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1 Introduction
Perspective

Within the next ten years the Standard Model will likely have to be modified to
encompass a wide range of newly discovered phenomena, new elementary particles,
new symmetries, and new dynamics. These phenomena will be revealed through
experiment with high energy particle accelerators, mainly the LHC. This will represent
a revolution in our understanding of nature, and will either bring us closer to an
understanding of all phenomena, through existing ideas such as supersymmetry to
superstrings, or will cause us to scramble to find new ideas and a new sense of direction.
We are thus entering a dramatic and important time in the quest to understand the
fundamental laws of nature and their role in shaping the universe.

The energy scales now probed by the Tevatron, of order hundreds of GeV, will soon be
subsumed by the LHC and extended up to a few TeV. We expect the unknown structure
of the mysterious symmetry breaking of the Standard Model to be revealed. We will
then learn the answer to a question that has a fundamental bearing upon our own
existence: "What is the origin of mass?"

All modern theories of "electroweak symmetry breaking" involve many new particles,
mainly to provide a "naturalness" rationale for the weak scale. Supersymmetry (SUSY)
represents extra (fermionic) dimensions of space, leading to a doubling of the number
of known elementary particles and ushering in many additional new particles and
phenomena associated with the various symmetry breaking sectors. The possibility of
additional bosonic dimensions of space would likewise usher in an even greater
multitude of new states and new phenomena. Alternatively, any new spectroscopy may
indicate new principles we have not yet anticipated, and we may see new strong forces
and/or a dynamical origin of mass. The wealth of new particles, parameters, CP-phases,
and other phenomena carries important implications for precision quark flavor physics
experiments that are uniquely sensitive probes of new phenomena.

We have already begun to see the enlargement of the Standard Model in the leptonic
sector. Neutrino masses and mixing angles, which in the early 1990's were unknown,
must now be incorporated into our full description of nature. In a minimal scenario of
Majorana masses and mixings amongst the three known left-handed neutrinos, we see a
strong hint of a new and very large mass scale, possibly associated with grand
unification or the scale of quantum gravity, the Planck mass. We are not yet sure what
the proper description of neutrino masses and mixing angles will be. Experiments may
reveal additional unexpected particles coupled to the neutrino sector. New phenomena,
such as leptonic CP-violation, will be major focal points of our expanding
understanding of the lepton sector. There is much to be done with experiment to attack
the issues that neutrinos now present.

Already, developments in neutrino physics and the possibility of a novel source of CP-
violation in the lepton sector have spawned hopes that the cosmic matter-antimatter



asymmetry may be explained through leptogenesis. Neutrino physics, together with the
search for new energy frontier physics, offers the possibility of experimental handles on
the questions of dark matter and dark energy. Without the discovery of new particles in
accelerator experiments, the telescope-based cosmological observations of the early
universe would remain unexplained puzzles. The process of understanding the laws of
physics in greater detail through accelerator-based high energy physics will potentially
have incisive impact on our understanding of dark matter and dark energy.

Precision flavor physics in both the quark and the lepton sectors offers a window on the
sensitive entanglement of beyond-the-Standard-Model physics with rare processes,
through quantum loop effects involving known or new states. Flavor physics offers
sensitive indirect probes and may be the first place to reveal additional key components
of the post-Standard Model physics. The main arenas for quark flavor physics include
strange, charm and beauty, hence kaons, D-mesons, B-mesons and heavy baryons. A
remarkable historical paradigm for the importance of flavor physics is the well known
suppression of flavor-changing neutral currents. The analysis of the K;—Kg mass
difference by Gaillard and Lee, 35 years ago in the Fermilab Theory Group, led to the
confirmation of the GIM mechanism and predicted the mass of the charm quark, m. ~ 1.5
GeV, definitively and prior to its discovery. This, today, implies an astonishing constraint
on SUSY models, e.g., that the down and strange squarks are mass degenerate to 1:10°.
This, in turn, has spawned a new working hypothesis called "Minimal Flavor Violation"
(MFV). But is MFV really a true principle operating in nature and, if so, where does it
come from? Such questions can only be addressed in precision flavor physics
experiments.

Modes in rare K and B decays have been calculated to a high degree of precision within
the framework of the Standard Model. Hypothetical new phenomena coming from
physics beyond the Standard Model can lead to departures from these precise predictions.
In the lepton sector there remains a large unexplored territory in rare muon decays
accessible to modern experiments with similar sensitivity to new physics. The spirit of
the approach remains very much the same as in the era of Gaillard and Lee.

Flavor dynamics and the origin of quark and lepton masses and mixings are amongst the
least understood topics in elementary particle physics, representing the darkest corner of
the Standard Model. There is a plausible "string-inspired" view that the ultimate
understanding of flavor dynamics will come only from a more fundamental theory at the
inaccessible GUT or Planck scale. Yet, we do not know definitively the scale of and
origin of these phenomena. Plausible theories abound in which flavor dynamics could be
rich at scales of order hundreds of TeV and accessible to K, B, D, and rare muon
transition experiments. In fact, rare decays provide a method to address the ultra high
energy > 100 TeV scale in nature. The discovery of new physics in the study of CP-
violating and rare decay processes would play a fundamental role in sculpting a
revolutionary new view of the physical world.



Creating Opportunities

Experimental particle physics advances by synthesizing insights won by many techniques.
Collider experiments have taken us to the energy frontier with proton-antiproton
collisions at the Tevatron and electron-positron interactions at LEP and SLC. Colliders
have enabled measurements of great delicacy at the B factories and CLEO. Fixed-target
experiments have been major contributors to flavor physics, our knowledge of nucleon
structure, and our understanding of neutrino properties and interactions. However, many
of the accelerator experiments that have helped define the diversity and scale of our
program, and have helped drive the past decades of discovery, are coming to an end.

Beyond the Tevatron Collider program, we look forward to the Large Hadron Collider,
which will place experiment squarely in the heart of the TeV scale essential to the
understanding of electroweak symmetry breaking. Fermilab is a key player in the LHC
program, as a developer of superconducting magnets, the headquarters of U.S. CMS, and
the site of the LHC Physics Center. The high-energy frontier is part of Fermilab’s
heritage, and remains an essential element of its future.

Doing good science and making new scientific tools available is critical to our
challenging future. This requires the broadband energy frontier assault that the LHC
provides, followed by the incisiveness of the ILC. We must also explore the energy
frontier beyond the ILC via a multi-TeV scale lepton collider, such as CLIC or the muon
collider. Both of these machines pose extreme technical challenges and have comparable
degrees of unproven technological viability. Bold new concepts in overcoming some of
these challenges have evolved in recent years and need to be tested.

This document describes a framework for constructing an adaptable program that will
bring world-class science in the short term, can evolve toward world-leading experiments
in the medium term, and prepares the technological ground for ambitious energy frontier
accelerator initiatives in the future. While providing views of more than one possible
long-term future, the program develops in stages, allowing for multiple decision points
that refine and optimize the ultimate path and destinations. Scientific opportunities and
the state of technology will inform each decision. Our overarching goal is to create a
diversity of possibilities as we continue our tradition of discovery.

Above all, it is imperative that we adopt a realistic view and understanding of what can
be done now, as well as a strong vision of regaining the energy frontier in the future. A
new high-luminosity proton source, Project X (a national project with international
collaboration), could provide a diverse interim physics program, and could potentially
drive long range future accelerator initiatives. This would form the basis for the U.S.
leadership in neutrino physics, and a parallel program of world-class kaon and muon
experiments. The first phase could be developed with some of these experiments prior to
the availability of Project X, using enhanced, existing facilities at Fermilab. As Project X
becomes available, these experiments could enter a next phase in which the ultimate
capabilities are achieved.



Project X calls for the development of the same superconducting radio-frequency
technology as will be used in the ILC. Thus the pursuit of Project X would spur U.S.
industrialization in this vital area while also providing a system test for key ILC
components. The expertise gained through this work would position the U.S. and
Fermilab to contribute significantly to the global ILC effort and would help position
Fermilab to host the ILC.'

We focus here on a menu of experiments at the sensitivity frontier that work coherently
with the laboratory’s committed program in neutrino physics (MINOS through NOvA) to
opportunities of next-generation neutrino experiments of great sensitivity to leptonic CP
violation that would require a multi-MW proton source and a very large, longer baseline
detector. Prominent examples are studies of the charged and neutral rare kaon decays K
- zvv and the search for lepton-flavor violation in muon-electron conversion. These
experiments, each with the capability to affect dramatically our understanding of the
fundamental interactions, can produce world-class results with modest reconfiguration
and improvement of the existing accelerator complex. Enhanced by a new bright proton
source, Project X, they would become world-leading experiments. The superconducting
linac would demonstrate the superconducting RF technology of the ILC and may
ultimately provide a platform for developing an evolutionary path to a muon-storage-ring
neutrino factory and a multi-TeV muon collider.

Not every item on the experimental menu will be chosen. The possibility of mounting
some experiments early will be explored and R&D resource needs to investigate these
possibilities are modest. The resource scope of a new high intensity proton source that
drives this research program into the future is comparable to the Main Injector project
(http://projectx.fnal.gov/RnDplan/). With the flexibility to construct a coherent program,
we can deliver discovery science, renew the user community by encouraging young
scientists to bring new ideas, and create possibilities for the future of particle physics.

"The ILC's opportunities for discovery have motivated the global particle physics
community to come together in an effort to design the accelerator and its experimental
program. Fermilab has contributed strongly to this effort: the design of the accelerator;
the development of SCRF technology in the U.S.; the design of the physics and
experimental program; the site studies necessary for hosting the ILC at or near Fermilab;
and the establishment of a test-beam facility for the development of ILC detectors. The
ILC and related SCRF efforts at Fermilab make up by far the laboratory's largest future
program.



2 The Proton Source Roadmap for Fermilab

Fermilab is embarked upon a program of continuous performance improvements to the
proton complex in support of the ongoing needs of the neutrino program. This program is
being implemented in phases, with the “Proton Plan” currently underway, to be followed
by accelerator upgrades implemented as part of the NOvA project. The Proton Plan aims
to deliver roughly 340 kW of beam power to the NuMI target, coincident with 70 kW to
the antiproton production target in early FY 2009. Following completion of Run II the
total, 410 kW, would be available on the NuMI target. The NOvA Project includes
accelerator and NuMI target station upgrades aimed at delivery of 700 kW of beam
power to the NuMI target.

Following completion of the Proton Plan there are several paths to further increase the
proton beam power available at Fermilab that have been considered. These paths include
evolution and further upgrade of the existing complex to “Super-NuMI” (SNuMI),
construction of a new rapid cycling synchrotron, and construction of a high-power linac
based on Superconducting RF technology (SCRF) developed for the ILC. The path
based on a new SCREF linac is referred to as “Project-X” and has been identified by the
Fermilab Steering Group as the most compelling path forward. The Project-X path
described below provides the greatest flexibility toward a very high power facility while
simulataneously advancing energy-frontier accelerator technology.

The table below compares performance of the present complex with the SNuMI path
forward and the Project-X path forward. The first three columns represent current
performance and improvements now underway. The last two columns list SNuMI and
Project X parameters. All columns are based on injecting beam from the existing 8 GeV
Booster, except for Project X, which eliminates the need for the Booster. While the table
does not list any beam power availability at 8 GeV in SNuMI, protons could be made
available at this energy at the expense of availability at 120 GeV.

