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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 &%r 3.20, depending on whetheg" e~ or 7-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 iiM8&M). 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 experimlt any deviation of the muon magnetic moment from the theo-
reported evidence for a deviation of the muon magnetic moretical standard model value. Any changes in the standard
ment, a,,, from the standard model expectation of aboutmodel calculation or to the data itself will not affect this
2.70. Immediately following that announcement appeared egeneral analysis; when new data or calculations appear, re-
number of papers analyzing the reported excess in terms ofsed bounds can simply be read off the plots contained here.
various forms of new physics, including supersymmetrySecond, we will determine specificalupper bounds on
(SUSY) [2-5]. Shortly thereafter, errors in the theoretical SUSY states in light of the most recent E821 data and the
calculation of the magnetic moment within the standardlatest theoretical calculations.
model were discovered. In particular, the sign of the light- The existence of these bounds will rely on very simple
by-light hadronic contribution ta,, was found to be in error and clearly stated assumptions about the SUSY particle spec-
[6], shifting the theoretical value by roughly ¥20 ' in  trum; these assumptions will not include fine-tuning con-
the direction of the E821 data. The resulting discrepanctraints.
between data and theory was then only aboutr1l&aving
little indication of new physics. l. SUSY AND a,

Since that initial rise and ebb of interestay , there has o
been progress both theoretically and experimentally. On the The measurement performed by the E821 Collaboration is
theory side, in addition to the recalculation of the light-by- Of the muon’s anomalous magnetic momémthich is to say,
light scattering, there have also appeared new calculations §f€ coefficienta,, of the nonrenormalizable operator
the other hadronic contributions &, [7-10]. On the experi-
mental front, E821 has announcgld] an updated measure- s J O-Cfﬁ,r/,Faﬁ_ (1)
ment ofa, using a data set four times larger than that ana- 2m,

lyzed in Ref.[1]. From their combined data sets, they obtain ) o
a world average fom,, slightly higher than their previous Within the standard modeh,, receives contributions from

measurement, but with significantly smaller errors. Thes&ED, electroweak and hadronic processes, the latter usually
various developments have now placed the discrepancy bé_eparate_d into contrlbutlons_ from vacuum polarization and
tween experiment and theory in the rangedité 3.2 Ilght-by-ll_ght scattering. While the QED and_ electrowe_ak
The current deviation of E821’s measurement from thecontributions are well understood, the hadronic calculations
standard model provides no compelling evidence in favor of'€ under scrutiny and require experimental input. For the
new physics. However, the attention paid to this process ovePUrPoses of this paper we will use the most recent determi-
the last year warrants a reexamination of the bounds that cd#ftion of the hadronic contributions available.
be placed on new physics by the current data, in particular, 1he QED and electroweak contributionsap are known
on new SUSY particles. If the small deviationar is a sign from Refs.[13] and[14], respectively,
for new physics, then the SUSY explanation is, for many of
us, the most exciting of the various proposals, since it im- aSED: 11658470.56(0.29
plies SUSY at a mass scale not far above the weak scale. In Ew
particular, it implies a light slepton and a light gaugino, a, =152 (0.0 2
though “light” can still be as heavy as many hundred GeV.
This paper plays two roles. First and more importantly, we
present general bounds on the spectrum of SUSY masses fotSee, however, Ref12].
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where we are expressirg, in units of 10 '°. In the had- i Y AN
ronic sector, the next-to-leading ordéMLO) contributions PN
have been known for several years, while the light-by-light B/ VMg e ' Mg
(LBL) contributions have been updated in the last year: 8 c.

aHad,NLO: -10 0(0 6) FIG. 1. S . . . .

“ 0(0. . 1. Supersymmetric diagrams contributing &9 at one
loop.
alP*B=8.0 (4.0 (3)

ric standard modeglMSSM) with and without gaugino unifi-

(see Refs[15] and [6], respectively. The calculation of cation and neutralino lightest supersymmetric partitieP)
leading order(LO) hadronic contributions requires input constraintd18].
from experiment. Davieet al. [9] have calculated the LO
hadronic pieces using* e~ scattering data and alternatively .
with a combination o™ e~ and r-decay data. They find A. The diagrams
In the mass eigenbasis, there are only two one-loop SUSY
hagro_ | 6847 (7.0 (no7data 4  diagrams which contribute t, , shown in Fig. 1. The first
®©  |701.9 (6.2 (rdata. @ has an internal loop of smuons and neutralinos, the second a

loop of sneutrinos and charginos. But the charginos, neutrali-

Hagiwaraet al. have also calculated the LO hadronic contri- nos and even the smuons are themselves admixtures of vari-

a

bution without ther data in Ref[10]: ous interaction eigenstates and we can better understand the
physics involved by working in terms of these interaction
a}**°=683.1 (6.2 (nordaty (5)  diagrams, of which there are many more than two. We can

easily separate the leading and subleading diagrams in the
which is consistent with the above evaluation. For our estiinteraction eigenbasis by a few simple observations.
mate ofa, without 7 data we will use the average of the two  First, the magnetic moment operator is a helicity-flipping
results stated above and the larger error. Adding the contrinteraction. Thus any diagram which contributesajpmust

butions gives the standard model prediction dgyr. involve a helicity flip somewhere along the fermion current.
This automatically divides the diagrams into two classes:

11659167.7(8.1) (nordata those with helicity flips on the external legs and those with

471 11659 185.7(7.4) (r data. ® flips on an internal line. For those in the first class, the am-

plitude must scale am,, ; for those in the second, the am-
Since the two values are mutually inconsistent, we will notplitudes can scale instead bysysy, wheremgysy represents
combine them into a single prediction af, . the mass of the internal SUSY fermida chargino or neu-

The new measurement made by E821[id] 35821 traling). Since mgygy>m,,, it is the latter class that will

=11 659 204 (7)(5X 10~ ° yielding a world average of typically dominate the SUSY contribution &, . Therefore
we will restrict further discussion to this latter class of dia-
aj®=11 659 203(8)x10 ™ (7) ~ grams alone. _ . .
Secondly, the interaction of the neutralinos and charginos
from which one deduces a discrepancy between the experwith the (Smuons and sneutrinos occurs either through their

ment and the standard model of higgsino or gaugino components. Thus each vertex implies a
factor of eithery, (the muon Yukawa couplingor g (the
3511)x 10 (nordata weak and/or hypercharge gauge couplingiven two verti-
6a, = 17(11)x10°1° (7 data ®) ces, the diagrams therefore scaley%s gy, or g2 In the

standard model, is smaller tharg by roughly 10°2%. In the
where we have added the theoretical and experimental errofginimal SUSY standard modéMSSM) at low tang, this
in quadrature. Thus, the deviation is either8.8r 1.5,  ratio is essentially unchanged, but becayse scales as
depending on whether or not thedata is used. In the analy- 1/cosg, at large tarB (~60) the ratio can be reduced to
sis that follows, we present results using both valuegaf ~ roughly 10°%. Thus we can safely drop thg, contributions
from Eq. (8). from our discussions, but at large t&rwe must preserve the
The SUSY contributions ta,, have been known since the gy, pieces as well as thg? pieces’
early days of SUSY and have become more complete with The pieces that we will keep are therefore shown in Fig.
time [16]. In this paper we will follow the notation of Ref. 2. In Figs. 2a)—2(e) are shown the five neutralino contribu-
[4], which has the advantage of using the standard converiions which scale ag? or gy, in Fig. 2f) is the only
tions of Haber and KanEL7]; any convention which we do chargino contribution, scaling agy,,. The contributions to
not define here can be found in either of these two papers.a, from theith neutralino and thenth smuon due to each of
Prior to the revision of the theoretical calculations and the
release of the newest E821 data, there were a number of —
analyses in the context of SU§2-5]. The present authors  2Pieces which are dropped from our discussion are still retained in
also presented an analysis of the full minimal supersymmethe full numerical calculation.
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My -omeel By (\I\N Mmoo Mg (\I\J’\J in a,, and since it has no intrinsic tghdependence, they
2 ' 3 K could explain the old excess with t@nas low as 3. We can

reproduce their result in a simple way becauseBBecon-
tribution has a calculable upper bound at which the smuons

