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We analyze the accelerator constraints on the parameter space of the minimal supersymmetric extension of
the standard model, comparing those now available from CERN LEP Il and anticipating the likely sensitivity
of Fermilab Tevatron run Il. The most important limits are those from searches for chajginegutralinos
xi and Higgs bosons at LEP, and searches for top squarks, charginos and neutralinos at the Tevatron collider.
We also incorporate the constraints derived fromsy decay, and discuss the relevance of charge- and
color-breaking minima in the effective potential. We combine and compare the different constraints on the
Higgs-mixing parameter, the gaugino-mass parametsy,, and the scalar-mass paramatgy, incorporating
radiative corrections to the physical particle masses. We focus on the resulting limitations on supersymmetric
dark matter, assumed to be the lightest neutrajin@corporating coannihilation effects in the calculation of
the relic abundance. We find that,>51 GeV and tag>2.2 if all soft supersymmetry-breaking scalar
masses are universal, including those of the Higgs bosons, and that these limits weakend® GeV and
tan3>1.9 if nonuniversal scalar masses are allowed. Light neutralino dark matter cannot be primarily
Higgsino in composition.

PACS numbd(s): 12.60.Jv, 14.80.Ly, 95.3%d

I. INTRODUCTION sal Higgs boson mag&JHM), also commonly referred to as
minimal supergravit{MSUGRA) or the constrained MSSM
The search for experimental evidence for supersymmetryCMSSM)], and also without this supplementary assumption
is currently approaching a transition. For several years now,nonuniversal Higgs boson mag@sUHM)].
many of the most incisive experimental searches have been In making such comparisons, we emphasize the impor-
those at the CERN" e collider LEP[1], whose constraints tance of including radiative corrections to the relations be-
on the parameter space of the minimal supersymmetric exween these MSSM model parametensy(my,, u,tans,A)
tension of the standard modé@MSSM) have grown ever and the physical masses of MSSM particles. Radiative cor-
more restrictive, as the center-of-mass energy of LEP Il hagections are well-known to be crucial in the MSSM Higgs
been increased in successive steps. In parallel, improvesector, but also should not be neglected in the chargino, neu-
analyses of data from run | of the Fermilab Tevatron collidertralino, gluino and squark sectors. As we have emphasized
have been providing important complementary constraintgreviously [3], the differences between the domains of
[2]. The transition is marked by the termination of the LEP Il MSSM parameter space apparently explored at the tree and
experimental program in late 2000 and the anticipated stane-loop levels are comparable to the differences between
of run Il of the Tevatron collider in 2001. the domains explored in successive years of LEP running at
The results of experimental searches for different MSSMhigher center-of-mass energies. In view of the intense experi-
particles can usefully be compared and combined using thmental effort put into sparticle searches at LEP I, it is im-
conventional parametrization of the model in terms ofportant that the final results of these efforts be treated with
supersymmetry-breaking scalar and gaugino massesbe theoretical care they deserve. This issue is also relevant if
mg,My», the Higgsino mixing parametew, the ratio of one wishes to compare the physics reaches for
Higgs vacuum expectation valu€gEV’s) tand and a uni-  electroweakly-interacting sparticles at LEP and for strongly-
versal trilinear supersymmetry-breaking parameterWe interacting sparticles at the Tevatron Collider, in which case
work in the framework of gravity-mediated models of super-one should take into account the important radiative correc-
symmetry breaking, in which it is commonly assumed thattions to squark and gluino masspg%|, as well as to their
the scalar masseas, and the gaugino masses;;, are uni-  production cross sections.
versal at some supersymmetric grand unified thé@yT) In addition to direct searches for the production of MSSM
scale. The assumptions that these supersymmetry-breakiparticles, important indirect constraints must also be taken
parameters are universal should be questioned, particularipto account. These include other accelerator constraints,
for scalar masses and especially those of the Higgs supesuch as the measured value of the:sy decay ratd5,6],
multiplets, but provide a convenient way of benchmarkingand non-accelerator constraints related to the possible role of
comparisons and combinations of different experimentathe lightest supersymmetric partidleSP) as cold dark mat-
searches. In this paper, we make such comparisons and coter (CDM). The lightest supersymmetric particld.SP)
binations in variants of the MSSM in which the scalar-masswould be stable in any variant of the MSSM which con-
universality assumption is extended to Higgs fidldeiver-  servesR parity, as we assume here. In gravity-mediated
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models of supersymmetry breaking, the framework adoptedentral role is likely to be played by run Il of the Tevatron
here, the LSP is commonly thought to be the lightest neuCollider.
tralino y, and calculations of the cosmological relic density ~ The layout of this paper is as follows. In Sec. Il we review
of LSPs,() , yield values in the range preferred by cosmol-in more detail the theoretical framework we adopt, discuss-
ogy in generic domains of MSSM parameter spge The ing the issues of universality and relic coannihilations, and
possibility of supersymmetric CDM provides one of our stressing the injportancg of Higgs bqson mass constraints. In
principal motivations for seeking a deeper understanding oP€C: Ill we review our implementation of the—sy con-
the allowed MSSM parameter space, but is not our only foStraint, including, where applicable, the next-to-leading-
cus in this paper. order (NLO) QCD_ corrections. We discuss the |r_an|cat|ons
The most essential dark-matter constraint is that the relic(?f the_ I_atest ava_||able constraints from LEP.” in Sec. IV,
LSP density not overclose the Universe. The conditions thaﬁ:ombmmg them in Sec. V with the cosmological and astro-

. . 2
the universe has an age in excess of 12 billion years and thgpyswal constraints 0<l{lcpyh®<0.3 as well as the

Q) =1 imply an upper bound oﬂxhz of 0.3. Further, the —svy constraint, and making the UHM assumption. We find
convergent indications from astrophysical structure- m,=>51 GeV, taB=2.2 (1)
formation arguments and observations of high-redshift su-

pernovae are thaf)cpy<0.5[8], whereas the Hubble ex- and discuss the expanded rangesofand targ that may be
pansion rateH,=100h km/s/Mpc: h=0.7 with an error of explored by the improved Higgs-boson mass limits that
about 10%[9], so we requireQ), sph?’<Qcpyh?<0.3. On  might be obtained from the run of LEP Il in the year 2000.
the other hand, astrophysical structure formation seems tbhe limits in Eq.(1) are strengthened when we restrict val-
requireQcpy>0.2, so we also requir®, sgh®=0.1, while ~ ues of Ay to minimize the parameter space with CCB
acknowledging that a lower value 6¥, sp could be permit- minima, in which case we find

ted if other CDM particles such as axions and/or superheavy
relics are present.

There have recently been some significant developmen%e further generalize the discussion to nonuniversal Higgs

n tttwe anal¥3|s . Sl_Jhplert:_symmﬁetntc CDNII .One IS ttr:atl.thﬁt'mt'boson massedNUHM) in Sec. VI, finding that the limits on
portance of co-annihilation effects involving next-to-lightes m, and tar are relaxed to

