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Cosmic-ray muons are generated from the decay of mesons which are secondary particles produced
via hadronic interaction between primary cosmic-ray particles and atmospheric nuclei at the upper
the atmosphere. The mesons such pions and kaons mostly decay into muons immediately, reflecting
the details of the hadronic interactions depending on their energy and lifetime. The modulation
of the cosmic-ray muon rate as well as the flux and the atmospheric kaon-to-pion production
ratio are important to determine the flux and energy of the atmospheric neutrino. In particular,
the kaon-to-pion production ratio rg,, is measured with the correlation coefficient at between
the cosmic-ray muon rate in the underground detector and the atmospheric temperature. As
a result, we obtained the correlation coefficient a7 = 0.85 + 0.01 (statistical uncertainty only)
and rg;r = 0.12 + 0.03 (statistical uncertainty only) using the data taken in 10 years at the
Super-Kamiokande detector. In this article, we report the current status of measurement of the
modulation of the comic-ray muon and the atmospheric kaon-to-pion production ratio.
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1. Introduction

The framework of three-flavor neutrino mixing has been described by the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [1]. The oscillation parameters have measured by various neu-
trino detectors. The oscillation parameter 6,3 and Am§3 are measured by comparing the energy
spectrum of atmospheric neutrino observed in data and that of predicted by the Monte Carlo (MC)
simulations. However, the uncertainty of the energy spectrum predicted by MC is dependent on
the uncertainty of the absolute flux of the atmospheric neutrino. Thus, it is required to estimate
the absolute atmospheric neutrino flux accurately and reduce its uncertainty. Then, using the more
accurately improved MC simulations, further precise measurement of the oscillation parameters is
possible.

The cosmic-ray muons are generated from the decay of mesons which are secondary particles
produced via hadronic interaction between primary cosmic-ray particles and atmospheric nuclei.
Since the meson such as kaon and pion are unstable, and decay into muons before interacting other
particles depending on their energy and lifetime. Because the production rate of the cosmic-ray
muons depends on the number of produced mesons, the muons hold essential information of the
hadronic interaction. In addition, the production rate depends on the index of primary cosmic-ray
energy spectra, and the profile of the upper atmosphere. When the density is low due to higher
temperature, meson tends to decay into muon before interacting with the atmospheric nuclei. Such
muons are likely to have high energy because they take over the energy of parent mesons. Some of
these muons can reach deep underground and are observed at the underground detector. Therefore,
in the high temperature season, the rate of cosmic-ray muons at the underground detector increased.
Furthermore, the seasonal variation of the cosmic-ray muon rate is expected to have an amplitude
which is larger than the statistical error of this rate, and correlate with the atmospheric temperature.

The study about the correlation between the muon flux and the profile of the upper atmospheric
has started in 1950s [2]. An analysis method, which determines the correlation by measuring
the modulation of the cosmic-ray muon rate in the underground detector, was proposed in 2010
[3]. In this method, the correlation coeflicient is expressed at. So far a number of underground
experiments have measured at under the various depth, and these results are good agreement with
the proposed theoretical model within their estimated uncertainties. Also, the absolute flux of the
atmospheric neutrino can be estimated with the measurement of the modulation of the cosmic-ray
muon flux. Furthermore, the cosmic-ray muon with energy above 1 TeV has a larger contribution of
the decay from kaon than that below 1 TeV. The measurement of the modulation of the cosmic-ray
muon flux in the underground detector also estimate a relative contribution from kaon and pion
to the cosmic-ray muon flux. The relative contribution of the decay mesons is defined as the
atmospheric kaon-to-pion production ratio rg,,, and this ratio is calculated using the correlation
coefficient ar. This ratio can be used as the input parameter of the atmospheric neutrino MC
simulation to constraint the hadronic interaction.

For those reasons, to reduce the uncertainty of the absolute atmospheric neutrino flux and to
further develop the atmospheric neutrino simulation, the precise measurement of the modulation of
the cosmic-ray muon flux and the correlation with the atmospheric temperature are highly required.
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2. Super-Kamiokande detector

The Super-Kamiokande detector (SK) is a water Cherenkov detector located at 1000 m under-
ground (2700 m water equivalent) in Kamioka mine, Gifu prefecture, Japan (36.4°N and 137.3°E.)
[4]. Tt is a cylindrical stainless steel tank, 39.3 m in diameter and 42.4 m in height, and contains 50
kiloton (ktons) of ultra-pure water. The inside of the tank is separated into an inner detector (ID)
and an outer detector (OD). The ID region consists of 11,129 20-inch PMTs facing inward, and the
space between the PMTs is covered with black sheet to reduce unnecessary photon reflection. A
fiducial volume of the ID is defined as the cylindrical volume 2 m inward from the ID wall and
has a mass of 22.5 ktons. The OD region has a width of about 2.2 m along the wall of the SK
tank, it consists of 1,885 8-inch PMTs facing outward. It detects outgoing charged particles, and
can also be used as a veto detector for cosmic-ray muons and low energy y-rays from surrounding
rocks. The large overburden enables to shield cosmic-ray muons, and makes the SK sensitive to
cosmic-ray muons energies larger than 0.8 TeV depending on the direction. Large statistic and high
muon tracking resolution are possible.

