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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 underlyibgx Z, orbifold structure. An important property of the,

X Z, 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 anomaloys U(1)
which is instrumental in explaining squark degeneracy, provided that the dominant component of supersym-
metry breaking arises from the U(1D term. Interestingly, the contribution of the family-univer&s term

to the squark masses may be intrafamily nonuniversal, and may differ from the (usiiadrsa)l boundary
conditions assumed in the MSSM. We contemplate lBpwterm 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, alldgauge boson mass, up to a two-loop accuracy, in the two models
(universal and nonunivergaWe 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 valyeda€ to different
threshold masses obtained in the latter scenario. Finally, we present the experimentally allowed predictions of
the two models in atMy and M 4, parameter space.

PACS numbgs): 11.30.Pb, 11.25:w, 12.60.Jv, 14.80.Ly

[. INTRODUCTION assertion that the true string vacuum is connected tZthe
X Z, orbifold in the vicinity of the free fermionic point in the
Superstring phenomenology aims at achieving two goalsNarain moduli space.
The first task is to reproduce the phenomenological data pro- Subsequent to establishing the phenomenological viability
vided by the standard particle model. The subsequent goal & heterotic-string free fermionic models we may seek pos-
to extract possible experimental signatures which may prosible experimental signatures which will provide further evi-
vide further evidence for the validity of specific string mod- dence of the validity of specific models, in particular, and to
els, in particular, and for string theory, in general. string theory, in general. One such possible signature which
The most realistic superstring models constructed to dathas been discussed in the past is the appearance of exotic
are those in the free fermionic formulatiph—6]. Not only  states with fractional U(1) or U(1);, charge[7]. Such
do these models naturally give rise to three generations witstates appear because of the breaking of the non-Abelian
the S@10) embedding of the standard model spectrum, but igauge symmetries by “Wilson lines” in string theory. While
was recently also shown that free fermionic models can alson the one hand the existence of such light states imposes
produce models with solely the minimal supersymmetricsevere constraints on otherwise valid string modi@|spro-
standard modelMSSM) charged spectrum below the string vided that the exotic states are either confined or sufficiently
scale[6]. Thus, for the first time we have an example of aheavy, they can give rise to exotic signatures. For example,
minimal superstring standard model. The success of the frethey can produce a heavy dark matter candidate, possibly
fermionic models suggests that some of their underlyingvith observable consequendés.
structure will persist in the true string vacuum. The key prop- In this paper we discuss another possible signature of re-
erties, which may be the origin of the phenomenological sucalistic string models. Realistic string models posskissl
cess of the free fermionic models, a® the fact that the space-time supersymmeti@8USY). Different mechanisms
free fermionic formulation is formulated at an enhancedfor breaking supersymmetry have been proposed. These in-
symmetry point in the Narain moduli space af®) their clude the ideas ofi) gaugino condensation in the hidden
relation withZ, X Z, orbifold compactification, which under- sector[10], (ii) dilaton-dominated SUSY breakirig 1], (iii)
lies the free fermionic models. The phenomenological sucgauge-mediated SUSY breakif@2], and(iv) SUSY break-
cess of the free fermionic models provides evidence of théng induced by an anomalous(l) D term together with an
effective mass term of certain relevant fie[d8,14]. A vital
issue in SUSY phenomenology is the origin of the extreme
*Email address: A.Dedes@rl.ac.uk degeneracy in the masses of the squarks in at least the first
"Email address: faraggi@mnhepo.hep.umn.edu two families as inferred from the minuscule strengths of the
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KO-K® transition. The problem becomes especially acuté"d the associated one-loop Gliozzi-Scherk-Ol&SO
when considering theories which consistently unify gravityProjection coefficientd17]. The massless spectrum is ob-
with the gauge interactions. For example, in string theory thé@ined by applying the generalized GSO projections. A
soft SUSY breaking terms are in general expected to be ndthysical state defines a vertex operator which encodes all the
family universal[15]. String models that may explain the quantum numbers with respect to the global and gauge sym-
required mass degeneracy are therefore especially interespetries. Superpotential terms are then obtained by calculat-
ing. Recently it was shown that free fermionic models pos4ing the correlators between the vertex operaf@f;19.

sess the desired structure to explain the required squark de- The realistic free fermionic models are constructed in two
generacy14,16. The important feature is the relation of the stages. The first stage consists of the Nanopoulus, Antonia-
free fermionic models t&,XZ, orbifold compactification, dis, Hagelin, and Elli§NAHE) set{1,S,b;,b,,bs}. This set
which possesses a cyclic permutation symmetry between thsf boundary condition basis vectors has been discussed ex-
three twisted orbifold sectors. In some of the three-tensively in the literatur§20]. The properties of the NAHE
generation models this cyclic permutation symmetry is preset are important to understand the emergence of a family
served 14,16. The permutation symmetry is reflected in the universal anomalous @) [16]. The gauge group after im-
charges of the three generations under the horizontd) U posing the GSO projections of the NAHE set basis vectors is
symmetries, resulting in the anomalougllbeing family  SO(10)x SO(6) X Eg. The three sectons, , b,, andb; pro-
universal. In the case that the family-universal anomalougjuce 48 multiplets in the chiral 16 representation of BiD

