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Abstract

We study lepton flavor violation (LFV) associated with tau leptons in the framework of the
two Higgs doublet model, in which LF'V couplings are introduced as a deviation from Model II
Yukawa interaction. Parameters of the model are constrained from experimental results and also
from requirements of theoretical consistencies such as vacuum stability and perturbative unitarity.
Current data for rare tau decays provide substantial upper limits on the LF'V Yukawa couplings in
the large tan (3 region (tan 8 2 30), which are comparable with predictions in fundamental theories.
Here tan § is the ratio of vacuum expectation values of the two Higgs doublets. We show that a
search for the LFV decays ¢° — 7FuT (7%eT) of neutral Higgs bosons (¢° = h, H and A) at
future collider experiments can be useful to further constrain the LFV couplings especially in the

relatively small tan 8 region (tan 8 < 30), where rare tau decay data cannot give any strong limit.
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I. INTRODUCTION

Experimental determination of the electroweak symmetry breaking sector is important
not only to confirm the Higgs mechanism and the mass generation mechanism for matter
but also to obtain information for physics beyond the standard model (SM). Lots of new
physics models predict extended Higgs sectors with more than one scalar doublets in the low
energy effective theories. Such extended Higgs sectors would show distinctive features from
the SM phenomenology. The most obvious evidence is the confirmation of the existence of
the extra scalar states such as CP-odd and charged states. Even when they are too heavy
to be directly detected and only the lightest Higgs boson is found at experiments, we can
explore a possibility of the extended Higgs sector by looking for deviations from the SM
predictions in its couplings with gauge bosons and fermions as well as in the self coupling.
Moreover, it can also be examined by searching for non-SM interactions.

Lepton flavor violation (LFV) is an example for such non-SM phenomena. In particular,
LFV in the Yukawa sector can only appear for extended Higgs sectors. Flavor violation
between electrons and muons|l] has been tested through rare muon decays such as p — ey
and u — eete, as well as through p-e conversion. Tau lepton associated LFV has also
been studied by rare decays of tau leptons such as 7 — P°R], 7 — M TM'~[3, U],
T = 000 H, |, and 7 — &-”yH, H, B], where ¢; (i = 1,2) respectively represent an electron
and a muon, P does 7%, n and i’ mesons, M* (M'*) does 7* and K* mesons, and ¢'* = e*
and p*. The LFV Yukawa couplings can be constrained from the data for these processes
especially those with the Higgs boson mediation. For pu-e mixing, the Higgs boson mediated
LFV coupling has been discussed in Ref. |10, [11]. Tau lepton associated LE'V processes with
the Higgs boson mediation have been discussed in models with supersymmetry (SUSY)[L2,

, ,gli] as well as in the two Higgs doublet model (THDM) in some specific scenarios|16,
H |. In Ref. [19], tau associated LEV processes have been discussed comprehensively in
the framework of 4-Fermi contact interactions. Phenomenological consequences of the LE'V
Yukawa couplings associated with tau leptons have also been studied for future observables
such as B; decaysﬂa, Iﬂ] at (super) B factoriesH] and Higgs boson decays|13, | at
CERN LHC[26], an electron-positron linear collider (LC)Q? and a muon collider@ . In
addition, it has been pointed out that deep inelastic scattering processes /N — 7.X Q, Iﬂ]
b

from intense high energy muons at neutrino factories (or muon colliders) and eN — 7.X



by using the electron (positron) beam of a LC would be useful to further explore the tau
lepton associated LFV Yukawa couplings.

In this paper, we study LFV in Higgs boson decays into a 7-¢; pair in the general frame-
work of the THDM. In order to evaluate possible maximal values of the branching fractions,
we first study experimental upper limits on the tau lepton associated LFV Yukawa couplings.
The parameter space is tested by theoretical requirements for vacuum stability[31] and per-
turbative unitarity[32, B3, 34]. Current data from electroweak precision measurements at
LEPB, Q] and those at the B factoriesB, Q] also strongly constrain parameters of the
Higgs potential. Under these theoretical bounds and experimental limits on the model, pos-
sible maximal values of the LEV couplings of 7-/;-¢° are obtained by using the current data
for rare tau decays, where ¢° represents two CP-even (h and H) and a CP-odd (A) Higgs
bosons. We then evaluate branching ratios of ¢* — 75¢ with the maximal allowed values
of the LFV couplings of 7-£;-¢° in a wide range of the parameter space.

We here consider the model in which Higgs self-interactions and quark Yukawa inter-
actions are invariant under the discrete symmetry (®; — +®; and &3 — —d, with P,
(a = 1,2) being the Higgs doublets) in order to suppress flavor changing neutral current
(FCN C)Q
interaction; i.e., so called Model I and Model 1I40]. In Model I only one Higgs doublet

|. If the discrete symmetry is exact, only two choices are possible for Yukawa

gives masses of quarks and leptons, while one of the Higgs doublets gives masses of up-type
quarks and the other does of down-type quarks and charged leptons in Model II. We assume
the Model IT Yukawa interaction for quarks assigning ¢% — +q¢%, ut, — —u'y and d% — +d5.
Even in Model II (or Model I), FCNC can be induced at one loop level due to off-diagonal
elements of the Cabibbo-Kobayasi-Maskawa (CKM) matrix, and in case due to new physics
effects. Flavor non-conserving decays of Higgs bosons into quark pairs have been studied in
the THDM H, Eh and also in the context of the SUSY models[42]. We do not discuss flavor
violation in the quark sector in this paper. For leptonic Yukawa interactions, the discrete
symmetry is assumed to be explicitly broken, so that the LFV Yukawa couplings naturally
appear in the model. Once a fundamental model is specified at high energy scales, the LEV
Yukawa couplings are predicted in terms of the model parameters. In the minimal su@r—

.

