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Dark Matter is one of the most exciting
puzzles in astro and particle physics

We are tackling it in 3 experimental fronts:
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Each front has its own challenges

DIRECT
PRODUCTION

✦ reconstruction of DM properties from visible states
✦ is it stable at cosmological scales?
✦ is it really the dark matter particle?

INDIRECT
DETECTION

✦ only if dark matter self-annihilates or decays
✦ unknown astrophysics sources
✦ cosmic ray propagation
✦ halo density profile

DIRECT
DETECTION

✦ DM has to interact with target particles in detector
✦ understand and eliminate backgrounds
✦ large exposures



Direct / Directional Detection

ER, θ, φ

Dark Matter and Halo models
Models and detection rates

Anisotropy detection
Conclusion

New type of detector : using a TPC to keep track of the nuclei

Directional detection is born ! :-)

Sonia El Hedri Dark Matter directional detection



Direct / Directional Detection

PROBLEM

We don’t know:
✦ DM particle properties

✦ Local halo velocity distribution

November 2, 2009 14:20 WSPC/INSTRUCTION FILE
cygnus2009Whitepaper

8 Battat et al.

Table 1. Summary of existing directional dark matter detection experiments. TPC stands for Time Projection Cham-
ber, NITPC stands for negative-ion TPC, and SI and SD refer to spin-independent and spin-dependent WIMP-nucleon
interactions. The column labeled “head-tail” specifies whether the experiment has successfully demonstrated head-tail
sensitivity. The last column lists the active volume for each experiment.

Collaboration Technology Target Interactions Head-tail Readout V (m3)

DRIFT NITPC CS2, CS2-CF4 SI/SD yes MWPC 2D + timing 1
DMTPC TPC CF4 SI/SD yes Optical (CCD) 2D 0.01
NEWAGE TPC CF4 SI/SD no µPIC 2D + timing 0.03
MIMAC TPC 3He/CF4 SI/SD yes Micromegas 2D + timing 0.00013
Emulsions emulsions AgBr SI/SD no Microscope 3D N/A

these experiments. In addition, Sections 8 and 9 describe the status of R&D efforts
on novel detector readout schemes: silicon pixel chips and micromegas.

Even as these experiments work toward developing ton-scale detectors with di-
rectional sensitivity, there is near-term science that can be achieved with more mod-
est target masses. For example, an exposure of 0.1 kg-year with CF4 gas (equivalent
to three months of live time with a one cubic meter detector filled to 75 Torr) would
improve current constraints on the spin-dependent cross section by a factor of ∼50
over current limits. In addition, in the iDM scenario (see Section 1.5), an exposure
of ∼3 kg-yr with a heavy target (e.g. Xenon) and directionality could either rule
out or support the DAMA/LIBRA signal under the inelastic dark matter scenario.

Finally, it has been shown22,23 that WIMP spin-independent and spin-dependent
cross sections with nucleons can be uncorrelated: meaning that a given supersym-
metric dark matter candidate may have a relatively large spin-dependent nuclear
cross section, but a very weak spin-independent cross section. Therefore even mod-
est constraints on the spin-dependent cross section can rule out SUSY models that
will remain out of reach of traditional dark matter direct detection experiments.
Fig. 4 demonstrates this by showing the spin-dependent (left) and spin-independent
(right) cross sections for a class of SUSY models. The curve on the left plot shows
the hypothetical sensitivity of a directional experiment that uses 3He as a target
gas. The points above the curve could be ruled out by such an experiment. The
spin-independent plot shows that models ruled out by the 3He-based experiment
have a broad range of spin-independent cross sections, extending below 10−12 pb,
well below the sensitivity of the next generation of traditional direct detection ex-
periments. Although these plots are made for 3He gas, similar results follow for
other targets with high spin-dependent sensitivity (e.g. fluorine).

