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Honda フラックス計算
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低エネルギー(<~100 GeV)での大気ν 計算  
• Honda, Bartol, FLUKA

• 3Dモンテカルロ計算 
• １次宇宙線が作る大気シャワーをシ
ミュレーションする
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FIG. 7. Comparison of atmospheric neutrino fluxes calculated for Kamioka averaged over all

directions (left panel), and the flux ratios (right panel), with other calculations. The dashed lines

are the calculation by the Bartol group [20][21], dotted lines for the FLUKA group [22], and dash

dot for our previous calculation (HKKM06).

the νe/ν̄e below 1 GeV, due to the small statistics in the observation at balloon altitude.

The muons at sea level or mountain altitude are not useful to examine the atmospheric

neutrino of these energies, since the muons result from higher energy pions at higher altitude.

In Fig. 9 we show the atmospheric neutrino fluxes as a function of the zenith angle

averaging over all the azimuthal angles at 3 neutrino energies; 0.32, 1.0, and 3.2GeV for

Kamioka. In Fig 10 we show the comparison of the present and previous works in the ratio

as the function of zenith angle. There is a difference due to the increase of the neutrino flux

itself, but the ratio is almost constant. Actually, the calculated zenith angle dependences

are virtually the same as for the calculation in Ref [6].

It seems that the zenith angle dependence of the 3D calculation smoothly connected

to that of the 1D calculation just above 3.2GeV for the average over all azimuth angles.

However, this is not true when we study the variation of atmospheric neutrino flux as a

function of azimuthal angle. In Fig. 11 we show the variation of atmospheric neutrino flux

as the function of the azimuthal angle averaging them over the five zenith angle ranges,

1 > cos θ > 0.6, 0.6 > cos θ > 0.2, 0.2 > cos θ > −0.2, −0.2 > cos θ > −0.6, and

−0.6 > cos θ > −1, at 1 GeV for Kamioka. It is seen in that the variation of the atmospheric

neutrino flux has complex structures at 1GeV due to the rigidity cutoff and muon bending
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[ Honda et. al., PRD 83 123001 (2011)]

• 大気ν : SK/HKでのシグナル事象＆主要BG事象



フラックス計算の不定性
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不定性の原因 
• 1次宇宙線のエネルギースペクトル      • ハドロン生成

uncertainty of the interaction cross section works with opposing effects for atmospheric

muons and neutrinos, the error of the interaction cross section introduces an error in the

calibration of interaction model with the atmospheric muon flux data. On the other hand,

as we use the observed atmospheric density profile, the calibration is not affected by the

error of the atmospheric model. We use ∆φν only in Fig. 9 of Paper I as the δair. All

these uncertainties, δπ(δµ), δφK , δφσ, δφair, and δtot, are summarized in Fig. 11. Note, the

estimations are conservative, and the maximum uncertainty is shown for all kind of neutrinos

and zenith angles.
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FIG. 11: The uncertainty of each error source for atmospheric neutrino flux and their sum with

Eq. 8. Note, Eq. 9 loses its validity in the shaded region. The total error for ! 1 GeV is estimated

differently from Eq. 8, as stated in the text. Note the statistical and systematic error are not shown

in the figure.

We note, Eq. 9 is valid only for " 1 GeV. We have to estimate δπ without using the

atmospheric muon flux data at ground level. In Fig. 12, we show the study of the muon flux

at balloon altitudes at Fort Sumner [27]. The modified DPMJET-III reproduces the muon

flux within ± 10% at ∼ 1 GeV/c, and pµ/pν ratio for the same momentum of parent π’s

remains ∼3 even at the lower momenta, due to the small energy loss of muons at balloon

altitudes. However, the distance of the production and observation places are longer than the

muons observed at ground level. The muon decay in this distance make Eq. 9 less accurate

for ! 1 GeV. We conservatively estimate 20% errors for pion productions responsible to the

atmospheric neutrino at ∼0.3 GeV.

Note, the uncertainty studied above is for all the kind of neutrinos, and for all zenith

angles. Limiting the kind of neutrino and the zenith angle, we may get a smaller estimation
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uncertainty in Honda flux 
[Honda et. al., PRD75 043006 (2007)]

• 大気μの観測結果を再現するように、生成される
ハドロン粒子のエネルギースペクトルを調整

従来のHondaフラックスキャリブレーション → 大気μ

大きな不定性 
• E < 1 GeV 

• 低Eのμのエネルギー損失 
→ conservativeな不定性見積 

• E > 10 GeV 
• Kの寄与
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uncertainty in Honda flux 
[Honda et. al., PRD75 043006 (2007)]

