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We analyze the CERN LEP constraints from searches for chargifioand neutralinosy;, taking into
account radiative corrections to the relations between their masses and the underlying Higgs-mixing and
gaugino-mass parameteusm;,,, and the trilinear mass parametgr. While radiative corrections do not alter
the excluded domain im - as a function ofm,-—m, , its mapping into theu, m,,, plane is altered. We
update our previous lower limits on the mass of gaugino dark matter and ¢ the ratio of Higgs vacuum
expectation values, in light of the latest LEP data and these radiative corrections. We also discuss the viability
of Higgsino dark matter, incorporating coannihilation effects into the calculation of the Higgsino relic abun-
dance. We find that Higgsino dark matter is viable for only a very limited rangeafdm,,,, which will be
explored completely by upcoming LEP ruh§0556-282(198)03317-1

PACS numbsd(s): 14.80.Ly, 12.60.Jv

[. INTRODUCTION MSSM parameter space, in particular if one wishes to estab-
. . . . lish robust lower limits on the mass of the lightest neutralino
Considerable experimental effort is currently being de-

b ) x [11,4]. Such lower limits orm, are of particular relevance
voted at the CERN" e (':oII|de+r LEP and else\{vhere to .the to the ongoing direct and indirect nonaccelerator searches for
search for the charginosy=™ and neutralinos y;; i

= k ) cosmological relic neutralindsL0].

=1,...,4 of theminimal supersymmetric extensmn of the  The strength of the lower limit obtained deperi8iss] on
standard mode(MSSM) [1-4], and to understanding the yarious theoretical assumptions, such as the degree of uni-
constraints these and other particle searches impose on thersality among input supersymmetry-breaking parameters,
parameter space of the MSS8,6]. One of the generic pos- and whether one requires that the relic density of neutralinos
sibilities for MSSM[7] phenomenology is that supersymme- lie within the range favored by astrophysical and cosmologi-
try breaking is communicated to the observable sparticles vigal considerationgl0]. The successive upgrades of the LEP
gravitational interactions, in which case the lightest super2 center-of-mass enerd{—3] have enabled this lower limit
symmetric particle is presumably the lightest neutralino to be strengthened progressively, and it currently stands at
(hereaftery), which would be stable iR parity is conserved. m, =40 GeV if the strongest versions of these theoretical
The lightest neutralino is not directly visible to acceleratorand astrophysical assumptions are impdsdd

experiments in this type oR-conserving supergravity sce-  Although radiative corrections to MSSM Higgs scalar
nario, and would be a good candid§89] for the cold dark ~Masse$12] have been included in the analysis of LEP data
matter advocated by many astrophysicists and theorists ¢ft]: and play an important role, radiative corrections to the
cosmological structure formatiofL0], since it might well ~Masses of the charginos and neutralinos have not so far been
have 0.0 h?<0.3, where(), is the relic density of the included. The one-loop corrections to the relations between
lightest neutralinoy in units of the critical density, antlis  the physical masses and underlying MSSM parameters such
the present Hubble expansion rate in units of 100 km/s/Mpc2S the gaugino massék,:a=1, 2, 3 and the Higgs-mixing
Within this framework, which we adopt in this paper, de- Parameter x are by now well known[13-15 and
tailed modeling of the relations between different searches i8on-negligible’ In particular, they are known to modify con-
often necessary in order to close certain loopholes in the

IRadiative corrections to thg* y~ production cross section are
*Present address: Department of Physics, Harvard Universityalso availablg16], but appear less crucial at present, as we discuss
Cambridge, Massachusetts 02138. below.
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siderably the tree-level difference between the lightesthen be parametrized byn,;»,mg,Au, the pseudoscalar
chargino and neutralino masses,-—m, , which is one of  Higgs boson massi,, and tayB. Here we project the experi-
the most important parameters controlling the efficiencies ofnental and cosmological bounds onto theév, plane for
experimental searches, especially in the “Higgsino” regionfixed my, A, m,, and tans.

of small u and relatively largeM, [17,18. More generally, We note that only the trilinear coupling,, associated
the radiative corrections to the chargino and neutralinawith the top-quark Yukawa coupling, is relevant for the phe-
masses cause shifts in the inferred exclusion domains in theomenology discussed her@nd that the possible range of
u,M, plane that are not negligible compared to those devalues of this parameter is constrained because of an infrared
duced from the improvements in the chargino mass limitqquasifixed pointA;~2m,,,~2mg/3[21], so that this param-
obtained after successive LEP 2 energy upgrades. Thesder is inessential. This quasifixed point arises becaugsg, if
changes are also comparable to the differences between massnuch larger tham,,, the leading-order running @%; is
limits obtained under different theoretical assumptionsgiven by dA,/dt~6\ZA/8x2 [7], so that(for constant\,)
Therefore, radiative corrections to the chargino and neuA,; decreases as a power law with scale, with an exponent
tralino mass relations could in principle play a role in thethat is roughly 1/12 fol;~1. Thus, if the inputA;>m,,,
delicate interplay of the direct experimental constraints used\, is reduced by an order of magnitude in its evolution from
to constrainm, [11,5]. Clearly the degree of effort put into M, to M,. There are additional negative terms in the beta
the experimental searchgbs-3] and their phenomenological function forA, which are proportional to the gaugino masses,
interpretation merits the inclusion of these radiative correcso that m;;, sets the scale forA,(M5). Consequently,
tions in the analysis of the LEP 2 data. A(Mz)>m,,, requires extremely largé(My). However,

