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Flavor physics has recently made striking advances. The Snowmass Flavor Physics Working Group
has attempted to identify the important open questions in this field, and to describe the diverse
future program that would address them.

EXECUTIVE SUMMARY

Flavor physics—the study of the quark and leptonic
constituents of matter—is in a rapidly-advancing discov-
ery phase. At Snowmass 2001, the Flavor Physics Work-
ing Group considered how best to build on the dramatic
recent discoveries in this field to attack its major puzzles.
In this executive summary, we summarize the findings
and recommendations of this group.

Two particularly striking recent flavor-physics discov-
eries are the observation of very large CP violation in B
meson decays, and the finding of compelling evidence for
neutrino mass.

For a third of a century, CP violation has been seen
only as a tiny effect in the decays of K mesons. However,
according to the Standard Model (SM) description of the
quarks and leptons and their interactions, CP violation is
by no means a peculiarity of the K system, and its small-
ness in that system is just an accident. The SM predicts
large CP violation in the B system. This prediction has
now been confirmed.

Neutrinos appear to be close relatives of the quarks
and charged leptons. Therefore, one expects that the
neutrinos, like all the quarks and charged leptons, have
nonzero masses. At long last, this expectation has been
confirmed. The confirmation comes from strong evidence
that both the atmospheric and solar neutrinos oscillate
between different flavors. Neutrino oscillation implies
neutrino mass. The explanation of this neutrino mass
will almost certainly entail new physics beyond the SM.

Flavor physics, and the things we learn by studying it,
can have profound consequences. For example, because

the d quark weighs more than the u quark, the neutron
is heavier than the proton. Had it been the other way
around, there could have been no water, so life as we
know it would not have been possible. A second example
is the most stringent bound on CPT violation, which has
been obtained by studying mixing and CP violation in
the neutral K system. A third is the excess of matter
over antimatter in the universe. This excess, on which
our existence depends, grew out of the flavor physics of
the early universe. We do not yet know how, and find-
ing out—a major goal for flavor physics—will be very
interesting, to say the least.

The open flavor-physics questions one would like to see
answered include—

• Why is there flavor? How many flavors, including
both active and “sterile” ones, are there? What
has led to the number of flavors being what it is?

• Are there high mass scales whose physics influences
the properties of the quarks and leptons? If so,
what are these scales, and what physics resides at
them? Is there a Grand Unified Scale where the
quarks and leptons become unified?

• Are C and CP the only matter-antimatter symme-
tries violated in nature, or is CPT violated as well?
What physics is responsible for the violation of the
matter-antimatter symmetries?

• We know the masses of the (known) quarks and
charged leptons. What are the masses of the neutri-
nos? To what new high mass scale do these masses
point, and what physics would one find there?
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• Is each neutrino identical to its antiparticle?

• Why is there such a striking hierarchy of quark
masses, with Mass(up) / Mass(top) ∼ 3 × 10−5?
Why is there also a hierarchy of charged lepton
masses, with Mass(e) / Mass(τ) ∼ 3 × 10−4? Why
are the neutrinos so much lighter than the quarks
or charged leptons?

• Exactly what are the quark mixing angles and their
leptonic counterparts? What explains all these an-
gles? Why are quark and lepton mixing so strik-
ingly different from each other? All three quark
mixing angles are small, but at least one and most
probably two of the three lepton mixing angles are
very large.

• Is the beautiful quantum-mechanical mixing in the
neutral B and K systems due entirely to SM mixing
among quarks, or does it also involve new physics
beyond the SM?

• Can CP violation in the B and K systems be fully
explained in terms of the SM, or does it arise in
whole or in part from new physics such as super-
symmetry?

• Is there also CP violation in the lepton sector?
Does neutrino oscillation violate CP? Does neutri-
noless double beta decay?

• What caused baryogenesis in the early universe?
Was it a result of CP violation among quarks?
Among leptons? Something else entirely? What
as-yet-unknown particles and interactions were in-
volved?

• Can neutrinos, which may have the almost unique
ability to travel in extra spatial dimensions, reveal
the presence of such dimensions?

Finding the answers to these questions requires a di-
versity of approaches. Some involve experiments at the
high-energy frontier, while others entail searches for rare
low-energy phenomena, or precision studies of not-so-rare
ones. The important research includes accelerator experi-
ments, non-accelerator (often underground) experiments,
astrophysical observations, and theoretical explorations.

To learn whether the leptons violate CP as the quarks
do, one must compare the oscillations of neutrinos and
antineutrinos. This will require accelerator-created neu-
trino beams much more intense than the present ones.
To determine the masses of the individual neutrinos, and
thereby the scale of neutrino mass, one will need to per-
form such non-accelerator experiments as the very precise
study of the beta spectrum in tritium beta decay. To find
out whether each neutrino is identical to its antiparticle,
one will have to seek neutrinoless double beta decay in
an underground laboratory. To test the SM of CP viola-
tion among the quarks, one will need to study certain B-
system CP asymmetries at a low-energy electron-positron

collider, other such asymmetries at a high-energy hadron
collider, extremely rare K-meson decays at a low-energy
proton accelerator, still further phenomena at other fa-
cilities, and then see whether all the results are related
to one another as demanded by the SM. These examples
illustrate how the elucidation of flavor physics depends
on diverse techniques and facilities.

Using flavor physics to search for the so-far very elu-
sive physics beyond the SM will be a major priority. This
search will be conducted quite differently in different sec-
tors. In the quark and charged-lepton sectors, one can
look for new physics by trying to see whether an effect
that the SM predicts to be small (e.g., a rare decay) is
actually much larger. One can also seek new physics
by overconstraining a system, as just described. In the
neutrino sector, nonzero neutrino masses are almost cer-
tainly due to physics beyond the SM, so in this sector,
consequences of new physics have already been observed.
To study this new physics, one will need to determine
the neutrino mass spectrum, and the related neutrino
properties such as mixing angles.

The Snowmass Flavor Physics Working Group sought
to find efficient and effective ways to address the open
questions through future research. To this end, we found
it practical to divide into a Quark Sub-Group and a Lep-
ton Sub-Group. The conclusions and recommendations
of these Sub-Groups are as follows:

Quark Sub-Group Recommendations

Full and precise exploration of quark flavor physics re-
quires a diverse program of experiments at both e+e−
and hadron accelerators.

• The current e+e− program at BABAR, BELLE,
and CLEO has been highly successful. It is this pro-
gram that has shown that CP violation in the B sys-
tem is large. Operation and upgrades of BABAR
and BELLE should be pursued vigorously. CLEO-
c should explore charm physics at a new level of
sensitivity. R& D on B factories at a luminosity of
1036 should be initiated.

