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MOST OF OUR UNIVERSE IS INVISIBLE

▸ The evidence for dark matter in the Universe is overwhelming


๏ Early and late cosmology (CMBR, LSS)


๏ Clusters of galaxies


๏ Galactic rotation curves


๏ Big Bang Nucleosynthesis


๏ ...


▸ And ΛCDM describes all observations well


▸ The fundamental nature of dark matter is still a mystery!


๏ What is it, how does it interact?
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Planck (esa.int): "An almost perfect Universe"



WHAT IS THE DM?

DM mass

1 TeV1 GeV1 MeV

“Known physics”

Light dark matter “WIMPs”

10-22 eV
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~68%

~27%
~5%

No particle of the 
Standard Model is a 
good dark matter 
candidate 

~30 MO.

"A component of 
the universe that is 
totally invisible is 
an open invitation 
to speculation" 


B. Ryden

 ~ 80 orders of magnitude in mass: a rather high number for the ratio of our ignorance-to-knowledge!



DARK MATTER IN THE MILKY WAY

▸ Look for scatters of galactic dark matter particles in terrestrial detectors
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DIRECT DARK MATTER DETECTION
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Observe DM collisions with 
nuclei (NRs) or with electrons 
in the atomic shell (ERs)


Look for absorption of light 
bosons via e.g., the axio-
electric effect


NRs

e-

e-

�
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DIRECT DARK MATTER DETECTION
▸ Main physical observable: a differential recoil spectrum


๏ Its modelling relies on several phenomenological inputs

Particle physics: 
mass, cross 
section

Astrophysics: 
local density, 
v-distribution

Atomic and/or 
nuclear physics: 
form factors

6

DD

Hisano et al., JHEP 06 (2015)

Hoferichter et al., PRD 99 (2019)
Buch et al, PRD101, 2020

M. Cautun et al, MNRAS 2020

�SI ⇡ 2.3⇥ 10�47 cm2
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KINEMATICS: DARK MATTER PARTICLE MASS

Figure: Tongyan Lin, TASI lectures on DM 
models and direct detection, arXiv:1904.07915 
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INTERACTION CROSS SECTION VS MASS
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mDM ⌧ mN
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DD SIGNALS/EXPERIMENTS
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Heat

Charge Light

CaWO4: 

CRESST

NaI:

COSINUS


Ge, Si: 

SuperCDMS

EDELWEISS


C3F8: PICO

Ge: CDEX

Si: DAMIC, SENSEI 

Ar, Ne: TREX-DM

He:SF6: CYGNUS

Ag, Br, C: NEWSdm

H, He, Ne: NEWS-G

Xe: LZ, PandaX-4T, XENONnT, DARWIN

Ar: DarkSide-50, DarkSide-20k, ARGO

Ar: DEAP-3600

CsI: KIMS

NaI: ANAIS

DAMA/LIBRA,

COSINE, SABRE

e-

e-
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THE DIRECT DETECTION LANDSCAPE

Scattering off electrons

1 MeV 1 GeV 1 TeV

Scattering off nuclei
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PDG 2020SENSEI, PRL 125, 2020



THE DIRECT DETECTION LANDSCAPE: PROJECTIONS

Scattering off nuclei
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Figure: APPEC DM Report, https://indico.cern.ch/event/982757/overview

Noble 
liquids

Bolometers, 
CCDs (plus new 
technologies)



MAIN EXPERIMENTAL CHALLENGES TOWARDS THE "NEUTRINO FOG"

▸ To observe a signal which is:


๏ very small  low recoil energies: ~eV to keV (perhaps even meV)


๏ very rare  <1 event/(kg y) at low masses and < 1 event/(t y) at high masses


๏ buried in backgrounds with > 106 x higher rates  deep underground & low-
radioactivity materials

→

→

→
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CRYOGENIC EXPERIMENTS

▸ Sub-keV (< 100 eV) energy thresholds


▸ Cryogenic detectors: phonons and/or 
ionisation/light background 
discrimination


▸ Probe light dark matter

⇒

CRESST
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Super-CDMS

χ

E

χ

T0

T-sensor
Absorber, C(T)

G(T)

EDELWEISS



CRYOGENIC EXPERIMENTS

▸ Sub-keV (< 100 eV) energy thresholds


▸ Cryogenic detectors: phonons and/or 
ionisation/light background 
discrimination


▸ Probe light dark matter

⇒

CRESST EDELWEISS
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Super-CDMS at SNOLAB



LIQUEFIED NOBLE GASES

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

photosensors

photosensors

S1

S2

E

▸ Single and two-phase Ar & Xe detectors


▸ Time projection chambers:


๏ energy determination, 3D position 
resolution via light (S1) & charge (S2): 
fiducialisation


