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primary cosmic-ray particles (p,He,...) hit 
to air nucleus 

→ develop hadronic shower 

→ decay of π, μ, K -> ν

• Eν : O(10) MeV — O(10) TeV

• flight length L : 10 — O(1e4) km
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

ref) E. Vitagliano et.al., Rev. Mod. Phys. 92, 45006 (2020)
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Feature

ニュートリノと下から飛来するニュートリノの数を
比べ、予想値と合っているかどうか調べることです。
ニュートリノ振動がなければ観測されるニュートリノ
数は上下ほぼ同じと計算されているので、もし下から
来るニュートリノの事象数が上から来るものの事象数
より有意に少なければ、ニュートリノ振動の動かぬ証
拠となります。更に、もしニュートリノ振動がミュー
ニュートリノとタウニュートリノ間で起こっているなら、
電子ニュートリノはニュートリノ振動と無関係なので、
上下非対称性はミューニュートリノ事象には観測され
ますが、電子ニュートリノ事象には観測されないはず
です。このような考えに沿って、ニュートリノ事象の
天頂角分布が精密に調べられています。その結果を図
4に示しました。図4はスーパーカミオカンデの2008

年までのデータをまとめたものですが、明確に上向き
ミューニュートリノ事象の欠損が確認できます。また、
天頂角分布を見てみると、エネルギーが高い事象の分
布のほうが上下非対称性の効果が顕著です。これは低
エネルギーではニュートリノとニュートリノ反応の結
果出てくるミューオンや電子との角度相関が悪くなっ
て、ミューオンの方向を見ても上下非対称性がはっき

りわからなくなるためです。このようにして、1998

年にニュートリノ振動が見つかりました。
図4のデータとニュートリノ振動ありの予想値とを比
較することでニュートリノの基本物理量が測定されます。
まず、ニュートリノ質量について、重い方のニュートリ
ノは 0.05 eV/c2 程度と推定され、ニュートリノ以外で
一番軽い電子と比べると1/107の重さです。今述べて
いるのは、一番重いニュートリノの質量ですので、お
そらく比べるべきは一番重いクォーク（トップクォーク）
の質量でしょう。この場合にはおおよそ1/（4×1012）と
なります。また、ニュートリノ振動でのミューニュー
トリノの減り方ですが、これは図3で示した理論値と
矛盾しません。もし実験の精度がよければ、ミュー
ニュートリノが増えたり減ったりするのがはっきり見
えるはずですが、図4ではそれが平均化されて観測さ
れています。つまり、最大限減ったり増えたりしてい
るのですが、平均化されて半分になって観測されてい
るということになります。いづれにしても、ニュート
リノ振動の効果は考えられる範囲で一番大きいようで
す。これを研究者は「大きい混合」という言葉で表し
ます。おそらくニュートリノ質量が小さい原因につい

図3　 ミューニュートリノがミューニュートリノとして残る確率を L/E の関数として
示した。ここで L(km) は距離、E(GeV) はエネルギーを表す。重い方のニュー
トリノの重さは電子の重さの1/107を仮定している。
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Figure 14.4: The zenith angle distributions of Super-Kamiokande atmospheric neutrino events.
A data set corresponding to 328 kton-years of exposure is used. Fully contained 1-ring e-like and
µ-like events with visible energy < 1.33 GeV (sub-GeV) and > 1.33 GeV (multi-GeV), as well as
upward stopping and upward through going µ samples are shown. Partially contained (PC) events
are combined with multi-GeV µ-like events. The blue histograms show the non-oscillated Monte
Carlo events, and the red histograms show the best-fit expectations for neutrino oscillations. (This
figure is provided by the Super-Kamiokande Collaboration)

while alternative models were strongly disfavored.
As an experimental proof of ‹µ-‹· oscillation, an appearance signal of ‹· was searched for in the

atmospheric neutrino data. Because of the high energy threshold (> 3.5 GeV) of ‹· CC interaction
and the short lifetime of · lepton (0.3 ps), identifying the appearance of ‹· experimentally is
challenging. Super-Kamiokande reported evidence of tau neutrino appearance using atmospheric
neutrino data with 4.6‡ significance [95]. The definitive observation of ‹· appearance was made
by the long-baseline experiment, OPERA (See Sec.14.6.3.3), and recently IceCube also reported
the ‹· appearance analysis [96] using atmospheric neutrinos.
14.6.2.3 Neutrino oscillation measurements using atmospheric neutrinos

Figure 14.4 shows the zenith angle distributions of atmospheric neutrino data from Super-
Kamiokande. For a wide range of neutrino energy and path length, the observed distributions
are consistent with the expectation from neutrino oscillation. Atmospheric neutrinos in the en-
ergy region of a few to ≥10 GeV provide information for the determination of the neutrino mass
ordering [97].

