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The Dark Matter Problem



We know how much there is 
We know it is cold  
We know it is neutral 
We know it is non-baryonic 
We know it is stable
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Pandora's Galaxienhaufen; nasa.gov

Not a Standard Model Particle

What do we know about Dark Matter?
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Leading Hypothesis: 
a new particle created in the early Universe 



Weakly Interacting Massive Particles

• In thermal equilibrium in the early 
Universe 

• Freeze-out: when annihilation rate drops 
below expansion rate and MWIMP > T (‘cold’) 

• Their relic density can account for the dark 
matter if the annihilation cross section is 
weak (pb range)
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Figure 2
The comoving number density Y (left) and resulting thermal relic density (right) of a 100-GeV, P-wave
annihilating dark matter particle as a function of temperature T (bottom) and time t (top). The solid gray
contour is for an annihilation cross section that yields the correct relic density, and the shaded regions are for
cross sections that differ by 10, 102, and 103 from this value. The dashed gray contour is the number density
of a particle that remains in thermal equilibrium.

X: General dark
matter candidate

the number of dark matter particles become negligible, but interactions that mediate energy
exchange between dark matter and other particles may remain efficient.

This process is described quantitatively by the Boltzmann equation

dn
dt

= −3H n − 〈σAv〉(n2 − n2
eq), (5)

where n is the number density of the dark matter particle X, H is the Hubble parameter, 〈σAv〉
is the thermally averaged annihilation cross section, and neq is the dark matter number density in
thermal equilibrium. On the right-hand side of Equation 5, the first term accounts for dilution
from expansion. The n2 term arises from processes XX → SM SM that destroy X particles, where
SM denotes SM particles, and the n2

eq term arises from the reverse process SM SM → XX, which
creates X particles.

The thermal relic density is determined by solving the Boltzmann equation numerically. A
rough analysis is highly instructive, however. Defining freeze out to be the time when n〈σAv〉 = H ,
we have

n f ∼ (mX T f )3/2e−mX /T f ∼
T 2

f

M Pl〈σAv〉
, (6)

where the subscripts f denote quantities at freeze out. The ratio x f ≡ mX /T f appears in the ex-
ponential. It is, therefore, highly insensitive to the dark matter’s properties and may be considered
a constant; a typical value is xf ∼ 20. The thermal relic density is, then,

"X = mX n0

ρc
= mX T 3

0

ρc

n0

T 3
0

∼ mX T 3
0

ρc

n f

T 3
f

∼ x f T 3
0

ρc M Pl
〈σAv〉−1, (7)
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Dark Matter Particle Candidates



Dark Matter- 
Standard 

Model 

Direct detection

Indirect 
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Standard Model states

Search for Weakly Interacting Massive 
Particles



WIMP 
velocity = 220 km/s

WIMP

Recoiling 
Nucleus
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Dark Matter Direct Detection



Direct Detection of WIMPs

• With the WIMP-nucleus speed being of the order of 100 km s-1, the average momentum transfer


• will be in the range between 3 MeV/c - 30 MeV/c for WIMP and nucleus masses in the range           
10 GeV/c2 - 100 GeV/c2. Thus the elastic scattering occurs in the extreme non-relativistic limit and 
the scattering will be isotropic in the center of mass frame


• The de Broglie wavelength corresponding to a momentum transfer of q = 10 MeV/c


• is larger than the size of most nuclei, thus the scattering amplitudes on individual nucleons will add 
coherently (coherence loss will be important for heavy nuclei and/or WIMPs, and WIMPs in the tail of 
the velocity distribution)

hqi ' µhvi

� =
h

q
' 20 fm > r0A

1/3 = 1.25 fmA1/3



• In general, interactions leading to WIMP-nucleus scattering are parameterized as:


• scalar interactions (coupling to WIMP mass, from scalar, vector, tensor part of L)

• spin-spin interactions (coupling to the nuclear spin JN, from axial-vector part of L)

�SI ⇠ µ2

m2
�

[Zfp + (A� Z)fn]
2 fp, fn: scalar 4-fermion 

couplings to p and n

=> nuclei with large A favourable  (but nuclear form factor corrections)

=> nuclei with non-zero angular momentum (corrections due to spin structure functions)

ap, an: effective couplings to p 
and n;〈Sp〉and〈Sn〉
expectation values of the p and n 
spins within the nucleus

�SD ⇠ µ2 JN + 1

JN
(aphSpi+ anhSni)2

Scattering cross section on nuclei



• For a typical WIMP mass of 100 GeV/c2, the expected WIMP flux on Earth (for the ‘standard local 
density’ value of 0.3 GeVcm-3 ) is:


• This flux is sufficiently large that, even though WIMPs are weakly interacting, a small but potentially 
measurable fraction will elastically scatter off nuclei in an Earth-bound detector


• Direct dark matter detection experiments aim to detect WIMPs via nuclear recoils which are caused 
by WIMP-nucleus elastic scattering


• Assuming a scattering cross section of 10-38 cm2, the expected rate (for a nucleus with atomic mass 
A = 100) would be:

WIMP flux on Earth

�� =
⇢�
m�

⇥ hvi = 6.6⇥ 104 cm�2s�1

R =
NA

A
⇥ �� ⇥ � ⇠ 0.13 events kg�1yr�1

ρ(r)∝ 1
r2



Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge
Ar

lighter  
nuclei

heavier 
nuclei

R ⇠ 0.13
events

kg year


A

100
⇥ �WN

10�38 cm2
⇥ hvi

220 km s�1
⇥ ⇢0

0.3GeVcm�3

�

F2(ER)

vmin =

s
mNEth

2µ2
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Expected Rate in a Detector



ER

dR
/d

E R

higher 

WIMP mass

lower WIMP mass

v [km/s]
2000 600

f(v)

Astrophysics
⇢0, f(v)