We find that there are significant shifts in the allowedthis tends to drive the stop soft mass-squared parameters
regions of theu,M, plane. The effects om - are particu- negative aM;, so large values oA,(M;) are not allowed,
larly important when it is analyzed in terms bf,, but not  at least for the values of tgBiwe consider. Therefore, we do
when it is analyzed as a function &fM=m,-—m,. We  not explore a range in values fé;, but concentrate on the
use these radiative corrections in an update of our previougxed-point value.
analysis of LEP constraints in the MSSM parameter space, The input supersymmetry-breaking parameters are
and onm, and tang in particular, assuming universal input evolved down to the electroweak scale using the two-loop
soft supersymmetry-breaking masses and a plausible cosmgenormalization-group equations for the gaugino masses, so
logical relic density. This update also includes the most rethat the one-loop relatioM ;= (a,/ agyt) X My, is violated
cent preliminary limits on chargino and neutralino produc-at the 10% level. We also evolve the gauge and Yukawa
tion from LEP running at 183 GeY1-4], as well as new couplings at the two-loop level, but other parameters are
limits on the lightest neutral Higgs boson mass,  evolved with one-loop accuracy. At the tree level, we param-
[19,20,3,4. Relaxing the universal scalar mass assumptionetrize chargino and neutralino eigenstates in termid of u,
we focus on the portion of the MSSM parameter space foland tang. We take a top mass of 171 GeV: the only signifi-
which the lightest neutralino is a Higgsino, where the limitscgnt sensitivity of our results tm, comes in the Higgs mass
are particularly sensitive to the radiative correctiphs,18|. constraints, which we discuss in Sec. V.

In this context, we evaluate the possibility of Higgsino dark  This theoretical framework has been adopted in many of
matter, incorporating both coannihilations and radiative corthe searches for supersymmetric particles at LEP, in particu-
rections in conjunction with the bounds imposed by LEP.|ar for charginos and neutralinos. Until now, all the experi-
We find only a very limited range of parameters in which mental analyses have used tree-level formulas for the masses
Higgsino dark matter is viable, which will be explored com- and cross sections, in terms of the MSSM parameters intro-

pletely by forthcoming LEP runs. duced above. The one-loop calculations of the physical
masses of the charginos and neutralifibt3-15, and more
Il. IMPLEMENTATION OF RADIATIVE CORRECTIONS recently they ™y~ production cross sectiofiL6], that have
IN CHARGINO AND NEUTRALINO CODES become available have been calculated in the dimensional
FOR LEP reduction with modified minimal subtractiqibR) prescrip-

As already mentioned, we work in the context of the tioM, which is the supersymmetric analogue of the conven-

MSSM in a supergravity framework where supersymmetrytional modified minimal subtractiofMS) p_rescription. The
breaking is communicated to observable sparticles by gra@ne-loop mass formulas have now been incorpor28ilin

ity, so that the lightest neutralingis the lightest supersym- ©On€ of the codes available for LEP experimental analyses,
metric particle, and we also assume tiRaparity is con- and we Q|scuss herg a first explorgtlt_)n of their |_mpI|cat|ons
served, so thaty is stable. We further assume that the for spartlc[e mass I|m|t§. The radlatlvg corrections to the
supersymmetry-breaking gaugino mass parameters are urfiross section are less important for this purpose: they are
versal at the input supergravity sca,=m,,. Similarly, ~9generally=15% or S+°[%6]’ w+he[eas the experimental upper
we assume that the soft supersymmetry-breaking contribimits on o, _=a(e’e"—x"x ") are generally far below
tions to the squark and slepton massgsm; are universal

and equal tomy at the unification scale, and the trilinear

parameter#\ are also taken to be universal. The MSSM can 2We do not consider very large values of {&#10.
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FIG. 1. The effects of one-loop radiative cor-
rections in theu,M, plane, calculated for tag
=2, my=200GeV, ma=1TeV, and A
=2my,. The thick lines are one-loop corrected
contours corresponding to fixed values of
chargino and neutralino masses, and the thin lines
are tree-level contours. The continuous lines are
for m,==91GeV, the dashed lines fom,
=86 GeV, the dash-dotted lines for the bound on
associated neutralino production, and the dotted

M,=91 GeV . ¥ : 40 GeV
_______ M, =86 GeV ines form, = ev.
________ Associated x production
....... M,=40 GeV
| L L ' L | L L L ' |
0 -100 0 100

w (Gev)

the theoretical predictions, except very close to the producinterest for this analysis, this is dominated le/e”
tion threshold:E; ,~2m, =. Sinceo,  varies very rapidly —yx,3, and corresponds essentially tan, +m, !
with m, = in this region, the change the theoretical prediction_

