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Manifest CP violation from Majorana phases
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We hunt for and discuss manifestlyCP-violating effects which are mediated by Majorana phases. These
phases are present if the standard model neutrinos are Majorana particles. We argue that while Majorana phases
do affect the strength of neutrinoless double beta decay~a well known fact!, they do so in a way that involves
no manifest violation ofCP. The conditions for manifestlyCP-violating phenomena—differences between the
rates forCP-mirror-image processes—are presented, and three examples are discussed:~i! neutrino↔ an-
tineutrino oscillation;~ii ! rare decays ofK andB mesons and their antiparticles; and~iii ! the lepton asymmetry
generated by the decay of hypothetical very heavy right-handed ‘‘seesaw’’ neutrinos. We also find that, for the
case of degenerate light neutrinos, manifestlyCP-violating effects in neutrino↔ antineutrino oscillation
vanish, although flavor-changing transitions do not. Finally, we comment on leptogenesis with degenerate
right-handed neutrinos, and contrast it with the neutrino↔ antineutrino oscillation case.
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I. INTRODUCTION

If neutrinos are Majorana particles, then the leptonic m
ing matrix U can contain moreCP-violating phases than its
quark counterpart~for the same number of generations! @1#.
The additional phases, known as Majorana phases, hav
effect on neutrino oscillation. Indeed, the only current
proposed neutrino experiment that could in principle prov
evidence of Majorana phases is the search for neutrino
double beta decay, 0nbb @2#. The rate for this process de
pends not only on the neutrino masses and mixing ang
but also onCP-violating phases, notably including the Ma
jorana phases. However, even if experimental and theore
uncertainties should permit us to obtain evidence for a n
vanishing Majorana phase from the rate of 0nbb @3#, the
effect of CP-violating phases on this reaction is not a ma
festly CP-violating phenomenon. By the latter, we mean
CP-odd effect—a difference between the rate for so
physical process and that for itsCP mirror image. While
CP-odd phases in the leptonic mixing matrix do affect t
rateG for 0nbb, they do so in aCP-even way; that is, their
effect on the rateG for some particular nuclear double be
decay is the same as on the rateḠ for the CP-mirror-image
decay~the decay of an antinucleus!, so thatG5Ḡ. Therefore,
even if we could study the neutrinoless double beta deca
antinuclei~an impossibility in practice, to say the least!, we
would be unable to observe a ‘‘smoking gun’’ signal ofCP
violation due to Majorana phases.

In this paper, we ask whether Majorana phases, suc
the more familiarCP-violating ‘‘Dirac’’ phase in the quark
mixing matrix, can lead toCP-odd effects. If so, where an
under what conditions can these effects occur, and what
they? Are they observable in practice?

An increasingly appealing explanation of the pres
baryon asymmetry in the Universe rests on early-unive
‘‘leptogenesis,’’ resulting fromCP violation in the decays of
0556-2821/2003/67~5!/053004~13!/$20.00 67 0530
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so-far hypothetical, very heavy Majorana neutral leptons@4#.
The requiredCP violation in this process can come from
Majorana phases. Furthermore, it is aCP-odd effect—a dif-
ference between twoCP-mirror-image decays, one of whic
yields a lepton, the other an antilepton. Thus, Majora
phases can, in principle, yieldCP-odd effects. However, the
Majorana phases that act in the early Universe are not th
in the mixing matrixU that governs light neutrino mixing
@5#. Moreover, the role of these ‘‘early-universe phases’’ d
pends on the existence of hypothetical heavy Majora
leptons.1 We therefore ask whether the Majorana phases
the light-neutrino mixing matrixU can lead toCP-odd ef-
fects that depend only on the~assumed! Majorana nature of
the light neutrinos, and not on the existence of any additio
Majorana particles.

We find that the answer is yes—Majorana phases inU can
induceCP-odd effects. In particular, they do so in the pr
cess of ‘‘neutrino↔ antineutrino oscillations’’@7#. By that
we mean a process in which, for example, a neutrino ‘‘bea
is created by incoming positively charged leptons, but
measured in a detector via the production of negativ
charged leptons. If Majorana phases are present, the rate
this process and for itsCP mirror image~where the charges
of the charged leptons are reversed! will, in general, differ.
We explicitly point out whyCP-odd effects can occur in
neutrino↔ antineutrino oscillations but not in 0nbb. We
further discuss under what conditions the neutrino↔ an-
tineutrino oscillation process occurs, and whenCP-odd ef-

1The existence of heavy ‘‘right-handed neutrinos’’ is strongly m
tivated by the seesaw mechanism for generating light neut
masses@6#. Unfortunately, even if this beautiful theoretical idea
correct, we may never be able to observe direct evidence for
existence of heavy right-handed neutrinos if their masses are in
many orders of magnitude above the weak scale, as naively i
cated by the experimental evidence for neutrino masses.
©2003 The American Physical Society04-1
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fects can be observed. For example, we point out that w
the neutrino masses are degenerate,CP-odd effects disap-
pear, but the neutrino↔ antineutrino oscillation process ca
still take place if the Majorana phases are nontrivial. The r
for this process still depends on the mixing angles in
mixing matrix. Thus, when Majorana phases are pres
mixing angles continue to have physical consequences e
when the neutrino masses are degenerate. This simple
remarkable behavior is in marked contrast to the behavio
quark mixing, where flavor mixing would disappear~and the
‘‘mixing angles’’ become unphysical! if all the charge-2/3
quarks or all the charge-(21/3) ones were degenerate
mass.

Other processes where leptonicCP-odd effects could ap-
pear are the rare, lepton-number violating meson dec
K6→p7m6m6 and B6→p7t6t6. Here, the rate for the
K1 decay could differ from that for theK2 decay, and simi-
larly for the B1 andB2 decays. However, we find that ne
sources of lepton-number violation~on top of the neutrino
Majorana masses! are required in this case.

By picturing the neutrino↔ antineutrino oscillation pro-
cess in terms of Feynman diagrams, and rearranging
pieces of these diagrams, we show that theCP-odd effect
resulting in leptogenesis grows out of the Majorana phase
exactly the same way as theCP-odd effect in neutrino↔
antineutrino oscillation. This leads us to investigate whet
leptogenesis also ‘‘disappears’’ when the masses of all
heavy Majorana leptons are of equal magnitude. We disc
under which conditions this would indeed be the case.

Unfortunately, if neutrinos interact only via standa
model left-handed interactions, neutrino↔ antineutrino os-
cillations, while yielding interesting conceptual insights in
the possible effects of Majorana phases, are virtually un
servable in practice. This is due to the fact that, because
consider the neutrino Majorana masses to be the sourc
lepton-number violation, the rate for neutrino↔ antineutrino
oscillations is suppressed by powers of the neutrino ma
~in units of the neutrino total energy!. This is also true of the
rates for the DL52 decays K6→p7m6m6 and B6

→p7t6t6. Since these rates are proportional to posit
powers of the neutrino masses, their associated branc
ratios are expected to be ofO(10222) @the present uppe
limits on these branching ratios areO(1029) @8##. However,
even though all these processes are unlikely to be observ
in the foreseeable future, they provide clear illustrations
how, in principle, Majorana phases can lead to manife
CP-violating effects in low-energy reactions.

