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Updated implications of the muon anomalous magnetic moment for supersymmetry
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We reexamine the bounds on supersymmetric particle masses in light of the new E821 data on the muon
anomalous magnetic moment and the revised theoretical calculations of its hadronic contributions. The current
experimental excess is either 1.5s or 3.2s, depending on whethere1e2 or t-decay data are used in the
theoretical calculations for the leading order hadronic processes. Neither result is compelling evidence for new
physics. However, if one interprets the excess as coming from supersymmetry, one can obtain upper mass
bounds on many of the particles of the minimal supersymmetric standard model~MSSM!. Within this frame-
work we provide a general analysis of the lightest masses as a function of the deviation so that future changes
in either experimental data or theoretical calculations can easily be translated into upper bounds at the desired
level of statistical significance. In addition, we give specific bounds on sparticle masses in light of the latest
experimental and theoretical calculations for the MSSM with universal slepton masses, with and without
universal gaugino masses.
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In February 2001 the Brookhaven E821 experiment@1#
reported evidence for a deviation of the muon magnetic m
ment, am , from the standard model expectation of abo
2.7s. Immediately following that announcement appeare
number of papers analyzing the reported excess in term
various forms of new physics, including supersymme
~SUSY! @2–5#. Shortly thereafter, errors in the theoretic
calculation of the magnetic moment within the standa
model were discovered. In particular, the sign of the lig
by-light hadronic contribution toam was found to be in error
@6#, shifting the theoretical value by roughly 17310210 in
the direction of the E821 data. The resulting discrepa
between data and theory was then only about 1.6s, leaving
little indication of new physics.

Since that initial rise and ebb of interest inam , there has
been progress both theoretically and experimentally. On
theory side, in addition to the recalculation of the light-b
light scattering, there have also appeared new calculation
the other hadronic contributions toam @7–10#. On the experi-
mental front, E821 has announced@11# an updated measure
ment ofam using a data set four times larger than that a
lyzed in Ref.@1#. From their combined data sets, they obta
a world average foram slightly higher than their previous
measurement, but with significantly smaller errors. Th
various developments have now placed the discrepancy
tween experiment and theory in the range 1.5s to 3.2s.

The current deviation of E821’s measurement from
standard model provides no compelling evidence in favo
new physics. However, the attention paid to this process o
the last year warrants a reexamination of the bounds that
be placed on new physics by the current data, in particu
on new SUSY particles. If the small deviation inam is a sign
for new physics, then the SUSY explanation is, for many
us, the most exciting of the various proposals, since it
plies SUSY at a mass scale not far above the weak scal
particular, it implies a light slepton and a light gaugin
though ‘‘light’’ can still be as heavy as many hundred Ge

This paper plays two roles. First and more importantly,
present general bounds on the spectrum of SUSY masse
0556-2821/2003/67~7!/075004~11!/$20.00 67 0750
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any deviation of the muon magnetic moment from the th
retical standard model value. Any changes in the stand
model calculation or to the data itself will not affect th
general analysis; when new data or calculations appear
vised bounds can simply be read off the plots contained h
Second, we will determine specific 1s upper bounds on
SUSY states in light of the most recent E821 data and
latest theoretical calculations.

The existence of these bounds will rely on very simp
and clearly stated assumptions about the SUSY particle s
trum; these assumptions will not include fine-tuning co
straints.

I. SUSY AND aµ

The measurement performed by the E821 Collaboratio
of the muon’s anomalous magnetic moment,1 which is to say,
the coefficientam of the nonrenormalizable operator

am

2mm
c̄ sabcFab . ~1!

Within the standard model,am receives contributions from
QED, electroweak and hadronic processes, the latter usu
separated into contributions from vacuum polarization a
light-by-light scattering. While the QED and electrowea
contributions are well understood, the hadronic calculatio
are under scrutiny and require experimental input. For
purposes of this paper we will use the most recent deter
nation of the hadronic contributions available.

The QED and electroweak contributions toam are known
from Refs.@13# and @14#, respectively,

am
QED511 658 470.56~0.29!

am
EW515.2 ~0.1! ~2!

1See, however, Ref.@12#.
©2003 The American Physical Society04-1
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where we are expressingam in units of 10210. In the had-
ronic sector, the next-to-leading order~NLO! contributions
have been known for several years, while the light-by-lig
~LBL ! contributions have been updated in the last year:

am
Had,NLO5210.0 ~0.6!

am
Had,LBL58.0 ~4.0! ~3!

~see Refs.@15# and @6#, respectively!. The calculation of
leading order~LO! hadronic contributions requires inpu
from experiment. Davieret al. @9# have calculated the LO
hadronic pieces usinge1e2 scattering data and alternative
with a combination ofe1e2 andt-decay data. They find

am
Had,LO5H 684.7 ~7.0! ~no t data!

