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Manifest CP violation from Majorana phases

Andre de Gouve and Boris Kayser
Theoretical Physics Department, Fermilab, P. O. Box 500, Batavia, lllinois 60510-0500

Rabindra N. Mohapatra
Department of Physics, University of Maryland, College Park, Maryland 20742
(Received 7 December 2002; published 20 March 2003

We hunt for and discuss manifestyP-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 déaayell known fact, they do so in a way that involves
no manifest violation ofCP. The conditions for manifestlZP-violating phenomena—differences between the
rates forCP-mirror-image processes—are presented, and three examples are dis¢issedtrino < an-
tineutrino oscillation{ii) rare decays oK andB mesons and their antiparticles; atiidl) 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, manife€ily-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 neutrncantineutrino oscillation case.
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[. INTRODUCTION so-far hypothetical, very heavy Majorana neutral lepteis
The requiredCP violation in this process can come from
If neutrinos are Majorana particles, then the leptonic mix-Majorana phases. Furthermore, it iC®-odd effect—a dif-
ing matrix U can contain more&P-violating phases than its ference between tw@€P-mirror-image decays, one of which
qguark counterpartfor the same number of generatiphé].  yields a lepton, the other an antilepton. Thus, Majorana
The additional phases, known as Majorana phases, have phases can, in principle, yieldP-odd effects. However, the
effect on neutrino oscillation. Indeed, the only current orMajorana phases that act in the early Universe are not those
proposed neutrino experiment that could in principle providein the mixing matrixU that governs light neutrino mixing
evidence of Majorana phases is the search for neutrinole$s]. Moreover, the role of these “early-universe phases” de-
double beta decay,#B3 [2]. The rate for this process de- pends on the existence of hypothetical heavy Majorana
pends not only on the neutrino masses and mixing angleseptons! We therefore ask whether the Majorana phases in
but also onCP-violating phases, notably including the Ma- the light-neutrino mixing matrixJ can lead toCP-odd ef-
jorana phases. However, even if experimental and theoretic&cts that depend only on tiassumeglMajorana nature of
uncertainties should permit us to obtain evidence for a nonthe light neutrinos, and not on the existence of any additional
vanishing Majorana phase from the rate of@B [3], the  Majorana particles.
effect of CP-violating phases on this reaction is not a mani- Ve find that the answer is yes—Majorana phases gan
festly CP-violating phenomenon. By the latter, we mean ainduceCP-odd effects. In particular, they do so in the pro-
CP-odd effect—a difference between the rate for someS€SS of “neutrino— antineutrino oscillations7]. By that
physical process and that for i®P mirror image. While W& mean a process in which, for example, a neutrino “beam”
CP-odd phases in the leptonic mixing matrix do affect the!S créated by incoming positively charged leptons, but is

ratel” for 0v3B, they do so in &P-even way: that is, their measured in a detec_tor via the production of negatively
effect on the ratd” for some particular nuclear double beta charged leptons. If Majorana phases are present, the rates for

q s th he rtdor the CP-mi . this process and for it€P mirror image(where the charges
ecay Is the same as on the ratdor the CP-mirror-image ¢ o charged leptons are revergedll, in general, differ.

decay(the decay of an antinucleyso thatl =I'. Therefore, e explicitly point out whyCP-odd effects can occur in
even if we could study the neutrinoless double beta decay qieutrino— antineutrino oscillations but not inB3. We
antinuclei(an impossibility in practice, to say the leasve  fyrther discuss under what conditions the neutrino an-

would be unable to observe a “smoking gun” signal@  tineutrino oscillation process occurs, and wHeR-odd ef-
violation due to Majorana phases.

In this paper, we ask whether Majorana phases, such as——
the more familiarCP-violating “Dirac” phase in the quark 17 existence of heavy “right-handed neutrinos” is strongly mo-
mixing matrix, can lead t&P-odd effects. If so, where and yated by the seesaw mechanism for generating light neutrino
under what conditions can these effects occur, and what akgasseq6]. Unfortunately, even if this beautiful theoretical idea is
they? Are they observable in practice? correct, we may never be able to observe direct evidence for the

An increasingly appealing explanation of the presentexistence of heavy right-handed neutrinos if their masses are indeed
baryon asymmetry in the Universe rests on early-universenany orders of magnitude above the weak scale, as naively indi-
“leptogenesis,” resulting fronCP violation in the decays of cated by the experimental evidence for neutrino masses.
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fects can be observed. For example, we point out that whetween neutrino— antineutrino oscillations and heavy right-
the neutrino masses are degener&@P;odd effects disap- handed Majorana neutrino decays, paying special attention to
pear, but the neutrine> antineutrino oscillation process can the dependency of both processes on Majorana phases and
still take place if the Majorana phases are nontrivial. The ratéhe effect of mass-degenerate neutrino states.

for this process still depends on the mixing angles in the

mixing matrix. Thus, when Majorana phases are present, II. MAJORANA PHASES

mixing angles continue to have physical consequences even ) ) )
when the neutrino masses are degenerate. This simple yet We assume that each neutrino mass eigenstafei
remarkable behavior is in marked contrast to the behavior of 1,2,3, . . . (with massm;), is a Majorana fermion. This
quark mixing, where flavor mixing would disappeand the ~Means that; is its own antiparticle, so that its field is its
“mixing angles” become unphysichlif all the charge-2/3 Own charge conjugate, up to a phase factor. Thus,

quarks or all the charge-(1/3) ones were degenerate in c

mass. vi=Nivy, (2.1

Other processes where leptori®-odd effects could ap-

pear are the rare, lepton-number violating meson decay§here the superscriptdenotes charge conjugation andis
K*— 7 pu*u* andB*— 7" 7. Here, the rate for the @ phase factor henceforth referred to as the charge conjuga-

K* decay could differ from that for thi ~ decay, and simi- tion phase factor. _ _
larly for the B* andB~ decays. However, we find that new e further assume that the neutrino coupling to charged

sources of lepton-number violatidion top of the neutrino !ePtons and theéN boson is as prescribed by the standard
Majorana massesare required in this case. model (SM). For massive neutrinos, the SM interaction La-

By picturing the neutrino— antineutrino oscillation pro- 9rangian is
cess in terms of Feynman diagrams, and rearranging the

pieces of these diagrams, we show that @R-odd effect 9 ST o 9 S T x
resulting in leptogenesis grows out of the Majorana phases iff = \/EWP ; lat 7" Uaivic \/EWP ; vitUai ¥ lat -
exactly the same way as th@P-odd effect in neutrino— (2.2

antineutrino oscillation. This leads us to investigate whether

leptogenesis also “disappears” when the masses of all thejere, g is the semiweak coupling constant aaduns over

heavy Majorana leptons are of equal magnitude. We discussie charged lepton flavors:=e, u,, ... . The subscript

under which conditions this would indeed be the case. denotes chiral left-handed projection, abdis the unitary
Unfortunately, if neutrinos interact only via standard leptonic mixing matrix. It will become useful later to rewrite

model left-handed interactions, neutrire antineutrino os-

C|Ilat|onsz while yielding interesting conceptual |.n3|ghts into It YU ivie = — 15 YU ol S= — N vir ¥°U 4l Sr,

the possible effects of Majorana phases, are virtually unob- (2.3

servable in practice. This is due to the fact that, because we

consider the neutrino Majorana masses to be the source afhere\; is the charge conjugation phase factor defined in

lepton-number violation, the rate for neutrire antineutrino  Eq. (2.1) andR denotes right-handed chiral projection.

