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ABSTRACT

We study the few features of N = 1 supergravity coupled to the gauge inter-
actions SU(2)r x U(1)y x SU(3)€ of the standard model in the presence of heavy
families. We assume the minimal set of Higgs fields, i.e., two SU(2)r, doublets
Hj 2, the desert between My, = 100 GeV and Mg = 2.10'°GeV and perturbative
values of the dimensionless parameters throughout this region. Using the numer-
ical as well as the approximate analytic solution of the renormalization group
equations, we study the evolution of all the parameters of the theory in the case
of large (R 0.5) Yukawa couplings for the fourth family. Yukawa couplings and
certain mass parameters of the theory exhibit an interesting infrared behavior.
We also investigate the implications of heavy families on the low energy structure
of the theory. The desired spontaneous symmetry breaking of the electroweak
symmetry with My = 100 GeV takes place only for a rather unnatural choice
of the initial values of certain mass parameters at Mg. The vacuum expectation
pattern (Hy) ~ (Hj) ~ 123 GeV emerges necessarily in an interplay of the tree
level Higgs potential and its quantum corrections. The quark masses of the fourth
family are my ~ mp = 135 GeV, to an accuracy of 10%, while the mass of the
fourth charged lepton has an upper bound mg < 90 GeV. Further characteristic
features of the model are one light neutral Higgs field of mass mgo S 50 GeV

and gluino masses my, S 75 GeV.



1. Introduction

Locally supersymmetric gauge theories t provide an attractive way of linking,

though not truly unifying gravity with other forces of nature. It is very intriguing

that N = 1 supergravity (SG) in ten dimensions (d = 10) arises 12l

(3]

as an effective
field theory of superstrings,  which naturally incorporate gravity. Dimension-
ally reduced N = 1 SG models in d = 4 are therefore promising candidates for the
effective theory which crosses the desert between the physics at grand unification
mass scale and the physics at the presently accessible energies. Those theories
are very attractive because they provide the most satisfactory mechanism for
spontaneous breaking of local supersymmetry (SS).“’ Realistic scenarios have

been based on specific grand unified groups,

the left-right symmetric group
SU(2)p x SU(2)gp x U(1)p_'™™" and the left-handed electroweak symmetry
SU((2)L xU (l)y.ls_“' In these models the electroweak symmetry breaking is
induced by the soft SS breaking terms which arise from the spontaneous break-
down of local SS. Mass parameters in these terms are of the order of the gravitino

mass m3/; Which therefore sets the weak scale, i.e., My = O(m; /2).["5’“]*

If the soft SS breaking parameters do not evolve substantially from their ini-
tial values at ugp = O(Mp;), one cannot break SU(2)z x U(1)y at the tree level of
the Higgs potential unless one is willing to introduce a highly unattractive Higgs
singlet chiral superfield. Here pugr is the renormalization scale and Mp; is the
Planck mass where local SS is broken. However, it is reasonable that the renor-
malization of these parameters is substantial and that it is this renormalization
which at up = O (M) triggers the spontaneous symmetry breaking (SSB) of the

6]

electroweak symmetry. In one class of such models o100l large Yukawa coupling

of the top quark is responsible for this SSB. It also leads to a mass exceeding
the mass of the top quark candidates seen by the UA1 collaboration. Another

{10,11]
S

clas uses the idea that the parameters at My leave the vacuum expectation

values (VEV’s) of the Higgs fields undetermined at the tree level of the potential

* In Ref. 7 mgy/; sets the scale of the right-handed vector boson.



unless one also includes radiative corrections of the Coleman-Weinberg typem]

in the effective potential. In this case one ends up with a light Higgs particle in

the mass spectrum.

The purpose of this paper is to study the effects of additional heavy families
on the low energy N =1 SG theory in d = 4 with the gauge group:

G =SU(2)L x UQl)y x SU3)C . (1.1)

We assume the desert between My, and the grand unification mass scale Mg
as well as perturbative values of the dimensionless parameters throughout this
region. In particular we investigate the evolution of all the parameters according
to the renormalization group equations (RGE’s) when in addition to the usual e-,
u- and 7-families one has a heavier fourth family with larger Yukawa couplings.Jr
We assume a minimal Higgs sector with two SU(2), doublet fields H; 2. We also

investigate the SSB pattern and the low energy mass spectrum of the theory.

A supersymmetric model with additional heavy families may arise from the
family unification models or from the Eg x Eg heterotic string theory.“a] There-
fore analysis of the influence of such additional families may have implications
for the low energy phenomenology of such theories.

In the non-supersymmetric theory based on the gauge group G a careful

{14]

study of the RGE’s has shown that the Yukawa couplings of heavy families
approach a stable infrared fixed point determined by the gauge couplings. As we
shall see (see also Ref. 15) the supersymmetric case shows similar features. This
in turn implies that the mass parameters of the theory evolve in a specific way,
constraining the theory at the weak scale. Thus, the nature of the SSB pattern

and the particle spectrum exhibit characteristic features which tightly constrain.

t In the case of more than four families we lose asymptotic freedom for the strong interactions
and g3 diverges below M.



The paper is organized as follows. In Sec. 2 we specify the model and the
assumptions and fix the notation. We devote Section 3 to a study of the renor-
malization group evolution of the parameters, comparing the numerical results to
the approximate analytic solution. In Sec. 4, the SSB pattern of the electroweak
symmetry is investigated while the low energy mass spectrum is presented in
Sec. 5. Conclusions are drawn in Sec. 6. For the sake of completeness we give
the complete set of the RGE’s for our model in Appendix A. The approximate

analytic solution is presented in Appendix B.

2. The Model

In this section we shall present in detail the model and the assumptions used

in the analysis.

Desert Hypothests
We assume the group G of Eq. (1.1) to be the gauge symmetry of the theory
between the weak scale My = 100 GeV and the grand unification scale Mg = 2-
10'®GeV . This enables us to study the undisturbed evolution of parameters over
a wide range of energies from Mg down to My . This allows certain parameters
to reach an infrared fixed point to a good accuracy as up — My, independent

of their initial values.

Local SS is broken at Mp; ~ 10'8GeV, thus giving rise to the soft SS breaking
mass parameters. We assume that the values of these mass parameters do not
change substantially from Mp; down to Mg. In that way the number of the

initial values of the free parameters in the theory does not proliferate.

