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Theory-motivated benchmark models and superpartners at the Fermilab Tevatron

G. L. Kane,1 J. Lykken,2 Stephen Mrenna,2 Brent D. Nelson,1 Lian-Tao Wang,1 and Ting T. Wang1
1Michigan Center for Theoretical Physics, Randall Laboratory, University of Michigan, Ann Arbor, Michigan 48109

2Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510
~Received 26 September 2002; published 26 February 2003!

Recently published benchmark models have contained rather heavy superpartners. To test the robustness of
this result, several benchmark models have been constructed based on theoretically well-motivated approaches,
particularly string-based ones. These include variations on anomaly- and gauge-mediated models, as well as
gravity mediation. The resulting spectra often have light gauginos that are produced in significant quantities at
the Fermilab Tevatron collider, or will be at a 500 GeV linear collider. The signatures also provide interesting
challenges for the CERN LHC. In addition, these models are capable of accounting for electroweak symmetry
breaking with less severe cancellations among soft supersymmetry breaking parameters than previous bench-
mark models.
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I. INTRODUCTION

Benchmark models can be of great value in helping p
and execute experimental analyses. They allow quantita
studies of detector design and triggers, and can be impo
in setting priorities for experimental groups. They sugg
what signatures can be the most fruitful search channels
finding new physics. For example, if benchmark models s
gest rates and signatures that imply some kinds of new p
ics are unlikely to be seen compared to others, theore
and the associated experimental efforts may move in the
rection indicated by those suggestions. Benchmark mo
can also provide essential guidance about what backgro
are important to understand and what systematic errors n
to be controlled. Consequently it is very important that t
benchmark models not misrepresent the true physics s
tion. Finally, constructing benchmark models can also
valuable theoretical exercises, helping us to gain insight
which features of the theory imply certain phenomena a
vice versa.

To be precise, we define a benchmark model as one in
framework of softly broken supersymmetry and based o
theoretically motivated high scale approach. Currently, s
models cannot be specified in sufficient detail to calculat
meaningful spectrum of interactions without making so
assumptions or approximations—and these should be
which make sense in the context of the theory.

In the past two years some benchmark models for su
symmetric spectra and signatures have been published@1,2#.
A general and perhaps surprising feature of these be
marks is that the resulting superpartners are rather heavy
in particular few or no superpartners are likely to be o
served at the Fermilab Tevatron collider. The publish
benchmark models are constructed using various assu
tions. Such assumptions may or may not be true, and
important to understand whether other approaches to be
mark models generally lead to such heavy spectra or
One important concern with the published models is t
they can be consistent with electroweak symmetry break
~EWSB! only by having large cancellations between lar
contributions toMZ . That is a worrisome property@3#, and
0556-2821/2003/67~4!/045008~20!/$20.00 67 0450
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leads one to question the relevance and implications of s
models.

We have studied these issues and constructed se
benchmark models that have good underlying theoret
motivation. We find that the resulting spectra typically d
have some light superpartners that will be produced in s
nificant quantities at the Tevatron or a 500 GeV linear c
lider. Further, these models typically do describe EW
without large cancellations, so perhaps their implications~in-
cluding the opportunity to observe superpartners at the Te
tron! should be taken very seriously. In those cases wher
is physically reasonable we have indicated which parame
can be varied to provided so-called ‘‘model lines.’’

To be explicit, we propose seven sets of high-sc
supersymmetry-breaking parameters as inputs to determ
the weak-scale properties. All of these sets have a st
theory basis, as is explained in Secs. II–IV of the paper.
summarize, the first set of benchmarks is motivated by n
perturbative methods of achieving dilaton stabilization lea
ing to a reasonable minimum of the supersymmetry-break
potential. They are specified by

Case A: $tanb,m3/2,anp%5$10,1500 GeV,1/15.77%
~1!

Case B: $tanb,m3/2,anp%5$5,3200 GeV,1/37.05%
~2!

Case C: $tanb,m3/2,anp%5$5,4300 GeV,1/61.36%,
~3!

where tanb is the ratio of Higgs vacuum expectation value
m3/2 is the gravitino mass, andanp is related to the nonper
turbative corrections to the dilaton potential. A possib
model line is to vary the parameteranp with all other param-
eters fixed. The next set of benchmark points are based
string models where the moduli fields are responsible
breaking supersymmetry. They are specified by tanb, m3/2,
a Green-Schwarz coefficientdGS, and a moduli expectation
value:
©2003 The American Physical Society08-1
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Case D: $tanb,m3/2,dGS,^Ret&%

5$45,20 TeV,215,1.10% ~4!

Case E: $tanb,m3/2,dGS,^Ret&%

5$30,20 TeV,29,1.23%. ~5!

A possible model line is to varŷRet& for a given value of
dGS. The last set of benchmark points are based on the
of partial gauge-mediation arising from high-scale fields, a
are specified by tanb, m3/2 and the SM quantum numbers o
the high-scale fields:

Case F: $tanb,m3/2,nD ,nL ,N1%

5$10,120 GeV,4,0,~3/5!% ~6!

Case G: $tanb,m3/2,nD ,nL ,N1%

5$20,130 GeV,3,0,~3/5!%. ~7!

A possible model line is the variation of quantum numbe
in particular the hyperchargeN1. The corresponding value
of the ‘‘usual’’ soft terms are collected for all the benchma
points in Table I in Sec. V. The reader interested mainly
the phenomenological implications of these benchmarks m
proceed directly to that point, especially on a first readi
The appropriate input parameters to thePYTHIA event gen-
erator are also available@4#.

Most previous benchmarks were based on the so-ca
constrained minimal supersymmetric standard mo
~CMSSM! which is characterized by universal valuesm0 for
the soft scalar masses, a universal gaugino mass denotedm1/2
and a universal trilinear scalar couplingA0 @5–11#, subjected
to theoretical and experimental constraints. These models
quite simple and well defined, and could once rightly cla
to represent the state of the art in effective theory const
tions motivated by string theory. But recent progress in re
istic low-energy effective models, coupled with the recen
obtained one loop expressions for soft terms in supergra
theories derived from strings@12#, suggests that this univer
sal paradigm may not accurately reflect the underlying str
theory. In addition, phenomenological constraints that m
not hold have been imposed on these benchmark mod
such as insisting that they provide the entire cold dark ma
of the universe with the needed relic density arising o
from thermal production mechanisms.

The phenomenology of CMSSM models is largely g
neric. Once gaugino mass degeneracy is enforced experim
tal limits on chargino masses imply a heavy gluino; prop
EWSB then requires a large cancellation between them pa-
rameter and this largeM3. The lower bound on the Higg
boson mass adds additional constraints. This same pa
emerges in both gauge-mediated and anomaly-medi
models, as they are typically constructed in the literat
@13,14#. In both cases the gluino soft massM3 is larger than
the W-ino soft massM2 by the ratio of gauge couplings~in
the case of gauge mediation! or by the ratio of beta-function
coefficients~in the case of anomaly mediation!. The CERN
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plies a heavy gluino and proper EWSB demands once m
a large value for them term.

We will utilize the complete one-loop expression for so
supersymmetry breaking parameters in order to investig
three classes of string-derived low-energy models. All
these examples will rely on significant contributions to va
ous soft supersymmetry breaking terms from supergra
loop corrections, including those that arise via the superc
formal anomaly. Our first two examples explore the implic
tions of the two leading methods known for stabilizing t
string dilaton. Our third set of models investigates the pos
bility that supersymmetry breaking is transmitted from t
hidden to the observable sector through the agency of
standard moduli fields of string-derived supergravity as w
as vector-like multiplets of chiral superfields charged un
the gauge groups of the standard model. Such exotic st
are a common feature of string models and they will nec
sarily give rise to a ‘‘partial’’ gauge mediation of supersym
metry breaking. Phenomenologically, we only require th
the models are consistent with all collider data and not s
nificantly inconsistent with indirect constraints—since som
constraints typically imposed in phenomenological stud
@such as thermal relic densities for lightest supersymme
particle ~LSP! neutralinos# are model-dependent and/or se
sitive to input parameters, we impose these constraints so
what loosely. All models preserve gauge coupling unific
tion. We discuss details of how EWSB occurs in each ca

In Secs. II–IV we describe in some detail the theoreti
construction of the models. While we are not arguing th
any of them are overwhelmingly compelling, we descri
them in sufficient detail so that the reader can see they
theoretically well-motivated. In Sec. V we present the resu
ing spectra. There we will briefly summarize some pheno
enological aspects of the models, including a few obser
tions about Tevatron signatures and rates and a discussio
fine-tuning in these models, before concluding. We have c
lected the complete one-loop expressions for the soft te
used in this study in the Appendix, where we indicate the
of free parameters in each case and suggest certain m
lines for further inquiry. Since the models we construct a
interesting theoretically beyond their role as benchm
models, and for the most part have not been studied to d
we include both theoretical descriptions of these models
well as numerical results in the same paper. Readers who
mainly interested in the spectra and/or the high scale in
parameters can focus on Sec. V and Tables I and II conta
therein.

II. KÄ HLER STABILIZATION OF THE DILATON

A. Theoretical motivation

The dilaton is a uniquely important field in string-derive
effective theories. It is the only one of the various possi
string moduli fields that always appears in the low-ene
theory in a uniform way. It represents the tree-level value
the gauge kinetic functionf a and thus its vacuum expecta
8-2
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tion value determines the string coupling constant. In
formulation in which the dilaton field is contained within
chiral multipletS we have

f a
(0)5S; ^Res&51/gSTR

2 , ~8!

wheres5Suu5 ū50 andgSTR is the universal gauge couplin
at the string scale.1 Though the string scale in the weak
coupled heterotic string is typically somewhat larger than
traditional grand unified theory~GUT! scale LGUT

.231016 GeV @15#, we nonetheless often take the appar
unification of gauge couplings in the MSSM as a guide a
assumegSTR

2 .1/2.
From Eq.~8! it is clear that the low-energy phenomeno

ogy depends crucially on finding a dynamical mechani
that ensures a finite vacuum value for the dilaton at the
served coupling strength. However, the superpotential for
dilaton is vanishing at the classical level so only nonpert
bative effects, of string and/or field-theoretic origin, can c
ate a superpotential capable of stabilizing the dilaton@16#.
There are two commonly employed classes of solutions
this challenge@17#. The first, sometimes referred to a
‘‘Kä hler stabilization,’’ assumes that the tree level Ka¨hler
potential for the dilaton, which is known to be of the for

K tree(S,S̄)52 ln(S1S̄), is augmented by nonperturbativ
corrections of a stringy origin. Then in the presence of one
more gaugino condensates in the hidden sector the dil
can be stabilized atgSTR

2 51/2 with a vanishing vacuum en
ergy. This method requires correctly choosing parameter
the postulated nonperturbative Ka¨hler potential.

