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Cosmic rays in atmosphere

Pep + [ Air]— no-T

-+

W —v (v )+v (v,)+e

Atmospheric Neutrino

v,iv, ~2:1
y,e — EM-cascade —» Air Shower

Other p's, n's, and sometimes 7T's repeat above interactions.



Gaisser Formula (by T.K.Gaisser at Takayama, 1998)
A symbolic formula to illustrate 1D-calculation

q)\’ — (I)primary ® Rcut ® YV
(I)M — (I)primary ® Rcut ® YM
Where
primary : Cosmic Ray Flux
R_=R Cut(R ..»latt. ,long. ,0, Q) : Geomagnetic field
Y. =Yield ( h 6) : Hadronic Interaction Model,
Vv \Y% J
Air Profile, and meson-muon decay
Yu — Yieldu (h , 6) : Hadronic Interaction Model,

Air Profile, and meson decay



Primary Cosmic Ray Spectra
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Primary Cosmic Ray Model and referred data
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Other chemical compositions
are also considered in the

s Ep#ci: @ﬁt& g —\ calculation, but they give

small contributions.
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Rigidity Cutoff and Geomagnetic Field (cartoon) 1

Can Come In

Can't C I
Can Come In antomen

Rigidity Cut Off



Difference for sites 1s determined by geomagnetic field
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CR

1D-calculation

CR

A7

3D-calculation
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Why 1D calculation 1is so preferred ?

1. 3D efficiency | Areaof virtual detector ]
1D efficiency | Area of the surfaceof Earth|

2. Angles 1n Hadronic Interactions

P, 0.3 0.1

AB~ L~ ~
E., E_/1GeV E /1GeV

3. Muon Curvature 1s energy independent and
1s ~ 5 degree

General understanding before Fluka group 3D calculation
2 and 3 are not important



Rigidity Cutoff for

Virtical direction
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3D-calculation by Fluka group (Battistoni et al. 1999 &2002)

CR

Use CR downward simulations at a site at other
sites on Earth, changing the rigidity cutoff.

Geomagnetic Field in Atmosphere 1s not considered.



Horizontal enhancement of neutrino flux
Sub-GeV flux at Kamioka
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Yet another interpretation
for horizontal enhancement

Longer integration length in the neutrino
production zone for horizontal directions



100MeV neutrino image
of Earth
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3D-calculation by Bartol Group considered
realistic magnetic field in the air, with
many fine tunings for efficiency.
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(Barr et al, PRD 2004)

The 1importance of magnetic field in atmosphere
1s first stressed by P. Lipari (Astropart. Phys. 14, 2000)
and HKKM2001 (PRD 2001)



Flux (arbitrary units)
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3D-calculation by Bartol group showing
neutrino flux 1s very position sensitive

Flux variation when moving North-South

(Barr et al, PRD 2004)




HKKM K&-1—kUJJSwvD REHE.

1. Inclusive interaction code &> 2R LR ITEHE
created from the output of established code.
=> ~a few 100 times faster than original code.
=> Easy to modify the secondary spectra.

2. Muon calibration [CKBDMEEEROF1——25

3. Virtual detector correction & U\fz. LEEAIKET/E
J 7 —F + JUdetector

4. IWE(SFLV), KT IL. KKEFTIL
IGRF & & NRLMSISE-00 (HKKM2015).

5. New Cosmic Ray Spectra Model (preliminary).



3D-Calculation Geometry g yjation Sphere (Rs =

Re = 6378km

x Re)

in the back trace

Cosmic rays go out the spher
pass the rigidity cutoff test.

Cosmic rays go out the sphere in tfe simulation
are discarded.

Injection Sphere (Re +100lm)

Cosmic Rays are sampled
and injected on this sphere.

Virtual Detector

Neutrinos path inside the circle
are used to calculate the neutrinofflux.



Muon Calibration of Interaction Model

Quick 3D calculation of muon flux.

As the muon flux is a “local quantity” (yct ~ 60km at10 GeV ),
We can calculate it in a quick calculation method:

1. Inject cosmic rays just above the observation point,

2. Analize all the muons reach the surface of Earth.




Comparison with full 3D calculation for muon

+ P
w W
T T |ll|||| T T T T T 111 1 1 IIIIIII 1 1 LI LA
1 e c0s06>0.8 1 S c0s0>0.8

{10 [== — 0.8 >C056>0.67] 10" — 0.8 5056505

F 0.6 >c0s6>0.4 B 0.6 >c0s6>0.4

0 0.4 >c0s6>0.2] B 0.4 >c0s0>0.2

§ § _
> >
[} [}

O ©) J
7)) /)
® ®

o 0 o <0 e

§, 10 §, 10 :

= = .

= y_ il

10_1| 1 | [ IIIIIIIO [ 1 IIIIIII 1 10_1 1 ] 1 IIIIII|0 1 1 II||J||1
10 10 10 10 10 10
Py (GeV/c) Py (GeVi/c)

This method seems to be OK above 0.2 GeV.
But, one must be careful to use this method for
the low energy region and horizontal directions.

