PHYSICAL REVIEW D 94, 023527 (2016)

New spectral features from bound dark matter
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We demonstrate that dark matter particles gravitationally bound to the Earth can induce a characteristic
nuclear recoil signal at low energies in direct detection experiments. The new spectral feature that we
predict can provide a complementary verification of dark matter discovery at experiments with positive
signal but unclear background. The effect is generically expected, in that the ratio of bound over halo dark
matter event rates at detectors is independent of the dark matter-nucleon cross section.
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I. INTRODUCTION

Milky Way dark matter (DM) particles are expected to
scatter against nuclei in underground detectors while
crossing the Earth [1]. The direct detection of DM
collisions with nuclei in Earth-based detectors is the goal
of a plethora of experiments in operation today [2—4]. The
focus of this search—and of the present work—is on
weakly interacting massive particles (WIMPs), which are
expected in various extensions of the Standard Model [5].
Although simple in principle, direct detection is a difficult
task in practice. It is challenging to distinguish the potential
DM signal from background events. It will become even
more challenging in the near future since the exposure of
the experiments will soon be sufficient to probe solar and
atmospheric neutrinos which could fake the DM signal.
These challenges require the development of new detection
strategies that could identify the DM signal beyond doubt.

In this paper, we show that DM particles gravitationally
bound to the Earth create a unique feature in the low energy
spectrum in direct detection experiments that could provide
further evidence of DM discovery. In particular, DM
particles that cross the surface of the Earth can get captured
due to underground collisions and become gravitationally
bound to the Earth. After their capture, these particles travel
on elliptical orbits that cross periodically the surface of the
Earth. Particles in orbits that travel only small distances
underground can remain in these orbits for a very long
period before they scatter again. Therefore, a large amount
of DM particles can accumulate in these particular orbits
during the lifetime of the Earth. These particles can create a
significant distortion of the recoil energy spectrum in direct
detection experiments. This new spectral feature can
provide a complementary verification of DM discovery.
It can also help probe DM below the solar and atmospheric
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neutrino background that direct DM detection experiments
will soon face. This spectral feature is independent of the
DM-nucleon scattering cross section.

The existence of a population of DM particles gravita-
tionally bound to the Sun was already predicted in the past:
Refs. [6-8] focused on the prospects for indirect detection
of this population, whereas Refs. [9-11], and references
therein, have discussed the prospects for direct detection
of WIMPs bound to the Sun and derived an explicit
expression for the velocity distribution of the latter at
the Earth’s surface.

In this work, we focus on an different physical process.
We study the capture of DM by the Earth and investigate
the signal that the resulting population of WIMPs is able to
produce at DM direct detection experiments. A qualita-
tively similar investigation was performed in a pioneering
work by Gould et al. [12] under the assumption of an
isothermal velocity distribution for DM (corrected outside
the Earth’s core) and for momentum-independent dark
matter-nucleon interactions. Emphasis was placed on the
role of the Sun’s gravitational field in generating a
population of DM particles gravitationally bound to the
Earth. Here, we place the emphasis on different aspects. We
focus on the process of direct DM capture by the Earth,
carefully modeling the motion and the mean-free-path of
DM in the Earth, numerically accounting for the exact
chemical composition of the Earth’s core and mantle,
investigating various types of DM interactions, and con-
sidering both conventional and directional DM direct
detection experiments.

II. DM CAPTURE BY THE EARTH

The capture of DM particles by stellar objects and the
Earth has been studied extensively in the past [13—-16]. In
particular, the capture of DM in the Sun and its subsequent
distribution in bound elliptical orbits has been studied both
analytically [9,10] and numerically [7,8]. Here, we focus on
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DM capture by the Earth. The key point for the DM capture
is that the particle should scatter underground to velocities
that are below the escape velocity of that particular point
of the Earth, thus leading to a gravitational bound orbit.
The rate of scattering events (within the infinitesimal
volume d°x) to velocities below the escape velocity that
lead to elliptical orbits of angular momentum J within
[J2J% + dJ?] is given by [10]

. 2o v f(v)ny(r) J2 N\ /2
W=t ) @

X 0,0, (d*xdv)da dJ?. (1)

