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Abstract. The observation of neutrino oscillations imposes a pattern of mixing in both the sneutrino and
charged slepton sectors. On the other hand, the apparent 2.60 deviation of the anomalous magnetic moment
of the muon from the standard model value favors a scenario beyond the standard model. We show that,
in a supersymmetric model with left-right symmetry, which provides an explanation for both phenomena,
the relationship between flavor conserving dipole moments, such as the magnetic and the electric dipole
moments, and flavor violating dipole moments, such as u — ey, 7 — pvy and 7 — e, is quite different
from that in the MSSM. From general analytic considerations, we derive bounds on the fractional sneutrino
mass splittings 535 o /m2 < 1.5x107°, and the fractional charged slepton splittings §§ﬂ/mlg < 2x1072. For
[ — 7, the mixing is allowed to be maximal. We also comment on the magnitudes and correlations between
CP-violating angles coming from electric dipole moments. We supplement the analytical considerations by

detailed numerical calculations.

1 Introduction

The recent measurement of the anomalous magnetic mo-
ment of the muon at BNL [1] shows a deviation from the
result expected in the Standard Model and suggests that
a contribution from physics beyond the Standard Model
might be necessary to explain the discrepancy. This obser-
vation follows recent observations of neutrino oscillations,
for both atmospheric and solar neutrinos [2]. Neutrino
oscillations are unaccounted for in the Standard Model
where neutrinos are exactly masseless and therefore can-
not mix. The observation of neutrino oscillations also pro-
vides the first clear indication of lepton flavor violation.
The most persuasive explanation for the observation of
the deviation of the anomalous magnetic moment seems
to come from supersymmetry, which provides significant
additional contributions to the anomalous magnetic mo-
ment operators [3]. The most elegant explanation for the
second phenomenon lies in the see-saw mechanism which
provides a small mass for the left-handed neutrinos while
introducing massive right-handed neutrinos [4]. An expla-
nation for both would require (at least) extending the
Standard Model to its supersymmetric version, the Min-
imal Supersymmetric Standard Model (MSSM) with the
addition of right-handed neutrinos. This model has the
advantage that it is minimal: however, as a symmetry is
seems at best ad hoc. It is hoped that extended gauge
structures, introduced to provide an elegant framework for
the unification of forces [5], could connect the standard
model with more fundamental structures such as super-
strings, while at the same time resolve the puzzles of the
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electroweak theory. The Left-Right Supersymmetric (LR~
SUSY) is perhaps the most natural extension of the mini-
mal supersymmetric model [6-9]. Left-right supersymme-
try is based on the group SU(2)r x SU2)r x U(1)p—1,
which would then break spontaneously to SU(2), xU(1)y
[6]. LRSUSY was originally seen as a natural way to sup-
press rapid proton decay and as a mechanism for providing
small neutrino masses [8]. Besides being a plausible sym-
metry itself, LRSUSY models have the added attractive
features that they can be embedded in a supersymmetric
grand unified theory such as SO(10) [10]. Another sup-
port for left-right theories is provided by building realistic
brane worlds from Type I strings. This involves left-right
supersymmetry, with supersymmetry broken either at the
string scale Mgsygy ~ 1019712 GeV, or at Mgysy ~ 1
TeV, the difference having implications for gauge unifica-
tion [11].

The left-right supersymmetric model has interesting
implications for lepton flavor violating decays (LFV). High
precision measurements of these processes can often pro-
vide useful probes of the underlying symmetry of the
model. It was recently pointed out that in supersymmet-
ric theories the electromagnetic dipole operators have a
very similar structure [13]. This similarity allows the muon
anomalous magnetic moment to be related to the elec-
tron EDM in terms of the (CP-phase) of the dipole op-
erator and to the rate of lepton flavor violating decays
uw — ey, T — ey and 7 — wy though violations of slep-
ton/sneutrino universality. Such relationships have been
investigated in the context of MSSM [13,14].

In this work we show that the relationships found in
MSSM are not universal and that quite different relation-
ships can be expected in other models. We do so by in-
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vestigating the dipole moments in the left-right supersym-
metric model. This model has some of the features of an
supersymmetric SO(10), except that lepton-quark univer-
sality is not imposed by unification. Some of the features of
the Higgs sector (the choice favored by the see-saw mecha-
nism), as well as left and right slepton mixing, have an ef-
fect on the relationships between different processes. Var-
ious supersymmetric models already predict lepton flavor
violation decays close to experimental limits. Since it is
expected that in the near future new searches for LF'V pro-
cesses will be undertaken, with increased event sensitiv-
ity, it is important to investigate the predictions for such
events in models beyond MSSM. If non-conservation of
lepton flavor will be observed by the next generation of ex-
periments, concrete predictions for different models would
help disentangle the underlying new symmetry structure.

This paper is organized as follows: we review the LR-
SUSY model and its sources of flavor violation in Sect. 2.
In Sect. 3 we list the dominant contributions to the anoma-
lous magnetic moment, the lepton flavor violating decays
l; = ljy, and the electron EDM in the presence of slep-
ton and sneutrino mixing. We present relationships be-
tween these processes based on analytical considerations
in Sect.4. Our numerical analysis is included in Sect. 5,
and we conclude in Sect. 6.

2 The left-right supersymmetric model
and lepton flavor violation

The LRSUSY symmetry group, SU(2);, x SU(2)r X
U(1)p-r, has matter doublets for both left- and right-
handed fermions and their corresponding left- and right-
handed scalar partners (sleptons and squarks) [8]. In the
gauge sector, corresponding to SU(2), and SU(2) g, there
are triplet gauge bosons (W= W) (W+~ W% g and
a singlet gauge boson V' corresponding to U(1)p_p, to-
gether with their superpartners. The Higgs sector of this
model consists of two Higgs bi-doublets, (Pu(%, %, 0) and
@d(%, %, 0), which are required to give masses to the up
and down quarks. The spontaneous symmetry breaking of
the group SU(2)g x U(1)p—r to the hypercharge symme-
try group U(1)y is accomplished by the vacuum expec-
tation values of a pair of Higgs triplet fields Ay (1,0,2)
and Ag(0,1,2), which transform as the adjoint represen-
tation of SU(2)g. The choice of the triplets (versus four
doublets) is preferred because with this choice a large Ma-
jorana mass can be generated (through the see-saw mech-
anism) for the right-handed neutrino and a small one for
the left-handed neutrino [7]. In addition to the triplets
Ar g, the model must contain two additional triplets,
0r,(1,0,—2) and (0,1, —2), with quantum number B —
L = —2, to insure cancellation of the anomalies which
would otherwise occur in the fermionic sector. The super-
potential for the LRSUSY is:

W =h{Q T 0,1Q° + b\ LT 1y, L°
+i(hLRLTT2ALL + hLRLCTTQARLC)
+Mpp [TT(AL(SL + AR(SR)] + HijTT(TQ@{TQ@j)
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+Wnr (1)
where Wy denotes (possible) non-renormalizable terms
arising from higher scale physics or Planck scale effects
[15]. The presence of these terms insures that, when the
SUSY breaking scale is above Myy,, the ground state is
R-parity conserving [16].