The neutrino telescopes primarily built for high-energy neutrino astronomy such as ANTARES
and IceCube can also measure neutrino oscillations with atmospheric neutrinos. ANTARES consists
of a sparse array of PMTs deployed under the Mediterranean Sea at a depth of about 2.5 km to
instrument a 105 m3 volume. IceCube is a detector deployed in ice in Antarctica at the South
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★  discovery of ν oscillation in 1998

　• νμ deficit in large L/E region 

★ sensitivity for δCP and Mass ordering 

in future big ν detectors

E~1GeV, cosθ = 1
E~1GeV, cosθ=-1

ν oscillation 

observed in SK


(from IPMU News vol. 15)
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FIG. 1: Neutrino energy spectra which are backgrounds to di-
rect detection experiments: Solar, atmospheric, and the dif-
fuse supernovae background. The Solar neutrino fluxes are
normalized to the high metallicity SSM. The atmospheric neu-
trinos are split into electron, antielectron, muon and antimuon
neutrino components. The three DSNB spectra are labelled
by their temperature in MeV, see Sec.II C.

the inverse of the direction of the Sun1. As shown in
Ref. [16], both the Solar neutrino and WIMP event rates
have a ⇠ 5% annual modulation but they peak at times
that are separated by about 5 months, and consequently
timing information could help discriminate WIMPs from
neutrinos.

B. Atmospheric neutrinos

At higher nuclear recoil energies, greater than approxi-
mately 20 keV, the neutrino floor at high WIMP masses,
i.e., above 100 GeV, will mostly be induced by low-
energy atmospheric neutrinos (see [14, 17]). These will
limit the sensitivity of dark matter detectors without di-
rectional sensitivity to spin independent cross-sections
greater than approximately 10�48 cm2 [12, 14, 17].

The low energy flux of atmospheric neutrinos, less than
approximately 100 MeV, is di�cult to directly measure
and theoretically predict [22]. At these energies, the un-
certainty on the predicted atmospheric neutrino flux is
approximately 20% [23]. Due to a cuto↵ in the rigidity
of cosmic rays induced by the Earth’s geomagnetic field
at low energies, the atmospheric neutrino flux is larger
for detectors that are nearer to the poles [23].

1 We ignore the angular size of the Sun’s core on the sky which
would give a tiny angular spread in the incoming neutrino direc-
tions

Over all energies, the atmospheric neutrino flux peaks
near the horizon, at zenith angle cos ✓ ' 0. At high en-
ergies, the flux is very nearly symmetric about cos ✓ ' 0,
as at these energies the cosmic ray particles are more
energetic than the rigidity cuto↵. At low energies, the
flux becomes asymmetric, as the flux of downward-going
(cos ✓ = 1) neutrinos is lower than the flux of upward-
going neutrinos (cos ✓ = �1). For the analysis in this
paper, we consider the FLUKA results for the angular
dependence of the atmospheric neutrino rate [24]. As we
discuss below, we find that when this flux is convolved
with the angular dependence of the coherent neutrino-
nucleus cross-section, the angular dependence is washed
out and the recoil spectrum depends only weakly on di-
rection. There is also a seasonal variation in the neutrino
flux based on the atmospheric temperature which induces
an additional time modulation. However the exact time
dependence of this e↵ect at the latitude of our mock ex-
periment is not known and is likely too small to have a
large e↵ect on the observed limits. Hence for this study
we ignore both the angular and time dependence of the
atmospheric neutrino flux and model it as isotropic and
constant in time,

d3�

dE⌫d⌦⌫dt
=

1

4⇡�t

d�

dE⌫
. (2)

C. Di↵use supernova neutrinos

For WIMP masses between 10 and 30 GeV, the neu-
trino floor is likely induced by the sub-dominant dif-
fuse supernova neutrino background (DSNB), from all
supernova explosions in the history of the Universe. The
DSNB flux is a convolution of the core-collapse supernova
rate as a function of redshift with the neutrino spectrum
per supernova; for a recent review of the predicted DSNB
flux see Beacom [25]. The DSNB spectra have a similar
form to a Fermi-Dirac spectrum with temperatures in
the range 3-8 MeV. We use the following temperatures
for each neutrino flavour: T⌫e = 3 MeV, T⌫̄e = 5 MeV
and T⌫x = 8 MeV, where ⌫x represents the four remaining
neutrino flavours. Motivated by theoretical estimates we
take a systematic uncertainty on the DSNB flux of 50%.
The DSNB is believed to be isotropic and constant over
time, therefore its angular dependence can be expressed,
as with the atmospheric neutrinos, using Eq. (2).

III. NEUTRINO AND DARK MATTER RATE
CALCULATIONS

A. Coherent neutrino-nucleus elastic scattering

We only consider the neutrino background from coher-
ent neutrino-nucleus elastic scattering (CNS) as it pro-
duces nuclear recoils in the keV energy scale which cannot
be distinguished from a WIMP interaction. We neglect

neutrino energy [MeV]
1001

ne
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rin
o 

flu
x 
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1 M
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-1
]

neutrino sources in 0.1--1000 MeV

C. O'Hare et.al., PRD 92, 063518 (2015)

atm.ν
DSNB

Solar ν

C. O'Hare, PRL 127, 251802 (2021)
neutrino floor

DSNB search

SK group, Phys. Rev. D 104, 122002 (2021)

• Direct Dark Matter search 

• 40--100 MeV atm. ν can be 

ultimate BG = neutrino floor

• Diffuse Supernova BG (DSNB)


• predicted in 20--40 MeV

= excess on atm. ν BG


• Proton decay, Indirect DM 
search, etc...

