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The Monte Carlo RoadmapThe Monte Carlo Roadmap
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Modeling electromagnetic showersModeling electromagnetic showers
�� 3K\VLFV�SURFHVVHV�LQYROYHG�3K\VLFV�SURFHVVHV�LQYROYHG�

�� 3KRWR�HIIHFW3KRWR�HIIHFW

�� &RPSWRQ�VFDWWHULQJ&RPSWRQ�VFDWWHULQJ
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�3DLU�SURGXFWLRQ��
�

�� ,RQL]DWLRQ��
�,RQL]DWLRQ��
�

�� $QQLKLODWLRQ$QQLKLODWLRQ

�� %UHPVVWUDKOXQJ�%UHPVVWUDKOXQJ��
��
�

�� 0XOWLSOH�FRXORPE�VFDWWHULQJ0XOWLSOH�FRXORPE�VFDWWHULQJ

�� )RU�PRUH�GHWDLO��SOHDVH�VHH�WKH�FRPSOHWH�OHFWXUH�)RU�PRUH�GHWDLO��SOHDVH�VHH�WKH�FRPSOHWH�OHFWXUH�
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Photo effectPhoto effect

�� $Q�HOHFWURQ�LQ�WKH�PDWHULDO�LV�DFTXLULQJ�$Q�HOHFWURQ�LQ�WKH�PDWHULDO�LV�DFTXLULQJ�
WKH�HQHUJ\�RI�D�JDPPD�FRPSOHWHO\��WKH�HQHUJ\�RI�D�JDPPD�FRPSOHWHO\��
ZKLOH�DQ�DWRP�LQ�WKH�PHGLXP�LV�WDNLQJ�ZKLOH�DQ�DWRP�LQ�WKH�PHGLXP�LV�WDNLQJ�
WKH�PRPHQWXP�EDODQFH�WKH�PRPHQWXP�EDODQFH�

�� 7KH�HOHFWURQ�DFTXLUHV�D�NLQHWLF�HQHUJ\�WKDW�7KH�HOHFWURQ�DFTXLUHV�D�NLQHWLF�HQHUJ\�WKDW�
HTXDOV�WKH�JDPPD�HQHUJ\�PLQXV�WKH�HTXDOV�WKH�JDPPD�HQHUJ\�PLQXV�WKH�
ELQGLQJ�HQHUJ\�RI�WKH�HOHFWURQ�LQ�WKH�DWRP�ELQGLQJ�HQHUJ\�RI�WKH�HOHFWURQ�LQ�WKH�DWRP�
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Photo effectPhoto effect

�� 7KH�FURVV7KH�FURVV��VHFWLRQ�IRU�HDFK�VKHOO�FDQ�EH�VHFWLRQ�IRU�HDFK�VKHOO�FDQ�EH�

SDUDPHWUL]HG�SDUDPHWUL]HG�DV��)�%ULJJV��5�DV��)�%ULJJV��5�/LJKWKLOO/LJKWKLOO����

6DQGLD�6DQGLD�/DERUDWRU\��6$1'/DERUDWRU\��6$1'������������������

�� +HUH�I�LV�D�QRQ+HUH�I�LV�D�QRQ��WULYLDO�IXQFWLRQ��DQG�WKH�WULYLDO�IXQFWLRQ��DQG�WKH�

H[SRQHQW�D�OLHV�EHWZHHQ���DQG���H[SRQHQW�D�OLHV�EHWZHHQ���DQG���
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Gamma energies above 50 Gamma energies above 50 keVkeV..

�� +HUH�JHDQW��XVHV�WKH�VDPH�IXQFWLRQDO�IRUP�DV�+HUH�JHDQW��XVHV�WKH�VDPH�IXQFWLRQDO�IRUP�DV�
JHDQW��IRU�WKH�.�VKHOO��JHDQW��IRU�WKH�.�VKHOO��

�� ZLWKZLWK

�� 6LPLODU�IRUPXODV�DUH�XVHG�IRU�/��DQG�/��VKHOOV�6LPLODU�IRUPXODV�DUH�XVHG�IRU�/��DQG�/��VKHOOV�

�� 7KH�DFFXUDF\�LV�����QHDU�WKH�DEVRUSWLRQ�7KH�DFFXUDF\�LV�����QHDU�WKH�DEVRUSWLRQ�
HGJHV��DQG�����HOVHZKHUH�HGJHV��DQG�����HOVHZKHUH�
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Gamma energies below 50Gamma energies below 50 keVkeV..