supersymmetric particleNLSP9 such as thé&, &, and@&
for calculations of the relic density of a gaugino-like LSP has m,>46 GeV, taB=1.9. ©)
recently been recognizefi10,11. Another phenomenon
whose importance in the CMSSM has recently been underSection VIl is devoted to a discussion of the possibility of
lined is the possible transition of the electroweak vacuunHiggsino dark matter in such a NUHM scenario. We find
into a charge- and color-breakiti@CB) minimum([12]. The  that the LEP Il searches for charginos, neutralinos and Higgs
absence of such an instability is not absolutely necessaryiosons together now exclude as dark matter an LSP that is
since a transition in the future cannot be excluded. Thereforanore than about 70% Higgsino. We turn our attention to the
we comment on the regions of MSSM parameter space iTevatron Collider in Sec. VIIl. We compare the LEP Il and
which the CCB instability is absent, but do not focus exclu-run | sensitivities to the MSSM parameters, and discuss and
sively on these regions. compare the regions of MSSM parameter space to which
The main purpose of this paper is to prepare for the comTevatron run Il data should be sensiti@. Finally, Sec. IX
pilation, comparison and combination of the definitive re-summarizes our conclusions and the prospects for future im-
sults from LEP Il and the Tevatron. We illustrate our analy-provements and extensions of the analysis reported here.
sis with the latest available limits from these two
experimental programs$1,2], supplemented by educated Il THEORETICAL ERAMEWORK
guesses at their final sensitivities. As we have explained pre-
viously, and discuss in more detail below, a key role in con- As already mentioned in the Introduction, we work in the
straining the MSSM parameter space is provided by the LERontext of the MSSM withR parity conserved. We assume a
Higgs search. We express our results as a function of thparametrization of soft supersymmetry breaking inspired by
present LEP lower limit onrmy, currently 107.9 Ge\f13], supergravity models with gravity mediation from a hidden
and the prospective future sensitivity, which may approactsector. We assume that the soft supersymmetry-breaking sca-
112 GeV. We use our analysis to present lower limits on thdar massesm, are universal at the supersymmetric GUT
LSP mass and on t@ We include a discussion of the im- scale, as are the gaugino massgg and the trilinear param-
plications of relaxing the UHM assumption that the softetersA. The renormalization of the physical values of the
supersymmetry-breaking contributions to Higgs bosonsoft supersymmetry-breaking parameters is then calculated
masses are also universal. In particular, we investigatesing standard renormalization-group equations. We use two
whether a light Higgsino LSP is still a viable dark matter loop renormalization group equatiofRGES [14] to evolve
candidate, and find that the latest LEP Il data now excludé¢he dimensionless couplings and the gaugino masses, and
this possibility. Finally, we discuss the likely future develop- one loop RGE415] for the other soft masses, and we in-
ments in the exploration of the MSSM parameter space irclude one-loop SUSY corrections 0 [16] and to the top
the period before the start-up of the LHC, during which theand bottom massddg] .

m =54 GeV, taB=2.8. 2
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FIG. 1. Thep,My=(a,/agyt) X My, plane for tag=3, my=100 GeV andm,=1 TeV. Contours oﬂXh2=O.025, 0.1, and 0.3 are
shown as solid lines, and the preferred region withm,(h2<0.3 is shown light-shaded. There are also dashed lines corresponding to
m, =100 GeV. The near-horizontal dot-dashed lines are Higgs mass contours, and the hashed lines are 0.9 Higgsino and gaugino purity
contours. The dark shaded region Imag-<m,/2.

Deviations from scalar-mass universality could easily benjjation region. We see that the LSP is mainli an most of
exp_ected, for example in string-motivated models wherqhe’u,M2 plane displayedwhere the relic density is of cos-
their magnitudes could be controlled by flavor-dependen];no|ogica| significance One of the key questions we inves-

modular weight$17]. Upper limits on flavor-changing inter- tjgate is whether a Higgsino LSP is still allowed as a dark

actions place restrictions on the possible generationz oo+ candidate by LEP Il dafa].
dependences of scalar mass parameters, though these a

relatively weak for the third generation. In any case, these d%

not constrain non-universalities between sparticle fields Witqhe indirect constraint on the MSSM parameter space pro-

different quantum numbers, namell vs || VS Gr VS OL.  jded by the Higgs search is also of great importance, as seen
Nevertheless, we neglect such possibilities in our analysis, Fig. 1, particularly in the UHM case. This constraint de-

However, although our default option is that 'universa!ity €X-hends on the MSSM mass parameters, because the mass of
tends al_so to the soft supersymmetry-breaking contributiong, o lightest MSSM Higgs bosoh is sensitive, via radiative
to the Higgs scalar massédHM), we do also allow for the ., rections, to sparticle masses, in particular the stop masses.

possibility that their soft supersymmetry-breaking massespjs correlation has some impact even in the NUHM case, as
may be non-universiNUHM). we discuss in more detail later.

We use the renormalization-group equations and the one- 1 is interesting to confront the range of MSSM param-
loop effective potential to implement the constraints of ageg il permitted by the LEP and other direct experimental

consistent electroweak vacuum parametrized by the ratiges ches for MSSM particles with other less direct experi-
tang of Higgs VEV's. We therefore adopt a parameterizationmenta| constraints, or with theoretical prejudices. Among the

of the MSSM in whichmg, myj,, A, tanB and the sign ox  |5ter, one might mention gauge-coupling unification, lepton-
are treated as independent parameters, with the magnitude g4k mass unification and the absence of fine tuning. Al-
the Higgsino mixing parameter. and the pseudoscalar iq,gh we consider all these prejudices appealing, none of

Higgs boson massn, (or, equivalently, the bilinear soft hem is precise enough to enable us to draw any firm con-
supersymmetry-breaking paramefy treated as dependent ¢jysjons. Gauge-coupling unification cannot be used to con-

param_eters. In the UHM limit, the. corre!ation.betwge@/z strainmg, My, and u in the absence of a theory of GUT
andu is such that the LSP neutralinotypically is mainly a  threshold effects. Lepton-quark mass unification is hostage
U(1) gauginoB (B-ino). Sinceu becomes a free parameter to uncertainties in neutrino masses and mix[ig]. The
(along with m,) in the NUHM case,xy may become fine-tuning price imposed by LEP data is risiigf], particu-
Higgsino-like for certain parameter choicésoughly M, larly for small values of ta@, but its interpretation is sub-
>2u). Figure 1 gives an overview of theu,M, jective and no consensus has been reached on the maximal
=(ap/agyy)Xmy, plane for the illustrative choices t8n pain that can be tolerated. The constraints we apply in this
=3, my=100 GeV, A; at its quasi-fixed point-2.25V, analysis are rather the indirect experimental ones provided
[18], andmp=1 TeV, showing various contours of the relic by the measurement bf—svy decay[5,6], whose implemen-
densityQXhz, the contoum, =100 GeV, contours of the tation we discuss in the next section, and the cosmological
mass of the lightest MSSM Higgs boson, and contours ofelic-density constraint already mentioned in the Introduc-
Higgsino purity. In this figure we have neglected neutralino-tion.

slepton coannihilatior{discussed in detail belowsince a In the parameter region of interest, the relic denslgghz
small change ifmy can move the masses out of the coanni-increases with increasinggy,m;,. Therefore the cosmologi-

"®The relevance of direct LEP or Tevatron searches for
particles does not need emphasis. In fact, it turns out that
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cal upper IimitQXhstB may be used here to set upper
limits on these soft supersymmetry-breaking parameters. A«
discussed in the Introduction, strictly speaking there is no
astrophysical lower limit onﬂXhz, even if one accepts that
the cold dark mattefCDM) density Qcpyh?=0.1, since
there might be other important sources of CDM, such as
axions or ultra-heavy relics. Nevertheless, one may take
QXh2> 0.1 as a default assumption.

An important recent development has been the recogni-
tion that coannihilation of the LSP with next-to-lightest spar-
ticles (NLSP9 may be importanf10] in the B-ino LSP re- &
gion that is favored in the UHM case, in particular.

Generically, the NLSP in this region is the lighter stay
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value ofm,, and hence allowingn, <600 GeV forQ,h? M;op (GeVicT)

=<0.3. For largem;,,=400 GeV, the allowed range of,
has a typical thicknesémy~30 GeV. On the other hand,
when m,;,,<400 GeV, there is a relatively broad allowed
range formy between about 50 and 150 GeV, depending o
tan3,A and the sign ofu.

