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Lepton flavor violation in tau decays
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We study lepton flavor violatioiLFV) in tau decays induced by heavy Majorana neutrinos within two
models:(l) the standard model with additional right-handed heavy Majorana neutrinos, i.e., a typical seesaw-
type model;(Il) the standard model with left-handed and right-handed neutral singlets, which are inspired by
certain scenarios dO(10) models and heterotic superstring models Wwghrsymmetry. We calculate various
LFV branching ratios and &-odd asymmetry. The seesaw model | predicts very small branching ratios for
LFV processes in most of the parameter space, although in a very restricted parameter region it can reach
maximal branching ratio8r(7— uy)~10"° and Br(r—3u)~10 . In contrast, model Il may show
branching ratio8r(r—ey)~10 8 andBr(7—3e)<10 ° over a sizable region of the parameter space, large
enough to be tested by experiments in the near future.
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[. INTRODUCTION cesses are practically suppressed to zero in the SM, due to
the unitarity of the leptonic analogue of the Cabibbo-
One of the many puzzles remaining in the current pheKobayashi-MaskawaCKM) mixing matrix and the near
nomenology of particle physics is to understand the smallmasslessness of the three neutrinos. Motivated by the afore-
ness of the massess(L eV) of standard neutrinos,, »,  mentioned models with an extended neutrino sector, the au-
andv,, compared to those of charged leptons. If neutrinoshors in Refs.[4—6] derived analytic expressions for LFV
are of a Dirac nature, nonzero masses could be obtained Hl‘ecay rates of charged leptons in such models with heavy
the standard modelSM) by introduction of(sterile) right-  Majorana neutrinos. The authors of REF] gave a model-
handed neutrinos. On the other hand, if neutrinos are of ghdependent framework for analyzing—ey and u— 3e
Majorana nature, more appealing solutions to the small nelyyrocesses and investigated specific features of several super-
trino mass problem exist. In order to avoid the explicit break'symmetric grand unified theorig&UTs). They focused on
ing of the SM gauge symmetry and still obtain nonzero Ma-parity- andT-violating asymmetries involving muon polar-
jorana mass term@ia spontaneous symmetry breakingn  jzation in the initial state.
additional HIggS trlplet is needed in the SM. The latter would Some generic properties of LFV processes and the corre-
result in physical Goldstone bosons, but these have been exponding constraints on the neutrino mass matrix have been
cluded by experiments at the CERNe™ collider LEP. On  studied in Ref.[8]. Phenomenological studies of various
the other hand, various models in the context of extendedFv and lepton-number-violating processes have appeared
gauge structures result in Majorana mass terms and could the literature, including direct production of heavy Majo-
give possible solutions to the neutrino mass problem. Antana neutrinos at various collidei8], heavy Majorana me-
appealing solution is the seesaw mechanjamwithin the  diated processe§10], and LFV processegincluding u
framework ofSO(10) or left-right symmetric models. In the —ey and7— uy) in supersymmetric frameworK41].
conventional seesaw models, the effective light neutrino |n this paper we will consider LFV decays of tau leptons
masses are within the scales of eV to MeV via a relationn the framework of the two aforementioned models with
involving the hierarchy between very large Majorana massegxtended neutrino sectors. We will concentrate on the calcu-
and Dirac masses comparable to those of charged leptongtion of the corresponding LFV branching ratios and the
Another possible solution was investigated in the frameworkgorresponding expected numbers of events. In addition, we
of heterotic superstring mod€g] with Es symmetry or cer-  wjll calculate a T-odd asymmetry induced by these
tain scenarios 060(10) models 3], where the low-energy processe$.In Sec. Il we review the two models in question.
effective theories include new left-handed and right-handegh Sec. 11l we present the formulas for the branching ratios of
neutral isosinglets and assume conservation of total leptopharged lepton decay$—1'y and|—3l’, and theT-odd
number in the Yukawa sector. asymmetry fol —3l’ within these two models. In Sec. IV
One pOSSIbI“ty to test the neutrino sector lies in the StwaVe present approximate maximal values for LFV tau decay
and measurement of lepton-flavor-violatifid=V) processes, rates, exploring the possibility of obtaining sizable rates that
e.g.,u—evyor3e; T—uy or 3u; 7—ey or 3e. Such pro-

lUnder the assumption oEPT symmetry, CP violation is

*Email address: cvetic@fis.utfsm.cl equivalent toT violation. While standardC P violation appears in
TEmail address: cdib@fis.utfsm.cl the quark sector, it could also arise, for example, in processes which
*Email address: cskim@yonsei.ac.kr involve only elementary(SM) bosons[12] or (heavy Majorana
$Email address: jdkim@phya.yonsei.ac.kr neutrinos[13,14.
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can be measured in the foreseeable future, yet keeping cotepton flavor mixing is still possibjeAfter electroweak sym-
sistency with present experimental constraints. We give anetry breaking, the neutrino mass terms are
summary and state our conclusions in Sec. V.

