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primary cosmic rays almost never reach sea level
atmosphere is ~12 hadronic interaction lengths thick �p(air) = 80 g/cm2

1030 g/cm2/80 g/cm2 ⇡ 12

probability of primary cosmic ray to survive ⇡ exp(�12) ⇡ 6 · 10�6

be careful, in the literature the term „secondary cosmic rays“ is used two-fold:
in the Galaxy, secondary CRs are produced in spallation reactions, e.g. Li, Be, B
in the atmosphere CRs produce secondary particles such as pions, muons, etc

secondary particles produced in the atmosphere reach sea level
hadrons, electrons and gamma rays interact immediately with the rock and are 
quickly absorbed
10 m of rock provide two or three times more column density than the whole 
atmosphere
only high-energy muons (E>500 GeV) can penetrate deep underground  
also neutrinos (with their small interaction cross section) can penetrate many 
meters of rock

Cosmic rays underground
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High energy muons underground
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Cosmic rays underground
Stanev chapter 7
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Atmospheric neutrinos
GeV neutrinos originate in pion decay chain
(and corresponding reactions for        ) 
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decay length for 1 GeV muon ~6 km
characteristic length for vertical atmospheric cascade ~20 km

mesons + muons decay
—> spectrum of neutrinos follows spectrum of primary CRs
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Figure 4. Neutrino interaction processes in the NOQA detectors; (top) a QP charged current event with 
long muon track and a recoil proton, (middle) a Qe charged current event with a typical electron 

shower, and (bottom) a Q neutral current event with a S0 in the final state. 
To measure the QPoQe oscillation probability, identification of an electron in the final state of a 

neutrino interaction must be made.  Backgrounds from QP CC events can be relatively easily identified 
by the presence of a muon in the final state as shown.  A NC event containing a S0 in which the 2 
photons can not be resolved is a particularly difficult background to reject.  The design of the NOQA 
experiment is optimized to detect and characterize electromagnetic showers, distinguishing photon 
showers (mainly from S0s) from electron showers.  The NOQA detectors are low Z sampling 
calorimeters with an active volume of ~77% (~66% active mass).  Some parameters of interest are the 
critical energy EC = 73 MeV, the radiation length, X0 = 38 g/cm2 o 37.5 cm along the axis of the 
detector, and the Moliere radius of ~10 cm (2.5 cell widths).  A single NOQA layer is 6.63 cm thick so 
electromagnetic showers are sampled at ~0.18 X0 per layer.  Due to the relatively high EC of 73 MeV 
(compared to ~10 MeV for the ZEUS U/Scintillator calorimeter), electromagnetic showers are short in 
X0, being almost entirely contained in 10 X0 as opposed to ~25 X0 for ZEUS.  However, in spatial 
dimensions, these showers are ~4 m long in NOQA compared to ~20 cm for ZEUS.  Therefore, the 
high sampling rate per X0 and the large spatial extent of electromagnetic showers will help in 
distinguishing electrons from photons and S0s. 

The longitudinal and transverse shower shapes of electromagnetic showers can be calculated using 
parameters of the detection medium.  This is possible since the energy deposits in an electromagnetic 
shower are highly correlated with each other.  The longitudinal profile of electron showers for energies 
of interest is calculated and shown in Figure 5. 

XVth International Conference on Calorimetry in High Energy Physics (CALOR2012) IOP Publishing
Journal of Physics: Conference Series 404 (2012) 012035 doi:10.1088/1742-6596/404/1/012035
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Super-Kamiokande water Cherenkov detector
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Neutrino detection
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Muon neutrino cross section

OEU �R:?MA4&L6! <&VRL6<?M @/@

ä°£ £ £ä £ää £äää £ääää
ä

ä°Ó

ä°{

ä°È

ä°n

£

 ] �i6

 
É

]£
ä

V�
É�
i6

�Î
n

Ó

�

¦ �
�

��-

+

���� ���� V?< <&VRL6<? !L?MM5M&!R6?< �M � +V<!R6?< ?+ R4& <&VRL6<? &<&L2ZE �� �<$
�	� !L?MM5M&!R6?<M �L& 9��&9&$E 	< �&RX&&< 6M R4& @- !L?MM5M&!R6?<E

�ZB(M8<(>S�;;[ S6( >(WSM8>@ !M@NN7N(!S8@>N �M( �(SS(M :>@Y> �S 6846(M (>7
(M4[F �6( ;@Y (>(M4[ !M@NN7N(!S8@>N �M( N@ N<�;; S6�S S6( !@;;(!S8@> @- (ZB(M87
<(>S�; NS�S8NS8!N �(!@<(N X(M[ %8/!W;SF �6( 8>S(M<(%8�S( (>(M4[ CACD !M@NN7
N(!S8@> �V]T $ Y6(M( S6( 8>(;�NS8! >(WSM8>@ 8>S(M�!S8@> 8N �!!@<B�>8(% �[ S6(
BM@%W!S8@> @- � N8>4;( B8@>$ 6�N �((> NSW%8(% (X(> ;(NNF

74;42 �3>�5�)'1*/' .<1/6

�(WSM8>@ %(S(!S8@> S6M@W46 WBY�M%74@8>4 <W@>N Y�N %(X(;@B(% ;@>4 �4@$ �(7
!�WN( 8S 8>!M(�N(N N84>80!�>S;[ S6( (.(!S8X( X@;W<( @- S6( >(WSM8>@ %(S(!S@MF
	<�48>( � %(S(!S@M Y8S6 NWM-�!( �M(� �$ 6(846S 1 �>% X@;W<( � + 1 � � �N
N6@Y> 8> �84F PF?F �@M -W;;[ !@>S�8>(% (X(>SN S6( 0%W!8�; X@;W<( Y8;; �( ;(NN
S6�> @>( 6�;- � F �@M WBY�M%74@8>4 <W@>N S6( (.(!S8X( X@;W<( @- S6( %(S(!S@M
Y8;; �( 8>!M(�N(% �!##J1 S8<(N Y68!6 !@W;% �( � X(M[ N84>80!�>S >W<�(MF �@M
<W@>N @- (>(M4[ A �(� �!## + VFP :<FYF(F �@M � Y�S(M7�6(M(>:@X %(S(!S@M
@- 6(846S VP < CS�;;(M S6�> � (846S7NS@M[ 6@WN(D S6( 8>!M(�N( 8N A]] S8<(NF �6(
0MNS %(S(!S8@>N @- �S<@NB6(M8! >(WSM8>@N �A)V$ A)T Y(M( Y8S6 >(WSM8>@78>%W!(%
<W@>NF

�6( M�S( @- >(WSM8>@78>%W!(% WBY�M%74@8>4 <W@>N 8N @�S�8>(% N8<8;�M;[ S@
CPFA3D Y8S6 S6( (X�;W�S8@> @- 'H� J'T M(B;�!(% �[ S6( BM@���8;8S[ �0.C�0 & �.D
S6�S � >(WSM8>@ @- (>(M4[ �0 Y8;; BM@%W!( � <W@> @- (>(M4[ ��@X( �. �S S6(
%(S(!S@M �A?)$ A??$ V]] $ 8F(F

��S('�C0 �.D +

� �

��

'�.

� ���-�

��

'�

'�0
�0.C�0 & �.D '�. @ CPFA1D

�6( BM@���8;8S[ �0.C�0 & �.D 8N 48X(> �[ �> 8>S(4M�; @X(M S6( %8.(M(>S8�; >(W7
SM8>@ !M@NN7N(!S8@> 'HJ'T (X�;W�S(% �S T + A��

.J�0 -@;%(% Y8S6 S6( (.(!S8X(
M�>4( �!## C�

.& �.D @- � <W@> @- (>(M4[ �
. S@ M(�!6 S6( %(S(!S@M Y8S6 (>(M4[

�.F

@/\ O �?M:6! L�ZM V<$&L2L?V<$

ä°£ £ £ä £ää £äää £ääää
ä

£

Ó

Î

{

x

 ] �i6

`
,
>Ì
i
É`

��


�

�

vÕ
��Þ
V�
�Ì
>�
�i
`
É£
ä

*
ÉÃÌ�««��}

Ì�À�Õ}�}���}

���� ���� �<&L2Z $6MRL6�VR6?< ?+ <&VRL6<?M L&MA?<M6�9& +?L $6,&L&<R RZA&M ?+ &YA&L5
6:&<R�9 &W&<RME �4& !VLW&M �L& 9��&9&$ �<$ R4& ?<& +?L �� &W&<RM 6M A9?RR&$ X6R4 �
$�M4&$ 96<&E �?R& R4�R R4& !VLW& +?L +V99Z !?<R�6<&$ &W&<RM 6M M!�9&$ $?X< �Z � +�!R?L
?+ @\E �4& V<6RM +?L R4& L�R& �L& B�REZLC��E

�6( M�S( @- !@>S�8>(% >(WSM8>@ (X(>SN C�� @M ��D 8N !�;!W;�S(% �[ �>
8>S(4M�S8@> @X(M S6( >(WSM8>@ NB(!SMW< �>% S6( BM@���8;8S[ S6�S � >(WSM8>@ @-
(>(M4[ �0 !�> 4(>(M�S( � ;(BS@> @- (>(M4[ �+F �@M ;(BS@>N @- (>(M4[ �(SY((>
�� �>% �& S6( M�S( 8N

