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Solar-bound weakly interacting massive particles: A no-frills phenomenology
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The case for a stable population of solar-bound Earth-crossing weakly interacting massive particles
~WIMPs! is reviewed. If such a population exists, even with a conservative phase-space density, the next
generation of large-mass, low-threshold underground bolometers should bring about a sizable enhancement in
WIMP sensitivity. A practical general expression for their speed distribution in the laboratory frame is derived
under basic model-independent assumptions, and a characteristic yearly modulation in their recoil signal,
arising from the ellipticity of the Earth’s orbit, is presented.@S0556-2821~99!04706-2#

PACS number~s!: 95.35.1d, 95.55.Vj, 96.40.2z
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There is mounting observational evidence, at all cosm
logical scales, for a large~90–99 %! missing-mass compo
nent in our Universe. Weakly interacting massive partic
~WIMPs! are one of the prime candidates for this dark ma
~DM!, specifically at the galactic scale@1#. Most experimen-
tal WIMP searches aim at the detection of the energy dep
ited in ultralow-background detectors by WIMP-nucle
elastic recoils, a process having a very low expected rate
the order of,10 recoils/~kg detector mass!/day for candi-
dates not yet excluded. The default WIMP populati
searched for has an isotropic distribution in the galac
frame, forming part of an extended galactic halo, with lo
densityrhalo;0.3 GeV/c2 cm3 and a characteristic Maxwell
ian speed distribution with laboratory-frame dispersion
locity ;300 km/s. This population is expected to give rise
a recoil signal extending up to energiesErec;few tens to few
hundreds of keV~depending on the WIMP and targe
nucleus masses!, yet maximal at low energies, close to th
detector threshold, which is typically in the few keV range
deposited energyEdep ~the energy effectively collected b
the detector!. This broad and rather featureless recoil dis
bution resembles the ubiquitous natural radioactivity ba
ground, a fact that largely reduces the experimental sens
ity.

The recoiling nucleus carries an energy proportional
the square of the velocity of the incident WIMP; an altern
tive hypothetical population of WIMPs with a lower dispe
sion velocity ;30 km/s and a similar local density woul
have the interesting effect of concentratingall of the ex-
pected counting rate into the first few keV of the ener
spectrum. This effect is no different, from a practical point
view, from that brought forth by a large improvement
detector resolution when searching for a discrete-energy f
signal ~e.g., as in going from scintillator to semiconduct
spectroscopy!. It is nevertheless evident that such a sign
would lie well below the threshold energyEthr of most
present and planned large-mass WIMP detectors,1 especially

*Email address: Collar@mail.cern.ch
1For instance, the CDMS detectors@2# feature a present effectiv

Ethr;30 keV, while the DAMA scintillators @3# have Ethr

;10 keV.
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in those sensitive to only the fraction of recoil energy goi
into ionization, which in the case of conventional germaniu
detectors is justEdep;(1/6)Erec for Erec;12 keV, and even
smaller for dedicated scintillators@3#. Fortunately, this does
not apply to all cases: planned bolometers based on su
heated superconducting grains~SSGs! @4#, when operated a
temperatures,1 K, have in principle the ability to readily
detect recoil energies in the few tens of eV range; this abi
has been ascertained down toErec;1 keV using monochro-
matic neutron irradiations at 40 mK@5#. Similarly, detectors
based on superheated droplets@6# and sapphire bolometer
@7# have sub-keV thresholds that allow for the detection
this putative signal.

