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Directional detection signal
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[.a WIMP signal

Considering the standard halo model,
isothermal sphere:

WIMP flux entering a terrestrial detector
represented in Galactic coordinates WIMP induced recoil distribution

After scaterring

1.0 Arbitrary units

Cygnus Constellation (1 =90°b = 0°) J. Billard - CYGNUS 2011 Expected WIMP signal




I.b Interest of the directional detection

Background is supposed to be isotropic

WIMP signal

Background

Vs

UL e— ees— 1.0} Artalrary units / UL — —

Clear and unambiguous difference between WIMP signal and background

How to take the most advantage of this difference to:

—_

- Set exclusion limits _
Depending on the
- Claim a discovery with a sufficient significance — WIMP nucleon

- Identify Dark Matter (particle and galactic physics) cross-section

—_—
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I.c Expected signal

Characteristics of directional data

* Low Ilumber Of WIMP eVentS/ <

* A large background fraction

 Rather low angular resolution —

Pseudo data
* 10 kg CF,
* Livetime : 3 years
* Recoil energy range : [5, 50] keV
* Background event rate R, = 10 evts/kg/year

100 WIMP + 100 bek events 0 WIMP + 300 bek events

o




Axial crlc.:ss-sectinn on proton (pb)
%

Coupp 2010

| e exclusion *
1 1 1 1 1

2
10 WIMP mass (GeV/c)

0.0 e— s 3.0 Arbitrar

300 background events. No WIM

¥ units

P

Case of a null detection

Setting upper limits using directional data...
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I1.a Directional exclusion limit methods

Several methods can be used for directional detection:

» Poisson method

No assumptions on the origin of events

» 1D Directional Maximum Gap method (. Yellin, Phys.Rev. D66 (2002) 032005 )

Uses only the theoretical WIMP event angular distribution to set limits

» The Maximum Patch Method (s. Henderson et .al, Phys.Rev.D78:015020,2008)

A 2D generalization of the Maximum Gap method considering both directional and energy informations

» Directional Likelihood method (J. Billard et .al, Phys.Rev.D82:055011,2010)

Considers the theoretical distributions of both WIMP and background events to set the most restrictive limits

Considering only the angular part of the event distribution

No assumptions on the energy spectrum of background: conservative
] Billard - CYGNUS 20TT




I1.b Directional likelihood Method

Goal = Estimate, from an observed recoil map M, the expected number of :
* WIMP events : |l

* Background events : LI,

Consider flat priors and an extended likelihood function

N
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\ V- J | J
| !
Poisson distribution Likelihood
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II.c Comparison of the three methods

* For each input and each method : 10,000 toy Monte Carlo experiments.

* From each experiment, we can estimate the median value of the upper limit 6.

Pure background
. o.qx10°
= 0.
a [ —— my = 100 GeV/c?
= b =8
bEO gl RN
i R Poisson
0.06 Directional Max Gap
0.04
Directional Likelihood
0.02
0 il 1 | | | 1 1 | | 1 | | | | | | | | | | | 1 | | | | 1 | I
0 5 10 15 20 25 30

Number of background events
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II.c MIMAC expected limits

J. Billard et al., Phys.Rev.D82:055011,2010

MIMAC characteristics
-10 kg CF,
- DAQ : 3 years ~~ .
- Recoil energy [5, 50] keV ] nl
- Background rate: 'E‘m
10 evts/kg/year ..g
&
/
=

Most restrictive limit: COUPP

(=3
=
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o

Supersymmetry: SuperBayes —5 |

Crasstse
o
=
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Expected limit: 300 bckg events/%/_s- (10 events kg/year)
< 10

Down to ~ 10 pb

Coupp 2010
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Expected sensitivity: 0 event /lﬁ

-|III|

\+| TTT]
&
]
-
=4
3
1]
1]
&
&
g

Down to ~ 106 pb

WIMP mass (GeV/ch

What about the effect of efcglﬁggg%ﬁ%ﬁgtainties on these limits?



II.d Experimental effects: Sense Recognition (SR)

Sense of the recoiling nuclei?

9
Recoil track — Effect on expected performance of MIMAC:
\

? — E‘\ r T T T L T T T
Elﬂ-l §_—-|_.__ _/_/’-i;
) - Coupp 2010 .
E - i
m Q103 —
Without Sense o T ™ = F 3
.. 4 ,. _ 2 C ]
Recognition _ . ’ _ e C ]
" F . - g
Nl \ﬁl\ﬂ*?
N, e
The WIMP distribution tends to isotropy % 10% _w N
/—ﬁ/?ﬁi—tii-r:t;nse recognition
R
107
With Sense < =
Recognition : R. Trotta et al.
106 300 background events
'I:' 1 1 1 1 1 1 |
10

Loose about a factor of 2-3

WIMP mass (GeV/c)

