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Lepton-flavor violation in supersymmetric models with trilinear R-parity violation
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Supersymmetry witlR-parity violation (RPV) provides an interesting framework for naturally accommo-
dating small neutrino masses. Within this framework, we discuss the lepton-flavor violaeENg processes
un—ey, u—eeeg andu— e conversion in nuclei. We make a detailed study of the observables related to LFV
in different RPV models, and compare them to the expectatiof&ainserving supersymmetry with heavy
right-handed neutrinos. We show that the predictions are vastly different and uniquely characterize each model,
thus providing a powerful framework for experimentally distinguishing between different theories of LFV. In
addition to the obvious possibility of amplified tree-level generationuefeee and u—e conversion in
nuclei, we find that even in the case where these processes arise at the one-loop level, their rates are compa-
rable to that ofu— e, in clear contrast to the predictions &fconserving models. We conclude that, in order
to distinguish between the different models, such a combined studly thfe LFV processes is necessary, and
that measurind®-odd asymmetries in polarized— eeecan play a decisive role. We also comment on the
intriguing possibility of RPV models yielding a lardeodd asymmetry in the decay of polarized-eee
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I. INTRODUCTION nonzero neutrino masses is SUSY wiRaparity violation
(RPV). R-parity is usually imposed as a global symmetry of
Recently, neutrino oscillation experimenfd—3] have the minimal supersymmetric version of the SMSSM) in
provided very strong evidence for nonzero, yet tiny, neutrincorder to prevent an unacceptably large rate for proton decay.
masses. In order to accommodate such small masses, it litpwever, this proves to be somewhat of an overkill, since
widely believed that new physics beyond the standard moddr-parity conservation implies both baryon number and lep-
(SM) is required. One of the simplest and most eleganfon number conservation, while to stop proton decay only
mechanisms for generating a small neutrino mass is to intro?ne or the other needs to be exactly conserved. In light of the
duce extra standard model sing|ets to the SM LagrangiarﬁyVidence for neutrino masses, which can potentially be Ma-
and allow them to acquire a very large Majorana m@sis  jorana particles and therefore violate lepton number, one
is the well known seesaw mechanig#). There are many May, instead, take advantage of RPV operators to generate
important phenomenological consequences of neutrindMall neutrino masses.
masses. One of them is that individual lepton-flavor numbers In this paper, we consider SUSY models with RPV but
are not conserved, which implies that SM forbidden pro-with baryon parity(in order to satisfy the current experimen-
cesses such as— ey may occur. However, given the size of tal upper limits on the proton lifetimgL0]).* These models
the neutrino masses, the rates for charged lepton flavor vidiaturally generate small Majorana neutrino masses, if the
lating (LFV) phenomena are extremely small in the SM plusRPV couplings are smafl13-15.% In such RPV models,
massive neutrinofs]. “large” LFV in the charged lepton sector is also generically
There are other hints for physics beyond the SM, includ-expected. Indeed, as has been pointed out in the literature
ing the gauge hierarchy prob|em_ Low-energy Supersymmdl7—22, the most stringent limits on certain products of
try (SUSY) is one of the preferred candidates for beyond theRPV couplings come from the present experimental bounds
SM physics which solves the hierarchy problem. SUSYon charged LFV processes. Therefore it is important to un-
models can easily accommodate the seesaw mechanism, a#@rstand some of the general features of LFV in models with
SUSY even helps in the sense that it stabilizes thery ~ RPV.
heavy Majorana mass of the right_handed neutrino. Further- It is interesting to consider how searches for LFV at low
more, in such a framework, LFV processes in the charge@nergy experiments compare to those at colliders. For in-
lepton sector such ag—ey, u—eee and u—e conver- stance, the simultaneous presenceRefiolating operators
sion in nuclei are potentially amplified, as has been previthat couple both t®@—q and tox—q (7—q) pairs, would
ously discussefi6—9], and the rates for such processes can
be within the reach of future experiments. The reason for this
is that while in the SM plus massive neutrinos the amplitudes 1|, cosmology, large RPV Yukawa couplings may erase a pre-
for LFV violation are proportional to the neutrino massesexisting baryon asymmetrj11]. Here we do not consider such
(i.e., suppressed by the very large right-handed neutrin@onstraints since they are model-dependent and can be evaded in
masses, in the case of the seesaw mechanismSUSY  several baryogenesis scenariag].
models these processes are only suppressed by inverse powA mechanism which explains why RPV couplings are small is
ers of the supersymmetry breaking scale, which is at mostequired. This can be achieved, for example, by imposing flavor
O(1) TeV. symmetries which relate the lepton and baryon number violating
Another SM extension which naturally accommodatesyukawa couplings to those that generate fermion majk@ls
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lead tou +jet (7+jet) final states at the DES¥p collider  indicesi, j andk range from 1 to 3 for different quark or
HERA [23]. It turns out that fore«— 7 transitions, the high lepton flavors. Throughout this paper, in order to forbid rapid
energy experimental probes provide the strongest boundgroton decay, we impose baryon parit0], so all\” cou-
while for e~ u transitions stopped muon experiments pro-plings are zero. We also make the simplifying assumption
vide, by far, the most stringent bounds. Finally, the strongesthat all ' also vanist. In light of these assumptions, the
bound for 7+ u transitions comes from— uy searches at superpotential above yields the following Lagrangian:
CLEO[24] [Br(7— u7y)<1.1X 10 °] which is less restric-

tive. In the near future, ?he experlm_ental sensitivity to some L=Nij(VE €L Byt ErivLi€Lj + Eri€Lj VLi)

rare muons processes is going to improve by two to three

orders of magnitude, while a similar improvement is not ex- +)\i,jkV{<aM(VEidLad§k+ drevridL ot dridLarii)
pected for other LFV processes. For this reason, we will o L o
focus on processes with stopped muons, which not only pro- — Nk (ujeidg,t+ dreeLiuj+ drg ey ) +H.c.,

vide the stringent quantitative bounds on LFV today, but
which will be significantly probed in the near future.

In this paper, we discuss the LFV procesges—e’ v, _ ~ .
wt—ete e’ andu” —e" conversion in the case of mod- wheref (f=v, e, d, andu) denotes fermions antl sfermi-

els with trilinear RPV. In Sec. II, we briefly introduce the ©Nns, and the indexR,L) indicates the field’s chirality. We
SUSY models with trilinear RPV which will be considered @ssume that the RPV Yukawa couplings abo¥g(and
here. In Sec. Ill, we present the formalism for computing\ij) are the only source of LFV. In what follows, E(.2)
branching ratios and asymmetries of the relevant LFV proiS What is referred to by “RPV model.”

cesses. In Sec. IV, we consider LFV processes in some rep-

resentative cases, including those in which the branching ra- || BRANCHING RATIOS AND ASYMMETRIES

tio for u™—e"*y is much smaller than the branching ratio FOR THE LFV PROCESSES

for u™—e"e e and/or the rate fon~—e~ conversion in . . .

nuclei, which can be generated at the tree level. Even if all N this section, we present complete expressions for the
LFV processes occur at the one-loop level, the rates for alpranching ratios for the LFV processgs’™—e™y, u”
three processes considered here are comparable. These feag € €', andu™—e™ conversion in nuclei, for the-odd
tures are completely different from the predictions of otherasymmetry inu*—e" y, and for theP-odd andT-odd asym-
neutrino mass generating SUSY frameworks, such as th@etries inu"—e'e e’

MSSM with right-handed neutrinog7]. In the latter, the

branching ratio foru™—e"y is much larger than that for A proety

nt—ete e’ and the rate fow~—e~ conversion in nu-

+ + (%) ;
clei, even though all processes are also generated at the On(f?aﬂr]aerr?sr((;(;??rﬁe 2?] 7.n (;ng;rﬁr;tnegbﬁ pfo;or;;])derg%um
loop level. We also show tha®P-odd asymmetries in the 1ag penguin diag In FIgs. 4, 2,

u'—e'e e’ process(which require polarized muons in amplitude for this process can be written as follows:

order to be measurgdre very useful in order to distinguish Coaax L R 8 2
different models. Section V contains our conclusions. In Ap- T=ee™v,(P)L(AIPLT ATPR) Y (9upd"~ dalp)

pendix A we provide explicit expressions for the LFV verti- +myio,zqP(ASP +ARPR) Jve(p—1), (3.1
ces in the case of models with RPV, while in Appendix B we Wk 2hb TR
discuss the current bounds on certain pairs of RPV couplingg here ,
from LFV processes and comment on neutrino masses.

