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• Discussed the need for particle dark matter.
• Worked out details of expected event rates, pointing 
out where uncertainties in calculations could arise.

• Discussed characteristics of a dark matter signal
• Started considering different backgrounds that come 
into play in underground physics

Last Time:
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Event Signatures

3

The most problematic backgrounds are interactions from neutrons that result from ( ,n) and fission 
reactions from 238U and 232Th decays in detector components and in close vicinity of target materials.

α

Photon and electrons scatter 
from the atomic electrons

WIMPs and neutrons scatter 
from the atomic nucleus

Electron Recoils (ER) 

Gamma:  Most prevalent background 

Beta:  on surface or in bulk

NUCLEAR Recoils (NR) 

Neutron:  NOT distinguishable from WIMP 

Alpha:  almost always a surface event 

Recoiling Parent Nucleus:  surface event



Detector Response
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Phonons 
~10,000 phonons/keV

Ionization 
~ 100 quanta /keV

Scintillation 
~ 10s photons/keV

DarkSide
LZ 
XENON

Xe, Ar

PICO
C3F8

DAMA/LIBRA 
DEAP
COSINE
ANAIS
Xe, Ar,
NaI(Tl)

CRESST
COSINUS

CaWO4, BGO
ZnWO4,  Al2O3 ...

SuperCDMS
EDELWEISS

Ge, Si



Quenching Factor and Discrimination
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➤ WIMPs (and neutrons) scatter off nuclei (NR). 

➤ Most backgrounds scatter off electrons (ER). 

➤ Detectors have different responses to NR then ER. 

➤ Quenching Factor (QF):  describes the difference in the amount of visible energy in a 
detector to these two classes of events. 

➤ keVee = measured signal from ER 

➤ keVnr = measured signal from NR 

➤ For NR events

Evisible(keVee) = QF × ErecoilkeVnr

*Calibration sources (gamma and neutron) are used to calibrate the two energy scales.
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Image S. Hertel

➤ Simultaneous measurement of energy in two 
channels allows discrimination of ER from NR 

➤ Example:  Charge and phonons in Ge 

➤  for NR 

➤ QF ~ 30% in Ge

Evisible ∼ 1/3 Erecoil
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Particle Dependent Response
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Bubble chambers as nuclear 
recoil detectors 

• Thermodynamic 
parameters are 
chosen for sensitivity 
to nuclear recoils but 
not electron recoils. 
 

• Better than 10-10 
rejection of electron 
recoils (betas, 
gammas). 
 

• Alphas are (were) a 
concern because 
bubble chambers are 
threshold detectors. 

February 2nd, 2013 5 Russell Neilson 

➤ Simultaneous measurement of energy in two 
channels allows discrimination of ER from NR 

Particle Dependent Response
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FIG. 1: NR detection e�ciency in the fiducial mass at suc-
cessive analysis stages as a function of recoil energy. At low
energy, the detection e�ciency (blue) dominates. At 20 keV,
the e�ciency is 89% primarily due to event selection losses
(green). At high energies, the e↵ect of restricting our data
to the search region described in the text (black) is domi-
nant. The black line is our final NR e�ciency, with uncer-
tainties shown in gray. The NR energy spectrum shape of a
50-GeV/c2 WIMP (in a.u.) is shown in red for reference.

inferred from 83mKr calibration data. These spatial vari-
ations are mostly due to geometric light collection e↵ects.
The resulting corrected quantities are called cS1 and cS2.
As the bottom PMT array has a more homogeneous re-
sponse to S2 light than the top, this analysis uses cS2b, a
quantity similar to cS2 based on the S2 signal seen only
by the bottom PMTs.

To calibrate XENON1T, we acquired 3.0 days of data
with 220Rn injected into the LXe (for low-energy ERs),
3.3 days with 83mKr injected into the LXe (for the spatial
response) and 16.3 days with an external 241AmBe source
(for low-energy NRs). The data from the 220Rn [19]
and 241AmBe calibrations is shown in Fig. 2 (a) and
(b), respectively. Following the method described in [20]
with a W -value of 13.7 eV, we extracted the photon gain
g1 = (0.144 ± 0.007) PE per photon and electron gain
g2 = (11.5 ± 0.8) PE (in the bottom array, 2.86 times
lower than if both arrays are used) per electron in the
fiducial mass by fitting the anti-correlation of cS2b and
cS1 for signals with known energy from 83mKr (41.5 keV),
60Co from detector materials (1.173 and 1.332 MeV),
and from decays of metastable 131mXe (164 keV) and
129mXe (236 keV) produced during the 241AmBe calibra-
tion. The cS1 and cS2b yields are stable in time within
0.77% and 1.2% respectively, as determined by 83mKr
calibrations.