floor due to atm.ν

1/10 flux uncertainty 
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A : primary nuclei

p : 75%

He : 15%

others : ~10%

flux of primary cosmic-ray 

Transportation in geomagnetic field and atmosphere

Yields of ν through hadronic 
interactions

☞ use numerical calculation

• Monte Carlo technique


• Honda

• Bartol 


• solve cascade equation

• MCEq

3D simulation

1D calculation 

 → low E

 → high E

flux of νμ,e
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A : primary nuclei

p : 75%

He : 15%

others : ~10%

flux of primary cosmic-ray 

Transportation in geomagnetic field and atmosphere

Yields of ν through hadronic 
interactions

3D simulation

1D calculation 

 → low E

 → high E

flux of νμ,e

• for Eν < O(1GeV)  horizon enhancement

• for Eν < O(10GeV)   East-West effect

* 1D-3D difference in low E

☞ use numerical calculation

• Monte Carlo technique


• Honda

• Bartol 


• solve cascade equation

• MCEq

+ transverse momentum of secondaries
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flux of νμ,e

* 1D-3D difference in low E

uncertainty of primary flux measurements

uncertainty of hadron production

• dominant uncertainty arises from 

• primary CR flux

• hadron production cross-section
→ Reducing these uncertainties is a key for accurate prediction

flux of primary cosmic-ray 

Yields of ν through hadronic 
interactions

Transportation in geomagnetic field and atmosphere
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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

3

• 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
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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
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hadronic interactions
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p
h (p,n,π,K)

h
π,K

μ

ν

X

X

X

primary CR

: hadron interaction with nucleus in air detector

• chain of hadron interactions before producing ν

→ hadron production d3σ/dp3 on each vertex contributes to ν flux uncerainty

Page 19

Atmospheric leptons = alternative view on interactions

AF, F. Riehn, R. Engel, T.K. Gaisser, T. Stanev, PRD 100 2019YITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch

parent hadron of νμ
A. Fedynitch et.al. PRD100, 103018 (2019)
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Atmospheric leptons = alternative view on interactions

AF, F. Riehn, R. Engel, T.K. Gaisser, T. Stanev, PRD 100 2019YITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch

total
π K

charm

Relevant Hadronic Interactions
• Focus on Neutrinos from 0.1-10 GeV

Neutrino Energy
0.1 GeV

1 GeV

10 GeV

Mass 
Hierarchy

�cp
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• Baryon to Baryon Interactions are less crucial as governed by 
conservation numbers

• Pion production dominates in regions we are interested in
7

types of hadron interactions on the chain

(plot by L. Cook w/ Bartol flux simulation)

incident particle:

nucleon 


produced meson:

 π±, K

→ p + Air → π,K + X is important

doesn't contribute in low E

collisions of meson-Air 

are not dominant.

p(n)+Air → π + X

p(n)+Air → p + X

p(n)+Air → K + X

π,K+Air 

102 104 106 Eν [GeV]

10-1 1 10 102 Eν [GeV]



accelerator-data-driven tuning
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→ activity for accelerator-data-driven tuning has started.

Hadronic interactions are calculated with event generator

Honda flux MC : JAM & dpmJet3 with tuning based on atm. μ

Bartol flux MC : Target 2.4

4

usually) and X represents the rest of the interaction
products. In most of the discussion of this paper, the
projectile is a proton and the target is a light nucleus
such as beryllium, carbon or aluminium, which can be
extrapolated to nitrogen and oxygen, which are the tar-
gets in the atmospheric cascade.
When a shower develops, the initial cosmic ray under-

goes several interactions in which the initial energy is
split among the branches of the shower. Tracing back-
wards through the shower from the neutrino, through
the ancestors to the original cosmic ray, one can define
the branch along which any particular neutrino was pro-
duced. At some point along the branch, there is a meson
(π±, K± or K0) which decays. The neutrino may be
produced directly in this decay or via a muon. It is the
distribution of energy, position on the globe and direc-
tion of these mesons which govern the neutrino fluxes.
This meson will be referred to as “the decay meson”.
To simplify, we have limited the study of hadron pro-

duction uncertainties to the interaction in which the first
meson in the branch has been produced (i.e. its parent
was a baryon). We now discuss two aspects which have
been neglected in the uncertainties due to this simplifi-
cation. (1) It is possible in the branch that the first me-
son to be produced interacts and produces a subsequent
string of hadrons before we reach the decay meson. This
depends on the local atmospheric density and because
of time dilation effects, is important only for higher en-
ergy mesons (above ∼ 200 GeV for pions and 600 GeV
for kaons). The secondaries of such interactions will be
lower in energy, a region populated by a large number of
directly produced decay mesons from lower energy cos-
mic rays, so the additional uncertainty because of such
interactions is small. (2) The branch may contain a chain
of interactions in which the initial cosmic ray baryon is
converted into lower energy baryons before the decay me-
son is produced. This could happen both by near-elastic
scatters or in higher multiplicity interactions. Some of
these daughter baryons are neutrons and very few hadron
production measurements concerning either the produc-
tion of neutrons or interactions with neutron projectiles
are available. Therefore all aspects of neutrons in cosmic
ray showers are obtained from isospin arguments from
proton measurements. The uncertainty associated with
this simplification (2) requires separate study.
Figure 1 shows a map of the (Ei, Es) phase space which

is important for the production of neutrinos with energies
appropriate to produce contained events in underground
detectors and indicates the locations of hadron produc-
tion experiments.
Engel, et. al. [36] summarize the extent to which these

measurements cover the third dimension of phase space,
transverse momentum pT . It is most important in at-
mospheric neutrino interactions to understand the pT -
integrated yields. Yields at specific values of pT are less
important since all pT values are collected with the same
probability in underground detectors (in contrast to ac-
celerator beams where magnetic fields are used to focus

Abbott et al.