We have shown previously21,3] that the lower limit on U
m, imposed by data from LEP and elsewhere may pdhe most conservati\(e assumption for Fhe coypE‘tgtl [23]; the
strengthened by combining it with additional theoretical con-Cross-hatched area is the CDF exclusion using the complete run |
straints such as the cosmological relic density. The previoudata sampl¢24].
analysis included coannihilation effects only in the Higgsino
region. The inclusion of LSP-NLSP coannihilation in the the most conservative bound possible. We aljp@ndA, to
B-ino region is less important for the inferred lower limit on Vary as much as possible while remaining consistent with the
m, , as we discuss later. However, it is important when one?XPerimental lower bounds on the sparticle masses.
is assessing how much of the preferred range of MSSM pa- There are restrictions on large valuesAy, so as to en-
rameter S[JEiC(E r1161)/ EES(:EipEE S(a£1rc|1€35 at LEP Eir](j (3|S(E\Alhearé§¥lr€3 thEiF th(3 SfEEfYY]I()rl rT]EiE;S(ES.EirGE VVGB"-k)€3f1Ei\/EEd. C)T]Fa ()f th(3

In our analysis below, we consider parameter ranges thdfost stringent bounds is that imposed by the experimental
highlight the current experimental bounds and are consiste@wer limit on the lighter stop mass, which dependsngpin
with the relic cosmological density. We use four default val-the way depicted in Fig. 2, which combines the constraints
ues for tag8, namely 3, 5, 10, and 20. Lower values of gan from [22—-24. Another important requirement is that the LSP
are disfavored by the LEP Higgs boson mass limit, and théot be a staum; >m, . The impacts of the stop and stau
study of higher values would require an improved treatmentonstraints are illustrated in Fig. 3. We show feor0 and
of the cosmological relic density calculation for large fan tang=3, 5, 10, and 20 the corresponding upper limitsfgn
which lies beyond the scope of this paper. Although most ofn the UHM case as functions af,;, for my=100 GeV.
our figures display more restricted rangesnof,, we note  Also shown in Fig. 3 as broken lines are representative Higgs
that in the UHM case cosmology allows valuesnof, up to  boson mass contours. It is apparent that the Higgs boson
~1400 GeV. We consider two possible treatments of thenass is very sensitive to the valueA§. The corresponding
trilinear soft supersymmetry-breaking parameggy at the  figures foru <0 are similar but allow somewhat higher val-
GUT scale which we assume to be universal. The conservases forA,. The sensitivity of the Higgs boson massAg
tive approach in the UHM case is to vafy, so as to mini-  translates into a corresponding sensitivity in the lower limit
mize the impact of the accelerator constraiittHM ), onm,.
and the other is to choo$&2] A;= —m,,, SO as to maximize
the area in theny,— my,, parameter plane in the present elec-
troweak vacuum is stable, and CCB minima are irrelevant. In
the NUHM case, we must also specify valuesuondm, . The width for the inclusive decay-B Xsy is determined
For the purpose of translating Higgs boson mass limits intdy flavor-violating loop diagrams, and is therefore sensitive
limits in the my—m,, plane, we fixmy,=10 TeV, so as to to physics beyond the standard model. In generic models
maximize the light Higgs scalar mass and therefore derivavith two Higgs doublets, significant contributions come

FIG. 2. Present constraints in ther(,m,) plane assuming a

100% branching ratio for the decay procégs-u/cy. The vertical
rpatched band represents the recent ALEPH exclusion valid for any
AM value presented if22]; the light gray region is the LEP-
combined excluded region using data upfs=189 GeV under

Ill. CONSTRAINTS FROM b—sy DECAY
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FIG. 3. Upper bounds on the trilinear supersymmetry-breaking paramgtéor tang=3, 5, 10, and 20 angt >0, as a function ofn,,.
The shaded regions yield either a tachyonior a7 LSP. Also shown is the dependence of the lightest Higgs boson mass,oandA,.

from charged Higgs boson exchange, which always increasdmsed mostly on the LO supersymmetric contributions only.
the SM prediction forBs,=B(B— Xsy), allowing severe The prediction foi3;, depends on some experimental inputs
lower limits on the mass of the charged Higgs boson to beand on three renormalization scales. The experimental inputs
set: seg25], for instance. However, these limits do not apply are the top-quark mass, the Cabibbo-Kobayashi-Maskawa
directly to supersymmetric extensions of the standard mode{CKM) mixing-angle factolV,V{y/V¢p|, the c andb quark
because, in addition to the two Higgs doublets, there arenasses, the inclusive semileptonic branching fractiorB of
chargino-stop contributions which can interfere destructivelyhadronsB)p. x, the strong couplingrs(My), and the elec-
with the charged Higgs boson ones, and thereby reduce theomagnetic couplingre,. The renormalization scales are
predicted rate fol3,, [26]. those relevant to the semileptonic and radiative processes

Calculations including next-to-leading ord@&LO) QCD  ~m,, and the high-energy matching scateM,. We used
corrections exist for both the standard model and generias nominal values and errors for these quantities those
two-Higgs-doublet modelésee[25] and references thergin  quoted in Table 1 of25], except forBjepx, as(Mz) and
whereas in the case of supersymmetry the leading ¢td®r .. For the former we used the latest average provided by
calculationg[27] have been complemented with NLO QCD the LEP electroweak working grouf29], Bep;x=0.1058
corrections that are valid only under certain assumptions-(Q.0018. Forag(M ) we took the latest Particle Data Group
[28]. (PDG) [30] combination: 0.118 0.002. Finally, fora,, we

We include in our numerical analysis I3, calculation  took the value ay?=0 following [28]. For each given point
based on the full NLO treatment for the standard model angh the parameter space, we determined the theoretical error
charged Higgs contributions, and the best avaifableat- 5Btsr;eor as theRMSof 10005, values obtained by varying
ment of QCD corrections to the supersymmetric contribuhe experimental inputs with independent and Gaussian er-
tions[28]. The latter turned out to be of limited applicability o5 Moreover, we determined the reference theoretical pre-
in our analysis, since the conditions in which they well ap-jiction for BT conservatively, as the value closest to the

proximate the whole NLO supersymmetric corrections arénqaciired one that we could obtain by varying independently
usually not met. Therefore, the results presented below arge three renormalization scales from half to twice their

nominal value.
The experimental measurements of the rate for the inclu-
The code implementing these calculations has been kindly prosive process B: Xy [5,6] are dominated by the latest CLEO
vided to us by P. Gambino, who also helped in designing a recipe toesult

determine the applicability of the supersymmetric NLO calcula- mea .,
tions. B, %=(3.15+0.35+0.320.26 X 10" %, 4
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FIG. 4. Constraints on the NUHM parameter space imposefhy domains in the £,M,) plane excluded for tg#=3 (a,b,g and
tand=10 (d). In all plots the “reference” excluded region fan,=250 GeV,my=500 GeV and the infra-red quasi-fixed-point value
Ay=2m,, is shaded, assuming,=175 GeV. The effect of varyingn, is shown in panela), the effect of varyingn, is shown in panel
(b), the effect of changing the sign #éfis shown in pane(c), and paneld) illustrates the effect of increasing {@nPlease see the text for

further details.

which is in good agreement with the SM prediction of =2my,,, the quasi-fixed point valueThe kinematic reach
(3.29+0.33)x 10 * [31]. There is therefore no need for any for charginos at/s=204 GeV is also shown for compari-
physics beyond the standard model, and we establish onkon. As expected, the extent of the excluded region depends

upper limits on the possible supersymmetric contributions. strongly onmy= /mzHi_ m3,, essentially vanishing when
To determine the 95% confidence-level exclusion domammA> 350-400 GeV. Whem,=350 GeV, the excluded re-

in the supersymmetric parameter space, we treated separatef), collapses to the cross-hatched area shown in Figs. 4a

the contributions to the CLEO error. The three terms in Eq
(3) come from limited statistics, experimental systematics
and model dependence, respectively. By adding in quadras
ture the first two terms we definet3 ., **which we treated

as a Gaussian error, whilst we considered the third on

and 4d. Focusing on the casernf=250 GeV, at largeM,
either the chargino or the top squark is heavy enough to
uppress the supersymmetric contributionsBtg. In this
case, the positive charged-Higgs-boson contribution domi-
&ates, making the predicted value 8§, incompatible with

del_ i,
6B, °©=0.26, as an additional scale error. We have thenpe measured value. For moderde values, the supersym-

defined ay? function

2 Y

(|Bg1eas_8tsr;eor _ 582170de52

X a2y

(68tsr;eor)2

metric contribution becomes sizeable. Wher-0, it inter-
feres negatively with the charged Higgs contribution, reduc-
ing the predicted value foB;,, whereas foru<0 it adds
constructively to the charged Higgs contribution, strengthen-
(5) ing the exclusion. This explains the shape of the excluded
domains form,=150, 250 GeV. The excluded domains
depend only mildly ormg, as shown in Fig. 4b, whilst it can

and regard as excluded those points giving2eprobability ~ P& S€en in Fig. 4c that the dependence on the sigh, 6

for one degree of freedom sm

aller than 5%.

significant, and we also show for comparison the cAse

We have investigated the impact of thg, constraint(4),
(5) in the (u,M,) plane, without making the UHM assump-
tion. Figure 4a shows the domains excluded By, as a Note that, in this figure alone, we display plots for the renormal-
function of m, for tanB=3, my=500 GeV, and A, ized low-energy valué\, rather than the input GUT valug,.

