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Mass bound of the lightest neutral Higgs scalar in the extra 1) models
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The upper mass bound of the lightest neutral Higgs scalar is studied j gieblem solvable extra (1)
models by using the analysis of the renormalization group equations. In order to restrict the parameter space we
take account of a condition of the radiative symmetry breaking and some phenomenological constraints. We
compare the bound obtained based on this restricted parameter space with the one of the next to the minimal
supersymmetric standard mod&lMSSM). Features of the scalar potential and renormalization group equa-
tions of the Yukawa couplings among Higgs chiral supermultiplets are rather different between them. They can
reflect in this bound.

PACS numbds): 12.60.Jv, 12.60.Cn, 14.80.Cp

I INTRODUCTION coupling. In the second terglandgstand for the extra color
triplet chiral superfields which are important to induce the
Low energy supersymmetry is one of the main subjects okcale. In the superpotentislVy ;) we also explicitly write
present particle physics. It is considered to solve a weakhe top Yukawa coupling because of its importance in the
scale stability problem called the gauge hierarchy problem isjectroweak radiative symmetry breaking as in the case of
the standard modéSM). Although we do not have any di- the MSSM[6].
rect evidence for it, it has been stressed that the gauge COouU- The vacuum of these models is parametrized by the

pling unification occurring in a rather precise way in the yacuum expectation value®/EVs) of Higgs scalar fields
minimal supersymmetric extensigMSSM) of the SM may  sych as

be an encouraging sign for the presence of the low energy
supersymmetry. In the MSSM its phenomenology crucially vy 0
depends on the soft supersymmetry breaking parameters and <H1>=< 0 ) . (Hp)= ( ; ) . (S)=u, 2)
then it seems to be difficult to make useful predictions unless 2
we know how the supersymmetry breaks down. However,
there is an important exception that the lightest neutral Higgsvhere v, and v, are assumed to be positive aD@Jrv%
scalar mass cannot be so heavy and it is mainly controlled by ;,2(=(174 GeV}) should be satisfiet. The vacuum in
the feature of the weak scale symmetry brealihg This is  this model is parametrized by t8r v, /v, andu. The extra
not heavily dependent on the feature of the soft supersymy(1) symmetry is assumed to be broken at the region not far
metry breaking parameters at least at the tree level. Thus theom the weak scale by a VEV of the scalar componert.of
knowledge of its possible upper bound is crucial to judge therhe radiative effect caused by the second termiig,y):
validity of the low energy supersymmetry from a viewpoint prings this symmetry breakinig,5] and then thew scale is
of the energy front of the accelerator experiment. This aspeghqyced in such a way as=\u. Thus in this model the sign
has been extensively studied taking account of a radiativgs ,, s fixed as the one af automatically.
correction mainly due to a large top Yukawa coupli2g. This extra U1) symmetry forbids a barg term in the

Itis well known that there still remains a hierarchy prob- g nerpotential and” simultaneously makes the model free
lem called thex problem in the MSSM. Why a supersym- from the massless axion and tadpole problems. These fea-
metric Higgsino mixing term parametrized hy is a weak  tres seem to make this model more promising than the next
scale cannot be explained in the MSSBI. A simple and 1o the minimal supersymmetric standard mo@eMSSM)
promising candidate for its solution is an extension of the7] which is similar to this extra (1) model but is extended

MSSM by the introduction of an extra(l) gauge symmetry |y by a SM singlet chiral superfiewith the superpoten-
and a SM singlet fields with a nonzero charge of this extra g

U(1) [4,5]. The essential feature of this model is described by

the following superpotential:

1 _
Wimssm=ASH;H,+ §K83+ hQH, T+ -. 3)

Wu(l)/:)\SH1H2+kS@+thH2?+'", (1)

Itis also interesting that these kinds of extréllmodels can
whereH; andH, are usual doublet Higgs chiral superfields be often obtained as the effective models of a lot of super-
and the ellipses stand for the remaining terms in the MSSM
superpotential except for the term and the top Yukawa

!In the following discussion we do not consider the spontaneous

CP violation. Under this assumption the sign wftannot be fixed

*Email address: daikoku@hep.s.kanazawa-u.ac.jp freely but it should be dynamically determined by finding the po-
TEmail address: suematsu@hep.s.kanazawa-u.ac.jp tential minimum.
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TABLE I. The charge assignment of extral¥s which are derived fronEg [12]. These charges are
normalized as¥; . ,,Q?= 20.

Q V) D L E Hy H» g g S N
SM G2 G*1) (1) 12 @0y @2 @2 @Gy (@1 @Y @Y
v L R D T o 0
3 3 3 3 3
0 2 2 1 1 2 1 4 4 1 5 5
7 3 3 3 3 3 3 3 3 3 3 3
1 1 2 2 1 3 2 2 3 5
Q, +=—= *=— *+— +*+— +*x— F— FT— F— F— =— 0
oV Ve Ve V6 V6 V6 V6 V6 V6 \6

string modelq8]. Various interesting features of these typespapers[7,13—1§, it is convenient to explain the points by
of models have been studied in many works by iéw12). using the extra (1) models. The superpotential of our con-
Among the phenomenology of these models the lightest newsidering extra 1) models is defined by Edq1). Soft super-

tral Higgs scalar mass is also an important target for thesymmetry breaking parameters are introduced as

detailed investigation. Of course, also in these models the

lightest neutral Higgs scalar can be expected to be generally 1 —

not so heavy. The interesting point is that its upper bound Lsoft™ _zi m3, | il >+ ; >MakakatH.C.