Current | Proton Plan | NOvA | SNuMI | Project X Unit
Batch intensity (8 GeV) 3.0E12 4.3E12 | 4.1E12 | 4.5E12 5.6E13 | protons/pulse
Rep rate 9 9 12 13.5 5 Hz
Protons / hour 9.7E16 1.4E17 | 1.8E17 | 2.2E17 1.0E18
Main Injector batches 11 11 12 18 3
MI batches to pbar target 2 2 0 0 0
MI cycle time 24 2.2 1.33 1.33 1.4 Second
NuMI beam power (120 GeV) 216 338 710 1169 2304 kW
8 GeV beam power (available) 14 17 16 0 205 kW
Injection energy (1* synch) 400 400 400 400 8000 MeV
By 1.45 1.45 1.45 1.45 90.30
Injection emittance 10 10 10 10 20 Tmm-mr
Injection space charge tune shift 0.15 0.22 0.21 0.23 0.07

Table 1 Proton sources at Fermilab. NOvVA column includes a potential upgrade of the Booster
repetition rate to support simultaneous delivery of 2x10? protons / year at 8 GeV. NOVA itself
requires Booster operations at 9 Hz.




2.1 Project X

Project X is identified in the Fermilab Roadmap as described in the Fermilab Steering
Group Report as the preferred route forward for the proton based program at Fermilab.

(http://www.fnal.gov/pub/directorate/steering/index.shtml).

Stripping Foil

ILCHike 8 GeV H" Linac
9 mA x 1 msec x 5 Hz
Recycler

2 linac pulses/fill

8 GeV slow or fast spill
2.25 x 10" protons/1.4 sec
200 kW

Main Injector
1.4 sec cycle

120 GeV fast extraction
1.7 x 10 protons/1.4 sec
2.3 MW

Single turn transfer
at 8 GeV

Figure 2.1: Schematic view of Project X

Project X is based on an 8 GeV superconducting A linac, paired with the existing (but
modified) Main Injector and Recycler rings, to provide in excess of 2 MW of beam
power throughout the energy range 60 — 120 GeV, simultaneous with at least 100 kW of
beam power at 8 GeV. The linac utilizes technology in common with the ILC over the
energy range 0.6 — 8.0 GeV. Beam current parameters can be made identical to those of
ILC resulting in identical RF generation and distribution systems. This alignment of ILC
and Project X technologies allows for a shared development effort. The initial 0.6 GeV of
the linac draws heavily on technology developed by Argonne National Laboratory for a
facility for rare isotope beams. It is anticipated that the exact configuration and operating
parameters of the linac will be defined through the R&D program and will retain
alignment with the ILC plan as it evolves over this period.

Utilization of the Recycler Ring as an H' stripper and accumulator ring is the key element
that provides the flexibility to operate the linac with the same beam parameters as the
ILC. The linac operates at 5 Hz with a total of 5.6x10"* A ions delivered per pulse. H’s
are stripped at injection into the Recycler in a manner that “paints” the beam both
transversely and longitudinally to reduce space charge forces. Following the 1 ms
injection, the orbit moves off the stripping foil and circulates for 200 msec, awaiting the
next injection. Following three such injections a total of 1.7x10'* protons are transferred
in a single turn to the Main Injector. These protons are then accelerated to 120 GeV and
fast extracted to a neutrino target. The Main Injector cycle takes 1.4 seconds, producing
approximately 2.3 MW of beam power at 120 GeV. At lower proton energies Main
Injector cycle times can be shorter, allowing a beam power above 2 MW in the range of
proton energy between 60 GeV and 120 GeV. In parallel, because the loading of the
Recycler only requires 0.6 seconds, up to four linac cycles are available for accumulation
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and distribution of 8§ GeV protons from the Recycler. Total available 8 GeV beam power
lies in the range of 100-200 kW, depending on the energy in the Main Injector.

It is anticipated that Project X configured as described above would initially support high
intensity neutrino beams to the NOVA experiment, in parallel with a rare-decay research
program driven with the intense 8 GeV proton source. Depending upon future directions,
flexibility is retained for delivering neutrinos toward the DUSEL site and/or protons into
the Tevatron.

2.2 Rare Decay Experiment Requirements of the 8 GeV Proton Complex

The next generation of rare-decay experiments requires kaon and muon beams of
extraordinary quality. These experiments operate at the intensity frontier, where
conventional decay and interaction processes can conspire in a high-rate environment to
mimic the sought-after rare decay signatures. The principal weapon to control these
backgrounds is the partnership of detectors that deliver excellent time resolution with
high duty-factor beams which minimize the instantaneous rates that the detectors must
face. Project-X is an exceptional opportunity to build a high intensity 8-GeV proton
beam complex with nearly 100% duty factor and high availability (nominally 5000 hours
per year). This complex could be realized with the intrinsically high duty factor SCRF 8-
GeV linear accelerator driving a series of stacking and stretcher rings configured to
deliver the RF structure required by the experiments. The joint potential of high duty
factor and high availability would make the Fermilab complex a unique resource for rare-
decay experiments.

Both the muon and kaon rare decay programs could have Phase I operation before the
high-power Project X era (Phase II). A conceptual scheme has been developed to
establish the required RF structure for Phase-I operation for both programs with an
evolution of the existing Accumulator and Debuncher complex into an 8-GeV “stretcher
ring”. The scheme is described in some detail in the Fermilab Steering Group report. The
proton beam RF train requirements for the kaon and muon programs are listed below in
Table 2.

Train Frequency | Pulse Width | Inter-Pulse
(MHz) (nanoseconds) | Extinction
Kaon experiments 20-30 0.1-0.2 10~
Muon conversion experiment 0.5-1.0 50 107
Muon g-2 experiment 30-100 50 -

*muon conversion extinction is achieved by a combination of extinction in the circulating
beam/extraction and in an external device in the proton beam transport

Table 2: RF train requirements for the kaon and muon rare decay programs.
The average Phase-I beam current in an Accumuator/Debuncher stretcher ring would be

about two amperes, comparable to B-factory currents and manageable with now standard
accelerator instrumentation and techniques. Phase-II operation with the Accumulator /

11



Debuncher stretcher complex would lead to an order of magnitude higher circulating
current which may lead to beam instabilities (driven by electron cloud effects for
example) that could compromise the integrity of the RF train or the high duty factor
required by the experiments. This can be mitigated by more rapid cycling of the 8 GeV
Recycler/Debuncher/Accumulator complex, more sophisticated beam instrumentation
and feedback, or evolution and construction of another stretcher ring in the complex for
Phase-II operation. =~ More rapid cycling of the 8 GeV complex would come at the
expense of duty factor, but is relatively straightforward. Advanced instrumentation and
feedback is possibly a solution but does not scale well to even higher power in the
complex. A larger stretcher ring based on the Recycler or Tevatron infrastructure would
reduce the circulating beam current by a factor of six and twelve, respectively. It has the
best scaling properties for the complex, thereby reducing technical risk but comes with a
greater initial capital cost. A larger stretcher ring also preserves the Fermilab antiproton
complex for possible future experiments. A study group of experimenters and accelerator
physicists is now actively reviewing these options to determine the best path forward for
a Phase-II stretcher ring complex.

2.3 Comparison to Other Facilities.

The intensity frontier physics potential has motivated investments world-wide in next
generation proton facilities. How the evolution of the Fermilab proton complex fits in
this context is summarized here.

For long-baseline neutrino physics the principal metric is high-energy beam power where
the Fermilab Main Injector and the new JPARC proton facility in Japan will be leading
the next decade. The JPARC facility has a near term goal of >400 kW, comparable to the
NOvA-era Proton Plan. JPARC is considering upgrades to 1.6 MW with 50 GeV
protons by the end of the next decade. Project X would be able to deliver over 2 MW in
the wide range of proton energy between 50 and 120 GeV in a similar time scale.

For rare-muon and rare-kaon decay physics the facility metric is more nuanced than
neutrino facility metrics. Beam power, duty factor, beam availability and the ease of
implementing necessary RF beam structures are all important elements. After the
Tevatron collider program is complete, the existing multiple rings in the Fermilab
accelerator complex can be redeployed as elements of a unique high duty factor and high
availability facility with an order of magnitude higher sensitivity than other facilities
world-wide. As an example, the comparative power of Project X among world-wide
facilities for kaon physics is tabulated in Section 4.

For physics driven by antiproton beams, the existing Fermilab facility already exceeds
the intensity goals of the GSI antiproton facility projected to come online late in the next
decade. With the construction of a new accelerator ring dedicated for experiments, the
current antiproton source will then be able to drive an antiproton based research program
with an expected yearly antiproton yield of an order of magnitude higher than the one at
GSI. In Section 5 the existing/projected Fermilab and projected GSI antiproton facilities
are compared.
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3 Neutrinos
3.1 Introduction
3.1.1 Neutrino Oscillations

During the past decade, we have found compelling evidence that neutrinos oscillate
between flavors, which implies that they have nonzero masses. Laboratory and
astrophysical data indicate that these masses are extremely small. Their small size
suggests, through the “see-saw” mechanism, that new physics occurs at an ultra-high
mass scale very close to the grand unification scale. Thus, neutrino masses provide a
tantalizing window on physics way beyond the purview of the Standard Model.

Neutrino oscillation also implies that leptons mix, just as quarks do. As with quark
mixing, leptonic mixing can lead to CP violation, which is a key requirement of theories
that try to explain the baryon-antibaryon asymmetry of the universe. While CP violation
in the CKM quark mixing matrix cannot explain this asymmetry, there is the remarkable
prospect that, through “leptogenesis,” leptonic CP violation can explain it.

To learn more about the new physics to which neutrino masses point and about the
possibility of leptogenesis, we need to answer two qualitative questions:

1. Is the neutrino mass hierarchy normal (i.e., quark-like) or inverted?
2. Do neutrino interactions violate CP?

Also important is a quantitative third question:
3. What is the approximate size of the small leptonic mixing angle 6,3?

In the past decade, dramatic insights into the nature of neutrinos have been gained from
experiments with naturally-occurring neutrinos.  However, answering these new
questions will require experiments with man-made neutrinos, from accelerators and
reactors. In particular, answering the qualitative questions / and 2 will almost certainly
require intense neutrino beams from accelerators. An important first step in this direction
will be made by the NOVA experiment, using a beam from Fermilab.

In this section, we briefly review what has been learned so far about the neutrinos,
discuss the importance of the open questions /-3, and consider how these questions can
be answered, while recognizing that as in the past, neutrinos may bring us unexpected
surprises in the future.

What we have learned so far
Neutrinos come in three “flavors™: v., v,, and v, Each of these is coupled only to the

charged lepton of the same flavor: v, to the e, v, to the x4, and v;to the 7. If there are
additional neutrino flavors, they must be very massive or have non-Standard-Model
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couplings. Neutrino oscillation is the remarkable morphing of a neutrino of one flavor
into that of another. The leptonic mixing implied by this oscillation means that each
neutrino of definite flavor, v,,is not a neutrino of definite mass, v;, buta superposition of

*

such neutrinos. This superposition is given by v, = ZiU v, , where U is the unitary

ar’l
leptonic mixing matrix. Conversely, each neutrino of definite mass is a superposition of
the neutrinos of definite flavor, given by v, = Za u,v,.

