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Probing the messenger of supersymmetry breaking by the muon anomalous magnetic moment
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Motivated by the recently measured muon anomalous magnetic momentam , we examine the supersymme-
try contribution toam in various mediation models of supersymmetry breaking which lead to predictive flavor
conserving soft parameters at high energy scale. The studied models include dilaton or modulus-mediated
models in heterotic string or M theory, gauge-mediated model, no-scale or gaugino-mediated models, and also
the minimal and deflected anomaly-mediated models. For each model, the range ofam

SUSY allowed by other
experimental constraints, e.g.,b→sg and the collider bounds on superparticle masses, is obtained together
with the corresponding parameter region of the model. Gauge-mediated models with a low messenger scale can
give anyam

SUSY within the 2s bound. In many other models,b→sg favors am
SUSY smaller than either the

21s value (26310210) or the central value (42310210).
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I. INTRODUCTION

Weak scale supersymmetry~SUSY! is perhaps the mos
promising candidate for physics beyond the standard mo
~SM! @1#. Any realistic supersymmetric model at the we
scale contains explicit but soft SUSY breaking terms wh
are presumed to originate from some high energy dynam
If one writes down the most general form of the soft terms
would require too many parameters, e.g., more than 100 e
for the minimal supersymmetric standard model~MSSM!.
Furthermore, for a generic form of soft terms, the superp
ticle masses should exceed about 10 TeV in order to av
dangerous flavor changing processes@2#. Such large super
partner masses spoil the natural emergence of the weak s
and thus the major motivation for supersymmetry also.

In view of these difficulties of generic soft terms, it
quite demanding to have a theory of soft terms leading t
predictive form of flavor conserving soft terms. In fact, t
shape of observable soft terms is mainly determined by
mediation mechanism of SUSY breaking, i.e., by the c
plings of the SUSY breaking messenger fields to the obs
able fields, rather than by the SUSY breaking dynamics
self. This is good news since in many cases the coupling
the messenger fields can be treated in perturbation the
while the SUSY breaking dynamics involves nonperturbat
effects. Therefore once the messengers of SUSY brea
are identified, one can get a well-defined prediction for
soft parameters. As long as the predicted soft parame
conserve the flavors, their size can be of the order of
weak scale. This would allow the prediction to be tested
future collider experiments and/or low energy precision
periments. There already exist many interesting proposals
flavor conserving soft parameters, e.g., dilaton or modu
mediation in heterotic string or M theory@3,4#, gauge media-
tion @5#, no-scale@6# or gaugino mediation@7#, anomaly me-
diation @8,10#, and others@11#.

Very recently, the BNL experiment E821 has reported
measurement of the muon’s anomalous magnetic mom
indicating a 2.6s deviation ofam[(gm22)/2 from the stan-
dard model value@12#
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SM5~42616!310210. ~1!

Although this can be consistent with the standard mo
value if one takes other theoretical calculations of the h
ronic vacuum polarization@13#, this may indeed be a sign o
new physics beyond the standard model. In particular,
deviation can easily find its explanation in supersymme
models through the well-known neutralino-smuon a
chargino-sneutrino diagrams@14#. An explicit formula of the
SUSY contribution toam is presented, for instance, in Re
@15#. The SUSY contribution toam is enhanced as tanb
increases, and the chargino-sneutrino diagram provide
dominant contribution for generic SUSY parameters. In
limit of degenerate superparticle masses, the leading co
bution is approximately given by@14#

am
SUSY'

a~MZ!

8p sin2 uW

mm
2

mS
2

tanbS 12
4a

p
ln

mS

mm
D , ~2!

wheremS denotes the superparticle mass in the loop. It h
been pointed out already that this new data onam provides
useful information on SUSY parameters@16–25#, e.g., upper
bounds on some superparticle masses. It is also noted
much of the parameter space of the minimal anoma
mediated model can be excluded by the new data when c
bined with the constraints fromb→sg @17#. Possible origin
of Dam other than SUSY is discussed also in Refs.@26#.

In this paper, we wish to study the implications of th
precisely measuredam for various mediation models o
SUSY breaking which lead to predictive forms of flavor co
serving soft parameters. The models studied here include
dilaton or modulus-mediated model in heterotic string or
theory, no-scale or gaugino-mediated model, gauge-medi
model, and also the minimal and deflected anoma
mediated models@8,10#. In the subsequent analysis, we e
plore the possibility that the deviation~1! is due to the SUSY
contribution toam in these models. Throughout the analys
we will assume that soft parameters~approximately! con-
serveCP, which may be necessary to avoid a too large n
©2001 The American Physical Society01-1
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tron electric dipole moment. If one takes Eq.~1! as it is, the
corresponding 2s bound onam

SUSY would be given by

10310210,am
SUSY,74310210. ~3!

