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We discuss the phenomenology of supersymmetric models in which supersymmetry breaking terms are
induced by the super-Weyl anomaly. Such a scenario is envisioned to arise when supersymmetry breaking
takes place in another world, i.e., on another brane. We review the anomaly-mediated framework and study in
detail the minimal anomaly-mediated model parametrized by onhi JparametersM,,,, My, tang, and
sgn(uw). The renormalization group equations exhibit a novel “focus poifds opposed to fixed point
behavior, which allows squark and slepton masses far above their usual naturalness bounds. We present the
superparticle spectrum and highlight several implications for high energy colliders. Three lightest supersym-
metric particle(LSP) candidates exist: thé/-ino, the stau, and the tau sneutrino. For ¥ieno LSP scenario,
light W-ino triplets with the smallest possible mass splittings are preferred;\tictos are within reach of run
Il Fermilab Tevatron searches. Finally, we study a variety of sensitive low energy probes, indudig the
anomalous magnetic moment of the muon, and the electric dipole moments of the electron and neutron.

PACS numbe(s): 14.80.Ly, 11.30.Er, 11.30.Pb, 12.60.Jv

I. INTRODUCTION and second generation fields, whose Yukawa couplings are
negligible, wave function renormalization is almost com-
Signals from supersymmetr§S8USY) are important tar- pletely determined by gauge interactions. Their anomaly-
gets for particle physics experiments. These signals rang@ediated soft scalar masses are thus almost diagonal, and the
from the direct discovery of supersymmetric particles at hign>USY flavor problem is solved. Note that this solution re-
energy colliders to indirect signals at lower energy experi-duires that the anomaly-mediated terms be the dominant con-
ments through measurements of flavor-changing processet§',b“t'°”5 to 'the SUSY breakmg parameters. Thls possibility
magnetic and electric dipole moments, and so on. The set ay be_ realized, for e>_<amp|e, if SUSY brgakmg takes place
possible signals and the promise of individual experimentd! @ different world, i.e., on a brane different from the
for SUSY searches depend strongly on what model of SUS -brane of our world, and direct IK&r couplings are thereby
breaking is assumed. It is therefore important to understanaUDpressem]'

o L . As will be discussed below, the expressions for anomaly-
the characteristic features and predictions of We”'monvateqnediated SUSY breaking terms are scale-invariant. Thus
SUSY breaking scenarios. ) ’

. they are completely determined by the known low energy

Probably the most well-known scenario is that of SUSY g59e and Yukawa couplings and an overall mass scale
breaking in the supergravity framework, i.e., “gravity- \y_  Anomaly-mediated SUSY breaking is therefore highly
mediated” SUSY breaking. In this framework, SUSY break-predictive, with fixed mass ratios motivating distinctive ex-
ing originates in a hidden sector and is transmitted to thgyerimental signals, such as macroscopic tracks from highly
observable sector though Planck scale-suppressed operatajggenerate W-ino-like lightest supersymmetric particles
In particular, soft masses for squarks, sleptons, and Higge SP9 [5,6]. Unfortunately, one such prediction, assuming
bosons are induced by direct Kar interactions between minimal particle content, is that sleptons are tachyons. Sev-
hidden and observable sector fields. Unfortunately, thesgral possible solutions to this problem have already been
Kahler interactions are not, in general, flavor-diagonal.proposed[3,7—9. We will adopt a phenomenological ap-
Squark and slepton mass matrices therefore typically havgroach, first taken in Ref6], and assume that the anomaly-
large flavor mixings, and these induce unacceptably largenediated scalar masses are supplemented by an additional
flavor-changing processes, such K8-K° mixing and universal contributiormé. For large enougim,, the slepton
—evy [1]. These difficulties, together commonly referred to squared masses are positive. Along with the requirement of
as the SUSY flavor problem, may be avoided if thehkéa  proper electroweak symmetry breaking, this defines the
potential is somehow constrained to be flavor-diagonalminimal anomaly-mediated model in terms of only B pa-
Gauge-mediated SUSY breakif®g] is one proposal for solv- rametersM aux» Mo, tang, and sgn f), where targ is
ing this problem. the ratio of Higgs vacuum expectation valy®4%Vs), andu

Recently the mechanism of “anomaly-mediated” SUSY is the Higgsino mass parameter. The simplicity of this model
breaking has been proposed as a possibility for generatingllows one to thoroughly examine all of parameter space.
(approximately flavor-diagonal squark and slepton mass In this paper, we present a detailed study of the phenom-
matrices[3]. In this scenario, SUSY is again broken in a enology of the minimal anomaly-mediated model. We begin
hidden sector, but it is now transmitted to the observablén Sec. Il with a brief discussion of the mechanism of
sector dominantly via the super-Weyl anomal,4]. anomaly-mediated SUSY breaking. In Sec. Ill we review the
Gaugino and scalar masses are then related to the scale daehyonic slepton problem and the universgl “‘solution,”
pendence of the gauge and matter kinetic functions. For firsind present in detail the minimal anomaly-mediated model
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described above. The universal scalar magsbreaks the on different branes, thereby suppressing direct observable
simple scale invariance of expressions for soft terms. Howsector-hidden sector couplings.

ever, this breaking is rather minimal, in a sense to be ex- In global SUSY, the(loop-correctell effective Lagrang-
plained, and the minimal anomaly-mediated model inheritdan may be written as

several simple properties from the pure anomaly-mediated

case. . , |1 b 2
The naturalness of this model is examined in Sec. IV. We Lgiobal s Acyts Acud) = Zf d=o| — - Fmg(D 1A )
find that the minimal anomaly-mediated model exhibits a 9 7
novel renormalization groupRG) “focus point” (as op- X WAW,,+H.c.
posed to fixed pointbehavior, which allows slepton and
squark masses to be well above their usual naturalness
bounds. The title “supernatural supersymmetry” derives
from this feature and the envisioned other-worldly SUSY
breaking. _ _ _ _ +f d?6Y ¢S +H.ct -, )
We then turn in Sec. V to high-energy experimental im-
plications. We explore the parameter space and find a variet

of interesting features, including 3 possible LSP candidates. he_reW“ and ¢ are the gauge field strength and c_hi_ral su-
. . . ~ perfields, respectively. Here is the B-function coefficient
a degenerate triplet &f/-inos, the lighter stau;, and the tau

S ) o _ ] for the gauge coupling constagf Z, is the wavefunction
sneutrinov,. TheW-ino LSP scenario is realized in a large renormalization factor ofp, Y is the Yukawa coupling
fraction of parameter space and has important new implicagonstant, and\ ., is the cutoff of the theory.

tions for both collider physic5,6] and cosmology6,10). However, once we consider local SUSY, i.e., supergrav-
We find that naturalness and electroweak symmetry breakingy this expression is modified. The most important modifi-

favor light W-inos with the smallest possible mass splittings, cation for our argument results from the fact that, in global
i.e., the ideal region of parameter space Wéino searches sysy, O is given by g“d,d,. In supergravity,g” be-
and W!thm the d|scove_ry reach of run Il of the Tevatron.  comes a dynamical field and is part of the supergravity mul-
While anomaly-mediated models have the virtue that theyjp|et, 0 must therefore be promoted to an object compatible
prec_hct very little flavor-changing in the f|rs_,t and second gen-yith supergravity. The complete expression firis compli-
erations, they are not therefore automatically safe from alkated. However, since we are interested only in the SUSY
low-energy probes. In Sec. VI we analyze several sensitivgreaking terms, our task is simplified. Perhaps the easiest
low-energy processebi— sy, which probes flavor-changing prescription for deriving the SUSY breaking terms is to in-

in the third generation, and three important flaconserving  troduce the compensator superfidid whose VEV is given
observables, the anomalous magnetic dipole moment of t

