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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 present¢80556-282(199)04706-2

PACS numbgs): 95.35:+d, 95.55.Vj, 96.40-z

There is mounting observational evidence, at all cosmoin those sensitive to only the fraction of recoil energy going
logical scales, for a largé90—99 % missing-mass compo- into ionization, which in the case of conventional germanium
nent in our Universe. Weakly interacting massive particlesdetectors is jusEges~ (1/6)E . for Ec~12keV, and even
(WIMPs) are one of the prime candidates for this dark mattersmaller for dedicated scintillatof8]. Fortunately, this does
(DM), specifically at the galactic scal&]. Most experimen- not apply to all cases: planned bolometers based on super-
tal WIMP searches aim at the detection of the energy deposieated superconducting grai(8SG$ [4], when operated at
ited in ultralow-background detectors by WIMP-nucleustemperatures<l K, have in principle the ability to readily
elastic recoils, a process having a very low expected rate, afetect recoil energies in the few tens of eV range; this ability
the order of<10 recoilstkg detector mag&day for candi- has been ascertained downEq.~1 keV using monochro-
dates not yet excluded. The default WIMP populationmatic neutron irradiations at 40 m&]. Similarly, detectors
searched for has an isotropic distribution in the galactidased on superheated droplg®$ and sapphire bolometers
frame, forming part of an extended galactic halo, with local[7] have sub-keV thresholds that allow for the detection of
densityppao~ 0.3 GeVE? cm® and a characteristic Maxwell- this putative signal.
ian speed distribution with laboratory-frame dispersion ve- Provided such a loviey, device, a reduction in WIMP
locity ~300 km/s. This population is expected to give rise todispersion velocity of one order of magnitude would result in
a recoil signal extending up to energieg~few tensto few an increase of the low-energy “signal,” i.e., tliferential
hundreds of keV(depending on the WIMP and target rate (dR/dE,., expressed in recoils/keV/kg of detector
nucleus massgsyet maximal at low energies, close to the mass/dayof up to two orders of magnitude. This interesting
detector threshold, which is typically in the few keV range of possibility, first contemplated by Grieg8], might facilitate
deposited energ¥ ., (the energy effectively collected by the exploration of part of the WIMP parameter space pre-
the detector This broad and rather featureless recoil distri-dicted by supersymmetric extensions of the standard model
bution resembles the ubiquitous natural radioactivity back{1] even without further improvement on current levels of
ground, a fact that largely reduces the experimental sensitivsackground or resorting to background rejection techniques.
ity. It is risky to extrapolate the observed background in existing

The recoiling nucleus carries an energy proportional tdarge-mass detectordhe “noise”) to this as-of-yet unex-
the square of the velocity of the incident WIMP; an alterna-plored region belovE,..~10keV, but at least in the case of
tive hypothetical population of WIMPs with a lower disper- ultralow-background germanium detectors, no unaccountable
sion velocity ~30 km/s and a similar local density would sudden rise near to threshold is observed or expected after
have the interesting effect of concentratinlj of the ex- the electronic and microphonic noise are taken into consid-
pected counting rate into the first few keV of the energyeration [9]. Particularly, partial energy depositiofvia
spectrum. This effect is no different, from a practical point of Compton scatteringby high-energy photons or cosmogenic
view, from that brought forth by a large improvement in tritium contamination contribute negligibly to this spectral
detector resolution when searching for a discrete-energy faintgion [9,10], the only evident spectral feature being a
signal (e.g., as in going from scintillator to semiconductor smooth rise belowEye;~40keV. This rise is compatible
spectroscopy It is nevertheless evident that such a signalwith elastic scattering by the-10 ° neutrons/crffs from
would lie well below the threshold energl,, of most natural radioactivity in rock walls and neutron-producing
present and planned large-mass WIMP detectespecially  muon interactions in the detector shielding. If this is indeed

the dominant low-energy background in present WIMP de-
tectors, an increase in it of no more than a factordf5 is
*Email address: Collar@mail.cern.ch expected in going fromE,,.=10keV to E,.=1keV. In
For instance, the CDMS detectdi3] feature a present effective other words, to anticipate a “noise” o£0.5 counts/keV/kg/
En~30keV, while the DAMA scintillators [3] have Ey  day atE,..~1 keV seems realistif7]. It then appears justi-
~10KkeV. fiable to conclude, for the sake of argument, that given the
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existence of the aforementioned WIMP populatiaha local  evaporation from the Earth via collision with nucléb) orbit
density ~ prao), 1ow-threshold bolometers would enjoy the capture from the galactic hal¢g) three-body capture from
advantage of an increased “signal-to-noise” ratio by up tothe halo, andd) WIMPs captured during solar-system for-
two orders of magnitude. mation. To these one might add the occasional solar-system
In a seminal paper, Steigmat al. [11] studied the dy- crossing by low-speed, high-density WIMP aggregations
namic behavior of heavy neutrinos accompanying the gravif15] which might enhancesg in a clumpy halo scenario
tational collapse of a protosolar nebula. Since the €sCapg 6). The internal evolution would be determined (ey scat-
velocity at the Earth from the Sun’s gravitational potential iSering with nuclei in the Earth(f) close gravitational inter-
~42 km/s, if heavy neutrinogor by extension a generic pcion with the Earth, an¢y) long-range gravitational inter-

