutiors = — & [L7Q].

e The value off,3 on the left side of[(4) isr/2 — 6,3 of that on the right sidg[[1}1]. The fake
solutions obviously collapse to the intrinsic ones for maai mixing: 6,5 = 7 /2.

An example of intrinsic degeneracies is shown in Fig. 52aivtetd for a simultaneous fit @f s, &
in a large magnetised iron detector. The true values of thepeters are indicated by the stars, while a
fit to the observed data would find several disconnected nsgidhese plots were made for a baseline of
2800 km.
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Fig. 52: Simultaneous fits of and 6,3 at . = 2800 km, forf,53 = 2° (left) and8° (right). True values are
indicated by stars, and many degenerate solutions are pté&&7].

Degeneracies can be a very serious source of uncertaintilbe determination of the parameters.
If, for instance, we define (conservatively) the sensiitit sin? 26,5 as the largest value efn? 26,5
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which can be fit tasin? 26,3 = 0, we will find that the degenerate solution can be interpretecn
additional uncertainty which makes it almost impossiblpush the sensitivity tein? 26,5 much below

1073 [L79] (see Fig[G3).

SeTEitivity ta BT 26
e
i AT Cowd=don %ﬁ IHF—EI':I

i TS Depma: ) oo

Fig. 53: Limitations on the achievable sensitivity gm” 26,5 for various assumptions on future experiments,
which are described i5]. The sensitivitysim? 26, 5 is defined as the largest valuesofi” 26,5 which can be

fit tosin” 26,5 = 0, which means that the degenerate solutions enter as aniadditsource of uncertainties. In
this interpretation, the importance of resolving the degracies from the combination of various experiments is
very clear.

There are fortunately several handles to deal with theserd®gcies. The position of the fake
solutions s very sensitive to the valli¢ F’ and the presence or not of matter effects. The first postibili
is then to have two baselines at the Neutrino Factory, siongining the information of two experiments
allows the exploration of a differerit/ E’ regime, and matter effects behave differently at two bassli
for the disconnected sets of parameters. We see fron| Richdi4tte combination of the intermediate
and the very long baseline eliminates all degeneracies.cdtination of the intermediate and a short
baseline, e.g., 732 km is not so good, because of the strorgjations present in the shorter baseline.

If a baseline of the order of 732 kmis used in addition to o&iad 3000 km, it is more interesting
to consider at the shorter baseline a detector with capiaisito detect’s from v. — v, oscillations. The
measurement of this transition would be a great help in vispldegeneracies, since the two processes
ve — v, andv. — v, give complementary informatiop[1}76]. In fact, the formeiléor oscillation
probabilities in vacuum of these processes are very simite . — v, probability can be obtained
from ([@4) by swapping3, <+ 2, and changing the sign of tile-dependent terms. In Fifj.]55, we plot
the curves of equal. — v, andv. — v, probabilitiesin the 06,5 = 0], — 6,3, ) plane for some fixed
values of the true parameterg;s = 5°,5 = 90°. The different curves correspond to different energy
bins. The curves all meet only at the true values of the paiensiey’ = 90° and A¢ = 0, while all
the curves for the wrong-sign muons are approximately deigde. This illustrates the potential of the
combination of golden and silver events to exclude the fakeat®ns.

In [[L74] a detailed study of a realistic experimental setap heen presented. The detector con-
sidered is an OPERA-like hybrid with lead and emulsipn J16@]has been shown that thevertex
recognition in the emulsion detector allows one to separate: v, from v. — v, muon events, and
to reduce strongly the effect of the charm decay backgrodr outcome of this study is that a 4 kt
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Fig. 54: For a wide choice of the parameters, in order to reduce catiehs in a simultaneous fit s andd,
the combination of the intermediate and the very long baset preferred over that of the short and intermediate

baselines[[11]7].

detector at, = 732 km in combination with the 40 kt magnetised iron detectof. at 3000 km would
solve the intrinsic ambiguity fof;3 > 1° and any value oé.

