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Abstract. We investigate the contributions to p — e conversion in nuclei in a supersymmetric model with
left-right symmetry, motivated by the new data on neutrino oscillations. We study the dependence of the
conversion rate on the various parameters of the model, and show that light-mass or large tan § scenarios
are severely restricted. We analyse the effect of several popular mecahnisms of neutrino mixing on the
conversion rate as well as the influence of the right-handed scale on the conversion rate. We compare
the conversion rate to the branching ratio for 4 — ey and discuss their relative accessibility at future
experiments, their sensitivity to various parameters of the model, as well as their relative importance in

providing signals for new Physics.

1 Introduction

The indications for neutrino masses and oscillations com-
ing principally from the Super-Kamiokande [1] data on at-
mospheric neutrinos has given a boost to Physics beyond
the standard model on one hand, and lepton flavour vio-
lation on the other hand. In the minimal standard model
(SM) neutrino masses vanish and lepton flavour is con-
served separately for each generation. This is no longer
true if new particles and/or interactions are introduced.
Since both the solar and the atmospheric neutrino data
can be accomodated in a natural way in schemes with
three or four light neutrinos and mixing between them
(the details of which are still under debate), there is a clear
expectation in all schemes that individual lepton num-
bers will be violated. The prospect for measuring charged-
lepton number violation is very good, the present upper
limits on the most interesting ones are:

BR(p™ — ety) < 1.2 x 107 [2] )
BR(u" — etete™) < 1.0 x 10712 [3] 2)
R(p~Ti— e Ti) < < 6.1 x 107" [4] )

BR(tT — pTy) < 1.1 x 107 [5] )

Projects are currently underway to improve several of
these limits significantly. Of these processes, p — e con-
version in nuclei is perhaps the most interesting experi-
mentally. From a theoretical point of view, it is the most
difficult to disentangle, because of the interdependence
between particle and nuclear physics elements, in partic-
ular the difficulty in evaluating nuclear matrix elements
[6]. But the process is very interesting because it has
quite a different structure from p — ey (as opposed to
ut — etete™). Therefore it provides complimentary in-
formation on muon decay from the first two decays: it can
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occur even when g — ey is forbidden, and it could be a
better indicator of a rich gauge structure, such as extra Z
or W bosons [7], or extra Higgs/Higgsinos [8].

Among theoretical models which predict observable
lepton flavour violation, supersymmetric models (SUSY)
have received special attention. In SUSY models, lepton
flavour could be violated at very high scales such as the
grand unification scale or the mass scale of a heavy right-
handed neutrino. Lepton flavour violation would then be
an indication for physics at high scales. Supersymmetry
has many theoretically attractive features, such as ex-
plaining the boson-fermion symmetry and also providing
a mechanism for solving two of the fundamental problems
in the Standard Model: stability under radiative correc-
tions and the origin of the elecro-weak scale. The most
popular realization of supersymmetry, the Minimal Super-
symmetric Standard Model (MSSM), while filling in some
of the theoretical gaps of the Standard Model, fails to ex-
plain other phenomena such as the weak mixing angle, the
small mass of the known neutrinos, the origin of CP viola-
tion, or the absence of rapid proton decay. Extended gauge
structures such as supersymmetric grand unified theories,
introduced to provide an elegant framework for the uni-
fication of forces [9], would connect the standard model
with more fundamental structures such as superstrings,
and also would resolve the puzzles of the electroweak the-
ory. Among these SU(5) and SO(10) have been the most
popular realizations of GUT scenarios. With the advent
of neutrino masses, the evidence for grand unification is
very strong. Previous pieces of the puzzle were mosly cir-
cumstantial: the observed family structure and intriguig-
ing features of the fermion masses and mixings, the uni-
fication of the gauge couplings at Mgyr ~ 2 x 1016GeV,
baryogenesis and the explanation for dark matter. It has
been argued that all of these point towards not just grand
unification, but select a particular scheme for such unifi-
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cation, based on supersymmetry and left-right symmetry
[10]. If one augments these by SU(4)., the theory provides
strong predictions for quark and lepton masses, as an ef-
fective string-unified G(224) or SO(10) symmetry. Build-
ing realistic brane world from Type I strings also involves
a left-right supersymmetric theory with supersymmetry
broken at the string scale, Msysy ~ 1010712 GeV [11].
Such theories have the added benefit of a stable proton,
natural R stringy symmetry and gauge unification. If in-
stead Msysy ~ 1 TeV, all of the features except for gauge
unification are maintained. The advantages of combining
left-right symmetry with supersymmetry (LR SUSY) have
long been known [12-15]. LR SUSY was originally seen as
a natural way to suppress rapid proton decay and as a
mechanism for providing small neutrino masses through
the see-saw mechanism [14]. Later it has been shown that
it could offer a solution to both the strong and the weak
CP problem [16].

The decay u — ey, a sensitive probe of physics at the
Planck scale, has been extensively studied in the context of
LR SUSY [17]. It has been shown that the LR SUSY model
is capable of giving rise to large lepton-flavour decay rates,
in much the same way as SO(10) [18,19], through poten-
tially large Yukawa couplings for the neutrino, h,. It was
also shown to be enhanced compared to the correspond-
ing MSSM rate. For completness, we study here the p—e
conversion and compare it to the u — ey decay. We are
interested in the differences between the leptonic matrix
elements of the two, and in comparing the parameter space
that can be best analysed with one or the other muon de-
cay. We also investigate the dependence of the conversion
rate on several popular scenarios for (s)neutrino mixings.
We study the non-photonic contributions and show the de-
pendence of the muon conversion rate on the right-handed
scale of the theory, and discuss possibilities of restricting
the parameter space for detection of right-handed parti-
cles. We show that, in the case of expected improved ex-
perimental accuracy, muon to electron conversion in nuclei
will likely become the premier place to study muon flavour
violation.

