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We consider lepton flavor violationd.FV) mediated by a photino as a result of the nondiagonal slepton
mass matrices in general supersymmetric models. Using the experimental upper bounds’ eny and
p~ +Ti—e™ +Tias constraints on the flavor changing slepton mass insertions, we predict the possible ranges
of the upper limits on the branching ratios of other LFV processes such-a8l’, 7—l;.3
+a%or 7,0%¢), Z°—lilj.;, and muonium— antimuonium conversion. Most of these decays are ex-
pected to occur with small branching ratios far below the current or future experimental search limits. We also
derive constraints on the flavor conserving mass insertions from the anomalous magnetic moments of the
leptons.[S0556-282(99)01203-5

PACS numbs(s): 12.60.Jv, 11.30.Fs, 13.10q, 13.40.Em

[. INTRODUCTION so that both can be diagonalized simultaneo(idly or (iii)
assuming that the first two generation sfermions are highly

At present, the minimal supersymmetric standard modetlegenerate and very heavi 60 TeV>Mgysyso that they
(MSSM) is widely considered as the leading candidate forbasically decouple [5]. In the minimal supergravity
physics beyond the standard mo@@M) [1]. It can solve the (SUGRA) models with the flat Kaler metric atM pjanccScale,
gauge hierarchy problem by supersymmetrizing the Smhe first condition can be met, namely the squarks, sleptons,
(with an additional Higgs doubletThe boson loop contribu- @nd Higgs boson are all degenerate at the Planck scale. How-
tion to the Higgs boson mass is cancelled by the fermiorfVer: when one evol\(es the sfermlon'mass parameters to the
loop contribution, the latter of which comes in with opposite €/€ctroweak scale using renormalization grég), the off-
sign to the former. In doing so, the particle spectrum of thedlagonal elements of the squark mass matrices are mduce_d in
ey becomes doubed compated o that o he S. Onf S e Bben e s rion 1o v
fexpe_cts many new sca_lar partickesiperpartners of the SM the minimal SUGRA model, there is no LFV as in the SM
ermiong and new fermiongsuperpartners of the SM gauge

bosons and Higgs bosonghese new particles should have since neutrinos are massless. As an example, consider the
99 : par minimal SUGRA model with the flat Kader metric. Then the
masses aroun®(100) Ge\V\-0(1) TeV in order to solve

th hi h blem in t £ softly brok scalar masses are univerghking m%) at the Planck scale,
€ gauge hierarchy problem In terms ot Soltly Droken SUPery, o aas at the weak scale the sfermion masses change as
symmetry. Nice features of the supersymmetric theories are
. o : : ) 5
their calculability using perturbation theory, and the decou (%)LL(MImz)Imdngr m3+0dmumﬂ, (1)

pling nature of the loop effects of ne{gupejparticles on

various electroweak observables, except for the dangeroys; 5 result of renormalizatiof2]. Because of the last term

supersymmetric(SUSY) flavor changing neutral current qntainingm,m! | it is not possible to diagonalize,m}, and

(FCNO) and SUSYCP problems(which will be discussed (mg) simultaneously. This lead he 1l hanai
DL y. This leads to the flavor changing

shortly in more detajl Therefore the successful predictions * "¢ ) . . .
of the SM do not change very much even if we have doubledluino-quark-squark vertices, which can contribute to vari-

spectrum of particles in SUSY theories modulo SUSY©US low energy FCNC processes. Also thii § mixing in-
FCNC andCP problems. duces thd.R andRR mixings in the minimal SUGRA mod-

However, in generic supersymmetfBUSY) models, one  ©lS- For sleptons, on the other hand, we have

has to pay for this extra symmetry. First of all, the lepton
family numbers [;_. , ,) and the baryon numb¢B) are no
longer conserved as in SM. One can write down renormaliz- i i
able superpotential which violates theandB numbers and 2nd massless neutrindsamely, absence of right-handed
leads to too fast proton decay in conflict with the observal1€Utrinos imply that there is no generation mixing in the
tion. Secondly, the soft mass terms for sfermions can lead t9/€PtoN mass matrix. SindeR and RR transitions are pro-
large FCNC unless certain conditions are met. In most phe2ortional to the LL) mixing, there will be no lepton family
nomenological SUSY models, one solves the first problenflmber violation in the minimal SUGRA mode‘lﬁowever_,
by assumingR-parity conservation by hand. The second the condition of the flat Kialer metric is a strong assumption
problem(SUSY FCNQ is solved by assuming that eith@y

the sfermion mass matrices are proportional to the unit ma-

trix in the flavor spac¢2,3], (i) the sfermion mass matrices if right-handed neutrinos are included in the minimal SUGRA
are proportional to the corresponding fermion mass matricesodels[6], there can be generic LFV at electroweak scale.

