
LAURA BAUDIS 
UNIVERSITY OF ZURICH 

IFPU VIRTUAL COLLOQUIUM 
JULY 3, 2020
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WHERE DO WE STAND, WHERE ARE WE GOING?



INTRODUCTION

IN THE DARK…

▸ The evidence for dark matter is overwhelming 

๏ Early and late cosmology (CMBR, LSS) 

๏ Clusters of galaxies 

๏ Galactic rotation curves 

๏ BBN, … 

▸ And ΛCDM describes all observations well 

▸ No idea about its composition at the microscopic level!
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INTRODUCTION

IN THE DARK…

DM mass [GeV]

103110-3

“Known physics”

Light dark matter “WIMPs”10-22 eV ~100 MO.
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PRODUCTION AT COLLIDERS

HOW TO SEE IN THE DARK?
� �

Standard 
Model states

Standard 
Model states
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+ light dark matter  
searches at 
colliders, fixed 
target and beam 
dump experiments 
(new, light 
mediator) to probe 
the ‘dark sector’
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https://atlas.cern/updates/atlas-feature/dark-matter

Monojet event in ATLAS at CERN

DM-SM 
mediator



INDIRECT DETECTION

HOW TO SEE IN THE DARK?
� �

Standard 
Model states

Standard 
Model states
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+ astrophysical 
probes, e.g. 
observations of 
structures on 
small scales & 
comparison 
with 
simulations 

+ early Universe 
annihilation, 
e.g., constraints 
from CMB

see M. Buckley and A. Peter 
for a review 1712.06615

FERMI, NASA
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DIRECT DETECTION

HOW TO SEE IN THE DARK?
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q  10sMeV� �

Standard 
Model states

Standard 
Model states

+ collisions with 
electrons in the atomic 
shell, or absorption of 
light bosons via the 
axio-electric effect 

+ Bremsstrahlung from 
polarised atoms; e- 

emission due to  so-
called Migdal effect

see Kouvaris, Pradler, 
McCabe; M. Ibe et al.

DM-SM 
mediator

e-

e-
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DIRECT DETECTION

DIRECT DETECTION PRINCIPLE

▸ 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 Direct detection
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ASTROPHYSICS

LOCAL DARK MATTER DENSITY
▸ Local measures: vertical kinematics of stars near Suns as 

‘tracers’ (smaller error bars, stronger assumptions about the 
halo shape) 

▸ Global measures: extrapolate the density from Milky Way’s 
rotation curve derived from kinematic measurements of 
gas, stars… (larger errors, fewer assumptions)

Gaia DR2 2018: positions, parallaxes, and proper 
motions for 1.3 x 109 stars

Parameters from Galaxy models
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Figure 8. Best-fitting value for the local dark-matter density
ρdm,! as a function of the assumed flatting q of the dark-matter
halo. A value of q = 1 implies a spherical halo, while smaller
values lead to oblate configurations. The dashed black line shows
a power-law fitted by eye to the points.

age or chemistry (e.g. Binney & Merrifield 1998), the minor
difference between the two thin-disc curves in Fig. 7 should
not be considered significant at this stage.

The green error bars in Fig. 7 show the stellar densities
inferred by Gilmore & Reid (1983) for stars with absolute
visual magnitude MV between 4 and 5 with an assumed
vertical metallicity gradient of −0.3 dex/ kpc−1 (in their Ta-
ble 2). The green dots in Fig. 6 show the χ2 values we obtain
when we adopt the Gilmore–Reid data points. They indicate
a deeper minimum in χ2 occurring at a smaller dark-halo
density: ρdm,! = 0.01200M! pc−3.

4.1 Systematic uncertainties

The results presented above are based on a very sophis-
ticated model that involves a number of assumptions and
approximations. Deviations of the truth from these assump-
tions and approximations will introduce systematic errors
into our results. We can assess the size of such systematic
errors much more easily in some cases than in others. We
have not assessed the errors arising from:

• the functional form of the mass model;
• the functional form of the df;
• the age-velocity dispersion relation in the thin disc;
• the adopted value of L0 in disc df: variation will affect

the normalisation of stellar halo;
• the power-law slope and quasi-isotropy of the stellar

halo – we will investigate this in a future paper;
• the solar motion w.r.t. the LSR.

We have investigated the sensitivity of our results to:

• R0, which controls the circular speed: a value of R0 =
8kpc reduces ρdm,! by 5%.

• The contribution of the gas disc disc to the local bary-
onic surface density. If we assume 33% instead of our stan-
dard value of 25%, we find slightly different structural pa-
rameters for the stellar discs, but our best-fit value for ρdm,!
remains unchanged.

• Rσ,i for the thin disc: using Rσ,i = 6kpc reduces ρdm,!
by < 2%.

• The fact that r0,dm changes with ρdm,! on account of
the halo constraints: setting r0,dm = 20 kpc increases ρdm,!
by 2%.

• Equal scale radii for thin and thick disc: setting
Rd,thick/Rd,thin = 0.6 (resulting in Rd,thick " 2 kpc and
Rd,thin " 3.5 kpc similar to Bovy et al. (2012)), increases
ρdm,! by 4%.

• Flattening the dark halo: a flatter dark halo increases
ρdm,! significantly. See Fig. 8.

• Systematic uncertainties in the distance scale of J08: if
this distance scale is increased by a factor α, ρdm,! proves to
be almost proportional to α, with a 20% increase in α caus-
ing ρdm,! to increase by 8%. A different value for the binary
fraction has a very similar, but smaller, effect to a general
change of the distance scale, and is hence also covered in
this uncertainty.

The two most critical systematic uncertainties are
therefore the axis ratio q of the dark halo and the distance
scale used to construct the observational vertical stellar den-
sity profile. Simply adding in quadrature the uncertainties
other than halo flattening listed above leads to a combined
systematic uncertainty of ∼ 10%. Combining this with the
uncertainty associated with dark-halo flattening we arrive
at our result

ρdm,! =

{
(0.48× q−α) GeV cm−3 ± 10%

(0.0126× q−α) M! pc−3 ± 10%
(22)

with α = 0.89 and q the axis ratio of the dark halo.
Note, there is an additional potential source of uncer-

tainty that we have not included in our estimate: Schönrich
& Bergemann (2013) find hints that the common practice
of assuming uncorrelated errors in the stellar parameters
when deriving distance estimates is not a good approxima-
tion and leads to over-confident results. Hence the parallax
uncertainties reported by Binney et al. (2014b) might be
under-estimated. To test the possible influence we doubled
the individual parallax uncertainties (a worst case scenario)
and repeated the fit. The best-fitting value for ρdm,! in-
creased by ∼ 7%. A similar uncertainty is shared by all
studies that use distances inferred from stellar parameters.

4.2 Flattening-independent results

The inverse dependence of ρdm,! on q implies that for simi-
lar scale radii r0,dm the mass of the dark matter halo within
an oblate volume with axis ratio q is approximately inde-
pendent of q. This is confirmed by Fig. 9 (upper panel) that
shows the cumulative mass distribution as a function of el-
liptical radius.

The invariance of the dark matter mass profile can be
qualitatively understood by the following consideration: flat-
tening the dark halo at fixed local density reduces its mass
and its contribution to the radial force, KR. But – due to its
still large thickness – its contribution to the vertical force
Kz at low z remains almost constant or slightly grows. To
restore the value of the circular speed at the Sun we have
to either increase the mass of the halo or that of the disc.
However, filling the gap with disc material increases Kz and
consequently compresses the vertical mass profile predicted
by the df. Thus the only possibility is to increase the mass
of the halo and decrease the mass of the disc in order to

c© 2014 RAS, MNRAS 000, 1–17

%DM = 0.0126⇥ q�0.89M� pc�3 ± 10%

�tot(< 0.9kpc) = 69 ± 10M� pc�2

3144 T. Piffl et al.

For the surface density between ±900 pc, we find

!(z = 0.9 kpc) = (69 ± 15) M! pc−2.

