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Effect of halo modeling on weakly interacting massive particle exclusion limits
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WIMP direct detection experiments are just reaching the sensitivity required to detect galactic dark matter in
the form of neutralinos. Data from these experiments are usually analyzed under the simplifying assumption
that the Milky Way halo is an isothermal sphere with Maxwellian velocity distribution. Observations and
numerical simulations indicate that galaxy halos are in fact triaxial and anisotropic. Furthermore, in the cold
dark matter paradigm galactic halos form via the merger of smaller subhalos, and at least some residual
substructure survives. We examine the effect of halo modeling on WIMP exclusion limits, taking into account
the detector response. Triaxial and anisotropic halo models, with parameters motivated by observations and
numerical simulations, lead to significant changes which are different for different experiments, while if the
local WIMP distribution is dominated by small scale clumps then the exclusion limits are changed dramati-
cally.
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I. INTRODUCTION [13,14 also contain substructufd5]. A number of groups
have recently investigated the local dark matter distribution
Arguably the best motivated nonbaryonic dark matter cannumerically[16,13,14, using different methods and reach-
didate is the neutralindthe lightest supersymmetric par- ing, to some extent, different conclusions.
ticle), and current direct detection experiments are just reach- Triaxiality, anisotropy and clumping in the WIMP veloc-
ing the sensitivity required to probe the relevant region ofity distribution could potentially have a significant effect on
parameter spacgl]. The most stringent exclusion limits on the WIMP direct detection signal. Constrain@and in the
weakly interacting massive particléVIMPs) in general future p_053|bly best fijscalculated assuming a standard
currently come from the Edelwei§g] and Cryogenic Dark Maxwellian halo could be erroneo(s0]. On the other hand,
Matter Search(CDMS) experiments[3], with competitive more qptlmlsncally, it might be_pos_5|b!e t(_) derive useful in-
constraints also having been produced by Heidelbergf-ormat!on about the Ioca[ velocity _d|str|but|on, and hence the
Moscow[4] and IGEX[5]. The sensitivity to WIMPs will be formation qf the galactic halo, if WIMPs were detected
improved significantly in the short term future by the contin-[14,16.. Belli et al.[17] have recently reanalyzed the DAMA
ued operation of Edelweiss, and CDMS moving in a |0WC0IIab0rat|0ns_ annual modulation S|gr[al_8] for a range of
background environment at the Soudan nii@g and in the halo modells, finding that the aIonvqu region of WIMP mass—
longer term by, for instance, the planned GENIUS project_cross—sectmn parar_neter space is S|gn|f|cantly enlarged. '_I'hls
[7]. |I.Iustr'ates that it is |r_nportant to take |nt.o account 'unce.rta}m—
The direct detection event rate, and its energy distributioni€S in halo modeling when comparing exclusion limits
depend crucially on the WIMP speed distribution. Data ana@nd/or allowed regions from different experiments.
lyzes nearly always assume a standard smooth halo model Gl_ven the |mportance o_f the local dark matter distribution
with isotropic Maxwellian velocity distribution. The change for direct detection experiments we devote Sec. Il to a de-
in the expected signal has been calculated for various nor@iled discussion of the global properties of real and simu-
standard halo models of varying degrees of sophisticatiotpt€d dark matter halos and recent work on the local dark
[8—11]. For models which are effectively close to Maxwell- Matter distribution[16,13,14. In Sec. Ill we examine the
ian, while there may be a significant change in the annua?ﬁe‘:t _of reall_sth halo moqlellng on exclusion I|m|ts_. We first
modulation and angular dependence of the signal, the chandfdvestigate triaxial and anisotropic halo models, with param-
in the mean(averaged over time and recoil directjaiffer- eter choices motivated py the obsgrvatlons anq simulations,
ential event rate is typically smd]. Models with triaxiality and then, more speculatively examine the possible effects of
or velocity anisotropy may however produce a significanSmall subhalos.
change even in the mean differential event [&gd0]. Fur-
thermore all of the nonstandard halo models which have pre- [l. GALAXY HALOS
viously been considered are essentially smdotibody
simulations, however, produce dark matter halos which as
well as being triaxial with anisotropic velocity distributions ~ Observational constraints on the structure of dark matter
halos depend on the relation of luminous tracer populations
to the underlying density distribution, and are complicated
1An exception is Sikivie’s late infall mod¢L2], which contrary to Py galactic structure and projection effects. Referefi3
the standard picture of halo formation in cold dark mat@bM)  concludes that in the outskirts of spiral galaxies the
cosmologiegsee, e.g., Ref§13,14)) assumes axial symmetry and intermediate-to-long axis ratio is likely to be greater than
cold collapse. 0.8, while the short-to-long axis ratio is largely uncon-

