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We present a likelihood analysis of the parameter space of the constrained minimal supersymmetric exten-
sion of the standard modéCMSSM), in which the input scalar masseg, and fermion masseas,, are each
assumed to be universal. We include the full experimental likelihood function from the CERN LEP Higgs
boson search as well as the likelihood from a global precision electroweak fit. We also include the likelihoods
for b—sy decay andoptionally) g,— 2. For each of these inputs, both the experimental and theoretical errors
are treated. We include the systematic errors stemming from the uncertainties dnd m,, which are
important for delineating the allowed CMSSM parameter space as well as calculating the relic density of
supersymmetric particles. We assume that these dominate the cold dark matter density, with a density in the
range favored by the Wilkinson Microwave Anisotropy Probe. We display the global likelihood function along
cuts in the (ny,,mg) planes for tagB=10 and both signs of, tanB=35, u<0, and tan3=50, u>0, which
illustrate the relevance of,—2 and the uncertainty imm,. We also display likelihood contours in the
(my»,mp) planes for these values of t@n The likelihood function is generally larger far>0 than foru
<0 and smaller in the focus-point region than in the bulk and coannihilation regions, but none of these
possibilities can yet be excluded.
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[. INTRODUCTION The optimal way to combine these various constraints is
via a likelihood analysis, as has been done by some authors
Supersymmetry remains one of the best-motivated frameboth before[16] and after[13] the WMAP data were re-
works for possible physics beyond the standard model, antkased. When performing such an analysis, in addition to the
many analyses have been published of the parameter spafggmal experimental errors, it is also essential to take into
of the minimal supersymmetric extension of the standardchccount theoretical errors, which introduce systematic uncer-
model (MSSM). It is often assumed that the soft tainties that are frequently non-negligible. The main aim of
supersymmetry-breaking mass terms,,,mg are universal this paper is to present a new likelihood analysis which in-
at an input grand unified theofGUT) scale, a restriction cludes a careful treatment of these errors.
referred to as the constrained MSSEIMSSM). In addition The precision of the WMAP constraint ddcpy selects
to experimental constraints from sparticle and Higgs bosomarrow strips in the CMSSM parameter space, even in the
searches at the CER&I"e™ collider LEP[1], the measured former “bulk” region at low my,, andmg. This narrowing is
rate forb— sy [2] and the value o, —2 [3],! the CMSSM  even more apparent in the coannihilation “tail” of parameter
parameter space is also restricted by the cosmological despace extending to larget,,, in the “funnels” due to rapid
sity of nonbaryonic cold dark mattet}cpy [5—8]. Itis also  annihilations through thé andH poles that appear at large
often assumed that most Ofcpy, is provided by the lightest tang, and in the focus-point region at large,, close to the
supersymmetric particldSP), which we presume to be the boundary of the area where electroweak symmetry breaking
lightest neutralinoy. remains possible. The experimental and theoretical errors are
The importance of cold dark matter has recently been superucial for estimating the widths of these narrow strips, and
ported by the Wilkinson Microwave Anisotropy Probe also for calculating the likelihood function along cuts across
(WMAP) Collaboration [9,10], which has established a them, as well as for the global likelihood contours we present
strong upper limit on hot dark matter in the form of neutri- in the (m;,,,my) planes for different choices of tghand the
nos. Moreover, the WMAP Collaboration also reports thesign of u.
observation of early reionization when~-20 [10], which In the “bulk” and coannihilation regions, we find that the
disfavors models with warm dark matter. Furthermore, theheoretical uncertainties are relatively small, although they
WMAP data greatly restrict the possible range for the densityould become dominant if the experimental errofippyh?
of cold dark matter:Qcpyh?=0.1126 55051 (1o error9. s reduced below 5% some time in the future. However, the-
Several recent papers have combined this information witloretical uncertainties in the calculation of, do have an
experimental constraints on the CMSSM parameter spaceffect on the lower end of the “bulk” region, and these are
[11-15, assuming that LSPs dominafk-py . sensitive to the experimental and theoretical uncertainties in
m; and(at large tarB) alsom, . The theoretical errors due to
the current uncertainties im, and m; are dominant in the
In view of the checkered history of this constraint, we present‘funnel” and “focus-point” regions, respectively. These sen-
results obtained by neglectirg, —2, as well as results using the sitivities may explain some of the discrepancies between the
latest reevaluation of the standard model contribufln results of different codes for calculating the supersymmetric
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relic density, which are particularly apparent in these regionswhich are treated as uncorrelated Gaussian errors:
These sensitivities imply that results depend on the treatment 5
of higher-order effects, for which there are not always unique 2 _(ﬂ) Am?2 (ﬂ
prescriptions. d tlo

With our treatment of these uncertainties, we find that the
half plane withu>0 is generally favored over that with ~ The Higgs boson mass is calculated using the latest version
<0, and that, within each half plane, the coannihilation re-of FEYNHIGGS [18]. Typically, we find that ¢m;/dm,)
gion of the CMSSM parameter space is generally favored-0.5, so thatoy, is roughly 2—3 GeV. Subdominant two-
over the focus-point regichbut these preferences are not loop contributions as well as higher-order corrections have
strong. been shown to contribute much Id49].