The second approach, sometimes referred to as the ‘‘r
track’’ method, assumes only the tree level form of the di
ton Kähler potential but relies on at least two gaugino co
densates in the hidden sector to generate the nece
dilaton superpotential. Generally the vacuum energy rem
nonzero in such scenarios, so some other sector mus
tacitly postulated to bring about a vanishing cosmologi
constant. This method requires correctly choosing the r
tive sizes of the beta-function coefficients for two differe
condensing gauge groups. Remarkably, concrete manife
tions of both of these two approaches—models that h
explicit mechanisms to break supersymmetry, obtain the
propriate dilaton vacuum value and arrange soft terms at
TeV scale—tend to generate nonuniversal gaugino ma
and allow for the prospect of superpartner production at
Tevatron. We will briefly describe the first method of no
perturbative corrections to the dilaton Ka¨hler potential in this
section, and investigate the multiple condensate scen
with tree-level Kähler potential in Sec. III.

Let us begin with a brief review of the important broa
features of what Casas@18# referred to as the ‘‘generalize
dilaton-dominated’’ scenario. Consider the scalar poten
that arises from any generic supergravity theory

1We assume affine level one for non-Abelian gauge groups
5/3 for the Abelian groupU(1)Y of the standard model.
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V5KIJ̄FIF̄ J̄2
1

3
MM̄ ~9!

whereFI is the auxiliary field associated with the chiral s
perfieldZI andM is the auxiliary field of supergravity. Note
that we have suppressed the Planck mass by setting
MPL51 here and throughout. The auxiliary fields can
identified by their equations of motion

FM52eK/2KMN̄~W̄N̄1KN̄W̄!, M̄523eK/2W̄ ~10!

with WN̄5]W/]Z̄N̄, KN̄5]K/]Z̄N̄ and KMN̄ being the in-
verse of the Ka¨hler metricKMN̄5]2K/]ZM]Z̄N̄. The grav-
itino mass is given bym3/252 1

3 ^M̄ &. The effect we wish to
consider involves the dilaton, so let us focus on the c
where only the dilaton auxiliary fieldFS receives a vacuum
expectation value. Then the potential~9! can be written

V5Kss̄uFSu223eKuWu25eKKss̄uWs1KsWu223eKuWu2.
~11!

We now depart from the standard case so often considere
the literature, for whichK(S,S̄)5K tree(S,S̄)52 ln(S1S̄) and
instead allow the functionsKss̄ andKs to be undetermined a
this point. Requiring that the potential~11! be vanishing in
the vacuum̂ V&50 then implies~up to an overall phase!

FS5A3m3/2~Kss̄!
21/25A3m3/2anp~Kss̄

tree
!21/2, ~12!

where we have introduced the parameter

anp[S Kss̄
tree

Kss̄
trueD 1/2

~13!

designed to measure the departure of the dilaton Ka¨hler po-
tential from its tree level value due to nonperturbative effe
of string origin. Recall that̂ (Kss̄

tree)1/2&5^1/(s1 s̄)&5gSTR
2 /2

.1/4.
To understand the likely magnitude of the phenome

logical parameteranp let us make the quite well-grounde
assumption that the superpotential for the dilaton is gen
ated by the field-theoretic nonperturbative phenomenon
gaugino condensation and that its dilaton dependenc
given byW(S)}e23S/2ba. Hereba is the beta-function coef-
ficient of a condensing gauge groupGa of the hidden sector
with

ba5
1

16p2 S 3Ca2(
i

Ca
i D , ~14!

where Ca ,Ca
i are the quadratic Casimir operators for t

gauge groupGa , respectively, in the adjoint representatio
and in the representation of the matter fieldsZi charged un-
der that group. Let us assume a single condensing ga
group, which we will denote byG1 , so that we can write
Ws52(3/2b1)W(S). The values ofb1 can be quite a bit
larger than analogous values for the standard model gro
d

8-3
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but a limiting case is that of a singleE8 gauge group con-
densing in the hidden sector, so thatG15GE8

and b1

590/16p250.57. In what follows the parameterb1 will
take several different values depending on the assumed
densing gauge group. Clearly we must insistb1.0 in order
for gaugino condensation to happen at all.

Returning for a moment to the tree level case, we can n
see that requirinĝV&50 in Eq. ~11! would require the fol-
lowing relation~understood to be taken in terms of vacuu
expectation values!

~s1 s̄!2U 3

2b1
1

1

s1 s̄
U2

53→~s1 s̄!5
2b1

3
~A321!,

~15!

and this impliesgSTR
2 ;1/b1;16p2. Hence the origin of the

belief that one condensate cannot stabilize the dilaton w
vanishing vacuum energy without resorting to strong c
pling. However, if we do not insist on the tree level dilato
Kähler potential then the vanishing of the vacuum ene
implies

~Kss̄!
21UKs2

3

2b1
U2

53→~Kss̄!
21/25A3

2

3
b1

12
2

3
b1Ks

.

~16!

So providedKs;O(1) so thatKsb1!1 we can immediately
see that a Ka¨hler potential which stabilizes the dilaton whi
simultaneously providing zero vacuum energy willnecessar-
ily result in a suppressed dilaton contribution to soft sup
symmetry breaking. Indeed, from Eq.~13!

anp5A3

2

3

gs
2

2
b1

12
2

3
Ksb1

!1. ~17!

Note that we have so far been working with onlyFSÞ0 for
the sake of simplicity. The result~17! does not rely on the
dilaton being the only source of supersymmetry break
~i.e. one could always introduce more auxiliary fieldsFX

with Goldstino angles in the manner of@19#!, though the
phenomenological ramifications of Eq.~17!, to which we
will turn in Sec. II C, will necessarily be most pronounce
when the dilaton is the dominant source of supersymm
breaking in the observable sector.

B. A concrete realization

Can an explicit form for the dilaton Ka¨hler potential be
found that stabilizes the dilaton at values such thatgSTR

2

.1/2 and simultaneously providing for̂V&50 via the
mechanism of Eq.~16!? The question was answered affirm
tively in @20,21# where the linear multiplet formalism for th
04500
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dilaton was employed. In this case the dilaton fieldl is the
lowest component of a linear superfieldL and the gauge
coupling is determined by

gSTR
2 5 K 2l

11 f ~ l !L ~18!

where f ( l )5 f (L)uu5 ū50 parametrizes stringy nonperturba
tive corrections to the dilaton action. This translates into
correction to the Ka¨hler potentialK(L) for the dilaton of the
form

K~L !5ktree~L !1g~L !5 ln~L !1g~L ! ~19!

where g(L) is related tof (L) by the requirement that the
Einstein term in the supergravity action has canonical n
malization, which implies:

L
dg~L !

dL
52L

d f~L !

dL
1 f ~L !. ~20!

Note that at tree level the chiral and linear multiplet form
lations are related2 by L51/(S1S̄).

The form of the nonperturbative correctionf ( l ) used in
@20,21# was that originally motivated by Shenker@23#

f ~ l !5(
n

An~Al !2ne2B/Al ~21!

and subsequently studied by other authors@24,25#. It is an
important feature of Eq.~21! that these string instanton e
fects scale likee21/g ~when we usel;g2) and are thus stron
ger than analogous nonperturbative effects in field the
which have the forme21/g2

. Thus they can be of significanc
even in cases where the effective four-dimensional ga
coupling at the string scale is weak@16#.

To achieve a minimum with the desired properties it
sufficient to truncate the expression~21! after two terms and
write

f ~ l !5~A01A1 /Al !e2B/Al . ~22!

It was shown in@21,26# that such a function can indee
stabilize the dilaton at weak coupling and vanishing vacu
energy withO(1) parameters.3 For example a minimum with
gSTR

2 51/2 can be found for the choice of parameters

A058.9 A1524.5 B50.75. ~23!

The choice in Eq.~23! also has the pleasant feature th
f (^ l &)'0 so that from Eq.~18! we have^ l &'gSTR

2 /2 as it
would be in the perturbative limit.

2One should exercise extreme care in converting from the chira
the linear multiplet formulation, particularly in the presence of lo
corrections. For a precise conversion of quantities such asKs and
Kss̄ see Appendix A of@22#.

3This was confirmed by subsequent authors. See for example@27#
where Eq.~22! was one of the cases studied.
8-4
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The explicit model of@20,21# incorporates this Ka¨hler
stabilization mechanism with a realistic model of gaugi
condensation in the hidden sector which includes mod
invariance, possible string threshold corrections to ga
couplings as well as possible matter condensates in the
den sector. Yet despite these many complications, the dil
dependence of the condensate-induced superpotential,
written in terms of the chiral formulation, continues to be
the formW(S);e23S/2ba. Thus it should provide a manifes
tation of Eq. ~16!, and indeed, upon translating from th
linear multiplet to the chiral multiplet notation using

^Ks&52 l , ^Kss̄&5
l 2

11 lg8~ l !
~24!

that is exactly what happens, as was shown in@22#.

C. Soft terms and benchmark choices

Implementing the ideas of Sec. II A, in conjunction wi
an explicit model of supersymmetry breaking via gaug
condensation as in Sec. II B, has the power to relate par
eters of the hidden sector to the scale of gaugino conde
tion and the size of the gravitino mass, thereby providin
complete model with a great deal of predictability. We ne
not concern ourselves with such model-dependent iss
here. The discussion in Sec. II B is meant merely to illustr
the degree to which the scenario we are describing is m
vated by honest, semirealistic models from string effect
field theory. For the purposes of generating benchmark
narios we can treat the gravitino massm3/2 and the beta-
function coefficientb1 as independent parameters—or ev
more phenomenologically, treat the gravitino mass andanp of
Eq. ~13! as free parameters—and investigate what sort
departures from the standard phenomenology of the CMS
we might expect.

As mentioned previously, the impact of the Ka¨hler sup-
pression factoranp will be maximized when the dilaton is th
sole participant in supersymmetry breaking, as is in fact
case in the explicit model of@21#. From Eq.~12! we see that

UFS

M U5U FS

3m3/2
U. 4anp

A3
!1 ~25!

so one-loop corrections can be important for those s
supersymmetry-breaking terms that receive their tree le
contributions solely from the dilaton auxiliary field, such
the gaugino masses and trilinearA terms@28#. In particular,
loop-corrections arising from the conformal anomaly a
proportional toM itself and receive no suppression, so th
can be competitive with the tree level contributions in t
presence of a nontrivial Ka¨hler potential for the dilaton and
should be included@22,29#. If we assume that the Ka¨hler
metric for the observable sector matter fields is independ
of the dilaton, as is the case at tree level in orbifold comp
tifications, then the leading order expressions for the s
supersymmetry-breaking terms for canonically normaliz
fields are
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ga

2~m!

