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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.
DOI: 10.1103/PhysRevD.67.045008 PACS nunt®erl4.80.Ly
[. INTRODUCTION leads one to question the relevance and implications of such

models.

Benchmark models can be of great value in helping plan We have studied these issues and constructed several
and execute experimental analyses. They allow quantitativeenchmark models that have good underlying theoretical
studies of detector design and triggers, and can be importaftotivation. We find that the resulting spectra typically do
in setting priorities for experimental groups. They suggeshave some light superpartners that will be produced in sig-
what signatures can be the most fruitful search channels fdtificant quantities at the Tevatron or a 500 GeV linear col-
finding new physics. For example, if benchmark models suglider. Further, these models typically do describe EWSB
gest rates and signatures that imply some kinds of new phy#vithout large cancellations, so perhaps their implications
ics are unlikely to be seen compared to others, theoreticdlluding the opportunity to observe superpartners at the Teva-
and the associated experimental efforts may move in the diron) should be taken very seriously. In those cases where it
rection indicated by those suggestions. Benchmark model§ physically reasonable we have indicated which parameters
can also provide essential guidance about what backgroun@&n be varied to provided so-called “model lines.”
are important to understand and what systematic errors need To be explicit, we propose seven sets of high-scale
to be controlled. Consequently it is very important that theSupersymmetry-breaking parameters as inputs to determine
benchmark models not misrepresent the true physics situdhe weak-scale properties. All of these sets have a string
tion. Finally, constructing benchmark models can also bdheory basis, as is explained in Secs. II-IV of the paper. To
valuable theoretical exercises, helping us to gain insight intgummarize, the first set of benchmarks is motivated by non-
which features of the theory imply certain phenomena andperturbative methods of achieving dilaton stabilization lead-
vice versa. ing to a reasonable minimum of the supersymmetry-breaking

To be precise, we define a benchmark model as one in theotential. They are specified by
framework of softly broken supersymmetry and based on a
theoretically motivated high scale approach. Currently, such Case A: {tanB,mg»,a,,t ={10,1500 GeV,1/15.%7
models cannot be specified in sufficient detalil to calculate a 1)
meaningful spectrum of interactions without making some
assumptions or approximations—and these should be ones . _
which make sense in the context of the theory. Case B: {tang, Mgz, an} ={5,3200 GeV,1/37.05 %)

In the past two years some benchmark models for super-
symmetric spectra and signatures have been publish&t
A general and perhaps surprising feature of these bench- Case C: {tanB,mg;,a,,}={5,4300 GeV,1/61.36
marks is that the resulting superpartners are rather heavy, and ©)
in particular few or no superpartners are likely to be ob-
served at the Fermilab Tevatron collider. The publishedvhere targ is the ratio of Higgs vacuum expectation values,
benchmark models are constructed using various assumpig, is the gravitino mass, ana,, is related to the nonper-
tions. Such assumptions may or may not be true, and it iturbative corrections to the dilaton potential. A possible
important to understand whether other approaches to benciodel line is to vary the parametay, with all other param-
mark models generally lead to such heavy spectra or noeters fixed. The next set of benchmark points are based on
One important concern with the published models is thastring models where the moduli fields are responsible for
they can be consistent with electroweak symmetry breakingpreaking supersymmetry. They are specified bygams,,
(EWSB) only by having large cancellations between largea Green-Schwarz coefficieds, and a moduli expectation
contributions toM . That is a worrisome propert\d], and  value:
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Case D: {tanB,mg,,8gs,(Ret)} e*e” collider LEP bound on the chargino mass again im-
plies a heavy gluino and proper EWSB demands once more

={45,20 Tev;-15,1.1Q (4) a large value for the. term.
We will utilize the complete one-loop expression for soft
Case E: {tanf,mg,dcs,(Ret)} supersymmetry breaking parameters in order to investigate
=1{30,20 TeV-9,1.23. (5) three classes of string-derived low-energy models. All of

these examples will rely on significant contributions to vari-

A possible model line is to varyRet) for a given value of ~©US Soft supersymmetry breaking terms from supergravity
Sas. The last set of benchmark points are based on the idg/@0P corrections, including those that arise via the supercon-
of partial gauge-mediation arising from high-scale fields, andormal anomaly. Our first two examples explore the implica-
are specified by taf, ms, and the SM quantum numbers of tions of the two leading methods known for stabilizing the

the high-scale fields: string dilaton. Our third set of models investigates the possi-
bility that supersymmetry breaking is transmitted from the
Case F: {tang,mg;,,np,n_,N;} hidden to the observable sector through the agency of the
standard moduli fields of string-derived supergravity as well
={10,120 GeV,4,@3/5)} (6) as vector-like multiplets of chiral superfields charged under
the gauge groups of the standard model. Such exotic states
Case G: {tanf,mg,Np NNy} are a common feature of string models and they will neces-
={20,130 GeV,3,03/5)}. @ sarily give rise to a “partial” gauge mediation of supersym-

metry breaking. Phenomenologically, we only require that

A possible model line is the variation of quantum numbersh€ models are consistent with all collider data and not sig-
in particular the hyperchargd,. The corresponding values nificantly inconsistent with indirect constraints—since some
of the “usual” soft terms are collected for all the benchmark constraints typically imposed in phenomenological studies
points in Table | in Sec. V. The reader interested mainly in[such as thermal relic densities for lightest supersymmetric
the phenomenological implications of these benchmarks maparticle (LSP) neutralinog are model-dependent and/or sen-
proceed directly to that point, especially on a first readingsitive to input parameters, we impose these constraints some-
The appropriate input parameters to #erHiA event gen-  what loosely. All models preserve gauge coupling unifica-
erator are also availab[&]. tion. We discuss details of how EWSB occurs in each case.
Most previous benchmarks were based on the so-called In Secs. II-1V we describe in some detail the theoretical
constrained minimal supersymmetric standard modetonstruction of the models. While we are not arguing that
(CMSSM) which is characterized by universal valueg for ~ any of them are overwhelmingly compelling, we describe
the soft scalar masses, a universal gaugino mass demgted them in sufficient detail so that the reader can see they are
and a universal trilinear scalar coupliag [5—11], subjected  theoretically well-motivated. In Sec. V we present the result-
to theoretical and experimental constraints. These models aieg spectra. There we will briefly summarize some phenom-
quite simple and well defined, and could once rightly claimenological aspects of the models, including a few observa-
to represent the state of the art in effective theory constructions about Tevatron signatures and rates and a discussion on
tions motivated by string theory. But recent progress in realfine-tuning in these models, before concluding. We have col-
istic low-energy effective models, coupled with the recentlylected the complete one-loop expressions for the soft terms
obtained one loop expressions for soft terms in supergravitysed in this study in the Appendix, where we indicate the set
theories derived from stringdd.2], suggests that this univer- of free parameters in each case and suggest certain model
sal paradigm may not accurately reflect the underlying strindines for further inquiry. Since the models we construct are
theory. In addition, phenomenological constraints that maynteresting theoretically beyond their role as benchmark
not hold have been imposed on these benchmark modelgjodels, and for the most part have not been studied to date,
such as insisting that they provide the entire cold dark mattewe include both theoretical descriptions of these models as
of the universe with the needed relic density arising onlywell as numerical results in the same paper. Readers who are
from thermal production mechanisms. mainly interested in the spectra and/or the high scale input
The phenomenology of CMSSM models is largely ge-parameters can focus on Sec. V and Tables | and Il contained
neric. Once gaugino mass degeneracy is enforced experimetfierein.
tal limits on chargino masses imply a heavy gluino; proper
EWSB then requires a large cancellation betweenuthea-
rameter and this larg# ;. The lower bound on the Higgs Il. KA HLER STABILIZATION OF THE DILATON
boson mass adds additional constraints. This same pattern
emerges in both gauge-mediated and anomaly-mediated
models, as they are typically constructed in the literature The dilaton is a uniquely important field in string-derived
[13,14]. In both cases the gluino soft mask; is larger than  effective theories. It is the only one of the various possible
the W-ino soft massMl, by the ratio of gauge coupling@n string moduli fields that always appears in the low-energy
the case of gauge mediatjoor by the ratio of beta-function theory in a uniform way. It represents the tree-level value of
coefficients(in the case of anomaly mediatipriThe CERN  the gauge kinetic functiofi, and thus its vacuum expecta-

A. Theoretical motivation
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tion value determines the string coupling constant. In the =
formulation in which the dilaton field is contained within a V=KFF'—
chiral multipletSwe have

MM (9)

w| =

whereF! is the auxiliary field associated with the chiral su-
perfieldZ' andM is the auxiliary field of supergravity. Note
that we have suppressed the Planck mass by setting the
Mp =1 here and throughout. The auxiliary fields can be

wheres=S|,_3_, andgsrr is the universal gauge coupling dentified by their equations of motion
at the string scalé.Though the string scale in the weakly

coupled heterotic string is typically somewhat larger than the FM=_ eK/2K'V'N(V_vﬁ+ KﬁV_V), M= —3e<2W (10

traditional grand unified theory(GUT) scale Agyr - - -

~2X10'® GeV[15], we nonetheless often take the appareniwith Wy=dW/aZ"V, Ky=0K/azN and KMN being the in-

unificati02n of gauge couplings in the MSSM as a guide and,erse of the Khler metricKy = 92K/azZMaZN. The grav-

assumeysrg=1/2. itino mass is given byns,= — £(M). The effect we wish to
From Eq.(8) it is clear that the low-energy phenomenol- cqnsider involves the dilaton, so let us focus on the case

ogy depends crucially on finding a dynamical mechanismyhere only the dilaton auxiliary fiel&S receives a vacuum
that ensures a finite vacuum value for the dilaton at the Obexpectation value. Then the potenti@) can be written

served coupling strength. However, the superpotential for the B
dilaton is vanishing at the classical level so only nonpertur- V=K gdF5?—3eX|W|?=eXK g W+ K W|%— 3eX|W)|2.

