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Testing neutrino oscillations with 7 lepton flavor violating decays
in the left-right supersymmetric model
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We present a detailed analysis of the lepton flavor violating decays of liygton to one loop order in the
presence of neutrino mixing in the left-right supersymmetric model. We find that when the seesaw mechanism
is responsible for nonzero neutrino masses and large neutrino mixings, the present neutrino data lead to an
enhancement of— uy close to, or above, the experimental bound for all neutrino mixing schemes. By
comparison, the branching ratio fer—evy is expected to be several orders of magnitude smaller and depen-
dent on the neutrino mixing scheme. Among the three lepton decays of, tive decayr— ue*e™ is the
largest, but still below the experimental bound by several orders of magnitude. This provides an interesting test
for left-right supersymmetry and a strong incentive for improving the limit on the branching ratie-@fy.
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[. INTRODUCTION charginos and neutralinos or allow for the production of light
doubly charged Higgs bosons and Higgsipb8]. LRSUSY
The generally held belief that the standard model of elecalso provides an elegant solution to the SUSP problem
troweak interactions is a low energy approximation of a[11], and it places the seesaw mechanism of giving masses to
more fundamental theory has received a lot of support reneutrinos in a supersymmetric context.
cently with the discovery of neutrino oscillatiof$]. The Neutrino oscillations are the first observed breaking of
introduction of supersymmetifBUSY) and of the supersym- global symmetry within the standard modélepton number
metric counterpart of the standard model, the minimal supereonservation is broken by neutrino masses; also lepton flavor
symmetric standard modéMSSM), provides a solution to violation is the result of neutrino oscillationsThe most
the naturalness problem of the radiative corrections to th@atural explanation for the small left-handed neutrino masses
Higgs boson mass. However, this model fails to explain otheteads one to assume the existence of a right-handed neutrino,
phenomena such as the weak mixing angle, the small masgith mass in the range 10 Gev=My=<10' GeV and a
(or masslessnepsf the known neutrinos, the origin @P  seesaw mechanism, as in the LRSUSY. Breaking of symme-
violation, or the absence of rapid proton decay. It is hopedry in the neutral leptonic sector has implications for the
that extended gauge structures, introduced to provide an etharged leptonic sector, where experiments measuring lepton
egant framework for the unification of forcg2], will con-  flavor violation (LFV) are expected to be able to increase
nect the standard model with more fundamental structuresensitivity by four or more orders of magnituffe?]. These
such as superstrings, while at the same time resolving thexperiments have great potential to uncover many exotic
puzzles of the electroweak theory. The left-right supersymphenomena and probe electroweak symmetry breaking. A
metry (LRSUSY) is perhaps the most natural extension ofgreat deal of attention has been paid to the decayey and
the minimal mode[3—6]. LRSUSY was originally seen as a to u-e conversion as the dominant lepton flavor violation,
natural way to suppress rapid proton decay and as a mechbecause of the tight experimental bounds on these processes.
nism for providing small neutrino massgs]. Left-right su-  However, if one takes into account the convincing result that
persymmetry is based on the group SU(2BU(2)x the atmospheric neutrino anomaly is indicativergfv, os-
XU(1)g_,, which would then break spontaneously to cillations, the theoretical expectation would be that there
SU(2). X U(1)y [3]. In addition to being a plausible symme- must be large lepton flavor violation mixing between the
try itself, LRSUSY models have the added attractive featuresecond and third generation sleptons. Then one would expect
that they can be embedded in a supersymmetric grand unifigstanching ratios for the process—uy and related LFV
theory such as SQ@O) [7]. Additional support for left-right processes that test second and third generation mixings to be
theories is provided by building realistic brane worlds fromimportant.
type | strings, which involves left-right supersymmetry, with  In this paper we investigate the lepton flavor violation
supersymmetry broken either at the string scMeysy decay of ther in the LRSUSY model. In LRSUSY lepton
~101°-10" GeV, or at Mgysy=1 TeV, the difference number is a local symmetry. We include in our analysis the
having implications for gauge unificatiof8]. The conse- results for the solar and atmospheric neutrinos and calculate
quences of the left-right supersymmetric model at colliderghe 7 LFV branching ratios corresponding to the popular
have been explored extensivdl§,9]. It was shown that in  scenarios for neutrino oscillatiorffarge angle, small angle,
most cases it could lead to enhanced production rates fand vacuum oscillationsWe do this for two reasons. One is
that LRSUSY allows for some new contributions in some
cases, and gives different dominant contributions in other
*Email address: mfrank@vax2.concordia.ca cases, from models discussed so[fe8]. The other reason is
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that 7 flavor violating decays can be used to restrict the pa- 0 O
rameter space of the LRSUSY model. This paper is orga- <AL):( O)’ (AR)=
nized as follows. We review the LRSUSY model in Sec. Il UL
and discuss the sources of flavor violation in Sec. lll, after
which we give a complete list of the contributions to the <®>:(K 0_ )
0 K/elw *

, and

UR 0

decayr—|vy and 7—3l in Sec. IV. Our numerical analysis

and discussion are included in Sec. V, and we conclude in

Sec. VI. () causes the mixing ofv, andWg bosons with theCP

violating phasew. In order to simplify, we will take the

II. THE LEFT-RIGHT SUPERSYMMETRIC MODEL VEVs of the Higgs fields agA)=0 and
The LRSUSY model, based on SU(SU(2); 0 O ky, O

