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Overview

= Directional detection
» Streams
= Simulation
= Statistics
= Non-parametric spherical statistics

= Bayesian parameter estimation
= Profile likelihood ratio
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Direct Detection

| |
= Very hard — lots of backgrounds
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Particle

Look for recoiling nuclei struck by WIMPs in Milky Way halo

Drift time
indicates depth

LS

— ionization electrons
N UV scintillation photons (~175 nm)

image by CH Faham (Brown)

LUX Collaboration
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“Smoking gun” signals

= Annual Modulation (Drukier, Freese € Spergel 1986)

* Direction dependence (Spergel 1988)

=
— Earth
June
— Y
WIMP
— /.
wind December
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Directional Detection

= Measure energy and direction of nuclear recoils

Sampling /—F

MIMAC collaboration
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= Advantages:
= No known background that can mimic signal
= Probe velocity distribution

Journal club (30/10/2014) 5/25



Directional detection

= Double differential scattering rate:

d°R POON 2, 1o f ,\
_ F N
dEqu 47TmXM (E) f(vmin(E), Q)

WIMP: My WIMP mass

ON WIMP-nucleus cross section
Galactic Halo:  po Local WIMP density

f (Umin, q) Radon transform of velocity dist.
Nuclear physics: F'(FE) Nuclear form factor

my Nucleus mass

1 mymy /(my + my)
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Directional detection

= Radon transform of WIMP velocity distribution,

A

Fltmins @) = [ 303 a = i) F¥)%

= at smallest speed that can cause a recoil of energy, F

1\/7’TZNE
Umin = —
[ 2

= Lab frame distribution = boost of Galactic frame distribution

f(V) — fgal(v - Vlab)
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Velocity distribution

= Standard Halo Model used ubiquitously in current data analysis

V2
frt(¥) = —— exp(' ' )9<vesc|v|>

Nese (2m02)3/2 20,

= Radon transform of Lab frame distribution
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- 10 keV 10 - 20 keV

20 - 30 keV 30 - 40 keV

40 - 50 keV 50 - 60 keV

»

60 - 70 keV 70 - 80 keV

f,/maxf
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More realistic distributions

» Evidence from observation and simulation that distribution is not
smooth or isotropic

= [.g. Via-Lactea2 Earth-like distributions:

Galactic Frame Lab Frame

0.03F . 0.03f :

T

5 - n -

= 0.02F . = 0.02f

i L % L

S_—; 0.01 — _ i 0.01
()_||||||||I||||||||||III Illlllllllll: OE |||||||||||||||I|||||||| ]
0 200 400 600 800 0 200 400 600 800

v [km s7!] v [km s71]

Journal club (30/10/2014) 10/25



Streams

= Spatially and kinematically localised substructure
= Tidally stripped material from satellite galaxies

= Solar neighborhood stream (Sagittarius stream) motivated from
simulation and observation

—— e R

Isolated Galaxy ‘light Sgr.' ‘heavy S'QT' Ii_ght Sgr

Outer rings from
spiral wrappings
T
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1 = h
Stream of tidal debris "-q"\._
from ‘light Sgr’ dwarf ' =
satellite galax -
atellite galaxy e
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Stream model

= Stream takes a fixed fraction of the local DM density
= Full distribution = Background halo + Stream

Background halo dispersion ~ 200 km /s

/

flab (Umina (AI) — (1 — g)fgal(vmin + Viab * (Ala (Al; Ou, Uesc)

T gfgal(vmin + (Vlab - Vstr) ' ('17 q; Ostr /Uesc)

Stream fraction ~10% \

Stream dispersion ~10 km /s

Galactic frame stream velocity
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Scattering simulation

= Simulate forecast of MIMAC experiment

= Target Fluorine-19 with spin-dependent scattering

Sample WIMP Elasticalb.f 'scatter Select recoil

velocities from flux | . Velo.c1t1es . _— Rotate to ~_» with form factor

distribution isotropically in lab frame probability
centre of mass frame

= Isotropic background model

* Vary energy window — threshold /maximum energy
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Parameter values

WIMP: My 50 GeV
op, (SD) 1077 pb
Halo: 00 0.3 GeV cm ™ *
Oy TU;SP{/\/EE
Vesc 533 km s~
Viab (6.0,230.6,6.5) km s~ !
Experiment:  my 18.998 amu (F)
Fin 5, 20 keV
Emax 50, 100 keV
Ry 10 kg™ ! yr—*
Sgt. stream: Vg 400 x (0,0.233,—0.970) km s~
Ostr 10 km S_l
5str 01

Journal club (30/10/2014) 15/25



Detecting substructure

# events
No stream

£=0

Stream

£ =0.1

1. Discriminate between smooth halo and halo with substructure

2. Measure properties of stream (density, velocity, dispersion)
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Tests

= No stream - expect signal to have:

= Median direction opposite to that of solar motion

= Rotational symmetry about this direction

* Frequentist tests on spherical data:

= Median direction “chi squared” test

= Modified Kuiper test (rotational symmetry)
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 Monte-Carlo simulate mock experiments and perform tests on

each one
Rotational symmetry test Median direction test
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= Calculate detection significance and power using these
distributions
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= Example: Sagittarius stream

Exposure Stream dispersion
1 T LRI UL
. 0.8F .
S95: Detection :
significance 06f ]
: o s |
achievable by 95% « w
: 0.4F ]
of hypothetical ;
experiments 0.2F .
0 T 0 T a0
& [kg yr]

Stream density

L B B

___________________________

Energy window:
= [5,100] keV
= [5,50] keV
= [20,100] keV

Ses
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Stream velocity

= Want to explore all possible stream velocities

= (Can describe using 2 parameters

= Stream speed, Ugtr

= Angle between stream velocity and solar velocity

—
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= Tests not powerful over full range of stream velocities

* Threshold /maximum energies limit detectability
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Likelihood

= 11 unknown parameters,

- {?’T?X Op, P0,0v, Vescs Ostrs Vstrs 5 Rb }
N (0)Ne _
£(0) = j<v N, (B)H[ i (Fis @, 0) 4 (1—\) P

Signal: Background:
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Pwim EirAg';G — - Pb —
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WIMP mass
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Parameter estimation
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Model compariso

5

10

» Null Hypothesis (no stream),H_
= Alternative hypothesis, Hz

= Profile likelihood ratio test
L(0]¢ = 0)

=

L1 PRI T IR T T T N SR
1.5 2 2.5 3

Profile likelihood ratio: A =
£(6) i
Test statistic: D — —2InA Q < 5 S,\l ’ ’ g:l 01
0 £€<0, E>1 -
Do iﬁms_—
Significance: § — f(D|HO) dD = /D 1, @
0 = 10%
Sos
Power: f(anyiV6522(195
0 10’
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Results

= Only limiting factor is number of stream WIMPs

= Threshold /maximum energies still limit detectability

[5, 100] keV [5, 50] keV [20, 100] keV
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Summary

= Local Milky Way likely contains substructure such as tidal streams
= Directional detectors offer best prospect for detecting them

= Streams may be detected by the next generation of directional
detectors with exposures >10 kg yr

= Directional tests not powerful over full range of stream velocities

= Parameter estimates very good for astrophysical parameters

= Maximum of 100 keV and threshold of 5 keV opens up much of the
stream parameter space for detection.
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