(2.2

u(e) @nd e are the antimuor{positron and photon
wave functions, angb and g are the antimuon and photon
momenta, respectively?, and Py are chirality projection
II. SUSY MODELS WITH TRILINEAR R-PARITY operators:P, =(1— y5)/2, and Pg=(1+ y5)/2, while Tap
VIOLATION =(i/2)[ ¥4, vp]. The effective couplingA7'® come from

Here, we briefly introduce the SUSY models with RPV ©Off-shell photon diagramsof #0), which only contribute to

iy W .
which will be discussed in the upcoming sectiond4parity # —€ € € and,uTRe conversion in nuclei. On the other
conservation is not postulated, in addition to ordinaryh@nd, the couplingé;™ arise from the on-shell photon dia-

. . . . 2__ H H
Yukawa interactions, the following terms are allowed in thegrams @°=0), which inducep” —e"y as well asu”

MSSM superpotential: —e*e"e’ and u~—e” conversion in nuclei. Explicit ex-
pressions forA&;zR in models with RPV are presented in Ap-
)\ijk — , — y T —— , pendiX A.
Wrpv=—7"LiLj Bkt N LiQiDit N UiD Dt uiLiHy, In the ™ —e"y decay, it has been arguéds] that a

(2.1) nonzero muon polarization is useful not only to suppress

wherel;, E;, Q;, U;, D;, andH,, denote the left-handed

doublet lepton, right-handed lepton, left-handed doublet 3even if u/ were nonzero, their contributions to LFV processes
quark, right-handed up-type quark, right-handed down-typevould be, in general, negligible because of neutrino mass con-
quark, and “up-type” Higgs superfields, respectively. The straints[14,22.
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background processes, but also to distinguish betweén
—ey andu* —eky. The differential branching ratio for
u"—etyis given by

dBr(u"—e’y) Br(u"—e’y)
d cosd B 2

{1+ ApP cos#},
(3.2

whereP is the muon polarization andis the angle between

the positron momentum and the polarization direction. Here,

the branching ratio By¢ " —e™ y) and theP-odd asymmetry
Ap are

3

o
Br(u"—e’y)=——(|A52+|A5?), (3.3
F
AP |AS? 3.4
P~ T L2 1R 2’ .
A2+ [AZ?

whereGg is the Fermi constant, and is the fine-structure
constant.

B. Polarizedp*—etete”

In the RPV models some of thelL E couplings Q)
generateu —ete e’ at tree level(Fig. 1), while the pho-
ton penguin vertlceA 12 R also contributé. The amplitude for
nt—ete"e’is

T=B ,(P)PLY,ve(P2)Ue(P3) PrY“ve(P1) +BRu ,(p)

X PrY,ve(P2)Ue(P3) PLY v o(py) +47mav ,(P)

(ATPL+ATPR) Y,

APr+ASP))

ve(P2)Ue(P3) Y40 e(P1) — (P14 P2), (3.5

where the explicit expressions for the tree-level vertices

BRY) in models with RPV are given in Appendix A.
When the muon is polarized, twi-odd and oneT-odd
asymmetry can be defing@6,27]. Using the notation intro-
duced by Okadeaet al. [27], the z-axis is taken to be the
direction of the electron momentum and ttex(x) —plane is

taken to be the decay plane. The positron with the Iargestcs: PoTy
energy is denoted as positron 1 and the other as positron 2.

The x-coordinate is defined ap{),=0 Where|5l is the mo-

mentum of positron 1. It is in this coordinate system that the C,=

direction of the muon polarlzatloﬁ used below, is defined.
(For details, se¢27].) Finally, the P-odd andT-odd asym-
metries are defined as follows:

“There is also &-penguin contribution. However, its contribution

is suppressed blylf/m% wherem; is the typical fermion mass in the

process. Therefore we simply neglect it. In order to be consistentCqp=

we will not study processes where top-quarks are involved.
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A _ N(P>0)—N(P,<0)
PL" N(P>0)+N(P,<0)’

3
= ZBr( 6) {0 61(C1 CZ)

+5.6(Cs—

0.12C3-C,)

Ce)—4.7(C7—Cq) +2.5Cy~Cyo)},

(3.6

N(P,>0)—N(P,<0)

Ar, N(P,>0)+N(P,<0)’

3
= m{o-l(cs— C,4)+10(C5—Cq)

+2.00C7;—Cg)—1.6Cy—Cyp)}, (3.7

N(P,>0)—N(P,<0)
~ N(P,>0)+N(Py<0)’

3
= ){ .0C1;—1.6C43}, (3.9

" 2Br(6

where the muons are assumed to be 100% polarized, and
N(P;>(<)0) denotes the number of events with a positive
(negative P; component for the muon polarization. Here an
energy cutoff for positron 1 is introducgdE; <(m,/2)(1
—6)] and henceforth we will consides=0.02, following
Okadaet al. [27]. This choice is made in order to optimize
the T-odd asymmetry. Of course, one can obtain more infor-
mation concerning th€, coefficients, including th€ P-odd
termsCy, andC,, (see definition o’Ci in what follows, by
analyzing the Dalitz plot of thee™ —e*e~"e™ decay.C; (i
=1-12) are functions of the effective couplmgé2 and
BL R.

2720 2wl a?
2 | R|2 C2=
F F

C,= |AL|?, (3.9

1
—|BR+47aAl?, C,=——|B"+4maA}l?,

C,=
¥ 862 8G2 10

2 2 2 2
AR C:wa

6 2

F 2Gg

|A5|?, (3.11)

2 2 772042
> REASATY), Cg=— —5Re(ASATY),

F F
3.12

T
Co=— ERe{A?(BL* +a4maA*)}, (3.13

F

o
— ——ReA5(BR* +47aAT
F

)} (3.19
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Ta RAaL LAR
Cll: Elm{8’ﬂ'a’(A2Al* +A2A1*)}, (315)

F

T
Cio= 4—Gz|m{A§(BL* +4maArl)+AS(BR* +4ma AR )],

F
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The branching ratio fo6=0.02 is

+14(C;+Cg) +8(Cg+ Cyp). 3.19

(3.16  The branching ratio fo* —e*e"e* for =0 is given by

2

m, 11
Br(u+—>e+efe+)=2(cl+ C2)+C3+ C4+ 32[ |Og—'; - Z] (C5+ C6)+ 1&C7+ C8)+ 8(C9+ ClO) (318)
me

8G2

—4Re ATAR* + ARAL*)

C. P~ —e” conversion in nuclei

|BY2+|BR|2+ 487?02

m, 11
Iog—2 - Z
me

8
AL+ AT+ 5 (1312 + Azl

+87aReAIBY* + ARBR* —2( ARBL* + ALBR* )}] . (319

I'(u captur@=2.590< 10° s 1=1.7x10 % Gev,

Similarly to u ™ —e*e~e", not only photon penguin dia-
grams but also tree-level diagram induced by some of the 2=22, Z.=17.61,
LQD Yukawa couplings xi’jk) can generatg.” —e~ con-

version in nuclei. The amplitude is given by

T=D"Ugy,PLu, u,y,PLu,+D%ey,PLu, ugy,Prug

v
04

V(AT PL+AT PR) +m,i ]