Below in Fig. 15, we set these measurements in context with esti-
mates from the literature.

4.3 Other properties

We now give results for the model with a spherical dark halo. The
best-fitting model has a virial mass3 M200 = (1.3 ± 0.1) × 1012 M!.
The above-mentioned systematic uncertainties translate into a
<10 per cent uncertainty in the virial mass, but this does not encom-
pass the uncertainty introduced by the assumed shape of the radial
mass profile of the dark matter halo. For the models with flattened
haloes, we find slightly increased virial masses of 1.4 × 1012 M!
and 1.6 × 1012 M! for the axis ratios 0.8 and 0.6, respectively.

The total mass of the Galaxy’s stellar disc is
(3.7 ± 1.1) × 1010 M!. This is lower but not far from the
canonical value of 5 × 1010 M!. It is within the range of 3.6
– 5.4 × 1010 M! estimated by Flynn et al. (2006). Combining
the stellar disc with the bulge and the gas disc, we arrive at a
total baryonic mass (5.6 ± 1.6) × 1010 M!, or a baryon fraction
(4.3 ± 0.6) per cent. This value is much lower than the cosmic
baryon fraction of ∼16 per cent (Hinshaw et al. 2013; Planck Col-
laboration XVI 2013), once again illustrating the ‘missing baryon
problem’ (e.g. Klypin et al. 1999). While this baryon fraction does
not include the mass of the Galaxy’s virial-temperature corona,
the mass of the corona within ∼20 kpc of the GC is negligible
(Marinacci et al. 2010); the missing baryons have to lie well outside
the visible Galaxy in the circum- or intergalactic medium.

The thick disc contributes about 32 per cent of the disc’s stellar
mass which is lower than the 70 per cent found by J08. This result
depends, however, on our decision to equate the radial scalelengths
of the two discs. If the scalelength of the thick disc is assumed to
be shorter, as found by Bovy et al. (2012a), the mass fraction in this
component increases to ∼60 per cent. The better agreement with
J08 is only apparent, however, because these authors found a longer
scale radius for the thick disc.

Fig. 12 shows for several fairly successful spherical models the
surface densities of the stellar and gaseous discs at R0 (upper panel)
and the ratio of the radial forces at R0 from the baryons and dark mat-
ter (lower panel). The upper panel shows good agreement with the
estimates of the baryonic surface densities derived from Hipparcos
data by Flynn et al. (2006, coloured bands). The lower panel shows
that equal contributions to the radial force are achieved for local
dark matter densities ρdm, ! that are lower than our favoured value
for a spherical halo, but still within the range encompassed by the
systematic uncertainties, which is shaded grey. In our best-fitting
model, the solar neighbourhood is mildly dark matter dominated
with only 46 per cent of the radial force coming from gas and stars.
Alternatively, we can look at the contribution of disc to the total
rotation curve at 2.2 times the scale radius to check whether our
disc is ‘maximal’ according to the definition of Sackett (1997). We
find a ratio Vc, disc/Vc, all = 0.63 (Vc, baryons/Vc, all = 0.72) that is be-
low the range of 0.75–0.95 for a maximal disc, but slightly above
the typical range of 0.47 ± 0.08 (0.57 ± 0.07) for external spiral

3 We define the virial mass as the mass interior to the radius R200 that
contains a mean density of 200 times the critical density for a flat universe,
ρcrit.

Figure 12. Upper panel: mass surface densities in our models for the stars
(black points and lines) and gas (grey points and lines). The green and orange
shaded area show the corresponding one/two sigma regions reported by
Flynn et al. (2006). Lower panel: the ratio FR,bary/FR,dm of the contributions
to the radial force at R0 from baryons and dark matter. In both panels, the
grey shaded area illustrates the systematic uncertainties of ρdm, ! with the
(interpolated) best-fitting value marked by the black dashed line. For this
value, we have FR,bary/FR,dm ∼ 0.85.

galaxies (Bershady et al. 2011; Martinsson et al. 2013). It is still
lower than the value of 0.83 ± 0.04 found by Bovy & Rix (2013).

5 K INEMATICS

Here, we discuss the kinematic properties of our best-fitting model.
The circular speed at the solar radius, vc(R0) = 240 km s−1 is largely
the result of the adopted values of R0 = 8.3 kpc, the proper motion of
Sgr A*, and v!, the solar motion w.r.t. to the LSR. Our constraints
for the mass model actually fix the ratio vc(R0)/R0 (McMillan 2011).

For the local escape speed vesc =
√

2#(R0), we find a value
of 613 km s−1. Piffl et al. (2014) recently found a lower value of
533+54

−41 km s−1, but for this they used a modified definition of the
escape speed as the minimum speed needed to reach 3Rvir. If we
apply their definition to our model we find a value of 580 km s−1

which is still on the high side, but within their 90 per cent confi-
dence interval. The uncertainties arising from the above-mentioned
systematics on this value are of order 1 per cent. This comes mainly
from our rather strong prior on the mass within 50 kpc and again
does not cover the uncertainties in the dark matter profile at large
radii.4

The data points in Fig. 13 show histograms for each principal
velocity component and spatial bins defined by 7.3 kpc < R < R0 and
ranges in z that increase from bottom to top: the upper limits of the
bins are at z = 0.3, 0.6, 1, 1.5 kpc and the coordinates of each bin’s
barycentre are given at the lower centre of each panel. The vertical
scales of the plots are logarithmic and cover nearly three orders of
magnitude in star density. The plotted velocity components V1 and

4 Because of this and also because of the focus of Piffl et al. (2014) on the
fastest stars in the RAVE survey, which carry most of the information on the
escape speed, we still consider their value as the more robust one.

MNRAS 445, 3133–3151 (2014)Downloaded from https://academic.oup.com/mnras/article-abstract/445/3/3133/1052064
by guest
on 29 April 2018

Piffl et al, MNRAS 445 (2014) 
see also : J. Hagen & A. Helmi,  A&A 615 (2018) for somewhat 
higher local densities (0.018 Mo/pc3) and R. Guo et al, MNRAS 
495, 2020 (0.0133 Mo/pc3)

Major source of uncertainty: the 
contribution of baryons (stars, gas, stellar 
remnants, …) to the local dynamical mass

See review by Justin Read, Journal of Phys. G 41 (2014)

8



ASTROPHYSICS

DARK MATTER VELOCITY DISTRIBUTION
▸ Standard halo model: Maxwellian distribution 

(isotropic velocities) 

▸ Goal: determine f(v) from observation (e.g., 
study motion of stars that share kinematics 
with DM) 

▸ Recent studies: some deviations from SHM, 
due to  anisotropies in the local stellar 
distribution (in Gaia data) 

▸ These arise from accretion events, where the 
“Gaia-sausage” seems to be the dominant 
merger in the solar neighbourhood   

▸ Effects: changes mostly at low dark matter 
masses 

See, e.g., Necib, Lissanti, Belorukov 2018, 
Evans, O’Hare, McCabe, PRD99, 2019, 
Buch, Fan, Leung, PRD101, 2020

⇢(r) / r�2
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Normalised Gaia DM velocity 
distribution in heliocentric frame
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{
PARTICLE PHYSICS