�� +HUH�D�IRUPXOD�SURSRVHG�E\�%LJJV�LV�+HUH�D�IRUPXOD�SURSRVHG�E\�%LJJV�LV�

XVHG��ZKHUH�WKH�SDUDPHWHUV�ZHUH�ILWWHG�XVHG��ZKHUH�WKH�SDUDPHWHUV�ZHUH�ILWWHG�

WR�H[SHULPHQWDO�GDWD�VHSDUDWHO\�IRU�WR�H[SHULPHQWDO�GDWD�VHSDUDWHO\�IRU�

HDFK�HQHUJ\�LQWHUYDO�GHILQHG�E\�D�SDLU�HDFK�HQHUJ\�LQWHUYDO�GHILQHG�E\�D�SDLU�

RI�DGMDFHQW�DEVRUSWLRQ�HGJHV�RI�DGMDFHQW�DEVRUSWLRQ�HGJHV�
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Notes on photo effectNotes on photo effect

�� 7KH�WRWDO�FURVV7KH�WRWDO�FURVV��VHFWLRQ�H[KLELWV�HGJHV�ZKHUH�VHFWLRQ�H[KLELWV�HGJHV�ZKHUH�
WKH�JDPPD�HQHUJ\�UHDFKHV�WKH�DEVRUSWLRQ�WKH�JDPPD�HQHUJ\�UHDFKHV�WKH�DEVRUSWLRQ�
HGJHV�WKH�LQGLYLGXDO�VKHOOV�HGJHV�WKH�LQGLYLGXDO�VKHOOV�

�� $IWHU�SKRWR$IWHU�SKRWR��HIIHFW��FKDUDFWHULVWLF�;HIIHFW��FKDUDFWHULVWLF�;��UD\�RU�UD\�RU�
$XJHU�HOHFWURQ�HPLVVLRQ�RFFXUV�$XJHU�HOHFWURQ�HPLVVLRQ�RFFXUV�

�� ,Q�JHDQW���WKH�HOHFWURQ�LV�SDUDOOHO�WR�WKH�,Q�JHDQW���WKH�HOHFWURQ�LV�SDUDOOHO�WR�WKH�
LQFLGHQW�JDPPD��1RWH�WKDW�LQ�WKH�UHDO�ZRUOG�LQFLGHQW�JDPPD��1RWH�WKDW�LQ�WKH�UHDO�ZRUOG�
WKH�HOHFWURQ�LV�HPLWWHG�LQ�IRUZDUG�GLUHFWLRQ�IRU�WKH�HOHFWURQ�LV�HPLWWHG�LQ�IRUZDUG�GLUHFWLRQ�IRU�
KLJK�HQHUJ\�JDPPDV��DQG�SHUSHQGLFXODU�WR�KLJK�HQHUJ\�JDPPDV��DQG�SHUSHQGLFXODU�WR�
WKH�JDPPD�GLUHFWLRQ�IRU�ORZ�JDPPD�WKH�JDPPD�GLUHFWLRQ�IRU�ORZ�JDPPD�
HQHUJLHV�HQHUJLHV�
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Compton effectCompton effect

�� 7KH�7KH�FRPSWRQ�FRPSWRQ�HIIHFW�LV�VFDWWHULQJ�RI�HIIHFW�LV�VFDWWHULQJ�RI�

TXDVLTXDVL��IUHH�HOHFWURQV��DQG�WKH�NLQHPDWLFV�IUHH�HOHFWURQV��DQG�WKH�NLQHPDWLFV�

LV�WKDW�RI�IUHH��LV�WKDW�RI�IUHH����SDUWLFOH�VFDWWHULQJ�SDUWLFOH�VFDWWHULQJ�

�� $VVXPLQJ�WKH�HOHFWURQ�XQERXQG��LQ�WKH�$VVXPLQJ�WKH�HOHFWURQ�XQERXQG��LQ�WKH�

%UHLW�%UHLW�IUDPH�ZH�FDQ�ZULWH�IUDPH�ZH�FDQ�ZULWH�
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Gamma energy spectrumGamma energy spectrum