��S( + ��

� ��

��

'�+

� ���-�

��

'�

'�0

�

'HC�0 D

'T

�

C�����;��

'�0 & CPFA3D

Y6(M( H 8N S6( >(WSM8>@ 8>S(M�!S8@> !M@NN7N(!S8@>$ :+ 8N S6( <�NN @- S6( ;(BS@>$
�>% T + A��+J�0 8N S6( �9@M:(> X�M8��;(F �6( M�S( -@M WBY�M%74@8>4 <W@>N
8>!;W%(N S6( <W@> M�>4( �>% 8N %8N!WNN(% 8> �(!SF PFVFAF

�6( >(WSM8>@ 8>S(M�!S8@> !M@NN7N(!S8@>N 8> S6( Y6@;( (>(M4[ M�>4( @- �S<@7
NB6(M8! >(WSM8>@N �M( M(;�S8X(;[ Y(;; :>@Y>F �(;@Y A �(� S6( !M@NN7N(!S8@> 8N
%@<8>�S(% �[ S6( HW�N87(;�NS8! N!�SS(M8>4 �V]A =C==D G <C?D � 6	 G ?C<D �>%
�S 6846(M (>(M4[ S6( <@NS 8<B@MS�>S BM@!(NN 8N S6( %((B 8>(;�NS8! N!�SS(M8>4
C�	�D �V]V = G � � 6 G � G � $ Y6(M( � !@W;% �( @>( @M <@M( 6�%M@>NF
�6( !6�M4( !WMM(>S BM@!(NN C��D$ Y6(M( S6( ;(BS@> >W<�(M @- S6( >(WSM8>@ 8N
SM�>N-(MM(% S@ � ;(BS@>$ 8N S6( <@NS 8<B@MS�>S @>( -@M �S<@NB6(M8! >(WSM8>@
%(S(!S8@>F �-S(M S6( S6M(N6@;% (>(M4[ M�>4( S6( �	� !M@NN7N(!S8@> 8N BM@B@M7
S8@>�; S@ S6( >(WSM8>@ (>(M4[ WB S@ (>(M4[ @- ��@WS A �(�F �84WM( PF) N6@YN
S6( <W@> >(WSM8>@ !M@NN7N(!S8@> �N � -W>!S8@> @- S6( >(WSM8>@ (>(M4[F 	> S6(
�(� (>(M4[ M�>4( S6( �>S8>(WSM8>@ !M@NN7N(!S8@> 8N ��@WS ART @- S6( >(WSM8>@
!M@NN N(!S8@>F �6( !M@NN7N(!S8@>N �M( NSM@>4;[ NWBBM(NN(% �S S6M(N6@;%$ 8F(F �S
(>(M48(N N;846S;[ ��@X( S6( <�NN @- S6( N(!@>%�M[ ;(BS@>F

@/\ O �?M:6! L�ZM V<$&L2L?V<$

ä°£ £ £ä £ää £äää £ääää
ä

£

Ó

Î

{

x

 ] �i6

`
,
>Ì
i
É`

��


�

�

vÕ
��Þ
V�
�Ì
>�
�i
`
É£
ä

*
ÉÃÌ�««��}

Ì�À�Õ}�}���}

���� ���� �<&L2Z $6MRL6�VR6?< ?+ <&VRL6<?M L&MA?<M6�9& +?L $6,&L&<R RZA&M ?+ &YA&L5
6:&<R�9 &W&<RME �4& !VLW&M �L& 9��&9&$ �<$ R4& ?<& +?L �� &W&<RM 6M A9?RR&$ X6R4 �
$�M4&$ 96<&E �?R& R4�R R4& !VLW& +?L +V99Z !?<R�6<&$ &W&<RM 6M M!�9&$ $?X< �Z � +�!R?L
?+ @\E �4& V<6RM +?L R4& L�R& �L& B�REZLC��E

�6( M�S( @- !@>S�8>(% >(WSM8>@ (X(>SN C�� @M ��D 8N !�;!W;�S(% �[ �>
8>S(4M�S8@> @X(M S6( >(WSM8>@ NB(!SMW< �>% S6( BM@���8;8S[ S6�S � >(WSM8>@ @-
(>(M4[ �0 !�> 4(>(M�S( � ;(BS@> @- (>(M4[ �+F �@M ;(BS@>N @- (>(M4[ �(SY((>
�� �>% �& S6( M�S( 8N

��S( + ��

� ��

��

'�+

� ���-�

��

'�

'�0

�

'HC�0 D

'T

�

C�����;��

'�0 & CPFA3D

Y6(M( H 8N S6( >(WSM8>@ 8>S(M�!S8@> !M@NN7N(!S8@>$ :+ 8N S6( <�NN @- S6( ;(BS@>$
�>% T + A��+J�0 8N S6( �9@M:(> X�M8��;(F �6( M�S( -@M WBY�M%74@8>4 <W@>N
8>!;W%(N S6( <W@> M�>4( �>% 8N %8N!WNN(% 8> �(!SF PFVFAF

�6( >(WSM8>@ 8>S(M�!S8@> !M@NN7N(!S8@>N 8> S6( Y6@;( (>(M4[ M�>4( @- �S<@7
NB6(M8! >(WSM8>@N �M( M(;�S8X(;[ Y(;; :>@Y>F �(;@Y A �(� S6( !M@NN7N(!S8@> 8N
%@<8>�S(% �[ S6( HW�N87(;�NS8! N!�SS(M8>4 �V]A =C==D G <C?D � 6	 G ?C<D �>%
�S 6846(M (>(M4[ S6( <@NS 8<B@MS�>S BM@!(NN 8N S6( %((B 8>(;�NS8! N!�SS(M8>4
C�	�D �V]V = G � � 6 G � G � $ Y6(M( � !@W;% �( @>( @M <@M( 6�%M@>NF
�6( !6�M4( !WMM(>S BM@!(NN C��D$ Y6(M( S6( ;(BS@> >W<�(M @- S6( >(WSM8>@ 8N
SM�>N-(MM(% S@ � ;(BS@>$ 8N S6( <@NS 8<B@MS�>S @>( -@M �S<@NB6(M8! >(WSM8>@
%(S(!S8@>F �-S(M S6( S6M(N6@;% (>(M4[ M�>4( S6( �	� !M@NN7N(!S8@> 8N BM@B@M7
S8@>�; S@ S6( >(WSM8>@ (>(M4[ WB S@ (>(M4[ @- ��@WS A �(�F �84WM( PF) N6@YN
S6( <W@> >(WSM8>@ !M@NN7N(!S8@> �N � -W>!S8@> @- S6( >(WSM8>@ (>(M4[F 	> S6(
�(� (>(M4[ M�>4( S6( �>S8>(WSM8>@ !M@NN7N(!S8@> 8N ��@WS ART @- S6( >(WSM8>@
!M@NN N(!S8@>F �6( !M@NN7N(!S8@>N �M( NSM@>4;[ NWBBM(NN(% �S S6M(N6@;%$ 8F(F �S
(>(M48(N N;846S;[ ��@X( S6( <�NN @- S6( N(!@>%�M[ ;(BS@>F

@/\ O �?M:6! L�ZM V<$&L2L?V<$

ä°£ £ £ä £ää £äää £ääää
ä

£

Ó

Î

{

x

 ] �i6

`
,
>Ì
i
É`

��


�

�

vÕ
��Þ
V�
�Ì
>�
�i
`
É£
ä

*
ÉÃÌ�««��}

Ì�À�Õ}�}���}

���� ���� �<&L2Z $6MRL6�VR6?< ?+ <&VRL6<?M L&MA?<M6�9& +?L $6,&L&<R RZA&M ?+ &YA&L5
6:&<R�9 &W&<RME �4& !VLW&M �L& 9��&9&$ �<$ R4& ?<& +?L �� &W&<RM 6M A9?RR&$ X6R4 �
$�M4&$ 96<&E �?R& R4�R R4& !VLW& +?L +V99Z !?<R�6<&$ &W&<RM 6M M!�9&$ $?X< �Z � +�!R?L
?+ @\E �4& V<6RM +?L R4& L�R& �L& B�REZLC��E

�6( M�S( @- !@>S�8>(% >(WSM8>@ (X(>SN C�� @M ��D 8N !�;!W;�S(% �[ �>
8>S(4M�S8@> @X(M S6( >(WSM8>@ NB(!SMW< �>% S6( BM@���8;8S[ S6�S � >(WSM8>@ @-
(>(M4[ �0 !�> 4(>(M�S( � ;(BS@> @- (>(M4[ �+F �@M ;(BS@>N @- (>(M4[ �(SY((>
�� �>% �& S6( M�S( 8N

��S( + ��

� ��

��

'�+

� ���-�

��

'�

'�0

�

'HC�0 D

'T

�

C�����;��

'�0 & CPFA3D

Y6(M( H 8N S6( >(WSM8>@ 8>S(M�!S8@> !M@NN7N(!S8@>$ :+ 8N S6( <�NN @- S6( ;(BS@>$
�>% T + A��+J�0 8N S6( �9@M:(> X�M8��;(F �6( M�S( -@M WBY�M%74@8>4 <W@>N
8>!;W%(N S6( <W@> M�>4( �>% 8N %8N!WNN(% 8> �(!SF PFVFAF