๏ S2/S1  ER/NR discrimination 


๏ Single versus multiple interactions

⇒

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

PandaX – in	Future

• PandaX-4T	for	DM	search
• PandaX-III	for	0vbb	search	

PandaX-I: 120 kg 
DM experiment
2009-2014

PandaX-II: 500 kg 
DM experiment 
2014-2018

PandaX-III: 200 kg to 
1 ton HP gas 136Xe 
0vDBD experiment
Future

PandaX-xT:   
multi-ton (~4-T) 
DM experiment
Future

CJPL-I CJPL-II

Ning	Zhou,	ICHEP	2018 16

DEAP-3600 XENON1T LUX DarkSide-50 PandaX-IIXMASS
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LIQUEFIED NOBLE GASES

photosensors

E

S1
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M. Schumann (AEC Bern) – XENON 8

XENON1T
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● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
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Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

PandaX – in	Future

• PandaX-4T	for	DM	search
• PandaX-III	for	0vbb	search	

PandaX-I: 120 kg 
DM experiment
2009-2014

PandaX-II: 500 kg 
DM experiment 
2014-2018

PandaX-III: 200 kg to 
1 ton HP gas 136Xe 
0vDBD experiment
Future

PandaX-xT:   
multi-ton (~4-T) 
DM experiment
Future

CJPL-I CJPL-II

Ning	Zhou,	ICHEP	2018 16

DEAP-3600 XENON1T LUX DarkSide-50 PandaX-IIXMASS
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�SI < 4.1⇥ 10�47cm2 at 30GeV/c2

▸ Single and two-phase Ar & Xe detectors


▸ Time projection chambers:


๏ energy determination, 3D position 
resolution via light (S1) & charge (S2): 
fiducialisation


๏ S2/S1  ER/NR discrimination 


๏ Single versus multiple interactions

⇒

No excess of nuclear recoil events observed so far



XENON1T: ELECTRONIC RECOIL EXCESS

▸ Excess between (1,7) keV; number of observed 
events: 285, expected from background: (232±15) 
events


▸ Unknown origin: tritium, solar axions, ALPs, dark 
photons, something else?

17
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FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches, with arrows denoting allowed regions, and
the predicted values from the benchmark QCD axion mod-
els DFSZ and KSVZ.

very close to the limit reported by Borexino [39], which
is currently the most stringent direct detection constraint
on the neutrino magnetic moment. Similar to the solar
axion analysis, if we infer the excess as a neutrino mag-
netic moment signal, our result is in strong tension with
indirect constraints from analyses of white dwarfs [111]
and globular clusters [41].
As in Sec. IVB, we report on the additional statistical

test where an unconstrained tritium component was in-
cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.
This is the most sensitive search to date for an en-

hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [39]
and Gemma [112], along with astrophysical limits from the
cooling of globular clusters [41] and white dwarfs [111]. Ar-
rows denote allowed regions. The upper boundary of the in-
terval from this work is about the same as that from Borexino
and Gemma. If we interpret the low-energy excess as a neu-
trino magnetic moment signal, its 90% confidence interval is
in strong tension with the astrophysical constraints.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over (fixed) masses
between 1 and 210 keV/c2 to search for peak-like ex-
cesses. The trial factors to convert between local and
global significance were extracted using toy Monte Carlo
methods. While the excess does lead to looser constraints
than expected at low energies, we find no global signifi-
cance over 3� for this search under the background model
B0. We thus set an upper limit on the couplings gae and
 as a function of particle mass.
These upper limits (90% C.L.) are shown in Fig. 10,

along with the sensitivity band in green (1�) and yel-
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XENON Collab., Phys. Rev. D 102, 2020

Solar axion favoured over background-only at 3.4 σ (however discrepancy with stellar cooling constraints, 
see e.g. 2006.12487); Tritium favoured over background-only at 3.2 σ  to (6.2 ± 2) x 10-25 mol/mol̂=



FUTURE: LIQUEFIED NOBLE GASES
▸ In construction, commissioning or first data 

taking:


▸ LUX-ZEPLIN, XENONnT, PandaX-4t, DarkSide-20k


▸ Planned (design and R&D stage)


▸ DARWIN (50 t LXe), ARGO (300 t LAr)

DarkSide: 20 t LAr

Data taking 2023

XENONnT: 8.6 t LXe 

Data taking 2021

Large)Scale)TPC

• Drift)region:)! ~1.2m�H"~1.2m
– Xenon)in)sensitive)region�4ton

• Design)goal:
– High)signal)efficiency
– Large)and)uniform)electric)field
– Veto)ability
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Top)PMT)array,)3”

