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Neutrino physics is reviewed in the context of recent experiments and results. The
lectures begin with a brief introduction to neutrino interactions in the Standard
Model, and measurement techniques. The NuTeV electroweak measurement is then
presented as an example of a precision high energy neutrino experiment. Neutrino
properties and mass phenomenology is reviewed, followed by an overview of di-
rect mass measurements. The bulk of the lectures then concentrates on neutrino
oscillations. Solar, atmospheric, and high mass experimental measurements are
described, compared, and fit into a global context. The conclusion then considers
future prospects and speculations.

1 Introduction

Neutrinos hold a special place in the Standard Model because they only in-
teract through the weak force. The interaction is mediated by the exchange
of W and Z bosons with only a parity-violating, vector minus axial—vector
(V=A) coupling. As a result neutrinos are left-handed and antineutrinos are
right-handed. Neutrinos have lepton number associated with their charged-
lepton partners, the electron, muon, and tau leptons. For charged-current
(W exchange) interactions, an incident neutrino of a given type produces the
associated charged lepton type (ve — e, v, — u, and v, — 7). In the
Standard Model, neutrinos are massless since the standard Dirac mass term
cannot be included if wrong-handed neutrinos do not exist. Since recent neu-
trino oscillation measurements show that neutrinos have small masses, the
Standard Model must be augmented in some way to explain this.

Historically, the neutrino was first postulated by Pauli to explain energy
non-conservation in beta decay. Reines and Cowan' observed the first inter-
actions of electron antineutrinos in 1953, for which Reines received the Nobel
prize in 1995. Lederman, Schwartz, and Steinberger? in 1962 detected muon
neutrino interactions showing that neutrinos come in at least two types; they
received the Nobel prize for this work in 1988. Evidence for tau neutrino
interactions was published in 20003, thus filling out the observation of the
three neutrinos. In the late 1980’s, precision measurements of the invisible Z
width by the LEP experiments showed that within the Standard Model there
are only three light neutrino types.




Two historical observations are particularly noteworthy. First, the ob-
servation of neutrino neutral current interactions was key in establishing the
Standard Model and electroweak unification. The second was the recent
observation of neutrino oscillations, first proposed by Pontecorvo in 1957.
Neutrino oscillations imply massive neutrinos, which is the first indication of
physics beyond the Standard Model.

1.1 Neutrino Interactions

Neutrinos interact with quarks and leptons through the charged-current (CC)
interaction mediated by W exchange, and the neutral-current (NC) interaction
mediated by Z exchange. Neutrinos can scatter off leptons or quarks in nucle-
ons. The point cross section for the scattering is proportional to the (center-
of-mass energy)?, and is given by o4, = G%s/7 (spin-dependent factor). To
calculate the spin-dependent factor for the charged-current interaction, the
V—A nature determines the handedness of the interacting particles; particles
need to be left-handed and antiparticles right-handed. The NC interaction is
a mixture of V=—A and V+A coupling depending on the charge of the particle
as given in the following table:

Z Couplings | V. — A =g V+A=gr
Ve,Vy,Vr 1/2 0

e, [, T —1/2 + sin? Oy sin? Oy

u, ¢, t 1/2 —2/3sin® 0y —2/3sin? Oy
d,s,b —1/2+1/3sin? 0y, 1/3sin’ Oy

The handedness of a particle is not the same thing as its helicity. Helicity
is the projection of the particle’s spin along the direction of motion, and is
Lorentz-frame dependent if the particle is massive. The helicity operator,
o - p, gives a positive (right) helicity for the spin along the particle’s direction
and negative (left) for the opposite orientation. On the other hand, the weak
interaction V—A and V+A couplings refer to the handedness of the particles.
Handedness (or chirality) is Lorentz invariant and is only the same as helicity
for massless particles. A massive left-handed particle will be mainly left-
helicity but with a small right-helicity component of size o« m/E. Neutrinos
only interact weakly with a V—A coupling for both NC and CC interactions,
so all neutrinos are left-handed and all antineutrinos are right-handed. If
neutrinos are massless, then their helicities are also always left-helicity. But
if neutrinos have a small mass, they will be mainly left-helicity with a small
(x my/E,) right-helicity.




Pure leptonic neutrino scattering is simple theoretically, but hard to in-
vestigate experimentally due to the very small cross sections. For the CC
inverse-muon-decay process, v, + e~ — u~ + Ve, a left-handed neutrino in-
teracts with a left-handed electron giving a total spin of zero and an isotropic
distribution in the center-of-mass frame. The total cross section for the pro-
cess is 0yop = GHs/m- (1 —m?/s) = 17.2 x 107*2cm?®/GeV-E, - (1 — m2, /).
For NC elastic scattering, v, + e~ — v, + e, the Z couples to the electron
with both a V—A and V+A coupling with the above strengths. The V—A
part is the same as the inverse muon decay with a total spin of zero, but the
V+A part has a left-handed neutrino interacting with a right-handed electron
giving a total spin of one. The total cross section for the elastic scattering
process is oot = G%s/w (% —sin? Oy + %Sin4 HW).

For neutrino-nucleon (proton or neutron) scattering, the target nucleon
complicates the process, since it is composed of a collection of quarks and glu-
ons. The total cross section for neutrino-nucleon scattering also rises linearly
with s or E!%® but different processes dominate as a function of incident neu-
trino energy (Fig. 1). At low energy, the neutrino can scatter from the nucleon
as a whole through a CC or “quasi-elastic” (v, +n — p~ +p) or NC or “elas-
tic” (v,+N — v, +N) process. Which process dominates is dependent on the
incident neutrino energy and on the four-momentum transfer to the nucleon,
Q* ~ (4E,E sin? (9/2))Lab. Above Q? > 1 GeV?, the target nucleon can be
excited to a A or N* resonance (i.e. v, +n— pu~ + AT - p~ +n+at and
vy+n — v, +A% — 7 +n+70) which is referred to as “resonance” or single-
pion production. At even higher Q% > 5 GeV?, the neutrino has the resolution
to “see” the constituent quarks, and interactions are dominated by neutrino-
quark scattering (v, +q — p~ +¢'), commonly called “deep-inelastic” scatter-
ing. Deep-inelastic scattering is dependent on three variables: E,, Q?, and x.
The new variable x is related to the momentum fraction of the struck quark
and is given by z = Q?/ (2M(E, — E;)). For CC deep-inelastic scattering,
the differential cross section is given in terms of the quark form factors of the
nucleon called “structure functions”; Fo(x) = zq(x) +2q(x) = the momentum
distribution of quarks and anti-quarks and xF3(x) = zuye(z) + 2dya(z) =
momentum distribution of valence quarks in the nucleon. The cross section
is then written :
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The neutrino cross sections are small due to the exchange of the massive
W or Z bosons; the total cross section goes as (1/My,)%. Phenomenologically,
the strength is proportional to the Fermi constant, Gp = v/2/8 (g /Mw)* =
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Figure 1. A schematic representation of the neutrino cross section in terms of its compo-
nents.

1.166 x 1075 /GeV? where gy ~ 0.7 is the underlying weak coupling strength
and is not small. Quantitatively, the size of the neutrino total cross section at
E, =100 GeV is o(ve) ~ 10~%%cm? and o(vN) ~ 10736cm? as compared to
proton-proton scattering, o(pp) ~ 1026cm?. With a cross section this small,
neutrinos have a very long mean free path in material (~ 3 x 10° meters in
steel) and neutrino experiments therefore need to be very massive.

These lectures cannot cover all of neutrino physics, but will examine two
areas of active research. In the next section, the recent NuTeV electroweak
measurements will be described as an example of a high energy neutrino scat-
tering experiment. This will be followed by several sections on the neutrino
mass phenomenology and experimentation including direct mass and neutrino
oscillation experiments. Other topics related to QCD and quark distribution
measurements using neutrinos will not be covered but can be found in various
review articles?.