�� 7KH�HQHUJ\�VSHFWUXP��DVVXPLQJ�XQERXQG�7KH�HQHUJ\�VSHFWUXP��DVVXPLQJ�XQERXQG�

HOHFWURQV��LV�JLYHQ�E\�WKH�.OHLQHOHFWURQV��LV�JLYHQ�E\�WKH�.OHLQ��1LVKLPD1LVKLPD

IRUPXODIRUPXOD

�� $QG�KHQFH�WKH�WRWDO�FURVV$QG�KHQFH�WKH�WRWDO�FURVV��VHFWLRQ�SHU�DWRP�LV�VHFWLRQ�SHU�DWRP�LV�
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CrossCross--section per atom in geant4section per atom in geant4

�� *HDQW��XVHV�WKH�JHDQW��SDUDPHWHUL]DWLRQ�*HDQW��XVHV�WKH�JHDQW��SDUDPHWHUL]DWLRQ�

�� :LWK:LWK

�� 7KH�SDUDPHWHUV�ZHUH�ILWWHG�RQ�����GDWD�SRLQWV�7KH�SDUDPHWHUV�ZHUH�ILWWHG�RQ�����GDWD�SRLQWV�
IRU�=�EHWZHHQ���DQG�����DQG�N�EHWZHHQ����IRU�=�EHWZHHQ���DQG�����DQG�N�EHWZHHQ����NH9�NH9�
DQG�����DQG�����*H9*H9��

�� 7KH�DFFXUDF\�LV�HVWLPDWHG�WR�EH�����EHORZ����7KH�DFFXUDF\�LV�HVWLPDWHG�WR�EH�����EHORZ����
NH9NH9��DQG�EHWWHU�WKDQ����IRU�KLJKHU�HQHUJLHV���DQG�EHWWHU�WKDQ����IRU�KLJKHU�HQHUJLHV�
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Notes on Compton effectNotes on Compton effect

�� 7KH�FURVV7KH�FURVV��VHFWLRQ�SHU�DWRP�LV�=�WLPHV�VHFWLRQ�SHU�DWRP�LV�=�WLPHV�

WKH�FURVVWKH�FURVV��VHFWLRQ�SHU�HOHFWURQ�VHFWLRQ�SHU�HOHFWURQ�

�� ,QYHUVH�&RPSWRQ�VFDWWHULQJ�H[LVWV�DQG�,QYHUVH�&RPSWRQ�VFDWWHULQJ�H[LVWV�DQG�

KDV�EHHQ�VHHQ�LQ�H[SHULPHQWV�KDV�EHHQ�VHHQ�LQ�H[SHULPHQWV�

�� )RU�N)RU�NÆÆ���ZH�ILQG�WKH�FODVVLFDO�7KRPVRQ����ZH�ILQG�WKH�FODVVLFDO�7KRPVRQ�

FURVVFURVV��VHFWLRQ�VHFWLRQ�
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Pair productionPair production

�� 3DLU�SURGXFWLRQ�LV�WKH�FUHDWLRQ�RI�DQ�HOHFWURQ�3DLU�SURGXFWLRQ�LV�WKH�FUHDWLRQ�RI�DQ�HOHFWURQ�
SRVLWURQ�SDLU�IURP�D�JDPPD�LQ�WKH�SUHVHQFH�SRVLWURQ�SDLU�IURP�D�JDPPD�LQ�WKH�SUHVHQFH�
RI�D�QXFOHXV�RI�D�QXFOHXV�

�� ,W�FDQ�EH�GHVFULEHG�E\�WKH�,W�FDQ�EH�GHVFULEHG�E\�WKH�%HWKH%HWKH��+HLWOHU�+HLWOHU�
FURVVFURVV��VHFWLRQ��ZKLFK�ZLOO�EH�FRUUHFWHG�IRU�VHFWLRQ��ZKLFK�ZLOO�EH�FRUUHFWHG�IRU�
YDULRXV�HIIHFWV�YDULRXV�HIIHFWV�
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Bethe Heiter Bethe Heiter including correctionsincluding corrections