Cho et al.

Eichten et al.
Allaby et al. 

Serpukhov
FNAL

Atherton et al.

SPY

HARP

FIG. 1: (color online) Summary of measurements of single
particle production yields as a function of primary energy
and secondary energy. The bands for each experiment rep-
resent the range of primary and secondary particle energies
where measurements exist for at least one value of pT . The
boxes on the plot show the contribution of the phase space
to the generation of contained underground neutrino events
as computed by the simulation. The red and black boxes in-
dicate the extremes of geomagnetic field effects for high and
low geomagnetic latitude respectively.
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FIG. 2: Uncertainties assigned to the production rate of
charged pions (left) and charged kaons (right) as a function
of xlab. The uncertainties are shown for various ranges of in-
cident particle energy Ei for interactions of protons on light
nuclei.

specific regions of pT to form the beam). Measurements
over the whole pT range are important to determine the
integral.
Most of the experiments report yields for both signs of

charged pions and charged kaons. We discuss the uncer-
tainties on charged pion yields first and then kaon yields.
The uncertainties assigned are summarized in figure 2.
There is a series of measurements with primary energies
around 20GeV [37, 38, 39] with consistent measurements
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Nagoya group : K. Sato, Y. Itow, H. Menjo (+ M. Honda)

Bartol group : L. Cook, G. Barr, M. Hartz (+T.K Gaisser, T. Stanev)

G.Barr et.al, PRD74, 094009 (2006)

Both group are working independently

→ cross-check

• Tune the hadron interactions in MC

based on accelerator data
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→ activity for accelerator-data-driven tuning has started.

Hadronic interactions are calculated with event generator

Honda flux MC : JAM & dpmJet3 with tuning based on atm. μ

Bartol flux MC : Target 2.4

4

usually) and X represents the rest of the interaction
products. In most of the discussion of this paper, the
projectile is a proton and the target is a light nucleus
such as beryllium, carbon or aluminium, which can be
extrapolated to nitrogen and oxygen, which are the tar-
gets in the atmospheric cascade.
When a shower develops, the initial cosmic ray under-

goes several interactions in which the initial energy is
split among the branches of the shower. Tracing back-
wards through the shower from the neutrino, through
the ancestors to the original cosmic ray, one can define
the branch along which any particular neutrino was pro-
duced. At some point along the branch, there is a meson
(π±, K± or K0) which decays. The neutrino may be
produced directly in this decay or via a muon. It is the
distribution of energy, position on the globe and direc-
tion of these mesons which govern the neutrino fluxes.
This meson will be referred to as “the decay meson”.
To simplify, we have limited the study of hadron pro-

duction uncertainties to the interaction in which the first
meson in the branch has been produced (i.e. its parent
was a baryon). We now discuss two aspects which have
been neglected in the uncertainties due to this simplifi-
cation. (1) It is possible in the branch that the first me-
son to be produced interacts and produces a subsequent
string of hadrons before we reach the decay meson. This
depends on the local atmospheric density and because
of time dilation effects, is important only for higher en-
ergy mesons (above ∼ 200 GeV for pions and 600 GeV
for kaons). The secondaries of such interactions will be
lower in energy, a region populated by a large number of
directly produced decay mesons from lower energy cos-
mic rays, so the additional uncertainty because of such
interactions is small. (2) The branch may contain a chain
of interactions in which the initial cosmic ray baryon is
converted into lower energy baryons before the decay me-
son is produced. This could happen both by near-elastic
scatters or in higher multiplicity interactions. Some of
these daughter baryons are neutrons and very few hadron
production measurements concerning either the produc-
tion of neutrons or interactions with neutron projectiles
are available. Therefore all aspects of neutrons in cosmic
ray showers are obtained from isospin arguments from
proton measurements. The uncertainty associated with
this simplification (2) requires separate study.
Figure 1 shows a map of the (Ei, Es) phase space which

is important for the production of neutrinos with energies
appropriate to produce contained events in underground
detectors and indicates the locations of hadron produc-
tion experiments.
Engel, et. al. [36] summarize the extent to which these

measurements cover the third dimension of phase space,
transverse momentum pT . It is most important in at-
mospheric neutrino interactions to understand the pT -
integrated yields. Yields at specific values of pT are less
important since all pT values are collected with the same
probability in underground detectors (in contrast to ac-
celerator beams where magnetic fields are used to focus
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FIG. 1: (color online) Summary of measurements of single
particle production yields as a function of primary energy
and secondary energy. The bands for each experiment rep-
resent the range of primary and secondary particle energies
where measurements exist for at least one value of pT . The
boxes on the plot show the contribution of the phase space
to the generation of contained underground neutrino events
as computed by the simulation. The red and black boxes in-
dicate the extremes of geomagnetic field effects for high and
low geomagnetic latitude respectively.
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FIG. 2: Uncertainties assigned to the production rate of
charged pions (left) and charged kaons (right) as a function
of xlab. The uncertainties are shown for various ranges of in-
cident particle energy Ei for interactions of protons on light
nuclei.

