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Abstract.

We report a new solution to the problem related to the gauge coupling unification
in superstring theories. Our solution is based on a dynamical assumption and.it is
applied to .4-dimensional string models:: 1t is shoewn that these models have
phenomenologically . interesting features (three families, mg;, =~ O (1) TeV, the
universal soft SUSY breaking terms, ).

1 Introduction

The minimal supersymmetric standard model - (MSSM) s the most attractive
candidates for the realistic theory beyond standard moedel. The hierarchy problem.is
elegantly solved by the introduction of supersymmetry (SUSY)[1]. Furthermore the
recent precision measurements at LEP [2] have given strong support to the
supersymmetric grand unified theories (SUSY. GUTs) [3], that is, . if the
renormalization group equations of .MSSM .are used, the three gauge coupling
constants, g, & and g of Ger=SU(3) X SU2) X U(1) meet at about 10'¢ GeV[4]. If
superpartners of usual particles are found and.the values of their masses are O (1)
TeV, MSSM is most likely established as the physics below the grand unification scale
Meur. However, it-is difficult to regard SUSY GUTs as the final theory because there
are still several open questions not to answer-within the framework of SUSY GUTs.
First, SUSY GUTs do not include gravity, while the Planck scale Mp, is around the
corner. Second, there exists a great deal of arbitrariness on the model building, that is,
a lot of freedom is left over-on the choice of gauge group, matter multiplets and
parameters. They do not explain the number of families (generations). Last, it is not
yet known how to break SUSY and to-get the desired low energy physics.

Superstring theories (SSTs)[5] are powerful candidates as the fundamental theory
of nature and are expected to give definite. answers for the above questions. For
example, they probably describe quantum gravity in a consistent manner and some of
them include a grand unified gauge group such as SU(5), SO(10)and Es,chiral matters
and a.hidden sector with sever constraints. The family number is supposed to be

related to a sort of topological number in the extra compactified space. Moreover
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SSTs are probably well described as effective N =1 supergravity coupled to

supersymmetric Yang-Mills theory below the string scale Ms=2//a’ and it is known
that SUSY can be softly broken in an observable sector by some scalar condensations
[6] or gaugino condensation [7] in a hidden sector in supergravity theories.

Now it is natural that one tries to construct the unified models, which take over
the advantages in SUSY GUTs, based on SSTs. In this attempt, one encounters a
serious difficulty related to the unification of gauge coupling constants. In SSTs, the
unification scale of all gauge coupling constants is believed to be Ms, that is, somewhat
larger one~ 10 GeV [8]. This fact apparently disagrees with the precise
measurement on the Weinberg angle sin?6, at LEP.

There have been, so far, proposed two general solutions to this problem. First, the
gauge group at the string scale may be broken down to the GUT group such as SU (5)
or SO (10) once. In this case, one needs Higgs scalars in the adjoint representations of
SU (5) or SO (10) to break further the GUT groups down to the standard gauge group
Gsr at Meyr. It is possible to have adjoint Higgs scalars in string models if one uses the
higher levels of Kac-Moody algebra (£ = 2). However, realistic models with gauge
groups at level greater than one have not been found yet [9].

A second possibility is to include string-loop threshold corrections [10] or to add
extra matter multiplets [11] at the intermediate scale in order to shift the unification
scale of three gauge coupling constants from 10*¢ GeV to 10'® GeV. Such a large shift
may be possible, since an infinite number of massive states above the string scale can
contribute to the threshold. However, one should consider in this case that the beautiful
success of the minimal SUSY GUT is even accidental.

Recently, we have proposed a new solution [12]. OQur proposal is founded on a new
assumption that the GUT groups are broken down to Gsr dynamically by some
effective, non-renormalizable interactions of the fundamental supermultiplets. The
effective interactions may be remnant of compactification of extra space. As an
example, we have applied our hypothesis to a simple 4-dimensional string model
derived from the Z, orbifold compactification.

