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1. Introduction

We have recently analyzed the indications provided by ctiregperimental data concerning
the possible scale of supersymmetry [1-3] within the fraoréwof the minimal supersym-
metric extension of the Standard Model (MSSM) [4,5]. We foom the constrained MSSM
(CMSSM), in which it is assumed that the soft supersymmbtaaking scalar masses,,
gaugino masses; ;» and tri-linear parameterd, are each constrained to be universal at the
input GUT scale, with the gravitino heavy and the lightegtessymmetric particle (LSP) being
the lightest neutraling?.

It is well known that predicting the masses of supersymmgtarticles using precision
low-energy data is more difficult than it was for the top quarleven the Higgs boson. This is
because the Standard Model (SM) is renormalizable, so géiogitheorems imply that many
low-energy observables are insensitive to heavy spastj6le On the other hand, supersymme-
try may provide an important contribution to loop-inducedgesses. In fact, it was found [1, 3]
that present data on the electroweak precision observahleandsin® .4, as well as the loop-
induced quantitiesg — 2),, andBR(b — sv) (see [7] for a review), may already be providing
interesting indirect information on the scale of supersyatrignbreaking, at least within the con-
text of the CMSSM with a neutralino LSP. In that frameworle tAnge ofn, is very restricted



by the cold dark matter density, »* determined by WMAP and other observations, for any
set of assumed values ofn 3, m, » and the trilinear soft supersymmetry-breaking parameter
Ao [8,9]: in our analysis we have fixed, to satisfy the cold dark matter density constraint,

0.094 < QCDMh2 < 0.129 [10] L

Within the CMSSM and using the (then) preferred range= 178.0 4+ 4.3 GeV [12],
we found previously [1, 2] a preference for low valuesiaf;,, particularly fortan 5 = 10, that
exhibited only a moderate sensitivity #y 2. Here we focus on the change induced by the de-
crease of the experimental valuernf. The new analysis [3] updates our previous analysis [1],
taking into account the experimental resulbof = 172.7 + 2.9 GeV [14], and provides &ade
mecumfor understanding the implications of any further evolatio the preferred range and
experimental error of, 3.

As we show here explicitly, the new experimental valuengfhas a non-trivial effect on
the ranges ofn; /, preferred by the experimental measurements/gf andsin? 0. Moreover,
it reduces substantially the mass expected for the light&$M Higgs boson ), for any
given values ofm, 2, mo, tan 3 and A, thereby strengthening the constraintsan,. We
therefore improve our analysis by incorporating the fldélihood information provided by the
final results of the LEP search for a Standard Model-like Higgson [16, 17] (see [18] for
other recent analyses in the framework of the CMSSM, whifferdirom our analysis by the
treatment of certain observables such\és, sin’® 6.¢ or M, or in their treatment of the 95%
C.L. exclusion bound foi,,.)

2. Current experimental data

In this Section we review briefly the experimental data sat Has been used for the fits. We
focus on parameter points that yield the correct value ottieé dark matter density.094 <
Qcpvh? < 0.129 [10], which is, however, not included in the fit itself. Theta@aet furthermore
comprises the following observables: the mass ofthikoson My, the effective leptonic weak
mixing angle,sin’ 6., the anomalous magnetic moment of the mugns- 2),,, the radiative
B-decay branching rati®R(b — sv), and the lightest MSSM Higgs boson magdg,. A
detailed description of the first four observables can badaun [1, 7]. We limit ourselves here
to recalling the current precision of the experimental itssand the theoretical predictions.
The experimental values of these observables have not etiasignificantly compared to [1,
7], and neither have the theoretical calculations. Howetr lower experimental value for
m, affects the interpretation af/,;; andsin® 6.4, in particular, changing the room available
for contributions from possible physics beyond the Stathddodel, such as supersymmetry.
Moreover, as already commented, the new, lower experirhgabae of m; necessitates the
incorporation of more complete experimental informatibowat M, into the fit.