The inclusiveb→sg process is known to put strong con
straints on the MSSM parameter space. The leading SU
contribution tob→sg comes from the charged Higgs boso
and chargino mediated diagrams. The charged Higgs bo
diagram contributes constructively, while the chargino d
gram interferes with the SM amplitude constructively or d
structively depending upon the sign ofm. The branching
ratio for b→sg is obtained by normalizing the hadronic u
certainty with the semileptonic decay rate@27#

Br~B→Xsg!

Br~B→Xcen̄ !
5

uVts* Vtbu2

uVcbu2

6aem

p f ~z!
~ uDu21A!F, ~4!

wheref (z)5(128z18z32z4212z2 ln z) is the phase spac
factor of the semileptonic decay withz5mc

2/mb
2 , F5@1

28as(mb)/3p#/k(z) for the QCD correction factork(z)
'122as@2.1(12z)211.5#/3p for the semileptonic decay
and the termA describes the bremsstrahlung corrections a
virtual corrections satisfying the cancellation of the IR dive
gence@28#. The amplitudeD is determined by the Wilson
coefficients atmb which can be obtained by the matchin
condition at the weak scale and the subsequent RG ev
tion. We perform the matching at the next-to-leading ord
~NLO! for the SM contribution, while taking the leading o
der ~LO! matching for the MSSM contributions, i.e., th
charged Higgs and the chargino contributions. We then
form the renormalization group~RG! evolution down tomb
at the NLO to find

D5C7
(0)~mb!1

as~mb!

4p S C7
(1)~mb!1 (

i 51,8
r iCi

(0)~mb! D ,

~5!

where we follow the notation of@27# and r i is quoted in
Refs. @28,29#. Combining the recent CLEO@30# and the
ALEPH @31# results, one finds the 2s constraint@29#

2.1831024,Br~B→Xsg!,4.1031024, ~6!

which will be used to constrain the parameter space in
analysis.

For M3M2.0, the parameter region ofam
SUSY.0 is con-

strained by the lower bound on Br(B→Xsg), while that of
am

SUSY,0 is constrained by the upper bound. In this rega
the minimal anomaly mediation model is exceptional sinc
predictsM3M2,0, soam

SUSY.0 is constrained by the uppe
bound on Br(B→Xsg) @17#. It is expected that the constrain
from the lower bound becomes weaker when the NLO
fects are included@34#, while the constraint from the uppe
bound can become even stronger@17#.

About the bounds on Higgs boson and superpart
masses, we use the CERNe1e2 collider LEP limit mh
.113.5 GeV@32# andmt̃.72 GeV @33#. The other super-
particle mass bounds@33# are satisfied in the allowed regio
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of the Higgs boson and stau mass limits except for the c
of deflected anomaly mediation in which the chargino m
boundmx

1
6.103 GeV plays an important role.

In Figs. 1–14, we identify the parameter space of
model which can giveam

SUSY in the 2s range~3!, while tak-
ing into account other experimental constraints, e.g.,b→sg
and the collider bounds on superparticle masses. For dila
modulus mediation models in heterotic string or M theo
b→sg favors am

SUSY smaller than the21s value (26
310210). It should be remarked that this constraint is fro
the lower bound on Br(B→Xsg), so can be relaxed by th
NLO SUSY effects@34,35#. The no-scale model is similarly
~but less! constrained byb→sg. Gauge mediation model
with low messenger scale can give anyam

SUSY within the 2s
range~3!. However, models with high messenger scale fa
am

SUSY below the central value (42310210). The minimal
anomaly mediation is constrained by the upper bound
Br(B→Xsg) implying am

SUSY smaller than the central value
When the NLO correction to the charged Higgs contributi
is included, b→sg constrainsam

SUSY more severely@17#.
Possible value ofam

SUSY in deflected anomaly mediation i
severely constrained by the superparticle mass bounds
alsob→sg, but still there is a small parameter region whic
gives the right value ofam

SUSY.