2
@^FS&22bam3/2#

Ai jk.2^KsF
S&1m3/2@g i1g j1gk# ~26!

m0
2.m3/2

2 ,

whereg i is the anomalous dimension of fieldZi . Complete
expressions for these soft terms, as well as a brief descrip
of how soft terms are derived from string theory more ge
erally, are given in the Appendix. In the above expressio
we have made a tacit choice of relative phase between te
involving ^FS& and those involvinĝM &523m3/2 such that
the combination of terms will reduceM3 and enhanceM1

andM2. We will also takê Ks&52gSTR
2 /2 and thus assume

that the tree-level relationship between the dilaton and
coupling constant is not affected greatly by the presence
the nonperturbative corrections to the dilaton Ka¨hler poten-
tial. While we have presented only the leading terms in
one-loop parameters in Eq.~26!, the complete expression
for soft terms at one loop will be used in our calculations

From Eq.~26! it is clear that the dominant signature of
‘‘generalized’’ dilaton-domination scenario is the hierarc
between gaugino and scalar masses, as was noticed by C
@18#. Indeed, comparing the first~dilaton-dependent! term in
the gaugino mass of Eq.~26! to the scalar mass, and usin
Eq. ~12! we have, for properly normalized fields at tree lev
the ratio

UMa

m0
U5A3anp

ga
2~LUV!

gSTR
2

~27!

which reduces to the familiar factor ofA3 of minimal super-
gravity in the perturbative caseanp51 when the boundary
condition scaleLUV and the GUT scale are taken to coincid
However, if we imagine the value ofanp to be determined by
the beta-function coefficient of a hidden-sector gauge gr
as in Eq.~17!, then thelargest it can be isanp.1/6.1 which
occurs when the condensing gauge group isE8. For the more
realistic case of a smaller condensing group the value ofanp
will be smaller, and hierarchies ofO(10) between the scala
masses and gaugino masses are common.

On top of this gross feature it is also clear that the lo
effects will produce a ‘‘fine-structure’’ of nonuniversalitie
among the gaugino masses andA terms. With the phase
choice represented in Eq.~26! and the definition~14! it is
clear that the effect of the loop corrections will be to low
the gluino massM3 while increasing theB-ino massM1
relative to theW-ino M2. In fact, for small enoughanp ~or,
equivalently, small enoughb1) it is possible to so suppres
the universal tree level contributions to the gaugino mas
andA terms that the anomaly-mediated terms dominate
we encounter a gaugino sector identical to that of
anomaly-mediated supersymmetry breaking~AMSB! sce-
nario with itsW-ino-like LSP@30–32#, only with large~and
positive! scalar masses for all matter fields. In gener
though, the ‘‘anomaly-mediated’’ terms~proportional to the
auxiliary field M of supergravity! and the standard ‘‘gravity-
8-5
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mediated’’ terms~proportional to the auxiliary fieldFS for
the dilaton! will be comparable.4 It is important to note that
the significant splitting experienced by the gaugino masse
not also seen in the gauge couplings themselves. Tree
gaugino masses are still universal, but are suppressed, so
nonuniversal loop contributions are comparable, while lo
contributions to the gauge couplings themselves are alw
small in comparison to the large tree level value.

We will choose three points in the parameter space de
mined by$tanb,m3/2,anp% for further study in Sec. V. Note
that this parameter set is meant to replace those of the u
minimal supergravity, or CMSSM, parameter set. We be
by setting the initial input scale to be the GUT scaleLUV
5231016 GeV as this is a common convention in the liter
ture and makes for easier comparisons with previous res
The phenomenology of this class of models was studie
some length in@26# where it was found that requiringm3/2
'1 TeV to within an order of magnitude typically require
b1<0.15. This is consistent with recent studies of the h
den sector in realistic compactification of heterotic stri
theory onZ3 orbifolds @33,34# where hidden sector gaug
groups larger thanSU(5) were very rare. We are thus led
consider among our benchmark points the cases whereb1

515/16p2.0.095 and b159/16p2.0.057. The former
could result from a condensation of pureSU(5) Yang-Mills
fields in the hidden sector. The latter case could be obta
either from a similar condensation of pureSU(3) Yang-Mills
fields or from the condensation of anE6 hidden sector gauge
group with nine27’s condensing in the hidden sector as we
To serve as a baseline, we will also consider a much la
value of the condensing group beta-function coefficient
b1536/16p2.0.228. This could result from a hidden sect
condensation of pureE6 Yang-Mills fields. Thus we will de-
fine our first three benchmark points as follows:

Case A: $tanb,m3/2,anp%5$10,1500 GeV,1/15.77%
~28!

Case B: $tanb,m3/2,anp%5$5,3200 GeV,1/37.05%
~29!

Case C: $tanb,m3/2,anp%5$5,4300 GeV,1/61.36%.
~30!

The corresponding values of the soft terms will be collec
with our other benchmark points in Table I in Sec. V. W
have chosen to be precise in our definitions of the param
anp so that the numbers in Table I can be reproduced fr
the master equations in the Appendix.

4Strictly speaking, the terms that have come to be referred t
‘‘anomaly-mediated,’’ and indeed the whole paradigm that is
ferred to as ‘‘anomaly-mediated supersymmetry breaking,’’ is rea
a special case of gravity mediation.
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III. UNTWISTED MODULI-DOMINATION
WITH MULTIPLE CONDENSATES

A. Theoretical motivation

In Sec. II we considered the case where only the dila
participates in supersymmetry breaking. We now turn o
attention to the opposite case where it is only the Ka¨hler
moduli ~which are typically denoted byT) which communi-
cate supersymmetry breaking to the observable sector.
was found to be a generic property of many early models
gaugino condensation that used the tree-level form of
dilaton Kähler potential, particularly those that employ mu
tiple condensates to stabilize the dilaton@35–38#.

In the previous section we employed Ka¨hler potential sta-
bilization of the dilaton to reduce the universal tree lev
contribution to gaugino masses. In such a paradigm
dominant loop corrections are those from the superconfor
anomaly which~depending on the relative phase of the di
ton auxiliary fieldFS and the supergravity auxiliary fieldM )
can reduce the gluino mass at the boundary condition s
relative to the other gaugino masses. When the dilaton p
no role in supersymmetry breaking, however, the gaug
masses are entirely determined at the loop level. Amo
these loop-level contributions there is a universal contri
tion to gaugino masses in the form of the universal Gre
Schwarz counterterm, inherited from the underlying stri
theory. For certain quite reasonable ranges for the coeffic
dGS of this counterterm we will find that the loop-induce
gaugino mass arising from theT-moduli and the supercon
formal anomaly are naturally comparable to the univer
term, leading to a lighter gluino than in the typical unifie
case and diminished fine-tuning.

All orbifold compactifications of the weakly coupled he
erotic string give rise to certain chiral superfields which p
rametrize the size and shape of the compact extra dim
sions. It is always possible to consider only a reduced se
three diagonal moduli which we will denoteTa, whose
Kähler potential is given byK52(aln(Ta1T̄a). With only a
slight loss of generality in what follows we can further sim
plify things by treating allTa as equivalent and thusK
523 ln(T1T̄).

The diagonal modular transformations

T→ aT2 ib

icT1d
, ad2bc51, a,b,c,dPZ, ~31!

leave the classical effective supergravity theory invaria
though at the quantum level these transformations
anomalous@39–42#. This anomaly is cancelled in the effec
tive theory by the presence of a universal Green-Schw
counterterm and model-dependent string threshold cor
tions to the gauge kinetic functions@43,44#, which we will
have occasion to describe below. A matter fieldZi is said to
have modular weightni if it transforms under Eq.~31! as

Zi→~ icT1d!niZi . ~32!

In what follows we will assume that the matter fields unive
sally have modular weightni521, as would be the case fo

as
-
y
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fields arising from the untwisted sector of the hetero
string. This will simplify the analysis of the gaugino mass
Such models have often been referred to as orbifold mo
of ‘‘type II,’’ or O-II models, in the literature@19#.

Since the Ka¨hler potential for matter fields, derived from
the tree level string theory, is given by the diagonal metr

Ki j̄ 5k i~Zn!d i j 1O~ uZi u2!, k i~Zn!5~T1T̄!ni→~T1T̄!21,
~33!

we see that Eq.~31! is manifested as a Ka¨hler transformation
K→K13(F1F̄), with F5 ln(icT1d) and the classical sym
metry of the effective Lagrangian will be preserved sin
under Eq.~32! with ni521 the superpotential transforms a
@45,46#

W→W~ icT1d!235We23F. ~34!

The above transformations are known to be preserved
the underlying string theory to all orders in perturbati
theory, and are conjectured to hold even in the presenc
nonperturbative effects. Therefore the quantum le
anomaly in the effective theory must be cancelled by an
propriate set of operators. This is provided in part by
Green-Schwarz counterterm with universal coefficientdGS,
which can be thought of as a loop-correction~or genus one
from the point of view of string theory! that contributes to
gaugino masses in the form5

Ma
1uGS5

ga
2~m!

2

2FT

~ t1 t̄ !

dGS

16p2
. ~35!

HeredGS is a ~negative! integer which is calculable from th
string compactification and whose value ranges from 0 to
in the normalization adopted in Eq.~35!. When^FT&Þ0 this
term provides a universal contribution to gaugino masse
the loop level.

Let us next examine the issue of dilaton stabilization
this class of models. Taking the simplest case of just t
gaugino condensates in the hidden sector we would expe
superpotential of the form

W~S,T!5LSTR
3 f ~T!@d1e23S/2b11d2e23S/2b2#, ~36!

where f (T) is a function of the moduliT which depends on
the value of the Green-Schwarz coefficientdGS. In Eq. ~36!
b1 andb2 are the beta-function coefficients, defined by E
~14!, for the two condensing groupsG1 andG2 andd1 andd2
parametrize the presence of possible matter in the hid
sector.

For dilaton stabilization to occur, we must require that t
scalar potentialV(S) given in Eq.~11! gives rise to a mini-
mum such that^s1 s̄&/251/gSTR

2 .2 while generating a
gravitino massm3/25^eK/2W& of O(1 TeV). Here we will

5Expressions for soft terms are understood from here onward
being taken as functions of the vacuum expectation values of
fields involved. Thuss5^Suu5 ū50&, t5^Tuu5 ū50&, etc.
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no longer require the presence of nonperturbative correct
to the dilaton Ka¨hler potential so thatKss̄

1/2
51/(S1S̄), i.e.

anp51. Then minimizing the dilaton potential with Eq.~36!
yields the vacuum solutions6

Im s5
2p~2n11!

3~b1
212b2

21!
nPZ

Res5
2

3~b1
212b2

21!
lnFd1@3~Res!b1

2111#

d2@3~Res!b2
2111#

G . ~37!