muon, and the electric dipole moments of the electron and
neutron. (DYy=1—M 0% 2

Our conclusions and final remarks are collected in Sec.
VIIl. In the Appendix, we present expressions for anomaly-HereM ., is proportional to the VEV of an auxiliary field in
mediated SUSY breaking terms in a general supersymmetrithe supergravity multiplet and is of order the gravitino mass
theory and also the full flavor-dependent expressions for thafter SUSY breaking. With this compensator field, all of the
specific case of the minimal anomaly-mediated model. terms relevant for calculating the anomaly-mediated SUSY

breaking parameters are contained in the Lagrani@aff

"’f d4az¢(D-A:utAcut)¢*¢

II. ANOMALY-MEDIATED SUPERSYMMETRY
BREAKING L:SUGRA: ‘Cgloba(D 1A:utq)* !Acutq))- (3)

In supergravity, SUSY breaking parameters always reBecause] appears in Eq(1) only through term&JY%/A o,
ceive anomaly-mediated contributions. However, in theand1Y2/A%,, the replacement dfl by its supergravity gen-
usual gravity-mediated SUSY breaking scenario, SUSYeralization is effectively carried out by the replacement
breaking masses also arise from direct interactions of obsen . ,— A ¢ @ [7].
able sector fields with hidden sector SUSY breaking fields. Expanding the above Lagrangian with the VEV &f
Such contributions are usually comparable to the gravitingyiven in Eg.(2), and solving the equation of motion for the
mass, and so anomaly-mediated contributions, which arauxiliary component ofp, the anomaly-mediated contribu-
loop-suppressed relative to the gravitino mass, are sultions to the gaugino madd, , scalar squared mass?, and
leading. However, in a model with no direct coupling be-trilinear scalar coupling are
tween observable and hidden sectors, the anomaly-mediated
terms can be the dominant contributions. In this paper, we 1
assume that this is the case, and that the anomaly-mediated M |am= >
terms are(one of the leading contributions to the SUSY 16w
breaking parameters. This is realized, for example, in the
“sequestered sector” model of Ref3], where the SUSY
breaking sector and the observable sector are assumed to li&We assume there are no Planck scale VEVs.

b gz M aux (4)
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1. define the minimal anomaly-mediated model. For large
m2|AM=§7M§ux (5 enoughmg, slepton squared masses are therefore positive,
and the tachyonic slepton problem is averted. Such a univer-
sal term may be produced by bulk interactidid§, but is
Alan=—> YyMau (6)  certainly not a feature common to all anomaly-mediated sce-
narios. The extent to which the following results depend on
this assumption will be addressed in Sec. VII.

The addition of a non-anomaly-mediated term destroys
the feature of RG invariance. However, the RG evolution of
= (7)  the resulting model nevertheless inherits some of the sim-

dlogd%2 plicity of the original pure anomaly-mediated relations.

Schematically, scalar masses satisfy the one-loop RG
Hereb and y are to be evaluated with the supersymmetricequations

field content present at the appropriate scale. In the above

where

= 2 giog

formulas, indices have been suppressed. The full expressions d , 1 P -
for general chiral superfield content may be found in the at™ " 52| 9 MZ+AZ+ D Y2m? |, 9
Appendix. !

One important feat.ure of this result is_ that the formulasy,peret= In(/Mgyr), positive numerical coefficients have
for the anomaly-mediated SUSY breaking parameters argeen omitted, and the sum is over all chiral fietfisinter-
renormall_zatlon group (RG) invariant [3,4_,7,1]]. The acting with ¢; through the Yukawa coupliny. Letting m?
anomaly-induced masses are given as functions of the gauge

2 2 21 .
. ) =M’ v+ M, wherem?| oy is the pure anomaly-mediated

and Yukawa coupling constants, as shown in Eds-(7), : L o } 4

and theg-functions for the individual SUSY breaking pa- value, the RG invariance of the anomaly-mediated masses

rameters agree with thg-functions of the right-hand sides implies
whose scale dependences are determined through the gauge d 1
and Yukawa coupling RG equations. — dm?~ > Y25mj2. (10
dt 1672 7]
Iil. THE MINIMAL ANOMALY-MEDIATED MODEL Thus, at one loop, the deviations from pure anomaly-

As described in the previous section, in pure anoma|y_mediated relations satis_fy_simple evolution equations that Qe-
mediated SUSY breaking, soft terms are determined by RGP€Nd only on the deviations themselves. For scalars with
invariant expressions involving the gauge and Yukawa coul€dligible Yukawa couplings, such as the first and second
plings. The soft terms are therefore completely fixed by theJeneration squarks and sleptons, the deviafior is a con-
low energy values of these couplings and an overall scalgtant of RG evolution. For thendm? is simply an additive
M. If @ scalar has negligible Yukawa interactions, itsconstant, and the weak scale result fiaf is independent of
squared mass is determined by gauge coupling contributiortbe scale at WhichSmi2 is generated. For fields interacting
—3,b;jg?, where the sum is over all gauge groups undetthrough large Yukawa couplings such as the top Yukawa
which the scalar is charged, arfdositive) constants have coupling, the deviationﬁmi2 evolve; however, this evolution
been omittedsee Appendix From this form, we see that is simply analyzed. We will see an important consequence of
sleptons, which interact only with non-asymptotically freethis evolution for naturalness in Sec. IV.
groups £;>0), have negative squared masses. Tachyonic We will assume that the boundary conditions of E8).
sleptons are the most glaring problem of the anomalyare given aM g r=2X 10'® GeV. The SUSY breaking pa-
mediated scenario. rameters are then evolved with one-loop RG equations to the

Several mechanisms for solving the tachyonic sleptorsuperparticle mass scaleg,sy, Which we have approxi-
problem have been proposed. Additional positive contribumated to be the squark mass scale. For the gaugino mass
tions to slepton squared masses may arise from bulk contrparameters, we also include the largest next-to-leading order
butions [3], gauge-mediated-like contributiong7], new  corrections froma, and ay,=y?/4 given in Ref.[6].

Yukawa interactiong8], or non-decoupling higher order  All parameters of the theory are then specified, except for
threshold effect$9]. Here, we adopt a simple phenomeno- 4, the Higgsino mass parameter, aBg, the soft bilinear
logical approach6]: we assume an additional, universal, Higgs coupling. We do not specify the mechanism for gen-
non-anomaly-mediated contributionj to all scalars at the erating these parameters, but assume that they are con-
grand unified theory(GUT) scale Mgyr. The resulting strained so that electroweak symmetry is properly broken.

boundary conditions Given the other soft parametersrat,sy, the Higgs poten-
tial is determined byu and B, , or alternatively, by the
M, (Mgur) =M, [am(Mgyr) (8  Fermi  constant GF=[2\/§(<H8>2+(H3>2)]‘1: 1.17
X10°% GeV 2 (or, equivalently, theZ mas$ and tan3
M*(Mgur) = M| am(Mgyr) +mg =(HY%/(HY). It is more convenient to use the latter two as
inputs; u andB,, are then fixed so that the Higgs potential
A(Mgyp) =A|am(Mgum), has a proper minimum with correGr and tan3. We mini-
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100 lar |u| are found foru>0. The parameteM ., iS not
phenomenologically transparent, and so on the right-hand
80 axis, we also give approximate values of th&ino mass
- M, usingM ,=(g5/16m2)M iy =2.9X 10" M g
> The value of|u| rises with increasing ., as expected.
E g E Irrespective ofmy and tan3, |u|=1TeV implies M,
5 =200 GeV. Such a restriction is encouraging for searches
= for degenerat&V-inos at upcoming runs of the Tevatron, as
40 will be discussed more fully in Sec. V A.
The special case ahy=0 corresponds to pure anomaly-
20 mediated SUSY breaking. In this case, the expressions for