075010-6



SUPERSYMMETRIC DARK MATTER IN THE LIGHT O~ . .. PHYSICAL REVIEW D 62 075010

=0. Finally, Fig. 4d shows the same exclusion domains a#® more optimistic scenario would be that luminosity is ac-
Fig. 4a, but for for tag=10. While the charged Higgs con- cumulated at a rate sometimes achieved in 1999, but not
tributions essentially saturate for {84 -5, the supersym- consistently, and that 50% of the running is Bty
metric contributions contain terms of order 1/Gpsand =204 GeV and 206 GeV:

therefore increase with t@h Whenu >0, this has the effect 1

of further reducing the prediction and hence the excluded Ecm=202.0 GeV : 140 pb
region, while, foru <0, it enhances;, , thereby extending

— . 1
the sensitivity of these constraints to largeg values. Ecy=204.0 GeV : 80 pb ®

Ecw=206.0 GeV : 20 pbl.
IV. UPDATE ON CONSTRAINTS FROM LEP I
i We do not provide detailed results for this optimistic sce-
The latest general presentations of results from the foupario, but do make some comments on its potential impact.
LEP Collaborations were made in 20082]. They were The sparticle final states of relevance for this analysis are
based on the following mean integrated luminosities in each T+T- In addition. the experimental

- ! ! !
experiment at the indicated center-of-mass energies: X X » xX'» x'x', and| ) e e
limits on the squark-production processe¢sandbb can be

used to infer constraints on tiieparameters, as discussed in
Sec. lll. We contrast two approaches in the following, either
we take the CCB constraint into account andAixso as to

Ecy=188.6 GeV : 171 pb!

Ecy=191.6 GeV : 28 pb! minimize its impact, or we take a conservative approach,
allowing any value ofA consistent with the experimental
Ecy=195.6 GeV : 78 pbt (6) limits on nmy, and other constraints (UHM,).

The experimental efficiency for sparticle detection and
hence the cross-section upper limit depends on other param-
eters besides the target sparticle mass, for example the mass
differenceAM in the sparticle decay, e.gy," — x+X. We
Ecu=201.6 GeV : 38 pbl. have modeled these varying detection efficiencies using a

multistep function, with a loweAM cutoff, low and high

No significant signals were announced in any sparticle oM regions. We have used the available publications by the
Higgs search channel. Numerical lower limits on the Higgs-EP Collaborations and thg documentation p.rowded by the
boson masses were presented separately by the four exped=P Supersymmetry Working Groud] to derive reason-
ments, and a preliminary combination performed by the LEF2PIE values for the transitional valuesdM and the average
Higgs Working Group is availabl€13]. Limits were also efficiency values W|th|n§he Fwo regions. We did the same for
presented by the individual experiments on sparticle producthe background contaminations, except in the case of slepton
tion within several frameworks, but the combination of theProduction, in which case we modeled the domirafitw "
standard channels usually provided by the LEP Supersyniackground in different regions of théi(,M,) plane using
metry Working Group[1] was not made available at this its detailed kinematics. We have checked that our parametri-
time. We extrapolate the available combined LEP limits,Zation reproduces the available published results. In each of
provided on the basis of the running up tEc, the “realistic” and “optimistic” scenarios(8, 9), we make
=188.6 GeV for the sparticles and up tdEcy (he assumption that the experimental efficiencies and con-
=201.6 GeV for the Higgs bosons, to include the highertaminations remain similar to those &cy=<189 GeV,
energy/luminosity data. based on the fact that_ the properties of the standard process
We consider the following possible scenarios for the fu-do not change dramatically in the spanned energy range. Ex-
ture evolution of the integrated LEP luminosity. The pessi-2mples of the estimated upper limits on sparticle production
mistic one is that no significant additional high-energy lumi-Cross sections that we obtain from our extrapolation to the
nosity is accumulate@remember the beer bottles™M this three LEP running scenarios discussed above are given in
case, the sparticle and Higgs sensitivity will remain essenJable I. ) ) _
tially as they are at the end of 1999. We believe that a more For charginos, we conservatively assume no detection ef-
realistic scenario is for LEP to accumulate luminosity at theficiency for AM<5 GeV. For largerAM values, the esti-
same average rate of 1.3 pbas in 1999, but at somewhat mated upper limits allow one to excludg charglnq p_roductlon
higher energies, say 2/3 Bt-\y=202 GeV and 1/3 aEcy, up to afew hundred MeV below the kinematic limit, unless
=204 GeV. This would result in the following total inte- Sheutrino masses, and hernog, are very small. In the case

grated luminosities per experiment at energies abByg of associated neutralino production, we combine all the ki-
—200 GeV: nematically accessible channels, weighted by thsible

cross sections, i.e., we take into account the branching frac-
tions into y v final states, and the estimated efficiencies. We

Ecy=199.6 GeV : 80 pb!

— . 1
Ecu=202.0 GeV : 160 pb @) found that the estimated upper limits depend only weakly on
the point in the MSSM parameter space, and typical values
Ecy=204.0 GeV : 60 pbl. are given in Table I. In the case of slepton production, we set
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TABLE I. Examples of estimated upper limits on sparticle cross s 20
sections (in pb): for charginos and sleptons, assumirg, 3 LEP exclusions
=50 GeV, M,==100, Mz+==95, and M;-=90 GeV, respec- Benchmark scenario
tively. In the case of neutralino production, typical values are given.

. .. . 10 1 2K realistic
LEP scenario 1999 “realistic” 2K “optimistic” 2K 9 2K optimistic
Max s (GeV)  201.6 204 206 j
x'x~ 0.19 0.11 0.11 6
e 0.06 0.05 0.06 s
pRpts 0.09 0.08 0.08 4
xx) ~0.08 ~0.08 ~0.07

the AM cutoff at 3 GeV. As an example, Fig. 5 shows the 2
exclusions we obtain in the planengR,mX) for tanB=3, u

=200 GeV and BRé; — ye™ =100%), under the different
hypotheses for LEP running in 2000.

We now turn to the estimation of upper limits on Higgs 1
boson production. In order to estimate the prospects for stan 2
dard model Higgs limits from the reacti@e”—hZ° we M, (GeV/c™)
take the simple parametrization of the LEP limits obtained
from data up toEc )y~ 189 discussed if33]. Extrapolating
this parametrization to include the 1999 data(§¢tleads to
the estimated limitmy=109 GeV. This result is in good
agreement with the expected limit reported 183]. However, dashed ling scenarios described in the text. Also shoydark-

the Observ_ed limit 9U°ted _in the same _re_ference is _107_' hadedl are the regions of the,, ,tan3 plane excluded by theoret-
GeV: the difference is explained as a statistical fluctuation incay calculationg34].

the data at the level of one standard deviation.