Our paper is organized as follows: We discuss the LR
SUSY model in Sect.2. Sources of flavour violation
through slepton/sneutrino mixings are discussed in Sect. 3.
We analyse the photonic contributions to muon conversion
in Sect. 4.1 and the non-photonic one in Sect. 4.2. After the
numerical analysis and discussion in Sect. 5, we conclude
in Sect. 6.

2 The left-right supersymmetric model

One might consider the left-right supersymmetric model
as either a natural extension of the minimal supersym-
metric model (MSSM) or as an intermediate gauge struc-
ture from the breaking of a supersymmetric GUT-favored
model, such as SO(10) or Eg. The LR SUSY model, based
on SU(2)p x SU(2)gr x U(1)p_r, has matter doublets
for both left- and right- handed fermions and the cor-
responding left- and right-handed scalar partners (slep-
tons and squarks) [20]. In the gauge sector, corresponding
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to SU(2)r and SU(2)g, there are triplet gauge bosons
(WH= W, (WH= , WO%g, and a singlet gauge boson
V' corresponding to U(1)p_p, together with their super-
partners. The Higgs sector of this model consists of two
Higgs bi-doublets, ®,(%,1,0) and ®4(3, 5,0), which are
required to give masses to both the up and down quarks.
The phenomenology of the doublet Higgs is similar to the
non-supersymmetric left-right model [13], except that the
second pair of Higgs doublet fields, which provide new con-
tributions to the flavour-changing neutral currents, must
be heavy, in the 5-10 TeV range, effectively decoupling
from the low-energy spectrum [21]. The spontaneous sym-
metry breaking of the group SU(2)g xU(1)p_r, to the hy-
percharge symmetry group U(1)y is accomplished by the
vacuum expectation values of a pair of Higgs triplet fields
Ar(1,0,2) and Ag(0,1,2), which transform as the adjoint
representation of SU(2)g. The choice of the triplets (ver-
sus four doublets) is preferred because with this choice
a large Majorana mass can be generated (through the
see-saw mechanism) for the right-handed neutrino and a
small one for the left-handed neutrino [13]. In addition
to the triplets Ay g, the model must contain two addi-
tional triplets 0, (1,0, —2) and dg(0, 1, —2), with quantum
number B — L = —2 to insure cancellation of the anoma-
lies which would otherwise occur in the fermionic sector.
Given their strange quantum numbers, the d;, and dg do
not couple to any of the particles in the theory, so their
contribution is negligible for any phenomenological stud-
ies.
The superpotential for the LR SUSY is

W = h((;)QTTzéiTZQC + hl(i)LTTgéiTch
+i(hpr LT AL + hp g LT 1 A°LF)
+Mypr [TT(AA + TT(ACAC)]
—&-uijTT(TQ@{TQQJ’) + Wnr (5)

where Wy g denotes (possible) non-renormalizable terms
arising from higher scale physics or Planck scale effects
[22]. The presence of these terms insures that, when the
SUSY breaking scale is above Myy,, the ground state is
R-parity conserving [23].

As in the standard model, in order to preserve U (1) gy
gauge invariance, only the neutral Higgs fields acquire
non-zero vacuum expectation values (VEV’s). These val-

ues are:
00 00
Ap) = AR) = d
(an) (mo)* ® (UR()) -

(@) = (g H0> ~

(P) causes the mixing of Wi and Wx bosons with CP-
violating phase w. In order to simplify, we will take the
VEV’s of the Higgs fields as: (Ar) =0 and

00 Ky O 00
= (20) = (52 - (02).
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Choosing vy, = k' = 0 satisfies the more loosely required
hierarchy vg > max(k,’) > wvg and also the re-
quired cancellation of flavour-changing neutral currents.
The Higgs fields acquire non-zero VEV’s to break both
parity and SU(2) g. In the first stage of breaking, the right-
handed gauge bosons, Wi and Zg acquire masses propor-
tional to v and become much heavier than the usual (left-
handed) neutral gauge bosons Wi, and Zr,, which pick up
masses proportional to k, and kg4 at the second stage of
breaking.

The supersymmetric sector of the model, while pre-
serving left-right symmetry, has eight singly-charged
charginos, corresponding to S\L,S\R,gf;u, ¢~>d, AZ, AE, 5;
and 51} The model also has eleven neutralinos, corre-
SpOIlEhIlg to )‘Za >‘Z/7 >‘V7 ¢(1)u7¢(2)uﬂ (1)d7 925(2)(17 A%? AOR 5%7
and (5%. It has been shown that in the scalar sector, the
left-triplet Ap couplings can be neglected in phenomeno-
logical analyses of muon and tau decays [24]. Although Aj,
is not necessary for symmetry breaking [15] and is intro-
duced only for preserving left-right symmetry, both A, ™
and its right-handed counterpart A~ play very impor-
tant roles in phenomenological studies of the LR SUSY
model. It has been shown that these bosons, and possi-
bly their fermionic counterparts, are light [22]. Also, these
doubly charged Higgs and their corresponding Higgsinos
lead to an enhancement in lepton-flavour violating decays
[8].

