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Abstract

We discuss possibility of direct search for lepton flavor violation (LFV) in Yukawa interaction by measuring the branching
ratio for the decay of the lightest Higgs bosor?) into ar—u pair at a linear collider (LC). We study the significance of the
signal processTe™ — Z* — zZh9 — ZrE,F, against the backgrounds sucheds™ — Zttr~ — Zr¥pF+ missings.

After taking appropriate kinematic cuts, the number of the background event is considerably reduced, so that the signal can
be visible when the branching ratio o — T is larger than about I¢*. In a minimal supersymmetric Standard Model
scenario, the effective coupling 8P+, F can be generated at the loop level due to the slepton mixing. When supersymmetric
mass parameters are larger than TeV scales, the branching ratio can be as large as severattimbsréfore, the signal can

be marginally visible at a LC. In the general two-Higgs-doublet model, the possible maximal value for the branching ratio of
19 — %, can reach to a few times 18 within the available experimental bound, so that we can obtain larger significance.

0 2004 Elsevier B.V. All rights reserved.

1. Introduction can naturally appear in a scenario based on the super-
symmetry (SUSY) due to the slepton mixing. Its origin

Lepton flavor violation (LFV) is a direct indication ~May be the radiative effect of the neutrino Yukawa

of new physics beyond the Standard Model (SM). It Interaction with heavy right-handed neutrinfs2].
There are some other scenarios which naturally induce
LFV, such as the two-Higgs-doublet model (THDM)
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In recent years, the Higgsediated LF-violating LFV via the Higgs boson decay at a hadron collider
processes have been studied regarding the decays suffered from huge backgrounds, and it should be
modest® — pututu¥ [4-6], vt — pty [7], and required to pay much effort into the background re-
B; — p*1F [5]. Their branching fractions are being duction.
measured at current and forthcoming experiments at  Magnitude of the LF-violating coupling in® —
the B-factories[8] and CERN Large Hadron Collider t*u¥ is constrained by the results from the mea-
(LHC) [9]. The Higgs-mediated LFV have also been surement of LFV in tau decay processes. The most
investigated in muon processes: the muon—electronstringent bound comes from the — .~ measure-
conversion in nucleus is studied in RE(O]. It will be ment[18]. In the framework of the MSSM, the the-
explored at the Muon to Electron COnversion exper- oretical prediction on the branching ratio 6f —
iment (MECO)[11] and the PRISM Muon Electron t*uF can approach to the above experimental up-
conversion experiment (PRIME) based on the phase per limit by adjusting the SUSY parametes3];
rotated intense slow muon (PRISNI2]. All these i.e., Br(h® — %, F) ~ several times 10*. When all
processes are measured as a combination of contributhe SUSY parameters are as large as TeV scales, the
tions from the gauge boson mediation and the Higgs LF-violating gauge-boson penguin diagram decouples
boson mediation. from the experimental reach, while the LF-violating

In this Letter, we consider possibility of detecting Yukawa coupling does not because they depend only
the process of the lightest Higgs boson decaying into a on the ratio of the SUSY parameters. We can then
pair of tau and muori® — %, F, at a linear collider avoid strong correlation between the LFV mediated
(LC). There LFV in Yukawa interaction can be directly by Higgs bosons and that by the gauge bosons. On
studied by measuring theeday branching ratio of the  the contrary, if the scale of the SUSY parameters is
Higgs bosong6,13—-15]when they are found. In the  smaller than 1 TeV, the Higgs-mediated LF-violating
minimal supersymmetric Standard Model (MSSM), coupling is strongly constrained from the experimen-
the mass of the lightest Higgs boson is less than abouttal bounds on the gauge mediated LFV proce§sks
130 GeV. Itis promising that such a light Higgs boson In such a case, the parameter choice which realizes
will be discovered at LHC. Then its properties such as Br(h® — t*u¥) ~ ©(10~%) is already excluded by
the mass, the width, production cross sections, and de-the data.
cay branching ratios will be easured extensively. The We evaluate the significance of detecting the sig-
precision study of the Higgs sector is one of the main nal for 1° — t*uF at a LC. The Higgs boson with
purposes of a LC such as GLC, TESLA or NI[TB]. the mass around 120 GeV is mainly produced through
The lightest Higgs boson is produced mainly through the Higgsstrahlung mechanisete~ — Zh°%, when
gauge interactions at a LC. In the case of tiearly the center-of-mass energy’s is lower than about
decoupling regiorf17], the production cross section 500 GeV. We can identify the signal evenpttuTZ)
for the lightest Higgs boson is much larger than that of without measuring the tau lepton by using the infor-
the heavier ones. Therefore, the LF-violating Yukawa mation of the momenta for the outgoitgboson and
coupling can be better tested from the decay of the muon as well as the fixed beam energy. The mo-
lightest Higgs boson than that of the extra (heavier) mentum of theZ boson is reconstructed from those of
Higgs bosons. its leptonic ¢*t¢~ with ¢* = ¢* andu*) as well as

