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Abstract. We analyze the effects of CP violating phases in a fully left-right extension of the minimal
supersymmetric model. These phases appear from both the heavy and light neutrino sectors: two CKM-
type phases, and four Majorana phases. We study observable effects of these phases in lepton flavor violating

decays, such as the T-odd asymmetry in p™ — etete™

, as well as in the leptonic electric dipole moments.

We impose the experimental constraints from the mixing of light neutrinos and analyze cases in which the
heavy and light neutrinos are either degenerate, or hierarchical, and highlight the dominant variables in
each case. CP violating phases in both the heavy and light neutrino sectors of the left-right supersymmetric
model have unique features which, if tested in the charged lepton sector, may distinguish the model from

other supersymmetric scenarios.

1 Introduction

The evidence for neutrino oscillations in both solar [1]
and atmopsheric [2] neutrino measurements has provided
the first experimental confirmation of physics beyond the
Standard Model (SM). In particular, it has given a boost
to the study of leptonic phenomenology as a forefront of
new physics signals. The most commonly accepted expla-
nation for small neutrino masses is provided by the see-
saw mechanism [3], in which large Majorana masses for
the right-handed neutrinos induce small masses for the
light neutrinos. If the neutrinos are massive and mixed,
lepton Yukawa interactions are no longer flavor diago-
nal, and there exists a source of leptonic flavor and CP
violation, analogous to the Cabibbo-Kobayashi-Maskawa
(CKM) mechanism in the quark sector. In the simplest
extension of the SM, three heavy singlet neutrinos are
needed. If one chooses a model in which quadratically-
divergent contributions to the Higgs mass introduced by
the heavy neutrinos are cancelled, then one is led to the
minimal supersymmetric standard model (MSSM) with
singlet right-handed neutrinos [MSSM(RN)] [4].

However MSSM(RN) introduces right-handed singlet
neutrinos in a rather ad-hoc manner, through terms in the
Lagrangian, not dictated by any symmetries in the model.
Some Supersymmetric Grand Unified Theories (SUSY
GUT-s) allieviate such problems, although again, in
SU(5), right-handed neutrinos must be added to the exist-
ing theory. In this paper we examine the simplest model
which accomodates naturally the right-handed neutrinos,
the Left-Right Supersymmetric Model (LRSUSY) [5-8].
Left-right supersymmetry extends the MSSM gauge group
to SU(2)r x SU(2)g x U(1) p—r, which would then break
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spontaneously to the group SU(2);, xU(1)y [5]. Originally
seen as a natural way to suppress rapid proton decay and
as a mechanism for providing small neutrino masses [7],
the LRSUSY model can be embedded in a supersymmetric
grand unified theory such as SO(10) [9]. Additional sup-
port for left-right theories is provided by building realistic
brane worlds from Type I strings [10].

In this paper we show that LRSUSY has another fea-
ture: it provides new sources of leptonic CP violation
through the flavor structure of the right-handed doublets.
Because the model is left-right symmetric, there exists a
CKM matrix in the right-handed lepton sector. In addi-
tion to a CKM-type CP violating phase, the right-handed
neutrino mixing contains Majorana phases. Although the
right-handed neutrinos are heavy, virtual effects of the
massive neutrinos affect the renormalization group equa-
tions (RGE) of the slepton mass and trilinear coupling ma-
trices, by providing extra contributions to the off-diagonal
terms which induce lepton flavor violation (LFV). One
could study the direct consequences of such phases in neu-
trino oscillations, but there comparison with experiment
is yet premature. Or, one could study the effects of these
phases in charged lepton phenomenology, the advantage
there being that precise measurements exist, and several
bounds will be improved significantly in the future. The
current experimental limits (with future sensitivities in
brackets) of lepton-flavor violating experiments involving
charged leptons are given below:

B.R.(u—ey) < 1.2-1071 (1071 [11,12]
R(p~Ti— e Ti) < 6.1-10713(1071) [13,14]
B.R.(T — py) < 1.1-1075(107%) [15,16]
B.R. (T —ey) <2.7-107% [17]
B.R.(u" —etete™) < 1.0-10712(1071%) [18,19] (1)
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The last process has such a high sensitivity that it offers
the possibility to measure the T-odd, CP-violating asym-
metry, Ar(ut — etete™).

Another area to test for CP violation would be the
electric dipole moment of the electron or the muon. At
present, the electric dipole moment of the electron is mea-
sured with high sensitivity [17]:

de <4.3-107%"¢ em (2)

In LRSUSY the electric dipole moments will be shown
to provide information about the mass structure in the
neutrino sectors, rather than the CP violating phases.

A study of the effects of CP phases in this model is in-
teresting from two points of view: on one hand, LRSUSY
provides a different manifestation of leptonic CP violation
from the MSSM(RN). On the other hand, LF'V decays and
electric dipole moments provide a test of the CP violating
phases in the heavy neutrino sector through direct depen-
dence of the low energy observables on the phases in the
right-handed sector.

