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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 light€gteven Higgs bosorh) 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 di— y+y 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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[. INTRODUCTION unexplored in detail. In this paper we study the Higgs sector
of the Zee model to clarify its impact on the Higgs search
There is increasing evidence for neutrino oscillationsexperiments, at the CERN"e™ collider LEP-II, run Il of
from atmospheric and solar neutrino dafg. If this is a  the Fermilab Tevatron, the CERN Large Hadron Collider
correct interpretation, the standard mod8M) has to be (LHC), or future linear collidergLC’s).
extended to incorporate the small masses of the neutrinos Experimental search for the Higgs boson has been contin-
suggested by the data. There have been several ideas pted at the CERN LEP and the Fermilab Tevatron experi-
posed in the literature to generate small neutrino masses. Theents. In the LEP-II experiments, the Higgs boson with
Zee model is one such atten@—6]. In this model, all fla- mass less than about 110 GeV has been excluded if its pro-
vor neutrinos are massless at the tree level, and their smalluction cross section and decay modes are similar to those of
masses are induced radiatively through one-loop diagram#he SM Higgs bosof8]. Run Il of the Tevatron can be sen-
For such a mass-generation mechanism to work, it is necesitive to a SM-like Higgs boson with mass up to about 180
sary to extend the Higgs sector of the SM to contain at leasBeV, provided that the integrated luminosity of the collider is
two weak-doublet fields and one weak-singlet charged scaldarge enoughabout 30 fo%) [9]. Furthermore, the primary
field. Although some studies have been done to examine thgoal of the CERN LHC experiments is to guarantee the dis-
interaction of the leptons and the Higgs bosons in the Zeeovery of a SM-like Higgs boson with mass as large as about
model [7], the scalar(Higgs) sector of the model remains 1 TeV[10], which is the upper bound of the SM Higgs boson
mass.(For a Higgs boson mass beyond this value, the SM is
no longer a consistent low energy theory.

*Email address: kanemu@particle.physik.uni-karlsruhe.de When the Higgs boson is discovered, its mass and various
"Email address: kasai@post.kek.jp decay properties will be measured to test the SM and to
*Email address: glin@cc.nctu.edu.tw distinguish models of new physics at high energy scales. For
SEmail address: yasuhiro.okada@kek.jp example, the allowed mass range of the light€steven
IEmail address: u8627512@cc.nctu.edu.tw Higgs boson(h) can be determined by demanding that the
TEmail address: yuan@pa.msu.edu considered theory be a valid effective theory all the way up
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to some cutoff energy scalé\). For A=10GeV (i.e., the  Higgs boson that comes from the additional singlet field is
Planck scalg the lower and upper bounds of the SM Higgs discussed in Sec. V. In Sec. VI, we present additional discus-
boson masses are 137 and 175 GeV, respectidly The  sion and conclusions. Relevant RGE's for the Zee model are
Higgs boson mass bounds for the two-Higgs-doublet modegiven in the Appendix.

(THDM) were also investigatefil2,13 with and without

including the soft-breaking term with respect to the discrete Il. ZEE MODEL
symmetry that protects the natural flavor conservation. It was ) o
found in Ref.[13] that the lower bound of the lighte§P- To generate small neutrino mass radiatively, the Zee

even Higgs boson is about 100 GeV in the decoupling remodel contains an S@), singlet charged scalar fietd™, in
gime where only one neutral Higgs boson is light as com-2ddition to two SW2), doublet fields¢, and ¢,. The Zee-
pared to the other physical states of the Higgs bosons. ~ model Lagrangian is written as

The Higgs sector of the Zee model is similar to that of the

THDM except for the existence of an additional weak-singlet L= LianT Lo T Lyikawa™ V(1 b2,07), @
charged Higgs field, so that the physical scalar bosons ingnere

clude two CP-even, oneCP-odd, and two pairs of charged o

Higgs bosons. In this paper, we shall first detgrmine the up- ‘Ckin:|D,U.¢1|2+|D,u.¢2|2+|Dp,w7|2+iqL7MD,u,qL
per and lower bounds for the lighteSP-even Higgs boson — — —

mass (n,) as a function of the cutoff scald of the Zee +iUury*D Ur+idry*D dr+il ¥*D I
model, using renormalization group equatidRGE’s).t We 1

show that the upper and lower mass boundshfare almost +iegy“D ert a? 2)

the same as those in the THDM. We also study the possible a=su3)su2.ua) 4 *”
range of the Higgs boson self-coupling constants at the elec- _ _

troweak scale as a function df. By using these results, we Ly,="tijli (i7)(1; )0~ +fl; “(im)lj 0™,
examine effects of the additional loop contribution of the 3)
singlet charged Higgs boson to the partial decay width of . L

— 7. We show that, by taking = 10°GeV, the deviation wherei,j(=1,2,3) are the generation indices, and

of the decay width from the SM prediction can be about N2l 12 2] s 120 2] =12 2 T
—20% or nearly+10% for my, between 125 and 140 GeV V1, 62,07) =mi| by ma] ol “+ ol o™ [~ ms( 4162

when the mass of the isospin singlet charged Higgs boson is + i) — udliTodrw + mdlitodiw”
taken to be around 100 GeV. The magnitude of the deviation $201) = il madz w2l T2y
becomes larger for lower cutoff scales and smaller masses of + 3N 1] e[t ENo| ol HH Na| 1] ?| pol?
the singlet charged Higgs boson. If we chodse 10* GeV N

I i 5
and the singlet charged Higgs boson mass to be 100 GeV, the +)\4|¢*{¢2|2+ 7[(¢I¢2)2+ (¢£¢1)2]

positive deviation can be greater thar80% (+40%) for
mp=125GeV (140 GeV). Such a deviation from the SM 121 412 121 12
prediction could be tested at the LHC, thée™ LC, and the ol %1l *+ oglw”[*| 4l
vy option of the LC[15-17. We also discuss the phenom- +ioge |4 (4)
enology of the singlet charged Higgs boson at present and
future collider experiments; it is found to be completely dif- In the above equationsy,_ is the left-handed quark doublet
ferent from that of ordinary THDM-like charged Higgs Wwith an implicit generation index whileg anddg denote the
bosons. To detect such a charged Higgs boson at LEP-fight-handed singlet quarks. Similarly, andeg denote the
experiments, experimentalists have to search for their datieft-handed and right-handed leptons in three generations.
sample withe® or u* plus missing energy, in contrast to the The charge conjugation of a fermion field is definedy&s
usual detection channels: either or cs decay modes. Ecﬁ, where C is the charge conjugation matrix
This paper is organized as follows. In Sec. II, we intro-(C~1y“C= — y*T) with the superscriptT indicating the
duce the Higgs sector of the Zee model and review the neuranspose of a matrix. Also,
trino masses and mixings in this model that are consistent

with the atmospheric and solar neutrino observations. Nu- _ ¢?n
merical results for the possible range of the mass and cou- Pm= bm
pling constants of the Higgs bosons are given in Sec. lll. In

