PHYSICAL REVIEW D

VOLUME 51, NUMBER 9

1 MAY 1995
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The problem of CP conservation and CP violation for two heavy neutrino production in e

e~

interactions is considered. A very convenient way of parametrizing the neutrino mass matrix, from
which necessary and sufficient conditions for C' P conservation easily follow, is presented. Contrary to
the Kobayashi-Maskawa mechanism, the effects of C'P violation in the lepton sector with Majorana
neutrinos can be very large. The change of the total cross section caused by CP violation can be

much larger than the cross section itself.

PACS number(s): 11.30.Er, 13.10.+q, 14.60.Pq, 14.60.St

I. INTRODUCTION

The origin of CP violation is one of the most impor-
tant open problems in particle physics. In the standard
model (SM) CP violation is explained by the Kobayashi-
Maskawa (KM) mechanism [1]. In this mechanism CP
violation depends on the mixing between flavor eigen-
states and mass eigenstates. For the mixing to take place,
the fermions with given charges must have distinguish-
able masses. That is why CP violation is visible in the
quark sector (quark masses are distinguishable) and not
visible in the lepton sector (light neutrino masses are still
consistent with zero). The C'P violation effect has been
observed until now only in the K°-K° sector [2] and is
small. This is because the only quantity which describes
C P violation in the KM mechanism is the parameter dxm
given by

dxm = Im (VeaVus Vi Viig) - (1)

As the KM mixing matrix parameters V;; are small the
dxM 1s also small:

Sxm < 1074, (2)

The CP violation problem is very interesting in the lep-
ton sector if the neutrinos are Majorana particles. First
of all, in contrast to Dirac particles, physical Majorana
fields are not rephasing invariant. Then not so many
phases can be eliminated and CP is violated already for
two generations of leptons [3]. The greater number of
noneliminated phase parameters is also the reason why
CP violation is not mass suppressed [4] so the effect could
be potentially visible even for very light neutrinos.

In this paper we consider the problem of C'P violation
in the case of heavy Majorana neutrinos. Such particles
with masses greater then 100 GeV can be produced in
future ete~ colliders. All our considerations are done in
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the framework of the left-right (L — R) symmetric model
which predicts the existence of the Majorana neutrino
in a natural way. In the next section we find the most
convenient parametrization of the mass matrix for the
study of C'P violation. A necessary and sufficient con-
dition guaranteeing C'P invariance on the level of weak
lepton states is studied. The numerical analysis of CP
violation in the e¥e™ — N; N, process is done in Sec. III
and some conclusions are presented at the end.

II. PARAMETRIZATION OF THE MASS
AND MIXING MATRICES

We consider the L — R model [5] described in detail in
Ref. [6]. The relevant parts of the model’s Lagrangian
for studying the C P properties are the charged-current
interaction and the lepton mass Lagrangian. They are
given by

Lce = (DL'YMILWE—“ + DR'YMIRWE#) + H.c. (3)

Sle

and
1 _ = %, _c
Lijass = —5 (n('[:,MVnR + nRMunL)
— (iLMllR + iRMl+lL) s (4)

where n g is a six-dimensional vector of the neutrino fields

np = VR v =iy}
VR ) R L

v c .
m= (V2 vt =i (5)
L

M, and M, are 6 x6 and 3 x 3 mass matrices for neutrinos
and charged leptons respectively. We consider the model
with explicit left-right symmetry where the left-handed
neutral Higgs triplet does not condense (vz, = 0). Then
the mass matrix M, is given by
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({0 Mp
Mv—‘(Mg MR>’ (6)

where 3 x 3 matrices Mp ( and also M) are Hermitian
and Mpg is symmetric. The most general CP transfor-
mation which leaves the gauge interactions (3) invariant
is [7]

lL — VLClz, vy — VLCVZ,
lR — VRCI;Z, VR — VRCV;{, (7)

where Vi, g are 3 X 3 unitary matrices acting in lepton fla-
vor space and C is the Dirac charge conjugation matrix.
For the full Lagrangian to be invariant under (7) the lep-
ton mass matrices Mp, Mg, and M; have to satisfy the
conditions

ViMpVe = M},
VEMpVg = M}, (8)

and
ViMVe = M} (9)

The relations expressed by Egs. (8) and (9) are weak-
basis independent and constitute necessary and sufficient
conditions for CP invariance. This means that if for
given matrices Mp, Mg, and M; there exist two unitary
matrices V7, and Vg such that relations (8) and (9) hold
then our model is CP invariant and, on the other hand,
if CP is the symmetry of our model then such matrices
Vi and Vg exist. The most convenient basis for studying
CP symmetry is the weak basis in which charged lepton
mass matrix M, is real, positive, and diagonal:

M, = diag[m., m,,m]. (10)

Then for nondegenerate, nonvanishing m. # m, # m,
Egs. (8) and (9) imply that matrices Vi g are diagonal
and equal:

Vi = Vg = diag[e®?, e, ¢i%]. (11)

From Egs. (8) and (9) it follows that the model has CP
symmetry if and only if the matrices Mp and Mg have
the elements

(Mp)i; = | (Mp);j | e*3@:=%),
(MRg)ij = | (Mg)i; | e” 2+ (12)

in the basis where M) is diagonal. The number of re-
duced phases (@ for symmetric Mz and 1("2;1) for
Hermitian Mp give totally n? phases)

n? —n (=6) (13)

is the lepton sector number of independent C P-violating
phases in the considered model (with explicit L — R sym-
metry and vz, = 0).

It is easy to understand why relations (12) are neces-
sary and sufficient conditions for CP invariance. From
Egs. (12) it follows that the neutrino mass matrix M,

[Eq. (6)] is diagonalized by the orthogonal transforma-
tion

UTM,U = diag[| m |,...,| mg |] (14)
and the (2n x 2n) unitary matrix U can be expressed in
the form

U= (V(; “’,) on (15)
where
V = diag[ei‘;‘/z, e%2/2 ei‘ss/z], (16)

O is a real orthogonal 2n x 2n matrix (OT = O~1) that
diagonalizes the real part of the M, matrix after remov-
ing the phases €%%/2, and 7 is a diagonal (2n x 2n) matrix
that ensures that the neutrino masses are positive num-
bers (m; =| m} |> 0):

i = Jijei%(sgn[mi]—l)' (17)

The CP symmetry is then satisfied if we define the CP
parity of Majorana neutrinos [8]:

ncp(i) = isgn[m}]. (18)
To find the mixing matrices Kz gp for the left (right)

charged current and the neutral currents € r (see
Ref. [6] for precise definition) we define

U= (g;) - (‘{,g;;’) (19)
Then
Kp = U}l =qn0Ivt,
Kg = U} =n*O%VT, (20)
and

Qr = KK} =n0ToLy*,
Qr = KpK}, = n*0%0gn,
Qpr = KrK} = n*0%0Ln*. (21)

From Egs. (20) and (21) we see that the phase factors
from matrix V multiply the columns of the matrices K g
and can be absorbed by rephasing of the charged lep-
ton fields in the charged currents Ip g, — ei‘s“/zlL,Ri.
The phase factors disappear from matrices 2 g and
Qpr which mix the physical Majorana neutrino fields for
which the rephasing is not possible.! Then, if the CP is
not spontaneously broken, the total lepton Lagrangian
(gauge-gauge, gauge-leptons, Higgs-leptons, and Higgs
interactions) is CP invariant. If the phases of matrices
Mp and Mpg, differ from those that are given by Egs. (12)
the CP symmetry is broken. In the next section we in-
vestigate the effect of these CP broken phases in the
production process of two heavy neutrinos.

1We adopt the definition of the physical Majorana fields
N(z) as fields that under charge conjugation stay the same
without any phase factor: N°(z) = CNT(z) = N(z). For
a definition of Majorana fields where the creation phase fac-
tors are introduced, see Refs. [9]. We do not think that these
definitions are useful.
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III. THE CP EFFECT IN THE PROCESS
ete” — N;N;; NUMERICAL ANALYSIS

The amplitude for two Majorana neutrino production
process in et e~ interactions is given by the contributions
from six diagrams with gauge boson exchange in t, u, and
s channels (see Fig. 1). The contributions from Higgs
boson exchange particles are negligible [10] and we do
not consider them here.

Full helicity amplitudes M (0&; A1 A2) for the process

e-(a) + e+(c_r) — Nl(/\l) + Nz(Az) (22)

are presented in the Appendices of Refs. [6] and [10].

