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dark matter

How does it fit into the 
Standard Model of particle  

physics?

What is its spin, mass? 
What are its interactions?

How will that affect cosmology, 
astrophysics, and  
particle physics? 

E.g. relic abundance (WIMP, 
asymmetric DM, FIMP)



So far no hints, just limits...
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Indirect Detection

Direct 
Detection

Collider

DM searches are all facing different challenges.  To maximize 
success, need effort from multiple fields including cosmology, 

astrophysics, particle theory, expt, & condensed matter 
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Looking for local dark matter 
scattering off detectors

Signal requires multiple inputs to be reliably  
calculated
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Nuclei Recoils 

Nuclei response functions 
and form factors for general 

DM interactions worked 
out by Fitzpatrick, Haxton, et.al. 

DMFormFactor Mathematica 
Package

Electron Recoils 

Semiconductor and  
Scintillator Responses 

analyzed by  
Essig, Yu, et.al. 

DFT calculation of 
electronic structure 

QEDark
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Usually assume Boltzmann  
dist. but recent mergers 

will lead to other 
kinematic structures 

(e.g. streams)
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Figure 8. (Left) Posterior speed distribution for the halo (dashed red) and substructure (dotted blue) components. The solid
black line represents the total contribution. These results are based on fits to the SDSS-Gaia DR2 data within heliocentric
distances of d� < 4 kpc and |z| > 2.5 kpc. For comparison, we show the Standard Halo Model (dashed gray), defined in (6). The
empirical distribution does not include contributions from DM accreted from non-luminous satellites or di↵usely. (Right) The
95% background-free C.L. limits on the DM-nucleon scattering cross section, ���n, for spin-independent interactions as a
function of DM mass, m�, assuming a xenon target with an exposure of 1 kton⇥year exposure and a 4.9 keVnr energy threshold.
These limits are illustrative and do not account for experimental energy e�ciencies near threshold (Aprile et al. 2018).

The right panel of Fig. 8 shows the corresponding lim-
its on the DM mass and DM-nucleon scattering cross
section, ���n, assuming the simplest spin-independent
operator. For this example, we assume a xenon tar-
get, energy threshold of 4.9 keVnr, and exposure of
1 kton⇥year. The 95% one-sided Poisson C.L. limit (3
events) obtained using the velocity distribution inferred
from SDSS-Gaia DR2 is shown in solid black, and com-
pared to the SHM in dashed grey. The substructure
component drives the sensitivity at all masses, while
the halo contribution is subdominant, but becomes more
important at lower masses. In both cases, the exclusion
is significantly weakened for m� . 30 GeV relative to
that obtained using the SHM. For m� & 100 GeV, the
black and gray-dashed lines approach each other because
vmin ! 0 in (9).
The overall e↵ect of the empirical velocity distribu-

tion on the scattering limit depends on the details of the
nuclear target, experimental threshold, and DM mass—
all parameters that feed into the minimum scattering
speed defined in (7). A more model- and experiment-
independent way of understanding these e↵ects is to
study the dependence of the time-averaged inverse-
speed, hg(vmin)i, as a function of the minimum speed, as
this term captures the dependence of the scattering rate
on the DM velocities. The left panel of Fig. 9 plots this
quantity for the empirical speed distribution obtained
in this work (solid black) and the SHM (dashed gray).
The scattering rate for the empirical distribution is re-
duced relative to that for the SHM at vmin & 300 km/s;

it is enhanced for lower minimum speeds. The scatter-
ing rate is completely suppressed for vmin & 550 km/s,
whereas the SHM continues to contribute events above
this point.
To better understand the implications of these re-

sults, let us consider the concrete example of a 10 GeV
DM particle interacting in several detectors. Such a
DM particle needs a minimum speed of ⇠ 570 km/s
to scatter a xenon nucleus at an energy of ⇠ 5 keVnr

in Xenon1T (Aprile et al. 2018). As seen from the left
panel of Fig. 9, this is highly suppressed relative to the
SHM expectation.6 In contrast, the DarkSide-50 low-
mass analysis (Agnes et al. 2018) can detect argon re-
coils down to 0.6 keVnr in energy. A 10 GeV DM particle
only needs speeds of ⇠ 130 km/s to create such a recoil
and these speeds are well-supported by the empirical
distribution.
The empirical velocity distribution also impacts the

time-dependence of a signal. The DM scattering rate
should modulate annually due to the Earth’s motion
around the Sun (Drukier et al. 1986).
The right panel of Fig. 9 compares the modulation

amplitude assuming the newly derived velocity distri-
bution, as compared to the SHM. To obtain the ampli-
tude, we transform the velocities from the Galactic to
the heliocentric frame, taking into account the Earth’s
time-dependent velocity as defined in Lee et al. (2013).

