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Supernatural supersymmetry: Phenomenological implications of anomaly-mediated
supersymmetry breaking
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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 only 311 parameters:Maux, m0 , tanb, and
sgn(m). The renormalization group equations exhibit a novel ‘‘focus point’’~as 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: theW-ino, the stau, and the tau sneutrino. For theW-ino LSP scenario,
light W-ino triplets with the smallest possible mass splittings are preferred; suchW-inos are within reach of run
II Fermilab Tevatron searches. Finally, we study a variety of sensitive low energy probes, includingb→sg, the
anomalous magnetic moment of the muon, and the electric dipole moments of the electron and neutron.

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

Signals from supersymmetry~SUSY! are important tar-
gets for particle physics experiments. These signals ra
from the direct discovery of supersymmetric particles at h
energy colliders to indirect signals at lower energy expe
ments through measurements of flavor-changing proces
magnetic and electric dipole moments, and so on. The se
possible signals and the promise of individual experime
for SUSY searches depend strongly on what model of SU
breaking is assumed. It is therefore important to underst
the characteristic features and predictions of well-motiva
SUSY breaking scenarios.

Probably the most well-known scenario is that of SUS
breaking in the supergravity framework, i.e., ‘‘gravity
mediated’’ SUSY breaking. In this framework, SUSY brea
ing originates in a hidden sector and is transmitted to
observable sector though Planck scale-suppressed oper
In particular, soft masses for squarks, sleptons, and H
bosons are induced by direct Ka¨hler interactions between
hidden and observable sector fields. Unfortunately, th
Kähler interactions are not, in general, flavor-diagon
Squark and slepton mass matrices therefore typically h
large flavor mixings, and these induce unacceptably la
flavor-changing processes, such asK0-K̄0 mixing and m
→eg @1#. These difficulties, together commonly referred
as the SUSY flavor problem, may be avoided if the Ka¨hler
potential is somehow constrained to be flavor-diagon
Gauge-mediated SUSY breaking@2# is one proposal for solv-
ing this problem.

Recently the mechanism of ‘‘anomaly-mediated’’ SUS
breaking has been proposed as a possibility for genera
~approximately! flavor-diagonal squark and slepton ma
matrices@3#. In this scenario, SUSY is again broken in
hidden sector, but it is now transmitted to the observa
sector dominantly via the super-Weyl anomaly@3,4#.
Gaugino and scalar masses are then related to the scal
pendence of the gauge and matter kinetic functions. For
0556-2821/2000/61~9!/095004~18!/$15.00 61 0950
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and second generation fields, whose Yukawa couplings
negligible, wave function renormalization is almost com
pletely determined by gauge interactions. Their anoma
mediated soft scalar masses are thus almost diagonal, an
SUSY flavor problem is solved. Note that this solution r
quires that the anomaly-mediated terms be the dominant
tributions to the SUSY breaking parameters. This possibi
may be realized, for example, if SUSY breaking takes pla
in a different world, i.e., on a brane different from th
3-brane of our world, and direct Ka¨hler couplings are thereby
suppressed@3#.

As will be discussed below, the expressions for anoma
mediated SUSY breaking terms are scale-invariant. Th
they are completely determined by the known low ene
gauge and Yukawa couplings and an overall mass s
Maux. Anomaly-mediated SUSY breaking is therefore high
predictive, with fixed mass ratios motivating distinctive e
perimental signals, such as macroscopic tracks from hig
degenerateW-ino-like lightest supersymmetric particle
~LSPs! @5,6#. Unfortunately, one such prediction, assumi
minimal particle content, is that sleptons are tachyons. S
eral possible solutions to this problem have already b
proposed@3,7–9#. We will adopt a phenomenological ap
proach, first taken in Ref.@6#, and assume that the anomal
mediated scalar masses are supplemented by an addit
universal contributionm0

2. For large enoughm0, the slepton
squared masses are positive. Along with the requiremen
proper electroweak symmetry breaking, this defines
minimal anomaly-mediated model in terms of only 311 pa-
rameters:Mrmaux, m0 , tanb, and sgn (m), where tanb is
the ratio of Higgs vacuum expectation values~VEVs!, andm
is the Higgsino mass parameter. The simplicity of this mo
allows one to thoroughly examine all of parameter space

In this paper, we present a detailed study of the pheno
enology of the minimal anomaly-mediated model. We be
in Sec. II with a brief discussion of the mechanism
anomaly-mediated SUSY breaking. In Sec. III we review t
tachyonic slepton problem and the universalm0 ‘‘solution,’’
and present in detail the minimal anomaly-mediated mo
©2000 The American Physical Society04-1
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JONATHAN L. FENG AND TAKEO MOROI PHYSICAL REVIEW D61 095004
described above. The universal scalar massm0 breaks the
simple scale invariance of expressions for soft terms. Ho
ever, this breaking is rather minimal, in a sense to be
plained, and the minimal anomaly-mediated model inhe
several simple properties from the pure anomaly-media
case.

The naturalness of this model is examined in Sec. IV.
find that the minimal anomaly-mediated model exhibits
novel renormalization group~RG! ‘‘focus point’’ ~as op-
posed to fixed point! behavior, which allows slepton an
squark masses to be well above their usual naturaln
bounds. The title ‘‘supernatural supersymmetry’’ deriv
from this feature and the envisioned other-worldly SUS
breaking.

We then turn in Sec. V to high-energy experimental i
plications. We explore the parameter space and find a va
of interesting features, including 3 possible LSP candida
a degenerate triplet ofW-inos, the lighter staut̃1, and the tau
sneutrinoñt . TheW-ino LSP scenario is realized in a larg
fraction of parameter space and has important new impl
tions for both collider physics@5,6# and cosmology@6,10#.
We find that naturalness and electroweak symmetry brea
favor light W-inos with the smallest possible mass splitting
i.e., the ideal region of parameter space forW-ino searches
and within the discovery reach of run II of the Tevatron.

While anomaly-mediated models have the virtue that th
predict very little flavor-changing in the first and second ge
erations, they are not therefore automatically safe from
low-energy probes. In Sec. VI we analyze several sensi
low-energy processes:b→sg, which probes flavor-changing
in the third generation, and three important flavor-conserving
observables, the anomalous magnetic dipole moment of
muon, and the electric dipole moments of the electron
neutron.

Our conclusions and final remarks are collected in S
VII. In the Appendix, we present expressions for anoma
mediated SUSY breaking terms in a general supersymm
theory and also the full flavor-dependent expressions for
specific case of the minimal anomaly-mediated model.

II. ANOMALY-MEDIATED SUPERSYMMETRY
BREAKING

In supergravity, SUSY breaking parameters always
ceive anomaly-mediated contributions. However, in
usual gravity-mediated SUSY breaking scenario, SU
breaking masses also arise from direct interactions of obs
able sector fields with hidden sector SUSY breaking fiel
Such contributions are usually comparable to the gravit
mass, and so anomaly-mediated contributions, which
loop-suppressed relative to the gravitino mass, are s
leading. However, in a model with no direct coupling b
tween observable and hidden sectors, the anomaly-med
terms can be the dominant contributions. In this paper,
assume that this is the case, and that the anomaly-med
terms are~one of! the leading contributions to the SUS
breaking parameters. This is realized, for example, in
‘‘sequestered sector’’ model of Ref.@3#, where the SUSY
breaking sector and the observable sector are assumed
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on different branes, thereby suppressing direct observ
sector-hidden sector couplings.

In global SUSY, the~loop-corrected! effective Lagrang-
ian may be written as

Lglobal~h,Lcut* ,Lcut!5
1

4E d2uF 1

g2
2

b

8p2
log~h1/2/Lcut!G

3WaWa1H.c.

1E d4uZf~h,Lcut* Lcut!f* f

1E d2uYf31H.c.1•••, ~1!

whereWa andf are the gauge field strength and chiral s
perfields, respectively. Hereb is the b-function coefficient
for the gauge coupling constantg, Zf is the wavefunction
renormalization factor off, Y is the Yukawa coupling
constant, andLcut is the cutoff of the theory.

