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M&N�¡¨¡�476WX5CO�L747DFE�@�6[4 I|¡&M�:?DFE¨¡&6[NzX!K�:;@�6[: "�NyI?6[:;OC:?M&N�¡¨�_M¨h�6[:;<>6_47¡&6_N¨M�N&¡�OCL76_47DFEf�
�_6[4�I?47O§µ 6[N&4�O>Gf47OCN&K�L)�[M�hC6_:?L�476[:;6[N�µ�6_:?¡&6_N!6_:A5C:nIJ6[:nI$0
dRK�8&4 IJ6_L � ¡&47B;@yM�IJ4�6[:;Ia¡&476 #�M&@yM&Nf£¤Ij¡&6[BjU9XZU|]53�Ul�«356�IJ6[@xI?AC:?B@>}¡&6_: 47N ¡�KiB
��D_6���M&o�6������f8�6[:;47<W6[NxIW47NxIJ6_OC:?4�6[:;IHµ�6_:?¡&6_N}B;ACL7L 0�354�6�35M&:;DFE�£ p&E&:;M&N&Oz¡�6[:���NxIJ6_OC:JKiI?4 �
ACN�¡&6_B^o�6[BnIJ6_E&6[N&¡�6[N�G1Y1BnIJ6[<WB�µl47:;¡ZE�476[:�o�6[B;DFE&:?4�6[o�6[N)0
U^o&B?DFE&L�476@6C6[N&¡§µl4�:?¡§4�N�dRK�8&4 IJ6[Lf�56_47N&6 #�M�BJK�<W<>6_N�£{K�B;B?M&N&O5¡&6[:�h�AC:?L�476_OC6[N&¡�6[N�U5:;o-6_4�I
OC6_OC6[o�6[N M&N&¡}6[4�N}U^M&B?o&L�47DF@ KiM�£|¡&4�6F#�M&@yM&N�£¤I>M&N&¡ <J5�OCL74�DFE&6�� :;µ 6[4�I?6[:;M&N&OC6_N ¡&6_B
¡�Ki:?OC6_B;IJ6_L7L IJ6[N(G1Y1BnIJ6[<WB�K�M�£ OC6_�[6_47O�I[0
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��N�¡&476_B?6_<adRK�8&4 IJ6[Lyµl47:;¡§¡&4�6�£ p&:�¡�476�]�6[M�I?:?47N�Ai��U^B;IJ:;ACN&AC<W476¢:;6[L76�hiK�NxIJ6��E&6_AC:?4�6�B?@y4����
�[4�6[:;I[0�3|K��_M¯µl4�:?¡ 6[4�N¯u�ACOC6_N¯h�ACN ¡�6[:Z� NyI?¡&6[DF@yM&N�O ¡&6[:�@iACB?<W47B;DFE&6[N G1IJ:?K�E&L�M&N&O
o&47B;E&47N¨�[MrN&6[M�6[:?6_N�� :?@i6[N&NxI?N&47B;B?6[N M�N&¡z�E&6_AC:?4�6[Nrp&o-6_:R47E&:;6[N "^:?B;8&:?M�N&O OC6_B?DFE&L7K �
OC6[N�0)3|K�:;p&o�6[:?E�47N�K�M�B|µ�6_:?¡&6_N¨6��fA�IJ4�B?DFE&6_N¨·6[4�L7DFE&6_N�>�¡�476H® �nX . B@>)¡&476H6[47N! 6_47L�¡�6[:
¡&M&N&@yL�6[N!X!KiIJ6_:?4�6QB;6[4�NZB;ACL7L�6[N�>�¡&47B;@1MfIJ476_:;I[0

����� ������������� �����! #"%$&� ��$('*)�� +-,.��/%)�0�1�2�3

35476 @�ACB;<>4�B?DFE&6ZG1I?:JK�E�L7M&N&O µlM�:?¡&6 h�AC:§@yN�K�8&8 2�b�bC9CK�E&:?6_N�hCACN ¶547D_I?AC: G�6[B?B�6_NxI;�
¡&6[DF@xI�D G�6[B_2C27> G^6_B[2k/ Fs0x��N>uVK�L�L7ACN&6��f8-6_:?47<W6[NxI?6[N§�_M&:��¢:n£ AC:?B;DFEyM&N&OH¡�6[: 47A�N&47B;476[:;6[N&¡�6[N
G1IJ:?K�E&L�M&N&O K�M&BZN�KiI?p&:?L�47DFE&6_:�t^K�¡�47AxK�@xI?4�h14�IJ=iI K�< �¢:;¡&o�Af¡&6_N¯£{KiN&¡ 6_:B>�¡�KiB?BZN&47DFExI
µl476Hh�6[:;<§M�IJ6�IR¡&476P47ACN�47B?4�6[:;6[N&¡&6§G1IJ:?K�E&L�M&N&O <W4�I^B;I?6[47O�6[N&¡&6_:EG 5�E&6 K�o�>�B?ACN�¡&6[:;N¨�_Mf�
N�K�E&<Z0�G1AC<>4 IV@iACN&NxIJ6R¡&4�6|47ACN�47B?4�6[:;6[N&¡&69G1IJ:?K�E&L7M�N&O§NyM&:lK�M&B�¡�6[< ®r6[L IFK�L�L-@iAC<><W6[N�0
Gf6[4 IJ¡&6_< µlM&:?¡�6[Nzo�6[4¢�[K�E&L7:;6[4�DFE&6[Nr����8�6[:;47<W6[NxIJ6_NzM&N�¡ "^NxI?6[:?B;M&DFEyM&N&OC6_N ¡&6[:Q@�A�Bn�
<>4�B?DFE&6_N¨G1IJ:?K�E&L�M&N&O N&6_M&6§o&4�B|¡�K�E�47N M&Nyo�6[@ K�N&NxI?6� 6_47L7DFE�6[N�M&N&¡&#�M�BJK�<W<>6_N&E�=�N�OC6
47< "^N&4 hC6[:;B?M&< 6_NxIJ¡&6_DF@yI[0
35476�O�6[<W6[B?B;6[N&6l��ACN�47BJK IJ47A�NHµl47:;¡§hCACN>Gf6_@1M�N&¡�=�:nIJ6[4�L7DFE&6_N ¡&6[: @iACB?<W47B;DFE&6[N G1IJ:?K�E&L�M&N&O
6[:;�[6[M�O�I$0�Gf476l6_NyI?B;I?6[ExI >yµ�6_N&N E&A1DFE&6_N&6[:;OC6_I?47B?DFE�65·6[47L�DFE&6[N K�M�£�X(ACL76_@yp&L76l¡&6_: ACo�6[:;6[N
� :?¡�KiI?<>A�B?8&E�=i:?6 IJ:?6�I�6_N)0·3|K�o�6[4 µl47:;¡r6_47N&6WdRK�B;@iKi¡&6>N�6[M&6_:P·6[4�L7DFE&6_Nr6_:?�[6_M&O�IB> ¡&4�6
B?4�DFE�>=;;69IJ476�£ 6[:�B;476R47N�¡&4�69UVIJ<WACB?8&E&=�:?6R¡&:;47N&O�IB>fµ 6[4 IJ6[:l6_NyI�µl4�DF@�6_L�I$0�354�6R6[:?BnIJ6R®z6_DFEf�
B?6_L�µl47:;@yM&N&O!¡�6[:H8�:?47<>=�:;6[N� 6_47L�DFE&6[N�4�B;IQOC:3576�IJ6_NxIJ6[4�L7BRE�K�¡�:?ACN&4�B?DFE&6_:§]^KiIJM&:QM&N&¡r6[B
µ�6_:?¡&6_N>E&K�M&8�I?BJ=�DFE&L�47DFE

π0, π±, K0, K±
6[:;�[6[M�O�I$0xu 6[47< #�6[:n£{K�L7L1¡&4�6[B?6_:�·6[47L�DFE&6[N�6_NxI;�

B;I?6[E&6_N 6[47N�6l¶5476_L7�$KiE&L&hCACN ��6_8�IJA�N&6[N M�N&¡ . E&A�I?ACN&6_N�>1µl4�6l47NWU5o&o)0�/f0 2^B;DFE&6[<>KiI?47B?DFE
¡�K�:;OC6[BnIJ6[L�L�Il4�B;I$0
35476�8�:?47<>=�:;6V@�ACB;<>4�B?DFE&6^G1I?:JK�E�L7M&N&O9B;6_I?�_I�B?4�DFEW�_M&BJKi<><W6[NWK�M&B¢�C��	 . :?AiIJACN&6_N�>�2k/�	
α

