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PHYSICAL REVIEW D

VOLUME 26, NUMBER 7

1 OCTOBER 1982

Boris Kayser | T
Divisian of Physics, National Science Foundation, Washington, D. C. 20550
[Received 29 January 1982)

To help develop a picture of Majorana neulrinos, we study their clectromagnetic prop-
erties. We show that CPT invariance forbids a Majorena neutrino from baving a magnet-

i or electric dipole Then, by

dering the process y—v¥, we find the most

ic current of a M

general expression for the matrix

neutrino, The result is verified in a way which leads us to explore the behavior under
parity of such a particle. Next, we see how electromagnetic properties which follow from
um-loop diagrams conform to our general results. Finally, we show how the striking

and Dirac can become

ic differences b M
as the neutrino mass goes to zero.

1. INTRODUCTION

. A number of widely discussed recent theoretical
models' suggest that neutrinos are massive Majora-
na particles, identical to their antiparticles. Thus,
it is of interest to develop a picture of the charac-
teristics of a Majorana neuirino. Here we study its
electromagnetic properties, and contrast them with
those of a Dirac neutrino, which is distinct from
its antiparticle. We begin by showing that CPT in-
variance forbids a Majorana neutrino from having
either a magnetic or an electric dipole

Next, we questi hether a physical Majorana
neutrino state is indeed an eigenstate of charge
conjugation C. Without assuming that it is, we
derive in two ways the most general form for the
matrix element

(v™ippysp) |10 |v¥py,s))

where JEM is the el gnetic current op
and v lp.r) is a Majorana neutrino of mnmmmm
» and spin projection 5. This matrix element con-
tains only one form factor. We show that this fact
follows very simply from the requirement that I.Im
final state in thc crossed-channel process y—v ¥y ¥
be antisy The derivations of the clec-

ic matrix el reveal that a Majorana
neutrino has very interesting parity properties,
which we discuss. Next, noting that a Dirac neu-
trino has three more form factors than a Majorana
neutrino, we examine how the extra form factors
manage to vanish when the electromagnetic prop-
erties of a Majorana neutrino are caleulated in

26

SU(2);, x Ul1) to one-loop order. Lastly, we com-
pare the electromagnetic interactions of a Majorana
and a Dirac neutrino in the massless limit. We
find that they conform to what seems to be a gen-
eral rule: If all weak currents are left-handed, then
the difference between a Majorana and a Dirac
neutrino becomes invisible as the mass goes to
zero. This occurs in spite of gross differences be-
tween these particles when the mass is not negligi-
ble.

TI. STATIC ELECTROMAGNETIC PROPERTIES

It has been argued on various grounds, both in
ancient papers and recent ones,? that a Majorana
neutrino cannot have a magnetic or electric dipole
moment. It seems not to have been noticed, how-
ever, that this conclusion already follows trivially
from the relatively weak assumption of CPT in-
variance. Suppose a Majorana neutrino has a mag-
netic dipole w and electric dipole
d. Then, when it is at rest, its interaction energy
in a combination of statie, uniform mngnd.lcmd
clectric fields is of the form —u{¥-B) —d{%-E).
Here T is, of course, the neulrino spin operator.
Now, mtb:CPTreﬂoeteane,lh:ﬁddsﬁudE
are unchanged. However, the effect of CPT on a
Majorana neutrino at rest is simply to reverse its
spin (apart from a phase factor). Thus, the dipole
interaction energy changes sign when we go to the
CPT-reflected state, so if CPT invariance holds, u
anddmustvmuh’

1662 ©1982 The American Physical Society
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MMUNICATIONS

1| NOVEMBER 1983

( CPT and CP properties of Majorana particles, and the consequences
R i

Boris Kayser ¢ ER——

Division of Physics, Nanenal Scignve Foundation, Wastingron, D.C. 20550

Alfred S. Goldhaber
instinete for Thevretical Physics, State University of New Yock at Stony Brook,
Stony Brook, New York 11794
(Received 13 July 1983)

Since a Majorana neutrino is its awn antiparticle under CPT, rather 1han C, an analysis of the CPT and
CP characteristics of a Majorana particle is performed. The CPT ofa
particle of arbilrary spin are obtained in a very simple way. Implications of these properiies for the elec-

ic matrix of

particles of spin ~‘{ are derived. 'Finally. the question of when

dilferent Majorana neutrinos will make oppasing contributions io reutrinoless double-B decay is answered.

