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We study neutralino decay in the supersymmetric extra U(1) models which can solyegreblem. In
these models the neutralino sector is extended at least into six components by an extra U(1) gaugino and a
superpartner of a Higgs singlet. Focusing on its two lower mass eigen}%mﬂ}?, decay processes such
as a tree-level three-body decgéga}'gffiand a one-loop radiative decéggq}(l’y are estimated. We
investigate the condition under which the radiative decay becomes the dominant mode and also numerically
search for such parameter regions. In this analysis we take account of the Abelian gaugino kinetic term mixing.
We suggest that the gaugino mass relafiby~ My may not be necessary for the radiative decay dominance
in the extra U(1) modeld.S0556-282(98)04703-1

PACS numbeps): 12.60.Jv, 14.80.Ly

. INTRODUCTION «S® term[6]. A D term for this U(1) induces a quartic term

] of S in the scalar potential. The axion is absorbed by this

Recently the standard mod&M) has been confirmed to gyira U(1), gauge boson and disappears from the physical
incredible accuracy through the precise measurements at ”%‘f)ectrum. Moreover, this extra U( putomatically forbids
CERNe"e™ collider LEP. Nevertheless, it has still not been the appearance giH,H, in the original Lagrangian, and
considered the fundamental theory of particle physics andsq if we assume the unification of gauge coupling con-
physics beyond the SM is eagerly explored. Along this “nestants, we need no new parameter suchca¥hus models
the supersymmetrizatio_n of the SM is now colnsidt_ared.a.s thextended with an extra U(%)symmetry can be considered
most promising extensiofil]. However, even in this mini- 55 gne of the most simple and promising extensions of the
mal supersymmetric standard mod®ISSM) there remain  \MSSM. Their phenomenological aspects have also been
some theoretically unsatisfactory features in addition to thejtydied by various authofé—9.
existence of too many parameters. The famous one is known The extra U(1) models have an another interesting as-
as theu problem[2]. The MSSM has a supersymmetric pect if they are supersymmetrized. Their supersymmetriza-
Higgs mixing termuHH,. To cause an appropriate radia- tion introduces the extra neutralino candidates in addition to
tive symmetry breaking at the weak scfB3, we should put the ones of the MSSM, that is, an extra U{lgauginoy

n~O(G¢ ™) by hand, whereGe is a Fermi constant. Al-  and a superpartn@ of the Higgs single. Confirmation of
though in the supersymmetric models its typical scale is genhe extra gauge structure is one of the main parts of the study
erally characterized by the supersymmetry breaking scalgf extension of the SM. It is well known that the extra Ug1)
Ms which is usually taken as the 1 TeV region, there is nogayge structure is often induced from a more fundamental
reason whyu should be such a scale because it is usuallymeory such as superstring thed8j. However, recent pre-
considered to be irrelevant to supersymmetry breaking. Asise measurements at the LEP and the direct search at the
reasonable way to answer this issue is to consider the origifieyatron suggest that the lower bound of the extra neutral
of the u scale as some result of supersymmetry brealdlg  gauge boson is rather large and it may be difficult to find its
One such solution is the introduction of a singlet fi€d  existence directly in the near futui0]. If supersymmetry is
replacinguH;H, by a Yukawa type coupling SH;H,. If S what exists in nature, there may be a new possibility to find
gets a vacuum expectation valQ0éeV) of order 1 TeV as a jts existence in a completely different wgy1]. Even if the
result of renormalization effects on the soft supersymmetrynass of extra neutral gauge boson is too large to observe in
breaking parameterg,~O(G¢ ) will be realized dynami- near future collider experiments, its superpartner sector may
cally asu=X\(S). As is well known, such a scenario can be open a window to find its existence. The study of the neu-
available by introducing &S® term into the superpotential tralino sector is interesting from the viewpoint not only of
and a lot of work has been done on this type of mdéél the investigation of supersymmetry but also of the search for
where the superpotential db is composed of the terms extra gauge structure. In particular, we should note that the
ASH.H,+ «xS%. At the price of the introduction of a new gauge coupling of this extra U(%)to ordinary matter fields
parameterx, a «S® term can prohibit the appearance of ais rather large compared with ordinary Yukawa couplings
massless axion and also guarantee the stability of the potefinstead of top Yukawaand then the neutralino sector can be
tial for the scalar component &. The introduction of an substantially affected by this inclusion in a suitable param-
extra U(1), symmetry which is broken by a SM singlet field eter region.

S can effectively play the same role as the introduction of the

1t should also be noted that the Yukawa couplingf ASH;H,
*Email address: suematsu@hep.s.kanazawa-u.ac.jp can be large enough compared with ordinary Yukawa couplings.
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TABLE I. The charge assignment of extra(1)’s ngCh are  the multi-U(1) models Abelian kinetic term mixing can oc-
derived fromEg. These charges are normalized2as »,Q; = 20. cur as suggested in Refd5-17]. As a result of this Abelian
kinetic term mixing, there are some changes in the interac-

Fields ~ SUBKSU(2) Y Qy Qy Q, tions between neutralinos and ordinary matter figlti].
This should be taken into account in the analysis of these
Q 32 3 B % 3 processes. Because of these effects,xthe> xJy dominant
condition is also expected to be altered from the MSSM one.
U (3% 1) 4 5 1 2 If we take the lesson brought from the study of the CDF-type
3 18 J6 3 event seriously, this analysis may give us important informa-
5 5 3 1 tion for model building on additional gauge structure and
D¢ (3*,1) Z = — = also Planck scale physics.
3 18 V6 3 The organization of this paper is the following. In Sec. I,
5 3 1 we present examples of theproblem solvable extra U(X)
L (1.2 -1 18 % 3 models derived from the superstring inspitegimodels. Af-
ter that we give a brief review of the Abelian gaugino mixing
EC (1,1 2 \E 12 whose effect is taken into account in the later analysis. We
18 J6 3 also examine the neutral gauge boson and Higgs sector to
3 5 1 constrain the parameters of the models in terms of their
H, (1,2 -1 *Z\ﬁ S - present experimental mass bounds. In Sec. lll, mass eigen-
18 V6 3 states and their couplings to the matter fields of the extended
. \/E 2 4 neutralino sector are studied. Based on these preparations the
Hz 1.2 b2y 76 3 decay widthsT'(x5—x3ff) and I'(x5—xJy) are esti-
mated. We also study under what condition the radiative de-
2 5 2 4 , s :
g (3, -z —Z\ﬁ il _ cay mode becomes the dominant one, which is crucially rel-
3 18 V6 3 evant to the CDF-type event. In Sec. IV, these decay widths
_ 2 5 2 1 are numerically estimated and we show what kind of param-
g (3*.1) 3 -2 B 3 eter region is crucial for the radiative decay dominance. Sec-
V6 tion V is devoted to a summary.
s (1, 0 4/>2 o 2
18 3 Il. EXTRA U (1)x MODELS
N (1,9 0 \/158 - % _g A. p-problem solvable models

There can be many low energy extra Uflmodels. In
these models we are especially interested-problem solv-
. . . able extra U(1)} models. From such a point of view, it
In this paper we treat the neutralino c_jecay in the eX'&eems to be natural to examine models which satisfy the
U(1)x models since it may be one of the important subjects,,qition mentioned in the Introduction. That is, the extra

along the above-mentioned direction. The lightest neutralin (1)x symmetry should be broken by the VEV of the SM
is a candidate of the lightest supersymmetric particle. Thus i inglet S which has a coupling to the ordinary Higgs dou-

Bopaﬂtoyﬁcon'su%rvegé the neutralino decay modes such Rets H, andH, such as\SH;H,. In these models th@
x2—x1f f and x2— x1y are expected to appear as a sub-gcale is naturally related to the mass of the extra W(19-
process of the decay of supersymmetric particles, wbyére son and then they seem to be very interesting from the phe-

andx? are the two lower neutralino mass eigenstates. Thes@omenological viewpoint todSo we confine our attention to
decay processes have been calculated in the case of tHYS class of models derived from the superstring inspigd
MSSM under suitable conditiod4d2]. models. .

