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It should be emphasized that the factors &y have no physi-
cal meaning as the weak interaction, Lagrangian is not invariant
with respect- to the charge conjugation. Condition (4) implies
only that yx, (x)is the field of a truely neutral particle with
two helicity states.

It is obvious that the mass term (3) is CP-invariant. Let
us impose now the requirement of CP-invariance on the Lagrangian
(1). Under the CP-transformation we have

-1__CP .
UepX (B Ucp =1, o MO0 R G)

Here x’=(-%,ix;) and 7CP* is the CP-parity of the Majorana
neutrino with mass |nk.Is should be stressed that the CP-~pa~
rities of Majorana particles can take values**i.From eqs. (4)
and (5) we get for the left-handed components of the Majorana
fields

-1 _ ¢CP =T (y°
UCPXkL(x)UCP=le fky‘icxkl_,(x ). . (6)

Because of the phase arbitrariness inherent to the Dirac
fields, their CP-phase factors can always be set equal to unity

—1 -T ,
UCP’I.(")_UCP=Y4C’L(" ). @

One alsoihas
=1 + » -
UCPWa(x)UCP==Wa(x) : S (8)

The requirement of CP-invariance leads to the following con-
straint on the lepton mixing matrix

CP * =

where we have made use of eqs. (1), (2) and (6)-(8). It is con-
venient to write the CP-parity of the Majorana neutrinos as

LA (10)

where nk==tl.For the lepton mixing matrix we obtain then

~in/4 fqu

Ufk=0l"ke (I])

where Qis a real orthogonal matrix.

= o |
Indeed, we get from (5) UCPCX:(")UCP="FEP.Y4 CYE(x’),

; . 21
By using eq. (4) one finds UCPXk (x) UZp- _"(ipt v, %, ). e
paring this relation with (5) weobtain ,’(I:KP ="’%P. . Thus, ﬂEP= +
’iow UHCTHTYY .
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Thus, we see that if the CP-invariance holds in the leptonic
sector, the phases of the elements of the mixing matrix can
take values tr/4 (under the conventions used), the sign being
determined by CP-parities of the Majorana fields and by the
factors £, in the Majorana condition (4). We are going to show
now that the measurable quantities may depend only on the (re-
lative) CP-parities of the massive Majorana neutrinos.

As is well known, the problem of neutrino masses and neut-
rino mixing is studied in the experiments searching for neutri-
no oscillations and neutrinoless double B-decay as well as in
the experiments aimed at a direct determination of neutrino
masses (measurements of the electron spectrum in the tritium
B —decay, etc.).

We shall discuss first the oscillations of neutrinos. Let
us assume that at some initial moment t = O a beam of neutrinos
y (antineutrinos v, ) with momentum P is formed. In the case
of neutrino mixing (2), the probabilities to find in this beam

neutrino v,, (antineutrino %, ) at moment t are given by the
standard expressions /2/:

~iE, t g
P Al Pt gr e
Ve; ;Ve (t) | %Ue;k € Uek '
—iE, t 12)
E; (M=|2e) e “. g |
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where E, =y §2+mf .

It follows from (11) that in the case of CP-invariance we consi-
der

~iE t ' P)

=120y, ¢ * o0, =B _ (1), , (13)
[ k Vg';vg .

Hence, the phases of the mixing matrix elements do not enter
into the expressions for the probabilities of the transitions *
l/e = Vy, and v, -»;',.
. We would like to note that the equality of the VIR

and ¥, -P,, transition probabilities, obtained for the case

of Dirac /13/and of Majorana /5.9,14/ mass terms, takes place
also in the case of Dirac and Majorana mass term for any values
of the CP-parities of the massive Majorana neutrinos. :

Let us turn now to the neutrinoless double B-decay ((BB8) -~

decay). The neutrino fields enter into the S-matrix element®”
of this process in the following way (see, e.g., fefs./15,16/)

v

[;;V

*Obviously, this conclusion is valid for the probability of
transition of vy into a sterile antineutrino ;qu as well.
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‘A(xlv xz) = Ek: Uek ka(xl) ka(xz) * )

Taking eq. (4) into account, we obtain

1+yi__c, (15)
2

1 —
A(x,, x2)=_zkuik & *Ys x (x)) X (%))