701.9 ~6.2! ~t data!.
~4!

Hagiwaraet al. have also calculated the LO hadronic cont
bution without thet data in Ref.@10#:

am
Had,LO5683.1 ~6.2! ~no t data! ~5!

which is consistent with the above evaluation. For our e
mate ofam without t data we will use the average of the tw
results stated above and the larger error. Adding the co
butions gives the standard model prediction foram :

am5H 11 659 167.7~8.1! ~no t data!

11 659 185.7~7.4! ~t data!.
~6!

Since the two values are mutually inconsistent, we will n
combine them into a single prediction ofam .

The new measurement made by E821 is@11# am
E821

511 659 204 (7)(5)310210 yielding a world average of

am
exp511 659 203 ~8!310210 ~7!

from which one deduces a discrepancy between the exp
ment and the standard model of

dam5H 35~11!310210 ~no t data!

17~11!310210 ~t data!
~8!

where we have added the theoretical and experimental e
in quadrature. Thus, the deviation is either 3.2s or 1.5s,
depending on whether or not thet data is used. In the analy
sis that follows, we present results using both values ofdam
from Eq. ~8!.

The SUSY contributions toam have been known since th
early days of SUSY and have become more complete w
time @16#. In this paper we will follow the notation of Ref
@4#, which has the advantage of using the standard conv
tions of Haber and Kane@17#; any convention which we do
not define here can be found in either of these two pape

Prior to the revision of the theoretical calculations and
release of the newest E821 data, there were a numbe
analyses in the context of SUSY@2–5#. The present author
also presented an analysis of the full minimal supersymm
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ric standard model~MSSM! with and without gaugino unifi-
cation and neutralino lightest supersymmetric particle~LSP!
constraints@18#.

A. The diagrams

In the mass eigenbasis, there are only two one-loop SU
diagrams which contribute toam , shown in Fig. 1. The first
has an internal loop of smuons and neutralinos, the seco
loop of sneutrinos and charginos. But the charginos, neut
nos and even the smuons are themselves admixtures of
ous interaction eigenstates and we can better understan
physics involved by working in terms of these interacti
diagrams, of which there are many more than two. We
easily separate the leading and subleading diagrams in
interaction eigenbasis by a few simple observations.

First, the magnetic moment operator is a helicity-flippi
interaction. Thus any diagram which contributes toam must
involve a helicity flip somewhere along the fermion curre
This automatically divides the diagrams into two class
those with helicity flips on the external legs and those w
flips on an internal line. For those in the first class, the a
plitude must scale asmm ; for those in the second, the am
plitudes can scale instead bymSUSY, wheremSUSY represents
the mass of the internal SUSY fermion~a chargino or neu-
tralino!. Since mSUSY@mm , it is the latter class that will
typically dominate the SUSY contribution toam . Therefore
we will restrict further discussion to this latter class of di
grams alone.

Secondly, the interaction of the neutralinos and chargi
with the ~s!muons and sneutrinos occurs either through th
higgsino or gaugino components. Thus each vertex implie
factor of eitherym ~the muon Yukawa coupling! or g ~the
weak and/or hypercharge gauge coupling!. Given two verti-
ces, the diagrams therefore scale asym

2 , gym or g2. In the
standard model,ym is smaller thang by roughly 1023. In the
minimal SUSY standard model~MSSM! at low tanb, this
ratio is essentially unchanged, but becauseym scales as
1/cosb, at large tanb (;60) the ratio can be reduced t
roughly 1021. Thus we can safely drop theym

2 contributions
from our discussions, but at large tanb we must preserve the
gym pieces as well as theg2 pieces.2

The pieces that we will keep are therefore shown in F
2. In Figs. 2~a!–2~e! are shown the five neutralino contribu
tions which scale asg2 or gym ; in Fig. 2~f! is the only
chargino contribution, scaling asgym . The contributions to
am from thei th neutralino and themth smuon due to each o

2Pieces which are dropped from our discussion are still retaine
the full numerical calculation.

FIG. 1. Supersymmetric diagrams contributing toam at one
loop.
4-2
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these component diagrams are found to be

dam5
1

48p2

mmmÑi

mm̃m

2 F2
N~xim!

3

¦

g1
2Ni1

2 Xm1Xm2 ~B̃B̃!

g1g2Ni1Ni2Xm1Xm2 ~W̃B̃!

2A2g1ymNi1Ni3Xm2
2

~H̃B̃!

1

A2
g1ymNi1Ni3Xm1

2 ~B̃H̃ !

1

A2
g2ymNi2Ni3Xm1

2 ~W̃H̃ !

~9!

and for thekth chargino and the sneutrino

dam52
1

24p2

mmmC̃k

mñ
2 F2

C~xk!g2ymUk2Vk1 ~W̃H̃ !.

~10!

