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1. Introduction

Besides its primary aim of studying cosmic neutrinos, IceCube also measures neutrinos and muons
produced by the interaction of cosmic rays with the Earth’s atmosphere with unprecedented statis-
tics. The flux of atmospheric neutrinos, as well as muons, is interesting, because it is produced by
weak decays of unstable mesons. Accordingly, it directly probes the particle physics of hadronic
air showers. The flux of muon neutrinos can be approximated [1] by integrating the production
yield of neutrinos over the atmospheric slant depth X:
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where @y (Ey) is the primary spectrum of cosmic ray nucleons (N) evaluated at the energy of the
neutrino. The two terms in the parentheses are the production yield P(Ey,0,X) = (... ) of neutrinos
from parent pions and kaons respectively as a function of atmospheric depth and direction. The
numerators A;_,y include the production yield, and branching ratios for the decay, with kinematic
factors for the respective parent mesons. The denominators reflect the competition between decay
and interaction of secondary mesons in the atmosphere. The factors B;_,, include interaction cross
sections of mesons and nucleons with kinematic factors, 6*(0) is the neutrino zenith angle at its
point of production in the atmosphere that is given by the observed zenith 8 taking into account
the curvature of the Earth, and &;(7") are characteristic energies that reflect whether re-interaction
or decay of the parent mesons dominates. These characteristic energies depend on the local air
density which results in a linear dependence on the temperature 7°:
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where R, M, and g are the ideal gas constant, molar mass, and gravitational acceleration, ¢ the
speed of light, and m; and 7; are the mass and decay time of the mesons. Typical values of the
characteristic energies are &; ~ 125GeV and ex ~ 850GeV. At energies E, - cos (0*) less than g;,
most mesons decay, and the neutrino flux is independent of the atmospheric temperature. It simply
follows the spectrum of parent cosmic rays. For energies above g;, decays become increasingly
disfavored and the resulting flux correlates with the atmospheric temperature, and has a spectrum
one power steeper than that of primary cosmic rays. As the correlation of atmospheric neutrino
flux with the atmospheric temperature depends on the relative contribution from the pion and kaon
parent particles, the measurement is sensitive to the hadronic physics of air showers.

The total rate of neutrino events Ry is correlated with the effective atmospheric temperature 7,7 ¢

Re(t) = R) _  Tersrlt) = (Tegy)
(Ry) (Ters)
where (...) denote averages over the observation time and o is the effective correlation coefficient.

as:

(1.3)

The expected neutrino rate is given by the integration of the above defined production yield (Eq. 1.1)
and the effective detection area, over energy and atmospheric depth:

Ry(6) = //¢N(Ev) P(Ey,0,X)-Acs(Ey,0)dX dE, . (1.4)
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The effective temperature is given by the expectation value of the atmospheric temperature profile

weighted with the energy dependent production yield and the effective detection area:

Tr1(0) = JON(Ey)-T(X,0)-Acff(Ey,0)-P(Ey,0,X)dE,dX
JON(Ey)-Acsf(Ey,0)-P(Ey,0,X)dE,dX

With these definitions, the linear correlation (Eq. 1.3) between the relative neutrino rate and the

temperature change is given by:

(1.5)

T IRy
R, T
While the correlation of atmospheric muons with the atmospheric temperature has been studied in

or (1.6)

detail in [2], the statistics of atmospheric neutrinos have been insufficient to measure this effect
precisely [3]. Nevertheless, the atmospheric neutrino flux provides complementary information.
Firstly, it probes the global atmospheric temperature. Secondly, relative to atmospheric muons, the
relative contribution of kaons is larger [4]. Due to the choice of effective parameters, the integra-
tion of the steeply falling production yield with the steeply increasing effective area in Eq. 1.5 is
dominated by the transition region between pion and kaon production. Hence, the effective tem-
perature becomes sensitive to the relative production yield. A further advantage of this type of
correlation analysis is the use of the total observed rate. In contrast to energy-dependent spectra
that are degraded by the poor experimental energy resolution and affected by systematic uncertain-
ties of the effective area, the total rate is statistically more significant. Note that in this approach
the systematic uncertainties of the flux normalization and effective detector area largely cancel.

In this paper, we present for the first time a statistically significant measurement of this correlation
using data from several years of operation of IceCube.

