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Outline of Lecture 2 & 3

• Crystal Scintillator Detectors (DAMA/LIBRA, ANAIS, COSINE, SABRE)


• mK Detectors (CDMS,EDELWEISS,CRESST)


• Bubble Chambers (PICO)


• Noble Liquid Detectors (DEAP, XMASS, DarkSide, LZ, XENON)



Room Temperature Scintillation  Experiments

• Inorganic alkali halide crystals (NaI (Tl), CsI (Tl) : 
high density, high light output


• can be produced with high purity in large mass at 
affordable cost (annual modulation study)


• Sensitive to both SD and SI WIMP interactions


• PSD (better for CsI) but no discrimination between 
electron and nuclear recoils on an event-by-event 
basis 


• Experiments: DAMA-LIBRA/Italy,  KIMS/Korea



Annual modulation

• Observed in the DAMA/LIBRA experiment (8.9-sigma; 250 kg NaI, 0.82 tons-year)


• Origin remains unclear

Amplitude: ~ (0.0116 ± 0.0013) events/(kg keV d) 

T = 0.999 ± 0.001 yr, t0 = 0.400 ± 0.019 (May 26±7 days)

However, in greater likelihood, the local dark matter will be
comprised of a combination of virialized and unvirialized
components. In such cases, low-velocity dark matter will
most likely be in equilibrium and well described by a smooth
halo, while the high-velocity tail of the distribution may have
additional contributions from streams or debris flows. The
resulting modulation spectrum will be a linear combination of
the spectra shown in Fig. 3, appropriately weighted by the
relative density of each component. A general study of dark
matter detection in the presence of arbitrary streams or debris
flow, in combination with a smooth halo background, can be
found in Savage, Freese, and Gondolo (2006) and Kuhlen,
Lisanti, and Spergel (2012).

The addition of even a small amount of substructure to the
smooth halo background can significantly alter the observa-
tional signals in direct detection experiments from those due
to the background distribution alone. We take, for example,
the case of the SHM with the addition of our example
(Sgr-motivated) stream at a density of 10% that of the SHM.
While the overall recoil spectrum is approximately exponen-
tially falling due to the large contribution from the SHM, a
noticeable dropoff in the spectrum appears around a character-
istic energy Ec corresponding to the step in the stream con-
tribution. The impact on the modulation, shown in Fig. 4, is
even more pronounced. As can be seen in the middle panel,
the shape can differ significantly from that due to either
contribution alone: the modulation is no longer sinusoidal
and is not even symmetric in time. The phase also differs
significantly: the peak of the modulation occurs at a time
several months different from that of either component.
From the different panels, it is also clear that the phase
changes with recoil energy bymore than just a 180! phase flip.

In the general case where multiple components contribute
significantly to the scattering, the following features in the
modulation spectrum can arise:

" The phase of modulation can vary strongly with recoil
energy and not just by a 180! phase reversal.

" The combined modulation may not be sinusoidal, even
if the modulation of each individual component is.

" The combined modulation may not be time symmetric,
even if the modulation of each individual component is.

" The minimum and maximum recoil rates do not
necessarily occur 0.5 yr apart.

More quantitatively, the time dependence of the rate is no
longer dominated by the A1 term in the Fourier expansion of
Eq. (28), and other terms in the expansion contribute.
A power spectrum of the modulation is very useful for under-
standing the relative strengths of these higher-order contri-
butions [see, e.g., Chang, Pradler, and Yavin (2012)].
The DAMA experiment is currently the only one with enough
data to have produced a power spectrum of their results; their
measured limit on A2=A1 can already provide constraints on
certain types of streams as has been shown for the case of
inelastic dark matter in Alves, Lisanti, and Wacker (2010).

IV. EXPERIMENTAL STATUS OF ANNUAL MODULATION

In this section we discuss the experimental status of dark
matter annual modulation searches. An extremely diverse set
of direct detection experiments exists, which take advantage
of a variety of target materials and background rejection
techniques. The advantage of such diversity is that different
targets are more or less sensitive to different types of dark
matter and/or features in the velocity profile. For example,
searches for spin-dependent interactions require the use of
targets with nonzero spin. Also, a lighter target, such as
germanium or sodium versus xenon, is better for detecting
light mass dark matter.

The current anomalies from DAMA, CoGeNT, and
CRESST have engendered a great deal of excitement in the
field, with debates as to whether they represent the first direct
observation of dark matter. We now review these experiments
as well as their counterparts that report the tightest con-
straints. We caution that the experimental situation is rapidly
changing; the reader should consult more recent literature for
the current status of the field.