At LHC, the extra Higgs boson#{°, A°, H*) may hadronic(jj) products. The most serious irreducible
also be detected in the MSSM and the THDM as long background isste~ — Zh® — Zz*t~ with one of
as their masses are not too large. The Higgs bosonsthe tau leptons going to a muon and missings. The
are mainly produced through the Yukawa interaction, background can be suppressed by appropriate kine-
so that the production cross section B and A° matic cuts with the expected resolution of the momen-
can be sufficiently large to be detected especially for tum of theZ boson from the decay channels irito¢—
large tang values, where taf is the ratio of vacuum  andj;j and with the beam spread rate g§. We find
expectation values of two Higgs doublets. Therefore, that the significancé/«/B can exceed 5 in the MSSM
the decays of#® and A may be useful to explore  scenario when the SUSY pameters are taken to be as
the LF-violating Yukawa couplinflL4]. The search of  large as TeV scales. In the general THDM, the larger
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number of the signal events can be realized under the

constraint from the perturbative unitarit¥9,20], the
vacuum stability[21] and available data. Therefore,
the signal can be marginally detectable in the MSSM.
In Section2, the possible enhancement of the de-
cay branching ratio for the proce#8 — t*uT is

85

Let us discuss the branching ratio of the Higgs bo-
son decaying into the LF-violating channef{..T).
We consider the situation that the main decay mode of
the lightest Higgs boson i — bb. In addition, for a
large tarB and sifa — B) >~ —1, the dominant decay
modes of heavier Higgs bosons are those iriib pair.

discussed taking into account the current experimen- In this case, the rate between the decay widths of the
tal data. We show a choice of the SUSY parameters LF-violating proces®? — ¢~ (=10, HC, A

that realizes a relatively large value of the effective
hOu®tF coupling in the MSSM. In SectioB, we esti-

mate the significance of detection for the signal against
the backgrounds at a LC, taking into account appro-
priate kinematic cuts. The conclusions are given in

Sectiord.

2. Lepton flavor violating Yukawa coupling

The effective Lagrangian of Yukawa interaction for
charged leptons in the THDM (including the MSSM)
is described as

Leff = —Ly Y, (8ijP1+€ij <152)££ +h.c, (1)

Wherez"LR (i =1, 2,3) are charged leptons with chi-
rality L or R, &, (o = 1, 2) are neutral components
of the two Higgs doublets with the hypercharge 1
and Y, (= my,; /(P1)) are the Yukawa coupling con-
stants of¢;, respectively. In the MSSM¢@; and &,
correspond ta49 and H%*, respectively[22]. With a
nonzero value o§;; (i # j), the Yukawa interaction

and @° — bb approximately gives the order of the
branching ratio fo®® — rtpu~; i.e.,

im_g co(a — )

2
X |k32|%, (4
Ne m? co@ sirfa heal, (4)

Br(n® — t*uF) ~
Br(HO — ri/fF)

1 m? sirf(a — B)

N m,f cog B cofa
Br(AO — 5 )

1 m? 1

Ne m2 sir? g cod B
In our numerical evaluation, we calculate these branch-
ing ratios including all the decay modes; .0 —
bb,trt™, cc, gg, WW®, 2z,

The LF-violating parametefksy| is constrained
from the available data for LFV in tau decay processes.
The most stringent bound is obtained from the—
u~n measurementl8]. The other experiments such
astt — puTutuT [23], 1 — pty [24], and the
muon anomalous magnetic moment give weaker

x |k32l?  (tang > 1), (5)

x k32 (tang > 1). (6)

and the mass of charged leptons cannot be diagonal-bounds. The branching ratio ef — n*7 is given[4,

ized simultaneously, so that the LF-violating Higgs
couplings arise. The interaction corresponds g
or T—e mixing is expressef#,5,10,13]by