bative effects, of string and/or field-theoretic origin, can cre- (12)

ate a superpotential capable of stabilizing the dilatb@l. _ .
There are two commonly employed classes of solutions tdVe now depart from the standard case so often considered in
this challenge[17]. The first, sometimes referred to as the literature, for whictK (S,S)=KdS,S)=—In(S+S) and
“Kahler stabilization,” assumes that the tree levelhkaa  instead allow the function€ssandKg to be undetermined at
potential for the dilaton, which is known to be of the form this point. Requiring that the potentiéll) be vanishing in
KuedS,9) = —In(S+9), is augmented by nonperturbative the vacuum(V)=0 then implies(up to an overall phase
corrections of a stringy origin. Then in the presence of one or s 12 tree, —1/2

more gaugino condensates in the hidden sector the dilaton F5=3mg(Keg) 2= \Bmgan( K , (12

can be ;tabll|zed AsTR= 1/2 with a vamshmg vacuum en- oo e have introduced the parameter

ergy. This method requires correctly choosing parameters in
the postulated nonperturbative idar potential. K lree| 112

fO=5, (Res)=1/g%r, (8)

The second approach, sometimes referred to as the “race- ss
track” method, assumes only the tree level form of the dila- Kts%e
ton Kahler potential but relies on at least two gaugino con-
densates in the hidden sector to generate the necessaf¥signed to measure the departure of the dilatohlé¢gpo-
dilaton superpotential. Generally the vacuum energy remaingntial from its tree level value due to nonperturbative effects
nonzero in such scenarios, so some other sector must Qﬁstring origin. Recall tha((Kt@)l’2>=<1/(s+§)>=géTRIZ
tacitly postulated to bring about a vanishing cosmological_ ss
constant. This method requires correctly choosing the rela-
tive sizes of the beta-function coefficients for two different
ggggegfs'ggﬂ?%ﬂg;iguﬁé zf)gqr?)g(fhbelz)g—comnocdrgltg {Rgp';eas\}gssumption that the superpotential for the dilaton is gener-

- ; . ted by the field-theoretic nonperturbative phenomenon of
explicit mechanisms to break supersymmeiry, obtain the aI[Sjugino condensation and that its dilaton dependence is

(13

To understand the likely magnitude of the phenomeno-
logical parameter,, let us make the quite well-grounded

propriate dilaton vacuum value and arrange soft terms at th iven byW(S)oe 35, Hereb, is the beta-function coef-

TeV scale—tend to generate nonuniversal gaugino masses. . .
and allow for the prospect of superpartner production at theICIent of a condensing gauge grogp of the hidden sector

Tevatron. We will briefly describe the first method of non- with
perturbative corrections to the dilaton idar potential in this 1
section, and investigate the multiple condensate scenario b,=
with tree-level Kaler potential in Sec. Ill. 1672
Let us begin with a brief review of the important broad _
features of what Casd48] referred to as the “generalized where C,,C; are the quadratic Casimir operators for the
dilaton-dominated” scenario. Consider the scalar potentiajauge group,, respectively, in the adjoint representation
that arises from any generic supergravity theory and in the representation of the matter fieftlscharged un-
der that group. Let us assume a single condensing gauge
group, which we will denote by, , so that we can write
We assume affine level one for non-Abelian gauge groups andVs=—(3/2b,)W(S). The values o, can be quite a bit
5/3 for the Abelian groupJ(1)y of the standard model. larger than analogous values for the standard model groups,

3C,— >, C! ) (14)
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but a limiting case is that of a singleg gauge group con- dilaton was employed. In this case the dilaton fieid the
densing in the hidden sector, so th@tkng8 and b, lowest component of a linear superfieldand the gauge

=90/16m2=0.57. In what follows the parametdr, will ~ coupling is determined by

take several different values depending on the assumed con- ol

densing gauge group. Clearly we must in&ist>0 in order géTRz <_> (19
for gaugino condensation to happen at all. 1+£(1)

Returning for a moment to the tree level case, we can now _ . .
see that requiringV)=0 in Eg. (11) would require the fol- where f(1) =f(L)|y—y—o parametrizes stringy nonperturba-

lowing relation(understood to be taken in terms of vacuumt've co_rrectlons to the d|Iator_1 action. This trgnslates Into a
expectation valus correction to the Khler potentialkK (L) for the dilaton of the
form
K(L)=Kyed L) +g(L)=In(L)+g(L) (19

(s+s)?

1 |? _ 2b,
2b, +sT§~ =3=(sts)=—3~(v3-1),
(15)

whereg(L) is related tof(L) by the requirement that the
Einstein term in the supergravity action has canonical nor-

o 5 - malization, which implies:
and this implieggyg~ 1/, ~167“. Hence the origin of the

belief that one condensate cannot stabilize the dilaton with dg(L) df(L)
vanishing vacuum energy without resorting to strong cou- qr L HfL. (20
pling. However, if we do not insist on the tree level dilaton
Kahler potential then the vanishing of the vacuum energyNote that at tree level the chiral and linear multiplet formu-
implies lations are relatédby L=1/(S+S).

The form of the nonperturbative correctidl) used in
[20,21] was that originally motivated by Shenkg3]

2 §b+
=3 (Ks9 = 3—5——
1—§b+KS

(16)

(Ksd ™ HKs

- 2b, f(1)=2 Ay(yI) e BT (21)

and subsequently studied by other auth@4,25. It is an
important feature of Eq(21) that these string instanton ef-
fects scale likee ™9 (when we usé~g?) and are thus stron-
ger than analogous nonperturbative effects in field theory
which have the forne™ Ye® Thus they can be of significance
even in cases where the effective four-dimensional gauge
coupling at the string scale is wedk6|.

To achieve a minimum with the desired properties it is
b, sufficient to truncate the expressi@@il) after two terms and

32 i
B B (17 write
1- Kb, f(1)=(Ag+A/\1)e B/, (22)

So providedK~O(1) so thak b, <1 we can immediately
see that a Kialer potential which stabilizes the dilaton while
simultaneously providing zero vacuum energy wilcessar-
ily result in a suppressed dilaton contribution to soft super
symmetry breaking. Indeed, from E.3)

2 g

_ _ It was shown in[21,26 that such a function can indeed
Note that we have so far been working with ofj#0 for  stapilize the dilaton at weak coupling and vanishing vacuum
the sake of simplicity. The resul7) does not rely on the energy with®(1) parameters For example a minimum with

dilaton being the only source of supersymmetry breakingy2 —1/2 can be found for the choice of parameters
(i.e. one could always introduce more auxiliary fielf#§

with Goldstino angles in the manner §f9]), though the Ay=89 A;=—45 B=0.75. (23
phenomenological ramifications of EL7), to which we

will turn in Sec. Il C, will necessarily be most pronounced The choice in Eq.23) also has the pleasant feature that
when the dilaton is the dominant source of supersymmetry((1))~0 so that from Eq(18) we have(l)~g3;42 as it
breaking in the observable sector. would be in the perturbative limit.

B. A concrete realization 5 _ ) ) )
One should exercise extreme care in converting from the chiral to

Can an expllg!t form for .the dilaton Kder potential be e jinear multiplet formulation, particularly in the presence of loop
found that stabilizes the dilaton at values such th&tz  corrections. For a precise conversion of quantities suckaand
=1/2 and simultaneously providing fofV)=0 via the K see Appendix A of22].
mechanism of Eq(16)? The question was answered affirma- 3This was confirmed by subsequent authors. See for exdi2fle
tively in [20,21] where the linear multiplet formalism for the where Eq.(22) was one of the cases studied.
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The explicit model 0f[20,21] incorporates this Kaer 92(w)

stabilization mechanism with a realistic model of gaugino MazT[(FS)—Zbam3/ﬂ
condensation in the hidden sector which includes modular

invariance, possible string threshold corrections to gauge

couplings as well as possible matter condensates in the hid-
den sector. Yet despite these many complications, the dilaton

dependence of the condensate-induced superpotential, when
written in terms of the chiral formulation, continues to be of
the formW(S)~e 352, Thus it should provide a manifes-

tation of Eq.(16), and indeed, upon translating from the
linear multiplet to the chiral multiplet notation using

Aij=—(KFS)+mg ] yi+ 7+ %] (26)
mgz m%/zi

where y; is the anomalous dimension of fieHl. Complete
expressions for these soft terms, as well as a brief description
of how soft terms are derived from string theory more gen-
erally, are given in the Appendix. In the above expressions
we have made a tacit choice of relative phase between terms
involving (FS) and those involvingM )= — 3mg, such that
the combination of terms will reduckl; and enhanceM
andM,. We will also take(K)=—g2¢2 and thus assume
that the tree-level relationship between the dilaton and the
coupling constant is not affected greatly by the presence of
the nonperturbative corrections to the dilatonhka poten-
tial. While we have presented only the leading terms in the
Implementing the ideas of Sec. Il A, in conjunction with one-loop parameters in E¢26), the complete expressions
an explicit model of supersymmetry breaking via gauginofor soft terms at one loop will be used in our calculations.
condensation as in Sec. |l B, has the power to relate param- From Eq.(26) it is clear that the dominant signature of a
eters of the hidden sector to the scale of gaugino condenségeneralized” dilaton-domination scenario is the hierarchy
tion and the size of the gravitino mass, thereby providing éetween gaugino and scalar masses, as was noticed by Casas
complete model with a great deal of predictability. We need 18]. Indeed, comparing the firétlilaton-dependepterm in
not concern ourselves with such model-dependent issugbe gaugino mass of E¢26) to the scalar mass, and using
here. The discussion in Sec. Il B is meant merely to illustratéEg. (12) we have, for properly normalized fields at tree level,
the degree to which the scenario we are describing is motithe ratio
vated by honest, semirealistic models from string effective

2

(Ko=—1, (Ks9 (24)

T 1+1g/()
that is exactly what happens, as was showf2).

C. Soft terms and benchmark choices

field theory. For the purposes of generating benchmark sce- Mg, gi(AUV)
narios we can treat the gravitino mass,, and the beta- _mo :\/ganp—gz (27)
STR

function coefficiento . as independent parameters—or even
more phenomenologically, treat the gravitino mass At hich reduces to the familiar factor f3 of minimal super-
Eq. (13) as free parameters—and investigate what sort o’g

ravity in the perturbative casa,,=1 when the boundary
Sveepririgrrfsé)fggtthe standard phenomenology of the CMSS condition scale\ ;,, and the GUT scale are taken to coincide.

