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1. New feeble signals at the direct DM detection threshold
    “Claiming territory over the low recoil region”

2.  A critical look at DAMA’s Dark Matter claim

- Dark Photons       => Haipeng An’s talk this morning

- New neutrino signals in direct detection 

Outline
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A vision of a 
true neutrino observatory

• superconducting grains in filler material in magnetic field

• at low temperatures specific heat ~ 

=> single scatter of neutrino can make grain conducting

=> magnetic field collapses, induces electric signal in detector

T 3



• coherent enhancement       for MeV-scale neutrinos from 

=>  spallation sources, supernovae, reactors, sun, earth

• cross section grows quadratically with neutrino energy

• helicity conservation forbids back-scattering

coherent neutrino-
nucleus scattering
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• coherent enhancement       for MeV-scale neutrinos from 

=>  spallation sources, supernovae, reactors, sun, earth

• cross section grows quadratically with neutrino energy

• helicity conservation forbids back-scattering
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(this process has not yet been observed)



=> direct DM detection

Witten 1985
~ keV



=> direct DM detection

• nuclear recoil can be picked up in various channels: 

heat ionizationscintillation



 WIMPs vs. solar neutrinos
• flux

• cross section

• recoil
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“baryonic” neutrinos
M. Pospelov PRD 2011

⌫b

• introduce new left-handed neutrino species
together with gauged          

•     couples to quarks, but not to leptons

• breaking of           gives new gauge field     mass 
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• for                effective Lagrangian reads

• measure interaction strength in units of       :
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• crucial insight:

• For solar flux, deuteron breakup in SNO does not constrain 
scenario

��bN (elastic)

��bN (inelastic)
� A2

E4
�R

4
N

� O(108)

this ratio makes direct detection 
experiments competitive with large scale neutrino experiments

“baryonic” neutrinos
M. Pospelov PRD 2011
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direct detection of solar 
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direct detection of ⌫b



Appearance
probability

• considering small values in
standard solar story unfolds 
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νb
DAMA 2010

χ2/d.o.f. = 9.3/8

∆m2 = 2.52 × 10−10 eV2
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CRESST-II
signal

• 8 CaWO4  crystals, measure scintillation light and phonons from 
nuclear recoil

• in a nutshell:  67 events in acceptance region - half of which are 
attributed to backgrounds

W
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• we follow CRESST in their 
modeling of backgrounds

CRESST-II
fits

=> e/gamma events known 
=> other bkg. essentially flat
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• we follow CRESST in their 
modeling of backgrounds

CRESST-II
fits

=> e/gamma events known 
=> other bkg. essentially flat

• use Poisson log-Likelihood
to fit ⌫b
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direct detection experiments 
as neutrino observatories
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reg CDMS-II Si as 
of today

19

2

technologies [6].
The Cryogenic Dark Matter Search (CDMS) collabora-

tion identifies nuclear recoils (including those that would
occur in WIMP interactions) using semiconductor detec-
tors operated at 40 mK. These detectors use simulta-
neous measurements of ionization and non-equilibrium
phonons to identify such events among the far more nu-
merous background of electron recoils. During 2003-2008
the collaboration operated CDMS II, an array of Ge and
Si detectors located at the Soudan Underground Labo-
ratory [7]. Previous results from the CDMS II instal-
lation [8–11] have set world-leading upper limits on the
WIMP-nucleon scattering cross section and constrained
some non-WIMP dark matter candidates [12].

The low atomic mass of Si generally makes it a less
sensitive target for spin-independent WIMP interactions
relative to the larger coherent enhancement of the scat-
tering cross section for heavy nuclei. On the other hand,
the lower atomic mass of Si is advantageous in searches
for WIMPs of relatively low mass due to more favorable
scattering kinematics. A WIMP of mass . 40 GeV/c2

will transfer more recoil energy to a Si nucleus than a
Ge nucleus on average. For a recoil energy threshold of
⇠ 10 keV, WIMPs of su�ciently low mass (. 10 GeV/c2)
will generate more detectable recoils in a Si detector since
the more numerous Ge recoils would fall below the detec-
tor threshold. New particles at such masses are generally
disfavored in fits of models to precision electroweak data
(e.g. [13]), but viable models in this regime do exist (e.g.
[14, 15]). Renewed interest in this mass range has been
motivated by results from the DAMA/LIBRA [16], Co-
GeNT [17], and CRESST [18] experiments, which can be
interpreted as evidence of low-mass WIMP scattering.