2
(M) (w=my)=mm+m2+cm,m!, ¥)
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FIG. 1. Box diagrams foAL;=1. Herei,j,k,| are the genera- FIG. 2. Penguin diagrams faL;=1. Herei,j,k,| are the gen-
tion indices. eration indices.

which may not be true in general. For example, SUGRAThis is in part due to the less precise experimental informa-

radiative corrections to the boundary conditionsMianck  tions on various FCNC processes involving the third family.
scale induce genericallD(~10%) off-diagonal sfermion gy there are many interesting possibilities for which one can
mass matrix elemen{g]. Moreover, there is generic LFV at treat the third family in a different manner from the first two
the high energy scale in the context of the supersymmetrigymilies. In such theories, one may expect larger deviations
grand unification theorie6SUSY GUT) [8]. Therefore, one  from the degeneracy in general, and thus expect FCNC pro-

can imagine certain amount of nondiagonal sfermion masgesses with branching ratios that may be accessible in the
matrix elements at the electroweak scale in general. near future.

from the above condition$i) and (ii) are allowed in the ediated FCNC processes in the lepton sector, which are
general SUSY models by the various FCNC processes at lowjmost parallel to the work by Gabbiaet al. [3]. Namely,

enehrgy. Sluchdstudie_slhave r?eeT done pcri_evio(;Jsly by ?evﬁr\i‘)e assume that the slepton mass matrices are not diagonal in
authors already, mainly on the gluino-mediated FCNC in the, . 1, ;e wheré;—1;—y vertex is flavor diagonal. In order

quark sector and the photino-mediated-1;..;+y [3]. Ba- o . :
sically deviations between the first and the second familie%0 simplify the analysis, we make an assumption that the

should be very small. In terms of a dimensionless parametdfdntest superparticléLSP) is a photino fy), and other neu-
defined as tralinos are fairly massive so that their effects are negligible

compared to the LSP effects considered in this work. Finally,
we assume that the off-diagonal mass matrix elements of
(5')ABE(A')AB/m2 , (3)  sleptons are small enough that the mass insertion approxima-
tions are applicable. All of these assumptions are the same as
Ref. [3], except for the photino mediated LFV instead of
wherem? is a suitable average of the slepton masses, thluino mediated FCNC. In the case of gluino-mediated
condition that deviations between the first and the seconf NG the neutralino effects will be generically suppressed

families should be very small can be represented as follow™Y OfZ/aS’ so that one can safely ignore the neu'_[ralino-
ing constraintd 3]: y P mediated FCNC. For the case of LFV, all the couplings of

four neutralinos will be the same order of magnitude, and all
the neutralino contributions to LFV should be included at the
(81 =0(1073), and (8} r=0(10"%. (4 Sametime in principle. However, we assume that the photino
is the LSP and other neutralinos are heavy and can be ig-
nored in order to simplify our analysis. It would be straight-
On the other hand, the deviations involving the third family forward, although tedious, to include 4 neutralinos altogether
are more loosely constrained: and make more complete our analysis.
There are a few differences between R&f] and our
work. First of all, we can restrict the allowed regions of the
(S1325)LL=0(1-10), and (Jg05) r=0(10"2). FC mass insertion by considering different processes. Differ-
(5) ent processes provide independent constraints from each

055018-2



COMPLETE ANALYSIS OF PHOTINO-MEDIATD . . . PHYSICAL REVIEW D 59 055018

other, and we need not make an assumption that there is ni 1 1 L 1
fortuitous cancellation betwee, and §, g, and so on. In
the limit the light photino dominates the LFV, we can even
predict the upper bound on some LFV decays in a com- Y Y
pletely model independent fashion. It is straightforward to
relax this assumption and include all the four neutralino con- -
tributions to LFV, if necessary. We consider all the LFV L N L L
processes that are studied experimentally at present. We cor @
sider LFV decays oZ° gauge boson, and processes involv-
ing two leptons and two quarks, such as +Ti —e™
+Ti, and 7—u(e)+ (aneutral meson) as well as pro-
cesses involving four leptons and the LFV radiative decays. L ¥ 1

Secondly, the authors of R€f3] derived constraints on
the flavor conserving mass insertiéb from the requirement glk
that the SUSY one-loop contribution to the lepton masse X X
loop diagram with an insertion oﬁ!i) is smaller than the
actual lepton massAmPYSY<m®™®). However, we regard ' -
this condition as an improper one, since the particle mass k v L j
cannot be predicted by SM or SUSY models. On the con- © @
trary, it turns out that the anomalous magnetic moment of a k|G, 3. Feynman diagrams fakL,=2. Herei,jk,| are the
lepton [a,=(g— 2)/2] can provide more meaningful and generation indices.
stronger bounds 06 .

This paper is organized as follows. In Sec. Il, we con- 202
struct the effective Lagrangian farl ;=1 and 2. The results Cs= _2(5}i)LL[P1(x) +4B1(x)+2B,(X)],
form the basis for the calculations of transition rates for vari-
ous LFV processes in the Sec. lll. Constraints on the flavor
conserving mass insertions from the anomalous magnetic 5 -

i i aTT

:?Zoergei;ltsaerg ?/e.nved in Sec. IV, and the results are summa Co= 2 (81 L Ma(X) + (8 r—2M (%)

—

=
-

®
Il. EFFECTIVE LAGRANGIAN FOR AL; = 1 AND 2

A. ['eff(4|) for AL|=1

Let us first derive the effective Lagrangian fdt;=1. A
complete basis foAL;=1 effective Lagrangian is

We have neglected the flnal lepton mass in the above
expression, andk= m~/m As noted in Ref.[3], the
Z-penguin contrlbutlons tgu—>36 etc. are suppressed com-
pared to the above by a factor af?/M2, and thus were
safely ignored. Note that th§ r and g, contribute only to
4|)— 2 [C 0;+C{0O{], (6) 0O, and not tdO3 5, when we keep only dimension-6 opera-
tors in our effective theory.