• The current hadron collider experiments CDF and
D0 are poised to make important contributions to
B and top physics in Run II. Top physics will be
a significant part of the program at the LHC and
at a linear collider. The dedicated hadron collider
experiments BTeV and LHCb are the next frontier
in B physics and should be built expeditiously.

• Studies of the K system have and will continue to
provide important information on CP violation and
CKM matrix elements.

• With recent methodological improvements in lat-
tice QCD, precise calculations of hadronic matrix
elements, necessary to distinguish between new and

P2001



3

SM physics, are close at hand. The accuracy of
these calculations should keep pace with precision
measurements in the charm and bottom sectors.

Lepton Sub-Group Recommendations

The investigation of the full range of neutrino proper-
ties requires a diverse program of both accelerator and
non-accelerator experiments.

• The non-accelerator program has been highly suc-
cessful. It is this program that has yielded com-
pelling evidence for neutrino oscillation, hence neu-
trino mass. This program should be actively
pursued. Results, including those from next-
generation neutrinoless double beta decay, tritium
decay and astrophysics experiments, will add fun-
damental knowledge.

• On the accelerator side, an important next step is
the development of a higher-intensity conventional
beam (super-beam). A complementary step is the
development of a next-generation atmospheric neu-
trino detector that can serve as a far detector for a
high-intensity beam.

• Experimental results over the next few years are
likely to demonstrate the need for a neutrino fac-
tory. The development of the needed technologies
requires a long lead time and should be pursued
now.

Summary

Flavor physics—a facet of the mystery of the origin of
mass—is one of the great puzzles of modern physics. It
is also a powerful probe of physics beyond the Standard
Model. While the nature and origin of flavor remain enig-
matic, the study of this enigma has entered a very inter-
esting stage, thanks to the experimental breakthoughs on
CP violation and neutrino mass. Continued progress re-
quires a broad program of diverse measurements in both
the quark and neutrino sectors, and associated theoreti-
cal developments.

I. QUARK FLAVOR PHYSICS

A. Introduction

The pattern of masses and interactions of quarks is eas-
ily accommodated in the Yukawa sector of the Standard
Model, but its origin is almost a complete mystery. In ad-
dition, many new physics models such as supersymmetry
predict measurable deviations from the Standard Model

predictions for quark mixing and CP-violation phenom-
ena.

Key experimentally addressable topics in quark flavor
physics include, but are not limited to:

• The extension of searches for nucleon decay to to-
tal proton lifetimes exceeding 1034 y, with partial
lifetimes for key modes approaching 1035 y;

• The study of rare K decays such as K → πνν̄ and
K → πll̄ which provide potential windows on quark
mixings;

• The investigation of mixing and CP violation in
charmed meson decays, expected to be small in the
Standard Model;

• The detailed study of B decays and associated CP
violation for processes with branching ratios as low
as 10−7 or less, which can provide key insights into
not only quark mixing but also “engineering” ques-
tions such as rescattering and final-state phases;

• The study of the electric dipole moment of the neu-
tron, which provides some of the best reach for new
physics in theories such as supersymmetry.

The experiments which address these questions are
diverse not only in approach but also in scale. They
range from table-top electric dipole moment searches to b
physics at the largest LHC experiments. A diverse exper-
imental strategy is key to a broad understanding of flavor
phenomena and therefore of the higher-energy physics
from which they derive. A healthy global high-energy
physics program should include proposed specialized ex-
periments, including dedicated b experiments at hadron
colliders, high-intensity B production in e+e− collisions,
rare kaon decay searches, τ/charm facilities, and dipole
moment studies.

B. Quark Physics as a Compass in the New
Physics Maze

Although the Standard Model’s predictive power has
been confirmed by a vast body of data, the search for
a more complete effective theory is vigorously pursued.
One strong motivation for this quest is related to the
number of Standard Model parameters that are constants
of nature and need to be determined experimentally.

Several avenues have been proposed to achieve a more
complete effective theory. They address individual short-
comings of the Standard Model and they introduce a va-
riety of additional uncertainties. A typical example is
super-symmetry (SUSY), that is popular for its solution
of the hierarchy problem [1] but introduces a flavor prob-
lem of its own, given the proliferation of exotic particles
introduced by this theory. In addition, the number of ef-
fective theories within the SUSY general framework, re-
quires an experimental strategy to identify the scenario

P2001



4

consistent with the true pattern of fundamental particles
and their interactions.

While data at the energy frontier will explore direct
searches for new exotic matter, the exploration of fla-
vor physics, in particular the CP violation in charm and
beauty physics and some crucial rare and forbidden decay
processes will provide complementary information, often
competitive in sorting out alternative scenarios as will be
illustrated below.

1. The Cabibbo-Kobayashi-Maskawa matrix now

In the Standard Model masses are produced via the
Higgs mechanism through the Yukawa couplings. The
complex Yukawa coupling constants are related to 10
independent physical quantities, the six quark masses
and four quark mixing parameters. The latter can be
described by three Euler-like angles and an imaginary
phase. These parameters are not predicted by the Stan-
dard Model, but are fundamental constants of nature
that need to be extracted from experimental data.

Many theoretical models have tried to uncover a more
fundamental explanation for flavor. For example, some
of the many variations of Supersymmetry [1] incorporate
the known hierarchy of quark masses and mixing param-
eters. In addition, the replication problem has been ad-
dressed by postulating a new deeper level of matter [2].
In this approach, the multitude of quarks can be under-
stood as a sort of periodic table of the composite struc-
tures that are indeed bound states of more fundamental
particles. In addition, a geometrical origin [3] of flavor
has been proposed.

An important feature of the fundamental interactions
explored in flavor physics is CP violation. After several
decades when the only experimental evidence for CP vi-
olation was provided by studies of neutral K decays, this
year evidence for CP violation in B decays has been ob-
tained by the two e+e− b-factory experiments, BaBar
at PEP-II and Belle at KEK-B. These experiments pre-
sented positive evidence for CP asymmetry in B decays
measuring:

sin 2β = 0.59 ± 0.14(stat) ± 0.05(sys) [BaBar][4]
sin 2β = 0.99 ± 0.14(stat) ± 0.06(sys) [Belle][5] (1)

Thus a new era in CP violation studies has just begun.
Fig. 1 shows the 6 unitarity triangles that can be con-

structed to check this property. The expected lengths
of the sides are suggested. The bottom two triangles
give a hint on the optimal strategy to test the CKM
sector of the Standard Model. The three sides are of
comparable length and thus all the angles and sides are
more amenable to experimental measurement. Aleksan,
Kayser and London [6] pointed out that we can cast the
four independent CKM parameters as phases that can be
determined from the CP asymmetries that will be mea-
sured in the planned heavy flavor experimental program.