Top)Cu)plate

Teflon)
supporter

Electrodes)
and)shaping)
rings

Bottom)Cu)
plate

Bottom)PMT)array)
3”Veto)System

PandaX-4t LXe

Data taking 2021

LUX-ZEPLIN: 10 t LXe

Data taking 2021

DARWIN: 50 t LXe

Data taking ~2027/28

The DarkSide Program at Gran Sasso Lab

DarkSide-50
150/50/30 kg total/active/fiducial

Sensitivity<10−44 cm2

Data: 2013-present

DarkSide-20k
30/23/20 T tot/act/fiducial

Sensitivity<10−47 cm2

Data: ~2021 

Features
• High light yield:  LAr Pulse 
Shape Discrimination >107

• Underground Argon:  low 39Ar
• TPC 3D event reconstruction
• High-efficiency neutron 
vetoing

18

Neutrino 
coherent 
scattering



LUX-ZEPLIN AND XENON-NT

▸ Scale: 10 t and 8.6 t LXe in total


๏ TPCs with 494 3-inch PMTs 


๏ Kr and Rn removal (different 
techniques)


๏ Neutron (Gd-loaded LS and Gd-loaded 
water) & muon vetos


๏ External and internal calibration sources


▸ Commissioning at SURF and LNGS


▸ XENONnT: calibration runs in progress

19



XENON-NT FIRST LIGHT
▸ All new systems (TPC, liquid purification system, 

neutron veto, radon distillation column) 
commissioned


๏ First 83mKr calibration data with S1 and S2 


๏ Electron lifetime*: 7 ms (0.6 ms in XENON1T)


๏ 222Rn reduction factor due to distillation column ≥ 
3.6


▸ Start a first science run in June 2021

20

S1 and S2 from 83mKr calibration event

*e--lifetime: a measure of the charge that is lost during e-drift to liquid/gas interface



DARWIN: DESIGN AND R&D
▸ Detector, Xe target, background mitigation, photosensors, etc


▸ Two large-scale demonstrators (in z & in x-y) supported by ERC grants: demonstrate electron 
drift over 2.6 m, operate 2.6 m ø electrodes


▸ Demonstrators (Xenoscope, 2.6 m tall & Pancake, 2.6 m diam TPCs) in commissioning stage

Test electrodes with 2.6 m diameter

21

DARWIN

Test e- drift over 2.6 m (purification, high-voltage)



FUTURE: DARWIN-LZ COLLABORATION

▸ Future merger of DARWIN and LZ collaborations to 
build/operate next-generation liquid xenon experiment


๏ new, stronger international collaboration 


๏ comes after LZ and XENONnT are done ~ 2026


▸ Paving the way now


๏ first joint and very successful DARWIN LZ meeting 
April 26-27: https://indico.cern.ch/event/1028794/


๏ MoU in progress

DARWIN



BUBBLE CHAMBERS
▸ PICO: superheated liquid C3F8 octafluoropropane 


๏ Acoustic + visual readout : impressive background rejection


๏ PICO-500 at SNOLAB: under design, installation/data in 2022/23


▸ New detector: the scintillating bubble chamber (SBC)


▸ superheated 10 kg Xe-doped LAr, cooled to 130 K, piezoelectric 
sensors + cameras readout + SiPMs for scintillation signal

23

SBC

1 event/
(150 t y)

SD, PICO-500 SI, SBC

100 eV 
threshold 
assumption



SODIUM IODIDE EXPERIMENTS
▸ Test the DAMA/LIBRA annual modulation anomaly with 

sodium iodide crystals: NaI(Tl)


▸ So far, no evidence for annual modulation from ANAIS-112 
(3 y of data) and COSINE-100 (1.7 y of data)


▸ New experiment COSINUS: detects also phonons in 
undoped NaI (apart from scintillation) at few mK, for active 
background rejection; construction/data at LNGS 2022/23

ANAIS-112

M. Martinez. F. ARAID & U. Zaragoza                                                     SUSY2018 – Barcelona, July 23-27 2018
7

24

COSINE-100 Construction Timeline
Dec. 2015 Jan. 2016 Feb. 2016

Mar. 2016 Apr. 2016

May. 2016 Sep. 2016Jun. 2016

5Chang Hyon Ha, Center for Underground Physics, IBS ICHEP2018, Seoul, July 4-11

COSINE-100 at Yangyang

ANAIS, PRD 103, 2021

ANAIS at Canfranc

COSINE-100, arXiv:2104.03537

COSINUS

1 keV Eth

https://arxiv.org/abs/2104.03537


DIRECTIONAL DETECTORS

▸ Low-pressure gas, nuclear emulsion and graphene 
detectors to measure the recoil direction (30º & 13º res) 
correlated to galactic motion towards Cygnus


▸ Challenge: good angular resolution plus head/tails at 
low recoil energies


▸ Cygnus: proto-collaboration to coordinate R&D efforts 
for gas based  (He-CF4) TPCs with ~ 1 keV threshold

4

Nuclear Emulsions 

AgBr crystal size 0.2-0.3 µm 

After the passage of charged 
particles through the emulsion, a 
latent image is produced. 
 