3. DRIFT – Scale-up tests with low background and head-tail
discrimination

The Directional Recoil Information From Tracks (DRIFT) dark matter collabora-
tion at Boulby has, since 2001, pioneered construction and operation underground
of low background directional TPCs at the 1 m3 scale with Multi-wire Proportional
Counter (MWPC) readout using negative ion (NITPC) CS2 gas to suppress dif-

Battat et.al.
Cygnus 2009 Whitepaper



Direct / Directional Detection

PROBLEM

We don’t know:
✦ DM particle properties

OPPORTUNITY

measure: ✦ Local halo velocity distribution
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Outline

✦ DM particle physics (through scattering kinematics)

✦ Local Halo Velocity Distribution (anisotropies)

What directional information can teach us about

inelasticity, compositeness, non-trivial dark sector?

triaxiality, local clumpiness?

✦ Global phase space profile (through Jeans’ Theorem)
hints on the density profile?



Directional Detection & DM particle physics

Finkbeiner, Lin & Weiner `09
             Lisanti & Wacker `09

✦ directionality can probe inelastic scattering
   properties of DM off SM nuclei

✦ indication of non-minimal dark sector, 
compositeness, more than one DM particle...

✦ reason: simple kinematics

Arkani-Hamed et.al. `08
Finkbeiner et.al. `09

DA, Behbahani et.al. `10
Kronh et.al. `10



✦ iDM is a compelling explanation for DAMA’s 8.9σ
   annual modulation signal

Bernabei et.al.
Eur.Phys.J. C56(2008)

!

!

!

!

!

!

!
!

!

!
! !

0 20 40 60 80 100 120

0.00

0.01

0.02

0.03

Recoil Energy !keV"

M
od
ul
at
io
n
A
m
pl
itu
de
!cpd#k

g#keV
ee
"

M
od

ul
at

ed
 R

at
e

(c
pd

/k
g/

ke
Ve

e)

✦ excellent fit to modulated
    spectrum

✦ high modulation fraction

✦ consistent with other
    experiments



CRESST: less events that typically predicted by iDM?

pre
limi

nar
y

W. Seidel - WONDER 2010 Workshop



Too early to an unambiguous exclusion of iDM
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DA, Lisanti & Wacker
Phys.Rev. D82 (2010) 031901



ER

θv

✦ Elastic scattering:

vmin

f!v"

cosθ = vmin(ER)
v



ER

θv

✦ Elastic scattering:

vmin

f!v"
ERθv

✦ Inelastic scattering:

vmin
f!v"

cosθ = vmin(ER, δm)
v

cosθ = vmin(ER)
v



Directional Signatures
✦ It is believed that the DM halo and the baryonic disk 

do NOT co-rotate

CYGNUS



Directional Signatures
✦ It is believed that the DM halo and the baryonic disk 

do NOT co-rotate

CYGNUS

WIMP
WIND
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FIG. 1: Differential rates dR/(dER d cos γ) for the benchmark models given in Table I for vesc = 500 km/s, as well as for an
elastic WIMP. In each case, the differential rate is normalized so that the total rate is unity. Outside the region indicated by
the dashed line, scattering events are kinematically forbidden.

mχ δ σn

(GeV) (keV) (10−40cm2)
70 119 11.85
150 126 2.92
700 128 4.5
150* 130 4

TABLE I: Benchmark models for vesc = 500 km/s, v0 = 220
km/s [22]. In the last row we have listed the benchmark model
for mχ = 150 GeV at vesc = 600 km/s.

II. EXPERIMENTAL SETUP

Before discussing the specifics of the experiment, we
can address a few basic questions of exposure and energy
range. DAMA/LIBRA reports a cumulative modulation
in the 2− 6 keVee range of 0.052 counts per day per kg,
(cpd/kg). The quoted energy range is related to the nu-
clear recoil energy by a quenching factor q = Eee/ENR "
0.09 for iodine. Thus, 2− 6 keVee ≈ 22− 66 keVr.

