
Median recoil direction as a WIMP directional detection signal

Anne M. Green1 and Ben Morgan2

1School of Physics and Astronomy, University of Nottingham, University Park, Nottingham, NG7 2RD, United Kingdom
2Department of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom

(Received 16 February 2010; published 22 March 2010)

Direct detection experiments have reached the sensitivity to detect dark matter weakly interacting

massive particles (WIMPs). Demonstrating that a putative signal is due to WIMPs, and not backgrounds,

is a major challenge, however. The direction dependence of the WIMP scattering rate provides a potential

WIMP ‘‘smoking gun.’’ If the WIMP distribution is predominantly smooth, the Galactic recoil distribution

is peaked in the direction opposite to the direction of Solar motion. Previous studies have found that, for

an ideal detector, of order 10 WIMP events would be sufficient to reject isotropy, and rule out an isotropic

background. We examine how the median recoil direction could be used to confirm the WIMP origin of an

anisotropic recoil signal. Specifically, we determine the number of events required to confirm the direction

of solar motion as the median inverse recoil direction at 95% confidence. We find that for zero background

31 events are required, a factor of�2more than are required to simply reject isotropy. We also investigate

the effect of a nonzero isotropic background. As the background rate is increased the number of events

required increases, initially fairly gradually and then more rapidly, once the signal becomes subdominant.

We also discuss the effect of features in the speed distribution at large speeds, as found in recent high

resolution simulations, on the median recoil direction.
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I. INTRODUCTION

Weakly interacting massive particles (WIMPs), and, in
particular, the lightest neutralino in supersymmetric mod-
els, are a well-motivated dark matter candidate [1–3].
WIMPs can be detected directly, in the lab, via the elastic
scattering of WIMPs on detector nuclei [4]. Experiments
now have the sensitivity required to probe the theoretically
favored regions of parameter space [5–7] and the CDMS
experiment has recently observed two events in its WIMP
signal region [5].

Neutrons, from cosmic-ray induced muons or natural
radioactivity, can produce nuclear recoils that (on an event
by event basis) are indistinguishable from WIMP induced
recoils. Furthermore, perfect rejection of other back-
grounds is impossible, for instance ‘‘surface events’’ (elec-
tron recoils close to the detector surface) in the case of
CDMS. As highlighted by the CDMS events, as well as the
long-standing DAMA annual modulation signal [8], dem-
onstrating the WIMP origin of a putative signal is abso-
lutely crucial. The direction dependence of the WIMP
scattering rate (due to the Earth’s motion with respect to
the Galactic rest frame) [9] provides a potential WIMP
‘‘smoking gun.’’ Assuming that the WIMP distribution is
predominantly smooth, the peak WIMP flux comes from
the direction of solar motion (toward the constellation
Cygnus), and the recoil rate is then peaked in the opposite
direction. The recoil rate, in the Galactic rest frame, is
highly anisotropic; the rate in the forward direction is
roughly an order of magnitude larger than that in the
backward direction. A detector capable of measuring the
nuclear recoil vectors (including the sense þp versus �p)

in three dimensions, with good angular resolution, could
reject isotropy of the recoils with only of order 10 events
[10,11]. Most, but not all, backgrounds would produce an
isotropic Galactic recoil distribution (due to the compli-
cated motion of the Earth with respect to the Galactic rest
frame). An anisotropic Galactic recoil distribution would
therefore provide strong, but not conclusive, evidence for a
Galactic origin of the recoils.
Confirmation of the WIMP origin could be obtained by

verifying that the properties of the anisotropy match the
expectations for WIMP induced recoils. Assuming the
WIMP distribution is dominated by a smooth component,
the median inverse recoil direction should be compatible
with the direction of solar motion.
To summarize, a WIMP search strategy with a direc-

tional detector could be divided into a sequence of phases:
(1) Search phase (detection of nonzero recoil signal)
(2) Detection of anisotropy
(3) Study of properties of anisotropy,

which require successively larger numbers of events (and
hence larger exposures).
The initial simple search phase aims to detect an anoma-

lous recoil signal above that expected from backgrounds.
To claim an anomalous signal inconsistent with zero at
95% confidence requires 4–5 events. The second step, as
discussed above, would be to check whether the Galactic
recoil directions are anisotropic and would require of order
10 events (assuming zero background). In this paper we
focus on the third phase, examining how measuring the
median recoil direction could be used to provide confirma-
tion of the WIMP origin of an anisotropic recoil signal. In
Sec. II, we describe the input to our Monte Carlo simula-
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tions. In sSec. III, we present our results, before concluding
with a discussion in Sec. IV.