KINEMATICS: DARK MATTER PARTICLE MASS

Electron recoils

Nuclear recoils

1 MeV 1 GeV10 keV

mDM

ENR =
q2

2mN
' 1 eV⇥

⇣ mDM

100MeV

⌘2
⇥ 10GeV

mN
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Essig, Mardon, Volanski, 
PRD85, 2012
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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



PARTICLE PHYSICS

KINEMATICS: DARK MATTER PARTICLE MASS

Tongyan Lin, TASI lectures on DM models and direct detection, arXiv:1904.07915 
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PARTICLE PHYSICS

INTERACTION CROSS SECTION VS MASS

12

mDM ⌧ mN
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Spin-independent (SI) nuclear recoil spectrum
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FIG. 12. (color online). Same as Fig. 6 but for 134Xe.
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FIG. 13. (color online). Same as Fig. 6 but for 136Xe.

butions only from the L = 0 multipole and is model-
independent:

SS(0) = A2 c2
0

2J + 1

4⇡
. (9)

This reflects the well-known coherence of the contribu-
tions of all A nucleons in SI scattering. Consequently,
near u = 0 the spin-averaged structure factors are essen-
tially identical for all xenon isotopes, apart from small
variations in A2.

Because of angular momentum coupling, only L = 0
multipoles contribute to the structure factors of the even-
mass isotopes. As discussed in Sec. II, parity and time
reversal constrain the multipoles to even L for elastic
scattering, so that for 129Xe only L = 0, and for 131Xe
only L = 0, 2 contribute. For the latter isotope, we show
in Fig. 10 the separate contributions from L = 0 and
L = 2 multipoles. At low momentum transfers, which
is the most important region for experiment, the L =
0 multipole is dominant, because coherence is lost for
L > 0 multipoles. Only near the minima of the L = 0
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FIG. 14. (color online). Structure factor SS(u) for
128Xe (this

work, black dots) in comparison to the Helm form factor (solid
red line) [25] and to the structure factor from Fitzpatrick et
al. (dashed green line) [15].
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FIG. 15. (color online). Same as Fig. 14 but for 129Xe.

multipole at u ⇠ 1.7 and u ⇠ 4.4 is the L = 2 multipole
relevant, but the structure factor at these u values is
suppressed with respect to SS(0) by over four and six
orders of magnitude, respectively.
Finally, we list in Table II the coe�cients of the fits

performed to reproduce the calculated structure factors
for each isotope.

V. COMPARISON TO HELM FORM FACTORS
AND OTHER CALCULATIONS

In experimental SI WIMP scattering analyses the stan-
dard structure factor used to set limits on WIMP-nucleon
cross sections is based on the Helm form factor [25]. This
phenomenological form factor is not obtained from a de-
tailed nuclear structure calculation, but is based on the
Fourier transform of a nuclear density model, assumed to
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FIG. 11. (Color online) Structure factors Sp(u) (solid lines)
and Sn(u) (dashed) for

127I as a function of u = p2b2/2 with
b = 2.2801 fm. Results are shown at the 1b current level, and
also including 2b currents. The estimated theoretical uncer-
tainty is given by the red (Sp(u)) and blue (Sn(u)) bands.

4. 127I, 19F, 23Na, 27Al, 29Si

In Figs. 11, 12, and 13, we show the structure fac-
tors Sn(u) and Sp(u) for 127I, 19F, 23Na, 27Al, and 29Si
at the 1b current level and including 2b currents. The
dominant structure factor is the one for the odd species.
Therefore, for 29Si Sn(u) dominates, while for the other
isotopes Sp(u) is the main component. All the features
discussed for 131Xe in Sec. IVC2 translate to these iso-
topes as well: The structure factors for the nondominant
“proton/neutron-only” couplings are strongly increased
when 2b currents are included. For the dominant struc-
ture factor, 2b currents produce a reduction, by about
10%− 30% at low momentum transfers, which at large u
can turn into a weak enhancement due to the 2b current
contribution to the pseudo-scalar currents. This is most
clearly seen for 19F in the top panel of Fig. 12, where we
also show the isoscalar/isovector structure factors S00(u),
S01(u), and S11(u). Note that the structure factor S01(u)
vanishes at the point where Sp(u) and Sn(u) cross.

V. CONCLUSIONS AND OUTLOOK

This work presents a comprehensive derivation of SD
WIMP scattering off nuclei based on chiral EFT, includ-
ing one-body currents to order Q2 and the long-range
Q3 two-body currents due to pion exchange, which are
predicted in chiral EFT. Two-body currents are the lead-
ing corrections to the couplings of WIMPs to single nu-
cleons, assumed in all previous studies. Combined with
detailed Appendixes, we have presented the general for-
malism necessary to describe both elastic and inelastic
WIMP-nucleus scattering.
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FIG. 12. (Color online) Structure factors for 19F as a
function of u = p2b2/2 with b = 1.7608 fm. Top panel:
Isoscalar/isovector S00(u) (solid line), S01(u) (dashed), and
S11(u) (dot-dashed) decomposition. Bottom panel: Pro-
ton/neutron Sp(u) (solid line) and Sn(u) (dashed) decom-
position. In both panels results are shown at the 1b current
level, and also including 2b currents. The estimated theoret-
ical uncertainty is given by the red (S11(u), Sp(u)) and blue
(S01(u), Sn(u)) bands.

We have performed state-of-the-art large-scale shell-
model calculations for all nonzero-spin nuclei relevant to
direct dark matter detection, using the largest valence
spaces accessible with nuclear interactions that have been
tested in nuclear structure and decay studies. The com-
parison of theoretical and experimental spectra demon-
strate a good description of these isotopes. We have cal-
culated the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents, including
theoretical error bands due to the nuclear uncertainties
of WIMP currents in nuclei. Fits for the structure factors
are given in Appendix D.
We have studied in detail the role of two-body currents,

the contributions of different multipole operators, and
the issue of proton/neutron versus isoscalar/isovector de-
compositions of the structure factors. The long-range
two-body currents reduce the isovector parts of the struc-
ture factor at low momentum transfer, while they can
lead to a weak enhancement at higher momentum trans-

SI

SD

13

R ⇠ 0.13
events

kg year


A

100
⇥ �WN

10�38 cm2
⇥ hvi

220 km s�1
⇥ ⇢0

0.3GeVcm�3

�

L. Vietze, W. Haxton et  al., Phys.Rev. D91 (2015)

P. Klos et al., PRD 88 (2013)

Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge

Ar



ELECTRON RECOILS

INTERACTION RATES: DM-ELECTRON SCATTERING

14

dRion

d lnER
=

6.2

A

⇣ ⇢0
0.4GeV cm�3

⌘⇣ �e

10�40cm2

⌘✓
10MeV

mDM

◆
⇥ dh�ionvi/d lnER

10�3�e

events

kg d
<latexit sha1_base64="JC5sOOPDNLH35qHWuu92G0GY2Vc="></latexit>

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

▸ Rates ~ φ x σ ~ ρ x v/m x σ (here below for ρ = 0.3 GeV/cm3)

R ' 1.5⇥ 1019

A
g2ae

⇣ ma

keV

⌘⇣�pe

b

⌘
kg�1d�1

<latexit sha1_base64="miPVLfHlUu3fTO2NsIE1YSC6qIQ="></latexit>

R ' 4.7⇥ 1023

A
2

✓
keV

mV

◆⇣�pe

b

⌘
kg�1d�1

<latexit sha1_base64="z+13eeB4/3rOaaOH+c0c0YuQIgo="></latexit>

a e-

Z+e-
Pospelov, Ritz, Voloshin, PRD 78, 2008; An, 
Pospelov, Pradler, Ritz, PLB747, 2015, …