"

Il. TWO NEUTRINO-MIXING MODELS 1 - —
_£$:§(V|_,V%,SL)M VR +H.C.,

To set up our notation, we briefly review the two models

in question: We call model | the SM with the addition of L

right-handed neutrinogsinglets under the gauge grougnd

with the seesaw mechanism involved, and model Il the SM 0 mp O

with the addition of both left-handed and right-handed neu- - -

tral singlets. M= mp 0 my|. (5
Model I It is the SM with itsN; standard left-handed 0O my O

neutrinosy; and an additional set dfig right-handed neu-

trinos vg;, where the neutrino mass terrtafter gauge sym- ~ -

metry breaking which can be written as The mass matrix\ is (N + Ng) X (N_+Ng)-dimensional,
where Ng=2Ng (the Dirac block mp s

NgX N, -dimensional. WhenNg=N, , this model predicts,

for each of theN, generations, a massless Weyl neutrino and
two degenerate neutral Majorana neutrinos. Consequently,
contain a (N, +Ng) X (N_+Ng)-dimensional matrix M the seesaw-type restricticumIi m~m2D/mM of model | does

with a seesaw block fornmpl]. This matrix can always be ot apply herd15,16. Here it is not the smallness of light
diagonalized by means of a congruent transformation involvpeytrino masses but the present experimental bounds on the
ing a unitary matrixJ: namely, heavy-to-light mixing parameters si()?~|mp|?/|my|?
mp (=102, see belowwhich impose a certain level of hierar-
), UMUT=My. (20 chy|mp|<|my| between the Dirac and Majorana mass sec-
M tor. This hierarchy is in general much weaker than in seesaw
models. Although model Il feature®N() massless neutrinos
in the light sector, nonzero masses for the light neutrinos can
be generated by introducing small perturbations in the lower
right block of M, i.e., small Majorana mass terms for the
" N, +Ng Ve N +Ng neutral singletsS, ;, without much effect on the mixings of
i o
R R/ 4

+H.c., (1)

C
v
14

1 —
_£¢:§(V|_,V%)M i

0

M=
mp

The resultingN, + Ng mass eigenstates are Majorana neu-
trinos, related to the interaction eigenstatgdy the matrix
uU:

= izl uxn,, = ;1 Uiang;. (3)  heavy-to-light fields.

The firstN, mass eigenstates are the light standard partners lll. FLAVOR-VIOLATING TAU DECAYS
of the charged leptons, while the othlk eigenstates are WITHIN THE TWO MODELS
heavy. It is convenient, as done in R@4], to introduce a
N, X (N, +Ng)-dimensional matri>B for charged current in-
teractions, and aN; +Ng) X (N, +Ng)-dimensional matrix
C for neutral current interactions

Recently LFV processes have been investigated exten-
sively because SUSY GUTs predict that the branching ratios
for u—ey and u—3e and theu—e conversion rate in a
nucleus can reach just below present experimental bounds

N, [7,17]. Here we address the predictions for LFV decays of
Bi=U}, Cj;= > UiaU%, (4) the formlel_’y andl—3l" within the models of Sec. Il.
a=1 The amplitudes fol —I1"y and|—3l’ in terms of the

) ) ) model parameters were obtained in Hdf. These processes
where the charged leptons are taken in their mass basis. TRgcyr only at one loop level or higher in thextended elec-

ratio between the Dirac massf) and the Majorana mass yoweak theory. The amplitude for—1'y arises from a
(r_“M) C_hfiraCtef}'ZgS the strgngth of ;he hezavy-to—llght Neu-,_penguin with the photon on the mass shell and is given by
trino mixings (§")*==p|Up|* (~[mp|*/|my|?), as well as  an expression of the form

the size of the physical light neutrino masses;,
~m%/m,\,I . In this model the very low experimental bounds

. . ea —
onm, . (=1 eV) impose severe constraints on {ine,| M(I—=1"y)=i W2 e“G'y' upio,,q"(my P +mPgluy,
<|my| hierarchy required, and consequently also on the ™w 5
heavy-to-light neutrino mixings. ©®