U(1) provides the dominant source of SUSY breaking, theThe states from each sector transform under the flavor, right-
squark masses are family universal. The interesting aspect foving SO(6) gauge symmetries and under the left-moving
regard to the anomalous(l) charges is that, although they global symmetries. The cyclic permutation symmetry be-
are family universal, they may have intrafamily-nonuniversalyyeen the basis vectots;, b,, andbs is the root cause for
charges. In this case, although the contribution of the anomaghe emergence of flavor universal anomaloud)un some

lous U1) D term to the squark masses is family universal, itfree fermionic models. This is further exemplified by adding
is intrafamily nonuniversal, and differs from the usual to the NAHE set the boundary condition basis vectd21].
boundary conditions assumed in the MSSM. Consequentlyith a suitable choice of the generalized GSO projection
the resulting sfermion spectrum will have a distinctive sig-coefficients, the SQL0) gauge group is enhanced tg.Ehe
nature which differs from that of the MSSM. Furthermore, SO(6) symmetries are broken to SO@JU(1)3. One

suppose that there are several sources which contribute to ti@mpination of the (1) symmetries is embedded inyE
sfermion masses. Some of these sources may be family and

intrafamily universal, such as the one arising from the dila- 1
ton. On the other hand, the anomalouél)UD term may U(D)g,=—=(Us+Uz+Uy). (2.1
contribute a family-universal, but intrafamily-nonuniversal V3
component to the sfermion masses. It is this component
which one would like to extract from the supersymmetric
spectrum in future experiments.
In this paper we examine these ideas in the framework of 1
the free fermionic superstring models. For concreteness we U(1),= —=(U;—U,), (2.2
focus on two of the standardlike models: one which produces \/E
family- and intrafamily-universal squark masses and the sec-
ond which produces family-universal but intrafamily nonuni- 1
versal sfermion masses. We contemplate imwterm spec- U(l),= %(Uﬁ Up,—2U3) 2.3
troscopy may be instrumental in studying superstring models
irrespective of our ignorance of the details of supersymmetryre flavor dependent. The final gauge group in this case is
breaking. We examine the possible effect of the intrafamilyherefore £x U(1)2x SO(4FX Es.
nonuniversality on the resulting SUSY spectrum and the val- | the realistic free fermionic models the Bymmetry is
ues of the strong coupling, effective weak mixing a_ngle a”dreplaced by SO(10} U(1). This can be seen to arise either
W-gauge boson mass, up to a two-loop accuracy, in the Wiy gypstituting the vectoX, with a boundary condition basis
models (universal and nonuniversalWe find that nonuni- | ector 2y [21], or by the choice of the GSO phaséX, ¢)
versality relaxes the constraint of color and charge breaking +1, where¢=1+b,+b,+bs. In both cases the right-
minima which appears in the universal case. In addition, itmoving gauge group is SO(18)U(1)aX U(1)?X SO(4)
predicts a 3% smaller value ofs due to different threshold X SO(16). The Ex Eg gauge group in both cases is replaced
masses obtained in the latter scenario. Finally, we present tkHey SO(10)x U(1),x SO(16) where U(L) is the anomalous
experimentally allowed predictions of the two models in any(1) combination. We therefore see how in this case the
Mo andM,, parameter space. anomalous (1) is just the combination which is embedded
in Eg and its flavor universality in fact arises for this reason.
The NAHE set and the relatedgEEg and SO(10)
XU(1)4X SO(16) models are the first stage in the construc-
Let us recall that a model in the free fermionic formula- tion of the three-generation free fermionic models. The next
tion is defined by a set of boundary condition basis vectorstep is the construction of several additional boundary con-

his U(1) symmetry is flavor independent, whereas the two
orthogonal combinations

II. ANOMALOUS U (1) SUSY BREAKING
IN FREE FERMIONIC MODELS
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dition basis vectors. These additional boundary condition bacause of the charges of the three generations under the three
sis vectors reduce the number of generations to three generaerizontal symmetries U(L) ¢ Although the permutation
tions, one from each of the sectos, b,, and b;. The  symmetry between the sectdrs, b,, andb; with respect to
additional boundary condition basis vectors break thél80 charges under these thre€¢1ls is maintained, the charges
gauge group to one of its subgroups and similarly for thediffer between members of each family.

