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Zπν	  =	  

Zπµ	  =	  

	  rπ	  =	  0.573	  	  	  but	  
	  rK	  =	  0.0458	  

	  επ	  	  =	  115	  GeV	  
	  	  εK	  	  =	  850	  GeV	  
	  εcharm	  >	  10	  PeV	  
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the coupling between pions and kaons and the couplings to other channels.
Then we have to consider only Eq. 5.35 together with a simplified equation
for the pion fluxes of pions and kaons. For example, for the sum of ⇡` and
⇡´ we can write
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The equation for kaons has the same form. The decay length is obtained
from Eq. 5.3.

5.7 The atmosphere

The relation between altitude and depth is shown in Fig. 5.1. X is the slant
depth along the trajectory of a high energy particle entering the atmosphere
with zenith angle ✓ as seen from the ground. The cascade of particles devel-
ops along the direction of the vector ~X, and ✓˚ is the local zenith angle at
a point along the trajectory at altitude h. In general, ✓˚

† ✓ because of the
curvature of the Earth. For angles not too large (✓ † 65˝), the flat Earth
approximation can be used, and the distance to the point at h is ` “ h{ cos ✓.

In general, the relation between vertical altitude phq and distance up the
trajectory p`q is (for `{R
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is the radius of the Earth. The corresponding slant depth is
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The pressure at vertical depth Xv in the atmosphere is P “ gXv, where
g is the gravitational constant. The density is ⇢ “ ´dXv{dh. Thus

gXv

´dXv{dh
“

P

⇢
“

RT

M
, (5.48) {ideal}

where the last step follows from the ideal gas law. For dry air with 78.09%
nitrogen, 20.95% oxygen and 0.93% argon, M “ 0.028964 kg/mol. Rewriting
Eq. 5.48 as

d lnpXvq

dh
“ ´

Mg

RT
(5.49) {pVNRT}
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FIG. 3: The normalized differential weighting function used
in the calculation of the Teff , as a function of atmospheric
depth X (in g/cm2) (continuous lines), superimposed on the
average atmospheric temperature profile over the South Pole
(dashed lines). The figure shows the muon production spec-
trum profile as a function of X (averaged in θ and in muon
energy) corresponding to an isothermal atmosphere with tem-
perature T0 = 211 K (in green color), the one corresponding
to the yearly average temperature profile in 2007 (grey thick
line) and to the monthly profiles in January (austral Summer,
black thin line), April (Fall, blue line), July (Winter, purple
line) and October (Spring red line).

obtained by averaging αth
T (θ) over θ with a weight given

by the observed event angular distribution dNµ

dΩ (shown
on the bottom panel of Fig. 2)

αth
T =

∫

dΩ αth
T (θ) dNµ

dΩ
∫

dΩ dNµ

dΩ

. (10)

With this definition the variation in muon intensity Iµ is
given by

∆Iµ

Iµ
= αth

T
∆Teff

Teff
, (11)

where Teff is the effective atmospheric temperature as
defined below. Since the rate Rµ of observed individual
cosmic ray induced muon events is proportional to the
incident muon intensity Iµ, its variations are correlated
with those of effective temperature as well

∆Rµ

⟨Rµ⟩
= αexp

T

∆Teff

⟨Teff ⟩
, (12)

where αexp
T is the experimentally determined correlation

coefficient, of which αth
T is the theoretical estimation.

B. Effective Temperature

Muon production occurs over an extended portion of
the upper atmosphere and the temperature depends on

altitude, therefore it is necessary to define a parameter
referred to as effective temperature in order to quantify
the relationship between variations in temperature and
those in measured muon rate.

The effective temperature as a function of muon energy
and zenith angle is defined as the actual temperature
profile weighted by the muon production spectrum

Teff (Eµ, θ) =

∫

dX Pµ(Eµ, θ, X)T (X)
∫

dX Pµ(Eµ, θ, X)
, (13)

where Pµ(Eµ, θ, X) is the sum of muon production
spectrum from pion and kaon contributions (see Ap-
pendix A). Such definition of weighted temperature is
naturally related to that of the correlation coefficient,
Eq. 7, when the temperature profile across the atmo-
sphere is taken into account and the relation between
muon intensity variation is express in the form of Eq. 11.

The rationale for this definition is that the depth de-
pendence of the muon production spectrum weights the
temperature with the regions of the atmosphere where
the meson decay to muons occurs. Using the value of
critical energies at the actual temperature of a given at-
mospheric depth X as in Eq. 6, without assuming an
isothermal atmosphere, there is no need to expand in a
series of temperature perturbation terms.

Fig. 3 shows the differential weighting function (i.e. the
muon production spectrum profile) used in the calcula-
tion of the effective temperature as a function of atmo-
spheric depth X. It peaks at about 100 g/cm2, which is
where most of the muons are produced. The figure shows
how the muon production spectrum profile changes if the
critical energies are evaluated at the corresponding tem-
perature at a given atmospheric depth X , instead of using
the average temperature T = 211 K of an isothermal at-
mosphere. Since the temperature profiles over Antarctica
undergo extreme variations over the seasons, the corre-
sponding muon production spectra evaluated at the tem-
perature of a given atmospheric depth show significant
differences in the position of the peak (smaller depth in
Summer and larger depth in Winter).

To compare predictions with measurements it is nec-
essary to determine the convolution with the detector
response function

Teff (θ) =

∫

Eµ

∫

dX Pµ(Eµ, θ, X)Aeff (Eµ, θ)T (X)
∫

Eµ

∫

dX Pµ(Eµ, θ, X)Aeff (Eµ, θ)
,

(14)
where the denominator, as in Eq. 9, is the total measured
muon intensity. As for the correlation coefficient, the to-
tal effective temperature Teff is the weighted average of
Eq. 14 over the event zenith distribution. The convolu-
tion of the seasonally varying temperature profile with
the corresponding muon production spectrum provides a
better description of the correlation relation Eq. 12, as
discussed in section in connection with Fig. 6.