Lepton flavor violating interactions are also induced at the loop level in the Zee model where

symmetric standard model (MSSM) slepton mixing may be the origin of LFVB, E,

tiny neutrino masses are explained by the dynamics of the extended Higgs sector|d4d]. We



here do not specify the origin of LFV, and treat the lepton flavor violating THDM as the
low energy effective theory of such high energy theories.

It turns out that rare tau decay searches can give substantial upper limits on the LFV
couplings of 7-¢;-¢° in the large tan 3 region, which are comparable with the values predicted
by assuming some fundamental models beyond the THDM. Here tan 3 is the ratio of vac-
uum expectation values for neutral components of the Higgs doublets. The upper limits are
rapidly relaxed for smaller tan 8 values. Therefore, under the constraint from current exper-
imental data and the theoretical bounds, sufficiently large branching ratios of ¢° — 77
are possible except for extremely large tan [ values, which can be tested at future collider
experiments. We conclude that a search for these LFV Higgs boson decays can be useful to
explore the LF'V couplings especially in the parameter region where rare tau decay results
cannot reach. In particular, the LF'V decays of the lightest Higgs boson can be one of the
important probes for extended Higgs sectors when the SM-like situation would be preferred
by the data at the experiments.

In Sec. [, the THDM with LFV in Yukawa interaction is defined. The allowed region
of the parameters of the Higgs sector is discussed by requiring the theoretical consistencies
and the experimental results. In Sec. [Tl we discuss the upper limit on the LFV Yukawa
couplings in a wide range of the parameter space by using the current data for the rare tau
decays. In Sec. [Vl LFV in Higgs boson decays is studied under the rare tau decay results.

Conclusions are given in Sec. [Vl

II. MODEL

In this section, the lepton flavor violating THDM is introduced, and the theoretical

constraints and the experimental limits are discussed.

A. Lagrangian

We consider the Yukawa interaction for charged leptons,

_Elepton = ZRZ‘ {}/&52](1)1 + (}/g E-L- + Eg}/gj) (I)g} . Lj + I‘I.C.7 (1)

i1
where ®; and @, are the scalar iso-doublets with hypercharge 1/2, {g; (i=1-3) are singlet
fields for right-handed charged leptons, L; (i=1-3) denote the lepton doublets and Y, are the
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Yukawa couplings for ¢;. This interaction is reduced to be of Model HM] in the limit eiLj’R —
0 with the discrete symmetry under e’é — +e’é, L; — +L;, &1 —» +P;, and &3 — —P,.
Nonzero values of eiLj’R (1 # j) yield the LFV Yukawa couplings after the diagonalization of
the mass matrix. We note that in supersymmetric standard models, the Yukawa interaction
for leptons is of Model II at the tree level, and eiLj’R can be induced at the loop level due
to slepton mixing[12, 13, 43]. For the quark sector, Model II Yukawa interactions are
assumed to suppress FCNC, imposing the invariance under the transformation of u’, — —ul,
diy = +d, ¢ — +q, &y — +®;, and Py — —Ds.
The Higgs sector of the general THDM is expressed as

A A
~Litggs =m? |01 + 13 0ol — (30 @: + He.) + T + 2|0

g {% (@1%)2 +H.c.}

+ ()\6 ENEEIES +H.c.) + ()\7 ENEEIES +H.c.) . 2)

IBWE AR NS ‘cb{cpg

In Eq. @), m2, A5, A\¢ and \; are complex in general. We here assume that all the parameters
m?_5 and \;_7 are real. The terms of m3, \¢ and \; break the discrete symmetry explicitly.
As we consider the model in which the discrete symmetry is explicitly broken only in the
leptonic Yukawa interaction, we set the hard-breaking coupling constants to be zero in the
Higgs potential; i.e., \¢ = Ay = 01, and retain only the soft-breaking mass parameter m3.
There are eight degrees of freedom in the two Higgs doublet fields. Three of them are
absorbed by the weak gauge bosons via the Higgs mechanism. Remaining five are physical
states. After the diagonalization of the mass matrices, they correspond to two CP-even (h
and H), a CP-odd (A), and a pair of charged (H*) Higgs bosons. The CP-even neutral states
are defined such that & is lighter than H. In our model, the eight real parameters m?_; and
A1_5 can be described by the same number of physical parameters; i.e., the vacuum expecta-
tion value v (~ 246 GeV), the Higgs boson masses m,,, my, m, and m,., the mixing angle

a between the CP-even Higgs bosons, the ratio tan 3 (= (®9)/(®?)) of the vacuum expecta-

tion values for two Higgs doublets, and the soft-breaking scale M (= \/ m3/ sin 3 cos 3) for

the discrete symmetry. The quartic couplings are expressed in terms of physical parameters

I Even in such a case, \g and A7 are effectively induced at the loop level. They are suppressed by the loop

factor, so that we here neglect these small effects.



by M]

1

M = ey (s BV +sin® am, + cos® amy). ®)
1

Yo =g (- c0s” M7 o cos” am, + sin’ am). @
1 ) 5 sin2c , 2

As :ﬁ{_M +2mHi+SiH2,B (mH_mh) ) (5)
1

A= (M2 4 — 2md) 8
1

Ao =5 (M —mi). v

The relative size of the parameter M against v determines the decoupling property of
the Higgs sector. For the case of M? > v my, m, and my+ turn out to be around M.
They decouple from low energy observables by a factor of v?/M?, and the lightest Higgs
boson h becomes the SM-like onel43, Q] The THDM effectively becomes the SM at low
energies. On the contrary, when M? < v?, the Higgs boson masses can be varied by the
variation of relative size of quartic couplings. In such a case, the parameter space is strongly
constrained by the conditions from perturbative unitarity, which we shall discuss in the next
subsection. Notice that even for M? < v? we can define the “SM-like” limit by setting
sin(aw — ) ~ —1@, E] The coupling constants of AVV (VV = W*W~ and ZZ) then
coincide with those in the SM at the tree level, and there are no HV'V couplings.

