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A gluino in the mass range 12-16 GeV combined with a light5.5 GeV bottom squark, as has been
proposed recently to explain an exces$afuark hadroproduction, would affect the momentum-scale depen-
dence(“running”) of the strong coupling constants in such a way as to raise its value Mt, by about
0.014-0.001. If one combines sources of uncertainty at lomy)( and high (M;) mass scales, one cannot
exclude such a possibility. Prospects for improvement in this situation, which include better lattice QCD
simulations and better measurementd/at, are discussed.
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[. INTRODUCTION the inclusion of a light bottom squark only changes the run-
ning slightly and is still compatible with the current experi-
The production ofo quarks in hadronic and electromag- mental data. However, theg extractions in these analyses
netic reactions appears enhanced with respect to expectatiodle not take into account the contributions of the new par-
based on perturbative QCLL]. While questions have been ticles. It is our purpose here to include such effects using
raised about the magnitude or interpretation of this effekt  available results and identify the improvements in data and
the discrepancy has led to the suggestion of an additionalalculations needed for a definite conclusion about the effect
mechanism ob quark production through the production of of a light gluino on the running ofs between scales below
relatively light(12—16 GeV gluinos, followed by the decay 10 GeV and th& mass. This question is of interest because
of gluinos tob quarks and their lightef2—5.5 GeV super-  of foreseen improved determinations at lower mass scales

partnersb [3]. The orthogonal mixtur®’ is assumed to be Using gquarkonium data and lattice gauge theofl-18,

sufficiently heavy that it would not yet have been observedand atM using future linear colliders. We show that a dis-

Theb squarks are assumed to be a mixture of the superparEi-nCtion between the behavior of the QCD beta function with

~— and without a 12—16 GeV gluino is not possible at present,
ners ofb, andbg such thgt the_dgca&—>bb* Is suppressed ¢t ill be so with anticipated improvements in the low-
[4]. Here we follow[3,5] in defining

energy determination ofs and with reduction of errors in

- - I'(Z—bb) andI'(Z—hadrons).

b cost sindg | [ bg Section |l treats two-loop formulas for the scale depen-

B’ - —singy cosfy) |, ) (1) dence(“running”) of.as in th_e standard modéSM) and in_

the presence of a light gluino and bottom squark. Typical

_ _ - _ effects range from Sag(Mz)=a¥*MM,)—aSM(M))

We will see later that the light bottom squérks dominantly  —g 15 at m;=12 GeV to day(Mz)=0.009 at my

right handed in order to have a sufficiently weak coupling—3q GeV, with Sag(M,)=0.002 due to the bottom squark.

with the Z boson. _ These effects are somewhat larger than those found in Ref.
A light gluino has been proposed befdi@-8|. Clavelli [3] based upon one-loop running, but errors @pat low

[9] noted that the value ofg as extracted _from quarkonia mass scaleSec. 1), atM, (Sec. IV), and aboveM , (Sec.

(see, e.g., Ref.10]), when extrapolated using the standardy/) gj|| are large enough that no distinction is possible be-

beta function of QCD tdV, led to a slightly lower value yeen the standard model and the light-gluino or bottom

than measured directly at the The running effect can be gquark scenario in the minimal supersymmetric standard

slowed down through the introduction of new fermionic yogel(MSSM). We collect results and discuss the prospects

and/or scalar particles with mass bely . Recent analyses  for improved measurements in Sec. VI, summarizing briefly
do not exclude or favor the possibility of a light gluino in the i sec. viI.
mass range of interest to ($1-13. (A light gluino with a
mass of the order of a few GeV, however, has been experi- Il TWO-LOOP RUNNING
mentally excluded14].) Referencd15] further shows that
The two-loop evolution of the strong coupling constant is
governed by the3 function
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In a minimally extended SUSY QCD model, the one- and 0018 ~rr 1T T T T[T
two-loop coefficients are given gy9—21] B

squarks, andng the number of gluinosTg=1/2 is the
Dynkin index of the fundamental representation, abg
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whereny is the number of quark flavorsy the number of *© 0.008 — -