The emulsion chemical 
development makes Ag grains 
visible with an optical microscope 

A long history, from the discovery of the Pion (1947) to the discovery of  νµ! ντ 
oscillation in appearance mode (OPERA, 2015) 

CYGNUS

NEWSdm

nuclear emulsions
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Eur. Phys. J. C   (2018) 78:578 Page 3 of 8  578 

Fig. 1 The 2D reconstruction is performed in the xy-plane. The x-
axis is directed opposite to the Cygnus constellation and θ is the angle
between the x-axis and the projection of the nuclear recoil in the xy-
plane

The angular distribution of the recoiled nuclei is expected
to have a Gaussian shape peaked at zero, with standard devia-
tion (σWn−scatt

θ ) that decreases as the WIMP mass increases.
The lighter the WIMP, the stronger the angular anisotropy.
Indeed, due to the fact that low WIMP mass induce an
energy distribution shifted to low energy, events above 100
nm threshold are those with the most pronounced directional
feature.

As far as the background is concerned, the contribution
from β-rays is considered negligible. Indeed, at tempera-
tures around 100 K, NIT emulsion films become insensi-
tive to electrons while keeping sufficiently good sensitivity
to ions. The reason for such a result is the suppression at
low temperature of one mechanism to produce latent image
specs, i.e. the formation of interstitial silver ions producing
silver grains after the chemical development. This is the only
mechanism occurring for electrons. On the other side, given
the higher energy deposition of nuclear recoils, atomic dis-
placements are induced and phonons are transmitted to the
crystals, heating them up and producing latent image specs.
This result is illustrated in the Ref. [10]. The electron back-
ground is therefore neglected.
The background from neutrons is usually considered as irre-
ducible, since they induce nuclear recoils as WIMPs do.
Neutrons in underground laboratories originate from cos-
mic muon interactions, environmental radioactivity, spon-
taneous fissions and (α, n) reactions. The first two sources
can be reduced by an appropriate shielding, the latter one
comes from the intrinsic radioactivity of the target materials.
The measurements performed by the Collaboration on NIT
samples with ICP-MS and gamma spectroscopy techniques
together with a dedicated simulation show that the detectable
neutron induced background would be of the order of 0.06
n/kg/year [11]. The most radioactive compound in the emul-
sion is the gelatine which, given the mass fraction, provides
about 1/3 of the total neutron yield. The Collaboration plans
to replace the gelatine with synthetic polymers. This will
make the background from this emulsion compound neg-
ligible, thus reducing the radioactivity to 2/3 of the current
value. We assume that a careful selection of the raw materials
and the corresponding production processes could possibly
reduce AgBr radioactivity down to about 10% of the current
value. This would result in 0.004 n/kg/year that will be

sufficient to operate a 100 kg year scale detector with a neg-
ligible background. It is worth noting that the contribution
from intrinsic radioactivity is associated with an isotropic
distribution in the laboratory frame.

The directional detection has the unique capability of
distinguishing the WIMP signal from the background by
exploiting the feature of the signal, expected to be peaked
in the opposite direction to the motion of the Sun.

2.3 Recoil simulation

Nuclear recoil tracks produced in WIMP interactions show
deviations from their original path due to continuous col-
lisions with atoms in the target. In order to quantify these
deviations we evaluated the effect of the straggling in an
emulsion target made of the following nuclei (mass fraction
in %): H (1.6), C (10.1), N (2.7), O (7.4), S (0.3), Br (32.0),
Ag (44.0), I (1.9). The total density is 3.43 g/cm3. When a
charged particle passes through the emulsion film, a number
of AgBr grains per unit path length are sensitised. Measure-
ments performed with both a SEM and an X-ray microscope
showed that heavy nuclei produce on average 12 grains/µm
in NIT emulsions.

The study was performed with the SRIM [12] software
package and its TRIM (Transport of Ions in Matter) track
generator Monte Carlo program.

All nuclear recoils were simulated in the energy range
from 0 to 500 keV. All the tracks with at least 100 nm length
were considered. The range was calculated using the coordi-
nates of the first and last point of the ion track. The energy
threshold corresponding to the minimum track length was
evaluated from the average range estimated by SRIM. It
ranges from 25 keV for Carbon to 273 KeV for Iodine. Being
NIT emulsions less sensitive to protons, H recoils are con-
servatively not taken into account.

In the above mentioned DM model, the mean direction of
the track was compared with the initial direction of the recoil:
the difference of the two directions shows a Gaussian distri-
bution centered at zero, with a sigma (σ straggl

θ ) that depends
on the selected nuclei and on the recoil energy and reflects
the loss of the directional information due to the straggling
in the target. Figure 2 shows σ

straggl
θ as a function of the

recoil energy for the most abundant nuclei in emulsion. Only
ranges above 100 nm are considered. The angular deviation
due to straggling ranges from 0.3 to 0.5 rad for light nuclei
(C, N, O) and from 0.2 to 0.35 for heavy nuclei (Ag, Br).