Model Il. It is similar to model I, except that it contains an
equal numberNg of left-handed §;) and right-handed while the amplitude fot— 3I’ receives contributions frorm
(vgi) neutral singlet$2,3], and the form of the mass matrix penguin diagramsZ penguin diagrams and box diagrams,
M is such that total lepton number is conservatthough ~ M(1—3l1") =M+ Mz+ Mgey:
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2.2 ’ - 2 2
a — F(d—=31")=T({—evey)) -{2|94/°+|0
My(|—>3|')=_ WS;Nu_|I')’MU|IU|/ ell { | 4| | 6|
w +8 ReeAr(2g; +05))+(1
2 2
y F”,( r%) " +m?/m?) (32log m/3m?)
g —104/3|eAg|?}
v 2 2
X%(meL‘HTHPR) ur, (7 >{1+O(m;, /mi)} 9
whereg,, g¢ andAg are the coefficients of the operators in
o2 o the effective Lagrangian relevant to these processes, and are
Mz(|—>3|’):_i_WZU|/‘}//LP|_U|U|/’)/’U‘ given by
8Myy
2 =ﬂ{zst”'+(1—232)F”'+F”'x} (16)
X[(2—4s2)P —4s? PR]v|,F , (8 94= g 1eSuly w) ™z Box/
2
Mao(1—31") = =i —2 Uy y, PLugty 7 = W oRF +(—282)F) 1
Box\!|— - 2 1" Yu LUy Js 8 { Sw y +( SW) Z}' ( 7)
4AMy, T
XPLUVFg,OX' (9)

e Ag= em . -G, (18)
In the above expressions? [Eq. (6)] is the photon polariza—

tion, Pry = (1% ys)/2, and the factorss" , ... FL. are where a,=g5/(4m)=\2G:M{/7 and ae,=e%/(4m) are
combinations of mixing matrix elements and some spec|a1he weak and electromagnetic fine structure constants, and
functions that appear in the loop diagrams of the correspondsW S

ing processes: A T-odd asymmetry can be defined in the dechys3!’
which is sensitive to th€ P phases of the neutrino mixing

, matrices, but has the experimental drawback that it requires
Gl = E BiBi/iG,(\i), (100 independent knowledge of the initial lepton polarizatiam

this case, the tau lepton polarizatjo®efining, in the c.m.
frame, the decay plane as the plane that contains the three

N, +Ng

N, +N
F” Li : B*B X 11) final momentaA; is the asymmetry between the cases when
; i BrriF (A, ( the polarization of the initial lepton points to one or to the
other side of the decay plane. Geometricaly,is a ¢-angle
N +Ng asymmetry, wherep is the angle between the decay plane
2 By B[ 8jF2(\i)+ CijHz(\i \)) and the plane that contains the polarization vector of the
=1 initial lepton | and the momentum of the final lepton with
" charge opposite tb (see Ref[7] for detailg. The explicit
+CGz(Ai )], (12) expression foA7 is then
NLJrNR dl’ 2adl
Faox= 21 [2By/iBy/;B{i B ;FrodNi \)) AT=U0@d¢>— L @d¢>)/F (19
+By By ,’jBl*,jGBox()\i A1 (13)  and in terms of paramete(46)—(18) it is
The explicit expressions for the loop functions F(I—>ejev|) 192 128 .
G,(), - - - Faogxy) are given in Ref[4], and their argu- AT~ ri—a |3 35IM(eAr g3)— 5zIm(eAr g5)
ments are\ m?/M?,, i.e. the massesquared of the Ma-
jorana neutrinos inside the loop, in units Mf,,. Equations X{1+O(m;, Im)}. (20
(10)—(13) involve a summation over all Majorana neutrinos,
Nr being the number of heavy ones Ng,2Ng in models |, IV. NUMERICAL RESULTS AND DISCUSSIONS
I, respectively. ) . .
From the amplitudeés)—(9), the decay rates are obtained. ~ Several experiments provide constraints for the masses
Using the notation of Re[7]’ they take the form and miXingS of I|ght and heaVy neutrinos: Tritium beta decay
provides the present bound on the electron neutrino mass
T(1—=1"y)=T(I—ev.y) m, <3 eV [18]. The solar neutrino deficitl9] can be in-
) 2, o 5 terpreted either by matter enhanced neutrino oscillations if
X384 (L+mi/mP)[Ag®, (14 AmZ ~1x10°° eV? with small or large mixing, or by
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vacuum oscillations ifAmZ,~1071° eV with maximal  Bjj on which restrictions were imposed. Our approach will
mixing [20]. Atmospheric neutrino experiments show evi- be somewhat different, starting with explicit mass matrices,
dence for AmZ,,~2.2x10°3 eV? with maximal mixing EGS-(2) and(5), and from there deriving the masses and
[21,22. We will assume thatAm§0|=|m2 —m2| and MiXings. This approach is cumbersome if we include all
2 2 5 . 2 5 Ko e three light generations, so we will takg =2 andNg=2. In
Amgm=|m, —m;, [ Since Amgy<Amg,, then |m; g way, Br(r— uue,eeu) will not be considered. How-
—m,2,e|=Am§tm as well. SinceAm?,,<3? eV?, the 3 eV ever, since we are particularly interested in the largest pos-
upper bound applies to all three light neutrino massessible branching ratios, and since eittigr(7— 3e) or Br(r
m,,m, .m, <3 eV. Experimental evidence indicates that —3u) is very suppressedas argued below then Br(r
v~ Mixing is (nearly zero[23]. Further, Refs[23] inves- ~ — #/1€,€€u) is also expected to be suppressed in compari-
tigated possible patterns of the Majorana neutrino mass ma°n With the largest of the LFV branching ratios.
trix which are compatible with these results and the non-
observation of neutrinoless double beta def@;25. In the A. Model |
models we are considering, a numb_er of low-energy experi- In the considered caseN(=2 andNg=2) for LFV 7
ments set upper bounds on possible non-SM coupllng%ecays, we have two light lepton generations,{~) and
which are characterized in Ref#,26] as (5,")°==4[Bn|*>  (1.,7), wherel is eithere or u. The structure of the
(where h indicates heavy neutrinpsRecent analysef27],  CP-violating phases in these types of models was studied in
for models where the additional neutrinos &&l(2), sin-  Ref.[13]. In the considered case there are two independent
glets, give physical phasesd , i=1,2), so that the Dirac and Majorana

