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Graciela Gelmini-UCLA

Direct Detection

o Lecture 1:
— Brief review of the observational evidence for Dark Matter (DM)
— What we know about DM and implications for DM candidates mass and
interaction (PBH or particles? CDM, WDM, PIDM, DDDM, SIDM? Millicharge DM,
kinetic mixing, Hidden (or Dark) Photons (HP or DP), Atomic DM, Mirror DM, WIMPs,
FIMPs, SIMPs, ELDERs, Axions, ALPs, WISPs, FIPs...)
— The Standard Halo Model (SHM) and its main parameters
o Lecture 2:
— Introduction to DM Direct Detection (DD)
— Non-directional DD of WIMPs
o Lecture 3:
— Halo model implications, Halo-Independent Data Analysis, Directional DD
o Lecture 4
— DD of Light Dark Matter

Disclaimer: idiosyncratic choice of subjects and not complete lists of citations

Theory Meets Experiments 2025, GGI, Florence, Nov 10-21 2025 1



Limit on Nucleon o(Sl) at 50 GeV

Graciela Gelmini-UCLA

Leading WIMP DD experiments (PlOt for SI |nt) (Snowmass paper 2203.08084)

WIMP Limits vs Time: principal detector categories

10404 » Spin-Independent WIMP-Nucleon scattering
E b 90% C.L. exclusion
Be
10741 4 > -
< 44
10—42 1 : n
10743 4 - ®
® 4 “
® L1
s e ® w
» Crystals .
1003 <«  Cryogenic »
e Liquid Xenon
—46 2 .
10 = Liquid Argon ¢ ° o
¢ Bubble Chamber
10—47 &
1990 1995 2000 2005 2010 2015 2020
Year

10™** (e

1042

10~44

Dark matter-nucleon cross section [cm?

9
3
Q@

1

-

2
>
o

Present multi-tonnne liquid noble gas experiments:
PANDA-X-4T (3.7 t), and with Ar, DarkSide-20k (20 t), will observe solar neutrinos- In future

only two k-tonne size experiments one with Xe, “XLZD Consortium”, and one with Ar, “Global

10—43 _\ :

Xe neutrino fog
10°

10!
Dark matter mass [GeV/c?]

with Xe, XENONnt (5.9 t), LZ (7 t),

Ar DM Collab.” (GADMC), will explore the “neutrino fog" of solar and atmospheric neutrinos.
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Neutrino spectra
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8B solar neutrinos will be the first to be detected.
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Degeneracy with v spectrum depends on interaction type
Gelmini, Takhistov and Witte 1804.01638
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- Left: elastic scattering, different interactions- for m leading to most spectral

degeneracy (all m < 10 GeV)
- Right: Sl inelastic scattering (6=m" — m> 0 endothermic, < 0 exothermic)
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Discovery reach of future DD experiments The relevance of
the neutrino fog depends on the WIMP interaction and mass
Gelmini, Takhistov and Witte 1804.01638

Differential cross section momentum exchange ¢ dependence from LESS to
MOST sensitive to the low energy v background:
(HM: heavy mediator, LM:light mediator)

— q" with b = 2,4,6 (HM: MD, ED, PS-S, S-PS, PS-PS, Ana)
spectrum large at large energies, so less affect by low energy background

— ¢" - no dependence (HM: SI, SD, mC, AV-V; LM: PS-PS, MD)

—1/q¢° with b = 2,4 (LM: S, SD, mC, AV-V, ED, PS-S, 5-PS)
no spectral degeneracy, but enhanced at low energy
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Discovery reach of future DD experiments The relevance of
the neutrino fog depends on the WIMP interaction and mass
Gelmini, Takhistov and Witte 1804.01638
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For Xe target, elastic scattering with different interactions -Heavy Mediator

Gelmini, Takhistov and Witte 1804.01638
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For Xe target, elastic scattering with different interactions -Light Mediator