Our presentation is the following: First, we define Maj
rana phases and discuss when they are potentially obs
able. Second, we discuss in some detail the process of
trinoless double beta decay, and explain whyCP-odd effects
would not be present even if antinuclear double beta de
could be observed. We then proceed to outline the requ
ments for observing manifestCP-odd effects, and discuss i
detail neutrino↔ antineutrino oscillations. Next, we sho
how CP phases in the neutrino sector can manifest the
selves in differences between the rates for the lepton-num
violating decays ofK1 andK2 andB1 andB2, and under
what conditions. Finally, we comment on the relation b
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tween neutrino↔ antineutrino oscillations and heavy righ
handed Majorana neutrino decays, paying special attentio
the dependency of both processes on Majorana phases
the effect of mass-degenerate neutrino states.

II. MAJORANA PHASES

We assume that each neutrino mass eigenstaten i , i
51,2,3, . . . ~with massmi), is a Majorana fermion. This
means thatn i is its own antiparticle, so that its field is it
own charge conjugate, up to a phase factor. Thus,

n i5l in i
c , ~2.1!

where the superscriptc denotes charge conjugation andl i is
a phase factor henceforth referred to as the charge conj
tion phase factor.

We further assume that the neutrino coupling to charg
leptons and theW boson is as prescribed by the standa
model ~SM!. For massive neutrinos, the SM interaction L
grangian is

Lint52
g

A2
Wr

2(
a,i

l̄ aLgrUa in iL2
g

A2
Wr

1(
a,i

n̄ iLUa i* grl aL .

~2.2!

Here,g is the semiweak coupling constant anda runs over
the charged lepton flavors:a5e,m,t, . . . . The subscriptL
denotes chiral left-handed projection, andU is the unitary
leptonic mixing matrix. It will become useful later to rewrit

l̄ aLgrUa in iL52 n̄c
iRgrUa i l aR

c 52l i n̄ iRgrUa i l aR
c ,

~2.3!

wherel i is the charge conjugation phase factor defined
Eq. ~2.1! andR denotes right-handed chiral projection.

As is the case in the quark sector, the leptonic mixi
matrix is written in the basis where the charged lepton a
~Majorana! neutrino mass matrices are real, positive, and
agonal. Generically, it can be written in the form

U5Eifa/2U8Ei j i /2, ~2.4!

where Eifa/25diag(eife/2,eifm/2, . . . ), Ei j i /2

5diag(ei j1/2,ei j2/2, . . . ) arediagonal ‘‘phase matrices,’’ and
U8 is a ~non-generic! unitary mixing matrix. Within the SM,
the phases contained inEifa/2 are not physical, as they can b
‘‘absorbed’’ by redefining the right-handed charged lept
fields ~which do not feel the charged-current weak intera
tions!. The phasesj i are potentially observable, and wi
henceforth bedefined as Majorana phases.For example, in
the case of two lepton species,U8 is real and parametrized
by one mixing angle, while there is one potentially obse
able Majorana phase2 j[j22j1. It is important to stress tha
if the neutrinos were Dirac particles, all phases contained

2An overall phase, common to all neutrinos, is not physical. O
is only sensitive to phase differences.
4-2
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Ei j i /2 would also be unphysical, as they could be ‘‘absorbe
by redefining the SM singlet right-handed neutrino fields

A Majorana phase is therefore characterized as one th
common to all elements of a given column of the lepto
mixing matrix, as defined in Eq.~2.2!. That is, it is a phase
that affects allUa i equally, irrespective of the flavora, for a
given neutrino mass eigenstaten i . Of course, elements of
column ofU may contain additional phases that are not co
mon to the whole column@these are the ‘‘left-over’’ phase
contained inU8, as defined in Eq.~2.4!#. These phases wil
be defined as Dirac phases.3

As is well known, if U is not real~i.e., it contains non-
trivial phases!, the physical processes mediated by Eq.~2.2!
need not beCP preserving.4 However, while Dirac phase
can lead toCP noninvariance irrespective of the nature of t
neutrinos, Majorana phases can do so only if the neutri
are Majorana particles. It is interesting to understand the
gin of this fact by comparing a process that can occur reg
less of the character of the neutrinos with a related one
can occur only if the neutrinos are Majorana particles.

First, we will analyze the process of ‘‘neutrino↔ neu-
trino’’ oscillation, for which there is ever-increasing expe
mental evidence. This oscillation may be viewed as the p
cess

l a
2W1→n→ l b

2W1, ~2.5!

in which the intermediate-state neutrino propagates a ma
scopic distanceL. This process is depicted in Fig. 1~a!. The
intermediate-state neutrino can be in any of the mass ei
statesn i . Thus, the amplitudeAL for this lepton-number~L!
conserving process may be written schematically as

AL5(
i

^ l b
2W1uH intun i&^n i uH intu l a

2W1&, ~2.6!

whereH int is the interaction Hamiltonian associated with E
~2.2!. Now, ^ l b

2W1uH intun i&^n i uH intu l a
2W1&}Ub iUa i* @see

Eq. ~2.2!#. Thus, even if thei th column ofU contains the
Majorana phase factorei j i /2, it is clear that it will cancel out
of Ub iUa i* (; b,a) and will consequently have no effect o
the amplitudeAL .

Next we analyze a qualitatively different process: ‘‘ne
trino ↔ antineutrino’’ oscillation@7#. This is the reaction

l a
1W2→n→ l b

2W1, ~2.7!

in which, once more, the intermediate neutrino travels a m
roscopic distanceL. This process is depicted in Fig. 1~b!.

3The reason for the definition should be clear. If the neutrin
were Dirac fermions, all would-be Majorana phases could be ‘‘
sorbed’’ by appropriately redefining the neutrino fields, and the o
observableCP-odd effects would be parametrized by the Dir
phases.

4See@9# for a pedagogical discussion of the conditions which
massive neutrino Lagrangian must satisfy in order to necess
conserveCP.
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Unlike ordinary flavor oscillations@Eq. ~2.5!#, the process
Eq. ~2.7! can only occur if lepton number is no longer a go
quantum number. This is exactly the case if the neutrin
have non-vanishing Majorana masses, which also imp
that the neutrino mass eigenstates are Majorana particles5 As
in ordinary flavor oscillations, the intermediate neutrino
Eq. ~2.7! can be in any of the mass eigenstatesn i . Thus, the
amplitudeAŁ for the lepton-number violating process E
~2.7! can be written schematically

AŁ5(
i

^ l b
2W1uH intun i&^n i uH intu l a

1W2&. ~2.8!

As before, ^ l b
2W1uH intun i&}Ub i . However, the second

bracket in Eq.~2.8! requires some care. Like the first bracke
^n i uH intu l a

1W2& also comes from the first term in Eq.~2.2!,
but one should use the term as it was rewritten in Eq.~2.3!.
This is so that the fieldn̄ i in the second term of Eq.~2.8! can
be contracted with the fieldn i in the first term in order to
make the usual neutrino propagator,^0uT(n i n̄ i)u0&. From
Eq. ~2.3!, ^n i uH intu l a

1W2&}l iUa i , so that

AŁ5(
i

~l iUa iUb i !Ki , ~2.9!

whereKi is a kinematical factor.

s
-
y

ily

5If CPT is also broken, the mass eigenstates arenot Majorana
particles even in the presence of Majorana mass terms@10#. We will
assume throughout this paper thatCPT is a good symmetry.