6 In actuality, Xenon1T has non-zero e�ciency below
⇠ 5 keVnr, which improves its sensitivity in this range.

12

101 102

m� [GeV]

10�47

10�46

10�45

10�44

�
�
�

n
[c

m
2
]

Direct Detection Limits
Xenon Target

Halo

Subs

Total

SHM

Figure 8. (Left) Posterior speed distribution for the halo (dashed red) and substructure (dotted blue) components. The solid
black line represents the total contribution. These results are based on fits to the SDSS-Gaia DR2 data within heliocentric
distances of d� < 4 kpc and |z| > 2.5 kpc. For comparison, we show the Standard Halo Model (dashed gray), defined in (6). The
empirical distribution does not include contributions from DM accreted from non-luminous satellites or di↵usely. (Right) The
95% background-free C.L. limits on the DM-nucleon scattering cross section, ���n, for spin-independent interactions as a
function of DM mass, m�, assuming a xenon target with an exposure of 1 kton⇥year exposure and a 4.9 keVnr energy threshold.
These limits are illustrative and do not account for experimental energy e�ciencies near threshold (Aprile et al. 2018).

The right panel of Fig. 8 shows the corresponding lim-
its on the DM mass and DM-nucleon scattering cross
section, ���n, assuming the simplest spin-independent
operator. For this example, we assume a xenon tar-
get, energy threshold of 4.9 keVnr, and exposure of
1 kton⇥year. The 95% one-sided Poisson C.L. limit (3
events) obtained using the velocity distribution inferred
from SDSS-Gaia DR2 is shown in solid black, and com-
pared to the SHM in dashed grey. The substructure
component drives the sensitivity at all masses, while
the halo contribution is subdominant, but becomes more
important at lower masses. In both cases, the exclusion
is significantly weakened for m� . 30 GeV relative to
that obtained using the SHM. For m� & 100 GeV, the
black and gray-dashed lines approach each other because
vmin ! 0 in (9).
The overall e↵ect of the empirical velocity distribu-

tion on the scattering limit depends on the details of the
nuclear target, experimental threshold, and DM mass—
all parameters that feed into the minimum scattering
speed defined in (7). A more model- and experiment-
independent way of understanding these e↵ects is to
study the dependence of the time-averaged inverse-
speed, hg(vmin)i, as a function of the minimum speed, as
this term captures the dependence of the scattering rate
on the DM velocities. The left panel of Fig. 9 plots this
quantity for the empirical speed distribution obtained
in this work (solid black) and the SHM (dashed gray).
The scattering rate for the empirical distribution is re-
duced relative to that for the SHM at vmin & 300 km/s;

it is enhanced for lower minimum speeds. The scatter-
ing rate is completely suppressed for vmin & 550 km/s,
whereas the SHM continues to contribute events above
this point.
To better understand the implications of these re-

sults, let us consider the concrete example of a 10 GeV
DM particle interacting in several detectors. Such a
DM particle needs a minimum speed of ⇠ 570 km/s
to scatter a xenon nucleus at an energy of ⇠ 5 keVnr

in Xenon1T (Aprile et al. 2018). As seen from the left
panel of Fig. 9, this is highly suppressed relative to the
SHM expectation.6 In contrast, the DarkSide-50 low-
mass analysis (Agnes et al. 2018) can detect argon re-
coils down to 0.6 keVnr in energy. A 10 GeV DM particle
only needs speeds of ⇠ 130 km/s to create such a recoil
and these speeds are well-supported by the empirical
distribution.
The empirical velocity distribution also impacts the

time-dependence of a signal. The DM scattering rate
should modulate annually due to the Earth’s motion
around the Sun (Drukier et al. 1986).
The right panel of Fig. 9 compares the modulation

amplitude assuming the newly derived velocity distri-
bution, as compared to the SHM. To obtain the ampli-
tude, we transform the velocities from the Galactic to
the heliocentric frame, taking into account the Earth’s
time-dependent velocity as defined in Lee et al. (2013).