The matricesN, U andV are defined in the Appendix alon
with the functionsF2

N,C . A careful comparison to the equa
tions in the Appendix will reveal that we have dropped
number of complex conjugations in the above expression
has been shown previously@3,4# that the SUSY contributions
to am are maximized for real entries in the mass matrices
so we will not retain phases in our discussion.

In many of the previous analyses of the MSSM parame
space, it was found that it is the chargino-sneutrino diagr
at large tanb that can most easily generate values ofdam
large enough to explain the observed discrepancy. From
observation, one can obtain an upper mass bound on
lightest chargino and the muon sneutrino. However, this
havior is not completely generic. For example, Martin a
Wells emphasized that theB̃B̃ neutralino contribution could
by itselfbe large enough to generate the old observed ex

FIG. 2. Diagrams contributing toam in the interaction eigenba
sis.
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in am , and since it has no intrinsic tanb dependence, they
could explain the old excess with tanb as low as 3. We can
reproduce their result in a simple way because theB̃B̃ con-
tribution has a calculable upper bound at which the smu
mix at 45°,mm̃1

!mm̃2
, andmÑ1

!mÑ2,3,4
with Ñ15B̃. Then

udamu(B̃B̃)<
g1

2

32p2

mmmÑ1

mm̃1

2 .38003102103S mÑ1

100 GeV
D

3S 100 GeV

mm̃1

D 2

~11!

where we have used the fact that (X11X12)<
1
2 and F2

N<3
and have included a 7% two-loop suppression factor. Tho
any real model will clearly suppress this contribution som
what, this is still 102 times larger than needed experime
tally.

This pureB̃B̃ scenario is actually an experimental wor
case, particularly for hadron colliders. The only spartic
that are required to be light are a single neutralino~which is
probablyB̃ like! and a singlem̃. The neutralino is difficult to
produce, and if stable, impossible to detect directly. The n
tralino could be indirectly observed in the decay of them̃ as
missing energy, but production of am̃ at a hadron machine is
highly suppressed. In the worst of all possible worlds, E8
could be explained by only these two light sparticles, w
the rest of the SUSY spectrum hiding above a TeV. Furth
even the ‘‘light’’ sparticles can be too heavy to produce a
500 GeV linear collider. While this case is in no way g
neric, it demonstrates that the E821 excess does not pro
any sort of no-lose theorem~even at 1s) for the Fermilab
Tevatron, the CERN Large Hadron Collider~LHC! or the
Next Linear Collider~NLC!.

This raises an important experimental question: h
many of the MSSM states must be ‘‘light’’ in order to expla
the E821 data? In the worst case, it would appear to be o
two. Even in the more optimistic scenario in which th
chargino diagram dominatesdam , the answer naively ap
pears to be two: a single chargino and a single sneutrino
this limit,

udamu(C̃ñ)<
g2ym

24p2

mmmC̃1

mñ
2 uF2

Cumax&2600310210

3S mC̃1

100 GeV
D S 100 GeV

mñ
D 2S tanb

30 D ~12!

where we have boundeduF2
Cu by 10 by assumingmñ

&1 TeV. But this discussion is overly simplistic, as we w
see.

B. Mass correlations

There are a total of 9 separate sparticles which can e
the loops in Fig. 1: 1 sneutrino, 2 smuons, 2 charginos an
4-3
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neutralinos. The mass spectrum of these 9 sparticles is d
mined entirely by 7 parameters in the MSSM: 2 soft slep
masses (mL , mR), 2 gaugino masses (M1 , M2), them term,
a soft trilinear slepton coupling (Am̃) and finally tanb. Of
these,Am̃ plays almost no role at all and so we leave it out
our discussions~see the Appendix!. And in some well-
motivated SUSY-breaking scenarios,M1 and M2 are also
correlated. Thus there are either 5 or 6 parameters res
sible for setting 9 sparticle masses. There are clearly n
trivial correlations among the masses which can be explo
in setting mass limits on the sparticles.

First, there are well-known correlations between t
chargino and neutralino masses; for example, a light cha
C̃i;W̃ implies a light neutralÑj;W̃ and vice versa.

There are also correlations in mixed systems~i.e., the neu-
tralinos, charginos and smuons! between the masses of th
eigenstates and the size of their mixings. Consider the c
of the smuons in particular; their mass matrix is given in
Appendix. On diagonalizing, the left-right smuon mixin
angle is given simply by

tan 2um̃.
2mmm tanb

ML
22MR

2
. ~13!

The chargino contribution is maximized for large smu
mixing and large mixing occurs when the numerator is
order or greater than the denominator; since the forme
suppressed bymm , one must compensate by having eithe
very largem term in the numerator or nearly equalML and
MR in the denominator, both of which have profound im
pacts on the spectrum.