=3 andCg=4/3 are the Casimir invariants in the adjoint ™™ [ e T i
and fundamental representations, respectively. In the schem T, ]
with only one light bottom squark and one light gluino with 0004 Lo b b b by 1y Y
masses less thah, (nz=ng=1), the changes in theg 10 15 20 25 30 35 40
function due to these new particles are m; (GeV)
~ i FIG. 1. Difference ofag(M,) between the MSSM and SM start-
5b%= -2, obj=- 6’ ©) ing from ag(m,)=0.239 as a function of the gluino masg . The
solid and dot-dashed curves give the two-loop results with and
_ 5 11 — 13 without a light bottom squark, respectively. The corresponding one-
§bg: —48, 5bg: 3 5bgq:§, (6) loop results are shown by the long-dashed cuglaino plus light

bottom squarkand dotted curvégluino only).

nUp tq two loops, the decouphpglrelatl'on bewVeenwhereas the dashed curve gives the result due to the light
a! f)( ) in the n¢-flavor theor anda™ )( ) in the (n : — .

s \M frRav s y s M f gluino contribution alone. The corresponding one-loop run-
—1)-flavor theory is trivial when they are matcib?d at thening results are indicated by the long-dashed cuglaino
heavy flavor threshold; for example, g ”(m,)  and bottom squabkand dotted curveégluino only). For the
= ag”f_l)(mb) for the modified minimal subtractiodMS)  range of gluino mass of interest, 12 to 16 GeV, we fifie,

scheme massn,=m{""(m,). Finite corrections start to ?ggoeférgrgogqls t?] 0'213’ SO V{’E shall quoLe itf’&h
come in when one considers three-loop runri2g]. e : In what follows. We now ask whether

Starting froma, at a low-energy scale, one can obtain its present data favor or disfavor such an effect.
value atM by solving the integral equation
I1l. LOW-ENERGY INFORMATION ON a4
M2

7) In this section we review the main sources of low-energy
2
Mo

ag(pg) Bla)’ information onag, concentrating on those with the smallest
claimed errors and describing those errors critically. All re-
Evolving the strong coupling constant in the SM and MSSMsgyits are quoted as(M5) assuming SM running in this
with initial values given in Ref.[18] at m,=4.1 GeV,  section. The corresponding valuesi{ M) in the presence
oM™ (m,)=0.2393312 we take mp=4 GeV andnmy  of a light gluino and a bottom squark can be obtained by

log

_ f“s(Mz) 2da

=15 GeV as an example and obtain adding da(=0.014+0.001).
SM —
ag'(M2)=0.1216+0.0027, A. 7 decays
ag"SSM(MZ)=0.135E 0.0035. (8) The lowest-energy determination af which appears in

current review$11-13 comes fromr decays involving had-

It should be mentioned that the minor difference of the evo+fons, with anaximunmass scale ah.. Impressive progress
lution within the SM of this paper from that given in Ref. has been claimed in expressing the hadronic final state in
[18] is because we restrict ourselves to two-loop running— v, +X, X=1,p,a,, ..., interms of an effective quark-
while they use the three-loop running result. antiquark continuum describable via perturbative QCD, lead-

We find that the light gluino dominates over the light ing to valuesag(m,)=0.323-0.030[11,13 or 0.35-0.03
bottom squark in the evolution over a wide range of its mass|.12]. Extrapolation via the renormalization group then leads
In Fig. 1, we plot the differencéa(Mz) as a function of to the valuesagy(M,)=0.1181+0.0031[11,13 or 0.121
the gluino massng. The solid curve gives the result with +=0.003[12]. However, the assignment of errors to the con-
both the light bottom squark and gluino taken into accounttribution of nonperturbative effects in these analyses is
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highly subjective, based on QCD sum rules for which inde-smaller, and for the other sign of siigcosé; they are small
pendent tests of sufficient accuracy do not exist in our opinfor all three values ofl. One must then take into account
ion. Remember that an error of 9%adry(m,) corresponds to these changes when extracting from y,; data, but their

a change of less than 3% in the perturbative expression fampact on the determination mentioned above is relatively
I'(7— v+ hadrons). modest{24].