specific regions of pT to form the beam). Measurements
over the whole pT range are important to determine the
integral.
Most of the experiments report yields for both signs of

charged pions and charged kaons. We discuss the uncer-
tainties on charged pion yields first and then kaon yields.
The uncertainties assigned are summarized in figure 2.
There is a series of measurements with primary energies
around 20GeV [37, 38, 39] with consistent measurements

π± & K± production meas. in 2000s

• NA61, NA49, HARP, E910, ...
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→ tune the differential cross-section  
for hadron production in MC

based on 
measurements

used in MC

weight for tuning:

data after 2000
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Nagoya group : K. Sato, Y. Itow, H. Menjo (+ M. Honda)

Bartol group : L. Cook, G. Barr, M. Hartz (+T.K Gaisser, T. Stanev)

G.Barr et.al, PRD74, 094009 (2006)
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− fit

Nagoya group
HARP E910 NA61 NA49 NA20


NA56

① ② ③ ④ ⑤

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

Interpolation between discrete beam E 

is a challenge. 

• Feynman scaling is not applicable.

→ grouped  beam data into small sections

beam E dependence

→ reduced χ2 < ~2 in all energy range



phase space coverage
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p,n + Air 
→ π± + X

proton momentum pin [GeV/c]

<pν>~ 0.31 GeV/c π’s phase space of p+A→π±+X in air shower

pin =
3 GeV

pin =
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pin =
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phase space related to  0.3 GeV νμproduction
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p,n + Air 
→ π± + X

proton momentum pin [GeV/c]

<pν>~ 0.31 GeV/c π’s phase space of p+A→π±+X in air shower

pin =
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phase space related to  0.3 GeV νμproduction

ex) phase space of π+ production for 0.3 GeV νμ
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phase space 
coverage for νμ 

← hadron production 

phase space (PS) 


as a function of

pin, pout, θout 

• good (~80%) PS coverage for ~10 GeV ν

• due to wide PS of NA61 & NA49


• lower coverage in Eν < 1 GeV

• due to lack of Ebeam < 3GeV beam data

Nagoya group

→ shortage of phase space is considered 
as systematic uncertainty of ν flux.  

neutrino momentum
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Nagoya group
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νμ flux uncertainty

original Honda flux +1σ err.

• measurement error of beam data in each bin

• normalization of beam data

• parameterization

• Feynman scaling (xF-pT  shape)

• Feynman scaling (nomalization)

• coverage of phase space

 • • • atomic mass dependence

• Honda flux uncertainty was originally 
evaluated using atm. μ data


→ large Error in < 1GeV & > 10GeV

preliminary

( M. Honda et.al., PRD75, 043005 (2007) )

→ will be able to reduce uncertainty of Honda flux (preliminary)

νμ flux
original Honda flux

(HKKM2014, PRD92, 023004 (2015) 

• accelerator tuning

preliminary
+1σ err.

-1σ err.
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Bartol group slide from L. Cook



data-driven tuning in Bartol flux
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Bartol group