Perturbative Unification
We assume that all the dimensionless parameters have perturbative values be-
tween My and Mg. We are then allowed to analyze the RGE’s using only

one-loop beta functions.

Particle Content
We work with chiral superfields which transform under SU(2)z xU(1)y x SU(3)®



as follows:

(Br)s = (2,-3,1) 5 (Er)s = (1,1, 1) (2.1a)
(Qr)r = (2,5,3) ;(UR)s = (1 -3,3) (DR)s=(1,3%,3) (2.19)
H=(2-31) H=(231). (2-1¢)

Here f = 1,2,3,4 denotes the family index. The fourth family therefore trans-
forms in the same way as the first three families. The Higgs superfields (2.1c)

are the minimal set for the supersymmetric extension of the standard model.

Superpotential

The most general renormalizable superpotential consistent with the particle con-

tent (2.1) has the following form:

9= ERTgEYeH, + UpTuQYeH, + DRTpQYeH; + nHT eH, . (2.2)

0]

1
Here ¢ = [ 0] and I'gy p are Yukawa matrices. Family indices are sup-

pressed.

We neglect flavor-changing effects and therefore set the off-diagonal elements
of gy p to zero. The Yukawa couplings of the fourth family are assumed to be

much larger than those of the other families.
(Teup)uu=hgup> Ceup)i; 1=1,2,3 (2.3)

However, (Tgup)i, ¢ = 1,2,3, are not neglected in the RGE’s.

Soft Supersymmetry Breaking Terms
In addition to the supersymmetric part of the Lagrangian we include the most

general soft SS breaking terms as they arise from the spontaneous breakdown of



SG. These terms are of the following form:

Ls=Ly+ Ls1+ Ls2 (2.4)
where
3
Ly=-Y my A (2.5a)
a=1

Lg1 = — [ER(mEFE)E%CHI + UR(mUrU)Q£€H2 + DR(mDrD)QgeHl
+ mHsﬂH]:_rEHZ] (2.5b)
Lsz = —[B}m}, E + Efm}, B + Q{mb,Qr + Dymb, Dr

+ULm?, Ur + Him% Hy + Him% H;) . (2.5¢)

The fields here denote the scalar components of the appropriate superfields. The
subscript a = 1,2,3 refers to the gauge group U(1l)y, SU(2); and SU(3)°,
respectively and again we have suppressed the family indices. The mass matrices
(mgyup x Tgy,p) and szL,ER,QL,UR,DR are chosen to be flavor diagonal. Here

m%{l, m%z and m%ia denote the three mass parameters of the Higgs fields H; .

In order to get as close as possible to the experimentally determined values

for the gauge coupling constants as extracted from Ref. 16, we set
5
=gy =g¢3=g3=go=0.96 (2.6)

at Mg = 2-10'%GeV. This value is determined to about 1% to 2% by integrating
the RGE’s for our particle content. We also assume that at Mg the soft SS
breaking mass parameters have the following symmetry:

=My, =My, = m(A) (27a)

mi,



my, = m?{a (2.7b)

Mg =my =mp = my (2.7¢)
2 2 2 2 2 2 2 — 2
177,1'{l —7’”1’{2 —mEL -—mER —-mQL —mUR —mDR —m3/2 . (2.7d)

Here m%rs and mg are of the order of the gravitino mass mg/;. The gaugino
mass mj is a free parameter, which can be naturally smaller than mg /2. This
pattern of soft SS breaking mass parameters emerges from the hidden sector
mecha.nism,m which spontaneously breaks the local SS at Mp;; by assumption

the pattern persists down to Mg.

3. Evolution of the Parameters

The coupling constants and the masses of our model evolve from the unifi-
cation scale Mg to the weak scale My according to the renormalization group
equations (RGE’s) given in Appendix A. Their exact solution for the gauge cou-
plings and gaugino masses are examined in Sec. 3.1. Numerical results and the
approximate analytic expressions for the parameters of the superpotential and
for the soft SS breaking mass parameters are presented in Sec. 3.2 and 3.3,

respectively.

3.1 GAUGE COUPLINGS AND GAUGINO MASSES

The solution of the RGE’s for the gauge couplings and gaugino masses with

initial conditions (2.6) and (2.7a) is of the following form:

2 g5
9 = 3.1a
P12 (0N +1) g (812)
02
97 = % (3.16)

"~ 1-—2(2N; - 5) g%

8



2 93
= 3.1
93 = 122N, — 9) ¢¥? (3:1¢)
and
g2
my, = m3 5z 1=12,3 (3.2)
9;

Here t is related to the renormalization mass scale up in the following way:

1
¢ ell'R

__1 , kR 3.3
1672 " Mg (3-3)

and Ny denotes the number of families. If Ny > 4 we lose asymptotic freedom for

the strong interactions and g3 diverges below M. This fact allows us to restrict

our study to Ny = 4.

In principle one can use the running g;’s as parameters of other RGE’s and
numerically integrate those equations to find the evolution of other parameters.
We have done that. But, we also find a way to approximate these equations.
Figure 1 shows that g% and gg evolve slowly changing at most by a factor of
two between Mg and Mj. One may then expect to obtain a reasonably good
approximate analytic solution of the RGE’s for other parameters of the theory if

one set for all up:

g1 = Lg1(kr = Mw) + ¢7] = 055 (3.4a)
g2 = 1 [g2(kr = Mw) + g3) = 0.81 (3.4b)
93 = 1 [93(kr = Mw) + g3] = 1.09 (3.4¢c)
and

ma, = 1 -g%(’“‘Rgozz Mw) 1] md = 0.62m3 (3.50)

1 ]
my, = 3 'g§(u390=2 M) + 11 m3 = 0.73 m§ (3.5b)

L 2 J



2
_1 93(Lr = My)
my, = 3 ggz

+1| md =1.31m3 . (3.5¢)

3

One also has ¢? < 93,3 and g¢? usually appears in the RGE’s with a smaller
coefficient than 93,3- In most cases we are allowed to neglect gf and g%mil
compared to 93,3 and g§,3m§2,Aa, respectively. Together with (2.3) we also take
the limits:

hy — hp

I <1, he < hy,p . (3.6)
It is natural to assume that also for the fourth family hoE < h?], p» Where h%,U, D=
heu,p (kLR = Mg). Then both approximations in Eq. (3.6) are justified from the
evolution of hg y p as given in Sec. 3.2. This will allow us to solve the RGE’s
for the other parameters analytically to an accuracy of 10% to 30%. In all cases,

we have checked our analytic estimates against our exact numerical treatment.