B. Deep inelastic scattering D. Lattice
We shall argue that lattice calculations @f using the
upsilon levels are relatively insensitive to the new physics
introduced by light bottom squarks and gluinos. The inputs

ts of the structure functi ith elect d "t5 the calculation of Ref.16] are an overall mass scales-
ments of the structure functidf, with electrons and muons, - g 4ia)y adjustable through the choice rof) and either a

givesas(Mz) =0.1166+0.0022[13], from data points in the 5515 or 4 1P-1S level spacing. Both level spacings are
range 1.9 GewQ=15.2 GeV[23]. However, the error is seq to obtain a value af, at a low mass scale characteristic

not based on an analysis by any experimental group. Othft m_ . Consistency between the two values is used to argue
determinations are consistent with this value, but the smalles, fayor of an unquenched calculation with= 3 light quark

error quoted in any of them i£0.004[11,13. flavors.

In principle the determination o&is from deep inelastic The new operbb* decay channels affect not only the
scattering could be affected by a light since at the highest decay widths, but also the masses of tiebound states. In
Q2>mg gluons can split intdb*, affecting the evolution analogy with the neutral kaon system, in which #e-Ksg
equations. However, such an analysis is beyond the scope ofass splitting is of the same order as thgdecay width to
the present paper, and is more appropriately carried out by-7, we shall assume that the mass shiftbmbound states

The original and still one of the most powerful methods to

the experimental groups themselves. due to the opeb* channels are of theame orderas the
_ contributions ofob* decay channels to their partial widths,
C. Quarkonium i.e., tens of keV for the S-wave levels, at most a couple of

The measurement ofrg(m,)=0.22+0.02 from theY  hundred keV for the’P, level, and unimportant for the other
system (for m,=4.75GeV) implies ay(M,)=0.118 P-wave levels. A potential contribution from the heavy bot-

+0.006 in Bethke’s revieWl11,13. [A lower value ag(my) tom squarkB’ is estimated to be unimportant because of the

=0.185+0.01, implying ag(M,)=0.109+0.004, is quoted large mass suppression. The spin-weighted average

by Hinchliffe in the Particle Data Group revief#2].] Nei-  [SM(xp2) + 3M(xp1) + M(xpo)]1/9=M(1P) is then af-

ther value is competitive in its errors with the most precisefected by at most tens of keV. This is to be compared with

one based on deep inelastic lepton-hadron scattering. the input level spacingM(Y')—M(Y)=563 MeV and
The presence of lighb squarks affects the determination M(xp) —M(Y)=440 MeV [16]. We evaluate the effect of

of a from certain quarkonium decays. For example, the totafhifts in these quantities by tens of keV ag as follows.

width of theY is affected if the decay —bb* is permitted. A scale change in the input mass splittings is reflected in
One hag5] a similar change in the scale at which is evaluated,

as(M)— ag(Mr). Using this estimate, we find that the
change inag due to a change by a factor of=1+6 is
75 , 9 A[as’l]z(b1/27-r)5, whereb,(n{=5p)=7.5 from Eq.(3)
(t=my) s0 Ala; 1=6~10"% Aag=10*a2. This is smaller by
orders of magnitude than the effects which we consider to be
wheretz—(m%—4mg)/4. Typical effects on the bottom important. _ _
squark partial widths can exceed ten times the leptonic 1ne€ lattice calculation ok at scales of ordem, is thus
widths, thereby attaining values of tens of keV for different "0t likely to be affected by the presence of a light gluino and
Y states and substantially affecting their expected totaPottom squark with the mass ranges considered here to more

widths. Suppose the bottom squarks in the final state behaf82n+0.0001, and possibly even greater accuracy.