0 20 40 60 80 100 120 140

FIG. 6. Constraints in then, ,tanB plane imposed in the “Max
(My)” benchmark scenario by combining the LEP data taken in
1999 (7) (dot-dashed ling and our estimates for the possible 2000
exclusions in the “realistic”(8) (solid line) and “optimistic” (9)

The corresponding limits for the “realistic” and “opti-

“eg € - U=200 GeV, tanfB= 3 mistic” running scenarios for the year 2000 are 112 and 114
00 GeV, respectively, following roughly the empirical rule
[ 2K-Realistic My=Ecny—93 GeV. Similar estimates apply to the MSSM

2K - Optimistic
1999

for small taB<5, as shown in Fig. 8.For larger values of
tan3, we use the same limiting cross section fefe”
—hZ° which gives a weaker lower limit om,,, because of
the smallerz°Z°h coupling. When tag=8, the production
mechanisme®e” —hA becomes important, which we in-
clude in our analysis following again the prescription given
in [33]. Our estimated limiting curves in tha,, ,tan3 plane
shown in Fig. 6 have been calculated in the “M()”
benchmark scenario suggested [84]. We have not at-
tempted to combine thiez® andhA analyses, but have only

| I overlapped them, so our results could be considered conser-

] L vative in the intermediate-tghregion. We indicate in Fig. 6
a0 | R the LEP limit for the full 1999 data sétlot-dashed ling our

] : estimate for the “realistic” 2000 running scenari)

Ll (shaded and the “optimistic” scenario(9) (dashed ling

| Also shown(shaded are the regions of then,,tan3 plane
pa ' '160 excluded by theoretical calculatiop34].
m_(GeV/c?) Some caution is required when we compare our results

eR directly with the lower limits given by the LEP experiments
because of theoretical uncertainties in the MSSM Higgs bo-
son mass calculations. Conservatively, we allow for an error

1998

m, (GeV/

80

FIG. 5. Constraints in thng,mX plane imposed by the com-
bined LEP data aEc=<189 GeV(dotted ling, our estimates for
the limits obtainable by combining the LEP data taken in 1699
(dashed ling and our estimates for the possible 2000 exclusions in
the “realistic” (8) (solid line) and “optimistic” (8) (dot-dashed 3We have verified that these limits are not weakened by the ap-
line) scenarios described in the text. pearance of invisible decay modesA— y x.
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g | i e 100 i
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g 3504 M,,=100.3 GeV !.' EO 90j >x X Bom
80: x+x' 1-loop < |
701 I
E 3
601
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i - 2Krealistic [R5 Slepons
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-120 -115 -110 -105 -100 -95 90 -85 -80 100 150 200
(a) LGV (b) m,, GeV)

FIG. 7. The effects of radiative corrections to chargino masseg)ithe («,M,) plane for tag=5 and(b) the (m,,,,my) plane for
tan3=5 and u>0. The contours obtainable from the 1999 and “realistic” 2K data are indicated, both(thitker lines and without
radiative correctiongthinner lineg. We notice that the differences between the lines with and without radiative corrections are larger than
those between the 1999 and 2K lines.

of ~3 GeV in these, so that we translate the experimenta®s near-vertical dashed lines are the chargino mass contours:

limits into the supersymmetric parameter space using thm§=102. At the higher values of t@h the bound om;,,

theoretical contours for 104 GeVfor tan3=3) and 100 from the chargino mass limit is nearly independent of&an

GeV (for tan3=5) in the case of the complete 1999 dataand the dependence is always very slightfor 0. For com-

LEP scenario, and 109 GeV and 108 GeV, respectively fopleteness we also show the limit from the selectron mass

the two values of taf, in the “realistic” 2000 LEP sce- pound.

nario. At the higher values of tghconsidered, the Higgs  The light shaded regions in Fig. 8 are those excluded by

boson mass limits do not provide strong constraints and arghe h— sy constraint discussed in Sec. Ill. We see that, for

not used. o _ _ «<0, the impact of3s, constraints increases sizeably with
We stress that radiative corrections to chargino and nély s and covers in these cases a significant fraction of the

tralino masses, though less d“’?‘maﬂc thap to Higgs.boso gion otherwise preferred for dark matter reasons. The cut-
MAsses, are a_Iso rele\{ant to the Interpretation of experimentg largemy, my, is due to the corresponding increase of
limits on physical particle masses in terms of constraints on . )
m,, and hencemy+, in the UHM, which reduces the
MSSM parameters such as, m;;, andm, [3]. Two such . A L .
effects are seen in Fig. 7. We see that the differences b&_harged Higgs contribution. The exclusion is not very sensi-

tween the 1999 and 2K limits are considerably smaller thaive 0 theA, value chosen. As we can see in Fig. 9, for

the shifts induced by the radiative corrections. In particular,” 0 the interference between the supersymmetric and

as shown in thee,m,, plane in panela), radiative correc- f:harged Higgs 'contributions cancel the effect qf new physics
tions are very significant in the delicate Higgsino region dis-n the low-medium tag range; however, there is still some
cussed in Sec. VII. Their inclusion is indispensable for theSensitivity at large taé where the large negative supersym-

accurate interpretation of the LEP data, as we do throughoutetric contribution makess, significantly smaller than the
this paper. measured value, as seen in paflof Figs. 9.

Also shown in these figures by near-vertical dot-dashed
lines are the limits coming from the Higgs boson mass
bounds. Note that fop <0, these contours only appear for

We next apply the above accelerator constraints under th@n3=5, where we display the 100 and 108 GeV contours
assumption that the soft supersymmetry breaking masses agerresponding to the 1999 and prospective “realistic” 2K
universal, including the Higgs multiplet¥)HM), exploring  experimental limit, allowing a safety margin of 3 GeV as
their impact in the then,,,m, parameter plane and compar- discussed earlier. At tgh=3, the position of these contours
ing them with the constraints from cosmology on the relicis far off to the right, excluding the entire region displayed.
abundance of the LSP. We remind the reader that, in thiét tang=10 and 20, the contours would appear to the left of
UHM context, for fixed tap and sign ofu, the only param- the chargino bound and are not shown. for 0, the limits
eter choice remaining is the value Af. We discuss below are weaker, i.e., the contours move to the left. In the case of
two cases, one in which we require the absence of charge at@n8=3, the 102 GeV and 104 GeV contours have now
color breaking({CCB) minima[12], but fix A,=—m,;; so as moved into the displayed range i, and the contours for
to minimize their impact, and the other in which we disre-100 GeV and 108 GeV are shown for 2@ 5. In Fig. 10,
gard CCB minima, and allow to vary freely (UHMin)- we show an extended range iim, and the position of the

We start with the CCB UHM case shown in Figs. 8 and 9.104 GeV contour for tg8=3,u>0.

One is safe from CCB minima above the curved solid lines The Higgs boson mass contours dependmgy) because
in these plots, which are calculated wity=—m;,,,, so as the radiative corrections to the Higgs boson mass cause these
to minimize the impact of this prospective constraint. Plottedcurves to bend left at very large,. Thus ultimately, the

V. THE CASE OF UNIVERSAL HIGGS BOSON MASSES
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FIG. 8. Them,,,,my plane foru<0, Ag= —m,, SO as to minimize the impact of the CCB constrdintlicated by a solid lineand tar@
=(a 3, (b) 5, (c) 10 and(d) 20. The region excluded by ol— sy analysis has light shading. The region allowed by the cosmological
constraint O.iSQXthO.S, after including coannihilations, has medium shading. Dotted lines delineate the announced LEP constraint on the
‘e mass and the disallowed region whanel< m, has dark shading. The contou, - =102 GeV is shown as a near-vertical dashed line in
each panel. Also shown as dot-dashed lines are relevant Higgs boson mass contours.

only pure accelerator constraint an;, comes from the conservative case (UHM,) in which we do not require sta-
chargino mass limit. However, as we have demonstrated presility against collapse into a CCB vacuum, and we allay
viously, cosmology excludes such high valuesnaf, thus  to vary as far as possible, consistent with the experimental
maintaining the importance of the Higgs boson mass bounggnstraints omn;_ in particular. Figure 11 shows options for

in limiting my/,, and ultimatelym, and tag8. The medium- . . o . .

