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Preamble



Evidence from gravitational interactions… …………….       
           ……………………….…  …over many distance scales

     ‘The Bullet Cluster’

Galaxy rotation curves

Large scale structure

Cosmic Microwave Background

We have detected dark matter

DARK 
MATTER

VISIBLE 
MATTER



Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

WIMPs and Other Particles Searches for
OMITTED FROM SUMMARY TABLE
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GALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHES

These limits are for weakly-interacting stable particles that may constitute
the invisible mass in the galaxy. Unless otherwise noted, a local mass
density of 0.3 GeV/cm3 is assumed; see each paper for velocity distribution

assumptions. In the papers the limit is given as a function of the X0 mass.
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1
TeV. Specific limits on supersymmetric dark matter particles may be found
in the Supersymmetry section.

Limits for Spin-Independent Cross SectionLimits for Spin-Independent Cross SectionLimits for Spin-Independent Cross SectionLimits for Spin-Independent Cross Section
of Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleon

Isoscalar coupling is assumed to extract the limits from those on X0–nuclei
cross section.

For mX 0 = 20 GeVFor mX 0 = 20 GeVFor mX 0 = 20 GeVFor mX 0 = 20 GeV
VALUE (pb) CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

<2.0 ! 10"7 90 1 AGNESE 14 SCDM Ge

<3.7 ! 10"5 90 2 AGNESE 14A SCDM Ge
<1 ! 10"9 90 3 AKERIB 14 LUX Xe

<2 ! 10"6 90 4 ANGLOHER 14 CRES CaWO4
<5 ! 10"6 90 FELIZARDO 14 SMPL C2ClF5
<8 ! 10"6 90 5 LEE 14A KIMS CsI
<2 ! 10"4 90 6 LIU 14A CDEX Ge

<1 ! 10"5 90 7 YUE 14 CDEX Ge
<1.08 ! 10"4 90 8 AARTSEN 13 ICCB H, solar !

<1.5 ! 10"5 90 9 ABE 13B XMAS Xe
<3.1 ! 10"6 90 10 AGNESE 13 CDM2 Si

<3.4 ! 10"6 90 11 AGNESE 13A CDM2 Si

<2.2 ! 10"6 90 12 AGNESE 13A CDM2 Si
<5 ! 10"5 90 13 LI 13B TEXO Ge

14 ZHAO 13 CDEX Ge

<1.2 ! 10"7 90 AKIMOV 12 ZEP3 Xe
15 ANGLOHER 12 CRES CaWO4

<8 ! 10"6 90 16 ANGLOHER 12 CRES CaWO4
<7 ! 10"9 90 17 APRILE 12 X100 Xe

18 ARCHAMBAU...12 PICA F (C4F10)

<7 ! 10"7 90 19 ARMENGAUD 12 EDE2 Ge
20 BARRETO 12 DMIC CCD
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1. Accelerator physics of colliders 1

1. ACCELERATORPHYSICS OFCOLLIDERS

Revised July 2011 by D. A. Edwards (DESY) and M. J. Syphers (MSU)

1.1. Luminosity

X0 mass: m =?

X0 spin: J =?

X0 parity: P =?

X0 lifetime: ⌧ =?

X0 scattering cross-section on nucleons: ?

X0 production cross-section in hadron colliders: ?

X0 self-annihilation cross-section: ?

X0 spin: J =?

J = 1/2 These limits are for weakly interacting
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J = 1/2

This article provides background for the High-Energy Collider Parameter Tables that
follow. The number of events, Nexp, is the product of the cross section of interest, �exp,
and the time integral over the instantaneous luminosity, L:

Nexp = �exp ⇥
Z

L (t) dt. (1.1)

Today’s colliders all employ bunched beams. If two bunches containing n1 and n2
particles collide head-on with frequency f , a basic expression for the luminosity is

L = f
n1n2

4⇡�x�y
(1.2)

February 6, 2016 16:53

The challenge is to identify its properties
Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)

DM
dark matter
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In principle, straightforward…?

experimental signal

signal model

dark matter properties



Particle Physics Models



A wide landscape

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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US Cosmic Visions

Many candidates… ……………………
……………….…… …all with SM interactions



Broadly two separate categories
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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proton
Higgs

electronneutrinoKnown particle masses:

‘Massive’ dark matter‘Ultra-Light’ dark matter



Searching for ‘massive’ DM candidates: 
‘Direct detection experiments’
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are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Generic direct detection experiment

10

Event rate = DM flux    particle physics

Dark matter 
detector 
on Earth

Dark matter flux

⇥
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⇠ ⇢DM

Z
d3v fDM(v) v
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Model the DM flux to extract the particle physics 



Approaches to modelling the DM flux



Assumptions: 
• Round halo
• Gaussian (Maxwellian)
• Isotropic 
• No substructure

Standard Halo Model: DM speeds

Dark matter halo

Disk

f(v) =
1

Nv30
e�v2/v2

0 : |v| < vesc
<latexit sha1_base64="7hw4xcg8yAuocd8EEAMrjbx0QMw="></latexit>

Simple spherical model with flat rotation curve



f(v) =
1

Nv30
e�v2/v2

0 : |v| < vesc
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Advantages: 
• Simple
• Only 2 parameters
• Accurate (?)

Dark matter halo

Disk

Simple spherical model with flat rotation curve

Standard Halo Model: DM speeds



Excellent resource is the review by Justin Read (arXiv:1404.1938)

Figure 2: A century of measurements of ⇢dm. In all cases, I assume the same matter density
and surface density of ⇢b = 0.0914M� pc�3 and ⌃b = 55M� pc�2 (Flynn et al., 2006). Values
derived from a surface density rather than a volume density have a blue filled circle; red data
points indicate the use of a ‘rotation curve’ prior (see §3.5.1). The green data point is derived
from Garbari et al. (2012) assuming a stronger prior on ⌃b = 55 ± 1M� pc�2 (see §5). All
error bars represent either 1� uncertainties or 68% confidence intervals. Overlaid are: ⇢dm,ext

extrapolated from the rotation curve assuming spherical symmetry (grey band); the launch
dates plus 5 years for the Hipparcos and Gaia astrometric satellite missions; and the start date
plus 5 years of the SDSS and RAVE surveys. Where no error bar was calculated for a given
measurement, there is simply a horizontal line through that data point. All data and references
(including definitions of abbreviations) are given in Table 4.

6

Estimates point to an 
approximate range 
0.2 - 0.6 GeV/cm3

Standard Halo Model: Local DM density



We have the ingredients to find the flux

15Christopher McCabe

�thumb ⇠ 107
✓
mproton

mDM

◆
particles/s
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f(v) ⇠ v2e�v2/v2
0
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⇢DM(@Sun) ⇠ 0.3 GeV/cm3
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Methods to estimate ρ
DM,⊙

Galactic matter density

● Rotation curve method

● z-Jeans equation method

1D z-Jeans equation method



+
nucleus

(eg xenon)

Basics of direct detection experiments

DM particle
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v ⇠ 300 km/s



Basics of direct detection experiments

DM particle
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v ⇠ 300 km/s

+

measure recoil energy
of the xenon nucleus

DM particle
after scattering

Evis ⇡ 1� 100 keV



Basics of direct detection experiments

+

keV-energy detectors

Ultra-sensitive (low background rates)

Large: lots of target nuclei to improve probability of scattering

Experimental wish-list:

There are many experiments using different technologies



Goodman & Witten (1985)

1 Overview LZ Technical Design Report

1.2 Instrument Overview

The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 7
fully active tonnes of LXe. Scattering events in LXe create both a prompt scintillation signal (S1) and free
electrons. Electric fields are employed to drift the electrons to the liquid surface, extract them into the gas
phase above, and accelerate them to create a proportional scintillation signal (S2). Both signals are detected
by arrays of photomultiplier tubes (PMTs) above and below the central region. The difference in time of
arrival between the signals measures the position of the event in z, while the x, y position is determined from
the pattern of S2 light in the top PMT array. Events with an S2 signal but no S1 are also recorded. A 3-D
model of the LZ detector located in a large water tank is shown in Figure 1.2.1. The water tank is located
at the 4,850-foot level (4850L) of the Sanford Underground Research Facility (SURF). The heart of the LZ
detector (including the inner titanium [Ti] cryostat) will be assembled on the surface at SURF, lowered in
the Yates shaft to the 4850L of SURF, and deployed in the existing water tank in the Davis Cavern (where
LUX is currently located). The LZ experiment’s principal parameters are given in Table 1.2.1, along with
the Work Breakdown Structure (WBS) for the LZ Project.