�� *LYHV�WKH�FURVV*LYHV�WKH�FURVV��VHFWLRQ�IRU�SURGXFLQJ�DQ�VHFWLRQ�IRU�SURGXFLQJ�DQ�

HOHFWURQ�RI�HQHUJ\�HOHFWURQ�RI�HQHUJ\�ε∗ε∗((γγ LQ�D�PDWHULDO�LQ�D�PDWHULDO�

ZLWK�QXFOHDU�FKDUJH�=�ZLWK�QXFOHDU�FKDUJH�=�

�� ΦΦ11, , ΦΦ22, , )��DQG�)��DQG�ξ ξ OHDYH�XV�WR�ZRQGHU�OHDYH�XV�WR�ZRQGHU�

ZKHUH�WKH\�FRPH�IURP�ZKHUH�WKH\�FRPH�IURP�
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=�=�=�=�ξ(Ζ))ξ(Ζ)), or the triplet correction, or the triplet correction

�� 7KH�JDPPD�GRHV�QRW�RQO\�IHHO�WKH�FKDUJH�RI�WKH�7KH�JDPPD�GRHV�QRW�RQO\�IHHO�WKH�FKDUJH�RI�WKH�

QXFOHXV��ZLWK�QXFOHXV��ZLWK�=H=H LQ�RQH�YHUWH[��KHQFH�SURSRUWLRQDO�WR�LQ�RQH�YHUWH[��KHQFH�SURSRUWLRQDO�WR�

=
=���LW�DOVR�VHHV�WKH�FKDUJH�RI�WKH�DWRPLF�HOHFWURQV�=
=���LW�DOVR�VHHV�WKH�FKDUJH�RI�WKH�DWRPLF�HOHFWURQV�

�� 6LQFH�WKH�FURVV6LQFH�WKH�FURVV��VHFWLRQ��DQG�QRW�WKH�DPSOLWXGHV�VXP�VHFWLRQ��DQG�QRW�WKH�DPSOLWXGHV�VXP�

�LQFRKHUHQW���WKLV�JLYHV�D�FRUUHFWLRQ�WKDW�LV��LQFRKHUHQW���WKLV�JLYHV�D�FRUUHFWLRQ�WKDW�LV�

SURSRUWLRQDO�WR�WKH�QXPEHU�RI�HOHFWURQV��=�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�HOHFWURQV��=�
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)�=���)�=���or the coulomb correctionor the coulomb correction

�� &RUUHFWV�IRU�WKH�IDFW�WKDW�WKH�IRUPXOD�LV�FDOFXODWHG�&RUUHFWV�IRU�WKH�IDFW�WKDW�WKH�IRUPXOD�LV�FDOFXODWHG�

ZLWK�SODQH�ZDYHV��VKRXOG�EH�&RXORPE�ZDYHV��ZLWK�SODQH�ZDYHV��VKRXOG�EH�&RXORPE�ZDYHV��

3K\V�5HY����S��II�������3K\V�5HY����S���II�������3K\V�5HY����S��II�������3K\V�5HY����S���II�������

�� 7ZR�IXQFWLRQ�DUH�XVHG�IRU�ORZ�DQG�KLJK�HQHUJLHV�7ZR�IXQFWLRQ�DUH�XVHG�IRU�ORZ�DQG�KLJK�HQHUJLHV�

UHVSHFWLYHO\�UHVSHFWLYHO\�

�� %HORZ����%HORZ����0H90H9��)�=� ���OQ�=���)�=� ���OQ�=�

�� $ERYH����$ERYH����0H90H9��)�=� ���OQ�=����)�=� ���OQ�=��II&&�=��=�

�� :LWK:LWK
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Φ,Φ, the screening correctionsthe screening corrections

�� 'HSHQGLQJ�RQ�WKH�JDPPD�HQHUJ\��WKH�FRXORPE�ILHOG�'HSHQGLQJ�RQ�WKH�JDPPD�HQHUJ\��WKH�FRXORPE�ILHOG�

RI�WKH�QXFOHXV�FDQ�EH�PRUH�RU�OHVV�VFUHHQHG�E\�WKH�RI�WKH�QXFOHXV�FDQ�EH�PRUH�RU�OHVV�VFUHHQHG�E\�WKH�

HOHFWURQ�FORXG�HOHFWURQ�FORXG�

�� $�VFUHHQLQJ�YDULDEOH�LV�GHILQHG�WR�GHVFULEH�WKH�LPSDFW�$�VFUHHQLQJ�YDULDEOH�LV�GHILQHG�WR�GHVFULEH�WKH�LPSDFW�

SDUDPHWHU�RI�WKH�JDPPD�SDUDPHWHU�RI�WKH�JDPPD�

�� ,W�LV�ZRUWK�QRWLQJ�WKDW�WKLV�NHHSV�DOVR�WKH�VFUHHQLQJ�,W�LV�ZRUWK�QRWLQJ�WKDW�WKLV�NHHSV�DOVR�WKH�VFUHHQLQJ�

FRUUHFWLRQV�IXOO\�V\PPHWULF�LQ�FRUUHFWLRQV�IXOO\�V\PPHWULF�LQ�ε.ε.
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�� 7KH�VFUHHQLQJ�IXQFWLRQV�DUH�WKHQ�7KH�VFUHHQLQJ�IXQFWLRQV�DUH�WKHQ�

GHILQHG�DVGHILQHG�DV
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Final statesFinal states

�� (OHFWURQ�DQG�SRVLWURQ�DQG�DVVXPHG�WR�EH�(OHFWURQ�DQG�SRVLWURQ�DQG�DVVXPHG�WR�EH�

FRSODQDU�ZLWK�WKH�LQFLGHQW�JDPPD�FRSODQDU�ZLWK�WKH�LQFLGHQW�JDPPD�

�� 7KH�SRODU�DQJOH�LV�VDPSOHG�IURP�7KH�SRODU�DQJOH�LV�VDPSOHG�IURP�8UEDQV�8UEDQV�

GHQVLW\�IXQFWLRQ��ZKLFK�LV�DQ�DSSUR[LPDWLRQ�WR�GHQVLW\�IXQFWLRQ��ZKLFK�LV�DQ�DSSUR[LPDWLRQ�WR�

7VDL¶V�GLVWULEXWLRQ�IXQFWLRQ�7VDL¶V�GLVWULEXWLRQ�IXQFWLRQ�
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Notes on pair productionNotes on pair production

�� 3DLU�SURGXFWLRQ�LV�D�FURVVHG�FKDQQHO�RI�3DLU�SURGXFWLRQ�LV�D�FURVVHG�FKDQQHO�RI�
%UHPVVWUDKOXQJ%UHPVVWUDKOXQJ

�� 3DLU�SURGXFWLRQ�KDV�D�WKUHVKROG�RI��P���P�0�3DLU�SURGXFWLRQ�KDV�D�WKUHVKROG�RI��P���P�0�

�� $ERYH�D�IHZ�$ERYH�D�IHZ�0H9�0H9�JDPPD�HQHUJ\��LW�LV�WKH�GRPLQDQW�JDPPD�HQHUJ\��LW�LV�WKH�GRPLQDQW�
SURFHVV�LQ�DOO�PDWHULDOV�SURFHVV�LQ�DOO�PDWHULDOV�

�� 5HFRLO�HOHFWURQV�DVVRFLDWHG�ZLWK�WKH�FRUUHFWLRQ�5HFRLO�HOHFWURQV�DVVRFLDWHG�ZLWK�WKH�FRUUHFWLRQ�ξξ DUH�DUH�
QRW�H[SOLFLWO\�VLPXODWHG�LQ�JHDQW�QRW�H[SOLFLWO\�VLPXODWHG�LQ�JHDQW�

�� 7KH�IRUPDOLVP�LV�V\PPHWULF�ZLWK�UHVSHFW�WR��������������7KH�IRUPDOLVP�LV�V\PPHWULF�ZLWK�UHVSHFW�WR��������������
KHQFH�DQ\�VDPSOLQJ�DOJRULWKP�FDQ�EH�UHVWULFWHG�WR�KHQFH�DQ\�VDPSOLQJ�DOJRULWKP�FDQ�EH�UHVWULFWHG�WR�
WKH�LQWHUYDOWKH�LQWHUYDO

�� :KLOH�QRW�H[SOLFLWO\�GLVFXVVHG�KHUH��WKH�SDLU�:KLOH�QRW�H[SOLFLWO\�GLVFXVVHG�KHUH��WKH�SDLU�
SURGXFWLRQ�VXSSUHVVLRQ�GXH�WR�/30�HIIHFW�LV�DOVR�SURGXFWLRQ�VXSSUHVVLRQ�GXH�WR�/30�HIIHFW�LV�DOVR�
LQFOXGHGLQFOXGHG