However, once we consider local SUSY, i.e., supergr
ity, this expression is modified. The most important mod
cation for our argument results from the fact that, in glob
SUSY, h is given by gmn]m]n . In supergravity,gmn be-
comes a dynamical field and is part of the supergravity m
tiplet. h must therefore be promoted to an object compati
with supergravity. The complete expression forh is compli-
cated. However, since we are interested only in the SU
breaking terms, our task is simplified. Perhaps the eas
prescription for deriving the SUSY breaking terms is to i
troduce the compensator superfieldF, whose VEV is given
by

^F&512Mauxu
2. ~2!

HereMaux is proportional to the VEV of an auxiliary field in
the supergravity multiplet and is of order the gravitino ma
after SUSY breaking. With this compensator field, all of t
terms relevant for calculating the anomaly-mediated SU
breaking parameters are contained in the Lagrangian@3,4#1

LSUGRA.Lglobal~h,Lcut* F* ,LcutF!. ~3!

Becauseh appears in Eq.~1! only through termsh1/2/Lcut

andh1/2/Lcut* , the replacement ofh by its supergravity gen-
eralization is effectively carried out by the replaceme
Lcut→LcutF @7#.

Expanding the above Lagrangian with the VEV ofF
given in Eq.~2!, and solving the equation of motion for th
auxiliary component off, the anomaly-mediated contribu
tions to the gaugino massMl , scalar squared massm2, and
trilinear scalar couplingA are

MluAM5
1

16p2
bg2Maux ~4!

1We assume there are no Planck scale VEVs.
4-2
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SUPERNATURAL SUPERSYMMETRY: . . . PHYSICAL REVIEW D 61 095004
m2uAM5
1

2
ġMaux

2 ~5!

AuAM52( YgMaux, ~6!

where

g[2
1

2

dZf

d logh1/2
, ġ[

dg

d logh1/2
. ~7!

Here b and g are to be evaluated with the supersymmet
field content present at the appropriate scale. In the ab
formulas, indices have been suppressed. The full express
for general chiral superfield content may be found in
Appendix.

One important feature of this result is that the formu
for the anomaly-mediated SUSY breaking parameters
renormalization group ~RG! invariant @3,4,7,11#. The
anomaly-induced masses are given as functions of the g
and Yukawa coupling constants, as shown in Eqs.~4!–~7!,
and theb-functions for the individual SUSY breaking pa
rameters agree with theb-functions of the right-hand side
whose scale dependences are determined through the g
and Yukawa coupling RG equations.

III. THE MINIMAL ANOMALY-MEDIATED MODEL

As described in the previous section, in pure anoma
mediated SUSY breaking, soft terms are determined by R
invariant expressions involving the gauge and Yukawa c
plings. The soft terms are therefore completely fixed by
low energy values of these couplings and an overall sc
Maux. If a scalar has negligible Yukawa interactions,
squared mass is determined by gauge coupling contribut
2( ibigi

4 , where the sum is over all gauge groups und
which the scalar is charged, and~positive! constants have
been omitted~see Appendix!. From this form, we see tha
sleptons, which interact only with non-asymptotically fr
groups (bi.0), have negative squared masses. Tachyo
sleptons are the most glaring problem of the anoma
mediated scenario.

Several mechanisms for solving the tachyonic slep
problem have been proposed. Additional positive contri
tions to slepton squared masses may arise from bulk co
butions @3#, gauge-mediated-like contributions@7#, new
Yukawa interactions@8#, or non-decoupling higher orde
threshold effects@9#. Here, we adopt a simple phenomen
logical approach@6#: we assume an additional, universa
non-anomaly-mediated contributionm0

2 to all scalars at the
grand unified theory~GUT! scale MGUT. The resulting
boundary conditions

Ml~MGUT!5MluAM~MGUT! ~8!

m2~MGUT!5m2uAM~MGUT!1m0
2

A~MGUT!5AuAM~MGUT!,
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define the minimal anomaly-mediated model. For lar
enoughm0

2, slepton squared masses are therefore posit
and the tachyonic slepton problem is averted. Such a uni
sal term may be produced by bulk interactions@3#, but is
certainly not a feature common to all anomaly-mediated s
narios. The extent to which the following results depend
this assumption will be addressed in Sec. VII.

The addition of a non-anomaly-mediated term destro
the feature of RG invariance. However, the RG evolution
the resulting model nevertheless inherits some of the s
plicity of the original pure anomaly-mediated relation
Schematically, scalar massesmi satisfy the one-loop RG
equations

d

dt
mi

2;
1

16p2 F2g2Ml
21A21(

j
Y2mj

2G , ~9!

where t[ ln(m/MGUT), positive numerical coefficients hav
been omitted, and the sum is over all chiral fieldsf j inter-
acting with f i through the Yukawa couplingY. Letting mi

2

[mi
2uAM1dmi

2 , wheremi
2uAM is the pure anomaly-mediate

value, the RG invariance of the anomaly-mediated mas
implies

d

dt
dmi

2;
1

16p2 (
j

Y2dmj
2 . ~10!

Thus, at one loop, the deviations from pure anoma
mediated relations satisfy simple evolution equations that
pend only on the deviations themselves. For scalars w
negligible Yukawa couplings, such as the first and seco
generation squarks and sleptons, the deviationdmi

2 is a con-
stant of RG evolution. For them,dmi

2 is simply an additive
constant, and the weak scale result formi

2 is independent of
the scale at whichdmi

2 is generated. For fields interactin
through large Yukawa couplings such as the top Yuka
coupling, the deviationsdmi

2 evolve; however, this evolution
is simply analyzed. We will see an important consequence
this evolution for naturalness in Sec. IV.

We will assume that the boundary conditions of Eq.~8!
are given atMGUT5231016 GeV. The SUSY breaking pa
rameters are then evolved with one-loop RG equations to
superparticle mass scalemSUSY, which we have approxi-
mated to be the squark mass scale. For the gaugino m
parameters, we also include the largest next-to-leading o
corrections fromas anda t[yt

2/4p given in Ref.@6#.
All parameters of the theory are then specified, except

m, the Higgsino mass parameter, andBm , the soft bilinear
Higgs coupling. We do not specify the mechanism for ge
erating these parameters, but assume that they are
strained so that electroweak symmetry is properly brok
Given the other soft parameters atmSUSY, the Higgs poten-
tial is determined bym and Bm , or alternatively, by the
Fermi constant GF5@2A2(^Hu

0&21^Hd
0&2)#21.1.17

31025 GeV22 ~or, equivalently, theZ mass! and tanb
5^Hu

0&/^Hd
0&. It is more convenient to use the latter two

inputs; m and Bm are then fixed so that the Higgs potenti
has a proper minimum with correctGF and tanb. We mini-
4-3
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JONATHAN L. FENG AND TAKEO MOROI PHYSICAL REVIEW D61 095004
mize the Higgs potential at one-loop, including radiative c
rections from third generation quarks and squarks@12#, but
neglecting radiative corrections from other particles.

In fact, the constraint of proper electroweak symme
breaking does not determine the sign of them parameter.2

The entire parameter space of the minimal anoma
mediated model is therefore specified by 311 parameters:

Maux,m0 ,tanb, and sgn~m!. ~11!

IV. NATURALNESS

Supersymmetric theories are considered natural from
point of view of the gauge hierarchy problem if the ele
troweak scale is not unusually sensitive to small variation
the underlying parameters. There are a variety of presc
tions for quantifying naturalness with varying degrees of
phistication@13#. For the present purposes, we simply co
sider a set of parameters to be natural if no la
cancellations occur in the determination of the electrow
scale. At tree-level, the relevant condition is

1

2
mZ

25
mHd

2 2mHu

2 tan2b

tan2b21
2m2, ~12!

wheremHu

2 andmHd

2 are the soft SUSY breaking masses f

up- and down-type scalar Higgses. Naturalness then requ
that umu as determined from electroweak symmetry break
not be too far above the electroweak scale. A typical requ
ment isumu&1TeV.

