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We study the muon anomalous magnetic dipole moment in supersymmetric theories. The impact of the
recent Brookhaven E821 experimental measurement on both model-independent and model-dependent super-
symmetric parameter spaces is discussed in detail. We find that values@famiow as 3 can be obtained
while remaining within the E821 one-sigma bound. This requires a light smuon; however, we show that,
somewhat surprisingly, no model-independent bound can be placed on the mass of the lightest chargino for any
tanB=3. We also show that the maximum contributions to the anomalous magnetic moment are insensitive to
CP-violating phases. We provide analyses of the supersymmetric contribution to the muon anomalous mag-
netic moment in dilaton-dominated supergravity models and gauge-mediated supersymmetry-breaking models.
Finally, we discuss how other phenomena, sucB@s— svy), relic abundance of the lightest superpartner, and
the Higgs boson mass may be correlated with the anomalous magnetic moment, but do not significantly impact
the viability of a supersymmetric explanation, or the mass limits obtainable on smuons and charginos.
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I. THE MUON ANOMALOUS MAGNETIC DIPOLE B. Supersymmetric contributions
MOMENT

There are many reasons to believe that the SM is an in-
A. Standard model prediction and experiment complete description of nature besides the present indica-
tions froma,, . For example, the SM does not explain baryo-
genesis, dark matter, the ratios of fundamental scales, or the
strengths of gauge and Yukawa interactions. Supersymmetry
is an appealing theoretical framework that may answer many
of the questions unanswerable within the $3M].

uA,, (1.1 The supersymmetry effec{$-20] on a,, include loops
with a chargino and a muon sneutrino, and loops with a
neutralino and a smuon. Summations are performed over all
rections, and is given to one-loop order in QED by such chargino, neutralino and smuon mass eigenstates. The

= a/27. Being a small correction to the tree-level magneticoenc(i;%?p zgsiirlgacr;nrﬁrlg?(ntrr']gl;téznsﬁg’ including the ef-
moment of the muon, it is called the anomalous magnetié P piexp ’

The amplitude for the photon-muon-muon coupling in the
limit of the photon momenturg going to zero can be written
as

oA

2 B
ZmM

Amplitude= ieﬁ{ Y +a,

wheree= J4magy. The second term comes from loop cor-

moment.
The state of the art calculation af, within the standard o My, m, L2 R |2yN
Y X —=_ = — L f .
model (SM) is [1] 08 = 16 % To? (Il >+ [Nim ) F 1 (Xirm)
Mm
a5V'=11659 159.66.7) X 10" *°. 1.2 o
Xi L RN
The majority of the uncertainty comes from hadrons in the T 32 Re[NimNim]F2 (Xim) 1.9
photon vacuum polarization diagram. Mm
Recently the Brookhaven E821 experiment has released a
new measurement @&, and found(2] m m
say = —*~ L (k]2 + | efP FS(x
af®'= 11659 20214)(6) X 10~ *° (1.3 “ 16w - 12m? (led e HF0u
M
From this one concludg$] om. «
X L R1=C
sa,=a5 ' ~a’M=(43+16)x10 . (1.4 T a? Re{ e ]F 7 (%) (1.6

v
s

This result indicates that the anomalous magnetic moment of
the muon may need additional contributions beyond the SMvherei=1,2,3,4 andn=1,2 andk=1,2 are neutralino and
to be consistent with the experimental measurement. smuon and chargino mass eigenstate labels respectively, and
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= v291Ni1Xmo+ Y, NizXim (1.7)
L 1 * *
nim:E(gzNinr91Ni1)xm1_yMNi3Xm2 (1.8
k=Y, Uk (1.9
Ck="—02Via (1.10

and yM=gzmM/\/§mW cosp is the muon Yukawa coupling.
The kinematic loop functions depend on the variablgs

2 2 2 2 .
=m_o/m~ , x,=m_./m- and are given by
Xi HMm Xk Yu

FY(x)= (1_X)4[l—6x+3x2+2x3—6x2Inx], (1.12)
F(x)= (1_X)3[1—x2+2xlnx] (1.12
Ff(x)zL[2+3x—6x2+x3+6xlnx] (1.13
(1-x)*
Fg(x)z—i[3—4x+x2+2mx], (1.14
2(1-x)3

normalized so thaEY(1)=F}(1)=F$(1)=F$(1)=1, cor-
responding to degenerate spatrticles.

By definition g,=0.66 andg,;=0.36 are the&sU(2)_ and
U(1)y gauge couplings. The phase conventiongoiollows

PHYSICAL REVIEW 54 035003

non-trivial phases are contained in the unitary mixing matri-

cesN, U, V. The smuon mass matrix, written in the, , g}
basis is

1 *
2o m?+ | s&,— 5) mZcos28 m,(A7 —ptanp) |
" 2 2 a2
m, (A, — u* tanpg) Mg— Sy,Mz COS 28

(1.19
and the unitary matrix,,, is defined by
2xt=di 2 m2

XM#X dlaQ{mﬂl,mM). (1.20

The muon sneutrino mass is related to the left-handed smuon
mass parameter by

(1.29

2_2. L o
m-=m{ Emzcosz&

The simplest analytic result to obtain from supersymmetry is
to assume that all superpartners have the same khagsy,
which leads to

2

tang m
da S'=—— —*—(5¢3+4})
k19202 M3 ey
100 GeVj® .
=14tang| ———| 10 (1.22
MSUSY