Gelmini, Takhistov and Witte 1804.01638
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For Xe target, inelastic scattering Sl interaction -Heavy Mediator)

Gelmini, Takhistov and Witte 1804.01638
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Complementarity of different targets is essential to determine the character of

the interaction once a signal is detected!
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Predictivity of the Scafttering
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Some particle models to test beyond the neutrino fog

Akerib et al Snowmass 2021, 2203.08084 [hep-ex]

Type of Dark Matter Model

_Visible Sector (VS) Dark Sector (DS)
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Elements of the Event Rate in Direct DM detection

Event Detector Cross Halo
Rate — | Response] X | Section] X} | Model

How many DM particles are passing through the detector and with which velocity
distribution?

The usually assumed Standard Halo Model is a good first approximation although
not expected to be correct. The SHM implies an annual modulation of the rate.
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Annual Modulation of the Rate
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U, + Ug| is maximum at the beginning of June (with the 2021 conventions on June 2). ¥ and

?7@ are at 60°, so ~ vg cos 60° sums or subtructs from V-

celestial sphere NGP

autumnal
aquinoex
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o° equator
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270°
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Annual Modulation of the Rate in the SHM

Schematic speed distribution F'(v, t) and integral n(v) with arbitrary normalization, where

Moty = [ A8 [ gy g
V>V V>V
Notice that the maximum of 7 55
changes from June 1 to Dec. 1 g
at v, < 200km/s. Annual Z;
modulation is due only to ¥, so z'g

(Vs ) NV, Vg = 0) + Ty - F-

Thus the annual modulation amplitude

| I |
T T

Standard Halo Model
June 1
------ Dec 1

UEB:O

is linear in Earth’s orbital speed vy

(fig. from Freese, Lisanti & Savage 1209.3339)
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Annual Modulation of the Rate in the SHM

The rate can be well approximated by the 1st term of a harmonic expansion

T (En,0) = So(Ep) + S,u(Ep) coslt — )]

ty is the phase, w = 27/ year. Written in this way, the annual modulation amplitude

S (E,) - 1 |dR(Junel) dR(Decl)
mATRT g dER dE,

changes sign at low recoil energies. S, /Sy =~ 1- 10% for most v,

values (~ vg/vg =~ 10%)

Total Rate

Modulation Amplitude

Recall £ = 2uv2, /M, so sign change is at E  corresponding to v, ;. = 200km/s
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Gravitational Focussing by the Sun affects the Annual
Modulation for low v, .

Lee, Lisanti, Peter & Safdi 1308.1953 for the GF effect, see e.g. Alenazi & Gondolo in 2006, 0608390

3% \(pP f,Imar1— P flsep1)/20 f,

DM Wind

1.5%

0% . | |
100 200 300 400

June | \4 (kIn/S)

Lee, Lisanti, Peter & Safdi found that for v
N(v,,;,t) shifts to 21 days later

<200 km/s the maximum of

main
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Target dependence of the Annual Modulation
The annual modulation could be different in different experiments even as

function of v, if the speed dependence of the cross section does not factorize.

In some cross sections the v dependence does not factorize, e.g. Magnetic Dipole DM

dor ad? M [ v? 2 d2 - M (Sr+1
— m ZQ — 1= T F2 E mT T F2 E
dE, 02 { TouZ [Urzmn ( —5 || Fsi,0(ER) + w3, m2 \ 387 v, 7(ER)

2

one term ~ v~ 2 another ~ v° yield two different functions of v . , with different detector

n
dependent coefficients

Mo t) = [ AULE Mo t)= [ ol 0%

2 Umin 2 Umin

In the rate, the combination of these is target dependent:
dR;/dEn = Cin(v, ;. ,t) + CLIf(v, . ,t) with CT, CI target nucleus T
dependent coefficients. Thus, the annual modulation is target material dependent!
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Times of max and (min — 1/2 y from max) of 1 and 7