In Fig. 1 we present values ofm in the (m0 ,Maux) plane
for three representative values of tanb: 3 ~low!, 10 ~moder-
ate!, and 30~high!. We have chosenm,0 to avoid con-
straints fromb→sg at large tanb ~see Sec. VI A!, but simi-

2In general,m is a complex parameter, and its phase cannot
determined from the radiative breaking condition. In Sec. VI C,
consider the implications of complexm. However, in the rest of the
paper, we assume thatm is real. In the anomaly-mediated frame
work, there are several models in which allCP-violating phases in
SUSY parameters are absent@3,7,9#.

FIG. 1. Contours of constantm,0 in GeV for tanb53 ~solid!,
10 ~dashed!, and 30~dotted!. The value ofumu is similar for m.0.
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lar umu are found for m.0. The parameterMaux is not
phenomenologically transparent, and so on the right-h
axis, we also give approximate values of theW-ino mass
M2, usingM25(g2

2/16p2)Maux .2.931023Maux.
The value ofumu rises with increasingMaux, as expected.

Irrespective of m0 and tanb, umu&1TeV implies M2
&200 GeV. Such a restriction is encouraging for searc
for degenerateW-inos at upcoming runs of the Tevatron, a
will be discussed more fully in Sec. V A.

The special case ofm050 corresponds to pure anomaly
mediated SUSY breaking. In this case, the expressions
soft SUSY breaking terms are RG-invariant and the s
masses may be evaluated at any scale, including a low~TeV!
scale. Based on this observation, it has been argued
since the stop masses do not enter the determination ofmHu,d

2

with large logarithms through RG evolution, stop masses
2TeV or even higher are consistent with naturalness@3#. This
is contradicted by Fig. 1: form050, as will be seen in Sec
V C, stop masses of 2TeV require very largeMaux corre-
sponding to values ofumu above 2 TeV. Stop masses of
TeV are therefore as unnatural inpure anomaly-mediated
SUSY breaking as they are in more conventional grav
mediated scenarios, such as minimal supergravity. This
plies to all cases where the pure anomaly-mediated relat
are approximately valid for squark and Higgs boson s
masses, and includes models in which a mechanism
avoiding tachyonic sleptons is invoked which does not d
turb the squark and Higgs boson masses.

For the minimal anomaly-mediated model withm0.0,
however, the squark and Higgs boson masses are expli
modified, and the argument above does not apply. It is
actly in this case, where the soft SUSY masses arenot RG-
invariant, that there is the possibility that heavy squarks
be consistent with naturalness, and we will see that, in f
this is realized by a novel mechanism for largem0.

In Fig. 1, for tanb53, an upper bound onumu implies an
upper bound onm0. However, for moderate and large tanb,
the contours of constantumu are extremely insensitive tom0,
and so large squark and slepton masses are consistent
naturalness in the largem0 regime.3 This behavior may be
understood first by noting that, for moderate and large tanb,
Eq. ~12! implies thatm depends sensitively onmHu

2 only. The

RG evolution ofmHu

2 is most easily understood by lettin

mHu

2 [mHu

2 uAM1dmHu

2 , wheremHu

2 uAM is the pure anomaly-

mediated value, and similarly for all other scalar masses.
deviationsdmi

2 satisfy simple RG equations, as discussed
Sec. III. For tanb not extremely large, the only larg
Yukawa is the top YukawaYt , andmHu

2 is determined by the

system of RG equations

d

dt S dmHu

2

dmU3

2

dmQ3

2
D 5

Yt
2

8p2 S 3 3 3

2 2 2

1 1 1
D S dmHu

2

dmU3

2

dmQ3

2
D , ~13!

e

3In Ref. @6#, the insensitivity ofumu to m0 is implicit in Fig. 1; its
implications for naturalness were not noted.
4-4
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SUPERNATURAL SUPERSYMMETRY: . . . PHYSICAL REVIEW D 61 095004
whereQ3 andU3 denote the third generation squark SU~2!
doublet and up-type singlet representations, respectively

Such systems of RG equations are easily solved by
composing arbitrary initial conditions into components p
allel to the eigenvectors of the evolution matrix, which th
evolve independently@14#. In the present case, the solutio
with initial condition m0

2(1,1,1)T is

S dmHu

2

dmU3

2

dmQ3

2
D 5

m0
2

2 S 3

2

1
D expF6E

0

t Yt
2

8p2
dt8G2

m0
2

2 S 1

0

21
D .

~14!

For t and Yt such that exp@6*0
t (Yt

2/8p2)dt8#51/3, dmHu

2

50, i.e.,mHu

2 assumes its pure anomaly-mediated value

any m0.
The RG evolution ofmHu

2 is shown for several values o

m0 in Fig. 2. As expected, the RG curves intersect at a sin
point wheremHu

2 is independent ofm0; we will call this a

‘‘focus point.’’ Remarkably, however, the focus point occu
near the weak scale forYt corresponding to the physical to
mass ofmtop'174 GeV. Thus the weak scale value ofmHu

2 is

nearly its pure anomaly-mediated value for all values ofm0.

FIG. 2. The RG evolution ofmHu

2 for fixed Maux550 TeV,
tanb510, and top quark mass~a! 174 GeV and~b! 184 GeV. The
GUT scale boundary conditions are form050,1,2,3 TeV, from the
bottom. The RG behavior ofmHu

2 exhibits a focus point~not a fixed

point! near the weak scale, wheremHu

2 takes its pure anomaly
mediated value, irrespective ofm0.
09500
e-
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le

Note that this behavior applies only tomHu

2 ; no other scalar

mass has a focus point behavior.
The focus point is not a fixed point; for example, belo

the focus point, the RG curves diverge again. The position
the focus point depends onYt , and we must check the sen
sitivity to variations inYt . In Fig. 2 we show also the be
havior for Yt corresponding tomtop5184 GeV. The exact
weak scale value ofmHu

2 depends onYt and, when the focus

point is not exactly at the weak scale, also onm0. However,
for top quark masses near the physical one, the focus p
remains within a couple of decades of the weak scale,
the sensitivity to variations inm0 is always suppressed. Thi
is demonstrated in Fig. 3, where values ofm are given in the
(m0 ,mtop) plane. Even form0

2525 TeV2 andmtop517465
GeV, we find thatm2 lies naturally below 2 TeV2.

An interesting question is whetherm0 can be bigger than
the weak scale by a loop factor without compromising na
ralness. If this were the case, there would be no need
appeal to a sequestered sector to eliminate tree-level s
masses. However,m0 cannot be arbitrarily large. In Fig. 3
we see that the requirement of proper electroweak symm
breaking impliesm0&5 TeV. In any case, a similar boun
would follow from requiring that one-loop finite correction
to the Higgs squared mass parameter, which are proporti
to mf̃

2 , not introduce large fine-tunings. The maximum a
lowedm0

2 is thus roughly an order of magnitude belowMaux
2 .

Thus, while it is possible to eliminate the sequestered se
mechanism for direct Ka¨hler interaction suppression, it i
still required that the tree-level scalar squared massm0

2 be
suppressed by an order of magnitude relative to its ‘‘natur
value;Maux

2 .
Nevertheless, given that we have no understanding of

source ofm0, it is at least somewhat reassuring that it may
far above the weak scale without incurring a fine-tuning p
alty. A direct consequence of this is that the minim
anomaly-mediated model is a model that naturally accomm

FIG. 3. Contours ofumu in GeV for m,0, Maux550 TeV, and
tanb510. In the shaded region, electroweak symmetry canno
broken radiatively.
4-5
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JONATHAN L. FENG AND TAKEO MOROI PHYSICAL REVIEW D61 095004
dates multi-TeV sleptons and squarks. As we will see bel
this has important phenomenological consequences both
high energy colliders and low energy probes.