3 Flavour violation in LR SUSY:
slepton and sneutrino mixing

The sources of flavour violation in the LR SUSY model
come from either the Yukawa potential or from the trilin-
ear scalar coupling.

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

Ly =h,QrP.Qr +hiQrP:Qr +h,LrP,Lr
+heZ/L@dLR + H.C.;
Ly = 'L‘hLR(LECilTQALLL + LgCilTQARLR)

+H.c. (6)

where h,, hy, h, and h, are the Yukawa couplings for
the up and down quarks and neutrino and electron, re-
spectively, and hyp is the coupling for the triplet Higgs
bosons. LR symmetry requires all h-matrices to be Her-
mitean in the generation space and hy r matrix to be sym-
metric. The Yukawa matrices have physical and geomet-
rical significance and cannot be rotated away. Geometri-
cally, they represent misallignement between the particle
and sparticle bases in flavour space. Their physical signif-
icance is that they cause flavour violation. The triliniear
scalar couplings appear in the soft-scalar mass term in the
Lagrangian:

‘Csoft = — Aéhg’)QTTzéiTQQC + A;hl(i)iTTgéiTgic

+iAY phy (LT AL + LTy A°L)
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_ [MLWLWL + MaWrWh + Mvvv]
—M3 [Tr(AA+ Tr(A°A%)]

~Buij®:®; — pi;Pi®; (7)
where the A-matrices (A4, Aq, A, and A.) are of a sim-
ilar form to the Yukawa couplings and provide additional
sources of flavour violation; and B is a mass term. For sim-
plicity, and to avoid violating the bound on pu — ey, we
shall assume a universal form of supersymmetry break-
ing, namely a universal scalar mass mg and a trilinear
scalar coupling with a universal parameter A at the GUT
scale. The Dirac neutrino and the charged lepton Yukawa
couplings cannot, in general, be diagonalized simultane-
ously, which means that the lepton Yukawa and slepton
mass matrices cannot be diagonalized simultaneously ei-
ther [25].

The charged slepton masses are eigenvalues of the 6 x 6
matrix originating from the Lagrangian:

ca, = (1 11)

" (u% +mi +6m2, +c,h?

.Alml
L

where tan 3 = kg/k,, is the ratio of the vacuum expecta-
tion values of the bidoublet Higgs, A; ~ A;+0A;+ ptan 3,
p2, u% and A; are diagonal contributions to the corre-
sponding matrices and 5m3D, 0A; are off-diagonal terms
which appear because h, and h; may not be diagonalized
simultaneously. All the entries are 3 x 3 in flavour space.
The difference beween the LR, SUSY model and the MSSM
is in the appearance of the terms proportional to the neu-
trino Yukawas. These terms appear either at the tree level
or at the one-loop renormalization from Mgy [17]. If LR
symmetry is conserved, the masses of the left and right
sleptons are equal. After breaking, the mass difference
between the scalar partners of the left handed and right

handed leptons is much larger than the mass difference be-
2

.Afml
ph+mi+ e, h?

(®)

m2 —m?
tween the generations. We expect —2——2 ~ 1072 107"
[16,21]. The full mass for left- and righﬁc—handed sneutrino
has a complicated 12 x 12 matrix structure. We can con-
struct however an effective 6 x 6 matrix for the light neu-
trinos using the sea-saw mechanism:

2 2 2 * ML T
(m%)Eff = M o j_lcl];l Al//z(mD 2 sz) 9)
Ay(mpM = mp) pg+m;, + ch;

where A, ~ 2A, + An +2u cot 8. Note that in LR 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 neutrino is very heavy (masses
of order 1 TeV or so are consistent with the upper limit
on the right-handed electron neutrino mass [12]). Despite
the presence of the two scalar neutrinos, the mixing be-
tween the right-handed and the left-handed sneutrinos is
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small, due to the see-saw mechanism in the sfermion sec-
tor. 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 the sneu-
trino mass matrix is very heavy, so the mixing of sneu-
trino will be supressed by the inverse M%. However, as
opposed to the charged sleptons, in the light sneutrino
sector the Dirac terms do not induce considerable mixing
[25]. The off-diagonal terms in the sneutrino mass matrix
mix degenerate states and do not affect flavour violating
decays.

Next we consider the implications of these flavour
changing mechanisms in LRSUSY on g — e conversion in
nuclei.

4 The amplitude for the process u — e

All the mechanisms for p— e conversion found in the liter-
ature fall into two categories: photonic and non-photonic.
These classes differ from the point of view of the nucleon
and nuclear structure calculation. We concentrate here on
the leptonic contributions, and quote results for the nu-
cleonic structure from previous considerations in the lit-
erature.

The photonic mechanisms are mediated by the photon
exchange between the quark and the y—e lepton currents.
They are induced at one-loop level by the lepton-flavour
non-diagonal vertex. The mechanisms is similar to the one
in the radiative u — ey decay, except that the photon
emission can also be off shell. This is an important differ-
ence and produces rather different transition amplitudes
for the two processes.

