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We incorporated accelerator-data-driven tuning for hadronic interaction in our atmospheric neu-
trino flux calculation which has been used for the analysis of atmospheric neutrino oscillations at
Super-Kamiokande. This new approach allows us to evaluate the flux uncertainty more directly
compared to conventional tuning using atmospheric muons. We tuned the hadronic interaction
model in our calculation based on recent hadron production data measured by fixed-target accel-
erator experiments. The neutrino flux calculated with this new tuning is 5—-10% smaller but still
consistent with our previously published prediction within its uncertainty. The uncertainty asso-
ciated with the new tuning was also evaluated based on the measurement errors of the accelerator
data. Flux uncertainty was less than 6% in 0.2 < E,, < 10 GeV/c region, which is an improvement
over the conventional tuning. We performed the uncertainty evaluation in < 1 GeV/c region where

the conventional tuning only provided the conservative uncertainty estimation.
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1. Introduction

A collision of a high energy cosmic-ray coming from extraterrestrial origins with Earth’s
atmosphere causes an air shower, i.e. a cascade of hadronic interactions. Consequently, neutrinos
are produced through decays of pions and kaons in the air shower. Such “atmospheric neutrinos”
have wide ranges of energy (100MeV-O(PeV)) and flight length (10-0 (10*) km), and are promising
signals for several physics including neutrino oscillation.

To study for atmospheric neutrinos, the prediction of its flux are necessary. In Super
Kamiokande experiment [1], the neutrino flux is calculated by using a 3D Monte Carlo simu-
lation (MC) for air showers developed by Honda et. al. [2], which is often called “Honda flux”.

The dominant uncertainty of Honda flux arises from the hadronic interaction in the air shower.
Honda et. al. [3] tuned hadronic interaction model in their MC based on atmospheric y flux
observations [4]. This “u tuning” suppresses the flux uncertainty down to ~7% in 1 < E, < 10
GeV region as shown in Fig.11 in [5]. Still, there is relatively large uncertainty in £, < 1 GeV and
in E, > 10 GeV. The former is due that low energy muons lose their energy significantly before
reaching to the observation ground, and the latter is due that a neutrino production from kaon decay
becomes dominant.

In this article, we tuned the Honda-flux MC based on data measured in accelerator experi-
ments. Several accelerator experiments for precise measurement of hadronic production has been
conducted/planned. Such data complements the u tuning by covering different phase space from u
observations.

2. Accelerator-data-driven tuning

For the tuning, we used several fixed-target accelerator data: HARP [6, 7], BNL E910 [8],
NAG61 [9], NA49 [10], NA56/SPY and NA20 [11]. These experiments use a proton beam whose
momentum ranges from 3 to 450 GeV/c, and provide inclusive differential cross-sections of 7%, K*,
and/or proton productions, as summarized in Table 1. In these experiments, several notation to
d*o d*o d*o
dpd0’ dpdQ’ dxpdpr’

3
notation, hereafter we use an invariant form notation E ‘;TZ.

describe the differential cross-sections are used, like etc. To unify the

In the MC, the rate of hadron production interaction between cosmic-rays and air nucleus
is determined by the air density modeled by NRMSISE-00 and the total production cross section
Oprod- Then, the number, momentum magnitude, and direction of outgoing particles are determined
according to the number density £ 6%2. The E L%’; depends on the incident particle type, the incident

particle’s momentum magnitude, and the outgoing particle type. The E jip'; distributions used in
our MC are calculated from JAM model [12] for interactions with the incident particle energy less

than 31 GeV/c2, or DPMJET-III model for higher energies. The 0,04 and Ejip’; are related to
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Table 1: List of accelerator data used in this analysis. These data provide the differential cross-section for
the interaction p + A — x,,; + X. Types of target atoms and the reference number are shown in each cell.

Beam momentum [GeV/c]
Xour 3 5 6.4 8 12 12.3
at | Be,C, Al | Be,C,Al | Be | Be,C, Al | Be,C, Al | Be
[6] (6] [8] [6] (6] [8]
K= - - - - - -
p | Be,C,Al | Be,C,Al | — | Be,C, Al | Be,C,Al | -
[7] [7] [7] [7]

Beam momentum [GeV/c]

Xour | 17.5 | 31 | 158 | 400 | 450
ot Be | C C Be | Be

(8] | [9] | [10] | [11] | [11]

K= - C - Be | Be
(9] [11] | [11]
p - C C Be | Be

(91 [ [10] | [11] | [11]

3¢ : hadron interaction with air nucleus

Figure 1: Schematic view of chain interactions associated with neutrino production.