, , , submatrices inM [see Eq.(2)] can be taken to be of the
(s/%)2<0.005, (s/*)?<0.002, (s/7)2<0.010. (2)  form

There is also a theoretical constraint, a perturbative unitarity
condition (PUB) [28], which states that perturbation theory mp=
to one loop is applicable only if the decay width, of a

heavy Majorana neutrino is small compared to its mass, sayherea,b,c,d are real. We take the conventioi,=M .
In<Mp/2. In the limit of large massesM,  The matrixM can be diagonalized via the congruent trans-
>My,Mz,My, the PUB constitutes an upper bound for formation of Eq.(2)—in numerical calculations we use the
heavy neutrino mass¢4,29,30: diagonalization approach as described in R&2].

We then find the values ofmy (i.e., a,b,c,d;&;,6,)
which give, for given heavy Majorana masdds and M,
the largest possible LFV branching rati® (7— yl) and

a béda M,
céd2 d )0 ™o wm,)

(25

N
2 -
M2 > |Bpl2<—M2, h=1,...Ng. (22
hi=1 a\y

Br(r—3l).
In addition, there is a lower bounty) n,> 100 GeV, arising In model I, the transformation matrid of Eqg. (2) can be
from the non-observation of heavy neutrinos in experiment®resented as a product of a seesaw t'raTnsforme}rtlon block ma-
to date. trix Ug and a light-sector mixing matri¥': U=V'Ug. The
As the bound on:{EM)z in Eq. (21) is tighter than those on  S€€Saw transformatiod g produces an effective light neu-
trino mass matrixm, ~mpmy'm} in the casemp

(sEe)2 and (szf)z, LFV muon decays are more suppressed< | Vlight
. <<

than tau decays. We will therefore study LFV tau decays in My, hamely

the two models, trying to see if the present experimental

upper bounds or—1y and 7— 3l [18]

2 2

a b . ac . bd .
+ 2i 61 107 1 i 01
My M,© ) (M ©TTM,C

1 2
Br(r —e y)<2.7x10 5, Moigne™ | [ ac bd 2 42
ity —gidn g2y
Br(r —pu ) <1.1x10°°, 23) Mi™ Mg My M2
X (1+O(mimy?)), (26)

Br(r —e e e")<2.9x10 ¢,
and LFV mixings of order- mDm,\’,,l. The light sector mix-

ing matrix V', which is the upper left part df), is approxi-
&nately unitary and of the form