15

�ae = �pe
g2ae
�

3E2
a

16⇡↵m2
e

✓
1� �2/3

3

◆

<latexit sha1_base64="RQYaSFCJytcL+DYa2GYj/bTaCqg="></latexit>

�v ' �pe

�
2

<latexit sha1_base64="uEWUe141Nf4xo04pYFSRd87LfbM="></latexit>



INTRODUCTION

BACKGROUNDS

16

LB et al., JCAP01 (2014) 044

flux from Emin
ν ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNEr=2

p
, which is the minimum

neutrino energy required to generate a nuclear recoil with
energy Er,

dRν

dEr
¼

Z

Emin
ν

dσ
dEr

dΦ
dEν

dEν: ð4Þ

The neutrino flux Φ is the sum of multiple different
components each with different individual energies and
uncertainties. The relevant contributions to the neutrino
background for WIMP searches are displayed in the left
panel of Fig. 1 with uncertainties listed in Table I. In fact

with advances in technology currently under way [47] it
will be possible for direct detection experiments to make
competitive measurements of these neutrino fluxes [48] and
even constrain new physics such as the existence of sterile
neutrinos [49] or new interactions between neutrinos and
nuclei or electrons [50].
Neutrinos from various fusion reactions in the interior of

the Sun dominate the low-energy, high-flux regime and are
the major neutrino background for direct detection with a
total flux at Earth of around 6.5 × 1011 cm−2 s−1 [55,56].
Neutrinos from the initial pp reaction make up 86% of all
solar neutrinos and have been detected most recently by the
Borexino experiment, determining the flux with an uncer-
tainty of ∼10% [57]. For all neutrino fluxes other than 8B
the theoretical uncertainty is smaller than the measurement
uncertainty. In this work we base our neutrino flux values
and uncertainties on the high-metallicity standard solar
model (SSM) calculation of Grevesse and Sauval [58],
using values presented in Ref. [51] which are based on
updated fusion cross sections [59]. However for the 8B
neutrino flux, a better estimate is found from considering
current measurements; in this case we use the result
presented in Ref. [52] based on a global analysis of all
solar and terrestrial neutrino data.
For WIMP masses between 10 and 30 GeV, the neutrino

floor is caused by the subdominant diffuse supernova
neutrino background (DSNB), the sum total of all neutrinos
emitted from supernovae over the history of the Universe.
The background flux is calculated by performing a line
of sight integral of the spectrum of neutrinos from a
single supernova with the rate density of core-collapse
supernovae as a function of redshift. See Ref. [53] for the
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FIG. 1. Left: Neutrino energy spectra that are backgrounds to direct detection experiments: solar, atmospheric, and the diffuse
supernova background. The atmospheric neutrino spectrum is the sum of contributions from electrons, antielectrons, muons and
antimuons. The diffuse supernova background is the sum of three different neutrino temperatures, 3, 5 and 8 MeV. Right: Xenon
scattering event rate as a function of recoil energy for each type of neutrino as well as a 6 GeVWIMP with σχ−n ¼ 5 × 10−45 cm2 (solid
black line) and a 100 GeV WIMP with σχ−n ¼ 2.5 × 10−49 cm2 (dashed black line).

TABLE I. Total neutrino fluxes with corresponding uncertain-
ties. All solar neutrino fluxes are from the updated high-
metallicity SSM (Ref. [51]) with the exception of 8B which is
from an analysis of neutrino data (Ref. [52]). The DSNB and
atmospheric neutrino fluxes are from Refs. [53] and [54]
respectively. The maximum neutrino energy, Emax

ν , and maximum
recoil energy of a Xenon target, Emax

rXe , are also shown.

ν type Emax
ν (MeV) Emax

rXe (keV) ν flux (cm−2 s−1)

pp 0.42341 2.94 × 10−3 ð5.98$ 0.036Þ × 1010
7Be 0.8613 0.0122 ð5.00$ 0.35Þ × 109

pep 1.440 0.0340 ð1.44$ 0.017Þ × 108
13N 1.199 0.02356 ð2.96$ 0.41Þ × 108
15O 1.732 0.04917 ð2.23$ 0.34Þ × 108
17F 1.740 0.04962 ð5.52$ 0.94Þ × 106
8B 16.360 4.494 ð5.16$ 0.11Þ × 106

hep 18.784 5.7817 ð8.04$ 2.41Þ × 103

DSNB 91.201 136.1 85.5$ 42.7
Atm. 981.748 15.55 × 103 10.5$ 2.1

DARK MATTER ASTROPHYSICAL UNCERTAINTIES AND … PHYSICAL REVIEW D 94, 063527 (2016)

063527-3

C.A.J. O’Hare , PRD94, 2016

▸ In the ideal case: below the expected signal 

▸ Muons & associated showers; cosmogenic activation of detector materials 

▸ Natural (228U, 232Th, 40K) and anthropogenic (85Kr, 137Cs) radioactivity: γ,e-,α,n  

▸ Neutrinos: coherent elastic neutrino-nucleus scattering and elastic neutrino-
electron scattering 
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includes tagging time-coincident hits in different crystals or identifying multiple scatters in
homogeneous detectors. For detectors with sensitivity to the position of the interaction, an
innermost volume can be selected for the analysis (fiducial volume). As the penetration range
of radiation has an exponential dependence on the distance, most interactions take place close
to the surface and background is effectively suppressed. Finally, detectors able to distinguish
electronic recoils from nuclear recoils (see section 5.1) can reduce the background by
exploiting the corresponding separation parameter.

4.2. Cosmogenic and radiogenic neutron radiation

Neutrons can interact with nuclei in the detector target via elastic scattering producing nuclear
recoils. This is a dangerous background because the type of signal is identical to that of the
WIMPs. Note that there is also inelastic scattering where the nuclear recoil is typically
accompanied by a gamma emission which can be used to tag these events. Cosmogenic
neutrons are produced due to spallation reactions of muons on nuclei in the experimental
setup or surrounding rock. These neutrons can have energies up to several GeV [151] and are
moderated by the detector surrounding materials resulting in MeV energies which can pro-
duce nuclear recoils in the energy regime relevant for dark matter searches. In addition,
neutrons are emitted in n,( )B - and spontaneous fission reactions from natural radioactivity
(called radiogenic neutrons). These neutrons have lower energies of around a few MeV.

Dark matter experiments are typically placed at underground laboratories in order to
minimize the number of produced muon-induced neutrons. The deeper the location of the
experiment, the lower the muon flux. Figure 3 shows the muon flux as a function of depth for
different laboratories hosting dark matter experiments.

The effective depth is calculated using the parametrisation from [151] which is repre-
sented by the black line in the figure. The muon flux for each underground location is taken
from the corresponding reference of the list below.

• Waste Isolation Pilot Plant (WIPP) [152] in USA.
• Laboratoire Souterrain à Bras Bruit (LSBB) [153] in France.
• Kamioka observatory [151] in Japan.
• Soudan Underground Laboratory [151] in USA.

Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.) for
various underground laboratories hosting dark matter experiments. The effective depth
is calculated using the parametrisation curve (thin line) from [151].

