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D-term spectroscopy in realistic heterotic-string models
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The recent emergence of free fermionic heterotic string models with solely the MSSM charged spectrum
below the string scale reinforces the motivation to investigate the pheneomelogical characteristics of this class
of string models, which possess an underlyingZ23Z2 orbifold structure. An important property of theZ2

3Z2 orbifold is the cyclic permutation symmetry between the three twisted sectors. If preserved in the
three-generation models the cyclic permutation symmetry results in a family universal anomalous U(1)A ,
which is instrumental in explaining squark degeneracy, provided that the dominant component of supersym-
metry breaking arises from the U(1)A D term. Interestingly, the contribution of the family-universalDA term
to the squark masses may be intrafamily nonuniversal, and may differ from the usual~universal! boundary
conditions assumed in the MSSM. We contemplate howDA-term spectroscopy may be instrumental in study-
ing superstring models irrespective of our ignorance of the details of supersymmetry breaking. We examine the
possible effect of the intrafamily nonuniversality on the resulting SUSY spectrum and the values of the strong
coupling, effective weak mixing angle, andW-gauge boson mass, up to a two-loop accuracy, in the two models
~universal and nonuniversal!. We find that nonuniversality relaxes the constraint of color and charge breaking
minima which appears in the universal case. In addition, it predicts a 3% smaller value ofas due to different
threshold masses obtained in the latter scenario. Finally, we present the experimentally allowed predictions of
the two models in anM0 andM1/2 parameter space.

PACS number~s!: 11.30.Pb, 11.25.2w, 12.60.Jv, 14.80.Ly
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I. INTRODUCTION

Superstring phenomenology aims at achieving two go
The first task is to reproduce the phenomenological data
vided by the standard particle model. The subsequent go
to extract possible experimental signatures which may p
vide further evidence for the validity of specific string mo
els, in particular, and for string theory, in general.

The most realistic superstring models constructed to d
are those in the free fermionic formulation@1–6#. Not only
do these models naturally give rise to three generations
the SO~10! embedding of the standard model spectrum, bu
was recently also shown that free fermionic models can a
produce models with solely the minimal supersymme
standard model~MSSM! charged spectrum below the strin
scale@6#. Thus, for the first time we have an example of
minimal superstring standard model. The success of the
fermionic models suggests that some of their underly
structure will persist in the true string vacuum. The key pro
erties, which may be the origin of the phenomenological s
cess of the free fermionic models, are~1! the fact that the
free fermionic formulation is formulated at an enhanc
symmetry point in the Narain moduli space and~2! their
relation withZ23Z2 orbifold compactification, which under
lies the free fermionic models. The phenomenological s
cess of the free fermionic models provides evidence of

*Email address: A.Dedes@rl.ac.uk
†Email address: faraggi@mnhepo.hep.umn.edu
0556-2821/2000/62~1!/016010~10!/$15.00 62 0160
s.
o-
is
-

te

th
it
o

c

ee
g
-
-

-
e

assertion that the true string vacuum is connected to theZ2
3Z2 orbifold in the vicinity of the free fermionic point in the
Narain moduli space.

Subsequent to establishing the phenomenological viab
of heterotic-string free fermionic models we may seek p
sible experimental signatures which will provide further e
dence of the validity of specific models, in particular, and
string theory, in general. One such possible signature wh
has been discussed in the past is the appearance of e
states with fractional U(1)Y or U(1)Z8 charge @7#. Such
states appear because of the breaking of the non-Abe
gauge symmetries by ‘‘Wilson lines’’ in string theory. Whil
on the one hand the existence of such light states impo
severe constraints on otherwise valid string models@8#, pro-
vided that the exotic states are either confined or sufficie
heavy, they can give rise to exotic signatures. For exam
they can produce a heavy dark matter candidate, poss
with observable consequences@9#.