The functionsB;’s (from the box diagrams, Fig.)1P;'s
(from the penguin diagrams, Fig) are defined in Ref.3],
and shown below for completeness:

ALj=1
Lo

where

Oazm’ﬂpﬂi; |—M’MPL||<'
1+ 4x—5x2+4xIn(x) + 2x%In(x)

Bi(x)=

Os=l;y,P |i2k L y*Prlk, 8(1-x)* '
e — 5—4x—x%+ 2In(x) + 4xIn(x)
= . MY . _
Oy Wml jo PRllF,uv- (7) B,(x)= 2(1—X)4 ,
The operator){’s and the associated Wilson coefficients 1— 6x+ 18— 108 — 3x4+ 123IN(x)
C/'s are obtained fromO;’s and C;'s by the exchange Pi(x)= = ,
L—R. Evaluating the Feynman diagrams in Figgtie box 18(x—1)

diagram$ and 2 (the penguin diagramsand matching the
full amplitudes with those in the effective theory, we get
2Strictly speaking, the photino LSP implies that 1. However,
242 we consider the case>1 as well, since it would give a rough
(85 [P1(x) = 4B1(x) = 2B5(x)], estimate of neutralino-mediated LFV'’s in case the photino is no
longer the LSP.
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B ()= 7— 18x+ 9x?+ 2x3+ 3In(x) — 9x2In(x) B. Ler(21—-20) for AL;j=1
Z(X)_ 9(X_1)5 )
_ In order to study theu +Ti —e +Ti, and 7
M =4B
10 1, 5 5 —u(or e)+ (neutral meson), we need the effective La-
Ma(x) = — 1+ 9x+9x°— 17x°+ 18¢°In(x) + 6x In(x) grangian forl;+q—1;+q whereq denotes a specific quark
3 12(x—1)° flavor. From Feynman diagrams analogous to Figs. 1 and 2,

9 we obtain

21-2q 2a* | — —
L2820 — = (8 PaX)7*PLli X €497,a+(L—R), (10
peng mT ] g=uds
21-2q_ —4a? | — 7
Liox = -z (5ji)LL(ZBl(X)+BZ(X))lj'}’MPLIiq:;dSeqq')’,u(PL_PR)q_(L‘_’R) (11

where we assumerr,:rm] for simplicity.® Again the func-
tions P;’'s and B;’s are originated from the penguin and the
box dlagrams respectively. Note thaf 24 and L‘,ﬁ'o;zq
can be obtalned from Eq$6)—(8) by replacingef—e} €q
and eI —>e, eq, respectively. The penguin contribution

L2529 contains the vector quark current, and thus can con-

tribute top ™+ Ti —e + Ti, and7— 1.3+ V(=p% ). By matching the full theory amplitude with the effective am-

-2
On the other hand, the box contnbutlmﬁox % depends only pjitude, one can obtain the Wilson coefficients as follows:
on the axial vector quark current so that it cannot contribute

to the aforementioned processes, but it is relevant to the pro- o L
cesst—l;.3+P(=7° 7). One also has to include the op- CfL —2- (612)LL( (x)+xf6(x)},
eratorO; describinglj—1; + y to the above effective Hamil- 2°°

tonian when calculating physical amplitude fol -22q

Qs=€PgruePgry,
Q4Z€PLMEPLM’

Qs=eP__uePgu. (13)

processes. CéLi:zzcl (with L—R),
C. Loy for AL;=2 a2
. . . . . Cali™2= — —(8),)2r2xfe(X)
In this subsection, we derive the effective Lagrangian for 3 m2 2 LRETIEAS
AL;=2 for completeness. This Lagrangian is relevant to the !
muonium — antimuonium conversion, although the result- ALi=2_ ,
ing effect turns out to be too small. The relevant Feynman Cs =Cs (with LoR),

diagrams are shown in Fig. 3. The results #nee fix i

=1,j=2 in this subsection _, a? -
J CéL' °= E{(allz)LLwllz)RR[Zfs(X)+4Xf6(x)]
i

AL 2 ALj=2
Lo E C Qi (12) — () LR(S ) RIAT(X)). (14

where the basis operators in the effective theory are definedqre the functiond¢(x) and f4(x) are defined as
as

T 6x(1+3x)Inx—x3—9x%>+9x+1

Qi=ey,PLuey*P u, 6(X)= 3(x—1)" ’
Q2=ey,Pruey*Pru, 6(1+3x)In x+x3—9x2— 9x+ 17
fG(X)_ 6(X 1)

(19
3In general, the functiof®,, B1 andB, should be generalized as

functions of two variables= m~/m andy= m/m because of the This completes the derivation of effective Lagrangians for
difference between the slepton and squark masses AL;=1 and 2 that will be used in the following sections.
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Also, for the purpose oZ—>IiI_j¢i , We present the amplitude

PHYSICAL REVIEW D 59 055018

TABLE I. Upper limits of branching ratios for LFV processes

for this decay. In this case, we need the full amplitude a§onsidered in the present work. The muon conversion rate on the Ti

given in Sec. Il E.