In this paper, we report previous results in detail with some additional ones. We
introduce our hypothesis on the dynamical symmetry breakings and apply it to
4-dimensional string models. The features of these models are elucidated. As new
subjects, we discuss the mass spectra after the dynamical symmetry breakings and the
structure of soft SUSY breaking terms in our models. (Only the universality of scalar
masses is commented on in our previous paper [12].)

The content of this paper is as follows. In section 2, we review the energy scales
and parameters in SSTs. In section 3, we explain our dynamical symmetry breaking

scenario in SSTs and apply it to two string models. Summary and discussions are given
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in section 4.
2 Parameters in SSTs

Let us first give a brief review on several enérgy scales and parameters in SSTs
[5] [13]. SSTs have a distinctive feature that they include only one fundamental
parameter «’ which is called Regge slope parameter. This parameter is related to the
string tension Tas 7= (2za’)"". The string scale is defined as

2
MS—H (1)

Other energy scales and parameters are expected to be generated dynamically.*

As is described in introduction, all gauge couplings are unified at the string tree
level as[8],

%GN:ki'gi(Ms)z (2)

where Gy is the gravitational constant which is related to the Planck scale Mp; as
Mr, = 1// Gy and ks are the Kac-Moody levels of gauge group whose gauge coupling
constants (GCCs) are g;. We consider only the level one Kac-Moody algebra for

non-abelian gauge groups and hence %kl =k, = by = 1.1 The gauge coupling

constants g; at Ms and the size R of the extra compactified space are related to the
vacuum expectation values (VEVs) of real parts of a dilaton field S and a moduli field
T such as

_ 1
<R€S>"' ki’gi<Ms)2 . (3)

and
<ReT> = R? (4)

respectively. The effective potential that fixes <ReS> and <ReT > is not known.
From egs. (1), (2) and (3), the scale M; is related also to the gravitational scale M =

Mp/ /871 =2.4%x10" GeV as
Me= )—2—um (5)
s < ReS >

* Unfortunately, no parameter has been determined because the dynamics of SSTs are not fully

understood.

tFor U(1) gauge group, the level % is not quantized. Here we choose & = % because it is consistent
with the gauge coupling unification condition in GUTs at M.

1The values of them are given in the unit of string scale M.
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Since the quantity < ReS > is anticipated to be order 1,I M, is estimated as ~ 108
GeV. Here and hereafter a field variable represents its vacuum expectation value
without a bracket. The VEV of some auxiliary field F is an order paraméter of SUSY
breaking and the breaking scale Mss is defined as Mss® = . In the case that the SUSY
is broken by the gaugino condensation <A >, the scale Mss is given by [14],

M532:!<—/}‘/}>“l‘ | . (6)

The quantity | <A1 >|is estimated at order of A% Here /¢ is the scale where the GCC
blows up in the hidden gauge theory whose gaugino is A. The mass of the gravitino is
given by [14],
> 2 o
M3z — <]/1MA2 i"’j/}cz“ (7)
The masses of superpartner of usual particles (quarks, leptons and gauge bosons) are

the same order of 7, so the solution to hierarchy problem requires that 2, = O(1)
TeV. Hence the favorite value of Ac is ~ 10'* GeV.

3 Dynamical Breaking Scenario

We propose a new assumption that the GUT groups are broken down to G;T
dynamically by some effective, non-renormalizable interactions of the fundamental
supermultiplets. Namely, the Higgs multiplets in the adjoint representations are bound
states of the fundamental matter multiplets. The effective interactions may be
remnant of compactification of extra space. Although it is not clear to us whether the
dynamical breaking occurs or not in the string models, this working hypothesis opens
a new window in the superstring phenomenology. In fact, the GUT with an exceptional
group Fs is a well-known example where all the symmetry breakings required
phenomenologically are obtained from the fundamental fermion-fermion
condensations [15]. As an example, we shall apply our hypothesis to two interesting
4-dimensional string models derived from the Z, orbifold compactification [16].