hidden S@16) gauge group. At the same time the flavor = Supersymmetry breaking in the presence of a family-
SO(4) symmetries are broken to factors of(1)’s. The universal anomalous (@) symmetry in the realistic free fer-
number of these (1)’s depends on the specific assignmentmionic models was analyzed in detail in R€L4]. Super-

of boundary conditions for the set of internal world-sheetsymmetry breaking will occur, at a hierarchically small

fermions and can vary from 0 to 6. At the level of the gcaje if there is a mass tenmdd for some standard model
SO(10)x U(1)aX SO(4)* model there exist a permutation gjnglet, which is charged under the anomaloud)UThe
symmetry between the sectdrs, b,, andb; with respectto  gffective potential then takes the form

their charges under the SO®)symmetries. When the
SO(4) symmetries are broken to factors ofys this per- g2 _

mutation symmetry will in general be broken. It is remark- V= > 2 Di+ m?(|®|%+|®|?), (2.8
able, however, that in some of the three-generation models “

the permutation symmetry between the sectors b,, and

bs; with respect to their charges under the horizontél)U
symmetries is retained. In those cases the anomaldlis

combination is family universal. In the model of RE%] the

anomalous (1) is just the combination in Eq2.1), whereas
the two orthogonal combinations are those in E§s2) and

(2.3). In the model of Ref[5] the charges of the anomalous

U(1) charges of the three generations are both family univer9f the fqmlly—unlversal @)'s are nonzero, whgreas those of
sal and intrafamily universal, the family-dependent (1) vanish. This solution therefore

; ; provides an example of how the squark mass degeneracy
m ngle ;[ zar\[\g&rzdzll]kgxr;igﬂe; c')sfinﬁgérﬂs?rzitrrz fg? ﬂ? g e?rl((fr)n a- may arise, provided that the dominant component that breaks
lous U1) and anomaly-free combinations. In these two mod-SUpersymmetry is the anomalouglyD term. Furthermore_,
els the Ul) symmetries, generated by the world-sheet com—the mass ternm, wh|qh breaks supersymmetry, can be hier-

: — >3 — 5 15 4 archically small relative to the Planck scale. This is because
plex fermions {7",7% 7% and {y*y*,y @” 0%’} (OF  g,ch a term must arise from nonrenormalizable terms that
{y*y*.y'0® 0’0’ are anomalous, with TW;=TrU, contain hidden sector condensates. The condensation scale in
=TrUz=24,TrU,;=TrUs=TrUg=—12. The anomalous the hidden sector is determined by its gauge and matter con-

whereD, are the various (1) D terms, and we assumed a
y common couplingg at the unification scale, to simplify the
analysis. Extremizing the potential it is found that SUSY is
broken. Furthermore, for a specific solution of thend D
flatness constraints it is found that the mass temis hier-
archically suppressed and that in the minimum Ehéerms

U(1) combination in both models is therefore given by tent. For example, in the model of R¢#] we found a cubic
1 level flat F-D solution, with the mass terrm induced at
Up=——[2(U;+U,+Ug)— (Ug+Us+Ug)], order N=8, by matter condensates of the hidden (U

gauge grouf14]. A numerical estimate of the mass term
yielded m~(1/2-50) TeV. The analysis of flat directions

V15

1 and minimization of the potential in the presence of the mass
TrQa=—=180. (2.4  term was performed in Ref14] for the string models of
\/1—5 Refs. [5] and [4]. The important aspect is the distinction

) ] o ~ between the two models with respect to the charges of the
One choice for the five anomaly-free combinations is givenchiral generations under the anomalou&)Usymmetry. In

by the model of Ref[5] the anomalous (1) combination is
1 1 given in Eqg.(2.1) and is both family universal and intrafam-
_ _ ily universal. On the other hand, in the model of Réf] the
= — — —_—— + —
Uzz \/E(Ul Ua), Uy \/E(Ul Uz=2U3), anomalous (1) combination is given in Eq(2.4) and is
(2.5  family universal but not intrafamily universal. The contribu-
tion of the anomalous (1) D term to the squark masses is
1 1 given by
U45:E(U4_U5), U§=%(U4+U5—2U6),
) _
(2.6) [mai]DA: 9°Qa(Da), (2.9
U= ——(Uy+ Uyt Ut 2U 4+ 2Us+2U¢). and likewise for the sleptons. He@, are the charges of the

sfermions under the anomalouglyand(D ,) is the vacuum

2.7 expectation valugVEV) of the D term of the anomalous
U(1) in the minimum of the potential. Thus, assuming that
The anomalous () in the model of Ref[4] is family ~ the anomalous 1) provides the dominant source of super-
universal, but is intrafamily nonuniversal. This arises be-symmetry breaking, the two models will yield different

X \/1—5
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boundary conditions for the soft SUSY breaking terms at thehe top quark mass, it is convenient to eliminate their influ-
unification scale. With this assumption, whereas the modetnce from this prograf®5]. First, we may safely neglect all
of Ref. [5] produces the usual family- and intrafamily- but the top and bottom quark Yukawa couplings. Second, in
universal boundary conditions for the soft SUSY sfermiona charge-2/3 quark mass eigenstate superfield basis, the top
masses quark Yukawa coupling will contribute only to third-
U T T T Y Y o aaaL generation sparticle masses. The bottom Yukawa coupling
[m*(Qu):m*(ug):m*(dr):m*(L):m*(er)]p, = 1:1:1:1:1, T give nondiagonal contributions involving the first and
(2.10 second generations which will lead to the requirement of an
explicit diagonalization of the 86 up and down squark
mass matrices. However, these off-diagonal contributions are
suppressed by KM angles mixing the third generation to the
first and second and, except for very large values ofstan
[M?(Qp):m?(tg):m?(dg):m?(L):m?(eg)]p,=3:1:3:1:1.  (which imply a large bottom Yukawa couplingnay be ne-
(2.1 glected. In the case of equal top and bottom quark Yukawa
couplings at the unification scale, the effects of Yukawa cou-
plings can be included in a full numerical analysis. But for
ll. SUPERSTRING D-TERM SPECTROSCOPY the purposes of the discussion here we restrict our analysis to

