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The atmospheric muon flux modulation
• The atmospheric muon flux 

modulation has been studied and 
measured by several underground 
experiments
– Depends on the relative weight of 

muons from pion and kaon decays
– Depends on the depth (Eµ)
– No modulation expected for the 

prompt component (up to 107 GeV)
• Characteristics of the annual 

modulation in terms of period/phase 
→ sinusoidal fit and Lomb-Scargle 
analysis → comparison with Dark 
Matter modulated signals

• Correlation between relative 
variations of the effective temperature 
Teff and of the measured rate Iµ → aT
→ K/p production ratio
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• Cosmic ray muons are produced by p/K 
decays. p/K are produced in hadronic 
interactions by primary cosmic rays in 
atmosphere

• p/K decay is alternative to interaction 
depending on the atmospheric density: the 
higher the temperature, the higher the 
probability of decay (and of muon 
production)

Correlation between cosmic rays and 
atmospheric temperature
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DT in the upper atmosphere 
à Dr variations
àVariations in the fraction of 
(ordinary) mesons decaying 
before interacting

Annual modulation of 
muon rate

More muons in summer than in winter



also the uncertainty in the SSS radius. This is the first measurement performed in Hall C
and the first obtained with a spherical detector at LNGS.

4 The Flux Modulation

Air temperature increases during summer which lowers the average gas density. The less
dense medium allows a longer mean free path of the mesons and increases the fraction of
them that decay to produce muons before their first interaction. As only these muons are
energetic enough to traverse the rock coverage of an underground site, a correlation between
the muon flux observed underground and the air temperature is expected. We demonstrate
such a correlation for the case of Borexino in section 8. Temperature fluctuations can have
maxima and minima that occur at di↵erent dates in successive years and short term e↵ects
that are expected to perturb the ideal seasonal variation. Therefore a simple sinusoidal
behavior is to be considered only a first order approximation.

The muon flux measured day-by-day in Borexino is shown in figure 2 (upper panel) for
the 1329 days for which valid data were available. A modulation is clearly visible. Fitting
the distribution with the following function:

I

µ

= I

0
µ

+ �I

µ

= I

0
µ

+ �I

µ

cos

✓
2⇡

T

(t � t0)

◆
(4.1)

we obtain an average intensity I

0
µ

= (3.414 ± 0.002stat) · 10�4m�2s�1, consistent with the
flux reported in section 3, a period T = (366 ± 3) days, a modulation amplitude �I

µ

=
(4.4 ± 0.2) · 10�6m�2s�1, corresponding to (1.29 ± 0.07)% and a phase t0 = (179 ± 6) days,
corresponding to a maximum on the 28th of June; the Neyman’s �

2/NDF is 1558/1325.
An alternative approach is to project and average the four years data set into one single

year, as shown in figure 3. Fitting again with eq. 4.1 but with the period fixed to one year,
we obtain consistent rate and amplitude. The phase is t0 = (179 ± 3) days. The �

2/NDF of
the fit is 442/362.

5 The Atmospheric Model

Deviations from the average muon flux that is measured underground, �I
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,
can be related to variations from the average atmospheric temperature at a given altitude
X, �T (X, t) = T (X, t) � T

0(X) (from [6]). Considering every altitude layer, the net e↵ect
can be written as:
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where W (X) (see appendix A) reflects the altitude dependence of the production of mesons in
the atmosphere and their decay into muons that can be observed underground. The integral
extends over atmospheric depth from the altitude of muon production to the ground.

The atmosphere can be described by many layers with a continuos distribution of tem-
perature and pressure. A possible parametrization ([6] and with more details [19]) considers
the atmosphere as an isothermal body with an e↵ective temperature, Te↵, obtained from a
weighted average over atmospheric depth:
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Figure 4. Average temperature (solid red line) [13] and normalized weight W (X) (black dashed line)
as a function of pressure levels computed at the LNGS site. The right vertical axis shows the altitude
corresponding to the pressure on the left vertical axis.

