



Neutrinos are the most ubiquitous matter particles in the universe. In number, they exceed the constituents of ordinary matter (electrons, protons, neutrons) by a factor of ten billion. They account for at least as much energy in the universe as all the stars combined and, depending on their exact masses, might account for a sizable fraction of the so-called “dark matter”. Neutrinos are also important in stellar dynamics. There are about $7 \times 10^9 cm^{-2} sec^{-1}$ streaming through the Earth from the Sun.  Neutrinos govern the dynamics of supernovae, and hence the production of heavy elements in the universe. Furthermore, if there is CP Violation in the neutrino sector, the physics of neutrinos in the early universe might ultimately be responsible for Baryogenesis. 

{\bf If we are to understand “why we are here” and the basic nature of the universe in which we live, we must understand the basics properties of the neutrino}.

In the last few years solar, atmospheric, and reactor neutrino experiments have revolutionized our understanding of the nature of neutrinos. We now know that neutrinos produced in a given flavor eigenstate can transform themselves into neutrinos of a different flavor eigenstate as they propagate over macroscopic distances. This means that, like quarks, neutrinos have a finite mass, the flavor eigenstates are different from the mass eigenstates, and hence neutrinos mix. However, we have incomplete knowledge of the properties of neutrinos since {\bf we do not know the spectrum of neutrino masses, and we have only partial knowledge of the matrix that describes the mixing between the three known neutrino flavor eigenstates}.  Futhermore, it is possible that the simplest three-flavor mixing scheme is not the whole story, and that a complete understanding of neutrino properties will require a more complicated framework. In addition to determining the parameters that describe the neutrino sector, the three-flavor mixing framework must also be tested.

The Standard Model cannot accommodate finite neutrino mass terms without some modification. We must either introduce right-handed neutrinos (to generate Dirac mass terms) or allow neutrinos to be their own antiparticle (violating lepton number conservation, and allowing Majorana mass terms). Hence {\bf the physics of neutrino masses is physics beyond the Standard Model}. 

Although we do not know the neutrino mass spectrum, we do know that the masses, and the associated mass-splittings, are tiny compared to the masses of any other fundamental fermion. This suggests that the physics responsible for neutrino masses is radically different from the physics of the Standard Model. Furthermore, although we do not have complete knowledge of the neutrino mixing matrix, we do know that it is qualitatively very different from the corresponding quark mixing matrix. The observed difference necessarily constrains our ideas about the underlying relationship between quarks and leptons, and hence models of quark and lepton unification in general, and Grand Unified Theories (GUTs) in particular. Note that in GUT models the seesaw mechanism provides a quantitative explanation for the observed small neutrino masses, which arise as a consequence of the existence of right-handed neutral leptons at the GUT-scale. Over the last few years, as our knowledge of the neutrino oscillation parameters has improved, a previous generation of GUT models has already been ruled out, and a new set of models has emerged specifically designed to accommodate the neutrino parameters. Further improvement in our knowledge of the oscillation parameters will necessarily reject many of these models, and presumably encourage the emergence of new ideas. Hence {\bf neutrino physics is experimentally driven, and the experiments are already driving our ideas about what lies beyond the Standard Model}.

Our desire to understand both the universe in which we live and physics beyond the Standard Model provides a compelling case for an experimental program that can elucidate the neutrino mass spectrum and mixing matrix, and test the three-flavor mixing framework. It seems likely that complete knowledge of the neutrino mass splittings and of the mixing matrix is accessible to accelerator-based neutrino oscillation experiments. This will certainly be the case if the unknown mixing angle $\theta_{13}$ is not too small. Even if $\theta_{13}$ does turn out to be very small, stringent upper limits will 

provide invaluable guidance to model builders, may indicate the existence of a new conservation law associated with the physics of neutrino mass, and would hopefully lead to new ideas about physics beyond the Standard Model.

In the long-term the route that must be followed to determine all of the neutrino properties accessible to accelerator-based experiments will depend on the value of $\theta_{13}$ and whether there are any surprises along the way. However, the next big step towards an accelerator-based program beyond the MiniBooNE, MINOS, K2K, and the CNGS program is independent of these uncertainties, and is determined by two things:

\begin{description}

\item{(i)} To probe $\theta_{13}$ we need to search for transitions between muon neutrinos $\nu_\mu$ and electron neutrinos $\nu_e$. These transitions also provide the key to understanding the pattern of neutrino masses and whether there is CP violation in the lepton sector.   

\item{(ii)} The crucial neutrino oscillation experiments must confront the smallness of the neutrino cross-section, the small $\nu_e \leftrightarrow \nu_\mu$ oscillation amplitude (at most O(0.01)), and the need for long baselines, at the cost of small neutrino fluxes. If precise values for all the neutrino parameters are required, the needed sensitivity can only be accomplished with a combination of the largest detectors affordable, the most intense neutrino sources affordable, and the longest running times that are reasonable.  A MW-scale proton source is necessarily a part of this recipe.

\end{description}

The conclusions presented in this report are based on studying a number of different scenarios, chosen to help us consider the different outcomes that are possible from the experiments we expect to be conducted before the Proton Driver era:

\begin{description}

\item{Scenario 1} 

$\sin^2 2\theta_{13} is just below the present limit. Specifically, $\sin^2 2\theta_{13} > 0.04$.  If this is the case the presently approved generation of experiments are expected to provide the first measurements of $\theta_{13}$ in the next few years.

\item{Scenario 2}

$\sin^2 2\theta_{13} is small, but is large enough for $\nu_\mu \rightarrow \nu_e$ transitions to be observable and the neutrino mass hierarchy to be determined (at the level of a few standard deviations) without a Proton Driver. Specifically, $0.04 < \sin^2 2\theta_{13} < 0.01$.

