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Motivation



‘Traditional’ direct detection experiments

Good event-by-event discrimination
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Lower mass searches lose discrimination

SuperCDMS, PRL
arXiv:1804.10697
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Need to ensure the signal model is accurate



Generic direct detection experiment

Dark matter
detector

bhysics
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Need to accurately model the DM flux to accurately predict signals



The Standard approach




Standard Halo Model

Simple spherical model with (asymptotically) flat rotation curve

3/2 L 95 9
f(V) _ { Nisc (273012)) e~V /20, . |V| < Vesc

0 : otherwise

Assumptions: Dark matter halo
* Round halo

» Gaussian (Maxwellian)
» Isotropic

« No substructure




Standard Halo Model

Simple spherical model with (asymptotically) flat rotation curve

3/2 L 95 9
f(V) _ { Nisc (27?012)) e~V /20, . |V| < Vesc

0 : otherwise

Dark matter halo

Advantages:
- Simple "
* Only 2 parameters i
» Accurate(?)




Gaussian form agrees well with simulated galaxies
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Green and magenta data points: Milky Way-like simulated halos
Lines: Standard Halo Model - Agreement is reasonably good!



Is our galaxy similar to a ‘Milky Way-like’ simulated halo?



Gaia: a new era in mapping the Milky Way

Launched 2013
Operates until ~2022

> HOW MANY STARS WILL THERE BE IN THE SECOND GAIA DATA RELEASE? g-esa

1
position & brightness on the sky ‘*

1692 919 135
7 millions stars with full

6D phase space (X,V)

radws & lumsosity
76 956 778
14 099 amosnt of dust along
Solar System the Ine of gt
O 87 733 672
550 737
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Meatballs and Sausages in velocity space

Meatball _ Sausage

Isotropic Radially anisotropic
SHM model Beyond the SHM model
. Vg y V0
(9% ?Zr
6 =0 B> 0




circular motion, km/s

0 200

-200

Gaia data contains a Sausage

Motions of 7,000,000 Gaia stars

K
! Galactic disc
| - In the Sausage,
B . ey —— - stars move on highly
e = P : radial orbits
8 The Sausage
cto the centre of the Galaxy from the centre of the Galaxy: Belokurov, Erkal, Evans,
. K . M
200 0 200 arXiv-1802.03414
radlal mOtIOn, km/s 1805.10288, 1805.00453...




Gaia data contains a Sausage

O’Hare, Evans, CM et al
arXiv:1909.04684
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Extreme radial anisotropy arises from head-on collision

‘Sausage galaxy’
and*Milky Way
collided head-on
8-10 billion years

Sausage galaxy brought dark matter too...
...will also be on highly radial orbit



Modelling the Gaia Sausage dark matter

O’Hare, Evans, CM,
arXiv:1810.11468, PRD

100 fiap (vr, vg) [km =2 s?]

7 is fraction of
local DM in Sausage
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SHM++: 2 component model
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Sausage leads to modest changes

Higher-mass
nuclear recoils
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Gaia Sausage is Beyond the
Standard Halo Model...
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' Sausage

...but generally leads to modest
changes in experimental signals
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Going further beyond the SHM

Monthly Notices

MNRAS 475, 1537-1548 (2018) doi:10.1093/mnras/stx3262
Advance Access publication 2017 December 20

Halo substructure in the SDSS-Gaia catalogue: streams and clumps

G. C. Myeong,' N. W. Evans,'* V. Belokurov,! N. C. Amorisco?>
and S. E. Koposov'+*

Monthly Notices

MNRAS 478, 5449-5459 (2018) doi:10.1093/mnras/sty 1403
Advance Access publication 2018 June 7

Discovery of new retrograde substructures: the shards of ® Centauri?

G. C. Myeong,'* N. W. Evans,'* V. Belokurov,! J. L. Sanders' and S. E. Koposov'+?

Unstitute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK
2McWilliams Center for Cosmology, Department of Physics, Carnegie Mellon University, 5000 Forbes Avenue, Pittsburgh, PA 15213, USA

Monthly Notices

MNRAS 488, 1235-1247 (2019) doi:10.1093/mnras/stz1770
Advance Access publication 2019 July 1

Evidence for two early accretion events that built the Milky Way stellar
halo

G. C. Myeong “,!* E. Vasiliev “,"? G. Iorio “,! N. W. Evans!* and V. Belokurov “!

Unstitute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK
2 ebedev Physical Institute, Leninsky Prospekt 53, Moscow 119991, Russia



Finding local structure ‘Shards’ in action space

substructures

| | | |
—0.6- —#—FSR1758  —)—NGC 6535
—O—NGC 3201 —gp~NGC 6388
—0.8f —{ 1w Centauri —Q—NGC 6401

| —A—NGC 6101

S| and S2 are the most interesting for terrestrial experiments



More general substructure: ‘Dark Shards’

O’Hare, Evans, CM et al
arXiv:1909.04684
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More general substructure: ‘Dark Shards’
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Directional signals: hotspots away from Cygnus

SHM ™
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Directional signals: hotspots away from Cygnus
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Sl: ‘Dark matter hurricane’

O’Hare, CM et al.1807.09004
A dark matter hurricane...
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Small effect for high mass searches