2 Neutrino Electroweak Measurements

Neutrino scattering has played a key role in establishing the structure of the
Standard Model of electroweak unification, and it continues to be one of the
most precise probes of weak neutral-current interactions. Copious data now
exist on the production and decay of on-shell Z and W bosons, validating
the Standard Model below the 1% level. Precision neutrino studies serve to
verify the theory over a wide range of Q2 values and give unique tests of
the neutrino coupling in weak processes. Neutrino scattering measurements




probe the weak interaction away from the W and Z poles and are inherently
sensitive to processes beyond the Standard Model, such as leptoquark and
new Z' exchange® or new neutrino properties®.

2.1 NuTeV Experiment and Technique

The NC/CC ratio is the easiest to measure experimentally. For an isoscalar
nucleon target composed of equal numbers of v and d quarks, the NC to
CC cross section ratio for neutrinos and antineutrinos is given by the simple
relationship” in terms of the weak mixing angle, sin® fyy:

v(v) v

— 1 5
R'® — UVL(_S) =5 sin? Oy + 9 sin® Oy (1 + r(_l)) with r = USC ~ (.5.
Too 9cc

The ratio of the cross section differences® has the advantage of in being pri-
marily sensitive to valence quark contributions; these contributions are more
insensitive to strong interaction and heavy quark corrections:
_ %o — U?VC R —rR" 1 . 9
R™ =— == = = — —sin“ Oy .
Oto — Ote 1—7r 2

In order to use these expressions for R and R~, many experimen-
tal, QCD, and radiative corrections need to be applied.” The most notable
QCD correction is related to kinematic suppression of CC charm produc-
tion due to charm quark mass effects. Uncertainties in this correction ham-
pered precision neutrino measurements previous to NuTeV 10 to a precision
of Asin? @y = 0.0041, equivalent to a W mass measurement at the 210 MeV
level. In order to minimize such uncertainties, NuTeV exploited an R~ type
measurement where charm quark and other sea quark effects tend to cancel.
An R~ measurement requires pure neutrino or antineutrino running, which
NuTeV could accomplish with its new high-purity, high-intensity, sign-selected
neutrino beam.

Accelerator-produced neutrino beams are typically made using neutrinos
from pion and kaon decay, 7/K — p+ v,. The NuTeV sign-selected beam
used 800 GeV protons from the Fermilab Tevatron hitting a BeO target. Pi-
ons and kaons produced in the target were sign-selected using dipole magnets
and then focused using quadrupole magnet into a 500 meter long decay pipe.
One kilometer of earth and steel shielding stopped all hadrons and ranged out
the decay muons leaving only neutrinos to interact in the NuTeV neutrino de-
tector. The number of particles at each stage starts with 10 protons hitting
the target every 60 seconds, producing 2 x 10'? pions and kaons in the decay




Figure 2. The NuTeV neutrino detector showing the target-calorimeter followed by the
solid-iron muon spectrometer.

pipe. The decays of these mesons produce about 3 x 10'° neutrinos impinging
on the NuTeV detector, which in turn give about 30 neutrino interactions in
the 690 tons of the detector. The beam is very pure with a 7(v) contamination
of 3 x 107* (4 x 107?) respectively for neutrino (antineutrino) running. The
sign-selected beam also minimizes electron neutrino contamination (an im-
portant background for isolating true NC events) from K decay to the "1.6%
level.

The NuTeV neutrino detector (Fig. 2) consists of a 690 ton target
calorimeter composed of four inch steel plates interspersed with liquid scin-
tillation counters and drift chambers. The counters were used to determine
the longitudinal vertex of the neutrino interaction and, through calorimetric
methods, to determine the hadronic energy of the event. The drift chambers
localized the transverse interaction point and tracked the muon through the
target. For the NuTeV electroweak measurements, each neutrino event was
characterized by the visible hadronic energy, Ej.q; the vertex position; and
the event length, determined from the first and last counter with at least a
minimum ionizing pulse height. The target calorimeter was followed by a
toroidally magnetized iron spectrometer to measure the momentum of muons
emerging from the CC neutrino interactions. The spectrometer was not used
for NC/CC event separation but only to measure the energy distribution of
the CC event sample so that the incident neutrino flux as a function of energy
could be determined.

2.2 NuTeV Measurement and Results

Observed events were separated into NC and CC candidates statistically using

the event length. The experimental quantities R, and RZXP were determined
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Figure 3. Comparison of v and ¥ event length distributions in data and Monte Carlo (MC).
The MC prediction for CC events is shown separately. Insets show data/MC ratio compar-
isons in the region of the length cut with bands to indicate the 1o systematic uncertainty
in this ratio.

using a separation length cut, L.y::

R _ SHORT events L < L.,s  NC Candidates
P LONG events L > Loy  CC Candidates

The value of L.,; was changed as a function of Fy.,q and was 16, 17, and 18
for Epqq < 55, 55 < Epeq < 100, and 100 < Ejqaq < 180 GeV respectively.
With this L.,; definition, the candidate numbers were

Short (NC) Long (CC) | Rexp =Short/Long
Neutrino 475,000 1,167,000 0.3916 £ 0.0007
Antineutrino | 101,000 250,000 0.4050 £ 0.0016

The procedure? for using RY,, and RY, , to extract sin? Ay involves a de-
tailed Monte Carlo simulation incorporating models of the neutrino beam, the
neutrino detector, and the radiatively-corrected cross sections for the neutrino
scattering processes. By using simultaneous fits of the data to the predictions

for RY,, and RY,, NuTeV effectively gains the advantage of using the R~




technique. The largest experimental uncertainty is associated with the im-
perfect knowledge of the ~ 1.7% v, /7, background, giving an uncertainty at
the Asin? 0y = 0.0039 level. Electron neutrino events nearly always appear
as short NC candidates, so understanding these events is critical. The NuTeV
beamline suppresses the poorly known K% source and the K, ejg and charm de-
cay sources are constrained by the observed high, energy v, and wrong-sign
events respectively. The largest model uncertainly in the extraction arises
from residual dependence of charged-current charm production, giving an un-
certainty of Asin® @y, = 0.0047. The uncertainty has been greatly reduced
through the effective R~ technique, which has been verified by others'®.

Using the above technique, a single-parameter fit to Ry, and szp with
all other parameters assumed to have their standard values (e.g., standard
electroweak radiative corrections with p, = 1) yields

sin? 040" — 2277 + 0.0013(stat.) + 0.0009(syst.)

M2 — (175 GeV)?
—0.00022><< top — ev) )

(50 GeV)?

Mu;
0.0032 x In | —Higes )
+ e (150 GeV)

The extraction has been done using the on-shell scheme'? for radiative cor-
rections where the weak mixing angle is directly related to the physical boson
masses, sin’ O%n_She”) =1-— M3 /M%. Using the central NuTeV value and
the precisely known Z° mass gives a derived value of My = 80.14 & 0.08
GeV. The new NuTeV result is a factor of two more precise than the pre-
vious neutrino world average (sin? Oy, = 0.2277 & 0.0036), and is dominated
by statistical uncertainty. A fit to the precision electroweak data, excluding
neutrino measurements, predicts a value of 0.2227 + 0.00037, approximately
30 from the NuTeV measurement. An alternative single-parameter fit to
the p, parameter gives p, = 0.9942 £ 0.0013(stat.) + 0.0016(syst.) indicating
that the NuTeV NC coupling is about 1% less than expected. Finally, two-
parameter fits have been performed to the effective neutral-current u and d
quark couplings, g}i R = u2L r+ d2L7 - (These fits relax the Standard Model
assumptions for electroweak corrections but do apply the QED corrections
that approximately factor.) NuTeV’s results are:

g2 = 0.30005 4 0.00137; g% = 0.03076 %+ 0.00110.