FIG. 1. Contour plot on the plane of (Maux,tanb) in the dilaton/
modulus mediation model of heterotic string theory. In all figures
this paper, the following notations are used. Regions denoted b
B, and D represent the parameter spaces forbidden by the lig
Higgs mass bound, the stau mass bound and the chargino
bound, respectively. Regions denoted by C represent the param
spaces where proper electroweak symmetry breaking cannot be
tained. The dash-dotted, solid, dashed, and dotted lines stand fo
11s, central,21s, and22s values ofam

SUSY, respectively. The
indicated numbers near the contour lines represent the valu
am

SUSY in units of 10210. The gray solid~dash-dotted! line corre-
sponds to the contour of the 2s lower ~upper! bound Br(B
→Xsg)52.18(4.10)31024 obtained from the SUSY LO calcula
tion and the hashed-side of the line is the allowed region.
1-2



rg
m

b

he
,

per-

PROBING THE MESSENGER OF SUPERSYMMETRY . . . PHYSICAL REVIEW D64 055001
To set up the notation, let us consider generic low ene
interactions of the MSSM fields. They consist of supersy
metric couplings encoded in the superpotential

W5
1

6
yi jkF iF jFk2mH1H2 , ~7!

and also soft supersymmetry breaking terms which can
written as

FIG. 2. Contour plot on the plane of (m3/2,u) in the dilaton/
modulus mediation model of heterotic M theory withe50.5 and
tanb510.

FIG. 3. Contour plot on the plane of (m3/2,u) in the dilaton or
modulus mediation model of heterotic M theory withe50.8 and
tanb510.
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2
Malala1

1

2
mi j

2 f if j* 1
1

6
Ai jkyi jkf if jfk

1Bmh1h21H.c., ~8!

where yi jk denote the Yukawa coupling constants for t
MSSM superfieldsF i which include the quark superfields
the lepton superfields, and also the two Higgs doublet su
fields H1 and H2. Here Ma (a53,2,1) stand for the

FIG. 4. Contour plot on the plane of (m3/2,u) in the dilaton or
modulus mediation model of heterotic M theory withe50.5 and
tanb530.

FIG. 5. Contour plot on the plane of (m3/2,u) in the dilaton or
modulus mediation model of heterotic M theory withe50.8 and
tanb530.
1-3
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SU(3)3SU(2)3U(1) gaugino masses,mi j
2 are the soft sca-

lar masses of the scalar componentsf i of the MSSM super-
fields F i , andAi jk andB are the trilinear and bilinear coef
ficients in the scalar potential. To follow up the mo
frequently used convention for the relative sign ofMa and
Ai jk , we use different sign conventions ofMa for different
models:1 for the dilaton/modulus and no-scale~gaugino!
mediation models,2 for the gauge and anomaly mediatio
models.

FIG. 6. Contour plot on the plane of (Maux,tanb) in no-scale
model.

FIG. 7. Contour plot on the plane of (M1 ,tanb) in the gauge-
mediated supersymmetry breaking~GMSB! model with N51 and
M5106 GeV. The whole parameter space shown in this figure
allowed by the constraints of Br(B→Xsg).
05500
Each mediation mechanism that will be studied in th
paper provides a well-defined prediction forMa , Ai jk , and
mi j

2 at certain high energy messenger scale. The predi
high energy parameters can be transformed to the low en
values through the standard renormalization group analy
In this procedure, we assume the minimal particle conten
the observable sector, viz. the MSSM particles. If there e
more particles with masses between the messenger scal
the weak scale and also with sizable gauge or Yukawa c
plings to the MSSM fields, our results would be chang
accordingly. We also ignore the effects of small Yukawa co

s

FIG. 8. Contour plot on the plane of (M1 ,tanb) in the GMSB
model withN51 andM51010 GeV.

FIG. 9. Contour plot on the plane of (M1 ,tanb) in the GMSB
model withN51 andM51015 GeV.
1-4
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plings of the 1st and 2nd generations in the RG evolutio
The situation form and B is more involved since they

depend on the details of how them term is generated as we
as on how SUSY breaking is mediated. In the absence of
definite prediction form andB, normally one tradesm andB
for tanb5^H2&/^H1& and MZ through the condition of ra-
diative electroweak symmetry breaking, while leavi
sgn(m) undetermined. Note thatm and B do not affect the
RG running of other soft parameters, which can be assu
by the dimensional argument and selection rules.

It has been noted that an extensive region of the soft

FIG. 10. Contour plot on the plane of (M1 ,tanb) in the GMSB
model withN55 andM5106 GeV.