We investigate LFV decays and leptonic electric dipole
moments as a source of information on the mass structure
and CP phases in the light and heavy neutrino sectors. We
discuss the parametrization of the leptonic Yukawa cou-
plings, including the effects of CP violating phases and
of the renormalization group equations running of soft-
breaking terms. We assume universal boundary conditions
at the GUT scale, thus avoiding large flavor violations
ab initio; LFV will be introduced by radiative corrections
only. We analyze the dependence of the T-odd asymmetry
in B.R.(ut — eteTe™) on the Majorana and CKM-types
phases in the light and heavy neutrino sectors. We show
that, as in MSSM(RN), the T-odd asymmetry informa-
tion is complimentary to the branching ratio for yu — ey,
but the dependence on the angles is very different from
MSSM(RN). We pay particular attention to the heavy
neutrino CP-violating oscillation phase ¢ and the corre-
sponding two Majorana phases 12 and 3. We show the
results of the analysis in distinct scenarios, assuming the
possibility that either the light or the heavy neutrinos may
be hierarchical or (quasi)degenerate, and how, in the first
case, heavy neutrino mass ratio information can be ob-
tained from lepton-flavor conserving processes.

The paper is organized as follows: we review the LR-
SUSY model and its sources of flavor and CP violation in
Sect. 2. In Sect.3 we describe the scenarios for light and
heavy neutrino mixings considered. In Sect.4 we discuss
the dominant contributions to the T-odd asymmetry in
B.R.(ut — eTete™) and the electron EDM in the pres-
ence of slepton mixing. Our numerical analysis is included
in Sect. 5, and we conclude in Sect. 6.

2 Sources of leptonic CP violation in the
left-right supersymmetric model

The LRSUSY symmetry group,

SU(Z)L X SU(Q)R X U(I)B_L,
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contains three generations of quark and lepton chiral su-
perfields [7]. The Higgs sector consists of two Higgs bi-
doublets, ®1(1,%,0) and (3, %,0), which are required
to give non-vanishing Cabibbo-Kobayashi-Maskawa quark
mixing. In addition, Higgs triplet fields A (1,0,2) and
Ag(0,1,2), which transform as the adjoint representa-
tion of SU(2);, and SU(2)rg, respectively, are introduced
to provide spontaneous symmetry breaking of the group
SU((2)r x U(1)p—r to U(1)y. Triplets rather than dou-
blets are preferred because a large Majorana mass can be
generated (through the seesaw mechanism) for the right-
handed neutrino and a small one for the left-handed neu-
trino [6]. The number of triplets must be doubled, and
new triplets dr,(1,0,—2) and 0g(0,1, —2), with quantum
number B—L = —2, are introduced for providing anomaly
cancellation in the fermionic sector. The superpotential of
the LRSUSY model is:

W =Y3 QT mdmQ° + Y L @i L°
+iY r(LTmALL + LTy AR LF)
+Mpg[Tr(ALSL + ArdRg)]
113 Tr(1o®] T9®;) + Wi g (3)

with Wy r possible non-renormalizable terms arising from
higher scale physics or Planck scale effects [20]. The pres-
ence of these terms is important when the SUSY break-
ing scale is above Myy,,, insuring the existence of an R-
parity conserving ground state [21]. The My, scale can
be either relatively low (around 10 TeV) or much higher
(Mw,, =~ 10?2 — 10'* GeV). Each possibility is achieved
through a different mechanism of SU(2)g breaking [5],
and neither is ruled out experimentally. We chose here a
large My, scale since it is favored by the seesaw mecha-
nism.

Neutral Higgs fields acquire non-zero vacuum expec-
tation values (VEV's) through spontaneous symmetry
breaking of both parity and SU(2)g:

URO

K12 0
D = ’ ) .
(P12 ( 0 Hﬁgéﬁd)

During the first stage of breaking, the right-handed gauge
bosons get masses proportional to vg and become much
heavier than the usual (left-handed) neutral gauge bosons,
which acquire masses proportional to k1 and k5 at the sec-
ond stage of breaking. In equation (3), Y and Y, are the
Yukawa couplings for the quarks and leptons with bidou-
blet Higgs bosons, respectively, and Y g is the coupling
for the leptons and triplet Higgs bosons. LR symmetry
requires all Y-matrices to be Hermitean in the genera-
tion space and Y g matrix to be symmetric: YéQ, L=

(A), =0, (A)p = ( 0 0>, and

Yg r» Yrir = Y%, The Yukawa matrices cause flavor
violation through misalignment between the particle and
sparticle bases. In addition, soft supersymmetry breaking
masses for the charged slepton fields also induce LFV. Af-
ter symmetry breaking, the neutrino mass Lagrangian is:
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—2Lass = NG Myng +nGMinS (4)

There are 6 weak neutrino eigenstates which form:

Np = (R) viy = O (5)

VR

and the symmetric 6 x 6 mass matrix M, is given by:

M, = (
mOé

0 mP

with mZ = Y}k, + Y7k, and My = 2V, grug. The mass
of the a-flavor neutrino is given by the canonical seesaw
formula: )
D
(ma)
my, = — 7
Va MN ( )
To find the neutrino eigenstates, we perform a unitary
transformation: ng = Uy, such that UT M, U = M, is a
diagonal, positive mass matrix, and

1o - 1.
L:mass = —§ﬁLMynR+h.CE —iNMl,N, (8)

with N = fig + 76 = fig + Cfip, and
U*
U= <U2> (9)

UL(PLN), and VR — URﬁR = UR(PRN)

where
vy = U L 192 =
Similarly, the charged lepton mass matrix is:

M; = Y} K) + Yiko (10)
and is dlagonahzed by the unitary transformation:
U”MIUR = M;, with M; a diagonal, positive 3 x 3 mass
matrix. If we denote the physical lepton fields by I r =