�6( >(WSM8>@ 8>S(M�!S8@> !M@NN7N(!S8@>N 8> S6( Y6@;( (>(M4[ M�>4( @- �S<@7
NB6(M8! >(WSM8>@N �M( M(;�S8X(;[ Y(;; :>@Y>F �(;@Y A �(� S6( !M@NN7N(!S8@> 8N
%@<8>�S(% �[ S6( HW�N87(;�NS8! N!�SS(M8>4 �V]A =C==D G <C?D � 6	 G ?C<D �>%
�S 6846(M (>(M4[ S6( <@NS 8<B@MS�>S BM@!(NN 8N S6( %((B 8>(;�NS8! N!�SS(M8>4
C�	�D �V]V = G � � 6 G � G � $ Y6(M( � !@W;% �( @>( @M <@M( 6�%M@>NF
�6( !6�M4( !WMM(>S BM@!(NN C��D$ Y6(M( S6( ;(BS@> >W<�(M @- S6( >(WSM8>@ 8N
SM�>N-(MM(% S@ � ;(BS@>$ 8N S6( <@NS 8<B@MS�>S @>( -@M �S<@NB6(M8! >(WSM8>@
%(S(!S8@>F �-S(M S6( S6M(N6@;% (>(M4[ M�>4( S6( �	� !M@NN7N(!S8@> 8N BM@B@M7
S8@>�; S@ S6( >(WSM8>@ (>(M4[ WB S@ (>(M4[ @- ��@WS A �(�F �84WM( PF) N6@YN
S6( <W@> >(WSM8>@ !M@NN7N(!S8@> �N � -W>!S8@> @- S6( >(WSM8>@ (>(M4[F 	> S6(
�(� (>(M4[ M�>4( S6( �>S8>(WSM8>@ !M@NN7N(!S8@> 8N ��@WS ART @- S6( >(WSM8>@
!M@NN N(!S8@>F �6( !M@NN7N(!S8@>N �M( NSM@>4;[ NWBBM(NN(% �S S6M(N6@;%$ 8F(F �S
(>(M48(N N;846S;[ ��@X( S6( <�NN @- S6( N(!@>%�M[ ;(BS@>F



Particles & Cosmos, Jörg R. Hörandel �28

Upward going muons
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l.8m,
ever, it is estimated that the contribution arising
from these neutrinos is &0.3 event. In making
this calculation, we assume that the muon re-
ceives, on the average, —,

' the neutrino energy.
The expected rate of inelastic events was cal-
culated assuming the cross section is given
by

g =0.4x10 "E cm' (E in BeV).
ln V V

2.8

2.l m

TOP VIEW

l.9 m.

1.8 m.

END VIEW

FIG. 3. Reconstruction of event of 23 February 1965.

events of Table I, it appears difficult to explain
these events by known processes involving these
muons. It is therefore plausible that the events
of Table I are due to neutrino interactions.
An estimate of the expected rate due to neutrinos
produced in the earth's atmosphere is appro-
priate at this point.
In the following calculations we assumed a

neutrino spectrum (v&+v ) which had the form
1~=4.8x10 'E "cm ' sec ' sr ' in the
vertical direction above 1 BeV. The detailed
angular distribution was taken into account.
For elastic events,

+
v +P-n+ p and v +n-P+ p,

produced by neutrinos above 1 BeV, we would
expect 0.3 event in the period of this observa-
tion. Information on the neutrino flux is less
well known below 1 BeV because the associated
muons are absorbed in the atmosphere. How-

This cross secion is consistent with the work
of the CERN bubble chamber group. Inelastic
events should contribute 0.8 event for neutrino
energies between 1 and 10 BeV during this pe-
riod. We assume here that the muon receives
on the average, —,

' of the neutrino energy.
We conclude that if the seven events of Table I

were all due to neutrinos, then either the neu-
trino flux is higher than anticipated or the inter-
action cross section rises more rapidly with
energy above the region investigated by the
accelerator groups. The combination of these
effects would have to amount to a factor of
five or six to remove the discrepancy between
predictions and observation, setting aside the
very real possibility of statistical fluctuations.
The events of Table I are consistent. with iso-

tropy in the laboratory system and show no
correlation with sidereal time.
We wish to express our appreciation to Mr.

A. A. Hruschka for his advice and help in de-
signing and constructing the equipment and the
laboratory facilities deep underground. Mr.
Bruce Shoffner was most helpful in the design
and construction of the electronics. We are
grateful to the directors of the Rand Mines
and their consulting engineers F. G. Hill and
M. Bar cza and the general manager of the East
Rand Proprietary Mines and his staff for pro-
viding us with the underground laboratory.
Note added in proof. —If form factors are

taken into account for elastic reactions, the
muon received typically 0.8 of the neutrino
energy rather than the 0.5 used in this Letter.
Regarding the inelastic contribution, recent
data from CERN indicate that on the average,
the muon gets 0.5 of the neutrino energy rather
than the 0.33 used above. If we re-evaluate
the expected rates with these numbers, we
obtain 0.5 (elastic &1 BeV), 1.2 (inelastic 1 to
10 BeV), or a total of 1.7 events expected during
the period reported. Since the CERN data can
be interpreted to imply a more rapid rise than
linear in the inelastic cross section, it is con-
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and S. B. Trieman, Phys. Rev. Letters 14, 518 (1965);
J. M. Cornwall, P. G. O. Freund, and K. T. Mahan-
thappa, Phys. Rev. Letters 14, 515 (1965).
6In reference 1 it states that the three-meson decays

involving 3x, q+2x, p+2x, and ~+27t. are comparable.
Actually, it is found that the p+2m and ~+2m modes
are favored over the 3m and q+2m modes, although it
probably is still insufficient to account for the vast
differences in decay rates between these two types of
processes without introducing symmetry-breaking ef-
fects. The p+ 2m and e+ 2m modes are found to be com-
parable. For a detailed list of branching ratios, see
reference 2.
~H. Harari, H. J. Lipkin, and S. Meshkov, Phys.

Rev. Letters 14, 845 (1965).
The absence of this term implies that the magni-

tudes of the p+7t (27t), p 7t+(2m), and p07|0(27t) ampli-
tudes are the same, and that the introduction of this
term displaces the magnitude of the p+71. (2m) ampli-
tude one way, and that of the p z+(27t) amplitude the
other way with equal amounts. Therefore, the statis-
tical average of the p+3m processes should not be
greatly perturbed.
See reference 1 for a summary of the experimental

data.
~ R. Armenteros et al. , Phys. Letters 17, 170 (1465);

¹ Barash et. al. , "Antiproton Annihilation in Hydro-
gen at Rest I, Reaction p+p K+K+m" (to be published).
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The flux of high-energy neutrinos from the
decay of K, m, and p. mesons produced in the
earth's atmosphere by the interaction of pri-
mary cosmic rays has been ca,lculated by many
authors. ' In addition, there has been some con-
jecture~ as to the much rarer primary flux of
high-energy neutrinos originating outside the
earth's atmosphere. We present here evidence'
for the interactions of "natural" high-energy
neutrinos obtained with a large area liquid scin-
tillation detector (110m') located at a depth
of 3200 m (8800 meters of water equivalent,
average Z'/A = 5.0) in a South African gold mine.
The essential idea of the present experiment'

is to detect the energetic muons produced in
neutrino interactions in a mass of rock by means
of a large area detector array imbedded in it.
Backgrounds are reduced by the large overbur-
den and by utilizing the fact that the angular
distribution of the residual muons from the
earth's atmosphere is strongly peaked in the
vertical direction at this depth. The angular
distribution of the muons produced by neutrino
interactions should show a slight peaking in
the horizontal direction. '
The detector array, shown schematically

in Fig. 1, consists of two parallel vertical
walls made up of 36 detector elements. The
array is grouped into 6 "bays" of 6 elements

each. Each detector element, Fig. 2, is a
rectangular box of I.ucite of wall area 3.07 m'
containing 380 liters of a mineral-oil based
liquid scintillator, ~ and is viewed at each end
by two 5-in. photomultiplier tubes. The array
constitutes a hodoscope which gives a rough
measurement of the zenith angle of a charged
particle passing through it. In addition, the
event is located along the detector axis by the
ratio of the photomultiplier responses at the
two ends. The sum of the responses then pro-

l.9m
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FIG. 1. Schematic of detector array.
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P.M.
TUBES ~12.5 ~

cm.

FIG. 2. Sketch of detector element.

vides a measure of the energy deposited and
hence the track length in the detector. The
scintillator is 20 MeV thick for minimum ion-
izing particles, well above energies charac-
teristic of natural or induced radioactivity.
Pulses from every photomultiplier tube were
presented on two oscilloscopes, one for each
side (E or W) of the array, and photographed
whenever at least a fourfold coincidence of the
type AE, BE,CE,DE or AW, BW, CW,D oc-
curred. The four tubes responsible for the
coincidence, although on the same side (E or
W), were not required to be located in the same
detector element. A coding system consisting
of signal mixers and delay lines was used to
identify the photomultiplier tubes on the oscil-
loscope traces. A second system in which the

pulse amplitudes from individual tubes were
stored as charges on condensers was also em-
ployed during the phase of the experiment re-
ported here. Calibration and system checks
were accomplished by means of a light pulser
placed at the center of the detector elements,
an electronic pulser, and a Y' source, the
response to which was related to the signal
from cosmic rays as seen in an identical de-
tector element located above ground. The four-
fold accidental coincidence rate is «iiyr for
energies &15 MeV. From data obtained with
this system, it was possible to deduce the flux
and information regarding the direction —but
not sense-of the charged particles which pen-
etrated the detector.
The system was set into operation, one bay

at a time, starting in September 1964, and
all six bays were completely operational by
June 1965. To date we have logged 563 bay
days of operation. Allowing for the solid an-
gle seen by the detector, this corresponds to
14200 m' days sr or the equivalent of all six
bays for 94 days. Tables I, II, and III list events
of various classes, their time of occurrence,
the detector elements involved, the energy de-
posited, and, for events in which more than
one tank gave a signal, the locations in the
tanks. Figure 3 is a sample reconstruction
of an eightfold event, the event of 23 February
1965.
We now present estimates of the extent to

which various processes involving ordinary
cosmic-ray muons can contribute to the events

Table I. Eightfold events (coincidences involving one element of each side). Run time for events was 563 bay days.