3.2 PARAMETERS OF THE SUPERPOTENTIAL

For the Yukawa couplings of the fourth family hg y p one obtains the follow-

ing analytic solution:

—2 [ - 15/7 T
2 _ 9 X (1-Xo 2
h ={—x 1+ Zo Xo(l—X)_ + 0(Zy) (3.7a)
—2 [ - 15/7 1
2 _ _9 _ X (1-Xp 2
hp =17 |1- % Xo(l—X> +0(23) (3.7b)
_ 3/7
X\ (1- X
hy = bY@ {(E) (1 — X)] J(z) [1+ 0(Z3)] (3.7¢)
where
=2
X = Xoexp(145%t) , Xo = 1 — % (3.8a)
0

10



hY + A9 hY, — h9
ho = U D , Zo= U D (3.86)
2 kY, + hY,
o 1 /16 g2+ g2
2 __ 2 2 _
9 =z (‘:3—93“*‘392) n= 252 : (3.8¢)
Xo _ 3/7
4 hE [dX |( X\ " (1~ X, -1
Jx)=31+-E | = | = 3.8d
(=) { tr el X [(Xo) (1—X) } (3.:84)
X

and t is defined in Eq. (3.3). Here O refers to the initial values of parameters at

Mg. Evidently Ay and hp approach the same infrared fixed point:

lim hU,D =g=1.09. (3.9a)
HrR—0

At pp = 100 GeV one has X/X, = 0.031 < 1 and consequently as long as
ho > 0.5 (i.e., Xo & —4), hy, p assume their asymptotic values (3.9a) at My to
an accuracy of 10%. Therefore we define a heavy family by requiring h%’ p = 0.5.

For comparison (I'Y)ss, for the top quark is of order 0.2.

For hg from (3.7c) one obtains the following infrared fixed point:

lim hg =0. (3.95)
pr—0

This value is not reached at My because [(X/Xo)1~"]3/7 ~ 0.75 ~ O(1). Instead

we obtain the following estimate:
Wo(ur = Mw) = Min (h%,5%) x O(3) - (3.10)

In Figs. 2 and 3 we compare the approximate formulae (3.7) to the numerical
solution of the full one-loop RGE’s for hy p and hg, respectively. One sees that

the two solutions are in good agreement.

11



The evolution properties of kg y,p also justify approximation (3.6) which we
use in order to get the analytic solution for the evolution of the soft SS breaking

mass parameters.

The Yukawa couplings of the first three families are small compared to g =
1.09, i.e., (T E,U,D)ii < g where ©+ = 1,2,3. Approximate expressions for these
I’s are given in Appendix B; these have the characteristic feature that when

ur — My, (T'g): decrease while (T'y p)i; increase.

The approximate analytic solution for the evolution of the mass parameter u

of the superpotential (see Eq. (2.2)) has the following form:

p=mo|(2-) (2220 3/7exp(—sg%t) (3.11)
(%) =2)]

when X and Xj are defined in Eq. (3.8a) and po = p (ug = Mg). This result

is in good agreement with the full numerical solution as seen in Fig. 4. From
(3.11) it follows that u approaches the infrared fixed point x = 0. However, at
1R = Mw, u need not reach the fixed point, especially when p is large compared
to the other mass parameters and h?], p are not much larger than O(g). In Sec.
4 we show that this feature allows us to break SU(2)r x U(1)y down to U(1)em
at ugr ~ 100 GeV.

3.3 SOFT SUPERSYMMETRY BREAKING MASS PARAMETERS

The RGE’s for the soft SS breaking mass parameters are complicated (see
Appendix A). In order to understand the structure of the numerical solutions it is
necessary to study the approximate analytic results. The approximate equations

are tractable if one makes use of (2.3), (3.4), (3.5) and (3.6).

We are especially interested in the infrared behavior, i.e., ug — M, of those
parameters which are relevant for the proper breaking of SU(2)r x U(1)y down
to U(1)em. These are the mass parameters myy,, qul and m%z which appear

in the terms with the doublet fields Hj 3, only (see Egs. (2.5b,c)). However, we

12



shall also comment on the evolution of other SS breaking parameters which are
relevant for the particle mass spectrum of sleptons and squarks. The complete

set of approximate analytic solutions is given in Appendix B.

The evolution of my, is approximated by

(3.12)
6 X/Xo X
il — X _ n [ 2=
5 108 [0 o)+ o ()
where X and X are defined in Eq. (3.8a),
16 16
my = (—3— gimy, + 3g§m,\2> / (—3—g§ + 3g§) =1.18m3 , (3.13a)

and m(}f3, mo and m$ are the initial parameters at Mg given by Egs. (2.7). The
approximate analytic solution for m%h, 1, to leading order in Z and hg (see (3.6))

has the following form:

2 6 . X 3
where
1 1 __ -
B =5 (m +md) +mb, o+ 3 (mb +mb,) = (7~ )

o 1 X
+ Z(mo — m,\)m)‘ 1= XZn (Yo)

_ (m? —mi)] + Xo [m‘z +m3 _1X tn <%>] tn (%) } (3.15)

13



and

32 16
m? = [? gimi + 6g§m§2] / (? a2+ 3g§> = 2.89 (mJ)? (3.13b)
- 16 1 16
m? = [—3“ 9§m§3 - Eggm?\g] / (? g3 + 393) = 1.30 (m})® . (3.13¢)

Here m2QL,Un, Dy, Tefer to the mass parameters corresponding to the fourth family.
A subscript O denotes again the values of the corresponding parameters at Mg
and thus, Yo = 3m§/2. In Figs. 5 and 6 we plot the evolution of my, and m%l’Hz,
respectively. One sees that both the numerical and the analytic solution are in

good agreement.

From Eq. (3.12) and (3.14) one observes that none of these parameters
approach any infrared fixed point. They decrease as ugp — Mw and assume the

following value at up = 100 GeV':

mu, ~ my, — 0.86mo — 1.89m$ (3.154)

2
m}, ~ml ~ -z m3 , — 3.86 m}’ . (3.15b)
The value of mp, depends linearly on its initial value m%,a at Mg. Since m%s
does not appear in the evolution equations for other mass parameters and thus

its value is not restricted; thus mpy, remains a free parameter of the model.