Particle/nuclear physics

mW , d�/dER

Detector physics
NN , Eth

Expected Rate in a Detector

Velocity 
distribution of 
WIMPs in the 
galaxy

dR

dER
= NN

⇢0
mW

Z vmax

p
(mNEth)/(2µ2)

dvf(v)v
d�

dER

⇢(R0) = 0.2� 0.56GeV cm�3 = 0.005� 0.015M� pc�3



Detection of WIMPs: Signal and Backgrounds

Χ gamma

Electron

Signal (WIMPs) Background (gamma-, beta-radiation)

gammaΧ

Recoiling nucleus
v/c ≈ 7 x 10-4 
ER ≈ 10 keV

v/c ≈ 0.3



WIMP wind

•  Nuclear recoils: single scatters with uniform distribution in target volume 

•  A2  & F2(Q) Dependence:  recoil rate is energy dependent due to kinematics and WIMP velocity 
distribution. Hence we can test consistency of signal with different targets (SI and SD) 

•  Annual Modulation:  Earth annual rotation around Sun: orbital velocity has a component that is anti-
parallel to WIMP wind in summer and parallel to it in winter. So apparent WIMP velocity (and hence 
the rate) will increase (decrease) with season: rate modulation with a period of 1 year and phase ~2 
June;  small effect (few %) among other effects which also have seasonal dependence   

• Diurnal Direction Modulation: Earth rotation about its axis, oriented at angle w/respect to WIMP 
“wind” , change the signal direction by 90 degree every 12 hrs. 30% effect. 

WIMP Signatures



muons

neutrons 
from 

muons

gamma, beta 
radiation from 

materials

neutrinos

neutrons  
from 

materials

Physics Dept. Trinity College Dublin, 2005Physics Dept. Trinity College Dublin, 2005

Detectors must be massive and able to 
distinguish the rare WIMP signal (1/ton/

year) from a huge background: 
(1) Cosmic rays (2) Intrinsic materials 

radioactivity (U,Th,K,Co)  (3) solar, 
atmospheric and SN neutrinos      

an experimental challenge



n produced by fission and (α,n)

n produced by µ

muons

Flux of cosmic ray secondaries and 
tertiary-produced neutrons in a typical 
Pb shield vs shielding depth 
Gerd Heusser, 1995

hadrons

Backgrounds in Dark Matter Detectors
• Cosmic rays and secondary/tertiary particles: go underground  

• Cosmogenic neutrons and cosmogenic activation are proportional to muon flux


• Hadronic component (n, p): reduced by few meter water equivalent (m w. e.)



Worldwide Laboratories 
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Backgrounds in Dark Matter Detectors

• Internal radioactivity: 


• 238U, 238Th, 40K, 137Cs, 60Co, 39Ar, 85Kr, ... decays in the detector materials, target medium 
and shields


• Ultra-pure Ge spectrometers (as well as other methods) are used to screen the materials 
before using them in a detector, down to parts-per-billion (ppb) (or lower) levels

PMT sample
HPGe detector
background

40K
60Co

208Tl

137Cs

Low-Radioactivity R11410-21 for XENON1T

33
Tuesday, April 16, 13

226Ra/228Th: 

~1 mBq/PMT

XENON collaboration, arXiv:1503.07698v1



U and Th decay chains are particularly relevant for neutrons too, via (a,n) reactions



Backgrounds in Dark Matter Detectors

• MeV neutrons can mimic WIMPs by elastically scattering from the target nuclei


➡the rates of neutrons from detector materials and rock are calculated taking into account 
the exact material composition, the α energies and cross sections for (α,n) and fission 
reactions and the measured U/Th contents

neutrons from rock (238U) neutrons from poly shield (238U)



The problem with Radon contamination 

Radon escapes both solids and liquids


220Rn, 219Rn, and especially 222Rn and 
their daughters release several high-
energy γ’s and α’s 


— underground Rn contamination is 
larger than surface (~10 vs ~100 Bq/m3)

— Rn daughters plate-out on surfaces


—>  Screen/clean materials. Avoid long 
term exposure to air. Assemble detectors 
in Rn-free clean rooms.  Ultimately 
remove Rn  continuously   with systems 
based on charcoal absorption  or with 
cryogenic distillation


Radon background is the main challenge for next generation DM experiments



Seeing Rn-222 decay chain in the XENON1T TPC

25

Pb210 and Po210 on TPC 
surfaces during construction/
assembly give reduced-S2 
events

Radon-222 concentration in LXe

Preliminary



P Agnes 26

Liquid argon TPC 
50 kg LAr 

Liquid Scintillator Veto  (LSV) 
	 30 tons, 2 m radius 

	 110 PMTs (LY = 0.5 pe/keV)


Water Cherenkov Detector (WCD)  
	 1 kt water, 5.5 m radius

	 80 PMTs


Active Veto: 

- suppresses bg rates from outside 

- measures bg rate in-situ! and reduce 
systematics 

Use Shield(s), better if active

Example: DarkSide -50 



Example: XENON1T Water  Cherenkov Muon Veto
700 tons  pure water instrumented with 84 x 8 “ PMTs

Muon-induced nuclear recoil background rate < 0.01 / t / y



Neutrino backgrounds

• Neutrino-electron and neutrino-nucleus scatters

⌫ ⌫

N
N

Z
� + e� �! � + e�

F. Ruppin  et al., 1408.3581, PRD 90, 2015
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.

neutrino-nucleus cross section with the neutrino flux as

dR⌫

dEr
= MT ⇥

X

A

fA

Z

Emin
⌫

dN

dE⌫

d�(E⌫ , Er)

dEr
dE⌫ (4)

where dN
dE⌫

corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:

d�(E⌫ , Er)

dEr
=

G
2
f

4⇡
Q

2
!mN

✓
1� mNEr

2E2
⌫

◆
F

2
SI(Er) (5)

where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�,�

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.
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where dN
dE⌫

corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�,�

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

 