June 15t} Del Nobile, Gelmini, Witte 1504.06772
May 15t}
Apr. 15t} . ~ .
E g Trnae. time of mor ) maximum
ar. i ~
N Feb. 15t} Tonin: 1/2 year apart from 7,
Jan. 1%t Tynin. time of 1 or 1) minimum
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. a5} ' : ' ] (dashed lines) GF
w
g 3 ” f(v, %)
© B t) 5
S sl n NV, t) = - d°v,
S 9 o VZVmin
n
T -15¢
£ =30} n 1 ~ — = 3
| Ao t) = [ v, t)db
L " . " . VZVin
0 100 200 300 400

Vmin [km/s]
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Times of max and (min — 1/2 y from max) of the rate

Del Nobile, Gelmini, Witte 1504.06772 and 1512.03961
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magnetic dipole DM scattering elastically

and modulation in Xe better described by a sinusoidal t-dependence than in F
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Deviations from the SHM
Triaxiality, debris flows, streams, dark disk ? ....these are ~ 10 y old plots

Distributions of radial, azimuthal, and vertical velocity components: ] 7.5 < R < 9.5 kpc
EAGLE HR EAGLE HR ‘ ' ‘ ‘ ‘
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Simulations find SHM is a good approximation

Shpigel, Folsom, Lisanti, Necib, Vogelsberger,Hernquist 2510.21914

Using 98 Milky way analogues in lllustrisTNG50 simulations tuned to latest data

Gaia found a merger 8-1010° y ago: Gaia-Enceladus contributing 10 -30% of DM in the solar

neighborhood (in orange) Full reconstructions (solid green), which lie 673 km /s from a SHM-only

model. Ep—

—— Stars (Gaia DR2)

= = Boosted stars

= Sampled Ao, wy

fv) [103 km! 5]

v~
ol
S -~

0 2(I)0 4(I)0 6(I)0

v [kms1]
Caveats:Analysis may not resolve local velocity structures: (1) speed distribution is an azimuthal
average of particles within an annulus around the galactic center, (2) the simulations have 288pc

softening length. Additionally gravitational effect of the Sun is not included Folson et al 2505.07924
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GAIA haS ObserVEd many Ste"ar Streams WBonaca and Price-Whelan 2405.19410

Retrograde

Planar : Palomar 5
- New-19 Ui, 3008
0.0 5 ! > =

) L

Wukong
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Sagittarius stream is the most prominent

" Trailing tidal
= =~ debris

Theory Meets Experiments 2025, GGI, Florence,

Nov 10-21 2025

A Leading 'ti'ﬂall_ i

debris

Direction of motion

Sgr.core
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Sgr. leading trail DM may be passing through the Solar
System

surface density: disk mid—plane

J .
Galactic
Center

Large uncertainties in local DM stream density, pg,,. < 5% pgps and velocity
v~ 250 — 400 km/S w.r.t the Sun Purcell, Zentner, Wang 1203.6617

5 kpc
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SHM + DM in the Sgr. leading trail Schematic speed distribution

and integral n(v) with arbitrary normalization rrecse, Lisanti & Savage 1200 3330

Speed Distribution (arbitrary)

Standard Halo Model
— June 1
-=-===Dec 1

Ser stream
— Dec 29

Mean Inverse Speed (arbitrary)

‘‘‘‘‘‘‘‘‘

o= !
0 100 200 300 400 500 600 700
Velocity [km/s]

For m, < 20 GeV, Sgr DM stream could enhance Direct DM detection rate by 20% to 45%,

reduce the annual modulation amplitude by as much as 50% and change its phase by 20 days

(but large uncertainties) Purcell, Zentner, Wang 1203 6617
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Very mild triaxiality in the inner 20kpc of the Milky Way dark halo
USing stellar stream Gaia DR3 data Woudenberg and Helmi 2407.21790

oblate

Koposov 2010 l—o—l

Bovy 2015,
'MWPotential2014"

