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Il sistema solare
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La legge della gravitazione di Newton ci dice che:



In un grafico
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Velocità di rotazione in una galassia
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È come se ci fosse della materia in più di cui vediamo gli effetti 
gravitazionali ma che è invisibile.

1 kpc = 200 Milioni AU



Lenti gravitazionali
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Questo  metodo viene utilizzato per tracciare la mappa della materia oscura 
nell’Universo.



Cosa è la Materia Oscura?
Cosa sappiamo:

‣ Interagisce molto poco con la materia ordinaria.
‣ Non emette e non assorbe luce.
‣ Siamo sensibili solo agli effetti gravitazionali. 

Cosa non è:
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materia ordinaria
antimateria

buco nero



La materia oscura ha ricoperto un ruolo determinante  
nella formazione delle Galassie. 8



La composizione dell’Universo
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Materia oscura

Materia ordinaria

Energia oscura

Cosa è l’energia oscura? Non ne abbiamo idea!  
Per ora ci concentriamo sulla materia oscura.

Satellite Planck  (ESA)



Cosa è la Materia Oscura?
Cosa sappiamo:

‣ Interagisce molto poco con la materia ordinaria.
‣ Non emette e non assorbe luce.
‣ Siamo sensibili solo agli effetti gravitazionali.
‣ Non è la materia ordinaria, l’antimateria o un buco nero.

Cosa potrebbe essere:

‣ Non esiste: le leggi della gravitazione non sono esatte (MoND).
‣ Una nuova particella?
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Il modello standard
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Materia
Oscura



Una nuova particella?
• Problemi: 

‣ Non sappiamo cosa sia, quindi non sappiamo quale  
è il modo giusto per vederla.

‣ Bassa densità. Circa 1 protone equivalente in  
3 cm3.

‣ È in grado di attraversare la terra senza interagire.

• Almeno 2 ipotesi:

‣ Particella leggera (Assione) che può interagire con i campi magnetici.
‣ Particella pesante (WIMP).
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Elastic scattering off nuclei, measure nuclear recoil energy Enr:  
 
 
 
 
 
 
 
 
 
Spin dependent (SD) or spin independent (SI) interaction:

For mχ = 100 GeV and A = 100: 

• σSI = 10-40 -10-48 cm2 

• Rate = 10-2 - 1 events / (kg day)

• Enr = 0 - 25 keV

WIMP detection principle
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Exponential-like shape, increasing at low E (similar to many bkgs...) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Demands O(keV) thresholds and backgrounds close to zero.

All experiments operated in low radioactivity environments and deep 
underground.

The WIMP signal (SI)
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Why Xenon?

! Large mass number A (~131),
expect high rate for SI interactions
(σ ∼ A2) if energy threshold for
nuclear recoils is low

! ~50% odd isotopes (129Xe,131 Xe)
for SD interactions

! No long-lived radioisotopes, Kr can
be reduced to ppt levels

! High stopping power (Z = 54,
ρ = 3 g cm−3), active volume is
self shielding

! Efficient scintillator (~80% light
yield of NaI), fast response

! Nuclear recoil discrimination with
simultaneous measurement of scin-
tillation and ionization
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Guillaume Plante - XENON - DM2010 - February 26, 2010



Earth velocity combines to solar 
system velocity in the galaxy.

Dark matter “wind” in the heart rest 
frame is modulated:

and affects the counting rate: 

Distinctive modulation signal features:

T = 1 year       t0 = 2nd June  

Pro: model independent Con: requires detector stability and bkg control. 

Counting rate annual modulation
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CDMS
Soudan, USA

DAMA/LIBRA 
CRESST
XENON

Dark-Side
Gran Sasso, IT
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YangYang, KR
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Sanford, USA
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L’urto WIMP-Nucleo, se avviene, avviene molto raramente:

‣  1 urto all’anno in 1 ÷ 100 kg di materiale. 

Questi segnali possono essere nascosti dal fondo: urti indotti da altri eventi 
naturali. Uno tipo di fondo è la radioattività (particelle α β γ). 

Bisogna lavorare in ambienti a bassa radioattività.

Rivelazione di WIMP
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10 particelle 
al secondo

5000 particelle
al secondo

20 particelle
al secondo

per m3

Aria



Raggi cosmici
Particelle (principalmente protoni) generate dalle stelle e dalle galassie 

che collidono con l’atmosfera terrestre, producendo altre particelle. 