Figure 1.2.1: The LZ detector concept.

The LZ detector includes several added capabilities beyond the successfully demonstrated LUX and
ZEPLIN designs. The most important addition is a nearly hermetic liquid organic scintillator (gadolinium-
loaded linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and the TPC.
The outer detector and the active Xe “skin” layer, the Xe between the inner cryostat wall and the outer wall
of the TPC, operate as an integrated veto system, which has several benefits. The first is rejecting gammas
and neutrons generated internally (e.g., in the PMTs) that scatter a single time in the fully active region
of the TPC and would otherwise escape without detection; this could mimic a weakly interacting massive
particle (WIMP) signal. As these internally generated backgrounds interact primarily at the outer regions of
the detector, the veto thus allows an increase in the fiducial volume.
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UK principal involvement:  
the LUX-ZEPLIN (LZ) detector



Surface facilities at SURF 
where LZ is based 

Image credit Sanford Underground Research Facility

UK principal involvement:  
the LUX-ZEPLIN (LZ) detector

+ 30 institutes 
in US, Portugal, 
South Korea & 

Russia



Access to Davis Lab to left and 
Yates shaft cage to right. 

Image credit Sanford Underground Research Facility

Going underground provides a 
shield against cosmic rays - they 
could fake a dark matter signal



APS April 2020Carmen Carmona - Penn State

Transport of TPC Underground

7

October 2019

Installing the experiment underground



View of the water tank - 
provides even more shielding. 

LZ is installed inside 
Image credit Carlos Faham



Experiment inside the water tank 
Image credit Sanford Underground Research Facility



Energy is reconstructed from light and electron signals

(Hopefully DM)
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Results: in terms of Particle Physics parameters
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Measurement/constraints on 
1. Dark matter mass 
2. Scattering cross section with nucleons
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No discovery yet… but we still learn something
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Going beyond the simple Standard Halo Model
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FIG. 5. The distributions of the three components of the galactic rest frame velocities. The solid black lines in the upper
panels show the total distribution, including the isotropic Round Halo,Gaia Sausage and Dark Shard components assuming
the Dark Shards contribute 10% to the local DM density (⇠tot = 10%). The distribution without the Dark Shards is shown
as the black dashed line. The coloured regions show the contribution from each of the S1, S2, Retrograde, Prograde, and Low
Energy categories: these distributions are stacked one upon the other in reverse order to aid the visibility of all the features.
The lower panels show the stacked distributions from the Dark Shards alone.

components listed in Table II. This assumption is prob-
ably not true in detail. For instance, numerical simula-
tions have shown that the DM stream associated with the
Sagittarius stream are more extended and are misaligned
from the stellar component [107, 108]. However, the
progenitor of the Sagittarius stream is a dwarf irregular
galaxy [109], which had its stars initially distributed in a
disk and its DM in a round halo, so this mismatch is an
extreme case. The dwarf spheroidals, which are believed
to have produced S1, S2, and the other Shards [11], have
DM and stellar populations that have similar spheroidal
shapes before they were accreted. Nonetheless, the veloc-
ity dispersion of the DM and stars in the progenitor is not
exactly the same, and so mismatches between DM and
stellar streams are still expected, albeit on a smaller scale
than for the Sagittarius stream. Our approximation is
reasonable for the dwarf spheroidal regime, though work
to fully test its accuracy using a numerical simulations is
desirable.

A. Weighting the halo components

From Eq.(2), we also need to specify ⇠R, ⇠S and ⇠i,
the fractional contribution that each component makes
to the local DM density. Although these cannot be deter-
mined fromGaia data, there are some general statements
that we can make about their relative values. For exam-
ple, the gravitational potential is nearly spherical [110],
so the DM associated with the Sausage and the Shards

is subdominant. In Ref. [70] it was argued that theGaia
Sausage can contribute around 20% to the local DM den-
sity without exceeding the bound of 1% on the ellipticity
of the equipotentials of the Milky Way. A value ⇠ 20% is
also consistent with the fraction obtained from the FIRE-
2 simulations [69], and is in accordance with the inter-
pretation of the Sausage’s formation determined using
the Auriga simulations [111]. As the stellar Shards are
not the dominant component of the main sequence stel-
lar halo sample, it is unlikely that their progenitors will
have brought more DM into the inner halo than, say, the
Sausage. So ⇠tot will certainly be smaller than 20%.