X U(1)s_,, has matter doublets for both left- and right- (AR>:(U 0>, <q>u>:( 0 0), and

handed fermions and the corresponding left- and right- R

handed scalar partnersleptons and squarkg5]. In the 0 0

gauge sector, corresponding to SU(Hnd SU(2%, there <¢d>:( )

are triplet gauge bosons\(**~, W%, (W~ WO, and a 0

singlet gauge bosoW corresponding to U(%)_, , together

with their superpartners. The Higgs sector of this model conChoosingv, = k' =0 satisfies the more loosely required hi-

sists of two Higgs bidoublet® (1,%,0) and ®4(,%,0), erarchyg > max(c«’) >v_and also the required cancel-

which are required to give masses to the up and dowration of flavor changing neutral currents. The Higgs fields

quarks. The phenomenology of the doublet Higgs is simila@cduire nonzer¥ EV's to break both parity and SU(g) In

to the nonsupersymmetric left-right modef], except that e first stage of breaking, the right-handed gauge bosgns
the second pair of Higgs doublet fields, which provides new2nNdZr acquire masses proportionaldg and become much
contributions to the flavor changing neutral currents, must b&€avier than the usuéeft-handed neutral gauge bosons,
heavy, in the 5-10 TeV range, effectively decoupling from&ndZ., which pick up masses proportional kg and «q at

the low energy spectrurfild]. The spontaneous symmetry the second stage of breaking. _ _
breaking of the group SU(2x U(1)g, to the hypercharge The supersymmetric se_cto_r of the model, Wh|le_ preserving
symmetry group U(1) is accomplished by the vacuum ex- left-right syrlwmgtrthas~S|x Emgly chgrged charginos, corre-
pectation values of a pair of Higgs triplet fields (1,0,2)  sponding toh; ,Ag, ¢, ¢q, A, andAg . The model also
andAg(0,1,2), which transform as the adjoint representatiorhas 11 neutralinos, corresponding X9, X/, Ay, ?j,gu,

_of SU(2)z. The choice _of thg trlple_t(;versus four QOubIels agu’ 7152(1, agd, R0 X0 0 and?S%. It has been shown

is preferred because with this choice a large Majorana mas§ 5t in the scalar sector the left tripla§ couplings can be
can be generate(through the seesaw mechanjsfor the  oqjacted in phenomenological analyses of muon and tau
nght-handed neutrino and a s'mall one for the Ieft—hande%ecays[m]_ Although A, is not necessary for symmetry
neutrino[4]. In addition to the triplets\ g, the model must  o4king[6], and is introduced only for preserving left-right
contain two additional triplets, (1,0,~2) anddg(0,1,~2), symmetry, bothA; ~ and its right-handed counterpakf; -
with quantum numbeB—L=—2 to insure cancellation of play very important roles in phenomenological studies of the

the anomalies that would otherwise occur in the fermionic h5\jsy model. We include them both in our formal expres-
sector. Given their strange quant.um npmbers,&Lhand Or .sions, but only the\g contribution in the numerical analysis.
do not couple to any of the particles in the theory, so their

contribution is negligible for any phenomenological studies.

The superpotential for the LRSUSY is lIl. SOURCES OF FLAVOR VIOLATION IN LRSUSY
The sources of flavor violation in the LRSUSY model
W=h{QT7,®; 7,Q°+ h{ILT7,®; mLS+i(hy gL A L come from either the Yukawa potential or from the trilinear
T scalar coupling.
+h gL TARLE) + M R[TI(A 8 +ARdR)] The interaction of fermions with scaldiggs) fields has
the following form:
+ i Tr( @] @) + Wyr 1 9

. . _ Ly=hQLP QrthgQ P¢Qr+h,L P Lrthel Pylr

whereWyr denoteqpossibleé nonrenormalizable terms aris-
ing from higher scale physics or Planck scale eff¢@]. +H.c.,
The presence of these terms ensures that, when the SUSY
breaking scale is abovily,,, the ground state iR-parity Ly=ihg(L[CT A L +LEC 17r,ARLR) +H.C. 2
conserving 15].

As in the standard model, in order to preserve @¢l) whereh,, hy, h,, andh, are the Yukawa couplings for the
gauge invariance, only the neutral Higgs fields acquire nonup and down quarks and neutrino and electron, respectively,
zero vacuum expectation valuegEV). These values are  and h g is the coupling for the triplet Higgs bosons. LR
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symmetry requires ath matrices to be Hermitian in the gen- Where theA matrices 8, Aq, A,, andA,) are of similar
eration space and thh g matrix to be symmetric. The form to the Yukawa couplings and provide additional sources

Yukawa matrices have physical and geometrical significancgf flavor Vio|ation, B is a mass term, an& is the scalar

and cannot be rotated away. Geometrically, they represeromponent of the right-handed neutrino supermultiplet. The

misalignment between the particle and sparticle bases in fl% ; = ~
. L S tergenerational slepton mixinge( «, andr) and also left-
vor space, the physical significance of which is that they 9 b @ 7

cause flavor violation. In addition soft supersymmetry break/ight slepton mixing €. ,er, 4,7 ,7) cause the off-
ing terms that generate masses for the charged slepton fiel2gonal nature of the matrices, and are therefore responsible
also induce LFV. The SUSY breaking term for the Higgs for flavor violation. We discuss these next.

bosons and lepton sector in LRSUSY is given by In the scalar matter sector, the LRSUSY model contains

R - - - two left-handed and two right-handed scalar fermions as
— Lsor=—[AIN{'LT7,®; L +iA gh p(LTm2A L partners of the ordinary leptons, which themselves come in
left- and right-handed doublets. In general the left- and right-
handed scalar leptons will mix together. The slepton mass
matrix, which arises as a result of the renormalization group
evolution from theA gyt scale, is, incorporating some ele-

+LTrARLS) + mD2d [, 1+ [(md) T] T

+(mR)i TR+ (MR NFNF T+ ME[ Tr(ARdR)

+Tr(AL 6 )]+ Bu;j®i®;, 3 ments of the left-right symmetrjl17],
|
mZ+D, 0 Ae 0 0
0 mE"‘ Do (ﬁh_)gz 0 Ay 0
, 0 (m)2, mMi+D, 0 0 A,
(rnf)eff: 2 ~ 9 ’ (4)

Ae 0 mi+Dr  (MR)%, 0
0 A, (mg)2, mM&+Dg 0

0 0 0 0 m2+Dg

where A=Am+mputans, (I=eu,7), D =M3 (Ts/2+sir’ Gy)cos B+M3 sin’ fy/sin28,cos B, and Dg=
-M §L Sir? 6, cos 2B+ MgR(Tg/z— Sir? 6,,/cos Hy)sin 28.