2. Used Data sets

2.1 Atmospheric Temperatures

The atmospheric temperature profile is continuously and globally monitored by the Atmospheric
Infrared Sounder (AIRS) aboard NASA’s Aqua satellite [5], covering about 95 % of the Earths
surface every day. The satellite orbits Earth 14.5 times per day on a highly inclined, nearly sun-
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Figure 1: Level-3 tempera-
ture data in K from AIRS
for the descending node at a
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synchronous polar orbit, on a northbound ascending orbit just after noon (1:30 p.m.) and a south-
bound descending orbit just after midnight (1:30 a.m.) local time. The atmospheric temperature
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is measured by a pivotable infrared camera for 24 fixed pressure levels ranging from 1.0 hPa to
1000 hPa and a ground swath of 1650 km diameter. Here, we use the level-3 data [6] that is binned
in 1° x 1° cells in latitude and longitude. An example data set is shown in figure 1. Data gaps that
arise from e.g. non-perfect ground coverage at the equator are interpolated between neighbouring
longitudes. This fraction of uncovered area becomes almost negligible for the polar zones. Ad-
ditionally, we perform daily averages of the ascending and descending orbits. Furthermore, there
can be data loss at low altitudes due to rapid topography changes within one bin or local weather
phenomena. Note that the neutrino production yield is small at low altitudes.
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Figure 2: Calculated values of T, for about one year of AIRS level 3 data. Top panel (from
[71) shows T, as function of time and observation zenith angle (in detector coordinates). Bottom
panel (from [8]) shows the median temperature (red line) versus observation zenith. Also shown
as shaded regions are the 5 % and 95 % percentiles. Different line colors (hardly visible) represent
data from the ascending and descending orbits and illustrate that no systematic difference is seen
between the two. The vertical lines separate South, Equator and North region.

Figure 2 shows the calculated effective temperature for the period May 2012 to April 2013 as a
function of the zenith angle of observed up-going neutrinos. The relation between latitude of the
corresponding air shower and neutrino direction can be approximated as b =2 - (6 — 135°). It can
be seen that in the region 120° < 6 < 150°, corresponding to equatorial latitudes b between —30°
to 30°, almost no variation (< 5K) is observed. The Northern hemisphere region 6 > 150° and
the Southern hemisphere region 6 < 120° are anti-correlated in their seasonal dependency. The
largest variation is observed for the Southern region. This region that also provides the majority of
observed atmospheric neutrinos in IceCube is considered in the following.

2.2 Neutrino data

For the neutrino data the same data set as used for the measurement of astrophysical neutrinos
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[9, 10, 11] is chosen. The data has been collected between May 2012 and May 2017, which
represents a period of largely unchanged detector configuration. The data is based on a high quality
selection of well reconstructed up-going muons with a directional resolution < 1° and < 0.3 %
background contamination from atmospheric muons. The data selection is unchanged for the full
observation of this analysis. A high statistics of neutrino counts of typically 140d~" is observed in
the South region.
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The relative change of the daily measured neutrino rates, corrected for detector live time is shown in
figure 3 together with the calculated values of 7,7 in the South region. Despite the large statistical
fluctuation of the experimental rates, a correlated variation is indicated by the data. The correlation
becomes obvious when the data is binned in intervals of 30 d.

3. Results

The correlation of relative temperatures and relative neutrino rates in the South zone for all ob-
served days is shown in figure 4 (left panel). A linear fit results in a correlation coefficient of

oa=042£0.04 3.1

with x2/ndof = 1884.76/1806. The statistical significance of the correlation with respect to the
non-correlation hypothesis o = 0 based on a y?-test is 11 standard deviations. This represents the
most significant measurement to date of a seasonal modulation of atmospheric neutrinos.
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In order to test the dependency of the result on the choice of binning, the analysis is repeated for
larger time bins. Figure 4 shows that up to bin sizes of a month the result remains robust and is not
affected by the choice of time bins.
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Figure 4: Correlation of atmospheric neutrino rate changes with relative changes of T, s (left panel)
and comparison of the correlation coefficients for several time binnings (right panel).

In order to test for systematic atmospheric effects in different seasons, the data is split into two
subsets as illustrated by color in the top panel of figure 3. The first set comprises the period
January to June when the temperatures decrease after austral summer. The second set comprises
dates from July to December when the atmospheric conditions are inverted, and daily temperature
fluctuations are also substantially stronger.

The two data sets are fitted separately for the correlation coefficient resulting in o~ = 0.45 +0.06
and o = 0.40 = 0.06 where + denotes increasing temperatures and — decreasing temperatures
respectively. The two results are statistically consistent at the 1 o level. Yet, the data set of stronger
temperature fluctuations shows a smaller correlation, indicating that averaging the satellite data
during these more fluctuating periods may require finer binning in time and direction. However,
given the current uncertainties, such a systematic effect cannot be tested for.