FIG. 11. Contour plot on the plane of (M1 ,tanb) in the GMSB
model withN55 andM51010 GeV.
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rameter space gives rise to a scalar potential with a colo
charge breaking minimum or a field direction along whi
the potential is unbounded from below@36–38#. For in-
stance, it turns out that the entire parameter space of
dilaton or modulus mediation in heterotic string theory a
also of the no-scale mediation give such a potentially d
gerous scalar potential@36,37#. In this paper, we donot re-
quire that the scalar potential should have a phenomenol
cally viable global minimum, so the model is allowed a
long as the scalar potential has alocal minimum with correct
low energy phenomenology.

FIG. 12. Contour plot on the plane of (M1 ,tanb) in the GMSB
model withN55 andM51015 GeV.

FIG. 13. Contour plot on the plane of (m0 ,Maux) in the minimal
anomaly-mediated model with tanb530.
1-5
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We also do not take into account the cosmological m
density of the lightest superparticle~LSP! in the MSSM sec-
tor. There are many different scenarios in which the L
mass density computed in the framework ofR parity con-
serving MSSM becomes irrelevant, e.g., a late time inflat
triggered by an MSSM singlet,R-parity violation, or a mod-
ulino or gravitino lighter than the LSP.

II. PROBING THE MESSENGERS
OF SUPERSYMMETRY BREAKING

In this section, we examine the low energy phenomen
ogy of various mediation mechanisms yielding flavor co
serving soft parameters. The main purpose is to see w
value of am

SUSY can be obtained without any conflict tob
→sg and the collider bounds on superparticle masses.
models studied here include the dilaton- or modul
mediated model in heterotic string or M theory, no-scale
gaugino-mediated model, gauge-mediated model, and fin
the minimal and deflected anomaly mediated models.
each mediation model, the parameter regions allowed
laboratory tests and also the corresponding value ofam

SUSY

are summarized in Figs. 1–14.

A. DilatonÕmodulus mediation in perturbative heterotic
string theory

One possible scheme for flavor-conserving soft para
eters is the dilaton or modulus mediation in the framework
weakly coupled heterotic string theory. The Ka¨hler potential
and the gauge kinetic function of the four-dimensional eff
tive supergravity are given by

K52 ln~S1S* !23 ln~T1T* !1~T1T* !niF iF i* ,

FIG. 14. Contour plot on the plane of (Maux,M ) in the deflected
anomaly-mediated model withN56, r50, and tanb530.
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4p f a5S, ~9!

where S and T are the dilaton superfield and the overa
modulus superfield, respectively, andni is the modular
weight of the chiral matter superfieldsF i . If all the MSSM
superfields have the modular weightni521, one finds~at
the unification scaleMGUT) @3#

Ma5A3Maux, mi j
2 5uMauxu2d i j , Ai jk52A3Maux,

~10!

where Maux5m3/2sinu for the Goldstino angleu which is
defined as tanu5FS /FT . Here we assume thatFS /FT is real
to avoid a too large neutron electric dipole moment. T
above relations can receive string-loop or supergravity-lo
corrections@39,40# as well as higher order sigma-model co
rections@41#. In weakly coupled heterotic string limit, loop
corrections are suppressed bygGUT

2 /8p2, so can be safely
ignored for our purpose. Also at least in orbifold compac
fication models, there is no sigma-model correction at str
tree level.

In fact, the gauge coupling unification scaleMGUT pre-
dicted within the weakly coupled heterotic string theory
bigger than the phenomenologically favored value
31016 GeV by about one order of magnitude. One attract
way to avoid this difficulty is to go to the strong couplin
limit @42#, i.e., the Horava-Witten heterotic M theory@43#,
which will be analyzed in the subsequent discussion. H
we simply assume thatMGUT can be lowered down to 2
31016 GeV by some stringy effects, while keeping th
boundary conditions of Eq.~10! valid. Another potential
problem of the boundary condition~10! is that the resulting
scalar potential has a color or charge breaking minimum
has a field direction which is unbounded from below@37#.
We do not take this as a serious problem as long as th
exists a local minimum of the potential yielding correct lo
energy phenomenology.

Some phenomenological consequences of Eq.~10! have
been studied in Ref.@44#. Here we perform a detailed nu
merical analysis of the low energy phenomenology of
boundary condition~10! at MGUT, including the SUSY con-
tributions toam andb→sg. As usual, we tradem andB for
tanb and MZ . With this prescription, the dilaton/modulu
mediation in perturbative heterotic string theory is describ
by three input parameters:

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

The results of our analysis are depicted in Fig. 1 includ
the contour plot on the plane of (Maux,tanb) with m.0.
Figure 1 shows thatb→sg favors am

SUSY smaller than the
21s value (26310210). This constraint fromb→sg is ex-
pected to be relaxed when the NLO SUSY corrections
Br(B→Xsg) are properly taken into account@35#.

