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Abstract

We study CP violation in the lepton sector in extended models
with right-handed neutrinos, without and with left-right symmetry,
and with arbitrary mass terms. We find the conditions which must
be satisfied by the neutrino and charged lepton mass matrices for CP
conservation. These constraints, which are independent of the choice
of weak basis, are proven to be also sufficient in simple cases. This
invariant formulation makes apparent the necessary requirements for
CP violation, as well as the size of CP violating effects. As an example,
we show that CP violation can be much larger in left-right symmetric
models than in models with only additional right-handed neutrinos,
1.e., without right-handed currents.
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1. Introduction

The origin of CP violation is still an open problem in particle physics.
In the standard model CP violation is related to the mixing between flavour
and mass eigenstates (Cabbibo-Kobayashi-Maskawa (CKM) mechanism) [1].
In this case three standard families of quarks with non-degenerate masses
must exist. This is known to happen, and small CP violating effects has
been observed in the K° — K° system.

Why these effects must be small is also understood. Physical quantities
are independent of the choice of (weak) quark basis. Hence, only weak basis
invariants enter in measurable quantities like cross sections or decay widths.
Two sets of CP symmetry breaking invariants have been constructed [2,3].
For three families there is only one independent invariant, which can be
chosen to be the determinant of the commutator of M, M} and MM} [2],

Det[M, M, MndJl[] = =20 (mj —mZ)(m} —m3)(mZ — m) (1)

(mj —m)(m§ —mg)(m —mg) Im(VuaVes Vi Vi),
where M, q) is the up (down) quark mass matrix in a weak current eigenstate
basis, m, is the mass of the quark ¢, and Vj; is the 75 entry of the CKM matrix;

or the trace of the triple product of the commutator [3],
Tr[M,M, MgMI)? = 3 Det[M, M, MyM}). (2)

As a consequence, in the standard model all CP violating effects are propor-
tional to
O = Im(VauaVes Vi Vig)- (3)

us ¥ cd

Using the unitarity of the CKM matrix we can write
00| = [Im(VipVes ViV )|, (4)

and substituting the experimental values of |Vj;| in Eq. (4) it can be shown
that
|0kcar| <107 (5)

and then that all CP violating effects are small [4]. This is usually summa-
rized saying that CP violation has been only observed in the K — K° system
and that it is small due to the small mixing angles |V;;| in Eq. (4).



No CP violation has been observed in the lepton sector. This may be
related to the smallness (or vanishing) of the masses of the electron, muon
and tau neutrinos. LEP results exclude the existence of more than three
left-handed neutrinos with masses practically up to the Z° mass. Neutrinos
with larger masses can exist and are predicted in many models beyond the
standard model. How large can CP violation be in the lepton sector with
heavy (Majorana) neutrinos has not been fully analysed to our knowledge.
Only the number of CP violating phases for different neutrino contents has
been calculated [5].

As for quarks, the construction of a set of CP violating invariants for
lepton mass matrices shall allow for:

e deciding more easily in any weak lepton basis if CP is conserved;

e understanding the origin of CP violation if for any (physical) reason a
definite (class of) model(s) is distinguished;

e motivating model building; and

e obtaining the size of CP violating effects, because all physical quanti-
ties are proportional to weak basis invariants and then, knowing a set
of neccesary and sufficient invariant constraints for CP conservation
stands for knowing the possible factors suppressing the CP violating
observables.

In this paper we discuss extended models with an arbitrary number of
right-handed neutrinos and standard lepton families, without (Section 2) and
with (Section 3) left-right symmetry,. We find necessary conditions for CP
conservation for arbitrary lepton mass matrices. These, which are indepen-
dent of the choice of weak basis, are proven to be sufficient in simple cases.
Using these invariant conditions we address the question of how large can CP
violation effects be for models with and without left-right symmetry (Sec-
tion 4). (We do not discuss other possible CP violating effects mediated by
Higgses.)

2. Extended models with right-handed neutrinos

We proceed analogously to the quark case [3]: we state the conditions for
CP conservation in the lepton sector satisfied in any weak basis, we count



the number of CP breaking phases in a particular basis [5], and we construct
invariant conditions for CP conservation, proving in some simple cases that
these are necessary and sufficient, what constitutes our main result.