We may also define the “e↵ective temperature coe�cient”, ↵

T

, which quantifies the
correlation e↵ect that is discussed in section 8:

↵

T

=
T

0
e↵

I

0
µ

Z 1

0
dXW (X) (5.3)

such that Eq. 5.1 may be written:
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6 Temperature Modulation

The temperature data was obtained from the European Center for Medium-range Weather
Forecasts (ECMWF)[13] which exploits di↵erent types of observations (e.g. surface, satellite,
and upper air sounding) at many locations around the planet, and uses a global atmospheric
model to interpolate to a particular location. In our case, the precise coordinates of the
LNGS underground halls have been used: 13.5333� E, 42.4275� N. Atmospheric temperature
is provided by the model at 37 discrete pressure levels in the [1-1000] hPa range (1 hPa =
1.019 g/cm2), four times a day at 00.00 h, 06.00 h, 12.00 h, and 18.00 h 1. Based on this data

1
The analysis in [3] and [4] used data from the air soundings performed by the Aeronautica Militare Italiana

(AM) [20] near the military base of Pratica di Mare (12.44

�
E, 41.65

�
N), about 130 km away from the lab.

Aside to referring to a somewhat di↵erent location, that data set — probably the best available at the time of

[3] — is significantly incomplete if compared to the one from ECMWF, both for number of measurements and

for atmospheric depth coverage. We therefore used this data set only as a cross-check of the analysis based

on the ECMWF data set, yielding consistent results.
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Atmospheric muon flux in OPERA

à period T and phase t0

à Effective temperature 
correlation coefficient aT

Ø Temperature data extracted from European Center 
for Medium-rangeWeather Forecasts (ECMWF)

Ø Correlation between relative variations in rate Iµ and temperature Teff

Ø Sinusoidal modulation approximation

§ Comparison with Dark matter modulated signals

also the uncertainty in the SSS radius. This is the first measurement performed in Hall C
and the first obtained with a spherical detector at LNGS.

4 The Flux Modulation

Air temperature increases during summer which lowers the average gas density. The less
dense medium allows a longer mean free path of the mesons and increases the fraction of
them that decay to produce muons before their first interaction. As only these muons are
energetic enough to traverse the rock coverage of an underground site, a correlation between
the muon flux observed underground and the air temperature is expected. We demonstrate
such a correlation for the case of Borexino in section 8. Temperature fluctuations can have
maxima and minima that occur at di↵erent dates in successive years and short term e↵ects
that are expected to perturb the ideal seasonal variation. Therefore a simple sinusoidal
behavior is to be considered only a first order approximation.

The muon flux measured day-by-day in Borexino is shown in figure 2 (upper panel) for
the 1329 days for which valid data were available. A modulation is clearly visible. Fitting
the distribution with the following function:

I

µ

= I

0
µ

+ �I

µ

= I

0
µ

+ �I

µ

cos

✓
2⇡

T

(t � t0)

◆
(4.1)

we obtain an average intensity I

0
µ

= (3.414 ± 0.002stat) · 10�4m�2s�1, consistent with the
flux reported in section 3, a period T = (366 ± 3) days, a modulation amplitude �I

µ

=
(4.4 ± 0.2) · 10�6m�2s�1, corresponding to (1.29 ± 0.07)% and a phase t0 = (179 ± 6) days,
corresponding to a maximum on the 28th of June; the Neyman’s �

2/NDF is 1558/1325.
An alternative approach is to project and average the four years data set into one single

year, as shown in figure 3. Fitting again with eq. 4.1 but with the period fixed to one year,
we obtain consistent rate and amplitude. The phase is t0 = (179 ± 3) days. The �

2/NDF of
the fit is 442/362.