To motivate us towards a lower limit to ⇠tot , we can
refer to the library of N-body minor merger accretion
events [112], as used in the interpretation of S1 and S2
in Ref. [11]. Streams originating from ⇠ 1010M� and
⇠ 5 ⇥ 109M� subhalos, believed to be the approximate
total masses of the S1 and S2 progenitors, were found to
contribute O(1%) to the local DM density at the solar
location. The simulations made simplifying approxima-
tions about the DM distribution in the in-falling satellite
and the host galaxy, and the impact of the Milky Way
disk was not included. Despite these limitations, they
suggest that a reasonable range for the total contribu-
tion from all of the substructures in Tables II and III
is 1% . ⇠tot . 10%. Following Ref. [70], we will fix
⇠S = 20% and the round DM halo contributes the rest:
⇠R = 80% � ⇠tot.

After this, we are still left with the task of specifying
⇠i, the contribution from each individual Dark Shard. As

O’Hare, Evans, CM et al 
arXiv:1909.04684
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FIG. 5. The distributions of the three components of the galactic rest frame velocities. The solid black lines in the upper
panels show the total distribution, including the isotropic Round Halo,Gaia Sausage and Dark Shard components assuming
the Dark Shards contribute 10% to the local DM density (⇠tot = 10%). The distribution without the Dark Shards is shown
as the black dashed line. The coloured regions show the contribution from each of the S1, S2, Retrograde, Prograde, and Low
Energy categories: these distributions are stacked one upon the other in reverse order to aid the visibility of all the features.
The lower panels show the stacked distributions from the Dark Shards alone.

components listed in Table II. This assumption is prob-
ably not true in detail. For instance, numerical simula-
tions have shown that the DM stream associated with the
Sagittarius stream are more extended and are misaligned
from the stellar component [107, 108]. However, the
progenitor of the Sagittarius stream is a dwarf irregular
galaxy [109], which had its stars initially distributed in a
disk and its DM in a round halo, so this mismatch is an
extreme case. The dwarf spheroidals, which are believed
to have produced S1, S2, and the other Shards [11], have
DM and stellar populations that have similar spheroidal
shapes before they were accreted. Nonetheless, the veloc-
ity dispersion of the DM and stars in the progenitor is not
exactly the same, and so mismatches between DM and
stellar streams are still expected, albeit on a smaller scale
than for the Sagittarius stream. Our approximation is
reasonable for the dwarf spheroidal regime, though work
to fully test its accuracy using a numerical simulations is
desirable.

A. Weighting the halo components

From Eq.(2), we also need to specify ⇠R, ⇠S and ⇠i,
the fractional contribution that each component makes
to the local DM density. Although these cannot be deter-
mined fromGaia data, there are some general statements
that we can make about their relative values. For exam-
ple, the gravitational potential is nearly spherical [110],
so the DM associated with the Sausage and the Shards

is subdominant. In Ref. [70] it was argued that theGaia
Sausage can contribute around 20% to the local DM den-
sity without exceeding the bound of 1% on the ellipticity
of the equipotentials of the Milky Way. A value ⇠ 20% is
also consistent with the fraction obtained from the FIRE-
2 simulations [69], and is in accordance with the inter-
pretation of the Sausage’s formation determined using
the Auriga simulations [111]. As the stellar Shards are
not the dominant component of the main sequence stel-
lar halo sample, it is unlikely that their progenitors will
have brought more DM into the inner halo than, say, the
Sausage. So ⇠tot will certainly be smaller than 20%.

To motivate us towards a lower limit to ⇠tot , we can
refer to the library of N-body minor merger accretion
events [112], as used in the interpretation of S1 and S2
in Ref. [11]. Streams originating from ⇠ 1010M� and
⇠ 5 ⇥ 109M� subhalos, believed to be the approximate
total masses of the S1 and S2 progenitors, were found to
contribute O(1%) to the local DM density at the solar
location. The simulations made simplifying approxima-
tions about the DM distribution in the in-falling satellite
and the host galaxy, and the impact of the Milky Way
disk was not included. Despite these limitations, they
suggest that a reasonable range for the total contribu-
tion from all of the substructures in Tables II and III
is 1% . ⇠tot . 10%. Following Ref. [70], we will fix
⇠S = 20% and the round DM halo contributes the rest:
⇠R = 80% � ⇠tot.