FIG. 1. Feynman diagrams for~a! neutrino↔ neutrino oscilla-
tion and~b! neutrino↔ antineutrino oscillation. Time flows from
the left to the right, and the arrows represent the chirality of
various fermions. The3 indicates a chirality flip in the neutrino
propagator, which is proportional to the neutrino Majorana ma

Note thatn i5 n̄ i up to a phase factor.
4-3
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The phases of theUa i and ofl i all depend on the phas
convention chosen for the stateun i&. However, it is readily
shown that the productl iUa iUb i is phase-convention-fre
@11#.6 This means that the interference of the different ter
that contribute toAŁ in Eq. ~2.9! can lead to convention-fre
physical effects, which clearly depend on the Majora
phases ofU. A Majorana phase factor in thei th column ofU
should be thought of as the phase factor present in this
umn for a fixed value ofl i corresponding to the chose
phase convention forun i&, By phase redefiningun i&, we can
always remove the Majorana phase from thei th column of
U, but this phase would then simply reappear inl i , leaving
AŁ unchanged.

We conclude that when neutrinos are Majorana partic
the rates for lepton-number violating processes depend
the Majorana phases. Processes that do not involve le
number violation in some form are not, at least at lead
order, capable of exploring the leptonic mixing matrix in
way that would reveal the presence of Majorana phase
should be emphasized, as pointed out by the authors of@12#,
that the rates for lepton-number conserving processes
show such a presence~which may lead toCP-odd effects
@13#!, provided that they receive a significant contributi
from processes that violate lepton number ‘‘11(21)
times.’’ These contributions, however, are very suppres
and unobservable under most circumstances.

III. NEUTRINOLESS DOUBLE BETA DECAY

The most promising way of probing the Majorana natu
of the neutrino is to look for neutrinoless double beta de
(0nbb). This is the lepton-number violating nuclear dec
processZ→(Z12)1e2e2, where Z(Z12) is the atomic
number of the parent~daughter! nucleus. AssumingCPT in-
variance, the observation of this process would demonst
that neutrinos are indeed Majorana particles@14#. If 0nbb
does occur, it is very likely dominated by a mechanism
which the parent nucleus emits a pair ofW2 bosons, turning
into the daughter nucleus, and then theW2 bosons exchange
one or another neutrino mass eigenstate to produce the
outgoing electrons. The heart of the mechanism is the sec
step: W2W2→e2e2 via Majorana neutrino exchange. I
the cross channel, this step is simplye1W2→n→e2W1,
i.e., Eq. ~2.7! for l a5 l b5 l e . Of course, the neutrino now
only propagates a very short distance~of the size of a
nucleus!.

Assuming that Majorana neutrino exchange is indeed
dominant contribution to 0nbb, its amplitudeAbb should be
of the form Eq.~2.9!, and, indeed, it is. As is well known
@15#, when neutrino exchange dominates,

Abb5(
i

~l iUei
2 !miK, ~3.1!

6Redefining the Majorana phases by rotating the stateun i& so that
Ua i→Ua ie

iu i also leads tol i→l ie
22iu i.
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where mi is the mass of the neutrino mass eigenstaten i ,
which is chosen to be real and positive, whileK is a kine-
matical and nuclear factor that does not depend oni. The
quantity

U(
i

~l iUei
2 !miU[mbb ~[uMeeu! ~3.2!

is known as the effective neutrino mass for neutrinole
double-beta decay, and is simply the absolute value of thee
element of the Majorana neutrino mass matrix in the ba
where the charged lepton mass matrix and theW-boson cou-
plings are diagonal.

Suppose, for the purpose of illustration, that there
three neutrino species, so thatU is a 333 matrix. Choose the
phase convention where; i ,l i51, and take

U5U83diag~ei j1/2,ei j2/2,ei j3/2!, ~3.3!

as in Eq.~2.4!. It is obvious from Eq.~3.1! that the overall
rate for 0nbb, G0nbb5uAbbu2, is affected by~some combi-
nation of! the Majorana phasesj i . Therefore it is clear~and
well known! that Majorana phases lead to physical con
quences.

It is interesting to notice that ifU contains a Dirac
phase—aCP-violating phase that is not common to an ent
column ofU—as is generically the case if there are at le
three neutrino species, then this phase may also influe
0nbb in the sameway that Majorana phases can. The a
plitude for Abb depends on the leptonic mixing matri
through l iUei

2 , and it makes no difference whether som
phase factor appears in the entirei th column ofU or only in
Uei . To be sure, if someUei is proportional to a Dirac phas
factore2 id, one can always remove this factor through then i
phase redefinitionun i&→ueidn i&. However, this redefinition
also results inl i→e22idl i , leaving the phase-convention
independent combinationl iUei

2 unchanged.
Imagine now that one could measure the rate for theCP

mirror image of the decayZ→(Z12)1e2e2, namely Z̄

→(Z12)̄1e1e1. In contrast to thee2e2 decay, thise1e1

decay involves the second term in Eq.~2.2! and the analogue
of Eq. ~2.3! for this term. Thus, in the amplitudeAbb the
factor l iUei

2 is replaced by (l iUei
2 )* so that the amplitude

Ābb for Z̄→(Z12)̄1e1e1 is

Ābb5(
i

~l iUei
2 !* miK̄. ~3.4!

Here, due to theCP invariance of the strong interactions th
determine nuclear matrix elements, the kinematical a
nuclear factorK̄ is identical toK in Eq. ~3.1!, except for a
possible ~irrelevant! phase difference. Thus, the rate f
‘‘anti-0nbb ’’ is identical to the 0nbb rate: uAbbu2

5uĀbbu2. That is, while the Majorana phases and, for th
matter, the Dirac phases, affect the rate for 0nbb, they do so
in a CP-even way: their effects on a given 0nbb process and
its CP-mirror-image anti-0nbb process are identical. Th
only way to determine the effects ofCP phases in neutrino-
4-4
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MANIFEST CP VIOLATION FROM MAJORANA PHASES PHYSICAL REVIEW D67, 053004 ~2003!
less double beta decay is to determine, through other exp
ments, the massesmi and the ‘‘mixing angles’’uUeiu2 of the
leptonic mixing matrix, and compare the results with t
obtained measurement of Eq.~3.2!.7 Whether this can be
accomplished in practice has recently been explored by
eral authors@3#.

IV. MANIFEST CP VIOLATION FROM MAJORANA
PHASES IN ‘‘LOW-ENERGY’’ PHENOMENA

A Dirac phase in the quark or lepton mixing matrix ca
certainly produceCP-odd effects. Can a Majorana phase
the lepton mixing matrix do this too? In the rate for 0nbb,
Majorana phases lead only to aCP-even effect, as we hav
just seen.

To try to find a process in which the effects of Majora
phases can includeCP-odd ones, we begin by asking what
takes to produce aCP-odd effect. If CP violation comes
from phases, we can answer this question in a very gen
well known way@9#. Suppose that some physical processP
has an amplitudeA consisting of two contributions:

A5a1eid1eif11a2eid2eif2, ~4.1!

wherea1,2 are the magnitudes of the two contributions,d1,2
are CP-odd phases which change sign when one comp
the amplitude for the anti-processP̄, while f1,2 areCP-even
phases that are the same for bothP andP̄. The amplitude for
P̄ is, therefore,

Ā5a1e2 id1eif11a2e2 id2eif2. ~4.2!

Note that the magnitudesa1,2 are the same forP and P̄
because we are assuming thatCP-violating effects come
from phases.

The CP-odd differenceDCP[uĀu22uAu2 is

DCP54a1a2sin~d12d2!sin~f12f2!, ~4.3!

where we used Eqs.~4.1!,~4.2!. It is clear that in order for
there to be aCP-odd effect in the rates for a processP and its
mirror-image, the amplitude for the process must satisfy
following three requirements:

~i! It must contain at least two distinct contributions.
~ii ! The distinct contributions must be proportional toCP-

odd phase factors with corresponding phasesd i , satisfying
the condition~s! d i2d jÞ0 modp for somei , j .