The rest of the paper is organized as follows. In Sec. Il, The combined experimental likeliho0fey, from direct
we discuss the treatment of the various constraints employeskarches at LEP 2 and a global electroweak fit is then con-
to define the global likelihood function. In Sec. Ill, we volved with a theoretical likelihoodtaken as a Gaussian
present the profile of the global likelihood function along with uncertainty given byry, from Eq. (1) above. Thus, we
cuts in the (ny,,my) plane for different choices of tghiand  define the total Higgs boson likelihood functidh, as
the sign ofu. In Sec. IV, we present isolikelihood contours at
certain C.L.s, obtained by integrating the likelihood function. N

. K . .. ' 219 2

Finally, in Sec. V, we summarize our findings and suggest £, (m,)= —j dmr,rcexpt(mr;)ei(mhimh) 1205 (2)
directions for future analyses of this type. V2mo th

2
Am2. )

where N is a factor that normalizes the experimental likeli-
Il. CONSTRAINTS ON THE CMSSM PARAMETER SPACE hood distribution.

A. Particle searches
B. b—sy decay

We first discuss the implementation of the accelerator . .
constraints on CMSSM particle masses. Previous studies '€ Pranching ratio for the rare decays-sy has been
have shown that the LEP limits on the masses of sparticle§1€asured by the CLEO, BELLE, and BaBar Collaborations
such as the selectron and chargino constrain the CMSSN#]: and we take_a}ls the combined valtigh—sy)=(3.54
parameter space much less than the LEP. Higgs boson limjt 0-41+0.26)x10™". The theoretical prediction df—sy
andb—sy (see, e.9.[7,17]). As we have discussed previ- [29,21] eontalns uncertainties which stem from thle uncer-
ously, in the CMSSM parameter regions of interest, the LEp&iNties inmy, as, the measurement of the semileptonic
Higgs boson constraint reduces essentially to that on thBranching ratio of thé8 meson as well as the effect of the
standard model Higgs bos6h7]. This is often implemented scale d_ependen_ce_. In pertlcular, the scale dependence of the
as the 95% confidence level lower linmit,>114.4 GeV[1]. theoretical prediction arises from the de_pendence on three
However, here we use the full likelihood function for the Scales: the scale where the QCD corrections to the semilep-
LEP Higgs boson search, as released by the LEP HiggEOn'C decay are calculated and the high- and low-energy
Working Group. This includes the small enhancement in thec@les, relevant td—sy decay. These sources of uncer-
likelihood just beyond the formal limit due to the LEP Higgs tainty can be combined to determine a total theoretical un-

boson signal reported late in 2000. This was reevaluateﬂertainty- Finelly, t.he experimental measurement is converted
most recently in[1] and cannot be regarded as significant'”to a Gaussian likelihood and convolved with a theoretical

evidence for a light Higgs boson. We have also taken intd/Kelihood to determine the total likelihoody,s, containing
account the indirect information am,, provided by a global POth experimental and theoretical uncertainfieg].
fit to the precision electroweak data. The likelihood function

from this indirect source does not vary rapidly over the range C. Measurement ofg,—2
of Higgs masses found in the CMSSM, but we include this  The interpretation of the BNL measurement af=g,
contribution with the aim of completeness. —2 [3] is not yet settled. Two updated standard model pre-

The interpretation of the combined Higgs boson likeli- gictions for a, have recently been calculat¢d]. One is
hood Leypt in the (my2,me) plane depends on uncertainties pased orete” — hadrons data, incorporating the recent re-

in the theoretical calculation ahy,. These include the ex- ayajuation of radiative cross sections by the CMD-2 group:
perimental error inm, and (particularly at large tag) m,,

and theoretical uncertainties associated with higher-order a,=(11,659,180.& 7.2+3.5+0.4x 10 1° 3
corrections tom,,. Our default assumptions are that

=175+5 GeV for the pole mass, and,=4.25-0.25GeV  and the second estimate is basedratecay data:

for the running modified minimal subtractiorMS) mass

evaluated atm, itself. The theoretical uncertainty imj,, a,=(11,659,195.6:5.8+3.5-0.4) X 10 *, (4
o, is dominated by the experimental uncertaintiesnin, ,

SFurther details of our treatment of experimental and theoretical
20ur conclusions differ in this respect from those[d8]. errors, as applied to the CMSSM, can be foundi5h
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FIG. 1. The likelihood function along slices im, through the CMSSM parameter space for ganl0, Ag=0, x>0, andm,,,= 300, 800

GeV in the left and right panels, respectively. The solid curves show the total likelihood function and the dashed curves are the likelihood

function with Am;=Am,=0. Both analyses include thg,—2 likelihood calculated using*e” data. The horizontal lines show the 68%

confidence level of the likelihood function for each case.

where, in each case, the first error is due to uncertainties iany information frong,, — 2, which may be unduly pessimis-
the hadronic vacuum polarization, the second is due to lighttic, and(2) taking thee" e~ estimate(5) at face value, which

by-light scattering, and the third combines higher-order QEDmay be unduly optimistic.
and electroweak uncertainties. Comparing these estimates When including the likelihood for the muon anomalous

with the experimental valugg], one finds discrepancies

and

tween thee™ e~ and rdata, we calculate the likelihood func-
tion for the CMSSM under two hypothesdd) neglecting