Si misurano circa: 1 milione di particelle / ( m2 ora) sulla terra.
18



Laboratori sotterranei
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SNOLAB
Canada



1400 m di roccia che 
funzionano da schermo.

Raggi cosmici sotto la 
montagna: 1 / (m2 ora) 
fattore di riduzione di  
1 Milione rispetto alla 
superficie.
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The combination of different  techniques allows one to discriminate between 
electron and nuclear recoils, and thus to reduce the β/γ background.

Energy calibrations are done with γ sources (electron recoils).

The relative calibration of nuclear recoils (keVee➡ keVnr),  
the quenching factor (QF), must be known with accuracy

Detection channels
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Ionization

Phonons Light

CoGeNT

CDMS, Edelweiss

CRESST
DAMA, KIMS, 

DM-ICE

Xenon, LUX 
Dark-Side 



DAMA/LIBRA
25 NaI crystals,  9.70 kg each

• QF: Na (30%), I (10%)

• High radiopurity:  232Th and 238U (ppt), 40K (<20 ppb)

Dual read-out of each crystal via PMTs (noise reduction via 
coincidence), 5.5-7.5 photoelectrons/keVee   

• Energy threshold: 2 keVee

• Granularity: select single crystal events 
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•  Radiopurity,performances, procedures, etc.: NIMA592(2008)297 
•  Results on DM particles: Annual Modulation Signature: EPJC56(2008)333, EPJC67(2010)39 
•  Results on rare processes: PEP violation in Na and I: EPJC62(2009)327 

Installing the DAMA/LIBRA set-up ~250 kg ULB NaI(Tl) 

Residual contaminations in 
the new DAMA/LIBRA NaI
(Tl) detectors:232Th, 238U 
and 40K at level of 10-12 g/g  

•  Radiopurity,performances, procedures, etc.: NIMA592(2008)297 
•  Results on DM particles: Annual Modulation Signature: EPJC56(2008)333, EPJC67(2010)39 
•  Results on rare processes: PEP violation in Na and I: EPJC62(2009)327 

Installing the DAMA/LIBRA set-up ~250 kg ULB NaI(Tl) 

Residual contaminations in 
the new DAMA/LIBRA NaI
(Tl) detectors:232Th, 238U 
and 40K at level of 10-12 g/g  



Pulse shape cuts to reject PMT noise events:

 
 
 
 
 
 

Low energy calibration with 241Am and 133Ba, check with 40K

DAMA/LIBRA - data analysis

23

The curves superimposed to the experimental 
data have been obtained by simulations 
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DAMA/LIBRA calibrations 
Low energy: various external gamma sources (241Am, 
133Ba) and internal X-rays or gamma’s (40K, 125I, 129I), 
routine calibrations with 241Am 

High energy: external sources of gamma rays (e.g. 
137Cs, 60Co and 133Ba) and gamma rays of 1461 keV 
due to 40K decays in an adjacent detector, tagged by 
the 3.2 keV X-rays 
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The signals (unlike low 
energy events) for high 
energy events are taken 
only from one PMT 

Thus, here and hereafter keV means keV electron equivalent 
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Noise rejection near the energy threshold 
Typical pulse profiles of PMT noise and of scintillation event with the 
same area, just above the energy threshold of 2 keV 

The different time characteristics of PMT noise (decay time of order 
of tens of ns) and of scintillation event (decay time about 240 ns) can 
be investigated building several variables 

1

2

Area (from 100 ns to 600 ns)
X = ;

Area (from 0 ns to 600 ns)
Area (from 0 ns to 50 ns)

X =
Area (from 0 ns to 600 ns)

From the Waveform Analyser 
2048 ns time window: 

• The separation between noise and scintillation 
pulses is very good. 

• Very clean samples of scintillation events 
selected by stringent acceptance windows. 