Date

Time~
Greenwich

(h) Tank

Location of
events (meters
from north end)

Energy
deposited in
detector
(MeV)

23 February 1965

1 March

17 March

20 April

1 June

3 June

21 48

00:20

18.52

14:16

22:37

Ol 42

15 21

E4L
%4L
E5M
%5U
E4L
W4L
E2M
%2M
ElL
W2L
E4U
%4hf
E3M
%'3U

2.1
2.8
0.03
4.9
3.6
1.7
4.6
3.4
5.5
0.55
2.4
3.7
1.3
3.0

29
18
55
118
19.4
16.0
23.5
24.5
18.5
18.0
5.0
18.0
21.0
30.0
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T~ne TIT 

Typ 

Tyl 

flesh tubes 

Fig. 1. Neutrino telescope. 

in the in t e rac t ions  of cosmic  ray neut r inos ;  for  
p r e l i m i n a r y  r epor t s  concern ing  the exper imenta l  
se t -up  see  refs .  2 and 3. This  exper iment  has 
been in opera t ion  in the Kolar  Gold Mines at a 
depth of 7 600 ft. (equivalent  to 7 500 m.w.e.  * of 
standard rock with Z2/A = 5.5) s ince  March  1965. 

Fo r  the in i t ia l  phase  of the exper iment  we 
have u s e d t w o  te lescopes ,  each consis t ing  of 2 
ve r t i ca l  wal ls  of p las t ic  sc in t i l l a to r s  2 m long 
and 3 m high sepa ra t ed  by 80 cm as  shown in fig. 
1. Each " sc in t i l l a to r  e lement" ,  one square  
m e t e r  in a r ea ,  and composed of 4 p las t ic  sc in t i l -  
l a to r  blockn,  is  viewed by 2 adjacent  5" d i a m e t e r  
photomul t ip l ie r s ;  four - fo ld  coincidences  a r e  

Table 1 

Event Type of Projected 
number coincidence zenith angle Date Time 

1 TEL.2N4+S 4 37 ° 30.3 20.04 

2 TEL.1NI+S  1 48+1  ° 27.4 18.26 

3 TEL.2 N6+S 6 75+_10 ° 25.5 20.03 

* At Kolar Z2/A = 6.5 and rock density = 3.02 g/era 3 
and accordingly the depth of 7 600 ft. corresponds to 
7 000 m.w.e, for Kolar rock. 

TYPE I EVENTS: (NIOR2 -I- SIOR2) OR (N30R4 t-S30R4) 
oR (NsoR6 +SsoR6) 

TYPE IT EVENTS: (N3oR4"I'SIoR2) OR (N3OR4 +SsoR6) 
OR (NsoR6 "1"$30R4) OR ( N I o  R 24"$3OR4 ) 

TYPE nT EVENTS (NIoRg +SsoR6) OR (N$OR6 +SIoR2) 

N MEANS NORTH : S MEANS SOUTH 

Fig. 2. 

recorded between a pa i r  of photomul t ip l ie rs  on 
one wall and any pa i r  on the other  wall. Between 
the sc in t i l l a to r  walls  is  space for  t h ree  a r r a y s  
of neon f lash tubes with 4 columns of tubes in 
each a r r a y  and also for  2 walls  of lead abso rbe r ,  
each 2.5 cm in th ickness .  During the per iod over 
which the data p resen ted  in this note were  ob- 
ta ined  the te lescopes  were s t i l l  incomplete ,  one 
having two (extreme) a r r a y s  of f l ash- tubes  and 
lead (telescope 1) and the other  containing only 
one (central)  a r r a y  of f l ash- tubes  (telescope 2) 
without lead. When 4-fold coincidences  occur,  
the photomul t ip l ier  pulses  a re  recorded on osc i l -  
loscopes  and af ter  a delay of about 30 m i c r o -  
seconds a high voltage pulse is applied to the 
e lec t rodes  of the f lash- tube  a r r ays .  

Fo r  each square  m e t e r  of detector  a rea  
looked at by one pa i r  of photomul t ip l ie rs  the 
counting ra te  was adjusted to be 20/hour ,  a lmos t  
al l  of which was due to background gamma rays  
of radioact ive  origin.  Hence the accidental  
chance coincidence rate  for  4-fold coincidence 
is  about 1 in 7 yea r s  and the coincidence ra te  
due to double Compton effect of gamma rays  is  

Table 2 
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and accordingly the depth of 7 600 ft. corresponds to 
7 000 m.w.e, for Kolar rock. 

TYPE I EVENTS: (NIOR2 -I- SIOR2) OR (N30R4 t-S30R4) 
oR (NsoR6 +SsoR6) 

TYPE IT EVENTS: (N3oR4"I'SIoR2) OR (N3OR4 +SsoR6) 
OR (NsoR6 "1"$30R4) OR ( N I o  R 24"$3OR4 ) 

TYPE nT EVENTS (NIoRg +SsoR6) OR (N$OR6 +SIoR2) 

N MEANS NORTH : S MEANS SOUTH 

Fig. 2. 
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In this note we xtraw attenUon to the fact  that  
the mechan i sm of l a r g e - a n g l e  sca t te r ing  in the 
h igh-energy  region can  be thought of as  s ca t t e r -  
ing to c lass ica l ly  forbidden angles, as  is well-  
known in quantum mechanics .  In par t icu lar ,  an 
example of sca t te r ing  of this kind is b a r r i e r  re -  
flection. 

As [3] in quantum mechanics ,  cons ider  the 
p r o c e s s  of sca t te r ing  on the potential U(r), 
which is an even analyt ical  function of r (having 
no s ingular i t ies  on the rea l  axis), the sca t te r ing  
amplitude in the h igh-energy  region E >> I U I in 
the quas i - c l a s s i ca l  approximation (pa >> 1) can 
be represen ted  as :  

" I m r °  " ' 0 )  ( I m r ° " / - O  f ~ e x p ~ -  ~ p s l n ~  --exp\---~-- (2) 

where t = -2p2(1-cos0) is the momentum trans- 
ferred. 

The value r o can be defined from the usual 
classical equation, determining the dependence 
of the impact parameter p(8) on the scattering 
angle a, if complex values of p are also consid- 
ered. That will correspond to the scattering to 
angles impermissible in classical mechanics. 

For exaemple, for the potential U = 
U o exp (-r2/a2), r o is slightly dependent on the 
energy E and the angle 0 as: 

ro ~ i a / l n  I(E/Uo) sin2 ½ 01 • 

Such is the si tuation in quantum mechanics .  

In [4] it was shown that the problem of scat- 
tering in quantum field theory can be described 
by a Schr'ddinger-type equation with the complex 
quasi-potential, depending not only on r, but 
also on the energy of the system. 

The imaginary part of the quasi-potential is 
a negative definite function and it defines the in- 
elastic processes in the system. 

Using the same arguments [2, 5] as in de- 
ducing the formula (2), one can easily make sure 
that on the same suppositions, in this case too, 
for a sufficiently smooth complex quasi-potential, 
the scattering amplitude for an angle 0 at high 
energies satisfies the formula (2), which repro- 
duces very well the characteristic dependence of 
the differential cross-section (1) on momentum 
and the scattering angle in the high-energy 
region. 
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Upward going muons

OEU �R:?MA4&L6! <&VRL6<?M @/@

ä°£ £ £ä £ää £äää £ääää
ä

ä°Ó

ä°{

ä°È

ä°n

£

 ] �i6

 
É

]£
ä

V�
É�
i6

�Î
n

Ó

�

¦ �
�

��-

+

���� ���� V?< <&VRL6<? !L?MM5M&!R6?< �M � +V<!R6?< ?+ R4& <&VRL6<? &<&L2ZE �� �<$
�	� !L?MM5M&!R6?<M �L& 9��&9&$E 	< �&RX&&< 6M R4& @- !L?MM5M&!R6?<E

�ZB(M8<(>S�;;[ S6( >(WSM8>@ !M@NN7N(!S8@>N �M( �(SS(M :>@Y> �S 6846(M (>7
(M4[F �6( ;@Y (>(M4[ !M@NN7N(!S8@>N �M( N@ N<�;; S6�S S6( !@;;(!S8@> @- (ZB(M87
<(>S�; NS�S8NS8!N �(!@<(N X(M[ %8/!W;SF �6( 8>S(M<(%8�S( (>(M4[ CACD !M@NN7
N(!S8@> �V]T $ Y6(M( S6( 8>(;�NS8! >(WSM8>@ 8>S(M�!S8@> 8N �!!@<B�>8(% �[ S6(
BM@%W!S8@> @- � N8>4;( B8@>$ 6�N �((> NSW%8(% (X(> ;(NNF