Correction of Teff calculation 
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the high-energy approximation for the differential muon
spectrum:

φπµ(Eµ, θ) → ϵπ

cos θ Eµ

φN (Eµ) (1 − rγ+2
π )

(1 − rπ) (γ + 2)
Znπ

1 − ZNN

Λπ

Λπ − ΛN
ln

Λπ

ΛN
. (A5)

The kaon production spectrum and the high-energy
contrbutions of charged kaons to muons and neutrinos
have the same forms and include the branching ratio
BK→µ+ν ≈ 0.635. Smaller contributions, such as the
muons from KL3 decay, can be included in the same way.

In the low energy limit (Ei ≪ ϵi/ cos θ), essentially all
mesons of type i decay and the muon production spec-
trum is proportional to the primary cosmic-ray spectrum
with no dependence on zenith angle. The explicit expres-
sion for pions is

Pπµ(Eµ, θ, X) =
ZNπ

λN

e−X/ΛN

1 − rπ

φN (Eµ)
γ + 1

(1 − rγ+1
π ).

(A6)
Integrating Eq. A6 over the atmosphere gives the low-
energy approximation for muons from pion decay as

φπµ(Eµ, θ) =
ZNπ

1 − ZNN

φN (Eµ)
γ + 1

1 − rγ+1
π

1 − rπ
. (A7)

There are similar forms for PKµ and φKµ.
It is important to note that Eq. A7 is an integral

over the production spectrum of muons. It only repre-
sents correctly the muon intensity at the ground when
the muon energy is high enough so that energy loss
and muon decay in the atmosphere can be neglected
(Eµ > 100GeV/ cos(θ)). Since ϵπ = 115 GeV, the form
A7 never by itself correctly describes the muon intensity
at the ground. On the other hand, because the depth
of IceCube is > 1.3 km.w.e./cos(θ), the energy is always
high enough so that muon losses in the atmosphere are
not important. Therefore the low-energy form can be
combined with the high energy form to give a low energy
correction to the high-energy form that can be used for
rates in IceCube.

This approach to calculating the effective temperature
(by using the muon production spectrum in Eq. 14) dif-
fers from that in Grashorn et al. [2], where the low energy
limit of the temperature derivative of the muon produc-
tion spectrum produces an unphysical discontinuity. By
using the low energy form only as a correction to the
high energy form, we derive below a single analytic for-
mula without any discontinuity.

The combined expressions for muon production profiles
have the same general form as for the muon flux in Eq. 2,

A

1 + B E cos θ / ϵ
, (A8)

where A contains the low-energy kinematical factors and
B is defined so that A/B contains the high-energy kine-
matical factors. Thus the combined form for the muon

production spectrum from pions is

Pπµ(Eµ, θ, X) =
ZNπ

λN

e−X/ΛN

1 − rπ

N0(Eµ)
γ + 1

(1 − rγ+1
π )

× 1
1 + Bπµ(X) cos θ Eµ/ϵπ

, (A9)

where

Bπµ(X) =
1 − rγ+1

π

1 − rγ+2
π

γ + 2
γ + 1

X e−X/ΛN

{e−X/Λπ − e−X/ΛN }
Λπ − ΛN

ΛπΛN
. (A10)

The contribution from kaons has the same form with the
replacements rπ → rK and Λπ → ΛK .

APPENDIX B: MULTIPLE COINCIDENCE OF
UNCORRELATED COSMIC RAY INDUCED

EVENTS

For a very large instrumented volume such as IceCube,
the measured event trigger rate is the contribution of the
individual cosmic ray induced muon events and of two or
more events from uncorrelated cosmic ray showers that
happen to be in coincidence within the 20µs data readout
window (see Sec. I). The multiple coincident events that
trigger the detector should be counted as the sum of indi-
vidual events if they could be individually resolved. Since
the probability of event coincidence within the detector
readout time window is proportional to the individual
cosmic ray muon event rate, the seasonal variations do
affect the variation in the measured rate.

We assume that the measured event rate contains only
single and double coincident shower events, since higher
multiplicity coincidence rate is much smaller. This means
that the measured rate can be interpreted as the sum of
individual and double shower rates Rµ = R1µ + R2µ. To
estimate the individual and double coincident event trig-
ger rates R1µ and R2µ the following argument is used. In
general the probability that nc events are in time coinci-
dence with one event within a time interval ∆t, provided
the rate of individual showers producing muons that hit
the detector is Rµ is given by the Poissonian distribution

f(nc, ∆tRµ) =
(∆tRµ)nc e−∆tRµ

nc!
. (B1)

Therefore the probability for individual events (i.e. no
coincidence) is given by f(0, ∆tRµ) = e−∆tRµ ≈ 1 −
∆tRµ, and the probability for double coincidence is given
by f(1, ∆tRµ) = ∆tRµ · e−∆tRµ ≈ ∆tRµ. This means
that the individual event rate is given by R1µ ≈ Rµ −
∆tRµ, and the double coincident rate by R2µ ≈ ∆tR2

µ.
Since what is measured is the total event trigger rate

Rµ, instead of that of individual events that hit the de-
tector Rµ, it is possible to use the former in the equations
above with minimal systematic error. In this case we can

Muon	  produc4on	  spectrum	  
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primary spectrum of nucleons at the knee is accounted for as in Ref. [124],
as described in Ref. [125]. The calculation of the flux of electron neutrinos
from semileptonic decays of kaons is discussed in detail in Ref. [121]. The
conventional ⌫e flux is approximately 5% of the conventional ⌫mu flux at
high energy where neutrinos from decay of muons are not significant. With
this normalization, the crossover energy for prompt ⌫e is at « 30 TeV, while
the crossover for ⌫µ occurs an order of magnitude higher in energy. The
fluxes in Fig. 8.9 are averaged over all directions.