Refs.[3,4], so that the neutralino and chargino mass matricegith the chargino contribution dominating the neutralino

are given by
M4 0 —CgSwMz  SgSwMz
0 M, CgCwMz  —SgCywmy
M, o=
X —CgSwMz  Cplymyz 0 —u
SgSwmz  —SgCwMmz —u 0
(1.15
and
M, \/53 My
M el (1.16

= \/EC,BmW 1%

Here we have used abbreviatiogg=sing, c;=cosg, sy
=sin 6y, andcy,=coséy. The neutralino mixing matrii;;
and the chargino mixing matricés, andV,, are identical to
those in Refs[3,4]; they satisfy

N*M ,oN'=diag M, 0,M,9,M,0,m, 0)

(1.17)

U*M =V’ =diagm,=,m,=). (1.18

contribution[14]. The large taB scaling is easy to under-
stand, and is analogous to the large faanhancements of
B(b—sy) andAm, correctionsa,, requires a muon chiral-
ity flip, which usually costs an, suppression. However, the
Higgsino-smuon-muon vertex coupling can perform the
chirality flip with the muon Yukawa coupling,, , leading to

an enhancement,«~m,tang at large targ.

Another important limit which will play a role in the dis-
cussion of the next section is the case in whidh<M,, u,
so that only loops containing a ligig-ino and the smuons
are important. In that limit, we find

gf mMMiRgutang—Al]

48m° m2 —m?2
M2 M1

light B-ino__
oa, =

> (1.23
m~ m-~
M1 M2

% Fg(xll) _ Fg(z(lz)]

where xlszilmi . Note that Eq.(1.23 has a smooth
limit as the sleptons become degenerate. This yields a quite

In particular, the neutralino and chargino mass eigenvaluesizeable contribution in the case that all neutralinos and
are always chosen to be real and positive, regardless of theharginos except the ligi-ino become heavy. For example,
complex phases of the underlying Lagrangian parameters; alh the casem, ~my = 2.0M4, Eq. (1.23 becomes
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FIG. 1. The maximum possible values for the supersymmetric contribution to the muon anomalous magnetic moment, as a function of
the lighter chargino mass and the lighter smuon mass. Gaugino mass unification conditions have not been imposed. All charged superpartners
are required to be heavier than 100 GeV, and the lightest neutralino is required to be heavier than 50 GeV. The maximum allowed value for
|u| is taken to be 1000 GeV. The contours are shown from bottom to top fgg+ah, 3, 6, 10, 20, 30, 40, 50. The black bars on the right
vertical axes indicate the &-and 2o allowed regions from the Brookhaven E821 experiment.

3 II. RESULTS FOR GENERAL SUPERSYMMETRIC
' . 100 Ge u—A, cotg
light B-ino__ fad — 10 MODELS
oa, 18 tan,B( ~ \)) ( 1000 GeV)
(1.24 A. General MSSM parameters

The full minimal supersymmetric standard model
(This formula will eventually fail to be accurate for ex- (MSSM) parameter space contains dozens of parameters.
tremely hugeutang, in accord with decoupling, since then However, the supersymmetric contribution to the muon
my, ~my_ must fail badly) This situation is not quite in anomalous magnetic moment dependszat thze tree level only
effect in the usual supergravity-inspired and gauge-mediate@" the quantitiesM,, My, w, tanB, m, mg, andA,,.
supersymmetry breaking scenarios, but is certainly obtain] herefore it is possible to comprehend the impact of super-
able within a model-independent framework, as we shall seSymmetry by using scans over parameter space which in-
Furthermore, it could arise quite naturally in certain well- clude experimental constraints. Several recent papers have
defined extensions of the minimal supersymmetric standar@xamined the question of whether bounds can be put on su-
model (MSSM). For example, if supersymmetry breaking is perpartner masses and other parameters by taking the E821
manifested by arF-term vacuum expectation valUW’EV)  results at face value. In this section, we remark on the pos-
transforming in the adjoin24 representation of a grand uni- sibility of extracting such bounds in a model-independent,
fied theory (GUT) SU(5) gauge group, then the gaugino and therefore maximally conservative, supersymmetric
mass parameters are in the approximate ftjio M,: M :: framework.
1:6:—12 at the electroweak scdl21,22. Another class of We have conducted an exhaustive examination of the rel-
examples occurs in gauge-mediated supersymmetry breakirgzant MSSM parameter space without imposing conditions
[23,24 (GMSB) models which have messengers that are nothat follow from model-building prejudice, in particular
in completeSU(5) multiplets, but rather in representations without requiring the usual gaugino mass unification condi-
with more ele.CtrOW.eak Singlgts than doublets. These- mOdeﬁon betweean and M2' In generaL the Supersymmetric
naturaI.Iy predict &8-ino and right-handed sleptons which are gntribution toa. can be made larger for larger values of
much lighter than all electroweak doublet superpartf@8$ (453 and smaller masses of the lighter chargino. However,
The leading log contribution from two-loop evaluation i, contrast to some recent reports, we find that it is quite
[26] yields a suppression possible to accommodate the E821 results even with rather
low tangB and for arbitrarily heavy charginos. This can be
da Meysy seen directly from Eq(1.23), by plugging in typical values.
51.2%5% (oop= 2913Toop( 1- —In—) (1.25  Aslong asM; andM, are not tied together by a unification
™ My condition, the charginos can become very heavy for very
large M, and n while still leaving behind a contribution
WherEMSUSY is a typ|ca| Superpartner mass. This SuppresWhiCh is Iarge enough to fall within the E821 (i.'bounds,
sion factor varies between about 7% and 9% for the parampProvided only that a smuon is light ag| is not too small.
eter space we consider. Although a complete next leadingven for tang=2, the contribution can be large enough to
order (NLO) calculation has yet to be carried through in fall within the present 2 bounds.
supersymmetry, we have imposed in all of our numerical The results for the maximum possible value aj”>"
results below a uniform 7% reduction from the 1-loop calcu-—aiM are shown in Fig. 1. Here we have chosen to present
lation based on this leading-log estimate. contours for different values of ta#=2, 3, 6, 10, 20, 30, 40,
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50. All of the other parameters are taken to be independeninass unification on the parameter space.