WIMPs are expected to induce low-energy single-
scatter NRs. Events that are not single scatters in the
LXe are removed by several event-selection cuts: (i) a
single S2 above 200 PE must be present and any other
S2s must be compatible with single electrons from pho-
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(c) Dark matter search
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FIG. 2: Observed data in cS2b vs. cS1 for (a) 220Rn ER
calibration, (b) 241AmBe NR calibration, and (c) the 34.2-
day dark matter search. Lines indicate the median (solid)
and ±2� (dotted) quantiles of simulated event distributions
(with the simulation fitted to calibration data). Red lines
show NR (fitted to 241AmBe) and blue ER (fitted to 220Rn).
In (c), the purple distribution indicates the signal model of
a 50GeV/c2 WIMP. Thin gray lines and labels indicate con-
tours of constant combined energy scale in keV for ER (a) and
NR (b, c). Data below cS1 = 3 PE (gray region) is not in our
analysis region of interest and shown only for completeness.

toionization of impurities or delayed extraction; (ii) an
event must not closely follow a high-energy event (e.g.,
within 8 ms after a 3 ⇥ 105 PE S2), which can cause
long tails of single electrons; (iii) the S2 signal’s duration
must be consistent with the depth of the interaction as
inferred from the drift time; (iv) the S1 and S2 hit pat-
terns must be consistent with the reconstructed position
at which these signals were produced; (v) no more than
300 PE of uncorrelated single electrons and PMT dark
counts must appear in the region before the S2. Single
scatter NR events within the [5, 40] keVnr energy range
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➤ Simultaneous measurement of energy in two 
channels allows discrimination of ER from NR 
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FIG. 3: Background model in the fiducial mass in a reference
region between the NR median and �2� quantile in cS2b,
projected onto cS1. Solid lines show that the expected number
of events from individual components listed in Table I; the
labels match the abbreviations shown in the table. The dotted
black line Total shows the total background model, the dotted
red line WIMP shows an m = 50 GeV/c2, � = 10�46cm2

WIMP signal for comparison.

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 [27]
(red), PandaX-II [28] (brown), and XENON100 [23] (gray)
are shown for reference.

this, and therefore assume their rate is proportional to
the ER rate, at 0.10+0.10

�0.07 events based on the outliers ob-
served 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. No changes to either the event selection
or background types were made at any stage.

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 lower Kr
concentration measured in the current science run. This
is the lowest ER background ever achieved in such a dark
matter experiment. A single event far from the bulk
distribution was observed at cS1 = 68.0 PE in the ini-
tial 4-day unblinding stage. This appears to be a bona
fide event, though its location in (cS1, cS2b) (see Fig. 2c)
is extreme for all WIMP signal models and background
models other than anomalous leakage and accidental co-
incidence. 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). We propagate the uncertainties 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. The likelihood ratio distribution is approxi-
mated by its asymptotic distribution [25]; preliminary
toy Monte Carlo checks show the e↵ect on the exclusion
significance of this conventional approximation is well
within the result’s statistical and systematic uncertain-
ties. To account for mismodeling of the ER background,
we also calculated the limit using the procedure in [26],
which yields a similar result.

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 [29]. 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 [30]. 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
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➤ Cut-and-count analysis 
methods no longer deliver 
required sensitivity.  

➤ Profile likelihood and other 
multivariate analysis techniques 
that rely on accurate 
background models are now 
standard.
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Particle Dependent Response



Cosmic Ray Induced Backgrounds
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➤ Cosmic rays and secondary/tertiary particles can be problematic! 

➤ Hadronic component (n, p):  reduced by a few meters water equivalent (mew)



Underground Facilities
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➤ Worldwide 17 underground sites for physics research
➤ Worldwide 17 underground sites for 

physics research 

➤ Hadronic component of the cosmic ray 
flux is negligible with a few 10 mwe 
overburden. 

➤ Muons that penetrate deep and produce 
high energy neutrons (fast neutrons) can 
produce keV recoils in detectors when 
attenuated by rock or shields. 