Here, a = GMg/a, where a is the semimajor axis of the
elliptical orbit that the DM particle scatters to, G is the
Newton constant, and Mg, is the Earth’s mass. Also, f(v) is
the DM velocity distribution before scattering. Equation (1)
assumes scattering by a single element of mass number A
and number density n,(r) at a distance r from the Earth’s
center. The DM-nucleus scattering cross section at zero
momentum transfer 6,4 can be written as 6, = 0,A%u3 /42,
where p, and u, are, respectively, the DM-nucleus and
DM-nucleon reduced masses, and o, is the so-called
spin-independent (SI) DM-nucleon scattering cross section.
Here, Jp. = r(v? —a)'/? is the maximum angular
momentum for a bound orbit at r, and p1 = dm,my /
(m, £ my)?, with m, and m, being the DM and nucleus

respectively. The step functions O, =
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that only kinematically allowed bound orbits are populated.
Also, F4(Q) is the nuclear form factor associated with o,
accounting for the loss of coherence in scattering of energy
transfer Q [10]. Liouville’s theorem dictates that the
velocity distribution remains constant along the trajectory
of a particle, i.e., f(r,v) = fo(Vs), Where f(r,v) and
foo(¥s) are the velocity distributions just before the
collision and at asymptotically far away distances from
the Earth and are related as v2, = v> — vZ.(r). Upon
assuming a Maxwell-Boltzmann distribution for f (v),
and after averaging over the angle of attack of the DM
particle, the velocity distribution just before the collision is

2
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where v, = \/v? —v? +vg, v, is the Earth’s escape
velocity, vy =220 kms~! is the local standard of rest,
vp = 232 kms™! is the Earth velocity in the galactic rest
frame, and n, is the DM number density in the Earth’s
neighborhood. The above distribution is in the rest frame of
the Earth. The escape velocity of the Earth varies from
15 kms~! at the Earth’s center to 11.2 kms™' at the Earth’s
surface. Since the variation is small, we simplified our
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calculation by setting the escape velocity to its surface
value v; = 11.2 kms~!. This makes f(r, v) independent of
r [leading to Eq. (2)].

Equation (1) expresses the rate of trapped particles per
unit volume of the Earth in terms of the semimajor axis (via
a) and angular momentum J of the orbit after the collision.
It is however more convenient for the calculation of the
bound DM flux on the detectors to express the rate in terms
of the ellipticity of the orbit e and pericenter (the closest
distance of the orbit to the center of the Earth) 7,,. In this
case, Eq. (1) can be rewritten as

: 2 -1/
N, = 4nGM$W <1 —’r’;> R0
+

x 0, O,(d’xdv)de dr,,. (3)

The condition J = r,,(v? —a)'/? < J,..« imposed by ©,
becomes ®, = O(r—r,,),and @, is ©, having substituted
a=GMg(1—e)/r,. Recall that the semimajor axis
a=r,/(1 —e). Equation (3) should be summed over
all elements abundant in the Earth. In practice, we take
into account the most abundant elements, i.e., 'O, 28Si,
24Mg, Fe, “°Ca, Na, 3’8, ¥Ni, and >’ Al, assuming the
standard composition and density profile of chemical
elements in the Earth n,(r) provided in [17]. Integrating
Eq. (3) over d°xdv and summing over elements gives

AN =1612GMgy 2K, (r,.e)
A :B+

Re 2N\ -1/2
X / drny(r) <1 ——"21) dedr,, = g(r,,, e)dedr,,.
T r
(4)

Equation (4) gives the rate of accumulation of trapped DM
particles into bound elliptical orbits of ellipticity within
[e,e +de| and pericenter within [r,,, 7, +dr,]. In the
derivation of Eq. (4), we have assumed spherical symmetry,
i.e., d*x = 4xr’dr. Here, K,(r,,, ) is defined as

Ku(ry,e)= /dvvf(v)Fi(Q)@e = /UZ dvvf(v)F3(Q),
| (5)
where Q = (1/2)m,(v* — v} + GMg(1 —€)/r,,) is the

energy loss in the collision. The upper limit v, comes
from the step function ©,, and it is given by

vy = \/(l + 00t - He (g~ e)/ﬁj—;. The lower limit of
integration is obviously the escape velocity v; since a

DM particle with zero speed at asymptotic far distances
from the Earth will acquire »; once it reaches the Earth.