WIMP) were trapped during the formation of the solar SYS-action with the planets. The two sinks afi® capture via

tem and managed to survive _unt|l th_e present epoch, thegcattering in the Earth and Sun, leading to possible posterior
would make up an eminently interesting objective for low-

veshold Wi detectors The most e iappngil L0050 8 Getectane sk o e
mechanism put forward ifiL1] is the dissipationless change . yf P I tH b ps | that d F: ‘lj tational
in the statistics of particle orbits naturally produced by a>'on from ail the above 1S that due to purely gravitationa

rapidly changing gravitational field; in this scenario, the con-diffusion by encounters with the Earth, Jupiter, and Venus,
ditions for the capture of a WIMP with velocity during the ~ Solar-bound WIMPs with velocities relative to Earth,
collapse of a regiorfof ordinary matter plus DMof sizeR ~ 12km/s<u<30km/s, are expected to have a local phase-
are space density equal to that of free-spéealo) WIMPs of the
same velocitieg17], i.e., a negligibly small~0.05% of
Phalo- FOr u<(2Y2—1)ve~12km/s diffusion into unbound
orbits is kinematically impossible, whereas far>vg

where ¢ is the gravitational potential ang is the free-fall 730 k_m/s(the mean orbital velocity of the _Eabtthe diffu-
sive time scales are longer than the lifetime of the Earth,

time scale. In other words, the WIMP must not leave the 46Gvr H lar-bound WIMP ide th I
scene during the collapse and must have a velocity less thaff _*-° *>YI. Heénce solar-boun S outside the small
the escape velocity. This implies, in the framework of the'ange of velocities of 12-30 km/s may have preserved their

conventional understanding of solar system formation, thaprimqrdiql psg at the timga .of_solar-system formation, Wh.at'
all DM within 0.1 pc moving initially slower than-0.3 km/s ever it might be. F|_n<'_;1IIy, itis Important to remark that Jupiter
would be efficiently trapped and concentrated into boundVould be very efficient at “cleaning(via scattering the
orbits[12]. The final conclusion ifi11] was that this trapped inner solar system of bound WIMPs with orbits reaching out

population would lead to a large local density enhancemenP 't the evaporation time for this process being of only

with respect to free-streaming halo WIMPs: tevag™ 10 37¢ [12]. All planets inner to Jupiter, including
Earth, havete,,p> 7.57¢ [12].

Most recently, Damour and Kraufs8] have paid special
psg/praic=0.3X 103 ¥ R/rg]*?, (2)  attention to the subpopulation of WIMPs that undergo graz-
) ) . ing collisions with the outer surface of the Sun, losing
where 7=1;/t;~1/5 is the ratio between free-fall time and gnqygh energy to fall into Earth-crossing orbits, followed by
the dur7at|on of the collapse. For a protosolar ngbula of Siz@|anetary gravitational perturbations so that their orbits can
R~10""cm and an Earth orbit radiug~1.5x10"cm, the 1 |onger cross the Sun. This leads to a long-term survival
predicted local density of solar-bound WIMRssg, would  greater thanre for orbits inner to Jupiter's. Unfortunately,
then be a surprisingly large 15pa0. _ _the estimated density for this particular family is seemingly
In contrast to this result, in a posterior reanalysis by Gri-, /,  <0.1 for WIMPs not yet excluded by the most sen-

est[8] a general argument favoringsg<phaio Was given, sitive underground searchése., smaller than even the most
based on Liouville’s theorem and the assumption of slow.qnservative expectations [8,11].

v2<—(d¢lat)Rlv, v<Rlt, (1)

collapse. Griest's own attempt at a rederivation of E). This amalgam of information must be translated into
yields something more practical for the DM experimentalist, if ad-
vantage is to be taken of the possible increase in signal-to-
(1—f)3%4 noise at lowk,... Of particular interest would be a compact
Pss!Phaic™ 10_3T[R/rE]3/4~0-2! (3)  expression fop(u)du, the velocity distribution at Earth of

surviving solar-bound WIMPs, which would enable us to
wheref ~ 0.1 is the initial ratio of DM to total matter. It must Calculate the differential rate of interaction in WIMP detec-

be borne in mind that besides all the assumptions and apers for any arbitrary value gbsg. As it turns out, the nec-
proximations made to arrive at these estimates, large unce@ssary information is at hand; any WIMP in this population
tainties exist in the fundamental parameters of the presoldPust obey, at a minimum, the following conditions:
nebula(its initial mass,R, t., andf) [13].