can be calculable independent of the soft supersymmetry

breaking parameters at least at the tree level as in the case of +(ANSH,H,+AkSg+AnnQH,T+H.c), (4)

the NMSSM[13-17. The dependence on the soft supersym-

metry breaking parameters comes in through the loop corregghere the first two terms are mass terms of the scalar com-
tion mainly due to the large top Yukawa coupling and theponentgbi of each chiral supermultiplet and of gauginos.
second term of Eq(l). _ We use the same notation for the scalar component as the
_In this paper we estimate the upper boumgo of this  gne of the chiral superfield to represent the trilinear scalar
lightest neutral Higgs scalar mass on the correct vacuuntqyplings in the last parentheses. Other freedoms remaining
The correct vacuum is determined as the radiatively induceg, the models are extra matter contents and a type of extra
minimum of the effective potential in the suitable parametery(1). on these points we confine our study into the typical
space. In this approach we use the one-loop effective poteRsra U1) models derived fronkg, which are listed in Table

tial and solve the relevant renormalization group equationg at the TeV region they are assumed to have only one extra
(RQES numerically. We will pay our attention on the com- U(1) symmetry which is broken only by the VEV & and
parison of this upper bound with the one of the NMSSM;iye 5 solution to thex problem[11]. As discussed in Ref.
within the phenomenologically allowable parameter region{1 g for the case of NMSSM, the extra matter contents affect
In the NMSSM it has been known through many works thafiygirectly the low energy value of the Yukawa coupling

the triviality bound of a Yukawa coupling of Higgs chiral  hrough the influence on the running of the top Yukawa cou-
superfields strictly control the upper bound of the lightestyjing "This is rather important to estimate the Higgs boson
neutral Higgs boson ma$s5,16. Our approach is somehow  mass hound. In the present model such kind of effects on the
different from this usual one. We find the phenomenologi-y kawa couplings may also be expected but its effect is
cally acceptable parameter subspace in the rather wide Payore complicated than the NMSSM as discussed later. If we
rameter space by taking account of the radiative symmetryyiroquce the extra field contents arbitrarily, the cancellation
breaking condition and some phenomenological conditiongy the gauge anomaly may require to introduce the additional
such as the chargino mass and the charged Higgs scalgg|gs which again affect the running of Yukawa coupling
mass, etc. The estimation of the upper mass bound of thg,q 5o on. Thus for the estimation of the Higgs boson mass
lightest neutral Higgs scalar is carried out in this restrictedyqnd it is important to fix the matter contents in the
parameter subspace. Although the result of this approach E§r1omaly free way in the present study.

necessarily dependent on the assumption for the soft super- a5 the matter contents we assume the MSSM contents
symmetry breaking parameters, we consider that it is pos;nq additional extra matter fields:

sible to obtain the useful results by studying the wide region
of the parameter space. [3(Q,U,D,L,E)+(H1,H2)Jussmt3(9,9) +2(H1,Hy)

Il. EXTRA U (1) MODELS +3(5)+3(N),

In this section we discuss more detailed features of thevhich can be derived from thr&¥s of Eg shown in Table I.
extra U1) models and give the basis of the present studyThis set satisfies the anomaly free conditions. We can also
Since the NMSSM is well known and discussed in manyadd extra fields to these in the form of vector representations
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constructed from the fields listed in Table I. Here we con-given in Table | we can introduce the intermediate scale
sider the following two cases as the additional extra chirathrough the D-flat direction oN and N* whose existence
superfields does not affect our discussion in the later part of this paper.
If this is the case, they can have the weak scale masses
(A) (Hp)+(HY), (B) (g+Ha+Hp)+(g* +H:+H?),  through the nonrenormalizable interactions in the superpo-
tential such as (My)NN*gg*. Although this is phenom-

wherea,b=1 or 2 and the fields in the second parenthese§nologically important, it can be improved by the suitable
come from27¢ of Eg. At least in the sector of SU(3) extension without changing the following results and thus we

X SU(2), X U(1), these matter contents are the same as thd® N0t get involved in this point further here.

one of[MSSM+n(5+5*)] where5 and5* are the repre- In our considering models the tree level scalar potential
sentations of the usual $§). The cas&A) corresponds to including the soft supersymmetry breaking terms can be
written as

n=3 and(B) to n=4. Then=3 is the critical value for the
one-loop B-function of SU3). It makes this one-loop
B-function be zero. The interesting point of these field con- v/ = —(92+91) (|H1]2=|H5|?)%+ (]ASHy |2+ |NSH,[?)
tents is that the unification scale of SUEXSU(2)
X U(1)y is not shifted from the MSSM one. The=4 case

, , ! +m2|Hy| %+ m3|H,| >~ (A\NSHH,+H.c.
saturates th@-function for the pertubative running of gauge 1/l 2[Hal "= (A\NSHH, )

couplings up to the unification scale3x 10 GeV. Al- 1, 5 X -

though this addition seems to be artificial, this type of spec- + ggE(Q1|H1| +Q2[H2|*+Qg[S*)

trum can be expected in the Wilson line breaking scenario of

the Eg type superstring model. We use these contents to +N2[H H, %+ m§|8|2, 5)
compare the feature between the NMSSM and our ex(iia U

models? whereQ,, Q, andQg are the extra (1) charges oH{, H,

The existence of multi-generation extra fields brings anandS respectively. The first two lines are found to have the
ambiguity in Eqg.(1). The couplingh andk can have genera- corresponding terms in the MSSM if we remind the fact that

tion indices for extra fields such &H,, H,, g andg On MIS reali;ed as,u=.)\u. The third Iing cqntains new ingredi-
this point we make the f0||owing assumption to make theents. Its first term 'IS a D-term COI"!tI'IbUtIOI"I of the extral)J
argument simplé.Only one S can have the couplings in andge stands for its gauge coupling constant.