Recently, some attention has been attracted to this process There are two classes of extra U{Inodels derived from
in relation to the Collider Detector at Fermilak(CDF) ~ Superstring inspiredts models. The rank six models have
eeyy+Er event[13]. Especially, related to this type of WO extra U1)’s besides the SM gauge structure. They can
event, it seems to be a very interesting subject under whdt¢ €xpressed as the appropriate linear combinations of
condition y9— x2y can become the dominant mofds, 14. U(1), and U(1), whose charge assignments 8¥of Eg are
This is because it can give us fruitful information on the given in Table I. There_ls also a_rankﬂve_ mod_el called the
parameters of supersymmetric models as stressddah model. Its charge assignment is also listed in Table I. As
Since this type of process is a typical one which may be
observed in the near future, its detailed study in the
u-problem solvable extra U(3)models will be useful. The

There is also a possibility that the term is realized by a non-

. . . ~0 ~0 ~0 ~0fFN: renormalizable terrm(SgM ,%,)”SHlHZ because of some discrete
estimation of the width$'(x;— x1v) andl'(x;— x1f f) in symmetry{18]. In such a caséS) should be large in order to realize

the extra U(1} models can be modified from that in the the appropriatg. scale. As a result there is not the low energy extra

MSSM because there are new componexgsand S €on-  gayge symmetry which can be relevant to the present experimental
tained in the neutralino mass eigenstﬁf’e Additionally, in  front. Because of this reason, we do not consider this possibility.
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TABLE Il. The charge assignment of the extra Uflwhich  difference between them is the overall sr’glm. these models
remains unbroken after the VEV of becomes nonzero. They are the right-handed sneutrinos have no charge of this low en-

obtained a®),; =(*15/4)Q,*3 Q, . ergy extra U(1). This is a different situation from the rank
= five » model. Thus using the D-flat direction of another extra
Fields SU(3XSU(2) Y Qe U(1), theright-handed sneutrino gets a large VEV which

breaks this extra U(1) symmetry and also can induce large

Q (3,2 1 ii Majorana masses for the right-handed neutrinos. This
3 G mechanism may also be related to the inflation of the uni-
. . 4 1 verse and the baryogenesis as discussd@dh As a result
U (3*.1) 3 J—“% of this symmetry breaking at the intermediate scale, only one
extra U(1) remains as the low energy symmetry. We will
D¢ (3*,1) 2 ii concentrate on these three Uglmodels K= »,£.) in the
3 V6 following study.
2 We focus our attention to the minimally extended part of
L (1,2 -1 i% these models with an extra UG gnd a SM Higgs singles.
Other extra matter fields such as color triplet fieldsd)
EC 1, 2 L1 and the right-handed neutrirtd, which are introduced asso-
G ciated with the extension, are irrelevant to the present pur-
3 pose and we can neglect them. Thus the relevant parts of the
H, 1,2 -1 :% superpotential and soft supersymmetry breaking terms are
2 W=NSH;H,+hyQUH,+hpQDHy +heLEH + - - -,
H, 1,2 1 -
V6
9 (3.0 2 2 2 412
, -3 % ﬁsoﬁz—Ei m?| 1|2+ (ANSHH+ H.ct - - )
— 2 3 3
31 < =2
9 (37.1) 3 G +3| M E RAA2 A MyAyAy+ My y
S 1,9 0 i\/—sg
N @ 0 N +MyxAyAx+H.C.|, 1)

where ¢; represents the scalar component of each chiral su-
perfield contained in the modelst,,, My, andMy are the
seen from this table, there is a SM Slng&tNhICh has the gaugino masseASWe assume the Yukawa Coup"r}g and
couplingASH;H,. The » model clearly satisfies the above- soft supersymmetry breaking parameters to be real, for sim-
mentioned condition. On the other hand, in the rank six modplicity.
els this condition imposes a rather severe constraint on the
extra U(1) in the low energy region. In this type of model
a right-handed sneutrind also has to get the VEV to break B. Abelian gaugino mixing
the gauge symmetry into the SM one. If we try to explainthe  Next we briefly review a particular feature in the neu-
smallness of the neutrino mass in this contékishould get  tralino sector caused by the Abelian gauge kinetic term mix-
a sufficiently large VEV. In fact, in the case thithas a ing in the supersymmetric multi-U(1) models. In supersym-
conjugate chiral partnelN_ a sector of , N_) has a D-flat metric models gauge fields are extended to vector superfields
direction and then they can get a large VEV without break-
ing supersymmetnf19]. This VEV can induce the large VYwz(X,6, 0)=—00,0V +i000N—i 000N+ 3000 0D,
right-handed Majorana neutrino mass through the nonrenor- @)

malizable term KIN)"/M 2"~ 2 in the superpotential and then
the seesaw mechanism is appllcable to yield the sma_ll Neu-3, ¢ iscussed in Ref$6,20], Q, can also be obtained only by
trino mass[6,20]. However, this usually breaks the direct . . ) - o

. changing the field assignments fQ, . This insight allows us to
relation between thg scale and the mass of the extra neutral

. construct new models, which can induce an interesting neutrino
gauge boson because the VEV Mfalso contributes to the o< matri{21] by using the charge assignmefs andQ, for

latter. In o.rde-r to escape thi§ situation and obtain the extrg. . gitferent generationg20]. However, in this paper we shall not
U(1)x satisfying our condition, we need to construct acqnsiger such models for simplicity.

U(1)x by taking a linear combination of U(})and U(1), “In this expression we introduced the Abelian gaugino mass mix-
[6,16,20. As such examples, we can construct two Iow en-ing asm.,, which might exist as the tree-level term at the Planck
ergy extra U(1x models. They are shown in Table Il. The scale and also be yielded through quantum effects.
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where we used the Wess-Zumino gauge. A gauge field C. Neutral gauge sector
strength is included in the chiral superfield constructed from |, ihe previously introduced extra U(L)models, the

Vwz in the well-known procedure gauge symmetry of the electroweak sector at the low energy
_ region is SU(2) XU(1)yXU(1)x. In order to obtain the
We(x,0)=(DD)D Vwz correct symmetry breaking for these models, we assume that

) _ 3 Higgs fields get VEV'’s as follows:
=4i\,—46,D +4i 0BUWBUMB(0“V”— I"VH)
. v 0
—4000Maﬁﬁ“)\ﬁ. (3 (H1)=( 01), <H2>=(v ) (S)=u, 9
2
Here we should note th&¥, of the Abelian gauge group is

gauge invariant itself. In terms of these superfields the supe
symmetric gauge invariant Lagrangian can be written as

yyherev§+v§=(246 GeVF(=v?) is assumed. For simplic-
ity, all VEV'’s are assumed to be real. Under these settings in
order to constrain the parameters of the models, we investi-
gate some features of the gauge boson sector.

For this purpose we need to determine the physical states
_ ) ) at and below the weak scdl&7]. The mass mixing between
where ®=(¢,4,F) is the chiral superfield and represents yq peutral gauge fields appears associated with the sponta-
matter fields. Its generalization to the multi-U(1) case iSpggus symmetry breaking due to the VEV's of E@)
straightforward. The supersymmetric gauge kinetic parts argound the weak scale. In the present models the charged
obtained by using chiral superfield&/s and W, for  gauge sector is the same as that of the MSSM. In the neutral
U(1)aXU(1)y as gauge sector we introduce the Weinberg angjg in the
usual way?

