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Abstract

Motivated by the fact that the string scale can be many orders of magnitude lower than the Planck mass, we investigate
Ž 10 –13 .the required modifications in the MSSM b-functions in order to achieve intermediate 10 GeV scale unification,

keeping the traditional logarithmic running of the gauge couplings. We present examples of string unified models with the
Žrequired extra matter for such a unification while we also check whether other MSSM properties such as radiative

.symmetry breaking are still applicable. q 1999 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Recent developments in string theory have re-
vealed the interesting possibility that the string scale
M may be much lower than the Planck massstring

w xM . According to a suggestion 1 the string scaleP

could be identified with the minimal unification sce-
nario scale M ;1016 GeV. It was further notedstring

that, if extra dimensions remain at low energies
w x2–8 , unification of gauge couplings may occur at

w xscales as low as a few TeV 5,6 . However, it is not
trivial to reconcile this scenario with all the low

w x w xenergy constraints 9–11 . Recently 12–14 it was
further proposed that in the weakly-coupled Type I
string vacua the string scale can naturally lie in some
intermediate energy, 1010 – 13 GeV, which happens to
be the geometrical mean of the M and weak, M ,P W

11Ž .scales i.e. M ; M M ;10 GeV . It is a(string W P

rather interesting fact that the possibility of interme-

diate scale unification was also shown to appear in
w xthe context of Type IIB theories 15 . This scenario

has the advantage that this intermediate scale does
not need the power-like running of the gauge cou-
plings in order to achieve unification. Appearance of
extra matter, with masses far of being accessible by
any experiment, could equally well change the con-
ventional logarithmic running and force unification
of the gauge couplings at the required scale. Of
course, intermediate scale unification could in princi-
ple trigger a number of phenomenological problems,
such as fast proton decay. Also, some nice features
of the Minimal Supersymmetric Standard Model
Ž . 16MSSM unification at 10 GeV, among them the
radiative electroweak breaking, could be problematic
in principle.

In this short note we would like to investigate the
changes that the MSSM beta functions should suffer
in order to achieve gauge coupling unification at
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1010 – 13 GeV. We further determine the extra matter
fields which make gauge couplings merge at an
intermediate energy and show that such spectra may
appear in the context of specific string unified mod-
els which can in principle avoid fast proton decay.
We also examine the conditions in order to achieve
radiative breaking of the electroweak symmetry,
keeping of course the top mass within its experimen-
tal value.

In the context of heterotic superstring theory, the
value of the string scale is determined by the relation
M rM s a r8 where a is the string coupling.(string P s s

This relation gives a value some two orders of
magnitude above unification scale predicted by the
MSSM gauge coupling running. On the contrary, in
the case of type I models, for example, this ratio
depends on the values of the dilaton field and the
compactification scale. Choosing appropriate values
for both parameters it may be possible to lower the
string scale.

The gravitational and gauge kinetic terms of the
Type-I superstring action are

d10 x 1
y2 f ISs e RRH 7 X 4ž a2pŽ .

1
yf 2Iqe FF q PPPŽ .9X 3 /4 a

where a
X sMy2 , with the string scale now beingI

denoted by M , while efI 'l is the dilaton cou-I I

pling and f the dilaton field.I

Consider now 6 of the 10 dimensions compacti-
fied on a 3 two-torii T 2 =T 2 =T 2 with radii
R , R , R . Then, the compactification volume is Vs1 2 3

Ž .2Ł 2p R . Assuming the simplest case withi i

isotropic compactification R sR sR 'R, with1 2 3

the compactification scale M s1rR, the 4-d effec-C

tive theory obtained from the above action is
64d x 2p RŽ .

y2 f ISs e RRH 7 X 4ž a2pŽ .
62p RŽ .

yf 2Iqe FF q PPP 1Ž .Ž .9X 3 /4 a

In the above, FF is the 9-brane field strength of theŽ9.
gauge fields while dots include similar terms for 7,5,
etc branes. The gauge fields and the various massless
states arising from non-winding open strings live on

w xthe branes while graviton lives in the bulk 16 . From
the action 1 one obtains the following expressions.
The gravitational constant G is related to the firstN

term and is given by
6 81 8 2p R 8 MŽ . I2 y2f I' M s e s 2Ž .P 6 2 6X 4G l MN 2p aŽ . I C

The gauge coupling is extracted from the field
strength term FF of the gauge fields in the 9-braneŽ9.