In this paper we discuss another possible signature of
alistic string models. Realistic string models possessN51
space-time supersymmetry~SUSY!. Different mechanisms
for breaking supersymmetry have been proposed. These
clude the ideas of~i! gaugino condensation in the hidde
sector@10#, ~ii ! dilaton-dominated SUSY breaking@11#, ~iii !
gauge-mediated SUSY breaking@12#, and~iv! SUSY break-
ing induced by an anomalous U~1! D term together with an
effective mass term of certain relevant fields@13,14#. A vital
issue in SUSY phenomenology is the origin of the extre
degeneracy in the masses of the squarks in at least the
two families as inferred from the minuscule strengths of
©2000 The American Physical Society10-1
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K0-K̄0 transition. The problem becomes especially ac
when considering theories which consistently unify grav
with the gauge interactions. For example, in string theory
soft SUSY breaking terms are in general expected to be
family universal @15#. String models that may explain th
required mass degeneracy are therefore especially inte
ing. Recently it was shown that free fermionic models p
sess the desired structure to explain the required squark
generacy@14,16#. The important feature is the relation of th
free fermionic models toZ23Z2 orbifold compactification,
which possesses a cyclic permutation symmetry between
three twisted orbifold sectors. In some of the thre
generation models this cyclic permutation symmetry is p
served@14,16#. The permutation symmetry is reflected in th
charges of the three generations under the horizontal U~1!
symmetries, resulting in the anomalous U~1! being family
universal. In the case that the family-universal anomal
U~1! provides the dominant source of SUSY breaking,
squark masses are family universal. The interesting aspe
regard to the anomalous U~1! charges is that, although the
are family universal, they may have intrafamily-nonuniver
charges. In this case, although the contribution of the ano
lous U~1! D term to the squark masses is family universal
is intrafamily nonuniversal, and differs from the usu
boundary conditions assumed in the MSSM. Consequen
the resulting sfermion spectrum will have a distinctive s
nature which differs from that of the MSSM. Furthermor
suppose that there are several sources which contribute t
sfermion masses. Some of these sources may be family
intrafamily universal, such as the one arising from the d
ton. On the other hand, the anomalous U~1! D term may
contribute a family-universal, but intrafamily-nonunivers
component to the sfermion masses. It is this compon
which one would like to extract from the supersymmet
spectrum in future experiments.

In this paper we examine these ideas in the framework
the free fermionic superstring models. For concreteness
focus on two of the standardlike models: one which produ
family- and intrafamily-universal squark masses and the s
ond which produces family-universal but intrafamily nonun
versal sfermion masses. We contemplate howDA-term spec-
troscopy may be instrumental in studying superstring mod
irrespective of our ignorance of the details of supersymme
breaking. We examine the possible effect of the intrafam
nonuniversality on the resulting SUSY spectrum and the v
ues of the strong coupling, effective weak mixing angle a
W-gauge boson mass, up to a two-loop accuracy, in the
models~universal and nonuniversal!. We find that nonuni-
versality relaxes the constraint of color and charge break
minima which appears in the universal case. In addition
predicts a 3% smaller value ofas due to different threshold
masses obtained in the latter scenario. Finally, we presen
experimentally allowed predictions of the two models in
M0 andM1/2 parameter space.

II. ANOMALOUS U „1… SUSY BREAKING
IN FREE FERMIONIC MODELS

Let us recall that a model in the free fermionic formul
tion is defined by a set of boundary condition basis vect
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and the associated one-loop Gliozzi-Scherk-Olive~GSO!
projection coefficients@17#. The massless spectrum is o
tained by applying the generalized GSO projections.
physical state defines a vertex operator which encodes al
quantum numbers with respect to the global and gauge s
metries. Superpotential terms are then obtained by calcu
ing the correlators between the vertex operators@18,19#.

The realistic free fermionic models are constructed in t
stages. The first stage consists of the Nanopoulus, Anto
dis, Hagelin, and Ellis~NAHE! set$1,S,b1 ,b2 ,b3%. This set
of boundary condition basis vectors has been discussed
tensively in the literature@20#. The properties of the NAHE
set are important to understand the emergence of a fa
universal anomalous U~1! @16#. The gauge group after im
posing the GSO projections of the NAHE set basis vector
SO(10)3SO(6)33E8. The three sectorsb1 , b2, andb3 pro-
duce 48 multiplets in the chiral 16 representation of SO~10!.
The states from each sector transform under the flavor, ri
moving SO(6)j gauge symmetries and under the left-movi
global symmetries. The cyclic permutation symmetry b
tween the basis vectorsb1 , b2, andb3 is the root cause for
the emergence of flavor universal anomalous U~1! in some
free fermionic models. This is further exemplified by addi
to the NAHE set the boundary condition basis vectorX @21#.
With a suitable choice of the generalized GSO project
coefficients, the SO~10! gauge group is enhanced to E6. The
SO(6)3 symmetries are broken to SO(4)33U(1)3. One
combination of the U~1! symmetries is embedded in E6:

U~1!E6
5

1

A3
~U11U21U3!. ~2.1!

This U~1! symmetry is flavor independent, whereas the t
orthogonal combinations

U~1!125
1

A2
~U12U2!, ~2.2!

U~1!c5
1

A6
~U11U222U3! ~2.3!

are flavor dependent. The final gauge group in this cas
therefore E63U(1)23SO(4)33E8.