Another interesting approach to resolve degeneraciesisdimbination of information from the
Neutrino Factory and a super-beajn [lL77]. The synergy of tipeisbeam project with the Neutrino
Factory has already been discussed from the point of vieleatcelerator infrastructure, since we saw
that several components needed for building a super-beath@esame as those for the Neutrino Factory.
Most likely, at the time of the operation of this facility,sts from the super-beam will already be
available, and the synergy between the two projects willrgman the physics. Due to the very different
L/ FE regime - super-beams are designed to operate around thiatiecimaximum - and matter effects
- which are much smaller for super-beams due to the shortslioe, the knowledge of the super-beam
results will help resolve the degeneracies.

Sufficiently powerful super-beams can search for CP viofath a favourable corner of the pa-
rameter space. It was shown [177] that a combination of thelt®from the proposed CERN-Fréjus
super-beam and a Neutrino Factory with a single baselinEl@iminate almost completely all degen-
eracies. The reason is easy to understand from[Fjg. 56: kieesfalutions, present in both experiments,
appear in different areas of the parameter space, and therafe excluded once the experiments are
combined.

Combined with the results of the super-beam, even the Im&seti732 km, normally too short to
give definitive results on its own, can provide good measerdmof the oscillation parameters. This
is shown by the contours in the plai® s, §) in Fig. 57. We already saw that a high-energy Neutrino
Factory coupled with a detector with high threshold for megtdetection reaches its maximal sensitivity
for a baseline of about 3000 km. For a shorter baseline, thererent measures only the combination
(73) as we already discussed (left plot in Hig] 57). The aaidiof the super-beam information, which
also is not able to resolve the degeneracies on its own, leadwery good determination of the two
parameters as shown in the right plot of Hid. 57.

This result is extremely important for the definition of theWMrino Factory design itself. It is
common belief that an intermediate baseline of about 3000skiine best compromise between being
long enough to have the maximum of the oscillation at suffigyehigh energy, and not too far not to
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Fig. 55: Curves of equal oscillation probability in thie Ad plane (whereAd is the difference betweehs and
its nominal value o§°), for . — v, andv. — v.. We see that these curves, generated for different enengy bi
all meet at the nominal value of the parametdrs [176].

have the CP violation suppressed by matter effects. Sinogvahergy super-beam will probably be
built before the Neutrino Factory, the energy/baselingémigation of the latter will have to take into
account the combination with the super-beam results.

5.4.7 T violation

The problem of the neutrino-antineutrino asymmetry geteeray matter effects acting as a background
to CP violation could be solved if, instead of the CP asymynete could measure the T asymmetry, i.e.,
the difference in oscillation probability between the msses. — v, andv, — v.. Thisis in principle
possible at the Neutrino Factory, since if the machine igated with two different beam polarities,
both processes (and even their complex conjugates) ocherpiioblem is that, in order to discriminate
oscillated events from the beam component of the same flatlmicharge has to be measured for both
leptons. While this is possible in a relatively straightfard way for muon final states, the measurement
of the electron charge is much more complicated, due to thy femation of electromagnetic showers.
The possibility of measuring the electron charge has beetiiext [7}] for a magnetised liquid argon
detector. A charge confusion at the per mille level with dicieincy of about 10% for electrons of less
than 5 GeV energy should be reached with values of the magfnatl exceeding 1 Tesla. In that case,
it would be possible to measure directly the two T-conjudatscillation probabilities, and detect the
difference between the two (see Higl 58) with a statistiicaliicance similar to that of the CP violation.
Due to the impossibility of detecting the charge of hightggeslectrons with realistic values of the
magnetic field, an experiment looking for T violation woulhuire a low-energy, high-intensity muon
beam.