After this, we are still left with the task of specifying
⇠i, the contribution from each individual Dark Shard. As

O’Hare, Evans, CM et al 
arXiv:1909.04684
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This is a log-plot to emphasise differences… yet impact on the 
total rate is always small (for nuclear recoil signals)

14

pendence, but over the small width of the axion signal
this is usually going to be flat. The relevant object for
us is,

flab(!) =
dv

d!
flab(v) . (13)

We show flab(!) as a function of frequency in Fig. 9.
The coloured shading from dark green to dark red in-
dicates the changes to the lineshape as ⇠tot is increased
from 0% (the SHM++) to 10%. The contribution from
the five Dark Shard categories when ⇠tot = 10% and the
equal weighting scheme (cf. Sec. IVA) is shown at the
bottom of the figure. We see similar e↵ects to those
shown in Fig. 6, but with an important di↵erence: since
! / v2, the lineshape is more concentrated around low
values than the speed distribution shown earlier. In fact,
the peak itself is notably sharper relative to the SHM++

due to S2. However overall, the lineshape ends up being
slightly wider due to the presence of S1 and the Retro-
grade Shards at higher frequencies. The e↵ect from S1
was considered in detail in Ref. [60], including also the
dependence on the S1 velocity dispersion.

In both resonant and broadband haloscopes, the sen-
sitivity to ga� is dependent upon how prominently the
signal can show up over the experiment’s noise floor.
In a generic statistical methodology, this means that
the sensitivity of an axion experiment scales as ga� ⇠
(
R
f(!)2 d!)�1/4. Signals that are sharper in frequency

are more prominent over white noise and hence easier to
detect. Since the e↵ect from S2 appears at the peak of
the lineshape, if the local DM density had a larger con-
tribution from S2, we would expect an even sharper line-
shape. To demonstrate this explicitly, the pink dashed
line in Fig. 9 shows the lineshape when half of ⇠tot = 10%
is weighted towards S2 (as opposed to a fifth under the
equal weighting scheme). This distribution is notably
sharper and further increases the sensitivity of axion
haloscopes to the coupling ga� . To obtain more robust
results from axion haloscopes, it is therefore important
that the properties of S2 are characterised precisely.

A. Dependence on the dark matter direction

Some classes of axion experiments are also sensitive to
the directionality of the DM flux. The CASPEr experi-
ments for example [123] utilise spin-precession to detect
the nuclear coupling of ultra-light axions. The generic
Hamiltonian that CASPEr is sensitive to has the form
H ⇠ g IN · D, where IN represents the polarised nuclear
spins and D is an e↵ective field. The CASPEr-wind [124]
experiment assumes that the e↵ective field is given by the
spatial gradient of the axion field,

Da(t) ' �
p
2⇢(t) sin(mat+ �)v(t) . (14)

In this case, the Hamiltonian is proportional to the scalar
product of the axion velocity and the polarised nuclear
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FIG. 10. Time-averaged di↵erential event rate as a function
of energy for a 20 GeV WIMP-like particle scattering through
the spin independent interaction on xenon. The coloured
shading from green to red indicates how the event rate changes
as the fraction ⇠tot is increased from 0% to 20%. The coloured
lines at the bottom of the figure show the individual contri-
bution from each category: S1, S2, Retrograde, Prograde and
Low Energy. The dominant change in the spectrum comes
from S1 although the e↵ect is always small, even when we
increase the maximum limit of ⇠tot to 20% to make the e↵ect
more noticeable.

spin so the experiments are most sensitive when these two
vectors are aligned. For higher mass axions (and elec-
tron and photon couplings), the ferromagnetic haloscope
QUAX [125–127] also measures an e↵ective field depen-
dent on the axionic gradient in the same way. One typi-
cally assumes a smooth DM flux that on average points
in the direction of Cygnus x̂Cyg. Yet we saw in Fig. 8
that one of the e↵ects of the Dark Shards was to dis-
place slightly the peak of the DM flux from the direction
of Cygnus and to introduce a prominent high latitude
component due to S2. This means that the gradient of
the axion field as it varies over the coherence length and
time will therefore be more likely to point at large an-
gles away from Cygnus than under the assumption of
the SHM. This will modify the daily modulation [82],
and may potentially a↵ect experimental sensitivities for
CASPEr and QUAX. Similar arguments may also apply
to experimental methods involving atomic clocks and co-
magnetometers that are searching for a wider class of
ultra-light particles [128–130]. We leave a more detailed
investigation of this subject to future work.