εε −→1

[ ]5.0,/2
γε Emc∈



J.P. Wellisch, 
CERN/PH

IonizationIonization

�� 7KH�EDVLF�LRQL]DWLRQ�PHFKDQLVP�LV�WKH�7KH�EDVLF�LRQL]DWLRQ�PHFKDQLVP�LV�WKH�
FROOLVLRQ�RI�D�FKDUJHG�SDUWLFOH��S��ZLWK�DQ�FROOLVLRQ�RI�D�FKDUJHG�SDUWLFOH��S��ZLWK�DQ�
DWRPLF�HOHFWURQ�DWRPLF�HOHFWURQ�

�� ,Q�HDFK�LQGLYLGXDO�FROOLVLRQ��WKH�WUDQVIHUUHG�,Q�HDFK�LQGLYLGXDO�FROOLVLRQ��WKH�WUDQVIHUUHG�
HQHUJ\�LV�VPDOO��EXW�WKH�WRWDO�QXPEHU�RI�HQHUJ\�LV�VPDOO��EXW�WKH�WRWDO�QXPEHU�RI�
FROOLVLRQV�LV�YHU\�ODUJH�FROOLVLRQV�LV�YHU\�ODUJH�

�� 7KH�GHILQLWLRQ�RI�DYHUDJH�HQHUJ\�ORVV�SHU�7KH�GHILQLWLRQ�RI�DYHUDJH�HQHUJ\�ORVV�SHU�
�PDFURVFRSLF��XQLW�SDWK�OHQJWK�LPSRVHV�LWVHOI���PDFURVFRSLF��XQLW�SDWK�OHQJWK�LPSRVHV�LWVHOI��
DOVR�IRU�SUDFWLFDO�UHDVRQV�DOVR�IRU�SUDFWLFDO�UHDVRQV�

−+ ++→+ eatompatomp



J.P. Wellisch, 
CERN/PH

Continuous energy loss and explicit Continuous energy loss and explicit 
delta ray productiondelta ray production

�� ,Q�D�VKRZHU��PRGHOLQJ�DV�DYHUDJH�HQHUJ\�ORVV�,Q�D�VKRZHU��PRGHOLQJ�DV�DYHUDJH�HQHUJ\�ORVV�

LV�DSSURSULDWH�RQO\�IRU�NQRFNLV�DSSURSULDWH�RQO\�IRU�NQRFN��RXW�HOHFWURQ�RXW�HOHFWURQ�

HQHUJLHV�WKDW�DUH�UHDVRQDEO\�VPDOO��HQHUJLHV�WKDW�DUH�UHDVRQDEO\�VPDOO��

�� )RU�KLJK�HQHUJ\�WUDQVIHUV��WKH�DSSUR[LPDWLRQ�)RU�KLJK�HQHUJ\�WUDQVIHUV��WKH�DSSUR[LPDWLRQ�

FDQQRW�EH�PDGH��7KHVH�HOHFWURQV�QHHG�WR�EH�FDQQRW�EH�PDGH��7KHVH�HOHFWURQV�QHHG�WR�EH�

H[SOLFLWO\�JHQHUDWHG�DV�GHOWD�UD\V�H[SOLFLWO\�JHQHUDWHG�DV�GHOWD�UD\V�



J.P. Wellisch, 
CERN/PH

Reduced energy loss and delta crossReduced energy loss and delta cross--
sectionsection

�� 7KLV�OHDGV�WR�WKH�FRQFHSW�RI�UHGXFHG�HQHUJ\�ORVV�7KLV�OHDGV�WR�WKH�FRQFHSW�RI�UHGXFHG�HQHUJ\�ORVV�

�� ,I��,I�� LV�WKH�FURVVLV�WKH�FURVV��VHFWLRQ�IRU�SURGXFLQJ�DQ�VHFWLRQ�IRU�SURGXFLQJ�DQ�

HOHFWURQ�ZLWK�HQHUJ\�7�E\�DQ�LQFLGHQW�SDUWLFOH�ZLWK�HOHFWURQ�ZLWK�HQHUJ\�7�E\�DQ�LQFLGHQW�SDUWLFOH�ZLWK�

HQHUJ\�(��LQ�D�PDWHULDO�ZLWK�DWRP�GHQVLW\�GHQVLW\�HQHUJ\�(��LQ�D�PDWHULDO�ZLWK�DWRP�GHQVLW\�GHQVLW\�ρ, ρ, 
WKH�UHGXFHG�HQHUJ\�ORVV�LV�WKH�UHGXFHG�HQHUJ\�ORVV�LV�

�� :KLOH�WKH�FURVV:KLOH�WKH�FURVV��VHFWLRQ�IRU�HMHFWLQJ�D�µKDUG¶�GHOWD�UD\�VHFWLRQ�IRU�HMHFWLQJ�D�µKDUG¶�GHOWD�UD\�
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J.P. Wellisch, 
CERN/PH

Energy loss by heavy particlesEnergy loss by heavy particles

�� 7KH�WUXQFDWHG�HQHUJ\�ORVV�IRUPXOD��WUXQFDWHG�7KH�WUXQFDWHG�HQHUJ\�ORVV�IRUPXOD��WUXQFDWHG�%HWKH%HWKH��

%ORFK�%ORFK�

�� :LWK���WKH�FODVVLFDO�HOHFWURQ�UDGLXV��:LWK���WKH�FODVVLFDO�HOHFWURQ�UDGLXV�� WKH�PDVV�RI�WKH�PDVV�RI�

WKH�HOHFWURQ��WKH�HOHFWURQ�� WKH�HOHFWURQ�GHQVLW\�LQ�WKH�PDWHULDO���WKH�HOHFWURQ�GHQVLW\�LQ�WKH�PDWHULDO���

WKH�FKDUJH�RI�WKH�LQFLGHQW�SDUWLFOH��WKH�FKDUJH�RI�WKH�LQFLGHQW�SDUWLFOH��

,, WKH�PHDQ�LRQL]DWLRQ�SRWHQWLDO��WKH�PHDQ�LRQL]DWLRQ�SRWHQWLDO��δ δ WKH�GHQVLW\�HIIHFW�WKH�GHQVLW\�HIIHFW�

IXQFWLRQ��DQG����WKH�VKHOO�FRUUHFWLRQ�IXQFWLRQ��ZLWK�IXQFWLRQ��DQG����WKH�VKHOO�FRUUHFWLRQ�IXQFWLRQ��ZLWK�


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J.P. Wellisch, 
CERN/PH

Ionization potentialIonization potential
�� 0DQ\�DSSUR[LPDWLRQ�RI�,�DUH�DYDLODEOH��WKH�VLPSOHVW�0DQ\�DSSUR[LPDWLRQ�RI�,�DUH�DYDLODEOH��WKH�VLPSOHVW�

EHLQJ�, ��H9
=�EHLQJ�, ��H9
=�

�� ,Q�JHDQW���ZH�XVH�WKH�,&58�UHFRPPHQGHG�YDOXHV�,Q�JHDQW���ZH�XVH�WKH�,&58�UHFRPPHQGHG�YDOXHV�



J.P. Wellisch, 
CERN/PH

Density effect correctionDensity effect correction

�� 7KH�GHQVLW\�HIIHFW�FRUUHFWLRQ�ZRXOG�EH�EHWWHU�7KH�GHQVLW\�HIIHFW�FRUUHFWLRQ�ZRXOG�EH�EHWWHU�

QDPHG�DV�SRODUL]DWLRQ�IXQFWLRQ��,W�FRUUHFWV�IRU�QDPHG�DV�SRODUL]DWLRQ�IXQFWLRQ��,W�FRUUHFWV�IRU�

D�UHGXFWLRQ�RI�WKH�HQHUJ\�ORVV��DW�KLJK�D�UHGXFWLRQ�RI�WKH�HQHUJ\�ORVV��DW�KLJK�

HQHUJLHV���GXH�WR�SRODUL]DWLRQ�RI�WKH�PHGLXP��HQHUJLHV���GXH�WR�SRODUL]DWLRQ�RI�WKH�PHGLXP��

)RU�GHWDLOV��VHH�)RU�GHWDLOV��VHH�

0�5��0�5��6WHUQKHLPHU6WHUQKHLPHU HW�DO��3K\V��5HY��%��������������HW�DO��3K\V��5HY��%��������������



J.P. Wellisch, 
CERN/PH

Shell correctionsShell corrections

�� LV�WKH�VKHOO�FRUUHFWLRQ�WHUP��LV�WKH�VKHOO�FRUUHFWLRQ�WHUP��

8QGHU�FHUWDLQ�FRQGLWLRQV��WKH�SUREDELOLW\�8QGHU�FHUWDLQ�FRQGLWLRQV��WKH�SUREDELOLW\�

RI�FROOLVLRQV�ZLWK�LQQHU�VKHOOV�LV�PXFK�RI�FROOLVLRQV�ZLWK�LQQHU�VKHOOV�LV�PXFK�

UHGXFHG��7KLV�WHUP�WDNHV�WKLV�LQWR�UHGXFHG��7KLV�WHUP�WDNHV�WKLV�LQWR�

DFFRXQW�DFFRXQW�

�� *HDQW��XVHV�WKH�VHPL*HDQW��XVHV�WKH�VHPL��HPSLULFDO�IRUPXOD�HPSLULFDO�IRUPXOD�

RI�RI�%DUNDV%DUNDV��
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J.P. Wellisch, 
CERN/PH