~iii !These contributions must also be proportional toCP-
even phase factors with corresponding phasesf i , satisfying
the condition~s! f i2f jÞ0 modp for somei , j .

In leptonic processes such as 0nbb, the necessaryCP-
odd phases may be provided by the leptonic mixing mat
However, from Eq.~3.1!, it is easy to see that the third of th
requirements listed above is not satisfied. Note that theCP-

7For example, ifmbbÞ(mi uUeiu2, we could conclude unambigu
ously that some of theCP-odd phasesj i j [j i2j j , i , j 51,2, . . . ,
are different from 0 mod 2p.
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even phases in Eq.~3.1! are f i5arg(K), ; i . It is, there-
fore, clear that there are noCP-even phase differences. Th
is why phases inU do not lead toCP-odd effects in 0nbb.

A. Neutrino ^ antineutrino oscillations

It should be clear that in order to observeCP-odd effects
due to the Majorana phases in some process, the ampli
for that process must also containCP-even phases which
differ from one piece of the amplitude to another. With th
requirement in mind, we turn to neutrino↔ antineutrino
oscillations, Eq.~2.7!.

Assuming that the neutrinos travel a macroscopic d
tance, we would like to compute the amplitude for the p
cess Eq.~2.7!, which is depicted in Fig. 1~b!. As discussed in
Sec. II, the amplitudeAL” has the general form Eq.~2.9! and
can be written as@7#

AL”5(
i

~l iUa i
Ub i !

mi

E
e2 imi

2L/2ES, ~4.4!

whereE is the energy of the intermediate-state neutrino m
eigenstate which propagates a macroscopic distanceL andS
is an additional kinematical factor which depends on the
tial and final states. We have used the standard approx
tions in order to write the neutrino oscillation phase as

function of mi
2L/E. The phase factore2 imi

2L/2E may be
thought of as the neutrino propagator, and, as we will
shortly, will provide the necessaryCP-even phase discusse
above.

It is important to comment that, just as in 0nbb @Eq.
~3.1!#, the amplitude Eq.~4.4! is proportional to the ‘‘helicity
suppression’’ factormi /E. This factor reflects the fact tha
for either helicity of the intermediate neutrinon i , either the
initial vertex l a

1W2→n i , or the final vertexn i→ l b
2W1, is

helicity suppressed. In addition, a factor like this mu
clearly be present in any lepton number violating proce
given that the Majorana neutrino masses are~by assumption!
the only source for lepton number violation, which cons
quently should disappear in the limitmi→0, ; i . As will be
commented upon in more detail shortly, it is this helici
suppression factor that renders any observation of neut
↔ antineutrino oscillations almost impossible@16#.

In order to look for explicitlyCP-violating effects, we
also compute the amplitudeĀL” for theCP-conjugate process
l a

2W1→ l b
1W2, which is given by

ĀL”5(
i

~l iUa i
Ub i !*

mi

E
e2 imi

2L/2ES̄, ~4.5!

where S̄ is identical toS except, perhaps, for an irrelevan
overall phase factor. Not surprisingly, this is very similar
the situation in 0nbb, discussed in Sec. III@cf. Eqs.
~3.1!,~3.4!#.

Next we restrict ourselves to the two generation ca
Working in a phase convention where the charge conjuga
phase factors are trivial (l15l251), we parametrize the
leptonic mixing matrixUa i , a5e,m, i 51,2, as
4-5
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U5S cosu sinu

2sinu cosu D S ei j1/2 0

0 ei j2/2D . ~4.6!

Within this parametrization, fora5e andb5m @7#,

AŁ5
sin 2u

2
SF2ei j1e2 im1

2L/2E
m1

E
1ei j2e2 im2

2L/2E
m2

E G ,
~4.7!

ĀŁ5
sin 2u

2
SF2e2 i j1e2 im1

2L/2E
m1

E
1e2 i j2e2 im2

2L/2E
m2

E G ,
~4.8!

while the rates for the process and the anti-process are

GŁ5uAŁu25
sin22u

4E2
uSu2

3Fm1
21m2

222m1m2cosS Dm2L

2E
2j D G , ~4.9!

ḠŁ5uĀŁu25
sin22u

4E2
uSu2

3Fm1
21m2

222m1m2cosS Dm2L

2E
1j D G . ~4.10!

Here,j[j22j1 and Dm2[m2
22m1

2. The CP-odd rate dif-
ferenceDCP is, therefore,

DCP[ḠŁ2GŁ5
sin22u

E2
uSu2m1m2sinS Dm2L

2E D sinj,

~4.11!

while the average rate is

ḠŁ1GŁ

2
5

sin22u

4E2
uSu2Fm1

21m2
222m1m2cosS Dm2L

2E D cosjG .
~4.12!

While quite simple, the results computed above cont
several remarkable properties, which we now make expl
First of all, answering our original question, a manifes
CP-odd effect is present. As outlined in the beginning of th
section, the conditions for having such an effect are tha~i!
there must be at least two interfering contributions to
amplitudes,~ii ! these contributions must have aCP-odd rela-
tive phase, which here isj, that is nontrivial~i.e., different
from 0 modp), and~iii ! the contributions must also have
CP-even relative phase, which here isDm2L/2E, that is non-
trivial. It is the crucial presence of this nontrivialCP-even
phase, coming from the neutrino propagators, that allo
neutrino↔ antineutrino oscillation to exhibit aCP-odd ef-
fect while 0nbb cannot do so.

Clearly,DCP must vanish if either theCP-odd phase van-
ishes~mod p), or the CP-even phase vanishes. The latt
will occur if Dm250 ~degenerate neutrino masses! or if L
05300
n
t.

e

s

50 ~vanishing travel distance!.8 From Eq.~4.11!, we see that
DCP does indeed vanish when it must. Furthermore, fr
Eqs. ~4.4! and ~4.5!, we see that even in the more gene
case of an arbitrary number of neutrino mass eigensta
DCP still vanishes, as it must, when either theCP-odd phases
in the factorsl iUa iUb i are equal~mod p), or else the neu-
trino massesmi are all degenerate orL50, so that theCP-
even phases in the various terms of the amplitudes are eq

Before proceeding, we pause to discuss the physical
rameter space for these lepton-number violating proces
meaning the range for the values ofu,j, and the masses tha
must be probed in order to describe all the physically dis
guishable values ofl a

1→ l b
2-transitions. We willdefine the

mass eigenstates such thatm2>m1. Within this definition,
the CP-odd phase differencej yields a potentially different
physical observable for each value in the range@2p,p#. It
remains to discuss what happens to the mixing angle,u. As
an angular variable, it is certainly constrained to the inter
@2p,p#, but the general form for the amplitudes Eqs.~4.4!,
~4.5! allow for a smaller physical range. Explicitly,AŁ

ab

}sinu cosu for aÞb or AŁ
aa}a sin2u1bcos2u, wherea,b

PC ~the same applies toĀŁ
ab ,ĀŁ

aa). The following two op-
erations leave physical observables (}uAu2) unchanged:u
→2u and u→p2u. This implies that one can chooseu
P@0,p/2# and completely cover the entire physical para
eter space. Note that Eqs.~4.11! and ~4.12! have an extra
symmetryu→p/22u, such thatuP@0,p/4# yields the same
results asuP@p/2,p/4#. This is not true, in general, for the
‘‘diagonal’’ Aaa , unlessuau5ubu. This situation is different
from the standard neutrino↔ neutrino oscillations, where
uP@0,p/4# fully describes two-flavor oscillations in vacuum
@17# ~as is well known, this degeneracy is lifted if the ne
trinos propagate in matter!. Here, one can tell whether th
electron-type neutrino is predominantly light (†u
P@0,p/4#‡, the ‘‘light side’’! or heavy (†uP@p/4,p/2#‡, the
‘‘dark side’’ @18#! even if the neutrinos are propagating e
clusively in vacuum. Note that one can always choose ot
parametrizations, where, for examplejP@0,p#. The differ-
ent parametrizations are related by a ‘‘relabeling invarianc
which states that if one redefines the mass eigenstates 1↔2
(@Dm2,j#→@2Dm2,2j#) and the mixing angleu→p/2
2u, the amplitudes remain unchanged.