In the extreme case where the modulation is 100% (i.e.,
no scattering at all occurs in the winter), the signal is
essentially directional. One would need approximately
400 kg · day in the summer to yield 20 events of signal,
roughly the number of events needed for an unambigu-
ous detection at zero background, as we will discuss in
Section IVA. Consistency with other experiments is also
possible with ∼ 20% modulation [22], with only 40 kg ·
day needed for a clear discovery.
However, this estimate assumes that the signal occurs

in an energy range which is detectable at a directional
experiment, and this, we shall see, is very unlikely to
be the case. A directional experiment will likely have a
higher energy threshold.
The DAMA/LIBRA signal peaks near ER ≈ 3 keVee,

after which it falls significantly. Above 5 keVee, the total
modulation is 0.0034±0.0024 cpd/kg, which is consistent
with zero. The signal above 4 keVee yields a signal at
DAMA of 0.014± 0.004 cpd/kg, which requires approxi-
mately 1400 kg · day of exposure for 20 events. Moreover,
it is possible that the actual signal is at 3.5 keVee and

Elastic WIMP

Dark Matter Flux directional rate
of nuclear recoils

Finkbeiner, Lin & Weiner 
Phys.Rev. D80 (2009) 115008



Inelastic WIMP

Dark Matter Flux
directional rate

of nuclear recoils

Finkbeiner, Lin & Weiner 
Phys.Rev. D80 (2009) 115008
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km/s [22]. In the last row we have listed the benchmark model
for mχ = 150 GeV at vesc = 600 km/s.

II. EXPERIMENTAL SETUP

Before discussing the specifics of the experiment, we
can address a few basic questions of exposure and energy
range. DAMA/LIBRA reports a cumulative modulation
in the 2− 6 keVee range of 0.052 counts per day per kg,
(cpd/kg). The quoted energy range is related to the nu-
clear recoil energy by a quenching factor q = Eee/ENR "
0.09 for iodine. Thus, 2− 6 keVee ≈ 22− 66 keVr.

In the extreme case where the modulation is 100% (i.e.,
no scattering at all occurs in the winter), the signal is
essentially directional. One would need approximately
400 kg · day in the summer to yield 20 events of signal,
roughly the number of events needed for an unambigu-
ous detection at zero background, as we will discuss in
Section IVA. Consistency with other experiments is also
possible with ∼ 20% modulation [22], with only 40 kg ·
day needed for a clear discovery.
However, this estimate assumes that the signal occurs

in an energy range which is detectable at a directional
experiment, and this, we shall see, is very unlikely to
be the case. A directional experiment will likely have a
higher energy threshold.
The DAMA/LIBRA signal peaks near ER ≈ 3 keVee,

after which it falls significantly. Above 5 keVee, the total
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✦ Pinpoint iDM parameters (mass, splitting, origin 
of inelasticity) by looking at:

✦ Rate at other experiments (CRESST, XENON100)

✦ Shape of recoil spectrum

✦ Modulation fraction

✦ Directional information



✦ Predictions are entangled with velocity distribution

✦ f(v): headache when making unambiguous statements in 
direct detection (iDM+CRESST, light DM+CoGeNT+XENON100)

✦ ρ(r): headache for indirect detection

✦ Numerical simulations: departures of f(v) from the 
Standard Maxwellian distribution

✦ Rotation curves: hard to measure if you’re an inside 
observer



DM velocity distribution is unknown

✦ Standard Maxwellian distribution

v

f!v"
f(!v) ∝ e

− v2

v2
0 Θ(v − vesc)



DM velocity distribution is unknown

MOSTLY CIRCULAR

α > 0

MOSTLY RADIAL

α < 0

✦ Anisotropic distribution (Michie)

f(!v) ∝ e−αv2
R e−v2

Θ(v − vesc)



DM velocity distribution is unknown

f(!v) ∝ δ(!v − !vstream)

vstream

f!v"
✦ Substructure with low velocity dispersion 

(streams or clumps)