2.8 Comparisons and Implications

The NuTeV results differ substantially from the Standard Model predictions
13 using other precision measurements (Fig. 4). The NuTeV fit values (not
all independent) and predictions are shown in the table below.

Parameter | NuTeV Value SM Prediction
sin® Oy 0.2277 £+ 0.0016 0.2227 £ 0.0004
My 80.14 +0.08 80.45 4+ 0.04

2o 0.9942 + 0.0021 1.0

R¢p 0.3916 £ 0.0013 0.3950

Réo 0.4050 £ 0.0027 0.4066

g7 0.30005 4+ 0.00137  0.3042

g% 0.03076 4+ 0.00110 0.0301

For the multi-parameter data, the discrepancy is in Rg,, and the g7 coupling.
The global electroweak fit including NuTeV gives a x2/df = 28.2/15 with
a 1.7% probability; dropping NuTeV from the fit yields x?/df = 19.6/14
with 14% probability. The poor x? for the global fit comes from the NuTeV
measurement and from the A?c’bb asymmetry measurements. At this point, one
cannot rule out the possibility of a statistical flucuation but pne should also
consider alternative physics explanations.

Alternative explanations fall into two general categories: modified Stan-
dard Model effects and new physics effects. Plausible Standard Model ef-
fects that NuTeV did not explicitly account for in its analysis include nuclear
shadowing, asymmetries in the nucleon strange sea, and nucleon-level isospin
violation. Investigations show that none of these effects appear able to ex-
plain the full discrepancy. Nuclear shadowing should deplete the CC relative
to NC processes' in heavy nuclei, which would move the extracted R*/7
to an even larger value. NuTeV dimuon measurements restrict the size and
sign of an strange/anti-strange quark momentum asymmetry, again moving
the R*/7 to larger values.' Isospin conservation is assumed in the NuTeV
analysis with u, = d,, and d, = u,. A violation of this symmetry could ef-
fect the analysis since the u and d quark couplings are different. Recent bag
model calculations'® yield estimates that would introduce only small shifts in
sin? Oy at the 10~* level. Future results from global parton distribution fits
may eventually constrain experimentally the size of isospin violating effects.

New physics explanations of the NuTeV anomaly are highly constrained
by other precision measurements. Davidson et al. show that the following
models do not work!!: anything generating oblique type electroweak correc-
tions, models of anomalous neutrino couplings, an extra 7’ with generation-




Figure 4. The precision data, as compiled and fit by the LEPEWWG.13 The global fit x2
is 28.8 for 15 dof.

independent SU(2)r, couplings, low energy minimal supersymmetry, and
SU(2) singlet or doublet leptoquarks. New physics models they identify that
can make a significant contribution are contact interactions, possibly mediated
by vector leptoquarks at “1.4 TeV, and a new U(1) B — 3L, gauge symmetry
containing a Z’ that decouples from the first generation leptons and mixes
with the SM Z. An another example is the extended supersymmetry model
with an SO(10) gauge symmetry by Babu and Pati.!” Neutrino oscillations
of electron neutrinos to sterile neutrinos have been proposed by Giunti and
Laveder'® and could explain the anomaly if the oscillation probability were
as large as P(v. — vs) = 0.21 £ 0.07 for Am? = 10 — 100 eV?2. Oscil-
lations at this level are close to being excluded by previous data including
that from NuTeV. In summary, new physics models exist that can explain
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the NuTeV measurement, but the models are not simple extensions of the
Standard Model.

3 Neutrino Properties: Mass and Oscillations

There is no fundamental reason why neutrinos must be massless, and since
they are the SM partners of the massive charged leptons, it would be natural
for neutrinos also to be massive. But it is clear that their masses are much
smaller than the charged leptons, and we would like to understand the reason
from a theoretical point of view. Cosmologically, massive neutrinos could
play an important role in the evolution of the universe as well as in structure
formation. With the universe filled with 10%/m?, even a small mass at the
level of ~ 1 eV will have significant effects. Structure formation models with
hot (v) and cold dark matter are close to having sensitivities at the 1 eV
level. Current measurements can be interpreted to limit the contribution of
neutrinos to the matter density of the universe between 0.003 < €, < 0.20.

In the SM, only left-handed neutrinos exist and a standard Dirac mass
term in the Lagrangian cannot be constructed. For this reason, models with
massive neutrinos require extensions to the SM. These extensions can give
neutrino masses through grand unified theories with heavy right-handed neu-
trinos, through modified Higgs sectors with additional possibilities for mass
terms, and through extra dimension models where right-handed neutrinos can
propagate into the bulk. In many of these extended models, there exists at
least one electroweak isosinglet or sterile v. These sterile neutrinos could
be the right-handed partners of the SM left-handed v and are “sterile” with
respect to interactions with the standard W and Z bosons.

An interesting possibility is the class of grand unified theories that contain
both Dirac and Majorana mass terms. For Dirac neutrinos the neutrino and
antineutrino are distinct particles. Lepton number is conserved and neutrinos
couple with the W to produce a negatively charged lepton. In the Lagrangian,
the Dirac mass term would be mp(Zvgr+7grv). On the other hand, a Majo-
rana neutrino would have the property that the neutrino and antineutrino are
the same particle only differing by their handedness. Neutrinos are the left-
handed component that produces negative charged leptons and antineutrinos
are the right-handed component giving positive charged leptons. Obviously,
if Majorana neutrinos exist, then lepton number is not conserved since a neu-
trino can be changed to an antineutrino by flipping the spin. The Majorana
mass term becomes m%, (r(vy)¢ + (W) vr)+mE Wr(vr)¢ + (Fr) vR). In
models with both Dirac and Majorana mass terms, the combined mass matrix
needs to be diagonalized leading to the “see-saw” mechanism for generating
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a small neutrino mass. The total Lagrangian is given by
1, _ (vp)© . m% mp

Lmass = 2 (72 7)) M ( VR with M = mp mi,
One assumes that the right-handed Majorana mass mﬁ is very large, the left-
handed mass mﬁ/f is very small, and the Dirac mass mp is similar to standard
quark or charged lepton masses. The hierarchy then becomes mf, = M >
mp > mk, ~ 0. Diagonalizing this mass matrix leads to two eigenstates,
a large one my associated with a isosinglet sterile neutrino and a small one
associated with the Standard Model light neutrinos.

2

m
D
my ~ M and m, =~ —=
M

4 Direct Neutrino Mass Experiments

A variety of techniques have been used to search directly for neutrino mass
effects in the weak decay of particles and nuclei. The most sensitive searches
have been associated with electron neutrinos. Here, the tritium decay process

SH -3 He4e™ +7,

is investigated near the kinematic endpoint of the outgoing electron spectrum.
A finite neutrino mass would distort the spectrum near the endpoint as

dN(E) = K|M*F(Z,E, E)p.E(Ey — E) {(Ey — E)> —m_} dE

The sensitivity is related to the number of decays probed within a few eV of
the endpoint. About 2x10~!2 happen within the last 1 eV region, making the
measurement very challenging. No indication of neutrino mass has been seen,
and the current best limit is from the Mainz group constraining m,, < 2.2 eV
at 95% CL. A new KATRIN collaboration ' of previous experimental groups
has been formed to perform a next-generation experiment scaling up the size
of previous experiments by an order of magnitude with a much more intense
tritium source. The new experiment should have sensitivities down to 0.35
eV masses.

Muon neutrino masses can be probed by precision studies of the muon
decay spectrum from pion decays.

T — UtV

Experiments have used both 7 decay at rest, where the pion mass dominates
the uncertainty; and 7 decay in flight, where the resolution on measuring
Dr — Py limits the sensitivity. The best limit at present is from a decay at
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rest measurement?’ giving a limit of m,, < 170 keV at 95% CL. There are
some recent ideas to improve this bound by using the g-2 experimental setup
at Brookhaven where sensitivities down to m,, < 8 keV may be possible.