TABLE I: Precision of our present experimental knowledge of
the absolute value of the quark mixing parameters

Vud Vus Vub

β-decay K → π�ν b → u�ν
0.9739 ± 0.0009 0.2200 ± 0.0025 ≈ 0.0035 ± 0.001
Vcd Vcs Vcb

νd → �c D → Keν b → c�ν
W → XcX

0.224 ± 0.016 0.97 ± 0.11 0.041 ± 0.003
Vtd Vts Vtb

B mixing Unitarity Unitarity
0.0083 ± 0.0016 0.04 ± 0.01 0.9990 to 0.9993

These phases, shown in Fig. 1, are:

β = arg

(
−V �

cbVcd

V �
tbVtd

)
(2)

γ = arg

(
−V �

ubVud

V �
cbVcd

)
(3)

χ = arg

(
−V �

csVcb

V �
tsVtb

)
(4)

χ′ = arg

(
−V �

udVus

V �
cdVcs

)
(5)

VudVus*

VcdVcs* VtdVts*

VusVub*VcsVcb*

VtsVtb*

VtbVtd*

VcbVcd*

VubVud*

ds

sb

bd

VubVcb* *VusVcs

VudVcd*

VcsVts*
VcdVtd*

VcbVtb*

VtsVus*

VtdVud* VtbVub*

uc

ct

tu

FIG. 1: The six CKM “unitarity triangles”. The bold labels,
e.g. ds, refer to the rows or columns used in the unitarity
relationship.

Table I summarizes our present knowledge of the ab-
solute values of the quark mixing parameters. In some
cases the values reported are the result of direct mea-
surements, in a few cases the parameter is inferred from
the other elements in the row and the assumption of uni-
tarity. This shows that there is still a large room for
improvement. An important goal of the next generation
of precision experiments would be to fill up this matrix
with direct measurements of each individual parameter
that would allow us to verify all the relationships between
different elements imposed by the unitary nature of this
matrix.

The ratio of Vts and Vtd will be eventually determined
through the study of Bs − Bs flavor oscillations, which
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can then be compared to the known Bd −Bd oscillations.
This requires significant boost and great time resolution,
achievable at hadron collider facilities. The other CKM
parameter presently determined through unitarity con-
straints, Vtb, will be determined studying single top pro-
duction processes such as W ∗ → tb̄ (at hadron colliders)
and e−γ → νebt̄ (at a linear collider). Vast opportuni-
ties for high precision top decay studies will be available
at the Tevatron, LHC and the proposed linear collider.
It can be seen also that considerable room for improve-
ment is left in several direct measurements included in
Table I. The dominant uncertainty is often theoretical
in nature, due to the difficulty in performing precise cal-
culations of the QCD matrix element. Thus a program
to evaluate the relevant hadronic physics in the frame-
work of a full QCD calculation with controlled and ob-
jective errors is a crucial ingredient of the flavor physics
of the next decade. Although continuum physics has pro-
vided significant progress in our understanding of heavy
flavor phenomenology, unquenched lattice gauge calcula-
tions represent a very important contribution expected
in the next few years.

2. Quark Masses

The hierarchy of the quark masses is very puzzling.
The mass of the heaviest quark is about 100,000 big-
ger than the lightest one. The determination of these
masses has many challenges and is a good illustration of
the different roles played by QCD in different hadronic
processes. The parameter that defines how QCD affects
our ability of measuring fundamental properties is the
mass scale ΛQCD ≈ 200 MeV. Thus, for very heavy mass
scales QCD corrections are not very important and can
be evaluated using perturbative methods. As the mass
decreases, non-perturbative effects become more impor-
tant and the extrapolation process becomes more uncer-
tain. This interplay will be illustrated below. The quark
masses and mixing parameters arise from the Yukawa La-
grangian, that is the Standard Model sector that includes
the largest group of unpredicted parameters. The pat-
terns of quark masses and mixing parameters is known
with different degrees of accuracy, of the order of 4-20%.
This knowledge is based either on direct experimental
measurements or is inferred from unitarity constraints.
The magnitude of the elements in the unitary matrix that
relates the weak eigenstates to the mass eigenstates also
shows a very remarkable pattern: the diagonal elements
are close to 1 and the further ’off diagonal’ elements are
the smaller they are. Attempts to relate this specific
structure with a more comprehensive theory have been
made [7]. In this approach quark mass textures, i.e. spe-
cific patterns of zeros in quark mass matrices, relate the
origing of flavor to a spontaneously broken symmetry,
thus inferring relationships between quark masses and
quark mixing parameters. For example, Barbieri, Hall
and Romanino [8] explored the constraints in the ρ − η

plane produced by the relationships:
∣∣∣∣Vub

Vcb

∣∣∣∣ =
(
mu

mc

)1/2

(6)

∣∣∣∣Vtd

Vts

∣∣∣∣ =
(
md

ms

)1/2

(7)

Although the present knowledge of the quark masses and
mixing parameters does not allow for precision tests using
this strategy, it represents an interesting line of investi-
gation for future studies.

3. New Physics and Rare Decays

“Rare” decays encompass a large class of decay modes,
with branching fractions not necessarily exceedingly
small, where a suppression mechanism reduces the rate
compared to the dominant “tree diagram.” In b decays,
these diagrams include ”box diagrams” mediating flavor
oscillations, definitely not ”rare”. On the other hand,
in charm decays short distance diagrams for these high
order processes are highly suppressed. In this case the
analysis of the implication of possible enhancements is
complicated by long distance hadronic effects that pre-
clude precise predictions of the expected rates. Rare and
forbidden decays may provide insight into new physics, as
they are often mediated by loop diagrams, which may in-
clude additional contributions from exotic particles such
as new gauge bosons or extended Higgs sector.

Flavor-changing neutral currents lead to the transi-
tions b → s and b → d. These can be described in the
Standard Model by one-loop diagrams, known as “pen-
guin” diagrams, where a W− is emitted and reabsorbed.
The first such process to be observed was b → sγ, de-
scribed by the diagram in Figure 2(c), where the γ can be
radiated from any internal charged particle line. Another
process which is important in rare b decays is b → sg,
where g designates a gluon radiated from a quark line
[Figure 2(d)]. A third example of such processes is the
transition b → s	+	− which can occur through the dia-
grams shown in Figures 2(e) and 2(f).

There are several reasons why the study of rare b de-
cays is very important. First of all, the suppression in-
volved in loop diagrams makes it possible for these Stan-
dard Model processes to interfere with decay diagrams
mediated by exotic mechanisms due to ‘beyond Stan-
dard Model’ interactions. In addition, loop diagrams and
CKM suppression can affect our ability of measuring CP
violation asymmetries.