V. SUPERPARTNER SPECTRA AND IMPLICATIONS
FOR HIGH ENERGY COLLIDERS

Having defined the minimal anomaly-mediated model
Sec. III and explored the natural range of its fundamen
parameters in Sec. IV, we now consider the resulting ma
and mixings of the superpartners. The lightest supersymm
ric particles are either a degenerate triplet of charginos
neutralinos, the lighter staut̃1, or the tau sneutrinoñt . We
begin by considering these, and conclude with a discus
of the squark spectrum. We do not discuss the gluino
heavy Higgs bosons in detail. However, their masses
given in Eq.~15! and Figs. 13 and 14, respectively.

A. Charginos and neutralinos

Charginos and neutralinos are mixtures of gauginos
Higgsinos. Their composition is determined byM2 , M1 , m,
and tanb at tree-level. Inserting the values of the gauge c
pling constants atmZ in Eq. ~4!, and including the larges
next-to-leading corrections as described in Sec. III, we fi

M1 :M2 :M3'2.8:1:28.3. ~15!

Typical values of (m,M2) allowed by radiative electrowea
symmetry breaking in the minimal anomaly-mediated mo
are given in Fig. 4. Combined with the anomaly-media
relationM1.2.8M2, Fig. 4 impliesM2,M1,umu with sub-
stantial hierarchies in these parameters throughout param
space. The chargino and neutralino mass eigenstates
therefore well-approximated by pure gaugino and p
Higgsino states with masses

M2 :x̃1
0.W̃0, x̃1

6.W̃6

M1 :x̃2
0.B̃ ~16!

umu:x̃3,4
0 .H̃u

06H̃d
0 , x̃2

6.H̃6,

and the lightest of these is always a highly degenerate tri
of W-inos.

In much of parameter space, as we will see in Sec. V
theseW-inos are the LSPs. The possibility of searching
supersymmetry in theW-ino LSP scenario has been the su
ject of much recent attention@5,6,15–17#. The detection of
W-ino LSPs poses novel experimental challenges. Neu
W-inos pass through collider detectors without interacti
ChargedW-inos are detectable in principle, but are typica
highly degenerate with neutralW-inos, with Dm5mx̃

1
6

2mx̃
1
0'1502300 MeV and corresponding decay lengt

ct50.5210 cm@5,6,15–18#. They therefore decay to invis
ible neutralW-inos and extremely soft pions before reachi
the muon chambers, thereby escaping both conventi
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searches based on energetic decay products and search
long-lived charged particles that produce hits in the mu
chamber.

Figure 4, however, has two important and encourag
implications forW-ino LSP searches. First, as noted in Se
IV, naturalness bounds onumu imply stringent bounds on
M2. From Fig. 4, for example, we find thatumu&1 TeV
implies M2&200 GeV. Continuing searches at LEP@19#,
although limited kinematically to the regionM2&100 GeV,
will be able to probe a significant fraction of this parame
region. In addition, such limits on theW-ino mass imply
large cross sections at the Tevatron. ForM25200 GeV and
As52 TeV, the W-ino pair production rate iss(pp̄

→W̃6W̃0,W̃6W̃7)'100 fb, and if a jet withpT.30 GeV
and uhu,2 is required for triggering, the associated produ
tion rate is s(pp̄→W̃6W̃01 jet,W̃6W̃71 jet)'10 fb @5#.
Such cross sections imply hundreds ofW-ino pairs produced
at the upcoming run II, and tens ofW-ino pairs produced in
association with jets.

Second, the region of (m,M2) space favored in Fig. 4 is
the far gaugino region, whereDm is minimized. For the
parameters of Fig. 4,Dm,180 MeV, corresponding to de
cay lengths ofct.3.5 cm. ~See Ref.@5#.! Thus, a signifi-
cant fraction ofW-inos will pass through several vertex d
tector layers. When produced in association with a jet
triggering, suchW-inos will be discovered off-line as high
dE/dx tracks with no associated calorimeter or muon cha

FIG. 4. Parameters allowed by current constraints on part
masses and radiative symmetry breaking in the (m,M2) plane for
m,0 and tanb53 and 30. The contours are for constantm0

5250,500, . . . ,2000 GeV from the right. Similar results hold fo
m.0.
4-6
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ber activity. Such a signal should be spectacular and background-free. This possibility is discussed in detail in Ref.@5#, where
an integrated luminosity of 2 fb21 is shown to probe the entire region discussed here withumu,1 TeV. It is exciting that run
II of the Tevatron will either discoverW-ino LSPs or exclude most of the natural region of parameter space in this mo

B. Sleptons

Slepton masses and mixings are given by the mass matrix

M
l̃

2
5S mL̃

2
1ml

22mZ
2S 1

2
2sin2uWD cos 2b ml~Al2mtanb!

ml~Al2m tanb! mẼ
2
1ml

22mZ
2 sin2uW cos 2b

D ~17!
al
nd
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in the basis (l̃ L , l̃ R), and sneutrino masses are given by

mñ
2
5mL̃

2
1

1

2
mZ

2 cos 2b, ~18!

wheremL̃
2 andmẼ

2 are the soft SUSY breaking masses.
In anomaly-mediated models, as discussed in Ref.@6#, if

bothmL̃
2 andmẼ

2 receive the samem0
2 contribution, the diag-

onal entries of the slepton mass matrix are accident
highly degenerate. The anomaly-mediated boundary co
tions imply ~see the Appendix!

M l̃
2

LL2M l̃
2

RR5
3

2 S g2
2Maux

16p2 D 2

@11 tan4uW21#

1mZ
2F2 sin2uW2

1

2Gcos 2b. ~19!

For sin2uW50.2312, tan4uW50.0904, and both bracketed e
pressions are extremely small. This accidental degene
implies that same-flavor sleptons may be highly degener
The physical mass splitting for staus is given in Fig. 5. F
low tanb ~and, by implication, for all tanb for selectrons
and smuons!, degeneracies of order 10 GeV or less are fou
throughout the parameter region. For large tanb, however,
large Yukawa effects dilute the degeneracy significantly.

Equation ~19! also implies that even small off-diagon
entries may lead to large mixing. The left-right mixing fo
staus is given in Fig. 6. Throughout parameter space,
even for low tanb, the stau mixing is nearly maximal. I
fact, even smuon mixing may be significant—for large tanb
and low Maux, it too is almost maximal. Nearly degenera
and highly-mixed same flavor sleptons are a distinctive f
ture of the minimal anomaly-mediated model and distingu
it from other gravity- and gauge-mediated models, whe
typically, ml̃ L

.ml̃ R
. These features may be precisely tes

by measurements of slepton masses@20# and mixings@21# at
future colliders.

The lighter staut̃1 is always the lightest charged slepto
and it therefore plays an important phenomenological ro
The t̃1 mass is displayed in Fig. 7. For lowm0 , t̃1 is either
tachyonic or excluded by experimental bounds. The curr
bounds are fairly complicated in this model, since the m
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ordering and mass splittings betweent̃1, theW-inos, and the
sneutrinos vary throughout the parameter space. For s
decaying to neutralinos with a mass splitting greater than
GeV, combined CERNe1e2 collider LEP analyses of the
As5189 GeV data yield the boundmt̃.71 GeV @22#, but
this drops to near the LEP I limit of 45 GeV as the ma
splitting goes to zero. However, for stable staus, combin
LEP analyses of data up toAs5183 GeV imply mt̃
.87 GeV @22#. The light shaded region of Fig. 7 is ex
cluded bymt̃.70 GeV and represents a rough summary
these bounds. In the remaining region, the boundsmñ

.43 GeV @23#, mẽ.89 GeV @22#, andmm̃.84 GeV @22#
are always satisfied. In the following, we will include th
excluded shaded region in plots of observables that invo

FIG. 5. Contours of constantmt̃2
2mt̃1

in GeV for m,0 and
tanb53 and 30. The shaded region is excluded bymt̃1

.70 GeV.
4-7



s
ed

a
bo

n
e

t
m

m

f
re
Y

th

ass

he

the
r-
en

er-
om
ca-

b
s
ism
re

s

JONATHAN L. FENG AND TAKEO MOROI PHYSICAL REVIEW D61 095004
sleptons. For quantities such as squark masses or rate
b→sg, we omit this, as such quantities are well-defin
even for smallm0, and in fact, them050 axis gives their
values in anomaly-mediated models where the slepton m
problem is fixed without changing the squark and Higgs
son masses.