Provided such a low-Ethr device, a reduction in WIMP
dispersion velocity of one order of magnitude would result
an increase of the low-energy ‘‘signal,’’ i.e., thedifferential
rate ~dR/dErec, expressed in recoils/keV/kg of detecto
mass/day! of up to two orders of magnitude. This interestin
possibility, first contemplated by Griest@8#, might facilitate
the exploration of part of the WIMP parameter space p
dicted by supersymmetric extensions of the standard mo
@1# even without further improvement on current levels
background or resorting to background rejection techniqu
It is risky to extrapolate the observed background in exist
large-mass detectors~the ‘‘noise’’! to this as-of-yet unex-
plored region belowErec;10 keV, but at least in the case o
ultralow-background germanium detectors, no unaccounta
sudden rise near to threshold is observed or expected
the electronic and microphonic noise are taken into con
eration @9#. Particularly, partial energy deposition~via
Compton scattering! by high-energy photons or cosmogen
tritium contamination contribute negligibly to this spectr
region @9,10#, the only evident spectral feature being
smooth rise belowEdep;40 keV. This rise is compatible
with elastic scattering by the;1025 neutrons/cm2/s from
natural radioactivity in rock walls and neutron-producin
muon interactions in the detector shielding. If this is inde
the dominant low-energy background in present WIMP d
tectors, an increase in it of no more than a factor of;1.5 is
expected in going fromErec510 keV to Erec51 keV. In
other words, to anticipate a ‘‘noise’’ of;0.5 counts/keV/kg/
day atErec;1 keV seems realistic@7#. It then appears justi-
fiable to conclude, for the sake of argument, that given
©1999 The American Physical Society14-1
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existence of the aforementioned WIMP population~at a local
density;rhalo!, low-threshold bolometers would enjoy th
advantage of an increased ‘‘signal-to-noise’’ ratio by up
two orders of magnitude.

In a seminal paper, Steigmanet al. @11# studied the dy-
namic behavior of heavy neutrinos accompanying the gr
tational collapse of a protosolar nebula. Since the esc
velocity at the Earth from the Sun’s gravitational potentia
;42 km/s, if heavy neutrinos~or by extension a generi
WIMP! were trapped during the formation of the solar sy
tem and managed to survive until the present epoch, t
would make up an eminently interesting objective for lo
threshold WIMP detectors. The most effective trappi
mechanism put forward in@11# is the dissipationless chang
in the statistics of particle orbits naturally produced by
rapidly changing gravitational field; in this scenario, the co
ditions for the capture of a WIMP with velocityv during the
collapse of a region~of ordinary matter plus DM! of sizeR
are

v2,2~]f/]t !R/v, v,R/t f , ~1!

wheref is the gravitational potential andt f is the free-fall
time scale. In other words, the WIMP must not leave
scene during the collapse and must have a velocity less
the escape velocity. This implies, in the framework of t
conventional understanding of solar system formation, t
all DM within 0.1 pc moving initially slower than;0.3 km/s
would be efficiently trapped and concentrated into bou
orbits @12#. The final conclusion in@11# was that this trapped
population would lead to a large local density enhancem
with respect to free-streaming halo WIMPs:

rSB/rhalo'0.331023h3/2@R/r E#3/2, ~2!

whereh5t f /tc;1/5 is the ratio between free-fall time an
the duration of the collapse. For a protosolar nebula of s
R;1017cm and an Earth orbit radiusr E;1.531013cm, the
predicted local density of solar-bound WIMPs,rSB, would
then be a surprisingly large;15rhalo.

In contrast to this result, in a posterior reanalysis by G
est @8# a general argument favoringrSB!rhalo was given,
based on Liouville’s theorem and the assumption of sl
collapse. Griest’s own attempt at a rederivation of Eq.~2!
yields

rSB/rhalo'1023
~12 f !3/4

4
@R/r E#3/4'0.2, ~3!

wheref ;0.1 is the initial ratio of DM to total matter. It mus
be borne in mind that besides all the assumptions and
proximations made to arrive at these estimates, large un
tainties exist in the fundamental parameters of the pres
nebula~its initial mass,R, tc , andf ! @13#.