Sec. IV, we discuss the one-loop effect of the extra Higgsand;gmz(”z) ¢ with m=1, 2. Without loss of generality,
bosons in the Zee model on the partial decay widtthof we have taken the antisymmetric matfix and the coupling
—yvy and its impacts on the neutral Higgs boson search af, to be real in Eqgs(3) and (4). In order to suppress flavor
high energy colliders. The phenomenology of the charge@hanging neutral current at the tree level, a discrete symme-

try, with ¢;— 1, ,— —d,, o™ —+ow*, is imposed on

the Higgs sector of the Lagrangian, which is broken softly by

For the model with seesaw mechanism for neutrino mass gener@nly them3 term and theu term. Under the discrete symme-

tion the Higgs boson mass bound has been studied as a function tly there are two possible Yukawa interactions; that is, for
cutoff scale in Ref[14]. type I,
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case, there is no difference between the Yukawa couplings of
the type-l and type-Il models. Finally, for simplicity, we as-
(5) sume that all\; and mi2 are real parameters.
Let us now discuss the Higgs sector. The (3U
X U(1)y symmetry is broken t&J(1)em by (1) and(¢,),
the vacuum expectation values @f; and ¢,. (They are
assumed to be real so that there is no spontan€®ugola-
tion.) The number of physical Higgs bosons are t@/8-even
6) Higgs bosongH, h), oneCP—odd+Hig+gs bosortA), and two
pairs of charged Higgs bosonS;(,S,). We take a conven-

whereyy, ,yp ,Ve are diagonal Yukawa matrices aN@yy, is ~ tion of my=>mjy andms >mg . In the basis where two Higgs
the Cabibbo-Kobayashi-Maskaw&KM) matrix. Later, we  doublets are rotated by the angke with tans=(¢)/($d),

shall keep only the top Yukawa coupling constants the mass matrices for the physical states of the Higgs bosons
= (yu)ss in our numerical evaluation of the RGE?dn that  are given by

LYukawaI:d_FZi(yDVEKM)ij"?’;qL]-+U—Ri(yu)ii¢£qLi
+e—Ri(yE)iia’£|Li+ H.c.,
and, for type II,
L:YukawaII:d_Ri(yDVEKM)ijaIQLj+U_Ri(YU)ii¢EQLi

+e—Ri(yE)ii:bI|Li+H-C-y

sin2p
2 U
MR @)

A cos B+ N\, sint B+ %sin2 2B|v? (A, Sir? B—\; cos B+ \ cos 28)

sin2 Siré 2
(A, Sir? B— N cog B+ \ cos 28) Z'sz M2+ (Ny+No—2\) 7 ﬂvz
|
for CP-even Higgs bosons, ¢, =G~ cosB—(S; cosy—S, siny)sinB, (11
M2=M2—\gv? (8)
1
for CP-odd Higgs bosons, and ¢2=E[v sinB+H sina+hcosa+i(G°sinB
MZ
S +AcosB)], (12
2 Nat+ A5 ) MU
2 v V3 ¢, =G~ sinB+(S; cosy—S, siny)cosB, (13
—% m(2)+ %cosz,m— %sinzﬁ)uz w~ =S, siny+S, cosy, (14

(99  where the angles and y are defined from the matrices that
diagonalize the X2 matricesM3 and M3, respectively.

i — 2
for charged Higgs bosons. Here=N3+ A4+ A5 and M That is, we have

Em§/sin,800:~:,8. The vacuum expectation value (~246
GeV) is equal tov2 \( $9)2+ ()2, Mass eigenstates for the B o
CP-even and the charged Higgs bosons are obtained by di- ( CO.S{a ) sin(a ’8))
agonalizing the mass matricé®) and (9), respectively. The —sinfa—p) coga—p)
original Higgs boson fieldg,, ¢,, ®~ can be expressed in

. 2

terms of the physical states and the Nambu-Goldstone modes < M?2 ( coga—p) —sina- '8)) _[™H 0
(G% andG™) as Nl sinfa—B) coga—p) 0 m)’

1 (15)

qb(l):%[v cosB+H cosa—hsina+i(G°cosp
cosy siny| _fcosy —siny mél 0
—Asing)], (10) sin Mgl . = 2 |
X COSy Siny COSy 0 m52

(16)

2Our analyses will thus be valid in the cases where the effect of 2 5 5 5 o
the bottom Yukawa coupling is sufficiently small; i.e., in the region Wheremy>mp andms >mg . The mixing anglesr and x

of not too large tais. then satisfy
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agonal in the lepton flavor space, is real and symmetric with
vanishing diagonal elements. More explicitly, we have

0 mp myg

D “
' Ye ' M,=| M 0 my, (19
i <+ < - m m 0
Vi, fue €L E €p Y Ve, . 13 23
(LAWY wit
(4 2

FIG. 1. A tative di that tes th tri 2 _ 2 1 1 ms,

- 1. A representative diagram that generates the neutrino  m; =f; (m2 —mZ)u cot3 T g— In—pr,

mass. For type li=1, j=2, and for type Il,i=2, j=1. ! : 7 Mg — Mg, S,

(20

2__ 2

, M §(A3+)\4?Ln;‘5)v . tan 28, wherem,, (i=1,2,3) is the charged lepton mass for type .

M®= (k1 cos’ BN, s B)u®/cos 28 1 For type II, cotB should be replaced by tgh Note that Eq.
17 (20) is valid for msl>mej.

tan 2y The phenomenological analysis of the above mass matrix
was given in Refs[4], [5]. It was concluded that, in the Zee
model, the bimaximal mixing solution is the only possibility
to reconcile the atmospheric and solar neutrino data. Here we
give a brief summary of these results, for completeness. Let
(18 us denote the three eigenvalues for the neutrino mass matrix

_ [cf. Eq. (19] asm,, m,, andm,_, which satisfym,
which show thate and y approachB— /2 and zero, 1 2 3 ] !
respectivel when M2 is much greater than?, w2, and +m,, + mV3=O. Thg possible patterrT of the neutrino mass
mg; i.e., in the decoupling regime. In this limit, the massive SPectrum allowed in the Zee model|is,, |=[m,,[>[m, |,
Higgs bosons from the extra weak doublet are very heavyith mZ —mZ =m? —m> =Am},, and |m —m?
due to the largeM so that they are decoupled from the low :Amgolap where AmflthO(lO*?’) eV? from the atmo-

energy observable. spheric neutrino data, and\mZ,,=0(10 %) eV? [M.
Although neutrinos in this model are massless at the tref'(heyer—Smirnov—WoIfensteir(MSW) large angle solutioh
level, the loop diagrams involving charged Higgs bosons, a rO(10" 19 eV2 (vacuum oscillation solutiorfrom the solar

shown in Fig. 1, can generate Majorana mass terms for a ; _ e
three flavors of neutrinos. It was shoy®) that at the one- heutrino datd. Thus, we havem, |=|m, |=JAmg, (m,,

. . X . . 2 H
loop order the neutrino mass matrix, defined in the basis=—M,,) and [m, |=Amg,./2JAmg, The approximate
where the charged lepton Yukawa coupling constants are dferm of the neutrino mass matrix is given by

tan 2a=

B —V2uv
B Mz_mg_()\4+)\5+ (o] CO§ B+ (0] SinzB)UZ/Z’

0 +yIm,m, |12 = m, m, |2
M,= i\/|m,,lm,,2|/2 0
FyIm,m, 2 —-m, -m, 0

where the uppeflower) sign corresponds tmyl<0(> 0) case, and the corresponding Maki-Nakagawa-SakéisS) matrix
[18], which diagonalizes the neutrino mass matrix, is

_mvl_ mv2 s (21)

