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A number of realistic SU(3) X SU(2) XU(1) models of low-energy spontaneously broken

N = 1 supergravity (SUGRA) with different Kéhler potentials, including superstring SUGRA
with the Witten potential, are considered. As a rule, the models suffer from two defects; (a)
their Lagrangians depend on a number of unknown parameters (gravitino mass m;,,, gaugino
mass M, /2 etc.) and (b) they give rise to a cosmological constant A = U,,,;, which is greater
than the astrophysically admissible limit by tens of orders of magnitude. This paper presents a
solution of the renormalization-group equations which determine the mass of the Higgs scalars
and their superpartners, i.e., the quarkino, leptino (s = 0), and Higgs guagino (s = 1/2), in
terms of unknown parameters of the theory. A class of no-scale SUGRA models is considered
in which the parameter m,,, = m},, is determined by minimizing the potential U, (m5,,).
The only reasonable one among them is the superstring variant of the theory, which leads to a
unique set of parameters for which A = U, (m3,,) = 0. Numerical results are reported for a
similar but more approximate model in which A = U,,;, (m3,,) = 0.

1. INTRODUCTION

In recent years, models based on supersymmetry
(SUSY) have occupied a dominant position in the theory of
elementary particles (see the review given in Ref. 1). They
provide a natural solution of the problem of quadratic diver-
gences in the Weinberg-Salam theory, and of the problem of
“hierarchy” and ““fine tuning” in grand unification theories
(GUT). Supergravity models (SUGRA), in which SUSY is
spontaneously broken? (as is, indeed, the case in the real
world), are aesthetically particularly attractive because of
the appearance of the vacuum average z, = (z(x)) of a sca-
lar field z(x) that is not observable physically because of its
interaction with the graviton and gravitino fields. This is the
so-called super-Higgs effect® in the “hidden” sector of the
theory,® which appears on an energy scale of the order of
Planck’s mass M, ~ 10'° GeV.

The supersymmetric Lagrangian of chiral, s' = (Z,
1'), and vector (gauge), ¥V, = (¥,, 4,), superfields have
the following general form':

Z= I O (s* exp(gaVe),

x exp(g.V.)s*)d'e+ {5 [f(s)+x(s) W.,Wa]d’6+h.c.}

where ®(Z, z;*), f(z'), y(z') are unknown functions
[ £(Z') is called the superpotential] and W, are the chiral
intensities' of the vector superfields. The chiral superfields
s° = (z,x°), where z = z°(x) for i = 0, constitutes the “hid-
den” sector of the theory, whereas the other s’ = (', y'),
i=1, 2, ... correspond to two physically observable fields
[quark, lepton, or Higgs fields; for them, z' —y' (2) ].

The Lagrangian . expressed in terms of the superfield
components turns out’ to depend, apart from y (s'), on the
single function

G (2, z*)=—31n O (z', z*)Hn |f(z") |3,

which is called the Kéhler potential. Thus, the part of the
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Lagrangian corresponding to the sector of scalar fields
Z'=(z,y') has the form

L s=M.2G79,2°0,2,—U (7'),
where

U(z))=M:* (exp G) [G:(G/)~'G'—-3] +D-terms (D

is the potential of the scalar fields z', where G, = dG /dzZ',
G'=09G/d*,G]=0G/32'dz;*, and the D-terms [of
the form ( g2/4)D 2] are due to gauge extensions of the de-
rivatives. The function G(z, z* ) also determines the interac-
tion between the field z(x) and the gravitino field (s = 3/2),
as well as the mass of the latter in the form
ms, = Mp [exp (G/z)]z-i:z, =Mp |f (20) |/®" (20, 20).
¥ =0 !

We shall now list certain variants of the theory that corre-
spond to different choices of G(Z*, z;* ).

(a) The “minimal” choice is —3In® =zz"/M?2,
which corresponds to G/ = 8,/M %, i.e., the canonical form

13,2+ 10|
i=1

of the kinetic term in .¥’. We then have
G (7', z:t)=2'z* M2 +In | f(2°) |7,

where M3 f(z) =h(z) + W(y'), where h(z)>W ('),
since h(z) ~moM 2% and W(y' )~ (' )*~m}; here and in
what follows, m is a quantity on the scale of the mass of the
W (or Z) boson of electroweak theory (m,~ 100 GeV,
M, ~10" GeV). When A>W, we see from (1) that
U(Z )~Vy(z) + V(' ), where
oh  z*h(2) |* _3| h(z) |2}
My

RE

|2 |
Vo (2)=exp I_M_p
and
V=VSUGRA(yi)
ow
= Z — t myy*
T

2

+(A=-3)my, (W+W"). (2)
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In these expressions, 4 =V3zo/Mp~1, W(y') = (my,,/
mo)W(y') is the superpotential of the fields ',
ms,;, = [exp(4 /2) Im,, and z, is the value of the field
z = z(x) for which the potential V;(z) is a minimum. The
value of V,(z) at the minimum determines (in the classical
approximation) the size" of the cosmological constant:
A =U(Zh)~V,y(z,)-

(b) “No-scale” SU(1, 1) supergravity corresponds to
the Kéhler function
G=—31n (z+z*) [Mst+y'y+M2+Hn| [het W () 1/M5*|%,

(3)
where h, = myM % = const (m,<M ), for which ¥, (z) =0,
i.e., U(z')=V(y") has exactly the form given by (2) with
A=3, and my;,~(Mp/22,)*’m, [and, as in (2),
W= (m;,,/my)W(')]. In this form, the function
G(Z', z;*) given by (3) is not very different from the usual
function*’ in which the first two terms in (3) are replaced
with the SU(N, 1) symmetric term 3ln(z+2z"*
—y'y¥/3Mp) /M, which leads to the potential (2), from
which the terms proportional to m,,, are absent (although
my,,#0), ie.,

AR
V=Vsusy =Z | %y— \ + D-terms .
p i

We shall not, in the ensuing analysis, use the potential in the
form ¥V = Vgysy because the absence of the parameter m;,,
substantially reduces the possibilities of the theory.

With the Kdhler function given by (3), the depth of the
minimum of the potential ¥ = Vgygra (¥5) corresponding
to the Higgs fields is shown by (2) to depend on the quantity
ms;, = (Mp/324)%?my, i.e., on the vacuum expectation val-
ue z, = (z(x)) of the hidden-sector field. This, in fact, de-
fines zy through the condition that
Vein = V(¥5) =f (m5,,) should be a minimum as a func-
tion of m; ,, i.e., as a function of z, (see Section 5 below and
Fig. 1).