like usual hadronic jets within the detector. To compensate | he Particle Data Group review by Hinchliffé2] quotes
for the new open channel d@b* . for a given measured the average of several lattice determinations as implying

hadronic width one must reduce the valueagfmy). From ag(M;)=0.1134+0.003, at a characteristic mass scale of
ol my, as in the case of quarkonium decays. Betfk& adopts

Y(1S)_ - Y X Y
Eq.(9) andl'py™ =52.5= 1.8 keV, we find thaRgz, =9 for 4\ the latest lattice determinatiofil8] and quotes

mp=4 GeV, mg=14 GeV andas should be reduced by 4 (M,)=0.121+0.003.
about 5%, consistent with the estimate in Ré&fl. Such a

2
2my (m§ — 4mg)32

v _DIeex 1 ( as(p)
S W

em

ch?ng)e is well within the current error on the extracted IV. INFORMATION ON  a, AT M,
ag(Mmp). )
The decays o, states tdb* occur with partial widths A. Direct measurements: Standard model

which can exceed 200 keV fai=0 and for sing;cosé; Based omg(M ;) =0.1200+ 0.0028 and the global best fit
>0; for J=1,2 these partial widths are calculated to be muchvalues of some other input parametéesy.,M,, M, etc),
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the standard model predictd’(Z—hadrons}1.7429 difference is R&"—Ry"=0.00095-0.00070, so that one
+0.0015 GeV, to be compared with the experimental valuemust have 3.0810 °>5R,>—1.15x10 % to maintain
1.7444+0.0020 Ge\[25]. [The fact that the two numbers do agreement at thedlevel. By suitable choice of phases Baek
not agree exactly is due to the existence of other inputs in thg able to reduce the predicted magnitudesg, by about a
fit affected by ag(Mz).] The experimental error alone in factor of 2, which would put it within reasonable limits.
I'(Z—hadrons) would imply an error inas(Mz) of  Dealing with theCP conserving MSSM, Caet al. [26] ob-
+0.0034, consistent with the value quoted by Betfk8].  tained similar results fom;=3.5 GeV.

Additional theoretical errors raise this t¢0.005. Fitting It is noted in Refs[26,2§ that the variation ofny, does
only I'(Z—hadrons), we findeg(M;)=0.123+0.005. We  not changeSR, significantly. As will be seen later, the SUSY

shall adopt this more conservative error. contribution to the decay channg&—bb is the dominant

. component in the change of the hadroZicdecay width.

B. Effect of SUSY scenario onl"(Z—bb*) Therefore, we takél' (Z— hadrons}= SI'(Z—bb), which is

The light bottom squark is assumed to be long lived at related todRy, by

the collider scale or to decay promptly into light hadrons in

_ o _
this scenarig3]. In either case, it forms a hadronic jet within s — o' (Z—bb) (2~ bb) oT(Z—hadrons

the detector due to its color charge. Therefore, Zhebb* I'M(Z— hadrons I'M(Z— hadrong?
decay mode will contribute to the total hadronic width of the .
Z boson. sw.  OI'(Z—bb)

=(1-Ry™) 1y

The partial decay widtfi'(Z—bb*) can be expressed at I'SM(Z— hadrong
the tree level as
GM? In the following calculation, we will take the rangéR,
FMz b b b_ b 2 =—(1-2)x10"2 (which covers the most negative accept-
8\/577[(9\,+9A)5m205+(gv gp)cOS G51°, able value if one takes the current-dound seriously for
(100  our estimation of changes ing(M;). Using REM=0.21569

and I'>™(Z— hadrons)=1.7429 GeV, one finds thail'(Z

where we take the limitng=0. (In our convention th&bb ~ —bb)=—(0.0022-0.0044) GeV. Here we reiterate that the
vertex ~ 93—9275.) The Zbb* coupling must be small to value ofR,, predicted in the SUSY scenario remains a poten-

agree with the electroweak precision measurements at thtéally dangerous feature of this scheme.