mix at 45°,my, <my, andm,:,l<mﬂz’3’4 with N;y=B. Then

/ : R 2 m,mg X
Wy Y L v My _ g1 ulTNg 10 1
N S T — e < ~ X | —
B Hp fi, B |62, @) 3272 m2 3800<10 100 GeV
© (@ 2
- ~ v 100 Ge
L PN S0 e N X —V) (12)
Ml M U e My
W Hp W Hy Hp where we have used the fact that,(X;,)<3 and F’z\‘sB
@ ® and have included a 7% two-loop suppression factor. Though
FIG. 2. Diagrams contributing ta,, in the interaction eigenba- any real model will clearly suppress this contribution some-
sis. what, this is still 18 times larger than needed experimen-
tally.
these component diagrams are found to be This pureBB scenario is actually an experimental worst
case, particularly for hadron colliders. The only sparticles
1 MMy that are required to be light are a single neutraliwhich is
5‘%:@ m—gFZ(Xim) probablyB like) and a singlg.. The neutralino is difficult to
Hm produce, and if stable, impossible to detect directly. The neu-
02NZ X1 Xma (BB) tra_llm.o could be indirectly 0t_>servc:::d in the decay of ﬁk?as_
- missing energy, but production oftaat a hadron machine is
9192NisNizXm Xz (WB) highly suppressed. In the worst of all possible worlds, E821
_ \/Egly#NilNiSsznz (FB) could be explained by only thesc_e two light sparticles, with
the rest of the SUSY spectrum hiding above a TeV. Further,
X\ 1 5 - (9 even the “light” sparticles can be too heavy to produce at a
EglyuNilNBXml (BH) 500 GeV linear collider. While this case is in no way ge-
neric, it demonstrates that the E821 excess does not provide
1 5 ~ any sort of no-lose theorerfeven at Ir) for the Fermilab
EgzyMNiZNBXml (WH) Tevatron, the CERN Large Hadron CollidétHC) or the
Next Linear Collider(NLC).
and for thekth chargino and the sneutrino This raises an important experimental question: how
many of the MSSM states must be “light” in order to explain
1 m,mg the E821 data? In the worst case, it would appear to be only
sa,=— —— ——FS(x)Y, UoVis  (WH). two. Even in the more optimistic scenario in which the
2 2 2 2\AkJY2Y k2 Vkl _ . N .
24w chargino diagram dominatesa,, the answer naively ap-
(100  pears to be two: a single chargino and a single sneutrino. In
this limit,

The matricesN, U andV are defined in the Appendix along
with the functionsFQ'C. A careful comparison to the equa-
tions in the Appendix will reveal that we have dropped a |6a,| @<
number of complex conjugations in the above expressions; it wl(C)
has been shown previoudl$,4] that the SUSY contributions
to a, are maximized for real entries in the mass matrices and me, 100 GeW\’
so we will not retain phases in our discussion. X 100 Ge

In many of the previous analyses of the MSSM parameter

space, it was found that it is the chargino-sneutrino diagrarvvhere we have boundefFS| by 10 by assumingn
i 2 v
at large tang that can most easily generate valuesaf, =1 TeV. But this discussion is overly simplistic, as we will

large enough to explain the observed discrepancy. From thlssee
observation, one can obtain an upper mass bound on the ™
lightest chargino and the muon sneutrino. However, this be-

havior is not completely generic. For example, Martin and B. Mass correlations

Wells emphasized that tH8B neutralino contribution could There are a total of 9 separate sparticles which can enter
by itselfbe large enough to generate the old observed excesbe loops in Fig. 1: 1 sneutrino, 2 smuons, 2 charginos and 4

m,mg
S nar=2600 107

14

tang
30

(12

n,
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neutralinos. The mass spectrum of these 9 sparticles is detesr on the smuon mixing angle
mined entirely by 7 parameters in the MSSM: 2 soft slepton

massesr , mg), 2 gaugino massed;, M), theu term,

a soft trilinear slepton couplingA(;) and finally tang. Of tan 29;<(
these A7, plays almost no role at all and so we leave it out of

our discussions(see the Appendjx And in some well-

motivated SUSY-breaking scenaridsl, and M, are also  yhereM,  are the positive roots df1? 5. While not elimi-
correlated. Thus there are either 5 or 6 parameters respoHéﬂng the possibility off;~45°, this formula shows that a

si_bl_e for setti_ng 9 sparticle masses. Thgre are clearly NOgphe tuning of at least 1 part in 17 is needed to obtAifl)
trivial correlations among the masses which can be exploite ixing. We will not apply any kind of fine-tuning criterion to

in setting mass limits on the sparticles. our analysis, yet we will find that this slepton mass univer-

F'@' there are yvell—known correlations bgtween thes lity constraint sharply reduces the upper bounds on slepton
chargino and neutralino masses; for example, a light charg

~ 2 ) - ) asses which we are able to find in our study of points in
Ci~W implies a light neutraN;~W and vice versa. MSSM parameter space.

There are also correlations in mixed systeives, the neu- (As an aside, if one assumes slepton mass universality at
tralinos, charginos and smugnisetween the masses of the some SUSY-breaking messenger scale above the weak scale,
eigenstates and the size of their mixings. Consider the casgkawa-induced corrections will break universality by driv-
of the smuons in particular; their mass matrix is given in theing the stau masses down. This effect would further tighten
Appendix. On diagonalizing, the left-right smuon mixing our bounds on smuon masses and mixings.
angle is given simply by The above discussion has an especially large impact on

the worst-case scenario in which tB& contributions domi-
] (13 natesda, . For generic points in MSSM parameter space,
MZ—M3 one expects that tar#2, < 1/17 which reduces the size of the