FIG. 5 (color online). The residual rate measured by DAMA/NaI (circles, 0.29 ton yr exposure over 1995–2002) and DAMA/LIBRA
(triangles, 0.87 ton yr exposure over 2003–2010) in the 2–6 keVee energy interval, as a function of time. Data are from Bernabei et al. (2003,
2010). The solid line is the best-fit sinusoidal modulation A cos½ð2!=TÞðt& t0Þ'with an amplitude A ¼ 0:0116) 0:0013 cpd=ðkg keVÞ, a
phase t0 ¼ 0:400) 0:019 yr (May 26) 7 days), and a period T ¼ 0:999) 0:002 yr (Bernabei et al., 2010). The data are consistent with the
SHM expected phase of 1 June.

Freese, Lisanti, and Savage: Colloquium: Annual modulation of dark matter 1573

Rev. Mod. Phys., Vol. 85, No. 4, October–December 2013



DAMA Incompatible with Other Experiments

Uwe Oberlack IDM / TeVPA - June 2014 8

XENON100 Results: Spin-Dependent
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DAMA Incompatible with Other Experiments

Aprile et al (XENON100) 2015
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Upcoming NaI Projects to directly test DAMA

   
SABRE @ LNGS
Sodium-iodine with Active Background REjection
 

Strategy:
● lower background: better crystals, PMTs
● liquid scintillator veto against 40K (factor 10)
● lower threshold (PMTs directly coupled to NaI)
● Eliminate seasonal effects :North (LNGS) and South 
(Australia) 
 

● Status: tests with 5kg crystals ongoing at LNGS

COSINE-100 ( DM-Ice + KIMS) @Yangyang 

DM-Ice: 17 kg @ South Pole  
arxiv:1602.05939 
 

1107 kg in LS veto and Pb shield - commissioning

ANAIS @ Canfranc
113 kg in Pb shield  
 

→ start data taking by June 2016  
→ background 2-3x DAMA (no veto) 

See P. Urquijo Talk

Expected Sensitivity for COSINE-100



Cryogenic Experiments at mK Temperatures

• Principle: phonon (quanta of lattice vibrations) mediated detectors

• Motivation: increase the energy resolution + detect smaller energy depositions (lower the 

threshold); use a variety of absorber materials (not only Ge and Si)

• The energy resolution (W = FWHM) of a semiconductor detector (N = nr. of e--h excitations)


• E = deposited energy; F = Fano factor (the energy loss in a collision is not purely statistical; F=0.13 in Ge; 
0.11 in Si); N = E/ε; in Si: ε = 3.6 eV/e--h pair 


• Maximum phonon energy in Si: 60 meV

➡  many more phonons are created than e--h pairs! 

• For dark matter searches:

➡  thermal phonon detectors (measure an increase in temperature) 
➡  athermal phonon detectors (detect fast, non-equilibrium phonons)
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• Detect a temperature increase after a particle interacts in an absorber

Cryogenic detectors at T ~ mK
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EDW II - Run 13EDW II - Run 13

! 3rd July: 4)800 g FID detectors installed at LSM

! 2 NTD heat sensors, 6 electrodes

! 218 ultrasonics bondings / detector

SuperCDMS: Ge, Si
 EDELWEISS-III (Ge)
 CRESST (CaWO4)

Enectali Figueroa-Feliciano - UCLA Dark Matter 2012

SuperCDMS

1. Suppress all backgrounds          
(factor of millions)

2. Discriminate between remaining 
background and desired signal        
(make your detector as smart possible)

Strategy:

600 g



Basic Principles of mK Cryogenic Detectors

• A deposited energy E (ER or NR) will produce a temperature rise ΔT given by:

C(T) = heat capacity of absorber

G(T) = thermal conductance of the link 
between the absorber and the 
reservoir at temperature T0

Normal metals: the electronic part 
of C(T) ∼ T, and dominates the heat capacity  
at low temperatures

Superconductors: the electronic part is 
proportional to exp(-Tc/T)
(Tc = superconducting transition temperature)
and is negligible compared to lattice 
contributions  for T<<Tc
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Basic Principles of mK Cryogenic Detectors

• For pure dielectric crystals and superconductors at T << Tc, the heat capacity is given by:


➡ the lower the T, the larger the ΔT per unit of absorbed energy

➡ in thermal detectors E is measured as the temperature rise ΔT


• Example: at T = 10 mK, a 1 keV energy deposition in a 100 g detector increases the 
temperature by: 


• this can be measured!

m = absorber mass

M = molecular weight of absorber

ΘD = Debye temperature (at which the 
highest frequency gets excited) �D =

h⇥m
k

C(T ) ⇠ m
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✓
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Thermal Detectors

• Ideal case of a perfect calorimeter: all the energy is converted into heat and the resulting T-
rise is measured