4. Systematic uncertainties and comparison with expectation

For the discussion of systematics, uncertainties in relative temperatures and relative neutrino rates
and the averaging of data over the South zone have to be taken into account. The accuracy of the
calculation of T,y is limited by the accuracy of the measured temperatures which are estimated
[12] as 1 K/km. Assuming additionally a height uncertainty of 1 % in the integration of the at-
mospheric depth. This implies an uncertainty of 7,7y of 0.25 %. The standard deviation of the
difference of the ascending and descending temperatures corresponds to 0.45 K. This translates
into an uncertainty of the relative temperature of 0.2 %. As discussed above, fractional ground
coverage and topographic changes (< 0.1%) can be neglected for the South region [13]. Most
relevant is the uncertainty of the numerical numerical integration of slant depth. Depending on the
choice of bin-boundaries the relative temperatures can change up to 1% [8]. Here we centre the
bins around the given altitude levels, i.e. letting the up-most bin extend to X = 0.

For the measurement of neutrino rates, uncertainties in the relative live time for each day of oper-
ation and background from wrongly reconstructed atmospheric muons have to be considered. The
background of atmospheric muons amounts to about 0.4 d~!. It is expected to be correlated with
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the same seasonal phase as the neutrinos in the South zone but with a correlation factor twice as
large. Assuming relative temperature changes up to 8 % this results in a negligible variation of the
rate at maximum of AR = 0.06d~!. The uncertainty in the calculation of live time can be neglected
as IceCube operates close to 99 % uptime and the downtime can be calculated to an accuracy of a
few ms.

The value of o depends on the zenith angle. Calculations based on the simple approximation
Eq. 1.1 indicate a maximum difference of o/(120°) — @(90°) ~ 0.15 corresponding to one standard
deviation of o(a) = £0.04 within the observation region (see also figure 5). This is of similar
order as the statistical uncertainty but does bias of the average result. In summary, systematic un-
certainties are on the level of 1 % and thus about a factor 10 smaller than the statistical uncertainty.
For an estimation of the theoretical expectation the above approximation Eq. 1.1 is inserted into
the definition of o (Eq. 1.6), and the resulting « is calculated using the standard US atmosphere
[14]. For the calculation, different values for the spectrum weighted moments (Z-factors) and atmo-
spheric interaction lengths (A-values) are used as given in [15]. The following models are tested:
(D) Sibyll 2.3 [16] using constant Z-factors and energy dependent A-values, (II) using constant val-
ues of Z as provided by [17] for [15] and constant A-values based on Sibyll 2.1 [18] calculations,
and (IIT) constant values of Z-factors from [1] and the same A-values as (II).
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An example of the resulting ¢ as a function of energy and zenith angle is shown in figure 5. All
the values for o averaged over the South observation zone and energy are given in table 1.

Model | () | ap | am Table 1: Theoretical estimates of
a | 0479 | 0.496 | 0.484 the expected correlation

These expectations differ from the experimental measurement by 1.5 to 2 standard deviations. This
tension may hint at a higher than expected contribution of kaons to the production of atmospheric
neutrinos. However, the large uncertainty of the simplified approximation has also to be taken into
account. The variation in ¢¢ with changes of different parameters is up to 0.02. The effect of using
the US atmospheric model for the South Pole atmosphere is of similar size.

5. Conclusion and Outlook

The measurement of the temperature dependent variation of the flux of atmospheric neutrinos is
highly interesting, because such a measurement, being independent of the total flux normalization,
can constrain hadronic interaction models of atmospheric air showers, in particular the relative
fraction of kaons and pions.
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The analysis presented here has established for the first time a highly significant correlation of
the rate of atmospheric neutrinos with the atmospheric temperature. The measured correlation of
o = 0.42+0.04 is in reasonable agreement with the expectation of a simplified approximation
[15] of o = 0.49+0.03. The somewhat lower measured value may hint at an increased kaon
fraction in atmospheric air showers. More precise calculations using the full cascade equations
governing atmospheric air showers are currently being performed with MCEq [19] for a more
precise prediction of the expected correlation and the future test of hadronic interaction models.
The experimental analysis can also be substantially improved, because it neglects variations of
the atmosphere within the considered zenith range and variations in longitude. Examples of such
longitudinal variations are Rossby waves [20]. Rossby waves are regions of different temperatures
rotating around the South Pole region, and are seen in the time-dependent AIRS temperature data.
Furthermore, the value of « is expected to considerably vary within the considered zenith range.
This can be addressed well by an unbinned likelihood method, that naturally accounts for the full
directional temperature information of each observed neutrino direction and is thus expected to
further improve the accuracy and significance of the measurement in the future.
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