_ o o BB contribution by a factor of 17. As a byproduct, the
The chargino contribution is maximized for large smuonmasses required for explaining the E821 anomaly are pushed

mixing and large mixing occurs when the numerator is ofpack toward the experimentally accessible region.
order or greater than the denominator; since the former is

suppressed by, , one must compensate by having either a
very largeu term in the numerator or nearly equdl, and Il. NUMERICAL RESULTS
Mg in the denominator, both of which have profound im-

pacts on the spectrum. analysis, we will carry it out in detail. We will concentrate on

Thelre IS one morehcol\r/lrglglt\l/lon/ constra!ntl that we feel iy e pasic cases. The first case is the one most often consid-
hatural to Impose on the spectrum: slepton mass Unis.eq in the literature: gaugino mass unification. Here one

versality. It is well known that the most general version of j oo\ mes that the weak-scale gaugino mass paramadars (
the MSSM produces huge flavor-changing neutral current nd M,) are equal at the same scale at which the gauge
(FCNC39 unless some external order is placed on the MSS ouplings unify. This implies that at the weak scaW

spectrum. By far, the simplest such order is for sparticles:(5/3)(a1/a2)M2. The second case we consider is identi-

with the same gauge quantum numbers to be degenerat&i

mM) 2M Mg

16
m,/MZ—M3 (19

2m ,u tan
tan 20;: L'B

Now that we have established the basic principle of our

. ) : : . I he first with th requirement that the ligh
This requirement is most stringent in the squark sector, bu, al to the first with the added requirement that the lightest

Iso holds in the slent tor due t b i ¢ USY sparticle(LSP) be a neutralino. This requirement is
aiso holds in the siepton sector due to NONOLSEIVAlioR Ot - oy ateq by the desire to explain astrophysical dark matter
—ey and7— uy. In any case, mechanisms which generat

q i th K v d the slent a stable LSP. Finally we will also consider the most gen-
egeneracy In the squarks usually do So among the SIEpIOly,) case in which all relevant SUSY parameters are left free

as well. Thus we assumetr; =m, =m, and Me=™Mur  and independent of each other; we will refer to this as the
=mg. Then the mass matrix for the stau sector is identical togeneral MSSM” case.
that of the smuons with the replacememt—m_. in the off- The basic methodology is simple: we put down a logarith-
diagonal elements. This enhancement of the mixing in thenic grid on the space of MSSM parametel(, M,, m, ,
stau sector byn,/m,=17 implies thatm;, <my, . In par-  mg and ) for several choices of tgf. The grid extends
ticular, if from 10 GeV forM,, M, and x, and from 50 GeV for
m_ g, Up to 2 TeV for all mass parameters. For the case in
MEM§< mf wltarfB (14  which gaugino unifica?ion is injposeM_z is no longer a free
parameter and our grid contains®lfoints. For the general
then m? <0 and QED will be broken by a stau vacuum MSSM case our grid contains>310° points. Only x>0 is
"1 considered since that maximizes the valuesaf, . Finally,
for our limits on tan3 we used an adaptive mesh routine
which did a better job of maximizinga, over the space of
2 MSSM inputs. By running with grids of varying resolutions
MEM2R>(&) m2 utar’8 (150  and offsets we estimate the error on our mass bounds to be
m ® less than+5%.

expectation valuévEV). Given slepton universality, this im-
poses a constraint on the smuon mass matrix
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FIG. 3. (Color onling Bounds on the masses of the four lightest sparticles as a functiéa, dior tang=3, 10, 30 and 50. These figures
assume gaugino unification only. The vertical dotted lines representath#olinds using the-decay data §a,=6) or not (5a,=24).

A. Bounds on the lightest sparticles sparticle happens to be lightest. The important points to note

Perhaps the most important information that can be gar2'€ as followsi(i) the maximum values of the mass corre-

nered from the E821 data is an upper bound on the scale 3P0nd to the largest value of tan which is to be expected

sparticle masses. In particular, one can place upper boun(?'ﬁlven dominance of the chargino diagram at largeafi)

. . e lo limit without (with) the 7 data requires at least 2
on the masses of the lightest spartisleas a function of . . ..
éa, . Here we will derive bounds on the lightest slepton andspamcles to lie below roughly 490 (990) Geif) for the

. : . i central value of the E821 data, at least 4 sparticles must lie
chargino, but we will also derive bounds on the lightest S&Vpalow 585 (915) GeV; andiv) for low values of tan a
eral sparticles, independent of their identity. '

. . X ) . _maximum value oféa,, is reached(we will return to this
These bounds on additional light sparticles provide an iMater).

portant lesson. Without them there remains the very real pos- The same plots could be produced with the additional
sibility that the E821 data is explained by a pair of light 3ssumption that the LSP be a neutralino, but we will only
sparticles and that the remaining SUSY spectrum is out 0§how the case for the LSP bound in Fig. 4. In this figure the
reach experimentally. But our additional bounds will give ussolid lines correspond to a neutralino LSP, while the dotted
some indication not only of where we can find SUSY, butlines are for the more general case discussed ab@vethey
also of how much information we might be able to extractmatch the lines in the tag8=50 plot of Fig. 3. Notice that
about the fundamental parameters of SUSY—the more spafer da,=40X 10 10 there is little difference between the
ticles we detect and measure, the more information we wilcases with and without a neutralino LSP. At the extreme
have for disentangling the soft-breaking sector of the MSSMupper and lower values of tghthere is also little difference.