Kupper 2015 }—0—'

Bovy 2016

Price Whelan 2017,
gala

McMillan 2017 o

Malhan 2019

Posti 2019 ]
Cautun 2020

Prolate

Dodd 2022

Vasiliev 2023, Oblate

Myc=2-10"M, &
My =11 - 1021M,
Vasiliev 2023,

Spherical

Mime =3-101M, o
My =11 - 1011M,

This work, best-fit model H

080 085 090 095 100 105
go(X = 15 kpc)
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Effect of the Large Magellanic Cloud
LMC is coming into the MW (for the 1st time) Enhances high speed DM, by contributing

its own and accelerating some originating in the MW. Reynoso-Cordova, Bozorgnia, Piro 2409.09119
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A Dark Disk would enhanced population at very low

SpeedS Rare feature shown in simulations with simple CDM Read, Lake, Agertz, Debattista MNRA
389, 8/2008;Read, Mayer, Brooks, Governato, Lake 0902.0009, pervasive if part of the DM is dissipative, as in

DDDM)Fan, Katz, Randall & Reece 1303.1521-1303.3271 (Fig from Peter, Gluscevic, Green, Kavanah & Lee 1310.7039)

3519—3 .
—— SHM
3.0 --- SHM+DD|]
v N [ LIS
n 2.5} : “ .
D ' !
2. B [] 4
E O ] 4 A B
Y4 1 “ 2
S 135k o ‘3
3 4 ‘:"-.
1.0 !
1 ‘.‘
0.5f; B\
0.0k ' ' . -
0 200 400 600 800 1000
v/km s

GAIA data: dissipative DM <1% of DM (for DD thickness <20 pc)

Schutz, Lin, Safdi, Wu 1711.03103
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“Dark Shards” Here three components: smooth (SHM) + Gaia-Enceladus=SHM**,
and “shards” remaining from destroyed subtructure, modeled as many Gaussians; with uncertain

density O'Hare, Evans, McCabe, Myeong, Belokurov 1909.04684, SHM™F: Evans, O'Hare, McCabe, 1810.11468,

2 2 2
1 v vy vy
Formett = famg + exp | ——5% — — X O (v, — |9])
SHM SHMT (9m)3/26 02N, 202 202 202 e
r~ 0+"S,esc T 0 1)
35 T T T T T T T
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T T T T T —T I I I T [T T T T T T T T T [T | — T T T T T T — 51
— 90% SHM** + 10% Shards [— 3.0F ——
3M--- 90% SHM*+ 11 1 [E= s2 T == Retrograde
- T [ Rtg " 95l S irograde
« 1 Pro — oW energy
— | — Total &0t = 10%
- 4 - 0 Low-E i
lE 9 oW E Jol |
8 A4 2
— —
S 1 7 r 1 SE sk E
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e %
1.0 1
S 0.50F I I I I I I I I H =3 T : I : I I I T s —
. S1
S2
0.25F Rtg 1 L S2A s ] aEL i
Pro Rtg A Pro
Low-E ow-E
O P NNV N AN NN, N AN NPV QAN NN, N AN DN DRV QDD N — —
PR N R R N I N R N N A N R A RPN 5 N5 NS SRR SR S 00 0 200 ao a0 s 60 s
_ _ — —1
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Effects depend crucially on “Shards” density fraction, here assumed10%
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“Halo-Independent” DD scattering data analysis
complementary to the usual “"Halo Dependent”
Recall Event rate: events/(unit mass of detector)(keV of recoil energy)day

do ,
dER Z/ N X dEZ x nvf(U,t)d%v

Hlln

-E r: nuclear recoil energy
- T: each target nuclide (elements and isotopes)
- Ny = Cp /M= Number of nuclides T in the detector = (mass fraction x Number of

nuclides T per unit target mass);
1 MrEg

= mMr/(m + M), reduced mass; § = m’ — m for DM inelastic scattering

- Uy, Min WIMP speed to impart E R, to the target T, fumm(ER) =

+ 5‘
-p =nm, f(U,t): local DM density and v distribution depend on halo model.
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“Halo-Independent”: Recall the event rate:

For a WIMP-nucleus contact differential cross section (for momentum transfer and velocity-

independent interaction operators) e.g. for Spin Independent interactions

dor _ UT<ER> M
dE 2202

0T<ER> ~ O ef

dR OT<ER> f(’l_}), t) 3 F(”? t)
ETn 0. 2 pn<vmin— 7t>7 n<vmin7 t) — —d*v =

dER ; Qmu% : U>Umin v Umin v

- p, f(©,t): local DM density, Earth’s frame ¥ distribution depend on halo model

(Notice: given Ep, v, depends on the target mass: v, )

dv

“Halo-Dependent”: Given pn(v,,,) plots in (m,o,) plane (usual)
“Halo-Independent”: Given m, do,/dFEy plots in (v, 7(v:,)) plane,

~

77</Umin7 t) — p77<vmin7 t)

contains all halo dependence in ANY experiment!
Fox, Liu, Weiner 1011.1915; Frandsen et al 1111.0292: Gondolo-Gelmini 1202.6359...
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With several nuclides (elements or isotopes) in the detector, there is no unique
relation between v, and IZ: need to chose one of them as independent variable.
Ep, is not directly accessible to experiments, they observe only a proxy E’.

Observed event rate:

dR > dR
= ¢(E’ dE E, F)—L
75 =) [ B Y Grln 1)

- E’: detected energy (in keVee or number of PE), C1: mass fraction in target nuclide T';

- ¢(E"): counting efficiency or cut acceptance; G(FE g, E’): energy response function

d d
ﬁ:ﬁ/ or pvf(&t)d%
dbr My )., dERp m

min

Early versions of the HI method used the recoil spectrum dR,/dEy, a unique
relation ER‘Umin and Sl interactions. Fox, Liu, Weiner 1011.1915: Frandsen et al
1111.0292
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HI for ANY type of interaction, form factors, energy
resolutions, efficiencies...
Gondolo-Gelmini 1202.6359: Del Nobile, Gelmini, Gondolo and Huh, 1306.5273

We choose v, as independent variable, change the order of integration and
write the predicted observable rate for any cross section as

dR * dR
— dv.. . 7 .t
dE’/ /0 vmln d E/ (vm1n> T](/UHHIU )

or for integrated rates:
oo
R[Ei,Eé] — /0 dvmin ‘%[Ei,Eé] (Umin) ﬁ(vmim t)

'

(2.0-25keVee)
R (Vanin)

it)

R gy - experiment and interaction
dependent response function

Response function (arbitrary uni

(non zero only for an interval in v, given a ,

measured energy interval [E7, E)]) Y A T
00 200 300 400 500 600 700 80(

Every experiment is sensitive to a “window" in v sl
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“Halo Independent” data analysis

1- Find the predictions of Direct Detection data for the halo, e.g. for
the coefficients of the harmonic expansion of (v, t) (mostly its time average).

2- Compare data from different experiments by comparing their
predictions for the halo, e.g. for the time average of 7)(v,,;,) of N(v i, t):
— putative measurements translate into regions in the (v, , 77(v,:,)) plane,

— upper limits into upper limits on N(v,;,)

Main Problem: Likelihood methods are good for parameter estimation, but
here we want to estimate a function, 7 or the local WIMP speed distribution
F'" which the predicted rates depend on

Rip gy = / AVin R g1 (Vimin) 1(Vinin) = / dv H g gy(v) F(o,1)
0 0
2014-2015 Solved the problem only for unbinned data (Extended Likelihood)
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Halo-Independent analysis