The boundary conditions in E¢2.10 and (2.11) repre- first- and second-generation spart_icles and neglect the gener-
sent the contribution of the anomaloug1YD term to the ally small effgcts of Yukawa couplings on these masses. This
sfermion masses. As argued in REff4] it is likely that this ~ has the additional advantage of removing the soft supersym-
contribution will be accompanied by another coming, for ex-Metry breaking trilinear couplingh and the superpotential
ample, from the dilaton VEV. Thus, the soft SUSY breakingHiggs mixing parameterg and B from the analysis. Be-
boundary conditions may include a piece which is family andcause of expenmen_ta_ll difficulties in detecting neutral par-
intrafamily universal as well as the anomalougLUD-term  ficles and the possibility of confusion between the many
contribution which is family universal but may be intrafam- Other neutral particles in supersymmetric theories, we also
ily nonuniversal. The important point is that in superstringe!'m'”ate the sneutrinos from our phenomenological discus-
models the charges under the anomaly-free and anomalo§"- _ _ _ _
U(1) symmetries are given. Thus, in the event that future Under these assumpuon; the light-generation sparticle
experiments observe the supersymmetric partners, speciffiBasses may then be analytically calculated from the one-
patterns of the observed SUSY spectrum will be correlated?OP RGE's in terms of the three unknowms,,, m,,
with specific patterns of charges in the superstring modelsS0s 28, and the VEV of the anomalous U(4 D term,(D ),
Naturally, a full correlation will require a more complete Which is of the order of the electroweak scalet]:
solution to the problem of supersymmetry breaking in string 2_~2 2 - 2 D
theory. Nevertheless, it is obvious that at the first attempt MG =My Cpmiz - dp €05 8My+ QD) (3.1

what will be required is a crude analysis of the type that wewheremg contain all the family universal contributions, such

discuss here. Furthermore, the phenomenological data to %es L . :
X . . those arising from the dilaton VEV, a@R is the charge
provided by the future SUSY spectrum will be mstrumentalOf a sparticle ugnder U(%). The coefficientss; for the difg-

in constraining the viable superstring models. Suppose the{érent sparticles result from the running of the gaugino
that at the unification scale the soft SUSY breaking param- PR

eters are given by a piece which is family and intrafamilymasses, and;=2(T5 —3YPtarf6y,) results from the elec-
universal as well as one which depends on the anomalousoweak Higgs VEV’s. The last piece entails the anomalous
U(1) D term. It is precisely the piece which depends on theU(1) D-term contribution, and we absorbed all universal fac-
anomalous (1) charge which we will want to extract in tors into(Dj,). It is this last piece that we would want to
future experiments. In our analysis below we will assumeextract from a future supersymmetric spectrum, as it depends
heuristically that the soft SUSY parameters are given at then the specific U(1) charges in a given string model. For
MSSM unification scale, and a more refined analysis willexample, given the ratio of U(})charges in Eq(2.11) we
have to address the issue of bridging the MSSM and stringre interested in extracting the relative weight between the
unification scale, either by the inclusion of additional matterdifferent family members. Then we can absorb all family
states[22,23 or by Witten’s M-theory solutiorf24]. With  universal dependence inttD,). The resulting equations
this assumption the scalar masses at the low scale are para8-1) will then depend on the anomalous Uflgharges of
etrized by the usuainy,, my, and A, soft SUSY breaking the various sparticles. The equations can then be solved for
parameters, and the two Higgs mixing parameters, as well a9 ,) and through their dependence on the charges different
the anomalous (1) D-term contribution. Using the renor- models will produce distinctive dependence on the measured
malization group equation&GE'’s), the soft supersymmetry sparticle masses. For example, with the charges given in Eq.
breaking masses at low energies are calculated from the p&.11) we have

rameters at the unification scale.

the model of Ref.[4] produces the boundary conditions
which are family-universal but intrafamily-nonuniversal
boundary conditions:

Although Yukawa couplings contribute to sparticle (mlg, —mg) AQ
masses in the RGE’s and their effect is numerically calcu- cos 28= ! 5 Lo ,
lable in terms of the Kobayashi-MaskawM) angles and 2My 2My
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TABLE I. Current experimental bounds on the masses of the SUSY and Higgs particles. The assumptions
used and the sources are also displayed.