3.1 Two Z; Orbifold Models

We explain two 4-dimensional string models with gauge group FEy X U(1)?X E§x
U(1)?[17] obtained from the Z, orbifold compactification of the heterotic string with
gauge group Fy X Es. (The prime () représents that they belong to the hidden sector.
For a complete construction, see ref. [16].) )

The first model is obtained by the choice of shift vectors V' and v* as follows,

Vi=(1,2,-3,0,,0/701,2, -3,0,,0)/7 (8)

and
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vt =(0,1,2,-3)/7

31

(9)

where I =1,2,+-,16 and ¢ = 1, 2, 3, 4. The shift V' breaks the original gauge group
Ey X Eg down to E, X U(1)? X E¢{ X U(1)%. Massless matter representations of the
untwisted sector are 3(27,1)+3(1,27)+6(1, 1) under E; X E§. The gro‘undvstate in

the twisted sector consists of 147 singlets. When we choose simple roots of ; X Eé as

e' =(0,0,0,0,0,0,—1,10, -, 0
2 =(0,0,0,0,0, —1,1,0000, -, 0
¢ =(0,0,0,0, —1,1,0,00€0, -+, 0D
+=(0,0,0,—1,1,0,0,00C0, -, 0)

¢ =(0,0,0,1,1,0,0,00C0, -, 0

e
e
e
e = (1,111, —1,—1,—1,~1)/2(0, -, 0)
[
e

= (0, -+, 0)00,0,0,0,0,0, —1, 1

e’z = (0, -+, 0)00,0,0,0,0,—1,1,0

e® = (0,+,000,0,0,0, —1,1,0,0

et = (0,-,0)00,0,0,—1,1,0,0,0)

5= (0, 00,1,1,1, -1, 1, —1, —1)/2
¢'® = (0, --,0)00,0,0,1,1,0,0,0) ‘

and U (1) charges as

U= (1,-1,0,0,0,0,0, 0)C0, -, 0
U= (1,1, =2,0,0,0,0,000, - 0)
Ui = (0, -, 00(1, —1,0,0,0,0,0,0)
Us = (0,001, 1, —2,0,0,0,0,0)

the untwisted matters 3(27,1") and 3(1,27") have the following U(1) charges

(27,1°: 1,1,0,0)
@7,1'; ~1,1,0,0)
©7,1°: 0, —2,0,0)
and
1,27 0,0,1, 1)
1,277; 0,0, —1, D

(1,275 0,0,0, —2)

for 2%, PV = % '
for B PV = % _
for 3o, P/V =
for S, P'V! =
for 218, PV = %—
for 208, PV = %

10
a1

a2

as

A

(15

under -F, X Eg x U(1)? x U(1)’2. This model has three families. This is due to the
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fact that there exist three subsectors which correspond to three of six values of 1%,

PV = %, (ER —g— in the untwisted sector where P’’s are quantized momenta which

span the E8 X FEg root lattice.
The second model is obtained by taking shift vectors V/, v* and Wilson line ¢’ as

follows,
Vi=(1,2,-3,0,--0/7€0,0,0,0,-0)/7, 16
v'=00,1,2,-3)/7 an
and
a'=1,2,-3,0,-,00/7(1,2,—3,0, -, 0/7. L))

The shift V' breaks the original gauge group £y X Es down to Ey; X U(1)?X E§ and the
Wilson line @’ breaks further it down to F, X U(1)?X E{x U(1)2 There is no massless
state in the untwisted sector because of the physical state condition 2% Ple’ € Z.
Massless matter representations of the twisted sectors are 3(27,1)+3(, 27) and
some singlets under F; X E¢.If we choose the same simple roots and the same U(1)
charge assignments as those of the first fnodel, the U(1) charges of twisted matters 3
(27,1 and 3Q1, 27) are as follows