— | | | |
'> —SHM
© 0tyg T =6 GeV —90% SHM+10% S1
. O'SI =10~ cm?
|
= 5\
7102 Only a small change
- m,, = 20 GeV .
L o1 — 1046 cm? in the spectrum
S E /
¢« m, = 100 GeV
~~—
S USI = 10~%" cm?
SO T /
% 1024y |37 DN Expt.
N Atm.
S N S /
- B imaas YN
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Nuclear Recoil F, [keV]

Spectrum is relatively featureless...
...except in a sweet spot around 20 GeV
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Axion haloscopes: precision astronomy?

ostr = (115,50,60) km s~}

pstr/pO = 0.1
me = 3.3 ueV
. %1072
cC
Nov 45
Oct | 4 /r:e
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Height depends on pst; Jul | - 3
| | —
" PO M f ‘W =
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150 Mt b Ly
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SHM only (dashed) SHM+SI (solid)



Modulation in R

Modulation signals: peak day changes

Without Grav. Focusing With Grav. Focusing

COS Y§§ SEE

S & Y%%Q SRSy

Peak day shifts
T T 1T I N D D D D R D N by~lmonth

from S2

0% Shards St 10 % Shards
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Summary

* Robust particle physics constraints/measurements requires
robust halo model

* Gaia has opened a new era in understanding the Milky Way

*  We have investigated the impact on nuclear recoils and axion

haloscopes of
% the Gaia Sausage (modest)
% the S1, S2 streams and other substructure (more dramatic)

Next:
- work with simulations to refine properties
* investigate properties on wider range of experiments



Thanks
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Axion power spectrum: S| and S2 leave distinctive features

|
4= S2 dominated = 51 N
N e
12k D L1 Retrograde
,l' ‘|‘ 1 Prograde
ok 2\ BN LowE |
\\

10 % Shards

gtot —
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SHM++: 2 component model

O’Hare, Evans, CM,
arXiv:1810.11468, PRD

Local DM density 00 0.3GeVem™°
Circular rotation speed vg 220 km s~ !

SHM  Escape speed Vese 544 km s~ !
Velocity distribution  fr(v) Eq. (1)
Local DM density 00 0.55+0.17 GeV cm™*®
Circular rotation speed wvg 2334+ 3 km s~ *
Escape speed Vesc 528f3§ km s™*

SHM ™™
Sausage anisotropy I5; 0.9 £0.05

Sausage fraction n 0.2 +0.1
Velocity distribution  f(v) Eq. (3)

f here is consistent with values in simulations Necib et al 1810.1230]

- Fattahi et al 1810.07779
3 takes same values as stars in Sausage sample attahi eta
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Gaia Sausage or Gaia Enceladus?

Article Talk Read Edit View history Siearch Wik[pediz{

Gaia Sausage

From Wikipedia, the free encyclopedia

The Gaia Sausage is the remains of a dwarf galaxy, the "Sausage Galaxy" or Gaia-Enceladus-Sausage or just Gaia-Enceladus, that merged with the
Milky Way about 8 - 11 billion years ago. At least eight globular clusters were added to the Milky Way along with 50 billion solar masses of stars, gas and
dark matter.['! The "Gaia Sausage" is so-called because of the characteristic sausage shape of the population in velocity space, the appearance on a plot
of radial versus azimuthal and vertical velocities of stars measured in the Gaia Mission.!'] The stars that have merged with the Milky Way have orbits that
are highly radial. The outermost points of their orbits are around 20 kiloparsecs from the galactic centre at what is called the halo break.[?!

e ———— e
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Galactic Z (kpc)

S| stellar stream

S|:ldentified with SDSS-Gaia (DR1) Catalogue
94 member stars

G.Myeong etal. 1712.04071

Galactic Y (kpc)

5 2 0 =2 “2 4 6 8 10 12
Galactic Y (kpc) Galactic X (kpc)

Passes very close to solar position (orange arrow)






ADMX: precision astronomy

Could measure properties of S| dark matter component
eg. velocity dispersion

ostr = (115,50,60) km s~} Ostr = 20 km s71
pstr/pO =0.1 pstr/pO =0.1
me = 3.3 ueV me = 3.3 ueV
%102 %1025
Dec Dec
Nov 4.5 Nov 4.5
Oct 4 > Oct 4 —~~
Sep 3.5 ? 3.5 ?
Aug U Ay 3 ~ 3 N3
Jul o5l < 25 <
Jun Y Ty » — . —_—
May 15 é 1.5 é
Apr
Mar 1 1
Feb 0.5 0.5
Jan W . R 0 0

Height of feature depends on S| density and velocity dispersion



More general substructure

T, Xenon 20 % Shards
&QV*$ m, = 20 GeV

ftot

0% Shards

Y
/152

1 Retrograde
1 Prograde
I Low-F

0 D 10 15 20 25 30
E, [keV]

O’Hare, Evans, CM et al
arXiv:1909.04684

Impact on the nuclear recoil spectrum is always small
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Modulation signals: amplitude changes
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Directional signals: hotspots away from Cygnus

20 — 50 keV

Retrograde

Low-Energy Prograde
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Directional signals: hotspots away from Cygnus
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