The full mass for left- and right-handed sneutrino has a complicatedl22matrix structureg 19]:

mZ +mim} 0 mEMT A*mp
) 0 m?+mpmy, A*mp mpM '
(M) = M*mg miA*  mZ+MEMT+mEm) AXM* ®
A,mf Mm? AWM m2+MM T+ mpm}

whereA,=A,+ u cotB andmp andM are, repectively, the Dirac and the Majorana mass matrices. From this we can construct
an effective 6<6 matrix for the light neutrinos using the seesaw mechanism:

m;— A (A, = 2Ay)(MpM ~?m})
A (mpM ~tmb)*

AL* (mpM~tm)

m; — A L(A,—2Ay) (MpM ~?mf)

2
(M) efr=

(6)

where A | ~2A,+Ay+2u cotB. Note that in the LR model  sneutrino mass matrix are proportional to the Dirac neutrino
the left-handed neutrino mass is allowed to be nonzero, bupass, which can be significant. But the right-right element of
can be made small through the seesaw mechanism, as long'h€ Sneutrino mass matrix is very heavy, so the mixing of
the right-handed neutrino is very heaygasses of order ﬁneutnnos W'I.I be suppressed by the mvemé, the k:'ghtr']

10'° TeV or so are consistent with the 1 eV limit on the anded neutrino mass. However, as opposed to the charged

) , slepton sector, in the light sneutrino sector the Dirac terms do
left-handed neutrino massDespite the presence of the tWo ot inquce considerable mixifg@0]. The off-diagonal terms

scalar neutrinos, the mixing between the right-handed angh the sneutrino mass matrix mix almost degenerate states

the left-handed sneutrinos is small, due to the seesaw mechgnd affect flavor violating decays less than the charged slep-
nism in the sfermion sector. The left-right elements of theton mixing.
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~ Next we consider the implications of these flavor chang-sm2 . We keep only the leading contribution in both the mass
ing mechanisms in LRSUSY on the lepton-flavor violating spjittings and the mixing parameters. In addition to scalar

decaysr—|vy and the related LFV processes-3l.

IV. THE AMPLITUDE FOR THE PROCESSES 7—ly
AND 7—3I
A 17— (e)+y

The amplitude of ther— |+ transition can be written in
the form of the usual dipole-type interaction:

1—
MT~>|7:§w|(ALPL+ARPR)O-MVF,uV¢T' (7)

It leads to the branching ratio

(ALP+|AgHmMS. (8)

T—ly=

1672

Comparing it with the standard decay width,

=(1/1927%)G2m?> and using the recent experimental con-

straint on the branching ratid 8]

mass splitting, LFV decays will depend also on gaugino-
Higgsino mixing.

We now consider the implications of these mixings in the
the lepton flavor violating decay—1y. The argument of the
loop functions(defined belowis r ,,=M§{/m2 wherek rep-
resents the chargino or neutralino, gmdepresents the slep-
ton or sneutrino. The chargino and neutralino masses enter
the theory via their mass eigenvalues and mixing matrices.
Following [21], we employ the following notation: thg,N
matrices rotate the gaugino or Higgsino interaction basis into
the neutralino or chargino mass badi is the matrix for
the neutralinost) * is the matrix for the chargino®;" ; and

U™ is for the charginosPj . Uy~ andU; " are mixing

matrices for the doubly chargell r and’é,_ r Higgsinos.

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 supersymmetric model,
the chargino matrix is a 85, nonsymmetric, non-Hermitian
matrix M€, from the Lagrangiariwe include here, for the
sake of minimizing the number of parameters, only the right-
handed triplet Higgsings

. 1 0 M\ /W
BR(7— uy)<1.1xX10 6, 9 — (P
©y Leh 2(\If v) Me o |\w- +H.c. (13
we get the following limit on the dipole amplitude:
where
— 2 2 — 24 ~ ~ ~
for r—uy (7—evy). o
Because the scalar mass splittings are required to be Vo=(—ir,,—iNg, D, , D5 AR), (13
small, we will parametrize the scalar mass eigenvalues by the
average masses’ andm3 and the mass splittingsm? and  and
|
M, 0 0 V2My, sing 0
0 Mg 0 2My, sing S We W
V2
ME=| J2My, cosp  V2My cosp 0 0 (14)
0 0 " 0 0
MZ _M2 )1/2
0 _ M= Maw)™ 0 Mk
2
|
Mp=U)*Mmeuh) -1, (15)

where tarnB=«k4/«,, M andMy are the gaugino masses in
the left- and right-handed sectors and =U;;¥; , Xi
=U ¥/ (i,j=1,....5).