The non-photonic mechanism contains heavy particles
in intermediate states and can also occur at tree level
through a Z;, or Zr penguin, or through the box diagram.
The non-photonic contributions are in general smaller
than the photonic ones, and this will also be the case
here. However, due to their importance in constraining
the right-handed mass, we will include a full analysis here.
The Feynman diagrams which contribute to the y—e con-
version in the LR SUSY model are given in Fig.1. The
amplitude for the p— e can be writen in the general form:

dra (1) . " @)
L5t + 5z i)

g
Mp,fe = qT m (10)

14

where the first term is the photonic contribution and the
second the non-photonic contribution. Here ¢’ is the cou-
pling for Zy or Zr and q is the momentum transfer. We
denote by J hadronic and j leptonic currents. We anal-
yse the photonic and non-photonic contributions in detail
below.

4.1 The photonic contributions

The first terms corresponding to the photonic contribution
in Fig. 1 (a and d) can be written in detail as follows. For
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the hadronic currents:
_ 1
I = N, 72 BN

and for the leptonic current:

. _ . Qv
J(>\1) = u(p) {(fMl + ’Y5fE1)w>‘ —
My
A v

v q°q
+ (fEo0 + V5 far0)iy <g>\l, 2

)] w40 a2

The functions far, fai, fro, fe1 are the electromag-
netic form factors and are functions of ¢2. For the decay
w — ey only fa1(0) and fg1(0) can contribute, whereas
all four contribute for the p — e conversion.

Based on the above transition elements, the branching
ratio for the coherent ;= — e~ conversion is given by [26]:

Rph(u_N — e N)
jveEeZoPijpr2 ) )
- mchapt {leO(_mH) + fMl(_mH)
+fao(=mp) + fer(=m2)* + | fro(—m},)

-ﬁmFmb—hmFm@—hﬂﬂﬁV}(B)

where I'cqp¢ is the total muon capture rate, Z. sy is an effec-
tive atomic charge obtained by averaging the muon wave
function over the nuclear density, and Fj, is the nuclear
matrix element. The p — e conversion process is roughly
proportional to fo ¢4, while the normal muon capture

I'cqpt is proportional to Zéf #» resulting in an enhancen-

ment of the conversion rate by a factor of Z [27].

The contributions to the conversion g — e in the
Left-Right Supersymmetric Model are parametrized by
the elements of the mass matrices: the Yukawa matrix,
the left-handed and the right-handed lepton doublet scalar
mass matrix and the sneutrino mass matrix. The associ-
ated physical parameters are the Yukawa eigenvalues; the
mass eigenvalues for the left- and right-handed slepton
doublets; and mixing angles for both left lepton doublets,
01, and right handed lepton doublets, 6, as well as angles
0s and 0; between the left and right scalar leptons of the
same family. These angles describe the rotation between
the sparticle and particle mass eigenbases.

Because the scalar mass splittings are required to be
small, we will parametrize the scalar mass eigenvalues by

the average masses, m% and mQR, and the mass splittings,

dm2 and dm%. We will also keep only the leading contri-
bution in both the mass splittings and the mixing angles.
The pure nuclear physics calculations needed for pu — e
conversion involve several integrals [6] and have been tab-
ulated for currently interesing nuclei Al, Ti and Pb. We
shall concentrate here on the T'v measurement, since it is at
present the most accurate. Inserting: Z. ¢ ~ 17.6, F,(¢> =
fmi) ~ 0.54, Z = 22, Lqp ~ (2.596 £0.012) x 10° s~!

and N = 26, we obtain, for the photonic branching ratios:

2
My \* 72
Ryhoto = 4.2 x 10774 62 ( mW) (Ap)? (?L>

- 2
L

L
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—— —— »— -
| [ b e
) l N
7(7) A + @) X
| | , AN
| |
—_—— e R
u d u d u d
(¢)
- (7+
..Q(A—-— _ l] (l_] )
p- Xi\2LR e i —
— > 1 > /’0 = N
\ ~ i+ - G (AL T \ -
) g X (ALr ¢
18 Z VA
u (d) u-(d) u (d) u (d)
(d) (e)
- Big - B e
{ > — < ———
| /
B | \ d
l;.*‘ 4 + I+ \</ Fig. 1. One-loop contributions to the
| | // \\ u~ — e conversion rate in nuclei
| | AN in the left-right supersymmetric model.
—_— ! - ! = - ad > N Here )2?[ represents a chargino state
u d u d d and i runs from 1 to 8; %Y represents a
u

(f)

4 N 2
+oh (S) (anp (Z”R) (1)
R ‘R

where 6, and fg represent the mixing angles between e,
and ur, and er and pp, respectively. We analyse in de-
tail the matrix elements in the lepton-flavour violating
conversion i — e. We use the loop functions which are
defined below. The argument of these loop functions is

neutralino state and i runs from 1 to 11;
and A} 7, represents a doubly charged
Higgsino state

rpk = M /m? where k represents the chargino, neutralino,
or doubly charged Higgsino and p represents the slepton or
sneutrino. The chargino and neutralino masses enter the
theory via their mass eigenvalues and mixing matrices.
Following [28], we employ the following notation: the
U, N matrices rotate the gaugino/Higgsino interaction ba-
sis into the neutralino/chargino mass basis. N is the ma-
trix for the neutralinos; U™ is the matrix for the charginos
WZ',R and H;; and U~ is for the charginos W~ and H .
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Ur, ns UZZ‘R are mixing matrices for the doubly charged

A r,r and 0y, g Higgsino mixing. The explicit form of these
matrices is found in [28]. The functions Ay, and Ag corre-
sponding to the photon penguin graphs in Fig. 1 are given
below:

Ap = ALf + Arn +ALg —|—ALj +Apa
Ap = Apy + Ay + Arg + ARj + ARrA

(15)
(16)