—4dmaug

X (AR P+ AL PL)Ju“q—zud QqUq¥ulq > (3.20

|F(g?=—m2)|=0.535 for 55Ti, (3.22
and

I'(u capturg=0.7054< 10° s 1=4.6x10 1° GeV,
Z=13, Z.=11.62,

|F(g®=—-m?)|=0.64 for JZAl (3.23

where the complete expressions for the tree-level contribu- IV. LFV IN REPRESENTATIVE CASES

tions D“Y in the case of RPV models are presented
pendix A. Theu™ —e~ conversion rate is

a,3z4 F( ) 2m5
R(M__)e_): > eff| q | o
167°Z T (n capture

X {6472 a?Z?| AR- A512+|(2Z+N)DY
+(Z+2N)D9—8raz(AL* — AR*)|2},

in Ap-

The most severe constraints on some particular products
of trilinear RPV couplings come from the present experi-
mental upper limits on the branching ratios of the LFV pro-
cesses discussed in the previous sectese Appendix B
[17-22. Therefore, searches for LFV in muon processes are
particularly sensitive to models with RPV. Generically, it is
very hard to make definite predictions for the branching ra-
tios of the LFV processes since the number of new Yukawa
couplings Qiji ,A{jx) is too large. Here we consider, instead,

(3.21  different cases where only a small number of RPV couplings

is significant for LFV. This is done not only to simplify the
problem at hand, but also to identify features of LFV which

wherel (u capture is the muon capture rate in the nucleus are not only different from those in the “traditional” mod-

of interes{ 28], Z andN are the proton and neutron numbers, g|s, such as the MSSM with heavy right-handed neutrinos
respectivelyF(q) is the nuclear form factor as a function of discussed i6—8], but which can also be used to character-
the momentum transfer ande; is the nuclear effective jze the different cases themselves. This dominance of spe-
chargg 29]. In some of the most commonly used nucBiTi  cific RPV couplings is also a consequence of certain flavor

and 2/Al, these nuclear parameters are given[Bg]

models[16].
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A. pt—ete et induced at tree level

First, we consider a model in which only the Yukawa

couplings \13; and \,3; are non-zero. In this cases™

—e*e e" is generated at the tree-level, while the other

LFV processes 4+ —e"y andu~—e~ conversion in nu-

clei) are induced via photon penguin diagrams at the one- €r

loop level, as shown in Fig. 1.
The effective vertices are given by

N131\
Bl=— —123;&231, (4.1)
me
N3k 031 v,
AR=— o | 1= |, 4.2
967 m- 2m;3
Ve R
A13\ 8 m? mg
= —3-2l0g 5+ ——5 —28(mi/g?)
967rm~v m; SmER
4.3
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+ + + 5 + - 5 -
€ 12 Y, [ 12 Y, €
MR oy L L am™” ( "))\131 R PL Mg ™" ( "))\131 L

T

1 T 1 T
! R i)y R Ry

ooy et
! g'r
31
v q q

FIG. 1. Lowest order Feynman diagrams for lepton flavor vio-
lating processes induced By 3.\ 231 couplings[see Eq.(2.1)].

n—e"e e’ process would dominate over all the other
channels, i.e., it is very likely that if nature realizes this par-
ticular scenarion* —e*e e* is within experimental reach
while " —e*y is orders of magnitude below any foresee-
able future experiment.

Another interesting feature of Eqgt.4),(4.5) is that, be-
cause of an ultraviolet log-enhancement of the off-shell pho-
ton penguin contributionA}) [20,30, theu™ —e~ conver-
sion rates are significantly larger than the branching ratio of
ut—ety.

It is important to emphasize that the ratios of branching
ratios of the different processes are very different from those
in the different neutrino-mass models. For example, in the

Here we assume, without loss of generality, that the RPMyssm with heavy right-handed neutrinéandR-parity con-
couplings are real. The functiofiis presented in Appendix  servation [7], the following relations are approximately sat-
A.In u~—e" conversion, we assume the momentum Of thesfied, because the on-shell photon penguin contributin

virtual photon to bej?= —m?, in order to compute(mz/g?)
in AL, while in the case ofu*—e*e e’, we simply set
q?=0 (6=0), since the tree-level contributid®" is much
larger than the contribution fronﬁ(mi/qz). The ratios of
branching ratios, Big"™—e"y)/Br(u"—e"e e*) and
R(u~—e~ innuclei)/Br(u*—e*e e™) do not depend on
the R-parity violating couplings\ 131\ 231, and only depend

on the SUSY mass spectrum throughfi and ng:
2 2
i,
4x10°4 1—2 5
Br(u"—e" Mg
(lu’ 7) _ R :1X10_4,
Br(ut—etee') B
(4.9
R(u~—e  inTi (Al))
Br(ut—e*e e")
2 2
2(1)x10°° 5+ ;. o m§+5
= — og— ,
B 6 12m Tm
=2(1)x103, (4.5

the second of the equal signs being valid fugf MG,
=100 GeV. HereB= 1+ (one-loop contpy/(tree-level conty.
in the u™—e*e e* process, which is close to unitffor
example,3=0.98 for n;, =mg_= 100 GeV. Since theu™

tends to dominate over all others:

Br(u"—et 3
(e M 727 =1.6X 107,
Br(u"—ete e") m?,
al 10— — —
mz 4
(4.6

R(u~—e” inTi) a®ZeZ|F(9)]?m GE

co1
|Og—2— Z
me

Br(,uf—>e+e*e*)_
4772

I'(u capture

=0.92. (4.7)

Another interesting feature of the case at hand is that in
the u* —e"e e’ process we obtain the following-odd
asymmetrie$Egs.(3.6),(3.7)]:

Ap = M =19% 4.8
P17 2(0.96C,) ’
_ 2301y 15% (4.9
P27 2(0.96C,) ’
iz ~13 (4.10
Ap, = '

—e"e"e" process is generated at tree level, its branchingince the tree-level contributioB- (C,) is dominant. The
ratio is much larger than that of the other LFV processes, akey feature here is that the two differéPtodd asymmetries
expected. If such a scenario were realized in nature, thbave opposite signAPllApzz—l.B. More generally, this

035004-5



DE GOUViEA, LOLA, AND TOBE

PHYSICAL REVIEW D 63 035004

TABLE |. The ratios of branching ratios Bu*—e*y)/Br(u*—e*e e") and Ru —e™ in
Ti)/Br(u"—e"e"e"), P-odd asymmetried\p for u*—e*y, Ap andAp, for u*—e*e"e" are shown
when the listed pair of Yukawa couplings is dominant. Cades(2), and (3) refer to the representative
classes of models discussed in Secs. IVA, IVB, and IV C, respectively. Here, we am;g@eloo GeV

and no mixing in the charged slepton mass matrix, mpe: 300 GeV. We also show a typical result obtained
for the MSSM with heavy right-handed neutrinos drgbarity conservation7].

Br(u—ey) R(u—e in Ti)

Br(u—3e) Br(u—3e) Ap Ap, Ap, Ap, /Ap2
Case(1)
N13\231 1x10°4 2x10°3 —-100%  +19%  —15% -1.3
N2N122 8x10 4 7x10°3 +100%  —19%  +15% -1.3
N13N132 8x10 * 5%x10°3 +100%  —19%  +15% -1.3
Case(2)
N132\232 1.2 18 —-100%  —25% —5% 5.6
N13h\ 233 37 18 —-100%  —25% —4% 6.2
N2z 232 3.6 18 +100%  +25% +4% 6.2
Ao\ oo 1.4 18 —100%  —25% —4% 5.7
Ao\ b3 2.2 18 —-100%  —25% —4% 5.9
Case(3)
NiNon 0.4 3x 107 —100%  —26% —5% 5.4
NN 1o 0.5 8x10* -100%  —26% -5% 5.4
N1 b3 0.7 1X10° —100%  —26% —5% 5.5
N\ bog 1.1 2X 10 —100%  —26% —5% 5.6

MSSM with vg 1.6x 107 0.92 —100% 10% 17% 0.6

feature is present whenever the effective vertiBes® are
dominant. In Table | we list results of other similar ex-
amples.

The situation is clearly different from the MSSM with
heavy right-handed neutrinos, where the on-shell photo
contributionsAS (Cs) are dominantthis case is also listed
in Table |, in order to facilitate comparisons

30589 0 A 30K
P1™ 2(87Cs) o TP 2(87Cs) o
(4.10)
Ap
1
—1-0.6.
A,

Therefore, a measurement of tligign of the ratio of
P-odd asymmetries iu"—e*e e" can clearly separate
these two modelsB g>Al"R versusA,">B p).