U ZL rlr.r, we can define the 6 x 3 leptonic charged current
interaction matrices (the leptonic Cabibbo-Kobayashi-
Maskawa matrices) as:

KCKM t_ ot iUt

KCKM t_ oyt UR
Since Ul and Uk are diagonal matrices, the mass matrix
for the light neutrino states M, can then be diagonalized
by the unitary matrix Up,:

UL MUy = M) (13)
where MP =diag(m,, , m,,,m,,). Given the fact that neu-
trinos are Majorana particles, the Uy matrix can be ex-
pressed as:

Up = KSEM(9,6)P(9) (14)
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where P(¢) =diag(e™**1,e~2 1) and:
CKM

Kp77(0,0) (15)

—18

c13C12 €13512 size” "

1) 1)

= | —c23s12 — S23S13C12€"  C23C12 — S23513512€"°  S23ciz |,

i i
§23812 — €23513C12€ —823C12 — C23513S512€ C23C13

with ¢(s);; = cos(sin)f;;. The mixing angles 6;; and the
CP-violating phase ¢ are measurable in neutrino oscilla-
tion experiments.

We perform a similar analysis for the heavy neutrino
sector. The matrix for the heavy neutrino states is diago-
nalizable by the unitary matrix Ug,

UL MyUR = ME (16)

where MY =diag(My,, My,, My,). The matrix Ur ma-
trix can be expressed as:

Ur = K" (8,0)P(y) (17)

where P(v) =diag(1,e~"2,e~¥3) and K§5M(8,0) has
the same form as the CKM matrix in the left-hand sector,
but is a function of the independent (unknown) angles (3
and o. We proceed to show that in LRSUSY these angles
enter the low energy LFV processes through the RGE of
soft-symmetry breaking terms in the Lagrangian.

The SUSY-breaking terms for the Higgs bosons and
lepton sector in LRSUSY is given by:

‘Csoft = [A%YS)ET’TQ@Z'TQ.Z/C
+ALRYLR(ETT2AL[~/ —|— LCTTQAR[N/C>
+m§? ol ;]

+ {(m%)ijﬁu% + (m%%)iji;r%iZRj}
*M%R [Tr(Agrdr) + Tr(ALdL) + h.c]
where Ay, Apgr are soft-parameter matrices which pro-
vide additional sources of flavor violation. Inter-genera-
tional and left-right slepton mixing are responsible for the
off-diagonal nature of the matrices, and for flavor viola-
tion. Explicit expressions for the slepton mass matrices in
LRSUSY have appeared previously [22].

Denoting the charged slepton mixing matrix by Vi g,
we express the slepton mixing as:

“L,R

lar.r = (Vi.R)ail; (19)

with @ = e, u,7 and ¢ = 1,2,3. The left-left and right-
right slepton mixings are approximately block-diagonal,
while the left-right mixings are proportional to values of
the trilinear parameters Ay. At energies below Mgy, ra-
diative corrections generate the off-diagonal entries in the
slepton mass matrix via the RGE. These corrections are
parametrized in LRSUSY using the logarithmic approxi-
mation as [23]:

87r2 (3mg + ao)(YTYL + YLRYLR)
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Mgur
x log ———
N
(01%)ij = (9m)i
Ao
(0AL)ij » —g

1
X [(3YL + QYLR) YgYL + 2YLY£RYLR
j
Meur
My

x log

3A
— 52 YerYYL + Y[ Yen)li
« log Maur

g My

<5ALR)ij ~

(20)

where the second equation is a consequence of left-right
symmetry. Note that in the leading-logarithmic approx-
imation both Yukawa couplings from the light (Y7) and
heavy (YLgr) sectors enter the equation for the slepton
mass matrices. The LFV interactions induced by slepton
observables will depend on the phases in both the heavy
and light neutrino sector, even if the heavy neutrinos de-
couple from the low-energy spectrum. This is a residual
LRSUSY effect at low energies. The feature present in
MSSM(RN), in which CP-violating phases are induced
only in the off-diagonal elements of the slepton mass ma-
trix, persists here.

Expressing the combination of Yukawa couplings ap-
pearing in the slepton mass matrix, we obtain, using the
Casas and Ibarra parametrization [4]:

(Yo ki = vsinﬁdiag(\/MN“ VMn,,/My,) Ry
xdiag(y/m1, v/ma, v/mz) (U] )i

1 *
(Yor)ri = Yo (UR)ki

Xdiag(MNnMNz’MNa)(U}T%)li (21)
with Ry; an auxiliary complex orthogonal matrix. Before
proceeding to find explicit expressions for the Yukawa cou-
plings as functions of neutrino masses and mixings, we
comment on the role of sneutrino masses in affecting LFV
decays and CP violating parameters. The sneutrino mass
matrix is expressed by a 12 x 12 matrix, but an effective
6 x 6 matrix for the light sneutrinos using the seesaw mech-
anism [24] can be obtained. The seesaw mechanism in the
sfermion sector insures small mixing between the right-
handed and the left-handed sneutrinos. The left-right el-
ements of the sneutrino mass matrix are proportional to
the Dirac neutrino mass and can be significant, while the
right-right element of the sneutrino mass matrix is very
heavy. This suppresses the mixing of sneutrinos by 1/M%,
with My the right-handed neutrino mass. Thus in the
light sneutrino sector the Dirac terms mix almost degen-
erate states and do not induce considerable mixing [25].
Flavor violating decays are therefore dominated by the
charged slepton mixing.
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3 Light neutrino mixing and parameters
in the leptonic sector

In the leptonic sector, LRSUSY has three light neutrino
mixing angles 6;;, three CP-violating light neutrino mix-
ing angles: § and ¢; »; and similarly, for the heavy neutrino
sector, the mixing angles §;; and the CP violating angles
o and 13 3. In addition to these, there are three charged
lepton, three light neutrino and three heavy neutrino mass
parameters. Thus, a complete analysis eludes us. We will
however consider the effects of the masses and mixings
in the neutrino sector in some interesting scenarios which
were previously singled out in the literature. We also take
advantage of relationships established between the mix-
ing in the heavy and light neutrino sectors in models with
seesaw.