It is interesting that, as Eq.~4.12! shows, lepton-number
violating transitions that also violate flavor (e6→m7) al-
ready occur whenL50. This behavior is in sharp contrast t
the ordinary lepton-number-conserving neutrino flavor os
lation. It arises from the fact that when, for example,
incoming e1 makes a neutrino, atL50 the wrong-helicity
~left-handed! component of this neutrino has mass eigenst
composition proportional to

(
i

mi

E
l iUeiun i&. ~4.13!

8We disregard the ‘‘finely tuned’’ points whereDm2L/2E
5p, 2p, . . . , which can only be chosen, in principle, for a mon
chromatic neutrino beam.
4-6
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MANIFEST CP VIOLATION FROM MAJORANA PHASES PHYSICAL REVIEW D67, 053004 ~2003!
Since the neutrino state that is a pureune&5( iUei* un i&, it is
clear that even atL50 the left-handed component of th
neutrino made by ane1 is not a purene , meaning that it
contains other flavors. In the two-generation case being c
sidered here, it contains anm component, which can instantl
producem2W1. This fact was already noticed by the a
thors of @19#.

An especially interesting property ofGŁ and ḠŁ is their
behavior when the neutrino mass eigenstates are degen
m15m2[m. In this limit

ḠŁ5GŁ5
m2sin22u

E2
uSu2sin2S j

2D . ~4.14!

We see that as long asjÞ0 mod 2p, and the mixing angle
uÞ0,p/2, e6→m7 transitions still occur, and their rates d
pend on the mixing angle. Thus, the mixing angle contin
to have physical consequences even when the neu
masses are degenerate.

When one remembers how quark mixing behaves,
result for Majorana neutrinos is very surprising and puzzli
For, as one will recall, if the masses of all up-type quarks
down-type quarks are degenerate, mixing phenomena ar
solutely absent. Indeed, in the presence of this degene
all mixing angles are unphysical. This is easy to show@9#.
Assume that the down-type quarks are degenerate in m
This means that the relevant part of the Lagrangian is gi
by

L.S 2
g

A2
Wr

1(
i , j

ūiLgrVi j djL1H.c.D
1~2md̄iLd i j djR1H.c.!, ~4.15!

whereV is the Cabibbo-Kobayashi-Maskawa~CKM! quark
mixing matrix, m is the hypothetical common down-typ
quark mass andd i j is the standard Kronecker-delta symbo
We can now definediL8 [Vi j djL , which renders the charge
current coupling diagonal, while the mass term is modified
md̄8 iLVi j djR[md̄8 iLd i j djR8 if we redefinediR8 5Vi j djR . This
final redefinition does not lead to any other physical con
quences. Thus, one can choose a basis where both the
quark mass matrix and the charged current weak coupl
are diagonal. In this basis, all mixing angles have dis
peared. One may summarize the situation in the follow
heuristic way: the mixing matrixV may be thought of~as one
alternative! as describing the relation between the down-ty
quarks that have definite masses and those that have dia
couplings to the up-type quarks. When the down-type qu
masses become equal, there is nothing left to describe.
linear combination of down-type quarks has the same m
as any other linear combination, so one may simply cho
the down-type quark basis states to be the ones whose
plings to the up-type quarks are diagonal. There is no wa
define a physically meaningful mixing matrix.

One can try to repeat the same logic in the neutrino se
@9,20#. The first step is to redefine the neutrino states s
that the charged current part of the Lagrangian Eq.~2.2! is
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diagonal:naL[Ua in iL ~this is often referred to as the flavo
basis!. In this basis, the part of the Lagrangian which co
tains the Majorana neutrino mass term is given by9

L.2
1

2
n̄c

aRUa i* Mi j Ub j* nbL1H.c.

52
1

2
n̄c

aR~U8* E2 i j i /2ME2 i j i /2U8†!abnbL1H.c.,

~4.16!

where U8 and E have been defined in Eq.~2.4!, and M
[diag(m1 ,m2 , . . . ). If Mi j 5md i j , no generic simplifica-
tion is possible@20#. This means that some of the mixin
angles and phases~Dirac and Majorana! which were physical
in general are still physical. The issue of counting the nu
ber of physical parameters was discussed in detail by
authors of@20#, to which we refer readers for more detai
~see also@9#!. One can go one step further, and ask wh
happens if the model isCP invariant. This happens, for ex
ample, ifU8 is real~and therefore an orthogonal matrix!, and
j i50 modp, so that

~U8* E2 i j i /2ME2 i j i /2U8†!ab5m~U8Ei (0,p)U8†!ab ,
~4.17!

where we defineEi (0,p) to be a diagonal matrix with
elements10 equal to 1 or21. If Ei (0,p) is proportional to the
identity matrix, there are no physical mixing angles. Th
behavior is clear in Eq.~4.14!. In the casej50, such that
Ei (0,p) is the 232 identity matrix, there are no lepton num
ber violating flavor transitions in the mass degenerate c
On the other hand, in theCP-conserving but less trivial cas
of j5p, Ei (0,p)}diag(1,21), and a physical mixing angle
can be defined, i.e., there are lepton number violating fla
transitions in the mass degenerate case.

It is interesting to note that, unlike the case of degener
Majorana neutrino masses, if allcharged leptonmasses were
degenerate, there would be no physical mixing angles~or
CP-odd phases! to speak of. Indeed, if this were the case, o
could always choose a basis where the Majorana neut
mass matrix, the charged current coupling, and the char
lepton mass matrix were all diagonal, so thatl a

2→ l b
1 transi-

tion processes would be trivially zero foraÞb.
We summarize the situation regarding mass-degene

neutrino eigenstates. Unlike the situation in the quark sec
when all neutrino mass eigenstates have the same m
~some of! the mixing angles andCP-odd phases are stil
meaningful. A well known but under-appreciated~at least by
the authors! example of this phenomenon is the effecti
neutrino mass for 0nbb, Eq. ~3.2!. In the three-flavor case
using the standard Particle Data Group~PDG! parametriza-

9This is the low-energy effective Lagrangian, which ensues a
electroweak symmetry breaking. It is independent of the mec
nism that generates Majorana neutrino masses.

10The diagonal elements ofEi (0,p) are also referred to as the rela
tive CP parities of the different neutrino mass eigenstates, which
physically meaningful@21#.
4-7
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tion for the mixing angles and assuming that the neutr
masses are degenerate11 ~andl i51, ; i )

mbb5mucos2u13cos2u121cos2u13sin2u12e
i j1sin2u13e

i zu,
~4.18!

wherej andz are the two relevant relative phases andm is
the common neutrino mass. Note that despite the degen
masses the two mixing angles influencembb , and the same
is true of the twoCP-odd phases. In theCP-preserving limit,
there are several options. If, for example,j5z50 mod 2p,
mbb5m ~no dependency on mixing angles!, while if j
50 mod 2p and z5p mod 2p, mbb5mucos 2u13u @depen-
dency on~one! mixing angle#. Even in the ‘‘effective-two-
generation’’ case (u1350), mbb depends on the remainin
mixing angleu12 so long asjÞ0 mod 2p.