A. Global properties
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strained with values in the range 0.3—1.0 reported, with somwith radius. TypicallyB(r) grows, although not monotoni-
correlation between the method used and the value obtaineglly, from roughly zero in the center of the halo to close to
(see Refs[19] and[20] for details and referencesFor the  one at the virial radius, with non-negligible variation be-
Milky Way (MW), analysis of local stellar kinematics gives tween halogsee Fig. 23 of Ref[29]). The high resolution
an estimate for the short-to-long axis value of 8(1[20],  galactic mass halos studied in RE30] have 8(R) in the
while the great circle tidal streams observed from the Sagitrange 0.1-0.4, corresponding to radially biased orbits.
tarius dwarf galaxy rule out ratios of less than 0.7 in the

outer halo at high confidend®1] (in a flattened potential

angular momentum is not conserved, so that orbits precess B. Local dark matter distribution

and tidal streams lose their coherencehe (anjisotropy of
velocities in the MW halo is even harder to probe, howeverth

there is some evidence that galactic globular clusters MaA6rm first, with larger objects being formed progressively via

have preferentially radial orbif22]. mergers and accretion. The internal structure of large galaxy

leen the difficulties involved in _obse_rvmg _galaxy ha- size halos is determined by the dynamical processes which
los it makes sense to turn to numerical simulations for infor-

i thei ible struct c t simulati tact on the accreted components. Dynamical friction causes
mation on their possibie structure. turrént Simufalions kg, ,h 5165 with masM =10°M, to spiral toward the center
galaxy halos within a cosmological context can resolve sub

. ) of their parent halo within a Hubble tini82], while the tidal
kpc scalessee e.g[15,23). Discrepancies between the ha- field of the main halo can strip material away from a subhalo

los produced in these simulatiofshich have lots of surviv- 432 26 producing tidal streams along its orp&3]

ing dwarf gal_axy sized subhalos _and steep _cgntral pryfile 'I,'he local dark matter distribution cannot be probed di-

ankobs?trvatlonds, haveRIe]::i ZtZ cla|(rjns ?f a cr|5|str1:or t.hefml%ctly by cosmological simulations; the smallest subhalos re-
ark matter mo e_(see ef{24] and references therein for solvable in the highest resolution simulations have mass of

extensive discussionMost relevant for the local dark matter | 4. 16M,, and it is not possible to fully resolve substruc-

distribution is the S_ubh_alo problem W.h'Ch may be, at IeaSEure within subhalos. Little substructure is found within the

partly, due to complications in comparing the observed lumi-

it th the dark matter distribution f the si central regions of simulated halos, however it is not known
nous matter with the dark matter distrioution from the Simu-,, , oiher the subhalos have been destroyed by tidal stripping
lations. In particular it has been argued that gas accretio

rif this i rely a resolution eff . This is crucial for
onto low mass halos may be inhibited after reionization s8 this is purely a resolution effe¢.3] S IS crucia’ 1o

. : %he local dark matter distribution as the solar radi; (
that a large fraction of the subhalos remain dgt¥]. It has ~8 kpc) is small compared with the radius of the MW halo,

In CDM cosmologies structure forms hierarchically, from
e top down31]. Small objectqoften known as subhalps

computing power required to directly probe the local dark

so any modification to the simulations which produced halozﬁatter distribution will probably not be available for a de-
) any . P cade or sq13], therefore other numericfl 3,14 and semi-
with shallower central profiles could also reduce the numbe

of surviving subhalos. Despite the ongoing debate regardingnalyﬂc[leﬂ approaches have been used to address the prob-

the detailed comparison of the small scale properties o
simulated halos with observations, cosmological simulation
may still provide us with useful information about the global
properties of dark halos.