B. Constraint on the Higgs parameters

Parameters of the Higgs sector are constrained from requirements of theoretical consis-
tencies and also from the current experimental results. We here take into account two kinds
of theoretical conditions; i.e., vacuum stability[31] and perturbative unitarity[32, 33, 34] at

the tree level. The condition for vacuum stability is expressed by
A > O, Ao > 0, \/ A + )\3 + MIN [O, Ay + >\5, Ay — >\5] > 0, (8)
and that for tree-level unitarity is described as

[(@304]a’|Pr102)| < &, 9)

where (p3¢4]a’|d1¢s) is the s-wave amplitude for the process of ¢1dy — ¢3¢, with ¢, (a=1-

4) denoting Higgs bosons and longitudinal components of weak gauge bosons. We employ
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the conditions given in Refs. B, Q] in which the fourteen channels are taken into account
in the THDM; ie., ZZ, hZ, HZ, AZ, hh, HH, AA, hH, hA, HA, WTW~, H*H~ and
WEHT. We take the criterion ¢ to be 1[32] (and also 1/2 m] for comparison). For the top

and bottom Yukawa couplings with Higgs bosons (3740 and yp40), we just put the criterion,
Ygaeo|” < 47, (g =1,b). (10)

For example, this condition on y;z4 and ;4 gives upper and lower limits for tan 5 (0.2 <
tan 8 < 100-200)%. As shown in the next section, the conditions of Eqs. () and [{@) give
more strict upper bound on tan 8 than that of Eq. (I) in a wide parameter region.

Next we consider the experimental constraints, which are provided by the LEP precision
dataﬂg], the b — sv resultsB], and the direct search results for the Higgs bosons[35].
The LEP precision data provide the strong constraint on the new physics structure via
the gauge-boson two-point functions. The constraint on p parameter indicates that the
Higgs sector is approximately custodial SU(2) symmetric. This requirement is satisfied
when (i) mye ~ my, (i) mye ~ my with sin®(a — 8) ~ 1, and (iii) my« ~ m, with
cos?(a — 3) ~ 1[34]. Tt is known that in Model II, the b — sv result gives the lower bound
on the charged Higgs boson mass[31, B8]. We here take into account this bound by requiring

mys 2 350 GeV.

C. LFYV parameters /ifj’R

The tau lepton associated LF'V interactions in Eq. ([l) can be reduced in the mass eigen-

basis of each field to

ms _ - . .
—L1pv :m (KéTPL&' + /{ﬁfiPLT) {cos(av — B)h +sin (o« — B) H — iA}

2m.,
L Ve,

L= Ry _
v cos? B (k5 TP Ly + wj3GPLyy) H 4 He, (11)

where Py is the projection operator to the left-handed field, and ¢; and /¢y respectively

R

represent e and p. In general, the LF'V parameters /<LZ~L]7R can be expressed in terms of EZL] and

2 Similar bounds are obtained for example in Ref. @]



tan 3.2 We here take these mfj’R as effective couplings, and investigate their phenomenological
consequences. We note that Eq. () is exact in the limit of m, — 0. The terms of £/ and
k& (i =1,2) are proportional to my., so that they decouple in this approximation.

We briefly discuss relationship between /-f B and new physics models beyond the cut-off
scale of the effective THDM. When a new physics model is specified at the high energy scale,
/@Z’R can be predicted as a function of the model parameters. For example, in the MSSM,
slepton mixing can be a source of LF'V. Notice that the induced LFV Higgs interactions
do not necessarily decouple in the limit where the SUSY particles are sufficiently heavy,
because their couplings only depend on the ratio of the SUSY parameters. Therefore, the
Higgs associated LF'V processes can become important in a scenario with the soft-SUSY-
breaking scale mgygy to be much higher than the electroweak one. In the MSSM, predicted
values of |kZ|? can be as large as of O(107%) when mgygy is a few TeVE, IE] In the
MSSM with right-handed neutrinos, slepton mixing may be a consequence of running effects
of the neutrino Yukawa couplings between the scale of the grand unification and that of the
right-handed neutnnos% The parameters k% are mainly induced by mixing of left-handed

septonstiz, 1,14, b3

the Zee model|44|. The LFV parameters r;; LE are induced through flavor violating couplings

Iﬂ The LFV Yukawa interactions can also appear effectively in

in the charged scalar interactions with leptons.

III. BOUND ON LFV YUKAWA COUPLINGS FROM RARE TAU DECAYS

In order to constrain the LFV parameters |x%| and |kZ|, we take into account the data
for rare tau decay processes such as 7 — P, 7 — G;MTM'=, 7 — L0770, and T — £;,
where P? represents 7°, n and 7’ mesons, M* (M'*) does 7% and K* mesons, and /' =
e* and p*. The list of the current data from the B factories are summarized in Table [l
B, H, u, B, , H, H, ] These bounds may be improved at the super B factory around a

digit[21]. In our analysis, we take the underlined data in Table [l as our numerical inputs.