Kgimeg __ . 0
7UCO§/3(TR£L1){COS(“ B)h

+sin(@ — p)H® —iA°} +hc, 2)

with £z, = ez or ur, and the LF-violating parameter
Kij is given by

ET@,’ = —

P

(1+ ez3tanp)?’
whereh® and H? are the CP-even Higgs bosort is
the CP-odd Higgs bosomr, denotes the mixing angle
of the CP-even Higgs bosons, and gars the ratio
of the vacuum expectation values, fags (P2)/(P1).
We definer? is lighter thanH® (m), < mpy).

3

5,7] by

Br(‘ri iO) /L:ti'])

=8.4x BI’(‘L’i iO) p,i,uiM:F)

G%mimlrr 1 1 2
153673 <m‘11-1 + mi)lmzl tarf B,

(7)
for tang > 1 and sifie — B) >~ —1, whereGr is the
Fermi constant and; is the lifetime of the tau lepton.
The present experimental bound is given by®Br —
w™n) <3.4x 107 (90% CL)[18], which yields

4 6
60
2<03x10°6 74 8
|e32]” < 0.3 % “\150Gev) \tang ) ° ©)

forma ~mpy. The bound becomes relaxed for greater
m 4 and smaller tag values.

=84 x
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Next, we discuss theory predictions on the LF-
violating parameterk3; in the framework of the
MSSM. Nonzero values o§;; then arise from the
radiative correction due to the slepton mixing. They
are calculated in the mass insertion method;as=
(€1)idij + (€2)ij [4-6,10,13] with

o 2 m2 m?
= — o pmna[2rs(ME w2 2,
_ 2[3(M12,,u2,m§m)]
az 2 2 m2
+ g;1,M2[13(]V[2’P“ ’miu)

+213(M3. p?.m3 )],

(€1)i
+ I3(MF. 2. m? )

9)
a/

— g(A

X[214(Ml,m~ m2 mg)

[p;” erRi’ g

+ [4(M12’ MZ’ mlgu ’ mlgL_i)]

(€2)ij = ,L),jMMl

+g—2(Amg)..MM2
,m2 )

[14(M1 23 m2 i
2

2
+ 214 (M7, ,m,;Ll,mgL_/.)],
wherea’ anday are fine structure constants Gi(1)y

and SU(2);, symmetries,M1 and M, are the soft-
SUSY-breaking masses for gaugingsis the SUSY-
invariant Higgs mixing parameter, am} mzp, and

(10)
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B zlnz
x—20—-—2)(w-—-2)

B wlnw
x—w)(y —w)(z—w)

Unlike the photon-mediation, the LF-violating Yuka-
wa coupling does not decouple for large values of the
SUSY parameters. It depends only on the ratio of the
SUSY parameters. For instance, by assuniifigo =

. _ 2N
mp,,. = ,/(AmiL)32 =ms # [,

(e1)3 and(e2)32in Egs.(9) and (10)are reduced to

(12)

= m‘jL;/..'r = méRp.,r

1 R2INR%2 — R24+ 1
=_R_/ / 30[ ,
(e1)3= o~ [a+(oz+ 2) (RZ_12 ]
(13)
32=8 M3 T R2 1

1 R2InR?2—R%2+1
- 14
X{z (RZ—1)2 ” e

whereR = 11/ mg. Therefore, magnitude o3| be-
comes greater aB is larger.

The photon-mediated LFV processes can be sup-
pressed to be out of experimental reach when the typi-
cal SUSY breaking scale is greater tha® (1) TeV.

Let us consider the following choices. Case 1:8aa
60, u = 25 TeV, M1 ~ My ~ m;

~

~ -
Lp mﬁRM .

(Am )32 ~ 2 TeV with the squark pa-

mVL;t T

my,, are the left- and right-handed charged slepton and rametersM o ~ 10 TeV andMy p ~ A;p ~ 8 TeV.

sneutrino masses of thigh generation, respectively.
The off-diagonal element of the slepton mass matrix
is expressed bYAm]? )ij, (i # j).2 The functionsis

i
andly are defined as

xyIn(x/y) + yzIn(y/z) + zxIn(z/x)

Balx.y. )= -G -G —x) ’
(11)
Ia(x,y,z,w)
_ xInx
ST O-0G-nw-x
yiny

T =G —y)w—y)

2 We here assume the situation in which the origin of LFV is only
the mixing of the left-handed gdon. The formulas which include
the mixing of the right-handkslepton are shown in R€fL3].