• 生成されるハドロン粒子のエネルギースペクト
ルを調整し、 大気μの観測結果を再現

Honda フラックス → 大気μを使ったキャリブレーション

大きな不定性 
• E < 1 GeV 

• 低Eのμのエネルギー損失 
• E > 10 GeV 

• Kの寄与

primary cosmic-ray flux
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PoS(ICRC2017)1022
Calculation Of Atmospheric Neutrino Flux Based On AMS02 Observation Morihiro Honda
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Figure 1: Left panel: The cosmic ray spectra data for protons and Heliums. AMS02 is from Ref [1],
BESSPOLAR from Ref. [6], PAMELA from Ref [7], JACEE from Ref [9], RUNJOB from Ref [10], and
CREAM from Ref [11]. Right panel: the temporal cosmic ray spectra model for cosmic ray protons and
Heliums, and the data used in the model construction. The dashed lines show the previous primary cosmic
ray spectra model.

borne experiments is smaller than that of cosmic ray protons. Hereafter, we call thus constructed
primary cosmic ray spectra model as the new primary cosmic ray spectra model.

In the right panel of Fig. 1, we depicted our primary spectra model for proton and all other
nucleon spectra. The new primary cosmic ray spectra model gives smaller cosmic ray proton flux
above a few 10 GeV except for at around 20 TeV. The decrease from previous model is ∼30 % at
around 1 TeV. On the other hand the cosmic ray helium spectrum shows a decrease of ∼15 % at
around 200 GeV/n, but shows a increase of ∼10 % above 10 TeV/. The spectrum of cosmic ray
helium is much closer to that of previous cosmic ray spectra model.

In the energy region above 100 TeV, the direct measurement of cosmic ray is difficult yet,
and cosmic ray spectra are considered to have a complex structure called “knee”’. However, the
variation of cosmic ray spectra above 100 TeV gives small effects on the atmospheric neutrino
below 100 GeV, which is the main target in our calculation of the atmospheric neutrino flux. Here,
we stop the construction of cosmic ray spectra model at 100 TeV, and just show the extension to
1 PeV in the figure.

3. Solar Modulations Of Cosmic Rays

Before we start the muon calibration, we have to know the precise primary cosmic ray spec-
trum at the observation date. Therefore, we study the Solar modulation of primary cosmic rays in
advance using recent cosmic ray data.

As the measure of the Solar activity, the count of neutron monitor is generally used. The
neutron monitor is the detector to count the neutron in the air, which is created in the hadronic
interaction of cosmic rays and the air nucleus. Thus the variation of the count of neutron monitor
is directly connected to the variation of primary cosmic rays flux. We show the count of neutron
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• Provided by satellite-based & balloon experiments 
→ Improvement in recent data reduces uncertainty

M. Honda et.al., PoS ICRC2017, 1022
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Fig. 8.— Variation of Bartol neutron monitor
counts and sunspot number from 1991 to 2015.
The BESS, ATIC-2 and BESS-Polar flights are
marked as circles at the corresponding sunspot
number. The periods for which PAMELA and
AMS-02 proton and helium spectra have been re-
ported are shown as bars at the approximate aver-
age sunspot number. The BESS-Polar II flight was
carried out very near the deepest solar minimum.

is directed towards the Sun in its northern hemi-
sphere. HMF polarity reverses at a time when
solar activity is maximum, and the global mag-
netic field profile also reverses throughout the he-
liosphere with time lag due to propagation of the
fields. Positive and negative particles traversing
the HMF drift in opposite directions, taking dif-
ferent routes to arrive at the Earth and giving rise
to “flat” and “peaked” periods in neutron monitor
data around “solar minimum”. Thus, the details
of the effect of the solar wind and its entrained
magnetic fields on the incoming GCR have to be
taken into account in deriving interstellar spec-
tra at lower energies. At energies below 30 GeV
for protons and 15 GeV/nucleon for helium (dis-
cussed above) we report only the measured TOA
fluxes. However, we note the rich information on
solar modulation that can be derived from BESS
and BESS-Polar antiproton, proton, helium, and
light isotope spectra obtained over more than a

Kinetic Energy (GeV)
1−10 1 10

)
-1

G
eV

-1 s
-1

sr
-2

Pr
ot

on
 fl

ux
 (m

210

310

BESS-Polar II (07)
BESS-Polar I  (04)
BESS97
BESS98
BESS99
BESS00
BESS-TeV (02)
PAMELA06
PAMELA07
PAMELA08
PAMELA09

Fig. 9.— Absolute differential energy spectra of
primary protons measured by BESS-Polar I and
BESS-Polar II together with earlier BESS mea-
surements and the PAMELA spectra compiled
yearly (Adriani et al. 2013). The effect of solar
modulation is evident at lower energies. Low en-
ergy measurements at similar solar modulation,
e.g. BESS97, BESS-Polar II, and PAMELA07 are
consistent within reported errors. The AMS-02 re-
sults in Figure 7 are not reported by time period.

full solar cycle, including a reversal of solar mag-
netic polarity. To illustrate the range of solar
activity spanned by BESS and BESS-Polar, Fig-
ure 8 shows the Bartol neutron monitor count-
ing rate (blue dashed curve) (Bieber 2014) and
the number of sunspots (orange curve) (Hathaway
2015) together the data of BESS flights (red cir-
cles and blue stars). The ATIC-2 (light blue cir-
cle), PAMELA (gray bar) and AMS-02 (green bar)
flights are also indicated.