oscillations is suppressed by powers of the neutrino masses As is the case in the quark sector, the leptonic mixing

(in units of the neutrino total energyThis is also true of the  matrix is written in the basis where the charged lepton and

rates for the AL=2 decays K*—z* u“u* and B* (Majorana neutrino mass matrices are real, positive, and di-

—a r-77. Since these rates are proportional to positiveagonal. Generically, it can be written in the form

powers of the neutrino masses, their associated branching

ratios are expected to be @(10 %9 [the present upper U=F¢2y " E472, (2.9
limits on these branching ratios a@ 10 °) [8]]. However, _ _ _ _
even though all these processes are unlikely to be observabihere [ ¢o2=diag(e' ?¢2,e'#4'2, . . ), [i4i72

in the foreseeable future, they provide clear illustrations of=diag(e'¢¥2,e'¢2?, . . .) arediagonal “phase matrices,” and
how, in principle, Majorana phases can lead to manifesthJ’ is a(non-generig unitary mixing matrix. Within the SM,
CP-violating effects in low-energy reactions. the phases containedlii*«? are not physical, as they can be
Our presentation is the following: First, we define Majo- “absorbed” by redefining the right-handed charged lepton
rana phases and discuss when they are potentially obserfields (which do not feel the charged-current weak interac-
able. Second, we discuss in some detail the process of netiens). The phasest; are potentially observable, and will
trinoless double beta decay, and explain v@R-odd effects  henceforth bedefined as Majorana phaseBor example, in
would not be present even if antinuclear double beta decathe case of two lepton specidd, is real and parametrized
could be observed. We then proceed to outline the requirddy one mixing angle, while there is one potentially observ-
ments for observing manife§tP-odd effects, and discuss in able Majorana phadé= &,— &;. It is important to stress that
detail neutrino— antineutrino oscillations. Next, we show if the neutrinos were Dirac particles, all phases contained in
how CP phases in the neutrino sector can manifest them-
selves in differences between the rates for the lepton-number————
violating decays oK™ andK™ andB™* andB™~, and under  2An overall phase, common to all neutrinos, is not physical. One
what conditions. Finally, we comment on the relation be-is only sensitive to phase differences.
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4”2 would also be unphysical, as they could be “absorbed”
by redefining the SM singlet right-handed neutrino fields.

A Majorana phase is therefore characterized as one that is
common to all elements of a given column of the leptonic o v, v, P
mixing matrix, as defined in Eq2.2). That is, it is a phase
that affects allU ,; equally, irrespective of the flavar, for a . .
given neutrino mass eigenstate. Of course, elements of a w W
column ofU may contain additional phases that are not com-
mon to the whole columiithese are the “left-over” phases (@)
contained inU’, as defined in Eq(2.4)]. These phases will
be defined as Dirac phasés.

As is well known, ifU is not real(i.e., it contains non-
trivial phasey the physical processes mediated by E42) \
need not beCP preservind: However, while Dirac phases 1t

can lead taCP noninvariance irrespective of the nature of the * Vi Vi P
neutrinos, Majorana phases can do so only if the neutrinos !

are Majorana particles. It is interesting to understand the ori- w- w*
gin of this fact by comparing a process that can occur regard-

less of the character of the neutrinos with a related one that ®)

can occur only if the neutrinos are Majorana particles.
_First, we will analyze the process of “neutrine neu-  FiG. 1. Feynman diagrams f¢a) neutrino— neutrino oscilla-

trino™ oscillation, for which there is ever-increasing experi- tion and(b) neutrino— antineutrino oscillation. Time flows from

mental evidence. This oscillation may be viewed as the prothe left to the right, and the arrows represent the chirality of the

cess various fermions. Thex indicates a chirality flip in the neutrino
propagator, which is proportional to the neutrino Majorana mass.
N . _
LW — V—>|BW ) (2.9 Note thaty;=v; up to a phase factor.

in which the intermediate-state neutrino propagates a macro- Unlike ordinary flavor oscillation§Eq. (2.5)], the process
scopic distancé. This process is depicted in Fig(al. The  Eq.(2.7) can only occur if lepton number is no longer a good
intermediate-state neutrino can be in any of the mass eigeruantum number. This is exactly the case if the neutrinos
statesy; . Thus, the amplitudé,_ for this lepton-numbe(L)  have non-vanishing Majorana masses, which also implies
conserving process may be written schematically as that the neutrino mass eigenstates are Majorana partidles.
in ordinary flavor oscillations, the intermediate neutrino in
— WL [N Il - Wt Eg. (2.7 can be in any of the mass eigenstates Thus, the
AL_zi (1 W I Hind ) (ol Himl s W, 26 amplitude A, for the lepton-number violating process Eq.
(2.7) can be written schematically
whereH;, is the interaction Hamiltonian associated with Eq.
(2.2. Now, (IaW"[Hindvi){(wi[Hindl JWT)cU 5 U%; [see
Eqg. (2.2)]. Thus, even if thath column ofU contains the
Majorana phase facta@'é'?, it is clear that it will cancel out
of UgU% (V B,@) and will consequently have no effect on As before, (I ;W*|Hy|»)<Ug. However, the second

ALZZ (1 W [Hind wi)(vilHind | s W 7). (2.9

the amplitudeA, . bracket in Eq(2.8) requires some care. Like the first bracket,
Next we analyze a qualitatively different process: “neu-(v;|H;,JI /W~) also comes from the first term in E(R.2),
trino < antineutrino” oscillation[7]. This is the reaction but one should use the term as it was rewritten in @2cf).

This is so that the field; in the second term of E42.8) can
be contracted with the field; in the first term in order to

in which, once more, the intermediate neutrino travels a macr_nake the usual neutrino propagat¢Q|T(vi »)[0). From

+ —
roscopic distancé. This process is depicted in Fig(kl. Eq. (2.3, (wi[Hindl s W) AU, so that

L W™ —v—] W7, (2.7

. o . Ac=2 (MU UK, (2.9
The reason for the definition should be clear. If the neutrinos I
were Dirac fermions, all would-be Majorana phases could be “ab- . . .
sorbed” by appropriately redefining the neutrino fields, and the onlywhereK; is a kinematical factor.
observableCP-odd effects would be parametrized by the Dirac
phases.
4See[9] for a pedagogical discussion of the conditions which the °If CPT is also broken, the mass eigenstates rmoe Majorana
massive neutrino Lagrangian must satisfy in order to necessarilparticles even in the presence of Majorana mass tet@isWe will
conserveCP. assume throughout this paper tiGRT is a good symmetry.
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The phases of the ,; and of\; all depend on the phase wherem; is the mass of the neutrino mass eigenstate
convention chosen for the state). However, it is readily ~which is chosen to be real and positive, whileis a kine-
shown that the produck;U,;Ug is phase-convention-free matical and nuclear factor that does not depend.cfhe
[11].° This means that the interference of the different termguantity
that contribute tdA, in Eq. (2.9) can lead to convention-free
physical effects, which clearly depend on the Majorana 1123 | — _
phases ofJ. A Majorana phase factor in théh column ofU ’Z ()"Uei)mll =Mgg (=[Med) 3.2
should be thought of as the phase factor present in this col-
umn for a fixed value of\; corresponding to the chosen is known as the effective neutrino mass for neutrinoless
phase convention fdw;), By phase redefiningw;), we can  double-beta decay, and is simply the absolute value oé¢he
always remove the Majorana phase from ttte column of ~ €lement of the Majorana neutrino mass matrix in the basis
U, but this phase would then simply reappeaijn leaving ~ Where the charged lepton mass matrix andwWhboson cou-

A, unchanged. plings are diagonal.