L
3 LFV parameters Iiij’R can be expressed as

X

K’;'X‘ = - (X = LaR)v (12)
! {1 + (e + €lb) tanﬁ}2

for the case of eiLj’R tan < O(1) which is satisfied in the MSSM caseﬂa, IE]



Mode Belle (90% CL) BaBar (90% CL)
7~ = e m 1.9 x 1077[2]

T —en 2.4 x 1077[2]

™ —=e 10 x 1077[2]

= = 4.1 x 1077[2]

T T 1.5 x 1077[2]

T = un 4.7 x 1077 [2]

T e wtnT 8.4 x 1077[3] 1.2 x 1077[4]
T~ e K~ 5.7 x 1077[3] 3.2 x 1077[4]
T —e Ktn~ 5.6 x 1077[3] 1.7 x 1077 [4]
T~ e KTK~  3.0x1077[3] 1.4 x 10~7[4]
T o pmtne 2.8 x 10-7[3] 2.9 x 1077[4]
T s urtK- 6.3 x 1077[3] 2.6 x 107[4]
T~ = Kt 15.5 x 10773 3.2 x 10~ 7[4]
T = KYK- 117 x 1077[3] 2.5 x 10~7[4]
TT e ete” 3.5 x 1077[5] 2.0 x 10~7[6]
T e utpT 2.0 x 1077[5] 3.3 x 1077[6]
TT = puete 1.9 x 1077[5] 2.7 x 107 7[6]
ot 2.0 x 1077[5] 1.9 x 10~7[6]
T — ey 3.9 x 1077[7]

T =y 3.1 x1077[8] 6.8 x 10~°[9]

TABLE I: Current experimental limits on branching ratios of the LFV rare tau decays.

The branching ratios for these 7~ decays are calculated in our model as

Br(r~ — (;7%) =

Br(r™ — {;n) =

2 003,04 2 2
3GEMIML F27, |kl ( m2o
1 2
32w cost B m2
2 03,4 172 2
9GEmim, Frr, |K3il

327 cost 3

2\ 2
(-5%)
e

0 (

m, cot 3 — mg tan 3

My, + My

)

2
1
47
my

m,, cot 5+ (mg — 2my) tan 3 |
My, + mqg + 4my

4
my

Br(r~ = {ntr ) =

2 n0 R2
GFTTLTBO Tr ‘Hgi

25673 cost 3

o

sin a cos(a — f3)

cos asin(a — f3)

2
mpy,

2
my

)

(13)

Y

(14)



g cot (cosacosga - 0) N sin « singa — 5)) }2’ -
my, my
Br(r — (-K*K-) = G2m? B37, |ksi|” m. sinacosga -8 cosasin2(a —B)
25673 cost 3 mj miy
g cot <cosacos§a - 0) N sin singa - 5)) }2’ o
M, My

G24

Br(r- = {;7tK" ) =Br(t— — {; K n") ~ 39,

Wy VA PBr(rm — (CKYET),  (17)

Br(r~ — (7 0%07)

_ GimgmlT, |ksi|” [/ sinacos(a — B)  cosasin(a — ) 2_|_ sin? 3 (18)
~ 153673 cost 3 m3 m2 miy |
Br(r™ — (;7007)
Gsz miT, |k sinacos(a — ) cosasin(a — () 2_|_ sin? 8
204873 cost 3 m3 m? m’
+2 (sinacos(za—ﬁ) B cosasinga—ﬁ)) sin2 ]’ (19)
3 my mi m4
QemG2m2T,
Br(r™ — £ L T
x(r 7) = 72(4m)* cos® 5
sin o cos(a — f3) cosasin(a — f3) sin 3 2
T e A R
. . . . 2
ri2 (sinacos(a — f) B cosasin(a — f3) sin 3 sin 3
el (R ) - SO =D g (1 T )+ 55 )
(20)
where |r3;|* = |k5|? + |kE|%, GF is the Fermi constant, F, and F), are the decay constants
of the pion and the n meson which are defined as shown in Ref.[19], 7. is the life time

of the tau lepton, and ey, is the fine structure constant. The expression in Eqs. (Id)
is deduced in the approximation of non-mixing between the octet and singlet states; i.e.,
n = ns. In Egs. ([H) and (), By is the matrix element for a pair production of pions,
which is evaluated at the leading order as By = m2./ (m, + mq) (= mi./ (m, +my)) by
using the chiral Lagrangian[19]. In Eq. ([I8), ¢’ represents either e or pu but ¢ # ¢;. In
Eq. @), fi(z) =1£3(3+2Inz) and 2,0 =m T/mq50 (¢° = h, H and A)*. We here omit the

sub-leading contributions such as O(m,, /m.)°. We also do not consider the contribution to

4 In this calculation, masses of neutrinos are ignored.
® The crossing terms between %, and ££ do not appear in this approximation.

10



T — 0P, 7 — 000 and 7 — ;M M'~ from gauge boson mediated LFV diagrams which
are induced at the loop level. In the SUSY-like limit (my ~ m,), Eq. ([[3) coincides with the
results of Ref. E]G, and the ratio between Eq.([dl) and Eq. reproduces the result shown
in Ref. H] Our result of Eq. ([8) is consistent with Ref. ‘jtind Egs. (3), (@), (IH), and
([[@) are also consistent with the results in Ref. [19] up to the colour factor”. We keep the
terms with O(m?,/m?2) in Eqs. (@) and (@) although we ignore those with O(m3,/m?) in
the derivation of Eqs. (IH) and (I). The expression of Eq. (£0) is compatible with Ref. E]
The branching ratios of the 7% decay are the same as those of 7~ in Eqs. (I3)-(20).