Figure 3 shows the overall angular deviation expected for
nuclear recoils in an emulsion target as a function of the
WIMP mass. Black dots represent the angular deviation of
nuclear recoils from the direction of Earth’s motion, as it
arises from the WIMP-nucleus scattering (σWn−scatt

θ ), the
blue triangles represent the angular deviation due to strag-
gling in emulsion target only (σ straggl

θ ), the red boxes are the

123

NEWSdm, EPJ-C 78, 2018

F. Mayet et al., Physics Reports 627( 2016)

50-60 keV ER

10-20 keV ER



IONISATION DETECTORS
▸ Point contact HPGe detectors: low energy threshold and 

(potentially) large total mass (CDEX)


▸ Si CCDs: low ionisation energy, low noise, and particle 
tracks for background reduction  particle ID (DAMIC-M, 
SENSEI)


▸ NEWS-G: spherical proportional counter, light targets (H, 
He, Ne), pulse shape discrimination against surface events, 
low energy threshold (very low capacitance)

⇒

26

DAMICNEWS-G Reach of NEWS-G at SNOLAB

DAMIC, Phys. Rev. Lett. 125, 2020



MANY NEW TECHNOLOGIES AND PROPOSALS...

27

See talk by Yonit Hochberg, Invisibles 2021
2D target: graphene

Matt Pyle, Dan McKinsey,  et al., GaAs + Sapphire; liquid He
K. Berggren, R. Essig  et al. low P, low T molecular gas 
target (e.g, CO), ro-vibrational molecule excitation



DD EXPERIMENTS: PAST, PRESENT, FUTURE
๏ Example: spin-independent cross section upper limits at 60 GeV WIMP mass

We have 
come a long 
way!

10-41cm2 in  ~1998 to few x 10-47 cm2 in ~2018

28

=

Figure: Rick Gaitskell, 2020

~ now



SUMMARY & OUTLOOK

▸ Direct dark matter detection experiments must cover an enormous 
range in dark matter masses & cross sections


▸ Principal challenges: reduce energy thresholds further (with existing 
and new technologies & materials), reduce/understand backgrounds, 
increase target masses


▸ Main goals: discover a new, dark species & explore the parameter 
space until solar and cosmic neutrinos will dominate event rates


▸ Explore a variety of dark matter candidates (WIMPs, LDM, ALPs, dark 
photons, etc) & break new grounds in neutrino physics, solar axions, etc


▸ Be prepared for a discovery & the unexpected ;-)

29



THE END



BACKGROUNDS: THE NEUTRINO FOG

31

C. A. J. O'Hare PRD 94, 2016

▸ Sensitivity of DDNR experiments: eventually limited by 
the neutrino backgrounds


▸ Discovery of a signal: only possible if excess in events > 
stat. fluctuations in the background 


▸ The "neutrino fog" depends on


๏ systematic uncertainty in neutrino fluxes (~2% in 8B, 
~20% for atmospheric neutrinos)


๏ nuclear and astro inputs for the DM signal

C. A. J. O'Hare PRD 102, 2020

Discovery limit of a 5 TeV WIMP in an 
argon target, as a function of the atm. 
neutrino event N and fract. uncertainty 
on the atm ν flux: δΦatm/Φatm

Neutrino "floor" for 3 sets 
of 1-σ uncertainties on the 
local density, speed and 
escape velocity for a 
xenon target



BACKGROUNDS: THE NEUTRINO FOG
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Figures: Knut Moraa 


Shaded grey areas:  the “neutrino fog”  -> the lightest area shows the WIMP cross-section where more than 
1 ν event is expected in the 50% most signal-like (S1, S2) region; subsequent shaded areas: 10-fold 
increases of the ν expectation 

5σ discovery for 6 x 10-49 cm2, 50 GeV, 
1000 t x y exposure in Xe target

Upper limits, 100 t x y and 1000 t y 
exposure in Xe target
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KINEMATICS: DARK MATTER PARTICLE MASS

Electron recoils

Nuclear recoils

1 MeV 1 GeV10 keV
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US Cosmic Visions, 
arXiv:1707.04591
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▸ Light DM: nuclear recoil energy - well below the threshold of most experiments


▸ Total energy in scattering: larger, and can induce inelastic atomic processes  visible signals→



THE DIFFERENTIAL NUCLEAR RECOIL SPECTRUM

Spin-
independent 
NR spectrum
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Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge

Ar

Detector physics Particle/nuclear physics Astrophysics
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INTERACTION RATES: DM-ELECTRON SCATTERING
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show the expected daily modulation of the signal rate due to
the Earth’s rotation.