Neutrino backgrounds

Solar

Diffuse 
supernova 
background

Atmospheric

IDM Sheffield July 2016         Ciaran O'Hare



Neutrino-electron scatters

• Will generate electron recoils, uniformly distributed in the detector

• In spite of various background discrimination techniques, such events can potentially “leak” into 

the signal region

• Example (in liquid xenon) for spectra expected from WIMPs and solar neutrinos

Before discriminationAfter discrimination (99.5%)

LB et al., JCAP01 (2014) 044⌫ + e� ! ⌫ + e�



Neutrino backgrounds

• Neutrinos may be the ‘ultimate’ backgrounds (also: a new physics channel)

• 85Kr (natKr < 0.1 ppt) and 222Rn < 1 µBq/kg required

2νbb: EXO measurement of 136Xe T1/2

Assumptions: 50% NR acceptance, 99.5%  ER discrimination

Contribution of 2νbb background can be reduced by depletion

100 GeV 
10-47 cm2

7Be

pp

2νbb



Neutrino-nucleus scatters
• 8B neutrinos dominate: serious background if the WIMP-nucleon cross section < 10-10 pb

• But: energy of nuclear recoils: <4 keV (heavy targets, Xe, I etc) to <30 keV in light targets (F, C) 

• Non-8B neutrinos: impact on WIMP detectors at much lower WIMP-nucleon cross sections

Neutrino Coherent Scattering Rates at Direct Dark Matter Detectors 6

Figure 2. Event rate per recoil kinetic energy for four target nuclei. For both the
diffuse supernova and atmospheric event rates, the sum of all contributing neutrino
flavors are shown.

the naturally-occurring abundances are assumed. For both the diffuse supernova and

atmospheric event rates, the sum of all contributing neutrino flavors are shown. In

particular for the DSNB, an 8 MeV spectrum from Figure 1 is multiplied by four to

account for the production spectrum of the four νx flavors. Due to their relatively hard
spectra, the νx flavors are seen to dominate the event rate, particular at high recoil

energies; there is only about a ∼ 10% increase by including the 3 and 5 MeV spectra

at the lowest recoil energies. Each of these curves are the true, infinite resolution

spectra, i.e. they do not account for the expected finite energy resolution of detectors.

A detailed convolution with a resolution function will depend on the nuclear target and

the particular experimental environment.

L. E. Strigari, New J. Phys. 11 (2009) 105011
Germanium Xenon



MANY DETECTOR TECHNOLOGIES AND EXPERIMENTS

Charge Light

LXe: XENON, LUX, 
LZ, PandaX, DARWIN 
LAr: ArDM, DarkSide, 

CaWO4:  

CRESST 

ER

HeatGe, Si:  
SuperCDMS 
EDELWEISS 

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

32



Detector strategies

Aggressively reduce the 
absolute background & 
pulse shape analysis

Background reduction by 
pulse shape analysis and/or 
self-shielding

Background rejection based 
on simultaneous detection of 
two signals

Other detector strategies

State of the art:
(primary goal is 0νββ decay):

Past experiments:
Heidelberg-Moscow
HDMS
IGEX

Current and near-future 
projects:
GERDA
MAJORANA

Large mass, simple 
detectors: 

NaI (DAMA/LIBRA, ANAIS, 
SABRE, DM-Ice)  
CsI (KIMS)

Large liquid noble gas 
detectors:

XMASS, CLEAN, 
DEAP-3600

Charge/phonon 
(CDMS, EDELWEISS, 
SuperCDMS)
 
Light/phonon
(CRESST) 

Charge/light
(XENON, LUX-LZ, PandaX 
DarkSide)

Large bubble chambers - 
insensitive to 
electromagnetic background: 

COUPP, PICASSO, 
SIMPLE, PICO

Low-pressure gas detectors, 
sensitive to the direction of 
the nuclear recoil:

DRIFT, DMTPC, NEWAGE, 
MIMAC,DAMIC

In addition: 
→ reject multiple scattered events and events close to detector boundaries
→ look for an annual and a diurnal modulation in the event rate



World Wide Dark Matter Searches: 
~50% use Noble Liquids 
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Gran Sasso
CRESST

DAMA/LIBRA
WARP

XENON

SNOLAB
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Kamioka
XMASS

Yangyang
KIMS

Soudan
CDMS

Homestake
LUX

Boulby
ZEPLIN
DRIFT

Frejus/
Modane

EDELWEISS

Canfranc
ANAIS
ArDM



~ 1 event/ kg-day

~ 1 event/ tonne-year 
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Where do we stand?



XeTPC Technology: leading sensitivity since 2007

Snowmass 2021 Whitepaper on particle dark matter 
 arXiv:2203.08084 



    Cryogenic Noble Liquids: Properties 
• Dense and homogenous; excellent insulators; chemically inert; non-toxic; non-flammable 

• do not attach electrons; high electron mobility; small electron diffusion 

• Very good ionization and scintillation response to radiation  

• commercially available as gases with ppm level of electronegative impurities 

• different  purification methods remove impurities to ppb level  for radiation detection 

• different cooling methods enable operation of cryogenic liquid detectors of ton-scale 



Cryogenic Noble Liquids as WIMP targets

• Three noble liquids are being used or planned to be used for dark matter direct detection

• Their properties determine many practical aspects of a dark matter detector (for instance, the 
high atomic number and high density make LXe an excellent detection medium; however it is 
the most expensive, due to its low fraction in the atmosphere)

414 E. Aprile and L. Baudis

Table 21.1. Physical properties of xenon, argon and neon.

