What can and cannot explain the
DAMA data?
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Modulated signal detected at
about 9σ.
Signal seen only at 2-6 keV.
Only in single-hit events.
Variations consistent with
dark matter signal in period
and phase.
No temperature variations.
Radon under control.
…
See DAMA papers.
Average modulation
amplitude at 2-6 keV:
0.0112 counts/kg/day/keV.
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Modulation amplitude
n

n

Average modulation
amplitude at 2-6
keV: 0.0112 events/
kg/day/keV.
Modulation
amplitude at 2-3
keV: 0.0190 events/
kg/day/keV.

From Bernabei et al. EPJC, 73 (2013) 2648.

Very difficult (impossible?) to reconcile with other experiments
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Comparison with other experiments
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Can muons explain the DAMA signal?
Borexino
Collaboration,
JCAP 1205
(2012), 015.

Figure 2. Upper panel: cosmic muon signal measured by Borexino as a function of time. Lower panel:
e↵ective temperature, Te↵ , computed using eq. 5.2 and averaging over the four daily measurements.
n
Daily binning is used in both panels. The curves show the sinusoidal fit to the data (see text).

n

Annual modulation of the muon rate has been observed by Borexino,
LVD and MACRO.
The modulation amplitude is about 1.4% of the average rate.
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Can muons explain the DAMA signal?
n

n

n

n

Several papers (mostly unpublished) suggest various models linked to
muons and/or muon-induced neutrons:
o Ralston, arXiv:1006.5255 [astro-ph].
o Nygren, arXiv:1102.0815 [astro-ph].
o Blum, arXiv:1110.0857 [astro-ph].
Estimates by DAMA: Bernabei et al. EPJC 72 (2012) 2064, but no
detailed simulations. Conclusion: expected neutron flux is several
orders of magnitude too low.
Statistical analysis focusing on phase only:
o Chang et al. Phys. Rev. D 85 (2012), 063505.
o Fernandez-Martinez and R. Mahbubani, JCAP, 07 (2012) 029.
Main focus on the phase of the modulation signal, not the amplitude.
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⌫
n

is also expected to have an annual modulation, due
the eccentricity of the Earth’s orbit about the Sun. It
envelope
isBack
shown of
thatthe
the phase
of ⌫n cancalculation
shift the phase of the
total neutron flux relative to µn .
active surface area perpendicular to
It
is
worth
noting
that most explanations focus on the
the muon flux of one DAMA/LIBRA
Muon-induced
neutron rather
flux in
phase,
thandetector
the module
amplitude, of the modulated sigLNGS
nal.
A rough estimate of the modulated rate of muonµ
Modulationinduced neutrons Rn in the DAMA/LIBRA experiment
Seconds in a day
amplitude of
can
be
calculated
as:
muon
µ
induced
n At
µ
µ
neutron rate
Rn = S
⇡ 4.6 ⇥ 10 5 events / day / kg (1)
m
Mass of one
µ
where n is taken from previous
estimates at LNGS
DAMA/LIBRA
Modulation amplitude of
muon flux (relative to
total muon flux)

NaI crystal

The estimate neglects the efficiency of neutron detection and event selection
(single hits, energy range). Also, neutron flux from rock only.
This simple estimate and a similar one, with more details, in Bernabei et al. EPJC
72 (2012) 2064, clearly show that muon-induced neutron rate is several orders of
magnitude smaller than the DAMA modulation amplitude: 0.045 events/kg/day.
DM-UK meeting, 8 June 2015
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Aν =Aμ ≈ 0.5 to provide a good fit to DAMA data.
the Akaike information criterion (AIC) [24] the neutrino þ
Taking the number density to be n ¼ 1029 m−3 , a
muon model gives the best fit, and for the Bayesian
volume of V ∼ 1000 m3 is enough to generate ∼100
information criterion (BIC) dark matter has the lowest
neutrons per day, which is similar to the rate observed
value, but only by a difference of ΔBIC ¼ 1.36, which is
in DAMA. For the muon-induced neutrons, the mean free
not significant. We conclude that our neutrino+muon model
path (MFP) is λ ≈ 2.6 m [31]. Hence, we estimate the
fits as well to the DAMA modulation as a dark matter
Davis,
PRL,
113
(2014)
081302:
combination
of muon
andthese
solar-neutrino
effective volume
over which
neutrons are prosignal.
duced
and still reach the detector to be V eff ¼
Rates of cosmogenic
neutrons.—We have modeled the
R
induced
neutrons.
2
4π
drr
exp½−r=λ$ ≈ 450 m3 , which is close to the
DAMA annual modulation by using neutrons produced by
volume V needed to explain the DAMA signal. The
solar neutrinos and atmospheric muons. Indeed, the DAMA
neutrino-induced neutrons will be of lower energies,
events cannot be due directly to muon or neutrino scatterresulting in a shorter MFP and a smaller V eff . However,
ing, due to statistical arguments for the former [13] and too