High multiplicity tau lepton decays provide a laboratory for direct tau
neutrino mass investigations. Tau lepton decays are measured near the edge
of the allowed kinematic range for tau decays in the processes

+

7T — 2r 7w v, and

7= — 31 2nH (70) v,

Fits are made to the scaled visible energy and scaled invariant mass looking
for an excess of events near the kinematic boundary. The current best limit
21 is from the Aleph experiment at LEP giving a limit of my, < 18.2 MeV
at 95% CL. The history of direct neutrino mass measurements is given in
Figure and shows impressive progress over the years with a Moore’s power
law dependence.

Double beta decay studies are a unique method to probe for massive Ma-
jorana neutrinos. In certain nuclei, single 8 (electron) decay is energetically
not allowed (1*6Xe — 136Ba,"®Ge — "5Se, etc.) For these nuclei, double
(-decay transitions are possible with long lifetimes due to the double weak
transition o G%. In these transitions, the atomic number is increased by
two units, and two electrons and two neutrinos are emitted. The undetected
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neutrinos lead to broad visible energy spectrum for the two electrons:
(Z,A) = (Z+2,A)+ (e"e TU.v.) 2v60 decay.

If neutrinos are Majorana particles, then one can also have the Ov transitions
where the sum of the visible electron energies is monoenergetic:

(Z,A) = (Z+2,A)+ (e"e”) 0wvG3 decay.

Experimentally, one looks for Ov signal in the visible energy spectrum beyond
the 2v endpoint energy. The rate of Ov33 decays is proportional to (m, / me)2
and can, thus, be used to probe for a finite neutrino mass.

The current best limit comes from the Heidelberg-Moscow experiment??
using 24 kg-yrs of "9Ge data leading to a lifetime limit of 5.7 x 10%° years
and a mass limit of m,_, < 0.2 eV at 90% CL. Proposed future experiments
include: a new "*Ge experiment (GENIUS) with several tons of detector and
a sensitivity to ~few x1073 eV, and a new 13¢Xe — 36Ba experiment (EXO)
using a time projection chamber technique to track both the e”e™ and Ba
atom and having a sensitivity at the ~0.01 eV level.

Supernova explosions also offer a testing ground for neutrino mass. In a
supernova explosion over 99% of the energy is carried away by neutrinos; these
neutrinos escape the exploding star before the photons. The rate of escape
for v.’s is different from v,’s and v;’s, due to the extra v, CC interactions
with electrons. Neutrino mass limits can be obtained by the spread in the
propagation time; there will be a spread in arrival times for different energies
if my, # 0 with tops — temit = to (1 + m2/2E2). For SN1987a, the neutrinos




were detected in the Kamiokande and IMB detectors with about a spread of
~13 seconds after traveling 180,000 light years, with energies that differed by
up to a factor of three. The neutrinos arrived about 18 hours before the light
was seen. Assuming that the emission time happened over a 4 second interval,
the data has been used to set a limit on the neutrino mass of m, <~ 30 eV.
For the future, a network (SNEWS — The Supernova Early Warning System)
of the world’s v observatories has been set up to provide an early coincidence
signal to trigger detection by experiments of any detectable supernova.

5 Neutrino Oscillations

As we have seen, it is difficult to probe small values of neutrino mass especially
for the v, and v, using direct measurement techniques. Obtaining sensitivity
to lower mass values requires a new method, neutrino oscillations. Neutrino
oscillations are a quantum mechanical process where one type of neutrino
changes into another type of neutrino due to different mass eigenstate combi-
nations. For the phenomenon to take place, there needs to be mass eigenstates
of different masses, and the flavor types need to be different combinations of
these mass eigenstates. As an example consider the two flavor mixing of the
v. and v, neutrinos in terms of neutrino mass eigenstates v , v2 ,and the

mixing angle §:
Ve [ cosf sind V1
vy )\ —sinf cosf vy )

If we assume at ¢ = 0, the neutrino is created as a muon neutrino v,,, then
[¥(0)) = |vu(0)) = —sinb|v1) + cos O|vs).

At a later time ¢, the two mass states will have propagated with different
phases leading to a v./v,, mixture:

[(t)) = —sin® e Bt 1)) 4 cosf e 2 |uy)
= (cos? 0 e "1t 4 sin? 0 e F21) [v,)

+sinfcosf (e 2t — e ) |p).

The oscillation probability for v, — v, is then given by

Pooe = (e (1)) = %Sin2 201 — cos(FEq — Eqt)].

15




For small masses, By = p+ m?/2p and Eo = p +m3/2p and (t/p) = L/E,

yielding:
1 2 _ 2 L
Pose = 3 sin? 26 (1 — cos (%))

2 .2 2 oy _L(m)
= sin” 20 sin (1.27 Am (eV ) E(GeV)> .
where the factor 1.27 in the last formula depends on the units, after substi-
tuting for the use of h = ¢ = 1.
Of course, there are three neutrinos and may even be more if there are
sterile ones. The three generation mixing formalism uses a matrix similar to
the quark CKM matrix called the MNS (Maki-Nakagawa-Sakata) matrix:

)

Ve C12C13 812€13 S13€ 51
)
Vp | = —812C23 — C12823513 C12C23 — S12823513€"°  $23C13 va 1,
i6 i6
Vr §12823 — C12€23513€" —C12823 — $12€23513€ " C23C13 V3

where ¢ and s refer to the sines and cosines of the three mixing angles,
012, O23,and 613; and 6 is a complex phase associated with CP violation.
With three generations, there are three Am?,, Am3,;, and Am?,, but only
two are independent.

It is not usually appreciated that for each Amfj value, there can be os-
cillations among all the neutrino flavors, but with different combinations of
mixing angles. For example, oscillations corresponding to the Am3; term
include:

Pv,—v,) = cos? 013 sin? 2045 sin® (1.27Am§3L/E)
P (v, — v.) = sin® 03 sin® 20,3 sin* (1.27Am%3L/E)
Pve—v,) = c0s? 053 sin® 2013 sin® (1.27Am§3L/E)

Observation of CP violation in neutrino oscillations has been put forward
as a prime future goal for the field, since it may give us a key to the source of
neutrino mass and may also be important for understanding the baryon ver-
sus anti-baryon asymmetry in the universe. But seeing CP violating effects
in neutrino oscillations is going to be very difficult. The reason is that one
can only observe these effects through an experiment that is sensitive to os-
cillations involving at least three different types of neutrinos. One possibility
is comparing the probability for v,, — v, versus v, — 7, oscillations.

P (U/J — I/e) - P (i#« — ie) =4Im (U/Jl ;1U23Ue3) <512 + 823 + 831)

16




where U;; are the elements of the MNS matrix (4Im (UH1U§1U53U63) =
16¢12¢25c03512513823 (5in ), and si; = sin (Am?jL/QE). (Note: in this for-
mula the s;; terms are not squared but add linearly.) To have sensitivity to
this CP violating difference, the combination of mixing angles must be finite
and all the terms (s12, $23,831) must not be small (or effectively one would
have two component oscillations). For example, if s15 ~ 0 then so3 ~ —s31
and the sum si2 4+ s23 + s31 &= 0. This means that an experiment must be
sensitive to the lowest Am? value, which currently would be that associated
with solar neutrino oscillations.

5.1 Neutrino Oscillation Phenomenology

There are two types of neutrino oscillation experiments, appearance and dis-
appearance searches. For an appearance search, an experiment looks for the
anomalous appearance of v, or v, events in a relatively pure v,, beam and
studies this as a function of distance, L, and energy, E. This type of experi-
ment is mainly sensitive to uncertainties in background sources of appearance
neutrinos. In a disappearance experiment, one looks for a change in the beam
v flux as a function of L and E. This type of experiment relies on knowing
accurately the neutrino flux and interaction cross sections. The range of val-
ues for the parameters, Am? and sin® 26, sets the demands on the search
experiment. The mixing angle sin? 26 sets the size of oscillation effects and
thus the needed statistical sample. The Am? value sets the distance to energy
ratio needed for the neutrinos to oscillate with an oscillation length given by
Losc =7E/ (1.27Am2).

