
Direct Detection Background Discrimination Coherent ν Scattering Directional Detection Current Technologies Challenges

Directional Direct Detection Beyond the ν Floor

Simone Castellano, Adam Davis, Junsong Lin, Jacques Pienaar,
Shayne Reichard, Kristi Schneck

August 14, 2014

SSI group 1a: Neutrino floor

Directional Direct Detection Beyond the ν Floor 0 / 14



Direct Detection Background Discrimination Coherent ν Scattering Directional Detection Current Technologies Challenges

Overview

I Direct detection background discrimination

I A new type of background: coherent ν scattering

I Directional detection: discriminating between WIMPs and
solar νs

I Current technologies

I Challenges for directional detection
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The problem: cosmic rays

The solution: Go underground and shield!
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The problem: electron recoils

The solution: Use multiple signals
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The problem: surface contamination

The solution: fiducialize
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The problem: coherent ν scattering produces nuclear recoils
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I Most pressing danger is neutrinos from the sun
I Reconstructing the direction can remove these events!
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The problem: coherent ν scattering produces nuclear recoils
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I Most pressing danger is neutrinos from the sun
I Reconstructing the direction can remove these events!
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A Naive Picture

Cygnus	  
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A Naive Picture

solar	  neutrinos	  
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A Naive Picture
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A Naive Picture

Cygnus	  
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Event distributions in CF4 with 5 keV threshold

Dark matter (from Cygnus)

3

FIG. 1: Two dimensional dark matter probability distribu-
tion ⇢ of recoil energy and event angle for a 6 GeV dark matter
particle in a CF4 detector with 5 keV threshold in September.

with r = 4mDMmT /(mDM + mT )2. In this work we as-
sume isotropic scattering in cos ✓. The scattering angle
of the recoiling nucleus with respect to the incoming dark
matter velocity is then given by:

tan ✓0 =
p0 sin ✓p

2mDMEDM � p0 cos ✓
, (6)

with p0 =
p

2mDMEDM � 2mT Er.
Figure 1 shows the two dimensional probability

distribution of event angle and recoil energy in a
Tetraflourmethane, CF4, detector with 5keV energy
threshold for a 6 GeV dark matter particle. Two dis-
tinct features should be noted. First, the event angles
of dark matter scattering events preferably lie at large
cos ✓sun because there is more solid angle there. Sec-
ond, the probability distribution drops to zero above the
largest possible recoil energy for the given dark matter
mass and escape velocity. The power of directionality is
that dark matter masses that create an energy spectrum
very similar to the neutrino background can easily be dis-
tinguished when the event angle is taken into account. As
we will see, for light dark matter a strong gain in sensi-
tivity compared to non-directional detectors is therefore
expected.

A third feature that is not directly visible in figure 1,
but is important nonetheless, is a variation of the peak
of the dark matter probability distribution in time. The
direction of the Earth’s overall velocity vector will point
approximately towards the radio galaxy Cygnus A [50],
such that the incoming dark matter particles in the lab-
frame will have a preferred direction coming from Cygnus
A. The relative angle between the Sun and Cygnus A
changes over the year, such that the peak in the dark
matter probability distribution will follow a similar pat-
tern.

FIG. 2: Distribution of the angle between the incoming dark
matter velocity and the Earth-Sun direction over the year for
events above threshold. For each month 1 ⇥ 104 dark matter
events have been simulated. The maximum of the distribution
follows the expected pattern as described in the text.

The annual modulation in the event rate of light dark
matter has a maximum in June because at this time the
velocity vector of the Earth and the Sun are parallel to
each other [25]. Both vectors approximately point into
the direction of Cygnus A. In December, these two vec-
tors are anti-parallel resulting in a minimum of the event
rate. The angle between the Earth-Sun direction and the
Earth-Cygnus A direction, ✓sun�CygnA, is expected to be
the same in June and December, because the Earth has
simply moved to the other side of the Sun. However,
in September the Earth is between the Sun and Cygnus
A, such that ✓sun�CygnA is at its largest value. The two
objects appear on opposite directions in the sky. Analo-
gously, in March when the Earth is behind the Sun rela-
tive to Cygnus, ✓sun�CygnA is at its smallest value. These
situations were studied to test the coordinate system of
our simulations.

