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ABSTRACT

In the standard model of disk galaxy formation, a dark matter disk forms as massive satellites are preferentially
dragged into the disk plane and dissolve. Here, we show the importance of the dark disk for direct dark matter
detection. The low velocity of the dark disk with respect to the Earth enhances detection rates at low recoil
energy. For weakly interacting massive particle (WIMP) masses Mywnp > 50 GeV/c?, the detection rate
increases by up to a factor of 3 in the 5-20 keV recoil energy range. Comparing this with rates at higher
energy is sensitive to Mwmp, providing stronger mass constraints particularly for Mwpp = 100 GeV/cz. The
annual modulation signal is significantly boosted and the modulation phase is shifted by ~3 weeks relative to
the dark halo. The variation of the observed phase with recoil energy determines Mwp, once the dark disk
properties are fixed by future astronomical surveys. The constraints on the WIMP interaction cross section from

current experiments improve by factors of 1.4—-3.5 when a typical contribution from the dark disk is included.
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1. THE MILKY WAY’S DARK DISK

A mysterious dark matter dominates the matter content of the
universe. Although there are no dark matter candidates in the
standard model, they are plentiful in extended models. Among
these, weakly interacting massive particles (WIMPs; Lee &
Weinberg 1977; Gunn et al. 1978; Ellis et al. 1984), which
may arise in supersymmetric extensions of the standard model
(SUSY; Jungman et al. 1996) or in theories that include universal
extra dimensions (Cheng et al. 2002; Hooper & Profumo 2007),
stand out as well motivated and detectable.

WIMPs may be detected directly by scattering in a laboratory
detector (Goodman & Witten 1985) or indirectly by their
annihilation products from their highest density regions (Silk
& Srednicki 1984; Lake 1990). In the case of direct detection,
we must know the dark matter’s phase space structure to
predict rates. In early calculations, the standard halo model
(SHM) of the dark matter assumed no rotation and the density
distribution was taken to be a spherical isothermal sphere with
a core radius of several kpc. More recent modeling includes
the cuspier central profiles from A cold dark matter (ACDM)
simulations (Navarro et al. 1997; Moore et al. 1998), producing
changes of O(10%) with respect to the SHM (Kamionkowski
& Kinkhabwala 1998). Larger boosts have been claimed if dark
matter is highly clumped (Green 2002), but it is more likely that
we live outside a clump, leading to a modest reduction in the
local density (Kamionkowski & Koushiappas 2008).

Simulations containing only dark matter particles have ex-
tremely high resolution, but they may not be addressing the
“next to leading order” of the model because they do not in-
clude the effect of the baryons. Read et al. (2008) recently
demonstrated that massive satellites are preferentially dragged
into the baryonic disk plane by dynamical friction where they
dissolve leaving a thick dark matter disk (Read et al. 2008; Lake
1989). The precise properties of the dark disk depend on the
stochastic merger history and cosmology. However, given the
expected merger history for a typical Milky Way in ACDM,
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they found a dark disk with density in the range pq/0n ~ 0.2-1
at the solar neighborhood (where py, is the density of the SHM).
The lower bound p4/pn = 0.2 is particularly conservative since
it is produced by just one merger of Large Magellanic Cloud
mass within 20° of the disk plane. In ACDM, we expect two
such low inclination mergers per Milky Way (and seven in total
at all inclinations).

‘We may obtain an upper bound on pq/ o from the kinematics
of stars at the solar neighborhood (Oort 1932; Bahcall 1984).
The latest measurements from Hipparcos give a conservative
upper bound of pg/pn < 3, including systematic errors (Holm-
berg & Flynn 2000; Statler 1989), with pq/pn being <2 likely.
If more than half of the thick disk owes to accretion, the likely
dark disk density would be near the upper limit. As such we
consider pg/pn = [0.5, 1, 2] in this paper. The disk density pq4
is an excess over py, locally increasing the dark matter density.