0 500 1000 1500 '2000 soft SUSY breaking terms are RG-inv_ariant. and the soft
m, (GeV) masses may be eva_luated atany scale, including dTeWw)
0 scale. Based on this observation, it has been argued that,
FIG. 1. Contours of constapt<0 in GeV for tand=3 (soli), ~ SINC€ the stop masses do not enter the determmaumﬁ%
10 (dashedl and 30(dotted. The value of x| is similar foru>0.  with large logarithms through RG evolution, stop masses of
2TeV or even higher are consistent with natural&$sThis
mize the Higgs potential at one-loop, including radiative cor-is contradicted by Fig. 1: fomg=0, as will be seen in Sec.
rections from third generation quarks and squdrk®, but Vv C, stop masses of 2TeV require very larlyk,,, corre-
neglecting radiative corrections from other particles. sponding to values ofu| above 2 TeV. Stop masses of 2
In fact, the constraint of proper electroweak symmetryTey are therefore as unnatural jpure anomaly-mediated
breaking does not determine the sign of heparametef.  SUSY breaking as they are in more conventional gravity-
The entire parameter space of the minimal anomalymediated scenarios, such as minimal supergravity. This ap-
mediated model is therefore specified by Bparameters:  plies to all cases where the pure anomaly-mediated relations
are approximately valid for squark and Higgs boson soft

Maux,Mo,tanB, and sgiw). (1) masses, and includes models in which a mechanism for
avoiding tachyonic sleptons is invoked which does not dis-
IV. NATURALNESS turb the squark and Higgs boson masses.

For the minimal anomaly-mediated model withy,>0,
Supel’symmetl’ic theories are Considered natural from thﬁowever, the Squark and H|ggs boson masses are exp||c|t|y
point of view of the gauge hierarchy problem if the elec- modified, and the argument above does not apply. It is ex-
troweak scale is not unusually sensitive to small variations iractly in this case, where the soft SUSY massesnateRG-
the underlying parameters. There are a variety of prescripnvariant, that there is the possibility that heavy squarks can
tions for quantifying naturalness with varying degrees of sobe consistent with naturalness, and we will see that, in fact,
phistication[13]. For the present purposes, we simply con-this is realized by a novel mechanism for lamge.
sider a set of parameters to be natural if no large In Fig. 1, for tand=3, an upper bound opu| implies an
cancellations occur in the determination of the electroweakipper bound om,. However, for moderate and large tan

scale. At tree-level, the relevant condition is the contours of constaht:| are extremely insensitive tm,,
and so large squark and slepton masses are consistent with
1 ma —mﬁ tar’ 8 naturalness in the large, regime® This behavior may be
=2 (12)  understood first by noting that, for moderate and largestan
2 tarf—1 Eqg. (12) implies thatu depends sensitively cmﬁu only. The

wherem?, andm?_are the soft SUSY breaking masses for RG evolution ofmy is most easily understood by letting

up- and down-type scalar Higgses. Naturalness then requiré“é*ﬁuzmau|AMJr 5mﬁu= wheremﬁulAM is the pure anomaly-
that|u| as determined from electroweak symmetry breakingmediated value, and similarly for all other scalar masses. The
not be too far above the electroweak scale. A typical requiredeviationsém? satisfy simple RG equations, as discussed in
ment is|u|=1TeV. Sec. lll. For tar3 not extremely large, the only large

In Fig. 1 we present values gf in the (mg,M,,,) plane  Yukawa is the top Yukawa, andm is determined by the
for three representative values of yan3 (low), 10 (moder- system of RG equations !
ate, and 30(high). We have chosem<0 to avoid con-

straints fromb— sy at large tarB (see Sec. VI A, but simi- 5mﬁu 3 3 3 5mE|u
d 2 Y2 2
it smy, | = 8_‘2 2 2 2| omy, |, 13
a
2In general,u is a complex parameter, and its phase cannot be (Smé3 111 Emés

determined from the radiative breaking condition. In Sec. VI C, we

consider the implications of complex. However, in the rest of the

paper, we assume that is real. In the anomaly-mediated frame-

work, there are several models in which @lP-violating phases in 3In Ref.[6], the insensitivity of x| to mq is implicit in Fig. 1; its
SUSY parameters are abs¢Bt7,9. implications for naturalness were not noted.
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i i H 2 .
RG Scale ( GeV ) Note that this behavior applies only thu, no other scalar

mass has a focus point behavior.

FIG. 2. The RG evolution ofnﬁu for fixed M,,=50 TeV, The focus point is not a fixed point; for example, below
tanB= 10, and top quark mass) 174 GeV andb) 184 GeV. The the focus point, the RG curves diverge again. The position of
GUT scale boundary conditions are fog=0,1,2,3 TeV, from the the focus point depends ory, and we must check the sen-
bottom. The RG behavior cuﬁﬁu exhibits a focus pointnot a fixed  sitivity to variations inY,. In Fig. 2 we show also the be-
point) near the weak scale, Whenaﬁ| takes its pure anomaly- havior forY, corresponding taMyop= 184 GeV. The exact
mediated value, irrespective ofy. weak scale value ahf, depends orY; and, when the focus

point is not exactly at the weak scale, alsorofp However,

whereQ; and U5 denote the third generation squark @u  for top quark masses near the physical one, the focus point
doublet and up-type Sing|et representa’[ionS, respective|y_ remains within a COUple of decades of the weak Scale, and
Such systems of RG equations are easily solved by dehe sensitivity to variations img is always suppressed. This
composing arbitrary initial conditions into components par-is demonstrated in Fig. 3, where valuesiofire given in the
allel to the eigenvectors of the evolution matrix, which then(mo, My, plane. Even fomj=25 TeV? and my,,=174=5
evolve independently14]. In the present case, the solution GeV, we find thatu? lies naturally below 2 Te¥
with initial condition m3(1,1,1)T is An interesting question is whether, can be bigger than
the weak scale by a loop factor without compromising natu-
ralness. If this were the case, there would be no need to
oMy 3 1 appeal to a sequestered sector to eliminate tree-level scalar
sm2 | m% 5 t Yt2 , masses. Howevem, cannot be arbitrarily large. In Fig. 3,
Us [ =5 exp 6 Oﬁdt we see that the requirement of proper electroweak symmetry
5mé 1 -1 breaking impliesmy=<5 TeV. In any case, a similar bound
8 (14) would follow from requiring that one-loop finite corrections
to the Higgs squared mass parameter, which are proportional
s 5 to m;z not introduce large fine-tunings. The maximum al-
Fort and Y, such that exp6[o(Y;/87)dt']=1/3, oM  |oped m3 is thus roughly an order of magnitude bel®, .
=0, i.e., mﬁ assumes its pure anomaly-mediated value forThus, while it is possible to eliminate the sequestered sector
any mg. ’ mechanism for direct Kaler interaction suppression, it is

The RG evolution Omfau is shown for several values of Still required that the tree-level scalar squared nmagsbe

mg in Fig. 2. As expected, the RG curves intersect at a singl<§Uppressed by an order of magnitude relative to its “natural

. S . . lue~M?2,..
oint wherem? is independent ofn,; we will call this a va aux . .
P T Hy P 0 . Nevertheless, given that we have no understanding of the
“focus point.” Remarkably, however, the focus point occurs

! . source ofmy, it is at least somewhat reassuring that it may be
near the weak scale fof; corresponding to the physical top ¢4 apove the weak scale without incurring a fine-tuning pen-

mass ofm,~174 GeV. Thus the weak scale valuemﬁu IS alty. A direct consequence of this is that the minimal
nearly its pure anomaly-mediated value for all valuesngf ~ anomaly-mediated model is a model that naturally accommo-