L= 35 (WW,)e+ [P exp290Q Vi) Pl (4)

sin y

Ajaay\p /o
X ). (5

1 1
Ajaa\A A/bayp /b
3o (WHWo)r+ o5 (WP W)+ Z,,=cos OyW5 —sin 6B, , A,=sin 6, W +cos B, .

(10)
Here we introduced the mixing term between the differentH

U(1)’s. This can be canonically diagonalized by using thet ere we used the canonically normalized badig (X)) so

hat A, has already been decoupled fromd,(,X,). The

transformation, mass matrix of the neutral gauge fields,(,X,,) can be writ-
W 1 —tany) (WA ten as
WP | =10 1/cosy || WP |- (6) o
my Myyx
. . i 2 2 |, (11
This transformation affects not only the gauge field sector Myx My
but also the sector of gaugingds,, and auxiliary fields
D.pb-> As easily seen from the form of the last term in Eq. where each element is expressed as
(4), the change induced in the interactions of gauginos with
other fields through this transformation can be summarized
as mé=m?,
02Qah+ g5QuA "= 0aQah*+ (abQat GQuIA",  (7) )
Am
where \,, are canonically normalized gauginos. The MS x=M3syy tan x + cosy’
charges of U(1) and U(1), are represented b9, andQy, .
The couplingsg,, 9., and gy are related to the original
onesg’ andg) as siny MZ
o mZ=m3s3, tar? x+ 2Amzs\,\,—§ +—2 . (12
o o o CosS' ¥ cog x
0a=0a, Gab= —0atany, gb:COSX' (8)

In this expressiom, Am?, andM%, represent the values of

These coupling constants at the weak scale will be detecorresponding components in case of no kinetic term mixing
mined by using the renormalization group equations from thd x=0).
initial values at the high energy scdl&5,23. However, such 2 1,2 2.2
i i mz=3 (Gt 9y)v7,
a study is beyond our present purpose and we will treat them z— 2\ 9w Jy

as parameters in the later analysis. ]
Am?=1 (giy+9%) g% %(Qq cos B—Qy sin’ B),

SThis shift in theD term changes the scalar potential and can
affect the symmetry breaking at the weak scale. However, we will In the following we use the abbreviated notatigg= sin6,, and
not refer to this problem here. Cw=COoSy .
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7= 2gx(Q Q2U2+qu ) (13 T -

1500 ~

The mass matrix Eq11), can be diagonalized by introduc- I -
ing a mixing angle¢. The canonically normalized mass S
eigenstates are written by usingand . Their concrete ex- 1250 )
pressions are given in Appendix A. We also present there the
interaction Lagrangian of the neutral gauge bosons and mat-
ter fermions for later use. 1000}

The mixing angle introduced for the diagonalization of
the mass matrix, Eq11), is given by

—2 cosy(masy sin y+Am?)

tan 2= .
M2, +2Am?s,, sin x+m32s3, sif y—m2 cog x

14

500

In general the mixing anglé is severely constrained to be 0y
small enough by the precise measurements at the [LEP
From the study of radiative symmetry breaking it has been 0 0 - 0% 0
known that tan3~ 1 is generally favored. In fact, it has been
shown in Ref[6] that suitable radiative symmetry breaking
could occur for 1.42tan 3=2.1 in the £_ model. We will
adopt

FIG. 1. The allowed region in the (sjp/u|) plane due to the
constraint on the mixing anglé between the extra U(%)and the
ordinaryZ®. The contours of¢|=0.01 for three models are drawn.
&, &, , andn models correspond to solid, dashed, and dot-dashed
lines, respectively. The lower region of each contour is forbidden.

tan B~1.5 (15
1. The lower regions of the contours are forbidden in each
model. It is noticeable that rather small value|of is gen-
eraIIy allowed in £, models in comparison with they
model. From this figure we find that the kinetic term mixing
. _ _ > 2 in y can affect the lower bound ofi| substantially. In they
bility that the small¢ |szreagzed because dAm“<Mz,,  model the larger siy reduces the required bound il
which is equivalent tavf, vs<u® If sin x+0, however, yajues. In¢. modeld there are special values of siwhich
there may be a new possibility to satisfy the smallnes§ of make the lower bound dfi| very small, as anticipated in Eq.
even if Am? <MZ, is not satisfied. Such a situation can be(16). Thus in these models a rather light ex#3 may be
expected to occur if the condition possible®
Related to the fact that a rather largg is generally re-
quired except for the case with the special givalue, it will
be useful to recall again the origin of the scale in the
present models. In these models the vacuum expectation
(Qq cos’ B—Q, sir? B) valueu is relevant to thew scale. Based on this feature we
(16) may need to put an upper bound krto keepu a suitable
scale from the viewpoint of radiative symmetry breaking as
discussed iri6]. If we use the present Higgs mass bounds,
is valid. In this caseQ; cog B=Q, sir? B is not required however,\ can be effectively constrained as shown in the

unlike the siny=0 case but instead of that a tuning of gin following subsection.
becomes necessary. The constraint on the valua afso _
becomes very weak. Since this possibility for smaff D. Higgs sector

compared withm? is interesting enough for the explanation  The Higgs sector is changed from that of the MSSM due
of the smallness of¢|, we will also consider the case with to the existence of the singl&tand its couplingh SH;H,, to
such a mixing angle sig in the following discussion as one

of the typical examples.

The present model-independent bound on the mixing 7z, models have a symmetric feature mutually with respect to the
angle £ is [£)<0.01[24]. If we impose this bound on the sign of siny so that they are expected to show similar behavior in
models, we can restrict the allowedrange in each model. their phenomenology. This comes from their characteristics of the
Here it should be noted that the mixing anglehas no\ charge assignments.
dependence. In order to show this constraint coming from 8n this case the extra U(%)gaugino is also expected to affect
the neutral gauge sector, we plot the contours of the mixingargely rare phenomena such as-ey and the electric dipole mo-
angle| €| =0.01 for each model in the (sjp|u]) plane in Fig.  ment(EDM) of an electror{11].

as its typical value throughout this paper. Therefore, in the
case of siny=0, sinceQ, cos B=Q, sir¥ B is not satisfied

Am? Ox

mésW (gw+ gv)llzsw

sin y~—
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the Higgs doubletdd; andH,. Its brief study can give us whereQq, Q,, andQg represent the extra U(})harges of
some useful information on the allowed region of parametethe Higgs chiral superfieldd,, H,, andS. At the minimum
space[25,26. If we take account of the Abelian gauge ki- of this potential, the mass matrices for the Higgs sector are
netic term mixing, the scalar potential for the Higgs sectorgiven as follows.

can be written as Charged Higgs scalar sector:
1 2 2 2 2\2 2 2 tan 1
:§(9W+9Y)(U1+Uz) tg|9 tan x(vi—v3) 1 ,, . A2 an g
Emzcwsmzﬁ 1—a +ANU 1 cot B
2
+CSS [Quvi+Qu3+Qsu?]| +N2viv5+N2u%vi (18)

2 .
+ N2+ miv g+ mivs+miu?—2ANuvv,,  (17) Neutral Higgs scalar sector:

2

2 2
mZ co€ B| 1+ = | +A\u tan 8 % sin 2,3( ~1+ w) —mwu 2 EOSB< u §1{3} N —\2A\ tan,B)
g
2 2 2 .
%sin 2ﬂ(—1+ §1£2~+24>x )—Axu M2 sir? 8 1+§ +ANU cot B Mz SN B/ugzg 4 —\/—A)\ cotﬁ)
g g2 g 2
m, cos L1L5+AN? my sin Lola+AN2 1 AN M2
Za ﬁ(u 13\/5 —\/EA)\tan,B) za B(u 23\/5 —\/EA)\cotﬂ) §{§u2+7,§—§sm2ﬂ
(19
|
whereg =+ /gW2 +gY2 and we defing;, {,, and{; as eigenvalue of the matrix is smaller than the smallest diagonal
component, we can find the tree-level upper bound of the
0xQ1 lightest neutral Higgs boson mass. By diagonalizing the
{1=0gy tany+ cosx’ 2X 2 submatrix at the upper left corner of EG.9) we can
obtain[26,6]
9xQ2
=— +
{>=—0gytany cosy’
228+ 2N s 2p
mhosmZ co —— Si
\= 9xQs (20) gat+ 0y

cosy’

