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ABSTRACT: We explore electroweak precision observables (EWPO) and B-physics observ-
ables (BPO) in the CMSSM, the mGMSB and the mAMSB. We perform a x? analysis
based on the combination of current EWPO and BPO data. For the first time this al-
lows the comparison of the mGMSB and mAMSB in terms of EWPO and BPO with the
CMSSM. We find that relatively low mass scales in all three scenarios are favored. How-
ever, the current data from EWPO and BPO can hardly exclude any parameters at the
level of Ax? = 9. Remarkably the mAMSB scenario, despite having one free GUT scale
parameter less than the other two scenarios, has a somewhat lower total minimum y?2. We
present predictions for the lightest Higgs boson mass, based on the x2 analysis of current
data, where relatively good compatibility with the bounds from Higgs searches at LEP
is found. We also present the predictions for other Higgs sector parameters and SUSY
mass scales, allowing to compare the reach of the LHC and the ILC in the three scenarios.
We furthermore explore the future sensitivities of the EWPO and BPO for the current
best-fit results and for a hypothetical point with somewhat higher mass scales that results
in a similar Higgs and SUSY spectrum in the three scenarios. We find that the future
improvement of the accuracy of the EWPO and BPO will lead to a significant gain in the
indirect parameter determination. The improvement is similar in the CMSSM, mGMSB
and mAMSB and will yield constraints to the parameter space even for heavy Higgs and
SUSY mass scales.
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The dimensionality of the parameter space of the minimal supersymmetric extension of the
Standard Model (MSSM) [fl, B is so high that phenomenological analyses often make sim-
plifying assumptions that reduce drastically the number of parameters. One assumption

that is frequently employed is that (at least some of) the soft SUSY-breaking parameters

are universal at some high input scale, before renormalization. One model based on this
simplification is the constrained MSSM (CMSSM), in which all the soft SUSY-breaking
scalar masses mg are assumed to be universal at the GUT scale, as are the soft SUSY-

breaking gaugino masses m /; and trilinear couplings Ag. The assumption that squarks and



sleptons with the same gauge quantum numbers have the same masses is motivated by the
absence of identified supersymmetric contributions to flavor-changing neutral interactions
and rare decays (see ref. [[J] and references therein). Universality between squarks and slep-
tons with different gauge interactions may be motivated by some GUT scenarios [{]. Other
“simplified” versions of the MSSM that are based on (some) unification at a higher scale
are (minimal) Gauge mediated SUSY-breaking (mGMSB) [[|-[]] and (minimal) Anomaly
mediated SUSY-breaking (mAMSB) [§—[[(].

One approach to analyze the reduced parameter spaces of the CMSSM, mGMSB,
mAMSB or other GUT-based models is a combined x? analysis of electroweak precision
observables (EWPO) and of B-physics observables (BPO). Those analyses have yet been
restricted to the CMSSM or the non-universal Higgs mass (NUHM) model [[]-[Ig] (see
also refs. [I9-RJ]). In these analyses also the cold dark matter density constraint imposed
by WMAP and other cosmological data [R] has been taken into account. In this case the
lightest SUSY particle (LSP), assumed to be the lightest neutralino, is required to give rise
to the correct amount of cold dark matter (CDM).

The aim of this paper is to perform a x? analysis to compare the predictions of the
CMSSM, mGMSB and mAMSB. The mechanisms to fulfill the CDM constraints are less
clear in mGMSB and mAMSB as compared to the CMSSM. In order to treat the three
soft SUSY-breaking scenarios on the same footing, we do not impose the CDM constraint
in our analysis and scan over the full parameter space of the three models. Concerning
the impact of CDM constraints, it should be kept in mind that small modifications of the
physics scenario that concern neither the theory basis nor the collider phenomenology could
have a strong impact on the CDM derived bounds. If the amount of CDM appears to be
too small, other DM candidates can provide the necessary amount to reach the measured
density (see also ref. [B4] for a recent analysis). If, on the other hand, the CDM density
appears to be too large, a small amount of R-parity violation [BJ], not affecting the collider
phenomenology, could remove the CDM bound completely. Other possibilities not invoking
R-parity violation are “thermal inflation” [2q] or “late-time entropy injection” [27]. They
could offer a mechanism for bringing a high CDM density into agreement with the WMAP
measurements. Applying the WMAP constraints always assumes “standard cosmology”.
Therefore the choice of not imposing the CDM constraints, as we do, can be motivated in
the wider class of models under investigation here. For the CMSSM we have checked that
including the CDM constraint previous results could be reproduced.

The set of EWPO included in our analysis is the W boson mass My, the effective lep-
tonic weak mixing angle sin? ., the anomalous magnetic moment of the muon (g — 2) 1
and the mass of the lightest CP-even MSSM Higgs boson mass Mj,. In addition, we also
include two BPO: the branching ratios BR(b — sv) and BR(Bs — u™p~). Other BPO
such as BR(B, — 7v,;) and the B; mass mixing parameter AMp, have shown to pos-
sess only a low sensitivity with the current precision in this kind of x? analysis 3. For
the evaluation of the BPO we assume minimal flavor violation (MFV) at the electroweak
scale. Non-minimal flavor violation (NMFV) effects can be induced by RGE running from
the high scale, see e.g. ref. [BJ], that may amount to ~ 10% of the SUSY corrections.
These additional contributions are neglected throughout the paper. For each observable,



we construct the x? function including both theoretical and experimental systematic uncer-
tainties, as well as statistical errors. Our analysis should be seen as an exploratory study,
with the main goal to compare the three soft SUSY-breaking scenarios. A more elaborate
investigation using more precision data and a refined y? analysis, see e.g. ref. g, can be
performed in a later stage and is beyond the scope of this paper.

The rest of the paper is organized as follows. We first briefly review the three soft
SUSY-breaking scenarios and the investigated parameter space. In section ] we shortly
describe the current status of the EWPO and BPO that we use, our treatment of the avail-
able theoretical calculations and their uncertainties, as well as their present experimental
values. The analysis within the three soft SUSY-breaking scenarios using current experi-
mental data can be found in section []. In a final step we assume an improvement of the
various EWPO and BPO accuracies from future experimental data and theory calculations
and analyze in section [J the improvement in the parameter determination. The conclusions
can be found in section f.

2. The soft SUSY-breaking scenarios

The fact that no SUSY partners of the SM particles have so far been observed means that
low-energy SUSY cannot be realized as an unbroken symmetry in nature, and SUSY models
thus have to incorporate additional Supersymmetry breaking interactions. This is achieved
by adding to the Lagrangian (defined by the SU(3),~xSU(2); x U(1)y gauge symmetry and
the superpotential W) some further interaction terms that respect the gauge symmetry but
break Supersymmetry (softly, i.e. no quadratic divergences appear), so called “soft SUSY-
breaking” (SSB) terms. Assuming that the R-parity symmetry [BF] is conserved, which we
do in this paper for all SUSY breaking scenarios, reduces the amount of new soft terms
allowed in the Lagrangian. Choosing a particular soft SUSY-breaking pattern allows further
reduction of the number of free parameters and the construction of predictive models. The
three most prominent scenarios for such models are

e CMSSM (constrained Minimal Supersymmetric Standard Model) [R9, B0J.!
Apart from the SM parameters (for the experimental values of the SM input param-
eters we use ref. [B3]), 4 parameters and a sign are required to define the CMSSM
scenario:

{mo, myy, Ao, tan B, sign(u) } . (2.1)

While mg, m;,, and Ag define the scalar and fermionic masses and the trilinear
couplings at the GUT scale (~ 10'® GeV), tan 3 (the ratio of the two vacuum expec-
tation values) and the sign(u) (p is the supersymmetric Higgs mass parameter) are
defined at the low-energy scale. For our numerical analyses, see sections [] and [, we

'For reviews see also ref. [ﬂ] and the first article in ref. [E]



have scanned over the following parameter space

50 GeV < mgy <2 TeV ,
50 GeV < myg < 2 TeV
—3TeV < Ag <3 TeV
1.5 <tanfg3 <60,
sign p = 1. (2.2)

e mGMSB (minimal Gauge Mediated SUSY-Breaking) [{].
A very promising alternative to the CMSSM is based on the hypothesis that the
soft SUSY-breaking occurs at relatively low energy scales and is mediated mainly by
gauge interactions through the so-called “messenger sector” [J-[, B, BJ. Also in
this scenario, the low-energy parameters depend on 4 parameters and a sign,

{ Miesss Nmess: A, tan 3, sign(u) }, (2.3)

where M55 18 the overall messenger mass scale; Nyegs 1S @ number called the mes-
senger index, parameterizing the structure of the messenger sector; A is the universal
soft SUSY-breaking mass scale felt by the low-energy sector. The phenomenology
of mGMSB is characterized by the presence of a very light gravitino G with mass

2
given by mg = ms = \/5\4, ~ <108/€ev> 2.37 eV [B4], where v F(~ Mpess) is the
P
fundamental scale of SSB and M ]’3 = 2.44 x 10'® GeV is the reduced Planck mass.