Br(r —u u ut)<1.9x10°6, (24)

can be reached theoretically once we account for all th

aforementioned constraints. p ino .
A numerical analysis of such reactions in model I, for T%( cos sin g exp( '8)) 27)
N_=3 andNg=2, has been performed in R¢#]. A com- —sinfexpie) cosf '

prehensive numerical analysis in model Il has been per-

formed in Ref.[31]. In these two references, the analyseswhere §=0 and /4 correspond to zero and maximal mix-
were performed by starting with the neutrino eigenmasseig, respectively, and where is a CP phase, in general a
and specific combinations of the mixing matrix coefficientscomplicated function o¥; and 6.
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In the caser— u, we indeed have maximal mixing

— /4, according to atmospheric neutrino experiments. We
will consider first this case. If we demand that this maximal

mixing is obtained independently of the valugls and M,
of the heavy Majorana sectfsee Eq(25)], then the follow-

ing simple relations in the light Dirac sector are implied:

a’=c?, b?>=d?, and 6,= 8,= 4. The value ofs can be re-

PHYSICAL REVIEW D 66, 034008 (2002

1
4M l(SE)max

M
n= VAmatm( 1+ M_i>

~1.17x 10 Bx

@ (1+ M_i) (32)
L/ max

stricted to lie in the range- m/2< < /2. The eigenmasses and where, as mentioned=m/2. The ratesr— uy and r

of the two light neutrinos are then

a2\2 [ p2\2 a2 b2 112
=] +|—| +2— —
Mryre ‘ My Mz) 2M1 MchE{Z(S)
ac bd
+ M—1+M—2 , (28

while the heavy-to-light mixing parameter&1) (sE')2
=3{_5|Bin|? are

2 2
VN2 (VP2 — o (=2
(s,")?=(s,") _M§+M§(_SL)’ (29
and theCP-violating parametee of Eq. (27) is
a?M,)—(b*M
tans=tan5><( )= ( 2) . (30
(@2/M 1)+ (b%/M))

Now, conditions a?=c?, b?=d? mean two possible
cases(l) a=*c andb==*d; or (2) a=*c andb=*d.

(1) Case a=*c and b==d: then m,=(a?/M,
+b?/M,), so sfsm,,T/Ml<3 eV/IM;<3x10" 'L Since

Br(r— uy) andBr(7—3u) are approximately proportional

to (s/)2(s,")%(=s}), it follows thatBr(7— uy) andBr(r
—3u) are below 102* For muon decaysr(u—ey) and

Br(u— 3e) are obtained by dividing the previous values by =d=0 or

Br(r— uv,v,)~0.174, thus obtainingBr(u—ey) and

— 3u are again practically proportional te‘,f() and approach
their maximum(for fixed chosen values d¥1; and M) in

the case given by Eg$31),(32), as shown in the Appendix.
The conditions(31),(32), which are only reached by fine
tuning, give the largest possible branching ratios in model I,
Br(r—uy)~10"° andBr(7— uup)=<10 1 In Fig. 1 we
show the two branching ratios as functionsM#, for two
different ratiosM 1 /M,=0.1 and 0.5, accounting also for the
PUB conditions(22). The CP-violating asymmetry param-
eterAr (20) is in this case, unfortunately, equal to zero, since
6= /2 impliese =0 [Eqg. (30)] and thus naC P violation. If

we move é away from 7/2, the allowed branching ratios
drop sharply, mainly due to the upper bounds,M,mVT

<3 eV, i.e., a situation similar to cag#&) sets in. Accord-
ingly, we do not consider other situations©P violation in
model |, as the branching ratios fall dramatically to unob-
servable values outside the fine-tuning condition.

The results forBr(u—ey) and Br(x—3e) are again
obtained by dividing the above results by 0.174. However,
we will then obtain values above the present experimental
bounds 1.X10 **and 1.0< 10" *2, respectively. We are thus
led to conclude that the assumed fine-tuning condition is not
really met in this case.

If we now consider the case—e, i.e. the processes
—ey andr— eeeg the neutrino oscillation experiments indi-
cate that the mixing is almost zef@3]: 6~0 in Eq.(27). If
we assume that the zero mixing condition is satisfied inde-
pendently of the heavy Majorana sector, we obtain the rela-
tionsac=0 andbd=0. The cases wher@=b=0 orc=d
=0 give us §°)%=0 and §7)?=0, respectively, and thus
extremely suppressed branching ratios. The cases where
b=c=0 give (5°%(s/)*<m,/M;
<3eV/100 Ge\=3x10 % ie., as in casél) discussed

Br(u— 3e) below 10 23 values which are well below their previously we obtain extremely suppressed branching ratios.