As in the MSSM, we need two unitary matrice$ ™) and
U™ to diagonalizeM©:

The eigenvalues oM°® can be either positive or negative,
whereas we requirdlp to have only non-negative entries.
We shall use numerical expressions h‘.qf andU;; obtained
in [21].
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The neutralino Lagrangian can be written in matrix form \P°=(—i)\gcosew,—i)\° ,—i)\gsin ew,a)gla)g,zg,gg)_

as
1
£n=—§(\lf°)TM”(\If°)+H.c. (16) (17)
using the basi¢of neutralinos that couple to leptons or slep- The neutralino mixing matrix is in general a complex sym-
tons metric matrix given by
|
My+Mgtarféy, O 2(Mg—My) C, -C, C, —-C,
0 M 0 -Cj3 C, 0 0
M M sin 6y, cos
2(MR_MV) 0 Mv+ R z w ﬁ C2 _C5 C5
tarf 6y tarf yy
MN= Mz cosé,y sin 18
C, _c, Mzcosbwsing —u 0 0 0 (18
tar‘?ﬂw
- C2 C2 C2 0 — M 0 0
C, 0 —Cs 0 0 0 Mg
—Cy4 0 Cs 0 0O Mg O
|
where Here A, represents the left-handed contribution akgthe
contribution from the right-handed sector, as given below.
C,=Mgzsin6 cosp, (19 We present first the individual contributions for graphs
with chirality flip on the external fermion line. For charginos,
C,=M;cosbysing, (20 left-handed fermions, with an external chirality fl{fFig.
1(a)]:
C3=M coséb,y cosp, (21 g2 , (Mm%, f(kaM) f(X, )
Ar=— = Uw | = 7 T 2
C4=2Myy, COSbyy, (22) 16w m, oMM, ms
_ : (28)
Cs=2My,_Sin* 6y, /\/cOS 2. (23
For charginos, right-handed fermions, with an external
We define the masss eigenstates to be chirality flip [Fig. 1(b)]:
2 ~ N2
0_ S g (Mg) 3,
xi=Ny¥,, il=1...7, (24 Agi= — —— = (Uy)? ———=
2 2 2
. . . . . . 16’”’ 2 " mN,u,_mNT
whereN;, is a unitary matrix that diagonalizes the neutralino
mass matrix: fxn ) FOen)
X ——— ——— (29
Mp=N*MNN~* (25) My, My,
with Mg the diagonal neutralino mass matrix. Again, we usegr?.rrapteuftlra“[?:c.’s’ 1I(((a:1;t]—.handed fermions, with an external
the numerical expressions fok; obtained in[21]. raiity fip 2'9' : ~ 5
The contributions to the decay—|+ vy in the left-right _9 Z(NQ,  +tan62N2,)2 (M),
supersymmetric model are presented in the diagrams of Fig. Lo g2 20 Wik WITBK 2 2
1. The evaluation of these graphs includes the elements of f L
LFV outlined in the previous section. We write the ampli- X X
tudes for the decays as 9(Xicu,) _ (%) (30)
m? z '
AL=AL AT AL TALFALT AT AL, (26) - t

For neutralinos, right-handed fermions, with an external
AR=Art Argt Ary T ArjT AriTArnt Ara-  (27)  chirality flip [Fig. 1(d)]:
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I+ o\
— e A % -l — ey - - —

EJ /V] Nk

(¥) O (m)

FIG. 1. One-loop contributions to the declHy—1y: (a) charginos, left-handed fermions, with an external chirality fip; charginos,
right-handed fermions, with an external chirality flif@) neutralinos, left-handed fermions, with an external chirality f{g); neutralinos,
right-handed fermions, with an external chirality fliig) doubly-charged Higgsinos, left-handed fermions, with an external chirality(f)ip;
doubly-charged Higgsinos, right-handed fermions, with an external chirality@jgharginos, left-handed fermions, with a vertex chirality
flip; (h) charginos, right-handed fermions, with a vertex chirality flip;neutralinos, left-handed fermions, with a vertex chirality flip;
neutralinos, right-handed fermions, with a vertex chirality flily charginos, left-handed fermions, with an internal line chirality fiip;
charginos, right-handed fermions, with an internal line chirality flip) neutralinos, left-handed fermions, with an internal line chirality flip;
(n) neutralinos, right-handed fermions, with an internal line chirality flip. I—Ea,?erepresents a chargino state andins from 1 to 8;(,0
represents a neutralino state and i runs from 1 to 11;&{0@ represents the doubly charged Higgsino sthtes, andN represent slepton,
left-handed sneutrino, and right-handed sneutrino fields, respectively. The crosses represent slepton or sneutrino flavor mixing and the dots
chirality flips.
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2 1 = N2 For neutralinos, left-handed fermions, with a vertex chirality
Arg=— = (NQ,_— 2 tandg,N3,)? UL flip [Fig. 1(i)]:
RO™ g2 2 Wek WEBK | 2 2
KR R
g(XkMR) g(Xk’TR) gz 1 (ﬁ]L)éz
x[ e (3D ALJ:l&T2 E(|\|§3va+tan(9\2,v|\1(,;k)NE|k - a—
KR R ML L
o o () (%)
For doubly charged Higgsinos, left-handed fermions, with % —— > ] (36)
an external chirality fligFig. 1(e)]: me me
hiriR (M3 inos. ri i : i
L= — — = (U, ++)2 2 For neutralinos, right-handed fermions, with a vertex chiral-
f 1672 L e —m ity flip [Fig. 1()]:
F(Xig )+ 200X ) F(Xer ) +29(Xicr)
m? - m? ' A8 1IN0 5 tang2Ne INO (M),
My T Rl_16’772 2( Wgk WINBK/ TV H m% _m;Z-
(32 R R
For doubly charged Higgsinos, right-handed fermions, with % j(xkuR) _j(XkTR) 3
an external chirality flifFig. 1(f)]: 2 z (- (37)
MR R
hLRThLR/.L (FnR)g}Z
Ay = — ———F (U, ++)3| —5-
RA¢ 16’7T2 ( A ml%R—n'éR
The right-handed chargino contribution with chirality flipped
f (X)) T20(Xk,e)  F(Xkr) +20(Xk-) on an external line or at the vertex is negligible since it
X 2 - 2 . involves heavy sneutrinos.
BR M Finally, we give the expressions for the case in which the

(33 chirality is flipped on the internal slepton line. Here essen-
tially all the contribution comes from the neutralino graphs,
Next, we present the expressions for the graphs wherbecause the chargino grapt®th left- and right-handedare

chirality is flipped at the vertex. For most of the parametersuppressed by factors of the heavy sneutrino mass in the
space, these graphs are dominant over the graphs where t@énominator.

chiralty is flipped externally, unless they involve heavy
sheutrinos.