A sin®0 |,
V3m Vo AN } Am2
T v.r7Z2 N1 sol
AInzatm
(Mass)? or Amzatm
Vo 77N } Am2
vzl sol V3 &\\\\NHIIIIIIIIIIIIIIIIII
sin% 5
Normal Inverted

4.1,  Nv,[U,12 v, [0,

Figure 3.1 The neutrino (Mass)” spectrum.

Since there are three neutrinos of definite flavor, there must be at least three of definite
mass: v;, 1, and v;. Oscillation data tell us that the (Mass)” spectrum of these neutrinos
is one of the two spectra shown in Figure 3.1. The spectrum on the left, with the closely-
spaced pair at the bottom, resembles the charged lepton and quark spectra, and so is
referred to as a “normal” spectrum or hierarchy, while the very unusual one on the right,
with the closely-spaced pair at the top, is referred to as an “inverted” spectrum or
hierarchy.

The atmospheric (Mass)” splitting in Figure 3.1, Am’ym = 2.4 x 107 eV?, drives the
observed behavior of atmospheric neutrinos, while the thirty-times smaller solar (Mass)
splitting, A= 7.6 x 107 eV?, drives the behavior of solar neutrinos. The approximate
Ve, Vi and v; fractions of each neutrino are shown by different color/hatching. However,
the v, fraction shown for the isolated neutrino v; is just an illustration of the possibilities.
At present, we know only that, at 2o, this fraction, whose size is the mixing parameter
sin’63, is no larger than 0.032.
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Neglecting phases irrelevant to neutrino oscillation, the leptonic mixing matrix can be
written in the form

Atmospheric Cross-Mixing Solar

—id
l O 0 Cl3 O S13€ (.‘12 512 O
U=|0 ¢33 sy3lx| 0 1 0 |x|-s; ¢p O

0 —.923 C23 [—Sl3eia O (:'13 J 0 O l (1)

Here, c¢; = cosf; and s; = sin@;. The first, “Atmospheric,” matrix factor dominates
atmospheric neutrino oscillation, and from the atmospheric neutrino data, 37° < 6,3 < 53°
at 90% CL. The last, “Solar,” factor dominates solar neutrino flavor change, and from
the solar (and to some extent the KamLAND reactor) data, 8, = (33.9723)°. In striking

contrast to the small quark-mixing angles, the atmospheric and solar neutrino mixing
angles, 63 and 6),, are both very large. Indeed, the value of 63 that fits the data best is
45° — maximal mixing. The middle, “Cross-Mixing,” factor involves the mixing angle
613, which is constrained by upper limits from reactor data to < 10°, corresponding to
sin“2613< 0.12. The Cross-Mixing factor also contains the CP-violating phase &, which,
if not 0° or 180° leads to a CP-violating difference between the probabilities for
corresponding neutrino and antineutrino oscillations. However, as the expression above
for U makes clear, o enters leptonic mixing only in the (63, §) combination sinés exp(—
19). Thus, the size of any J&induced CP-violating difference between neutrino and
antineutrino oscillation will depend on the value of &5. In addition, our ability to tell
whether the neutrino mass spectrum is normal or inverted will depend on &s.
Consequently, it is important to know for how small a value of &3 any proposed
experimental facility can still show that neutrino and antineutrino oscillations violate CP,
and still determine the nature of the neutrino mass spectrum.

The importance of the open questions
1. Is the neutrino mass spectrum normal or inverted?

The most plausible explanation for the extreme lightness of neutrinos is the “see-saw
mechanism.” Given this lightness, the see-saw mechanism suggests that neutrino masses
come from physics near the grand unification energy scale, 10'® GeV. Needless to say,
physics from ~10'® GeV is far beyond the scope of the Standard Model. From the
standpoint of the Grand Unified Theories (GUTs) that describe physics at this scale, we
expect the neutrino spectrum (or “hierarchy”) to resemble the charged lepton and quark
spectra. The reason is simply that, in GUTs, the neutrinos, charged leptons, and quarks
are all related — they belong to common multiplets of the theory. On the other hand,
some classes of string theories lead one to expect an inverted neutrino spectrum. Thus, in
working toward a theoretical understanding of the origin of neutrino mass, we would
certainly like to know whether the mass spectrum is normal or inverted.
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The nature of the spectrum can also help us determine whether, as is widely expected,
neutrinos are their own antiparticles. The only known practical approach to confirming
this expectation is to show that neutrinoless double beta decay occurs. The rate for this
process is proportional to the square of an effective neutrino mass, (mgp). If the mass
spectrum 1is inverted, then (mgg) must be larger than 10-15 millielectron volts (meV).
Thus, if the spectrum should be found to be inverted, and a search for neutrinoless double
beta decay can establish that the rate for this process is less than the rate that would
correspond to (mpp) = 10 meV, then we will have learned that, contrary to prejudice,
neutrinos are distinct from their antiparticles. Looking at the matter in another way, if the
spectrum should be found to be inverted, and neutrinos are their own antiparticles, then
an experimental search for neutrinoless double beta decay is guaranteed to see a signal if
its reach extends to (mpg) = 10 meV.

The question of the character of the spectrum may involve more than the issue of whether
it is normal or inverted. The LSND experiment reported an antineutrino oscillation
whose short wavelength calls for a (Mass)” splitting much larger than either of those in
the three-neutrino spectra of Fig. 3.1.1. Confirmation of the reported oscillation would
require that the neutrino spectrum be revised altogether to include one or more additional
states. The MiniBooNE experiment, aimed at testing LSND, does not confirm the LSND
oscillation in neutrino running. However, it is possible that the LSND signal may still be
confirmed in antineutrino running. Furthermore, MiniBooNE has observed an excess of
events at low energies which could suggest new physics. The interpretation of this excess
may be addressed through future precision low energy neutrino experiments. In this
report, we have assumed a three-neutrino spectrum in making our plans, but with a
watchful eye on future developments.

2. Do neutrino interactions violate CP?

We would like to know why the universe contains baryons, of which we are made, but
almost no antibaryons, which, had they been present, would have annihilated us. An
explanation for this crucial feature of the universe is suggested by the see-saw
mechanism. This mechanism gives the light neutrinos ultra-heavy (perhaps GUT-scale)
neutrino “see-saw partners.” Both the light neutrinos, v, and their heavy see-saw partners,
N, are their own antiparticles. The heavier the N are, the lighter the v are. The heavy
neutrinos N would have been created in the hot Big Bang, and would then have decayed
via the modes N »> /+ H and N — ¢+ H, where 7 is a lepton, and H is the Standard-
Model Higgs boson. If today’s light neutrinos violate CP, then quite likely so do their
heavy see-saw partners, since both CP violations arise from the same matrix of Yukawa
coupling constants. With CP violated, the CP-mirror-image decays N —/+ H and
N — (+ H have different rates, so that N decays in the early universe would have
produced a world with different numbers of leptons and antileptons. Standard-Model
processes would then have converted some of this lepton-antilepton asymmetry into a
baryon-antibaryon asymmetry, producing the matter-antimatter asymmetric world that we
see today. Clearly, to explore the possibility that this scenario, known as leptogenesis,
was indeed the origin of the matter-antimatter asymmetry of the universe, we must find
out whether the light neutrinos violate CP.
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3. What is the approximate size of 6,37

While we know that the mixing angle €3 is small, we do not know /how small. A
compilation of the 63 predictions of 63 models of neutrino masses and leptonic mixing
shows very wide variation, with predictions for sin’26;3 ranging from values slightly
above the present upper bound all the way down to 10°. Thus, learning the actual size of
63 will discriminate among the models. Quite apart from specific models, from the
mathematics of mixing it can easily be shown that it is highly unlikely for &3to be very
different from the other, large mixing angles unless there is some physical mechanism
making it so. Hence, should we find that sin®26,; is less than, say, 1072, there will be
strong motivation to seek a reason, such as a new symmetry, for this behavior. Clearly,
learning the size of €3 will be important to our quest for an understanding of the origin of
neutrino mass.

As we have already noted, and will see in greater detail shortly, the size of leptonic CP
violation and our ability to determine whether the neutrino mass spectrum is normal or
inverted both depend on the value of &,3. Thus, knowledge of this value would be of help
in the planning of experiments to probe CP violation and the nature of the mass spectrum.
However, this knowledge is not essential if, as here, the approach being contemplated is
appropriate for any value of sin’26;3 within a broad range covering several orders of
magnitude.

How the questions can be answered

The determination of &3 will be a major focus of accelerator and reactor experiments
already under construction. Here we shall concentrate on the determination of the
neutrino mass hierarchy and the search for CP violation — objectives of a longer- term
program.

The mass hierarchy and CP violation can both be probed via accelerator neutrino

experiments that study the oscillations v, — v, and V>V, - The appearance

probability for 1, in a beam that is initially v, can be written for sin’2 03<0.2
P[vﬂ — ve]; sin 20,1, —asm20,; T, +asm20; T; + a’ 1,

Here, asAm%l / Am%l is the small (~ 1/30) ratio between the solar and atmospheric
(Mass)” splittings, and
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In these expressions A = Am_az,lL/4E, with L the distance between the neutrino source and
the detector and E the neutrino energy, is the kinematical phase of the oscillation. The
quantity x =2+2G »N,E / Am 321 , with G the Fermi coupling constant and N, the electron
number density, is a measure of the importance of the matter effect resulting from
coherent forward scattering of electron neutrinos from ambient electrons as the neutrinos
travel through the earth from the source to the detector.

In the appearance probability P(v,, — v,), the T, term represents the oscillation due to
the atmospheric mass scale, the 7, term represents the oscillation due to the solar mass
scale, and the 7, and T3 terms are the CP-violating and CP-conserving interference terms,
respectively. At the first atmospheric oscillation maximum, [(l—x)A]: 7/2 , the

atmospheric 7 term and the solar 7, term are equal when sin®26;3 = 0.002. The solar term
leads to v, appearance even if sin’26;3= 0.

The probability for the corresponding antineutrino oscillation, P(T/ﬂ - 178), is the same
as the probability P(v, — v,) given by the equations above, but with the signs in front

of both x and sind reversed: both the matter effect and CP violation lead to a difference

between the v, —> v, and Vv, — V, oscillation probabilities. In view of the dependence

of x on Am%l, and in particular on the sign of Am% 1, the matter effect can reveal whether
the neutrino mass hierarchy is normal or inverted. However, to determine the nature of
the hierarchy via the matter effect, and to establish the presence of CP violation in
neutrino oscillation, it obviously will be necessary to disentangle the matter effect from
CP violation in the neutrino-antineutrino probability difference that is actually observed.
To this end, complementary measurements will be extremely important. These can take
advantage of the differing dependences on the matter effect and on CP violation in
P(vy,—v,).