VII. NUCLEAR RECOIL SIGNALS

Many DM experiments currently operating search for
signals from WIMP-like particles from the Milky Way

Beyond the Standard Halo Model: effects are small
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Experimental signals depend 
on the integrated flux:  

structure is ‘integrated away’

Beyond the Standard Halo Model: effects are small
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Searching for ‘ultra-light’ DM candidates
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Ultra-light dark matter

34Christopher McCabe

�thumb ⇠ 1022
✓
10�6mneutrino

mDM

◆
particles/s

<latexit sha1_base64="j9cEvEc2Iwuy4hw8tn782MpoHNk="></latexit>

 DM(x, t) =

p
2⇢DM

mDM
cos(!t� k · x)

<latexit sha1_base64="6nLZ9Zxk0+/alndV3GJFi9wYCgE="></latexit>

Flux is huge:

Better modelled as a wave rather than individual particles



Basic idea:  
Axions in magnetic fields convert to microwave photons

axion dark matter

magnetic field

microwave photon

ADMX:  Axion Dark Matter eXperiment



ADMX:  Axion Dark Matter eXperiment
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Axion Dark Matter eXperiment (ADMX) 

7/21/16 Rakshya Khatiwada 

ADMX insert 
Cavity: converts Axions into photons, 
tunable. 
 
Magnet: facilitates the Axion 
conversion to photons, 8 Tesla 
 
Antennas: Picks up signal 
 
Refrigerator (dilution refrigerator): 
decreases the system thermal noise 
background, 100mK, cools cavity and 
the SQUID. 

 
Superconducting Quantum 
Interference Device (SQUID) 
amplifiers: amplify the signal while 
being quantum noise limited. 

7/21/16 Rakshya Khatiwada 
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Experiments could tell us: 
the axion dark matter mass & axion-photon coupling

ADMX: No discovery yet…
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ADMX: precision astronomy?
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Nuclear recoils: below the normal WIMP range
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7

FIG. 7. Experimental results on elastic, spin-independent dark mat-
ter nucleus scattering depicted in the cross-section versus dark mat-
ter particle mass plane. If not specified explicitly, results are reported
with 90 % confidence level (C.L.). The result of this work is depicted
in solid red with the most stringent limit between masses of (0.16-
1.8) GeV/c2. The previous CRESST-II result is depicted in dashed
red [16], the red dotted line corresponds to a surface measurement
performed with a gram-scale Al2O3 detector [17]. We use a color-
coding to group the experimental results: Green for exclusion limits
(CDEX [18], CDMSlite [19], DAMIC [20], EDELWEISS[21, 22],
SuperCDMS [23]) and positive evidence (CDMS-Si (90 %C.L.) [23],
CoGeNT (99 %C.L.)[24]) obtained with solid state detectors based
on silicon or germanium, blue for liquid noble gas experiments based
on argon or xenon (DarkSide [25], LUX [26, 27], Panda-X[28],
Xenon100[29], Xenon1t[30]), violet for COSINE-100 (NaI) [31],
black for Collar (H) [32], magenta for the gaseous spherical pro-
portional counter NEWS-G (Ne + CH4) [33] and cyan for the super-
heated bubble chamber experiment PICO (C3F8) [34]. The gray re-
gion marks the so-called neutrino floor calculated for CaWO4 in [35].

VI. RESULTS

We use the Yellin optimum interval algorithm [36, 37] to
extract an upper limit on the dark matter-nucleus scattering
cross-section. In accordance with this method, we consider
all 441 events inside the acceptance region to be potential dark
matter interactions; no background subtraction is performed.