\item{Scenario 3}

$\sin^2 2\theta_{13} is too small for $\nu_\mu \rightarrow \nu_e$ transitions to be observable in accelerator-based experiments without a Proton Driver. Specifically, $\sin^2 2\theta_{13} < 0.01$.

\end{description}

Independent of which of the three $\theta_{13}$ scenarios nature has chosen, there are three special cases that must also be considered:

\begin{description}

\item{Special Case 1}

The atmospheric neutrino mixing angle $\theta_{23}$ is maximal.

\item{Special Case 2}

LSND Oscillations are confirmed by MiniBooNE.

\item{Special Case 3}

Something else unexpected is discovered.

\end{description}

The main conclusions described in this report are:

\begin{description}

\item{(1)}

In all scenarios, a long-baseline program at Fermilab based upon one or more very massive detectors and a 2 MW Main Injector beam (available in about a decade) would provide a unique World class cutting edge neutrino oscillation program, and provide a logical step towards a Neutrino Factory, if needed.

\item{(2)}

In $\theta_{13}$ Scenario 1 the unique contribution of the Fermilab Proton Driver based experiments to the Global neutrino oscillation program would be to: 

(i) Greatly improve our knowledge of the neutrino mass spectrum. Depending on the oscillation parameters and on the sensitivity that might be achieved by a NuMI based experiment in the pre Proton Driver era, the Proton Driver era experiment(s) would either make the first determination of the neutrino mass hierarchy by distinguishing between the so called “normal” or “inverted” patterns of masses that are presently viable, or would increase the significance of an existing observation from the “first evidence” level to a high degree of confidence. Depending on the oscillation parameters, to achieve this goal might require a multi-step program, and might require combining Fermilab Proton Driver results with results from shorter baseline experiments (for example, an {it upgraded} T2K experiment in Japan). The possible evolution of the sensitivity to the neutrino mass hierarchy, characterized by, for any given value of $\sin^2 2\theta_{13}$, the fraction of the parameter space within which the mass hierarchy would be determined, is shown in Fig.~1. In all cases the Proton Driver program will provide crucial measurements needed to determine the pattern of neutrino masses.

(ii) Would enable the first sensitive searches for CP violation in the lepton sector. This would be part of a global program, beginning with a search based on the Fermilab Proton Driver experiment(s) alone, but gaining much greater sensitivity when combined with shorter baseline experiments, for example an {\it upgraded} T2K experiment in Japan.  The possible evolution of the sensitivity to CP violation, characterized by, for any given value of $\sin^2 2\theta_{13}$, the fraction of the parameter space within which CP violation would be observed, is shown in Fig.~2. Note that a Fermilab Proton Driver program would play a unique and critical role in the Global search for CP violation and the precision measurements that would be required following discovery.

\item{(3)}

In $\theta_{13}$ Scenario 2 the unique contribution of the Fermilab Proton Driver based experiments to the Global neutrino oscillation program would be:

(i) Greatly improve our knowledge of the neutrino mass spectrum by making the first determination of the neutrino mass hierarchy. Depending on the oscillation parameters, to achieve this goal might require a multi-step program, and might require combining Fermilab Proton Driver results with results from shorter baseline experiments (for example, an {it upgraded} T2K experiment in Japan). However, in all cases the Proton Driver program will provide crucial measurements needed to determine the pattern of neutrino masses (see Fig. 1).

(ii) Would enable the first sensitive searches for CP violation in the lepton sector. This would be part of a global program, and will require a Proton Driver program with multiple detectors and/or additional results from shorter baseline experiments, for example from an {\it upgraded} T2K experiment in Japan (see Fig.~2). Note that a Fermilab Proton Driver program would play a unique and critical role in the Global search for CP violation and the precision measurements that would be required following discovery.

\item{(4)}

In $\theta_{13}$ Scenario 3 the unique contribution of the Fermilab Proton Driver based experiments to the Global neutrino oscillation program would be:

(i) Significantly improve our knowledge of $\theta_{13} by improving the sensitivity by about a factor of 5. This will push the $\theta_{13} sensitivity as far as seems possible using conventional neutrino beams, and will give experience with a Neutrino Factory class Proton Driver (and perhaps an associated muon source) should it be necessary to go further by building a Neutrino Factory.

(ii) Enable the neutrino mass hierarchy to be determined within a significantly extended  region of parameter space (see Fig. 1). This will require a very long baseline experiment and hence a new beamline. However, this beamline could be built as a second phase, after $\theta_{13}$ has been determined to be finite, or alternatively the Proton Driver complex could evolve into a Neutrino Factory which would enable the neutrino oscillation physics program to be completed with high precision.

(iii) Enablea search for CP violation in the lepton sector over a significantly extended  region of parameter space (see Fig. 2). This will require a very long baseline experiment and hence a new beamline, and will also require a greatly upgraded T2K experiment (or equivalent). However, the additional investment could be made as a second phase, after $\theta_{13}$ has been determined to be finite, or alternatively the Proton Driver complex could evolve into a Neutrino Factory which would enable the neutrino oscillation physics program to be completed with high precision.

\end{description}

In summary, for all three $\theta_{13}$ scenarios there is a strong physics case for a long-baseline neutrino oscillation program at a new 2MW Fermilab Proton Driver. In scenarios (1) and (2) the main contributions of the Proton Driver program to the Global neutrino program are qualitatively similar. In scenario (3) the Proton Driver would provide the last significant step that can be made with conventional neutrino beams, and prepare the way (or perhaps evolve into) a Neutrino Factory program.