Since V/F is typically of order 100 TeV, the G is always the LSP in these theories.
The numerical analysis in sections [] and [] is based on the following scatter ranges:

10* GeV < A <2 x 10° GeV ,
1.01A < Mpess < 10° A,
1 < Npess <8,
1.5 <tanfg <60,
sign = +1. (2.4)

Values of Npess larger than ~ 8 result in problems with perturbativity of the gauge
interactions at very high scales [ff].

e mAMSB (minimal Anomaly Mediated SUSY-Breaking) [§-[L{].
In this model, SUSY breaking happens on a separate brane and is communicated to
the visible world via the super-Weyl anomaly. The particle spectrum is determined
by 3 parameters and a sign:

[Mawss Mo, tan B, sign(p)}. (2.5)

The overall scale of SUSY particle masses is set by mgux, which is the vacuum ex-
pectation value of the auxiliary field in the supergravity multiplet. mg is introduced



as a phenomenological parameter to avoid negative slepton mass squares, for other
approaches to this problem see refs. [§, B§—Bg]. The scatter parameter space for the
numerical analysis in sections [ and [ is chosen to be

20 TeV < maux < 200 TeV,
0<mg<2TeV,
1.5 < tan B < 60,
sign p = +1. (2.6)

The upper bound on mg has been chosen in agreement with the CMSSM scenario. Con-
cerning Mgy, being linked to the SUSY-breaking scale, we have chosen the upper bound
of 200 TeV, which should be sufficient to cover the essential features of the low-energy
spectrum of mAMSB.

The low-energy spectra for all soft SUSY-breaking scenarios have been evaluated with
the program SoftSUSY [BY (version 2.0), taking into account the experimental constraints
from SUSY particle searches [BJ]. The parameter ranges have been sampled by a random
scan over the four- (three-)dimensional space of the free parameters in the CMSSM and
mGMSB (in mAMSB). The sign of p has been treated as another free parameter. For
each soft SUSY-breaking scenario about ~ 10° random points have been generated. This
large number ensures that all regions of the four- (three-)dimensional hypercube of free
parameters are reached.

3. The precision observables

The considered data set includes four EWPO [|i(]: the mass of the W boson, My, the
effective leptonic weak mixing angle, sin? f¢, the anomalous magnetic moment of the muon,
(9 — 2),, and the mass of the lightest CP-even MSSM Higgs boson, M},. Another EWPO,
the total Z boson width, 'z, has shown to have little sensitivity to SUSY corrections [[[3,
[]. In addition, we include two BPO: the branching ratios BR(b — sv) and BR(Bs —
wT ™). Other BPO such as BR(B, — 7v,) and the Bs; mass-mixing parameter AMp_
with their current experimental and theoretical precision have only a small sensitivity to
SUSY corrections [[L3].

In this section we start our analysis by recalling the current precisions of the experi-
mental results and the theoretical predictions for all these observables. In the following, we
refer to the theoretical uncertainties from unknown higher-order corrections as ‘intrinsic’
theoretical uncertainties and to the uncertainties induced by the experimental errors of
the SM input parameters as ‘parametric’ theoretical uncertainties. We do not discuss here
the theoretical uncertainties in the renormalization-group running between the high-scale
input parameters and the weak scale. At present, these uncertainties are less important
than the experimental and theoretical uncertainties in the precision observables.



Assuming that the six observables listed above are uncorrelated, a y? fit has been
performed with

On

5 4 ReXP _ Rthoo 2

=D <"7”> + X3, + X5, (3.1)
n=1
Here R;,® denotes the experimental central value of the nth observable (Mjyy, sin?fug,
(9 —2), and BR(b — s7)), R is the corresponding MSSM prediction and o, denotes
the combined error, as specified below. X?Wh and XQBS denote the y? contribution coming
from the experimental limits on the lightest CP-even MSSM Higgs boson mass and on
BR(B; — ptu™), respectively, which are also described below. In section | we assume a

future measurement of M and use X?Wh = (M — Mhe) oy, )2
We also list below the parametric uncertainties in the predictions on the observables
induced by the experimental uncertainties of all relevant SM input parameters. These
parametric uncertainties are then added to the other errors (intrinsic and experimental) of
the observables as described in the text below. A particularly important input parameter
in this respect is the top-quark mass. We evaluate the SUSY spectrum and the observables
for each data point for the nominal value, m; = 171.4 GeV [J] but include the error

induced by the experimental uncertainty of dm; " = 2.1 GeV.2

3.1 The W boson mass

The W boson mass can be evaluated from

9 M3, T
M, <1 M%) = 5 (1+Ar), (3.2)
where « is the fine structure constant and G g the Fermi constant. The radiative corrections
are summarized in the quantity Ar [[i4]. The prediction for My, within the SM or the
MSSM is obtained by evaluating Ar in these models and solving eq. (B.2) for My .

We include the complete one-loop result in the MSSM [[f, if] as well as higher-order
QCD corrections of SM type that are of O(aa;) [, [§] and O(aa?) [A9, f{]. Furthermore,
we incorporate supersymmetric corrections of O(aw;) [Fl] and of O(a?) [F3, [ to the

quantity Ap, which involves the leading universal corrections induced by the mass splitting
3

between fields in an isospin doublet [54].

The remaining intrinsic theoretical uncertainty in the prediction for My, within the
MSSM is still significantly larger than in the SM. For typical parameters (based on ref. [5])
we estimate the current and future intrinsic uncertainties to

A]\4‘i/r[;tr,currcnt <10 MeV, AM{'}r}tr,futurc =2 MeV, (3.3)

depending on the mass scale of the supersymmetric particles. The parametric uncertainties
are dominated by the experimental error of the top-quark mass and the hadronic contri-
bution to the shift in the fine structure constant. Their current errors induce the following

2Using the most recent experimental value, m; = 172.6 GeV, including the experimental error of dmyP =

1.4 GeV [@], see below, would have a relatively small impact on our analysis, see also the discussion at the
end of section @
3 A recent re-evaluation of My [@] shows good agreement with the values used here.



parametric uncertainties [[{3, 0]

5m§urrent — 91 QeV - AMI%?ra,mt,current ~ 13 MeV, (34)
S(Aagurenty — 35 5 1075 = AMPAEACG T 6 3 \ oV (3.5)

At the ILC, the top-quark mass will be measured with an accuracy of about 100 MeV [,
F1]. The parametric uncertainties induced by the future experimental errors of m; and

Aapaa [pY will then be [(J

Fmptire = 0.1 GeV = N SR Y A A (3.6)
S(Aafitirey — 5 % 1075 = AMRaraAemsdiitwe o g gy, (3.7)

The present experimental value of My, is [60 4], see also ref. [(F].
M2t = 80,398 + 0.025 GeV. (3.8)

With the GigaZ option of the ILC (i.e. high-luminosity running at the Z resonance and the
WW threshold) the W-boson mass will be determined with an accuracy of about [6d, 7]

SMEPITe — 7 eV, (3.9)

We add the experimental and theoretical errors for My, (for the current situation as well
as for the future estimates) in quadrature in our analysis.

The predictions for My, in the three scenarios are compared with each other in figure i
(for 1 > 0, see section B.3)), where the W boson mass is shown as a function of the lighter
scalar top quark mass, mz, . The shown areas are obtained as the borders of the scan over
the parameters as specified in egs. (2.9), (24) and (2.6). The upper limit of m;, reached in
the three scenarios is similar in the CMSSM and in mAMSB (related to the upper bounds
on my /o and Mayx ), whereas the allowed area for m;, is somewhat larger in mGMSB. Since
these upper bounds depend on the chosen ranges for the high-energy scale parameters,
they should be considered to be artificial and it does not make sense to compare the three
soft SUSY-breaking scenarios in these terms. Consequently, we have truncated the plot
at my, = 3 TeV. The range of the My prediction is very similar in the three scenarios.
The solid (dashed) lines represent the currently allowed 1o interval from the experimental
uncertainty (including also theoretical uncertainties). This indicates that at the current
level of accuracy all three models agree similarly well with the experimental measurement.
A preference for relatively low values of m;, is visible, which is most prominent in mGMSB.

3.2 The effective leptonic weak mixing angle

The effective leptonic weak mixing angle at the Z boson peak can be written as

) 1 Veft
sin? fog = 1 <1 —Re a;) ) (3.10)

where vog and a.g denote the effective vector and axial couplings of the Z boson to
charged leptons. Our theoretical prediction for sin?f.g contains the same class of higher-
order contributions as described in section B.1], supplemented with a small correction based
on ref. [[l1], see the evaluation in ref. [[[J].
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Figure 1: The predictions for My, as obtained from the parameter scan are shown as a function
of mz, for the three soft SUSY-breaking scenarios for u > 0. The top quark mass has been fixed
to my = 171.4 GeV. The solid (dashed) lines indicate the currently allowed 1o interval from the
experimental uncertainty (including also theoretical uncertainties).