Here A represents the left-handed contribution, and
Apg the contribution from the right-handed sector. The
individual contributions are as follows:

For neutralinos, left-handed fermions, with an external
chirality flip:

1

2
Apg = B (Nngk + 92N%k) Fon(ripk) (17)

For the neutralinos, left-handed fermions, with an internal
chirality flip:

(A+ ptan )M,
App = 5
m?#
ln

M. o

g1 i X
X (Nngk + gQN]%k> Ton(Tik) — \/§gkv
2U1

0 91 70 i m?L
X NWLk+£NBk Ton(rie) + SmA
73

4 (NO 91 770 )
+ N
Wak TN Bk

(N

y (5AﬁeMX? (NI(/)V o glNgk>
2 2 RF
mip —mi go

X (Nngk + z;Ngk)

FonCrigk)  fon(rig)
BN T Y

(18)

For charginos, left-handed fermions, with an external chi-
rality flip:

m# )
Arp = - <mff> (Upri)” 95 (rugk) (19)

For charginos, left-handed fermions, with an internal chi-
rality flip:

Ay = (’”) i) (U ) (i)

n (A + pcot B)M,,
2

m#

(UV_VLk) (U;/Rk) g;)h (TVLk)
l

4
+ miL 6AEMV€MX]€
5m§L m%L — m%R
% lg;h(rVLk) B g;)h(TVRk)

m?2 m?2

Uwor) (Us)

oL DR
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For doubly charged Higgsinos, left-handed fermions, with
an external chirality flip:
Mpr

Apa =520

rme (U3,)" (05 (r2) = fiu(r,)) (21)

There are no contributions from doubly charged Higgsi-
nos with internal chirality flip because the left and right
doubly charged Higgsinos do not mix.

We have similar expression for the right handed con-
tributions.

For neutralinos, right-handed fermions, with an exter-
nal chirality flip:

2
1 g1
— NO 7N0
2 ( Wrk T . Bk)

For neutralinos, right-handed fermions, with an internal
chirality flip:

ARy

Fon(Tigk) (22)

(A + ptan )M, o
ARh = 5 Xk (NI(/)VLIC + glNgk>
mZR g2
M. o
0 91 0 i X 0
X <NWRk + gzNBk> Ton(Tigk) — gzvi (New)

4
€

)
m
R

g1 i 5
X (Nngk + gzNgk> oh(Tigk) + (5 1

(514 EM 0
X <N8VRk + leJOBk>
2

Xi
m2 —m?2
lr, lr

X (NI(/JVLk + i;Ngk)

x [f;;;(gm) _ f;?f;(%’;lzek)] (23)
lr lr

For charginos, right-handed fermions, with an external
chirality flip:

m4~ 9
ng = () 00 s

: (24)

VR

For charginos, right-handed fermions, with an internal chi-
rality flip:

mi

l — 4

s = () 0 05,0 st
VR

A+ pcot B)M,,

+( 2 ' (UI;/Lk) (UVT/RJC) g;h<TVRk)

25
mZ . (25)

% [g;h(TVLk) _ g;h(TVRk)

For doubly charged Higgssinos, right-handed fermions,
with an external chirality flip:

Apa, = 52 (U3) (205 (rina) — 5 (11aa)) (26)
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Although the equations depend very weakly on the
trilinear scalar parameter A, justifying setting A = 0, we
include the complete A dependence here. Equations (27)
to (30) give definitions for the non-universality of the A
terms used above.

6Aﬂe = Aﬁe - A/TUJ' (27)
6145” - Aé“ - Aﬁu (28)
(51417#1,6 - ADuVe - AD“VH (29)
(514.1761,# == Al—’eVe - Aﬁel/u (30)
The p~ — e~ loop functions are:
1
¢ (r) = ——[13 - 1117% — 1067°
o (r) = 6(1#)4[3 60 + 1117 — 1067
—6r2(6r — 1) log ] (31)
i 1
ph('r) = m (1 — 7“2 + —2r log T) (32)
e 1 2
—41r® + 6(12 — 17r) log r] (33)
s 1
Ipn(r) = A= (=3 44r — r? —2logr) (34)

4.2 The non-photonic contributions

The non-photonic currents generated by Fig.1 (a to f)
can be written as:

IE = Mg+ foms) + (v + fams)wlN (35)
for the hadronic current, and
Y _ 1
Tz = wlp)mg (fo + favs)ulp + ) (36)

for the leptonic current, where fy, f; are model-depen-
dent form factors. The non-photonic contributions to u—e
conversion are given by the following conversion ratio [27]:

Ropn(™ N — e N)
GroaPmip.E 24, F? M2
pl’e—~e“effp 2
= 2
722 Ty [(f + fA)Q + MQ

2

! ! ! M%
X(fvfy + fafa)QwQy + <M2L )
ZRr

(7 + 10 (37)
where, inserting corresponding values the left-right pa-
rameters:

V2e?

fv= —meO(QQ) (38)
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fa= 32{;2 faro(d?) (39)
2 M2
fv = 35[;2 MngEo( ) (40)
V2 MG,
Ih = 36‘;%% Az (@) (41)
Qw = (2Z + N) (; - %sin2 9W>
+(Z +2N) ( + %sinz 9W) (42)
Qw = (2Z+N) %—&-ltan 9W>
+(Z 4 2N) (— - - tan HW) (43)

we obtain the expression for the non-photonic conversion
rate due to Zg and Z, as:

P{nph(:u_zv_> E_N)
16a5p E.Z*, F? 1
e~eeff p 2 2
_ ~(Z-N
9111, Z L caps UfE0| +|fMO|} 2( )
2
MZ 200520W
1— L —2Zsin%0 44
" l <M%) cos? Oy | 245w (4)

Note that the non-photonic rate is proportional to Z4 ff/Z

(to be compared with Z4f 72 for the photonic rate). Using
the same values for the nuclear structure as in the previous
subsection, this expression translates into the following
conversion ratio for 7%, expressed as a sum of chargino,
neutralino and doubly charged Higgsinos contributions:

Ropn(u~ —e7)

2
_ 16pBea 574 F? g (Mw 4 (B, 53
I Z T apt L mjy L m%

4 ~ 9 2
0 (3 ) (e (%ﬂ) }{;(Z )
R

2
M 2 cos 20w
1— L —2Zsin?0 45
g [ <M%R> COS2 HW o W ( )
where
Bp = Bry+ Brg+ Bra (46)
BR:BRf+BRg+BRA (47)

Here By, represents the left-handed contribution, and Bg
the contribution from the right-handed sector. The indi-
vidual contributions are given below (note that only ex-
ternal chirality flip terms contribute to the non-photonic
rates of conversion).

For neutralinos, left-handed fermions:

1

2
g1
Brg =5 (Ngvm + gQN]%k> Frpn(T1,k) (48)
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For charginos, left-handed fermions:

mé )
Bup=- (mfﬁ> (V1) o)

(49)

UL
For doubly charged Higgsinos, left-handed fermions:

Mg

Bra = —29271)1% (U;;)2 (29nph(rlLA) - fnph(rlLA)) (50)

There are similar expression for the right handed contri-
butions.
For neutralinos, right-handed fermions:

1 2
Bry =5 <J\78VR,c + z;N,%k) Jrpn(rige) (1)

For charginos, right-handed fermions:

: (52)

m;l;a + 32
BRf = - mi (UWRk) gnph(ruRk)
VR
For doubly charged Higgssinos, right-handed fermions:

Mrr
292VR

Bra = — (UZ;)Q (29nph(TlRA) - fnph(TlRA)) (53)

Finally, we give the expressions for the 4~ — e~ non-
photonic loop functions:

1
fnph(r) = m
X (2= 97 + 1872 — 187° + 6r° log 1) (54)
1
Gnph (1) = m [16 — 457 + 3672 — T3

+67(2 — 3r)log 7] (55)

5 Numerical results and discussion

Having introduced the theoretical framework for ;1—e con-
version, we turn to the quantitative analysis of this pro-
cess in terms of the parametrs of the left right model. The
flavour violating decays are sensitive to the universal GUT
parameters mg (the scalar mass), the trilinear coupling A,
the value and the sign of the Higgs mixing parameter pu,
the value of tan 3, the values of the left- and right-handed
gaugino masses My and Mg, and Mpr. We fix here the
value of Ay = my, but allow My, p, tan§ and My to vary
within the experimentally allowed parameter region. We
set M r = 100 GeV to maximize the doubly charged Hig-
gsino contribution, but note that this value does not affect
strongly the conversion rate. In addition, the flavour vio-
lating decays will depend on the neutrino mixings which
are assummed to be large enough to explain the neutrino
data [1]. We briefly review some popular realizations of
neutrino mixings.

The neutrino mix through v, = K,;v;, where a de-
notes the flavour e, p, 7 and ¢ denotes mass eigenvalues
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1,2,3. If we assume that the atmospheric data is fit by
sin® 20 44m = 1, the mixing matrix can be parametrized
as:

c —s K3
c 1
K., = % 7 —1% (56)
VZ V2 V2
In the above formula s = sinfsy, ¢ = cosfsy. (If

sin® 20,44, = 8 /9 the matrix is similar, indeed we need not
consider it separately). In this pattern the solar neutrino
deficit is explained either by the small mixing angle MSW
(oscillation enhanced by the solar core) solution (MSW-
SA): sinfy, ~ 5.5 x 1073, sinf,,, sin 6, small; or by
the large-mixing angle of the MSW solution (MSW-LA):
sin? 20, ~ 1. The other solution is for oscillations with-
out help from the solar core, called vacuum oscillations
(or the just-so solution) and it requires (VO): sin? 20, ~
0.75. If one includes the LSND data, one might need to in-
troduce a sterile neutrino as the fourth neutrino. There are
cogent arguments that the only schemes consistent with
all the experiments are those which include two pairs of
neutrinos with nearly degenerate masses separated by a
gap of order 1 eV. This scenario has a 4 x 4 neutrino
mass matrix in which the pairs v, — v, and v, — v, mix
maximally within doublets but mixing between doublets
is weak; scenarios with more than one sterile neutrino also
exist, but we will not discuss them here [29]. This solu-
tion (LSND) requires sin? 20, ~ 0.003 —0.03. In all cases
K3 is very small and constrained by the CHOOZ data
to be |Ke3] < 0.2 [30]. The restrictions on mass splittings
coming from these mixings are [29]:

(Am?) prsw—rpa ~ 3.5 x 1073 eV?
(AmQ)MSw_SA ~5x 1078 eV?
(Am?)yo ~ 10710 eV?