Properties [unit] Xe Ar Ne

Atomic number: 54 18 10
Mean relative atomic mass: 131.3 40.0 20.2
Boiling point Tb at 1 atm [K] 165.0 87.3 27.1
Melting point Tm at 1 atm [K] 161.4 83.8 24.6
Gas density at 1 atm & 298 K [g l−1] 5.40 1.63 0.82
Gas density at 1 atm & Tb [g l−1] 9.99 5.77 9.56
Liquid density at Tb [g cm−3] 2.94 1.40 1.21
Dielectric constant of liquid 1.95 1.51 1.53
Volume fraction in Earth’s atmosphere [ppm] 0.09 9340 18.2

several practical aspects of a dark matter detector based on the specific noble
liquid. The high atomic number and high density make LXe an excellent
detector medium for penetrating radiation. Its relatively high temperature,
compared with that of LAr and LNe, also facilitates detector handling. In
terms of cost, LXe is the most expensive of the three noble liquids, owing to
its low fraction in the atmosphere. However, the problem of radioactive 39Ar
present at the level of 1 Bq kg−1 in atmospheric Ar will increase the cost of
LAr for large dark matter detectors, which will require Ar depleted in 39Ar
by centrifugation or by extracting it from other sources than the atmosphere.

21.1.2 Ionization and scintillation production

The ionization process. The energy loss of an incident particle in noble
liquids is shared between the following processes: ionization, excitation 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, the average energy required to produce an electron-
ion pair, to the ionization potential or the gap energy is 1.6−1.7 [102].
Table 21.2 shows the W -values in noble gases (liquid and gaseous states)
[102; 691; 1459; 1833]. In general, the W -value in the liquid phase is smaller
than in the gaseous phase, and the W -value in liquid xenon is smaller than
that in liquid argon and liquid neon. As a consequence, the ionization yield
in liquid xenon is the highest of all noble liquids.
The scintillation process. Luminescence emitted from liquids or solids
is called scintillation. Scintillation from noble liquids arises in two distinct



Noble Liquids for Dark Matter Search

✦ 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

39



    A closer look at Liquid Xenon  

Liquid Density (1 bar at boiling point): ~ 3 times that of water 

High boiling point of Xe requires modest cooling compared to Ar   

Correspondence Liquid/ Gas: 1 L liquid --> 519 L Gas (STP) 

Thermal conductivity similar to that of an insulator, i.e. teflon at 300K; 
1000 times less than Cu 



a word about Xe production and market
• very rare: content in the air is 0.09 ppm. Compare to Ar at 9340 ppm  

• Byproduct of air liquefaction and separation into O2 and N2. Liquid O2 contains Xe and Kr 
which can be extracted by cryogenic distillation 

• World Wide Production: less than 1000 kg/year 

• Historically a very cyclic and speculative market 

• alternating shortage and oversupply situations  

• large price fluctuations from $30/L to $3/L  

• market difficult to anticipate. Currently lighting industry leads demand 

• Specific  Applications: 

• Lighting Industry (general and speciality lighting products) 

• Electronic industry (semiconductors and LCD makers) 

• Satellites industry (ion propulsion) 

• Medical (Xe as anesthetic being patented in Europe) 

• Research: Dark Matter/Neutrinoless Double Beta decay/ Medical Imaging



   Noble Liquids: Electronic Band Structure 

• Solid and Liquid rare gases have an  electronic band 
structure (like semiconductors or insulators) 

• Evidence of electronic band structure from absorption 
spectra (see example for solid  Xe) with clear volume and 
surface exciton peaks 

• Band gap energy (between bottom of conduction band and 
top of valence band) measured for LXe/LAr and LKr (see 
Table) 

• Compare  Eg = 9.28 eV  for LXe with Eg = 0.7 eV for Ge 



Ionization and Excitation in Noble Liquids
• In noble liquids, the energy E0 deposited by radiation is expended in three processes: Atomic ionization; 

Atomic excitation; Heat. Both electron-ion pairs, Ni, and free electrons with kinetic energy lower than the 
energy of 1st excited level (sub-excitation electrons) are produced in ionization process  

• Platzman energy balance equation: 

• The average energy lost in ionization is a bit larger than the ionization potential or gap energy because it 
includes multiple ionization processes. The average energy lost in excitation is comparatively small  

• LXe has the smallest  W-value (E0/Ni) = average energy to produce one electron-ion pair hence the 

largest ionization yield among all noble liquids. 
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TABLE I Physical Properties of Liquid Xenon

Property Value

Atomic number Z 54

Isotopes

124Xe(0.09%), 126Xe(0.09%),
128Xe(1.92%), 129Xe(26.44%)
130Xe(4.08%), 131Xe(21.18%)
132Xe(26.89%), 134Xe(10.44%)

136Xe(8.87%)
Mean atomic weight A 131.30

Density 3 g·cm�3

Boiling point
Tb = 165.05 K, Pb = 1 atm

⇢b = 3.057 g·cm�3

Critical point
Tc = 289.72 K, Pc = 58.4 bar

⇢c = 1.11 g·cm�3

Triple point
Tt = 161.3 K, Pt = 0.805 bar

⇢t = 2.96 g·cm�3

Volume ratio (⇢liquid/⇢gas) 519
Thermal properties

Heat capacity 10.65 cal·g·mol�1·K�1

for 163� 166 K
Thermal conductivity 16.8⇥ 10�3 cal·s�1·cm�1·K�1

Latent heat of
a) evaporation

3048 cal·g·mol�1

at triple point
b) fusion

548.5 cal·g·mol�1

at triple point
Electronic properties

Dieletric constant ✏r = 1.95

Platzman for rare gases (Platzman, 1961):

E0 = NiEi + NexEx + Ni✏ (1)

where Ni is the number of electron-ion pairs produced
at an average expenditure of energy Ei, Nex is the num-
ber of excited atoms at an average expenditure of energy
Ex, and ✏ is the average kinetic energy of sub-excitation
electrons. The W -value is defined as the average energy
required 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 by using the oscillator strength
spectrum of solid Xe obtained from photo-absorption
data, in the optical approximation (Takahashi, 1975).
For Ei, the data of Rossler (Rossler, 1971) are used, as-
suming the width of the valence band to be negligibly
small. For an estimate of ✏, the Shockley model (Doke,
1976; Shockley, 1961) was used. The calculated ratio

TABLE II Ionization potentials or gap energies and W-
values in liquid argon, krypton and xenon. a(Doke, 1969);
b(Miyajima, 1974); (Aprile, 1993); d(Takahashi, 1975).