Ill. ANALYTIC EXPRESSIONS AND NUMERICAL
ANALYSES FOR VARIOUS LFV PROCESSES

The amplitude fol;—1;+y* can be written as

M7 =1 +y*)=ee” Ui (p— )9y (ATP +ATPR)

+im; o, 5qP(A5P_+ ASPR) Jui(p)
(16)
with
L @ |
Ar=-— 5 (6)LLP1(X),
2mm;
AR=AL (with L&R),
Cs
A= 4
o s my |
:_27TmT2 M3(X)( ji)LL+m_|iM1(X)(5ji)LR,
A5=A% (with L&R). 17
The decay rate folj—1;+ vy is
o
L(li—1j+ )= 7m(|As2+[AF]%). (18

Note that only the transition magnetic form fact@@R con-

tribute to the on-shell photon emission. The off-shell photon

contribution @R form factors is relevant to theu— 3e
andu~+ Ti —e + Ti. Normalizing it to the decay rate

for li—1;v;v;, one gets

B(l,—li+7) o 127
'4) . ’y = ———
2
X

| my |
M3(X)(8ji)LL+ m, M1(X)(3ji)Lr
+(LHR)]B(|i_>|jV@. (19

One can derive the limits orﬁ!j's from the experimental

upper bounds listed in Table I, assuming there is no fortu-

itous cancellations among various terms, as in R&f. see

Table Il. Without such assumption, one would get a band in

the ((8};)L..(8};)Lr) pPlane(see the solid lines in Fig.)4

atom is normalized on the muon capture rate on the Ti atom. For the
muonium conversion, see Sec. Il F.

Mode Branching ratio Ref.
u—ey 3.8x107 1 [9]
u—3e 1.0x 10 12 [9]
pw” + Ti—e +Ti 6.1x10 13 [9]
muonium conversion Gum<3.0x10 3G, [10]
Gym<2.1x10 3G
T—ey 2.7x10°° [15]
T— Wy 3.0x10°°© [15]
r—3e 2.9x10°° [17]
7—3u 1.9x10°6 [17]
r—uete” 1.7x10°8 [17]
T—euu” 1.8x10°¢ [17]
r—en° 3.7x10°® [16]
7— u7° 4.0x10°° [16]
T—en 8.2x10°° [16]
T— 0y 9.6x10°° [16]
7—ep° 2.0x10°° [17]
7— up° 6.3x10°° [17]
r—ed 6.9x10°° [17]
T— e 7.0x10°° [17]

B.u +Ti—e +Ti

The muon conversion to an electron on the titanium target
is one of the most sensitive probes of LFV that may arise
from physics beyond the SM. In our case, the transition am-
plitude for this process can be expressed as

=100 GeV and for different values afassuming there is no for-
tuitous cancellations among various terms.

Process Constrained X Limits
n—ey |(6112)LL,RR| 0.3 4.0<10°3
0.9 7.6x10°°
3.0 1.8<10°2
|(5|12)LR,RL| 0.3 2.0x10°°
0.9 2.3x10°8
3.0 3.8x10°6
T—€Y (819 LrA 0.3 25
0.9 4.7
3.0 11
[EANT 0.3 2.0x1072
0.9 2.4x10°2
3.0 4.0<10°?
T RY (859 L rA 0.3 2.4
0.9 45
3.0 10
(859 LR el 0.3 1.9<1072
0.9 2.3x1072
3.0 3.8x1072
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(6, 10° 74
o \ [(u™+Time” +T)=4a°2"22|F(q?~ — m2)|?m}
SN o X[|Af— AS[?+ | AT - A5[2].
r — u—> ey
6 pTi = el D)

For the titanium targetZ=22, A=48, N=26, Z.4x+=17.6
and |F(q2:—mi)|:o.54. The experimental limit on the
transition rate is given by

I(u +Ti—e +Ti)<6.1x10 [ (u capturein Tj,
(22

where the muon capture rate in Ti I$(u capture in Ti)
=(2.590+0.012)x 10°/sec. Thus one gets the following up-
per bound:

|
IS
[

|AL—AR2+|AR—AL|2<[4.0x 1071t Gev %)% (23

|
[o9]
L I B B

Thus, we get

1
(8,5, x10° 2 (S~ P1(X)+M3(X))+ (5 JLrRM1(X)
FIG. 4. Allowed regions in thé(5},),, ,(81,)Lr) planes forx |

=0.3. The region between solid lines are allowed by the present <3.4x10 8 GeV 2, (24)
experiment foru— ey and the region between dotted lines are al-
lowed by the present experiment for~ Ti—e~ Ti. Combining ~and similarly for the L+ R) case. This is another strong
two experiments, only the shaded region is allowed. constraint that is independent of that frqua—evy.
As we noted in the previous subsection, without assuming
that there is no fortuitous cancellations among various terms,