Ž .in 1 and is given by
6 64p 1 4p 2p R 2 MŽ . Iyf I' s e s 3Ž .2 7 6X 3a lg M2p aŽ .9 I9 C

where g is the 9-brane coupling constant. Combin-9

ing the above two equations, one also obtains the
relation

l a lI 9 I XG s s a a 4Ž .N 924 4MI

It can be checked that for a p-brane in general, the
Ž . w xformula 3 generalizes as follows 13,14

py3
l MI C

a s 5Ž .p ž /2 MI

Ž .Then, the formula 4 for the gravitational coupling
constant becomes

9yp1 l MI CXG s s a a 6Ž .N p2 ž /4 MM IP

The string unification scale may be also given in
terms of the compactification scale and the p-brane
coupling as follows

6yp
a Mp C

M s M 7Ž .I Pž /' M2 I

From the last three expressions, it is clear that the
compactification scale M ;1rR is rather crucialC

for the determination of the string scale. We may
explore the various possibilities by solving for MI

and l in terms of the compactification scale andI

obtain the following relations
Ž .1r 7ypap 6ypM s M M 8Ž .I C Pž /'2

py3
a M 7ypp P

l s2a 9Ž .I p ž /' M2 C
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In terms of l , the string scale for any p-brane isI

also written as follows
1

lI 43M s M M 10Ž .I P Cž /'2 2

where all the p-dependence is absorbed in l . InI

order to remain in the perturbative regime, we should
Ž .impose the condition l FOO 1 . From the last ex-I

pression it would seem natural to assume M ;MI C

and demand that l <1 to obtain a small stringI

scale. However, this is not a realistic case since from
Ž .relation 5 we would also have a <1, i.e., anp

extremely low initial value for the gauge coupling.
Ž .From 9 it can be seen that viable cases arise either

for pF3 or p)7.
In what follows, we wish to elaborate further the

case where the string scale lies in the intermediate
energies define by the geometric mean M M ;( P W

1011 GeV. The weak coupling constraint on l aboveI

suggests that the effective field theory gauge symme-
try is more naturally embedded in a 3- or 9-brane.
Taking into consideration these remarks, the corre-
sponding compactification scale can be extracted
from the above formulae. In Table 1 we give some
characteristic values of the M , M and l for the 3-I C I

and 9-brane case. We assume that a ;1r20 which,p

as we will see in the next section, is indeed the
correct value of the unified coupling for a unification
scale around M ;1010 – 13 GeV. From the aboveU

table, it is clear that the requirement to remain in the
perturbative regime is satisfied in all cases consid-
ered above. However, for the case of 9-branes, the
dilaton coupling is extremely small. On the contrary,
in the case of 3-branes this coupling takes reasonable
values, in fact its value is fixed through the rela-

Ž .tion 5 , l s2a , being independent of the ratioI 3

Table 1

Ž . Ž .p l log M log MI 10 I 10 C

3 1r10 13.9 13
3 1r10 13.1 12
3 1r10 11.4 11
3 1r10 11.6 10
9 <1 12.8 12
9 <1 11.2 11
9 <1 6.7 10

M rM . Therefore, the embedding of the gaugeC I
w xgroup in the 3-brane looks more natural 13,14 .

