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To generate small neutrino masses radiatively, the Zee model introduces two Higgs doublets and one
weak-singlet charged Higgs boson to its Higgs sector. From analyzing the renormalization group equations, we
determine the possible range of the lightestCP-even Higgs boson~h! mass and the Higgs boson self-couplings
as a function of the cutoff scale beyond which either some of the coupling constants are strong enough to
invalidate the perturbative analysis or the stability of the electroweak vacuum is no longer guaranteed. Using
the results obtained from the above analysis, we find that the singlet charged Higgs boson can significantly
modify the partial decay width ofh→gg via radiative corrections, and its collider phenomenology can also be
drastically different from that of the charged Higgs bosons in the usual two-Higgs-doublet models.
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I. INTRODUCTION

There is increasing evidence for neutrino oscillatio
from atmospheric and solar neutrino data@1#. If this is a
correct interpretation, the standard model~SM! has to be
extended to incorporate the small masses of the neutr
suggested by the data. There have been several ideas
posed in the literature to generate small neutrino masses.
Zee model is one such attempt@2–6#. In this model, all fla-
vor neutrinos are massless at the tree level, and their s
masses are induced radiatively through one-loop diagra
For such a mass-generation mechanism to work, it is ne
sary to extend the Higgs sector of the SM to contain at le
two weak-doublet fields and one weak-singlet charged sc
field. Although some studies have been done to examine
interaction of the leptons and the Higgs bosons in the
model @7#, the scalar~Higgs! sector of the model remain
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unexplored in detail. In this paper we study the Higgs sec
of the Zee model to clarify its impact on the Higgs sear
experiments, at the CERNe1e2 collider LEP-II, run II of
the Fermilab Tevatron, the CERN Large Hadron Collid
~LHC!, or future linear colliders~LC’s!.

Experimental search for the Higgs boson has been con
ued at the CERN LEP and the Fermilab Tevatron exp
ments. In the LEP-II experiments, the Higgs boson w
mass less than about 110 GeV has been excluded if its
duction cross section and decay modes are similar to thos
the SM Higgs boson@8#. Run II of the Tevatron can be sen
sitive to a SM-like Higgs boson with mass up to about 1
GeV, provided that the integrated luminosity of the collider
large enough~about 30 fb21! @9#. Furthermore, the primary
goal of the CERN LHC experiments is to guarantee the d
covery of a SM-like Higgs boson with mass as large as ab
1 TeV @10#, which is the upper bound of the SM Higgs boso
mass.~For a Higgs boson mass beyond this value, the SM
no longer a consistent low energy theory.!

When the Higgs boson is discovered, its mass and var
decay properties will be measured to test the SM and
distinguish models of new physics at high energy scales.
example, the allowed mass range of the lightestCP-even
Higgs boson~h! can be determined by demanding that t
considered theory be a valid effective theory all the way
©2001 The American Physical Society07-1
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to some cutoff energy scale~L!. For L51019GeV ~i.e., the
Planck scale!, the lower and upper bounds of the SM Hig
boson masses are 137 and 175 GeV, respectively@11#. The
Higgs boson mass bounds for the two-Higgs-doublet mo
~THDM! were also investigated@12,13# with and without
including the soft-breaking term with respect to the discr
symmetry that protects the natural flavor conservation. It w
found in Ref.@13# that the lower bound of the lightestCP-
even Higgs boson is about 100 GeV in the decoupling
gime where only one neutral Higgs boson is light as co
pared to the other physical states of the Higgs bosons.

The Higgs sector of the Zee model is similar to that of t
THDM except for the existence of an additional weak-sing
charged Higgs field, so that the physical scalar bosons
clude twoCP-even, oneCP-odd, and two pairs of charge
Higgs bosons. In this paper, we shall first determine the
per and lower bounds for the lightestCP-even Higgs boson
mass (mh) as a function of the cutoff scaleL of the Zee
model, using renormalization group equations~RGE’s!.1 We
show that the upper and lower mass bounds forh are almost
the same as those in the THDM. We also study the poss
range of the Higgs boson self-coupling constants at the e
troweak scale as a function ofL. By using these results, w
examine effects of the additional loop contribution of t
singlet charged Higgs boson to the partial decay width oh
→gg. We show that, by takingL51019GeV, the deviation
of the decay width from the SM prediction can be abo
220% or nearly110% for mh between 125 and 140 GeV
when the mass of the isospin singlet charged Higgs boso
taken to be around 100 GeV. The magnitude of the devia
becomes larger for lower cutoff scales and smaller masse
the singlet charged Higgs boson. If we chooseL5104 GeV
and the singlet charged Higgs boson mass to be 100 GeV
positive deviation can be greater than130% ~140%! for
mh5125 GeV (140 GeV). Such a deviation from the S
prediction could be tested at the LHC, thee1e2 LC, and the
gg option of the LC@15–17#. We also discuss the phenom
enology of the singlet charged Higgs boson at present
future collider experiments; it is found to be completely d
ferent from that of ordinary THDM-like charged Higg
bosons. To detect such a charged Higgs boson at LE
experiments, experimentalists have to search for their d
sample withe6 or m6 plus missing energy, in contrast to th
usual detection channels: eithertn or cs decay modes.

This paper is organized as follows. In Sec. II, we intr
duce the Higgs sector of the Zee model and review the n
trino masses and mixings in this model that are consis
with the atmospheric and solar neutrino observations.
merical results for the possible range of the mass and c
pling constants of the Higgs bosons are given in Sec. III
Sec. IV, we discuss the one-loop effect of the extra Hig
bosons in the Zee model on the partial decay width oh
→gg and its impacts on the neutral Higgs boson search
high energy colliders. The phenomenology of the charg

1For the model with seesaw mechanism for neutrino mass gen
tion the Higgs boson mass bound has been studied as a functi
cutoff scale in Ref.@14#.
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Higgs boson that comes from the additional singlet field
discussed in Sec. V. In Sec. VI, we present additional disc
sion and conclusions. Relevant RGE’s for the Zee model
given in the Appendix.

II. ZEE MODEL

To generate small neutrino mass radiatively, the Z
model contains an SU~2!L singlet charged scalar fieldv2, in
addition to two SU~2!L doublet fieldsf1 andf2 . The Zee-
model Lagrangian is written as

L5Lkin1Ll l v1LYukawa2V~f1 ,f2 ,v2!, ~1!

where

Lkin5uDmf1u21uDmf2u21uDmv2u21 i qLgmDmqL

1 i uRgmDmuR1 i dRgmDmdR1 i l LgmDml L

1 i eRgmDmeR1 (
a5SU~3!,SU~2!,U~1!

1

4
Fmn

a2
, ~2!

Ll l v5 f i j l i L
~ i t2!~ l j L

!Cv21 f i j l i L
C~ i t2!l j L

v1,
~3!

wherei , j (51,2,3) are the generation indices, and

V~f1 ,f2 ,v2!5m1
2uf1u21m2

2uf2u21m0
2uv2u22m3

2~f1
†f2

1f2
†f1!2mf̃1

Ti t2f̃2v21mf2
Ti t2f1v1

1 1
2 l1uf1u41 1

2 l2uf2u41l3uf1u2uf2u2

1l4uf1
†f2u21

l5

2
@~f1

†f2!21~f2
†f1!2#

1s1uv2u2uf1u21s2uv2u2uf2u2

1 1
4 s3uv2u4. ~4!