B. DilatonÕmodulus mediation in heterotic M theory

It has been pointed out by Witten that the correct value
MGUT can be naturally obtained in compactified heterotic
1-6
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theory which corresponds to the strong coupling limit of h
erotic E83E8 string theory@42#. At energy scales below th
eleven-dimensional Planck scale, the theory is described
an eleven-dimensional supergravity on a manifold w
boundary where the twoE8 gauge multiplets are confined o
the two ten-dimensional boundaries@43#. The compactified
heterotic M theory involves two geometric moduli, the ele
enth length (pr) and the volume~V! of six dimensional
internal space. In four-dimensional effective supergrav
@4,45#, these two moduli define the scalar components of
chiral superfieldsS andT,

Re~S!5
V

~4p!2/3k4/3
, Re~T!5

V1/3pr

~4pg!1/3k2/3
, ~12!

where k2 is the eleven-dimensional gravitational couplin
constant andg5 1

6 ( IJKCIJK for the intersection number
CIJK5*v I`vJ`vK of the integer~1,1! cohomology basis
$v I%. Here the superfieldsS and T are normalized through
the periodicity of their axion components Im(S)[Im(S)
11 and Im(T)[Im(T)11.

Four-dimensional couplings and scales can be expre
in terms of Re(S), Re(T), and k, yielding the relations
@46,47#

MP
2

MGUT
2

54pg1/3Re~S!Re~T!,

4p

gGUT
2

5Re~S!1a Re~T!, ~13!

where MP'2.531018 GeV and gGUT
2 '0.5 are the four-

dimensional Planck scale and gauge coupling constant
spectively, anda is a model-dependent~positive! rational
number which is generically of order unity. PuttingMGUT
'231016 GeV, one then finds the following vacuum e
pectation values~VEVs! of moduli in heterotic M theory

^Re~S!&5OS 4p

gGUT
2 D , ^Re~T!&5OS 4p

gGUT
2 D . ~14!

It has been noted that the four-dimensional effective sup
gravity of heterotic M theory can be expanded in powers
1/p(S1S* ) and 1/p(T1T* ) @4#. At leading order in this
expansion, the Ka¨hler potential and gauge kinetic functio
are given by@45#

K52 ln~S1S* !23 ln~T1T* !

1S 3

T1T*
1

a

S1S*
D F iF i* ,4p f a

5S1aT. ~15!

In fact, holomorphy and the axion periodicity implies th
any correction tof a is suppressed bye22pS or e22pT, so
absolutely negligible for the moduli VEVs of Eq.~14!. The
Kähler potential can receive corrections which are hig
05500
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order in 1/p(S1S* ) or 1/p(T1T* ). For the moduli VEVs
~14!, the effects of such higher order corrections are s
pressed bygGUT

2 /8p2, so can be ignored also for our purpos
With this observation, one finds the following form of so
parameters in heterotic M theory~again at MGUT) when
SUSY breaking is mediated by theF components ofSandT,

Ma5A3m3/2S 1

11e
sinu1

e

A3~11e!
cosu D ,

Ai jk52A3m3/2S 322e

31e
sinu1

A3e

31e
cosu D ,

~16!

mi j
2 5um3/2u2d i j S 12

3

~31e!2
$e~61e!sin2 u

1~312e!cos2 u22A3e cosu sinu% D ,

whereu is the Goldstino angle and

e5a~T1T* !/~S1S* !.

The above results expressMa , Ai jk , andmi j
2 in terms of

three unknown parametersm3/2, sinu, and e. Once them
andB are traded for tanb andMZ through the condition of
radiative electroweak symmetry breaking, the dilaton
modulus mediation in heterotic M theory is described by fi
input parameters:

m3/2, sinu, e, tanb, sgn~m!, ~17!

so not more predictive than the minimal supergravity mo
for instance. However in heterotic M theory, the value ofe is
severely constrained, which allows the results of Eq.~16! to
become more predictive. For instance, the hidden gauge
pling is given by 4p/gH

2 5(12e)Re(S), so it is required that
0,e,1. Inspecting Eq.~13!, one also finds thate cannot be
significantly smaller than unity.