For the purposes of the present work, we shall distin-
guish four cases:

(a) hierarchical vy, and degenerate vg:

2 r~ ] A2
Ami,, ms3 =~/ Ams,

.Z\f]\]1 :]\4]\]2 = MN3 (EMN) =

m1%0, mo =

(b) (quasi)degenerate vz, and degenerate vg:

1
2
mo &~ m1 + ——Amfi,,

my , om
1

1
2
mg &~ mq + —— Amig
2m1

]\/[N1 :MN2 = ]\4]\[3 (E MN) = MR (23)

(c) hierarchical v, and nondegenerate vg:

~ ~ 2 ~ 2
my =0, mg~/Amiy, ms =~/ Ami,
2

My, : My, : My, = €3 : ex @ 1 (24)

(d) (quasi)degenerate vy, and nondegenerate vg:

1
2
mo & my + ——Amis,

my, m
1

2
ms ~ m; + ——Amsg
2m1

My, : My, : My, = €3 : e : 1 (25)
with ey the hierarchy parameter in the heavy neutrino
sector. Taking ey < 1(> 1) deals with both hierarchical
(and inverse hierarchical) ordering of heavy neutrinos.
Effects of light neutrino masses and mixing on the
right-handed Majorana neutrino sector have been ana-
lyzed previously [26]. Relationships between light and
heavy neutrino masses and mixings have been obtained
by inverting the relationships for the seesaw mechanism.
In the limit of non-zero (UL)e3, and assuming hierarchi-
cal Dirac neutrino masses, the heavy Majorana neutrino
masses are either hierarchical or degenerate. The authors
of [26] show that degenerate right-handed neutrino masses
correspond to maximal heavy neutrino mixing, while hier-

archical ones correspond to heavy neutrino masses which
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scale linearly with ratios of Dirac neutrino masses. For
degenerate right-handed neutrinos, the pertinent product
of Yukawa couplings does not depend on the mixing ma-
trix elements or Majorana phases in the heavy neutrino
sector. These are cases in which one could test for the
parameters in the light neutrino sector. The situation is
changed when the right-handed neutrinos are nondegen-
erate. In the experimentally favored limit of small 63
and the large-mixing angle solution (LMA) of the MSW,
the right-handed masses are related to the light neutrino
masses and mixing angles through:

mP)2 1 mP)2
MN1%( 1) . 92 7MN2%2( 2) ;
ma  sin” 019 ms3
1 (mD)2
Z\l]\/'3 ~ B ’)7’12 SIH2 012 (26)

and the mixing angles for heavy neutrinos are related to
the mixing angles for light neutrinos by:

L mP mP
R ———= cot“ Oy ; ~ V2L cot? 0y ;
P12 /3 mb 125 B3 mD 12
D
ma
~ 27
/623 mSD ( )

where m;,i = 1,...3 are the light neutrino masses and
mP i =1,...3 are the Dirac masses.

]

The product of Yukawa couplings appearing in the
renormalization group equations for the slepton mass ma-
trix can then be approximated by [27]:

(@) (Y]YL+Y/pYLR)ij

MR

~ 4
%

2
y ( Amsg

Am3,
(YIYL 4+ Y] . YiR)s
~ M712V5H My
4027 w2sin® g
Am2., [ Am? . .
s (o (UL + W)U |
mis

(e) (ViYL + Y] YiR)i

(UL)i2(UL)j2 + (UL)fs(UL)j:a)

|:m1 (Sij

2m1

R 2 <(UR)>‘k (Ur) '1]\/[7]%1 + (Ur)%5(Ugr) Qi
2, i1 J M2, i2 j Mz,
" <UR>23<UR>33) b fan,
X < 22?2 (UL);Z(UL)]'Z% + (UL)fg,(UL)js)
(d) (YLTYL +YLTRYLR)ij
Z)% <(UR)§1(UR)J'1%§; + (UR)TQ(UR)jQJ\]\%
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+ (UR)i?,(UR)j?)) + m
MN Am2 Am2 MN
(Si‘ 1 23 23 U * U X 2
s 3+ S (8 0 ()
" <UL>:3(UL>j3)] (28)

with v? = k% 4+ k3, tan 8 = K1/k2, and where the ratios
of the right-handed neutrino masses and mixing elements
can be approximated as in the previous equations.

4 CP violating observables
in the leptonic sector

We analyze the effects of phases in the slepton mixing in
LFV processes in charged lepton decays and in lepton-
flavor conserving dipole moments. Lepton flavor violation
is induced by the off-diagonal components in the slepton
mass matrix (632 ), (6m%), and the trilinear slepton mass
couplings A; and Apg, while leptonic dipole moments
are determined by the diagonal components of the same
parameters.