In its final configuration, the CDMS II array consisted
of 30 Z-sensitive ionization and phonon (ZIP) detectors:
19 Ge (⇠239 g each) and 11 Si (⇠106 g each), for a to-
tal of ⇠4.6 kg of Ge and ⇠1.2 kg of Si. Each CDMS II
detector is a semiconductor disk, 7.6 cm in diameter and
1 cm thick, instrumented to detect the phonons and ion-
ization generated by particle interaction within the crys-
tal [7]. We discriminate nuclear recoils from background
electron recoils using the ratio of ionization to phonon
recoil energy (ionization “yield”). Electron recoils that
occur within ⇠10 µm of a detector surface can exhibit
reduced ionization collection. These events are identi-
fied by phonon pulse-shape discrimination. Our overall
misidentification rate of electron recoils is less than 1 in
106.

We consider data from the Si detectors using the final
four run periods of the full CDMS II detector installa-
tion, acquired between July 2007 and September 2008.
The Ge results from this data set have been described in
previous publications [11]. Of the 11 Si detectors, three
were excluded from the WIMP-search analysis: two due
to wiring failures that led to incomplete collection of the
ionization signal and one due to unstable response on
one of its four phonon channels. Periods of poor perfor-
mance, as identified by a series of Kolmogorov-Smirnov
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FIG. 1. Exposure (left y axis) and e�ciency (right y axis)
as functions of recoil energy after application of each WIMP-
selection criterion shown. Each curve from top to bottom
shows the cumulative e↵ect of successive cuts on the data,
such that the bold solid curve shows the overall e�ciency of
this analysis. The abrupt drops in acceptance at low recoil
energies reflect the elevated energy thresholds chosen for some
detectors.

tests, were also excluded from analysis. After all such
exclusions, the data collected by the 8 Si detectors con-
sidered in this analysis represent a total exposure of 140.2
kg-days prior to the application of the WIMP candidate
selection criteria.
The responses of these detectors to electron and nu-

clear recoils were calibrated using events from extensive
exposures to 133Ba and 252Cf sources in situ at Soudan.
Electron recoils from the former were used to empirically
characterize and correct for the dependence of phonon
pulse shape on event position and energy. The 356 keV
gamma ray from the 133Ba source has a ⇠ 4.2 cm atten-
uation length in Si, and thus the Si detectors generally
do not show a clear line at 356 keV. Their energy scales
were calibrated using 356 keV events with total energies
shared between the Si detector and a neighboring detec-
tor.
WIMP-candidate events were identified by a series of

selection criteria. As with the Ge data analysis, events
in and near the WIMP-candidate region were automat-
ically removed from the data set during the analysis,
and all WIMP-selection criteria were defined blindly us-
ing calibration and remaining WIMP-search data. Thus,
WIMP candidates had no impact on the definition of
the selection criteria. A WIMP candidate was required
to have phonon and ionization signals inconsistent with
noise alone in exactly one ZIP detector and to exhibit no
coincident energy in the scintillating veto shield or in any
of the other 29 ZIP detectors. Events in coincidence with
the NuMI beam [19] were also vetoed. We demanded that
any candidate event occur within the detector’s fiducial
volume, defined by requiring signal consistent with noise
in the outer ionization electrode. Candidate events were
also required to have ionization yield and phonon pulse
timing consistent with a nuclear recoil. The recoil energy

Agnese et al. 2013
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phase off by one month!  :(
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Outlook
direct detection
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Outlook
direct detection

• even lighter targets (He) are even better! Neutrinos give more 
recoil than WIMPs (   )

• directional detection
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Outlook
solar neutrino experiments

• elastic scattering off scintillating mineral oil with ultra-pure setups
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• supernovae production of     => signal in direct detection possible? 