(Am?)psnp ~ 0.2 —2 eV? (57)

The limits on neutrino masses come from several con-
siderations. First, there are the direct bounds: m, <
5€eV, my, < 170KeV and m,_ < 18 MeV. However, cos-
mological restrictions coming from the critical density for
neutrino hot dark matter impose neutrino masses whose
sum cannot exceed a few eV, > 1v; < 6 eV. This would
allow the heaviest neutrinos to have masses of order 2 eV,
if all three neutrinos are degenerate in mass. Most theo-
retical fits to the data indicate however a tau neutrino of
mass 1 eV [29].

Clearly, from the point of view of muon decays, the
most interesting scenario is either the MSW-LA or VO
scenarios; these allow for significant mixing between e — i
sector. If the dominant mixing is MSW-SA, one would
expect the most pronounced lepton flavour violation to
occur in the 7 — p sector and therefore be visible in a
large, possible observable, 7 — vy branching ratio. As
an estimate for the mixing angle we shall take the usual
assumption that each is equal to the square root of the
masses of the two particles it relates: for the leptons,
0 = Or = +/e/u. This result is inspired by GUT the-
ories, quark-lepton universality, and the successful quark
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Fig. 2. Variation of the photonic conversion rate with the
universal scalar mass mg. The other parameters are set as
My, =200 GeV, p =200 GeV, Mr =10 TeV and tan(3 =3
1.2x107% | Rpne
1x10712
8x107?
6x107"
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2x107"

100 200 300 400 500 600 M.

Fig. 3. Variation of the photonic conversion rate with the
left-handed gaugino mass My,. The other parameters are set
as mo = 700 GeV, p =200 GeV, Mr =10TeV and tanf =3

counterpart form: Ocappive = /d/s. However, we will also
consider violations of this ratio coming from the Dirac
neutrino mass-induced mixing, as discussed in Sect. 3.
We first shall present the analysis for the photonic
conversion rate. Since the photonic rate varies extremely
weakly with the right-handed scale Mp, we shall keep
thoughtout these plots Mg constant at Mrp = 10 TeV.
The non-photonic rate is usually less that 1073 the value
of the photonic rate and can be safely neglected for re-
strictions on SUSY parameters, with the exception of the
right-handed mass and mixing, as we shall see later.
Figures 2-5 show the dependence of the conversion ra-
tio with the parameters of the LR SUSY model. We first
plot the photonic conversion rate as a function of the uni-
versal scalar mass mg for a light gaugino-Higgsino sce-
nario and low tan 3, My = 100 GeV, pu = 200 GeV and
tan 8 = 3 (Fig. 2). Under these circumstances, the present
data restricts scalar masses to be heavier than 750 GeV'.
We then plot the variation of the photonic conversion with
the scale of the left-handed gaugino mass, M. We keep
p = 200 GeV and tanfB = 3, and set my = 700 GeV
(Fig. 3). The present bound on the conversion rate is satu-
rated at My, ~ 250 GeV. In Fig. 4 we plot the dependence
of the conversion rate on the Higgsino mixing parameter

-400 -200 200 400

P

Fig. 4. Variation of the photonic conversion rate with the
Higgs mixing parameter p, for both positive and negative p
values. The other parameters are set as M = 100 GeV, mg =
700 GeV, Mr =10 TeV and tan3 = 3

Ron
2x107*2
1.75x1072
1.5x107"?
1.25x107 |
12 [

1x10°

7.5x107

10 20 30 40 50 tanﬁ

Fig. 5. Variation of the photonic conversion rate with the
tanf8 = kKq/ky. The other parameters are set as My =
200 GeV, p =200 GeV, Mr =10 TeV and mo = 800 GeV

, for both positive and negative values of sign(u), for
M;p = 100 GeV, my = 700 GeV and tan(3 = 3. The
present bound is saturated faster for positive u, requiring
@ > 175 GeV, than for negative u, where the requirement
is || > 350. Neither of these are too restrictive. The de-
pendence of the conversion rate on tan 3 is shown in Fig. 5
for My = = 200 GeV,mg = 800 GeV. As in the case of
the decay u — e, the conversion rate is shown to increase
rapidly with tan 8 and the process becomes quickly ruled
out for a light gaugino/Higgsino sector for tan 3 as low as
10.

Figures 6-8 show the dependence of the conversion
ratio with the universal scalar parameter mqg for M =
100 GeV (dashed curve) and 500 GeV (solid curve) in
Fig.6; for p = 500 GeV (dashed curve) and —500 GeV
(solid curve) in Fig.7; and for tan§ = 3 (dashed curve)
and 25 (solid curve) in Fig.8. Figure 9 shows the re-
strictions coming from the conversion rate on the M —
1 parameter space for the universal scalar mass mg =
800 GeV'. Even at present experimental sensitivity, regions
of light gaugino-Higgsino masses are excluded.