III. RECOIL ENERGY SPECTRUM
OF BOUND DARK MATTER

In this section, we calculate the recoil energy spectrum
due to bound DM particles. In order to do this, we must first
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estimate the time it takes for a particle orbiting the Earth to
scatter for a second time. We make an approximation here,
i.e., we consider recoil events in direct detection experi-
ments that are produced by DM particles bound in elliptical
orbits that have scattered only once inside the Earth before
reaching the detector. Although, in principle, even particles
that have scattered more than once can contribute to the
spectrum, we expect that successive collisions will lead to a
diminished DM kinetic energy, which practically means
very low recoil energies. Therefore, within this approxi-
mation, we estimate the number of DM particles that can
accumulate in different orbits and have scattered only once.
The number of periods N required for a DM particle to
scatter for a second time is

_ (ZA A ” nA(r)aAf(rm,e)d(ﬁ)_l, (6)

where &(r,,,e)d¢ is an infinitesimal path along the
elliptic trajectory of the orbit given by &(r,,e) =
2r,, (1 + e)\/1 + > +2ecosg/(1 + ecosp)?. The inte-

gration is along the underground part of the orbit. Here,

I
cos¢h = ’2( Jer” 1

corresponds to the angle subtended

by the pericenter and the point where the orbit crosses the
Earth (r = Rg) from the Earth’s center. The condition
—1 < cos¢; <1 implies that 1 —¢ <z~ < 1. For a given

orbit, the time 7(r,,,e) a DM partlcle can spend without
scattering for a second time is on average

T(rp.e)=min[N x ©(r,, €), 7g), (7)

where 74 =4.5 x 10° years is the age of the Earth and

4r2 _ry
GMg (1-¢)’

(ry,e) = is the period of the elliptical

bound orbit.
The differential event rate for a given orbit characterized
by r,, and e is

dR, . do

do dN 2T(r,,e)
=Ny
dEpg dEpg

dEg 4xl% ©(r,,e) ’

F =Nr (8)
where N7 is the number of target nuclei in the detector.
Here, F is the flux of bound DM particles in orbits of
pericenter r,, and ellipticity e crossing the detector. Also,
dN is the rate with which a particular orbit is populated
[see Eq. (4)]. This orbit can accumulate DM particles for a
time interval T(r,,, ¢). During each revolution of period
7(r,, ), a DM particle crosses twice the sphere of radius
?., which is the location of the detector. We assume
that DM crosses the surface of the sphere isotropically

(thus, the factor 47¢2). For the SI contact interactions
ﬂ _ mNo-nAi/FZ(ER)
dEg — 2uzv?

nucleons in the detector-target nucleus N. The velocity v
of a bound DM particle at the detector is completely

determined by r,, and e and can be easily shown to be

, Ay corresponds to the number of
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Combining Egs. (4), (7), and (8), we obtain the differ-
ential rate of events

mr €) T(rm, )
= 1
a'ER K/ / dedr,, 2 = dr,de, (10)

l+e

where k = NTmNGnA]zVFz(ER)/(A"ﬂfCﬂn)

We also study the spectrum of bound DM scattering
off directional detectors. In particular, we look into the
spectrum of recoils coming from a direction perpendicular
to the vector that connects the center of the Earth with the
detector. We have found that such horizontal directions give
an enhancement in the bound/halo ratio of DM events in
the detector. Generically, the directional rate for energy
recoil Eg and recoil direction within the solid angle d€2, is

dER dQ =Ny f dE, dsz d®, where d® is the flux of partlcles

arriving at the detector For SI contact interactions with
nucleons, the rate of events for bound DM is

dR Kq 1 Umin g(rmve)
o 0, — T(rpy,
dERdQ, MZ/ (COS v >f(rm,e) (rm: €]
dcos@dep d
X drmdeicos ¢£, (11)
4dr  2=x