(c) In the low-energy SU(3) XSU(2) XU(1) theory,
which arises® without the intermediate SU(5) during the
compactification of the 10-dimensional SUGRA “‘matched”

[Ulm’n (’77.1/1)/ Mz'/]"” z

7
-~

-~
/m/ GeV

to the superstring theory,’ there is, as noted by Witten,® a
Kahler function similar to (3) and containing not only z(x)
but also the further hidden-sector field s(x):

G=-31n(z+z*)/Mp+y'y: IMs*—In (s+s*) /My -
+In| [ howo (s) +W (y°) 1/M &%, (4)

where ho=myM?% =const [as in (3)] and
wo(s) =14 B, exp(ys/Mp); By, v are numbers of the order
of unity. In the usual form of the theory, the first two terms
are replaced with —3In[(z+z*" —y'y;")/3Mp)/M, ],
but this SU(N, 1) symmetric variant in which Vgygra —V-
susy Will not be considered here. The essential point is that
the superpotential W (y') was obtained for this case in Ref. 8
in the form of a purely cubic function of physical fields Ve
W(y') = /i,-jky')»’y". If we substitute (4) in (1), we obtain
U(Z') =V,(s) + V()'), where V(') = Vsygra Which is
the same potential as (2) with 4 =3, W= (m;,,/
my)W(y'), and V,(s) = |2sdw,/ds — wy(s) |>. At the mini-
mum, the potential V,(s) is equal to zero for
s=59=(s(x)), where 2s,(dwy/ds), =wy(s,). Hence,
here again, U(z; )=V ()') and everything subsequently re-
duces to (3) with the only difference that, now,
My, = (Mp/220)**m{ and m§ = (M /2s)"*m,,

We now proceed as follows. Assuming that the unifica-
tion of all the interactions takes place in a unified SUGRA
theory (GUT) on the scale Q?=MZ%,; (where
Q,=a,=a;=ay,Mqgyr ~1073M, ), we set the composi-
tion of the SU(3) XSU(2) X U(1) and, having solved the
renormalization-group equations, we obtain the masses of
the Higgs scalars and the superpartners of ordinary particles
(i.e., leptino-quarkino and Higgs-gaugino) as functions of
the “input” parameters, i.e., m,, and [in version (a) of the
theory] the constants 4 = v3z,/Mp and B. The latter con-
stant is a factor in the part of the potential (2) that is qua-
dratic in the field, where B = 2if 4 = 3 and W( y') is almost
quadratic [or B = 3 if W(y') is cubic]. Moreover, because
of the term y(s' ) W, W, in the Lagrangian .¢, the theory
has one further parameter, namely, M, J2=TM3, V~1,
which determines the masses M,, M,, and M, of the gau-

/7
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ginos, i.e., spinor partners of gauge fields. When
Q32~M %y, all the M, coincide and are equal to M, ,,. We
also recall that a SUSY theory must have at least>!° two
doublets of Higgs scalars, y' = H, and y* = H,, in order to
break the SU(2) symmetry of electroweak theory. If the part
of the superpotential that contains them is bilinear,
W' )W, =u.(H,, H%), a further unknown parameter
will appear, namely, uy, = m;,,, x~1. If Win (3) or (4) is
trilinear in the fields (evidently, this is required® for match-
ing to superstring theory), then
W (y')—=W,=AN (z) (H,(z) H:* (x)),

where N(x) is a new scalar field and, instead of ., we have
1 = AN,, where N, = (N(x)) is determined by the vacuum
expectation values of the Higgs fields H, and
(HS) =€YHJ.

In addition to the mass parameters m5,,, M, ,,, and
(or u), one of which is determined by the mass of the Z
boson, M, = 94 GeV, and the parameters 4, B [which ap-
pear in the early form of the theory (a)], the Yukawa cou-
pling constant of the t-quark h, = h, (M Zur) plays an im-
portant part here and determines the evolution of all the
quantities with Q ?, i.e., the square of the virtual momenta of
the particles. We shall choose it so that the mass of the #-
quark has the value obtained by the UA1 group at CERN:
m, = (40 + 10) GeV.

Inmodels (3) and (4), the scale m;,, is generated dyna-
mically by the minimal condition applied to V;, = f (ms,,)
in the form** m;,, = M gyr exp( —1/h}), and 4 =3,
B=A—1(orB=A for W—W,).Forgivenm, and M, , we
can therefore determine all the parameters theoretically, ex-
cept for 1. In the superstring form of SUGRA, this quantity
is determined because, instead of 1., we have the constant A
(oru = A (N)), whichis uniquely determined by the condi-
tion that the cosmological constant is A = V,;, (m;,,) = 0.

2. SU(5) MODEL OF SUGRA GUT AND THE PARAMETER 5

Let us now consider an example of the grand unification
theory (GUT), which is “immersed” in supergravity (SU-
GRA) with a hidden sector and leads (as a result of super-
symmetry breaking by the super-Higgs effect) to the low-
energy effective Lagrangian used below at energies less than
the unification scale. Thus, first, we shall construct a simple
realistic SUGRA GUT and, second, demonstrate the origin
of the parameter B in the case of the ‘“minimal” Kéhler po-
tential.?

We confine our attention to the sector of Higgs scalars
because matter multiplets (quarkinos-quarks) and gauge
fields are introduced in a standard manner. For the simplest
SU(5) theory, this sector consists of the 24-plet <I> =t, <I>,, .
the 5-plet H(x), and the anti-5-plet H'(x) (the lowest com-
ponents of these 5-plets form the doublets H! and
(eH?%), =¢,;H%,i,j=1, 2). The superpotential made up
of these ﬁelds has the following form in the most general case
of renormalizable theory:

M
W=tr [0—3 o+ @ |+ arom + ),
where M and M’ are mass operators of the order of M gy,
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and ¢, and A are numerical coupling constants that are small
in comparison with unity.

The interaction between the scalar components y* of
these fields (in the case of the minimal kinetic term in the
Lagrangian) is determined in the standard form (2), where
the parameter A = v3z,/M, is given by the vacuum expecta-
tion value of the hidden-sector field z(x). Using (2), we
obtain

V= Tco[ (%) b0 — /s O3 tr @]+ (M+m3,) Opa
6;’

+x[ HoHy— (H’H)“
+|AM(®H) o + myHo |2+ A (H'®) o + myH,""|?
+ (4—3) my, (W+W*)+ D-terms, (3)

where the first line takes into account the fact that the deri-
vative dW /9P 5, P35 = P, (,) .5 must have zero trace.

If we consider the vacuum expectation values of fields
of the form

2
. 2
(DY=| 2 Vo,
—3
—3

which correspond to the SU(5)—SU(3) XSU(2) xU(1)
breaking, and minimize the potential with respect to
Vo=cg (M + ms,,)x, we obtain

z=1+(A—3) ms,2/M*+0 (ms,°/ M?).
It is clear that the correction proportional to 4 — 3 is highly
suppressed by the factor m3,, /M ? (it is absent altogether in
unbroken SUSY, i.e., for m;,, =0). Because of this, the
high-energy scale M ~M syt does not penetrate into the
low-energy potential of the doublets H,, H,.

