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Recent calculations have shown that the string unification scale is naturally about two orders of magnitude larger than a typical
supersymmetric grand unification scale compatible with the latest LEP data on sin®6,, and ¢;. Studying the evolution of the gauge
couplings of the string derived models based on the SU (4) X SU(2), X SU(2)x and SU (3)? gauge groups, we examine the con-
ditions that make consistent the high string unification scale with the low energy phenomenology. Assuming only the content of
the minimal supersymmetric standard model below a reasonable grand unification scale, we derive the constraints on the string

spectrum of the above models.

Recently, the unification idea has been revived in
the light of LEP results which provided very accurate
values for the parameters of the standard model and
in particular for the weak angle [1]. Extrapolating
the three gauge couplings at very high energies by the
renormalization group equations (RGEs) and as-
suming the minimal particle content of the standard
model, one finds that the strong coupling a3 misses
the crossing of the other two, by almost four orders
of magnitude in the energy scale. However, in the
presence of supersymmetry, the three couplings meet
in a single point around 10'® GeV, assuming a super-
symmetry breaking scale in the range between 100
GeV and a few TeV.

In the context of superstring theories, all interac-
tions are unified at the string scale M, which is close
to the Planck scale. In fact the coupling constant g;
associated to a (non-abelian) gauge group factor G,
is given by g7 =g?/k; where gis the four-dimensional
string coupling and k; the (integer) Kac-Moody level.
An automatic unification of all couplings is then ob-

tained by setting k,= 1 which also guarantees the ab-
sence of “exotic” massless representations, leading
only to SU(3) triplets and/or SU(2) doublets.

The string unification scale is calculable in terms
of the Planck mass Mp, and the string threshold cor-
rections [2-5]. Therefore in the minimal string uni-
fication, where only the supersymmetric standard
model is derived below Mp;, one finds two predic-
tions; both sin?6,, and the strong coupling «; are cal-
culable in terms of the electromagnetic coupling o and
the Planck mass [6,7]. Indeed assuming the stan-
dard model minimal content (supersymmetrized),
the RGEs read

M n 8 «
su= _ 2 1
I, IOa(l 3a3>’ (1a)
1 7 «
2g 4 &
sin 6W_5+15a3’ (1b)

(Ic)
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At lowest order, the string unification scale can be
taken to be equal to the square root of the inverse
Regge slope

Msu~(a’)‘1/2=%</asu Mpl~1018G€V. (2)

This scale is obviously two orders of magnitude larger
than the minimal unification scale and leads to
sin?6,,=0.215 and «;=0.24, which are clearly unac-
ceptable. String threshold corrections are in principle
large because of the contribution of an infinite num-
ber of massive states. However, they turn to be un-
important in most cases, where an explicit calcula-
tion was performed or a lower bound on M, could
be obtained [5]. As a result, the minimal string uni-
fication seems unlikely to be realized in a phenome-
nologically viable way [6,7].

Modifying the “minimal” scenario the predictive
power of the theory is reduced and there are two pos-
sible alternatives. The first is to consider additional
matter representations at relatively low energies, be-
sides those of the minimal content of the standard
model [6]. The second is to introduce an ordinary
grand unified (GUT) group which is broken to the
standard model in a GUT scale My different from
M. In this letter the latter possibility is investigated
in the context of two viable string models based on
the left-right symmetric GUT groups, namely the
SU(4)XSU(2).XSU(2)g [8] derived in the fer-
mionic construction of four dimensional strings, and
the SU(3) xSU(3).XSU(3)r [9,10] derived via a
Calabi-Yau compactification. Another possibility is
the scale of flipped SU(S) [11], where it was found
[5,6] that the existence of an intermediate SU(5) X
U(1) phase decreases the value of sin®6,, and it is
therefore preferable, in this case, to have My close to
Mg,. The agreement with low energy data can then be
achieved at the expense of introducing additional light
matter representations.