2
_ 9
2
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dates multi-TeV sleptons and squarks. As we will see below, 300 ——— ]
this has important phenomenological consequences both for [ ]
high energy colliders and low energy probes. 250 [~ tanp=3 -
S [ ]
V. SUPERPARTNER SPECTRA AND IMPLICATIONS B 200 -
FOR HIGH ENERGY COLLIDERS ~ L ]
Having defined the minimal anomaly-mediated model in s 190 3 E
Sec. lll and explored the natural range of its fundamental C ]
parameters in Sec. IV, we now consider the resulting masses 100 3 E
and mixings of the superpartners. The lightest supersymmet- - ]
ric particles are either a degenerate triplet of charginos and 50 il e ]
neutralinos, the lighter staty, or the tau sneutrine,.. We : ]
begin by considering these, and conclude with a discussion 250 - -]
of the squark spectrum. We do not discuss the gluino and S
heavy Higgs bosons in detail. However, their masses are 8 200 |~ -
given in Eq.(15) and Figs. 13 and 14, respectively. = [ ]
X150 |- -
A. Charginos and neutralinos
Charginos and neutralinos are mixtures of gauginos and 100 - B
Higgsinos. Their composition is determined s, M, u, E o NN ]
and tang at tree-level. Inserting the values of the gauge cou- 592000 1500 1000 500 0
pling constants am; in Eq. (4), and including the largest 1L (GeV)

next-to-leading corrections as described in Sec. Ill, we find

FIG. 4. Parameters allowed by current constraints on particle
masses and radiative symmetry breaking in theM,) plane for
©<0 and tarB3=3 and 30. The contours are for constany
Typical values of f,M,) allowed by radiative electroweak =250,500...,2000 GeV from the right. Similar results hold for
symmetry breaking in the minimal anomaly-mediated model,>0.
are given in Fig. 4. Combined with the anomaly-mediated

relatl_onM_lzz.SMz, _F|g. 4 impliesM <My <| | with sub- searches based on energetic decay products and searches for
stantial h|erarch|es_|n these parameters throughout parametl%%g_“ved charged particles that produce hits in the muon
space. The chargino and neutralino mass eigenstates k. mber

therefore well-approximated by pure gaugino and pure Figure 4, however, has two important and encouraging

Higgsino states with masses implications forW-ino LSP searches. First, as noted in Sec.
IV, naturalness bounds ofu| imply stringent bounds on

M1:M,:M3~2.8:1:—8.3. (15

Moix§=W0, xy=W* M,. From Fig. 4, for example, we find thau|<1 TeV
implies M,<200 GeV. Continuing searches at LEP9],
Mli}gzﬁ (16) although limited kinematically to the regidi,<100 GeV,

will be able to probe a significant fraction of this parameter
- — - region. In addition, such limits on th&/-ino mass imply
lul:x3~HI=HG, Xxz=H", large cross sections at the Tevatron. Kby=200 GeV and
Js=2 TeV, the W-ino pair production rate iScr(pB
and the lightest of these is always a highly degenerate tripleLWtWO’WtW1)%100 fb, and if a jet withpr>30 GeV

of W-inos. ; ; ; ; ;

In much of parameter space, as we will see in Sec. V Ba_lndl 77|<2_ 'S re%|re~(di1‘(\%rlo'[rlggegnigkt?e _assomated produc
theseW-inos are the LSPs. The possibility of searching forJ“On rate is U(F’FHW et W W .+Jet)§10 fb [5].
supersymmetry in th#/-ino LSP scenario has been the sub—SUCh Cross sgctlons imply hundreds\_/b}fmo pairs produce_d
ject of much recent attentiof,6,15—17. The detection of at the_upcoml_ng run Il, and tens W-ino pairs produced in
W-ino LSPs poses novel experimental challenges. NeutrgiSsociation with Jet.s. - .
W-inos pass through collider detectors without interacting. Second, the region Of, M) space fg\{or_ed In Fig. 4 is
Chargedw-inos are detectable in principle, but are typically the far gaugl?o.reglon, wheram is mlnlmlzed.. For the
highly degenerate with neutral-inos, with Am=nn-= parameters of Fig. 4Am<180 MeV, correspondlng_to_d_e-

) 1 cay lengths ofc7>3.5 cm.(See Ref[5].) Thus, a signifi-
—mo~150-300 MeV and corresponding decay 1engths cant fraction ofw-inos will pass through several vertex de-
c7=0.5-10 cm[5,6,15—-18. They therefore decay to invis- tector layers. When produced in association with a jet for
ible neutralW-inos and extremely soft pions before reachingtriggering, suchw-inos will be discovered off-line as high
the muon chambers, thereby escaping both conventionalE/dx tracks with no associated calorimeter or muon cham-
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ber activity. Such a signal should be spectacular and background-free. This possibility is discussed in detdibinvitedre
an integrated luminosity of 2 fbt is shown to probe the entire region discussed here jwitkc1 TeV. It is exciting that run
Il of the Tevatron will either discoveW-ino LSPs or exclude most of the natural region of parameter space in this model.

B. Sleptons
Slepton masses and mixings are given by the mass matrix
2 | m2— m2| = —sir? A - ut
o | mi+mi—m3| S —siroy|cos 28 m; (A~ utanp)
M7= (17
my (A — w tanB) m~2é+ m?—m3 sir’ 6, cos 28

in the basis T, ,Tg), and sneutrino masses are given by ordering and mass splittings betwéen the W-inos, and the
sneutrinos vary throughout the parameter space. For staus

m%: m%+ Em% cos 28, (18) decaying to. neutralinos with a mass splitting greater than 15
2 GeV, combined CERNe*e™ collider LEP analyses of the
) ) _ Js=189 GeV data yield the bounti;>71 GeV[22], but
wherem; andmg are the soft SUSY breaking masses. this drops to near the LEP | limit of 45 GeV as the mass

In anomaly-mediated models, as discussed in R&f.if  splitting goes to zero. However, for stable staus, combined
bothm»E andmé receive the sammj contribution, the diag- LEP analyses of data up tq/s=183 GeV imply nr;
onal entries of the slepton mass matrix are accidentally>87 GeV [22]. The light shaded region of Fig. 7 is ex-
highly degenerate. The anomaly-mediated boundary condiluded bynr;>70 GeV and represents a rough summary of
tions imply (see the Appendix these bounds. In the remaining region, the boumds
>43 GeV([23], m>89 GeV[22], andm;>84 GeV[22]

9 9 3 ggMaux 2 are always satisfied. In the following, we will include the
MTLL_MTRR:§ ? [11tarfoy—1] excluded shaded region in plots of observables that involve
100 T
2 H 1
+m3| 2 sirf y— 5|C0s 28. (19 L
o B 250
For sirf4,=0.2312, tafig,,=0.0904, and both bracketed ex- ~
pressions are extremely small. This accidental degenerac% i 200 &
implies that same-flavor sleptons may be highly degenerate~ 60 |- =)
The physical mass 'split'ting' for staus is given in Fig. 5. For 2 | 150 &
low tang (and, by implication, for all tag for selectrons = =~
and smuons degeneracies of order 10 GeV or less are found 40 =
throughout the parameter region. For large garmowever, B 100
large Yukawa effects dilute the degeneracy significantly.
Equation(19) also implies that even small off-diagonal 20
entries may lead to large mixing. The left-right mixing for Lomp=at
staus is given in Fig. 6. Throughout parameter space, ant g | 200 —1 250
even for low tans, the stau mixing is nearly maximal. In __
fact, even smuon mixing may be significant—for large fan A B 200 &
and low M, it too is almost maximal. Nearly degenerate £ g | =
and highly-mixed same flavor sleptons are a distinctive fea- 5 150
ture of the minimal anomaly-mediated model and distinguish = i -
it from other gravity- and gauge-mediated models, where, 40 |
typically, my, > These features may be precisely tested | 100
by measurements of slepton masg8j and mixingg21] at 20 Y T e
future colliders. 0O 200 400 600 800 1000
The lighter staur; is always the lightest charged slepton, m, (GeV)

and it therefore plays an important phenomenological role.
The'r, mass is displayed in Fig. 7. For lomg, 7, is either FIG. 5. Contours of constantr; —m; in GeV for x<0 and

tachyonic or excluded by experimental bounds. The currenang=3 and 30. The shaded region is excluded by,
bounds are fairly complicated in this model, since the mass-70 GeV.
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- 0.95 = = =
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B — 100 i — 100
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80 80
O 200 & O s00/1 200 &
) e
e 09 Q ~ 60 - s
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40 095 40 -
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0 200 400 600 800 1000 0 200 400 600 800 1000
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FIG. 6. Contours of constarsin 26 for £<0 and tang=3 FIG. 7. Contours of constantr, in GeV for x<0 and tang
and 30. The shaded region is excludedrby>70 GeV. =3 and 30. The light shaded region is excluded by,