182 GeV, wher is the ligh ly Hi
for o, _ has little effect on the chargino mass limit obtained. & s the lightest mainly Higgsino state

among they; 3 4.
The one-loop radiative corrections in Fig. 1 are calculated
IIl. EXPLORATION OF CONSEQUENCES with the following representative values of the input MSSM
OF THE RADIATIVE CORRECTIONS parameters: tag=2, my=200 GeV, my=1TeV, andA,

Figure 1 displays the effects of these one-loop radiative= 2Mi2- We see significant shifts between the pairs of cor-
corrections in thes, M, plane. The thick lines are one-loop- responding thick and thin lines, making manifest the signifi-
corrected contours corresponding to fixed values of charginéance of the one-loop radiative corrections. Varying be-
and neutralino masses, and the thin lines are tree-level coitween 100 and 1000 GeV does not have a noticeable effect
tours. The continuous lines are fan,-=91GeV, the on the lines plotted, and they do not depend strongly on the
dashed lines fom - =86 GeV, corresponding, respectively, precise value chosen fon, , though they would be signifi-
to the kinematic limits orm - from efe”— x" x~ at the  cantly different for values oA, much larger than the fixed-
just completed 183 GeV run of LEP and its previous runpoint value that we favor. Interestingly, the differences be-
around 172 GeV. The dash-dotted lines show the contour afveen these pairs of lines are comparable to the splitting
m, =40 GeV, corresponding to our previous lower limit on petween the lines fom,-=86 and 91 GeV, indicating that
mX when several theoretical and C05m0|0glcal constraints alfhe radiative Correcuons have phenomeno|og|ca| |mp||ca_
applied[6]. o ) tions for the inferred constraints on the input MSSM param-

In general, each of the four neutralmy@as_ chgracterlzed etersu,M, that are comparable to the upgrade in the LEP
by the four components; , §;, v;, andJ; of its eigenvector energy from 172 to 183 GeV.
in the W,B,H; ,H, basis. In this notation, the gaugino frac-  The LEP exclusions for charginos do not always extend to
tion of a particular_neutralinoy; is ai+pf, and its the kinematic limits. In particular, the lower limit am, - is
Higgsino fraction is\/yzi + 5? . In a later section of this paper, sensitive tomy: it affectso, _ through ther exchange dia-
we discuss whether LEP limits still allow the lightest neu-gram, and whem, is such that, + —m; <3 GeV, chargino
tralino to be predominantly a Higgsino. With a view to this decays to a sneutrino and a low-energy lepton reduce the
subsequent discussion, we recall here thaZtheoupling to  experimental efficiency to essentially zero. Moreover, as
a pair of neutralinog; andy; is proportional to the Higgsino seen in Fig. 2, there is also a loss of sensitivity for fixeg
components of the neutralinos, namejyy;— ;6;. Thus it  at largeM,, because of the reduction in detection efficiency
is particularly easy for LEP to probe regions of theM,  that occurs when the difference in mass between the pro-
plane where the lightest neutralino is mainly a Higgsino, byduced particle and its supersymmetric decay product, e.g.,
searching for production in association with a heavier neuAM=m -—m, , is small. This implies that at larghl,,
tralino state which is also mainly a Higgsino. Accordingly, beyond the top of Fig. 1, the experimental exclusion in the
we also plot in the relevant parts of Fig. 1 dotted lines rep-u,M, plane would contact towarg| =45 GeV. It has been
resenting the experimental limit of 0.18 pb on associatedbserved previousl{17,18 thatAM may be altered signifi-
neutralino productiore*e*—%)(j :i+j>2.Inthe region of cantly by the one-loop radiative corrections, altering the
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H, 0 ‘ 90 discussing two issues: the significance of the radiative cor-
] rections and the impact of the more recent data at 183 GeV.

7 The purely experimental constraint from LEP 172 coming

4 80 i

20 rad. corr. 20 | from chargino production and associated neutralino produc-
. ] tion yielded the limitm >14 GeV[1], with the minimum
60 4 60 . occurring around tap=3. Adding the theoretical assump-
1 tion that all squark masses are universal at the unification
50 ‘ — 50 A scale, unsuccessful Higgs searches indirectly strengthened
@ 001000 NEOO (g) oo ANiO the bound onm, significantly in the region around tgh

=2 [6]. Furthermore, when scalar mass universality was ex-

FIG. 2. (a) The experimental limit om, - as a function oM, tended to the Higgs sector and the valueg.andm, were
and as a function oAM=m,.—m, for fixed my=200 GeV and fixed _by requiring the consistency pf electroweak symmetry
tan 8=2. The value ofx is determined by the combination, - and breaking[22], the bound orm, was improved for all targ.

