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• DAMA:   250kg of scintillating NaI crystals, running since 
1995, exposure in excess of 1 ton x year, no discrimination

• CoGeNT: 440 gram Ge crystal, 442 live days; ionization 
only, no discrimination

• CRESST: scintillation and phonons; 730 kg days, multi-target

one 
species

 - 

three 
signals?
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“take home message”

• cosmic muons as origin for DAMA modulation strongly disfavoured

- different in phase
- different in correlation
- possibly different in power
- possibly different in amplitude

• similar conclusions hold for CoGeNT modulation

• there is more than “one modulation”



signal modulation in direct 
detection
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signal modulation in direct 
detection
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• scintillation from 
NaI-crystals

•  8σ+ modulation

• phase consistent 
as expected from
WIMPs

t0 ' 2 June

⇠ 3%

[Bernabei et al. 2010]

= 152.5 days



Muon Flux underground

• underground flux sourced mainly by primary meson decays (pions, 
kaons,...) => muons need to be TeV-like to reach underground

• competition between secondary meson interactions vs. decay 
depends on air-density 

=> muon flux correlated with temperature

• flux peaks in Summer (on northern hemisphere)
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Muon Flux underground

• many measurements available, correlation 
with       firmly established

• LNGS: Macro, LVD, 
Borexino
(DAMA location)

• Soudan Mine: MINOS
(CoGeNT location)

• South Pole: Icecube 

Te↵

Te�

�µ

[Borexino 2011]



LVD and DAMA

• Large Volume liquid scintillator Detector (LVD) reports underground 
muon-flux at LNGS => temporal overlap with DAMA data

[Selvi, 2009]Iµ ⇠ 30/day/m2 @ DAMA site



(digitized from LVD data)
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LVD and DAMA

• recent renewed interest in muons as DAMA background, see e.g.
[Ralston, 2010], [Nygren, 2011], [Blum, 2011]

• very recent response by DAMA [Bernabei, 2012]



LVD and DAMA
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• recent renewed interest in muons as DAMA background, see e.g.
[Ralston, 2010], [Nygren, 2011], [Blum, 2011]

• very recent response by DAMA [Bernabei, 2012]



LVD and DAMA

• muons can either directly hit the detector or indirectly, by spallation 
of nuclei which leads to neutron flux

=> guaranteed source of background

• in this talk we will base our analysis exclusively on the time-series of 
events in both data sets

=> we are ignorant to how the signal formation process concretely 
happens

=> but if we can make firm statements already it means that this 
approach is very model-independent and thus conservative



• evenly spaced data                 discrete FT 

• unevenly spaced data: Lomb-Scargle Periodogram

detecting periodicities
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detecting periodicities
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adopting DAMA’s procedure of 
subtracting baseline on each cycle

suppresses power on timescales longer 
than 1 yr  (see also Blum, 2011)

no power on timescales > 1yr

BUT



detecting periodicities
DAMA/LIBRA, 2012
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detecting periodicities
DAMA/LIBRA, 2012 LVD muons
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detecting periodicities
DAMA/LIBRA, 2012
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• power spectrum of baselines 
alone does NOT convincingly 
show that there is indeed no long 
term modulation in DAMA

P (!) = LS(!)/�2

=> DAMA should provide baseline rates
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A⇥ cos [!(t� t0)]

• interpret data as sinusoidal 
variations

• phase of DAMA/LIBRA 
incompatible with muons 

t0(LVD) = (187± 2) days

DM

t0(DAMA) = (131± 13) days

@ ! = 2⇡/1yr :



The phase of DAMA 
vs 

the “phase” of LVD

• two studies suggest that phase can potentially in agreement

1.  Selvi for LVD collaboration finds
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Fig. 2. Muon intensity along the 8 years of data acquisition. Each bin corresponds to one day, starting from 1st January, 2001 to 31st

December, 2008. The error bars are the statistical uncertainty. The solid red curve is the result of a cosinusoidal fit to the data in the form
shown in eq. 3 The vertical dashed lines separate each solar year.

Since the configuration of the apparatus may be
changed run by run in terms of number and position
of the active counters, and since the rate of the detected
muons depends critically on the active counter configura-
tion, we developed a Monte Carlo simulation to take into
account the acceptance and the efficiency of the detector
in detecting muons. The geometry of the LVD detector
has been described in detail through the GEANT4 [8]
program. The distribution of the muon energy and arrival
direction has been generated accordingly to the MUSUN
code [9], developed for the Gran Sasso rock distribution
around the LNGS. The muons are sampled uniformly in
a circle orthogonal to the chosen direction and tracked
trough the LVD detector: the information on the number
of crossed counters, together with the time and energy
in each counter, are stored; then we apply the same
selection cuts as we did in the real data.