Subsequently, Goulét al. [14] recognized the complex-
ity of determining the exact value gfsg, identifying four 2WIMP candidates leading to larger valuespaf; are excluded by
sources, three forms of internal evolution, and two sinks fotthe most stringent WIMP limit$3], which are well below those
this solar-bound WIMP population, the sources beiajj offered as a reference [18].
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FIG. 1. Available phase space for the orbital invariants of en-¢qmy distributed in the hatched region of parameter space in Fig.
ergy and angular momentum belonging to a detectable solar-bound g5k circles correspond to 3 Janudtie time of Earth’s peri-
WIMP popl_JIatio_n, under the minimal model-independent assUMPhelior) and white circles to 3 July(aphelion. The lines
tions described in the text. (solid=January, dottedJuly) are generated by the approximation

. ) . to p(u)du described in Eq96) and(7). The deviation of this fit is

(i) T apr<<t aup (the WIMP aphelion must not reach Jupiter, jarger than 5% only fou< 10 km/s; WIMPs with such low speeds
to avoid evaporation duringg [12]). are not expected to leave a recoil signal above any realistic detector

(i) 1 per>I's (the WIMP perihelion must be larger than the threshold. Inset: same distribution, but in the solar reference
Sun’s radius; otherwise, scattering owgrleads to accretion frame.
and posterior annihilation in the solar cdig19)).

(iii) rapr>re @ndrpeq<re; i.€., the orbits must be Earth — 22 sj2 g and the azimuthal angle @ aroundr is as-
crossing, to be of practical interest. sumed to be homogeneously distribut@e., WIMP orbits

For Keplerian orbits the periheliofdistance of closest are not restricted to the Earth’s orbital plane, having any
approach to the Surand aphelionapex are related to the possible inclinatiop By repeating this sampling procedure,
WIMP orbital invariantsE andJ by it is possible to build the desireg{u)du of Fig. 2, which is

in turn optimally described by the expression

(2 N R
Faph.per™ | G\ * GMg GMs

(top sign for aphelion 4

u+wq
Bu+w,

p(u)duocexr< - a), (6)

with best-fit values «=2.8, B=-0.17, and w;=
—45.17 km/sw,=27.02 km/s. This compact formula differs
from the numerically computed(u)du by less than 5% for
all u>10km/s(Fig. 2.

The ellipticity of the Earth’s orbit affects the distribution
in Eq. (6) with a yearly periodicity: first of all, the lower
boundary of the allowed region iB, J? space(Fig. 1) de-
pends onrg, which undergoes a yearly1.7% oscillation

(E is the WIMP energy in the gravitational field divided by
WIMP mass,J is its angular momentum divided by WIMP
mass,Mg is the solar mass, an@ is the gravitational con-
stan). Expressinge in units of GMg/rg andJ? in units of
GMgrg, Eq.(4) takes the compact linear fortaommon for
both aphelion and perihelipn

Eo 1 Jz_l (5) around 1 AU. Second, the value ot oscillates between
~l2x? X’ ~30.3 km/s(on ~3 January, the time of the Earth’s perihe-

lion) and 29.3 km/g(on 3 July, the aphelion Finally, the
wherex is the adimensional distanggpn perf/r's- It is now  angle betweerig and rg undergoes a very small yearly
straightforward to formulate the three minimal orbital condi- change of order 1%. All these changes translate into a fluc-
tions listed above in this convenieRt J? parameter space tuation of the available phase space h9.6% and of(u)
(rg=~216.6g, r;,~1126.69), as is done in Fig. 1; they around 41.34 km/s by-1.3% (upper signs are for January,
restrict the allowed orbits into elosedregion in parameter lower for July, and can be effectively taken into account
space. This invites us to numerically sample this small re{Fig. 2) by expressing the speeds , w, as time-dependent
gion homogeneously, obtaining for any point in phase spacéinctions:
the WIMP speed during Earth crzossing in the Sun’s reference
frame, w, via the relationE=(w</2)—(GMg/rg), to then _ _
transform this velocity to the laborato§arth’s frame by Wy =83 +by cod ¢(t=3)],
means ofi=&—0vg. In this last step, the anglé between
the Sun-Earth pointing vectofe and @ is given by J? W,=a,+b, cog (t—3)], !
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FIG. 3. Magnitude of the yearly modulation ¢R/dE, arising
from variations inp(u)du due to the ellipticity of the Earth’s orbit, FIG. 4. Left: dR/dE.for a Sn target in the presence of a
for several target elements to be employed by next-generation lowsolar-bound population of WIMPs of mass 100 Ge¥iith pre-
threshold devices. Solid lines correspond to changes in total dete€lominantly scalar couplings, for a fixed arbitragyg. Solid lines
tion rates for scalar-coupling WIMPs, dashed lines are for a detecare for thep(u)du given by Eq.(6), dotted lines are for the same,
tor threshold for nuclear recoil&,, =1 keV, and dotted line for ~but with no contribution from 12 kmfsu<30km/s, and dashed
Ey=3 keV. As in all WIMP modulations, the seasonal changes ardines are for the case when WIMP orbits are contained within 1/2
maximal near the endpoint afR/dE,. (albeit this is where the the radius of the orbit of Jupiter, rather than reaching out to it. The
magnitude ofd R/dE,. is minimal, making the identification of the dash-dotted line is the expectelR/dE,. from the conventional
modulation much hardgrNo line is plotted for the lighter elements galactic-halo unbound population at.,=psg and is offered as an