• may affect dynamics of explosions

• sensitivity to truly tiny mass splittings over cosmological distances

• Neff = ?
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n
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freezes out quickly
=> high initial T spectrum!

insulating scattering sphere

⌫b

24

Outlook
astrophysical signatures

with Liang Dai (JHU)



Part II

apropos DAMA
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observed modulation amplitude

the higher the background, the stronger the signal must be modulated 

=> take a closer look at the DAMA backgrounds to see what is needed
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• “Single-hit” spectrum
(all other detectors act 
as a veto)
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DAMA signal interpretation
in the presence of backgrounds
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Potassium background in DAMA 
at 3 keV
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Potassium background in DAMA 
at 3 keV
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40K

238U+232Th+129I
DAMA reported
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Simulated DAMA spectrum 
using reported contaminations
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• strong indication of a 
flat background 
component 

•        and Compton 
background at low 
energies are flat!

=> work out 
implication for 
modulation fraction

Bflat ' 0.85 cpd/kg/keV

��

shape = energy resolution
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using reported contaminations
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• challenges standard 
WIMP scenario with 
Maxwellian halo: 

• for 13 ppb potassium 
contamination
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required modulation fraction
if a flat background is present
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• critique 1: potassium is 
measured at

• critique 2: EC to g.s. is only 10% 
=> our discussion is “captious”

• critique 3: upper limit on signal 
claimed                                   
=> allows for 6-10% modulation!

natK = 13ppb

S0  0.25 cpd/kg/keV

results triggered responses by DAMA
which only raised more questions

Bernabei et al.
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• critique 2: EC to g.s. is only 10% 
=> our discussion is “captious”

• critique 3: upper limit on signal 
claimed                                   
=> allows for 6-10% modulation!

natK = 13ppb

S0  0.25 cpd/kg/keV

Great.  A new number in print.

Confirms our findings.
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measured at
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• critique 3: upper limit on signal 
claimed                                   
=> allows for 6-10% modulation!

natK = 13ppb

S0  0.25 cpd/kg/keV

Great.  A new number in print.

Confirms our findings.

=> let’s check.  
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DAMA/LIBRA 0.53 tonuyr

Example of a correct approach:        
S0

 

vs background

background
 

around 2-6 keV: 
• straight line extrapolation from higher energy

• <natK> (|13 ppb)

background

Residuals: upper limit of S0

In the energy region 2-4 keV:
 

S0

 

<~ 0.25 cpd/kg/keV

single-hit counting rate

multi-detectors set-up each one in 
anticoincidence with all the others

data under the energy threshold of the experiment: wait for the new higher Q.E. PMTs

Counting-rate/S0

 

(upper limit) ratio is very much higher in other experiments !

DM annual 
modulation 
signature offers 
a powerful tool 
for background 
rejection (see in 
Freese et al. )

Software energy 
threshold of the 

experiment

talk by Nozzoli for DAMA, TAUP 2009

referenced by DAMA’s reply to our paper:



none of our questions/
concerns have been 
addressed.

instead our assumption of 
a flat background was 
criticized as being ad hoc 

=> their own model is 
not supported by data 
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interpretation of the signal in terms of DM is seen to be very sensitive to 
assumptions on the background....
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copper encapsulation the upper limits on the activities shown
in Table 4 have been obtained at the HPGe test bench at the
LSC and are given at 95% C.L. Upper limits for 238U are worse
than those obtained for other isotopes because of the low inten-
sity of its gamma emissions; in this case, equilibrium in the nat-
ural chains has not been imposed.
! For archaeological lead, upper limits on 210Pb, 232Th and 238U

activities quoted in [23] have been used.
! For radon content in the air filling the inner volume of the

shielding, there is no real estimate. Radon content in the labora-
tory air is being continuously monitored, and the inner volume
of the shielding is flushed with boil-off nitrogen, to guarantee
its radon-free quality. An arbitrary value for the radon content
in the inner volume air of about one hundredth of the external
air radon content has been assumed in our background model
(0.6 Bq/m3), compatible with the absence of lines coming from
radon daughter isotopes in the measured background. Never-
theless, this contribution should be considered as an upper
limit.