Here we consider two different valuese50.5, 0.8, and
examine the allowed value ofam

SUSY. The results of our
analysis are depicted in Figs. 2–5 for (e,tanb)
5(0.5,10),(0.8,10),(0.5,30),(0.8,30). These figures show
that b→sg favors am

SUSY smaller than the21s value (26
310210). Again this constraint is expected to be relax
when the NLO SUSY corrections to Br(B→Xsg) are in-
cluded. We note thatam

SUSY for tanb&10 is significantly
constrained by other laboratory bounds also, e.g., the ligh
Higgs boson mass bound.

C. No-scale or gaugino mediation

It has been known for a long time that no-scale supergr
ity model with nonminimal gauge kinetic function provide
an interesting form of flavor conserving soft terms@6#. For
instance, one can consider the no-scale Ka¨hler potential to-
gether with the simplest nonminimal gauge kinetic functio
1-7
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K523 ln~T1T* 2F iF i* !, 4p f a5T, ~18!

which give rise to

Ma5Maux, mi j
2 50, Ai jk50 ~19!

at the messenger scale which is close to the unification sc
Recently it has been noticed that such no-scale boun
condition can naturally emerge in the framework of bra
models in which SUSY is broken on a hidden brane in hig
dimensional spacetime@7#. The MSSM matter fields are as
sumed to be confined on a visible brane. However, ga
multiplets propagate in bulk and so couple directly to SU
breaking on hidden brane. Extra-dimensional locality th
assures that the soft parameters of the MSSM matter fi
vanish, i.e.,mi j

2 5Ai jk50, at the compactification scaleMc

of the extra dimension, while nonzero gaugino masses
allowed, leading to the name of ‘‘gaugino mediation’’@7#.

In the gaugino-mediated model, the compactificat
scaleMc is a model-dependent free parameter. If gaug
masses are universal atMc5MGUT, it is rather difficult that
the lightest supersymmetric particle~LSP! is a neutral par-
ticle @48,49#. One can avoid this difficulty either by assumin
Mc.MGUT or nonuniversal gaugino masses@48,49#. How-
ever a neutral LSP is not mandatory. For instance, a cha
LSP is allowed ifR-parity is broken or the model includes
modulino lighter than the charged LSP. Here we assume
the no-scale boundary condition~19! is given atMGUT52
31016 GeV and examine the resulting SUSY contribution
the muon’s anomalous magnetic moment. Aboutm andB, in
gaugino-mediated model, it is rather natural thatB50 at
MGUT. However, in generic no-scale supergravity modelB
can be a free parameter, and then the no-scale mediati
described by three input parameters:

Maux, tanb, sgn~m!. ~20!

The results of our numerical analysis are summarized in
6 which is somewhat similar to Fig. 1, i.e., the case of dila
or modulus mediation in heterotic string theory. The analy
of b→sg for the no-scale boundary condition~19! has been
performed recently in Ref.@50#. It should be remarked als
that the scalar potential resulting from Eq.~19! has a color or
charge breaking minimum or a field direction along whi
the potential is unbounded from below@36#. As we men-
tioned, we do not take this as a serious difficulty as long
the potential has a phenomenologically viable local mi
mum.

D. Gauge mediation

The gauge-mediated SUSY breaking~GMSB! models
also provide a quite predictive form of flavor conserving s
parameters@5#. In GMSB models, SUSY breaking is tran
mitted via the SM gauge interactions ofN flavors of messen-
ger superfieldsC i ,C i

c which form a vectorlike representa

tion of the SM gauge group, e.g.,N(515̄) of SU(5). Then
the resulting soft terms are determined by the gauge quan
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numbers, so automatically conserve the flavors. The mes
ger fields are coupled to a gauge singlet Goldstino superfi
X through the superpotential

W5l iXC iC i
c . ~21!

WhenX acquires a VEV for both its scalar andF compo-
nents, the superpotentialW induces the messenger spectru
which is not supersymmetric. Integrating out the messen
fields then give rise to the following MSSM soft paramete
at the messenger scaleM'l i^X&:

Ma5N
aa~M !

4p
L,

mi j
2 5Nd i j (

a
Ca

i S aa~M !

4p D 2

L2, ~22!

Ai jk50,

whereaa (a53,2,1) are the grand-unified-theory-~GUT!-
normalized gauge coupling constants ofSU(3)c3SU(2)L

3U(1)Y , Ca
i is the GUT-normalized quadratic Casimir in

variant of the matter fieldF i , andL'^FX&/^X&.
In fact, the trilinear couplingsAi jk at the messenger sca

M receive nonzero contribution at two-loop, however, w
can safely ignore them since they are further suppresse
the loop factor compared to other soft masses with m
dimension one. Againm and B can be traded for tanb
through the radiative electroweak symmetry breaking. A d
tinctive feature of GMSB is that a wide range of the mess
ger scaleM is allowed, e.g., fromL to much higher scale
around 1015 GeV. Then the GMSB model is described b
five input parameters:

M , L, tanb, N, sgn~m!. ~23!