Given that ‘Am%l‘ ~2.4x1073eV?2, the matter-effect parameter x|= E/(12GeV). With

this in mind, we imagine, as one illustration, measurements made at accelerator neutrino
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energies of ~ 1 GeV, and at the L/FE corresponding to the first maximum of the
atmospheric oscillation term, sin22(913T1, of P(v,, = v,). Then, from the equations for
P(v, —v,), we see that — at this given L/E — the effect of matter on the 7, term,

1/ (l—x)2 =1+ (E/6GeV), grows with energy, enhancing (suppressing) the term if the

mass hierarchy is normal (inverted). In contrast, at this same fixed L/E, the CP-violating
T> term in P(v, — Vv,) is approximately proportional to A, hence to L/E, so that it

grows with L and decreases with E. At fixed L/E, it does not vary with energy or
distance. Hence, two detectors, at two different distances L and two different energies E,
but at the same L/E, will see the same CP violation but different matter effects.

As a second illustration, if we go from the first atmospheric oscillation maximum to the
second one by reducing the energy a factor of three with L fixed, the effect of matter on

the sin® 26,51 term is reduced by a factor of three, while the CP-violating term propor-
tional to sino is tripled. In a broadband neutrino beam, the required reduction of £ by a
factor of three can be achieved by simply probing a lower-energy part of the neutrino
spectrum. In a narrowband off-axis beam, the reduction can be achieved by going further
off axis at a given L.

The violation of CP can either enhance v, — v, and suppress v,, = V,, or vice versa,

u u
depending on the value of the phase J. Similarly, the matter effect can either enhance

v, — V, and suppress V,, — V,, or vice versa, depending on the sign of Am%l. For a

JZ JZ
given 6,3, the neutrino-antineutrino asymmetry obviously is easiest to observe when CP

violation and the matter effect happen to add together in the same direction.

In Section 3.1.2 (A) we outline an experimental program to address these important
measurements.

3.1.2 Neutrino Scattering Physics

Measurements of neutrino scattering have played an important role in both the
development of the Standard Model as know it, and in providing evidence that the
Standard Model does not suffice. The first measurements of the weak neutral current
were made with neutrino scattering measurements on both electrons and nuclei, and
neutrinos have probed the quark structure of the nucleon and provided measurements of
the strong coupling constant across a range of momentum transfers. More recently, the
discovery that neutrinos change flavor and therefore have mass has forced the field to
rethink completely the notion of mass and its origin.

The previous section discusses how oscillation measurements will need to be made at
hundreds of kilometers from the neutrino production location. This section will discuss
the questions that can be answered with neutrino scattering measurements at short
distances. A clear need for scattering measurements comes from the fact that neutrino
oscillation experiments rely on precise knowledge of neutrino scattering cross sections.
The 2004 APS Multidivisional Neutrino Study Report which set a roadmap for neutrino
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physics predicated its recommendations on a set of assumptions about current and future
programs including: “determination of the neutrino reaction and production cross sections
required for a precise understanding of neutrino-oscillation physics and the neutrino
astronomy of astrophysical and cosmological sources. Our broad and exacting program of
neutrino physics is built upon precise knowledge of how neutrinos interact with matter.”

Neutrino Scattering Measurements from Low to High Energy

At neutrino energies below about 1GeV, the quasi-elastic process dominates the cross
section. With a current uncertainty of 15-20%, this process is one of the best measured
cross sections in neutrino physics. The upcoming generation of cross section experiments
will make significant inroads in understanding the form factor for this process as a
function of momentum transfer, and make first measurements of possible nuclear effects
of this cross section. However, a whole new suite of measurements would be possible
with additional proton power in the beamline. This process will dominate any signal of
muon to electron neutrino oscillations, and recent studies have shown that for the long
term oscillation experiments, not only the cross section itself must be known but
eventually, uncertainties on the ratio between electron and muon neutrino cross sections
will become important, and the field must measure that ratio accurately.

At higher energies, deep inelastic scattering processes dominate, offering the opportunity
to probe the quark distributions in the nuclei themselves. Using the high statistics
samples that would be accessible in the Project X era as well as with special attention to
minimizing neutrino beam uncertainties, it should be possible to measure separately the
four different structure functions F>"~, F>"°*™N, F3"N and FyY "N,

At energies above 10’s of GeV, on shell charm can be produced, which can result in new
precise measurements of the strange sea. Although we know that the net strangeness in
the proton and neutron must be equal to 0, neutrino scattering measurements provide our
best knowledge of whether or not the strange quark distribution equals that of the strange
anti-quark distribution as a function of momentum transfer. These measurements will
require high statistics of both neutrino and antineutrino data, and at the current time only
a very small number of nuclei have been probed.

At neutrino energies above about 30 GeV, the neutrino electron scattering cross section
becomes large enough to provide a suite of new measurements. One exciting possibility
with the advent of a high energy high statistics neutrino and antineutrino run would be
that of a new measurement of sin’@y, the weak mixing angle, using neutrino-electron
scattering. There is currently a 3 sigma discrepancy between the most precise
measurement in neutrino nucleon scattering and the value coming from precision
electroweak observables at the Z mass.

With the advent of neutrinos obtaining a mass comes the possibility that neutrinos have
magnetic moments. If the neutrino mass were 1 eV, the resulting magnetic moment
would be about 3¢’ Mp, where 1, = e/2m, This value is too small to be detected, but that
means that any measurement of a non-zero magnetic moment would be a striking signal
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of new physics. By measuring the elastic scattering rate as a function of recoil energy, in
the Project X era one can probe well past current experimental limits. In the next section
we outline the Fermilab experiments, current and future, that can contribute to this
important area of neutrino physics.

3.1.3 Proton Decay and Related Deep Underground Physics

One of the central consequences of grand unification is the prediction of proton decay.
Its observation would lend credence to the general picture of coupling constant
unification and the merging of the standard gauge interactions into a common simple
gauge group, such as SU(3) x SU(2) x U(1) = SU(5), with a telescoping pathway to —=>
SO(10) - E6 - ... E8 x E8. This phenomenon is central to SUSY, and Superstring
Theory, and we may already be seeing hints of the effects of unification in the tiny
nonzero neutrino masses as anticipated by the neutrino seesaw mechanism.

Very large detectors future are being contemplated for neutrino oscillation physics, with
accelerator neutrinos and atmospheric neutrinos, supernova neutrino detection, dark
matter searches and a renaissance of searches for nucleon decay. One possibility is a
water Cherenkov detector, similar to Super-Kamiokande, with mass in the range of 1000
kton. Another is a liquid Argon detector, similar to the ICARUS liquid Argon TPC for
the Gran Sasso Laboratory. Both have various advantages, the water Cherenkov detector
mass providing great fiducial volme sensitivity, and the liquid Argon detector providing
resolution through tracking similar to a bubble chamber. Both are being contemplated in
a deep underground facility, such as DUSEL, to operate in the very low cosmic ray
background at depths as great as 6000 feet.

Very large detectors would be extremely sensitive to nucleon decay. Such detectors
would extend the limits on proton decay into modes such as p = e 7” to sensitivities of
10* yr or beyond and will have complimentary sensitivity to the scalar mediated mode p
> K"/ at a sensitivity of a few 10** yr. Although the kaon is too slow to produce
Cherenkov radiation in a water detector, the 2w decay modes can be reconstructed in low
background environment. This level is suggested by gauge boson mediated proton decay
in super-symmetric GUTs.

The complementarity to the neutrino long baseline program and the study of leptonic CP-
violation suggests that these programs should operate in tandem in a common detector.
In addition, there is sensitivity to the neutrinos produced from galactic supernovae. A
supernova event is expected on a 40 year time scale within the galaxy and could produce
of order 10° detectable neutrinos. Large, isotropically sensitive, general-purpose detectors
can also probe many other physics targets. This includes exploration of subjects ranging
from the temporal variation of the solar neutrino flux, searches for neutrinos from
individual or aggregate sum over all supernovae and other cataclysmic events, to cosmic
ray composition (where the depth is advantageous), dark matter searches annihilation
neutrinos, searches for cosmic exotic particles (e.g., quark nuggets, monopoles,
monopolonium, etc.), and point source neutrino astronomy. In all instances, the capability
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potentially exceeds Super-Kamiokande by virtue of lower energy thresholds, better
energy loss rate resolution, momentum, angle, sign and event topology resolution.

3.2 Experimental Program

The compelling questions in neutrino physics today drive a worldwide program of
forefront neutrino experiments. The operating, approved, and proposed experiments
constitute a program such that Fermilab is, and will continue to be, a leader in this
exciting field. The experiments which comprise this program are described below and
the strategy to realize it is described in the “The Neutrino Strategy” section.

3.2.1 Neutrino Oscillation Measurements

Fermilab is home to two operating neutrino beamlines, the Booster Neutrino Beam and
the NuMI Neutrino Beam. An exciting program of short and long baseline neutrino
oscillation experiments is presently underway. With experiments using these beams,
together with upgrades such as Project X, we envision a vibrant future in neutrino
oscillation physics at Fermilab.

The Booster Neutrino Beamline (BNB) produces a narrow band, 800 MeV peak energy,
primarily muon neutrino beam, from 8 GeV protons from the Fermilab Booster. The
MiniBooNE short baseline neutrino oscillation experiment, running since 2002 on the
BNB, has ruled out a two neutrino interpretation of the LSND neutrino oscillation signal
in neutrino mode. However, a low energy excess observed by MiniBooNE is still not
understood. Results in anti-neutrino mode may provide an important clue both to
oscillations across a broad range of energies, and to the low energy excess. A proposed
new liquid Argon TPC experiment, MicroBooNE, will definitively address this low
energy excess, measure low energy neutrino cross sections on Argon, and perform
important R&D necessary for larger liquid Argon detectors.

Fermilab is presently operating the world’s highest intensity neutrino beam for long
baseline neutrino oscillation physics, the NuMI beam. In the near term, the MINOS
experiment is NuMI’s flagship long baseline program, providing definitive evidence for
the oscillatory behavior of neutrinos as well as the best measurement of Am223. Although
not optimized for v,appearance, MINOS has sensitivity to 63 that reaches beyond the
benchmark limit by CHOOZ. As such, it will provide valuable input, positive or negative;
in the search for G;s.

After 2011, the NuMI beamline will have the main objective of delivering neutrinos to
the NOvVA detector. In recent studies and reviews NOvVA has been classified as one of the
Phase I experiments which are searching for the small mixing angle 0;3. The other
experiments are the reactor neutrino experiments Double CHOOZ and Daya Bay, as well
as the T2K experiment which will use the new neutrino beam from JPARC and the
Super-Kamiokande detector. While the Double CHOOZ experiment will achieve a
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maximum sensitivity to sin®26;3 ~ 0.03 (90% CL), the Daya Bay and T2K experiments
hope to reach a sensitivity of sin°26;3 ~ 0.01 (90% CL) after several years of running.

NOvVA was recommended for CD-2 approval in October 2007 based on a schedule that
has 15 kilotons of detector mass complete by January of 2013. The project scope includes
an accelerator upgrade to take the NuMI intensity to 700 kW. NOVA plans to run for six
years, three using neutrinos and three using anti-neutrinos. NOvA will extend the search
for v, — v, oscillations down to sin*26; =0.02 (3c) and obtain information about the

sign of Am3, and &.,. For favorable values of the phase &,.,, NOVA can determine the
mass hierarchy for values of sin’26,, > 0.06 (at the 95% C.L.). In addition, NOvA will

improve on the measurements of v, — v, measuring ‘Am;‘ to roughly 3% and sin®26,,

to roughly 2-3 %, providing a sensitive test of 1-t symmetry in neutrinos.
Project X Neutrino Physics

A flagship neutrino program for Project X could be a new long baseline beam directed
toward a very large detector. The physics motivations and experimental strategies have
been previously outlined in detail in the report by NuSAG to NSAC/HEPAP and the
accompanying study by the joint BNL/FNAL working group [arXiv:0705.4396 hep-ph].

