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We calculate dark matter scattering rates in the minimal supersymmetric extension of the standard model
(MSSM), allowing the soft supersymmetry-breaking masses of the Higgs multipbgts, to be nonuniversal
(NUHM). Compared with the constrained MSSKIMSSM) in which m, , are required to be equal to the soft
supersymmetry-breaking massag of the squark and slepton masses, we find that the elastic scattering cross
sections may be up to two orders of magnitude larger than values in the CMSSM for similar lightest super-
symmetric particle masses. We find the following preferred ranges for the spin-independent cross section,
10 ® pb=0g=10 1 pb, and, for the spin-dependent cross section b= o 5p, with the lower bound on
o dependent on using the putative constraint from the muon anomalous magnetic moment. We stress the
importance of incorporating accelerator and dark matter constraints in restricting the NUHM parameter space,
and also of requiring that no undesirable vacuum appear below the grand unified (B&dFy scale. In
particular, values of the spin-independent cross section another order of magnitude larger would appear to be
allowed, for small tarB, if the GUT vacuum stability requirement were relaxed, and much lower cross-section
values would be permitted if the muon anomalous magnetic moment constraint were dropped.
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I. INTRODUCTION supersymmetry-breaking gaugino masg,, which is as-
sumed to be universal, the trilinear supersymmetry-breaking

There have been many previous studies of the elastic scaparameters, that we set to zero at the GUT scale in this
tering rates of supersymmetric relic particles on matter irpaper, and the ratio tg® of Higgs vacuum expectation val-
the minimal supersymmetric extension of the standardies. In the NUHM[13-17, there are two additional free
model (MSSM) [1-8], assuming conservation of parameters, the two soft Higgs boson masses or equivalently
R=(—1)%8*%25 whereB is the baryon numbet, the lep-  the Higgs superpotential coupling and the pseudoscalar
ton number andthe spin, so that the lightest supersymmet-Higgs boson mass,. These would be fixed by the elec-
ric particle (LSP) is absolutely stable. As in most previous troweak symmetry-breaking vacuum conditions in the
studies, we assume this to be the lightest neutrgfifi®]. In  CMSSM, up to a sign ambiguity ip, in terms of the other
this paper, we refine and extend previous calculatise®, parameters ry,my,Aq,tanB). We use the parameters
for example,[2,4,8)) of the elastic scattering rates when the (mg,m,,,, u,my ,Ay,tanB) to parametrize the more general
input soft supersymmetry-breaking scalar masses for thRIUHM.
Higgs multiplets are allowed to be nonuniversal at the input As we have pointed out previouslyl6,17], this six-
grand unified theoryGUT) scale, the nonuniversal Higgs dimensional NUHM parameter space is significantly re-
model (NUHM). stricted by the requirement that no undesirable vacuum ap-

As we discuss later in more detail, it is important to im- pears when one uses the renormalization-group equations to
pose the constraints due to accelerator experiments, includun the soft supersymmetry-breaking parameters between the
ing searches at the CERBI'e™ collider LEP,b—sy and input GUT scale and the electroweak scale. This requirement
(optionally) the muon anomalous magnetic momegt,  constrains the nonuniversalities of the Higgs boson masses:
—2. We assume also that most of the cold dark matter isn,=sgn(m?)|m;/m|: i=1,2, which in turn restricts the
composed of LSPs, with relic density 61),h*<0.3,  range of elastic scattering cross sections that wefind.
while being aware that the lower part of this range currently The allowed regions in the {,m,), (x,M,) and
appears the most plausiti0]. In particular, including the  (m,,,,my) planes for certain discrete values of the other
recent Wilkinson Microwave Anistropy Prolf&/MAP) data ~ NUHM parameters have been described[17]. Our first
[11] (which appeared after submission of this papéihe  step in this paper is to provide contours of the elastic scat-

range 0.094.(2, <0.129 is preferredthough sed¢12] for a  tering cross sections in selected planes, providing a first
skeptical discussionand we comment later on the implica-

tions of restricting attention to this narrower band(b;hz.

In the constrained MSSNCMSSM), in which all the soft  IThis extended stability requirement would also exclude nonuni-
supersymmetry-breaklng scalar mas!slgare assumed to be versalities for the input squark and slepton masses that allowed their
universal, including those for the Higgs doubléis,, the  physical values to be similar, an assumption that might lead to
underlying parameters may be taken ag, the soft much larger elastic scattering cross sections than we find here.
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comparison with the CMSSM points that appear in these The electroweak vacuum conditions may be written in the
planes. Secondly, we display the ranges of elastic scatterinfgrm:

cross sections that are allowed in these planes, as functions 5 5 5 5

of the LSP mass. In general, we find that the spin- MA(Q)=mi(Q)+m3(Q)+2u (Q)+AA(Q) (D)
independent elastic scattering cross sections may be up to

two orders of magnitude larger than values in the CMSSM

for similar LSP masses, and another order of magnitude 1

larger if the GUT vacuum stability requirement is relaxed. m2—m3 tarf B+ = m2(1— tar? ,3)+AE})