2

This implies that the (BB),, -decay amplitude is proportional
to 2U° & m, . Using eq. (9) we get:
T ek kT

2 CpP (16)
%UZkEkmk="%oek"k m . :

Hence the (BB)OV —degay amglitude depe?ds on tgedgzia;;:edgf_
partities of the massive MaJoran§ neutr1nos.(§n dges .
pend on the factors Ek in the Majorana congltlon.\4).). s a
consequence, the contributions of the massive MAJoranab?igtrlnos
with opposite CP-parities: tp the (BB),, -decay probﬁ il 1ty_
tend to compensate each other. The p0531b111Fy of suc a cog
pensation in the case of CP-invariance was discussed first by

in 710/
L.witiezztﬁzze th;t a similar compensation can take pla?e_also
if right-handed charged currents exist. To be more Sp?CIflc,
we shall choose the following form /15/ of the leptonic part
of the charged current weak interaction Lagrangian:

' . 7 L 7 R
e i 5 (ngLyaUeLk kawa+ euln¥a Uyt X

W ihe
k a
— ¢k XxR

17)

Here UL:R  and B g are the appropriate mixing matfices and
coupling constants. The CP-invariance implies in this case

L,R, cp_pL.R* . 18)
Upe &7c =Ugy - 4
i ibution to the (BB) ~—decay
It is easy to see that the contribution Doy ”
amplitude from the interference of the left- and rlgﬁi handed
currents is proportional to the factor

2 UG UG n§", (19)

and therefore the Majorana neutrinos with opposite CP-partities
i i i tributions.
ive again mutually compensating con L ) .
F As for the experiments aimed at a direct d?termlnatlon of
the neutrino masses, the quantities measured in thefe.experl ‘
ments are independent of the phases in the lepton mixing matrr;




U (only { U, [2 enter the expression for the electron spectrum
in the tritium gB-decay, etc.).

We would like to conclude this section with some remarks
concerning the Majorana condition. It has been assumed earlier
that the factors F in eq. (4) take values * 1. However, the
fields y, may obey a more general Ma_]orana condition in which
Fk are akbltrary phase factors. It is not difficult to see
that in the case of CP-invariance under consideration these

phase factors are physically irrelevant. Indeed, instead of
eq. (9) we now have

CP
Upe e =gy (20)
and, fozr example, the (BCB o ~decay amplitude is proportional
2
D) EUek'ck k=310 1% ng "y

It should also be added that if CP is not conserved, the
phase factors Ek can include some of the phase parameters as-—
sociated with the CP-violation and can be relevant physically.

Indeed, in the case of CP-nonconservation the mixing matrix
can be written as

U-UpS. (21)

Here the matrix Uj, has the form of a mixing matrix for massive
Dirac neutrinos containing (n-1Xn-2)/2 CP-violating phases and
Suk =Omk e‘Bl‘, where B, are the specific CP-violating para-
meters associated with massive Majorana neutrinos /57-9/, In-
stead of x, (C)?J': Xy )OEle can introduce the fields

iBk .
¢k =€ Xk 9 (22)

They satisfy the Majorana condition

T
C¢k=fk¢k ’ (23)
where
-2iBk
£ =e . (24)

Written in terms of the fields ¢; the charged lepton current has
the form (1) with Up playing the role of lepton mixing matrix,
and the CP-violating phases typical for Majorana neutrinos can
appear in/the amplitudes of the physical processes only through
the Majorana condition (23). For the case of two flavours this
possibility was considered in detail in ref/17/,

2. As we have seen, the requirement of CP-invariance of the
interaction Lagrangian (1) leads to constraint (9) for the
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elements of the lepton mixing matrix. It is easy to see that
in this case the current neutrino fields vp have definite CP-
transformation properties:

-1
Ugprpr (D) Ugp =7, C¥pp e L ¥ (25)

Usually, however, one starts with eq. (25) (the weak interac-
tion Lagrangian (1) is then automatically CP-invariant) and
imposes the requ1rement of CP-invariance on the neutrino mass
Lagrangian, written in terms of the fields "ZL .We shall compare
next these two approaches.