There is one more correlation/constraint that we fee
natural to impose on the MSSM spectrum: slepton mass
versality. It is well known that the most general version
the MSSM produces huge flavor-changing neutral curre
~FCNCs! unless some external order is placed on the MS
spectrum. By far, the simplest such order is for spartic
with the same gauge quantum numbers to be degene
This requirement is most stringent in the squark sector,
also holds in the slepton sector due to nonobservation om
→eg andt→mg. In any case, mechanisms which gener
degeneracy in the squarks usually do so among the slep
as well. Thus we assumemt̃L

5mm̃L
[mL and mt̃R

5mm̃R

[mR . Then the mass matrix for the stau sector is identica
that of the smuons with the replacementmm→mt in the off-
diagonal elements. This enhancement of the mixing in
stau sector bymt /mm.17 implies thatmt̃1

,mm̃1
. In par-

ticular, if

ML
2MR

2,mt
2 m2tan2b ~14!

then mt̃1

2
,0 and QED will be broken by a stau vacuu

expectation value~VEV!. Given slepton universality, this im
poses a constraint on the smuon mass matrix

ML
2MR

2.S mt

mm
D 2

mm
2 m2tan2b ~15!
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or on the smuon mixing angle

tan 2um̃,S mm

mt
D 2MLMR

ML
22MR

2
~16!

whereML,R are the positive roots ofML,R
2 . While not elimi-

nating the possibility ofum̃.45°, this formula shows that a
fine tuning of at least 1 part in 17 is needed to obtainO(1)
mixing. We will not apply any kind of fine-tuning criterion to
our analysis, yet we will find that this slepton mass univ
sality constraint sharply reduces the upper bounds on sle
masses which we are able to find in our study of points
MSSM parameter space.

~As an aside, if one assumes slepton mass universalit
some SUSY-breaking messenger scale above the weak s
Yukawa-induced corrections will break universality by dri
ing the stau masses down. This effect would further tigh
our bounds on smuon masses and mixings.!

The above discussion has an especially large impac
the worst-case scenario in which theB̃B̃ contributions domi-
natesdam . For generic points in MSSM parameter spac
one expects that tan 2um̃&1/17 which reduces the size of th
B̃B̃ contribution by a factor of 17. As a byproduct, th
masses required for explaining the E821 anomaly are pus
back toward the experimentally accessible region.

II. NUMERICAL RESULTS

Now that we have established the basic principle of o
analysis, we will carry it out in detail. We will concentrate o
three basic cases. The first case is the one most often co
ered in the literature: gaugino mass unification. Here o
assumes that the weak-scale gaugino mass parametersM1
and M2) are equal at the same scale at which the ga
couplings unify. This implies that at the weak scaleM1
5(5/3)(a1 /a2)M2. The second case we consider is iden
cal to the first with the added requirement that the light
SUSY sparticle~LSP! be a neutralino. This requirement
motivated by the desire to explain astrophysical dark ma
by a stable LSP. Finally we will also consider the most ge
eral case in which all relevant SUSY parameters are left f
and independent of each other; we will refer to this as
‘‘general MSSM’’ case.

The basic methodology is simple: we put down a logari
mic grid on the space of MSSM parameters (M1 , M2 , mL ,
mR and m) for several choices of tanb. The grid extends
from 10 GeV for M1 , M2 and m, and from 50 GeV for
mL,R , up to 2 TeV for all mass parameters. For the case
which gaugino unification is imposedM2 is no longer a free
parameter and our grid contains 108 points. For the genera
MSSM case our grid contains 33109 points. Onlym.0 is
considered since that maximizes the value ofdam . Finally,
for our limits on tanb we used an adaptive mesh routin
which did a better job of maximizingdam over the space of
MSSM inputs. By running with grids of varying resolution
and offsets we estimate the error on our mass bounds t
less than65%.
4-4



s

UPDATED IMPLICATIONS OF THE MUON ANOMALOUS . . . PHYSICAL REVIEW D 67, 075004 ~2003!
FIG. 3. ~Color online! Bounds on the masses of the four lightest sparticles as a function ofdam for tanb53, 10, 30 and 50. These figure
assume gaugino unification only. The vertical dotted lines represent the 1s bounds using thet-decay data (dam56) or not (dam524).
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A. Bounds on the lightest sparticles

Perhaps the most important information that can be g
nered from the E821 data is an upper bound on the sca
sparticle masses. In particular, one can place upper bo
on the masses of the lightest sparticle~s! as a function of
dam . Here we will derive bounds on the lightest slepton a
chargino, but we will also derive bounds on the lightest s
eral sparticles, independent of their identity.

