
%HUQKDUG 6SDDQ� 78 'UHVGHQ

„Reise zum Urknall“, Urania, Berlin 9.4.2000

Symmetrie:
Griechisch: Συµµετρια (Summetria) = Ebenmaß
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'HILQLWLRQ GHU 6\PPHWULH�

Å1DFK �EHVWLPPWHQ� bQGHUXQJHQ DQ HLQHP 6\VWHP VLHKW GLHVHV
H[DNW VR DXV ZLH ]XYRU´

%HLVSLHOH�

� 5HIOH[LRQHQ �6SLHJHOV\PPHWULH�

⇒ 7DM 0DKDO� V\PPHWULVFK JHJHQ�EHU 6SLHJHOXQJHQ

� 5RWDWLRQHQ �'UHKXQJHQ�

⇒ 6FKQHHIORFNH� V\PPHWULVFK JHJHQ�EHU 'UHKXQJHQ XP ���
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� :HOWDOO� � *UXQGHOHPHQWH �)HXHU� (UGH� /XIW XQG :DVVHU�

� *UXQGHOHPHQWH ⇔ JHRPHWULVFKH )RUPHQ

� ���������������������������������������� ���
� ]�%� ����� .HSOHU �6FKQHHIORFNH�� ����� %UDYDLV �5DXPJLWWHU��

����� Y� /DXH �1DFKZHLV GHU *LWWHUVWUXNWXU�

)HXHU (UGH /XIW :DVVHU
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¾ .ODVVLIL]LHUXQJ� 3HULRGHQV\VWHP GHU (OHPHQWH� (OHPHQWDUWHLOFKHQ

¾ (UKDOWXQJVVlW]H

� (PPL 1RHWKHU ������

� 6\PPHWULH ⇒ (UKDOWXQJVVDW]

� (QHUJLH� ,PSXOV� 'UHKLPSXOV� /DGXQJ HWF���

¾ (LFKV\PPHWULHQ

¾ 'LVNUHWH 6\PPHWULHQ

¾ 3HUPXWDWLRQVV\PPHWULH

¾ 6\PPHWULHEUHFKXQJ

� :LH EHNRPPHQ 7HLOFKHQ 0DVVH"

¾ ����
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$WRPSK\VLN

.HUQSK\VLN

7HLOFKHQSK\VLN

�(OHPHQWDU�7HLOFKHQ :HFKVHOZLUNXQJHQ
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10−10

10−14

10−15

≤ 10−18

1

10000
1

100000
1

100000000
1

*U|�H

LQ $WRPHQ LQ 0HWHUQ
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/HSWRQHQ�

4XDUNV�
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! �2UGQXQJ LQ MHZHLOV � )DPLOLHQ �YHUJO� 3HULRGHQV\VWHP�

�=X MHGHP 7HLOFKHQ H[LVWLHUW HLQ $QWLWHLOFKHQ

¾JOHLFKHU 0DVVH

¾HQWJHJHQJHVHW]WHU /DGXQJ

PLW�

/DGXQJ
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)OXJULFKWXQJ

Å'UHKVLQQ´ �6SLQ�

ÅOLQNVGUHKHQG´� ÅOLQNVKlQGLJ´

ÅUHFKWVGUHKHQG´� ÅUHFKWVKlQGLJ´

Å5RWLHUHQGHU =HLJHU´

�3KDVH�

(OHNWURQHQ�
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� .UDIWZLUNXQJ ]ZLVFKHQ 7HLOFKHQ

� 9HUDQWZRUWOLFK I�U 7HLOFKHQ�=HUIlOOH XQG 9HUQLFKWXQJHQ

� %��$����	�&����������� "�!����#�� ��$��

� *UDYLWDWLRQ �6FKZHUNUDIW�

� (OHNWURPDJQHWLVPXV

� 6FKZDFKH :HFKVHOZLUNXQJ

� 6WDUNH :HFKVHOZLUNXQJ
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(OHNWURVFKZDFKH :HFKVHOZLUNXQJ
N
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6WDUNH :HFKVHOZLUNXQJ""""" :RI�U"

:DV KlOW GHQ $WRPNHUQ ]XVDPPHQ"

1HXWURQHQ� NHLQH /DGXQJ

3URWRQHQ� SRVLWLYH /DGXQJ ² VWR�HQ VLFK DE

(V JLEW HLQH ZHLWHUH .UDIW�

� �EHUZLQGHW GLH HOHNWULVFKH $EVWR�XQJ

� ZLUNW QLFKW DXI (OHNWURQHQ

⇒ VWDUNH :HFKVHOZLUNXQJ

SS
SS

QQ
QQ

QQ
QQ

SS

SSSS
SS

SS

QQ

QQ
QQ

SS

SS

QQSSQQ
SS

SS

QQ QQ

SS

SSSS

'