The uncertainties in the precision observables are givéollasvs:

e TheWW boson mass
The intrinsic theoretical uncertainty in the prediction fid;;; within the MSSM with real

1The central value d2cpy 22 indicated by the recent three-year WMAP data is very simildailst the uncer-
tainty is now somewhat reduced [11].

20ur notation for thed, parameter follows that which is standard in supergravitgei® (see e.g. [4]), namely
the coupling in the scalar potential is given By ¢(® for the tri-linear superpotential terpd®). This differs from
the sign convention used in many publicly available codes,esg. [13].

3We also briefly comment on the effect of using the most upat@dalue ofn; = 172.5 + 2.3 GeV [15].



parameters has been estimated as [19]
AMIi/Il}tr,current 5 9 MeV : (1)

depending on the mass scale of the supersymmetric partidlescent reevaluation of
My, [20], taking into account all existing corrections yiel@gsults very similar (within
~ 5 MeV) to our calculation. The parametric uncertainties are dated by the ex-
perimental error of the top-quark mass and the hadronicitorion to the shift in the
fine structure constant. Their current errors induce thievieghg parametric uncertain-
ties [7,21]

SmgT = 2.9 (2.3) GeV = AMP™ ™ ~ 17,5 (14) MeV, )
S(Aafurenty = 36 x 107° = AMPFeAmdcwTent 6 5 \eV (3)

The experimental value dffy;; used in this analysis is [22, 23]
M = 80.410 & 0.032 GeV. (4)

The experimental and theoretical errors idy,, are added in quadrature in our analysis.

e The effective leptonic weak mixing angle
In the MSSM, the remaining intrinsic theoretical uncertgin the prediction fosin? 0,
has been estimated as [19]

A sin? et <7 5 1070, (5)

depending on the supersymmetry mass scale. The currenirexpéal errors ofn, and
Aay,q induce the following parametric uncertainties
Smg =29 (2.3) GeV = Asin® g™ 10 (8) x 1070, (6)

S(Aagurenty = 36 x 107° = Asin? gRara-Semsdcnrent o 13 5 1075, 7)
The experimental value is [22, 23]
sin? G5 = (0.23153 4+ 0.00016 . (8)

The experimental and theoretical errorsdor 6.4 are added in quadrature in our analy-
Sis.

e The anomalous magnetic moment of the muon
We use here the latest estimate based™an data [24] (see [25, 26] for reviews):

a'P® = (11659 182.8 4 6.30q & 3.5181 £ 0.3qEprmw) X 107 (9)

I

where the source of each error is labelled.
The result for the SM prediction is to be compared with thel fiesult of the Brookhaven
(g — 2), experiment E821 [27, 28], namely:

as™® = (11659208.0 + 5.8) x 10717, (10)

“The newest experimental value bf;;,” = 80.404 + 0.030 GeV [23] yields practically identical results.



leading to an estimated discrepancy

a® — a'f* = (252 £9.2) x 107, (11)

equivalentto a 2.4 effect. While it would be premature to regard this devia@sra firm
evidence for new physics, it does indicate a preference fawrazero supersymmetric
contribution.
We note that new " e~ data sets have recently been published in [29-32], but neisgel
in an updated estimate 6§ — 2),,. Their inclusion is not expected to alter substantially
the estimate given in (9). In particular, we note that the SiNia [31] have recently
been revised significantly [32], following a re-evaluatiohthe background processes
ete” — nmtn v andu® . They are now in much better agreement with the CMD2
data [30], and show an increased disagreement with thecay data.

e The decay — sv:
Since this decay occurs at the loop level in the SM, the MSShtridmution mighta
priori be of similar magnitude. A recent theoretical estimate ef &\ contribution to
the branching ratio is [33]

BR(b — sv) = (3.70 £ 0.46) x 107*, (12)

where the calculations have been carried out completelyLo M the MS renormaliza-
tion scheme [34—36], and the error is dominated by higheéeto@CD uncertainties. We
record, however, that the error estimate it (b — sv) is still under theoretical debate,
see also [37, 38].