The decay b → sγ was the first inclusive rare b decay
to be measured [9] and stirred a lot of theoretical inter-
est. It is a powerful constraint on theories “beyond the
Standard Model.” The Standard Model predicts no CP
asymmetry in b → sγ. The closeness between the origi-
nal CLEO result and the Standard Model predictions did
not leave much room for exotic contributions. However
recent suggestions to use the running quark mass in the
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s,dt,c,u

γ,Z
+

(e)

b t,c,u
W-

s,dW-

+ -

ν

(f)

c,u

FIG. 2: Feynman Diagrams for b Decays

ratio mc/mb raised the Standard Model prediction from
(3.35 ± 0.30) × 10−4 to (3.73 ± 0.30) × 10−4. The most
recent CLEO result, still dominating the world average,
is (2.85±0.35±0.22)×10−4 [10]. This hint of new physics
is not at all conclusive, of course, but is intriguing.

Moreover, recent theoretical work [11] suggested that
non-Standard Model physics may induce a significant
CP aysmmetry. Thus a search for CP asymmetry has
been performed by CLEO. A preliminary results of A =
(0.16 ± 0.14 ± 0.05) × (1.0 ± 0.04) has been reported by
CLEO [12]. The first number is the central value, fol-
lowed by the statistical error and an additive system-
atic error. The multiplicative error is related to the un-
certainty in the mistagging rate correction. From this
result a 90% C.L. limit on the CP asymmetry A of
−0.09 < A < 0.42 is derived. These results are based
on ≈ 3.1 fb−1 of data.

Another related decay mode that is quite important
in constraining new physics is the decay b → s(d)	+	−
and the related exclusive channels B → K(�)(ρ, ω)	+	−.
These processes have been studied both at CLEO and at
CDF and D0. Some of the upper limits are very close
to the theoretical predictions, and it is likely that future
high statistics b experiments will measure these rates.
With enough statistics not only the branching fraction
will be uncovered, but also we will be able to measure
specific properties of these decays, such as differential
rate as a function of the dilepton invariant mass.

Similarly, the companion class of decays in the charm
sector can be explored. The charm physics reach of
physics beyond the Standard Model is complicated by
the interplay between short range operators, correspond-
ing to very highly suppressed rates, and long range oper-
ators, quite uncertain but possibly producing very large

enhancements. However high statistics studies will al-
low the study of the differential decay rate as a function
of the di-lepton invariant mass. Theoretical studies indi-
cate that there are intervals in the invariant mass domain
where new physics may produce unambiguous enhance-
ments [13].

4. The Challenge of the Hadronic Matrix Element

Our progress in extracting the Yukawa Lagrangian pa-
rameters is a complex interplay between experimental in-
genuity, in devising a variety of measurement techniques
to study these unknown Standard Model constants, and
theoretical progress in tackling the calculation of QCD
matrix elements in the challenging non-perturbative do-
main.

The first stage of the complex theoretical saga relied
on “QCD inspired” model building. Several form factor
models [14] addressed a variety of decays. In particular,
they described semileptonic decays with “form factors”,
parameterizing the relevant amplitudes in terms of func-
tions of q2, the 	ν invariant mass squared, where normal-
ization factors were obtained in a variety of quark models
and the q2 dependence was guessed.

A step towards model independence was achieved with
the advent of Heavy Quark Effective Theory (HQET)
[15], an effective theory based on QCD, exact in the limit
of infinitely heavy quark masses. The degree to which
the “heavy flavors”, most notably the b and c quark, can
be considered infinitely heavy is process dependent, but a
remarkable number of its predictions have received exper-
imental confirmation [16] in heavy to heavy transitions.

In parallel, a theoretical approach similar in nature
but not equivalent to HQET, the heavy quark expansion
(HQE) has been developed to study inclusive transitions
[17]. In particular, it has been used to extract the funda-
mental parameters Vcb and Vub. A full discussion of this
method, its key parameters and their determination is
beyond the scope of this review. A critical aspect of this
approach that is presently being actively investigated is
the uncertainty inherent in the quark-hadron duality as-
sumption, an inevitable ingredient of these calculations.
While some authors [18] conjecture that it is negligible,
others [19] suspect that big duality violations will be un-
covered. A recent review article [20] addresses future
tests that may shed more light on this issue.

Unfortunately, several processes of interest in deter-
mining important parameters, most notably the magni-
tude of Vub, involve heavy to light transition, such as
b → d(u). In this case several approaches have been
tried, no conclusive assessment of the theoretical errors
and model dependence of the results obtained has been
achieved.

While continuum approaches have lead to great
progress, in particular in identifying approaches that lead
to less model dependence in the measured fundamental
parameters, the evaluation of the QCD matrix element
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is a critical step towards a precision determination of all
the fundamental parameters. This cannot be tackled an-
alytically, but a variety of numerical approaches, lattice
gauge theories, has been pursued for a number of years.
The history of lattice QCD has been very complex, and
through the development of more powerful computers,
and, perhaps more importantly, the development of more
sophisticated algorithms [21], has reached the era of ”pre-
cision calculations”. In particular, an assumption that
until recently was necessary to achieve significant statis-
tical accuracy (the ”quenching approximation”) will be
removed [22]. A detailed plan of predictions in the heavy
flavor sectors down to a few % accuracy has been pro-
posed, in parallel to an experimental program that should
verify these predictions with comparable precision [23].
This program is important to check our strategy to pin
down the sides of the CKM triangle.

C. The CP Violation Puzzle

CP violation is crucial to our understanding of the
history of the universe. In particular, it is a neces-
sary ingredient of our understanding of the origin of the
matter dominated universe [24]. A CP violating phase
is naturally incorporated in the Standard Model within
the Cabibbo- Kobayashi-Maskawa matrix. Thus several
models attempt to explain the baryon asymmetry of the
universe as due to a CP violating process occurring at the
scale of the electro-weak symmetry breaking. A rough or-
der of magnitude estimate of the expected effect of the
CKM induced CP violation on the baryon asymmetry
can be obtained by constructing a variable dCP that in-
corporates all the features of this violation: it vanishes
when any pair of quarks of like charge are degenerate in
mass and when any CKM angle vanishes. dCP is defined
as:

dCP = sin θ12 sin θ23 sin θ13 sin δCP

(m2
t −m2

c)(m
2
t −m2

u)(m2
c −m2

u)
(m2

b −m2
s)(m

2
b −m2

d)(m
2
s −m2

d),
(8)

where θij are three real “Euler-like” angles defining the
CKM matrix together with the imaginary phase δCP .