@7,1;0 —2,0,0 for the first twisted sector aos
Q7,1 0, —2,0,0) for the second twisted sector Q0
27%,1°; 0, —4,0,0 for the third twisted sector 2D
and
1,27,:0,0,0, —2) for the first twisted sector 22
(1,27:0,0,0, —2) for the second twisted sector @23
1,27+, 0,0,0, —4) for the third twisted sector QD

under F, X EgX U(1)2x U(1)"2. This model has also three families. This is due to the
fact that there exist three fixed points, which correspond to the origin, with respect to
the first twist 8, the second one 62 and the third one &% in the presence of the Wilson
line.

3. 2 Dynamical Breaking in Observable Sector

We assume that one FEy gauge group, which is interpreted as the observable one,
is spontaneously broken down to Gsr with appropriate chiral multiplets at Mcur ~10'¢
GeV and that this symmetry breakings occur dynamically by the condensation of
certain bound states whose constituents are fundamental 27. This is a new
phenomenological possibility in the building of the unified string models.

At first sight, we wonder why the only one E; gauge symmetry is spontaneously
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broken although our string models have the same structure of observable sector as that
of hidden one. We shall give a possible solution to this question by taking a simple
model § as an example. Consider the Lagrangian density for two real scalar fields ¢
and ¢’ with mass .,

Y= %(aﬂff))z*%—mztf)z*%gﬁJr%(é’#qﬁ'y*%mzd)'z*%ggb"’———%vi([)zqyz (25)
— 10+~ V (, ) 26)

where g and A are some coupling constants. The above Lagrangian density ¥ is
invariant under the exchange of one scalar field for another one. The vacuum solution

is obtained by solving the following simultaneous equations,

aV _

Ot g+ A =0 oD
gg:wﬁ¢ﬁqm“+A&¢fﬂ (28)

There exist various vacuum solutions for the different parameter regions of m,g and
A. For example,

1 $=¢'=0
N Y _mZ
2. p=¢'==% Py
_ Mmz r__
3. p==£,/ z ¢ =0
or

$=0, =)

and so on. The solution 1 and 2 are the symmetric solutions. On the other hand, the
exchange symmetry is spontaneously broken in the solution 3. We postulate that a
similar mechanism is applied to our models. That is, the 7, invariance under the
exchange of the observable sector for the hidden one is supposed to be spontaneously
broken on the presence of non-renormalizable interactions between them. Since the

non-renormalizable interactions among fundamental chiral multiplets are suppressed
by the factor (—ML—)”, they seem not to be available. However, if renormalizable
P

interactions among composite fields are induced effectively, the strength of the
interactions can become order 1. Thus the exchange symmetry can be broken at the .
composite level.

§ This model is regarded as a special case of the SU2) X SU (@)X U(1)p-. models of weak
interactions whose Higgs potential induces the parity breaking [18].
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Next we explain how £ is broken down to Gsr by the bound states of 27
dimensional chiral multiplet ®@,,. The mechanism is the almost same as the case of
dynamical breakings by fundamental fermion-fermion condensations. According to
Ref. [15], the breakings occur at the following three stages,

E22L sueyx v

SUG -2 Gy,
Gsr i’ SUB) XU ew

where the numbers over the arrows represent the dimensions of representation of the
scalar objects that are needed to the corresponding breakings. In our models, there are
chiral supermultiplets (5* + 5 + 1) under SU () subgroup of E; besides usual (5% +
10) in MSSM. The condensation of bound states made of (5* + 5+ 1) induces the
breaking Fs— Gsr simultaneously, and the breaking Gsr— SU(3) X U(1) gy occurs by
the condensation of bound states made of usual (5% 4+ 10) similar to top-quark
condensation [19].