>70 GeV. In the dark shaded region, the LSFHsin the black-
sleptons. For quantities such as squark masses or rates fgtq region, the LSP 8,, and in the unshaded region, the LSPs
b—sy, we omit this, as such quantities are well-defined,q 5 highly degenerateftriplet W-inos.
even for smallmg, and in fact, themy=0 axis gives their
values in anomaly-mediated models where the slepton ma?ﬁgion, withn. =100 GeV andM,<110 GeV, and so it is
1

blem is fixed without changing th k and Hi bo- ) .
scr)c;] rﬁgslsseslxe without changing the squark and Higgs Oamenable to study at LEP. In this region, the slepton mass

For Iargemo,m;lwmo, and theW-ino is the LSP. This is ordering is always

the case in the unshaded region of Fig. 7. The experimental
implications of thew-ino LSP scenario have been discussed
above in Sec. VA. _ . S and theW-ino triplet may appear anywhere between the
Finally, there exists an intermediatg, region, in which  gnetrinos andr,. Typically, though not always, the only
the LSP is either the; or the .. In the 7, LSP scenario  kinematically accessible superparticles at LEP are the
(the dark shaded region of Fig), #he stau may be found at ghq\trinos7, and thew-inos. The two possible mass order-

both LEP and the Tevatron through its spectacular anoMg s and dominant decay modes in each scenario are then
lous dE/dx and time-of-flight signaturef22,24,23. At the

;T 1;;4 :;e<;1<’éR !IL1<~eL :‘/12<;2 ’ (20)

Tevatron, for example, fonm; <150 GeV, o(pp—T1177) > WEOS T WO w
=1 fb, and so a significant fraction of the stau LSP param- o 5 ~ 5
eter space may be exploréd. WWo— 1, W=l (21

In the case of the sneutrino LSthe blackened region of
Fig. 7), there are many possible experimental signatures.  (\*.0>7 >7:W0— vy, 774,
While this region appears only for a limited range of SUSY

parameters, superparticles tend to be relatively light in this =T, (22)

~L o~ o~
W= =l v, 7

4 o ) ) C. Squarks
Note that in this parameter region, the stau is absolutely stable,

assuming R-parity conservatiofRecall that the gravitino mass is N @anomaly-mediated SUSY breaking, squarks are univer-
of order M ,,.) This scenario therefore requires some mechanisn$ally very heavy, as their masses receive contributions from
for diluting the stau density, such as late inflation with a low re-the strong coupling. The gauge coupling contribution to sca-
heating temperaturg26]. lar squared masses is of the formbigi"', whereb; is the
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100
1 250
80
2 200 &
~ 60 =)
5 150 %
= ~
40
100
20
0 500 1000 1500 2000
m, (GeV) 250
FIG. 8. Contours of constamty, in GeV for u<0. The masses =
of all first and second generation squarks are degenerate to withii I -1200 &
~10 GeV throughout the parameter space and are insensitive t« ~ 60 ()
tanp. . 4150 &
one-loop B-function coefficient(see Appendix and so the 40
strong coupling contribution completely overwhelms those - 100
of the SU?2) and U1) couplings. Squark masses for the first :
two generations are therefore both flavor- and chirality-blind; 20 PR EN L 15y
we find that theu, , Ug, d, , anddg, and their second gen- 0 500 1000 1500 2000
eration counterparts are all degenerate to witkih0 GeV m, (GeV)

throughout parameter space. .
The first and second generation squark masses are given F'G- 9. Contours of constant;, andn;, in GeV for <0 and
in Fig. 8. The squarks are hierarchically heavier thiginos  @n8=3 (solid) and 30(dotted.
and sleptons for lowmgy, and their mass increases ag
increases. Fomy=2 TeV, the squark mass is above 2 TeV.
Thus, the focus point naturalness behavior discussed in Sec.
IV, which allows such largen,, has important phenomeno-
logical consequences. Direct detection of 2 TeV squarks is
likely to be impossible at the LHC or NLC, and must wait
for even higher energy hadron or muon colliders. Note, how- __
ever, that some superparticles, notably the gauginos, cannc’
evade detection at the LHC and NLC. £ 60
Unlike the squarks of the first two generations, the masses
of third generation squark$,, tr, b,, and (for large =
tanB) bg receive significant contributions from large
Yukawa couplings. These are shown in Figs. 9 and 10 for
small and large values of tgh Yukawa couplings always 20
reduce the masses and their effect may be large. For ex
ample,m;l may be reduced by as much as 40% relative to

the first and second generation squark masses. At the CER!
large Hadron CollidefLHC), therefore, stops and sbottoms <
may be produced in much larger numbers than the other &
squarks, adding to the importancekwsfagging. e
As in the case of sleptons, third generation squarks may
have large left-right mixing. For tg8= 30, left-right mixing
in both the stops and sbottoms is large, and is nearly maxi-
mal for low mg. For tang= 3, shottom mixing is negligible,

but stop mixing may still be as large as sifj @~0.2.

100

250
80

*, | 200

1150

(A®D) *W

40
100

— 250
— 200

— 150

(A29D) *N

=

— 100

0 500 1000 1500 2000
VI. LOW ENERGY PROBES m, (GeV)

Anomaly-mediated supersymmetry breaking naturally FIG. 10. Contours of constamty,, and ng_ in GeV for u<0
suppresses flavor-violation in the first and second generand tan3=3 (solid) and 30(dotted.
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tions, but not all low energy constraints are therefore trivially ~ —_K

. g . . . - ~ ~
satisfied. In particular, since anomaly-mediated soft terms I, 7 Aprpcoth ~ Ir
depend on Yukawa couplings, non-trivial flavor mixing in- / \
volving third generation squarks can be expected. We first / \

. . . n

study the flavor-changing proceds—sy, which is well L — 1
known for being sensitive to third generation flavor viola- br Hy ' St

tion. We then consider magnetic and electric dipole mo-

ments, observables that are flavor-conserving, but are never- - x _ by
theless highly sensitive to SUSY effects. bR/ < Ap-pianp > v
/ \ gL
A b / \
. D—Sy | M; \
In the standard model, the flavor-changing transitinn br ~ Sy

—svy is mediated by aV boson at one-loop. In supersym- 8
metric theoriesp— sy receives additional one-loop contri-  £iG_11. The leading contributions - sy from chargino- and

bUtiO”S from _charged Higgs-, chargino-, 9|Uir‘0': andgjuino-mediated processes in the mass insertion approximation for
neutralino-mediated processes. The charged Higgs boSQ&rge tans. The photon, which may couple to any charged internal
contribution depends only on the charged Higgs boson massopagator, is omitted.

and targ, interferes constructively with the standard model
amplitude, and is known to be large even for charged Higgs
boson masses beyond current direct experimental bounds. O,=
The supersymmetric contributions may also be large for
some ranges of SUSY parameters. THus;sy provides an
important probe of all supersymmetric models, including
tho;e that are typically safe from other flavor-violating con- OBZ%mb(gLUMVTabR)GZV- (25)
straints. 1