For charginos, left-handed fermions, with a vertex chiral-
ity flip [Fig. 1(g)]:

For charginos, left-handed fermions, with an internal line
chirality flip [Fig. 1(k)]:

2

2 9 _ ~
_ ¢ My, (U= U ) (M3, Au:@MXk(UWRkUJVLk)(mL)gz(AT)
Lv > Hy = W 2 2
1672 \2My, cosB me —m-
1 T,
1 1 hxn)
h(Xiw,) (%) 2 7 2 2 2
X 2 T 2 : (34) My —my, mg —m, - My
m; m;
M T
. . . . . 1 1 h(XkV )
For charginos, right-handed fermions, with a vertex chirality +— = 5 5
flip [Fig. h)]: m, —my, o my
a8 Mu s (M3 L1 1 hO,) .
R 16m2 2Myycosg - e Rk m%u—mﬁf me —m?NT mfﬂ—m;i m}_z}ﬂ '
h(XkNM) h(Xkn)
m : (35 For charginos, right-handed fermions, with an internal line
N, N,

chirality flip [Fig. 1(D]:
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_9 — Ot V2
ARI_@MXk(UWLkUWRk)(mR)SZ(AT)
1 1 h(x)
X 2 2 2 2 2
m, Mg, m oMy My
T T M T
1 1 hxw)
+
1 1 h)
+ 2 2 2 2 2 . (39)
my —hme my —My - My

PHYSICAL REVIEW D 64 053013

g(x)=;(2x3+3x2—6x+1—6leogx)
12(1—x)* ’
(43
h )——; 2—4x+3+2logx) (44)
(x)= 2(1_X)3(X X gx),
'(x)—;(—x2+1+2xlo X) (45)
RPYERVE 9%-

B. Three-body lepton flavor violating decays of ther

These decays are important sources of LFV, and con-
nected to the decay—vy. It is also hoped that the experi-

For neutralinos, left-handed fermions, with an internal linemental limits obtained so far might improve. The bounds on

chirality flip [Fig. (m)]:

these decays af@?2]

2 1 BR(7™—e pu~ pn7)<2.9x107°, (46)
A (N — 2 tanfy N3 ) (NS, +tanea,NS,)
Ln= 62 4 WiBKIA W k wiTBK BR(7~—e e e*)<1.5x107°, (47)
~ 1 1 Xy BR(7 —e u u")<1.8<107°, (48)
X(M)HAN =
R L LULLLR BR(7 —e e u')<1.5x10 °, (49
N 1 1 (X)) BR(7 —pu u ut)<1.9x1078, (50)
e ome
TooTROL AT BR(7 —u e e")<1.7x10°°. (52)
N 1 1 j(xk#L) 40 The branching ratios for these three-body decays can be ex-
m —-m m -m m* | (40 pressed as
M TR ML L ML
9> m my
For neutralinos, right-handed fermions, with an internal line BR(I—1415l3)= L2 (52

chirality flip [Fig. 1(n)]:

2

g
+
Arn= 167r24(NW K tanHWN k)(NW K ZtanﬁwNBk)
~ 5 1 1 j(Xk‘rL)
X(MR)3( A —3 2 2 2 2
nmn= —m- ek —m-
L TR L MR L
1 1 Xy
+
I
R LR KR R
1 1 J (Xige)
+ 7 2 2 2 =1 (41)

2
m- —nm= m~ —nNk
MR L MR R MR

Note that chirality cannot be flipped internally in the

graphs with doubly charged Higgsinos.
The —1+ v loop functions are

1
f(x)= ——— (x>~ 6x*+ 3x+2+6xlogx), (42

12(1—x)*

16m2 T 4|IHQ3

The transition amplitude of the decayl(p)
—11(p1)12(p2)3(p3) receives contributions fromy- (and
Z-)mediated graphs shown in Fig. 1 as well as from box
diagrams. We distinguish three different cases, depending on
the flavors of the final states. These three different ampli-
tudes are conveniently written down as follows:

BR(I7—>II|27|;,|1§t|3,|2:|3)

2
> hyhy } 4
= [i,j,kl,2,3 LK mW ml[lFl|1|2|2+F

(477_)4 box

_3

_ZS\E\I(F!l_Fl,I,l)|2+4S€v|F!l_ FIHZ

I 1141, n*
+8$W§)‘i[(F +F 122)Gyl]

box

4 Il 1 I
—325W9‘{[(F21—Fy1)6y1]
2
m
4112 L
+325W|Gy| Inrn|2 3

} , (53
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wheres,,=siné,, and F'y', G'il are form factors associated Whereas decays of the forlm — 111513 ,1,#13,1;#13 can
with the one-loop function$ and g for the photon vertex, occur through only the box diagram and their contribution is

Fgl is the form factor associated with the vertex, and Much smaller than the other cases.

Fgé')f'3 is the form factor associated with the box diagram.
All these composite form factors are defined explicitly in V. NUMERICAL RESULTS AND DISCUSSION
[16]. The decays in this category are —e u u* and

+ —e u-e’. The second type of decay is In the previous sections we presented analytical expres-

sions for the branching ratios af—1y and r— 3l in the

BRI —=I11,15,15=11=1,) LRSUSY model. Unfortunate]y, tr_]e Iarge_ number of param-
eters makes an exact solution impossible. Before making
2 some approximations, we will discuss all theal) param-
P E2s ! om, eters involved. The electroweak sector of LRSUSY contains
= —4 F_ three gauge couplings and three gaugino masses. The Higgs

(4m)* sector of the Lagrangian contains the scalar massgs
Mg, and Mg as well as the parameteys; and B. The
remaining part of the Lagrangian contains, in the flavor sec-
tor, fermion Yukawa matrices for both left- and right-handed
fermions, four trilinear scalar coupling matrices, and scalar