when the end point il R/dE,. is below the assumely, . illustration of the increase in low-energhR/d E,.. brought about by
solar binding(this increase is larger for heavier WIMPRight:

Idem after folding in a conservative detector resolution of 0.3 keV

full width at half maximum(FWHM).
where a;=45.197 km/s, b;=0.614, a,=27.080 km/s, b,

=0.374,=2m/365.24 rad/day, antlis the number of days
after 1 January. The percent change in the WIMP interaction
rate induced by this modulation is shown in Fig. 3 for several The assumptions made to obtain E6). (homogeneity of
target materials constituent of planned low-threshold detecthe distribution of orbits within the shaded region in Fig. 1
tors. These results are representative of any WIMP interactand of azimuthal angleésre necessary evils: leaving aside
ing via scalar couplingée.g., a Dirac neutrino or a neutralino the uncertainties in the initial protosolar nebula conditions, a
with a Z-ino—Higgsino mixturg and are not influenced by computer simulation of the exagi(u)du, including the
the magnitude of the coupling. sources, evolution, and sinks discussed abovgeissea
A second geographically dependent diurnal modulation irchallenge to present systefiigl]. Equationg6) and(7) must
(w, of maximal magnitudeO(1%) (not treated here, but then be looked upon as first-order approximations to the
straightforward to calculajeshould arise from the daily par- gross features op(u)du, encapsulating first-principles in-
tial alignment and counteralignment wiglz of the rotational  formation common to all possible solar-bound populations
velocity of a laboratory around the Earth’s axis0.45 km/s  and, hopefully, useful for the experimentalist in extracting
near the equatprWhile this diurnal modulation in the inter- limits on psg or searching for a telltale modulation signature.
action rates is smaller than the yearly counterpart even for ah is nevertheless important to estimate the extent to which a
optimally located equatorial laboratory, its daily periodicity particular trapping and evolution mechanism can change a
can amply compensate for this by providing a rapidly grow-population’s spectrum of energy deposition in a detector.
ing statistical significance in relatively short ruh#\s an  Figure 4 displays these departures for the case in which
added advantage, no directional sensitivity in the detector ip(u)du vanishes for 12kmiksu<30km/s[17] and for a
required for its identification. more compactly packed population of orbits with an aph-
elion contained withinzr j,, rather thanr ,, [18]. It can be
seen that neither provokes a sizable changeRIdE,,
3The volume of data collected by several large-mass experimenfeSPeCially when a reasonable detector resolution is folded in.
is individually approaching the figure of 100 kgyr and therefore F€atures such as the maximum energy deposition or the
sensitivities 0f0(0.1%) to diurnal variations in the WIMP interac- SPectral region affected by the modulatignremain rela-
tion rate are expected in the near futig®]. The modulation pro- tively insensitive to the fine details gf(u)du in each model
duced by the rotational speed of the laboratory around the Earth'and would facilitate the characterization of the responsible
axis may then soon become a useful dark matter signature even f%IMP.
the conventional galactic halo population with dispersion speed A final remark is in order: the present experimental lim-
~300 km/s. its on an spherically symmetric distribution of solar-bound

063514-4



SOLAR-BOUND WEAKLY INTERACTING MASSIVE . .. PHYSICAL REVIEW D 59 063514

DM (of any kind, including baryonic DMarise from preci- didates by the first generation of low-threshold WIMP detec-
sion measurements of the motion of the exterior plajie?s  tors.

The bounds so obtained can be expressedpgg<1.4 | would like to thank Vigdor Teplitz for useful discus-

X 10;Phalo for DM interior to Neptune or psg<2.2  sjons during the early stages of this work, which was partly
X 10 phaie for orbits within that of Uranus. These limits supported by Grant No. ERB4001GT965187 of the EU TMR
should be rapidly and largely improved for nonbaryonic canprogram.
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