Thirdly, we display ranges of the elastic scattering cross sec- 2_ 2 @)
tions as functions of the LSP mass for all allowed values of m tart B— 1+Aﬁf) '

the other NUHM parameters. Our improvements over previ-

ous work include an up to date implementation of the phewhereA, and AE}'z) are loop correction§18—-21 andm, ,
nomenological constraints as well as a more conservative=m; ,(m;). We incorporate the known radiative corrections
approach to the GUT stability constraint, as described if19,22,23 ¢,, ¢, and c, relating the values of the NUHM

more detail below. parameters af to their values am, :
We review the NUHM in Sec. Il, including the experi-
mental and phenomenological constraints on its parameter mi(Q)=m§+cl
space. Then, in Sec. Ill, we summarize our treatment of the
elastic scattering matrix elements and display contours of the mg(Q) = m§+ (o
cross sections in various planar projections of the NUHM
parameter space. Section IV presents and discusses the w2(Q)=pu’+ C,- (©)]
ranges of the cross sections attainable in the NUHM. Finally,
Sec. V draws some conclusions from our analysis. Solving form§ andm3, one has

mi(1+ tar? B)=m3(Q) tar? f— u?( tarf f+1-A)

Il. THE NUHM AND CONSTRAINTS ON ITS PARAMETER (it Gyt 26, A B— A n(Q)tart
SPACE .
1
We assume that the soft supersymmetry-breaking param- - Em%(l—tar?ﬁ)—AE}) (4)

eters are specified at some large input sdéle such as the

supergravity or grand unification scale. Motivated by restric- nd

tions on flavor-changing neutral interactions, we assume thzﬁ

squarks and sleptons with the same standard model quantum m2(1+ tarf B)=m2(Q) — u2( tar? f+1+A?)
numbers have universal soft supersymmetry-breaking scalar "

masses at this input scale. With the weaker justification pro- 1,
vided by some GUTs, we further assume universality be- —(Crtcat2¢,)—An(Q) + 5mz(1
tween the soft scalar masses of squarks and sleptons. How-

ever, in the NUHM studied here, we allow the soft —tartB)+AY) (5)

supersymmetry-breaking scalar contributions to the masses _ _

of the Higgs supermultiplets &y to be free nonuniversal Whlch_ we use to perform_ our numerical calculf_;ltlpns. These
parameters. Their running froly down to low energies quanties are necessary since here we are specifying boundary
relatesm?(My) andm2(My) to the Higgs boson supermul- qondltlons foru andm, at the weak scale. From these rela-
tiplet mixing parametep. and the pseudoscalar Higgs bosontions, the values ofn; are run back up to the GUT scale
massm, . Therefore, we use as free paramete(sn,)=,  Where the remaining universal masses are reset. The process
andma(Q)=my, whereQE(m;Rth)l’z, in addition to the continues iteratively until convergence.

parameters (Mo(My),my(My),Ag,tanB) used in the It can be_ seen from Eqs4) z;nd (5) thag, if m, is too
CMSSM?2 small or u is too large, therm{ and/or m; can become

We note that, in several previous stud[@14], nonuni-  negative and Zlarge. This could lead M(MXHEZ(MX)
versalities have been parametrized by deviation parameters,0 and/or my(My) +x*(My) <0, thus triggering elec-
5;, defined bym?=(1+ &)mZ. In a previous papd.6], the troweak symmetry breaking at the GUT scale. The require-
relation between the mass ratios,{8), and x andm,  ment that electroweak symmetry breaking occurs far below
were given when other supersymmetric parameters are fixehe GUT scale forces us to impose the conditianiM )
Here we have chosen the more physical low energy paramt #%(My),m5(Mx) +u?(Myx)>0 as extra constraints,
eters as inputs rather than the. which we call the GUT stability constraifitNote that this

constraint isnot equivalent to the constraint thaf>—1 as
is frequently imposed by othef8,14]. The &, here can be
2In this paper, we use the inpA,=0 for definiteness, noting that
the range of effective low-energy valuesAfafter renormalization
below the GUT scale, is quite limited. SFor a different point of view, however, s¢24].
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large and negative so long as the above conditions are satisw, sp was documented ifB,4], together with the ranges of
fied. In this sense our constraint represents a justifiable resalues of the hadronic matrix elements that we use. The
laxation of the constraint and thus an enlargement of theross sections for protons and neutrons are similar within the
allowable parameter space. We have discussgtifhissues  quoted uncertainties in these matrix elements. There are
related to the NUHM renormalization group equationsother codes availablg84] that include additional contribu-
(RGE's) and their solutions. _ tions to the scattering matrix elements, but a comparisdn
We assume thaR parity is conserved, so that the LSP is showed that the improvements were not essential for the

stable and is present in the Universe today as a relic from the\yssm. and we believe they may also be neglected for our
Big Bang. Searches for anomalous heavy isotopes tell us th Bmpariéons of the NUHM.

the dark matter should be weakly interacting and neutral, an In [17], we analyzed NUHM dark matter in two way)

therefore eliminate all but the neutralino and the sneutrinos. . - . .
as possible LSPs. LEP and direct dark-matter searches tﬁg(lng tan=10 andu>0, but choosing different values of