For the experimental value, we assume [3] the estimate [39]

BR(b — s7) = (3.3979:35) x 107%, (13)

whereas the present experimental value estimated justthedsy the Heavy Flavour
Averaging Group (HFAG) iBR(b — sv) = (3.55 & 0.24709 4+ 0.03) x 10~ [40].
The uncertainties are combined statistical and systeraatics, the systematic error due
to the spectral shape function, and the uncertainty duedd-ihraction, respectively.
The new central value is somewhat closer to that in the SM, {frf)osing a somewhat
stronger constraint on the supersymmetric mass scale gdbwot expect the conclusion
to differ greatly from this analysis.

e The lightest MSSM Higgs boson mass
The mass of the lightestP-even MSSM Higgs boson can be predicted in terms of the
other CMSSM parameters. At the tree level, the tif@d-even Higgs boson masses are
obtained as functions af/,, the C’P-odd Higgs boson mas&/,, andtan 3. For the
theoretical prediction of\/, we employ the Feynman-diagrammatic method using the
codeFeynHi ggs [41, 42], which includes all numerically relevant known inég-order
corrections. The current intrinsic error 61, due to unknown higher-order corrections
has been estimated to be [7,43,44]

AM}iLntr,current —3 GeV ) (14)

Details about the inclusion af/;, and the evaluation of the correspondipgvalues ob-
tained from the direct searches for a Standard Model (SMys$ilgpson at LEP [16] can
be found in [3].

SWe thank Lee Roberts for information on this point.



Assuming that the five observables listed above are unevedsl ay? fit has been per-

formed with ,
4 R%xp _ R:Lhoo
=Y (—) + X, - (15)
n=1 On

Here R®® denotes the experimental central value ofitiieobservablefyy, sin? O.g, (g — 2) "
andBR(b — s7)), R is the corresponding CMSSM prediction ang denotes the com-
bined error, and(?wh denotes the? contribution coming from the lightest MSSM Higgs boson
mass [3].

3. CMSSM analysisfor m; = 172.7 GeV

As already mentioned, in our old analysis of the CMSSM [1] wedithe range:;, = 178.0 +
4.3 GeV that was then preferred by direct measurements [12]. THernpeel range has subse-
quently evolved tal72.7 + 2.9 GeV [14] (and very recently td72.5 + 2.3 GeV [15]). The
effect of this lowern, value is twofold.

First, it drives the SM prediction af/y;; andsin? . further away from the current experi-
mental valué. This effectis shown in Figs. 1 —4 fosn 3 = 10, 50. In the right plots of Figs. 1
and 2 we have also updated the experimental valu&pf The change in the SM prediction
elevates the experimental discrepancy to about 1despite the change in the preferred exper-
imental range of\/y,, which does not compensate completely for the change;inThe net
effect is therefore to increase the favoured magnitude@stipersymmetric contribution, i.e.,
to lower the preferred supersymmetric mass scale. In the @fasn® 0.4, the reduction inn,
has increased the SM prediction whereas the experimentad t1as not changed significantly.
Once again, the discrepancy with the SM has increased td abew, and the preference for a
small value ofmn, , has therefore also increased.
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Fig. 1. The CMSSM predictions favly; as functions ofn, /, for tan 8 = 10 for variousAy. The top quark mass
has been set to, = 178.0 GeV (left) andm; = 172.7 GeV (right). The experimental measurements indicated in
the plots are the previous on&fy, = 80.426 £0.034 GeV (left) and the newer oné/y = 80.410+£0.032 GeV

(right).
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Secondly, the predicted value of the lightest Higgs bosossntathe MSSM is lowered
by the newm, value, see, e.g., [45]. The effects on the electroweak gimtiobservables of