2. Renormalization group analysis

In this section we will explore the possibility of
modifying the MSSM b-functions in order to imple-
ment the intermediate scale unification scenario.
Next, we will give examples of matter multiplets
which fulfill the necessary conditions. For simplicity,
we will assume in the following that the compactifi-
cation scale is the same as the string scale. We begin

Ž .by writing down the one-loop running of the gauge
couplings

1 1 b M b NS Mi U i SB
s q log q log ,

a M a 2p M 2p MŽ .i U SB

is1,2,3 11Ž .
where M is the unification scale and M is theU SB

SUSY breaking scale and we have of course M )U

M )M. In the equation above, we have assumedSB

that
Ž Ž .Ø the three gauge couplings unify at M a MU i U

.saU

Ø extra matter, possibly remnants of a GUT, ap-
pears in the region between M and M : b sU SB i

S S Ž .b qdb , where b s 33r5,1,y3 is the MSSMi i i

b functions, and
Ø in the region between M and M we have theSB Z

Ž . Žnon-SUSY SM although with two higgs instead
. NS Žof one and the corresponding b s 4.2,y3,i

.y7 functions.
Ž .By choosing M'M in 11 , we can solve theZ

system of these three equations with respect to
Ž .M , M ,a as functions of the db ’s, taking theU SB U i

Ž .values of a M from experiment. In this sense, thei Z

db ’s are treated as free continuous parameters.i

However, when a specific GUT is chosen, these free
parameters take discrete values depending on the
matter content of the GUT surviving under the scale

Ž .M . Solving therefore 11 we getU

tSB

db 2pd ay1 qdb NSt y db 2pd ay1 qdb NStŽ . Ž .ji jkŽ . Ž .jk ji Z ji jk Z
s

NS NSydb db y db q db db y dbŽ . Ž .ji jk jk jk ji ji
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2pd ay1 qdb NS t y db NS ydb tŽ . ji Ž .ji Z ji ji SB
t sU

dbji

1 1 b NS bi i
s y t y t y t y tŽ . Ž .SB Z U SB

a a 2p 2pU i

where t is the logarithm of the correspondingSB,U,Z

scales, d p sp yp and i, j,k should be different.i j j i

Although we have not written explicitly the un-
Ž .knowns w.r.t. the db ’s only t is given explicitlyi SB

it is obvious that t , t and a depend only on theU SB U

differences of b ’s. Therefore, if a certain solutioni
Ž .t ,t ,a is obtained by using specific values forU SB U
Ž .db ,db ,db , the same solution is obtained for1 2 3
Ž .db qc,db qc,db qc where c is an arbitrary1 2 3

constant.
By putting the following constraints

1010 -M rGeV-1013 ,U

103 -M rGeV-3P103 12Ž .SB

Ž .we plot in Fig. 1 the acceptable values of db ,db1 2

for db s0. The four ‘‘lines’’ correspond to the four3

combinations

a M ,s2 u MŽ . Ž .Ž .3 Z W Z

s 0.11,0.233 , 0.11,0.236 ,Ž . Ž .
0.12,0.233 , 0.12,0.236Ž . Ž .

Translating the ‘‘lines’’ by an amount c in both
directions, the corresponding figure for db sc ap-3

pears.

Ž .Fig. 1. The allowed region of the db ,db space, for db s0,1 2 3

in order to achieve unification in the region 1010 –1013 GeV,
while the supersymmetry breaking is in the region 1–3 TeV. Four

Ž 2 .different a ,sin u pairs are shown.3 W

Fig. 2. The inverse of the unified gauge coupling as a function of
Ž .db ,db , for db s0 and the same constraints from M and1 2 3 U

M as in Fig. 1.S B

In Fig. 2 we plot the inverse of the unification
y1 Ž .coupling, a , versus db ,db , for db s0.U 1 2 3

Again, since a is one of the three unknowns ofU
Ž .11 , we can easily have the required a for anyU

value of db . We see therefore a slight increase of3

the unification coupling with respect to the MSSM
Ž .one ;1r24 . As far as the unification scale MU

and the SUSY breaking scale M are concerned,SB

there is a tendency to decrease as db gets bigger,1

while the opposite happens for db .2

Let us try to find the acceptable values for a
Ž . Ž .specific GUT model, namely the SU 4 =SU 2 =L