The neutral Higgs fields acquire non-zero vacuum ex-
pectation values (VEV's) through spontaneous symmetry
breaking:

0 0 Ru,d 0
A = d (® = ' .
< >L,R (UL,R 0) , an < >u,d < 0 K;7d€1w>

(P) causes the mixing of Wi and Wx bosons with CP-
violating phase w. The Higgs fields acquire non-zero
V EV’s to break both parity and SU(2) g. In the first stage
of breaking, the right-handed gauge bosons, Wgr and Zg
acquire masses proportional to vg and become much heav-
ier than the usual (left-handed) neutral gauge bosons Wy,
and Zp, which pick up masses proportional to k, and kg
at the second stage of breaking.

In the supersymmetric sector of the model there are six
singly-charged charginos, corresponding to A L, A R, qZ)u, g?)d,
A7, and Ap. The model also has eleven neutralinos, cor-
responding to 5‘27 5‘2'7 5‘V> é?uaégua ~(1)(15 ggg(ﬂ A%a ANOR Sga
and S%. It has been shown that, in the scalar sector, the
left-triplet Az, couplings can be neglected in phenomeno-
logical analyses of muon and tau decays [17]. Although
Ay is not necessary for symmetry breaking [9], and is
introduced only for preserving left-right symmetry, both
A7 and its right-handed counterpart Ay~ play very im-
portant roles in phenomenological studies of the LRSUSY
model. We include them both in our formal expressions,
but only the Ar contribution in the numerical analysis.

The sources of flavor violation in the LRSUSY model
come from either the Yukawa potential or the trilinear
scalar coupling.

The interaction of fermions with scalar (Higgs) fields
has the following form:

Ly =h,QrP,Qr +hiQrPaQr +h, L P, LR
+he.Z/L@dLR + H.C.;
Ly = ihLR(LEC_lTQALLL + Lgc_lTQARLR)
+H.c. (2)
where h,, hg, h, and h, are the Yukawa couplings for the
up and down quarks and neutrino and electron, respec-
tively, and hp g is the coupling for the triplet Higgs bosons.
LR symmetry requires all h-matrices to be Hermitean in
the generation space and hyr matrix to be symmetric.
The Yukawa matrices represent misalignment between the
particle and sparticle bases in flavor space and thus cause
flavor violation. In addition soft supersymmetry breaking
terms which generate masses for the charged slepton fields
also induce LFV. The SUSY-breaking terms for the Higgs
bosons and lepton sector in LRSUSY is given by:

Lot = — [A;‘hl(“ETTQ@iTzic +iApphrg
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mi + D (mr)3  (mp)s Ae 0 0
()3, mi +Dr ()3, 0 A, 0
2 (mr)3  (Mr)3, mi+ Dy 0 0 A
2) = i N k ’ 4
(M7 )err A, 0 mp+Dr (MmRr)3  (MR)% @
0 Ay (Mmr)3, fn% +Dr (mr)3
0 0 A- (mr)%,  (mg)3, Mm%+ Dgr

(m2)ess = <m% — AL (A, — 2AN)(mpM~2m},)

AL(mDM’lmerj)*

X (.ETTQAL.Z/ + LCTTQARE/C) + ngﬂ(pI(pJ}
+ | (M)l ey + () yllln + (Mj%i)ijNi*N;}

+ MIQ/R [T?“(AR(SR) + T’I“(AL(SL)]
+ Buij®i®; 3)

where the A-matrices (A,, A4, A, and A.) are of simi-
lar form to the Yukawa couplings and provide additional
sources of flavor violation, B is a mass term and NV is the
scalar component of the right-handed neutrino supermul-
tiplet. The inter-generational slepton mixing (€, i and 7)
and also left-right slepton mixing (€1, €g, fir, fr, 7L, TR)
cause the off-diagonal nature of the matrices, and there-
fore are responsible for flavor violation. The slepton mass
matrix, which arises as a result of the renormalization
group evolution from the Agyr scale, is, incorporating
some elements of the left-right symmetry [18]: (see (4)
on top of the page) where A; = Aym; + myutan 3, (I =
e, 7), Dy, = Mj, (T3/2+sin? Oy ) cos 26+ MZ, sin? Oy /
sin 20w cos 283, and Dp = fM%L sin? Oy cos 2 + M%R
(T3/2 — sin® Oy / cos 20y ) sin 23. We denote the charged
slepton mixing matrix by V% and express the slepton
mixing as:

lar,r = Vo "1 ()

with @ = e,u, 7 and ¢ = 1,2,3. This approximates the
left-left and right-right slepton mixings by block-diagonal
matrices, while allowing the left-right mixings to be pro-
portional to the values of the trilinear parameters A;.
The full mass for left- and right-handed sneutrino has,
in general, a complicated 12 x 12 matrix structure, but is
possible to construct an effective 6 x 6 matrix for the light
sneutrinos using the see-saw mechanism [19]: (see (6) on
top of the page) where A/, ~ 24, + Ax + 2u cot 8. Note
that in LRSUSY model, the left-handed neutrino mass is
allowed to be nonzero, but can be made small through
the see-saw mechanism, as long as the right-handed neu-
trino is very heavy (masses of order 1010 TeV or so are
consistent with the 1 eV limit on the left-handed neutrino
mass). Despite the presence of the two scalar neutrinos,
the mixing between the right-handed and the left-handed
sneutrinos is small, due to the see-saw mechanism in the
sfermion sector. The left-right elements of the sneutrino
mass matrix are proportional to the Dirac neutrino mass,
which can be significant. But the right-right element of

A{,*(mDMflmJb)

the sneutrino mass matrix is very heavy, so the mixing of
sneutrino will be supressed by the inverse M%, the right-
handed neutrino mass. As opposed to the charged slepton
sector, in the light sneutrino sector the Dirac terms do
not induce considerable mixing [20]. We expect the off-
diagonal terms in the sneutrino mass matrix to mix al-
most degenerate states and thus to affect flavor violating
decays less than the charged slepton mixing. We denote
the light sneutrino mixing matrix by K and express their
mixing as:

Vo =

@il (7)

with o = ve,v,,v; and i = 1,2, 3.