• For a superconductor as absorber:  a fraction of the energy goes into breaking of Cooper pairs 
creating electronic excitations called quasiparticles, which will not all recombine on the timescale 
to be measured as a thermal pulse (also, the phonons are far from equilibrium and must first 
decay to lower energy phonons and become thermalized, before ∆T can be measured)

• For a finite thermalization time τth, the time behavior of the thermal pulse is given by:

• Rise time of the pulse: in general at least 1 µs (limited by detector physics)
• Decay time: several ms ⇒  < few Hz counting rates for thermal detectors

T (t) = T0 +
E

C(T )
τ

τ − τ th
e− t /τ − e− t /τ th⎡⎣ ⎤⎦ ⌧ =

C(T )
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Thermal Detectors

• The intrinsic energy resolution (as FWHM) of such a calorimeter is given by (kB is the 
Boltzmann constant):


• Example for the theoretical expectation of the intrinsic energy resolution: 

➡  a 1 kg Ge crystal operated at 10 mK could achieve an energy resolution of about 10 eV => two 

orders of magnitude better than Ge ionization detectors


➡ a 1 mg of Si at 50 mK could achieve an energy resolution of 1 eV => two orders of magnitude 
better than conventional Si detectors

C(T )
kB

=  number of phonon modes

kBT =  mean energy per modeW = 2.35⇠
p
kBT 2C(T )

⇠ = 1.5� 2 Info about the sensor. the thermal 
link and the T-dependance of C(T)



Temperature Sensors

• Semiconductor thermistor: a highly doped semiconductor such that the resistance R is a strong 
function of temperature (NTD = neutron-transmutation-doped Ge - uniformly dope the crystal by 
neutron irradiation)

• Superconducting (SC) transition edge sensor (TES): thin film of superconductor biased near the 
middle of its normal/SC transition 

• For both NTDs and TESs, an energy deposition produces a change in the electrical resistance 
R(T). The response can be expressed in terms of the logarithmic sensitivity:

→ the sensitivity of TESs can be extremely high (depending on the width of the SC/normal 
transition)

→ however, the temperature of the detector system must be kept very stable

Typical values:

α = -10 to -1 for semiconductor thermistors

α ∼ +103 for TES devices

� ⌘ dlog(R(T ))

dlog(T )



EDELWEISS - SuperCDMS - CRESST: the race for 
the low WIMP mass region 

EDELWEISS @ LSM :  arXiv:1603.05120
2016: largest (20 kg) Ge array in operation
2017: 350 kg×d in HV mode to optimize 1-10 GeV sensitivity 
Future: ton scale  together   with CDMS (EURECA) 
  

keV

CRESST II @ LNGS:  
read phonons and scintillation light from CaWO4 

successful background reduction;  
data taking 2013-2015, 52 kg×d 

2016: lowest thresh 300 eVnr 
Record sensitivity below 1.7 GeV 

EPJ C, 76, 25 (2016)

SuperCDMS @SNOLAB
●aim for 50 kg-scale experiment (cryostat can accomodate 400 kg) 
  low threshold → focus on 1-10 GeV/c² mass range 
 

● Improvements: deeper lab, better materials, better shield, improved resolution, 
upgraded electronics, active neutron veto?  
 

● 100 x 33.3 mm IZPs (1.4 kg Ge, 0.6 kg Si) → fabrication protocol established
2018-20: construction
2020: begin data taking







Low Mass Record!

Eur. Phys. J-C 76, 2016



• chamber filled with a superheated fluid in metastable state

• Detect expanding bubble when particle deposits energy > Eth in radius <  r0

• Acoustic Discrimination: alpha deposits energy over tens of microns; NRs deposit 

energy over tens of nanometer

•  

PICO Bubble Chambers @ SNOLAB

19

600 g



• the largest (36.8 kg target of CF3I) in operation (SNOLAB), made with radio pure 
synthetic quartz. Run I: world leading SD proton sensitivity for WIMP> 25GeV


• Anomalous background correlated with time of expansion has been identified as 
bubble nucleation by surface tension 


• Run II of PICO 60: new 45 L target with lower threshold (C3F8); new water system, 
new vessel and geometry; new online filtration system

PICO 60 (now) and PICO 500 (future ~2018)
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XENON1T