5 The Atmospheric Model

Deviations from the average muon flux that is measured underground, �I

µ

(t) = I

µ

(t) � I

0
µ

,
can be related to variations from the average atmospheric temperature at a given altitude
X, �T (X, t) = T (X, t) � T

0(X) (from [6]). Considering every altitude layer, the net e↵ect
can be written as:

�I

µ

=

Z 1

0
dXW (X)�T (X) (5.1)

where W (X) (see appendix A) reflects the altitude dependence of the production of mesons in
the atmosphere and their decay into muons that can be observed underground. The integral
extends over atmospheric depth from the altitude of muon production to the ground.
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Processing of the complete data set 
(2008à 2013)
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• Different daily rate during CNGS-on (TT+RPC) and CNGS-off (TT-only) 
periods: 

•TT+RPC: average rate (single muons) Iµ0 = 3360 events/day
•TT-only: average rate (single muons) Iµ0 = 1960 events/day
(nearly stable over the 5 years 2008à2013)

Time dependence approximated as a sinusoid, with a constant term and the addition of a 
modulated component

Note however that there is no reason for the constant term to be the same every year 
(as the average temperature can change year by year) à systematics study (see later)

to 64-channel Hamamatsu H7546 photomultipliers. The muon spectrometers were made by31

an iron-core dipole magnet with drift tubes used as precision trackers and 22 layers of resistive32

plate chambers (RPC) inside the magnetized iron. Each RPC layer covered an area of about33

70 m2. The 2D read-out was performed by means of 2.6 cm pitch and 8 m long vertical34

strips, which measured the coordinate in the bending plane, and 3.5 cm pitch and 8.7 m35

long horizontal strips, measuring the orthogonal coordinate. In the TT, hits were required36

in the horizontal and vertical views of at least two planes or the presence of at least 4 hits37

in a single plane was required with the sum of their photomultiplier ADC signals exceeding38

500 counts (corresponding to about ten photo-electrons); the cut parameters were 10 hits39

and 30 photo-electrons for 2008 and 2009 runs. Data from the RPCs of each spectrometer40

were accepted in presence of at least 3 planes fired in a time window of 200 ns. Events were41

recorded in presence of at least 5 TT/RPC hits in each view within a time window of 500 ns.42

The analysis presented here is based on TT and RPC data recorded during about five43

years from January 2008 to March 2013. The Target Tracker systems were operative during44

most of the time in the considered years, while the RPCs had a lower run-time, being operative45

only during CNGS beam and switched off during the CNGS winter shutdowns. More details46

about the electronic detectors used for the cosmic ray muon analysis can be found in [12].47

2 Cosmic ray flux and modulation48

Cosmic ray induced events in OPERA were selected, through their absolute time, outside of49

the CNGS spill window. Once the event was tagged as “off-beam” it was classified as cosmic50

and processed in a dedicated way. The OPERA standard reconstruction package “OpRec” [14]51

was complemented with a set of dedicated algorithms developed for the different cosmic and52

beam event topologies. The reconstruction was effective at identifying single and multiple53

muon tracks (muon bundles). For this analysis, a total of about 4 million single muon events54

have been selected requiring a single track reconstructed in both views by the reconstruction55

algorithm. A track is composed by a minimum of 5 digits (TT and/or RPC) in each view.56

Moreover, an additional angular cut around the CNGS direction was applied to reject few57

residual CNGS events, not recognized due to wrong timestamps.58

Different atmospheric muon rates are expected in periods with and without RPC acqui-59

sition. About 1950 µ/day have been reconstructed by the Target Trackers alone, while about60

3400 µ/day were collected when also the RPC systems were active. The OPERA detector61

acceptance for cosmic rays has been estimated using a MC simulation accounting for the rock62

surrounding the underground laboratory tuned on MACRO data. The acceptance for cosmic63

ray muons coming from above was evaluated as A = 599 m2 sr (A = 197 m2 sr for muons64

crossing the spectrometer sections) [15].65

In Fig. 1 (top) the flux of atmospheric single muons measured by OPERA from January66

1st 2008 (day 1 in the plot) to March 2013 is shown. There are no data in the first 567

months of 2009 because the acquisition was stopped due to a DAQ upgrade, at first, and68

then to the earthquake in L’Aquila. Data with (TT+RPC) and without RPCs (TT-only) are69

distinguishable according to the measured rate.70

The flux has been fitted, by means of the maximum likelihood method, to71
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Rate modulation
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• Complete OPERA data set 2008-2013
• Only single muons (reconstructed multiplicity in 3D == 1)
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Figure 1. Single muon rate measured by the OPERA detector (top) and effective atmospheric
temperature (bottom) from January 2008 to March 2013. In the top plot, fit results are over-imposed
with different colors, red (blue) for data taking periods with (without) RPCs.