For the intrinsic theoretical uncertainty in the prediction for sin? f.¢ we use an estimate
(based on refs. B3, [[3, BY) of
Asin? g0 <12 107°, Asin? 450N < 2% 1070 (3.11)
The experimental errors of m; and Aay,q induce the following parametric uncertainties [[]
M = 2.1 GeV = Asin? QRO & 6.3 % 1070, (3.12)
S(Aagurenty = 35 x 1077 = Asin? grarmAcmacurent o 39 5 1075, (3.13)
For the future accuracies we assume
Smfttre — 0.1 GeV = Assin? grarmmefiue o 4 % 1077, (3.14)
S(Aafitirey — 5 % 1075 = Asin? gPara-Senadfuture o g g 1075, (3.15)
The experimental value is [50, f1]*
sin? Hggp’cumm = 0.23153 £ 0.00016 . (3.16)

41t should be noted that this value is determined mostly by two measurements that are only marginally
compatible: the forward-backward asymmetry for b quarks A%, and the left-right asymmetry for electrons

Air B
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Figure 2: The predictions for sin’ f.g as obtained from the parameter scan are shown as a function
of mjz, for the three soft SUSY-breaking scenarios for u > 0. The top quark mass has been fixed
to my = 171.4 GeV. The solid (dashed) lines indicate the currently allowed 1o interval from the
experimental uncertainty (including also theoretical uncertainties).

The experimental accuracy will improve to about
§sin? 9P — 1.3 % 1077, (3.17)

at GigaZ [f9 (see also ref. [[[(] for a corresponding discussion). We add the experimental
and theoretical errors for sin? f.g in quadrature in our analysis.

The predictions for sin?#feg in the three scenarios are compared with each other in
figure [l (for > 0, see section B.3), where the effective weak mixing angle is shown as a
function of the lighter scalar top quark mass, m;, (truncated at mi = 3 TeV). As for
My, the range of the sin? O prediction is very similar in the three scenarios. Smallest
values are reached in mAMSB. The solid (dashed) lines indicate the currently allowed 1o
interval from the experimental uncertainty (including also theoretical uncertainties). This
indicates, as for My, that at the current level of accuracy all three models agree equally
well with the experimental data, where no preference for mj can be deduced.

3.3 The anomalous magnetic moment of the muon

The SM prediction for the anomalous magnetic moment of the muon, a, = %(g - 2)us
(see refs. [[[]— @ for reviews) depends in particular on the evaluation of QED contributions



(see refs. [T]—[79] for recent updates), the hadronic vacuum polarization and light-by-light
(LBL) contributions. The former have been evaluated in refs. [{5, Bq—R5 and the latter
in refs. [B—BJ]. The evaluations of the hadronic vacuum polarization contributions using
eTe” and 7 decay data give somewhat different results. In view of the fact that recent
eTe” measurements tend to confirm earlier results, whereas the correspondence between
previous 7 data and preliminary data from BELLE [B(] is not so clear, and also in view
of the additional uncertainties associated with the isospin transformation from 7 decay
(see ref. [B1]]), we use here the latest estimate based on ete™ data [BH]:

alf®® = (11659 180.5 & 4.4,q % 3.518L + 0.2qED+EW) X 10717, (3.18)

where the source of each error is labeled. We note that the more recent eTe™ data sets
of refs. [03—PF] have been partially included in the updated estimate of (g — 2),,.

The SM prediction is to be compared with the final result of the Brookhaven (g —2),,
experiment E821 [0d, P7], namely:

aS® = (11659208.0 +6.3) x 107", (3.19)
leading to an estimated discrepancy [BH, Pg|

aS® — il = (27.5 £ 8.4) x 1077, (3.20)

equivalent to a 3.3-o effect.?While it would be premature to regard this deviation as a firm
evidence for new physics, within the context of SUSY, it does indicate a preference for a
non-zero contribution from superpartners.

Concerning the MSSM contribution, the complete one-loop result was evaluated over
a decade ago [Pg]. In view of the correlation between the signs of (g — 2),, and of x [L00],
variants of the MSSM with p < 0 (or more precisely a positive u - My, where we use the
convention of positive My for the three scenarios) are already severely challenged by the
present data on a,. However, as indicated in section B, we have analyzed both signs of u,
and correspondingly find a strong preference for p > 0, see figure f below. Therefore, in
the other plots shown here we focus on the case pu > 0.

In addition to the full one-loop contributions, the leading QED two-loop corrections
have also been evaluated [[0])]. Further corrections at the two-loop level have been obtained
more recently [@, , leading to corrections to the one-loop result that are < 10%. These
corrections are taken into account in our analysis according to the approximate formulas
given in refs. [[[03, [[03].

The current intrinsic uncertainties in the SUSY contributions to a, can be estimated
to be <1 x 10710 [7J]. We assume that in the future the uncertainty in eq. (B.20) will be
reduced by a factor two. All errors are added in quadrature.

EUSY

The predictions for Aa in the three scenarios are compared with each other in

figure [j, where the anomalous magnetic moment of the muon is shown as a function of the

5Three other recent evaluations yield slightly different numbers [@, @7 E], but similar discrepancies
with the SM prediction.
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Figure 3: The predictions for Aa as obtained from the parameter scan are shown as a function
of my, for the three soft SUSY-breaking scenarios. The full (dot) shaded areas are obtained for
> (<)0, resulting in AaﬁUSY > (<)0. The top quark mass has been fixed to m; = 171.4 GeV. The
solid (dashed) lines indicate the currently allowed 1(2) o intervals of the experimental uncertainty.

SUSY
m

lighter scalar top quark mass, m;, (truncated at m; = 3 TeV). The full (dot) shaded areas
are obtained for p > (<)0, resulting in AQEUSY > (<)0. The range of the a, prediction is
very similar in the three scenarios. The solid (dashed) lines indicate the currently allowed
1(2) o intervals of the experimental uncertainty. It becomes apparent that points with
i < 0 are strongly disfavored by the analysis of (¢ —2),. Furthermore, at the 2 ¢ level stop
masses heavier than ~ 2 TeV are clearly disfavored.

3.4 The mass of the lightest CP-even MSSM Higgs boson

The mass of the lightest CP-even MSSM Higgs boson can be predicted in terms of the other
MSSM parameters. At the tree level, the two CP-even Higgs boson masses are obtained as
functions of My, the CP-odd Higgs boson mass M4, and tan 3, whereas other parameters
enter into the loop corrections. We employ the Feynman-diagrammatic method [[04,
for the theoretical prediction of M}, using the code FeynHiggs [[[0g-[[09], which includes
all numerically relevant known higher-order corrections. The status of these results can
be summarized as follows. For the one-loop part, the complete result within the MSSM is

known [[[10, [04, [11]. Computation of the two-loop effects is quite advanced: see ref.

and references therein. These include the strong corrections at O(aga5) and Yukawa cor-

— 11 —



rections at O(a?) to the dominant one-loop O(c;) term, and the strong corrections from
the bottom/sbottom sector at O(apas). In the case of the b/b sector corrections, an all-
order resummation of the tan 3 -enhanced terms, O(ay (s tan 3)™), is also known [[13, [[13].
More recently, the O(arap) and O(a3) corrections have been derived [[14].°The current and
future intrinsic error of M} due to unknown higher-order corrections has been estimated

to be [[08, [T, . [T

AM;Lntr,current -3 GeV, AM;Lntr,future = 0.5 GeV . (321)

The current uncertainty we interpret effectively as a ~ 95 % confidence level limit in the
evaluation of the y? contribution, see below.

The by far largest parametric uncertainty is induced by the error in m; [ (also
slightly depending on the SUSY parameters) see refs. [0, for details,

CMSSM :  dm§U™™ =2.1(1.4) GeV = AMP¥™ ™M = 1.4(0.9) GeV,
mGMSB :  dm{U = 2.1 (1.4) GeV = AMPYI NN = 15(1.0) GeV,  (3.22)
mAMSB :  dmT = 2.1 (1.4) GeV =  AMPTITOT = 1.9(0.8) GeV .

This is already substantially below the current intrinsic uncertainty. The numbers in brack-
ets correspond to the latest m; measurement [k and are given for the sake of comparison.

It should be noted that, for the unconstrained MSSM with small values of M4 and
values of tan 3 which are not too small, a significant suppression of the hZZ coupling can
occur compared to the SM value, in which case the experimental lower bound on M}, may
be more than 20 GeV below the SM value (for the MSSM with real parameters).
However, it had been checked that within the CMSSM, mGMSB and mAMSB the hZZ
coupling is always very close to the SM value. Accordingly, the bounds from the SM Higgs
search at LEP [[[23] can be taken over directly (see refs. [[23, [24]).