The dCP parameter that we have just defined is a di-
mensional quantity, and it is conceivable [25] that the
natural normalization parameter to transform it into a
pure number is the temperature at which the electroweak
symmetry breaking occurred. Thus the figure of merit of
the strength of the CKM induced CP violating effect is
given by:

dT
CP = dCP/(kT )12ew ≈ 10−18, (9)

where Tew represents the temperature at the time the
electro-weak symmetry breaking occurred and k is the
Boltzmann constant. This suggests that CKM CP vi-
olation is an effect too small to account for the known

baryon asymmetry of the universe,∣∣∣∣NB −NB

NB +NB

∣∣∣∣
t≈10−6s

≈
∣∣∣∣NB

Nγ

∣∣∣∣ . (10)

This discrepancy is very qualitative in nature and may
have a number of explanations. However a very tantaliz-
ing hypothesis is the presence of additional CP violating
phases produced by mechanisms beyond the Standard
Model. The recent data pointing to a leptonic mixing
matrix similar in nature but with a very different hierar-
chical structure than the quark mixing matrix has moti-
vated theoretical developments seeking these new phases
in the lepton sector, as will be discussed below. Thus the
experimental exploration of CP violation in the lepton
and quark sectors is a crucial area of experimental re-
search in the high energy physics experimental program
as it has a good chance to provide powerful constraints
that will help in narrowing the options in the vast land-
scape of effective theories now being considered viable.

η

ρ 0 1
β

α

γ

FIG. 3: The normalized db unitarity triangle.

A rescaled db unitarity triangle, shown in Fig. 3, is
often used to analyze CP violation tests. One powerful
way to challenge the CKM picture is through redundant
measurement of its interior angles,α, β and γ. A first
important question that we need to address is whether
α + β + γ = 180◦ is a sufficient validation of the Stan-
dard Model picture of CP violation. While an inequality
would be a significant manifestation of new physics, a
confirmation of this relationship would not necessarily
be a Standard Model success. New phases may intervene
with opposite sign in altering the value of two CKM an-
gles, e.g. β and α, with a deceiving null result. This
realization has prompted theoretical effort towards a less
ambiguous test. Through the work of Aleksan, Kayser,
and London, and of Silva and Wolfenstein [6, 26], a re-
lationship has emerged as a promising unambiguous test
for new physics:

sinχ = λ2 sinβ sin γ
sin(β + γ)

(11)

This is a very precise test because λ = 0.2196 ± 0.0023
[27] is very well known. It involves the measurement of
the angle χ, that is expected to be very small. The most
promising experimental technique involves the study of
BS → ψη(′) and BS → ψφ. The measurement is within
reach when the proposed dedicated b experiments, BTeV
and LHCb, will be operative.
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TABLE II: Predictions of different SUSY models
Model dN

10−25 e cm θM θD aD→Kπ aK→πνν̄

Standard Model <∼ 10−6 0 0 0 O(1)
Exact Univrsalty <∼ 10−6 0 0 0 =SM
Approx. Unvrslty >∼ 10−2 O(0.2) O(1) 0 ≈SM
Alignment >∼ 10−3 O(0.2) O(1) O(1) ≈SM
Heavy Squarks ∼ 10−1 O(1) O(1) O(10−2) ≈SM
Approximate CP ∼ 10−1 −β 0 O(10−3) O(10−5)

TABLE III: Comparison of CP Reach of Hadron Collider Ex-
periments per Snowmass year and each asymmetric e+e− col-
lider through 2005. (The BTeV reach has been obtained for
the one-arm version of BTeV).

BTeV LHCb BaBar
107s 107s Belle

(2005)
sin 2β 0.017 0.020 0.037
sin 2α 0.04 0.05 0.14
γ [Bs(DsK)] ∼8o

γ [B(DK)] ∼13o ∼20o

sin 2χ 0.02 0.04 -
BR(B → πoπo) - - ∼20%
Vub - - ∼2.3%

A variety of new CP violation scenarios can be envis-
aged depending upon the assumed pattern of new physics
implementation. New physics may introduce new phases
both in B0B̄0 mixing (θM ), and in the decay amplitude
(θD). Moreover, CP violation in charm decays, a probe
of new physics in the u-quark sector, can be enhanced
through the appearance of a novel phase φKπ. It is in-
teresting to note that different “Beyond the Standard
Model” scenarios involve quite different expectations for
the magnitude of these parameters. For example, Ta-
ble II [28] shows a comparison between the predictions
from different SUSY implementations. For completeness
the predictions of these models for other exotic processes
such as the neutron electric dipole moment have been
included. This illustrates how heavy flavor physics and
small scale precision measurements can be a powerful tool
to identify a path towards a more complete effective the-
ory of the fundamental interactions.

A comprehensive study of the CP violation observables
in b and c decays is planned for the next decade. This
will involve complementary experiments at hadronic and
e+e− facilities. Early results from the hadronic facilities
will come from the existing Fermilab collider detectors,
which hopefully will determine the frequency of Bs −Bs

oscillation. When BTeV and LHC-b begin, a rich and
diverse set of measurements will be performed with a
high degree of accuracy, as shown in Table III.

In parallel, precision experiments are planned, address-
ing rare K decays that offer a complementary and in-
triguing exploration of the CKM phases. Fig. 4 shows
an example on how the study of Ko → πoνν̄ can provide
an independent measurement of the apex of the unitarity

triangle. These measurements have also small theoretical
uncertainties, independent of the ones affecting b decay
observables, thus a consistency check between these two
approaches provides a powerful Standard Model test.

�

�

� �

ACP �B ��KS�

KL � �
�
���

�MBd
��MBs

K
�
� �

�
���

FIG. 4: Schematic determination of the unitarity triangle ver-
tex (	, η) from K → πνν̄ (vertically hatched) and from the B
system (horizontally hatched), that illustrates a hypothetical
discrepancy that would suggest new physics [29].

This short survey of opportunities for CP violation
measurements in the quark sector is by no means compre-
hensive, but it illustrates the importance of pursuing a
deeper understanding of this asymmetry. Its importance
for cosmology has been noted elsewhere [30]. Moreover,
the power of CP violation observables to discriminate
between different new physics scenarios is receiving in-
creasing theoretical attention [31].

D. Quark Physics Perspective on the Next Decade:
The Quark Sub-Group Recommendations

This succinct survey has shown the vitality of the fla-
vor physics program that we hope will be carried out
in the next decade. In particular, rare decays and CP
violation observables are powerful constraints that may
provide unique evidence for new physics. These studies
complement direct observations of new particles at high
energy colliders. Given what needs to be done to ad-
dress the outstanding questions, the Quark Sub-Group
of the Snowmass Flavor Physics Working Group would
like to make the recommendations given in the Executive
Summary.

II. NEUTRINO FLAVOR PHYSICS

Beautiful experiments performed during the last few
years have shown that neutrinos almost certainly oscillate
from one flavor to another. Since such oscillation implies
neutrino mass and mixing, these experiments tell us that
neutrinos almost certainly have nonzero masses and mix.