Perhaps a more intuitive way of understanding wha
going on is to reinterpret the Majorana phases as follo
According to Eq.~4.16!, one can rewrite the neutrino mas
matrix in the flavor basis asU8* M 8U8†, where M 8
5ME2 i j i is a diagonal mass matrix whose entries are
general complex. Within this definition, the Majorana pha
are interpreted as the phases of the neutrino mass eige
ues, which are physical if the neutrinos are Majorana p
ticles. Within this language, it is easy to understand wha
happening in the mass-degenerate case: while we are se
the absolute values of the masses to be equal, the mass e
states are still distinguishable if the phases are different. T
may even be true in theCP-conserving case, where we ca
still distinguish two mass eigenstates by the sign of the c
responding mass eigenvalues. With distinguishable m
eigenstates, the mixing matrix still has meaning: it descri
the relation between these mass eigenstates and the
with diagonal weak couplings to the charged leptons. T
relation has physical consequences.

B. Lepton-number violating meson decay processes

One can look for the effects of Majorana phases in ot
lepton-number violating processes such asK6→p7m6m6.
The present experimental upper limits on this process ar
the level of 1028 @8# and further improvements are likely i
future. This process is very similar to 0nbb with e replaced
by m. The leading order amplitude for theK1 decay is de-
picted in Fig. 2~a! and given by

Amm5(
i

~l iUm i
2 !* miK [Feif, ~4.19!

whereK is a kinematical factor.F is the magnitude ofAmm ,
while f is its overall CP-odd phase. This definition wil
become useful shortly. The corresponding equation for
K2 decay amplitudeĀmm is also given by Eq.~4.19! after
replacing (l iUm i

2 )* by l iUm i
2 ~or f→2f). As in the case of

0nbb, since the total decay rate is given by the absol

11As discussed by the authors of@20#, the angles and phases in th
standard PDG parametrization are not all independent if the n
trino masses are exactly degenerate.
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value of Amm , at the leading order theCP-odd effect of
Majorana phases will be absent. However, one may cons
interference of the lowest order amplitude with the contrib
tion of processes involving physically accessible interme
ate states, such asK1→m1n followed by nm1

→p2m1m1 @depicted in Fig. 2~b!#, or K1→m1p0n fol-
lowed byp0n→p2m1. Here, theDL52 interactions~and
hence the Majorana phases! play a role in the second step o
the process. Let us denote this contribution byGeiceig

where the origin ofeig ~a CP-even phase factor! is due to the
presence of the physical intermediate state and comes
the absorptive part of the amplitude, whilec is theCP-odd
phase of this amplitude andG its magnitude.

Here is the crucial point: since the intermediate statem1n
~or p0m1n) is a physically accessible state,CP-even phases
g will arise from the absorptive parts of these contribution
This renders manifestlyCP-odd effects potentially observ
able, for example, when we take the difference of the ra
for K1 andK2 decays. To see this explicitly, one can sch
matically write the amplitudes for theK6 decays as

A~K1→p2m1m1!5Feif1Geiceig, ~4.20!

A~K2→p1m2m2!5Fe2 if1Ge2 iceig. ~4.21!

The differenceDK between the rates forK1→p2m1m1 and
K2→p1m2m2 is, therefore,DK}4FG sin(c2f)sing ~we
have not included the phase space factors!, as expected from
the general form presented in Eq.~4.3!. Hence, manifestly

u-

FIG. 2. Feynman diagrams forK1→p2m1m1 including~a! the
leading tree-level contribution and~b! a one-loop higher-order term
~see text for details!, plus ~c! the Feynman diagram fornmp0

→m1p2 scattering via bottom-squark exchange, mediated by
persymmetry ~SUSY! R-parity violating l i jk8 LiQjDk

c couplings.
Time flows from the left to the right. The3 indicates a chirality flip
in either the neutrino or the squark propagator.
4-8
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MANIFEST CP VIOLATION FROM MAJORANA PHASES PHYSICAL REVIEW D67, 053004 ~2003!
CP-odd observables can be constructed from lepton-num
violating meson decays as long as there are relativeCP-odd
phases (fÞc).

As far as the generation of aCP-even phase is concerne
the situation here is very similar to what happens in the c
of leptogenesis, where the presence of physically acces
intermediate states provides the necessaryCP-even phase
which renders manifestlyCP-odd effects due to the Majo
rana phases possible. We will discuss certain aspects of
togenesis in the next section.

Are there nontrivialCP-odd phases in order for theCP-
odd effects to materialize? If the only source ofCP-odd
phases is the leptonic mixing matrix, the answer is, unfo
nately, no:f5c. The reason is that both the ‘‘direct decay
@Fig. 2~a!# and the processes in which a physically access
state is produced and later rescatters@Fig. 2~b!# have the
same CP-odd phase@f, see Eq.~4.19!#, which is, therefore,
unobservable. In order to observe aCP-odd effect, new
sources of relativeCP-odd phases are required.

We would like to discuss one new-physics example. In
pendentDL52 interactions arise from supersymmetric e
tensions of the SM withR-parity violation. More explicitly, a
l i jk8 LiQjDk

c term12 in the superpotential could lead to th
processp0n→p2m1, depicted in Fig. 2~c!, but not directly
to K1→p2m1m1 decay, therefore introducing a relativ
CP-odd phase. One can make an estimate of this effect u
supersymmetryR-parity violating effects to generate the a
sorptive part. In this case, assumingc50, one has

DK}GF
2sinf

ul2318 l2138 umb

MSUSY
3

, ~4.22!

where GF is the Fermi constant,mb is the mass of the
bottom-quark andMSUSY is a supersymmetry breaking mas
The observable effect is of course extremely tiny. Nevert
less, this example provides a scenario where in principleCP
violating Majorana phases might lead to manifestlyCP-odd
effects inDL52 processes. Of course, one need not res
oneself to the kaon system, and processes such asB6

→p7t6t6 would also work in the same way.
Once new sources of lepton-number violation are int

duced, one may wonder whether a manifestlyCP-odd ob-
servable can arise in the case of 0nbb. The answer is, in
principle, yes. It would arise, for example, fromZ→(Z
12)1e2e2n̄ n̄→(Z12)1e2e2, where the second stage
lepton number violating and is mediated by some new k
of interaction. TheCP-odd observable would be the diffe
ence between this process and the decay of the antinucle
is important that the second stage be mediated by a new
of lepton number violating interaction~so that ‘‘fÞc ’’ ! and
secondly, the crucial point again is that the intermediate s
is a physical state so that we have an absorptive part.

12Li ,Qi are, respectively, lepton and quark doublet chiral sup
fields, whileDi

c is the down-antiquark singlet chiral superfield. Th
l i jk8 are dimensionless couplings, andi , j ,k51,2,3 are family indi-
ces.
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V. COMMENTS ON LEPTOGENESIS

Perhaps the best known case of a manifestlyCP-violating
effect in a lepton-number violating process is leptogene
@4#. The central idea is the following: if neutrino masses a
generated via the seesaw mechanism, there are extra si
fermions ~right-handed neutrinos! which possess a~very
heavy! Majorana mass and couple to the lepton left-hand
doublet and the Higgs-boson doublet via a Yukawa inter
tion. In the early Universe, these right-handed neutrinos w
be present in the primordial thermal bath, and will eventua
decay into leptons and scalars as soon as the Universe is
enough. Since the decays of such states violate lepton n
ber, if such decays take place out of thermal equilibrium
net lepton number for the Universe can be generated as
asCP is also violated. Later, the net lepton number is co
verted in part to a net baryon number by nonperturbat
sphaleron processes@22#. For detailed reviews, we refe
readers to, for example,@23,24#.