Low energy phenomenology of GMSB models, includingb
→sg and the anomalous muon magnetic momentam ,
has been studied before@51,52#. Here we examine the
allowed value of am

SUSY for the cases of (N,M )

5(1,106),(1,1010),(1,1015),(5,106),(5,1010),(5,1015), where
the messenger scaleM is given in the GeV unit. The result
for m.0 are depicted in Figs. 7–12 which show that mod
with lower M have a better prospect foram

SUSY bigger than
the central value (42310210). In particular, gauge-mediate
models withM;106 GeV can give anyam

SUSY within the
2s bound ~3!. For very highM;1015 GeV, b→sg con-
strainsam

SUSY as in no-scale or dilaton or modulus mediatio
model.

E. Minimal anomaly mediation

Anomaly mediation assumes that SUSY breaking in
hidden sector is transmitted to the MSSM fieldsonly through
the auxiliary componentu of the off-shell supergravity mul-
tiplet. In the Weyl-compensator formulation,u corresponds
to theF component of the Weyl compensator superfieldf in
appropriate gauge. The couplings off to generic matter
1-8
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multiplets are determined by the super-Weyl invarian
Therefore at classical level,f is coupled to the MSSM fields
only through dimensionful~supersymmetric! couplings, e.g.,
the barem parameter or the coefficients of nonrenormal
able terms in the superpotential. However, quantum radia
effects induce nontrivial scale dependence of dimension
couplings, so nontrivial couplings off also. Since
Ma , Ai jk , mi j

2 are all associated with dimensionless sup
symmetric couplings, viz. the gauge couplingsga for Ma ,
the wave function renormalization factorZi for Ai jk andmi j

2 ,
these soft parameters are determined entirely by the run
behavior ofga and Zi in pure anomaly-mediated scenari
More explicitly, from the super-Weyl invariant effective La
grangian

E d4uS Zi~m/Aff* !F i* F i

1
1

8
ga

22~m/Aff* !VaDD̄2DVa1••• D , ~24!

one finds the followingpure anomaly-mediated soft param
eters:

M̃a5
1

2
ga

2S dga
22

d ln m D Ff

f
52

baaa

4p
Maux,

Ãi jk52
1

2 S d ln Zi

d ln m
1

d ln Zj

d ln m
1

d ln Zk

d ln m DFf

f

5
1

2
~g i1g j1gk!Maux, ~25!

m̃i j
2 52

1

4
d i j S d2 ln Zi

d~ ln m!2D UFf

f U2

52
ġ i

4
uMauxu2d i j ,

where Va are the real superfields for gauge multiplets,ba
5(3,21,233/5) (a53,2,1) are the one-loop beta functio
coefficients forSU(3)c3SU(2)L3U(1)Y in the GUT nor-
malization.

The expressions of pure anomaly-mediated soft par
eters are RG invariant, so are valid at arbitrary energy sc
Therefore the low energy soft parameters are comple
fixed by the low energy values of these couplings and
overall scaleMaux. However, as can be seen easily, pu
anomaly-mediated scenario is simply excluded becaus
predicts that sleptons have negative mass squared. So
phenomenologically viable model of anomaly mediati
should involve a mechanism to solve the tachyonic slep
problem. One possibility is to introduce a universal posit
mass squared to all soft scalar masses at some high en
scale, e.g., atMGUT, which defines the minimal anomaly
mediated model

Ma5M̃a , Ai jk5Ãi jk ,

mi j
2 ~MGUT!5m̃i j

2 ~MGUT!1m0
2d i j . ~26!
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.
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After trading m and B for tanb and MZ , the minimal
anomaly mediation can be parametrized by four input para
eters:

Maux, m0 , tanb, sgn~m!. ~27!

Phenomenological aspects of the minimal anomaly-media
model have been studied in detail in Ref.@53#. It has been
noted also that the very recent measurement of the ano
lous magnetic moment of the muon disfavors the minim
anomaly-mediated model when combined with the constr
from b→sg @17#. Unlike other models, the minimal anoma
mediation model predictsM3M2,0, so the parameter regio
of am

SUSY.0 is constrained by the upper bound on Br(B
→Xsg).