Ž .SU 2 . In this case, we assume that the breaking toR

the standard model occurs directly at the string scale
M sM , so that the gauge couplings g , g , gI U L R 4

attain a common value g . The massless spectrumU

of the string model – in addition to the three families
and the standard higgs fields – decomposes to the

Ž . Ž . Ž .following SU 3 =SU 2 =U 1 representationsL Y
w x17

n ™ 1,2,"1r2 , nX
™ 1,1,"1r2Ž . Ž .2

n ™ 3,1,"1r3 , nX
™ 3,1,"1r6Ž . Ž .3 3

n ™ 3,1,"2r3 , n ™ 1,2,0Ž . Ž .31 L

In the above, n , n , . . . , represent the number of2 3

each multiplet which appears in the corresponding
Ž .parenthesis with the quantum numbers under SU 3
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Ž . Ž .=SU 2 =U 1 . In this case, the db ’s are givenL Y i

explicitly

n nX n nX 42 3 3
db s q q q q n ,1 314 4 3 12 3

n qn n qnX qn2 L 3 3 31
db s , db s 13Ž .2 32 2

In the specific GUT model the above n’s are even
integers. Therefore, we see that db are integers2,3

while db can change by steps of 1r6. In that case1

only the following 3 points are acceptable in all the
2 Ž .region allowed by the constraints on sin u MW Z

Ž . Ž .and a M having put earlier keeping db s03 Z 3

db ,db ,db s 4,2,0 , 6.5,3,0 , 8.5,4,0Ž . Ž . Ž . Ž .1 2 3

Several possible sets of n’s can generate the above
changes in the b-functions. Again, as was mentioned
above, acceptable values for higher db can be3

obtained in a straightforward manner

4qc,2qc,c , 6.5qc,3qc,c ,Ž . Ž .
8.5qc,4qc,cŽ .

where c is an integer but not any integer, since Eq.
Ž . X11 should be satisfied for even n s. It is easy to see
from these equations that we need to change db by3

3 units to find an acceptable solutions for the nXs

4,2,0 7,5,3 10,8,6 . . .Ž . Ž . Ž .
6.5,3,0 9.5,6,3 12.5,9,6 . . .Ž . Ž . Ž . 14Ž .
8.5,4,0 11.5,7,3 14.5,10,6 . . .Ž . Ž . Ž .

Of course, to these values correspond different sets
of n’s and obviously as the db ’s increase more andi

more possible sets appear. We give the possible nXs
for the three acceptable cases with db s0 in Table3

2, while of course n sn snX s03 31 3

We have also checked whether the radiative
breaking of the electroweak symmetry is still appli-
cable. In other words, we have used the coupled
differential equation governing the running of the
mass squared parameters of the scalars and checked
that only m2 becomes negative at a certain scale.˜ H2

This scale depends of course on the chosen db ’s,i

but stays in the region between 105–107 GeV.
In conclusion, we have checked the possibility of

Ž 10 – 13 .intermediate scale 10 GeV gauge coupling
unification, using the traditional logarithmic running,
i.e. without incorporating the power-law dependence

Table 2
Xn n n2 L

Ž .4,2,0 0 4 16
2 2 14
4 0 12

Ž .6.5,3,0 0 6 26
2 4 24
4 2 22
6 0 20

Ž .8.5,4,0 0 8 34
2 6 32
4 4 30
6 2 28
8 0 26

on the scale coming from the Kaluza-Klein tower of
states. We have showed that this kind of unification
can be achieved with small changes of the b-func-
tions of the MSSM gauge couplings, which can be
attributed to matter remnants of superstring models.

Ž .We have applied the above to the successful SU 4
Ž . Ž . Ž=SU 2 =SU 2 model which is safe againstL R

.proton decay even in this intermediate scale , and
found the necessary extra massless matter and higgs
fields needed. Finally we have checked that the
radiative electroweak breaking of the MSSM still
persists, driving the mass squared of the higgs to
negative values at the scale ;105 – 7 GeV, while all
others scalar mass squared parameters stay positive.
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