We conclude that when neutrinos are Majorana particles, Suppose, for the purpose of illustration, that there are
the rates for lepton-number violating processes depend offiree neutrino species, so thats a 3x 3 matrix. Choose the
the Majorana phases. Processes that do not involve leptd¥hase convention wheiéi,\;=1, and take
number violation in some form are not, at least at leading . EuI2 A2 b2
order, capable of exploring the leptonic mixing matrix in a U=U"Xdiage'*1"e'*2*,e'*"), 33
way that would reveal the presence of Majorana phases. It . . .
should be emphasized, as pointed out by the authdrs2bf as mf Eq.(2.9. ll,t IS ogvg\)uszfrc.)m Eq'(&é) ;hat the overgll
that the rates for lepton-number conserving processes cdfte for OvBB, O.VBB_l pel ", is affecte “.SF’me comol-
show such a presendwhich may lead toCP-odd effects nation of the Majorana phases . Therefore it is clga(and
[13]), provided that they receive a significant contributionwe” known) that Majorana phases lead to physical conse-
from processes that violate lepton number +{—1) uences.

times.” These contributions, however, are very suppressed It is Interesting to notice th‘f."t iU contains a D|rac_
and unobservable under most circumstances. phase—aCP-violating phase that is not common to an entire

column ofU—as is generically the case if there are at least
three neutrino species, then this phase may also influence
OvBpB in the sameway that Majorana phases can. The am-
plitude for Az depends on the leptonic mixing matrix

The most promising way of probing the Majorana naturethrough \;UZ;, and it makes no difference whether some
of the neutrino is to look for neutrinoless double beta decayhase factor appears in the entitie column ofU or only in
(OvBp). This is the lepton-number violating nuclear decayU,;. To be sure, if somé&; is proportional to a Dirac phase
processZ—(Z+2)+e e, whereZ(Z+2) is the atomic factore '°, one can always remove this factor through the
number of the parendaughtey nucleus. Assumin€PTin-  phase redefinitiony;)—|e'’v;). However, this redefinition
variance, the observation of this process would demonstratgiso results in\;—e~2%\;, leaving the phase-convention-
that neutrinos are indeed Majorana partid&d]. If 0v33 independent combinatio)niuéi unchanged.

does occur, it is very likely dominated by a mechanism in |magine now that one could measure the rate forGife
which the parent nucleus emits a pair'Wf" bosons, turning ..o image of the decaZ —(Z+2)+e e

. e, namelyf
into the daughter nucleus, and then e bosons exchange ————— o .
g g —(Z+2)+e"e*. In contrast to the e~ decay, thiete™"

one or another neutrino mass eigenstate to produce the tw invol th dt . 2 and th |
outgoing electrons. The heart of the mechanism is the secorfﬁecay INvolves the second term in K3.2) an (he analogue
of Eqg. (2.3 for this term. Thus, in the amplitud&,,; the

step: W W~ —e e~ via Majorana neutrino exchange. In . )

the cross channel, this step is SIMEJW- — v—e W, f_actor)\iggi is replaced by X;U2)* so that the amplitude

i.e., Eq.(2.7) for | ,=1z=I,. Of course, the neutrino now Agg for Z—(Z+ 2)+e'e’is

only propagates a very short distan¢ef the size of a

nucleus. A= AUV mK. 3.4
Assuming that Majorana neutrino exchange is indeed the 2 El (MUe)TmiK. 34

dominant contribution to 884, its amplitudeA 55 should be
of the form Eq.(2.9), and, indeed, it is. As is well known Here, due to th€P invariance of the strong interactions that

[15], when neutrino exchange dominates, determine nuclear matrix elements, the kinematical and
nuclear factoK is identical toK in Eq. (3.1), except for a
possible (irrelevan}y phase difference. Thus, the rate2 for

_ 2 “‘anti-OvpBB” is identical to the BB rate: |Agg
ABﬁ_Ei (NiUz)miK, 39 =|Aggl%. That is, while the Majorana phases and, for that
matter, the Dirac phases, affect the rate fo3@, they do so
in aCP-even way: their effects on a givenv@ process and

6Reolefini_ng the Majorana phases by rotating the dtajeso that ~ its CP-mirror-image anti-@33 process are identical. The
U,i—U,€e"% also leads toy;—\;e 2%, only way to determine the effects @P phases in neutrino-

IIl. NEUTRINOLESS DOUBLE BETA DECAY
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less double beta decay is to determine, through other experéven phases in Eq3.1) are ¢;=arg(K), V i. It is, there-
ments, the masses; and the “mixing angles{U|? of the  fore, clear that there are r@P-even phase differences. This

leptonic mixing matrix, and compare the results with thejg why phases iU do not lead taCP-odd effects in @32.
obtained measurement of E.2).” Whether this can be

accomplished in practice has recently been explored by sev-

A. Neutrino < antineutrino oscillations
eral authorg3].

It should be clear that in order to obser@®-odd effects
IV. MANIEEST CP VIOLATION EROM MAJORANA due to the Majorana phases in some process, the am.plitude
PHASES IN “LOW-ENERGY” PHENOMENA fo_r that process'must also contz_ﬂP—even phases V.\IhICh'
differ from one piece of the amplitude to another. With this
A Dirac phase in the quark or lepton mixing matrix can requirement in mind, we turn to neutrine> antineutrino
certainly produceCP-odd effects. Can a Majorana phase in oscillations, Eq(2.7).

the lepton mixing matrix do this too? In the rate for8g, Assuming that the neutrinos travel a macroscopic dis-
Majorana phases lead only toGP-even effect, as we have tance, we would like to compute the amplitude for the pro-
just seen. cess Eq(2.7), which is depicted in Fig. (). As discussed in

To try to find a process in which the effects of MajoranaSec. I, the amplitudé\; has the general form E¢2.9) and
phases can includéP-odd ones, we begin by asking what it can be written a§7]
takes to produce &P-odd effect. If CP violation comes
from phases, we can answer this question in a very general,
well known way[9]. Suppose that some physical procEss
has an amplitudé consisting of two contributions:

Al = 2 (\U,, UBI)E —imfLI2Eg (4.4

whereE is the energy of the intermediate-state neutrino mass
eigenstate which propagates a macroscopic distarared S
is an additional kinematical factor which depends on the ini-

wherea, , are the magnitudes of the two contributiod§,, iz anq final states. We have used the standard approxima-
are CP-odd phases which change sign when one computeg,

) i i ons in order to write the neutrino oscillation phase as a
the amplitude for the anti-proce®s while ¢, , areCP-even

— _ function of m2L/E. The phase factoe™ ™% may be
phases that are the same for bBthndP. The amplitude for thought of as the neutrino propagator, and, as we will see

A=a,e'%e 1+ a,e %2e! P2, (4.1

P is, therefore, shortly, will provide the necessa@P-even phase discussed
_ - o above.
A=a,e %1g'f14 g0 %! %2, 4.2 It is important to comment that, just as invBA [Eq.