4.1 Lepton flavor violation observables

The amplitude for the lepton-flavor violating dipole oper-
ator I’ — Iy has the form:

My, = 2:1« w(p2)o" qu(ariiyPr + aryiyPr)ur (p1)
+h.c., (29)
which leads to the branching ratio:
Ty = WIQ(IGLMIQ + lariy|*)m} (30)
™

Processes that violate charged lepton flavor, such as I’ —
ly or pTi(Al) — eTi(Al) can provide important comple-
mentary information on the leptonic CP violating phases,
even if these processes are CP conserving, because of the
extreme precision expected in the measurement of the
branching ratios. In particular, beams of low-energy
muons more intense by several orders of magnitude than
present beams will probe LFV process with high sensitiv-
ity B.R.(u — ey) ~ 107 B.R.(n — eee) ~ 10716, The
latter sensitivity opens the way to measuring the T-odd,
CP-violating asymmetry Ar(ut — etete™).

The supersymmetric contributions to the lepton flavor
violation amplitude arise at one-loop level from graphs
with chargino-sneutrinos, or neutralino-sleptons, or (spe-
cific to LRSUSY) doubly-charged higgsino-sleptons in the
loop. It has been shown previously [28] that chargino-
sneutrino graphs give the dominant contribution for
(U)e3 < 1074, Full expressions for the dipole amplitudes
have appeared elsewhere [29]. These expressions enter the
evaluation of the T-odd asymmetry, discussed next.
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4.2 T-odd asymmetry in u™ — etete™

It has been suggested that the the distribution in the
Dalitz plot asymmetry in u* — etete™ carries infor-
mation on chirality and the Lorenz structure of LF'V cou-
plings absent in g — ey [30]. In particular, the T-odd
asymmetry is a sensitive probe of CP-violation in LFV
decays. It was shown in MSSM(RN) that this asymmetry
is strongly anti-correlated with the p — ey branching ra-
tio, so that it could provide information complementary
to the radiative muon decay [31].

The effective Lagrangian for u* — eTete™ is [30):
4G o
Licee = _TJ{muaLuevﬂLU# erFun

+MpaRueyfiro™ e Fu + g1(figer)(€rer)
+g2(firer)(erer) + g3(firY"er)(€rVuER)
+g4(firy"er)(eLyuer)
+95(frY" er)(€ryuer)

(

+g6(fry"er)(ervuer) + h.c.} (31)
Here G is the Fermi constant, a(r)ruey the photon pen-
guin amplitude from p — ey, g1, g2 scalar-type, and
gi, © = 3,...6 vector-type four-fermion coupling constants
dependent on the model. Kinematics of the u+ — etete~
is determined by two energies (of the decay positrons) and
two angular variables (measuring the direction of muon
polarization with respect to the decay plane). Defining
the polarization vector with respect to a plane in which
the z-axis is the direction of the electron momentum, and
the x-axis the direction of the most energetic positron mo-
mentum, and assuming 100% polarized muons, the T-odd
asymmetry in the three-body decay is:
N(Py>0)—N(P, <0)

N(P,>0)+ N(P, <0)

3e

= m{zo Im(aruey93 + GRuer91)

Ar =

—1.6 Im(aLuyg5 + aRuevgg)} (32)
where N(P,) denotes the number of events with posi-
tive or negative y-component of muon polarization and
B.R.(6 = 0.02) represents the three body branching ratio,
B.R.(u — 3e), maximized for the T-odd asymmetry [30].
Full expressions for all three-bodies LFV decays in LR-
SUSY have been obtained in [32] and we shall use them
in our numerical explorations. Similar results can be ob-
tained for 7 — [ll decays; given the lower experimental
precision in the 7 versus p branching ratios, we do not
explore 7 — 3l decays and asymmetries here.

4.3 Lepton flavor conserving observables

The amplitude for the dipole operator responsible for the
anomalous magnetic moment of the muon is:

ie
2m

m

Mu = ﬁu(p2)(aLuPL + aRuPR)Uuyquuu(pl)Au (33)
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and the corresponding amplitude for dipole operator re-
sponsible for the electron electric dipole moment is:

i — v
D. = _§deue(p2)0m/Fu Y5te(pP1) (34)
The new measurement for the muon anomalous magnetic
moment a,, [33]:

ai™ —ai™ = (2.6 £ 1.6) x 1077

(35)

gives a 1.6 o deviation between theory and experiment
[34]. The contributions to the anomalous magnetic mo-
ment of the muon are related to the amplitudes for the
LFV decay p — ey, except that they are flavor diago-
nal. In LRSUSY, as in MSSM with singlet right-handed
neutrinos, the Yukawa coupling constants appear in the
renormalization group equations in Hermitean combina-
tion, thus inducing CP-violating phases in the off-diagonal
elements of the slepton masses only. This suppresses the
CP violating effects in processes dominated by diagonal
slepton mass elements, such as magnetic dipole or elec-
tric dipole moments. We use anomalous magnetic moment
constraints to restrict the parameters of the model and the
electric dipole moments to extract information about the
heavy neutrino mixing.