Subsequently, Gouldet al. @14# recognized the complex
ity of determining the exact value ofrSB, identifying four
sources, three forms of internal evolution, and two sinks
this solar-bound WIMP population, the sources being~a!
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evaporation from the Earth via collision with nuclei,~b! orbit
capture from the galactic halo,~c! three-body capture from
the halo, and~d! WIMPs captured during solar-system fo
mation. To these one might add the occasional solar-sys
crossing by low-speed, high-density WIMP aggregatio
@15# which might enhancerSB in a clumpy halo scenario
@16#. The internal evolution would be determined by~e! scat-
tering with nuclei in the Earth,~f! close gravitational inter-
action with the Earth, and~g! long-range gravitational inter
action with the planets. The two sinks are~h! capture via
scattering in the Earth and Sun, leading to possible poste
annihilation in its core, a detectable process@1#, and~i! three-
body expulsion. Perhaps the most important practical con
sion from all the above is that due to purely gravitation
diffusion by encounters with the Earth, Jupiter, and Ven
solar-bound WIMPs with velocities relative to Eart
12 km/s,u,30 km/s, are expected to have a local pha
space density equal to that of free-space~halo! WIMPs of the
same velocities@17#, i.e., a negligibly small;0.05% of
rhalo. For u,(21/221)vE;12 km/s diffusion into unbound
orbits is kinematically impossible, whereas foru.vE
;30 km/s~the mean orbital velocity of the Earth! the diffu-
sive time scales are longer than the lifetime of the Ea
tE;4.6 Gyr. Hence solar-bound WIMPs outside the sm
range of velocities of 12–30 km/s may have preserved th
primordial rSB at the time of solar-system formation, wha
ever it might be. Finally, it is important to remark that Jupit
would be very efficient at ‘‘cleaning’’~via scattering! the
inner solar system of bound WIMPs with orbits reaching o
to it, the evaporation time for this process being of on
tevap;1023tE @12#. All planets inner to Jupiter, including
Earth, havetevap.7.5tE @12#.

Most recently, Damour and Krauss@18# have paid specia
attention to the subpopulation of WIMPs that undergo gr
ing collisions with the outer surface of the Sun, losin
enough energy to fall into Earth-crossing orbits, followed
planetary gravitational perturbations so that their orbits c
no longer cross the Sun. This leads to a long-term surv
greater thantE for orbits inner to Jupiter’s. Unfortunately
the estimated density for this particular family is seeming
rSB/rhalo,0.1 for WIMPs not yet excluded by the most se
sitive underground searches,2 i.e., smaller than even the mos
conservative expectations in@8,11#.

This amalgam of information must be translated in
something more practical for the DM experimentalist, if a
vantage is to be taken of the possible increase in signa
noise at lowErec. Of particular interest would be a compa
expression forp(u)du, the velocity distribution at Earth o
surviving solar-bound WIMPs, which would enable us
calculate the differential rate of interaction in WIMP dete
tors for any arbitrary value ofrSB. As it turns out, the nec-
essary information is at hand; any WIMP in this populati
must obey, at a minimum, the following conditions:

2WIMP candidates leading to larger values ofrSB are excluded by
the most stringent WIMP limits@3#, which are well below those
offered as a reference in@18#.
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~i! r aph,r Jup ~the WIMP aphelion must not reach Jupite
to avoid evaporation duringtE @12#!.

~ii ! r peri.r S ~the WIMP perihelion must be larger than th
Sun’s radius; otherwise, scattering overtE leads to accretion
and posterior annihilation in the solar core@1,19#!.

~iii ! r aph.r E and r peri,r E ; i.e., the orbits must be Eart
crossing, to be of practical interest.

For Keplerian orbits the perihelion~distance of closes
approach to the Sun! and aphelion~apex! are related to the
WIMP orbital invariantsE andJ by

r aph,peri5S J2

GMS
D Y S 17A112

J2

GMS

E

GMS
D

~ top sign for aphelion! ~4!

~E is the WIMP energy in the gravitational field divided b
WIMP mass,J is its angular momentum divided by WIMP
mass,MS is the solar mass, andG is the gravitational con-
stant!. ExpressingE in units of GMS /r S and J2 in units of
GMSr S , Eq. ~4! takes the compact linear form~common for
both aphelion and perihelion!