5.4.8 Search for, — v

We saw in the previous section that the detection édptons could be useful in resolving the degen-
eracies in the search for CP violation, due to the differaattdviour of thel—dependent term in the
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Fig. 57: Simultaneous measurement¥gf andé and of the CP-violating phase The left plotis produced using
only the information from a Neutrino Factory with an iron nmegised detector placed at 732 km: there are clear
correlations between the parameters and degenerate sokitin the right plot, the Neutrino Factory is combined
with the results from the super-beam, and both correlatenms$ degeneracies disappe@??].
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Fig. 58: Oscillation probabilities for T-conjugate processes maad with a 10 kt detector with electron charge
identification capabilities. The error bars correspondlf@’! muons decays, for an electron charge efficiency of
20% and misidentification of 0.1% [[7'5].

oscillation probability. The detection of taus, both fram — v, andv. — v, oscillations, is also
extremely important as a test of the unitarity of the mixingtrix. Comparing the yields from these
channels to those expected from the disappearance, it $ip@$o put strong limits on the conversion
of neutrinos into another species, for instance sterildriras. If we callo andg the ratios of the oscil-
lation probabilities,, — v, andv. — v, with respect to their expected value, the precisions orethes
parameters, with the assumptions mad¢ ih [78], are showabite[l]L.

Baseline| Aa/a | AB/S
2900 2% 25%
7400 2% 20%

Table 11: Precision in the determination of the parametersnd 3, that quantify the amount of, — v, and
v. — v, present in the date[78].

5.5 Search for New Physics at the Neutrino Factory

As discussed earlier, it is not possible to accommodatenhalpresent experimental results within the
standard three-family oscillation framework. Up to now, geve assumed that the unconfirmed result
from LSND could be explained by some misunderstood experiateffect, rather than by neutrino
oscillations. We have already commented that Neutrinodragbhysics would be even richer if the
LSND resultis indeed due to neutrino oscillations.

If the effect is due to some other interactions violatingdepflavour, distinct from neutrino oscil-
lations, again the Neutrino Factory would be the ideal maehod study them. Because of the shape of
the produced neutrino spectrum, this machine would alsmbdeal place to look for a modification of
the MSW potential for matter oscillations, since theseaffevould mainly be visible in the high-energy
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part of the spectrum.

Discussions of these two possibilities are presented irfdbh@wing two subsections. We note
also that a deviation from the standard Lorentz metric duextoa dimensions could be explored by
deviations of the neutrino velocity from the speed of lighlich could in principle be measurable if one
equipped a far detector with RPCs having a time resolutionrad 200 ps[[181].

5.5.1 New physics in short-baseline experiments
The search for lepton-number-violating (LNV) muon decaythvwh L. — 2, of the type:

pw- —e v+ (75)

where({ = e, i, 7), would be possible by looking for wrong-sign electrons, ethivould produce the
following standard charged-current weak interactiondhimdetector:

ve+ N — e + X (76)
ve+N =17+ X. (77)

We assume that™ are circulating in the ring, since the signature sought Wwasteutrinos with negative
helicity in the final state, so that one profit from the enhamess sections, compared with the positive-
helicity case.

The signal for such anomalous muon decays does not depehé distance between the neutrino
source and the detector, unlike the oscillation case, amefibre is better studied with relatively small
detectors at short distances, where one benefit from theehiggutrino flux. A 10 ton fiducial mass
Liquid Argon detector located at a distance of 100 m from thmstorage ring was considered[in [}1L82]
as a realistic case.

Because the signal sought consists in the appearance eéfatalelectrons, while standard events
have positrons in the final state, an experiment with elactttarge discrimination is mandatory. This
is an experimental challenge, given the short radiatiogtleim liquid argon. Realistic efficiencies and
experimental backgrounds in a detector with the charasttesi of the ICARUS Liquid Argon imaging
TPC[L83] have been studied. The detector simulated was @&mesized Liquid Argon vessel sur-
rounded by a dipole magnet.

Table[1I2 shows the effects of the cuts applied for a normadimeof 10'° muon decays. To
compute the expected number of signal events, a branchotmapility of 2.5 x 10~2 was considered,
compatible with the LSND excess.

Given the low muon energies considered, most of the evedtbeiguasi-elastic. Therefore, a
final state configuration containing an electron and a recocted proton and no additional hadronic
particles is required. These criteria reduce the quastiieldackground (where we expect a neutron
rather than a proton in the final state) by almost three orderaagnitude, while keeping more than
50% of the signal. The neutral-current background, where sdeatandidates come fronf conversion,
is in general soft. After a cut on the electron candidate mutoma, this kind of background becomes
negligible. Preliminary studies indicate that, for a Liquirgon detector inside a 1 T magnetic field, a
fit to the direction of the electromagnetic shower could jeva good determination of the charge of
leading electrons. Table]12 shows that applying looseraite the determination of the lepton charge
is enough to eliminate. charged-current background.