96cm

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

● 248+6 PMTs



Worldwide WIMP Searches

SNOLab
DEAPCLEAN

PiCO
DAMIC

Soudan
SuperCDMS

CoGeNT

Homestake
LUX-LZ

Boulby
DRIFT

Modane
EDELWEISS

MIMAC

Canfranc
ArDM

Rosebud
ANAIS

Gran Sasso
XENON
CRESST

DAMA/LIBRA
DarkSide

YangYang
KIMS,COSINE

Kamioka
XMASS
Newage

Jinping
Panda-X

CDEX

South Pole
DM Ice

~50% use Noble Liquids 



• About a factor of 10 increase every ~ 2 years


• Progress led by searches using LXe

LUX

DARWIN
LZ

XENONnT

XENON100

XENON1T

SuperCDMS/EURECA

LB, Physics of the Dark Universe 4,  2014

WIMP-nucleon cross section versus time

3

DarkSide-50

DEAP-3600



the state-of-the-art: driven by experiments using LXe
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Element Z (A) BP (Tb) at  
1 atm [K]

liquid density 
at Tb [g/cc]

ionization  [e-/
keV]

scintillation 
[photon/keV]

He 2 (4) 4.2 0.13 39 15

Ne 10 (20) 27.1 1.21 46 7

Ar 18 (40) 87.3 1.4 42 40

Kr 36 (84) 119.8 2.41 49 25

Xe 54 (131) 165 3.06 64 46

Cryogenic Noble Liquids: some properties

• Suitable materials for detection of ionizing tracks:

➡ dense, homogeneous target and also detectors (scintillation and ionization)

➡ do not attach electrons; inert not flammable, very good dielectrics

➡ commercially easy to obtain and purify


• Large detector masses are feasible (at modest costs compared to semiconductors)

• Self-shielding + good position resolution in time projection chamber mode



Why Noble Liquids for Dark Matter Detection

✦scalability : relatively inexpensive for  large scale (multi-ton) detectors

✦easy cryogenics : 170 K (LXe), 87 K (LAr)

✦self-shielding : very effective (especially for LXe case) for external background reduction

✦low threshold : high scintillation yield (similar to NaI(Tl) but much faster timing) 

✦n-recoil discrimination: by charge-to-light  ratio and pulse shape discrimination

✦Xe nucleus (A~131) : good for SI plus SD sensitivity (~50% odd isotopes)

✦For Xe: no long-lived radioactive isotopes (Kr-85 can be removed)

✦For Ar: radioactive Ar-39 is an issue but there are ways to overcome it



Single Phase Detector 
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Signals in Noble Liquids

• Detect either light only or simultaneously light and charge signals produced by a particle 
interaction in the sensitive liquid target



Ionization in Noble Liquids

• The energy loss of an incident particle in noble liquids is shared between excitation, ionization 
and sub-excitation electrons liberated in the ionization process


• The average energy loss in ionization is slightly larger than the ionization potential or the gap 
energy, because it includes multiple ionization processes


• as a result, the ratio of the W-value (= average energy required to produce an electron-ion pair) 
to the ionization potential or gap energy = 1.6 - 1.7

- the W-value in the liquid phase is 
smaller than in the gaseous phase

- the W-value in xenon is smaller 
than the one in liquid argon, and 
krypton (and neon)

=> the ionization yield is highest in 
liquid xenon (of all noble liquids)

of excited atoms at an average expenditure of energy Ex,
and ! is the average kinetic energy of subexcitation elec-
trons. The W value is defined as the average energy re-
quired to produce one electron-ion pair and is given as

W = E0/Ni = Ei + Ex!Nex/Ni" + ! . !2"

In solid or liquid rare gases, the established existence of
an electronic band structure allows us to rewrite the
Platzman equation with the band-gap energy Eg replac-
ing the ionization potential of the gas:

W/Eg = Ei/Eg + !Ex/Eg"!Nex/Ni" + !/Eg. !3"

To calculate W /Eg for LXe, the ratios Ex /Eg and Nex/Ni
were estimated using the oscillator strength spectrum of
solid Xe obtained from photoabsorption data, in the op-
tical approximation !Takahashi et al., 1975". For Ei, the
data of Rossler !1971" are used, assuming the width of
the valence band to be negligibly small. For an estimate
of !, the Shockley model !Shockley, 1961; Doke et al.,
1976" was used. The calculated ratio W /Eg is about 1.65
for LXe, LAr, and LKr, in good agreement with the
measured value of about 1.6 for all three liquids, re-
ported in Table II. This supports the electronic band
structure assumption for the liquid rare gases heavier
than Ne.