The time evolution of the peak in the two dimensional
dark matter probability distribution arises because of this
modulation in the relative angle between the incoming
dark matter velocity vector and the Earth-Sun direction,
✓DM�sun. Since in September the Sun and Cygnus A ap-
pear in di↵erent directions on the sky, the velocities of
the incoming WIMPs that can produce an event above a
detector’s fixed energy threshold therefore preferentially
point along the Earth-Sun direction. In March, however,
the incoming dark matter velocities will point away from
the Sun, resulting in a large ✓DM�sun. When simulating
light dark matter events for each month of the year and
producing a histogram for ✓DM�sun, we expect the peaks
of these histograms to show a modulation that follows ex-
actly this pattern. In figure 2 we color code the number
of events in each angular bin. It is visible that the dis-

Neutrinos (from the sun)

6

FIG. 4: Neutrino event rate in a CF4 detector. For this
plot a perfect energy e�cency and an upper threshold of
100 keV were considered. For the rest of the paper we as-
sume a more realistic energy e�cency function lowering the
total event rate.

the threshold that we will consider in this work (5 keV),
only 8B and hep neutrinos from the Sun as well as all
atmospheric and supernovae neutrinos are important.

The scattering angle of the nucleus with respect to
the incoming neutrino direction can then be found from
scattering kinematics to be

cos ✓0 =
E⌫ + mT

E⌫

r
Er

2mT
. (13)

Figure 5 shows the two dimensional probability distribu-
tion of recoil energy and event angle for neutrinos in a
CF4 detector with a 5 keV energy threshold. The sig-
nificant di↵erence to the dark matter probability dis-
tribution is the clear peak at cos ✓sun = �1 and small
recoil energies due to the solar neutrino events. Atmo-
spheric and supernovae neutrinos contribute as a smooth,
isotropic background. For a 5 keV CF4 detector we can
see in figure 4 that the non-solar neutrinos have only a
small contribution such that in this example the prob-
ability distribution function falls o↵ steeply away from
the solar peak. The ratio of the solar peak to the smooth
background of non-solar neutrinos depends on the tar-
get material and the recoil energy threshold. In di↵erent
detector configurations the dominance of the solar peak
over the non-solar background is not necessarily this sig-
nificant.

IV. DARK MATTER SEARCHES IN THE
PRESENCE OF NEUTRINO BACKGROUNDS

Having obtained detailed spectra for dark matter and
neutrino events as a function of energy, direction and

FIG. 5: The two dimensional probability distribution ⇢ of
recoil energy and event angle of neutrinos in a CF4 detector
with 5 keV threshold.

time, we need a statistic to test these signal and back-
ground distributions in a given experiment. In order to
do this, we perform a CLs test [46] to distinguish be-
tween background and signal + background hypotheses,
in which the background comes from solar, atmospheric
and di↵use supernovae neutrino coherent elastic scatter-
ing. We consider a range of targets and moderately op-
timistic energy thresholds, as well as energy and angular
resolutions, which should be realistically achievable by
the next-generation experiments.

A. Statistical Test

The presence of backgrounds in direct searches of any
kind implies that a given set of observed events is ei-
ther pure background or contains background plus signal.
One way to distinguish between these two cases statisti-
cally is to perform a hypothesis test. Such a test can be
carried out by looking at the ratio between the probabil-

ity densities of the measured data ~X being either signal

plus background or background only, eQ = L( ~X,S+B)

L( ~X,B)
[46].

We take this as the definition of our test statistic:

eQ =
pb+s(n)

pb(n)

Qn
j=1

sSt(tj)+bBt(tj)
s+b

sS
(t)
✓,E(✓j ,Ej)+bB✓,E(✓j ,Ej)

s+bQn
j=1 Bt(tj) B✓,E(✓j , Ej)

.

(14)
Throughout this work, we use the notation p(x) =
dP (x)/dx as the probability distribution function of the
variable x where P (x) is therefore the cumulative prob-
ability of this quantity at x. Here, we have p�(n) as the
Poisson distribution centered at �, s as the number of ex-
pected signal (dark matter) events given by equation 4, b
as the number of expected background (neutrino) events

P Grothaus, M Fairbairn, J. Monroe, arXiv:1406.5047
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Simulated pseudo-experiments with ν background

I Signal + background (red) are easily distinguishable from
background-only (blue) when directional information is included

P Grothaus, M Fairbairn, J. Monroe, arXiv:1406.5047
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Dinesh Loomba SSI 2014

The detector volume is divided by the central cathode, each half has its

own multi-wire proportional chamber (MWPC) readout.

0.8 m3 fiducial volume, 10/30 Torr CF4/CS2  --> 139 g
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MIMAC (MIcro-tpc MAtrix of Chambers)

Modular TPC matrix with low
thresholds

I Make a matrix of
10 × 10 × 25 cm sensors

I Read out at 50 MHz

a high significance discovery of galactic Dark Matter even with a small amount of background
contamination. This holds true even when astrophysical and experimental uncertainties are
taking into account. For very low exposures, competitive exclusion limits may also be imposed
[5].

There are many projects around the world [18], [19], [20], trying to show the ability to get
the directionality at low nuclear recoil energies summarized in [21]. The MIMAC (MIcro-tpc
MAtrix of Chambers) detector project [17] tries to get these elusive events by a double detection:
recoil ionization and track, at low gas pressure with low mass target nuclei (H, 19F or 3He). In
order to have a significant cross section we explore the axial, spin dependent, interaction on odd
nuclei. The very weak correlation between the neutralino-nucleon scalar cross section and the
axial one, as it was shown in [6], [7] makes this research, at the same time, complementary to
the massive target experiments.