At last, we discuss the mass spectra after the dynamical symmetry breakings. We
can construct a dimension 4 operator O,, which is invariant under Es X U(1)? X E§ X

U(1)’? transformation and Z; transformation, as
O = 61‘_;‘};@%7@%7@57 (29)

where @ 4 is the 27-dimensional chiral supermultiplet whose index ¢ represents a

family which it belongs to. The dimension 5 operator O; is constructed as
Os = 657‘1)57‘557@%7 30

where ® §; is the anti-chiral supermultiplets. We can write down the following £y X U
1)2 X E§x U)? and Z invariant interaction by using of O, and O;,

S = f dxd? 0 Dedu®l + (B, ¢ + f 4 5d? 0" B, ;D@3 Din Dl 3D

where f is a Yukawa coupling constant and f;; is a certain coupling constant
suppressed by Mp, as fi; = G/ Me. Here G;; is some dimensionless parameter. The
reduction of @ 4 is done as

Dl = Pls + Dl + D ‘ 32

under the subgroup SO(10). Here the numbers in the lower index in the right-hand side
represent the dimensions of representation under SO(10) and @i includes usual
matters. We suppose that &f, + ®] form bound states
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Gy
2Mp,

(Dl + DD » (Do + DD~V + Wi+ Wil + Tl + Pilay + T (33)

and that all of them condense in the following form
<PE > ~ 8% Meur (34)

Of course, the chiral symmetry is not broken without SUSY breaking in the
framework of the system described by only S;,, as interaction terms in the same way
as the case of SUSY Nambu-Jona-Lasinio model [20]. More complex interactions are
required to generate the above condensation. Here it is supposed that such effective
interactions exist after the compactification and induce chiral symmetry breakings.
And let us discuss the mass spectra by using only S;,;. Extra matters ®{, + ®{ acquire
heavy masses O(Meur) by the above condensation if the values of G;;(i =1, 2, 3)is
order 1. Note that the U(1)? are also broken by these condensations. Furthermore, we
suppose that the composite field ¥ijs), which is made of ®j¢ such as

Gy
2Mp,

@fs ° Cf)fﬁ —~ ‘I’{Jze + \I’féo + \P%(B) (35)

condenses at weak scale Mw similar to top-condensation [19],
<Wihay > ~8%6% Mw (36)

In this way, SU2); X U1y gauge symmetry can be broken dynamically and the
mass of top quark can be order My.

There are many problems. The mechanism of mass generation in the first two
families is not known. The origin of Kobayashi-Maskawa mixing angle [21] also is not

known.
3.3 Dynamical Breaking in Hidden Sector

In this subsection, we discuss the dynamical symmetry breaking in the hidden
sector which triggers off SUSY breaking. The gauge coupling constant of the other E§
gauge group becomes strong at some energy scale A¢ (Ac < Meur). Then, its gaugino
can condense and break SUSY. We shall examine by using renormalization group
equations (RGEs) whether it is anticipated that the parameters Ms, ay(=g(Ms)?/47x),
Ac¢ and my,take phenomenologically reasonable values. The values of Meyr and acur
(=g(Meyr)?/4n) are determined [4] by the use of RGEs in the usual SUSY GUT
scheme as follows,{l

MGUT — 10161’0.3G6V

and

YAfter Es gauge symmetry breaking, the extra supermultiplets (5* + 5 + 1) acquire heavy masses
O(Mgur) and hence they don't contribute on the analysis of RGEs.
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aabr = 25,7117

Hereafter we use the values Mcyr = 10%GeV and acbr = 25.7, for simplicity. The
running of a(u)(=g(u)?/4x) in SSTs yields the following solution of RGEs at one
loop level,

b, A
2 In It

a() ' =g+ +A 3n

where A represents string threshold effects [22] and Ay is the string unification scale
in MS scheme. In our models, eq.(37) holds in the energy range from Ay to Meyr for
the observable FE; and from Ay to A¢ for the hidden FE§. In the case of the overall
modulus, b and A are given by,

b= —3CG) + Zl} T (R (38)

and

A= Zb? mReT | 7(TY | (39)

where C,(G) is the quadratic Casimir invariant of group G, T (R;) is the index of R;
-representation, & =3C(G) — 2 B3+ 2xn,) T(R,) (The number #; is called
‘modular weight’ and #, = — 1 for untwisted matters.) and #(7) is the Dedekind
function. In our models, b = — 27, and A = 0 because A depends on the untwisted
moduli which is absent in Z and Z, orbifold models. Now when we estimate Ay at Ms,
we can obtain values for Ay and ay' by setting the scale u at Meur in eq. (37),

Ay~1.8 X 10"¥GeV (40)
and
ay'~48 (41)

We now calculate the confining scale A¢ of E¢ and estimate the gravitino mass ;.
The scale /¢ is connected with the scale Meyr and the structure constant acur by RGEs
as follows,

Ac = Meor * QXZ)(ZTHLY&I/T) (42)

We find A¢ == 2.5 X 10" GeV and s, is estimated from eq.(7) as ms, = O() TeV
which is nothing but what is assumed in the SUSY phenomenology.

The gaugino condensation and scalar condensations are tightly constrained by
Konishi anomaly relation [23]. If there exists a gauge non-singlet chiral matter which
does not appear in the superpotential, the gaugino does not condense. However, since
all 27 dimensional chiral superfield @y have E; X U(1)? X E§ X U(1)"? invariant
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Yukawa couplings in our models, the £% gaugino can condense.
3.4 Soft SUSY Breaking Terms

In this subsection, we examine whether soft SUSY breaking terms have universal
structures or not in our models. The soft SUSY breaking terms mean terms that break
SUSY without the introduction of quadratic divergences. For example, scalar mass
terms, gaugino mass terms and trilinear scalar coupling terms. They are generated in
the observable sector through the spontaneous SUSY breaking in the hidden sector.

First, the masses of scalars ¢, are given by [24],

m? = mis + n: b+ Vo 43

where mj is some mass parameter which depends on the model and V; is the
cosmological constant. Here the modular weight », takes a different value between
untwisted matters and twisted matters. In our first model, all matter multiplets 27’s
belong to the untwisted sector and hence the soft SUSY breaking mass terms of 27°s
have a universal structure which seems needed for the sufficient suppression of flavour
changing neutral currents[25]. In our second model, they also have a universal
structure since the modular weights have a universal value n, = — 2.
Second, the masses of gaugino A, are given by [24]

M, = QaWis2 (c:lea + b/aCa) (44)

where C and C, are some constant factors and «, are the structure constants. There
is no threshold correction in our models, so C, = 0 and M, have a universal structure,

I
Mo: My: My=ay: ar: ay (45)
Last, the trilinear scalar coupling terms are as follows [24],
Lira = — mypAheublbindts + (b ¢ (46)
h=C+ g”fﬁ Un
where A,Cand Dare some constant factors.
4 Summary

We have proposed a new approach in the superstring phenomenology provided by
the dynamical symmetry breaking. And we have applied it to two Z, orbifold models
and shown that these models have phenomenologically interesting features (three
families, i, = O(1) TeV, the universal soft SUSY breaking terms, ---). It is no

[|[Here the Kac-Moody levels k, are chosen as %k, =k, = ky = 1 as is described in section 2.
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wonder that non-renormalizable interactions are generated by the compactification of
extra space. However, it is well known [20] that the chiral symmetry is not broken
without SUSY breaking in SUSY Nambu-Jona-Lasinio models. Therefdre, more
complex interactions are required to generate the dynamical breaking at the GUT
scale. It is not clear to us whether such effective interactions are indeed induced in the
string compactification. There are of course many remaining problems. None of them
is not fully analysed, since it requires more detailed non-perturbative dynamics of

SSTs. So it is an important subject that we investigate the dynamical aspects of SSTs.
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