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Supersymmetric extension of the standard model with naturally stable proton
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A new supersymmetric standard model basedN\Noal supergravity is constructed, aiming at a natural
explanation of proton stability without invoking au hocdiscrete symmetry througR parity. The proton is
protected from decay by an extrd1) gauge symmetry. The particle content is necessarily increased to be free
from anomalies, making it possible to incorporate the superfields for right-handed neutrinos and2an SU
singlet Higgs boson. The vacuum expectation value of this Higgs boson, which induces spontaneous break-
down of U1) symmetry, yields large Majorana masses for the right-handed neutrinos, leading to small masses
for the ordinary neutrinos. The linear coupling of @uJdoublet Higgs superfields, which is indispensable to
the superpotential of the minimal supersymmetric standard model, is replaced by a trilinear coupling of the
Higgs superfields, so that there is no mass parameter in the superpotential. The energy dependencies of the
model parameters are studied, showing that gauge symmetry breaking is induced by radiative corrections.
Certain ranges of the parameter values compatible with phenomena at the electroweak energy scale can be
derived from universal values of masses-squared and trilinear coupling constants for scalar fields at a very high
energy scale.

PACS numbegs): 12.60.Jv, 11.30.Fs, 12.60.Cn

I. INTRODUCTION [2-6], aiming at natural explanation for a long lifetime of the
proton. However, these models are accompanied by some

The standard modglSM) describes particle physics be- arbitrariness in construction, which might reduce reliability
low the electroweak energy scale well. However, variousof the reasoning for the proton stability.
theoretical considerations suggest that some extension of the In this paper, the supersymmetric extension of the SM
SM may be necessary for physics above that energy scalaith an extra Wl) gauge symmetry is studied within the
Various models therefore have been proposed, some dfamework of a model coupled td=1 supergravity. In ad-
which have been studied extensively. Among them, extendition to the proton lifetime, the MSSM involves problems
sions with supersymmetifyl] are considered most plausible. on the neutrino masses and the linear coupling of Higgs su-
In particular, the minimal supersymmetric standard modeperfields noted later. Requiring a model to solve these prob-
(MSSM) is usually treated as the standard theory around théems consistently in a minimal extension, its particle contents
electroweak energy scale. and superpotential are determined rather uniqliélyln siz-

The MSSM inherits most of the successful features of theable ranges of the model parameters, the scalar potential ap-
SM, while the extension being minimal. However, this propriately gives a vacuum of SU(3)Ugy(1) gauge sym-
model suffers one serious setback, which has been oftemetry  below the electroweak energy scale.
passed over. In the SM, the proton is protected from decafPhenomenological predictions of the model are compatible
naturally by gauge symmetry. On the other hand, in thewith experimental results. A typical mass scale of scalar par-
MSSM, the gauge symmetry allows the interactions of di-ticles is of order 1 TeV, which can account for the smallness
mension four which do not conserve baryon and/or leptorof the electric dipole moment€€DMSs) of the neutron and
numbers. Unless there exists some reason to forbid thegke electron, another problem of the MSSM.
interactions, the proton decays in an unacceptably short time. The energy dependencies of the model parameters are
Therefore, a discrete symmetry is usually imposed on thalso discussed by analyzing renormalization group equations
MSSM throughR parity, which is however merely ead hoc  (RGES. Taking the masses-squared of scalar fields all posi-
symmetry. tive at a high energy scale, those for some Higgs fields be-

A convincing reason for proton stability could be pro- come sufficiently small at lower energy scales to induce the
vided by an extra gauge symmetry. Although such a symmebreakdowns of the extra () and electroweak gauge sym-
try around the electroweak energy scale is subjected to manyetries. In the model coupled thl=1 supergravity the
phenomenological constraints, they still show room to allowmasses-squared and the trilinear coupling constants for scalar
a U(l) gauge symmetry. Several supersymmetric modelsields are considered to respectively have universal values at
with an extra W1) symmetry therefore have been discusseda very high energy scale. This scenario can be realized in this

model.
In constructing the model, we take into account the prob-
*Present address: Theory Group, KEK, Tsukuba, Ibaraki 305lems of the neutrino masses and the Higgs linear coupling as
0801, Japan. well as that of the proton stability. The former is raised by
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non-vanishing masses of the neutrinos suggested from ex- TABLE I. Particle contents and their quantum numbeis.
periments for atmospheric and solar neutrinos, such as at thel,.2,3;j=1,... nj; k=1,...n; I1=1,... ;.
Super-Kamiokandd8]. The MSSM or the SM can have

Yukawa couplings for neutrino Dirac masses, if right-handed SUB) SU2) u() u'(1)
neutrinos are naively included. However, these fields are in-; 3 5 1 Q
; ; 6 Q
ert for the transformations of the gauge groups and thel[JCi - 1 2 Qe
existence is not prescribed by the model. Furthermore, the 3 1 ,° v
extreme lightness of the neutrinos may require some expla- 3 Qoe
nation. Although this lightness could be attributed to Iarge'- 1 2 T2 Qu
Majorana masses of the right-handed neutrinos, their origif\"' 1 1 0 Qne
is not clarified. E“ 1 1 1 Qee
The latter problem is posed by a mass parameter ofithe HJ_l 1 2 -3 Qu,
term, a linear coupling of the Higgs superfields in the superH} 1 2 3 Qu,
potential of the MSSM9], which is indispensable for cor- S 1 1 0 Qs
rect breaking of electroweak gauge symmetry. This mass pa<' 3 1 Yk Qk
rameteru should have a magnitude of order the electroweak® 3* 1 =Yk Qe

energy scale. The other mass parameters in the model ate

traced back to supersymmetry-soft-breaking terms of the La-

grangian and thus related to the gravitino mass which may bgu(2), U(1), and U (1) gauge transformations. The extra