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

W/Eg are about 1.65 for LXe, LAr and LKr, in good
agreement with the measured values of about 1.6 for all
three liquids, reported 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 physics,
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, except for
very low energies, we consider it to be almost constant.
Therefore the ionization signal produced in a LXe de-
tector can be used to measure the deposited energy. To
correctly measure the number of electron-ion pairs pro-
duced 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 ultra pure; (b) to minimize the re-
combination 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 en-
ergy correctly. Measurements of the ionization yield and
W -value in LXe have been carried out with small grid-
ded ionization chambers that met these requirements, ir-
radiated with electrons and gamma-rays from internal
radioactive sources. Table II summarizes the measured
W -values in LAr, LKr and LXe (Aprile, 1993; Doke, 1969;
Miyajima, 1974; Takahashi, 1975); 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 the largest
ionization yield, of all liquid rare gases.

In 1992, Seguinot et al. reported a significantly smaller
W -value of 9.76±0.76 eV for LXe, using an electron beam
with a kinetic energy of 100 keV (Seguinot, 1992). This
value is just slightly higher than the band gap energy
of solid xenon (9.33 eV (AIPH, 1982)). As discussed
above, the energy lost by radiation in LXe is expended in
ionization, excitation, and sub-excitation electrons. The
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TABLE I Physical Properties of Liquid Xenon

Property Value

Atomic number Z 54

Isotopes

124Xe(0.09%), 126Xe(0.09%),
128Xe(1.92%), 129Xe(26.44%)
130Xe(4.08%), 131Xe(21.18%)
132Xe(26.89%), 134Xe(10.44%)

136Xe(8.87%)
Mean atomic weight A 131.30

Density 3 g·cm�3

Boiling point
Tb = 165.05 K, Pb = 1 atm

⇢b = 3.057 g·cm�3

Critical point
Tc = 289.72 K, Pc = 58.4 bar

⇢c = 1.11 g·cm�3

Triple point
Tt = 161.3 K, Pt = 0.805 bar

⇢t = 2.96 g·cm�3

Volume ratio (⇢liquid/⇢gas) 519
Thermal properties

Heat capacity 10.65 cal·g·mol�1·K�1

for 163� 166 K
Thermal conductivity 16.8⇥ 10�3 cal·s�1·cm�1·K�1

Latent heat of
a) evaporation

3048 cal·g·mol�1

at triple point
b) fusion

548.5 cal·g·mol�1

at triple point
Electronic properties

Dieletric constant ✏r = 1.95

Platzman for rare gases (Platzman, 1961):

E0 = NiEi + NexEx + Ni✏ (1)

where Ni is the number of electron-ion pairs produced
at an average expenditure of energy Ei, Nex is the num-
ber of excited atoms at an average expenditure of energy
Ex, and ✏ is the average kinetic energy of sub-excitation
electrons. The W -value is defined as the average energy
required 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 by using the oscillator strength
spectrum of solid Xe obtained from photo-absorption
data, in the optical approximation (Takahashi, 1975).
For Ei, the data of Rossler (Rossler, 1971) are used, as-
suming the width of the valence band to be negligibly
small. For an estimate of ✏, the Shockley model (Doke,
1976; Shockley, 1961) was used. The calculated ratio

TABLE II Ionization potentials or gap energies and W-
values in liquid argon, krypton and xenon. a(Doke, 1969);
b(Miyajima, 1974); (Aprile, 1993); d(Takahashi, 1975).

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

W/Eg are about 1.65 for LXe, LAr and LKr, in good
agreement with the measured values of about 1.6 for all
three liquids, reported 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 physics,
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, except for
very low energies, we consider it to be almost constant.
Therefore the ionization signal produced in a LXe de-
tector can be used to measure the deposited energy. To
correctly measure the number of electron-ion pairs pro-
duced 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 ultra pure; (b) to minimize the re-
combination 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 en-
ergy correctly. Measurements of the ionization yield and
W -value in LXe have been carried out with small grid-
ded ionization chambers that met these requirements, ir-
radiated with electrons and gamma-rays from internal
radioactive sources. Table II summarizes the measured
W -values in LAr, LKr and LXe (Aprile, 1993; Doke, 1969;
Miyajima, 1974; Takahashi, 1975); 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 the largest
ionization yield, of all liquid rare gases.

In 1992, Seguinot et al. reported a significantly smaller
W -value of 9.76±0.76 eV for LXe, using an electron beam
with a kinetic energy of 100 keV (Seguinot, 1992). This
value is just slightly higher than the band gap energy
of solid xenon (9.33 eV (AIPH, 1982)). As discussed
above, the energy lost by radiation in LXe is expended in
ionization, excitation, and sub-excitation electrons. The
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FIG. 3 Collected charge (Q/Q0 %) as a function of electric
field for 210Po in liquid xenon (squares) and 241Am in liquid
xenon (circles) and liquid argon (triangles)(Aprile, 1991b).

average energy lost in the ionization process is slightly
larger than the ionization potential or the gap energy
because it includes multiple ionization processes. The
average energy lost in the excitation process is compara-
tively small (⇠5% (Aprile, 1993; Takahashi, 1975)). The
energy transferred to sub-excitation electrons is larger
than 30% of the ionization potential or gap energy. As a
result, the ratio of the W -value to the ionization potential
or the gap energy is 1.4 for rare gases (Platzman, 1961),
1.6⇠1.7 for liquid rare gases (Aprile, 1993; Takahashi,
1975) and ⇠2.8 for semiconductors with a wide conduc-
tion and valence band (Klein, 1968). The ratio, W/Eg

= 1.046 given by Seguinot et al. is therefore too small
and inconsistent with the above considerations (see also
(Miyajima, 1995) for a critical analysis of these data).