SK was started from April 1996, and now running the seventh observation phase (SK-VII). In
this article, we used the data taken in the fourth phase (SK-IV), which ran from September 2008 to
May 2018, and the livetime is 2,970 days.

3. The atmospheric model and the effective atmospheric temperature

For the eveluation of the correlation between the temperature of the upper atmosphere and
the rate of the cosmic-ray muon observed at the underground detector, the atmospheric structure is
modelled as an isothermal meson-producing entity with an effective atmospheric temperature 7eg
[2]. This is calculated as a weighted average of the atmospheric temperature 7'(X) corresponding to
the particular atmospheric depth X. A weighted parameter W (X) for calculation of T.¢ is accounted
considering the physics of the production of mesons and muons at the position corresponding to
the atmospheric depth X. The effective atmospheric temperature T, is calculated using following
formula,

o dXTCOW(X) 5, AXT (X)W (X))
Saxweo LiAXiW(X)

where i is the index of the discrete pressure levels. The atmospheric depth X, which has the unit of

ey

Tew =

g/cm?, corresponds to the atmospheric pressure level by the relation 1 hPa = 1.019 g/cm?.
The correlation coefficient at is described as,
aT = L dXW(X), 2)
R u JOo
where R, is the rate of the cosmic-ray muon at the SK detector. Thus, the modulation of the
cosmic-ray muon rate R, is related to that of the effective temperature T via,

AR.U ATeff
=ar .
(Ry) (Terr)
Note that (simbol) shows the average during the data taking period.
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4. The data-set of the atmospheric temperature

We used "JRA-55" temperature data-set provided by the Japan Meteorological Agency [5].
This data-set is provided four times a day (0:00, 6:00, 12:00, and 18:00) at 37 discrete atmospheric
pressure levels from 1 hPa to 1000 hPa. In addition, this is measured at each point in Japan divided
by 1.25° in latitude and longitude. In this study, we used this data-set at the location of 36.25°N,
137.5°E, and its location is the closest point of the SK detector.

Figurel shows the distribution of an average temperature at each 37 discrete atmospheric
pressure levels in 10 years (from September 2008 to May 2018) corresponding to the period of
the SK-IV. We calculated the effective atmospheric temperature T.g based on Eq.(1). The effective
atmospheric temperature T for each day is obtained by taking the average of the four values
calculated from the data-set during a day. The variance is used to estimate an uncertainty of the
average of T for every single day.
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Figure 1: The distribution of an average temperature at each 37 discrete atmospheric pressure levals in 10
years corresponding to the period of SK-IV. The data-set of atmospheric temperature provided by JRA-55,
and the location used this analysis is 36.25°N, 137.5°E, which is the closest point of the SK detector.

5. The reconstruction method of the cosmic-ray muon

In this article, we measured the rate of the cosmic-ray muons using the data taken in SK-IV
(from September 2008 to May 2018). For the muon candidates, the total number of photoelectrons
(p.e.) detected by ID PMTs is required to be greater than 1500 p.e. The muon track is reconstructed
by a dedicated muon fitter called MUBOY [6, 7]. The fitter uses information from ID PMT hits,
after an initial removal of noise hits, to reconstruct the muon entry point and exit point. An entry
point is determined by selecting the earliest hit PMT which has at least three nearest neighbor hits
within a 10 ns window. An exit point is determined by selecting the center of the nine PMTs (one
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PMT and eight surrounding neighbors) which have the maximum total charge. After determining
the entry and exit point, the direction of the muon track is determined.

As a result, using the muon track length and the number of the muon tracks, the muon events
are reconstructed into four categories. (I) Single through-going muons: events which penetrate the
ID, (II) Stopping muons: events which stopped inside the ID, (III) Multiple muons: events with
several tracks, (IV) Corner clipping muons: events with a track length shorter than 7 m inside the
ID. In this study, we used the muon candidates categorized as single through-going muons.