__ (3.1], the amplitude Eq(4.4) is proportional to the “helicity
Note that the magnitudes, , are the same foP and P suppression” factom;/E. This factor reflects the fact that
because we are assuming th@P-violating effects come for either helicity of the intermediate neutring, either the

from phases. initial vertex| W~ —;, or the final verteXViHI;Wﬂ is
The CP-odd differenceA cp=|A[|2—|A|? is helicity suppressed. In addition, a factor like this must
clearly be present in any lepton number violating process,

Acp=4a,a,SIN( 61— 85)SiN(p1— ¢h2), 4.3 given that the Majorana neutrino masses (@geassumption

the only source for lepton number violation, which conse-
where we used Eqg4.1),(4.2. It is clear that in order for quently should disappear in the liniit,—0, V i. As will be
there to be &P-odd effect in the rates for a proceBand its  commented upon in more detail shortly, it is this helicity
mirror-image, the amplitude for the process must satisfy thguppression factor that renders any observation of neutrino
following three requirements: « antineutrino oscillations almost impossifEs].
(i) It must contain at least two distinct contributions. In order to look for explicitly CP-violating effects, we

(i) The distinct contributions must be proportionall®- 515 compute the amplitudy for the CP-conjugate process
odd phase factors with corresponding phaggssatisfying I;W*-»I;W‘, which is given by

the conditiorts) §;— &;# 0 mod# for somei,j.
(i) These contributions must also be proportionalCie- - m .
even phase factors with corresponding phasgssatisfying A= 2 (MU Ugi)* E‘e_'mi Li2Eg (4.5
the conditiors) ¢;— ¢;#0 mod for somei,j. ' '
In leptonic processes such ag®3, the necessarZP-
odd phases may be provided by the leptonic mixing matrixwhere S is identical toS except, perhaps, for an irrelevant
However, from Eq(3.1), it is easy to see that the third of the overall phase factor. Not surprisingly, this is very similar to
requirements listed above is not satisfied. Note thatGRe  the situation in @88, discussed in Sec. ll[cf. Egs.
(3.1,(3.9)].
Next we restrict ourselves to the two generation case.
"For example, ifmzz# =m;|U,|?, we could conclude unamb.gu_ Working in a phase convention where the charge conjugation
ously that some of th€P-odd phases;=&—¢;, i,j= . Phase factors are trivial\g=\,=1), we parametrize the
are different from 0 mod 2. leptonic mixing matrixU,;, a=e,u, i=1,2, as
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cosfd sind

ei £4912 0
) 48

0 ei £ol2

—sinfd cosfh
Within this parametrization, foo=e and 8= u [7],

_sin 20

A="5—S

_el gle—ime/ZEﬂ +el §Ze—im§L/2E@
E E |
(4.7

—  sin20
L)

S _e—igle—ime/ZEﬂ+e—i§2e—im§L/2EE
E E

(4.9
while the rates for the process and the anti-process are

sinf26
—|A 2= 2
I
A Am2L
X | mi+ms;—2m;m,co T —¢||, 49
—  sinf26
— 2_ 2
Te=[Al== 518

2

« AmL+
2E ¢

(4.10

m2+ m3— 2m1m2cos<
Here, é=¢,— & and Am?>=m3—m3. The CP-odd rate dif-
ferenceA.p is, therefore,

C[AMALY
|S|2m,m,sin —g|siné,
(4.11)

sirf26
EZ

ACPEFL_FL:

while the average rate is

Am?L
5E )COS§
(4.12

r,+T, sirf26
t t _ |S|2
2 4E?

m2+ m§—2m1mzcos(
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=0 (vanishing travel distan¢& From Eq.(4.11), we see that
Acp does indeed vanish when it must. Furthermore, from
Egs. (4.4 and (4.5, we see that even in the more general
case of an arbitrary number of neutrino mass eigenstates,
Acp still vanishes, as it must, when either 6@-odd phases
in the factors\;U ;U are equalmod ), or else the neu-
trino massesn; are all degenerate dr=0, so that theCP-
even phases in the various terms of the amplitudes are equal.
Before proceeding, we pause to discuss the physical pa-
rameter space for these lepton-number violating processes,
meaning the range for the values@f, and the masses that
must be probed in order to describe all the physically distin-
guishable values of;—>llg—transitions. We willdefinethe
mass eigenstates such thag=m,. Within this definition,
the CP-odd phase differencé yields a potentially different
physical observable for each value in the rahger,7]. It
remains to discuss what happens to the mixing angjlés
an angular variable, it is certainly constrained to the interval
[ =, ], but the general form for the amplitudes E¢%4),
(4.5 allow for a smaller physical range. Explicitlyé,\fﬁ
xsingcosh for a# B or Af“=asirfd+bcoss, wherea,b
e C (the same applies 8% ,Af*). The following two op-
erations leave physical observables|A|?) unchanged:d
——0 and 6— 7— 6. This implies that one can choose
e[0,7/2] and completely cover the entire physical param-
eter space. Note that Eq&l.11) and (4.12 have an extra
symmetryf— m/2— 6, such thatd e [ 0,77/4] yields the same
results asd e [ w/2,7w/4]. This is not true, in general, for the
“diagonal” A, , unless|al=|b|. This situation is different
from the standard neutrine- neutrino oscillations, where
0 e[0,7/4] fully describes two-flavor oscillations in vacuum
[17] (as is well known, this degeneracy is lifted if the neu-
trinos propagate in matterHere, one can tell whether the
electron-type neutrino is predominantly light [§(
€[0,7/4]], the “light side”) or heavy (8 e[ w/4,7/2]], the
“dark side” [18]) even if the neutrinos are propagating ex-
clusively in vacuum. Note that one can always choose other
parametrizations, where, for exam@le[0,77]. The differ-
ent parametrizations are related by a “relabeling invariance,”
which states that if one redefines the mass eigenstate® 1
([Am?,€]—[—Am?,—&]) and the mixing angled— 7/2
— 6, the amplitudes remain unchanged.

While quite simple, the results computed above contain o X
several remarkable properties, which we now make explicit. . 't IS interesting that, as Eq4.12) shows, lepton-number-

First of all, answering our original question, a manifestly Violating transitions that also violate flavoe{— ") al-
CP-odd effect is present. As outlined in the beginning of this"€ady occur whe =0. This behavior is in sharp contrast to
section, the conditions for having such an effect are that thg ordmary lepton-number-conserving neutrino flavor oscil-
there must be at least two interfering contributions to theation. It arises from the fact that when, for example, an
amplitudes(ii) these contributions must haveC#-odd rela-  incominge” makes a neutrino, dt=0 the wrong-helicity
tive phase, which here i, that is nontrivial(i.e., different ~ (I€ft-handed component of this neutrino has mass eigenstate
from 0 modw), and (i) the contributions must also have a C0Mposition proportional to
CP-even relative phase, which hereAisn?L/2E, that is non-
trivial. It is the crucial presence of this nontrivi@lP-even D m;
phase, coming from the neutrino propagators, that allows T E
neutrino«+ antineutrino oscillation to exhibit £P-odd ef-
fect while OvBB cannot do so.