Measurements of the ionization yield of heavily ion-
izing alpha particles in LXe have also been carried out
by several authors (see (Aprile, 1991b) and references
therein) as they provide important information on the
electron-ion recombination process. Alpha particles have
a cylindrical track in which most of the energy is lost in
a dense core with a high recombination rate, surrounded
by a sparse “penumbra” of delta rays. Complete charge
collection for alpha particles is thus di�cult, and indeed
less than 10% of the total charge is typically collected
at an electric field as high as 20 kV/cm. Figure 3 shows
the characteristic non-saturation feature of the ionization
yield of alpha particles in LXe and LAr, for comparison
(Aprile, 1991b). The di↵erent ionization densities of al-
pha tracks in the two liquids explain the di↵erent slope of
the saturation curves. On the other hand, almost com-
plete charge collection at modest electric fields, is pos-
sible for minimum ionizing particles. Figure 4 shows a
typical saturation curve, or charge collected as a function
of field, measured for 570 keV gamma-rays in a gridded
ionization chamber (Aprile, 1991a). The corresponding
energy resolution is also shown.

To date, there remains uncertainty and controversy on
the topic of recombination, as the existing models (Ja↵e,

FIG. 4 Collected charge and energy resolution of 570 keV
gamma-rays in LXe as a function of electric field (Aprile,
1991a).

1913; Kramers, 1952; Onsager, 1938; Thomas, 1988) fail
to fully explain all experimental data. Recently, the in-
terest in LXe as target and detector medium for dark
matter searches has triggered measurements of the ion-
ization yield of low energy nuclear recoils in LXe, as there
was no prior experimental data. The ionization yield, de-
fined as the number of observed electrons per unit recoil
energy (e�/keVr), was measured for the first time by
(Aprile, 2006) as a function of electric field and recoil
energy. It is shown in Figure 5.

It was expected that the stronger recombination rate
along the dense track of low energy Xe ions would result
in a much smaller number of electron-ion pairs, compared
to that produced by electron-type recoils of the same en-
ergy. It was not expected, however, that the number
of carriers would increase with decreasing energy. Also,
it was not expected that the ionization yield would be
largely una↵ected by the applied electric field. Figure 6,
also from (Aprile, 2006), shows the field dependence of
both the ionization and the scintillation yields of 56.5
keVr nuclear recoils, as well as for electron recoils (122
keV gamma-rays from 57Co), and alpha recoils (5.5 MeV
from 241Am). The observed field dependence may be
explained by the di↵erent rate of recombination, which
depends on the electric field but also on the ionization
density along the particle’s track, with stronger recom-
bination at low fields and in denser tracks. Simulations
of low energy nuclear recoils in LXe show most energy
lost to a large number of secondary branches, each hav-
ing substantially lower energy than the initial recoil. The
recombination in the very sparse ends of the many sec-
ondary branches is strongly reduced at all fields. This ge-
ometry is quite di↵erent from that of an alpha particle. A
rough measure of the ionization density is the electronic
stopping power, shown in Fig. 7 (Aprile, 2006), for al-
phas, electrons, and Xe nuclei, respectively. Also shown
is a recent calculation by Hitachi (Hitachi, 2005) of the
total energy lost to electronic excitation per path-length

Energy Resolution of LXe (ionization)
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The Scintillation Process 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:

 Scintillation in Noble Liquids

time constants: 

10ns vs. 1.5μs Ar 

3ns vs. 27ns Xe



• The spectrum of scintillation photons is in the vacuum ultraviolet range, centered at 178 nm 
for LXe (7 eV) and with a width of 13 nm. 

Scintillation Spectra in Noble Liquids

�LNe ⇠ 78nm

�LAr ⇠ 128nm

�LXe ⇠ 178nm



Scintillation Pulse Shape

Hitachi, 1983

Scintillation Pulse Shape in Noble Liquids
• The light has two components from decay of singlet and triplet states of the excimers. For relativistic electrons with 

an external field, singlet and triplet states have decay times of 2.2 and 27 ns in LXe, making it one of the fastest 
scintillators. Without field, recombination time dominates and a single decay time of 45 ns is observed. For alpha 
particles decay times are 4.2 and 22 ns.  

• While decay times depend only weakly on the ionization density of the particle, the ratio of singlet to triplet states is 
higher at higher ionization density 

• The large separation between singlet (~10ns) and triplet (~1.5 microsec) decay times for LAr enables effective PSD

Liq. Xe
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Ionization and Scintillation Signals in Noble Liquids



   Ionization & Scintillation  Yield of Nuclear Recoils in LXe 
Charge and Light response of different particles in LXe 

Distribution of ionization around the track 

of a high energy a-particle or electron  

Charge/Light (electron) >> Charge/Light (non relativistic particle)  

Aprile et al., Phys. Rev. D 72 (2005) 072006!Charge and Light response of different particles in LXe 

Distribution of ionization around the track 

of a high energy a-particle or electron  

Charge/Light (electron) >> Charge/Light (non relativistic particle)  

Aprile et al., Phys. Rev. D 72 (2005) 072006!