Regions for putative DM (time averaged) rate measurements:
With unbinned data (e.g. CDMS-II-Si), using at least one extended likelihood,
we found (Fox, Kahn and McCullough 1403.6830; Gelmini, Georgescu, Gondolo and Huh
1507.03902; Gelmini, Huh and Witte 1607.02445)

- a unique piecewise constant best fit 7(v . ) with a number of
downward steps < number of data points, by extending to functionals
the Karush-Kuhn-Tucker (KKT) maximization conditions (Fox, Kahn and McCullough

1403.6830), and a

- statistically meaningful two-sided point-wise band at a chosen CL.
(Gelmini, Georgescu, Gondolo and Huh, 1507.03902)
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Halo-Dependent and Independent analyses CDMS-II-Si data

T T T

225 keV witte, Gelmini 1703.06892

& = -225 keV
m=1.1GeV

=-0.71

We found piecewise constant best-fits, with a small number of downward steps
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A deeper understanding of Halo-Independent methods for
all Likelihoods Gelmini, Huh and Witte 1707.07019

Why a piecewise constant best fit (v, ) with the number of
downward steps < the number of data points???

Well known theorems in convex geometry (Caratheodory, Fenchel-Eggleston)
provide the answer: for d (time average) predicted rates the DM speed
distribution F'(v), normalized to 1, is given by

d
F(v) = Z F o(v—uv,)

Now we have at most 2d parameter I, v,, to estimate using the Likelihood

F
() of a sum of at most d

and the integral 7(v

min

) = const.LOO dv

min

v
delta functions is piecewise constant with at most d downward steps
(d= number of data points) Lots of work yet to do to develop this method....
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Present directional direct Dark Matter detectors

A recent review: O'Hare et al. Snowmass 2021 whitepaper 2203.05914
Directional detectors can measure both the energy and direction of the WIMP-

induced recoils.

NEWAGE

DRIFT

MIMAC

DMTPC
D3/BEAST / CYGNUS HD

New Mexico readout
R&D / CYGNUS HD

CYGNO

CYGNUS-0z

NEWSdm

Gas TPC, GEM + uPIC, NID

Gas TPC, MWPC, NID

Gas TPC, Micromegas + Strips

Gas TPC, Optical readout
Gas TPC, 2xGEM + CMOS pixel, NID

Gas TPC, Optical readout, NID

Gas TPC, 3xGEM + CMOS optical + PMT

Gas TPC, Optical and electronic

Nuclear Emulsions

3d

1.5d

3d

2d
3d

2d

3d/
2d+1d

2d

Running underground (Kamioka), scaling up to 1m3

Ran 1m3 underground (Boulby). MPGD R&D at Sheffield.

Ran underground (Modane), scaling up

Ran underground (WIPP), scaled up, stopped
Prototypes evaluated, ran above-ground, scaling up

Prototypes evaluated

Prototypes evaluated, funded to scale up

Prototyping, then scale up

Prototyping / going underground
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Future: all unified into CYGNUS At present various prototypes

2020 2025 2030 2035 2040

Dark
matter
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Directional DD detectors low density gas TPCs,
e.g. DRIFT (CS,) and DM-TPC (CF,) Measure direction of recoil - tracks

reconstructed through drift of e

DRIFT
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Directional direct DM detectors, dipole feature

Left: Flux of 100 GeV WIMPs with v > v, ;, for ', =25 keV F recoils arriving on Earth.
Right: Angular distribution of the energy differential recoil rate in F for WIMP m =100 GeV,
Ern =25 keV. Maps are incoming direction of WIMP-induced recoils in Mollweide equal-area

projections, in Galactic coordinates.

[
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Arbitrary units Arbitrary units
A few dozen events would be enough to detect the dipole feature. Unmistakeable
DM signature: no known backgrounds can mimic this directional signature!