As mentioned previously, the impact of the er sup- However, if we imagine the value at,, to be determined by

pression factoa,, will be maximized when the dilaton is the the beta-function coefficient of a hidden-sector gauge group

sole participant in supersymmetry breaking, as is in fact th&> N Eq.(17), then thelargestit can be isay,~1/6.1 which

case in the explicit model ¢21]. From Eq.(12) we see that oceurs when the condensing gauge groupgsFor the more
realistic case of a smaller condensing group the valug,of

4a, will be smaller, and hierarchies @?(10) between the scalar
P<1 (25) masses and gaugino masses are common.
V3 On top of this gross feature it is also clear that the loop
effects will produce a “fine-structure” of nonuniversalities
so one-loop corrections can be important for those sofamong the gaugino masses aAdterms. With the phase
supersymmetry-breaking terms that receive their tree levethoice represented in E¢26) and the definition(14) it is
contributions solely from the dilaton auxiliary field, such asclear that the effect of the loop corrections will be to lower
the gaugino masses and trilineaterms[28]. In particular, the gluino massM; while increasing theB-ino massM;
loop-corrections arising from the conformal anomaly arerelative to theW-ino M. In fact, for small enougta,, (or,
proportional toM itself and receive no suppression, so theyequivalently, small enough.) it is possible to so suppress
can be competitive with the tree level contributions in thethe universal tree level contributions to the gaugino masses
presence of a nontrivial Kaer potential for the dilaton and andA terms that the anomaly-mediated terms dominate and
should be included22,29. If we assume that the Kdéer we encounter a gaugino sector identical to that of the
metric for the observable sector matter fields is independeranomaly-mediated supersymmetry breaki(®MSB) sce-
of the dilaton, as is the case at tree level in orbifold compacnario with itsW-ino-like LSP[30-32, only with large(and
tifications, then the leading order expressions for the sofpositive scalar masses for all matter fields. In general,
supersymmetry-breaking terms for canonically normalizedhough, the “anomaly-mediated” term@roportional to the
fields are auxiliary field M of supergravity and the standard “gravity-

FS
=

FS
_‘3m3/2
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mediated” terms(proportional to the auxiliary field> for . UNTWISTED MODULI-DOMINATION
the dilaton will be comparablé. It is important to note that WITH MULTIPLE CONDENSATES
the significant splitting experienced by the gaugino masses is
not also seen in the gauge couplings themselves. Tree level
gaugino masses are still universal, but are suppressed, so thatIn Sec. Il we considered the case where only the dilaton
nonuniversal loop contributions are comparable, while loogParticipates in supersymmetry breaking. We now turn our
contributions to the gauge couplings themselves are alwayattention to the opposite case where it is only thehlsa
small in comparison to the large tree level value. moduli (which are typically denoted by) which communi-

We will choose three points in the parameter space dete€ate supersymmetry breaking to the observable sector. This
mined by{tans,ms;,a,,} for further study in Sec. V. Note Was found to be a generic property of many early models of
that this parameter set is meant to replace those of the usug@ugino condensation that used the tree-level form of the
minimal supergravity, or CMSSM, parameter set. We begirdilaton Kahler potential, particularly those that employ mul-
by setting the initial input scale to be the GUT scalg, tiple condensates to stabilize the dilaf@b—38.
=2x 10 GeV as this is a common convention in the litera- I the previous section we employed ter potential sta-
ture and makes for easier comparisons with previous result¥ilization of the dilaton to reduce the universal tree level
The phenomenology of this class of models was studied gontribution to gaugino masses. In such a paradigm the
some length if26] where it was found that requirings,  dominantloop corrections are those from the superconformal
~1 TeV to within an order of magnitude typically required @homaly which(depending on the relative phase of the dila-
b,=<0.15. This is consistent with recent studies of the hid-ton auxiliary field=* and the supergravity auxiliary field )
den sector in realistic compactification of heterotic stringc@n reduce the gluino mass at the boundary condition scale
theory onZ; orbifolds [33,34 where hidden sector gauge elative to the other gaugino masses. When the dilaton plays
groups larger thasU(5) were very rare. We are thus led to NO role in supersymmetry breaking, however, the gaugino
consider among our benchmark points the cases where Masses are entirely determined at the loop level. Among
=15/16m2=0.095 and b, =9/1672~0.057. The former these Ioop—lgvel contrlbu.tlons there is a umvgrsal contribu-
could result from a condensation of pus&J(5) Yang-Mills  tion to gaugino masses in the form of the umver;al Grgen—
fields in the hidden sector. The latter case could be obtainegchwarz counterterm, inherited from the underlying string
either from a similar condensation of puB&J)(3) Yang-Mills theory. Fpr certain quite reaso_nal?le ranges for the F:oefﬂment
fields or from the condensation of & hidden sector gauge 9cs ©Of this counterterm we will find that the loop-induced
group with nine27s condensing in the hidden sector as well. 9augino mass arising from thiemoduli and the supercon-

To serve as a baseline, we will also consider a much Iargefr’i’rmaI anomaly are naturally comparable to the universal
value of the condensing group beta-function coefficient ofl€'m. leading to a lighter gluino than in the typical unified

b, =36/16m2=0.228. This could result from a hidden sector ¢aS€ and diminished fine-tuning.
condensation of purgg Yang-Mills fields. Thus we will de- All orbifold compactifications of the weakly coupled het-

fine our first three benchmark points as follows: erotic string give rise to certain chiral superfields which pa-
rametrize the size and shape of the compact extra dimen-

sions. It is always possible to consider only a reduced set of

Case A: {tang,my,an}={10,1500 GeV,1/15.37 three diagonal moduli which we will dgnot@“, whose
(28) Kahler potential is given bK = —% In(T*+T%). With only a

slight loss of generality in what follows we can further sim-
plify things by treating allT* as equivalent and thuk

A. Theoretical motivation

Case B: {tanB,mg;,,a,,=15,3200 GeV,1/37.05 =—=3In(T+T).
(29 The diagonal modular transformations
720 dobe=1, abcdez, (3D
Case C: {tanf3,Myy,a,)={5,4300 GeV,1/61.36 TicTaqr 2970 abedes,
(30)

leave the classical effective supergravity theory invariant,

though at the quantum level these transformations are
The corresponding values of the soft terms will be collectecanomaloug39—-42. This anomaly is cancelled in the effec-
with our other benchmark points in Table | in Sec. V. Wetive theory by the presence of a universal Green-Schwarz
have chosen to be precise in our definitions of the paramet@ounterterm and model-dependent string threshold correc-

anp SO that the numbers in Table | can be reproduced frontions to the gauge kinetic functiorig3,44, which we will
the master equations in the Appendix. have occasion to describe below. A matter figlds said to

have modular weighn; if it transforms under Eq(31) as

4Strictly speaking, the terms that have come to be referred to as Z'—(icT+d)"Z'. (32
“anomaly-mediated,” and indeed the whole paradigm that is re- ) ) )
ferred to as “anomaly-mediated supersymmetry breaking,” is reallyln what follows we will assume that the matter fields univer-

a special case of gravity mediation. sally have modular weight;= — 1, as would be the case for
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fields arising from the untwisted sector of the heteroticno longer require the presence of nonperturbative corrections
string. This will simplify the analysis of the gaugino masses.to the dilaton Kaler potential so thak 2=1/(S+5), i.e.
Such models have often been referred to as orbifold model .p="1. Then minimizing the dilaton potential with E¢86)

of “type I1," or O-lI model§, in the Iiteratyre[lg]. . yields the vacuum solutiofis
Since the Kaler potential for matter fields, derived from

the tree level string theory, is given by the diagonal metric 2m(2n+1)
_ _ Im :f €
Ki=w(28;+0(Z%), «(Z)=(T+T)—(T+T) %, 3(by *—b, )
(33
, , i , 2 di[3(Res)b; 1+1]
we see that Ec(_31) is manifested as a Kder transformation Res= ———.In — . (37)
K—K+3(F+F), with F=In(icT+d) and the classical sym- 3(by"=b,7) | dz[3(Res)b, " +1]

metry of the effective Lagrangian will be preserved sinCeryg first of these equations merely introduces a relative sign
under Eq(32) with n;=—1 the superpotential transforms as poyeen the two condensates to produce a minimum. As for
(45,48 the second equation in E(B7), if we succeed in achieving a
WoW(icT +d) 3= We . (34) realistic vacuum solution we expect 3(Béb,>1 fqr both
condensing group§, . In that case we can approximate the

The above transformations are known to be preserved b§econd solution as
the underlying string theory to all orders in perturbation
theory, and are conjectured to hold even in the presence of Res— 2 ndle (39)
nonperturbative effects. Therefore the quantum level 3(b1’1—b2’1) dyb;”
anomaly in the effective theory must be cancelled by an ap-
propriate set of operators. This is provided in part by aEach of these four parametebs, b,, d; and d, are not
Green-Schwarz counterterm with universal coefficiégg, continuously variable, but depend upon the gauge groups in
which can be thought of as a loop-correcti@r genus one the hidden sector and the representation and number of fields
from the point of view of string theopythat contributes to in the hidden sector charged under those groups. They are
gaugino masses in the form calculable, however, from any particular orbifold compacti-

fication of the weakly coupled heterotic string.

ga(p) 2FT  6gs
2 (t+t) 1672

Males= (39

B. A concrete realization
_ o o In this section we are followin§35—-38 in working with
Here dgsis a(negative integer which is calculable from the the tree level Kaler potential for the dilaton, modified only
string compactification and whose value ranges from O to -9y the presence of a Green-Schwarz counterterm. This will
in the normalization adopted in E(B5). When(F')#0 this  |ead to a minimum wheréFS) =0 is favored while(FT)
term provides a universal contribution to gaugino masses a& 0 to provide for supersymmetry breakif47,48. In these
the loop level. _ _ _ ~cases it was found that under a variety of different forms for
Let us next examine the ISsue Of d||at0n Stab|l|zat|0n |nf(T) in the Condensate Superpotentia' t'henodu“ are sta-
this class of models. Taking the simplest case of just tWayjlized at(Ret)=1.2 which implies that the compact space
gaugino condensates in the hidden sector we would expectigs a typical dimension of order the inverse Planck mass.
superpotential of the form An exact solution that generates bathy, and(Res) re-
.3 _3s/% _3s/% quires a model for the coefficients; and d, in Eqg. (38).
W(S,T)=Asrsf(T)[dse t+de 2], (36 Several possibilities for generating differing values of these
. . . coefficients exist in the literature. [i85] these coefficients
v;/]herelf(T) ;Sr? function ththe modup}[ which depends on o esented threshold effects in the beta functions for the
the value of the Green-Sc warz Coe_'(_:'aéts' In _Eq. (36) couplings of group%j; andg,, due to the integrating out of
b, andb, are the beta-function coefficients, defined by Eq.peayy vector-like matter charged under those groups, with
(14), for the two condensing grouggs andg, andd; andd,  1455es above the supersymmetry breaking scale. If the hid-
parametrize the presence of possible matter in the hiddegen sector matter is to be integrated out below the scale of

sector.d_l ilizati o that heJ2UgInO condensation then a nontrivify is generated for
For dilaton stabilization to occur, we must require that theg .y condensing group whose form depends on whether the
scalar potentiaV(S) given in Eq.(11) gives rise to a mini-

i matter is vector-like in naturg86] or only forms condensates
mum such that(s+s)/2=1/g3;=2 while generating a

gravitino massmg,=(e“?W) of O(1 TeV). Here we will

5These solutions are strictly true only in the limiting cadgs
—0 when the chiral formulation is used for the dilaton. However,
SExpressions for soft terms are understood from here onwards ass we will be considering relatively small values for this coefficient
being taken as functions of the vacuum expectation values of th&n Section Il B this approximation is justified. For more details, see
fields involved. Thus=(S|,—5=0), t=(T|s=5-0), etc. [36,37.