In the realistic free fermionic models the E6 symmetry is
replaced by SO(10)3U(1). This can be seen to arise eith
by substituting the vectorX, with a boundary condition basi
vector 2g @21#, or by the choice of the GSO phasec(X,j)
561, wherej511b11b21b3. In both cases the right
moving gauge group is SO(10)3U(1)A3U(1)23SO(4)3

3SO(16). The E63E8 gauge group in both cases is replac
by SO(10)3U(1)A3SO(16) where U(1)A is the anomalous
U~1! combination. We therefore see how in this case
anomalous U~1! is just the combination which is embedde
in E6 and its flavor universality in fact arises for this reaso

The NAHE set and the related E63E8 and SO(10)
3U(1)A3SO(16) models are the first stage in the constr
tion of the three-generation free fermionic models. The n
step is the construction of several additional boundary c
0-2
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dition basis vectors. These additional boundary condition
sis vectors reduce the number of generations to three gen
tions, one from each of the sectorsb1 , b2, and b3. The
additional boundary condition basis vectors break the SO~10!
gauge group to one of its subgroups and similarly for
hidden SO~16! gauge group. At the same time the flav
SO(4)3 symmetries are broken to factors of U(1)’s. The
number of these U(1)’s depends on the specific assignme
of boundary conditions for the set of internal world-she
fermions and can vary from 0 to 6. At the level of th
SO(10)3U(1)A3SO(4)3 model there exist a permutatio
symmetry between the sectorsb1 , b2, andb3 with respect to
their charges under the SO(4)3 symmetries. When the
SO(4)3 symmetries are broken to factors of U~1!’s this per-
mutation symmetry will in general be broken. It is remar
able, however, that in some of the three-generation mo
the permutation symmetry between the sectorsb1 , b2, and
b3 with respect to their charges under the horizontal U~1!
symmetries is retained. In those cases the anomalous~1!
combination is family universal. In the model of Ref.@5# the
anomalous U~1! is just the combination in Eq.~2.1!, whereas
the two orthogonal combinations are those in Eqs.~2.2! and
~2.3!. In the model of Ref.@5# the charges of the anomalou
U~1! charges of the three generations are both family univ
sal and intrafamily universal.

The standardlike model of Ref.@4# and the flipped SU~5!
model of Ref.@22# exhibit a similar structure of the anoma
lous U~1! and anomaly-free combinations. In these two mo
els the U~1! symmetries, generated by the world-sheet co
plex fermions $h̄1,h̄2,h̄3% and $ ȳ3ȳ6,ȳ1v̄5,v̄2v̄4% ~or

$ ȳ4ȳ5,ȳ1v̄6,v̄2v̄3% are anomalous, with TrU15Tr U2
5Tr U3524,TrU45Tr U55Tr U65212. The anomalous
U~1! combination in both models is therefore given by

UA5
1

A15
@2~U11U21U3!2~U41U51U6!#,

Tr QA5
1

A15
180. ~2.4!

One choice for the five anomaly-free combinations is giv
by

U125
1

A2
~U12U2!, Uc5

1

A6
~U11U222U3!,

~2.5!

U455
1

A2
~U42U5!, Uz5

1

A6
~U41U522U6!,

~2.6!

Ux5
1

A15
~U11U21U312U412U512U6!.

~2.7!

The anomalous U~1! in the model of Ref.@4# is family
universal, but is intrafamily nonuniversal. This arises b
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cause of the charges of the three generations under the
horizontal symmetries U(1)4,5,6. Although the permutation
symmetry between the sectorsb1 , b2, andb3 with respect to
charges under these three U~1!’s is maintained, the charge
differ between members of each family.

Supersymmetry breaking in the presence of a fam
universal anomalous U~1! symmetry in the realistic free fer
mionic models was analyzed in detail in Ref.@14#. Super-
symmetry breaking will occur, at a hierarchically sma

scale, if there is a mass termmFF̄ for some standard mode
singlet, which is charged under the anomalous U~1!. The
effective potential then takes the form

V5
g2

2 (
a

Da
21m2~ uFu21uF̄u2!, ~2.8!

whereDa are the various U~1! D terms, and we assumed
common couplingg at the unification scale, to simplify the
analysis. Extremizing the potential it is found that SUSY
broken. Furthermore, for a specific solution of theF andD
flatness constraints it is found that the mass termm is hier-
archically suppressed and that in the minimum theD terms
of the family-universal U~1!’s are nonzero, whereas those
the family-dependent U~1! vanish. This solution therefore
provides an example of how the squark mass degene
may arise, provided that the dominant component that bre
supersymmetry is the anomalous U~1! D term. Furthermore,
the mass termm, which breaks supersymmetry, can be hie
archically small relative to the Planck scale. This is beca
such a term must arise from nonrenormalizable terms
contain hidden sector condensates. The condensation sc
the hidden sector is determined by its gauge and matter
tent. For example, in the model of Ref.@4# we found a cubic
level flat F-D solution, with the mass termm induced at
order N58, by matter condensates of the hidden SU~5!
gauge group@14#. A numerical estimate of the mass termm
yielded m;(1/2–50) TeV. The analysis of flat direction
and minimization of the potential in the presence of the m
term was performed in Ref.@14# for the string models of
Refs. @5# and @4#. The important aspect is the distinctio
between the two models with respect to the charges of
chiral generations under the anomalous U~1! symmetry. In
the model of Ref.@5# the anomalous U~1! combination is
given in Eq.~2.1! and is both family universal and intrafam
ily universal. On the other hand, in the model of Ref.@4# the
anomalous U~1! combination is given in Eq.~2.4! and is
family universal but not intrafamily universal. The contribu
tion of the anomalous U~1! D term to the squark masses
given by