VIm,J/(Jm, [+[m, ) VIm, [/(Jm, [+[m, ) 0
1 1 1
__\/|mv|/(|mv|+|mv|) _\/|mv|/(|mv|+|mv|) -

u=| vz VMl Ml L g VAT (22
1 1 1
5\/|mv1|/(|mvl|+|mvz|) _5\/|mv2|/(|mvl|+|mvz|) E

SRecall that we assumet,>m;,.
“Because of the structure of the mass mafdk Eq. (19)] only the hierarchy patterim, |=|m, |>|m, |, rather than/m, [=|m

12 |
2
<[m, |, is realized in the Zee modp#,5].
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In the above equations, we took the limiting case where . HIGGS BOSON MASS AND COUPLINGS
U13=0 andUz,=U,;=1#2.° From Egs.(20) and(21), we THROUGH RGE'S
obtain In this section, we determine the bounds on the mass of

5 the lightestCP-even Higgs boson as a function of the cutoff
f_12 - m; ~3% 1P (23) scale of the Zee model by analyzing the set of renormaliza-
fi3 i ' tion group equations. We also study the allowed ranges of the

coupling constants, especially; and o, in Eq. (4). In Sec.
2 IV, they will be used to evaluate how much the partial decay

f13 ‘/jAmatm i i i
= width of h— Yy can deviate from its SM value qlue to the
fod  AMG one-loop contribution from the singlet charged Higgs boson.

The mass bounds are determined in the following manner.
For each set of parameters defined at the electroweak scale,
the running coupling constants are calculated numerically
(24) through RGE's at the one-loop level. We require that all the
dimensionless coupling constants do not blow up below a

Therefore, the magnitudes of the three coupling constant@iVen cutoff scaleA, and the coupling constants satisfy the
should satisfy the relatioff15/>|f,4>|f,4. This hierarchy vacuum stability condition. We vary the input parameters at
among the couplings; is crucial for our later discussion of the electroweak scale and determine the possible range of the

the phenomenology of the singlet charged Higgs bosons. lI9htestCP-even Higgs boson mass as a functionofln a
For given values of the parameters , mg , tang, and similar manner, we also study the allowed ranges of various
. v Sy ' Higgs boson self-coupling constants at the electroweak scale
., the coupling constants; can be calculated from ER0).

le. f < _ - and as a function of the lighte€iP-even Higgs boson mass.
For example, forms, =500 GeV, ms, =100 GeV, tarB=1, We derived the one-loop RGE's for the Zee model, and

n=100GeV, and m;,=3x10"?eV, we obtain [fi] listed them in the Appendix for reference. For simplicity, in
~3x10 * In this example, whers; is rather heavy and the RGE'’s, we neglected all the Yukawa coupling constants
the lighter charged Higgs bos@j is almost a weak singlet, (y,,Yq.Ye) but the top Yukawa coupling,.® Although we
i.e., the mixing angley approaches zero, it is unlikely that kept the new coupling constarits in the RGE'’s listed in the
there are observable effects in the low energy fidtae.g.,  Appendix, we neglected;; in the numerical calculation.
on the muon lifetime, the universality of tau decay into elec-This is because the magnitudes of these coupling constants
trons or muons the rare decay @f— ey, the universality of are numerically too small to affect the final results unless the
W boson decay into electrons, muons, or taus, and the decaynglet charged scalar boson mass is larger than a few TeV
width of Z bosons. Whemfij| are small, we do not expect a [cf. Eq.(25)]. The dimensionless coupling constants relevant
large rate in the lepton flavor violation decay of a light neu-to our numerical analysis are the three gauge coupling con-
tral Higgs boson, such as—u*e* (the largest one h  stantsg;,d,,9s, the top Yukawa coupling constagt, and
—e 7", or h—u™ 7" (the smallest one On the contrary, eight scalar self-coupling constants (i=1-5) ando; (i
as we will discuss in Sec. IV, the decay widthlofsyy can  =1-3). There are five dimensionful parameters in the
significantly deviate from the SM value. Higgs potential, namelyn?, m3, m3, m3, andu. Instead of
Finally, the phenomenological constraintsigpwere de- m?, m3, and m3, we take v, tang, and M?

rived in Ref.[6]. From the consistency of the muon decay =m2/sin 8 cosp as independent parameters, where-246

_ 10 (for the MSW large angle solution
~ 110" (for the vacuum oscillation solution

rate and electroweak precision test it was found that GeV) characterizes the weak scale avidthe soft-breaking
scale of the discrete symmetry.
2, In the actual numerical calculation we first fix t@rand
—S<7X10 *Gg, (25 M. For a given massn,) of the lightestCP-even Higgs
M? boson, we solve one of the;, which is chosen to ba
here, in terms of the othex; . We then numerically evaluate
whereGg is the Fermi constant, and all dimensionless coupling constants according to the RGE's.

Fromm,, to M we use the SM RGE’s, which are matched to
the Zee model RGE’s at the soft-breaking sddlé

1 sify cog
== 2X R X (26)
M ms, ms,

®In the model with type-1l Yukawa interaction, the bottom quark
Yukawa interaction can become important for large gan

"The parameters), and . are relevant only to the charged scalar
mass matrix. In principle, our numerical results also depend on
these parameters through the renormalization of various coupling
constants from the scale ofi, to the charged scalar mass. Since
SThis limit corresponds td,= /4 and #;=0 in the notation of  these effects are expected to be small, we calculate the RGE'’s as if

Ref.[18]. all the scalar bosons exceptdecouple at the scald.

This means that thé;; cannot beO(1) unless the charged
Higgs boson masses are of the order of 10 TeV.
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We require the following two conditions to be satisfied for /; 500

each scal& up to a given cutoff scald.
(1) Applicability of the perturbation theory implies

\(Q)<8m, 01(Q)<8m, yAQ)<4m.  (27)

(2) The vacuum stability conditions must be satisfied. The

requirement that quartic coupling terms of the scalar poten-

tial do not have a negative coefficient in any direction leads
to the following conditions at each renormalization sd@le

200

PHYSICAL REVIEW D 64 053007

M =1000 GeV

10*

T T T

7
JLy
1010
L E

A=10"(GeV)

(@

M(Q)>0, Ny(Q)>0, a5(Q)>0, (28)
(b)
o1(Q)+ N 1(Q)o3(Q)/2>0, (29)
02(Q)+ \5(Q)o3(Q)/2>0, (30)
MQ)+ W 1(Q)a2(Q)>0, (31)
where

MQ)=\3(Q) +min[0X4(Q) +A5(Q),\4(Q) —A5(Q)].
() If 01(Q)<0 ando,(Q)<0, then

— 2 )\1(Q)0'3(Q) )\2(Q)0'3(Q)
MO+ @ H( 2 "ﬁQ))(—z
1/2
—0§(Q)) —rrl(Q)oz(Q)] >0. (32

If o1(Q)<0 and\(Q)<O0, then

72(Q)+ N (Q Hp\l(Q))\z(Q) KZ(Q)](M

1/2

—oi(Q)) —crl(Q)Y(Q)] >0, (33)

If 0,(Q)<0 and\(Q)<O0, then
. A (o
H[M(Q)M(Q)—WQ)](M

1/2

o1(Q)+ —F=+ Q)

—a%(Q)) —w(Q)ﬂQ)] >0, (34)

[Wheno1(Q), 02(Q), andf(Q) are all negative, the above

three conditions are equivalent.

100

0

:

—_
3]
'S
=

16

tanp

FIG. 2. The allowed mass range of the light€f-even Higgs
boson forM =1000 GeV.A is the cutoff scale.

squared scalar mass are positive. We scan the remaining
seven-dimensional spaceXfando; and examine whether a
given mass of the lightesEP-even Higgs boson is allowed
under the above conditions. In this way we obtain the al-
lowed range ofm, as a function of ta and M, for each
value of the cutoff scalé.