74;42 �3>�5�)'1*/' .<1/6

�(WSM8>@ %(S(!S8@> S6M@W46 WBY�M%74@8>4 <W@>N Y�N %(X(;@B(% ;@>4 �4@$ �(7
!�WN( 8S 8>!M(�N(N N84>80!�>S;[ S6( (.(!S8X( X@;W<( @- S6( >(WSM8>@ %(S(!S@MF
	<�48>( � %(S(!S@M Y8S6 NWM-�!( �M(� �$ 6(846S 1 �>% X@;W<( � + 1 � � �N
N6@Y> 8> �84F PF?F �@M -W;;[ !@>S�8>(% (X(>SN S6( 0%W!8�; X@;W<( Y8;; �( ;(NN
S6�> @>( 6�;- � F �@M WBY�M%74@8>4 <W@>N S6( (.(!S8X( X@;W<( @- S6( %(S(!S@M
Y8;; �( 8>!M(�N(% �!##J1 S8<(N Y68!6 !@W;% �( � X(M[ N84>80!�>S >W<�(MF �@M
<W@>N @- (>(M4[ A �(� �!## + VFP :<FYF(F �@M � Y�S(M7�6(M(>:@X %(S(!S@M
@- 6(846S VP < CS�;;(M S6�> � (846S7NS@M[ 6@WN(D S6( 8>!M(�N( 8N A]] S8<(NF �6(
0MNS %(S(!S8@>N @- �S<@NB6(M8! >(WSM8>@N �A)V$ A)T Y(M( Y8S6 >(WSM8>@78>%W!(%
<W@>NF

�6( M�S( @- >(WSM8>@78>%W!(% WBY�M%74@8>4 <W@>N 8N @�S�8>(% N8<8;�M;[ S@
CPFA3D Y8S6 S6( (X�;W�S8@> @- 'H� J'T M(B;�!(% �[ S6( BM@���8;8S[ �0.C�0 & �.D
S6�S � >(WSM8>@ @- (>(M4[ �0 Y8;; BM@%W!( � <W@> @- (>(M4[ ��@X( �. �S S6(
%(S(!S@M �A?)$ A??$ V]] $ 8F(F

��S('�C0 �.D +

� �

��

'�.

� ���-�

��

'�

'�0
�0.C�0 & �.D '�. @ CPFA1D

�6( BM@���8;8S[ �0.C�0 & �.D 8N 48X(> �[ �> 8>S(4M�; @X(M S6( %8.(M(>S8�; >(W7
SM8>@ !M@NN7N(!S8@> 'HJ'T (X�;W�S(% �S T + A��

.J�0 -@;%(% Y8S6 S6( (.(!S8X(
M�>4( �!## C�

.& �.D @- � <W@> @- (>(M4[ �
. S@ M(�!6 S6( %(S(!S@M Y8S6 (>(M4[

�.F

@/U O �?M:6! L�ZM V<$&L2L?V<$

�

6

,ivv�

���� ���� �!4&:�R6! AL&M&<R�R6?< ?+ R4& 6$&� +?L $&R&!R6?< ?+ VAX�L$52?6<2 <&VRL6<?5
6<$V!&$ :V?<ME

�0.C�0 & �.D + ��

� ��

*
'�

.

�

'HC�0 D

'T

�

C�����
�;��

�!## C�
.& �.D CPFAQD

�84WM( PFA] 48X(N S6( BM@���8;8S[ �0. -@M <W@> (>(M4[ @- A �(� �>% @- A �(�F
�6( (ZB(!S�S8@>N -@M S6( X(MS8!�; C;@Y(M ;8>(D �>% 6@M8\@>S�; CWBB(M ;8>(D 2WZ
@- >(WSM8>@78>%W!(% <W@>N @- (>(M4[ ��@X( A �(� �M( B;@SS(% 8> �84F PFAF

£ �i6 £ /i6

�£Ó

�£ä

�n

�È

�{

�Ó

ä

£ää £ä£ £äÓ £äÎ £ä{ £äx £äÈ £äÇ £än

��
} £
ä
*

�y

�] �i6

���� ���%� �L?���696RZ R4�R � <&VRL6<? ?+ &<&L2Z �� X699 AL?$V!& � :V?< ?+ &<&L2Z
@ �&� �<$ @ �&� �R R4& $&R&!R?L 6< MR�<$�L$ L?!8E

�> (ZB(M8<(>S�; M(HW8M(<(>S S6�S S6( <W@>N M(�!6 S6( %(S(!S@M Y8S6 (>7
(M4[ ��@X( �. %@(N >@S %(!M(�N( S6( M�S( N84>80!�>S;[ -@M <@%(NS <W@> (>(M7
48(NF �6( M(�N@> 8N S6�S �@S6 S6( >(WSM8>@ !M@NN7N(!S8@> �>% S6( <W@> M�>4(
�M( BM@B@MS8@>�; S@ �$ WB S@ A �(� �>% 1]] �(� M(NB(!S8X(;[F �X(> -@M �S<@7
NB6(M8! >(WSM8>@N Y8S6 � B@Y(M ;�Y NB(!SMW< ��%3"

0 S6( %(S(!S@M M�S( %(B(>7
%(>!( @> (>(M4[ 8N @>;[ ���3"F �68N -�!S 6�N <�%( >(WSM8>@78>%W!(% <W@>N
X(M[ B@BW;�MF �6( %8N�%X�>S�4( 8N S6�S @>( 6�N S@ %(%W!( >@S @>;[ S6( (>(M4[



Particles & Cosmos, Jörg R. Hörandel �32

Upward going muons

@/U O �?M:6! L�ZM V<$&L2L?V<$

�

6

,ivv�

���� ���� �!4&:�R6! AL&M&<R�R6?< ?+ R4& 6$&� +?L $&R&!R6?< ?+ VAX�L$52?6<2 <&VRL6<?5
6<$V!&$ :V?<ME

�0.C�0 & �.D + ��

� ��

*
'�

.

�

'HC�0 D

'T

�

C�����
�;��

�!## C�
.& �.D CPFAQD

�84WM( PFA] 48X(N S6( BM@���8;8S[ �0. -@M <W@> (>(M4[ @- A �(� �>% @- A �(�F
�6( (ZB(!S�S8@>N -@M S6( X(MS8!�; C;@Y(M ;8>(D �>% 6@M8\@>S�; CWBB(M ;8>(D 2WZ
@- >(WSM8>@78>%W!(% <W@>N @- (>(M4[ ��@X( A �(� �M( B;@SS(% 8> �84F PFAF

£ �i6 £ /i6

�£Ó

�£ä

�n

�È

�{

�Ó

ä

£ää £ä£ £äÓ £äÎ £ä{ £äx £äÈ £äÇ £än

��
} £
ä
*

�y

�] �i6

���� ���%� �L?���696RZ R4�R � <&VRL6<? ?+ &<&L2Z �� X699 AL?$V!& � :V?< ?+ &<&L2Z
@ �&� �<$ @ �&� �R R4& $&R&!R?L 6< MR�<$�L$ L?!8E

�> (ZB(M8<(>S�; M(HW8M(<(>S S6�S S6( <W@>N M(�!6 S6( %(S(!S@M Y8S6 (>7
(M4[ ��@X( �. %@(N >@S %(!M(�N( S6( M�S( N84>80!�>S;[ -@M <@%(NS <W@> (>(M7
48(NF �6( M(�N@> 8N S6�S �@S6 S6( >(WSM8>@ !M@NN7N(!S8@> �>% S6( <W@> M�>4(
�M( BM@B@MS8@>�; S@ �$ WB S@ A �(� �>% 1]] �(� M(NB(!S8X(;[F �X(> -@M �S<@7
NB6(M8! >(WSM8>@N Y8S6 � B@Y(M ;�Y NB(!SMW< ��%3"

0 S6( %(S(!S@M M�S( %(B(>7
%(>!( @> (>(M4[ 8N @>;[ ���3"F �68N -�!S 6�N <�%( >(WSM8>@78>%W!(% <W@>N
X(M[ B@BW;�MF �6( %8N�%X�>S�4( 8N S6�S @>( 6�N S@ %(%W!( >@S @>;[ S6( (>(M4[



Particles & Cosmos, Jörg R. Hörandel �33

Neutrino flux calculations
@/P O �?M:6! L�ZM V<$&L2L?V<$

-7 

â i � � Ì �

� > ` � À

{ä

Îä

Óä
£ä £x

� x �6
� x �6

���� ����� �?<R?VL :�A ?+ R4& 2&?:�2<&R6! !VR?, �R ��:6?8�E �?<R?VLM !?<<&!R
R4& $6L&!R6?<M X6R4 &GV�9 L626$6RZ !VR?,ME ��MR# M?VR4 �<$ X&MR �L& 6<$6!�R&$ �<$
<?LR4 6M MA96R �R R4& &$2& ?+ R4& 2L�A4E

[8(;%N �[ BM@S@>N �>% >(WSM@>N @- 0Z(% (>(M4[ �MM8X8>4 �S S6( S@B @- S6( �S7
<@NB6(M( W>%(M %8.(M(>S \(>8S6 �>4;(NF �6( [8(;% S��;(N �M( S6(> -@;%(% Y8S6
S6( BM(!�;!W;�S(% 4(@<�4>(S8! !WS@.N -@M %8.(M(>S \(>8S6 �>4;(N S@ @�S�8> S6(
NB(!SMW< @- >(WSM8>@N �MM8X8>4 �S � NB(!80! ;@!�S8@>F �84WM( PFAA N6@YN �>
(Z�<B;( -@M S6( ;@!�S8@> @- ��<8@:�$ 
�B�>F