The overall factor of a mass matrix of the charged Higgs ——— (¢4 COZ B+, SIE B)2 (23)
sector is somehow changed from that of the MSSM due to 9W+ Oy
the couplingASH;H,. However, the mass eigenstate of a
charged Higgs scalar can be obtained in the same form as the

MSSM case,
B The first two terms correspond to the bound which is derived
H*=sin BH] +cosBH; *, (21)  from the usually studied model extended with a gauge sin-
glet.
and its mass eigenvalues are expressed as As easily seen from these results, these Higgs boson
) masses have a crucial dependencenoand u. One of the
M2, =m2c2| 1— ZL n Alu 22) important differences between the present models and the
H="TTZW gs\, sin B cosB’ MSSM comes from the fact that the term is replaced by

the Yukawa coupling\SH;H,. If we impose the present
The\? term is added to the MSSM one and then the chargeéxperimental bounds on the Higgs boson masses, useful con-
Higgs boson mass takes a smaller value than that of thstraints can be obtained in the,(1) plane. The present mass
MSSM for the same value gi =Au. On the other hand, the bounds on both the charged Higgs and the lightest neutral
neutral Higgs boson mass matrix is too complex to be diagoHiggs bosons are-44 GeV[27]. We use this bound and
nalized analytically. However, if we note that the smallestshow the allowed region in the\(u) plane in Fig. 2. Since it

is found to be insensitive to the models and also theysin

value, we take th&_ model with siny=0 as an example.

%It may be useful to note that the sign 6f, ¢,, and{; is re-  Here for the lightest neutral Higgs boson we used the result

versed between &, model with siny and a¢_ model with—sin y. obtained by numerical diagonalization of the mass matrix,
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Eq. (19). It should be noted that only the>0 region is can restrict the allowed region in tha ) plane for each
allowed. This is completely dependent on our choide-Q)  model with a certain siy value. We will use this fact later.

for the sign ofA.1®
Additional important constraints op. can be obtained

from the condition in the &,My,) plane coming from the Ill. DECAY WIDTH OF x5 INTO x{
search of the neutralinos and charginos at the [, If we
assume taB~1.5, the allowed region in this plane is A. Neutralino sector
roughly estimated a$ In this subsection we examine the structure of the neu-
tralino sector and also define the mass eigenstates of the
|u],M\~40 GeV (for \u>0), chargino and squark-slepton sector, which are necessary for

(24)  the calculation of the neutralino decay. Starting from the
superpotential and soft supersymmetry breaking terms given
|ul,M2100 GeV (for Au<0). in Eq. (1) and using the canonically normalized basis defined
by Eq. (6), we can write down the modified quantities from

The chargino sector in the present model is not altered frort'®@ MSSM, which are relevant to the neutralino sector, that
the MSSM and then these conditions @rcan be used as the 'S: the neutralino mass matrix and the gaugino-fermion-
constraint forh andu. Thus the allowed region of the\(u) sfer_rmon Interaction terms. If we takeTt_he c_ansonlcglly nor-
plane is found to be determined by the lower bound of thd"@lized ~ gaugino basis  N7T=(—iky, —iky,
lightest neutral Higgs boson mass for all models. It corre-—iAx,H1,H>,S) and define the neutralino mass term as
sponds to the surrounded region by the dashed lines in Fig. Z}} .= — 3N MAN+H.c., the 6X 6 neutralino mass matrix

If we combine this with the result obtained from Fig. 1, we M can be expressed as

Mw 0 0 mycycosB  —myCy SinB 0
0 My C, —mgsycosB mysy sin B 0
0 C: C, Cs Cy Cs
mzCy COSB —mzSy cosB Cj 0 AU Avsing | (25
—mzCcySinNB mysysinB Cy AU 0 Av cosp
0 0 Cs \v sin B \v cospB 0

where v and u are defined by Eq(9). Matrix elements

1
C,—Cg are components which are affected by the kinetic C,=—=| —gy tany+ 9xQ v sin B,
term mixing. They are represented as V2 CoSx
C;=—My tan 4 M 1 9xQ
1 Y YT Cosy Co=—= =2y, (26)
2 cosy

MX 2MyxsinX

C,=My tarf y+
2 X" cod x cog y

Neutralino mass eigenstatgs’(i=1-6) are related toV;
through the mixing matrix {J as

1
C3:_

2

v COSS,

Ovy tan Xt —gXQl
cosy ~0 7
x =U'N (27)

'°The A andu dependence of the Higgs mass eigenvalues is inThe change in the gaugino interactions can be confined to the

cluded in the terms, which are Composedﬁmf and even powers of extra U(l}< gaugino sector and new interaction terms can be
each of them. Thus the sign of is related to that ofA. Here it expressed as

should also be noted that in the present notatiorD corresponds
to the ordinaryu <0 case.

it should be noted that this restriction has been derived under
some assumptions, for example, the gaugino unification relation
My= 3 tar? 6,M,. However, we will apply them for the general

: o IxQx | ——
My and M_W here. TE\Sse constraints correspond to the condition for _ ( —gyY tan y+ ) N
the chargino masm;~65 GeV. Cos y

OxQx
COS x

[@*(—QYY tan y + )Ax<p

fol -
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Additionally, it is also useful to define the chargino and
squark mass eigenstates here for the forthcoming calculation.
Taking account of Eq(1), the chargino mass terms are given
as

2000
1500

1000

—\u J2mycy, cosB
c L
» Kmass__(Hl1_”\ ) \/Emzcwsin,B M

Hz

-1000

The mass eigenstaté@f are defined in terms of the weak
interaction eigenstates through the unitary transformations,

-1500

X1 Hy X1 Hy

~ =\wW(H)T . ~ =\W()T .

)(2+ =W _|)\+ ! X; =W —IN |
FIG. 2. The allowed region in the\(u) plane for the_ model (3D

with sin y=0. The contours of the present mass bounds of the light-
est neutral Higgs scalar and the charged Higgs scalar are shown by Squarks and sleptons are also relevant to the neutralino
the dashed and dot-dashed lines, respectively. The surrounded decay. When we consider this subject, all flavors can be
gion by the dashed lines and the upper region of the dot-dashed oteeated in the same way except for the top quark sector. If
are allowed. The solid lines represent the boundarythey appear in the internal lines, the top squark may be es-
(A,Au=40 GeV; andB,Au=—100 GeV) coming from the ex- pecially important because of the largeness of its Yukawa
perimental searches of charginos and neutralinos. The region sangouplings and then we only consider the top squark sector in
wiched between them is forbidden. such cases. However, in the neutralino decay modes which
contain the ordinary fermions in the final states, the top
0xQx| ~ quark is too heavy to be included in them and it is irrelevant
—gvY tanx+ COSX>)\XH to such processes.
In the following analysis we do not consider flavor mix-
OxQx | —= ing in the squark and slepton sectors, for simplicity. Thus the
_( —gyY tanx+ cosx) )\XHH} (28)  sfermion mass matrices can be reduced to the2 Form for
each flavor. This X2 sfermion mass matrix can be written

where ¢ and i represent quarks or leptons and squarks orIn terms of the basisf, fg) as

sleptons. Higgs fieldsH,,H,,S) are summarized ad and
t_Phe co;responciir&gzﬁigg;ir&?fﬁ H, ,;S) arteddeQ‘Ote?i SE]. Im¢|2+M2+D?  my(Ai+AURy)
e charges o an are denoted a¥ andQy. . 2 2,02, (32
As a result, the parts corresponding to the gaugino compo- My (AF +AURp) - [my|*+Mg+Dg
nent of the neutralinge io-fermion-sfermion vertices are rep-
resented by the factors wherem; ande’R are the masses of ordinary fermiband
its superpartner?;L,R, respectively. We assume thﬂfR is
universal for all flavorsR; is cotg for the up sector and
1 tan B for the down sector. Soft supersymmetry breaking pa-
ZH(Y,Qu)=— —[gWU 1173t gyY Uy, rametersA; are the dimensionful coefficients of three scalar
V2 partners of the corresponding Yukawa couplirig%.andDﬁ