In the above equations,qL is the left-handed quark double
with an implicit generation index whileuR anddR denote the
right-handed singlet quarks. Similarly,l L andeR denote the
left-handed and right-handed leptons in three generatio
The charge conjugation of a fermion field is defined ascC

[Cc̄T, where C is the charge conjugation matri
(C21gmC52gmT) with the superscriptT indicating the
transpose of a matrix. Also,

fm5S fm
0

fm
2D

and f̃m[( i t2)fm* with m51, 2. Without loss of generality
we have taken the antisymmetric matrixf i j and the coupling
m to be real in Eqs.~3! and ~4!. In order to suppress flavo
changing neutral current at the tree level, a discrete sym
try, with f1→f1 ,f2→2f2 , v1→1v1, is imposed on
the Higgs sector of the Lagrangian, which is broken softly
only them3

2 term and them term. Under the discrete symme
try there are two possible Yukawa interactions; that is,
type I,

ra-
of
7-2
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LYukawaI5dRi
~yDVCKM

† ! i j f̃2
†qL j

1uRi
~yU! i i f2

†qLi

1eRi
~yE! i i f̃2

†l Li
1H.c., ~5!

and, for type II,

LYukawa II5dRi
~yDVCKM

† ! i j f̃1
†qL j

1uRi
~yU! i i f2

†qLi

1eRi
~yE! i i f̃1

†l Li
1H.c., ~6!

whereyU ,yD ,yE are diagonal Yukawa matrices andVCKM is
the Cabibbo-Kobayashi-Maskawa~CKM! matrix. Later, we
shall keep only the top Yukawa coupling constantsyt
5(yU)33 in our numerical evaluation of the RGE’s.2 In that
e

n
od

t o
on

05300
case, there is no difference between the Yukawa coupling
the type-I and type-II models. Finally, for simplicity, we a
sume that alll i andmi

2 are real parameters.
Let us now discuss the Higgs sector. The SU~2!L

3U(1)Y symmetry is broken toU(1)em by ^f1& and^f2&,
the vacuum expectation values off1 and f2 . ~They are
assumed to be real so that there is no spontaneousCP viola-
tion.! The number of physical Higgs bosons are twoCP-even
Higgs bosons~H, h!, oneCP-odd Higgs boson~A!, and two
pairs of charged Higgs bosons (S1

6 ,S2
6). We take a conven-

tion of mH.mh andmS1
.mS2

. In the basis where two Higgs

doublets are rotated by the angleb, with tanb5^f2
0&/^f1

0&,
the mass matrices for the physical states of the Higgs bos
are given by
MN
2 5F S l1 cos4 b1l2 sin4 b1

l

2
sin2 2b D v2 ~l2 sin2 b2l1 cos2 b1l cos 2b!

sin 2b

2
v2

~l2 sin2 b2l1 cos2 b1l cos 2b!
sin 2b

2
v2 M21~l11l222l!

sin2 2b

4
v2

G ~7!
t

for CP-even Higgs bosons,

MA
25M22l5v2 ~8!

for CP-odd Higgs bosons, and

MS
2

5F M22
l41l5

2
v2 2

mv

&

2
mv

&
m0

21S s1

2
cos2 b1

s2

2
sin2 b D v2G

~9!

for charged Higgs bosons. Here,l[l31l41l5 and M2

[m3
2/sinb cosb. The vacuum expectation valuev ~;246

GeV! is equal to&A^f1
0&21^f2

0&2. Mass eigenstates for th
CP-even and the charged Higgs bosons are obtained by
agonalizing the mass matrices~7! and ~9!, respectively. The
original Higgs boson fieldsf1 , f2 , v2 can be expressed i
terms of the physical states and the Nambu-Goldstone m
~G0 andG6! as

f1
05

1

&
@v cosb1H cosa2h sina1 i ~G0 cosb

2A sinb!#, ~10!

2Our analyses will thus be valid in the cases where the effec
the bottom Yukawa coupling is sufficiently small; i.e., in the regi
of not too large tanb.
di-

es

f1
25G2 cosb2~S1

2 cosx2S2
2 sinx!sinb, ~11!

f2
05

1

&
@v sinb1H sina1h cosa1 i ~G0 sinb

1A cosb!#, ~12!

f2
25G2 sinb1~S1

2 cosx2S2
2 sinx!cosb, ~13!

v25S1
2 sinx1S2

2 cosx, ~14!

where the anglesa andx are defined from the matrices tha
diagonalize the 232 matricesMN

2 and MS
2, respectively.

That is, we have

S cos~a2b! sin~a2b!

2sin~a2b! cos~a2b!
D

3MN
2 S cos~a2b! 2sin~a2b!

sin~a2b! cos~a2b!
D 5S mH

2 0

0 mh
2D ,

~15!

S cosx sinx

2sinx cosx
D MS

2S cosx 2sinx

sinx cosx
D 5S mS1

2
0

0 mS2

2 D ,

~16!

wheremH
2 .mh

2 and mS1

2 .mS2

2 . The mixing anglesa and x

then satisfy

f

7-3
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tan 2a5
M22~l31l41l5!v2

M22~l1 cos2 b2l2 sin2 b!v2/cos 2b
tan 2b,

~17!

tan 2x

5
2&mv

M22m0
22~l41l51s1 cos2 b1s2 sin2 b!v2/2

,

~18!

which show thata and x approachb2p/2 and zero,
respectively,3 when M2 is much greater thanv2, m2, and
m0

2; i.e., in the decoupling regime. In this limit, the massi
Higgs bosons from the extra weak doublet are very he
due to the largeM so that they are decoupled from the lo
energy observable.

Although neutrinos in this model are massless at the
level, the loop diagrams involving charged Higgs bosons
shown in Fig. 1, can generate Majorana mass terms fo
three flavors of neutrinos. It was shown@2# that at the one-
loop order the neutrino mass matrix, defined in the ba
where the charged lepton Yukawa coupling constants are

FIG. 1. A representative diagram that generates the neut
mass. For type I,i 51, j 52, and for type II,i 52, j 51.
05300
y
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agonal in the lepton flavor space, is real and symmetric w
vanishing diagonal elements. More explicitly, we have

M n5S 0 m12 m13

m12 0 m23

m13 m23 0
D , ~19!

with

mi j 5 f i j ~mej

2 2mei

2 !m cotb
1

16p2

1

mS1

2 2mS2

2 ln
mS1

2

mS2

2 ,

~20!

wheremei
( i 51,2,3) is the charged lepton mass for type

For type II, cotb should be replaced by tanb. Note that Eq.
~20! is valid for mSi

@mej
.

The phenomenological analysis of the above mass ma
was given in Refs.@4#, @5#. It was concluded that, in the Ze
model, the bimaximal mixing solution is the only possibili
to reconcile the atmospheric and solar neutrino data. Here
give a brief summary of these results, for completeness.
us denote the three eigenvalues for the neutrino mass m
@cf. Eq. ~19!# as mn1

, mn2
, and mn3

, which satisfy mn1

1mn2
1mn3

50. The possible pattern of the neutrino ma

spectrum allowed in the Zee model isumn1
u.umn2

u@umn3
u,

with mn1

2 2mn3

2 .mn2

2 2mn3

2 5Dmatm
2 , and umn1

2 2mn2

2 u
5Dmsolar

2 , where Dmatm
2 5O(1023) eV2 from the atmo-

spheric neutrino data, andDmsolar
2 5O(1025) eV2 @M.