Theory Meets Experiments 2025, GGI, Florence, Nov 10-21 2025 40



Graciela Gelmini-UCLA

Directional DD, will see a daily modulation

12:00 h

|

Because of the Earth's rotation, ———
the peak recoil direction in the
lab frame varies over the course —— Z ¢ 7
of a day: daily modulation
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Directional recoil rate

 The double differential event rate per unit detector mass
as a function of both the recoil energy and direction is
given by:

d*R P 3
58 = it |, **lgpa) 7

dS :infinitesimal solid angle around the recoil direction.

* Azimuthal symmetry of the scattering around the WIMP
arrival direction: ma

dS) = 27 dcos @ e .\f; ......
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Directional recoil rate

- Recall: s 21202 —p
M
. . Um
which gives: cosf) = —
v

* Impose this relation through a Dirac delta function:

= — —vo(vcosl — v,
dEdQ  dE 2% |
do 1

~

= dE 27 v 0 (v.q— V)
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Directional recoil rate
- Remember the energy differential cross section for

standard contact interactions:

do M
dE 2202

g FQ(E)

* We have:
d*R  pog F*(E)

JEQ ~  dmmpz Jom @)

A

f(v,.q) is the three-dimensional Radon transform of the
velocity distribution: [Gondolo, hep-ph/0209110]

~

f("Uma q) & /‘dgtT 5 (Vq o JU?”) f(v)

Johan Radon, austrian mathematician, Eroposed Radon transform in 1917. Used
in tomography where f is density and f scattering data output; etc
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Directional recoil rate

» Using the Radon transform, one can evaluate the event
rate analytically for most halo models.

 For the SHM with a truncated Maxwellian velocity
distribution, the Radon transform in the lab frame is:

: 5 3
F(Um, @) (exp [_ (Vi + Q-Viab) ] — exp {_vem])

202 20

7

if Uy + Q. Viab < Vesc ,and zero otherwise.

Vlab : velocity of the lab with respect to the Galaxy.
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Directional recoil rate

2 " (Um g fl-Vlab)Q Ugsc
f(vfrna q) X (exp [_ 20_2 — €XP _20_3

(¥

 Two regimes of interest:

* If Vi > Viab,argument of first exponential minimized
when q is in the opposite direction of Viab. ==p dipole
feature

* If Vi < Vlab ,i.e.for low recoil energies and large
WIMP masses, maximum of the Radon transform
happens at an angle between q and Viab . ==p ring-like
feature in the recoil map. [Bozorgnia, Gelmini, Gondolo, I111.6361]
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Directional recoil rate

« Differential directional recoil rate in fluorine, assuming 5
keV recoil energy and 100 GeV WIMP.

0.081 0.243 0405 0.567 0.729 0.891

Once this can be detected, we will be in the real of WIMP astronomy!
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Directional recoil rate has sensitivity to streams and dark shards

O'Hare et al 1909.04684
SHM*+ SHMt+10% Shards

Galactic i . i Galactic

,,,,,,,,,,,,,,,,,,,

Dark matter flux

0.000 0.829 1.658 2.486

d(sj?i [107 GeV ecm ™2 57 ]

and particle models in some instances, e.g. for inelastic exothermic dark matter, the

mean recoil direction as well as a secondary feature, a ring of maximum recoil rate around the
mean recoil direction, could instead be opposite to the average DM arrival direction Bozorgnia, GG,

Gondolo 1611.01750
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ln the distant future: WIMP astronomy Fig. from Gondolo

0" Aberration | |
Photon arrival | | Parallax] _#®
Aberration of WIMPs diveetisn | =
20 arcsec y Dracanis
553858838232}
Bradley 1725
WIMP arrival A
A = direction
A 10 degrees May
.Ti_'k_.“ﬂ:it')[)l_} Stamonary on :'.":h‘,‘r'g.:E O'T?"_- .
3 e
: i December
Bozorgnia, Gelmini, Gondolo 201 2
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