+H*

9 Qx represent th®-term contributions, which are modified in the
+( —gyY tany+ cosX) U3i}, present models as follows:
D2=+3m2 cos B[1—(1*Y)s5/]
R ]- ! ! ! !
ZR(Y,Qp) = — 75,0 Ua |~ tanx+ gg?)’:) usi}, + 3 9XQx(Qivi+Qyv3+Qgu?),
(29)

D=~ 3 mzsyY cos B+ ; giQu(Qqui+ Qaui+Qau?),

(33
where the suffixed and R stand for the chirality of the
coupled matter fieldgr and their charges are defined in termswhere the upper sign ilD, corresponds to the up-sector
of the left-handed chiral basis as presented in Tables | and Ifermions and the lower one to down-sector sfermions. The
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f X7
(a) (b)

FIG. 3. Diagrams contributing to the tree-level three-body déefly:x f f.

primed chargeQy stands for the modified charge due to the relevant mode. The second one may not be suppressgd if

kinetic term mixing and defined agxQy=—gyYtanx g jighter thany % even in the case tha{Q is composed of
+gxQx/cosy. We should note that thed2-term contribu- . . ~0 ~0.F
the same ingredients as the case Whlegeqxlff is sup-

tions cannot be neglected in the extra U{Iyhereu tends ) :
to be large. In such cases it will be useful to note that thepress,ed. Although these points should be taken into account

positivity condition of the sfermion masses may induce no" the analysis, through the numerical calculation of the mass

condition on the soft scalar masses. We define the maggenvalues® at least seems to be heavy enough not to open
eigenstatesT,,T,) as the threshold in the parameter regionu(m;) which we are

interested in. For the chargino mediated cascade decay the
threshold can be opened but the existence of its suppression
mechanism has been pointed out in R&#]. Therefore, in

this paper we concentrate our attention on the comparison of
X9—x %y andy 9—x 2 f. For this purpose we shall first

Under our assumption for the reality of soft SUSY param—f:alwlaIte the decay width of both modes. We_ are partlculgrly
erested in the case of rather small neutralino masses since

eters the above chargino and sfermion mass matrices are rém ) .
and thenw(*) andV' become the orthogonal matrices. in such a case these neutralino decays may be observed in an

By now we have finished the preparations for the calcy£xPeriment in the near future.
lation of neutralino decay in the present modelsRIparity
is conserved and the lightest neutralino is the lightest super-
particle, the decay of the next-to-lightest neutraljp into
the lightest neutraling  can be expected to appear in the ~ 1here are two types of diagrams which contribute to the
various superparticle decay processes. As the representatiff§€-level three-body decay. They are shown in Fig. 3. The
decay modes of 2 into ¥ ?, the tree-level three-body decay top quark cannot be a final state so that the contribution from
~0 ~0e o ~g ~ diagram 3b) is generally suppressed by the small Yukawa
X >—x1f T and the one-loop radiative decay,— x 1y

; coupling. The phase space integral can be analytically done
have been calculated in the MSSM framewfit,14,29. In i, the Jimit that the mass of the final state fermibiis zero.

these studies, which decay mode of these becomes dominafis seems to be generally a rather good approximation and

has been shown to be crucially dependent on the compositiqge 440t this result of the phase space integral in the present

of x5 andy § and then on the SUSY parameters. It is veryestimation. Thus the decay width for this process can be

interesting that the one-loop decay mode can easily dominaigxpressed 4

the tree-level process in the suitable parameter region. As

was recently stressed in R¢fl3], if a CDF-type event rel- ~0 ~o0.o~ 1

evant to% %—% % h ; o F(Xj—>)(if )= 3
X 2— X 1v happens to be observed dominantly in 967

stead ofy 5—x 9f f, it can constrain the SUSY parameter

space severely. In the following partifthis section we shall +24mm? In ﬂ}

analyze the decay widths of 5—y 2f f andy 5—x %y in T m,

the present extra U(%)models and also qualitatively discuss

the condition on the SUSY parameters fpg3— x5y domi-
nance. P fet— xiy where the vertex factorg, can be expressed by using the

There exist other decay modes like two-body decay intd"XINg matrix element y in the neutralino sector as
the lightest Higgsy 9— x $h® and the cascade decay medi-
. ~0 ~ —
ated through the chargino as x,—x1(eve) 12t should be noted that in the limit ah;—0 there is no inter-

—x%evs(ev,). If the h® is light enough for the threshold to ference term such &(VF(Y between the different fermion chirali-
be opened satisfyingn;g— My 0> Mo, the first one can be a ties in F2(a=1,2).

T, N
~ | =yt ~
7=V 7. ] (34)

B. ; g—»; Eff_

4 4

J ! 4 4 2.2

4
F2, (35)
1

a=
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1 Ox ; Ox .
]:l:4m2 [(9““L ZCOS)(Ql sin f)U4jU4i+(—9(l)+2COSXQ2 sin & |Us;Us;
Zl
Ox in £UgUg |(F{Y+F(Y
szsmg 6iUsi |(Fr T Ft),
Fpmt @4~ cosé|UyUa+| —g2+ =X —Q, cosé|Us Us + =X — Qg c0s iUg Ug | (F2'+ F2)
2 4m§ g 2 cosy *L 4jY i g 2 cosy 2 575" 5 cosy s 6j-ei |t fr /s
2

_ 1 — —
Fy' ™= 2 e 125 (Y, Q0 Ui+ Zi(Y, Q0 Us VG~ [Z3(Y,Qu Usi F ZE(Y,Qu)Usy IV, ~ 2hTUs UsiV, Vi,
a=1, Ta

+H[Z5 (Y, Q0 ZR(Y,Qx) + Z5 (Y, Q0 ZR (Y, Q) IV, V), (36)

where extra U(1), models. In the case of th& dominated neu-
tralino, it has no mixings with\,, and\y. Moreover, it has

no couplings with ordinary fermions. If this is the case, it is
not necessary for the gaugino dominated neutralino to be an
almost pure photino in order to suppress this three-body de-
cay unlike the MSSM. Later this point will be discussed in
more detail again.

g<1>=g—W(cos§+ sw tan x sin &),
2Cy

g<2>=2gTW(—sin £+, tan y cosé). (37 o
w C.X—x3Y

F, and F, comes from diagram(@). The mass eigenvalues  Next we~procsed to the calculation of the one-loop radia-

of the neutral gauge bosons are expressethasandmz,.  tive decayy 9—%9y. This has already been studied in the

M2 is the mass eigenvalue of the sfermion mass matrix, EQVSSM framework[12]. From gauge invariance, as sug-

f e effoct | — gested in30], it is easily found that the effective interaction
(32). The effective neutral current coup ings;’, etc., are describing this process is given as

deviated from ones of the MSSM due to the existence of the o

extra U(1) and the Abelian gauge kinetic term mixing. Let=Gx ?O-MV’)??FMV_ (39
Their concrete expressions are presented in Appendix A.