Directional Signatures

✦ Isotropic Maxwellian distribution

f(!v) ∝ e−v2
Θ(v − vesc)

v

f!v"
Dark Matter Flux

directional rate
of nuclear recoils

ELASTIC



Directional Signatures

✦ Isotropic Maxwellian distribution

f(!v) ∝ e−v2
Θ(v − vesc)

v
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Dark Matter Flux

directional rate
of nuclear recoils

INELASTIC



Directional Signatures

✦ Isotropic Maxwellian distribution
η
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!vrecoil
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f(!v) ∝ e−v2
Θ(v − vesc)



Directional Signatures

✦ Anisotropic Michie distribution

f(!v) ∝ e−αv2
R e−v2

Θ(v − vesc)

α < 0

Dark Matter Flux
directional rate

of nuclear recoils

ELASTIC



Directional Signatures

✦ Anisotropic Michie distribution

f(!v) ∝ e−αv2
R e−v2

Θ(v − vesc)

α < 0

Dark Matter Flux
directional rate

of nuclear recoils

INELASTIC
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ϕ!vEarth

!vrecoil

Directional Signatures

✦ Anisotropic Michie distribution
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vstream

f!v"

Directional Signatures

✦ Dark Matter stream

f(!v) ∝ δ(!v − !vstream)

directional rate
of nuclear recoils

Dark Matter Flux

ELASTIC



vstream

f!v"

Directional Signatures

✦ Dark Matter stream

f(!v) ∝ δ(!v − !vstream)

directional rate
of nuclear recoils

Dark Matter Flux

INELASTIC
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Directional Signatures

✦ Dark Matter stream
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Statistics...
✦ Significant number of events needed to detect anisotropy

✦ Prelim studies: promising if iDM of light DM are correct 
explanations for DAMA and/or CoGeNT

✦ Not so optimistic for heavy elastic WIMP
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We can learn more

Local velocity distribution
+

Halo Stability

Global
dark matter profile

Jeans Theorem
Any steady-state solution of the collisionless Boltzmann

equation depends on the phase-space coordinates only through
integrals of motion, and any function of the integrals is a

steady-state solution of the collisionless Boltzmann equation

f(!v,!r) = f(E,L2, Lz, ...)



✦ Isotropic Maxwellian distribution

f(!v)local ∝ e−v2
Θ(v − vesc)

v2
esc

2
= Ψ(r0), E =

v2

2
−Ψ(r)

f(!v,!r)global ∝ e−E Θ(−E)



✦ Anisotropic Michie distribution

f(!v)local ∝ eα′v2
R e−v2

Θ(v − vesc)

v2
esc

2
= Ψ(r0), E =

v2

2
−Ψ(r)

L = r vT

f(!v,!r)global ∝ e−αL2
e−E Θ(−E)



Density Distribution

ρ(r) =
∫

d3v f

(
v2

2
−Ψ(r), rvt

)

∇2Ψ(r) = −ρ(r)

✦ Written in terms of integrals of motion,                
describes the global phase-space distribution

             is obtainableρ(r)

f(E,L, Lz, ...)

f(E,L) = f

(
v2

2
−Ψ(r), rvt

)



In practice

f(E,L) = c0 + cEE + cL2L2 +

cEE
E2

2
+ cL4

L4

2
+ cEL2E L2 + ...

−cEE

cE

−cEL2

cE

Isotropic
Halo

Anisotropic
Halo

α

1



In practice

f(E,L) = c0 + cEE + cL2L2 +

cEE
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−cEE
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Closing Remarks

✦ In case of a positive signal, we will
    have the opportunity to learn about
    the DM interactions with the SM...

✦ Direct detection will tell us more than
YOU ARE

HERE

✦ ... and to infer local and global properties of DM profile

✦ That will be complementary to what collider and indirect 
detection will tell us



Thank You