Majorana particles are predicted both by grand unified
theories, in which these particles are neutrinos, and by su-
persymmetric theories, in which they are photinos, gluinos,
and other states. Until recently, a Majorana particle has
been pictured as one which is ils own anliparticle under
charge conjugation €. However, a Mynui Majorana newutri-
no, d d as it is by i L weak int
tions, cannot be an eigenstate of C.' Instead, it is an eigen-
state of CPT, which presumably is not violated at all. It
may also be an approximate eigenstate of CP. To explore
the physics of this situation, an analysis of the CPT and CP
properties of an arbitrary Majorana particle, and of the
consequences of these properties, has been curried out
Here we report the main results; further discussion and de-
tails will be presented elsewhere.”

The effect of CPT (={) on the stale of any CPT -self-
conjugate particle f of momentum P, spin J, and J,=s is
given by

I (E L)) =9iir(p.d —5)) . (1)

Here, " is a phase factor, and we are allowing lor the possi-
bility that, for given J, it may depend on 5. What can one
say aboul this phase faclor, and whal are ils consequences?
To find out, let us go to the rest frame and define the
operator

pme™ "y @
The effect of b on / is obviously
Blf(4s)) =p'lfthe)) (&)

where u* is some new phase factor. Bearing in mind that {,
hence b, is antiunitary, one can show trivially that b= 1
when acting on the states |f(/.s)}). Since CPT commutes
1

with rotations, the definition of & then implies that

=ws

e =1 . 4

Now, i t of con through 2=
reproduces the original state times (—l)” Thus, %, ap-
plied to any Majorana (i.e., CPT -self-conjugate) particle of
spin J, does exactly the same thing’:

C=(-D¥. (5>
From Eq,. (1), and the antiunitarity of {,
ClAds)) = (90 ~01rids)) - (6)
Thus, Eq. (5) implies that
7= (=1 . )

Apart from this constraint, the individual phase factors »*
are arbitrary, since the siates |f{J,5)) can nlways be rede-
fined according to

£ty = r sy = lriss)) |

with &, an arbitrary phase. Under this redefinition
= (U = D Us)) = (99 =g~ =
but Eq. (7) is still obeyed.*

With the CPT transformation properties of the Majorana
states known, one can now derive CPT constrainis on ma-
trix elements of the form {/1Q 1), where Q is any Hermi-
tian operator whose CPT properties are also lmo-rn Con-
sider, for the el ic current JEPMS The
photon field A (x-tl) is C.H'-odd so if the elwtromunu-
ic interaction J“A, is to conserve CPT, JE™ (x=0) must
be CPT-odd also. Thus,

(LB LL PO S (Brda)) = — QLAF L) TP L (Bl ])
- = ("L (Bl =) IEN QS (Bl =5} . @)

For the case of greatest inieresi, J = -i-.' Lorentz invariance and current conservation imply that

S Fnt s MO (Fot30) = (Frsp) (Fro + G oy —40,)ys + Moty + Eiowa,yshu (F,s) . (9)
Here  is a Dirac spinor, ¢ = p,~p, and F, G, M, and F are form factors depending on ¢°. Writing the analogous expres-

i)

1341 ©1983 The American Physical Society
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’\ C , CP, and C phases, and their effectn, in Ma;orana-pnmcle processes

Bm'm Kayser e m—
Divésion of Physies, National Science Foundation, Washington, D.C. 20550
(Received 3 April 1984)

In neutrinoless double-2 decay, the contributions of two virtwal Majorana neutrinos with opposite
CP parity will interfere destructively. This makes it evident that the amplitudes for reactions in-
volving Majorana particles contain significant new phase factors, reflecting the special discrete-
symmetry properties of these particles. To study this phenomenon, we derive and examine the CPT,
CP, and C properties of Majorana particles. We then apply these properties, especially to the study
of neutrinoless double-§ decay, and to the neutral weak and electromagnetic interactions of Majora-
na particles. We show how the new phase factors in the Feynman amplitudes for Majorana-particle
processes arise, and see that their precise form and location within these amplitudes depends on

one’s choice of formalism.