These bounds on additional light sparticles provide an
portant lesson. Without them there remains the very real p
sibility that the E821 data is explained by a pair of lig
sparticles and that the remaining SUSY spectrum is ou
reach experimentally. But our additional bounds will give
some indication not only of where we can find SUSY, b
also of how much information we might be able to extra
about the fundamental parameters of SUSY—the more s
ticles we detect and measure, the more information we
have for disentangling the soft-breaking sector of the MSS

In Fig. 3 we have shown the upper mass bounds for
lightest four sparticles assuming gaugino mass unificat
These bounds are not bounds on individual species of s
ticles ~which will come in the next section and always b
larger than these bounds! but simply bounds on whateve
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sparticle happens to be lightest. The important points to n
are as follows:~i! the maximum values of the mass corr
spond to the largest value of tanb, which is to be expected
given dominance of the chargino diagram at large tanb; ~ii !
the 1s limit without ~with! the t data requires at least
sparticles to lie below roughly 490 (990) GeV;~iii ! for the
central value of the E821 data, at least 4 sparticles mus
below 585 (915) GeV; and~iv! for low values of tanb a
maximum value ofdam is reached~we will return to this
later!.

The same plots could be produced with the additio
assumption that the LSP be a neutralino, but we will on
show the case for the LSP bound in Fig. 4. In this figure
solid lines correspond to a neutralino LSP, while the dot
lines are for the more general case discussed above~i.e., they
match the lines in the tanb550 plot of Fig. 3!. Notice that
for dam*40310210 there is little difference between th
cases with and without a neutralino LSP. At the extre
upper and lower values of tanb there is also little difference
It is only for the intermediate values of tanb that the mass
bound shifts appreciably; for tanb510 it comes down by as
much as 50 GeV when one imposes a neutralino LSP.

Finally, we consider the most general MSSM case, i
without gaugino unification. Here the correlations are mu
4-5
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less pronounced, but interesting bounds still exist. For
ample, the central value of the E821 data still demand
least 3 sparticles below 525 (770) GeV. In Fig. 5 we de
onstrate this explicitly by plotting the masses of the fo
lightest sparticles for tanb550 and a wide range ofdam .
~We also plot the mass bound on the LSP in Fig. 4 with
label ‘‘General MSSM.’’! We see that dropping the gaugin
unification requirement has one primary effect: the mass
the LSP is significantly increased. This is because the LS
the unified case is usually aÑ1;B̃, but it is not itself re-
sponsible for generatingdam . In the general case, the LS
must participate indam ~otherwise its mass could be arb
trarily large! and so is roughly the mass of thesecondlight-
est sparticle in the unified case, whether that be am̃ or C̃.
Otherwise the differences between the more general MS
and the gaugino unified MSSM are small.

FIG. 4. ~Color online! Bound on the mass of the LSP as
function of dam for tanb53, 5, 10, 30 and 50. The dotted line
assume gaugino unification only while the solid lines require ad
tionally that the LSP is a neutralino. The dashed line is the boun
the general MSSM, calculated at tanb550.

FIG. 5. ~Color online! Bounds on the masses of the four lighte
sparticles as a function ofdam for tanb550. The dotted lines as
sume gaugino unification only while the solid lines are for the g
eral MSSM.
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We have summarized all this data on the LSP in Tabl
where we have shown the mass bounds using the 1s limit of
the E821 data on the LSP for various tanb values with our
various assumptions. The numbers represent the bou
without ~with! the inclusion of thet decay data. The last line
in the table represents an upper bound for any model w
tanb<50: mLSP,475 GeV (1 TeV) for the E821 1s lower
bounds ofdam . But perhaps of equal importance are t
bounds on the next 2 lightest sparticles~the ‘‘2LSP’’ and
‘‘3LSP’’ !: Using am calculated withoutt-decay data,m2LSP
,485 GeV andm3LSP,630 GeV; for the value ofam calcu-
latedwith the t data,m2LSP,1 TeV, whilem3LSP is pushed
somewhat above 1 TeV. Note that the bound on the 2LS
essentially identical to that on the LSP. The central value
the E821 anomaly further implies a fourth~third! sparticle
below 1 TeV even in this most general case.

B. Bounds on the sparticle species

In Sec. II A we derived bounds on the lightest sparticl
independent of the identity of those sparticles. Another i
portant piece of information that can be provided by th
analysis is bounds on individual species of sparticles,
example, on the charginos or on the smuons. These bo
will of necessity be higher than those derived in the previo
section, but they still provide important information abo
how and where to look for SUSY. In particular, they can he
us gauge the likelihood of finding SUSY at run II of th
Tevatron or at the LHC.