5.5.2 New physics in long-baseline experiments

Exotic physics effects may appear in neutrino producti@utrno interactions or neutrino propagation
in matter. Whilst the first two cases are better studied ina detector, benefiting from the higher flux,

03



Cuts |v.cC| n.CC |

E,- =2GeV
Initial 540 | 62500
One proton 367 | 11000
No pions 323 100

E.>1GeV 103 17
Candidate charge 21 0.4
E,- =5GeV
Initial 5290 | 802000
One proton 3390 | 212160
No pions 2112 495
E. > 3GeV 351 163

174

Candidate charge 71 4
E,~=1GeV
Initial 76 6300
One proton 53 529
No pions 48 8
E. > 0.2GeV 43 4

174

Candidate charge 10 0.1

Table 12: The effects of cuts on background and signal. We assumedaéivesgnuon ring energy,,- of 1, 2 and
5 GeV and a total of 0'° standard decays. The detector was assumed to be located fi@@rthe center of the
straight section. The lepton-number-violating decay wssuaned to have the branching probabilit§ < 10=3.
We denote by, the energy of the identified electron in the event.

the effects of new physics on matter propagation are beligemwed in a long-baseline experiment, and
might even interfere in the interpretation of long-baselascillation experiments.

We recall that the standard MSW effect gives rise to diagooaltributions to the neutrino squared-
mass matrix proportional to the neutrino energy. A flavosoding neutrino interaction would give rise
to a non-diagonal term which, although smaller than theahagjones, would also grow with the neutrino
energy. The effective neutrino squared-mass ma\tff)j(f would become

0 0 0 14 €ce Cep  Cer
Mesz =U10 Am%l 0 (]Jr +2EV €pe Cup  Cur ) (78)
0 0 Am%l €re Cru  Cr7

where F' is the neutrino energyl/ is the neutrino mixing matrix in the usual parameterizatiand
Am2, > 0 is the smaller squared-mass difference. In the standaed alishec parameters are equal to
zero.

A model-independent limit om,,, can be inferred from atmospheric neutrino ddtd [14]; <

0.05. Significant limits on the single*¢ quantities can be obtained if one assumes that the new ghysic
operators originate from SU(g)-invariant operators. Then experimental bounds on chalggtn pro-

cesses imply[[184, 1Bb, 1186]

€. S107° €, 531077 . S4-107° (79)
¢t <1070 e <1072 et <1072, (80)
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Since SU(2) is broken, the limits above can be evaded. In the case of ttieaegie of a SU(2)
multiplet of bosons with SU(2) breaking masseg [1185, 186], the the Sy(Breaking masses can
relaxed the limits by a factor of about 7, without a conflictiwine electroweak precision data.

In general, the interactions involving the third family diae less constrained than those involving
the first two. The constraint og),. is so strong that no neutrino experiment would be able to avit,
since even at the limit the contribution it gives to neutroszillation is negligible. On the other hand,
a value ofe.. close to the experimental bound affects in a significant watyb. — v, andv. — v,
oscillations, as seen in Fig.]59.

P(veﬂvu)

P T A S I B B I B S P T A S I B B I B S
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
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Fig. 59: Thev. — v, oscillation probability in Fig. 60: Thev. — v, oscillation probability in
the standard MSW model (full line) and in the pres- the standard MSW model (full line) and in the pres-
ence of flavour-changing interactions (dashed line), ence of flavour-changing interactions (dashed line),
for sin” 26,3 = 0.001 ande,. = 0.07 [[8]]. forsin® 26,3 = 0.001 ande,. = 0.07.