Differences in the spectra measured by BESS-
Polar I and BESS-Polar II from solar activity be-
low ∼10 GeV for protons in Figure 9 and below
∼5 GeV/nucleon for helium in Figure 10 are high-
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← AMS-02 provides flux up to 1 TeV  
with < few% accuracy

data covers >20 years solar activity →

BESS  ( APJ 822 65 (2016) )

Primary CR flux 

Data taking period and Solar activity

new data from AMS-02

→  
 < 10 GeV 
のν fluxの不
定性は数%
以下に

• 加速器実験のハドロン生成
精密測定 

NA61, NA49, HARP, E910 ...

→ Honda MCをこれらのデータ
でチューニングしよう



加速器データによるチューニング
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p
h (p,n,π,K)

h
π,K

μX

X

X

primary CR

: hadron interaction with nucleus in air detector

• ν生成には複数のハドロン反応が関与 
→ それぞれの 微分断面積d3σ/dp3 がν数計算結果に影響

この違いを補正したい

Honda MC Data (NA61) Data / MC 

ν

p+A→π+＋X 反応の微分断面積(生成断面積で規格化)
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→ ハドロン生成の微分断面積をチューニング

based on 
measurements

used in MC

”重み”を計算

p h
π,K

μ

ν

X

X

X

primary CR

: hadron interaction with nucleus in air detector
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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 → kout+X. Types of target atoms and the reference
number are shown in each cell.

Beam momentum [GeV/c]
kout 3 5 6.4 8 12 12.3 17.5 31 158 400 450
π± Be, C, Al Be, C, Al Be Be, C, Al Be, C, Al Be Be C C Be Be

[? ] [? ] [8] [? ] [? ] [8] [8] [9] [10] [11] [11]
K± – – – – – – – C – Be Be

[9] [11] [11]
p Be, C, Al Be, C, Al – Be, C, Al Be, C, Al – – C C Be Be

[7] [7] [7] [7] [9] [10] [11] [11]