subject to the constraint that all charged superpartners are Several features of Fig. 1 deserve comment. In the graph
heavier than 100 GeV and the lightest neutralino is heavieof maximuma$”>'—a3" as a function of chargino mass,
than 50 GeMto provide approximate agreement with presentthere are distinct regions separated by an “elbdwhich is

and imminent bounds from the final results of the CERNmost visibly pronounced in the case of {@r6). For
e"e” collider LEP2 experimenjsin order to avoid the pos- chargino masses to the right of the elbow in each case, the
sibility of charge- and color-breaking vacua, we have im-pound is saturated by models with the maximum allowed
posed a constraif,,|<3 Min[m_,mg]. The precise value yajye of|u| and smallM|, and in fact the graph is nearly
of this bound generally does not have a large effect on th@a: as the dominant contribution comes mainly from
contours shown. However, in these plots we have found if,q tralino-smuon loops, as in EG..23. These models also
appropriate to make two significant concessions to mOdelhave smuon masse@nd stau masspsear their lower

depgndent prejudice, as follows. bound. For chargino masses to the left of the elbow, the
First, we have also included a 100 GeV lower bound on SUSY_ 4SM tands to b turated f del
a, " tends to be saturated for models

. . ) L maximum ofa
the lighter stau mass, by assuming universality in soft slep-". [ )
g AL y 2 gz 2y 2 Pwith much smaller values dfe|, and the chargino loops play
ton parameters\;=A7; and m ~=m -~ and mg-=mg~, . o .
d then requirinae =100 Gev Wif/ﬁ these assum "fiAons a more important role. As tgh is increased, the chargino
an q gz, : P ' loops become relatively more important, and the dependence

requiring the staus to be heavier than 100 GeV imposes gn the chargino masses extends out to much larger values

stronger indirect constraint on the smuon, because of thgafore they decouple.
mixings proportional tom utang for staus andm,utang In the graph of maximunaSUSY—aM as a function of
) . . : " ”
for smuons. Strictly speakmg_, this type of requirement doesSmuon mass in Fig. 1, the cases with smaller@aexhibit
not correspond to a model-independent framework, Wher%ome structure. For smuon masses just above 100 GeV, the
lepton flavor universality need not be imposed; all bounds : '
P y P odels that saturate the bound hdwg of order 200 GeV;

from low-energy lepton-number violation can be evaded b h I hich Id otherwise |
simple alignment in lepton flavor space. However, perhapdi G 'arger vaiues ofu| which could otherwise increase
would conflict with our assumptions stated above re-

the most natural way to satisfy these constraints is to imposgx e : ) |
lepton universality at high energies. This constraint is mosparding the limit on the lighter stau mass. In an intermediate

significant for smaller smuon masses and smaller values df9ion for the lightest smuon mass, the models that saturate
tang (less than roughly 10 or $owhere the chargino- the bound are the ones with the maximum allowed value of

sneutrino loops do not necessarily dominat@jS'—aS™. x| and smallM,|, as suggested by E(L.23. This leads to

" : : SUSY_ SM. e : :
Since in most cases the bounds are saturated by large mixifgPump in the maximuna;; a, ; this is prominent for

in the slepton sectors arising dominantly from the effects ofan8=2,3, is just barely visible for tai=6 (near smuon
large ., this requirement is not very sensitive to the preciseMass of 145 Geyand disappears entirely for larger values
values used for the soft parametess, mg= and m, =, of tangB. For larger tarB or larger smuon masses, the models
which can be affected by renormalization group runningthat saturate the bound again have much smaier(of or-
from a high scale where universality is imposed. In any caseder 200 GeV.

we emphasize that in principleven largervalues ofas’s" The effect of varying the maximum allowed value fgu|
SM is illustrated in Fig. 2 for ta=3, using]|u|<500,1000,

4, can be obtained than are presented here, and 2000 GeV. The graph shows that for a given chargino
mass, the upper bound ai}"*Y—a3"is usually obtained for

Second, we have imposed a maximum value | af
<1000 GeV. If one chooses to allow larger valuesof ) .

dhe maximum allowedu|. However, as a function of the
lighter smuon mass, the upper boundagj?®"— a3 is satu-

then one can construct models with larger contributions t

SUSY ; ; ;
a, ', resulting from neutralino-smuon loops dominated by ) = u
a light smuon with a large mixing angle due to the off- rated for !argdu| only in a finite range of the smuon mass.
diagonal terms proportional fa in the squared-mass matrix. ~9@in, this is because for smuon masses very close to the
The prospect of very large:| often causes discomfort since €XPerimental limit, the effects of larde| are limited by our
it requires fine-tuning in the Higgs potential in order to ob- rgquwement that the stau is not too 'I|ght, Wh”? for suffi-
tain electroweak symmetry breaking in accord with experi-C'enﬂy Iarge_smuon masses the chargino-sneutrino loops be-
ment. However, it should be noted that in general the uppef°Me More important.
bound on contributions taiUSY increases with the assumed
maximum allowed u|.