E5S 1

2x2D J22
1

x
, ~5!

wherex is the adimensional distancer aph,peri/r S . It is now
straightforward to formulate the three minimal orbital con
tions listed above in this convenientE, J2 parameter space
~r E'216.6r S , r Jup'1126.6r S!, as is done in Fig. 1; they
restrict the allowed orbits into aclosedregion in parameter
space. This invites us to numerically sample this small
gion homogeneously, obtaining for any point in phase sp
the WIMP speed during Earth crossing in the Sun’s refere
frame, v, via the relationE5(v2/2)2(GMS /r E), to then
transform this velocity to the laboratory~Earth’s! frame by
means ofuW 5vW 2vW E . In this last step, the angleu between
the Sun-Earth pointing vectorrWE and vW is given by J2

FIG. 1. Available phase space for the orbital invariants of
ergy and angular momentum belonging to a detectable solar-bo
WIMP population, under the minimal model-independent assum
tions described in the text.
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5v2rE
2 sin2 u and the azimuthal angle ofvW aroundrWE is as-

sumed to be homogeneously distributed~i.e., WIMP orbits
are not restricted to the Earth’s orbital plane, having a
possible inclination!. By repeating this sampling procedur
it is possible to build the desiredp(u)du of Fig. 2, which is
in turn optimally described by the expression

p~u!du}expS 2U u1w1

bu1w2
UaD , ~6!

with best-fit values a52.8, b520.17, and w15
245.17 km/s,w2527.02 km/s. This compact formula differ
from the numerically computedp(u)du by less than 5% for
all u.10 km/s~Fig. 2!.

The ellipticity of the Earth’s orbit affects the distributio
in Eq. ~6! with a yearly periodicity: first of all, the lower
boundary of the allowed region inE, J2 space~Fig. 1! de-
pends onr E , which undergoes a yearly61.7% oscillation
around 1 AU. Second, the value ofvE oscillates between
;30.3 km/s~on ;3 January, the time of the Earth’s perih
lion! and 29.3 km/s~on 3 July, the aphelion!. Finally, the
angle betweenvW E and rWE undergoes a very small yearl
change of order 1%. All these changes translate into a fl
tuation of the available phase space by60.6% and of^u&
around 41.34 km/s by61.3% ~upper signs are for January
lower for July!, and can be effectively taken into accou
~Fig. 2! by expressing the speedsw1 , w2 as time-dependen
functions:

w15a11b1 cos@c~ t23!#,

w25a21b2 cos@c~ t23!#, ~7!

-
nd
-

FIG. 2. Speed probability distribution at Earth for WIMPs un
formly distributed in the hatched region of parameter space in F
1. Black circles correspond to 3 January~the time of Earth’s peri-
helion! and white circles to 3 July~aphelion!. The lines
~solid5January, dotted5July! are generated by the approximatio
to p(u)du described in Eqs.~6! and~7!. The deviation of this fit is
larger than 5% only foru,10 km/s; WIMPs with such low speed
are not expected to leave a recoil signal above any realistic dete
threshold. Inset: same distribution, but in the solar refere
frame.
4-3
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J. I. COLLAR PHYSICAL REVIEW D 59 063514
where a1545.197 km/s, b150.614, a2527.080 km/s, b2
50.374,c52p/365.24 rad/day, andt is the number of days
after 1 January. The percent change in the WIMP interac
rate induced by this modulation is shown in Fig. 3 for seve
target materials constituent of planned low-threshold de
tors. These results are representative of any WIMP inter
ing via scalar couplings~e.g., a Dirac neutrino or a neutralin
with a Z-ino–Higgsino mixture! and are not influenced b
the magnitude of the coupling.

A second geographically dependent diurnal modulation
^u&, of maximal magnitudeO(1%) ~not treated here, bu
straightforward to calculate!, should arise from the daily par
tial alignment and counteralignment withvW E of the rotational
velocity of a laboratory around the Earth’s axis~;0.45 km/s
near the equator!. While this diurnal modulation in the inter
action rates is smaller than the yearly counterpart even fo
optimally located equatorial laboratory, its daily periodici
can amply compensate for this by providing a rapidly gro
ing statistical significance in relatively short runs.3 As an
added advantage, no directional sensitivity in the detecto
required for its identification.