Kheyer-Smirnov-Wolfenstein~MSW! large angle solution#
or O(10210) eV2 ~vacuum oscillation solution! from the solar
neutrino data.4 Thus, we haveumn1

u.umn2
u.ADmatm

2 (mn1

.2mn2
) and umn3

u.Dmsolar
2 /2ADmatm

2 . The approximate
form of the neutrino mass matrix is given by

o

M n5S 0 6Aumn1
mn2

u/2 7Aumn1
mn2

u/2

6Aumn1
mn2

u/2 0 2mn1
2mn2

7Aumn1
mn2

u/2 2mn1
2mn2 0

D , ~21!

where the upper~lower! sign corresponds tomn1
,0(.0) case, and the corresponding Maki-Nakagawa-Sakata~MNS! matrix

@18#, which diagonalizes the neutrino mass matrix, is

U5S Aumn2
u/~ umn1

u1umn2
u! Aumn1

u/~ umn1
u1umn2

u! 0

2
1

&
Aumn1

u/~ umn1
u1umn2

u!
1

&
Aumn2

u/~ umn1
u1umn2

u!
1

&

1

&
Aumn1

u/~ umn1
u1umn2

u! 2
1

&
Aumn2

u/~ umn1
u1umn2

u!
1

&

D . ~22!

3Recall that we assumedmH.mh .
4Because of the structure of the mass matrix@cf. Eq. ~19!# only the hierarchy patternumn1

u.umn2
u@umn3

u, rather thanumn1
u.umn2

u
!umn3

u, is realized in the Zee model@4,5#.
7-4
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In the above equations, we took the limiting case wh
U1350 andU325U2351/&.5 From Eqs.~20! and ~21!, we
obtain

U f 12

f 13
U. mt

2

mm
2 .33102, ~23!

U f 13

f 23
U.&Dmatm

2

Dmsolar
2

.H 102 ~ for the MSW large angle solution!,
107 ~ for the vacuum oscillation solution!.

~24!

Therefore, the magnitudes of the three coupling consta
should satisfy the relationu f 12u@u f 13u@u f 23u. This hierarchy
among the couplingsf i j is crucial for our later discussion o
the phenomenology of the singlet charged Higgs bosons

For given values of the parametersmS1
, mS2

, tanb, and

m, the coupling constantsf i j can be calculated from Eq.~20!.
For example, formS1

5500 GeV, mS2
5100 GeV, tanb51,

m5100 GeV, and m125331022 eV, we obtain u f 12u
;331024. In this example, whenS1

2 is rather heavy and
the lighter charged Higgs bosonS2

2 is almost a weak singlet
i.e., the mixing anglex approaches zero, it is unlikely tha
there are observable effects in the low energy data@7#; e.g.,
on the muon lifetime, the universality of tau decay into ele
trons or muons the rare decay ofm→eg, the universality of
W boson decay into electrons, muons, or taus, and the d
width of Z bosons. Whenu f i j u are small, we do not expect
large rate in the lepton flavor violation decay of a light ne
tral Higgs boson, such ash→m6e7 ~the largest one!, h
→e6t7, or h→m6t7 ~the smallest one!. On the contrary,
as we will discuss in Sec. IV, the decay width ofh→gg can
significantly deviate from the SM value.

Finally, the phenomenological constraints onf 12 were de-
rived in Ref. @6#. From the consistency of the muon dec
rate and electroweak precision test it was found that

f 12
2

M̄2
,731024GF , ~25!

whereGF is the Fermi constant, and

1

M̄2
5

sin2 x

mS1

2
1

cos2 x

mS2

2
. ~26!

This means that thef i j cannot beO(1) unless the charge
Higgs boson masses are of the order of 10 TeV.

5This limit corresponds tou25p/4 andu350 in the notation of
Ref. @18#.
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III. HIGGS BOSON MASS AND COUPLINGS
THROUGH RGE’S

In this section, we determine the bounds on the mas
the lightestCP-even Higgs boson as a function of the cuto
scale of the Zee model by analyzing the set of renormal
tion group equations. We also study the allowed ranges of
coupling constants, especiallys1 ands2 in Eq. ~4!. In Sec.
IV, they will be used to evaluate how much the partial dec
width of h→gg can deviate from its SM value due to th
one-loop contribution from the singlet charged Higgs bos

The mass bounds are determined in the following man
For each set of parameters defined at the electroweak s
the running coupling constants are calculated numeric
through RGE’s at the one-loop level. We require that all t
dimensionless coupling constants do not blow up below
given cutoff scaleL, and the coupling constants satisfy th
vacuum stability condition. We vary the input parameters
the electroweak scale and determine the possible range o
lightestCP-even Higgs boson mass as a function ofL. In a
similar manner, we also study the allowed ranges of vari
Higgs boson self-coupling constants at the electroweak s
and as a function of the lightestCP-even Higgs boson mass

We derived the one-loop RGE’s for the Zee model, a
listed them in the Appendix for reference. For simplicity,
the RGE’s, we neglected all the Yukawa coupling consta
(yu ,yd ,ye) but the top Yukawa couplingyt .6 Although we
kept the new coupling constantsf i j in the RGE’s listed in the
Appendix, we neglectedf i j in the numerical calculation
This is because the magnitudes of these coupling const
are numerically too small to affect the final results unless
singlet charged scalar boson mass is larger than a few
@cf. Eq. ~25!#. The dimensionless coupling constants relev
to our numerical analysis are the three gauge coupling c
stantsg1 ,g2 ,g3 , the top Yukawa coupling constantyt , and
eight scalar self-coupling constantsl i ( i 51 – 5) ands i ( i
51 – 3). There are five dimensionful parameters in t
Higgs potential, namely,m1

2, m2
2, m3

2, m0
2, andm. Instead of

m1
2, m2

2, and m3
2, we take v, tanb, and M2

[m3
2/sinb cosb as independent parameters, wherev ~;246

GeV! characterizes the weak scale andM the soft-breaking
scale of the discrete symmetry.

In the actual numerical calculation we first fix tanb and
M. For a given mass (mh) of the lightestCP-even Higgs
boson, we solve one of thel i , which is chosen to bel3
here, in terms of the otherl i . We then numerically evaluate
all dimensionless coupling constants according to the RG
From mh to M we use the SM RGE’s, which are matched
the Zee model RGE’s at the soft-breaking scaleM.7

6In the model with type-II Yukawa interaction, the bottom qua
Yukawa interaction can become important for large tanb.

7The parametersm0 andm are relevant only to the charged scal
mass matrix. In principle, our numerical results also depend
these parameters through the renormalization of various coup
constants from the scale ofmh to the charged scalar mass. Sin
these effects are expected to be small, we calculate the RGE’s
all the scalar bosons excepth decouple at the scaleM.
7-5



or

h
en
d

e

ca
w
tr
th

ning

al-

in
-
ns

ues

is

ery
M

er
the
re-
the
s-

he

the

KANEMURA, KASAI, LIN, OKADA, TSENG, AND YUAN PHYSICAL REVIEW D 64 053007
We require the following two conditions to be satisfied f
each scaleQ up to a given cutoff scaleL.

~1! Applicability of the perturbation theory implies

l i~Q!,8p, s i~Q!,8p, yt
2~Q!,4p. ~27!

~2! The vacuum stability conditions must be satisfied. T
requirement that quartic coupling terms of the scalar pot
tial do not have a negative coefficient in any direction lea
to the following conditions at each renormalization scaleQ:

~a!

l l~Q!.0, l2~Q!.0, s3~Q!.0, ~28!

~b!

s1~Q!1Al1~Q!s3~Q!/2.0, ~29!

s2~Q!1Al2~Q!s3~Q!/2.0, ~30!

l̄~Q!1Al1~Q!s2~Q!.0, ~31!

where

l̄~Q!5l3~Q!1min@0,l4~Q!1l5~Q!,l4~Q!2l5~Q!#.

~c! If s1(Q),0 ands2(Q),0, then

l̄~Q!1
2

s3~Q! H F S l1~Q!s3~Q!

2
2s1

2~Q! D S l2~Q!s3~Q!

2

2s2
2~Q! D G1/2

2s1~Q!s2~Q!J .0. ~32!