6. Result

6.1 Correlation between muon rate and the effective atmospheric temperature

We evaluate the correlation between the rate of the cosmic-ray muon R, and the effective
atmospheric temperature Te. Figure2 shows the deviation of the cosmic-ray muons rate R, and
the atmospheric effective temperature 7. from their overall average during 10 years corresponding
to SK-IV. For the rate of the cosmic-ray muons R, we counted the number of events in every
single week in the Gregorian calendar which was normalized by its livetime in each week. For the
atmospheric effective temperature 7.g, we calculated a weighted mean in every single week in the
Gregorian calendar. As expected, the modulation of the cosmic-ray muon and the modulation of
the effective atmospheric temperature indicate a positive correlation between the two observables
(Figure2). In order to evaluate the correlation coefficient at between the two observables, we
performed fitting algorithm with a linear function to the data shown in Figure2. We used the
algorithm provided in CERN ROOT. Then, we obtained the correlation coefficient a7 = 0.85 +
0.01 (statistical uncertainty only) of the slope of fitting function.

6.2 Calculation of the atmospheric kaon-to-pion production ratio

Kaon and pion have different masses and lifetimes, and are affected differently due to the
modulation of the atmospheric temperature. Therefore, the magnitude of the correlation between
the rate of the cosmic-ray muons and the atmospheric temperature depends on the kaon-to-pion
production ratio rg,, in the upper atmosphere. We calculated this ratio with the results of the
correlation coeflicients a obtained in Section 6.1. The calculation method is the same as that used
in Ref [8]. By considering several approximations, ar is calculated as follows,

ar = L 1/ex +AK(D7r/DK)2/67r
Dy 1/exk + Ak(Dx/Dx)/€x ’

“4)
with,

_ 7 €x,K
= +1,
v+ 1 1.1{Ecos8)

where Ag = 0.38 X rg/, is the kaon contribution to the cosmic-ray muons, €, = (114 + 3) GeV

&)

Dn,K

and eg = (851 + 14) GeV are the critical pion and kaon energies, which is the energy of the meson
at which decay and interaction occur with equal probability, ¥ = 1.70 + 0.01 is the muon spectral
index, Ewccosé is the product of the threshold energy of the muon arriving at the detector and
cosf of its zenith angle. For the Super-K site, a value of (Eg.cosf) = (0.403 + 0.134) TeV
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Figure 2: The scatter plot of the percent deviation of the cosmic-ray muons rate and the atmospheric effective
temperature from their overall average values at the weekly binning. Red line shows the fitting linear function.
We obtain a7 = 0.85 + 0.01 (statistical uncertainty only) of the slope of fitting function as the correlation
coefficient.

has been calculated based on MUSIC (MUon SImulation Code : A three dimensional code for
Muon Propagation through the Rock) [9, 10]. Using above formulas and the result of at, we got
rk/x = 0.12 £ 0.03 (statistical uncertainly only) as the atmospheric kaon-to-pion production ratio.

Figure4 shows the comparison of the other measurements of the kaon-to-pion production ratio.
The results of indirect measurement same as our analysis are previously presented by the several
underground experiments, e.g by the MINOS [11], IceCube [12], and Borexino [8]. On the other
hand, direct measurement have been performed by the several accelerator experiments, e.g. by the
NAA49 for the Pb + Pb collision at SPS [13], STAR for Au + Au collision at RHIC [14], and E753
for p + p collision at Tevatron [15]. The results of the indirect measurements are placed assuming

the center-of-mass energy in each experimental site. In this study, we assumed the center-of-mass

+43.8
5—10.0

primary protons on a fixed nucleon target. The proton energy is chosen to be 10 times of the average

cosmic-ray muon threshold energy (Ew,) = 0.806‘:%‘6173% TeV based on MUSIC. It is assumed that

cosmic-ray muons with £ > 1 TeV have an average energy of 1/10 that of primary cosmic ray

energy to be 122. GeV, which is calculated assuming the average collisions of about 8§ TeV

particles. The SK-IV result of the atmospheric kaon-to-pion production ratio rg/, is consistent
with the other underground experiments within their uncertainty.

7. Summary

For the precise measurement of the atmospheric oscillation parameters, it is required to reduce
the uncertainty of the absolute flux of the atmospheric neutrino and to constraint the hadronic
interaction model in upper atmosphere. In this study, we have evaluated the correlation between the
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Figure 3: Comparison of several measurements of the kaon-to-pion production ratio (rk /). The red cross
point shows the SK’s data and other symbols with different colors show the experimental data measured
by the underground detectors or accelerator experiments. NA49 and STAR experiments measured rg ;. by
considering the positive and negative charge separately while other experiments did without considering the
charge.

modulation of the cosmic-ray muon rate observed at the SK detector and the atmospheric effective
temperature T.¢ at near the Kamioka site corresponding to SK-IV phase (from September 2008
to May 2018). As the result, we obtained the correlation coefficient ar = 0.85 + 0.01 (statistical
uncertainty only). In addition, we calculated the atmospheric kaon-to-pion production ratio rg
with the atmospheric temperature coefficient ar, and obtained rg;, = 0.12 + 0.03 (statistical
uncertainty only). This result is consistent with the result of the other underground experiments
within their uncertainties. This also provides new input information for the MC simulation.
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