➤ Processes to produce fast neutrons 
include: 

➤ negative muon capture 

➤ photo-nuclear reactions in associated 
EM showers 

➤ deep-inelastic muon-nucleus scatters 

➤ hadronic interactions of nucleons, 
pions and kaons
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Activation of Detector Materials
➤ Activation of a detector or materials close to the detector during production or transportation at Earth’s 

surface is another concern. 

➤ CR spectrum varies with geomagnetic latitude and the flux varies with height above Earth. 

➤ Cross section for production of isotopes — not all are measured 

➤ Production is dominated by (n, x) reactions (95%) and (p, x) reactions (5%)



➤ A combination of high-Z and low-Z materials are 
employed to diminish the neutron and gamma 
fluxes. 

➤ Lead, polyethelyne, copper 

➤ Nitrogen purge of shield structors to reduce 
backgrounds induced by airborne radon decays 

➤ Large water shields 

➤ passively reduce environmental radioactivity and 
muon-induced neutrons 

➤ can reduce underground fluxes of gamma and 
radiogenic fluxes by a factor of ~106  by 
employing a 1 - 3 m water shield 

➤ Active muon vetos using doped scintillator (ie 
boron) can be used to identify events related to both 
cosmogenic and radiogenic neutrons.

LUX/LZ Muon Veto

XENON1T water shield &  infrastructure

SuperCDMS Soudan Passive Shield

MAJORANA Demonstrator Passive Shield

Environmental Backgrounds
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Example:  LZ Dark Matter Experiment
K. Palladino, TAUP 2017

LXe TPC only 
3.8 T fiducial mass

LXe TPC + Skin + OD 
5.6 T fiducial mass

Self Shielding Properties



Internal Radioactivity
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➤ 238U, 238Th, 40K, 137Cs, 60Co, 39Ar,  85Kr, …. decays in the detector target, materials 
surrounding the target medium and shield 

➤ A number of methods are employed to characterize materials before using them as 
detector components.   

➤ In most cases, looking for materials at levels of < 1 ppb.



XIA alpha screening  
@ SMU

HPGe counting 
@SNOLAB

ICPMS @LNGS

Radon Emanation  
@ PNNL

Beta Screener @ 
SD Mines

In most cases, looking for materials at levels of < 1 ppb.

Internal Radioactivity



Isotope/
Chain

Standard Size  
       (ppb) | (mBq/kg)

Large Size & Long 
Count (ppb)

238U ~0.1 ~1.0 0.009

232Th ~0.3 ~1.5 0.02

40K ~700 ~21 87

238U 0.001 0.12

232Th 0.001 0.004

40K 1 0.031

HPGe Counting:
Augmented Commercial Systems: 
Commercially purchased High-Purity Ge 
detector is placed in a custom designed 
shield (Pb, copper, neutron moderation and 
capture materials, active cosmic ray veto, 
underground location)

Fully Custom Systems: 
In addition to a custom shield, a custom 
cryostat design with attention to design of 
and placement of electronics to minimize 
background sources (U/Th/K).

How Well Can We Do?



Surface Alpha Screening:

Copper Cleaning – Discussion

Ultra-pure PNNL Copper
~25 nBq/cm2 in 210Po ROI

Indicative of instrument background

Check instrument background:
• PNNL electroformed copper disc
• Used by XIA for customers to measure 

UltraLo-1800 sensitivity
• Re-etched last spring @ PNNL to remove 

background from customer handling
Æ 210Po peak had crept up to ~100 nBq/cm2

Æ PNNL cleaning method yields clean
copper surface

Expect to Remove 210Po 
Surface Contamination if Test
Plates are re-etched @ PNNL!

210Po

88

XIA uses uses 
pulse shape to 
reject events not 
originating from 
sample tray.

Ultra-pure PNNL Copper 

➤ ~25 nBq/cm2 in 210Po ROI 

indicative of instrument background

Surface Beta Screening:

BetaCage:
South Dakota Mines, Caltech, PNNL U Alberta

Expected Sensitivity: 

➤ 0.1 β keV-1 m-2 
day-1 

➤ 0.1 α m-2 day 

➤ (0.1 α nBq/cm2)



Many other Options

20

Technique Sensitivity

Radon Emanation 0.1-10 μBq/kg (Ra)

Immersion Whole Body Counters 10-13-10-14 g/g (U/Th)

ICPMS
(Inductively Coupled Plasma Mass Spectrometry)

ppt to ppt (U/Th/K)

SIMS/GDMS
(Secondary Ion & Glow Discharge Mass Spectroscopy)

1 ppb  (SIMS) 
10-100ppt (GDMS)

AMS
(Accelerator Mass Sepctroscopy) < 1 ppt

Neutron Activation Analysis 100 pg  (U), 10 ng (K)



Modeling Backgrounds
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➤ Three software frameworks exist to calculate the spectra of neutrons produced by (α-n) 
interactions. 