If s1(Q),0 andl̄(Q),0, then

s2~Q!1
1

l1~Q! H F @l1~Q!l2~Q!2l̄2~Q!#S l1~Q!s3~Q!

2

2s1
2~Q! D G1/2

2s1~Q!l̄~Q!J .0. ~33!

If s2(Q),0 andl̄(Q),0, then

s1~Q!1
1

l2~Q! H F @l1~Q!l2~Q!2l̄2~Q!#S l2~Q!s3~Q!

2

2s2
2~Q! D G1/2

2s2~Q!l̄~Q!J .0. ~34!

@Whens1(Q), s2(Q), andl̄(Q) are all negative, the abov
three conditions are equivalent.#

In addition to the above conditions, we also demand lo
stability of the potential at the electroweak scale, namely,
calculate the mass spectrum of all scalar fields at the ex
mum of the potential and demand that all eigenvalues of
05300
e
-

s

l
e
e-
e

squared scalar mass are positive. We scan the remai
seven-dimensional space ofl i ands i and examine whether a
given mass of the lightestCP-even Higgs boson is allowed
under the above conditions. In this way we obtain the
lowed range ofmh as a function of tanb and M, for each
value of the cutoff scaleL.

First, we discuss our result in the decoupling case,
which the soft-breaking scaleM is much larger than the elec
troweak scale;v, and the masses of all the Higgs boso
but h ~andS2! are at the order ofM.8 In Fig. 2, the allowed
range of mh is shown as a function of tanb for M
51000 GeV. @We take the pole mass of the top quarkmt
5175 GeV, as(mZ)50.118 for numerical calculation.# The
allowed ranges are shown as contours for six different val
of L, i.e., L51019, 1016, 1013, 1010, 107, and 104 GeV. For
most values of tanb, except for the small tanb region, the
upper bound ofmh is about 175 GeV and the lower bound
between 110 and 120 GeV for the cutoff scaleL to be near
the Planck scale. The numerical values in this figure are v
close to those in the corresponding figure for the THD
discussed in Ref.@13#. Compared to the corresponding low
mass bound in the SM, which is 145 GeV when using
one-loop RGE’s, the lower mass bound in this model is
duced by about 30 to 40 GeV. The reason is similar to
THDM case: the lightestCP-even Higgs boson mass is e
sentially determined by the value ofl2 for tanb to be larger

8In the decoupling regime~M→`, which leads toa→b2p/2
and x→0!, the masses ofh and S2 are dominated by the~11!
component of the mass matrix in Eq.~7! and the~22! component of
that in Eq. ~9!, respectively. The mass ofh is determined by the
self-coupling constantsl i , while that ofS2 depends not only on the
self-couplings constantss i but also on the free mass parameterm0 .
As noted in footnote 7, frommh to M, the SM RGE’s are used in
our analysis, even if the mass ofS2 is smaller thanM. The effect of
S2 on the mass bound ofh is expected to be small, because at t
one-loop level the primary effect is through the running ofg1 ,
whose contribution to the right-handed side of the RGE for
Higgs self-coupling constant is small.

FIG. 2. The allowed mass range of the lightestCP-even Higgs
boson forM51000 GeV.L is the cutoff scale.
7-6
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than about 2, wherel2 plays the role of the self-coupling
constant of the Higgs potential in the SM.9 On the right-hand
side of the RGE forl2 @cf. Eq. ~A5!# there are additiona
positive-definite terms (2/16p2)@l3

21(l31l4)21l5
21s2

2#
as compared to the RGE for the Higgs self-coupling cons
in the SM. These additional terms can improve vacuum
bility, and allow lower values ofmh . Therefore, one of the
features of the model is to have a different mass range for
lightestCP-even Higgs boson as compared to the SM Hig
boson, for a given cutoff scale.

Next, we show our result forM to be aroundv. In Fig. 3,
we present themh bound forM5100 GeV. In this case, the
allowed range ofmh is reduced as compared to that in t
decoupling case, and lies aroundmh;M for large tanb. No-
tice that we have not included phenomenological constra
from theb→sg, r parameter, and direct Higgs boson sea
experiment at LEP. As mentioned before, the mass bou
obtained from the RGE analysis are the same for the ty
and type-II models without these phenomenological c
straints. However, it was shown in Ref.@13# that the b
→sg data can put a strong constraint on the allowed rang
the Higgs boson mass forM&200– 400 GeV in the type-II
THDM, whereas there is no appreciable effect in the typ
model. This is because a smallM implies a light charged
Higgs boson in the THDM, which can induce a large dec
branching ratio forb→sg in the type-II model@19#.10 We
expect a similar constraint from theb→sg data on the
type-II Zee model, whenM is small.

In Fig. 4, we show the upper and lower bounds ofmh as
a function ofM for various values ofL. For givenM, we
scan the range of tanb for 1<tanb<16&(.22.6). We find
that themh bounds obtained are almost the same as those
the THDM. The primary reason for this is that the new co

9However, tanb cannot be too large to ignore the contribution
the bottom quark in the case with type-II Yukawa interaction.

10In addition, it is known that theRb data also give strong con
straints on the charged Higgs bosons in the type-II THDM@20#.

FIG. 3. The allowed mass range of the lightestCP-even Higgs
boson forM5100 GeV.
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pling constantss1 , s2 , ands3 do not appear directly in the
mass formula formh , and therefore do not induce large e
fects on the bounds ofmh .

We also investigate the allowed range of coupling co
stantss1 , s2 , and s3 . For this purpose, we fixs1 ~or
s2 ,s3! as well as tanb and M to evaluate the upper an
lower bounds ofmh for eachL value. In this way, we deter
mine the possible range ofs1 ~or s2 ,s3! under the condition
that the theory does not break down below the cutoff scaleL.
In Fig. 5, we present the allowed range ofs1 and mh for
different choices ofL in the case ofM51000 GeV and
tanb5& or 16&. A similar figure is shown for the possibl
range ofs2 in Fig. 6. We see that the maximal value ofs1
ands2 is around 0.7 formh5110– 170 GeV if we take the
cutoff scale to be 1019GeV. For smaller values ofL the
allowed range ofs i becomes larger. For example,s1 can
exceed one forL51013GeV. We have calculated the resul
for other value of tanb and checked that these figures do n
change greatly between tanb51.4 and 16&. We also present
the allowed range in thes1 ands2 plane for a fixed value of
mh in Figs. 7 and 8 formh5125 and 140 GeV, respectively
For either value ofmh with tanb516&, boths1 ands2 can
be as large as 0.5~2! for L51019 (107) GeV. The allowed
range ofs3 andmh for various values ofL is given in Fig.
9. It is shown thats3 has to be larger than zero, due to th
vacuum stability condition. The maximal value ofs3 is
about 1~3! for L51019 (107) GeV andM51000 GeV. The
impact of these new coupling constants on collider pheno
enology is discussed in the next section.