For largem0 ,mt̃1
'm0, and theW-ino is the LSP. This is

the case in the unshaded region of Fig. 7. The experime
implications of theW-ino LSP scenario have been discuss
above in Sec. V A.

Finally, there exists an intermediatem0 region, in which
the LSP is either thet̃1 or the ñt . In the t̃1 LSP scenario
~the dark shaded region of Fig. 7!, the stau may be found a
both LEP and the Tevatron through its spectacular ano
lous dE/dx and time-of-flight signatures@22,24,25#. At the
Tevatron, for example, formt̃1

&150 GeV, s(pp̄→ t̃1t̃1* )

*1 fb, and so a significant fraction of the stau LSP para
eter space may be explored.4

In the case of the sneutrino LSP~the blackened region o
Fig. 7!, there are many possible experimental signatu
While this region appears only for a limited range of SUS
parameters, superparticles tend to be relatively light in

4Note that in this parameter region, the stau is absolutely sta
assuming R-parity conservation.~Recall that the gravitino mass i
of order Maux.) This scenario therefore requires some mechan
for diluting the stau density, such as late inflation with a low
heating temperature@26#.

FIG. 6. Contours of constantusin 2uLR
t̃ u for m,0 and tanb53

and 30. The shaded region is excluded bymt̃1
.70 GeV.
09500
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region, withmt̃1
&100 GeV andM2&110 GeV, and so it is

amenable to study at LEP. In this region, the slepton m
ordering is always

ñt ,ñm ,ñe, t̃1,ẽR ,m̃1,ẽL ,m̃2, t̃2 , ~20!

and theW-ino triplet may appear anywhere between t
sneutrinos andt̃2. Typically, though not always, the only
kinematically accessible superparticles at LEP are
sneutrinos,t̃1 and theW-inos. The two possible mass orde
ings and dominant decay modes in each scenario are th

t̃1.W̃6,0. ñ: t̃1→tW̃0,nt

W̃6W̃0→n l ñ l , W̃6→ l ñ l ~21!

W̃6,0. t̃1. ñ:W̃0→nñ,tt̃1 , W̃6→ l ñ l ,ntt̃1

t̃1→p6ñt . ~22!

C. Squarks

In anomaly-mediated SUSY breaking, squarks are univ
sally very heavy, as their masses receive contributions fr
the strong coupling. The gauge coupling contribution to s
lar squared masses is of the form2bigi

4 , wherebi is the

le,

-

FIG. 7. Contours of constantmt̃1
in GeV for m,0 and tanb

53 and 30. The light shaded region is excluded bymt̃1

.70 GeV. In the dark shaded region, the LSP ist̃1, in the black-

ened region, the LSP isñt , and in the unshaded region, the LSP
are a highly degenerate triplet ofW-inos.
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SUPERNATURAL SUPERSYMMETRY: . . . PHYSICAL REVIEW D 61 095004
one-loopb-function coefficient~see Appendix!, and so the
strong coupling contribution completely overwhelms tho
of the SU~2! and U~1! couplings. Squark masses for the fir
two generations are therefore both flavor- and chirality-bli
we find that theũL , ũR , d̃L , andd̃R , and their second gen
eration counterparts are all degenerate to within;10 GeV
throughout parameter space.

The first and second generation squark masses are g
in Fig. 8. The squarks are hierarchically heavier thanW-inos
and sleptons for lowm0, and their mass increases asm0
increases. Form0*2 TeV, the squark mass is above 2 Te
Thus, the focus point naturalness behavior discussed in
IV, which allows such largem0, has important phenomeno
logical consequences. Direct detection of 2 TeV squark
likely to be impossible at the LHC or NLC, and must wa
for even higher energy hadron or muon colliders. Note, ho
ever, that some superparticles, notably the gauginos, ca
evade detection at the LHC and NLC.

Unlike the squarks of the first two generations, the mas
of third generation squarkst̃ L , t̃ R , b̃L , and ~for large
tanb) b̃R receive significant contributions from larg
Yukawa couplings. These are shown in Figs. 9 and 10
small and large values of tanb. Yukawa couplings always
reduce the masses and their effect may be large. For
ample,mt̃ 1

may be reduced by as much as 40% relative
the first and second generation squark masses. At the C
large Hadron Collider~LHC!, therefore, stops and sbottom
may be produced in much larger numbers than the o
squarks, adding to the importance ofb-tagging.

As in the case of sleptons, third generation squarks m
have large left-right mixing. For tanb530, left-right mixing
in both the stops and sbottoms is large, and is nearly m
mal for low m0. For tanb53, sbottom mixing is negligible

but stop mixing may still be as large as sin 2uLR
t̃ '0.2.

VI. LOW ENERGY PROBES

Anomaly-mediated supersymmetry breaking natura
suppresses flavor-violation in the first and second gen

FIG. 8. Contours of constantmũL
in GeV for m,0. The masses

of all first and second generation squarks are degenerate to w
;10 GeV throughout the parameter space and are insensitiv
tanb.
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FIG. 9. Contours of constantmt̃ 2
andmt̃ 1

in GeV for m,0 and
tanb53 ~solid! and 30~dotted!.

FIG. 10. Contours of constantmb̃2
and mb̃1

in GeV for m,0
and tanb53 ~solid! and 30~dotted!.
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JONATHAN L. FENG AND TAKEO MOROI PHYSICAL REVIEW D61 095004
tions, but not all low energy constraints are therefore trivia
satisfied. In particular, since anomaly-mediated soft te
depend on Yukawa couplings, non-trivial flavor mixing i
volving third generation squarks can be expected. We
study the flavor-changing processb→sg, which is well
known for being sensitive to third generation flavor viol
tion. We then consider magnetic and electric dipole m
ments, observables that are flavor-conserving, but are ne
theless highly sensitive to SUSY effects.

A. b\sg

In the standard model, the flavor-changing transitionb
→sg is mediated by aW boson at one-loop. In supersym
metric theories,b→sg receives additional one-loop contr
butions from charged Higgs-, chargino-, gluino-, a
neutralino-mediated processes. The charged Higgs bo
contribution depends only on the charged Higgs boson m
and tanb, interferes constructively with the standard mod
amplitude, and is known to be large even for charged Hi
boson masses beyond current direct experimental bou
The supersymmetric contributions may also be large
some ranges of SUSY parameters. Thus,b→sg provides an
important probe of all supersymmetric models, includi
those that are typically safe from other flavor-violating co
straints.

In the well-studied cases of minimal supergravity a
gauge-mediated SUSY breaking@27#, the chargino- and, to a
lesser extent, gluino-mediated contributions may be sign
cant for large tanb. Neutralino contributions are always ne
ligible. For m,0 ~in our conventions!, these contributions
are constructive and so, for large tanb, positivem is favored.

In the present case of anomaly-mediated SUSY break
several new features arise. First, in contrast to the cas
minimal supergravity and gauge-mediation where squ
mixing arises only through RG evolution, flavor violation
the squark sector is present even in the boundary condit
~and receives additional contributions from RG evolutio!.
More importantly, the signs of the parameterAt and the
gluino massM3 are opposite to those of minimal supergra
ity and gauge-mediation. The leading contributions for la
tanb in the mass insertion approximation from chargin
and gluinos are given in Fig. 11. For large tanb, the ampli-
tudesA x̃6}sgn(mAt) andAg̃}sgn(mM3) are both opposite
in sign relative to their values in minimal supergravity a
gauge-mediation.