�6( N8SW�S8@> @- ��<8@:� 8N S[B8!�; -@M � ;@!�S8@> �S ;@Y 4(@<�4>(S8!
;�S8SW%(F �6( !WS@.N �M( 6846 ��@X( S6( 6@M8\@> �>% M(;�S8X(;[ ;@Y �(;@Y S6(
6@M8\@>F �6( %8M(!S8@> @- S6( 6846(NS !WS@.N �M( >(�M S@ S6( (�NS(M> 6@M8\@>F
�>( !�> N(( S6( %8M(!S8@> @- S6( <�4>(S8! B@;(N �M@W>% Y68!6 S6( !WS@.N �M(
�(;@Y 1 �(�F

�£ �ä°x ä ä°x £

ä°È

ä°n

£°ä

£°Ó

£°{

£°È

V�Ã

�
É�
��

±

���� ���#� �?L:�96[&$ 0VY ?+ <&VRL6<?M ?+ &<&L2Z \E/ BM?96$ 96<&C# @ B$?RR&$ 96<&C
�<$ @\ �&� B$�M4&$ 96<&C �R R4& 9?!�R6?< ?+ ��:6?8� �M � +V<!R6?< ?+ R4& [&<6R4
�<29&E

@/P O �?M:6! L�ZM V<$&L2L?V<$

-7 

â i � � Ì �

� > ` � À

{ä

Îä

Óä
£ä £x

� x �6
� x �6

���� ����� �?<R?VL :�A ?+ R4& 2&?:�2<&R6! !VR?, �R ��:6?8�E �?<R?VLM !?<<&!R
R4& $6L&!R6?<M X6R4 &GV�9 L626$6RZ !VR?,ME ��MR# M?VR4 �<$ X&MR �L& 6<$6!�R&$ �<$
<?LR4 6M MA96R �R R4& &$2& ?+ R4& 2L�A4E

[8(;%N �[ BM@S@>N �>% >(WSM@>N @- 0Z(% (>(M4[ �MM8X8>4 �S S6( S@B @- S6( �S7
<@NB6(M( W>%(M %8.(M(>S \(>8S6 �>4;(NF �6( [8(;% S��;(N �M( S6(> -@;%(% Y8S6
S6( BM(!�;!W;�S(% 4(@<�4>(S8! !WS@.N -@M %8.(M(>S \(>8S6 �>4;(N S@ @�S�8> S6(
NB(!SMW< @- >(WSM8>@N �MM8X8>4 �S � NB(!80! ;@!�S8@>F �84WM( PFAA N6@YN �>
(Z�<B;( -@M S6( ;@!�S8@> @- ��<8@:�$ 
�B�>F

�6( N8SW�S8@> @- ��<8@:� 8N S[B8!�; -@M � ;@!�S8@> �S ;@Y 4(@<�4>(S8!
;�S8SW%(F �6( !WS@.N �M( 6846 ��@X( S6( 6@M8\@> �>% M(;�S8X(;[ ;@Y �(;@Y S6(
6@M8\@>F �6( %8M(!S8@> @- S6( 6846(NS !WS@.N �M( >(�M S@ S6( (�NS(M> 6@M8\@>F
�>( !�> N(( S6( %8M(!S8@> @- S6( <�4>(S8! B@;(N �M@W>% Y68!6 S6( !WS@.N �M(
�(;@Y 1 �(�F

�£ �ä°x ä ä°x £

ä°È

ä°n

£°ä

£°Ó

£°{

£°È

V�Ã

�
É�
��

±

���� ���#� �?L:�96[&$ 0VY ?+ <&VRL6<?M ?+ &<&L2Z \E/ BM?96$ 96<&C# @ B$?RR&$ 96<&C
�<$ @\ �&� B$�M4&$ 96<&C �R R4& 9?!�R6?< ?+ ��:6?8� �M � +V<!R6?< ?+ R4& [&<6R4
�<29&E

0.5 GeV

1 GeV

10 GeV

below horizonabove horizon

OEU �R:?MA4&L6! <&VRL6<?M @/O

�8S6 � 48X(> !6@8!( @- !@N<8! M�[ 2WZ �>% 6�%M@>8! 8>S(M�!S8@> <@%(;
S6( 4(@<�4>(S8! 0(;% %(S(M<8>(N �@S6 S6( (>(M4[ NB(!SMW< �>% S6( �>4W;�M
%8NSM8�WS8@> @- S6( �S<@NB6(M8! >(WSM8>@NF �>( Y@W;% (ZB(!S S6�S �S ��<8@:�
S6(M( Y@W;% �( -(Y(M ;@Y (>(M4[ >(WSM8>@N S6�> �S � ;@!�S8@> Y8S6 ;@Y !WS@.
�(!�WN( � N<�;;(M >W<�(M @- ;@Y (>(M4[ !@N<8! M�[N Y8;; M(�!6 S6( �S<@NB6(M(
�>% 8>S(M�!SF �6( ;�!: @- ;@Y (>(M4[ >(WSM8>@N Y8;; �( <@NS BM@<8>(>S 8>
%8M(!S8@>N Y8S6 6846 !WS@.F �84WM( PFAV !@<B�M(N S6( �>4W;�M %8NSM8�WS8@> @-
>(WSM8>@N @- (>(M4[ ]F1$ A$ �>% A] �(� �N � -W>!S8@> @- S6( \(>8S6 �>4;( �S
��<8@:� !�;!W;�S(% Y8S6 S6( %(N!M8�(% A� �BBM@�!6 �>% 8>S(4M�S(% @X(M S6(
�\8<WS6 �>4;(F

�6( ;@Y(NS (>(M4[ >(WSM8>@N N6@Y S6( ;�M4( WBR%@Y> M�S8@$ 8F(F <@M( >(W7
SM8>@N �M( BM@%W!(% 8> S6( 6(<8NB6(M( �(;@Y S6( 6@M8\@> S6�> �M( BM@%W!(%
��@X( S6( 6@M8\@>F �6(M( 8N � %8B 8> 6@M8\@>S�; %8M(!S8@> Y6(M( S6( !WS@.N
6�X( S6( 6846(NS X�;W(NF �B �>% %@Y> 2WZ(N �S A �(� �M( <@M( N[<<(SM8!$
�;S6@W46 S6([ (Z68�8S S6( N�<( NSMW!SWM(F �6( 4(@<�4>(S8! !WS@.N �S A] �(�
6�X( >@ 8<B@MS�>!( �>% @>( !�> N(( S6( B(M-(!S;[ N[<<(SM8! B8!SWM( Y8S6
2WZ(N B(�:8>4 �S S6( 6@M8\@>F

�@M S6( N�<( M(�N@>N @>( (ZB(!SN <@M( ;@Y (>(M4[ >(WSM8>@N �S 6846 4(@7
<�4>(S8! ;�S8SW%(NF 	- S6( 2WZ(N @- WBY�M%74@8>4 >(WSM8>@N �S S6( SY@ ;@!�S8@>N
�M( ��@WS (HW�;$ �S 6846 4(@<�4>(S8! ;�S8SW%( S6( 2WZ @- %@Y>74@8>4 >(WSM8>@N
Y8;; �( 6846(M S6�> �S ;@Y ;�S8SW%(NF �84WM( PFAT N6@YN � !@<B�M8N@> @- S6(
�>4;(7�X(M�4(% <W@> >(WSM8>@ �>% �>S8>(WSM8>@ 2WZ(N BM(%8!S(% -@M ;@!�S8@>N
8> ��>�%� �>% -@M ��<8@:�F

�@ 48X( � <@M( M(�;8NS8! 8<BM(NN8@> @- S6( (ZB(!S�S8@> 8> (X(>S M�S( S6(
HW�>S8S[ B;@SS(% 8N �&

0C'�=J'�0 G �
%'��0J'�0DF �6( �

% -�!S@M �!!@W>SN M@W46;[
-@M S6( %8.(M(>!( �(SY((> S6( >(WSM8>@ �>% �>S8>(WSM8>@ !M@NN7N(!S8@>NF �>(
@- S6( �0 B@Y(MN �!!@W>SN$ �;N@ X(M[ M@W46;[$ -@M S6( (>(M4[ %(B(>%(>!( @-
S6( !M@NN7N(!S8@>NF

ä

ä°äx

ä°£

ä°£x

ä°Ó

ä°Óx

ä°Î

ä°Îx

ä°{

ä°{x

ä°x

£ä�£ £ää £ä£


�Ó
` 
É`


�]
�
i6
°V
�
�Ó
Ã�
£ Ã
À�
£

�] �i6

���� ���"� �?:A�L6M?< ?+ R4& 0VY&M ?+ )� F ;)� +?L R4& 9?!�R6?<M ?+ �V$�VLZ �<$
��:6?8�E �?96$ 96<&M �L& +L?: �&+E �@O= �<$ R4& $�M4&$ 96<&M +L?: �&+E �U@\ E



Particles & Cosmos, Jörg R. Hörandel �34

Neutrino flux calculations
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Sudbury/Canada (SNO)

Kamioka/Japan (super-K)
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Super Kamiokande
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neutrinos are also produced in air showers  
--> atmospheric neutrinos  
 
 
 