We have not imposed any requirement that the lightest |t is also interesting to see how our results would change
supersymmetric particld.SP) is a neutralino. While the ex- if one restricts to a class of models that make the usual as-
istence of a neutralino LSP cquld make an attractive candisumption of gaugino mass unification predicted by
date for the cold dark matter, in a general model frameworksupergravity-inspired models with unification of gauge cou-
it is neither a necessary nor a sufficient condition for anplings and universal soft-supersymmetry breaking couplings,
acceptable cosmology. Furthermore, in models which satunamely
rate the maximum possible’"*Y, a neutralino is typically
light, so that imposing such a constraint would generally not
affect our results, except below when we impose gaugino

B. Gaugino mass unification

5
M1=§tanz OwM ,=0.5M,. (2.1
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FIG. 2. Effects of larger allowef|: the maximum possible values for the supersymmetric contribution to the muon anomalous magnetic
moment, as a function of the lighter chargino mass and the lighter smuon mass, for 8aand different value€000 GeV, 1000 GeV, 500
GeV from top to bottorn of the allowed maximumu|. Gaugino mass unification conditions have not been imposed. All charged super-
partners are required to be heavier than 100 GeV, and the lightest neutralino is required to be heavier than 50 GeV. The black bars on the
right vertical axes indicate the &-and 2o allowed regions from the Brookhaven E821 experiment.

It is plausible from a model-building perspective that sleptonloop also decouples. Without the gaugino mass unification
and Higgs boson soft squared masses can be affected gquirement, a significant contribution from the lightest
unknownD-term contributiong27-31] and other sources of smuon andB-ino—like neutralino loop can be independent of
non-universality. This supports the idea of an unrestrictedhe chargino masses. However, the results for the maximum
parameter space fon;, mg, u, andA,,, while still main- a5"*Y—a>" as a function of the lighter smuon mass are es-
taining the condition Eq(2.1). Therefore we show the ef- sentially unaffected by the requirement of gaugino mass uni-

fects of imposing this assumption on the parameter space ification, since the bounds in that case are saturated by mod-
Fig. 3. This graph shows that requiring gaugino mass unifix|g \with lighter charginos anyway.
cation does significantly impact the maximum obtainable

aiUSY— aiM for larger values of the chargino mass. This is C. Constraints on the effects of complex phases

clearly because if gaugino mass unification is imposed, The above results were obtained for general values of all
heavy charginos necessarily means that the neutralino-smu@mases oM, M, u, andA,, . Itis useful to remark that the

maximum values o&5">'—a3", for fixed magnitudes of the

20 A : - - parameters, is generally obtained when they are all real. For
\ MSSM, tanp = 3, 6, 10, 30 LT . .

80 A y rre—— example, this is illustrated for a particular choice of param-
. 70 —=~ Unified gaugino masses eters(close to a dilaton-dominated supergravity model
= Fig. 4. In the left graph, we show’,"*—a>" as a function
;‘ 5 of chargino mass, with fixed tah=30, [M;|=140 GeV,
Lo IM,|=280 GeV, |u|=500 GeV, and slepton parameters
z m_ =300 GeV, mg=225 GeV, andA,|=320 GeV. The
g 30 range of values foa">", obtained by varying over all
E 20 possible phase values, fills out the region enclosed in the
g 10 solid lines, while the circles at the corners denote the points
g , , , , , , obtained when all parameters are real. In the right-hand

100 200 300 400 500 600 700 graph, the same thing is done for the same model, but with

Chargino Mass [GeV] ||=280 GeV(equal toM,) so that chargino mixing and
_ o _ neutralino mixing effects are larger.
FIG. 3. Effects of a gaugino mass unification requirement: the ;g jjjystrates that while the dependence on the phases is
maximum possible values for the supersymmetric contribution to uite strong as has been noted in Ré1$,17], the maximal
the muon anomalous magnetic moment, as a function of the lighte ontribution to the muon anomalous m,agr;etic moment oc-

chargino mass. The solid lines are the general results as before for

tanB=3, 6,10, 30, while the dashed lines are obtained with thelurs for real parameters; in particular it usually occurs for

additional conditionM , = (5/3)tarf 6, M, imposed. The maximum POSitive real, if M, andM, are both positive and real. This
allowed value of| | is 1000 GeV. All charged superpartners are result is not surprising. Unlike chiral violating interactions,

required to be heavier than 100 GeV, and the lightest neutralino i$ P Violation breaks no symmetry critical t@,, and so its
required to be heavier than 50 GeV. The black bars on the righthtroduction cannot overwhelm the calculation. The extremes

vertical axis indicate the = and 2¢ allowed regions from the Of constructive and destructive interference naturally occur
Brookhaven E821 experimer(The corresponding plot as a func- for e'=+1 (i.e., ¢,=0 or ). Therefore, imposing
tion of the lighter smuon mass is essentially unaffected by thdoounds fromC P-violation experiments has no effect on the
gaugino mass unification condition. results shown in Figs. 1-3.
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FIG. 4. Effects of phases: the contribution to the muon anomalous magnetic moment as a function of the lighter chargino mass, with
magnitudes of all parameters held fixed. The dashed lines enclose the region obtained as the phases of all parameters are varied over al
possible values. The circles at the corners of the regions are obtained when all parameters are required to be real. The graph on the left is
obtained for a model close to a dilaton-dominated supergravity model, while the graph on the right is the same| pliadijtisted to equal
M.