The contributions to the electric dipole moment of the
electron come from the same graphs as the muon anoma-
lous magnetic moment, except that both the incoming and
outgoing muon have to be replaced by electrons. Since
a non-vanishing d. in the SM results in fermion chiral-
ity flip, both C'P violation and SU(2); symmetry break-
ing are required. The corresponding contribution will de-
pend on the phases of the model, which are not universal,
even if the soft-breaking masses are assumed to be univer-
sal. There are several CP-violating phases allowed in the
left-right supersymmetric model [35]. Some appear in the
gaugino masses for the SU(2)r, SU(2)r and U(1)p_p:
M; = |M;lexp(iw;). Some appear in the soft-symmetry
breaking Lagrangian, in the trilinear soft breaking param-
eter Ag = |Aplexp(icy), in the quadratic soft-breaking
By = |Bylexp(ifp,), and in the Higgs mixing parameter
pijo = |pijolexp(ify,;). As in MSSM, one can always set
one of the gaugino phases to zero. Since we would like to
compare the results obtained in LRSUSY with the ones
obtained in MSSM, we chose a minimal set of non-zero
phases to coincide to mSUGRA phases [36]. The Yukawa
couplings appear through diagonal terms in the slepton
mixing matrices, therefore the lepton electric dipole mo-
ments do not provide information on the CP-violating
phases in the neutrino mass matrix. However, in the case
of nondegenerate right-handed neutrinos, they give infor-
mation on the mass ratios of the heavy neutrinos and
therefore provide complimentary information on the neu-
trino sector from LFV decays. It is for this purpose that
we include them in this analysis.

We eliminate all other phases in favor of two which we
choose to be (6;5), = 0;;0,, and wi. The contributions to
the electron dipole moment arise then from the chargino-
sneutrino, the neutralino-slepton and the doubly-charged
higgsino-slepton graphs. We assume as before the dipole
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to be saturated by the contributions from diagrams with
sleptons in the loop (coming from neutralino diagrams
where chirality is flipped internally). For a complete list
of contributions, see [35].

5 Numerical analysis

The flavor violating decays and the electric dipole mo-
ments are sensitive to the universal GUT parameters mg
(the scalar mass), the trilinear coupling Ay, the value and
the sign of the Higgs mixing parameter p, the value of
tan 8, and the values of the U(1), left- and right-handed
gaugino masses My, My and Mp (through m,,5). We fix
the sign of 4 to be positive: although p < 0 can satisfy
both the anomalous magnetic moment of the muon and
b — s7 constraints, the range is limited [37], while a larger
range is permitted for p > 0. We choose a light super-
symmetric particle scenario and set the masses and tan g3
in a range consistent with muon magnetic moment con-
straints. We concentrate on contributions with sleptons
in the graphs. The diagrams with doubly-charged higgsi-
nos give a contribution smaller by 1072 — 10~! than the
diagrams with neutralinos.

In numerical evaluations, we fix the gauge and Yukawa
couplings at Mz then use the RGE’s up to the scale My,
where we introduce the heavy neutrinos, fix their masses,
and the light neutrino masses and mixing. We assume uni-
versal soft-symmetry breaking at the GUT scale Mgy ~
2-10' GeV. We then run all Yukawa coupling matri-
ces from My, to Mgyr using the renormalization group
equations for LRSUSY [23]. We assume universality of the
soft-supersymmetry breaking terms, then run all parame-
ters back to My, where the heavy neutrinos and sneutri-
nos decouple and LRSUSY breaks to MSSM. We do not
consider any intermediate scales between My, and My.
We then obtain all parameters by running the RGE’s to
M. We use previously given expressions [32] for chargino
and neutralino masses and mixings, then calculate the am-
plitude for u — e7, the T-odd asymmetry in the decay
ut — etete™ with polarized muons, and electron EDM
for the scenarios (a)-(d).

For the light neutrinos masses and mixings, we fix the
parameters using the LMA-MSW solution as [38]:

tan? 012 = 0.36 tan®0s3 = 1.4 and tan? 63 = 0.005

(36)
and, correspondingly, the median values for Am?,,, and
Am?

Am2,. ~ Am2, =3 x 1073 eV?
Am?, ~ Am?, =3 x 1075 eV? (37)

This sets the neutrino mass parameter in the light sector

— Ami, _
v = Am3y
My, =5 x 101 GeV and explore the leptonic branching
ratios and EDM’s for a variety of values of the parameter

M .
EN = 4/ MZ 2 In order to obtain reasonable values for
3

0.1. In the heavy neutrino sector, we set
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Fig. 1. The dependence of the branching ratio B.R.(ut —
e*y) on the CP violating angles in the light neutrino sector,
¢2 and 0 in scenario (a). The values of the other parameters
were chosen for all representative figures as follows: M = 100
GeV, mo = 200 GeV, u = 200 GeV, ap = mo and tan 8 = 10

the triplet coupling Y r, we choose vg = 3.2 x 104 GeV.
This insures that the largest Yukawa coupling of the triplet
AR~ is within experimental bounds, (Y r),~ < 0.8. The
drawback of such heavy scales is that the Wgx boson is
superheavy, My, ~ 1.5 x 101! TeV.