8.5 Seasonal variation of atmospheric muons and neutrinos

Muons and neutrinos are produced by decay of pions and kaons in the atmo-
sphere. In deep detectors like MINOS and IceCube, typical muon energies
are in the TeV range at production. Barrett et al. [169] pointed out that the
competition between decay and interaction for the parent pions in this case
leads to a correlation with the temperature in the upper atmosphere where
the muons are produced. When the temperature increases the atmospheric
density decreases and the decay probability increases, so the rate of high
energy muons goes up. The correlation can be derived from the expression
for the atmospheric muon flux at the surface (Eq. 6.32) by using the relation
between the critical energy and temperature. From Eqs. 5.51 and 5.54, the
relation is

✏⇡ “

m⇡c2

c⌧⇡

RT

Mg
“ ✏⇡pT0q

T

T0
. (8.32) {epsilon-T}

Writing �µ “ dNµ{dEµ, we calculate the relative variation in the di↵erential
muon rate at energy Eµ by calculating

��µ

�µ
“

1

�µ

d�µ

dT
�T “ ↵T pEµ cos ✓q

�T

T0
. (8.33) {rel-var}

The correlation coe�cient ↵T depends on the product Eµ cos ✓ and on
the physical quantities like A⇡,µ that characterize production of pions and
kaons. For Eµ cos ✓ " ✏K , ↵T Ñ 1 and ��µ {�µ “ �T {T . In the TeV range,
however, only the pion contribution is asymptotic, while the energy scale is
comparable to ✏K “ 850 GeV. Measurements of the variation of the TeV
muon flux with temperature are therefore sensitive to the ratio of pions to
kaons at production. The derivative in Eq. 8.33 can be evaluated using the
formula Eq. 6.32 for the muon flux. The only dependence on temperature is
in the critical energies as in Eq. 8.32. For Eµ cos ✓ « 1 TeV the result is

↵T p1 TeVq „ 1 ´

ZNK

ZN⇡
« 0.85. (8.34) {alpha-num}
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↵T ⇡ T0
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⇢
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�

Asympto4c	  because	  επ	  <<	  TeV	  

εK	  ≈	  TeV,	  intermediate	  

0	  because	  ε(prompt)	  >>	  TeV	  

•  If	  there	  were	  only	  pions	  then	  αT	  à	  1	  
•  Prompt	  component	  does	  not	  vary	  with	  temperature	  	  
•  Kaons	  contribute	  a	  larger	  frac4on	  of	  ν	  than	  μ,	  so	  αν	  <	  	  αμ	  
•  Expect	  αT	  to	  increase	  with	  energy	  (e.g.	  depth)	  un4l	  prompt	  leptons	  





Atmospheric	  µ	  in	  IceCube	  
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To	  reach	  2	  km	  depth,	  typical	  energy	  at	  produc4on	  is	  TeV	  

2	  kHz	  



Muon	  rates	  map	  stratosphere	  
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•  Varia4ons	  of	  temperature	  cause	  atmosphere	  to	  expand	  and	  contract	  
•  Muon	  produc4on	  from	  meson	  decay	  increases	  and	  decreases	  
•  Main	  effect	  comes	  from	  stratosphere	  	  
•  Both	  seasonal	  effects	  and	  sudden	  changes	  can	  be	  studied	  
•  Poten4al	  sensi4vity	  to	  produc4on	  of	  heavy	  hadrons	  (kaons,	  charm)	  



History	  and	  status	  

•  Many	  people	  have	  worked	  on	  seasonal	  effects	  
in	  IceCube	  
– Paolo,	  Takao,	  Tom	  	  
– Anne	  Schukrae,	  Denise	  Hellwig	  (Aachen)	  
– Gary,	  Bruce	  Dawson,	  Kai	  (Adelaide)	  
– Tom	  F.,	  Sam	  (muon	  bundles)	  

•  But	  we	  s4ll	  need	  an	  IceCube	  paper	  	  
	  



2 ATMOSPHERIC VARIATION
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Fig. 1. The temporal behavior of the South Pole stratosphere from May 2007 to April 2009 is compared to IceTop DOM counting rate and
the high energy muon rate in the deep ice. (a) The temperature profiles of the stratosphere at pressure layers from 20 hPa to 100 hPa where
the first cosmic ray interactions happen. (b) The IceTop DOM counting rate (black -observed, blue -after barometric correction) and the surface
pressure (orange). (c) The IceCube muon trigger rate and the calculated effective temperature (red).

is sparse during the winter when the balloons do not
reach high altitudes, and satellite based soundings fail
to return reliable data. For such periods NOAA derives
temperatures from their models. We utilize both the
ground-based data and satellite measurements/models
for our analysis.

A. Barometric effect
In first order approximation, the simple correlation

between log of rate change ∆{lnR} and the surface
pressure change ∆P is

∆{lnR} = β ·∆P (1)

where β is the barometric coefficient.
As shown by the black line in the Figure 1b, the

observed IceTop DOM counting rate varies by ±10% in
anti-correlation with surface pressure, and the barometric
coefficient is determined to be β = −0.42%/hPa. Using
this value, the pressure corrected scaler rate is plotted
as the smoother line (blue) in Figure 1b. The cosmic
ray shower rate detected by the IceTop array also varies
by ±17% in anti-correlation with surface pressure, and
can be corrected with a β value of −0.77%/hPa. As
expected [3], the IceCube muon rate shown in Figure
1c is not correlated with surface pressure. However,
during exceptional stratospheric temperature changes,
the second order temperature effect on pressure becomes
large enough to cause anti-correlation of the high energy
muon rate with the barometric pressure. During such

events the effect directly reflects sudden stratospheric
density changes, specifically in the ozone layer.