M,. The drop at largeM, is due to the loss in experimental effi- For tang=4, we foundm,=30 GeV, and the bound im-
ciency asy™ decays intoy involve softer leptons. The dotted line proved tom, =40 GeV for tan3=<3 [6].

comes from a tree-level analysis, and the solid line is obtained using We have also considered imposing the cosmological con-
an ad hocparametrization of the experimental efficiency, in con- straint that the neutralino relic density does not overclose the
junction with the radiatively corrected mass formulas. Note that theUniverse. Specifically, the combinatidmxhz is constrained
lines separate significantly whew, is large.(b) The experimental to be less than 0.3 by the requirement that the age of the

limit on m, - is now plotted as a function &M=m,-—m, . Note  Universet, be greater than about 12 Gyr. These quantities
that the tree-level and radiatively corrected curves are almost coirgre related through

cident.
1
- _ -1/2
value of M, where this contraction would occur. For t8n Hoto= fo dX(1=0+0/%) "5 )

not too large, the leading contribution to the changd M,
S(AM), comes from heavy quark-squark loops, and for splitwvhere  the scaled Hubble parameter i6=Hg/

top squark masses it is approximately given[hy,1§ (100 km Mpc'ts™?), and large relic densities may be in-
5 compatible with constraints ofy,. When the cosmological
3 ma>(mt2,m;2) constraint was combined with the experimental constraints
S(AM) = — )\tzmtsin 20N —————, ) from Higgs boson searches and the theoretical assumption of
32w ;. universal Higgs boson masses, we foU6d that values of

tan B=<1.7 for u<0 and=<1.4 for >0 were excluded. This
where i, >n;,. Note that this vanishes in the limit that iS because the_tree-level _Higgs boson mass is small at low
there is no stop mixing (sin@—0), and that the sign of tan B, so radiative corrections tm, must be enhanced by
S(AM) depends on the sign @ . Both of these depend on taking a large top squark mass. On the other hand, large

the off-diagonal element of the stop mass-squared matri)éfermion masses lead to large re_lic densities for a gaugino-
and hence orA,. Hence, the quasifixed point fak, is an like neutralino, as expected for universal scalar masses. Thus

2 . . . .
important constraint on radiative correctionsAd/. ,h"<0.3 is not compatible with a heavy enough Higgs

Incorporating these radiative corrections fully in the Poson. Finally, when we imposed the astrophysical desire
analysis of experimental data would require the use in exfghat the cosmolog|c_al relic .neutrahr?os play a glgmflcant role
perimental simulations of the full radiative-correction codell Structure formation, which requires thé¥,h“>0.1, we
[23]. In the absence so far of such an analysis, we have usdgund that the lower limit on the neutralino mass was
this code in conjunction with and hocparametrization of Stréngthened at tg8=3 tom, =50 GeV.
the efficiency of the ALEPH chargino searfdi as a func- In the interests of simplicity, we rediscuss here the lower
tion of AM to explore the possible significance of this effect, Pound only in the case in which all theoretical and cosmo-
We see in Fig. @) that the exclusion contour in thd,,m logical assumptions are made, in particular that the input
plane is indeed affected significantly. However, as geen jscalar masses are universal and that the relic cosmological

. 1 . . . 2 -
Fig. 2(b), this effect of the radiative corrections vanishes indensity lies in the range 0<1),h°<0.3. The resulting
theAM,m, = plane, as expected from the small change in thPound on the lightest supersymmetric partitlSP) mass in
chargino composition. This suggests that a useful rule ofiS case was previously found to bg =40 GeV, with the
thumb may be to expect that the exclusion domain in thighinimum being achieved in a narrow range of 21an 43
particular plane may be insensitive to the radiative correc=3-0, as seen in Fig. 1 of Reff]. In this case, the lower

tions also in a complete experimental analysis using Refoound onm, was linked directly to the lower limim, -
[23]. =86 GeV from the LEP 172 GeV run and relied on the

Higgs boson mass constraint. Cosmology did not play a di-

rect role for this range of taf, though these constraints did

play an important indirect role in closing off loopholes for
We now review the lower limit om, derived previously special values of other MSSM parameters suclx asdmg

[6] using data from the LEP runs at energies up to 172 GeWhere the limit onm,- and hencem, could have been

IV. UPDATING LOWER LIMITS ON m, AND tan g
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M, =40 GeV at tree level is 88 GeV, which also applies tm,, for tanB=<2 in the

= 40 40 MSSM[19,20,3,4. The formulas we use to calculatg, are
= . 1. believed to have an uncertainty of about 2 Gd\2], so we
3 ] 3 ] allow MSSM parameter sets for which they vyiela,

=86 GeV at low tar3. The LEP lower limit falls to about 78
GeV for tanp=3, and we allow MSSM parameter sets for

B 38 which m,=76 GeV for such larger values of tgh These
''''''' Higgs boson limits strengthen the lower limit on, for
74— y——— tan 8=<2.6 for u<<0. Moreover, the strengthening of the LEP
500 0 500 0 500 1600 lower limit on m, =, combined with cosmology, and includ-