Before begining our detailed numerical analysis, we
make some general explanatory comments. In all scenar-
ios, the angles 615, 623, 613 from the light neutrino mix-
ing matrix, and 12, [23, (13 from the heavy neutrino
mixing matrix are set by solar and atmospheric neutrino
constraints and the inverse seesaw relationships (26). Sce-
narios (a) and (b), involving degenerate heavy neutrinos,
do not probe the heavy neutrino mass spectrum or mixing
but constitute a probe into the CP phases of the light neu-
trino spectrum. By contrast, scenarios (c¢) and (d) depend
on the masses, mixings and CP phases in the heavy neu-
trino spectrum. In some cases this dependence dominates;
in others it is obscured by interference from the light neu-
trino mixings and phases. Lepton EDM’s do not depend
on the CP phases in the neutrino mass matrix, but for
scenarios (c) and (d), they depend on the mass ratios in
the heavy neutrino sector. We analyze these observables
in scenarios (a)-(d) in detail below.

In both scenarios (a) and (b), the strongest depen-
dence of the LFV branching ratio and the T-odd asym-
metry is on the angles ¢ and 6. Here, as in MSSM(RN),
there is an anti-correlation of asymmetry and branching
ratio results [31]. This can be seen by comparing Fig. 1,
where we show the variation of B.R.(u — ey) with ¢
and §, with Fig. 2, where we show the CP-odd asymmetry
Ar(pt — etete™) with the same parameters. Unlike the
branching ratio, which is more sensitive to variations in
the CKM-angle §, the asymmetry is a sensitive probe of
the angle ¢ from the light neutrino sector. We analyze
this dependence in more detail. In scenario (a) the asym-
metry, as a function of the CKM angle 4, varies by a factor
of 4 in the light sparticles scenario for different Majorana
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Fig. 2. The dependence of the T-odd asymmetry Ar(u™ —
eTeTe™) on the CP violating angles in the light neutrino sector,
@2 and ¢ in scenario (a). The values of the other parameters

were chosen as in Fig. 1

Ar(ut — efete)

0.4
0.3
0.2
0.1
— - —
—_ —~ 5
-3 -2 -1 - _ 2 73

Fig. 3. The dependence of the T-odd asymmetry Ar(u™ —
eteTe™) on the CKM-like angle in the light neutrino sector §
in scenario (a), for ¢2 = 5 (solid curve) and ¢2 = 0 (dashed
curve). We take the other LRSUSY parameters as in Fig. 1

angles ¢o (Fig.3). The T-odd asymmetry is 0 for ¢ = 0
and maximal for ¢ = 7. The dependence on the angle ¢s,
(Fig. 4), shows no significant differences between § = 0 and
d = T scenarios. The same features apply to scenario (b).
There are no clear distinguishing signs in LRSUSY be-
tween scenarios with hierarchical (or inverse hierarchical)
light neutrinos (a), and degenerate (or quasidegenerate)
light neutrinos (b), within models with degenerate right-
handed neutrinos. Although there are slight differences in
the absolute values of the T-odd asymmetry and branch-
ing ratios, these differences are small and the dependence
on the angles very similar. Such small differences can eas-
ily be absorbed in a change of mass parameters, so we
conclude that CP phases dependence cannot distinguish
between scenarios (a) and (b).

The situation is more involved when we allow for non-
degenerate heavy neutrinos.
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Fig. 4. The dependence of the T-odd asymmetry Ar(u™ —
etete™) on the Majorana angle in the light neutrino sector
¢2 in scenario (a), for 6 = 0 (solid curve) and § = % (dashed

curve). We take the other LRSUSY parameters as in Fig. 1

In Fig. ba we plot the T-odd asymmetry in the three-
body polarized muon decay as a function of ¢ and o,
in scenario (c) and Fig.5b the same quantity, again as
a function of ¢o and o, in scenario (d), for €% = 0.1.
The asymmetry behaves quite differently in the two cases
(hierarchical heavy neutrinos with either hierarchical or
degenerate light neutrinos). The T-odd asymmetry can
be used to distinguish between the last two scenarios, (c)
and (d). The anti-correlation of the T-odd asymmetry for
scenarios (c) and (d) with the branching ratio of u — ey
persists. If we compare the branching ratio for p* — ey
and for T — eTete™, they show the same dependence on
the CP-violating phases, comfirming the dominance of the
photon penguin in both decays. Improved precision mea-
surements of both would favor the dipole decay as more
restrictive of the parameter space. However, because of the
anti-correlation between the branching ratio and the cor-
responding T-odd asymmetry in u™ — eTeTe™, measure-
ments of both B.R.(ut — e*v) (or B.R.(ut — eTete™))
and Ar(ut — eTete™) could provide information on CP
violating phases. Note that the asymmetry in LRSUSY
can be as large as 4%, larger than estimates in SO(10),
but smaller than possible values in SU(5) [30]. The largest
B.R.(u™ — eTete™) is obtained for negative values of
Ar(ut — efete™) and could reach 10714 which could
be measured by experiments with a sensitivity at 10716
level.