In the well-studied cases of minimal supergravity and
gauge-mediated SUSY breakif@7], the chargino- and, to a (Contributions to operators with chirality opposite to those
lesser extent, gluino-mediated contributions may be signifiabove are suppressed by/m, and are negligibleé.We use
cant for large taiB. Neutralino contributions are always neg- next-to-leading ordefNLO) matching conditions for the
ligible. For <0 (in our conventions these contributions standard modd28] and charged Higgs bos$@9] contribu-
are constructive and so, for large {@npositiveu is favored.  tions. The remaining supersymmetric contributions are in-

In the present case of anomaly-mediated SUSY breakingluded at leading orddi30]. Some classes of NLO super-
several new features arise. First, in contrast to the case @ymmetric contributions have also been calculaféd];
minimal supergravity and gauge-mediation where squarkowever, a full NLO calculation is not yet available. For the
mixing arises only through RG evolution, flavor violation in present purposes, where we will be scanning over SUSY
the squark sector is present even in the boundary conditiongarameter space, the leading order results are sufficient. Note
(and receives additional contributions from RG evolution that the inclusion of some, but not all, NLO effects is for-
More importantly, the signs of the paramet®y and the mally inconsistent, but by doing so, we are effectively as-
gluino massM 3 are opposite to those of minimal supergrav- suming that the NLO corrections in a given renormalization
ity and gauge-mediation. The leading contributions for largescheme are numerically small.
tang in the mass insertion approximation from charginos The Wilson coefficientsC; at the weak scale are then
and gluinos are given in Fig. 11. For large fanthe ampli-  evolved down to a low energy scalg, of orderm,,, where
tudesA7;=xsgn(uA;) andAz=sgn(uMs) are both opposite matrix elements are evaluated using the resulting effective
in sign relative to their values in minimal supergravity andoperators. The NLO anomalous dimension matrix is now

" My(SLo*"bR)F ., (24)

gauge-mediation. known [32], as are the NLO matrix elemenf83] and the
B(B— Xsy) may be calculated by first matching the full leading order QED and electroweak radiative corrections
supersymmetric theory on to the effective Hamiltonian [34,35. These have been incorporated in the analysis of Ref.

[35], where a simple form foB(B— Xvy) in terms of weak
scale Wilson coefficients is presented. The exact parametri-
zation depends on the choice af, and the photon energy
cutoff EJ'"=3(1- 8)mg. We chooseu,=mj, and 5=0.9.

The SUSY branching fraction is then given [85]

at the electroweak scalay,. In the basis where the current

4G i
F
Hefi= — —v:;vtbgl CiO; (23)

V2

and mass eigenstates are identifieddpr dg, andug, su- B(B—Xsy) )

persymmetry contributes dominantly to the Wilson coeffi- B(Baxsy)SM_1+0'68]r7+0'1167+0'08328
cientsC, and Cg of the magnetic and chromomagnetic di- )

pole operators +0.0045%5+0.0252 /rg, (26)
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where the theoretical error includes uncertainties from scale
dependence and standard model input parameters.
The most stringent experimental bounds are

wherer ; g are the fractional deviations from standard model 8 T T |
amplitudes: : tanp=3
6 3
C7o(my) Ayt Ayt Ag+ Ajo )
78= LT : -
C?,’\s/;l( My) Asm 78 .
(27) :
For the standard model value, we tglg5]
B(B— Xsy)sm=(3.29£0.30 X 10" 4, (28) A
| E

B(B—=Xgy) [x104]

CLEO: B(B— Xsy) =(3.15+ 0.35¢ 0.32 s+ 0.2600e)
X104 [36] (29

ALEPH: B(B—Xgy) = (3.11 0.8+ 0.724)
X104 [37], (30) RN L 1 1

400 800 1260
which may be combined in a weighted averagé 3] M+ (GeV)
B(B_>xs‘)’)exp: (3.14+0.48 X 104 (32) FIG. 12. B(B—X,y), including standard modelH =, and

SUSY contributions, as a function afiy+ for >0 (X) and w

Sounds on SUSY parameter space re extremelysensitve [ 1) %14 1% Ereseiabe saies oo hour e
the treatment of errors. With this in mind, however, to guide, . P : g onty X
- ) . (solid), and the current experimental value and Bxperimental
the eye in the figures below, we also include bounds from; .
. . imits (dashegl
Eq. (31) with 20 experimental errors:

2.18<10 “<B(B— Xsy)<4.10< 10 4. (32 In Figs. 13 and 14 we pldB(B— Xgy) in the (my,M 5%
plane for various values of tg;1and sgn ). Regions ex-

Similar bounds would follow from combining d. experi-  cluded by Eq(32) are shaded; for>0 and large tag, this
mental and theoretical errors linearly. includes much of the parameter space with light sleptons and

Given a set of parameteh ., My, tanB, and sgn fu), light W-inos.
we may now determin&(B— Xsy), assuming the central
value of Eq.(28). In Fig. 12 we plotB(B— Xsy) as a func- o
tion of my=, for three representative values of @nfixed B. Muon magnetic dipole moment
choice of sgn ), and scanning over the remaining param-  While anomaly-mediated SUSY breaking does not con-
etersM ,,andm,. The solid lines show the value when only tribute substantially to flavor-violating observables involving
the charged Higgs diagram is included. the first and second generations, it may give significant con-

As in minimal supergravity and gauge-mediated modelstributions to flavoreonservingobservables involving the first
the neutralino diagrams are negligible, but the chargino andand second generations. It is well known that SUSY loops
to a lesser extent, gluino diagrams may be substantial, espghay give a sizable contribution to the muon magnetic dipole
cially for large tang. In contrast to these other SUSY mod- moment(MDM) [38]. The SUSY contribution to the muon
els, however, as a result of the sign flipsApandM; noted  magnetic dipole moment is from smuon-neutralino and
above, both chargino and gluino contributiomshancethe  sneutrino-chargino loop diagrams. Since these superparticles
standard model prediction fon>0. The parameter space may have masses comparable to the electroweak scale, these
with 4>0 is thus highly constrained, and requires largecontributions may be comparable to, or even larger than,
charged Higgs boson masses, especially for larg@tdfor  electroweak contributions froriV- and Z-boson diagrams.
example, for tapB= 30, the upper bound of E¢32) implies  The on-going Brookhaven E821 experim¢d®] is expected
my==700 GeV, significantly more stringent than the boundto measure the muon MDM with an accuracy of 40 °,
my==400 GeV that would apply in the absence of charginowhich is about a few times smaller than the electroweak
and gluino contributions. Fqe <0, the supersymmetric con- contribution to the muon MDM. Therefore, the Brookhaven
tributions may cancel the charged Higgs boson contributionE821 experiment will provide an important constraint on
and the parameter space is constrained only for very lovBUSY models.
Maux @nd my, where the destructive SUSY contributions  In general, the muon anomalous MDM is given by the
pushB(B— Xgy) belowexperimental bounds. coefficient of the “magnetic moment-type” operator
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FIG. 13. B(B—Xy)(x10™%) (solid) for x>0 and three rep- FIG. 14. Contours as in Fig. 13, but fax<0. The shaded

resentative values of tgh For reference, also shown are contours region is excluded by (B— X.y)>2.18x10 4.
of constantmy+=>500,750,1000... GeV, from the lower left

(dotted. The shaded region is excluded HB(B—Xgy)<4.10 gz
X 1074, susy_ 91 o 2 2
a, 167T2mM,LLM1tan,8><Fl(m#,m;(o)
e _
EMDM:_4m#aMMO';w/'LFMV’ (33 .\ 95