Hadron Production Datasets

• Harp (2009) 3,5,8,12 GeV/c pC ->  
• High angle and low angle separately

• Eichten et al. (1972) 24 GeV/c pAl ->  

• Allaby et al. (1970) 19.2 GeV/c pAl ->  

• E910 (2008) 6.4,12.3,17.5 GeV/c pBe -> 

• E802 (1991) 14.6 GeV/c pAl -> 

• NA61 (2016) 31 GeV/c pC -> 

• NA49 (2006) 158 GeV/c pC -> 

• NA56/SPY (1999) 450 GeV/c pBe -> 

⇡±/K±
<latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit>

⇡±/K±
<latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit>

⇡±/K±
<latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit>

⇡±
<latexit sha1_base64="luQoGjIoCbru41exz+qLxQgC+DM=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48VXFvpriWbpm1okg1JVihLf4UXDype/Tve/Dem7R609cHA470ZZuYlijNjff/bW1peWV1bL22UN7e2d3Yre/v3Js00oSFJeapbCTaUM0lDyyynLaUpFgmnzWR4PfGbT1Qblso7O1I0FrgvWY8RbJ30ECn2mEdKjDuVql/zp0CLJChIFQo0OpWvqJuSTFBpCcfGtANf2TjH2jLC6bgcZYYqTIa4T9uOSiyoifPpwWN07JQu6qXalbRoqv6eyLEwZiQS1ymwHZh5byL+57Uz27uIcyZVZqkks0W9jCObosn3qMs0JZaPHMFEM3crIgOsMbEuo7ILIZh/eZGEp7XLWnB7Vq1fFWmU4BCO4AQCOIc63EADQiAg4Ble4c3T3ov37n3MWpe8YuYA/sD7/AGGtpBs</latexit><latexit sha1_base64="luQoGjIoCbru41exz+qLxQgC+DM=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48VXFvpriWbpm1okg1JVihLf4UXDype/Tve/Dem7R609cHA470ZZuYlijNjff/bW1peWV1bL22UN7e2d3Yre/v3Js00oSFJeapbCTaUM0lDyyynLaUpFgmnzWR4PfGbT1Qblso7O1I0FrgvWY8RbJ30ECn2mEdKjDuVql/zp0CLJChIFQo0OpWvqJuSTFBpCcfGtANf2TjH2jLC6bgcZYYqTIa4T9uOSiyoifPpwWN07JQu6qXalbRoqv6eyLEwZiQS1ymwHZh5byL+57Uz27uIcyZVZqkks0W9jCObosn3qMs0JZaPHMFEM3crIgOsMbEuo7ILIZh/eZGEp7XLWnB7Vq1fFWmU4BCO4AQCOIc63EADQiAg4Ble4c3T3ov37n3MWpe8YuYA/sD7/AGGtpBs</latexit><latexit sha1_base64="luQoGjIoCbru41exz+qLxQgC+DM=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48VXFvpriWbpm1okg1JVihLf4UXDype/Tve/Dem7R609cHA470ZZuYlijNjff/bW1peWV1bL22UN7e2d3Yre/v3Js00oSFJeapbCTaUM0lDyyynLaUpFgmnzWR4PfGbT1Qblso7O1I0FrgvWY8RbJ30ECn2mEdKjDuVql/zp0CLJChIFQo0OpWvqJuSTFBpCcfGtANf2TjH2jLC6bgcZYYqTIa4T9uOSiyoifPpwWN07JQu6qXalbRoqv6eyLEwZiQS1ymwHZh5byL+57Uz27uIcyZVZqkks0W9jCObosn3qMs0JZaPHMFEM3crIgOsMbEuo7ILIZh/eZGEp7XLWnB7Vq1fFWmU4BCO4AQCOIc63EADQiAg4Ble4c3T3ov37n3MWpe8YuYA/sD7/AGGtpBs</latexit><latexit sha1_base64="luQoGjIoCbru41exz+qLxQgC+DM=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrsiqLeiF48VXFvpriWbpm1okg1JVihLf4UXDype/Tve/Dem7R609cHA470ZZuYlijNjff/bW1peWV1bL22UN7e2d3Yre/v3Js00oSFJeapbCTaUM0lDyyynLaUpFgmnzWR4PfGbT1Qblso7O1I0FrgvWY8RbJ30ECn2mEdKjDuVql/zp0CLJChIFQo0OpWvqJuSTFBpCcfGtANf2TjH2jLC6bgcZYYqTIa4T9uOSiyoifPpwWN07JQu6qXalbRoqv6eyLEwZiQS1ymwHZh5byL+57Uz27uIcyZVZqkks0W9jCObosn3qMs0JZaPHMFEM3crIgOsMbEuo7ILIZh/eZGEp7XLWnB7Vq1fFWmU4BCO4AQCOIc63EADQiAg4Ble4c3T3ov37n3MWpe8YuYA/sD7/AGGtpBs</latexit>

⇡±/K±
<latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit><latexit sha1_base64="PBu6JGFFgvA1f8PPMY7yVziuPV0=">AAAB+XicbVDLSgMxFM34rPU11aWbYBFc1RkR1F3RjeCmgmMLnbFk0kwbmmRCklHK2E9x40LFrX/izr8xbWehrQcu93DOveTmxJJRbTzv21lYXFpeWS2tldc3Nre23crOnU4zhUmAU5aqVow0YVSQwFDDSEsqgnjMSDMeXI795gNRmqbi1gwliTjqCZpQjIyVOm4llPQ+DyUfHV1Pe8etejVvAjhP/IJUQYFGx/0KuynOOBEGM6R12/ekiXKkDMWMjMphpolEeIB6pG2pQJzoKJ+cPoIHVunCJFW2hIET9fdGjrjWQx7bSY5MX896Y/E/r52Z5CzKqZCZIQJPH0oyBk0KxznALlUEGza0BGFF7a0Q95FC2Ni0yjYEf/bL8yQ4rp3X/JuTav2iSKME9sA+OAQ+OAV1cAUaIAAYPIJn8ArenCfnxXl3PqajC06xswv+wPn8AeSdk/Y=</latexit>

⇡±/K±
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Hadron Production
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• TPC based spectrometers (e.g.NA61 NA49, Harp, E910)
• Single arm spectrometer (Eichten and Allaby)
• Drift chamber E802 NA56

data set

Methods
• Use empirically 

derived scaling to 
scale from Target 
Material to Oxygen 
and Nitrogen
• Fit datasets using 

BMPT 
parametrization to 
double differential 
cross section  

• fit function well 
describes the data

Fitting
• BMPT parameterisation Fit to each of the datasets 

in XF - PT space
• Same parameterisation as T2K 

• Included additional free parameters to improve the 
Fits
• BMPT has inherent forward backward symmetry in 

Feynman XR dependence
• Additional free parameters to model scaling from 

deuterium to target nuclei

d2�(A)

dxF dPT
=

A

2

↵(xF ,PT ) d2�BMPT

dxF dPT
<latexit sha1_base64="07iK19KG2eML8xIesQg70H8D4MI="></latexit><latexit sha1_base64="07iK19KG2eML8xIesQg70H8D4MI="></latexit><latexit sha1_base64="07iK19KG2eML8xIesQg70H8D4MI="></latexit><latexit sha1_base64="07iK19KG2eML8xIesQg70H8D4MI="></latexit>
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BMPT parameterization

Eur.Phys.J.C20,13 (2001)

A-scaling 

(target atom dependence)