➤ SOURCES - (EMPIRE2.19 libraries for cross section inputs) 

➤ USD WebTool (TENDL 2012 libraries which are validated by TALYS for cross section inputs) 

➤ NeuCBOT (TALYS for cross section inputs) 

➤ TENDL is a validated library and EMPIRE is recommended by the  International Atomic Energy 
Agency, but neither can properly calculate all resonant behavior that is experimentally 
observed. 

➤ Those spectra can be used in simulation to predict the number of background events from 
neutrons in an experiment.



Framework Comparisons: USD Webtool vs Sources-4C

22

➤ Study found no major systematic differences between the two in terms input 
spectra, output spectra and yield.   

➤ Both have errors in cross sections and outputs that may require a human eye to 
catch.
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Figure 3: Radiogenic neutron spectra (n·MeV
�1·s�1·cm�3

) calculated for 1 ppb
238

U and
232

Th decay chains, left and right panels, respectively. The (↵, n) reaction contribution is

shown in orange for the SOURCES-4A code and in blue for the USD webtool code. From

top to bottom materials are: pyrex and borosilicate glass.
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Figure 2: Radiogenic neutron spectra (n·MeV
�1·s�1·cm�3

) calculated for 1 ppb
238

U and
232

Th decay chains, left and right panels, respectively. The (↵, n) reaction contribution is

shown in orange for the SOURCES-4A code and in blue for the USD webtool code. From

top to bottom materials are: copper, titanium and stainless steel.
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NIM A. 888 (2018) 110-118

Table 4: Radiogenic neutron yield (n·s�1·cm�3
) per material considering 1 ppb of

238
U and

232
Th. The percentage di↵erence is calculates as (SOURCES-4A - USD)/[(SOURCES-4A

+ USD)/2].

Neutron Yield

(n·s�1·cm�3
)

Material Chain SOURCES-4A USD Di↵ %

Cu
238U 2.84 10�12 3.46 10�12 20
232Th 9.49 10�12 1.11 10�11 16

PE (CH2)
238U 1.26 10�11 9.56 10�12 -27
232Th 5.28 10�12 2.87 10�12 -59

Titanium
238U 1.04 10�10 1.99 10�10 -63
232Th 9.29 10�11 1.24 10�10 -28

Stainless Steel
238U 3.10 10�11 5.95 10�11 -63
232Th 4.05 10�11 6.80 10�11 -51

Pyrex
238U 2.30 10�10 1.61 10�10 36
232Th 8.66 10�11 4.59 10�11 61

Borosilicate Glass
238U 3.48 10�10 2.45 10�10 35
232Th 1.27 10�10 6.98 10�11 58

PTFE (CF2)
238U 1.81 10�9 1.60 10�9 12
232Th 7.76 10�10 5.42 10�10 36

21

Di↵ % =
SOURCES�USD

(SOURCES + USD)/2

Calculated Radiogenic Neutron Spectra

22



NeuCBOT used by DEAP to predict Neutrons in materials of interest. 

Framework Comparisons:  NeuCBOT vs SOURCES-4C
arXiv:1702.02465
S. Westerdale, TAUP 2017
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TAUP 2017 S. Westerdale (DEAP-3600) 29

Geometry and acrylic greatly 
suppress these neutrons

● Preliminary Geant4 simulations indicate ~19 

neutrons/year produce nuclear recoil above 

~11 keVee

– Before ROI cuts and "ducialization

● Additional analysis cuts will further reduce this

NeuCBOT:
● 15 n/year from PMT glass
● 1 n/year from PMT ceramic
● 3 n/year from polystyrene 

"ller foam

SOURCES-4C:
● 13 n/year from PMT glass
● 2 n/year from PMT ceramic
● 2 n/year from polystyrene 

"ller foam
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➤ Geant4 simulations of backgrounds based 
on assay information

25

Backgrounds and how to deal with them

2017-12-06 SuperCDMS Background Control Review 3

Detector internal (3H, 32Si): 
Minimize surface time
Procedures and Tracking

Line-of-sight surfaces (Rn):
Clean, minimize air exposure
Radon control, 
procedures and tracking