Aa,=(22.1+7.2+3.5+8.0X10 *° (1.90)

Aa,=(7.4-5.8+3.5+8.0x10 *° (0.70)

magnetic momena,, , we calculate it by combining the ex-

perimental and the theoretical uncertainties as follows:

5

1

Lo =

”\/Ea'

th
e @~

a®Ph2/252
0

: )

6) Whereg?= o2 ,t0f, With oeg taken from Eq(5) andof,
from Eq. (1), replacingm;, by a,, .
for thee™ e~ andr estimates, respectively, where the second _AS is well known, the discrepancip) would place sig-
error is from the light-by-light scattering contribution and the Nificant constraints on the CMSSM parameter space, favor-
last is the experimental error from the BNL measurement. ing #=0, although we do consider both signs «fin fact,
Based on the@* e~ estimate, one would tempted to think We find thatu.>0 is favored somewhat, even with the “pes-

there is some hint for new physics beyond the standargimistic” version(6) of theg, —2 constraint.

model. However, ther estimate does not confirm this opti-
mistic picture. Awaiting clarification of the discrepancy be-

D. Density of cold dark matter

As already mentioned, we identify the relic density of
LSPs withQcpyh?. In addition to the CMSSM parameters,

TABLE |I. Likelihood values (><103), includingg,,— 2, for the 68%, 90%, and 95% C.L.s for different

choices of tarB and the uncertainty im,, for A;=0.

tang C.L. Am,=5 GeV Am,=1 GeV Am,=0.5 GeV Am,=0 GeV
10 68% 0.14 0.13 0.087 0.046
90% 3.0<10°3 1.4x10°% 2.5x10°4 0.021
95% 2.9<10°° 6.2<10°° 1.1x10°4 0.011
35 68% 2.Xx10°4 2.0x10°* 2.7x10°* 1.1x10°8
90% 2.8x107° 5.0<10°° 7.5x10°° 1.8x10°4
95% 1.1x10°° 2.7x107° 3.9x10°° 6.8x10°°
50 68% 5310 4 5.7x10°* 5.4x10 * 7.0x10°4
90% 8.7x10°° 7.7x10°° 1.0x10°4 1.9x10°4
95% 2.3<10°° 3.2x10°° 4.6x10°° 8.2x10°°
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the calculation of)cpyh? involves some parameters of the
standard model that are poorly known, suchhasandmy,.
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TABLE Il. Likelihood values (X 103), excludingg,,— 2, for the 68%, 90%, and 95% C.L.s for different
choices of tarB and the uncertainty im,, for A;=0.

tang C.L. Am,=5 GeV Am,=1 GeV Am,=0.5 GeV Am,=0 GeV

10 68% 0.059 18102 9.6x 104 0.052
90% 5.6<10°° 1.3x10°4 2.4x10°4 0.024
95% 4.0<10°5 7.9x10°° 1.3x10°4 0.011

35 68% 2.4104 1.9x10°4 2.4x10°4 7.8x10°4
90% 2.3x10°° 5.0x10°° 7.7x10°° 1.6x10°4
95% 1.2<10°° 2.8x10°° 4.0x10°° 7.5x10°°

50 68% 3.%x10°4 3.5x10°* 4.3x10°4 6.4x 104
90% 4.2<10°5 6.4x10°° 1.0x10°4 1.8x10°4
95% 2.0<10°° 3.4x10°° 5.0x10°° 8.5x10°°

In calculating the likelihood of the cold dark matter
(CDM) density, we follow a similar procedure as for the

The default values and uncertainties we assume for thesghomalous magnetic moment of the muon in Eds, (7),

parameters have been mentioned above. Here we stress ti@g@in taking into account the contribution of the uncertain-
both these parameters should be allowed to run with th&es inm,. In this case, we take the experimental uncer-
effective scaleQ at which they contribute to the calculation tainty from WMAP data[9,10] and the theoretical uncer-
of the relic density, which is typicall@=2m, . This effect ~tainty from Eq.(1), replacingm, by Q h?. We will see that
is particularly important when treating the rapid-annihilation the theoretical uncertainty plays a very significant role in our
channels due toy—A,H— XX annihilations, but is non- analysis.
negligible also in other parts of the CMSSM parameter
space. E. The total likelihood

Specifically, the location of the rapid-annihilation funnel  The total likelihood function is computed by combining
due to A,H Higgs boson exchange, which appears in theg|| the components described above:
region wherem,=2m, , depends significantly on the deter-
mination ofmy [6]. For this determination, the input value of
the runningMS mass ofm, is a crucial parameter, and the
appearance of the funnels depends noticeablyngih5,22]. In what follows, we consider the CMSSM parameter space at
On the other hand, the exact location of the focus-point refixed values of taB=10, 35, and 50. For tg8=10 and 35,
gion [23] (also known as the hyperbolic branch of radiativewe compute the likelihood function for both signs @f but
symmetry breaking [24]) depends sensitively onm,  not for tan3=50, since in the case the choige<0 does not
[25,22,7, which dictates the scale of radiative electroweakprovide a solution of the renormalization-group equations
symmetry breaking26]. with radiative electroweak symmetry breaking.
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FIG. 2. As in Fig. 1 for tanB=10, A;=0, ©<0, andm;,,=800 GeV. Theg,—2 constraint is includedexcluded in the left (right)
panels. In the right panel the 68% C.L.s for both cases are incidentally close to each other.
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FIG. 3. Asin Fig. 1, but for slices at fixet,, that include also the focus-point region at largg. The solid curves are calculated using
the current errors im, andm,,, the dashed curve with no errorin,, the dotted lines witlAm,=0.5 GeV, and the dash-dotted lines with
Am;=1GeV. In the upper two figures, tigg,—2 constraint has not been applied.