1. INTRODUCTION

Majorana particles, being their own antiparticles, have
special CPT, CP, and C properties, with significant physi-
cal consequences. Since these particles occur commonly
both in grand unified and supersymmetric theories, one
would like to know what these consequences are. In a re-
cent paper,' the CPT properties of an arbitrary Majorana
particle were found and then used to learn about the elec-
tromagnetic interactions of such a particle. In addition, it
was shown that in neutrinoless double-f decay [(A8),],
the contributions of different virtual Majorana neutrinos
of definite mass can oppose each other, even if CP is con-
served.” Thus, (88)s, whose observation would signal
that neutrinos are of Majorana character, may have an in-
visibly small or vanishing rate even if they are of this
character. The pomlbﬂlty of oppooin; contributions from
different rinos was d d in Ref. 1 without re-
lying on field theory (i.e., without using Feynman’s rules),
and without requiring any knowledge of the phases of the
leptonic mixing matrix U. However, practical calcula-
tions of the amplitudes for (8),, or for other processes
involving Majorana particles would, of course, use
qunmsr-lundwouldd-mmd-knmladgeofmy
special phase factors which may occur in field-th

Feynman's rules. In Sec. III we then begin the proper
field-theoretic treatment of Majorana particles by examin-
ing the C, CP, and CPT properties (derived in the Appen-
dix) of Majorana fields and states. Special attention is
given to the phase factors which appear, and to the re-
strictions on their possible values. The physical conse-
quences of these restrictions are illustrated by a simple ex-
ample. In Sec, IV we find the further constraints on
phases which result from CPT and CP invariance of the
interaction of special interest in (ﬁﬁlw the clur‘ed-
welk i ion with Section V
di ially ient field-theoretic formal-
mm.w"hnluluu nwllhnnﬂﬂth:n.whlchdulm
alternative ways with the phases encountered in
Majorana-neutrina physics when CP is conserved. For
each of these languages, we see how the physically signifi-
cant phases are contained in the (383),, amplitude given by
Feynman’s rules. The generalization of the conclusions
drawn from this analysis to other problems involving Ma-
jorana particles is discussed. In Sec. VI we use the CPT'
properties of Majorana particles to infer the general struc-
ture of their neutral weak currents and to gain informa-
nm on ¢l them. We also

q ices of CP invari and see how elec-

amplitudes when Majorana particles are present, There-
fore, in this paper we focus on these new phase factors.
We their in tion amplitudes, show
Mwm,cmnppnrindﬂfm alternative places in the
amplitudes depending on one’s choice of formalism, and
show how they affect Maj particle p , espe-
cially (88)q,-

In Sec. IT we present a very plausible argument, based
on a Feynman dilgum for the fal’n conclusion that dif-
ferent Maj ino i always add in
(BB)ow so long as CP is conserved. This falacious argu-
ment illustrates the traps into which one can fall through
m;ketofthemphma!mmnwheh-ppmu-mlt
of the special C, CP, and CPT properties of Majorana
particles. We pmnud to discuss the true situation in
(BB)oy a8 deduced without reliance on field theory or

30

tic transition form factors acquire some of their
traits when they are calculated in terms of loop diagrams.
Section VII summarizes our results.

1. CANCELLATIONS IN (ff),,

Are neutrinos Majorana pm.i:h'f The only known
practical way to study this question is to search for neu-
trinoless double-f3 decay. In this process, a pair of virtual
W b d by two ina 1 pro-
duu-lp-:rufonqml' by virtual rino ex-
change (Fig. 1). As Fig. | shows, the amplitude for the
process is the sum of the contributions from all the neutri-
no mass eigensiates v, which couple to an electron. This
coupling is described by the g | charged weak
interaction with neutrino mixiu.

1023 ©1984 The American Physical Society
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30 CPT, CP, AND C PHASES, AND THEIR EFFECTS, . ..

I"We thank Alfred S. Goldhaber for the conversation in which
this ergument was constructed.

1¥We thank R. Mohapatra for asking us this question.