The first of these equations merely introduces a relative s
between the two condensates to produce a minimum. As
the second equation in Eq.~37!, if we succeed in achieving a
realistic vacuum solution we expect 3(Res)/ba@1 for both
condensing groupsGa . In that case we can approximate th
second solution as

Res.
2

3~b1
212b2

21!
ln

d1b2

d2b1
. ~38!

Each of these four parametersb1 , b2 , d1 and d2 are not
continuously variable, but depend upon the gauge group
the hidden sector and the representation and number of fi
in the hidden sector charged under those groups. They
calculable, however, from any particular orbifold compac
fication of the weakly coupled heterotic string.

B. A concrete realization

In this section we are following@35–38# in working with
the tree level Ka¨hler potential for the dilaton, modified only
by the presence of a Green-Schwarz counterterm. This
lead to a minimum wherêFS&50 is favored while^FT&
Þ0 to provide for supersymmetry breaking@47,48#. In these
cases it was found that under a variety of different forms
f (T) in the condensate superpotential theT moduli are sta-
bilized at ^Ret&.1.2 which implies that the compact spac
has a typical dimension of order the inverse Planck mas

An exact solution that generates bothm3/2 and ^Res& re-
quires a model for the coefficientsd1 and d2 in Eq. ~38!.
Several possibilities for generating differing values of the
coefficients exist in the literature. In@35# these coefficients
represented threshold effects in the beta functions for
couplings of groupsG1 andG2, due to the integrating out o
heavy vector-like matter charged under those groups, w
masses above the supersymmetry breaking scale. If the
den sector matter is to be integrated out below the scal
gaugino condensation then a nontrivialda is generated for
each condensing group whose form depends on whethe
matter is vector-like in nature@36# or only forms condensate

as
e

6These solutions are strictly true only in the limiting casedGS

→0 when the chiral formulation is used for the dilaton. Howev
as we will be considering relatively small values for this coefficie
in Section III B this approximation is justified. For more details, s
@36,37#.
8-7
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of dimension three or higher@21#.
Literally hundreds of explicit examples where Eq.~38!

produced a minimum atgSTR
2 .1/2 andm3/2 within an order

of magnitude of 1 TeV were obtained in@36#, both with and
without a nonzero Green-Schwarz coefficient. These ca
involved takingG15SU(N1) and G25SU(N2) with differ-
ing numbers of fundamentals charged under each group.
example, taking the limitdGS50 for the moment, a hidden
sector comprising ofG15SU(7) with eight 717̄’s and G2

5SU(8) with fifteen 818̄’s satisfied Eq.~38! with ^Res&
52.0 andm3/252550 GeV. In another example with som
what stronger string coupling the hidden sector was given
G15SU(5) with eleven515̄’s and G25SU(7) with three
717̄’s satisfied Eq. ~38! with ^Res&51.2 and m3/2
56526 GeV. Lastly, an example with slightly weaker stri
coupling had a hidden sector of pureG15SU(7) Yang-Mills
fields andG25SU(8) with seven818̄’s that yielded a grav-
itino mass ofm3/2532 TeV and^Res&52.2. In short, so
many possible combinations of gauge groups with the
sired properties have been catalogued that we will feel ju
fied in what follows to assumegSTR.1/2 while treatingm3/2
as a free parameter of the theory. This will allow us t
freedom to study this entire class of models without appe
ing to specific constructions of the hidden sector.

Finally, as for the negative integer value of the Gree
Schwarz coefficientdGS, this can be computed for any give
orbifold compactification. The simplified moduli sector w
are considering here is suggested by the phenomenologi
well-motivatedZ3 orbifold. The value ofdGS for all such
orbifold compactifications which could potentially give ris
to the standard model in the observable sector was rece
carried out@33#, in which it was found that the range o
possible values was actually quite limited and given by
set

dGSP$29,212,215,218,224%. ~39!

Remarkably, we will find that the parameter combinati
^Ret&*1 and 9<udGSu<24 are precisely the ranges th
give rise to a light gluino which may be produced at t
Tevatron and which can ameliorate the fine-tuning proble
of the electroweak sector.

C. Soft terms and benchmark choices

Typically, the multiple condensate models with tree lev
dilaton Kähler potential are incapable of achieving a vanis
ing vacuum energy at the minimum of the scalar poten
@18,35,36#. However, without ensurinĝV&50 it is unclear
whether a meaningful analysis of low-energy phenomen
ogy is possible~see, for example, the discussion of this po
in @19#!. Rather than introduce additional model depende
by incorporating a new sector in the theory to cancel
residual vacuum energy we will instead assume some
plicit mechanism that results in the vanishing of the poten
~9! at its minimum@49#. This allows us to determine the ve
of the auxiliary fieldFT in the moduli-dominated limit as
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^FT&5m3/2̂ (t1 t̄ )&. Then the gaugino sector is determine
by the three parametersm3/2, dGS and ^Ret&.7

In the moduli-dominated limit̂FS&50, with ni521 for
all observable sector fields, we obtain for the full one-lo
gaugino masses

Ma5
ga

2~LSTR!

2 H 2F dGS

16p2
1baGG2~ t, t̄ !FT1

2

3
baM̄ J ,

~40!

where we have introduced the modified Eisenstein functi

G2~ t, t̄ ![S 2z~ t !1
1

t1 t̄
D ~41!

with the Riemann zeta function and classical Dedekind fu
tion h(T) given by

h~T!5e2pT/12)
n51

`

~12e22pnT!; z~T!5
1

h~T!

dh~T!

dT
.

~42!

For our purposes we need only bear in mind that the mo
fied Eisenstein function~41! vanishes at the self-dual point
^t&51 and^t&5eip/6.

In Eq. ~40! we see the essential elements for address
the fine-tuning in the electroweak sector: A universal con
bution from the Green-Schwarz counterterm and gro
dependent contributions which distinguish the gauginos
the asymptotically freeSU(3) group from the others. The
interplay between these contributions, without the anom
contribution in Eq.~40!, was studied in orbifold models in
@50#. For the right combinations of relative phase betwe
FT andM ~we have tacitly assumed zero relative phase! and
sign of G2(t, t̄ ) it is possible to diminish the gluino mas
relative to the other gauginos. This is exhibited in Fig.
where we have highlighted the region preferred by theZ3
orbifold. Remarkably, it appears that theZ3 orbifold, with
moduli stabilized just slightly away from their self-dua
points, actually prefers a light gluino.

To complete our model and generate spectra for use
benchmarks we need to exhibit the remainder of the s
supersymmetry breaking terms. The insistence on mod
weights ni521 generates a model similar to the no-sca
models in which all soft terms are zero at the tree lev
independent of the ultimate value of^t& provided^FS&50.
As a result, much of the one loop correction to the vario
soft terms will also vanish, as they are proportional to tr
level soft supersymmetry breaking. The remainder of the
loop soft term contributions depend on the manner in wh
the theory is regulated. The complete set of one loop te
was computed in full generality in@12# and specialized to the
cases we are considering here in@22#. We reserve further

7Since we have dropped phases in the gaugino masses we
consider only real values of the overallT modulus.
8-8
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details for the Appendix. The full set of soft supersymme
breaking terms we will employ are then

Ma5
ga

2~m!

2 H 2F dGS

16p2
1baGG2~ t, t̄ !FT1

2

3
baM̄ J

Ai jk5m3/2@g i1g j1gk# ~43!

mi
25g im3/2

2 .

Let us note that the scalar masses in Eq.~43! are truly
anomaly mediated, in the sense that their origin lies in
superconformal anomaly and they are proportional to the
pergravity auxiliary field directly, though they are nonzero
one loop and positive for the matter fields~though potentially
negative for the two Higgs fields of the MSSM, dependi
on the value of tanb). This is in contrast to the masses foun
in @31,32# and subsequent work, which are a special case
the more generalized anomaly-induced soft terms found
@12#. The case considered here differs from the ‘‘standa
AMSB in the assumptions made about the regularization
the theory. We refrain from designating this true ‘‘anoma
mediation’’ because the soft terms considered here are m
festly not insensitive to UV physics, as is the hallmark of t
anomaly mediated supersymmetry breaking paradigm.
just as in the cases of anomaly mediation so often consid
in the literature, these models will contain nearly degene
charginos and lightest neutralinos and have a typical su
symmetry breaking scale ofO(10–20 TeV). Given the dis-
cussion in Sec. III B we will define our second two benc
mark points then as follows:

FIG. 1. Ratio of unification scale gluino mass toW-ino mass as
a function of Green-Schwarz coefficientdGS and ^Ret&>1. Con-
tours of uM3 /M2u at the boundary condition scale ofLUV

5231016 GeV of 0.75 ~solid! and 0.33~dashed! are given. The
upper set of contours have sgn(M3)52sgn(M2), while for the
lower set of contours sgn(M3)5sgn(M2). The preferred region in-
dicated by Eq.~39! for the Z3 orbifold is shown by the shade
region. We have indicated the position of our two benchmark po
D and E.
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Case D: $tanb,m3/2,dGS,^Ret&%5$45,20 TeV,215,1.10%
~44!

Case E: $tanb,m3/2,dGS,^Ret&%5$30,20 TeV,29,1.23%,

~45!

with the corresponding values of the soft terms to be given
Table I in Sec. V below. We choose to impose these bou
ary conditions at the scaleLUV5231016 GeV as in the pre-
vious section.

IV. PARTIAL GAUGE MEDIATION

A. Theoretical motivation

Models of gauge mediation@51# are typically character-
ized by a scale at which supersymmetry breaking is trans
ted to the observable sector that is far lower than the Pla
or string scale. But this need not necessarily be the case
course if one wants the soft supersymmetry breaking te
to be dominatedby the gauge-mediated contribution the
one needs to suppress the relative gravity-mediated contr
tion which is always present. This can be accomplished s
ply by making the mass scale of the messenger parti
much smaller than the string scale~the mass scale of the
‘‘messengers’’ in gravity-mediated models!. The idea of
gauge mediation drew its greatest motivation by the desir
have supersymmetry breaking communicated to the stan
model at an energy scale far below any possible scale
flavor physics—hence the tendency to demand mass sc
on the order of 100 TeV for messenger fields and gravit
masses far below 1 GeV.

Here we will not try to address the problems of flavor th
may be present in string-derived supergravity models,
merely address the possibility that gauge mediation of su
symmetry breaking from a hidden sector to the observa
sector may well exist in addition to the standard gravi
mediated mechanism. In fact, given the generic occurre
of additional exotic vector-like pairs of matter charged und
observable sector gauge groups in semirealistic string c
pactifications @34,52–55# we can conclude that ‘‘partial’’
gauge mediation most certainlydoesoccur in string-derived
models. The only question is whether or not these contri
tions to soft terms are comparable in size to those we
scribed in the previous sections. In the approaches we
examine they are naturally comparable. The idea of comb
ing gauge and gravity mediation is not new, particularly
the context of string theory@56–59#.