• The related efficiencies evaluated by 
calibrations with 241Am sources of suitable 
activity in the same experimental conditions and 
energy range as the production data (efficiency 
measurements performed each ~10 days; 
typically 104–105 events per keV collected) 

This is the only procedure 
applied to the analysed data 
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DAMA/LIBRA - result
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Dark Matter investigation with highly radiopure NaI(Tl) 19
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Fig. 1. Experimental model-independent residual rate of the single-hit scintillation events, mea-
sured by DAMA/NaI over seven and by DAMA/LIBRA over six annual cycles in the (2 – 4), (2 –
5), and (2 – 6) keV energy intervals as a function of the time.116, 171, 175, 176 The zero of the time
scale is January 1st of the first year of data taking. The experimental points present the errors
as vertical bars and the associated time bin width as horizontal bars. The superimposed curves
are A cos ω(t − t0) with period T = 2π

ω
= 1 yr, phase t0 = 152.5 day (June 2nd) and modulation

amplitude, A, equal to the central value obtained by best fit over the whole data: cumulative
exposure is 1.17 ton × yr. The dashed vertical lines correspond to the maximum expected for the
DM signal (June 2nd), while the dotted vertical lines correspond to the minimum. See Refs. 175,
176 and text.

detector in the k-th energy bin averaged over the cycles. The average is made on
all the detectors (j index) and on all the energy bins (k index) which constitute the
considered energy interval. The weighted mean of the residuals must obviously be
zero over one cycle.

Sm(2-6 keV) = (0.0116 ± 0.0013) cpd/kg/keV (8.9σ C.L)
t0 = (146±7) d

T = (0.999±0.002) y

Dark Matter investigation with highly radiopure NaI(Tl) 27

for each energy bin; the free parameters of the fit are the (bjk + S0,k) contributions
and the Sm,k parameter. Hereafter, the index k is omitted when unnecessary.

In Fig. 8 the obtained Sm are shown for each considered energy bin (there
∆E = 0.5 keV). It can be inferred that positive signal is present in the (2–6) keV
energy interval, while Sm values compatible with zero are present just above. In
fact, the Sm values in the (6–20) keV energy interval have random fluctuations
around zero with χ2 equal to 27.5 for 28 degrees of freedom. All this confirms the
previous analyses.
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Fig. 8. Energy distribution of the Sm variable for the total cumulative exposure 1.17 ton×yr.
The energy bin is 0.5 keV. A clear modulation is present in the lowest energy region, while Sm

values compatible with zero are present just above. In fact, the Sm values in the (6–20) keV energy
interval have random fluctuations around zero with χ2 equal to 27.5 for 28 degrees of freedom.176

The method also allows the extraction of the the Sm values for each detector, for
each annual cycle and for each energy bin. Thus we have also verified that the Sm
values are statistically well distributed in all the six DAMA/LIBRA annual cycles
and in all the sixteen energy bins (here ∆E = 0.25 keV in the 2–6 keV energy in-
terval) for each detector. For this purpose, the variable x = Sm−⟨Sm⟩

σ is considered;
here, σ are the errors associated to Sm and ⟨Sm⟩ are the mean values of the Sm aver-
aged over the detectors and the annual cycles for each considered energy bin. Similar
investigations have already been performed also previously for DAMA/NaI.116, 171

Fig. 9 shows the distributions of the variable x for the DAMA/LIBRA data in the
(2–6) keV energy interval plotted for each detector separately. The entries of each
histogram are the 96 (16 for the 16-th detectore) x values, evaluated for the 16 en-
ergy bins in the considered (2–6) keV energy interval and for the 6 DAMA/LIBRA
annual cycles. These distributions allow one to conclude that the observed annual
modulation effect is well distributed in all the detectors, annual cycles and energy

eAs aforementioned, this detector has been restored in the trigger after the first upgrade in Septem-
ber 2008; thus, only the data of the last annual cycle are available for this detector.

0.5 keV/bin

Eur. Phys. J. C 56 (2008) 333 and 67 (2010) 39 



DAMA phase: May 26±7       μ phase @LNGS: July 6±6

DAMA/LIBRA - checks

25

Summary%of%the%results%obtained%in%the%additional%
investigations%of%possible%systematics%or%side%reactions4
(NIMA592(2008)297, EPJC56(2008)333, arXiv:0912.0660, Can. J. Phys. 89 (2011) 11, S.I.F.Atti Conf.103

(211) (arXiv:1007.0595),to appear in Physics Procedia, EPJC72(2012)2064 and refs therein) 

Source  Main comment  Cautious upper 
  limit (90%C.L.) 