Eq. (1) and one pair of 1;,H,) corresponding to the one of Potential minimum condition for Ed5) can be written as
the MSSM alone gets the VEVs. Extra colored isosinglet 1 1

fields (g; ,g;) have a diagonal coupling to thiask;Sgg;, m?=— = (g2+ 9% (v2-v2) - =920

where all the coupling constanks show the same behavior ! 4752 SURTL T2 4 SRR

in the RGEs becauseay(,g;) are completely symmetric for v,

the generation indek in the models. The fermion compo- X (Qqu2+ Qi+ quz)—)\z(u2+v§)+)\Ahuv—,
nents ofg; andg; can get mass through this couplifh@®n !

the other hand, the fermion components of the remaiing 1

which do not couple to the usual higgsinosHa andH, can ms=—(g5+9%) (vi—v3)— 4QEQ2

get their masses through the one-loop correction. From a

viewpoint of the model construction, the serious phenomeno-

v
logical problem will be how the fermion components in other X (Q02+ Q02+ Qgu?) — N2(U2+v2) +NAU—,
remaining extra matter fields can get their masses. Although v2
they can be generally massive through the gaugino mediated 1
one-loop diagrams, their magnitude seems not to be enough . QEQs(lel+szz+QsU )

to satisfy the phenomenological constraints. In §hemodel

U1V
N2 402+ NA 2

(6)
2We should note that if every extra(l is broken at the unifica-
tion scale, these models are equal to the NMSSM with the equiv

lent extra matters as discussed in Réb|.

3As far as we use Eq(7) for the upper bound of the lightest

neutral Higgs boson mass, this assumption seems to be reasonabllzeqI (:) we Canl derlvet the rr?aﬁs matrix of t?o fet\;]en neu- tral
This assumption affects the RGEs of some parameters and aI§ Al Flggs scaiar sector which IS composed of three neutra

one-loop correction to the Higgs scalar mass. Other cases will bgomponenté—lo, H3 and S The goodness of this treatment
discussed later. has been dlscussed in the MSSM cgZeand we follow this

“4If we change the charge assignment for some fields, some ext@gument. If we note the fact that the smallest eigenvalue of
fields can be heavy at the intermediate scale as discusgddlin ~ any matrix is always smaller than any diagonal elements, we
Although this kind of possibility can be realized in tife model,  can obtain the tree level upper bound of this lightest Higgs
we do not consider it in this paper. scalar mass in an independent way of the soft supersymmetry

3his constrains the soft SUSY breaking masses of Higgs
scalars at the weak scale. As the second derivativé,dh
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breaking parameters by transforming the basis into the suitomparing the mass bounds of the lightest neutral Higgs sca-

able one. This upper bound can be writter{ B3,4] lar in both models. Although the extra(lJ models and the
) NMSSM have the similar feature related to theerm, they
(0)2 2\ are expected to show rather different behavior in the running

m'y°<m?| co€ 28+ ——Sin? 2
ho v B 213l B

7 of Yukawa couplingk, « and\. The top Yukawa coupling

) has the same one-loop RGE in both models as

g .
+ 55 (Q 08 B+Q,siEB2|, (D) dh h 16
g1+9s5 L= L[ Bh24+ 22— = g2 (8
ding 1672\ ¢ 393"

where we used the potential minimization conditi&h The

first two terms correspond to the ones of the NMSSM in|n the present field contents, takes larger value af  than
which their behavior has been studied in many wdik&—  the one of the MSSM. Even if the initial value bf takes the
16]. The running of a coupling constantand its triviality  |arge value likeO(1), the 8-function in Eq.(8) can be small
bound have been shown to be Crucially dependent on théue to the cancellation between Merm and a5 term. As
extra matter$16]. The extra W1) effect appears through the 3 result,h, tends to stay in near its initial value at the inter-
last term which is its D-term contribution. Equatiéf) can  mediate scale independently whether it starts from a large
show the different tgf dependence from the one in the value or a small value. This feature is shared by both models.
MSSM depending on the value of and also the type of On the other hand, the one-loop RGEs«fk and \ are

extra U1). In the case of MSSM the upper bound of the |argely different from each other. They are witten as, in the
lightest neutral Higgs mass always increases witiBtamthe ~ NMSSM,