First, we discuss our result in the decoupling case, in
which the soft-breaking scaM is much larger than the elec-
troweak scale~v, and the masses of all the Higgs bosons
buth (andS,) are at the order of1.2 In Fig. 2, the allowed
range of my is shown as a function of tg® for M
=1000 GeV.[We take the pole mass of the top quark
=175GeV, ag(mz) =0.118 for numerical calculatiohThe
allowed ranges are shown as contours for six different values
of A, i.e., A=10" 10, 10'% 10, 10/, and 16 GeV. For
most values of taB, except for the small taf region, the
upper bound ofny, is about 175 GeV and the lower bound is
between 110 and 120 GeV for the cutoff scaldo be near
the Planck scale. The numerical values in this figure are very
close to those in the corresponding figure for the THDM
discussed in Refl13]. Compared to the corresponding lower
mass bound in the SM, which is 145 GeV when using the
one-loop RGE’s, the lower mass bound in this model is re-
duced by about 30 to 40 GeV. The reason is similar to the
THDM case: the lightes€P-even Higgs boson mass is es-
sentially determined by the value ®§ for tang to be larger

8In the decoupling regiméM — o, which leads toa— B— /2
and y—0), the masses oh and S, are dominated by thé&l1l)
component of the mass matrix in E) and the(22) component of
that in Eq.(9), respectively. The mass df is determined by the
self-coupling constants; , while that ofS, depends not only on the
self-couplings constants; but also on the free mass parametgy.
As noted in footnote 7, fronmy, to M, the SM RGE’s are used in
our analysis, even if the mass 8§ is smaller tharM. The effect of

In addition to the above conditions, we also demand locak, on the mass bound df is expected to be small, because at the
stability of the potential at the electroweak scale, namely, Wene-loop level the primary effect is through the running gf,
calculate the mass spectrum of all scalar fields at the extravhose contribution to the right-handed side of the RGE for the
mum of the potential and demand that all eigenvalues of théliggs self-coupling constant is small.
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500 500 : ‘ ‘ . A (GeV)
— 04

M =100 GeV

400 -

L L R

i
=]

200

107
V]
1
6

\ )
100 S (T2 M— 109
S0t e R 10

LA R L S

0 1 l \ \
2 4 8 16 0

—

0 200 400 600 800 1000
tanf M (GeV)
FIG. 3. The allowed mass range of the light€®-even Higgs FIG. 4. The allowed ranges of the lighté&®-even Higgs boson
boson forM =100 GeV. mass as a function d¥l for variousA values.

than about 2, whera, plays the role of the self-coupling pling constantsr;, o,, anda; do not appear directly in the
constant of the Higgs potential in the S\NDn the right-hand  mass formula fom,,, and therefore do not induce large ef-
side of the RGE fom, [cf. Eq. (A5)] there are additional fects on the bounds afy,.
positive-definite terms (2/1762)[)\§+()\3+ Ng)2+ )\§+ ag] We also investigate the allowed range of coupling con-
as compared to the RGE for the Higgs self-coupling constandtantso;, o,, and o3. For this purpose, we fixr; (or
in the SM. These additional terms can improve vacuum stae,,o3) as well as taf and M to evaluate the upper and
bility, and allow lower values ofn,,. Therefore, one of the lower bounds ofmj, for eachA value. In this way, we deter-
features of the model is to have a different mass range for thmine the possible range of; (or o»,03) under the condition
lightestCP-even Higgs boson as compared to the SM Higgsthat the theory does not break down below the cutoff sdale
boson, for a given cutoff scale. In Fig. 5, we present the allowed range @f and m,, for
Next, we show our result favl to be around . In Fig. 3,  different choices ofA in the case ofM=1000GeV and
we present then, bound forM =100 GeV. In this case, the tang=v2 or 16/2. A similar figure is shown for the possible
allowed range ofin, is reduced as compared to that in the range ofo, in Fig. 6. We see that the maximal value ®f
decoupling case, and lies aroumg~ M for large tanB. No-  and o, is around 0.7 fom,=110-170GeV if we take the
tice that we have not included phenomenological constraintsutoff scale to be 1§ GeV. For smaller values oA the
from theb— sy, p parameter, and direct Higgs boson searchallowed range ofo; becomes larger. For example; can
experiment at LEP. As mentioned before, the mass boundsxceed one foA =10"GeV. We have calculated the results
obtained from the RGE analysis are the same for the type4or other value of ta8 and checked that these figures do not
and type-Il models without these phenomenological conchange greatly between t@1.4 and 162. We also present
straints. However, it was shown in Refl3] that theb  the allowed range in the; ando, plane for a fixed value of
— Sy data can put a strong constraint on the allowed range af,, in Figs. 7 and 8 fom,,=125 and 140 GeV, respectively.
the Higgs boson mass fd =200-400 GeV in the type-Il  For either value ofn, with tang=16v2, botho;, ando, can
THDM, whereas there is no appreciable effect in the type-be as large as 0.8) for A=10' (10") GeV. The allowed
model. This is because a small implies a light charged range ofo; andm,, for various values of\ is given in Fig.
Higgs boson in the THDM, which can induce a large decayo. It is shown thair; has to be larger than zero, due to the
branching ratio forb—sy in the type-Il model[19]."° We  vacuum stability condition. The maximal value of; is
expect a similar constraint from the—sy data on the about 1(3) for A=10'° (10") GeV andM =1000 GeV. The
type-Il Zee model, wheiM is small. impact of these new coupling constants on collider phenom-

In Fig. 4, we show the upper and lower boundswgfas  enology is discussed in the next section.
a function of M for various values ofA. For givenM, we

scan the range of tghifor 1<tanp<16v2(=22.6). We find
that them,, bounds obtained are almost the same as those for IV. TWO-PHOTON DECAY WIDTH OF THE NEUTRAL
the THDM. The primary reason for this is that the new cou- HIGGS BOSON

In this section, we study the phenomenological conse-
quences of the Higgs boson mass and the Higgs boson cou-
®However, tarB cannot be too large to ignore the contribution of pling constants derived in the previous section. The impor-

the bottom quark in the case with type-Il Yukawa interaction. tant feature of the Higgs sector of the Zee model is that there
n addition, it is known that thd?, data also give strong con- are an additional weak doublet and a singlet charged Higgs
straints on the charged Higgs bosons in the type-Il TH[2d]. boson. The physical states of the Higgs particles are two

053007-7
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FIG. 5. The allowed range af; andmj, for variousA values. FIG. 6. The allowed range af, andm;, for variousA values.