In Fig. 3 we have shown the upper mass bounds for thdt is only for the intermediate values of t@hthat the mass
lightest four sparticles assuming gaugino mass unificationbound shifts appreciably; for tg= 10 it comes down by as
These bounds are not bounds on individual species of spamuch as 50 GeV when one imposes a neutralino LSP.
ticles (which will come in the next section and always be Finally, we consider the most general MSSM case, i.e.,
larger than these boundbsut simply bounds on whatever without gaugino unification. Here the correlations are much
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800 T TABLE I. Upper bounds on the mags GeV) of the lightest
,,,,,,,,, NeL P Comstrint ] sparticle for the general MSSM, the MSSM with gaugino mass
unification, and the MSSM with gaugino mass unification plus a
600 neutralino LSP. The entries represent the Bound without(with)
k the inclusion of ther decay data. The boldfaced t8r-50 entries
%’ represent upper bounds over all s 50.
& L
@ 400_ Mass General Gaugino + Dark
‘E" bound MSSM unification matter
S0l tang=3 205(331) 140 (230) 115 (215)
- 5 235(395) 170 (280) 135(280)
i _ i 10 280(475) 215(350) 150 (325)
Y S S I HPI AU R R 30 340(750) 305 (580) 275 (565)
9 10 a0 0 il 20 50 475 (1000) 370(765) 365 (765)

Saux 1010

FIG. 4. (Color online Bound on the mass of the LSP as a . . .
function of sa,, for tang=3, 5, 10, 30 and 50. The dotted lines We have summarized all this data on the LSP in Table |

assume gaugino unification only while the solid lines require addi\Where we have shown the mass bounds using thériit of
tionally that the LSP is a neutralino. The dashed line is the bound ithe E821 data on the LSP for various favalues with our
the general MSSM, calculated at tdr 50. various assumptions. The numbers represent the bounds
without (with) the inclusion of ther decay data. The last line
less pronounced, but interesting bounds still exist. For exin the table represents an upper bound for any model with
ample, the central value of the E821 data still demands atang<50: m <475 GeV (1 TeV) for the E821 & lower
least 3 sparticles below 525 (770) GeV. In Fig. 5 we dem-ounds ofda,. But perhaps of equal importance are the
onstrate this explicitly by plotting the masses of the fourbounds on the next 2 lightest sparticlébe “2LSP” and
lightest sparticles for ta8=50 and a wide range ofa,, . “3LSP”): Using a, calculated withoutr-decay datams sp
(We also plot the mass bound on the LSP in Fig. 4 with the<485 GeV andn; sp<630 GeV; for the value o, calcu-
label “General MSSM.’) We see that dropping the gaugino |atedwith the 7 data,my <1 TeV, while mg gpis pushed
unification requirement has one primary effect: the mass o§omewhat above 1 TeV. Note that the bound on the 2LSP is
the LSP is significantly increased. This is because the LSP iassentially identical to that on the LSP. The central value of
the unified case is usually ®;~B, but it is not itself re- the E821 anomaly further implies a fourtthird) sparticle
sponsible for generatinga,, . In the general case, the LSP below 1 TeV even in this most general case.
must participate inda, (otherwise its mass could be arbi-

trarily large and so is roughly the mass of tsecondight- B. Bounds on the sparticle species

est sparticle in the unified case, whether that he ar C. In Sec. Il A we derived bounds on the lightest sparticles,
Otherwise the differences between the more general MSShhdependent of the identity of those sparticles. Another im-
and the gaugino unified MSSM are small. portant piece of information that can be provided by this

analysis is bounds on individual species of sparticles, for
example, on the charginos or on the smuons. These bounds
will of necessity be higher than those derived in the previous
section, but they still provide important information about
how and where to look for SUSY. In particular, they can help
us gauge the likelihood of finding SUSY at run Il of the
Tevatron or at the LHC.