IV. TWO-PHOTON DECAY WIDTH OF THE NEUTRAL
HIGGS BOSON

In this section, we study the phenomenological con
quences of the Higgs boson mass and the Higgs boson
pling constants derived in the previous section. The imp
tant feature of the Higgs sector of the Zee model is that th
are an additional weak doublet and a singlet charged Hi
boson. The physical states of the Higgs particles are

FIG. 4. The allowed ranges of the lightestCP-even Higgs boson
mass as a function ofM for variousL values.
7-7
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CP-even Higgs bosons, oneCP-odd Higgs boson, and two
pairs of charged Higgs bosons. Therefore, the Higgs p
nomenology is quite close to that in the ordinary two-Higg
doublet model. One unique difference is the existence of
additional weak-singlet charged Higgs boson. The effec
this extra charged Higgs boson is especially important w
M is much larger than theZ boson mass, i.e., in the deco
pling regime. In such a case, the heavierCP-even Higgs
boson, theCP-odd Higgs boson, as well as one of th
charged Higgs bosons have masses approximately equ
M, and these heavy states are decoupled from low en
observables.~Note that the condition on the applicability o
perturbation theory forbids too large self-couplings amo
the Higgs bosons. Hence, in the limit of largeM, the heavy
Higgs bosons decouple from the low energy effect
theory.! The remaining light states are the lighterCP-even
Higgs bosonh and the lighter charged Higgs bosonS2 which
mainly comes from the weak singlet. In the previous secti
we showed that, even in the decoupling case, there ca
large differences in the allowed range ofmh between the Zee
model and the SM. Similarly, we expect that, even in t
decoupling case, the presence of the additional weak-sin
charged Higgs boson can give rise to interesting Higgs p
nomenology.

Since the lighter charged Higgs bosonS2 can couple to
Higgs bosons and leptons, it can affect the decay and
duction of neutral Higgs bosons at colliders through radiat
corrections. In the following, we consider the decay width

FIG. 5. The allowed range ofs1 andmh for variousL values.
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h→gg as an example. For a SM Higgs boson, the par
decay width~or branching ratio! of h→gg is small: ;9.2
keV ~or 2.231023! for mh5125 GeV, and;15.4 keV ~or
1.931023! for mh5140 GeV, with a 175 GeV top quark
Nevertheless, it is an important discovery mode of the Hig
boson at the LHC experiments formh less than twice theW
boson mass. Needless to say, a change in the branching
of h→gg would lead to a different production rate ofpp
→hX→ggX. At future e1e2 LC’s, the branching ratio of
h→gg can be determined via the reactione1e2→qq̄gg
and e1e2→nn̄gg with 16–22 % accuracy@16#. At the
photon-photon collision option of future LC’s, the partial d
cay width of h→gg can be precisely tested within 2% a
curacy@17# by measuring the inclusive production rate of t
Higgs bosonh. Clearly, a change in the partial decay wid
of h→gg will lead to a different production rate forh. In the
Zee model, such a change is expected after taking into
count the loop contribution of the extra charged Higgs bos
We find that the deviation from the SM prediction can
sizable and therefore testable at the LHC and future LC’

The partial decay width ofh→gg is calculated at the
one-loop order. As in our previous discussion, we limit ou
selves to the parameter space in which 1<tanb<16&, and
keep only the top quark contribution from the fermionic loo
diagrams. Including the loop contributions from theW boson
and the charged Higgs bosonsS1 and S2 together with the
top quark loop contribution, we obtain@21#

FIG. 6. The allowed range ofs2 andmh for variousL values.
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G~h→gg!5
~amh!3

256p2 sin2 uWmW
2 U (

i 5S1 ,S2 ,t,W
I iU2

, ~35!

with

I S1
5RS1

F0~r i !,

I S2
5RS2

F0~r i !,

I t5
4

3 S cosa

sinb DF1/2~r i !,

I W5sin~b2a!F1~r i !,

wherer i54mi
2/mh

2 andmi is the mass of the internal lines i
the loop diagram. RS1

andRS2
are given by

RS1
5

v2

2

1

mS1

2 Fcos2 x$2l1 sina sin2 b cosb

1l2 cosa sinb cos2 b1l3~cosa sin3 b

2sina cos3 b!2 1
2 ~l41l5!cos~a1b!sin 2b%

FIG. 7. The allowed range ofs1 ands2 for mh5125 GeV.
05300
1sin2 x$2s1 sina cosb1s2 cosa sinb%

1& sinx cosx
m

v
sin~a2b!G , ~36!

RS2
5

v2

2

1

mS2

2 Fsin2 x$2l1 sina sin2 b cosb

1l2 cosa sinb cos2 b1l3~cosa sin3 b

2sina cos3 b!2 1
2 ~l41l5!cos~a1b!sin 2b%

1cos2 x$2s1 sina cosb1s2 cosa sinb%

2& sinx cosx
m

v
sin~a2b!G , ~37!

and

F0~r !5r @12r f ~r !#, ~38!

F1/2~r !522r @11~12r ! f ~r !#, ~39!

F1~r !5213r 13r ~22r ! f ~r !, ~40!

FIG. 8. The allowed range ofs1 ands2 for mh5140 GeV.
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with

f ~r !5H @sin21~A1/r !#2 if r>1,

2
1

4 F ln
11A12r

12A12r
2 ipG 2

if r ,1.
~41!

FIG. 9. The allowed range ofs3 andmh for variousL values.
05300
In the decoupling case of the model, namely,M2@l iv
2,

the above formulas are greatly simplified. This limit corr
sponds toa→b2p/2 andx→0, so that the light charged
Higgs bosonS2

6 is identical to the weak-singlet Higgs boso
v6. Thus, we have

RS2
→ v2

2

1

mS2

2 ~s1 cos2 b1s2 sin2 b!, ~42!

and both the top quark and theW boson loop contributions
are reduced to their SM values. We wish to stress that
weak-singlet Higgs boson does not directly couple to
quark fields in the limit ofx→0. Therefore, it does not affec
the decay rate ofb→sg at one-loop order. Similarly, being
weak singlet, it also gives no contribution to ther parameter.
Hence the low energy constraint from either theb→sg de-
cay or ther parameter on the Zee model in the limit ofx
→0 is similar to their effects on the THDM. Let us examin
at the one-loop level the effect of the weak-singlet charg
Higgs boson on the decay width ofh→gg in the decoupling
limit. Let us recall that in Fig. 8 the size of the new couplin
s1 ands2 can be as large as 2 simultaneously, if the cut
scale is of the order of 107 GeV. For the Zee model to be
valid low energy effective theory up to 1019GeV, s1 ands2
cannot be much larger than 0.6. To illustrate the implicatio
of this result, we show in Figs. 10~a! and 10~b! the ratio~r!
of theh→gg width predicted in the Zee model to that in th
SM, r[GZee(h→gg)/GSM(h→gg), as a function of the
coupling constants2 and the charged Higgs boson ma
mS2

. Here, for simplicity, we have sets15s2 so that the

tanb dependence drops out in the decoupling case@cf. Eq.
~42!#. For illustration, we consider two cases for the mass
the lighterCP-even Higgs boson: mh5125 and 140 GeV.
As shown in the figures, the ratior can be around 0.8 for
s15s2[s'0.5 andmS2

'100 GeV. This reduction is due

to the cancellation between the contribution from theS2 bo-
son loop and theW boson loop contributions. To have
-

FIG. 10. ~a! The ratio r as a

function of the charged Higgs bo
son massmS2

for various values
of the coupling constantss15s2

[s with mh5125 GeV. The two
smallers’s are consistent with the
cutoff scales L51019 and
1016 GeV, respectively. The two
larger s’s are allowed for L
5104 GeV. ~b! A similar plot with
mh5140 GeV.
7-10
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FIG. 11. ~a! The ratio r as a
function of the charged Higgs bo
son massmS2

for negative values
of the coupling constantss2 with
mh5125 GeV, s150, and tanb
516&. The value s2520.2,
20.5, or 20.8 is consistent with
the cutoff scaleL51019, 107, or
104 GeV, respectively.~b! A simi-
lar plot with mh5140 GeV, s1