region of tag>1. If A=<0.6, the present model also shows

the same behavior. On the other hand, for the same region of dx K ) )
tang its upper bound can decrease with increasing3tan dIn,u:W(GK +619),
when N=0.6 which does not depend on the model so
heavily. The NMSSM shows the similar feature, which can dh N
be seen in Ref16]. Although this may be potentially altered ——=———(3h?+2k%+4)\?) 9)
by the radiative correction, it is one of the typical features dinp 16w
coming from the\SH;H, in these models different from the )
MSSM. and in the extra () model,
We should note that the bound formula K@) is appli-
cable only in the case afs>v;,v,.% In the extra W1) model dk _ ke (3N + 2)k2+ 2\ 2— 16 ,
the value ofu can be constrained from below by the condi- ding 1672 9 3 93
tions on the mass of this extra(l) gauge boson and its
mixing with an ordinanZ°®. As far as we do not consider the dn 5 5 5
special situation such as &#r~Q,/Q, under which the mzm(%ﬁf‘”\'gk +4\9), (10

mixing with the ordinaryZ® is negligible, the hierarchical
condition u>v,,v, should be imposed to satisfy the phe-yhere Ng is a number of the pair of the isosinglet colored

nomenological constraints on the ex#a mass and its mix- fields o anda which have a counling t&. In these RGES we
ing with the ordinaryz® [12]. Whenu is sufficiently large\ 9 9 ping 6 re

. . o . neglect the effect of gauge couplings, g, andgg .> At first
may be constrained into a limited range required by the suc- e consider the running behavior efandk. Sincek has an
cessful radiative symmetry breaking at the weak scale so thaé fect of it can be ra?ther larger at the.intermediate scale
Au(=p) takes a suitable value. In the NMSSM this kind of 9s, Y

constraint on\ is expected to be weaker than the one of thethan « which has no such effect and rapidly decreases ac-

extra U1) model sinceu has no phenomenological con- cording to lowering energy. This is important to determine

straint at this stage. Anyway, we need the renormalizatior%he value ofu realized in both models, which are mainly

group equatiofiRGE) study to check whethex can be con- determined bym% at the low energy region. They are con-
strained in a substantial way by this condition. trolled by the one-loop RGE as

2
dmg

1
IIl. THE COMPAi:\ISDO_NrHOEFNE’\;(;'SRQ U (1) MODELS e W(2K2(3m§+ AD+2M2(mE+m} +mE +AT))
11

It is useful to discuss some qualitative features of the
extra U1) models and the NMSSM in more detail before in the NMSSM, and

5In the case ofi<v,,v, the diagonal element corresponding3o 8In these equations we cannot find the fixed ratio point other than
can be smaller than the right-hand side of &). In such acase we k=0 or A=0 as far adN,#0 even if we ignoregs. This is very
cannot use Eq.7) as the bound of the lightest neutral Higgs boson different situation from the NMSSM which has been discussed in
mass. We will exclude it from our study. Ref.[18].
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dmi 1 o 2 2 2 5 also take account of the effect ol ? from the extra isos-
dinu - W("?’Ngk (mg+ mg+m§+Ak) inglet colored chiral superfieldg andg which have a cou-
pling with S. A mass matrix of the top squarks is written as
+2203(mé+ mﬁl+ mﬁ2+A§)) (12)
Fné+ h?y3 hw,(— A+ AucotB)
in the extra Y1) models. The largek compared withk _ ~2 22 , (14
makesm2 much more negative in the extra1) models. The Mwa(= At hucolp) M hivs
larger value ofu is expected in the extra(l) models if we
remind Eq.(6). and the one of the gguarks is expressed as
As easily seen from the RGE of in the extra 1)
model, the running ok is made fast by the existence of the m;+k?u? —Aku+ ko,
second term of Eq(1) which is needed for the successful ~2 o , (15)
radiative symmetry breaking of these modgl$. The one- —Akut koo, m§+k u

loop B-function of the couplingk has a contribution ofj5
differently from the case ok in the NMSSM. If we stark ~2 ~2 )
and « from the large values at the unification scale, thisWherevaT’mgyg andAy, A are soft supersymmetry break

feature can keef rather large at the intermediate region and'Ng parameters. Here Ia-term.cont.nbutm_n IS neglected as it
then the running ok can be made fast by its effect com- has been done in many previous investigations of the MSSM

pared with the one o in the NMSSM. This feature tends to [2]. Mass eigenvalues of these mass matrices are respectively

make the value ok at the low energy scale smaller com- expressed as

pared with the NMSSM case if the same initial value is ~y o ~2 2 9

adopted at least. However, the initial valuekaind x should m;, =2 (Mg +mp) +hivs

be controlled from the requirement of the radiative symmetry T~ =25 22 5
breaking from our view point since they play an important * \/z(mQ—m?) +hi{vs(—A+AucotB)s,

role in this phenomenon. We need the numerical analysis to

study this aspect in more quantitative way. The extra matter ﬁg_: %(ﬁqs_,_ ~m§) + K242

effects on the RGEs are also rather different between the '