6 In actuality, Xenon1T has non-zero e�ciency below
⇠ 5 keVnr, which improves its sensitivity in this range.

Necib et.al. 1807.02519 takes GAIA data,    
use low metallicity stars as tracers of DM distribution
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DM Mass

DM 
cross  

section

Neutrinos 
as irreducible 
background 

Lighter Dark  
Matter largely unconstrained 

New Detectors fill 
the gaps, 

100 GeV: DARWIN, 
1 GeV: HV CDMS, 
10 MeV: SENSEI

Snowmass 
2013
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Core vs Cusp

Low Surface Brightness Galaxies  
have cores rather than cusps at 

inner radii

F568-3

Diversity Problem (Oman et.al.)

Dwarf Galaxies with  
similar asymptotics have 

diverse inner radii behavior
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Self interactions between dark matter  
σ/m~ cm2/g can have interactions that affect galactic 

distributionsModelling SIDM Halos
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Kaplinghat, Yu, et.al. show 
that inner radii DM 

can be thermalized with 
normal NFW profiles at 

large radii
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FIG. 1: SIDM fits (solid) to the diverse rotation curves across a range of spiral galaxy masses, where we take �/m = 3 cm

2/g. The data
points with error bars are from the SPARC dataset [18]. Each panel contains 14 galactic rotation curves that are selected to have similar flat
rotation velocities at their furthest radial data points, and the corresponding V

f

bins are 79–91, 91–126, 139–172 and 239–315 km/s, spanning
the mass range of the galaxies considered in this work. The galaxies are colored according to their relative surface brightness in each panel
from low (red) to high (violet).

relation (BTFR). We comment on future directions and conclude in Sec. VI. In the appendix, Methods, we provide detailed
information about the model and the fitting procedure. In Supplementary Materials, we present SIDM and MOND fits to 135

individual galaxies from the SPARC sample and additional results that support the main text, including model fits to simulated
halos.

II. THE DIVERSITY OF GALACTIC ROTATION CURVES

We select 135 out of 175 galaxies in the full SPARC sample based on the criteria that they must have a recorded value for the
flat part of the rotation curve, V

f

. In our sample, 87, 42 and 6 galaxies have quality flags 1, 2 and 3, respectively. It spans a wide
range of galaxy masses and inner shapes of rotation curves with V

f

ranging from 20 km/s to 300 km/s. In fitting to the data,
we utilize the analytical SIDM halo model [26, 29], where we assume the dark matter distribution in the inner halo follows the
isothermal density profile,

⇢iso(R, z) = ⇢
0

exp

�
[�tot(0, 0)� �tot(R, z)] /�2

v0
�
, (1)

where ⇢
0

is the central dark matter density, �v0 is the one-dimensional dark matter velocity dispersion, �tot(R, z) is the total
gravitational potential and R, z are cylindrical coordinates aligned with the stellar disk. We match this isothermal profile to a
Navarro-Frenk-White (NFW) form [32, 33] at r

1

, where a dark matter particle has scattered O(1) times over the age of the
galaxy, assuming continuity in both the density and the enclosed mass at r

1

. In this way, the isothermal parameters (⇢
0

, �
v0

)
directly map on to the NFW parameters (rs, ⇢s) or (r

max

, V
max

). This model provides an approximate way to calculate the
SIDM distribution in a halo if its CDM counterpart is known, and vice versa. It correctly predicts the halo central density and its
scalings with the outer halo properties, stellar profiles and cross section, as confirmed in both isolated and cosmological N-body
simulations with and without baryons, see, e.g., [26, 28, 30, 34, 35]. See Methods and Supplementary Materials for a detailed
description of the model and additional comparisons between model predictions and cosmological simulations.