There is one complication in obtaining these bounds. At
low tang the data are most easily explained by the neu-
tralino diagrams and as such there must be at least one light

] smuon and one light neutralino. At larger t@rcontributions
— General MSSM ] from the chargino diagrams dominate, implying a light
~- Gaugino unif. 1 chargino and sneutrino. However, the correlations already
N T N U B B discussed preserve the bounds on the various species over
10 20 B 40 50 the whole range of taf. A bound onnt;, implies a bound on
da, x 10 mz,, and a bound omg, implies a bound on at least one of

the My, and in certain casesuch as gaugino unificatipn

1000

750

500

Masses [GeV]

250

(=)

FIG. 5. (Color online Bounds on the masses of the four lightest
sparticles as a function ofa,, for tang=50. The dotted lines as- the converses may be true as well. - -
sume gaugino unification only while the solid lines are for the gen- We have shown in Fig. 6 the mass boundsgnand N,
eral MSSM. under the assumption of gaugino unification; a plot for
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= | = 4501
200 L —— Gaugino unif. ]
I 300 - General MSSM -
0- _...I...I...I...I...
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ESau x 10"
1500 _ -~ = ~
FIG. 7. (Color onling Bounds on the masses paf, C;, andN;
as a function o®a,, for tang=50, with gaugino unificatiortsolid)
1200 and in the general MSSNtlashedl The two lines for theu, essen-
i tially overlap.
g 900
o I lie below 915 GeV (1.8 TeV). Without the-decay data, the
& 600 lighter chargino falls below 890 GeV; using thedata, the
= | bound rises above 2 TeV.
- For the worst case, the general MSSM, the smuon bound
300 increases by only about 50 GeV over the gaugino unification
r limits and the neutralino bounds increase to 890 Gever
0' 1 TeV), only slightly higher than the unified case. However,
the bounds on the lighter chargino jump above 2 TeV.
C. Bounds on tanf
FIG. 6. (Color onlin® Bounds on the masses & andz, as a The final bound we will investigate using the E821 data is

function of da, for various tan3 with gaugino mass unification On tanB. There had been, after the appearance of the original
assumed. Again, the vertical dotted lines indicateounds with- ~ E821 data, some discussion in the literature about which val-

out (with) the inclusion of ther decay data. ues of tarB were capable of explaining it. In particular, at
lower tanB there is a real suppression in the maximum size

~ o~ . . . f sa,. In Fig. 8 we have shown the maximum inabl
C, /N, will appear later in our discussion of Tevatron phys—0 B g. 8 we have shown the maximum attainable

ics. Note thatN; must lie below 500 (950) GeV, even for
large tarB, thanks to the gaugino unification condition,

while ; can be heavier but must still lie below
915 (1800) GeV at &. sk

Finally, we can consider the general MSSM without
gaugino unification. The results are shown schematically in
Fig. 7 where the general MSSM boun@solid lineg are
shown alongside the gaugino unification bourdsshed
lines).

We can see from the figure that the bound on heis
essentially identical to that in the gaugino unification picture. L
However, the gaugino masses have shifted, and the reason
no mystery. Once again, the lightest neutralino is no longer &

B-like spectator to the magnetic moment, but ishalike e (U —T
partner of a participatingV-like chargino. da x10"™

The results of these plots for the current discrepancy are g
summarized as follows. For the MSSM with gaugino unifi- FIG. 8. (Color online Bounds on tagB as a function ()ﬁalu for

cation, the lightest neutralino must fall below the general MSSM. The dotted lines represent thelitnits, with-
500 (950) GeV for a dr deviation. The lighter smuon must out (with) the inclusion of ther decay data.

10 —r——

Minimum tanp
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value of sa, as a function of taj in the general MSSM; 8001y N T I
adding the assumption of gaugino unification changes the
figure only slightly. ~
The limit in Fig. 8 clearly divides into two regions. At cﬁ
da,>36x10 1 the chargino contribution dominates and __

thus da,>y,,, scaling_linearly with t_arﬁ. At I_owe_r éa,, VAN B 50 4
however, both neutralino and chargino contributions can be, -*| 0
important so it becomes possible to genewedg with much L 3

smaller values of ta than would be possible from the 2 I 0]
charginos alone. The E821 data does not therefore imply an' & 200 — =
bound on taB whatsoever, neither atalnor at the experi- i 3 ]

mental central value. Further reductions in the size of the

5 H s | L | L | L |
error bars v_wII not change '_th|s result, so long as the central % 10 20 30 20
value remains at or below its currens-dupper bound. da, x 10"

50

D. Implications for the Tevatron FIG. 9. (Color onling Mass bounds o€; andN, (wheremg,

At its simplest level, the measurement @k,, an =my,) as a function ofsa,, for tang=3, 5, 10, 30 and 50. The
anomaly in the lepton sector, has little impact on the Tevasdotted lines represent therlbounds withoutwith) the inclusion of
tron, a hadron machine. In particular, the light smuons assahe = decay data. This figure assumes gaugino unification and a
ciated withéda,, cannot be directly produced at the Tevatron, neutralino LSP.
occurring only if heavier non-leptonic states are produced
which then decay to sleptons. In the calculationagf, the
only such sparticles are the neutralinos and charginos. The
states can b(—i copiously eroduced _and in fa_ct form the initi alue using onlye*e~ data then the gauginos may be
state for the “gold-plated” SUSY trilepton signature. within the Tevatron’s reach. We must also emphasize that