Ratio of Nitrogen to Carbon A-Scaling 

On Pi Plus Multiplicity


• derive A-scaling from 
Be, C, & Al target data

→ grouped into 

7 regions

NA61 π+ fit result

groups • 12, 12.3, 14.6 GeV
• 3 GeV • 17.5, 19.2, 24 GeV
• 5, 6.4 GeV • 31 GeV
• 8GeV • 158 GeV
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Bartol group
slide from L. Cook

Works in both groups are in progress

→ consistency checks between  Honda flux and Bartol flux will be 
started soon.



flux in < 100 MeV/c
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ref) Wan-Lei Guo, PRD99, 073007 (2019)

       M. Honda's poster in Neutrino2020


• plot provided by Yu-Feng Li (JUNO collaboration)
• need to consider decays of atm. μ stopped in 

rock or waterneutrino energy from 

stopped μ

• ν from μ at rest

→ enhancement in 
<50 MeV flux

• depends on 
geographical features 
of observation site

preliminary



JUNO

Geomagnetic field model 

ν flux measurement
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ref) E. Richard et.al. (SK collaboration) , PRD 94, 052001 (2016)
ν flux measurement in SK (νe : >158 MeV, νμ: >400 MeV)

dominantly

 ν interaction 
cross section

measurement 
error : 16~20% 

• important to constrain the prediction
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FIG. 7. (color online) Measured flux spectra, using all SK I-IV data, for ⌫e (blue points) and ⌫µ (red points) as a function of
the logarithm of the neutrino energy. Error bars correspond to the uncertainties, including all statistical and systematic errors.
The ⌫e (blue line) and ⌫µ (red line) flux curves show the HKKM11 [20] model with (solid) and without (dashed) neutrino
oscillation. In the lower part of the figure, the data / HKKM11 ratio is shown.

R
at

io

0.6
0.8

1
1.2
1.4
1.6

eν

HKKM11

HKKM07

Bartol
FLUKA 

GeV) /
ν

(E
10

Log
-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

R
at

io

0.6
0.8

1
1.2
1.4
1.6

µν

FIG. 8. (color online) Measured energy spectra compared to the flux model predictions (dotted lines) from the HKKM11 [20]
(black), HKKM07 [19] (light green), Bartol [21], and FLUKA [22] models. The vertical axis represents the flux ratio from the
data (or each model) to HKKM11. Error bars include both statistical and systematic uncertainties.

flux

ratio to Honda flux
Bartol

FLUKA

• Measurement in different places 


will be interesting to varify the prediction
e.g.) JUNO, EPJ. C, 81 10 (2021) 887



muon flux measurement 
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• atm. μ is useful for                      
calibration/uncertainty evaluation of ν flux


• Honda flux is calibrated based on atm.μ 

　　　M. Honda et.al., PRD75, 043005 (2007)
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FIG. 11: σres calculated with the fitting formula Eq. 20 as the function of neutrino energy for all kind of neutrinos. For the
muon flux integral kernel, we used that of vertical downward moving muon at Hanle (4500m a.s.l.) in both panel. For the
neutrino flux integral kernel, we used that of vertical downward moving neutrino at Kamioka in the left panel, and that of
horizontally moving neutrino at Kamioka in the right panel. In the calculation, we constrain the variation of atmospheric muon
to satisfies Eq. 16 for Pµ > 0.1 GeV/c.
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FIG. 12: σres calculated with the fitting formula Eq. 20 as the function of neutrino energy for all kind of neutrinos. For the
muon flux integral kernel, we used that of vertical downward moving muon at Balloon altitude (32km a.s.l.) in both panel. For
the neutrino flux integral kernel, we used that of vertical downward moving neutrino at Kamioka in the left panel, and that
of horizontally moving neutrino at Kamioka in the right panel. In the calculation, we constrain the variation of atmospheric
muon to satisfies Eq. 16 for Pµ > 0.1 GeV/c.

In Fig.. 13, we plot the fraction of projectiles particle which create the parent meson in the hadronic interaction
with air nuclei for vertically downward and horizontally moving atmospheric neutrino as a function of neutrino energy
in the left panel and atmospheric muon as the function of muon momentum in the right panel. We classified the
projectile particle into 3 types, proton, neutron, and all mesons. The primary cosmic ray energy which produce the
atmospheric neutrino and muon fluxes we are studying is less than a few TeV, and the proton neutron ratio (Np/Nn)
in there is around 5, However , from Fig,. 13, we find the Np/Nn ratio of the projectile particle directly related to
those atmospheric neutrino and muon flux is 1.5 at the lowest energy and around 4 in the highest energy of our study
in this paper. This means that some of the projectile particle have experienced hadronic interaction before they create
the parent meson of the atmospheric neutrino and muon. The small Np/Nn ratio at low energies means they are
created by the projectiles which suffered more from the hadronic interaction than the atmospheric neutrino and muon
at higher energies.
As the contribution of mesons in the projectile of the hadronic interaction is small for atmospheric neutrino and

muon below 100 GeV, we repeated the study in the former section, changing artificially the Np/Nn ratio independly
in neutrino and muon fluxes calculation, to study the effect of the variation of hadronic interaction on the projectile
particle flux. However, we find virtually the same result as observed in former section even with to ±20 % independent
variation in neutrino and muon fluxes calculations. This may be understood as follows. We have taken δ = 1 in Eq. 8,
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FIG. 12: σres calculated with the fitting formula Eq. 20 as the function of neutrino energy for all kind of neutrinos. For the
muon flux integral kernel, we used that of vertical downward moving muon at Balloon altitude (32km a.s.l.) in both panel. For
the neutrino flux integral kernel, we used that of vertical downward moving neutrino at Kamioka in the left panel, and that
of horizontally moving neutrino at Kamioka in the right panel. In the calculation, we constrain the variation of atmospheric
muon to satisfies Eq. 16 for Pµ > 0.1 GeV/c.