Results from oscillation experiments are typically displayed on a two di-
mensional plot of Am? versus sin” 20 (Fig. 7) assuming an effective two com-
ponent mixing formula. If an experiment sees an oscillation signal with a
probability given by Pose = Psignal + 0 FPsignal, then, within some confidence
level, a region in the (Am?, sin® 20) plane is allowed. If, on the other hand,
an experiment sees no signal and limits the probability of a specific oscillation
channel to be P,s. < P at 90% CL, then an excluded region is displayed in
the (Am?, sin? 26) plane.

The current experimental situation is displayed in Fig. 8. This plot shows
three signal regions associated with solar, atmospheric, and LSND oscillation
experiments. There have also been many negative searches that exclude many
parts of the plot away from these signals and the region at higher Am?2.
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Figure 7. Generic oscillation plot showing an allowed region for a positive signal and an
excluded region from an experiment that limits the oscillation to be less than P at 90% CL.

6 Solar Neutrino Oscillation Experiments

Solar neutrino studies offer a unique tool to probe for neutrino oscillations
at very small Am?2. The neutrinos are produced in the nuclear processes in
the sun, and give neutrino energy ranging from the 0.1 MeV up to 10 MeV.
Combining this energy with the large sun-to-earth distance (1.5 x 10'* m)
gives sensitivity to Am? values below 10710 eV2. Since the early 1970’s,
there have been indications that the solar neutrino flux at the earth is much
less than expected, and over the years mounting evidence has shown that the
deficit is most likely due to neutrino oscillations. The recent data from the
SNO experiment have shown that the deficit of electron neutrinos is correlated
with an appearance of muon and tau neutrinos. The goals of the experiments
are now turning to accurately determining the oscillation parameters, Am?
and sin? 26.

The Standard Solar Model (SSM) is used to predict the neutrino flux at
the earth and incorporates many experimental and theoretical inputs. The
SSM uses a stellar evolution model with hydrodynamic equilibrium between
pressure and gravity, energy transport by radiation and convection, and en-
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Figure 8. Oscillation signals from current experimental results.

ergy production by nuclear reactions. The model is constrained by the phys-
ical measurements of the sun including seismic, temperature, and diffusion
data. The output of the SSM is the solar temperature and density as a func-
tion of radius, and the neutrino flux.

As seen in Fig. 9, many of the solar nuclear processes lead to neutrinos.
The energy spectrum is shown in Fig. 10 along with the regions covered by
the various experimental techniques. From the solar luminosity, the main pp
neutrino flux is known to 1%; the flux from other processes such as the "Be
and ®B neutrinos have a 10% to 20% uncertainty.

There are two types of solar neutrino experiments, the chemical extraction
experiments (Homestake, Sage, and Gallex) and the scattering experiments
(Super-Kamiokande and SNO). The Homestake experiment in the Homes-
take mine in Lead, South Dakota detects solar neutrinos through the process
Ve 4+ 37Cl— 37Ar+e~; as seen in Fig. 10, this experiment is sensitive to solar
neutrinos above 0.9 MeV. The gallium experiments, Sage and Gallex, use the
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Figure 9. The solar processes with relative percentage probabilities for the various chains.

process v, + 37Ga— 37Ge+e~, which has a much lower threshold allowing
the experiment to detect the primary pp neutrinos with energies down to 0.2
MeV.

The Super-K experiment uses the elastic scattering process, v + e~ —
v+e~,in a 22.5 kton water detector to measure the solar flux above the few
MeV region. This process has good directional information and shows a clear
angular peak pointing toward for the detected solar events. The Sudbury
Neutrino Observatory (SNO) uses 1 kton of heavy water as a target. For
heavy water, deuterium breakup processes are also observable, which increases
the rate and gives the experiment sensitivity to NC scattering by any flavor

20 |




SuperK, SNO
——

Gallium Chlorine

==

Neutrino Flux

1 N L.
< 0.01 . 0.3 1 3 10
Neutrino Energy (MeV)

Figure 10. The energy spectrum for the relative solar neutrino flux from the various pro-
cesses in the sun. Also shown is the energy range covered by the various experimental
techniques.

neutrino:

Ve+d—p+p+e- SNO CC
Ve+d—p+n+rv, SNONC
Vp+e —uz+te Super-K and SNO.

In addition, the cross section for scattering from neutrons is much larger than
scattering from electrons, giving the SNO experiment an 8 event/day solar
rate for 1 kton of heavy water versus the 25 event/day rate in the Super-K 22
kton light water detector. As will be shown later, the comparison of the SNO
NC and CC processes along with the elastic scattering data allows information
to be obtained on the neutrino flux as a function of flavor.

All solar neutrino experiments see a deficit in the observed versus the
predicted rate.

Experiment Reaction Observed/Predicted Rate
Homestake (USA) | v, +37Cl —37Ar +e~  0.34+0.03
SAGE (Russia) ve+37Ga — 3"Ge+ e~ 0.59 £ 0.06
GALLEX (Ttaly) | ve+3"Ga —*"Ge+e~ 0.58 & 0.05
Super-K (Japan) | vy +e” — vy +e” 0.46 £ 0.02
SNO (Canada) Ve+d—p+p+e” 0.35+0.03
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Figure 11. Flux of 8B solar neutrinos which are p or 7 flavor versus the flux of electron
neutrinos deduced from the three different neutrino reactions in SNO. The diagonal bands
show the total 8B flux as predicted by the SSM (dashed line) and that measured with the
NC reaction in SNO (solid band).

Recently, the SNO collaboration has presented new results?® on their solar
NC measurements, v, +d — p+n+ v,. The process is sensitive to all active
neutrino flavors including v, v,, and v,, and therefore measures the total
active neutrino flux coming from the sun. The NC measurement gives a total
flux of 5.09 £ 0.64 x 10° cm~2s~!, and the CC measurement gives a v, flux
of 1.76 £ 0.10 x 10% cm~2s~!. Comparing this to the SSM prediction for the
v, flux of 5.05 £ 1.00 x 10° cm 25! shows good agreement in the total rates
but a clear indication for oscillations of electron neutrinos to other active
flavors. In addition, the agreement of the total rates constrains the amount
of oscillations there could be to sterile neutrinos.

In order to interpret the solar results in terms of neutrino oscillations,
oscillation model fits are done to the various experimental results including
experimental, theoretical, and solar model uncertainties. Matter effects in
the sun and earth can be important and need to be included. (These are
commonly referred to as MSW effects for the authors Mikheyev, Smirnov, and
Wolfenstein who first proposed them.) These effects come about because the
propagating mass eigenstates are mixtures of flavor eigenstates, which have
different interaction cross sections with the electrons in the sun and earth. The
cross section differences arise from the fact that electron neutrinos interact
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with electrons both through the NC and CC but muon and tau neutrinos
only through NC processes. If N is the electron density then the oscillation
probability equation is modified to be

P (ve = v,) = (sin®20/W?) sin® (1.27WAm°L/E)

2
where W? = sin” 20 + (\/iGFN@E/AmZ) — cos 29)

This formula has a resonance with sin® 20, ff = 1 when cos20 =
V2GpN(2E/Am?). Matter effects occurring in the sun can give large mix-
ings even for small sin® 20 and matter effects in the earth can introduce a
day-night or zenith angle effect in the observed rates. Analyses include all
of these effects in constraining allowed regions. The recent SNO day-night
effects paper?? shows the current allowed regions as shown in the Fig. 12. For
the past several years, there have three region in (Am?,sin?26) plane that
were allowed; the large mixing angle (LMA), small mixing angle (SMA), and
LOW solutions. The new SNO paper shows that only the LMA solution now
remains.

