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Cosmic-ray muons arise from the showers of secondary particles produced via the interactions of
primary cosmic particles with air nuclei at the top of the atmosphere. The interaction products,
pions and kaons composing showers mostly decay to muons reflect the details of the hadronic
interactions depending on their energy. Measurements of the charge ratio and polarization of
cosmic-ray muons can be used to constrain high energy hadronic interaction models in the atmo-
sphere. In this presentation, we will report the current status of the measurement of the charge
ratio using data collected by the Super-Kamiokande (SK) detector located at a depth of 2700 m
of water equivalent. Using the data taken in the fourth phase of SK (SK-1V), the charge ratio is
measured to be 1.42 + 0.02 (statistical uncertainty only), at the energy of 1.3 TeV. This result
for the charge ratio is in good agreement with those previously obtained by deep underground

experiments.
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1. Introduction

The framework of the neutrino oscillation has been established by various experimental mea-
surements since 1980’s. For the further precise measurements of the oscillation parameters, the
uncertainties of atmospheric neutrinos flux should be reduced. To address this, the charge ratio
of cosmic-ray is important to understand the energy dependence of the fraction of atmospheric
neutrino flavors.

The cosmic-ray muons originate from decay of hadronic secondaries produced via interactions
of primary cosmic-rays, such as proton and alpha particle. The muon charge ratio is defined as the
ratio of the number of positive to negative charge atmospheric muons. Most of cosmic-ray primaries
are positively charged, hence, more positive mesons such as pions and kaons will be produced in
hadronic shower. In the previous measurements by the CMS [1] below 1 TeV/c and OPERA [2]
above 1 TeV/c, the charge ratio was approximately constant at R(u*/u~) ~ 1.27 up to 200 GeV/c
and then increases with higher momentum region. As energy increases, the fraction of muons come
from decay of kaons increases because longer lifetime of pions more likely to interact with the
atmosphere before decaying comparing to shorter lifetime kaons. The charge ratio strongly related
with the energy distributions of atmospheric neutrinos because both of them are simultaneously
produced. Therefore, it can be a useful tool to constrain the calculation of atmospheric neutrino
flux.

In addition to this ratio, the polarization of cosmic-ray muons also related with the fraction of
muons from kaon decays. The polarization directly reflects the kaons and pions production ratio of
the secondary particles and this also provides input information for the simulation, which calculate
the atmospheric neutrino fluxes.

2. Super-Kamiokande detector

Super-Kamiokande (SK) is the water Cherenkov detector located at 1000 m underground (2700
m water equivalent) in Kamioka mine in Japan [3]. The detector is consist of a cylindrical stainless
steel tank, 39 m in diameter and 42 m in height. The tank contains a total of 50 kilotons of ultra-pure
water. The inside of the tank is separated into an inner detector (ID) and an outer detector (OD).
Between the ID and OD, there is a stainless steel support structure having a width of about 60 cm to
accommodate the PMTs. It consists of 11,129 20-inch PMTs facing inward, and the space between
the ID PMTs is covered with a 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 kilotons. The OD region has a width of about 2.2 m along the wall of the SK tank. It detects
outgoing charged particles, and can also be used as a veto detector for cosmic-ray muons and low
energy gamma rays from surrounding rocks. The fourth phase of the SK experiment (SK-IV) began
in August 2008 with the new electronics and data acquisition systems [4]. The upgrade of electronic
systems enlarge the time window of event trigger and contributed to the high detecting efficiency
of the delayed signal of primary event. Experimental phases of SK are summarized in Table 1.
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Table 1: Experimental phases of SK. The livetimes are the duration of the observation after removing
bad/calibration runs.

Phase SK-I SK-IT SK-IT SK-IV SK-V SK-VI
Period (Start) April 1996  October 2002 July 2006  September 2008  January 2019  July 2020
Period (End) July 2001 October 2005  August 2008 May 2018 July 2020 Running

Livetime [days] 1496 791 548 2970 379 -
ID PMTs 11, 146 5,182 11,129 11,129 11,129 11,129
OD PMTs 1,885 1,885 1,885 1,885 1,885 1,885

PMT coverage [%] 40 19 40 40 40 40

3. Data analysis

The charge ratio of cosmic-ray muons at SK can be can be measured by counting the number
of positive muons and negative muons from p — e decay events. Cosmic-ray muons with energy of
greater than 1.3 TeV penetrate 1000 m of the length of rock and eventually reach to the SK tank at
the rate of 2 Hz. In the data analysis, the selection criteria for u — e decay events were optimized
by comparing the observed data with the MC simulation.

3.1 Muon simulation

For understand the detector’s response to the muon decay process, we used the SK detector
simulation based on GEANT3 tool-kit [5]. This simulation provides a common physical reaction
for particle transformation in a water and electronic systems response. Thus, to evaluate the
selection criteria for cosmic-ray muons observed in the detector, the whole muon decay process was
performed by using this tool. In order to simulate muon decay events inside the tank, the generated
energy range was adjusted from 0.1 MeV to 20 GeV to avoid muon events which penetrate the tank
without decaying.

3.2 Event reconstruction for cosmic-ray muons

A pairs of stopped muon and decay electron (u — e decay events) are selected according to the
following descriptions. For muon candidates, the total number of photoelectrons (p.e.) detected by
ID PMTs is required to be greater than 1500 p.e. These muon candidates are reconstructed with
a dedicated muon fitter [6], [7]. Muons are categorized in four classes, (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 analysis, muon candidates regarded as stopping muons
are used. In addition, to separate neutrino-induced muons from muon neutrino interactions in the
rock around the detector, only down going muons with the zenith angle distribution respect to the
detector height, 6 < 90° are selected.