In Fig.. 13, we plot the fraction of projectiles particle which create the parent meson in the hadronic interaction
with air nuclei for vertically downward and horizontally moving atmospheric neutrino as a function of neutrino energy
in the left panel and atmospheric muon as the function of muon momentum in the right panel. We classified the
projectile particle into 3 types, proton, neutron, and all mesons. The primary cosmic ray energy which produce the
atmospheric neutrino and muon fluxes we are studying is less than a few TeV, and the proton neutron ratio (Np/Nn)
in there is around 5, However , from Fig,. 13, we find the Np/Nn ratio of the projectile particle directly related to
those atmospheric neutrino and muon flux is 1.5 at the lowest energy and around 4 in the highest energy of our study
in this paper. This means that some of the projectile particle have experienced hadronic interaction before they create
the parent meson of the atmospheric neutrino and muon. The small Np/Nn ratio at low energies means they are
created by the projectiles which suffered more from the hadronic interaction than the atmospheric neutrino and muon
at higher energies.
As the contribution of mesons in the projectile of the hadronic interaction is small for atmospheric neutrino and

muon below 100 GeV, we repeated the study in the former section, changing artificially the Np/Nn ratio independly
in neutrino and muon fluxes calculation, to study the effect of the variation of hadronic interaction on the projectile
particle flux. However, we find virtually the same result as observed in former section even with to ±20 % independent
variation in neutrino and muon fluxes calculations. This may be understood as follows. We have taken δ = 1 in Eq. 8,
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Systematic study by Honda et.al.


→ measurement in high mountain is effective
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π
μν

• Both ν and μ carry 
information of π 
production 


• Phase space covered by 
μ data depends on 
detector altitude

STOP

M. Honda et.al., PRD 100, 123022 (2019)
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we can get the accurate muon flux data from 0.3 GeV/c in a precision experiment for the low energy muon flux
observation.
Let us start the survey from Tsukuba (sea level), where BESS group has observed the muon flux as we stated in

the previous section. In Fig. 10, we plot ς0 for the atmospheric neutrino flux at Kamioka, with the integral kernel
for the vertical downward moving atmospheric muon flux at Tsukuba (sea level). Since the observation altitude and
the rigidity cutoff are very close to those at Kamioka, we can compare this result with those presented and discussed
in the previous section. We find the result here is in between of those with the minimum muon momentum of 0.1
GeV/c (Fig. 7) and of 1 GeV/c (Fig. 9), and is rather close to the calculation with minimum momentum of 0.1 GeV/c.
Therefore, if the atmospheric muon flux is measured down to 0.3 GeV/c, by a precision experiment, it will improve
the result with former BESS observation and constrain the uncertainty in the atmospheric neutrino flux down to a
little less than 1 GeV.
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FIG. 10: The ς0 or the atmospheric muon independent variation component of neutrino flux, calculated with the muon flux
integral kernel for the vertically downward moving atmospheric muon flux at Tsukuba (sea level). The minimum muon
momentum is set to 0.3 GeV/c. In the left panel, we depicted the ς0 for vertical downward moving atmospheric neutrino at
Kamioka, and in the right panel for horizontal moving atmospheric neutrino at Kamioka.

Next we move to Mt. Norikura (2770m a.s.l.), where BESS group also has observed the muon flux. In Fig. 10,
we plot ς0 for the atmospheric neutrino flux at Kamioka, with the integral kernel for the vertical downward moving
atmospheric muon flux at Mt. Norikura (2770m a.s.l.l), and the minimum muon moment of 0.3 GeV/c. We find the
ς0 at Mt. Norikura is similar to that at Tsukuba for Eν > 0.5 GeV, but show a large reduction for Eν < 0.5 GeV. It
is remarkable that ς0 < 0.1 is satisfied for each kind of neutrino in 0.3 GeV < Eν < 10 GeV for vertical direction and
in Eν > 0.3 GeV for horizontal direction. Thus the observation at the high altitude is seems to have an advantage in
the reduction of the uncertainty of the low energy neutrino flux prediction.
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FIG. 11: The ς0 or the atmospheric muon independent variation component of neutrino flux, calculated with the muon flux
integral kernel for the vertically downward moving atmospheric muon flux at Mt. Norikura (2770m a.s.l.). The minimum muon
momentum is set to 0.3 GeV/c. In the left panel, we depicted the ς0 for vertical downward moving atmospheric neutrino at
Kamioka, and in the right panel for horizontal moving atmospheric neutrino at Kamioka.
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• atm. ν in low E region (0.1--100GeV)

• important as both physics target and background 

→ accurate prediction is key point


• uncertainties of ν flux prediction

•  flux of primary particle


• good improvement from recent measurements 

• hadron production 


• accelerator-data-driven tuning is ongoing for both Honda flux 
& Bartol flux


• Measurements of atm. ν and μ will be useful to calibrate prediction