I1l. EXPECTATIONS IN MINIMAL SUPERSYMMETRY spectra from thesAJET sugrun cod¢33] into thea,, formu-
MODELS las presented above.

The full supersymmetry parameter space, including all su- o _
persymmetric masses and mixing angles, contains well over A. Minimal supergravity

100 free parameters. The vast majority of this parameter SUGRA simplifies the derivation of the superpartner
space is ruled out by experimental measurements of protogpectrum by assuming that all gauginos unify at the grand
lifetime, flavor changing neutral currents, a@dP-violating  unified (GUT) scale with massn,;,, and all scalars unify at
observables. Ideas to solve these problems in supersymmetitye GUT scale with mass,. Additional free parameters are
are varied. However, there exists two baseline, or minimatang (the ratio of Higgs vacuum expectation valyed,
models, that are largely immune from all past experimentalcommon trilinear scalar coupling at the GUT sgaknd the
constraints, and are often employed to estimate accessibili§ign of u (the superpotential Higgs boson mixing mass pa-
of supersymmetry in new experiments. These two models ar@meter with sign convention of Ref§3,4]). For a more
called “minimal supergravity” (SUGRA and “minimal  thorough description of SUGRA and this parametrization,
gauge mediation{GMSB). see[34,22. _

One advantage of having minimal models as baselines for e Will illustrate the generic effects that SUGRA has on
comparing expectations of supersymmetry is that they exéu b_y initially restricting ourselves to the so-called dilaton
isted and were well-motivated before anomalies were seeffominated scenario where
by experiment. They therefore provide a more restrictive but
still dispassionate view of how easily supersymmetry can
accommodate non-SM effects, complementary to that ob- SuUSY

tained from the fully model-independent framework de—ln Fig. 5 we have plottedsa,, VS superpartner mass

scribed in the previous section. When the measurement c}fharglno and lightest smupfor various tang. The dashed

— . ines meanm,<114 GeV, in apparent conflict with LEP2
Ry,=I'(Z—bb)/I'(Z—had) appeared to have ar3devia-  pounds on the Higgs bosdB5]. If my,=114 GeV turns out
tion from the SM prediction, it was shown that supergravitytg pe the actual Higgs boson mass, as some tantalizing data
(SUEBRA) could not accommodate [82]. One could attain  geem to suggest, then one can spot the predictioaddyS”

RE™ in supersymmetry only by entertaining unusual cornergyy focusing on the interface between the dashed lines and the
of parameter space. It might be accurate to say that theolid lines.

SUGRA analysis oRy, has turned out to be the most enlight-  Going from right to left, some of the lines terminate
ening one. _ o _ abruptly. The reason for this is that we have required all

_ We perform the SUGRA analysis here for similar dispas-lines, dashed or solid, to be consistent with >100 GeV,
sionate reasons. One expects a large class of viable Supgfpich is our conservative cut based on anticipated limits
symmetric theories to be in the neighborhood of SUGRAom the final LEP2 analyses. Since the stau mass matrix in
especially for the subset of MSSM parameters that enter intq, st models, including this one, is correlated closely with

thea, calpulation. We also do an a_nalysis.for G.M.SB SiNCethe smuon mass matrix, we can test unambiguoushyrif
that constitutes a separate, equally interesting minimal mode<l100 GeV. When ta is large.m= <m- b th 1ﬁ
positioned in a different large neighborhood of viable super-~ eV. When ta is large,nm; <my, because the off-
symmetric theories. For the reader’s ability to reproduce oufliagonal part of the mixing matrix;-m,, ;utang, is larger

results, we define our models by feeding SUGRA and GMSHor ther than, and level repulsion of mass eigenstates will

my,=—Ao=+3m, (dilaton dominated  (3.1)
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FIG. 5. Predictions fom};">"—a>" in dilaton-dominated supergravity models with variousan2, 3, 6, 10, 20, 30, 40from bottom to
top), as a function of the lighter chargino mass and the lighter smuon mass. All charged superpartners are required to have mass above
100 GeV. The solid lines indicate where the lightest Higgs scalar bosonmassceeds its approximate LEP2 bound of 114 GeV, while

the dashed lines indicate wharg <114 GeV. The black bars on the right vertical axes indicate theahd 2 ¢ allowed regions from the
Brookhaven E821 experiment.

pushnr, lower thanmy, . The available smuon masses aregrand unification. Figure 6 plots the prediction &’ ~>" vs
also constrained bynxlr>100 GeV for tan3=2,3,6. For chargino mass and lightest slepton mass for various values of
these reasons, Fig. 5 has some lines ending within the pIotQ?O' Agam, the da;hed lines indicare, <114 GeV. The

As expected, the higher values of {@nhave higher dashed lines terminate on the left whem;(1r<1oo GEV.
5aSUSY ContributionS, have less prob'em with th@h Going from left to r|ght, the solid lines terminate becalﬁe
>114 GeV constraint, and have more problem with thePecomes the LSP. There are two problems with this. First,
;> 100 GeV constraint. The Higgs boson angd mass charged LSPs are cosmologically disfavof&d]. And sec-

i ) : . . ond, even if one assum@&sparity violation will decay away
corsuagr?mts are competing effects in the drive to get highpe gangerous charged relics, we would have to give up on
6a,">". In the end, large taf still wins out and we can ihe very attractive neutralino LSP of SUGRA. For this rea-
easily get within the & allowed region by requiring ta  gon we have terminated the lines when <m,o, although it

=20, m,»=260 GeV andm; =230 GeV; or tarB=30, g easy enough to visually follow where the lines would have

mX115325 GeVv andn;15280 GeV. extended in the higher chargino mass region.
Since5aSUS" scales as tag for large tang we now sup- From Fig. 6 we learn that for a large value of gnsuch
y2

press discussion of this known behavior by fixing gan asSthYchoice here of 30, large contributions are po;sible for
=30 and varym, within the SUGRA framework. We are 92, but the superpartner effects decouple rapidly. For
comfortable with this larger taf choice for another reason. t@ns=30, one requires m,»<350 GeV and my,
Namely,t —b— 7 Yukawa coupling unification is most easily <500 GeV to be within & of the measured value. Both
satisfied for larger tap theories[36]. This tri-unification of  these masses increase to approximately 600 GeV to find

Yukawa couplings is preferred in minimal version®©(10) oneself within 2r of the measured value.