Quick 3D



Data/Calculation

Compare with high precision muon measurements

Data are larger by ~15%

Data are larger by ~0.05
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~15% scatter ? Data are smaller by ~0.05

==> DPMIJET-III Should be Modified
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Modification of Int. Model (SHKKM 2006)
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Data/Calculation
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Comparison
with
Accelerator data
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JAM + Modified DPMJET-II vs Muons at the Balloon altitude

( HKKM2011)
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Use DPMIJET-III above 32 GeV

v
Good agreement ! and JAM below 32 GeV



JAM vs HARP
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Virtual detector correction

Averages in 0<6, and 6<6, can be written
with the central value ¢, as

O, =, +¢ 07
0, ==, + ¢ 0

where ¢’ 1s a constant.

Then we can calculate the central flux value as

2 2 2
¢ :914)2_62(1)1:(!)2_7" by for 7":<%), r<1
R R 1—r? 0,
Apply this relation to the MC results
b= N, b, = N,
" T 9?’ * T 63



0, (59/0,(109

Error due to the large size
Virtual Detector

In HKKMO06 (PRD 2007), we took
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Presently going calculation  (with M.S. Athar)
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Atmosphere model (NRLMSISE-00) and seasonal variations

Ratio to US-standard’' 76
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Calculated Atmospheric Neutrino Flux
averaged over all directions
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Sum of averaged neutrino flux over all directions
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Seasonal Variation of Atmospheric Neutrino flux
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Flavor Ratios of Atmospheric Neutrino Flux
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Seasonal and Site Variation of Atmospheric Neutrino
Flavor Ratios
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Zenith Angle Variation of Neutrino Fluxes at 1 GeV
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Zenith Angle Variation of Neutrino Fluxes at 3.2 GeV
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Azimuth Angle Variation of Neutrino Fluxes at 3.2 GeV
at Suth Pole
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Production Height (km)

Cumulative Neutrino Production Height
at SK site
(Summed over all azimuth angles)
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Production Height (km)

Cumulative Neutrino Production Height
at South Pole
(Summed over all azimuth angles)
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Azimuth Angle Variaiton of Neutrino Production Height
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Impact of AMSO02
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Recent Cosmic Ray observation
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New Cosmic Ray Model with AMSO02
and BESS-polar
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Muon Calibration of Interaction Model
with
New Cosmic Ray Model
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new calculation
old calculation
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Comparison in Z-factor
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Comparison of secondary spectra
of interaction models

at 1 TeV
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Estimated Error in Atmospheric v-flux Calculation (HKKMSO07)
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Solar Modulation of Primary Cosmic Rays pg (N, r): modulation function

and Atmospheric Neutrino

4300 — et |
Lo A
4000 | 'L b 4170 ‘HTS
3000 | 1
ol ol ols a
2500 | 8 & & & )
4 2 2 @ 0
2000 LI . P i e |
1996 1998 2000 2002 2004
BESS flight
¢.(N,E,)=¢""(E,) M (N,r)
min — 199
o""(E,)=d."(E,)

1.0

Ratio to Solar Minimum

0.1

—_
o

b x Ei1).5 (m 25 "s7 ' Gev"?)
o

%]

M3

al=isis _ajf-a-g*‘q‘ﬁ
b AATIALS

S

II.IIIIl

o BESS 97
o BESS 98
/ BESS 99
v BESS 00

BESS 02

L1 1 1 1|

10

1

10°

Ep (GeV)

vV BESS 00
- BESS 02

o BESS 97
o BESS 98

c




Solar Modulation of Atmospheric Neutrinos
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Back up




Assume the atmospheric neutrino flux is expanded as

09. 0 10°¢. . 08¢ 1o%¢
,N)=¢(0,0)+==C+=—n+— + +— +
(8, m)=¢(0,0)+ 7Tz 27 C ooty 7,

Average in a virtual detector with radius 0 is given as
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Assume the atmospheric neutrino flux is expanded as

(0 m)=0(0,0082 ¢80 L2020 o\ 109 .,
0 0 2(92§ on 2@21(]

Average in a virtual detector with radius 0 is given as
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(continued)
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due to the Jacobian for the integration on a sphere.
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Analysis of calculation error:

Give Variations in the phase space and compare the variation of neutrino
flux and the Maximum variation of muon flux in 0.5 ~ 2 GeV/c (p+)

and 0.5 ~ 4 GeV/c (u-), where BESS Balloon observation was available.
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Production Height (km)

Cumulative Neutrino Production Height
at INO site
(Summed over all azimuth angles)
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Azimuth Angle Variation of Neutrino Fluxes at 3.2 GeV
at INO site
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Azimuth Angle Variation of Neutrino Fluxes at 1 GeV
at SK site
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