Ren et.al. 1808.05695

Recent analysis 
shows that SIDM 

can fit galaxy 
rotation curves 
better than CDM 
or MOND with 

few parameters
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Gravity wave era as a astronomical probe is  
just beginning!
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Primordial Black Hole DM
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Carr et.al. 1607.06077

LIGO/VIRGO

After first LIGO 
detection, Bird et.al.  
asked if observation  
could be consistent 
with primoridal BHs

Strong constraints, 
but if true, gives  
different regime 
of dark matter 
with potential 

insights to inflation 
and early Universe
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BH

In presence of a boson of light enough mass 
(w/ Compton wavelength close to BH radius), 

spinning BH will generate bosons 
due to superradiance and spin down

Arvanataki et.al. 
mDM ~ 10-13 eV

mDM ~ 1/(G Msun) 
~ 10-10 eV

DM can annihilate 
into continuous  

monochromatic GW signal
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FIG. 1: SIDM fits (solid) to the diverse rotation curves across a range of spiral galaxy masses, where we take �/m = 3 cm

2/g. The data
points with error bars are from the SPARC dataset [18]. Each panel contains 14 galactic rotation curves that are selected to have similar flat
rotation velocities at their furthest radial data points, and the corresponding V

f

bins are 79–91, 91–126, 139–172 and 239–315 km/s, spanning
the mass range of the galaxies considered in this work. The galaxies are colored according to their relative surface brightness in each panel
from low (red) to high (violet).

relation (BTFR). We comment on future directions and conclude in Sec. VI. In the appendix, Methods, we provide detailed
information about the model and the fitting procedure. In Supplementary Materials, we present SIDM and MOND fits to 135

individual galaxies from the SPARC sample and additional results that support the main text, including model fits to simulated
halos.

II. THE DIVERSITY OF GALACTIC ROTATION CURVES

We select 135 out of 175 galaxies in the full SPARC sample based on the criteria that they must have a recorded value for the
flat part of the rotation curve, V

f

. In our sample, 87, 42 and 6 galaxies have quality flags 1, 2 and 3, respectively. It spans a wide
range of galaxy masses and inner shapes of rotation curves with V

f

ranging from 20 km/s to 300 km/s. In fitting to the data,
we utilize the analytical SIDM halo model [26, 29], where we assume the dark matter distribution in the inner halo follows the
isothermal density profile,

⇢iso(R, z) = ⇢
0

exp

�
[�tot(0, 0)� �tot(R, z)] /�2

v0
�
, (1)

where ⇢
0

is the central dark matter density, �v0 is the one-dimensional dark matter velocity dispersion, �tot(R, z) is the total
gravitational potential and R, z are cylindrical coordinates aligned with the stellar disk. We match this isothermal profile to a
Navarro-Frenk-White (NFW) form [32, 33] at r

1

, where a dark matter particle has scattered O(1) times over the age of the
galaxy, assuming continuity in both the density and the enclosed mass at r

1

. In this way, the isothermal parameters (⇢
0

, �
v0

)
directly map on to the NFW parameters (rs, ⇢s) or (r

max

, V
max

). This model provides an approximate way to calculate the
SIDM distribution in a halo if its CDM counterpart is known, and vice versa. It correctly predicts the halo central density and its
scalings with the outer halo properties, stellar profiles and cross section, as confirmed in both isolated and cosmological N-body
simulations with and without baryons, see, e.g., [26, 28, 30, 34, 35]. See Methods and Supplementary Materials for a detailed
description of the model and additional comparisons between model predictions and cosmological simulations.
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nature needs input from all possible sources 
(experiment and theory)

3 Examples I'm particularly interested in 
(direct detection, self interacting DM, GW 
probes of DM) 

Much I could have discussed (e.g. 21cm/
EDGES), some of which you will hear about 
at this conference
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Google Translate: Dark matter refers to a substance that exists in the 
universe but can only rely on gravity to understand its existence. As the 
name implies, we are a selection of works that are not seen under the 

mass market mechanism.



THANKS FOR YOUR ATTENTION 
AND ENJOY THE WORKSHOP!
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SIDM AT DIFFERENT SCALES
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SIDM from Dwarfs to Clusters

With Kaplinghat, Tulin (PRL, 2015)

Galaxies: ~2 cm2/g 

Merging Clusters:  < ~2 cm2/g

Core size in clusters:  ~10 kpc

Clusters:  ~0.1 cm2/g

Galaxies: Mhalo~109-1012 M� Clusters: Mhalo~1014-1015 M�

DM halos as particle colliders

Clusters
LSBs

Dwarfs

See also Yoshida et al. (APJ Letters, 2000)

Slide from H. Yu
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Carr et.al. 1607.06077

LIGO/VIRGO