B(B→Xsg) may be calculated by first matching the fu
supersymmetric theory on to the effective Hamiltonian

Heff52
4GF

A2
Vts* Vtb(

i 51

8

CiOi ~23!

at the electroweak scalemW . In the basis where the curren
and mass eigenstates are identified fordL , dR , anduR , su-
persymmetry contributes dominantly to the Wilson coe
cientsC7 and C8 of the magnetic and chromomagnetic d
pole operators
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16p2
mb~ s̄LsmnbR!Fmn ~24!

O85
gs

16p2
mb~ s̄LsmnTabR!Gmn

a . ~25!

~Contributions to operators with chirality opposite to tho
above are suppressed byms /mb and are negligible.! We use
next-to-leading order~NLO! matching conditions for the
standard model@28# and charged Higgs boson@29# contribu-
tions. The remaining supersymmetric contributions are
cluded at leading order@30#. Some classes of NLO supe
symmetric contributions have also been calculated@31#;
however, a full NLO calculation is not yet available. For th
present purposes, where we will be scanning over SU
parameter space, the leading order results are sufficient.
that the inclusion of some, but not all, NLO effects is fo
mally inconsistent, but by doing so, we are effectively a
suming that the NLO corrections in a given renormalizati
scheme are numerically small.

The Wilson coefficientsCi at the weak scale are the
evolved down to a low energy scalemb of ordermb , where
matrix elements are evaluated using the resulting effec
operators. The NLO anomalous dimension matrix is n
known @32#, as are the NLO matrix elements@33# and the
leading order QED and electroweak radiative correctio
@34,35#. These have been incorporated in the analysis of R
@35#, where a simple form forB(B→Xsg) in terms of weak
scale Wilson coefficients is presented. The exact param
zation depends on the choice ofmb and the photon energy
cutoff Eg

min5 1
2 (12d)mB . We choosemb5mb and d50.9.

The SUSY branching fraction is then given by@35#

B~B→Xsg!

B~B→Xsg!SM
5110.681r 710.116r 7

210.0832r 8

10.00455r 8
210.0252r 7r 8 , ~26!

FIG. 11. The leading contributions tob→sg from chargino- and
gluino-mediated processes in the mass insertion approximation
large tanb. The photon, which may couple to any charged inter
propagator, is omitted.
4-10
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SUPERNATURAL SUPERSYMMETRY: . . . PHYSICAL REVIEW D 61 095004
wherer 7,8 are the fractional deviations from standard mod
amplitudes:

r 7,8[
C7,8~mW!

C7,8
SM~mW!

215
A H61A x̃61Ag̃1A x̃0

ASM
U

7,8

.

~27!

For the standard model value, we take@35#

B~B→Xsg!SM5~3.2960.30!31024, ~28!

where the theoretical error includes uncertainties from sc
dependence and standard model input parameters.

The most stringent experimental bounds are

CLEO:B~B→Xsg!5~3.1560.35stat60.32syst60.26model!

31024 @36# ~29!

ALEPH: B~B→Xsg!5~3.1160.80stat60.72syst!

31024 @37#, ~30!

which may be combined in a weighted average of@35#

B~B→Xsg!exp5~3.1460.48!31024. ~31!

Bounds on SUSY parameter space are extremely sensitiv
the treatment of errors. With this in mind, however, to gui
the eye in the figures below, we also include bounds fr
Eq. ~31! with 2s experimental errors:

2.1831024,B~B→Xsg!,4.1031024. ~32!

Similar bounds would follow from combining 1s experi-
mental and theoretical errors linearly.

Given a set of parametersMaux, m0 , tanb, and sgn (m),
we may now determineB(B→Xsg), assuming the centra
value of Eq.~28!. In Fig. 12 we plotB(B→Xsg) as a func-
tion of mH6, for three representative values of tanb, fixed
choice of sgn (m), and scanning over the remaining para
etersMaux andm0. The solid lines show the value when on
the charged Higgs diagram is included.

As in minimal supergravity and gauge-mediated mode
the neutralino diagrams are negligible, but the chargino a
to a lesser extent, gluino diagrams may be substantial, e
cially for large tanb. In contrast to these other SUSY mo
els, however, as a result of the sign flips inAt andM3 noted
above, both chargino and gluino contributionsenhancethe
standard model prediction form.0. The parameter spac
with m.0 is thus highly constrained, and requires lar
charged Higgs boson masses, especially for large tanb. For
example, for tanb530, the upper bound of Eq.~32! implies
mH6*700 GeV, significantly more stringent than the bou
mH6*400 GeV that would apply in the absence of charg
and gluino contributions. Form,0, the supersymmetric con
tributions may cancel the charged Higgs boson contribut
and the parameter space is constrained only for very
Maux and m0, where the destructive SUSY contribution
pushB(B→Xsg) belowexperimental bounds.
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In Figs. 13 and 14 we plotB(B→Xsg) in the (m0 ,Maux)
plane for various values of tanb and sgn (m). Regions ex-
cluded by Eq.~32! are shaded; form.0 and large tanb, this
includes much of the parameter space with light sleptons
light W-inos.

B. Muon magnetic dipole moment

While anomaly-mediated SUSY breaking does not co
tribute substantially to flavor-violating observables involvin
the first and second generations, it may give significant c
tributions to flavor-conservingobservables involving the firs
and second generations. It is well known that SUSY loo
may give a sizable contribution to the muon magnetic dip
moment~MDM ! @38#. The SUSY contribution to the muon
magnetic dipole moment is from smuon-neutralino a
sneutrino-chargino loop diagrams. Since these superpart
may have masses comparable to the electroweak scale,
contributions may be comparable to, or even larger th
electroweak contributions fromW- and Z-boson diagrams.
The on-going Brookhaven E821 experiment@39# is expected
to measure the muon MDM with an accuracy of 0.431029,
which is about a few times smaller than the electrowe
contribution to the muon MDM. Therefore, the Brookhav
E821 experiment will provide an important constraint
SUSY models.

In general, the muon anomalous MDM is given by t
coefficient of the ‘‘magnetic moment-type’’ operator

FIG. 12. B(B→Xsg), including standard model,H6, and
SUSY contributions, as a function ofmH6 for m.0 (3) and m
,0 (s) and three representative values of tanb. Also shown are
the theoretical prediction including only theH6 contribution
~solid!, and the current experimental value and 2s experimental
limits ~dashed!.
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LMDM5
e

4mm
amm̄smnmFmn , ~33!

where the anomalous magnetic momentam is related to the
muong22 by am5 1

2 (g22)m .
As suggested from the structure of the operator, diagra

for the muon anomalous MDM require a left-right muo
transition. In SUSY diagrams, this transition may occ
through a chirality flip along the external muon line, throu
left-right mixing in the smuon mass matrix, or through t
interaction of a muon and smuon with a Higgsino. In t
latter two cases, the diagrams are proportional to the m
Yukawa coupling constant and are therefore enhanced
large tanb. These diagrams also include gaugino mass in
tions. As a result, in the large tanb limit, the muon anoma-
lous MDM is given by

FIG. 13. B(B→Xsg)(31024) ~solid! for m.0 and three rep-
resentative values of tanb. For reference, also shown are contou
of constantmH65500,750,1000, . . . GeV, from the lower left
~dotted!. The shaded region is excluded byB(B→Xsg),4.10
31024.
09500
s

r

n
or
r-

am
SUSY.

g1
2

16p2
mm

2 mM1 tanb3F1~mm̃
2 ,mx̃0

2
!