The likelihood function in the CMSSM can be consideredonly up to some maximum value afy, above which radia-
as a function of two variableg};,(my,»,my), wherem,,and  tive electroweak symmetry breaking is no longer possible.
m, are the unified GUT-scale gaugino and scalar masse§Ve always integrate up to that point, adopting also a flat
respectively. Our results are based on a Bayesian analysis, ptior distibution form.
which we introduce a prior range fony,, in order to nor- In what follows, we compute one-dimensional distribu-
malize the conditional probability obtained from the likeli- tions that can be used to define 68%, 90%, and 95% prob-
hood function using the Bayes theorem. Although it is pos-apjlity ranges for the parameters, particulany;. We also
sible to motivate some upper limit any,, e.g., on the basis |t two-dimensional contours which correspond to isoprob-

of naturalnes$27,22,7, one cannot quantify any such limit ability contours in the ifi,,,mo) planes. Finally, we com-

r|.gor'0us'ly. Within the selected' range, we adqpt a flat prlorpare the integrals of the likelihood function over the coanni-
distribution form,,, and normalize the volume integral

hilation and focus-point regions and for different values of

tanp.
We always choose the lower limib,,= 100 GeV, where
J Ligdmodmy,=1 (9 experimental limits cause the relative probability to be very

small. For tarB=10, we show results for two different upper

limits on my,, namely, 1 and 2 TeV, which we then use to
for each value of ta@, combining where appropriate both discuss the sensitivity of our results to the prior upper limit
signs of u. We note that no such prior need be specified foronm,,,. For tan3=35 and 50, we choose 2 TeV as our prior
mgy. For any given value om,,,, the theory is well defined upper limit onm,,.
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20 [TT T T [TT T T[T T T T [TTTT[TTTT solid curves show the total likelihood function calculated
1 including the uncertainties which stem from the experimental
errors inm, andm, . The dashed curves show the likelihood
calculated without these uncertainties, i.e., we Aeh;
=Am,=0. We see that these errors have significant effects
on the likelihood function. In each panel, the horizontal lines
correspond to the 68% confidence level of the respective
likelihood function. The likelihood functions shown here in-
clude £, calculated usingg™e™ data. For these values of

n
m,,, and mg with «>0, the constraint frong,—2 is not
very significant. For reference, we present in Tables | and Il
= the values of the likelihood functions corresponding to the
1 68%, 90%, and 95% C.L.s for each choice of gaandAm; .
When 1. <0, theg,—2 information plays a more impor-
tant role, as exemplified in Fig. 2, where we show the like-
lihood in the coannihilation region fam,,,=800 GeV. For
0 500 1000 1500 2000 2500 3000 my,=300 GeV, the likelihood is severely suppresgede
the discussion beloywand we do not show it here.
mO (GeV) We now discuss the components of the likelihood func-
FIG. 4. The value oﬂ)(h2 (solid) and 9Q2h?/9m, (dashed as 'Iti(_)n that affect the relaiive heights along the peaks shown in
functions ofm, for tanB=10, Ay=0, x>0, andmy,=300 GeV, ig. 1. In the casen, ;=300 GeV, the likelihood increases
corresponding to the slice shown in Figc when the errors im; andmb are mcluded,_ due to two domi-
nant effects(1) The total integrated likelihood is decreased
when the errors are turned ghy a factor of~2 wheng,,
—2 isincluded and by a factor 63 when it is omitted, for
tanB=10), so the normalization constahfbecomes larger,
We begin by first presenting the global likelihood function @nd(2) sincem; ;=300 GeV corresponds to the lower limit
along cuts through thenfy,,m,) plane, for different choices ©On My, due to the experimental bound on the Higgs boson
of tanB, the Sign OfMa and Myp. These results exhibit the Mass, the nggs boson contribution to the likelihood in-
relative importance of experimental errors and other uncercreéases when the uncertainties in the heavy quark masses are
tainties, as well as the potential impact of thg—2 mea-  included. Wherm, ;=800 GeV, it is primarily the normal-
surement. ization effect that results in an overall increase. The Higgs
We first display in Fig. 1 the likelihood along slices boson mass contribution at this value i, is essentially
through the CMSSM parameter space for g&rl0, Ay=0, £hexpt:1' We remind the reader that the value of the likeli-
w>0, andm,,,=300 and 800 GeV in the left and right pan- hood itself has no meaning. Only the relative likeliho¢ids
els, respectively, plotting the likelihood as a functionngf  a given normalization carry any statistical information,
in the neighborhood of the coannihilation regif8]. The  which is conveyed here partially by the comparison to the
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FIG. 5. As in Fig. 3, but forw <0 andm,;,=300 GeV, includingexcluding theg,—2 contribution to the global likelihood in the left
(right) panel.
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FIG. 6. As in Fig. 3 for tanB=35, Ag=0, <0, andm,;,= 1000, 1500 GeV in the left and right panels. Td)g- 2 constraint is included
(excluded in the bottom(top) panels.

respective 68% C.L. likelihood values. hilation peak at lonmg because of the theoretical sensitivity
In Fig. 3, we extend the previous slices through theto the experimental uncertainty in the top mass. We recall
CMSSM parameter space to the focus-point region at largénat the likelihood function is proportional @~ *, and that
my. The solid curve corresponds to the same likelihoods, which scales With?(QXhz)/&mt, is very large at largen,
function shown by the solid curve in Fig. 1, and the peak a{22]. This sensitivity is shown in Fig. 4, which plots both
low my is due to the coannihilation region. The peakiaf () h? and 9(Q,h?)/am, for the cut corresponding to Fig.
=2500(4500 GeV for m, ;=300 (800 GeV is due to the  3¢) Notice that, for the two values ahy with Q,h?~0.1,
SCC;%SJE?;QIt;ZQJ%'ZJQ\?VS,ﬁ; jrefgogfg]?;”;; é}oi\ltsac‘;iuo'c\;‘g i ni:orresponding to the coannihilation and focus-point regions,
) S . the error due to the uncertainty m;, is far greater in the
Fig. 3 are the 68%, 90%, and 95% C.L. lines, CorreSpondIn%cus-point region than in the coannihilation region. Thus,

to thg isolikelihood \_/alues of the f_uIIy integrated likelihood even though the exponential ify, 2 is of order unity near
function corresponding to the solid curve. As one can see, P

one of the effects of thg, — 2 constrainteven at its recently the focus-point region wheft, h?=0.1, the prefactor is very
reduced significangds a suppression of the likelihood func- Small because of the large uncertainty in the top mass. This
tion in the focus-point region. accounts for the factor c£1000 suppression seen in Fig. 3
The focus-point peak is suppressed relative to the coannwhen comparing the two peaks of the solid curves.
We note also that there is another broad, low-lying peak at
intermediate values ahy. This is due to a combination of
“We should, in addition, note that different locations for the focus-the effects ofo in the prefactor and the exponential. We
point region are found in different theoretical codes, pointing toexpect a bump to occur when the Gaussian exponential is of
further systematic errors that are currently not quantifiable. order unity, i.e.,QXh2~1/2AmtaQXh2/amt. From the solid
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FIG. 7. As in Fig. 3 for tapB=50, A;=0, u>0, andm,,,= 800, 1600 GeV in the left and right panels. Tie—2 constraint is included
(excluded in the bottom(top) panels.

curve in Fig. 4, we see thaﬁxh2~ 10 at largemq for our  diate bump to highemy asAm; decreases. When the uncer-
nominal valuem,=175 GeV, but it varies significantly as tainties inm, andm, are set to 0, we obtain a narrow peak in
one samples the favored rangerof within its present un- the focus-point region. This is suppressed relative to the
certainty. The competition between the exponential and theoannihilation peak, due to the effect of the—2 contribu-
prefactor would require a large theoretical uncertainty intion to the likelihood.
Q,h% 90, ,h?gm~2 for Am;=5 GeV. From the dashed ~ We can now understand better Tables | and Il for gan
curve in Fig. 4, we see that this occurs when, =10. For the cases witlAm;#0 in Table | and Am,
~1000 GeV, which is the position of the broad secondary=>5 GeV in Table II, the coannihilation peak is much higher
peak in Fig. 8a). At highermy, o continues to grow, and the than the focus-point peak, so that the 68% Gdr.even the
prefactor suppresses the likelihood function uﬁtj(lh2 drops  80% C.L) does not include the focus point. To reach the
to ~0.1 in the focus-point region. 90% C.L., we need to include some part of the focus point,
As is clear from the above discussion, the impact of theand this explains why the 68% C.L. is much higher than the
present experimental error my is particularly important in - 90% C.L. TheAm;=1 GeV case in Table Il is a peculiar one
this region. This point is further demonstrated by the differ-in which the integral over the coannihilation peak is already
ences between the curves in each panel, where we decreas®und 68% of the total integral and, because the focus-point
ad hocthe experimental uncertainty im,. As Am; is de- peak is flat and broad, we do not need to change the level
creased, the intermediate bump blends into the broad focusauch to get the 90% C.L. In the cases witim,=0, and also
point peak. Once again, this can be understood from Fig. 4Am,=0.5 GeV in Table Il, the focus-point peak is also rela-
where we see that, asm, is decreased, we require a large tively high and already contributes at the 68% C.L. There-

sensitivity tom, in order to get an increase ifi. This hap- fore we do not see an order of magnitude change between the
pens at highem, and thus explains the shift in the interme- 68% and the 90% C.L.s.