·6[4�L7DFE&6_N M&N&¡ 6_I�µ�K 2 	 B?DFExµ�6_:?6_:?6[N d96[:?N�6[N�> o&47B§�_M � 47B?6_N D���ACN&\x/#F 0 ��N ¡&4�6[B;6[:
#�M&BJKi<><W6[N&B;6_I?�[M&N&O B;47N&¡Z]^6_M�IJ:;47N&A�BB>&¡&4�6RK�M&DFE�47N�6_47N&6_:VE&ACE&6_N(U^N&�$KiE&L�K�M�£ ¡&4�6R�¢:«�
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�
��������������������� � �"!#!#( (��+�,(#$�%�(��'& �#(�(���$ �#( �� (��)$ �+� %*(��+*H�3% ����, "-$/.�(�0���( �� 1$32*(4&65-$��
%� *� �#(!(��+�7% (��'& �#(�(��!%*(�� � "-$4, �6$ �#(�(�� � ���A�8(9&  *�92;: � "B%�� <�!B��(����H�� ;$>=@? �-29A4BDCE:

¡&6 I?:?6�I�6_N�>�N&47DFExI�6_NyI?E�K�L IJ6[N,>V¡�K B?4�6�@iKiM&< <W4�I X!KiIJ6_:?4�6 µ�6_DFE&B?6_L�µl47:;@�6_N M&N&¡¯47N
356�IJ6_@yI?AC:?6_N �_M&:(X(6[B;B?M&N&O}OC6[L7K�¡&6_N&6[: @iACB?<W47B;DFE&6[:(G1I?:JK�E&L�M&N&O N&4�DFEyI�N&K�DFExµ�6_47B?o&K�:
B;47N&¡)0�U^o&OC6_B?6[E�6[N hCA�N ]^6_M�IJ:;47N&A�B^KiM&B^¡�6[:5GfACN&N&6JD�G�]�F9bx/#F·M&N�¡(hCA�N!¡&6_:|GfM�8-6_:?N&Ai�
hiK 2�\C�x�!U D�GfM&8�\��=FVµlM&:;¡&6[N}N&AfDFE @�6_47N&6�6��fI?:JKiI?6[:;:?6[BnIJ:;47B?DFE�6[N ]�6[M�I?:?4�N&ACB K�M�£^¡&6_:
� :?¡�6QN&K�DFE&OC6�µl476[B;6[N)0
354�6^·6[4�L7DFE&6_N&6[N�6[:?O�4765¡�6[:�@iACB?<W47B;DFE&6[N G1IJ:?K�E&L7M�N&OH:;6[47DFExI hCACN 6_47N&4�OC6[NWEyM&N&¡&6_:;I�XZ6,¶
o&4�B��_MZ<W6[E�:VK�L�B�SCbCb§� 6,¶H0�]^4�6[¡&6_:?6[N�6[:?O�6_IJ4�B?DFE&69·6[4�L7DFE&6_NHG 2$b�mR6,¶¥K�M&BV¡&6_< "�N&4 �
h�6[:?B;M&< µ�6_:?¡&6_N¯¡�M&:?DFE ¡�6[N¯GfACN�N&6[Nxµl47N�¡ M&N&¡ ¡&K�B � :?¡�< K�O�N&6_I;£ 6[L7¡ K�o&OC6_B?DFE&4�:?<HI
D�mQKi4g\Cb=F 0 3|K�BW� N&6[:;OC476_B?8�6[@xIJ:;M&<

φ(E)
£ ACL�O�I�6[4�N&6[< . A�I?6[N&�_OC6[B;6_I?�!M&N&¡ 4�B;I 47N ¡�:?6[4

u�6_:?6_47DFE&6R<W4�I�M&NxI?6[:?B;DFE&476_¡&L74�DFE&6[N(B?8�6[@xIJ:?K�L76_N(��N�¡&47�_6[BlM&NxIJ6_:;IJ6_47L I$0

φ(E) ∝ E−γ

u�6_4 6_47N&6_:§� N&6_:?OC4�6Wh�ACN
1015 6,¶ =�N&¡&6_:;IHB?47DFEz¡&6[:PB?8�6[@xIJ:?K�L76>��N&¡&6��rhCA�N

γ I / >�°CS
q{�JG

1015 6,¶9v9�_M
γ I S > 2�brq �LK

1015 6,¶Rv�0�3^476[B;6Wt�6_OC47ACN�µl4�:?¡¨K�L7B9¡&K�B�M«d9N&476NM
o�6[�_6[47DFE�N&6_I[0fu 6[4&6_47N&6_: � N&6_:?OC4�6VhCACN

∼ 1019 6,¶ µl47:;¡W¡&K�B�Gf8�6[@xIJ:;M&<aµl476_¡&6[:+OªK�DFE�6[:[0
356_:�B?8�6[@xIJ:?K�L765��N&¡&6�� E�KiI�6_47N&6_N ®z6_:;I�h�ACN

γ ≈ 2, 75
D ® 476[\C�=F 0&354�6[B;6Rt�6_OC47ACN E&6[4 6�I

P < 6_:?B;6 P 0&3|K�BlOC6[B?K�<HI?6HG18-6_@yI?:?M&< 4�B;Il4�N U5o&o)0�/10T/��[MZB?6_E&6[N)0
< p�:�¡&6_N�¶¢6_:?L7K�M�£�¡&6_BlGf8�6[@xIJ:;M&<>B�O�47o�I 6[BVh�6[:?B;DFE&476_¡&6[N�6P�E&6_AC:?4�6[N)0�356[: . A�I?6[N&��hC6[:«�
L7K�M�£�4�B;IP¡&M&:?DFE ¡&K�B X(A1¡&6[L�L¢¡&6[:§¡�4 I-M&B?6_N GfDFE&A1DF@yo-6_B?DFE&L�6[M&N&4�OCM&N&O�6_:?@yLg=�:;o�K�:_0 ·6[4�L �
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��� ����� � ��� ��� - �8$ *H�,(�� 2���(#$/.�( � � �  9, %*(�� � "-$4, �6$ �#(�(�� � � �3�8(9&  *�92	���8$���(�� (���% �� �

�.(#$#$� *�92*(����(��)$ �#(*��(A%*(��,(�� *��E.�(�� �', (����0( :�-/(���� &  ;$#$��  *�3%*( , �+�

E2 2*(�� ���#(*�0(�� :�- ��(
� �8(9& (�� � (��#(*� $�2*(���(�� %���(����9! �8(9& %*(�� �� �
)%*(�� *H�A%*(�!B C(���� ��� �0(���%*(��7% (��'& �#(�(�� .�� "
� (��+� �+���0(����#� &'& ��� =�� (��-A�� CE:



° ����������� � �M��� ��� 	�������� � ���

DFE&6_N>O�6_µl47N�N&6[N ¡�K�o�6[4fB?M&@y�_6[B?B;4�hW� N&6_:?OC4�6Vp&o�6[: �_Y1@yL74�B?DFE&68. :?A��[6[B;B?6=>Cµ�ACo�6[4�¡&476�·6[4�L �
DFE&6_NH4�N ;;6_¡&6[<�G1DFE&:?4 I?I·<>4 I�6[4�N&6[:�@iACN&BnIFK�NxIJ6_NH®zK�E&:?B;DFE&6[4�N&L74�DFE&@�6_4�I·6[NxI?@�AC<W<>6_N)0k356_:
� N&6_:?OC4�6[p&o�6[:nIJ:JKiOW4�B;Il8&:;AC8�AC:;I?47ACN�KiL-�_M&:��¢N�6[:?O�4769¡&6_B^·6[4�L7DFE&6_N&B[0ª354�6QmR:;M&N&¡&4�¡&6[69�_M
¡&4�6[B;6[< X(A1¡&6[L�L�µlM�:?¡&6QhCACN���0 < 6[:?<W4·K�M�£ OC6_B;I?6[L7L I)D < 6[:;cx\=F >&µ�6_B?E�KiL7o�6[B5K�M&DFE E�6[M�I?6
N&A1DFE < 6[:;<>4ªu 6[B?DFE�L76[M�N&47OCM�N&O§OC6_N�K�N&NxI�µl4�:?¡)0f354�6|X!Kk��4�< KiL76[N�6[:?O�476�>�¡&476�o-6_4-¡�476[B;6[<
. :?A��[6[B;BR6[:?:;6[4�DFEyIRµl4�:?¡�>-47B;IQKio&E�=�N&O�47O h�ACNr¡�6[:Qm9:A576C6�¡�6[:Ru�6_B?DFE&L�6[M&N&4�OCM&N&O�B?:?6_OC47A�N
M&N�¡(¡&6_< ¡&AC:nI�hCAC:;E&6[:;:?B;DFE&6[N&¡�6[N�<W4�I?I?L76_:?6[N <>K�OCN�6_IJ4�B?DFE&6_N < 6_L7¡CD�mQK�47\Cb=F 0
354�6§� 47Nf£{K�L7L�B?:?4�DFExIJM&N&OW¡&6_:|K�M�£¢¡�476§� :;¡�KiIJ<WACB;8&E�=�:;6PIJ:;6@I-6[N&¡�6[N�@�A�B?<W47B?DFE�6[N¨G1I?:JK�Ef�
L�M&N&O��_6[47OiI N&47DFExI��_M&:?p&DF@ K�M�£Q¡&6[N¯� NxIJBnIJ6[EyM&N�OCB?AC:nIZ¡&6[: OC6_LgK�¡�6[N&6_N  6_47L7DFE�6[N�>V¡&K
¡&4�6[B;6>KiM�£V4�E&:?6_<�®z6_O(h�ACNz4�NyI?6[:;B;IJ6_L7L7K�:?6_NzX(K�OCN&6�I?£ 6[L�¡&6[:;NzKio&OC6[L�6[N&@xIRµ 6[:?¡�6[N)0 u�6[4
·6[4�L7DFE&6_N(<W4�Il� N&6_:?OC4�6[NZo&47B��_M&:^t�6_OC47ACN ¡�6[B^dRN�476[B�µ 6[:;¡&6[N GfDFE&A1DF@yµ 6[L�L76_N(hCA�N�GfMf�
8�6[:;N&A�h�KR���f8&L7A�B?47A�N&6[N K�L�B � NxIJB;I?6[EyM&N&O�B?AC:nIVK�N�OC6[N&A�<><W6[N)0CGf476�@�5CN&N�6[NW 6_47L7DFE�6[N o&47B
�_M 6[4�N&47O�6[N . 6,¶ o-6_B?DFE&L�6[M&N&4�OC6[N�0fu 6[4ªE 5CE&6_:?6_N � N&6[:;OC476_N OC6_L�IJ6_N>B;DFExµ�6_:?6RGfM�8-6_:?N&A�hiK
� o-6_:?:?6_B;I?6^KiL7B¢¬|M&6_L7L76_N)0���N 6_47N&6_: 6[:?BnIJ6_N ���f8&L7A�B?47A�N µl4�:?¡�¡&4�6 G^p&L�L76 ¡&6[B G1I?6[:?N�B�N&K�DFE
K�M 6C6[N�OC6_B?DFE&L�6[M&¡�6[:;I[0�3|K�N&N�µl4�:?¡�o�6[4�6_47N&6_:|�_µ 6[4 IJ6[N¨���f8&L7A�B?47A�N�¡&6[B #�6_NyI?:JK�L�B;I?6[:?N�B
X!K IJ6[:;476�47N ¡&6_N 6[:;B;I?6[N tl47N&O¨6[<W4�I;IJ4�6[:;IB>�B;Az¡�K�B;B ·6[4�L7DFE&6_N 47N ¡&6_N 6[NxI?B;IJ6_E&6[N�¡&6[N
GfDFE�AfDF@x£ :?A�NyI?6[N �[M N&A1DFE E 5CE&6[:;6[N � N&6[:;OC476_N o-6_B?DFE&L�6[M&N&4�O�I�µ 6[:?¡�6[N @�5CN&N�6[N)0¢U5o�6[:
K�M�DFErKiN&¡&6[:;6�OxK�L7K�@xIJ47B;DFE&6 ¬|M&6_L7L76_N�>-µl4�6§6_I�µ�K(X(47D_:?A��1M&K�BJK�:;6�B?4�N&¡�K�L7B|u�6[B;DFE&L76_M&N&4 �
OC6_:�o&47Bl�_M .·6,¶^�«� N&6_:?OC4�6[NZ¡&6[N�@1o&K�: D"X(4�:Jbx/ Fs0
� 47N!X(A1¡&6[L�L�>f¡�K�B�¡&6[N!dRN�47DF@ 4�< Gf8�6[@xIJ:;M&< o-6_4

1015 6,¶ 6_:?@yLg=i:;I >�4�B;I�¡�K�B�& (A� � 4���" �
, "B%*(4& 0� 6_47L�DFE&6[N�>�¡&476§4�N¨¬|M&6[L�L76[N!¡&6[:QmRK�LgKk��4�6H6_:?�[6_M&O�I9µ 6[:;¡&6[N�>)h�6[:nµ�6_47L76_N�¡&M&:?DFE1�
B;DFE&N&4�I;IJL�47DFEWM&N&OC6�£{=�E&:

τesc ≈ 2 · 107 9CK�E&:;6547NW¡&6_:�mRK�LgK �f4�6�>C¡�KQB?4�6�h�ACN OxK�L7K�@xIJ4�B?DFE&6_N
X!KiOCN&6_I;£ 6[L�¡&6[:;N OC6_o&M&N&¡&6_N µ�6_:?¡&6_NCD"mRK�47\Cb=F 0xU5o 6_47N&6_:�o�6[BnIJ47<W<HI?6[N>�¢N�6[:?O�47654�B;I�¡&6_:
m|Y1:?AC:?K�¡&47M�B ¡&6_:�·6[47L�DFE&6[N�O�:A576C6_:�K�L�B�¡&6_:�t�K�¡&4�M&B�¡&6_:¢mRK�LgK �f4�6�>kB?A|¡&K�B?B ¡&4�6�·6[4�L7DFE&6_N
K�M�B�¡�6[:^mQKiLgK �f47656[NxI�µ�6_47DFE&6_N�@�5CN�N&6[N)0�354�6[B;6[: .¢M�N&@xI5L�476[OiI�47N�M&N&B;6[:;6[:9mRK�L7K �f476|o�6[4
6�I�µVK

1015 6,¶/>fµ�K�B�¡&6_N  6_47L�DFE&6[N�O&M&B?B�ACo�6[:;E�K�L�o ¡&476_B?6_:�� N&6[:;OC476^6[:?E�6[o&L�47DFE <W47N&¡&6_:;I
M&N�¡(¡�KiB^d9N&4�696[:;@1L7=�:?6_N�@�5CN&NxI?6�0
� N&6_:?OC4�6[N ACo�6[:;E�K�L7o ¡�6[: < 6[:;B?6 @=5CN&N&6_N}N&4�DFExI�¡&M&:;DFE ¬|M&6_L7L�6[N 47NzM&N&B?6_:?6_: mRK�L7K �f476
6_:?�[6_M&O�I�µ AC:;¡&6[N B?6_47N�>�¡�K5L7A�@iKiL76�¬9M�6[L7L�6[N§·6[4�L7DFE&6_N�N&47DFExI¢�_M�OC6[Nyp&OC6_N&¡ E&ACE&6_NW�¢N�6[:n�
OC4�6[N�o�6[B?DFE�L76[M�N&47OC6_Nz@=5CN&N&6_NzM&N&¡¨·6[47L�DFE&6[N¨o�6[4¢¡&476_B?6_Nz� N&6_:?OC4�6[NrK�M&DFEzN�47DFExIRhCAC<
X!KiOCN&6_I;£ 6[L�¡¨M�N&B?6_:?6[:PmRK�LgKk��4�6HOC6_E�K�L IJ6[N�µ 6[:;¡&6[Nr@�5CN&N�6[N)0�356_:R 6_47L7DFE�6[N�O�M�B?BRACo�6[:n�
E�KiL7o ¡&6[: < 6[:;B?6Z47BnI ¡�K�E&6_:>6��fI?:JK�OCK�LgK�@xI?47B?DFE�6[:W]5KiI?M&:[0¢� 4�N&6�<J5CO�L747DFE�6�¬|M&6[L�L7@yLgK�B;B?6
B;47N&¡�U5@xI?4�hC6QmRK�L7K�@xIJ47B;DFE&69d96[:;N&6>q{U�mR]|v�0 G^6_M�IJ4�OC6[N(X(A1¡&6_L7L76_N N�K�DFEZ@�5CN�N&6[NZU�mQ]
·6[4�L7DFE&6_NZo�47Bl�[M