If we choose M’ sothat u, = M' — 34V, is of the order
of My, (i.e., negligible in comparison with M '), we obtain
from (5) the following potential for the Higgs doublets:

V(H,,H,)= (p’+my?) (| H,|* +|H,|*)

<H>0 = <H'>0 == 0:

+ Bma/zl,l,o (Hist' + h.C. ) -

2
|~ |H, ) +§—(111'1H,+H2‘1H2)2, (6)
where € = ‘ 1 , 7 are the Pauli matrices, and
3\ ms,
B=A—1+ '—”L(A -3) (M
Cy Mo

is the coefficient in front of the term representing the interac-
tion of the doublets H,, H,. As can be seen, when 4 # 3, the
numerical value of B depends significantly on the param-
eters A, ¢, of the grand unification theory. The potential
V(H,, H,) in the second line in (6) includes standard D
terms. The right-hand side of (5) also includes the quartic
interaction A 2(H,, H,)? of the Higgs fields, but this is exact-
ly canceled by the Born contribution of the pole graph corre-
sponding to the exchange of the 24-plet ®.

The result given by (7) is related to the SU(5) model of
grand unification, and a different model would give a differ-
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ent value of B. For example, direct SUGRA generalization
of the SU(3) X SU(2) X U(1) model without SU(5) unifi-
cation would yield B = A4 — 1 instead of (7).

As can be seen, the entire effect of the grand unification
scheme on the low-energy SU(3) X SU(2) X U(1) Lagran-
gian reduces to the addition of the parameters B and u, to the
parameters ms,,,, M, 2= ym3 /2> and 4, determined by the
form of the theory on the scale M. A general proof of this is
given in Ref. 11.

We conclude this section by determining the numerical
values of Mgyr and the gauge coupling constants
a; =g }/4m, where, in the usual notation, a, =g 2/4r,
a, =g ?*/4m,anda, = (3/5)g'*/4mr [the last of these is valid
for the SU(S5) unification model]. According to the renor-
malization-group equations, these constants depend on the
virtuality of the momenta, P2, as follows:

@ (P*)=a: (M) [1—bia: (M) In (Q*/M?) 17, (8)

where a, =a,/47 and M, is arbitrary. If we take
My = M 5yr, weobtaind, (M }) = a,/4x. For the minimal
choice of the SUSY multiplets (3 lepton-quark generations
and 2 Higgs doublets), we have b, =11, b, =1, b; = — 3.
The grand unification condition

Qo==0ls (MgUT) =0 (M;UT) =%/sa (Méur)
yields

1D(MGZUT/MW2)=(b +b,—%/5bs) " @~ (Mw?) —%/sa3s™ (Mw?) 1,
=, a (9)

Substituting a(M %) = 1/128 and a5(M 3, )~1/10, we
obtain In(M %y /M3 )~64, Mgyt = 6X10'° GeV, and
ap=a,(M%up) =1/24.

3. LOW-ENERGY LAGRANGIAN AND SU(2) SYMMETRY
BREAKING. THE MASSES OF HIGGS BOSONS

The Lagrangian of the low-energy theory contains both
the field of chiral supermultiplets and the vector (gauge)
supermultiplets. The chiral multiplets are the fields of
quarks and quarkinos (scalar quarks) of all three genera-
tions, and also the field of Higgs scalars and their spinor
partners, the higgsinos. Vector multiplets include the
SU(3) xSU(2) XU(1) gauge bosons and their partners of
spin 1/2, the gauginos.

Let us now introduce the superpotential of the low-en-
ergy theory, confining our attention to the lepton-quark (su-
per) family of the third generation, which has the highest
masses. The contribution of particles in the first two genera-
tions is unimportant for the ensuing analysis because the
corresponding Yukawa coupling constants are small. By an-
alogy with (5), the superpotential in the old SUGRA
form®>= contains the cubic (W,) and quadratic (W,)
terms'%:

W=W3+Wz=hl (QLHZ) TR++hb (QLHi)BR+
+ho (L Hy) ta o (H,H,y),

o)

where, in the modern “superstring” form (4) of the theory,

Wz=pvo(H1Hz°), H,*=¢H,, 8=( (10)
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W,—»W; =AN(x)(H,H$) and N is a new scalar field. The
upper-case symbols in these expressions represent chiral su-
perfields, for example, the superfield T § = (?R y ;x ) in-
cludes the field of the z-quark 7 and the scalar field of the
quarkino 7, . It is convenient to work with fields of a given,
for example, left-hand, chirality. Instead of Ty, we shall
therefore use the left-hand field T = (T )*. The weak
SU(2) doublet

o~ ( 2) = Z)

contains superfields in each component. For example,
N, = (v,, ¥, ), where ¥, is the scalar neutrino (neutra-
lino) field. The Higgs-higgsino fields are doublets of this

kind:
() 2=(5) me=( )
Hl‘_ ( Hgo ’ HZ_ Hz_ ’ Hz - '—'Hzo .
Their scalar component will be indicated below by the same
symbol as the entire superfield (and the spinor-doublet
fields of the higgsino will be denoted by H,, H,).

The interaction between the spinor components of
chiral multiplets is the same as in global supersymmetry. It is
specified, first, by the (super) gauge extension of the kinetic
energies of chiral multiplets and, second, by the superpoten-
tial (10).

For the scalar components of chiral multiplets, the in-
teraction consists of terms corresponding to the extension of
the kinetic energies and including the gauge fields, and terms
that follow from the superpotential (10) when it is substitut-
ed in (2). The part of the latter terms that is proportional to
ms,, and m3,,

V' =my? Z, 1y |? +[Ama W, (y) +BmaWo(y) + hec.], (11)
i

explicitly breaks global SUSY, where )' represents [as in
(2)] the scalar components of the fields.

The potential energy of the Higgs scalars that corre-
sponds to the superpotential W, = u,(H,eH,) has the form
given by (6). The vacuum expectation values of the doublets
H,H,

CH,o= I 0 | CHpo= I G ! . CeHyYo= I 0 | , (12)
Uy 0 U2

must correspond to the minimum of this potential V'((H ),

(H,)o) = V(v,, v;). The second term in (6) must then be

negative, i.e., for v, > 0 we must have v, > 0 if the constant B

is positive. Substituting (12) in (6), we obtain

V(vy, vs)=p v+ P20 —2u 00+ (848) (v2—v,2)2%,  (13)

where g2=g?+4g"”, ul=u;=ui+mji, and
w3 = Bmy,, po. The values v, and v, must be found from the
condition for the minimum of the potential: 3V /dv, = 0,

dV /dv, = 0. We note that, if
182 V/8vidvs||=ps 2P —pat >0,

the minimum of ¥(v,, v,) occurs at v, = v, = 0 and corre-
sponds to the state with unbroken SU(2)-symmetry. If, on
the other hand, u?} + p3 <2u?, this minimum is reached for
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v, = — Uy—>c0, in which case ¥— — «. The minimum of
V(v,,v,) is thus seen to be reached for finite nonzero v,, v, if

pepa’<ps', but pst <[ (ma+p.?)/2]% (14)
When u, #4,, these conditions are readily satisfied because
(W2 +u2)/2>u, 1, but, foru? = u? [which occursin (13)
when all the coefficients are determined on the scale
Q% =M% ], these conditions are contradictory.