2.1. CP invariance

The gauge interactions in extended electroweak models with ng right-
handed neutrinos (and ny, standard lepton families) are written in any weak
basis as in the standard model [4]:

I o W + hee., (6)

Loo = /3

and

Lyc =e (Il “‘jR'Y“lR) A, )
+ m (—DL’}/“I/L + (1 - 28@7129{/[/) ZL’)/“ZL - 2$z'n29W lR’}/‘ulR) Zl“

(7)

where [, p are two ny, component vectors in flavour space describing the ny,
left-handed and nj, right-handed charged leptons, and vy, is a n;, component
vector describing the ny, left-handed neutrinos. Lec ve are left invariant by
any CP transformation

vy — VLCVE,

) L —— VLCZZ, (8)

Ir — VO,

where V7, and V,é are ny X ny unitary matrices, and C is the Dirac charge
conjugation matrix. Similarly a general CP transformation on the right-
handed neutrinos reads

v — VECVS, (9)

where V} is a ngp X ng unitary matrix. Then CP is conserved if there exist
transformations (8) and (9) that left invariant the mass terms [6]

‘Cmass - _(ZLMllR7+ ZRMlTlL)
— (Mg + VrMyL),

where M is a ny, X ny, complex matrix, {1 r are ny, +nr component vectors
describing the nj, left-handed and ng right-handed neutrinos,

VL Vs =iy}
wL = C A2, % Y ¢R = Y

4

(10)



and M, is a (np +ng) X (nr + ng) complex symmetric matrix,

nr nR

{ (M M
nr L D
M, = . 11
ngr{ (Mg MR> (1)

The invariance of (10) under the transformations (8) and (9) implies

VIMVE = My,
ViM V= M,
VIMpVE = Mp,
VETMRVE = M,

(12)

Thus, CP is conserved in an extended electroweak model with Dirac and
Majorana mass matrices M; p, My, g if there exist (unitary) matrices V7, VIQ’V
satisfying (12). The converse is also true, if CP is conserved, such (unitary)
matrices do exist.

We assume that the Yukawa couplings can be related to the mass ma-
trices and that they satisfy analogous equations. This is often the case for
minimal models. We concentrate on these models, then neglecting possible
CP violating effects mediated by Higgs bosons.

2.2. Weak basis independence

Egs. (12) are weak basis independent. In any other weak basis

/

V= Wiy,
!

Uy =Wilyg,

I'n = Whig (13)
l//R = WEVR,
the mass matrices M;, M, can be written
My = W MWy
M/L = WLMLWga (14)

M'p =W, MpWh ",
My =Wg*MgWh T,



and satisfy Eqgs. (12) but with unitary matrices

V'p =W VW],
V' = WiV, (15)
'w = WHEVEWET.

Although Egs. (12) are the necessary and sufficient conditions for CP con-
servation, they are of little practical use. However, they suggest, as we show
below, how to construct CP invariant constraints which do not depend ex-
plicitly on the unitary matrices V7, V}l{"’, and are then more useful.

First, we introduce a convenient basis to parametrize CP violation. In
this basis we will prove in simple cases afterwards that the more useful CP
invariant constraints are not only necessary but sufficient.

2.3. CP conserving gauge interactions in the mass eigenstate
basis and counting of CP breaking phases in the lepton sector

Using the freedom to choose the weak basis we can assume M; and Mg
diagonal with real positive elements (see Eqgs. (14)). In this basis Egs. (12)
for M; and My imply (for non-degenerate charged lepton masses and non-
degenerate diagonal My elements)

(Vi)ig = (Vi)iy = 0y,
v 10y 16

(VE)ij = €05, (16)
where «; is equal to 0 or 7 (arbitrary) for non-zero (vanishing) (Mg);. Then
Egs. (12) for My and Mp are satisfied and CP conserved if and only if
(M )i €200,

éi—a»
[ ( ])7

(ML)
(Mp)ij = (Mp);

(17)

<
= Nl=

with (M7]);; and (M],);; real. Any extra phase violates CP. In order to count
the CP breaking phases, let us see how look like the CP conserving gauge
interactions in the mass eigenstate basis. In the weak basis above, if CP is
conserved (see Egs. (17)),