1020 6,¶�o-6_B?DFE&L�6[M&N�47OC6_N)0
U^L7B ACo-6_:?6w�¢N�6[:?O�476wmR:;6[N&�_6 ¡&6[: @�ACB;<>4�B?DFE&6_N G1I?:JK�E&L�M&N&O OC47L I o&47B;LgK�N&O ¡&6_:
m #)d5�n��M�I?A�I >y¡&6[: OCL76_47DFE&�_6[4�I?47O9hCA�N d�0fmR:;6[47B;6[N D"m9:?6[°C°=Fª47N>¡&6[NJ"|GfU M&N&¡ #)KiIJB;6[8&4�N
M&N�¡(d9M&�_<>4�NCD�#)dR°C°#F)47N ¡�6[:�GfA�µ ;;6_I?M&N&4�ACN�o-6_:?6[DFE�N&6_I�µlM&:?¡�6�0ª356_:���M�IJA�I L7476_O�I�o�6[4
∼ 6 · 1019 6,¶`M&N&¡z6_NxIJB;I?6[ExI§¡�M&:?DFE�¡�476�®z6_DFE&B?6_L�µl4�:?@yM&N&O!h�ACN�E&A1DFE&6_N&6[:;OC6_I?47B?DFE�6[N
. :?AiIJACN&6_N(<W4�IV¡&6[:�/ >"� d G^4�NxIJ6[:;OC:?M�N&¡&B;I?:JK�E�L7M&N&O >

γCMB �

γCMB + p −→ ∆+ −→ p + π0

γCMB + p −→ ∆+ −→ n + π+ 0 qs/10�2kv
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� B56[NxI?B;IJ6_ExIR6[47N�6H356_L�IJK tl6[B?A�N�K�N&�=>�¡&4�6P4�N(6_47N . :;A�IJACN!M&N&¡ 6_47N!M�N&OC6[L7K�¡&6_N&6[BC.¢4�ACN
o&�_µR0�]�6[M�I?:?ACNZM&N&¡ZOC6[L7K�¡&6_N&6[B8. 47ACN��_6[:;£{=iL7L�I[0
F|o-6_:?E�K�L�o ¡&6_:���M�I?A�Iª�«� N&6[:;OC476�B;I?6[4�O�I�¡�476^®r6[DFE�B?6[L µl47:;@1M�N&OCB;µ�K�E&:;B?DFE&6_47N&L�47DFE&@i6[4 IV£ p&:
¡&476_B?6Wtl6$K�@xIJ4�ACN�B;IJK�:?@ K�N�>)B;AZ¡&K�B?BR·6[47L�DFE&6[N�<W4�IR� N&6_:?OC4�6[N�OC:3576C6[:|K�L7B

6 · 1019 6,¶
� N&6[:;OC4769hC6_:?L�476[:;6[N�o&4�B�4�E&:?6R� N&6_:?OC4�69M&NxIJ6_:?E�K�L�o(¡�6[:^GfDFExµ�6_L7L�6QL�476_O�I$0
356[: m #)d5�n��M�I?A�I @iACN&NxIJ6lo&4�B?E&6_: N&A1DFE>N&4�DFExI¢6[47N�¡&6[M�I?47O9N�KiDFE&OC6_µl4�6[B;6[N µ�6_:?¡&6_N)013|K�B
U�mRU|GfU�������8�6[:;47<W6[NxIPE�KiIQ<>6_E&:?6_:?6>� :?6[4�OCN&4�B?B?6WACo�6[:;E�K�L7o�¡&6_:§��MfIJA�Iª�«� N&6_:?OC4�6>OC6��
<>6_B?B;6[NCD � + \x~ F�>y¡&4�6^6_47N>®r6[4 IJ6_:?:?6_47DFE&6_N ¡&6_B�Gf8�6[@xIJ:;M&<WB�47N t�6_OC47A�N&6[N>ACo-6_:?E�KiL7oW¡&6[B
m #)d5�«��M�IJA�I(hC6_:?<§M�I?6[NZLgK�B;B?6_N)0�� 47N µ 6[4�I?6[:;6[B�����8�6[:;47<W6[NxI > G^4gtl6[B@>�B;476[ExI�47N B;6[4�N&6[N
� :?OC6_o&N&47B;B?6_N!¡&6_N(U^o�£{K�L7L�47< G18-6_@yI?:?M&< M&N&¡Zo-6_B;IF= IJ47OiIl¡&6[N!��M�IJA=I D"�VK�ACbCS=F 0
3|K�B U5M&OC6_:����f8�6[:?4�<>6_NxI µl4�:?¡Q<>AC<W6[NxIJK�NP4�NP¡�6[: K�:?OC6_NxIJ47N�47B?DFE�6[N . K�<W8�K^KiM�£ OC6[o&K�M�I
M&N&¡P¡&476_NyI·�_M&:·dRL7=�:?M�N&O�¡&476_B?6_: < :JKiOC6�0�� B·47BnI�o-6_:?6[4 IJB��[MH/���S�4�N&B;I?:?M&<W6[NxIJ4�6[:nI�M&N&¡H¡�6[:
U5M�£ o&K�Mrµl4�:?¡¨47N¨¡&476_B?6[< 9CKiE&:QK�o&OC6_B?DFE&L�ACB?B;6[N)0�X(4�IR¡&6_< o&47B;E&6[:;47OC6_Nz356�IJ6_@yI?AC:;£ 6_L7¡
µVKi:�N�AfDFEZ@�6_47N&6_B^¡&6_:lo-6_47¡&6_N(� :;OC6[o&N�47B?B;6HKiM&B?�_M&B?DFE&L�476@6C6[N'D"G + bx~#F 0
GfACL�L�IJ6 ¡&K�B>Gf8-6_@xIJ:?M�< ACo-6_:?E�KiL7o ¡&6[B m #)d|�«��M�IJA=I µ�6_4�I?6[:?:;6[4�DFE&6[N�>¢o�6[¡&6_M�IJ6�I ¡�476[B@>
¡�K�B;B�¬9M�6[L7L�6[N�>i¡&476�¡&476V·6[4�L7DFE&6_N�o&47B;E&47N��_MW� K

6 ·1019 6,¶ o�6[B?DFE�L76[M�N&47OC6_N 47N&N&6_:?E�KiL7o
hCACN>~�bRXZ8-D�L�476[O�6[N§<§p�B?B?6_N)0xU5L IJ6_:?N�KiI?4�hQ@�5�N&N&6[N IJA�8-ACL�ACOC4�B?DFE&6�356_£ 6_@yI?6l47N�� :?¡�N�=�E&6
�[6_:;£{K�L�L76[N�M&N�¡(6_47N&6QGf4�OCN�KiI?M&:�o�6[4�� K

6 · 1019 6,¶ 6_:?�_6[M&OC6_N)0

�����	��
 � 
�  � ��� �����  ������������� �� ����� �

��N!U^o&o)0�/f0"S 47BnI�B?DFE&6_< KiI?47B;DFE ¡�K�:;OC6[BnIJ6[L�L�IB>�µVKiB5o�6[4�¡&6[: . :?AC8&K�OxKiI?47ACN�¡&6_:5¡&:;6[4�hC6_:n�
B?DFE&4�6[¡&6_N&6[N! 6_47L7DFE�6[N�K�:nIJ6_N�>

ν
>
γ
>&8�>��_M(o�6$KiDFEyI?6[N(47B;I[0

. E&A�IJA�N&6[N}o&476�IJ6[N}6[4�N&6 X�5COCL74�DFE&@�6_4�IB> K�B;I?:?ACN�AC<>4�B?DFE&6!¬|M&6[L�L76_N �_M 6_:;£ AC:;B?DFE&6_N)0�Gf4�6
B;IJK�<><W6[N¨hCACNr¡&6[: F|o-6_:�Oª=�DFE�6 ¡&6_: F|o*;;6[@xI?6�0 3547DFExIJ6�F|o*;;6[@xIJ6 B?47N�¡zp&o�6[:nµl476[O�6[N&¡
hCACN¨GyIFK�M&o1��A1¡&6[:5X!KiI?6[:?4�6_µ ACL7@i6[N�M&<WOC6_o-6_N�>-¡�476H6_47N&6_N ·6[47L·¡&6_:?. E&A�I?ACN&6[N�Kio&B?AC:«�
o&476_:?6_NHA1¡&6[: ¡&476�tl47DFExIJM&N�O5hC6_:J=�N&¡�6[:?N�0�U5Mf£�47E&:;6[<´®r6[O^�[M&:��¢:;¡&6�@=5CN&N&6_N . E&A�IJA�N&6[N
µl476_¡&6[:;M&< 47N¨47NxIJ6_:?B;I?6[L�LgK�:;6[NzG1IFK�M�oyµ ACL�@�6[N�K�o&B?A�:?o&4�6[:;IQµ 6[:?¡�6[N)0 G^A1DFE&6[N�6[:?O�6_IJ4�B?DFE&6
. E&A�IJA�N&6[N <W4�I�6_47N&6_:�� N&6_:?OC4�65OC:3576C6[:

∼ 2 · 1014 6,¶ µ�6_DFE&B?6_L�µl47:;@�6_NZ<W4�I¢¡�6[<j6��1IJ:?K �
OxK�L7K�@xIJ47B;DFE&6[N!G^47NxI?6[:?O�:?M&N&¡�L747DFExI[0�354�6[B|o�6[¡�6[M�I?6_I >�¡�K�B?B5¡&6[: < L7M&B;B|¡&476_B?6_:;. E&A�IJA�N&6[N
K�o&OC6_B?DFExµ�=�DFExI�µl47:?¡ ;;6�µ�6_4�IJ6_:HB;476 B?4�DFEz¡&M&:;DFE�¡&6_N t^KiM&< o�6_µ 6[OC6_N M&N&¡ ;;6WE 5CE�6[:
47E&:;6|� N&6_:?OC4�6^4�B;I$0 < p&:�6[4�N$. E&A�I?ACN <W4�I �

= 1015 6,¶´47BnIV¡&6_: . :?A�8�K�OxKiI?47ACN�B?E&AC:;47�_ACNxI
�§@18�DJD��·X!bCb#Fs0
G^A1DFE&6[N�6[:?O�6_IJ4�B?DFE&6=>ªOC6[L7K�¡&6[N�69 6_47L7DFE�6[N µ�6_:?¡&6_N!KiM�£·¡&6[< ®r6[O �_M&:l� :?¡&69hCA�NZ4�NxIJ6[:«�
B;I?6[L7L7K�:?6_N X(K�OCN&6�I?£ 6[L�¡&6[:;N K�o�OC6[L�6[N&@xI$0ªU^M�£ ¡&6_:5� :?¡�6P4�B;I^¡&6[B;E�K�L7o(NyM&:^6_47NZ47B;A�IJ:;AC8-6_:
< L7M�B?Bl¡&476_B?6_:�·6[4�L7DFE&6_N!KiM&B�K�L7L�6[NZt�4�DFExIJM&N&O�6[NZ�[MZ<>6_B?B?6_N)0-�¢:;B;I^K�o(� N&6[:;OC476_N(ACo�6[:«�
E�K�L�o!hCACN

1019 6,¶aB;47N&¡�¡�476Q 6_47L7DFE�6[N�B?DFE�N&6[L�L�OC6_N1M�O >�B;A ¡�K�B;B|¡&476 "^:;B?8&:;M&N&OCB;47N�£ AC:«�
< K IJ47A�Nz6[:;E�K�L IJ6[Nzo&L76_47o�I[0·U^L7L�6[:?¡�47N&OCBQB?6�IJ��I�o-6_4

6 · 1019eV
¡&476>U5o&B;AC:?8fIJ47A�N�¡&M&:;DFE

¡&6[N!m #)d|�«��M�IJA=I�6[4�N)0
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µ

µ

ν
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Intergalaktische

experimente
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Staubwolken
Interstellare

Galaxien...
umgebende Staubwolken,
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Supernova,
Quelle, z.B.

Luftschauer

Untergrund 
Detektor

Atmosphäre
Luftschauer

Protonen und andere
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ν

γ

γν

γ
Aktiver Galaktischer Kern AGN

Gamma Ray Burst GRB

p,e

Detektor
Fluoreszenz

	�
�
����������� ��������� ��(�� � & ��� � %*(��E� $�� � "#�0(��'& �#(�(�� .�(*4@$�� � :�*H�+�9!B�"2% �8$ &)(� *�����+�," 2*(
	
& ���92��  *�92*(#(*�+��%*(����H%� *� �#( � � �� ��� "8& � (��! *��% �C�-2��,(�� 
 (4& %*(��E:��� 1$>=@? �-29A4BDCE:

< :?6_476>]^6_M�IJ:;ACN&6[N �_6[:;£{KiL7L76_Nz<W4�IP6[4�N&6[: G5K�L�oyµ 6[:nIJB;�[6[4 I§hCA�N
885, 7 ± 0, 8

B D .�K�:?b�c�F
q :?M&E&6_N&¡&6 ]�6[M�I?:?ACN&6_Nªv�09��< #�6[NxI?:?M&< ¡�6[:�X(4�L7DFE&BnIJ:?K�6C6zµ 6[:;¡&6[N ]^6_M�IJ:;ACN&6[N�<W4�I
B;6[E&: E&ACE�6[N � N&6_:?OC4�6[N 6[:;�[6[M�O�I$0 U^o �

≥ 1018 6,¶ @�5CN&N�6[N ¡�476[B;6�¡&476�� :?¡�6(6_:?:?6_4 �
DFE&6_N D�mPX(bx~#F 0 35476_B>�_6[4�O�I >�¡&K�B?BWNyM&: 6[47N B?6_E&: @yL76[4�N&6[: ·6[4�LV¡&6[B "^N�4�hC6_:?B;M&<>BW<W4�I
]�6[M�I?:?ACN&6_N M&NxI?6[:?B;M&DFExI µ 6[:;¡&6[N @ K�N�N)0�u�47B;E&6[: 47BnI N&A1DFE @�6_47N&6(u�6_ACo�K�DFExIJM�N&Orh�ACN
OC6_:?4�DFEyI?6_I?6[N(]^6[MfIJ:?A�N&6[N(OC6[L�M&N&OC6_N)0
]�6[M�I?:?47N�ACB|µ�6_DFE&B?6_L�µl4�:?@�6_NzNyM&:RB?DFExµ�K�DFE�<W4�I|K�N&¡&6_:?6[N¨·6[47L�DFE&6[N¨M&N&¡�E�Kio-6_Nr6_47N&6_N
B;6[E&:R@yL76_47N&6_N�® 4�:?@yM&N&O�B �yM&6[:;B?DFE&N�4�I?I[0 Gf476§µ 6[:;¡&6[Nr¡&M&:?DFEr47NxIJ6_:?BnIJ6[L�LgK�:;6 < 6[L�¡&6[:9A1¡&6[:
X!K IJ6[:;476�µ�ACL�@�6_N N&4�DFEyI o�6[6[4�N�O�M&B;B;I M&N&¡ O�6[LgKiN&OC6[N>K�M�£�¡&47:;6[@xIJ6_<a®z6_OPh�ACN ¡&6_:V¬|M&6_L �
L�6¨�_M&< u�6[A�o�K�DFExIJ6_:[0^]^6[MfIJ:?4�N&ACB@>�¡�476¨47< d96[:;N 6_47N&6_BHF|o*;;6[@xI?B!6[:;�[6_M&O�I!µ 6[:;¡&6[N,>
@=5CN&N&6_N ACE&N&6�u 6[E&4�N&¡&6[:;M&N&O�¡&K�:JK�M�B 6[NxI?@�AC<W<>6_N)0V3^476 � NxIJ¡�6[DF@yM&N&O ¡&6_: F|B?�[4�L7L7K �
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IJ4�ACN'D�G�] FRbC/ >nGfM&8�\��=F�hCACN!KiIJ<WACB?8�E�=�:?4�B?DFE&6_N!B;Akµl4�6PB;ACLgKi:?6[N(]^6_M�IJ:;47N&A�BB>ªLg=�B;B;I5K�M&DFE
£ p&:�@�A�B?<W47B?DFE�6P]�6[M�I?:?4�N&ACB F|B?�_47L7L7KiIJ4�ACN&6_N <W4�IV6_47N&6_< <>K �f47<>K�L76_N X(4�B?DFEyM&N&OCBnµl47N&@i6[L
6[:nµVK�:nIJ6_N)0�X(4�IW]�6[M�I?:?4�N&ACB�@�5�N&N&6[N ¡&4�6 o&47B;E&6[:�M�N1o�6[@ K�N�NyI?6[N ¬9M�6[L7L�6[N ¡&6_:�@�ACB;<>4��
B?DFE&6_N G1I?:JK�E�L7M&N&O 6_NxIJ¡&6_DF@yIQµ 6[:?¡�6[N)0�� B9µl47:;¡�K�L7L�6[:?¡�47N&OCB^K�M�£Vm9:?M&N&¡�¡&6_:9OC6[:;47N&O�6[N
®z6_DFE&B?6_L�µl4�:?@yM&N&Or¡&6[:W]^6_M�IJ:;47N&A�BW6_47N 356�IJ6[@xI?47ACN&BnhCACL�M&<W6[N}h�ACN OC6[6_47OCN&6�IJ6_: m9:A5�6C6
o-6_N 5�I?47O�I[0k¶¢A�:?E&6_:?OC6_BJK�O�I?6l¬|M&6[L�L76_NP£ p&: @�ACB;<>4�B?DFE&6�]�6[M�I?:?4�N&ACB µ 6[:;¡&6[N�4�N§dRK�8&4 IJ6_L&/f0 c
o-6_E�K�N&¡�6[L�I[05#�M�h�AC:�µ�6_:?¡&6_N>·6[4�L7DFE&6_N 6[:?@yL7=�:;IB>�¡&4�6 "^NxIJ6_:?OC:;M&N&¡&6_:?6_47OCN&4�B?B;6l£ p�:�¡&476�GfMf�
DFE&6QN�K�DFEZ@�ACB;<>4�B?DFE&6_N ]^6_M�IJ:;47N&A�B�B?47N�¡)0