ZH(Y,Qy) andZR(Y,Qy) are defined by Eq(29). Diagram
3(b) gives F5, and F{~°F is obtained by replacing
Zlij(Y,Qx)a Zle(Y,Qx) and U; in F4Y with Zlij(Yny)v

Z5,(Y,Qy) and Uy, respectively. T(30—%%)
It is useful to examine under what condition this decay ! !
width can be suppressed based on Eg8s). and(36). As was
noticed up to now14], a dynamical suppression can happen
depending on the composition g andx which is deter-  wherem; andm; are the masses of; andy ;. Our main
mined by the SUSY parameters. For the contribution fromproblem is the estimation of the effective coupliggOne-
F, and F, they are suppressed unless bgthand x? are loop diagrams contributing this coupling are given in Fig. 4.
dominated by Higgsinos. ItF; and 7, there are contribu- [N diagrams 418 and 41b), only the top squark contribution
tions from both the Higgsino and gaugino component}}gn cannot be neglecteq becagse Of Its I.ar.ge Yukawa coupll_ng.
~0 ) T After some algebraic manipulation, it is obvious that this
and x; and then it seems to be difficult to expect the sup-coypling can be obtained as the coefficientépfé terms
pression due to the neutralino composition. However, ther@vhereq and e, are the momentum and the polarization
is a crucial suppression due to the small Yukawa couplingjector of photgn. In case of small neutralino masses
and also the small left-right mixingf12 in the sfermion mass m; j<m,M where m and M, respectively, represent the
matrix. These features can be summarized as follows. Thgyasses of fermions and bosons in the internal lines, the neu-
dynamical suppression appears effectively in such a case thghlino mass dependence disappears from these one-loop am-
one of};g and};(l) is dominated by gauginos and the other isplitudes. Its only dependence on the neutralino sector comes
dominated by Higgsinos. Although this is the same as thé¢hrough the mixing matrix {J of the neutralino sector. The
MSSM situation, there is a noticeable feature in the presergffective couplingG can be summarized as follows:

Using this effective coupling, the decay width is written as

1G1A(m?—m?)3
_ Aoy

(39
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| ! 1+r+ al | 42

(0= 3q3=nz| = T, (42)

J ! -3+ 2 | 43

(r)y= 2(1 2 r— 17 nri. (43

For checking this formula, we assume thati,My,My,
My<<m, and the top squark mass matrix is diagonal
(Vap=38,4). In such a case, fow(;), the situation is the
same as the MSSM and they can be taker as

WA =W =Wy =1,
Wi s

Mass eigenvalues of charginos are approximately written as
mé=\2m,cy cos B, m5=+2m,c, sinB. (45

For U;;, if we putgx=0 andA—0 but keepingu(=Au)
constant, i} can be approximated as

Uji=sw, Uz=cw, Uy=sinpg,

2 G- A, Us;=cosB, otherU;=0,
S N
A W Y) = \/—gstQema Z (Y) = \/_gzstem:
X+
S ZHY)=Z](Y)=0. (46)
i Xi
(52) (5b)

Using these expressions, it can be easily checked@hat
reduced to the MSSM result calculated in this parameter set-

FIG. 4. One-loop diagrams contributing tg?—x’y. The

chirality flip occurs at the fermion internal lines and/or Yukawa

vertices. In(2a) and(2b) we show representative ones.

ting [12].

This feature of Eq(40) is rather similar to the one of the
MSSM. As easily seen from the structure®f in Appendix
B, there is no special neutralino configuration in which the

drastic suppression mechanism works Fy 7—x ') un-

2
'\/|~
e 3 t,
G=-— 32772( Ff > 1 like F(X *)Xl ff f). This is an important feature to consider
a=12T | m the neutralino decay processes.
1 e v M3 D. Radiative decay dominant conditi
+ 2 m_ f I';— Gg+f \2N G3 41 m_\2N . E%.Ia Ive decay dominant condition
a=12a p « a As was clarified through the study of the CDF event
eeyy+E+ [13], neutralino decay can give the valuable in-
4 o My 4 N formation on the SUSY parameters. Based on a naive pertur-
+3J m’ Ga 2m, "\ m2 Gs( | 40 pative sense, ag 9— x 1y is the higher order process com-

pared withy 39— 9f f, the former is expected to be largely
suppressed by the small couplings compared with the
wherem, and My,= stand for the masses of the charginos|atter'* However, in the present case the neutralinos are
and the charged Higgs boson. The charged Higgs bosotomplicatedly composed of various ingredients and two de-
mass expression is presented in E2R). The first and sec- cay modes imply a different feature depending on their com-
ond summations should be taken for the top squark massositions which are determined by the SUSY parameters. If
eigenstates and the chargino mass eigenstates, respectivalye signature of the radiative decay mode is dominantly ob-
Each term with a vertex facto®{ comes from Feynman
diagram numbered within Fig. 4 and their concrete expres-
sions are presented in Appendix B. Kinematical functions *Here the sign conventions are taken so as to make both mass
f(r), I(r), andJ(r) are defined as eigenvalues positive.
Mt has been suggested that there is also a kinematical suppression
of the three-body decay whegps and y 2 are nearly degenerate
(41) m?’—m?<m? [14]. However, in our study we will not refer to such

r
1+—Inr !
a parameter region.

=17 M 1
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served, the SUSY parameter space can be strictly restricted For this investigation it is convenient to rewrite the neu-
due to the suppression condition of the tree-level three-bodgralino mass matrix, Eq.25), in terms of the usual photino
decay. Thus it will be useful to study how this situation canand Higgsino basis which is often used in the MSSM case. It

be changed in the extra U(;1 models. can be written as
|
MwsSq,+Mycd,  (My—My)swCw cwCi 0 0 0
cwC1 —swC1 C, CzcosB—C,ysinB CysinpB+C,cosB Cs
0 m, CzcosB—C,sing —\u sin 28 AU cos B o |-
0 0 C;sinB+C, cosp \u cos B \u sin 28 \v
0 0 Cs 0 v 0

(47)

where we define the neutralino basis of this matrix aspresent extra U(1) models. However, ifi is large enough,
(=iNy,—iNp,—iN3,Ha,Hp,He). Throughout this study we Cs becomes large and as a resdl sin 8+C, cos =0 can
assume that the gaugino mas$ég, and My take a value be effectively satisfied. Under this situation the Higgirbs

smaller than 200 GeV. o _ ~ can decouple fromk; and\,. The value of\ is related to
~ Inthe MSSM case the radiative decay dominant conditionvhich neutralinos become the lower two neutralino mass
is expressed g4.3,14 eigenstates and then it seems not to be severely restricted by

requiring radiative decay dominance. As easily seen from the

above mass matrix,; andH, tend to decouple from other

The second one is natural from the viewpoint of radiativeﬂelds under the conditiod9) and the situation is reduced to

symmetry breaking and we assume that it is satisfied in ouf?®@ MSSM one. This feature of2 andx 7 is expected to be
study as mentioned before. The first one is nontrivial but itSimilar to the one of the MSSM. When the composition of
may not be necessarily required strictly in some parametel1€Se states is interchanged, the same suppression is also
region as pointed out in Refl4]. As easily seen from the expected tq occur. In this pos_S|b|I|ty .|t shquld be noted that
part of Eq.(47) corresponding to the MSSM neutralino sec- Mw~My will not be necessarily required like the MSSM as
tor, we find that in the MSSM with the conditiof#8) the ~ far asMy takes a similar value ail,y andMy . In the £
almost pure photina; and the one of Higgsindd, become model with a suitable siy value, a larges is not necessarily

the lower two neutralino mass eigenstates as faMas, needed. In such a case, although Ztiebecomes rather light,

M, Au<m,. This situation realizes the suppression of therz_adlatlve decay dominance cannot be expected. In this case

three-body decay as discussed in the last part of Sec. IlI B;:]n)go seems to be preferable for radiative decay domi-