B. Seasonal Temperature Modulation
Figure 1 clearly demonstrates the seasonal temper-

ature effect on the rates. The IceTop DOM counting
rate, after barometric correction, shows ±5% negative
temperature correlation. On the other hand, the IceCube
muon rate is positively correlated with ±10% seasonal
variation.
From the phenomenological studies [4][5], it is known

that correlation between temperature and muon intensity
can be described by the effective temperature Teff ,
defined by the weighted average of temperatures from
the surface to the top of the atmosphere. Teff approxi-
mates the atmosphere as an isothermal body, weighting
each pressure layer according to its relevance to muon
production in atmosphere [5][6].
The variation of muon rate ∆Rµ/ < Rµ > is related

to the effective temperature as
∆Rµ

< Rµ >
= αT

∆Teff

< Teff >
, (2)

where αT is the atmospheric temperature coefficient.
Using balloon and satellite data for the South Pole

atmosphere, we calculated the effective temperature as
the red line in Figure 1c. We see that it traces the
IceCube muon rate remarkably well. The calculated
temperature coefficient αT = 0.9 for the IceCube muon

Tilav	  et	  al.,	  ICRC	  2009	  

Temperature	  at	  various	  
pressure	  levels	  

Varia4on	  of	  IceTop	  rates	  
(pressure	  corrected)	  

In-‐ice	  muons	  

Note	  the	  fine	  4me	  resolu4on	  in	  the	  muon	  data	  

arXiv:1001.0776v2	  
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Figure 3: The preliminary ↵

exp
T determined by IceCube as

a function of the K/⇡ ratio (continuous line), with its error
given by the band, and the predicted ↵

th
T (dashed line) with

the corresponding error given by the band. The intersection
region between the two bands is at RK/⇡ = 0.09 ± 0.04.

By calculating the theoretical correlation coefficient ↵th
T as

a function ofRK/⇡ and comparing it with the experimental
value, it is possible to measure the kaon to pion ratio for
proton interaction with atmospheric nuclei (mainly nitro-
gen) at cosmic ray particle energy of 20 TeV.
Fig. 3 shows the experimental and theoretical values of ↵T

as a function of K/⇡ ratio for the IceCube data. While, as
mentioned above, ↵exp

T is almost insensitive to RK/⇡, the
value of ↵

th
T has a strong dependence. Since the statistical

uncertainties are very small, the band on ↵

exp
T is dominated

by systematic uncertainties. The band on ↵

th
T reflects the

theoretical uncertainties in the calculation of the correlation
coefficient mentioned above, and conservatively estimated
to be 1%. The crossover in Fig. 3 is atRK/⇡ = 0.09± 0.04.
Fig. 4 shows a comparison of the IceCube measurement
with other observations.

5 Conclusions

Using 150 billion cosmic ray induced muon events col-
lected in four years by IceCube, a strong correlation of
the daily observed muon rate with the stratospheric tem-
perature was observed, along with a ±8% annual modu-
lation. The K/⇡ ratio at 20 TeV cosmic ray energies was
determined by comparing the observed temperature corre-
lation coefficient with the theoretical one, and found to be
RK/⇡ = 0.09 ± 0.04.
The value obtained with IceCube implies that ZNK ⇠
0.0071, which is about 40% lower than its nominal value
from Ref. [2]. In calculating the theoretical correlation co-
efficient the sumZNK +ZN⇡ was kept constant to its nom-
inal value 0.0908. One way to reconcile the measurement
of RK/⇡ with other results is by reducing the amount of
associated production pN ! nK

+. Keeping the nominal
value of ZNK�

= 0.0028, while reducing ZpK+ from its
nominal value of 0.0090 to 0.0043 is also likely to give a
better agreement with recent measurements of the ratio of
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Figure 4: A compilation of selected measurements of K/⇡
for various center of mass energies. Data points are from
NA49 [12, 13], E735 [14], STAR [15] andMINOS [5]. The
horizontal line and gray band represents the reference value
K/⇡ ratio 0.149 ± 0.060 [2, 11].

the atmospheric muon charge ratio from MINOS [16] and
OPERA [17].
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Figure 4: The variation in muon multiplicity with respect
to the muon multiplicity in July 2010 as a function of the
variation in effective temperature for 5 different real atmo-
spheres, 4 primary energies and proton and iron primaries.
The dashed lines are the α̃MC = 0.74 and 0.94 lines to show
the variation in obtained temperature coefficients.

in simulation and determine the temperature coefficient
α̃MC :

ΔNµ
Nµ

= α̃MC
ΔT̃eff
T̃eff

(2)

Nµ,i�Nµ,July

Nµ,July
= α̃MC

T̃eff,i� T̃eff,July
T̃eff,July

.

In Figure 4, the expected linear correlation between the
variation in muon multiplicity and effective temperature
is shown. A linear fit through all points yields an average
temperature coefficient α̃MC of 0.84 ± 0.10. The error
shows the spread of the points. In Section 5 a possible
energy dependence of the temperature coefficient will be
discussed.

4 Data
In IceCube data, we do not directly measure the number of
muons in the shower, neither the primary energy or mass.
Therefore IceTop and IceCube observables are used to per-
form a similar study. We use the energy loss of the muon
bundle at a slant depth of 1500 m (log10

�
dEµ/dx

�
bundle),

which is linearly correlated to the number of muons in a
shower, together with S125, the main IceTop energy sensi-
tive observable. In order to obtain T̃eff, which is energy and
mass dependent, we need to convert S125 to T̃eff. The con-
version from S125 to primary energy is done by using:

log10(E0/GeV) = 6.018+ 0.938log10(S125/VEM) , (3)

obtained in [8]. The mean < logA> obtained in the IT73-
IC79 analysis [6] for July 2010 is about 1.9 in the en-
ergy region from 1 to 40 PeV. From simulation, the rela-
tion between T̃eff and log10(E0/A) was found (Figure 3).
Hence, using a mean atomic mass assumption of A = 7
(< logA>� 1.9) and the energy from Eqn. 3, one obtains
T̃eff.
Similar to the simulation study, one can now relate the

difference in energy loss to the difference in T̃eff:
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Figure 5: The (relative) difference in energy loss of the
muon bundle at a slant depth of 1500m, as a function of the
difference in T̃eff. This is shown for all months compared to
the reference month July 2010. The different colors show
the different log10(S125/VEM) bins.