3The volume of data collected by several large-mass experim
is individually approaching the figure of 100 kg yr and therefo
sensitivities ofO(0.1%) to diurnal variations in the WIMP interac
tion rate are expected in the near future@20#. The modulation pro-
duced by the rotational speed of the laboratory around the Ea
axis may then soon become a useful dark matter signature eve
the conventional galactic halo population with dispersion sp
;300 km/s.

FIG. 3. Magnitude of the yearly modulation indR/dErec arising
from variations inp(u)du due to the ellipticity of the Earth’s orbit
for several target elements to be employed by next-generation
threshold devices. Solid lines correspond to changes in total de
tion rates for scalar-coupling WIMPs, dashed lines are for a de
tor threshold for nuclear recoils,Ethr51 keV, and dotted line for
Ethr53 keV. As in all WIMP modulations, the seasonal changes
maximal near the endpoint ofdR/dErec ~albeit this is where the
magnitude ofdR/dErec is minimal, making the identification of the
modulation much harder!. No line is plotted for the lighter element
when the end point indR/dErec is below the assumedEthr .
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The assumptions made to obtain Eq.~6! ~homogeneity of
the distribution of orbits within the shaded region in Fig.
and of azimuthal angles! are necessary evils: leaving asid
the uncertainties in the initial protosolar nebula conditions
computer simulation of the exactp(u)du, including the
sources, evolution, and sinks discussed above, isper sea
challenge to present systems@14#. Equations~6! and~7! must
then be looked upon as first-order approximations to
gross features ofp(u)du, encapsulating first-principles in
formation common to all possible solar-bound populatio
and, hopefully, useful for the experimentalist in extracti
limits on rSB or searching for a telltale modulation signatur
It is nevertheless important to estimate the extent to whic
particular trapping and evolution mechanism can chang
population’s spectrum of energy deposition in a detec
Figure 4 displays these departures for the case in wh
p(u)du vanishes for 12 km/s,u,30 km/s @17# and for a
more compactly packed population of orbits with an ap
elion contained within1

2 r Jup rather thanr Jup @18#. It can be
seen that neither provokes a sizable change indR/dErec,
especially when a reasonable detector resolution is folded
Features such as the maximum energy deposition or
spectral region affected by the modulation~s! remain rela-
tively insensitive to the fine details ofp(u)du in each model
and would facilitate the characterization of the responsi
WIMP.

A final remark is in order: the present experimental lim
its on an spherically symmetric distribution of solar-bou

ts
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e

FIG. 4. Left: dR/dErec for a Sn target in the presence of
solar-bound population of WIMPs of mass 100 GeV/c2 with pre-
dominantly scalar couplings, for a fixed arbitraryrSB. Solid lines
are for thep(u)du given by Eq.~6!, dotted lines are for the same
but with no contribution from 12 km/s,u,30 km/s, and dashed
lines are for the case when WIMP orbits are contained within
the radius of the orbit of Jupiter, rather than reaching out to it. T
dash-dotted line is the expecteddR/dErec from the conventional
galactic-halo unbound population atrhalo5rSB and is offered as an
illustration of the increase in low-energydR/dErec brought about by
solar binding~this increase is larger for heavier WIMPs!. Right:
Idem after folding in a conservative detector resolution of 0.3 k
full width at half maximum~FWHM!.
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DM ~of any kind, including baryonic DM! arise from preci-
sion measurements of the motion of the exterior planets@12#.
The bounds so obtained can be expressed asrSB,1.4
3107rhalo for DM interior to Neptune or rSB,2.2
3107rhalo for orbits within that of Uranus. These limit
should be rapidly and largely improved for nonbaryonic ca
p

A

. A
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didates by the first generation of low-threshold WIMP dete
tors.
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