Z-pole. A vanishing tree-levefbb* coupling is achieved if , _—

the mixing angleg;, is chosen to satisfy sth=+2sirf4,/3 D. Effect of SUSY scenario onl’(Z—gg)

=0.39. However, a nonzero effective coupling, which can be With a light gluino in this scenario, th2 boson can decay
obtained if sing;#0.39 and/or via loop corrections, may con- into a pair of gluinos through loop-mediated processes. The

tribute toI'(Z—bb*). Carenaet al.[4] calculated thébb*  gluinos then decay promptly tob* or bb, contributing to
production cross section as a function of the effeciiob*  the total hadronic width of th&. Previous analysef29]

coupling. Their results indicate thi(Z—bb*) is less than indicate that the branching ratio @ gg falls in the range
0(0.001) GeV for 0.36sin¢;=<0.45. For comparison, the ©Of 10~°to 10~ for a wide range of MSSM parameter space.
tree-level formula(10) givesT'(Z—Bb*)=(0-0.001) Gev NS gIves a partial width of less than(1) Mev. Although -
P s e o . For 0. et . 1 BRSSBY of G bt s st coredrd
can be obtained on the one-loop correction (& — bb*) !

b ) ¢ similar to that in Sec. IV D. whi hdue to the light bottom squark should be comparatively
y using an argument similar o that in sec. » WICN small. The reason is that the effective coupling betweerZthe

would also assert thatI'(Z—bb*) is less than poson and the gluinos should be of the same order as the

['(Z—bb*)=

0(0.001) GeV. one-loop correction to the coupling betwegrand bottom
quarks, both of which ares and one-loop suppressed. The
C. Effect of SUSY scenario onl'(Z—bb) Zbb coupling receives ad( «) correction coming from the

The electroweak observables suchRashave been con- interference between the SUSY contribution and the SM
Rs tree-level coupling, resulting in a decrease of at most 4.4

sidered to provide a stringent constraint on the allowed Pa5seV in the total width ofZ (see Sec. IV In the case of

rameter space of the light gluino or bottom squark scenariQ ~~ ) _
[26—28. For sinf,=0.39, ;=5 GeV, mg, =200 GeV, and Zgg, however, there is no tree-level coupling; therefore, the

mg=14 GeV, Baek[28] calculated 5R,= Rb—RﬁM as a am'plitude for the process E furthgr suppressedamsj).'
function of theCP violating phases), and ¢5. The range of ~ Using the result oI’ (Z—bb) as given in Sec. IVC, it is
SRy, turns out to be— (2.0-3.5)x 10 2 for sin#;=0.39 and  easy to see that the partial width »f-gg is indeed at most
mg, =200 GeV. This is unacceptably large. The observedan MeV.

value iSRﬁXpt: 0.21664+0.00068[25], to be compared with A lower bound can be obtained d?(Z—;aé) based on
the standard model predicti(RﬁM:O.21569t 0.00016. The the unitarity of theS matrix (S'S=1). We expect that this
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TABLE I. Values of ag(M,) based on determinations at different mass scales, in the standard (hodel
and in the presence of a light gluino and bottom squayk

Source Q (GeV) (1) (2)
T 1.78 0.118(0.1212% (>)0.003 a
DIS ~3 0.1166+ (>)0.0022 0.136:(>)0.003
Lattice ~5 0.121+(>)0.003 0.135%:(>)0.003
I'n(Z) 91.2 0.123-0.005 (0.123-0.131)*+0.005
Event shapes >Myz 0.123+0.006 Unknown
aSee Sec. Il A. Extrapolation from such a Ia@is risky in our opinion.
bound is likely to provide a fairly good estimate of the actualSM  value 0.123:0.005. We then have ay(My)