Particle Bound Assumptions Reference
o 31 (42 all My (My=500) and taB=2 [32]
o 61 (72 all My (My=500) and tamB=2 [32]
e 102 allMg [32]
M0 127 [33]
= 84 (90.0 all My=100 andM ;=100 (M ,,=150) GeV [32]
- 99 [33]
n, 43.1 [33]
MG, 84 for o< 50 [34]
m. 80 [35]
. 80 [35]
g 250 [36]
my, 83 (120 6;=56° (6;=0°) andm;o<50 (37,39
Mg, 83 [39]
mg 300 [36]
m, 78.8 [40]
Mma 79.1 [40]
my = 60 0.9KtanB<40.9 [41]
(M —mé ) —(dg, —d3 ) AQ/2 matter, is delegated to future work. In the following, we
m2,.= d o : ' make a numerical analysis of the two cases we mentioned so
v (cg—¢Ca) ’ far:
Universat
_ 2 2N 2 e ~ ~ ~ ~ ~
(Da)= z(% )~ (Ca, = €5, )Mz (d, MP(QL):mP(Ug):mP(dg):m*(L):m?(eg)
AQ =M3:M3:M3:M3:M3. (4.2
_dﬁr)T , 3.2
Nonuniversal
and similarly formg. Thus, four measured sparticle masses 0 R . o\ oy o
can be used to test the specific hypothesis on the source of m*(Qu):m*(ug):m“(dg):m(L):m"(er)
the soft SUSY breaking terms, ER.11). More generally, =3><M?,:M§:3M§:M(2,:M(2,. 4.2

the measured sparticle masses will be used to investigate

their correlation with the charges in specific string models. We use two-loop renormalization group equations for the
Such a hypothesis will then be further tested by the addievolution of every coupling and mass appearing in the
tional sfermion masses. Just as the standard model chargewdel. In fact, we start by defining the gauge couplings us-
provide strong support for an underlying §0) structure, a  ing the most precise experimental quantities: the Fermi cou-
successful correlation will provide further evidence for suchpling constaniG=1.1663%< 10 ° GeV 2, the electromag-
successful string models. We shall postpone a more detailggetic coupling agy(1 GeV)=1/137.036, and the&-boson
analysis of the sfermion spectroscopy in these models untihassM;=91.187 GeV. These three quantities can be used
the supersymmetric spectrum is actually observed. In théo define the running value of the weak mixing andjiel-
next section we will examine the possible effect of the nondowing the analysis of Refd.26,27) and thus the running

universal stringy boundary conditions dftscale observ- gauge couplingsy;= \/ge/ cos 6y, and g,=e/sinf,. We
ables. evolve them up to the scalgrand unified theoryGUT)
IV. SPECTROSCOPY AND Z OBSERVABLES scalg where the couplings me_et and we sgt the value of_the
05 equal toggyt=01=0,. At this scale we impose the uni-

In this section we examine the possible effect of theversal(nonuniversalboundary conditions of Eq¢4.1),(4.2).
string-intrafamily nonuniversal boundary conditions onWe run all the parameters down to the electrowéakY)
Z-scale observables. For concreteness we assume that theale by assuming radiative electroweak symmetry breaking,
boundary conditions are given at the MSSM unification scalevhere the full one-loop contributions to the minimization
and extrapolate to low energy assuming the MSSM speceonditions of the effective potential have been included.
trum. More detailed study, including the effect of additional Note also that in the above scheme both finite and logarith-
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Universality Non-Universality tan8=30. In the case of universal boundary conditions the
R o - A IO A B e = B IO R upper left area is forbidden by the requirement that the mini-
b tang=2 1 . tang=2 1 mum of the potential not break color or electric charge
600 40=0  — 600~ A40=0  — (CCB), which is the situation when some of tligquared
E ] ] squark or slepton masses become negative in the vicinity of
= 400 1 400 - the electroweak scale. Note that the full one-loop corrections
= g I to the effective potential have been included. In this case,
- h I 200 I 28 s either this pattern of masses is ruled out or there must be new
8 Ll N IR physics beyond the MSSM at or below that sda2]. Such
100 200 300 400500 100 200 300 400500 a bound does not exist if one breaks the universality by the
My /2 (GeV) My /2 (GeV) pattern of Eq.(4.2. However, following the discussion of

Ref.[43] we find that in order to avoid dangerous unbounded

FIG. 1. Excluded region in thi#o-M, plane from the experi- 51 helow directions we should satisfy the inequality
mental bounds of the SUSY particles. We have chosen the values

displayed in the figure for the other input parameters. The excluded F(X)Univzx_ f(3x)+(1—pp)(g(3x)+ 3X—pp)20,
regions are denoted with the shaded ones and the particle which 4.3
fails to pass the bound of Table I. Small shaded regions in the

nonuniversality case indicate excluded regions from neutralinos al’]d(x)nonun'v: —x—f(3x)+ (l—pp)(g(3X) + 3X—pp)20,

scalarr's (left) and7 as an LSR(right). (4.4)

M2/ 2 _ _am 2 _
mic threshold effects are taken properly into accounfOf X=Mg/Mi,, pp=0.44(for tanB=30),”andA,=0. The