045008-7



KANE, LYKKEN, MRENNA, NELSON, WANG, AND WANG PHYSICAL REVIEW D 67, 045008 (2003

of dimension three or high¢21]. (FTY=mg(t+1)). Then the gaugino sector is determined
Literally hundreds ofzexphcn examples where E@8) by the three parameters,,, dgsand(Ret).’
produced a minimum ajsrg=1/2 andms, within an order In the moduli-dominated limi¢FS)=0, with n;=—1 for

of magnitude of 1 TeV were obtained [i86], both with and  all observable sector fields, we obtain for the full one-loop
without a nonzero Green-Schwarz coefficient. These casefaugino masses

involved takingG;=SU(N,) and G,=SU(N,) with differ-

ing numbers of fundamentals charged under each group. For 92(AsTR) ds — 2 =
example, taking the limigs=0 for the moment, a hidden Ma=—> 2 162 +0a | Go(LOF 4+ ZbM 1,
sector comprising ofj;=SU(7) with eight7+7's and G, (40)

=SU(8) with fifteen 8+ 8's satisfied Eq.(38) with (Res)

=2.0 andmj;;,=2550 GeV. In another example with some- where we have introduced the modified Eisenstein function
what stronger string coupling the hidden sector was given by
G,=SU(5) with eleven5+5's and G,=SU(7) with three _ 1

7+7s satisfied Eqg. (38) with (Res)=1.2 and mg, Go(t,t)=| 20() + iy (4D)
=6526 GeV. Lastly, an example with slightly weaker string

coupling had a hidden sector of pujg=SU(7) Yang-Mills s, the Riemann zeta function and classical Dedekind func-

fields andG,=SU(8) with sever8+ 8's that yielded a grav- tjon »(T) given by

itino mass ofmg,=32 TeV and(Res)=2.2. In short, so

many possible combinations of gauge groups with the de- o 1 dn(T)

sired properties have been catalogued that we will feel justi- ,(T)=e~""12[] (1—e 2™T); (T
n=1

fied in what follows to assumgstr=1/2 while treatingms, 7(T) dT

as a free parameter of the theory. This will allow us the (42)
freedom to study this entire class of models without appeal-

ing to specific constructions of the hidden sector. For our purposes we need only bear in mind that the modi-

Fina”y, as for the negati\/e integer value of the Green_ﬁed Eisenstein funCtiOl(l41) vanishes at the self-dual points
Schwarz coefficiendes, this can be computed for any given (t)=1 and(t)=e'".
orbifold compactification. The simplified moduli sector we  In Eq. (40) we see the essential elements for addressing
are Considering here is suggested by the phenomenomgicaﬂve fine-tuning in the electroweak sector: A universal contri-
well-motivated Z orbifold. The value ofdgg for all such ~ bution from the Green-Schwarz counterterm and group-
orbifold compactifications which could potentially give rise dependent contributions which distinguish the gauginos of
to the standard model in the observable sector was recentfie asymptotically freeSU(3) group from the others. The
carried out[33], in which it was found that the range of interplay between these contributions, without the anomaly

possible values was actually quite limited and given by thecontribution in Eq.(40), was studied in orbifold models in
set [50]. For the right combinations of relative phase between

FT andM (we have tacitly assumed zero relative phased
dgse{—9,-12-15-18,-24}. (39 sign of Gz(t,t_) it is possible to diminish the gluino mass
relative to the other gauginos. This is exhibited in Fig. 1
o .. where we have highlighted the region preferred by e
Remarkably, we will find that the pfirameter combination 5 pifo|d. Remarkably, it appears that tia orbifold, with
(Ret)=1 and 9<|dsd=24 are precisely the ranges that noqyii stabilized just slightly away from their self-dual
give rise to a light gluino which may be produced at thepoints, actually prefers a light gluino.
Tevatron and which can ameliorate the fine-tuning problems complete our model and generate spectra for use as
of the electroweak sector. benchmarks we need to exhibit the remainder of the soft
supersymmetry breaking terms. The insistence on modular
weightsn;= —1 generates a model similar to the no-scale
models in which all soft terms are zero at the tree level,
Typically, the multiple condensate models with tree levelindependent of the ultimate value ) provided(FS)=0.
dilaton Kéhler potential are incapable of achieving a vanish-As a result, much of the one loop correction to the various
ing vacuum energy at the minimum of the scalar potentiakoft terms will also vanish, as they are proportional to tree
[18,35,38. However, without ensuringV)=0 it is unclear level soft supersymmetry breaking. The remainder of the one
whether a meaningful analysis of low-energy phenomenolioop soft term contributions depend on the manner in which
ogy is possibldsee, for example, the discussion of this pointthe theory is regulated. The complete set of one loop terms
in [19]). Rather than introduce additional model dependencevas computed in full generality if12] and specialized to the
by incorporating a new sector in the theory to cancel thecases we are considering here[R2]. We reserve further
residual vacuum energy we will instead assume some im-
plicit mechanism that results in the vanishing of the potential————
(9) at its minimum[49]. This allows us to determine the vev  “Since we have dropped phases in the gaugino masses we will
of the auxiliary fieldFT in the moduli-dominated limit as consider only real values of the overalimodulus.

C. Soft terms and benchmark choices
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Tl e Case D: {tanB8,mg,, 8gs,{Ret)} ={45,20 TeV;-15,1.10
= PR X (44)
20 E Case E: {tanB,mgp,,5gs,(Ret)}={30,20 TeV-9,1.23,
= (45)
&

with the corresponding values of the soft terms to be given in
Table | in Sec. V below. We choose to impose these bound-
ary conditions at the scal,,=2X 10'® GeV as in the pre-
vious section.

-40

-60

IV. PARTIAL GAUGE MEDIATION
A. Theoretical motivation

Models of gauge mediatiofb1] are typically character-
ized by a scale at which supersymmetry breaking is transmit-
T £ ted to the observable sector that is far lower than the Planck

<Re t> or string scale. But this need not necessarily be the case. Of
course if one wants the soft supersymmetry breaking terms
to be dominatedby the gauge-mediated contribution then
one needs to suppress the relative gravity-mediated contribu-
—2x10' GeV of 0.75(solid) and 0.33(dasheli are given. The tion which is always present. This can be accomplished sim-
upper set of contours have sghg)=—sgn(M,), while for the ~ Ply by making the mass scale of the messenger particles
lower set of contours sgM3) =sgn(M,). The preferred region in- much smaller than the string scalthe mass scale of the
dicated by Eq.(39) for the Z; orbifold is shown by the shaded “messengers” in gravity-mediated modglsThe idea of

region. We have indicated the position of our two benchmark pointggauge mediation drew its greatest motivation by the desire to
D and E. have supersymmetry breaking communicated to the standard

model at an energy scale far below any possible scale of
details for the Appendix. The full set of soft supersymmetryflavor physics—hence the tendency to demand mass scales
breaking terms we will employ are then on the order of 100 TeV for messenger fields and gravitino
masses far below 1 GeV.

M)
M

e e
-

2 3

FIG. 1. Ratio of unification scale gluino massWsino mass as
a function of Green-Schwarz coefficiefigs and (Ret)=1. Con-
tours of |[M3/M,| at the boundary condition scale of

2 .
_ Ga(w) s — 1,2 = Here we will not try to address the problems of flavor that

Ma= 2 2 16772+ba Gao(t,OF +§baM may be present in string-derived supergravity models, but

merely address the possibility that gauge mediation of super-

Aii=Mgd vi+ 7+ %] (43) symmetry breaking _fror_n a hlq_den sector to the observ_able
sector may well exist in addition to the standard gravity-

m2= Vimglz mediated mechanism. In fact, given the generic occurrence

i .

of additional exotic vector-like pairs of matter charged under
Let us note that the scalar masses in E4R) are truly —observable sector gauge groups in semirealistic string com-
anomaly mediated, in the sense that their origin lies in thdactifications[34,52-53 we can conclude that “partial”
superconformal anomaly and they are proportional to the sudauge mediation most certaintioesoccur in string-derived
pergravity auxiliary field directly, though they are nonzero atmodels. The only question is whether or not these contribu-
one loop and positive for the matter fieldsough potentially ~ tions to soft terms are comparable in size to those we de-
negative for the two Higgs fields of the MSSM, dependingscribed in the previous sections. In the approaches we will
on the value of taj). This is in contrast to the masses found €xamine they are naturally comparable. The idea of combin-
in [31,37 and subsequent work, which are a special case og gauge and gravity mediation is not new, particularly in
the more generalized anomaly-induced soft terms found ihe context of string theor}56-59.