The Kamland experiment is currently running, and will test the LMA so-
lar neutrino oscillation hypothesis with terrestrial neutrinos from nuclear re-
actors. The detector consists of 1000 m? of liquid scintillator observed by 2000
17-in phototubes in a cavern of the Kamioka mine in Japan. Anti-electron
neutrinos from reactors in Japan impinge on the detector with an average
distance of 170 km, and are detected for F,, > 1.8 MeV. Another 300 ton lig-
uid scintillation experiment, Borexino, with 2200 8-in phototubes will come
online shortly and primarily examine the solar neutrinos from “Be processes
in the sun. A detection rate of 55 events/day is expected. The combination
of these new measurements and continued data from SNO should allow, over
the next several years, precise determinations of the mixing parameters for
oscillations to active and possibly sterile neutrinos.

7 Atmospheric Neutrino Oscillation Experiments

Neutrinos are produced in the atmosphere from the interactions of cosmic-
ray protons and nuclei with atmospheric gas molecules. These interactions
produce hadronic showers with pion, kaons, and muons that can decay into
neutrinos. The flux is modeled using measured cosmic-ray fluxes, and accel-
erator cross section measurements.?®> Geomagnetic effects are important and
there is some disagreement of these calculated fluxes with atmospheric muon
measurements at the 20% level.
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Figure 12. Allowed regions of the MSW plane determined by a x? fit to the SNO day and
night energy spectra and additional experimental and solar model data. The star indicates
the best fit.

The energies of the atmospheric neutrinos are in the range of 100 to
about 2000 MeV (Fig. 13) and therefore can be detected using interactions
on protons and neutrons. The most precise measurements have come from
the Super-K water Cerenkov detector where events can be classified by their
Cerenkov ring configurations. Single “fuzzy” rings are electrons, sharp and
filled in rings correspond to muons, and multiple rings correspond to NC
and CC single pion production. Sampling calorimeter experiments can also
separate event types due to their shower and penetration characteristics, as
was done in the NuTeV experiment. Examples of this type of experiment
include the Soudan II and future Minos experiment in the Soudan mine in
Minnesota.

Several experiments have observed deficits of v, events in their atmo-
spheric data samples. The assumption is that this is due to v, — v, or
U, — Usterile Oscillations. The zenith or azimuthal dependence of the mea-
sured atmospheric neutrino rate in the Super-K detector has provided the
most compelling evidence to date that neutrino oscillations have been ob-
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Figure 13. Comparisons of neutrino flux calculations for the location of the Super-K detec-
tor averaged over all directions. (From Ref. 25)

served. The distance from the atmospheric source for events coming from
overhead (cos@,enien = 1.0) is about 15 km versus the distance for events
originating on the other side of the earth (cos@,epnitn = —1.0) of 13,000 km.
This change in distance with azimuth and the spectrum of energies from the
atmospheric source provides an perfect laboratory for investigating oscilla-
tions.

The results from the Super-K experiment for 1290 days of running is
shown for three energy regions in Fig. 14. These data are compared to a
simulation without oscillations and with oscillations for the best fit values of
sin?20 = 1.0 and Am? = 2.4 x 1073 V2. In all three energy regions, the
e-like events agree very well with the expectation with or without oscillations.
On the other hand, the p-like events show a clear deficit, which changes with
zenith angle and agrees well with the oscillation hypothesis. The fact that
in Fig. 14 the data agree with expectation for cosf,cpitn = 1.0 and shows an
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Figure 14. Zenith angle distribution of Super-K 1289 days fully contained and partially
contained samples. Dots, green line, red line correspond to data, MC with no oscillations,
and MC with best fit oscillation parameters, respectively.

obvious deficit at cos 0 ,¢,i:n = —1.0 is clear evidence that the measured flux is
changing with distance. The best fit values give a x? of 132.4 for 137 degrees
of freedom, indicating that oscillations explain the data distributions well.

The CHOOZ, Bugey, and Palo Verde reactor experiments have searched
for 7. — U, oscillations in antineutrino beams from various reactors. The
mean energy of reactor antineutrinos is 3 MeV and the typical distances to
the detectors are about 1 km, giving sensitivity down to Am? >~ 1073 eV?2.
The CHOOZ experiment?® has the best sensitivity in the Super-K region and,
at Am?2 ~ 2 x 1073eV?2, limits sin® 20 < 0.18 at the 95% CL.

Super-K has also placed restrictions on oscillations to sterile neutrinos.
2T Three Super-K data sets are used in this study: a multi, e-like ring sample,
which is enriched in NC 7¥ events, expected to be be bigger for v, interactions
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VErsus Vgterile iNteractions since the sterile neutrinos do not interact; a par-
tially contained sample mainly composed of CC events with a mean energy of
10 GeV; and an upward through-going muon sample from CC v,, interactions
in the matter below the Super-K detector. These last two samples are depleted
near cos 0,en::n = —1.0 for sterile versus tau neutrinos due to matter effects
with the quarks in earth, since sterile neutrinos have no NC interactions. Fits
to the v, — v, versus v, — Vsierite hypotheses strongly favor oscillations to
tau neutrinos. Quantitatively, a 100% v,, — Vterite hypothesis is ruled out at
the 99% CL and the allowed oscillation fraction to sterile neutrinos is limited
to be < 25% at 90% CL.

7.1 Long-Baseline Oscillation Experiments

Long-baseline oscillation experiments can be used to check the atmospheric
results with better control of systematics, using a well-understood accelerator-
produced neutrino beam. They also hold the promise of doing more detailed
quantitative measurements of the oscillation parameters, and seeing directly
the oscillatory behavior in energy and distance expected from oscillations ver-
sus other explanations. With high statistics and good control of systematics,
these experiments can also address flavor issues: checking the existence of any
Vy — Vsterile cOmponent; directly observeing v, events; and looking for the
sub-dominant v,, — v, oscillation at the atmospheric Am?2. With accelerator-
produced neutrino beams in the few GeV energy range, the distance to a far
detector must be a few hundred to a thousand km. In order to control system-
atics, a near detector monitoring the beam before any oscillations can take
place is also an advantage.

Using the 12 GeV KEK proton synchrotron in Japan, the K2K experiment
has set up a low energy neutrino beam, (E,) = 1.4 GeV, directed towards the
Super-K detector 250 km away. The experiment also has several near detectors
at a 100 m distance for monitoring the beam and for use in comparing to
the rates in Super-K detector. With about half of their expected data, the
experiment has seen a significant deficit of interactions in Super-K relative to
the near detectors®®, observing 56 events with an expectation of 80.6 % 8.0
events with no oscillations and 52.0 events for Am? = 3 x 1073eV2. The
deficit is mainly in the region with energy below 1 GeV | is consistent with
oscillations with Am? ~ few x 1073eV? , and rules out the no oscillation
hypothesis at 97% CL.

This type of long baseline experiment will be continued in the future with
the MINOS experiment??. MINOS will have a 5.4 kton detector located in
the Soudan mine in northern Minnesota. A neutrino beam (NuMI - Neutri-

| 27




nos from the Main Injector) using 120 GeV protons from the Fermilab Main
Injector is produced using an 800 m long decay pipe excavated in the rock
below the Fermilab site and pointing down at a angle of 3.3 degrees towards
Minnesota. There is also a 1 kton near detector for beam monitoring and
comparison. The far (and near) detector are composed of 8 m diameter, 1
inch thick steel plates interspersed with solid scintillator planes composed of
4 cm wide long strips. The detector is 31 m long, composed of 486 layers,
and magnetized with a toroidal magnetic field averaging 1.5 Tesla. The horn
focusing system for the neutrino beam is flexible and can provide beams with
mean energies between about 3 and 20 GeV.