There is one complication in obtaining these bounds.
low tanb the data are most easily explained by the ne
tralino diagrams and as such there must be at least one
smuon and one light neutralino. At larger tanb contributions
from the chargino diagrams dominate, implying a lig
chargino and sneutrino. However, the correlations alre
discussed preserve the bounds on the various species
the whole range of tanb. A bound onmñ implies a bound on
mm̃1

, and a bound onmC̃1
implies a bound on at least one o

the mÑi
, and in certain cases~such as gaugino unification!,

the converses may be true as well.
We have shown in Fig. 6 the mass bounds onm̃1 andÑ1

under the assumption of gaugino unification; a plot

i-
in

-

TABLE I. Upper bounds on the mass~in GeV! of the lightest
sparticle for the general MSSM, the MSSM with gaugino ma
unification, and the MSSM with gaugino mass unification plus
neutralino LSP. The entries represent the 1s bound without~with!
the inclusion of thet decay data. The boldfaced tanb550 entries
represent upper bounds over all tanb<50.

Mass General Gaugino 1 Dark
bound MSSM unification matter

tanb53 205 (331) 140 (230) 115 (215)
5 235 (395) 170 (280) 135 (280)

10 280(475) 215 (350) 150 (325)
30 340(750) 305 (580) 275 (565)
50 475 (1000) 370 (765) 365 (765)
4-6
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C̃1 /Ñ2 will appear later in our discussion of Tevatron phy
ics. Note thatÑ1 must lie below 500 (950) GeV, even fo
large tanb, thanks to the gaugino unification conditio
while m̃1 can be heavier but must still lie below
915 (1800) GeV at 1s.

Finally, we can consider the general MSSM witho
gaugino unification. The results are shown schematically
Fig. 7 where the general MSSM bounds~solid lines! are
shown alongside the gaugino unification bounds~dashed
lines!.

We can see from the figure that the bound on them̃1 is
essentially identical to that in the gaugino unification pictu
However, the gaugino masses have shifted, and the reas
no mystery. Once again, the lightest neutralino is no long
B̃-like spectator to the magnetic moment, but is aW̃-like
partner of a participatingW̃-like chargino.

The results of these plots for the current discrepancy
summarized as follows. For the MSSM with gaugino un
cation, the lightest neutralino must fall belo
500 (950) GeV for a 1s deviation. The lighter smuon mus

FIG. 6. ~Color online! Bounds on the masses ofÑ1 andm̃1 as a
function of dam for various tanb with gaugino mass unification
assumed. Again, the vertical dotted lines indicate 1s bounds with-
out ~with! the inclusion of thet decay data.
07500
t
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lie below 915 GeV (1.8 TeV). Without thet-decay data, the
lighter chargino falls below 890 GeV; using thet data, the
bound rises above 2 TeV.

For the worst case, the general MSSM, the smuon bo
increases by only about 50 GeV over the gaugino unificat
limits and the neutralino bounds increase to 890 GeV~over
1 TeV), only slightly higher than the unified case. Howev
the bounds on the lighter chargino jump above 2 TeV.

C. Bounds on tanb

The final bound we will investigate using the E821 data
on tanb. There had been, after the appearance of the orig
E821 data, some discussion in the literature about which
ues of tanb were capable of explaining it. In particular, a
lower tanb there is a real suppression in the maximum s
of dam . In Fig. 8 we have shown the maximum attainab

FIG. 7. ~Color online! Bounds on the masses ofm̃1 , C̃1, andÑ1

as a function ofdam for tanb550, with gaugino unification~solid!

and in the general MSSM~dashed!. The two lines for them̃1 essen-
tially overlap.

FIG. 8. ~Color online! Bounds on tanb as a function ofdam for
the general MSSM. The dotted lines represent the 1s limits, with-
out ~with! the inclusion of thet decay data.
4-7
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value of dam as a function of tanb in the general MSSM;
adding the assumption of gaugino unification changes
figure only slightly.

The limit in Fig. 8 clearly divides into two regions. A
dam.36310210 the chargino contribution dominates an
thus dam}ym , scaling linearly with tanb. At lower dam ,
however, both neutralino and chargino contributions can
important so it becomes possible to generatedam with much
smaller values of tanb than would be possible from th
charginos alone. The E821 data does not therefore imply
bound on tanb whatsoever, neither at 1s nor at the experi-
mental central value. Further reductions in the size of
error bars will not change this result, so long as the cen
value remains at or below its current 1s upper bound.

D. Implications for the Tevatron

At its simplest level, the measurement ofdam , an
anomaly in the lepton sector, has little impact on the Te
tron, a hadron machine. In particular, the light smuons as
ciated withdam cannot be directly produced at the Tevatro
occurring only if heavier non-leptonic states are produc
which then decay to sleptons. In the calculation ofam , the
only such sparticles are the neutralinos and charginos. T
states can be copiously produced and in fact form the in
state for the ‘‘gold-plated’’ SUSY trilepton signature.