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review

15

Energy [keV]
500 1000 1500 2000 2500

]
-1

 d
ay

-1
D

iff
er

en
tia

l r
at

e 
[c

ou
nt

s k
eV

-810

-710

-610

-510
OFHC copper, pre-activation
OFHC copper, post-activation

Co56

)-e+(e

Co58

Mn54

Co56

Sc46

V48

Co56

Fe59

Sc46

Co60
Co56

Fe59

Co60 V48

K40 Co56

D
iff

er
en

tia
l r

at
e 

[c
ou

nt
s/

(k
eV

 s)
]

Before

Copper - after 1 y at the “top of Europe”

After

LB et al., Eur. Phys. J. C75 2015 

XENON collaboration, EPJ-C 75 (2015) 11

The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from ð!; nÞ and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17þ0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10ðS2b=S1Þ, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.

PRL 109, 181301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 NOVEMBER 2012

181301-4

๏ Go deep underground

๏ Select low-radioactivity materials

๏ Use active shields

๏ Fiducialize

๏ Avoid cosmic activation



INTRODUCTION

SIGNATURES
Rate and shape of recoil 
spectrum depend on: 

DM particle mass  

target material 

Motion of Earth causes: 

annual event rate modulation: June - 
December asymmetry ~ 2-10% 

sidereal directional modulation: 
asymmetry ~20-100% in forward-
backward event rate

150 GeV

15 GeV

50 GeV
25 GeV

Xenon target

18

June

December

galactic plane
Cygnus

WIMP wind

v≈220 km/s



TECHNIQUES AND TARGETS

DIRECT DETECTION SIGNALS

19

Heat

Charge Light
LXe: XMASS 
LAr: DEAP-3600 
CsI: KIMS 
NaI: ANAIS 
DAMA/LIBRA, 
COSINE, SABRELXe: LUX, LZ, PandaX, XENON, 

DARWIN 
LAr: ArDM, DarkSide, ARGO

Ge, Si:  
SuperCDMS 
EDELWEISS 

CaWO4:  

CRESST 

C3F8, CF3I: PICO 
Ge: CDEX 
Si: DAMIC, SENSEI  
CF4: DRIFT, DMTPC, 
MIMAC, NEWS-DM, 
NEWS-G

ER



CONSTRAINTS ON THE CROSS SECTION

THE DIRECT DETECTION LANDSCAPE IN ~2020

Scattering off electrons

10 MeV 1 GeV 1 TeV

Xenon 
detectors 

Argon 
detectors 

Ge, Si, 
CaWO3,… 
detectors 

Neutrino 
coherent 
scattering

Scattering off nuclei

20

SENSEI DM constraints from a ~0.1 gram prototype
SENSEI Collaboration,  
1804.00088 & 1901.10478, PRL

• uses ordinary CCDs
• have lower dark counts 

compared to our prototype 
detectors

• ~200 gram-days
1907.12628

see talk by P. Privitera

• tiny exposures:             
surface: ~0.02 gram-days 
MINOS: ~0.246 gram-days

DAMIC@SNOLAB 

R. Essig, LDM2019



LOW MASS SEARCHES

CRESST, SUPERCDMS, EDELWEISS, DAMIC, SENSEI,…

▸ Sub-keV energy thresholds 

▸ Probe sub-GeV particle masses 

▸ Phonons and/or ionisation and light

TeVPA 2016 CERNC. Strandhagen 21

Conclusion

● CRESST searches for light dark 
matter with cryogenic detectors 
made out of CaWO4

● the low energy threshold for 
nuclear recoils leads to the best 
sensitivity to dark matter below 1.7 
GeV/c2

● new data taking campaign started 
just now, using novel detectors with 
even lower thresholds (~100 eV)

● CRESST-III has great potential to 
explore light dark matter

SENSEI

Si CCD w/ ~million pixels

The SENSEI Collaboration: L. Barack, M. Crisler, A. Drlica-Wagner, RE,           
E. Ezion, J. Estrada, G. Fernandez, J. Tiffenberg, M. Sofo Haro,T. Volansky, T-T. Yu

Sub-Electron Noise Skipper-CCD Experimental Instrument

CRESST SENSEI EDELWEISS

21

R&D with 32 g combined with the objective 
of testing the above-ground sensitivity to 
sub-GeV WIMPs 

Kept at 17 mK in IPNL low-vibration dilution 
fridge [arXiv:1803.03463] 
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EDELWEISS-Surf 
Technique: Heat Only
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Energy resolution (Baseline)

se26g000!
blinded

" 17 mK - 1 nA —> 3.4 MOhm!
" SAMBA/EDELWEISS readout (d2 = 250 and d3 = 450, marge = 30)!
" Beautiful similarity between OF prediction and observation !

OF theory 
Observed : 17.7 eV (RMS) average

s = 34 eV
@ 6 keV

Super-CDMS

+ R&D on new technologies

χ

E

χ

T0

T-sensor
Absorber 

C(T)

G(T)



HIGH MASS SEARCHES

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: 

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

๏ S2/S1 —> particle ID  

๏ 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

22Ar 18   Xe 54



HIGH MASS SEARCHES

LIQUEFIED NOBLE GASES

photosensors

E

S1

S2

'DUN�0DWWHU�'HWHFWLRQ�ZLWK�/;H�73&V

(QHUJ\
� 6��DUHD
� 6��DUHD

3RVLWLRQ
� [�\��6��VLJQDO�
� ]��GULIW�WLPH�
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�

electron recoils

nuclear recoils

S2

S1

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

23Ar 18   Xe 54

▸ Single and two-phase Ar & Xe detectors 

▸ Time projection chambers: 

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

๏ S2/S1 —> particle ID  

๏ Single versus multiple interactions



THE XENON/DARWIN PROJECTS

THE XENON/DARWIN TIMELINE

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

2005-2007 2008-2016 2012-2018 2020-2024 2027—
15 kg 161 kg 3200 kg 8400 kg 50 tonnes

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2

XENON10 XENON100 XENON1T XENONnT DARWIN

24



TARGET MASS AND BACKGROUNDS

A SELECTION OF LIQUID XENON DETECTORS

25

Fiducial mass [kg]

Low-energy ER background 
[events/(tonne keV day)]

XENON10

XENON100
LUX

PandaX

XENON1T

5 34 118 306 1000-1300

1000 5.3 2.6 0.8 0.2



XENON1T

XENON1T AT THE GRAN SASSO LABORATORY

5 

•  1st ton-scale experiment 
for direct DM detection. 

•  3.2t of LXe, 2t in TPC. 
•  20x larger than Xe100. 
•  Constructed @LNGS. 
•  Commissioning since  

summer. 
•  Data taking has started. 
•  Expected sensitivity 

1.6E-47 cm2                       
at mWIMP = 50 GeV          
for 2 ton years exposure.  