 
RADON  Sealed Cu box in HP Nitrogen atmosphere,  <2.5×10-6 cpd/kg/keV 

 3-level of sealing, etc. 
TEMPERATURE  Installation is air conditioned+ 

 detectors in Cu housings directly in contact  <10-4 cpd/kg/keV 
 with multi-ton shield→ huge heat capacity 

  + T continuously recorded 
 
NOISE  Effective full noise rejection near threshold  <10-4 cpd/kg/keV  
 
ENERGY SCALE  Routine + intrinsic calibrations  <1-2 ×10-4 cpd/kg/keV 
 
EFFICIENCIES  Regularly measured by dedicated calibrations  <10-4 cpd/kg/keV  
 
BACKGROUND  No modulation above 6 keV; 

 no modulation in the (2-6) keV  <10-4 cpd/kg/keV  
 multiple-hits events; 
 this limit includes all possible  
 sources of background 

SIDE REACTIONS  Muon flux variation measured at LNGS  <3×10-5 cpd/kg/keV   

+ they cannot  
satisfy all the requirements of  
annual modulation signature 

Thus, they cannot mimic the 
observed annual 
modulation effect 

R. Cerulli at IDM2012



SABRE
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una conferma indipendente di DAMA, al Gran Sasso ed in Australia



CaWO4 crystals (300g)  operated as 
bolometers (phonon detectors):

1) detect also scintillation light to 
discriminate nuclear recoils

2) Multi-target: sensitive to different 
WIMP masses:

CRESST

27

06.09.2011 Results from 730 kg days of the CRESST-II Dark Matter Search                                                     
Federica Petricca on behalf of the CRESST collaboration

CRESST Cryogenic Detectors
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� Target crystals operated as 
cryogenic calorimeters (~10mK)
� energy deposition in the crystal:
o mainly phonons

• temperature rise detected with                 
W-thermometers

• measurement of deposited energy  
(sub keV resolution at low energy)

o small fraction into scintillation light

� Separate cryogenic light detector 
to detect the light signal

06.09.2011
Results from 730 kg days of the CRESST-II Dark Matter Search                                                     

Federica Petricca on behalf of the CRESST collaboration
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Detector module:

�Simultaneous measurement of:

odeposited energy E in the crystal   
(independent of the type of particle)

oscintillation light L 
(characteristic of the type of particle)

� Target crystals operated as 

cryogenic calorimeters (~10mK)

� energy deposition in the crystal:

o mainly phonons

• temperature rise detected with                 

W-thermometers

• measurement of deposited energy  

(sub keV resolution at low energy)

o small fraction into scintillation light

� Separate cryogenic light detector 
to detect the light signal

Search for low-mass dark matter with 
the CRESST experiment

The CRESST experiment

• Target: CaWO4

• Signature: recoiling 
nucleus

• Phonon signal: energy
• Read-out by a TES

(transition edge sensor)

15May 16, 2017



Discrimination with light detector
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Search for low-mass dark matter with 
the CRESST experiment

The CRESST experiment

May 16, 2017 19
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Actual ROI depends on detector
and analysis:
• electronic interaction by dark photons
• nuclear recoils by light DM



Search for low-mass dark matter with 
the CRESST experiment

The CRESST experiment

12May 16, 2017

CaWO4 crystals
@ O(10mK)

CRESST detector

29



CRESST: results
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Search for low-mass dark matter with 
the CRESST experiment

Results of CRESST-II phase 2

May 16, 2017 23

CRESST-II phase 2 (2015), Eur.Phys.J. C76 (2016)25
aka ‚Lise‘

• TUM40: successfully
reduced intrinsic
background

• Low-mass search
Æ low threshold
Lise: 307eV



• 161 kg LXe (34 kg fiducial volume).

• Dual phase TPC, detect scintillation (S1) and ionization (S2)

‣x,y and z (via S2-S1 time difference), and recoil discrimination via  
S2/S1 ratio

Xenon-100

31

XENON100: TPC
! TPC inner volume defined by 24 interlocking PTFE
panels. Drift field uniformity ensured by 40 double
field shaping wires, inside and outside the panels.

! Cathode at -16 kV, drift field of 0.533 kV/cm. Anode
at 4.5 kV, proportional scintillation region with field
~12 kV/cm. Custom-made low radioactivity HV
feedthroughs.