1. Theoretical rates

We first quote additional formulas that are required for
the rate calculation (see also [2,5]). The velocity-averaged
differential ionization cross section for electrons in the
ðn; lÞ shell is given in Eq. (1). The full expression for vmin is

vmin ¼
ðjEnl

bindingjþ EerÞ
q

þ q
2mχ

; ðA1Þ

where Enl
binding is the binding energy of the shell and q is the

momentum transfer from the DM to the electron. The form

factor for ionization of an electron in the ðn; lÞ shell with
final momentum k0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEer

p
is given by

jfnlionðk0; qÞj2

¼ 4k03

ð2πÞ3
X

l0L

ð2lþ 1Þð2l0 þ 1Þð2Lþ 1Þ

×
"
l l0 L

0 0 0

#
2
$$$$
Z

r2drRk0l0ðrÞRnlðrÞjLðqrÞ
$$$$
2

; ðA2Þ

where ½& & &' is the Wigner 3-j symbol and jL are the
spherical Bessel functions. We solve for the radial wave-
functions Rk0l0ðrÞ of the outgoing unbound electrons taking
the radial Schrödinger equation with a central potential
ZeffðrÞ=r. This central potential is determined from the
initial electron wavefunction by assuming that it is a bound
state of the same potential. We include the shells listed in
Table II.

2. Electron and photoelectron yields

We provide additional details to convert the recoiling
electron’s recoil energy into a specific number of electrons.
The relevant quantities are

Eer ¼ ðnγ þ neÞW;

nγ ¼ Nex þ fRNi;

ne ¼ ð1 − fRÞNi: ðA3Þ

TABLE II. Xenon shells and energies. “Photon energy” refers
to energy of deexcitation photons for outer-shell electrons
deexciting to lower shells. This photon can subsequently photo-
ionize, creating additional quanta. The range of additional quanta
takes into account that the higher energy shell may have more
than one available lower energy shell to deexcite into. For our
limits, we take the minimum of this range.

Shell 5p6 5s2 4d10 4p6 4s2

Binding energy [eV] 12.4 25.7 75.6 163.5 213.8
Photon energy [eV] – 13.3 63.2 87.9 201.4
Additional quanta 0 0 4 6–10 3–15

FIG. 6. Expected number of events as a function of number of electrons observed for 1000 kg yr of xenon. The left axis sets σ̄e to the
maximum allowed value by current constraints while the right axis sets σ̄e to the predicted value for a freeze-out (freeze-in) model for
FDM ¼ 1ðα2m2

e=q2Þ, respectively. The different colored lines show the contributions from the various xenon shells while the gray band
encodes the uncertainties associated with the secondary ionization processes.
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NEUTRINO BACKGROUNDS
▸ Low mass region: limit at ~ 0.1- 10 kg year (target dependent)


▸ High mass region: limit at ~ 10 ktonne year


▸ But: annual modulation, directionality, momentum dependance, inelastic DM-
nucleus scatters, etc Solar neutrinos

ν’s begin limiting sensitivity for
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Discovery limits 
(2-σ) for various 
ionisation 
efficiencies Y, 
solar ν 
background 
only

Nij
ν ðϕkÞ ¼ M

Z
Eiþ1

Ei

Z
tjþ1

tj

dRνðtÞ
dEr

ðϕkÞdtdEr; ð19Þ

where M is the mass of the detector.
In Fig. 10 we show the improvement on the neutrino

floor limit under the inclusion of time information. We
show only narrow mass ranges: between 0.3 and 1 GeV
when the 7Be, pep, 13N, 15O and 17F neutrinos play the
biggest role and between 4 and 8 GeV when the floor is
induced by 8B and hep neutrinos. Outside of these specific
mass ranges (for the exposures considered here) the
improvement offered by time information is negligible.
Because the annual modulation amplitudes are small,
obtaining a benefit from time information needs in excess
of Oð1000Þ neutrino events. Here, to isolate the effects
of including time information in the neutrino floor calcu-
lation, we have neglected additional detector effects and
use a 3 eV energy cutoff to map the low WIMP mass
dependence.
Incorporating uncertainties on the SHM parameters into

the energyþ time analysis we obtain limits shown in
Fig. 11. These limits are analogous to those of Fig. 7
extended to an exposure large enough to receive the benefit
of time information (104 ton-years). Again the discovery
limit under the assumption of the largest values of uncer-
tainty is up to an order of magnitude higher than the
astrophysics fixed case around 15 GeV. However it still

remains below the energy-only limit around the peaks due
to the solar neutrino contributions meaning the inclusion of
time information still mitigates the neutrino background
even when astrophysical uncertainties are taken into
account.