MINOS is optimally set up to investigate oscillations in the atmospheric
Am? region. The main technique would be a disappearance measurement
comparing the observed v, CC rate with that derived from the near detector.
With a low energy beam configuration, the experiment expects to see ~700
CC events/yr in the far detector, giving sensitivity to Am? > 1073 eV? and
measurement capabilities for the oscillation parameters Am? to the 10-20%
level and sin®26 to 0.10. With this sample, the MINOS experiment will
completely cover the Super-K atmospheric allowed region to 3.5¢0. In addition,
MINOS can search for a v, — Vgterie component by measuring the CC/NC
rate in the near and far detector. For v, — v,, the CC production of 7’s will
look like NC events 80% of the time so the CC/NC ratio will go down relative
to no oscillations. On the other hand, for v,, — Vgeriie oscillations, both the
CC and NC will be reduced by the same factor keeping the ratio constant.

Recently, it has been proposed to put another MINOS-prime detector at
an off-axis position relative to the NuMI beamline?3. Due to the kinematics
of m-decay, the energy spectrum of the beam will be fairly mono-energetic
for an angle of about 15 mr. Such a beam could allow the search for v, —
v, oscillations at the atmospheric Am? since the intrinsic v.’s in the beam
and the NC 7% production from high energy v, events would be significantly
reduced. A 20 kton detector in this off-axis configuration could be sensitive
at the 3o level to v, — v, oscillations with sin® 2015 ~ 0.02, which is about
x 10 better than the CHOOZ limit.

CERN is also planning a long-baseline program (CNGS — CERN to Gran
Sasso) based on two appearance experiments, OPERA and ICARUS. The
experiments are to be housed in the Gran Sasso Laboratory, which is located
750 km from CERN. The neutrino beam will be produced using 400 GeV
protons from the CERN SPS with secondary pions and kaons focused with
a magnetic horn into a 900 m decay pipe. The expected spectrum is much
higher energy than NuMI and optimized to detect the appearance of v.- events.
Since there are almost no intrinsic v,’s in the beam, a near detector is not
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Figure 15. The plot shows the 90% CL allowed regions from the fits to reconstructed CC
energy distributions for 10 kton-years of MINOS data. These distributions are generated
with specific oscillation parameters as indicated by the stars.

planned and an oscillation signal can be confirmed with only a few events.
The OPERA experiment uses emulsion bricks interspersed with electronic
trackers. The emulsion bricks are composed of 1mm thick lead plates followed
by 300 micron double sided emulsion plates stacked together in 56 layer units
that weigh 8.3 kg and are 10 X, long. Tau neutrino events are identified by
observed T-decays in the emulsion. The goal is to expose 1.5 ktons of these
hybrid emulsion bricks for 5 years and obtain a few dozen appearance v, events
over a very low background, ~ 0.5 events. The other CNGS experiment is
ICARUS, which is to use a 5 ktons of liquid argon instrumented as a time
projection chamber. If successful, this experiment will be a true electronic
bubble chamber with excellent detection and identification properties for all
species of neutrino events. Both ICARUS and OPERA as designed should
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have sensitivity over the full Super-K allowed region, decreasing in the lower
Am? = 1073 region.

8 Oscillation Experiments at High Am? - The LSND Region

Using data collected between 1993 to 1998 using the 800 MeV proton beam
from the LANSCE accelerator, the LSND (Liquid Scintillation Neutrino De-
tector) observed an excess of T, events in beam starting without this compo-
nent. The beam was produced from stopping 7 ’s made from interactions of
the 800 MeV protons in the beam stop. (Almost all 7~ ’s are captured and
do not decay.) The 7" decay chain produced v, v., and 7, neutrinos, but
no 7, neutrinos. The claimed oscillation signal was then associated with an
excess of T, events tentatively from 7,, — 7. oscillations:

T— uty,
— 6+I/eﬁu
if oscillations —T+p—et +n.

The LSND detector has 167 tons of liquid scintillator in a cylindrical tank
viewed by 1280 8-inch photomultiplier tubes on the outer surface looking
inward, and is located 30 m from the beam stop. The 7, signal gives an
outgoing positron whose scintillation light is observed and a neutron, which
also gives a 2.2 MeV ~ after capturing on a free proton in the tank. The
capture v in a candidate event is required to have the proper time, energy, and
spatial measurement using a likelihood technique. With this setup, 7,, — 7,
oscillations are probed for 7, energies between 20 and 55 MeV. The final
LSND results have been published,?® and indicate an excess of 87.9 4 22.4 4+
6.0 7. events corresponding to a 3.30 0.264 + 0.067 + 0.045 % oscillation
probability. Fig. 16 shows the energy distribution of the signal and background
events.

The KARMEN II experiment has also investigated this region of oscil-
lation parameter space although with less sensitivity than LSND. KARMEN
uses a pulsed 800 MeV proton beam from the Rutherford ISIS accelerator.
The beam is again a beam-stop pion decay at rest beam located 17.6 m from
the KARMEN detector. The detector used 56 tons of liquid scintillator con-
tained in 512 modules that were Gd doped to have better neutron capture
efficiency. Overall, the KARMEN II experiment probes the upper Am? part
of the LSND signal range. The data sample is ten times smaller than LSND
due to lower neutrino flux and less detector mass; the detector is located
closer to the neutrino source. For their final results, KARMEN II observed
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Figure 16. The energy distribution of the LSND excess events. The bottom cross hatched
areas gives the non-electron neutrino background, the next area the electron neutrino back-
ground, and the top area gives the best fit oscillation hypothesis at high Am?2.

no excess of 7, events; 11 events observed with 12.3+0.6 expected from back-
ground sources. Church et al.?! have done a joint analysis of the LSND and
KARMEN II results. They find that the two experiments are incompatible
at the 36% level and have mapped out the common parameter space shown
in Fig. 17. It is clear from this analysis that another experiment is needed to
make a definitive statement about the LSND anomaly.

The MiniBooNE experiment is designed to make a definitive investigation
of v, — v, oscillations in the LSND signal region. The experiment uses 8
GeV protons from the Fermilab booster synchrotron to produce a wide-band
neutrino beam with a mean energy of about 1 GeV. The protons hit a Be
target, and secondary pions and kaons are focused with a magnetic horn into
a 50 long decay pipe. A spherical detector, 12 m in diameter, is located
500 m away. The detector is filled with 800 tons of mineral oil (445 tons in
the fiducial volume) and instrumented with ~1280 8-inch phototubes on the
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Figure 17. Parameter regions deduced from the combined LSND and KARMEN data (grey
areas) compared with existing limits of experiments (Bugey Ue — 7y, CCFR v, — ve, and
NOMAD v, — v¢) and the predicted sensitivity of the future MiniBooNE experiment.

surface looking inward. (An isolated veto region covers the outside radius and
uses another 240 phototubes.)

The MiniBooNE beam is a very pure v,, beam with only a small contami-
nation of v.’s from K .3 and p decay. With two years of running, MiniBooNE
expects to record hundreds of thousands of v,, CC events over a background
of a few thousand v, and mis-identified events. The distance and energy are
matched to the LSND signal region with an L/E ~ 1 m/MeV and, if the
LSND signal is true, MiniBooNE should see hundreds to thousands of ex-
cess events. There are experimental handles to allow the size and shape of
all backgrounds to be determined from data. Two features have also been
instrumented to allow further background checks: 1) the decay has an inter-

32




target
&

Fermilab hap

8 GeV

|
Booster
. ‘
Cf

Figure 18. Schematic diagram of the MiniBooNE beamline.

450 m of dirt

250r 50 m

mediate absorber that can be used to shorten the decay pipe to 25 m and 2) a
narrow channel off the decay pipe has been instrumented to detect wide-angle
muons from K decay.