Of particular interest for the trilepton signature are t
masses of the lighter chargino (C̃1) and the second lightes
neutralino (Ñ2). Studies of minimal supergravity
~MSUGRA! parameter space indicate that the sensitivity
the trilepton signature at run II or III of the Tevatron depen
strongly on the mass of sleptons which can appear in
gaugino decay chains. For heavy sleptons, the Tevatro
only sensitive to gaugino masses in the range@19# mC̃1 ,Ñ2

&130 to 140 GeV for 10 fb21 of luminosity and 145 to
155 GeV for 30 fb21, where the quoted ranges take o
from low to high tanb. However, for light sleptons~below
about 200 GeV) the range is considerably extended, u
gaugino masses around 190 to 210 GeV.

It is impossible in the kind of analysis presented here
comment on the expected cross sections for the neutra
chargino production~for example, there is no information i
am on the masses of thet-channel squarks! but we can ex-
amine the mass bounds onC̃1 and Ñ2. In Fig. 9 we have
shown just that: the upper bound on theheavierof eitherC̃1

or Ñ2 as a function ofdam for several values of tanb.
A few comments are in order on the figure. First, th

figure assumes gaugino unification; dropping that assu
tion can lead to significantly heavier and unequal masses
the Ñ2 and C̃1. Second, we have also assumed a neutra
LSP; this is to be expected since the event topology for
trilepton signal assumes a stable, neutralino LSP. Finally
the y axis is actually plottedmC̃1

, but in every case we ex
amined with gaugino unification, the difference in the ma
mum masses ofC̃1 and Ñ2 differed by at most a few GeV
This is because they are both dominantlyW-ino-like in the
unified case and thus have masses.M2.
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From the figure it is clear that one cannot devise a no-l
theorem for the Tevatron from current E821 data. Howev
if tanb is small anddam>35310210 ~the current central
value using onlye1e2 data! then the gauginos may b
within the Tevatron’s reach. We must also emphasize t
these areupper boundson the sparticle masses and in no w
represent best fits or preferred values. Thus, for small tanb,
there is reason to hope that the Tevatron will be able to pr
the gaugino sector in run II or III; for larger tanb there is
little information about SUSY at the Tevatron to be garner
from am .

E. Implications for a linear collider

A consensus has emerged in favor of building aAs
5500 GeV linear collider, presumably a factory for spa
ticles with masses below 250 GeV. What does the meas
ment of am tell us with regards to our chances for seei
SUSY atAs5500 GeV? And how many sparticles will b
actually accessible to such a collider?

The analysis of the previous section can put a low
bound on the number of observable sparticles at a lin
collider as a function ofdam and tanb and we show those
numbers as a histogram in Fig. 10. In this figure we ha
shown theminimumnumber of sparticles with mass belo
250 GeV for tanb53, 10, 30 and 50, assuming gaugin
unification. In the graph, the thinner bars represent sma
tanb. As is to be expected, the number of light states
creases with increasingdam and with decreasing tanb.
However, note that there are no tanb53 lines fordam>40
310210 since there is no way to explain such largedam
values at low tanb.

We see from the figure that at low tanb, there is a 1s
‘‘guarantee’’ that at least 1 to 4 sparticles will be produced
a 500 GeV linear collider, depending on whether thet decay
is used. This counting does not include extra sleptons du
slepton mass universality; for example, a light mu
sneutrino also implies light tau and electron sneutrinos,

FIG. 9. ~Color online! Mass bounds onC̃1 andÑ2 ~wheremC̃1

.mÑ2
) as a function ofdam for tanb53, 5, 10, 30 and 50. The

dotted lines represent the 1s bounds without~with! the inclusion of
the t decay data. This figure assumes gaugino unification an
neutralino LSP.
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likewise for the charged smuon. We see also that for tab
*30 there is no such guarantee that a 500 GeV mac
would produce on-shell sparticles; this is not to be taken
mean that one should not expect their production, simply
am cannot guarantee it.

A similar bar graph can also be made for a 1 TeV m
chine, though we do not show it here. However, the relev
numbers can be inferred from Fig. 3.

Note that any particular class of models, such as grav
or gauge-mediated SUSY breaking, may not saturate
bounds presented here. That is, other constraints may
out all regions of parameter space in whichdam exceeds
some maximum value. However, if a model does allow
particular value ofdam , then pursuant to the conditions di
cussed here, that model must have at least as many
particles as the number given above.

III. CONCLUSIONS

Deviations in the muon anomalous magnetic mom
have long been advertised as a key hunting ground for i
rect signatures of SUSY. However, the current experime
excess is too small, given the large theoretical uncertain
to provide statistically significant evidence for SUSY.