[12]. The case considered here differs from the “standard” To review the basic elements of gauge mediation that we
AMSB in the assumptions made about the regularization ofill need, let us begin with the messenger sector. We imag-
the theory. We refrain from designating this true “anomalyine a set of chiral fieldsb; and ®; that come in vector-like
mediation” because the soft terms considered here are maniepresentations of one or more of the subgroups of the stan-
festly not insensitive to UV physics, as is the hallmark of thedard model. These fields experience a superpotential cou-
anomaly mediated supersymmetry breaking paradigm. Bytling to a chiral fieldX, which is a singlet under the gauge
just as in the cases of anomaly mediation so often consideregtoups of the standard model, of

in the literature, these models will contain nearly degenerate o

charginos and lightest neutralinos and have a typical super- W=\;D;XD; (46)
symmetry breaking scale @?(10-20 TeV). Given the dis-

cussion in Sec. Il B we will define our second two bench-so that should the chiral fiel&X receive a vacuum value
mark points then as follows: (X)=My in its lowest component, we would have Dirac
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fermions with masses-\;M. Note that we have chosen a whereC% is the standard quadratic Casimir {&M) particle
single fieldX and diagonal couplingk;; = &;;\; in Eq. (46) dA with c;\:(NZ—l)/zN for SU(N) fundamentals and
for simplicity The indexi can be thought of as counting the (3/5)Y? for hypercharge(properly normalized to GUT nor-
number of copies, or “flavors,” of each messenger fidld  malization. Since we imagine here only those cases for
The field X is further assumed to carry the information of which FX*<M2 we can dispense with all but the leading
supersymmetry breaking through a nonzero highest compqerms in the function$(x) andg(x) of [51,60. We propose
nent, so tha¢X) =M+ ¢°F*, and thus the messenger sectorg add the contributions in Eq&8) and(49) to those of the
has mass splittings between its scalar and fermionic compasypergravity contributions described in the previous two sec-
nents of order/F*. _ tions. We should note that Eq&l8) and(49) were computed
When the messenger mass schlg is lower than the i the dimensional reductionDR) renormalization scheme
GUT scale it is typical to emplgy messengers which formappropriate to global supersymmefi§4] but here we wish
complete multiplets under a unified group suchS3(5).  to employ them in cases where the messenger masses will be
This ensures that gauge coupling unification is preserveghch closer to the Planck scale, suggesting a regularization
while providing a certain universality in the soft term expres-gcheme appropriate to supergravisyich as Pauli-Villarsis
sions. From a string theory perspective it is preferable tqg|led for. For the purposes of obtaining benchmark sce-
relax this assumption, so we will instead invoke incompletenarios. however, we will ignore this technical, though poten-
GUT multiplets as messengd®0], though we will continue tially interesting, issue.
to assume a universal mass splittiig and adopt the sim- Standard analyses of gauge mediated supersymmetry
plification of a universal Yukawa coupling =1 in Eq.(46)  preaking now would proceed by treating bd® and the
and hence a universal messenger mdss Each of the spe-  messenger mashly as free variables, witFX ultimately
cific cases we will deal with below will be designed to en- getermined by some model-dependent mechanism which en-
sure gauge coupling unification despite the incomplete GULyres (W,)#0, since nonrenormalizable or Planck-
representations. It is of use to introduce the standagdsen- suppressed operators are discarded. In the presence of super-

ger index gravity the auxiliary fieldF* is determined by
Ng —
) —  XW
Na=>, nl, (47) FX= — e2Mb | Wit —— |, (50)
i=1 MPL

wheren), is the Dynkin index for the representationwith ~ where we have restored the reduced Planck midss
flavor indexi under each standard model gauge gréyp It =2.4x 10" GeV for clarity. There is always a contribution,

is normalized with a GUT normalization so tha=1 for a  independent of any additional superpotential terms involving
pair of SU(N) fundamentals and, = (6/5)Y2 for a messen- X, given byF*=—Mymg, from the second term in E¢50).

ger pair with hyperchargd’. While we adopt theSU(5) But in supergravity theories the mass splitting within the
GUT normalization on the hypercharges of our messengeessenger sector is no longer given simply By, which
fields so as to make contact with the standard cases in tHauUst be replaced in Eq48) and (49) by the off-diagonal
literature, it is important to note that in realistic string con- mass terms of the complete supergravity potential.
structions there is no reason to assume that vector-like mes- For example in the minimal case”=—Mymg; (i.e.,
senger fields will have the same hypercharges as their stafWx)=0) then the messenger mass spectrum would be de-

dard model analogi34,61-63. termined by Eq(9)
With these definitions, the gauge-mediated contributions _ _ _
to gaugino masses are given by V|sugra [NX2(|® |2+ | ®|?) + m3 (| D2+ | D|?)
ga(Awy)  FX +(AmgMy(My/Mp)2Dd®+H.c), (51
M a(Ayy) = =N (48)
16w Mx

wherex = eX’2\ . Making the appropriate substitutions foy
_ in Egs. (48) and (49) we can see that the gauge-mediated
while those of the scalar masses are contributions to soft terms in this case are proportional to the
5 gravitino mass with a typical size
FX 2
ST 1
Msoft™ ms/z@

92(Ayy)

Sma(Ayy)=2>, N,CA
AAw) =22 NaCy 6.2

2
MX) . (52)

MpL

®\\e are also tacitly assuming, in the spirit of low-energy gauge-Even when tree Ievgl gravity-mediated soft terms are ab_sent
mediated models, that the Kier potentials for both the messengers OF suppressed, as in Secs. Il and llI, such gauge-mediated
and the singlet fielX are trivial. This is not generally true in su- contributions would prove irrelevant unless the messenger
perstring constructions but we can imagine absorbing the modulnassM x was extremely close to the Planck scale.
dependence, such as the factorscpin Eq. (33), into the vacuum We are thus led to consider cases in which supersymmetry
values ofF* andMy. continues to be broken in the hidden sector by one of the

045008-10



THEORY-MOTIVATED BENCHMARK MODELS AND . .. PHYSICAL REVIEW D67, 045008 (2003

string moduliS or T, generating arF term of general mag- K Mp,
nitude(F°) = \/3m,Mp, to bring about a vanishing vacuum 2 MY (54
energy and generating a gravitino mass on the order of 1 16m X

TeV. In addition we will allow for some undetermined
mechanism to generate a non-vanishifigy) through the
first term in Eqg.(50) as in typical gauge-mediated models.
We will parametrize the size of this additional source of su-
persymmetry breaking through the paramekes F*/F°,
with F° identified with eitherFS or FT as in the previous
sections.

It is interesting to note that this equality is satisfied for
=1 when the messenger mass is near the anomal¢li¥y
scale.

For our messenger sector we will introducg pairs of
messengers which are triplets un@®d(3) andn, pairs of
messengers which are doublets un8&#(2), . We will not
introduce any specific messengers which carry only standard
model hypercharge. In fact, we leave the hypercharge assign-
ments of the messenger fields a free variable and work only

o with the overall messenger ind&k = =;n{ which we treat as
~ One of the reasons that gauge mediation is not often cony continuous free parameter. If our messenger fields happen
sidered in the context of string theory is the difficulty in ;5 have the hypercharge of their standard model analogs,
finding suitable messenger se(_:tors when only renormaliz_ablﬁleanz (1/5)(2np+3n, ). We follow the standard practice
couplings are allowed. The fields need to be vector-liker seting the initial scale for our soft parameters at the mes-

charged under one or more of the subgroups of the standaidger mass scaMy, leaving the free variables that define
model, remain light down to very low energies and be ca-

pable of communicating directly with the supersymmetryOur models agtan3,ms;, My ,K,np,n. N1}
breaking of the hidden sector through operators that are not
suppressed by powers of the Planck mass. Such circum-
stances are rare in actual string compactifications. However, We seek cases where the gauge-mediated masses are of
any massive vector-like pairs, charged under a subgroup dfhe same order of magnitude as the gravitino mass, so we
the standard modelcan and will participate in gauge- return to the case withF™)=0 and(FS)#0 with app=1.
mediation of supersymmetry breaking at least through th&ince we will only consider cases whely,=M g1y let us
supergravity-generated second term in &f). Since all re- take g;(My)=0g,(Mx)=g3(Mx)=gstg SO that the com-
alistic string constructions contain such exotic vector-likeplete, properly normalized, gaugino masses are given by
states we can assert that “partial” gauge-mediation is a ge-
neric outcome of string theory that should not be neglected.
These potential messenger sectors tend to come in incom- M3=3mgy 1+ nDﬁ My

plete multiplets ofSU(5), however, instead of the and5's

B. A concrete realization

C. Soft terms and benchmark choices

that are so commonly employed. What is more, these models K M

also predict an anomalous(1) whose breaking occurs at a M,=\Bmgy 1+n, —— —~ (55
scale Ay~10'%-10" GeV. If the singlet field X were I 87?2 Mx

charged under this anomaloug1), as istypical, then we

might expect the messenger mgs§)=My to be of this k Mp,

magnitude as well, providing a concrete realization of the M= \/§m3,2 1+N1Q M

above scenario. Note that by assuming the messenger mass
scale to be at or near the GUT scale we will preserve the g the remaining soft terms are
apparent unification of gauge couplings in the MSSM up to

small corrections. 4 3 1 K Mo | 2
; X 2 2 PL
In the context of Sec. IV A we will allow(F”) to be a mo=m3, 1+6 zNot Znut @Nl)T<M_>
free parameter due to som@\y)#0. Now the gauge- i (877) X
mediated contributions can be as large or larger than the
tree-level supergravity contribution, depending on the rela- 5 4 4 k> [Mp\?
i i i mg=m3z, 1+6{ snp+ —=N —
tive size of the messenger mass, so we will return to the "'u 312 3 D 151 (8172)2 <
simplicity of the dilaton-dominated scenario of Sec. Il. Tak- -
ing the tree level Khaler potential for the dilatoiino nonper- ) )
turbative corrections sa,,=1) and m2=m2.] 1+6 fn + N k MpL (56)
, D 3/2_ 3™ 15N (8722 | My
(FO=(FS)=—— V3mg M (53 5 5
JstR mZ=mZ,) 14 6| o+ —N X (M—PL
L 3/2- 4 L 20 1 (8772)2 N