095004-8



LIKELIHOOD ANALYSIS OF THE CONSTRAINED . .. PHYSICAL REVIEW D69, 095004 (2004

5000 . . . 5000
tanf=10, >0 tanB=10, u<0
4000 | 4000 [
3000 | 3000 |
2000 | 2000 [
Z Z
<) <]
< >
> >
g 1000 | g 1000 | M 68% ]
200 | E 200 F T
150 150
100 100
50 F E 50 |
1 1 1 1 1 1 1 Loasniandd 0 b Lovasaning Lossssinns Lovsasinag Lovasnaisg Lisasniias | FETTRETEN | FEETTRRE | FETRTEERT
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
my;;(GeV) my;,(GeV)

FIG. 8. Contours of the likelihood at the 68%, 90%, and 95% levels foptah0, A;=0, andu>0 (left pane) or ©<0 (right panel,
calculated using information abont, , b— sy, andQcpyh? and the current uncertaintiesim andm,,, but without using any information
aboutg,, —2.

As one would expect, the effect of tige, —2 constraintis  the assumed error im;, as can be seen by comparing the
more pronounced whepn<<0. This is seen in Fig. 5 for the different line styles.
cut with my,=300 GeV. The most startling feature is the  Figure 7 displays the likelihood function along cuts in the
absence of the coannihilation peak at loy when theg,  (my,,my) plane for tanB=50, A;=0, >0, and my,
— 2 constraint is applied. In this case, the focus-point region=800 GeV (left panel$ or 1600 GeV (right panels. The
survives, because the sparticle masses there are large enOngLh—z contribution to the likelihood is included in the bot-
for the supersymmetric contribution t,—2 to be accept- tom panels, but not in the top panels. The line styles are the
ably small. The broad plateau at intermediatg is sup- same as in Fig. 3, and we note that the coannihilation and
pressed in this case, and the likelihood does not reach thiecus-point regions even link up somewhat below the 95%
95% C.L. whenAm;=5 GeV. Another effect of the Higgs C.L. in the case ofn,=800 GeV, if the present error im; is
boson mass likelihood can be seen by comparing the coamissumed, but only if thg, — 2 contribution to the likelihood
nihilation regions for the two signs ofu when my, s discarded. In this case, we cannot resolve the difference
=300 GeV and theg,—2 constraint is not applied. Because between the coannihilation and funnel peaks.
the Higgs boson mass constraint is stronger whet0,’ the
coannihilation peak is suppressed wher 0 relative to its
height whenu>0. We note that part of the suppression here
is due to theb— sy constraint, which also favors positiye IV. LIKELIHOOD CONTOURS IN THE ~ (my,,m,) PLANES

We show in Fig. 6 the likelihood function along cuts in
the (my,,my) plane for tanB=35, A;=0, ©<0, andm, Using the fully normalized likelihood functiorf,, ob-
=1000 GeV(left panel$ and 1500 GeMright panels. The  tained by combi.ning both s'igns pdfor each value of tap,
g,—2 contribution to the likelihood is included in the bot- We now determine the regions in the{;,mo) planes that
tom panels, but not in the top panels. The line styles are theorrespond to specific C.L.s. For a given Cd_an isolike-
same as in Fig. 3, and we note that the behaviors in théhood contour is determined such that the integrated volume
focus-point regions are qualitatively similar. However, atOf Lyt Within that contour is equal t&, when the total vol-
mo~ 1000 GeV the likelihood function exhibits double-peak Ume is normalized to unity. The values of the likelihood
structures reflecting the locations of the coannihilation stripcorresponding to the displayed contours are tabulated in

and the rapid-annihilation funnels, whose widths depend ofdable I (with g,—2) and Table I(withoutg,—2).
Figure 8 extends the previous analysis to the entire

(my2,mg) plane for tanB=10 and Ay=0, including both
5For the same Higgs boson masg, one needs to go to a higher signs of u. The darkest, intermediate, and lightest shaded
value of m,;, when x<0. For the choices ta=10 andm,, regions are, respectively, those where the likelihood is above
=300GeV, we find usingFEYNHIGGS nominal values m,  68%, above 90%, and above 95%. Overall, the likelihood for
=114.1 GeV foru>0 andm,=112.8 GeV whenu<0. ©<0 is less than that for>0, even without including any
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FIG. 9. As in Fig. 8 but assuming zero uncertaintynip.

information aboutg,—2 due to the Higgs boson anl  function at intermediate values of, is now reflected in the

— sy constraints. Only the bulk and coannihilation-tail re- extended features seen in Fig. 8. The extent of this plateau is

gions appear above the 68% level, but the focus-point regioeomewhat diminished for<0.

appears above the 90% level, and so cannot be excluded. The bulk region is more apparent in the left panel of Fig.
The highly non-Gaussian behavior of the likelihood 8 for x>0 than it would be if the experimental error im

shown in Fig. 8 can be understood when comparing thiand the theoretical error im,, were neglected. Figure 9

figure to Figs. 8 and 3b). At fixed m,,, and for a given complements the previous figures by showing the likelihood

C.L., portions of the likelihood function above the horizontal functions as they would appear if there were no uncertainty

lines in Figs. 8a) and 3b) correspond to shaded regions in in m,, keeping the other inputs the same and using no infor-

Fig. 8. The broad low-lying bump or plateau in the likelihood mation aboug,,— 2. We see that, in this case, both the coan-
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FIG. 10. Likelihood contours as in Fig. 8, but also including the information obtained by comparing the experimental measurement of
g, —2 with the standard model estimate basedede ™ data.