! Hexagonal meshes, optimized for optical trans-
parency and proportional signal (S2) resolution,
mounted on low radioactivity stainless steel frames.

Guillaume Plante - XENON - DM2010 - February 26, 2010

Principle
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! Bottom PMT array below cathode, fully immersed in LXe
to efficiently detect scintillation signal (S1).

! Top PMTs in GXe to detect the proportional signal (S2).

! Distribution of the S2 signal on top PMTs gives xy

coordinates while drift time measurement provides z

coordinate of the event.

! Ratio of ionization and scintillation (S2/S1) allows dis-
crimination between electron and nuclear recoils.
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PMTs



Reference nuclear recoils 
from AmBe source

WIMP search region

Xenon-100 - Results

32

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

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

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

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

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

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

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

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

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

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

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

vs 1.0±0.2 of expected background  
(0.8±0.2 of which are electron recoils) 

Cannot exclude the background only 
hypothesis ➡ Limit derived



Same technique as Xenon-100: Dual phase LXe TPC

LUX

33

Xenon-100 LUX

Total/Active 
Volume [kg] 161/62 370/250

Fiducial 
volume [kg] 34 118

S1 Light Yield  
[PhE/keVee]

2.3  
(field on)

8.8  
(field off)

WIMP search 
region [keVnr] 6.6 - 30.5 ~ 3 - 18

Published  
live time [day] 225 85



160 events observed in the fiducial 
volume:
- all consistent with electron recoils.
- 0.64 expected below NR mean.

Electron recoil calibration (ER)

Nuclear recoil calibration (NR)

Fiducial volume

LUX - Results

34

5

0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].
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(a) Tritium ER Calibration
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FIG. 3. Calibrations of detector response in the 118 kg
fiducial volume. The ER (tritium, panel a) and NR (AmBe
and 252Cf, panel b) calibrations are depicted, with the means
(solid line) and ±1.28� from Gaussian fits to slices in S1
(dashed line). This choice of band width (indicating 10%
band tails) is for presentation only. Panel a shows fits to the
high statistics tritium data, with fits to simulated NR data
shown in panel b, representing the parameterizations taken
forward to the profile likelihood analysis. The ER plot also
shows the NR band mean and vice versa. Gray contours
indicate constant energies using an S1–S2 combined energy
scale (same contours on each plot). The dot-dashed magenta
line delineates the approximate location of the minimum S2
cut.

calibrations therefore include systematic e↵ects not
applicable to the WIMP signal model, such as multiple-
scattering events (including those where scatters occur
in regions of di↵ering field) or coincident Compton
scatters from AmBe and 252Cf �-rays and (n,�) reactions.
These e↵ects produce the dispersion observed in data,
which is well modeled in our simulations (in both
band mean and width, verifying the simulated energy
resolution), and larger than that expected from WIMP
scattering. Consequently, these data cannot be used
directly to model a signal distribution. For di↵erent
WIMP masses, simulated S1 and S2 distributions are
obtained, accounting for their unique energy spectra.

The ratio of keV
ee

to nuclear recoil energy (keV
nr

)
relies on both S1 and S2, using the conservative technique
presented in [29] (Lindhard with k = 0.11). NR data
are consistent with an energy-dependent, non-monotonic
reduced light yield with respect to zero field [30] with
a minimum of 0.77 and a maximum of 0.82 in the
range 3–25 keV

nr

[23]. This is understood to stem from
additional, anti-correlated portioning into the ionization
channel.

The observed ER background in the range 0.9–
5.3 keV

ee

within the fiducial volume was 3.1 ±
0.2 mDRU

ee

averaged over the WIMP search dataset
(summarized in Table I). Backgrounds from detector
components were controlled through a material screening

TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.1± 0.2stat

program at the Soudan Low-Background Counting
Facility (SOLO) and the LBNL low-background counting
facility [13, 26, 32]. Krypton as a mass fraction of xenon
was reduced from 130 ppb in the purchased xenon to
4 ppt using gas charcoal chromatography [33].
Radiogenic backgrounds were extensively modeled

using LUXSim, with approximately 80% of the low-
energy �-ray background originating from the materials
in the R8778 PMTs and the rest from other construction
materials. This demonstrated consistency between the
observed �-ray energy spectra and position distribu-
tion [31], and the expectations based on the screening
results and the independent assay of the natural Kr
concentration of 3.5 ± 1 ppt (g/g) in the xenon gas [34]
where we assume an isotopic abundance of 85Kr/natKr
⇠ 2 ⇥ 10�11 [31]. Isotopes created through cosmogenic
production were also considered, including measured
levels of 60Co in Cu components. In situ measurements
determined additional intrinsic background levels in
xenon from 214Pb (from the 222Rn decay chain), and
cosmogenically-produced 127Xe (T