NMSSM and the extra 1) models. As far as all the cou- v iz 20 2

plings are within the perturbative regime, the larger number B \/4(mg mg—) T (—Akut ko)™ 18

of extra matter fields make the gauge couplings at the unifir e estimate the upper bound of the lightest Higgs mass in
cation scale larger. As pointed out ita6], in the NMSSM {10 same procedure as the one used to obtain(Bgby

this indirectly makes the low energy value af larger minimizing the one-loop effective potentidlg=\Vo+ Vs,

through the smallness ¢f; at the intermediate scale whose o following one-loop correction should be added to the
B-function in Eq.(8) is kept small there. On the other hand, right-hand side of Eq(7):

in the extra W1) models the runnings df and\ are simul-

taneously affected by the extra matters in both direct and 1/2V, 1 oV 1 92V
.- 4 . . 2 1 1 1 .
indirect manners, as is easily seen in ELf). Amio= 2\ 502 ol a0 cog 2 J0-d0 sin 28
We know from these considerations that the resulting low U1 1o 17v2
energy values ok andu are rather different in both models. 1/%V, 1 aVq\
We should note that these values affect the upper bound of Tl T v, 0, sir? B. 17
2

the lightest neutral Higgs scalar mass. Although Ed.
showsA is crucial to determine the tree level boundjs
essential to determine the magnitude of the one-loop effec
especially in the extra (1) models. The radiative correction
to Eq. (7) can be taken into account based on the one-loo
effective potential. It is well known that the one-loop contri-
bution to the effective potential can be written[d9,20

From these we find that can crucially affect to the mass
bound through the one-loop effect gfjuark sector in the
extra U1) models. This additional effect cannot be escapable
Rys far as the occurrence of the radiative symmetry breaking is
required.

It may also be important to take account of the difference
in both models coming from some phenomenological con-

1 M? 3) o .
Vo= sttm 4 In ~ 2 13 stram;s, in partlcula_r, the ones relateddandu. Although
1 6472 AZ 2 (a3 this kind of constraints depend on the values of soft super-

symmetry breaking parameters, it may be useful to improve
where M ? is a matrix of the squared mass of the fieldsthe upper bound estimation based on the triviality bound of
contributing to the one-loop correction aidis a renormal- \. We should remind the fact that the chargino mass, the
ization point. In the usual estimation of the lightest neutralcharged Higgs boson mass and squark masses are dependent
Higgs boson mass in the NMSSM the top and tops contribuen A andu [11]. The chargino and the charged Higgs scalar
tions toV; are mainly considered as the relevant fields be-have the same constituents as the MSSM. However, they
cause of their large Yukawa coupling. However, in the studyhave a different mass formulas from the MS$M2]. In both
of the extra W1) modelsk is rather large and then we should models the chargino mass is expressed as
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m, = 3(\2u%+2ma,+ MZ)_\/ (2m3, cos 28+ N2u?—M3)2+ 2ma(—\u sinB+ M, cosB)?, (18

X~

wheremy, and M represent the W boson and the gauginoSu(3). but only impose the realization of the low energy
A, masses. The charged Higgs scalar mass has the differegtperimental value following Refl16]. For the extra (1)
mass formula between both models. In the ext(&)thodels  coupling gg we use the same initial value as the one of
it is expressed as U(1)v at the unification scalM y . The initial values of these
parameters are surveyed through the following region:

2 . 2\%) 2A0u
mi==myl| 1— —5 |+ sin23 " (19
92 0<h,<1.20.1), 0=k, |«|=2.00.2, 0=\A=3.000.2),
while in the NMSSM it is written as
202 2(ANU— kAU 0<M/Mg¢=<0.80.2, O0<m/Mg, |A|/Mg=3.000.3),
mH+ mW 1—9—2 +W (20) (24)

Recently the lower bounds of these masses become largethere in the parentheses we give the interval which we use
and we may use these to put some constraintd @md u. in the survey of these parameter regions. Since the sigrs of
Another important point to use Ed7) is that it must be andA affect the scalar potential, we need to investigate both
smaller than other two diagonal elements of the8neutral  signs of them.
Higgs scalar mass matrix. Especially the diagonal mass for In the present model the determination of the decoupling
the singlet Higgs scald8 can give a substantial constraint on scale of heavy fields seems to be rather difficult problem.
u. Its tree level formula is The contribution of the extra colored fields to Efj3) seems
to be as important as the top and stop contribution. Their
Avvp masses are determined dependingiolm our view pointu is
mHg: EgEQS u (21) dynamically determined as a result of potential minimization
and we cannot set it up by hand. It is nontrivial what we
in the extra Y1) models, while it is expressed as should use as the decoupling scale of these extra colored
fields and the renormalization point of Ed.3). Here we use
2 _a,.2024 A\Av1U2 A 22) the following method as a convenient one, although it may
GRS u u KU not be a systematic one. We assume that the RGEs of the
gauge coupling constants are changed from the ones of the
in the NMSSM. This constraint may be substantial insupersymmetric extra () models to the SM ones at a su-
the NMSSM where there is no other clear constraint on thgpersymmetry breaking scaM ¢ for which we takeMg=1

small u. TeV as a typical numerical valyd4,16.” This will be con-
venient for the gauge couplings unification. In the effective
IV. NUMERICAL ANALYSIS AND ITS RESULTS potential (13) the choice of the renormalization point is im-