"Note from Table I that ni ¥, and not W=y,9", is the
charge-conjugate field CWC~". In the Majorana case, it is
dangerous to eall W° the “charge-conjugate ficld” because, as
Eq. (5.8) indicates, the phase factor relating W° to W is the ar-
hmq creation phase factor, rather than the C parity anhc

icle. Indeed, in language L2, for p

antisymmetric 7 7 final states: ’P. Pg, and 'Sy,

The use of CPT cc to d the eleot i
matrix element of a Majorana fermion was first nuempled by
). Niieves [Phys. Rev. D 26, 3152 (1982)}, and by B. McKellar
[Los Alamos National Laboratory Report No. LA-UR-B2-
1197 (unpublished)]. However, their calculetions needed re-
vision to take into account the nontrivial CPT phase factors

'

i
7Equation (6.6) agrees with the result obtained by other means

particle.
Via =[7cp(¥m)/IlVm. Furthermore, the field ¥ is a useful
even when, as here, C is not conserved. When it is

conserved, nf W=7, bears the proper relation of a charge-
conjugate ficld to ¥.

01t is erivial to check that the propagator v,, ¥, contains no un-
conventional phases, even though a creation phase factor is in
general present in the v, field.

21If one follows the approach used in Ref. 1 to obtain Eq. (2.2),
but invokes only CPT invariance, rather than CP invariance,
one finds that

A[(BBY] e ZHE™ v W M -

From Table I and the equality of the nyv, ),
T3 Nva) xAlva) .

Thus, one confirms Eq. (5.10).
22In Ref. 2, Wolfenstein was imp
ealling L2,

itly using the ! we

lication, we received a Joint Institute for Nuclear Research
(Dubna) report by 8. Bilenky, N. Nedelcheva, and S. Petcov
(unpublished), which, in & spirit very similar to that of the
present paper, stresses the arbitrariness of the factors Alv, )
appearing in Eq. (5.8), but shows that A [(8f),] has the form
of Bq. (1.2) independently of these factors. Bilenky ef ol
favor a formalism which we might call language L3 in which
the elements of the CP-conserving U matrix have phases

by Kayser (Ref. 14), by Nieves (Rel. 26), and by R. Shrock
[Nuel. Phys. B206, 359 (1982)]. See also J. Schechter and J.
Valle, Phys. Rev. D 24, 1883 (1981).

2Note that for a Majorana particle f of well-defined C and P,
the electromagnetic coupling y-»/f is C and P violating,
since C(f/)=72(1=1and PUFP))=—F3(N=1.

BIn a Comment on Ref. 1 [Phys. Rev. D 29, 1542 (1984)], A.
Khare and J. Oliensis have just used these same CPT tech-
niques to constrain the gravitarional interaction of a spin-4
Majorana particle.

3For the special case £= 1, the relations (6.8) were obtained ear-
lier from CPT by McKellar (Ref. 26), and through another
method by Nieves (Ref. 26). These eaclier treatments did not
uncover the fact that £, which in general is not unmity, is
present in these relations.

3 Njeves (Ref. 26) and McKellar (Ref. 26).

32p. Pal and L. Wolfenstein, Phys. Rev. D 25, 766 (1982),

¥gee Kayser (Ref. 14) and McKellar (Ref. 26),

MEor | L2, ially this analysis is given in Ref. 32.

3Far §=1, the requirements of Eq. (6.8) are verified for the
form factors resulting from loop diagrams by Nieves (Ref.
26).

36A. Zee, Phys. Lett. 93B, 389 (1980).

3D, Chang and P. Pal, Phys. Rev. D 26, 3113 (1982).

3We thank P. Pal for showing explicitly that these relations are
representation-independent.

¥Carruthers (in Spin and Isospin in Particle Physics, Ref. 15)
h-mﬂcdomthcmeulmlymhwhichibcdm

P

4).

m"-nnﬁdlymm“wdub-
teresting paper by A. Barroso and J. Maalampi [Phys.