Finally, we analyze leptonic electric dipole moments
within LRSUSY with leptonic CP phases. It is a well-
known problem in MSSM, persisting in some versions of
LRSUSY [35], that for light superparticle masses and large
minimal supergravity (mSUGRA) phases, the predicted
EDM for the electron is 2-3 orders of magnitude larger
than the experimental bound [39,40]. Three remedies ex-
ist to this problem: (i) assuming a heavy slepton spec-
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Fig. 5a,b. (a) The T-odd asymmetry in the three-body polar-

ized muon decay Ar(ut — eTete™) as a function of ¢ and o

in scenario (c); and (b) the same quantity, again as a function
of ¢2 and o in scenario (d). We chose €% = 0.1 for both curves
and the rest of the parameters as in Fig. 1

eEDM

7-107%
6-10"%
5-107%
4-1077

3.10°%

2-107%

1.107%

EN

0.2 0.4 0.6 0.8 1

Fig. 6. The dependence of the electron EDM on the heavy
neutrino mass parameter €y in scenario (d). We take 6, w1 =
5 x 1072 and the other LRSUSY parameters as in Fig. 1

trum, with masses in the several TeV region, and large
phases [39]; (ii) assuming light supersymmetric particles
and phases of order 1073 [40]; or (iii) assuming cancel-
lations between chargino and neutralino contributions to
the EDM [41]. Since our set of parameters involves light
masses, and we analyze the neutralino contribution only,
we work in scenario (ii) and assume the mSUGRA phases
to be small. As discussed previously, the EDM’s are in-
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dependent of the CP phases in the neutrino sector since
phases appear only in the off-diagonal matrix elements
(YLT Y+ YLT rYLR)ij- However the electric dipole moments
are a sensitive measure of the mass textures in the heavy
neutrino sector. Since the heavy neutrino textures are hi-
erarchical, the renormalization group effects do not inter-
fere with their generic structure. The effect on leptonic
EDM’s is very different from MSSM(RN), since the CP-
conserving phases in the heavy neutrino mass matrices
depend on the hierarchy parameter ey. Figure 6 shows
the dependence of the electron EDM on €y in scenario
(d). The rapid oscillation of EDM’s with ey is a typical
feature of LRSUSY, and always occurs in the case of non-
degenerate, hierarchical or anti-hierarchical, heavy neutri-
nos. It does not depend on the details of neutrino mass
ordering in the light sector. As a general feature, the oscil-
latory behaviour is more rapid for increasing values of €.
For some values of the parameter €y, the electron EDM
can reach and exceed the experimental bounds, and for
the entire parameter space considered, it is within reach
of future experiments. This oscillatory dependence raises
the interesting possibility that the EDM is very small (i.e.,
within experimental bounds) in LRSUSY due to the right-
handed neutrino mass structure. The same oscillatory be-
haviour occurs in LFV decays, but there it is obscured by
dependence on several other phases and more difficult to
isolate.

6 Conclusion

We have presented an analysis of the effects of Majorana
and CKM-like phases in the heavy and light neutrino sec-
tors in a fully left-right supersymmetric model. In this
model, lepton flavor violation is introduced by radiative
corrections in the slepton mass matrix. Because of left-
right symmetry and the Higgs structure of the model (cho-
sen to support the seesaw mechanism), the LFV parame-
ters depend on the mixing elements in both the heavy and
light neutrino sectors. We express the heavy neutrino mix-
ings as functions of the light neutrino parameters within
present constraints from atmospheric and solar neutrinos
within the LMA of the MSW. We use this parametrization
to study heavy neutrino mass textures and CP violating
phases effects in the T-odd asymmetry in polarized muon
three-body decay pu* — eTete™ and the electric dipole
moment of the electron. We look at four cases, assum-
ing either degenerate or non-degenerate heavy neutrinos,
and either (quasi)degenerate or hierarchical light neutri-
nos. The possibility of inverse hierarchy of the heavy neu-
trinos is included as well. Although our phenomenological
analysis is general but not exhaustive, it is illustrative of
the general features of the model.

With respect to the dependence on the CP violat-
ing angles in the light neutrino sector, we found that, as
in MSSM(RN) the information obtained from the LFV
branching ratios and T-odd asymmetry are anti-corre-
lated. However, the similarity ends here, as the depen-
dence of B.R.(u — ey) and Ap(ut — etete) is dif-
ferent in LRSUSY from MSSM(RN), even in the case in
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which the heavy neutrinos are degenerate. More impor-
tantly, in the case of non-degenerate right-handed neutri-
nos, the LF'V can provide information on the CP-violating
Majorana and CKM-like phases in the heavy neutrino sec-
tor. This is one new feature of the model.

If one analyzes the dependence of the LFV processes
or EDM’s on the hierarchical mass parameter in the heavy
neutrino sector, they all exhibit an oscillatory dependence,
rather than the smooth curves seen in MSSM(RN). This
is the second new, distinguishing feature of the model. It
persists independent of the textures in the light neutrino
sector, and it becomes more enhanced with increasing €y,
the mass hierarchy parameter in the heavy sector.

As general features, scenarios with degenerate right-
handed neutrinos are useful for testing CP-violating phase
dependence in the light sector. For the Majorana phase
¢, the T-odd asymmetry provides the most promising
signals. For the CKM phase §, stronger tests would come
from improved precision in measuring the branching ra-
tios of either y — ey or 7 — py. Scenarios with hierar-
chical right-handed neutrinos are most promising testing
grounds for CP violating phases in the heavy neutrino
spectrum. The T-odd asymmetry appears most sensitive
to the CKM phase o, while the branching ratio for 7 — u~y
is a more sensitive observable with respect to the Majo-
rana angle 13; neither is sensitive to the angle ¢- in these
scenarios.

In conclusion, the dependence on the light and heavy
neutrino masses, mixings and CP-violating phases in the
LRSUSY model exhibits very different features from the
MSSM with right handed singlet neutrinos. It can be used
to test the heavy neutrino sector masses and mixings, but
also to serve as a distinguishing signal of left-right sym-
metry within the realm of supersymmetric models.
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