90

. . 90 . v :
Dilaton‘—lgominated SUGRA Dilaton-dominated SUGRA
8o m,=3"m=-A, >0 1 8o m, =3"m A, >0
0F L tanp = 2,3,6,10,20,30,40 0F tanp=2,3,6,10,20,30,40
\ ———— m, <114 GeV \ ———m,
. 60 %\ \ :,.>114G:V . 60 "\\ zh:mg:\‘;
‘© 50 f\ © 50}
X 40t X a0} (
% = % =
o 30F o 30
> >
3. 20 ¢ 2 20F
mi'f N ‘/J: N ~
10 10 NS
0 L T 0 i
100 200 300 400 500 600 100 200 300 400 500
Chargino Mass [GeV] Smuon Mass [GeV]

FIG. 6. Predictions foa},”SY—a3" in minimal supergravity models with various,= 150, 200, 250, 350, 500, 750, 1000 GeV, from top
to bottom as a function of the lighter chargino mass and from left to right as a function of the lighter smuon mass. All charged superpartners
are required to have mass above 100 GeV. The solid lines indicate where the lightest Higgs scalar bosgpaxessds its approximate
LEP2 bound of 114 GeV, while the dashed lines indicate where 114 GeV. The black bars on the right vertical axes indicate theahd
2-0 allowed regions from the Brookhaven E821 experiment.
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FIG. 7. Predictions foa$">"—a%" in minimal GMSB models foNs,5=1 and various tag=2, 3, 6, 10, 20, 30, 40 and 5@rom
bottom to top, as a function of the lighter chargino mass and the lighter smuon mass. All charged superpartners are required to have mass
above 100 GeV. The solid lines indicate where the lightest Higgs scalar bosommasseeds its approximate LEP2 bound of 114 GeV,
while the dashed lines indicate wherg <114 GeV. The black bars on the right vertical axes indicate thednd 2 ¢ allowed regions
from the Brookhaven E821 experiment.

In short, the SUGRA model with large tghgenerically Our first illustration of the GMSB predictions will be for
gives large values ofa’"SY for superpartners with mass at the most minimal model of one messendet5, i.e., Ns
least as high as three times the current experimental limits=1. In Fig. 7 we plotsa’, " vs lightest chargino mass and
Therefore, SUGRA or some approximate to it would not be dightest smuon mass for various t@n Again, the dashed
surprising solution to the measured non-SM contribution oflines represenim, <114 GeV for comparison with LEP2

the muon anomalous magnetic moment. searches, and the lines terminate to the left becan,sie
<100 GeV.
B. Minimal gauge mediation We witness from Fig. 8 yet another example of how large
SuUSY
GMSB organizes the superpartner spectrum in an entirel{213 enhances tth}/Se\l(lue ok, """ For large but reasonable

different way, but with equal simplicity, by assuming that all Values of tarB, 5a;~>"is within 1o of the measured value.
superpartners get their masses by interacting through orgfgain, masses can be several times heavier than the current
nary gauge bosons with messenger fields that feel supersyrﬂmlts to accomp_hsh .thIS, and no addltlonfil c_:on;tramts such
metry breaking. In the minimal model the messenger field$S My or M limits disturb the result. An intriguing feature
are assumed to be equivalent to an integer numigj 6f  of this plot is the near-equal predictions of SUGRA dilaton
complete multiplets 06+ 5 fields of SU(5). Along with N5, ~ dominated scenario and;=1 GMSB for fixed chargino
other free parameters are the supersymmetry breaking scdlass. This only means that in both these minimal models the
JF, the messenger mass schlg,, and tang. For simplicity ~ rélative masses of the charginos and smuons are close for the
in this analysis we assume the reasonable relatiby Same values of taf. _

—100A, whereA =F/M , sets the scale of the MSSM spar- Variations in the spectrum occur for different values of

. . _ S S .
ticle masses. For a more thorough description of GMSB ands- In Fig. 8, we fix tan3=30 and plotsay, °" for various
this parametrization, s€@3,24]. Ns. The higher the number &+ 5 representations the higher
90 90

GMSB tanp=30, 11>0, M,=100A GMSB tan=30, }t>0, M, =100A
80 | N5—1ﬁza4ge " ] 80 N=1,23456

= e,y 5
- my<114 GeV

70 | ———- m<114 GeV 70 b -

\ m,>114 GeV \ m,>114 GeV
60 | \ 680 b\
© 50} N © 50 F \\
S 40t ' 1 X 4} \ 1
!IJll“:L 30 1 m(Fi 30 b
> >
gmi 20 f 2. 20¢
=~ 10t ~ 10t
0 ' : : : 0 : : :
100 200 300 400 500 600 100 200 300 400 500
Chargino Mass [GeV] Smuon Mass [GeV]