Clearly, Acp must vanish if either th€P-odd phase van-  8we disregard the “finely tuned” points where\m2L/2E
ishes(mod ), or the CP-even phase vanishes. The latter = 7, 24, ..., which can only be chosen, in principle, for a mono-
will occur if Am?=0 (degenerate neutrino masses if L chromatic neutrino beam.

NiUei|vi). (4.13
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Since the neutrino state that is a pJirg)==;U%;|v;), itis  diagonal:v, =U ,v; (this is often referred to as the flavor
clear that even aL. =0 the left-handed component of the basig. In this basis, the part of the Lagrangian which con-
neutrino made by ae* is not a purev,, meaning that it tains the Majorana neutrino mass term is giverl by
contains other flavors. In the two-generation case being con-

sidered here, it containsig, component, which can instantly £5— SF {UA M UZJ' v +H.C.

produceux”W*. This fact was already noticed by the au- 2
thors of[19]. 1 . .

An especially interesting property &f, andT, is their =- EVCaR(U,*E_IgiIZM E7162U'T) v +H.C,
behavior when the neutrino mass eigenstates are degenerate: (4.16

m;=my,=m. In this limit
where U’ and E have been defined in Eq2.4), and M
— mesinf20 (& =diag(m;,m,, ...). If M;;=ms;;, no generic simplifica-
FL:FL=T|S| 5'”2(§ ' (4149 tion is possible[20]. This means that some of the mixing
angles and phaséBirac and Majoranawhich were physical

We see that as long &0 mod 2, and the mixing angle in general are still physical. The issue of counting the num-
9+0,m/2, e — u™ transitions still occur, and their rates de- ber of physical parameters was discussed in detail by the
inueduthors of(20], to which we refer readers for more details

@ee alsd9]). One can go one step further, and ask what

to have physical consequences even when the neutri . L 2F . .
phy d r11appens if the model i€P invariant. This happens, for ex-

masses are degenerate. o )
When one remembers how quark mixing behaves, thigmple, ifU’ is real(and therefore an orthogonal majriand

result for Majorana neutrinos is very surprising and puzzling i =0 modm, so that
For, as one will recall, if the masses of all up-type quarks or kg g2t yi (0 g1t
down-type quarks are degenerate, mixing phenomena are ab- (U™E ME U™ ap=m(U'E U )aﬁ('4 17
solutely absent. Indeed, in the presence of this degeneracy, :

all mixing angles are unphysical. This is easy to sH&W where we defineli©™ to be a diagonal matrix with
Assume that the down-type quarks are degenerate in mas

. ate In MaSyement® equal to 1 or—1. If £ is proportional to the
This means that the relevant part of the Lagrangian is g'verihentity matrix, there are no physical mixing angles. This

by behavior is clear in Eq(4.14). In the case£=0, such that
E'©m) is the 2< 2 identity matrix, there are no lepton num-
9 w+S ber violating flavor transitions in the mass degenerate case
LD — =W, U y*V;id, +H.c. 9 _ . gene '
2 ° %" LY Vi On the other hand, in theéP-conserving but less trivial case

of é=m, E'®Mxdiag(1-1), and a physical mixing angle
can be defined, i.e., there are lepton number violating flavor
. . . transitions in the mass degenerate case.

whereV is the Cabibbo-Kobayashi-Maskaw@KM) quark It is interesting to note that, unlike the case of degenerate

mixing matrix, m IS the hypothetical common down-type Majorana neutrino masses, if alharged leptormasses were
guark mass an@ij is the standard.Kronecker-deIta symbol. degenerate, there would be no physical mixing angtes

We can now definelj =V;;d;_, which renders the charged cp_qqq phasesto speak of. Indeed, if this were the case, one
current coupling diagonal, while the mass term is modified tqy1q always choose a basis where the Majorana neutrino
md'; Vjjdjg=md’;_§;;d] if we redefined/z=V;;djg. This  mass matrix, the charged current coupling, and the charged
final redefinition does not lead to any other physical consetepton mass matrix were all diagonal, so that-| g transi-
quences. Thus, one can choose a basis where both the dovitin processes would be trivially zero fer+ 3.

quark mass matrix and the charged current weak couplings We summarize the situation regarding mass-degenerate
are diagonal. In this basis, all mixing angles have disapneutrino eigenstates. Unlike the situation in the quark sector,
peared. One may summarize the situation in the followingyhen all neutrino mass eigenstates have the same mass
heuristic way: the mixing matri¥ may be thought ofas one  (some of the mixing angles andCP-odd phases are still
alternative as describing the relation between the down-typemeaningful. A well known but under-appreciatéed least by
quarks that have definite masses and those that have diagomigé authors example of this phenomenon is the effective
couplings to the up-type quarks. When the down-type quarieutrino mass for 888, Eq. (3.2). In the three-flavor case

masses become equal, there is nothing left to describe. Anysing the standard Particle Data Gro@@DG) parametriza-
linear combination of down-type quarks has the same mass

as any other linear combination, so one may simply choose———
the down-type quark basis states to be the ones whose cousth;s is the low-energy effective Lagrangian, which ensues after
plings to the up-type quarks are diagonal. There is no way t@jectroweak symmetry breaking. It is independent of the mecha-
define a physically meaningful mixing matrix. nism that generates Majorana neutrino masses.

One can try to repeat the same logic in the neutrino sector1°The diagonal elements (%™ are also referred to as the rela-
[9,20]. The first step is to redefine the neutrino states suckive CP parities of the different neutrino mass eigenstates, which are
that the charged current part of the Lagrangian @) is physically meaningful21].

+(—md 8;djg+H.c), (4.15
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“ |
&

tion for the mixing angles and assuming that the neutrino
masses are degeneraté@and\;=1,V i) u S

M= M|COS 0;5C0S 015+ COS 15SiMP 1,66+ sinf 6156'¢]
(4.18

where¢ and ¢ are the two relevant relative phases ands
the common neutrino mass. Note that despite the degenerate +
masses the two mixing angles influenog,, and the same

is true of the twoCP-odd phases. In thEP-preserving limit,
there are several options. If, for exampées {=0 mod 2,
mgg=m (no dependency on mixing angleswhile if &
=0mod 27 and {=m mod 27, mgz=m|cos X4 [depen-
dency on(one mixing angld. Even in the “effective-two-
generation” case {;3=0), mgzg depends on the remaining
mixing angled;, so long asé+# 0 mod 2.