Some comments are in order. First, the processes 7 — £;P° (P° = 7% 5 and 7/) are
mediated only by the CP-odd Higgs boson A, and their branching ratios strongly depend on
masses of the outgoing mesons. Because of the cancellation between the singlet and octet
component in the 7' meson, the bound on |k3;|?> from 7 — £;7/ may be less important than
that from 7 — ¢;n E] We do not include 7 — ¢;n’ in our analysis below. From Table [l and
Eqs. ([@3)-([d), it is expected that 7 — ¢;n gives the most stringent upper limit on |xs;|? of
these three modes. Second, the expressions for the branching ratios of 7 — ¢, MM~ with
M?* = 7% and K7 are the same up to the difference of down type quarks d and s as seen in
Egs. (IH) and ([[@). These modes are mediated by the CP-even Higgs bosons h and H. As the
mass of the s quark is much greater than that of the d quark while the experimental upper
limits on them are the same order, 7 — ¢; KT K~ gives the more stringent bounds on |#3;|?
than 7 — ¢;7t7~ in a wide region of the parameter space. It is also found that 7 — ¢,7= KT
cannot contribute to limit values of |x3;|?. Their branching ratios are one-loop induced and
much smaller than those of 7 — ¢; K™K~ due to the loop suppression factor and the CKM
factor |V,4V.%|?, while the data for these processes are the same order: see Eq. (7). Third,
in Eqs. (I8) and ([[@) the branching ratios of 7= — ¢; ¢'*¢'~ are proportional to the mass
of ¢. As the data for 7= — ¢; p"p~ and 77 — £, ete™ are the same order, 77 — £, ptpu~
provide much stronger upper limits on |r3;]? within the tree approximation because of the

mass difference between electrons and muons®. The modes 7= — £; ¢'T'~ are mediated by

all neutral Higgs bosons h, H and A. Finally, 7= — {; 7 are one-loop induced processes in

6 Eq. ([ is also consistent with the expression in Ref. [22].
" The color factor is missing in the expressions in Ref. [19]
8 At the loop level, the branching ratio of the 7= — ¢, ete™ process can become larger than that of

77 — €7 T~ because of the phase space dependence in the photonic penguin diagram|23].
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our model. All kinds of the Higgs bosons are included in the one-loop diagrams. Notice that
as shown in Eq. @) the one loop diagram with a charged Higgs boson is asymmetric with
respect to chirality of the tau lepton, as the neutrino in the diagram is left-handed. In the
following, we study the bound on |x3;|?, and do not treat |x%|? and |xZ|* separately.

Since branching ratios for 7= — £; PY, 77 — (; MTM~, 7= — (070~ and 77 — ;v
depend on different combinations of the Higgs boson masses, independent information can be
obtained for the model parameters by measuring each of them. When all the masses of Higgs
bosons are large, these decay processes decouple by a factor of 1/ mﬁiggs. Although these
branching ratios are complicated functions of the mixing angles, each of them can be simply
expressed to be proportional to tan® 3 for tan 3 > 1 in the SM-like region (sin(a—3) ~ —1).
This tan® 3 dependence is a common feature of the tau-associated LEV processes with the
Higgs-mediated 4-Fermi interactions®.
|2

The experimental upper limit on |k3;|* can be obtained by using the experimental results

given in Table [ and analytic expressions for the decay branching ratios in Eqs. (I3)-(E0).

For instance, let us consider the bound from the 7 — un results[l4]. From Eq. (@) we
obtain
1287Br(7 — pn)expm’y cos® 3
max |2 _ ex;
|K'32|2 S (|K’32 | )T_U“? - : 2A 2 . 92 oo (21)
0GEmimiFer, (1-24) 00

where Br(7 — p1)exp is the experimental upper limit on the branching ratio of 7 — pn in

Table [l In particular, for tan 8 > 1, the right-hand-side can be expressed by

4 6
30
max 2 ~ 2.3 %10~ A : 22
(|K“32 )T—mn 3x 107X 350[{GeV] tan 3 (22)

It can be easily seen that the bound (|k55™|?), .y is rapidly relaxed in the region with small

tan § and large m,. In a similar way to Eq. (2I]), the maximal allowed value (|x5™]?) 4.

can be calculated for each mode. The combined upper limit (|x5*|?) is then given by

|I€§;ax|2 = MIN { (|I<Q§;ax 2)7'—}517’ (|I€g;ax 2)T—>£M+H7 ’ (‘Kg;ax 2)T—>ZK+K* ) (‘Kg;ax 2)7——)5“/ ’.. } ’

(23)

9 This also applies to the one-loop induced 7 — £; processes whose diagrams have the same tan 8 depen-

dence.
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FIG. 1: Contours of |k5*|2, the possible maximal value of |r32|? from the rare tau decay results,
are shown (a) in the tan S-my4 plane and (b) in the tan S-sin?(a — 3) plane. The parameters are
taken to be (a) m, = 120 GeV, my = mpy=+ = 350 GeV and sin(a — ) = —0.9999, and (b)
my, = 120 GeV and my = mg = my+ = 350 GeV. The remaining parameter M is scanned from
0 to 1,000 GeV. The dark (light) shaded area indicates the excluded region by the theoretical
requirements of Eqs. ), @) and [[) with £ =1 (£ =1/2).