 

expect

ratio

p+N ! ⇡± +X

µ± + ⌫µ

e± + ⌫e + ⌫µ

1⌫e 2⌫µ

CR air

R =
⌫µ + ⌫̄µ
⌫e + ⌫̄e

= 2

(-)

(-) (-)

Atmospheric*neutrinos�

��

©&David&Fierstein,&originally&published&in&Scien;fic&American,&August&1999&

2"muon'
neutrinos� 1"electron'

neutrino�

INCOMING"
COSMIC"RAYS�

COSMIC"
RAY�

AIR"
NUCLEUS�

PION�

MUON�
ELECTRON�

νµ&/&νe&ra;o&well&understood&�Up/down&ra;o&well&understood&(and&1).&
Neutrinos&travel&long&distances&�

energies are 
~GeV range
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Super Kamiokande  
The first clear hint for neutrino oscillations  
 
atmospheric neutrinos  
 
measure           via charged current interactions

  
   and     are detected via Cherenkov light in water

⌫e, ⌫µ
⌫e +A ! e� +X

⌫̄e +A ! e+ +X

⌫̄µ +A ! µ+ +X

⌫µ +A ! µ� +X

{
{

e± µ±



Particles & Cosmos, Jörg R. Hörandel �38

Neutrino flux measurements
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The possible violations of leptonic charge conservation, which are compatible with experimental data, 
are large. This paper analyses various experimental setups whi.ch would be capable of detecting such 
hypothetical violations. It is shown that the most sensitive expeJriments are the search for the process 
J.1.- e + y and especially a search for oscillations of the type v = i1 and ve :;:::!: vJ.l.. A nonvanishing 
neutrino mass could be related to CP-nonconservation and to an electric (and magnetic) dipole moment 
of the neutrino. Astronomical implications of the oscillation v = v are discussed. 

INTRODUCTION 

DATA on lepton conservation have been obtained by 
different methods for the el-neutrino ( ve) and for the 
mu-neutrino ( vJ.l.). A review of the theoretical and ex-
perimental data can be found in [lJ and l2J respectively. 

The conclusion that ve f vJ.l. follows from the re-
sults of [3J, from experiments involving the transition 
Cl37 - Ar37 l 4J, and particularly from the recent inves-
tigations of double beta decay in Ca48 [ 5 - 7J. The rate of 
the process Ca48 - 22Ti48 + e- + e- turns out to be 
smaller than 10-20 yr-\ and the calculated probability 
of this process for a Majorana neutrino is 10-16±2 yr-1 • 

Taking into account the theoretical difficulties in 
evaluating the nuclear matrix elements, as well as the 
experimental which are discussed in [2J, I 
would describe the situation in the following manner: 
the el-neutrino and the el-antineutrino are different 
particles; the coupling constant F of the interaction 
which violates the corresponding leptonic charge con-
servation is smaller than one tenth of the weak inter-
action constant G( F/G < 0.1, with G = 10-5/Mp, where 
Mp is the proton mass). 

As regards the muonic leptonic charge, the most 
reliable information about the distinct character of the 
v J.1. and the v J.1. follows from the classical experiment of 
G. Bernardini et al. (cf., e. g.,caJ), where it was shown 
that in complex nuclei the reaction v J.1. + p - J.l.+ + n is 
at least one hundred times less likely than the reaction 
vJ.l.+n-J.l.-+p. 

The conclusion that ve and vJ.l. are distinct particles 
follows from the pioneering work of the Brookhaven 
group [sJ. Here also essential quantitative results have 
been obtained by G. Bernardini et al. (cf. [aJ). The 
cross section for the reaction vJ.l. + n- e- + p is not 
larger than a few percent of the cross section for the 
reaction vJ.l. + n- J.l.- + p. 

Thus, in high-energy neutrino experiments the upper 
limit on the hypothetical interaction which violates 
lepton conservation is also of the order F 0.1 G. In 
experiments searching for the decay J.l.+- e + + y (cf. 
below), the upper limit is better by one order of mag-
nitude ( F/ G:::::: 10-2 ). 

These results and the totality of the available in-
formation on weak interactions put us in front of sev-
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eral possibilities, which can be summarized in the 
following manner in terms of conservation of leptonic 
charge. 

1. There are two different additive leptonic charges, 
muonic and electronic. 

2. There is only one additive leptonic charge, the 
signs of which are opposite for the J.1.- and e- [IOJ. 

There exists only one (four-component) neutrino, the 
left-handed components of which are associated with 
the electron, and the right-handed ones belong to the 
muon [uJ. 

3. There is only one additive leptonic charge 
(equalling +1 for ve, vJ.l., e-, and J.l.-, and -1 for ile, 
v J.1.> e +, J.l.+) and one multiplicative lepton number [12J 
(equalling +1 for ve, e-, lie, e+, and -1 for vJ.l., J.l.-, 
vJ.l., J.l.+). 

4. There exists one additive leptonic charge, but 
with different magnitudes for the pairs e-, ve, and 
J.l.-, vJ.l. (e.g., +1 for e-, Ve and +2 for J.l.-, vJ.l.). 

In this scheme the leptonic charge reminds us of 
other well-known quantum numbers, such as strange-
ness. 

The possibilities 1 and 2 cannot be distinguished if 
the neutrino mass vanishes. If the neutrino mass is 
finite the possibility 2 is the most economical (there 
is only one leptonic charge). As regards the possibil-
ity 3, it is the least restrictive, since it allows, in 
principle, transitions muonium :;:::!: antimuonium l 13J, but 
in my opinion it is rather artificial. 

Within the framework of the schemes 1, 2, and 3 the 
additive leptonic charge remains unchanged (processes 
of the type n- p + e- T ve, J.l.+- e+ + lle + VJ.l. etc.) or 
changes by two units (e.g., in the hypothetical process 
n - p + e- + ve, in the oscillations v :;:::!: v discussed 
below, etc.). It is hard to imagine a process within this 
framework such that the leptonic charge changes only 
by one unit. 

According to possibility 4, the leptonic charge does 
not change in all observed weak processes, whereas in 
the process J.l.+- e + + y it changes by one unit, and in 
the other hypothetical processes which are discussed 
in the present paper the leptonic charge changes by 
more than one unit. A determination of the character-
istic times for the transitions J.l.+ - e + + y and for the 
oscillations v = i1 (cf. below) will allow in principle to 
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The possible violations of leptonic charge conservation, which are compatible with experimental data, 
are large. This paper analyses various experimental setups whi.ch would be capable of detecting such 
hypothetical violations. It is shown that the most sensitive expeJriments are the search for the process 
J.1.- e + y and especially a search for oscillations of the type v = i1 and ve :;:::!: vJ.l.. A nonvanishing 
neutrino mass could be related to CP-nonconservation and to an electric (and magnetic) dipole moment 
of the neutrino. Astronomical implications of the oscillation v = v are discussed. 

INTRODUCTION 

DATA on lepton conservation have been obtained by 
different methods for the el-neutrino ( ve) and for the 
mu-neutrino ( vJ.l.). A review of the theoretical and ex-
perimental data can be found in [lJ and l2J respectively. 

The conclusion that ve f vJ.l. follows from the re-
sults of [3J, from experiments involving the transition 
Cl37 - Ar37 l 4J, and particularly from the recent inves-
tigations of double beta decay in Ca48 [ 5 - 7J. The rate of 
the process Ca48 - 22Ti48 + e- + e- turns out to be 
smaller than 10-20 yr-\ and the calculated probability 
of this process for a Majorana neutrino is 10-16±2 yr-1 • 

Taking into account the theoretical difficulties in 
evaluating the nuclear matrix elements, as well as the 
experimental which are discussed in [2J, I 
would describe the situation in the following manner: 
the el-neutrino and the el-antineutrino are different 
particles; the coupling constant F of the interaction 
which violates the corresponding leptonic charge con-
servation is smaller than one tenth of the weak inter-
action constant G( F/G < 0.1, with G = 10-5/Mp, where 
Mp is the proton mass). 

As regards the muonic leptonic charge, the most 
reliable information about the distinct character of the 
v J.1. and the v J.1. follows from the classical experiment of 
G. Bernardini et al. (cf., e. g.,caJ), where it was shown 
that in complex nuclei the reaction v J.1. + p - J.l.+ + n is 
at least one hundred times less likely than the reaction 
vJ.l.+n-J.l.-+p. 

The conclusion that ve and vJ.l. are distinct particles 
follows from the pioneering work of the Brookhaven 
group [sJ. Here also essential quantitative results have 
been obtained by G. Bernardini et al. (cf. [aJ). The 
cross section for the reaction vJ.l. + n- e- + p is not 
larger than a few percent of the cross section for the 
reaction vJ.l. + n- J.l.- + p. 

Thus, in high-energy neutrino experiments the upper 
limit on the hypothetical interaction which violates 
lepton conservation is also of the order F 0.1 G. In 
experiments searching for the decay J.l.+- e + + y (cf. 
below), the upper limit is better by one order of mag-
nitude ( F/ G:::::: 10-2 ). 

These results and the totality of the available in-
formation on weak interactions put us in front of sev-
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eral possibilities, which can be summarized in the 
following manner in terms of conservation of leptonic 
charge. 

1. There are two different additive leptonic charges, 
muonic and electronic. 

2. There is only one additive leptonic charge, the 
signs of which are opposite for the J.1.- and e- [IOJ. 

There exists only one (four-component) neutrino, the 
left-handed components of which are associated with 
the electron, and the right-handed ones belong to the 
muon [uJ. 