3 MM tan B Fo(me: mg m, mi ),
where the anomalous magnetic momaptis related to the
muong—2 bya,=3(g—2),. (34)
As suggested from the structure of the operator, diagrams _ _
for the muon anomalous MDM require a left-right muon Where theF functions(see the last reference in RE38]) are
transition. In SUSY diagrams, this transition may occurtypically F~mgsy, with mgysy being the mass scale of the
through a chirality flip along the external muon line, throughsuperparticles in the loop. For large @nthen, the SUSY
left-right mixing in the smuon mass matrix, or through the contribution a5 is approximately proportional to tgh
interaction of a muon and smuon with a Higgsino. In theand may be much larger than the electroweak contribution.
latter two cases, the diagrams are proportional to the muon Results for the SUSY contribution to the muon MDM
Yukawa coupling constant and are therefore enhanced fcﬂiusY in the minimal anomaly-mediated model are given in
large tanB. These diagrams also include gaugino mass inserig. 15. Both tarB enhanced and unenhanced contributions
tions. As a result, in the large t#hlimit, the muon anoma- were included by using the mass eigenstate bases of squarks,

lous MDM is given by sleptons, neutralinos, and charginos. The SUSY contribution
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100 the anomaly-mediated SUSY breaking scenario, particularly
for moderate or large values of t@gn
250
80 C. Electric dipole moments of the electron and neutron
® 200 & In general, parameters in SUSY models are complex, and
e 60 ) (some combinations pftheir phases are physical. In the
] 150 % anomaly-mediated SUSY breaking scenario, most of the
= ~ SUSY breaking parameters are proportional to the single pa-
40 rameterM,,, and so many of the phases can be rotated
100 away. In particular, the gaugino mass parameters andthe
parameters can be made real simultaneously. However, even
20 in anomaly-mediated SUSY breaking, a physical phase may
exist in theu andB,, parameters since their origins are not
250 well-understood. In our analysis, we have not assumed any
- 80 relation betweenu andB,, and have simply constrained
= 200 = them so that electroweak symmetry is properly broken. In
e 60 a this approach, one physical phase remains, which is given by
®
- 150 Opry=ATg(uBXM,). (36)
40 100 If this phase is non-vanishing, electric dipole moments
(EDMs) are generated. As is known from general analyses,
20 the EDMs of the electron and neutron may be extremely
large unlesgsin 6,p,{ is suppressef#1].
To determine the constraints on this phase in the
80 250 anomaly-mediated framework, we calculate the electron and
o~ neutron EDMs with the minimal anomaly-mediated model
° 200 & mass spectrum. The EDM of a fermionf is given by the
e 60 a effective electric dipole interaction
< , 4150 = .
40 ;;‘: 3 X1 0-9 ‘CEDM: - Edffo-MVYSfF,u,Vv (37)
| — 100
20 |\';1 0¢ | | whicr? beclorr;esCEDM;:(r:i]f&-lE in the non—relativilstic Iimrit. f
! — . — The calculation of the electron EDM is similar to that o
0 =200 4:10 (G:\(I))O 800 1000 the muon anomalous MDM, since the structure of the Feyn-
0

man diagrams is almost identical. If the slepton masses are

FIG. 15. The muon anomalous magnetic momeih‘SY:%(g flavor universala, andd, are approximately related by

—2)5Y8Y (solid) in the (Mo, M ;) plane foru<0 and three repre- m
sentative values of tgB. Also shown are contours of constan, de= —eztan 9phy X alSLUSY. (39)
=250, 500, and 750 GeV from the Igfiotted. The shaded region

is excluded byn;1> 70 GeV. Results fou>0 are of similar mag- . .
nitude, but opposite in sign. Therefore, the electron EDM is also proportional to gan

The calculation of the up and down quark EDMs is also
straightforward, given the SUSY model parameters. The
only major difference from the electron EDM is the contri-
bution from the squark-gluino diagram. However, in calcu-
lating the neutron EDM, we must adopt some model for the
structure of the neutron. We use the simplest model, i.e., the
non-relativistic quark model. The neutron EDM is then given
by

“w

to the muon MDM is typically~10"8—10"1° and is en-
hanced for large taf. Furthermore, heavier superparticles
suppress,”°Y, as expected.

Experimentally, the muon anomalous MDM is currently

constrained to b§40]

a;P=(1165923.6-:8.4)x 10 ?, (35
1

. o dy=5(4dg—dy). (39)
and hence the anomaly-mediated SUSY contribution is usu-
ally smaller than the present experimental accuracy, unless
tang is very large. However, as mentioned above, in the
near future, the Brookhaven E821 experiment will improve Sin the calculation of the muon anomalous MDM, we neglected
the measurement, with a projected error o0 °. If this  the effect of CP violation. If sin fonys#0, @, is proportional to
is realized, some anomaly may be seen in the muon MDM irtosé,,,s in the large tar limit.
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FIG. 16. The electric dipole moment of the electtdg| in units FIG. 17. The electric dipole moment of the neuttdg| in units

of e cm in the (Mg, M, plane, assuming sif},,s=1, for ©<0 of e cm in the (my,M,,) plane, assuming Sif},,<=1, for u<0
and three representative values of garAlso shown are contours of and three representative values of garAlso shown are contours of
constantmz= 250, 500, and 750 GeV from the leftlotted. The constanmL:SOO,looo. ..,2500 GeV, from the lower leftdot-
shaded region is excluded h"SE1>70 GeV. ted).

Sincedy is also proportional to tag, the neutron EDM is
also enhanced for large t#h
Figures 16 and 17 show the EDMs of the electron and
neutron, respectively, in the minimal anomaly-mediated The naturalr_1ess arguments of Sec. IV play an important
model. The EDMs are proportional to digs. In these part in evaluating the sensitivity of the EDMs. Fdg and
plots, we assume maxim@lP violation, i.e., SiMfypys=1. small tang, while very large effects are possibl&, may be
Currently, there is no experimental result which suggestavithin the experimental bounds even fsin 6, close to 1
a non-vanishing EDM, and experimental constraints on thavithout violating the conditiorjx|<1 TeV. For moderate
EDMs are very stringent. For the electron EDM, usihg and large ta, d. becomes much larger, and the physical
=(0.18+0.12+0.10)x 10 2% cm[42], we obtain the con- Phaseb s is constrained to bgsin g, =O(1072) for m,
straint ~1 TeV. However, for such taf, the naturalness bound on
mg is also relaxed, and reasonably lar@€0.1) phases are
|de|<0.44x 1072 e cm, (40 possible in natural regions of parameter space wideres
suppressed by slepton masses of a few TeV. Thus, while
where the right-hand side is the upper bounddgrat 90% large effects comparable to current bounds are predicted in
C.L. For the neutrongl, is constrained to bg40] much of parameter space, constraints frdgnmay also be