FIG. 8. Predictions foa,”*Y—a3" in minimal GMSB models for tagg=30 and varioudNs=1, 2, 3, 4, 5, 6 from bottom to top as a
function of the lighter chargino mass, and from top to bottom as a function of the lighter smuon mass. All charged superpartners are required
to have mass above 100 GeV. The solid lines indicate where the lightest Higgs scalar bosom, measseds its approximate LEP2 bound
of 114 GeV, while the dashed lines indicate whemg<114 GeV. The black bars on the right vertical axes indicate tieahd 2 o allowed
regions from the Brookhaven E821 experiment.
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5aSYSY for a given chargino mass. This is simply becauselhis formula is exact if one is willing to tolerate an ex-
rrrﬂ/mxrocll IN5. Of course, ifnr;, dips below 100 Gev tremely complicated form foA?, otherwise it can be inter-
T1 1 ! T

the line is not extended, which explains the curious result if’réted as app_rOX|mat|§:44,4ﬂ with Azzmﬂ_mfz' The first

Fig. 8 that the highest aIIowedaiUSY for a fixed tang  term representing the tree-level mass prediction grows larger

comes fromlower Ns. with tanp. Furthermo're', although not obvious fro_m the form
In short, the simplest GMSB models have similar predic-0f Ed. (4.1), the radiative corrections to the Higgs boson

tions as SUGRA forsaSYS", and can naturally produce a Mass can increase with larger yamalso (i.e., A depends

result within 1o of the measured value for reasonable super/Mildly on tang). As a simple illustration, forA=1 TeV

partner masses well above direct experimental mass limit§.=200 GeV we need taB=2.8 (>12) to ensurem,

We find the results for SUGRA and GMSB encouraging for~114 GeV. This tendency for higher tgnwith lower su-
the supersymmetric interpretation af . perpartner masses to satisfy the Higgs boson mass bound is

in the same direction as the requirementssaf,”°".

IV. DISCUSSION OF CORRELATING PHENOMENA We remark. that we would nqt be surpri;ed if the Higgs

sector were different than the simple two Higgs doublets of

The anomalous magnetic moment of the muon is just on¢ghe MSSM. For example, an additional singlet field with su-
observable out of many that supersymmetry can affect. Usperpotential termh SH,H4 may even be more preferred since
ing just this one quantity to divine predictions for other ob-it can lead to spontaneous generation of the \(S) term,
servables is difficult for the obvious reason that each observamong other advantages. The lightest Higgs boson in this
able requires a different set of supersymmetry masses arghse would then get a contribution to its mass proportional to
mixing angles. Furthermore, even within a narrowly defined\2y?, potentially making tag limits from Higgs boson
version of supersymmetry, such as SUGRA, a single value ofhass in the MSSM irrelevant, depending on the size of the
sa,”S" maps to a vast parameter space within the model. Yukawa coupling\.

A. Superpartners at colliders

With the above caveats we make a few general comments C. Neutralino dark matter

on expected correlating phenomena. All remarks are based Another potentially important correlation is in dark matter
on one generally drawn conclusion: the lamg measure- relic abundance and dark matter detection. Several authors
ment at E821 likes a supersymmetric interpretation with46—49 have noted that within some specific frameworks,
larger tand and lighter superpartners. The exact values ofe.g. SUGRA, the dark matter detection rate prediction is
tanB and superpartner masses are model-dependent. In thgge WhengaiUSY is large. This is partly because coherent
previous sections, we have shown that in the most genergkattering of dark matter off nuclei similarly requires a
MSSM no meaningful bounds can be placed on the charginehirality flip and so is enhanced by larger &n

mass, and weak bounds can be placed on the lightest smuon Recently, DAMA has claimed a signal in the annual
mass. For example, if tg< 20 thenm;, <500 GeV. How- modulation of weakly interacting massive parti¢i&/IMP)

ever, we readily admit that one does not figenericallyin  nuclei scattering50]. The supersymmetric interpretation im-
MSSM parameter space that the lightest smuon mass can pgies a large spin-independent coherent scattering cross sec-
above several hundred GeV add>"S" within 1o This as-  tion, which is easier to attain at large tari51]. The DAMA
sessment is made by analyzing minimal models and makingignal may or may not be real, but the correlation remains:
agenda-less tours in supersymmetry parameter space. Thetgrge tang implied by 5aiUSY generally implies larger scat-
fore, we wouldcautiouslyagree[38—4(Q that the first state- tering cross sections for dark matter detectors. Of course, it is
ment to make about correlating phenomena is that smuonsossible that supersymmetry has nothing to do with dark
should be light. Smuons are notoriously difficult objects tomatter becausB-parity is not conserved, or some other rea-
discover at hadron collidefgl]. They are relatively easy to son, in which case these issues become irrelevant.

find at e"e” machines, but of course the center of mass As for relic abundance of the lightest neutralino, light

energy must be sufficient to produce them. sleptons could create a problem for the supersymmetric in-
terpretation of dark matter since they induce an efficient
B. Higgs boson mass t-channel annihilation channel igx9—1-1". The larger

