HKKM Calculation of Atmospheric Neutrino Flux.
M.Honda
1. Full 3D calculation with inclusive interaction code
created from established code.
=> ~a few 100 times faster than original code.
=> Kasy to modify the secondary spectra.

2. Muon calibration of the inclusive interaction code.

3. Use relatively large virtual detector
with virtual detector correction.

4. Realistic geomagnetic field and air profile.
IGRF and NRLMSISE-00.

5. New Cosmic Ray Spectra Model (preliminary).



3D-Calculation Geometry Simulation Sphere (Rs X 10 x Re)
Cosmic ray go out this sphere\are
Re = 6378km discarded.
Cosmic rays go beyond are pass t
rigidity cutofl test

Injection Sphere (Re +100lm)

Cosmic Rays are sampled
and injected here

Virtual Detector

All neutrinos path through
are recorded




Primary Cosmic Ray Spectra
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Primary Cosmic Ray Model and referred data

—_k
o

—_
o

S

A AMSO1

X BESS

o BESS TeV
O JACEE

A RUNJOB

w

102 10°  10%
CR-Energy (GeV/n)

i1,

’.,_»‘5-;‘! X Db Actn ,.L I m
Rt e o T
W B PAL KT 'T'
AR 1 1
‘?‘ =4i|l [#
N
W70y

Other chemical compositions
are also considered in the

—\ calculation, but they give

small contributions.



Rigidity Cutoff and Geomagnetic Field (cartoon) 1
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Rigidity Cutoff for
Virtical direction
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Gaisser Formula for illustration (by T.K.Gaisser at Takayama, 1998)

®,=0 ®R ®Y,

primary
(I)M — (I)primary ® Rcut ® YM
Where
primary : Cosmic Ray Flux
R_,=R_.R_,Ilatt.,long.,0 ,:c&)eomagneﬁc G

Yv =Yield v (h ’ 6 )Hadronic Interaction Model,

Air Profile, and meson-muon decay

Yu —Yie ldu ( h,©® ){adronic Interaction Model,
Air Profile, and meson decay

This formula illustrates 1D-calculation well



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 of Quick 3D calculation with Full 3D calculation
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This method works above 0.2 GeV/e.

Full 3D

Quick 3D



Data/Calculation

Muon Calibration of inclusive DPMJET-III

Data are larger by ~0.05

Data are larger by ~15%

1.5
o
T
oc
&
<
- O L3+c — HKKM04
A} L3+C | BESS-TeV I *
, BESS-Norikura l ~+ BESS-TeV
IIII| | IIIIIIIl | IIIIIIII | IIIIIII] [ I] | | IIIIII| | | IIIIIIl | | 1
0.7 1.0
10° 10 10° 10° to” 10" 10°
Pu (GeV/c) Pu{Gerc)
~15% scatter ? Data are smaller by ~0.05

==> DPMJET-III Should be Modified



Data/Calculation
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Comparison with Accelerator data

DPMJET-III vs NA49
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JAM + Modified DPMJET-II vs Muons at the Balloon altitude

( HKKM2011)

1.2 —— , I
S11f :
51.0 ‘+.+| M.*-dlaﬁ]j‘]. _ -
s pp bR Y
S09fF - -
S [ i ]
§0.8_— 4) l_
§1.1:¢|T T |||:
Brofl " e ath T
nl:l i +T ¢/+/ +1> T—/\\;

0.9_///’%1 :

08 IIII1 | II IIIII10

Pu (GeV/c)

Use DPMIET-III above 32 GeV

|
Good agreement ! and JAM below 32 GeV



DPMIJET 11
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



IGRF10 Geomagnetic Horizontal Field Strength
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Atmosphere Model

AREEEEEREEsEEasnes Air density comparison with MSISE90

US-standard Atmosphereg 1.5
Model (1976)
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Atmosphere model (NRLMSISE-00) and seasonal variations
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Calculated Atmospheric Neutrino Flux
averaged 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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0, (m 8 's7 GeV )

Zenith Angle Variation of Neutrino Fluxes at 1 GeV
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0, (s 'sF 'Gev )

Zenith Angle Variation of Neutrino Fluxes at 3.2 GeV
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Azimuth Angle Variation of Neutrino Fluxes at 1 GeV
at SK site
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Production Height (km)