then we can employ Eq$48) and (49) with (FX)=k(FS).
Note that the gravity and gauge-mediated contributions are mé :mglz
competitive whenever
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TABLE I. Soft term inputs. Initial values of supersymmetry breaking soft terms in GeV, including the full one-loop contributions, at the
initial scale given byA . All points are taken to havg>0. The actual value of taf is fixed in the EWSB conditions. See the text for
further discussion of the 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
tang 10 5 5 45 30 10 20
Ayy 2X 10 2Xx 10 2x10' 2x10 2x10' 810 8x10'
M, 198.7 220.1 215.3 606.5 710.8 278.9 302.2
M, 172.1 162.3 137.3 195.2 244.6 213.4 231.2
Ms 154.6 122.3 82.4 —99.2 —89.0 525.4 482.9
A 193.0 204.8 195.4 286.0 352.5 210.7 228.2
A, 205.3 235.3 236.3 390.6 501.5 211.6 229.2
A, 188.4 200.0 188.9 158.1 2725 210.3 227.8
mgs (1507 (3216) (43237 (2035Y (21447 (286Y (276Y
mf,s (15047 (3209 (43127 (1487Y (16017 (290y (281y
mg3 (1505 (3213y (43197 (1713Y (1870¢ (287y (2777
mﬁ3 (1503 (3208y (43127 (13617 (1489 (125y (135y
m§3 (1502 (3206Y (4308Y (756 (1139Y (140Y (152)
mg1 , (1508Y (32207 (4328Y (23477 (23477 (286 (276
mﬁ1 , (1506Y (3215Y (43217 (2050¥ (2050Y (290Y (281Y
mgl , (1505Y (3213Y (43197 (19197 (1919Y (2877 (2777
mﬁl , (1503Y (3208Y (43127 (1533 (1533Y (125 (135
mél , (15027 (3206) (4308Y (1252y (12527 (140y (152y
m&,u (1500Y (3199Y (4298Y —(797) —(331) (125 (135
m&,d (1503Y (3208Y (43127 (858y (13927 (125 (135

with m§ =m_=m¢ and A= \3mgz,. We have again cho-  Case Gftang,my,.np.n N1} ={20,130 GeV,3,03/5)}
sen a positive relative sign between the contributions to (58
gaugino masses in Ed55 from gauge messengers and
those arising from supergravity.

The choice of messenger indices is dictated by the need
obtain sufficiently large radiative corrections to the lightest
CP-even Higgs boson mass. By introducing messenger
charged solely unde8U(3) a heavy gluino is produced that
can achieve the necessary Higgs boson mass with light sca- V. COLLECTED SPECTRA AND SIGNATURES
lars. Such a scenar_io was considered in the context of Io_w- A. Benchmark spectra and phenomenology
energy gauge mediation in the context of string theory in h hmark ) ) .
[58]. When standard model-like hypercharge assignments for, | '€ Seven benchmark scenarios described in Secs. II-1V
these messengers are assumedtie massM; tends to be give rise to seven sets of hlg_h energy input values for renor-
much larger than tha\-ino massM. at the initial high- Malization group(RG) evolution to the electroweak scale.
energy input scale, producing a gaugino sector similar to tha-{_hese vaIue; are determined by substituting the specified
of anomaly-mediation. We have therefore chosen to alloyparameters into the compliete one-loop EXpressions for soft
nonstandard hypercharges for the messenger fields and ha‘i%ms given in the Append|x'. Thg numerical values of th_ese
selected a value foN, that gives gaugino masses in the input quantities are summarlz_ed in Tabl_e I. Actual Qvolutlon
gravity-mediated regime. We take the messenger mass scal these parameters was ca_rned out using the publ_lcly_avall-
to be intermediate between the GUT scale and the Planck le deeSUS.PECT [65] which performs renormahzatl(_)_n
scale: Ayy=My=8x10GeV, which was a typical group integration at the two-loop level from the specified
anomaloudJ(1) scale in those models that gave rise to suit-MPut scale to th?hsc?llﬁlz. . it oUS:
able messenger field83]. Our two benchmark points for SUSPECTUSES the following quantiies as inputs:

this section are then given by the following parameter SetS:ag_,a(Mz)Zl/127.938, ag"_S(Mz)=0.118, §2W= 0.23117,

(59

with k=1. Note that both of these examples are close in
t%oirit to the standard gauge-mediated examples in that the
gravitino, while not the LSP, is much lighter than the
gupergravity-dominated models of our previous cases.

Case F: {tanB,mg»,np,n ,N;}={10,120 GeV,4,03/5)}
(57 as well as the following pole masses for heavy SM fermions:
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TABLE Il. Sample spectra. All masses are in GeV. For the purposes of calibrating these results with those of other software packages we
also provide the running gaugino masses at the skble which include NLO corrections. See the text for further discussion of the
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
tang 10 5 5 45 30 10 20
Ay 2X10% 2x 10 2% 10 2x10% 2x10' 8% 10' 8x 10
Mg/ 1500 3200 4300 20000 20000 120 130
M, 84.0 95.6 94.7 264.7 309.9 106.2 115.7
M, 133.7 127.9 108.9 159.0 198.5 154.6 169.6
M 346.5 264.0 175.6 -2275 —-203.9 1201 1109
my, 77.9 93.1 90.6 171.6 213.0 103.5 113.1
M, 122.3 132.2 110.0 264.8 309.7 157.6 173.1
mg: 119.8 131.9 109.8 171.6 213.0 157.5 173.0
mg 471 427 329 351 326 1252 1158
B%|, op 89.8% 98.7% 93.4% 0% 0% 99.4% 99.4%
W,%), sp 2.5% 0.6% 4.6% 99.7% 99.7% 0.1% 0.06%
my 114.3 114.5 116.4 114.7 114.9 115.2 115.5
My 1507 3318 4400 887 1792 721 640
my 1510 3329 4417 916 1821 722 644
m 245 631 481 1565 1542 703 643
i, 947 1909 2570 1066 1105 954 886
m, 1281 2639 3530 1678 1897 1123 991
Mg, Mg, 1553 3254 4364 2085 2086 1127 1047
Mg, Mg, 1557 3260 4371 2382 2382 1132 1054
mg, 1282 2681 3614 1213 1714 1053 971
mg, 1540 3245 4353 1719 1921 1123 1037
mg Mg, 1552 3252 4362 1950 1948 1126 1045
mg,, g, 1560 3261 4372 2383 2384 1135 1057
m;, 1491 3199 4298 559 1038 153 135
m;, 1502 3207 4308 1321 1457 221 252
mg Mg, 1505 3207 4309 1274 1282 182 196
m,.M, 1509 3211 4313 1544 1548 200 217
i 1500 3206 4307 1314 1453 183 198

V3

M,=174.3 GeV, M,=4.62 GeV, M.=1.778 GeV. They present challenges for present and future colliders that
(60)  are rather different from previously studied models. Here we
will only draw attention to a few general features.

Determination of parameters in the Higgs se¢garch as the Figure 2 shows a summary of a number of the superpart-
value of theu parameter inferred from EWSBre computed ner masses, along with crude estimates of Tevatron reaches.
at a scale given by the geometric mean of the two stog-Or comparison we also include the Snowmass benchmark
masses. We have chosen the number of iterations to achie@int most favorable for observation at the Tevatfth In
consistency in the EW sector to be five. The lighP-even  general the benchmark models we study have gauginos ob-
Higgs boson mass is calculated by using the full one-loogservable at the Tevatron, as expected for supersymmetric
tadpole method and includes leading NLO QCD correctionsvorlds in which electroweak symmetry breaking is explained
as implemented isUBHPOLE [66]. The values ofn,, deter- by supersymmetry without excessive fine tunj8g
mined by suspecTfor the benchmark scenarios have been Figure 3 shows naive estimates of numbers of events in
checked againsteEYNHIGGS [67] and found to be in accept- 2 fb~! integrated luminosity for various models and various
able agreement. The radiative corrections at NLO to all sparinclusive signatures. The signature of these models are cal-
ticles masses are included and can be significant for mangulated usingPYTHIA [68], but only at the generator level: no
mass eigenstates, particularly in the gaugino sector, affectingeometric or kinematic cuts or triggering efficiencies are ap-
some production rates and branching ratios noticeably. Thplied, no jet clustering is performed, tau leptons are not de-
resulting low-energy spectrum for the seven benchmarkcayed, etc. The event numbers are only meant to illustrate the
models is summarized in Table II. generic features of each model and demonstrate the experi-
The benchmark models we present are quite interestingnental challenges. In general, there will be too few events
phenomenologically, and should be studied in some detaifrom any single exclusive process to isolate it by cuts and
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FIG. 2. Sparticle masses for different benchmark models. For
each superpartner, lines from left to right correspond to MSUGRA 0L ' ' ' ' IC
point B of [1], and our benchmark models A—G. The mass of the 100 7
particle is represented by the height of the line. Gray bars are crude
estimates of Tevatron reaches, i.e. any superpartner in the gray re 8001 N
gion could be observed at the Tevatron. That reach of course de*E
pends on backgrounds which will vary depending on the details of £
the signal, so the gray regions are just approximate guides for theﬁ 600 .
nonexpert reader. We have not studied the detectability of these_‘i BA
+
models at the LHC. = 400 |
2001 B
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N et ] Three jets (inclusive) Events
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T B CaeG ] FIG. 4. Correlations between the number of events in different
100

signatures for 2 fbl. Cases C, FG, and AB are well separated from

i each other. By comparing several such signatures, many models can
be identified at the Tevatron alone. A and B are difficult to separate
at the Tevatron but since their, squark and slepton masses are
different, they should have different predictions for low energy ex-
periments(e.g. in rare decays @, —2) and for LHC. Case G can

el be distinguished from others by the 3ignature. Cases D and E

H ; (not shown herehave their unique 4 jets plus 2 isolated soft, high

Tr'“eplon 3t djets +'2n¢ impact parameter pions signature with quite different event rates.