@mq̃i

2
#DA

5g2QA
i ^DA&, ~2.9!

and likewise for the sleptons. HereQA
i are the charges of the

sfermions under the anomalous U~1! and^DA& is the vacuum
expectation value~VEV! of the D term of the anomalous
U~1! in the minimum of the potential. Thus, assuming th
the anomalous U~1! provides the dominant source of supe
symmetry breaking, the two models will yield differen
0-3
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boundary conditions for the soft SUSY breaking terms at
unification scale. With this assumption, whereas the mo
of Ref. @5# produces the usual family- and intrafamily
universal boundary conditions for the soft SUSY sfermi
masses

@m2~Q̃L!:m2~ ũR!:m2~ d̃R!:m2~ L̃ !:m2~ ẽR!#DA
51:1:1:1:1,

~2.10!

the model of Ref.@4# produces the boundary condition
which are family-universal but intrafamily-nonunivers
boundary conditions:

@m2~Q̃L!:m2~ ũR!:m2~ d̃R!:m2~ L̃ !:m2~ ẽR!#DA
53:1:3:1:1.

~2.11!

III. SUPERSTRING D-TERM SPECTROSCOPY

The boundary conditions in Eq.~2.10! and ~2.11! repre-
sent the contribution of the anomalous U~1! D term to the
sfermion masses. As argued in Ref.@14# it is likely that this
contribution will be accompanied by another coming, for e
ample, from the dilaton VEV. Thus, the soft SUSY breaki
boundary conditions may include a piece which is family a
intrafamily universal as well as the anomalous U~1! D-term
contribution which is family universal but may be intrafam
ily nonuniversal. The important point is that in superstri
models the charges under the anomaly-free and anoma
U~1! symmetries are given. Thus, in the event that fut
experiments observe the supersymmetric partners, spe
patterns of the observed SUSY spectrum will be correla
with specific patterns of charges in the superstring mod
Naturally, a full correlation will require a more comple
solution to the problem of supersymmetry breaking in str
theory. Nevertheless, it is obvious that at the first attem
what will be required is a crude analysis of the type that
discuss here. Furthermore, the phenomenological data t
provided by the future SUSY spectrum will be instrumen
in constraining the viable superstring models. Suppose t
that at the unification scale the soft SUSY breaking para
eters are given by a piece which is family and intrafam
universal as well as one which depends on the anoma
U~1! D term. It is precisely the piece which depends on
anomalous U~1! charge which we will want to extract in
future experiments. In our analysis below we will assu
heuristically that the soft SUSY parameters are given at
MSSM unification scale, and a more refined analysis w
have to address the issue of bridging the MSSM and st
unification scale, either by the inclusion of additional mat
states@22,23# or by Witten’s M-theory solution@24#. With
this assumption the scalar masses at the low scale are pa
etrized by the usualm1/2, m0, and A, soft SUSY breaking
parameters, and the two Higgs mixing parameters, as we
the anomalous U~1! D-term contribution. Using the renor
malization group equations~RGE’s!, the soft supersymmetry
breaking masses at low energies are calculated from the
rameters at the unification scale.

Although Yukawa couplings contribute to spartic
masses in the RGE’s and their effect is numerically cal
lable in terms of the Kobayashi-Maskawa~KM ! angles and
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the top quark mass, it is convenient to eliminate their infl
ence from this program@25#. First, we may safely neglect a
but the top and bottom quark Yukawa couplings. Second
a charge-2/3 quark mass eigenstate superfield basis, th
quark Yukawa coupling will contribute only to third
generation sparticle masses. The bottom Yukawa coup
will give nondiagonal contributions involving the first an
second generations which will lead to the requirement of
explicit diagonalization of the 636 up and down squark
mass matrices. However, these off-diagonal contributions
suppressed by KM angles mixing the third generation to
first and second and, except for very large values of tab
~which imply a large bottom Yukawa coupling!, may be ne-
glected. In the case of equal top and bottom quark Yuka
couplings at the unification scale, the effects of Yukawa c
plings can be included in a full numerical analysis. But f
the purposes of the discussion here we restrict our analys
first- and second-generation sparticles and neglect the ge
ally small effects of Yukawa couplings on these masses. T
has the additional advantage of removing the soft supers
metry breaking trilinear couplingA and the superpotentia
Higgs mixing parametersm and B from the analysis. Be-
cause of experimental difficulties in detecting neutral p
ticles and the possibility of confusion between the ma
other neutral particles in supersymmetric theories, we a
eliminate the sneutrinos from our phenomenological disc
sion.