Of particular interest for trle trilepton signature are theihage areipper boundsn the sparticle masses and in no way
masses of the lighter chargin€{) and the second lightest represent best fits or preferred values. Thus, for smalBtan
neutralino {,). Studies of minimal supergravity there isreason to hope that the Tevatron will be able to probe
(MSUGRA) parameter space indicate that the sensitivity tothe gaugino sector in run Il or lll; for larger tghthere is
the trilepton signature at run Il or 11l of the Tevatron depends"t“e information about SUSY at the Tevatron to be garnered
strongly on the mass of sleptons which can appear in thfoma,, .
gaugino decay chains. For heavy sleptons, the Tevatron is
only sensitive to gaugino masses in the raig@ mg_ g, E. Implications for a linear collider

=130 to 140 GeV for 10 fb! of luminosity and 145 to A consensus has emerged in favor of building\/é

155 GeV for 30 flo!, where the quoted ranges take one=500 GeV linear collider, presumably a factory for spar-
from low to high tan3. However, for light sleptongbelow ticles with masses below 250 GeV. What does the measure-
about 200 GeV) the range is considerably extended, up tment of a,, tell us with regards to our chances for seeing

gaugino masses around 190 to 210 GeV. SUSY at/s=500 GeV? And how many sparticles will be
It is impossible in the kind of analysis presented here toactually accessible to such a collider?

comment on the expected cross sections for the neutralino- The analysis of the previous section can put a lower
chargino productiortfor example, there is no information in  pound on the number of observable sparticles at a linear
a, on the masses of thechannel squarksbut we can ex-  collider as a function ofa, and tang and we show those

amine the mass bounds @y andN,. In Fig. 9 we have numbers as a histogram in Fig. 10. In this figure we have

shown just that: the upper bound on theavierof eitherC,  Shown theminimumnumber of sparticles with mass below
or KIZ as a function ofsa,, for several values of taf. 250 GeV for tanB=3, 10, 30 and 50, assuming gaugino

A'few comments are in order on the figure. First thisunification. In the graph, the thinner bars represent smaller

figure assumes gaugino unification; dropping that assum ang. As iS_ to_be expected, the nu_mber of Iight states in-
d gaug bpIng F}reas,es with increasinga, and with decreasing tgh

tion can lead to significantly heavier and unequal masses fdf s )
the N 4e. S g q yh | qd rall However, note that there are no &= 3 lines for éa,=40
€Nz andt,. >econd, we have alSo assumed a neutraling 1 4-10 gjnce there is no way to explain such large,,

LSP; this is to be expected since the event topology for th‘\a‘/alues at low targ
trilepton signal assumes a stable, neutralino LSP. Finally, on We see from tHe figure that at low t@ there is a &

they axis is actually plottedn,, but in every case We eX- g arantee” that at least 1 to 4 sparticles will be produced at
amined with gaugino unification, the difference in the maxi-5 500 GeV linear collider, depending on whether trgecay
mum masses of; andN, differed by at most a few GeV. is used. This counting does not include extra sleptons due to
This is because they are both dominantlfino-like in the  slepton mass universality; for example, a light muon
unified case and thus have massell,. sneutrino also implies light tau and electron sneutrinos, and

From the figure it is clear that one cannot devise a no-lose
theorem for the Tevatron from current E821 data. However,
tan B is small andda,= 35X 10 %0 (the current central
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tanB=50, the maximum value we considered. For low
tang, the bounds on sparticle masses are much smaller. At
tanB=3 and with gaugino unification and a neutralino LSP,
there must be a sparticle below 115 (215) GeV, within the
range accessible in the very near future. So, while the bounds
a4 — — |3l |3 0| ] placed on SUSY by, are relatively weak when no con-
straints are placed on the MSSM, constraining the model by
3l M 4 (o] |10 1 demanding gaugino unification or Id¢er) tanB can bring

3 down the mass bounds into the experimentally interesting

21 — 10 — region.
10 30
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likewise for the charged smuon. We see also that forBtan
=30 there is no such guarantee that a 500 GeV machine APPENDIX
would produce on-shell sparticles; this is not to be taken to

mean that one should not expect their production, simply thaéia rams involving charged smuons with neutralinos. and
a, cannot guarantee it. 9 g g ;

A similar bar graph can also be made for a 1 TeV ma_sneutrmos with charginos. The most general form of the cal-

chine, though we do not show it here. However, the relevanfdlj]lﬁtlon’ including phases, takes the fotwe follow Ref.