Stiff, Widrow and Friemari16] employ a semianalytical
%pproach, calculating the subhalo distribution as a function
of mass and accretion redshift using the extended Press-
. . . . Schechter formalisni35] and then evolving individual late
The shape of simulated halos varies, not just between dlfgccreting smooth subhalos within a growing spherical halo,

fe.re'.’“ halqs of the same mass,.but also as a function of radufa find the probability distribution of the overdensity at the
W'thm a single halp, strongly if the ha.lo has undergone 8olar radius. They find that there is a higbf order ong
major merger relgnve_ly rece_n_tly. Two high resqlutlo_n Local probability that there is a density enhancement-&% of
Group halos studied in detail in RéfL3] have axis ratios of éhe mean halo density in the solar neighborhood, and the

1:0.78:0.48 and 1:0.45:0.38 at the solar radius an o
' : ] ] o ) : . probability of an enhancement roughly equal to the back-
1:0.64:0.40 and 1:0.87:0.67 at the virial radius. Adding dis- "4 density is non-negligiblef order 0.01.2 They show

S e o e o et et o e ety of n s, or Svean, i espct 1o
9 9 the Earth is high enough it will produce a shoulder in the

[28]. . . : .
The anisotropy parametg(r), defined as differential event rate at high energies.
2 2
+
B(ry=1— M' (1) 2The virial radius is the radius which separates the virialized and
2<vr2> infall regions of simulated halos and has a mean density within it of

178 (100 times the critical density at=0 in the standardwith
cosmological constanCDM cosmology| 34].
where(v?), <vf,)> and(v?) are the means of the squares of 3These probabilities are lower limits as they only include the con-
the velocity components evaluated at radiysalso varies tributions of subhalos accreted aftex 1.
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Moore et al.[13] take a region with dynamical properties lll. EFFECTS ON EXPERIMENTAL ANALYSIS
similar to the local group, resimulated at higher resolution
from a stand_ard CDM .co.smolog|cal simulation, and Identlfytions can be written in terms of the WIMP scattering cross
a subhalo with mass similar to the Draco dwarf galaxy. They. . ... )

, ) e : section on the protong, [37]:
then resimulate this subhalo up until its merger with the par-
. : 0 ) o
ent halo, at which point roughly 10% of its mass is lln_the dRr pos (My+ mX)z
form of (subsubhalos. To assess the effect of tidal friction, T > 3
subhalos with smooth density profiles are evolved within a Vmug MpMy
smooth galactic potential and it is found that small subhalos

orbiting at the solar radius which are accreted onto the gawhere the local WIMP density, is normalized to a fiducial

lactic halo early retain most of their mass due to their highvalue poa=0.3 GeV/ e, such thatl=p,/pos, Ma is the

central densities atomic mass of the target nucl&,is the recoil energy of the
Moore et al. conclude that the phase space distribution apetector nucleus, ant(E) is defined a$37]

The differential WIMP event rate due to scalar interac-

A*T(E)F%(a)|, (2

the solar radius will depend crucially on the Galaxy’s merger Javg (= f
history and on the internal structure of the smallest subhalos, T(E)= Of ~dv, (3)
arguing that it is possible that the local dark matter density 2 Jognv

could be zero or that a single dark matter stream with small . o

velocity dispersion could dominate or that many tidal Wheref, is the WIMP speed distribution in the rest frame of
streams could overlap to give a smooth distribution. The sothe detector, normalized to unity, amd;, is the minimum
lution to this problem depends on the extent to which thedetectable WIMP speed

substructure within subhalos is destroyed prior to their accre-

tion onto the main halo. The subhalos are of course also - :<
formed hierarchically themselves from smaller subhalos. The min
free-streaming length of neutalinos is so small that the first
clumps to form have magdd ~10 M, [36], however, and

to follow the accretion and destruction of subhalos though
such a large hierarchy of scales would be decidedly non- We will first examine the change in the WIMP speed dis-
trivial. tribution for triaxial and anisotropic, but still smooth, halo