Z—gg partial width as long as cancellations of loop contri- =(0.123—0.131}¢0.005 in the SUSY scenario.
butions with high internal momenta are implemented, as in
the calculations of Ref[29]. The situation is analogous to
the KK, mass difference and the decy —u*u™. In o _ _
each case the high_momentum Components Of the |00p dia_ A number of determinations @fs at the h|ghest'ava|lab|e
grams are Suppressdﬂere1 through the presence of the mass scales are based on event Shap9§éﬁ annihilations
charmed quark30]), leaving the low-mass on-shell states [13]- An example[32] of such determinations, based on data

V. INFORMATION ON a4 ABOVE THE Z

(7 or yvy, respectively to provide a good estimate of the
matrix element.

at center-of-mass energies up to 206 GeV, dgMy)
=0.1227:0.0012+0.0058. Since the dominant error is sys-

The imaginary part of the invariant matrix element tematic, it will not be decreased SUbStantia”y by combination

M(Z—gg) can be written as

~ 1 ~——
Im[ M(Z—99)]=75 . f dITM(Z—f)M* (gg—1),
(12

with results of other experiments.

The determination oft,(M ;) from event shapes in high-
energye” e annihilations will be affected in several ways
by the light-gluino or light bottom squark scenario. Virtual
bottom quarks will be able to radiate bottom squarks and
gluinos; virtual gluons will be able to split into pairs of light

where the sum runs over all possible intermediate on-sheffottom squarks and pairs of gluinos; and next-to-next-to-

stated. Sinceb is the lightest supersymmetric particle in the

scenario and all other supersymmetric partidlesceptg)

are much heavier, we only need to consider the cases whe e

f is bb andbb*. The contribution of the latter can be ne-
glected because we require that the tree-I&@#8* coupling

be small. Furthermore, since the mass of the heavy bottom

squarkb’ is very large, onlygg—bb via b exchange is
considered to be significant. Based on the fact ttet(Z
—gg)|=Im[ M(Z—gg)], our calculation indicateg31]
[(Z—gg)
['(Z—Dbb)
_ a5(Mg) [(gy-+g)sin’ g5 (gy—gi) °cos b5
24 2[(g%)*+ (9] '

13

Taking a4(M;)=0.123 and sim;=0.39, we obtainl'(Z
—9g)=0.02 MeV. As mentioned above, it is likely that the

actual partial width is not far above this lower bound. We
will take the upper bound to be 1 MeV, as explained earlier

In summary, we estimatd’(Z—bb*)=(0-1) MeV,
8T (Z—bb)=—(2.2-4.4) MeV and I'(z—99)

leading order (NNLO) perturbative expressions will be
modified because of new loops in gluon and bottom quark
ropagators. Estimates of these effects are beyond the scope
the present paper, but are worth pursuing.

VI. RESULTS AND PROSPECTS FOR FURTHER
IMPROVEMENTS

We show in Table | examples of the results fey(M)
based on the best determinations at various mass scales, both
in the standard model and in the presence of a light gluino
and bottom squark. As mentioned earlier, for a gluino in the
12 to 16 GeV mass range, values &k 4(M,) due to this
latter scenario range frorx0.015 to=0.013 when extrapo-
lating from m, to Mz, so we shall quote their effect as
0.014+0.001.

Table | presents a rather unsatisfactory situation at
present, in our view. No clear-cut decision is possible in
favor of either the standard model or the light gluino or
bottom squark scenario. In Fig. 2 we show valuea M)
extracted from determinations at various valueQdfL3]. A
straight line, corresponding to the standard model, clearly
provides an excellent fit, while we have shown that the best-
measured values okg are also compatible with the light
gluino or bottom squark hypothesis.