The CP effects are caused by phase factors that ap-
pear in the mixing matrices Ky g in ¢t and u channels
and Qr g in the s channel. To observe the influence of
these phases two things must happen. First, different C P
phases have to contribute to various Feynman diagrams
from Fig. 1, and second, the diagrams have to interfere
so that at least two Feynman diagrams must contribute
to the same helicity amplitude. The same mixing matrix
elements give contributions to the W;,W, exchange dia-
grams in t-u channels (K, g) and Z;, Z, boson exchange
in the s channel (Qr r). So even if these diagrams con-
tribute to the same helicity amplitude they do not inter-
fere (of course there are also other suppression factors as
the gauge boson mixing angles are small [6]). If the en-
ergy is large compared to the masses of neutrinos N; and
N3 then the ¢ channel contributes to M (—+; —+) (left-
handed current) and M (+—;+—) (right-handed current)
and the u channel gives contributions to M (—+; +—) and
M (+—; —+) amplitudes. We can see that at high energy
there is no interference between ¢ and u channels [4]. The
s-channel diagrams produce all four helicity amplitudes.
So at high energy we can look for CP effects resulting
from the interference between ¢-s and u-s channels.

For the energy just above the production threshold

e Ny e Mz
Wik Wi Wi, Wi
et N, et N,
(a) (b)
e~ Ny
.z
et N,

(c)

FIG. 1. Diagrams with gauge boson exchange which de-
scribe the process e“et — Ny N; in the left-right symmetric
model on the tree level.
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there is no helicity suppression mechanism and final neu-
trinos with all helicity states can be produced by each
channel diagram. These are the best conditions for ob-
serving the C'P violation effects.

Another question is in what experimental observables
the C'P effects are visible. From the discussion presented
above we can see that they can be looked for in polarized
angular distribution. Unfortunately the cross sections,
as we shall see, are too small to realize this possibility.
And what about the unpolarized angular distribution? If
CP is conserved then the helicity amplitude satisfies the
relation (© and ¢ are c.m. scattering angles)

M(Uaa;’\l» AZ; 67 ¢)

= —ncp(1)nep(2)
XM(—&,—O’;—Al,—/\z;ﬂ'_6,77+¢)7 (23)

where ncp(i) are CP parities of the Majorana neutri-
nos. If we sum over all helicity the unpolarized angular
distribution has forward-backward isotropy:

do
dQ
Does this mean that anisotropy can be observed if CP
is violated? Unfortunately not, at least if we neglect the

final state interaction. Without final state interactions
from CPT symmetry we can prove the relation

(©,6) = g-;_(n-@,w+¢). (24)

M(o,5;A1,22;0,0)

= _7ICP(l)ncp(2)e2i("“5)(ﬂ'+¢)

XM*(=6,—0;—A1, —A2; ™ — O, 7 + @), (25)

from which the forward-backward isotropy also follows
[11]. So the only observables where we can try to find
the C'P violation effect are the total cross sections. How
big can the effects be? There are six phases which cause
CP symmetry breaking. We do not try to find the phase
for which the effect of C' P breaking is maximal. We take
the matrices Mp and Mg in the form

1.0 1.0 0.9
Mp =103 (1.0 1.0 0.9 ) ,
0.9 0.9 0.95

and

150e’> 10 20
Mp = < 10 200e” 10 ) ,
20 10  5000e*”

which produce a reasonable spectrum of light neutrinos.
If we compare these matrices with Eq. (12) we see that if
only one or more phases (o, 3, or y) are not equal to 0 or
7 the CP is violated. Two heavy neutrinos with masses
M, ~ 150 GeV and M, ~ 200 GeV, almost independent
of the phases a, 3, and «, result from our mass matrix.
We calculate the cross section for production of these
neutrinos in e*e~ scattering

ete™ — N1(150)N,(200).
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FIG. 2. CP and mixing matrix effects for the

e"et — Ni(150)N2(200) production. Solid line is for
a = f =+ =0, dotted line is for « = 7,3 = v = 0, and the
third line (with asterisks) is for @« = 2.0, = v = 0 phases.
The other L-R model parameters which we used are the fol-

. M 2cos?@y MZ
lowing: Mw, = 1500 GeV, g8 = ﬁ%:, M%z = T‘;Vwﬁzlh s
co: 3/2
E=p,¢= —%ﬂ (see Ref. [6]).