Helmi, White and Springel[14]| take a cosmological models. To date two self-consistent triaxial and/or aniso-
A CDM simulation, where the second largest cluster has beettiopic halo models have been studied in relation to WIMP
resimulated at higher resolution and then scaled down in sizeirect detection: the logarithmic ellipsoidal mod®@] and the
to match the MW. Most of the mass in the inner halo hasOsipkov-Merritt anisotropy modéB8], studied in Ref[10].
been in place for 10 Gyr and the smallest resolvable subhaldd/e will extend the previous work by focusing on parameters
do not survive to the present day at the solar radius. Theyhich span the range of halo properties discussed in Sec. Il
argue that the only way a small subhalo with high densityabove and including the detector response.
could exist in the solar neighborhood &0 is if it were The logarithmic ellipsoidal moddR] is the simplest tri-
first accreted by a large halo which subsequently had a maj@xial generalization of the isothermal sphere and the velocity
merger with the main progenitor of the galactic halo. Theydistribution can be approximated by a multivariate gaussian
conclude that the local dark matter velocity distribution ison either the long or the intermediate axé®e Appendix A
well approximated by a smooth multivariate Gaussian, withfor further detail3.* We consider parameter valups=0.94
clumps of high velocity particles present if the MW halo has=0.8 corresponding to axial ratios 1:0.78:0.4& used in
undergone a recent major merger. Ref.[9]), andp=0.72g=0.70 corresponding to 1:0.45:0.38,

In summary, numerical simulations produce galaxy halosand locations on the long and intermediate axes. The first set
which are significantly triaxial and anisotropic, with the of axial ratios is typical of the values found in simulations
shape and anisotropy of a halo depending on its individuahnd roughly consistent with observations, while the second is
merger history, a picture which is broadly supported by ob-arguably rather extreme. We use values of the anisotropy
servations. This indicates that, even if the local velocity disparametery (which in the spherical limip=qg=1 is related
tribution is relatively smooth, the standard spherical isotropido 8 by —y=28) which give3=0.1 and 0.4, and are tabu-
Maxwellian halo model may not be a good approximation.lated in Table I. The speed distributions, in the rest frame of
Furthermore, galaxy halos are formed hierarchically from thehe Sun normalized to unity, are plotted in Fig. 1 along with
accretion of smaller subhalos, which may not be completelyhat for the standard Maxwellian halo model. For both posi-
destroyed by tidal friction, so that the local dark matter couldtions the triaxial models have a wider spread in speeds than
be distinctly nonsmooth. It is even possible that the darkhe standard model, so that the differential event rate will
matter could be distributed largely in small dense clumpsdecrease less rapidly with increasing recoil energy, but the
There is currently no consensus on the local dark mattechange is small on the major axis. This is because the change
velocity distribution however, with the results obtained de-
pending on the method used to extrapolate to small scales——
below the resolution limit of cosmological simulations, so “Of course there is no reason to expect the Sun to be located on
this possibility should be regarded as speculative. one of the axes of the halo.

2\ 1/2
E(mX+mA)) . @

2
2mimp

A. Triaxiality and anisotropy
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TABLE I. The values of the anisotropy parametein the loga- 0.004 T T T T T T T T

rithmic ellipsoidal model required to produgg=0.1 and 0.4. .