The probability for oscillation into muons gets multiplieg an almost energy-independent factor.
The presence of new physics leads to confusion with the dasermal oscillations, and an experiment
could be led to infer a value afn? 26,5 higher than the true quantity [187]. However, the strong ris
of thev, — v, probability, a clear indication of the presence of nonstaddnteractions, can be seen
from the decay- — u, even with a detector only able to measure the muon momentima.spectral
shape of the muons will be so different that it is possibleitiniguish the case of normal oscillation
from those of new physics in large region of the parameteces|j88], inferring the value of,; from
event counting, and then comparing the observed spectrtintlvg theoretical one for the estimatid.
It has been shown that, fein? 26,3>1072, or e;5>10~2, the spectral differences are such that the two
cases can be clearly separated.
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6 SUMMARY AND OUTLOOK

Neutrino physics has been making great strides during tisefpa years. It has provided us with a
unique window on physics beyond the Standard Model, andf&ignt progress has recently been made
in measuring the parameters of neutrino oscillations. Tirapheric mixing anglé,; seems to be near
maximal, and a large value of the solar mixing artjleis now also favoured. These notable differences
from the small mixings observed previously among quarkstwheappetites for further information on
neutrino oscillations. These may cast light on fundameasrsglects of physics at the grand unification
scale where all the interactions may be unified. Just as thiegesmeration has witnessed the establish-
ment of the Standard Model and quark physics, neutrinos hgdigs beyond the Standard Model seem
destined to be at the forefront of experimental and thecmeftihysics for the coming generation.

Experiments now underway or being prepared will advancekoowledge of neutrino masses
and oscillations in many ways. They will have improved sevisy to neutrino masses and neutrinoless
double# decay. They will establish whether solar neutrino osdilag occur in the LMA, LOW, SMA or
VAC region of parameters. They will clarify whether the LSNIDomaly is due to neutrino oscillations.
They will presumably confirm the existence of oscillatioritpms, and that atmospherig; oscillate
mainly into~,. They will provide more precise measurements of the soldratmospheric neutrino
oscillation parameters, including the mass-squaredrdiffees,¢;, andé,3. They will have improved
sensitivity tod; 3.

The neutrino physics communities in Europe, Japan and thted States are all considering
actively their options for the following step in oscillatigphysics. These should be addressed towards
the many questions that are unlikely to be resolved in theayeol round of experiments. These include
pinning downr¥; 3, seeing intrinsically three-generation effects in mixiagarching for CP violation, and
fixing the sign ofAm?2, via matter effects. Short-term options include a JHF neatbieam in Japan and
off-axis long-baseline experiments in the United StatesEmrope. Specific experiments can be devised
which address many of the individual open questions, buetigeno guarantee that any or all of them
will be answered by this next round.

We have presented in this report a set of options for Eurogiewbuld provide powerful tools for
addressing all the open questions, by providing forefrapteemental possibilities.

e Afirst step could be an intense proton source at CERN, the 8RLwould provide a low-energy
neutrino beam of unprecedented power. This study alsodiesla summary report on the SPL
design. The Fréjus tunnel is at just the right distance teeol®e oscillation effects with an SPL
beam, and placing there a megaton-class waemenkov detector such as UNO would be an
attractive option. The SPL-UNO combination would have andeaof observing CP violation in
neutrino oscillations.

e A second possibility that has emerged from this study greupé concept off beams, coming
from the decays of radioactive isotopes produced by the SRy accelerator questions vital for
the viability of this concept remain to be investigated, tbuthay provide an exciting alternative
option for studying CP violation in neutrino oscillatioragd has interesting synergies with other
options considered here.

e The best long-term option for neutrino physics is the naotfactory based on muon decays in
a storage ring. This offers unequalled reach for all thedapien questions: the magnitude of
13, CP violation and matter effects. Several important qoestiabout the design of a neutrino
factory remain to be answered, notably muon cooling. Evehauit cooling, there is an exciting
programme of experiments with slow or stopped muons thapdements the neutrino oscillation
programme described here. If muon cooling can be perfectydrd the requirements of the
neutrino factory, a muon collider may become feasible roftgexciting options in Higgs physics
and/or high-energy lepton collisions, as discussed elsgsvh
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This report is not the place for detailed studies of the aregbr questions that must be answered
before these exciting physics options could become realitdiowever, we hope that this report commu-
nicates sufficient enthusiasm for neutrino physics to mtevhe motivation needed for research to make
these options feasible.
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