Y 0\ /M M:\/(X O
M, = L D 18
(0 H) <MBT Mz’%) <0 H)’ 18)
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with N

Xig = €20, (19)

Il = 72 0y,
and My p, real and Mp = [12Mpg, where My is a diagonal matrix with real
positive elements. In the mass eigenstate basis with m; the (positive) neu-
trino masses,

m
m2

= U"M,U, (20)
Mnp+ng

where U is the unitary matrix diagonalizing M,. For M, in Eqs. (18,19) U

can be written - -
— L) — A 21
0= (eh) = (o mw)on 2

where O = (8;) is the real orthogonal (ny + ng) x (ny + ng) matrix diago-
nalizing

€111
M;  Mj, €2M2 T
=0 0 22
<MBT Mﬁ) @

ETLL—I—TLRmTLL-i-’nR

with ¢, = 1 or — 1, and A the diagonal matrix guaranteeing positive neutrino
masses:
Az’j = 51-]-6@?(1_”). (23)

Then, Eq. (6) reads in the mass eigenstate basis (calling the neutrino mass
eigenstates Ny = UTa);)

LCC = —%NLUE’)/“ZLWJ + h.c.

- 24
= —%NLAO%MLZ*ZLW; + h.c., (24)

where U; = £*Op A and Oy, above are rectangular matrices corresponding to
the first ny, rows of U and O, respectively. The ¥* phases can be absorbed

in the charged lepton mass eigenstates defining them equal to e ri- Thus
these phases do not violate CP because they are unphysical. The mixing of

7



the charged current reduces then to the real matrix OF. (The A phases can
be associated to the neutrino eigenstate definition as we argue below.) The
neutral current lagrangian in Eq. (7) remains unchanged for the charged
lepton mass eigenstates; whereas for the neutrinos reads
ENC: —9__ NLUz’y”ULNL Zﬂ

" 2cosOyy

== —L NLAO%OL’}/“A*NL Zﬂ'

" 2cosOy,

(25)

In conclusion, the only possible complex factors in the gauge interactions are
the elements of the diagonal matrix A:

At any rate CP is conserved if we define the CP parity of the Majorana
neutrino mass eigenstate k

ﬁcp(k‘) = Eki. (27)

In this case all Majorana neutrinos satisfy
N¢=CN" =N. (28)

Other authors prefer to get rid of the A phases in the lagrangian, defining the
Majorana neutrino mass eigenstates equal to A* Ny [7], and considering A*
as creation phase factors [8]. In this case the right-hand side of Eq. (28) is
equal to —N for Majorana neutrinos with nop = —i. We prefer to keep (28)
generic and the ¢ factors in the gauge interactions for Majorana neutrinos
with nep = —i.

If UL, is of the form in Eq. (21), the gauge interactions in Eqgs. (24,25)
conserve CP. Any extra phase gives rise to CP violation. Hence, the number
of CP violating phases is equal to the number of independent phases in nj,
rows of a (ng + ng) X (ng + ng) unitary matrix (np(ngy + ng) — %)
minus the number of phases which can be absorbed in the charged lepton
mass eigenstate definition (ng) [5]:

-1 2np —1

2.4. CP invariant constraints on the lepton mass matrices



In this Section we derive from Eqs. (12) neccesary conditions for CP con-
servation which are independent of the weak basis and do not require to know
the unitary matrices involved in the definition of the CP transformation. If
these conditions, which are simple functions of the mass matrices, are not
satisfied, CP is violated. That they are not only necessary but sufficient has
to be proven case by case. It looks feasible (and is proven) in (the) simple(st)
cases only. This formulation provides (and we obtain) the factors suppressing
CP violating observables. Their knowledge will allow for a discussion of the
size of CP violating effects.