As shown below, 7 — ¢;n and 7 — {;7y give the strongest upper limits on |k3;]? in a wide

range of the parameter space. In addition, in some parameter regions 7 — ¢, KK~ and
7 — LT~ can also give similar limits on |k3;]? to those from the above two processes.

In Figs. [H(a) and [H(b), contour plots for |x55*|* are shown under the rare tau decay
results in the tan -m, plane and the tan S-sin?(a — ) plane, respectively. The combined
excluded region from the theoretical conditions in Eqs. (8), (@) and (I0) is indicated by the
dark shaded area for the criterion £ = 1 and by the light one for £ = 1/2. In Fig. [[}(a),
parameters of the Higgs sector are taken to be m, = 120 GeV, my = m . = 350 GeV and
sin(ar — B) = —0.9999. In Fig. [M}(b), those are m;, = 120 GeV and my = m, = my. = 350
GeV. The value of |kJ5*|? is independent of M, the soft-breaking scale of the discrete
symmetry. On the other hand, theoretical bounds from vacuum stability and perturbative
unitarity are sensitive to M. Therefore, we evaluate such a theoretical allowed region by
scanning M to be from 0 to 1000 GeV. We also take into account the constraint from the p

parameter measurement and the b — sv result by taking sin(a — 3) ~ —1 and my = m .

with my. 2 350 GeV for Fig lHa), and my = my. with myy 2 350 GeV for Fig IHb).

Y Y

From the both figures, it is easily found that the value of [k5*|? can extensively be larger for
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FIG. 2: Contour plots of |k55*|? are shown (a) in the tan -m 4 plane and (b) in the tan S-sin?(a—f3)
plane similar to Figs. [}(a) and [}H(b) but with different parameter choices; (a) m, = 120 GeV,
my = my+ = 600 GeV and sin(a — ) = —0.9999, and (b) m, = 120 GeV and my = my =
mpg+ = 600 GeV. The dark (light) shaded area indicates the excluded region by the theoretical
requirements of Eqs. ), @) and [[) with £ =1 (£ =1/2).

smaller tan £ in the allowed region under the theoretical constraints. For tan 8 < 10 (30),
|k5|% can be O(0.1) (O(107*)). Among the rare tau decay processes, T — un and T — py
provide the most stringent constraints on |rg,|*. While 7 — un is mediated only by A,
7 — py depends on the masses of h, H, A and H=. For sin?(a — ) ~ 1 and m 4 ~ my, the
branching ratio of 7 — p7y in Eq. (20) is suppressed because of the cancellation between the
one-loop diagrams of A and H. Therefore, |r32|* is bounded most strongly by the 7 — un

result for this case'©.

When my differs from my or when sin’(a — ) is to some extent
smaller than unity, the one-loop induced 7 — vy process becomes important, and gives the
most stringent bound on |k32|? of all the tau rare decay processes.

In Fig. B(a) and B(b), the similar contour plots are shown with assuming larger values
of my and my.;ie., my = my= = 600 GeV with sin(a — 3) = —0.9999 for Fig. B}(a) and
myg = m, = my+ = 600 GeV for Fig. B(b), respectively. The magnitude of |x5*|* and
its tan  dependence are similar to the case of Fig. [[}(a) and [[}(b), although the theoretical
allowed regions become changed to the considerable extent.

In Figs. M and B the value of |x55*|? can be much larger than 100 in a wide range of the

parameter region. One might think that such large values of |k3;| cannot be consistent with

10 The MSSM result approximately corresponds to this caseﬂﬂ].
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the unitarity argument for the LF'V Yukawa couplings. However, it should be emphasized

a

that the above figures show the contour plots for |x5*|> under the rare tau decay results,

and not for |k3|?. The region of |K55>

|2 > 1 should be taken as the area where |r32|* can be
as large as O(1072-107%) easily. It is concluded that current results of the tau LFV decays
do not give any substantial upper limit on |s32]? except for high tan 3 region (tan 3 > 30).

Finally, we comment on the bound on |3 |?, the LEV parameters for 7-e mixing. Similar

to 7-p mixing, we can discuss |<J*™|? comparing the data of 7 — en, 7 — ey, T —

eKTK~ and 7 — ey listed in Table [l with the formulas given in Eqs. ([&)-(E20). These
formulas for 7-e mixing are common with 7-y mixing except for the factor of |r3;|?, so that

ax|2
1

difference in contours of |k5; max |2

from those of |k} only comes from that in the data.
In Table [, the experimental limit for the branching ratio of 7 — en is about 1.5 times
weaker than that of 7 — un, while that of 7 — e is 5.7 times relaxed as compared to that
of 7 — p7y. Moreover, the upper limit on Br(7~ — e” KTK™) is 1.8 times stronger than
that on Br(7— — p~ KTK~). We have numerically confirmed that there are some regions
where 7= — ¢" K"K~ can give the most stringent bound on |k3;[*. Therefore, |x5™|* is
determined from one of 7 — en, 7 — ey and 7= — e~ K"K~ depending on parameter

regions.