gether exclude a sneutrino L$P5], at least if the majority  ~ andmA, rather than assuming Fhe CMSSM values, &nd
of the CDM is the LSP. Thus we require in our analysis that/a¥ing tang for representative fixed values pf andm.
the lightest neutralino be the LSP. We include in our analysig/\/e presented in(17] three types of slices through the
all relevant coannihilation processes involving this LSP andVUHM parameter space, alongng;;,mo) planes, fu,my)
sparticles that may become near-degenerate in various rélanes and4,M;) planes. The latter is chosen instead of the
gions of the NUHM parameter space. We restrict our atten{x, M) plane, since there historically low energy super-
tion to regions of the NUHM parameter space where 0.1Symmetry has often been projected onto this plane.
<QXh2< 0.3. In this paper, we concentrate first on a few specific ex-
We impose in our analysis the constraints provided byamples of these slices, presenting later more general results.
direct sparticle searches at LEP, including that on the lightestVe choose two representative examples each of the
charginoy™: m,==103.5 GeV[26], and that on the selec- (my,,,mp) planes, f,m,) planes and &,M,) planes shown

tron e: my=99 GeV [27]. Another important constraint is previously. As we discuss later in more detail, the depen-
provided by the LEP lower limit on the Higgs boson mass:dences of the cross sections on faare weaker than those
my>114.4 GeV[28] in the standard modé&|The lightest on some other parameters, so we concentrate on planes for
Higgs bosonh in the general MSSM must obey a similar tan3=10. The examples we choose are thajf,mg)

limit, which may in principle be relaxed for larger t#  planes for w=400 GeV,m,=400GeV and u
However, as we discussed in our previous analysis of the=700 GeV,m,=700 GeV, corresponding to Figs(a and
NUHM [16], the relaxation in the LEP limit is not relevantin (d) of [17], the («,m,) planes for my=100 GeV,m,

the regions of MSSM parameter space of interest to us. We-300 Gev and m,=300 GeV,m,,,=300 GeV, corre-
recall thatm,, is sensitive to sparticle masses, particularlysponding to Figs. @) and(c) of [17], and the f,M,) planes

m;, via loop correctiong 29,30, implying that the LEP ¢, mo= 100 GeV,m,=300 GeV andm,=2300 GeV,m,

Higgs limit constrains the NUHM parameters. We also im—:500 GeV. corresponding to Fias(a and (c) of [17
pose the constraint imposed by measurement$-ofsy ' P g gsteB (¢) of [17].

[31], as discussed ifl7].

We take an agnostic attitude towards the latest value of A. Examples of (my,,m,) planes
the anomalous magnetic moment of the muon repdrdad We display in Fig. 1 contours offa,b the spin-
by the BNL E821 experiment. The world average &f  jndependent andc,d) the spin-dependent elastic scattering
=1(g,—2) now deviates by (33711.2)x 10" *° from the - :

29y S by . cross sections, in the cases @110, and (a,0 u
standard model calculation §83] usinge*e™ data, and by =400 GeV andm,=400 GeV, andb,d) x=700 GeV and

(9.4=10.5)x 10 1% from the standard model calculation of _ - -
[33] based onr decay data. On some of the subsequent plots',nnA 700 Gev. We assume here and in the subsequent fig

we display the formal 2o range 11.%10 < ga ures thatAy=0, m=175 GeV andm,(m,)&y=4.25 GeV.
<56.1x 10 10 However. in view of the checkered histo#y of Here and elsewhere, the thickest contours denote decades in

the theoretical standard model calculationsagt we do not the cross-section values in pb, labeled by their exponents.

impose this as an absolute constraint on the supersymmetridie medium and thinnest lines are intermediate contours in
parameter space. the cross-section values, namely 2and 5xX decades, as

The results of applying the above constraints to varioudabeled. _ _
two-dimensional projections of the NUHM parameter space We notice immediately that the cross-section contours are

were described ifil7]. nearly vertical at largen,,,, reflecting the fact that they be-
come almost independent of, in the NUHM. We also no-
lll. CONTOURS OF THE CROSS SECTIONS tice that, within the GUT stability rangénside the black
FOR ELASTIC SCATTERING dot-dashed curvésthe cross sectiongicreasewith my,.

The code we use to calculate the spin-independenthis is because the LSP becomes more Higgsino-likegs
and -dependent elastic dark matter scattering cross sectioitcreases. However, the cross sections do decrease again for
very largemy,, beyond the GUT stability limit as the low

energy scalar masses increase with, as does the light
“In view of the theoretical uncertainty in calculating,, we apply ~ Higgs boson masghough slowly.
this bound with just three significant digits, i.e., our figures use the The GUT stability —requirement imposesm,,
constraintm,> 114 GeV. =600(1100) GeV in panel@,g and(b,d), respectively. Be-
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FIG. 1. Contours ofa,b the spin-independent ar(d,d) the spin-dependent cross sectigaslid black line$ are superimposed on the
NUHM (m,;,,m,) planes for tapB=10 and(a,0 x=400 GeV andm,=400 GeV, and(b,d x=700 GeV andm,=700 GeV. The
near-vertical dot-dashed lines are the contomgs=114 GeV, and the near-vertical dashed lines at lowgy, are the contoursn, -
=103.5 GeV. The dark shaded region is excluded because a charged particle is lighter than the neutralino, and the darker shaded region is
excluded because the LSP is a sneutrino. The light shaded areas are the cosmologically preferred regionssw;'(m?ﬁ.ms in panels
(a,b and 0.094£QXh2s0.129 in panelgc,d). The dark dot-dashed lines indicate the GUT stability constraint. There are two such lines for
each panel and only the areas in between are allowed by this constraint.