To review the basic elements of gauge mediation that
will need, let us begin with the messenger sector. We im
ine a set of chiral fieldsF i and F̄ i that come in vector-like
representations of one or more of the subgroups of the s
dard model. These fields experience a superpotential c
pling to a chiral fieldX, which is a singlet under the gaug
groups of the standard model, of

W5l iF̄ iXF i ~46!

so that should the chiral fieldX receive a vacuum value
^X&5MX in its lowest component, we would have Dira

ts
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KANE, LYKKEN, MRENNA, NELSON, WANG, AND WANG PHYSICAL REVIEW D 67, 045008 ~2003!
fermions with masses;l iMX . Note that we have chosen
single fieldX and diagonal couplingsl i j 5d i j l i in Eq. ~46!
for simplicity.8 The indexi can be thought of as counting th
number of copies, or ‘‘flavors,’’ of each messenger fieldF.
The field X is further assumed to carry the information
supersymmetry breaking through a nonzero highest com
nent, so that̂X&5MX1u2FX, and thus the messenger sec
has mass splittings between its scalar and fermionic com
nents of orderAFX.

When the messenger mass scaleMX is lower than the
GUT scale it is typical to employ messengers which fo
complete multiplets under a unified group such asSU(5).
This ensures that gauge coupling unification is preser
while providing a certain universality in the soft term expre
sions. From a string theory perspective it is preferable
relax this assumption, so we will instead invoke incompl
GUT multiplets as messengers@60#, though we will continue
to assume a universal mass splittingFX and adopt the sim-
plification of a universal Yukawa couplingl i51 in Eq. ~46!
and hence a universal messenger massMX . Each of the spe-
cific cases we will deal with below will be designed to e
sure gauge coupling unification despite the incomplete G
representations. It is of use to introduce the standardmessen-
ger index

Na5(
i 51

NF

na
i ~47!

wherena
i is the Dynkin index for the representationr with

flavor indexi under each standard model gauge groupGa . It
is normalized with a GUT normalization so thatna51 for a
pair of SU(N) fundamentals andn15(6/5)Y2 for a messen-
ger pair with hyperchargeY. While we adopt theSU(5)
GUT normalization on the hypercharges of our messen
fields so as to make contact with the standard cases in
literature, it is important to note that in realistic string co
structions there is no reason to assume that vector-like m
senger fields will have the same hypercharges as their s
dard model analogs@34,61–63#.

With these definitions, the gauge-mediated contributio
to gaugino masses are given by

dMa~LUV!5
ga

2~LUV!

16p2
Na

FX

MX
~48!

while those of the scalar masses are

dmA
2~LUV!52(

a
NaCa

AS ga
2~LUV!

16p2 D 2S FX

MX
D 2

~49!

8We are also tacitly assuming, in the spirit of low-energy gau
mediated models, that the Ka¨hler potentials for both the messenge
and the singlet fieldX are trivial. This is not generally true in su
perstring constructions but we can imagine absorbing the mo
dependence, such as the factors ofk i in Eq. ~33!, into the vacuum
values ofFX andMX .
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whereCa
A is the standard quadratic Casimir for~SM! particle

FA with Ca
A5(N221)/2N for SU(N) fundamentals and

(3/5)Y2 for hypercharge~properly normalized to GUT nor-
malization!. Since we imagine here only those cases
which FX!MX

2 we can dispense with all but the leadin
terms in the functionsf (x) andg(x) of @51,60#. We propose
to add the contributions in Eqs.~48! and~49! to those of the
supergravity contributions described in the previous two s
tions. We should note that Eqs.~48! and~49! were computed
in the dimensional reduction (DR) renormalization scheme
appropriate to global supersymmetry@64# but here we wish
to employ them in cases where the messenger masses w
much closer to the Planck scale, suggesting a regulariza
scheme appropriate to supergravity~such as Pauli-Villars! is
called for. For the purposes of obtaining benchmark s
narios, however, we will ignore this technical, though pote
tially interesting, issue.

Standard analyses of gauge mediated supersymm
breaking now would proceed by treating bothFX and the
messenger massMX as free variables, withFX ultimately
determined by some model-dependent mechanism which
sures ^WX&Þ0, since nonrenormalizable or Planc
suppressed operators are discarded. In the presence of s
gravity the auxiliary fieldFX is determined by

FX52eK/2MPL
2 S W̄X̄1

XW̄

MPL
2 D , ~50!

where we have restored the reduced Planck massMPL
52.431018 GeV for clarity. There is always a contribution
independent of any additional superpotential terms involv
X, given byFX52MXm3/2 from the second term in Eq.~50!.
But in supergravity theories the mass splitting within t
messenger sector is no longer given simply byFX , which
must be replaced in Eq.~48! and ~49! by the off-diagonal
mass terms of the complete supergravity potential.

For example in the minimal caseFX52MXm3/2 ~i.e.,
^WX&.0) then the messenger mass spectrum would be
termined by Eq.~9!

VuSUGRA{ul̃Xu2~ uFu21uF̄u2!1m3/2
2 ~ uFu21uF̄u2!

1~ l̃m3/2MX~MX /MPL!
2FF̄1H.c.!, ~51!

wherel̃5eK/2l. Making the appropriate substitutions forFX
in Eqs. ~48! and ~49! we can see that the gauge-mediat
contributions to soft terms in this case are proportional to
gravitino mass with a typical size

msoft;m3/2

1

16p2 S MX

MPL
D 2

. ~52!

Even when tree level gravity-mediated soft terms are abs
or suppressed, as in Secs. II and III, such gauge-medi
contributions would prove irrelevant unless the messen
massMX was extremely close to the Planck scale.

We are thus led to consider cases in which supersymm
continues to be broken in the hidden sector by one of

-

li
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string moduliS or T, generating anF term of general mag-
nitude^F0&.A3m3/2MPL to bring about a vanishing vacuum
energy and generating a gravitino mass on the order o
TeV. In addition we will allow for some undetermine
mechanism to generate a non-vanishing^FX& through the
first term in Eq.~50! as in typical gauge-mediated mode
We will parametrize the size of this additional source of s
persymmetry breaking through the parameterk5FX/F0,
with F0 identified with eitherFS or FT as in the previous
sections.

B. A concrete realization

One of the reasons that gauge mediation is not often c
sidered in the context of string theory is the difficulty
finding suitable messenger sectors when only renormaliz
couplings are allowed. The fields need to be vector-li
charged under one or more of the subgroups of the stan
model, remain light down to very low energies and be
pable of communicating directly with the supersymme
breaking of the hidden sector through operators that are
suppressed by powers of the Planck mass. Such circ
stances are rare in actual string compactifications. Howe
any massive vector-like pairs, charged under a subgroup
the standard model,can and will participate in gauge-
mediation of supersymmetry breaking at least through
supergravity-generated second term in Eq.~50!. Since all re-
alistic string constructions contain such exotic vector-l
states we can assert that ‘‘partial’’ gauge-mediation is a
neric outcome of string theory that should not be neglec

These potential messenger sectors tend to come in inc
plete multiplets ofSU(5), however, instead of the5 and5̄’s
that are so commonly employed. What is more, these mo
also predict an anomalousU(1) whose breaking occurs at
scale LX;1016–1017 GeV. If the singlet field X were
charged under this anomalousU(1), as istypical, then we
might expect the messenger mass^X&.MX to be of this
magnitude as well, providing a concrete realization of
above scenario. Note that by assuming the messenger
scale to be at or near the GUT scale we will preserve
apparent unification of gauge couplings in the MSSM up
small corrections.

In the context of Sec. IV A we will alloŵ FX& to be a
free parameter due to somêWX&Þ0. Now the gauge-
mediated contributions can be as large or larger than
tree-level supergravity contribution, depending on the re
tive size of the messenger mass, so we will return to
simplicity of the dilaton-dominated scenario of Sec. II. Ta
ing the tree level Ka¨hler potential for the dilaton~no nonper-
turbative corrections soanp51) and

^F0&5^FS&5
2

gSTR
2

A3m3/2MPL ~53!

then we can employ Eqs.~48! and ~49! with ^FX&5k^FS&.
Note that the gravity and gauge-mediated contributions
competitive whenever
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16p2

MPL

MX
.1. ~54!

It is interesting to note that this equality is satisfied fork
.1 when the messenger mass is near the anomalousU(1)X
scale.

For our messenger sector we will introducenD pairs of
messengers which are triplets underSU(3) andnL pairs of
messengers which are doublets underSU(2)L . We will not
introduce any specific messengers which carry only stand
model hypercharge. In fact, we leave the hypercharge ass
ments of the messenger fields a free variable and work o
with the overall messenger indexN15( ini

i which we treat as
a continuous free parameter. If our messenger fields hap
to have the hypercharge of their standard model analo
thenN15(1/5)(2nD13nL). We follow the standard practice
of setting the initial scale for our soft parameters at the m
senger mass scaleMX , leaving the free variables that defin
our models as$tanb,m3/2,MX ,k,nD ,nL ,N1%.

C. Soft terms and benchmark choices

We seek cases where the gauge-mediated masses a
the same order of magnitude as the gravitino mass, so
return to the case witĥFT&50 and ^FS&Þ0 with anp51.
Since we will only consider cases whereMX.MSTR let us
take g1(MX).g2(MX).g3(MX).gSTR so that the com-
plete, properly normalized, gaugino masses are given by

M35A3m3/2F11nD

k

8p2

MPL

MX
G

M25A3m3/2F11nL

k

8p2

MPL

MX
G ~55!