3 Dominant contributions
to leptonic dipole moments

All of the high precision measurements which involve the
coupling of a photon to Standard Model fermions are de-
rived from effective operators of the electromagnetic
dipole form. The magnitude of these operators depends on
the details of the model: heavy particle spectrum, scale of
symmetry breaking, interactions which violate the symme-
tries. The dipole operator responsible for the anomalous
magnetic moment of the muon has the form:
e _ v
uw = Rup(lb)(aL,uPL + aR;LPR)U qvuu(pl)Au (8)

The lepton-flavor violating dipole operator for the process
1 — ey has the form:

e _ .
MMG"/ = m ue(p2)al VQU(a/LueyPL + aRue'yPR)
m

xuy,(p1)Ay + h.c., (9)

and the dipole operator responsible for the electron elec-
tric dipole moment is:

T
D, = _ideue(pQ)Uuuqu'YSue(pl) (10)

Next, we give their main contributions in LRSUSY.
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31(9—2)u

The new measurement for the muon anomalous magnetic
moment a, [1]:

exrp S]W

9
- = (4.26 £ 1.65) x 10~

a (11)
If the deviation can be attributed to new physics effects,
then at 90% CL §aﬁfp must lie in the range:
2.15 x 1077 < day ¥ < 6.37 x 1077 (12)
The contribution to the anomalous magnetic moment
of the muon has been analysed in [8] in the absence of
sneutrino and slepton mixing. However, since some con-
tributions to the magnetic moment were omitted, such
as the ones coming from the doubly-charged higgsinos or
explicitly from the left-right higgsino, we give below the
dominant contributions, and for completness, include all
the contributions (with slepton/sneutrino mixing) in Ap-
pendix B. The contributions of LRSUSY model to the
anomalous magnetic moment of the muon fall into three
categories: chargino-sneutrino, neutralino-charged-slepton
and doubly charged higgsinos-charged sleptons. Since the
dipole moment involves a chirality flip, the graphs can be
classified according to where the chirality flip occurs: on
the external lepton leg, on the internal slepton leg, and at
the vertex. Because chirality flipping results in proportion-
ality to the mass of the fermion where chirality is flipped,
the dominant contributions come from flipping chirality
internally. (In those cases the loop function is also largest).
These dominant contributions are:
a, = a, +ay + af (13)
and are given in detail below. The chargino-neutrino con-
tribution (with vertex chirality flip, Fig. 1f) is:

aCL# Tor 2M +gY, Re[Ukl*U,jl*] (14)
h(a:ke) h(l‘k ) h(l‘]m—)
X [|Ku |2 m2 + [Kp2 ‘2 2 £+ | K3 ‘2 2
Ve Vy Vr

The neutralino-left slepton contribution (with vertex chi-
rality flip, Fig. 1g):

(yke ), 3 Wrpr) 3 (Ykr,)
VAP2EEEs 4 VLo o v it
EL 1239 TL

and the neutralino-right slepton contribution is (with ver-
tex chirality flip, Fig. 1h):

nl 2 0 0
R[L - 16\/§ 3 DgY (NWRIC 2tanewNBk) NHIc
% R|2.7(ykeR) v R|2.7(yku3) | R|2J(ykm)]
€r 1523 mTR

(16)
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The neutralino-left slepton contribution (with internal line
chirality flip, Fig. 1i) is:

n, m
Li = 16M M. og (NI(/)VRk — 2tan9WN%k)
X (NWLk + tan O%VN%,C)
X A (ykeL) AH V V ( L)
eR eL MR ﬁL
7'R 7'L

and the neutralino-right slepton contribution is (with in-
ternal line chirality flip, Fig. 1j):

n2_ my M

0g” (Nyy, 1, + tan 6, Np,.)

Ru - 1672
X (Nyypr — 2tan by Np,.)
« A (ykeR) A;L V V (ykMR)
eL PR ,U4L ;U'R
./47- j(ykr )
VRvL* R 18
+ mgL n3V p3 ng ( )

In addition to these standard (g — 2),, contributions,
there exists a potentially large LRSUSY contribution, pro-
portional to m,, from the higgsino partner of the FCNC
Higgs @9,,, which couples to the left-right fermion-sfermion

vertex [21]. The left-right Higgsino &9,-slepton contribu-
tion is, Fig. 1k:
[ 2Y2 * Még
a# = (4Tr)2m#mTR€[Mtanﬁ A ]W
j(y‘rR) ](yT )
mZ, B mgL (19)

where Y, =Y, V3V, with Va] the charged slepton mix-
ing matrices. This contribution is dominant for large Y,.,
unless the field égu is heavy and decouples from the low-
energy spectrum at vg.

The arguments of the loop functions (defined in Ap-
pendix B) are: zpo = MZ/m2 where k represents the
chargino, and « represents the sneutrino; and yx, = MZ/

mlg where k represents the neutralino, and a represents

the slepton.

32 u — ey

The amplitude of the y — ey transition, written in the
form of the usual dipole-type interaction, leads to the
branching ratio:

(|aL,u,e’y‘2 + |aRue'y|2)m (20)

1
1672
Comparing it with the standard decay width, I, = 19§ﬂ 3
G2 m and using the recent experimental constraint on
the branchmg ratio [22]:

B.R.(p—ey)<1.2x 1071

Fu—mv =

(21)
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(k)

we get the following limit on the dipole amplitude:

d] = /(0L e 2 +

The contributions to the lepton flavor violation dipole
are related to the muon (g—2), graphs by a simple relace-
ment of the outgoing muon with an electron. These contri-
butions can be written in pairs, with the same particles in
the loop but the incoming and outgoing muons having dif-
ferent chiralities, leading to distinct contributions to the
amplitude for ay, and ag. The dominant contributions are:

|aRpuey|2)/2 < 1.73-1072% e-cm (22)

Apey = Cl + aue"/ + aue'y (23)

and are given in detail below. The chargino-neutrino con-
tribution (with vertex chirality flip) is:

731

Fig. 1a—k. One-loop contributions to
the anomalous magnetic moment of
the muon: a charginos, left-handed
fermions, with an external chiral-
ity flip; b neutralinos, left-handed
fermions, with an external chiral-
ity flip; ¢ neutralinos, right-handed
fermions, with an external chirality
flip; d doubly-charged Higgsinos, left-
handed fermions, with an external chi-
rality flip; e doubly-charged Higgsi-
nos, right-handed fermions, with an ex-
ternal chirality flip; f charginos with
a vertex chirality flip; g neutrali-
nos, left-handed sleptons with a ver-
tex chirality flip; h neutralinos, right-
handed fermions, with a vertex chi-
rality flip; i neutralinos, left-handed
fermions, with an internal line chi-
rality flip; j neutralinos, right-handed
fermions, with an internal line chiral-
ity flip; and k left-right higgsino with
internal line chirality flip. Here )zli rep-
resents a chargino state and i runs
from 1 to 8; XV represents a neutralino
state and i runs from 1 to 11; A7
represents the doubly charged nggsmo
state; and &9 is the flavor-changing
left-right higgsino; I, o represent slep-
ton and left-handed sneutrino, respec-
tively. The crosses represent slepton or
sneutrino flavor mixing and the dots
chirality flips

_ gPe M, + ey « "(ze)
ALpey = 3272 \fMWcosﬁ [Ukl Ukl] KnKg mge
h h(zpr
IO RGO o) if;“ )1 (24)
Uy Uy

The neutralino-left slepton contribution (with vertex chi-
rality flip) is:

n,l 926 MXO (NO 4t 02 NO ) NO
ULpey = 3272 2Myy cos B\ Wik AW N k) Ny
V V (yk‘eL) + V V (yk‘p.L)

eL /LL
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><+VV

7'L

The neutralino-right slepton contribution (with vertex chi-
rality flip) is:

2
PR g-e Mxo 0 2 A70 0
“Ruer = 3972 Iy cos (N, 1, — 2tan 03, Np, ) Np,
V V (ykeR) V V ( R)
éR llR

J(Yrrr)
V e 26
+ mZ (26)
The neutralino-left slepton contribution (with internal line
chirality flip) is:

2
n, g’e
ey = 393 M0 (Niyr — 2 tan O Niye) (27)
x (Nyy, i + tan 07, N, “4 ViV i ’;L)
eR er
A, i) | Ar %)1
e 2
ILR ﬂL ‘I'R mz,

and the neutralino-right slepton contribution is (with in-
ternal line chirality flip):

2
n g-e
aRie’y WMXO (NI(/)VLk + tan Q%N%k) (28)
X (NSVRk—2tan9WN%k) 'A V V (yk;p)
eL méR
b Aoy d W) | A <y>]
2
'uL #R TL £

Finally the corresponding left-right Higgsino-slepton con-
tribution is:

o eYu Y7, N 39,
Dpey = (47‘(‘) RG[M tan ﬁ A ] mg _2m72:L
j(y'rR) J (y‘rL )
- (29)
m2 m2,

where Y., =Y, V3V, and V,,; the charged slepton mix-
ing matrices.

3.3 The electric dipole moment of the electron

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 corresponing contribution will de-
pend on the phases in the model, which are not universal,
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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 [24]. Some appear in the
gaugino masses for the SU(2)r, SU(2)r and U(1)p_p
M; = |M;lexp(i¢;). Some appear in the soft-symmetry
breaking Lagrangian, in the trilinear soft breaking pa-
rameter Ay = |Ap|exp(iag) and in the quadratic soft-
breaking By = |Bolexp(ifp,). There are also CP-violating
phases in the Higgs mixing parameter in the superpoten-
tial: p1i50 = |pijolexp(if,,;). As in MSSM, one can always
set one of the gaugino phases to zero and we choose ¢ = 0.
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
[14]. We eliminate all phases in favor of two which we
choose to be 05, = d;;0,, and ¢1. The dominant contri-
butions to the electron dipole moment comes then from
the chargino-sneutrino and the neutralino-slepton graphs
as below:

de =dS+d} +d? (30)
and are given in detail below. The chargino-neutrino con-
tribution (with vertex chirality flip) is:

dg, Me T 2 (fke)
= g M Y BV U K P20
x Lkt .
% +|K32|2 ( k'l‘)+K932,’(TLk)‘| Slnou (31)
Uy vr

The neutralino-left slepton contribution (with vertex chi-

rality flip) is:

dn! _ M
e 3272

M,0V2gY, (Nyy, j, + tan 03, N3, ) Nij,

VA 2ol sl

eL oL 7L

(yk(’L) | 2|2](ykﬂL) +|V€Ié 2](yk2TL)‘|

x sin(f,, + ¢1) (32)

and the neutralino-right slepton contribution is (with ver-
tex chirality flip):

dn,l 92
% = —353 (NYy,k — 2tan 63, N, ) Nii,
v sz(ykeR) v sz(yk,m) v sz(ym)]
eR NR TR
x sin(6, + ¢1) (33)

The neutralino-left slepton contribution (with internal line
chirality flip) is:

m,2
dLe Me

. = _WMXOQQ (N‘(/)VRIC — 2tan0WN%k>
x (Nyy, i + tan 6y N, ) A ViV I (Gke,)
ER éL
R LT <ym>]
m <
IJ«L TR TL

2
iR
sin(6,, + ¢1)

X

(34)
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and the neutralino-right slepton contribution is (with in-
ternal line chirality flip):

A2 me
% =~ 39,2 Mx092 (N‘(,JVL,c +tan9%VNgk)
A, (Yhe
X (N‘(/)I/Rk — 2tan9WN%k) mT‘/'e}fVeLl*j(;szg R)
er, ér
A ' AT * ' T
m?2 2 5 -
KL KR €r, E
om0t (35)

The left-right Higgsino-slepton contribution is:

g, Y3, o Mag,
e = — (471_)2 memTRe[Mtanﬁ - AT]W
Jlrr)  Jlrr
[t -
TR TL

where J = Im(V,.1V}1V2V},) is the leptonic CP-odd
rephasing invariant.

Experimentally, the EDM of the electron is one of the
most restrictive parameters in the Particle Data Book-
let, the present experimental upper limit being d. < 4.3 -
102" ecm [25].

4 Relationships between dipole operators:
The analytical approach

The electroweak sector of LRSUSY contains three gauge
couplings and three gaugino masses. The Higgs sector
of the Lagrangian contains the scalar masses mg,, mae,,
Mg as well as the parameters u;; and B. The remain-
ing part of the Lagrangian contains, in the flavor sector,
fermion Yukawa matrices for both left and right-handed
fermions, four trilinear scalar coupling matrices and scalar
mass matrices. A analysis in terms of these parameters
would yield some of the general features of the model and
will be performed in the next section.

However, some of the features of the model are appar-
ent though some general analytical considerations. Such
features of dipole moments have been analysed in the con-
text of the MSSM. We are interested in the general fea-
tures of the relationships between lepton-flavor conserving
and lepton flavor-violating dipole operators in LRSUSY
for the purpose of showing that these features are not
universal. Mixings between the first and the second gen-
erations will be probed at the PSI experiment [26], which
is expected to probe j — ey decay rates to 1014 branch-
ing ratio. Such high precision experimental data should be
able to disentangle these relationships in the future, and
therefore provide an insight into the gauge symmetry of
the leptonic sector of supersymmetry.

The supersymmetry breaking masses of sleptons are
given by the renormalization group equations (RGE).
Since the Yukawa couplings and the A terms are flavor-
violating, they will induce LFV terms in the off-diagonal
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mass matrices. The soft mass parameters will evolve such
that the slepton masses receive corrections proportional
to the Dirac mass.

Independent of which diagrams dominate, up to small
corrections proportional to powers of the lepton Yukawa
couplings, all contributions to the lepton dipole operators
are proportional to a single power of the lepton mass. With
slepton universality and proportionality of the scalar tri-
linear soft terms, this implies that dipole operators for dif-
ferent leptons are related simply by ratios of the Yukawa
couplings or equivalently lepton masses. For example, for
the electron and muon we expect:

Me

LR
ff? o —em G aubi " (37)
m
Me
de ~ —ey 3y tan ¢ (38)
m

with ¢ some CP-violating phase. However, violations of
slepton universality and proportionality can significantly
modify the relations above. We assume here that all the A
terms are approximately proportional and that the scalar
masses are approximately universal. We assume that the
SUSY breaking parameters associated with the supersym-
metric Yukawa couplings or masses are proportional to the
Yukawa coupling constants or masses, and are given as:

(m7)i; = (My)i; = (2)i; = 6iymp
ml =ml =md

Alljj = fw]’a()v A;j = flijao
B} = M,,,,bo, Bg = ubo (39)
Violations of slepton universality occur though several
mechanisms. Splittings of the é, & and 7 masses depend
on the underlying theory of flavor and are expected to be
small at least for the first two generations. The most inter-
esting deviation of the above relations occur from sflavor
violation in the slepton soft mass squared matrix. For the
first two generations, sflavor mixing can introduce depen-
dence on a heavier lepton mass. Sflavor violation in the
slepton propagators allows left-right mass squared inser-
tion proportional to m, and m, for the electron opera-
tor, and m.- for the muon operator. For moderate to large
tan 8 the parametric dependence of the contributions to
the electron and muon operators is:

de ~ [(812)"%(821)Fmy, + (613) " (651)*m] tan B (40)

Ay ~ [(523)LL(532)RRmT] tanﬁ (41)
where
LL(RR (0mz 7 )" "
(83) D = —— (42)
lo,r

represent insertion of sflavor violating left-left or right-
right mass squared mixings in the slepton propagators.
The mechanism responsible for introducing slepton flavor
violation also affects the left-right higgsino contribution
though left-right slepton mixing matrix elements; such
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that all contributions depend on the specific form of slep-
ton flavor violation in the model, are model dependent,
and as such can provide valuable insights into the sym-
metry of the model. We also include radiative corrections,
which can be parametrized using the logarithmic approx-
imation. In the case of LRSUSY, it is significant that the
left and right handed slepton mixings are of the same or-
der of magnitude, and thus differ from MSSM where the
left-handed slepton mixings dominate [27].

We now proceed to estimate the dominant contribu-
tions to the (¢ — 2),, p — ey and electron EDM from
general properties of the mixings in order to emphasize
the difference between this model and the MSSM. As in
MSSM, the chargino-sneutrino mixing dominates the neu-
tralino mixing in the case in which all supersymmetric
masses are equal (and of order 100 GeV). This is despite
the fact that LRSUSY has 11 neutralinos, and their con-
tribution is overall slightly larger that the corresponding
contribution in MSSM: in LRSUSY the contribution of the
bino, left-handed wino and left-right-higgsino dominate,
when the right-handed scale is above 100 TeV. The slepton
flavor contribution coming from the left-right higgsino is
very sensitive to the value of Y, and can dominate over a
large region of the parameter space. Indeed, if Y, ~ O(1),
(which is favored by GUT scenarios with Y, = Y; at
the unification scale) the contribution from the higgsino is
one order of magnitude larger than the chargino-sneutrino
contribution, dominates the anomalous magnetic moment
of the muon, and imposes strict restriction the parameter
space (M, mg, tan 3) [21]. We will take here Y,, = 0.3, in
which case the higgsino contribution is of the same order
of magnitude as the chargino one. In this case, for x ~ 1
we obtain the values:

a$ ~1.33 x 107" tan 3
ay, + af ~ 3.9 x 10~ % tan 3

(43)
(44)

These estimates have the added advantage that they are
fairly constant against variations in values of x for 0.25 <
xr < 4.

Next we compare the anomalous magnetic moment
with the flavor-changing dipole operators for y1 — ey. The
same three contributions (chargino, neutralino and left-
right higgsino) contribute to the radiative muon decay,
but now the relative dominance of the higgsino over the
chargino contribution is determined by the value of V.
We have two distinct cases:

— (1) If V;1 < 10~* then the decay pu — ey is domi-
nated by the chargino-sneutrino contribution. Taking
the mixing of the electron and muon sneutrino to dom-
inate over other sneutrino mixings, we obtain a bound
on sneutrino mass splittings:

Op.i,) = ——5—

3 -9
B — ev) 4.3 x 10 (45)
12 % 10-11 a,

for mo ~ my, = 100 GeV. (We take My ~ 0.5M5 ~
0.8m;/5.) The difference between this relation and the
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corresponding MSSM one comes from the extra con-
tribution of the left-right higgsino, which is large for
a,, with large stau-selectron mixing, but very small for
u — e, due to the small value of the stau-selectron
mixing. This results in a more stringent bound on sneu-
trino mass splitting than the one obtained in MSSM.

— (2) If V;1 > 10~* then there is sufficient selectron-stau
mixing for the decay u — ey to be dominated by the
neutralino-slepton graphs proportional to m... Taking,
for the purpose of an estimate V;; = 1072, we obtain
a bound on the left and right selectron-smuon mass
splittings:

(5m2~é)L’R
(5ﬁRéR) = (5ﬁL€L) = méi

iL,R

<7x1072

[B(u S ev) ]5 [4.3 % 1079

1.2 x 1011 } (46)

ap

This relationship, obtained for mg &~ my /5 ~ 100 GeV,
is less stringent than the one obtained in MSSM. This
is due to the difference between the LRSUSY and the
MSSM slepton mixing alluded to before. In MSSM,
one sets limits on the left-handed slepton mixings, the
right-handed mixings being negligible. In LRSUSY the
left-handed and right-handed sleptons have LFV
masses of the same order. As opposed to SO(10), where
the event rate of u — e7y is determined by the com-
petition between the neutralino-slepton diagram pro-
portional to m, and the chargino-sneutrino diagram
[28], in LRSUSY the neutralino diagram proportional
to m, dominates, for non-negligible V.1, due to the
specific Higgs-higgsino structure of the model.

Similar results can be obtained for radiative decays of
the 7. In the case in which the decays 7 — ey and 7 — pvy
are dominated by the chargino-sneutrino contributions:

(57”1%75) -
(05,5,) = ——5— <2.7x10 2
B(r — py)]® [4.3 x 107 n
11x 1076 a,
and
dm2 -
(65.5.) = (m”Q”“) <4.2x1072
1
3 -9
" B(T — e7) 4.3 x 10 (48)
2.7 % 106 a,

for mo ~ M, /5 =~ 100 GeV. For neutralino-slepton domi-

nance (V3; > 107%) the bounds on stau-smuon and stau-
selectron are very weak. This situation corresponds to
|Vaa| & Voo &~ Vi3, i.e maximal stau-smuon mixing sim-
ilar to the maximal tau neutrino-muon-neutrino needed
to explain the atmospheric neutrino experiments.
Comparing the anomalous magnetic moment of the
muon with the electric dipole moment of the electron, we
can again look at the dominant terms and derive bounds
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on either LFV mixing or CP violating angles. In general,
the smallness of the EDM is attributed to either the small-
ness of the CP-violating angle, a heavy mass for the slep-
tons, or accidental cancellations between the chargino and
neutralino contributions [29]. A comment is in order re-
garding the angle ,,. As in MSSM, the fit to the anoma-
lous magnetic moment of the muon is relatively insensitive
to the value of CP-violating angles [14]. This justifies ne-
glecting the CP-angles for the purpose of estimating the
magnetic moment, but including them in considerations of
electric dipole moments. If the electron EDM is dominated
by the chargino contribution, its small size compared to
the (g —2), must be due the small phase of |u|, such that:

tanf, < 5.1 x 107° (49)
for approximately equal supersymmetric masses and
Y,, = 0.3. This value is approximately 2.5 times as large
as in the MSSM under similar circumstances. If the small-
ness of the electron EDM is due to cancellations between
the chargino and neutralino contributions, one has a sim-
ilar situation as in MSSM: the angles 6, and ¢; can be
quite large, as long as they are correlated. In that case,
the electron EDM can be nearly zero regardless of the
value the anomalous magnetic moment of the muon and
no new bounds are obtained. If, on the other hand, the an-
gles are such that the electron EDM is dominated by the
neutralino-slepton contribution, the electric dipole mo-
ment will be proportional to the amount of slepton favor
violation as in (40). Assuming that only one off-diagonal
slepton mixing domainates, we obtain, again in the limit
of equal supersymmetric masses:

Spmin) = (6 6.2x 10|10

( /LReR) - ( /LL@L) < 0.2 X |:sin(9u T ¢1):|

r {4.3 x 10—9} (50)

ay

de
X 27
4.3 x 107 4"e cm
for selectron-smuon dominance, and:

1 —1
(0sper) = (07,6,) < 1.6 x 1072 { 0 }

1 sin(6 + 1)
[ de r {4.3 X 10—9} (51)

4.3 x10727e cm

Ap

The first of these bounds appear to be
stronger than the bound obtained from pu — ev; and the
second much stronger than the equivalent one obtained
from 7 — ey. However, since many more suppositions are
involved in these bounds (neutralino-slepton dominance of
the EDM and an unknown size of CP-violating angles), in
fact these bounds are much less firm than the ones from
LFV decays.

All of our analytical results so far are based on one-
loop estimates for the dipole moments. However, recent
estimates for both the magnetic [30] and electric dipole
moments [31] have shown that a sufficiently light pseu-
doscalar Higgs boson can give significant contributions to
dipole moments at two loop level, coming from Barr-Zee
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Fig. 2. Chargino, neutralino and left-right higgsino contri-
butions to the anomalous magnetic moment of the muon as
a function of the left-handed gaugino mass parameter My,
for fixed universal scalar mass parameter mo = 100 GeV for
tan § = 5 and Y, = 0.25. The curves are marked: (solid curve)
chargino contribution, (large dashed curve) neutralino contri-
bution, and (dot dashed curve) left-right higgsino contribution.
We take Mr = 100 TeV in all of our plots

type diagrams. The analysis presented here, in particu-
lar the choice of CP-violating angles, does not take such
contributions into account. These contributions would de-
pend on parameters from the Higgs and squark sectors.
In particular, the electric dipole moment diagrams receive
a large contribution from the phase in I'm(uA;), whereas
in considering one loop diagram we neglected (small) con-
tributions from the imaginary part of the trilinear mixing
parameter A;. The LRSUSY has no new significant two-
loop contributions compared to the MSSM. From the gen-
eral structure of the dipole operator of a Dirac fermion,
the contribution to the electron EDM may be related to
the anomalous magnetic moment by (38). This relation is
independent of which diagrams dominate the dipole oper-
ator. If we apply it to the two-loop contributions alone, it
can be used to (roughly) bound the phase of the contri-
bution to the dipole operator:

tan || <2 x 107° (52)

where ¢ is the relevant phase, in this case Im(uA;).

In this section we have shown that the general ana-
lytical features of the leptonic sector of the LRSUSY are
very different from the ones in MSSM. We now proceed to
a more thorough numerical investigation of the relation-
ships between the parameters of the model and the LFV
slepton and sneutrino splittings.
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Fig. 3. Chargino, neutralino and left-right higgsino contri-
butions to the anomalous magnetic moment of the muon as
a function of the universal scalar mass parameter mg for
light left-gaugino masses m;,, = 150 GeV, tan3 = 5 and
Y., = 0.25. The curves are marked: (solid curve) chargino con-
tribution, (large dashed curve) neutralino contribution, and
(dot dashed curve) left-right higgsino contribution

5 Relationships between dipole operators:
The numerical results

The flavor violating decays are sensitive to the univer-
sal GUT parameters mg (the scalar mass), the trilinear
coupling A, the value and the sign of the Higgs mixing
parameter p, the value of tan § the values of the left- and
right-handed gaugino masses My, My and Mg (through
my/2). We will assume the sign of y to be positive, as re-
quired by the constrain on the muon anomalous magnetic
moment. LFV are not a sensitive probe of the doubly-
charged higgsino contribution: although the Yukawa cou-
plings hpr and the mass of the doubly-charged higgsino
are not restricted, the contribution from these higgsino
is always small. This comes in large part from the fact
that all graphs must have chirality flipped on the exter-
nal lepton leg. We first investigate the dependence of the
anomalous magnetic moment of the muon on the gaugino
mass parameter. We take 2M; ~ M, as inspired by GUT
scenarios, and plot the chargino, neutralino and left-right
higgsino contributions as functions of My, for fixed scalar
mass mg = 100 GeV (Fig.2). We take in all the figures
Mp = 100 TeV. The exact value is not essential, as long
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Fig. 4. Fractional mass splitting 6m%e o /mZ as a function of
the left-handed gaugino mass for V;1 = 10™* (chargino domi-
nance af the anomalous magnetic moment) for mo = 100 GeV
and tan (3 =5
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Fig. 5. Fractional mass splitting ngﬁ/m? as a function of the
the left-handed gaugino mass for Vy1 = 1072; mo = 100 GeV
and tan 3 =5

as it is sufficiently high for the decoupling of the right-
handed side of the gaugino sector from the low-energy
phenomena. But remnants of left-right symmetry survive
and affect the observed slepton/sneutrino spectrum. As
expected, the left-right higgsino contribution dominates
over most of the spectrum (for Y,, ~ 0.25), with the ex-
ception of the case in which the lightest chargino is very
light. The neutralino contribution is small compared to
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Fig. 6. Fractional mass splitting 5m§ﬁ/mlg as a function Y,
for my /o = 100 GeV, mo = 100 GeV and V;1 = 1072
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Fig. 7. Fractional mass splitting 5m§ﬁ/mlg as a function of V;;

for my /5 = 100 GeV, mo = 100 GeV and Y, = 0.3

the chargino contribution. The same quantities are plot-
ted as a function of the universal scalar mass for very light
charginos m, o = 150 GeV (Fig. 3). This case corresponds
to the case of chargino-sneutrino dominance (of the left-
hand corner of Fig. 2). The left-right higgsino contribution
drops off much faster than the chargino contribution with
the scalar particle mass, such that in the limit of heavy
scalar spectrum, my ~ 1 TeV, the chargino-sneutrino con-
tribution dominates the magnetic moment and LRSUSY
contribution resembles more the MSSM one. In Fig. 4, we
plot the variation of the lepton-flavor violating electron-
muon sneutrino mixing as a function of My, for V3; = 1074
(chargino-sneutrino dominance). The rough expectation,
from the previous sections, that the sneutrino masses for
the first two generations are close, is satisfied for all gaug-
ino masses and the relative mass splitting drops quickly
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Fig. 8. Variation of the CP-violating angle 05 as a function of
the left-handed gaugino mass parameter M, for fixed universal
scalar mass parameter mo = 100 GeV for tan3 =5 and Y,, =
0.1 for two values of the angle ¢1: ¢ = 0.5 (solid curve) and
¢1 = 0.7 (large dashed curve)

with the gaugino mass. In the following figures we in-
vestigate the dependence of the smuon-selectron mixing
on the gaugino mass (Fig.5), the Yukawa coupling of the
tau neutrino (Fig.6) and V;; (Fig.7). The slepton mass
splitting is very sensitive to the Yukawa coupling of the
tau neutrino through the higgsino contribution, which can
change from dominant to same order of magnitude as as
the rest of the neutralino contribution. As expected, an
increase in V.1 is related to an increase in the selectron-
stau mixing; from unitarity, less mixing is available in the
selectron-smuon sector and we expect dg; to decrease with
increasing V31 as shown in Fig. 7.