1. Ionization yield

The ionization yield is defined as the number of
electron-ion pairs produced per unit absorbed energy. In
radiation chemistry, the G value is usually used as such
unit, defined to be the average number of electron-ion
pairs produced per 100 eV of absorbed energy. In phys-
ics, however, we prefer to use the W value, which is
inversely proportional to G. Since the W value depends
weakly on the type and the energy of the radiation, ex-
cept for very low energies, we consider it to be almost
constant. Therefore the ionization signal produced in a
LXe detector can be used to measure the deposited en-
ergy. To correctly measure the number of electron-ion
pairs produced by radiation in LXe, one needs !a" to
minimize the loss of charge carriers by attachment to
impurities, i.e., the liquid has to be ultrapure; !b" to
minimize the recombination of electron-ion pairs and
thus collect all the original charge carriers produced, i.e.,
by applying a very high electric field; and !c" to estimate
the deposited energy correctly. Measurements of the
ionization yield in LXe have been carried out with small
gridded ionization chambers that met these require-
ments, irradiated with electrons and gamma rays from
internal radioactive sources. From these measurements,
the W value is inferred by extrapolation to infinite field.
Table II summarizes the measured W values in LAr,
LKr, and LXe !Doke, 1969; Miyajima et al., 1974; Taka-
hashi et al., 1975; Aprile et al., 1993"; they are smaller
than the corresponding W values in gaseous Ar, Kr, and
Xe !also shown, along with the ionization potential of
the gas". LXe has the smallest W value, hence the largest
ionization yield, of all liquid rare gases.

As discussed, the energy lost by radiation in LXe is
expended in ionization, excitation, and subexcitation
electrons. The average energy lost in the ionization pro-
cess is slightly larger than the ionization potential or the
gap energy because it includes multiple ionization pro-

FIG. 2. High-resolution absorption spectra for solid Ar, Kr,
and Xe in the range of the valence excitons. Volume and sur-
face excitons are observed for all three samples. For Ar and Kr
the results of surface coverage experiments are also shown.
For Xe the experimentally determined spectrum in the range
of the n =1 surface and volume exciton is displayed on an
expanded scale together with a line-shape analysis. From
Schwenter, Kock, and Jortner, 1985.

TABLE II. Ionization potentials or gap energies and W values
in liquid argon, krypton, and xenon.

Material Ar Kr Xe

Gas
Ionization potential I !eV" 15.75 14.00 12.13
W values !eV" 26.4a 24.2a 22.0a

Liquid
Gap energy !eV" 14.3 11.7 9.28
W value !eV" 23.6±0.3b 18.4±0.3c 15.6±0.3d

aDoke !1969".
bMiyajima et al. !1974".
cAprile et al. !1993".
dTakahashi et al. !1975".

2056 E. Aprile and T. Doke: Liquid xenon detectors for particle physics …

Rev. Mod. Phys., Vol. 82, No. 3, July–September 2010



Ionizing charged particles

excited molecular states
1Σ+u 3Σ+u
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Scintillation in Noble Liquids

fast slow

Kubota et al., 
PRB 20, 19799

UV light

recombination
τ ≈15 ns

A fraction of the ionization electrons will 
recombine with ions and produce a 

scintillation photon in the process called 
recombination

Electrons that thermalize far from their 
parent ion may escape recombination

A mechanism called “bi-excitonic 
quenching” can also reduce the 

scintillation yield in very dense tracks:



Energy of the Scintillation Photons
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Scintillation Pulse Shape

• The scintillation light from pure noble 
liquids has two decay components due to 
the de-excitation of the singlet and triplet 
states of the excited dimer:


• Figure:


➡ Alphas and fission fragments: the shorter 
decay time comes from the de-excitation 
of singlet states, the longer from triplet 
states


➡ Relativistic electrons: only one decay 
component


• Difference in pulse shape between different 
type of particle interactions is used to 
discriminate among the various particles via 
PSD

416 E. Aprile and L. Baudis
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Fig. 21.1. Decay curves of luminescence from liquid xenon excited by electrons,
α-particles and fission fragments, without an external electric field [1109; 1283].

The most relevant scintillation and ionization properties of LXe and LAr
are listed in Table 21.2.

21.1.3 Relative scintillation efficiency of nuclear recoils

The scintillation light yield of nuclear recoils in noble liquids is quite different
from the one produced by electron recoils of the same energy. Knowledge of
this ratio, termed relative scintillation efficiency (Leff), is important for the
determination of the sensitivity of noble liquids for dark matter detection.
To our knowledge, the relative scintillation efficiency of nuclear recoils has
so far been measured only for LXe [43; 103; 119; 317] down to 10 keV nuclear

time constants: 
Ne: few ns versus15.4 μs
Ar: 10 ns versus 1.5 μs  
Xe: 4 ns versus 27 ns Xe

R⇤
2 �! 2R+ h�



Scintillation Yield

• An energetic particle looses energy through:

➡ inelastic interactions with electrons in the medium (electronic stopping)


➡ elastic collisions with nuclei (nuclear stopping)


• Electrons, gamma rays and fast ions loose most of their energy through electronic stopping


• Nuclear recoils loose a considerable fraction of their energy through nuclear stopping 
(nuclear quenching, qnc)