Cumulative Neutrino Production Height
at SK site
(Summed over all azimuth angles)
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Impact of AMS02

and

BESS-polar
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Recent Cosmic Ray observation
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New Cosmic Ray Model with AMSO02
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u—data Observed by BESS (2001)
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Solar Modulation by Neutron
Observed by Monitor
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Solar Modulation of Cosmic Ray
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Solar Modulation of Cosmic Ray
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Primary flux ratio to solar minimum
at BESS p-observation
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Muon Calibration of Interaction Model
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Resulting Neutrino Flux (all v sum)
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Comparison of secondary spectra
of interaction models

at 1 TeV

105 | I | | | | ] | | | | ] | | | ] | | | ] | | §
> - :
g 10 —
5 E ;
< B ]
= q03L ~
> ]
= 102 —— Original Dpmijet lli ]
N - —
sls . —— Old modification
2 1 --- New modification 2 .‘ i
- 10 = t BE
100 I L1 1 1 | L1 1 1 | L1 1 1 | l| | L1 1 1 |

-2.0 -1.5 -1.0 -0.50 0

log E2ndry -log E,



Estimated Error in Atmospheric v-flux Calculation (HKKMSO07)
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Relative Uncertainty
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Possible Error with JAM (HKKM11)

§. W -observation error + Residual of reconstruction
P Kaon production uncertainty
§  Mean free path (interaction crossection) uncertainty

0)

5 Atmosphere density profule uncertainty
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Summary

*We overviewed the calculation of atmospheric neutrino flux in HKKM.

*With NRLMSISE-00 atmosphere model, we find a large seasonal variation of

. . . e VRV
neutrino flux at polar region. This also cause a variation in Ry ratio.
e e

*We presented preliminary study based on AMS02 and BESS-polar.
However, with the muon calibration, resulted atmospheric neutrino flux

is very similar to the one with our (old) primary flux model.

*SK started to observe the predicted features of atmospheric neutrino flux.
*Advertisement: We are planning to record all the atmospheric neutrino
on the earth. Then, we will be able to provide the atmospheric neutrino flux at

any site on the Earth in a shorter period without re-calculation.



Atmospheric neutrino observed by SK

(Advertisement of the talk of Okumura-san)



Solar Modulation of Atmospheric Neutrinos
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NM count at Climax

Solar Modulation of Primary Cosmic Rays pg (N, r): modulation function

and Atmospheric Neutrino
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Observed Azimuthal Variation of v, flux (from PHD thesis of E.Richard)
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Observed Azimuthal Variation of V, flux (from PHD thesis of E.Richard)
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E-®, [GeV cm™ sec! sr]
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Comparison in Z-factor
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10 : | ] | | | | ] | | | ] II | | | ] | I | | ] | | :
_ ! i
A : __d—_'.-'_-'.='—_-—-1--H"-'-'H-l-"":'"="—l”-l-l'l-l'-l ''''' ----.-—_'—'_—':“-'-‘:
™~
F’: . —— O modlflcatlon .
5 - - - New modification 1
& o gd_ --- New modification 2 N
w | - T X e e
- | M ______ ]
v ¥ . :
]
Modification amplitude |l i o . |
0 , Outotthissudy  —  Original Dpijet 1lI -
L I A I
' |
: o New mod|f|cat|on 15 - : | | | | | | | | | | :I | | | | | | | | | | |
40. |- -~ New modification 2; -7~ __ 20 30 ' 4.0 6.0
log E |,

|

4.0 5.0

6.0



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

f¢n+f;<e n, C)d”dz——f fH(P n,C)dT dn

= e an d
CA

Vs




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

1 1 +0 pie2—p? , ,
D= f¢n2+cz<6¢(n,é)dndl=ﬁfeffeﬁzd)(n,l )dT dn

1 +0 pie2_r2 , ,
g :n—GZIBIJ;—Z;q)(n ,8)dn’dC
A

f¢n2+§z<6ndndC:IW<e Cdndzzo

N
-

N f\/n2+§2<encdndz;:0




(continued)

+m

| s mdndt=] o Cdndt= n2dn'dt
=§f*jmz—;23d;
:§e4f+11 V1-¢% dt
1 4
=—mn0
4
Thenweget
1/0%g, g
@0=— Mw 6(n,C)dndT=0(0,0)+ 517 o

Note, the factor before 6° would be a little different,
due to the Jacobian for the integration on a sphere.

0%+



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.



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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Vertical neutrino flux
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Horizontal neutrino flux
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0, (59/0,(109

Example in HKKMO06 (PRD 2007)
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Optimization of r = (6_2) to minimize the statistical error.
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Proton closeup
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Helium closeup
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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 3.2 GeV
at Suth Pole
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Production Height (km)

Cumulative Neutrino Production Height
at INO 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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Amplitude of Modification (SHKKM 2006)
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