With all the scintillation counters considered as ac-
tive, we derive the geometrical acceptance (averaged
over the cosmic muon arrival directions in the LNGS)
A = (298 ± 3) m2, where the uncertainty (1%) is
mainly dominated by the systematic errors assumed in
the muon direction given by the MUSUN code. Since
the number and also the position of the counters that do
not participate to the muon trigger change run by run, we
generate 10

5 muons for each run, removing from the MC
the corresponding OFF, HIGH and BAD-TDC counters.
We calculate the muon detection efficiency � defined as
the ratio between the number of detected muons in each
configuration and the one with the fully active detector.

The last phase of the muon event selection consists
in applying quality cuts to the data taking itself: runs
lasting less than one hour, or with � < 0.5, or with more
than 10 anomalous TDC counters, are not considered in
the analysis. The fraction of lost time is negligible (7%),
moreover the runs removed from the analysis are spread
all over the whole period of data acquisition; indeed the
largest continuous amount of dead time is 10 days.
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Fig. 3. Superposition of the mean daily intensity for the averaged
total data set 2001-2008 into one year.

The total analyzed live time results 2724 days. In
normal conditions (three active LVD towers) the number
of detected muons per day is of the order of ∼ 8000

(∼ 0.1 Hz). The total number of muons in the full data
set 2001-2008 is about 21.5 millions.

IV. RESULTS

The muon intensity in the i-th run is now defined as:

Iµ
i =

Nµ
i

A · �i · ti
(2)

where Nµ
i is the number of detected muon events, A is

the geometric acceptance, ti and �i are, respectively, the
duration and the detection efficiency of each run.

The muon intensity measured day by day since 2001
till 2008 is shown in figure 2. A modulation is clearly
visible; fitting the distribution with the following func-
tion:
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adopting this procedure we find

!t0(LVD) = (186± 2) days
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The phase of DAMA 
vs 

the “phase” of LVD
• two studies suggest that phase can potentially in agreement

2.  Blum, 2011: 
nice observation that direct hits 
by muons induce produce too 
large spread in signal, BUT

hNµ,ii = Ae�Iµ,i�iti

si =
yNµ,i

M�E�iti

Nµ,imean of Poisson distributed 

count rate in DAMA bin i
   = signal counts / muony

=> used to generate DAMA mock data



The phase of DAMA 
vs 

the “phase” of LVD
• two studies suggest that phase can potentially in agreement

2.  Blum, 2011: 
nice observation that direct hits 
by muons induce produce too 
large spread in signal, BUT

DAMA muons

hNµ,ii = Ae�Iµ,i�iti

si =
yNµ,i

M�E�iti y

=> used to generate DAMA mock data
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the “phase” of LVD

=> redo Blum’s analysis:

(one representative out of a sample of 10k)



[Blum, arXiv:1110.0857]
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lessons learned

1. distribution in     depends on time origin

=> frequentist fits to mock-data do not define a good test statistic

2. we need better ways to quantify agreement/disagreement of 
DAMA with the Muon hypothesis

=> preferentially without reliance on sinusoidal function

=> look at the correlation coefficient 

t0

r 2 [�1, 1]
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correlation study
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Fisher z-transform
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• 442 kg live-days

• Ge-target, ionization

• potential exponential rise
toward low energies

• cosmogenic peaks

• modulation too

oGeNToC

[Aalseth et al, 2011]

http://inspirebeta.net/author/Aalseth%2C%20C.E.?recid=912559&ln=en
http://inspirebeta.net/author/Aalseth%2C%20C.E.?recid=912559&ln=en


• muon measurements at CoGeNT site (Soudan Mine, MN) from 
MINOS experiment exist---but only for earlier time period 

[Adamson et al, 2010]

oGeNToC



• muon measurements at CoGeNT site (Soudan Mine, MN) from 
MINOS experiment exist---but only for earlier time period 

MINOS time period, 〈Teff 〉 = 221.44 K
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=> use available climate data to predict muon flux!

[Adamson et al, 2010]

oGeNToC



vs.

CoGeNTMINOS published
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1.5–3.0 keV
0.9–1.5 keV
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0.5–3.0 keV
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no correlation
with high significance!

=> CoGeNT’s 
modulation 

not muon-induced

oGeNToC correlation study



higher harmonics 
in DM modulation
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• biannual mode

• triannual mode

• ...
[using f(v) from Lisanti et al, 2010]
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conclusions

• cosmic muons as origin for DAMA modulation strongly disfavoured

- different in phase
- different in correlation
- possibly different in power
- possibly different in amplitude

• similar conclusions hold for CoGeNT modulation

• higher harmonics in the modulation signal may provide additional 
handles in discriminating signal from background