095004-10



LIKELIHOOD ANALYSIS OF THE CONSTRAINED . .. PHYSICAL REVIEW D69, 095004 (2004

5000 ; . . 5000
tanB=10, 1>0 tanB=10, u<0
o Ag=1TeV

woo | Ao=1TeV _— 0

3000 | 3000 [
_ b ~ 2000 [
S 200 g
S 3 1 95%
= E 1000 M 90%
§ 100 M 68% ] M 68% ]

500 | 500 E

400 | E 400 £

300 £ E 300 ¢

200 ¢ " o /

100 | L — 1 100 £

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
my/, (GeV) my/;(GeV)

FIG. 11. Likelihood contours as in Fig. 8, but fixidg,=1 TeV.

nihilation and focus-point strips rise above the 68% C.L. or negativeu. However, neither of these can be excluded
Figure 10 is also for tag=10 andA,=0, including both  completely, since there ape<<0 zones within the 90% like-
signs ofu. This time, we include also thg, — 2 likelihood,  lihood contour and focus-point zones within the 95% likeli-
calculated on the basis of tled e~ annihilation estimate of hood contour.
the standard model contribution. This figure represents an Until now we have considered exclusively cases with the
extension of Figs. @) and 3d). In this case, very low values input A;=0 at the GUT scale. For completeness, we now
of my;, andmy are disfavored whem>0. Furthermore, for show results for one case with t8+10 with Aj=1 TeV.
1<0 the likelihood is suppressed and no part of the coanniFigure 11(Fig. 12 displays results withoutwith) the g,,
hilation tail is above the 68% C.L. In addition, none of the —2 likelihood included. Qualitatively, these results are quite
focus-point region lies above the 90% C.L. for either positivesimilar to the cases with,=0. In part, this is because, al-
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FIG. 12. Likelihood contours as in Fig. 10, but fixidg=1 TeV.
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FIG. 13. Likelihood contours as in Fig. 10, but extending the rangenfgy up to 2 TeV.

though the value of\, at the GUT scale is very different and 12 which are easily understood. First, because the stau
from the previous choices, the renormalization-group evolumasses are split to a greater extenta=(,m; ) changes from

tion of A causes the values @; at the weak scale not to (150,236 to (114,233 GeV for the same values of
differ dramatically. For example, at ny,,mg) (my»,mgy) mentioned above—the coannihilation tail moves
=(300,100) GeV, ad\ is increased from 0 to 1 Te\A,  up slightly to larger values afn,. Also, the focus-poaint re-
increases from 610 to 790 GeV. While the changes inAhe gion moves up, as one might expect, since any small change
parameters associated with other Yukawa couplings i#n the top sector produces large changes in the position of the
greater, their effects are less significant at this value offtan focus point.

Nevertheless, there are a few quantitative features in Figs. 11 The most striking feature in the figures wify#0 is the

8000 T T T 8000 T T T
O, O
np=35, u> np=35, u<
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90% 90%
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2000 2000 |

1000 1000

0 : . i 0 ; i
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myy (GeV) my (GeV)

FIG. 14. Likelihood contours as in Fig. 8, but for t8r35, A;=0, and u>0 (w<0) in the left (right) panel, calculated using
information aboum,,, b—sy, andQcpyh? and the current uncertainties i, andm, , without the indicative information frony,—2.
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FIG. 15. Likelihood contours as in Fig. 14, including the indicative information fogym- 2.

tail at low my,, extending to largen, in Fig. 12a), which is  the 95% C.L. limit. This is why it is visible in Fig. 12 but not
due to top squark coannihilatiof29,30. When Ay is in-  in Fig. 11.

creased, one of the top squarks becomes lighter and eventu- It is important to note that the results presented thus far
ally becomes degenerate with the lightest neutralino. Wheare somewhat dependent on the prior range chosem{fgr

this occurs, we find new coannihilation tails with acceptablewhich has so far been restricted for {8110 to<1 TeV. In
relic density[30]. Nominally, this region(for this choice of Fig. 13, we show the tg8=10 plane, forA;=0, x>0 and
parametersis disfavored by thé— sy constraint. However, «<0 allowing m,,, up to 2 TeV, including theg,—2 con-
when theg—2 likelihood is included, the total likelihood straint. Comparing this figure with Fig. 10, we see that a
here is amplified and the top squark coannihilation tail passesonsiderable portion of the focus-point region is now above

8000

8000

[195%  (anp=50, u>0
M 20%
7000 M 68%

[195%  (anp=50, u>0
M 90%
M 68%

7000
6000 6000 |
5000 5000 |

4000 | 4000 |

my (GeV)
m, (GeV)

3000 | 3000 F

2000 | 2000 [

1000 ¢ 1000 +

500 1000 1500 2000 500 1000 1500 2000
My (GeV) My (GeV)

FIG. 16. Likelihood contours as in Fig. 14, but for tdr50, Ag=0, andu>0, without(left pane) and with(right pane] the indicative
information fromg,,—2.
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TABLE Ill. Integrals of the global likelihood function integrated TABLE IV. As in Table Ill, but assuming zero uncertainty in
over the (ny»,mg) planes for various values of tgh for Ag=0, in m.
the coannihilation and funneffocus-poinj regions. We use the
rangem,,,<2 TeV, except for the second row of t@+10 case, Includingg,,—2 Withoutg,,—2
where the rangen,;,<1 TeV is used.

tang u>0 ©n<0 n>0 ©n<0
Includingg,,—2 Withoutg,,—2 10  44.9(69.) 2.6(67.7 2425(12916 1485(13442
tang >0 <0 =0 <0 449214 2.6(20.2 2425(3922  1485(4144
35 335(90.9 26.4(58.3 1451(15377 8837(12589
10 41759 21(48 2329(1052  1147(984 50  195.0(60.4 13877(10188

41.7(2.9 21(1.7 2329(476) 1147 (387)
35 33.9(11.6 25.9(5.5 1428(1596 8690(1270
50 231.9(6.849 13096(1117)

We recall that the absolute values of the likelihood inte-
grals are not in themselves meaningful, but their relative val-
the 90% C.L. due to the enhanced volume contribution al'€S do carry some information. Generally speaking, the glo-
large My ». bal I|I_<e_I|h(_)0d fu_nctlon r_eaches hlgher_ value_s in the

Figure 14 is for tagg=35, A,=0 for both ©>0 and u coannihilation region than in the fo<_:us-p0|nt_reg|on, as can
<0. Figure 15 includes thg,—2 likelihood, calculated on D€ seen by comparing the entries with and without parenthe-
the basis of thee*e™ annihilation estimate of the standard S€s in Table lIl. This tendency would have been reversed if
model contribution, which is not included in the previous the uncertainty im; had been neglected, as seen in Table IV,
figure. In this case, regions at smail,, andm, are disfa- but the preference for the coannihilation region is in any case
vored by theb— sy constraint, as seen in both figures with not conclusive.
n<0. At largerm,,, the coannihilation region is broadened  Table Ill also displays the integrated likelihood function
by a merger with the rapid-annihilation funnel that appeardor different values of tap and the sign ofu, exhibiting a
for large tang. The optionalg,—2 constraint would prefer weak general preference fa>0 if the g,,—2 information
©>0, and in theu<O half plane it favors largem, and s used. If this information is not useg,<0 is preferred for
mp, as seen when the left and right panels are compared. tan3=35, butu>0 is still preferred for tagg=10. There is

Figure 16 is for tarB=50, Ag=0, andu>0. Again, the no significant preference for any value betweengai0
right panel includes thg,—2 likelihood, calculated on the and the upper limits=35 and=50 where electroweak sym-
basis of thee*e™ annihilation estimate of the standard metry breaking ceases to be possible in the CMSSM, al-
model contribution, which is not included in the left panel. In though we do find a weak preference for fzn50 and u
this case, the disfavoring of regions at snmall, andmgy by  >0.
the b— sy constraint is less severe than in the case oftan  In the foreseeable future, the analysis in this paper could
=35 andu <0, but is still visible in both panels. The coan- be refined with the aid of improved measurementsnpfat
nihilation region is again broadened by a merger with thethe Fermilab Tevatron collider, by refined estimatesmyf,
rapid-annihilation funnel. In the absence of thg—2 con- by better determinations &2 pyh?, and more experimental
straint, both the coannihilation and the focus-point regionsand theoretical insight intg,— 2, in particular. One could
feature strips allowed at the 68% C.L., and these are linkedlso consider supplementing our phenomenological analysis
by a bridge at the 95% C.L. However, when the optionalwith arguments based on naturalness or fine-tuning, which
g,—2 constraint is applied, this bridge disappears, the 90%vould tend to disfavor larger values of;, andmg. How-
and 95% C.L. strips in the focus-point region become muctever, in the absence of such theoretical arguments, our analy-
thinner, and the 68% strip disappears in this region. sis shows that long strips in the coannihilation and focus-

point regions cannot be excluded on the basis of present data.
The preparations for searches for supersymmetry at future
V. SUMMARY colliders should therefore not be restricted to low values of
12 @andmg.

We have presented in this paper a new global Iikelihoodm
analysis of the CMSSM, incorporating the likelihoods con-
tributed bymy,, b—sy, Qcpyh?, and (optionally) g, —2.

We have discussed extensively the impacts of the current
experimental uncertainties im, andm,,, which affect each

of m,,, b—sy, andQcpyh?. In particular, the widths of the We thank Martin Graewald and Peter Igo-Kemenes for
coannihilation and focus-point strips are sensitive to the unhelp with the Higgs boson likelihood, and Geri Ganis for
certainties inm, and m,, and a low-lying plateau in the help with theb—svy likelihood. The work of K.A.O., V.S,
likelihood is found with the present uncertaintym, and V.C.S. was supported in part by DOE grant DE-FG02-
=5GeV. 94ER-40823.
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