) ) ) ] portant to make the renormalization point dependence on the

In th|so section we numerically estimate the bound ofestimated value of Higgs boson mass least. In the study of
mo(=mip*+AmZo) by solving the RGEs and taking ac- the MSSM it has been discussed that it should be taken, as
count of the phenomenological constraints presented abovgzi]. In the investigation of the present models we should
In order to improve the one-loop effective potenfidl] we  adopt the analysis with many decoupling scales. However,
use two-loop RGEs for dimensionless coupling constants anthis is too complicated for our purpose and beyond the scope
one-loop ones for dimensional SUSY breaking parametersf present study. We proceed our following analysis by tak-
for simplicity. In this estimation we adopt the following pro- ing the renomalization point of Eq13) as m, simply, al-
cedure. As the initial conditions for the SUSY breaking pa-though the extra colored fields may be heavier thanand

rameters we take their decoupling scale is expected to be arouvd. It
should be noted that our calculation may overestimate the
m¢. (ym?2,  Ma=M, A=A=A=A=A, effect of the extra colored fields because of this procedure.
(23)

wherem? is the universal soft scalar mass and we introduce 7In principle we should solve the RGEs of soft supersymmetry
the nonuniversality represented lyyonly among soft scalar preaking parameters under the initial values given in @& in
masses oH,, H, andS We comment on this point later. order to estimate this scaMs. However, we do not take such a
These initial conditions are assumed to be applied at th@ay here, for simplicity. It is beyond the present scope to study the
scale where the coupling unification of SU(2and U(1),  dependence of our results on the supersymmetry breaking scale
occurs. We do not require the precise coupling unification o .
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As a criterion for the choice of the correct vacuum, we 10000.0 : :
impose that the radiative symmetry breaking occurs cor-
rectly. We check whether the potential minimum satisfying
the conditions such as E@6) improved by the one-loop
effective potential can satisfy the phenomenologically re- 5000.0
quired conditions such as=174 GeV andm,=174 GeV
starting from the above mentioned initial conditions. It is not
so easy to find this solution under the completely universal
soft supersymmetry breaking parameters so that in our RGE
analysis we allow the nonuniversality in the region<94
=<1.2 among soft supersymmetry breaking masses of Higg:
scalars. The nonuniversality of soft scalar masses are gene
ally expected in the superstring modg®2]. This treatment 8 i
seems to be good enough for our purpose to estimate th -5000.0 ) <h,=03
upper mass bound of Higgs scalar. We also additionally im- Ch,=04
pose the following phenomenological conditions. ka9

(i) mﬁo should be smaller than other diagonal components
of the Higgs boson mass matfigee also footnote 5 and the 100009 5 5.0 100 15.0
discussion related to Eq&1) and(22)]. (a) tan B

(ii) The experimental mass bounds on the charged Higg:s
bosons, charginos, stops, gluinos &idshould be satisfied. 10000.0
Here we require the following values:

0.0 r

my==67 GeV, m,==72 GeV, m >67 GeV,

KX XX XX XX

5000.0 |

X

M;=173 GeV, m; =500 GeV. (25

XX XXX XX XX XK

(m X XXX XX XX XX
X X HAAX KX XX XX

WM XA AKX XK MK

(X){) X XXX XX XX XX

X h‘ =03
h‘=0.4 T
h,>0.49

(iii) The vacuum should be a color conserving ¢28. s 0.0 }

We adopt only the parameters set satisfying these criteri-
ons as the candidates of the correct vacua and calculate tr
Higgs boson mass boumjﬁo for them.

At first in order to see the difference in the allowed 50000 -
vacuum between the NMSSM and the extrd)Jumodels we
plot the radiative symmetry breaking solutions for the
present parameter settings in the @am) plane in Fig. 1.
Solutions are classified by the initial value lof at My into — , ,
three classes which show rather different qualitative features 0.0 5.0 10.0 15.0
As an example of the extra () models we take th&_ (b) tan B
model here but the; model has been checked to show the
similar feature to th&_ model. We take the cagé) as the FIG. 1. Scatter plots of the radiative symmetry breaking solu-
extra matter contents. Through the present calculation an efions in the (ta, u) plane for the NMSSMa) and theé_ model
fect of the translation of the running mass to the pole mas$b). Solutions for the differenh, (M) are classified.

[24] is taken into account to determine f@arnWe take tap

U

X X X O

<15 and neglect the large t@rsolutions since the bottom 4m§ mg
Yukawa coupling is assumed to be small in the RGEs so that?=— —— forextraU1l), u’=- 2.2 for NMSSM.
in the present analysis the large gsolutions cannot be 9eQs K 26)

recognized as the appropriate ones. Figure 1 shows that the
¢ model can have solutions in the largemregion of the
(tanB,u) plane compared with the NMSSM. As mentioned In the NMSSMu depends not only omé but also onk and

in the previous section, this is a result thatan be larger as a resulu can take a rather large value. In the model
than « at them, scale due to the SB3) effect. This is the smalleru region such asi=1 TeV is cut due to the
shown in Fig. 2, where the values &{m;), «(m;) and experimental extr& mass bound. Also in the NMSSM the
N(m,) corresponding to each solution are plotted forAan very smallu seems to be forbidden. This seems to be a result
The soft scalar masmé of the singlet Higgs scala® be-  of the phenomenological conditiori® and (ii).