1/2 = 36.4 days),
129mXe (T

1/2 = 8.9 days), and 131mXe (T
1/2 =

11.9 days). The rate from 127Xe in the WIMP search
energy window is estimated to decay from 0.87 mDRU

ee

at the start of the WIMP search dataset to 0.28 mDRU
ee

at the end, with late-time background measurements
being consistent with those originating primarily from
the long-lived radioisotopes.
Neutron backgrounds in LUX were constrained by

multiple-scatter analysis, with a conservative 90% upper
C.L. placed on the number of expected neutron single
scatters with S1 between 2 and 30 phe of 0.37 in
the 85.3 live-day dataset, with simulations predicting a
considerably lower value of 0.06 events.
We observed 160 events between 2 and 30 phe (S1)

within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence

3

methane of known activity. All cuts and e�ciencies
combine to give an overall WIMP detection e�ciency of
50% at 4.3 keV

nr

(17% at 3 keV
nr

and > 95% above
7.5 keV

nr

) [39].
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FIG. 1. Comparison of AmBe data (blue circles) with
simulations (blue line), showing excellent agreement above
the 2 phe threshold (left axis). The gray histogram and
fitted dashed red line show the relative e�ciency for detection
of nuclear recoils from AmBe data (right axis). Overlaid
are the ER detection e�ciency from tritium data (green
squares), applied to the ER background model in the profile
likelihood analysis, and the e�ciency from NR simulations
(purple triangles), applied to the WIMP signal model.

A radial fiducial cut was placed at 18 cm (Fig. 2),
defined by the position resolution for decay products
from Rn daughters implanted on the detector walls. This
population, primarily sub-NR band but intersecting the
signal region at the lowest energies, is visible (along with
other expected backgrounds) on the detector walls in
Fig. 2. In height, the fiducial volume was defined by a
drift time between 38 and 305 µs to reduce backgrounds
from the PMT arrays and electrodes. The fiducial target
mass is calculated to be 118.3 ± 6.5 kg from assessment
of the homogeneous tritium data.

Periods of live-time with high rates of single electron
backgrounds (& 4 extracted electrons per 1 ms event
window) are removed [19–21]. The associated loss of
live-time is 0.8% (measured from assessment of the
full dataset, including non-triggered regions), primarily
removing periods following large S2 pulses.

Extensive calibrations were acquired with internal ER
sources (tritiated methane, 83mKr) and NR calibrations
were performed with external neutron sources (AmBe,
252Cf). The ER sources were injected into the xenon
gas system and allowed to disperse uniformly, achieving
a homogeneous calibration of the active region. In
particular, we developed a novel tritiated-methane �

�

source (E
max

' 18 keV) that produces events extending
below 1 keV

ee

, allowing ER band (Fig. 3) and detection
e�ciency calibrations (Fig. 1) with unprecedented
accuracy; the tritiated methane is subsequently fully
removed by circulating the xenon through the getter.

A 83mKr injection was performed weekly to determine
the free electron lifetime and the three-dimensional cor-
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FIG. 2. Spatial distribution of all events with position-
corrected S1 in the range 2-30 phe from the 85.3 live-days
of WIMP search data. The cyan dashed line indicates the
fiducial volume. The physical locations of the cathode and
gate grids and the detector walls (where the vertical PTFE
walls of the TPC form a dodecagon) are also shown.