1
g2

2

16p2
mm

2 mM2 tanb3F2~mm̃
2 ,mñ

2 ,mx̃0
2 ,mx̃6

2
!,

~34!

where theF functions~see the last reference in Ref.@38#! are
typically F;mSUSY

24 , with mSUSY being the mass scale of th
superparticles in the loop. For large tanb, then, the SUSY
contribution am

SUSY is approximately proportional to tanb
and may be much larger than the electroweak contributio

Results for the SUSY contribution to the muon MDM
am

SUSY in the minimal anomaly-mediated model are given
Fig. 15. Both tanb enhanced and unenhanced contributio
were included by using the mass eigenstate bases of squ
sleptons, neutralinos, and charginos. The SUSY contribu

FIG. 14. Contours as in Fig. 13, but form,0. The shaded
region is excluded byB(B→Xsg).2.1831024.
4-12



es

tly

s
le
th
ve

rly

and
e
the
pa-
ted
e

even
ay

ot
any
d
In
by

ts
es,
ely

the
and
el

of
yn-
are

so
he

ri-
u-
the
the

en

ed

SUPERNATURAL SUPERSYMMETRY: . . . PHYSICAL REVIEW D 61 095004
to the muon MDM is typically;1028210210, and is en-
hanced for large tanb. Furthermore, heavier superparticl
suppressam

SUSY, as expected.
Experimentally, the muon anomalous MDM is curren

constrained to be@40#

am
exp5~1165 923.068.4!31029, ~35!

and hence the anomaly-mediated SUSY contribution is u
ally smaller than the present experimental accuracy, un
tanb is very large. However, as mentioned above, in
near future, the Brookhaven E821 experiment will impro
the measurement, with a projected error of 0.431029. If this
is realized, some anomaly may be seen in the muon MDM

FIG. 15. The muon anomalous magnetic momentam
SUSY5

1
2 (g

22)m
SUSY ~solid! in the (m0 ,Maux) plane form,0 and three repre-

sentative values of tanb. Also shown are contours of constantmm̃

5250, 500, and 750 GeV from the left~dotted!. The shaded region
is excluded bymt̃1

.70 GeV. Results form.0 are of similar mag-
nitude, but opposite in sign.
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the anomaly-mediated SUSY breaking scenario, particula
for moderate or large values of tanb.

C. Electric dipole moments of the electron and neutron

In general, parameters in SUSY models are complex,
~some combinations of! their phases are physical. In th
anomaly-mediated SUSY breaking scenario, most of
SUSY breaking parameters are proportional to the single
rameterMaux, and so many of the phases can be rota
away. In particular, the gaugino mass parameters and thA
parameters can be made real simultaneously. However,
in anomaly-mediated SUSY breaking, a physical phase m
exist in them andBm parameters since their origins are n
well-understood. In our analysis, we have not assumed
relation betweenm and Bm , and have simply constraine
them so that electroweak symmetry is properly broken.
this approach, one physical phase remains, which is given

uphys[Arg~mBm* Mi !. ~36!

If this phase is non-vanishing, electric dipole momen
~EDMs! are generated. As is known from general analys
the EDMs of the electron and neutron may be extrem
large unlessusinuphysu is suppressed@41#.

To determine the constraints on this phase in
anomaly-mediated framework, we calculate the electron
neutron EDMs with the minimal anomaly-mediated mod
mass spectrum. The EDMdf of a fermionf is given by the
effective electric dipole interaction

LEDM52
i

2
df f̄ smng5f Fmn , ~37!

which becomesLEDM.dfsW •EW in the non-relativistic limit.
The calculation of the electron EDM is similar to that

the muon anomalous MDM, since the structure of the Fe
man diagrams is almost identical. If the slepton masses
flavor universal,am andde are approximately related by5

de.
me

2mm
2
tanuphys3am

SUSY. ~38!

Therefore, the electron EDM is also proportional to tanb.
The calculation of the up and down quark EDMs is al

straightforward, given the SUSY model parameters. T
only major difference from the electron EDM is the cont
bution from the squark-gluino diagram. However, in calc
lating the neutron EDM, we must adopt some model for
structure of the neutron. We use the simplest model, i.e.,
non-relativistic quark model. The neutron EDM is then giv
by

dn5
1

3
~4dd2du!. ~39!

5In the calculation of the muon anomalous MDM, we neglect
the effect ofCP violation. If sinuphysÞ0, am is proportional to
cosuphys in the large tanb limit.
4-13
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Sincedd is also proportional to tanb, the neutron EDM is
also enhanced for large tanb.

Figures 16 and 17 show the EDMs of the electron a
neutron, respectively, in the minimal anomaly-media
model. The EDMs are proportional to sinuphys. In these
plots, we assume maximalCP violation, i.e., sinuphys51.

Currently, there is no experimental result which sugge
a non-vanishing EDM, and experimental constraints on
EDMs are very stringent. For the electron EDM, usingde
5(0.1860.1260.10)310226e cm @42#, we obtain the con-
straint

udeu<0.44310226 e cm, ~40!

where the right-hand side is the upper bound onde at 90%
C.L. For the neutron,dn is constrained to be@40#

FIG. 16. The electric dipole moment of the electronudeu in units
of e cm in the (m0 ,Maux) plane, assuming sinuphys51, for m,0
and three representative values of tanb. Also shown are contours o
constantmẽ5250, 500, and 750 GeV from the left~dotted!. The
shaded region is excluded bymt̃1

.70 GeV.
09500
d
d

ts
e

udnu<0.97310225 e cm. ~41!

The naturalness arguments of Sec. IV play an import
part in evaluating the sensitivity of the EDMs. Forde and
small tanb, while very large effects are possible,de may be
within the experimental bounds even forusinuphysu close to 1
without violating the conditionumu&1 TeV. For moderate
and large tanb, de becomes much larger, and the physic
phaseuphys is constrained to beusinuphysu&O(1022) for m0
'1 TeV. However, for such tanb, the naturalness bound o
m0 is also relaxed, and reasonably largeO(0.1) phases are
possible in natural regions of parameter space wherede is
suppressed by slepton masses of a few TeV. Thus, w
large effects comparable to current bounds are predicte
much of parameter space, constraints fromde may also be

FIG. 17. The electric dipole moment of the neutronudnu in units
of e cm in the (m0 ,Maux) plane, assuming sinuphys51, for m,0
and three representative values of tanb. Also shown are contours o
constantmũL

5500,1000, . . . ,2500 GeV, from the lower left~dot-
ted!.
4-14
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satisfied by superpartner decoupling in the minimal anom
mediated model. Fordn , similar conclusions hold. In fact
the constraints fromdn on theCP-violating phases are mor
easily satisfied, andde appears to be the more stringent co
straint at present.

In our discussion, as noted above, we have not assum
specific model for them and Bm parameters, and hence w
regardeduphys as a free parameter. However, several mec
nisms have been proposed to generatem and Bm in which
sinuphys vanishes@3,7,9#. In those scenarios, of course,de
and dn vanish, and the EDM constraints are automatica
satisfied.

VII. CONCLUSIONS

In this study we have analyzed a model of ‘‘supernatu
supersymmetry,’’ in which squarks and sleptons may
much heavier than their typical naturalness limits, and SU
is broken in another world. SUSY breaking is then comm
nicated to our world dominantly via anomaly-mediation, a
we have considered in detail a model in which tachyo
sleptons are avoided by a non-anomaly-mediated unive
scalar massm0.

The novel naturalness properties of this model are a re
of a ‘‘focus point’’ behavior in the RG evolution ofmHu

2 ,

such that its weak scale value is highly insensitive tom0.
Naturalness bounds on superparticle masses are ther
highly variable and differ from naive expectations. Natur
ness places strong bounds on gaugino masses, andW-ino
massesM2&200 GeV are preferred. On the other hand,
moderate and large values of tanb, multi-TeV values ofm0,
and therefore slepton and squark masses, are natural.

A number of spectacular collider signals are possible. T
possibility of a highly degenerate triplet ofW-ino LSPs has
recently attracted a great deal of attention@5,6,15–17#. In the
minimal anomaly-mediated scenario, we find thatW-inos are
not only the LSPs in much of parameter space, but are t
cally light, with mass&200 GeV, and extraordinarily de
generate, with chargedW-ino decay lengths of several cen
timeters. SuchW-ino characteristics are ideal for Tevatro
searches, whereW-inos may appear as vertex detector tra
stubs in monojet events. The prospects for discovery at
Tevatron in run II or III are highly promising@5#.