50, and tanb516&. The value
s2520.25, 20.6, or 21 is con-
sistent with the cutoff scaleL
51019,107, or 104 GeV, respec-
tively.
s

n
f

i

-

e

-

-
th

n

ce
similar reduction rate inGZee(h→gg) for a heavierS2 , the
coupling constants2 ~and s1! has to be larger. Next, a
shown in Figs. 7 and 8,s1 ands2 do not have to take the
same values in general, and they can be less than zero. I
case where boths1 ands2 are negative, the contributions o
theS2 loop diagram and that of theW loop diagram have the
same sign, so thatr can be larger than 1. Such an example
shown in Fig. 11~a!, where the ratior for mh5125 GeV is
shown as a function ofmS2

at various negatives2 values

with s150 and tanb516&. We consider the case withs2
520.2, 20.5, or 20.8, consistent with the cutoff scalesL
51019, 107, or 104 GeV, respectively. In the case ofL
51019GeV (104 GeV), the deviation from the SM predic
tion can be about16% ~130%! for mS2

5100 GeV. In Fig.

11~b!, a similar plot of the ratior is shown for mh
5140 GeV with s150 and tanb516&. The cases with
s2520.25,20.6, and21 are consistent withL51019, 107,
and 104 GeV, respectively. The correction is larger in th
case with mh5140 GeV than in the case withmh
5125 GeV for a givenL. The deviation from the SM pre
diction can amount to about18% ~140%! for L
51019GeV (104 GeV) whenmS2

5100 GeV. Larger positive

corrections are obtained for smallermS2
values. Such a de

viation from the SM prediction can be tested at the LHC,
e1e2LC, and thegg option of the LC.

Before concluding this section, we remark that, ifmh is
larger than 2mS2

such that the decay modeh→S2
1S2

2 is
open, the total decay width ofh can be greatly modified from
the SM prediction for larges1,2. In terms ofRS2

, the partial

decay width ofh→S2
1S2

2 is given by

G~h→S2
1S2

2!5
c2v2

16pmh
A124mS2

2 /mh
2, ~43!

wherec25(2mS2

2 RS2
/v2)2. In Fig. 12~a!, we show the par-

tial decay widthG(h→S2
1S2

2) for mS2
580, 100, 150, 200
05300
the

s

e

GeV with s15s251 @cf. Eq. ~42!# for the allowed range of
mh from 100 to 500 GeV. In Fig. 12~b!, the ratio ofG(h
→S2

1S2
2) to the total width of the SM Higgs boso

@Gh
total~SM!# is shown as a function ofmh for each value of

mS2
. This is to illustrate the possible size of the differen

between the total width of the lightestCP-even Higgs boson

FIG. 12. ~a! The partial decay widthG(h→S2
1S2

2) for mS2

580, 100, 150, 200 GeV withs15s251 for the allowed range of
mh from 100 to 500 GeV.~b! The ratio ofG(h→S2

1S2
2) with the

total decay width of the SM Higgs boson for each value ofmS2
.
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h in the Zee model and that of the SM Higgs boson11

Clearly, the impact of theS2
1S2

2 decay channel is especiall
large in the smallmh region. We note thatGh

total~SM! can be
determined to the accuracy of 10–20 % at the LHC and
LC if mh,2mZ , and to within a few percent ifmh.2mZ
@23#. ~mZ is the mass of theZ boson.! Hence, measuring the
total width of the lightest neutral Higgs boson can provide
further test of the Zee model formh.2mS2

. The change in

the total width also modifies the decay branching ratio oh
→ZZ, hence yielding a different rate ofh→ZZ
→m1m2m1m2 for a givenmh . ~In the SM, the branching
ratio of h→ZZ is about 1

3 for mh.200 GeV.! Needless to
say, for mh.2mS2

, the production mode ofh→S2
1S2

2

→l 1l 82E” T is also useful to test the Zee model. Furth
discussion of this possibility will be given in Sec. VI.

V. PHENOMENOLOGY OF CHARGED HIGGS BOSONS

In the Zee model, two kinds of charged Higgs boson
pear. If there is no mixing between them (x50), the mass
eigenstatesS1

6 and S2
6 correspond to the THDM-like

charged Higgs field and the singlet Higgs fieldv6, respec-
tively. The case withx50 occurs in the limit ofM2@v2,
m2, andm0

2; i.e., in the decoupling limit. The detection ofS2
6

can be a clear indication of the Zee model. As we will sh
later, its phenomenology is found to be drastically differe
from that of the THDM-like charged Higgs bosonsS1

6 @24#.
Here, we discuss how the effects of this extra charged bo
can be explored experimentally. We first consider the c
with x50, and then extend the discussion to the case wi
nonzerox.

The S2
2 boson decays into a lepton pairei

2n̄ej

c with the

coupling constantf i j . The partial decay rateG i j
S25G(S2

2

→ei
2n̄ej

c ) is calculated as

G i j
S25

mS2

4p
f i j

2 S 12
mei

2

mS2

2 D 2

, ~44!

and the total decay width ofS2
2 is given by

G total
S2 5 (

i , j 51

3

G i j
S2. ~45!

By taking into account the hierarchy pattern off i j @cf. Eqs.
~23! and ~24!# and by assumingmS2

5100 GeV andu f 12u
5331024, the total decay width and the lifetime~t! are
estimated to be12

11In doing this analysis, we have in mind a low cutoff scaleL
5104 GeV, which allows a wide range of values fors, mS2

, and
mh .

12The size of the decay width depends on the value off 12. If we
takemS1

.500 GeV orm,100 GeV, f 12 can become one order o
magnitude larger than 331024, while still being consistent with the
phenomenological bounds discussed in Sec. II.
05300
e

a

r

-

t

on
e
a

G total
S2 ;G12

S21G21
S2;1.6 keV, ~46!

t;1/G total
S2 ;10218 sec. ~47!

This implies thatS2 decays after traveling a distance
;10210m, which is significantly shorter than the typical d
tector scale. Therefore,S2

6 decays promptly after its produc
tion, and can be detected in collider experiments.

The main production channel at the LEP-II experime
may be the pair production processe1e2→S2

1S2
2 , similar

to the production of the THDM-like charged Higgs boso
S1

1 . The matrix-element squares forSi
1Si

2 production (i
51,2) are given by

uM~eL~R!
21 eR~L !

1 →Si
1Si

2!u2

5H Qee
2

s
2

1

cW
2 ~ I Si

3 2sW
2 QSi

!
~ I e

32sW
2 Qe!g

2

s2mZ
2 J 2

3s2bSi

2 sin2 Q, ~48!

where Qe521 and I e
352 1

2 (0) for the incoming electron
eL

2(eR
2); QSi

521 and I Si

3 52 1
2 (0) for i 51 ~2!; bSi

5A124mSi

2 /s, sW5sinuW, cW5cosuW, andQ is the scat-

tering angle ofSi
2 in the e1e2 center-of-mass~c.m.! frame

whose energy isAs. For the other electron-positron helicit
configuration~eL

2eL
1 andeR

2eR
1!, the cross sections are zer

Thus the total cross section for theS2
1S2

2 pair production is
given by

s~e1e2→S2
1S2

2!5
1

96p
e4bS2

3 sF S 1

s
1

sW
2

cW
2

1

s2mZ
2D 2

1H 1

s
2S 1

2
2sW

2 D 1

cW
2

1

s2mZ
2J 2G . ~49!