M(p™+Ti—e +Ti)=— —e[q “(AfP_+ALPg) one would get a band in th@sj;)  ,(8};).r). One can not
constrain @), and (8;).r independently of each other
+mﬂio“5qB(A§PL+A§PR)],u without any assumptions. But, combining two different ex-
periments, as one sees in Fig. 4, we obtain two different
% 2 e a (20) bands fromu—evy andu™ +Ti—e™ +Ti. Only the shaded
q 7aq1 . .
q=u.d region is allowed.

where A['X's are defined in Eq(17). Note that there is no

=3l L=l
box contr|but|on to this process, since only the quark vector C.1i=3lj and li—lj.ls

current is important for the coherent conversion on the Ti The amplitude fod; I’I*I (=3l;) can be calculated
nucleus. Also as alluded before, there is&¥penguin con-  from the effective Lagrang|ans Eo(ﬁ) (8). It can be writ-
tribution to this process to the order we are working. ten as the sum of the electromagnetic penguin and the box
The transition rate is given by contributions:
e2

Mpenguii=Uj (PULG*Y*(ATPL+ATPR) +my i a( AzPL+ AZPR)IUI(P) 2 (P2) Yt} (Ps) — (Pr—P2) (29

Muo=B5€U;(p1) Y*PLUI(P)U;(P2) YaP L0, (P3) + BEE?U;(p1) ¥*PrUi(P)U;(P2) YaPro; (P3)
+ BEEZ[UTPD VaPLUi(p)Usz)YaPRUj(pa)_(pl‘—’ P2)]
+B5e?[;(P1) Y"PruUi(P)U;(P2) ¥aPLYj(P3) ~ (P1=P2) ] (26)
Here the box form factorB’s are given by

L 2a
Bi=— m(ﬁji)LL(ZBl(x) +Ba(x))
]
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1
B;=—5BI,

BR=BY (with L—R),

BR=B5 (with L&R). (27

The decay rate for, — 111" is

2

o o
IN(RE T Ir)—@mf’i |AL2+ |ARIZ—2( ALAR* + ALAR* + H.c) + (|A52+ | AB|?)

m,,

_ln___

1
- L2 R|2

1 1
+3 (B3 +[B3|%) + 3 (A1BT* + A1B;* + A{BT™ + ATBS" +H.c)

(28)

2
— 3(ASBI" +ATB;* +AZB" +AsBS* +H.c) .

In casej #k, one has to remove the term with«< p, from the above amplitude and divide tBQ andBlR terms by a factor
of 2. Then, the decay rate becomes

2

a
28| [ATI2 AT = 2(ATAT* + AZAT* +H.c) +(|Az]7+|AZ]?)

m, 1
IN(RE RO E 8in_=—12 + 5 (1Bil*+|B?)
k

1 1 1
+§(|B;|2+|B§|2)+ Z(A&B&* +ARBR* +H.c)+ 5(AiB;* +ARBR* +H.c)

1
— = (ABBL* + ASBR* + H.c)— (ARBS* + A5BRY* +H.c) |

2 (29

We calculate the branching ratios fat—ey and u ited numbers of tau leptons that have been accumulated up to
—3e in the allowed region shown in Fig. 4 fox now, the typical upper limits on the branching ratios of LFV
=0.3, 0.9, and 3.0 assumingjs are real. Forx=0.3, the tau decays are of order 10°%. The limits on LFV tau de-
decay rate foru— 3e is dominated by the term which is cays may be improved in the future at tau-charm factories or
proportional to [A5|2+|A5|?), namely u—ey—3e. So, B factories. Therefore, it is important to study every possible
there is a strong correlation between the decay rateg.for LFV tau decay in various LFV models beyond the SM. In
—ey andu—3e, see Eq(18) and Fig. %a). The solid line  this subsection, we consider tau decays into a lighter lepton
in Fig. 5(a) denotes this correlation. For largerthis corre- (€ or u) plus one light meson such a&, », p° or ¢.
lation becomes weaker and disappears. From Fig. 5, we ob- The ampl|tude forr—1;_1 ,+(neutral pseudoscalar me-
serve that the branching ratio far—ey— 3e is smaller than  son=P such asr’, 5, etc) can be derived from the effective
the present upper bounds fax1 and the region of high Lagrangian(11) induced by the box diagrams:

B(u—evy) and lowB(u—ey—3e) is not allowed in the .
models under consideration. M(z(k,s)=1i(k",s")+P(p))

Similar analyses could be done fer-3e and7—3u. In 402 o

the case ofr decay, there are no independent experiments :_2(5:3)LL(281(X)+BZ(X))|i'yaPLT

like u~+Ti—e +Tifor u—ey decay at present. So, one my

could not make good predictions far decays at present.