Our results depicted in Fig. 13 are similar to Ref.@17#.
However, in our case,b→sg provides less severe constrai
because we use the LO matching condition for the SU
contributions tob→sg. Including the NLO charged Higgs
contribution@35# makes the constraint fromb→sg stronger
as in Ref.@17#.

F. Deflected anomaly mediation

There is an interesting modification of the pure anom
mediation which cures the tachyonic slepton withM3M2

.0 @9,54#. The parameter region ofam
SUSY.0 in such model

may not be severely constrained byb→sg. The so-called
deflected anomaly mediation is a kind of hybrid betwe
anomaly mediation and gauge mediation, but still all SU
breaking effects originate fromFf . The model contains a
light singletX which describes a flat direction in supersym
metric limit as well asN flavors of gauge-charged messe
gersC i ,C i

c which are coupled toX in the superpotential

W5l iXC iC i
c . ~28!

If the VEV of X is determined by the SUSY breaking effec
of Ff , not by SUSY conserving dynamics, one has

FX

X
5r

Ff

f
, ~29!

wherer depends on the details of howX is stabilized, but
rÞ1 in general. For instance, in the case whereX is stabi-
lized by the Coleman-Weinberg mechanism, one findsr
5O(1/16p2) @10,54#.

At energy scales belowM'l i^X&, the heavy thresholds
effects ofC i ,C i

c make all soft parameters to leave the R
trajectory of pure anomaly mediation. We then have

Ma~M !52@ba2N~12r!#
a~M !

4p
Maux,

Ai jk~M !5Ãi jk~M !, ~30!

mi j
2 ~M !5m̃i j

2 ~M !22N~12r!d i j (
a

Ca
i S aa~M !

4p D 2

uMauxu2,
1-9
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where ba5(3,21,233/5) (a53,2,1), and Ãi jk , m̃i j
2 are

the pure anomaly-mediated soft parameters in the MS
framework. Then the deflected anomaly mediation is
scribed by six input parameters:

Maux, M , r, tanb, N, sgn~m!. ~31!

For numerical analysis, we taker'0 which corresponds to
the case thatX is stabilized by the Coleman-Weinber
mechanism@54#. The results for (N,tanb)5(6,30) are de-
picted in Fig. 14. Possible value ofam

SUSY in this model is
severely constrained by the chargino, stau, and lightest H
boson mass bounds as well as byb→sg, however there is
still a small parameter region which provides right value
aSUSY.

III. CONCLUSION

The recent BNL measurement of the muon’s anomal
magnetic momentam[(gm22)/2 may indeed be a sign o
new physics. In this paper, we examined the possibility t
the deviationDam from the SM value is due to the SUS
contribution in the framework of various mediation mode
of SUSY breaking which give rise to predictive flavor co
serving soft parameters at high energy scale. The stu
models include the dilaton or modulus mediation in hetero
string or M theory, no-scale or gaugino mediation, gau
mediation, and also the minimal and deflected anomaly
diation models. For each model, we obtain the range
am

SUSY allowed by other laboratory constraints, e.g.,b→sg
and the bounds on superparticle masses, together with
corresponding parameter region of the model.

For dilaton or modulus mediation models in hetero
string or M theory, the lower bound on Br(B→Xsg) favors
ys

y

.

05500
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am
SUSY smaller than the21s bound (26310210). No-scale

model is similarly~but less! constrained byb→sg. Gauge
mediation models with low messenger scale can give
am

SUSY within the 2s bound~3!. However, when the messen
ger scale is very high, the allowed value ofam

SUSY is con-
strained byb→sg as in no-scale or dilaton or modulus m
diation models. The possible value ofam

SUSY.0 in minimal
anomaly mediation is constrained to be smaller than the c
tral value (42310210) by the upper bound on Br(B→Xsg).
Deflected anomaly mediation is severely constrained by
superparticle mass bounds and also byb→sg, however,
there is still a small parameter region which gives right va
of am

SUSY. Our analysis uses the LO matching condition f
the SUSY contributions tob→sg. It is expected that more
involved analysis including the NLO SUSY effects@34#
makes the constraint from the lower bound on Br(B→Xsg)
weaker, while making the constraint from the upper bou
stronger.

While this paper was in completion, there appeared s
eral papers which have some overlap with our work. Re
ence @17# contains a discussion of the minimal anoma
mediated model, which agrees with our result, Refs.@18,19#
contain some discussion of gauge-mediated model, and
dilaton-mediated and gauge-mediated models are discu
in Ref. @25# also.
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