comes much more negative in the extréllmodels than in The big qualitative difference of the vacuum in both mod-
the NMSSM. In the sufficiently large region the potential els is that there can be largesolutions for tag=5 in the
minimum condition foru reduces to case ofh(My)=0.3 in the extra (1) model. One reason of
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1.0 . 160.0 . .
o © o T%\%@ %—= h,=0.3
150.0 |- &—o h,=04 |
@\6\@\ o< hy>0.49
05 | i
IS .
o x y 1400 |
Xy e X
~ 00} J TES 130.0
120.0 |
X
< bN
-05 | P 1
x NMSSM 110.0 |
o8& _model
1.0 1 ! 100.0 ! !
0.0 5.0 10.0 15.0 0.0 50 100 15.0
(a) tanp (@) tanp
0.8 ; ; 160.0 : :
m=1TeV
S B S < x—=x h,=0.3
- G—o h =04
100 3 v — h>049
0.6 1 @/9'/6\@\
y , -
x 140.0 | = —
X
% X
o
o M\Q x
< 04 r O o | & 1300 - ; > .
X
120.0 | |
02 « _
2 110.0 | -
% x NMSSM
O& _ model
100.0 : '
0.0 , , 0.0 5.0 10.0 15.0
0.0 5.0 10.0 15.0 (b) tanp
(b) tan B

FIG. 3. Boundary values ofn,o of the lightest neutral Higgs

FIG. 2. Scatter plots of the radiative symmetry breaking solu-boson mass as a function of f&um the NMSSM. Full data are used

tions for the NMSSM and th&_ model in the (taB,k or «)
plane(a) and the (taB,\) plane(b). The values ok, x and\ are

the ones atn; .

this is that the smallek(m,) is realized in the extra (1)
models than in the NMSSM. This is clearly shown in

to draw(a). In (b) we imposem(My)=1 TeV. All solutions satis-
fying 2.4 TeV <u<2.6 TeV are also plotted by three types of
triangles in 3b).

restricted by the radiative symmetry breaking at least within

Fig. 2(b). The discussion on this aspect has been alread{’® Parameter region searched in this paper.

given based on the RGE in the previous section. On this

In Figs. 3-5 we give the results of our numerical estima-

. i . 0 .
point we should also note that in the B®m5 region the tions of my for each model. In these figures we plot the

small A\ (m,) is allowed. Thusu=Au can be in the suitable
range even ifu is large. However, the boundary value wf
seems not to have so strong dependencea @m,) in both
models and the value ofu does not seem to be strictly

boundary values ofnﬁ for the parameters obtained as the
solutions of our radiative symmetry breaking study. In each
figure (a) the upper and lower boundariesmﬁ are drawn by

using the all solutions obtained under the initial values
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170.0 . . 170.0 :
160.0 |- . 160.0 |- .
150.0 - 1 150.0 | S 1

2e 1400 . e 1400 .
130.0 | 1 130.0 | /M 1

*—= h=03
120.0 | . 120.0 | o—o h =04 1
& hy> 0.49
110.0 s s 110.0 :
0.0 5.0 10.0 15.0 0.0 5.0 10.0

(a) tan B (a) tan B

170.0 . . 170.0 .
m=1TeV
160.0 | —= h, =03 . 160.0 | -
G—o0 h,=0.4
&—=< h,>0.49
150.0 |- . 150.0 | .
£ 1400 . 2= 1400 /\ .
130.0 . 1300 .
m=1TeV
x—= h,=0.3
1200 | - 1200 | G—0 h=04 .
G—= h, > 0.49
110.0 : ' 110.0 '
0.0 5.0 10.0 15.0 0.0 5.0 10.0
(b) tan B (b) tanp

FIG. 4. Boundary values ofno of the lightest neutral Higgs FIG. 5. Boundary values ofno of the lightest neutral Higgs
boson mass as a function of farin the £ model. Full data are  boson mass as a function of & the » model. Full data are used
used to draw(@). In (b) we imposem(My)=1 TeV. All solutions  to draw(a). In (b) we imposem(My)=1 TeV. All solutions satis-
satisfying 2.4 TeV=u=2.6 TeV are also plotted by three types of fying 2.4 TeV <u<2.6 TeV are also plotted by three types of
triangles in(b). triangles in(b).

shown in(24). In order to show thé,(My) dependence of find that the largeh(My) realizes the smaller tghand then
mﬁ we classify the solutions into three classes and draw therhrings the larger contribution of the second term of E.
separately. In figureg) we plot the upper and lower bound- Thus the largesk(my) in the small tag in Fig. 2(b) gives
aries ofm? for the remaining solutions after imposing the the largestny . AlthoughX (my) in the extra W1) models can
additional conditiorm=1 TeV. We also add the scatter plots P& smaller than the one of the NMSSM as shown in
of the solutions corresponding to 2.4 TeVi<2.6 TeV, as Fig. 2b), the boundary values ahy is larger in the extra
an example of the typical value, in the same figures. They U(1) models than in the NMSSM by a few to ten GeV. This
are represented by three kinds of triangles corresponding t§ mainly due to the extra contribution to E€L7) coming
eachh,(My) value. As a common feature in all models, we from the isosinglet colored fieldg(,g;). Since the existence