[See the discussions below Eg4).] % zq: eé(P(p)|qyay5q|0)+(L—>R). (30)
D. 7—lj=1 2+ (neutral meson) Using the PCAC relations, and assuming thay=|(uu

In this subsection, we consider the LFV in tau decays into+dd—2ss)/ J/6), one gets
a Ilghter lepton € or w) plus a light meson such a&®, » and 1
p°. Different decays depend on different form factors so that =) 0 Cof 31
each decay mode deserve its own study. Because of the lim- ( (p)IE qqyayg)ql )=13CpTaPa, 3
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By —> 3e) X 107 TABLE lII. Upper limits for the branching ratios of—I|+P
o from the constraints shown in Table II.
03 Process X Branching ratio
T—em 0.3 0.61x 10 2
0.9 0.38<10°°
3.0 0.24¢10°8
T— W 0.3 0.56< 10712
0.9 0.34x10°°
3.0 0.20<10°®
T—en 0.3 0.20x 10712
0.9 0.13<10°°
3.0 0.81x10°°
T— 0y 0.3 0.19< 10712
i 0.9 0.12¢10°°
TR A e T e 3.0 0.67x10°°
N S we can constraid, | and 8, g without any assumptions com-
ol v v b e b e by .. . .
2 25 3 35 4 bining 7— I+ y andr—|+V in the future. When writing the
() B(u—>ey) X 10" amplitude in the above form, we have used the definition of

the vector meson decay constdnpt
FIG. 5. The branching ratios fon—ey and u—3e in the

allowed region by the present experiment jor-ey and u~ Ti _
—e~ Tifor x=0.3(a), x=0.9(b), andx=3 (c) assumings's are > (Vleqqy“g|0)=Cyfymye™, (35
real. The solid line ifa) denotes the correlation between the decay q
rates foru—evy and u— 3e.
with  Cp=1, C,=-1/3 and f,=153 MeV, f,
with Co=1, C,=1/\/3 andf,=93 MeV. Then the decay =237 MeV. The decay rate for—I;+V is
rate for this decay is given by
f&(m2—mg) (m?+mZmg—2mj)

m3f2 o T(7—1+V)=— -
[(r—1,+P)= l;WWE(ZBﬁ—BZ)ZC,Z; gmm?3
! 4
o
X{| (832 +](82)rd?}- (32 XEC\Z/HAUZHAQZ}- (36)

|
The decay rate depends o8§)|, and (5;3)kg. it does not
depend ond g - We calculate the branching ratios fer—|+P and 7—I
The amplityudes forr—li_1,+ (neutral vector meson +V from the constraints shown in Table Il. The results are
=V such ap®, ¢) can be calculated using the effective La- shown in Tables Il and IV. Most of these decays are ex-
grangian(6), (10) induced by the penguin diagrams:
TABLE IV. Upper limits for the branching ratios of—|+V

M(r(k,8)—1;(k',s")+V(p,e*)) from the constraints shown in Table II.
2a? — Process X Branching ratio
=" Cyfymy[ ATl y*P 7+ (L>R)]€X g
my r—ep® 0.3 0.310°7
(33 0.9 0.42<10°7
3.0 0.42<10°7
where 7— up® 0.3 0.30<10°7
5 ) 0.9 0.38< 1077
m m 3.0 0.34x10°7
AT=(4l —Py(X)+ —Mgz(X) { + — : :
L ( |3)LL| l( ) m\2/ 3( ) m\z/ T—>e¢) 0.3 0.29K 10*8
0.9 0.3%x10°8
n, 3.0 0.43<10°8
Y
X—=( &
m7(5:3)LRM1(X)’ G e 0.3 0.26<10°°
0.9 0.35¢10°8
and similarly forAg. This decay is a complete analogue of 3.0 0.36<10°8

u~+ Ti —e + Tiatthe parton level. So we expect that
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pected to occur with small branching ratios far below the E. Z"—>Ii|_j#i
current or future experimental search limits. As such, it es-
tablishes the necessary amount of tau leptons in order to The photino-mediated LFV can generate the LFV decays

probe the LFV from nondiagonal slepton mass matrix. of Z bosons. The amplitude fa&—|;l; decays are given by
1/2
@ 8m§GF (vi+a) — 51 i i "
M=—|5_ N [(u(p")P v (P8 Xt (2) = (8})rXEL (2)+ (PP ¥ v (p))(8]) L Y L (2)
+(S)LRYRUD]- €4(2) + (v +a) = (v)—a),P —P)), (37)

2 2
wherez=m~7/mI and

. M M
xmz)—;(q;F (z)—%F (z))
| |
B nm: M M
X&ii(2) = #(%GMH %ze)) ,
| | |

m
YL (2)=Fi(2) + Fo(z) —F3(2) — —F4(2),
m~ my

B(2)= G4(2), (39
m
with

1 1
vi=—5+2sirfe , a=-
w

2 2’ (39

andm, is the mass of the heavier lepton in the final state. The functo(® andG,(z) are defined as follows:

1 1 1-x 1-x

—F (z)=J de dy ,
2T 1 2 2

m: o Jo xm;+(1—x)m|~+y(x+y—1)m§

1- >< X(1=x)(1—x—-y)
F(z)—fdxf (xm+(1 x)m+y(x+y 1)m2)2

K
—F3(2)= | dX———,
|2 3(2) 0 (1—x)m%+xm|~2

3 _
—4F4<z>=f1dx X=X

m; 0 ((1—x)m~i+xm|~2)2'