Another useful observable which may be measured in the

case one has access to polarized muon decays iEEQ.
(3.4)]. In RPV models,Ap can have different valuetsee
Table )), while in other SUSY extensions of the SM, either
wt—ey or uT—egy is forbidden. Some examples in-
cludeR-parity conserving SUSY with right-handed neutrinos
(see Table), SU(5) andSO(10) SUSY grand unified theo-
ries, and other MSSM extensiofi31,9].

B. All processes induced at one-loop level

Here we consider a different representative case, in which
all of u*—e*y, u*—e*e e, andu~—e" conversion

i nuclei are induced at the one-loop leve@lt the lowest

order in RPV couplingsthrough the photon penguin dia-
gram (Fig. 2). Suppose, as an example, that only the cou-
plings A 13, andA ,3, are nonzergagain we assume that both
of them are real, without loss of generality

The effective vertices for the LFV processes are

2

A 132k 232 v,
AS=— - (4.12
2 9em’mi 2m?
2 m
N13h 8 v
L_ ‘1321232 2 N T 2,2
1_—96772mg 3 2|°9_m§ +—3 7 5(mM/q )
Vr Vr MR
(4.13
“}'—‘ Aazz”” (f/")/\lsz R M Aaga”” P xg, °k
e 1 T 1 T
¥r (BR)y ¥r (R)y

$

FIG. 2. Lowest order Feynman diagrams for lepton flavor vio-
lating processes induced By 3.\ -3, couplings[see Eq(2.1)].

71%7

¥ e (9 e(q)
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Again, we setq2=—mi for w~—e~ conversion, andj?>=0 for u*—e*e e".> The ratios of branching ratios Bu("
—e"y)/Br(u*—e"e e") and Ru™—e~ innuclei)/Br(u”—e"e e") are independent on the choice ofs\ »3,:

2 2
- 7
Br(ut—e® m
(u Y 32108 -
Br(u"—ete e") 8 m2
—3-2log 7 +—5| v
3 2 2
Vr R
=12, (4.14
2 2
m; m,
3T +2log—+6
R(x~—e~ inTi(Al)) 6m7 m,
=19.511.5 —
Br(ut—ete e") 8 m2 M
" T
——— +—
3 28t | Y
Ve MR
=18(11), (4.15

where the second of the equal signs holdsn‘g§= my..=100 GeV. Herey is a function of the SUSY mass spectrum, but it
is of order unity:

2

glAS*IZ Iog?‘g—lzl —4RgATAS)
y=1+ TE (4.1
|
As an exampley=1.09 fornm;, =m7 =100 GeV. Since the off-shell photon diagra¥ is dominant in the

Because of the ultraviolet log-enhancement of the off-u’ —e’e e" process,C, (=C,) in Egs. (3.9,3.10 is
shell photon penguin diagramAb in Eq. (4.13, the event much larger tha_n the othel; (i#2,4). In this case, the
rates for theu* —e*e e’ andu~ —e~ conversion in nu- P-0dd asymmetries behave as follows:

clei can be as large as the branching ratio for jhé 3(~0.61C,+0.1X,)

—e"y process, even though they are higher order processes p.== =—26% (4.17
in QEDS Figure 3 depicts the dependence on the slepton ! 2(1.8C,+0.96C,)
masses of these ratios of branching ratios.
In the case ofu* —e* y, a cancellation between the two — 3(—-0.1C,) — _ro

. . / Ap 5% (4.18
different diagramgsneutrino and smuon loopsan occur, 2 2(1.8C,+0.96C,)
such that its branching ratio can be much smaller than that of
the other processes. On the other hand, the numerical value Ap,
of the ratio Rw —e~ innuclei)/Br(u"—e*e e") is E:O'lg' (4.19

1

stable in a large region of the parameter space. All the LFV

processes are equally relevant in this model. Again, we stresgese relationgEqs(4.14),(4.15,(4.19] are a typical fea-
that these ratios of the branching ratios are very different ifyre of models in which the off-shell photon diagram is the
more “traditional” cases, such as in the MSSM with heavy gominant contribution to the * —e~e*e process. The re-

right-handed neutrinosee Eqs(4.6),(4.7)]. sults of other similar examples are also listed in Table I.

. C. u~—e™ conversion in nuclei induced at tree level

Since the log-term is much larger than tideterm for 0<q? . — _ .
<m? in Eq. (4.13, the result does not depend significantly on the . Here,. We consider the pOSSIbI|Ity.thﬁf—>e. conversion
choice ofqin the u* —e*e e* process in nuclei is induced at tree level. This can arise through some

®In the case ofu*—e’e e, there is also an infrared log- Of the LQD terms ({;). As an example, we consider a

enhancement to the branching ratio, as can be seen i(BE9. model in which only\j,; and \j,, are nonzero, squ™
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Br(p—ey)~ Br(u— eee)
: —
i o
GeV) |
.|
100 —w “
100 300 o :
mVr o
R(U -+ e inTi )/ "Br(y — eee)
ool —
| 7 -
ool -
mg :
(Gev) 01/ o
oL’
100 300 = :
m% GoV)

FIG. 3. Contours of constant Bua('—e"y)/Br(u”
—ete e") (top), and Ru™—e ™ inTi)/Br(u*—e*e e") (bot-

tom) in the (m;Rx rrrVT) plane, assuming that only the product of

LLE couplings ;3o\ 53 is Nonzerdsee Eq(2.1)].

—e~ conversion is generated at tree level whilé —e™y
andut—ete e’ are generated at one-loop levEig. 4).
The LFV vertices are

)\121)\é21 )\121)\521
Dd:_—z, AZR:_T’ (42@

2rrrC 64 my

L R

2

NioiN s m 2
v Mo ) o, < s(miq?)
m; 3
d

Y 96m’m
R R
2
MG mi 1,
+— —2—2Iog—2—§6(md/q)
e, e,

(4.21
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- , d + v d ’ + +t . d ’ +
193 Ao () AR (CL))‘IZI €R Br Ay O ('3L))\121 €R
T LI \ IR
! i dr)y e (dr)y
& 4
1
‘1I—LLL v et
d )‘,121 e ¥ °

FIG. 4. Lowest order Feynman diagrams of lepton flavor violat-
ing processes induced Hy.,,f5,, couplings[see Eq(2.1)].

Br(u"—e'y)
=1.1 4.2
Br(u"—ete e™) ’ 422
RGa—e” INTHAD o g

Br(u"—efe e")

Here we assummaRzmgL=3OO GeV. Sinceu” —e~ con-

version is induced at the tree level, its event rate is much
larger than that of other processes, as expected.

In u*—e*e e", the off-shell photon penguin vertex
(AL) dominates over the other contributions because of the
ultraviolet log-enhancement. Therefore, the ratio of branch-
ing ratios Brw*—e"y)/Br(u* —e"e e") and theP-odd
asymmetriesAp1 and Ap, (which are presented in Table |
are very similar to those we obtained in the previous subsec-
tion. The order one numerical differences come from the
different sfermion masses used in both cases and the fact that
there are quarks and not leptons running around the loops.
Results for other similar examples are also listed in Table I.

In the case ofu™ —e*e e”, the fact that we choose a
fixed value ofg? (=0) instead of integrating over all pos-
sible g? values leads to some uncertainty. These, however,
are not important as far as our intentions here are concerned.
We note that the numbers presented in Table | for ratios of
branching ratios when there are first generation quarks run-
ning around the loops are uncertain by some tens of percent.

D. Large T-odd asymmetry inut—ete et

It is important to understand if any interesting effect can
be obtained if more than a single pair of RPV couplings is
present. Here we consider the possibility that*
—e’e e" is generated at the tree level, but that the loop-
level contributions of on-shelland off-shell photons is
comparable. This can be accomplished by having, for ex-
ample, nonzera ;35\ 231 ANAN 1330 233> N 131\ 231

In this case, all oB", A}, and A% can be comparable,
and there is the possibility that theodd asymmetry inu™*
—e’e e" decay[Eq.(3.9)] is large. We proceed to discuss
this in more detail.