A m, ing the two-loop running of the gaugino masses as well as

the one-loop corrections to the chargino and neutralino

FIG. 3. Plots of the radiative correction to the lower limit on the masses, imply tham, =50 GeV for tang=2.8. Only in the
neutralino mass, in the case that-=85GeV; tang=2 andu  region 2.6stan8<2.8 for © <0 is there a narrow cleavage
=—140 GeV. The plots are obtained by varyirgs00 GeV<A;  wherem, =42 GeV is still possible. There is no correspond-
<500 GeV and 50 Ge¥ my=1000 GeV. The solid line in the sec- ing cleavage for.>0, where the previous lower boumd,
ond panel is for the fixed-point valug=2m,,. We see that the =50 GeV for tanB=2 remains essentially unchanged.
limit on m, is reduced by about 1 Ge\_/ if we assume this value of As we discussed above, for sufficiently low t@&none
A, and takem,=80 GeV, corresponding to the tree-level lower c5nnot satisfy simultaneously the Higgs mass constraint and
limit on m, . the requirement that,>12 Gyr. With the strengthening of

smaller, and provided stronger lower limits om, for both ~ the lower limit onm, from LEP 183, we now find that
lower and higher values of tgh tan 8=2.0 for <0 and tanB=1.65 for u>0. Because the

We turn first to the impact on this analysis of the radiativedependence of the Higgs mass on the top squark masses is

corrections discussed in the previous section. We display i@y logarithmic, these bounds on tgrare quite insensitive
Fig. 3 the radiatively corrected values of, for m, - to variations inA; or ty. These strengthened results make it
. M +

—85GeV, tan=2, and the representative valu)éu very difficult to regoncile our assumptio_ns of u_niversal_scalz_ar
=-140GeV, corresponding tan,=40 GeV at the tree masses and an |'nterest|ng'cosmo!oglcal re!|c density with
level. The ranges plotted are generated by varfipgndm, the low tang infrared fixed-point solution of the
over the ranges indicated in the two panels. We see that theifnormalization-group equations favored by some model
effect is in general to reduae, by ~1 to 2 GeV? If we fix builders[21].

A; to the fixed-point value discussed earlier, we obtain the

solid line shown in the second panel, and if we specify the

valuemy~80 GeV that corresponded to the minimum value V- IMPLICATIONS FOR HIGGSINO DARK MATTER

of m, in our previous analysis, we find a reductionnm by . : T
X . ) Although constrained supersymmetric models which im-
~1 GeV. We have investigated whether the roles of the LER, .o universality on all the soft scalar masses, including the

1.72.(.38\/ Higgs boson_ I|r_n|ts and Of. cosmology are altere iggs bosons, predict as a general feature that the lightest
significantly when radiative corrections are included, an eutralino is a gaugin24] as discussed above, it is well
found that this is not the case. We conclude that the SeNsizown that if the universality assumption is relaxed, the

tivity of the previous LEP 172 GeV lower limit om, was  |ighest supersymmetric particle can be a Higgsino over
around the 1 GeV Ievgl. o roughly half the parameter space as viewed on Nhg u

We now turn to the implications of the LEP 183 GeV dataplane[9] namely, wher| x| <M, as seen in Fig. 4, which
set. Again, for simplicity we restrict our attention to the Casedisplays ’contourS’ of higgsino a?\,d gaugino puritiés ,as well as
of ur_1ivers_al soft supersymmetry-breaking scalar masses, .ir}édiatively correctedn, contours. In this section \;ve study
cludlng'nggs Masses, |mplemgnt the cosmalogical denSIt\Whether it is still posgible, in light of radiative corrections
constraint and focus on the region 182 to 3, where we and the latest LEP data, for the lightest neutralino to be a

prewoysly found the Iower_ b_ound om, under these.as— Higgsino, even if one relaxes the scalar-mass-universality
sumptions. The LEP lower limit on the chargino mass is now,

>91 GeV ding to a strengthening of the->oorPHon.
m,==915€V, corresponding to a strengthening of € £q this hurpose, our working definition of a Higgsino is
lower limit on m, by ~3 GeV. Including the shift down-

- ; S that p2=yi2+ 5i2>0.81. In much of the Higgsino parameter
Kvgédfo\?vi?ﬁn?te\c/o?rueito tze rad'it'xg (csor\r/ec\;:/onﬁ, this d'r.easpace, it is possible to be even more definite. For small to
- responds to, = ev. \we have veri- oderateM,, the lightest supersymmetric particle is the
fied that the LEP Higgs boson searches and the cosmologlca. . - ' <0_7T0 =0
density constraint continue to exclude loopholes in this limit., '9gsino comb|nat|on_ defm_ed b~38°=ngos,8+H25|nﬁ,
The best limit on the Higgs boson of the standard model-&+ ¥=008B and é=sin B, with mg — u sin 28 [9]. Con-
tours of SO purity are displayed in Fig. 4 as dash-dotted
lines. On the other hand, for largé,, the lightest neutralino

. _ 0L T0y o
3We have verified that this shift is numerically insensitiveito 1S the stateH ;,=(1#V2)(H = Hy), i.e., =% y= = 1NV2 for
over a range larger than that of relevance to this analysis. sgnw)==1, with mglzﬂ|,u,| [25]. Contours ofH;, purity
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1000 100 ) 10 100 1000