We expect that some of the indeterminacy should be re-

=(0.02-1) MeV. The total correction to the predicted had-duced when results of fully unquenched lattice calculations

ronic width of Z is thus— (0.2—4.4) MeV, which is equiva-
lent to a change of (0—0.008) (M) with respect to the

appear, reducing the error on the extrapolated coupling con-
stant toA ag(M ;)= *+0.002 or less. However, further reduc-
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FIG. 2. Values ofag(M;) as determined at various values@f
based on standard model evolution. From R&8].

tion of uncertainty will require improved determinations ei-
ther at theZ masq particularly ofI',((Z) andR;] or above it
(extrapolated down ttM ;). For the latter case, a calculation
is needed for the effect of the light gluino or bottom squark
proposal on hadronic event shapes.

VIl. SUMMARY

We have outlined the current status of the scale depe
dence of the strong fine-structure constagind the light it

PHYSICAL REVIEW D67, 035008 (2003

can shed on the hypothesis of a light gluino and bottom
squark. No conclusion is possible at present regarding this
hypothesis withCP violating phases vis-ais the standard

model. Improvements that will permit a more clear-cut test
include refinement of lattice calculations, reduction of errors

based in the hadronic armb widths of theZ, and possibly
more precise determinations based on event shapes in high-
energye’ e collisions. Of course, direct searches for light
gluinos and bottom squarks will play a key role, but that is
another story.

Note addedAfter this work was finished, we received a
paper{33] considering th& —bb* g+ b*bg channel, whose
partial width was estimated to be of order £0GeV in the
gluino mass range of interest to us. This positive contribution
may partially cancel with the negative SUSY contribution to
I'(Z—Dbb) in both CP-conserving andCP-violating cases
[26,28 and, therefore, brings down our estimate @f ex-
tracted atM in Table |, where maximaCP violation is
assumed.

ACKNOWLEDGMENTS

We would like to thank S. w. Baek, E. Berger, A. Djouadi,
M. Drees, A. Leibovich, A. Kagan, A. Kronfeld, S. Martin, T.
Tait, and C. Wagner for useful discussions. This work was
supported in part by the U.S. Department of Energy, High

fEnergy Physics Division, through Grant No. DE-FGO02-

90ER-40560 and under Contract W-31-109-ENG-38.

[1] S. Frixione, inProceedings of the International Europhysics
Conference on High Energy Physics (HEP 2Q0Rydapest,

and L.R. Surguladzebid. 55, 4268(1997).
[9] L. Clavelli, Phys. Rev. D46, 2112(1992.

Hungary, 2001, edited by Andras Patkos and Peter Pazmanyl0] W. Kwong, P.B. Mackenzie, R. Rosenfeld, and J.L. Rosner,

(Eotvos University, Budapest, 2001p. 25, hep-ph/0111368.
[2] M. Cacciari and P. Nason, Phys. Rev. L&%, 122003(2002.
[3] E.L. Bergeret al, Phys. Rev. Lett86, 4231(2002); the con-

Phys. Rev. D37, 3210(1988.
[11] S. Bethke, J. Phys. @6, R27(2000.
[12] K. Hagiwaraet al, Phys. Rev. D66, 010001(2002, p. 89.

nection between a light bottom squark and a light gluino and[13] S. Bethke, Max-Planck-Institut Report No. MPI-PHE-2002-17,
the constraints on their mass ranges are discussed in A. Dedes hep-ex/0211012.

and H.K. Dreiner, J. High Energy Phy86, 006 (200)). For
the effect of a light bottom squark on the Higgs boson decay.
see E.L. Berger, C.W. Chiang, J. Jiang, T.M. Tait, and C.E.
Wagner, Phys. Rev. B6, 095001(2002.

[4] M. Carena, S. Heinemeyer, C.E.M. Wagner, and G. Weiglein,

Phys. Rev. Lett86, 4463(2001).

[5] E.L. Berger and L. Clavelli, Phys. Lett. B12, 115 (200J.

[6] P. Fayet, Nucl. PhysB90, 104 (1975.