Here we recapitulate the essential points that relate to the experimental strategy for long
baseline neutrino oscillation physics. In all cases, an intense neutrino beam based on 2.3
MW proton beam power driven by Project X is assumed. That leaves the following
fundamental experimental choices to be determined: the choice of detector technologies,
the baseline of the neutrino beam, and the neutrino beam configuration (wide band vs.
off-axis, narrow band). Connected to these choices are scientific and practical
considerations. The scientific considerations are mainly related to how the choice of
detector technologies will influence a broader program that includes proton decay,
astrophysics, and other non-accelerator opportunities. Another important scientific
consideration will be the evolving knowledge of &3 as the experimental program
advances. The practical considerations are driven by cost, schedule, and risk. Phase II
accelerator based programs have also been proposed for neutrino beams from JPARC
(T2KK) and CNGS (ModuLAr). In all programs major improvements in proton intensity
and detector mass are required.

Project X Neutrino Detectors

For the massive detectors required for CP violation searches the choice of detector
technology has been narrowed to three possible configurations: a 100 kiloton liquid argon
TPC (LAr100), a 300 kiloton water Cherenkov detector (WC300), or some combination
of the two. These detector configurations are estimated to be roughly comparable in
sensitivity, where the larger mass of the WC300 compensates for lower efficiency and
higher background compared to the assumptions made for LAr100. An advantage of the
water Cherenkov option is that it is a known and tested technology on large scales,
though several R&D issues remain.
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The liquid argon option shows great promise for reach in accelerator and non-accelerator
physics, but the technology has not yet been demonstrated for a large mass (>100 ton) in
a physics experiment. There is necessary R&D to accomplish in order to realize
detectors on this mass scale. For both technologies, if sited below ground. This includes
R&D on construction of large caverns.

Water Cherenkov Detectors

The long and successful history of the operation of the Super-Kamiokande detector
makes the water Cherenkov detector technology an excellent candidate for scaling to
even larger sizes. The critical technical issues that need to be studied for construction of
such a detector are discussed below.

First, since the detector needs to be sited underground, there are two concepts for
constructing a water Cherenkov detector in the 300-500 kton scale. These can be
classified as single horizontal chamber (the concepts for the proposed Hyper-
Kamiokande and the UNO detectors), and multiple vertical cylinders (the concepts for
MEMPHIS in Frejus or the Multi-Modular, 3M, detector in Homestake). In either case,
the feasibility of the chamber is determined by the span — the width of the horizontal
chamber or the diameter of the vertical cylinder. The cavern stability and feasibility must
be examined at the specific proposed location, depth, and rock type. Detailed geo-
technical measurements and modeling should be carried out so that questions about
cavern configurations can be resolved.

The second issue in regard to water detectors is the choice of phototube. Recent
developments have led to the option of selecting smaller diameter (10 — 12 inch) but
more efficient tubes than used in Super-Kamiokande (20 inch). The smaller PMTs are
also mechanically stronger than the larger PMTs and, in case of implosion, have only 1/8
the stored energy of the larger PMTs. The smaller tubes are also shorter allowing for a
larger fraction of the water volume to be fiducial.

Because the water detectors do not need to be prototyped on a small scale they do not
feature prominently in the near term plans for the Fermilab accelerator complex.
Nevertheless, if they are to be part of the long term neutrino program, attention to the
specific R&D needs of this technology must be considered in planning the future
program.

Liquid Argon TPC Detectors

Liquid argon detectors show great promise with excellent efficiencies and background
rejection for a variety of physics goals. An extensive R&D program culminating in the
success of the ICARUS T600 program has illustrated the capabilities of the detector.
However, further R&D is necessary to consider massive detectors, on the scale of tens of
kilotons.
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For several years there have been efforts both in the U.S. and Europe to carry out an
R&D plan for large detectors and several different design ideas for massive detectors
have emerged. These include a modularized detector, a single detector but with
modularized drift regions, and a single open volume, very long drift detector combining
charge and light collection. In addition to conceptual designs for massive detectors, small
scale test stands have been constructed to address the technical issues of liquid argon
purity and electronics.

Regardless of the configuration, the major challenges for running a liquid argon detector
include:

o Achieving and maintaining argon purity adequate to support electron drift times
on the order of 10 msec in industrially built vessels

o Achieving a high signal to noise ratio with wires of lengths up to 10 meters

o Optimizing the detector size, configuration, and internal detectors for
constructability and cost scaling

o Developing fully automated simulation, reconstruction and particle identification
techniques, and data reduction algorithms for liquid argon detectors

In recent months, progress on how to bridge the gap between test stands and the ultimate
massive detector has emerged. A staged evolution of the liquid argon detector technology
for use in neutrino experiments, as suggested by the NuSAG committee, has come into
focus.

Detectors ranging in mass from the ton to kiloton scale can be deployed in existing
Fermilab neutrino beams. At each stage, key issues in detector development will be
addressed at the relevant scale, as well as producing physics results. The shift from R&D
to physics will evolve with the size of the detector. The R&D goal of the program is to
develop a clear concept of how to construct a detector with total mass in the one hundred
kiloton range. Along the way, exciting and timely physics questions will be addressed.

The R&D strategy of developing a series of liquid argon TPCs for neutrino experiments
is already underway, with the 0.3 ton ArgoNeuT detector being installed in the NuMI-
MINOS near detector hall. This small detector will be able to record more than 150
neutrino interactions per day, providing a valuable data set for developing reconstruction
and particle ID algorithms.

The next detector in the series would be a 170 ton total volume, installed in the Booster
Neutrino beam as has been proposed for the MicroBooNE experiment. This detector will
insure that progress in the program continues smoothly by developing components
needed for a larger detector. At the same time the MicroBooNE experiment addresses the
MiniBooNE low energy excess and measures neutrino cross sections on argon.

For the next step, installation of liquid argon detector modules in the Soudan Laboratory

(LAr5 at Soudan) on the NuMI beam (~5000 ton) is being explored. This effort would
address all of the issues related to underground operation. At the same time, a detector of
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this mass has sensitivity to measuring sin’26;3 and the mass hierarchy with reach
comparable to that of the NOvA experiment. Combination of the results from both
detectors would maximize the investment made in the NuMI beam. A simple analysis to
determine the physics reach of an evolving NuMI program with the NOvA and liquid
argon detectors has been done. The results show this detector combination to be very
advantageous. The NOVA experiment will have sensitivity down to sin’26,3 ~ 0.02. The
addition of the LAr5 detector will double that sensitivity. Operation of these detectors
with Project X intensity will extend the reach to observing sin’26;; to well below
0.01.The actual limit achievable will depend on the knowledge of the intrinsic and neutral
current backgrounds. Using both detectors and Project X, ultimate sensitivity to the mass
hierarchy for a large region of phase space can extend down to well below sin®2 6,3 ~0.04.
A full simulation of the liquid argon detector including measured efficiencies and
background measurements from the ArgoNeuT detector will be done in the near future.
Preliminary considerations also indicate that the underground liquid argon detector may
also have competitive sensitivity to the proton decay in the Kv channel.

The above outlined program makes progress in both the R&D and physics phases
continuously throughout this and the next decade, leading to a flagship program with
excellent reach in the exploration of neutrino mass and mixing. The sensitivities for the
above scenarios are shown in Figure 3.2.

Building on Project X: A Neutrino Factory

The next-to-next generation of neutrino physics, clearly an uncertain extrapolation from
our current state of knowledge, is typically envisioned to be based on a radically different
neutrino source, either on muon decay in a storage ring (neutrino factory), or radioactive
nuclear decay in a storage ring (beta beam). It is worth noting that Project X ties into the
development plans for a neutrino factory. As one illustrative example, consider a 4 GeV
Neutrino Factory. This facility could be developed by (i) upgrading the Project X beam
power at 8 GeV to 2 MW, (ii) adding an intense muon source that could also serve as a
Muon Collider front end test facility, and (iii)) adding acceleration to 4 GeV and a
racetrack shaped muon storage ring. The costs associated with the Muon Collider test
facility is believed to be of the same scale as the Project X cost, as is the cost of the
additional upgrade to a Neutrino Factory. Hence, Project X offers a potentially attractive
path to a facility which, in principle, could determine the neutrino mass hierarchy even if
013 was exactly zero, or if 8,3 were large, could determine the oscillation parameters with
unprecedented precision. To keep this option open, it is important that the Project X beam
power at 8 GeV be upgradeable to 2 MW or more.

DUSEL

The proposed Deep Underground Science and Engineering Laboratory (DUSEL) at the
Homestake Mine in Lead, South Dakota offers an option for the neutrino community to
plan for the next generation of long baseline neutrino oscillation detectors to be located
deep underground. The DUSEL-Homestake site is located at a distance of 1300 km from
Fermilab. Over this baseline, a beam of neutrinos in the energy range of a few GeV is
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well suited to extend the sensitivity to measurement of neutrino mass and mixing
parameters, including the search for CP violation. Proton intensities envisioned for the
Project X era will be essential for such a program.

DUSEL also offers the opportunity to construct large caverns at a depth suitable for
placement of multiple detectors, each on the scale of 10-100 kton. A program of
constructing and deploying these detectors such that the ultimate mass will approach one
megaton can give an ultimate sensitivity to nucleon decay of order 10*° years in the p >
e 7’ mode and for p > K7’ at a sensitivity of a few 10** years. A combination of
detectors, water Cherenkov and liquid argon may be an appropriate way to maximize
discovery potential.

In addition, there is sensitivity to the neutrinos produced from galactic supernovae. A
supernova event is expected on a 40 year time scale within the galaxy and could produce
of order 10° detectable neutrinos. Large, isotropically sensitive, general-purpose detectors
can also probe many other physics targets. This includes exploration of subjects ranging
from the temporal variation of the solar neutrino flux, searches for neutrinos from
individual or aggregate sum over all supernovae and other cataclysmic events, to cosmic
ray composition (where the depth is advantageous), dark matter searches annihilation
neutrinos, searches for cosmic exotic particles (e.g., quark nuggets, monopoles,
monopolonium, etc.), and point source neutrino astronomy. In all instances, the capability
potentially exceeds Super-Kamiokande by virtue of lower energy thresholds, better
energy loss rate resolution, momentum, angle, sign and event topology resolution.

Such a program would be a significant achievement for the scientific community.
Exploring the synergy that can be achieved by constructing a multi-purpose detector
which can lead to the accomplishment of multiple science goals is an important element
in planning the DUSEL facility.
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Figure 3.2 Sensitivities as a function of the CP violating phase & for discovering sin’26,s, neutrino mass hierarchy and CP
violation for a staged evolution of the neutrino program, starting with the NOvA experiment (Phase I) and culminating with a
neutrino beam to very massive detectors (Phase II). As examples we show the potential of two massive detectors in the NuMI
off-axis location, and the reach of a single massive detector at a 1300 km baseline with a wide band neutrino beam. (Note :
The reactor experiments, Double CHOOZ and Daya Bay aim to achieve sensitivity to sin’20;; to the 90% CL of 0.03 and 0.01
respectively, but have no sensitivity to the mass ordering or CP violation.)