We will consider the most general case in which all ef-
fective couplingsB", A}, andAf are independenias may
be effectively the case if many RPV couplings are relenant

As before, we seti?=—mZ for 4~ —e~ conversion, and In this case, th@-odd asymmetr§Eq. (3.8)] can be written
q°=0 for u*—e*e~e". The ratios of branching ratios are as

035004-8
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3(a11C11—a1:C1)

_ 3apxsin(f,— 0;) — 3aialy sin O, +xsin(6,— 61)}

PHYSICAL REVIEW D 63 035004

AT= 3(@,Cyt 8yCat asCot 38,CoF 8gCo)

where

X=4a,x%+4a,(x?>+y?+2xycosh;) + as
—2a;xcog 0,— 0,) — 2aq{y cosd,+x cog 6,— 6,)}.
Here
(ay,a4,85,a87,89,a11,812)=(1.8,0.96,88,14,7.5,2.0,1,6
x=|A-AR|, y=|B /4waAl|, and 6, (6,) is the relative

phase betweeB- andA} (A%). Even wherx, y, 6; and 6,
are treated as independent parameters,THudd asymmetry

X , (4.29

branching ratio foru* —e*e e’ is expected to be compa-
rable to(and in some cases even much larger jithe one
for u*—e*y, as we argued in the previous subsections. It
is, however, possible to tune the various parameters in order
to achieve large effects. In other SUSY extensions of the
SM, large T-odd asymmetries can also be obtained in par-
ticular regions of parameter space. For example, the authors
of [27] discuss LFV in the case of SUSY grand unified theo-
ries, and findT-odd asymmetries larger than 15% in some
SU(5) models.

As an example, consider a situation whexgs\3,5
=10 % and\ 13\ 535=1.6x 10 *€'("2) while all other RPV
couplings are zero, leading #;=17% for n;, =500 GeV

has a maximum value, andmg_=n; =100 GeV. Here Br " —e*y)=5x10 "

and Br (u"—e*te e")=3x10"% Note that, in order to

Ar|max=24%, (425 optain largeA; values, one is required to impose a mild
when At
L 30 —— —— . .
x=|—| =2.56, 25 | —"005 -
2
BL
y= =l =4.23, y
AmahA,
0,=—2.28,
6,=—1.56. (4.2

This upper limit is quite general, and applies to any exten-
sion of the SM. It can be obtained directly from the most
general effective Lagrangian which parametrizes” Br(L — eY)/Br(u——eee)
—ete e [32]. 30 , . . ,
Figure 5 depicts the value of tHeodd asymmetry and the

ratio of branching ratios ou* —e*y and u* —e‘e e”, Br 20
when we fix4,=—2.28, §,= —1.56 (same as at the maxi- 20 T |
mum poin}. As can be seen from Fig. 5, these two observ- 0

ables are strongly correlated. In the region whereT#wzld Yous poee |
asymmetry is relatively large, the branching ratio fof 10 9
—e'y tends to be much bigger than the one far s R
—e"e"e", since an on-shell photon couplingy compa- :3 1
rable toA? and B" is required in order to obtain a large 0 Lt :

T-odd asymmetry. In this case, the branching ratiouof 0 2 4 6 8 10
—e"e e’ is dominated by theA} coefficient due to the X

relatively large collinear infrared logarithfisee Eq.(3.19]
and we obtain a ratio of branching ratios similar to the one F|G. 5. Constant contours of tfieodd asymmetrytop) and the
obtained for the MSSM with heavy right-handed neutrinosratio of branching ratios Bg™—e* y)/Br(u*—e*e"e™) (bot-
[Eq. (4.6)]. tom) in the (xXy) plane.x=|AL/A%| and y=|B“/47aAY|. The

In a generic RPV model, thE-odd asymmetry is unlikely relative phases betwedd", Ay and A},A} are fixed at ¢,,6,)
to be close to its maximum valyé&qg. (4.25] because the =(—2.28-1.56). See text for details.
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4 Mg, = Mz, = 100 GeV distinguishing different models. In particular, we discussed
10 L A whether a larger-odd asymmetry can be generated in the
case of RPV SUSY.

103 In summary, if there is indeed low-energy SUSY with
small but non-negligible RPV couplings, it is likely that
| A133% 233| 102 these not only contribute to Majorana neutrino masses but
| x131x231| algo_will be probeq by LEV in the charged lepton sector. If
o L 0 this is the case, naively higher order QED processes, such as

ut—ete e’ or u~—e” conversion in nuclei are at least
as relevant as the more canonigal —e* vy decay.
Independently of what the new physics beyond the SM is,
it should be kept in mind that improving the current experi-
mental sensitivity ofall LFV processes is important. We
mVr (GeV) hope to discuss this important issue in a future publication
[32]. We conclude by stressing that there are proposals for
FIG. 6. Constant contours of theodd asymmetry in thenf;  improving the sensitivity tqu ™ —e™y down to branchings
X |N13N 233/ N1ah231]) plane, assuming that all other RPV cou- ratios of 10 *4[33] and the sensitivity tq.~—e~ conver-
plings vanishes and that the relative phase between the two pairs gfon in nuclei down to rates of 13 [34] (see Appendix B
couplings ism/2. however, in the case of the™ —e*e e™, there are no pro-
posals for improving the current best bound, which is already
hierarchy in the ratios of scalar mass@sder 13) and a  twelve years old. In view of the results discussed here, we
more severe, finely-tuned hierarchy in the ratio of couplingselieve that experiments which are sensitive to smaller
(order 13), as is illustrated in Fig. 6. branching ratios fou™—e*e " e" (at least as sensitive as
the futureu* —e™ y experimentsare of the utmost impor-
tance.

200 400 600 800 1000

V. CONCLUSIONS

We discussed lepton flavor violatidhFV) in rare muon
processesy ™ —e’y, ut—ete e, u~—e” conversion ACKNOWLEDGMENTS
in nucle) in SUSY models with trilineaR-parity violation . . - . .
(RPV). Such models are interesting in the sense that they cacri1 We are mdeztedl to tﬁlankGhl_udlcfe for m?r}?/ enll%htem&g
accommodate neutrino masses without requiring the intro= ISCUSsIons and also thank him for car€lully reading the

duction of extra fields to the MSSM. Natural explanationsmdanusﬁ”rg and grl(\)/lviding\;/vuslf_ful %ommefnts. V;/e ack’\r;lowl-
for the smallness of the RPV couplings have been studie ge the Stopped Muon Working Group for a Future Muon
[16], and are not discussed here torage Ring at CERN for interesting discussions. We also