Ny pllap2 I mass matrices.
+4sy|F,1—F 1 +163A9%( g o y ,
wlF2 | [ The flavor violating decays are sensitive to the universal

oy oy El gl
X {2/ 5Fo iRy —282(F) )

1 grand unified theoryGUT) parametersn, (the scalar mass
It = FUFLPY ) ”1*} —agt [ (Fli-F'6" the trilinear couplingA, the value and the sign of the Higgs
2 box 4 z vy mixing parameteru, the value of tagB, the values of the

2 left- and right-handed gaugino massky and My, and
+32s\‘,‘V|G”1|2 I— — 1_1 (54) h r, the doubly charged Higgsino Yukawa coupling. '
Y m|2 4 In order to protect the decay—1+y from a large contri-
bution from theA term, we assume that all theterms are
Decays of this type are”—u p u* andr —e e e’ approximatelyproportional and that the scalar masses are
Finally, the third type of decay can only proceed through box@Pproximately universal. We assume that the SUSY breaking
diagrams, and we have parameters associated with the supersymmetric Yukawa cou-
plings or masses are proportional to the Yukawa coupling
BR(I™—I171513 ,l,#15,1,#13) constants or masses, and are given as
2
L,j,kl,z,s h“ihljlk} 4 . (mE)ij:(m%)ij:(mi)ij:5ijmg,
= Z — T [Foox 1% (59
(4m) my i 5 5
ma‘)l_ ma’)z_ mg,

The decays in this category are —e e u’ and 7~
—u~ p~e’. We can approximate the branching ratios for

the first two types of decay as Al=f, ;80 A =1, a0,
BR(|7—>|I|27|§,|1¢|3,|2:|3) -
2 BIIJ:MViijO' B(D:/'Lbo- (58)
. i e, 4 m?2
ijk=123 ' w M, 112 m, . - . .
= — = - e also include radiative corrections, which we can param-
2 41ﬂ325W|Gl| 23 We al lude radiat t hich
(4) my m, etrize using the logarithmic approximati¢@3]. The super-
(56) symmetry breaking masses of sleptons are given by the
renormalization group equations. Since the Yukawa cou-
and plings and theA terms are flavor violating, they will induce
LFV terms in the off-diagonal mass matrices. The soft mass
BR(IT =l 1515 ,11=1,=13) parameters, )3, and (mg)3, will evolve differently, such
that the slepton masses receive corrections proportional to
_ > i s 5 the Dirac mass.
k=123 R myy —3%4|G”1|2 I 1_1 The neutrino mix throughv,=K,v;, wherea denotes
B (41)2 :‘ r I2 4 the flavore, u, 7, andi denotes mass eigenvalues 1,2,3. If we
1

assume that the atmospheric data are fitted b$2#ig,=1
(57)  the mixing matrix can be parametrized as
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—-s  Kg !

i i 0.0025 b | \
V2 2. (59) ‘

c 1 '

ai T

\/5 \/E 0.002 | |

In the above formulas=sinf,,, c=c0Sby,. (If SiN?26,m \\ \
=8/9 the matrix is similar; indeed we need not consider it \
separately. In this pattern the solar neutrino deficit is ex- o.00:51 \ \

plained either by the small mixing angle Mikheyev-Smirnov- VY Mp=200 GeV
Wolfenstein(MSW) (oscillation enhanced by the solar cpre \
solution (MSW-SA) sin 6,,~5.5x 103, siné,, and Sinbg, \ \
small; or by the large mixing angle MSW solutigMSW- o.00i | M=l TeV\\
LA) sir? 26,,~1. The other solution is for oscillations with-

out help from the solar core, called vacuum oscillatiovi®)

(or the just-so solutionand it requires si26,,~0.75. If one
includes the Liquid Scintillation Neutrino DetectdrSND)
data, one might need to introduce a sterile neutrino as the
fourth neutrino. There are cogent arguments that the only
schemes consistent with all the experiments are those tha
include two pairs of neutrinos with nearly degenerate masses
separated by a gap of order 1 eV. This scenario hax 4 4
neutrino mass matrix in which the pairg-vs andv,,-v, mix
maximally within doublets but mixing between doublets is  FIG. 2. Chargino and neutralino contributions to the branching
weak; scenarios with more than one sterile neutrino also examplitude for the decay— .y as a function of the universal scalar
ist, but we will not discuss them hef@4]. This solution mass parametem, for tang=3 for light and heavy left-handed
(LSND) requires sif26,,~0.003—0.03. In all casei$.; is  gaugino masses. The curves are marksalid curve chargino con-
very small and constrained by the CHOOZ data td Kg| tribution for M =200 GeV,(large dashed curyechargino contri-

<0.2[25]. The restrictions on mass splittings coming from bution forM =1 TeV, (dot dashed curyeneutralino contribution
these mixings arg24] for M| =200 GeV, (small dashed curyeneutralino contribution
for M =1 TeV. We takeMz=10 TeV in all of our plots.

%
|
wle Sle e

Q.0c08

iy

(Am?)yswia~3.5x107% eV?,
The neutralino contribution to the branching ratio is domi-

(Am?)yswsa~5X10°° eV?, nant throughout a large part of the parameter space as seen in
5 10 p Fig. 2. We plot the absolute values of the relative contribu-
(Am%)yo~10 evs, tions of the chargino and neutralino for the lightt, (M

=200 GeV) and heavy, (M =1 TeV) scenarios, as
function of the universal scalar masg,. (The contribution
The limits on neutrino masses come from several (:onsidef-rorrl the dO.UbIY c_harged nggsmq 'S mugh smaller and off
ations. First, there are the direct bounds; <5 eV, m the graph, justitying, .from the point of view of decay;,