Hence, the production rates ofS1
2 andS2

2 are different. We
note that the ratio of cross sections forS1

1S1
2 and S2

1S2
2

production,s(e1e2→S2
1S2

2)/s(e1e2→S1
1S1

2), is 0.8 at
As5210 GeV, assuming that the masses ofS1

6 and S2
6 are

the same. This ratio is independent of the masses ofS1 and
S2 for a fixed c.m. energy.~Only the difference between
S1

1S1
2Z and S2

1S2
2Z coupling constants determines this r

tio.!
The lower mass bound of the THDM-like charged bos

S1
6 can be obtained by studying itstn andcs decay modes,

completely in the same way as the charged Higgs bo
search in the minimal supersymmetric standard mo
~MSSM! @22#. Similar experimental constraints may be o
tained for the extra charged bosonsS2

6 . The situation, how-
ever, turns out to be fairly different from theS1

6 case. First of
all, decays ofS2

6 are all leptonic. Secondly, the branchin
ratios of variousS2

6 decay modes are estimated as

B~S2
2→e2E” T!;0.5, ~50!
7-12
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B~S2
2→m2E” T!;0.5, ~51!

B~S2
2→t2E” T!;OS mm

4

mt
4 D;1025, ~52!

where we have used the relations given in Eqs.~23! and~24!.
Clearly, the branching ratio into thet2E” T mode is very
small, so that it is not useful for detectingS2

6 at all. This is
different from the case of detecting the ordinary THDM-lik
charged Higgs boson, which preferentially decays into he
fermion pairs~e.g.,tn andcs!. Instead of studying thet6nc

mode, thee6nc andm6nc modes can provide a strong co
straint on the mass ofS2

6 . In fact, the branching ratio o
S2

2→e2E” T or m2E” T is almost 100%, so that we hav
s(e1e2→S2

1S2
2→l 1l 82E” T);s(e1e2→S2

1S2
2), where

l 2 and l 82 represente2 or m2 ~not t2!. Let us compare
this with the cross sections(e1e2→W1W2→l 1l 82E” T)
5s(e1e2→W1W2)B(W2→l 2E” T)2, where B(W2

→l 2E” T)5B(W2→e2E” T)1B(W2→m2E” T);21%. As
seen in Fig. 13, the cross sections(e1e2→S2

1S2
2

→l 1l 82E” T) is comparable with s(e1e2→W1W2

→l 1l 82E” T). Therefore, by examining the LEP-II data fo
l 1l 82E” T ~where l 1l 825e1e2, e6m7, or m1m2, in
contrast tot1t2 for the S1

6 case!, the experimental lower
bound on the mass ofS2

6 can be determined. Such a boun
can be induced from the smuon search results at the
experiments@25,26# in the case that neutralinos are assum
to be massless. From them1m2E” T data accumulated up t
As5202 GeV@26#, we find that the lower mass bound ofS2

6

is likely to be 80–85 GeV for thex50 cases.@We note that
the right-handed smuon (m̃R

6) in the MSSM carries the sam
SU~2!3U(1) quantum number as the weak-singlet charg
Higgs boson~S2

6 for x6;0!.#
We next comment onS2

6 production processes at hadro
colliders and future LC’s. At hadron colliders, the domina

FIG. 13. The cross section of the leptonic decay processe1e2

→S2
1S2

2→l 1l 82E” T ~wherel and l 85e or m! at As5190, 200,
and 210 GeV. The processe1e2→W1W2→l 1l 82E” T at As
5210 GeV is shown for comparison.
05300
y
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production mode is pair production through the Drell-Ya
type process. The cross sections forpp̄→S2

1S2
2 at the Teva-

tron run-II energy (As52 TeV) andpp→S2
1S2

2 at the LHC
energy (As514 TeV) are shown as functions ofmS2

in Fig.

14 for x50. At future LC’s, theS2
6 boson may be discovere

through the above-discussed pair-production process f
electron-positron annihilation ifAs/2.mS2

. In Fig. 15, we

show the total cross section ofe1e2→S2
1S2

2 for x50 as a
function of mS2

for As5300, 500, and 1000 GeV.
Finally, we wish to discuss the case with a nonzerox, in

which S2
2 is a mixture of the singlet charged Higgs bos

state (v2) and the doublet charged Higgs boson state (H2).
Let us see how the above discussion is changed in this c
The doublet charged Higgs bosons with mass of 100 G
mainly decay into thet2n and c̄s channels. Thus, the
branching ratio of the decay processS2

2→l 2E” T , wherel 2

representse2 andm2, is expressed in the nonzerox case as

B~S2
2→l 2E” T!5

cos2 xG total
S2 ux50

sin2 xG total
S1 ux501cos2 xG total

S2 ux50

,

~53!

FIG. 14. The total cross sections ofpp̄→S2
1S2

2 at As52 TeV
~solid curve! andpp→S2

1S2
2 atAs514 TeV~dotted curve! as func-

tions of mS2
.

FIG. 15. The total cross section ofe1e2→S2
1S2

2 as a function
of mS2

at As5300, 500, and 1000 GeV.
7-13
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where G total
Si ux50 ( i 51,2) is the total width ofSi

2 at x50
with the same mass as the decayingS2

2 on the left-hand side
of the above equation. The formula ofG total

S2 ux50 is given in

Eq. ~45!, while G total
S1 ux50 , which is the same as the tota

decay width of the charged Higgs boson in the THDM,
given by

G total
S1 ux505(

f̄ f 8
G~S1

2→ f̄ f 8!, ~54!

where f̄ f 8 are fermion pairs which are kinematically a
lowed. In the type-II Yukawa couplings, we have

G~S1
2→t2n!5

mS1

8pv2 ~mt
2 tan2 b!S 12

mt
2

mS1

2 D 2

, ~55!

G~S1
2→ c̄s!.

3mS1

8pv2 ~ms
2 tan2 b1mc

2 cot2 b!S 12
mc

2

mS1

2 D 2

,

~56!

G~S1
2→ t̄ b!.

3mS1

8pv2 ~mb
2 tan2 b1mt

2 cot2 b!S 12
mt

2

mS1

2 D 2

.

~57!

In the THDM, the total decay width of the charged Hig
boson (H2) for mH25100 GeV is about 470 keV. Hence,
the mixing anglex is not too small, the decay pattern ofS2

2

is dominated by that of the THDM charged Higgs bosonH2.
In Fig. 16, we plot the branching ratioB(S2

2→ l 2E” T) as a
function of sinx at mS2

5100 GeV for several values off 12.

We show only the case with tanb51, where the result is
independent of the type of Yukawa interaction. The coupl
constantf 12 is taken to be 3, 9, 18, and 36 (31024), which
satisfy the phenomenological constraints given in Sec. II.
expected, the branching ratio decreases asx increases. When

FIG. 16. The decay branching ratio ofS2
2→l 2E” T ~where l 2

5e2 or m2! as a function of the mixing anglex for mS2

5100 GeV, tanb51, and various values of the coupling consta
f 12.
05300
g

s

f 1253631024, B(S2
2→ l 2E” T) is smaller than 10% for

sinx.0.89. For the smallerf 12 values, the branching ratio i
reduced more quickly. The branching ratio is not sensitive
mS2

unless the mass exceeds the threshold of decay intot̄ b

or h0W2 pair. Above the threshold oft̄ b pair production, the
decay rate ofS2

2→ t̄ b is large due to the large mass of th
top quarks, so thatB(S2

2→ l 2E” T) is substantial only for very
small values ofx. Finally, while the decay branching rati
can change drastically depending on the mixing anglex, the
production cross section fore1e2→S2

1S2
2 remains un-

changed. In conclusion, the processe1e2→S2
1S2

2

→ l 1l 82E” T can also be useful for testing the Zee model
the nonzerox case, provided sinx is not too large.

VI. DISCUSSION AND CONCLUSION

In this paper, the Higgs sector of the Zee model has b
investigated, in which neutrino masses are generated ra
tively. This model contains an extra weak-doublet Hig
field and singlet charged Higgs field.