CP-even Higgs bosons, onéP-odd Higgs boson, and two . _
pairs of charged Higgs bosons. Therefore, the Higgs phel— ¥ a@s an example. For a SM Higgs boson, the partial
nomenology is quite close to that in the ordinary two-Higgs-decay width(or branching ratip of h— yy is small: ~9.2
doublet model. One unique difference is the existence of th&eV (or 2.2<10~°%) for m,=125GeV, and~15.4 keV (or
additional weak-singlet charged Higgs boson. The effect ofl.9x1073) for m,=140GeV, with a 175 GeV top quark.
this extra charged Higgs boson is especially important whefNevertheless, it is an important discovery mode of the Higgs
M is much larger than th& boson mass, i.e., in the decou- boson at the LHC experiments fam, less than twice th&V
pling regime. In such a case, the heavigP-even Higgs boson mass. Needless to say, a change in the branching ratio
boson, theCP-odd Higgs boson, as well as one of the of h—yy would lead to a different production rate pfp
charged Higgs bosons have masses approximately equal tohX— yyX. At future e*e™ LC'’s, the branching ratio of
M, and these heavy states are decoupled from low enerdy— yy can be determined via the reactieie”—qqyy
observables(Note that the condition on the applicability of and e"e”—vvyy with 16—22% accuracy[16]. At the
perturbation theory forbids too large self-couplings amongphoton-photon collision option of future LC’s, the partial de-
the Higgs bosons. Hence, in the limit of larlye the heavy cay width ofh— yvy can be precisely tested within 2% ac-
Higgs bosons decouple from the low energy effectivecuracy[17] by measuring the inclusive production rate of the
theory) The remaining light states are the light€P-even  Higgs bosorh. Clearly, a change in the partial decay width
Higgs bosorh and the lighter charged Higgs bos8awhich  of h— yy will lead to a different production rate fdr. In the
mainly comes from the weak singlet. In the previous sectionZee model, such a change is expected after taking into ac-
we showed that, even in the decoupling case, there can lmunt the loop contribution of the extra charged Higgs boson.
large differences in the allowed rangemf, between the Zee We find that the deviation from the SM prediction can be
model and the SM. Similarly, we expect that, even in thesizable and therefore testable at the LHC and future LC’s.
decoupling case, the presence of the additional weak-singlet The partial decay width oh— yy is calculated at the
charged Higgs boson can give rise to interesting Higgs pheane-loop order. As in our previous discussion, we limit our-
nomenology. selves to the parameter space in whichtang<16v2, and

Since the lighter charged Higgs bos8g can couple to  keep only the top quark contribution from the fermionic loop
Higgs bosons and leptons, it can affect the decay and pradiagrams. Including the loop contributions from th&boson
duction of neutral Higgs bosons at colliders through radiativeand the charged Higgs bosoB8s and S, together with the
corrections. In the following, we consider the decay width oftop quark loop contribution, we obta[i21]
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FIG. 7. The allowed range af, and o, for my=125 GeV.

Pl yy)= oo s
(h=yYY)= Seezgi? G li—s % w1 (39
with
Is,=Rs Fo(ri),
Is,=Rs,Fo(ri),
4 [ cosa
=3 Sing Faari),
lw=sin(B—a)F(r;),
wherer; =4m?/m¢ andm; is the mass of the internal lines in

the loop diagram. Rs, and Rs, are given by

02

Rs,= 5 m—%l cog x{—\; sina sir? B cospB

+ )\, cosa sinB cos B+ \(cosa sin B

—sina cos’ B)— 3(\4+\5)cog a+ B)sin 28}
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FIG. 8. The allowed range af; ando, for m,=140 GeV.
+ sir? x{— o sina cosB+ o, cosa sin B}

+v2siny cosxgsin(a—ﬁ) , (36)

1)2

Rs,= > m—réz sir? x{—\ sina sir? 8 cosp
+ )\, cosa sin B cog B+ \z(cosa sin B

$(N4+\s)cog a+ B)sin 28}

+co x{— o, sina cosB+ o, cosa sin B}

—sina cos B)—

and

—v2siny cosX%sin(a—B) , (37
Fo(r)=r[1—rf(r)], (39
Fyr)=—=2r[1+(1—r)f(r)], (39
Fi(r)=2+3r+3r(2-r)f(r), (40)
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o~ 500 In the decoupling case of the model, nam@?>\v?,

% r 10° ) the above formulas are greatly simplified. This limit corre-

S M = 1000 GeV, tanf = V2 sponds toa— B— /2 and y—0, so that the light charged
= - Higgs bosorSs, is identical to the weak-singlet Higgs boson
= i ™. Thus, we have

2
=107 (Gel v 1 i
_ A=10"Ge}) Rs,~ > Eg(al cos B+ o, Sir? B), (42)

and both the top quark and th& boson loop contributions
are reduced to their SM values. We wish to stress that the
weak-singlet Higgs boson does not directly couple to the
P R R I B B quark fields in the limit ofy— 0. Therefore, it does not affect
-2 0 2 - 4 6 5 the decay rate df— sy at one-loop order. Similarly, being a
_ weak singlet, it also gives no contribution to thparameter.

M =1000 GeV, tanf} = 16V2 Hence the low energy constraint from either the sy de-
cay or thep parameter on the Zee model in the limit pf
—0 is similar to their effects on the THDM. Let us examine
at the one-loop level the effect of the weak-singlet charged
A=170(GeV) Higgs boson on the decay width bf- yy in the decoupling
+0! limit. Let us recall that in Fig. 8 the size of the new couplings
o, and o, can be as large as 2 simultaneously, if the cutoff
scale is of the order of I@GeV. For the Zee model to be a
valid low energy effective theory up to 10GeV, o; ando,
cannot be much larger than 0.6. To illustrate the implications
o Ll [ R SR B R B of this result, we show in Figs. 18 and 1@b) the ratio(r)

-4 2 0 2 4 6 8 of theh— yy width predicted in the Zee model to that in the
3 SM, r=T"z.dh—yy)/ITsu(h—7yy), as a function of the
coupling constanto, and the charged Higgs boson mass
ms,. Here, for simplicity, we have sat;=0o, so that the

tanB dependence drops out in the decoupling da$eEq.

100

L B B s B

)
&

200

100

[
13
=3
L (L I B B B

o)

FIG. 9. The allowed range af; andmy, for variousA values.

with (42)]. For illustration, we consider two cases for the mass of

the lighter CP-even Higgs boson: m,=125 and 140 GeV.

[sin~1(\/1/r)]? if r=1, As shown in the figures, the ratiocan be around 0.8 for

o,=0,=0~0.5 andmg ~100 GeV. This reduction is due

f=4 1] 1+v1i-r ]* . @4y 02 : 52 .
— /i if r<i. to the cancellation between the contribution from $ebo-
4l 1—-1-r son loop and theéN boson loop contributions. To have a
10 T T T T T T 1.0

FIG. 10. (&) The ratior as a
function of the charged Higgs bo-
son massmg, for various values
of the coupling constants;= o,
=g with my=125 GeV. The two
smallerg’s are consistent with the
cutoff scales A=10° and
10'%GeV, respectively. The two
larger o’'s are allowed for A
=10*GeV. (b) A similar plot with
m, =140 GeV.

L, (h"— 7 1)/ Tgh* =7 7)

r

Y Nt . LS . . . 0.0
80 100 120 140 160 80 100 120 140 160
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FIG. 11. (a) The ratior as a
function of the charged Higgs bo-
son massms, for negative values
of the coupling constants, with
m,=125GeV, ¢,=0, and tarB
=16v2. The value o,=-0.2,
—0.5, or —0.8 is consistent with
the cutoff scaleA =10'°, 10/, or
10* GeV, respectively(b) A simi-
lar plot with m,=140GeV, o4
=0, and tarB=16v2. The value
o,=—0.25,-0.6, or —1 is con-
sistent with the cutoff scale\
=10'10, or 1¢f GeV, respec-
tively.