Particularly compelling evidence that neutrinos oscil-
late comes from the behavior of the atmospheric neutri-
nos. These are created in the earth’s atmosphere by cos-
mic rays. At energies above a few GeV, these cosmic rays
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are isotropic. This isotropy is easily shown to imply that
at these energies, an underground atmospheric νµ detec-
tor must see equal fluxes of upward- and downward-going
neutrinos, unless some physical mechanism decreases (or
increases) the νµ flux before the neutrinos reach the de-
tector. Thus, the finding by the Super-Kamiokande de-
tector (S-K) that [32]

Upward νµ flux / Downward νµ flux = 0.54±0.04 (12)

immediately tells us that some mechanism does indeed
modify the atmospheric νµ flux. The hypothesis that this
mechanism is the oscillation νµ → ντ gives an excellent
fit to a wealth of detailed atmospheric neutrino data [33].

Just before Snowmass 2001, the Sudbury Neutrino Ob-
servatory (SNO) reported a new result that implies that
solar neutrinos oscillate too [34]. SNO measured the
high-energy νe flux, φνe , arriving at the earth from the
sun. Earlier, S-K had measured, for a similar neutrino
energy range, the flux φνe

+ (1/6.5)φνµ,τ
, where φνµ,τ

is the flux of νµ and/or ντ from the sun [35]. By sub-
tracting the SNO result from that of S-K, one finds that
φνµ,τ = (3.69 ± 1.13) × 106/cm2-sec. That is, the flux of
νµ and ντ coming from the direction of the sun differs
from zero by more than three standard deviations. This
increases to something like 3.5 standard deviations when
radiative corrections to the cross section for the SNO de-
tection reaction are taken into account [36]. Now, the
sun makes only νe, not νµ or ντ . Thus, the νµ and/or
ντ arriving here from the sun must have changed their
flavor between their birth as νe in the core of the sun and
their detection here on earth.

The atmospheric neutrino oscillation is well described
by a neutrino (Mass)2 splitting δM2

atm of ∼ 3×10−3 eV2,
and a neutrino mixing angle θatm that is at, or at least
near, its maximum possible value, where sin2 2θatm = 1
[33]. The solar neutrino oscillation requires a split-
ting δM2

sol whose favored values range from 10−12 eV2

through 10−4 eV2. The corresonding mixing parameter,
sin2 2θsol, may be large or small. However, among the
possible neutrino oscillation explanations for the behav-
ior of solar neutrinos, the one that appears to be most
favored by analyses of the solar data is the Large-Mixing-
Angle version of the Mikheyev-Smirnov-Wolfenstein ef-
fect (LMA-MSW), with 0.66 <∼ sin2 2θsol <∼ 0.93 [37]. A
three-neutrino mass/mixing scenario that embodies these
atmospheric and solar mass splittings and mixing angles
is shown in Fig. 5. There, the splitting between the
mass eigenstates ν1 and ν2 is the one required to give
the solar neutrino oscillation, while the one between the
ν1−ν2 pair and ν3 gives the atmospheric oscillation. The
νe −νµ −ντ flavor content of the various mass eigenstates
reflects the favored large mixing angles θatm and θsol. The
very small νe piece of ν3 (shown in an artist’s conception)
reflects the third leptonic mixing angle, θ13, about which
we know only that sin2 2θ13 <∼ 0.1 [38].

If there are only three neutrino mass eigenstates, and
θsol is indeed large, then the unitary leptonic mixing ma-

trix U has the form

ν1 ν2 ν3

U =
e
µ
τ


 B B s
B B B
B B B


 ,

(13)

where “B” denotes a matrix element that is big (i.e.,
non-negligible compared to unity), and “s” is one that
is small. Interestingly, the corresponding quark mixing
matrix V has the quite different form [see Table I]

d s b

V =
u
c
t


 1 s s
s 1 s
s s 1


 ,

(14)

where s once again stands for a matrix element that is
small. We do not know why the leptonic and quark mix-
ing matrices are so different. The difference may be a
clue about what lies behind mixing, but we do not yet
know how to interpret this clue.

The Liquid Scintillator Neutrino Detector (LSND) ex-
periment has reported an oscillation calling for a (Mass)2
splitting δM2

LSND of ∼ (0.2 to 7) eV2, once constraints
from other experiments are taken into account [39]. If
this oscillation and the oscillations of the atmospheric
and solar neutrinos are all genuine, then nature must
contain at least four neutrino species, and the neutrino
world becomes even more interesting than it is already.

The discovery that neutrinos almost certainly have
masses and mix raises many basic questions about the
physics of the neutrinos. If technical difficulty and cost
were no object, and we were allowed to choose the ques-
tions we would most like to see answered, we would
choose:

1. What is the scale of neutrino masses?

2. Is there CP violation in the leptonic sector?

3. How many neutrino species (active and sterile) are
there?

(Mass)2

δMsol
2

2δMatm

>ν1

ν2

ν3

FIG. 5: A three-neutrino (Mass)2 spectrum that accounts for
the observed atmospheric and solar neutrino oscillations. The
neutrinos ν1,2,3 are mass eigenstates. The νe fraction of each
of them is cross-hatched, the νµ fraction is indicated by right-
leaning hatching, and the ντ fraction by left-leaning hatching.
An equally acceptable spectrum has the ν1-ν2 pair at the top
rather than the bottom.
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We believe that the answers to these questions would
yield particularly far-reaching insights into the origins
and consequences of flavor. Let us discuss the questions,
and possible approaches to answering them, in turn.

Question 1: What is the neutrino mass scale?
The nature and scale of neutrino mass is obviously

a question of particular importance. How big are the
masses of the individual neutrino mass eigenstates? Neu-
trino oscillation experiments, which can measure only
(Mass)2 differences, cannot answer this question. Are the
mass eigenstates Majorana (ν = ν) or Dirac (ν �= ν) par-
ticles? What physics is responsible for neutrino mass?
What is the energy/mass scale of this underlying new
physics? What are the implications of neutrino mass for
both particle theory and cosmology?

In the Standard Model (SM), neutrino masses are
taken to vanish. To be sure, the SM can easily be ex-
tended to accommodate them in the same way as it ac-
commodates quark and charged lepton masses. One sim-
ply adds to the SM, which already contains a left-handed
neutrino field νL, a right-handed neutrino field νR. The
SM can then contain the Yukawa coupling

fν φ νL νR , (15)

where fν is the coupling constant and φ is the neutral
Higgs field. Once φ develops its vacuum expectation
value 〈φ〉0 ∼ 174 GeV, this coupling produces a Dirac
neutrino mass term.