of order the electroweak energy scale. On the other hand, the(1) gauge symmetry is denoted by (1), for which the

w parameter is contained in the supersymmetric term and itsharges of superfields are expressedQgs, Qye, etc. In

magnitude may be given arbitrarily. It is natural that there isorder not to yield chiral and trace anomalies within the stan-

no mass parameter in the superpotential and the role gf the dard gauge symmetries, we assign oppositk) Bhargesy

term is assumed by another effectiueterm. and— Y to K andK®. The indexi (i=1,2,3) stands for the
These problems could also be solved by introducing aeneration, while the indicgf H, andH,, k of S, andl of

extra U1) gauge symmetry. Imposing a new gauge symmeK andK¢ are for possible multiplication to be determined by

try yields chiral and trace anomalies within the particle con-cancellation of the anomalies.

tents of the MSSM. For canceling the anomalies, new super- The superpotential should contain the couplikg D,

fields are necessarily incorporated, among which those foH,QuU®, H,LE®, andH,LNC to generate masses for quarks

right-handed neutrinos and an @singlet Higgs boson and leptons. Thex term can be replaced by the coupling

may be included. The extra(ll) symmetry could be broken SH H,, provided that the scalar component®has a non-

above the electroweak energy scale by a vacuum expectati@@nishing VEV. The Dirac masses of the neutrinos may be

value (VEV) of this Higgs boson, which may provide a comparable to those of the charged leptons, unless the

source of Majorana masses for the right-handed neutrinogukawa coupling constants are extremely small. However,

and the effectivew parameter. the ordinary neutrino masses are suppressed by giving large
This paper is organized as follows. In Sec. Il we construciviajorana masses to the right-handed neutrinos, which can be

a model, in which the proton is adequately stable, the ordiaccomplished, without another new field, by including the

nary neutrinos have non-vanishing but small masses, and thgupling SN°N®. These couplings provide constraints on the
effective u term is contained. In Sec. Ill the vacuum struc- y’(1) charges of the superfields:
ture of the model is discussed, paying particular attention to

experimental constraints on an extra neutral gauge boson. In QH1+ Qo+ Qpc=0, (D)
Sec. IV the behavior of the model parameters for different
energy scales is analyzed through the RGEs to examine the Qn, T Qo+ Que=0, 2)
radiative breaking of gauge symmetry and the supersymme-
try breaking byN=1 supergravity. Conclusions and discus- _
sions are given in Sec. V. Qi+ Qut Qee=0, ©
Qn,+ QL+ Qne=0, 4
1. MODEL
Particle contents of the model are constrained by the re- Qs+t Qu,+Qn,=0, ®)
quirements of proton stability, neutrino masses, and an effec-
tive u term. We also keep the extension of the SM as mini- Qs+ Qnet Qpe=0. (6)

mal as possible. The neutrino masses necessitate superfields

for right-handed neutrinos, which are denoted\§y For the  If colored superfields are only those which correspond to the
effective . term an SU(3) SU(2)x U(1) singlet superfield quarks of the SM, th¢SU(3)]°U’ (1) anomaly-free condi-
Sis included. In addition, new colored superfielsaindk¢  tion with Egs.(1) and (2) gives the relatiorQy +Qy,=0.

are necessary for canceling a chiral anomaly, as shown latefhe linear couplingd,H, are not forbidden in the superpo-

In Table | we list the left-handed chiral superfields containedential, and thus the model inevitably has a mass parameter
in the model with their quantum numbers under (8 of unknown origin. Therefore, new colored superfields
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should be included to solve the problem of theterm. Al-  The generator¥’ andY of U’(1) and U1), respectively, are
though there are various candidates for such superfields, 8fsquired to be orthogonal, IY'Y]=0. Then, the U(1)
cording to the “minimal” postulate, we incorporate a pair of charges of the superfields are determined up to a normaliza-
superfields in the fundamental representations of thé85U jon factor. For definiteness, hereafter, th§ 1) charges are
group, K and K. Then, their fermion components should nqrmalized to the (L) charges as T¥'2]=Tr[ Y], which
have large masses from a phenomenological viewpointyre shown in Table II.

which is fulfilled by allowing the couplingKK®. This cou- The superpotential which contains all the couplings con-
pling leads to another constraint sistent with gauge symmetry and renormalizability is given

Qs+ Q-+ Qye=0. @

The [SU(3)]?U’(1) anomaly-free condition and Eq&l),
(2), (5), and(7) fix the numbem, of pairs forK andK°¢ at
three, which agrees with the number of the generation for
guarks and leptons.
The numbemn; of pairs forH, andH, and the numben,
for S are determined by the freedom from chiral anomalieswhere 4, 7y, 7e, 7., An,» Ay, andiy represent dimen-
for [SU(2)]2U’(1), [U(1)]?U’ (1) and a trace anomaly for sionless constants. Contraction of group indices is under-
U’ (1) with Egs.(1)—(5),(7). These constraints are satisfied stood. In the MSSM without the discrete symmetry through
by either of the three sets of numbers and \tharge: R parity, the couplingsD®D°U¢, LQD®, LLES®, H,H,E°,
andLH, are allowed, leading to non-conservation of baryon
(A) and lepton numbers. Here, these couplings are forbidden by
the U (1) gauge symmetry. The proton decay could only
occur through the operators of dimension six, being sup-
pressed at least by a huge mass to the second power. As long
as this mass scale is not much smaller than the Planck mass,
the proton becomes adequately stable. The couplings of the
superpotential are all cubic, and there is no mass parameter.
We assume that supersymmetry is broken through the or-
dinary mechanism based &+ 1 supergravity. Supergravity
is spontaneously broken in a hidden sector at the Planck
mass scale, and then supersymmetry in an observable sector
solution (B) is free from the U(1)U’(1)]? anomaly, and IS broken softly. At lower energy scales, the Lagrangian of
also satisfies the remainind)’(1)]® anomaly-free condi- the observable sector consists of a supersymmetric part and a
tion. Therefore, a plausible solution is uniquely given by theSUPersymmetry-soft-breaking part prescribed by gauge sym-
set(B). The numbers); andn, again become equal to the Metry and superpotential. The soft-breaking part contains
number of the generation. mass terms for gauge fermions, and trilinear couplings and
A further constraint comes from the stable proton. TheMass terms for scalar bosons:
allowed value ofYy for the U1) charges oK andK® is now
either 1/3 or—1/3. However, the proton stability by gauge
symmetry is only achieved foi,=1/3 [4,5]. For Yy
= —1/3, the particle contents of one generation can be em-
bedded in the fundamental representation of tlegEup.
Unless a discrete symmetry is imposed, the baryon and/or
lepton numbers are violated by couplings of dimension four,
such asU®D°®K® and LQK®, which induce an unacceptably
fast decay of the proton. On the other hand, Y= 1/3,
allowed couplings of dimension four are only those which
have already been taken into account, .Q D¢, H,QUE,

W=7 HiQID*+ 7K H,QIU
+ P H LB+ 7 K HLLIN

+ARFSINOINE 4 NS HLHE + A SKIKE,, (8)

nj:4, nk:5, YKZO,

=

w| K

nk:3, YK

s

3

N

nk:]., YK:i

However, the solution (A) does not satisfy the
U(1)[U’(1)]? anomaly-free condition with Eq6). The so-
lution (C) gives irrational W1) charges fork and K®. The

Lspg=— %(ﬁ"'srs)\s*‘ MaA N o+ MA A g+ MIANY)
— My ALK 7l HLQID S+ Ak ik HLQIUCK

+ A IR LIES+ AT IR LINCK

+BY N SINOINK+ BN SHIHS

i BEk)\i(ikSinch)+ H.c— Méi|Qi|2

H,LE®, H,LNC¢ SH;H,, SN°N®, and SKK®. Baryon num-
ber is conserved while lepton number is not, which is suffi-
cient for the proton stability. The lowest dimension cou-
plings of baryon-number violation are given by the D terms
of QQUE®*, QQD* N®*, andQU®* D®* L, which are of
dimension six.

Under all the anomaly-free conditions and E¢B—(7),

_Maci|Uci|2_ M2Dci|Dci|2_ Mii||-i|2
2 i 2 i 2 i 2 i
_MNCi|NCI|2_ MECilECI|2_MHil|H|1|2_MHi2|H|2|2

~MIS P~ M| K P~ Mg keI ©

Here N3, N\,, Ny, and \; represent gauge fermions for

the U (1) charges of the superfields are expressed in termSU(3), SU(2), U(1), and U (1), respectively. Scalar bosons
of two independent variables. All the superfields are tripli-are denoted by the same symbols as the corresponding su-
cated, and the anomalies are canceled in each generatigrerfields. Withms,, being the gravitino mass, the coefficients
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TABLE Il. U’(1) charges of the superfields=1,2,3.

1 1
V=g @3(IH*+[Hal%) 2+ g gf([H[?— [Ho[*)?

Qi Uci DCi Li NCi Eci
1 1 7 7 5 1 1
i I S R S + S0+ Hol?- 5[5
HY HY S K' Ke
1
f 4 1 1 Y TR WA TNCIES

+(BuhuMgSHiH,+H.c) + M§ [H,|?
Ad, Ay, Ae, A, By, By, andByg are dimensionless. At
high energy scales not much lower than the Planck mass, the ~ + |V|a2|H2|2+ VESES (10
masses-squared of scalar fields are all araugg and posi-

tive. The trilinear COUp”ng constants for scalar fields are alSQNhere the generation indices are left out. With group indices
approximately the same. Around the electroweak energyeing expressedd;H, is written ase,,Hi,Hop, SO that
scale, some of these parameters differ significantly from thé\olds an equation|HH,|?=|H|?|H,|?—|HIH,|%. The
high-energy values through large quantum corrections. gauge coupling constants for &2, U(1), and U (1) are
denoted byg,, g;, andg;, respectively.
We now discuss the VEVs of the Higgs field#i,),
ll. VACUUM STRUCTURE (H,), and(S). For any values ofH,) and(H,), the com-

The Lagrangian of our model has SUSU(2) plex phase of(S) has a value which gives an equality

. ByAyms SHiH,) = —|Byhyms{ SHH5)|. For given val-
xU(1)xU’(1) gauge symmetry, which must be spontane- i ':)f<3|’|2_|< |2>1 ar21>d <|H| |2H> F"[he3/2\</EV1(||%I>|H |2)glgvecor\1/1es
ously broken down to SU(3Ugy(1) symmetry. This ! 2l 12

. T _ igi 2
breaking could be achieved by VEVs for the scalar Compo_maxmum at (H1H,)=0. Therefore, a conditiong;

coulc , _ > 2 i ion. Differ-
nents o, Hb, andS'. We discuss the vacuum structure of 2|\y|® guarantees electric charge conservation. Differ

th del b ining th | tential. H ft ently from the MSSM, there is no direction for the VEVs
€ model by examining the scalar potential. Herealter, We,pa e their quartic terms are absent in the scalar potential.

adopt the same notation for the superfields and their Scalafhe potential gives a stable vacuum irrespectively of the

components. ) ) - supersymmetry-soft-breaking terms. Redefining the global
_Although the scalar potential could contain all M, , phases of the Higgs fields so as to gBa\ = —|Buhy|

H,, andS' and thus its general analysis is complicated, itthe VEVSu;, v,, anduy of the neutral comBonentstale "

may be simplified under certain assumptions. If the couty, ands respectively, may be taken real and non-negative.

plings between different generations are not significantif these VEVs are all non-vanishing, extremum conditions

H3Q3U of the third generation has a large coefficient re-re given by

lated to the mass of the top quark. The mass-squaredtof

then receives large negative contributions through quantu 1

corrections and becomes small around the electroweak ef-(g5+g?)(vi—v3)v,+ —=0;2(4vi+v3—502)v,

ergy scale. As a result—,@ and Hg can have nonvanishing 18

VEVs and assume the role of two Higgs doublets in the 1

MSSM. For the first two generations, on the other hand, such + S INgl 203+ vd)v1— —=[BuhuMalvvs+ M s

couplings forH; or H} have small coefficients, so that the 2 V2 !

masses-squared of these scalar fields are kept arogpdif -0 (11)

the coefficient o83K>3K ®® is large, the mass-squared®¥is ’

also driven small. Although there is no phenomenological

information aboutSK'K®', a hierarchy of their coefficients

could well exist. Among the three scalar fielfls one scalar

field S® alone may have a nonvanishing VEV. We thus as-

sume that onlyH3, H3, and S® can have nonvanishing s 2 1 5

VEVs. Quantum corrections to the masses-squared of other §|)‘H| (vitvsva— E|BH)‘Hm3/2|vlvs+ Mh,v2

scalar fields are small, keeping them aroumd,. The

masses-squared ', K¢, and N°' receive non-negligible

negative contributions from the D-term of (1) when the

gauge symmetry is broken spontaneously. However, the 5 1

positive contributions from the supersymmetry-soft-breaking — —=09:2(4v3+v3-502)vet = Npl2(v3+ v

terms in Eq.(9) can dominate over and prevent these scalar 2 2

fields from getting nonvanishing VEVs.

Assuming the above simplification, the scalar potential is — ilBH
given by 2

1 1
- g(g§+g§)(vi—v§)v2+ 7—2912(4054‘0%—505)”2

0, (12

AyMagv v+ MZ0=0. (13)
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It turns out that the solution of these simultaneous equations 2
is unique, if it exists. The true vacuum is either at such a
point or at a point where at least one VEV vanishes, being
determined by the potential energies of those points. 17 r
The VEVs of the Higgs bosons have to satisfy phenom- =01
enological constraints coming from experiments for the > < D
gauge bosons. Thé/boson mass has been measured pre- = ope —
cisely. TheZ boson for SU(2X U(1) and theZ’ boson for vy \ ——
U’(1) are mixed and their mass-squared matrix is given by = / o
—12 y
M2 Msz R
2 2 | (14) s
Mzz Mz, -2 ) L s . !
0 1 2 3 4 5
1 M2 (TeV?)
MZ=—(g5+0d)(vi+vd), 15
2=3(927 9 (vit o) (19 FIG. 1. The regions foM#, andMf, consistent with the ex-
1 perimental constraints. The other parameters are taken for
2 2. 2 2 ByAymg, =0.1 TeV and/A,|=0.1,0.3.
M3, =3691%(1601+ 05+ 2505), (16  [Behuma .
values of[\y|. The value ofM3 is smaller thanM? and
l . .
2 always negative. A$By\yms | increases, the allowed val-
M2z =1591V8; +g1(4vi-v3). (17 AN SBrihMa2

ues forMﬁ1 become larger, which is seen from E4l). If

Two massive neutral gauge bosons, which are denotety by the upper limit foer2 is lifted, wider parameter regions
andZ, (My <M, ), are predicted. The measured mass forbecome aIIo_vved. However, as the s<_:a|e of the mass-squared
the 7 bosonl of thé SM should be taken as the masZ of parameters increases, more fine-tuning of the parameters be-
The experimental lower bound on the mass of a new neutraﬁomes inevitable for electroweak symmetry breaking. For
gauge boson is about 600 G¢¥0]. According to detailed aving the correct vacuum, large differences amM‘@l’
analyses of various experiments for an extra gauge bosd\vﬂﬁz, andM% are necessary, which could well occur under
[11], the mixing betwee andZ’ is small. Defining a mix-  our assumption for supersymmetry breaking.

ing parameter sz(MiZ,)Z/MﬁM; , aboundR=10"3is In Table Il we present four examples for the values of
roughly obtained. The VEVs can also be constrained by thele, MZZ, and Mé in the allowed regions of Fig. 1. Also
lightest Higgs boson mass, whose experimental bound ighown are the resultant values fo§/v;, vs, Mz, R, and

given byM,0=80 GeV[12]. Since its predicted mass by the the masses of the physical Higgs bosons. These Higgs-boson

tree-level potential in Eq(10) could be altered to become masses have been calculated, assuming for definiteness that

larger py several tens of .GeV through one-loop quantun”{he mass eigenstates are formed by the Higgs fidldsH,,
corrections, we conservatively put a constraMt;o>50 and S without mixing with the other fields of! Hi2 and

GeV 1o the tree-level mass. S. Therefore, there are three mass eigenstates for the neutral
The scalar potential is analyzed numerically. For indepen~"" ' 9

dent coefficients of the potential we choosey|,
[Brhumagl, MG, M, and ME. In Fig. 1 we show the

regions forM% andM?_where the VEVs are compatible
1 2

TABLE lll. The parameter values of the potential and the out-
comes|ByAymg, =0.1 TeV.

with the above constraints. We have also imposed the con-

U]

(i)

(iii)

(iv)

straints ¥<v,/v;=<35 and Mz,<2000 GeV. With ey 01 0.1 0.3 0.3
|ByAymgy| being 0.1 TeV|\y| is set for 0.1 and 0.3, which M2 (Tev?) 1.7 2.0 1.0 2 R
correspond to the upper and lower regions, respectively. FOMﬁl (TeV?) 0.2¢ 0.3 —0.4F —0.6¢
given values oM} , M7, [\yl, and[Buhymg, the re-  MZ(Tev?) —0.448 —088F —047¢ —0.67F
maining parameteﬂvlé is so determined as to make the / 57 115 6.7 18.2
W-boson mass coincident with the measured value. The UZ(TZ;) 2'1 4'2 2'2 3'2
gauge coupling constant for'{IL) is taken forg; =g;. Ow- I\;I)S (Tev) 0 '64 1 '26 0.66 0'95
ing to the constraints frorv z, andR, in wide reglonsl\/la1 %2 R 30x10°4 13x10°% 3.9x10°% 2.4x10-4
is larger than(1 TeV)%. The value ofME|2 is generally Mo (TeV) 0.086 0.091 0.074 0.072
smaller thanMﬁ|1 in magnitude. The region fof\y|=0.3 0.63 1.26 0.66 0.95
with M2 <(500 GeVYy corresponds ta,/v,<2. A rough 0.94 187 1.04 2.03
. ! . 2 . . M a0 (TeV) 0.94 1.87 1.04 2.03
estimate of Eq(12) shows that the sign df/lH2 is positive M, (TeV) 0.94 187 104 203

for |\y|?<(5/36)g;2 while Mﬁz has either sign for larger
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4 ' , masses of the charginos and the neutralinos. Assuming that
) —— these particles are formed by the fermion components;of
i) ----- H,, and S as well as the S(2), U(1), and U (1) gauge
i) ———- 1 fermions, there exist two mass eigenstates for the charginos
V) — and six mass eigenstates for the neutralinos. Provided that
the gauge fermions for SB), U(1), and U(1l) receive
27 SolN ] masses of order 100 GeV from the supersymmetry-soft-
NN breaking terms in Eq.9), the masses of the lighter chargino
DN RSt and the lightest neutralino become of order 100 GeV.
1 e This model contains new particles which are not predicted
by the MSSM. As already noted, the gauge-Higgs sector
i involves extra a neutral gauge boson, a neutral Higgs boson,
%3 YT . T y and two neutralinos. For the lepton sector, there appears a
Mg/ M2 heavy neutrino in each generation. Correspondingly the sca-
lar neutrinos are duplicated. The interactions arising from the
FIG. 2. TheM§ dependency of the predictatrboson mass for  couplingSNENC do not conserve lepton number. In addition,
the examplegi), (i), (iii), and(iv) in Table III. Méo represents the the SuperfieldsHi 1 H 7 S with i=1,2 andKi,KCi with |
\,Cli'”es ofMs which give the measured mass of i boson  _1 5 3 are newly introduced. The masses of their fermion
Wexpr components are generated by the couplingbifo H3, and
0 S3, and become of order 0-11 TeV. The lightest fermion
scalar bosonsi®, one for the neutral pseudoscalar boadn amongK! and K¢ is stable. As well as by collider experi-

and one for the charged scalar bosén. One neutral scalar ments, such a stable particle may be explored by other meth-
boson is light, whereas the others have large masses. Tl(‘!)

Mixind parameteR vanishes fob-/v.— 2. as seen from E ds to search for its relics in the universe, e.g. anomalous
(17 gp L2lva=e, 9 nuclei in sea water. However, these methods depend on the

. . . reli nsity, wh heoretical prediction is pl vari-
The large mass difference betwegnpandZ, requires in elic density, whose theoretical prediction is plagued by va

some degree fine-tuning for the parameters in the otentia?us uncertainties for non-perturbative effects, cosmology,
; 9 9 e P P dnd so on. Since the scalar componentsibandH), couple
Since these two masses are different from each other by or%i

‘Wexp
/
I

w /
/

order of magnitude, it is generally necessary to adjust th 0 quarks and leptons, non-trivial constraints are imposed on

. 2 2 eir coupling constants from the viewpoint of flavor-
values of the mass-squared paramemf',sl, MHz' Ms. and changing neutral current. However, these scalar particles are

the coupling constantsy , By within the accuracy of order rather heavy, so that the constraints are not so stringent as
102, In Fig. 2, for the four examples in Table Il the ratio usually thought. If the couplingsSH3HS, SPHIHS, or
of a predictedW-boson mfz:lss to the experimental value 'SsstHiz are not neglected, some or all of the scalar or fer-
depicted as a function d¥1§ normalized to its proper value .. i [ i ; ;
which yields the correcw-goson mass. If the value of one mion components foH,, Hz, andS are mixed with the

. o ; ~ Higgs bosons, charginos, or neutralinos, leading to an en-
parameter alone in the potential is deviated by order 6110

i largement of the particles belonging to the gauge-Higgs sec-
the resultant VEVs may lead to&-boson mass a few times

its experimental value. The MSSM has another problem on the EDMs of the

The neutrinos have both Dirac and Majorana masses. Neye tron and the electron, which can be explained in this
glecting the generation mixing, the mass matrix for the left-

model. If the squark and slepton masses are of order 100
handed and right-handed neutrinos becomes . P

GeV and theC P-violating phases intrinsic in the model are
not suppressed, these EDMs are predicted to be much larger
0 —mvz/\/E than their experimental upper bounds. However, a typical
_ 77sz/\/i \/EAN ve | (18) scale of the squark and slepton masses in this model, which
are considered not much different from the masdHof is
; . ; . ; larger than 1 TeV. The EDMs then lie within the experimen-
vn\:hoitla;?zr:}tglrz\%ﬁs|§|ge\rl1v\:§1lu|i IT:%pgrgﬁlér:}at:eg/ 19'2/\? : b){al bounds without fine-tuning th@€ P-violating phases to t_)e
mVl becgmezs aboutNSQSéV o |UN: 16 MeV/ a;d 0.59 e,\/ very small[13]. If these phases are not suppressed, the inter-
foFl| 7.]0,=1 MeV. Even if theVYuzkawa coupling cénstants actions of the charginos or the neutralinos generally induce
for the neutrino Dirac masses are of the same order as tha

s'[zableCP violation in their production or decay processes.
for the electron, the observed ordinary neutrinos have tiny

masses which could be a reason for the recent experimental
results suggesting neutrino oscillations.

The couplingSH;H, serves as the. term and an effec- The parameter values of the model change according to
tive u parameter is given by.=\yvs/\2. For|\y|=0.2  the relevant energy scale. Analyzing their energy dependen-
andvg=3 TeV, |u| is approximately 420 GeV. The param- cies, we discuss whether gauge symmetry breaking is in-
eter u can have an appropriate magnitude for the elecduced by radiative corrections. We also examine the scenario
troweak symmetry breaking. This parameter also affects thef universal values for the masses-squared and the trilinear

IV. ENERGY DEPENDENCE
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n, FIG. 4. The low-energy value @, for the parameter sets),

(b), and(c) in Table IV.AJ{=\{=0.2.

FIG. 3. The low-energy values of,, Ay, Ay, Ak for nff:o
—1 and\{=\J=A;=0.2. :
NCTHETK coupling constantsy,, 74, 7,, e, AN, Ay, and Xy at

coupling constants of scalar fields at a very high energyx. Which are specified by attaching an indeX," are

scale. For simplicity, the generation mixing of the particle dependent of each other.
fields are neglected. Iq Fig. 3 the vfalues o)f(nu, An» Ay, and )\;(( at)l(\/l arxe

The evolution of the parameters concerning the energyd€picted as functions ofy, . We have takery=\j=Xg
scale change are described by RGEs, which are given in the0-2 and 74 =7, =7a=0. The magnitude ofy, and \g
Appendix. Itis seen from those equations the_increases ~Dbecome large at the low energy scale, while the energy de-
as the energy scale becomes high, owing to a large Yuka endencies ofy and )\H are not S|gr}|f|cant. The evolution
coupling constanty, for the top quark. If the coupling con- Of each Yukawa coupling constant is not affecte_d much by
stant\k is around unity,M2 also increases. Consequently, the other param)t(aters. For generating an appropriate mass for

K S o t|i1e top quark| »{;| should be larger than 0.1. The condition

the mass-squared parameters can all have large positive val, 5 ut = )
ues at high energy scales, even if they are small at a I0\92>2|)‘H| _for el_ec_tnc ch?(rge conservation at the low en-
energy scale as discussed in the previous section. THOY Scale is satisfied fghjj|<05.
SU(2)x U(1)x U’(1) symmetry is spontaneously broken In Fig. 4 we show the trilinear couplmglconsteBm as a
through radiative corrections. The experimental values of théunction of A for three sets ofy), A, andm/mg, given in
gauge coupling constants suggest that these constants are daple 1V. For the other non-vanishing input parameters, we
unified at the energy scale for possible grand unificationtake A{=\{;=0.2. The magnitude oA is constrained as
This gauge unification could be achieved by incorporatingA|<3 in order not to induce incorrect breaking of gauge
one additional pair of S(2)-doublet chiral superfields. How- symmetry. The value dBy, is of order unity in wide ranges
ever, such a pair form a gauge-singlet linear coupling andf A except narrow ranges whefBy| is much smaller than
thus ruin the model by necessitating a mass parameter fity. Them dependence dB,, is negligible.

unknown origin. Although the particle contents are not em- 1o mass-squared parameteMi M2  and M2 are
bedded in the fundamental representation of thegup, v 2! S

the masses and the coupling constants evolve similarly t
those in the E models. Some features of these modél]
apply to the present model, and vice versa.

8hown, as functions @4, for the three parameter séts, (b),
and(c) of Table IV in Figs. %a), 5(b), and Jc), respectively,
with \\=\{{=0.2. The gravitino mass is fixed @s,,=2
We now numerically examine the evolution of the param-1€V- Al th% low energy scale, receiving large quantum cor-
eters. Taking the masses-squared and the trilinear couplif§ctions,My, and Mg could become much smaller than the
constants of the scalar fields for common valogs, andA  universal valuem?,,. These corrections strongly depend on
at a high energy scalkly, we evaluate the parameters7at a 775(, )\{é, m, andA. In Fig. 5a), Maz andM'é become nega-
l((;)\gvegﬁ:% sf(;a;ldgll* E(())Zr ((jse;{?.ltiqsessus&]ivr\:g Zﬁ‘ﬂ >é Jaglﬁ;’; tive only for |A|=2. However, asy) and\j increaseMﬁ2
=g;, all the gauge coupling constants are determined inde- - )
pendently of the parameters. The masses of the gauge fermi- TABLE IV. The values ofz;, A, andm/my, for numerical
ons are also determined, if their values are given at somgvaluations.
energy scale. Since the gauge groups are not unified in odr
model, these massesMty are generally different from each @ ) ©
other. However, they are considered nevertheless to be of th%, A S 0.1 0.3 0.1
same order of magnitude. We therefore put their values equ%mgl2 0.1 0.1 1

at My, mg=m,=m;=m,=m, for simplicity. The Yukawa
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(TeV®) TABLE V. The parameter values at the high energy scale and
3 the low energy outcomed\=—1, 73=A\=Ax=0.2.
(@
o S R (i) (i) (iii ) (iv)
42 /7;1‘; FITTTTT - m3/2 (Te\/) 1.0 1.0 2.0 2.0
o \\\ m (TeV) 0.3 0.5 0.3 0.5
o L \ nf} 0.007 0.002 0.010 0.005
S \ A 0.356 0.412 0.307 0.339
_q2 ////’ \\\
T . vylvs 3.2 2.1 5.2 37
_22 M.’ - vs (TeV) 2.4 35 3.8 4.4
MH; —————— Mz, (TeV) 0.73 1.05 1.14 1.32
e , , Me =7 R 1.2x10°*  2.1x10°% 9.7X10°° 5.3x10°°
-3 -2 - A ! 2 3 Mo (TeV) 0.062 0.042 0.068 0.066
2 0.73 1.05 1.15 1.33
(TeV?)
3¢ 1.06 1.32 1.95 2.05
(b) M a0 (TeV) 1.06 1.32 1.95 2.05
2* My= (TeV) 1.06 1.32 1.95 2.05
My (GeV) 80 82 74 79
1 m, (GeV) 166 161 160 166
m, (GeV) 2.9 1.2 2.4 1.8
0
p U I thermore, certain parameter values at a high energy scale,
- Sl ol with the masses-squared and the trilinear coupling constants
T S of scalar fields being universal, lead to the vaIuesvﬁfl,
N M22, M2, Ay, and By which give a plausible vacuum
® s -2 o /i 1 2 3 around the electroweak energy scale. As explicit examples,

-3 -2

o

we show in Table V the parameter valuedviag which give
low-energy vacua consistent with experimental results. Since
there are many input parameters, for simplicity, we have
fixed the trilinear coupling constant and the Yukawa cou-
AS=\%=0.2. The val-
ues ofms, andm are set fomg,=1,2 TeV andm=0.3, 0.5
TeV. The resultant values af,/vq, vs, Mz, R, and the
Higgs boson masses B8t are also given together with the
masses of theN bosonM,, the top quarkm;, and the
bottom quarkm, . This model is compatible with the super-
symmetry breaking mechanism based\orr 1 supergravity.

pling constants ae&\=—1 and nffz

V. CONCLUSIONS

The MSSM involves the problems of proton lifetime, neu-
trino masses, and the term. These problems may be solved

FIG. 5. The low-energy values cw’lzl, MZ_, and M3 for the

parameter set$a), (b), and (c) in Table IV. )\N=A§,=O.2, Ma/o
=2 TeV.

by theories at very high energy scales, which however are
mere conjectures and mostly untestable at present. On the
contrary, the solutions of the problems may reside in theories
around an energy scale of the MSSM or the SM. Then, a new
and M3 decrease, respectively. These masses-squared algfdel beyond the MSSM should exist. Such a model is rig-
become small for larger values of. In Figs. §b) and §c),  idly constructed on solid ground of various experimental re-
ME,Z andM3 are negative for any value @ If A} is larger ~ sults. Its predictions can be examined at experiments in the
than 7}/, an inequalityM§<M, holds at the low energy near future.

5 i To solve the problems of the MSSM without invoking
scale. On the other handj; is not much different from ncertain theories, we have constructed a supersymmetric

m§,2. standard model based on SUPU(2)XU(1)xU’(1)
We see from Figs. 3, 4, and 5 that the gauge symmetry ofjauge symmetry anbtl=1 supergravity. In this model, the

the vacuum at high energy scales can be spontaneously breelutions are given consistently within the framework of the

ken at low energy scales through radiative corrections. Furmodel. The interactions of dimension four or five which vio-
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late baryon number conservation are not allowed by therinos. Some scalar particles mediate flavor-changing neutral
gauge symmetry, leading to an adequately long lifetime oturrent at the tree level. The experimental examination of
the proton. The gauge symmetry also prescribes the exishese predictions could be performed in the near future.
tence of right-handed neutrinos and an(3kkinglet Higgs Implications of this model for theories at higher energy
boson whose VEW  induces breaking of the Y1) sym-  scales have also been studied. The gauge symmetry breaking
metry. The neutrino masses receive contributions of Dirags induced by radiative corrections. The masses-squared and
type and those of Majorana type generated by the large VEVhe trilinear coupling constants of scalar fields could be uni-
vs. The ordinary neutrinos then have tiny masses. The yersal at an energy scale not much smaller than the Planck
term of the MSSM is replaced by a trilinear coupling of the mass, which is consistent with the mechanism of supersym-
Higgs superfields, and the effectiyeparameter is given by metry breaking based di=1 supergravity. The gauge cou-

vs. A typical mass scale of this model is of order 1 TeV. pjing constants are not unified below the Planck mass scale,
Some fine-tuning of the parameters is necessary for correginless the particle contents are modified.

breaking of the electroweak gauge symmetry. On the other

hand, the EDMs of the neutron and the electron are predicted

W|th|n th§|r experimental bounds without fine-tuning much ACKNOWLEDGMENTS
CP-violating phases.
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APPENDIX

The RGEs are listed below. The gauge and Yukawa coupling constants are expressedyii¢s and E= 7%/47, L
=\?/4.
The gauge coupling constants and the gauge fermion masses:

d b, ,

P e g Yo (A1)
d. by -

M @ma: o aaMy, (A2)

whereb;=0, b,=3, b;=15, andb; =15 for SU3), SU2), U(1), and U (1), respectively.
The masses-squared of the scalar fields:

dMZ_ 2[4 ~2+3 ~2+ ~2+ 1 r~72+1 + 1
FapeT T 3 asMg™ 7 @My geanMy+ e My |+ 5— 6“15 %8
1 22 2 2 2 1 2,12 2 2 2
+EE”(|AU| Mg+ My, +Mg+Mye) + EE‘MA"' Mg+ My, +Mg+Mpe), (A3)
d 2 24 =2 4 2 1 12 1 2 1 1 er 1 2,12 2 2 2
MEMUCZ_; §a3m3+ §a1m1+ malml +Z —§a1§+ l—zalg +;Eu(|Au| m3,2+MH2+MQ+MUC),
(A4)
d 2 24 ~2 1 ™2 4 1A 2 1/1 ! rgr 1 2m?2 2 2 2
MMMDC:_; §a3m3+ §a1ml+ ma’lml +Z §a1§+ 1—2a1§ +;Ed(|Ad| m3,2+MH1+MQ+ Mge),
(A5)
d 2(3 - 1 - 49 -, 1 1 7, 1 2
Ma'\/‘fz—;(Zazm§+Zalm?rma1m12)+z(—§a1§+1—201§ +EEV(|AV|2m§/z+ME|2+MEJFMNC)
1 2m?2 2 2 2
+EEe(|Ae| M3+ My +M{+Mgo), (A6)
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d , 2(25 _.\ 1( 5 | 1 , 2 ,
MaMNC: ( a1m12)+_<_1_2a1§ )+;Ev(lAylzmi/ﬁMﬁ2+ME+MNc)+ ;LN(|BN|2m§/2+M§+2MNC)-

144 2
(A7)
d 2 1 1 1 .01 2,2 2 2 2
MEMEC:—; alml 144a1m1 +E a1§+ 1—2a1§ +;Ee(|Ae| m3,2—l—MHl+M,_+MEC), (A8)
d 2(3 < 1 - ~ 1 1 2 3
m ﬁlz—;(za2m§+zalmf+§aim12 to-| T gard WEd(|Ad|2m§/z+Mﬁ1+Mé+M2Dc)
1 2 2 1 2 2 2
ton Eo(|Ael?mi+ M7 +M +MEc)+ H(|BH| M3t M&+ME MR, (A9)
d ., 2(3 _, 1 -, 1 11 3 ) )
M@MHZI_; 7 @2Mot zaami+ 36a1m1 oz g a1§ u(|Au| m3,+ M7 +M +MUC)
1 2~2 2 2 2 1 22 2 2 2
+EE"(|AV| M2+ M, + ME+ M) + ZLHHBH' M3+ Mg+ My +Mp), (A10)
d 2 /(25 1 1 1
pgME=- (36a1m12)+z 5 1€ |+ —Ln(By[mipt ME+2MRe) + —Ly(|ByPmd+ M5+ ME, +M7)
3 22 2 2 2
+ZLK(|BK| M3+ Mg+Mi+Mie), (A11)
d 24 . 1 -, 4 _ 1/1
,U,@Mﬁ=—;(§a3m§+§almi+§a1mlz +5-|guE—gai€ 277LK(|BK|2m§,2+|\/|§+M§+M§c),
(A12)
d 2 2[4 ~2 1 ’e. 1 1 1 22 2 2 2
,LL@MKCZ—; §a3m3+ §a1m1 36a1m1 +ZT alg —a1§ 277LK(|BK| m3,2+MS+MK+MKC),
(A13)
where£=3Y 4,M7 and_§’=EQ¢,M$}.
The Yukawa coupling constants:
dE 2E 4 +3 +13 ! 6E,+E4+E, +L Al4
Md,u u T u 3a3 4“2 36 48 ( d H) ( )
dE— 2E 4 +3 + = 19 E,t6E4+E.+L Al15
’U“d_ Ci—— §a3 ap 36 48 ( d H) [ ( )
dE— 2E3 ! 13 13E 4E +E.+4LytL Al6
Ry B~ Vza2+4a1+48 (BE,+4E,+Eet 4Lyt Lu)(, (A16)
d 2 3 3 19
M@EeZ—;Ee 7%t ot g (3Ed+E +4E.+Ly) ¢, (A17)
d 2[5
d 2 3
MMLH——;LH 70t 7ot Ha (3E +3E4+E, +Eot+2Ly+4Ly+3L) t,
(A19)
dL— 2L 4 +1 +7 2Lyt+2Ly+5L A20
M@ K=~ hK §a3 9a1 12 ( N H K) [ ( )
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d 2(4 . 3 13 1 -\ 1 1

,U,@ u:_; §a3m3+ Zazmz 36a1m1+ 48a1m1 m—3/2+ E(GAUEU+AdEd+Ava+BHLH)i (AZ].)
d 2(4 . 3 7 19 |1 1

/.LE d= 3a3m3+4a2m2 36a1m1+ 48alml m_3/2+ Z(AUEU—FGAdEd—’_AeEe—’_BHLH)' (AZZ)
d 2(3 . 1 13 _

A 7 Mot 7 an+ Zeaimy o (3A,E,+4A,E,+AE.+4ByLy+Buly) (A23)
d 23 3 19 _

,U/@Ae _; Za2m2+ 4C¥1m1+ 48a1m1 m _(3AdEd+A E,+4A.E +BH H) (A24)
9 22 i ¢ (A, + 10BLy+ 2By + 3ByL A25

K q N 7| 2891 [ %( vEy NLN HLH kL), (A25)
d 23 - 1 . 1 ., 1

,lLd_BH—_; Za2m2+ Zalml+ 1—2a1m1 Mar 2’7T(3A E +3AdEd+A E +A E +2B LN+4BHLH+SBK K)

(A26)

d 204 - 1 . 7 _.\1 1

,LLd K= — §a3m3+ §a1ml+ 1_2(11m1 E/Z"' %(ZBNLN‘FZBHLH_FSBKLK) (A27)
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