4. Geant4 simulation

A complete simulation (using the Geant4 package [24]) of the
ANAIS-0 module with shielding in different experimental configu-
rations has been carried out. Geant4 is widely used for this purpose
and its reliability has been established in a large number of validat-
ing studies, changing experimental conditions and detection tech-
niques. Some recent works using Geant4 with similar context and
goals can be found in the literature [25–28]. Accurate modeling of
the detector and shielding components and physical processes par-
ticipating in the interaction mechanisms for every background
source is required in order to reproduce qualitatively and quantita-
tively the background event rate of the experiment. Version
Geant4.9.4.p01 and its corresponding data libraries have been used
for all the simulations presented here. Physical processes and mod-
els commonly used in the context of underground experiments
have been implemented for interactions of alpha, beta and gamma
particles; for example, the low energy models based on the Liver-
more data libraries for the electromagnetic interactions. Range cut
values of 10 (100) lm (that are converted into the corresponding
energy cuts for every material) have been typically used for elec-
trons (photons) in the simulation of bulk emissions; these cut val-
ues are (recommended) production thresholds for secondary
particles. The Geant4 Radioactive Decay Module has been used
for simulating radioactive contaminations, after checking carefully
the energy conservation in the decay of all the considered isotopes;
problems encountered in previous versions of Geant4 code seem to
be surpassed. In particular, a very relevant (for this work) modifi-
cation, included in the used Geant4 version, is related with the
shape of the 40K beta spectrum3, because the proper shape factor
for the third unique forbidden beta decay has been used [29] (see
Fig. 3).

The simulated geometry (see Fig. 4) includes the NaI crystal,
Teflon and reflector lining, quartz windows, light guides (optional),
photomultipliers, copper encapsulation, Mylar window, HV divider
circuit and its mechanical support, and the shield made of both
archaeological and standard low activity lead.

Decays of radioactive impurities in the most relevant materials
of the experimental layout, including mainly 238U and 232Th chains
and 40K, have been simulated assuming (unless otherwise stated) a

Table 3
Activities considered for the simulation of the different PMT models used in the
ANAIS-0 module. In the case of the Ham LB and Ham ULB PMTs, the values measured
for each available unit are given separately.

Detector component Isotope Activity (mBq/PMT)

ET LB PMT 40K 420 ± 50
232Th 24 ± 4
238U 220 ± 12

Ham LB PMT 40K 678 ± 42 647 ± 56
232Th 68 ± 3 75 ± 4
238U 100 ± 3 109 ± 5

Ham ULB PMT 40K 12 ± 7 24 ± 9
232Th 3.6 ± 1.2 1.8 ± 1.0
238U 47 ± 28 59 ± 28
226Ra 8.0 ± 1.2 6.1 ± 1.2
60Co 4.1 ± 0.7 5.1 ± 0.8

Table 4
Activities considered in the simulation for the different components of the ANAIS-0
module layout. Upper limits are given at 95% C.L.

Simulated component Isotope Activity

Copper encapsulation 40K < 11 mBq
232Th < 4.1 mBq
238U < 140 mBq
226Ra < 2 mBq
60Co < 0.94 mBq

Quartz optical window 40K < 12 mBq/kg
232Th < 2.2 mBq/kg
238U < 100 mBq/kg
226Ra < 1.9 mBq/kg

Light guides 40K < 21 mBq/guide
232Th < 4.1 mBq/guide
238U < 120 mBq/guide
226Ra < 4.7 mBq/guide

Optical coupling grease 40K < 200 mBq/kg
232Th < 200 mBq/kg
238U < 2000 mBq/kg
226Ra < 30 mBq/kg

Archaeological lead 210Pb < 20 mBq/kg
232Th < 0.3 mBq/kg
238U < 0.2 mBq/kg

Inner volume air 222Rn < 0.6 Bq/m3

3 Problem number 1068 at Geant4 Problem Tracking System: http://bugzilla-
geant4.kek.jp/
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Fig. 3. Simulated spectra for bulk 40K contamination in the ANAIS-0 NaI crystal are
shown both for an allowed beta spectrum shape (Geant4.9.3 version) in blue and
taking into account the proper shape factor for the third unique forbidden beta
decay (Geant4.9.4 version) in red. It can be seen a much better accordance with the
measured background spectrum (in black) shape at 1 MeV for the latter: in both
cases 12.7 ± 0.5 mBq/kg of 40K have been considered, as deduced from the analysis
of coincidences (see text) (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.).
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a b s t r a c t