Perhaps a more intuitive way of understanding what is
going on is to reinterpret the Majorana phases as follows.
According to Eq.(4.16), one can rewrite the neutrino mass .
matrix in the flavor basis adJ’*M'U’T, where M’ Vu Nos u
=ME"'% is a diagonal mass matrix whose entries are in (©
general complex. Within this definition, the Majorana phases FIG. 2. Feynman diagrams féi" — 7~ " u* including (a) the
are Inter.preted as thg ph_ases . the. heutrino mass e'genv‘?eléding tree-level contribution ar()) a one-loop higher-order term
ues, which are physical if the neutrinos are Majorana pa

,r(see text for details plus (c) the Feynman diagram fOPIu’/’TO

ticles. Within this language, it is easy to understand what is , ,+ -~ scattering via bottom-squark exchange, mediated by su-

happening in the mass-degenerate case: while we are settiBgrS mmetry (SUSY) R-parity violating A/, L,Q;D¢ couplings.
. Y y p g ijk =i~k pling
the absolute values of the masses to be equal, the mass €ig&iine flows from the left to the right. The indicates a chirality flip
states are still distinguishable if the phases are different. Thig either the neutrino or the squark propagator.
may even be true in th€P-conserving case, where we can
stil dlstlngwsh two mass elgenstatgs by_thg sign of the COYalue of A , at the leading order th€P-odd effect of
responding mass eigenvalues. With distinguishable mass . “r’]‘ il be absent. H id
eigenstates, the mixing matrix still has meaning: it describe ajc:crana P afS(tehs V\Il' eta sden ) 0\;\_/;5:\(/jer, O.?ft?ay Cotn.st’)' er
the relation between these mass eigenstates and the st::ﬁrétser efrence ot the OWFS. or ﬁr "’!mﬁ’l' ude wi iol gc:ton r (;J
with diagonal weak couplings to the charged leptons. Thié'?n 0 tp:ocesses r|]nvo ;'29 P y+S|ca fy”accejg be n er£ne -
relation has physical consequences. ate states, such ast —pu v loflowed by v
—a u" u' [depicted in Fig. )], or K" = u™ 7°v fol-
lowed by 7%v— 7~ u™. Here, theAL=2 interactionsand
hence the Majorana phaggsay a role in the second step of
One can look for the effects of Majorana phases in othethe process. Let us denote this contribution Gy Ve
lepton-number violating processes suchkKas— = u~u™.  where the origin of'” (a CP-even phase factpis due to the
The present experimental upper limits on this process are giresence of the physical intermediate state and comes from
the level of 10°8 [8] and further improvements are likely in the absorptive part of the amplitude, whijeis the CP-odd
future. This process is very similar ta@8 with ereplaced phase of this amplitude ar@ its magnitude.

B. Lepton-number violating meson decay processes

by u. The leading order amplitude for thé* decay is de- Here is the crucial point: since the intermediate states
picted in Fig. Za) and given by (or w%u* v) is a physically accessible sta@P-even phases
v will arise from the absorptive parts of these contributions.
AMMZE ()\iuii)*miK —Fei?, (4.19 This renders manifestl{CP-odd effects potentially observ-
I

able, for example, when we take the difference of the rates
. ) ) ) . for K™ andK ™~ decays. To see this explicitly, one can sche-
whereK is a kinematical factor- is the magnitude oA, matically write the amplitudes for th&™ decays as
while ¢ is its overall CP-odd phase. This definition will

become useful shortly. The corresponding equation for the
K™ decay amplitudeA,, is also given by Eq(4.19 after
replacing §;U%;)* by \;U%; (or ¢— — ¢). As in the case of
OvBpB, since the total decay rate is given by the absolute

AK =7 utut)=Fe'¢+Ge’e?, (4.20
AK =7 u u)=Fe "P+Ge V7. (4.2D)
The difference\ ¢ between the rates fo¢* — 7 " u™ and

Uas discussed by the authors[@0], the angles and phases inthe K™ — 7" u~u~ is, therefore, A <4FG sin(y— ¢)siny (we

standard PDG parametrization are not all independent if the neddave not included the phase space fagias expected from
trino masses are exactly degenerate. the general form presented in E@.3). Hence, manifestly
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CP-odd observables can be constructed from lepton-number V. COMMENTS ON LEPTOGENESIS
violating meson decays as long as there are rel@iveodd
phases $+ ).

As far as the generation of@P-even phase is concerned,
the situation here is very similar to what happens in the cas
of leptogenesis, where the presence of physically accessib
intermediate states provides the necesdaBreven phase
which renders manifestliCP-odd effects due to the Majo-
rana phases possible. We will discuss certain aspects of le
togenesis in the next section.

Perhaps the best known case of a manifeSfyviolating
effect in a lepton-number violating process is leptogenesis
[94]. The central idea is the following: if neutrino masses are
enerated via the seesaw mechanism, there are extra singlet
ermions (right-handed neutringswhich possess dvery
heavy Majorana mass and couple to the lepton left-handed
doublet and the Higgs-boson doublet via a Yukawa interac-
bon. In the early Universe, these right-handed neutrinos will
Are there nontrivialCP-odd phases in order for thep- be present in the primordial thermal bath, and wiII_ eventL_JaIIy
decay into leptons and scalars as soon as the Universe is cold

odd effects to materialize? If the only source GP-odd enough. Since the decays of such states violate lepton num-
phases is the leptonic mixing matrix, the answer is, unfortu; gn. Y b

nately, no:é= . The reason is that both the “direct decay” ber, if such decays take plaqe out of thermal equilibrium, a
[Fig. 2(@)] and the processes in which a physically accessiblgetclgptonlnumb?r foc; tte Unlv;]arse calm be genergteq as long
state is produced and later rescattffsg. 2(b)] have the asCP is also violated. Later, the net lepton number is con-
same CPodd phasé ¢, see Eq(4.19], which is, therefore verted in part to a net baryon nu_mber by nonperturbative
unobservable. In ord’er to observe'CEP-odd éffect neV\; sphaleron processd®2]. For detailed reviews, we refer
sources of relativecP-odd phases are required. readers to, for exampl€23,24.

We would like to discuss one new-physics example. Inde- Here, we would like to concentrate on physical eﬁe“?’ in
pendentAL=2 interactions arise from supersymmetric ex- particular theCP-odd ones, which are related to the "Majo-

tensions of the SM witlR-parity violation. More explicitly, a rananess” of the processes that lead to leptogenesis. We

, ¢ termi? i . would like to compare hovCP is violated(and under what
)‘iJkLiQiDOk term= in the superpotential could lead to the ¢, qitiong during the decay of the right-handed neutrinos to
processm v— - u", depicted in Fig. &), but not directly o, it \was violated in the neutrine» antineutrino oscilla-
to K'—m u"p" decay, therefore introducing a relative ion process analyzed in Sec. IV A. For that reason, we will
CP-odd phase. One can make an estimate of this effect using,centrate on a much simpler setup, which captures all the
supersymmetrr-parity violating effects to generate the ab- foa¢res we are interested in, while leaving out several un-

sorptive part. In this case, assumiig-0, one has necessary complications.
We will consider the following interaction Lagrangian
5 INaghardmy added to the SM ongwhich contains Eq.(2.2) and the
Ag*GEsing VE , (422 yyukawa coupling between the Higgs boson, the lepton dou-
susy blet and the right-handed charged lepton field

where Gg is the Fermi constantm, is the mass of the

bottom-quark andM g5y is a supersymmetry breaking mass. = — — —

The observable effect is of course extremely tiny. Neverthe- ~ £=— TNCiLNjR_yai[VaL@D —lae” INir+H.c.

less, this example provides a scenario where in princiite (5.1)

violating Majorana phases might lead to manife€tly-odd

effects inAL=2 processes. Of course, one need not restrict

oneself to the kaon system, and processes suclBas Here¢=(¢",¢°) is the Higgs-boson weak isodoublét,

