PROCEEDINGS

OF SCIENCE

Measurement of the charge ratio and polarization of
cosmic-ray muon using the tagged decay-e events in
Super-Kamiokande

Yuuki Nakano,”* Tomoaki Tada,” Hussain Kitagawa” and Yusuke Koshio” for the
Super-Kamiokande collaboration
4 Kamioka observatory, Institute for Cosmic-Ray Research, the University of Tokyo,
Higashi-Mozumi 456, Kamioka-cho, Hida-city Gifu 506-1205, Japan.
b Okayama university, Tsushima-naka 1-1-1, Kita-ku, Okayama-city Okayama 700-8530, Japan

E-mail: ynakano@km.icrr.u-tokyo.ac.jp

Neutrinos and muons from cosmic-ray interactions in the atmosphere originate from mesons,
such as pions and kaons, in air-showers. An accuracy of the absolute atmospheric neutrino
flux and its flavor ratio are limited due to the uncertainty of meson productions in hadronic
interaction models. In order to reduce such uncertainty, measurements of the charge ratio and the
polarization of cosmic-ray muons are important as new inputs to theoretical models which simulate
the atmospheric neutrino flux. In this proceedings, we present the results of the charge ratio (R)
and polarization (Pg ) of cosmic-ray muon measurements using the decay electrons collected from
2008 September to 2022 June by the Super-Kamiokande (SK) detector. We measured muon charge
ratio to be R = 1.32 +£0.02 (stat.+syst.) and the muon polarization at the production location to be
Pg =0.52+0.01 (stat.+syst.). The SK detector uniquely measured the polarization of cosmic-ray
muons with energies more than 1 TeV at sea-level because of its underground location.
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1. Introduction

Three-flavor neutrino mixing is generally parameterised by three mixing angles, two neutrino
mass squared differences, and one C P-violating phase [1]. However, several oscillation parameters
remain unknown; the mass hierarchy of Am%, the octant of 6,3, and the value of C P-violating phase.
For measurements of three unknown parameters using atmospheric neutrino, a precise knowledge
of the ratio of neutrinos to anti-neutrinos (v/v), and their energy spectrum from meson decays are
of particular importance.

The cosmic-ray muon charge ratio, which is defined as the ratio of the number of positive muons
to negative muons, is related with the ratio of atmospheric neutrino to anti-neutrino. This charge
ratio is expected to increase as energy increases above 100 GeV because of the large contribution
of positive kaon decays at high energies [2, 3]. The left panel of Figure 1 shows the muon charge
ratio expected by two theoretical models [2, 4].
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Figure 1: Left: The expected charge ratio of cosmic-ray muon from two simulations; the Honda flux model
in the red band [4] and 7K model in the black dashed line [2]. Right: The expected polarization of cosmic-ray
muon simulated by the Honda flux model [4]. Since a positive muon has a negative helicity, the sign of
polarization of positive muon in the y-axis is inverted in this figure.

In addition to the charge ratio, the polarization of cosmic-ray muons is also important to
determine the energy spectrum of atmospheric neutrinos, because the kinematics of muon decays
depends on their polarization [5]. The polarization of muons from kaon decays is larger than those
from pion decays, because the polarization reflects the rest mass of the parent meson [6]. Hence, a
measurement of the magnitude of muon polarization gives the relative contribution from kaons and
pions to the muon flux [7]. The right panel of Figure 1 shows the energy dependence of the muon
polarization simulated with Honda flux model [4].

Those observables are important to be measured because they can reduce the uncertainties of
atmospheric neutrino simulation models by constraining hadron models at atmosphere, the energy
spectrum of neutrinos, and the ratio of neutrinos to anti-neutrinos. In this proceedings, we present
the current status of the measurement of charge ratio and polarization of cosmic-ray muons by
analyzing the decay electron observed in the underground neutrino detector, Super-Kamiokande.
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2. Super-Kamiokande detector

Super-Kamiokande (SK) is a water Cherenkov detector located underground in Japan [8].
The detector was constructed 1000 meter (m) underground, which corresponds to 2700 m water
equivalent. It is a cylindrical stainless tank structure and contains 50 kiloton (ktons) of ultra-pure
water. The detector is divided into two regions by the tank structure, separated optically by Tyvek
sheets: one is the inner detector (ID) and the other is the outer detector (OD). The ID serves as the
target volume for neutrino interactions and the OD is used to veto external cosmic-ray muons as
well as y-rays from the surrounding rock. Further details of the detector can be found elsewhere.