3. There is only one additive leptonic charge 
(equalling +1 for ve, vJ.l., e-, and J.l.-, and -1 for ile, 
v J.1.> e +, J.l.+) and one multiplicative lepton number [12J 
(equalling +1 for ve, e-, lie, e+, and -1 for vJ.l., J.l.-, 
vJ.l., J.l.+). 

4. There exists one additive leptonic charge, but 
with different magnitudes for the pairs e-, ve, and 
J.l.-, vJ.l. (e.g., +1 for e-, Ve and +2 for J.l.-, vJ.l.). 

In this scheme the leptonic charge reminds us of 
other well-known quantum numbers, such as strange-
ness. 

The possibilities 1 and 2 cannot be distinguished if 
the neutrino mass vanishes. If the neutrino mass is 
finite the possibility 2 is the most economical (there 
is only one leptonic charge). As regards the possibil-
ity 3, it is the least restrictive, since it allows, in 
principle, transitions muonium :;:::!: antimuonium l 13J, but 
in my opinion it is rather artificial. 

Within the framework of the schemes 1, 2, and 3 the 
additive leptonic charge remains unchanged (processes 
of the type n- p + e- T ve, J.l.+- e+ + lle + VJ.l. etc.) or 
changes by two units (e.g., in the hypothetical process 
n - p + e- + ve, in the oscillations v :;:::!: v discussed 
below, etc.). It is hard to imagine a process within this 
framework such that the leptonic charge changes only 
by one unit. 

According to possibility 4, the leptonic charge does 
not change in all observed weak processes, whereas in 
the process J.l.+- e + + y it changes by one unit, and in 
the other hypothetical processes which are discussed 
in the present paper the leptonic charge changes by 
more than one unit. A determination of the character-
istic times for the transitions J.l.+ - e + + y and for the 
oscillations v = i1 (cf. below) will allow in principle to 
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Could such magnitudes be excluded already on the 
basis of available experiments? 

Insofar as mu-neutrino experiments are concerned, 
the source-detector distance is of the order of 100 m, 
and consequently one could not exclude a comparable 
oscillation length, corresponding to a value 10-3 • 

In experiments involving el-neutrinos from reactors, 
the existence of an oscillation length which is definitely 
smaller than the reactor diameter, as well as the re-
actor-detector distance (approximately 10 m) would 
lead to a decrease by a factor of two of the intensity of 
active particles which hit the detector, since the num-
ber of anti-el-neutrinos from a reactor and the number 
of sterile particles would be equal for large distances. 
This would lead to a cross section for the reaction 
lie + p __.. e + + n, as measured in the experiments of 
Nezrick and Reines [22J which is half as large as the 
one computed for a two-component neutrino. There is 
apparently no such discrepancy. Therefore we may 
assume that reactor experiments exclude oscillation 
lengths smaller than 10 em (or they exclude the value 
FIG 10-3 , according to diagram b in Fig. 3), al-
though there is no complete certitude in this matter. 
We could then determine an upper limit on FIG from 
the requirement that the oscillation length l be larger 
than the distance between the reactor and the detector, 
which is, say, ten meters: l = E ( F A2me I 41T2 ) - 2 > 10 m. 
On the basis of the diagram in Fig. 3 we find FIG 
:$ 10-4. 

All estimates given here have only an illustrative 
character, and should, of course, not be taken seriously. 

We do not discuss the hypothesis that hadrons par-
ticipate in the interaction (cf., e.g., the diagram f in 
Fig. 3). It suffices to note that in the absence of other 
diagrams, such an interaction would admit larger os-
cillation lengths ( » 104 km) even if FIG 1. 

OSCILLATIONS AND ASTRONOMY 
If the oscillation length is large ( > 10 km) it will 

be impossible to observe the transitions 11 v, 
11 11 :;::!:: lie in neutrino beams from reactors or accelera-
tors. However, significant astrophysical effects might 
be possible. 

From the point of view of detection possibilities, an 
ideal object is the sun. If the oscillation length is much 
smaller than the radius of the solar region which ef-
fectively produces neutrinos (e.g. one tenth of the solar 
radius R 0 or 10 5 km for neutrinos from B8 C23J) which 
will give the main contribution to the experiments which 
are being planned now (cf., e.g.,C24J), it will be impos-
sible to detect directly oscillations of the solar neu-
trinos, owing to a smearing out of the effect. The only 
effect at the surface of the earth would consist in the 
fact that the flux of observable solar neutrinos would 
be half as large as the total flux of solar neutrinos. 
Unfortunately the weight of the various thermonuclear 
reactions in the sun, and the central temperature of 
the sun are insufficiently well known in order to allow 
a useful comparison of expected and observed solar 
neutrinos, from the point of view of this article 1 >. 

0 If we would know how to register the sterile particles from the 
transition lie --> lie sten we could improve the limitations on F /G 
tremendously, since the source-detector distance is here I 08 km, and 
not tens of meters. 

It has been pointed out by I. Ya. Pomeranchuk that 
if the oscillation length of solar neutrinos is compara-
ble to the radius of the solar region responsible for 
neutrino generation, or is larger than that, there might 
occur time variations in the intensity of solar neu-
trinos at the surface of the Earth. These time varia-
tions are a consequence of the variability with time of 
the distance between the sun and the earth. In order to 
observe the oscillations under discussion, it is neces-
sary to carry out measurements over relative dis-
tances (times) comparable with the oscillation length 
(or period). If the oscillation length is of the order 
0.1 R0 = 10 5 km, there should appear time oscillations 
in the intensity of solar neutrinos with a period of 
several days. If the oscillation length is of the order 
of 5 x 106 km (the difference of the semiaxes of the 
earth's orbit) the period of the occurring oscillations 
would be of the order of a hundred days. 

In the not too remote future satellite experiments 
could become feasible. 

As regards the problem of lepton conservation in 
the domain of high energy neutrino astronomy [2SJ, we 
do not discuss it here. 

CONCLUSION 
Drawing the conclusions in the spirit of the present 

paper, we assume that the PC-nonconserving F-inter-
action is a very general interaction for all particles. 
All particles with spin, including neutrinos, will then 
exhibit an electric dipole moment. For the neutrino the 
dipole moment has roughly the magnitude 

1 d$,FN-e 1Q-20 e-cm, 
A 

where A is again the cutoff parameter characteristic 
for weak interactions of the four-fermion type (cf. 
the diagrams b and c in Fig. 3). The magnetic moment 
will be comparable to the electric one. If this is so, 
there will appear a finite neutrino mass, which makes 
lepton charge nonconservation likely. Of course, CP-
nonconservation does not automatically require a finite 
value of the neutrino mass. We shall return at a later 
date to a discussion of the measurement of ionization 
produced by the electric and magnetic moments of a 
neutrino in matter. 

I would however like to stress the fact that inde-
pendently of theoretical considerations and of the ex-
tremely rough estimates given here, the importance of 
carrying out the experiments, in particular searches 
for the processes 11-, e + y, 11- + Z- e+ + ( Z - 2), 
and experiments on the variation of the intensity of 
solar neutrinos, does not raise any doubts. 

I am very grateful to I. Yu. Kobzarev and L. B. 
Okun' who have collaborated in carrying out this work, 
and to M. I. Podgoretski1 and A. I. Mukhin for critical 
remarks and useful advice. 

1 S. P. Rosen and H. Primakoff, in: Alpha, Beta and 
Gamma-ray Spectroscopy, North-Holland Publ. Co., 
Amsterdam, 1965, pp. 1499-1516. 

2 V. R. Lazarenko, Usp. Fiz. Nauk 90, 601 (1966) 
[Sov. Phys.-Usp. 9, 860 (1967)]. 

3 R. Davis, Intern. Conf. on Radioisotopes in Sci. 
Res., Paris, 1957. 
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remarks:
1) neutrino oscillations require  

2) experiments are sensitive to  
not the mass directly  

3) and mixing angle cannot be measured independently  

4) in optimal case, distance source-detector should be 
of the order of L

m⌫ > 0

�m2
⌫
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Super Kamiokande

Angular distributions for e-like (left) and m-like (right) events, for sub-GeV 
(top) and multi-GeV (bottom) samples. The bars show the MC no-oscillation 
prediction with statistical errors, and the line shows the oscillation prediction 
for the best-fit parameters, sin2 2q = 1.0 and Dm2 = 3.5 × 10-3 eV2.  

up-going down-going

     experimental results agree with 
expectations at all angles  
 
     small angles (l ~10-30 km): 
agreement with expectations  
large angles (l ~13000 km): 
experimental data are a factor ~2 
less than expectation

preferred explanation: neutrino 
oscillations

best fit values: 

⌫e

⌫µ

⌫µ ! ⌫⌧

sin 2⇥ = 1.0

�m2 = 3.5 · 10�3 eV2
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Evidence*for*neutrino*oscilla7ons*(SuperIKamiokande*@Neutrino*’98)

Super[Kamiokande&concluded&that&the&
observed&zenith&angle&dependent&
deficit&(and&the&other&suppor;ng&data)&
gave&evidence&for&neutrino&oscilla;ons.&

���

Y.&Fukuda&et&al.,&PRL&81&(1998)&1562�
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Oscillation parameters
atmospheric neutrinos —> study angular distribution of the detected neutrinos as a 
function of the lepton energy
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Oscillation parametersOES �&VRL6<? ?M!699�R6?<M @PO
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Oscillation parameters
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