[28,29,27. We treat the thresholds for every mass which@POve equations are satisfied whery=0.15v,/, (univer-
appeared in the model by using the so-called “theta’*_§a|lty)M020.2M1/2 (nonuniversality and that is everywhere

function approximation[30,3%. That is, when a running N the parameter space we have assumed. However, the
massm(Q) passes through its physical mass which is C|e_boun'ds from_ gaugino searches are stronger in the latter case
fined asm(Q)=Q, then this mass gets decoupled from the"?md in addition new bc_Junds from the requirement thf_:lt the
rest of the RGE’s. Convergence with the above boundar)llg_hteSt symmetric particléLSP) be the lightest neutralino
conditions is reached after a few iterations and the output&/S€-

contain the strong QCD couplingy(M), the (leptonid ef- In Figs. 3,4 we present the resulting spectrum for light
fective weak mixing anglslefg(Mz) (ie., see Refs[26,27] squarks of the third generation, the light charged slepton, and
o €., .26,

for more detaily the W-pole mass, and the sparticle spec- the light Higgs bospn. Th? light top squark mass s lighter in
trum. the case of nonuniversality and the opposite happens to be

In Table | we review the current experimental bounds Onwith the light bottom squark. This fact is easily understood

the SUSY and Higgs particles, we have made use in thiérom Eq: (4.2). The light tau sIepton_mass turns out to be.
analysis. We also display thétheoretical assumptions smaller in the case Of. where nonunl\_/ers_al boundary condi-
which have been used in the derivation of these bounds. The?"S aré assumed. This is a renormalization group effect and

references of the most recent relevant articles are also did/® will discuss it below. The light bottom squafsquared

played. mass is a function of the combinaticmé+ msR which is

In Fig. 1 we display the excluded regions in both cases ofarger than the combinatiom? +m? which, ignoring elec-
universal[minimal supergravity(MSUGRA)] and nonuni- QR

versal boundary conditions and for two rather extreme Valuegoweak breaking effect_s, s thsquareg mass of the light
of the tang. Clearly, nonuniversality relaxes some of the top squark. However, this is only one part of the effect of the

experimental bounds. Thus, in the case of universal bound]onunlversal boundary conditions. There is another one

s : hich comes from the renormalization group analysis and
ary conditions the parameter space wWitly=<500 GeV and "
MZ/zs 190 GeV is Puled out bypthe Higgs boson searéhes affects all the squarks and sleptons. Thus every RGE for the

while in the case of the nonuniversal boundary conditions thésquareaj soft SUSY breaking masses contains a term

corresponding excluded region M,=300 GeV andM dm?
<190 GeV. The bounds from chargino, neutralino, and 2 O o 4 272 2 2, 2 2
gluino searches exclude all the values for Mg up to 800 167" ©Aagrimiy, — My, + Tr(mg = 2mge + Mg
GeV whereM 4, is less than 140 GeV while they exclude all PR
the values oM ,=800 GeV withM ,,,=<120 GeV when we —m+ Mg}, (4.9
assume nonuniversal boundary conditions. These bounds are
valid in all the figures that follow in this article.
The direct bounds from SUSY particle searches are de-2The value of the parametey, here is different from the analyti-
picted in Fig. 2 in the case of relatively large values ofcal estimate ,=0.53) quoted in Refl43] due to the fact that we
use two-loop numerical results with all the thresholds taken into

account.
We have used one-loop corrections for the evaluation of the light *This term appears in the RGE of the soft supersymmetry break-
Higgs boson mass. ing masses when the gauge group containg® [44-47.
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Universality Non-Universality Universality Non-Universality
800 X ST Booiéll N IR0 Gl BN IAAY RAAL WAL NN RARR R ML
o0 1 LE aol 1 800 = 800
3R ] o tang=30 F
600 K& — 600} Ag=0 C ]
Feg u>0 1 K 1 = 600 — — 600
) pRAXXXXXS —30 1 03 ] 3 | E———
o r tang=30 1 £ ] e o]
o 400~ Ag=0 —| 400/ — g 400 — — 400f
L ] / ] E -
_/ Y"')?O.E _ g o :.Agoo ......................... -: E
200 4/*?/ - =00 . O e ] 2%
T/; T T e -\w, RS OV S.P:T— T i STl I A Y
100 200 300 400500 100 200 300 400500 100 200 300 400500 100 200 300 400500
My (GeV) My (GeV) My /3 (GeV) My /2 (GeV)
FIG. 2. The same as Fig. 1 with tn= 30. Universality Non-Universality
e e
140 '_A -0 —] 140 —]
where A is a numerical factor, i.e., in the case of the selec- - o0 ] E
tron mass isdgc= 2. This term is a multiplicative renormal- o 120~ R 120 =
ized term in the absence of threshold corrections, but in thisé Eoxominre s . 3 .
analysis where all the thresholds in the RGE for the squarkg '°°F" s 3 10° M
masses have been taken into account by the mean of th a0 =22 = ao%
“theta” function approximation[31], this is not the case. — ] — ]
However, for universal boundary conditions this term van- PYY SRR WU FUTTI VIV, VY SIS S ST
. . . . 100 200 300 400500 100 200 300 400500
ishes at the GUT scale and its effect in the running of the My /2 (GeV) My /2 (GeV)

squark masses is rather small. If one assumes nonuniversai
boundary condiFions, this term gives a majqr contribution to  FIG. 4. Predictions for the light tau scalar lepton and for the
the RGE. Thus in our case of E@.2) we obtain at the GUT  light Higgs boson masses as a function\f), for different values

scale of My, (displayed and tan3=2 (solid lineg, 30 (dot-dashed lings
values.
dmaz
2209 2002
16m dt C Aq914Mo, (4.6 Higgs boson mass the factos$ come with opposite sign,