Under these assumptions the light-generation spart
masses may then be analytically calculated from the o
loop RGE’s in terms of the three unknownsm1/2, m0 ,
cos 2b, and the VEV of the anomalous U(1)A D term,^DA&,
which is of the order of the electroweak scale@14#:

mp̃
2
5m̃0

21cp̃m1/2
2 1dp̃ cos 2bMW

2 1QA
p̃^DA&, ~3.1!

wherem̃0
2 contain all the family universal contributions, suc

as those arising from the dilaton VEV, andQA
p̃ is the charge

of a sparticle under U(1)A . The coefficientscp̃ for the dif-
ferent sparticles result from the running of the gaugi

masses, anddp̃52(T3L

p̃ 2 3
5 Yp̃ tan2uW) results from the elec-

troweak Higgs VEV’s. The last piece entails the anomalo
U~1! D-term contribution, and we absorbed all universal fa
tors into ^DA&. It is this last piece that we would want t
extract from a future supersymmetric spectrum, as it depe
on the specific U(1)A charges in a given string model. Fo
example, given the ratio of U(1)A charges in Eq.~2.11! we
are interested in extracting the relative weight between
different family members. Then we can absorb all fam
universal dependence intôDA&. The resulting equations
~3.1! will then depend on the anomalous U(1)A charges of
the various sparticles. The equations can then be solved
^DA& and through their dependence on the charges diffe
models will produce distinctive dependence on the measu
sparticle masses. For example, with the charges given in
~2.11! we have

cos 2b5
~mũl

2
2md̃l

2
!

2MW
2 5

DQ

2MW
2 ,
0-4
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TABLE I. Current experimental bounds on the masses of the SUSY and Higgs particles. The assum
used and the sources are also displayed.

Particle Bound Assumptions Reference

mx̃
1
0 31 ~42! all M0 (M0>500) and tanb>2 @32#

mx̃
2
0 61 ~72! all M0 (M0>500) and tanb>2 @32#

mx̃
3
0 102 all M0 @32#

mx̃
4
0 127 @33#

mx̃
1
6 84 ~90.0! all M0>100 andM1/2>100 (M1/2>150) GeV @32#

mx̃
2
6 99 @33#

mñ 43.1 @33#

mẽR
84 for mx̃

1
0,50 @34#

mm̃R
80 @35#

mt̃R
80 @35#

mq̃ 250 @36#

mt̃ 1
83 ~120! u t̃556° (u t̃500) andmx̃

1
0,50 @37,38#

mb̃1
83 @39#

mg̃ 300 @36#

mh 78.8 @40#

mA 79.1 @40#

mH6 60 0.97,tanb,40.9 @41#
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m1/2
2 5

~md̃l

2
2md̃r

2
!2~dd̃l

2dd̃r
!DQ/2

~cd̃l
2cd̃r

!
,

^DA&5
1

2 S ~md̃r

2
2mũr

2
!2~cd̃r

2cũr
!m1/2

2 2~dd̃r

2dũr
!
DQ

2 D , ~3.2!

and similarly form0
2. Thus, four measured sparticle mass

can be used to test the specific hypothesis on the sourc
the soft SUSY breaking terms, Eq.~2.11!. More generally,
the measured sparticle masses will be used to investi
their correlation with the charges in specific string mode
Such a hypothesis will then be further tested by the ad
tional sfermion masses. Just as the standard model cha
provide strong support for an underlying SO~10! structure, a
successful correlation will provide further evidence for su
successful string models. We shall postpone a more deta
analysis of the sfermion spectroscopy in these models u
the supersymmetric spectrum is actually observed. In
next section we will examine the possible effect of the no
universal stringy boundary conditions onZ-scale observ-
ables.

IV. SPECTROSCOPY AND Z OBSERVABLES

In this section we examine the possible effect of t
string-intrafamily nonuniversal boundary conditions
Z-scale observables. For concreteness we assume tha
boundary conditions are given at the MSSM unification sc
and extrapolate to low energy assuming the MSSM sp
trum. More detailed study, including the effect of addition
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matter, is delegated to future work. In the following, w
make a numerical analysis of the two cases we mentione
far:
Universal:

m2~Q̃L!:m2~ ũR!:m2~ d̃R!:m2~ L̃ !:m2~ ẽR!