Δ
�
dEµ
dx

�

bundle�
dEµ
dx

�

bundle

= α̃data
ΔT̃eff
T̃eff

, (4)

for each month and S125 bin. Compared to simulation,
where primary energies up to 300 PeV are used, the data
points only go up to log10(S125)=1.5 (�40 PeV), due to a
lack of statistics. The result is shown in Figure 5 for seven
months with July 2010 as the reference atmosphere.
When all months are used to determine the correlation

coefficient, α̃data is 0.81 ± 0.28 is found, where the error
is obtained from a separate fit to each S125 bin in order to
show the maximal spread. This is described in Section 5.
When looking in detail to Figure 5, two residual effects
have been observed.
The evolution of the data points for a single month,

for example January, shows an unexpected energy depen-
dence, while the energy dependence should already be in-
cluded in T̃eff. The same shape of this energy dependence
can be seen in the other months.
Furthermore, the months during austral spring (October,

November, December) show a smaller correlation com-
pared to the months during austral fall (March, April).
This hysteresis effect, which is not seen in the simulation
study, will cause a spread when applying the correction:
the months during austral spring or austral fall will be over-
or undercorrected, respectively.
Several possible explanations for these features have

been investigated, including the seasonal variation of S125,
the influence of the hadronic interaction model, the energy
threshold of the muons to generate light in the IceCube
detector, the evolution of the < logA > of cosmic ray air
showers with energy, etc. However, none of them could
explain the energy dependence or the hysteresis.

5 Energy dependence of α̃
When a correction with a constant α̃ is applied, a discrep-
ancy between the mean energy loss and the true energy
loss may remain at certain energies. This might induce
a wrongly reconstructed composition at the affected ener-
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Fig. 2: The relative modulation of the effective temperature calculated for neutrinos collected within the zenith angle range
90� < � < 120� between April 2008 and July 2011 (black line), compared with the corresponding relative variation in the
monthly neutrino rate (points with statistical errors). The blue line shows the downward muon event rate collected in the
same time period. The statistical errors in the muon rates are small and not visible. The modulation of the nearly horizontal
upward neutrinos is somewhat ahead of that for muons (see text).

energy threshold, the correlation analysis was performed
separately for each event sample.

The atmospheric temperature profile data used in
this analysis were collected by the NASA Atmospheric
Infrared Sounder (AIRS) on board the Aqua satellite. Daily
atmospheric temperatures at 24 different pressure levels
from 1 to 1000 hPa at geographic locations around the
globe were obtained from the AIRS Level 3 Daily Gridded
Product available on NASA Goddard Earth Sciences, Data
and Information Services Center (GES DISC) [15]. Using
these data the daily effective temperature Teff was calculated
based on the zenith-weighted average of Eq. 2.

As with the muon case [7, 9], the relation between
the variation of temperature and the variation of neutrino
intensity at a given energy and zenith angle can be expressed
in terms of a theoretical correlation coefficient calculated
from Eq. 1 as [7]

��(E� ,�) =
T

��(E� ,�)

���(E� ,�)

�T
, (3)

which depends explicitly on the characteristic critical
energies ��,K . With increasing energy, the temperature
correlation coefficient increases until it reaches a constant
value at sufficiently high energy.

To compare the prediction with measurements, it is
necessary to convolve the neutrino differential spectrum
with the detector response. The corresponding weighted
correlation coefficient is

� th
T (�) =

T · �
�T

�
dE� ��(E� ,�)Aeff(E� ,�)

�
dE� ��(E� ,�)Aeff(E� ,�)

. (4)

This equation defines the correlation coefficient for a
particular zenith angle � . The total correlation coefficient
is then obtained by averaging � th

T (�) over � with a weight
given by the observed event angular distribution. With this
definition the relative variation in neutrino intensity I� is
given by

�I�
I�

= � th
T

�Teff

Teff
. (5)

Since the rate R� of observed neutrinos is proportional to
the incident neutrino intensity I� , it is correlated with the
effective temperature as well

�R�
�R�� = �exp

T
�Teff

�Teff�
, (6)

where �exp
T is the experimentally determined correlation

coefficient.

4 Results
Figure 2 shows the monthly rates of neutrino events with
90� < � < 120� relative to the mean annual rate, along
with the corresponding effective temperatures relative to
the mean. The monthly rate is calculated as the number
of events divided by livetime in the corresponding month.
The effective temperature is calculated with Eq. 2 using
the neutrino effective area corresponding to each detector
configuration. A yearly modulation of the neutrino rate is
clearly observed, and a �2 analysis with the three years of
IceCube data rejects a constant rate of neutrinos at the 3.4�
level. The apparently reduced rates during the months of
January and February (when Antarctic summer operations
occurred during construction) are under investigation.
Figure 2 shows that the modulation in neutrino rate is
correlated with the variation of the effective temperature.
To quantify this correlation, a linear fit is performed, as
shown in Fig. 3. The results are shown in Table 2. The
decrease of the uncertainty in the correlation coefficient
from IC40 to IC79 reflects the larger event samples collected
with the bigger instrumented volume. As mentioned, the
temperature correlation coefficient was not determined by
stacking the three data samples because of their different
energy thresholds.

configuration �exp
T �2/ndf � th

T
IC40 0.27±0.21 22.85/12 0.557+0.008

�0.007
IC59 0.50±0.15 12.30/11 0.518+0.008

�0.007
IC79 0.45±0.11 4.48/10 0.489+0.007

�0.005

Table 2: Experimental and theoretical neutrino temperature
correlation coefficients corresponding to the three detector
configurations and the �2/ndf of for the experimental
coefficient. Errors on �exp