AHl: —AH2:1/2, in the running of thgsquaredl masses
which affects dramatically the squark and slepton masses &ﬁi:ma +u? and mgzma + 2, and thus we do not ob-
we can see from Figs. 3,4. Note that in the case of the light ! z

M?l (GeV)

rve significant effect; see Fig. 4. However, it is worth not-
ing that the light Higgs boson mass turns out to be larger by

Universality Non-Universality about 2—4 GeV in the case of the boundary conditions of Eq.
T T SRR IR 4.2,
800 —u>0 o 800 —u>0 ; . . .
- K 74 - > g In Fig. 5 we plot the masses of the lightest neutralinos and
r § r ] charginos. We display only the results of the universal case
600~ ] 800 [A ] since there is only a small difference in the nonuniversal one.
C ] C ] However, some few GeV differences are enough to change
400 — — 400 =5 — the allowed or the excluded regions displayed in Figs. 1,2.
C ] £ ] In Fig. 6 we plot the resulting values of the strong cou-
200 a0y Ll bind ppe B0 L L] pling @s(M;) as a function of the universal_ gaugino and
100 %00 300 400500 100 200 300 400500 squark massell;,, andM . Threshold corrections affect its
My (GeV) My o (GeV) . ;
value and thus we expect differences in the extracted values
Universality Non—-Universality
1600 T 1500 T Universality Universality
o 1 o =7 LA s B e MR R R AR AR 400 —— e R
1250 :— —: 1250 :—_ o = _: 200 —u>0 ‘ ‘ ‘ g [ >0 | | ! A
E - F ; ] 300 —Ag=0 —
1000 n 1000 n g ,?: 150 - % E 0 E
750 750 = = 2 ] 2 ol —
- : ] w 1 T o= f ]
— L 1 ] = L ]
500 T 500 j ] w0 E . =
250 =, ol 250 BT L Ll S N T el
100 200 300 400500 100 200 300 400500 100 200 300 400500 100 200 300 400500
My /2 (GeV) My /2 (GeV) My /g (GeV) My /g (GeV)

FIG. 3. Predictions for the light top and bottom scalar quark FIG. 5. Predictions for the lightest neutralind.SP) and

masses as a function &f ,;, for different values oM, (displayed chargino masses as a function Mf;;, for different values ofM,
and tanB=2 (solid lineg, 30 (dot-dashed lingsvalues. (displayed and tan3=2 (solid lineg, 30 (dot-dashed lingsvalues.
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Universality Non-Universality Universality Non—-Universality

0.150 p—r——r—r Ty 0.150 e 80.60 T T 80.60 [Ty
w0 o ] K w0 7 F u>0 7

0.145 [ —o0.145 — 80.55 [ —80.55 | —

; Ag=0 7 7 A Ap=0 ] k ]
~ 0.140 —0.140 | — > 80.50 oo _ —80.50 I —
= F ] ] I SR ] E :
& 0.135 —0.135 F — = 80.45 S —180.45 ]

c . ~ ] = oo ] ]

0.130 Jo.130 [ ¢ = - B S — a0 "
: . e E 80.40 LEP 55 180.40 3
oaesf=. 1o lodigdoares 8035l Lol bonnlindggas b ol L il
100 200 300 400500 100 200 300 400500 100 200 300 400500 100 200 300 400500
My /g (GeV) My g (GeV) My o (GeV) My 5 (GeV)
FIG. 6. Resulting values of the strong coupling(M;) as a FIG. 8. Resulting values of the physidtpole massMyy, as a

function of M, for different values of thévly. The top quark mass function of My, for different values of the M,

175 GeV is assumed. We display results for both regions of smalk 100,300,500,800 GeV and two different values of gan2,30

tanB=2 (solid lineg and large taB= 30 (dot-dashed lings (dashed lines The experimental CDF and D@lues are also dis-
played.