With 5 x 10%° booster protons (~2 year of running), MiniBooNE will
completely include or exclude the entire LSND signal region at the 50 level.
For this data sample, Am? can be measured to 0.1 eV? and sin®26 to 10-
60%. The MiniBooNE sensitivity at the 90% CL level is shown in Fig. 17.
If a signal is observed in MiniBooNE, then the next step would be to move
toward the two detector experiment, BooNE, by adding a second detector at
an appropriate distance. For high Am? ~ 1 eV?, the second detector should
be closer at about 250 m; for Am? = 0.3 eV?2, the new detector should be
at the Fermilab site boundary, 2000 m. With the BooNE two detector setup,
Am? can be measured to 0.014 eV2 and sin? 20 to <10 %.

9 Neutrino Oscillation Summary, Interpretations and Future
Prospects

The next steps for neutrino oscillation studies will be driven by the near term
results from the current set of experiments. If MiniBooNE sees a v, — v,
oscillation signal, then new experiments will be needed to investigate oscil-
lations at relatively high Am?2. At least four mass eigenstates are needed to
explain the solar, atmospheric, and LSND results implying the existence of
sterile neutrinos or CPT violation (see later).

If MiniBooNE refutes LSND, then MINOS(CNGS) will test the oscilla-
tion phenomenology and measure the parameters with better precision for the
atmospheric oscillation region. After fixing the atmospheric oscillation phe-
nomenology, the next step will be to determine the size of v,, — v, transitions
in the atmospheric Am? region. This transition is the path to measuring the
third mixing angle 6,3, to investigating matter effects and the mass hierar-
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chy of neutrinos, and to making searches for CP violation in the neutrino
sector. The MINOS/CNGS experiments will extend the search for v, — v,
oscillations by about a factor of two relative to the CHOOZ limit.

A MINOS off-axis experiment33 or a future experiment at the Japanese
Hadron Facility (JHF)3* could extend this search another factor of ten in
sensitivity; both options are being actively investigated. If, with these new
experiments, v,, — v, oscillations are not observed, then it will be necessary
to design a new experimental facility with the capability to measure sin? 2013
down to the 0.001 level. The new facility may be a long baseline, very high
intensity neutrino facility (“Superbeam”)> or a neutrino beam from a high
intensity muon storage ring facility (“v-Factory”)3%; again both of these op-
tions are being considered. If v,, — v, oscillations are observed at any point,
then a program of experiments to measure CP violation and matter effects
should be instituted.

In the scenario where MiniBooNE confirms LSND, a fourth (or more)
sterile neutrino type might be included to explain the three independent Am?
ranges for solar, atmospheric, and LSND. The fourth neutrino can be added in
a number of ways as shown in Fig. 19. In the 34+1 model, the fourth (mainly
sterile) neutrino is either lighter or heavier than all the others by Am? ¢y
and has small ("5%) admixtures of the v, v., and v,. The LSND v, — v,
oscillations occur by mixing through the sterile neutrino. The solar oscillations
are v, oscillations to a 50%/50% mixture of v, and v,. An example of the
flavor composition for a 3+1 model is given by

v, = +0.8511 + 0.51v9
v, = —0.36v; +0.60v2 + 0.71v3
v, = 40.36v7 — 0.60v5 4+ 0.71v3

In the 242 model, the four mass eigenstates are put together in two pairs
corresponding to the atmospheric and solar Am? values; these two pairs are
then split Am? ¢ p as shown in Fig. 19. In this model, atmospheric and solar
(or both) can have oscillation fractions to the sterile neutrinos but the fractions
must add to one, fsoiar + fatmos = 1. The current Super-K atmospheric
measurements limit fytmos < 0.25 at 90% CL and the SNO/Super-K solar
measurements limit f;oq < 0.40 at 90% CL. So, this model is still possible,
but only at the edges of probability and might have to be modified to include
more than one sterile neutrino to be viable. Maltoni et al.>” have made a
global analysis of the solar, atmospheric, LSND, Karmen, and reactor data
for the 3+1 and 2+2 models; the allowed regions from their fits is shown in
Fig. 20.
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Figure 20. Global combined fits 37 of current neutrino oscillation data. The allowed areas
correspond to 90% and 99% CL regions associated with the fit with the best fit points
marked by the star and circle. The dotted line is the 99% CL region from the LSND data
alone.

Another idea to explain the three oscillation signals invokes CPT violation
where the masses for a neutrino and its antineutrino partner can be different.
A crucial point is that the LSND signal is for antineutrino oscillations, 7,, —
Ve, and the solar neutrino deficit is for electron neutrinos disappearing, v,, —
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Figure 21. Example CPT violating mass spectrum that is able to explain the LSND, at-
mospheric, and solar neutrino evidence. The mass of the eigenstate is represented by the
height in the figure and the flavor components of the state by the shading.

ve. The CPT violation model put forward by G. Barenboim et al.® can
explain all current data by allowing the antineutrinos to have larger Am?
values than the neutrinos as shown in Fig. 21. This model will be tested
soon by the Kamland and MiniBooNE experiments. Kamland is looking for
the disappearance of reactor antineutrinos in the solar Am? range; with this
model they will see no oscillation signal. MiniBooNE can run with both v,
and 7, beams; for this model, MiniBooNE will only see an oscillation signal
for 7,’s.

Even if MiniBooNE refutes LSND, there are many more measurements
that need to be made in order to understand the neutrino mixing matrix,
neutrino mass hierarchy, and the possibility of CP violation. For a three
generation model, the mixing is given by

i
Ve 1 c13 s13€" c12 812 vy
vy | = C23 523 1 —812 C12 Vo
is
vy —823 C23 —s13€" c13 1 V3

Current measurements will determine 653 and 6,5 with some precision. Future
measurements need to accurately determine the two Am? values; the sign of
Am3, in order to fix the mass hierarchy; and the size of the missing angle,
013. If 013 is large enough, then the measurement of the CP violation phase
6 may be feasible by comparing v,, — v, and U,, — T, oscillations. For these
type of studies, a v-factory beam?®® from a high intensity muon storage ring
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(Fig. 22) would be ideal. The storage ring would provide a super-intense
neutrino beam with a wide (but well understood) range of energies. The
produced neutrino beam is mixed flavor with electron antineutrinos and muon
neutrinos for positive muon decay and the opposite for negative muon decay.

uoo—e +v,+ve
;ﬁ —>e++iu+ue

In addition, the beam is highly collimated allowing very long baseline exper-
iments in the few thousand kilometer range. By measuring v. — v, oscil-
lations, the signal becomes a search for wrong-sign muon events, which are
easy to identify and have reduced backgrounds. With this technique, it has
been estimated®® that sin®260;3 could be measured with a value as low as
0.001 for an exposure corresponding to 2 x 102° y-decays. These studies have
also looked at sensitivities for measuring matter and CP violation effects as
displayed in Fig. 23.

As a final note, it is interesting to compare the mixings of quarks and
neutrinos and speculate on this phenomenology. For the quarks, the mixing
is given by

d 0.97 0.22 0.003¢™\ [d

sl =1[-022 097 0.04 s

b 0.01 —0.04 0.999 b
and the neutrino mixing is given approximately by

Ve 0.7 0.7 <0.2e? vy

vy | =1 -05 05 0.7 vy

Uy 0.5 —-0.5 0.7 V3

The quark mixing has little mixing especially between d and b quarks; the
neutrinos readily mix among all species. Due to this large mixing in the neu-
trino sector relative to quarks, speculations have been put forward to explain
the baryon asymmetry in the universe through a lepton number violation us-
ing CP or CPT violation in the lepton sector. This possibility, along with the
implications of neutrino mass and oscillations for cosmology, astrophysics, and
Standard Model, makes this a very interesting time for neutrino physics.
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