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Physics Motivation 

•  Characteristics of the annual modulation in terms of period/
phase → comparison to DAMA and other experiments 
(sinusoidal fit and Lomb-Scargle analysis) 

•  Correlation of relative variations of Teff and of the measured 
rate Rµ → αT → K/π production ratio 
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Processing of the complete data set 
(2008 2012) 
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•  Different daily rate during CNGS-on (TT+RPC) and CNGS-off 
(TT only) periods:  

•  TT+RPC: average rate (single muons) Rµ ~ 3400 events/day 
•  TT: average rate (single muons) Rµ ~ 1950 events/day, 
(nearly stable over the 5 years 20082012) 
 Normalized one to the other for each year 

 overall yearly difference at few %o (up to 1% for 2008) 

•  OPERA acceptance for atmospheric muons coming from above  
A = 599 m2 sr 

Experimental OPERA Rate/MC Rate =~ 96%  
MC based on MACRO parameterization  direct comparison 
with their flux – rescaled to OPERA    



Preliminary results: rate modulation 

•  Only single muons (reconstructed multiplicity in 3D == 1) 
•  Beam angle window cut in order to eliminate beam contamination  4 
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Preliminary results: correlation with 
temperature variations 
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Preliminary results: correlation with 
temperature variations 
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Preliminary results: Lomb-Scargle 
periodogram 

period [day] 

Peak at 364 days 



 (%)eff /Teff TΔ
-4 -3 -2 -1 0 1 2 3

 m
uo

n 
ra

te
 / 

m
uo

n 
ra

te
 (%

)
Δ

-10

-5

0

5

10

p0        0.04933± -0.04127 

p1        0.03884± 0.9426 

p0        0.04933± -0.04127 

p1        0.03884± 0.9426 

Preliminary results: αT 

9 

Preliminary 



Conclusions 

•  Preliminary results on the annual modulation of atmospheric 
muons with the complete OPERA data set 20082012 

-  period T = (365 ± 2) days and phase = (176 ± 4) days from the 
sinusoidal fit over the 5 years   
-  αT = 0.94 ± 0.04 

both compatible with theoretical expectations and other LNGS 
experimental results 
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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.
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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-
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Outlook 
•  Improvements in the selection and analysis  

•  Significance of period and phase under evaluation 

•  Cross-correlation between Rate and Temperature taking into 
account also periods in temperature with detector switched off 

•  Cross-check fixing the period and folding data into one year 
(Borexino-like) 

•  Cross-check with TT only data taking and systematics evaluation 

•  Evaluation of the capability to extract RK/π and potential 
combination with parameters inferred from the Charge Ratio (ZpK) 