in both cases. Indeed, we observe that in the case of the
nonuniversal boundary condition thg(M) turns out to be =0.23168-0.00036, we show the CERN'e~ collider
3% smaller and thus closer to its experimental valueLEP one where only the and u asymmetries have been
ag(Mz)=0.119+0.002 [33]. In fact, for M;;,=450 GeV taken into accounf49]. The theoretical predictions are in
andM ;=800 GeV the theoretical result isrin the case of agreement with the experimental data for moderate and large
universal and 2.& in the case of nonuniversal boundary con- values of tarB. In the decoupling limitwhere all the spar-
ditions, away from the experimental result. For a rather lighticles are heavy we obtain a single value of the $jn
spectrumM ,,=200 GeV andM ;=300 GeV, the theoretical =0.23135(0.23150 for tang=2 (30). These values are in-
observation with the boundary conditions of E¢.1) is  dependent of the input values at the GUT scale forNhg
6.50, far from the experimental value, while in the case ofM,,, thanks to the decoupling of the SUSY particlder
the boundary conditions of E¢4.2) is 5¢. In the case of a more details see Ref26]). No significant differences have
large value of tai the value ofag turns out to be 0.001 been obtained between the universal and nonuniversal cases.
larger than the case of low values of {@nin both cases. The prediction of th&\-boson pole mass comes next. We
Thus we conclude that in the case with nonuniversal boundplot it in the Fig. 8 for fixed values ofm,=175 GeV and
ary conditions the extracted value of the strong couplingdA,=0 GeV. We observe agreement with the experimental
tends to agree with the experimental data. At this point wedata both from the collider Detector at FermilaGDF)
should say that the string boundary conditions may affect th¢g0.405+ 0.089) and LEP (80.4270.075)[33]. In the de-
low energy results in interesting ways. The uncertainties magoupling region, theW-boson pole mass takes on values
be quite large because there may be additional matter in th80.397(80.412 for tang=30 (tan8=2) and for all the in-
desert between the electroweak and the Grand Unificatioput values: We obtain large changes of the extract#¥gpole
scale. The string threshold corrections have been discusseglass only in the case of small valuesMf, and M ,.
in detail in Ref.[48].

In Fig. 7 the resulting effective leptonic weak mixing
angle is depicted as a function bf,,, with different values V. CONCLUSIONS

of Mo and tang. For the experimental value iiflept) In this article we aimed at achieving two goald) To

discuss how the anomalous(1) charges can be useful to
Universality Non-Universality study different string compactifications, in concrete super-
R N A R O S IER S RRAR R string models. The idea here is to show that irrespective of
] ] what we do not know about the mechanism of supersymme-
try breaking the signature of the anomalougllUcharges
will still provide useful information(2) To analyze the im-
plications of the boundary conditions, Eq&t.1), (4.2),
which are given in Ref[14]. We find that nonuniversality
] ] relaxes some of the experimental bounds. For example, in
o e ealoer livaboll F oo el eamnliondod the case of tag=2 the mass of the light Higgs boson is
100 200 13000 400500 100 200 300 -400.500 increasing by 2—4 GeVsee Figs. 1,4 For large values of
My /2 (GeV) My/2 (GeV) _ R
tanB=30 the constraint from dangerous charge and color
FIG. 7. Resulting values of the effectivieptonid weak mixing breaking minima directions is removed in the case of the
angle, sif(lept), as a function oM, for different values of the
M= 100,300,500,800 GeV and two different values of fan
=2,30 (dot-dashed linés The LEP experimental value is also “Variation of the trilinear coupling affects very slightly the results;
shown. i.e., see, for instance, RgR26].

0.2320 F

0.2315 [

0.2310 b=~

sinzeﬁ-(lept)

0.2305 |7
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nonuniversal boundary conditions of E@.2) but a new ary conditions(see Figs. & In addition, with squark masses
constraint(this is when the LSP becomes a charged sleptonup to 1 TeV the value of is 2.5, far from its experimen-
appears in the region of lardé,,, and smallM, (see Fig. 2 tal value. This discrepancy can be removed from string/GUT
When nonuniversal boundary conditions are assumed the réreshold corrections which have not been taken into account
gion M,,=<110 GeV is excluded for every value dfl, here. No significant changes are observed for the predicted
=800 GeV and every value of tgh between 2 and 30. values of sif(lept) between the two modelsee Fig. 7.
Large differences in the mass of the lightest top and bottonThe predicted pole mass of thW gauge boson is in agree-
squarks as well of the tau slepton of about 10%—-100% arenent with the data in both models, although it prefers non-
obtained(see Figs. B The lightest charginos and neutralinos universal boundary conditions in the region of ligit,, and
remain unchanged and here we display the predictions fa¥l, (see Fig. 8.
their masses only in the case of universal boundary condi-

tions(see Fig. 5. One can derive immediately the bounds on

the boundary conditiondVl; andM 4, either by comparing

the graphs with the Table | or by looking at Figs. 1,2. We We thank Steve Abel for discussions. A.E.F. thanks the
derive also the predictions on the strong QCD coupling, ef-CERN theory division for hospitality while part of this work
fective weak mixing angle, and/-pole mass of the two mod- was conducted. This work was supported in part by DOE
els by taking into account all the SM and SUSY thresholdGrant No. DE-FG-0294ER40823. A.D. is supported by
corrections. We find that the extracted valuexgfM ;) turns ~ Marie Curie Research Training Grant No. ERB-FMBI-
out to be 3% smaller in the case of the nonuniversal bound€T98-3438.
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