shaded regions in Figs. 8 and 9 show the areas in th s ?r?d the sign gﬁég\’hmh e|>:<h|b|t. |nt?r(?tst|ng dr:fferenrr]:es

mg, My, plane for which the relic cosmological density falls rom [he previous > Case. For simplicily, we have chosen
not to include the regions that are excluded by lthe sy

between 0.£ Qh?<0.3 when co-annihilation effects are in- . ’ .
cluded. We note that the chargino mass constraint now e£onstraint: these turn out to be essentially independeAp of

sentially excludes the re-entrant parts of the dark matter derind hence may be taken from the corresponding panels in
sity contours caused by resonant direct-channel annihilatiorfsid- 8- The interesting and significant differences are in the
whenm,,<160 GeV, which were visible in Fig. 1 as well contours of the Higgs boson mass. The Higgs boson mass is
as Fig. 9. The dark shaded regions in Figs. 8 and 9 corresensitive toA,, and may be significantly lower than in the
spond to a charged LSP, as indicated. previous CCB case, with corresponding implications for the
We show in Fig. 10 the “tail” of the cosmological region lower limits onm, and targ that we quote below.
wherem, ~ ;. for tanB=3. As can be seen in Fig. 7 of Clearly, by allowingA, to vary (rather than restrict its
[10], the tip of this region is allowed by the CCB constraint Value to—my;;), we expect weaker bounds from the Higgs
for tanB= 3,10, and we can see in Fig. 8 that the CCB con-boson mass than those found when the CCB constraints were
straint is weaker for tg®=5. We show in Fig. 10 then, incorporated. Since the Higgs boson mass constraint was
=104 GeV contour, corresponding to the 1999 bound oronly important for lower values of tg we show results
the Higgs boson mass after allowing @ 3 GeV theoretical only for tan3=3,5 in Fig. 11. Whilst, for tag=3 and n
uncertainty in the prediction. We recall that the Higgs boson<0, the 104 and 108 GeV Higgs boson mass contours are
mass limit is even stronger for negatiue We can safely set still to the right of the displayed region in the figure, we see
the limit tan3>2.8 for u>0 in the UHM. Overall, the limits  that in the other cases shown, all of the contours are moved
we obtain on tag in different LEP scenarios for both signs substantially to the left. In fact for t#h=5 and x>0, the
of u are shown in Table II. Higgs boson mass bound is no longer competitive with the
We now repeat the above UHM analysis for the morechargino bound. As in the previous UHM case, we also find
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FIG. 9. Them;;,,my plane foru>0, A;=—m;,, and taB= (a) 3, (b) 5, (c) 10 and(d) 20. The significances of the curves and shadings
are the same as in Fig. 8. The light-shaded region in pa@hes excluded by thdd— sy constraint. The long dashed curves in parials
(b) and(c) represent the anticipated limits from trilepton searches at run 1l of the Tevi&ton

lower bounds on tgh in this case where the CCB constraint fact exclude ta=<2.8. One should expect these limits to
is relaxed, as shown in Table Il for different LEP running weaken when the assumption of UHM is relax@UHM).

scenarios and the two signs af In this section, we rederive the appropriate limits in the
m,,,my plane for the more general NUHM case. We now
VI. BOUNDS EOR NON-UNIVERSAL SCALAR MASSES treat bothu andm, as independent parameters, in addition

to the free parameters,,,,my,A, and tar8 of the previous
In the previous section, we have derived stringent limitssection. As indicated in Sec. Il, we take,=10 TeV, so
on the my;;,my plane from the absence of sparticles andthat the Higgs boson mass limits give the most conservative
Higgs bosons at LEP, assuming universality for scalabounds onm,,. As before, we restrict the values &f by
masses including the soft Higgs boson magstt#M). These  requiring thatni;, be consistent with the experimental lower
limits are particularly strong at low values of f@nand in  jimit and m,>nm; , as shown in Fig. 3.
500 ‘ ‘ Our results for the NUHM case are shown in Figs. 12 and
s tan =3, u>0 o4, 13. We again show the kinematical limit on the chargino
’ mass:m)f:loz by the near-vertical dashed line. Again, for

4007 | . ; ;
; n>0, these lines are essentially vertical, because the
ad | N & 1 chargino mass is independentrof, apart from the effects of
e INo CCB 'y > radiative corrections. As seen in the different panels of Fig.

g P

200 ] 12, the lower bound omy, from the chargino bound in-

creases frommy,=112 GeV to 145 GeV as tghis in-
creased from 3 to 20 fge<0. In contrast, as seen in Fig. 13,
the bound omm;,, for x>0 lies near 140 GeV over the same

TABLE II. Limits on tang imposed in the UHM by the 1999

100

500 1600 1560 2000 and “realistic” expected 2K Higgs mass limits.
myp
. 1999 “realistic” 2K
FIG. 10. An extension of themy,,mq plane for u>0, A
=—my;, and taB=3. Below the solid diagonal line, the LSP is ©n<0 3.2 4.0
charged and hence excluded. The absolute upper boundg,ias u>0 2.8 3.6

found when the shaded region drops entirely below this contour.
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FIG. 11. Them,;,mq plane foru<0 and(a) tan3=3, (b) tan=5, andu>0 and(c) tan3= 3, (d) tan3=5, with A, allowed to vary,
and no CCB constraint applied. For clarity, the region excluded by they constraint has not been shaded: it is essentially identical to that
in Fig. 8. The region allowed after including coannihilations, by the cosmological constraiﬂ(qnzsos has medium shading. Dotted
lines delineate the announced LEP constraint onetheass and the disallowed region wherel< m, has dark shading. The contour
m,-=102 GeV is shown as a near-vertical dashed line in each panel. Also shown as dot-dashed lines are relevant Higgs boson mass
contours.

range in tap. As expected, the NUHM curves for the dom in choosingu, m, andA,. The contours shown corre-
chargino mass limits always lie to the left of the UHM ones.spond to parameter choices giving the weakest bound.

As in Figs. 8, 9, and 11, the shaded region corresponds to Because the Higgs boson mass bound is weakest for rela-
the parameter values in which it is possible to achieve 0.1ively large values ofx in the NUHM casdimplying that the
<0h?<0.3. This region is unbounded from above, since itneutralino is ab-ino), the relic LSP density increases with
is possible to adjust. to insure an acceptable relic density My as one moves upward along the Higgs boson mass con-
even if the sfermion masses are large. This is because Bgurs and the sfermion masses increase. In some cases, e.g.,
lowering u«, the LSP can become a mixed stétather than thatin Fig. 13a, the relic density along the 104 GeV contour
an almost pureb-ino) and annihilation channels via €xceeds 0.3 at about,=140 GeV. At higher values ahy,
Z%-exchange open up. the value ofm,,, must be increased to remain consistent with

We also show in Figs. 12é) and 13a(b) the NUHM  both the Higgs boson mass limits and cosmology. This ad-
contours for Higgs boson masses of 1080 and 109108  justment is shown by the dotted curve to the right of this
GeV, the 1999 and 2K “realistic” bounds for t@+3 contour. Similar behavior was seen [i#a1]. For the other
(tanB8=5). For taB8=5 andu>0, the 100 GeV contour is Higgs boson mass contours, either the sfiiftm,,) is in-
to the left of the chargino mass contour and is not shown. Weignificant atm,<200 GeV, or the relic density does not
recall that, in the NUHM case, there are no unique HiggsexceedQh?=0.3 for my=<200 GeV. Foru<0, the relic
boson mass contours in time,,m,,, plane, due to the free- density is never saturated for the valuesnaf shown. As

before, for tag=10 and 20, the chargino bound is always

TABLE lIl. Limits on tang imposed in the UHM by the 1999 stronger than the Higgs boson mass bound.
and “realistic” expected 2K Higgs mass limits, relaxing the re-

quirement that there be no CCB vacuum.
VII. HIGGSINO DARK MATTER

1999 realistic” 2K We now turn to the question whether there is any room
u<0 2.7 3.1 left for Higgsino dark matter. We update the analysi$3jf
w>0 2.2 2.7 including the improved experimental limits discussed above,

and we explore the sensitivity of our conclusions to the pos-
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FIG. 12. Them;;;,my plane foru<0 in the NUHM case, for ta8= (a) 3, (b) 5, (c) 10 and(d) 20. The region allowed after including
coannihilations, by the cosmological constraintSQQXhstB is shown shaded. Dotted lines delineate the announced LEP constraint on
the'e mass and the disallowed region whene1< m, has dark shading. The contourg,-=102 GeV are shown as near-vertical dashed
lines. Also shown as near-vertical dot-dashed lines are Higgs boson mass contours.

sible range of LSP relic density. We begin by reviewingit is the possible exclusion of the Higgsino dark matter re-
briefly the analysis of3]. gions we explore in this section.