3.3 Selection for decay electrons

From the information of prompt muon event, decay electron candidates are selected by applying
several reduction cuts. In this analysis, to distinguish the delayed signal from the primary event
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Figure 1: The reconstructed distance between the stop position of the muon and vertex position of the decay
electron in the MC simulation.

which has broad time information, the time interval between the prompt event (muon) and the
delayed event (electron) should satisfy 1.3 usec < t < 30 usec. The vertex position and the energy
of decay electron candidates are reconstructed with an algorithm based on arrival time and the total
number of hit PMTs. According to the reconstructed information of decay electrons, cuts criteria
were determined for each parameter additionally. Fig. 1 shows the reconstructed distance between
the stop position of the muon and vertex position of the decay electron in the MC simulation. It
can be seen from Fig. 1 that most events are reconstructed in the shorter region less than 300 cm!.
To remove low energy backgrounds from nuclear capture, energy threshold for decay electron is set
to be greater than 8 MeV. The distribution of the reconstructed energy and the time information of
selected decay electron events obtained from the MC simulation are shown in Fig. 2.

4. Results

Due to much small residual magnetic field in the water tank [8], the SK can not distinguish the
charge of the cosmic-ray muons in principle. However, some of negative muons are captured by
160 nuclei in the detector, this results in the shorter lifetime of negative muon than that in vacuum.
The lifetime difference between the positive and the negative muons allows to estimate the ratio of
the muon by measuring the time of the muon decay.

The decay curve of stopping muons obtained from the time interval between parent muon event
and delayed electron events are shown in Fig. 3. Positive muons are free from nuclear capture and its
lifetime muon is equal to 7, in vacuum, which corresponds to 7, =2.1969811 + 0.0000022 usec [9].

IThe vertex position resolution for a 15 MeV electron is 42 cm. The low energy electron pass through a few cm in
ID, hence, the track length is negligible.
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Figure 2: The reconstructed energy and time distribution of decay electrons in the MC simulation. The
color plots represent the number of events normalized with total events after reduction cuts.

Conversely, a negative muon forms muonic atom in a medium and its lifetime become shorter than
7,+ because of muon capture by nucleus. Measurements of the lifetime in various matters for
negative muons have been performed in the previous measurements [10]. The mean lifetime of
negative muons in pure water is found to be 7,- = 1.7954 £ 0.0020 pusec [10]. Muons measured in
the detector, consist of two components, 7.+ and 7,,-, therefore, the lifetime spectrum is fitted by
the sum of two exponential functions,

N(t—(t+A1) =N, {1 — exp (—TAt )} exp (—Tt ) +N_ {1 — exp (—TA—I)} exp (—TL) , (D)
ut ut o H

where At is the binning width of the decay curve histogram set to be 0.1 usec in this study, and
N,, N_ are the total number of detected positive muons and negative muons, respectively. Since
the water can be assumed as '°0, the nuclear capture fraction for negative muons in water is
Ac = 0.184 £ 0.001 [10]. Considering nuclear capture effects on negative muons, the charge
ratio R(u*/u™) can be expressed by,
+/,-\ _ N,
R(u™/p™) = N -A))
From the fitting of the decay curve of u — e decay events observed in 280 days of effective
live time in a 2017’s data, N, and N_ were obtained as Table 2. Hence, the charge ratio is
1.38 + 0.05 (statistical uncertainty only) from 2017’s data. The yearly variation of the charge ratio
in the data period of SK-IV was calculated in similar method likewise. Consequently, the charge
ratio of cosmic-ray muons at the energy of 1.3 TeV is found to be, 1.42 +0.02 (statistical uncertainty
only). The combined data points are plotted in Fig. 4 together with the previous measurement at

2
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Table 2: The results of N, N_ and the charge ratio R(u*/u~) observed in data (2017). In this study, only
statistical uncertainty is considered.

Example in 2017 (280.9 days)
N, 360869.4 + 6155.1
N_ 213995.8 + 7372.6
R(u*/u™) 1.38 + 0.05
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Figure 3: The example of decay curve of stopping muons in the SK detector in 2017 data. The red dashed
line is obtained by fitting a two component decay function with lifetimes of 2.1969811 + 0.0000022 usec [9]
for u* and 1.7954 + 0.0020 usec [10] for u~ in pure water.

Kamiokande-II [11]. The total charge ratio in SK-IV phase is slightly higher comparing to that
of Kamiokande-II. However, the SK-IV result is consistent with the Kamiokande-II's result within
their uncertainties.

5. Summary and Future prospects

We have measured the charge ratio of positive to negative cosmic-ray muons at the energy of
1.3 TeV, through the analysis of the decay curve of stopping muons in the SK detector using data
collected from 2008 to 2018. In conclusion, the charge ratio is found to be 1.42 + 0.02 (statistical
uncertainty only), and the result is in agreement with past measurements at Kamiokande-II within
their uncertainties. As the future prospects, we will measure the charge ratio by combining the
whole data set of SK-I, II, and III with high statistics, including systematic uncertainties. This result
will allow us to search for the correlation between the time variation of the charge ratio and the
solar activity. In addition, analysis for spin polarization of cosmic-ray muons is also on-going.
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Figure 4: Yearly time variation of the charge ratio of 1.3 TeV cosmic-ray muons from 2008 to 2018 together
with the result from the Kamiokande-II. The blue band area shows the average of muon charge ratio in SK-IV
period (from 2008 October to 2018 May) and green band is the result from Kamiokande-II [11].
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