• Non-relativistic heavy charged particles, such recoiling nuclei 
produced in DM particle interactions, in addition loose a 
substantial amount of energy through elastic collisions with 
atomic nuclei. Since the signals detected in LXe are from 
electronic excitation, the amount of energy spent in elastic 
collisions leads to a quenching of the signal (nuclear 
quenching) 

• Along the particle track, excited atoms  or excitons quickly 
form excited dimers or excimers, which decay emitting 
scintillation photons. Without an E-field, electron  
recombination also leads to excimers and thus to scintillation. 
Thus the scintillation signal is reduced by the field 

• The different charge and light ratio for relativistic electrons 
and non-relativistic particles in LXe provides the basis for 
discrimination between these two classes and thus between 
EM background  (gamma and electrons) and signal (NRs 
from DM) 



Ionization Yield of Nuclear Recoils in LXeIonization Yield of Nuclear Recoils in Noble Liquids

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

➡ in consequence, 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
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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

arXiv:1304.1427
blue: indirect measurement, by data/MC 
comparison of AmBe neutron calibration data



Ionization Yield of Nuclear Recoils in LXeIonization Yield of Nuclear Recoils in Noble Liquids

     Aprile et al., Phys. Rev. Lett. 97 (2006)

• Charge yield as a function of the applied field

➡ the dependance on the field is weak

➡ the yield increases at low recoil energies - it is argued that this is due to the lower recombination rate 
expected from the drop in electronic stopping power at low energies

➡ the increase allows the observation of xenon nuclear recoils down to a few keVr, improving the 
sensitivity for WIMP detection



Relative Scintillation Efficiency of Nuclear Recoils, Leff

Leff =
Ly,nr

Ly,er
=

Eer

n�,er

n�,nr

Enr
=

1

Ly

npe,nr

Enr
=

Eee

Enr

Relative scintillation efficiency of nuclear recoils, Leff

• We have seen that 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” 



Measurements of Leff in LXeMeasurements of 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)



Leff Measurement at Columbia (LXe)
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Design of the Leff Detector System 

★Maximize the scintillation light detection 
efficiency. 

★Minimize background from  multiple scattered 
neutrons with a vessel design which reduces 
non-active materials near sensitive LXe 
volume. 

★Cubic LXe sensitive volume with six 2.5 x 2.5 
cm Hamamatsu R8520-406 SEL High QE 
PMTs

★2-fold coincidence trigger on LXe PMTs with 
single channel thresholds at 0.3 PE for very 
low trigger threshold

★Cooling with a Pulse Tube Refrigerator  for 
reliable long term operation

★2.5 MeV neutrons from a miniature DD 
generator (Schlumberger Minitron)
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measured recoil energies mostly comes from the energy69

spread of the neutron source and the angular acceptance70

of the LXe and neutron detectors due to their finite sizes.71

Since the start of the XENON dark matter project, our72

group has already performed two direct measurements of73

Leff. In this article we report results from a new mea-74

surement of this quantity, with an improved apparatus75

and control of systematic uncertainties. To our knowl-76

edge, these are the most accurate measurements of Leff77

in LXe to-date, down to 3 keV recoil energy. Measure-78

ments below 3 keV, despite the high scintillation light79

detection efficiency of the detector, because of the large80

uncertainty due to limited trigger efficiency.81

II. EXPERIMENTAL SETUP82

The measurement of Leff was carried out by irradiating83

a LXe detector with approximately monoenergetic neu-84

trons produced by a sealed-tube neutron generator [22]85

and placing two organic liquid scintillator detectors [? ]86

at different azimuthally symmetric positions with respect87

to the neutron generator-LXe detector axis (see Fig. 1).88

LXe

d

2H(d, n)3He
ϕ = π

2

EJ301

EJ301
n

θ

θ

FIG. 1: Schematic of the experimental setup. A sealed-tube
neutron generator where deuterons of energy Ed are incident
upon a titanium deuteride target produces neutrons at various
angles ϕ. Some of the neutrons emitted at an angle ϕ = π

2
scatter in the LXe detector at an angle θ and are tagged by
two EJ301 organic liquid scintillators neutron detectors.

The emphasis for the design of the LXe detector has89

been placed on the reduction of non-active LXe and other90

materials in the immediate vicinity of the active LXe vol-91

ume and on the maximization of the scintillation light de-92

tection efficiency. The active LXe volume is a cube with93

sides of length 2.6 cm viewed by six 2.5 cm×2.5 cm Hama-94

matsu R8520-406 Sel photomultiplier tubes (PMT), the95

same type as used in the XENON100 experiment [2] but96

selected for high quantum efficiency (QE). The PMTs97

have a special Bialkali photocathode for low temperature98

operation down to −110◦ C and have an average room99

temperature QE of 32% [23] at #175 nm$, the wave-100

length at which Xe scintillates. The PMTs are operated101

with positive high voltage bias so that the PMT metal102

body and photocathode are at ground potential. This103

ensures that the active volume remain at zero electric104

field (Leff is defined as the relative scintillation efficiency105

of nuclear recoils at zero field). A polytetrafluoroethy-106

lene (PTFE) frame serves as a mounting structure and107

alignment guide for the PMTs so that each PMT win-108

dow covers a side of the cubic active volume. The PMT109

assembly is housed in a stainless steel detector vessel, sur-110

rounded by a vacuum cryostat. The detector vessel has111

a special “plus” shape that closely follows the contours112

of the PMT assembly to minimize the probability that113

neutrons scatter before or after an interaction in the ac-114

tive volume. The PTFE mounting structure is suspended115

from the top by a stainless steel rod fixed to a linear dis-116

placement motion feedthrough. The motion feedthrough117

allows the adjustment of the vertical position of the as-118

sembly from the outside. A schematic of the detector is119

shown in Fig. 2.120

PMT

Active LXe 
Volume

Detector
Vessel

PTFE
Mounting
Structure

Support
Rod

PMT
Assembly

PMT Base

PMT
Support

Plate

FIG. 2: LXe Detector schematic.