In the next figures we investigate the dependence of
the CP-violating angle fp = —0,, on the left-gaugino mass
M, for two values of the angle ¢; (Fig.8), on the univer-
sal scalar mass mg (Fig.9) and on the angle ¢; (Fig. 10).
As in mSUGRA, there exists a strong correlation bew-
teen the two CP violating angles 6, and ¢; in regions in
which cancellations between the chargino-sneutrino and
the neutralino contributions exist. In these regions large
values are allowed for both 6, and ¢; as shown in Fig. 8.
We plot the allowed values of 6, for sin ¢ = 0.5 (the solid
line) and sin¢; = 0.7 (the dashed line) corresponding to
vanishingly small values of the electron EDM. Note that
the behavior of these angles is different from mSUGRA
and the two graphs intersect, due to interference between
various neutralino contributions. The allowed values of 0,
raise steadily with increased values of the scalar masses;
as in MSSM a (vanishingly) small electric dipole moment
can be obtained for any angles, if the scalar particles are
heavy (Fig.9). Finally, in Fig. 10 we plot the correlation
between the angles 6, and ¢1: the angles are constrained
to be of the same order of magnitude for cancellations to
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Fig. 9. Variation of the CP-violating angle g with the uni-
versal scalar mass parameter mg for light left-gaugino masses
my/2 = 100 GeV, tan3 =5 and Y,; = 0.1 and ¢1 = 0.5
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Fig. 10. Variation of the CP-violating angle 0 with the angle
¢1 for my o = 100 GeV, mo = 100 GeV, tan3 = 5 and Y,; =
0.1

occur between different contributions, such that the elec-
tric dipole moment is always small.

6 Conclusion

The amount of information about leptonic parameters has
been growing steadily recently, first with the observation
of neutrino oscillations, and then with the observed de-
viation of the anomalous magnetic moment of the muon
from its SM value. The first of these observations indicate
a clear departure from the SM (or its minimal supersym-
metric extension) and signals the first observed mixing in
the leptonic sector. It appears that, with our understand-
ing so far, the leptonic sector behaves very differently from
the quark sector. Improved observations in charged lepton
phenomenology, such as the new measurement of the muon
g — 2 factor, add another piece to the puzzle. Combined
with improvements in restricting further the branching ra-
tios for lepton flavor violating decays (such as yu — ey and
T — w7y, most notably), these events allow us to formu-
late a theory of leptonic mixing and decays through the
study of leptonic electromagnetic dipole moments. The
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relative values of various flavor changing and flavor vio-
lating decays provide valuable information on mixing in
the sneutrino and slepton sectors, as well as on CP violat-
ing angles. By analysing these correlations in LRSUSY,
a model that incorporates supersymmetry with the see-
saw mechanism, we have shown that these correlations are
not universal. In LRSUSY models, there are new channels
for leptonic flavor violations; and relative mass splittings
in either the sneutrino sector or the slepton sector differ
from the MSSM. Due to a new contribution from the (neu-
tral) higgsino sector, the sneutrino splitting in LRSUSY is
more restricted than in MSSM: dm3 ; /mZ < 1.5 x 107°.
On the other hand, if neutralinos-sleptons dominate the
flavor violating decays, these decays pick up equal con-
tributions from both left and right-handed slepton fla-
vor mixing. The relative charged slepton mixing is in this
case less restricted than in MSSM: 5m§ﬂ/mlg <2x1072
Weaker boundes on the relative sneutrino mass splittings
can be obtained from 7 — ey and 7 — py: dm3_; /mZ <
4.2 x 1072, (5m§79u/m§ < 2.7 x 1072; and in the charged
slepton sector, the staus and smuons are allowed to mix
maximally. In the CP-violating sector, the correlations be-
tween the two angles in the most constrained version of
the model are different from mSUGRA, but cancellations
between contributions can occur over a large region of the
parameter space, such that the two CP-violating angles
can both be large while the electron EDM is very small.

The search for slepton/sneutrino oscillations is a pow-
erful tool for probing intergenerational mixings, which in
turn depend on assumptions about their origin. As such,
the leptonic dipole moments are essential to unraveling
the symmetry in the leptonic/sleptonic sector and further
expected improvements in experimental searches should
shred light on the fundamental gauge symmetry responsi-
ble for neutrino masses.
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Appendix
A Chargino and neutralino mixing matrices

The chargino and neutralino masses enter the theory via
their mass eigenvalues and mixing matrices. Following
[32], we employ the following notation: the U, N matri-
ces rotate the gaugino/Higgsino interaction basis into the
neutralino/chargino mass basis. N? is the matrix for the
neutralinos; U™ is the matrix for the charginos W:r ; and
U~ is for the charginos ¥, . U;;R, UZ:R are mixing ma-
trices for the doubly charged AL}R and SL,R Higgsino.
The electroweak gauginos and Higgsinos are all spin-
1/2 weakly interacting charged particles which mix once
the symmetry is broken. In the Left-Right Supersymmet-
ric Model, the chargino matrix is a 5x5, non-symmetric,
non-Hermitean matrix, M€, from the Lagrangian (we in-
clude here, for the sake of minimizing the number of pa-
rameters, only the right-handed triplet Higgsinos):
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My, 0 0 V2Myy, sin 3 0
2 ar2 172
0 Mg 0 V2Myy, sin 3 %
M= | 2My, cos3 /2My, cos3 0 1 0 (56)
0 0 I 0 0
0 _M 0 0 Mg
My, —|—MRtan2 Ow O Q(MR —Mv) &) —Cy Cy —C4y
0 My, 0 —Cs Cy 0 0
20Mp = My) 0 My + e RIS G =Gy O
MY = Cy —Cy Mz Jw sind 0 —u 0 0 (60)
—02 CQ 02 — U 0 0 0
Cy 0 —C5s 0 0 0 Mpgr
_04 0 05 0 0 MLR 0
1 MeT gt Defining the mass eigenstates to be:
Lop= <t oy ° ") +mC 33 & &
2 Me 0 v
XY= Nagwy, i l=1,..7 (66)

Ut = (<M, N, DL B7 . 0%);

U™ = (—id, —i\g, Py, P, , AR);