The appropriate mixing matrix elements {(Kj gr)ie,
(KL,R)2e, and (2z,r)12 depend on the phases o and
B and are almost independent of the phase . For
a = f = v = 0 two neutrinos have equal CP parity
and CP is conserved

ncp(N1) = nop(Nz2) = +i. (26)

For a = w,8 = v = 0 CP is also conserved if we intro-
duce the C' P parities

—nep(N1) = nep(N2) = +i. (27)

For any other values of phases C'P is violated. The pro-
duction cross sections as energy functions are presented
in Fig. 2. Two factors affect the behavior of the cross
section. First, there is the real CP effect which causes
the different interference between various diagrams. Sec-
ond, for different phases different mixing matrix elements
are obtained. In Fig. 2 both these effects are taken into
account. To find the influence of CP interference only,
we present in Fig. 3 the cross sections for the same mix-
ing matrix elements but with all phases the same as in
Fig. 2. We can see that the influence of the CP inter-
ference is very large. The cross section for production
of two neutrinos with opposite CP parity can be sev-
eral times bigger then the cross section for production
of the same CP parity neutrinos. The cross sections
for the real C P-breaking case are placed between two
C P-conserving situations. We would like to stress that
now the CP effect can be quite large contrary to the
Kobayashi-Maskawa mechanism in the quark sector. In
the lepton sector with Majorana neutrinos the changes

25 T T T T T T T

o [fb]

L4hkf4k'1P_*~_k—JL‘*__*——*._*__£_JL—iﬂ—i‘jt'iL—f.'i_JL-}
0 1 1 1 1 1 1 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

V5 [GeV]
FIG. 3. The effect of CP violation only on
the e"et™ — Ni1(150)N2(200) production. Absolute
values of mixing matrix elements are the same

as the omnes for the solid line in Fig. 2
[(K1),, = 0.00535,(Kg),, = 0.9819,(Kz), = 0.0058,
(Kr),, = 0.189,(Q1),, = —(Qr),, = 0.00009]. Dotted
(solid) line is for opposite (the same) CP parity of neu-
trinos [Egs. (27) and (26)]; line with asterisks is for
a=2.0,8 =+ =0, the same as in Fig. 2.

in cross section which result from CP breaking can be
several times bigger than the cross section itself. Unfor-
tunately, the calculated cross sections are of the range of
several femtobarns so the actual observation of the pro-
cess for reasonable luminosity will be difficult.

IV. CONCLUSIONS

If Majorana neutrinos are present in the lepton sector
the C'P violation effect can be very strong. For the two
heavy neutrino production process ete™ — N;N, the
CP violation signals appear as an effect of t-u channel
interference just above the threshold and t-s, u-s chan-
nel interference for higher energy. The angular distribu-
tion for unpolarized e*e™ beams and without the mea-
surement of the final neutrino polarization has forward-
backward symmetry even if CP is violated but the fi-
nal state interaction may be neglected. The total cross
section is the quantity which changes dramatically with
various C P-violating parameters. Even if the change of
total cross section is large the cross section is small, which
makes the observation of this effect difficult.

ACKNOWLEDGMENTS

This work was supported by the Polish Committee for
Scientific Researches under Grants No. 2252/2/91 and
No. 2P30225206/93.




51

[1] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,
652 (1973).

[2] J. H. Christenson, J. W. Cronin, W. L. Fitch, and R.
Turlay, Phys. Rev. Lett. 13, 138 (1964).

[3] S. M. Bilenky, J. Hosek, and S. Petcov, Phys. Lett. 94B,
495 (1980); J. Schechter and L. Valle, Phys. Rev. D 22,
2227 (1980); M. Doi et al., Phys. Lett. 102B, 323 (1981).

[4] A. Barosso and J. Maalampi, Phys. Lett. 132B, 355
(1983); B. Kayser in CP violation, edited by C. Jarl-
skog (World Scientific, Singapore, 1989), p. 334.

[5] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R.
N. Mohapatra and J. C. Pati, ibid. 11, 566 (1975); 11,
2559 (1975); G. Senjanovic and R. N. Mohapatra, ibid.
12, 152 (1975); G. Senjanovic, Nucl. Phys. B153, 334

CP VIOLATION IN THE HEAVY NEUTRINO PRODUCTION . .. 4711

(1979).

(6] N. G. Deshpande, J. F. Gunion, B. Kayser, and F. Olness,
Phys. Rev. D 44, 837 (1991); J. Gluza and M. Zralek,
ibid. 48, 5093 (1993).

[7] G. C. Branco and M. N. Rabelo, Phys. Lett. B 173,
313 (1986); J. Bernabeu, G. C. Branco, and M. Gronau,
Phys. Lett. 169B, 243 (1986).

[8] For a review, see S. M. Bilenky and S. T. Petcov, Rev.
Mod. Phys. 59, 671 (1987).

[9] J. Bernabeu and P. Pascual, Nucl. Phys. B228, 21
(1983); B. Kayser, Phys. Rev. D 30, 1023 (1984).

[10] J. Gluza and M. Zralek, preceding paper, Phys. Rev. D
51, 4695 (1995).
[11] S. Petcov, Phys. Lett. B 178, 57 (1986).