3.2.2 Neutrino Scattering Measurements

The intense neutrino beams currently running at Fermilab (BNB, NuMI) and possible
additional near-future scenarios (e.g., the Tevatron neutrino beam) offer the possibility
for exciting on-site neutrino scattering experiments in these beams. These experiments
could provide insight into electroweak and strong-interaction physics via the use of
electrons, quarks, nucleons, and nuclear targets.

The BNB and NuMI Neutrino Scattering Programs

The MiniBooNE experiment, located 500 meters from the BNB target, has produced an
important physics result on neutrino oscillations. In addition, neutrino charged- and
neutral-current scattering has been investigated in the 1 GeV energy with world-record
sized data samples. Results from these measurements are providing better understanding
of neutrino interactions on carbon which will greatly help with extracting precise neutrino
oscillation parameters from future experiments such as T2K and NOvA. More data on
antineutrino interactions is currently being collected by MiniBooNE in order to
understand the antineutrino sector.

The SciBooNE experiment is located at a near location on the BNB 100 meters from the
BNB neutrino beam target. This neutrino scattering experiment uses a fine-grained
tracking detector and was commissioned in 2007. It will collect 1 x 10*° protons on target
in both neutrino and antineutrino modes. The data collected by SciBooNE will enable
more precise measurements of multiple neutrino and antineutrino scattering processes,
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furthering the understanding of the underlying physics at 1 GeV. Upgrades and further
running with the SciBooNE detector are currently being considered in order to extend the
physics reach of the detector and BNB. One possibility is a precise measurement of
neutrino neutral current elastic scattering. This process is uniquely sensitive to the spin
of the nucleon carried by an isoscalar component in the nucleon (such as strange quarks)
and can provide an answer to part of the nucleon spin puzzle.

The MINERVA experiment will be located on axis on the NuMI beamline, and will run
concurrently with both MINOS with a low energy beam (peaked at about 3.5 GeV) and
also with NOvA with a medium energy beam (peaked at about 7 GeV). The goal of the
MINERVA experiment is to study neutrino interactions in this broad energy range in
unprecedented detail by constructing a fine-grained hermetic detector with several
different nuclear targets.

The aforementioned MicroBooNE experiment, with excellent tracking capabilities and
low energy sensitivity will also provide rich neutrino scattering data from both the BNB
and NuMI neutrino spectra.

Although the intense neutrino beam from Project X is driven by the requirements for long
baseline neutrino oscillations, there is also a relatively new proposal for an on-site
experiment that would build on the cross section measurements made by SciBooNE and
MINERvVA. The proposal, HiResMv, is to build a high-resolution neutrino detector
within a dipole magnetic field (B ~ 0.4T) and a fiducial mass of 7.4 tons. The experiment
could run with long-baseline neutrino oscillation experiments in the Medium-Energy
configuration of the NuMI-beam. In addition to contributing to the understanding of the
systematic limits of the neutrino oscillation experiments, such an experiment can address
a broad range of measurements ranging from measurement of the weak mixing angle to
searches for weakly interacting massive particles with electronic, muonic and hadronic
decay modes with unprecedented sensitivity.

Tevatron Neutrino Program

Using the Tevatron, Fermilab can create a unique ultra-high-energy neutrino facility.
The facility would target 800 GeV protons on a target and a dump. A very pure sign-
selected high energy v, beam can be created with 20 times the intensity of the previous
NuTeV experiment. At the same time, using the beam dump, a flux enriched in v.s
which are above CC threshold can be produced. This is the only practical source of v.s
above threshold, since long-baseline experiments, which produce neutrinos through
oscillations, must run at low energies. The flux in one year of running will be 150 times
that of the previous DoNuT Experiment. The intensity goals, which are challenging, were
developed in consultation with the Tevatron Department.

This facility opens new opportunities for physics studies which complement both

LHC/ILC and the presently planned neutrino program, and which cannot otherwise be
done. Three possible experiments to use this facility are:
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o A high-precision v, experiment, with two orders of magnitude more events than
DoNuT. The v, sector is essentially unexplored physics territory. Many Beyond-
Standard Model theories favor expression in the third family, making this an
exciting sector to explore.

o A dedicated search for 10 keV — 5 GeV neutral heavy leptons (also called
“neutrissimos”) produced by mixing with light neutrinos in meson decays. This
facility, with its 800 GeV protons-on-target, allow searches in the GeV range
produced via B-decays which are not otherwise possible.

0 A high statistics experiment designed to obtain 40 times the world’s sample of
neutrino-electron scatters. This allows for studies of neutrino universality and
unitarity not possible at collider experiments. The design for this experiment,
NuSOnG, which could anchor the Tevatron neutrino program, is well underway
and was endorsed by the Fermilab Steering Group for further consideration.

3.3 Neutrino Strategy

The neutrino strategy consists of developing a series of world-leading experiments in a
phased approach with ever increasing beam intensities and ever increasing detector
capabilities. A key element of the strategy is the continuous operation of a neutrino beam
facility at Fermilab such that there would be no significant period without running
experiments and the acquisition of data with world competitive detectors.

Phase I: Today to 2012

e Operation of MINOS, MiniBooNE, and SciBooNE;

e Construction and operation of MINERVA

o Construction of the NOvA detector and the Main Injector upgrades to 700 kW
(part of the NOvA project),

o Liquid Argon Program: Operation of ArgoNeuT, Construction of MicroBooNE;
Design of LAr5 at Soudan; R&D at test stands

e Accelerator R&D (Project X)

o Conceptual exploration of other neutrino experiments (NuSOnG, HiResNu)

o Conceptual design of a second generation long (>1000 km) baseline neutrino
program including a beamline, caverns and detectors (LAr and Water Cherenkov
detectors) — coordinate efforts with the DUSEL planning process

The initial phase of the program takes us to the early part of next decade. It is based on
the exploitation of the present neutrino beams at Fermilab, the most powerful in the
world now and for several years to come. The NuMI beam has been recently upgraded
with slip-stacking in the Main Injector to deliver over 300 kW of power, about 40% more
than the most recent runs. During this period, MINOS will obtain the most accurate
values of oscillation parameters in the “atmospheric” neutrino oscillation region. Also
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very importantly, MINOS has sensitivity to @, that reaches beyond the benchmark limit
by CHOOZ. As such, it will provide early input into the search for 6;;.

A low energy neutrino beam operating from the Booster will feed MiniBooNE and
SciBooNE through the end of their respective runs. The cross sections determined by
SciBooNE will be important for the T2K experiment and other long baseline experiments.
There remain a lot of physics to be understood in low energy neutrino interactions,
including the excess of low energy neutrino events in MiniBooNE, and low energy
neutrino cross sections. The MicroBooNE experiment has proposed to study low energy
neutrino interactions, in particular, the intriguing low energy excess, while advancing
liquid argon TPC R&D, as described below.

While producing physics with existing detectors, we will be building the NOvA detector,
including an upgrade of the Main Injector to deliver a total power of 700 kW maintaining
Fermilab’s leadership in neutrino beam intensity. Both the detector and the upgrades of
the Main Injector have been built into the funding profiles provided by the DOE.

During this phase we are building a small detector, MINERVA, to study neutrino cross
sections for different materials as well as nuclear scattering models. The construction of
this detector has already started and would commence operations towards the end of this
period.

The ultimate program in neutrino physics depends on the product of beam intensity,
detector mass and detector efficiency. Great gains can be made in all of these. The beam
intensity can be increased several fold by upgrades of the Fermilab complex. In particular,
during this phase we would complete the design of Project X to greatly increase the
neutrino flux, adding flexibility and reliability to the future program.

The second important R&D effort will be the staged program of scalable liquid argon
TPC detectors for neutrino physics as described previously. The R&D program scales
from small to large detectors, at each step addressing the most pressing R&D questions at
the relevant scale, while combining ever more physics with the R&D program.

After the termination of the Tevatron collider run, there will be a possibility to have high
energy neutrino beams for other experiments. A proposal to study electro-weak physics
with high energy neutrinos could be carried out with the Tevatron in fixed target mode.
This would be a unique program with significant discovery potential. During this period
we will study what other possibilities in neutrino physics are opened up with the re-use of
parts of the Fermilab accelerator complex.

At present we do not know the time scale for the development of the DUSEL laboratory.
However, the excavation of a smaller cavern could start early next decade, thus
conceptual design for a beam aimed at DUSEL and a detector could begin in this period
in coordination with the DUSEL planning process.
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Phase II: 2012 — 2016

e Exploitation of NOvA at 700 kW, continued running of MINERvA with different
materials and energies; dismantling of MINOS

e (Construction of Project X

o Liquid Argon program: Continued running of MicroBooNE; construction of LAr5
at Soudan

e Design of a second generation very large, longer (> 1000 km) baseline neutrino
experiment; coordinate efforts with the DUSEL planning process

O Beamline, caverns and detectors (LAr and Water Cherenkov)
e  Possible construction of DUSEL smaller caverns and smaller detectors
e Scaled-up effort in neutrino factory R&D and design

Project X could be constructed during this period.

This phase begins with the running of NOVA as soon as about 5 kton of the detector is
completed in the Minnesota site. The construction would continue through 2013 when
the entire 15 kton would be in place. The beam power of 700 kW together with the long
baseline and a totally active detector insures a world leading program. The NOvVA
detector with the NuMI beam offers quite different sensitivities to the neutrino oscillation
parameters than the T2K experiment. The energy of neutrinos is higher and the baseline
is longer, both giving greatly enhanced sensitivity to matter effects. During this phase,
NOVA is the only experiment which provides information on the mass hierarchy and CP
violation. Results from the NOVA experiment, along with complimentary results from
T2K, will increase our understanding of the neutrino parameters.

The MINERvVA detector will begin operation before the start of this period and will
continue to operate through the first part of this phase.

The NuMI neutrino physics program could be augmented with the totally active LArS at
Soudan detector, operating on axis in the Soudan mine, in conjunction with NOvA. LAr5
at Soudan would serve not only to greatly enhance the physics that can be achieved prior
to a Phase II program, but would also be a prototype for a large liquid Argon detector at
the 100 kton mass scale. We consider it important to build such a detector whether
Project X is already under construction or not.

There is considerable interest in Italy to develop 5 kton modules for a massive 20 to 100
kton detector for long base-line experiment from CERN to Grand Sasso. We are currently
beginning discussions on how these efforts could be joined with the U.S.’s liquid argon
effort.

At present we do not know the time scale for the development of the DUSEL laboratory.
We expect that only around the middle of the next decade it will be possible to start the
excavation of a large cavern at depth for a detector that would be used for a varied
program from neutrino oscillations using a Fermilab beam, to proton decay and
supernova neutrinos. We will need to have solid concepts for a beam aimed at a DUSEL
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detector, which could be a liquid Argon detector, a water Cherenkov detector, or some
combination of the two. There is also a possibility of constructing smaller caverns and
smaller detectors during this period.