We recall that a general neutralino is a linear combination Accordingly, we now focus in more detail on the
of the Higgsinos and neutral gauginos(,=,8~B+a\7V3 ngg_smo regions, as |II_ustr§1ted in Figs. 14 and 15, where
+yH,+ 8H,. In this notation, the Higgsinpurity is defined detailed views of the Higgsino parts of the M plane are

shown for taB=2,3,5 and 10. Consider in particular Fig.
to be p=.y?+ % a state that is half gaugino and half B P 9

S o - : 1l4a, for taB=2 and w<0. Here we have takem,
Higgsino has Higgsino purity 42, and, as i3], we take as =10 TeV to minimize the effect of the Higgs boson mass
our working definition that a neutralino is a “pure”

limit, and my=1 TeV to maximize the neutralino relic den-
Higgsino if p>0.9, even though such a state already has gity. In contrast to Fig. 1, we have also adjusfgdo maxi-
sizeable gaugino fractionfa®+ 8?~0.44. The lightest neu- mize the Higgs boson mass and produce the weakest Higgs
tralino tends to be Higgsino-like ift<M,/2 and gaugino- constraint. The hashed, dot-dashed, thin solid and dark thick
like when u>M,/2. This was already shown in Fig. 1, solid contours are as in Fig. 1. We plot as a dashed line the

where we plot as hashed lines contours of Higgsino purity irfurrent chargino mass limit. We also show as two solid con-
the u,my, plane for taB=3. We have also plotted thin tours the most recent 1999 LEP 2 bounds on the summed

solid contours foﬂxh2:0_025,o.1 and 0.3, thick solid lines Visible cross section for associated neutralino production
corresponding ton, = =100 GeV, and dot-dashed Higgs bo- o(e"e” —xixj)vis and our “realistic” estimate for the final
son mass contours. In this illustration we have taken 2K bounds(see Table)l We recall that the associated pro-
=1 TeV andm,=100 GeV. It is apparent that the bulk of duction bounds are more constraining for gmaller_ valugs of
the cosmological region with OﬁQXhzs 0.3 has largefyu| the scalar massé;l.t is eV|der_1t that thg entire region with
(for given M) than do the Higgsino purity contours, indi- xh*>0.1 and Higgsino purityp>0.9 is excluded by the
cating that LSP dark matter is generically a gaugino: in theséurrent experimental limits, for this value of yan

regions, it is mainly a Bino. There are, however, small re-

gions at smallefu| (for givenM,), where the LSP is mainly

a Higgsino. However, as can be seen in Fig. 1, this Higgsino “For the sake of exposition, we forget for the moment that, at this
possibility is under severe pressure from several LEP contow value of tarB, the entire displayed region has a Higgs boson
straints, including the charging,y’ and Higgs searches, and mass less than 106 GeV and can be excluded on this basis alone.
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FIG. 13. Them,;,,mq plane foru>0 in the NUHM case, for tg= (a) 3, (b) 5, (c) 10 and(d) 20. The significances of the curves and
shadings are the same as in Fig. 12. The dotted extension afthd.04 GeV contour corresponds to the shift in the Higgs boson contour
when the cosmological limit on the relic density is impogeidible only in (a)].

The general shape of th@,h? contours can be under- contour corresponds tm, =m,y, and the falloff of the relic
stood as follows. As one moves to large valuedvbf, the  density above this threshold is evident. It is the dramatic
neutralino becomes more pure Higgsino, which leads to adecrease inQXh2 for m >my, that not only excludes
approximate three-way mass degeneracy between the lightestggsino dark matter, but also implies that we are not very
and next-to-lightest neutralino,x, and the lightest dependent on our default choice of lower relic density cutoff:
charginoy~. Since they, andy™ are therefore abundant at () h?>0.1. In fact, one cannot even supply enough neutrali-
the time when the freezes out of chemical equilibrium in nog to provide the galactic dark mattél; h>~0.025 above
the early Univers¢35], their coannihilations with tha act  the \w threshold, while still satisfying the experimental con-
to bind they more tightly in chemical equilibrium with the  giraints. We see the same effect in all four panels of Figs. 14,
thermal bath, and delay the freeze-out of gheelic density. and, although we only display four values of Brwe have
Since they, x, and x~ annihilate very efficiently, this \erified that this is true for all tah
greatly reduces the relic density of neutralinos for larger val- The situation is similar fo>0, as seen in Fig. 15. In
ues of M, [36]. We have included the one-loop radiative thjs case, the dominant experimental constraint comes from
corrections to the chargino and neutralino masses, which cafje chargino limits, which are shown as dashed lines for both
significantly affect both the experimental chargino limits andqg9g9 and the “realistic” 2K scenario, whereas we plot only
the neutralino relic density, when the chargino and neutralingne 1999 contour foe* e”—xix; - The chargino constraints
are closely degenerate. Whenever the mass degeneracy j§ne exclude h2>0.025 for a Higgsino-like neutralino.
sufficiently tight to affect the chargino bounds, coannihila-|, g cases, anX interesting amount of cold dark matter is
tion suppresses thg rel'ic density to very small values, belo‘%ossible only ifp?<0.7, i.e., the LSP is either predominantly
those of cosmological interefs]. a gaugino or a strongly mixed state. We conclude that

Similarly, as one moves to larger values|pf, the mass  predominantly Higgsino state cannot provide a substantial
of the x increases, untim,>m,,. At this point, they can component of the dark matter
annihilate efficiently intd/V/ pairs, and the relic density drops  Thjs conclusion is robust with respect to variations in the
dramatically as one crosses this thresHolthe light solid  qther sparticle masses. The sfermion masses have already

been taken large enough for the contribution to neutralino

annihilation from sfermion exchange to be negligible, and, as

SSub-threshold annihilation inté/ pairs smoothes out this sudden already noted, lighter sfermions yield tighter constraints

drop[35], and shifts the left edge of the h?*=0.1 contour a few from associated neutralino production. The experimental
GeV to the right. chargino limits fall below the kinematic limit when the
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FIG. 14. Small regions of thex,M, plane for ta=2,3,5,10 andm,=10 TeV. The thin solid lines are contours ftﬁ)(h2
=0.1,0.05,0.025, and the light-shaded region is cosmologically preferred. The déighedolid) lines correspond tan,==100.3 GeV
(m,=my,), dot-dashed horizontal lines correspond to the indicated Higgs boson masses, and the two darker near-vertical solid contours
indicate the current neutralino associated production baxfel e — yx,, . .. )is and our estimate of the “realistic” final boun@ee
Table )). Hashed contours represent Higgsino purity. In p&a€l(d)], the Higgs boson mass is everywhere less than 106 [@eater than
109 GeM. The dark-shaded regions in panéts and(d) are those surviving all the constraints.