Leff =
Ly,nr

Ly,er
=

Eer

n�,er

n�,nr

Enr
=

1

Ly

npe,nr

Enr
=

Eee

Enr

Leff : Relative scintillation efficiency of NRs

• the scintillation light yield of nuclear recoils in noble liquids is different than the one 
produced by electron recoils of the same energy


• The ratio of the two = relative scintillation efficiency (Leff) is important for the determination of 
the sensitivity of noble liquids as dark matter detection media


• Experimentally this quantity is defined as the zero-field value of light yield of nuclear recoils 
(generated with n-sources) and electronic recoils (generated with γ-sources):

nγ,er = nr. of primary photons from electronic recoils
nγ,nr = nr of primary photons from nuclear recoils
npe,nr = nr of primary photoelectrons from nuclear recoils

Eee = “electron-equivalent” energy
Ly = the light yield of 122 keV gamma rays (57Co source) as “standard calibration candle” 



Leff in Liquid Xenon

• In general, two methods are used:

➡ a direct method using mono-energetic neutrons scatters which are tagged with a n-detector


➡ an indirect method by comparing measured energy spectra in LXe from n-sources (AmBe) with 
Monte Carlo predictions

Plante et al., Phys. Rev. C 84, 045805, 2011

mean (solid) and 1-, 2-sigma uncertainties (blue bands)

Direct method



Ionization Yield of NRs in LXe

• Nuclear recoils have denser tracks, and are assumed to have larger electron-ion recombination 
than electronic recoils 

➡ consequently, the collection of ionization electrons becomes more difficult for nuclear than electronic 
recoils


• The ionization yield of nuclear recoils is defined as the number of observed electrons per unit 
recoil energy:

Qy,nr =
ne,nr

Enr

• It has been measured mostly in LXe, 
with two-phase detectors

5

Finally, cuts must be applied to the calibration data to
remove spurious events that are accepted as single scat-
ters. No additional noise signals are added to the MC
simulation, hence, the e�ciency of these cuts as derived
using calibration data is applied to the MC spectrum.
The definition and energy dependent e�ciencies of these
cuts are discussed in depth in Ref. [6].

Fig. 1 shows the e�ciency for the S2 threshold cut
which is extracted directly from the simulation and trans-
lated to an e�ciency as a function of cS1. Also shown
is the overall e�ciency function used in this publication
which includes all other cuts mentioned above.

III. METHOD AND RESULTS

A. Ionization Channel – Determining Qy

As a first step Qy is derived by fitting the simulated
cS2 spectrum to the one observed in data. In this process,Le↵ remains fixed to the parameterization presented in
Ref. [18].

A �2-minimization technique [20] is used to find the
best matching between data and MC by varying pivot
points of an Akima spline [21] interpolation of Qy. For
every intermediate �2 computation, the non-linear de-
scent algorithm requires the re-evaluation of the detector
response, applying the updated Qy to generate S2.Qy is parameterized by 8 unconstrained and indepen-
dent spline pivot-points at 0.5, 3, 8, 15, 25, 40, 100 and
250 keVnr. The lowest pivot point is added to provide
an unbiased extrapolation to zero recoil energy but has
e↵ectively no impact on the spectral matching. In data,
the corrected cS2 spectrum ranges from 0 to 8000 PE,
divided into 65 bins of equal width.

The impact of various simulation parameters on the
best-fit Qy was studied to estimate the systematic un-
certainty of the final result. The largest systematic error
is connected to the choice of Le↵ as variations in this
quantity lead to changes in the simulated cS1 spectrum
and, consequently, in the number of events passing the
selection requirements. With a lower (higher) value ofLe↵ the cS1 energy spectrum of accepted events will be
shifted upwards (downwards). Accordingly, Qy will de-
crease (increase) in order to compensate this e↵ect and
re-establish the matching in cS2. This interdependency
is present mainly near the detection threshold, where the
acceptance as function of cS1 falls steeply (Fig. 1), and
becomes negligible at higher recoil energies. The Le↵ pa-
rameterization is allowed to vary within the ±1� uncer-
tainty bounds as defined in Ref. [18]. Similarly, the cS1
e�ciency function was allowed to vary by ±10% around
its reported mean. The systematic error connected to
the choice of pivot positions and initial values has been
found to be negligible in the energy region above 3 keVnr