Recent publication

3 (colorphase
online). Comparison
of models
for the
DAMAbetween
data. The modelmuons
proposed in this
Letter
is shown ascan
the solid
•FIG.
The
difference
(30
days)
and
DAMA
becyan line,
composed of neutrons produced by solar neutrinos and atmospheric muons [with fixed phases ðϕν ; ϕμ Þ ¼ ð3; 179Þ days]. Adding the
solar neutrinoby
contribution
to that from muons
phase flux
forwardfrom
by ∼30solar
days, markedly
improving the fit to the data.
shifted
a contribution
to shifts
the the
total
neutrino-induced
neutrons.
081302-3
• Rough estimates of neutrino and
muon induced neutron rates in DAMA
do not contradict the DAMA signal.
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Recent publication
•

•

•

•

•

The calculation of the muon-induced background in this paper
contradicts the back-of-the-envelope estimate.
The calculation neglects the fact that most neutrons will be
accompanied a showering muon, and would not be accepted by
DAMA/LIBRA.
The value of the neutron mean free path in rock that was used in the
paper, was actually for liquid argon (half of the density of LNGS rock).
Quick response from DAMA: Bernabei et al. EPJC 74 (2014) 3196.
Estimate similar to the previous one in Bernabei et al. EPJC 72 (2012)
2064 show similar results: no neutrons can be responsible for such a
modulation. (However, no full MC).
Neutrino-induced neutron flux is in fact 6 orders of magnitude smaller:
Barbeau et al. PRD, 113 (2014) 229001.
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Recent publication
Davis, PRL, 113 (2014) 081302.
Despite of these criticisms, such publications attract a lot of attention:
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DAMA/NaI and DAMA/LIBRA
PMT

Light
guide

NaI(Tl)

Light
guide

n
PMT

n
n
n
n
n
n
n
n
n

n

Bernabei et al. NIMA 592 (2008) 297.
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25 NaI(Tl) crystals.
9.7 kg each.
242.5 kg total mass.
Located at LNGS.
10 cm copper.
15 cm lead.
1.5 mm Cd.
50 cm of polyethylene.
1 m of concrete.
Background from rock
is suppressed by 5-6
orders of magnitude.
No veto.
Too much lead/copper
around?
11

relative neutron flux, n/µ/MeV

First simulations
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veto air - GEANT4
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veto air - FLUKA (Paper 3)
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neutron energy, MeV

Our first simulations for a simplified geometry and a hypothetical xenonbased dark matter detector.
Araujo et al. NIMA, 545 (2005) 398
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Neutrons in lead

n
n
n
n

ZEPLIN-III veto data vs GEANT4 simulations.
GEANT4 predicts 20% lower neutron production rate.
Data and plots: Reichhart et al. ApP, 47 (2013) 67.
GEANT4: Agostinelli et al. NIMA, 506 (2003) 250.
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Full MC
n

n

n

Let’s do this properly:
o Fully modelled muon-induced neutrons.
o Detector geometry, including high-Z shielding.
o Event selection.
o Do not care about the phase: enough of statistical analyses already.
Simulation in two stages:
o First stage: muon transport from the surface to the lab: MUSIC code
(Antonioli et al., 7 (1997) 367; Kudryavtsev, CPC 180 (2009) 339).
Only muons are transported and their losses are taken into account.
Secondary particles are neglected.
o Second stage: transport of all particles produced by muons, through
rock near LNGS and DAMA setup as described in Bernabei et al.
NIMA 592 (2008) 297.
Klinger and Kudryavtsev. Phys. Rev. Lett. 114 (2015) 151301.
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Muon transport
n

n

n

n

Propagate muons with fixed
energies through LNGS rock (no
mountain profile) using MUSIC.
Record energy distributions at
different depths/distances.
Convolute recorded energy
distributions with muon spectrum
at the surface using modified
Gaisser’s parameterisation which
fits LVD and MACRO data. Take
into account the surface profile.
Use MUSUN to sample muons on
a box around the LNGS lab (part
of it where the DAMA detector is).
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Propagate
muons
Record
spectra at
different
depths