T
Ll

Number of events (L

j

nc) lltjets OS+jets S

3jets(i

FIG. 3. Number of superpartner events of different signaturegpserve a clean signal, but significant excesses could be es-
for different models at the Tevatron with 2'th. These numbers (apjished in several inclusive signatures. In all these cases
are basec_i on cquntlng topologles froRYTHIA a_t the parton Iev_el_ there are of course backgrounds, but typically the back-
with no kinematic or geometric cuts. Every signature has missingy o, ,nqs are not so large as to prevent the experiments from
energy. From left to right, the signatures afb: |qclus!ve m.ultljets establishing an excess. Note that each model has a different
Niers= 3, (2) one lepton plushies=2, (3) opposite sign dileptons pattern, and it could be possible to learn quite a bit about the
plus Nie,s=2, (4) same-sign dileptonss) trilepton, (6) 3 taus plus underlying physics from the relative sizes of different inclu-
jets [before decaying the tayisand (7) 4 jets plus 2 soft, isolated, sive signals, as illustrated in Fig. 4. Despite the fact that the

high impact parameter charged pidis®me pions are like-signgd o .
For signatureg4)—(6), no requirement is made on the number of event numbers are based on unsophisticated estimates, the

jets. A background analysis must of course be done to be sure a,{fsultmg correlat|_ons are quite distinct an_d should be robust
given channel is detectable, but models with hundreds of events afdnder more detailed analyses. Once a signal of beyond the
presumably detectable for the first two signatures, and models witgtandard model physics is established it will be an exciting
tens of events for the rest. The same-sign dilepton channel haghallenge to determine which superpartners are being pro-
smaller backgrounds: even a handful of clean events may constitu@uced, their masses and branching ratios, and their implica-
a signal. Here the model labeled “MSUGRA" is the CMSSM point tions for the underlying theory.

B of [1]. Some specific features and signatures are worth noting.
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First, the negative gluino mass of the two moduli-dominatedCases D and E have their unique 4 jets plus 2 isolated soft,
models D and E is physical and observaf@®]. Next for  high impact parameter pions signature with quite different
these models the LSP is predominantlyw-no that is almost ~ event rateg86 and 201, respectivelyso that they can be

degenerate with the lightest chargino so that the dominargasily distinguished from other cases and amongst them-

decay mode of the chargino &*—Wo=* [14]. This is  Selves:

e sior o the anemaly mediate supersymmety brea, (1 [ue S0k (% 2L o o benean ot e
ing models, but in AMSB the ratio of gaugino masses Perp

M:M,:|Ms| is approximately 2.8:7.1 so that the gluino masses. For example, the SUSY contribution to the muon

) h d out of h for the Tevat Thus in th anomalous magnetic moment for all models falls within the
IS very heavy and out of reach for the 1evatron. Thus in e, ,qnative” bound obtained in70], particularly if one

usual anomaly-mediated cases the chargino pair can only qgvors the standard model prediction based on tau decay

produced directly and not from gluino decay. In our cases Qya15 if one prefers instead the standard model prediction
and E, however, gluino masses are 351 and 325 GeV, respeageq one*e™ collider data then all models can be made

tively, so the cross section for gluino pair production is quite.nsistent with measurements at the Rvel by simply in-

large. The gluino has the decay mode-W=qq’ with a  creasing the value of ta®. As our focus has been on study-
branching ratio about 50%, followed By*—W°#*. Thus ing collider signatures for a range of tgnvalues we have
there will be large missing transverse energy with four jetschosen not to tune our values in this manner. The same is
plus two soft, high impact parameter pions. Since thetrue for Br(o—sy) in these models.

charginoW™ emerges from gluino decay it is quite energetic ~ The thermal relic density of LSP neutralinos was com-
so the pion will also be reasonably energetic and give a gooButed for all of these models using the@arRKsUSY program
signature to detect these models. Furthermore, gluino prd71]. In general, theQ sgh? results are very sensitive to
duction will lead to pairs of like-signed pions in these events SOMe parameters so we view any values belhwph’~2 as
The number of such events expected in cases D and E af@tisfactory for the purposes of a benchmark model. For ex-
shown in the last set of columns in Fig. 2. These are interample, in model A the relic density as computed byRK-
esting new collider signatures for the Tevatron, and forsusYis Q sgh?=1.9. However, lowering the top quark mass
AMSB at the Large Hadron CollidefLHC), that to our to 173.0 GeV reduces this number € sph”?=0.14. Alter-
knowledge have not been studied previously. natively, increasing the value of tghfrom 10 to 12 changes
For models F and G the stay is lighter thanN, andC, this number tq()Lszzl.O7. For both of the small modifi-
soN,— 77 andC,—7v, dominates, leading to a large three cations described above the superpartner spectrum—and

a . . hus, the collider signature of this model—is largely un-
tau signal and reducing the trilepton rate. Although model CE:hanged. The sensitivity of the relic density in this model

I o ) O(rand model B, the only other case where the LSP relic den-
model C, theN,C, cross section is quite large, but the lep- sity was larger than the cosmologically preferred regids
tonic branching ratios dfl, andC; are smaller. Model C has due to the importance of chargino-neutralino coannihilations
jets plus missing energy signatures while models F and G dfor these model$72]. Our focus in this work is not to im-
not. pose aggressive constraints on the MSSM parameter space
Detecting and studying these models presents interestirigut rather to study the collider signatures of a representative
challenges for experiments at the LHC, which, in principle,sample of theory-motivated models, so we have chosen not
has the kinematic reach to produce all superpartners. Howe adjust our input parameters in such an artificial way. Con-
ever, many of the scalars are quite heavy, and will have smadlistency with all indirect constraints on superpartners can be
production rates. The models with light gluinos have rela-obtained by small corrections to our benchmark points along
tively little missing transverse energy and large backgroundsany of the indicated “model lines” suggested in the Appen-
Models F and G have heavier gluinos with mainly two—bodydix.
decays dominated by—bb, T t. All of our models have at
least some superpartners that will be detected at a 500 GeV
linear collider. With a 520 GeV linear collider every model
allows the study of several superpartners, though clearly not Any discussion of fine-tuning must necessarily involve
all. certain subjective statements. One commonly employed tool
Further discrimination between models can be obtainedor comparing models in a semiquantitative way is the “sen-
by studying ratios of numbers of events of different types ofsitivity parameter” of Barbieri and Giudicg/3] which mea-
signatures. An example of this is displayed in Fig. 4 wheresures the relative change in temass when a high-scale
two different pairs of signatures from Fig. 3 are analyzed. Byinput parameter is varied. However, we believe that the de-
comparing several such signatures the underlying physics @jree of fine-tuning in a given model may be more profitably
many models can be identified at the Tevatron alone. Whilehought of as divided between an element that involves can-
cases A and B are difficult to separate at the Tevatron, it magellations among various terms from the soft supersymmetry
be possible to distinguish between them by their differenbreaking Lagrangian, and an element that involves a measure
predictions for low energy experiments or by their differentof sensitivity arising from the overall scale of supersymme-
predictions for scalar masses accessible at the LHC. Case & breaking relative to the Z-mass scale. As was pointed out
can be distinguished from the others by the Signature. some time ag§74] it is really the former that is a measure of

B. Fine tuning
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the fine-tuning in a given theory, while the latter may oftenmass can be expressed by simply expanding the formula that
give misleading measures of tuning—particularly when thedeterminesvi, at the electroweak scale
entire parameter space of a particular model implies a con-

sistently hig'h'supersymmetry breaking' scale as characterized M% mﬁD(t) - mﬁu(t)tanz,B
by the gravitino mass or scalar-gaugino masses. The mere - = — u?(t)+ , (61)
existence of a large scale in the theory need not necessarily tarf—1

imply large fine-tuning, as was demonstrated, for example, in
[75], but the cancellation of large numbers against one an-
other to produce a much smaller number almost certainlyith t=In(Ay,/Q), in terms of semianalytic solutions for
does if such cancellations cannot be explained from the urthe running parameters in terms of the input parameters at
derlying theory. the high scaleA, and a given value of taf [76]. For

The degree of cancellation that a particular model of suexample, takingA ,y=Agyr=2X% 10'® GeV, the result for
persymmetry breaking requires to obtain the coriebbson ~ my,,(Mz) =170 and tarB=30 is

MZ=—1.5u(UV)+6.4M3(UV) — 0.4M5(UV) +0.0003M7(UV) — 1.2mf, (UV)—0.08m7;_(UV)+0.8m3 (UV)
+o.7mf,3(UV) +0.0£{m2D3(UV)+ mfs(UV) + més(UV)]+O.2At2(UV)—O.6At(UV)M3(UV)—O.1At(UV)M2(UV)

—0.002,(UV)M;(UV) + 0.5M,(UV)M 5(UV) + 0.08Vl;(UV) M 5(UV) + 0.01IM ; (UV) M ,(UV). (62)

sult of a miraculous cancellation between large numbers then mm mm—w

If the smallness oM ,=91.187 GeV is not to be the re- ( M, 1 Tev)2 5( w(UV) 1 TeV)2
at least one of the following must occur: either certain rela-

tions among the soft terms and parameter must exist that +0.7(t+t_)62(t,t_)
guarantee cancellations over a wide range of parameters, or Yy —
each of the individual terms in E462) must be no more +1L2At+1)°G5(t,1). (63

than a few timedvi; in size. The first could occur in theories

of supersymmetry breaking. Even the CMSSM predicts cerThe constant is the contribution of the scalar masses in Eq.
tain “relations” among soft terms that are postulated to hold(62 with some addition from the anomaly-generated loop
over all parameters: namely that gaugino masses and sca@'rections to the gaugino masses. The case for other values
masses are unified. But [8] it was argued that this alone is Of dgs is quite similar. The fine-tuning arising from cancel-
not sufficient to prevent fine-tuning in the EWSB sectorlations in the soft supersymmetry breaking Lagrangian is
without also postulating a robust relationship betwgeand ~ Ccléarly controlled by the value ¢ReT) through the combi-

M, (the two most crucial parameters in determining the hation ¢+t)Gy(t,t). For values of(ReT) just larger than
boson mass The conclusion drawn there was that the On|yits self-dual point this combination is negative and less than
reasonable way to avoid unnatural cancellations in the deteHity, thus providing a model that has a very low degree of
mination of M is for both . and M5 to individually be  intérnal cancellation.

small. This implies that a certain degree of nonuniversality in But of course this is only part of the story. The fact thgt all
the gaugino masses is beneficial in reducing EWSB ﬁneparameters in Eq63) are O(1) and roughly the same size

tuning while satisfying the search limits from LEP. Note that "MPlies that no large cancellation is required in this model to
the scalar masses in E(f2) are far less important in this achieve the correcz massprovided the gravitino mass

reqard (scale) is approximately 1 Te\But since all soft supersym-
gard. . L metry breaking terms are induced at the loop level, we ex-
For a given model we can determine everything in Eq