5M0
2 :M0

2 :M0
2 :M0

2 :M0
2 . ~4.1!

Nonuniversal:

m2~Q̃L!:m2~ ũR!:m2~ d̃R!:m2~ L̃ !:m2~ ẽR!

533M0
2 :M0

2 :3M0
2 :M0

2 :M0
2 . ~4.2!

We use two-loop renormalization group equations for
evolution of every coupling and mass appearing in
model. In fact, we start by defining the gauge couplings
ing the most precise experimental quantities: the Fermi c
pling constantGF51.1663931025 GeV22, the electromag-
netic couplingaEM(1 GeV)51/137.036, and theZ-boson
massMZ591.187 GeV. These three quantities can be u
to define the running value of the weak mixing angle~fol-
lowing the analysis of Refs.@26,27#! and thus the running

gauge couplingsg15A 5
3 e/ cosuW and g25e/sinuW. We

evolve them up to the scale@grand unified theory~GUT!
scale# where the couplings meet and we set the value of
g3 equal togGUT5g15g2. At this scale we impose the uni
versal~nonuniversal! boundary conditions of Eqs.~4.1!,~4.2!.
We run all the parameters down to the electroweak~EW!
scale by assuming radiative electroweak symmetry break
where the full one-loop contributions to the minimizatio
conditions of the effective potential have been include
Note also that in the above scheme both finite and logar
0-5
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mic threshold effects are taken properly into acco
@28,29,27#. We treat the thresholds for every mass whi
appeared in the model by using the so-called ‘‘theta
function approximation@30,31#. That is, when a running
massm(Q) passes through its physical mass which is
fined asm(Q)5Q, then this mass gets decoupled from t
rest of the RGE’s. Convergence with the above bound
conditions is reached after a few iterations and the outp
contain the strong QCD couplingas(MZ), the ~leptonic! ef-
fective weak mixing anglese f f

lep(MZ) ~i.e., see Refs.@26,27#
for more details!, the W-pole mass, and the sparticle spe
trum.

In Table I we review the current experimental bounds
the SUSY and Higgs particles, we have made use in
analysis. We also display the~theoretical! assumptions
which have been used in the derivation of these bounds.
references of the most recent relevant articles are also
played.

In Fig. 1 we display the excluded regions in both cases
universal @minimal supergravity~MSUGRA!# and nonuni-
versal boundary conditions and for two rather extreme val
of the tanb. Clearly, nonuniversality relaxes some of th
experimental bounds. Thus, in the case of universal bou
ary conditions the parameter space withM0&500 GeV and
M1/2&190 GeV is ruled out by the Higgs boson search1

while in the case of the nonuniversal boundary conditions
corresponding excluded region isM0&300 GeV andM1/2
&190 GeV. The bounds from chargino, neutralino, a
gluino searches exclude all the values for theM0 up to 800
GeV whereM1/2 is less than 140 GeV while they exclude a
the values ofM0&800 GeV withM1/2&120 GeV when we
assume nonuniversal boundary conditions. These bound
valid in all the figures that follow in this article.

The direct bounds from SUSY particle searches are
picted in Fig. 2 in the case of relatively large values

1We have used one-loop corrections for the evaluation of the l
Higgs boson mass.

FIG. 1. Excluded region in theM0-M1/2 plane from the experi-
mental bounds of the SUSY particles. We have chosen the va
displayed in the figure for the other input parameters. The exclu
regions are denoted with the shaded ones and the particle w
fails to pass the bound of Table I. Small shaded regions in
nonuniversality case indicate excluded regions from neutralinos

scalart̃ ’s ~left! and t̃ as an LSP~right!.
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tanb530. In the case of universal boundary conditions t
upper left area is forbidden by the requirement that the m
mum of the potential not break color or electric char
~CCB!, which is the situation when some of the~squared!
squark or slepton masses become negative in the vicinit
the electroweak scale. Note that the full one-loop correcti
to the effective potential have been included. In this ca
either this pattern of masses is ruled out or there must be
physics beyond the MSSM at or below that scale@42#. Such
a bound does not exist if one breaks the universality by
pattern of Eq.~4.2!. However, following the discussion o
Ref. @43# we find that in order to avoid dangerous unbound
from below directions we should satisfy the inequality

F~x!Univ5x2 f ~3x!1~12rp!~g~3x!13x2rp!*0,
~4.3!

F~x!nonuniv52x2 f ~3x!1~12rp!~g~3x!13x2rp!*0,
~4.4!

for x5M0
2/M1/2

2 , rp50.44~for tanb530),2 andA050. The
above equations are satisfied whenM0*0.15M1/2 ~univer-
sality! M0*0.2M1/2 ~nonuniversality! and that is everywhere
in the parameter space we have assumed. However,
bounds from gaugino searches are stronger in the latter
and in addition new bounds from the requirement that
lightest symmetric particle~LSP! be the lightest neutralino
arise.