Other conclusions are a bit more subtle. For exampl the annihilation channel the smaller the relic abundarfze (

i ; =~1/ov). However, there is a large region of parameter space
large targ is also preferred by Higgs boson search results af” ' _ s
LEP2. Higgs bosons greater thdar equal to 114 GeV for light sleptong52—55 (but heavier than 100 GeV) that is
have put strain on low taé models(see, e.g[42,43). This consistent with adequate thermal relic abundance to be cos-
i) . ) . - . - 2 .
can be seen most readily by the prediction for the lightesfnologically interesting, 0-£{h*<0.4. Furthermore, in the

supersymmetric scalar Higgs boson mass eigenstate in tH_ggions where there is small_ ther_mal relic abundance from
2/ 2 . light sleptons or large coannihilation effedts6], there are
mz/ma<<1 limit: 9 P 9

non-thermal sourcelb7-59 of the LSPs that could regen-

3g2m? 2 erate them as dark matter. Therefore, we do not think relic
mﬁ:mﬁ cos 2B+ 5 ‘2 In—. (4.1 abundance considerations add significantly to the dialog on
8w my, My sa,”S" at this point.
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D. B(b—sy) constraint One also must approach tB€b— sy) observable with a

Lastly, we remark omB(b—sy). There is a close similar- Pit Of caution vngYn trying to rule out parameter space con-
ity betweena, and B(b—sy) in that both get large taf sistent with 5aﬂ' E Most analyses |mpI|C|tIy assume that
enhancements from a Higgsino-sfermion-fermion interactiorin€ theory prediction is precise, and it need only fit into the
vertex with a down-fermion Yukawa coupling. If the E821 range obtained from experimental measurement, often
experiment had measureihSUS = — 43x 10~ 10 instead of quoted tq be between (24)x 10 *. The SM theory predic-
+43x10°1°, the measurement dB(b—sy) would have ton[72lis
disfavored mans%gypersymmetric interpretatip_ns. Howe_ver, it (3.29+0.33 X104 (SM theory. 4.2)
happens thaba; " prefersp.>0 (for real positive gaugino
massepand large ta, andB(b—sy) severely restrictg  This 1094 error, whether one interprets it as @ @&rror or
<0 and large tag, but does not significantly restrigt 9504 C L., clearly implies that there should be comparable
>0. , , , error in the theory prediction of any theory evaluated at the

It is well known thatM;u>0 is not as restricted by game NLO rigor. Supersymmetry, it should be noted, has not
B(b—sy) [60,61,5§ asM3u <0, since the signs of the am- peen calculated fully to NLO. Therefore it is safe to presume
plitudes in this circumstance imply partial cancellations. Reyhat the supersymmetry prediction will be at least 10% un-
cently, this conclusion was strengthened even more by thgertain, and it must be taken into account in any careful
evaluation of higher-order calculations ®(b—sy). At gpalysis.

higher order one must self-consistently take into account the  gqually important as the accuracy of the theory prediction
finite b-quark mass corrections which are enhanced dramatis the fact that the experimental measuremenB(— sy)

cally at large tarB. These corrections imply smallerquark js not a pure observable in that a severe cut on the photon
Yukawa coupling and therefore smaller magnitude for thegnergy is needed to reduce charm backgrounds in the analy-
Higgsino-squark-quark chirality flip. From Fig. 2 Eﬁz]_one sis at CLEO. This introduces theoretical uncertainfiels 72]

can see the reduction in the supersymmetric prediction fofy addition to the obvious ones, such as imprecise knowledge
large tang with M3u>0, renderingB(b—sy) unable 10 of the b-quark massas and the not-completely-known con-

significantly constrain largpositive sa;;">" scenarios. tributions scaling asnZ/A3cp. Therefore, the CLEO mea-

The above discussion is mostly based on SUGRA-likesyrement is expressed g&d)]
relations among superpartner masses. A similar conclusion
can be inferred from Ref63], whereinB(b—svy) has little (3.15+0.35+0.320.26 X104 (CLEO) (4.3
impact on the viability of the CMSSM to explaifia"®".
The same discussion holds for GMSB since the squarks aighere the errors are statistical, systematic, and model depen-
even heavier in that model, a&(b—sy) was never much dence, respectively. These kinds of varied errors should give
of a serious constraifi64—66 when all the uncertainties are pause when advocating a hard cut Bb—sy) in super-
accounted for. Other theories of supersymmetry breakingymmetry, and one should be wary about deleting any part of
such as anomaly mediated supersymmetry brealdMfSB)  parameter space based on an apparent incompatibility with

[67,68 ap'pea}r.to ha\{e difficulty accomodatin@aﬁuSY the B(b—svy) constraint.
[39,69. This difficulty arises becaudd ;<<0 and the lightest In our more general MSSM discussion of Sec. I, the

gauginos are\-inos with small positiveM,, leading to a B(b—sy) constraint does not even need to be discussed
severe constraint op>0 parameter space froB(b—sy).  since no values of the squarks masses enter. For this more
The SU(5) model with a supersymmetry breaking F-term in general model, we can simply claim that the squark masses
the 24 representation discussed at the end of Sec. | B also hage sufficiently massive as to contribute little Bgb—sy).
M3<0. However, in this case the ratioM,/M,|=6 and  From the discussions above, we conclude B@di—sy), as
I[M3/M;|=12 imply that the lightest neutralino and smuon with all other observables, usually adds no significant burden
entering thesas;">" loop corrections would be significantly in a quest to find a supersymmetric explanationdaf’s".
lighter than the squarks and charginos that affé¢b
—S7y). Even though these mass hierarchies mdg
—svy) less important of a constraint than it is in AMSB,
careful evaluation of the next-to-leading ordB{b— svy) S.P.M. is supported in part by the National Science Foun-
prediction would need to be compared with experiment todation grant number PHY-9970691, and J.D.W. is supported
ultimately judge the viability of this model to explain in part by the Department of Energy and the Alfred P. Sloan

BaiUSY. Foundation.
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