(54)
(55)

and (see (56) on top of the page) where: tan 3 = =4, M,
Mg are the gaugino masses in the left- and right-handed
sector; and x; = U ¥}, Xi = U;W;r, (i,7 =1,..5).
As in the MSSM, we need two unitary matrices, U(~)
and U] to diagonalize M¢:
Mp = U peyH—1 (57)
The eigenvalues of M¢ can be either positive or negative,
whereas we require Mp to have only non-negative entries.
We shall use numerical expressions for U; and U;; ob-
tained in [32].
The neutralino Lagrangian can be written in matrix
form as:
1
L, = —i(wo)TM"(WO) + H.C. (58)
using the basis (of neutralinos which couple to leptons or
sleptons):

@0 = (—i)} cos Oy, —iXY, —iX% sin Oy, B0, 89, AL, 6%)

(59)

The neutralino mixing matrix is in general a complex sym-

metric matrix given by: (see (60) on top of the page)
where:

C1 = Mz sin Oy cos 3 (61)

Cy = Mz cos Oy sin 8 (62)

C3 = My cos Oy cos 3 (63)

Cy = 2Myy,, cos Oy (64)

(65)

Cs = 2Mw, sin? Oy /+/cos 20y

where N;; is a unitary matrix which diagonalizes the neu-
tralino mass matrix:
My = N*MVNN? (67)

with MY the diagonal neutralino mass matrix. Again, we
use the numerical expressions for N;; obtained in [32].

B The complete contributions
to the anomalous magnetic moment
of the muon with slepton and sneutrino mixing

The contributions to the anomalous magnetic moment of
the muon in the Left-Right Supersymmetric Model are
presented in the diagrams of Fig. 1. We write the contri-
butions as:

ap, = aCL’B + aZf +ag,, + aTLL’l} + aZﬁ + afu + aﬁf (68)
,0 1 2 A

ARy = a’Zu + a?iu + arll%u + a’%u + a’R;lj (69)
Here Ay, represents the left-handed contribution, and Ag
the contribution from the right-handed sector, as given
below.

We present first the individual contributions for graphs
with chirality flip on the external fermion line.

For charginos, left-handed fermions, with an external chi-
rality flip (Fig. 1a):

2
. gm
= 16”5 (Uw,i)® (70)
2f(xke) zf(mk ) Qf(ka)
X | Kyl m2 + [ K2l mzﬂ + | K3l m2

Ve vy Vr
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For neutralinos, left-handed fermions, with an external
chirality flip (Fig. 1b):

n,0 g my

L = 16m2 (NWLk+tan9WNBk) (71)
L 22 (ykeL) 29(ykﬂL) QQ(yk‘rL)

VAl 4|V + Vo

eL HL TL

For neutralinos, right-handed fermions, with an external
chirality flip (Fig. 1c):

n,0 gzmu 0 2 0 \2
aR, = 602 (NWRk — 2tan6WNBk) (72)
| |2 g( ) | |2 g(yk/tR) | VR 29(91673)]
nl n2 2
ER MR mzy

For doubly-charged Higgsinos, left-handed fermions, with
an external chirality flip (Fig. 1d):

. hrr+hrr, 2 I +29) (Yke,,
a’ﬁu _ H (UA‘I*:'") |:|V#1212( )( )

- 1672

R
‘ 7L |2 .} + 29 (ykﬂ L

2
19

2
VMI?)JQ (f + 2gg>(yk‘r[‘)‘|

(73)

For doubly-charged Higgsinos, right-handed fermions,
with an external chirality flip (Fig. le):

hrrh 2 2 e
gdr — _MLRTNLRy (UAy) [|Vﬁ|2(f+ 9) Yker)

“Ru = 1672 2
€R
(f +29) Wruzr) (f +29)(Yrrr)
+ IV,EIQ—Q“R + IVféIz—gR
IR Mzn

(74)

Next, we present the expressions for the graphs where
chirality is flipped at the vertex. For most of the parameter
space, these graphs are dominant over the graphs where
the chiralty is flipped externally, unless they involve heavy
sneutrinos.

The chargino-neutrino contribution with vertex chirality
flip is (Fig. 1f):

c — % * xk
aLM: o — M+ gY, RelU U] | K P ut e)
(’Ik ) (’Ilw)
+ | K u2|? B2+ K s)? " (75)

The neutralino-left slepton contribution with vertex chi-
rality flip (Fig. 1g):

n, m
aLp1 = 25 Mo V2gY, (Nt r + tan 03y Ny, ) NIO{’“

1672
(yke ) 3 (Yrpir) I (Ykrs)
|2 L ‘ |2 QML + ‘Vﬂlé|2 2L
€L AL mz,

(76)
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The neutralino-right slepton contribution with vertex chi-
rality flip is (Fig. 1h):

n 1 2 0 0
RH — 16[ 2 OgY (NWRk QtanewNBk) NHk
J(Yker) I Yhr) | 3 (Yrra)
| /ﬁ‘Q 2R Jr|V'u];|2 %#R | R 2 2R
€R KR TR
(77)

Finally we give the expressions for the case in which
chirality is flipped on the internal slepton line.
The neutralino-left slepton contribution with internal line
chirality flip is (Fig. 1i):

ap? = 67:2 Myog* (NYy, . — 2tan by N, (78)
x (Nyy, , + tan 63, N3,.) A VLV (m% ker)
e}? €L
A I Yk ) A I Wkrs)
+ 2~M VMLQ V;g 2~ML : L
KR 123% TR TL

The neutralino-right slepton contribution with internal
line chirality flip is (Fig. 1j):

n m
aRi = F:zMxogz (Vi 1, + tan 63, Ny, (79)
eL éR
b Ayt i) | A <ym>]
m m~
KL KR 8L TR

The left-right Higgsino-slepton contribution with internal
chirality flip is (Fig. 1k):

@ QY#QT * Mégu
a# = (47r)2m‘um7-R€[lLL tanﬂ - AT]W
j(yTR) j(yT )
m2 m%L (80)
TR TL

We have taken into account that the right-handed
sneutrinos decouple and therefore there are no chargino-
right sneutrino contributions to the anomalous magnetic
moment of the muon. Note also that chirality cannot be
flipped internally in the graphs with doubly-charged Hig-
gsinos. The dipole loop functions are:

1

flx) = i)t (z° — 62° + 3z + 2 + 6zlogz) (81)
g9(z) = ﬁ (22° + 32 — 62+ 1 — 62° log z) (82)
h(z) = —ﬁ (z° — 4z + 3 + 2logx) (83)
jlz) = ﬁ (—2* 4+ 1+ 2zlogx) (84)
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The generalization to I; — [;7v and the electric dipole mo-
ment of the electron proceeds as follows: a ey ~ —ﬁaw
where a,,. stands for a,, with the second mixing matrix ele-
ment involving muon sneutrino/smuon mixing K (VE#),;
replaced by the corresponding matrix element for elec-
tron sneutrino/selectron mixing K (V£f),;. For the elec-

tric dipole of the electron, d. ~ —5 "5 a. tan 6, where a is
I

the amplitude with both matrix elements K (V%) ,; re-
placed by the corresponding electron sneutrino/selectron
ones K(VE-R),; and tan@ is the corresponding CP-angle
(0, or 8,,+¢1). An example is provided in the text. Explicit
formulas for the amplitude for 4 — ey and the electron
EDM have appeared before [23,24].
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