SWhereagg — 2),, andBR(b — sv) are little affected.
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Fig. 3: The CMSSM predictions fein? .4 as functions ofn, /5 for tan 8 = 10 for various Ag. The top quark
mass has been setto, = 178.0 GeV (left) andm, = 172.7 GeV (right).
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Fig. 4: Same as in Fig. 3, but faan 8 = 50.

the downward shift in\/;, are minimal, but the LEP Higgs bounds [16, 17] now impose aemor
important constraint on the MSSM parameter space, notably.9,. This is visualized in
Figs. 5 and Fig. 6, where we show the resultstfar 5 = 10, 50 for m; = 178.0 GeV (left
plots) andm,; = 172.7 GeV (right plots). A hypothetical LHC measurement is also shown



namelyM,;, = 116.440.2 GeV, as well as the present 95% C.L. exclusion limiiod.4 GeV.
Fortan 8 = 10 as shown in Fig. 5, with the lower, value for smallm, ,, a positive value
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Fig. 5: The CMSSM predictions fav/;, as functions ofn, /5 for tan 3 = 10 for various A,. The top quark mass
has been set tey; = 178.0 GeV (left) andm,; = 172.7 GeV (right). A hypothetical LHC measurement is also

shown, namely/;, = 116.4 £ 0.2 GeV, as well as the present 95% C.L. exclusion limitdt.4 GeV.
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Fig. 6: Same as in Fig. 5, but faman 5 = 50.

of Ay is needed in order to satisfy the LEP Higgs exclusion bourfés. tan 5 = 50, see
Fig. 6, on the other hand, this effect is much less severeulmprevious analysis, we rejected
all parameter points for whickeynH ggs yielded M, < 113 GeV. The best fit values
in [1] corresponded to relatively small values if,, a feature that is even more pronounced
for the newm; value. In view of all these effects, we have updated [3] odranialysis of the
phenomenological constraints on the supersymmetric ncagss, /, in the CMSSM using the
new, lower valu€ of m, and including ay? contribution fromaZ,,.

We now present the updated results [3] for §idfit, which includes the? contribution
for M, for m, = 172.7 £ 2.9 GeV.8 As seen in the first panel of Fig. 7, the qualitative feature
observed in [1] of a pronounced minimum it atm;, for tan 5 = 10 is also present for
the new value ofn,. However, they? curve now depends more strongly on the valueigf

’See also [2], where a lower boundif, > 111.4 GeV has been used.
8The results forn; = 172.5 + 2.3 GeV are very similar, see also Sect. 4.



corresponding to its strong impact ad,. Values ofA,/m,,, < —1 are disfavoured at the
90% C.L., essentially because of their lowéy, values (see Fig. 5), but, /m,» = 2 and 1 give
equally good fits and descriptions of the data. The old begbfitt in [1] hadA,/m, ), = —1,
but there all4,/m,/, gave a similarly good description of the experimental date minimum
x? value is about 2.5. This is somewhat higher than the residi]jibut still represents a good
overall fit to the experimental data. The rise in the minimuatue of y?, compared to [1], is
essentially a consequence of the lower experimental derghae of m;, and the consequent
greater impact of the LEP constraint dd;, [16, 17]. In the cases of the observables,
andsin® 0., a smaller value ofn, induces a preference for a smaller valueraf/,, but the
opposite is true for the Higgs mass bound. The rise in thermini value ofy? reflects the
correspondingly increased tension between the electiowestision observables and thé,
constraint.