with different I0
µ

values for data taking periods with (I0
TT+RPC

) and without RPCs (I0
TT�only

).72

The likelihood has been defined as L =

Q
e

�µi
µ

ni
i

/n

i

!, where the product runs over the days73

with muon flux measurement n

i

, and µ

i

is the expected rate according to equation 2.1.74

The presence of a modulated component with a period T = (359± 2) days is observed,75

with an amplitude amounting to ↵ = (1.55 ± 0.10) % of the average flux. The maximum is76

observed around day � = (197 ± 5). The average fluxes are I

0
TT�only

= 1960 ± 5 µ/day and77

I

0
TT+RPC

= 3360± 5 µ/day; the �

2
/dof value is 1.46. Repeating the fit with a fixed period78

of T = 365.25 days, the phase � is 185 ± 5 days, corresponding to July 4th, with a �

2
/dof79

value of 1.48.80

The correlation between period and phase is obtained studying the allowed regions in81
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Iµ0 = 3360 ± 5 muon/day (TT+RPC)
Iµ0 = 1960 ± 5 muon/day (TT-only) 
a = (1.55 ± 0.10) %
T = 359 ± 2 days
f = 197 ± 5 days 

2008 2009 2010 2011 2012



Rate modulation
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TT-only rate normalized to the (TT+RPC) rate using the results of the maximum 
likelihood for the constant terms, then sinusoidal fit at period fixed to 365 days

T = 365 days (fixed)



Temperature modulation
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Relative rate variations (1.55 ± 0.10)%
Relative temperature variations (1.667 ± 0.003)%

T = 365 days (fixed)
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Modulation Period and Phase

Maximum Likelihood approach: 
Correlation between rate period and phase
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Figure 2. 68%, 90% and 95% C.L. allowed regions in the phase versus period parameter space for
the comic muon modulation.

the parameter space assuming a 2 degrees of freedom distribution for ��

2
= �2 ln

e
L� �

2
min

,82

where �

2
min

is the minimum value in the parameter space and e
L is the likelihood maximized,83

for every couple of period and phase values, over I

0
TT+RPC

in the range 3200-3600 µ/day,84

I

0
TT�only

in the range 1700-2200 µ/day and ↵ in the range 1.0� 2.0 %. These intervals have85

been chosen according to the fit of Fig. 1. In Fig. 2, the 68%, 90% and 95% C.L. allowed86

regions are shown in the phase versus period parameter space.87

Lomb-Scargle periodograms [16, 17] are a common tool to analyze binned data with88

periodical modulations like those of equation 2.1 and to extract the modulation period T89

independently of the modulation phase. For the analysis presented here, we have exploited90

the generalized Lomb-Scargle periodogram, proposed in [18], which takes into account the non-91

zero average value of the event rate. Muon rates measured during data taking periods without92

RPCs have been rescaled according to the result of the fit. The periodogram obtained for93

the single muon event rate is shown in figure 3. To assess the significance of the periodogram94

peaks, 105 toy experiments with a constant rate of 3360 µ/day in the OPERA detector95

have been simulated, and the corresponding periodograms reconstructed. In Fig. 3 the 99%96

significance level, defined as the value for which 99% of the toy experiments result in a lower97

spectral power, is also shown.98

The most significant peak is around one year (P
max

at T = 365 days), but other less99

significant peaks are also present, as a consequence of the fact that equation 2.1 is an approx-100

imation. A simulated experiment has been performed extracting daily rates according to the101

result of our fit and comparing the periodograms obtained with and without data in the days102

of detector downtime. It shows that the amplitude of the peaks around day 200 increases103

with the detector downtime.104

We checked possible systematic effects deriving from the data taking stability, by apply-105

ing scale factors for each year in order to have a constant average rate. The normalization,106

different at the few per mille level, was applied first to TT-only and TT+RPC data, which107

were then rescaled one to the other. The rate has been fitted to equation 2.1 resulting in a108
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68%, 90%, 95% CL 
allowed regions
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Figure 3. Generalized Lomb-Scargle periodograms for the measured muon rate (left) and the effective
atmospheric temperature (right). The 99% significance level is also drawn as a reference in the muon
rate periodogram.

period T = (364±2) days and a phase � = (179±5) days. Comparing these results with those109

of the fit in figure 1, our best estimation of the modulation period and phase are T = (362±3)110

days and � = (188± 9) days respectively.111

3 Atmospheric temperature modulation112

To measure the atmospheric temperature modulation, we have used data from the European113

Center for Medium-range Weather Forecasts (ECMWF), which, exploiting different types114

of observations at many places around the planet, makes interpolations in particular loca-115

tions using a global atmospheric model. The coordinates are those used in [5]: 13.5333� E,116

42.4275� N. The atmospheric temperature is provided at 37 discrete pressure levels ranging117

from 1 to 1000 hPa four times in each day: at 0.00 h, 6.00 h, 12.00 h and 18.00 h. Averaging118

these temperature values using weights accounting for the production of pions and kaons at119

different altitudes, the effective atmospheric temperature has been estimated four times a120

day. The four measurements are then averaged and the variance used as an estimate of the121

uncertainty on the mean value.122

The weights used in this analysis have been estimated as described in [19] and in previous123

experimental papers ([2, 10]): they depend on the inclusive meson production in the forward124

region, on the attenuation lengths of cosmic ray primaries, pions and kaons, as well as on125

the average value < E

thr

cos ✓ >, where E

thr

is the energy required for a muon to reach the126

considered underground site and ✓ is the angle between the muon and the vertical direction.127

The value of < E

thr

cos ✓ > was estimated using a full MC simulation taking into account the128

rock map above the Hall C of LNGS. For OPERA E

thr

= 1.4 TeV and < E

thr

cos ✓ >⇠ 1 TeV.129

A previous analysis [5] quoted a higher value, E

thr

= 1.8 TeV, extracted from numerical130

methods [19]. The dependence of W (X) on E

thr

is however moderate. All other parameters131

in the weight functions are site independent. More details about the effective atmospheric132

temperature calculation are given in appendix A.133

The measured values are shown in figure 1 in the same time period of OPERA data134

taking. The temperature has been fitted to a sinusoidal function similar to equation 2.1:135

T

eff

(t) = T

0
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+ T

1
eff
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T

(t� �) (3.1)
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Lomb-Scargle periodograms

Generalised Lomb-Scargle periodogram
(arXiv:0901.2573)

99% CL value from 105 toy experiments
assuming a constant muon flux

The most significant peak is at T=365 days 
Other significant peaks: 
Ø sinusoidal behavior is only an 

approximation
Ø effect of detector downtime 

(from a MC study)
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Peak at 365 days

Period independently from the phase
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Figure 3. Generalized Lomb-Scargle periodograms for the measured muon rate (left) and the effective
atmospheric temperature (right). The 99% significance level is also drawn as a reference in the muon
rate periodogram.
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these temperature values using weights accounting for the production of pions and kaons at119

different altitudes, the effective atmospheric temperature has been estimated four times a120

day. The four measurements are then averaged and the variance used as an estimate of the121

uncertainty on the mean value.122

The weights used in this analysis have been estimated as described in [19] and in previous123

experimental papers ([2, 10]): they depend on the inclusive meson production in the forward124

region, on the attenuation lengths of cosmic ray primaries, pions and kaons, as well as on125

the average value < E

thr

cos ✓ >, where E
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is the energy required for a muon to reach the126

considered underground site and ✓ is the angle between the muon and the vertical direction.127

The value of < E

thr

cos ✓ > was estimated using a full MC simulation taking into account the128

rock map above the Hall C of LNGS. For OPERA E
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= 1.8 TeV, extracted from numerical130

methods [19]. The dependence of W (X) on E
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is however moderate. All other parameters131

in the weight functions are site independent. More details about the effective atmospheric132

temperature calculation are given in appendix A.133
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Sum over days with measured muon rate
Excluding first and last 50 days

Cross-correlation between Teff and Iµ
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Cross-correlation between Teff and Iµ
Cross correlation of temperature and rate time series

t = relative 
phase between 
Teff and Iµ time 
series
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Figure 4. Cross correlation function (black) between the measured daily muon rate and the effective
atmospheric temperature. In blue the result of a Monte Carlo simulation is reported, where the muon
rate and the effective temperature have been extracted according to the fit results, but with equal
time period and phase. In red the 99% significance level is also shown (see text for the definition).
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Figure 5. Correlation between the muon rate and the effective temperature relative variations.

pion/kaon production in cosmic rays interactions with the atmosphere. The linear fit per-174

formed on the plot of figure 5 gives ↵

T

= 0.95± 0.04, consistent with expectations and with175

results from other LNGS experiments ([2]-[6]). The correlation coefficient is R = 0.50.176

Two sources of systematic errors have been investigated: the energy threshold on cosmic177

ray muons detected by OPERA detectors, affecting the calculation of the effective atmospheric178

temperatures, and the muon rate data-set choice. Since other publications for underground179

Gran Sasso laboratories use < E

thr

cos ✓ >⇠ 1.8 TeV, the effective atmospheric temperatures180

have been evaluated also for that value. The higher threshold results in an effective tempera-181

ture which is, on average, 0.2 K above the values previously used, with no appreciable effect182

on ↵

T

measurement and also on the other analyses reported here.183
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The fit results are also shown in figure 1. The average effective temperature is 220.5 K,136

and a modulation is observed with period and phase similar to those observed for the single137

muon rate. A more refined study about the time correlation between temperature and muon138

rate is presented in the next section. In figure 3 the Lomb-Scargle periodogram is displayed139

also for T

eff

: as for the muon rate the most significant peak is around 365 days and other140

less significant peaks are present.141

4 Cosmic ray flux and effective atmospheric temperature correlation142

The eventual presence of a time shift between the modulated components of the cosmic143

ray flux and of the effective atmospheric temperature has been investigated using the cross144

correlation function defined as:145

R(⌧) =

Z �t
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(4.1)
I

0
µ

and T

0
eff

are the average values as obtained in the fits of sections 2, for the single muon146

cosmic events, and 3, for the effective atmospheric temperature, while I

1
µ

= ↵I

0
µ

and T

1
eff

are147

the corresponding amplitudes of the modulated components. The sum runs over the N

data

148

days with both measurements; data taking periods with and without the RPC system running149

are included changing accordingly the fit results for I

0
µ

.150

The correlation function is shown in Fig. 4, together with the 99% C.L., in red, evaluated151

by producing with Monte Carlo techniques 105 toy experiments, each one consisting of two152

time series, one for the temperature and the other for the muon rate. The 99% C.L. value is153

defined as that for which 99% of the toy experiments have a correlation value for ⌧ = 0 day154

lower than it. Both temperatures and rates have been generated according to the results of155

the fits reported in the previous sections, fixing the time period to 365.25 days and the phase156

to 185 days both for the simulated cosmic ray flux and effective atmospheric temperature.157

In the same figure, in blue, the cross correlation function is reported, as a reference, for one158

of the toy experiments. In real data it is evident the presence of a peak above the expected159

contribution of the modulated components. This peak is due to short term deviations (few160

days scale) from the fitted functions correlated in the cosmic ray flux and in the effective161

atmospheric temperature.162

The asymmetry between positive and negative ⌧ values, in the above-cited peak, is163

probably due to the days with missing muon flux measurement: this indication is derived from164

the comparison between the auto-correlation function of the effective temperature, measured165

every day, over the full data-set (the function being symmetric by construction) and over the166

days with muon flux measurement (showing a similar asymmetry).167

In figure 5 the percentage deviation of the single muon flux, �I

µ

/I

0
µ

= (I

µ

� I

0
µ

)/I

0
µ

,168

is shown as a function of the relative effective temperature variation, �T

eff

/T

0
eff

= (T

eff

�169

T

0
eff

)/T

0
eff

, using data of the days with both measurements available. According to the model170

described in appendix A, a proportionality relation is expected:171

�I

µ

(t)

I

0
µ

= ↵

T

�T

eff

(t)

T

0
eff

. (4.2)

The effective temperature coefficient ↵

T

depends on the laboratory depth (actually172

on the energy threshold for atmospheric muons to reach the detector) and on the ratio of173
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Table 1: List of parameters characterizing the annual modulation of the muon rate according to Ref. [12]. The theoretical value for the
effective temperature coefficient for Lngs is ↵T,Lngs = 0.92± 0.02.

experiment Lvd[17] Macro[18] Minos[11] Borexino[12] Gerda

site Lngs-A Lngs-B Soudan Lngs-C Lngs-A
duty cycle [yr] 8 7 5 4 2.5
published period 2001-08 1991-97 2003-08 2007-11 2010-13
E

thr

[TeV] / [km.w.e.] 1.833 / 3.4 1.833 / 3.4 0.73/2.1 1.833 / 3.4 1.833 / 3.4
rate [10�4/(s·m2)] 3.31± 0.03 3.22± 0.08 12.2374(3) Hz 3.41± 0.01 3.47± 0.07
period [d] 367± 15 – – 366± 3 –
phase [d] 185± 15 – – 179± 6 191± 4

temp. data Aer.Mil. Aer.Mil. Ecwmf Ecwmf Ecwmf/Airs
T

eff

model contains ⇡ ⇡ ⇡+K ⇡+K ⇡+K
correlation 0.53 0.91 0.90 0.62 0.62/0.65
↵
T

– 0.91± 0.07 0.879±0.009 0.93± 0.04 0.97± 0.05/
0.93± 0.05
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Figure 5: Dependence of the change in muon rate on the change in
effective temperature, for both sets of temperature data. A linear fit
(�2/ndfEcwmf=391/410, �2/ndfAirs=364/351) yields values for ↵T .

summarized in Tab. 1 and are compared to the results of
other experiments at Lngs and Soudan which are in good
agreement even though in some analyses atmospheric mod-
els which only included muons produced by pion decay are
used.

If the amount of rock overburden, i.e. the depth of
the laboratory, is varied in the atmospheric model, a re-
lation between depth and ↵

T

can be calculated [11]. An
additional factor in this calculation is the ratio of pions to
kaons produced in the atmosphere. Muons which originate
from kaons have a higher average energy and are thus less
affected by the shielding effect of the rock overburden. A
graph of ↵

T

as a function of depth of observation (Fig. 6)
allows for the extraction of the kaon to pion ratio or a com-
parison of the measurements with the standard ratio. The
dotted lines in Fig. 6 show the limits for pure kaon or pure
pion decays, i.e. r

K/⇡

= 0 or 1. A model calculation
with the literature value for r

K/⇡

= 0.149 ± 0.06 [7, 20]
(red line) describes all experiments below 500 m.w.e. well.

depth [m.w.e.]  
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T
α
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Figure 6: Correlation coefficient ↵T as a function of depth. Exper-
iments with different m.w.e. of rock overburden are listed such as
Torino [21], Double Chooz [22], Amanda [23], IceCube [24], Mi-

nos far detector [11], Macro [18] and Gerda (this work). Gerda

and macro are located at the same depth but are drawn slightly
apart for better visualization. The curves show muon generation
models based on either purely pionic (dashed) or only kaonic (dot-
ted) processes. The full red line notes the literature value for the
atmospheric kaon/pion ratio [7, 20].

6. Summary

The modulation of the muon flux in Hall A of Lngs
was identified and quantified using the muon veto data of
the Gerda experiment during Phase I and before for a
total period of 806 live days.

In these data, two modulation effects with an overall
influence on the muon flux of 3–4 % could be identified:
the additional muon flux caused by the Cngs neutrino
beam and the seasonal change in the muon rate caused
by temperature variation in the atmosphere which influ-

6

OPERA 
Preliminary
(overlapping 
with 
Borexino)

Effective temperature coefficient aT

Figure 4. Average temperature (solid red line) [13] and normalized weight W (X) (black dashed line)
as a function of pressure levels computed at the LNGS site. The right vertical axis shows the altitude
corresponding to the pressure on the left vertical axis.