II. MODELLING

We use the same statistical techniques and methods for
calculating the directional nuclear recoil spectrum as in
Refs. [11–13]. We briefly summarize these procedures
here, for further details see these references and Ref. [14].

A. Detector

Many of the directional detectors currently under devel-
opment [15,16] are low pressure gas time projection cham-
bers (TPCs), e.g. DMTPC [17], DRIFT [18,19], and
NEWAGE [20]. We therefore simulate a fairly generic
TPC based detector. We assume that the recoil directions,
including their senses, are reconstructed perfectly in three
dimensions. These are optimistic assumptions, therefore
our results provide a lower limit on the number of events/
exposure required by a real TPC based detector. For con-
creteness we use a S target with an energy threshold of
20 keV. Finite angular resolution does not significantly
affect the number of events required to detect anisotropy
[11,21], provided it is not worse than of order 10�. Axial
and/or two- dimensional readout would, however, signifi-
cantly degrade the detector capability [11–13,21].

B. WIMP properties and distribution

The detailed angular dependence of the recoil rate de-
pends on the exact form of the WIMP velocity distribution
[10,11,22]. However, if the WIMP velocity distribution is
dominated by a smooth component the main features of the
recoil distribution (rear-front asymmetry, median direction
opposite to the direction of solar motion) are robust (see,
e.g. Ref. [11]). For concreteness we use the standard halo
model halo, an isotropic sphere with local density � ¼
0:3 GeV cm�3 and a Maxwellian/gaussian velocity distri-
bution with three-dimensional velocity dispersion �v ¼
270 km s�1, and fix the WIMP mass at m� ¼ 100 GeV.

Numerical simulations find velocity distributions with
stochastic features at large speeds [23,24]. Kuhlen et al.
[24] find that for high speed WIMPs (v > 500 km s�1) the
direction in which the WIMP flux is largest can deviate by
more than 10� from the direction of solar motion. The
effect on the median recoil direction will be substantially
smaller than this however. First, the setup we are consid-
ering (S target with energy threshold of 20 keV and m� ¼
100 GeV) is sensitive to WIMPs with v > 225 km s�1.
Therefore, a high speed feature will only contribute a small
fraction of the WIMP flux. This will be true in general
unless the WIMPmass is small and/or the threshold energy
is large. Second, see, e.g. Fig. 3 of Ref. [11], due to the
elastic scattering the recoil rate is less anisotropic than the
WIMP flux. The deviation of the inverse median direction
from the direction of solar motion will therefore be sub-

stantially smaller than the deviation of the peak WIMP
flux. It will also depend on the (a priori unknown) velocity
and density of the feature. For instance, for a stream
with velocity, in Galactic coordinates, vstr¼ð�65;135;
�249Þ kms�1 the difference between the inverse median
direction and the solar direction only exceeds 5� if the
fraction of the local density in the stream exceeds 10%
[11].
Since the effect of a feature in the speed distribution on

the median recoil direction is expected to be small we do
not investigate it in this study. If, with a large number of
events, a statistically significant deviation of the inverse
median direction were found, its origin could be investi-
gated by studying the energy dependence of the deviation.
We defer an investigation of this to future work.
Finally, direct detection experiments probe the ultralocal

dark matter distribution on scales many orders of magni-
tude smaller than those resolved by simulations. It is not
(and may never be) possible to directly calculate, or other-
wise measure, the dark matter distribution on the relevant
scales. In this case, if WIMPs are detected, then the direc-
tional recoil rate could be used to reconstruct the ultralocal
dark matter distribution [25].

III. RESULTS

The recoil rate is peaked in the direction opposite to the
direction of solar motion. To allow ease of comparison
with the direction of solar motion we use the inverse recoil
directions (i.e. the directions from which the recoils origi-
nate) in our analyses.
We first examine how the accuracy with which the

median Galactic recoil direction is determined depends
on the number of WIMP events. The median direction is
defined as the direction xmed, which minimizes the sum of
the arclengths between xmed and the individual inverse
recoil directions xi [26]. It is found by minimizing

M ¼ XN

i¼1

cos�1ðxmed:xiÞ; (1)

where N is the number of events.
For a given number of WIMP events,Nwimp, we simulate

104 experiments and in each determine the direction, xmed,
by minimizing Eq. (1) and hence calculate �,

� ¼ cos�1ðxmed:x�Þ; (2)

the angle between the median direction and the direction of
Solar motion, x�. In Fig. 1 we plot the 50% and 95%
percentiles of the distribution of � as a function of
Nwimp. We also investigate the effects of nonzero (iso-

tropic) backgrounds. We parametrize the background rate
in terms of the fraction of events, which are signal, � ¼
S=ðSþ BÞ, where S and B are the signal and background
rates, respectively, (cf. Ref. [27]). For comparison we also
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plot the 5% and 50% percentiles for an purely isotropic
distribution.