Very important experimental issue
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II.e Experimental effects: angular resolution

Key issue for directional detection

Op=45°

Effect on expected performance of MIMAC:

Coupp 2010

|

2

45 deq. rezolution

15 dey. resolution

SuperBayes

R. Trotta et al.

T IIIIIII| I* IIII|

-|III|

10°

WIMP mass (GeV/ch

Minor experimental issue
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[I.f Effect of the energy threshold Eg,

A lower energy threshold leads to:

e More restrictive limits

* A higher sensitivity to light WIMPs

10 background events + I WIMP

Poisson

Umed [pb]

1073

10

10°

| TR I|III||

Eyy = 200 kel

| |

10-5 1 L1 11 | I | | 111 1 | |
10° 0°
WIMP mass [GeV.c'l]

Most important experimental effect
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Axial cross-section on proton (pb)
%

10°

|

Coupp 2010

SuperBayes
R. Trotta et al.

Observed recoil map

background free exclusion

-|III| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T TT1T

(100 WIMPs + 100 bckg)

2
10 WIMP mass (GeV/c)

Case of a positive detection

A signal pointing
toward the

Cygnus
Constellation?

...Is there any WIMP events in this observed recoil map?
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I1I.b Likelihood definition

L — e 10

B: Background S: Theoretical WIMP signal M: Measurement

Nbins

=

A four parameter likelihood:

* WIMP mass m,
: Blind analysis
e The WIMP fraction: = :
e W raction A S/ (B + S) Prove that the signal
e ] and b refers to the main incoming direction | comes from Cygnus
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III.c A map based likelihood analysis

5)\ e S/(B . S) J. Billard et al., Phys. Lett. B 691 (2010) 156-162

oo0sf- "n l“‘ 0.045 ;104
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Likelihood analysis b Vsl
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e

WIMP mass: m, > 10 GeV.c”

WIMP fraction: . =0.53 £ 0.085 (10 CL)
Galactic latitude: | = 95 + 10 (10 CL)
Galactic Longitude: b = 6 +10 (10 CL)

b [degrees]
©

<

Conclusions of the map analysis: /
* The signal is pointing toward the Cygnus Constellation
within 10° (68% CL)

* Nyvp = 106 £ 15 (68% CL) ~ 7o signigicance
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III.d Constraining the WIMP mass and cross-section

Constraint on A implies a constraint on the WIMP-nucleon cross-section:

Allowed regions deduced from the likelihood analysis,
NOT exclusion!

(=]
=
O

\

Spin Dependent cross-section
ol E ol ol
% i = =

=)
=
&

Coupp 2010

SuperBayes

R. Trotta et al.

2 |
10 WIMP mass (GeV/c)
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Realistic simulated data
-10 Kg CF,
- DAQ : 5 months
- Bckg rate = 25 evts/kg/year
- Angular resolution: 15° (FWHM)

From: Exclusion strategy

l

To: Discovery strategy




III.e Systematical studies

Angular signature:

Significance:

0y = /30
)\/O’)\

Satisfactory results on a large range of exposure (Ny,,p) and background fraction (A)

o, (in degrees)

Angular signature

T AT

0.4

0.6

0.8 1
A (wimp fraction)

Mo,

Significance

-
thn

v Nwimp = 25

. Nyjp=50

4 Ny, =100

10}

I~ e

| =

- e ! . S

o =

[y .

{' 1 1 | 1 1 | 1 1 1 |

0.2 0.4 0.6

0.8 1
A (wimp fraction)

* Low exposure results: 1.25 kg.year CF4 detector = 25 WIMPs and 50 background
WIMP from Cygnus within 25° but... poor significance (HINT of DM detection)

* High exposure results: 5 kg.year CF4 detector = 100 WIMPs and 200 background
WIMP from Cygnus within 10° High significance (5¢) ! (DISCOVERY of DM)

J. Billard et al., Phys. Lett. B 691 (2010) 156-162
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[1If: MIMAC « road map »

J. Billard et al.:
MIMAC characteristics Phys.Rev.D82:055011,2010 & Phys. Lett. B 691 (2010) 156-162

-10 kg CF,
- DAQ : 3 years
- Recoil energy [5, 50] keV
- Background rate:
10 evts/kg/year

ol
=
-

Coupp 2010

(=
=
s

MIMAC discovery : evidence = 5o

Down to 10 pb:

¥ial cross-section on proton {(ph)

*E —
discovery 107 §
Down to 10- pb: .. e -
: 10 .
exclusion A
7 clugion limit with backyrownd
1 ~ {10 event
Going further... = 10-3 pb: ‘. {10 events /ky/year)