The anticipated dark matter spectrum follows the stan-
dard halo model [38] with a local dark matter density
of rDM = 0.3 (GeV/c2)/cm3, an asymptotic velocity of
v� = 220km/s and an escape velocity of vesc = 544km/s.
Form factors, which are hardly relevant given the low trans-
ferred momenta here, follow the model of Helm [39] in the
parametrization of Lewin and Smith [40].

The result of the present analysis on elastic scattering of
dark matter particles off nuclei is depicted in solid red in figure
7 in comparison to the previous CRESST-II exclusion limit in
dashed red and results from other experiments (see caption

and legend of figure 7 for details). The red dotted line cor-
responds to a surface measurement with a 0.5 g Al2O3 crys-
tal achieving a threshold of 19.7 eV using CRESST technol-
ogy [17].

The improvement in the achieved nuclear recoil threshold,
in the respectively best performing detectors, from 0.3 keV
for CRESST-II to 30.1 eV for CRESST-III, yields a factor of
more than three in terms of reach for low masses, down to
0.16 GeV/c2. At 0.5 GeV/c2 we improve existing limits by a
factor of 6(30) compared to NEWS-G (CRESST-II). In the
range (0.5-1.8) GeV/c2 we match or exceed the previously
leading limit from CRESST-II.

VII. CONCLUSION

In this paper, we report newly implemented data process-
ing methods, featuring in particular the optimum filter tech-
nique for software-triggering and energy reconstruction. This
allows one to make full use of the data down to threshold. The
best detector operated in the first run of CRESST-III (05/2016-
02/2018) achieves a threshold as low as 30.1 eV and was,
therefore, chosen for the analysis presented.

In comparison to previous CRESST measurements, an in-
dication of a g-line at approximately 540 eV compatible with
the N1 shell electron binding energy of 179Hf could be ob-
served. Together with the reappearance of known lines, this
corroborates the analysis of background components outlined
in [11], as well as the energy calibration in this work.

At energies below 200 eV we observe a rising event rate
which is incompatible with a flat background assumption and
seems to point to a so-far unknown contribution. At the time
of writing, dedicated hardware-tests with upgraded detector
modules are underway to illuminate its origin.

We present exclusion limits on elastic dark matter particle-
nucleus scattering, probing dark matter particle masses below
0.5 GeV/c2 and down to 0.16 GeV/c2.

VIII. APPENDIX

1. Study of Systematic Uncertainties

As discussed in section IV the energy scale is adjusted us-
ing the 11.27 keV g-peak (Hf L1 shell). As a consequence
the energy scale is only strictly valid for events with a light
yield of one. In particular, for a nuclear recoil less scintilla-
tion light is produced and, thus, more energy remains in the
phonon channel leading to an overestimation of the phonon
energy. Based on the fact that we measure both energies –
phonon (Ep) and light (El) – one can account for this effect as
was shown in [15] by applying the following correction:

E = hEl +(1�h)Ep = [1�h(1�LY )]Ep. (1)

2

in the first run of CRESST-III.

II. CRESST-III SETUP AND DETECTOR DESIGN

1. Experimental Setup

CRESST is located in the Laboratori Nazionali del Gran
Sasso (LNGS) underground laboratory in central Italy which
provides an overburden against cosmic radiation with a water-
equivalent of 3600 m [2]. Remaining muons are tagged by
an active muon veto with 98.7% geometrical coverage [3].
In addition, the experimental volume is protected by concen-
tric layers of shielding material comprising - from outside
to inside - polyethylene, lead and copper. The polyethylene
shields from environmental neutrons, while lead and copper
suppress g-rays. A second layer of polyethylene inside the
copper shielding guards against neutrons produced in the lead
or the copper shields.

A commercial 3He/4He-dilution refrigerator provides the
base temperature of about 5 mK. Cryogenic liquids (LN2 and
LHe) are refilled three times a week causing a down-time of
about 3 h per refill.

2. CRESST-III Detector Design

block-shaped target crystal
(with TES) 

reflective and 
scintillating housing

CaWO4 iSticks
(with holding clamps & TES)

light detector (with TES)

CaWO4 light detector holding 
sticks (with clamps) 

FIG. 1. Schematic of a CRESST-III detector module (not to scale).
Parts in blue are made from CaWO4, the TESs are sketched in red.
The block-shaped target (absorber) crystal has a mass of ⇠24 g, its
dimensions are (20x20x10) mm3. It is held by three instrumented
CaWO4 holding sticks (iSticks), two at the bottom and one on top.
Three non-instrumented CaWO4 holding sticks keep the square-
shaped silicon-on-sapphire light detector in place. Its dimensions
are (20x20x0.4) mm3.