L, (h’— 7 7)/ T 7 7)

r

similar reduction rate il"z.{h— y7) for a heavierS,, the ~ GeV with o,=0,=1 [cf. Eq.(42)] for the allowed range of
coupling constantr, (and o) has to be larger. Next, as mjy from 100 to 500 GeV. In Fig. 1®), the ratio ofI'(h
shown in Figs. 7 and 87, and o, do not have to take the —S;S,) to the total width of the SM Higgs boson
same values in general, and they can be less than zero. In t[\p}fta'(SM)] is shown as a function af, for each value of
case where bothr; ando; are negative, the contributions of m . This is to illustrate the possible size of the difference

the S, loop diagram and that of ##é/loop diagram have the between the total width of the lighte€P-even Higgs boson
same sign, so thatcan be larger than 1. Such an example is

shown in Fig. 11a), where the ratia for m,=125GeV is
shown as a function on‘ns2 at various negativer, values

with ;=0 and tanB=16v2. We consider the case wifh,

=—0.2, —0.5, or —0.8, consistent with the cutoff scalds

=10' 10, or 10*GeV, respectively. In the case of
=10GeV (10 GeV), the deviation from the SM predic-

tion can be about-6% (+30%) for ms, =100 GeV. In Fig. (a)

11(b), a similar plot of the ratior is shown for my
=140GeV with ;=0 and tanB=16v2. The cases with
o,=—0.25,—0.6, and—1 are consistent withh = 10'°, 10/,
and 10 GeV, respectively. The correction is larger in the
case with my=140GeV than in the case withm,
=125GeV for a givenA. The deviation from the SM pre-
diction can amount to about+8% (+40% for A

N
S

mg =80 GeV
2

@
o

rh’ - S,S,) (GeV)
- N
(& (&

o
(=}

100 200 300 400 500

=10"GeV (10' GeV) whenms, =100 GeV. Larger positive 10
corrections are obtained for smallers, values. Such a de- _
viation from the SM prediction can be tested at the LHC, the % &
e*e LC, and theyy option of the LC. T 107 ¢

Before concluding this section, we remark thatmif, is ® <
larger than g, such that the decay mode—S,S, is ;; ,
open, the total decay width difcan be greatly modified from ?” 10
the SM prediction for large; ,. In terms ofRSZ, the partial s /ﬁ‘;\:
decay width oh—SJ'S; is given by = 107 . ) 200[/

100 200 300 400 500
Cz 2 m, (GeV)

v
Ih—S5S;))= J1-4mg /my, (43)
16mmy, 2 FIG. 12. (@ The partial decay width'(h—SJS,) for Ms,
=80, 100, 150, 200 GeV with,=0c,=1 for the allowed range of

2_ 2 2\2 ;
wherec”=(2mg Rs, /v%)". In Fig. 12a), we show the par- o “from 100 to 500 GeVib) The ratio of'(h—S;'S;) with the
tial decay widthI'(h—S;'S,) for ms,=80, 100, 150, 200 total decay width of the SM Higgs boson for each valuemgf.
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h in the Zee model and that of the SM Higgs bosbn.
Clearly, the impact of th&; S, decay channel is especially
large in the smalh,, region. We note thaF [°®®(SM) can be

determined to the accuracy of 10-20% at the LHC and the

LC if my<2my, and to within a few percent ifn,>2m;
[23]. (m; is the mass of th& boson) Hence, measuring the

total width of the lightest neutral Higgs boson can provide a™

further test of the Zee model f(mh>2m32. The change in
the total width also modifies the decay branching ratid of
—ZZ, hence vyielding a different rate ofh—ZZ
—utu utu” for a givenm,. (In the SM, the branching
ratio of h—ZZ is abouts for m,>200 GeV) Needless to
say, for my>2msg , the production mode oh—S;'S,
—/ /' "Eq is also useful to test the Zee model. Further
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 ap-

pear. If there is no mixing between therg=€0), the mass
eigenstatesS; and S, correspond to the THDM-like
charged Higgs field and the singlet Higgs fiedd, respec-
tively. The case withy=0 occurs in the limit ofM2>v?2,
w?, andm3; i.e., in the decoupling limit. The detection 8§

PHYSICAL REVIEW D 64 053007

s

S,
e~ T 1T~ 1.6 keV, (46)

~1T2 ~10718 sec.

total (47)
This implies thatS, decays after traveling a distance of
10 °m, which is significantly shorter than the typical de-
tector scale. Therefor&, decays promptly after its produc-
tion, and can be detected in collider experiments.

The main production channel at the LEP-II experiment
may be the pair production proces$e™ —S;'S, , similar
to the production of the THDM-like charged Higgs boson
S/ . The matrix-element squares f& S~ production {
=1,2) are given by

-1 .+ + a2
| M(e rer1L)—S S )

= Qeez—i(l3—32Q )—(Ig_S\ZNQE)g2 2
s ¢S TWES s—m3
xsZﬁg Sit O, (48

where Q.= —1 andl2=—%(0) for the incoming electron
e (er); Qs=—1 and IZ=-3(0) for i=1 (2); Bs

can be a clear indication of the Zee model. As we will show=, /1—4m25i/s, sw=Sinéy, cy=Ccosé,, and® is the scat-

later, its phenomenology is found to be drastically differen
from that of the THDM-like charged Higgs boso8g [24].
Here, we discuss how the effects of this extra charged bos

can be explored experimentally. We first consider the cas ; T L
b P Y jhus the total cross section for ti$§'S, pair production is

with y=0, and then extend the discussion to the case with
nonzeroy.

The S, boson decays into a lepton paf $§j with the
coupling constantf;;. The partial decay rat&ﬁz:F(Sz_
—>ei’7§j) is calculated as

2\ 2
rﬁzzj—ifﬁ 1—%) , (44)
S
and the total decay width @, is given by
3
Ffftaﬁ;l Iz, (45)

By taking into account the hierarchy patternfgf [cf. Egs.
(23) and (24)] and by assumingns,= 100 GeV and|f )

=3x1074, the total decay width and the lifetime) are
estimated to b

Yn doing this analysis, we have in mind a low cutoff scale
=10 GeV, which allows a wide range of values for ms,, and
m, .

2The size of the decay width depends on the valué;of If we
take ms,>500 GeV oru <100 GeV, f,, can become one order of
magnitude larger thanx810 4, while still being consistent with the
phenomenological bounds discussed in Sec. Il.

o

ttering angle ofS, in thee™e™ center-of-mas¢c.m) frame

whose energy is/s. For the other electron-positron helicity
Ponfiguration(e[ e andepeg), the cross sections are zero.

given by
1 1 s 1 \2
ta~ LSS )= o433 W=
o(ee =S 96weﬁszs<s c\z,\,s—mé)
NE (1 01 12 49
s \2 S""5\2,_\,s—mz2 - 49

Hence, the production rates 8f andS, are different. We
note that the ratio of cross sections #8fS;, and S, S,
production, o(e*e”—S,; S, )/ao(e*e”—S/S;), is 0.8 at
Js=210GeV, assuming that the massesSgfandS; are
the same. This ratio is independent of the masses; @nd
S, for a fixed c.m. energy(Only the difference between
S/S;Z andS;' S, Z coupling constants determines this ra-
tio.)