In the accelerator-data-driven tuning, we defined a weight to correct the difference between
data and MC, as:

d30') ( d3n)
w=|E—~ / Oprod E—: > (2)
( dp3 data ( P )MC dp3 MC

where the subscripts data and M C represent expected values from the measured data and the MC,
respectively. We prepared tables of weight w for each particle type (z*, n~, K*, K—, p, n) of
outgoing particle and for various incident momenta from 3 to 1000 GeV/c based on the measured
dat (E"3—‘r

ata dp? data

derivation was written in [14]. In air showers, neutrinos are produced following a chain of hadron

and the value implemented MC (07prod) 3, (E %)Mc' The details of weight

interactions like Fig. 1. We applied the w to each hadronic vertex on this interaction chain in
our MC. The product Weyen: = [[; w; was used as an event weight when counting the number of
neutrinos hitting the detector, where w; represents the weight applied to the i-th vertex on the chain.
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Figure 2: (a) Flux predictions with accelerator tuning. The red, green, blue, and orenge correcspond to v,
Vyus Ve, and V., respectively. Thier error bars shows MC statistical error only. (b) Ratio to the “u-tuned” flux
prediction [2]. Dashed line shows the systematic uncertainty reported in [5].

3. Flux prediction with the tuning

We simulated the neutrino flux with applying the weight in Eq. (2). The result is shown in
Fig. 2 (a). The flux is almost consistent with the one previously reported in Ref. [2] considering its
systematic error, though it has a tendency to be ~5-10% smaller. The predictions of flavor ratio
(Vi + Vu) / (Ve + V) and neutrino-antineutrino ratios v, /v, and v, /v, were also calculated with
accelerator tuning, as shown in Fig. 3. The new tuning method did not have a significant impact for
these predictions.

4. Flux uncertainty

The flux uncertainty associated with the accelerator tuning was evaluated based on the mea-
surement errors of the accelerator data if the proper data was available. Otherwise, we used a
DPMIET-III [13] implemented in CRMC [15] for the uncertainty estimation. We considered sev-
eral uncertainty sources as summarized in Fig. 4. The total flux uncertainty was evaluated to be
6—7% in < 1 GeV/c v region. In that region, the conventional muon tuning only provided the
conservative uncertainty estimation. Up to 10 GeV/c, the accelerator-data-driven tuning put rea-
sonable and smaller uncertainty compared to the conventional muon tuning. The largest uncertainty
below 8 GeV/c came from the error bars of the accelerator % measurement. In higher energy
region, such error was suppressed due to the precise measurements provided by NA61 and NA49.
Instead, incompleteness of fitting function to describe incident momentum dependence was the
largest uncertainty source. These uncertainties will be able to reduce more precise measurements
with low energy beam (< 10 GeV/c) and/or measurements with more various beam energy around
0(10) GeV/c-0(100) GeV/c, which will be provided by the future accelerator experiments.
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Figure 3: Flux ratio predictions with accelerator tuning. On the top panel, flavor ratio (left), ¥, /v, ratio
(middle), and v, /v, ratio (right) are shown. The red dots show our accelerator tuning predictions, while the
black line is the “p-tuned” predictions [2]. On bottom panel, the ratio of the accelerator tuning to the muon
tuning are shown. The dashed lines are uncertainties of flux ratios used in Super-Kamiokande analysis.
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Figure 4: Systematic uncertianties in accelerator tuning for (a) v, flux and (b) v, flux. The open circle shows
the total systematic uncertainty. The solid line shows the uncertainty evaluated for the muon tunig[5]. The
dots show the uncertainties come from each uncertainty source. Violet: measurement error of accelerator
data, cyan: overall normalization uncertainty of measurement data, magenta: incompleteness of fitting
function, red and black: related to Fyenman scaling, blue, orange and green: related to atom number
dependence.
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