1 1 1-x (1-x)(1—x—y)(1—-2y)
. Fs(2)= | dx| dy ,
m? 5(2) fo Xfo y(xrr%+(1—x)nrf+y(x+y—1)m§)2

1 1-x 2X(1—=x)(1—x—Yy)
—Fs(2=| d dy , 40
f o(2) jo Xfo y(xrrri+(1—x)m%+y(x+y—1)m§)2 (40
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and

1 1 1-x 1-x)(1-2
—4Gl(z)=f de dy— ( i( ) 550
my 0 0 (xm;+(1—x)mT+y(x+y—1)mz)
1 6,2 fld fl—xd —2x(1-x)
_4 2 zZ)= X y 2 2 ’
m; o Jo (xrn;/Jr(l—x)r‘rrl+y(x+y—1)m§)2

Ga(2) —1+z—logz

Z)=——,
’ (1-2)?
1+4z—57%+4zlogz+27%logz
Gu(2)= =My(2). (41)

2(1-2)*

The branching ratio oZ—1l;.; processes is given by

Br(Zll ) =Br(Zoete )2l
r(Z—lilii)=Br(Z—e"e")——————
H T'(Z—ete)
a|? 2 | 2 2 | 2 i 2 2
=Br Zae+e‘)(—) ———| (v ta) Sl (Fu(2)—F3(2) +|(6i)rl*——=G3(2) | (vi— &)
( 27) 202+ ad) (vi+a)?| [(8;) L] “(Fa( a( |(8ij)Lrl 8m-|4 2(2) | (v1—a
| | m%’mi 2
X (5ij)RR|2(F1(Z)_F3(Z))2+|(5ij)RL|2—462(Z) , (42)
8my
|
whereB(z°—e*e)=3.366% and F. Muonium — antimuonium conversion
Now let us consider the muonium antimuonium con-
G me version. The current experimental upper limit on the transi-
F(Z—ete )= F oz ~2(v,2+a,2). tion probability in the external magnetic fieRl,,=0.1 T is
1277\/5 [10]

Pexp(Mﬂl\W)<8.2>< 1071 (90% C.L). (44)
The upper limits on the LF\Z decays ar¢9]

When this process is described the following effective La-

Bexd Z— ) <2.5x10°°, grangian,
—6 MHM_G__ — — G+_ — —
Bex(Z—e7)<7.3x10°°, Lett —f(eﬂ)va(eM)va‘FT(GM)VJrA(eM)va-
(45
Bexd Z— u7)<1.0x10"°. (43

it is known that the effective couplings- _ are constrained

as
The associated constraints élis are so loose that they are

useless. Using the constraints obtained in the previous sub- _ _
sections, we find that the upper limits on the branching ratios G__<8.0x10°G¢, or G, <2.1X10 °Gg,

for the LFV Z decays are less than 16®% for Z— u(e) (46)

+ 7, and 10 *° for Z—eu, which are far below the present

experimental results. Any observations of LFX decays assuming only one of them is nonvanishing.

with B>10"7 will indicate that the source of LFV should be ~ Now we can derive the muoniumM=px"e")— anti-
different from the nondiagonal slepton mass matrix ele-muonium M=y~ e") conversion induced by thAL;=2
ments. effective Lagrangiari12). Note that our model predicts that
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o2 ~ The anomalous magnetic moment of a lepté=a,) is
G: ~—(81)2Xfg(x) [or xfg(x)] defined as
m:
| 9—2
<4.6X107%(8},)°Ge, (47) a=|——|=F2(0), (49

becausexfs andf4(x) are far less than one. So the effect of whereF,(qg?) is the magnetic form factor of a lepton:
the nondiagonal slepton mass matrix on the muonium con- .
version is totally negligible. In other words, if one observes™{(i(P,S)=1i(p",s")+¥(q,€))

the muonium— antimuonium conversion, it would imply _ e

that the origin of the associated lepton flavor violation should  =u(p’,s")| F1(q?) y*+iF »(q?) “lui(p,s) €:(Q).
be something different from what we consider in this work, 2m;

for exampleR-parity violation[11] or dilepton gauge boson, (50
etc.[12].

In order to derive the SUSY contribution to the anoma-
lous magnetic moment, one cannot use the effective La-
grangian presented in Sec. Il A, since we assumed that the
final lepton mass is negligible when we derived Eg). One
has to go back to the original expression for the:l;+y

In this section, we consider the limits on the flavor con-with mj=m,;. It is straightforward to show that the flavor-
serving mass insertiond};), r that are derivable from the conserving mass insertiow)() induces
anomalous magnetic moments of leptons. In R&f, this

. ) . 2
guantity was constrained from the conditioAm>YSY susy_ @M

i
SUSY | a — 3
<Mppys, Where theAm, is calculated by a flavor con- T m

serving mass insertion and is finite:

IV. CONSTRAINTS ON FLAVOR CONSERVING MASS
INSERTION FROM THE LEPTON ANOMALOUS
MAGNETIC MOMENTS

P3(X)+M3(X)(5:i)LL

e
2a +—(8)LrM1(X) |, (51)
AmPYSY=—2—mm; Re (5)) (gl (%), (48) m,
where the functiorP5(x) is given by
where I(x)=(—1+x—xInx)/(1-x)2. The physical mass ) 3 5
Mpnys Will be given by Myaet dme +AmPYSY, wheresm, Py(x) = 1—6x+3x"+2x"— 6x7Inx (52)
is the mass renormalization counterterm in the MSSM. How- 8 6(1—-x)" ’

ever its finite part is arbitrary, and one has to assume that 2 9 , ) .
there is no large cancellation between it an>"SY in order andx=nt/m; as before, and, {x) ‘c’l are defllned in Sec.

to make use of it. In other words, renormalizable couplingd!- Here we have assumed thats;). =(5;)rr, and
cannot be calculated from the first principle without any am-(8};)r=(8};)r.. The first term in Eq(51) arises from the
biguity. Therefore, the condition thAquSUSY< MpnysMay be slepton-photino loop without any mass insertion. There is
a plausible assumption, but it is by no means on the firmlso another term proportional to’ coming from one inser-
ground like the constraints considered in the previous sedion of (6!i)LL. However, this is suppressed compared to the
tions. On the other hand, the anomalous magnetic moment @bove by an additional factor oh;/myj, and thus can be

a lepton is calculable in the SM and any other renormalizablesafely neglected. From this expression, one can get the con-
field theories without any ambiguity. So it is meaningful to straint onx and (5!i)LR for a given value ofy.

require a;V+a’’S¥=a®®, which we adopt in the  The current status of the anomalous magnetic moments
following.* for eand u are as followq 14]:

agM=1159652156.41.2) X 10~ 1?

new— 31.854.4)x 10~ 12
a®P=1159652188.26+.24 X 10~ 12} o o

a5=11659171194)x 10~ **

— -9
atxP= 11659238 5) « 10,9 ] —>a;‘f‘”— 5&86) X107 (53)
" .

“There can be also potentially important contributions from chargino-sneutrino(ilo@gidition to the heavier neutralinosslepton loops
especially when charginos and sneutrinos are ligBt.
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TABLE V. Allowed ranges for the flavor conserving mass in- SM, and if the predictions in this work are violated, then one
sertion (9;)_r from the anomalous magnetic moment of a leptonhas to think of another source of LFV other than that through
for mj=100 GeV. We show two caseés-1(e) andi=2(u) only,  the nondiagonal slepton mass matrices. In particular, if one
since the anomalous magnetic moment of a tau lepton is poorlymposes the constraints from—I;+y and u~ +Ti—e"

measured. +Ti, then the expected ranges for other LFV processes are
| well below the current limits and the level to be achieved in
X (01 r (32 the near future. If some LFV processes are observed at rates
0.3 —3.0x10°2——2.3%x102  —6.0x102—1.0< 102 higher than those predicted in this work, the source of LFV
0.9 —36X102——2.7x10°2  —7.0x10 2—1.2¢10"2 would not be likely to be photino-mediated. For example,
3.0 —5.9x10 2——4.5x 102 —0.11-2.0<10°2 presence of som&-parity violating couplings can lead to
quantitatively different predictiongl1] from those made in
this work.

Here, the SM predictions for electron and muon anomalous The constraints on the flavor conserving mass insertions
magnetic moments include the one loop electroweak corredvere derived from the anomalous magnetic moments of lep-
tions and the two loop leading log terms, as well as QEDIONS. These bounds are to be considered more sensible than
corrections including the hadronic vacuum polarization andhose obtained from\mgysy<<Mey,, since the renormaliz-

the hadronic light-by-light scatterinflL4]. We ignored the able couplings in the renormalizable field theories cannot be
tau anomalous magnetic moment here, since the experime.ﬁalculated from. the given Lagrangian. Our constraints still
tal value begins to probe the lowest order QED correction atmply that the diagonal slepton masses should be almost de-
the present. The resulting constraints ofl, ) r's for i ~ 9generate, especially for the first two generations. One has to

=1,2 are shown in Table V. Comparing with the constraintsSPeculate why this should be the case in general supersym-

obtained in Ref[3], our constraints are more reliable and Metric models. _ _
even stronger for the case of muon. Finally, let us comment on our assumption that the LSP is

The imaginary part of the flavor conserving mass inser& Pure photino, and other neutralinos are heavy enough so

tion is constrained by the electric dipole moméEDM) of a that their effects might be ignored. In order to do more com-

lepton, as discussed in RdB]. The bound from electron Pléte analyses for given neutralino specti., for given
EDM is very strong, M;, M,, u and tam), one can easily include the effects

of all the neutralinos in principle, and do the similar analyses
||m(5|11)LR|~ (afew x1077). (54) as presented in this work. This is possible, since the neu-
tralino spectrum is independent of the slepton spectra. Our
approach adopted in this work can be regarded as a first step
V. CONCLUSION to such complete analyses. The qualitative features of our

In conclusion, we considered the LFV in general SUSYPredictions would not change very much. In other words, our
models, where the slepton mass matrices are not diagonal Redictions are expected to be correct within an order of

the basis where—T—7 is diagonal. We worked in the mass magnitude.

insertion approximations in Whichékj),_R’s constitute the
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