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e Historical introduction

« Atmospheric v beam for particle physics
— Comparison of calculations with data
— Discovery of neutrino oscillations

« Atmospheric v as foreground for
astrophysical neutrinos
— Extrapolation to high energy
— Comments on calibration
— Prompt neutrino background vs diffuse signal
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Historical context

Detection of atmospheric neutrinos
» Markov (1960) suggests Cherenkov light in deep lake or ocean to
detect atmospheric v interactions for neutrino physics
» Greisen (1960) suggests water Cherenkov detector in deep mine
as a neutrino telescope for extraterrestrial neutrinos
* First recorded events in deep mines with electronic detectors, 1965:
CWI detector (Reines et al.); KGF detector (Menon, Miyake et al.)

Two methods for calculating atmospheric neutrinos:

» From muons to parent pions infer neutrinos (Markov & Zheleznykh, 1961; Perkins)
» From primaries to 1, K and u to neutrinos (Cowsik, 1965 and most later calculations)

« Essential features known since 1961: Markov & Zheleznykh, Zatsepin & Kuz'min

* Monte Carlo calculations follow second method

Stability of matter: search for proton decay, 1980°S |, iqromator pgecay
* IMB & Kamioka -- water Cherenkov detectors

« KGF, NUSEX, Frejus, Soudan -- iron tracking calorimeters

« Principal background is interactions of atmospheric neutrinos
* Need to calculate flux of atmospheric neutrinos
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p
. . .
Historical context (cont’d)
Atmospheric neutrino anomaly - 1986, 1988 ...
* IMB too few p decays (from interactions of v,) 1986

n;

» Kamioka p-like / e-like ratio too small.

» Neutrino oscillations first explicitly suggested in 1988 Kamioka paper
» IMB stopping / through-going consistent with no oscillations (1992)

» Hint of pathlength dependence from Kamioka, Fukuda et al., 1994

Discovery of atmospheric neutrino oscillations by S-K €
« Super-K: “Evidence for neutrino oscillations” at Neutriino 98

« Subsequent increasingly detailed analyses from Super-K 1998...

» Confirming evidence from MACRO and Soudan v, ;
» Analyses based on ratios comparing to 1D calculations Ve v

Need for precise, complete, accurate, 3D calculations

* O~ P;/E s large for sub-GeV neutrinos

* Bending of muons in geomagnetic field important for v from p decay

» Complicated angular/energy dependence of primaries (AMS measurement)
» Use improved primary spectrum and hadroproduction information
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Overview of the calculation

¢'V- = prmury flvx @ cutoths o Yy

[gujvlaf ~ gb,,; ® U-—y‘.]
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Summary of Atmospheric Neutrino Calculations

Zatsepin, Kuz'min SP JETP 14:1294(1961) | Mu

Many calculations ~ 1965 --- ~1990 1D

D.H. Perkins Asp.Phys. 2: 249 (1994) | Mu

Honda, Kajita, Kasahara, Midorikawa | PRD 52: 4985 (1995) 1D FRITIOF

Agrawal, Gaisser, Lipari, Stanev PRD 53: 1314 (1996) 1D Target

Battistoni et al Asp.Phys 12:315 (2000) 3D |B | FLUKA
Asp.Phys 19:269 (2003)

P. Lipari Asp.Phys 14:171 (2000) | 3D

V. Plyaskin o003 3D GHEISHA

Tserkovnyak et al Asp.Phys 18:449 (2003) | 3D CALUKAGHEHA

Wentz et al PRD 67 073020 (2003) | 3D VENUS, UrQMD.

Liu, Derome, Buénerd PRD 67 073022 (2003) |3D

Favier, Kossalsowski, Vialle PRD 68 093006 (2003) |3D GFLUKA

Barr, Gaisser, Lipari, Robbins, Stanev | PRD 70 023006 (2004) |3D |C | Target

Honda, Kajita, Kasahara, Midorikawa | PRD 64 053011 (2001) |3D DPMJET
PRD 70 043008 (2004) A
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Comparison of 3
calculations used
by Super-K

Y. Ashi et al. (Super-K Collaboration)
hep-ex/0501064
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F1G.2: (a) The direction averaged atmospheric neutrino energy spec-
trum for vy + ¥, calculated by several authors ar
line [28]. dashed line [29] and dotted line [25]. (b)
calculated neutrino flux. The fluxes caleulated in [29] (solid line) and

[25] (dashed line) are normalized by the Aux in [28].
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1 by solid
The ratio of the

Flavor ratio at production

uncertainties ~cancel

in ratios (e.g. v, /v,)

* v, /v, at production
sets background for
search for effects of
solar and s;5 mixing

Peres & Smirnov, 2004

- 0forr=2,06,;=45°

leub.gey ~2.04 —2.1

Ratio of v, / v, flux calculations
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! e Largest source of

' overall uncertainty

: — 1995: experiments differ

§ by 50% (see lines)

" — Present: AMS, BESS

saef within 5% for protons
; — discrepancy for He
E larger, but He only 20%
. 4 of nucleon flux

L 1047 ' — CAPRICE lower by 15-
i ey 20%

T e
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Primary spectrum: new
standard?