M15A3m3/2F11N1

k

8p2

MPL

MX
G

and the remaining soft terms are

mQ
2 5m3/2

2 F116S 4

3
nD1

3

4
nL1

1

60
N1D k2

~8p2!2 S MPL

MX
D 2G

mU
2 5m3/2

2 F116S 4

3
nD1

4

15
N1D k2

~8p2!2 S MPL

MX
D 2G

mD
2 5m3/2

2 F116S 4

3
nD1

1

15
N1D k2

~8p2!2 S MPL

MX
D 2G ~56!

mL
25m3/2

2 F116S 3

4
nL1

3

20
N1D k2

~8p2!2 S MPL

MX
D 2G

mE
25m3/2

2 F11
18

5
N1

k2

~8p2!2 S MPL

MX
D 2G ,
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TABLE I. Soft term inputs. Initial values of supersymmetry breaking soft terms in GeV, including the full one-loop contributions,
initial scale given byLUV . All points are taken to havem.0. The actual value of tanb is fixed in the EWSB conditions. See the text fo
further discussion of the parameters and their origins. Ways to convert these points into model lines are discussed at the end of the

Point A B C D E F G

tanb 10 5 5 45 30 10 20
LUV 231016 231016 231016 231016 231016 831016 831016

M1 198.7 220.1 215.3 606.5 710.8 278.9 302.2
M2 172.1 162.3 137.3 195.2 244.6 213.4 231.2
M3 154.6 122.3 82.4 299.2 289.0 525.4 482.9
At 193.0 204.8 195.4 286.0 352.5 210.7 228.2
Ab 205.3 235.3 236.3 390.6 501.5 211.6 229.2
At 188.4 200.0 188.9 158.1 272.5 210.3 227.8

mQ3

2 (1507)2 (3216)2 (4323)2 (2035)2 (2144)2 (286)2 (276)2

mU3

2 (1504)2 (3209)2 (4312)2 (1487)2 (1601)2 (290)2 (281)2

mD3

2 (1505)2 (3213)2 (4319)2 (1713)2 (1870)2 (287)2 (277)2

mL3

2 (1503)2 (3208)2 (4312)2 (1361)2 (1489)2 (125)2 (135)2

mE3

2 (1502)2 (3206)2 (4308)2 (756)2 (1139)2 (140)2 (152)2

mQ1,2

2 (1508)2 (3220)2 (4328)2 (2347)2 (2347)2 (286)2 (276)2

mU1,2

2 (1506)2 (3215)2 (4321)2 (2050)2 (2050)2 (290)2 (281)2

mD1,2

2 (1505)2 (3213)2 (4319)2 (1919)2 (1919)2 (287)2 (277)2

mL1,2

2 (1503)2 (3208)2 (4312)2 (1533)2 (1533)2 (125)2 (135)2

mE1,2

2 (1502)2 (3206)2 (4308)2 (1252)2 (1252)2 (140)2 (152)2

mHu

2 (1500)2 (3199)2 (4298)2 2(797)2 2(331)2 (125)2 (135)2

mHd

2 (1503)2 (3208)2 (4312)2 (858)2 (1392)2 (125)2 (135)2
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with mHu

2 5mHD

2 5mL
2 and A5A3m3/2. We have again cho

sen a positive relative sign between the contributions
gaugino masses in Eq.~55! from gauge messengers an
those arising from supergravity.

The choice of messenger indices is dictated by the nee
obtain sufficiently large radiative corrections to the lighte
CP-even Higgs boson mass. By introducing messeng
charged solely underSU(3) a heavy gluino is produced tha
can achieve the necessary Higgs boson mass with light
lars. Such a scenario was considered in the context of l
energy gauge mediation in the context of string theory
@58#. When standard model-like hypercharge assignments
these messengers are assumed theB-ino massM1 tends to be
much larger than theW-ino massM2 at the initial high-
energy input scale, producing a gaugino sector similar to
of anomaly-mediation. We have therefore chosen to al
nonstandard hypercharges for the messenger fields and
selected a value forN1 that gives gaugino masses in th
gravity-mediated regime. We take the messenger mass s
to be intermediate between the GUT scale and the Pla
scale: LUV5MX5831016 GeV, which was a typical
anomalousU(1) scale in those models that gave rise to su
able messenger fields@33#. Our two benchmark points fo
this section are then given by the following parameter se

Case F: $tanb,m3/2,nD ,nL ,N1%5$10,120 GeV,4,0,~3/5!%
~57!
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Case G:$tanb,m3/2,nD ,nL ,N1%5$20,130 GeV,3,0,~3/5!%
~58!

with k51. Note that both of these examples are close
spirit to the standard gauge-mediated examples in that
gravitino, while not the LSP, is much lighter than th
supergravity-dominated models of our previous cases.

V. COLLECTED SPECTRA AND SIGNATURES

A. Benchmark spectra and phenomenology

The seven benchmark scenarios described in Secs. II
give rise to seven sets of high energy input values for ren
malization group~RG! evolution to the electroweak scale
These values are determined by substituting the spec
parameters into the complete one-loop expressions for
terms given in the Appendix. The numerical values of the
input quantities are summarized in Table I. Actual evoluti
of these parameters was carried out using the publicly av
able codeSUSPECT @65# which performs renormalization
group integration at the two-loop level from the specifi
input scale to the scaleMz .

SUSPECTuses the following quantities as inputs:

aEM
MS~MZ!51/127.938, as

MS~MZ!50.118, s̄W
2 50.23117,

~59!

as well as the following pole masses for heavy SM fermio
8-12
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TABLE II. Sample spectra. All masses are in GeV. For the purposes of calibrating these results with those of other software pac
also provide the running gaugino masses at the scaleMZ , which include NLO corrections. See the text for further discussion of
parameters and their origins. Ways to convert these points into model lines are discussed at the end of the Appendix.

Point A B C D E F G

tanb 10 5 5 45 30 10 20
LUV 231016 231016 231016 231016 231016 831016 831016

m3/2 1500 3200 4300 20000 20000 120 130
M1 84.0 95.6 94.7 264.7 309.9 106.2 115.7
M2 133.7 127.9 108.9 159.0 198.5 154.6 169.6
M3 346.5 264.0 175.6 2227.5 2203.9 1201 1109
mÑ1

77.9 93.1 90.6 171.6 213.0 103.5 113.1
mÑ2

122.3 132.2 110.0 264.8 309.7 157.6 173.1
mC̃

1
6 119.8 131.9 109.8 171.6 213.0 157.5 173.0

mg̃ 471 427 329 351 326 1252 1158

B̃%uLSP
89.8% 98.7% 93.4% 0% 0% 99.4% 99.4%

W̃3%uLSP
2.5% 0.6% 4.6% 99.7% 99.7% 0.1% 0.06%

mh 114.3 114.5 116.4 114.7 114.9 115.2 115.5
mA 1507 3318 4400 887 1792 721 640
mH 1510 3329 4417 916 1821 722 644
m 245 631 481 1565 1542 703 643
mt̃ 1

947 1909 2570 1066 1105 954 886
mt̃ 2

1281 2639 3530 1678 1897 1123 991
mc̃1

,mũ1
1553 3254 4364 2085 2086 1127 1047

mc̃2
,mũ2

1557 3260 4371 2382 2382 1132 1054
mb̃1

1282 2681 3614 1213 1714 1053 971
mb̃2

1540 3245 4353 1719 1921 1123 1037
ms̃1

,md̃1
1552 3252 4362 1950 1948 1126 1045

ms̃2
,md̃2

1560 3261 4372 2383 2384 1135 1057
mt̃1

1491 3199 4298 559 1038 153 135
mt̃2

1502 3207 4308 1321 1457 221 252
mm̃1

,mẽ1
1505 3207 4309 1274 1282 182 196

mm̃2
,mẽ2

1509 3211 4313 1544 1548 200 217
mn3
˜ 1500 3206 4307 1314 1453 183 198
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Mt5174.3 GeV, Mb54.62 GeV, M t51.778 GeV.
~60!

Determination of parameters in the Higgs sector~such as the
value of them parameter inferred from EWSB! are computed
at a scale given by the geometric mean of the two s
masses. We have chosen the number of iterations to ach
consistency in the EW sector to be five. The lightCP-even
Higgs boson mass is calculated by using the full one-lo
tadpole method and includes leading NLO QCD correctio
as implemented inSUBHPOLE @66#. The values ofmh deter-
mined by SUSPECTfor the benchmark scenarios have be
checked againstFEYNHIGGS @67# and found to be in accept
able agreement. The radiative corrections at NLO to all sp
ticles masses are included and can be significant for m
mass eigenstates, particularly in the gaugino sector, affec
some production rates and branching ratios noticeably.
resulting low-energy spectrum for the seven benchm
models is summarized in Table II.

The benchmark models we present are quite interes
phenomenologically, and should be studied in some de
04500
p
ve

p
s

r-
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ng
e
k

g
il.

They present challenges for present and future colliders
are rather different from previously studied models. Here
will only draw attention to a few general features.

Figure 2 shows a summary of a number of the superp
ner masses, along with crude estimates of Tevatron reac
For comparison we also include the Snowmass benchm
point most favorable for observation at the Tevatron@1#. In
general the benchmark models we study have gauginos
servable at the Tevatron, as expected for supersymm
worlds in which electroweak symmetry breaking is explain
by supersymmetry without excessive fine tuning@3#.

Figure 3 shows naive estimates of numbers of event
2 fb21 integrated luminosity for various models and vario
inclusive signatures. The signature of these models are
culated usingPYTHIA @68#, but only at the generator level: n
geometric or kinematic cuts or triggering efficiencies are
plied, no jet clustering is performed, tau leptons are not
cayed, etc. The event numbers are only meant to illustrate
generic features of each model and demonstrate the ex
mental challenges. In general, there will be too few eve
from any single exclusive process to isolate it by cuts a
8-13
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FIG. 2. Sparticle masses for different benchmark models.
each superpartner, lines from left to right correspond to MSUG
point B of @1#, and our benchmark models A–G. The mass of
particle is represented by the height of the line. Gray bars are c
estimates of Tevatron reaches, i.e. any superpartner in the gra
gion could be observed at the Tevatron. That reach of course
pends on backgrounds which will vary depending on the detail
the signal, so the gray regions are just approximate guides for
nonexpert reader. We have not studied the detectability of th
models at the LHC.

FIG. 3. Number of superpartner events of different signatu
for different models at the Tevatron with 2 fb21. These numbers
are based on counting topologies fromPYTHIA at the parton level
with no kinematic or geometric cuts. Every signature has miss
energy. From left to right, the signatures are:~1! inclusive multijets
njets>3, ~2! one lepton plusnjets>2, ~3! opposite sign dileptons
plus njets>2, ~4! same-sign dileptons,~5! trilepton, ~6! 3 taus plus
jets @before decaying the taus#, and ~7! 4 jets plus 2 soft, isolated
high impact parameter charged pions@some pions are like-signed#.
For signatures~4!–~6!, no requirement is made on the number
jets. A background analysis must of course be done to be sure
given channel is detectable, but models with hundreds of events
presumably detectable for the first two signatures, and models
tens of events for the rest. The same-sign dilepton channel
smaller backgrounds: even a handful of clean events may cons
a signal. Here the model labeled ‘‘MSUGRA’’ is the CMSSM poi
B of @1#.
04500
observe a clean signal, but significant excesses could be
tablished in several inclusive signatures. In all these ca
there are of course backgrounds, but typically the ba
grounds are not so large as to prevent the experiments f
establishing an excess. Note that each model has a diffe
pattern, and it could be possible to learn quite a bit about
underlying physics from the relative sizes of different incl
sive signals, as illustrated in Fig. 4. Despite the fact that
event numbers are based on unsophisticated estimates
resulting correlations are quite distinct and should be rob
under more detailed analyses. Once a signal of beyond
standard model physics is established it will be an excit
challenge to determine which superpartners are being
duced, their masses and branching ratios, and their imp
tions for the underlying theory.