We start by considering the model based on the
SU(4)XSU(2). XSU(2)r gauge symmetry. For
completeness we will briefly present here its massless
spectrum. The ng fermion generations are sitting in
the (4, 1, 2)+(4, 2, 1) representations of the
SU(4) XSU(2). XSU(2)g symmetry. Let ny be the
number of Higgs fields, which break SU(4)X
SU(2)r—SU(3)XU(1)y, at some scale My, sitting
in the (4, 1, 2) and (4, 1, 2) representations, n,, the
number of (1, 2, 2) Higgs which break the standard
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model symmetry to SU(3)xU(1)gy and ng the
number of sextets (6, 1, 1). In k=1 constructions (as
in the case of this specific model ), fractionally charged
states also appear sitting in (4, 1, 1), (1, 2, 1) and
(1, 1, 2) representations. Let n,, n, and ng be their
number correspondingly. After the first symmetry
breaking at My, in the most general case, one is left
with exotic states (in addition to the standard con-
tent) which arise from the decompositions of the
previous fields:

H(4,1,2)-usi(3, 1, =) +d5(3, 1, 3)
+v5(1,1,0)+e (1, 1,2),
H(4,1,2)-u5(3,1,3)+d5(3, 1, = %)
+75(1,1,0)+e5,(1, 1, =2),
D(6,1,1)-D;(3,1, —3)+D5(3,1,3),
Hy(4,1,1)-d5(3, 1, = H+es(1, 1, —1),
Hy(4,1,1)-ds(3, 1, ) +e5(1,1,1),
h(1,2,1)>h(1,2,0),

hR(la1$2)_’hl-{(19131)+hﬁ(1’1)—1)' (3)
Ineq. (3), the fields in the left-hand side appear with
their quantum numbers under the SU(4) XSU(2).
X SU(2)g, while in the right-hand side under SU(3)
XSU(2)L XU(1)y.

Once we have derived the spectrum, we can write
down the one-loop 8 function coefficients. In the range
My <M< Mg, we get
bi=—1242n+ny+ne+in,,
b2L= —6+2’1G +n22+%nL N
b2R=—6+2nG+n22+%nR+2nH, (4)

where ng is the number of generations (n5=3). In
the range M, < M < My we have

b3=—9+2n0+%n3+%n'3+%n§“ ,
b2=—6+2n0+%n2+%ni,
by=2ng+fsm+in' +in+gni+ins . (5)

where #, is the number of the usual color triplets (3,
1, 4), n4 is the number of triplets arising from Hy,
H/, fields while n%, is the number of u$; and g up-
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quark-type Higgs. Also n’ is the number of singlets
with fractional charges * 1, arising from A and H},
H,. In particular, in the model under consideration,
n%, =n4% =2, if none of these triplets get mass at My,
and n'=2ng+2.

Let us consider first the simplest case in the above
model, where we have only one intermediate scale Mx
between the superunification scale M, and the weak
scale M,. Assume further that My is the SU(4)
breaking scale and that below this energy we have the
standard model gauge group with the minimal fer-
mion and Higgs content. Above My, the spectrum
contains the representations of the particular string
model. Bearing in mind that at My we have the
relation

1 21 31

ay " Sas  San’ (6)

the RGEs yield

1 by . My, 3 My

P LS vl L VAR (7a)

Lo, O A 2 MX

s 9w—- o + T (b]_ b4) MZ
(7b)

where

In My, = kinM,—-36In M, —6rn/a—16n/a,

k-36 ’

(7¢)
and k=2b,+3bg+3b,. It is easy to check, that even
in this simple picture of the model, one can find ac-
ceptable values of the relevant parameters satisfying
eqs. (7). For example, if ny=ns=n,,=4 and n, =
ng=0, we find that Mx~2%10" GeV, sinf,~
0.233, ot3~0.108 and a,,~ 0.054. In the case where
Au=Hhe¢="N>=4 and n =2 and ng =0, we get Mx~
0.8%10'* GeV, sin%6,,~0.232, a;~0.108 and ay, ~
0.057. The resulting My scale, although somewhat
small, does not create any problem, since in the case
of SU(4) unification there are no dangerous gauge
bosons leading to fast proton decay.