Case 2: tap = 60, u = 10 TeV, MG, my
", T

~
VLpx

[(Am? )32 ~ 1.2 TeV, m;  ~ 0.9 TeV, M1 ~
153 Ryt

1 TeV andM; ~ 0.8 TeV with the squark parame-
ters Mp ~5 TeV andMy p ~ A ~ 3 TeV. For
Case 1 and Case 2, we obtdiny|2 ~ 8.4 x 106
and 38 x 108 with the gauge-mediated LF-violating
processes being suppressed, respectively. The branch-
ing fraction Bi(h® — pu*t¥) can be as large as ¥
10~ for Case 1 withm 4 = 350 GeV and 2« 1074
for Case 2 withn 4, = 280 GeV, respectively. We note
that these extreme choices are not excluded by the con-
dition of theory consistencies, such as color breaking,
positiveness of eigenvalues of squark and slepton mass
matrices.

In Fig. 1, the decay branching ratio for the process
h° — t*u,¥ is shown as a function ofi4 at tang =
60. We take the other SUSY parameters so that the
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Fig. 1. The decay branching ratios of the lightest Higgs bagbas a function ofn 4 at tang = 60. Themy, is set to be 123 GeV. The dashed
curves represent the branching ratio#8r— %, F in Case 1 and Case 2. The experimental upper constraint i¢8)Fg.plotted for each case
as a dotted curve. The branching ratios for the other decay modes are also shown for Case 1.

value of my is 123 GeV for eachn 4. The dashed are the Higgsstrahlunge™ — Z* — Zh0 and the
curves represent Bi® — t*uF) in Case 1 and W fusioneTe™ — (WH ) (W *v.) — hOv,b,. For
Case 2. The experimental upper constraint in (B8J|. a light 1% with the massm;, ~ 120 GeV, the for-
is also plotted as a dotted curve for each case. Themer production mechanism is dominant at low col-
branching ratio Bh® — t*,.F) canreachto ¥ 10~ lision energies {/s < 400-500 GeV), while the lat-
and 2x 10~ for Case 1 and Case 2, respectively. In a ter dominates at higher energies. For our purpose, the
wide region ofm 4, the branching ratio can be as large Higgsstrahlung process is useful because of its sim-
as 10 for both cases. ple kinematic structure. The signal process is then
In the THDM, the parametess; in Eq. (1) canbe  eTe™ — Z* — Zh0 — Zz*u¥. We can detect the
taken freely within the experimental constraints and outgoing muon with high efficiency, and its momen-

conditions from perturbative unitarif$9,20]and vac- tum can be measured precisely by event-by-event.
uum stability[21]. The experimental bound gr3y| The momentum of th& boson can be reconstructed
can be weakened by considering the large value of from those of its leptonié* ¢~ (¢* = ¢* andu®) or

ma (> 150 GeVj and smaller taB (< 60). There- hadronic (j) decay products. Therefore, we can iden-

fore, much larger values dfksp| are allowed in the  tify the signal event without measuring tau momentum
THDM than those in the MSSM, especially for lower directly, as long as the beam spread rateforis suf-
tang values. ficiently low.
Depending on theZ decay channel, the signal
events are separated into two categorjgs* ¥ and

3. Search for LF-violating Higgs decaysat a linear ¢t¢~t*uF. The energy resolution of th&€ boson
collider from hadronic jetsjj is expected to be.8,/Ez GeV
and that from¢™ ¢~ is 0.1/Ez GeV [16], whereE,

Let us consider the LF-violating Higgs deday— represents the value of thé boson energy in units

¥ ata LC in the situation where the heavier Higgs of GeV. We assume that the detection efficiencies of
bosons nearly decouple from the gauge bosons; i.e.,the Z boson and the muon are 100%, the rate of the
sin(e — B) >~ —1. The lightest Higgs boson then ap- beam energy spread is expected to be 0.1% &)

proximately behaves as the SM one. The main pro- the muon momentum is measured with high precision
duction modes of the lightest Higgs boson at a LC and the mass of the lightest Higgs boson will have