Motivated by Egs. (12) and the quark case we classify the products of the
mass matrices M 1, p g, as well as their sums, in three classes G, G, G%, de-
pending under which unitary matrix Vz, Vi, V¥ they transform, respectively:

ViGLV, = Gs,
Vi GLVE = Gl (30)
VE GV = Gy

To these classes belong;:

{GL} = {ALl = MlMlT; Aps = MLM£§ Aps = MDM£§
ApiApji,j =1,2,3; MMy MFM];
My MpMEM]: My M MeM}; Mp ML Mg M));
and higher order products; and sums},
{GLY = {A; = M My; A% MMM} M;; M Mp M M;; (31)
and higher order products; and sums},
{Ay = MLMp; Ay = MEMg; AyiAy, i, j = 1,2;
MMM Mp; M5 M, M Mg: MEME M Mpg;
and higher order products; and sums}.

{GR}

Now observing that the trace and the determinant of any element of these
classes is invariant under unitary transformations, and then under weak basis
transformations, and that Eqs. (30), which follow from CP conservation,
implies that these traces and determinants are real, we can write a set of
necessary conditions for CP conservation which are weak basis invariant:

ImTr(G) =0,

ImDet(G) =0, (32)



where G is any element of {G}, {G%} or {G%} in Egs. (31).

Egs. (32) are the corner stone of our analysis. They apply to any num-
ber of standard families n; and right-handed neutrinos ng. Although these
conditions are all necessary, they are not all independent. To find a set of
conditions which are also sufficient seems to be difficult in general. We shall
obtain such a subset of necessary and sufficient CP conserving conditions for
some simple (lowest n; and ng) cases only.

We will find a set of necessary and sufficient conditions for ny + ng < 3.
In each model we state the number of CP violating phases, Eq. (29); the set
of necessary (and sufficient) CP constraints; a parametrization of M, in the
convenient weak basis where M; and Mg are diagonal with real (and positive
M) elements; the expressions of the CP constraints for this parametrization;
the proof that if these invariants vanish CP is conserved (M; and M, can be
made real); and the expressions of these conditions as functions of physical
observables (masses and mixing angles). The cases with ny +ngr = 3 are also
discussed.

en;, =0,ng; ny=1ng=0:

There is no CP violation (and, of course, no CP violating phase) in these
models.

en;, =1,ng=1:

In this case there is one CP violating parameter. A necessary and suffi-
cient condition for CP conservation is

Ay = ImTr(M)Mp M Mg) = 0. (33)

Mp 1 r are one-dimensional in this model and we can write

M, = (”’“ ) (34)

ae** mpg

in the convenient weak basis, which is completely specified requiring a >
0, a € [0, 7). In this parametrization

Ay, = —mpmga®sin(2a). (35)
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The vanishing of Ay is apparently a sufficient condition for CP conservation:
M, is real for a or = 0, and it can be made real by a field redefinition for
my, or mg = 0, choosing Wy, = ™™ or W} = €'®, respectively, in Eq. (14).
As a function of physical observables

An = mymsa(ms —mi) Im(Uy,*Up). (36)

Thus, CP is conserved if there is a massless neutrino (m; or ms = 0), or the
neutrinos are degenerate (m; = msy). On the other hand, any CP violating
effect is proportional to Im(U;,?Uf,), where Uy (Upz) is the element in the
mixing matrix in Eq. (24) fixing the charged coupling of the charged lepton
to the neutrino of mass mq(my).

en; =2,ng=0:

This model has deserved some attention [9]. It has one CP violating
parameter and one necessary and sufficient condition for CP conservation is

Ago = ImDet(MpM; ME M} — M, M} MM = 0. (37)
In the basis where M, is diagonal with charged lepton masses m.,m, and
a be” 7
M, =M, = . , a,b >0, 0,—), 38
o= () b =0 5e 0] 39
Ay = —(mi —m?)2ach*sin(203). (39)

It is easy to prove that Ayy = 0 is a sufficient condition for CP conservation:
M, is real for b or # = 0, and it can be made real for a = 0; and ¢ = 0,
choosing in Egs. (13-15)

e 1 0
mzmﬁ<oﬂwmm=%:QﬂJ (40)

respectively. Ay also vanishes for m. = m,, but in this case M; can be
diagonal and W, = W} be still an arbitrary unitary matrix. Hence, M, can
be made not only real but diagonal and positive by an appropriate choice of
this unitary transformation:

WM, W] = <m1 . ) (41)
2

11



where m; o are the neutrino masses. As a function of physical observables
2 .
Dog = mamg(mi —mi)(m;, —m?) Im(U},*Uty). (42)