Sample muon
distribution on a
box surrounding
the DAMA
experiment
Vitaly Kudryavtsev
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Muons at LNGS
LVD data (LVD
coordinate system
(black) (Hall A) vs
MUSIC/MUSUN
simulations (red).
MUSIC: Antonioli et
al. Astropart. Phys.
7 (1997) 357;
Kudryavtsev, Comp.
Phys. Comm., 180
(2009) 339.
MUSUN:
Kudryavtsev, Comp.
Phys. Comm., 180
(2009) 339.
n

n

Data from LVD Collaboration, PRD 58 (1998) 092005; PRD 60 (1999)
112001.
Graph from: Kudryavtsev et al. EPJA (2008) 1.
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Neutron production and transport
n
n
n

The box encompasses the lab and 5-7 m of rock around.
All particles produced are transported with GEANT4.
All hits in the crystals are recorded.
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Comparison with other simulations

n

n

High-Z shielding (lead,
copper) leads to the
enhancement of the
neutron flux (no
surprise).
Simulations show that
the flux increases by a
factor of 2-40
depending on the
energy (0.1-100 MeV).
Is this enough to
explain the modulation
signal?
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FIG. 1. The distribution of µn as a function of neutron energy
for neutrons entering the cavern in which DAMA/LIBRA is
situated (solid lines) and entering the DAMA/LIBRA detector modules after all shielding is traversed (dashed line). The
distributions excluding and including back-scattered neutrons
are shown in black and red respectively.
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Figure 2: The neutron flux distribution as a function of neutron energy for neutrons entering the cavern in which DAMA/LIBRA is situated (solid lines) and
entering the DAMA/LIBRA detector modules after all shielding is traversed
(dashed line). The distributions excluding and including back-scattered neutrons are shown in black and red respectively.
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Figure 3: The energy spectrum of all crystals with energy depositions with (a)
no correction factors applied and (b) resolution and nuclear recoil quenching
factors applied. The equivalent of ten years of muon-induced data is presented.
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Hit multiplicity
n

n
n

Distribution of hit multiplicity for events with energy depositions above 2
keV. At least one hit is at 2 – 6 keV.
Only 8% of events are single hit events.
Definitely contradicts DAMA data.
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Event energy spectrum
n

n

n

Select only single hit
events.
Non-negligible
contribution at >6 keV.
Contradicts DAMA data.
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Conclusions so far
n

n
n

n

Single-hit event rate (averaged over 2-6 keV): 3.5×10-5 counts/kg/day/
keV, this is the TOTAL (AVERAGE) rate - 0.3% of the reported
MODULATED AMPLITUDE.
Muon-induced neutrons cannot explain the DAMA data.
In agreement with all our previous estimates and DAMA calculations –
no surprise.
Any other muon-induced background/noise?
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Energy spectrum
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Figure 1: Cumulative low-energy distribution of the single-hit scintillation events (that
is each detector has all the others as veto), as measured by the DAMA/LIBRA detectors in an exposure of 0.53 ton × yr. The energy threshold of the experiment is 2 keV
and corrections for eﬃciencies are already applied.
n

Bernabei et al. EPJC 56 (2008) 333.

bility is negligible), as measured by the DAMA/LIBRA detectors in the 0.53 ton×yr
exposure.
In order to further investigate the presence of DM particles in the galactic halo, a
model-independent investigation of the annual modulation signature has been carried
out by exploiting the time behaviour of the residual rates of the single-hit events in the
DM-UK meeting, 8 June 2015
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lowest energy regions of the DAMA/LIBRA
data. These residual rates are calculated

Other options?
n
n

n

Let’s look at the energy spectrum.
Measured energy spectrum consists of two components: background
(whatever this background is) and the signal (whatever this signal is).
Major background is known to come from radioactivity. Background
from radioactivity (Compton electrons if external) is known to be flat
below ~20 keV except some obvious lines (such as a peak at ~3 keV
from 40K).