Concerning the x? analysis, we use the complete likelihood information available from
LEP. We evaluate the M), contribution to the overall y? function exactly as outlined in
section 2.6 of ref. [LJ]. This evaluation takes into account the intrinsic uncertainty given
in eq. (B.21]). The x? contribution is then combined with the corresponding quantities for
the other observables we consider, see eq. (B.1]).

For the analysis of future sensitivities, see section [, we assume a measurement of the
lightest MSSM Higgs boson mass with a precision of [[25—[29]

AMEPIIe — 50 MeV (3.23)

The future parametric uncertainties are expected to be

Fmitture — 0.1 GeV = AMPHEMEIE o 01 GeV, (3.24)
safutire — 0,001 = AMPH M 0.1 GeV. (3.25)

5 A two-loop effective potential calculation has been presented in ref. [[117], including now even the leading
three-loop corrections 7 but no public code based on this result is currently available. Most recently
another leading three-loop calculation, valid for certain SUSY mass combinations, became available []
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Figure 4: The predictions for M}, as obtained from the parameter scan are shown as a function
of mjz, for the three soft SUSY-breaking scenarios for u > 0. The top quark mass has been fixed
to my = 171.4 GeV. The SM lower limit of 114.4 GeV obtained at LEP is indicated with a dashed
(blue) line.

Thus, the intrinsic error, eq. (B.21]), would be the dominant source of uncertainty in the
future. The errors are added in quadrature, yielding oz, , and we use for the analysis of
the future sensitivities X?\/Ih = (M® — M) Jopy, )2

The predictions for M}, in the three scenarios are compared with each other in figure
(for 1 > 0, see section B.3), where the lightest CP-even Higgs boson mass is shown as
a function of the lighter scalar top quark mass, mz (truncated at m; = 3 TeV). The
SM limit of 114.4 GeV obtained at LEP is indicated with a dashed (blue) line. In each
scenario the SM bound from Higgs searches at LEP of M}, > 114.4 GeV results in important
constraints. On the other hand, the bound is still fulfilled for large parts of the parameter
space. No preference for any mz can be found.

3.5 The decay b — sv

Since this decay occurs at the loop level in the SM, the MSSM contribution might a priori
be of similar magnitude. A recent theoretical estimate of the SM contribution to the
branching ratio at the NNLO QCD level is [[[29]

BR(b — s7) = (3.154+0.23) x 1074 . (3.26)
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We record that the error estimate for BR(b — s7) is still under debate [L30], and that
other SM contributions to b — sy have been calculated [[L3]]. These corrections are small
compared with the theoretical uncertainty quoted in eq. (B.24).

For comparison, the present experimental value estimated by the Heavy Flavour Av-

eraging Group (HFAG) is [133, f
BR(b — s7) = (3.55 £ 0.24 759 +0.03) x 1074, (3.27)

where the first error is the combined statistical and uncorrelated systematic uncertainty,
and the other two errors are correlated systematic theoretical uncertainties and corrections,
respectively.

Our numerical results have been derived with the BR(b — sv) evaluation provided
in refs. [[33-[[39], incorporating also the latest SM corrections provided in ref. [[29. The
calculation has been checked against other codes [[3-[l3]. For the evaluation of the
BR(b — sv), we assume minimal flavor violation (MFV) at the electroweak scale and
neglect NMFV effects that can be induced by RGE running from the high scale, see
e.g. ref. 2], that may amount to ~ 10% of the SUSY corrections.

Concerning the total error in a conservative approach we add linearly the errors of
egs. (B:26) and (B-27) as well an intrinsic SUSY error of 0.15 x 10~* [[J], except the sta-
tistical error that is then added in quadrature. For the analysis of the future sensitivities

in section | we assume that the total error will be reduced by a factor of 3.

The predictions for BR(b — s7) in the three scenarios are compared with each other in
figure fj (for u > 0, see section B.3), where the branching ratio is shown as a function of the
lighter scalar top quark mass, m;, (truncated at mj = 3 TeV). The solid (dashed) lines
indicate the currently allowed 1o interval from the experimental uncertainty (including
also theoretical uncertainties, which are added linearly, see above). In all three scenarios
large parts of the parameter space lie within the 1 ¢ interval. However, for small mass scales
BR(b — s7v) provides important constraints on the three models. While the CMSSM and
mGMSB can have very small values of BR(b — sv) for small mt~1,7 mAMSB has typically
large values of the BR. The reason can be traced back to the fact that the sign of the stop
mixing angle 6; comes out with a positive sign in mAMSB, whereas it is negative in the
CMSSM and mGMSB (as output and in the conventions of SoftSUSY). This different sign,
in combination with a positive u, results in a positive SUSY contribution to BR(b — s7v)
within mAMSB and (for most values of the other parameters) a negative contribution in
the CMSSM and mGMSB, see also the discussion in the beginning of section fi.

3.6 The branching ratio for B, — ptpu~

The SM prediction for this branching ratio is (3.4 4 0.5) x 107 [[39], and the present
experimental upper limit from the Fermilab Tevatron collider is 5.8 x 1078 at the 95%
C.L. [[4d], still providing room for the MSSM to dominate the SM contribution. The

"Where the BR(b — s7) becomes close to zero the calculation of the SUSY corrections is not reliable
anymore. However, these parts of the parameter space anyhow result in an experimentally excluded value
for BR(b — s7).
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Figure 5: The predictions for BR(b — s7v) as obtained from the parameter scan are shown as a
function of m;, for the three soft SUSY-breaking scenarios for > 0. The top quark mass has been
fixed to my = 171.4 GeV. The solid (dashed) lines indicate the currently allowed 1o interval from
the experimental uncertainty (including also theoretical uncertainties, which are added linearly).

current Tevatron sensitivity is based on an integrated luminosity of about 2 fb~! collected
at CDF. For the x? contribution, in order to incorporate the latest Tevatron bound, we
use a smoothed step function, penalizing data points with BR(Bs; — pTu~) > 5.8 x 1078
and preferring lower BRs.

The Tevatron sensitivity is expected to improve significantly in the future. The limit
that could be reached at the end of Run I is ~ 2 x 10~8 assuming 8 fb~! collected with
each detector [[l41]]. A sensitivity even down to the SM value can be expected at the LHC.
Assuming the SM value, i.e. BR(Bs — putu~) ~ 3.4 x 107, it has been estimated
that LHCb can observe 33 signal events over 10 background events within 3 years of low-
luminosity running. Therefore this process offers good prospects for probing the MSSM.

For the theoretical prediction we use results from ref. [I4J], which are in good agree-
ment with ref. [[44]. This calculation includes the full one-loop evaluation and the leading
two-loop QCD corrections. As in section B.J, we neglect any NMFV effects from RGE run-
ning. We do not include BR(Bs — pu ™) in our analysis of the future sensitivities (but
still require agreement with the current bound), because its impact will strongly depend
on the value realized in Nature.

The predictions for BR(Bs — pp™) in the three scenarios are compared with each
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Figure 6: The predictions for BR(Bs; — put ™) as obtained from the parameter scan are shown
as a function of myj for the three soft SUSY-breaking scenarios for y > 0. The top quark mass
has been fixed to m; = 171.4 GeV. The current upper limit of 5.8 x 1078 is indicated by a dashed
(blue) line.

other in figure | (for 1 > 0, see section B.3), where the BR is shown as a function of the
lighter scalar top quark mass, mj, (truncated at mz = 3 TeV). The current experimental
limit of 5.8 x 1078 is indicated by a dashed (blue) line. Each scenario has large parts of the
parameter space with BR(Bs — pTu~) < 5.8 x 1078, where no limit on my, is provided by
the upper limit on the BR. Within the mGMSB scenario, due to its generally larger M4
values (see below), hardly any points are ruled out by the current upper bound on the BR,
while for the other two scenarios BR(Bs — puTp™) is already a strong constraint on the
parameter space. We have checked that including the CDM constraint and restricting to
values of tan 8 < 50 the results for BR(Bs — ™) in refs. [[1-[[J are reproduced.

4. x? analysis for CMSSM, mGMSB, mAMSB

In this section we present our numerical analysis, based on the x? evaluation as given in
eq. (B1]). The best fit point is given by the lowest x? value. The sensitivities are shown as
Ax? =1,4,9, referred to as Ay, Ay and Ag, respectively. They give an indication of the
precision that has been reached so far for the observables under investigation. Sometimes we
refer to the A, areas as ‘preferred’ regions. The lowest x? values for the three scenarios are
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CMSSM | mGMSB | mAMSB
i 4.6 5.1 2.9
My 1.7 2.1 0.6
sin? Qg 0.1 0.0 0.8
(9—2), 0.6 0.9 0.0
BR(b — sv) 1.1 2.0 1.5
My, 1.1 0.1 0.0

BR(Bs — putpu~) | 45x1078 | 3.2x107% | 0.4 x 1078
M4 [GeV] (best-fit) 394 547 616
tan 3 (best-fit) 54 55 9

Table 1: Minimum x2 values for the three soft SUSY-breaking scenarios using today’s accuracies
for the experimental and theoretical precisions. We also show the individual contributions for My,
sin® Oesr, (9 — 2)u, BR(b — s7) and My, as well as the value of BR(Bs — p*p~). Shown in the
last two rows are the best-fit values for the low-energy parameters, M4 and tan 3, as analyzed in

section Q

given in table [ Also shown are the individual contributions from the precision observables.
BR(Bs — put ™) always gives a zero contribution, and we list the BR itself.