— " r- 7" would also work in the same way. =(»_,1.), are the left-handed lepton doublets, axig are

Once new sources of lepton-number violation are intro-the right-handed neutrinos. We assume that the scalar doublet

duced, one may wonder whether a manife€tly-odd ob- is masslesfand thatSU(2), is not broken. We will choose

servable can arise in the case of£3. The answer is, in a basis wheréV is diagonal, and where its eigenvalues are

principle, yes. It would arise, for example, from— (Z real and positive. In this basig,is a generic complex matrix

+2)+e e vv—(Z+2)+e e, where the second stage is Of Yukawa couplings. _ .

lepton number violating and is mediated by some new kind Ve will study the decay of the heavy right-handed neutri-

of interaction. TheCP-odd observable would be the differ- N0S, and, in particular, address wheth@P is violated;

ence between this process and the decay of the antinucleus "@mely, whether the branching ratio fr— ¢ ¢ differs from

is important that the second stage be mediated by a new forthe branching ratio foN;— ¢ ¢, where we sum over the final

of lepton number violating interactiafso that “¢+# ") and  state flavors of ,. One may picture the following gedanken

secondly, the crucial point again is that the intermediate statexperiment: place inside a box a certain amount of right-

is a physical state so that we have an absorptive part. handed neutrino®f a certain “species). Wait until they all
have decayed, and count the total lepton number inside the
box. If the total lepton number is not zer@P has been

12 . Q; are, respectively, lepton and quark doublet chiral super-Violated (and lepton number has been “creatgd”

fields, whileD? is the down-antiquark singlet chiral superfield. The At the tree level, of course, the branching ratios are iden-

\{jx are dimensionless couplings, angl,k=1,2,3 are family indi-  tical. At one loop one has to compute, on top of the tree-level

ces. contribution [Fig. 3(@)], the “vertex-correction” one-loop
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Ly Y ai = Yai i s (5.9

N. where[12]

wi=(ApY2 (5.6

(@ Tl

It is easy to show thaY is unchanged by phase redefinitions
of the N;. Thus, rewritingA,; andA,; in terms ofY makes
them manifestly phase-redefinition invariant.

The CP-odd asymmetry in theN; decay rate, summed
over all the left-handed lepton flavoes is given by

AiEg (|Kai|2_|Aai|2)/ Eal (|Kai|2+|Aai|2)
(5.7

2
oy 2 Im{(Y'V)Z}xIm{f(i.j)}. (5.8

(c) As expected, theCP-odd asymmetry is proportional to the
sine of CP-odd phasegwhich are present in the Yukawa
FIG. 3. Feynman diagrams for the decay of a right-handed neueoefficientsy ;) andthe sine ofCP-even phases; namely, the
trino: (a) tree-level contribution(b) one-loop “vertex-correction”  phases of the (i,j). Do the f(i,j) have complex phases?
contribution and(c) one-loop, “propagator-correction” contribu-  Fortunately, the answer is yes: the complex phasé&(iof)
tion. Time flows from the left to the right, and the arrows represenicomes from the absorptive parts of both one-loop diagrams.
the chirality of the various fermions. The indicates a chirality flip  These are indeed present since the virtfi@l states in the
in the neutrino propagator, which is proportional to the neutrin0|oop can be produced on mass shell and rescatter.
Majorana mass. We only include the diagrams that will lead to a 4,y does this compare witBP-odd effects in neutrino
CP-odd contribution to the decay rate. Recall thgt=N; upto a ., antineutrino oscillation, discussed in Sec. IV A? From
phase factor. Eq. (5.8), we see that in the decay of the right-handed neu-
, . , trino N, , the interference between the tree level diagram Fig.
diagram [Fig. 3(b)] and the “propagator-correction” one- 3.5 and the one-loop diagrams FiggbBand 3c) involving
loop diagram[Fig. 3(c)]. The amplitudes foN;—€,¢ and 54 intermediate  state N, and €, leads to
N;— ¢ ,¢ are, respectively, IML(AYaiYi)* (AjYaYg)]- From Eqg.(4.4), on the other
hand, we see that in the “oscillation” proceds, W~

A=yt f(i,j)y*iAi*yB'A'ya}Ki . (52 —lz W™, the interference between two diagrams of the type
i.B p el Fig. 1(b) involving, respectivelyy; and v; as intermediate
particles leads to &P-odd contribution to the oscillation
— |k A - A% % probability proportional to (AU iU g)* (N jU,;Ug) 1.
Aui=|Yail\] +J§’;§ FADYaYg A Ve |Kio (B3 Obviously, the imaginary parts occurring M; decay and

neutrino« antineutrino oscillation are identicad structure
Here,A; is the charge conjugation phase factor for the heavyWhen we “transform” from neutrino— antineutrino oscil-

Majorana mass eigenstaltg : lation toN; decay, the light neutrino mixing matrly, which
acts as an effective coupling matrix, is simply replaced by
Ni=AiN;. (5.4  the heavyN; Yukawa coupling matrixy. Similarly, the light

neutrino charge conjugation phase factorsare replaced by
The quantityK; is a kinematical factor, anfi(i,j) is a loop  the heavyN; counterparts, thd; .
function, which depends on the mass of the decaying right- |n neutrino <> antineutrino oscillation, each interfering
handed neutrino and the mass of the right—handed neutrino idﬁagram contains two vertices. IN; decay, the tree-level
the loop (see, for example[23,24)). We have neglected djagram contains only one vertex, while the one-loop dia-
terms which only serve as trivial corrections to the tree-levelyrams with which the tree level interferes each contain three
coupling, and assumed the scalar and the left-handed leptoRgrtices. What has happened is that in the translation be-
to be massless. . tween neutring— antineutrino oscillation andll; decay, one

The expressions fok,; andA,; above may be simplified of the vertices in one of the interfering diagrams has not only

by introducing the modified Yukawa coupling mati¥x de-  been replaced by its head; counterpart, but has also “left”
fined by its original diagram, to be replaced by its complex conjugate
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in the other diagram. Of course, this “migration” from one Im{(Y*Y)?}
diagram to the other does not change the interference that A=Y AxIm(f), T—” (5.9
yields theCP-odd effect. ' e (YY)

Next, as we did in Sec. IV A, we examine under WhatHerefEf(i,j),V i,j is the loop factor, which has become

conditions CP is restored. This happens, of course, in theindependeﬁf‘ of i andj. In general,A does not vanish

P . . - 2 . ’ 1
trivial case of only one right-handed neutrino, sind€Y)i  \yhich means that, in our gedanken setup, a global lepton
is real[note that thg =i term of the sum in Eq(5.8) does  ,ymper is generated through the decay of equal numbers of
not contribute ta\;]. This means that in order to viola@P, degenerate right-handed neutrinos.
there must be nontrivial *mixing angles(as is always the  Tne sjtation here is dramatically different from the one
cas¢. What do these mixing angles relate? They relate twqp gec. v A. There, naCP-odd effects were present in the
different bases for the right-handed neutrino states: the Magfass-degenerate case because€CP@ven phase in the case
basis, andllt?e “decaying basis,” i.e., the basis in WhcY  of oscillations ¢<Am?) vanished exactly. Here, tfeP-even
is diagonaf. L ; . . phase does not vanish in the case of mass-degenerate states.