sneutrino is closely degenerate with the chargino: howevenvas found form, between 0 and 300 GeV. These Tevatron
again, a light sneutrino enhances the associated neutraliman | limits do not constrain the MSSM parameter space as
production limits, so this also provides no loophofecos-  strongly as do the chargino and Higgs limits from LEP Il,
mologically interesting relic density can therefore only beunless scalar mass universality between squarks and sleptons
achieved by either heavily mixed or pure gaugino neutralings relaxed. We have therefore not displayed the run | bounds

states. in Figs. 8 and 9.
On the other hand, run Il of the Tevatron, scheduled to
VIII. LIMITS FROM THE TEVATRON COLLIDER begin in 2001, will impose strict new limits at lom,,,. The

dominant experimental constraint is expected to come from
! searches for trilepton signatures)pf)(g production[37,2].
from run | of the Tevatron are summarized [ig], and we We display in Fig. 9 as long-dashed contours the anticipated

have already made use of their lower limits on Stop masseg, o of the upgraded Tevatron in this channel, assuming
Two other DO limits are reported 2]: one is for squark and 2 fb~ ! integrated luminosity. We have taken the published

gluino jets and missing energy, and the other is for dileptor}:urves from[2], which does not display results for fan
events. The former analysis is for @ 2, and hence is not =20 or u<025 ’The bounds are tightest at lomy, where

directly comparable with our plots. The analysis also as- . : .
. - they cut into the cosmological region as shown. Atgan
sumesA,=0 andu <0, and yields a lower limit Y o fhe co °9 cglo A

=3, the run Il curves bend over and intersect the LEP2
m.->100 to 50 GeV 9) chargino bound within the cosmological region. Their most
vz significant impact is for low values of t@ However, since

for m, between 0 and 300 GeV. The dilepton analysig2h the LEP Il Higgs bounds dominate at low f@nthe trilepton

has been performed for several values ofamcluding the
values 3 and 5 studied in this paper. Again fgy=0 and

The limits on the MSUGRA(UHM) parameter space

u<0, the lower limit 5The tarB=3,10 run Il curves and the t@+5 run Il curve in
Fig. 9 come from separate analyses and reflect slightly different
my;,>60 to 40 GeV (10)  confidence levels, 99% ands3 respectively.
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FIG. 15. As in Fig. 14, fomu>0.

analysis at the Tevatron run Il will therefore not increase the IX. SUMMARY AND CONCLUSIONS

absolute lower bound on the neutralino mass given by our

analysis in this region. However, if the Tevatron is able to  One of our principal goals in this paper has been to obtain
improve the LEP Higgs bound, this could raise substantiallystrengthened lower limits on the neutralino mass, combining
the neutralino limit at low ta@. The Higgs bound is no the latest LEP data with the cosmological dark matter re-
longer important for ta@= 10, but in this case the Tevatron quirement O.KQXh2<O.3. We summarize our limits in
limit bites away less of the region favored by cosmology. Figs. 16, under various different assumptions: universal

200 —rT 200
—— 1999 nUHM

--- 1999 UHM

T T

o 1

i \‘ l\ —— 1999 nUHM
! --- 1999 UHM
! )
\
]

e 1999 UHM, | e 1999 UHM, |

— 2000 nUHM —— 2000 nUHM
150 ——— 2000 UHM 150 --- 2000 UHM

......... 2000 UHM,, ] e 2000 UHM,

>
E 100
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FIG. 16. Lower limits on the neutralino mass, as functions of tag for (a) <0 and(b) ©>0. The curves correspond to the final 1999
LEP resultgthin lines and our “realistic” expectations for the 2K LEP rithick lineg. We show the UHM case withy= —m;, to avoid
CCB minima(dashed curvgsthese are the strongest constraints. We also dldotted lineg the more general UHI, case wherd\, is
left free, and we do not require the absence of CCB vacua. We also display additionally the NUHM case, which is the most conservative and
allows bothu andm, to be free in addition té\,. Note that theb— sy constraints have not been applied in these figures. For the UHM
cases, they would effectively exclude portions of thegidow m, region. The precise regions excludediby: sy can be gleaned from Figs.
8 and 9 by noting than, ~0.4my,.
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TABLE IV. Limits on tanB, assuming the “optimistic” 2K en-
ergies and luminositie€).

I — u<0, nUHM i
[ -- <0, UHM /:. ]
L -~ w0, unM /l ] UHM UHM pin NUHM
10 '_ ....... u<0, UHM,_, / Il __
9 o w20, UHM,, > ; u<0 4.7 34 23
8 E / -
w 7L w>0 4.2 3.0 2.3
5EF one requires the absence of CCB vacua. Indeed, Fig. 17 will

enable the appropriate conclusion to be drawn from whatever
lower limit on the Higgs boson mass LEP eventually pro-
vides. We recall that the existing Higgs boson mass calcula-
tions in the MSSM are believed to be accurate to about 3
o T TN BN GeV. Therefore in computing the bounds ongdior Tables
109 Il and Ill, for example, we have conservatively shifted the
exclusion curves of Fig. 6 by 3 GeV to the left before read-
FIG. 17. Lower limit on ta imposed by the experimental and ing the values of tg8 off of Fig. 17. We also show in Fig. 17
cosmological constraints, as a function of the experimental Higgshe lower bound on tgh obtained in the NUHM, which is
boson mass limit. The UHM, UHW,, and NUHM labels are as in  significantly weaker than in the UHM cases, and essentially
Fig. 16. Theu>0 curve in the NUHM case is very similar to the independent of the sign qf.
#<0 curve. If LEP does achieve the “optimistic” 2K energies and
luminosities (9), the above constraints will be somewhat
(UHM) or non-universal (NUHM) soft supersymmetry- tighter. The horizontal segments of Fig. 16, corresponding to
breaking scalar masses for Higgs bosons @mdhe former ~ the chargino limits, increase by a fraction of a GeV; the
case whether one requires the present vacuum to be stabj¢ertical branches move to the right, intersecting the horizon-
against transition to a charge- and color-breaki@cB) tal segments at tg@w8 (7.5) for <0 (u4>0). And lastly,
vacuum or not (UHN};,). Also, we give limits both for the the lower limits on taf3 improve to the results given in
available 1999 LEP data and with a “realistic” assessment/able IV. . .
of the likely sensitivity of data to be taken in 2K. In many respects, LEP has provided the most stringent
In all cases, for both positive and negatiue the lower ~ constraints on the parameters of the MSSM. This is true, in
limits on m,, are relatively insensitive to t#hat large tas. partlcular,_for its Iowe_r limits on the Higgs bos_on mass, and
Here they are determined by the LEP chargino bound, as th@€ chargino, neutralino and slepton constraints from LEP
LEP Higgs boson mass bound is weaker than the chargingompare favorably with the Tevatron bounds on squark and
bound at large ta8. In fact, in the two UHM cases shown, gluino masses, once the dlfferent mass renqrmallzatlons of
the points at which the limiting curves bend upward, as onélectroweakly- and strongly-interacting sparticles are taken
decreases ta) are precisely the points at which the Higgs N0 account. As we have shown, the present LEP data may
boson mass bound becomes more stringent than the chargiR§ combined to set interesting lower bounds on the lightest
bound. In the UHM cases, the neutralino mass limits ardeutralino mass, in particular if it is assumed to constitute the
strong at intermediate values of [« 4—7 because, as dis- dark matter favored by astrophysics and cosmology, and on

cussed earlier, the cosmological bound on the relic densit{@3- It may well be that these lower limits will be further
prohibits going to large values of,, and ensures that the strengthened by the LEP run during 2000, as we have dis-

Higgs bound places a strong constraint. Below this breaussed in this paper. However, this would be the pessimistic
point, the lower limit onm, increases rapidly with decreas- scenario. There is still a chanc_e that_ sparticles or the Higgs
ing tan3. Above this break point, the limit om, is rela- boson may turn up this year, in which case we would be

tively insensitive to the additional theoretical assumptiongl€lighted to see our bounds superseded. LEP may not yet
made, such as UHM vs UHM, or NUHM. However, in the have discovered supersymmetry, but it certainly deserves to.

'S
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