Some specific features and signatures are worth not
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FIG. 4. Correlations between the number of events in differ
signatures for 2 fb21. Cases C, FG, and AB are well separated fro
each other. By comparing several such signatures, many model
be identified at the Tevatron alone. A and B are difficult to separ
at the Tevatron but since theirm, squark and slepton masses a
different, they should have different predictions for low energy e
periments~e.g. in rare decays orgm22) and for LHC. Case G can
be distinguished from others by the 3t signature. Cases D and E
~not shown here! have their unique 4 jets plus 2 isolated soft, hig
impact parameter pions signature with quite different event rate
8-14
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First, the negative gluino mass of the two moduli-domina
models D and E is physical and observable@69#. Next for
these models the LSP is predominantly aw-ino that is almost
degenerate with the lightest chargino so that the domin

decay mode of the chargino isW̃6→W̃0p6 @14#. This is
quite similar to the anomaly-mediated supersymmetry bre
ing models, but in AMSB the ratio of gaugino mass
M1 :M2 :uM3u is approximately 2.8:1:7.1 so that the gluino
is very heavy and out of reach for the Tevatron. Thus in
usual anomaly-mediated cases the chargino pair can onl
produced directly and not from gluino decay. In our case
and E, however, gluino masses are 351 and 325 GeV, res
tively, so the cross section for gluino pair production is qu
large. The gluino has the decay modeg̃→W̃6qq8 with a
branching ratio about 50%, followed byW̃6→W̃0p6. Thus
there will be large missing transverse energy with four j
plus two soft, high impact parameter pions. Since
charginoW̃6 emerges from gluino decay it is quite energe
so the pion will also be reasonably energetic and give a g
signature to detect these models. Furthermore, gluino
duction will lead to pairs of like-signed pions in these even
The number of such events expected in cases D and E
shown in the last set of columns in Fig. 2. These are in
esting new collider signatures for the Tevatron, and
AMSB at the Large Hadron Collider~LHC!, that to our
knowledge have not been studied previously.

For models F and G the staut̃1 is lighter thanÑ2 andC̃1,
so Ñ2→ t̃t andC̃1→ t̃nt dominates, leading to a large thre
tau signal and reducing the trilepton rate. Although mode
also has many trilepton events, the reason is different.
model C, theÑ2C̃1 cross section is quite large, but the le
tonic branching ratios ofÑ2 andC̃1 are smaller. Model C has
jets plus missing energy signatures while models F and G
not.

Detecting and studying these models presents interes
challenges for experiments at the LHC, which, in princip
has the kinematic reach to produce all superpartners. H
ever, many of the scalars are quite heavy, and will have sm
production rates. The models with light gluinos have re
tively little missing transverse energy and large backgroun
Models F and G have heavier gluinos with mainly two–bo
decays dominated byg̃→b̃b̄, t̃ t̄ . All of our models have at
least some superpartners that will be detected at a 500
linear collider. With a 520 GeV linear collider every mod
allows the study of several superpartners, though clearly
all.

Further discrimination between models can be obtai
by studying ratios of numbers of events of different types
signatures. An example of this is displayed in Fig. 4 wh
two different pairs of signatures from Fig. 3 are analyzed.
comparing several such signatures the underlying physic
many models can be identified at the Tevatron alone. W
cases A and B are difficult to separate at the Tevatron, it m
be possible to distinguish between them by their differ
predictions for low energy experiments or by their differe
predictions for scalar masses accessible at the LHC. Ca
can be distinguished from the others by the 3t signature.
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Cases D and E have their unique 4 jets plus 2 isolated s
high impact parameter pions signature with quite differe
event rates~86 and 201, respectively!, so that they can be
easily distinguished from other cases and amongst th
selves.

We have checked that all of our benchmark models
not inconsistent with indirect constraints on superpart
masses. For example, the SUSY contribution to the m
anomalous magnetic moment for all models falls within t
‘‘conservative’’ bound obtained in@70#, particularly if one
favors the standard model prediction based on tau de
data. If one prefers instead the standard model predic
based one1e2 collider data then all models can be ma
consistent with measurements at the 2s level by simply in-
creasing the value of tanb. As our focus has been on study
ing collider signatures for a range of tanb values we have
chosen not to tune our values in this manner. The sam
true for Br(b→sg) in these models.

The thermal relic density of LSP neutralinos was co
puted for all of these models using theDARKSUSY program
@71#. In general, theVLSPh

2 results are very sensitive t
some parameters so we view any values belowVLSPh

2;2 as
satisfactory for the purposes of a benchmark model. For
ample, in model A the relic density as computed byDARK-

SUSY is VLSPh
251.9. However, lowering the top quark mas

to 173.0 GeV reduces this number toVLSPh
250.14. Alter-

natively, increasing the value of tanb from 10 to 12 changes
this number toVLSPh

251.07. For both of the small modifi
cations described above the superpartner spectrum—
thus, the collider signature of this model—is largely u
changed. The sensitivity of the relic density in this mod
~and model B, the only other case where the LSP relic d
sity was larger than the cosmologically preferred region!, is
due to the importance of chargino-neutralino coannihilatio
for these models@72#. Our focus in this work is not to im-
pose aggressive constraints on the MSSM parameter s
but rather to study the collider signatures of a representa
sample of theory-motivated models, so we have chosen
to adjust our input parameters in such an artificial way. C
sistency with all indirect constraints on superpartners can
obtained by small corrections to our benchmark points alo
any of the indicated ‘‘model lines’’ suggested in the Appe
dix.

B. Fine tuning

Any discussion of fine-tuning must necessarily invol
certain subjective statements. One commonly employed
for comparing models in a semiquantitative way is the ‘‘se
sitivity parameter’’ of Barbieri and Giudice@73# which mea-
sures the relative change in theZ-mass when a high-scal
input parameter is varied. However, we believe that the
gree of fine-tuning in a given model may be more profitab
thought of as divided between an element that involves c
cellations among various terms from the soft supersymm
breaking Lagrangian, and an element that involves a mea
of sensitivity arising from the overall scale of supersymm
try breaking relative to the Z-mass scale. As was pointed
some time ago@74# it is really the former that is a measure o
8-15
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the fine-tuning in a given theory, while the latter may oft
give misleading measures of tuning—particularly when
entire parameter space of a particular model implies a c
sistently high supersymmetry breaking scale as character
by the gravitino mass or scalar-gaugino masses. The m
existence of a large scale in the theory need not necess
imply large fine-tuning, as was demonstrated, for example
@75#, but the cancellation of large numbers against one
other to produce a much smaller number almost certa
does if such cancellations cannot be explained from the
derlying theory.

The degree of cancellation that a particular model of
persymmetry breaking requires to obtain the correctZ-boson
-
he
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s
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ld
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to
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mass can be expressed by simply expanding the formula
determinesMZ at the electroweak scale

MZ
2

2
52m2~ t !1S mHD

2 ~ t !2mHU

2 ~ t !tan2b

tan2b21
D , ~61!

with t5 ln(LUV /Q), in terms of semianalytic solutions fo
the running parameters in terms of the input parameter
the high scaleLUV and a given value of tanb @76#. For
example, takingLUV5LGUT5231016 GeV, the result for
mtop(MZ)5170 and tanb530 is
MZ
2521.5m2~UV!16.4M3

2~UV!20.4M2
2~UV!10.0003M1

2~UV!21.2mHU

2 ~UV!20.08mHD

2 ~UV!10.8mQ3

2 ~UV!

10.7mU3

2 ~UV!10.03@mD3

2 ~UV!1mL3

2 ~UV!1mE3

2 ~UV!#10.2At
2~UV!20.6At~UV!M3~UV!20.1At~UV!M2~UV!

20.002At~UV!M1~UV!10.5M2~UV!M3~UV!10.06M1~UV!M3~UV!10.01M1~UV!M2~UV!. ~62!
Eq.
op
lues
l-
is

an
of

all
e
l to

-
ex-
e

ark
tive
lly
sca-
, or
high
duced
If the smallness ofMZ591.187 GeV is not to be the re
sult of a miraculous cancellation between large numbers t
at least one of the following must occur: either certain re
tions among the soft terms andm parameter must exist tha
guarantee cancellations over a wide range of parameter
each of the individual terms in Eq.~62! must be no more
than a few timesMZ in size. The first could occur in theorie
of supersymmetry breaking. Even the CMSSM predicts c
tain ‘‘relations’’ among soft terms that are postulated to ho
over all parameters: namely that gaugino masses and s
masses are unified. But in@3# it was argued that this alone i
not sufficient to prevent fine-tuning in the EWSB sec
without also postulating a robust relationship betweenm and
M3 ~the two most crucial parameters in determining theZ
boson mass!. The conclusion drawn there was that the on
reasonable way to avoid unnatural cancellations in the de
mination of MZ is for both m and M3 to individually be
small. This implies that a certain degree of nonuniversality
the gaugino masses is beneficial in reducing EWSB fi
tuning while satisfying the search limits from LEP. Note th
the scalar masses in Eq.~62! are far less important in this
regard.

For a given model we can determine everything in E
~62!, apart fromm(UV) itself, which has nothing to doa
priori with supersymmetry breaking, as a function of t
value of the coupling constant at the string scalegSTR

2 ~which
we can take to begSTR

2 .1/2), the gravitino mass, and
small number of free parameters related to the given mo
Let us take as an example the class of models from Sec
After choosing the initial scale and the value of tanb the
only free parameters arem3/2, dGS and ^ReT&. Substituting
Eq. ~43! into Eq. ~62! with dGS529 and factoring out the
gravitino mass gives
n
-

or

r-

lar

r

r-

n
-

t

.

l.
II.

S MZ

100 GeV

1 TeV

m3/2
D 2

521.5S m~UV!

100 GeV

1 TeV

m3/2
D 2

10.1

10.7~ t1 t̄ !G2~ t, t̄ !

11.2~ t1 t̄ !2G2
2~ t, t̄ !. ~63!

The constant is the contribution of the scalar masses in
~62! with some addition from the anomaly-generated lo
corrections to the gaugino masses. The case for other va
of dGS is quite similar. The fine-tuning arising from cance
lations in the soft supersymmetry breaking Lagrangian
clearly controlled by the value of^ReT& through the combi-
nation (t1 t̄ )G2(t, t̄ ). For values of̂ ReT& just larger than
its self-dual point this combination is negative and less th
unity, thus providing a model that has a very low degree
internal cancellation.