On the other hand, this kind of suppression of three-body Lo . :
decay seems not to be realized in the present extra (1) The second~p033|blllty is to make the Ilghteit neutralino
models even if the above condition is satisfied. This is be&n almost pures. As mentioned in the Sec. IIl BS has no
cause of the existence of the extra U¢Igaugino which has Mixings withA, and\y and also no couplings with ordinary
mixings with every neutralino component. Thus in order tofermions. Thus if we consider the situation that the next-to-
suppress the tree-level three-body decay it is necessary tghtest neutralino is the mixture afy, andiy and the light-
resolve this mixing effectively and produce a purely est neutralino is dominated b$, three-body decay can be
Higgsino-type neutralino. Although various possibilities maysuppressed. This gives a new window which does not require
be considered, we are particularly interested in the case witthe conditionM,~My . A very light neutralino dominated

Mw#My. by S is considered in a different context in R¢B1]. To

The first possibility is to make\; and/or\, decouple realize this situation it is necessary to impose
from one of the Higgsinos by imposing

szMy, tanﬂzl. (48)

C,>Cs, C,;=0, AU>mM,. (50)
C,=0, usv, (49) ,

The first one means thafly needs to be rather large com-
in addition to Eq/(48). The first one requiredly siny=My,  Pared withu. We need a particular supersymmetry breaking
and it is always satisfied in the case of no kinetic term mix-Mechanism which can realize the large hierarchy among soft
ing. The second one should be usually satisfied in the extrg@ugino masses such &g>My . If u>v, which is gener-
U(1)yx models to overcome the small mixing condition n ally the preferable situation for the extra U¢linodels, the
as discussed in the previous section. As shown in TablesNext-to-lightest neutralino is almost a mixture of and
and Il, C5 sinB*=C,cosB=0 cannot be satisfied in the (i.e.,Ayand\y) and also the lightest neutralirt, which is
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purely S. Starting from this case, we can get other composilower bound ofu. For the soft supersymmetry breaking pa-
tions for the lightest neutralino which realize radiative decayrameters we assume typical values as follows:
dominance by shifting the values bfy andu. If we assume

u”v, the lightest neutralino becomes a mixturerdf and

H.. This situation can be realized in tige models with a Additionally, gy=gyx and Myx=0 are also assuméd.The
suitable siny value as found from Fig. 1. If the condition gaugino mas$l is treated as a free parameter and also the
C2>Cs is changed intcCs>C;>v, which is equivalent to  gaugino massel,, andM are assumed to take not so large
us>My>v, the lightest neutralino becomé, and the situ-  values such as 40 Gé&Wl,,, My=200 GeV. Under this pa-
ation becomes similar to the MSSM case except fiatloes  rameter ~ setting, the branching ratioBr=I"(%J

not need to be a photinolike state but is enough to be any, 70y, (79— Y% )+ (39— X%)] is studied in the
states composed afyy and\y . It should be noted that these (\,u) and M, My) planes for typical values of sip and
new possibilities are related to the largg>m;z) and/or . “Through this study we found that the decay width of
sin x#0 case, wherax andS can play a crucial role. Inthe the radiative decay is in the rather wide range
sin x#0 caseC, =0 requires the existence of nonzévigx. ~ O(10 °-10 % GeV depending on the parameters. Al-
The validity of this condition should be checked by usingthough from the viewpoint of experimental detectability it

A=A;=200 GeV,M, =Mr=200 GeV. (52

renormalization group equatiofRGES in each model. may be possible to restrict further the parameter region based
on the absolute value df (x 9—xy), we are interested
IV. NUMERICAL ANALYSIS mainly in the radiative decay dominance conditions and then

Qwe focus our attention only on tH&r value here. It should

The arguments in the previ tion ar litative on .
€ arguments € previous secton are guatative o 81130 be noted thar gives the same value for thie. model

on the suppression mechanism for the three-body decay Olith sin y and theg, model with — sin y
+ .

X 5 compared with radiative decay. It is necessary to proceed At first we examine Br under the condition of
with numerical calculations to treat the subtlety of the Pap =My=My (5200 GeV in the (\,u) plane. As an ex-

rameter dependences and also restrict in more quantitativagmple we take thé_ model which has a rather small lower
way the SUSY parameter space where radiative neutral|n80und’ ofu. In this_model it is expected that there is no

?heecrzymt;ecgrenzsntew V&?}Lngcvagi trr?eOdSeL.JSAYS S;\urg?neest{eeri i?]bt%\/seevere restriction on the value ®f In fact numerical studies
resent e);(tra U(%) models and it may be (?ssible 0 esca e%how thatBr>0.98 is realized almost through the entire re-
P ybep P gion which satisfies the constraints coming from Figs. 1 and

the constraint, Eq(48), on the gaugino mass in the MSSM'. 2, although for a certaig value around~600 GeV there is

To clarify this we compare the two decay modes NUMEN", shallow valley whereBr gives a slightly smaller value
cally. In the study of this direction the most interesting pa- y 9 gntly

rameters are the gaugino masses. In addition to tlveamd compared with other region. That valley moves in theu)

. , . lane by the order ohu~0O(10'-10%) GeV following a
N\ will be also important in the present models because the . : )
0 hange of the value of sip from —0.2 to 0.2. This shift
are relevant to the extrd” mass and also the scale.

Before going to the numerical analysis of these decaggggnmagg%;rmg: t\r/]\/eh;aanggcg;zmg ?:rczrgiilgrgg roi?u);s
widths, it will be useful to summarize the allowed paramete ger. X == 9 o
at a small\ region such aa ~0.2. These qualitative features

region. We have already presented constraints amdu in tound o b © all dels. The diff b
Figs. 1 and 2. By combining these results, for typical value'€ found 1o be common to all models. The dilierence be-
tween theny model andé. model is that the latter can have

of sin y the allowed region ofi is roughly estimated as
X g gny a smaller bound ofi. As a result, for the same value ®f u

7 model: u”1375 GeV, 0.IA~0.42, in ¢£. models can take smaller values than that in the
_ - - model. In such a smallk region Br has the tendency to
sin =04 £ model: uZ550 GeV, 0.I\70.53, become smaller as far as the small gaugino masses are as-
& model: u”550 GeV, 0.IA~0.53, sumed. This is because the gaugino-Higgsino mixing cannot
be extracted in the lower lying neutrino eigenstates. Anyway
7 model: u~1200 GeV, 0.IA<0.42, we can safely conclude that radiative decay dominance is
_ - - good enough in the whole region of\(u) as far as
sin y=0.2{ &, model: u~775 GeV, 0.LA=0.52, My=My =My is satisfied.
& model: u~200 GeV, 0.I\0.66, Next we proceed to the study df, andMy dependence

of Br. For this purpose we estimater in the My,My)
7 model: u”1525 GeV, 0.IA<0.42, plane. In Fig. 5 we show the results for tie model as an
_ - - example. The global feature of this kind of plot seems to be
sin y=—0.2{ &+ model: uZ200 GeV, 0.I\Z0.66, characterized by the value @f (=\u) if My is fixed. In
é&_ model: u”775 GeV, 0.LA=0.52, the case of\u=m; [Figs. 5a), 5(b), and §c)], My=My
(51) seems not to be severely required. This point has been al-
ready pointed out in the MSSM caf#4]. However, in this
whereM,~40 GeV should be satisfied. Here we should note
that siny affects the neutralino decay widths, E¢35) and
(39), not only directly through the vertex factors and the Although these should be determined in terms of a RGE analy-
mixing matrix but also indirectly through determining the sis, we make these assumptions only for simplicity.
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FIG. 5. (a) The contours of the branching rati&r=0.9, 0.7, and 0.5 of thé_ model with siny=0 in the My,My) plane, which are
represented by solid, dashed, and dot-dashed lines, respectively. Parameters are-§etas1=600 GeV and =50 GeV.(b) The same
contours ofBr as(a). Parameters are set Bs=0.15,u=600 GeV, andVx=400 GeV.(c) The same contours @&r as(a). Parameters are
set ash=0.15,u=600 GeV, andMx=1000 GeV.(d) The same contours @r as(a). Parameters are set as=0.5, u=600 GeV, and
My=50 GeV.(e) The same contours @&r as(a). Parameters are set as=0.5,u=600 GeV, andVx=400 GeV.(f) The same contours
of Br as(a). Parameters are set 8s=0.5, u=600 GeV, andViy=1000 GeV.