VIII. SUMMARY

In this work we have demonstrated the impact of
astrophysics uncertainties on the calculation of the neutrino
floor. Relaxing the assumption of perfectly known astro-
physics parameters such as the solar velocity, escape speed
and local WIMP density results in a shift in the range of
WIMP parameter values that are prohibited by the neutrino
background. We find that if there are reasonably large
uncertainties in the various astrophysics parameters (close
to those currently known) then the neutrino floor extends to
larger WIMP masses and is closer to existing experimental
limits than previously thought.
When attempting to reconstruct the input WIMP and

neutrino parameters we find that unfixing the astrophysics
parameters induces a significant increase in the uncertainty
of the reconstruction. Input WIMP parameters that lie
below the neutrino floor are recovered extremely poorly,
and this problem is only worsened by the inclusion of
astrophysical uncertainties; both the errors on the recovered
values ofmχ and σχ−n are increased but the range of masses
for which the reconstruction fails also increases. This
means that even if experiments were to become sensitive
to a WIMP with cross section and mass close to the
neutrino floor then the measurement of the properties of
such a WIMP will be extremely difficult or impossible to
measure accurately in conjunction with astrophysical
parameters.
The first detection of coherent neutrino-nucleus scatter-

ing is expected to be made with the forthcoming generation
of ton-scale direct detection experiments [11]. When this
occurs it will be crucial to begin to implement strategies for
dealing with neutrino backgrounds. This can be achieved in
a number ways. As can be seen in this work, as well as that
of Ref. [17] the number of events observed at these detector
masses are not yet enough to utilize the time dependence of
the WIMP and neutrino signals to discriminate the two. For
spin-dependent interactions as well as nonrelativistic
effective field theory operators, complementarity between
target materials will be a powerful and relatively easy
method for discriminating neutrinos [16,21]. Independent
of the WIMP-nucleus interaction however, directional
detection, if experimentally feasible, will prove the most
powerful scheme for distinguishing WIMPs and neutrinos
[18–20]. The angular signatures of WIMP and neutrino
recoils are entirely distinct and this is true for any
relationship set of astrophysical inputs or WIMP-nucleus
interactions. However for the upcoming generation of
direct detection experiments which will lack sensitivity
to either direction or time dependence, we have shown that
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FIG. 11. Spin-independent neutrino floor as a function of
WIMP mass calculated with the inclusion of astrophysical
uncertainties and time dependence. The blue, red and green
curves correspond to 3 sets of 1σ uncertainties on the parameters
ρ0, v0 and vesc. The sizes of the uncertainties are labeled from low
to high with values indicated. The black lines are the energy-
information-only neutrino floor (dashed black line) and the
energyþ time information neutrino floor (solid black line).
The filled regions are currently excluded by experiments,
CRESST [84], CDMSlite [85], Xenon100 [6] and LUX [7].
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BACKGROUND MODEL AND DATA

▸ Good fit over most of the energy region


▸ Excess between (1,7) keV


▸ Number of observed events: 285, expected from background: (232±15) events

37



NEW BACKGROUND: TRITIUM DECAYS?

▸ Low energy β-decay with 18.6 keV endpoint, 
T1/2 = 12.3 y


▸ Cosmogenic production in xenon & emanation 
of HTO and HT from detector materials


๏ Removed by continuous gas purification

38

Best fit: (159 ± 51) events/(t y)


3H:Xe concentr.: (6.2 ± 2.0) x 10-25 mol/mol


< 3 3H atoms per kg of xenon


Tritium favoured over background-only fit 
at 3.2 σ

3H

n
n

p e-

n
p p

⌫̄e
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SIGNAL: SOLAR AXIONS?

39

▸ Axion could be produced in the Sun with ~keV kinetic energies


▸ They can travel to Earth and be detected in the XENON1T TPC


▸ Several production mechanisms in the Sun

a

For QCD axions: ma ≃ 6 ×
109 GeV

fa
meV



SIGNAL: SOLAR AXIONS?

40

gae gaγ gan

axion-electron axion-photon axion-nucleon

▸ Axion could be produced in the Sun with ~keV kinetic energies


▸ They can travel to Earth and be detected in the XENON1T TPC


▸ Several production mechanisms in the Sun

ABC: atomic 
recombination & de-
excitation, 
bremsstrahlung & 
Compton 
interactions

Primakoff 
effect

Nuclear 
de-
excitation

14.4 keV 
M1 nuclear 
transition*

Solar axion fluxes: ~ (g)2

a

* W. Haxton & K. Lee, PRL66, 1991, S. Moriyama, PRL 75, 1995

J. Redondo, JCAP 12, 2013, ABC flux



SOLAR AXIONS

41

ge↵an = �1.19g0an + g3an<latexit sha1_base64="aeb1Doz2SGx2zAXfUnxwNYSiQN8="></latexit>

Production

Solar physics

Detection:

Axioelectric effect

Reconstruction

XENON1T resolution, efficiency

σ for detection, analogous to 
photoelectric effect
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๏ Production & detection: constrain |gae|, |gaegan|, |gaegaγ|

๏ No axion model assumed in the analysis, the 3 fluxes considered 

independent of one another (couplings left unconstrained in the fit)
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SOLAR AXIONS