[7] G. Farrar and P. Fayet, Phys. Let6B, 575(1978; G. Farrar
and S. Weinberg, Phys. Rev. 27, 2732 (1983; G. Farrar,
Phys. Lett. B265, 395(1991); Nucl. Phys. B(Proc. Supp).62,
485 (1998.

[8] A comprehensive list of other references may be found in L.
Clavelli, hep-ph/9908342; see, e.g., L. Clavelli, P.W. Coulter,
and K.-J. Yuan, Phys. Rev. 87, 1973(1993; L. Clavelli and
P.W. Coulter,bid. 51, 1117(1995; L. Clavelli, P.W. Coulter,

[14] A. de Gouvea and H. Murayama, Phys. Lett.4B0, 117
(1997; F. Csikor and Z. Fodor, Phys. Rev. Leit8 4335
(1997; Z. Nagy and Z. Trocsanyi, hep-ph/9708343; F. Csikor
and Z. Fodor, irProceedings of the International Europhysics
Conference on High-Energy Physics (HEP 9¥grusalem, Is-
rael, 1997, edited by D. Lellouch, G. Mikenberg, and E.
Rabinovici (Springer-Verlag, Berlin, 1999 p. 883,
hep-ph/9712269.
[15] T. Becher, S. Braig, M. Neubert, and A. KaganProceedings
of the International Europhysics Conference on High-Energy
Physics (HEP 2001))1], p. 90, hep-ph/0112129; Phys. Lett. B
540, 278 (2002.
[16] C.T.H. Davies, K. Hornbostel, G.P. Lepage, P. McCallum, J.
Shigemitsu, and J.H. Sloan, Phys. Rev5§ 2755(1997.
[17] UKQCD Collaboration, C.T.H. Daviest al., Phys. Rev. b8,
054505(1998.

035008-6



LIGHT GLUINO AND THE RUNNING OF ag PHYSICAL REVIEW D 67, 035008 (2003

[18] C.T.H. Davieset al, contributed to 20th International Sympo- (2002.
sium on Lattice Field Theord ATTICE 2002, Boston, Mas-  [27] G.C. Cho, Phys. Rev. Let89, 091801(2002.
sachusetts, 2002, hep-lat/0209122. [28] S. Baek, Phys. Lett. B41, 161(2002.
[19] M.E. Machacek and M.T. Vaughn, Nucl. PhyB222 83  [29] G.L. Kane and W.B. Rolnick, Nucl. Phy&217, 117 (1983;
(1983. B. Kileng and P. Osland, contributed to 9th International Work-
[20] S.P. Martin and M.T. Vaughn, Phys. Lett. 88 331(1993; shop on High Energy Physics and Quantum Field Thenil
Phys. Rev. D50, 2282(1994. MSU 94), Moscow, Russia, 1994, hep-ph/9411248; A. Djouadi
[21] L. Clavelli, P.W. Coulter, and L.R. Surguladze, Phys. Rev. D and M. Drees, Phys. Rev. BL, 4997(1995.
55, 4268(1997. [30] M.K. Gaillard and B.W. Lee, Phys. Rev. D0, 897 (1974

[22] K.G. Chetyrkin, B.A. Kniehl, and M. Steinhauser, Nucl. Phys.
B510, 61 (1998.

[23] J. Santiago and F.J. Yndurain, Nucl. Phg&11, 447 (200J).

[24] E.L. Berger and J. Lee, Phys. Rev.a5, 114003(2002.

[25] K. Hagiwaraet al, Phys. Rev. D66, 010001(2002, p. 98

[26] J. Cao, Z. Xiong, and J.M. Yang, Phys. Rev. L&8, 111802

[31]Z. Luo, Enrico Fermi Institute Report No. 03-02,
hep-ph/0301051.

[32] L3 Collaboration, P. Acharcet al, Phys. Lett. B536, 217
(2002.

[33] K. Cheung and W. Y. Keung, Phys. Rev.d3, 015005(2003.

035008-7