The most recent standard model calculations indicate
excess of either 1.5s or 3.2s. If one were to accept the E82
anomaly as evidence for SUSY~at either of these values!,
then a number of statements can be inferred at the 1s con-
fidence level:

The lightest sparticle must lie below 475 GeV (1 TeV)
For models with unified gaugino masses, there must b

least 2 sparticles with masses below 585 GeV (1 TeV).
There is no lower bound on tanb.
Bounds on individual species of sparticles are weak

usually falling at or above 1 TeV.
However, these pessimistic bounds are over all tanb,

which means effectively that they are the bounds wh

FIG. 10. ~Color online! Minimum number of sparticles directly
observable at aAs5500 GeV linear collider as a function ofdam .
The bars represent tanb53, 10, 30 and 50. This graph assum
gaugino unification but does not include additional sleptons imp
by slepton mass universality.
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tanb550, the maximum value we considered. For lo
tanb, the bounds on sparticle masses are much smaller
tanb53 and with gaugino unification and a neutralino LS
there must be a sparticle below 115 (215) GeV, within t
range accessible in the very near future. So, while the bou
placed on SUSY byam are relatively weak when no con
straints are placed on the MSSM, constraining the mode
demanding gaugino unification or low~er! tanb can bring
down the mass bounds into the experimentally interes
region.
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APPENDIX

The supersymmetric contributions toam are generated by
diagrams involving charged smuons with neutralinos, a
sneutrinos with charginos. The most general form of the c
culation, including phases, takes the form~we follow Ref.
@4#!:

dam
(Ñ)5

mm

16p2 (
i ,m H 2

mm

12mm̃m

2 ~ unim
L u21unim

R u2!F1
N~xim!

1
mÑi

3mm̃m

2 Re@nim
L nim

R #F2
N~xim!J

dam
(C̃)5

mm

16p2 (
k

H mm

12mñ
2 ~ uck

Lu21uck
Ru2!F1

C~xk!

1
2mC̃k

3mñ
2 Re@ck

Lck
R#F2

C~xk!J ~A1!

where i 51,2,3,4, m51,2, andk51,2 label the neutralino
smuon and chargino mass eigenstates, respectively, and

nim
R 5A2g1Ni1Xm21ymNi3Xm1 ,

nim
L 5

1

A2
~g2Ni21g1Ni1!Xm1* 2ymNi3Xm2* ,

~A2!
ck

R5ymUk2 ,

ck
L52g2Vk1 ,

d
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ym5g2mm /A2mWcosb is the muon Yukawa coupling, an
g1,2 are the U~1! hypercharge and SU~2! gauge couplings.
The loop functions depend on the variablesxim5mÑi

2 /mm̃m

2 ,

xk5mC̃k

2 /mñ
2 and are given by

F1
N~x!5

2

~12x!4
@126x13x212x326x2ln x#

F2
N~x!5

3

~12x!3
@12x212x ln x#

~A3!

F1
C~x!5

2

~12x!4
@213x26x21x316x ln x#

F2
C~x!52

3

2~12x!3
@324x1x212 lnx#.

For degenerate sparticles (x51) the functions are normal
ized so thatF1

N(1)5F2
N(1)5F1

C(1)5F2
C(1)51. We can

also bound the magnitude of some of these functions
particular uF2

N(x)u<3 while uF2
C(x)u is unbounded asx

→0.
The neutralino and chargino mass matrices are given

MÑ5S M1 0 2mZsWcb mZsWsb

0 M2 mZcWcb 2mZcWsb

2mZsWcb mZcWcb 0 2m

mZsWsb 2mZcWsb 2m 0

D
~A4!

and

MC̃5S M2 A2mWsb

A2mWcb m
D ~A5!
tt

.

.
,

Q

07500
in

y

wheresb5sinb, cb5cosb and likewise foruW . The neu-
tralino mixing matrixNi j and the chargino mixing matrice
Ukl andVkl satisfy

N* MÑN†5diag~mÑ1
,mÑ2

,mÑ3
,mÑ4

!

~A6!
U* MC̃V†5diag~mC̃1

,mC̃2
!.

The smuon mass matrix is given in the$m̃L ,m̃R% basis as

M m̃
2

5S ML
2 mm~Am̃

* 2m tanb!

mm~Am̃2m* tanb! MR
2 D ~A7!

where

ML
25mL

21S sW
2 2

1

2DmZ
2 cos 2b

~A8!
MR

25mR
22sW

2 mZ
2 cos 2b

for soft massesmL
2 andmR

2 ; the unitary smuon mixing ma
trix Xmn is defined by

XMm̃
2

X†5diag ~mm̃1

2 ,mm̃2

2
!. ~A9!

We will define a smuon mixing angleum̃ such thatX11
5cosum̃ and X125sinum̃ . In our numerical calculations we
will set Am̃50. At low tanb we have checked that varyin
Am̃ makes only a slight numerical difference, while at lar
tanb it has no observable effect whatsoever. Finally, t
muon sneutrino mass is related to the left-handed sm
mass parameter by

mñ
2
5mL

21
1

2
mZ

2cos 2b. ~A10!

The leading two-loop contributions todam have been cal-
culated@20# and have been found to suppress the SUSY c
tribution by a factor (4a/p)log(mSUSY/mm)'0.07; we will
include this 7% suppression in all our numerical results.
.
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