numbers can be inferred from Fig. 3.
Note that any particular class of models, such as gravity-

or gauge-mediated SUSY breaking, may not saturate the _ My m, L2, 1R 12y =N

bounds presented here. That is, other constraints may rule %3 ~ 7o 2 24 | ~ 12 (il [Mim| ) F1 (i)

out all regions of parameter space in whiéh, exceeds Hm

some maximum value. However, if a model does allow a B

particular value ofsa,, , then pursuant to the conditions dis- n N ReN: nR TFN ()

cussed here, that model must have at least as many light 3m? im*limJT 2 Am

particles as the number given above. Hom

Number of sparticles below 250 GeV

—

The supersymmetric contributions &, are generated by

III. CONCLUSIONS

~ m m
sa@=—L% [ Eo (kP + [eRIHFS(x)

Deviations in the muon anomalous magnetic moment 16m° & 12my
have long been advertised as a key hunting ground for indi-
rect signatures of SUSY. However, the current experimental 2mg, L Ricc
excess is too small, given the large theoretical uncertainties, + 3m2 Re ¢, e 1F3 (%) (A1)
to provide statistically significant evidence for SUSY. v

The most recent standard model calculations indicate A erei=1234 m=12 andk=12 label th i
excess of either 1dbor 3.20. If one were to accept the E821 wherei=1,2,3,4,m=1,2, andk=1,2 label the neutrafino,
anomaly as evidence for SUSKt either of these valugs smuon and chargino mass eigenstates, respectively, and
then a number of statements can be inferred at thecdn- R
fidence level: Nim = \/EglNilxm2+y,u.Ni3Xm1-

The lightest sparticle must lie below 475 GeV (1 TeV).

For models with unified gaugino masses, there must be at L . N
least 2 sparticles with masses below 585 GeV (1 TeV). Nim= E(gz'\'iﬁglNil)Xml_yﬂNiaxmz,

There is no lower bound on tgh

Bounds on individual species of sparticles are weaker, R (A2)
usually falling at or above 1 TeV. C=YuUkz,

However, these pessimistic bounds are over allan L
which means effectively that they are the bounds when Ck="02Vi1,

075004-9
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Y= gzmﬂ/\/imwcosﬂ is the muon Yukawa Coup“ng, and Wheresﬁzsinﬁ, CB:COSB and likewise fOfﬁW. The neu-

0;, are the W1) hypercharge and S@) gauge couplings.
The loop functions depend on the variabie,gzm%_/ml% ,

=mZ /m? and iven b
X,=mg /m; and are given by

F(x)= 7[1-6x+3x%+2x3— 6x°Inx]

(1-x)

FY(x) [1-x%+2xInX]

T (1-x)°
(A3)

[243x—6x2+x3+6xInX]

C =
Fi(x) (1—x)*

FS(x)= [3—4x+x?+2Inx].

C2(1-x%)°

For degenerate sparticleg=€1) the functions are normal-
ized so thatF(1)=FY(1)=F$(1)=FS(1)=1. We can

also bound the magnitude of some of these functions; in

particular |[FY(x)|<3 while |[F$(x)| is unbounded as
—0.

The neutralino and chargino mass matrices are given by

M4 0 —MzSwCg  MzSwSg
0 M, MzCwCp  —MzCwSg
MR=| _ MzSwCg  MzCwCg 0 —u
MzSwSz  —MzCySg — K 0
(A4)
and
M, V2mysg e

M==
“\amye, m

tralino mixing matrixN;; and the chargino mixing matrices
Uy, andV,, satisfy

N*MyNT= diag mg,,, Mg, My, My, )

U*MgV'=diagmg ,mg,). (A6)

The smuon mass matrix is given in the, , g} basis as

AZ—pt
M (A 56‘”[3)) A7)
Mg

2

2
"

m, (A — u*tang)

where

1
Mfsz+(s\2,\,— 5) m3 cos 28
A8
MZ=m&—s3, m3cos28 (A8)
for soft massesn? andmg3; the unitary smuon mixing ma-
trix Xy, is defined by

2 . 2 2
XM= X'=diag (meme ). (A9)
We will define a smuon mixing angl@;, such thatX,,
=cosd,, and X;,=sing,. In our numerical calculations we
will set A7, =0. At low tang we have checked that varying
A;, makes only a slight numerical difference, while at large
tanB it has no observable effect whatsoever. Finally, the
muon sneutrino mass is related to the left-handed smuon
mass parameter by

2_ 2. 1 5
m-=m{ + 5 mzcos 26. (A10)

2
The leading two-loop contributions i@, have been cal-
culated[20] and have been found to suppress the SUSY con-
tribution by a factor (4/)log(msysy/m,)~0.07; we will
include this 7% suppression in all our numerical results.
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