It is well known that LFV in the charged lepton sector is thank T. Yanagida for useful comments.
a very sensitive probe for models with RPV, and that some
of the most stringent constraints on RPV couplings come
from LFV processes. Here, instead of concentrating on how APPENDIX A: LFV EFFECTIVE VERTICES
RPV couplings are constrained by LFV, we study the expec- IN TRILINEAR RPV
tqtions for LFV observables in the case nature realizes SUSY | this appendix, we present explicit expressions for the
with sma_II RPV, and dlscus_s a numbt_er o_f cﬂﬁer_ent_ observy gy effective verticesATR, BLR andD“¢ in the trilinear
ables which may play a decisive role in distinguishing RPVRPV models considered in the body of this paper.
models among themselves and from other SUSY models.
Along these lines, we considered a number of representa-
tive cases for different RPV models in order to understand a 1. Photon penguin vertices
number of features related to LFV. An important observation , , , ,
is that, in generic RPV models, all of the LFV processes 1he photon penguin vertices are defined in Eq1). The
considered are of the same ordee. the ratio of branching effective couplingsA{® (i=1,2) are given by
ratios is of order ongor u™—e™" vy is very suppressed with R(L R(L)(e R(L) (v R(L)(u R(LY(d
respect to eithep* —e*e e* and/oru™—e~ conversion ATD=ATOE 4 AFDO L AR+ ARDD, - (A1)
in nuclei, as is summarized in Table I. This behavior is to be
compared with R-conserving SUSY models with heavy _
right-handed neutrinos, where the branching ratiogof ~ WhereAR(®" are induced byr-parity violatingL LE cou-
—e"y is always much larger than the branching ratio forplings through a lepton—sneutrino loop and a neutrino—
w"—e"e e and(in general the rate foru~—e~ conver-  slepton loop, respectivehl ARV are generated by QD
sion in nuclei. couplings through an up-type quark—down-type squark loop
We also argue that th®-odd andT-odd asymmetries and a down-type quark—up-type squark loop, respectively.
which can be measured in the case of polarized The explicit expressions for the on-shell photon vertiégs
—e'e e" decays give an extra handle when it comes toare as follows:
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L(v)_ AiaNij2 ) M, g% m, AsW=aALD =0 (A8)
A2 - 2 2 o 2 1. 2 v 2 ' (AS) 2 2
16m e me S i (1,2) i
Lj Lo ey el Here the functiongd, <’ are defined by
1 1-y X(1—=x-Yy)
JB(a,b,c zf d f dx , A9
o @PO= ] ], I T x )y rallx byl x—y) (A9
S y(1-x-y)
(2) = Al
Jo(ab.c) fodyfo Dy —ey(I—x—y)ral—x—y)—bxy’ (A10
Whenb,c<1, these functions can be approximated by
0 2+3a—6a’+a’+6aloga
JM(a,b,c)= , (A11)
12(1-a)*
2 1—6a+3a’+2a*—6aloga
J.7(a,b,c)= . (A12)
12(1—a)*
The off-shell photon vertice; are expressed as follows:
2
A\ E m 2 2
L Mahay oy e A7 My (A13)
16m2m?, ¢\ me. 'me, me, )
v3 v3 v3 v3
L )\13])\53] 2 vy QP mi
Al(V):_16 2 2 Ea) 2 2 2 | (A14)
T M orj ey Meg;
2
* o)\ m 2 2
AR )‘ijl)"lg 3 _qu_m_g 1 (A15)
16772m7/i ‘ me; e e
NEN mo g2 m
AR®) iz gef 3 e, (A16)
2 g 2 2
16mome |\ mg mp
Lj Lj Lj v
)\/“)\/* m2 2 m2 m2 2 m2
A - qT — | =3 - qT — (A17)
2 1 L 1 1 1
16mm; Mgy Mg Mg, Mgy Mg Mg,

dgj
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TABLE II. Current(future) constraints on th&-parity violating couplingd. LE [see Eq(2.1)] from LFV
processes, assuming that only the listed pair of coupling is nonzero. The ddiutent) upper limits on the
branching ratios are: Byt —e'y)<1.2x10"** (107, Br(u*—ete e")<1.0x107*? and R~
—e” inTi)<6.1x10 ¥[R(u~ —e  in Al) <10 €. Here we assume all the sneutrino masses degenerate
with right-handed slepton masses; j =100 GeV, and we neglect left-right mixing in the charged slepton
mass matrix. The notatiofiree) indicates that the.* — e e e™ process is generated at the tree level.

n—ey u—eee u—e in nuclei
IN1aih2sd 2.3x107“ [18] 6.7x 10 "(tree) [17] 1.1x10°5 [20]
(7x10°%) (2x10°7)
I\ 130\ 234 2.3x 1074 [18] 7.1x10°5 1.3x107° [20]
(7x10°9) (2x10°7)
I\ 139\ 234 2.3x107* [18] 1.2x107* 2.3x10°° [20]
(7x10°°) (4x10°7)
X 121N 124 8.2x10 ° [18] 6.7X 10 "(tree) [17] 6.1x 1076 [20]
(2x10°9) (1x1077)
I\ 131N 134 8.2x10 ° [18] 6.7 10 "(tree) [17] 7.6x 107 [20]
(2x1079) (1x1077)
I\ 231\ 237 8.2<10°° [18] 4.5x10°° 8.3x107° [20]
(2x10°%) (1x1077)
2 2
mes m 2 m 2 2
@_ Mo | ool 9 9T M)y 9 9T My
A]_ - 2 q 2 1 2 2 2‘]C| 2 1 2 2 y (A18)
16m2m- 2
Ui Ugi U g IR T

where the functions{-? are defined by

Ty (X+2y)(1-x-y)

(1) -

Kb~ [y | e bRy (A9
oY y(x—y)

(2) - v

Ja(@b.e) fodyfo Dy —ey(I—x—y) +a(l-x—y)~bxy’ (A20)

Whena,b,c<1, these functions are well approximated by

TABLE IIl. Current (future) constraints on th&-parity violating couplingsL QD [see Eq.(2.1)] from
LFV processes, assuming that only the listed pair of coupling is nonzero. The dfiateng) upper limits on
the branching ratios are: Bu(" —e" y)<1.2x10 (10 %%, Br(u*—e'e e')<1.0x10 2 and R~
—e  inT)<6.1x10 B¥[R(u~ —e " in Al) <10 9. Here we assume all the squark masses are degenerate,
with mg =300 GeV. The notatioftree) indicates that the.” — e~ conversion process is generated at the tree

level.
n—ey u—eee pu—e€ in nuclei
N N5 6.8x10 “ [18] 1.3x10°4 5.4x 10 ® (treg [19]
(2x1079) (2x10°7)
IN] 1N 504 6.8x10 “ [18] 1.4x10°4 3.9x10 7 (treg [19]
(2x107°) (7X10°9)
N1 91d 6.8x10 “ [18] 1.6x1074 3.9x10° 7 (treg [19]
(2x107°) (7X1079)
IN 120N 5ol 6.8x10 4 [18] 2.0x10°4 3.6x1077 (tree [19]
(2x107°) (6X1079)
N2 920 6.8x10 4 [18] 2.3x10°4 4.3x10 ° [20]
(2x107°) (7x10°7)
INToN 204 6.9x10 “ [18] 2.9x104 5.4x10 % [20]
(2x107°) (9%10°7)
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@) 1/4
Jg (a,b,c)=—§ §+Ioga+5(a/b) , (A21)
) 1
Jq (a,b,C)=—E, (A22)
where
> 4d+2(1+2d)1-4dtanh? ! f o|<1
3 ( ) an 13’ or 7
8(d)= c . (A23)
———4d+2(1+2d)y4d—1tan?t , for d>=
3 ( ) Jad—1 4

Whena>b,c andb,c<1,

—16+45a—36a’+7a®— (12— 18a)loga

JYa,b,c)= : (A24)
al 36(1—a)*
2 —2+9a—18a%+11a°—6a’loga
Ji'(a,b,c)= 2 . (A25)
36(1—-a)
|
2. Tree-level vertices in thep™ —e*e~e* process ing ratio of u™ —e*e e is given by the SINDRUM ex-
H 7
The tree-level verticeBR®) in the u* —e*e~e* process ~Periment at PS[35]:
g;e defined in Eq(3.5). Their explicit expressions are given Br(,u*—>e+e*e*)|exp_<1.0>< 1012 (B1)
NS The present experimental limit on the branching ratio of
gL— _ 't 2'21’ (A26) u'—e’y process is set by the MEGA Collaboration at
2nr, LANL [36]:
N Br(n"—e’y)|exp<1.2<10" (B2)
BR— _ Ai1iNiz2 (A27)
2m§i ' This limit will be significantly improved(or, perhaps, LFV

will be found) in the near future by a new experiment at PSI
[33], which claims to be able to obserye’ —e* y events if
Br(u™—e"y)>10"1% The present experimental bound on
The tree-level vertices for~—e~ conversion were de- the conversion rate of~—e~ in 35Ti was determined by

3. Tree-level vertices in they™—e~ conversion process

fined in Eq.(3.20. Their explicit forms are the SINDRUM 2 Collaboration at P$B7]:
NiENSy R(u™ —€ N 59Ti)|exp<6.1x 1073, B3
m5 .
dgi The future proposedalmost approvedexperiment MECO
[34] claims that it will be able to see ™ —e~ conversion in
NN aluminum if Rw™—e~ in 2JAl)>10"%6. (More futuristic
I= - ——=. (A29)  proposals claim sensitivity to values of the rateuof —e~
zmﬂu conversion in nuclei as low as 18 [38].)