- : \. -

B p=0.9,q=0.8 p=0.72,q=0.7 0003 2\ ]

intermediate axis 0.002 [ ]

0.1 0.07 4.02 = r 1

0.4 —0.62 2.01 C ]

major axis 0.001 - /. ]

0.1 -1.00 -1.39 L /7 N, ]

0.4 ~1.33 -1.60 1) P AR IR S B W .
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v (km/s)

in the speed distribution is largely determined by the velocity FIG. 2. The speed distributions for the standard halo model

dispersion in thep direction. On the major axis, for param- (solid line), and the OM anisotropy model witd=0.13, 0.31 and

eter values which give 048<0.4, all three components of 04(dotteoi short-dashed, and long-dashed B

the velocity have roughly the same dispersion, whereas on ’ ' '

the intermediate axis the velocity dispersion in telirec-  gistripytions are plotted in Fig. 2 along with that for the

tion is significantly larger than that in thedirection. Note  giandard Maxwellian halo model. The excess at largies

that the speed distributions we consider deviate less from thg o 1o the increased number of particles on very elongated,

standard Maxwellian than those considered by Ré&bkand nearly radial orbitg10].

[17] as they use more extreme values fotnamely 16 and To assess the effect of changes in the speed distribution

—1.78). _ ) _ on exclusion limits we need to take into account the detector
In the Osipkov-Merritt(OM) model(see Appendix B for  ra5nonse, including the difference between the observed en-

further detail$, which assumes a spherically symmetric den-ergy of an event and the actual recoil energy, nonzero energy

sity profile, the velocity anisotropy varies as a function of hreshold and energy resolutiqsee Ref.[41] for further

radius as detail9, as these factors may blur out the effects of changes
) in the speed distribution. We consider a’&detector with
B(r)= r , (5) energy thresholdE =4 keV with the same propertigseso-
r2+ r§ lution and form factor as that used by the IGEX experiment

[5], which is optimized for detecting double-beta decay. The
so that the degree of anisotropy increases with increasingesulting differential event rates, per kg per day per keV, are
radius, as is found in numerical simulations. Following Ref.plotted in Fig. 3, for the OM speed distributions in Fig. 2, for
[10] we assume a Navarro-Frenk-WhiteFW) [39] density =~ WIMPs with massm,=50 GeV and cross sectiomr,
profile® with scale radiug =20 kpc. We use values of the =10 *°m? We see that, in this model, the differential event
anisotropy radius ;= 20,12, and 9.8 kpc which correspond rate does not deviate linearly from that of the standard halo
to B(Ry) =0.14,0.31 and 0.4, respectively. For the first twomodel as the degree of anisotropy is increased. Since future
values analytic fitting functions for the distribution function detectors, optimized for WIMP detection, will have lower
have been provided by Widroyt0]. The resulting speed thresholds and better energy resolution, we also plot the dif-

0.004 T 0.004 T
0.003 | - 0.003 |- -
4 o ,':"_"-\ 4
] [ /,.-\x"i\ ]
$0.002 . o002 ) .
- ] - N /,', \\_‘ ]
] oy 2 ]
0.001 - 0.001 [ /] A -
E - l!:: \‘ B
ol N VAR B R R
0 200 400 600 8OO 1000 0 200 400 600 800 1000
v (km/s) v (km/s)

FIG. 1. The speed distributions, in the rest frame of the Sun, for the standard halo (saitkline), and triaxial models on the major
axis (upper pangland intermediate axilower panel for p=0.9,q=0.8 and3=0.1/0.4 (dotted and short dashednd for p=0.72,q
=0.7 andB=0.1/0.4(long dashed and dot dashed

SVarying the inner slope of the density profile does not significantly affect the local velocity distrifain

083003-4



EFFECT OF HALO MODELING ON WEAKLY . .. PHYSICAL REVIEW D66, 083003 (2002

0.025

0.02 T

0.005

dR/dE (events/ kg day/keV)

(=]
o
-
LI L L L L L

dR/dE éevents/ kg/ day keV)
< o ;
o

o

0 20 40 60
E (keV) E (keV)

FIG. 3. The differential event rate for the OM anisotropy model, with speed distributions as plotted in Fig.n2,#&0 GeV and
o,=10"% m? for the IGEX detectofupper pangland for an “ideal” Ge detectotlower panel.