. ; . ‘pect mg;,~167°M,~15 TeV. The need for such a large
(62, apart from.(UV) itself, which has nothing to da scale in the theory is quite clear: the CERNe™ collider

priori with supersymmetry breaking, as a function -of the| Ep imit on the Higgs boson mass afi,=114 GeV im-

value of the coupling constant at the string s@igs (Which  pjies, at least to a first approximation, that some squark
we can take to beggr=1/2), the gravitino mass, and a masses must be large in order to generate large radiative
small number of free parameters related to the given modetorrections to the Higgs mass that are only logarithmically
Let us take as an example the class of models from Sec. llkensitive to scale. This can be achieved when the entire sca-
After choosing the initial scale and the value of farthe lar sector of the theory is heavy at the high energy scale, or
only free parameters am;,, dgsand(ReT). Substituting  alternatively the scalar masses can start small at the high
Eq. (43) into Eq. (62) with 5= —9 and factoring out the scale and the necessary large squark masses can be induced
gravitino mass gives through RG evolution by a large gluino mass.
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Thus some degree of tuning arising from the overall scale To obtain the soft supersymmetry-breaking Lagrangian in
will likely be present in many low-energy models of super-a string-based model, the first step is the construction of the
symmetry breaking, but those with large gluino masses alséour-dimensional effective supergravity theory by a dimen-
give rise to troubling cancellations. Issues of tuning in thesional reduction of the ten-dimensional supergravity theory
scale of soft terms are intimately related to the question ofepresenting the superstring7—79. Such a procedure
generating the supersymmetyic parameter and are beyond yields the Kaler potential, superpotential, and gauge kinetic
the scope of this paper. We have not found models with smaflunction for the effective supergravity theory. Of particular
tunings associated with the overall scale, though we look at anportance for the question of supersymmetry breaking are
significant class of string effective theories. Here we havehe types of string moduli present in the low-energy theory
chosen instead to be guided 8] and have sought models and their couplings to the observable fields of the MSSM
that are capable of generating a sufficiently massive Higgs39,79,80. Gaugino masses will depend on auxiliary fields
boson without introducing large internal cancellations withinrelated to moduli appearing in the gauge kinetic function,
the soft supersymmetry breaking Lagrangian itself. Each ofvhile scalar masses, trilined terms and bilineaB terms
our models involves robust relations among the soft terms imvill depend on auxiliary fields related to those moduli that
the theory, in a manner dictated by the fundamental theory aappear in the superpotential couplings and/ohlka poten-
in Eq. (63), which reduces the cancellations required in thetial for the MSSM fields[19,81. The precise form of these
soft supersymmetry-breaking sector relative to the typicallysoft terms can be obtained by working out the component
studied universal models. In this limited sense, then, we find.agrangian for the observable sector by standard techniques
these models to be more “natural” than their universal coun{82-84.
terparts, though some degree of tuning remains. To begin with, we take the Kder potential for the moduli

fields to be given by the leading-order result

VI. CONCLUSION

In many ways effective field theories derived from strings K(ST)=k(S+35) =3 In(T+T). (A1)
are at once more constralned and {also ”C.he.f in their phenqrq.—he tree level soft terms for the case with universal modular
enology than the universal scenario of minimal supergravit eightsn, = — 1 for all light observable sector matter fields
upon which so many previous benchmark cases are baseygi. are i\I/en b¥
They are richer in that patterns of nonuniversality, particu- 9
larly in the gaugino mass sector, are quite common; they are 5
more constrained in that these patterns and hierarchies are MO= %Fs
not completely free for the model-builder to choose but are a a 2
function of the string moduli space. We have deliberately
sought out models which imply superpartners that are ob- AC — _K.FS (A2)
servable at the Tevatron, but we did not have to search far: ik s
such models are common from effective field theories de- .
rived from the weakly coupled heterotic string. 0, MM [FTJ?

The resulting benchmark models are interesting to study, (m7) :T_(H—t_)z'
both for theorists who want to improve our understanding of
how to relate string theory and the real _wo(tm“ who wish _ For the one-loop corrections, we begin with gaugino
to make progress towards a string-derived supersymmetrig,,sses which receive corrections from light field theory
standard modgl and also for experlmgntallsts who wish to loops as well as string loop effects. The field theory loop
learn how to detect supersymmetric signals. contribution can be derived completely from the supercon-

formal anomaly and is given by29,85
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Z CLF",In k|, (A3)

472

APPENDIX i . o
where C,,C}, are the quadratic Casimir operators for the

In this appendix we present the complete expressions fayauge grougy, in the adjoint representation and in the rep-
the soft supersymmetry breaking terms at one loop iresentation oZ'. Hereb, is given by Eq(14) in the text and
modular-invariant supergravity theories derived from stringx; is defined by Eq(33).
theory. We take special care to describe the various contribu-
tions to the gaugino masses, as they play a special role inthe——
text. For scalar masses and trilineaterms we merely give  ®Wwe will not distinguish with separate notation fields and their
the results. More details can be found[&2)]. vacuum expectation values in these expressions.
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IM[Z|FT|? [1_
9 (t+1)?

As mentioned in Sec. Ill one expects modular anomaly
cancellation to occur through a universal Green-Schwarz m?=
counterterm with group-independent coefficidgt. Such a
term can be thought of as a loop-correction that contributes

> -2 ka)
a jk

! . - IMJ?
to gaugino masses in the form X('”(Mg\//ﬂﬁ)—|n[(t+t)| 2(O*D |+ Yig -
2 T S =TS
ga(u) 2F Scs [~ MF [~ _FTF
Moo= — ) Ad +{yi——+H.c.l+{ 7Ga(t,t) +H.c.
alGS 2 (t+t) 16772 ( ) i 6 i~2
3 _
SN a2 - jk
In addition there may be string threshold corrections to the +IF (4 Ea: Yida* KsKS% Y )
effective gauge kinetic functions of the form
x(lnw%w@—ln[(tﬂ_)ln<t>|4]>} (A9)
1)
FA(Z")=In pX(T)| > +ba), (AS) . _ o
1672 where we have defined the quantityfor notational simplic-
ity as
which generate one-loop contributions to gaugino masses ~ ;
given by 7i=§ 7?92—'(5% ¥l (A10)
2 The anomalous dimensiong are defined by
1 ga(/u) 5GS T
Malth: 2 672 +b, [44(DF . (AB) ),j
i

= 4813 g3(TRi—e > Wi W |, (A11)
327 a K
Combining the contributions from EqéA4) and (A6) with  The approximation that generational mixing can be neglected

the field theory loop contributiofA3) gives so that only third-generation Yukawa couplings are relevant
motivates the definitions

2
g (/-L) 5(35 — 2 ) . )
Ma=="7 [2 5+ ba|Go(LDF T+ 3b M N=vd, %=2 V+2 7
T jk a
9% o0 «
+[1-2bKJFS (A7) 7?=Q(T§)! A gz i) Wil
(A12)
where we have defined the quantity Thus we have
8 3 1
1 ' (16772)7Q3=§9§+ §9§+ %gi_)\tz_)\g
b;= (ca—E C;) (A8)
1672 [

8 8
(167%) yy,= §g§+ 1—595— 2\

and the Eisenstein functid®@,(t,t) is defined by Eq(41) in 8 5
the text. (167%) yp,= 705+ 7205~ 2\
The one-loop soft scalar masses and trilinear couplings 3 3 15
depend on the Pauli-Villar$PV) sector for regulating the 3 3
theory[22]. Here we make the simplest possible assumption (1672) y .= = g3+ —~g2—\? (A13)
that the PV masses are constafits. independent of the 3 2 10 7
moduli fields. This assumption is similar in spirit to taking a 6
straight cut-off represented by the Pauli-Villars mass scale (167%) yg.= _gi_z)\i
mpy. Then the soft terms in the scalar potential are given by 5

2 3 2 3 2 2
Ks g 1 — — 1~ . (167%) v, = 592+ 7591~ 3\
A== 73 F*= 3 %M = %Ga(t, OF T+ i FS{In( 3/ )
3. 3
(16#2)7Hd=§g§+ﬂ)gf—3>\ﬁ—)\2

T

—In[(t+1)] n(t)] “} +cyclic(ijk)
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dropping the Yukawa coupling terms for chiral superfields ofthe GS coefficiengs. Such model lines have the power to
the first and second generation. For all the models considerafterpolate between patterns of soft supersymmetry breaking
in this paper we have takef,= —g4rg/2 and assumed that that look similar to minimal supergravity and those that have
the regularization scalgupy and the boundary condition the features of anomaly mediation.
scale(here identified withug) coincide. This is a reasonable  To obtain the models of Sec. IV one adds the corrections
approximation when the boundary condition scale is near thgiven in Eqs(48) and(49) to the soft terms of Eq$A7) and
string scale. (A9) and substitutes for the auxiliary fielé&s’, FT, FX, and

To obtain the explicit values of the soft terms that wereM. Our final examples of cases F and G are obtained by the
used in Secs. Il and Il one must substitute the appropriateubstitutions
expressions for the auxiliary fieldsS, FT, andM into Egs.
(A7) and(A9). For example, the model of Sec. Il is obtained M= —3mg,
by the substitutions

2y3
M= —3myg, FS= ?anpmSIZ (A16)
S
2y3
FS=Vamgan(K o) 2=—-amgmay (A14) FT=0
S
FX=kF®

FT=0.

. . . with a,,=1 and the parametek fixed to the valuek=1.
A possible model line for further study is to vary the param-,, . . .
etera,, over its allowed range for a particular scaleq) Wh_|le both(Ret) anda,, are free parameters which can be
np varied, as are the messenger mass scale and the phenomeno-

and value of taiB. , : . CE
The models of Sec. IIl were obtained from the same eX_Iog|cal parametek, a fruitful area of further investigation is

) ) . to vary the hypercharge messenger intigxfor a fixed com-
pressions as Sec. Il but with the choices bination of messenger indicés; andN,. Like the variable

M= —3mg;, (Ret), this parameter directly influences the rakib, /M,
and thus can interpolate between minimal supergravity and
FS=0 (A15) anomaly-mediated spectra. For example, the models selected
in this paper for benchmark scenarios were chosen with low
FT=(t+t_)m3,2. values of N; to put them in the minimal supergravity

(MSUGRA) regime, which is a far less challenging regime
Interesting model lines for this class of models can be obfor detectors at hadronic colliders than those of the anomaly-
tained by continuously varyingRet) for various values of mediated regime.
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