If the masses of the neutrino mass eigenstates are not
very much larger than they need to be to account for
the (Mass)2 splittings suggested by the oscillation exper-
iments, then these masses are in the range 10−6 eV to 10
eV. To describe a mass in this range, a Dirac mass term
of the form (15) requires a coupling constant fν between
10−17 and 10−10. Such a very small coupling constant
makes Dirac masses look somewhat implausible as an ul-
timate explanation of neutrino masses. In addition, once
nature contains the right-handed neutrino field νR, so
that she can contain the Dirac mass term (15), there is
nothing to prevent her from also containing the Majorana
mass term

M νc
R νR , (16)

where c denotes charge conjugation, and M can be a very
large mass. A Majorana mass term of this kind is beyond
the physics of the SM, and could reflect new physics at
the high mass scale M . Diagonalizing a mass matrix that
includes both the Dirac mass fν〈φ〉0νLνR with a natural
fν ∼ 1 and the Majorana mass term M νc

R νR with large
M leads to a neutrino mass

mν ∼ 〈φ〉20
M

. (17)

This “see-saw relation” [40] between mν and the scale M
of new physics yields

10−6 eV < mν < 10 eV (18)

for

1019 GeV > M > 1012 eV . (19)

The latter range, from the Planck mass down to a few
orders of magnitude below the GUT scale, is a very in-
teresting regime in which to contemplate the presence of
new physics.

Determining the masses of the individual mass eigen-
states will be quite a challenge. If the oscillation reported
by LSND is genuine, then at least one mass eigenstate νm

has a mass Mm obeying

Mm ≥
√
δM2

LSND ≥
√

0.2 eV2 ≈ 0.4 eV . (20)

If this νm couples appreciably to an electron, then its
mass will be reflected by the shape of the beta energy
spectrum in tritium beta decay. A tritium experiment
(KATRIN) that could see the reflection of a mass of order
0.15 eV or larger is planned [41].

If the oscillation reported by LSND turns out not to
be genuine, then it could be that the heaviest νm has a
mass no larger than

√
δM2

atm 	
√

3 × 10−3 eV2 ≈ 0.05 eV . (21)

This is well below the range that could be probed by
presently foreseen tritium experiments. However, it is
within the reach of several proposed searches for neutri-
noless double beta decay (ββ0ν). The observation of ββ0ν

would extablish that nature contains at least one Majo-
rana mass term [42]. Assuming CPT invariance, it would
also demonstrate that the neutrino mass eigenstates νm

are Majorana particles; that is, that νm = νm [43]. If the
nuclear matrix element for a specific neutrinoless double
beta decay can be calculated with reasonable accuracy, a
measurement of the rate for this decay would determine
the effective neutrino mass

Mββ =

∣∣∣∣∣
∑
m

Mm U2
em

∣∣∣∣∣ . (22)

Here, the sum runs over the mass eigenstates νm, Mm

is the mass of νm, and U is the leptonic mixing matrix.
Obviously, Mββ is not the mass of any individual νm, but
it does constrain the neutrino mass spectrum [44]. If we
are lucky, it can even determine this spectrum. Given
Eq. (21), it is desirable that ββ0ν searches be sensitive
to Mββ ∼ (0.01 − 0.05)eV. Proposed experiments with
sensitivity in this range are enumerated and discussed in
[45].

Shortly before this report was written, evidence for
ββ0ν , with Mββ = (0.11 − 0.56) eV, was reported [46].
However, possible problems with this evidence have been
pointed out [47].

Astrophysical and cosmological observations have al-
ready constrained the neutrino mass scale [48]. Per-
haps future observations and analyses will succeed in

P2001



11

constraining this scale much more tightly, or even in de-
termining it.

Question 2: Is there CP violation in the lep-
tonic sector?

So far, CP violation has been observed only in the
quark sector, where it is thought to arise primarily from
a complex phase factor in the quark mixing matrix V .
An analogous factor in the leptonic mixing matrix U
would lead to CP violation in neutrino oscillation. (If U
is larger than 3×3, there could be more than one phase
factor with this consequence.) The observation of CP
violation in neutrino oscillation would establish that CP
noninvariance is not a peculiarity of quarks.

If the neutrino mass eigenstates are Majorana parti-
cles, and N in number, then U can contain N − 1 addi-
tional CP-violating phase factors that have no analogue
in the quark mixing matrix. These additional “Majo-
rana” CP phase factors do not affect neutrino oscillation,
but do affect the rate for ββ0ν . With luck, this rate, in
combination with solar neutrino data and the measure-
ment in tritium β decay of the absolute neutrino mass
scale, would determine one of the Majorana phases [44].

During the evolution of our universe, a baryon asym-
metry somehow developed. Its development required CP
violation. Quite possibly, the required violation occurred
in leptonic interactions. We shall elaborate on this pos-
sibility in Sec. III.

If there are only three species of neutrinos, then CP
violation in neutrino oscillation requires the nonvanish-
ing of all the leptonic mixing angles, including the small
angle θ13. Indeed, the phase δ that leads to CP viola-
tion in oscillation enters the 3×3 mixing matrix U only
through the combination e±iδ sin θ13. Thus, it is impor-
tant to establish that θ13 is nonvanishing, so that CP-
violating effects in oscillation can be nonvanishing, and
to determine the size of θ13, so that we will have a better
idea of what size CP-violating effects to expect. What
it will take to determine θ13 will depend, of course, on
how big it is. The present bound is sin2 θ13 <∼ 3 × 10−2

[38]. The MINOS experiment could hopefully reach
sin2 θ13 ∼ 1 × 10−2, super-intense conventional neutrino
beams (super beams) aimed at suitably large detectors
could reach Few ×10−3 or even Few ×10−4, and a neu-
trino factory based on a muon storage ring could probe
the region around and below 1 × 10−4 [49].

In a conventional neutrino beam, sensitivity to θ13
(and other parameters) could be increased by placing a
detector off axis. There, the beam can be quite monoen-
ergetic, as illustrated in Fig. 6 [50]. For a given source-
to-detector distance L, one can select an off-axis beam
energy E so that one is working at the maximum of the
oscillatory factor sin2 [1.27 δM2

atm(L/E)] that character-
izes neutrino oscillation when L/E ∼ (750 km)/(2 GeV).
Sensitivity to the coefficient of this factor, which in the
case of νµ → νe oscillation is 2 sin2 θ13, is then optimized
[51].

Studies show [52] that, depending on how large the
CP-violating asymmetries in neutrino oscillation actually

prove to be, these very interesting asymmetries may be
visible in experiments using intense conventional beams,
or may require the beams from a neutrino factory. Once
θ13, δM2

sol, and θsol are known, we will have a much bet-
ter idea of how large these asymmetries can be. Quite
likely, in depth studies of these asymmetries will require
a neutrino factory, even if the asymmetries can first be
seen without one.

Question 3: How many neutrino species (active
and sterile) are there?

The LSND collaboration has reported evidence at the
level of four standard deviations for νµ → νe oscilla-
tion [53]. Taking other experiments’ negative results into
account [54–57], this oscillation must be governed by a
splitting δM2

LSND between 0.2 and 7 eV2 and a mixing
parameter sin2 2θLSND between 0.003 and 0.03. As noted
above, this large δM2

LSND is incompatible with the solar
and atmospheric δM2 values in a world with only three
neutrino masses.