A breakdown of the contributions tg? from the different observables can be found for
some example points in Table 1. We concentrate here on pteassts with relatively bad fit
qualities that either have large, » values or lie in the focus-point region (see below). One
can see that, for large, /, values,(g — 2),, always gives the dominant contribution. However,
with the new lower experimental value of; also My, andsin? 6.z give a substantial contri-
bution, adding up to more than 50% of thge— 2),, contribution. On the other hand/;, and
BR(b — sv) make negligible contributions tg? at these points. As seen from the example
shown in the last line of the Table, focus points may yieldikinresults for the electroweak
precision observables as in the SM, resulting in a relatiki@h y? value. This region is mostly
disfavoured at the- 90% C.L. level, as also seen in Fig. 8.

tan B | myp | mo A X2 | My | sin® Oeg (9—2), | BR(b— sv) | M,

10 | 880 | 270 | 1760 | 9.71| 2.29| 1.28 6.14 0.01 0
50 |1910| 1500| -1910| 9.61 || 2.21| 1.11 6.29 0.01 0
50 | 800 | 2970| -800 || 8.73|| 1.92| 0.72 6.05 0.04 0

Table 1:Breakdown ofy? contributions from the different precision observablegg for some example points.
All masses are in GeV. The last row is representative of tbesfgoint region.

The remaining panels of Fig. 7 update our old analyses [Ij@ft functions for various
sparticle masses within the CMSSM, namely the lightestraéob Y?, the second-lightest
neutralinoy) and the (almost degenerate) lighter chargiio the lightest slepton which is the
lighter staut, the lighter stop squark, and the gluinaj. Reflecting the behaviour of the
globaly? function in the first panel of Fig. 7, the changes in the optivaiues of the sparticle
masses are not large. The 90% C.L. upper bounds on the partadses are nearly unchanged
compared to the results far, = 178.0 + 4.3 GeV given in [1].

The corresponding results for the case 5 = 50 are shown in Fig. 8. We see in panel
(a) that the minimum value of? for the fit withm, = 172.7 £ 2.9 GeV is larger by about a
unit than in our previous analysis with, = 178.0 &= 4.3 GeV. Because of the rise ip* for the
tan 3 = 10 case, however, the minimum values\dfare now very similar for the two values
of tan 3 shown here. The dip in thg? function fortan 3 = 50 is somewhat steeper than in the
previous analysis, since the high valuesiafj, are slightly more disfavoured due to thaify,
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Fig. 7: The combined likelihood functiog? for the electroweak observabldsy, sin” O, (9—2),, BR(b — s7),

and M;, evaluated in the CMSSM foan 3 = 10, m; = 172.7 4+ 2.9 GeV and various discrete values df,, with

mg then chosen to yield the central value of the relic neut@tiensity indicated by WMAP and other observations.
We display thec® function for (a)my /2, (b) mgo, (c) Mg, My, (d)yms,, (€)mg, and (fym; [3].

andsin® 0,5 values. The best fit values of, ), are very similar to their previous values. The
preferred values of the sparticle masses are shown in theimarg panels of Fig. 8.

We note one novel feature, namely the appearance of a grgopirs with moderately
high x? that have relatively smath,,, ~ 200 — 800 GeV. These points have relatively large
values ofm,, as reflected in the relatively large valuesref, andm;, seen in panels (d) and
(e) of Fig. 8. These points are located in the focus-poinioregf the (m, ., mg) plane [46],
where the LSP has a larger Higgsino content, whose enhancuilation rate brings the relic
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Fig. 8: Asin Fig. 7, but now fotan 3 = 50.

density down into the range allowed by WMAP. These pointseha y? of at least 3.5, so
most of them are excluded at the 90% C.L.

Taken at face value, the preferred ranges for the spartiakses shown in Figs. 7 and 8
are quite encouraging for both the LHC and the ILC. The glind squarks lie comfortably
within the early LHC discovery range, and several electailyeinteracting sparticles would
be accessible to ILC(500) (the ILC runningg@k = 500 GeV). This is the case, in particular,
for the {?, the7,, and possibly thg) and they;". The best-fit CMSSM point is quite similar to
the benchmark point SPS 1a [47], which is close to point B 8f fhd has been shown to offer



good experimental prospects for both the LHC and ILC [49].