|d,|<0.97x10"%° e cm. (41)
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satisfied by superpartner decoupling in the minimal anomalyagainst the minimal model and its assumption of an addi-
mediated model. Fod,,, similar conclusions hold. In fact, tional universal slepton mass.
the constraints frond,, on theCP-violating phases are more We have also considered a variety of low energy observ-
easily satisfied, and, appears to be the more stringent con-ables that are sensitive probes of anomaly-mediated param-
straint at present. eter space. Effects on the flavor-changing prodesssy
In our discussion, as noted above, we have not assumednaay be large, and significant regions of parameter space for
specific model for thex and B, parameters, and hence we large tans and >0 are already excluded. The anomalous
regardedd,n s as a free parameter. However, several mechamagnetic moment of the muon may also be affected at levels
nisms have been proposed to generatandB, in which  soon to be probed by experiment. Finally, the electron and
sin fnys vanishes[3,7,9. In those scenarios, of coursd,  neutron electric dipole moments provide rather strong con-
and d, vanish, and the EDM constraints are automaticallystraints on theC P-violation phasef,,s in much of param-
satisfied. eter space, but even for large #8n(0(0.1) phases are still
be allowed for multi-TeVm, at its focus point naturalness
VIl. CONCLUSIONS limit. , o _
It is interesting to note that positive signals in these low
In this study we have analyzed a model of “supernaturalenergy experiments may not only provide evidence for
supersymmetry,” in which squarks and sleptons may beSUSY, but may also exclude some supersymmetric interpre-
much heavier than their typical naturalness limits, and SUS¥ations and favor others. For example, the signs of the SUSY
is broken in another world. SUSY breaking is then commu-contributions to b—sy and aiUSY are determined by
nicated to our world dominantly via anomaly-mediation, andsgn («M3)® and sgn ftM,), respectively. A large anoma-
we haVe Considered in deta” a model in Wh|Ch taChyoniqous measurement QiSUSY would |mp|y |arge tarﬁ, and’
sleptons are avoided by a non-anomaly-mediated universgfyen the current bounds ob—sy, a preferred sign for
scalar massno. _ . sgn (uM3). The sign of thea®”Y anomaly then determines
The novel ngturalness propemes of this mogiel areza resuggn (M,M5). For example, assuming a SUSY interpreta-
of a “focus point” behavior in the RG evolution ofy ,  {jon, a large negative anomalous MDM measurement would
such that its weak scale value is highly insensitiventg imply M,M;<0, and would favor anomaly-mediated mod-
Naturalness bounds on superparticle masses are therefagks over virtually all other well-motivated models.
highly variable and differ from naive expectations. Natural-  Finally, as stated in Sec. Ill, the assumption of a universal
ness places strong bounds on gaugino massesWaintb ~ scalar mass contribution, while possibly generated by bulk
massesV, <200 GeV are preferred. On the other hand, forcontributions [3], does not hold generally in anomaly-
moderate and large values of {@nmulti-TeV values ofm,, mediated scenarios. Several features presented above depend

and therefore slepton and squark masses, are natural. on various parts of this assumption, and we therefore close
A number of spectacular collider signals are possible. Thavith a brief discussion of these dependences.
possibility of a highly degenerate triplet 9¥-ino LSPs has The naturalness properties described above, and, in par-

recently attracted a great deal of attenti6r6,15—17. Inthe ticular, the focus point behavior, results from the fact that the
minimal anomaly-mediated scenario, we find th&inos are  non-anomaly-mediated piece is identical fnf,u, mf,s, and

not only the LSPs in much of parameter space, but are typ'r'n(zg . While the focus point mechanism as implemented here
cally light, with mass<200 GeV, and extraordinarily de- 3

generate, with chargedi-ino decay lengths of several cen- relies on this subset of the universal boundary conditions, a

timeters. SuchV-ino characteristics are ideal for Tevatron vanety_of othe_r boundary _condltl_ons also have S|r_n|Iar
properties, and it would be interesting to explore applica-

searches, wheré/-inos may appear as vertex detector trathions of the focus point mechanism in other settings. The

stubs in ‘T‘Oﬂole‘ events. Thg prospectg ]‘or discovery at thglccidental degeneracy of left- and right-handed sleptons, and
Tevatron in run Il or Il are highly promising5].

In the remaining parameter space, the LSP is either thi[egf? pzsnszjlbllrlity for large left-right MIXIngs, holds only if both
) ) ~ ) - ght-handed sleptons receive the same non-
lighter stau, or the tau sneutrino. In the LSP scenario, the  anomaly-mediated contribution. Measurement of large left-
7, is typically lighter than 200 GeV and is stable. It may beright smuon mixing, along with confirmation of anomaly-

found in searches for stable charged massive particles at bothediated gaugino mass parameters, for example, would
LEP [19] and the Fermilab Tevatrof22,24,23. In the?T therefore be strong evidence for anomaly-mediation with a
LSP scenario, theW-inos, 7, and sneutrinos are all universal slepton mass contribution. Finally, the low energy

<110 GeV. In both scenarios, ongoing searches at LEP angpservables discussed are sensitive quantitatively to either

the Tevatron will be able to probe substantial portions of th¢€ hadronic or leptonic superpartner spectrum. However,
relevant parameter space.

The minimal anomaly-mediated model also has a number
of other features that distinguish it from other models. In SHere we assume that the signsMf and A, are correlated, as
addition to characteristic gaugino mass ratios, these includgey are in anomaly-mediation, and, through RG evolution, in
highly degenerate same-flavor sleptons, and large left-righdauge-mediated models and minimal supergravity.
mixing. If SUSY is discovered, measurements of slepton ‘For example, the initial condition nﬁzu,mﬁs,méS)zmé(l,l
masses and mixings will provide strong evidence for or+x,1—x), for anyx, also leads to focus point behavior.
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gualitative results, such as the stringency of constraints for 1 , ,

large tang, can be expected to remain valid for a variety of 167727{=§YimnYJmn—25f92C(i)- (A6)
anomaly-mediated models, as long as the attractive flavor

properties of anomaly-mediation are preserved in these mochere Ed/ding, Yijk:Yijk*, and the one-loops-function

tels and they do not have new large sources of flavor viola aoefficient isb = S(R)—3C(G), whereC(i) is the quadratic
lon. Casimir invariant for representatianand S(R) is the total
Dynkin index summed over all the chiral superfields

terms of the matter field wavefunctich 'y,— —3(n Z)'
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(2,1,—3) in the GUT normalization. Further-
more, with the superpotential

W=U;Y i QjHy+ DiYijQjHa+ EiYejLiHg,  (A8)
APPENDIX: ANOMALY-MEDIATED BOUNDARY
CONDITIONS the flavor-dependent wavefunction factors are

In this appendix, we present the leading order soft super- 3
symmetry breaking terms, first for a general anomaly- 16m%yy, =3 Tr(YuTYu)_Egg_ 1—095 (A9)
mediated supersymmetric theory, and then for the minimal
anomaly-mediated model.

Consider a supersymmetric theory with simple gauge 1677y, =3 TH(Yq Y o) + (YY) —

3 2 2
5927 779
group G. The anomaly-mediated boundary conditions are 2 10

completely specified in terms of the gauge couplinguper- (A10)
symmetric Yukawa couplings
2 T T 8,3, 1,
1 167°yQ=Yy Yyt Yq Ya— 39375927 3%
W= Y i, (A1) (A11)
; 8
and the supersymmetry breaking paramedey,. . 16m2y,=2Y ¥ Y, - —93 SQE (A12)
In the convention that the soft supersymmetry-breaking
terms are
2
(R TN 16m°yp=2Y " Ya'~ —93 159 (AL3)
£SSB:_§M>\(_'7\)(_|7\)_§(m No*' b
1 16720 =Y Yo~ 203 1007 (A14)
sl o~ e e
- EA'Jk¢i b D (A2) 2 10
the leading order anomaly-mediated soft supersymmetry 16m29e=2YF Y — ggi (A15)

breaking terms are

1 where the Yukawa couplingg are 3x 3 matrices in genera-
M, |am=——=bg’M (A3)  tion space.
2 aux . . .
167 The gauge and Yukawa coupling RG equations are as in
Ref.[43], and are reproduced here for convenience and com-
pleteness:
|AM 2 (’)’) M aux (A4)

16mgi=b;g} (A16)

AijklAM:_E (ijk‘}’irwq+Yimk .
m 1672Y =Y, 3Tr(Y, Y, ) +3Y, Y, +Y4TYy
><'y +Y”m'y IM auxs (A5)

16 13

_ T N2_ 2_ 772
where 3 gS 392 1591} (A17)
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o : : ; Our sign convention for thee and A parameters is such
167°Y =Yy 3Tr(YqYq ) +3Tr(YeYe' ) +3Yy Yy that, with soft terms as defined in EGA2), the chargino
mass terms are ¢ )'M3=y*+H.c., where ¢*)'=

16 7 —iW*,H*) and
+Y,Y— 503-305- Egi} ISCI )

oo . . B M, V2my, sing
16m2Y =Y 3TH(Y4Y )+ Tr(YoY M7= (Emcoss ” . (A20)
+3Y.Y—303— gg2 (A19)
e e W92 g and the stop left-right mixing terms are,(A;— u cotB).
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