In the remaining parameter space, the LSP is either
lighter stau, or the tau sneutrino. In thet̃1 LSP scenario, the
t̃1 is typically lighter than 200 GeV and is stable. It may
found in searches for stable charged massive particles at
LEP @19# and the Fermilab Tevatron@22,24,25#. In the ñt

LSP scenario, theW-inos, t̃1 and sneutrinos are a
&110 GeV. In both scenarios, ongoing searches at LEP
the Tevatron will be able to probe substantial portions of
relevant parameter space.

The minimal anomaly-mediated model also has a num
of other features that distinguish it from other models.
addition to characteristic gaugino mass ratios, these inc
highly degenerate same-flavor sleptons, and large left-r
mixing. If SUSY is discovered, measurements of slep
masses and mixings will provide strong evidence for
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against the minimal model and its assumption of an ad
tional universal slepton mass.

We have also considered a variety of low energy obse
ables that are sensitive probes of anomaly-mediated pa
eter space. Effects on the flavor-changing processb→sg
may be large, and significant regions of parameter space
large tanb andm.0 are already excluded. The anomalo
magnetic moment of the muon may also be affected at le
soon to be probed by experiment. Finally, the electron a
neutron electric dipole moments provide rather strong c
straints on theCP-violation phaseuphys in much of param-
eter space, but even for large tanb, O(0.1) phases are stil
be allowed for multi-TeVm0 at its focus point naturalnes
limit.

It is interesting to note that positive signals in these lo
energy experiments may not only provide evidence
SUSY, but may also exclude some supersymmetric interp
tations and favor others. For example, the signs of the SU
contributions to b→sg and am

SUSY are determined by
sgn (mM3)6 and sgn (mM2), respectively. A large anoma
lous measurement ofam

SUSY would imply large tanb, and,
given the current bounds onb→sg, a preferred sign for
sgn (mM3). The sign of theam

SUSY anomaly then determine
sgn (M2M3). For example, assuming a SUSY interpre
tion, a large negative anomalous MDM measurement wo
imply M2M3,0, and would favor anomaly-mediated mo
els over virtually all other well-motivated models.

Finally, as stated in Sec. III, the assumption of a univer
scalar mass contribution, while possibly generated by b
contributions @3#, does not hold generally in anomaly
mediated scenarios. Several features presented above de
on various parts of this assumption, and we therefore cl
with a brief discussion of these dependences.

The naturalness properties described above, and, in
ticular, the focus point behavior, results from the fact that
non-anomaly-mediated piece is identical formHu

2 , mU3

2 , and

mQ3

2 . While the focus point mechanism as implemented h

relies on this subset of the universal boundary condition
variety of other boundary conditions also have simi
properties,7 and it would be interesting to explore applic
tions of the focus point mechanism in other settings. T
accidental degeneracy of left- and right-handed sleptons,
the possibility for large left-right mixings, holds only if bot
left- and right-handed sleptons receive the same n
anomaly-mediated contribution. Measurement of large le
right smuon mixing, along with confirmation of anomaly
mediated gaugino mass parameters, for example, wo
therefore be strong evidence for anomaly-mediation wit
universal slepton mass contribution. Finally, the low ene
observables discussed are sensitive quantitatively to e
the hadronic or leptonic superpartner spectrum. Howe

6Here we assume that the signs ofM3 and At are correlated, as
they are in anomaly-mediation, and, through RG evolution,
gauge-mediated models and minimal supergravity.

7For example, the initial condition (mHu

2 ,mU3

2 ,mQ3

2 )5m0
2(1,1

1x,12x), for anyx, also leads to focus point behavior.
4-15



f
o
v
o
la

or
ir-
o
ar
an
or
io
e

e
ly

g
r

in

et

In

no

-

-

s in
om-
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qualitative results, such as the stringency of constraints
large tanb, can be expected to remain valid for a variety
anomaly-mediated models, as long as the attractive fla
properties of anomaly-mediation are preserved in these m
els and they do not have new large sources of flavor vio
tion.
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APPENDIX: ANOMALY-MEDIATED BOUNDARY
CONDITIONS

In this appendix, we present the leading order soft sup
symmetry breaking terms, first for a general anoma
mediated supersymmetric theory, and then for the minim
anomaly-mediated model.

Consider a supersymmetric theory with simple gau
group G. The anomaly-mediated boundary conditions a
completely specified in terms of the gauge couplingg, super-
symmetric Yukawa couplings

W5
1

6
Yi jkf if jfk , ~A1!

and the supersymmetry breaking parameterMaux.
In the convention that the soft supersymmetry-break

terms are

LSSB52
1

2
Ml~2 il!~2 il!2

1

2
~m2! i

j f̃* if̃ j

2
1

6
Ai jkf̃ if̃ j f̃k , ~A2!

the leading order anomaly-mediated soft supersymm
breaking terms are

MluAM5
1

16p2
bg2Maux ~A3!

~m2! i
j uAM5

1

2
~ ġ ! i

jMaux
2 ~A4!

Ai jk uAM52(
m

~Ym jkgm
i 1Yimk

3gm
j 1Yi jmgm

k !Maux, ~A5!

where
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16p2g i
j5

1

2
YimnY

jmn22d i
jg2C~ i !. ~A6!

Here (̇[d/dlnm, Yijk5Yijk* , and the one-loopb-function
coefficient isb5S(R)23C(G), whereC( i ) is the quadratic
Casimir invariant for representationi, andS(R) is the total
Dynkin index summed over all the chiral superfields.
terms of the matter field wavefunctionZ, g i

j[2 1
2 (ln˙ Z)i

j .
For minimal field content, anomaly-mediated gaugi

masses are given as

Mi5
1

16p2
bigi

2Maux, ~A7!

where bi5( 33
5 ,1,23) in the GUT normalization. Further

more, with the superpotential

W5UiYui j QjHu1DiYdi j QjHd1EiYei j L jHd , ~A8!

the flavor-dependent wavefunction factors are

16p2gHu
53 Tr~Yu

†Yu!2
3

2
g2

22
3

10
g1

2 ~A9!

16p2gHd
53 Tr~Yd

†Yd!1Tr~Ye
†Ye!2

3

2
g2

22
3

10
g1

2

~A10!

16p2gQ5Yu
†Yu1Yd

†Yd2
8

3
g3

22
3

2
g2

22
1

30
g1

2

~A11!

16p2gU52Yu* Yu
T2

8

3
g3

22
8

15
g1

2 ~A12!

16p2gD52Yd* Yd
T2

8

3
g3

22
2

15
g1

2 ~A13!

16p2gL5Ye
†Ye2

3

2
g2

22
3

10
g1

2 ~A14!

16p2gE52Ye* Ye
T2

6

5
g1

2 , ~A15!

where the Yukawa couplingsY are 333 matrices in genera
tion space.

The gauge and Yukawa coupling RG equations are a
Ref. @43#, and are reproduced here for convenience and c
pleteness:

16p2ġi5bigi
3 ~A16!

16p2Ẏu5YuF3Tr~YuYu
†!13Yu

†Yu1Yd
†Yd

2
16

3
g3

223g2
22

13

15
g1

2G ~A17!
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16p2Ẏd5YdF3 Tr~YdYd
†!13 Tr~YeYe

†!13Yd
†Yd

1Yu
†Yu2

16

3
g3

223g2
22

7

15
g1

2G ~A18!

16p2Ẏe5YeF3Tr~YdYd
†!1Tr~YeYe

†!

13Ye
†Ye23g2

22
9

5
g1

2G . ~A19!
l.

h

ys

,

t.

,

v,

fo

09500
Our sign convention for them and A parameters is such
that, with soft terms as defined in Eq.~A2!, the chargino
mass terms are (c2)TM x̃Ác11H.c., where (c6)T5

(2 iW̃6,H̃6) and

M x̃Á5S M2 A2mW sinb

A2mW cosb m
D , ~A20!

and the stop left-right mixing terms aremt(At2m cotb).
m,
rg,

hys.

e,
,

l.
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