In Figs. 3,4 we present the resulting spectrum for lig
squarks of the third generation, the light charged slepton,
the light Higgs boson. The light top squark mass is lighter
the case of nonuniversality and the opposite happens to
with the light bottom squark. This fact is easily understo
from Eq. ~4.2!. The light tau slepton mass turns out to b
smaller in the case of where nonuniversal boundary con
tions are assumed. This is a renormalization group effect
we will discuss it below. The light bottom squark~squared!
mass is a function of the combinationmQ̃

2
1md̃R

2 which is

larger than the combinationmQ̃
2

1mũR

2 which, ignoring elec-

troweak breaking effects, is the~squared! mass of the light
top squark. However, this is only one part of the effect of t
nonuniversal boundary conditions. There is another o
which comes from the renormalization group analysis a
affects all the squarks and sleptons. Thus every RGE for
~squared! soft SUSY breaking masses contains a term3

16p2
dmq̃

2

dt
,Aq̃g1

2$mH2

2 2mH1

2 1Tr~mQ̃
2

22mŨc
2

1mD̃c
2

2mL̃
2
1mẼc

2
!%, ~4.5!

t

2The value of the parameterrp here is different from the analyti-
cal estimate (rp50.53) quoted in Ref.@43# due to the fact that we
use two-loop numerical results with all the thresholds taken i
account.

3This term appears in the RGE of the soft supersymmetry bre
ing masses when the gauge group contains a U~1! @44–47#.
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whereAq̃ is a numerical factor, i.e., in the case of the sel
tron mass isA Ẽc5 6

5 . This term is a multiplicative renormal
ized term in the absence of threshold corrections, but in
analysis where all the thresholds in the RGE for the squ
masses have been taken into account by the mean o
‘‘theta’’ function approximation@31#, this is not the case
However, for universal boundary conditions this term va
ishes at the GUT scale and its effect in the running of
squark masses is rather small. If one assumes nonuniv
boundary conditions, this term gives a major contribution
the RGE. Thus in our case of Eq.~4.2! we obtain at the GUT
scale

16p2
dmq̃2

dt
,Aq̃g1

24M0
2 , ~4.6!

which affects dramatically the squark and slepton masse
we can see from Figs. 3,4. Note that in the case of the l

FIG. 2. The same as Fig. 1 with tanb530.

FIG. 3. Predictions for the light top and bottom scalar qua
masses as a function ofM1/2 for different values ofM0 ~displayed!
and tanb52 ~solid lines!, 30 ~dot-dashed lines! values.
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Higgs boson mass the factorsA come with opposite sign
AH1

52AH2
51/2, in the running of the~squared! masses

m1
25mH1

2 1m2 and m2
25mH2

2 1m2, and thus we do not ob

serve significant effect; see Fig. 4. However, it is worth n
ing that the light Higgs boson mass turns out to be larger
about 2–4 GeV in the case of the boundary conditions of
~4.2!.

In Fig. 5 we plot the masses of the lightest neutralinos a
charginos. We display only the results of the universal c
since there is only a small difference in the nonuniversal o
However, some few GeV differences are enough to cha
the allowed or the excluded regions displayed in Figs. 1,

In Fig. 6 we plot the resulting values of the strong co
pling as(MZ) as a function of the universal gaugino an
squark massesM1/2 andM0. Threshold corrections affect it
value and thus we expect differences in the extracted va

FIG. 4. Predictions for the light tau scalar lepton and for t
light Higgs boson masses as a function ofM1/2 for different values
of M0 ~displayed! and tanb52 ~solid lines!, 30 ~dot-dashed lines!
values.

FIG. 5. Predictions for the lightest neutralino~LSP! and
chargino masses as a function ofM1/2 for different values ofM0

~displayed! and tanb52 ~solid lines!, 30 ~dot-dashed lines! values.
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in both cases. Indeed, we observe that in the case of
nonuniversal boundary condition theas(MZ) turns out to be
3% smaller and thus closer to its experimental va
as(MZ)50.11960.002 @33#. In fact, for M1/25450 GeV
andM05800 GeV the theoretical result is 4s in the case of
universal and 2.5s in the case of nonuniversal boundary co
ditions, away from the experimental result. For a rather li
spectrumM1/25200 GeV andM05300 GeV, the theoretica
observation with the boundary conditions of Eq.~4.1! is
6.5s, far from the experimental value, while in the case
the boundary conditions of Eq.~4.2! is 5s. In the case of a
large value of tanb the value ofas turns out to be 0.001
larger than the case of low values of tanb in both cases.
Thus we conclude that in the case with nonuniversal bou
ary conditions the extracted value of the strong coupl
tends to agree with the experimental data. At this point
should say that the string boundary conditions may affect
low energy results in interesting ways. The uncertainties m
be quite large because there may be additional matter in
desert between the electroweak and the Grand Unifica
scale. The string threshold corrections have been discu
in detail in Ref.@48#.