considered proton-beam data in this study. The contribution of incident α111

particle will be discussed later in Section XXX.(comment: not yet written.)112

Pion production is the leading process in pν > 1 GeV/c region, while nucleon113

production is dominant for lower pν . Kaon contribution is limited in pν <114

100 GeV/c region. The accelerator experiments in Table 1 provide π,K, p115

productions from proton beam, which are occupy main contributions of116

neutrino production.117

We also checked the incident particle momentum pin, as shown in Fig-118

ure 3. The peak of pin falls within the range from pin = 3 GeV/c to 450119

GeV/c, which are the minimum and maximum beam momenta of the data120

we used in this paper.121

The coverage of data in xF –pT plane is limited. As examples, Fig. 4(a)122

and (b) show xF –pT distribution of the hadron production associated with123

νµ with pν = 0.3–0.5 GeV/c and pin =5–8 GeV/c, respectively. The areas124

surrounded by lines are covered region by HARP data with beam momentum125

= 3 and 5 GeV/c. Significant part of phase-space are not covered by data.126

To discuss quantitatively, we evaluated the percentage of uncovered phase-127

space. Accelerator data were grouped into 5 momentum sections shown in128

Table 3. For each interaction whose incident momentum pin fell in a given129

momentum section, xF and pT were compared with the accelerator data in130

the section. If at least one beam experiment covered the xF and pT , the131

interaction was judged to be uncovered. For interactions whose pin ¿ 450132

GeV/c was compared with beam data in section 31–450 GeV/c assuming133

Feynman hypothesis, that is, IDCS is independent from pin in high pin134

region. The result of the uncoverage investigation is shown in Figure 5.135

The coverage for pion production is relatively good (70–80%) in multi-GeV136

pν region due to wide coverage of NA61 and NA49, but worse at lower137

momentum. Contributions of other particle productions to the uncoverage138

5

2000年以降の proton ビームデータを中心に使用 
• HARP, E910, NA61, NA49, NA56

これらの実験は
<latexit sha1_base64="+wOnkdPltvlE/TnIrcmaB/eVegM=">AAACBHicbVDLSsNAFL3xWesr6rKbYBFclaQUFVcFN+6sYB/QxDKZTNKhM0mYmQglZOHGX3HjQhG3foQ7/8bpY6GtBy4czrmXe+/xU0alsu1vY2V1bX1js7RV3t7Z3ds3Dw47MskEJm2csET0fCQJozFpK6oY6aWCIO4z0vVHVxO/+0CEpEl8p8Yp8TiKYhpSjJSWBmbFDQXCeXBfdyWNOCryIA3cG04iVAzMql2zp7CWiTMn1WYJpmgNzC83SHDGSawwQ1L2HTtVXo6EopiRouxmkqQIj1BE+prGiBPp5dMnCutEK4EVJkJXrKyp+nsiR1zKMfd1J0dqKBe9ifif189UeOHlNE4zRWI8WxRmzFKJNUnECqggWLGxJggLqm+18BDpVJTOraxDcBZfXiades05qzVuG9Xm5SwNKEEFjuEUHDiHJlxDC9qA4RGe4RXejCfjxXg3PmatK8Z85gj+wPj8Aa1dmMg=</latexit>
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生成の

• 全生成断面積 σprod, は Honda MC に入っているもの
をそのまま使用

をpublishしている
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result of simultaneous fit for π+ data in group ⑤ (NA61, NA49, NA56) 
χ2 /NDF = 1227 / 692 

• エネルギーごとにデータをいくつかの
グループに分け、それぞれをフィット

beam E dependence

→ どのグループでも reduced χ2 < ~2 



加速器データチューニングを取り入れたフラックス
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untuned flux 
(published in 2015)

tuned flux

νμ flux ratio to untuned

→ 5--10% 小さい値

dashed : uncertainty 
assumed in SK analysis

• Honda MCで使用しているdpmJet3 のmultiplicityがデータより
大きい
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Figure 16: Systematic uncertianties in accelerator tuning for (a) νµ flux, (b) (νµ+ν̄µ)/(νe+
ν̄e) ratio, (c) ν̄µ/νµ ratio, and (d) ν̄e/νe. The dots shows each uncertainty listed in Table 7.
The color meaning is also written in the table. The open circle shows the total systematic
uncertainty. The solid line shows the uncertainty evaluated for the muon tunig[1]

when sampling the energy of secondary particles. The modification ai is341

determined for each secondary particle. The ai’s are not independent each342

other. Based on quark-parton model, averages energies of secondary particle343

spectra modified by ai should satisfy relations:344

〈Eπ+〉 = (1 + cu)〈E0
π+〉 (A.2)

〈Eπ−〉 = (1 + cd)〈E0
π−〉 (A.3)

〈EK+〉 = (1 + cu)〈E0
K+〉 (A.4)

〈EK−〉 = 〈E0
K−〉 (A.5)

〈EKL,KS 〉 = (1 + cd/2)〈E0
KL,KS

〉, (A.6)

where 〈Ei〉 and 〈E0
i 〉 are average energy of the modified and original energy345

spectra for the secondary particle i. The modification of nucleon spectra346

is determined after the modification of mesons are determined, so that the347

20

10

error of data
(each bin)

incompleteness  
of fitting 

error of data
(nomalization)

shortage of 
phase-space 
coverage

加速器チューニング(合計)
従来のチューニング

不定性の見積もり

• 低 E領域 (<~5GeV): 加速器測定データのエラー
• NA61, NA49に比べ、HARP, E910 のエラーが大きい 

• 高 E領域 (>~5GeV) : フィット関数の不完全さ (reduced χ2~2) 
• simultaneously fit NA61, NA49, and NA56 data (31~450 GeV)

• 従来のチューニングで大
きい不定性のあった 

   1 GeV以下の領域を改善



他グループとの比較
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(ratio to untuned Bartol)νμ flux 

Bartol untuned
tuned

Honda untuned
tuned

plot by L. Cook

Bartolグループも同様に加速器データチューニングを行なっている 
2022年11月、ワークショップ(WANP2022)を開催し比較と議論を行なっ
た。( https://www-kam2.icrr.u-tokyo.ac.jp/event/14/ ) 

• "Tuned" Honda flux が10 % ほど低い 
• 違いを生む要因について議論を継続

Bartol tuned

Honda untuned
Honda tuned



まとめ
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• Hondaフラックスを 加速器データを使ってチューニング 
• チューニングによりフラックスは 5--10% 小さくなると予想 
• 系統誤差を評価

• 従来のチューニング方法が不得意としていた< 1GeV領域の不
定性を改善 

• Bartol グループとの比較を行なった 
• チューニング後のHonda フラックスが 10% ほど低い 

• 違いを生む要因を議論

今後の展望
• 加速器チューニングについての論文を投稿 
• ビーム実験へフィードバック