XENON1T	

H. Simgen - MPIK: "XENON1T", TPC 2016 / Paris 

Water tank and  
Cherenkov muon veto

Cryostat and support 
structure for TPC

Cryogenics and  
purification

Data acquisition and  
slow control

Xenon storage,  
handling and 
Kr removal via 
cryogenic  
distillation

Time projection 
chamber

Cryogenics pipe 
(cables, xenon)

XENON, EPJ-C 77 (2017) 12 26



XENON1T

THE TIME PROJECTION CHAMBER

▸ 3.2 t LXe in total, 2 t in the TPC 

▸ 97 cm drift, 96 cm diameter 

▸ 248 3-inch PMTs 

▸ 74 Cu field shaping rings, 5 
electrodes, 4 level meters

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

27

127 PMTs top array 121 PMTs bottom array

XENON, EPJ-C 77 (2017) 12



ELECTRONIC RECOIL BACKGROUNDS

85.3%

4.3%
4.9%
4.1%
1.4% 136Xe 2νββ-decays

Materials

Solar neutrinos

85Kr (natKr: 0.66 ppt)

222Rn (10 µBq/kg) Control surface emanation 
Reduce by online distillation

In 1 t fiducial mass 
Singles-scatters

๏ ER rate: (82±5) events/(keV t y), 
in 1.3 t and below 25 keVee 

๏ Lowest background in a dark 
matter detector

DM

e-

28



NUCLEAR RECOIL BACKGROUNDS

95.2%

3.2%
1.6%

Cosmogenic neutrons (muon 
induced neutrons); rock 
overburden, water Cherenkov 
shield (here upper limit)

Coherent neutrino-nucleus 
scattering from 8B neutrinos; 
irreducible, but relevant at low 
(<1 keV) energies

From (α,n ) and SF 
reactions; material 
selection; single versus 
multiple-scatters

Radiogenic neutrons

In 1 t fiducial mass 
Singles-scatters

DM

e-

29



RESULTS: NUCLEAR RECOILS

WIMP SEARCHES
�SI < 4.1⇥ 10�47cm2 at 30GeV/c2

Axial-vector mediator 
and a Dirac WIMP, with 
fixed mediator-quark and 
mediator-WIMP coupling

30 GeV WIMP,  σ=1x10-45 cm2

30

0 10 20 30 40 50 60 70
Nuclear recoil energy [keV]

10°10

10°8

10°6

10°4

10°2

100

102

Ev
en

tr
at

e
[e

ve
nt

s/
(to

n£
ye

ar
£

ke
V

)] SI
pion

SD: neutronSD: proton

0.0

0.2

0.4

0.6

0.8

1.0

Ef
fic

ie
nc

y

WIMP Search Region

101 102 103

WIMP mass [GeV/c2]

10°47

10°46

10°45

10°44

10°43

W
IM

P-
nu

cl
eo

n
s S

I
[c

m
2 ]

LUX (2017)
PandaX-II (2017)

XENON1T (1 t£yr, this work)

101 102 103

WIMP mass [GeV/c2]

10°1

100

101

N
or

m
al

iz
ed

XENON collaboration, PRL 122, 2019

๏ Strongest upper limit (at 90% CL) on SI 
WIMP-nucleon cross sections > 6 GeV



RESULTS: ELECTRONIC RECOILS

LIGHT DARK MATTER

31

DM electron scattering: comparison 
with the reach of other experiments

4

enhancement in single-electron emission [22], we utilize a
combined p-value cut [23] against events close in time or
reconstructed position to recent high-energy events, with
80% e�ciency, as determined with S1-tagged cathode
events and shown in purple in Figure 2. This last cut
only helps against the single-electron pileup background,
so we apply it only for S2 < 200 PE.

We exclude events in which the S2 waveform is distorted
by a merged S1, with ⇠95% e�ciency, as determined with
220Rn [24] and neutron generator data. To remove double
scatters, we apply the same cut to events with substantial
secondary S2s as in [5, 15], with 99.5% e�ciency.

Finally, we apply two cuts specifically to events with S1s.
Events whose drift time indicates a z outside [�95, �7] cm
are removed, to exclude events high in the detector and
S1-tagged cathode events. We conservatively assume no
detector response at all outside this z region to avoid
assumptions on the low-energy LXe light yield. We also
remove events with a very large S1 (> 200 PE), with
negligible e�ciency loss.

Detector response.—We compute XENON1T’s response
to ERs and NRs in the same two-dimensional (S2, z)
space used for the e�ciencies and project the model after
applying e�ciencies onto S2 for comparison with data.
We use the best-fit detector response model from [21], but
assume that NRs below 0.7 keV and ERs below 186 eV
(⇠12 produced electrons) are undetectable, as the LXe
charge yield Qy has never been measured below these
energies. Even without these cuto↵s, the low-energy Qy

from [21] is significantly lower than that favored by other
LXe measurements [11, 12] and models [25]. Thus, our
results should be considered conservative.

While a complete model of backgrounds in the S2-only
channel is unavailable, we can quantify three compo-
nents of the background, illustrated in Figures 3 and
4. First, the ER background from high Q-value �
decays, primarily 214Pb (Q = 1.02 MeV) [21], is flat
in our energy range of interest. We use a rate of
0.142 events/(tonne ⇥ day ⇥ keV), a conservative lower
bound derived from high-energy (< 210 keV) data. Sec-
ond, coherent nuclear scattering of 8B solar neutrinos
(CEvNS), shown in red in Figure 3, should produce a
background nearly identical to a 6 GeV/c2, 4 ⇥ 10�45 cm2

spin-independent NR DM signal [26, 27]. Third, we see
events from � decays on the cathode wires. Su�ciently
low-energy cathode events lack S1s. We derive a lower
bound on this background using the ratio of events with
and without S1s measured in a high-S2, high width con-
trol region where cathode events are dominant. This
procedure is detailed in the supplement.

Figure 4 compares the observed events to our nominal
signal and background models. For S2 > 300 PE (⇠
0.4 keVee), we observe rates well below 1/(tonne ⇥ day ⇥
keVee), more than one thousand times lower than previous
S2-only analyses [14, 45]. Below 150 PE, the rate rises
quickly, likely due to unmodeled backgrounds.
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FIG. 4. Distribution of events that pass all cuts (black dots);
error bars show statistical uncertainties (1� Poisson). The
thick black line shows the predetermined summed background
model, below which its three components are indicated, with
colors as in Fig. 3. The lightly shaded orange (purple) his-
togram, stacked on the total background, shows the signal
model for 4GeV/c2 (20GeV/c2) SI DM models excluded at
exactly 90% confidence level. The arrows show the ROIs
for these analyses, and the dashed line the S2 threshold, as
in Figures 2-3. All rates are shown relative to the e↵ective
remaining exposure after selections. The top x-axis shows
the mean expected energy of events after cuts for a flat ER
spectrum if there were no Qy cuto↵.

DM models.— We constrain several DM models, us-
ing [28] to compute the energy spectra. First, we con-
sider spin-independent (SI) and spin-dependent (SD) DM-
nucleus scattering with the same astrophysical (v0, vesc,
etc...) and particle physics models (form factors, struc-
ture functions) as [5, 6]. For SD scattering, we con-
sider the neutron-only (to first order) coupling specifically.
If the DM-matter interaction is mediated by a (scalar)
particle of mass m�, the di↵erential rate has a factor
m�

4/(m�
2 + q2/c2)2, with q =

p
2mNER the momen-

tum transfer, ER the recoil energy, and mN the nuclear
mass [29–31]. Usually, this factor is considered to be ⇠1,
corresponding to m� & 100 MeV/c2. We also consider
the SI light-mediator (SI-LM) limit, m� ⌧ q/c ⇡ 10�3m�

(for m� ⌧ mN ), in which the di↵erential event rate for
DM-nucleus scattering scales with m4

�.

Second, light DM could be detected from its scatter-
ing o↵ bound electrons. We follow [32] to calculate the
DM-electron scattering rates, using the ionization form
factors from [33], the detector response model as above
(from [21]), and dark matter form factor 1. Relativistic
calculations [34] predict 2 � 10⇥ larger rates (for � 5
produced electrons), and thus our results should be con-
sidered conservative. As previous DM-electron scattering
results [32, 35, 36] did not use a Qy cuto↵, we derive
constraints with and without signals below 12 produced
electrons (equivalent to our Qy cuto↵) to ease comparison.

▸ Use charge signal (S2) only 

▸ Achieve lower energy threshold (at the 
expense of higher backgrounds) 

▸ 22 t yr exposure; < 1 events/(t d keV) 
above 0.4 keV

XENON collaboration, PRL 123, 2019



RESULTS: DEC

DOUBLE ELECTRON CAPTURE

De-excitation of 
the atom

2 electrons are captured 
from the atomic shell

The 2 neutrinos leave 
the detectors 
unnoticed

X-rays with at ~ 64 keV 
are observed (Q-value: 
2.96 MeV)

124Xe + 2e� ! 124Te + 2⌫e
<latexit sha1_base64="aJ8rDE8A54lmBgYZjDsFqIvDk+k="></latexit>

σ/E = (4.1 ± 0.4)% at 64 keV

32



RESULTS: DEC

DOUBLE ELECTRON CAPTURE

▸ 124Xe in natXe: 0.095% 

▸ 1 t natXe ≈ 1 kg 124Xe 

▸ Total observed energy: 64.33 keV (2 x K-shell 
binding energy; Q-value = 2.86 MeV) 

▸ Blind analysis: (56-72) keV region masked 

▸ Number of signal events: (126±29), expected 
background from 125I: (9±7) events (at 67.5 keV)

XENON collaboration, Nature 568, April 25, 2019

T1/2 = (1.8± 0.5stat ± 0.1sys)⇥ 1022 y

33

Figure 2 | Fit of the background model to the measured energy spectrum. The exposure of the

background data is 177.7 days in the 1.5 t inner fiducial mass and the uncertainties are Poissonian.

a, The data is described by a simultaneous fit of Monte Carlo generated background spectra, taking

into account all known background sources and the 2⌫ECEC signal (solid red line, �2/d.o.f. ⇡

527.3/462) in two sub-volumes of the detector (Methods). The linear interpolation of material

backgrounds below 100 keV is indicated as the purple dashed line. The energy region around the

expected 2⌫ECEC peak was blinded (grey band) until the background model was defined. b, The

residuals between the data and the fit including 1� (2�) bands are shown in green (light green).

18

Figure 3 | Zoom on the energy region of interest for 2⌫ECEC in 124Xe. a, The best fit contri-

bution from 2⌫ECEC with N2⌫ECEC = 126 events is given by the solid black line while the full fit

is indicated as the solid red line. The peak from 125I with N125I = 9 events is indicated by the solid

gold line. The background-only model without 2⌫ECEC (red dashed), again over the full fit range,

clearly does not describe the data. b, Residuals for the best fit are given with the 1� (2�) band in-

dicated in green (light green). c, A histogram of the 125I activation peak as seen in 6 d of data after

a dedicated neutron generator calibration. The Poisson uncertainties of the data were calculated

before a linear background was subtracted. The peak shows the expected shift with respect to the

2⌫ECEC signal.

19



RESULTS: DEC

DOUBLE ELECTRON CAPTURE

▸ 124Xe in natXe: 0.095% 

▸ 1 t natXe ≈ 1 kg 124Xe 

▸ Total observed energy: 64.33 keV (2 x K-shell 
binding energy; Q-value = 2.86 MeV) 

▸ Blind analysis: (56-72) keV region masked 

▸ Number of signal events: (126±29), expected 
background from 125I: (9±7) events (at 67.5 keV)

XENON collaboration, Nature 568, April 25, 2019

T1/2 = (1.8± 0.5stat ± 0.1sys)⇥ 1022 y

34



RESULTS: LOW ENERGY EXCESS

SEARCHES FOR SOLAR AXIONS, ALPS, DARK PHOTONS…

▸ Energy region: (1, 210) keV; 10 components in the background model 

▸ Good fit over most of the energy region; excess between (1,7) keV: number of 
observed events: 285, expected from background: (232±15) events 

▸ Lowest background between (1,30) keV: 76±2 events/(t y keV)

35XENON collaboration, arXiv:2006.09721 

https://arxiv.org/abs/2006.09721


RESULTS: LOW ENERGY EXCESS

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 3.5 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, corresp. to (6.2 ± 2) x 10-25 mol/mol

36XENON collaboration, arXiv:2006.09721 

https://arxiv.org/abs/2006.09721


RESULTS: LOW ENERGY EXCESS

SEARCHES FOR SOLAR AXIONS, ALPS, DARK PHOTONS…

▸ Constraints on couplings for bosonic pseudoscalar DM with 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) 

▸ ALPs and dark photons: 90% CL upper limits and sensitivities

37XENON collaboration, arXiv:2006.09721 

https://arxiv.org/abs/2006.09721


RESULTS: HIGH ENERGIES

HIGH-ENERGY ANALYSIS FOR A DOUBLE BETA SEARCH OF 136XE
▸ Motivation: search for 0νββ-decay of 136Xe, at Qββ= (2457.83±0.37) keV, 

understand background rate and spectrum at high energies 

▸ Correct for signal saturation, determine event multiplicity, energy scale, resolution  

▸ Achieved σ/E ~0.8%; 0νββ-decay data analysis and data/MC matching in progress

±4σ

σ/E ≈ 0.8% at Qββ 

208Tl214Bi
214Bi

40K
60Co

XENON collaboration, arXiv:2003.03825
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THE FUTURE

LIQUEFIED NOBLE GASES
▸ In construction: 

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

▸ Planned (design and R&D stage) 

▸ DARWIN (50 t LXe), ARGO (300 t LAr)

DarkSide: 20 t LAr 
Data taking 2021

XENONnT: 8t LXe  
Data taking 2020

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: 8 t LXe 
Data taking 2020

DARWIN: 50 t LXe 
Data taking ~2027

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

39
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THE NEAR FUTURE

LUX-ZEPLIN
▸ Titanium cryostat, TPC field cage underground at SURF 

▸ 10.7 tonnes of xenon procured, at SLAC for removal of trace amounts of Kr 

▸ Liquid xenon filling in 2020; 5 (3) σ for 6.7 (3.8) x 10-48 cm2 
Simulated LZ full exposure with 40 GeV/c2 WIMP  

1000 days, 5.6 Tons 

electron 
recoil 
band 

nuclear 
recoil 
band 

7 
Berlin, Aug 29th 2018                                            TeVPA2018                                           Alfredo Tomás 

40 GeV WIMP, 1000 days, 5.6 t fiducial LZ Ti cryostat TPC

40

LZ collaboration, NIM. A953 (2020) 163047 



THE NEAR FUTURE

XENON-NT
▸ Upgrade to 8.4 t of LXe, 5.9 t in the TPC 

▸ Many sub-systems in place from XENON1T, however: 

๏ New inner cryostat, new TPC, 494 PMTs  

๏ Neutron veto: Gd doped (0.5% Gd2(SO4)3) water 
Cherenkov detector 

๏ 222Rn distillation tower, additional xenon storage 
system, faster LXe purification 

▸ Commissioning at LNGS in progress 

▸ Start data taking by the end of 2020

41



WIMPS: THEORY AND EXPERIMENT

Leszek Roszkowski, Rencontres de Vietnam, Jan 2020

THE NEAR FUTURE



THE DARWIN OBSERVATORY

DARWIN PHYSICS PROGRAMME

DIRECT DARK 
MATTER DETECTION

SOLAR AXIONS

GALACTIC ALPS, 
DARK PHOTONS

LOW-ENERGY 
SOLAR NEUTRINOS

SUPERNOVA 
NEUTRINOS

COHERENT 
NEUTRINO NUCLEUS 

SCATTERS

NEUTRINOLESS 
DOUBLE BETA DECAY 

136XE

darwin-observatory.org

43

DARWIN Collaboration, 
arXiv:2006.03114

DARWIN Collaboration, 
arXiv:2003.13407 



THE FUTURE

DARWIN 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 large (2.6 m diameter) electrodes, etc 

▸ Stay tuned:

darwin-observatory.org

Ongoing R&D: Demonstrators

DARWIN full-height Demonstrator DARWIN full-(x,y) Demonstrator

Credits: F. Girard
Credits: F. Tönnies

2.6 m

2.6 m

• Demonstrate electron drift over the full 
height (Xe-Purification, heigh voltage) 

• Test electrodes and homogeneity of the 
extraction field

!13

Ongoing R&D: Demonstrators

DARWIN full-height Demonstrator DARWIN full-(x,y) Demonstrator

Credits: F. Girard
Credits: F. Tönnies

2.6 m

2.6 m

• Demonstrate electron drift over the full 
height (Xe-Purification, heigh voltage) 

• Test electrodes and homogeneity of the 
extraction field

!13

Test e- drift over 2.6 m (purification high-voltage) Test electrodes and homogeneity of extraction field
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First LXe-TPC with SiPM arrays,EPJ- C 80, 2020



HOW LOW SHOULD WE GO?

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

RE, Mukul Sholapurkar, Yu
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xenon

DM-electron scatters (R. Essig et al, PRD97, 2018)

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].

DARK MATTER ASTROPHYSICAL UNCERTAINTIES AND … PHYSICAL REVIEW D 94, 063527 (2016)

063527-13

DM-nucleus scatters (C.A.J. O’Hare, PRD94, 2016)
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SUMMARY & OUTLOOK

▸ Dark matter particle candidates cover large mass & cross section range 

▸ A variety of technologies employed for their detection & many new ideas 

▸ So far: we have mostly learned what dark matter is not…  we have been 
narrowing down the options 

▸ However, tremendous progress over the past decades & expected for next 

▸ Pragmatic goal: broaden the searches & probe the experimentally accessible 
parameter space 

▸ Rich non-WIMP physics programme: neutrinos, solar axions, ALPs, dark photons, 
etc 

▸ Remember that yesterday’s background might be today’s signal ;-)
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RESULTS: LOW ENERGY EXCESS

INVERSE PRIMAKOFF EFFECT

▸ Incident axion scatters off charged particle through gaγ coupling -> through coherent 
sensitivity to the atomic form factor

Dent, Dutta, Newstead, Thomspon, arXiv:2006.15118,  Gao, Liu, Wang. Wang, Xue, arXiv 2006.14598 



RADON BUDGET IN XENON1T
10 µBq/kg (before replacement of Q-drive pumps)

Pipe and cables
8%

Porcupine
5.4%

Cryo ststem
6.8%

Q-drive
30.8%

Getter
4.2%

Inner vessel
5.6%

TPC
13.6%

Cryo pipe
26.0%



BACKGROUNDS

EVENTS IN THE WIMP REGION-OF-INTEREST
ER component

Surface 
component

1-σ and 2-σ percentile 
of 200 GeV WIMP 
component

XENON Collab., PRL 121 (2018)



XENON1T RESULTS: ER + NR RECOILS

LIGHT DARK MATTER
5

is more conservative than the Noble Element Simulation243

Technique (NEST) v2 model [22]. Fig. 3 shows the com-244

parison between the expectation from our signal response245

model and the S1-S2 data, as well as the (cS2b, cS1) dis-246

tribution of ERs from MIGD. Signal contours for di↵er-247

ent DM masses are similar since the energy spectra from248

MIGD and BREM are not sensitive to incident dark mat-249

ter velocity as long as it is kinematically allowed. We250

have ignored the contribution of NRs in the signal model251

of MIGD and BREM, since it is small compared with252

ERs from MIGD and BREM in this analysis and there253

is no measurement of scintillation and ionization yields254

in LXe for simultaneous ER and NR energy depositions.255

We use the inference only for DM mass below 2GeV/c2,256

above which the contribution of an NR in the signal rate257

becomes comparable with or exceeds the signal model258

uncertainty.259

The S1-S2 data are interpreted using an unbinned260

profile likelihood ratio as the test statistic, as detailed261

in [17]. The unbinned profile likelihood is calculated us-262

ing background models defined in cS2b, cS1, and spa-263

tial coordinates. The uncertainties from the scintillation264

and ionization yields of ER backgrounds, along with the265

uncertainties in the estimated rates of each background266

component, are taken into account in the inference [17].267

The inference procedure for the S2-only data is detailed268

in [21], which is based on simple Poisson statistics using269

the number of events in the S2 ROI. The event rates of270

spin-independent (SI) and -dependent (SD) DM-nucleon271

elastic scattering are calculated following the approaches272

described in [8, 32] and [33], respectively.273

The results are also interpreted in a scenario where274

LDM interacts with the nucleon through a scalar force275

mediator � with equal e↵ective couplings to the proton276

and neutron as in the SI DM-nucleon elastic scattering.277

In this scenario, the di↵erential event rates are corrected278

by m�
4/(m�

2 + q2/c2)2 [34, 35], where q =
p
2mNER279

and mN are the momentum transfer and the nuclear280

mass, respectively. We take the light mediator (LM)281

regime where the momentum transfer is much larger than282

m� and thus the interaction cross section scales with m4
�.283

In this regime, the contribution of NRs is largely sup-284

pressed compared with SI DM-nucleon elastic scattering285

due to the long-range nature of the interaction. There-286

fore, the results are interpreted for DM mass up to 5287

GeV/c2 for SI-LM DM-nucleon elastic scattering.288

In addition, we also take into account the fact that DM289

particle may be stopped or scatter multiple times when290

passing through Earth’s atmosphere, mantle, and core291

before reaching the detector (Earth-shielding e↵ect) [36–292

38]. If the DM-matter interaction is su�ciently strong,293

the sensitivity for detecting such DM particles in ter-294

restrial detectors, especially in underground laboratory,295

can be reduced or even lost totally. Following [24], verne296

code [39] is used to calculate the Earth-shielding e↵ect297

for SI DM-nucleon interaction. A modification of the298
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II. Spin-dependent
(proton-only)

CRESST-Li (proton)
CDMSLite (proton)

S1-S2 data (XENON1T)
S2-only data (XENON1T)

FIG. 5. Limits on the SI (upper panel), SD proton-only (mid-
dle panel), and SD neutron-only (lower panel) DM-nucleon in-
teraction cross-sections at 90% C.L. using signal models from
MIGD and BREM in the XENON1T experiment with the
S1-S2 data (blue contours and lines) and S2-only data (black
contours and lines). The solid and dashed (dotted) lines rep-
resent the lower boundaries (also referred to as upper limits)
and MIGD (BREM) upper boundaries of the excluded param-
eter regions. Green and yellow shaded regions give the 1 and
2� sensitivity contours for upper limits derived using the S1-
S2 data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [23], EDELWEISS [24],
CDEX [25], CRESST-III [26], NEWS-G [27], CDMSLite-
II [28], and DarkSide-50 [29], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [26, 30]
and CDMSLite [31] are also shown. Note that the limits de-
rived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [16] and simple Poisson
statistics with the optimized event selection [21], respectively.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [21].

verne code based on the methodology in [40] is applied299

for the calculations of SD and SD-LM DM-nucleon inter-300

actions. To account for the Earth-shielding e↵ect for SD301

DM-nucleon interaction, 14N in the atmosphere and 29Si302

in Earth’s mantle and core are considered, and their spin303

expectation values, hSni and hSpi, are taken from [41].304

XENON, arXiv:1907.12771, PRL 123
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▸ Exploit the Migdal effect 

▸ Sudden nuclear momentum 
change (with respect to e-) after NR 

▸ Kinematic boost of e-