rection functions for photon detection e�ciency, which
combine the e↵ects of geometric light collection and PMT
quantum e�ciency (corrected S1 and S2). The 9.4 and
32.1 keV depositions [22] demonstrated the stability of
the S1 and S2 signals in time, the latter confirmed with
measurements of the single extracted electron response.
131mXe and 129mXe (164 and 236 keV de-excitations)
a↵orded another internal calibration, providing a cross-
check of the photon detection and electron extraction
e�ciencies. To model these e�ciencies, we employed
field- and energy-dependent absolute scintillation and
ionization yields from NEST [23–25]. Applying a
Gaussian fit to determine the single phe area [26], the
mean S1 photon detection e�ciency was determined to
be 0.14±0.01, varying between 0.11 and 0.17 from the top
to the bottom of the active region. This is estimated to
correspond to 8.8 phe/keV

ee

(electron-equivalent energy)
for 122 keV �-rays at zero field [23]. This high photon
detection e�ciency (unprecedented in a xenon WIMP-
search TPC) is responsible for the low threshold and good
discrimination observed [27].

Detector response to ER and NR calibration sources is
presented in Fig. 3. Comparison of data with simulation
permits extraction of NR detection e�ciency, which is
in excellent agreement with that obtained using other
datasets (Fig. 1). We describe the populations as a
function of S1 (Fig. 3 and Fig. 4), as this provides
the dominant component of detector e�ciency. We
also show contours of approximated constant-energy [28],
calculated from a linear combination of S1 and S2 [24, 27,
29] generated by converting the measured pulse areas into
original photons and electrons (given their e�ciencies).

A parameterization (for S2 at a given S1) of the
ER band from the high-statistics tritium calibration
is used to characterize the background. In turn,
the NR calibration is more challenging, partly due to
the excellent self-shielding of the detector. Neutron

NR

ER
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [26]
(red), PandaX-II [27] (brown), and XENON100 [23] (gray)
are shown for reference.

events would appear at unusually low cS2b due to charge
losses near the wall. The inward reconstruction is due to
limited position reconstruction resolution, especially lim-
ited for small S2s, near the 5 (out of 36) top edge PMTs
that are unavailable in this analysis.

Sixth and last, we add a small uniform background in
the (cS1, log cS2b) space for ER events with an anoma-
lous cS2b. Such anomalous leakage beyond accidental
coincidences has been observed in XENON100 [23], and
a few such events are seen in the 220Rn calibration data
(Fig. 2a). If these were not 220Rn-induced events, their
rate would scale with exposure and we would see nu-
merous such events in the WIMP search data. We do
not observe this, and therefore assume their rate is pro-
portional to the ER rate, at (0.08+0.11

�0.06) events based on
the outliers observed in the 220Rn calibration data. The
physical origin of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. This did not result in changes in the event
selection.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the Kr con-
centration measured in the current science run. This is

the lowest ER background ever achieved in a dark matter
experiment. A single event far from the bulk distribution
was observed at cS1 = 68.0 PE in the initial 4-day un-
blinding stage. This appears to be a bona fide event,
though its location in (cS1, cS2b) (see Fig. 2c) is extreme
for all our physical background models and WIMP signal
models. One event at cS1 = 26.7 PE is at the �2.4� ER
quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b) with the asymptotic distribution for-
mula from [24]. The signal and background models were
evaluated in (cS1, log cS2b) bins. We propagate the un-
certainties on the most significant shape parameters (two
for NR, two for ER) inferred from the posteriors of the
calibration fits to the likelihood. The uncertainties on the
rate of each background component mentioned above are
also included. Finally, we employ the procedure from [25]
to account for mismodeling of the ER background.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sensitivity
band [28]. The final limit is within 10% of the uncon-
strained limit for all WIMP masses. For the WIMP en-
ergy spectrum we assume a standard isothermal WIMP
halo with v0 = 220 km/s, ⇢DM = 0.3 GeV/cm3, vesc =
544 km/s, and the Helm form factor for the nuclear
cross section [29]. No light and charge emission is as-
sumed for WIMPs below 1 keV recoil energy. For all
WIMP masses, the background-only hypothesis provides
the best fit, with none of the nuisance parameters rep-
resenting the uncertainties discussed above deviating ap-
preciably from their nominal values. Our results improve
upon the previously strongest spin-independent WIMP
limit for masses above 10 GeV/c2. Our strongest exclu-
sion limit is for 35-GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the
LUX sensitivity above 100 GeV/c2, and continues to im-
prove with more data. The experiment resumed opera-
tion shortly after the January 18, 2017 earthquake and
continues to record data.
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• Experiments with mass larger than 20 tons are expected in the ‘20s.