Under what conditions doe¥'Y contain no nontrivial |+ is curious to note. however. that the combination

phase factors? One such case is wié¥ is diagonal in the >.A;(YTY);; does vanish exactly when all right-handed neu-
same basis where the right-handed neutrino mass is diagonglinos are degenerate in mass.

In this case, the decaying right-handed neutrino states coin- oy result is independent of the number of right-handed
cide with the right-handed neutrino mass eigenstates, angeytrinos and left-handed leptons. For example, the same
one can do away with any “mixing.” This would happen, for sjtation occurs if instead of three right-handed neutrinos
example, if the e|gen;/aluesof Y had the same magnitude: here are two right-handed neutrinos leading to>aZ3see-
YT=Vd|ag_(x,x, L JULULY unitary matrices. In this case, saw, which has been explored in several recent pd@@tsn
Y'Y=Udiag(x|* |x|% ... )U"=diag(x|* |x[% ...). Ifthe  orger to try to establish a connection between potentially

eigenvalues ol have the same magnitude, one can alwayspeasurable “low-energy” phases, and t@-odd phases
choose a basis where the decaying state and the mass eiggfhich are present in the leptogenesis process.

state are the same. Perhaps the closest analogue of this situ- “thermal equilibrium leptogenesis[23,24 the right-

ation in Sec. IV Ais the case when the charged leptons haglanged neutrinos are assumed to be in thermal equilibrium
the same mass. There, one c+ould7redef|ne the charged lept@jith the SM fields at some very large temperature. Under
states such that there were hp—| ;-transitions fora# 8. these conditions, the abundance of different degenerate-mass
Finally, we discuss the curious case of right-handed neuright-handed neutrinos is guaranteed to be the same. In order
trinos with degenerate masses. Here, as in Sec. IV A whefy generate a net lepton number which will later be converted
the light neutrinos all have the same mass, no significanjp a net baryon number, the right-handed neutrinos must not
simplification can be performed. In particular, similar to theon|y decay in aCP-odd fashion, but must do so out of ther-
situation in Sec. IV A, mixing angles are still generically mal equilibrium. Do degenerate-mass right-handed neutrinos
present because of the presence of the Majorana phases. it decay out of thermal equilibrium do so in such a way
we argued in Sec. IV A, one can reinterpret the Majoranahat the net lepton number generated is nonzero? The answer

phases as the phases of the mass eigenvalues. In this cagfthis question is rather acadenifcand beyond the inten-
even if the right-handed neutrino masses have the same magons of this paper.

nitude, one can still distinguish the states by the phase fac-
tors. This implies that the decaying basis can still differ from VI. SUMMARY

the mass basis, and that mixing angles may still be defined. . . S .
This means that in the case of mass-degenerate right- In this paper we have discuss€#-violating leptonic and

handed neutrinos, there is no general reason to believe thSgMileptonic processes that can probe@reodd phases in

A;=0. In this case, howeved,; (for some fixed) might not

be the relevant quantity to compute if one wants to explain , _ _
the excess of matter over antimatter in the Universe. One  AS was discussed by several authors, the case of leptogenesis
may, perhaps, have to compute the total lepton number cr vith mass-degenerate right-handed neutrinos is rather subtle
ated, by the si}nultaneous decay of all right-handed neutrino 5,26. In particular, the contribution to the decay coming from the

. - ubble diagram” Fig. 3b) is divergent unless one considers the
(this is naively expected, as they all have the same mas ecay width of the propagating right-handed neutrino. If the calcu-

an)llway' dank t dt | hat h lation is correctly performed, however, it has been sh¢26]j that
n _Ofu;]g?ban” en se.up,.dwe prolcee 0 an? yﬁehw at NaRne contribution of Fig. @) to f(i,j) exactly vanishes in the mass-
pens If the “box” contains identical amounts of all the rnass'degenerate limit, while the vertex correction contribution Fig) 3

eigenstate right-handed neutrinhis. In this case, the total yoas not. It does satisfi(i,j)=f, when the masses are all degen-

lepton number produced by the ensuing decay of all rightzx,ate.

handed neutrino species[isee Eq(5.8)] 150ne should worry about the definition of “degenerate” right-
handed neutrinos. If the tree-level right-handed neutrino masses are
all the same, quantum corrections are bound to make them distinct,

By ¥" can be chosen diagonal by redefining thefields. This  unless, for example, all right-handed neutrinos have the same decay
redefinition would “resurface,” for example, in the charged lepton widths (i.e., couplings. If this is the case, as was discussed earlier,
Yukawa coupling, which does not concern us for this discussion. there are no nontrivial mixing angles.
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the leptonic mixing matrix, especially the so-called Majoranaequal size. This is true so long as the neutrinos are Majorana
phases. It is nontrivial for this probing to reveal that theparticles and the relative Majorana phases are not zero. The
Majorana phases are genuiné€lp-violating quantities. This  origin of this distinction between the behavior of quark and
nontriviality may be seen by looking at neutrinoless doubleiepton mixing matrices was identified.

beta decay, which is often discussed as a way to get infor- |n the case of theCP-violation present in the decay of
mation on the Majorana phases. Even though this procesgpothetical right-handed neutrinos, we also discussed under
does depend on these phases, in the leading order there is §@at conditionsCP-violating effects would disappear. In
difference between the rate for the neutrinoless double betﬁarticular, we investigated briefly the limit of right-handed

decay of a given nucleus and that of the corresponding antheutrinos with degenerate masses. We comment that, in con-
nucleus(say "°Ge and antf°Ge). Therefore, these processestrast to the neutrina- antineutrino oscillation with degen-
do not involve anymanifestviolation of CP. erate neutrino masseSP-odd effects need not vanish.

There are, however, processes which do exhibit mani- admittedly, none of the “low-energy” processes we have
festly CP-violating effects. We have outlined the conditions considered seem to be observable in practical laboratory ex-
under which such effects can occur and discussed three exeriments. However, they illustrate with concrete examples
amples:(i) neutrino— antineutrino oscillation(ii) rare lep-  the important point that Majorana phases, like the more fa-
tonic decays oK andB mesons, such &~ —a"1*1* and  mjliar “Dirac” phase in the quark mixing matrix, can pro-
similar modes for thé8 meson, andiii) leptogenesis in the duce manifestlyCP-violating effects.
early Universe, which may be responsible for the present
matter-antimatter asymmetry.

We have discussed some limiting cases whereR@io-
lation disappears. A particularly interesting case, encountered
in neutrino« antineutrino oscillation, is when the light neu-  We thank Leo Stodolsky for very valuable early conver-
trinos are degenerate. We have explained why man@&st sations on how Majorana phases can lea@®Rsodd effects.
violation is absent there. However, we have noted that, whildVe also thank Lincoln Wolfenstein for useful discussions.
the quark mixing matrix loses its meaning when all theThe work of A.d.G. and B.K. is supported by the U.S. De-
masses of the quarks of a given charge are of equal size, thp@rtment of Energy Contract DE-AC02-76CHO3000. The
leptonic mixing matrix continues to have physical conse-work of R.N.M. is supported by the National Science Foun-
guences even when all the masses of the neutrinos are déation Grant no. PHY-0099544.
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