The above results show that in the case of the
SU(4) xXSU(2).XSU(2)g string model, there is a
positive role of the intermediate GUT scale M. The
different role of the Ay scale in this case compared
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to the one flipped SU(5) [5,6], can be understood
by studying the value of sin28,, at My:

- 3
S0y = = S sl — 1) (8)

At My, in the case of flipped SU(5), one has the
relation
1 11 24 1

which implies that
1 L_z_“( L)
ay o, 25 Qs

1 24 M2,

Now notice that the contribution of gauge bosons
(and gauginos) alone is large and positive: by —bs=
15. Thus, the value of sin%6,, at My is in general re-
duced and it is preferable to raise the SU(5) break-
ing scale Mx closer to My,. In the case of SU(4) X
SU(2).XSU(2)g the situation is somewhat differ-
ent. The relation (6) that holds between ary, o4 and
aig at My, implies that

1 1 21 31 1
R +___

Ay [0 53 5a4 5a5 _a—L
1 M2,
~ L b 3bR—bL)ln<M2) (10)

In this case, the gauge boson and gaugino contribu-
tions turn out to be negative: 2b, + by —by = — 2.
The value of sin?8,, at M is thus increased and an
appropriate value for ay at My leads to reasonable
values of sin6,, at M.

We have already mentioned that the most general
picture of the model is more complicated. Firstly,
there exists a scale M, where the anomalous U(1)
factor breaks down while some singlet fields acquire
non-vanishing VEVs [8]. It is possible that some of
the fields receive masses at that scale. Furthermore,
after the SU(4) X SU(2)g breaking, some of the ex-
otic states may survive down to an intermediate scale
M,, at which some non-renormalizable interactions
make them massive. In this case, eqs. (7) are gener-
alized as follows:
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L3 M by My
a, o, 2=n MA 2 My

by My 3 M

+on (11a)
sin %0, _a_+5z61 MS“+—(bL )ln%
+%(b2—b3)lnM > X 4m Vz (11b)
where M, is given by
lnM1=(la6:—-%n+84l i +kan:
+k In My —36 1nMZ)(k’—36)“ , (11c)

with k'=5b,+3b,. In the above formulae we have
assumed the string content between M, and M, and
the standard model one below M,. Using egs. (11)
one can plot, in the parameter space (sin%f,, a3),
contours of constant M. Alternatively, instead of eq.
(11c¢) one can solve for My getting

l6n  6n M.
l = = su
n My (asu o +84In M, +kInM,

—k’lan+36ln——)(k ky-t. (11d)

Using now egs. (11a), (11b), (11d) one can plot
contours for constant M. In fig. 1 we show such con-
tours using the following particle content:

n=4, ng=0, np=m=n=ny=2,
n6=4s nalzns=ni‘=nl=2, n3=0.

From this figure we get that My varies approximately
between 10'° GeV and 10'3® GeV. These values are
significantly higher than the ones obtained before in
the simple picture of the model. The intermediate
scale M; lies in the range 108<M;<10'* GeV. Of
course a more detailed analysis should have taken into
account the possibility that different exotic states ac-
quire masses at different intermediate scales. Our
analysis here estimates a rather average value of these
possible intermediate scales.

Another gauge string model which has been de-
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Fig. 1. Contours of constant My (solid lines) and M; (dashed
lines), labelled in GeV, in the parameter space (sin’6,, a;). The
particle content is n =4, ng =0, nyy=ny=n,=ny=2, ng=4 and
ny =ni=ng=n'=2,n;=0.

rived from the compactification procedure, is based
on the gauge symmetry SU(3) XSU(3).XSU(3)x,
which is a maximal subgroup of E¢. The standard
quark and lepton fields are found in the 27 represen-
tation of the group, which under the maximal
subgroup decomposes as follows:

27-(3,3,1)+(3,1,3)+(1,3,3) .

The accommodation of the various particles is

u uc
3,3, )=[d], 3, 1,3)=|d|,
D De
h® h e
(1,3,3)=[h~ A° »°], (12)
e v N
where the charge operator is Q=I5+

+4(Y_+ Ygr). As in the previous model, in the case
of a k=1 construction, the appearance of massless
states with fractional charges is possible. We will see,
however, that it is not necessary to complicate our
analysis with such exotic states.

There are several symmetry breaking chains of the
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above gauge group down to the standard model. In
the following we will assume the simplest one which
includes only one intermediate scale:

E - SU(3)xSU(3). XSU(3)x

M, SUB)XSU(2)L X U(1)y.