2. The MIMAC bi-chamber prototype
The MIMAC bi-chamber prototype consists of two chambers of (10 cm x 10 cm x 25 cm) with
a common cathode, which is an elementary module of the future matrix. The purpose of this
prototype is to show the ionization and track measurement performances needed to achieve the
directional detection strategy. The primary electron-ion pairs produced by a nuclear recoil in
one chamber of the matrix are detected by driving the electrons to the grid of a bulk micromegas
[8] and producing the avalanche in a very thin gap (256µm).

anode

grid

cathode

recoil track

Sampling
@ 50 MHz

t=0 ns

t=20 ns

t=40 ns

t=60 ns

Figure 2. The anode is read every 20 ns and knowing the drift velocity of primary electrons,
the 3D track can be reconstructed from the consecutive number of images defining the event.

As pictured on figure 2, the electrons are collected towards the grid in the drift space and
are multiplied by avalanche to the pixellized anode thus allowing to get information on X and
Y coordinates. To have access to the X and Y coordinates a bulk micromegas with a 10 by 10
cm active area, segmented in pixels with a pitch of 424 µm was used as 2D readout [9]. In order
to reconstruct the third coordinate Z of the points of the recoil track, the LPSC developed a
self-triggered electronics able to perform the anode sampling at a frequency of 50 MHz. This
includes a dedicated 64 channels ASIC [15] associated to a DAQ [16].

In order to get the total recoil energy we need to know the ionization quenching factor (IQF)
of the nuclear recoil in the gas used. We have developed at the LPSC a dedicated experimental
facility to measure such IQF. A precise assessment of the available ionization energy has been
performed in 4He + 5%C4H10 mixture within the dark matter energy range (between 1 and 50
keV) by a measurement of the IQF [10]. For a given energy, an electron track in a low pressure
micro-TPC is an order of magnitude longer and showing more straggling than a recoil one. It
opens the possibility to discriminate electrons from nuclei recoils by using both energy and track
information, as it was shown in [11] and [12].

3. Reconstruction of 3D particle tracks
The first result concerning the ability to detect tracks with the prototype was performed with a
55Fe X-ray source in order to reconstruct the 5.9 keV electron tracks produced by photoelectric
e↵ect in the active volume. The 3D tracks are obtained from consecutive read-outs of the anode,
every 20 ns, defining the event. To get the length and the orientation of the track, a statistical
treatment of maximization of the likelihood with the MIMAC observables and an independent
measurement of the drift velocity is needed [3]. Measurements of the drift velocity have been
performed [14], and they fit well with Magboltz simulations [13].

Figure 3. A 5.9 keV electron track in 350 mbar 95% 4He + C4H10. The left panel represents
the 2D projection of the recoil seen by the anode, the center panel represents a 3D view of the
track after using the reconstruction algorithm and the right panel represents a projection of the
3D track on the XZ plane

Figure 3 presents a typical electron track seen by the anode (X,Y) (left panel), its projection
on the XZ plane (right panel) and reconstructed in 3D (center panel). This result shows the
MIMAC capability to reconstruct the track of low energy electrons at high gain which are the
typical background in dark matter experiments.

Figure 4. From left to right: 3D track reconstructions, from the barycenters of the anode strips
of pixels read every 20 ns for : a 5.5 MeV alpha particle in 350 mbar of 4He + 5%C4H10, a 8
keV hydrogen nucleus in 350 mbar of 4He + 5%C4H10 and a fluorine nucleus leaving 50 keV in
ionization in 55 mbar 70% CF4 + 30% CHF3

On fig 4 (left panel), a 3D track reconstruction is achieved for high energy (5.5 MeV)
alpha particles issued from the natural radioactivity (222Rn) present in the chamber, from
the barycenters of the anode strips of pixels read every 20 ns. However, the final validation
concerning the possibility for MIMAC to get directional detection had to be done with neutrons
giving nuclear recoils in the range of a few keV. In order to have mono-energetic neutron fields,
in the range of a few tens of keV, we have performed an experiment at the AMANDE facility

Left to Right:
I Recoil of 5.5 MeV He nuclei in 350 mbar 4He + 5%C4H10
I 8 keV H nucleus in 350 mbar 4He + 5%C4H10
I 50 keV ionization from F nucleus in 55 mbar 70% CF4 + 30% CHF3

MIMAC collaboration, arXiv:1304.2255SSI group 1a: Neutrino floor
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Columnar Recombination
• Comparing rate of recombination to ionization rate provides alternative

handle on directionality

• Allows higher densities, on the order of 10 bar, larger target masses, 
more feasible

• Discrimination ability defined by columnarity

𝐶 =
𝑅

𝑟𝑜

• Represents maximal difference in recombination from track angle

• R is the nuclear recoil track length

• Ro is the Onsager radius

𝑟𝑜 =
𝑒2

𝜖𝐸𝑒

• ϵ is the dielectric constant and Ee is the kinetic energy of the
electron

doi:10.1088/1742-6596/460/1/012006

LIDINE2013 Talk by V. Gehman

SSI group 1a: Neutrino floor
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Nuclear Emulsion

I Nuclear recoil track: order of
100nm.