As an example consider the MaJorana mass term

1" ¢ g
S?M:...z.. [ My, +he. , | 126)
; YIL
Her('a "L=("u L)'M is a complex symmetric matrix and vf (x) =

= CT/T(x) Our considerations can be easily extended to the
case of Dirac and Majorana mass term.

The condition of CP-invariance of the mass Lagrangian {26)
implies™

MY-_M, (27)
Taking into account that MT-M we have

M=iOm°OT, (28)
where O is a real orthogonal matrix and m” is a real diagonal
matrix, mj, =8, m}.The mass eigenvalues m] can be either po-
sitive or negat1ve. One has

m, =m p . . (29)

where m, =|m{ |,while p, = *1. Taking into account (28) and
(29), we can rewrlte the mass matrix M in the form

M- (u*)" mU*, ' (30)
where

—iﬂ/4pk
U'k =Olk e - (3‘)

* The matrix M will be hermitian if the CP-phases of the

fields %L are chosen to be equal to i.



From (26) and (30) we get

15— (32)
£M=--2-%kakmk. .
Here
i C e
x, = (Ut ), + Uty ) =Cxt (33)

is a Majorana field with mass m, . :
It is not difficult to convince oneself that the CP—paflty
of the field Xy isipk.Indeed, from (33) and (25) we obtain

-1 _ * T (x7). (34)
UepX, (B UCP_EE‘.U“ y4CvEL(X )

Further, using eq. (31) one finds that
s 5T (x%). (35)
UCkaL(x) UCP=ipky4kaL(X ) )

By construction of the fields xk(x),fk==1. Comparing (35) and
(5) we have

i 36
qEP =]pk- ( )

Thus, the signs of eigenvalues of the neutr@no mass.matri¥
determine the CP-parities of the corresponding massive Majorana
neutrinos®*. W :

As we have seen earlier, the phases of the mixing matrix
elements depend not only on the CP-parities of the.ma351vg Ma-
jorana neutrinos but also on the factors #, , associated with
the freedom in the choice of the Majorana fields. That freedom
can be used to make the lepton mixing matrix real/fo/;* Indeed,
according to eq. (11), this is realized by the choice

Ek =Pk . (37)
In order to have eq. (37) fullfilled, we introduce the fields

, i1r/4(l-pk) . 45
Xk =€ Xk . ( )

* This statement was made first in ref./lo/. However, it
was based on some not quite accurate definitionms.

** guch a choice was implicitly made in refs./10,18/, In this
case the CP-parities of the Majorana neutrinos appear, ?.g.,
in the (BB),, .~decay and neutrino radiative decay amplitude
only through the Majorana condition. y

One has

Cx;T=p, x{ - . (39)

As can be easily seen from (5), the CP-parities of the fields

,

X, and X, coincide. Further, it follows from eqs. (33) and
{38) that

xy =(U ) +p, (U )E (40)
where
uig=e'"" 0, . ' 1)

From (40) we get

VoL ={U[k XLL* (42)
Thus, the elements of the mixing matrix differ from those of

an 9r7Pogonal matrix by an insignificant common phase factor*
e -1 “ A .

3. To summarize, the mixing of neutrinos with Majorana mas-
ses (Majorana or Dirac and Majorana mass terms) has been consi-
dered under the assumption of CP-invariance in the leptonic
sector. It was shown that )

i) the phases of elements of the lepton mixing matrix are
determined by the CP-parities of the massive majorana fields
as well as by arbitrary sign factors in the relevant Majorana
conditions. The observable quantities do not depend on these
latter factors. i

ii) The CP-parities of the Majorana neutrinos have no ef-
fect on the neutrino oscillations. The (BB),, -decay rates
depend on the relative CP-parities of massive Majorana neutri-
nos. This statement remains valid in the schemes with right-
handed currents as well. '

iii) The CP -parities of the massive Majorana neutrinos
are specified by the signs of the neutrino mass matrix eigen-
values, and are independent of the choice of the sign factors
in Majorana conditions.

In conclusion we would like to thank B.M.Pontecorvo, J.HoSek
and F.Niedermayer for useful discussions.

* The phase factor Gid ensures, however, correct CP-

transformation properties for the Majorana fields xi.It vani~
shes if the CP-phases of the current fields LtL(x)are chosen
to be equal to i.
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