APPENDIX B: CONSTRAINTS ON R-PARITY-VIOLATING
COUPLINGS FROM LFV PROCESSES ’In order to reach the current bounds, rare muon decay experi-
AND NEUTRINO MASSES ments need to stop the muons before they decay. For this reason,
they are constrained to analyze™ decays, since thg ™ is readily
The experimental limits on LFV processes set tightcaptured by the material present in order to stop the muons and
bounds on specific combinations Bfparity violating cou-  there are virtually no freg~ decays. For the same reason, one can
plings. The most stringent experimental limit on the branch-only measure the.— e conversion rate in nuclei for the ~.
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Tables Il and Ill contain current and near future boundsHere,mfi is the fermion mass of thiéh generation inside the
on the absolute values of some pairs of RPV couplings, a
suming that all other pairs of couplings vanish. ) — _

In models with trilinear RPV, neutrino masses are generllc iS & color factor(3 for LQD operators and 1 fot LE
ated at one-loop via squarslepton exchange forLQB operatqr}a This expression implies that the heavier the fer-

— i ~mions in the loop, the stricter the bounds]. For example,
(LLE) operators. Under the assumption that the left-rightgemandingm,, <1 eV for sparticle masses of 300 GeV,
sfermion soft mass-squared mixing terms are diagonal in thgy =4.4 GeV andm,=170 MeV, leads to\]so\ jss<4
physmal2 basis and proportional to the agsomated fermion 10-7. For N o\ by, the bound drops to 22810 4 [15],
mass (nz, ;m;n), the formula for the neutrino masses canwhile for “Super-Kamiokande-friendly” solutions with hier-
be simplified to[15] archical neutrinos the bounds on certain products of RPV
couplings can be stricter by some orders of magnitude.

When comparing these bounds with the ones from LFV in
Tables Il and Ill, we see that for a large number of models
m;. the bounds from stopped muon processes are significantly

(B4)  stronger than those from neutrino masses. A proper study of
these processes, therefore, can shed additional light on the
issue of lepton number violation.

SIE)op, g, is the average of thf ; andfg; squark masses, and
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NeAijiNikj F(m/mg) f(mfk/mﬂ)

m, =———>—Mm m; +
T k

f(x)=(xInx—x+1)/(x— 1)

[1] Super-Kamiokande Collaboration, Y. Fukuds al, Phys.
Rev. Lett.81, 1562(1998.

[2] B.T. Clevelandet al, Astrophys. J.496, 505 (1998; SAGE
Collaboration, Dzh. N. Abdurashitogt al, Phys. Rev. Lett.
77, 4708 (1996; GALLEX Collaboration, W. Hampekt al,
Phys. Lett. B447, 127 (1999; Super-Kamiokande Collabora-
tion, Y. Fukudaet al, Phys. Rev. Lett82, 1810(1999; 82,
2430(1999.

[3] LSND Collaboration, C. Athanassopoules al, Phys. Rev.
Lett. 77, 3082(1996; 81, 1774(1998.

[4] T. Yanagida, inProceedings of the Workshop on Unified
Theory and Baryon Number of the Univer§esukuba, Japan,
1979, edited by O. Sawada and A. Sugam®&K, Tsukuba,

1979, p. 95; M. Gell-Mann, P. Ramond, and R. Slansky, in

Supergravity Proceedings of the Workshop, Stony Brook,

B. de Carlos, J.A. Casas, and J.M. Moreno, Phys. Re§3D
6398 (1996; G.K. Leontaris and N.D. Tracas, Phys. Lett. B
419 206(1998; 431, 90(1998; J. Hisano, D. Nomura, and T.
Yanagida,ibid. 437, 351 (1998; J. Hisano and D. Nomura,
Phys. Rev. D59, 116005(1999; M. Gomez, G. Leontaris, S.
Lola, and J. Vergadoshid. 59, 116009(1999; J. Ellis, M.E.
Gomez, G.K. Leontaris, S. Lola, and D.V. Nanopoulos, Eur.
Phys. J. C14, 319(2000; W. Buchmuller, D. Delepine, and F.
Vissani, Phys. Lett. BA59 171 (1999; W. Buchmuller, D.
Delepine, and L.T. Handoko, Nucl. PhyB576, 445 (2000;
J.L. Feng, Y. Nir, and Y. Shadmi, Phys. Rev.d, 113005
(2000; S. Baek, T. Goto, Y. Okada, and K. Okumura,
hep-ph/0002141.

[9] For a recent review, see Y. Kuno and Y. Okada,

hep-ph/9909265.

New York, 1979, edited by P. van Nieuwenhuizen and D.[10] L.E. Ibanez and G.G. Ross, Nucl. Ph{&368 3 (1992.

Freedman(North-Holland, Amsterdam, 1979

Theor. Phys30, 727 (1963; S. Eliezer and D. Ross, Phys.
Rev. D 10, 3088 (1974; S.M. Bilenki and B. Pontecorvo,
Phys. Lett.61B, 248 (1976; S. Barshay,ibid. 63B, 466
(1976; T.P. Cheng and L.-F. Li, ifProceedings of the Coral
Gables Conferengel977, edited by A. PerimuttgiPlenum,
New York, 1977; A. Mann and H. Primakoff, Phys. Rev. D
15, 655(1977; S.T. Petcov, Yad. Phy25, 641 (1977 [Sov.
J. Nucl. Phys25, 340(1977]; S.M. Bilenki, S.T. Petcov, and
B. Pontecorvo, Phys. Let67B, 309 (1977.

[6] J. Ellis and D.V. Nanopoulos, Phys. Lettl0B, 44 (1982; R.
Barbieri and R. Gattapid. 110B, 211(1982; G.K. Leontaris,
K. Tamvakis, and J.D. Vergados, Phys. Lett. 181, 412
(1986 F. Borzumati and A. Masiero, Phys. Rev. L&T, 961
(1986; F. Gabianni and A. Masiero, Nucl. PhyB322 235
(1989.

[7]J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, and T.
Yanagida, Phys. Lett. B57, 579(1995; J. Hisano, T. Moroi,
K. Tobe, and M. Yamaguchi, Phys. Rev. 33, 2442 (1996
K. Tobe, Nucl. Phys. BProc. Supp). B59, 223(1997).

[8] S. Dimopoulos and D. Sutter, Nucl. Phy®452, 496 (1995;

035004-14

[11] M. Fukugita and T. Yanagida, Phys. Rev.4RQ, 1285(1990;
[5] M. Nakagawa, H. Okonogi, S. Sakata, and A. Toyoda, Prog.

B.A. Campbell, S. Davidson, J. Ellis, and K.A. Olive, Phys.
Lett. B 256, 457 (1991); W. Fischler, G.F. Giudice, R.G.
Leigh, and S. Pabaiibid. 258 45 (1991).

[12] For a recent review of baryogenesis at the electroweak scale

within supersymmetry, see M. Carena and C.E.M. Wagner, in
Perspectives on Supersymmetegited by G.L. KanéWorld
Scientific, Singapore, 1998

[13] L. Hall and M. Suzuki, Nucl. PhysB231, 419 (1984); A.S.

Joshipura and M. Nowakowski, Phys. Rev5l 2421(1995;

T. Banks, Y. Grossman, E. Nardi, and Y. Nibjd. 52, 5319
(1995; F.M. Borzumati, Y. Grossman, E. Nardi, and Y. Nir,
Phys. Lett. B384, 123(1996; B. de Carlos and P.L. White,
Phys. Rev. D64, 3427(1996; A.Yu. Smirnov and F. Vissani,
Nucl. Phys.B460, 37 (1996; R. Hempfling, ibid. B478 3
(1996; H.P. Nilles and N. Polonskybid. B484, 33(1997; E.
Nardi, Phys. Rev. D55, 5772 (1997; M. Hirsch, H.V.
Klapdor-Kleingrothaus, and S.G. Kovalenkibjd. 57, 1947
(1998; E.J. Chun, S.K. Kang, C.W. Kim, and U.W. Lee, Nucl.
Phys.B544, 89 (1999; O.C.W. Kong, Mod. Phys. Lett. A4,
903 (1999; L. Clavelli and P.H. Frampton, hep-ph/9811326;
S. Rakshit, G. Bhattacharyya, and A. Raychaudhuri, Phys.