It is interesting to note that despite mAMSB has one parameter less, the minimum
x? value is lower by ~ 1.5-2 compared to the CMSSM and mGMSB. The reason for the
low x? values is a combination of two effects. First, there is a good agreement of mAMSB
with (¢ — 2), and BR(b — sv). The anomalous magnetic moment of the muon requires
a positive p (or more precisely a positive p - Mo, where we use the convention of positive
My for the three scenarios, see the discussion above). BR(b — s7v) on the other hand
depends on the combinations of the stop masses, mixing angle and p. The sign of the stop
mixing angle 6; comes out with a positive sign in mAMSB, whereas it is negative in the
CMSSM and mGMSB (as output and in the convention of SoftSUSY). This different sign,
in combination with a positive p, results in a positive SUSY contribution to BR(b — s7)
within mAMSB and a (usually) negative contribution in the CMSSM and mGMSB. In this
way mAMSB can fulfill the BR(b — s7) constraint as well as the other two scenarios (but
with a best-fit value above the experimental value). Second, due to the structure of the
soft SUSY-breaking parameters in the chargino/neutralino sector relatively light charginos
are present in mAMSB (where the lightest one is nearly mass degenerate with the lightest
neutralino). Thus a large contribution to (g —2),, and also to My [BJ] can be obtained for
a relatively heavier spectrum otherwise, resulting in an M}, value above ~ 116 GeV. The
overall effect of this interplay is a total minimum y? value of 2.9.

In the analysis presented below, in the first step we show the three soft SUSY-breaking
scenarios separately in terms of their high-scale parameters. In a second step we compare
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their respective predictions in terms of the low-scale parameters M4 and tan 8 and other
SUSY mass scales. In the final step in section ] we assume future precisions for the mea-
surements and theory evaluations and compare the sensitivities the precision observables
will offer in the three scenarios.

4.1 Analysis of high-scale parameters

In the following subsections we analyze the CMSSM, mGMSB and mAMSB in terms of
their respective high-energy parameters, see section f.

4.1.1 CMSSM

In figure [{ we show the results for the Aq 4,9 areas in terms of the high-energy parameters,
using the current experimental and theoretical precisions as described in section . The A;
area is medium shaded (green), the Ay are is dark shaded (red), and the Ag area is light
shaded (yellow). The rest of the scanned parameter space is given in black shading. The
best-fit point is marked with a circle. Because of the contribution to (¢ — 2), only very
few points with < 0 have Ax? < 9, and we concentrate here on the data with p > 0. For
this sign of p the Ag area nearly covers the whole parameter space (in agreement with the
results presented in ref. [IJ]). In terms of m, /2 relatively low values are favored around
my o = 500 GeV, with the A4 region extending up to my/, = 1000 GeV. For my, on the
other hand, hardly any bound is obtained, and values up to 2000 GeV are possible. Only
at the Ay level a preference of the allowed values for a light mg can be found. For Ag a
slight preference for positive values can be observed (note the different sign convention here
in comparison with refs. [[[-[[g]), and the A4 region extends from —1000 GeV to about
42500 GeV. The apparent differences to existing analyses [, [2, [[§] are due to the fact
that the CDM constraint has not been applied here, see the discussion below.

4.1.2 mGMSB

In figures f, | we show the results for the A 49 areas in terms of the high-energy param-
eters, using the current experimental and theoretical precisions as described in section B
The color coding is as in figure []. Asin the CMSSM, because of the contribution to (g—2) "
only very few points with 1 < 0 have Ax? < 9, and we concentrate here on the data with
w> 0.

The plots in figure § show the A—Mess plane for Nyess = 1. .. 8 separately. The Ax?
values are obtained with respect to the overall best fit point, which is reached for Nyess = 8
(marked with a circle). The ‘preferred’ A values depend on the choice of Nyegs, going from
~ 10° GeV at low Npess down to ~ 2 x 10* GeV for large Npmess. However, the Ag region
extend over large parts of the whole parameter space. Furthermore no bound on M e
can be set. Similar results are found in figure [J, where we show the Nyess—A plane. The
lower Npess, the higher are the possible values for A.

In order to analyze the compatibility of the various Npess values with the precision
data, we show in table E the lowest X?nin, Niess values reached for each Ny ess. It can be seen
that X?nin, Nyeo. iDCTeases monotonically with decreasing Npess. In agreement with figures 3!
and E the difference in the minimum x? between Npess = 8 and Npegs > 1 is smaller than
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Figure 7: The A; 49 regions in the mo—m; /3 plane (left) and in the mo—Ag plane (right) in the
CMSSM for p > 0. The A; area is medium shaded (green), the A4 area is dark shaded (red), and
the Ag area is light shaded (yellow). The rest of the scanned parameter space is given in black
shading. The best-fit point is marked with a circle.

Niess 1 2 3 4 5 6 7 8
XinNow | 617 553 545 525 525 520 516 5.3

Table 2: Minimum Y2 values reached for each Npess.

one, and only for Npyes = 1 the difference exceeds one by ~ 0.04. Consequently no Ay
region appears in the Nyess = 1 plots.

4.1.3 mAMSB

In figure [[0] we show the only high-energy parameter plane in the mAMSB, mauy vs. mo
for g > 0. While nearly the whole parameter space is covered by the Ag area, the A4 and
Aq regions are located at a relatively thin strip at the lowest possible mg values with a
width < 300 GeV. The precision observables clearly show a preference for a relatively small
scalar soft SUSY-breaking parameter mg. This can be traced back to the x? contribution
to (g — 2), that requires relatively light sleptons of the second generation. Since my is
needed to prevent the tachyon problem within mAMSB, it controls to a large extent the
slepton masses. The strong bound from (g — 2), then translates into a relatively strong
bound on mgy. On the other hand, m,uy is only mildly restricted. The lower absolute
bound on myux is mainly due to the lower experimental bound on the lightest chargino of

~ 70 GeV [B3.

4.2 Low-energy analysis

We now turn to the comparison of the three soft SUSY-breaking scenarios. In figure [L1] we
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— 20 —



107 1

A (GeV)

10+

mess

Figure 9: The Aj 49 regions in the Nyess—A plane in the mGMSB for x> 0. The color coding is
as in figure ﬂ Marked with a circle is the current best-fit point.

2000

|

L B |

1500

[

T T 7T

1000

I

o

m, [GeV]

T T 7T

500

I

T T 7T

m [GeV]

aux

Figure 10: The A 49 regions in the myux—mo plane in the mAMSB for p > 0. The color coding
is as in figure ﬂ The best-fit point is marked with a circle.

show the M 4—tan 3 plane for the CMSSM (top), mGMSB (middle) and mAMSB (bottom)
with the same color coding as in figure []. As in section [ we restrict ourselves to p > 0.
The allowed M 4—tan G parameter space is somewhat different in the three scenarios. While
in mAMSB the parameters are restricted to My < 4 TeV and tan 8 < 50, this extends
to Mg S 4TeV and tanfB < 60 (where we stopped our tan 3 scan) in the CMSSM,
and within mGMSB M4 values up to 6 TeV are possible (not shown in the plot). The
qualitative features of the Ag 41 areas are very similar for the three scenarios. The Ag
area extends over large parts of the whole parameter space. On the other hand, within
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all three scenarios, the A4 and even more the A areas are located at relatively low My,
extending up to My < 1000 GeV at the Ay level in all three scenarios. The ‘preferred’
tan 0 regions, on the other hand, nearly span the full possible range in the CMSSM and
mGMSB, whereas in the mAMSB scenario the x? ‘preferred’ areas are located at lower
tan 3 values, reaching up to tan 8 < 35. The low value of BR(Bs — putu™) at the best-fit
point in mAMSB is due to the relatively low tan 8 value. However, in view of these ranges,
the actual values of the best-fit points for tan 3 are not very significant, in accordance
with earlier analyses [[[]-[4, [[d]. In conclusion a preference for not too large M, values
is clearly visible as a common feature in all three scenarios. Depending on the actual
combination of M4 and tan §, the LHC can cover a large part of the ‘preferred’ parameter
space by searches for the heavy Higgs bosons ~[i50].