We then analyse the dependence of the conversion rate
on the neutrino mixing schemes described at the begin-
ning of this section. The MSW-LA and VO schemes are
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Fig. 6. Variation of the photonic conversion rate with the
universal scalar mass mo for light My = 100 GeV (dashed
curve) and intermediate My = 500 GeV (solid curve) left-

handed gaugino mass scale. The other parameters are set as
=200 GeV, Mr =10 TeV and tan3 = 3

1.4%x10712 Ry
1.2x10\12 F
1x10712 \
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6x10°t
4x107%3 |

2x10713 ¢

1000 1200 1400 mo

Fig. 7. Variation of the photonic conversion rate with the uni-
versal scalar mass my for positive p = 500 GeV (dashed curve)
and negative u = —500 GeV (solid curve) Higgs mixing param-
eter. The other parameters are set as My = 100 GeV, Mgr =
10 TeV and tan 8 = 3
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| Rpn

2xio*?
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1x10°12 |

5x10713

1000 1200 1400 Mo
Fig. 8. Variation of the photonic conversion rate with the uni-
versal scalar mass mo for small tan 8 = 3 (dashed curve) and
intermediate-large tan 3 = 25 (solid curve). The other param-

eters are set as My, = 100 GeV, u =200 GeV, Mr =10 TeV

Fig. 9. Plot of the photonic conversion rate variation with
the left-handed gaugino mass My and the Higgs mass mixing
parameter p for mg = 800 GeV, for Mr = 10 TeV and tan § =
3

quite close and cannot be distinguished through u — e
conversion. However, the MSW-SA mixing scheme gives
significantly smaller conversion rates and, either through
improved precision measurements, or in regions of light
scalar masses, can be distinguished from the other two. In
that case, the smuon-selectron mixing is small, the smuon-
stau mixing is enhanced, and we would expect 7—u flavour
violation to dominate considerably over u — e flavour vio-
lation. This dependence shown in Fig. 10.

If the form factors fg1(¢?) and far1(g?) dominate, the
branching ratios of u™ — ey, u* — eTe"eT and p~ —e”
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Fig. 10. Variation of the photonic conversion rate with the
universal scalar mass myg for large ve — v, mixing (MSW-LA,
VO; dashed curve) and small v. — v, mixing (MSW-SA; solid
curve). The other parameters are set as My = 100 GeV, pu =

200 GeV, Mr =10 TeV and tan =3
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Fig. 11. Variation of the ratio of photonic conversion rate
to the branching ratio of radiative muon decay, Rphoto(it —
e)/BR(p — e7y), with the universal scalar mass mog, for My =
200 GeV, u =200 GeV, Mr =10 TeV and tan3 = 3

conversion are approximately related and we expect:

I(uTi — eT) 1

~ —BR 58

I'(pTi — capture) — 200 (= o), (58)
1

BR(ut —etete”) ~ ——BR(u" —ety)  (59)

160

Though the second rate is practically universal over the
whole parameter spectrum, the first is not so. We plot the
ratio of the conversion rate to the radiative uy — e~y rate as
a function of the universal scalar mass mg in Fig.11. The
conversion rate is somewhat enhanced compared with the
naive expectation (58). We see that, even if both muon
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Fig. 12. Variation of the non-photonic conversion rate with the
gaugino right-handed mass scale Mg. The other parameters
are set as My = 200 GeV, p = 200 GeV, mo = 500 GeV and
tanf3 =3

flavour violations can occur, the ratio is not universal and
the conversion rate is relatively more important for regions
with larger values of my.

Finally, we analyse the non-photonic ratio as a function
of the right handed scale Mg in Fig. 12. The non-photonic
conversion ratio depends sensitively on Mgz and can give
significant contributions for as low a right-handed scale
as b TeV. This translates, in the exact supersymmetric
limit, where the gaugino and gauge scales are approxi-
mately equal, into a visible Zp presence in the 1-5 TeV
range. It is interesting to note that at such high masses,
thegZ r— Z1, mixing angle is extremely small, and the ratio

(MZL )2 in (45) gives negligible contributions, but the Mg

M2
ZR

dependence comes from the loop functions.

6 Conclusion

We have presented a complete analysis of the conversion
ratio for the process ¢ — e in the left-right supersym-
metric model. The conversion ratio is enhanced relative
to the corresponding one in MSSM. This enhancement is
due to the contribution of right-handed particles in the
both the gauge and matter sectors, and to a richer gaug-
ino/Higgsino sector. The conversion ratio restricts univer-
sal scalar masses to be heavy (for a light gaugino-Higgsino
spectrum), of order of 700 GeV or more. It shows extreme
sensitivity to large values of tan 3 and requires that either
the left-handed scale be heavy, or the sfermion masses be
heavy. It allows both positive or negative values for u,
the Higgsino mixing parameter, although it saturates its
present experimental bound faster for u > 0. With im-
proved accuracy, it can distinguish between various neu-
trino mixing schemes. The conversion rate also has some
advantages over the radiative muon decay: it is more sen-
sitive to the right-handed scale, therefore to the presence
of the Zp, more sensitive to the presence of a doubly-
charged Higgsino [8], and the ratio of the two processes is
not universal. Analyses of both processes are essential for
understanding lepton flavour violation, especially muon-
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electron mixing. In LR SUSY the lepton flavour violation
is allowed to differ from the flavour violation in the quark
sector through some diagrams that contribute only in the
lepton sector (the diagrams with doubly charged Higgsinos
and Higgs) and as such one entertains the possibility of
un-related sources of flavour violation in squark and slep-
ton mass matrices. (The latter occurs in the case where
LR SUSY is not imbedded into a SUSY GUT structure,
such as SO(10).)

The contribution of  — e might provide a more sen-
sitive test for lepton flavour violation and for LR SUSY
than yu — ey, especially given the fact that the present ex-
perimental limit may be improved at the planned MECO
experiment at Brookhaven using 27 Al targets, and the ex-
pected sensitivity on R, is [31]:

R

~ < 2x 1077 for 2 Al target, (60)

ne
which implies an improvement over the existing limits of
about four orders of magnitude. If this happens, whatever
the mechanisms considered for u — e conversion, it can be
expected that this process will become the principal test
of muon number conservation.
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