IV. LEPTON FLAVOR VIOLATING HIGGS BOSON DECAYS

As shown in the previous section, the LF'V Yukawa couplings can be tested only in the
large tan (3 region by searching for rare tau decays. In order to cover the region unconstrained
by rare tau decay results, we here consider LFV via the decay of the neutral Higgs bosons;

i.e.,lﬁ0 — 7507 (¢° = h, H and A). Branching ratios for these decays are calculated[15, 27,

Q, | to be

Br(h = 774F) =16—— ; 24
w(h =) 16r  v2costf3 s L(h— all) ~ (24)
m2 2
1 m?sin® (a — f3) o e (1 - m_2T>
B H _€+ - L i a 2
(H =7l 16m  wv2cost il I'(H — all) ~’ (25)
m2 2
1 m?2 Mg <1 o m_g)
Br(A = 7 0) =————— | |* . 2
(A=) 167 v2 cos* 3 il (A —all) ’ (26)
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FIG. 3: Contour plots of Br(h — 754 )max, the possible maximal values for the branching ratio
under the tau rare decay results, are shown (a) in the tan 8-m 4 plane and (b) in the tan S-sin(a— /)
plane. The parameters are taken as the same as Figs. [} (a) and[[}(b), respectively. The dark (light)

shaded area indicates the excluded region by the theoretical requirements of Eqs. (8), (@) and ()

with € =1 (€ = 1/2).
where T'(¢° — all) is the total width for corresponding neutral Higgs boson ¢". We here

neglect terms of O(m7 /m?,). Branching ratios for ¢° — 7%(; coincide with those for

#° — 770 given in Eqs. ), @3) and E0). In the following, we concentrate on the

decays into a 7-p pair. We take the values of the SM parameters as ae, = 0.007297,
Gr =1.166 x107° GeV 2, m, = 91.19 GeV, m, = 1.777 GeV, m,, = 0.1057 GeV, my, = 4.1

GeV, m; = 174.3 GeV, and m, = 1.15 GeV.

A. The LFV decay of the lightest Higgs boson

A search for the LFV decays h — 7%(F can give important information for extended
Higgs sectors and thus for the structure of new physics, even when only A is found and

any other direct signals for the extended Higgs sector are not obtained by experiments. We

here evaluate the possible maximal value of the branching ratio Br(h — 7~ u™) ., under

the results of the rare tau decay search, by inserting |x5|> of Eq. [Z3) into the |rg|? in
| and

Eq. [24). In calculation of I'(h — all), the decay modes of bb, c¢, 7577, 77, g9, Z

7E(F are taken into account.
In Figs. Bl(a) and BH(b), contours of Br(h — 75 u¥F).,, which is twice of Br(h —

77147 ) max, are shown in the tan -m , plane and in the tan S-sin?(a — 3) plane, respectively.
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The parameters are taken to be the same as those for Figs. [[}(a) and [[}(b), respectively; i.e.,
(a) m, =120 GeV, my = my, = 350 GeV and sin(a — ) = —0.9999, and (b) m,, = 120
GeV and my = my = mys = 350 GeV, with M to be scanned from 0 to 1000 GeV. We
again show the excluded area from requirements of tree-level unitarity and vacuum sta-
bility as in the same way as Figs. [[}(a) and [}F(b). For low and moderate values of tan /3
(tan 8 < 30), where rare tau decay results cannot give substantial upper limit on |r3s|%,
Br(h — 7547 ) max can be sufficiently large. We find that the possible maximal values of the
branching ratio can be greater than O(1073) in a wide rage of the allowed region under the
theoretical conditions in Eqs. (§), (@) and (I0).

In Fig. B(a) and BH(b), similar contour plots of Br(h — 75T ). are shown for the
same parameters as Figs. B(a) and B(b), respectively; i.e., (a) my = my+ = 600 GeV with
sin(aw — ) = —0.9999, and (b) my = m, = my+ = 600 GeV, with M to be scanned from
0 to 1000 GeV. The excluded area from requirements of tree-level unitarity and vacuum
stability are also shown. The possible maximal values for the branching ratio are similar to
those in the case shown in Figs. BH(a) and BH(b). In the allowed region under the conditions
in Egs. /), @) and (@), Br(h — 7547 )max can be greater than O(1072).

For relatively lower tan 3 values, the experimental upper limits on |s3:|? from rare tau
decays are weaker, and Br(h — 7%uF) can be sufficiently large (= O(1073) for my, ~ 120
GeV). It is expected that a sufficient number of such light h can be produced at future
colliders such as CERN LHC, currently planned International Linear Collider (ILC) and
CERN CLIC. It has been pointed out that the decay process h — 75uF can easily be
detected at ILC with the luminosity of 1 ab™!, when m; ~ 120 GeV and Br(h — 75uF) >
O(1073)" via the Higgsstrahlung process by using the recoil momentum of Z bosonEi
Therefore, the LFV search via the decay h — 75u¥ at ILC can be complementary to that
via rare tau decays at (super) B factories, and the both cover a wide region of the parameter

space of the lepton flavor violating THDM.

11 Below that value, the signal would be seriously suffered from the backgrounds. In particular, events from
h — ptp~ and h — 777~ would be difficult to be separated from the signal. The branching ratio of
h — pFp~ is approximately proportional to m?/(Nemj) for a relatively light h, with N, being the color
factor; i.e., Br(h — putp~) ~ 3 x 10~%. For a large tan 8 value with sin?(a — 8) < 1, the maximal value
of Br(h — 7%uT) becomes smaller and can be comparable to Br(h — pTu~). A simulation study is

necessary to clarify this point.
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FIG. 4: Contour plots of Br(h — 75 uF)nax similar to Figs. BH(a) and BH(b) are shown (a) in the
tan f-m4 plane and (b) in the tan S-sin?(a — B) plane with the parameters taken as the same as
Figs. B(a) and BH(b), respectively. The dark (light) shaded area indicates the excluded region by
the theoretical requirements of Eqs. (), (@) and ([[) with £ =1 (£ = 1/2).