cause of the increases in the cross sections wigh, there  tours we are highlighting here. For the case with
are in turnupper boundson the cross sections, that would =400 GeV andn,=400 GeV, theg,—2 constraint places
not be respected if GUT stability were disregarded. Becausan upper limit onm,;, of about 400 GeV and for the case
the g,—2 constraint would provide even stronger upperwith =700 GeV andm,=700 GeV, the limit ism,,
bounds ormmy,, it would also impose stronger upper bounds <450 GeV.

on the cross sections. In Figs. 1-3, we have left offdhe In panels(a,b), we display the regions of the planes where
—2 contours to avoid confusion with the cross section con0.1<QXh2<0.3, whereas in panelg,d) we restrict to the
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tan $ =10, my;, =300, m, =100 tan B =10, my;; =300, m, =300
T ‘ T L T T ¥ T . T T
> >
%} L
S S
< <
g £
N
-2000 -1000 0 1000 2000 -2000 2000
(a) u (Gev) (b) U (GeV)
tan ﬁ =10, myp = 300, my= 300
1000 - T I T T
1 i i ; :
E 900 i il E
1 ; Sl -6
- i R % : x
% - > ! St | R
2 ] L 700 i il ]
< = S o EEE L g
< ; < 600 i Al 3
E i E 3 1 i :
' i UL+
! 500 i ! : &
| {1 | il
| ol il -
i 1 ol
i 300 ! AU 3
: 2004 ‘ 4 3
: 100 . ALk —
-2000 -1000 0 1000 2000 -2000 -1000 0 1000 2000
© 1 (GeV) () 1 (GeV)

FIG. 2. Contours ofa,b the spin-independent ar(d,d) the spin-dependent cross sectigaslid black line$ are superimposed on the
NUHM (u,m,) planes for targ= 10, (a,0 my=100 GeV andm,,=300 GeV,(b,d my=300 GeV andn,,,=300 GeV. The shadings and
line styles are the same as in Fig. 1. In particular, the light shaded areas are the cosmologically preferred regionsﬂ/piﬁ&ms in
panels(a,b and O.OQAEQXthO.lZQ in panels$c,d). Here, we see in addition the constraint frewa:sy. The excluded region is medium
shaded. The crosses denote the CMSSM points for these choicgsafdm,,.

range 0.094:QXh2<O.129 favored when the WMAP data B. Examples of (1, m,) planes

are included 11]. Comparing the cross-section contours and We display in Fig. 2 contours of(a,) the spin-
the cosmological ranges in the two sets of panels, we see thafdependent andc,d) the spin-dependent elastic scattering
the allowed ranges of the cross sections are almost ureross sections, in the cases @110, and (a,0 mg
changed when the WMAP data are included in this analysis= 100 GeV andm;;,=300 GeV, (b,d my=300 GeV and

As already remarked, the cross sections themselves do not;;,= 300 GeV. We see that there are large suppressions in
vary greatly with tarB, but the interplay of the other con- the spin-independent cross section for—100 GeV and
straints is rather ta-dependent. In particular, at large gn  m,=500 GeV, reflecting a cancellation in the matrix ele-
the g, —2 constraint would not reduce significantly the up- ment. Apart from this, the cross sections generally decrease
per bounds on the cross sections. with increasind | and(to a lesser exteptn, . In this sense,
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FIG. 3. Contourga,b of the spin-independent arid,d) spin-dependent cross sectigsslid black lineg are superimposed on the NUHM
(x,M>) planes for tarB= 10, (a,0 my=100 GeV andn,=500 GeV,(b,d my=300 GeV andn,=500 GeV. The shadings and line styles
are the same as in Fig. 2, the light shaded areas being the cosmologically preferred regions&mﬂ}rﬁﬁxos in panels(a,b and
0.094SQXh2s0.129 in panelgc,d), and the crosses denote the CMSSM points for these choiamg ahdmj .

the lower bounds ohw| andm, set an upper bound on the hand, in the NUHM case considered here, low-energy sfer-
cross section in the allowed region. mion masses are affected by the splitting between the soft
In the CMSSM, cancellations which drive the cross sec-supersymmetry-breaking Higgs boson masses at the GUT
tion to extremely small values occur only in the spin- scale,S=gf(mf—m§)/4. When S#0, the up squarks get
independent case, and only fax<0. In the NUHM model, somewhat heavier and the down squarks somewhat lighter as
however, we find that there is a new source for a cancellatio increasegsee[17] for details on the effects o in the
which affects the spin-dependent cross section for either sigrenormalization-group equation®pening up the possibility
of w. The reason this occurs is as follows. In the CMSSM,of a cancellation between the contributions. In Fi¢c,®,
the spin-dependent cross section is dominated by the ughe cancellation occurs between the two i(®b contours
squark exchange term and, despite the difference in the relaery close to, but outside the GUT stability curve. The GUT
tive signs of the up-type and down-type contributions, thestability requirement, that boundig|=<700 GeV in the fig-
total cross section remains reasonably large. On the othemes displayed, therefore providesver boundson the spin-
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dependent cross sections. These are somewhat lower than tersed a cancellation in the scattering matrix element of the
values found at the CMSSM points indicated by crosses irtype described in the previous subsection. Once again, the
Fig. 2° The same cannot be said for the spin-independentancellation is found between the 10pb contours just out-
cross-sections, because the very small cross sections duesigle the GUT stability curve.