88 S Kanemura et al. / Physics Letters B 599 (2004) 83-91

+ Z-decay + Z-decay
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Fig. 2. The Feynman diagram of the signal event (a), and thiéaedéke event (b).

been determined in the 50 MeV accurgdg]. We as the momenta of the outgoing muon and #thbo-
also expect that the effect of the initial state radia- son) should be located at the mass of the lightest Higgs
tion is small for the collider energies that we consider boson, while that of the background is widely dis-
(/s ~ 250-300 GeV. Taking into account all these tributed. By taking only events which satisfy,,; —
numbers, we expect that the tau momentum can bemy| < Max(I},, Am;, AM,.], the background events
determined indirectly within 3 GeV fojjr*uF and are expected to be considerably reduced, whgre
1 GeVforete—rtu™. (~ 40 MeV for m, = 120 GeV) is the natural width
Let us evaluate the number of the signal event. We of 1%, Amy, is the experimental uncertainty af,
assume that the energys is tuned depending on the  (~ 50 MeV), andAM,,. is the uncertainty of the re-
mass of the lightest Higgs boson: i.e., we take the op- coil invariant mass¥,.. We here assume thatM .
timal /s to product the lightest Higgs boson through is 1 GeV for theZ — ¢*¢~ channel and 3 GeV for
the Higgsstrahlung process. (It is approximately given Z — jj.
by /s ~mz + ~/2mj.) The production cross section The irreducible background comes from the process
of ete~ — ZhY is about 220 fb fomm), = 123 GeV. shown inFig. 2b): the Higgs boson decays into a
Then, we obtain 2 x 10° Higgs events if the in-  tau pair, and one of the tau decays into a muon and

tegrated luminosity is 1 al¥. When |52 is 8.4 x missings éte~ — Zh0 — Zttt~ — ZtEuF +
1075, about 118 events ofjt=uF and 11 events of  missings). We cannot distinguish the signal event
¢+~ ¥ can be produced. h°® — t*uF with the event ofFig. 2(b) when the

Next, we consider the background. For the signal muon emitted from the tau lepton carries the similar
with the Higgs boson mass of 120 GeV, the main back- momentum to that of the pant, because it leaves the
ground comes fromeTe™ — Zttr~. The number  same track on the detector as the signal event. We re-
of the Zt*uT event fromete™ — Zttr™ is esti- fer this kind of the background ake fake signal. In
mated about B x 10* [25]. Although the number of  the following, we estimate the number of the fake sig-
the background events is huge, we can expect that anal. As the branching ratio fot® — ¢+t~ is about
large part of them is effectively suppressed by using 0.1, the initial number of e background event for
the following kinematic cuts: (i) the muon from the jjr*u¥+missings is calculated to be about 5200, and
Higgs boson should have high energies larger than that foré™¢~t=u¥ + missings is to be 500. Since the
J/s/4, while those of the muon from the other par- signal includes the two-body decay of the Higgs bo-
ent are normally smaller. Therefore, we impose the sonk® — %, its muon energy distribution shows
cut E, > /s/4. (ii) The invariant mas$/,,. distrib- the mono-energetic spectrum. On the other hand, that
ution of the signal event (which is reconstructed from of the background;® — tt7~ — =, F + missings,
the information of the beam spread rate &f as well is the continuous spectrum. The energy and angular
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Fig. 3. The statistical significanc®/+/B is plotted (dashed curve) as a functiorvof at tang = 60 in Case 1 wherﬁxgz\z ~84x 108 and
Case 2 Wher$(32\2 ~3.8 x 106, The mass of the lightest Higgs bosbfis set to be 123 GeV. The upper bound from the current data for

T~ — " nis also shown as a dotted curve for each case.