The minimum values of? are 2.5 fortan 3 = 10 and 2.8 fortan 3 = 50, found for
mye ~ 320,570 GeV and Ay = +my /e, —my /2, respectively, revealing no preference for
either large or smallan 5 °. This also holds for intermediaten 3 values, see [3] for details.

4. Futureevolution

In view of the possible future evolution of both the centralue of m; and its experimental
uncertaintydm,, we have analyzed the behaviour of the glokalfunction for 166 GeV <

m; < 179 GeV and1.5 GeV < dm; < 3.0 GeV for the case otan 5 = 10 (assuming that
the experimental results and theoretical predictionsHergdrecision observables are otherwise
unchanged), as seen in the left panel of Fig. 9. We see thatitiismum value ofy? is almost
independent of the uncertaindyn;, but increases noticeably as the assumed central value of
m; decreases. This effect is not strong whendecreases from78.0 GeV to 172.7 GeV, but
does become significant for, < 170 GeV. This effect is not independent of the known prefer-
ence of the ensemble of precision electroweak dataifox 175 GeV within the SM [22, 23],

to which the observable&/;, andsin? .z used here make important contributions. On the
other hand, as already commented, within the CMSSM thereeiatditional effect that the
best fit values ofn, , for very lowm, result in);, values that are excluded by the LEP Higgs
searches [16, 17] and have a very Iabgf’gh, resulting in an increase of the lowest possible
x* value for a given top-quark mass value. This effect alsosiases the value of., > where
the y? function is minimized. On the other hand, the right panel ig. B demonstrates that
the 90% C.L. upper limit om, » shows only a small variation, less than10% for m, in the
preferred range abov&0 GeV 0. Finally, we note that the upper limit on; , is essentially
independent ofm; for the preferred range:; 2 170 GeV. Thus for the latest experimen-
tal value,m, = 172.5 £ 2.3 GeV the results for the preferred, , range remain essentially
unchanged as compared to our analysis here.

It is striking that the preference noted earlier for relaiyvlow values ofm, , remains
almost unaltered after the changenin and the change in the treatment of the LEP lower limit
on M. There seems to be little chance at present of evading tiferpnee for smalhn, ),
hinted by the present measurement3/4f, sin? foq and(g — 2),, at least within the CMSSM
framework. It should be noted that the preference for aiveligtiow SUSY scale is correlated
with the top mass value lying in the intervidl) GeV < m; S 180 GeV.

5. Conclusions

Precision electroweak data and rare processes have somitvigrto the loop corrections
that might be induced by supersymmetric particles. Presatat exhibit some preference for a
relatively low scale of soft supersymmetry breaking;» ~ 300...600 GeV. This preference
is largely driven by(g — 2),,, with some support from measurements\éf, andsin® f.4. Here
we have presented a re-evaluation in the light of new measants ofm; and My, and a more
complete treatment of the information provided by the boirach the LEP direct searches for
the Higgs boson. The preference fai 5 ~ 300...600 GeV is maintained in the CMSSN.

°In our previous analysis, we found a slight preference:fior = 10 overtan 3 = 50. This preference has
now been counterbalanced by the increased pressure ekgrtieel Higgs mass constraint.

10The plot has been obtained by putting a smooth polynomialitiin the otherwise slightly irregular points.

A more complete discussion, also including models with naiversal Higgs masses or gravitino dark matter,
is givenin [3].
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other precision observables unchanged.

The ranges ofn, /, that are preferred would correspond to gluinos and othetis|es
being light enough to be produced readily at the LHC. Manytsgas would also be observable
at the ILC in the preferred CMSSM parameter space. In thjgaeishe measurement dfy, is
increasing in importance, particularly in the light of tleeent evolution of the preferred value
of m;. Future measurements &f,;; andm, at the Tevatron will be particularly important in
this regard.
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