cancellations occur within the GUT stability region, except  For the values of parameters chosen in Fia,3, we
when one applies thg,—2 constraint, which excludes the obtain a spin-independent cross sectiog,=2x 107_9 pb
<0 region. The interplay of the other constraints is more2nd a spin-dependent cross sectingh=3x 10 ° pb in the
complicated: as usual<0 is disfavored by them,, b CMSSM(cf. Fhe position of the crosses in the figurds _the
—»sy andg,— 2 constraints. The upshot far>0 is that the NUHM, we find that the range of possible cross sections for

; ; - 11 -8
cross sections are bounded above bym}(«hz constraint, so this case is 2510 = pb<og=9x10""pb and

1.5x 10 ° pb<ogp=2%x10 3 pb. For the parameters in
that they cannot be much more than a factor-dfO greater . SD . s
than the CMSSM values. Fig. 2(b,d), the CMSSM spin-independent cross section is

P =3x%10"? pb, while the spin-dependent cross section is
For the values of parameters chosen in Fia,@ we 7SI~ °7 - ' ; :
obtain a spin-independent cross-sectionogf=2.6x 10~° osp=10" pb. Note, however, th"’!‘ this CMSSM point
pb and a spin-dependent cross-sectionrg§=5.4x 10~ pb would be excluded due to a excessive value@dr*(=1).
in the CMSSM for x>0 (cf. the position of the crosses in In the NUHM, this parameter choice is allowed and gives the

13 —8 —9
the figures. In the NUHM, we find that the range of possible 'n9¢ 10 pPb=og=2x10"" pb and 9<107" pb=osp

: : : - <2x10 “ pb for the elastic cross sections.
cross sections(for this casg¢ is 3x10 °pb<og=3 = g : .
%108 pb and 3<10 8 pb<oep=1.6<10“ pb when all As in Figs. 1 and 2, the light shaded areas in pafesly

2 .
constraints other thag,—2 are included. For the param- have 0.5Q,h"<0.3 in panels(a,y and the range 0.094

2 .
eters in Fig. 2b,d), we find the CMSSM spin-independent ngh <0.129 preferred vyhen WMAP dqta are included
cross sectionrg,=1.9x10"° pb, while the spin-dependent [11] in panels(c,d. Also as in the previous figures, compar-

cross section is relatively unchanged. Note, however, thaf'9 the cross-section contours and the cosmological regions,
we see very little change in the allowed ranges of the cross

gglsugc\grsgm(rflln)t Vlvnotjrlg KIeLJa)I(\jlutlc’j]ieSdpil::rT:Zt:P Ci)g;'sssi’lsvesections when WMAP is included. For this reason, the plots
allowed and gives ihe rangel?)pt;s s <8% 108 pb and in the2 following sections allow for the full range 0.1
9x10°° pb<ogp=2%x10* pb for the elastic cross sec- <Q,h°<03.

tions. In this case, there is essentially no “bulk” cosmologi-
cal region, and the spread inis due to the region where the IV. ALLOWED RANGES OF ELASTIC CROSS SECTIONS

relic density is due to the heavy Higgschannel exchange,  Eollowing our discussion in the previous section of some
allowing for a larger range in. important features in a few examples of parameter planes in
As in Fig. 1, the light shaded areas have 9Q,h*  the NUHM, we now display the ranges of elastic scattering
<0.3 in panelga,b and the range O-O%Q){hzgo-lm pre-  cross sections permitted by various theoretical and experi-
ferred when WMAP data are includddl] in panels(c,d.  mental constraints. We start with the specific NUHM param-
Also as in Fig. 1, comparing the cross-section contours angter planes discussed above, and then go on to generalize the
the cosmological regions, we see very little change in thejiscussion. In each of the specific planes, we show the effect
allowed ranges of the cross sections when WMAP is in-on the allowed cross section when the phenomenological and
cluded. cosmological constraints are applied successively. We start
with the very simple requirement that the LSP be a neu-
C. Examples of(u,M,) planes tralino with m,-=103.5 GeV andm;=99 GeV. We then
We display in Fig. 3 contours ofiab the spin- gpply.either the Higgs cut or tftE.—>S'y cut. Our standard cut
independent andc,d) the spin-dependent elastic scattering'S defined tozlnclude t_hese two in addition to the appropriate
cross sections, in the cases @n10, and (a,0 mp v_alue forQh<. FoIIo_vylng the stz_indard cut we apply sequen-
—100 GeV andm,=500 GeV, (b,d my=300 GeV and tially the GUT stability constraint and the constraint due to

ma=500 GeV. Because the cross sections vary relativelﬁ#_z-
rapidly, we have not included all the decade cross-section
contours in panelgc,d).

We see again in this case the suppression in the spin- We consider first therq,,,mg) plane for tar3=10 and
independent cross section fou~—100 GeV and M, u=mp=400 GeV that was displayed earlier in Figalo.
=200 GeV, apart from which the cross sections decreas&he horizontal axes in the various panels of Fig. 4 corre-
with increasing «|, at least within the GUT stability region. spond to the LSP mass,, and the vertical axes show the
The spin-dependent cross section, on the other hand, starmanges of(a,c,@ the spin-independent an@,d,f) the spin-
rising again at largéu|, reflecting the fact that one has tra- dependent elastic cross sections. The first row of paadhs

shows the ranges allowed by our cuts on the LERrk
lines), m,, (lighter lineg and standard cushaded, the sec-
SAnalogous crosses did not appear in Fig. 1, just because thend row(c,d) displays the further impact of the GUT stabil-
positions would lie outside the ranges of parameters plotted in théy constraint, and the third roge,f) implements all the cuts,
figures. including that ong,, — 2.