An elegant way of resolving this dilemma in the case of
broken SUSY (which, in fact, occurs for m;,,#0) was
foundin Refs. 12 and 13 a few years ago. The point is that the
parameters u? and 3 are equal for Q2 = M %1 but, in the
broken-supersymmetry theory, they are renormalized by ra-
diative corrections (even in the single-loop approximation)

.and begin to depend (as do g ? and u3 ) on the quantity Q 2,
i.e., on

I=In[Mdvr/ (Q*+my,) ],

where the second term in the denominator is important only
for m3,,>M?. Since the t-quark is the heaviest (i.e.,
h,>h,>h.) and, with the superpotential (10), its mass
arises from the doublet H,, the quantity u3 is renormalized
more strongly than u? (and becomes relatively smaller)
during the transition to Q 2~M %,. It is then precisely in the
required region Q 2~M %, that we have the possibility of sa-
tisfying (14) in a range of values of the parameters m;,,,
M, /204, B. The renormalization-group equations for the pa-
rameters of the low-energy Lagrangian were first obtained
by the Japanese group in Ref. 12 and are given and solved in
the Appendix (see also Ref. 14).

If we now assume that these equations have been solved,
and the inequalities (14) are satisfied, we can find v, and v,
from the conditions for minimum V(v,, v,). Differentiating
the potential (13), we obtain

20,0, 2ps’

sin26=—v—2*—my

=2.,2 2__ 1.2
S Ut

where v> = v? 4 v2 and we have introduced the convenient
variables @ through the substitutions

v;/v=sin®, v/u=cos0, v=(v+v,?)",
where
c0s 20=R/ (p+p.?), RBR=[(m*—p.?)*—4 (P«a‘—uazl‘;zz)] ",

(15)
Equation (15) determines the vacuum expectation values of
v, and v, in terms of the parameters u,, 4, i of the potential

whose minimum value is
4

1 M
Voun = g (it =R)* = =G meos' 28, (16)

where
gV _ wi—pw’—R_ pi—pd

M= =
“ 2 cos 20 cos 20

is the mass of the Z boson. As can be seen, at the minimum,
the potential ¥(v,, v,) is negative and of the order of M ?.
In the above minimal SUSY variant of the theory, we

_(lhz'l'llzz) (17)
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have one charged and three neutral Higgs bosons. Their
masses are determined’® by the potential (6), in which
U5 + mj,, is replaced with u? (for |H,|*) or with v2 (for
|H,|?), and we have introduced the deviations
H;=H,—(H))y, H; =H,— (H,), of the fields from
their vacuum expectation values (12). This yields the
charged-boson mass

Mu=pl +p +Mvw?, (18)

which is greater than M2, =g 2?/2 = (g 2?*/2)cos*0,
since u? + u2 > 0. The neutral-particle masses are then giv-
en by
1
M 0= ps® + po®s M;g -7 (M0 + M2

T (MY 0 + M) — &MY oM 7 cos* 2017y (19)

As can be seen, when cos 26«1, which is readily satisfied (by
having |v,/v,|~1), the theory predicts the existence of a
light neutral Higgs boson.

4. MASSES OF SUPERSYMMETRIC PARTNERS

We shall now write down the scalar-particle potential
that follows® from (2) and (10), confining our attention, for
simplicity, to the scalar partners of quarks and leptons (Q; ,
Ug,Dg,L,, Eg) of a particular generation:

V=V+Vst+V,,

where the quartic V,, cubic V;, and quadratic ¥, terms are
respectively given by

Vi=h>?| H,Q0|*+ha | H Qo |*+h: | HL,|?
+|h H,Ux'+h.H,Dr'|*
+h? | HEx' |*+h.?| Q08" |+ | haQ Dp’+h.LoLEx |*
+ -‘% [H tH,+H,tH,+Q, 0, +L'tL.]*

2 1
+£ [11;15—}1;11.—E;E,‘+2ER‘ER + -BOL‘OL

8
2
—%—UR.UR'F%DR.DR] ) (20)
Va=hu (ms,,A qu+ MHi.) OLUR.+hd (mvadH:‘*'Lle’) OLDR.
+he(ma/:AeHri-p,H{)ELER'-H’LC., (21 )

Vo=p.’H 2+ H,*—p.* (H'e H,Hh.c.)
+mo*| Q| >t m.?|Ur|*+mp?| Dr|*+m | Ly |*+mz? | Er|%;

(22)

and the single-loop corrections ensure that all the quartic

and Yukawa interaction constants 42, h,4,,a = u, d, e are

the “running” constants like the masses x, u,, 45, U3, i.€.,

they depend on / =In[M & /(Q% + m3,,)]. As Q% is re-

duced from M %1 to M %, (by 28 orders of magnitude!), the

quantity / changes from O to /,~64. All the quarkino and

leptino masses in the potential ¥, also become /-dependent

(m%, my, my, mi, my).

When Q% =M %, i.e.,, when [ = 0, we have

me*=my*=mp*=m =mg*=m,?, W= o,
A.(0)=4,(0)=A4,(0)=A4,
B —pr=pt—pi=ms.?, Rs*=myp,B. (23)

M. I. Vysotskil and K. A. Ter-Martirosyan 493



Since the Yukawa constants are proportional to the masses
of the quarks (and leptons), m, >m, >m_, and so on, we
can confine our attention to the contribution (to ¥, and V;)
of third-generation terms that are proportional to 4,. Be-
cause of the difference between the Yukawa constants, the
quantities 4, —A4,, 4, —A,, A,—A, are found to vary with
increasing / in different ways, and are not equal for
0% MY,

As Q?varies, the mass parameters of the spinor-gaugino
superpartners of gauge fields are also found to be the “run-
ning”’ parameters: the mass M, = M, (/) of the gluino g and
the parameters M,, M, defining the masses of the W* and Z
bosons and the photino. When/ = 0,i.e.,, Q? = M %y, they
are all equal: M;(0) = M,(0) =M,(0) = A?,,z, where the
parameter M, is determined by the hidden sector of the
theory. The renormalization-group equations obtained by
the Japanese'?> and Madrid'® groups are written down and
solved for 2, h 2 ¢h? in the Appendix. The solution corre-
sponds to the boundary conditions (23).

A. Quarkino and leptino. If we substitute
H =(H),+H{,H,=(H,)o+ H; in (20)-(22), we
find that the quarkino and leptino masses consist of the fol-
lowing parts: (1) mass terms determined by the potential V,
and (2) terms proportional to g 2 and g’,” representing the
gauge interaction in the potential ¥,. Moreover, for the part-
ners of heavy quarks (r-quarks), there are contributions due
to: (3) off-diagonal mass terms in the potential ¥;, which
mix the fields due to the superpartners of right-hand quarks
(right-hand quarkinos) with left-hand quarks, and are pro-
portional to the quark masses, and (4) terms in V, that are
proportional to the squares of the quark masses.

If we take into account the first two types of term, we
obtain'? the following values for the masses of the quarkinos
and leptinos, i.e., the superpartners of light quarks (i, r,
¢ .r Ord; r, 5, g) and leptons (é,_,R,/:t,_'R or ¥, ¥, ¥, ):

m’iL= mq? + Mz? (—Y/2 -+ %/3sin? Bw) cos 26,

m3, = mq® + Mz* (Y2
—1/35in? Oyy) cos 26,

mf~‘3= my? — /s M 72 sin? By cos 20,

24
myt=m,? -+ 1o M 72 sin? Ow cos 28, (24)
m§L= m2 — Mz? (}/, — sin® Byy) cos 26,
m%L =m? —1/y Mz?cos 26,
m%R =-mg® + Mz*sin? By cos 28,

where mj,, m};, mj, mi, m} are the coefficients in (23),
given by Eqgs. (A22) and (A23) in the Appendix.

If we take into account the mixing of the left-hand and
right-hand f-quarkinos [due to the off-diagonal term
(A,ms3;, + v,/v;,)m, in V], we obtain the following matrix
for their masses

V%m&Mmﬁwwm]

(Agmay, + p/tgO)my, m@ + m?‘R
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whose diagonalization determines the masses m, and m, of
the heavy and light r-quarkinos:

-m%h, n,=md + 1/2(m?;L + miﬂ)
[V (mE, — mE P+ (Afmy, 4 pctg 8Fme] ", (25)

where m; , m;_are defined in (24) and m, ~40 GeV is the
mass of the t-quark.

We note that the minimum (H,), (H,),#0,
(Q1)o= (L. Yo="...=0 of the total scalar-field potential
¥, found in Section 3, is stable under small field perturba-
tions. However, the presence of the cubic terms in the poten-
tial ¥ may give rise to additional (and deeper) minima at
nonzero quarkino and (or) leptino fields. The condition for
the absence of these minima leads to the upper bound for the
parameters 4, .

Let us now consider the behavior of the potential ¥ in
the region (H,), = (Dg Yo = (D, )o = v when all the other
fields are zero:

V=3hdzv‘—2|A¢| myhv*+ (H12+qu+mnz) Ve,
When the inequality
|4, | <[3(ni*+me’+ms?) 1*/my,

is satisfied at the minimum v=~m,,,/h,, the potential be-
comes V'~ — m},,h 2, which is much deeper than the above
minimum (17) corresponding to ¥~m$,,/g2 (Ref. 9). A
similar examination of the region (H,), = (&g )o= (&, )0
and (H,), = (Ug )o = (U. ), leads to the inequalities

IA'I < [3 (}Liz+mz,z+mzz) ]"’/m:,,,
IAgl < [3 (u22+mgz+mv’) ]II'/ma/,.

The initial value 4, (0)=A must be chosen so that all these
inequalities are satisfied. When p,<m,,,, they lead to the
condition |4 |<3 at the point Q% = M %,;.

B. Gluino and higgsino-wino. When I, = 64, we have
A3(ly) = 0.33. Hence, the mass of the gluino is given by

ﬁig=Ms (lo) =1ﬂ’lz/}\13 (lo) z31?!/,=:‘3’Yms,,. (26)

It is determined by the choice of the parameter M, ;2 In
principle, this parameter can be taken to be very small
(M,,,€m3;;), but the most natural choice corresponds to
7’21, i.e, M1/22m3/2~M2 .

The spinor partners of the Higgs-higgsino scalars have
the same quantum numbers as the spinor partners of the
vector fields (wino for W* ). The SUGRA Lagrangian con-
tains four left-hand Weylspinors H 5 , H5 , W, W . Its
terms that are quadratic in these fields have the form
Agi=MzW_W+—quL_HzL++g (UzW-HzL++UgHu,—WL+) .

The mixing of these fields produces two Dirac particle
fields. The mass matrix
J.Mz gvz WL+
gUy —U ¢ ¥4 at
corresponding to A.Z * is non-Hermitian (it is the product
of a unitary matrix and a Hermitian matrix). Instead of this

matrix, it is convenient to diagonalize the Hermitian matrix
MM *, where

IWL_y Hu,_l
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1\7 = M 2y g Vs ,
gvy, —p

which gives

M*(B5) = iz (g2 + M2+ p£] (v + M2 +p?)®
—4(g'v.wv,—pM.)*] "},

where v> = v3 4 vZ. The first term on the right is the mass of

the W boson M3, =g %?*/2, g*v,v,= M?%, sin 26, and

M2 = Ml/z//lz(lo)-

For small 4 <M, and small sin 26, one of the two
charged particles is light, M % <M % ~M 3. The fact that
this particle has not been seen means that the parameter y,,
cannot be very small.

In the neutral-particle sector, the Lagrangian again
contains four left-hand Weyl fields, #,, B, H?, H?:

AL = ML(BE) + 5 M (W) (B2

(27)

+ —E_[Ui(Wagio) —-vz(W},ﬁzo) ]
¥2

+ % [v,(BA,") —v,(BAY) 1+h.c.

The matrix describing their mixing is

gvi —g've
! V2 V2
0 M, &1L —€%|lw,
_ 73 V2
Bwe gl . VE V2
g0 F4%1 "
vz y3 0 b ||F
_g’vz —8V2 F: K
V2 V2 !

and determines the four Majorana masses of the neutral fer-
mions. In this matrix, M, =M, ,,/A,(l,) and M, =M, ,,/
A,(1y). Its eigenvalues M, are the solutions of the equation

a= Mz ($ty — p sin 20) (T — M)
— (W — My) By — M) (R —p?)=0,
My = [ (w)/et O] My e ()=e2(0) [1 1 82(2) %] ,

(28)

where e?(]) is the square of the electric charge:
()" '=(g3 '+ (g% ™" One of these four particles
has the smallest mass. When o, M,,, < M, this particle is
the photino and its mass is given by the first term in (28) in
the form

g0 = My=[e?(lo)/e? (0)] My, = 0.5Mx.

If, on the other hand, yo, M,,,> M, none of the roots in
(28) is close to M, .

As they decay, all the superpartners form a lighter par-
ticle, namely, ¥ or H °. This particle is stable and its existence
may have important cosmological consequences.
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5. CHOICE OF PARAMETERS, NO-SCALE SOLUTION
CORRESPONDINGTOA =U,,, =0

1. For given mj,, pto = xms,,, A, B, and given masses
m, and M, (defining, respectively, #? and M,,, = m,,,),
the formulas given by (18)—(19) and (24)-(28), together
with the solutions of the renormalization-group equations
[see Ref. 14 and Egs. (A12)-(A16) in the Appendix], en-
able us to calculate the masses of the Higgs bosons and all the
superpartners. The question is: What governs the choice of
the four basic parameters of the theory? We recall that, if
ms, is given together with one of the quantities x = uo/ms,,
or y = M,,,/my,,, the other is determined by the condition
M, =94 GeVin (17), i.e., by the equation m2,,y%2 =M%,
where [see (A19)-(A21)]

Y2*=(Y:"—1:*) [cos 20— (Y, +y.?),

yi=pdmet=aq* (1) +a, (1) +7b(1)+76:(1), i=1,2. (29)

Asm,;,and M, /2 (or m5,, and ) increase, the masses
of all the superpartners are also found to increase. This is
illustrated in Table I in which the columns correspond to
m, =h, (M%)vcos 0~40 GeV (h°~0.085) and small?
cos 26«1 (i.e., sin 8~cos &). Only the photino and neutral
Higgs masses remain small, i.e., of the order of some tens of
GeV.