NaI (Tl) is a well known high light yield scintillator. Very large crystals can be grown to be used in a wide
range of applications. In particular, such large crystals are very good-performing detectors in the search
for dark matter, where they have been used for a long time and reported first evidence of the presence of
an annual modulation in the detection rate, compatible with that expected for a dark matter signal. In the
frame of the ANAIS (Annual modulation with NaI Scintillators) dark matter search project, a large and
long effort has been carried out in order to characterize the background of sodium iodide crystals. In this
paper we present in detail our background model for a 9.6 kg NaI (Tl) detector taking data at the Canfranc
Underground Laboratory (LSC): most of the contaminations contributing to the background have been
precisely identified and quantified by different complementary techniques such as HPGe spectrometry,
discrimination of alpha particles vs. beta/gamma background by Pulse Shape Analysis (PSA) and coinci-
dence techniques; then, Monte Carlo (MC) simulations using Geant4 package have been carried out for
the different contributions. Only a few assumptions are required in order to explain most of the measured
background at high energy, supporting the goodness of the proposed model for the present ANAIS pro-
totype whose background is dominated by 40K bulk contamination. At low energy, some non-explained
background components are still present and additional work is required to improve background under-
standing, but some plausible background sources contributing in this range have been studied in this
work. Prospects of achievable backgrounds, at low and high energy, for the ANAIS-upgraded detectors,
relying on the proposed background model conveniently scaled, are also presented.

! 2012 Elsevier B.V. All rights reserved.

1. Introduction

Sodium iodide scintillators have been widely used for radiation
detection [1,2]. In particular, they have been applied since the
nineties in the direct search for dark matter, profiting from the fea-
sibility of growing large mass crystals, the high light output, the
sensitivity to spin-dependent interacting WIMP candidates, the
low and high mass isotope combination, and the particle discrim-
ination capability (although limited at low energy). On the other
hand, they suffer from poor energy resolution and low Relative
Scintillation Efficiency factor for nuclear vs. electron recoil events.
Several experimental efforts with NaI (Tl) detectors in the search
for dark matter can be found in the literature [3–12]. Among these
experiments, DAMA/LIBRA results have produced a large impact in
the field by analyzing the annual modulation in the rates: a mod-
ulation compatible with that expected for galactic halo WIMPs was

reported after seven cycles of measurement at the Laboratori Nazi-
onali del Gran Sasso, Italy [5] and has been confirmed with much
more statistical significance by LIBRA data, accumulating six more
cycles at this moment [11]. Complete understanding of the DAMA/
LIBRA background at low energy has not yet been achieved and
some open questions remain [13,14]. Results obtained with other
target materials and detection techniques have been ruling out
for years the most plausible compatibility scenarios (some of the
most recent and significant negative results can be found in
[15,16]), but recently CoGeNT and CRESST experiments have re-
ported excess of events attributable to WIMPs [17,18], and even,
in the former experiment, the presence of an annual modulation
in the rate has been observed [19].

Confirming the DAMA/LIBRA modulation observation in a mod-
el independent way is the main goal of the ANAIS experiment (An-
nual modulation with NaI Scintillators), projected to be carried out
at the Canfranc Underground Laboratory (LSC), Spain, with up to
250 kg of NaI (Tl) [20]. In the context of ANAIS, a long effort to
understand and reduce the radioactive background in sodium io-
dide detectors has been done. In this paper we report on the esti-
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DAMA should
show us the K40
shoulder 

A count rate in DAMA 
much greater than 
0.04 cpd/kg/keV will 
severely undermine a DM 
interpretation of the signal.



Conclusions

• DAMA data speaks against a “vanilla” Dark Matter interpretation 

=> a minimum of 20% modulation in any putative signal may at 
least be required

=> after a decade of modulation maybe it is time to take a more 
global look at the data set

• new neutrinos with enhanced baryonic currents can be tested in 

direct detection experiments

=> “DM-like” signals from new neutrino physics can explain DM 
anomalies CoGeNT and CRESST-II, unchallenged by other searches

=> upcoming experimental results will conclusively probe the most 
interesting parameter space