distribution of the muon from the tau lepton in the lab
frame is calculated as

dn,
dx dcosy,,

= 64)/16)/}?(1 - ,Br)g(l — B COS@;,M)XZ
x {3—8y2yA(1— Bo)(1— By costy)x ), (15)

wherey, = m;/(2m-) and B, = /1 —1/yZ2 are the
boost factors from the tau-rest frame to the Higgs-

rest frame,y, = Ex/my and g, = /1 1/y? are

the boost factors from the Higgs-rest frame to the lab
frame,0y,,, is the angle between momenta of the Higgs
boson and the muon, ands defined as the ratio of the
energy of the muon and that of the parent tau lepton,
x = E,/E.. Eq.(15) can be derived from the differ-
ential cross section for~ — u~ v, v, in the tau-rest
frame by making the boost twice. In the boost from the
Higgs-rest frame to the lab frame, we take the approx-
imation in which the muon is emitted to the forward
direction of the tau lepton. The number of events of
the fake signal can be evaluated as

initial
Ntake = N?;Llfa
Opu=m Xmax d
n
%
X / d C0§hﬂ dx m ’
ehu =0 Xmax—8X

(16)

where N1 is the initial number of the background

eventforZut with Z — jj or Z — £7£7, xmaxis the
maximal value ofc which is given by

xmax= 1/{4y2y2(1— B)(L— Brcosty) ), (17)

and parameteyx depends on the uncertainty of the tau
momentumg(E-);

E S(Er)
(S.XE(S(E—/:):XmaX E: .

We find that the number of the fake signal strongly
depends on the precision of the tau momentum deter-
mination. We expect that it is attained with the simi-
lar precision to that of the Higgs boson mass recon-
structed by the recoil momentum. We here take the un-
certainty of the tau momentum as 3 GeV fgrr*u T
and as 1 GeV fort¢—t*uT.

Finally, we estimate the statistical significance
(S/+/B) for each channel (seig. 3). The number
of the fake events is evaluated by E@6), which is
460 for jjr*uT and 15 foret ¢~ v+, F. Therefore, in
Case 1 wheréczo|? is 8.4 x 10-8 with mj, = 123 GeV,
the significance can become 5.5 and 3.0 fprtu T
and¢T¢-t=uT atmy = 350 GeV, respectively, tak-
ing into account the constraint from the — u™n
result given in Eq(8). The combined significance can
reach to 6.3. In Case 2 whelig|? is 3.8 x 106 with
my = 123 GeV, the number of the signal becomes
smaller, and the combined significance amounts to be
aslarge as 2.0 at 4 = 280 GeV.

(18)
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4. Summary and discussions of a LC experiment. The estimation of the number of

the signal events and the reduction of the background

events largely depend on the detection efficiencies of
We have discussed detecting the lepton flavor vio- Z boson and the muon, the resolution of the momenta

lating decay mode of the Higgs bosbh— t*,F at for them, the rate of beam energy spread ofdhe™

a LC. The effective coupling ok%c* T is induced collision and the initial state radiation. Our assump-

at one loop in the MSSM due to the slepton mixing. tion for these numbers might be rather optimistic. On

We have studied the situation where the typical scale the other hand, the significance can be improved when

of supersymmetric parameters is as large as TeV scale.direct detection of the tau lepton is taken into account.

The magnitude of the effectivr* 1T coupling can In any case, a more realistic simulation analysis is nec-

then be substantially large. Consequently, the numberessary to determine feasibility of the signal.

of the signal event viate~ — Zh® — Zt*u¥ can

be large enough to be detected after the background

is suppressed by kinematic cuts. The signal can be Acknowledgements

marginally visible in the MSSM when the effective
hOt* ¥ coupling becomes enhanced due to the large
ratio of x andm g, wherem is the typical scale of the
soft-breaking mass.

Whenmg is greater than the TeV scale, the LF-
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cluding the Higgs mediation such as — u™n,
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flavor changing processes suchlas> sy are sup-
pressed whem 4 is greater than about 300 G4¥6].

On the other hand, the branching ratio 88r— t*uF
does not decouple for larges as long as the ratio
u/mg is not small. Therefore, in such a case, the decay
h° — =, F ata LC can be a complementary process
to test the Higgs mediated LF-violating coupling.

We comment on the case of the general framework
of the THDM. Unlike the MSSM, the mixing angle
« is independent of tgh andm 4. For larger values
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the factor ofm% (cf. Eq.(8)), whereas the branching
ratio of ther® — ¢, F can remain to be larger than
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constraints. Therefore, the number of the signal in the
THDM can be by a few order of magnitude larger than
the possible value in the MSSM.

In our analysis, we have used the bound on the
LF violating coupling|«32| from the current data of
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