But of course this is only part of the story. The fact that
parameters in Eq.~63! areO(1) and roughly the same siz
implies that no large cancellation is required in this mode
achieve the correctZ mass provided the gravitino mass
(scale) is approximately 1 TeV. But since all soft supersym
metry breaking terms are induced at the loop level, we
pect m3/2;16p2Mz;15 TeV. The need for such a larg
scale in the theory is quite clear: the CERNe1e2 collider
LEP limit on the Higgs boson mass ofmh>114 GeV im-
plies, at least to a first approximation, that some squ
masses must be large in order to generate large radia
corrections to the Higgs mass that are only logarithmica
sensitive to scale. This can be achieved when the entire
lar sector of the theory is heavy at the high energy scale
alternatively the scalar masses can start small at the
scale and the necessary large squark masses can be in
through RG evolution by a large gluino mass.
8-16
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Thus some degree of tuning arising from the overall sc
will likely be present in many low-energy models of supe
symmetry breaking, but those with large gluino masses a
give rise to troubling cancellations. Issues of tuning in t
scale of soft terms are intimately related to the question
generating the supersymmetricm parameter and are beyon
the scope of this paper. We have not found models with sm
tunings associated with the overall scale, though we look
significant class of string effective theories. Here we ha
chosen instead to be guided by@3# and have sought model
that are capable of generating a sufficiently massive Hi
boson without introducing large internal cancellations with
the soft supersymmetry breaking Lagrangian itself. Each
our models involves robust relations among the soft term
the theory, in a manner dictated by the fundamental theor
in Eq. ~63!, which reduces the cancellations required in t
soft supersymmetry-breaking sector relative to the typica
studied universal models. In this limited sense, then, we
these models to be more ‘‘natural’’ than their universal cou
terparts, though some degree of tuning remains.

VI. CONCLUSION

In many ways effective field theories derived from strin
are at once more constrained and also richer in their phen
enology than the universal scenario of minimal supergra
upon which so many previous benchmark cases are ba
They are richer in that patterns of nonuniversality, partic
larly in the gaugino mass sector, are quite common; they
more constrained in that these patterns and hierarchies
not completely free for the model-builder to choose but ar
function of the string moduli space. We have deliberat
sought out models which imply superpartners that are
servable at the Tevatron, but we did not have to search
such models are common from effective field theories
rived from the weakly coupled heterotic string.

The resulting benchmark models are interesting to stu
both for theorists who want to improve our understanding
how to relate string theory and the real world~or who wish
to make progress towards a string-derived supersymm
standard model!, and also for experimentalists who wish
learn how to detect supersymmetric signals.
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APPENDIX

In this appendix we present the complete expressions
the soft supersymmetry breaking terms at one loop
modular-invariant supergravity theories derived from str
theory. We take special care to describe the various contr
tions to the gaugino masses, as they play a special role in
text. For scalar masses and trilinearA terms we merely give
the results. More details can be found in@22#.
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To obtain the soft supersymmetry-breaking Lagrangian
a string-based model, the first step is the construction of
four-dimensional effective supergravity theory by a dime
sional reduction of the ten-dimensional supergravity the
representing the superstring@77–79#. Such a procedure
yields the Kähler potential, superpotential, and gauge kine
function for the effective supergravity theory. Of particul
importance for the question of supersymmetry breaking
the types of string moduli present in the low-energy theo
and their couplings to the observable fields of the MSS
@39,79,80#. Gaugino masses will depend on auxiliary fiel
related to moduli appearing in the gauge kinetic functio
while scalar masses, trilinearA terms and bilinearB terms
will depend on auxiliary fields related to those moduli th
appear in the superpotential couplings and/or Ka¨hler poten-
tial for the MSSM fields@19,81#. The precise form of these
soft terms can be obtained by working out the compon
Lagrangian for the observable sector by standard techniq
@82–84#.

To begin with, we take the Ka¨hler potential for the moduli
fields to be given by the leading-order result

K~S,T!5k~S1S̄!23 ln~T1T̄!. ~A1!

The tree level soft terms for the case with universal modu
weightsni521 for all light observable sector matter field
Zi are given by9

Ma
05

ga
2

2
FS

Ai jk
0 52KsF

S ~A2!

~mi
0!25

MM̄

9
2

uFTu2

~ t1 t̄ !2
.

For the one-loop corrections, we begin with gaugi
masses which receive corrections from light field theo
loops as well as string loop effects. The field theory lo
contribution can be derived completely from the superc
formal anomaly and is given by@29,85#

Ma
1uan5

ga
2~m!

2 F2ba

3
M̄2

1

8p2 S Ca2(
i

Ca
i DFnKn

2
1

4p2 (
i

Ca
i Fn]nln k i G , ~A3!

where Ca ,Ca
i are the quadratic Casimir operators for t

gauge groupGa in the adjoint representation and in the re
resentation ofZi . Hereba is given by Eq.~14! in the text and
k i is defined by Eq.~33!.

9We will not distinguish with separate notation fields and th
vacuum expectation values in these expressions.
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As mentioned in Sec. III one expects modular anom
cancellation to occur through a universal Green-Schw
counterterm with group-independent coefficientdGS. Such a
term can be thought of as a loop-correction that contribu
to gaugino masses in the form

Ma
1uGS5

ga
2~m!

2

2FT

~ t1 t̄ !

dGS

16p2
. ~A4!

In addition there may be string threshold corrections to
effective gauge kinetic functions of the form

f a
1~Zn!5 ln h2~T!F dGS

16p2
1baG , ~A5!

which generate one-loop contributions to gaugino mas
given by

Ma
1u th5

ga
2~m!

2 F dGS

16p2
1baG4z~ t !FT. ~A6!

Combining the contributions from Eqs.~A4! and ~A6! with
the field theory loop contribution~A3! gives

Ma5
ga

2~m!

2 H 2F dGS

16p2
1baGG2~ t, t̄ !FT1

2

3
baM̄

1@122ba8Ks#F
SJ ~A7!

where we have defined the quantity

ba85
1

16p2 S Ca2(
i

Ca
i D ~A8!

and the Eisenstein functionG2(t, t̄ ) is defined by Eq.~41! in
the text.

The one-loop soft scalar masses and trilinear coupli
depend on the Pauli-Villars~PV! sector for regulating the
theory@22#. Here we make the simplest possible assumpt
that the PV masses are constants~i.e. independent of the
moduli fields!. This assumption is similar in spirit to taking
straight cut-off represented by the Pauli-Villars mass sc
mPV. Then the soft terms in the scalar potential are given

Ai jk52
Ks

3
FS2

1

3
g i M̄2g iG2~ t, t̄ !FT1g̃ iF

S$ ln~mPV
2 /mR

2 !

2 ln@~ t1 t̄ !uh~ t !u4#%1cyclic~ i jk !
04500
y
rz

s

e

es

s

n

le
y

mi
25H uM u2

9
2

uFTu2

~ t1 t̄ !2J F12S (
a

g i
a22(

jk
g i

jkD
3„ln~mPV

2 /mR
2 !2 ln@~ t1 t̄ !uh~ t !u4#…G1g i

uM u2

9

1H g̃ i

MFS

6
1H.c.J 1H g̃ iG2~ t, t̄ !

F̄TFS

2
1H.c.J

1uFSu2F S 3

4 (
a

g i
aga

21KsKs̄(
jk

g i
jkD

3„ln~mPV
2 /mR

2 !2 ln@~ t1 t̄ !uh~ t !u4#…G , ~A9!

where we have defined the quantityg̃ i for notational simplic-
ity as

g̃ i5(
a

g i
aga

22Ks(
jk

g i
jk . ~A10!

The anomalous dimensionsg i are defined by

g i
j5

1

32p2 F4d i
j(

a
ga

2~Ta
2! i

i2eK(
kl

WiklW̄
jkl G . ~A11!

The approximation that generational mixing can be neglec
so that only third-generation Yukawa couplings are relev
motivates the definitions

g i
j'g id i

j , g i5(
jk

g i
jk1(

a
g i

a ,

g i
a5

ga
2

8p2
~Ta

2! i
i , g i

jk52
eK

32p2
~k ik jkk!

21uWi jk u2.

~A12!

Thus we have

~16p2!gQ3
5

8

3
g3

21
3

2
g2

21
1

30
g1

22l t
22lb

2

~16p2!gU3
5

8

3
g3

21
8

15
g1

222l t
2

~16p2!gD3
5

8

3
g3

21
2

15
g1

222lb
2

~16p2!gL3
5

3

2
g2

21
3

10
g1

22lt
2 ~A13!

~16p2!gE3
5

6

5
g1

222lt
2

~16p2!gHu
5

3

2
g2

21
3

10
g1

223l t
2

~16p2!gHd
5

3

2
g2

21
3

10
g1

223lb
22lt

2 ,
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dropping the Yukawa coupling terms for chiral superfields
the first and second generation. For all the models consid
in this paper we have takenKs52gSTR

2 /2 and assumed tha
the regularization scalemPV and the boundary condition
scale~here identified withmR) coincide. This is a reasonabl
approximation when the boundary condition scale is near
string scale.

To obtain the explicit values of the soft terms that we
used in Secs. II and III one must substitute the appropr
expressions for the auxiliary fieldsFS, FT, andM into Eqs.
~A7! and~A9!. For example, the model of Sec. II is obtaine
by the substitutions

M523m3/2

FS5A3m3/2anp~Kss̄
tree

!21/25
2A3

gs
2

anpm3/2 ~A14!

FT50.

A possible model line for further study is to vary the para
eter anp over its allowed range for a particular scale (m3/2)
and value of tanb.

The models of Sec. III were obtained from the same
pressions as Sec. II but with the choices

M523m3/2

FS50 ~A15!

FT5~ t1 t̄ !m3/2.

Interesting model lines for this class of models can be
tained by continuously varyinĝRe t& for various values of
v,

tt

s

s

v,

ur.

s.

04500
f
ed

e

te

-

-

-

the GS coefficientdGS. Such model lines have the power
interpolate between patterns of soft supersymmetry brea
that look similar to minimal supergravity and those that ha
the features of anomaly mediation.

To obtain the models of Sec. IV one adds the correctio
given in Eqs.~48! and~49! to the soft terms of Eqs.~A7! and
~A9! and substitutes for the auxiliary fieldsFS, FT, FX, and
M. Our final examples of cases F and G are obtained by
substitutions

M523m3/2

FS5
2A3

gs
2

anpm3/2 ~A16!

FT50

FX5kFS

with anp51 and the parameterk fixed to the valuek51.
While both^Re t& andanp are free parameters which can b
varied, as are the messenger mass scale and the phenom
logical parameterk, a fruitful area of further investigation is
to vary the hypercharge messenger indexN1 for a fixed com-
bination of messenger indicesN3 andN2. Like the variable
^Re t&, this parameter directly influences the ratioM1 /M2
and thus can interpolate between minimal supergravity
anomaly-mediated spectra. For example, the models sele
in this paper for benchmark scenarios were chosen with
values of N1 to put them in the minimal supergravit
~MSUGRA! regime, which is a far less challenging regim
for detectors at hadronic colliders than those of the anom
mediated regime.
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