T are statistical and those on � th
T

are from the seasonal change of critical energies ��,K .
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90� < � < 120� between April 2008 and July 2011 (black line), compared with the corresponding relative variation in the
monthly neutrino rate (points with statistical errors). The blue line shows the downward muon event rate collected in the
same time period. The statistical errors in the muon rates are small and not visible. The modulation of the nearly horizontal
upward neutrinos is somewhat ahead of that for muons (see text).
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the mean. The monthly rate is calculated as the number
of events divided by livetime in the corresponding month.
The effective temperature is calculated with Eq. 2 using
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clearly observed, and a �2 analysis with the three years of
IceCube data rejects a constant rate of neutrinos at the 3.4�
level. The apparently reduced rates during the months of
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correlated with the variation of the effective temperature.
To quantify this correlation, a linear fit is performed, as
shown in Fig. 3. The results are shown in Table 2. The
decrease of the uncertainty in the correlation coefficient
from IC40 to IC79 reflects the larger event samples collected
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� Excellent data/mc agreement for all three years 

2009-2010 (IC59) 2010-2011 (IC79) 2011-2012 (IC86) 

 
Experimental data 2009 – 2012 

Highest energy 
event 

#neutrinos ≈ 130,000 

Figure 1: Distribution in zenith angle for the IC59 diffuse neutrino sample.

Table 1: Zenith angle, latitude of production and solid angle for three atmospheric
zones as seen from the South Pole.

local zenith angle latitude at production Solid angle
Zone 1 90◦–120◦ −90◦– −30◦ π
Zone 2 120◦–150◦ −30◦– +30◦ 0.73π
Zone 3 150◦–180◦ +30◦– +90◦ 0.27π

trajectory defined by the zenith angle of the neutrino at the detector. Figure 2 shows
the trajectories as a function of altitude and latitude for several values of the local
zenith angle.

For neutrinos

Teff(Eν , θ) =

∫ X
0 dX T (X)Pν(Eν , θ, X)

∫ X
0 dX Pν(Eν , θ, X)

≡
∫ X

0
dX T (X)Wµ(Eν , θ, X), (1)

where Pν(Eν , θ, X) is the number of neutrinos produced per g/cm2 in the energy
interval Eν to Eν + dEν along the trajectory of the primary cosmic ray at slant
depth X(g/cm2). Since the production spectrum depends on energy and zenith angle,
so does the effective temperature. The last expression in Eq. 1 serves to define the
weighting function, Wν , that is used to obtain Teff(Eν , θ).

The production spectrum, Pν is given by the probability distribution for meson
decay to muons integrated over the parent meson spectrum. It is a sum of two

3
Figure 2: Each curve is the trajectory of a neutrino that arrives from a direction
characterized by a local zenith angle θ at IceCube. The shaded region marks the
production zone for the neutrinos as a function of altitude and latitude.

terms, one for pions and one for kaons. (The question of the contribution from charm
is treated elsewhere [9].) For example, the production spectrum of neutrinos from
π± → µ±νµ(νµ) is

Pπν(Eν , θ, X) =
ϵπ

X cos θ(1 − rπ)
×

∫ ∞

Eµ/(1−rπ)

Π(E, X)

E

dE

E
, (2)

where Π(E, X) is the differential spectrum of charged pions at slant depth X along
a trajectory with zenith angle θ [10]. The production spectrum for muons from pion
decay is the same except for the different kinematic limits on the energy integral:

Pπµ(Eµ, θ, X) =
ϵπ

X cos θ(1 − rπ)
×

∫ Eµ/rπ

Eµ

Π(E, X)

E

dE

E
, (3)

The combination ϵπ/(E X cos θ ) is the probability per g/cm2 for pion decay. The
integral is over the full range of parent pion energies allowed for a given neutrino (or
muon) energy. The expression for kaons is similar. The kinematic constant ri is the
square of the ratio of the muon mass to the mass of the parent meson. For

E ≫ Ecritical =
ϵi

cos θ
, (4)

the meson decay is negligible and the high-energy approximation for the meson flux
can be used.

4

Trajectories	  for	  Zone	  1	  from	  Takao	  

As an example, The differential spectrum of charged pions in the high-energy limit
is

Π(E, X) = φN(E, 0)
ZNπ

1 − ZNN

Λπ

Λπ − ΛN
×

(
e−X/Λπ − e−X/ΛN

)
, (5)

where φN(Eν) = dN/dEν ∝ E−(γ+1) is the isotropic primary spectrum of nucleons
(N) evaluated at the energy of the pion. This approximation is derived for a power-
law primary spectrum of nucleons and assumes Feynman scaling for production of
pions and kaons in the forward fragmentation region [10]. Inserting 5 into 2 gives the
production spectrum of neutrinos by charged pions in the high-energy limit:

Pπν(Eν , θ, X) =
ϵπ

X cos θ Eν

φN(Eν , 0)(1 − rπ)γ+1

(γ + 2)

ZNπ

1 − ZNN

Λπ

Λπ − ΛN
×

(
e−X/Λπ − e−X/ΛN

)
.

(6)
In the calculation of effective temperature we include the kaon contribution (which
dominates for neutrinos). Since the data include a significant contribution from neu-
trinos with energies in the 100 GeV range, it is also necessary to use a correctly
modified production spectrum appropriate for the energy region in which Eν ≈ Ecrit

in Eq. 4.

Figure 3: Atmospheric temperature profiles for five years for three directions in Zone
1.

The ϵi are characteristic energies for each channel, which depend on the properties
of the atmosphere as well as the decay times of the mesons according to the relation

ϵi =
mic2h0

cos θ∗ cτi
. (7)
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give rise to the observed upward moving neutrino-induced muons in IceCube. This
is accomplisehed by including the neutrino effective area in the calculation of the
effective temperature so that

Teff(θ) =

∫
dEν

∫
dX (T (X, θ)Pν(Eν , X, θ∗)Aeff(Eν , θ)∫

dEν
∫

dX Pν(Eν , X, θ∗)Aeff(Eν , θ)
. (8)

The neutrino effective area is defined as the projected area of IceCube averaged over
azimuth for detecting and reconstructing νµ-induced muons from a direction defined
by the local zenith angle θ at the detector. The starred angle in the argument of
the neutrino production spectrum indicates that θ∗(X) is to be evaluated along the
path of integration relative to the local vertical. The difference from the flat Earth
approximation (θ∗ = θ) is noticeable only for the two most horizontal bins. The
neutrino effective area shown in Fig. 4 includes aborption of neutrinos in the Earth,
whiich leads to the crossover of the horizontal effective area compared to the average.