Hence, CP violation requires two massive (mjs # 0) and non-degenerate
(my1 # mgy) neutrinos, as well as two non-degenerate charged leptons (m. #
my). As for n, = np = 1 any CP violating effect is proportional to
Im(U;,2U3,), where Uyp(Us) is the element in the mixing matrix in Eq.
(24) fixing the charged coupling of one charged lepton, let say e, to the neu-
trino of mass my(my). (Notice that Im(U;,2U%) = Im(Us,2U3,).)

e n;+ng > 3:

There are two CP violating phases for ny, = 1,ng = 2. Two necessary
and sufficient conditions for CP conservation are

A = ImTr(ME M, M Mg) =0,

43
A2 = ImDet(MLME MMy — MEMpMj,Mg) = 0. (43)

There are three CP violating phases for n;, = 2, ng = 1. It can be proved,
after some work, that

AL = ImDet(Mp My MT M} — MM} M M) =0,

AR = ImDet(Mp MM, M} — M, M;M5M]) =0,
AY = ImDet(Mp MMM — M MuMEM) =0,

A = ImDet(Mp MMM — MMM M) =0,

AS) = ImDet(Mp My MF M} — MpMiMM/) =0,

A = ImTr (M}, MM Myg) = 0,
AD = ImTr (MM Mp M MEM MTM]) =0,

AL = ImTr((M M) Mp M ME(M; MT)?M]) = 0,

(44)

form a set of necessary and sufficient conditions for CP conservation.

For n;, = 3,ng = 0, although there are three CP breaking phases as for
ny = 2,nr = 1, it seems difficult to find a subset of sufficient conditions for
CP conservation. Analogously to the quark case [3] the obstacle, which is
generic for large(r) nr,ng, is the non-linearity of conditions (32) on the CP
breaking phases. We expect to handle this case, as well as the models with

12



ny = ngr = 2,3, with a computer.
3. Extended models with left-right symmetry

The analysis of left-right models parallels the analysis of extended mod-
els with extra right-handed neutrinos only. The number of left-handed and
right-handed neutrinos is now the same n; = ng = n. There are also extra
charged and neutral currents which further constrain the CP transformations.

3.1. CP invariance
The gauge interactions can be written in this case [10]:

Lec = —i(ﬂLWMZLWZFM + kR IR W) + hec, (45)

V2

and

»CNC =€ (ZL’)/”ZL + lR’}/‘ulR) AM
+ m (—DL’}/“I/L + (1 — 28@7129{/[/) Z_L’)/“ZL — 2$in29w l_R’}/‘ulR) ZM
mé (Tpy*vr + (14 o) oyt vr + Iyl + (1 — a?)lgy™R) Zir s
(46)
with o = v/k2cot?0y, — 1 real. VVLjE r are the charged gauge bosons associated
to SU(2)L.r; and Z, Zp g are the two heavy neutral gauge bosons associ-
ated to the standard model and its left-right (LR) extension, respectively.
Whereas I; r and v g are n;, = ng component vectors in flavour space de-
scribing left-, right-handed charged leptons and left-, right-handed neutrinos.
Lceo ne are now left invariant by any CP transformation

v, — Vi.Cvj,
lL e VLClz,
lR e VRCZE,
VRp — VRCI/E,

(47)

where Vi, g are n X n unitary matrices. On the other hand, the mass matrices
M, 1 p.r are all n x n. The invariance of the mass terms in Eq. (10) under

13



the CP transformations in Eq. (47) implies

ViM Vg = M,

VIMVi = Mj,

VI MpVi = M,

VEMRVR = M5,
These conditions are necessary and sufficient for CP conservation in left-right
symmetric models.

(48)

3.2. Weak basis independence

As before conditions (48) are weak basis independent: Eqgs. (13-15) apply
but with Wk = W4 =Wg, VL=V =Vzgand V'j =V} =V'p.