132B, 355 (1983)] which discusses the possibility d'louu-[
ptﬂnntph—hllmmﬂnphc-inﬂuﬂ iolating,

are defined in terms of their ef-
lmumnﬁﬂchphﬂcﬁunmﬁdﬂmm
found and required to be simple. The conclusions of his
analysis and the one given here are mostly in agreement. See,

case.
MC, Prescott et al., Phys. Lett. 778, 347 (1978).
SThat (7| Ny | 7) must involve only thruform I‘mmmnho
seen very easily by i deril

in addition, 5. W ,.?I\yl Rev. ll!.l‘l!l!l]m) Also,
after this work was d, we received a paper
by M. Dai et al. [Prog. Theor. ﬂip 70, 1331 (1983)], which
hnhllnunk-lndful.lnwt:lﬂm-ppmdl namely, the

the
Zﬁq‘H?f.Mmz'hMmheﬂ'MMm
can have either /=1 or J=0. Supposing for simplicity that
the photinos are nonrelativistic, there are then three allowed

are req to leave the
ﬁulamﬁm.-m“hmofmwm
jorana fields, , and the of this requi
ment are found.
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30
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Comment on Recent Argument That Neutrinos Are Not
Majorana Particles*

Boris Kayser

National Science Foundation
4201 Wilson Boulevard
Arlington, VA 22230 USA

February 1997

e
Abstract
Existing data on neutrino-electron scattering do not imply that neutrinos are
not Majoraua particles. The question of whether neutrinos are of Majorana or

of Dirac character remains completely open.

——— e
I

Recently, it has been argued’ that existing data imply that neutrinos are not Majorana
particles. The argument is as follows:

1. Tf some neutrino is a Majorana particle, then its vector neutral current (NC) vanishes.

2. The CITARM I1 experiment has found that, at least at the 2¢ level, the product of the
vector NC couplings of a v, and an electron is nonzero.?

3. If, as suggested by the CHARM Il experiment, the », vector NC coupling is really
nonzero, then the v, cannot be a Majorana neutrino. In that case, the other neutrinos
are probably not Majorana particles either.

This argument is not correct. In particular, the assertion in step (2) is not right, The
CHARM II experiment studied the NC reactions tu,.) e—)(u_,.)e. As explained below, experi-
ments on NC interactions between a 4, (and 7,) and some target cannot determine the 1,
NC vector coupling.

*National Science Foundation preprint NSF-PT-97-1. ‘I'he statements in this paper are not official views
of the National Science Foundation,
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Abstract

We determine the possible values of the effective Majorana neutrino mass
[m)| = | Z; Ufjm,-l in the different phenomenologically viable three and
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BG-1784, Sofia, Bulgaria
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Manifest CP Violation from Majorana Phases )

André de Gouvéa,! Boris Kayser,' and Rabindra N. Mohapatra®

! Thearetical Physics Depariment, Formilab, £.0. Bor 500, Batawin, IL, 60510.0500, USA
* Departsnent of Physics, Universily of Maryland, College Park. MD-20742. 1754

We hunt for and discuss manifestly CP-vislating elfects 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 aflect the strenglh of neutrinoless double beta decay (a well known fact),
they do o in a way that involves no manifest violation of CP. The conditions for manifestly CP-
viclating phenomena - diffevences between the rates for CP-mirror-image processes - are presented,
and three examples are discussed: (i) neukrino & antineutrino oscillation: (ii) rare decays of K and B
mesons and their antiparticles and (iii) the lepton asymmetry generated by che decay of hypothetical
very heavy right-handed “see-saw” neutrincs. We aleo find that, for the case of degenerate light
netrines, ifestly CP-violating efects in Lrino &+ antineutiino oscillation vanish, although
fiavor-changing transitions do pot. Finally, we comment on leptogenesis with degenerate right-
handed neutrinos, and contrast it to the neutrino + antineutrino pscillation case.