model the larger violation of the relatidfl,,=My seems to  width of this region is not so narrow. This means that the
be allowed compared with the MSSM case. WhHdr be-  next-to-lightest neutralino should be the almost pholindo
comes larger compared witdl,y andMy, theBr>0.9 re- realize radiative decay dominance and thég,=My is
gion shrinks into the smallev,,,My region and also there preferable. Under this condition the mixture)of, s, Hy,

appears a neBr>0.9 region in the larg¢,,My domain, ~
whereM,~ My is not required. These behaviors®f may Hp, andH, can decouple from,. As My becomes larger,

be understooq as follows. Accoﬂr‘npanleg Ey a chang\ﬂ;af. whereM,=My is not required. The reason for thisx be-
a level crossing occurs betweari and x 3 and then their  payior can be understood from the qualitative arguments in

theBr>0.9 region has the tendency to occupy a wider space

ingredients are interchanged. And in the regiovf where  the previous section. Although we show here the results for
the separation betweeng andxg is large enoughBr>0.9  only one model, we have checked that other models also
is realized. In the case afu>m, [Figs. Hd), 5(e), and %f)], showed similar qualitative features. So these results can be

whenMy is smaller compared witm;, theBr>0.9 region  considered as qualitatively general ones.
appears as a beltlike zone around Mg~ My line but the Finally we would like to stress that in the extra Ugl)
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150 the models. Through this analysis we showed that the VEV
(S) and the Yukawa coupling of the Higgs singlet were
constrained in the suitable region. Next the width of the one-
loop radiative decay and the tree-level three-body decay
were calculated. Based on those results the suppression con-
dition of the three-body decay was qualitatively discussed
and we suggested that there could be a new possibility to
escape the constraint on the gaugino maddgs=M, for

the realization of such a suppression in the MSSM. This is
due to the existence of the extra U{lyaugino and the
singlet fieldS. For a more quantitative analysis the branching
ratio of radiative decay was numerically estimated in the
(\,u) and My, ,My) planes. As a result we found that the
problem solvable extension with the extra Uglgould
largely modify the parameter space which realizes radiative
decay dominance from that of the MSSM. Especially, it was
pointed out that the conditiomM,=My for the gaugino
masses is not necessarily required for radiative decay domi-
nance as far abl  is large enough. In the extra U(;1 )nod-

els slepton and squark decays which contain the above pro-
cesses as subprocesses can be largely affected by the
existence of the extra gauge bosons and the Higgs singlet.
These results seem to be interesting for future accelerator
experiments. In the supersymmetric models the extension
with extra U 1)’s mayhave interesting and fruitful phenom-
ena in their superpartner sector and its extra gauge structure
may be seen through the study of the superpartner sector.
Further study of this aspect will be worthy enough.
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APPENDIX A
40
. ‘ In this appendix we give the concrete expressions of the
n 40 60 a0 o 120 140 160 180 interaction Lagrangian of the neutral gauge sector. Original
. states which are not canonically normalized are represented
FIG. 5. (Continued. by the mass eigenstatesl{,Z4,Z5) as
models there is a wide parameter region where radiative de- Ar= A*—c\, tan x(sin £Z4+cos £Z4),

cay becomes the dominant mode of the neutralino decay.
This region contains a new possibility such that the relation

T — i I
My~ My is completely violated in comparison with the cor- Z#=(cosé+sy tan x sin §)Zf

responding parameter space to the case of the MSBLM +(—sin &+sy tan y cos&)Z4,

This can be possible because of the existenckeyoénd S.

The neutralino decay may give us various information on the o sin & it cos¢ u AL

extra gauge structure. =Cosy A1 T Gosy 22 (A1)
V. SUMMARY where A* stands for the real photon field aZd is under-

) . _ stood asZ* observed at the LEP. Using these mass eigen-
We studied the decay of the next-to-lightest neutralinostates, the interaction terms of these gauge fields with ordi-

into the |Ightest neutralino in the extended models with arhary quarks and |ept0ns in this model can be expressed as
extra U(1) and a SM Higgs single$, which can solve the

 problem as the result of its radiative symmetry breaking. £int:JZmAM+j£Ll)ZT+jf)zgy
In this study we took account of the Abelian gaugino kinetic
term mixing. At first we investigated the neutral gauge sector

(D) (D7 -
and Higgs sector in order to constrain the parameter space of b =R Ty o B Tryute,
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1P =FE Ly P Tryufe, (A2) Fit'=(7° = 2Qensi)g'? ~ €Qenfw tan x cos ¢
where the coeff|C|entl§fL , etc., are defined as n 9x coSsé,
2 cosy
Fi'=(7—2Qersi) 9" — € Qenw tan x sin ¢
9 o't sine, Fi?'=~2Qcrs0,0'? — e Qenw tan x cosé
2cosy
1) 2 (1) ; + 9x 'r cosé. (A3)
Fiy = ~2QemSwg" "~ —€Qenfw tan x sin & 2 cosy <X
9x 'R sin £ f f
2 cosy X ' w andQ,F stand for the U(1y) charges off_ andfg.

APPENDIX B

We give here the concrete expressions of the vertex faGf(s=1-5) in Eq.(40):

L7 -3)z(3) -2 - 3zl 5)

2 t
Gi=—3) ViV

1 L1
hU\/laVla U5]Z 3 —UsiZg; 3

3
—( 4 —( 4
—huvzavza[USiZF( —5) —USjZF( —g)H, (BD)
sin 28 _ _
Gh =5 {gAWhe Wo, (UgUsi—UsiUap) + Wi WA, [Z5:(— 1) Z5;(1) = Z5(— 1) Z5; (1) ] - guWh, WS,

X[UsiZ5i(—1) = UgiZ5;(— 1)]— guWh, Wi 1 [U 41 25,(1) U4 ZH(D) T+ X sin? B{gwWs, W)
X(U4jU6i_U6jU4i)+Wla W[ Z5 '(_1)U6j_zzj(_1)U6i]}+7\ cog B{gwWs, Wl;)(USiUGj

—UgUsj) + Wi W [Z] (1)U — Z5 (1) Ug 1, (B2)
9%
Gz‘=—ﬁ — W5 WAL (U U — U iUy + WD WG, (U Uy — Uy Us))
L et
+EVV(1& Wi, (UsiUy—UyUs)) |, (B3)
e 1
=gw cosﬂ(ngvéa”vv(zﬂuliuq—U4iuu>+ﬁvvaa”vvax[u“z;(—1>—u4i25,-<—1>]
\ o
—ﬁ WEHDTWEL (UsjUgi— Ui Usi) + Wi, W5 ) TTU 325 (— 1) — U 3,25, (— 1)]

_)\V\ﬁJr)\/\/(zHT(Uleri_Ualei) +sin ,3( —Ow ZZ)TMZ)(UliUSj_USiulj)

1 A B 3
+ —WSZ”MZ)[UE,;ZE(D - USiZIij(l)] - _Vv<1a)TW(1a)(U4jU6i —UgjUy4)

2 2

— W W TTU G Z5 (1) — U ZE (1) ] AW W, (U4 Ug — UgiUyy) (B4)

where in these equations we abbreviate the (dJarges in the expression E}(Y,Qx) andZ_iR(Y,Qx). G3 can be obtained
by making a replacement such as gin-cosB and cog8——singBin G3.
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