where x; = Nymyo, AL F2(Eg)/(47u2), Vi is the mini-
mum DM velocity that can induce a nuclear recoil of energy
Eg, 8¢, is the characteristic length of the detector (which
eventually will drop out), ¢g(r,,, ) is defined in Eq. (4), € and
¢ are the polar angles of the location of the pericenter r,, of
the orbit (with the z-axis being the vector from the center of
the Earth to the detector), and w is the angle that defines the
tilt of the elliptical plane of the orbit. The delta function
determines the kinematically allowed recoil angles between
the incoming DM particle and the nucleus recoil direction
0,. For horizontal recoil directions (i.e., perpendicular
to the direction of gravity at the detector), cos 6, = +(1+
ecos®)cosp/\ 1+ e* +2ecosh, where + corresponds
to the two possible directions of motion, i.e., (counter)
clockwise. For the orbits to pass through the volume ~672
of the detector, &r, =6¢.(1+ ecos@)/(1+e) and
Sw = 8¢,/ (¢.sin@). By using the above and performing
the integration over @ with the use of the delta function,
Eq. (11) reads

/ /m i Je)
dERdQ 2n2f s €)

202 7.
\/—1G'1"“4“® — (1 = e*)cos’p
1—y? ecos’¢h

T(ru,e)

1
o + ey 1
1+e

’

(12)
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where v is given by Eq. 9), r,, = Z.(1 +ey)/(1 +e),
y = (—cos’¢p +y)/(ecos’¢p), and y =12 7./(GMg).
The integration limits are e; = Max[y —1,0], ¢, =
cos~!'(Min[1,+/7/(1 = e)]), and ¢, = cos™! \/y/(1 + e).
In the numerical applications, we set [. = Rg — 2 km,
where Rg, is the radius of the Earth and 2 km is the depth

of the detector.

IV. RESULTS

In Fig. 1, we show our main results. The left (central)
panel shows the ratio of events per recoil energy induced by
bound DM over an ordinary halo DM evaluated at a recoil
of 1 (20) eV for different types of interactions as a function
of the DM mass. Note that although the plots have been
made assuming a cross section of 107 cm? (for the
familiar SI interaction), we have found the ratio to be
almost independent of the DM-nucleus cross section. This
is easy to explain. The rate of bound DM events in the
detectors has three entries where the DM-nuclei cross
section plays a role, i.e., in the DM scattering in the
detector, in the capture rate, and in the time a specific orbit
can accumulate DM without rescattering. The first depend-
ence is common for both halo and bound DM events.
However, the other two entries basically cancel each other
out. This is because larger DM-nuclei cross sections will
lead to higher capture rates but lower accumulation times
since the probability for rescattering is higher. We have
plotted the ratios for three different interactions where
do/dEy scales as 1/v? (the typical contact SI interaction,
for which we also consider the ratio of directional rates
assuming fluorine as target material), 1/v*, and ¢/,
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which is that of the operator O;; (or Oy, Oy, and Oy,) in,
e.g., [16,18] (see also [19,20] for a discussion on effective
operators in the context of directional detectors). Although
Eq. (10) has been derived for the first type (contact SI), it is
easy to derive the analogous expressions for the other two
following the same steps leading to Eq. (10), keeping in
mind that the different v and ¢ dependence of do/dER will
affect K 4(r,,, ¢) of Eq. (5), 64 in Eq. (6), and the final recoil
that takes place in the detector.

One can see that each element in the Earth produces a
characteristic resonance in the differential rate of bound
DM, the most pronounced of which is associated with iron.
Note also that the resonance effect reduces and smooths out
as one goes to higher recoil energies (e.g., 20 eV in the
central panel). Bound DM can give an increase in the order
of 10% for 1/v? and 1/v* (at 1 eV). For horizontal recoils
in directional detectors, we find that the bound DM rate is
up to 25% of the halo one. This would practically mean that
for every four halo DM events there will be one from bound
DM. The result is more dramatic for interactions with
momentum dependence like the operator Oy, where (as it
can be seen) the bound DM rate can be up to ~350 times
larger than the halo one. Notice that in Fig. 1 for illustrative
purposes, the ratio associated with O;; has been multiplied
by 1073,