Here, we would like to concentrate on physical effects,
particular theCP-odd ones, which are related to the ‘‘Majo
rananess’’ of the processes that lead to leptogenesis.
would like to compare howCP is violated~and under what
conditions! during the decay of the right-handed neutrinos
how it was violated in the neutrino↔ antineutrino oscilla-
tion process analyzed in Sec. IV A. For that reason, we w
concentrate on a much simpler setup, which captures all
features we are interested in, while leaving out several
necessary complications.

We will consider the following interaction Lagrangia
added to the SM one@which contains Eq.~2.2! and the
Yukawa coupling between the Higgs boson, the lepton d
blet and the right-handed charged lepton field#:

L52
Mi j

2
N̄c

iLNjR2ya i@ n̄aLw̄02 l̄ aLw2#NiR1H.c.

~5.1!

Heref5(w1,w0) is the Higgs-boson weak isodoublet,,aL
5(nL ,l L)a are the left-handed lepton doublets, andNiR are
the right-handed neutrinos. We assume that the scalar dou
is massless@and thatSU(2)L is not broken#. We will choose
a basis whereM is diagonal, and where its eigenvalues a
real and positive. In this basis,y is a generic complex matrix
of Yukawa couplings.

We will study the decay of the heavy right-handed neu
nos, and, in particular, address whetherCP is violated;
namely, whether the branching ratio forNi→,f differs from
the branching ratio forNi→ ,̄f̄, where we sum over the fina
state flavors of,a . One may picture the following gedanke
experiment: place inside a box a certain amount of rig
handed neutrinos~of a certain ‘‘species’’!. Wait until they all
have decayed, and count the total lepton number inside
box. If the total lepton number is not zero,CP has been
violated ~and lepton number has been ‘‘created’’!.

At the tree level, of course, the branching ratios are id
tical. At one loop one has to compute, on top of the tree-le
contribution @Fig. 3~a!#, the ‘‘vertex-correction’’ one-loop

r-
4-9
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diagram @Fig. 3~b!# and the ‘‘propagator-correction’’ one
loop diagram@Fig. 3~c!#. The amplitudes forNi→,af and
Ni→ ,̄af̄ are, respectively,

Aa i5Fya i1(
j ,b

f ~ i , j !yb i* L i* yb jL j ya j GKi , ~5.2!

Āa i5Fya i* L i* 1(
j ,b

f ~ i , j !yb i yb j* L j* ya j* GKi . ~5.3!

Here,L i is the charge conjugation phase factor for the he
Majorana mass eigenstateNi :

Ni5L iNi
c . ~5.4!

The quantityKi is a kinematical factor, andf ( i , j ) is a loop
function, which depends on the mass of the decaying rig
handed neutrino and the mass of the right-handed neutrin
the loop ~see, for example,@23,24#!. We have neglected
terms which only serve as trivial corrections to the tree-le
coupling, and assumed the scalar and the left-handed lep
to be massless.

The expressions forAa i andĀa i above may be simplified
by introducing the modified Yukawa coupling matrixY, de-
fined by

FIG. 3. Feynman diagrams for the decay of a right-handed n
trino: ~a! tree-level contribution,~b! one-loop ‘‘vertex-correction’’
contribution and~c! one-loop, ‘‘propagator-correction’’ contribu
tion. Time flows from the left to the right, and the arrows repres
the chirality of the various fermions. The3 indicates a chirality flip
in the neutrino propagator, which is proportional to the neutr
Majorana mass. We only include the diagrams that will lead t

CP-odd contribution to the decay rate. Recall thatNi5N̄i up to a
phase factor.
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Ya i5ya iv i , ~5.5!

where@12#

v i5~L i !
1/2. ~5.6!

It is easy to show thatY is unchanged by phase redefinition
of the Ni . Thus, rewritingAa i and Āa i in terms ofY makes
them manifestly phase-redefinition invariant.

The CP-odd asymmetry in theNi decay rate, summed
over all the left-handed lepton flavorsa, is given by

D i[(
a

~ uĀa i u22uAa i u2!Y (
a

~ uĀa i u21uAa i u2!

~5.7!

.
2

~Y†Y! i i
(

j
Im$~Y†Y! i j

2 %3Im$ f ~ i , j !%. ~5.8!

As expected, theCP-odd asymmetry is proportional to th
sine of CP-odd phases~which are present in the Yukaw
coefficientsya i) and the sine ofCP-even phases; namely, th
phases of thef ( i , j ). Do the f ( i , j ) have complex phases
Fortunately, the answer is yes: the complex phase off ( i , j )
comes from the absorptive parts of both one-loop diagra
These are indeed present since the virtual,f states in the
loop can be produced on mass shell and rescatter.

How does this compare withCP-odd effects in neutrino
↔ antineutrino oscillation, discussed in Sec. IV A? Fro
Eq. ~5.8!, we see that in the decay of the right-handed n
trino Ni , the interference between the tree level diagram F
3~a! and the one-loop diagrams Figs. 3~b! and 3~c! involving
an intermediate state Nj and ,b leads to
Im@(L i ya i yb i)* (L j ya j yb j )#. From Eq. ~4.4!, on the other
hand, we see that in the ‘‘oscillation’’ processl a

1W2

→ l b
2W1, the interference between two diagrams of the ty

Fig. 1~b! involving, respectively,n i and n j as intermediate
particles leads to aCP-odd contribution to the oscillation
probability proportional to Im@(l iUa iUb i)* (l jUa jUb j )#.
Obviously, the imaginary parts occurring inNi decay and
neutrino↔ antineutrino oscillation are identicalin structure.
When we ‘‘transform’’ from neutrino↔ antineutrino oscil-
lation toNi decay, the light neutrino mixing matrixU, which
acts as an effective coupling matrix, is simply replaced
the heavyNi Yukawa coupling matrixy. Similarly, the light
neutrino charge conjugation phase factorsl i are replaced by
the heavyNi counterparts, theL i .

In neutrino ↔ antineutrino oscillation, each interferin
diagram contains two vertices. InNi decay, the tree-leve
diagram contains only one vertex, while the one-loop d
grams with which the tree level interferes each contain th
vertices. What has happened is that in the translation
tween neutrino↔ antineutrino oscillation andNi decay, one
of the vertices in one of the interfering diagrams has not o
been replaced by its heavyNi counterpart, but has also ‘‘left’’
its original diagram, to be replaced by its complex conjug

u-

t

a
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in the other diagram. Of course, this ‘‘migration’’ from on
diagram to the other does not change the interference
yields theCP-odd effect.