In Fig. 7 the resulting effective leptonic weak mixin
angle is depicted as a function ofM1/2 with different values
of M0 and tanb. For the experimental value sinef f

2 (lept)

FIG. 6. Resulting values of the strong couplingas(MZ) as a
function of M0 for different values of theM0. The top quark mass
175 GeV is assumed. We display results for both regions of sm
tanb52 ~solid lines! and large tanb530 ~dot-dashed lines!.

FIG. 7. Resulting values of the effective~leptonic! weak mixing
angle, sinef f

2 (lept), as a function ofM1/2 for different values of the
M05100,300,500,800 GeV and two different values of tanb
52,30 ~dot-dashed lines!. The LEP experimental value is als
shown.
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50.2316860.00036, we show the CERNe1e2 collider
LEP one where only thee and m asymmetries have bee
taken into account@49#. The theoretical predictions are i
agreement with the experimental data for moderate and la
values of tanb. In the decoupling limit~where all the spar-
ticles are heavy! we obtain a single value of the sinef f

2

50.23135~0.23150! for tanb52 ~30!. These values are in
dependent of the input values at the GUT scale for theM0 ,
M1/2 thanks to the decoupling of the SUSY particles~for
more details see Ref.@26#!. No significant differences have
been obtained between the universal and nonuniversal ca

The prediction of theW-boson pole mass comes next. W
plot it in the Fig. 8 for fixed values ofmt5175 GeV and
A050 GeV. We observe agreement with the experimen
data both from the collider Detector at Fermilab~CDF!
(80.40560.089) and LEP (80.42760.075) @33#. In the de-
coupling region, theW-boson pole mass takes on valu
80.397~80.412! for tanb530 (tanb52) and for all the in-
put values.4 We obtain large changes of the extractedW-pole
mass only in the case of small values ofM0 andM1/2.

V. CONCLUSIONS

In this article we aimed at achieving two goals:~1! To
discuss how the anomalous U~1! charges can be useful t
study different string compactifications, in concrete sup
string models. The idea here is to show that irrespective
what we do not know about the mechanism of supersym
try breaking the signature of the anomalous U~1! charges
will still provide useful information.~2! To analyze the im-
plications of the boundary conditions, Eqs.~4.1!, ~4.2!,
which are given in Ref.@14#. We find that nonuniversality
relaxes some of the experimental bounds. For example
the case of tanb52 the mass of the light Higgs boson
increasing by 2–4 GeV~see Figs. 1,4!. For large values of
tanb530 the constraint from dangerous charge and co
breaking minima directions is removed in the case of

4Variation of the trilinear coupling affects very slightly the result
i.e., see, for instance, Ref.@26#.

ll

FIG. 8. Resulting values of the physicalW-pole mass,MW , as a
function of M1/2 for different values of the M0

5100,300,500,800 GeV and two different values of tanb52,30
~dashed lines!. The experimental CDF and DO” values are also dis-
played.
0-8
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nonuniversal boundary conditions of Eq.~4.2! but a new
constraint~this is when the LSP becomes a charged slept!
appears in the region of largeM1/2 and smallM0 ~see Fig. 2!.
When nonuniversal boundary conditions are assumed the
gion M1/2&110 GeV is excluded for every value ofM0
&800 GeV and every value of tanb between 2 and 30
Large differences in the mass of the lightest top and bot
squarks as well of the tau slepton of about 10%–100%
obtained~see Figs. 3!. The lightest charginos and neutralino
remain unchanged and here we display the predictions
their masses only in the case of universal boundary co
tions ~see Fig. 5!. One can derive immediately the bounds
the boundary conditions,M0 andM1/2, either by comparing
the graphs with the Table I or by looking at Figs. 1,2. W
derive also the predictions on the strong QCD coupling,
fective weak mixing angle, andW-pole mass of the two mod
els by taking into account all the SM and SUSY thresh
corrections. We find that the extracted value ofas(MZ) turns
out to be 3% smaller in the case of the nonuniversal bou
ys
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ary conditions~see Figs. 6!. In addition, with squark masse
up to 1 TeV the value ofas is 2.5s, far from its experimen-
tal value. This discrepancy can be removed from string/G
threshold corrections which have not been taken into acco
here. No significant changes are observed for the predi
values of sinef f

2 (lept) between the two models~see Fig. 7!.
The predicted pole mass of theW gauge boson is in agree
ment with the data in both models, although it prefers no
universal boundary conditions in the region of lightM1/2 and
M0 ~see Fig. 8!.
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