We now turn to the analysis of various mass values in the three soft SUSY-breaking
scenarios. We start with the mass of the lightest CP-even Higgs boson, see section B.4,
presented in figure [3. Mj, is shown in the CMSSM (top), mGMSB (middle) and mAMSB
(bottom) scenarios for 4 > 0 with the corresponding 2, where the x? contribution of
My, itself has been left out. In this way the plot shows the indirect predictions for M},
without imposing the bounds from the Higgs boson searches at LEP. In the CMSSM and
in mGMSB the impact of dropping the x? contribution from M), leads to a drastically lower
total x2 as compared to the case when the M) bound is included, see table[. In these
two scenarios the best-fit point changes to new points with substantially lower M), values
(as discussed below). These new best-fit points can also accomodate the other precision
observables better, thus leading to a reduction of x2,, by more than ~ 3 in the CMSSM
and mGMSB. In the mAMSB scenario, on the other hand, the effect is small, and the
best-fit point changes only slightly. The color coding is as in figure [.

In all three scenarios a shallow minimum can be observed. The A; regions are in the
intervals of Mj, = 98...111 GeV (CMSSM), 97...112 GeV (mGMSB) and 104 ... 122 GeV
(mAMSB). In all three scenarios the A4 regions extend beyond the LEP limit of Mj; >
114.4 GeV at the 95% C.L. shown as dashed (blue) line in figure I3 (which is valid for
the three soft SUSY-breaking scenarios, see refs. [[23, [24]). The analysis for the CMSSM
can be compared with refs. [[[3, [[§], where (among other contributions) also the cold dark
matter constraint had been included in the analysis. In refs. [[L3, [I§] best fit values of
My, = 110...115 GeV (depending on tan 3) had been observed, which is at the border of
the Aq region here. These results are well compatible with each other. The inclusion of
the CDM constraint yields the effect of cutting out a (thin) band in the Mj—x2, plane.
In conclusion all three scenarios have a significant part of the parameter space with a
relatively low total x? that is in agreement with the bounds from Higgs-boson searches
at LEP. Especially within the mAMSB scenario the A; region extends beyond the LEP
bound of 114.4 GeV.

Next we turn to the prediction of the masses of various SUSY particles, starting with
mgo (left) and mgg (right) in figure [[J. The masses are shown in the CMSSM (top),
mGMSB (middle) and mAMSB (bottom) scenarios for p > 0 with their respective total
X2, i.e. including the x? contribution of M. The color coding is as in figure . The
mGMSB shows for all masses (see below) a local minimum at a lower value and an absolute
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minimum at a somewhat higher mass value. The effect of having a minimum in the x?
plot can in general be understood by investigating the x? contribution of M) and of (g —
2),. While the former penalizes strongly a light spectrum (especially for the stops), the
latter penalizes a heavy spectrum (especially sleptons and charginos/neutralinos). The
appearance of the second local minimum at lower mass values is a result from the interplay
of several observables, especially My, and Mj. Going to a lighter spectrum improves
x2(Myy) more than it worsens x?(Mjy), while a very light spectrum results in a very large
x? contribution from Mj,, yielding the local minimum in between.

In the three scenarios limited ranges can be observed for the A; and A4 regions,
whereas the Ag regions extend to the highest possible mass values. For the CMSSM and
mAMSB the truncation of the parameter space at high my/5, Mmaux and mg is clearly
visible for some particle masses, e.g. in the left column of figure [[J. The mass of the
lightest neutralino (the LSP) has ‘preferred’ values, Ax? < 4, ranging from about 100 GeV
to values up to 500 GeV, depending on the scenario. Within the CMSSM and mAMSB
the lightest neutralino, being stable, cannot be observed via a decay to other particles, so
that its detection has to rely on a ‘missing energy’ signature. In mGMSB the LSP is the
gravitino, G, leading to distinctive decay patterns of the RV if it decays within the detector.
The decay BRs depend largely on the mass pattern of the ¥V, 71 and G. The ‘preferred’ mass
values thus offer good prospects for the detection at the LHC and excellent prospects for the
ILC(1000) (i.e. with /s up to 1 TeV) in the case where the decay happens in the detector.
At the ILC also the process eTe™ — )2(1])2(1]7 can in principle be observed, permitting in this
case the observation of the YJ in all the three scenarios in the ‘preferred’ mass ranges.

The second lightest neutralino, see the right column of figure [[J, can in principle be
observed via its decay to a SM particle and the LSP (or another SUSY particle if it is
lighter than the X9, as e.g. the )2%[ in the case of the mAMSB). The best fit values vary
around 300 GeV to values above 550 GeV, depending on the scenario. With these mass
ranges the observation at the LHC will be very challenging for the direct production, but
might be better (depending on SUSY mass patterns) for the production in cascades. At
the ILC(1000) one could search for the associated production of ete™ — x9%9. The three
soft SUSY-breaking scenarios show similar prospects for the discovery, although mGMSB
results in overall somewhat higher mass scales.

The predictions of the lightest chargino mass, My (left), and the gluino mass, mg
(right), are shown in figure [[4. As before, the masses are shown in the CMSSM (top),
mGMSB (middle) and mAMSB (bottom) scenarios for p > 0 with their respective total
x2. The color coding is as in figure [ In the three scenarios limited ranges can be observed
for the Ay and A4 regions, whereas the Ag regions extend to the highest possible mass
values. Within the CMSSM and mGMSB the light chargino mass ranges from about
100 GeV up to ~ 900 GeV in the A, area, whereas somewhat higher masses are reached
in mGMSB. Consequently only a part of the ‘preferred’ parameter space can be accessed
at the LHC or the ILC(1000). Within the CMSSM and mGMSB the i and the X3
are nearly mass degenerate, resulting in very similar results for the two particles as can be
seen in figures [[J and [[4. The situation concerning the observation of the )Zic is much more
favorable in mAMSB, where much lighter masses, only up to about 300 GeV are preferred.
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This offers very good perspectives for its production at the LHC and the ILC. However,
it should be kept in mind that in the mAMSB scenario the lightest chargino is only a few
hundred MeV heavier than the LSP, which poses certain problems for its detection [[5]]].

The ‘preferred’ gluino masses, as shown in the right column of figure [[4, range from a
few hundred GeV up to about 3 TeV in mGMSB, exhausting the accessible range at the
LHC. In the other two scenarios the A4 regions end at ~ 2 TeV (mAMSB) and ~ 2.5 TeV
(CMSSM), making them more easily accessible at the LHC than in the mGMSB scenario.

We now turn to the scalar fermion sector. The predictions for the two scalar tau masses,
ms, (left) and msz, (right), are shown in figure [[§. As before, the masses are shown in the
CMSSM (top), mGMSB (middle) and mAMSB (bottom) scenarios for p > 0 with their
respective total x2. The color coding is as in figure [ The light 7 has its best-fit values
at very low masses, and even the Ay regions hardly exceed ~ 500 GeV in mGMSB and
mAMSB. Therefore in these scenarios there are good prospects for the ILC(1000). Also the
LHC can be expected to cover large parts of the A4 mass intervals. In the CMSSM scenario,
on the other hand, the A4 region exceeds ~ 1 TeV such that only parts can be probed at the
ILC(1000) and the LHC. The ‘preferred’ ms, values, by construction larger than msz , stay
mostly below 500, 1000, 1500 GeV for mAMSB, mGMSB and the CMSSM, respectively.

In figure [[ we show the predictions for the two scalar top masses, myz, (left) and mg,
(right). As before, the masses are shown in the CMSSM (top), mGMSB (middle) and
mAMSB (bottom) scenarios for x4 > 0 with their respective total x?. The color coding
is as in figure []. The ‘preferred’ mass ranges, i.e. Ax? < 4, range from about 300 GeV
up to about 2300 GeV, depending somewhat on the scenario. Finally, the predictions for
the sbottom masses are shown in figure [[]. The sbottom masses follow the same pattern
as the stop masses. Taking these values as representative scalar quark mass values, the
LHC should have no problem to discover the SUSY partners of the quarks, whereas for the
ILC(1000) only the lower part of the ‘preferred’ values could be in the kinematic reach.
However, it should be kept in mind that the Ag regions extend beyond ~ 3 TeV, which
could exceed even the discovery reach of the SLHC [[5J].

Apart from the values of the various SUSY and Higgs particle masses, also the ‘pre-
ferred’ values of |u| and of B (with p B being the prefactor of the Higgs mixing term in the
potential) are of interest. In table [ we list the current best fit points and the A; 4 ranges
for p (with u > 0, see section B.3) and B. The ‘preferred’ values for u range between
130 GeV and 1420 GeV in the mAMSB and somewhat smaller intervals within in the two
other scenarios. The ‘preferred’ values of B are bounded from above by ~ 540 GeV in
mAMSB, where also negative values down to —275 GeV are reached in the A4 area. In
the other two scenarios the intervals are substantially smaller, and only in the CMSSM
negative values down to —75 GeV are reached.