"�!����#�� ��$

(� ����%�!����������

�KLHU� *UDYLWDWLRQ ZLUG QLFKW EHWUDFKWHW�
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%HWUDFKWHQ� ��� 9ROW %DWWHULH

⇒ 6SDQQXQJ  3RWHQ]LDOGLIIHUHQ] ]ZLVFKHQ GHQ 3ROHQ � ��� 9
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%HWUDFKWHQ� ��� 9ROW %DWWHULH

⇒ 6SDQQXQJ  3RWHQ]LDOGLIIHUHQ] ]ZLVFKHQ GHQ 3ROHQ � ��� 9
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⇒ 6SDQQXQJ  3RWHQ]LDOGLIIHUHQ] ]ZLVFKHQ GHQ 3ROHQ � ��� 9

.�-

/*+,�-

8PHLFKHQ GHV 3RWHQ]LDOQXOOSXQNWHV ² JOHLFKDUWLJ I�U � XQG ² 3RO �

1LFKWV LVW SDVVLHUW�



��($��
�������		
���


�
��
�

��



8PHLFKHQ GHV 3RWHQ]LDOQXOOSXQNWHV ² JOHLFKDUWLJ I�U � XQG ² 3RO �

⇒ 6SDQQXQJ  3RWHQ]LDOGLIIHUHQ] ]ZLVFKHQ GHQ 3ROHQ � ��� 9

)*...�-

)001+,�-

1LFKWV LVW SDVVLHUW�
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(LFKWUDQVIRUPDWLRQ�

'LH =HLJHU ZHUGHQ �EHUDOO XP JOHLFKHQ :LQNHO JHGUHKW

�1XOOSXQNWVYHUVFKLHEXQJ�

(OHNWURQHQ� =HLJHU LVW YHUNQ�SIW PLW /DGXQJ�

*OREDOH (LFKV\PPHWULH ⇒ /DGXQJVHUKDOWXQJ

1LFKWV SDVVLHUW� 'DV 6\VWHP LVW XQDEKlQJLJ YRQ GHU /DJH

GHV JHPHLQVDPHQ 1XOOSXQNWHV
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%LOGHU� ZZZ�PRRUKXKQ�GH

� 9 � 9
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8PHLFKXQJ HUIROJWH �EHUDOO JOHLFK
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%LOGHU� ZZZ�PRRUKXKQ�GH

� 9 ����� 9 ��"��������
��'

8PHLFKXQJ HUIROJWH �EHUDOO DQGHUV�

6SDQQXQJ ⇒ HOHNWULVFKHV )HOG ⇒ .UDIW�



≡ ≡

%HWUDFKWHQ � (OHNWURQHQ�

�9HUEXQGHQ PLW ÅJHGDFKWHU´ )HGHU´

�=HLJHU URWLHUHQ VHQNUHFKW ]XU Å$FKVH´

⇒ 4
�
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8PHLFKXQJHQ�

*OHLFKDUWLJH 9HUlQGHUXQJHQ DOOHU =HLJHU�

⇒ .HLQH .UDIW DXI )HGHU
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/RNDOH 8PHLFKXQJ�
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%HQ|WLJHQ )HGHU ]XU :LHGHUKHUVWHOOXQJ GHU 6\PPHWULH�

8PHLFKXQJ

9HUGULOOXQJ GHU )HGHU�

⇒ (V ZLUNW HLQH .UDIW �DQ]LHKHQG RGHU DEVWR�HQG�

⇒ :LHGHUKHUVWHOOXQJ GHU 6\PPHWULH



-H QDFK 5LFKWXQJ GHU 9HUGULOOXQJ VLQG GLH .UlIWH DQ]LHKHQG RGHU

DEVWR�HQG�

⇒ 'HU =HLJHU PXVV PLW GHU /DGXQJ YHUNQ�SIW VHLQ�

)��������� ��������� ��)%*�
7KHRULH GHU HOHNWURPDJQHWLVFKHQ :HFKVHOZLUNXQJ

'LH 5ROOH GHU )HGHU ZLUG GXUFK $XVWDXVFKWHLOFKHQ HLQJHQRPPHQ�

⇒ 3KRWRQ �/LFKWTXDQW�

H�

H�

%HLVSLHO (OHNWURQ�(OHNWURQ�6WUHXXQJ
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⇒ =X MHGHU 6\PPHWULH �:HFKVHOZLUNXQJ� H[LVWLHUHQ $XVWDXVFKWHLOFKHQ�

�� (OHNWURVFKZDFKH :HFKVHOZLUNXQJ�

⇒ 3KRWRQ �4('� �PDVVHORV�

⇒ =�� :�� :� �VHKU VFKZHU� FD� ���PS�

�� 6WDUNH :HFKVHOZLUNXQJ�

⇒ � YHUVFKLHGHQH *OXRQHQ �PDVVHORV�



 ��$����
)UDJH� *LEW HV HLQH JHPHLQVDPH 6\PPHWULH I�U DOOH :HFKVHOZLUNXQJHQ"

⇒ 9HUHLQKHLWOLFKXQJ GHU :HFKVHOZLUNXQJHQ"

(LQ HUVWHU (UIROJ ZDU GLH 9HUHLQKHLWOLFKXQJ YRQ HOHNWURPDJQHWLVFKHU XQG

VFKZDFKHU :HFKVHOZLUNXQJ ]XU HOHNWURVFKZDFKHQ :HFKVHOZLUNXQJ�

⇒ Å*UR�H´ 9HUHLQKHLWOLFKXQJ EHL VHKU KRKHQ (QHUJLHQ"

⇒ )U�K]HLW GHV 8QLYHUVXPV
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⇒ JUR�H (QHUJLHPHQJH ZLUG IUHL� %��7!

FD� )DNWRU ���� LP 9HUJOHLFK ]XU $WRPERPEH�

⇒ .HLQH $QWLPDWHULH DXI GHU (UGH �

:HQLJH NJ ���8 �8UDQ�
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⇒ %HVXFK YRQ 0RQG� 0DUV HWF�� �

⇒ .HLQH $QWLPDWHULH LP 6RQQHQV\VWHP �

� �����������������������0��!�����8�'

⇒ $QDO\VH YRQ 0HWHRULWHQ�

⇒ .RVPLVFKH 6WUDKOXQJ DXV 0LOFKVWUD�H� 0DWHULH �EHUZLHJW �

⇒ 0DWHULH �EHUZLHJW� �

�"���������������9��������+���������'

⇒ 6RQQHQZLQG� 0DWHULH �

�&RXUWHV\ RI 62+2�/$6&2 FRQVRUWLXP´
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H³

H�

3KRWRQ  Å/LFKWEOLW]´ PLW KRKHU (QHUJLH

3KRWRQ

3KRWRQHQ KDEHQ FKDUDNWHULVWLVFKH (QHUJLH�

(γ  ñPHÃF
� ���� NH9� 5|QWJHQVWUDKOXQJ� ( ≅ � NH9�

3KRWRQHQ ZHUGHQ LQ $WPRVSKlUH DEVRUELHUW�

⇒ 1DFKZHLV� 'HWHNWRUHQ LQ (UGXPODXIEDKQ

⇒ .HLQH $Q]HLFKHQ I�U JU|�HUH 0HQJHQ DQ

$QWLPDWHULH LP :HOWDOO �

�+LQZHLVH DXI 3URGXNWLRQ YRQ $QWLPDWHULH LQ XQVHUHU *DOD[LH�
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� %HREDFKWXQJ YRQ .ROOLVLRQHQ YRQ *DOD[LHQ�
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Å6SLHJHO´

+LHU� 8QWHUVFKHLGXQJ YRQ

� OLQNV� XQG UHFKWV

� 0DWHULH � $QWLPDWHULH
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%UDXFKHQ 3K\VLN�HU�� XP GHQ 8QWHUVFKLHG ]X HUNOlUHQ�

2KQH 9HUOHW]XQJ GHU 6SLHJHOV\PPHWULH

JLEW HV NHLQH 8QWHUVFKHLGXQJ YRQ

5HFKWV ² /LQNV



���
�
���		
���


7DM 0DKDO�

1DWXU XQG 6SLHJHOELOG LGHQWLVFK�
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0HQVFKHQ�

1DWXU XQG 6SLHJHOELOG

QDKH]X LGHQWLVFK�

6SLHJHOV\PPHWULH OHLFKW YHUOHW]W�
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,P 6SLHJHO,Q 7UDQVV\OYDQLHQ
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1DWXU�

'16� 5HFKWVVFKUDXEH
,P 6SLHJHO�

'16� /LQNVVFKUDXEH

.RPPW LQ GHU 1DWXU QLFKW YRU�
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(OHNWURPDJQHWLVFKH 	 VWDUNH :HFKVHOZLUNXQJ�

'LH JHVSLHJHOWHQ 5HDNWLRQHQ VLQG LQ GHU 1DWXU JOHLFK KlXILJ�

⇒ 6SLHJHOV\PPHWULH  3DULWlWVHUKDOWXQJ

6FKZDFKH :HFKVHOZLUNXQJ� 9HUOHW]XQJ GHU 6SLHJHOV\PPHWULH

NRSSHOW DQ OLQNVKlQGLJH 7HLOFKHQ XQG UHFKWVKlQGLJH $QWLWHLOFKHQ
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OLQNVKlQGLJ UHFKWVKlQGLJ

1DWXU� OLQNVKlQGLJH 1HXWULQRV

UHFKWVKlQGLJH $QWLQHXWULQRV
3DULWlWVYHUOHW]XQJ

�JLEW HV QXU LQ GHU VFKZDFKHQ

:HFKVHOZLUNXQJ�
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$OLHQ
$XVZHLFKPDQ|YHU�

/LQNV� XQG 5HFKWV P�VVHQ HLQDQGHU EHNDQQW VHLQ�

$EELHJHQ LP

1HXWULQR�'UHKVLQQ�

0DWHULH

2GHU

$QWLPDWHULH"""
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(OHNWURPDJQHWLVFKH 	 VWDUNH :HFKVHOZLUNXQJ�

5HDNWLRQHQ VLQG LQ GHU :HOW GHU $QWLWHLOFKHQ JOHLFK KlXILJ�

⇒ &�6\PPHWULH LVW HUKDOWHQ

6FKZDFKH :HFKVHOZLUNXQJ� 9HUOHW]XQJ GHU &�6\PPHWULH

NRSSHOW DQ OLQNVKlQGLJH 7HLOFKHQ XQG UHFKWVKlQGLJH $QWLWHLOFKHQ

/DGXQJVNRQMXJDWLRQVVSLHJHO

H�

H�



2
�����(���	�=:���
�
�

/LQNVKlQGLJHV 1HXWULQR /LQNVKlQGLJHV $QWLQHXWULQR

1DWXU� OLQNVKlQGLJH 1HXWULQRV

UHFKWVKlQGLJH $QWLQHXWULQRV
&�6\PPHWULH LVW YHUOHW]W

�JLEW HV QXU LQ GHU VFKZDFKHQ

:HFKVHOZLUNXQJ�
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$OLHQ
$XVZHLFKPDQ|YHU�

/LQNV� XQG 5HFKWV P�VVHQ HLQDQGHU EHNDQQW VHLQ�

2RRSV

:DV VDJHQ (XUH ([SHULPHQWH

]XU &3�9HUOHW]XQJ"

0DWHULH

2GHU

$QWLPDWHULH"""
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/LQNVKlQGLJHV 1HXWULQR 5HFKWVKlQGLJHV $QWLQHXWULQR

/DGXQJVNRQMXJDWLRQ

XQG QRUPDOHU 6SLHJHO

&3�6\PPHWULH HUKDOWHQ"

�
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(OHNWURPDJQHWLVFKH 	 VWDUNH :HFKVHOZLUNXQJ�

5HDNWLRQHQ VLQG LQ GHU JHVSLHJHOWHQ :HOW GHU $QWLWHLOFKHQ JOHLFK KlXILJ�

⇒ =>:��		
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6FKZDFKH :HFKVHOZLUNXQJ�=>:��		
���
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,Q EHVWLPPWHQ� VHKU VHOWHQHQ )lOOHQ WULWW HLQH 5HDNWLRQ PLW

XQWHUVFKLHGOLFKHU +lXILJNHLW LQ EHLGHQ :HOWHQ DXI�

�'LH 5DXPVFKLIIH N|QQHQ VLFK �EHU HLQ $XVZHLFKPDQ|YHU YHUVWlQGLJHQ

�7HLOFKHQSK\VLN�

�6XFKW QDFK GHP 8UVSUXQJ GHU &3�9HUOHW]XQJ
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)HUPLODE
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'DV %$%$5�([SHULPHQW DP 6/$&

CsJ-Kalorimeter

Driftkammer

Supraleitende Spule

DIRC

Instrumentiertes

Eisenjoch (IFR)

Vertex-Detektor
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�%HVFKUHLEXQJ YRQ :HFKVHOZLUNXQJHQ �.UlIWHQ�

�.ODVVLIL]LHUXQJ

�6\PPHWULHYHUOHW]XQJ �&3�������

�6\PPHWULHEUHFKXQJ �0DVVHQ GHU 7HLOFKHQ�

���������


