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Direct detection principles
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Direct dark matter detection

• Look for scatter of galactic particles in underground detectors

ERs

NRs
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Direct dark matter detection

ERs

NRs
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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

ERs

NRs

6

Particle physics: 
mass, cross 
section

Astrophysics: 
local density, 
v-distribution

Atomic and/or 
nuclear physics: 
form factors

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

ERs

NRs

7
Figure: Tongyan Lin, TASI lectures on DM 
models and direct detection, arXiv:1904.07915 
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Interaction cross section versus mass

ERs

NRs
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mDM ⌧ mN
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Interaction rates: DM-nucleus scattering
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Spin-independent (SI) nuclear recoil spectrum

5

0 1 2 3 4 5 6
u

10
-4

0.001

0.01

0.1

1

10

100

1000

S
S
(u

)

Structure factor
Fit

134
Xe

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

12

0 1 2 3 4 5
u

0.0001

0.001

0.01

0.1

1

S i(u
)

Sp(u) 1b currents
Sn(u) 1b currents
Sp(u) 1b + 2b currents
Sn(u) 1b + 2b currents

127I

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 o! 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 di!erent 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-
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LB, Dark Universe 1, 2014



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
!n; l" shell is given in Eq. (1). The full expression for vmin is

vmin #
!jEnl

bindingj$ Eer"
q

$ q
2m!

; !A1"

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 !n; l" shell with
final momentum k0 #

!!!!!!!!!!!!!!
2meEer

p
is given by

jfnlion!k0; q"j2

# 4k03

!2""3
X

l0L

!2l$ 1"!2l0 $ 1"!2L$ 1"

!
"
l l0 L

0 0 0

#
2
$$$$
Z

r2drRk0l0!r"Rnl!r"jL!qr"
$$$$
2

; !A2"

where %& & &' is the Wigner 3-j symbol and jL are the
spherical Bessel functions. We solve for the radial wave-
functions Rk0l0!r" of the outgoing unbound electrons taking
the radial Schrödinger equation with a central potential
Zeff!r"=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 # !n# $ ne"W;

n# # Nex $ fRNi;

ne # !1 ! fR"Ni: !A3"

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 $̄e to the
maximum allowed value by current constraints while the right axis sets $̄e to the predicted value for a freeze-out (freeze-in) model for
FDM # 1!%2m2

e=q2", 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.

ESSIG, VOLANSKY, and YU PHYSICAL REVIEW D 96, 043017 (2017)

043017-6

Essig, Volanski, Yu, PRD 96, 2017

FDM = 1
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Heavy dark photon A’ mediator Ultra-light dark photon A’ mediator

Example: expected number of events for a xenon detector with 1 tonne year exposure
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Main experimental challenges

11

• 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

→

→

→

11



Backgrounds: overview
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• Muon-induced neutrons: NRs 

• Cosmogenic activation of materials/targets (3H, 32Si, 60Co, 39Ar): ERs 

• Radioactivity of detector materials (n, γ, α, e-): NRs and ERs 

• Target intrinsic isotopes (85Kr, 222Rn, 136Xe, 39Ar, 124Xe, 42Ar, etc): ERs 

• Neutrinos (solar, atmospheric, DSNB): NRs and ERs

muon veto

neutron veto

NRs

e-

ERs

e-

Mountain (LNGS)

Detector



Backgrounds and shields

13

๏ Go deep underground 

๏ However, can't shield neutrinos 

๏ On the bright side: possible 
signals (pp, 7Be, 8B, SN,...)

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 (!ducial 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,( )a - and spontaneous !ssion 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 "ux. Figure 3 shows the muon "ux 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 !gure. The muon "ux 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 "ux 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
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Further background reduction
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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 "!; n# 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 (0:17$0:12

%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 log10"S2b=S1#, 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.
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๏ Select low-radioactivity materials ๏ Use active shields

๏ Fiducialise๏ Avoid cosmic activation



Dark matter signatures
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Rate % shape of recoil spectrum depend on: 

๏  DM particle mass  

๏  Target material (hence different target 
materials are required to constrain the DM 
mass in case of a positive signal)

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

June

December

galactic plane
Cygnus

WIMP wind

v≈220 km/s
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Direct detection signals and experiments

ERs

NRs

16

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 
Xe: XMASS 
CsI: KIMS 
NaI: ANAIS 
DAMA/LIBRA, 
COSINE, SABRE

e-

e-

�

<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>

�

<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>

Nucleus

�

<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>

�

<latexit sha1_base64="tDaImxpio8jFWQcn09vDxLOzSpo=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72NkV3bisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+7Xs2t39aqjatlHCVwDE7AGfDAJWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJc5WOiw==</latexit>



The direct detection landscape

ERs

NRs

17Scattering off nuclei Figure: APPEC DM Report, https://indico.cern.ch/event/982757/overview

Noble 
liquids

Bolometers, 
CCDs (plus new 
technologies)
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!0 ! 0:4" 0:1 GeV=cm3 #1"$: (16)

There are several other recent results that determine !0,
both consistent [60] and somewhat discrepant [61] with our
adopted value. Even in light of these uncertainties, we take
Eq. (16) to represent a conservative range for the purposes
of our study.

For completeness Table II summarizes the information
on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter benchmark
models described in Sec. II (m# ! 25; 50; 250 GeV with
"p

SI ! 10%9 pb) and fix the Galactic model parameters to
their fiducial values, !0 ! 0:4 GeV=cm3, v0 ! 230 km=s,
vesc ! 544 km=s, k ! 1. With the experimental capabil-
ities outlined in Sec. III, we generate mock data that, in
turn, are used to reconstruct the posterior for the DM
parameters m# and "p

SI. The left frame of Fig. 1 presents
the results for the three benchmarks and for Xe, Ge, and Ar

separately. Contours in the figure delimit regions of joint
68% and 95% posterior probability. Several comments are
in order here. First, it is evident that the Ar configuration is
less constraining than Xe or Ge ones, which can be traced
back to its smaller A and larger Ethr. Moreover, it is also
apparent that, while Ge is the most effective target for the
benchmarks with m# ! 25; 250 GeV, Xe appears the best
for a WIMP with m# ! 50 GeV (see below for a detailed
discussion). Let us stress as well that the 250 GeV WIMP
proves very difficult to constrain in terms of mass and cross
section due to the high-mass degeneracy explained in
Sec. II. Taking into account the differences in adopted
values and procedures, our results are in qualitative agree-
ment with Ref. [27], where a study on the supersymmet-
rical framework was performed. However, it is worth
noticing that the contours in Ref. [27] do not extend to
high masses as ours for the 250 GeV benchmark—this is
likely because the volume at high masses in a supersym-
metrical parameter space is small.
In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data, or
Xe, Ge, and Ar together, again for when the Galactic
model parameters are kept fixed. In this case, for m# !
25; 50 GeV, the configuration Xe& Ar& Ge allows the
extraction of the correct mass to better than O#10$ GeV
accuracy. For reference, the (marginalized) mass accuracy
for different mock data sets is listed in Table III. For m# !
250 GeV, it is only possible to obtain a lower limit on m#.
Figure 2 shows the results of a more realistic analysis,

that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Sec. V.
The left frame of Fig. 2 shows the effect of varying only !0

(dashed lines, blue surfaces), only v0 (solid lines, red
surfaces), and all Galactic model parameters (dotted lines,
yellow surfaces) for Xe and m# ! 50 GeV. The Galactic

TABLE II. The parameters used in our analysis, with their
prior range (middle column) and the prior constraint adopted
(rightmost column) are shown. See Secs. IV and V for further
details.

Parameter Prior range Prior constraint

log10#m#=GeV$ (0.1, 3.0) Uniform prior
log10#"p

SI=pb$ #%10;%6$ Uniform prior
!0=#GeV=cm3$ (0.001, 0.9) Gaussian: 0:4" 0:1
v0=#km=s$ (80, 380) Gaussian: 230" 30
vesc=#km=s$ (379, 709) Gaussian: 544" 33
k (0.5, 3.5) Uniform prior
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FIG. 1 (color online). The joint 68% and 95% posterior probability contours in the m# % "p
SI plane for the three DM benchmarks

(m# ! 25; 50; 250 GeV) with fixed Galactic model, i.e., fixed astrophysical parameters, are shown. In the left frame we show the

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xe& Ge and
Xe& Ge& Ar are shown.

MIGUEL PATO et al. PHYSICAL REVIEW D 83, 083505 (2011)

083505-6

reconstructed probabilities  
for Xe, Xe + Ge, Xe + Ge + Ar

model uncertainties are dominated by !0 and v0, and, once
marginalized over, they blow up the constraints obtained
with fixed Galactic model parameters. This amounts to a
very significant degradation of mass (cf. Table III) and
scattering cross-section reconstruction. Inevitably, the
complementarity between different targets is affected—
see the right frame of Fig. 2. Still, for the 50 GeV bench-
mark, combining Xe, Ge, and Ar data improves the mass
reconstruction accuracy with respect to the Xe only case,
essentially by constraining the high-mass tail.

In order to be more quantitative in assessing the useful-
ness of different targets and their complementarity, we use
as figure of merit the inverse area enclosed by the 95%
marginalized contour in the log10!m"" # log10!#p

SI" plane
inside the prior range. Notice that for the 250 GeV bench-
mark the degeneracy between mass and cross section is not
broken—this does not lead to a vanishing figure of merit
(i.e. infinite area under the contour) because we are re-
stricting ourselves to the prior range. Figure 3 displays this
figure of merit for several cases, where we have normalized

to the Ar target at m" $ 250 GeV with the fixed Galactic
model. Analyses with fixed Galactic model parameters
are represented by empty bars, while the cases where all
Galactic model parameters are marginalized over with
priors as in Table II are represented by filled bars. First,
one can see that all three targets perform better for WIMP
masses around 50 GeV than 25 or 250 GeV if the Galactic
model is fixed. When astrophysical uncertainties are
marginalized over, the constraining power of the experi-
ments becomes very similar for benchmark WIMP masses
of 25 and 50 GeV. Second, Fig. 3 also confirms what
was already apparent from Fig. 1: Ge is the best target
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FIG. 2 (color online). The joint 68% and 95% posterior probability contours in the m" # #p
SI plane for the case in which

astrophysical uncertainties are taken into account. In the left frame, the effect of marginalizing over !0, v0 and all four (!0, v0,
vesc, k) astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xe% Ge and Xe% Ge% Ar are used for the three DM benchmarks (m" $ 25; 50; 250 GeV).

TABLE III. The marginalized percent 1# accuracy of the DM
mass reconstruction for the benchmarks m" $ 25; 50 GeV is

shown. The figures between brackets refer to scans where the
astrophysical parameters were marginalized over (with priors as
in Table II), while the other figures refer to scans with the
fiducial astrophysical setup.

Percent 1# accuracy
m" $ 25 GeV m" $ 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)
Xe% Ge 3.9% (10.9%) 5.2% (15.2%)
Xe% Ge% Ar 3.6% (9.0%) 4.5% (10.7%)
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FIG. 3 (color online). The figure of merit quantifying the
relative information gain on dark matter parameters for different
targets and combinations thereof is shown. The values of the
figure of merit are normalized to the Ar case at m" $ 250 GeV
with fixed astrophysical parameters. Empty (filled) bars are for
fixed astrophysical parameters (including astrophysical uncer-
tainties).

COMPLEMENTARITY OF DARK MATTER DIRECT . . . PHYSICAL REVIEW D 83, 083505 (2011)

083505-7

• Different targets are sensitive to different directions in the mχ- σSI plane

Xe: 2.0 t x yr, Eth =10 keV 

Ge: 2.2 t x yr, Eth =10 keV

Ar: 6.4 t x yr,  Eth =30 keV

fixed galactic model including galactic uncertainties

Pato, Baudis, Bertone, Ruiz de Austri, Strigari, Trotta: Phys. Rev. D 83, 2011

18



Single-phase LAr and LXe detectors
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Single-phase detectors

• Challenge: ultra-low absolute backgrounds 

• LAr: pulse shape discrimination, factor ~109 for gammas/betas

DEAP at SNOLab: 

3300 kg LAr (1t fiducial) 
255 PMTs 
data taking since fall 2016

MiniCLEAN at SNOLab: 

500 kg LAr (150 kg fiducial) 
single-phase open volume, 92 
PMTs 
operated from 2013-2019

XMASS at Kamioka: 

832 kg LXe (100 kg 
fiducial), single-phase, 642 
2-inch PMTs 
operated from 2013-2019

PMT mounting and filler block assembly complete

Simon JM Peeters (USussex) DEAP-3600 June 16, 2014 14 / 20
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Liquid argon: the DEAP-3600 Experiment

ERs

NRs

21

Single-phase LAr detector, located 2 km underground 
at SNOLAB 

๏  3.3 t target (1 t fiducial) in sealed ultra-clean acrylic 
vessel  

๏  vessel is resurfaced in-situ to remove deposited Rn 
daughters after construction 

๏  in-situ vacuum evaporated tetra-phenyl butadiene 
(TPB) wavelength shifter (128 nm  420 nm) with 
~10 m2 surface 

๏  bonded 50 cm long light guides + PE shield against 
neutrons 

๏255 8-inch PMTs (32% QE, 75% coverage) 

๏detector immersed in 8 m water shield, 
instrumented with PMTs to veto muons

→



Liquid argon: the DEAP-3600 Experiment

ERs

NRs
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Pulse-shape discrimination 

๏Short time constant (~ 8 ns) from the prompt de-
excitation of the Ar2* dimer singlet state (combined 
with the TPB prompt decay times) 

๏ Long time constant (~1.4 µs) from the de-excitation 
of the Ar2* dimer long-lived triplet state: dependent 
on the liquid argon purity 

๏  NRs predominantly excite the singlet state of LAr, 
with larger relative amplitudes compared to ERs 

๏  Fprompt: counts the fraction of photoelectrons (PE) 
detected in a prompt window around the event 
time, over the total number of PE detected

Fprompt ~ 0.7 for NRs

ER leakage probability:  
~ 4 x 10-9 with 90% NR acceptance in 15.6 - 32.9 keVee window

fast

slow



Liquid argon: the DEAP-3600 Experiment

ERs

NRs

23
DEAP Collaboration, Phys. Rev. D 100, 022004 (2019)



Liquid argon: the DEAP-3600 Experiment

ERs

NRs

24DEAP Collaboration, Phys. Rev. D 100, 022004 (2019)

• Dark matter search with 231 live days 

๏  exposure: 758 tonne-day 

๏  light yield: ~ 6 PE/keV 

• No events observed: σ < 3.9 x 10-44 cm2 at 100 GeV  

• 806 d data set under analysis; upgrades in progress, to restart 2023

zero events in ROI



Liquid xenon: the XMASS Experiment

ERs

NRs
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Single-phase LXe detector, located 
underground at the Kamioka Observatory 

๏  832 kg  target (100 kg fiducial) in ultra-
low background Cu vessel  

๏642 2-inch PMTs (62% photo-coverage) 

๏detector immersed in 10 m water shield, 
instrumented with 70 20-inch PMTs to 
veto muons 

๏Light yield: ~ 14 PE/keV 

๏Energy threshold: ~ 0.5 keVee 

๏Carried out a variety of rare-event 
searches (DM, solar axion, 2νECEC, etc)



Liquid xenon: the XMASS Experiment

ERs

NRs

26

Five years stable operation: 2013 - 2019 

๏Energy threshold with 4-fold (3-fold) 
coincidence: 1 keVee (0.5 keVee) 

๏Search for signal by fitting data with 
background + expected signal



Two-phase LAr and LXe detectors
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Two-phase detection principle

ERs

NRs

• Time projection chambers 

๏ Prompt scintillation light signal in the liquid from the 
direct excitation process (signal is called S1) 

๏ Electrons drifted away from the interaction site via an 
electric drift field ~  

๏ Electrons extracted from the condensed liquid into the  
vapour phase by a stronger electric field ~ 

, also called "extraction field" (e- need 
sufficient momentum to overcome the potential barrier 
at the liquid/gas interface 

๏ Electrons in the gas phase are accelerated by the 
electrid field and gain sufficient energy to excite atoms 
in collisions and create electroluminiscence (EL; also 
called proportional scintillation), with similar emission 
spectra to those of direct scintillation (signal is called S2)

𝒪(100 V/cm)

𝒪(few kV/cm)

28

The ReD LAr TPC, Eur. Phys. J. C (2021) 81

Probability of e- emission. Chepel and Araujo, JINST 2013



Two-phase detection principle

ERs

NRs

• Time projection chambers 

๏ A single extracted e- can produce ~  of 
photons, which then produce tens of photoelectrons 
in the photosensors 

๏ The number of generated S2 photons will depend on 
the drift path, the field strength (in V/cm) and the gas 
density: 

๏ with n = NA ρ/A, a and b being gas-specific empirical 
coefficients 

๏ Important: the EL process is linear, since the energy of 
the drifting e- is dissipated via photon emissions (and 
these do not participate further in the process)

𝒪(100)

29
Number of photons generated in 1 cm of gas, as a 
function of field, from Chepel and Araujo, JINST 2013

1

n

dNph

dx
= a

E

n
� b
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Two-phase detection principle

ERs

NRs

• Time projection chambers 

๏ Signals detected with arrays of photosensors 

๏ energy determination based on light (S1) & charge 
(S2) signals 

๏ 3D position resolution, which allows for fiducialisation 

๏ S2 over S1  ER versus NR discrimination  

๏ Identification of single versus multiple interactions 

๏ Pulse shape information (LAr)  ER versus NR 
discrimination

⇒

⇒

S2

S1

gamma

drift timeS1
S2

drift time

WIMP (here neutron)

Gas phase

Liquid phase
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NR versus ER discrimination
๏ S2 over S1 depends on the type of particle (LET); in particular, it is different for ERs versus NRs 

๏ The ER rejection power depends on an interplay between the drift field (that changes the mean 
recombination fraction   and the recombination fluctuations ; and the e-ion recombination factor for 
ERs is more significantly affected by the field) and total S1 light collection (higher field means less S1 light 
and thus larger statistical fluctuations) 

๏ Typically 99.5 up to 99.99% ER rejection at 50% NR acceptance

⟨r⟩ Δr

electronic recoils 

nuclear recoils 

S2

S1

time

S1
S2
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NR versus ER discrimination in LAr TPCs

ERs

NRs

32

๏NRs predominantly excite the singlet 
state of LAr, with larger relative 
amplitudes compared to ERs 

๏ERs: the low density of e-ion pairs 
results in less recombination, thus 
more free electrons, compared with 
NRs of the same S1 

๏ f90: defined as the integral over the S1 
pulse in the first 90 ns over the pulse 
in 7 µs 

๏ typically f90 is 0.7 for NRs and 0.3 for 
ERs



Time projection chambers: argon

Lukas Epprecht June 11th 2011

LAr-TPCs: Scale up

33

3l Setup 
@ CERN

(R&D charge 
readout)

P32 @ JParc

(~0.4 t LAr; 
Pi-K test 
beam)

3l Setup @ CERN
(R&D charge readout)

ArDM @ CERN 
--> LSC

(~1t LAr; 
Greinacher HV-

Devise, large 
area readout, 

purification, ...)

ArgonTube 
@ Bern

(long drift up 
to 5 m,

HV-system, 
purity)

6m3 @ CERN

(R&D toward non 
evacuated vessels, 
charged particle 

test beam exposure 
in 2012)

1 kton @ CERN

(full engineering 
demonstrator 

towards very large 
LAr-detectors with 
stand alone short 
baseline physics 

program)

ArDM at Canfranc:


850 kg active LAr 

(500 kg fiducial)


28 8-inch PMTs


DarkSide-50 at LNGS


50 kg LAr (dep in 39Ar)

(33 kg fiducial)


38 3-inch PMTs


DM search with 
underground argon 


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

DS50 Commissioning (Oct. 2013)

12

33



The DarkSide-50 experiment

๏ Located underground in Hall C of LNGS; nested 
detector system: 

๏ LAr TPC contained in stainless steel cryostat, 38 
3-inch PMTs in two arrays (QE: 34% at 420 nm) 

๏TPC: PTFE walls, 200 V/cm drift field 

๏ liquid scintillator veto for radiogenic and 
cosmogenic neutrons: 4 m diameter stainless 
steel sphere with borated liquid scintillator, 100 
8-inch PMTs 

๏neutron capture reaction 10B (n,α)7Li: makes 
borated LS very effective neutron veto  

๏water Cherenkov veto for muons, 11 m 
diameter, 80 8-inch PMTs 



Recent results from DarkSide-50



Radiopure argon from underground sources

ERs

NRs

36



Dark matter direct detection in argon TPCs

ERs

NRs

37

• The Global Argon Dark Matter Collaboration

TPCs and single-phase: 
past and current Current: DarkSide-50k Future: ARGO



Production of underground argon for DarkSide-20k

ERs

NRs

38



The DarkSide-20k detector

ERs

NRs

39

๏To be located underground in Hall C of LNGS 

๏50 t underground argon (20 t in fiducial 
volume) 

๏21 m2 cryogenic silicon photomultipliers 
(SiPMs)  

๏ inner TPC will be surrounded by a single-
phase liquid argon neutron veto detector 

๏ integration of inner TPC + veto into a single 
object 

๏ vessel with 99 tons of underground argon 

๏within a 650 ton atmospheric argon 
membrane cryostat (ProtoDUNE-like) 
instrumented as a muon veto



The DarkSide-20k detector

ERs

NRs

40

The time projection chamber: 

๏Maximum drift length of 340 cm 

๏Electron drift lifetime > 5 ms 

๏Gas pocket: 5.0± 0.7 mm 

๏Drift field: 200 V/cm 

๏Electron extraction field: 2.8 kV/cm 

๏Anode and cathode: transparent pure acrylic 
covered with Clevios (conduction) and TPB as 
wavelength shifter 

๏Reflectors in the inner and outer walls 

๏Expected yields: S1 ~ 10 PE/keV, S2 > 20 PE/keV



The DarkSide-20k detector

ERs

NRs

41

Development of large-area cryogenic, radio-pure SiPMs: 

๏Two arrays with a total of 8200 channels (photo detector modules, PMDs) 

๏Each PMD: 24 SiPMs with 12 mm x 8 mm covering an area of 5 x 5 cm2, operating as a single channel 

๏The PMDs are assembled in motherboards of 16-25 units



DarkSide-20k: backgrounds and sensitivity 

ERs

NRs

42



Xenon time projection chambers: past experiments

XENON100 at LNGS


161 kg LXe  
(~50 kg fiducial) 

242 1-inch PMTs 

LUX at SURF


350 kg LXe  
(100 kg fiducial) 

122 2-inch PMTs 

PandaX-II at Jinping


500 kg LXe  
(306 kg fiducial) 

110 3-inch PMTs 
2016/3/4 9

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

XENON1T at LNGS


3.3 t LXe  
(1000 kg fiducial) 

248 3-inch PMTs 



The XENON1T experiment at LNGS

ERs

NRs

44

Water tank &  
Cherenkov µ veto

Cryostat & 
support 
structure for TPC

Cryogenics &  
purification

DAQ, 
slow control

Xe storage,  
handling & 
Kr, Rn removal 
via cryogenic  
distillation

Time projection 
chamber

Cryogenics pipe 
(cables, xenon)

44



The XENON1T TPC

45

๏ 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

127 PMTs top array 121 PMTs bottom array

XENON, EPJ-C 77 (2017) 12



XENON1T: nuclear recoil searches

46

�SI < 4.1⇥ 10�47cm2 at 30GeV/c2

Most stringent constraints on WIMP-nucleon 
cross section down to ~3 GeV masses

Energy threshold: 4.9 keV NR  
Exposure: 1 tonne x year (1.3 t fiducial 
mass, 278.8 live days)

XENON collaboration, PRL 121, 111302 & PRL 123, 251801, PRL 126, 091301

signal region



XENON1T: electronic recoil searches
47

XENON collaboration, PRL 123, 2019

Energy threshold: 1 keV ER 
Exposure: 1 tonne x year 
Low background: 76 ± 2 events/(t y keV)

Energy threshold: ~0.18 keV 
New parameter space excluded for DM 
masses > 30 MeV

S2-only analysis, DM-e- scattering

signal region



XENON1T: double electron capture

๏ 124Xe in natXe: 0.095% => 1 t natXe ≈ 1 kg 124Xe 

๏ Total obs energy: 64.33 keV (2 x K-shell binding energy, Q-value: 2.96 MeV) 

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

๏ Signal events: (126±29), expected bg from 125I: (9±7) events (at 67.5 keV)

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

σ/E = (4.1 ± 0.4)% at 64 keV

XENON collaboration, Nature 568, April 25, 2019

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

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

48



XENON1T: low-energy excess

๏ Background model: good fit over most of the energy region 

๏ Excess between (1,7) keV 

๏ 285 events observed, (232±15) expected from background (3.3 σ fluctuation by naive estimate)

49



XENON1T: low-energy excess

50

๏ 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

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 at 3.2 σ
3H

n
n
p e-

n
p p

⌫̄e

<latexit sha1_base64="JdI5Qa16wbIWvqpFz4L9qW65y/8=">AAAB8nicdVBNS8NAEN34WetX1aOXxSJ4CokU2t6KXjxWsB+QhLLZTtqlm03Y3Qgl9Gd48aCIV3+NN/+N2zSCij4YeLw3w8y8MOVMacf5sNbWNza3tis71d29/YPD2tFxXyWZpNCjCU/kMCQKOBPQ00xzGKYSSBxyGISz66U/uAepWCLu9DyFICYTwSJGiTaS54dE5r7IFiMY1eqO3S6AV6TZKEnbxa7tFKijEt1R7d0fJzSLQWjKiVKe66Q6yInUjHJYVP1MQUrojEzAM1SQGFSQFycv8LlRxjhKpCmhcaF+n8hJrNQ8Dk1nTPRU/faW4l+el+moFeRMpJkGQVeLooxjneDl/3jMJFDN54YQKpm5FdMpkYRqk1LVhPD1Kf6f9C9tt2G3bhv1zlUZRwWdojN0gVzURB10g7qohyhK0AN6Qs+Wth6tF+t11bpmlTMn6Aest091WZIS</latexit>

3H

3He



XENON1T: low-energy excess

51

Solar axion:  
favoured at 3.4 σ 
over background 
only

13

FIG. 7. Fits to the data under various hypotheses. The null and alternative hypotheses in each scenario are denoted by gray
(solid) and red (solid) lines, respectively. For the tritium (a), solar axion (b), and neutrino magnetic moment (c) searches,
the null hypothesis is the background model B0 and the alternative hypothesis is B0 plus the respective signal. Contributions
from selected components in each alternative hypothesis are illustrated by dashed lines. Panel (d) shows the best fits for an
additional statistical test on the solar axion hypothesis, where an unconstrained tritium component is included in both null
and alternative hypotheses. This tritium component contributes significantly to the null hypothesis, but its best-fit rate is
negligible in the alternative hypothesis, which is illustrated by the orange dashed line in the same panel.

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.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over masses be-
tween 1 and 210 keV/c2 to search for peak-like excesses.
The trial factors to convert between local and global sig-
nificance were extracted using toy Monte Carlo methods.
While the excess does lead to looser constraints than ex-
pected at low energies, we find no global significance 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-
low (2�). The losses of sensitivity at 41.5 keV and
164 keV are due to the 83mKr and 131mXe backgrounds,
respectively, and the gains in sensitivity at around 5
and 35 keV are due to increases in the photoelectric
cross-section in xenon. The fluctuations in our limit
are due to the photoelectric cross-section, the logarith-
mic scaling, and the fact that the energy spectra dif-
fer significantly across the range of masses. For most
masses considered, XENON1T sets the most stringent
direct-detection limits to date on pseudoscalar and vec-
tor bosonic dark matter couplings.

E. Additional Checks

Here we describe a number of additional checks to in-
vestigate the low-energy excess in the context of the tri-
tium, solar axion, and neutrino magnetic moment hy-
potheses.

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

๏ Null hypothesis: the background model B0 
๏ Alternative hypothesis: B0 plus the signal

a

51

๏ New physics? Example: solar axions

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

Detection: 
Axioelectric effect

a

e

e



Xenon time projection chambers: current

ERs

NRs

52

52

๏ LZ at SURF, PandaX-4T at JinPing, XENONnT at 
LNGS 

๏ TPC scales: 10 t (LZ), 6 t (PandaX-4T) and 8.6 t 
LXe  (XENONnT) in total 

๏ TPCs with 2 arrays of 3-inch PMTs  

๏ Kr and Rn removal techniques 

๏ Ultra-pure water shields; neutron & muon 
vetos 

๏ External and internal calibration sources 

๏ Status: PandaX-4T first result from commissioning 
run at Jinping, LZ science data taking at SURF,  
XENONnT science data taking at LNGS

LZ XENONnT

PandaX-4T



XENONnT at LNGS

ERs

NRs

53

53

๏ LXe TPC in double-walled stainless steel cryostat 

๏ Neutron veto: Gd-doped  (0.5% Gd2(SO4)3) water 
Cherenkov detector with ~87% neutron tagging 
efficiency 

๏ Goal is < 1 untagged neutron for 20 t yr exposure 

๏ Muon veto: water Cherenkov detector, 700 t of ultra-
pure water



XENONnT at LNGS

ERs

NRs

54

54

๏ Liquid xenon purification: direct LXe 
circulation with cryogenic pump; fast flow 
rate, ultra-low Rn emanation system: > 10 ms 

๏ Radon removal system: cryogenic distillation 
column, designed to achieve < 1 µBq/kg

LXe purification system (5 L/min 
LXe, faster cleaning; 2500 slpm)

Rn distillation 
column (reduce 
222Rn - hence also 
214Bi - from pipes, 
cables, cryogenic 
system)



The XENONnT time projection chamber

ERs

NRs

55

๏ 8.6 t LXe in total, 5.9 t in the TPC 

๏ 150 cm drift, 130 cm diameter 

๏ 494 3-inch PMTs 

๏ Cu field shaping rings, 5 electrodes, 4 
level meters 

๏ Low-energy background: 1/6 of XENON1T



XENONnT status

ERs

NRs

56

▸ All new systems (TPC, liquid purification system, neutron 
veto, radon distillation column) running smoothly at 
LNGS 

๏ Electron lifetime*: > 10 ms (0.6 ms in XENON1T), at 
2.2 ms maximum drift time 

๏ 222Rn level due to initial gas phase only distillation: 
1.7 µBq/kg  (aiming for 1 µBq/kg in current run) 

▸ First science run started summer 2021, analysis in 
progress; second science run ongoing

S1 and S2 from 83mKr calibration event

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



XENONnT calibrations

ERs

NRs

57

▸ XENONnT's 5.9 t sensitive LXe volume is calibrated 
from keV to MeV 

๏ 83mKr: uniformity, light & charge yields 

๏ 220Rn: low-energy ERs 

๏  AmBe: low-energy NRs, high-energy ERs 

๏ Regular calibration of PMT gains etc

S1 and S2 from 83mKr calibrationSingle photoelectron gain of 5 random PMTs

AmBe calibration



LXe TPCs: dark matter sensitivity

ERs

NRs

58arXiv:2107.13438, Phys. Rev. Lett. 127 (2021) 26

PandaX-4T first results from 
commissioning run, 0.63 t y exposureLZ and XENONnT sensitivity 

projections 
� < 3.8⇥ 10�47 cm2 at 40GeV

<latexit sha1_base64="mOWHJ0rln0TfJo8OC7bYIZFnNlY="></latexit>



Future xenon TPC: DARWIN

ERs

NRs

59

๏ Two-phase xenon TPC with 2.6 m ø and 
2.6 m height in a double-walled cryostat 

๏50 t (40 t active) liquid xenon target 

๏ Top & bottom arrays of photosensors 
(e.g., 1800 3-inch PMTs) 

๏PTFE reflectors and Cu field shaping rings 

๏ Target drift field: ~ 200 V/cm 

๏Min 12 m x 12 m water Cherenkov shield 
(Gd-doped, as n- and µ-vetos)

DARWIN collaboration 
JCAP 1611 (2016) 017

40 t 
LXe 
TPC

2.6 m

Alternative TPC designs and 
photosensors under consideration



Size matters

ERs

NRs

60

๏ LUX-ZEPLIN and XENONnT: 1.5 m e- drift and ~1.5 m 
diameter electrodes 

๏DARWIN: 2.6 m  new challenges 

๏Design of electrodes: robustness (minimal sagging/
deflection), maximal transparency, reduced e- 

emission 

๏ Electric field: ensure spatial and temporal 
homogeneity, avoid charge-up of PTFE reflectors 

๏High-voltage supply to cathode design, avoid high-
field region 

๏ Liquid level control 

๏ Electron survival in LXe: > 10 ms lifetime* 

๏Diffusion of the e--cloud: size of S2-signals

⇒

2.6 m

LUX-ZEPLIN XENONnT

DARWIN

*G. Plante, E. Aprile, J. Howlett, Y. Zhang, 2205.07336

https://arxiv.org/abs/2205.07336


R&D topics

ERs

NRs

61

Detector design and time projection chamber 

๏demonstrate e- drift over large distances, electrodes with 2.6 m diameter; high-voltage feedthroughs 

๏ study alternative designs: sealed/hermetic TPC (to prevent radon diffusion into inner volume), single-
phase TPC (simplify detector design, mitigate single e- background) 

๏ cryostat design: stability, reduce amount of material (hence gamma and neutron emitters) close to TPC 

Photosensors 

๏baseline: VUV-sensitive, low-radioactivity PMTs (established technology, low dark count rate of ~ 0.02 
Hz/mm2) 

๏ study low-field SiPMs, digital SiPMs & hybrid photosensors; also, low-noise, low heat dissipation, low-
radioactivity readouts 

Target and background control  

๏ fast purification for large e- lifetime, large distillation columns for low 222Rn and 85Kr levels 

๏ "radon-free" circulation pumps; coating techniques to avoid radon emanation ( (electrochemical, 
sputtering, epoxy based); storage and recuperation of large amounts of xenon  

๏ identification of low-radioactivity material components



Detector demonstrators

ERs

NRs

62

๏ Two  large-scale demonstrators, in z and in x-y, supported by ERC grants 

๏ Xenoscope, 2.6 m tall TPC and Pancake, 2.6 m ø TPC in double-walled cryostats 

๏ Both facilities available to the collaboration for R&D purposes

L. Baudis et al, JINST 16, P08052, 2021 Test electrodes with 2.6 m Ø

Horizontal demonstrator: PancakeVertical demonstrator: Xenoscope



Xenoscope overview

ERs

NRs
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๏Full-height demonstrator goals: 

๏Electron drift > 2.6 m 

๏Custom-made HV 
distribution 

๏Electron cloud diffusion 

๏ Light attenuation 
measurements in LXe 

๏ Test of various light sensors 
(SiPMs, 2-inch PMTs, ...) 

๏Total amount of xenon:  

๏~ 400 kg

5 m

L. Baudis et al, JINST 16, P08052, 2021

2.6 m



Xenoscope overview

ERs

NRs
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Heat exchanger

Gas Xe 
recovery 
and storage 
system

Liquid recovery 
system (BoX)

Cooling tower

Top floor level

Inner frame

Power distribution 
cabinet

TPC in inner cryostat 
(312 cm height, 24.8 cm Ø)

Levelling 
system

Compressor

Gas system

Stairs 
assembly



Underground detectors for neutrino physics



Open questions in neutrino physics

ERs

NRs

66

๏ What are the absolute values of neutrino masses, and the mass ordering? 

๏ What is the nature of neutrinos? Are they Dirac or Majorana particles? 

๏ What is the origin of small neutrino masses? 

๏ What are the precise values of the mixing angles, and the origin of the large ν mixing? 

๏ Is the standard three-neutrino picture correct, or do other, sterile neutrinos exist? 

๏ What is the precise value of the CP violating phase δ? 

๏ …

<latexit sha1_base64="vhY8uzOT34CnOY++SrfYRlb41No="></latexit>m⌫j
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Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
  ARE…

66



Open questions in neutrino physics

ERs

NRs

67

๏ What are the absolute values of neutrino masses, and the mass ordering? 

๏ What is the nature of neutrinos? Are they Dirac or Majorana particles? 

๏ What is the origin of small neutrino masses? 

๏ What are the precise values of the mixing angles, and the origin of the large ν mixing? 

๏ Is the standard three-neutrino picture correct, or do other, sterile neutrinos exist? 

๏ What is the precise value of the CP violating phase δ? 

๏ …
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Some of these questions can be answered with noble liquid detectors



• Can be probed with a rare nuclear decay, the double beta decay mode without emission of 
neutrinos (ΔL =2) 

• Expected signature: sharp peak at the Q-value of the decay

The nature of neutrinos

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0

Q = Ee1 + Ee2 � 2me
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Sum energy of the two electrons

Ra
te

2⌫��

0⌫��

• The double beta decay without neutrinos was first discussed by Wendell H. Fury,1939 (Majorana had proposed in 1937 that 
neutrinos could be their own antiparticles)



• In this decay, a virtual neutrino is exchanged: 

๏  the neutron decays under emission of a right handed ‘anti-neutrino’ 

๏  the         has to be absorbed at the second vertex as left handed ‘neutrino‘              

๏  for the decay to happen: neutrinos and anti-neutrinos must be identical, thus Majorana particles 

๏ and the helicity must change 

Neutrinoless double beta decay

u
d
d

d
d
u

e-

e-

W-

W-

u
d
u

u
d
u
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Feynman diagram for the 
neutrinoless double beta decay  

Exchange of a virtual neutrino

⌫
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• The expected rate Γ0ν  can be calculated as: 

• with the Q-value of the decay: 

• and the phase space integral: 

• with Zf = charge of the daughter nucleus

Neutrinoless double beta decay

G0ν ∝ (GF cosθC )
4 ⋅ F(Ee1,Zf )F(Ee2 ,Zf )pe1pe2Ee1Ee2 dEe1me

Q+me

∫

Q = Ee1 + Ee2 � 2me
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�0⌫ =
ln 2

T 0⌫
1/2

= G0⌫(Q,Z)|M0⌫ |2 |m�� |2

m2
e
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from the leptonic part 
of the matrix element

the matrix element of 
the nuclear transition 

the phase space is 
now spanned only by 
two electrons

G0⌫ / (GF cos ✓C)
4 ·

✓
Q5

30
� 2Q2

3
+Q� 2

5

◆
/ (GF cos ✓C)

4 ·Q5
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•                is a mixture of m1, m2, m3, proportional to the Uei2, where Uei are the complex entries in the PMNS matrix 

• with 

• and 

๏ cij = cosθij, sij = sinθij, φ1,φ2 = Majorana phases and             is for instance the probability that νe has the mass m1

Effective Majorana neutrino mass

|m�� |

|Ue1|2

71

Remember that in general a n x n unitary matrix U can be parametrised by n (n-1)/2 Euler angles and n (n+1)/2 phases 

For neutrinos as Dirac particles: (n-1)(n-2)/2 phases are physical (n = 3 => 1 phase) 
For neutrinos as Majorana fermions: n (n-1)/2 phases => (n-1) more phases, as the massive Majorana fields can not “absorb” 
phases (n =3 => 2 more phases) 

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A =

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A⇥

0

@
ei�1 0 0
0 ei�2 0
0 0 1

1

A
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Predictions for the effective Majorana neutrino mass

• The predicted values depend critically on the neutrino mass spectrum and on the values of the two 
Majorana phases in the PMNS matrix

Figure from PDG2021

Inverted mass ordering

Normal mass ordering

mlightest ' m1 ' m2 ' m3 �
q

|�m2
32|
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m1 < m2 ⌧ m3

m3 ⌧ m1 < m2

Data from PDG Review: PTEP 8, August 2020 

Band widths:  mainly 
from the unknown 
Majorana phases φ1, φ2



Which nuclei can decay via          ?0⌫��

(A, Z+1)

(A, Z+2)

(A, Z)
��

* Q-value > 2 MeV 73

• Even-even nuclei 

• Natural abundance is low (except 130Te) 

• Must use enriched material

Candidate* Q [MeV] Abund [%]

48Ca -> 48Ti 4.271 0.187

76Ge -> 76Se 2.039 7.8

82Se -> 82Kr 2.995 9.2

96Zr -> 96Mo 3.350 2.8

100Mo -> 100Ru 3.034 9.6

110Pd -> 110Cd 2.013 11.8

116Cd -> 116Sn 2.802 7.5

124Sn -> 124Te 2.228 5.64

130Te -> 130Xe 2.530 34.5

136Xe -> 136Ba 2.479 8.9

150Nd -> 150Sm 3.367 5.6
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Experimental requirements

Minimal requirements: 

large detector masses 
high isotopic abundance 
ultra-low background noise 
good energy resolution 

     Additional tools to distinguish signal from 
background: 

event topology 
pulse shape discrimination 
particle identification 
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• Experiments measure the half life of the decay, T1/2 with a sensitivity (for non-zero background)



Experimental techniques

Ionisation

PhononsScintillation

Crystals:
GERDA 
Majorana 
LEGEND 
COBRA

Tracking:
SuperNEMO

Isotope in LS: 
KamLAND-Zen 
SNO+

Bolometer: 
CUORE

TPCs:  
LXe: EXO-200, nEXO 
DARWIN 
NEXT, PandaX-III (high-
pressure gas, tracking)  

Scintillating  
bolometers: 

AMoRE 
Lucifer 
Lumineu

Crystals: 
CANDLES

} CUPID
75



Liquid xenon TPC: EXO-200

76

• At Waste Isolation Pilot Plant (WIPP, ~1600 m w.e.), took data fro, Sept 2011 - Dec 2018, in two phases 

• 175 kg LXe in total, 80.6% enriched in 136Xe 

• TPC with two drift regions, each with a radius of 18 cm and drift length of 20 cm; drift field: 380 V/cm  
(phase I) and 567 V/cm (phase II) 

• Charge drifted to crossed-wire planes at each anode; light collected by large area avalanche photodiodes 

• TPC enclosed by a radio-pure, thin-walled Cu vessel in cryofluid, surrounded by passive shielding and an 
active muon veto system



Liquid xenon TPC: EXO-200
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• At Waste Isolation Pilot Plant (WIPP, ~1600 m w.e.), took data fro, Sept 2011 - Dec 2018, in two phases 

• 175 kg LXe in total, 80.6% enriched in 136Xe 

• TPC with two drift regions, each with a radius of 18 cm and drift length of 20 cm; drift field: 380 V/cm  
(phase I) and 567 V/cm (phase II) 

• Charge drifted to crossed-wire planes at each anode; light collected by large area avalanche photodiodes 

• TPC enclosed by a radio-pure, thin-walled Cu vessel in cryofluid, surrounded by passive shielding and an 
active muon veto system



Liquid xenon TPC: EXO-200

78

• Fiducial volume: 74.7 kg of 136Xe (3.31 x 1026 atoms) 

• Total exposure: 231.4 kg years 

• No statistically significant signal observed

T1/2 > 3.5⇥ 1025 yr
<latexit sha1_base64="sI2ec6puW+K+SsmNf82bFrlrwn0="></latexit>
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Q-value of the decay: 2457.83±0.37 keV 
Energy resolution at Q-value: σ/E ~1.15%

EXO-200 collaboration, PRL 123, 2019



Liquid xenon TPC: the nEXO experiment

๏ TPC filled with enriched xenon, surrounded by 33 t of hydro-fluoro ether (HFE) as thermal bath and radiation 
shield; thin-walled, electro-formed Cu cryostat, water Cherenkov muon veto 

๏ TPC vessel: Cu cylinder with 127.7 cm height & ø with 4.8 t (3.65 t) contained (active) Xe 

๏ Charge: collected at the anode by 0.6 cm pitch and 9.6 m long electrode strips 

๏ Scintillation light: collected by SiPM arrays arranged in a barrel configuration

13
.5

 m

12.5 m



The nEXO experiment: charge and light readout

ERs

NRs
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The nEXO experiment: evolution from EXO-200

ERs

NRs
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The nEXO experiment: expected performance

ERs

NRs
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The nEXO experiment: sensitivity to T1/2

ERs

NRs
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The nEXO experiment: sensitivity to the ν mass

ERs

NRs
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Open questions in neutrino physics

ERs

NRs

85

๏ What are the absolute values of neutrino masses, and the mass ordering? 

๏ What is the nature of neutrinos? Are they Dirac or Majorana particles? 

๏ What is the origin of small neutrino masses? 

๏ What are the precise values of the mixing angles, and the origin of the large ν mixing? 

๏ Is the standard three-neutrino picture correct, or do other, sterile neutrinos exist? 

๏ What is the precise value of the CP violating phase δ? 

๏ …
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Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
  ARE…
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Long-baseline experiments

• T2HyperK: Beam from J-PARC to the Hyper-Kamiokande Detector; L = 250 km, Detector 
made of 2 x 260’000 tons of water 

• DUNE/LBNF: ν-beam from Fermilab to Sanford Lab; L = 1300 km; DUNE far detector using 4 x 
17.5 kilotons of LAr; two prototypes at CERN

https://www.dunescience.org



The deep underground neutrino experiment

ERs

NRs
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• Long-baseline: 1300 km 

• LBNF beamline: beam power 1.2 
- 2.4 MW 

• Near detector: multi technology, 
including a 67 t LAr TPC 

• Far detector: 4 modules, each 
with 17.5 kton LAr TPCs

DUNE slides from talk by Saba Parsa, XeSAT 2022 
https://indico.in2p3.fr/event/20879/contributions/109416/attachments/70881/100588/DUNE_XeSAT_PARSA_v2.pdf



The deep underground neutrino experiment
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Summary

๏ Noble liquids: excellent properties for building large, homogeneous astroparticle 
physics detectors with ultra-low backgrounds at their cores (argon and xenon are 
predominantly employed in underground physics detectors) 

๏ High light and charge yields, excellent energy and 3D position resolutions (in particular 
in detectors operated in TPC mode) allow for detectors with low-energy thresholds, 
good linearity and high-sensitivity searches for many beyond standard model physics 
channels (only dark matter and neutrino physics mentioned in this lecture) 

๏ The fundamental properties of condensed noble gases for radiation detection have 
been studied for many decades, yet there is much room for improvement and new 
small-scale experiments 

๏ To paraphrase the authors of the "Noble gas detectors" book (Aprile, Bolotnikov, 
Bolozdynya, Doke): I believe that the best pages of the history of noble liquid detectors 
in underground physics are yet to be written ;-)

99