The lower mass bound of the THDM-like charged boson
S, can be obtained by studying its’ and cs decay modes,
completely in the same way as the charged Higgs boson
search in the minimal supersymmetric standard model
(MSSM) [22]. Similar experimental constraints may be ob-
tained for the extra charged bosdBs. The situation, how-
ever, turns out to be fairly different from ti® case. First of
all, decays ofS, are all leptonic. Secondly, the branching
ratios of variousS, decay modes are estimated as

B(S, e Er)~0.5, (50)
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ole'e” —8,'S,>IMVvY°) 5
1
10\ .
. pp—S,’S, (s=14Tev)
T ToTT T + < Ww - ? [ s .
| Ns=190Gev € WWoIIw b
200~ (s=210GeV)
s S L
Pb o5t
P58, \(Ws=2TeV) .
100 200 300 400 500
ms_ (GeV)
0 L L L - o 2
0 20 40 60 80 100
mg (GeV) FIG. 14. The total cross sections pp—S; S, at \s=2 TeV
2 (solid curve andpp—S; S, at \J/s=14 TeV (dotted curvgas func-
FIG. 13. The cross section of the leptonic decay proedss tions of Ms,:

—Si'S, —/ "/ "E; (where/ and /' =e or u) at \s=190, 200,
and 210 GeV. The process*e” —W*W™ —/*/'"E; at s
=210 GeV is shown for comparison.

production mode is pair production through the Drell-Yan-
type process. The cross sectionsfigr—S, S, at the Teva-
tron run-Il energy (/s=2 TeV) andpp—S; S, at the LHC
B(S, —u E)~0.5, (51) energy (/s=14TeV) are shown as functions m‘s2 in Fig.

14 for x=0. At future LC’s, theS, boson may be discovered
m? through the above-discussed pair-production process from
_’Z) ~107°, (52) electron-positron annihilation if/s/2> Ms,. In Fig. 15, we
M- show the total cross section ef e”—S;'S, for y=0 as a
function of mg, for \'s=300, 500, and 1000 GeV.

Clearly, the branching ratio into the”E; mode is very Finally, we wish to discuss the case with a nonzgyan
small, so that it is not useful for detecti®j at all. This is  Which S; is a mixture of the singlet charged Higgs boson
different from the case of detecting the ordinary THDM-like Stat€ @) and the doublet charged Higgs boson state ).

charged Higgs boson, which preferentially decays into hea et us see how the aboye discussion ig changed in this case.
fermion pairs(e.g., 7 andcs). Instead of studying the* »° he doublet charged Higgs bosons with mass of 100 GeV

mode, thee™ »° and x* »° modes can provide a strong con- mainly_ deca)_/ into ther" v and ?s_ channels. Thus, the
straint on the mass o8 . In fact, the branching ratio of Pranching ratio of the decay proceSs—/"Er, where/
S, »e E; or u Er is almost 100%, so that we have represent@” andu, is expressed in the nonzegocase as
olete =SS, —/ /" "Er)~o(ee”—S;S,), where
/"~ and/’~ represene” or u~ (not7 ). Let us compare B(S, =/ Eq)=— S S5 ,
this with the cross sectioor(e*e” =W W™ —/"/" "E;) sin? XL el v=0F cos’ xT 2l =o
=g(ete  -W'W)B(W —/"Eq)?, where B(W"~ (53
—/ " E7)=B(W —e E{)+BW —u E1)~21%. As
seen in Fig. 13, the cross sectiom(ete” —S;S, 10°
—/"/'"Er) is comparable with o(efe” —W* W~
—/" /" "Ey). Therefore, by examining the LEP-II data for
7Y/ T Er (where /T /' T =ete, eTu’, or utu, in
contrast tor* 7~ for the S; case, the experimental lower
bound on the mass &, can be determined. Such a bound 1o |
can be induced from the smuon search results at the LEP
experiment§25,26 in the case that neutralinos are assumed
to be massless. From the' u~ E; data accumulated up to 10° ¢
Js=202 GeV[26], we find that the lower mass bound $f
is likely to be 80—85 GeV for thg =0 cases[We note that
the right-handed smuorfiz) in the MSSM carries the same 100 200 5 300 200 500
SU(2)xXU(1) quantum number as the weak-singlet charged mg_ (GeV)
Higgs boson(S, for y=~0).] 2

We next comment o8, production processes at hadron  FIG. 15. The total cross section ef e”—S;'S; as a function
colliders and future LC's. At hadron colliders, the dominant of ms, at \Js=300, 500, and 1000 GeV.

B(S; —7 Ep)~O

where we have used the relations given in E88) and(24).

co< Xl“f’zmad 40

e'e—S,’S,
10°

—— __\_ —— \\j\S: 1000GeV

’g_5006ev RN

00GeV -
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B(S, —>Iv) f1,=36x10 %, B(S, —| E;) is smaller than 10% for
sinx>0.89. For the smallef,, values, the branching ratio is
reduced more quickly. The branching ratio is not sensitive to

Mms, unless the mass exceeds the threshold of decay ifiho a

or h®W™ pair. Above the threshold db pair production, the

decay rate ofS, —tb is large due to the large mass of the
top quarks, so tha@(S, —|~ E) is substantial only for very
small values ofy. Finally, while the decay branching ratio
can change drastically depending on the mixing anglthe
production cross section foete”—S;S, remains un-
changed. In conclusion, the process’e”—S;S,

— 171" "E+ can also be useful for testing the Zee model in
the nonzergy case, provided sig is not too large.

10’

f,,=3(x107%)

L L L

10°°

0.0 0.2 0.4 0.6 0.8 1.0
siny,

. . , VI. DISCUSSION AND CONCLUSION
FIG. 16. The decay branching ratio 8§ —/ & (where/ ™

=e  or u7) as a function of the mixing angley for mg, In this paper, the Higgs sector of the Zee model has been

=100 GeV, tarB=1, and various values of the coupling constant investigated, in which neutrino masses are generated radia-

fi5. tively. This model contains an extra weak-doublet Higgs
field and singlet charged Higgs field.

Wherel“tsgtadxzo (i=1,2) is the total width ofS; at y=0 We have studied indirect effects of these extra Higgs

with the same mass as the decay@igon the left-hand side bosons on the theoretical mass bounds of the lightést

of the above equation. The formula EtSz | _oisgivenin ©ven Higgs poson, which are obtaineq from the requirement
otalx that the running coupling constants neither blow up to a very

. S . .
Eg. (45),.wh||e L otal x=0: Wh'Ch is the same as the tota! large value nor decrease to a negative value, up to a high
dgcay width of the charged Higgs boson in the THDM, iSenergy cutoff scalé\. For A = 10:°GeV, the upper bound of
given by mj, is found to be about 175 GeV, which is almost the same
value as the SM prediction. In the decoupling regini (
Ftst)ltal)(:O:Z r(s;, —ff'), (54  >my), the lower bound is found to be about 100 GeV for
£/ A=10GeV, which is much smaller than the lower bound

—, ] ] . ) ) in the SM, and is almost the same as that in the THDM. For
where ff’ are fermion pairs which are kinematically al- smaller A values, the bounds are more relaxed, similar to

lowed. In the type-Il Yukawa couplings, we have that of the SM. We have also investigated the allowed range
m 2\ 2 of coupling constants relevant to the weak-singlet Higgs

I(S] =7 )= —L (m2tar? B)| 1— —= (55 feld.
! 8mv?' T mél ' The most striking feature of the Zee model Higgs sector is

the existence of the weak-singlet charged Higgs boson. We

m2 \ 2 have examined the possible impact of the singlet charged

(m§ tarf B+ mg cot ﬂ)( 1— _ZC) , Higgs boson on the neutral Higgs boson search through ra-
Mg, diative corrections. We found that its one-loop contributions
(56)  to theh— yy width can be sizable. In the allowed range of
coupling constants the deviation from the SM prediction for

msl

3
I'(S; —cs)= 8702

o 8mg ) m? | 2 this decay width can be about20% or near+10% for
[(S; —th)=g—>(m; tarf B+mg cof B)| 1 - mZ ms,=100 GeV andA =10"GeV, depending on the sign of
1