The results for the SUSY masses in the CMSSM can be compared with previous analy-
ses taking into account the CDM constraint [I1-[3, [[6, [[§]. We focus here on refs. [[1-[3],
since similar sets of precision observables and very similar y? analyses had been used. Qual-
itative agreement can be found in the observed ‘preferred’ mass values. In our analysis the
lower mass values in the A and A4 regions are obtained for low tan G, where these masses
are similar to to the ones in refs. [[-[LJ] obtained for tan 3 = 10. Higher mass values in
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CMSSM | mGMSB | mAMSB
p (best fit) 588 810 604
win Aq 510-730 | 460-995 | 560-980
win Ay 160-1100 | 390-1400 | 130-1420
B (best fit) 94 151 28
B in A 65-155 75-210 -105-50
B in Ay -75-250 65-330 | -275-540

Table 3: ‘Preferred’ values of p and B (with pu B being the prefactor of the Higgs mixing term in
the potential). Shown are the best-fit points as well as the intervals covered for Ax? < 1,4. All
values are in GeV.

the A7 and Ay regions, on the other hand, are obtained for large tan 3, where these masses
are similar to the ones in refs. [[]-[[3] obtained for tan 8 = 50. On the other hand, the
following difference can be observed: while the fit results obtained for the particle masses
in refs. @,E} are ‘parabola shaped’, whereas the mass plots presented in figures [[3-7
show ‘full” areas. This can easily be understood as an effect of taking the CDM constraint
into account in refs. [[[I]-[(J], while at the same time tan 3 had been restricted to the two
discrete values tan 3 = 10 and 50. The CDM constraint cuts out thin strips, for instance,
in the mo-—m,, plane (for fixed Ag and tan 3) [(53, [54]. This yields naturally strips in
the mass vs. x2,, plots. Incorporating all tan 3 values by scanning over all allowed values
simultaneously in our analysis (where low (high) tan § values yield lower (higher) best-fit
masses), broadens and fills automatically the A; and Ay regions. Another difference in
our analysis compared to the ones in refs. [[]—[[3 is the lower value of m; that has been
used here. Lowering the experimental value of m; in the y? analysis yields an increase in
the minimum total x?, as has been analyzed for tan3 = 10 in ref. [[J]. The minimum
x? values reached in refs. [[[]-[I3] and in our analysis roughly follow the results presented
in ref. [1J). However, it should be kept in mind that the latest value of m; that has been
published recently [f3] has moved upwards to m; > = 172.6 4+ 1.4 GeV.

5. Future sensitivities

We now turn to the analysis of the future sensitivities. In a first step we take the current
best-fit point in each scenario and assume that the future measurements exactly agree with
this point. The experimental and theory uncertainties are set to their ‘future’ values as
discussed in section [l Also for M), we assume that its value is measured and include it
into the x? fit with the future uncertainties given in section B.4. In a second step, in order
to compare the sensitivities in the three scenarios, we have chosen one hypothetical best-fit

point in each scenario, where the low-energy spectrum is “similar” in all three scenarios.
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In more detail, we have demanded that
My =800 GeV, tanf3~40, mj; ~1225 GeV, m; ~ 1400 GeV, p>0. (5.1)

These masses are somewhat higher than the current best-fit values and thus illustrate a
future scenario that is somewhat more in the decoupling regime (i.e. where SUSY masses
are heavy and loop corrections are correspondingly smaller) than what is currently favored.
Furthermore the combination of M4 and tan (3, according to current analyses [[2]-[[28,
[43 - [i50, [57, is not in the discovery reach of the LHC or the ILC. In such a scenario
without experimental information on M 4 and tan § from the observation of the heavy Higgs
bosons any sensitivity to these parameters would constitute information in addition to the
direct collider data. The three points are defined in terms of high-energy parameters as

CMSSM : mo = 640 GeV (5.2)
my sy = 720 GeV
Ao =500 GeV
tan 0 = 41
mGMSB : A = 33200 GeV (5.3)
Miness = 580000 GeV
Niess = 7
tan 8 = 41
mAMSB : Maux = H0500 GeV (5.4)
mo = 1600 GeV
tan 8 = 40

The choices in eq. (p.]]) ensure a “similar” behavior in the Higgs and in the scalar top sector
and their contributions to the EWPO and BPO. This allows a comparison of the future
sensitivities of the EWPO and BPO in the three scenarios. The values for the lightest Higgs
boson mass at the three hypothecial best-fit points are 116.8 GeV (CMSSM), 117.5 GeV
(mGMSB) and 119.1 GeV (mAMSB). The spread of ~ 2.3 GeV has only a minor direct
impact on the predictions of the EWPO and BPO.

5.1 Analysis of high-scale parameters
We start by analyzing the CMSSM, mGMSB and mAMSB in terms of their respective
high-energy parameters, see section .

5.1.1 CMSSM

In figure [[§ we show the results for the A; 4 ¢ areas in terms of the high-energy parameters,
using the y? result based on the assumed future experimental and theoretical precisions
as described in section f]. As can been seen, the areas of the parameter space with Ax? <
1,4,9 shrink substantially in comparison with figure . At the Ax? = 9 level m; /2 18

— 33 —



2000 3000

2000

1500

1000

1000

m,, [GeV]
A, [GeV]

-1000

500

0 500 1000 1500 2000 0 000

m, [GeV] m, [GeV]

oy P S R BRI -3000

Figure 18: Future projection for the A; 49 regions in the mo—m;/; plane (left) and in the mo—Ao
plane (right) in the CMSSM assuming that the future experimental data agree exactly with the
current best-fit point. The color code is as in figure [{.

determined up to 200 GeV for the assumed best-fit point. For mg, on the other hand,
still values up to ~ 1500 GeV are permitted. The Ag interval for Ay shrinks to 1000 GeV.
The reduction of the preferred parameter region with the assumed higher precision in
the future is so substantial because the currently favored best-fit parameters are relatively
small, where smaller SUSY mass scales lead to larger loop effects in the precision observ-
ables. This effect is less pronounced for larger GUT scale parameters. To illustrate this
effect we have chosen a CMSSM point as defined in eq. (5.3). We assume that the future
experimental values agree exactly with the low-energy parameters resulting from eq. (p.9).
The reduction of the preferred parameter region as shown in figure compared to the
present situation is still visible, but much weaker than for the current best-fit point in
figure [[§. Similar results (including the CDM constraint) had been found in ref. [[L1].

5.1.2 mGMSB

In figure RQ we show the results for the Ay 4 9 areas in terms of the high-energy parameters,
using the future experimental and theoretical precisions as described in section [J. The color
coding is as in figure . The plots in figure R0 show the A—~Mess plane for Nyess = 1...8.
For each Npess & small A interval is singled out, but hardly any limit on My, is obtained
even with the future precisions.

The results look similar in figure @, where we show the Ny ess—A plane. For each Npegs
value a relatively small range of A is favored, even at the Ax? = 9level. If Nyess could be de-
termined in an independent way, the precision observables could give a relatively precise de-
termination of A. On the other hand, if A could be determined, e.g. from the measurement
of SUSY masses, the precision observables would give a preference for certain Ny, values.
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Figure 19: Future projection for the Aj 49 regions in the mo—m; /o plane (left) and in the mo—
Ay plane (right) in the CMSSM assuming that the future experimental data agree exactly with a
hypothetical best-fit point as specified in eq. (5.9). The color code is as in figure .

As for the CMSSM scenario also in mGMSB we have chosen a hypothetical future best-
fit point with higher mass scales, defined by eq. (F.3). As for the CMSSM, we assume that
the future experimental values agree exactly with the low-energy parameters corresponding
to eq. (5.3). The reduction of the Aj 49 regions can be observed in figure 1. It is at the
same level as for the current best-fit point in figure . These results are also shown in the
Niess—A plane in figure P, where the same sensitivity is found as for the current best-fit
point displayed in figure p3.

5.1.3 mAMSB

In figure P4 we show the only high-energy parameter plane in the mAMSB, M.,y vs. mo,
with the same color coding as in figure f]. Within this scenario the precision observables
will allow an extremely precise determination of the high-energy parameters. For the case
that the current best-fit point agrees exactly with the future measurements, at the Ax? = 9
level mauy is determined to £3 x 10% GeV, i.e. to ~ 10%. The absolute precision for my
is 100 GeV, whereas the relative precision reaches only ~ 30%. (The A4 and A; regions
are very small and nearly invisible inside (by definition) the Ag region.) This result is to a
large extent due to the fact that the tan 3 value for the current best-fit point is relatively
low (see also the discussion of the hypothetical best-fit point below).