Rate (cpd/kg/keV)

10
8
6
4
2
0

2

4

6
Energy (keV)

8

10

Figure 1: Cumulative low-energy distribution of the single-hit scintillation events (that
is each detector has all the others as veto), as measured by the DAMA/LIBRA detecDM-UK meeting, 8 June 2015
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tors in an exposure of 0.53 ton × yr. The energy threshold of the experiment is 2 keV

n

Rate (cpd/kg/keV)

n

Let us now assume that our simulations are incorrect
Muon-induced events
and so are all previous estimates, and the DAMA modulated
is indeed
due tospectrum
muon-induced
background.
Assume
thesignal
signal has
a ‘flat’ energy
with the average
Theamplitude
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Borexino
[23] experiments
have
modulation
at 2 –and
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(fromobserved
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1.4%,signal
therefore
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the total
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DAMA/LIBRA
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a muon-induced
(average) rate of muon-induced backgrounds should be:
e↵ect, then the total rate of this ‘e↵ect’ will be
0.0112/0.014 ⇡ 0.8 counts / day / kg / keV. This is
approximately equal to the total rate of approximately
1 counts
/ day / kg / keV observed by DAMA in the
10
2-6 keV
energy range [4]. The e↵ect is more dramatic
8
in the6 2-3 keV energy range, where the modulated signal
is approximately
0.0190 counts / day / kg / keV [4].
4
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Figure 1: Cumulative low-energy distribution of the single-hit scintillation events (that
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as measured by the DAMA/LIBRA detec- 26
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Consequences for background model
n

Radioactivity model does not predict such a dip.
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Figure 1: Cumulative low-energy distribution of the single-hit scintillation events (that
first
energy
keV.
DAMA
modulation
is:
is each
detectorbin
has 2-3
all the
others
as veto),
as measuredamplitude
by the DAMA/LIBRA
detectors in an exposure of 0.53 ton × yr. The energy threshold of the experiment is 2 keV
and corrections for eﬃciencies are already applied.

Total (average) rate is then:

0.0190
= 1.4 counts/kg/day/keV
bility is negligible), as measured by 0.014
the DAMA/LIBRA detectors in the 0.53 ton×yr

exposure.
order to than
furtherthe
investigate
the presence
of DM particles in the galactic halo, a
This isInbigger
measured
rate!!!
model-independent investigation of the annual modulation signature has been carried
out by exploiting the time behaviour of the residual rates of the single-hit events in the
lowest energy regions€
of the DAMA/LIBRA data. These residual rates are calculated
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the measured rate of the single-hit events
(obviously corrections for the overall 27

Background from radioactivity

n

n
n

External background from Compton electrons (left) assumed to be
from PMTs.
Internal background in NaI crystals (right).
Plots from: Kudryavtsev, Robinson and Spooner. ApP, 33 (2010) 91.
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Background from radioactivity
Measured
minus
wimps,
2×10-7 pb

measured

Measured
minus
wimps,
7×10-7 pb

n
n

Combined spectra (internal + external) with various normalisations (left).
Measured rate with signal subtracted (right). This must be equal to the
radioactive background rate. Signal is assumed to be from WIMPs (no link to the
measured modulation amplitude).
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Requirements for any model
n

n

n

n

n

n

n

The total (average) rate of the signal must be very small compared to
the DAMA event rate.
The modulation amplitude of the signal must not be much smaller
than the average rate of this signal.
Any effect not satisfying the latter two criteria implies that there is a
new model of suppressed radioactivity in the region 2-6 keV, that
does not apply above 6 keV.
The modulation must only affect single-hit events, whilst disregarding
multiple-hit events.
The explanation must simultaneously predict the phase and the period
of the modulation.
An explanation which incorporates muon-induced backgrounds
cannot satisfy these criteria.
Any other model? Your call, but do not forget about radioactivity. The
model should incorporate radioactivity.
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