FIG. 4. Contours of neutralino purity: 99, 97, atfdr u<<0) 75 %, and chargino and neutralino mas&asid lineg. The long-dashed
lines are contours of high bino purity, the dotted lines are contours of high photino purity, the dashed lines are contouts;oHiggsino
purity, and the dash-dotted lines are contours of tegtHiggsino purity. The radiative corrections to, are calculated for tag=2 and
my=100 GeV.

are shown as dashed lines in Fig. 4. The_crossover pOln:EEa,]r r;, wherer; is the relative abundance of particle
where the neutralino becomes more 5|m|Ia|1-tQZ than S° i, and we include all three nearly degenerate states. The fac-
depends oru and tang, but is typically atM, of a few  torsr; are in fact exponentially sensitive to the mass differ-
hundred GeM[25], as seen in Fig. 4. The” interacts much ences between the states. These mass differences are in turn
as a neutrino, i.e., it annihilates and scatters elastically’via sensitive to the radiative corrections to the neutralino and
exchange, with a coupling reduced by @B. On the other  chargino masses, with potentially significant implications for
hand, a “pure” H,, state never annihilates or scattersthe relic density, as pointed out in R¢18].
through theZ, since the couplingz—52—>0. Because of its As a first approximation, the relic densities calculated
similarity to a heavy neutrino, th8” may have an interesting with and without radiative corrections are rather similar for
relic density, withQXh2 determined mainly by its mass and similar values ofAM. Deep in the Higgsino region at very
tan 8. However, this same property makes it ideal for explo-largeM,, the mass difference between the LSP and chargino
ration by LEP. For example, for tg8=2, a S° state with is very small, and coannihilations are very important in
99% purity exists only foju|<25 GeV, and from Figs. 1 greatly reducing the relic density to uninteresting levels. In
and 4 one can see that the region in th®1, plane for such this limit, the small value ofAM also makes this region
a pure state is explored by LEP, as discussed below in mori@accessible to LEP analysis. As one decredégsthe mass
detail. In contrast, théd;, has been very difficult to find or difference increases and co-annihilation becomes less impor-
exclude. There are in principle two regions in theM,  tant, thus increasing the relic density and the Higgsino’s cos-
plane whereH,, can provide an interesting relic density. For mological significance, while at the same time making this
largeM,, they correspond tfu| <M,y but with m, = above region readily accessible to LEP particle searches.
the LEP limit, and|u|=1 TeV [25]. The intermediate-mass ~ In Fig. 5 we display contours of constant chargino mass
Higgsino states are not of cosmological interest, because @fi,==91 GeV, m,+m,, =182 GeV, Higgs mass,, and
their rapld annihilations t&V andZ palrs We have little to H|ggs|n0 punty, a|0ng with a contour of Constam h2
add concerning the very hea\}ylz states, but the lighter =0.1, for the choice ta=2.0 which is of interest for the
Higgsinos lie directly in the region where the current LEPsubsequent discussion. Since the universal scalar mass con-
runs are eating away at the parameter plane, as we now distraint must be relaxed for Higgsino dark matter, we have
Cuss. _ chosenm,=my=1 TeV so as to maximize the Higgs mass
In the region where the lightest neutralino Hk,, this  and hence minimize the impact of this constraint.
state is nearly degenerate with the associated chargino state, We see that the dashed lines in Fig. 5 representing the
and in some cases with the second-lightest neutraglipo  chargino and associated neutralino mass contours bound one
Therefore, computation of the relic abundance must themway from smally|, while the Higgs mass limit bounds one
take into account the coannihilation with these degenerataway from smallM,. This is particularly restrictive at low
partners[26,27]. The relic abundance is determined in thistanB, where the tree-level Higgs mass is small, and thus
case by a Boltzmann equation in which the annihilation crossvhere radiative corrections tm, must be enhanced by tak-
section is generalized to include coannihilation termg  ing large top squark masses. The solid contour contains the
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300 T T T T e T
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100
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FIG. 5. Survey of experimental and cosmological constraints inulv, plane, focusing on Higgsino dark matter for {@m2 and(a)
#<0 and(b) u>0. We plot the radiatively corrected contours fog-=91 GeV, form, + my,= 182 GeV, for selected values ofy, and

the Higgsino purityp, and forQXhzzo.l. The shaded regions yield a Higgsino which satisfies the mass and relic density constraints

described in the text.

region which leads to a significant neutralino relic densityparable area to those in Fig. 6 for whicmeh2>0.1, and
QXhZB 0.1, and its limited range iM, is a result of coan- these regions extend over a range in gafinom 1.6 to about
nihilations. For larger values dfl ,, the neutralino is a purer 25. Similarly, regions considerably smaller than those in Fig.
Higgsino, and the masses of both the lightest chargino anél appear foru<0 at tang>10 and persist up to ta8 of

the next-to-lightest neutralino approach the neutralino masabout 45. At large taB, A can vary somewhat from the
from above, enhancing the effect of coannihilations that degquasifixed point, and as the Higgs boson mass is consider-
plete the relic Higgsino abundance. For larger valuegf  ably larger than the current experimental bound, one has the
the relic density is suppressed by annihilations Mtgairs.  freedom to play withm, to find regions of IargetQXhz.