Fit BESS and AMS

Primary spectra of nucleons

T T T T
= Include small
ESSosp * INCluae sma
10 rLines: 3 fits to all-nucleon spectrum CAPRICE p -
Blue: Old spectrum (AGLS, 1996) _AMS He —x—i

e N i GO chemice v contributions from
i heavy elements
» Extrapolate to high E

* Use 4 measurements
as a constraint

E?%dNE  (mPsrsTGev' )

%M

L L L
1 10 100 1000
Eyreic  (@eV/ nucleon)
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Atmospheric neutrino beam

n;

Up-down symmetric
except for
geomagnetic effects

ZENITH
T

 One detector for both
— long baseline
Ve
— short baseline Yu
e 1 <L/E<10°km/GeV
* Vv, /ve~2forE, < GeV
) D. Ayres, A.K. Mann et a., 1982
May 10, 2005 Tom Gaisser
Santa Barbara Also V Stenger, DUMAND, 1980
Classes of atmospheric v events
Contained (any direction) H
v-induced p (from below)
A ‘W““\ A /' ™) 6058
g 2; 50.005
ot ””m\rw‘%@
Ve (Orv)
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Number of Events Number of Events

Number of Events

Super-K atmospheric neutrino data (hep-ex/0501064)
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MACRO Super-KAMIOKANDE
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High-energy v in Super-K

* In Super-K fit, primary spectrum shifts:
— Overall normalization up 11%

— Slope < 100 GeV changes: -2.74 - -2.71
— Slope > 100 GeV changes: -2.71 - -2.66
— K/p decreases by 6%

« Can we use Super-K measurements (together with
muon measurements) to constrain extrapolation of
neutrino spectrum to high energy?

— Work in progress with P. Lipari, T. Stanev & G. Barr
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Neutrino response
to primary spectrum

Neutrino energy

Primary energy / nucleon
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All-nucleon spectrum

Primary spectra of nucleons

All-particle spectrum
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Analytic approximations for E>10 GeV
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Importance of kaons at high E

vertical
- 60 degrees
L4 I m portan Ce Of ph+p and vy +VLl ilux from pions and kaons
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— Charmed e R R e .
10° 10’ 10° 10° 10
analog E, (GeV)
important for
prompt leptons
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Differences in kaon production

ZAactors for p > K* Ratio of v fluxes: TARGET3D / HONDA et al.
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Calibration with

NEVTRINOG FLUX RATIOS
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Calibration using ~universal
L energy spectra at depth

Muon differential fluxes at 6 depths (TKG 03-07-03)

1500 mw.e.

500

W

Normalized differential fluxes of atmospheric ;1 underground

04
035 - 1500 mw.e.
2500
03 4500 ——

NZ 10° -7 3500 52
o o 02
£ 4500 E
T T
% 10° Z o
6000
W 0.1
0.05
7000 mw.e.
10 0 | | I
10° 10’ 10° 10° 10t
E, at depth
-9 L L L . - - -
e 10' 107 10° 1o* See D Chirkin et al. for application
st to calibrating N,;, in AMANDA
May 10, 2005 Tom Gaisser

Santa Barbara

souliIneN 21eydsouny (G0-0T-G wreboadiuliN IHN d.L1M) 8remepq Jo AisBAlun ‘iessies sewoy | "id

2T abed



Global view of atmospheric v spectrum
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Current AMAND
2.6 x 107 GeV/

Prompt p

Possible E-2 diffuse
astrophysical spectrum
(WB bound / 2 for osc)

upper limit
2srs

RPQM for prompt v
Bugaev et al., PRD58 (1998) 054001
Slope =2.7

Diffuse signal vs charmed background
In IceCube
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IceCube Collaboration
J. Ahrens et al., Astropart.Phys. 20 (2004) 507-532
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E-2 “signal” spectrum:
E2dN/dE=107 GeV/cm?3sr s

W-B flux accounting for
oscillations

Fig. 4. Channel multiplicity for different event classes at level 2: For sig-
nal from E-? source (dashed), atmospheric neutrinos including the two alternative
charm contributions TIG (sparse dots) and rqpm (dense dots) and CR muon events
(full lines).

souliIneN 21eydsouny (G0-0T-G wreboadiuliN IHN d.L1M) 8remepq Jo AisBAlun ‘iessies sewoy | "id

€T abed




Concluding comments

Discovery of neutrino oscillations depends on
measured ratios; therefore robust

Super-K fits suggests relatively hard spectrum

Uncertainty in level of charm production limits
sensitivity to diffuse astrophysical neutrinos

Emphasis on point sources

Tau-neutrinos (and cascades) important tags
— V,1Ve 1V~ 1:0.1:10" (high energy atmos.)

— ~1:1:1 for astrophysical

May 10, 2005 Tom Gaisser
Santa Barbara

souliIneN 21eydsouny (G0-0T-G wreboadiuliN IHN d.L1M) 8remepq Jo AisBAlun ‘iessies sewoy | "id

T abed