The SK data set is separated into seven distinct periods, from SK-I to SK-VII. From SK-1V,
starting in September 2008, new front-end electronics denoted QBEESs [9] were installed. These are
capable of very high speed signal processing, enabling the integration and recording of charge and
time for every PMT signal. This system stores all PMT signals by opening a [-5, +35] us window
around the trigger time. This window is long enough to capture the vast majority of electrons from
muon decay. In this proceedings, data collected from SK-IV to SK-VI (from 2008 September to
July 2022), where the QBEE electronics are used, are presented.

3. Analysis

In this section, we briefly describe the development of the MC simulation and the procedure
of the analysis to determine the charge ratio and the polarization of cosmic-ray muon by using the
decay electron sample in the Super-Kamiokande detector.

3.1 Simulation

The Cherenkov light technique enable us to measure the charge ratio and polarization of
cosmic-ray muon by tagging the decay electron sample in the SK detector. The muon charge
ratio can be statistically determined by measuring the decay time of stopping muons since negative
muons tend to have a shorter decay time due to the formation of muonic atom with Oxygen in water.
For the muon polarization measurement, the opening angle distribution between the parent muon
and the decay electron gives the magnitude of the muon polarization after correcting the residual
polarization in water.

In the case of free muon decay the direction of the emitted electron is highly correlated with
the spin of the parent muon, due to maximally violating nature of parity in the weak interaction.
The expected decay rate (I') is described as

dr
dx dcosf
where x = 2E,/m,, is the reduced energy of the emitted electron (E, is the total energy of the

~ N(x)[1+ P*B(x) cosb], (1)

electron and m,, is the mass of muon), € is the angle between the spin-direction of the parent
muon and that of the emitted electron momentum, N(x) is the expected energy spectrum, P is
the polarization of the parent muon, and B(x) is the degree of correlation between the electron
momentum and the muon spin direction. The left panel of Figure 2 shows the energy dependence
of the asymmetry parameter 8(x); the distribution of negative muon is distorted because of bound
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decays at x > 0.5. The right panel of Figure 2 shows the expected energy spectrum of emitted
electrons, obtained by integrating Eq. (1) over cos . Those difference caused by muon’s charge is
considered in the MC simulation.

x10°
T

= ~ 3000
= 1.0:\ \\\\\\\\\\\\\\\\\\\\ B = [ Ve simdaton T T ]
< 0.8— - g b Positive muon decay N
Q P - = |- -
ko] E ] 2 2500 Negative muon decay (Oxygen bound) i
E o6 S e Positive muon free decay | —| 3 r At Data Nucl. Data Tables 54, 165 (1993) 1
g F ) B = F e ]
S o4 e Negative muon free decay | | 1< C /r‘ 1
2 k. B @ 2000 A —
k] [N ©Oxygen bound | 5 r e ~
E 02F . = E o 1
€ E B 5 = e ]
2 oof B et C rd 5
= = g 1500~ r 7
= | Qo L / |
02 4 € r ]
T e B =] - ra —
B 1 Z 1000{— 4 —
-0.4F = [ /ff ]
0eE E 500 i -
—0.8 . — C // ]
F b - | " -

e N N N SN SO, I S A S B S A
00 01 02 03 04 05 06 07 08 09 10 0 10 20 30 40 50 60 70
Emitted electron (positron) reduced energy x Decay electron (positron) total energy [MeV]

Figure 2: Left: The degree of correlation between emitted electron momentum and parent muon spin
direction (B(x) in Eq. (1)) for both free and bound muon decays, as a function of the reduced energy x [10].
The red dotted line, black dashed line, and gray filled histograms show the 8(x) parameter for free positive
muon decays, free negative muon decays, and decays of negative muons bound with Oxygen, respectively.
Right: The energy distribution of decay electrons, used as input for the MC simulation. The red dashed
line shows the energy distribution for free decay of muons. The gray filled histogram shows the energy
distribution of electrons emitted in the decay of negative muons atomically bound with Oxygen [10].

After muons lose their energy in water, some of them lose their original polarization de-
pending on their charge by forming muonium (or muonic atom) for positive (negative) muons.
De-polarization mechanisms before the muon decay affect positive and negative muons differently,
so each must consider separately in the MC simulation. Table 1 summarizes the probability to keep
the original polarization in water!.

Table 1: Summary of probabilities for keeping the original polarization of positive and negative muon in
water. The combined value is calculated by taking the weighted mean of measured results.