ferential event rates for an “ideal(i.e., completely unreal- paring exclusion limits from different experiments, that
istic) A=76 detector where the full recoil energy is detected,changing the assumed WIMP speed distribution will affect
the energy resolution is perfect akd=0 keV.° The differ-  the limits from different experiments differently.
ence between the differential event rates is then largest at The change in the exclusion limits is not hu@# order
small recoil energies, and would therefore be more signifitens of percentfor the experiments we have considered;
cant for an experiment with a lower threshold energy. however, these experiments are not optimized for WIMP de-
In Fig. 4 we plot the exclusion limits found from the tection. As illustrated in Fig. 3 the change in the differential
IGEX data by requiring that the data in no more than oneevent rate, and hence the exclusion limit, would be signifi-
energy bin exceed its 99.77% confidence limit, so as to proeantly larger for an experiment with better energy resolution
duce 90% overall confidence limifd2], for the logarithmic  and lower threshold energy. We have also seen that different
ellipsoidal model and for the OM anisotropy model. We alsomodels with the same value for the anisotropy paramgter
plot the exclusion limits from the Heidelberg-MoscdiwM) have very different speed distributions, and hence a different
experimen{4] for the OM anisotropy model in Fig. 5. Com- effect on the exclusion limits. Furthermore it is conceivable
paring Figs. 4 and 5 we see that the change in the exclusiathat the local WIMP velocity distribution may deviate even
limits depends not only on the halo model under considerfurther from the standard Maxwellian distribution than the
ation, but also on the data being used; for IGEX the changenodels that we have considered.
in the exclusion limits is largest for large WIMP masses,
while for HM the change is largest for small WIMP masses.
For different WIMP masses, different energy ranges can be
most constraining; for the IGEX data the lowest energy binis Even if dynamical processes produce a smooth back-
always the most constraining, while for HM as the WIMP ground dark matter distribution, late accreting clumps may
mass increases the constraint comes from higher energy biriead to a local density enhancement and velocity clumping
It should therefore be borne in mind when com-[14,16, and produce a shoulder in the differential event rate,

B. Clumps

T T .
I ) I .=
-446 - = —-44.6 - e
T | 1§ ~ ]
50—44.8 : —_ 50—44.8 : —-
\, *,: ]
—a5 | . -45 | .
I T R I R B

50 100 150 200 50 100 150 200

m, (GeV) m, (GeV)

FIG. 4. The exclusion limits from the IGEX experiment for the logarithmic ellipsoidal model, located on the intermediatepaeis
pane) and for the OM mode(lower panel. Line types as in the lower panel of Fig. 1 and Fig. 2, respectively.

5somewhat counterintuitively, at low energies the differential event rate for the IGEX detector is higher than that for the ideal detector, due
to the finite energy resolution of the IGEX detector.

083003-5



ANNE M. GREEN PHYSICAL REVIEW D66, 083003 (2002

B B B e e ~44
—aa2 k . i j
~ . ~—445 | -
S Y 5 L A
< F\ i = -
444 o\} . o i
kg N\ ] kg
LN\ —45
—4a8 [ N\ &=
_44.8 i 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] _45.5 1 I 1 1 1 1 I 1 1 I 1 I 1 1 1 1
50 100 150 200 50 100 150 200
m, (GeV) m, (GeV)

FIG. 5. The exclusion limits from the HM experiment for the FIG. 6. The exclusion limits from the IGEX data if a subhalo
OM model. Lines as in Fig. 2. with negligible velocity distribution moving with speed
200, 400, 600 kms' relative to the earthdotted, short dashed,
long dashegdominates the local density.