��� � � ,&� "%$.� )�������$('*)���� 	 "%2�� 2

��N ¡&6[:�� :;¡�KiIJ<WACB;8&E�=�:;6 µ�6_DFE&B?6_L�µl4�:?@�6_N ¡&4�6 ·6[47L�DFE&6[N ¡�6[:�@�A�B?<W47B?DFE�6[N}G1IJ:?K�E&L�M&N&O
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p + A → K± + X

- µ± + νµ(ν̄µ)

- e± + νe(ν̄e) + ν̄µ(νµ)
q /f0"/Cv

p + A → π± + X

- µ± + νµ(ν̄µ)

- e± + νe(ν̄e) + ν̄µ(νµ)
0 q /f0�Sxv
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����� �"!$#%!$&('*),+ �.-/!10324!$5%�6!$���6�"!879),:<;=2>!1�"#?&@!1-?;6AB�6!$�@CED65F79!1G -/5%�"�6AH#FG6� �@� �"!8IJ!K-/!$L �-/AH5%!$��MONPMJ7JIQMRG6�6����:$! � G ST!U�WV,;6!158ST!1#?:<;65%�"!$SX!$�ZY
IJ!$5\[>!$]H�.�6�^� !$5`_BG6:<;6!a�W)b:<;�;6A3:<; !$�6!15?]H!K-/�"#%:<;6!$�@7c!$G -?5?�"� AH#d�.�feg),#?#%!$5 �«� ;6!$5%!$�6LbAih �IJ!1-?!$L=-/A,5?!$�^#%-/!10"0j-k�6),#dIJlmNPMJ7JI ��n\o +X!$5%�"&@!$�=-aprqO5?�tsHuwvHhHA,5k�6!15d'OD6#x-/!FhHAH�^yJ)z2>),�"�|{n �6�6!m�6!15a),:<;=-?}$�"],!$5Q~H)b;65?!b{3�W)b5$Y n #>CEAH0"]b-/!8�W),#>[a),�"Lw),0 ��ndo +T!15?�.&�!1��-cpr_ + s,�bvX�"��_B�"S6� �5?�.!$��{��W),#4),0.#�!15?#x-/!$#a)b-/&@AH#?+ ;WV,5?�.#?:<;6!979!1G -/5%�"�6A,#4�6!K-/!1L�-?�"!15%-zY���&�~H),;65c�isHsb�fSX!$]H�.�6�=-&��j-`!$5%#%-?!$��_�-/G6�6�.!$�@�W),#FMON�Mm7JIQM � 79!1G -/5%�"�6A ��ndo +T!15?�"&@!$�=-9p�M + � �H{�M + �H�bvW),&�]H!1A �]H5/)w�W#?:<;6!1��_3D �6+TA,0�Y
MJ�6� !$5?#�),0"#UST!1�F�6!$��S6�.#?;6!15?�.]H!$� n\o +X!$5%�"&@!$�=-/!1�g28�"5%��),0.#^IJ!K-/!1L�-?�"AH� #?&@!$�6�.G6& n �"#G6�6���6�.:<;=-me�)b#?#?!15JhH!15%24!$�6� !1-zY�IJ!15mL,A,&�+60.!1-%-/!^MmNPMm79IQM � �%�JI9!1-/!1L=-/AH5m0"V,G C�-9#?!1�.-�6!$&�~H),;65ku,�H�H�aG �6�f}1!$�.],-z{z�6),#?#��6�.!FIJ!1-?!$L=-/�.AH�*G6�6�f�c!1L,AH�6#x-/5%G6L=-/�"A,�Uh,AH�^7c!$G -?5?�.�6AH#&��,]H0"�.:<;��"#x-zY=Im)*S6�.#?;6!15`�6A3:<;@L,!1�"�6!8! o -?5/)b-?!$5%5?!$#x-/5%�"#?:<; !$��7c!$G -?5?�"� AH#`&��j-`MON�Mm7JIQM]H!1CEG �6�6!$��28G 5?�6!1��{,SX!$]=)b�6���"&R~H)b;65`u,�,�=�c�6!15\[a)bG��6!$#k!$�.��'OG6S6�"L�L��"0.AH&@!1-/!15�]H5?AH�,!$���:$! � G6ST! � IJ!K-/!1L�-?AH5?#Pp ��AH#/�=��v�{k�6!$5�&@�.-%-/0.!$5%24!$�.0"!��W),#^]H5?�H�b-/!�7c!$G -?5?�"� A,-/!10"!$#%L,AH+�� !$5eg!10.-8�.#%-zY
��&�CEAH0"],!$�6�6!1��28�"5?��!$�.���9SX!$5?S 0"�":<LgD6ST!15��6!$��7J),:<;=24!$�"#@hHAH��79!1G -/5%�"�6A,#@G �6���6�.!IJ!1-/),�"0.#Q�6!$58MmNPMm79I8MRG6�6����:$! � G6SX!^7c!$G -?5?�"� A,-/!10"!$#%L,AH+X!*]H!$],!$SX!$��Y

� �1¡ ¢¤£�¥a¦k¥8§�¨^©9ª�«6¬®1¯`£�°
IJ!$5 � ;6!$5%!$�6LbAih ��n\± !1L�-8�.#%-4!$�.��5%!$0t)w-/�.hB�.#%-/�.#?:<;6!15 n`± !$L=-${3SX!$�X�6!$&�²`;6A,-?AH�6!1��{��6�"!cST!1��6!$5U���=-/!15/),L=-/�.AH�®h,AH�g5%!$0")b-/�jh3�.#%-?�"#?:<; !$�´³k!1�"0.:<;6!$�®&��j-UNµ)b-?!$5?�.!�!1�=-/#%-?!$;6!1��{��"�®�c�.:<; �-/G6� ]µ�6!1#f³�!$�.0":<;6!1�6#^SX!$#%:<;60"!1G6�6�"]b-U24!$5%�6!$�ZY\IJ!15fM9S6#%-?5/),;60j28�"�6Lb!$0F�"#x-U�W),;6!1}$G�LbAH� �#%-/),�=-z{\#%A¶�6),#?#��6�.!�²`;6A,-?AH�6!$��}1G65��c�.:<;=-/G6�6],#?SX!$#%-?�"&@&�G6�6]�� !$5�³�!$�"0.:<;6!$��SX!$��G -?}1-2>!15?�6!1�µLb�H�6�6!1��Y·��&¹¸WAH0"]H!1�6�6!1��28�.5?���6�.!$#?!15 n`± !$L=-9�WV,;6!158ST!1#?:<;65%�"!$SX!$�ZY
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ϕcθcγ

µ

%'&(&*),+,-/.(0(13254,6�7�8/9�:<;=:<>@?BADC�?B:FE�:<G5:<HI>J:�K�LNM�AD>@K�OPHIQSR�:<OUTJV
>�WX>�EDK<YZHI>@?B:<G
ϕ

W�>"R
R�:<O\[�]<K<Q^;`_D9�GaYZHI>@?B:<G

θCh b ]<:<HIOdc�W�;=e�9fEB_f>�ENRfW�;=e�9g:<HI>hRf;=:<H,RfHIOi:<>@K<HFAD>"_fGj:�K�ck:<Q :�? 	
Q AD;`_f;<;`_fMfl