Figure 5: Effective temperature calculated along 5 directions along with the weighted
average for −0.5 < cos(θ) < 0.

Figure 5 shows the effective temperature calculated as described above for each
of the five angular bins from horizontal to cos(θ) = −0.5. The average effective
temperature weighted by the number of events in each bin is defined in the following
equation and is also shown by the heavy green line in Fig 5.

Teff =
ΣTeff(θ)Nevents(θ)

ΣNevents(θ)
. (9)
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5.7 The atmosphere 85

the coupling between pions and kaons and the couplings to other channels.
Then we have to consider only Eq. 5.35 together with a simplified equation
for the pion fluxes of pions and kaons. For example, for the sum of ⇡` and
⇡´ we can write

d⇧

dX
“ ´

ˆ
1

�⇡
`

1

d⇡

˙
⇧`

ª 1

0

⇧pE{xLq F⇡⇡pE⇡, E⇡{xLq

�⇡pE{xLq

dxL

x2
L

(5.45) {pioneqn}

`

ª 1

0

NpE{xLq FN⇡pE⇡, E⇡{xLq

�N pE{xLq

dxL

x2
L

.

The equation for kaons has the same form. The decay length is obtained
from Eq. 5.3.

5.7 The atmosphere

The relation between altitude and depth is shown in Fig. 5.1. X is the slant
depth along the trajectory of a high energy particle entering the atmosphere
with zenith angle ✓ as seen from the ground. The cascade of particles devel-
ops along the direction of the vector ~X, and ✓˚ is the local zenith angle at
a point along the trajectory at altitude h. In general, ✓˚

† ✓ because of the
curvature of the Earth. For angles not too large (✓ † 65˝), the flat Earth
approximation can be used, and the distance to the point at h is ` “ h{ cos ✓.

In general, the relation between vertical altitude phq and distance up the
trajectory p`q is (for `{R

‘

! 1q

h – ` cos ✓ `

1

2

`2

R
‘

sin2 ✓ (5.46) {hvl}

where R
‘

is the radius of the Earth. The corresponding slant depth is

X “

ª
8

`
⇢

„
h “ ` cos ✓ `

1

2

`2

R
‘

sin2 ✓

⇢
d`. (5.47) {Xl}

The pressure at vertical depth Xv in the atmosphere is P “ gXv, where
g is the gravitational constant. The density is ⇢ “ ´dXv{dh. Thus

gXv

´dXv{dh
“

P

⇢
“

RT

M
, (5.48) {ideal}

where the last step follows from the ideal gas law. For dry air with 78.09%
nitrogen, 20.95% oxygen and 0.93% argon, M “ 0.028964 kg/mol. Rewriting
Eq. 5.48 as

d lnpXvq

dh
“ ´

Mg

RT
(5.49) {pVNRT}

Perhaps	  this	  assump4on	  	  is	  the	  problem:	  

High-energy limit

I At high energy, meson fluxes are given by

Ni (X ,E ) =
N0(E )

1 � ZNN

ZNi⇤i

⇤i � ⇤N

⇣
e�X/⇤i � e�X/⇤N

⌘

I Carrying out the integrals as far as possible without knowing a
form for ⇢(X ) gives

N0(E⌫)
1 � ZNN

X

i

ZNi (1 � ri )
�+1

� + 2

⇤i

⇤i � ⇤N

mic
E⌫⌧i

ˆ
dX
⇢(X )

⇣
e�X/⇤i � e�X/⇤N

⌘

I Comparing with the earlier expression, one can define an
effective critical energy

✏effi (✓) =
mic

⌧i ln(⇤i/⇤N)

ˆ
dX

⇢(X )

⇣
e�X/⇤i � e�X/⇤N

⌘
Gary	  Binder:	  
No	  reference	  to	  T	  
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FIG. 1: Combined cosmic muon data from MACRO, LVD and Borexino after subtraction of the mean measured flux for each
individual experiment. The best fit is to a cosine of period 365.9±0.2 days and phase 177.4±2.2 days, such that the first
maximum occurs on June 26th 1991.

1 Σ

2 Σ

3 Σ

DAMA

muons

June 2

1 year

355 360 365 370 375
100

120

140

160

180

200

Period

Ph
as
e
si
nc
e
Ja
n
20
03

FIG. 2: Confidence-limit contours for period and phase of
best-fit cosine for cosmic muon flux from MACRO, LVD and
Borexino, and DAMA data. The straight black-dashed lines
delineate the expected period and phase for a dark matter
signal. See text for note concerning changes in time origin.

We see a dominant peak corresponding to a period of
12.6±0.1 years, and what looks like higher harmonics of
this fundamental frequency. Caution must be exercised
in interpreting the fitted periods and uncertainties pre-
sented in this subsection: the solar cycle is known to have
a rather variable period, making the cosine fit an inad-
equate description of the data, as reflected in the large
chi-squared values. This does not, however, preclude the
use of these fit values to compare two data sets under the
hypothesis of a correlation between them.