B. The LFV decay of Heavier Higgs bosons

Next we discuss branching ratios for the LF'V decays of heavier Higgs bosons, H/A —
77, using Eqgs. ) and @0) under the current data of LFV rare tau decays. In the

7 )

THDM, there are many possible decay modes for H depending on the mass spectrum; i.e.,
hh, AA, hA, hy, hZ, Ay, AZ, HTH~ and H*WT as well as ff (f = t,b,c,7), WEWT,
Z7Z, Zv, vy and gg. The last three modes as well as hA, hy, Ay and hZ appear through
the one-loop induced couplings'?. Those for A are hZ, HZ, H*H~, H*WT and ff at the
tree level as well as hh, hH, HH, hy, Hy, W*W¥, ZZ, Z~, vy and gg at the one loop
levelj4d].

The branching ratios for H/A — 7%£F are sensitive to the masses of all the Higgs bosons.
Here we consider the case of sin(a—f) = —1 and my = m, = my. (= mg). As discussed in
Sec. II, the p parameter constraint is satisfied for this choice. From the b — s7 results, mg, is
taken to be greater than 350 GeV. As also discussed in Sec. II, M determines the decoupling
property of heavier Higgs bosons. Although the branching ratios Br(H/A — 75(F) are

insensitive to M in the present parameter set, its value strongly affects the allowed parameter

12 In the numerical analysis, we included contributions from these Zv, vy and gg modes in addition to all
the tree level modes, but neglected the other loop-induced modes.
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(a) tan ,8 (b) tan ,8 (C) tan 5
FIG. 5:  Contour plots of Br(H — 754F ). are shown in the tan -mg plane (mg = my =
my =my.) for my, =120 GeV and sin(a — ) = —1 with (a) M = mg, (b) M =mg/v2, and (c)
M = 0. The dark (light) shaded area indicates the excluded region by the theoretical requirements
of Egs. @), @) and ([[@) with £ =1 (£ =1/2).

region under the theoretical conditions of Eqs. ({) and (). Notice that couplings of H are
similar to those of A for sin(aw — 8) = —1 where there are no HV'V couplings. Hence we
show the results only for the LFV decays of H below. In a general case, the branching ratio
of H — 74T tends to be smaller than that of A — 74T due to the contribution from the
modes H — VV.

In Figs. B(a), B-(b) and B(c), contour plots of Br(H — 75T ).y, the upper limit of
Br(H — 7%uT) under the rare tau decay results, are shown in the tan S-mg plane for
M = mg, mg/ V2 and 0, respectively. As expected, the contours are insensitive to the
values of M, and approximately the same in Figs. B(a), BH(b) and BH(c). It is shown that
Br(H — 7uF)max can be larger than 1073 except for large tan 3 values with relatively
small mg. Therefore, it turns out to be no substantial upper limit on the Br(H — 7%uF)
in the relatively low tan 8 region (tan 5 < 20) from the LE'V rare tau decay results. When
M is smaller than mg, where the heavier Higgs boson partially receive their masses from
the vacuum expectation value, the allowed parameter region is strongly constrained by the
requirements of vacuum stability and perturbative unitarity. In particular, for M = 0
(Fig. B(c)), the allowed region is limited only the area of around tan  ~ 1 and mg < 600
GeV.

19



The extra Higgs bosons (H, A and H*) are expected to be searched at the LHC. The
signal of gg — H/A — 75T may be detectable at LHC with high luminosity (100 fb™")
when Br(H/A — 754uT) is greater than 1072 for my,, ~ 350 GeV and tan 5 = 45[26].
However the rate is rapidly reduced for smaller values of tan 3 and for larger values of m,, /A"

Further feasibility study is necessary.

V. CONCLUSIONS

Lepton flavor violating decays of Higgs bosons have been studied in the framework of
the THDM, in which LFV couplings are introduced as a deviation from Model IT Yukawa
interaction in the lepton sector. The model parameters are constrained by requirements
of tree-level unitarity and vacuum stability, and also from the experimental results. The
parameters |r3;]? in LEV Yukawa interactions are bounded from above by using the current
data for rare tau LFV decays. Each process is mediated by the different combination of the
Higgs bosons, so that the data for each of them provides independent information to the
lepton flavor violating THDM. It has been found that among the rare tau decay data those
for 7 — £;n and 7 — ¢,y give the most stringent upper limits on |s3;]? in a wide range of
the parameter space.

In the large tan 3 region (tan 3 = 30), the upper limit on |s3;|* due to the rare tau decay
data turns out to be substantial and comparable with the value predicted by assuming some
fundamental theories such as SUSY. The upper limit would be improved in future by about
one order of magnitude at the experiment at (super) B factories. For smaller values of tan f,
the upper limit is rapidly relaxed, and no more substantial constraint is obtained from the
rare tau decay results.

We have shown that a search for the LFV decays ¢° — 73] of neutral Higgs bosons
(¢° = h, H and A) can be useful to further constrain the LFV Yukawa couplings at future
collider experiments. In particular, the LFV decays of the lightest Higgs boson can be
one of the important probes to find the evidence for the extended Higgs sector when the
SM-like situation would be preferred by the data at forthcoming collider experiments. The
branching ratio for A — 75y can be larger than O(107?) except for the high tan 3 region

under the constraints from the current experimental data and also from the theoretical

requirements. At ILC (and in case at LHC), such a size of the branching fractions can be

20



tested. Therefore, we conclude that the search of LFV in the Higgs boson decay at future
colliders can further constrain the LF'V Yukawa couplings especially in the relatively small

tan § region (tan § < 30), where rare tau decay data cannot reach.
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