respective present experimental bounds (t@Gnd 10 *?).
(2) Case a==*c and b=¥d: then mVT>2|a2/M1
—b?/M,|, with the equality being reached only wheh
=/2. In the latter case,mV#=0, and mVT=2|a2/M1
—b2/IM,|=(Am3,,)*>~0.047 eV. This caseq= 7/2) thus
avoids the suppression ef = (a?/ M%+b?/M3) while keep-
ing a’/M, extremely close t?/M, (a fine tuning situa-
tion). The value ofs? can then be saturated t&Z)max

=0.002[Eqg. (21)] with the following parameters in the Dirac

matrix mp :

a=C=M1(SL)maX/\ 1+M1/M2,
b:_d:a(li 7])\ MZ/Mlv

(31)

B. Model Il

The neutrino mass matrix has the form of E§). In the

considered two-generation cadé, (=2, Ng=4) for LFV 7
decays, the submatrices, andmy, can be taken in the form

a beé
Mo=| gt ¢ |0 Mv™

In the two-generation scheme of model Il there is only one
CP-violating phasef [15].

Since the N|) light neutrinos in the model are massless,
the LFV 7 decay rates will neither be affected by the experi-
mental light neutrino mass bounds, nor by the solar and at-
mospheric neutrino experiments and their requirements of

My

0 Mz)' (33)
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i — inequality (A3) in the Appendix becomes equality, and the
N : o] values of the mixing parameters, (> are maximized, i.e.,
or (oM /M=01 : - saturated according to ER1). In the case of n& P viola-
" { g : ] tion (£=0), the requirementA4) for the inequality(A3) to
= E become an equality gives the relati@d=bc, while the
& ﬂ”o _ saturation of the values O'SKT)Z and (sze)2 gives two other
g conditions, for the four Dirac parameteasb,c,d. This still
E o e allows us the freedom of fixing one of the four Dirac param-
g:f ] eters without affecting the rates. We can, for example, re-
[ o 3 quire the symmetry of th&eal) mp matrix: b=c. All of the
- ] above results in the following approximately “optimized”
= ] choice ofmp parametergwhen ¢=0):
| id Ll 1 !
< 4 5
—100 1000 . vﬁ)O 10 e |V|2 Sim (34)
a(ce VMR IM )2+ (Spm/$1)? V1= 82— S5
© J L A b=c=aX(S;m/Sim), d=aX(Sym/Sim)?, (35)
L (b, /M=05 : . ]
P : o where sf,= (/%) 32,=0.005 ands3,=(s|")?,,=0.010, ac-
Sok L 1 cording to the bounds of E421).2 In Fig. 2 we present the
27 F L ] two branching ratioBr(r—ey) and Br(r—3e) as func-
22 F —+ E tions of M, for two fixed ratiosM;/M,=0.1 and 0.5, and
gTO L IS ] for the CP phaseé=0. We see from Fig. 2 that the LFV
St e : branching ratios in model Il ar@r(r—ey)<10 2 and
S . Br(7—3e)=10 °. These values decrease relatively slowly
ﬁf - : ] when the parameters of the Dirac secterk|c,d;¢) are
©F : 3 moved away from the “optimal” values. This contrasts with
i T P model I, where the maximal rates are reached only in a finely
2100 1000 10 10° tuned region of parameter space. Our maximal values of
M(Gev) Br(7—evy) agree with those of llakoval@1]—ours are by

about factor three lower only because we took a different
FIG. 1. Maximal branching ratios for— wy (solid lineg and  upper bound $ET)2<0.010(21).

T—_>3,u (dashed linesas functions ofM, in model I, for a fixed Figure 3 shows th@-odd asymmetnA; of Eq. (20) for
r?t.'ot'v'dlt/szzobl @ &nod gl\ﬁszg'ﬁ (b)'tliwl antd l\gzt.are re.; Ihe same choices of mass matrix parameters as in Fij, 2
stricted 1o be above eV and below he perturbalive unitarty, v for ¢= /4 (solid line) and é= 37/4 (dashed ling (maxi-
bounds(22), indicated by the vertical line. The Dirac mass param- . . . .

) e o mal CP violation). When all four heavy Majorana neutrinos
eters are taken in the for@31),(32) (and 6, = §,= w/2) which give d te. th is @P violati 15 dA-—0
maximal branching ratios at any givévh; andM,. are degenerate, tere 1S o vioiation [15] ang Ar=o.