LEPTON-FLAVOR VIOLATION IN SUPERSYMMETRC . .. PHYSICAL REVIEW D 63 035004
Rev. D 59, 091701(1999; R. Adhikari and G. Omanovic, [28] T. Suzuki, D.F. Measday, and J.P. Roalsvig, Phys. Re$5C
ibid. 59, 073003(1999; D.E. Kaplan and A.E. Nelson, J. High 2212(1987).

Energy Phys01, 033(2000; A.S. Joshipura and S.K. Vem- [29] H.C. Chiang, E. Oset, T.S. Kosmas, A. Faessler, and J.D. Ver-
pati, Phys. Rev. 060, 095009(1999; 60, 111303(1999; J. gados, Nucl. PhysA559, 526 (1993; T.S. Kosmas, A.
Ferrandis,bid. 60, 095012(1999; M. Bisset, O.C.W. Kong, Faessler, F. Simkovic, and J.D. Vergados, Phys. Re%6C

C. Macesanu, and L.H. Oribid. 62, 035001(2000; Y. Gross- 526 (1997.

man and H.E. Haber, hep-ph/9906310; A. Abada and M.[30] Similar log-enhancements in other models have been dis-
Losada, Nucl. PhysB585, 45 (2000; hep-ph/0007041; O. cussed. For example, F. W”CZEk and A. Zee_, .PhyS. Rev. Lett.
Haug, J.D. Vergados, A. Faessler, and S. Kovalenko, Nucl, 38 531(1977; W.J. Marciano and A.I. Sandid. 38, 1512
Phys.B565, 38 (2000: E.J. Chun and S.K. Kang, Phys. Rev.  (1977: M. Raidal and A. Santamaria, Phys. Lett.421, 250

D 61, 075012(2000; F. Takayama and M. Yamaguchi, Phys. [31] (Llj)Qz. I VA Kosteleck d4'S. Raby. Nucl. Phva267
Lett. B 476, 116(2000; R. Kitano and K. Oda, Phys. Rev. D ~J. Hall, V.A. Kostelecky, and S. Raby, Nucl. Phys267,

61, 113001(2000: S. Davidson and M. Losada, J. High En- 12 (1988; AE. Faraggi, J.L. Lopez, D.V. Nanopoulos, and

. ; K. Yuan, Phys. Lett. B221, 337(1989; S. Kelley, J.L. Lopez,
ergy Phys05, 021(2000; J.C. Romao, M.A. Diaz, M. Hirsch, y l (1989 y P

W. Porod. and JW.E. Valle. Phvs. R 21703(2 . D.V. Nanopoulos, and H. Pois, Nucl. Phy8358 27 (1991);
- Porod, and J.W.F. Valle, Phys. Rev., 071703(2000; R. Barbieri and L.J. Hall, Phys. Lett. B3§ 212 (1994: R.
M. Hirsch, M.A. Diaz, W. Porod, J.C Romao, and J.W.F.

s Barbieri, L.J. Hall, and A. Strumia, Nucl. PhyB445 219
Valle, ibid. 62, 113008(2000.

(1999; A. llakovac and A. Pilaftsisipid. B437, 491(1995; P.
[14] M. Nowakowski and A. Pilaftsis, Nucl. PhyB461, 19(1996. Ciafaloni, A. Romanino, and A. Strumiid. B458, 3 (1996
[15] G. Bhattacharyya, H.V. Klapdor-Kleingrothaus, and H. Pas, N, Arkani-Hamed, H.-C. Cheng, and L.J. Hall, Phys. Rev. D
Phys. Lett. B463 77 (1999.

53, 413(1996; M.E. Gamez and H. Goldbergbid. 53, 5244
[16] S. Lola and G.G. Ross, Phys. Lett. 84, 336 (1993; V. (1996; N.G. Deshpande, B. Dutta, and E. Keithid. 54, 730
Ben-Hamo and Y. Niribid. 339, 77 (1994); H. Dreiner and A.

(1996; T.V. Duong, B. Butta, and E. Keith, Phys. Lett. B8
Chamseddine, Nucl. Phy&458 65 (1996; P. Binetruy, S.
Lavignac, and P. Ramondid. B477, 353(1996); G. Bhatta-
charyya, Phys. Rev. B7, 3944(1998; P. Binetruy, E. Dudas,
S. Lavignac, and C.A. Savoy, Phys. Lett4B2 171(1998; J.
Ellis, S. Lola, and G.G. Ross, Nucl. Phyg526, 115(1998.
[17] D. Choudhury and P. Roy, Phys. Lett. 38 153(1996.
[18] M. Chaichian and K. Huitu, Phys. Lett. 834, 157 (1996.
[19] J.E. Kim, P. Ko, and D.-G. Lee, Phys. Rev.58, 100(1997.

[20] K. Huitu, J. Maalampi, M. Raidal, and A. Santamaria, Phys.

Lett. B 430, 355(1998.

128(1996; J. Hisano, T. Moroi, K. Tobe, and M. Yamaguchi,
ibid. 391, 341(1997; 397, 357E) (1997; D. Suematsuibid.
416, 108 (1998; J. Hisano, D. Nomura, Y. Okada, and M.
Tanaka, Phys. Rev. B8, 116010(1998; S.F. King and M.
Oliveira, ibid. 60, 035003(1999; G. Couture, M. Frank, H.
Konig, and M. Pospolov, Eur. Phys. J. T 139 (1999; K.
Kurosawa and N. Maekawa, Prog. Theor. Ph$82 121
(1999; Y. Okada and K. Okumura, Phys. Rev.@, 094001
(2000; R. Kitano and K. Yamamotdbid. 62, 073007(2000;
G. Barenboim, K. Huitu, and M. Raidal, hep-ph/0005159.

[21] A. Faessler, T.S. Kosmas, S. Kovalenko, and J.D. Vergadod;32] A. de Gouva et al. (in preparatioh

hep-ph/9904335.

[22] K. Choi, E.J. Chun, and K. Hwang, Phys. Lett.488 145
(2000.

[23] ZEUS Collaboration, M. Derriclet al, Z. Phys. C73, 613
(1997; H1 Collaboration, C. Adloffet al,, Eur. Phys. J. A1,
447(1999; 14, 553E) (2000; R. Kerger, talk at DIS2000 (8

International Workshop on Deep Inelastic Scattering and

[33] L.M. Barkov et al, Research Proposal to PSI, 1999, http://

www.icepp.s.u-tokyo.ac.jp/meg

[34] MECO Collaboration, M. Bachmast al, Proposal to BNL,

1997. See also http://meco.ps.uci.edu.

[35] U. Bellgardtet al, Nucl. Phys.B229 1 (1988.
[36] MEGA Collaboration, M.L. Brookst al, Phys. Rev. Lett83,

1521(1999.

QCD), Liverpool, 2000, hep-ex/0006023; M. Kuze, S. Lola, E. [37] SINDRUM 2 Collaboration, P. Wints, ifProceedings of the

Perez, and B.C. Allanach, hep-ph/0007282, summary of

DIS2000.

[24] CLEO Collaboration, S. Ahmedkt al, Phys. Rev. D61,
071101(2000.

[25] Y. Kuno and Y. Okada, Phys. Rev. Leit7, 434 (1996; Y.

First International Symposium on Lepton and Baryon Number
Violation, edited by H.V. Klapdor-Kleingrothaus and 1.V. Kri-
vosheinanstitute of Physics Publishing, Bristol and Philadel-
phia, 1998, p. 534. See also http://wwwl.psi.ch/
www_sindrum2_hn/sindrum2.html.

Kuno, A. Maki, and Y. Okada, Phys. Rev. %5, 2517(1997).
[26] S.B. Treiman, F. Wilczek, and A. Zee, Phys. Revlf 152
(1977; A. Zee, Phys. Rev. Letb5, 2382(1985.
[27] Y. Okada, K. Okumura, and Y. Shimizu, Phys. Rev.5B,
051901(1998; 61, 094001(2000.

[38] Y. Kuno, presentation at a miniworkshop on Neutrino Facto-
ries and Muon Storage Rings at CERKO000, http://
muonstoragerings.web.cern.ch/muonstoragerings/. See also
technical notes in the homepage of the PRISM project http://
psux1.kek.jpTprism.

035004-15