3.3. CP conserving gauge interactions in the mass eigenstate
basis and counting of CP breaking phases in the lepton sector

The freedom to choose the weak basis allows to assume that M, is diago-
nal. In this basis Eq. (48) for M, (for non-degenerate charged lepton masses)
implies

(Vi)ij = (V)i = €™ dy;. (49)
Then Eqs. (48) for My, p r are satisfied and CP conserved if and only if

(Mp)ij = (Mp)is ei30it%)
(Mp)ij = (Mp);; e300, (50)
(Mp)ij = (Mp)i; e™'20+0),
with (M] p r)i; real. The number of possible CP violating phases is larger
in left-right models because the definition of a CP transformation is less

general. To write the CP conserving gauge interactions for left-right models
in the mass eigenstate basis, we follow the same steps as in Section 2.3. Now

(=) [11] o
U — (O E>OA, (51)

and
Loc = —%(NLszy”lLqu + KNRUJT{’Y”RWE )+ hec

= —%(NLAO%’)/“Z*ZLW;M —|— I{NRA*Og’yuZ*ZRWE N) + h.C.,

(52)

14



where Ny, g = UT4y, r are the neutrino mass eigenstates. As in Eq. (24) the
>* phases can be absorbed in the charged lepton mass eigenstates defining
then equal to emi%] L.r i- The neutral current lagrangian in Eq. (46) remains
unchanged for the charged lepton mass eigenstates; whereas for the neutrinos
can be written

»CNC = 20050 NLUL’)/“ULNLZ
(NLUL’}/MULNL + (1 +« )NRUR’)/”URNR)ZLR i

= NLAOTOL”)/MA*NLZ

2cos€w

(NLAOTOL”)/MA*NL + (1 + o )NRA*OTOR”)/MANR)ZLR e
The number of possible CP violating phases in Loone (Egs. (52,53))

2cos€W «

(53)

2cos€w a

for a general 2n x 2n unitary matrix U = (Zﬁ) is equal to the number of

independent phases in U (%) minus the number of phases which can

be absorbed in the charged lepton mass eigenstate definition (n) [5]:
n(2n +1) —n = 2n°. (54)

3.4. CP invariant constraints on the lepton mass matrices

Asin Section 2.4. we shall derive necessary conditions for CP conservation
which are independent of the weak basis and do not require to know the
unitary matrices involved in the definition of the CP transformation. That
a subset of them is also sufficient has to be proven case by case.

The products of the mass matrices M, 1 p g, as well as their sums, can be
classified in two classes G, g, which under V7, g transform, respectively:

ViGL Vv, = Gs,

55
VaGrVi = G (55)
To these classes belong;:
(G} = {Awn = MM AL2 MLML7AL3 MpM};
Apy = MyM}y; Aps = MpM[; ApiAp,
1,7 =1,2,...,5; BZB],Z,j =1,2,...,4;
and higher order products; and sums}, (56)

{GR} = {ARl = MlTMl; Apy = MEMD; Aps = M;;MI%
Apy = MJTMD§ Aps = Mng; ARz’ARj>
1,j=1,2,...,5; BiTB;,z',j =1,2,...,4;

and higher order products; and sums},

15



where B; = M;M};: By = My M;; By = M M}; By = MpM},. As before,
Eqgs. (32) but with G any element of {G} or {Ggr} in Eq. (56), are a set
of necessary conditions for CP conservation which are weak basis invariant.
They follow from Egs. (55) and the invariance of the trace and the deter-
minant under unitary transformations. We shall obtain a subset of sufficient
conditions for n = 1. For n = 2 there are eight CP violating phases. A
set of necessary and sufficient conditions will include the constraints in Egs.
(43,44) and many more, requiring its analysis a long casuistry. Besides, for
larger n there is the same difficulty to find a subset of sufficient constraints
as for extended models with only extra right-handed neutrinos: conditions
(32) are non-linear on the CP breaking phases. We expect to handle these
cases with the help of a computer.

oen=1:

There are two CP violating parameters in this case (which is the simplest
one). Two necessary and sufficient conditions for CP conservation are

AY = imTr(MM}) =0,

57
AP = ImTr(MMMT M} — MM MgM}) = 0. (57)

The neutrino mass matrix can be written in the convenient weak basis where
M 1, which are one-dimensional, are real and M is also positive

M,,:<m,L ae .),azo, a.¢ € [0,7). (58)
ae'™ mpet?