The kinematic properties of the dark disk can be estimated
from the accreted stellar thick disk that forms concurrently.
Stellar thick disks are found in the Milky Way and in all well-
observed spiral galaxies (Burstein 1979; Gilmore & Reid 1983;
Yoachim & Dalcanton 2006), while at least one counterrotating
thick disk is strong evidence for an accretion origin (Yoachim
& Dalcanton 2005). However, thick disks can also form through
heating of an underlying thin disk (Kazantzidis et al. 2008),
or even directly from extended gas (Brook et al. 2004); in-
deed it is difficult in ACDM to obtain a thick disk massive
enough from accretion alone (Read et al. 2008). In this pa-
per, we assume—based on the numerical models of Read et al.
(2008)—that the dark disk’s kinematics match the Milky Way’s
stellar thick disk. At the solar neighborhood, this gives a rotation
lag vi,g of 40-50 km s~! with respect to the local circular ve-
locity, and dispersions of (og, 04, 0;) = (63, 39, 39) km s71
(Read et al. 2008). Since the dispersions are nearly isotropic
and somewhat uncertain, we model the dark disk with a sim-
ple one-dimensional Maxwellian distribution, with a dispersion
and lag, 0 = v = 50 km s~!, to show its general effect
on direct detection. Improving on this assumption will involve
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Figure 1. Differential recoil rates for Ge (red/gray) and Xe (blue/black) targets,
for Mwivp = 100 GeV/c? and oowivp,Ny = 1078 pb in the SHM (solid line)
and the dark disk. Three different values of pg/ppn (0.5 dashed, 1 x, and 2 A)
are shown. The vertical lines mark current experiment thresholds: XENON10
(blue/black) using a Xe and CDMS-II (red/gray) using a Ge target.

untangling heated versus accreted components in the Milky Way
stellar thick disk. This should become possible with future as-
tronomical surveys like the Radial Velocity Experiment (RAVE)
(Steinmetz et al. 2006) and Global Astrometric Interferometer
for Astrophysics (Perryman et al. 2001) that will provide full
six-dimensional phase space and chemical information for hun-
dreds of thousands of individual stars.

We emphasize that the dark disk must form in any hierarchical
model of structure formation; it is not special to our ACDM
simulations (Read et al. 2008). However, ACDM is specific
enough to predict the dark disk density with uncertainties owing
only to the stochastic nature of the merging and accretion
history. The dark disk is very different from dark matter
streams (Freese et al. 2004; Savage et al. 2006) that have a
low filling factor (we are not likely to live in a stream), and
are stochastic microstructure. By contrast, the dark disk is the
expected equilibrium end state of dissolving satellites and the
Earth must be embedded in one (if hierarchical formation is
correct). Like the near-spherical dark matter halo, the dark disk
is macrostructure.

2. DIRECT DETECTION AND THE DARK DISK

Direct detection experiments measure nuclear recoil rates
above the detector’s energy threshold (Baudis 2006); here we
consider Ge and Xe. The detected elastic WIMP—nucleon recoils
will range from a few to tens of keV. The expected recoil rate per
unit mass, unit nuclear recoil energy, and unit time are (Lewin
& Smith 1996)

dR _ powie | F(E)]* [t
dE 2Mwivp it

fv, 1)
v>A/mE /212 v

where p is the local dark matter density (o, = 0.3 GeV cm™3
in the SHM), owmmp,n) 1s the WIMP-nucleus scattering cross
section, F(F) is the nuclear form factor, Mwp and m are
the masses of the dark matter particle and of the target nu-
cleus, respectively, u is the reduced mass of the WIMP-nucleus
system, v = |v| and vmax 1S the maximal velocity in the
Earth frame for particles moving at the galactic escape velocity
Vese = 544 km s~! (Smith et al. 2007). We only consider the
spin-independent (SI) scalar WIMP-nucleus coupling in this
paper, since it dominates the interaction (depending however on

v, ()

DETECTING THE MILKY WAY’S DARK DISK 921

35

30 1

25¢ 1

n
o
T

Energy [keV]
o

10

0 200 400 600 800 1000
Mass [GeV/cQ]