I Grain size: previous 200 nm,
now 40 nm to 20 nm

I Composition: Ag(39.7%),
Br(29.0%), C(11.7%),
O(11.8%), N(4.6%). Good for
low mass

I Optical automated microscopes
for preselect, X-ray microscopes
to detect single grain

doi:10.1088/1748-0221/9/01/C01043

SSI group 1a: Neutrino floor
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A problem of scale...
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Conclusions

I We can get below the ν floor with directional detection

I Many detector technologies are being developed now

I Scalability/Resolution are the biggest obstacles

SSI group 1a: Neutrino floor
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Signal from MC from pointing 3

FIG. 1: Two dimensional dark matter probability distribu-
tion ⇢ of recoil energy and event angle for a 6 GeV dark matter
particle in a CF4 detector with 5 keV threshold in September.

with r = 4mDMmT /(mDM + mT )2. In this work we as-
sume isotropic scattering in cos ✓. The scattering angle
of the recoiling nucleus with respect to the incoming dark
matter velocity is then given by:

tan ✓0 =
p0 sin ✓p

2mDMEDM � p0 cos ✓
, (6)

with p0 =
p

2mDMEDM � 2mT Er.
Figure 1 shows the two dimensional probability

distribution of event angle and recoil energy in a
Tetraflourmethane, CF4, detector with 5keV energy
threshold for a 6 GeV dark matter particle. Two dis-
tinct features should be noted. First, the event angles
of dark matter scattering events preferably lie at large
cos ✓sun because there is more solid angle there. Sec-
ond, the probability distribution drops to zero above the
largest possible recoil energy for the given dark matter
mass and escape velocity. The power of directionality is
that dark matter masses that create an energy spectrum
very similar to the neutrino background can easily be dis-
tinguished when the event angle is taken into account. As
we will see, for light dark matter a strong gain in sensi-
tivity compared to non-directional detectors is therefore
expected.

A third feature that is not directly visible in figure 1,
but is important nonetheless, is a variation of the peak
of the dark matter probability distribution in time. The
direction of the Earth’s overall velocity vector will point
approximately towards the radio galaxy Cygnus A [50],
such that the incoming dark matter particles in the lab-
frame will have a preferred direction coming from Cygnus
A. The relative angle between the Sun and Cygnus A
changes over the year, such that the peak in the dark
matter probability distribution will follow a similar pat-
tern.

FIG. 2: Distribution of the angle between the incoming dark
matter velocity and the Earth-Sun direction over the year for
events above threshold. For each month 1 ⇥ 104 dark matter
events have been simulated. The maximum of the distribution
follows the expected pattern as described in the text.

The annual modulation in the event rate of light dark
matter has a maximum in June because at this time the
velocity vector of the Earth and the Sun are parallel to
each other [25]. Both vectors approximately point into
the direction of Cygnus A. In December, these two vec-
tors are anti-parallel resulting in a minimum of the event
rate. The angle between the Earth-Sun direction and the
Earth-Cygnus A direction, ✓sun�CygnA, is expected to be
the same in June and December, because the Earth has
simply moved to the other side of the Sun. However,
in September the Earth is between the Sun and Cygnus
A, such that ✓sun�CygnA is at its largest value. The two
objects appear on opposite directions in the sky. Analo-
gously, in March when the Earth is behind the Sun rela-
tive to Cygnus, ✓sun�CygnA is at its smallest value. These
situations were studied to test the coordinate system of
our simulations.

The time evolution of the peak in the two dimensional
dark matter probability distribution arises because of this
modulation in the relative angle between the incoming
dark matter velocity vector and the Earth-Sun direction,
✓DM�sun. Since in September the Sun and Cygnus A ap-
pear in di↵erent directions on the sky, the velocities of
the incoming WIMPs that can produce an event above a
detector’s fixed energy threshold therefore preferentially
point along the Earth-Sun direction. In March, however,
the incoming dark matter velocities will point away from
the Sun, resulting in a large ✓DM�sun. When simulating
light dark matter events for each month of the year and
producing a histogram for ✓DM�sun, we expect the peaks
of these histograms to show a modulation that follows ex-
actly this pattern. In figure 2 we color code the number
of events in each angular bin. It is visible that the dis-
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