I. INTRODUCTION

If neutrinos are Majorana particles, then the leptonic mixing matrix [/ can contain more CP-violating phases
than its quark counterpart (for the same number of generations) [1]. The additional phases, known as Majorana
phases, have no effect on neutrino oscillation. Indeed, the only current or proposed nentrino experiment that could
in principle provide evidence of Majorana phases is the search for neutrinoless double beta decay, Ov88 [2]. The
tate for this process depends not only on the neutrino masses and mixing angles, but also on CP-violating phases,
notably including the Majorana phases. However, even if experi tal and th | uncertainties should permit
us Lo obtain evidence for a non-vanishing Majorana phase from the rate of 0v 88 [3], the effect of CP-violating phases .
on this reaclion is not a manifestly CP-violating phenomenon. By the latter, we mean a CP-odd effect = & difference
between the rate for some physical process and that for its CP-mirror image. While CP-odd phases in the leptonic
mixing matrix do affect the rate I' for 0»A8, they do so in a CP-even way; that is, their effect on the rate I' for some
particular nuclear double beta decay is the same as on the rate I' for the CP-mirror-image decay (the decay of an
antinucleus), so that I' = I'. Therefore, even if we could study the neutrinoless double beta decay of antinuclei (an
impossibility in practice, to say the least), we would be unuble to observe a “smoking gun” signal of CP-violation duc
to Majorana phases.

In this paper, we ask whether Majorana phases, like the more familiar CP-violating “Dirac” phase in the quark
iixing matrix, can lead to CP-odd effects. If so, where and under what conditions can these effects occur, and what
are Lhey? Are they observable in practice?

An increasingly appealing explanation of the preseut baryon asymmetry in the Universe rests on early-universe
“leptogenesis,” resulting from CP violation in the decays of so-far hypathetical, very heavy Majorana neutral leptons
[4]. The requized CP violation in this p can come from Majorana phases. Furthermore, it is a CP-odd effect
- a difference between two CP-mirror-image decays, one of which yialds a lepton, the other an antilepton. Thus,
Majorana phases can, in principle, yield CP-odd effects. However, Lhe Majorana phases that act in the carly Universe
are not those in the mixing matrix U that governs light neutrino mixing [5]. Moreover, the role of these “early-universe
phases™ depends on the existence of hypothetical heavy Majorana leptons,” We therefore ask whether the Majorana
phases in the light-neutrino mixing matrix U can lead to CP-odd effects that depend only on the (assumed) Majorana
nature of the light neutrinos, and not on the existence of any additional Majorana particles.

We find that the answer is yes - Majorana phases in U can induce CP-odd effects. In particular, they do so
in the process of “neutrino ¢ antineutrino oscillations™ [7]. By that we mean a process in which, for example, a
neutrino “beam” is created by incoming positively-charged leptons, but is measured in a detector via the production
of negatively-charged leptons. If Majorana phases are present, the rates for this process and for its CP-mirror image
[where the charges of the charged leptons are reversed) will, in general, differ. We expliciily point out why CP-odd
effects can occur in neutrino ++ antineutrino oscillations but not in 0w@3. We further discues under what conditions

ot

* The existence of heavy “right-handed neutrinos” is strongly motivated by the see-saw hanism for g light Masses

[6]. v ly. even if this beautiful thy ical idea in carrect, wo may naver be able to observe direct evidence for the existence
of heavy right-handed neutrinos if their masses are indeed many orders of magnitude above the weak-scale, as naively indicated by the
P i vid for tril masses.
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Abstract

In order to accommodate the neutrino oscillation signals from the solar, atmo-
spheric, and LSND data, a sterile fourth neutrine is generally invoked, though the
fits to the data are becoming more and more constrained. However, it has recently
been shown that the data can be explained with only three neutrinos, if one in-
vokes CPT violalion to allow different masses and mixing angles for neutrinos and
antineutrinos. We explore the nature of neutrinos in such CPT-violating scenarios.
Majorana neutrino masses are allowed, but in general, there are no longer Majo-
rana neutrinos in the conventional sense, However, CPT-violating models still have
interesting consequences for neutrinoless double beta decay. Compared to the usual
case, while the larger mass scale (from LSND) may appear, a greater degree of
suppression can also occur.

Key words: Neutrino mass and mixing, double beta decay
PACS: 14.60.Pq, 23.40.-s

FERMILAB-Pub-02/014-T, FERMILAB-Pub-02/014-A

1 Introduction

In recent years, stronger and stronger experimental evidence for neutrino oscil-
lations has been accumulating. As is well-known, this evidence would extend
the Standard Model by requiring neutrino masses and mixings. While knowing
the values of the mass and mixing parameters may be an important clue to
physics beyond the Standard Model, more information is needed. For example,
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