▸ Solar axion favoured over background-only at 3.4 σ (however discrepancy with stellar 
cooling constraints, see e.g. 2006.12487)


▸ Tritium favoured over background-only at 3.2 σ  to (6.2 ± 2) x 10-25 mol/mol


▸ Solar axion + 3H favoured at 2.0 σ over 3H hypothesis

̂=
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FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches, with arrows denoting allowed regions, and
the predicted values from the benchmark QCD axion mod-
els DFSZ and KSVZ.

very close to the limit reported by Borexino [39], which
is currently the most stringent direct detection constraint
on the neutrino magnetic moment. Similar to the solar
axion analysis, if we infer the excess as a neutrino mag-
netic moment signal, our result is in strong tension with
indirect constraints from analyses of white dwarfs [111]
and globular clusters [41].
As in Sec. IVB, we report on the additional statistical

test where an unconstrained tritium component was in-
cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.
This is the most sensitive search to date for an en-

hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [39]
and Gemma [112], along with astrophysical limits from the
cooling of globular clusters [41] and white dwarfs [111]. Ar-
rows denote allowed regions. The upper boundary of the in-
terval from this work is about the same as that from Borexino
and Gemma. If we interpret the low-energy excess as a neu-
trino magnetic moment signal, its 90% confidence interval is
in strong tension with the astrophysical constraints.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over (fixed) masses
between 1 and 210 keV/c2 to search for peak-like ex-
cesses. The trial factors to convert between local and
global significance were extracted using toy Monte Carlo
methods. While the excess does lead to looser constraints
than expected at low energies, we find no global signifi-
cance over 3� for this search under the background model
B0. We thus set an upper limit on the couplings gae and
 as a function of particle mass.
These upper limits (90% C.L.) are shown in Fig. 10,

along with the sensitivity band in green (1�) and yel-
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INTERACTION RATES: DM ABSORPTION

▸ Absorption of bosonic DM (ALPs, dark photons) via the "axioelectric" effect


▸ Rates ~ φ x σ ~ ρ x v/m x σ (here ρ = 0.3 GeV/cm3)
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ALPS AND DARK PHOTONS

▸ Constraints on couplings for bosonic pseudoscalar DM with (fixed) masses [1, 210] keV


▸ No global significance above 3-σ under the background model 


▸ ALPs and dark photons: 90% CL upper limits and sensitivities
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Upper limits on gae versus ALP mass Upper limits on κ versus dark photon mass



ALPS AND DARK PHOTONS

▸ Constraints on couplings for bosonic pseudoscalar DM with (fixed) masses [1, 210] keV


▸ No global significance above 3-σ under the background model 


▸ A 3-σ global (4-σ local) significance for a peak at (2.3±0.3) keV (68% CL)

45

Log-likelihood ration versus ALP mass Best fit for a 2.3 keV peak and the background

68% CL 
coverage 
interval



SEARCHES FOR SOLAR AXIONS, ALPS, DARK PHOTONS…

▸ Considered “signals”: 3H β-decay, solar axions, neutrino magnetic moment


▸ Solar axion and neutrino magnetic moment favoured over background-only at 3.4 σ 
and 3.2 σ (however discrepancy with stellar cooling constraints, see e.g. 2006.12487)


▸ Tritium favoured over background-only at 3.2 σ  to (6.2 ± 2) x 10-25 mol/mol̂=

46
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FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches, with arrows denoting allowed regions, and
the predicted values from the benchmark QCD axion mod-
els DFSZ and KSVZ.

very close to the limit reported by Borexino [39], which
is currently the most stringent direct detection constraint
on the neutrino magnetic moment. Similar to the solar
axion analysis, if we infer the excess as a neutrino mag-
netic moment signal, our result is in strong tension with
indirect constraints from analyses of white dwarfs [111]
and globular clusters [41].
As in Sec. IVB, we report on the additional statistical

test where an unconstrained tritium component was in-
cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.
This is the most sensitive search to date for an en-

hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [39]
and Gemma [112], along with astrophysical limits from the
cooling of globular clusters [41] and white dwarfs [111]. Ar-
rows denote allowed regions. The upper boundary of the in-
terval from this work is about the same as that from Borexino
and Gemma. If we interpret the low-energy excess as a neu-
trino magnetic moment signal, its 90% confidence interval is
in strong tension with the astrophysical constraints.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over (fixed) masses
between 1 and 210 keV/c2 to search for peak-like ex-
cesses. The trial factors to convert between local and
global significance were extracted using toy Monte Carlo
methods. While the excess does lead to looser constraints
than expected at low energies, we find no global signifi-
cance over 3� for this search under the background model
B0. We thus set an upper limit on the couplings gae and
 as a function of particle mass.
These upper limits (90% C.L.) are shown in Fig. 10,

along with the sensitivity band in green (1�) and yel-
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