At My we have the relation

1 4 1 11
—_— =t —— 13
ay Sasg Sas’ (13a)
which implies that

(13b)

Note that in this case the gauge boson and gaugino
contribution alone vanishes and the value of sin?6,
remains 3 at Mx. The p-function coefficients, be-
tween M, and M are

by=—9+3(n,+ng),
b3L=—9+%(nQ+nq) »
b3R=—9+%(nQ+ch), (14)

where n, is the number of (3, 3, 1) representations,
nge of the (3, 1, 3) and n, of the (1, 3, 3) represen-
tations. Below M, we have the standard model g-
functions. Now, using the RGEs, the values of sin?d,,
and a; at M, are given by

MSU

sin20, =2 +1(b;.—b
8 2( 3L~ 3R) Mx

M.
—%(by—bz) _lnﬁ)zi
o 4 M,
3 My
Mx
My

+(by—3b 5by)—ln (15)
However, some extra string representations may re-
main massiess below My, as in the previous model.
In that case, one should also include the contribution
of these states above some intermediate scale M.
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Since our purpose here is to show that there are some
minimal requirements, which should be met in order
to be consistent with a high ( ~ 108 GeV) string uni-
fication scale, we are not complicating our analysis
introducing such new scales M,.

Now a careful examination reveals the following
property. If ny =nge =ny, b3 =b; g =b; and the cou-
plings g5, g3r and g; evolve identically from M,
down to My, then, eqs. (15) take exactly the form of
eqs. (1) where now My is the SU(3),.XSU(3)xr
breaking scale. It is possible now, by a judicious choice
of a,, at M,, to obtain a;g=0a3; =03~ at
My ~10'¢ GeV, since we know that these values lead
to the successful predictions for sin?8,, and a;. How-
ever, in realistic string models one usually finds that
under the group of honest symmetries and the flux
breaking mechanism, different numbers of lepton,
quark and antiquark superfields survive. Thus in
general b;,, by and b are present in egs. (15), af-
fecting the low energy values of sin?6,, and «;. In the
following we examine this general case and put con-
straints on the possible numbers of quark, antiquark
and lepton superfields which a string model with
SU(3)xSU(3).XSU(3)g symmetry should have,
in order to be consistent with the low energy
phenomenology.

Let us denote for simplicity n=n,—ng and
fi=ng,— ny. Then, the experimentally acceptable range
of sin?6,, and & leads to the following conditions:

L My
320< (104+n+2a) In M,

151 < (4 +n)1nﬂﬂj——nln;{[ <157. (16)

z

The above conditions can be satisfied for various val-
ues of n and 7, provided that we use in eqs. (16) the
proper scale My. Thus, if =0, which means that
Hq=Rqe, We get 106 <My /GeV < 5.8 10'. Insert-
ing the above range of My in eqgs. (16) we find i=0
or 1, corresponding 1o nge =1, Or Hoc=ny+ 1. A list
of various possible cases is presented in table 1, which
shows that the SU(3) XSU(3). XSU(3)x model is
probably less constrained compared to the other two
cases analyzed above and to the minimal superstring
version of the standard model.

In conclusion, we have analyzed the possibility of
obtaining the correct low energy values for the exper-
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Table 1
The range of the scale My for various possible choices of # and
7, in the SU(3)? model.

PHYSICS LETTERS B

n n My (GeV) My, (GeV)
0 1 1.9x 10! 5.8x10!6
0 0 8.4x 10" 5.8x10'¢
1 1 2.1x10'% 1.0x 10"
2 0 3.9x10' 3.9x10'
2 1 3.9x10' 8.0x 10'¢
2 2 3.9x10' 1.3x 10"
1 2 2.6x10'® 1.0x 10"
0 2 3.5%x10' 5.8x 10!

imentally determined parameters «, «¢; and sin?6,, in
two GUT-like string models based on the SU(4) X
SU(2).XSU(2)g and SU(3)> gauge symmetries,
after taking into account the modifications to the
unification scale due to string threshold effects. We
have found that the unification scenario is possible
in these two cases under certain assumptions, related
with the particle spectrum and the intermediate
“grand unification” scale Mx. In the SU(4)X
SU(2).xXSU(2)g case, string unification at a high
scale is possible even with the minimal particle con-
tent if My~ 10'* GeV. Introduction of extra exotic
states (as in realistic string versions) raises Mx by
one to two orders of magnitude. The unification sce-
nario is even less restrictive in the case of SU(3)?
symmetry. There are numerous choices of the field
content which may give phenomenologically accept-
able models. However, a lot of work is needed until a
model with the required spectrum appears.
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