In order to test for a possible correlation between the
secondary modulation in the Gran Sasso cosmic muon
data and the sunspot data, we again make use of the pa-

rameter goodness of fit, with parameters extracted from
a chi-squared fit of both the muon and sunspot data to
cosine functions with a relative phase of ⇡. While the
fitted phases are in agreement, we find there is a 4.7�
tension between the fitted periods, which is not very en-
couraging. Notice, however, that in the fits, the sunspot
data are weighted by their variance, which in the limit of
low statistics is strongly dependent on their absolute val-
ues, making data taken during minimums of solar activ-
ity dominate the fit. Because of this, the fitted period is
driven to large values by the unusually long and deep so-
lar minimum around 2008. By contrast, the correspond-
ing muon data was taken mostly by Borexino, which has
comparatively large error bars. Thus, muon data give
more weight to earlier parts of the solar cycle, which fit
better with smaller periods. Indeed, redoing the fit af-
ter rescaling the sunspot error bars such that the relative
size of the error bars (and hence their weights) are the
same as in the muon data reduces the tension between the
two data sets to 2.1�. Furthermore, as mentioned above,
a sinusoid with a constant period is a particularly bad
model for sunspot activity (522/242 for the chi-squared
per dof), which is cyclical rather than periodic. Perform-
ing a fit to the sunspot data using a cosine with a period
that varies linearly in time instead results in a very ac-
curate description of solar data over the two cycles in
question, with an improvement in the chi-squared per
dof (to 249/241), and a fitted “period” which varies from
8 to 13 years. With this phenomenologically-motivated
fitting function, we find that the discrepancy between
both data sets reduces to less than 1�, seemingly imply-
ing a close correlation between them.6 This correlation
is rather puzzling given that the cosmic muon flux is be-
ing measured at 3800 m.w.e. below the earth’s surface,

6 In contrast, we were unable to find an alternative function that
provided a better fit to the annual modulation of muons.

MACRO,	  LVD,	  Borexino	  
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We carry out a time-series analysis of the combined data from three experiments measuring the
cosmic muon flux at the Gran Sasso laboratory, at a depth of 3800 m.w.e. These data, taken by the
MACRO, LVD and Borexino experiments, span a period of over 20 years, and correspond to muons
with a threshold energy, at sea level, of around 1.3 TeV. We compare the best-fit period and phase
of the full muon data set with the combined DAMA/NaI and DAMA/LIBRA data, which spans the
same time period, as a test of the hypothesis that the cosmic ray muon flux is responsible for the
annual modulation detected by DAMA. We find in the muon data a large-amplitude fluctuation with
a period of around one year, and a phase that is incompatible with that of the DAMA modulation at
5.2�. Aside from this annual variation, the muon data also contains a further significant modulation
with a period between 10 and 11 years and a power well above the 99.9% C.L threshold for noise,
whose phase corresponds well with the solar cycle: a surprising observation for such high energy
muons. We see no corresponding long-period oscillation in the stratospheric temperature data.

I. INTRODUCTION

There has been a recent resurgence of interest in al-
ternative explanations for the annual modulation sig-
nal detected by DAMA/LIBRA, the dark matter di-
rect detection experiment located at the Gran Sasso Na-
tional Laboratory (LNGS), Italy. The DAMA/LIBRA
data [1], together with those of its previous incarnation,
DAMA/NaI [2], show a clear modulation (at 8.9�) that is
consistent with the dark matter hypothesis both in period
and phase. However, there has been widespread skepti-
cism for the interpretation of this signal as evidence for
dark matter direct detection. Plausible alternatives exist:
one of these is background induced by cosmic muons, the
flux of which is also expected to modulate annually due
to temperature fluctuations in the stratosphere, with a
similar phase to dark matter in the northern hemisphere.
A (convoluted) mechanism by which the modulating cos-
mic muons might give rise to a signal in the DAMA de-
tector, involving intermediate spallation neutrons, was
proposed in [3]. This hypothesis has not been indepen-
dently tested, and recently several arguments against it
were put forward by DAMA [4]. Here we will examine
more closely one of these arguments, namely the compat-
ibility between the properties of the DAMA and muon
annual modulations.

Independent assessments of the compatibility of the
DAMA signal with the cosmic muon flux, the latter
taken from the LVD experiment [5] at LNGS, whose pe-
riod of data taking coincided with the first 5 runs of
DAMA/LIBRA, were carried out in [6] and [7], with con-
tradictory conclusions. However, LVD is not the only ex-
periment measuring the cosmic muon flux at the LNGS
site; including the data from MACRO [8] and Borex-
ino [9] gives a 20-year span of muon modulation data,
fully encompassing the time-span of both DAMA/NaI
and DAMA/LIBRA. We analyse for the first time the
combined data set and find an annual modulation whose
phase is rather incompatible with DAMA’s. Intriguingly
for such high energy muons, we also see significant power

at a period of just over 10 years, with a phase that rep-
resents a close anticorrelation with the solar cycle. We
present our results in Sec. II and discuss their implica-
tions in Sec. III.

II. RESULTS

A. Muons and DAMA

We begin by subtracting, from the data of LVD and
Borexino, the average muon flux reported over the course
of the experiment, in order to normalize them to the
same baseline (MACRO already presented its data in
this form). We then carry out a simple chi-squared fit
of the combined data to a cosine of unknown amplitude,
period and phase, marginalising over an added constant
for each individual experiment, to allow for the e↵ect of
systematic flux mis-measurements, as well as their dif-
ferent sensitivities for through-going muons1. We dis-
play the data and the best-fit cosine, corresponding to
a period of 365.9±0.2 days and phase of 177.4±2.2 days
(with respect to January 1st 1991), in Fig. 1. While
these numbers are generally in good agreement with the
fits carried out by the individual experiments, the good-
ness of fit, quantified by a value of chi-squared per de-
gree of freedom of 7587/4244, is rather poor.2 This is
unsurprising: while we expect the annual modulation of
muons, which is directly related to temperature fluctua-

1 Neither the period nor phase of the leading behaviour change
significantly on inclusion of these constants.

2 Our assessment of the best fit parameters and uncertainties for
each individual experiment are in good agreement with the values
quoted by the collaborations themselves, with the exception of
LVD’s uncertainties in the period and phase [5], which are an
order of magnitude larger than ours, at fifteen days. Such a
large shift, particularly in the period, would certainly be visible
by eye over an 8-year time-span, and we find no evidence for this
in the data.
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•  Not	  the	  same	  phase	  as	  DAMA	  
•  They	  also	  see	  a	  11	  year	  varia4on	  
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