(the lowest energy at which Le↵ has been directly mea-
sured [10]). Finally, the statistical uncertainty of about
1% on average is also included. This is obtained after

repeating the simulations about 50 times at fixed config-
urations but varying random seeds.
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FIG. 2: Comparison between the MC and data cS2 spec-
tra. The black data-points indicate the data and the blue
spectrum is obtained as the result of the optimization of Qy.
Good agreement between spectral shape and absolute rate
across the whole signal range is achieved. For comparison,
the gray dashed line indicates a generated cS2 spectrum, as-
suming the same Qy as shown by the dashed line in Fig. 3
and described in Ref. [22].
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FIG. 3: Result onQy obtained from fitting the MC generated
cS2 spectrum to data. Pivot points of the spline interpola-
tion are shown in light blue. The shaded area indicates the
systematic uncertainty from varying input parameters of the
simulation (find discussion in text). The interpolation be-
tween the pivot points at 0.5 and 3 keVnr does not yield a
reliable result for Qy and is shown using a dashed-blue line.
The purple data points show the result of the first measure-
ment of Qy in LXe at 0.2 kV cm−1 [7]. Red data points
show the result from direct measurements at a drift field of
1.0 kV cm−1 [11]. The green hatched area is the combined
result from the ZEPLIN-III experiment, extracted in a simi-
lar fashion to this work although at a much higher field [13].
The black dashed line represents a predicted Qy based on a
specific phenomenological model as described in Ref. [22].

The resulting pivot points and systematic errors to-
gether with the spline interpolation yield a best-fit Qy

function. Fig. 2 shows the spectral matching correspond-
ing to the central fit value of Qy (shown in Fig. 3) along

blue: indirect measurement, by data/MC 
comparison of AmBe neutron calibration data

Phys. Rev. D 88, 012006, 2013 



Electron Attachment and Light Absorption 

• To achieve a high collection efficiency for both 
ionization and scintillation signals, the 
concentration of impurities in the liquid has to be 
reduced and maintained to a level below 1 part 
per 109 (part per billion, ppb) oxygen equivalent 

• The scintillation light is strongly reduced by the 
presence of water vapour


• The ionization signal requires both high liquid 
purity (in terms of substances with 
electronegative affinity, SF6, N2O, O2, etc) and a 
high field (typically ~ kV/cm)


• Attenuation lengths of  ~1 m for electrons and 
photons were already achieved > 1m and are 
necessary for ton-scale experiments

Liquid noble gases 419

21.1.5 Electron attachment and light absorption by impurities

A large number of dark matter experiments based on noble liquids rely on
the simultaneous detection of the scintillation and ionization signals from an
event interaction. In order to achieve a high collection for both signals, the
concentration of impurities in the liquid has to be reduced and maintained
to a level well below 1 part per 109 (part per billion, ppb) oxygen equivalent.
The scintillation light signal from LXe and LAr is strongly reduced by the
presence of water vapour. The mean length (λ) of a scintillation photon
travelling in the liquid is called the ‘absorption length’. An absorption length
of the order of 1 m has been achieved in LXe [1537]. Future ton-scale or multi-
ton-scale noble liquid detectors will require an absorption length longer than
10 m, corresponding to a water vapour contamination well below 10 parts
per trillion (ppt).

The detection of the ionization signal is more challenging, as it requires
both high purity and a high electric field. Figure 21.4 shows the variation
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Fig. 21.4. Rate constant for the attachment of electrons in liquid xenon (T =
167 ◦K) to several solutes: (△) SF6, (!) N2O, (◦) O2 [174].
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Cryogenic Noble Liquids: some challenges

• Cryogenics: efficient, reliable and cost effective cooling systems


• Detector materials: compatible with low-radioactivity and purity requirements


• Intrinsic radioactivity: 39Ar and 42Ar in LAr, 85Kr in LXe, radon emanation/diffusion


• Light detection: 
➡ efficient VUV PMTs, directly coupled to liquid (low T and high P capability, high purity), effective UV 

reflectors (also solid state Si devices are under study)


➡ light can be absorbed by H2O and O2: continuous recirculation and purification


• Charge detection: 
➡ requires << 1ppb (O2 equivalent) for e--lifetime > 1 ms (commercial purifiers and continuous 

circulation)


➡ electric fields ≥ 1 kV/cm required for maximum yield for MIPs; for alphas and NRs the field 
dependence is much weaker, challenge to detect a small charge in presence of HV



State-of-the-art in LAr Experiments:DEAP3600



DEAP-3600 @ SNOLAB

3.6 T of Ar, ~1 T fiducial

Excellent discrimination using pulse shape. ~1010 suppression ER required 
(39Ar).