Cavern environment 
(gamma,n,mu):
Shielding

Everything else: 
Understand each part’s 
contribution and consider 
cost/benefit in global context
(this talk!) SuperCDMS Geometry in Geant4

Simulation Tools
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➤ Geant4 simulations of backgrounds based 
on assay information 

➤ Produce anticipated background spectra

Backgrounds and how to deal with them

2017-12-06 SuperCDMS Background Control Review 3

Detector internal (3H, 32Si): 
Minimize surface time
Procedures and Tracking

Line-of-sight surfaces (Rn):
Clean, minimize air exposure
Radon control, 
procedures and tracking

Cavern environment 
(gamma,n,mu):
Shielding

Everything else: 
Understand each part’s 
contribution and consider 
cost/benefit in global context
(this talk!) SuperCDMS Geometry in Geant4

1 GeV/c2 WIMP

10 GeV/c2 WIMP

Raw Singles Event Rate
Includes yield model and energy 
resolution

Events after Cuts
Adds ionization yield 
and fiducial cuts

SuperCDMS anticipated background spectra (Ge iZIPs)

Simulation Tools



Background Inventory

27

➤ Background inventories of components and their required purity can be made. 

➤ Provides a tool that can be used for material and vendor selection.

Su
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Background control and estimates

10
Full discussion in C. Ignarra’s next talk

Detector components fro
m assays

External backgrounds
Xenon contaminants

Physics: Neutrinos!

LZ
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d 
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Electroformed copper at PNNL 
  Th decay chain (ave) ≤ 0.1 μBq/kg 
  U decay chain (ave) ≤ 0.1 μBq/kg

XENON1T Gas Purification 
System and Distillation Column 
➤ Commercial Xe: 1 ppm - 10 ppb 

of Kr 
➤ XENON1T sensitivity demands: 

0.2 ppt  
➤ 5.5 m distillation column, 6.5 

kg/h throughput

Aprile, UCLA 2018

DarkSide Cryogenic 
distillation column for 
purification of 39Ar

Background Inventory



Neutrino Backgrounds
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➤ Solar pp-neutrinos 

➤ low energies, high fluxes 

➤ contribute to the ER background via -e scattering at 
a level of 10 - 25 event per(ton x year)at low energies 

➤ Neutrino-induced NR can not be distinguished from 
WIMP signals (8B solar neutrinos)   

➤ ~103 events per(ton x year) for heavy targets 

➤ Atmospheric Neutrinos and Diffuse Supernovae 
Neutrinos 

➤ ~1-5 events per (100 ton x year) 

ν
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Neutrino Energy [MeV]
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pep

hep

7Be384.3keV
7Be861.3keV

8B

13N

15O

17F

dsnbflux8
dsnbflux5
dsnbflux3
AtmNue

AtmNuebar
AtmNumu

AtmNumubar



Direct Detection Needs

30

WIMPDirect WIMP Detection needs

4

• Ability to see low energy WIMP induced recoils

• Radiogenically pure

• Low threshold 


• Ability to distinguish nuclear recoils

• Difference between electronic recoils & nuclear recoils

• Difference between alphas and nuclear recoils


• Shielding from radiogenic and cosmogenic backgrounds

• Position reconstruction and fiducialization


• Detector stability for annual and diurnal modulation

➤ Ability to see low energy WIMP induced recoils (>10 keV - 10s keV) 

➤ Radiogenically pure 

➤ Low threshold 

➤ Ability to distinguish nuclear recoils 

➤ Difference between electronic recoils & nuclear recoils  

➤ Difference between alphas and nuclear recoils 

➤ Radiogenic and cosmogenic backgrounds mitigation 

➤ Passive and/or Active shielding from these backgrounds 

➤ Position reconstruction and fiducialization  

➤ Characterization of these backgrounds 

➤ Long exposures with long term stability 

➤ Especially for annual and diurnal modulation
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Asymmetric DM 
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➤ DAMA/LIBRA have been reporting positive 
results reported since 1998 

➤ DAMA 

➤ 100 kg NaI array operated in Laboratori 
Nazionali del Gran Sasso (1996 - 2002) 

➤ LIBRA 

➤ 250 kg array operating since 2003 with 
first results in 2008 

➤ Measures scintillation from particle 
interactions in detectors. 

➤ No discrimination between nuclear and 
electron recoils

Have We Already Seen a Dark Matter Signal?