095006-9



Y. DAIKOKU AND D. SUEMATSU PHYSICAL REVIEW D 62 095006

170.0 . » , . case(A). Since the value of3(My) increasesh;(m;) and
k(m;) becomes larger. In fact, the initial value lof in the
wide region such as 02h;(My)=<0.9 results in only the
. small tan8 (larger h,(m,)) solution such as tg8i-1.8. This
also makes\(m;) smaller. The larger tah solutions disap-
pear and the value du| is shifted upward. However, the
upper boundary value dhﬂ behaves in the different way
between the NMSSM and the extra1) models. Although
in both modelsm;,o0 becomes smaller in the region of fan
1 =2, the behavior is different at t@x=2. In the NMSSM it is
a little bit larger than the one of cag&). On the other hand,
it becomes smaller than the one of cé&¢ by a several GeV
in the extra W1) models. Here we should remind the fact that
even ifA(m;) is smallerm,,o can be larger in the case that the
corresponding tgB is smaller. The difference in the RGE of
A 2*:8;2 1 \ in both models is also important in this behavior. To have
of —0 h:>0.4g more confident quantitative results in this case we need to
. . . . search the parameter space in the finer way.
1005 2000.0 40000  6000.0  8000.0  10000.0 We also changed the number af; (g;) which couples to
u Sin the superpotentidll) in the casdA). If we decrease this
FIG. 6. Boundary values ofn,o of the lightest neutral Higgs number Jrom three to one, t.he bound?ry valqes of the al-
boson mass as a function ofin the £ model. lowed my, become_ larger. This reason is considered as fol-
lows. Although this decrease reduces the number of fields

of this contribution is the basic feature of the present extr&0ntributing to the one-loop effective potential, this also de-
U(1) models, the boundary value of? is generally expected C'€ases thél, value in Eq.(10). As a result the largek and

to be larger than the one of the NMSSM inspite of the run-\ are realized at the low energy region. The largealso

ning feature of the Yukawa coupling This one-loop effect brlngs.the largen. The contribution to the one-loop effect

is large enough to cancel the differencengin,) in the sec- per a field can be larger. Thus the decrease of the number of

ond term of Eq.(7). In our studying parameters space the (i .g)) which couples toS causes the increase af not

160.0 +

150.0

L]

= 140.0 -

130.0

120.0

largest value ofn? is only at the tree level but also at the one-loop level.
mP<156 GeV (NMSSM), mi<164 GeV (¢7), V. SUMMARY
mﬂ5158 GeV (7). @7 There are two well-known low energy candidates to solve

the u problem in the MSSM. These are the NMSSM and the
. - extra U1) models. We have estimated the upper bound of
By comparing(a) and.(b) in Figs. 3._5 we can see the ten- the lightest neutral Higgs boson mass in both models. Apart
dency how the solutions are restricted when we reduce thﬁom a Higgs boson coupling SH,H,, there is a typical
parameter space. The changenofand u mainly _affect the coupling «S® in the NMSSM andkSg_gin the extra 1)

one loop contribution through the mass matri¢gé) and models. In the NMSSMk plays a crucial role in the evolu-

(19. tion of A which dominantly determines the tree level mass

n Ilzig.r? wehplot thﬁ boundary varllue f:]fﬂ flor u iq thegﬁ bound of the lightest neutral Higgs scalar and in the radiative
model. This shows the tendency that the largegives the oy ety breaking. In the extra(l) models the introduc-

0 F _ _
larger value ofmy. This is expected from the one-loop con- ;.\ ¢ the exira colored fieldg,g and its coupling with the
tribution of the extra isosinglet colored fieldg;(g;). From singlet Higgs scalaB are crucial to cause the radiative sym-

this figure we an Zread off the relation betweep andm metry breaking at the weak scale successfully. This coupling
by usingmy, ~ggQ&u?/2. The lower bound ofn;, in Fig. 6  can also affect the running of the coupling constant

is about 600 GeV where we usegd(m,)=0.36. The condi- We focused our attention on these points and estimated
tions (i) and(ii) also determine the lower bound ofin the  the upper bound of the lightest neutral Higgs boson mass in
extra U1) models. both models. In this estimation we additionally imposed

Finally we give a few comments on some points related tisome phenomenological constraints relateditcand the
the extra matters. We also studied the cé®eof the extra VEV of Scoming from, for example, the mass bounds of the
matter contents for the same parameter settings as the abosiearginos, the charged Higgs scalars andzhéoson. We
study. In that case, as a common feature we can find, golved the minimum conditions of the one-loop effective po-
becomes rather difficult to satisfy both of the radiative sym-tential improved by the RGEs for the couplings and soft
metry breaking conditions and the phenomenological condisupersymmetry breaking parameters whose initial conditions
tions (i) to (iii) compared with the cag@\). The number of are taken in the suitable region. We estimated the upper mass
solutions in the caseB) is drastically less than the one in the bound of the lightest neutral Higgs scalar for the parameters
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which bring the phenomenologically correct potential mini- It is interesting enough that the upper mass bound of the
mum. Its tree level contribution due to can be smaller in lightest neutral Higgs scalar in the extrd1)y models seems

the extra W1) models than in the NMSSM. However, there not to be so different from the one of the NMSSM. The extra
is the extra one-loop contribution originated from the U(1) models may be an equal candidate to the NMSSM for

Yukawa couplingkSggand this makes its upper mass boundthe experimental Higgs search.
larger in the extra () than in the NMSSM by a few to ten
GeV. In this analysis we useth, as the renormalization
point of the effective potential, although there are multi de-
coupling scales to be taken into account. It should be noted
that the result obtained here depends on this treatment. This This work has been partly supported by a Grant-in-Aid
point is an important remaining problem which should befor Scientific Research from the Ministry of Education, Sci-
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