Higher energy threshold compared with Xe detectors

Collecting data since late 2016

Projected sensitivity 10-46 cm2 @ 100 GeV/c2
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Single-phase liquid argon (no E-field)
• 3.6 T of LAr,  ~1 T fiducial

• High 39Ar background when using natAr (~1 Bq/kg)

• Excellent discrimination using pulse shape. 
Prediction: ~1010 ER suppression 

• Higher energy threshold compared with Xe 
detectors

• Collecting data since late 2016

• Projected sensitivity 10-46 cm2 @ 100 GeV/c2





State-of-the-art in LXe Experiments: XENON1T



XENON1T: the next step in evolution

from Jelle Aalbers



The phases of the XENON Program
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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

XENON10 XENON100 XENON1T XENONnT

2005-2007 2008-2016 2012-2018 2019-2023
25 kg- 15cm drift 161 kg- 30 cm drift 3200 kg- 100 cm 

drift
8000 kg-150 cm 

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



The XENON 
collaboration

144 scientists 


25 institutions


10 countries



XENON1T

below 1400 m of Rock (3100 w.m.e) 

XENON100

Gran Sasso Underground Lab

Where is XENON1T ?



Elena Aprile (Columbia)   XENON1T: First Results @ Lecce,  May 24, 2017 

The XENON1T Experiment
www.xenon1t.org
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http://www.xenon1T.org


M. Schumann (Freiburg) – XENON 13

Data Taking: Neutrons

calibration
of signal region

Light: ~8 PE Charge: ~240 PE
 

→ a WIMP would look similar

earthquakes!!!

The XENON1T Time Projection Chamber

•  248 3-inch, low-radioactivity PMTs  arranged in two arrays 

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 in the top array 121 PMTs in the bottom array

28

3.2 t LXe @180 K 
~1 meter drift length  
~1 meter diameter

Alexander Fieguth, Status of the XENON1T experiment

6

248 Low-background
Hamamatsu R11410-21 

3-inch PMTs, 
EPJC 75 (2015) 11, 546

2 Ton xenon within
the TPC 

(of 3.2 t total)
~ 1 m drift length
~ 1 m in diameter

Highly reflective
PTFE (Teflon)

walls

THE XENON1T TPC -
Largest dual-phase TPC ever built
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and the systems to handle/condense/purify/ keep 
cold and clean the Xe in the detector



It takes ~600,000 liters of Xe gas to fill the detector 
with 3500 kg of LXe



The Xe Recovery & Storage System

• Double-walled, high pressure (70 atm), vacuum-insulated, LN2 cooled


• Can store up to 10t of xenon in gas or liquid/solid phase in high-purity conditions


• Fast recovery (few hours) in case of emergency 

Patrick(de(Perio,(Columbia(University(

XENON1T/nT(ReStoX(System(

•  DoubleXwalled,(high(pressure((70(atm),(vacuumXinsulated,(LN2(cooled((

•  To(store(7.6((tons(of(Xe(either(in(gas(or(liquid/solid(phase(under(high(purity(condiNons(

•  To(recover(LXe(in(a(safe(and(controlled(way(from(the(detector(
–  In(case(of(emergency(all(LXe(is(recovered(in(a(few(hours(

(Recovery(&(Storage(of(Xe)(

The(XENON1T(Dark(MaBer(Experiment( 16(



The Cryogenic System

• Liquefies and maintains xenon in liquid state, provides stable conditions for data taking

Two redundant PTR cooling systems 
and one LN2 cooling tower backup- 
Efficient two-phase heat exchangers



The Distillation Column

• Commercial Xe: 1 ppm - 10 ppb of Kr

• XENON1T sensitivity demands: 0.2 ppt 

• Solution: 5.5 m distillation column, 6.5 kg/h throughput 
>6.4×105 separation, output concentration < 48 ppq (RGMS)

Level as of 21.12.2016
(320 ± 130) ppq

samples measured regularly

Evolution of Kr/Xe [ppt, mol/mol] level during online distillation

XENON collaboration arXiv:1612.0428, & EPJ-C74, 2014



Science and calibration data

• First science run: Nov 22, 2016 - Jan 18, 2017 - Blind Analysis completed May ‘17 

• Second science run ongoing: significant additional (blinded) exposure accumulated

Science Run 0 
~34 live days

Science Run 1

Earthquake  Jan 18



SR0 Dark Matter Search

• Background-only hypothesis  best  fit at all WIMP  masses 
• Statistical interpretation by extended unbinned profile likelihood ratio test
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XENON1T Summary
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• Largest LXeTPC - First ton-scale target for DM  
• Lowest-ever low-energy background: ~2mdru 
• Currently the  most sensitive DD search 

worldwide   
• Significant additional exposure > 150 live-days  

• The upgrade to XENON1T, with a 
TPC x 3 larger( 8 t total LXe mass, 6 t 
active) has started 

• Will rely mostly on systems already 
built/tested with XENON1T for a fast 
deployment (early 2019)

Patrick Decowski - Nikhef/UvA

XENON1T
1.1m

XENON1T
1.4m

XENONnT

Double amount of LXe (~7 tons), ~double # PMTs
Design XENON1T with as much reuse as possible
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