The right panel in Fig. 1 shows the rate of events as a
function of the recoil energy for a fixed DM mass of
50 GeV. We have included current (and projected) energy
thresholds of various experiments as a reference [21-23].
For the case of contact SI and 1/v* interactions, the bound
DM contribution appears in the spectrum as a bump at low
energies. The height of the bump with respect to the
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FIG. 1. Left panel: Ratio of the differential rate of recoil events induced by bound DM over the one induced by ordinary halo DM as a

function of m, at recoil energy 1 eV. This ultralow recoil energy is chosen for illustrative purposes: At 1 €V, all elements in the Earth
contribute to the bound DM signal. We consider a germanium detector with perfect energy resolution and three dark matter-nucleon
interaction types with differential cross sections scaling as reported in the legend. Thin colored lines assume capture by single elements
in the Earth and a differential cross section « 1/v2. For this interaction type, we also consider the ratio of directional rates. Note that the
ratio for g% /v interactions must be rescaled by a factor of 10°. Central panel: Same as for the left panel for a recoil energy of 20 eV.
Right panel: Arbitrarily normalized differential rates of recoil events as a function of the recoil energy for a DM particle mass of 50 GeV.
Solid lines correspond to total rates, while dashed lines to the associated halo DM particle contribution. Vertical lines show the threshold
energies of selected present and projected experiments (for reference, we also include DAMIC, though it uses silicon as target material).
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ordinary halo spectrum is given by the ratio plotted in the
previous figures we discussed. For the momentum-
dependent interaction O;;, the spectrum appears with
two distinct peaks, one at high energy, where halo DM
dominates, and one at low energy, where bound DM is the
dominant source (up to several hundreds larger than
the halo DM, as we mentioned earlier). Notice that the
ratio of the height of the two peaks is halo/bound =
1.4/0.4 =3.5. By integrating the total recoil energy
spectrum for the interaction operator O;; in the ranges
(20 keV, 20 keV + AE) and (10 eV, 10 eV + AE), we
obtain a ratio of recoil events within the two energy
intervals of about 4 for AE =5 eV. This consideration
is physically relevant only for experiments with
energy resolution of 5 eV over the whole signal
region, which is the minimum requirement for the predicted
feature to be resolved. Finally, the total recoil energy
spectrum for the operator O;; integrated over the energy
intervals (1073 keV, 4 x 1072 keV) and (4 x 1072 keV,
100 keV) is equal to 1.7 x 1073 and 1.2 x 10 kg~' day!,
respectively.

The spectral feature that we have described in this paper
can only be revealed by detectors with threshold energies
at the eV scale and experimental energy resolution of a
few eV. None of the operating direct detection experiments
has reached this limit yet. However, strategies have been
proposed in the past, e.g., by Drukier and Stodolsky [23]
who have designed an experiment for the direct detection
of neutrinos via neutral-current interactions, and more
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recently by Schutz and Zurek in [24], where DM detection
via multiple excitations in superfluid helium is discussed.

In this paper, we demonstrated the existence of new
spectral features in the low recoil energy spectrum of direct
DM detectors due to scattering of DM particles that are
gravitationally bound to the Earth. These features are
generically expected, e.g., the ratio of bound DM events
over halo ones is independent of the DM-nucleus cross
section. This could be quite useful in distinguishing beyond
a doubt a DM signal from possible background, and it
could identify the specific velocity and momentum depend-
ence of the DM-nucleon interaction since different types of
interactions create qualitatively different spectral features.
Although the effect that we have found is important at low
energy only and difficult to detect through the observation
of nuclear recoil events, it might be discovered by lowering
the threshold energy for nuclear recoils (see above) or via
DM-induced electron recoils if DM-electron interactions
are not negligible [25]. This possibility will be explored
in a future work. Since the low energy part of the recoil
spectrum contains the key information described here, the
effort for lowering the experimental energy thresholds is
of great importance, as it would allow one to reveal new
features that can identify DM beyond any doubt.
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