The mass parameters m}h and m%ﬁ approach the same value as up — My
even if at Mg one has hg- #* h(l)) and hOE ~ O(g). This is a consequence of the
fact that as up — My, hy and hp assume the same fixed point value and hg
decreases. Also, in the RGE’s h%. appears with a smaller coefficient than the one
in front of h%j’ p- The latter arises from the color degrees of freedom. Therefore
if one assumed hy =~ hp and hg ~ 0 the RGE’s for qul and mfgz become
equivalent (see Appendix A) and then the evolution of these two parameters is

the same.

14



From Eq. (3.16b) we also see that at ug ~ 100 GeV, m%h,Hg are negative.
This can be understood by examining the RGE’s for m%-l’ F, and mZQL,UR,DR'
Let us assume first that the gaugino masses are zero. In this case the relation

between the beta functions for m%h m, and mzL Un.Dg 18 the following:

d_, 3d ,
21 "HuH ¥ 5 g ™QuUnDr 2 0 - (3.17)

Since ad? qul’ H > ad; szz,,Un,Up it follows that m%h, H, decrease at a larger rate
than szL,UR,DR and therefore mﬁh’ﬂ-2 < mZQL,UR,DR for all ug < Mg. On the
other hand we see from Eq. (3.15) that

_1. 4 2 2 1. . 2 2 2
Y= 2 (7’)‘1.1.1l + mHz) + mg, + 2 (mUR -+ mDR) XMy, H, + 2mQL,UR,DR — 0

as urp — Mw. This implies that at My, mZI’ﬁ,Hz ~ _2m2QL,UR,DR and therefore
the Higgs masses m%{th are necessarily negative while the squark masses are
positive. This feature persists even in the case of nonzero gaugino masses because
the beta function for mqu’UR, Dy 8ets an additional negative contribution from
gluino masses and it is therefore even smaller than the beta function for qul Hy*
The above analysis is in agreement with the quantitative results of Fig. 6 and

Fig. 7 where the evolution of m%ﬁ, H, and m2QL’ Dr,Us> respectively, are shown.

The result that at ugp = 100 GeV, m%h’ H, are approximately equal, negative
and of order of the gravitino and/or gaugino masses has strong implications for

the nature of SSB of SU(2)L x U(1)y. We discuss this in Sec. 4.

For the sake of completeness we also state the evolution of the soft SS breaking

parameters my, p for the fourth family:

X/ Xo
1-X

my ~ mp =m) + [(1 — Xo)(mo — ™)) + Xofiyén (%)] . (3.18)

Here my is defined in Eq. (2.7c), m) in Eq. (3.13a) while X and X, are defined
in Eq. (3.8a). Thus, myp approach the infrared fixed point 7, = 1.81 mS.

Graphs of my p are given in Fig. 8.

15



The analytic expression for mg and m%L’ER for the fourth family have a
complicated form and are given in Appendix B. The value of mg decreases as
ur — Mw. If K = O(g) and m°g > mOg, g, it may be the case that at
ur ~ 100 GeV one ends up with m%L’ER < 0. In this case the solution which
preserves U(1).y, is a saddle point, because the slepton masses are imaginary.
One may avoid such a pathological behavior by choosing the initial conditions
h% S O(g) and/or m§ S my, g . Numerical solution for mg and m}, g is

presented in Figs. 9 and 10.

We briefly comment on the evolution of the soft SS breaking mass parame-
ters for the first three families. The mass parameters (mguyp X T'guDp)i, ¢ =
1,2,3, are small compared to mgy p X hgy,p because the Yukawa couplings
(TeuD)ii,t = 1,2,3, are smaller than hgy p. The slepton and squark masses
for the first three families (szL, Er,Qu.Ur, pgliis + = 1,2,3, evolve with a negative
beta function which is in the leading order proportional to the product of the
squares of gaugino masses and gauge couplings. Therefore at up = 100 GeV

these masses are in general mg P O(m5?). Explicit expressions are given again

in Appendix B.

4. Spontaneous Symmetry Breaking

The fixed point behavior of large Yukawa couplings determines to a large
extent the magnitude and the symmetry pattern of the mass parameters in our
model. In this section we study the implications for the spontaneous breakdown

of SU(2)L x U(1)y as they arise from the structure of the Higgs potential.

The SSB pattern should be compatible with the low-energy phenomenology,
therefore it should ensure Maz[(HY), (H?)] = O (M) while the VEV’s of other
scalar fields must be zero. Here the superscript 0 denotes the neutral component

of the field. For the sake of further discussion we shall give here the part of the

16



tree level potential which depends on the Higgs fields H; s fields, only:”
VrL = (my, + uz)HirfIl + (m¥, + p.z)H.ng — ump, (HF eHy + h.c.)

2 3 2
T D_(HlrH, - HiraHy)? + £ (HH, - H{H,)? . (4.1)
a=1

The mass parameters u, my, and quth are defined in Egs. (2.2), (2.5b) and
(2.5¢), respectively, 7, are Pauli matrices and € = ¢73. Since the RGE’s lead to
approximately equal values of m%l and quz at up = O(Mw) (see Eq. (3.14)),
the minimization of Vpy, yields the VEV pattern:

[(E) | = [(H2) | = H/2. (4.2)

This pattern is correct up to order (m%;, —m?, ) / (m¥, +my) S10% (see also
Fig. 6).

Potential Vpr, as a function of the real VEV H is then given by:

VTL — mg( H2 (4.30)

DN | pd

where
1

mg( =3 (qul + m%Ia) + u?— lempg,| . (4.3b)

Obviously, if m%, > 0 the system has a minimum at H = 0, while for mf, <0,
Vrr is unbounded from below. In such a situation one has to include quantum
corrections to the tree level Higgs potential Vpy. This may be achieved by re-
garding m}, as a function of H, i.e., m?l = mg{ (ur = H), or by improving the

[12]

potential & la Coleman-Weinberg. We thus observe that the model determines

% All the squarks and sleptons should have zero VEV’s. In the Higgs potential those fields
appear in the bilinear combination, and therefore the extremum solutions are trivially sat-
isfied. We shall prove later that such a VEV pattern for squarks and sleptons also satisfies
constraints for the minimum.

17



the nature of the SSB of SU(2)L x U(1)y down to U(1).ym; the SSB is necessarily
radiative, i.e., quantum corrections to the tree level Higgs potential determine

the magnitude of H.

The stable minimum of the potential occurs at the scale ur where m%, ~0
and H = O(ug). From Eq. (3.14) one observes that at up = My, mﬁi;,Hz are
negative and large, i.e., of order of the gaugino and/or the gravitino mass. Also, u
approaches the fixed point value zero (see Eq. (3.11)). Therefore, m% is generally
negative and large. This implies that the radiative SSB of SU(2)L X U(1)y takes
place typically at up > Mw, yielding H = O(ug) > Mw. This of course con-
tradicts H = 245 MeV which is obtained from the experimentally observed W*
and Z%boson masses. This implies that without careful adjustments of the mass

parameters at Mg, this model is not consistent with low energy phenomenology.

In order to obtain a realistic scenario one has to choose po = pu(urp = Mg)
in such a way that m%(ur = H) assumes a value close to zero, i.e., my <
O(m§, mg /2) at My,. From the expressions for m%, u, mg, and qul, , as given
in Eqgs. (4.3), (3.11), (3.12) and (3.14), respectively, one obtains the following
constraint on po in terms of the initial values hg = (h?] + h%)/ 2, m§, mo, m%,a

and mg/; (see Egs. (2.7)):

po = 2.85 (ho)®/7 (\/0.28m§ /2 +3.86m$? +0.25m}; + 0.5mHs) (4.40)

with mpy, being defined in Eq. (3.12). In order to obtain the desired SSB pattern
and to avoid the tuning of parameters one has to choose the following relations

among the parameters at Mg:
h?f,D S 5 s Ho 2 3m3/2 ) m&) S 0(m3/2) B (4.4b)

Also, m%,a has to be adjusted to ensure mpy, < m%[a at the weak scale. If we relax
any of the above constraints we have to introduce additional mass hierarchies in
the model. Different initial values of the parameters at Mg which yield my ~ 0

at My are given in Table I.
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To our knowledge there does not exist any model that satisfies naturally

7]

constraint uo & 3my /2- For example theories starting from a superpotential

containing only dimensionless couplings cannot accommodate heavy families.

In the following we shall present the form of the quantum corrections to Vpp,
and the minimization of the total potential. In the case when H is larger than
the soft SS breaking masses one can use the mass independent renormalization
and sum all the powers of the leading logarithms. In this case one obtains the

so-called renormalization group improved potential which is of the following form:

Vr = =m}(ur = H)H* . (4.5)

DN | =

In the leading logarithm approximation, V7 has the following form:

1
Vi = 2 my(ur = prr)H® + VL (4.6)
where
1 dm? 1 H
Vip = = —X x H? n — 4.7
LL=9 7 liy, 1672 " urp’ (4.7)

and t = ﬁ;ﬁnﬁg.

At pp = O(Mw) one may actually encounter a situation when H is of order
of the largest soft SS breaking mass parameters. In this case the leading loga-
rithm formula (4.6) is changed quantitatively and assumes the following Coleman-

Weinberg form:
1

Vi = 2 m3 (ur = prr)H® + Vow (4.8)
where
2 2172
3 M 1,44, R°H
Vew = n2en — ~h*H*%n — (4.9)
1672 {; 7> utw
and

1 1 )
N2 = m§+ + n h*H? + \/mé_ + 1 h*H?(my — usignmp,)? (4.10q)
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_hu-i—hp

h (4.100)
2
my = @——lﬂ (4.10¢)
1 1
mzsi =3 [mqu + 3 (m%R + m%IR) (4.10d)

The free parameter pucw is related to urr in such a way that Vgow is identical
to Vrr when H is much larger than the soft SS breaking masses. In expression
(4.9) we have included only the leading contribution to Vo . All the parameters

in Vz1 and Vow are taken at the renormalization scale ur.

We choose prz, to be a few TeV. Then we may safely assume the mass in-
dependent RGE’s between ur; and Mg while the leading logarithm potentials
VTI. or V} still provide a good approximation at My . We compare Vr, V; and
V,_,? in Fig. 11. The location of the minimum is different in each case. However,
this difference is not very significant! it can be countered by changing the initial
value of the parameters at Mg by a few percent. We may neglect the difference
between Vrp, VTI. and VIZ- safely, since the two-loop corrections are expected to be
of order 10%. The minimization of Vr yields a local minimum for the values of
the parameters at Mg given in Table I. We have checked numerically that this

minimum is also the global minimum.

5. Mass Spectrum

We compute the mass spectrum by diagonalizing numerically the tree level
mass matrices with renormalization group improved parameters. These are read-
ily obtained form the Lagrangian described in Sec. 2 and have been given in the

literature.™®

Since we assume the Coleman-Weinberg mechanism to be operative, the neu-
tral Higgs mass matrix calculated in that fashion has an imaginary eigenvalue

which we replace by the square root of the curvature of the potential Vr (see Egs.
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(4.5), (4.6) and (4.8)) at its minimum. Examples of mass spectra are presented
in Figs. 12.

Our model predicts the quark masses of the fourth family. In Sec. 3 we have
seen that the Yukawa couplings hyy and hp approach the same fixed point § =
1.09 at the weak scale. Since the only possible spontaneous symmetry breaking
pattern is | (H;) | = | (H2) | = 123 GeV, we obtain up- and down-quark masses
of 135 GeV to an accuracy of 10%. From Eq. (3.7c) for the evolution of hg we
derive the inequality hg < 0.65g and we get an upper bound on the mass of the
fourth lepton of 90 GeV. In most examples this mass is below 50 GeV.

Since SU(2)r, X U(1)y is broken radiatively, one neutral Higgs fields ends up
light, i.e., in the range of 20-40 GeV.

In our model we are able to accommodate photino masses my = 0-40 GeV. As
my rises the unpleasant mass hierarchy u/ms /2 > 3 at Mg becomes even larger,
as we easily see from Eq. (4.4). The model therefore prefers my < 10 GeV. This

in turn implies gaugino masses m), S 75 GeV.

Barring any further fine-tuning of parameters all the other superparticles
acquire masses of order mg/;. The radiative symmetry breaking mechanism we
employ decouples the value of (H;) from that of mg/s. This is illustrated by
examples (a) and (e) of Table I and Figs. 12a and 12b where we have chosen
mgzjs = 100 GeV and mgzjs = 200 GeV, respectively. In principle it is even
possible to shift the masses of the superpartners of the ordinary particles into
the TeV region. Apart from an increasingly difficult tuning of parameters we
then have (Hi) /mg3/; ~ 0.1 and two-loop effects must be taken into account.
Also, since we may have m%h — m%z = O(m¥), we are faced with the formidable
problem of the Coleman-Weinberg analysis of a potential that is stabilized by

quantum corrections in more than one direction.

It is also interesting to observe that for the case with mg/; = 200 GeV the
mass of the lightest neutral Higgs field can be larger than the mass of Z° boson
(see Fig. 12b). This is differs from the results of Ref. 19 where the lightest
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neutral Higgs field cannot be heavier than Z° even in the case of radiative SSB.
However, in our example the relation (H) < mg/, is different from the assumption
of Ref. 19 where the soft super symmetry breaking parameters are all of order

or smaller than My .

6. Conclusions

We have studied a standard model in the context of N = 1 supergravity when
a heavy fourth family is present. The theory has a minimal set of Higgs fields
with the two Higgs doublets. The fourth family is a replication of the first three
families with the same gauge transformation properties, but its Yukawa couplings
are chosen to be large, i.e., > 0.5. We also assume that a desert extends between
My = 100 GeV and Mg = 2.10'® GeV and that dimensionless parameters are

perturbative through this region.

First we studied systematically the evolution of all the parameters of the
theory from Mg down to My,. We obtained the numerical as well as approximate
analytic solutions. The Yukawa couplings and certain other mass parameters of
the theory have an interesting infrared behavior: (i) The Yukawa couplings hy
and hp for the up and down quarks of the four family approach the same infrared
fixed point g ~ 1.1, (ii) the masses m}; and m%; of the Higgs fields H; and H;
decrease and approach the same negative value which is of order of the gravitino
or gaugino mass, and (iii) the mass parameter u in the superpotential approaches
the infrared fixed point 0. The fact that m%l ~ m%h < 0 at up = My forces
the spontaneous symmetry breakdown of the electroweak symmetry to occur in
an interplay between the tree level Higgs potential and its quantum corrections.
The spontaneous symmetry breaking pattern is then (H;) ~ (H;). However, in
order to obtain (H;) =~ 123 GeV one has to choose unnatural initial values of
the parameters at Mg: po > 3mg)s, hOU,D S5, mf < O(mg/,) and m%rs has to
be chosen so that |mpg,| < my; at My. It remains to be seen whether these

constraints can be derived from a grand unified theory.
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Our model also imposes interesting restrictions on the particle mass spectrum.
The up and down quarks of the fourth family have the same mass 135 GeV to
accuracy of 10%, while the mass of the lepton has an upper bound of 90 GeV.
Because of the radiative nature of the spontaneous symmetry breaking one ends
up with one relatively light neutral Higgs field with a mass below 50 GeV. The
gluino masses tend to be light, i.e., below 75 GeV. Masses of other particles,

except fermions of the first three families, are in general in the region of 100 GeV'.

We conclude that the large Yukawa couplings of the fourth family have strong
implications on the low energy structure of the standard model within N = 1
supergravity. They determine the spontaneous symmetry breaking pattern and
restrict the particle mass spectrum.
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APPENDIX A. Renormalization Group Equations

In the following we present the renormalization group equations for the model
described in Sec. 2. They have been partially given in the literature.””*" We
have derived them by calculating the infinite parts of the one-loop diagrams
in the superfield and component field formulation of the most general renor-
malizable softly broken super-Yang-Mills theory with chiral matter fields. The
regularization method employed was dimensional reduction which is equivalent
to dimensional regularization for our purposes. The difference between the two is
proportional to € = (4 — d) and hence has no effect on the residues of the simple

poles in €. Higher poles do not appear in a one-loop calculation.

Recently an independent evaluation using the effective potential approach

has been given in Ref. 21, with identical results.

In the following equations we regard I'ryp, (meup X Teyp) and

m%h Er,QL,Dr,Us 8 matrices with family indices. S is defined to be
S = _m%h + m¥;, — trszL + trm}_ + trm2QL + trszR —2trm}_, (A.la)

and

1 KR
¢t = tn HR A.1b
1672 " Mg (4.16)

while N 7 denotes the number of families.

Gauge couplings

d 10 3

— = — AI2
Su=(SN+1) a (42)
d 3

g 92 = (@2Nr—8)g; (4.3)
d 3

E gz = (2Nf —_ 9) gs . (A.4)
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Yukawa couplings

d
) I'g= I‘E(trl‘EI‘E* + 3terFDT - 39% — 3922,) + 3I‘EI‘ETI‘E
d 7 16
—TI'p=TIp trI‘EI‘ET +3t1’I‘DI‘D'r —_ —-gf — 3g§ — —g§
dt 9 3
+ 3FDFDTFD + FDI‘UTI‘U
d 13 16
5 Tv="Tu (3trruruf — 5 91— 392 - ?g;%)

+ 3TyTy'Ty + TuT'piThH

The supersymmetric mass parameter |

d
TH= u(3tr TyTyt + 3tr T pTp! + tr TET gt — ¢ — 3¢2)

Gaugino masses

d 10

Efm’\‘ =92 (?Nf + 1) m,\lgf
d 2
Em;, =2 (ZNf - 5) my,q2

d 2
Em)‘a =2 (2Nf - 9) my,9s3

The Mass parameters of the bilinear soft term
dt

Mass parameters of the trilinear soft terms

d
T (mgTg) = 4FEFET(mEFE) + 5(mEI‘E)FETFE

25

(4.6)

(A.7)

(A.8)

(A.10)

(A.11)

mp, = 2tr I‘ET(mEl‘E) +6tr I‘DT(mDI‘D) + 6tr I‘UT(mUI‘U) —2m; g3 —6m), g3

(A.12)



+ (mEFE) (trI‘EI‘ET + ?)tTFDI‘D]t - 39% — 3g§)

+ 2T'g [tr FET(mEFE) + 3tr FDT(mDFD) - 3m>‘lgf - 3m,\2g§] (A.13)

d
T (mUFU) = 4I‘U1‘UT(mU1“U) + ZI‘UFDT(mDI‘D)

+ 5(mUFU)FUTFU + (mUru)FDTI‘D

t 13 , s 16 , +
+ (mUI‘U) trTyl'y' — Egl —39; — ?93 + 2I'y [3t'r T'y (mUru)
13 16

- Em,\lgf - 3m,\zg§ —3 m,\sgg] (A.14)

d

;l—t (mDrD) = 4PDFDT(mDFD) + 21‘D1‘U*(mU1‘U)

+ 5(mDI‘D)FDTI‘D + (mDFD)I‘UTI‘U

7 16
+ (mDI‘D)(3terFDT +t7'FEFET — 69% — 3g§ — ?gg)

7
2T'p [tr FET(mEFE) + 3ir I‘DT(mDPD) ~3 m)\lg%
16 ]

— 3ma,g5 — 5 M0 (A.15)

Soft mass squares

d
= mby, =T g Tgm}, +m} Tg'TE + 2(mgele)! (melE) + 2m% T'Tx

2T g'm}, L — 2¢f|my, |* — 693 |my,[* — oIS

(A.16)

T mZER = 2FE*FETm2ER + szv;RI‘E*FET + 4(mEPE)*(mEFE)T
(A.17)

+ 4m§{1I‘E*I‘ET + 41‘E*m%;LI‘ET — 8¢%|m, |° + 2425
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d
a méL = FDTI‘szqL + mZQLI‘DTI‘D + I‘UTI‘Um2QL
+ méLI‘UTrU + Zm%IIFDfI‘D
+2m} Ty'Ty + 2T ptm},, Tp + 2Ty m, Ty (A.18)

+ 2(mDI‘D)T(mD1‘D) + Z(mUI‘U)T(mUI‘U)

2 32 1
I gf]m,\1|2 - 6g%|mA2|2 - _gglmz\slz + < g% S
9 3 3
d
X m2UR = Zm%jRFU*FUT + ZI‘U*I‘UTm?]R + 4m§{2FU*I‘UT + 4I‘U*m2QT;1"UT
32 32 4
+4(myTy)* (myTy)T — ?gflmxllz ~ ggglmxalz - 5!]? S

(4.19)

d
a m%)R = ZmZDRI‘D*I‘DT + 2I‘D*I‘DTm2DR + 4m%{II‘D*FDT + 41‘D*m2Q’I;I‘DT

8 32 2
+4(mpl'p)*(mpLp)” ~ & gflmy, [P — = gdlmy P + Z 6} S

9 9 3
(A.20)
d
i m%;l = 2m%—{1 (tr I‘EI‘EJr + 3tr I‘DI‘DT)
+ 2tr (mgTE) (mEI‘E)T + 6tr (mpI'p) (mDI‘D)Jr
(4.21)
2 2 t 2 2 t
+ 2trFE(mEL + mER)FE -+ 6tr PD(mQL + mDR)FD
- 29%]"”)1[2 - 6g§|m,\,|2 - g% S
d
P m%ﬂ = 6m§12tr ].-'UPUJr + 6tr (myTy) (mUI‘U)T (A 22)

+ 6tr I‘U(mZQL + m%,R)I‘UT — nglm,\ll2 — Ggglm,\2|2 +¢28
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APPENDIX B. Approximate Analytic Solution

We give the approximate analytical solution for all the parameters of the

model. The approximations are justified in Sec. 3 and are of the following form:

(Ceyup)as =hgup > (Teup)s; 1=1,2,3 (B.1a)

9= [9i(krR=Mw)+¢] ; i=1,2.3 (B-18)

9i(ur = My )?
mAi=l|: ( 02 )
9;

L]

+ 1] md; i=1,2,3 (B.1c)

|Z]| = ‘ D' <1, hg<hyp (B.1d)

Here (I'g,u,p)ii denote the Yukawa couplings for the it family while g1,2,3 and
M), 0,0, are the gauge couplings and the gaugino masses for U(1)y, SU(2)g
and SU(3)C gauge groups, respectively. The renormalization mass ug spans the
range form the unification scale Mg down to the weak scale My . We use the

following notation

1 KR
- tn LB B.
1672 " Mg (B.20)
62
X = Xoexp(14g%t) , Xo=1-— h_g (B.2b)
0 0 hO 10
ho="0tPp g _hy—hp (B.2¢)
2 hY + kS,
5 1 (16 93 + ¢}
gt = 7 <‘"93 + 392) n= 252 : (B.2d)

J(z) = {1+f h_%? Xofiﬁ [(_{)1_" (1 —X0>]3/7}_1 (B.2¢)
B 7 gzx X |\ Xo 1-X ‘

Subscript O denotes the values of parameters at ugp = Mg.
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Yukawa couplings of the fourth family hg y p

g2 [ X 1-X, 713/7]
h2_ g el
1+ 2o _Xo(l—X>

=T 1oz [X (=X 1
b Y1X% \1-X

ez [(5) 7 ()]

Yukawa couplings (Lgu p)i; of the first three families (i = 1,2, 3)

oo (5 (3]

1— Xo\ 3/
1-X

(Tu,p)ii = (T, p)ii exp(—4g°t) (

Mass parameter u of the superpotential

= po [(%) (11—_);0”3/7 exp(—3g5t)

Mass parameters mp,, qul and quz

X
+g fﬁ‘ﬁg [(I—Xo) (m —my) + Xom,) €n <—0>]
6 X 3
2 _ 2 ~ 2
my, ~my, —?m3/2+ 7 M In <Y0> + 72

(B.3a)

(B.3b)

~

B.3¢)

(B.4a)

(B.4b)

(B.6b)



1 1 . .
£ =1 (mly, 4 mi) + b, + 5 (ml, +mb,) = (- md)
X/ Xo W (1-X/Xo
+ 15 {0 = X0)[So — (m — ) <_1T
B.7
+ 2(m —my)m ! X o
M SX T\ X
1 X X
(2 2 =2 32 kel =
(m m,\)] + Xo [m + my I _Xln (Xo)] in (Xo) }
and
_ 16 16
my = <? g3my, + 3g§m;,> / (? 93+ 3g§> (B.8a)
. 32 16
M = [g ggmj}, + Ggimi,] / (—3— g3 + 393) (B-8b)
~ 16 1 16
3 - [? g§m§3 — Eggmiz] / <? g3+ 3g§> . (B.8¢)

Here parameters mZQL’UR’ Dy Tefer to the mass parameters corresponding to the
fourth family. Subscript O denotes again the values of the corresponding param-
eters at Mg. Thus, m?fa, mo and m§ are the parameters defined in Eq. (2.7)

and ¥y = 3m§/2.