Identification of DM

« Contraints on the mass, the cross-

R. Trotta et al.
—  background free exclusion

(=)
=
o,

-|III|

SuperBayes:

section and the halo properties » ! R R

WIMP mass (GeV/c)
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A Markov Chain Monte Carlo analysis
to 1dentify Dark Matter
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IV.a Directional event rate

Form factor

2R
dERdQ 4

 Astrophysics :

sin(v2my ERr
e Particle physics F(ER) = (V2myERry)
 Nuclear physics V2myERrT,

In the case of an axial coupling

Radon transform: [P. Gondolo 2002]

f(vmin; q\) — d3,U

Kinematic relationship

« Geometrically, the Radon transform is the integral of the velocity distribution on a
plane orthogonal to the recoil direction and at a distance v, .. from the origin »
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IV.b The velocity distribution
Velocity distribution of the WIMP particle within a

radius of 9 kpc in the Galactic frame
N-Body simulation with baryons (F. S. Ling et al. 2009)

: i A= 2N, = Vo= 235.7 3= 1
4‘__ o =958 ydaf = 617.6/48
E=239 -
..E 3l A5 il
L S \
- '; i 3 rh Vo= 332, a =195
” T I x?der = 2020148
ik i hd 1
E L 4 1}
= Hi 3
L [ [
L F 3",
Dark Matter halo from cosmological N-Body 4 oo 0 300 400 300 o600
simulations (RAMSES code from R.Teyssier) v (hemjs)

* No evidence against a smooth velocity distribution
e Standard isotropic halo model disfavoured in this case: 5 = 0.06
O'g + O'(Qb * 3 <0: Tangential anisotropy
552 — ——>+¢[3>0: Radial anisotropy
i 3 =0: 1sotropic

Anisotropy parameter: 6(7“) — 1 —

Compatible with a multivariate gaussian distribution...
J. Billard - CYGNUS 2011



IV.b The velocity distribution: Multivariate Gaussian

From the Jeans equation: the velocity tensor is symetric

« One can find an orthogonal basis where the velocity tensor is diagonal »

1 —2

1 o =
€Xp [——(U — To)" 0, (7 — Tp)

(873 det o2)1/2

£) = 2

The multivariate gaussian velocity distribution function, naturally arises from the fact
that:

* [t 1s the triaxial generalization of the standard isothermal sphere [Binney and Tremaine]
* It reproduces flat rotation curves (p(r) = 1/r?) [N. W. Evans et al. 2000]

e [t is quite consistent with recent numerical N-body simulations
[M. Vogelsberger et al. 2009, M. Khulen et al. 2010, F. S. Ling et al. 2010]

L The multivariate Gaussian is then used as a fitting model

J. Billard - CYGNUS 2011



J. Billard et a/., Phys.Rev.D83:075002,2011
IV.c Free parameters

The 8 free parameters of the fitting model are:

* The WIMP mass m,

e The WIMP-nucleon cross- section 6,

* The main incoming direction of the signal (l,,b.)
* The 3 velocity dispersions o, 6, et o,

* The background rate R,

What are the posterior Probability Density Functions of each parameter
according to a single experiment?

We developed a Markov Chain Monte Carlo sampling based on the Metropolis-
Hastings algorithm for the following reasons:

* Size of the parameter space: 8 dimensions!
 The estimation of the PDFs are very accurate

Sub-sampling: « burn-in » and correlation lenghts => independant samples
J. Billard - CYGNUS 2011




Mass Full Markov Chain Monte Carlo result

Nhﬁ
. Input:

o | Cross-section
26F - * isotropic halo: 0, =0,=0,= 155 km/s
2.8
a/ e WIMP mass: 50 GeV/c?
325, 1 1 1 1 I

50 o5 TE0 32 3 2B 26 .
: : * Cross-section: 103 pb
I'DD;— IGD;— [degras)
85 95
m@ m§_© e Background rate (Ry): 10 evts/kg/year (35%)
asE” BsE-
50 W10 37 5 28 26 BE 5055100 b
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IV.d Deduced constraints

J. Billard et al., Phys.Rev.D83:075002,2011

The 8 fitting parameters are strongly constrained from a single directional detection

experiment:

WIMP mass Vs Cross-section

Mass

m, [GeVic’]

st

Tmr 100

" Cross-section

@, [log, (pB)]

2.6

2.8

Q\

3.2

1
100 150 -3.2 -3 =28 <26

g

Dark Matter signature

/

/T
1

[
85806500

10

[degres]

Oy

WIMP velocity distribution

iic“ [kmis]

z
200 . - kmis]
150 I150H-
100
|~ IR ISR B |~ EPIPI PRI BRI EPIFR
100 750 200 100 150 200 250 00 750 200

3

Ry (kg 'year ')

0

10

—0.0731032

1097 +£1.2
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J. Billard et a/., Phys.Rev.D83:075002,2011
Isotropic halo + 35% bckg