Im)b# � ; !$5?!1�6L,Aih �$m �.:<;�-�!$�=-/#x-/!$;=-${U24!$�6��]H!$0"),�6!1�6!�³k!1�"0":<; !$�R#?�":<;R&@�.-´!$�.�6!$5¶qO! �#%:<;�28�.�6�6�.]HL,!1�.-
|~v|

{3�6�"!9]H5?�H�,!$5>�.#%-a),0"#4�6�"! m �.:<;�-?]H!$#%:<;=28�"�6�6�.]HL,!1�.-Q�.&on%!124!$�"0.�"]H!1��NP! ��6�.G6&�{ SX!124!$]H!1��Y
|~v| = β · c >

c

n

p^q Y.��r
���P¸WAH5?&@!$0 q Y.�U#%-?!$;=-J��CED658�6!1� [>5%!$:<;�G6�6]H#%�"�6� ! o �6!$#JNP!1�6�"G6&@#${W:*�.#%-c�6�"! m �.:<;�-?]H! �#%:<;�28�.�6�6�.]HL,!1�.-*�"&ds�),L�G6G6& p ²k!15/�H�wvFG6�6�

β
�"#x-O�W),#�sF!15?;WV,0j-/�6�.#JhHA,�¶h�G �6�´:,Y�IJ!15[>5%!$:<;�G6�6],#?�"� �6! o �@ST!K-/5/Vb],-F�"� n �"#1{=ST!1�X!1�"�6!15\eg!10"0.!$�60"V,�6]H!>h,AH� �H�H�O�6&P{,!1-�2>)��H{ q u3Ylc&�ST!1�3�6�.!$#%!$��[>!1�6�"� ]HG6�6]H!1� � ;6!15?!1�6L,AihB#%-?5/),;60.G6�6]*),G #?}$G #?!$� �6!$��{b2>!15?�6!1�@N�tHAH� !$�&@�.-�!1�"�6!µNP�"� �6!$#x-/!$� !$5?],�"! n h,AH�

160 MeV
ST!1�6�,-?�"],-$YFIJ!$5�MJS6#x-/5/)b;60.28�.�6L,!10c� !$5

� ;6!15?!1�6L,Aih � ²`;6A,-?AH�6!1� ST!15?!1:<;6�6!1-9#?�.:<;�28�.!OCEAH0"],-Op N _ � q v^u
θ v = arccos

1

β n

Y p^q Y uwr
Im)bST!1� S6�"0.�6!$��#%�"!*!$�.�6!$�P'O!$]H!10�&��j-Q�6!1&yx ± ��G6�6],#%28�"� L,!$0

ϕ
p ~H)b:{z=uwv|Y

ϕ = arccot

(

√

β2 n2 − 1 +
dn

dω

n ω β2

√

β2 n2 − 1

)

p^q Y q r
ω

SX!$#?:<; 5?!$�.S -��6�.!�¸·5%!�|�G6!1�6}��6!$5 � ;6!15?!1�6L,Aih � ²`;6A,-?AH�6!1��Y�¸dD65@N�t,AH�6!$�Z{`&��j-�!$�.�6!$5n �6!15?]H�.!`AHST!15?;W)b0"S*�6!$5�I9!1-/!1L=-/AH5%#?:<;=2>!10"0.!4hHA,�f!K-�2a)*�i�cq*!}s^{z]H!10.-/!1�OCEAH0"]H!1�6�6!\e®!$5x-/!fu
β ≈ 1

{
θ ~B� ≈ 40◦

{
ϕ ≈ 50◦

Y�IJ�"!FMJ� }z),;60=� !$5�!$&@�.-?-?�"!15%-/!1� � ;6!$5%!$�6LbAih � ²`;6A,-/A,�6!$�Lw),�6��D6SX!$58�6�.!*¸W5/),�6L � ³d),&@& ¸WAH5%&�!10\pr~H),:{zHuwv�ST!15?!1:<;6�6!1-c24!$5?� !$�5u

d2N

dxdy
=

2πα

λ2
·

(

1 −
1

β2n2

) { p^q Yr��r
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α � ���3� q�� �6!$54¸W!$�"� #%-/5%G6L=-/G65%L,AH� #%-<)b��-?!,Y3Im),#�&�!1#?#%SW),5?!8e®!$0"0.!$�60"V,�6]H!1��SW),�6���"#x-�6G65%:<;¶� �"!^³�5/)b�6#?+W)b5?!$� }��6!$# n �"#%!$#OG6� ���6�"!�_3!$�6#%�.-?�.hB�.-/Vb-J� !$5O²`;6A,-?AH&�G60j-/�.+60"�.!$5c),G C!$�.�6!$��[>!$5%!$�":<;�}128�"#%:<;6!$�
300 nm

G6� �
500 nm

SX!$#%:<;65/Vb�6L=-zYaIJ),&��j-@!$5?],�"S -@#?�.:<;!$�.�®¸k0"G6#%#mhHAH�®!1-�2>) dN
dx

≈
ub�H��²F; A,-/AH� !$���b:1&�G6�6�¶!$�.� n � !$5?],�"!1h,!$5%0"G6#x-Uh,AH�¶!1-�2>)

dE
dx

≈
�=�H��!}s��b:$&�Y��& sF!15?]H0.!$�.:<; &��j-�#%-/AB:<;W),#x-/�.#?:<;6!1� n �6!15?]H�.!1hH!15?0.G6#%-?!$��{3�6G65?:<;�'O!$5%�=2>!1:<;6#?!10.28�"5%L�G6�6]6{[>5?!1&�#%#%-?5/),;60.G6�6]�G6�6�®²d),),5?S6�.0"�6G �6]6{�G6� � sF!15?0"G #%-/!1�®� G65?:<;¶��AH�6�.#/)b-?�"AH���.#%-*�6�.!$#*}$GhH!15?�W),:<; 0tV,#%#?�"],!$��Y��mST!15?;W),0.S�!1�"�6!15®L�5%�.-/�.#?:<;6!1� n �6!15?]H�.!�h,AH�

∼
zH�H�	qO!}s � AH&�� ��6�"!15?!1���6�.!®�65%!$�*#%-?A3:<;6),#%-?�"#?:<; !$� n �6!$5%]H�"!KhH!15?0"G #%-/!bYm_B�"!´ST!K28�"5%L,!$��!$�"� !®M9S6�W),;6&@!G6&

∼ 2 · 106 !}s��b:$&�YJIJ),ST!1�^!1��-?#%-?!$;6!1�¤_B!$L�G6�6�WVb5%-/!1�"0.:<;6!$��{J�6�"!¶28�"!$� !$5?G &
� ;6!$5%!$�6LbAih � m �":<;=-m+65%A3� G6}$�.!$5?!1��Y
� �
� � ¥a°�¥Q¨�°�1©f§�����¦k$§��a �
79!1G -/5%�"�6AH#J#?�"� � �"�µIJ!1-?!$L=-/AH5%!$�´�6�.:<;�-m�6�"5%!$L=-m�W)b:<;6}$G=24!$�"#%!$��Y�_B�"!^&^D6#?#%!$��hHAH59A3� !$5�"��!$�"� !$&�IJ!1-?!$L=-/A,5>2>!1:<;6#?!10.28�.5?L,!1��G6�6� #%�":<; �.� !$�.�6!$5 ���"! e®!$:<;6#%!$0.28�.5?L�G6�6]��.� !1�"�
m !$+ -?AH�*G6&^2>),�6�6!10"�*A3� !$5 �"�O!1�"�6!15�7 �$# eg!1:<;6#?!10.28�.5?L�G6�6] n �6!$5%]H�"!F),S ]H!$SX!$��YzIJ�"!`]H! �0t),� !$�6!1� m !$+3-/AH�6!1�^#%�"�6�fD6ST!15��";65%! n �6!15?]H�.!1h,!$5?0.G6#%-?!,{i28�"!F�6�.! � ;6!$5%!$�6LbA�h � _B-/5?),;60"G �6]W{��AH�6�.#/)b-?�"AH��{�²k)H),5?+ 5?AB�6G6L=-/�.AH��{�[>5?!1&�#%#%-?5/),;60.G6�6]6{k'O!$5%��24!$:<; #?!$0j28�"5%LBG �6]6{\�6!K-/!1L�-?�"!15 �SW),51Yblc& &��j-dyc�"0jCE!`�6!$# � ; !$5?!1�6L,Aih ��n\± !$L=-/!1#F!$�"� �6!$G -?�"]H!>_3�.]H�W)b-?G65?!1�f�W)b:<;6}$G=24!$�"#%!$��{2>!15?�6!1��]H5?AH�,! sFAH0.G6&@�"�W)OAH+ -?�"#%:<; �6G65%:<;60tV,#%#?�.]H!$5aNP!$�6�.!$� SX!$� �,-/�.],-z{=�6�.!J&@�.-4²`;6A,-?A �&�G60j-/�"+ 0"�"!15?��ST!1#%-/D :<L�-J#?�.�6��YIJ�"!4�65?!1� SX!$Lw),�6�=-?!$�@79!1G -/5%�"�6AH#%AH5%-?!$��{ n 0"!1L�-?5?AH� � {,N�tHAH� � G6�6��³k),G6�6!1G -/5%�"�6A {b;6�.�=-/!$5 �0t),#%#?!1���65?!1�Xh,!$5?#%:<;6�"!1�6!$� !^_B�"]H�W)w-/G65%!$� �.� !$�.�6!$& n �"#%�weg),#?#%!$5 � ;6!15?!1�6L,Aih � IJ!K-/!1L�-?AH5$Y