A. Specific planes
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FIG. 4. Cross sections allowed in a slice through the NUHM parameter space provided by, theng) plane for tan3=10 andu

=m,=400 GeV. Panel$a,b are with our cuts on the LS@lark lineg, m,, (lighter lineg and standard cushadeg panels(c,d) also have
the GUT stability constraint imposed, and par(el$) apply all cuts, including the possibig,—2 constraint. The rightieft) panels show the
spin{in)dependent cross section, plotted againgt
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We see in Fig. @a,b that the scattering cross sections risesections. This effect is particularly marked for the spin-
monotonically withm, , except close to the upper limit on dependent case, where the range is now reducéal noerg
m, , reflecting the increase witin;, that was already com- 5 orders of magnitude. Thg,—2 constraint further raises
mented in connection with Fig. 1. We also note that thethe lower bounds on the cross sections, so that they vary
ranges of cross sections allowed for any fixed valuengf ~ through just over 3under 2 orders of magnitude in the
are very restricted, reflecting the fact the the contours ofPin{injdependent case. . _
equal cross section in Fig(d,0 are almost vertical in the ~ Notice that there is an isolated pointraj ~80 GeV. This
parameter range of interest. The break that appears in tHP"eSponds to a very narrow region just to the right of the
middle of Fig. 4a,b, and is seen more clearly i,d), re- chargino mass-bound line in Fig. (B9 at w

flects the range af,,,~500 GeV whereQXh2 is suppressed ~hlZ(I) G_eV,M2~|2{10 G\?\/\é’ Wk?iCh Is nqt vri]sibledbecause of
below the preferred cosmological range by rapid direct? efp Icl)ttISQI res:)hutlont.h ?}t | dappegi Is t a;["rf‘ ecre_r?_fets,
channelyy annihilation via theH,A poles. m, falls below them, threshold, and hence the anniniiation
cross section decreases leading to an acceptable value of
The most relevant effect of the extra GUT agg—2 > : .
L Q,h“. However, asu decreases further, neutralino-chargino
constraints is to reduce the rangerof,, and hencem, . As X

- i . coannihilation becomes stronger, su resﬁqgtn2 again to
we see in Fig. &,d), the GUT stability constraint removes be less than 0.1 9 P 9

the points in this NUHM parameter plane that have the larg-  rhis prief survey shows the importance of implementing
est elastic scattering cross sections. Finally, as we see in FiEorrectIy the GUT stability constraint, which méin differ-
4(ef), theg, —2 constraint confines our attention to points gnt caseshound the cross sections either above or below. As
in the NUHM parameter below the rapid-annihilation chan-many authors have previously pointed out in the CMSSM
nel. In this particular case, there is a narrow preferred rangease, thalu—z constraint is also potentia”y important_ In
of the spin-independent cross section around18 ° pb,  certain cases, it can also strengthen significantly the lower
and the preferred range of the spin-dependent cross sectionligits on the NUHM cross sections.
around 6108 pb.

Our second example is thew(m,) plane for tarB B. General analysis
=10m;;»=300 GeV andmy=100 GeV, displayed previ-
ously in panelqa,0 of Fig. 2. As seen in Fig. ®,b, when
one imposes the standaﬂ:iXhZ, m;, and b— sy constraints,
the cross sections generally decrease with However, in
the spin-dependent case the cross section reaches a locu
near zeros, after which it rises again. These cancellations a
avoided in this case when the Higgs améd>sy constraints
are applied. As then seen in Fig(ck), the GUT stability

Equipped with the above information about some specific
examples, we now make a general analysis of the possible
values of the elastic scattering cross sections. In the first
Spbapce, we concentrate on the casefanl0, but relaxing the
Fgevious restricted choices of other parameters that we took
s examples. To produce the plots, we generate random
points (about 30000 points for each plawithin the follow-

constraint, which removes portions of this NUHM parameterJng ranges.

plane at largew| and smallm,, strengthens in this case the 100 GeV=m,,<1500 GeV,

lower bounds on the cross sections. The effect of dhe

—2 constraint is less marked in this case, as seen in Fig. 0<my=<1000 GeV,

5(e,f). The final allowed ranges of the cross section are con-

siderably wider than in the previous example10° to —2000 Gelk <2000 GeV,

~108 pb in the spin-independent case andl0 ’ to

~10"4 pb in the spin-dependent case. 90 GeV=m,<1500 GeV. (6)