We may also define the “e↵ective temperature coe�cient”, ↵

T

, which quantifies the
correlation e↵ect that is discussed in section 8:

↵

T

=
T

0
e↵

I

0
µ

Z 1

0
dXW (X) (5.3)

such that Eq. 5.1 may be written:

�I

µ

I

0
µ

= ↵

T

�Te↵

T

0
e↵

(5.4)

6 Temperature Modulation

The temperature data was obtained from the European Center for Medium-range Weather
Forecasts (ECMWF)[13] which exploits di↵erent types of observations (e.g. surface, satellite,
and upper air sounding) at many locations around the planet, and uses a global atmospheric
model to interpolate to a particular location. In our case, the precise coordinates of the
LNGS underground halls have been used: 13.5333� E, 42.4275� N. Atmospheric temperature
is provided by the model at 37 discrete pressure levels in the [1-1000] hPa range (1 hPa =
1.019 g/cm2), four times a day at 00.00 h, 06.00 h, 12.00 h, and 18.00 h 1. Based on this data

1
The analysis in [3] and [4] used data from the air soundings performed by the Aeronautica Militare Italiana

(AM) [20] near the military base of Pratica di Mare (12.44

�
E, 41.65

�
N), about 130 km away from the lab.

Aside to referring to a somewhat di↵erent location, that data set — probably the best available at the time of

[3] — is significantly incomplete if compared to the one from ECMWF, both for number of measurements and

for atmospheric depth coverage. We therefore used this data set only as a cross-check of the analysis based

on the ECMWF data set, yielding consistent results.
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aT = 0.95 ± 0.04

In agreement with predictions for LNGS 
site and with other experiments
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Figure 4. Cross correlation function (black) between the measured daily muon rate and the effective
atmospheric temperature. In blue the result of a Monte Carlo simulation is reported, where the muon
rate and the effective temperature have been extracted according to the fit results, but with equal
time period and phase. In red the 99% significance level is also shown (see text for the definition).
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Figure 5. Correlation between the muon rate and the effective temperature relative variations.

pion/kaon production in cosmic rays interactions with the atmosphere. The linear fit per-174

formed on the plot of figure 5 gives ↵

T

= 0.95± 0.04, consistent with expectations and with175

results from other LNGS experiments ([2]-[6]). The correlation coefficient is R = 0.50.176

Two sources of systematic errors have been investigated: the energy threshold on cosmic177

ray muons detected by OPERA detectors, affecting the calculation of the effective atmospheric178

temperatures, and the muon rate data-set choice. Since other publications for underground179

Gran Sasso laboratories use < E

thr

cos ✓ >⇠ 1.8 TeV, the effective atmospheric temperatures180

have been evaluated also for that value. The higher threshold results in an effective tempera-181

ture which is, on average, 0.2 K above the values previously used, with no appreciable effect182

on ↵

T

measurement and also on the other analyses reported here.183
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R = 0.50



Systematics: Ethr
Effective temperature depends on the energy threshold of muons detected by OPERA, 
which in turn depends on the rock overburden surrounding the detector.
Comparison of estimation of Teff using Ethr=1.8 TeV
(used by other LNGS experiments and derived in Astropart. Phys. 33 (2010) 140)

114

The effective 
atmospheric 
temperature is on 
average 0.2 K above 
the Ethr=1.4 TeV value

No significant effect on 
the results
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Checked possible systematics effects due to data taking stability
àRPC+TT and TT-only rates normalized applying scale factors on yearly
basis (overall yearly difference at few %o )

Systematics: DAQ and stability effects

aT = 0.93 ± 0.04

Compatible with the prevously quoted value
Systematic error neglected, dominated by the statistical uncertainty

T = 364 ± 2 days
f = 179 ± 5 days 

Used to evaluate the systematics related to the phase measurement?
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Conclusions

• First paper draft distributed to the internal referees
• We received corrections and comments, we are implementing them
• Distribution of the second draft to the referees in the next days