A schematic of the gas handling, liquefaction and re-121

circulation system developed for this experiment is shown122

in Fig. 3. The Xe is purified in the gas phase by circulat-123

ing it through a hot getter [? ] and re-liquified efficiently124

using a heat exchanger [17]. The LXe temperature is kept125

constant with an Iwatani PDC08 pulse tube refrigerator126

(PTR) delivering 24 W of cooling power at 165 K with127

an air-cooled 1.5 kW helium compressor. Thanks to the128

PTR stability and low maintenance, the cooling system129

developed for this detector has enabled us to acquire data130

over a two month long, uninterrupted run. During the131

measurements, the LXe temperature was maintained at132

−94◦ C which corresponds to a vapor pressure of #2 atm$,133

with fluctuations smaller than #0.00 %$. Further details134



Cooling 
Tower with 
20W PTR

Detector Setup @ Nevis Lab
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P Agnes 58

SolidWorks Student Edition.
 For Academic Use Only.

1" PMTs

3" 
PMT

8 cm 8 cm 

TPC:

➡ ~0.5 kg of LAr

➡ PTFE reflector with TPB coated surface 

➡ 7  Hamamatsu 1’’ PMTs on top, one 3’’ PMT on bottom

➡ Anode/Cathode created with ITO plated fused-silica 

windows

➡ Grid 1 cm below the anode (extraction field)

➡ Ability to create a gas pocket for dual-phase running

➡ Operated in SINGLE PHASE

8 neutron detectors:

➡ NE213 liquid scintillator

➡ 20 cm diameter

➡ 5 cm height 

➡ Signal pulse shape discrimination 

available 

n

Measure Leff down < 10 keVNR   
Small size to minimize multiple scatters  

Collimated and mono-energetic neutron 
beam coupled with a set of neutron 

detectors 

Leff Measurement at LICORNE @IPNO, Paris (LAr)



P Agnes

Expose a small scale TPC to a pulsed, collimated, mono-
chromatic neutron beam (LICORNE @IPNO, Paris), coupled 
with 8 neutron detectors, to fix NR energy by kinematics. 

59

n,g

D1 neutrons selected by TOF and ND PSD cuts.

D2 gammas, correlated to the beam.

Main goal: Leff at low energy  
(scintillation efficiency of NR’s)  



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



• The VUV light of noble liquids is challenging to detect as most transmission windows stop working at these 
wavelengths.  

• Photomultipliers with quartz windows and bialkali photocathides which can be operated at cryogenic 
temperatures and high pressure have been developed for LXe.  

• For LAr, wavelength shifters must be used. Tetra-Phenyl-Butadiene (TPB) tyically used to shift 128 nm to 
430 nm. 

Challenges to detect VUV Light from Noble Liquids



•  LT bialkali photocathodes: high QE ( ~30-40%), all metal body, Al seal (up to 5 bar and -100C) 

• Ultra-low radioactivity: < 1 mBq/PMT (U/Th/K/Co/Cs) 

• Quartz (sapphire under development) window: transparent to the Xe 178 nm scintillation light 

• For LAr shifted light, PMTs directly operating in the cold liquid have also been developed

XENON100 array LUX array

XMASS 2-inch PMTXENON1T 3-inch PMT

LUX

LUX Anatomy

8

Thermosyphon

2’’ Hamamatsu R8778
Photomultiplier Tubes (PMTs)

Titanium Vessels

PMT Holder Copper Plates

Dodecagonal field cage
+ PTFE reflector panels

• 370 kg (300 kg active) LXe
• 122 PMTs (2’’ round)
• Low-background Ti cryostat
• PTFE reflector cage
• Thermosyphon used for cooling (>1 kW)

LUX 2-inch PMT

XMASS array

XENON100 1-inch PMT

Photomultipliers for Noble Liquids



We  define electron lifetime in terms of the impurity 
concentration [S] and an attachment rate constant k

The electron attenuation length is related to the lifetime 
via the electron mobility and the electric field

Impurities dissolved in the liquid absorb 
UV photons, reducing the light yield. Light 

attenuation described as

Strong absorption by H2O, even stronger at 
128 nm of LAr

Electronegative impurities dissolved in the liquid 
also trap electrons reducing the charge yield

Light Absorption and Electron Attachment due to Impurities

Liq. Xe

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 vapor

• 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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What level of liquid purity is required?

Light: 1 ppm of H2O would result in strong absorption hence water vapor must be well 
below ppm level for efficient light detection

Charge: 1 ppb of O2 equivalent impurities would result in a reasonable electron 
lifetime,taking the attachment rate constant value at a field of 0.5 kV/cm from Bakale et al. 



• Reliable and efficient cooling systems are required for long term operation  

• Detector construction materials and components in contact with the liquid must be  compatible with 
both ultra-high purity and ultra-low radioactivity requirements 

• The target gas itself must have no intrinsic radioactive contaminants:  special purification plants are 
needed to remove the Kr85 from natural Xe and the Ar39 from natural Ar 

• Radon emanation and diffusion from construction materials and Rn in commercial gas itself must be 
reduced to ultra-low levels (<1 microBq/m2). Background due to Pb206 recoils from Po210 decays 
on most materials surfaces. Reduce by proper surfaces treatment and nearly Rn-free assembly plus 
Rn trapping via charcoals    

• For noble liquid detectors using both light and charge (TPCs) the required HV for a drift field can get 
as high as 100 kV for a meter drift detector and a nominal 1kV/cm field. Commercial HV 
feedthroughs (FT) are too radioactive hence the need to develop custom-made FTs with radio-pure 
materials and of special design to operate in dual phase TPCs

Other Challenges for Cryogenic Noble Liquids



Example of Cooling System for Xe

XENON100