' ' e " neglecting the contribution from the left-handed triplet
<170 keV, andn, <18 MeV. However, cosmological re- Higgsino) The chargino contribution should be different
strictions coming from the critical density for neutrino hot from the one in MSSM with right-handed neutrino because
dark matter impose neutrino masses whose sum cannot e&f the contribution of the right-handed gaugino. However,
ceed a few eVXv;<6 eV. This would allow the heaviest the right-handed chargino contribution is suppressed by the
neutrinos to have masses of order 2 eV, if all three neutrinogecoupling of the right-handed sneutrinos from the low en-
are degenerate in mass. Most theoretical fits to the data indergy spectrum and the neutralino contribution dominates for
cate, however, a tau neutrino of mass 1[&M]. most of the spectrum. The left-handed chargino contribution

Clearly, from the point of view of muon decays, the mostis similar to that in the MSSM with right-handed neutrinos,
interesting scenario is either the MSW-LA or VO scenario;except that often there are three light charginos. For the
these allow for significant mixing between tkeu sector if  neutralino contribution, in most cases there are at least three
|Keg| is allowed to differ from zero. If, howevefKes|~0, light neutralino states. The situation is relatively insensitive
which is a common assumption in the literature, we expecto the right-handed  scale, forMz~10-100 TeV, since
the most pronounced lepton flavor violation to occur in thethe number of light neutralino states is the same in kis
7 sector and therefore result in a large, possibly observrange. The amplitude for— u vy is also relatively insensitive
able, 7— uy branching ratio. The branching ratio far  to the various neutrino mixing scenarios, since it depends on
— ey would be suppressed by comparison. the v_-v, mixing, which is expected to be large in all

(Am?) snp~0.2-2 eV~ (60)

o
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A(T->uy) : Log[A(t—>ey) ]L Expt.
i ;
G.0012 :
P77 A 1oco 15‘00 2000 mg
0.¢o08
10
0.00¢6
0.0004 — LA
. 12 - —_—
0.0002 b -
0 ) : =
0 200 400 €00 €00 1902 1200 my -4 = — SA
T—
FIG. 3. Total branching amplitude for the decay>uy as a I —
function of the universal scalar mass, for both the light and \

heavy gaugino mass scenarios. We sefar8 andMg=10 TeV. o ) )

The curves are markedsolid curvé the branching amplitude for FIG. 4. Logarithmic plot of the branching amplitude for

M, =200 GeV and(large dashed curyehe branching amplitude —€Y 8Sa f_u_nctlon of the universal scalar mass for the large angle

for M_=1 TeV. The experimental bound is 1.840 % (small  Neutrino mixing scenaridLA, the dashed curye and the small

dashed curje angle neutrino mixing scenari(SA, the dot dashed curyeThe
experimental limit is plotted for comparison as the solid line.

schemes. The comparison with the experimental value is
shown in Fig. 3 for both light charginglow M, solid

curve and heavy charginghigh M, , dashed curvesce- AT->py)
narios. The predicted amplitude is very close to the experi-

mental bound (1.0410 %) for light supersymmetric 0.001 |
masses, and indeed it exceeds the bound for scalar masse
me=200 GeV, for the light left-handed gaugino scenario.
Even forM =1 TeV a signal should be detected for light
scalar masses with only a slightly improved precision in the 0.0008 +
measurement of the branching ratio of> uy. In contrast,

the branching ratior—evy is very sensitive to the neutrino
mixing schemes, as seen in Fig. 4 for the large atdgshed
curve and small anglédot dashed curyescenarios. Unfor-
tunately, in both the LAor VO) and the SA mixing schemes,
the amplitude is several orders of magnitude smaller than the
experimental bound, as shown in the graph by the solid line;
thus ~—evy does not appear to be a promising area for test-
ing LFV's. Figures 5 and 6 show the dependence of the |
amplitude of branching ratio for— wy on other parameters { - T

of the model. In Fig. 5 we plot the dependence on the left- o s00a L —_—
handed gaugino madd, for two values of the universal
scalar mass. Fomy=100 GeV andM <200 GeV, the
predicted branching rati¢solid curve exceeds the present
experimental bound. This situation seems to be alleviated for or ‘ ‘ M
my=500 GeV. Figure 6 plots the dependence of the ampli- 0 200 100 600 800 1000

tude on targ for two values of scalar masa,= 200 QeV ) FIG. 5. Total branching amplitude for the decay-uy as a
andmy=700 GeV. The dependence of the branching ratioynction of the left-handed gaugino mal for the light and in-
on tang comes from mixing matrix elements in the termediate scalar mass scenarios. We setgtaB and Mg
chargino-neutralino sectors and increases rapidly witiBtan =10 Tev. The curves are marke@olid curve the branching am-
such that the restrictions on the parameter space for larggiitude for my=100 GeV and(large dashed curyehe branching
tang are very stringent. Indeed, fon,=200 GeV andVl,  amplitude for my=500 GeV. The experimental bound is 1.04
=200 GeV plot points with tag=10 are ruled out experi- x10"2 (small dashed curye

0.000€

0.0004 |
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A(T—>uy)

0.004

0.003

0.002

0.001

0 5 10 15 20 25

tan P

FIG. 6. Total branching amplitude for the decay>uvy as a

function of tang for the light and heavy scalar mass scenarios. We

set M| =200 GeV andMz=10 TeV. The curves are marked:
(solid curve the branching amplitude fan,=200 GeV andlarge
dashed curvethe branching amplitude fan,=700 GeV. The ex-
perimental bound is 1.0410"2 (small dashed curye

mentally. Finally, we show in Fig. 7 the dependence of th

branching ratio on the mass of tlithird generatiop right-
handed neutrindVl for a variety of M, the left-handed

gaugino mass, and tghscenarios. This mass is restricted by

the seesaw mechanism to be in thé?a0" GeV region.

For the parameter space considered, the graphs are somewhat
sensitive to log{1,/10'9); the branching amplitude seems to

be more sensitive to low values of the mass parameters and
large values of ta and it exceeds the experimental bound

for large tanB= 15, my=300 GeV, andM| =200 GeV for

all values of the right-handed neutrino mass; but this is more

of a consequence of the tgnthan of theM dependence.