Also Ar=0 if £&=0 or«/2. Notice that the maximar’s are

the maximal ¢,—v,,ve—v,) or minimal (ve—v,) mixing.2 reached fo& =0, thus noCP violation; in the cases of Fig. 3
However, the rates will be affected by the PUB restrictions(é= 7/4,3w/4) the values oBr’s are about one half of the
(22), as well as by the mixing parameter bour{@$) as the  corresponding ones in Fig.(® (£=0). The searches for
rates are proportional tcst)z(sE“)z or (SET)Z(SEe)Z- Ther  Mmaximal rates _and faC P v.iollati_on are in this sense comple-
mentary in their most optimistic cases.

In the 7— u processes, the maximal branching ratios in
vex2 _ _ model Il are suppressed by an additional factor of
7€ rates. proximate maximal branching ratios for the—e LFV pro-

Similarly as in model I, we first find the Dirac parameters : - -
. ’ . . . cesses in model Il are obtained from the corresponding
in model Il such that the LFV branching ratios, at fixed Ma- branching ratios by multiplying them  with

jorana masseM; andM,, are maximal. This occurs when v .
: ! 2 (S{")aal(8)3a=0.2 and dividing by Br(r—puv,v,)

~0.174. ThusBr(u—ey)<10 8 andBr(u—3e)<10°,

°Nonetheless, it is possible to obtain nonzero light neutrino
masses in model Il to accommodate neutrino oscillation experi-
ments. Introduction of small mass terms for the neutral sindlgts ~ °In contrast to model I, we do not have the requirement of
gives non-zero and non-degenerate masses of the light neutrino(§tf)2=(st')2 which followed there from the maximalyv(-v,)
thus the possibility to accommodeukan‘lgtm without significantly ~ mixing condition (= u there, so that in model Il we can saturate

affecting the presented LFV rates. each of the two upper bound®1) separately.

— u rates are suppressed in comparisorrtee rates, be-
cause the upper bound fosf(*)2 is smaller than that for
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FIG. 2. Maximal branching ratios for—ev (solid line) and 7
—3e (dashed lingas functions oM, in model II, for a fixed ratio
M;/M,=0.1(a) andM,/M,=0.5(b). M; andM,, are restricted to
be above 100 GeV and below the perturbative unitarity bo22s
indicated by the vertical line. The Dirac mass parametebsc,d
are taken in the forn(34),(35) which give approximately maximal
branching ratios. Here we use tR&P phaseé=0.

which is above the present experimental boundsx1@ !

and 1.0x 10" *2 Therefore, the maximizing conditior{84),
(35) cannot be met in this case.

C. Expected numbers of events

The explicit numbers of expected events in the considere
processes depend on the way thkeptons are produced and

on the luminosities involved. For example, theairs could
be produced viaete —7'7  close to the production

threshold, or by sitting on a specific vector meson resonan

V:ete"—=V—7"7.In this caseg(e*e”—V) as a func-

tion of the CMS energy/s can be approximated as a Breit-

Wigner function

o(s;ee”—=V)=K

, 36
[(Vs—My)2+(T'\/2)2] (39

PHYSICAL REVIEW D 66, 034008 (2002

0.1

0.05
——

-0.05

0.1

(@}
(@)

M,(GeV)

FIG. 3. TheT asymmetryA; in model Il, for the decayr
—3e as a function oM ,, keepingM ; /M,=0.5 and adjusting the
mass parameters in order to obtain maximal branching rties
Fig. 2(b)]. The CP phase is taken to bé= w/4 (solid line) and ¢
=3m/4 (dashed ling Br(7—3e) for £&=m/4 or 3w/4 is lower by
about factor two in comparison to the ca&se0 of Fig. 2b).

the resonance. Constaftin Eq. (36) can be fixed by invok-
ing the narrow width approximatiotnwa) formula

127°T o (V)

VY
M o(s= M),

owdS;ef e —=V)= (37
wherel' (V) is the partial decay width fov—e*e™. Inte-
gration of Eq. (37) over the variable s gives
127%T . (V)/My,, fixing the constantk in Eq. (36): K
=377Fee(V)FV/M\2,. The production cross section is maxi-
mal on the top of the resonang&=M:

oee” =V rfr)ma

V)

=g(ete V)M T,

TedV) T V) 1
Ly Ly M\z,'

(39

Multiplying this cross section by twice the branching ratio
Br(r—evy(ee@) we obtain the cross section for the process
e'e =»V—=r'r —ey(eed+r. These branching ratios
gre =10 %(107°) in model II, as shown in Fig. 2. For ex-
ample, if the resonance is taken to Be=Y(1S) [My
=946 GeV; T . W/T'y~I,(V)IT'y~0.025, then
oe"e”=V—r1"7 —ey(eed+ r) would be about 2 (0.2)

. For a luminosity of 10 fbl/yr, this corresponds to 20

(2) events per year. Increased luminosities would give corre-
spondingly larger numbers of events.