Next, as we did in Sec. IV A, we examine under wh
conditionsCP is restored. This happens, of course, in t
trivial case of only one right-handed neutrino, since (Y†Y) i i

2

is real @note that thej 5 i term of the sum in Eq.~5.8! does
not contribute toD i ]. This means that in order to violateCP,
there must be nontrivial ‘‘mixing angles’’~as is always the
case!. What do these mixing angles relate? They relate t
different bases for the right-handed neutrino states: the m
basis, and the ‘‘decaying basis,’’ i.e., the basis in whichY†Y
is diagonal.13

Under what conditions doesY†Y contain no nontrivial
phase factors? One such case is whenY†Y is diagonal in the
same basis where the right-handed neutrino mass is diag
In this case, the decaying right-handed neutrino states c
cide with the right-handed neutrino mass eigenstates,
one can do away with any ‘‘mixing.’’ This would happen, fo
example, if the eigenvaluesx of Y had the same magnitude
Y5V diag(x,x, . . . )U†,U,V unitary matrices. In this case
Y†Y5U diag(uxu2,uxu2, . . . )U†5diag(uxu2,uxu2, . . . ). If the
eigenvalues ofY have the same magnitude, one can alwa
choose a basis where the decaying state and the mass e
state are the same. Perhaps the closest analogue of this
ation in Sec. IV A is the case when the charged leptons
the same mass. There, one could redefine the charged le
states such that there were nol a

6→ l b
7-transitions foraÞb.

Finally, we discuss the curious case of right-handed n
trinos with degenerate masses. Here, as in Sec. IV A w
the light neutrinos all have the same mass, no signific
simplification can be performed. In particular, similar to t
situation in Sec. IV A, mixing angles are still generical
present because of the presence of the Majorana phase
we argued in Sec. IV A, one can reinterpret the Majora
phases as the phases of the mass eigenvalues. In this
even if the right-handed neutrino masses have the same
nitude, one can still distinguish the states by the phase
tors. This implies that the decaying basis can still differ fro
the mass basis, and that mixing angles may still be defin

This means that in the case of mass-degenerate r
handed neutrinos, there is no general reason to believe
D i50. In this case, however,D i ~for some fixedi ) might not
be the relevant quantity to compute if one wants to expl
the excess of matter over antimatter in the Universe. O
may, perhaps, have to compute the total lepton number
ated by the simultaneous decay of all right-handed neutr
~this is naively expected, as they all have the same m
anyway!.

In our gedanken setup, we proceed to analyze what h
pens if the ‘‘box’’ contains identical amounts of all the mas
eigenstate right-handed neutrinosNi . In this case, the tota
lepton number produced by the ensuing decay of all rig
handed neutrino species is@see Eq.~5.8!#

13YY† can be chosen diagonal by redefining the,a fields. This
redefinition would ‘‘resurface,’’ for example, in the charged lept
Yukawa coupling, which does not concern us for this discussio
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D[(
i

D i}Im~ f !(
i , j

Im$~Y†Y! i j
2 %

~Y†Y! i i

. ~5.9!

Here f [ f ( i , j ),; i , j is the loop factor, which has becom
independent14 of i and j. In general,D does not vanish,
which means that, in our gedanken setup, a global lep
number is generated through the decay of equal number
degenerate right-handed neutrinos.

The situation here is dramatically different from the o
in Sec. IV A. There, noCP-odd effects were present in th
mass-degenerate case because theCP-even phase in the cas
of oscillations (}Dm2) vanished exactly. Here, theCP-even
phase does not vanish in the case of mass-degenerate s
It is curious to note, however, that the combinati
( iD i(Y

†Y) i i does vanish exactly when all right-handed ne
trinos are degenerate in mass.

Our result is independent of the number of right-hand
neutrinos and left-handed leptons. For example, the s
situation occurs if instead of three right-handed neutrin
there are two right-handed neutrinos leading to a 332 see-
saw, which has been explored in several recent papers@27# in
order to try to establish a connection between potentia
measurable ‘‘low-energy’’ phases, and theCP-odd phases
which are present in the leptogenesis process.

In ‘‘thermal equilibrium leptogenesis’’@23,24# the right-
handed neutrinos are assumed to be in thermal equilibr
with the SM fields at some very large temperature. Un
these conditions, the abundance of different degenerate-m
right-handed neutrinos is guaranteed to be the same. In o
to generate a net lepton number which will later be conver
to a net baryon number, the right-handed neutrinos must
only decay in aCP-odd fashion, but must do so out of the
mal equilibrium. Do degenerate-mass right-handed neutri
that decay out of thermal equilibrium do so in such a w
that the net lepton number generated is nonzero? The an
to this question is rather academic,15 and beyond the inten
tions of this paper.

VI. SUMMARY

In this paper we have discussedCP-violating leptonic and
semileptonic processes that can probe theCP-odd phases in

14As was discussed by several authors, the case of leptoge
with mass-degenerate right-handed neutrinos is rather su
@25,26#. In particular, the contribution to the decay coming from t
‘‘bubble diagram’’ Fig. 3~b! is divergent unless one considers th
decay width of the propagating right-handed neutrino. If the cal
lation is correctly performed, however, it has been shown@26# that
the contribution of Fig. 3~b! to f ( i , j ) exactly vanishes in the mass
degenerate limit, while the vertex correction contribution Fig. 3~c!
does not. It does satisfyf ( i , j )5 f , when the masses are all dege
erate.

15One should worry about the definition of ‘‘degenerate’’ righ
handed neutrinos. If the tree-level right-handed neutrino masse
all the same, quantum corrections are bound to make them dist
unless, for example, all right-handed neutrinos have the same d
widths ~i.e., couplings!. If this is the case, as was discussed earl
there are no nontrivial mixing angles.
4-11
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the leptonic mixing matrix, especially the so-called Majora
phases. It is nontrivial for this probing to reveal that t
Majorana phases are genuinelyCP-violating quantities. This
nontriviality may be seen by looking at neutrinoless dou
beta decay, which is often discussed as a way to get in
mation on the Majorana phases. Even though this proc
does depend on these phases, in the leading order there
difference between the rate for the neutrinoless double
decay of a given nucleus and that of the corresponding a
nucleus~say 76Ge and anti-76Ge). Therefore, these process
do not involve anymanifestviolation of CP.

There are, however, processes which do exhibit ma
festly CP-violating effects. We have outlined the condition
under which such effects can occur and discussed three
amples:~i! neutrino↔ antineutrino oscillation,~ii ! rare lep-
tonic decays ofK andB mesons, such asK6→p7l 6l 6 and
similar modes for theB meson, and~iii ! leptogenesis in the
early Universe, which may be responsible for the pres
matter-antimatter asymmetry.

We have discussed some limiting cases where theCP vio-
lation disappears. A particularly interesting case, encounte
in neutrino↔ antineutrino oscillation, is when the light neu
trinos are degenerate. We have explained why manifestCP
violation is absent there. However, we have noted that, w
the quark mixing matrix loses its meaning when all t
masses of the quarks of a given charge are of equal size
leptonic mixing matrix continues to have physical cons
quences even when all the masses of the neutrinos ar
.
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equal size. This is true so long as the neutrinos are Major
particles and the relative Majorana phases are not zero.
origin of this distinction between the behavior of quark a
lepton mixing matrices was identified.

In the case of theCP-violation present in the decay o
hypothetical right-handed neutrinos, we also discussed un
what conditionsCP-violating effects would disappear. In
particular, we investigated briefly the limit of right-hande
neutrinos with degenerate masses. We comment that, in
trast to the neutrino↔ antineutrino oscillation with degen
erate neutrino masses,CP-odd effects need not vanish.

Admittedly, none of the ‘‘low-energy’’ processes we hav
considered seem to be observable in practical laboratory
periments. However, they illustrate with concrete examp
the important point that Majorana phases, like the more
miliar ‘‘Dirac’’ phase in the quark mixing matrix, can pro
duce manifestlyCP-violating effects.
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