νl + n −→ p + l
{
l = e

{
µ
{
τeg!1:<;6#?!10.28�.5?L=-µ!1�"� n 0"!1L�-?5?AH� �6!$G -?5?�.�6A��"& I9!1-/!1L=-/AH51{c!1�=-/#%-?!$;=- !1�"� n 0"!1L�-?5?AH�Z{Q�W),#�6�"5%!$L=-k�"�U!$�"� !4!10"!$L=-?5?AH&�),]H�6!K-/�.#?:<;6!4'*),#?Lw),�6!�D6SX!$5%]H!$;=-zYbIm),#��W),SX!$��!1&��j-?-/�.!$5x-/! m �":<;=--/5%� ± -Q�6�"!U²`;6A,-?AH&�G60j-/�.+60"�.!$5F28�"!O!$�.�6!*'OG6]H!10.24!$0"0.!,YIm),#cN�t,AH�6�6!1G -/5%�"�6A��.#%-Q�6�.!O),&�ST!1#%-?!$���6!1-?!$L=-/�.!$5%SW),5?!*7c!$G -?5?�.�6AH#?A,5%-/!b{ 24!$�"0T�6�"!m),G6#�";6� !$��!1��-?#%-?!$;6!1�6�6!$��N�t,AH�6!1���";65%! n �6!15?]H�.!�0"),�6]H#?),&�!15U),S6]H!1ST!1��G6�6�®#?AH&@�.-U!$�.�6!0t),� ]H!�_3+ G65m�"& IJ!K-/!1L�-?AH5O;6�.��-?!$5%0t),#%#?!$�ZY�IJ�.!�N�tHA,�6!$�´;W),SX!$��!1�"�6!��c!1�":<;=2>!1�.-?!�hHAH�&�!1;65?!15?!1�µ'O�"0.AH&@!1-/!15?��G6� ��24!$5%�6!$��hHAH� � ;6!$5%!$�6LbAih � m �":<;=-O'O!$],!$0"��SX!$]H0.!$�j-/!1-$YIJ�"!P�65?�j-?-?!µ7c!$G -?5?�"� AH#?AH5x-/!b{�� �"!µ³k),G6� !$G -?5?�"� AH#${�0t),#%#?!1��#?�.:<; !$5%#%-�)bS n �6!$5%]H�"!1� �"&²k!}s � [>!15?!$�.:<;Ph,AH�µ�6!1��_3�.]H�W)b-?G65?!1���6!$5 n 0"!$L=-?5?AH�6� !$G -?5?�"� AH#8G6�=-/!$5%#?:<;6!1�"�6!1��YT[>!$���"; �5?!1��e®!$:<;6#%!$0j28�"5?L�G6� ]H!$�P!$�=-/#x-/!$;=-9!$�.�6!O³k!1�"0.:<;6!$�6Lw),#%Lw),�6!*G6�6��!$�.��³k),G6A,��{6�W),#8M9G C �]H5?G �6��#?!1�"�6!15^�6�.!$�65%�"]H!1� m !1ST!1�6#?�W)bG6!$5�L�G65%}$!�&Z!1�.-U#?+6Vb-/!15��"�¶!$�.�6!$5U2>!1�.-/!15?!1��³k!1�"0 �:<;6!$� Lb)b#?Lw),�6!�}1!$5%C Vb0"0.-$Y4NP�.- ;6�H;6!15?!$5 n � !$5?],�"!µ� !$# ³k),G6�6!1G -/5%�"�6A,# #%-?!$�"]b-�),G6:<; � !$5

')(+*-,/.10 2
34(+5�.1.1276�8)9�3:8
;�<-0 27=�, 3�276�2).?>�8�.1@ A
B)C�2)5D8�.	,/=E(+5�.1.1276�8)9�3:8
;�6�2)5D8�.	,/=F27.?>�81.�@GA
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LRS 621 AL
Discriminator
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M−Mult 18
~150 Hz

M−Mult 80
~ 2 Hz

1

µ − DAQ

µs

Coincidence Unit
LRS 365 AL

out
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coinc level = 3
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M−Mult 24
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Crate 0
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LRS 429

in

Logic Fan out

2m

Trigger with

out

crates 1−5

Common Stop

Trigger enable
SIS3100 lemo out 2

12.0m

VLF trigger veto from GPSAMD

VETO−Logic for TWR system

Muon Trigger

located in NIM crates above DMAD

~90 Hz

~90 Hz
M−Mult 24

DMAD

2 3

4
5

SPASE

TWR Trigger
2ns

OM signal in

2004

2003

Gate =  25

NIM Logic
Dual Gate

Lecroy
222

out*start
out

30ns

located in the NIM Crate below TWRdaq

VETO DISABLE 1ns

TWR Multiplizität = 24 in 2003

TWR Multiplizität = 18 in 2004

TWR Multiplizität = 12 in 2005
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SIS3300
TWR

FPGA

SIS3300
TWR

FPGA

SIS3300
TWR

FPGA

SIS3300
TWR

FPGA

DSP
SIS3100

DSP
SIS3100

...

SIS3100

FIFO

SIS3100

FIFO

SIS3100

FIFO

DSP
SIS3100

optisches Kabel

LEMO / NIM

...

...

...

VME

VME

Crate 1

Crate 6

Sammeln der Daten / Separation der Doppelkanaele

Latch
GPS

Fan out

VME

VME

PCI board
SIS1100

Master Crate

Bankwechsel

externe 100 MHz
Uhr TWRs tasten kontinuierlich ab / Nur Pulse werden gespeichert

Synchroner
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GPS Latch
(by Holger Leich)

GPS2VME

GPS clock signal (3 signals PPS1, 10 MHz, Timestamp)
DMADD trigger for Ice3 and TWRDaq (M= 13 + ext trigger)
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M=13

PPS1 pulse from IceCube GPS (distributed by GPS4TWR
to TWRDaq [Randomtrig] and IceCube DOM as Syncpulse) 
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i_value < 1024

yes

−−> output waveform in mem − array complete waveform in wfm − array

wfm[i_value]
< Threshold

i_value < 1024
yes

no

yes

i_value := 0;

i_mem := 0;

i_value <
N_PREC

yesno

i_frag := i_frag := 0;

i_value−N_PREC;

mem[i_mem] :=

i_frag < i_value
yes

i_mem++;

i_value++;

wfm[i_value]
< Baseline−4

no

no

wfm[i_frag];

i_frag++;

wfm[i_value]
< Threshold

wfm[i_value];
i_value++;
i_mem++;
i_after++;

i_after
< N_FOLL

yes

no

no

no

i_value < 1024

yes

yes

yes

no

i_after := 0;

Fragment Header

mem[i_mem] :=
0x4000 + i_frag;

i_mem++;

no

mem[i_mem] :=
0x2000 + i_value;

i_mem++;

mem[i_mem] :=
0x8000;

i_mem++;

Waveform End

Fragment End

wfm[i_value];

i_mem++;
i_value++;

mem[i_mem] :=

mem[i_mem] :=
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