2. We shall now consider no-scale SUGRA with the
planar Kihler potential (3) (for which 4 =3, B=2) and
the superpotential (10), so tha}t, for given m, and H, the
only unknowns are ms,, and y =M,,2/m3,2 (or m;,, and
X =u,/ms;,). We now fix ¥ and, for each m;,,, take
Mo =Xmy,y, sothat My =y, m;,, = 94 GeV [with y, tak-
en from (29) ], and for the resulting z, we use (10) and (15)
to construct the quantity

Umfn (m’/z) =Vmin=_'[ (m:z/,‘{zz)z/2E’]cosz 20

as a function of ms,, = my(Mp/22,)%2.

The result is shown in the form of the three curves in the
lower part of the figure for the three values y=1,0.5 and
0.1 (of the two solutions of y%2 = M %/m3,, for u, and each
ms,,, we choose one, namely, that corresponding to small
Lo = XMy, i.€., x=<0.2-0.3). The curves in the figure have
minima at m;,, = m3,, in the region m$,, ~200-260 GeV.
The masses of all the new particles of these three minima are
listed in the three columns of Table II, in accordance with
(18)-(19) and (24)—(28). They are all of the order of a few
hundred GeV, except for the lighter photinos and the Higgs
boson H , and are not too sensitive to the choice of the pa-
rameter y = Mm/mm.

This early form of the theory suffers from one major
defect: according to the figure, it leads to a negative cosmolo-
gical constant A = V,;, of the order of M %, which exceeds
the admissible astrophysical value A < (0.01 eV)* by 50 or-
ders of magnitude(!). We also note that it is sufficient for the
condition M, = y,ms,, = 94 GeV tobe satisfied only at the
minima of the curves in the figure, i.e., for m;,, = m3,, (and
not along the entire curves, as demanded above).

3. A totally different situation arises in the modern “‘su-
perstring” variant of SUGRA with the Kéhler potential giv-
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TABLEI Increase in the mass of superpartners
with increasing m;,, M ;,, and p,.

Input my, 30 80 80
parameters M, |20 |20 |eo
Ho 39 88 107

™ 63.5 |146,4 | 173.6

Parameters of W2 572 |1352 | 156.1

D(Hl, Hz) Us 60.4 1408 164.7

cos26 |0.047 | 0.065 | 0,091

gt |19 216|248
w0 |227 220 |251
a

™y |30 |55 |80

mpo |85 |199 |233

Scalars me 29 79 86

me. |32 |81 |82

my. |56 (83 |64
my, |59 |90 |17
my 61 |96 175

my (62 |92 [178

m— 60 |60 | 176
me = [10 [10 |30

=M~
Y
m, |62 |4 |13
Ny
Spinors m o 130 |176 |203
N3
m o |54 |21 |147
N,
me, |78 |14t |156
m, |20 |26 |67

Note. All the masses in Tables I and I1 are in
‘GeV; M, =94, m, =40, A=B+1=3,
h °~0.085.

en by (4) (for which 4 = 3) and cubic superpotential (10),
in which

Wo—Wy'=AN(z) (H\(z)H,*(z)), H,,=eH,(z). (30)

In the potential ¥(H,, H,) [see (6) ], the quantity u, is then
replaced with AN(x), B is replaced with 3, and (this is very
important) V(H,, H,) acquires the additional positive
terms

AVy=mx*N* (z) +A*| (H H,*) |?, (31)
where my Sm;,, is a mass close
Q*>Myr, my—ms;).

When v,, v,#0, the field N(x) acquires a vacuum ex-
pectation value that can be found by minimizing the sum
U=V +AVy with respect to N, where AV,

to msy, (as
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=myN§ + A v and V = V(v,,,) is the potential (13)
with 43 = 3m, u = AN,. This gives
No=3msAv,v,/ (mx*+A%?), (32)

where the minimization of U = V 4 AV, with respect tov,,
v, leaves (17) still valid except that, now,

sin 20=6myp/ (R, *+A%?),  pi=pltpt=2p*+Ap,’

[Au? =p% —2u?is given by Eqgs. (A19) and (A20) in
the Appendix]. Bearing this in mind, and adding AN, to the
potential (13), we find that

Unin=(V+AV) min=(2°0*/8) (%% sin* 20—cos? 20)
=[ (ma>y2*)*/28* ] [ %e*] (14%0%) —cos? 28], (33)

where  x3=(21/8%) (9a*—1) and a=m},/
X (m3,, + A %?). The constant A can be chosen so as to
ensure that (33) is zero at the minima of the curves in the
figure: A =U,,(m3,;)=0. This requires that
%2 = cot?26. For example, when 7 = 0.5, so that (see Table
II) (cos208)2, =0.08, a~1, we must have s}
~164%/g2~0.08, i.e., A ?~g?/200 must be very small
(g °~0.65). The shape of the function (33), U,
= Upin (M5,), is then as shown by the solid curve in the
upper part of the figure (for ¥ = 0.5), which differs from the
lower curve only through the shift by the constant amount
~x3. If the parameter u, is fixed by the condition
myYz =Mz =94 GeV  only at the point
my,, = m3,, =230 GeV at the minimum of the curve, with-
out demanding that it be satisfied for all the m;,,, the shape
of the curve becomes different and can be approximately
represented by the dotted curve in the figure, which leads to
U,in (0) = 0 and a rapid rise in Uy, (m5,,) as ms,,— .

6. CONCLUSION

The above approach is interesting because it leads to a
theory with Zero cosmological constant
A=U_, (mS,) =0. It would be correct (i.e., self-consis-
tent) if the quantity u = u, g(/) were tobe close toy = AN,,
where g (/) is the renormalization factor (A14), determined
as in the early theory by the condition m;,,y, = M, =94
GeV.

However, for 77 = 0.5, Table I shows that u = 77 GeV,
whereas (32) predicts a value lower by a factor of more than
one hundred because A is small:

AN,=(3A\*v*/2my,) a sin 26~0,6 GeV

(a~1,A%*=21%/g*M% ~10"2M%). The quantity m?,,
decreases with increasing y = M, ;2/ms3;, (see the figure),
whereas A ? increases, and the discrepancy is rapidly re-
duced. If the theory can be made self-consistent by increas-
ing the parameter y = M, /2/M5,, this will determine it un-
ambiguously and the shape of the potential
UL in = Upin (m5,,) will be similar to that shown by the
broken curve in the figure (with m$,, smaller than indicated
in the figure). As a result, the parameters m,, = m3,, M, /2
will be determined dynamically by the theory, but the cos-
mological constant A will not vanish automatically'>: this
will require a choice of the constant A in (30). This variant of
the theory will be examined later.
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TABLE II. Masses of superpartners at the
minima for my,, = m$,, (see figure).

my, 260 230 190
1=My/ms, 0.4 05 |10
Mo=zml | 1102 772 (61,1
™ 301.3 | 2665 |249.1
™ 2558 | 197.2 | 1522
B 2778 | 2300 |1969
(c0520) maz 0454 | 0270 |0.413
mp4 404 342|303
™0 406 344 (304
™40 14 2 |3
g0 395 331|202
"3y 259 239|222
A 261 232 (198
mE, 261 243|228
e 234 336|488
m 251 259 {515
L
m 253 361|518
R
ms, 268 366|513
me 726 | 323 [539
Ty 13 60 |9
m_ 30 20 |214
Ny
m 200 190 12
0
n 154 107 86
L NE
me, 166 11 87
wL
- 285 1195 1967
Wy

We note that, when the above SU(3) X SU(2) XU(1)
model is generalized to a unified theory, we encounter a diffi-
culty due to the fact that the proton decays too rapidly,
which can be traced to the operators of dimensionality 5.
However, in the superstring variant (4) of the theory, which
arises during the compactification of the 10-dimensional
SUGRA, this difficulty can evidently be avoided.®

The authors are indebted to I. A. Klumov for numerical
calculations and to M. V. Burova and A. S. Losev for useful
discussions in the course of the solution of the renormaliza-
tion-group equations.

APPENDIX

(a) Renormalization-group equations.’>'® The cou-
pling constants and masses of scalars and fermions vary with
Q2 because of (a) interactions due to the exchange of gauge
fields and (b) the Yukawa interactions. The Yukawa cou-
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pling constants do not contribute to the derivatives of the
gauge constants (8)

dln &;(2)/dl=—bz(1),
i=1,2,3 (b=11, by=1, by=—3).
Similarly,'?
dln M,(l)/dl=—b,6i,(l) .

Hence, the gaugino masses
M;(1) =My0;(l)/e;(0) =8 ,/A;(1),
A1) =1+ba;(0)1, j=1, 2, 3

vary in proportion to a; (/) = a; (0)/4; (/) and are equal to
M,, for 1=0, ie, Q*=MP},r. We recall that
I=1n[MZ%yr/(Q%+ m35,)]. We also recall that

&5 (0) =@ (0) =*/3d, (0) =&, =a,/4,

(A1)

o™= .

The remaining quantities, i.e., the Yukawa constants
Y, () = (h, (Q*)/4m)? theconstants 4, (/),a = ¢t,b,7, the
parameters u(l), pi (D), u3 (D), pi () =B(Dul)ym;,, of
the Higgs potential, and the masses m? of the scalar particles,
are found to vary, because of both factors, in accordance
with the following renormalization-group equations'*'°
dY,/dl=["*/sas (1) +3&, (1) +**/sa@, (1) —6Y,— Y, 1Y. (1),

dYb/dl=[16/3&3+3&2+7/9a1"yt—6Yb_ Yf] Yb (l) ’ (A2)

dY./dl=(3&,+a,—3Y,—4Y:) Y (I);
dA.Jdl=["/sas (1) Ms(1)+3a. (1) M=(1)
+2a. M, (1) }/my,—6Y . A,—Y,A,,
dA,ldl=["*/szsMs+3&.M,
+7/ott My ][y, — Y.A—6Y,4,—Y.A,, (A3)
dA./dl=[3a.M,+3% M) /my,—4Y A —3Y:4s;
dp2(l)/dl=(3a,—a,—3Y,—3Y,—Y.)u*(l),
where, if u3 = m 5,,u(1)B(l), the
dB(1)/dl=—(38.M.+aM,)/my+ (3Y,4,+3Y,4,+Y.A.).
(AS5)

(A4)

Moreover,
d(pi—p?) [dl=3a Mo +a, M (1) —3 (D +Ai*ma?) Y,
+ (m12+A1zmn/’2) Y“
d(pt—p?) [dl=3a.M*+&,M,*—3 (mtz.i_Atzm%z) Y.(l), (A6)

where

Me=m*+my*+ (nP—p?), M'=me*+mp*+(n’—pn*),
ME=m*+me+ (u’—p*) (AT)

and the masses m? on the right-hand sides of the last two

equations satisfy the equations

dme?/dl="%/s8isM? (1) +3&, (1) M2 (1) +*/sa@: (1) M2 (1)

— (MP+A2my?) Y — (W47 (1) my®) Y (), (A8)
dmy?/dl="%/sa;M*+%/,@ M *—2 (M>+AsPmy2) Y (1)
dmnz/dl='°/,dsM32+"/,(i1M12—2 (mb2+‘462m'lxz) Y" (l) ’

dm ¥/ dl=3a,M;*+a M *— (M2+Amy?) Y. (1), (A9)

dmﬁ/dl=4&1 (l) Miz (l) -2 (mrz_'_Atzm%Z) Y'-

The coupled equations (A2)-(A9) must be solved subject
to the boundary conditions (23) for / = 0:
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A:(0)=4,(0)=A.(0)=A, B(0)=B,
(P =p?)imo= (Wo*—P?) 1moe=mm¢* (0) =my* (0)
=mp?(0) =m.?(0) =msz*(0) =ms>. (A10)

The Yukawa constants are determined for small Q2 = M %,
i.e., near the mass surface of the corresponding quarks. For
example,” m, ~h, (M %,)v sin 6, since M, =g(M?%,)v/V3,
so that

h: (sz) =~ (mthW) g(Mw’)/YTZ sin 0,
or

Y. (L) =(mi/Mw)?(82(L) /2 sin® ) = (m./19,2Mw)*

~6.8-10-* (A11)

for m, ~40 GeV and &,(/,) =g *(M3,)/(4m)>~(19.2) =2
for 2sin?@ =1 —cos 20~1, ie., for cos20<«1, where
sin @~cos 6. Similarly, Y, (/,) and Y, (/,) are proportional
to m2 and m?, respectively, i.e., they are much less than
Y, (I,). Here and below, l, = In(M %, /M %, ) ~64.

(b) Solution of the renormalization-group equations
for Y., Y, «Y,. Equations (A2)-(A10) can readily be
solved analytically in the realistic case® Y, , ¥, <Y,, neglect-
ing Y, and Y, on the right-hand sides as compared with Y,
(in principle, they can readily be taken into account to first
order in the small quantities).

Thus, substituting @, (/) = (16/3)ad,(1) + 3a, + (13/
9)a@,, we obtain from the first equation in (A2) the equation
dY,/dl = g, (I) — 6Y*(I), whose solution

Y.()=Y E()/D(l), D(l)=1+6YSF(l),

where

(A12)

E)=|owa, FO=]E®@

enables us to express the “bare” value Y? = ¥, (0) in terms
of the “physical” constant (A11):

Y=Y (L)/[E (L) —6Y.(lL)F (I) 1=Y.(L) /12,
h,°=h,(M:m) ~h,(Mw") /'V—1—2.
since E(l,)~13, F(l,) = 290, and 6Y °F(l,)~1.18, accord-
ing to (A11).
In the same approximation, Eq. (A4) (without the last

two terms on the right) and Eq. (A3) (without the last term
on the right) have a trivial solution and yield

p=pog (1), q()=[A(2) 1" [A: (1) T*/D"(1),

(A13)

4,()=4/D)+yD* (1) 5H, ) D(y)dl, (Al4)

where ©(0) =puy A4,(0) =4, 7~/=M,/2/m3,2, and 4; (/)
and D(/) are introduced’® in (A1) and (A12), where

H (1) =("*/sa:Ms+3a,M,+/ & M,) | My,
Moreover,

1

[ 1) Dya—m.w D@ —svem, ),

where
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H,())= j H (L) dli=8,[""/shs (1) +3ho (1) +/15hi (1) ],

H={ EQ) B dL=IEQ)—F Q).

Here and below, we use the notation introduced by Ibafiez
and Lopez!'®:

(@)= | A @) d=1n0),

10 =2 § 47 @) dl=[1-2, () 1/5,(0),

where j = 1, 2, 3 and the quantities J; () will be required
below. Thus,

A, (1)=A/D()+Y[H.(1)—6Y.°"Hs(1)/D(1)]. (A15)

Equations (A6) and (A5) can be solved (for Y,, Y, <Y,)
by evaluating the single integrals and, subject to condition
(A10), they yield

pl=po*q* (1) +my2+ My (°[of2 (1) +4/s1:(1)),
p=mypu (1) B(1),
B(l)=B+3Y.F(l)A/D(1)+[3Y."H,(l)/D (1) —H.(1)17,

(A16)

where' H, () = &,[3h,(I) + (3/5)h,(])].

The other renormalization-group equations can be
solved using the above values of ¥, (/) and 4, (/). To calcu-
late 43 — p?, m%,, m},, we combine the corresponding equa-
tions [the second in (A6) and (A8)]. This gives

AWM/ dl=[ 28, (1) M2 —6Y, (1) A2 (1) my?] —BY, ()M,
where
H; (l) =[M/353Mgz (l) +3az(l)Mzz(l) +‘3/9&1 (l) M‘z]/Mv‘z

is a function analogous to H, (/) in (A14) and M?is given by
(A7), where M?(0) = 3m3,,. The solution of this equation
has the same form as the equation for 4, (/) in (A14):

M (1) =3m?*/ D (1) +2D-*(1)

1
x| [7,(1) Mi=3Y, (1) AZ (L) mEID W) dL.  (A1T)
0

From (A8) and the equation for u3 — u? given by
(A6), it also follows that

dM_2/dl=8[*/s&s (1) M* (1) +/sa@, (1) M2 (1) ],

M_=me*+my*—(p"—p*), M-2(0)=my?,
ie.,

M2 (1) =my +280[*/sfs (1) +*/1sf 1 (1) 1 T2, (A18)

Evaluating the integrals on the right in (A17), and taking
i —p? = (M — M2 )/2, we obtain

w2? (1) =po*q* (1) +my’az (1) + 5,20, (1) +my, M6, (1), (A19)

where
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ax(1)=[3/D(1)—11/2—3Y °F (1) A¥/D* (1),
63='—6Y¢°H3 (l) /D’ (l) 3
bu)= (e fut g a8 mH (@) 1D

1

3Y?
_8r (1) +H, (1) 1dls,
o §E(z>m (L) +H (1))

(A20)

7.0 = Ay,

in which the last integral in b,(/) can be transformed by
integrating by parts,'* or can be determined numerically.
Obviously, the value of x4} (/) given by (A16) can also be
written in the same form as (A19):

p,iz (l) =u°2qz (l) +m:,,2a, (l) +Mll,zb1 (l) +m-,,M=,,6, (l) y
witha,=1,6,=0, b,(]) =&@,(3 L) + 2 f/i(D).

Subtracting (A6) from (A9), and multiplying by 1/3
or 2/3, we readily see that the quantities

d 1 d 2

ET[ mg* — ?(uz’—u’) ] ’ E‘[ my* — 3—(114:2—11')-_\ ’

for Y,, Y, <Y, are given by an expression similar to the
right-hand sides of (A9), which does not contain m2().
Consequently, they can all be integrated directly and give

m02=2/am'/,z+‘/s (Mzz'—llz) + (a/afs'i'fz—“/w,fi (l) )fioM'/,z,
muz=’/am%2+z/s (l—lzz"uz) + (s/sfs"‘fz""/aft) aoM'lnz§
mpt=my’+ (s/sfs+2/15f1)&oﬂ'lazy (A23)
mzz=m:,,’+°/5f, (l) &OM-,,z.

(A21)

m,,’=mn,f+ (3/2fz+3/iofi) &'OM.,,Z,

The quantities m%, m},, m}, and so on determine the masses
of the scalar superpartners of quarks and leptons (the quar-
kinos and leptinos), as indicated in the text.

UAs noted by J. Polonyi (Budapest, 1977), even in the simplest, i.e., lin-
ear, superpotential A(z) = (B+¢{)moM2%, & =2/Mp, a potential
V,(z) of the above form has a sharp minimum equal to zero: A = ¥V, (z,)
=0 for B=v2(2 —V3) at the point { =, =2zy/Mp =V2(V3—1).
Hence, the scalar z = z(x) is sometimes referred to as the Polonyi field.
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YFor the “planar” potential, 4 = 3, B = 2.
3We have in mind here a superpotential of the form (10), written as a sum
over the generations. Similarly, V,, V5, and V, include, whenever neces-
sary, the sum over the contributions of all three generations, or the con-
tribution of one of them. As in (10), we must substitute
h,—h,, hy— h,, h,—h_in V,, V,, and V, for the third generation.
“cos 20~1, i.e., sin 20«1, is obtained merely by introducing small z,~ 1
GeV for |B|~1, or by taking |B | <1. According to (29), we then have
M?%~ — 24}, i.e., physically reasonable solutions correspond to nega-
tive 43, which arise for 4?2 1, i.e., for heavy ¢-quarks (m, 2 100 GeV).
9Similarly, m, ~h, (M2, )vcos 8, m, ~h_. (M %,)vcos 6.
9The authors are indebted to M. V. Burovaand A. V. Losev for assistance
in construcitng the solution in this approximation. The idea of using this
approximation was also introduced in the CERN preprint'* by Ibaiiez,
Lopez, and Muiioz. This preprint was received as this paper was being
completed, and the two communications partially overlap. To facilitate
comparison between them, we used the notation of Ref. 14 whenever pos-
sible (see also Ref. 10).
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