As for the other two scenarios, also in mAMSB we have chosen a hypothetical future
best-fit point with higher mass scales, defined by eq. (b.4). It should be noted that for
mAMSB the increase in M4 from the current best-fit point to the hypothetical best-fit
point is a bit smaller than in the other two scenarios, while the shift in tan 3 is substantially
larger. Again we assume that the future experimental values agree exactly with the low-
energy parameters corresponding to eq. (5.4). We show the preferred parameter space for
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best-fit point as defined in eq. (6.9) (marked by a circle). The color coding is as in figure fi.
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Figure 22: Future projection for the A; 4 9 regions in the Nyes—A plane in the mGMSB assuming
that the future experimental data agree exactly with the current best-fit point (marked by a circle).

The color coding is as in figure ﬂ
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Figure 23: Future projection for the A; 4 9 regions in the Nyes—A plane in the mGMSB assuming
that the future experimental data agree exactly with the hypothetical best-fit point as defined in
eq. (b-3) (marked by a circle). The color coding is as in figure [j.

this hypothetical point in figure 5. The reduction in the size of the Ay 4,9 regions compared
to the present situation is much weaker than for the current best-fit point in figure 4. At
the Ag level no limit on mg can be set. This shows that the very high precision obtainable
with the current best-fit point is not generally valid in the mAMSB scenario.
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5.2 Low-energy analysis

We now turn to the comparison of the three soft SUSY-breaking scenarios in terms of M4
and tan 3, assuming the future experimental and theory precisions as discussed in section [
In figure PG we show the My—tan 8 plane for the CMSSM (top), mGMSB (middle) and
mAMSB (bottom) with the same color coding as in figure . In each scenario we assume
that the future measurements will agree exactly with the current best-fit point.

A drastic improvement compared to the present situation can be observed in all three
scenarios. However, also for the low-energy parameters the quality of the improvement
going to the future sensitivities depends on the fact that currently relatively low mass
scales are favored, see below. The results look quite different in mAMSB as compared to the
CMSSM and mGMSB. Within the latter two the Ag region is confined to M4 < 1000 GeV
with a width of 300(400) GeV for the CMSSM (mGMSB), whereas tan (3 is only weakly
restricted, 10(20) < tan 8 < 60. Within mAMSB, as for the high-energy parameters, a very
precise indirect determination of M4 and tan 3 can be performed. At the Ax? = 9 level
M4 is confined to £50 GeV, i.e. to about 6%. tanf is determined to £3, corresponding
to a precision of ~ 8%. However, as discussed in section p.1.9, this is largely due to the
relatively small value of tan 8 within the mAMSB scenario at the current best-fit point.

We finally investigate the future sensitivity of the three soft SUSY-breaking scenarios
for the hypothetical best-fit point. In figure P we show the results for the hypothetical
best-fit points as defined in eqgs. (5.9), (£.9), (5.4) for the CMSSM, mGMSB and mAMSB,
respectively. By definition, see eq. (5.1)), the hypothetical best-fit values for M, and tan 3
are very similar in the three scenarios, M4 =~ 800 GeV and tan 8 =~ 40. These M 4 values are
somewhat larger than the current best-fit values, see table [Il. In combination with tan 3 ~
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Figure 25: Future projection for the A; 49 regions in the maux—mo plane in the mAMSB assuming
that the future experimental data agree exactly with the hypothetical best-fit point as defined in
eq. (F-4) The color coding is as in figure [j.

40 such heavy MSSM Higgs bosons could not be detected at the LHC [[45-[15(, [52] or
the ILC [125-[[2§]. Despite the fact that these values are already in the decoupling regime
(i.e. where SUSY masses are large and loop effects are correspondingly small), the precision
observables are still able to provide upper (and lower) limits on M4 and tan $ with similar
results in the three soft SUSY-breaking scenarios. The upper limit at the Ax? = 9 level on
M 4 varies between ~ 2000 GeV in the CMSSM and ~ 1400 GeV in mGMSB. This means
that the limits obtainable for M4 and tan G depend only to a small extent on the details
of the underlying physics scenario and can thus be viewed as a more general result for
scenarios resulting from a high-scale theory. In conclusion, the precision observables could
allow one to set an indirect bound on M4 (and mildly also on tan ) beyond the direct
collider reach. This sensitivity would improve even more if the future collider data (SUSY
masses etc.) would be included (see e.g. ref. [[55]). Such an analysis, however, would at
the present state be highly speculative and is beyond the scope of our paper.

6. Conclusions

We investigated the constraints arising from electroweak precision observables (EWPO)
and B-physics observables (BPO) providing a comparison of the CMSSM, the mGMSB
and the mAMSB. We performed a y? analysis based on the mass of the W boson, My,
the effective weak leptonic mixing angle, sin® ., the anomalous magnetic moment of the
muon (g — 2),, the mass of the lightest CP-even MSSM Higgs boson, M}, as well as on
BR(b — sy) and BR(Bs — ptp™). Our analysis should be viewed as an exploratory
study for the comparison of the scenarios, providing a starting point for a more refined
investigation using more precision data and an elaborate x? analysis Lg.
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mGMSB (middle) and mAMSB (bottom) assuming that the future measurements will agree exactly
with the current best-fit point. The color coding is as in figure ﬂ
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Our results are analyzed separately in terms of the high-scale parameters of the re-
spective model as well as in terms of low-energy parameters such as My, tan § and SUSY
particle masses. Using todays measurements, uncertainties and exclusion bounds, we find
that relatively low mass scales in all three scenarios are favored at the level of Ax? < 1 or 4.
However, the current data of EWPO and BPO can hardly set any upper bound on the SUSY
mass scales at the level of Ax? = 9. The best fit-values for M4 range from ~ 400 GeV
in the CMSSM up to ~ 600 GeV in mAMSB, whereas the tan 3 values are only weakly
constrained. Remarkably the mAMSB scenario, despite having one free GUT scale pa-
rameter less than the other two scenarios, has a somewhat lower total minimum x?. This
can be traced back to a better agreement with the combination of the BR(b — sv) and
(9 —2), measurements (with some help from Myy) for a heavier scalar quark spectrum and
a corresponding slightly larger value of Mj,.

We presented predictions for the lightest CP-even Higgs boson mass, based on the
current x? data, but without imposing the current LEP bound from Higgs boson searches
and its corresponding x? contribution. Best-fit values of M}, ~ 105 GeV are found for the
CMSSM and mGMSB, and M}, ~ 113 GeV for mAMSB. In all three scenarios a relatively
good compatibility with the direct bounds from the Higgs searches at LEP is found. Within
mAMSB the Ay? < 1 region extends up to M < 122 GeV.

We also presented the predictions for the masses of various SUSY particles such as mj;,,
My s TG 5 MGy My, My s M0, Mg, Mk and my in the three soft SUSY-breaking scenarios.
As a general feature lowest masses are found in the mAMSB and heaviest in mGMSB. All
three scenarios offer good prospects for the discovery of some color-neutral particles at
the ILC (with a center-of-mass energy up to /s = 1 TeV) and for colored particles at
the LHC. There are also good prospects for the discovery of uncolored particles such as
charginos, neutralinos and light sleptons, especially if they are produced in cascade decays.
Some part of the preferred parameter space in the three scenarios is currently probed at
the Tevatron. Within the CMSSM qualitative agreement in the preferred mass ranges with
previous analyses [[]—-[[J] has been found.

Finally, we explored the projection for the future sensitivities of the EWPO and BPO
in the three soft SUSY-breaking scenarios. Here we also assumed a measurement of the
lightest MSSM Higgs boson mass. In a first step we analyzed the future sensitivities assum-
ing that the future measurements agree with the current best-fit results. We found a strong
improvement with respect to the current sensitivity. Within the mAMSB scenario M 4 and
tan 8 can be determined indirectly with very high precision, largely due to the fact that the
current best-fit point has a relatively low tan # value. On the other hand, in the CMSSM
and mGMSB the tan § determination remains relatively weak, where the current best-fit
points have very large tan 3 values. In a second step we assumed that the future measure-
ments will agree in each scenario with a certain hypothetical point. These three points
were defined for each scenario such that they result in a similar Higgs and SUSY spectrum
with M4 ~ 800 GeV and tan 8 ~ 40. In general the Higgs and SUSY mass scales are some-
what higher than for the current best-fit points, i.e. loop corrections are correspondingly
somewhat smaller. These points would not permit a direct determination of the heavy
Higgs-boson mass scale. We find that the EWPO and BPO exhibit a similar future sensi-
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tivity in the CMSSM, mGMSB and mAMSB giving rise to an upper limit on the high-scale
parameters at the Ax? = 9 level. The future EWPO and BPO sensitivities depend only
mildly on the underlying physics scenario. The precision observables could allow one to
constrain the Higgs sector parameters even beyond the direct reach of the LHC or the ILC.

Once LHC (and ILC) data on SUSY masses will be available, the assumption about the
underlying scenario itself will be investigated. While information from the direct produc-
tion of SUSY particles will obviously be crucial for disentangling the underlying scenario
of SUSY-breaking, also the EWPO and BPO will certainly play an important role in this
context.
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