Our final example is the g,M,) plane for tarB
=10, my=100 GeV andn,=500 GeV, shown in Fig. 6. In  We first impose the same standard experimental and phe-
this case, the standard cuts allow a particularly wide range afiomenological constraints discussed earlier, namely: a con-
cross sections, varying by infinil@ver 3 orders of magni- sistent  electroweak  vacuum, @:ﬂxh2<0.3, m,
tude for the spinin)dependent case. The different regions>114 GeV and thé&— sy constraint. In a previous paper on
allowed by the standard cuts reflect the different branches dhe CMSSM[4], we rescaled the elastic scattering cross sec-
parameter space in Fig. 3. We note that some of thesgons for models that predicted)xh2<0.1 by the factor
branches are due to the differences between positive ar(dXhZ/O.l, so as to account for the fact that the neutralino
negativeu. We also note that some of the boundaries are dueould constitute at most this fraction of the galactic halo. In
to our imposed cutoff of u|<2 TeV. In particular, had we the results that follow, we show how this rescaling affects the
allowed for larger values dfu|, we would have found larger upper limits on the cross sections. Next we apply the GUT
neutralino masses, and the lower bounds for both the Higgstability cut, and finally we show the implications of impos-
and b— sy cuts (which differ for positive and negativg) ing the cut ong,—2. The resulting ranges of the elastic
would also have been lowered. The general tendency of thecattering cross sections for t8r10 are displayed in
standard cuts is to decrease the cross sections with increasikgy. 7.
m,, though with considerable variation. The GUT stability =~ We note that the spin-independent cross section shown in
constraint in this case removes a region at lak§g and  Fig. 7(a) may be as large as a few10 8 pb, decreasing
hencem,, that removes the points with the lowest crossonly slightly asm, increases, while values lower than 16
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FIG. 5. Cross sections allowed in a slice through the NUHM parameter space provided hy,thg (plane for tan3=10 andm;,
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10°

discussed in a previous papld]. The GUT stability con-
straints exclude some low cross-section values at both small
10 g ot et or <o tanB=10 1 and largem, , but do not provide an overall lower bound. It

3 " 3 does however, lower the upper bound by as much as a factor
of about 5. Negativew, and hence very low cross-section
values, would be excluded by the putatlyg—2 constraint,
as shown in Fig. @&). For u>0, we find(not shown spin-
independent cross sections only abové 4b.

Figure 1a) also displays the regiofpale shadedwhich
survives all standard cuts, except tifi?<0.1. For points
in this region, we have rescaled the cross section by a factor
of Qh?/0.1, to allow for the fact that the LSP could not in
this case make up all the cold dark matter in the Universe,
and hencea fortiori in the galactic halo. As one can see,
many of the spaces between the crags are now filled in with
such points, but very few give significantly larger cross sec-

10~ : tions.

0 100 200 300 400 500 600 700 In the case of the spin-dependent cross section shown in

@) m, (GeV) Fig. 7(b), the upper limit is better defined, and decreases
monotonically from~3x 102 pb for m,~80 GeV to~5
Y T x10°° pb for m,~650 GeV. Cross sectlons lower than

- . Bl sendardcus tan B =10 E ~10 pb are pOSSIb|e for either sign of, even after im-
posing the GUT stability cuts. In this case, the points with
rescaled cross sections enhance the cross section by a factor
Qn’ <ol of about 3 at low neutralino masses.

The isolated point in both panels at,~80 GeV now
corresponds to a narrow region aroupd-—110 GeV and
large m,>1000 GeV, which is between the,=114 GeV
andm, -=103.5 GeV lines. Its existence is very sensitive to
the implementation of the Higgs boson mass bound.

We note that the ranges allowed By —2 are relatively
restricted. For a start, we find that 110 GeMn,
=200 GeV. Moreover, even within this range, very low
cross-section values are excluded. Overall, we find ranges
between~2x10"8 pb and ~2x1071° pb for the spin-
independent cross section, and betweedx 10 * pb and
~2x10 8 pb for the spin-independent cross section.

0 100 200 300 400 500 600 700 Ranges for the spin-independent and -dependent cross
sections for ta=20 are shown in Fig. 8. Looking first at

(b) m., (GeV) the spin-independent cross section in pa@agl we see that

our standard cuts omy, Q)(h2 and b—svy would allow

somewhat larger values than for t@r 10. This difference

is less marked when the GUT stability cut is also applied,

except for some exceptional parameter choices at small

The jaggedness of the peaks is more pronounced at this value

of tanB. Once again, we emphasize that while we do not

light shading. The pale shaded region corresponds to the extra argé(peCt the area between the peaks to be empty, the density of

of points with low relic densities, whose cross sections have beeROINts there is extremely low. When one keeps the low-relic-
rescaled appropriately. density points(rescaled appropriatelywe see that indeed

the crags are filled in to some extent. For @gn20 these
pb cannot be excluded. The raggedness of the upper limit opoints do not enhance the cross section significantly. The
the cross section reflects the fact that our sampling producedalues ofm, allowed byg,—2 are larger for tag= 20 than
very few points with such large cross sections: values irfor tang=10, and lower cross sections are also attainable.
between the crags cannot be excluded, but must be very rar@verall, the Spln independent cross section may vary be-
Between the crags there are valleys, below which the densitiveen~3x 107 pb and 10*° pb when tar8=20.
of points is significantly larger. The lowest values of the In the case of the spin-dependent cross section shown in
cross section occur fou<<0, where cancellations are pos- Fig. 8b), the upper and lower bounds for t8= 20 are very
sible in the spin-independent scattering matrix element, asimilar to those for tag= 10 if only the standard and GUT

T T T T T T T T T T T T T

- Standard cuts All cuts

102

103

G, (10 pb)

10—

103

105

10 3 W Got cuts All cuts .

gy, (10°° pb)

FIG. 7. Ranges ofa) the spin-independent an@d) the spin-
dependent cross sections for g 10. The ranges allowed by the
standard cuts omxhz, m,, and b—sy have dark shading, those
still allowed by the GUT stability cut have medium shading, and
those still allowed after applying all the cuts includigg—2 have
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FIG. 8. Ranges ofa) the spin-independent an@dh) the spin-
dependent cross sections for g 20. The shadings are the same

as in Fig. 7.