Figure 2. Recoil energy below which the signal is dominated by the dark disk

(compared with the SHM) as a function of Mwpvp for Ge (red/gray) and Xe

(blue/black) targets. Three different values of pq/pn (0.5 dashed, 1 x, and 2 A)

are shown. The horizontal lines mark current experiment thresholds: XENON10
(blue/black) using a Xe and CDMS-II (red/gray) using a Ge target.

the dark matter particle) for target media with nucleon number
A 2 30 (Jungman et al. 1996). We model the velocity distribu-
tions of particles in the dark disk and the SHM with a simple
one-dimensional Maxwellian:
2
f(v, 1) o exp ((V+—V®(I))> , )
202
where v is the laboratory velocity of the dark matter particle and
the instantaneous streaming velocity Vg = Veire + Vo + Vorb (7).
This streaming velocity is the sum of local circular velocity
Veie = (0,220,0) km s~!, the peculiar motion of the Sun
Vo = (10.0,5.25,7.17) kms~! (Dehnen & Binney 1999) with
respect to Vi, and the orbital velocity of the Earth around
the Sun vy, (7). In the SHM, the halo has no rotation and the
dispersion 0 = |Veirc|/ V2. For the dark disk, the velocity lag
Vg = (0,50,0) km g1 replaces v and a dispersion of
50 km s~! is adopted.

The lower relative velocities of the dark disk significantly
increase the differential rate at low energies compared with
the SHM rate (Figure 1). Detection of the dark disk crucially
depends on the detector’s low energy threshold. The differ-
ential rate for a specific WIMP target depends on Mwqvp. In
Figure 2, we show the energy below which the dark disk domi-
nates the rate as a function of Mywvp, for three values of pq/ on.
The total rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high and
low energies, respectively. For Myp = 50 GeV/c?, the dark
disk contribution lies above current detector thresholds, giving
a much greater change in the detection rate with recoil energy
compared with the SHM alone.

The total rate in a detector using a Ge target is shown in
Figure 3 varying pq/pn and Mwpp. If the detectors threshold is
sufficiently low even an extremely conservative dark disk with
pa/pn = 0.1 can be detected. Current germanium detectors
achieve thresholds below 1 keV (Lin et al. 2009; Aalseth
et al. 2008). The details of the differential rate with energy,
as shown in Figure 3, betray both the contribution of the dark
disk relative to the SHM and Mwvp. This introduces a mass-
dependent characteristic shape of the differential rate which will
improve the constrains on Mwp upon detection.



922 BRUCH ET AL. Vol. 696

dR/dE [counts/kg/d/keV]

0 5 10 15 20
Energy [keV]

Figure 3. Total differential rate for a Ge target in the SHM (solid) and four

different values of pq/pp (0.1 dashed, 0.2 x, 0.5 A, 1 v, and 2 [J) are shown

for two Mywmp (100 GeV/c? (red/gray) and 200 GeV/c? (blue/black)). The
vertical lines mark the current CDMS-II threshold and a threshold of 1 keV.

The motion of the Earth around the Sun gives rise to an annual
modulation of the event rate and recoil energy spectrum (Drukier
et al. 1986). The annual modulation is more pronounced for
the dark disk, since the relative change to the mean streaming
velocity owing to the Earth’s motion is larger (~19%) compared
with the SHM (~6%). We show in Figure 4 the residual
integrated rates for a liquid xenon detector throughout a year, for
three different Mwp and two values of pq/pn. The residuals
are calculated with respect to the mean counting rates in a given
energy region.