if their density and velocity with respect to the Earth are
large enough. For the experiments we have been considering
the lower energy bins are most constraining, so that onlyhat the high density of a subhalo would leadtte 1, so that
very rare high density and velocity streams would have ahe exclusion limits on the WIMP cross section would be
non-negligible effect on the exclusion limits. The effect of tighter (by some unknown factothan for the standard halo
these late accreting clumps on the annual modulation anghodel.
directional signals would be more significant howes]. How dense could small scale clumps be? Dark matter
We will now turn our attention to the consequences of theclump densities are usually parametrized in terms of their
more speculative possibility that small subhalos may surviveoncentrationg, defined as
at the solar radius. We could then be located within a subhalo
with local density in excess of the mean value of _ Ruir 6
0.3 GeV cm 3, on the other hand it is even possible that we €= r_S ©)
could be in a region between clumps and streams where the
WIMP density is zerd13]. In the latter case all attempts at
WIMP direct detection would be doomed to failure, and ex-whereR; is the virial radius andg is the scale radius, the
clusion limits would tell us nothing about the WIMP cross radius at which the effective logarithmic slope of the density
section. At the other extreme a tiny subhalo at the Earth’profile is equal to—2 (see e.g. Refs[43,44]). Low mass
location would produce a distinctive signal and, due to thehalos typically form earlier, when the density of the Universe
enhanced density, make it easier to detect WIMPs of a giveis higher, so that their concentrations are higher than those of
cross section. Subhalos witM<10°M, would have negli- larger halog39] and Bullocket al. [43] and Eke, Navarro
gible velocity dispersion and hence a delta-function speednd Steinmetz(ENS) [44] have recently constructed toy
distribution. The resulting theoretical differential event ratemodels which reproduce the scaling of concentration with
would be a step function with amplitude inversely propor-mass and redshift for the simulated galaxy-sized halos.
tional to the speed of the subhalo with respect to the Earth, Since the first neutralino clumps to form have mass of
and position increasing with increasing relative speed andrder 10 12M, [36], the first generation of halos which are
WIMP mass. Consequently for small subhalo velocities andormed in the same way as galaxy sized hdlda the accre-
WIMP masses there would be no constraint on the WIMRion and merger of smaller clumpwill have mass of order
cross sectionno WIMPs would have sufficient energy to 10 M, and virial radii of order 0.01 pc. While these
cause an observable regpibut as the WIMP mass is in- clumps are tiny by cosmological standards, they are still rela-
creased the constraints would become much tighter as thdively large compared to the distance traveled by the Sunin a
all the WIMPs would be energetic enough to cause events ofear (10 % pc). Extrapolating the Bulloclet al. and ENS
a given recoil energy. In Fig. 6 we plot the exclusion limits toy models way beyond their intended range of applicability
on (o, from the IGEX data for subhalos with various rela- produces significantly different “guesstimates” forfor M
tive speedSdominating the local WIMP distribution. Unlike ~ 10~ %M, halos of 150 and 30, respectivdl5]. Subhalos
the smooth halo models for this data set, as the WIMP masgithin larger halos may in fact be more concentrated than
is increased higher energy bins are most constraining, andolated halos of the same mass as dense regions tend to
this leads to sharp changes in the exclusion limits due to theollapse earlier and tidal stripping may steepen their density
sharp transition from no WIMPs to all WIMPs having suffi- profiles [43]. The tidal radiug32] of a 10 1°™M, subhalo
cient energy to cause events of a given recoil energy. Noterbiting in the MW halo at the solar radius is of order
10 3 pc, so the dense central regions of these subhalos
should survive tidal strippin§13,26. The density of simu-
"In reality the subhalo speed would be another unknown variablelated halos diverges toward their center, so as a measure of
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the typical density of a subhalo we use the mean densitparametrizing deviations from a baseline model, or the estab-
within the scale radius, assuming a NFW density pro8@: lishment of an agreed set of benchmark models, spanning the
range of plausible WIMP velocity distributions.
r
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culation relies on the extrapolation of the concentration-mass '

scaling models far beyond the regime in which they have
been numerically teste@solated galaxy mass haloand the
numbers obtained should probably not be taken seriously. It The |ogarithmic ellipsoidal moddb] is the simplest tri-
does illustrate, however, thit small subhalos survive then axijal generalization of the isothermal sphere and the velocity

they may lead to a significant local enhancement in thegjstribution can be approximated by a multivariate Gaussian
WIMP density, and that understanding the small scale strucgn either the long or the intermediate axis:

ture of galactic halos is crucial for realistic modeling of the

APPENDIX A: LOGARITHMIC ELLIPSOIDAL MODEL

WIMP velocity distribution. 1 p( v2 vé 2

flo)=———exp ~—S——— —|. (Al
IV. DISCUSSION ( (2m)*%00 40 o 0y 0
Rapid progress is being made in the field of WIMP directOn the intermediate axis

detection, with experiments closing in on the sensitivity re-

quired to detect neutralinos, if they constitute a non- 5 vép’4

negligible fraction(greater than 10%) of the halo density or= 2+ 7)(1-p 2+q ?)’

[46]. Data analyses usually assume the simplest halo model: Y P q

an isothermal sphere with Maxwellian velocity distribution. 2men >

There is no clear justification, either observational or theo- o2= vo(29 "—P %)

retical, for this assumption apart from simplicity. In fact nu- ¢ 2(1-p~%+q7? '

merical simulations[13—15 and observation§19,20,23

suggest that galaxy halos are triaxial and anisotropic. The v (2-p?)

local density distribution may also be non-smooth, with late ng 0—, (A2)

accreting subhalos leading to velocity clumpifigg,16]. 2(1-p 2+q7?)

More speculatively it is even possible that the dark matter

could be mainly distributed in tiny dense clumps, so that theand on the major axis

local density distribution could be dominated by a single

clump, or could even be zefd3]. It is therefore crucial to 5 vcz)

examine the effect of realistic halo modeling on the WIMP oy = 2+ y)(p 2+q 2-1)’

direct detection signal.

In this paper we have investigated the change in exclusion 2 mep

limits due to triaxiality, velocity anisotropy and small scale o= vo(29 °—1)

clumping, taking into account detector performance and us- ¢ 2(p~%+q 2-1) '

ing parameter values motivated by numerical simulations

and observations. Triaxiality and velocity anisotropy lead to uZ(Zp*Z—l)

non-negligible changes in the exclusion limits, even for de- gfz 0—, (A3)

tectors with relatively poor energy resolution. Furthermore, 2(p7?+q?-1)

the changes are different for different data sets and depend

on how the anisotropy is modeled. If the local WIMP distri- Wherep andq are constants which satisf<p?<1 and are

bution is dominated by small scale clumps then the locarelated to the axial ratios of the density distributibps, by

density may be zer@making it impossible to detect WIMPs

or significantly enhancetmaking it easier to detect WIMPs 2 p*(p?9*+p*—q?)

with a given cross sectionand the exclusion limits are 1= 9%+ p?— p2q? '

changed dramatically. Clearly the survival of subhalos at the

solar radius is a very important issue for WIMP direct detec- 2 29 o o
Even if the local WIMP distribution is smooth, to derive 2 g2+ p2-p2g?

reliable constraints on WIMP parameters and compare re-

sults for different experiments a framework needs to be deandvy is a constant isotropy parameter, which in the spherical

veloped for dealing with the uncertainty in the WIMP veloc- limit p=q=1 is related to8 [as defined in Eq(1)] by

ity distribution: either the development of a framework for — y=2p.

(A4)
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APPENDIX B: OSIPKOV-MERRITT MODEL K

O=¢ (B2)

The distribution function of a self-gravitating system with
spherically symmetric density profile(r) is given, assum-
ing an isotropic velocity distribution, by Eddington’s formula wherer 4 is the anisotropy radius, which is related goby
[32] (see also Refd40,10):

fs d’p d¥ 1(dp

+_ _
0 dW2 e—¥ e\dV

2r2’

r2
B(r)=—r2+r2, (B3)

a

1

V8m?

f(e)=

V=0 (B1) so that the degree of anisotropy increases with increasing

radius. The distribution function in the Osipkov-Merritt
where W (r)=—®(r)+®(r==), ®(r) is the potential of model is found by replacing: by Q and p(r) by (1
the systemg=—E+®(r=x)=—E,+W¥(r), andE and +r2/r§)p(r) in Eq. (B1), which then has to be solved nu-
En are the total and kinetic energy, respectively. In themerically. Analytic fitting functions have been provided by
Osipkov-Merritt mode[38] the distribution function also de- Widrow [40] for selected values af,, for the NFW density
pends on the angular momentul, of the system through profile [39]. Note that physical models only exist far,

the variableQ: >T 4 min» Wherer , min depends on the potential.
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