The CaWO4 crystal of a CRESST-III detector module has
a size of (20x20x10) mm3 and a mass of ⇠24 g (23.6 g for de-
tector A). A schematic drawing is shown in figure 1. The tar-
get crystal is held by three CaWO4-sticks, each with a length
of 12 mm, a diameter of 2.5 mm and a rounded tip of approx-
imately 2-3 mm in radius. The sticks are themselves instru-

mented with a TES, thus denoted iSticks. This novel, instru-
mented detector holder allows an identification and veto of
interactions taking place in the sticks which might potentially
cause a signal in the target crystal due to phonons propagat-
ing from the stick to the main absorber through their contact
area. Since we veto interactions in any of the sticks, the three
iSticks are connected in parallel to one SQUID, thus substan-
tially reducing the number of necessary readout channels [4].

Each target crystal is paired with a cryogenic light detec-
tor, matched to the size of the target crystal, consisting of a
0.4 mm thick square silicon-on-sapphire wafer of 20 mm edge
length, also held by CaWO4 sticks and equipped with a TES.
However, an instrumentation of these sticks is not needed as
events within them would cause quasi light-only events which
are outside the acceptance region for the dark matter search
(see subsection IV 4).1

The remaining ingredient to achieve a fully-active sur-
rounding of the target crystal is the reflective and scintillat-
ing VikuitiTM foil encapsulating the ensemble of target crys-
tal and light detector. Such a fully-active design ensures that
surface-related backgrounds, in particular surface a-decays,
are identified and subsequently excluded from the dark matter
analysis. A detailed study of the event classes arising from
the iSticks and the light detector holding sticks is beyond the
scope of this work; performance studies on the parallel TES
readout may be found in [5].

III. DEAD-TIME FREE RECORDING AND OFFLINE

TRIGGERING

In CRESST-III, the existing hardware-triggered data acqui-
sition (DAQ) is extended by transient digitizers allowing for
a dead-time free, continuous recording of the signals with a
sampling rate of 25 kS/s. Recording the full signal stream al-
lows the use of an offline software trigger adapted to each
detector. Our software trigger is based on the optimum filter
or Gatti-Manfredi filter successfully used e.g. by the CUORE
experiment [6, 7]. The optimum filter maximizes the signal-
to-noise ratio by comparing the frequency power spectrum of
noise samples to that of an averaged pulse (a standard event).
More weight is then given to pulse-like frequencies compared
to those dominantly appearing in the noise samples. A full
description of the method can be found in [8].

The complete stream is filtered with the optimum filter and
a trigger is fired whenever the filter output for phonon or light
channel exceeds a certain threshold value. For each chan-
nel we select a record window 655.36 ms for further analysis.
More details may be found in [9]. The output of the optimum
filter is not only used for the software triggering, but is also the

1 A small fraction of the light emitted by the stick might be absorbed by the
target crystal creating a small phonon signal therein, thus these events are
denoted quasi light-only.

CRESST-III

Detector mass: 24 grams 
Detector threshold: 30 eV

CRESST-III, arXiv:1904.00498
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mDMv2DM & Ebinding(⇠ 12 eV)

For ionisation, require:

mDM & 5 MeV
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Exciting developments using quantum sensors 
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 DM(x, t) =

p
2⇢DM

mDM
cos(!t� k · x)
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Oscillating dark matter can induce changes in fundamental constants

Induces tiny changes in atoms: a new field opening up

Groups beginning to search for tiny changes with:
 atomic clocks, magnetometers, accelerometers, interferometers…

me(x, t) ⇡ me

⇥
1 + 10�22 DM(x, t)

⇤
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Indirect detection

Annihilation

Direct detection

Scattering

Collider

Production



• Theory and experimental community are very actively trying to 
identify the properties of dark matter

• I have tried to summarise some of the attempts to learn more 
about DM with experiments on Earth

• No single experiment can search for all dark matter candidates

• Robust particle physics constraints/measurements requires a 
good model of the dark matter halo

Summary