V. CONCLUSIONS AND SUMMARY

We investigated and compared heavy Majorana neutrino
effects on lepton flavor violatingLFV) decay rates of tau
leptons, in two popular modelst) the interfamily seesaw-

whereM,, andI’y, are the mass and the total decay width oftype model realized in the SM with right-handed neutrinos,
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2
X[f(M?)—f(0)|

and (I) the SM with left-handed and right-handed neutral

singlets. Further, we calculatedTaodd asymmetryA; for | A| %o
7—3l’. Model | is severely constrained in most of its pa-

rameter space by the actual eV-scale experimental upper

N +Ng

*
> UpUh
h=p +1

N, +N 2
bound on the light neutrino masses. It can give maximal LFV o Li R U U* A2
branching ratios Br(r—uy)~10"° and Br(r—3u) h=Rp +1 h2™h1 (A2)

~107% in a very restricted region of parameter space
(where, incidentally, theCP-violating asymmetryA; is
zerg, but otherwise it gives branching ratios many orders ofHere we denoted the flavor indéxof the heavier charged
magnitude smaller. On the other hand, in model Il the LFV|epton as 2 and the inddx of the lighter one as 1.
branching ratios can be larger over a wide range of parameter The amplitude squared for the—3I’ LFV process is,
values,Br(r—ey)~10"% and Br(r—3e)~10"°, and A  according to Eqs(7)—(9) and (10)—(13), more complicated.
can reach values up to 5%. The results in model Il are inHowever, in the |eading order 'manl\jlll and when there is
significantly affected by the experimental bounds on the lightyo C P violation (when matrixU is rea), it is straightforward
neutrino masses. Model Il can predict large enough LFVg show thajA|? is proportional to the same kind of combi-
branching rat|osI$§r s) to be test_ed with near future experi- pation(Al). Thus, the proportionalityA2) is approximately
ments. The maximal LF\VBr's in model Il are obtained gatisfied also for thé— 31’ LEV process.

whenAr=0, and are reduced by about a factor of two when  The above proportionality can be supplemented by the
Ar~5%. Model Il thus indicates a certain complementarity Schwarz inequality

in the searches of the LFV decay rates and of the associated

T violation.
2
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APPENDIX: APPROXIMATE MAXIMIZATION Thus, the approximate maximal value|&f?, and thus of
OF THE BRANCHING RATIOS the LFV branching ratios, is achieved when the values of the

heavy-to-light mixing parameters ) and (s*)? are satu-
rated according to the upper boun@l) and, at the same
time, the mixing matrixU elements in the heavy-to-light
sector satisfy the equaliti€é\4).

5 N ) In the seesaw model(with N, = Nz=2), the mixing ma-
| A% lZl BﬁBl'IXf(OthNEH BihBinx f(mp)| trix U elements in the heavy-to-light sector até,
- ot =(my*mL) 2 andUp; = (my*mE) 1, whereh’=h—2. In
(A1) our specific case of maximal mixingagc, b=—-d, §;
yvhere thg first sum runs over the light, practically massless, ézi a;TAZ), J\: j: Eagfmli?iheaégjélitx,&) islsba{t'?gfziéd;u a?ﬁd
intermediate neutrinos, and the second sum over the hea\(gvl)zz(sz)gz(ale2+b2/M2)
neutrinos with massesy,(~M;~M,). The functionf de- L L 1 2
pends on the mass of the exchanged neutrino; in the specific In model Il (with N_ =2 andNg=4), with =0, it can be
case, it is the loop functio®, appearing in Eq(10). We  Shown, e.g. by USINGATHEMATICA, that the equalityA4) is
now approximate the second sum by assuming that all theatisfied whenad=bc. If in this case also the values of
heavy neutrinos eigenmasseg are the samen,=M. Then  (5/2)?==p|Up,|? and (5{%)?=34|Upy|? are saturated by the
this, together with the unitarity of the matrid (note: B); corresponding upper bounds of EQ1), then the approxi-
=Uj}), implies mate maximal branching LFV ratios are achieved.

The amplitude squared for the—1"y LFV process is,
according to Eq(6), approximately proportional to

N, +Ng 2
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