Soft supersymmetry breaking mass parameters my,p and m2Qz,,UR,DR corre-

sponding to the fourth family

X/ X X
my & mp =M + 7 i ; [(1 — Xo)(mo — ™)) + Xommpln <YO>](B.9a)
1 2 3 (., 1g2 X

1 2 3 /., 1g2 X
mZUR%m%R=7m§/2+?2—;i<m2—§§2§m,\2) in <3{—8 (B.9c¢)



Mass parameters 7y and m? are defined in Egs. (B.8).

Mass parameters (my p)i and (mqu,UR,Dg)ii’ 1=1,2,3,

3 4 X
(mu)i = (mp)i = 7 my + 7 [mo —myin <3(—6>]

3 X/ X, _ o x
+ TI-x [(1 — Xo)(mo — ™)) + Xom)y €n (E)] (B.10aq)
1_,, (X
(= s = 5 e () (B.100)
(mi)ic ~ ()i = myg — = (7 + 12587 tn (2 (B.10¢)
Ur/i = \TDgJit = 312 ™ 14 Xo/) ' '

Mass parameters mg and szL,ER corresponding to the lepton of the fourth

family
mg ~ gm‘;\ + mg [J(:x:) - %} + -:; (‘rﬁA — %";mA,) In <%>

+3 ‘IXKE [(1 _ Xo)(mo — 7y) + XoTy tn (%)] (B.11a)
m¥, ~ m3, [% + gJ(z)3/4] + %K(X) - % ;_Emh in % (B.12b)
m% ~m§/2 [—%+§J(z)3/4] +§K(X) (B.11c)

where
K(X)=2 X%;E [%:—mf"—) +m2E] %(}5 . (B.124)

Xo

Mass parameters (mg)i; and (m%L,me-R),-i, t=1,2,3

4 3 __ 3/ __ g2 X
(mE)ii = ‘7'm0 + ?m}‘ + 77' <Tn,\ — g—gmh) in (y{g)
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g X/Xo [(1 — Xo)(mo — 7) + Xo,—,% in (%)} (B.13a)

1-X
3 g2 X
2 Y. = m?2 92,2
(m, )i = M3z — 7 72 mj, tn (fo) (B.13b)

(W?E‘R)ii = mg/z : (B.13c)
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TABLE I

Examples for initial values of the parameters at Mg = 2.10'® GeV which
ensure the proper spontaneous symmetry breaking pattern | <Hf ) | =~ | <Hg> | ~
123 GeV. Here h%,U, p denote the Yukawa couplings for the fourth family, uo is
the mass parameter of the superpotential (see Eq. (2.2)), m{ and mg /2 are the
gaugino mass, and the gravitino mass, respectively while m%,s and mg denote the
soft supersymmetry breaking mass parameters defined in Eq. (2.7b) and (2.7c).

All the masses are in GeV.

0 0 0

()| 53| 1({100|30]| 70 | 5 | 668
(b)y| 53| 1]100]|30]| 70 |50 908

(c)| 2| 1|o5|100|20]| 40 | 5 |232.6

(d){0.5{0.5/0.3| 40 | 20| 30 | 30| 85

()| 3|3 | 1| 200 |200| 200 |200]| 3050
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FIGURE CAPTIONS

. Evolution of the gauge couplings for the case of four families.

. Evolution of hy (solid line) and hp (dotted line), the Yukawa couplings for
the up- and down-quarks of the fourth family. The dashed line denotes the
approximate analytic solution for h = (hyy + hp)/2. The initial values for

hy,p at Mg are taken from examples (a-d) of Table I.

. Evolution of hg, the Yukawa coupling for the lepton of the fourth family.
The numerical and approximate analytic solution are plotted with the solid
and dashed line, respectively. The values for the Yukawa couplings at Mg =
2-10'® GeV are chosen from examples (a-d) of Table I.

. Numerical solution (solid line) and approximate analytic solution (dashed
line) for u, the mass parameter of the superpotential (see Eq. (2.2)). The
initial values for hgy p and u at Mg are chosen from the set (a), (c) and
(d) of Table 1.

. Numerical solution (solid line) and approximate analytic solution (dashed
line) for mpy,, (see Eq. (2.5b)). The initial values for the parameters at Mg

are from examples (a) and (b) of Table I

. Evolution of m}; (solid line) and m}; (dotted line) (see Eq. (2.5c)) for the
values at Mg given in (a) and (b) of Table I. The dashed line denotes the
approximate analytic solution for m%[+ = (m¥; +m%)/2.

. Evolution of m%, (solid line), m¥,_ (dotted line) and m%, (dot-dashed line),

corresponding to the squark masses of the fourth family. The approximate
analytic solution for m} =} [m% L+ 3(my + m%R)] is plotted with the
dashed line. The initial values of the parameters are taken from examples
(a) and (b) of Table L

. The trilinear soft supersymmetry breaking mass parameter my (solid line)
and mp (dotted line) corresponding to the squarks of the fourth family (see

Eq. (2.5b)). The dashed line presents the approximate analytic solution for
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10.

11.

12.

my = (my + mp)/2. The values of parameters at My are chosen from
examples (a) and (b) of Table I.

Numerical solution for mg, the trilinear soft supersymmetry breaking mass
parameter corresponding to the slepton of the fourth family (see Eq. (2.5b)).

The initial parameter at Mg are from examples (a) and (b) of Table I.

Numerical solution for m%_,-‘.tl (solid line) and m2ER (dotted line), the slepton
masses of the fourth family (see Eq. (2.5¢)). Parameters at My are taken
from examples (a) and (b) of Table I

Potentials V7, Vi and V2 given by Eqs. (4.5), (4.6) and (4.8) as functions
of H=2|(HY)| = 2|(HY)|. The scale ury is chosen to be 7 TeV. For
aesthetical reasons we subtract a constant from Vzl and VI? so that Vp,
le‘ and VT? have the same value at H = 10 GeV. The initial values of

parameters are taken from example (a) of Table I.

Particle mass spectrum of the model. The initial values of the parameters
are chosen from examples (a) and (e) of Table I, for Fig. 12a and Fig. 12b,

respectively.
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