Muon charge  Probability [%] Reference
Positive 71.8+0.7 Ref. [11-13]
Negative 52+04 Ref. [14-16]

3.2 Chi-square definition

To determine the charge ratio and polarization from the observed data, the decay times of tagged
decay electrons, the energy spectra of tagged decay electrons, and the cos 6 distribution between
the direction of incoming cosmic-ray muons and that of emitted decay electrons are simultaneously
fit to the distributions derived from the MC simulation. The definition of total chi-square (X%Ota]) is

2 Mmy 2 2 2
XTotal (R’ PO) = XTime +XEnergy * Xcos 0> 2)

IThe detail of de-polarization mechanisms is omitted in this proceedings due to the page limit
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where y? is chi-square for each distribution, R is the given charge ratio, Pg is the polarization of
cosmic-ray muons at the production site. We assumed that the magnitude of polarization of positive
and negative muons are equal while the sign is inverted (Pg = —Pg "= Pg ) because of low residual
polarization of negative muon as listed in Table 1. The y? for each distribution are defined as,

) NTime (Nt.Dam - N,MC)2
ATime = - (O_iData)2 + (O.?AC)2 + (o.lsy51~)2 ’

R Tcos 6 (NLD"“'“‘ - NlMC)2 3)
Xeos 6 = - (o_l]_)ata)z + (O—IMC)Z + ((TiSYsL)Z ’
Xz _ NEnergy (N’Data _ N[MC) . - » )2

Energy - (O_Pata)z + (a}\AC)z o.l!i-scale >

where N Pata (N IMC) is the number of selected events in i-th bin of the observed data (MC) distribution,
n is the number of bins, O'Pata (O'iMC) is the statistical uncertainty on each bin of the observed
data (MC), and o-l.SySt' is the systematic uncertainty on each bin, respectively. Since the energy scale
of decay electrons affects the value of )(énergy, the pull term is introduced only for )(]%:n eray’ where

(TiE'Scale is the systematic uncertainty of the energy scale.

4. Results

In this section, the measurement results by the SK detector are reported and compared with
other past experimental results.

4.1 Results from the Super-Kamiokande

We calculated the y? defined in Eq. (2) and then extracted the difference between each value
and the minimum value of y2, which is expressed as Ay?(R, Pg ) = ¥*(R, Pg ) — )(f,ﬁn, where
)(f,ﬁn is the minimum value of y?. Figure 3 shows the result of Ay? calculation using SK-IV,
SK-V, and SK-VI data sets. The measured charge ratio and polarization among three different data
set are consistent within their uncertainties. By combining the results from three different SK
phases, we determined the charge ratio and the polarization as R = 1.32 + 0.02 (stat.+syst.), and
P} =0.52 +0.01 (stat.+syst.), respectively.

4.2 Comparison with other experimental results

The charge ratio and polarization of cosmic-ray muon have been experimentally measured at
the various locations. Figure 4 shows the comparison of the charge ratio in the left panel and the
polarization of cosmic-ray muons in the right panel. The measured charge ratio is consistent with
the expectation derived from two simulations within 20 of estimated uncertainty.

The polarization has been mainly measured below 15 GeV by apparatus on ground [17,
22-28] while the SK detector, as well as the Kamiokande-II detector [17], uniquely measured
the polarization of cosmic-ray muons with energies more than 1 TeV at sea-level because of its
underground location. This measurement provides a new constraint on the hadronic interaction
models for atmospheric neutrino flux, in particular the contribution of kaon decay in the neutrino
production.
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Figure 3: The allowed regions of the charge ratio and the polarization at the production using SK-IV (red
solid), SK-V (green dashed), and SK-VI (blue dotted) data sets, where total livetime of each sample are
2970.1 days, 379.2 day, and 560.6 days, respectively.
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Figure 4: Left: The muon charge ratio as a function of the muon energy together with the expectations from
simulation models. The red square point shows the SK’s data and other symbols with different colors show
the experimental data measured by other groups [17-21]. Right: The experimental data of the polarization
of the cosmic-ray muon as a function of the muon energy. The red square point shows the SK’s data and
other symbols with different colors show the experimental data measured by other groups [17, 22-28]. Red
solid and green dashed lines with band show the expected muon’s polarization from m decay only and K
decay only. The blue line shows the expected muon’s polarization.

S. Summary

The energy spectrum of atmospheric neutrinos reflects the charge ratio and polarization of
cosmic-ray muons because of their origin. For providing new inputs for atmospheric neutrino
simulations, the charge ratio and the muon polarization of ciosmic-ray muons are experimentally
measured in the SK detector. The muon charge ratio is measured through the analysis of the decay
curve of stopping muons and found to be R = 1.32 + 0.02 (stat.+syst.). This result is in agreement
with past measurements at Kamiokande-II at the almost same depth within their uncertainties. The
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polarization of the cosmic-ray muon is also measured by evaluating the angle between the parent
muon and the decay electron. The magnitude of the cosmic-ray muon polarization at the production
is obtained to be Pg =0.52 £ 0.01 (stat.+syst.).
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