The phase (defined at maximum rate) of the dark disk and
the SHM differ because the Sun’s motion is slightly misaligned
to the dark disk. While the phase of each component does not
depend on Mwvp, their sum does because their amplitudes
depend on Mwvp. We show this dependency in Figure 5, for
three values of p4/pn. The phase shift is determined by the

relative contributions of each component. Figure 4 shows that
the phase shift is largest for low p4/pn, since in this case the
sum preferentially follows the halo modulation phase, while
for higher pq/ pp the disk component dominates the modulation
phase. This is a new effect introduced by the presence of the
dark disk that allows Mwvp to be uniquely determined from
the phase of the modulation signal, for given p4/pn. Note that
there is an amplitude flip for the SHM that occurs as Mwmp
is increased, which is not seen for the dark disk. As Mwnvp is
lowered, the “crossing energy” at which the differential rates for
minimal and maximal WIMP velocity are equal shifts to lower
energies. For the dark disk, it remains close to, or below, current
thresholds and so the amplitude flip is not seen.

The effect of the dark disk on current upper limits on the
SI WIMP-nucleon cross section is shown in Figure 6 for
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Figure 5. Phase shifts as a function of Mwvp in the energy range reported by the
CDMS-II experiment (10-100 keV; red/gray) and the XENON10 experiment
(4.5-27 keV; blue/black), for three different values of pgq/pn (0.5 dashed, 1 x,
and 2 A).
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Figure 4. Annual modulation shown as the residual counting rate vs. date for the XENON10 experiment (4.5-27 keV). The residuals are calculated with respect to
the mean counting rates (given as numbers over each line) using a WIMP-nucleon cross section of 10~% pb. The top/bottom row is calculated for pgq/pn = 0.5/1 and

Mwivp (left to right) of 50, 200, and 500 GeV/cZ. The (blue/dashed) line is the modu
signal from the dark disk, and the (black/solid) line is the total modulation signal. T

lation signal obtained from the SHM, the (red/dot-dashed) line is the modulation
he maximum of the dark disk contribution is shifted to May 9th compared with

the SHMs maximum/minimum on May 30th. Note the different vertical scales in each of the three columns of the plot array.

(A color version of this figure is available in the online journal.)
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Figure 6. Effect of the increased dark matter flux on the ST WIMP-nucleon
cross section constraints obtained by the CDMS-II (red/gray) and XENON10
(blue/black) experiments, for three different values of pq/pn (0.5 dashed, 1 x,
and 2 A). The solid lines give the constraints if only the SHM component is
considered.

CDMS-II and XENON10 (Ahmed et al. 2009; Angle et al.
2008). Depending on p4/pn, we exclude new regions in the
allowed parameter space for Mwvp = 50 GeV/ 2.

On a final note, we find that including the dark disk component
does not change the interpretation of the annual modulation
signal observed in the Dark Matter (DAMA) (Bernabei et al.
2008) experiment for pure SI coupling. At high Mwpvp, the
allowed DAMA region is still excluded by CDMS-II and
XENONI10 (Ahmed et al. 2009; Angle et al. 2008) results, while
at low Mwmvp nO new parameter region opens.

3. CONCLUSIONS

In ACDM, a dark matter disk forms from the accretion of
satellites. We have shown how its low velocity with respect to
the Earth alters the expected rate and annual modulation signal
in dark matter detectors. Our main findings are as follows.

The dark disk boosts the detection rates at low recoil energy.
For Mwmp 2 50 GeV/cz, recoil energies of 5-20 keV and
pa/pn < 1, the rate is boosted by factors up to 2.4 for Ge and
3 for Xe targets. Comparing this with the rates at higher energy
will constrain Mynyp, particularly for Mwp > 100 GeV/c?.

The dark disk has a different annual modulation phase than the
dark halo, while the relative amplitude of the two components
varies with recoil energy and Mwpyp. As a result, there is a new
richness in the annual modulation signal that varies uniquely
with Mwvp, for given dark disk properties (the properties of
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the dark disk will be measured from next generation surveys;
Steinmetz et al. 2006; Perryman et al. 2001).

The increased expected dark matter flux provides new con-
straints on the WIMP cross section from current experiments.
For likely dark disk properties (o4/pn < 1), the constraints for
pure SI coupling improve by up to a factor of 1.4 for CDMS-II
(Ahmed et al. 2009) and 3.5 for XENON10 (Angle et al. 2008).

We acknowledge support from the Swiss NSF and the
wonderful working environment and support of UZH.
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