➤ Signal observed over 14 cycles at 12.9  in the 2-6 keV 
bin.  Phase two signal at 9.5 σ for single scatter events in 
the 1 - 6 keV energy bin observed over 6 cycles. 

➤ No background/signal discrimination. 

➤ Debate over background or dark matter interpretation 

➤ DM interpretation is in tension with other 
experimental results.  

➤ Disagreements on background models. 

➤ The release of 3 keV x-rays  and Auger electrons 
associated with the rare EC decay of 40K shows up  

➤ Radioactive Ar from impurities in Ni purge 

➤ Radon-included neutron or gamma ray flux from 
cavern

σ

10 - 30 keVnr (Na)
30 - 120 keVnr (I)

2-6 keV

 Time (day)

R
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id
ua

ls 
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/k

g/
ke

V
) DAMA/LIBRA-phase1 (1.04 ton×yr) DAMA/LIBRA-phase2 (1.13 ton×yr)

Figure 3: Experimental residual rate of the single-hit scintillation events measured by
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 in the (2–6) keV energy intervals
as a function of the time. The superimposed curve is the cosinusoidal functional forms
A cosω(t − t0) with a period T = 2π

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

modulation amplitude, A, equal to the central value obtained by best fit on the data
points of DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2. For details see Fig. 2.

Table 2: Modulation amplitude, A, obtained by fitting the single-hit residual rate of
DAMA/LIBRA–phase2, as reported in Fig. 2, and also including the residual rates of
the former DAMA/NaI and DAMA/LIBRA–phase1. It was obtained by fitting the
data with the formula: A cosω(t− t0). The period T = 2π

ω and the phase t0 are kept
fixed at 1 yr and at 152.5 day (June 2nd), respectively, as expected by the DM annual
modulation signature, and alternatively kept free. The results are well compatible
with expectations for a signal in the DM annual modulation signature.

A (cpd/kg/keV) T = 2π
ω (yr) t0 (days) C.L.

DAMA/LIBRA–phase2:
1-3 keV (0.0184±0.0023) 1.0 152.5 8.0 σ
1-6 keV (0.0105±0.0011) 1.0 152.5 9.5 σ
2-6 keV (0.0095±0.0011) 1.0 152.5 8.6 σ
1-3 keV (0.0184±0.0023) (1.0000±0.0010) 153±7 8.0 σ
1-6 keV (0.0106±0.0011) (0.9993±0.0008) 148±6 9.6 σ
2-6 keV (0.0096±0.0011) (0.9989±0.0010) 145±7 8.7 σ

DAMA/LIBRA–phase1 + phase2:
2-6 keV (0.0095±0.0008) 1.0 152.5 11.9 σ
2-6 keV (0.0096±0.0008) (0.9987±0.0008) 145±5 12.0 σ

DAMA/NaI + DAMA/LIBRA–phase1 + phase2:
2-6 keV (0.0102±0.0008) 1.0 152.5 12.8 σ
2-6 keV (0.0103±0.0008) (0.9987±0.0008) 145±5 12.9 σ

4 Absence of modulation of the background

Careful investigations on absence of any systematics or side reaction able to account for
the measured modulation amplitude and to simultaneously satisfy all the requirements

8

Phase 2 
Phase 1

jnpae2018.94.307 
arXiv: 1805.10486 
arXiv: 1803.10110
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Figure 2: Experimental residual rate of the single-hit scintillation events measured
by DAMA/LIBRA–phase2 in the (1–3), (1–6) keV energy intervals as a function of
the time. The time scale is maintained the same of the previous DAMA papers for
consistency. The data points present the experimental errors as vertical bars and
the associated time bin width as horizontal bars. The superimposed curves are the
cosinusoidal functional forms A cosω(t − t0) with a period T = 2π

ω = 1 yr, a phase
t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central values
obtained by best fit on the data points of the entire DAMA/LIBRA–phase2. The
dashed vertical lines correspond to the maximum expected for the DM signal (June
2nd), while the dotted vertical lines correspond to the minimum.

in the fitting procedure. As reported in the table, the period and the phase are well
compatible with expectations for a DM annual modulation signal. In particular, the
phase is consistent with about June 2nd and is fully consistent with the value indepen-
dently determined by Maximum Likelihood analysis (see later). For completeness, we
recall that a slight energy dependence of the phase could be expected (see e.g. Refs.
[55, 56, 35, 58, 59, 60]), providing intriguing information on the nature of Dark Matter
candidate and related aspects.
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Worldwide Effort to Test DAMA/Libra
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