Depending on the physics results over the next few years it may well be time to seriously
develop a neutrino factory. The R&D efforts on a neutrino factory would be enhanced
during this period. Project X will be designed with the flexibility to serve as the front end
of a neutrino factory and/or a muon collider.

Phase III: 2016 — 2020

In this phase we work toward the goal of precision measurements of the mass and mixing
parameters, in particular CP violation. This program requires massive detectors, high
intensity proton source, and a new world class neutrino beam.

o Exploitation of Project X with 2.3 MW and combined running of NOvA and LAr5
at Soudan

o Design of ultra-massive detectors for the next generation of neutrino and proton
decay experiments

e Possible construction of DUSEL caverns and construction of neutrino and proton
decay detectors

e Possible construction start of a new beamline toward DUSEL

o Completion of design for a neutrino factory.

The initial running of Project X would greatly increase the power to NOvA, which will
have been running for several years at this time. If prior to this period we have also built
a 5 kton LAr detector in the Soudan site, then the program has a remarkable reach on the
neutrino oscillation parameter space prior to the investment in a new beamline and
massive detectors. Even with only the 700 kW power prior to Project X it would be the
program with the greatest reach for sin’2 6, and the mass hierarchy.

Unless we are very fortunate and the neutrino parameters are measured by this time, it
will be important to develop the study of the lepton sector further with the construction a
more powerful detector and new beamline to a detector at a long baseline. Our program
is designed to develop such a detector and beamline during this period. If the DUSEL
project is a part of the national program, the new caverns and detectors located there will
enable the commencent of a broad physics program that will last for decades.

If more power and flexibility is required in the world’s neutrino program, and greater
reach into the neutrino parameters is needed, then a neutrino factory or beta beams could
provide a solution in the long term. Coupled with a neutrino factory it will be important
to develop detectors that can determine the sign of the final leptons, a great challenge for
large detectors. The design of the neutrino factory would be accompanied by the design
of a new class of detectors. In any case, Project X would be designed with the flexibility
to serve as the front end of a neutrino factory.
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3.4 Neutrino Summary

The current Fermilab neutrino program is the best in the world. The MINOS experiment
in the NuMI beam will make the most precise measurement of Am?*,; and provide an
early glimpse into the search for ;3. Using the Booster neutrino beam, MiniBooNE is
probing the possibility that neutrinos quite different from those in the standard paradigm
exist, and MiniBooNE and SciBooNE experiments are measuring neutrino cross sections
to high precision as well. The MINERVA experiment, which is currently under
construction, will use the existing NuMI beam to measure neutrino cross sections to
unprecedented precision.

The NOVA experiment, which will be located in Ash River, Minnesota in the NuMI oft-
axis beam at an 810 km baseline, will be a world class neutrino experiment with the only
near-term sensitivity in the world to the mass hierarch. NOvA will also have excellent
sensitivity to 6y3. The long term vision of building an experiment sensitive to measuring
neutrino CP violation will evolve by building on what is learned from NOvVA and other
Phase I experiments.

A liquid Argon detector placed in the NuMI beam will complement and add to the NOvA
program, while at the same time advancing this potentially excellent detector technology.
The combination of NOVA, a liquid Argon detector and Project X will be a powerful
program maximizing the return on the investment that has already been made in the
NuMI project, producing physics results from now through the next decade.

Project X could produce the world’s most powerful neutrino beam. Developing beam
designs and technologies in which those neutrinos are directed towards massive detectors
at a very long baseline is an important component of Fermilab’s strategic plan. This
detector, if located at underground facilities such as the National Science Foundation's
DUSEL, would also be a world-class detector for proton decay, addressing the question
Do all the forces become one? This detector could also perform high-statistics studies of
atmospheric neutrinos and carry out astrophysical searches including detection of relic-
supernova neutrinos and neutrino bursts from supernovae in our galaxy and nearby.

In addition to experiments at the long baseline, smaller detectors located in the neutrino
beamlines on the Fermilab site can study neutrino interactions over a wide energy range
to make precise measurements of neutrino properties and neutrino scattering parameters.

The neutrino strategy that we have outlined will fully exploit the investments that have
been made in existing facilities as well as those being planned for the future. This broad
based, multi-component neutrino program would ensure that the United States remains a
world leader in particle physics throughout the next decade and beyond.
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4 Muons

4.1 Introduction
4.1.1 p > e Conversion in Nuclei

With the discovery of neutrino masses and lepton mixing, the fact that individual lepton-
flavor numbers — electron-number, muon-number, and tau-number — are not conserved
has been established. All such violating effects to date have been observed in the neutral
lepton sector, through the phenomenon of neutrino oscillations. Charged-lepton flavor-
violation (CLFV), on the other hand, has been the subject of intense experimental
searching since the discovery of the muon but, to this date, no evidence for it has ever
been uncovered.

The Standard Model augmented by new physics that leads to the experimentally observed
neutrino masses predicts a non-zero rate for CLFV process, but expectations depend
dramatically on the mechanism responsible for neutrino mass generation. For example, if
the physics responsible for neutrino masses is very heavy (as in the case of a high mass
scale seesaw mechanism) or very weakly coupled (as in the case of Dirac neutrinos),
expectations for CLFV processes are around forty orders of magnitude smaller than
current experimental bounds. The reason for this is that the active neutrino contribution is
GIM suppressed, such that the amplitude for CLFV is proportional to the tiny neutrino
mass-squared differences. For example, the massive neutrino contribution (Figure 4.1) to
p—ey is

* A
Br(y—>ey)=3—“ WU m;' <107, (D
T |i=2.3 w

Here, Uy, a=e, 1, tand i=1,2,3 are the elements of the neutrino mixing matrix and My is
the W-boson mass.

o U Vi, Uh e

Figure 4.1 Massive neutrino contribution to the charged lepton flavor-violating muon decay p—ey. v; are neutrino mass
eigenstates, while U,, a=e,n,7 and k=1,2,3, are the elements of the lepton mixing matrix.

On the other hand, certain neutrino mass generating mechanisms are already disfavored
due to the fact that CLFV has yet to be observed. It is fair to say that searches for CLFV
are bound to play a key role in uncovering the origin of neutrino masses. Moreover, like
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other flavor-changing neutral current processes, searches for CLFV are also among the
most powerful and promising probes of new physics at or even above the TeV scale,
regardless of its connection to neutrino masses. Concrete examples will be discussed in
the next subsection.

Among the different CLFV channels, three rare muon processes stand out, thanks in part
to the muon's small mass and long lifetime: p—ey, p—eee, and p—e conversion in
nuclei. Current experiments have been able to rule out, at the 90% confidence level,
n—ey with branching ratios above 1.2 x 10™"! and p—eee with branching ratios above 10°
2 while the rate for pTi—eTi normalized to the capture rate p—v (conversion in
titanium), is constrained to be less than 4.3 x 102, The concurrent exploration of all
three rare muon processes is of the utmost importance given that these are all state-of-the-
art, extremely challenging experiments and the fact that the three processes “feel”
different types of new physics in distinct ways. If CLFV is observed in any of these
processes, results from other searches will play a fundamental role in establishing the
nature of the lepton-flavor-violating new physics.

Depending on the nature of the CLFV physics, one of the three bounds listed above turns
out to be the most significant. For a particular class of models, including several of the
standard supersymmetric ones, efforts to observe p—ey prove to be most promising
currently and in the immediate future. The MEG experiment, currently taking data at PSI,
is aiming to be sensitive to p—ey branching ratios larger than several times 107
However, given the existence of very intense future muon sources, p—e conversion will
likely serve as the deepest probe of CLFV, superior to p—-ey in its new physics reach
regardless of the nature of the new physics. Among other factors, it is this feature (which
will be discussed in more detail in the next subsection) that drives us to concentrate on
the CLFV process where a nuclear-captured muon converts into an electron — p—e
conversion in nuclei.

Negatively charged muons that stop in matter are quickly trapped and form muonic atoms,
which undergo electromagnetic transitions until the muon is in the 1S orbital. Trapped
muons either Michel-decay or convert into neutrinos in the field of the nucleus:

w+(AZ)—v+(AZ-1). )
(A,Z) represents a nucleus with mass number A and atomic number Z. Similarly, the
p—e conversion process is characterized by

p +(AZ)—e +(A2). 3)
Instead of discussing the rate I" for this muon and electron number violating process, it is
convenient to define the normalized conversion rate:

_ N +(42)>e +(4,2))
T +H(AZ) v, +H(AZ-1)

We will often refer to this as the y—e conversion rate.

(4)
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4.1.2 Muon g-2

Flavor-conserving muon properties are also expected to reveal indispensable information
concerning physics beyond the standard model. Thanks to the muon small mass and long
lifetime, some of these can be measured with great precision. The muon anomalous
magnetic moment (g,-2)/2 = a, 1s worthy of special attention.

The muon magnetic moment is one of the most precisely measured and calculated
quantities in elementary particle physics. A significant effort continues worldwide to
improve the precision of the standard-model prediction. Moreover, the current
experimental measurement of a, shows one of the largest deviations of any observable
from the corresponding standard-model prediction, AaH(Egzl) =295(88) x 107", Owing to
this precision, a, is not only a sensitive test of all standard model interactions, but also of
possible new physics at and above the electroweak scale. If the precision of Aay is
improved to 39 x 107", a, will be a highly sensitive probe of physics beyond the standard
model up to the TeV-scale.

4.2 Comparison to Current HEP Program

It is important to place searches for CLFV in general and p—e conversion in particular in
the larger context of the current and near future developments of the high energy physics
program. The same is true for next-generation measurement of a,. We will assume that
next-generation neutrino oscillation experiments will take place and provide nontrivial
information regarding lepton mixing and other new neutrino physics. We will also
assume that the LHC experiments will have taken enough data to provide a clearer
picture of physics at the TeV scale. Finally, we assume that one will either have observed
—ey or constrained its branching ratio to be less than 10™%. It appears unlikely that a
future experiment will be able to significantly improve on this, regardless of whether very
intense muon sources are available. This is not the case of future searches for p—e
conversion, as will be discussed later.

Model Independent Analysis: a,,

One can estimate the sensitivity of precision measurements of a, to new physics in a
model independent way by adding to the standard model effective operators that
contribute, at tree level, to the muon magnetic moment. For example,

m
H
o =3

leads to Aa,=4 m,,z/ eA”. If the current discrepancy is due to new heavy physics, the
current data on the anomalous magnetic moment of the muon translates into a
measurement of the new physics scale A4 = 7 TeV. As will be discussed in more detail
later, A is not necessarily the mass of any new degree of freedom. For example, if one is
parameterizing the effect of new heavy degrees of freedom with mass M., that couple to
the standard model with a coupling f'and contribute to a,, at the one-loop level

T P TY dad
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Model Independent Analysis: yt—e conversion vs. u—ey

One can estimate the sensitivity of CLFV processes to new physics in a model
independent way by adding to the standard model effective operators that violate lepton
flavor. For concreteness, consider the effect of the standard model augmented by the
following CLFV effective Lagrangian:
m, — y K — —
Leypy = mﬂRGﬂﬂLF” +mﬂd/ﬂ% [q;quyﬂqu' (5)

Ais the scale of new physics and k measures whether the dominant new physics
contribution to CLFV comes in the form of a dimension-five, CLFV magnetic moment-
type operator (k<< 1) or from a CLFV four-fermion interaction (x>> 1). The effective
Lagrangian above will mediate both p—ey and pu—e conversion (and, at a less significant
level, p—eee, which will not be discussed). While there is a handful of other effective
operators that may also contribute, the ones above contain qualitatively the predictions of
most distinct new physics scenarios as far as p—ey and p—e conversion are concerned.
The sensitivity of different CLFV probes to A as a function «k is depicted in Figure 4.2.
Note that, regardless of the value of x, a p—e conversion experiment sensitive to capture
rates above 10™'° probes A values smaller than a few thousand TeV!

