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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 → αT → K/π 
production ratio 
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ΔT in the upper atmosphere 
 Δρ variations 
 Variations in the fraction of 
(ordinary) mesons decaying 
before interacting 

Annual modulation 
of muon rate 

More muons in summer than in winter 

Underground high energy muons:  
energy selected by depth 



The OPERA experiment 

Full coverage of the parameter space for the atmospheric neutrino sector 

Discovery of νµ  ντ oscillations in appearance mode 

•  Long baseline neutrino oscillation experiment located in the CNGS (CERN 
  Neutrinos to Gran Sasso) νµ beam 
•  Direct search for νµ  ντ oscillations detecting the τ lepton produced in ντ 	

   CC interactions (appearance mode) 
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Phys. Rev. Lett. 115, 121802 (2015) 

Δm2
23 [10-3 eV2] 

See today talk: More results from the OPERA experiment 



The OPERA detector 

Target 
bricks walls + Target Tracker 

ν!

Target 
bricks walls + Target Tracker 

Spectrometer 
RPC + drift tubes 

Spectrometer 
RPC + drift tubes 

SM 1 SM 2 

Target + magnetic spectrometer (1.53 T) at LNGS, average overburden ~3800 m.w.e.,  
drift tubes + RPC + scintillators, detector angular window 0° < θ < 90°  
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OPERA as a cosmic ray detector 

14
00

 m
 

CNGS beam events identified through a timing coincidence with the beam spill 
  cosmic events collected during the physics run  

Gran Sasso underground 
lab: 1400 m of rock (3800 
m.w.e) shielding, cosmic ray 
flux reduced by a factor 106 
w.r.t. surface 

OPERA: a deep underground detector with charge and 
momentum reconstruction and excellent timing capabilities (~10 ns) 

  Atmospheric muon charge ratio 
  Annual modulation of atmospheric muons 

<Eµ> underground:   ~270 GeV 
<Eµ> surface cut-off: ~1500 GeV 
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OPERA: 〈Eµcosθ〉 ≈ 2 TeV 



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:
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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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(t) = I
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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:
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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:

Te↵ =

R1
0 dXT (X)W (X)R1

0 dXW (X)
'

P
N

n=0 �X

n

T (X
n

)W (X
n

)
P

N

n=0 �X

n

W (X
n

)
(5.2)

– 4 –

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:
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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.

– 6 –
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Atmospheric muon flux in OPERA 

 period T and phase t0  

 Effective temperature 
correlation coefficient αT 

 Temperature data extracted from European Center 
for Medium-range Weather Forecasts (ECMWF) 

 Correlation between relative variations in rate Iµ and temperature Teff 

 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:
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corresponding to a maximum on the 28th of June; the Neyman’s �
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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 �
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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
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Rate and temperature vs time 
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Sinusoidal fit results:  
  Period: 365 ± 2 days 
  Phase:  176 ± 4 days  

•  Complete OPERA data set 2008-2012 
•  Only single muons (reconstructed multiplicity in 3D == 1) 
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Modulation Period and Phase 

Peak at 365 days 

99% significance level 

68%, 90%, 95% CL 
allowed regions 
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Sinusoidal fit results:  
  Period: 365 ± 2 days 
  Phase:  176 ± 4 days  

Rate Maximum on 25 June 

Lomb-Scargle periodogram:  
Period independently from the phase 

Maximum Likelihood approach: 
Correlation between period and phase 

Small peaks due to non-uniformities in the time 
series (MC study on detector downtimes) 
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Correlation with temperature variations 

Variations in temperature closely reflected by variations in muon rate  
(also on small time scales) 
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Cross-correlation between Teff and Iµ	
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Cross-correlation between Teff and Iµ	

Correlation function of temperature and rate time series 
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99% significance level 

Δt = 0 days 

Relative phase 
between Teff 
and Iµ time 
series 

Figure 6: Left: correlation between the muon rate and effective temperature relative
variations. Right: Effective temperature coefficient αT vs depth as measured by different
underground experiments. The red line is the value predicted assuming muon production
from pions and kaons; the dashed lines correspond to the single production mechanisms.

The relative phase between the two datasets has been studied using the correlation
function defined as

R(τ) =

∫
Iµ(t)Teff (t − τ)dt " Σi Iµ(ti)Teff (ti − τ), (8)

where the sum is done over all the days with a measurement of the single muon flux
with the OPERA detector.

In figure 6 the percentage deviation of the (single) muon flux, ∆Iµ/ < Iµ >, is shown
as a function of the relative effective temperature variation, ∆Teff/ < Teff >, using
data of the days with both measurements available. The effective temperature coefficient
αT , defined as in equation 5, is obtained by means of a linear fit: αT = 0.943 ± 0.039.
The correlation coefficient R =. In figure 6 our result is shown together with the values
measured by other experiments at different depths.

5 Systematics

5.1 TT only analysis

5.2 Different weights

5.3 Charge separation

5.4 Temperature data-sets

References
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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

  [%]  eff
0T  / 

eff TΔ
-4 -3 -2 -1 0 1 2 3

  [
%

]  
µ 0 I /

  
µI

Δ

-8

-6

-4

-2

0

2

4

6

8 ECMWF
 0.05± = 0.97 Tα

 r = 0.66

GERDA 15-12

  [%]   eff
0T  / 

eff TΔ
-4 -3 -2 -1 0 1 2 3

  [
%

]  
µ 0 I /

  
µI

Δ

-8

-6

-4

-2

0

2

4

6

8 AIRS
 0.05± = 0.93 Tα

 r = 0.64

GERDA 15-12

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.
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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) 
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Effective temperature coefficient αT 

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:
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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.

– 6 –

αT = 0.94 ± 0.04 

In agreement with predictions for LNGS 
site and with other experiments 
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Conclusions and Outlook 
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  The OPERA detector was exploited for the measurement of the atmospheric muon 
rate seasonal modulation at LNGS  3800 m w.e. depth corresponding to Eµ > 1 TeV 

–   Preliminary data with the complete OPERA statistics 2008-2012 
–   Modulation measured for single muon events 
–   Preliminary results: 

  Period and phase of the modulation compatible with expectations and  
other experiments: T = (365 ± 2) days and phase = (176 ± 4) days  
(Maximum on 25 June) 

  Cross correlation between muon rate and temperature time series: 
correlation function peaked at Δt = 0 days!  

  Effective temperature correlation coefficient αT = 0.94 ± 0.04 compatible 
with expectations based on π-K contributions and other LNGS experiments 

–   Outlook: 
  Possibility to determine the K/π production ratio, combining the results from 

the muon charge ratio measurement (ZpK+ moment  RK/π) 
  Paper soon! 
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Thank you for your attention! 

Image taken using an OPERA nuclear emulsion film  
with a pinhole hand made camera 
courtesy by Donato Di Ferdinando  