There have been multiple theoretical attempts to solve
this problem. Most have involved the introduction of one
or more sterile (non-weakly interacting) neutrinos. The
noninteracting nature of the extra neutrinos is mandated
by LEP and SLD measurements of the invisible width of
the Z0 [48], which restrict the number of light, weakly
interacting neutrinos to three. Recent results from SNO
[34] and Super-Kamiokande [58] have indicated that it
is unlikely either the atmospheric or solar neutrino dis-
appearance phenomena involve oscillation primarily to
sterile neutrinos. This behavior is readily accommodated
by the “3+1” models [59] in which three mass states are
clustered relatively close together, separated by the so-
lar and atmospheric mass differences. These three mass
states are predominantly mixtures of the three active fla-
vors. The fourth state is separated from the others by
the large LSND δM2, and is mostly sterile.
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FIG. 6: Event rate vs. neutrino energy 15 mr from the NuMI
beam line axis.
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A more recent suggestion [60] is motivated by large
extra dimensions and branes. In this model, CPT is vio-
lated in the neutrino mass matrix, giving different masses
for neutrinos and antineutrinos. The neutrino mass hier-
archy consists of a small δM2 splitting corresponding to
solar neutrino oscillations and a larger δM2 splitting cor-
responding to atmospheric oscillations. On the antineu-
trino side, there is a very large splitting for LSND and
a smaller one for atmospheric antineutrino oscillations.
The strict bounds on CPT violation from kaon mixing
experiments are not relevant to the neutrino sector un-
der the extra dimensions scenario because neutrinos are
free to propagate in the extra dimensions while quarks,
being charged, are confined to the brane.

The situation should be clarified markedly in the
next several years with results from the KamLAND and
BooNE experiments. MiniBooNE(E898) will address the
LSND result definitively using a pion decay-in-flight neu-
trino beam at Fermilab. Antineutrino running at E898
may also confirm or refute the CPT violation models.
KamLAND will not search directly for high-δM2 oscil-
lations, but by searching for solar-scale oscillations with
antineutrinos, it can address the CPT-violating oscilla-
tions if the large mixing angle solar oscillation solution
proves to be correct.

If LSND is confirmed, then a model such as the new
physics models mentioned above (or a different idea en-
tirely) will be required to explain the data. This will
represent a fundamental change in our concept of the
lepton sector, and theoretical and experimental efforts to
understand oscillations at short baselines should inten-
sify over the coming decade. Depending on the scenario
(CPT conserving or violating), the experimental program
would look very different, though in either case an obvi-
ous initial step would be a two-detector BooNE upgrade.
Confirmation of LSND, and therefore neutrino mass at
the eV scale, would also improve the prospects for ob-
serving ββ0ν and neutrino mass in tritium β decay.

Lepton Sub-Group Recommendations

As we have seen, there has been dramatic progress in
our knowledge of neutrinos, opening a whole new world to
explore. Given what we have learned, and what we would
like to learn, the Lepton Sub-Group of the Snowmass
Flavor Physics Working Group would like to make the
recommendations given in the Executive Summary [61].

III. WE EXIST—A CONSEQUENCE OF
FLAVOR PHYSICS

We would like to conclude this report with an illustra-
tion of the profound consequences of flavor physics. The
illustration we choose is our existence. This existence de-
pends on the fact that the universe contains much more
matter than antimatter. That is, it depends on the fact

that ∆B ≡ #(Baryons) – #(Antibaryons) does not van-
ish. Symmetry considerations suggest that at time t = 0,
when the universe was born in the Big Bang, ∆B was
zero. Thus, the baryon asymmetry ∆B �= 0 must have
somehow developed during the subsequent evolution of
the universe. This development required CP violation
(assuming no CPT violation). To see why, suppose, for
example, that protons were produced in the decays of a
heavy particle X+. Then antiprotons would have been
produced in the decays of the antiparticle X−. In the
absence of CP noninvariance, the rates for the decays
X+ → p+ . . . and X− → p+ . . . would have been equal.
Thus, equal numbers of protons and antiprotons would
have been produced, so that X± decays would not have
contributed anything to the asymmetry ∆B �= 0.

We do not know whether the CP violation that led
to the observed ∆B �= 0 occurred in the quark sec-
tor or in the leptonic one. An interesting possibility is
that it occurred in the leptonic sector, and the baryon
asymmetry arose through a two-step process: First, a
lepton asymmetry ∆L ≡ #(Leptons) – #(Antileptons)
�= 0 arose through leptonic CP violation before the uni-
verse cooled through the electroweak phase transition at
a temperature of ∼ 100 GeV. Second, this ∆L �= 0 was
converted to a ∆B �= 0 by expected B − L conserving
processes during the electroweak phase transition. The
creation of the initial lepton asymmetry, ∆L �= 0, could
have been due to the decays N → 	∓ + H± of a hypo-
thetical heavy Majorana neutral lepton N. Here, 	∓ is a
charged lepton and H± a charged Higgs particle. The
violation of CP in these leptonic decays could have led
to Γ(N → 	− + H+) > Γ(N → 	+ + H−), so that a
lepton excess, ∆L > 0, was produced [62].

What experimental observations would build a case
that this two-step scenario is how we came to be here?
First, the observation of neutrinoless double beta decay
would establish that the light neutrinos are Majorana
particles. Thus, we would know that nature does con-
tain such particles. Secondly, the observation of CP vi-
olation in neutrino oscillation would establish that CP
violation is indeed present in the leptonic sector. The
specific leptonic CP-violating phases needed in order to
have Γ(N → 	− + H+) �= Γ(N → 	+ + H−) are the
special “Majorana” CP phases that can occur only when
neutral leptons are Majorana particles. The observation
of CP violation in neutrinoless double beta decay would
establish that nature does contain CP-violating phases of
this kind.

To be sure, the connection between CP violation in
heavy N decay and CP violation in neutrino oscillation
and in ββ0ν is model-dependent [63]. Nevertheless, the
future neutrino physics program could demonstrate that
nature contains the ingredients that could have led to the
present-day baryon asymmetry through a lepton asym-
metry in the early universe.
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IV. SUMMARY

Flavor physics is a powerful probe of physics be-
yond the Standard Model, and can have profound con-
sequences. The nature and origin of flavor remain enig-
matic. But the study of the mystery of flavor has entered
a very interesting stage. Recent results on CP violation
in quark interactions, and on neutrino mass and mixing,
have been dramatic. Continued progress calls for a broad

program of diverse measurements in both the quark and
neutrino sectors, and for associated theoretical develop-
ments.
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