For k<< 1, the normalized p—e conversion is around several times10~ of the branching
ratio for p—ey, while for x>> 1 the normalized capture rate for p—e conversion is many
orders of magnitude larger than the branching ratio for u—ey. Hence, a up—e conversion
experiment sensitive to normalized rates above 107 is at least as sensitive to new physics
as a —ey experiment sensitive to branching ratios above a few times 10", regardless of
the nature of the new physics. It is important to emphasize that while we are using Eq. (5)
to make this point, this conclusion is very general and applies to most new physics
scenarios that have been explored in the literature to date.
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Figure 4.2 Sensitivity of a 4—e conversion in “*Ti experiment that can probe a normalized capture rate of 10”° and 10™"%, and
of a y— ey search that is sensitive to a branching ratio of 10" and 10™", to the new physics scale A as a function of X, as
defined in Eq. (5). The dimensionless parameter x interpolates between a flavor-violating magnetic moment-type operator (x
<<1) and a flavor-violating four-fermion operator (x>>1). Also depicted is the currently excluded region of this parameter
space.

In the case of a positive CLFV signal in either p—ey or p—e conversion, combined
results from different CLFV processes provide detailed information regarding the new
physics. For example, should the world be properly described by Eq. (5), a measurement
of y—ey and p—e conversion allows one to determine both A and k independently,
while a single measurement can only determine a combination of the two new physics
parameters. More generally, it is well known that a comparison of R, and the branching
fraction for p—ey (Bye) helps distinguish among models or even measure the value of
new physics parameters. A concrete example is depicted in Figure 4.3, where the ratio of
branching ratios C = B,,/R, 1s plotted as a function of tan/ in the case of the MSSM
with MSUGRA boundary conditions for the soft SUSY breaking parameters. One can see
that a precise measurement of C can determine the sign of the MSSM p-parameter,
especially if tanf is not too large.

The effective Lagrangian that describes p—e conversion and p—ey contains, in general,
several dimension-six operators not included in Eq. (5), including those with different
muon and electron chiralities and scalar-scalar four-fermion operators. Information
regarding all the different parameters that describe CLFV can be obtained from the
CLFV probes themselves. In the advent of a positive signal for p—e conversion, details
of the effective Lagrangian can be obtained by comparing the rate for p—e conversion in
different nuclei, since different nuclei are sensitive to new physics in distinct ways, as
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depicted in Figure 4.4. This flexibility is not shared by u—ey (where one can only hope
to measure, in principle, the final state photon or electron polarizations). In the case of a
positive signal in p—eee, some detailed information regarding the underlying physics
can also be obtained by analyzing in detail the kinematics of the three final state leptons.

CLFV and new physics at the TeV scale

By the end of 2008, we expect the LHC experiments to start accumulating data that will
reveal the mechanism of electroweak symmetry breaking and explore the physics of the
TeV scale. Several theoretically motivated scenarios predict the existence of new degrees
of freedom with masses at or below 1 TeV and, if this is the case, one expects some of
these new states to be discovered at the LHC.
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Figure 4.3 B,/R,. in the MSSM with MSUGRA boundary conditions for the soft parameters and neutrino masses induced by

the seesaw mechanism, as a function of tanp for different signs of the p-parameter. From C. E. Yaguna, Int. J. Mod. Phys.
A21, 1283 (2006).

2.5

0 10 20 a0 40 50 &0 70 80 a0 100
£
Figure 4.4 p—e conversion rate for different nuclei, normalized to that for p—e conversion in aluminum. The different curves

represent the contribution of different types of higher dimensional operators. From R. Kitano, M. Koike and Y. Okada, Phys.
Rev. D66, 096002 (2002).
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New physics at the TeV scale is expected to mediate CLFV processes. Expectations are
model-dependent, but detailed computations in specific models lead to CLFV rates very
close to current experimental bounds, as will be discussed in more detail shortly. We first
conservatively assume that the new physics will predominantly induce flavor-violating
magnetic-moment type effective interactions at the one-loop level. A concrete example is
depicted in Figure 4.5.

it \.'..l e

Figure 4.5 MSSM slepton--neutralino contribution to p—ey. Am,,e2 stands for the insertion of an off-diagonal element of the
slepton mass-matrix. From Y. Kuno and Y. Okada, Rev. Mod. Phys. 73, 151 (2001).

In this case, CLFV is given by Eq. (6) (potentially augmented by similar operators where
the electron and muon chiralities are reversed) with k<<l and
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new

(6)

M,.,, are the masses of the new states that couple to standard model fields with coupling g
and 6., is a flavor-violating factor, most likely inaccessible to the LHC. If one assumes g
(henceforth assumed to be of order one) and M,.,, to be known, failure to observe CLFV
translates into bounds on 6,,,.

As a concrete example, consider the possibility that the currently observed three sigma
discrepancy between the standard model prediction and the measurement of the muon
anomalous magnetic moment is due to new electroweak scale physics. In this case, the
new physics contribution to the anomalous magnetic moment of the muon is capture by a
flavor-conserving version of the magnetic moment-type operator that mediates CLFV.
Current data on the muon anomalous magnetic moment translates into a measurement of
a combination of the new physics scale M,., and the new coupling g, in which case
currents bounds on CLFV are already quite severe and constrain &.,< 1073,

Similarly, if the LHC discovers new states with masses M,,, around 1 TeV, current
bounds from CLFV will already translate into 6., < 1072, In this case, u—e conversion
experiments sensitive to conversion rates greater than 10"'® will probe O > 107,

What are the expected values for 6.,? The answer to this is model dependent, but one can
identify general categories. Generic new physics models predict &,, ~ 1, in which case
searches for CLFV already rule out M,., ~ 1TeV. Hence searches for CLFV, along with
other flavor observables, already constrain any physics at the TeV scale to be flavor
conserving at the leading order. For this reason, one often assumes that the only sources
of lepton-flavor violation are the ones already present in the standard model, e.g., the
charged-lepton Yukawa couplings and the neutrino mass generating sector. In this case,
6., values can be computed on a case-by-case basis, and its value may or may not depend
on the unknown new physics responsible for neutrino masses and lepton mixing.
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Several detailed analyses have been performed for the different independently motivated
new physics scenarios, including models with weak scale supersymmetry, models with
flat and warped extra-dimensions, and little Higgs models. Some results depend on
details of the physics responsible for neutrino masses, about which we will discuss more
shortly, but tend to lead to &, values such that p—e conversion is likely to happen with
rates above 10" or so as long as the new physics is observable at the LHC.

Two examples are depicted in Figures 4.6 and 4.7. Figure 4.6 depicts the result of a scan
of the MSSM parameter space for different SUSY-GUT scenarios where neutrino masses
are generated via the seesaw mechanism. The GUT hypothesis fixes the values of the
right-handed neutrino Majorana masses, while there remains the freedom to choose the
off-diagonal structure of the neutrino Yukawa couplings. Here two different choices are
made: the neutrino Yukawa coupling matrix is PMNS-like with all its mixing angles
large as in the physically observable lepton mixing matrix, or it is CKM-like with all its
mixing angles small as in the physically observable quark mixing matrix. While the
different choices lead to p—e gamma rates that vary by more than four orders of
magnitude, it is clear that a p—e conversion experiment sensitive to normalized rates
above 107" or so should cover the majority of the LHC accessible parameter space.

Figure 4.7 depicts the result of a scan of the parameter space of the littlest Higgs model
with T-parity. The different colored (shaded) points refer to different ansatze for the
structure of the mirror lepton mixing sector, not dissimilar from the choice of neutrino
Yukawa matrices made in the SUSY example discussed briefly above. Also here, a p—e
conversion experiment sensitive to normalized conversion rates above 10 should cover
the parameter space explored in the figure. This is also true for a handful of points where
the branching ratio for p—ey is less than 10™*. Note that in this case results do not
depend on the mechanism responsible for neutrino masses, but do depend on the
unknown mirror fermion mixing matrix.
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Figure 4.6 p—e conversion rate in Ti for different SUSY--GUT scenarios. The plots are obtained by scanning the LHC
accessible parameter space. The horizontal lines are the present (SINDRUM II) bound and the planned (future) sensitivity to
the process both at the proposed PRIME experiment in JPARC and at the proposed mu2e experiment in FNAL. From L.
Calibbi, A. Faccia, A. Masiero and S. K. Vempati, Phys. Rev. D74, 116002 (2006).
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Figure 4.7 p—e conversion rate in Ti versus p—ey branching ratio for different littlest Higgs scenarios. The light grey region
is allowed by current searches for CLFV. The different shaded points represent different ansatze for the mirror fermion
mixing matrix. From M. Blanke, A. J. Buras, B. Duling, A. Poschenrieder and C. Tarantino, JHEP 0705, 013 (2007).

It is also important to discuss the case where CLFV is generated by new physics at the
tree-level, i.e. it is a consequence of the simple exchange of a heavy new physics particle.
An example is depicted in Figure 4.8. Other than SUSY with R-parity violation, depicted
in Figure 4.8, several well-motivated new physics scenarios lead to similar CLFV effects
including the models with lepto-quarks, neutrino mass models with Higgs triplets, and
models with extra Z' gauge bosons. In this case, CLFV is described by Eq. (5)
(potentially augmented by, say, scalar-scalar four-fermion operators) with k>>1 and
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Here, if M, 1s measured at the LHC, current bounds from p—e conversion constrain
gzeeu to be tiny. In the example depicted in Figure 4.8, gzeeu ~(A 221/A 121). Not
surprisingly, this parameter is most severely constrained by searches for p—e conversion
in nuclei.
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Figure 4.8 MSSM tree-level R-parity violating contribution to p—e conversion. From A. de Gouvea, S. Lola and K. Tobe, Phys.
Rev. D63, 035004 (2001).

To summarize the discussion so far: if the LHC discovers new states at the TeV scale,
several distinct new physics scenarios predict CLFV violating process to occur with rates
that are close to current experimental bounds. In this case, a positive p—e conversion
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result (which may or may not be accompanied by a positive p—ey or p—-eee result) will
tell us about the flavor structure of the new physics sector, and may even help distinguish
among different new physics scenarios. It is important to emphasize that the information
one will extract from the CLFV sector is complementary to the information one can hope
to extract from LHC data.

Similarly, in the advent of new physics at the LHC, a negative p—e conversion result
will also contribute to our understanding of the new TeV scale physics. It would reveal
that (i) the new physics is indeed intrinsically lepton-flavor conserving and (ii) the flavor
breaking effects induced by the known sources of flavor violation are smaller than naive
expectations. Different physics may explain (ii). For example, in the case of SUSY, low-
energy gauge-mediated scenarios usually lead to suppressed flavor-viola