The hashed contours in Fig(eh represent Higgsino purities. However, these regions remain very small, regardles; of

Note the limited range ofx for which the mass and relic andm,.

density constraints are satisfied. In Fighbwe show the We have taken a large value of,, namely, 1 TeV, for
equivalent plot foru>0; in this case the Higgsino purities which the large top squark masses produce large radiative

are lower, and the entire dark matter region falls below the

purity cutoff. 300
The combined effects of the above constraints, corre-

sponding to the shaded regions of Fig. 5, are displayed for

different values of tag8 in Fig. 6. We have again taken,

=m,=1 TeV to minimize the effects of the Higgs boson and

chargino mass constraints. We find that there are no consis- 2501

tent Higgsino dark matter candidates for {8=1.8 or=2.5 ~

for u<O0, or for any value of tag for u>0. The Higgs =

boson mass constraint cuts off the bottom of the allowed

regions at low tag. Whenu <0 it becomes a relevant con-

straint for tan3<<2.0 and is responsible for the complete dis-

appearance of the allowed region when gx®1.8. Within

the allowed regions displayed, the relic densities generally

increase a$u| is increased, until the neutralino mass, whose

minimum value here is-71 GeV, becomes greater tham,,

200

150
at which point thew*W™~ annihilation channel opens, driv-

ing the relic,h? below 0.1. In any event,h? is never
greater than 0.12 anywhere in the allowed regions sgor

T T T T T
-90 -80 -70

<0. FIG. 6. The regions of the,,M, plane allowed by the con-

If one considers neutralinos which have a lower Higgsinostraints shown in the previous figure are shown for several different
purity, i.e., are more mixed states, then additional allowed/alues of tand. There are no consistent choices of Higgsino param-
regions appear. For example, if the purity condition is re-eters for tan3<1.8 or>2.5 for <0, or for any value of tag for

laxed top?>0.75, then foru>0 there are regions of com- u>0.
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1000

100 T
-1000 -100

u

FIG. 7. Larger regions of the.,M, plane for tan3=2 and (a) u<0, (b) ©>0, with the radiatively corrected contours faor =
=100 GeV andm,=100 GeV, three choices of the Higgsino purity, and m;h2=o.1,o.3 contours fomy=100 GeV andin (a)] 1000
GeV (dashed lines We see that the allowed regions for gaugino dark matter are very much larger than those for Higgsino dark matter shown
in Fig. 5. The small dark shaded region(lp) yields a top squark with a negative mass squared.

corrections tom,,. On the other hand, we have chosen aproduction bounds tend to be more restrictive for lowgy,
value of m; 2 GeV below the current central value, and aunless one tunesy, so that it lies close to the chargino mass,
larger top quark mass would increase the radiative corredh such a way that the production cross section is reduced by
tions. However, this is important only for the low values of ¥ exchange and the experimental efficiency for the chargino
tanB discussed above, where the Higgs mass constraint search is reduced. This might weaken the chargino con-
important. On the other hand, if tghis too small, a larger straint, but the associated neutralino constraint is actually
top quark mass will lead to a Landau pole in the evolution ofstrengthened by positive interference franexchange. We
\.. Because of this natural ceiling on the top quark mass aalso recall that théthZ contours themselves are quite in-
a function of tang, one cannot find any acceptable region for sensitive to the choice afiy in the deep Higgsino region, so
tan 8<1.7 for ©<0, even pushing the top Yukawa quark to there is no great net change in the boundaries of the allowed
its perturbative maximum. Fqu>0, we have already taken Higgsino regions in Figs. 5 and 6. On the other hand, as we
m; as large as possible, hence the allowed range ofstan discuss below, in regions where the gaugino admixture is
cannot be extended to lower t@nn this way. greater than in Figs. 5 and 6, lowering, decreases the relic
Our allowed Higgsino regions shown in Figs. 5 and 6 aredensity further as annihilations into fermions via sfermion
somewhat smaller than those depicted in RE8], where the  exchange get enhanced. Last, as discussed above, the value
Higgsino region for negativeu extends up toM, of A,(m,) is quite insensitive to the choice & .*
~400 GeV and down tqu~—60 GeV for Qh?>0.1. An The areasA of the allowed Higgsino regions are never
important difference in our analysis is the strengthening otvery large: calculating them using the logarithmic measure
the LEP bounds, not only on the chargino méssabout 91  (du/u)(dM,/M,), we find that their maxima are reached
GeV), but on the associated production of Higgsings  for tanB8~2 for both u<0 and >0, with A4,,,~=0.020,
m,+ My~ 182 GeV, as seen in Fig)5This alone cuts out 0.006, respectively. Furthermore, the residgal rggionpfor
about2 of the Higgsino region of Ref18]. In addition, we <0 could be explored by a search sensitive eithemip
have set the value oA, to its infrared quasifixed poin, ~ ~100GeV orm,+m, <200 GeV, as anticipated if the
~2my;,~2mg/3 [21] for the reasons discussed above,LEP energy is eventually increased to 200 GeV, anduthe
whereas a larger valui,=1 TeV was chosen in Ref18]. >0 region could be explored by a search fan, -
Our choice ofA; limits ab initio the size of the radiative
corrections which could remove the degeneracy between the
H.ig_gsi_no and chargino §tates. Thu§, in_our analysis the CoaN-4e have checked what happens if we relax the gaugino mass
nihilation of these particles remains important abd¥e  pfication constraint and takiel, =M [28]. We find that the al-
=250 GeV, in contrast to Ref18]. lowed regions are somewhat smaller than in the unified case for
The corrections to the chargino and neutralino masses arg<o and disappear entirely for>0. The latter results from a
positive in the regime studied, and also increase with th@ombination of larger neutralino masses—so thgt>m,, in a
sfermion masses, although the corrections are much smallgreater region, and closgr™— ¥ mass degeneracy—leading to a
than form,. Thus the chargino and associated neutralinchigher coannihilation rate.
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<100 GeV? To put these numbers in perspective, one mightightest neutralino mass by about 1 GeV compared to what
wish to compare them with the logarithmic area of the fullwould be inferred from a tree-level analysis. .
.M, plane for values of these parameters between 100 and We have also updated our previous a_ne}IyS|s of constraints
1000 GeV, namelyA~5. Alternatively, one might wish to from LEP and cosmology to include preliminary results from

compare with the logarithmic area of the parts of this pland!€ latest LEP run at 183 GeV. Assuming scalar-mass uni-

where gaugino dark matter is still viable. This can be visu-VgrSEiliE/Z' tge\s)revi(c)jut?] lower limit (I)mx is QOW ijncreased to
alized in Fig. 7, where we display the regions where 0.1800u eV, and the previous lower bounds onjaare

$Qxh2$0.3 for my=100 GeV (solid contours and m, increased to about 2.0 far<<0 and 1.65 forw>0, making

L life difficult for infrared fixed-point models.
=1000 GeV[dashed contours in Fig(d]. Here we choose L ) - L
ma=3000 GeV to avoid the annihilation pole associated We have also studied in detail the viability of Higgsino

with the heavy Higgs boson, but the other parameter valuegark matter in light of the latest LEP constraints, relaxing the

are as in Fig. 5. In the region with high gaugino purity and;gﬁlsar-rlgasz;]urg;/g;%l;tly r;zsugpggnt'hgh&Iraai'g;“s/ﬁ aicntigeocr;
low Higgsino content, annihilation is predominantly through pay '

: . ; . charginos, associated neutralino production, and Higgs
sfermion exchange into fermion pairs. Fog= 1000 GeV, : : - L
annihilation through this channel is effectively shut off, Iead_bosons. We find that, =71 GeV in the remaining Higgsino

ing to the very small allowed region demarcated by the c91on: that foru<0 there is only a very limited range of

I S ~ tang over which Higgsino dark matter is viable at all, and
dashed contours in Fig(®. Formo=100 GeV, the cosmo- - ine area of the the,M , plane within which it is viable

logically preferred region is significant. It is clear that the is alwavs verv restricted. This is particularly evident when
gaugino area is much larger than the remnant Higgsino are{in ays Very restricted. part Y €evie
e Higgsino region is compared with the region of the

indicating that this is a much more generic possibility. In- M. plane over which gaudine dark matter is viable
deed, the logarithmic area for gaugino dark mattedtis2 "2 P , ‘gaug . '
Finally, we review briefly the prospectives for further ex-

Iﬁgg?:;’;??ﬁ g:,:/ ?hznrdegizgﬁiﬁ’ ngg :\goi (;)rzcsiers of magni'ploration of neutralino dark matter with higher-energy runs
g 99 9 ' of LEP. We have already observed that prospective improve-
ments in the sensitivity to MSSM Higgs bosons, charginos,
VI. CONCLUSIONS and other supersymmetric particles should enable the com-
) ) ) _plete investigation of neutralino dark matter up-t60 GeV,
~ The main purpose of this paper has been to include radig¢ yniversal input scalar masses and an interesting cosmo-
tive corrections to chargino and neutralino masses for theygical relic density are assumed. Additionally, the analysis
first time in a phenomenological analysis of the LEP datacf this paper indicates that the future higher-energy LEP runs
This analysis has been based on an implement4i8hof  should also provide closure on the possibility of Higgsino
the analytical results published previously in one of thegark matter, by telling us whether the lighter chargino or the

codes developed for LEP data analysis. This implementatiofghtest MSSM Higgs boson weighs less than 100 GeV.
makes it possible for radiative corrections to be taken into

account in experimental analyses. In our first application of

the radiatively corrected cod@3], we have found that ra- ACKNOWLEDGMENTS
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