In this parametrization

Agl) = —measin(a), (59)
AP = —mpmp(m?2sin(¢) + a’sin(¢ — 2a)),

with m, the charged lepton mass. The vanishing of Agl’z) is sufficient for CP
conservation: M, is real for a,mr = 0; o, mr = 0; and o, ¢ = 0, and it can
be made real by a field redefinition for m.,a =0 or m, =0,¢ — 2a = 0, —;
mr,a =0 or mp,a = 0; me, my, = 0; and m., mpr = 0, choosing Wr = e'z;
W, = Wg =¢es: Wy, = el(5-0) Wy = ei%; and Wg = €', respectively. As
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a function of physical observables

A§1) = meIm(m U Usy + maUioUs),
AP = m2Im((m U3 + maUd) (miU3y + maU3,)) (60)
—mima(mz — mi)Im(Uy,*Up,),

5;) matrix ele-
ments fixing the charged coupling of the left- (right-) handed charged lepton
i = 1(2) to the neutrino of mass m; (see Eq. (52)). This model has two (in-
dependent) physical phases, which we associate to P = mUy1Usy +moUi2Uss
and Q = (M U3 + maU3Z) (m1Ug + maUs,) in Eq. (60), respectively. Then,
any CP violating effect can be written as a function of P and/or Q. In par-
ticular, the second term of A&z) in (60) is equal to —Im(P?Q*).

where m, » are the neutrino masses and U;; are the U = (

4. CP violating effects and conclusions

In this paper we study the formulation of CP violation in the lepton
sector in extended models with right-handed neutrinos, without and with
left-right symmetry. We obtain necessary conditions for CP conservation for
any number of standard families ny and right-handed neutrinos ng (in left-
right symmetric models n;, = ng = n). These are independent of the weak
basis used to express the charged lepton and the neutrino mass matrices.
However, they are not all independent, and in general it appears difficult
to find a subset of sufficient conditions . Proceeding case by case we do
find such a set of necessary and sufficient conditions for the simplest cases
(lowest np,ng): np, =0,ng; n, =1,ng=0; np, =1,ng=1; n, =2,ng =
0; n, = 1,ng = 2; np = 2,ng = 1, and n = 1. The proof takes profit
of the freedom to choose the weak basis. This is fixed requiring that the
charged lepton mass matrix be diagonal with real positive eigenvalues and
the neutrino mass matrix have as many diagonal blocks and real (positive)
diagonal elements as possible. For cases with larger ny,nr we have to rely
on a computer.

This invariant formulation allows for deciding more easily if CP is con-
served because the CP conserving constraints can be simply calculated in
any weak basis. It may also help to understand the origin of CP violation if
a pattern of leptonic mass matrices is distinguished for some physical reason.
It can be used as a guide for model buildig. However, the main practical
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application of constructing such a set of necessary and sufficient conditions
for CP conservation follows from observing that any CP violating effect is
proportional to weak basis invariants, and then to the invariant factors ap-
pearing in these constraints. This permits to discuss the possible suppression
factors and then the size of the CP violating observables.

As an example we can compare the cases n;, = nrg = 1, without, and
n = 1, with left-right symmetry. CP is violated for ny, = ng = 1 if and only
if (see Section 2.4)

Im((mlUllUgl + m2U12U22)2((m1U121 + mgUfz)(mlUgl + m2U222))*) 7’é 0,
and for n = 1 if and only if (see Section 3.4)
meIm(miU Usy + moUyaUsy) # 0, and/or

mglm((mlUfl —l—m2U122)(m1U221 —l—m2U222)) _mlm2(m§ —m%)]m(Ufoé) # 0.

Therefore, CP violation can be larger in left-right models because any CP
violating effect in the presence of right-handed currents is a function of P =
my Uy Uz +maUsaUsg and /or Q = (my U3 +maeU%) (mi Uz +maUs,); whereas
a CP violating observable in their absence is a function of the product P2Q*
only, whose imaginary part above is equal to mimso(m3 — m?2)Im(U;,2U%).
This is generic. In left-right models CP can be violated in left-handed as
well as in right-handed currents. That CP violation can be larger in left-

right models can be seen when producing two heavy neutrinos Ny Ny at ete™
[11].
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