We now determine the number of events required to
confirm the direction of solar motion as the median inverse
recoil direction at 95% confidence. We do this using the
same methodology as in Ref. [11]. Briefly, we use the
distribution of � for WIMP induced recoils and for the
null hypothesis of isotropic recoils, to calculate the rejec-
tion and acceptance factors, R and A. The rejection factor
gives the confidence level with which the null hypothesis
can be rejected given a particular value of the test statistic,
while the acceptance factor is the probability of measuring
a larger value of the test statistic if the alternative hypothe-
sis is true, We then find the number of WIMP events
required to give A ¼ R ¼ 0:95, i.e. to reject the median
direction being random at 95% confidence in 95% of
experiments. This is shown in Fig. 2, as a function of the
signal fraction �. For zero background (i.e. � ¼ 1) 31
events are required, a factor of �2 more than are required
to simply reject isotropy. The number of events required
increases as � is decreased, initially fairly gradually and
then, once the signal becomes subdominant (� & 0:5),
more rapidly.

Billard et al. [27] have recently investigated using a sky-
map based likelihood analysis to probe the correlation of
the directional recoil rate with the direction of solar motion
(and hence confirm the WIMP origin of a signal). Their
results are qualitatively consistent with ours. For instance
they find that, for a signal fraction � ¼ 0:5, the peak signal
direction can be confirmed to be within 20� of the direction
of solar motion with as few as 25 WIMP events. The

median direction method is however faster and more ro-
bust. In particular, it has the advantage of being model
independent (i.e. one does not need to assume an exact
form of the WIMP velocity distribution).
If desired, further confirmation of theWIMP origin of an

anisotropic recoil signal could be obtained by studying the
variation of the median recoil direction in the lab frame
[18]. Over the course of a sidereal day the peak in the recoil
distribution traces out a small circle on the sky. For a
detector located in the Northern Hemisphere during a
sidereal day the peak recoil direction in the lab rotates
(roughly) from down to south and back. A periodogram
analysis could be used to verify that median direction
varies over a sidereal, rather than solar, day (cf. Ref. [28]
for the annual modulation).

IV. DISCUSSION

In this paper we have investigated how the median recoil
direction in directional detection experiments can be used
as a WIMP signal. Assuming a smooth WIMP distribution,
the peak WIMP flux is from the direction of Solar motion
and the median recoil direction is in the opposite direction.
An ideal detector could reject isotropy of recoils with only
of order 10 events [10,11]. Confirmation of the WIMP
origin of an anisotropic recoil signal could be obtained
by studying the details of the anisotropy and in particular
confirming that the median inverse Galactic recoil direc-
tion coincides with the direction of Solar motion. We find
that, with an ideal detector and zero-background, to con-
firm the direction of Solar motion as the median inverse
recoil direction at 95% confidence requires 31 events (see
also Ref. [27]). Nonzero isotropic background would in-
crease this number, significantly if the signal is
subdominant.
For concreteness (and in the absence of a definitive

alternative) we have used the standard halo model halo,

FIG. 2. The dependence of the number of WIMP events,
Nwimp, required to reject the median direction being random at

95% confidence in 95% of experiments on the signal fraction, �.

FIG. 1 (color online). The distribution of the angle between the
median inverse recoil direction and the direction of solar motion,
�, as a function of the number of WIMP events, Nwimp, for

varying signal fractions (from top to bottom) � ¼ 0:0625, 0.125,
0.25, 0.5, and 1. The solid and dashed lines are the 95% and 50%
percentiles. The dotted lines are (from top to bottom) the 50%
and 5% percentiles for an isotropic recoil distribution.
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which has an isotropic Maxwellian speed distribution.
While the detailed angular dependence of the recoil rate
depends on the exact form of the WIMP velocity distribu-
tion, if the WIMP velocity distribution is dominated by a
smooth component the median inverse recoil distribution
will be close to the direction of Solar motion (see e.g.
Ref. [11]). Recent high resolution simulations have found
stochastic, features in the speed distribution at large speeds
[23,24]. The direction in which the flux of high speed
WIMPs is largest can deviate by more than 10� from the
direction of solar motion [24]. However, the deviation of
the median inverse direction will be small compared with

that expected from an isotropic recoil direction. We there-
fore conclude that features in the speed distribution at high
speed are unlikely to affect the utility of the median recoil
direction as a WIMP signal. If, with a large number of
events, a statistically significant deviation of the inverse
median direction were found, its origin could then be
investigated by studying the energy dependence of the
deviation.
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