V. A. Naumov
Physics of Atmospheric Neutrinos
Abstract

The lecture reviews the physics of neutrino production in the
atmosphere, the detection methods, and the results obtained
with large underground neutrino detectors.

Contents of the lecture.

1. Introduction. The role of atmospheric neutrinos (AN) in
astroparticle physics.

2. Mechanisms and the main features of neutrino production in the
earth's atmosphere at low, intermediate, and high energies.

3. A short review of calculational methods.

4. Sketch of numerical results. Comparison between different
models and analysis of uncertainties.

5. Verification of the AN flux calculations with the cosmic-ray
secondaries in the atmosphere and ground level.

6. Underground muons as a tool for the AN flux normalization.

7. Detection methods. Description of the largest underground
neutrino detectors. Neutrino-induced events classification.

8. Search for neutrino oscillations in underground experiments.

9. Results from the detectors Kamiokande, IMB, NUSEX, Freus,
SOUDAN 2, MACRO, and Super-Kamiokande. Interpretation of the
datain terms of neutrino oscillations.

10. Other explanations (proton decay, neutrino decay, FCNC,
neutron background, etc).
11. Conclusions.
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SUPERKAMIOKANDE DETECTOR

Electronics Catching Neutrinos

trailers

About once every 90 minutes, a neutrino interacts in the detector
chamber, generating Cherenkov radiation. This optical equivalent of
a sonic boom creates a cone of light that is registered on the
photomultipliers that line the tank. Characteristic ring patterns tell
physicists what kind of neutrinos interacted and in which direction
they were headed.

Access
tunnel

Control

12.5 million gallon
tank of ultra-pure
water

Mountains filter out other signals
that mask neutrino detection.

A few neutrinos interact
within the huge tank of super
pure water, generating a
cone of light.
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translated into a
digital image.
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% Super Kamiokande %

NUM 33
RUN 1743
EVENT 188
DATE 96-May-31
TIME 21:43:51
TOT PE: 74546.4
MAX PE: 251.8
NMHIT : 8374
ANT-PE: 1719.3
ANT-MX: 43.0
NMHITA: 239

RunMODE : NORMA

TRG ID :00001011

T diff.:0.467E+05us
. 46.7 ms

FSCC:

TDCO —112900O
%AD ch. masked
SUR EV : 0/ O






| |||||||| | T T T | 1T T TTTT 1 T T T T T TT7T T T T TTTT
. e - like
N 05 ¢ {1 o5t i
+
=) | PC
= 0 :E‘EéE‘EiE':‘ | 1 ot ]
a ! ')
2 -05¢ 1-05} ]
_1 | IIIIIII| | IIIIIII| | L1 1L 11ll _1 | Lo 11l | L L1
10 10° 10t 10> 10™ 10° 10t
Momentum (GeV/c)
250 50
200 40
150 30
100 20 ]
v 50 10
-
S 200 100
°>" u-like
1] 60} p<0.4 GeV/c 80
120 60
80 | 40
40 20
0_ 0
T LI T T IIIIIII T T IIIIIII T LI T LU
15 SK (33 kt/year) |
o
=
S L ++ ............. + ...........
2t + - .
c + Kamiokande
o | +
= ¢ o .
c\u ++ ____ b + Super-Kamiokande
g 05| —
Bt VHHVT
| [eelike o ] 2 0m0tev?|
o like sin26=1
0 L L IIIIIII L L IIIIIII L L IIIIIII L L IIIIIII L L L LIl
10° 10t 102 10° 10% 10° 0 0.2 0.4 0.6 0.8 1



(ev )

Am2

10

107

107k

10

-4

CDHSW
SK through-going
IMB stopping
throughgoing : )
Vue>vr 90% C.L. contour
i L i L i i Ll .
0 01 02 03 04 05 06 07 08 09 1

sin22¢

10

-4

Gosgen
K contained

R
-

2

........

SK through-going

Ve&>Vu 90% C.L. contour

TR Ll L
0010203 04 05 06 07 08 090 1
sin220




Anode
Signal

Cables \ (AN
j s

—— Cathode
Signal
Cables
1
“1
Drift Tubes “ Gas Tight
= Steel Skin
2.7m “
“1
A Drift HV
j Connector
1
/’ @
“1
©
Gas Supply A
Fl.o m H}/
6
r 1 UT
5 * 1 ID+US

Absorber m Scintillator

l = U
M Streamer W Track-Etch 4+

w
L —

MACRO
Events/year




F,(E,>3 GeV) [1083cm™?stsr]

¢ IMB, 1990
¥ Baksan, 1991
® Kamiokande, 1992

"‘_ "'|¥/V""|""|""
Ak
P
et
e
r
—x— o
/
/

Measured rates

(@)




(Eu>1 GeV) [10'13cm'23'1sr'1]
|_\

=
1)

N WA~ OO N 00 ©

0 b
-1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0

MACRO

ID + US
(120 events)

(@]
o
T 77

0
-1 -038

-0.6
-|cos 6|

-0.4

-0.2

60
50
40
30
20
10

U

(85 events)

-0.8

0.6 -0.4
Ccos 0

b)

02 O

® MACRO data (UT, 451 events)

- — Bartol flux
— Am? =25x103eV?, sin?20=1

e @

cos 0

0 010203040506 0.708009 1
-2
sSin<26



SOUDAN 2

Tracks Showers
I T I T 40 T I T I T T E
a) 4 35 + C)
—— Data Y — Data E
> " | Background | ;g ~ | Background

g MC ERT MC
+ 1 10 :
S Tt E T 3
— i — I | | . E| 0 ]

. 500 1000 1500 2000 2500 O 500 1000 1500 2000 2500
12 40— \ ‘ \ ‘ \ \ — 40 \ ‘ \ ‘ \ \ — 3
-3 0] J
> 25 Background 1 25F Background ]
W 5 - _I_ substructed 1 20t + substructed E
15 - S 15¢ E
i 1y, R Jr++++ ]
5F 4 5¢F E
OE'I" i i P \ E Y TR \+‘++\++++ ettt

0 500 1000 1500 2000 2500 O 500 1000 1500 2000 2500

Energy (MeV)

EXCLUDED

0.2 0.4

sin

ALLOWED

0.6
220

0.8

EXCLUDED

0.2 0.4

ALLOWED

0.6 0.8

sin229



[ [
Water detectors Iron detectors

(W/€)gopa | (1/€) e

2 I I I I | I I I I I I I I | I I I I
(We)l(n/e)ges= 06 0.8 1.0 |
15F ,’, 1.2 ]
- 7 14
) - o
O I -
m //
QL 1
q) B
i BGS, 1989
i BN, 1989
0.5F HKHM, 1990 -
i LK, 1990 I
[ KM, 1991
i : H P 1994
| (For Kamiokande)
0 . |

P T R T N R T ! R
0 0.5 1 1.5 2
W ges



Water detectors

D [
- a) 55
15+ ,
1}
05} |
I IMB |
0:::::} -+
- b) 0.61
Q 15F ]
D :
—~ L
g 17
o |
051 KAMIOKANDE
(sub-GeV range) -
07::::“;;w‘}‘”
- C)
1.5}
1
0.5¢ KAMIOKANDE
! (multi-GeV range) -
oL ]
0 05 1 15 2

“data/ “MC |

1.5

1.5

05F

1 05

|15

05

Iron detectors

L B \
) 1
I /0.99
NUSEX -
——— .
- €
- ©) 0.87
FC
Al
FREJUS |
A ey
———— ————
f 0.64
u SOUDAN 2 |
i (prelim.) |
oL Ca ]
0 0.5 1 1.5 2
“data/“MC