We have studied indirect effects of these extra Hig
bosons on the theoretical mass bounds of the lightestCP-
even Higgs boson, which are obtained from the requirem
that the running coupling constants neither blow up to a v
large value nor decrease to a negative value, up to a h
energy cutoff scaleL. For L51019GeV, the upper bound o
mh is found to be about 175 GeV, which is almost the sa
value as the SM prediction. In the decoupling regime (M
@mZ), the lower bound is found to be about 100 GeV f
L51019GeV, which is much smaller than the lower boun
in the SM, and is almost the same as that in the THDM. F
smaller L values, the bounds are more relaxed, similar
that of the SM. We have also investigated the allowed ra
of coupling constants relevant to the weak-singlet Hig
field.

The most striking feature of the Zee model Higgs secto
the existence of the weak-singlet charged Higgs boson.
have examined the possible impact of the singlet char
Higgs boson on the neutral Higgs boson search through
diative corrections. We found that its one-loop contributio
to theh→gg width can be sizable. In the allowed range
coupling constants the deviation from the SM prediction
this decay width can be about220% or near110% for
mS2

5100 GeV andL51019GeV, depending on the sign o

the coupling constantss i . The magnitude of the deviation i
larger for lower L values or for smallermS2

values. For
example, a positive deviation over 30–40 % is possible
mh5125– 140 GeV,mS2

5100 GeV, andL5104 GeV.

In the decoupling limit~i.e., when M2@v2, where a
→b2p/2 andx→0!, we expect the production cross se
tions for gg→h, e1e2→nn̄h, ande1e2→Z0h in the Zee
model to be the same as those in the SM. However, a siz
change in the decay branching ratio ofh→gg can alter the
production rate ofpp→hX→ggX at the LHC, where this
production rate can be determined with a relative error
10–15 %@15#. Also, such a deviation in the branching rat
of h→gg directly affects the cross section ofe1e2→nn̄h

t

7-14
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~and Z0h! →nn̄gg, which can be measured with an acc
racy of 16–22 % at futuree1e2 LC’s ~with As5500 GeV
and the integrated luminosity of 1 ab21! @16#. Therefore, the
Zee model with low cutoff scales can be tested through
h→gg process at the LHC ande1e2 LC’s. At future photon
colliders, the enhancement~or reduction! of the h→gg par-
tial decay rate will manifest itself in a different productio
rate of h from the SM prediction. A few percent of the de
viation in G(h→gg)B(h→bb̄) can be detected at a photo
collider @17#, so that the effects of the singlet charged Hig
boson can be tested even if the cutoff scaleL is at the Planck
scale.

The collider phenomenology of the singlet charged Hig
boson has turned out to be completely different from tha
the THDM-like charged Higgs boson. The singlet charg
Higgs boson mainly decays intol 6E” T ~with l 65e6 or m6!,
while the decay modet6E” T is almost negligible due to the
relation u f 12u@u f 13u@u f 23u. This hierarchy among the cou
pling constantsf i j results from demanding bimaximal mix
ings in the neutrino mass matrix generated in the Zee mo
to be consistent with the neutrino oscillation data. On
other hand, the THDM-like charged Higgs boson deca
mainly into either thetn mode or thecs mode, through the
usual Yukawa interactions. Hence, to probe this sing
charged Higgs boson using the LEP-II data, experimenta
should examine their data sample withe1e2E” T , e1m2E” T ,
m1e2E” T , or m1m2E” T , while the experimental lower mas
bound of the THDM-like charged Higgs boson is obtain
from examining thettE” T , tE” Tj j , andjjjj events. Using the
published LEP-II constraints on the MSSM smuon prod
tion ~assuming the lightest neutralinos to be massless!, we
estimate the current lower mass bound of this singlet char
Higgs boson to be about 80–85 GeV. The Tevatron run
LHC, and future LC’s can further test this model.

Finally, we comment on a case in which the sing
charged Higgs boson~S2

6 for x50! is the lightest of all the
Higgs bosons. Formh/2.mS2

.mZ , the Higgs sector of the
Zee model can be further tested by measuring the produc
rate ofpp ~or pp̄)→hX→S2

1S2
2X→ l 1l 82E” TX. The branch-

ing ratio for h→S2
1S2

2→l 1l 82E” T can be large. For in-
stance, formh5210 GeV andmS2

5100 GeV, this branching

ratio is about 12% for eachl 1l 825e1e2, e1m2, m1e2,
or m1m2. The branching ratio decreases for larger masse
h. Moreover, the total decay width ofh can be greatly modi-
fied when the decay channelh→S2

1S2
2 is open. In this case

the decay branching ratios ofh→W1W2,ZZ are also differ-
ent from the SM predictions.

In conclusion, the features distinguishing the Zee mo
from the SM and the THDM can be tested by the data fr
LEP-II, the Tevatron run II, and future experiments at t
LHC and LC’s.
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APPENDIX: ONE-LOOP RGE’S FOR DIMENSIONLESS
COUPLING CONSTANTS

Here, we summarize the RGE’s relevant to our study.
the gauge coupling constants, we have

m
d

dm
g15

1

16p2

22

3
g1

3, ~A1!

m
d

dm
g25

1

16p2 ~23!g2
3, ~A2!

m
d

dm
g35

1

16p2 ~27!g3
3. ~A3!

The RGE’s for the Higgs self-coupling constants of the do
blets are calculated at the one-loop level as

m
d

dm
l15

1

16p2 H 12l1
214l3

214l3l412l4
212l5

212s1
2

2~3g1
219g2

2!l11S 3

4
g1

41
3

2
g1

2g2
21

9

4
g2

4D J ,

~A4!

m
d

dm
l25

1

16p2 H 12l2
214l3

214l3l412l4
212l5

212s2
2

112yt
2l2212yt

42~3g1
219g2

2!l2

1S 3

4
g1

41
3

2
g1

2g2
21

9

4
g2

4D J , ~A5!

m
d

dm
l35

1

16p2 H 2~l11l2!~3l31l4!14l3
212l4

212l5
2

12s1s216yt
2l32~3g1

219g2
2!l3

1S 3

4
g1

42
3

2
g1

2g2
21

9

4
g2

4D J , ~A6!

m
d

m
l45

1

16p2 $2~l11l2!l414~2l31l4!l418l5
2

16yt
2l42~3g1

219g2
2!l413g1

2g2
2%, ~A7!
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m
d

dm
l55

1

16p2 $2l112l218l3112l416yt
2

2~3g1
219g2

2!%l5 , ~A8!

and those with respect to the additional singlet char
Higgs bosons are given by

m
d

dm
s15

1

16p2 H 4s1
212s1s316l1s11~4l312l4!s2

18 f i j f i j s12S 15

2
g1

21
9

2
g2

2Ds113g1
4J , ~A9!

m
d

dm
s25

1

16p2 H 4s2
212s2s316l2s21~4l312l4!s1

16yt
2s218 f i j f i j s22S 15

2
g1

21
9

2
g2

2D
3s213g1

4J , ~A10!

m
d

dm
s35

1

16p2 $8s1
218s2

215s3
2116f i j f i j s32128tr f 4

212g1
2s3124g1

4%. ~A11!
oto

oto

t

T-
T-
9.
cl.

05300
d

Finally, the RGE’s for the Yukawa-type coupling constan
are obtained at one-loop level as

m
d

dm
yt5

1

16p2 H 2S 17

12
g1

21
9

4
g2

218g3
2D yt1

9

2
yt

3J ,

~A12!

m
d

dm
f i j 5

1

16p2 H 2S 3

2
g1

21
9

2
g2

2D f i j

14 f kl f kl f i j 24 f ik f kl f i j J , ~A13!

where

tr f 4[ (
i , j ,k,l 51 – 3

f i j f jk f kl f l i ,

f i j f i j [ (
i , j 51 – 3

f i j f i j .
,’’
ev.
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