Next we discuss the numerical estimates for the three-

body decay of ther. The formulas given for the decays

— 3l simplify if we compare them with the branching ratios

of r—1y:

BR(7—3u)=BR @ [ogm 1
(r—3u)=BR(T—pny)z— Ogmi_z

P 61

8l 1-Fixg)| [ (62)
BR *e")=BR o g™

(r—ue’e )= (THMY)E Ogm_é
1/ 1 o
T AT [ 62

PHYSICAL REVIEW D 64 053013

A(t=>py)

0.00175

0.0015

0.00125

0.001

0.00075 P

0.0005

0.00025

1.25

Log(ML/10°GeV)

FIG. 7. Total branching amplitude for the decay>uy as a
function of the right-handed neutrino mass Ibig{10'd) for the

light and heavy gaugino mass scenarios; and for small and interme-
diate tanB. We setmy=300 GeV andMiz=10 TeV. The curves

are marked: (solid curve the branching amplitude forM
=200 GeV and tag=3 GeV; (dot dashed curyethe branching
amplitude forM =1 TeV and tarB=3; (large dashed curyghe

eoranching amplitude fotM =200 GeV and taB=15; (small

dashed curyethe branching amplitude fdv, =1 TeV and targ
=15.

2

a m<
BR(r—>e,u+,u)zBR(r—>ey)§[ IogF—B
"

1/ 1 )
T2\ TTFow ) [ (63
N Y mZ 11
BR(T—>3€)=BR(T—>G’)’)£ Iogm—g—z
30 1
ME 1—F(xki>) (64

with F(X,;) a correction function given below:

M LR M L R
F(in):% FT’\lki’\‘kifr\J(in)+ TTCkiCkifC(in) :
(65
1—3x+2xlogx
fn(Xi) = 5 T > :
13— 60x+ 111x“— 106x°— 6x“(6x—1)log X
(66)
3—4x+x%+2 logx
fe(Xei)= 2 3 :
98— 267+ 21X —41x°+ 6(12— 7x)log x
(67)
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FIG. 9. Same as Fig. 8, but fé1 =1 TeV.
FIG. 8. Total branching ratio for the decay — u e*e™ (large
dashed curveand — .~ u* u~ (dot dashed curyeas a function

of the universal scalar masg, for the light left-handed gaugino . - .
mass scenarid, =200 GeV. We set tafi=3 andMg=10 TeV mix, they will induce LFV decays in the charged lepton sec-
tor. Various neutrino mixing schemes accommodate neutrino

oscillations by allowing a large mixing angle betweenand
We neglect the contribution of the doubly charged Higgsino,v,, ; however they vary in their estimate of tig-v, mixing
as it amounts to only a few percentage of the total branchingngle. One would expect therefore large flavor violations to
ratio. Figures 8 and 9 show the branching ratios for be produced in the decays of thdepton. We present here an
—uup andr— pe’e” as a function of the universal scalar analysis of these decays in a model that incorporates the
massm, for the, respectively, light NI, =200 GeV) and  seesaw mechanism in a fully left-right supersymmetric gauge
heavy M_ =1 TeV) left-handed gaugino mass scenarios.strycture. LFV decays of the present new features com-
For a wide range of the parameter space, these branching e to the MSSM with right-handed neutrinos or extended
ratios are expected to be smaller th@(1.0"°) for regions in group structures such as @). The prediction of the model
which T QY is in Ehe experimentally allowed region, the is that the branching ratio for the decay- w7y is large,
largest beingr— pe”e . We predict sometimes as large as, or exceeding, the present experimen-
tal bound. It is very sensitive to variationsim, the univer-
oy —10 sal scalar mass, and tg@nand somewhat sensitive to varia-
BR(r—pe e )=2x10"7 (68) tions in the mass of the left-handed gaugiMq . But the
branching ratio is stable against variations in neutrino mixing
BR(7—3u)<7X 10", (69) scheme_s an.d depends only w_eakly on the mass ofthiirel
generatio right-handed neutrino. Although the model de-
pends on many parmeters, regions of light scalar masses
andBR(7— ue*e”),BR(r—pue"e )<10"'% Even in the (my<100 GeV) and light gauginosM, <100 GeV) are
case in which the predicted branching ratio for uy is ruled out for all values of the other parameters within all
close to the experimental bound, the three-body decays akfiree neutrino mixing schemes investigatéddrge angle,
much smaller. The decays that occur only through the boxmall angle, or vacuum oscillationsThe restriction is more
diagram ¢—u p e’ and 7—pu~e e") require an im-  stringent for intermediate values of tgn-10—15. An in-
provement factor oh® in the measurement of the branching crease in the present experimental precision by a factor of
ratio for a corresponding improvement factorrofor the 7 10100 would restrict the parameter space even further. By
— |y branching ratio. contrast the branching ratio far—ey is several orders of
magnitude smaller and sensitive to whether the neutrinos
mix under the large angle or just-gbA or VO) or small
angle(SA) scenarios. The relative strength of the two decays
of the 7 is a very sensitive indicator of the neutrino mixing
The solar and atmospheric neutrino experiements have recheme. Tau decays may be a better indicator of LFV than
newed interest in lepton flavor violation. If the neutrinosthe u decaysu—ey or u-e conversion[26], and they

VI. CONCLUSION
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should be, if the present understanding of the neutrino mixbe tested if LFV decays are discovered, or if the experimen-
ing is correct. Of the three-body lepton flavor violating de-tal limits can be improved in the near future.

cays of ther, the largest branching ratio is obtained for the

decay r— ue*e™, but unfortunately still several orders of ACKNOWLEDGMENTS

magnitude below the present bound. In conclusion, the LR- This work was funded by NSERC of Canada
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