(57) the coupling constants; . The magnitude of the deviation is
larger for lower A values or for smallermSZ values. For

In the THDM, the total decay width of the charged Higgs example, a positive deviation over 30—40 % is possible for
boson H™) for my-=100 GeV is about 470 keV. Hence, if m,=125-140 GeVymszz 100 GeV, andA =10*GeV.
the mixing angley is not too small, the decay pattern 8 In the decoupling limit(i.e., when M2>v2, where
is dominated by that of the THDM charged Higgs bosbn. — B—m/2 andy—0), we expect the production cross sec-
In Fig. 16, we plot the branching ratiB(S, —1 1) as a  tjons forgg—h, e*e —wvvh, ande*e”—Z°h in the Zee
function of siny atms, =100 GeV for several values ¢f,.  model to be the same as those in the SM. However, a sizable
We show only the case with t@+1, where the result is change in the decay branching ratiotofs yy can alter the
independent of the type of Yukawa interaction. The couplingproduction rate ofpp—hX— yyX at the LHC, where this
constantf ;, is taken to be 3, 9, 18, and 3&(@0 %), which  production rate can be determined with a relative error of
satisfy the phenomenological constraints given in Sec. Il. AsL0—15 %[15]. Also, such a deviation in the branching ratio
expected, the branching ratio decreaseg mreases. When of h— vy directly affects the cross section ef e”— vvh
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(and Z°h) — vvyy, which can be measured with an accu- part, by the Alexander von Humboldt Foundation. G.-L.L.
racy of 16—22% at future" e~ LC’s (with s=500GeV and J.-J.T. were supported, in part, by the National Science
and the integrated luminosity of 1 ab [16]. Therefore, the Council of R.O.C. under the Grant No. NSC-89-2112-M-
Zee model with low cutoff scales can be tested through th€®09-035; Y.O. was supported by a Grant-in-Aid of the Min-
h— y+y process at the LHC arel"e™ LC’s. At future photon  istry of Education, Science, Sports and Culture, Government
colliders, the enhancemef(ur reduction of theh— yy par-  of Japan(No. 0964038}, Priority area “Supersymmetry and
tial decay rate will manifest itself in a different production Unified Theory of Elementary ParticlestNo. 707, and
rate ofh from the SM prediction. A few percent of the de- “Physics of CP Violation” (No. 0924610% C.-P.Y. was sup-
viation in T'(h— yy)B(h—bb) can be detected at a photon ported by the U.S. National Science Foundation under Grant
collider [17], so that the effects of the singlet charged HiggsPHY'9802564'
boson can be tested even if the cutoff scalis at the Planck
scale. APPENDIX: ONE-LOOP RGE’'S FOR DIMENSIONLESS

The collider phenomenology of the singlet charged Higgs COUPLING CONSTANTS
boson has turned out to be completely different from that of . ,
the THDM-like charged Higgs boson. The singlet charged Here, we summarize the RGE's relevant to our study. For
Higgs boson mainly decays int6 E; (with |==e~ or =),  he gauge coupling constants, we have
while the decay mode ™ E is almost negligible due to the

relation | f,|>|f,4>|f,4. This hierarchy among the cou- a :LZ_Z 3 (A1)
pling constantd;; results from demanding bimaximal mix- '“d,u 91 167° 3 91,

ings in the neutrino mass matrix generated in the Zee model

to be consistent with the neutrino oscillation data. On the d 1

other hand, the THDM-like charged Higgs boson decays Magzzﬁ(—&gg, (A2)

1 3

3 3 9
791+ 509105+ 795

3, 3 9
291+ 59105+ 792

mainly into either therv mode or thecs mode, through the
usual Yukawa interactions. Hence, to probe this singlet
charged Higgs boson using the LEP-II data, experimentalists d 3
should examine their data sample wahe E1, e" u Er, “ﬂg B
ute Er, or ut uEr, while the experimental lower mass
bound of the THDM-like charged Higgs boson is obtainedThe RGE’s for the Higgs self-coupling constants of the dou-
from examining therrr, 7#1jj, andjjjj events. Using the pjets are calculated at the one-loop level as
published LEP-II constraints on the MSSM smuon produc-
tion (assuming the lightest neutralinos to be massless 1
estimate the current lower mass bound of this singlet charged 1. _)\1:_2[ I2\2+AN3+ AN 4+ 202+ 2\ 2+ 202
Higgs boson to be about 80—85 GeV. The Tevatron run I, du 167
LHC, and future LC’s can further test this model.

Finally, we comment on a case in which the singlet —(3g§+ Qgg)kﬁ— }
charged Higgs bosofs, for y=0) is the lightest of all the
Higgs bosons. Fom,/2>ms,>m;, the Higgs sector of the (Ad)
Zee model can be further tested by measuring the production
rate ofpp (or pp) —hX—S; S, X— 171" "E;X. The branch- d 1 2 2 5 2 5
ing ratio for h—S}'S, —/*/' K7 can be large. For in- ’“@)\Z_W(12>\2+4)\3+4)\3)\4+2>\4+2)\5+202
stance, fom,,=210 GeV andnszz 100 GeV, this branching ) 4 ) )
ratio is about 12% for each” /" “=e*e ", e"u™, u'e", 12— 1270 (3011 9G2 )N
or u* u~. The branching ratio decreases for larger masses of
h. Moreover, the total decay width dfcan be greatly modi- + } (A5)
fied when the decay channel~S; S, is open. In this case,
the decay branching ratios bf~W*"W~,ZZ are also differ- 1
ent from the SM predictions. N = 2 2 2

In conclusion, the features distinguishing the Zee model ™ du Ns 16772(2(7\1+)\2)(3)\3+)\4)+4)\3+2)\4+2)\5
from the SM and the THDM can be tested by the data from 2 2 9
LEP-II, the Tevatron run I, and future experiments at the +20105+6yiA3— (3914 992)A3
LHC and LC's.

+ , (AB)

3 3 9
791~ 50105+ Zg‘z‘)
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d 1 Finally, the RGE’s for the Yukawa-type coupling constants

Ma)\5=m{2}\1+2)\2+8)\3+ 12\ 4+ 6y?

—(397+995) s, (A8)

and those with respect to the additional singlet charged w

Higgs bosons are given by

d _ 1
Maffl—_l&_rz

40'%4‘ 20'10'3+ 6)\10’1+(4)\3+ 2)\4)0’2

15 2 9 2 4
+8f|]f|]0'1_ 7gl+§gz a-l+3gl y (Ag)

d

1
MEUZZW 40'%4‘ 20'20'3+ 6)\20’2+(4)\3+ 2)\4)0’1

2 15, 9,
+6yro,+8fjfijo— 59117592

X o,+ 307!, (A10)

d 1 2 2 2 4
,uao'3=ﬁ{80'l+ 805+ 505+ 16ffj;o3—128r f

— 129305+ 24g5). (A11)

are obtained at one-loop level as

o L[ (7,09, 9,
MYt—W | 12911 7927893 Vet S Vi,

(A12)
d 1 3, 9,
Mafifﬁ —| 591+ 592
+4fklfklfij_4fikfklfij]a (A13)

where

trfAE ) 2 fijfjkfklflil
i,j,kl=1-3
fijfijEi’jzzl_:;fijfij .
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