FIG. 9. Ranges ofa) the spin-independent and) the spin-
dependent cross sections for @ 35. The shadings are the same
as in Fig. 7.

cuts are applied. However, slightly lower values of the crossnay occur, potentially suppressing the cross section by a
section are allowed when thg, —2 constraint is applied, couple of orders of magnitude. Both these tendencies are
without a strong dependence on the valuemf(which may  accentuated in the case {@r50, as shown in Fig. 10. For
be somewhat larger than in the case of fanl0). For both tan3=35,50, the spin-independent cross section may,
tanB=20, the spin-dependent cross section ranges betweén some exceptional cases, rise above @b, even after
~2%10"3 pb and~10"8 pb. implementing all the cuts. It may also drop as low as %0
Continuing now to ta8=235, as shown in Fig. 9, we see pb. The maximal spin-dependent cross section is abové 10
again that the spin-independent cross section may be sompb in the tarn3=35 case, and somewhat below f0pb in
what larger still than for ta=20, though the same is not the tan3=50 case. In both cases, it may also drop as low as
true for the spin-dependent cross sections. Once again, tH® ° pb.
g,—2 constraint allows larger values aof, as tang is in- Finally, in Fig. 11, we display the allowed ranges (af
creased, opening up the possibility of a smaller cross sectioithe spin-independent an@) the spin-dependent cross sec-
particularly in the spin-dependent case where a cancellatiotions when we sample randomly tAnas well as the other
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FIG. 10. Ranges ofa) the spin-independent anh) the spin- FIG. 11. Ranges ofa) the spin-independent an) the spin-
dependent cross sections for far50. The shadings are the same dependent cross sections, sampling randomly all allowed values of
as in Fig. 7. tanB. The shadings are the same as in Fig. 7.

V. CONCLUSIONS
NUHM parameters. We see no big surprises compared with
the previous plots for individual values of t@n but observe We have discussed in this paper the possible ranges of
that the boundaries of the shaded regions are very ragge8pin{in)dependent elastic cross sections in the NUHM, in
reflecting the finite sample size. After incorporating all theWhich the input soft supersymmetry-breaking masses of the
cuts, including that motivated by, —2, we find that the HIggs doublets are allowed to differ from those of the
spin-independent cross section has the range® po= o, squarks and sleptons—which are still assumed to be univer-

10 . . sal. Figure 11 summarizes the results, including the flexibil-
=10"" pb, and the spin-dependent cross section has thﬁy of varying tang as well as the input scalar and fermion

range 10 pb=0gp=10"""pb, with somewhat larger massesng 15, the Higgs mixing parametei and the pseu-
(smalley values being possible in exceptional cases. If thejgscalar Higgs boson mass, . In this paper, we have not
g,—2 cutis removed, the upper limits on the cross sectionsaried the trilinear soft supersymmetry-breaking parameter
are unchanged, but much lower values become possibl&, whose effective low-energy value has in any case a lim-
05<10 2 pb andogp<10 19 pb. ited range when renormalized from the GUT scale down-
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wards, so that it does not have a large effect on the crodse required to cover most of the preferred domain of NUHM
sections we study. parameter space. Even this sensitivity would be insufficient

We have stressed in this paper the importance of incorpaif one disregards the indication from,—2, which is the
rating consistently all the available phenomenological cononly constraint that motivates a useful upper bound on the
straints from laboratory experiments and cosmology. Wesparticle mass scale, and hence a useful lower bountkpn
have also stressed the importance of taking into account thie the case of the spin-dependent cross section, values of
running of the NUHM parameters over the full range of o5 as low as~10 19 pb cannot be excluded even if one
scales between the GUT scale and the electroweak scale. Agkes seriously thg,—2 constraint.
we have discussed explicitly, the requirement that the effec- The next logical step in the exploration of the MSSM,
tive scalar potential be stable at the GUT scale restricts theelaxing further the assumption of full scalar-mass universal-
allowed variations in the non-universalities of the softity as in the CMSSM, is to allow the soft supersymmetry-
supersymmetry-breaking Higgs boson masses. breaking slepton and squark masses to differ at the GUT

The effects of our phenomenological cuts and this GUTscale. The allowed ranges of the effective low-energy slepton
stability requirement can be seen in Fig. 11, and also in thand squark masses, after renormalization, will be restricted
previous Figs. 7, 8, 9 and 10 for t@#+10,20,35 and 50, by analogues of the GUT stability constraints we have ap-
respectively. Some examples of our analysis for specifiplied in this paper. In particular, we note that general choices
slices through the NUHM parameter space can be seen iof the effective low-energy slepton and squark masses may
earlier figures. lead (in particulay to tachyonic squarks below the GUT

In general, we find that cross sections may differ by a fewscale, when renormalized to higher scales. We will explore in
orders of magnitude from those found in the CMSSM, infuture publications the effects on the parameter space and the
which the soft supersymmetry-breaking Higgs boson masseasnges of cross sections of applying consistently the GUT
are assumed to be universal with the slepton and squarability constraints to the general nonuniversal MSSM.
masses at the GUT scale. However, the spin-independent
cross section normally lies well below the present experi-
mental sensitivity. Only in a few exceptional cases do we
find a cross section as large as the present experimental sen-The work of K.A.O. and Y.S. was supported in part by
sitivity o5;~107° pb, and a sensitivitgs,~10 °pb would  DOE grant DE-FG02-94ER-40823.
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