IV.e Input WIMP mass = 2F 2
o — m, =20 GeV/c R
& | — = m,=50GeV/c P g
I e m, = 100 GeV/c®
Standard halo with three different masses: 8, *m™ A
* 20 GeV i
* 50 GeV I P
-2’ _?J;’%?*“r xi
« 100 GeV i (=7
Consistent constraints on (my, log,,(c,)) ~ I
85— o
: 10° 0*
Constraints on the B parameter: WIMP mass [GeV/c]
i 01 2
O—g _I_ O-GQj = | =——m,=20GeVic
/8(,]“) — 1 o : o — = m, = 50 GeV/c?
2 | e m, = 100 GeV/c?
20—?“ L
(Deduced from the full MCMC analysis) -
. 0.05—
Isotropic halo: B=0 I
Constraints on the WIMP parameters and Dark I "
Matter halo are consistents for all WIMP masses g
0.=-IE- ; L T
1 05 0 05 1
Velocity anisotropy
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J. Billard et al., Phys.Rev.D83:075002,2011

35% of bckg + 50 GeV/c?
IV.1f Input halo model = r
2 input halo models to generate 3;_2 o
pseudo-data: s | %
Isotropic (B =0) I
3

Extremely Anisotropic (3 = 0.4)

Similar constraints on (my, log,,(c,)) _

= |sOtropic (f = 0)

— Anisotropic (= 0.4)

3.2— Y Input: (50 GeV/c?, 107 pb)
Constraints on the 3 parameter: e T e T T
WIMP mass [GeV/c?]
. 020 M@ [ |
Isotropic —s = —0.073J_r0.18 = 04—~ teotropic
o

. . o —|—O ' 1 8 I — Anisotropic
Anisotropic —> 5 =10.382070

0.05
Discrimination between various halo model i
could be achieved with directional detection —_ ol
-
i r
-
0=|—'|F | | | L L 1 1 1 1 |
0 05 0 05 1

Velocit' anisotro
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IV.h Effect of refined halo model from Nbody simulations

RAMSES [R. Teyssier et al.]: Cosmological N-Body simulations

Shell distribution:
7T<R<9 kpC (16545 particles)

L 5 w=-1I vo=2323;a=1
23 o=1644 v?idof = 227.6/47
[ k=251 / o vw=2635;a=138
L - "!’.“C"‘IZ 0 6146
- fa N
o F f ,
é I ]
X Lsp
[ Fig 13
[ ¥ g
2 ;L i
1
0sF
ﬂ L%

» Gaussian distribution disfavoured
Kurtosis = 2.51

R~ 0,06
Smooth, weakly anisotropic and
non-gaussian

Ring distribution:
7<R<9 kpC and |Z|< 1 kpC (2662 particles)

3.-— by pwu=0,w=250,Ff=075 _ p=352
L 1= 150.,vg= 120, f=0.25 o= 1693
25l ¥ Ydof = 102.9/49 E=253
~“r [
— [ L}
it [ ] 1%
2 2f It
- S~ Double
5 I lr.--- v =
I £ Mh -
15k ne N ) gaussian
o~ r ’i_' -
= 1 a
.
s
05}
i

vy (kmjs)
» Presence of a co-rotating (150 km/s)
Dark Disk with a 25% contribution to
the local WIMP velocity distribution
R~0,12
With a corotating Dark Disk

J. Billard - CYGNUS 2011



IV .h Effect of refined halo model from Nbodyv simulations

3 input halo models to generate pseudo-data:
Standard halo

Smooth
Dark Disk

Bias ~20 in the (my, log,,(c,))

Constraints on the B parameter:

Standard halo —_— = _0_()11:8:82
Smooth —> (= 0-02t8:82

0.06
Dark Disk — (= 0'15:).06

Robustness of the multivariate gaussian

WIMP velocity distribution

log, (c,[pb)

L 20 contours

-2 9l—

-A—

- - m, =20 GeVic? NBody Shell

m, = 20 GeVic® Standard halo

. _
m, = 20 GeVic? NBady Ring
Inputs

25

PR I S SRR S '
ao a5
WIMP mass [GeV/c?]

— Standard halo
=== MNBody shell

— - NBody Ring

0.1

-% B -;] 2

-0.4
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Conclusion

Directional detection presents a lot of advantages in comparison with the

classical direct detection of Dark Matter:

* The WIMP induced signal is different from the expected background one

. EXC|USiOI’], discovery or identification (Particle physics and astrophysics)

The study of the impact of Dark Matter halo from Nbody simulations on directional

detection
(J. Billard et al., in preparation)

However, these results require;:

*3D Reconstruction of tracks with good resolutions
 Sense recognition

* An accurate measurement of the recoil energy

- Requires a highly performant detector with a carefull analysis...
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