Velocities below orbital electron Velocities below orbital electron 
velocitiesvelocities

�� ,&58�5HSRUW����GLVFXVVHV�ORZ�HQHUJ\�,&58�5HSRUW����GLVFXVVHV�ORZ�HQHUJ\�
FRUUHFWLRQV�LQ�GHWDLO�FRUUHFWLRQV�LQ�GHWDLO�

�� %HWKH%HWKH��%ORFK�LV�QR�ORQJHU�DSSOLFDEOH��DQG�RWKHU�%ORFK�LV�QR�ORQJHU�DSSOLFDEOH��DQG�RWKHU�
IRUPDOLVPV�QHHG�WR�EH�XVHG�IRUPDOLVPV�QHHG�WR�EH�XVHG�

�� ([��$QGHUVRQ�DQG�([��$QGHUVRQ�DQG�=LHOJHU�=LHOJHU�IRU������IRU������ββ������������
�6WRSSLQJ�SRZHU�DQG�UDQJHV�LQ�DOO�HOHPHQWV���6WRSSLQJ�SRZHU�DQG�UDQJHV�LQ�DOO�HOHPHQWV��
3HUJDPRQ�3HUJDPRQ�3UHVV�������3UHVV�������

�� ([�([� /LQGKDUG/LQGKDUG����6FKDUII6FKDUII����6FKLRWW6FKLRWW IRU�IRU�ββ������������
��.JO.JO��'DQVNH�9LGHQVNDE'DQVNH�9LGHQVNDE��6HOVNDE6HOVNDE�0DW��0DW���)\V)\V��0HGG0HGG������
���9������������9���������

�� ,Q�WKH�JHDQW��VWDQGDUG�SDFNDJH��D�VLPSOH�,Q�WKH�JHDQW��VWDQGDUG�SDFNDJH��D�VLPSOH�
IXQFWLRQDO�IRUP�LV�XVHG�WR�SDUDPHWHUL]H�WKH�IXQFWLRQDO�IRUP�LV�XVHG�WR�SDUDPHWHUL]H�WKH�
HQHUJ\�ORVV�IRU�YHU\�VPDOO�SDUWLFOH�HQHUJLHVHQHUJ\�ORVV�IRU�YHU\�VPDOO�SDUWLFOH�HQHUJLHV



J.P. Wellisch, 
CERN/PH

FluctuationsFluctuations

�� 'HSHQGLQJ�RQ�WKH�DPRXQW�RI�PDWHULDO�'HSHQGLQJ�RQ�WKH�DPRXQW�RI�PDWHULDO�

FRQVLGHUHG��WKHUH�FDQ�EH�ODUJH�IOXFWXDWLRQV�LQ�FRQVLGHUHG��WKHUH�FDQ�EH�ODUJH�IOXFWXDWLRQV�LQ�

WKH�FRQWLQXRXV�HQHUJ\�ORVV�WKH�FRQWLQXRXV�HQHUJ\�ORVV�

�� 7KHVH�FDQ�EH�VWURQJO\�DV\PPHWULF��OHDGLQJ�WR�7KHVH�FDQ�EH�VWURQJO\�DV\PPHWULF��OHDGLQJ�WR�

D�/DQGDX�GLVWULEXWLRQ�D�/DQGDX�GLVWULEXWLRQ�

�� 7KH�ODUJH�IOXFWXDWLRQV�DUH�GXH�WR�D�VPDOO�7KH�ODUJH�IOXFWXDWLRQV�DUH�GXH�WR�D�VPDOO�

QXPEHU�RI�FROOLVLRQV�ZLWK�UHODWLYHO\�ODUJH�QXPEHU�RI�FROOLVLRQV�ZLWK�UHODWLYHO\�ODUJH�

HQHUJ\�WUDQVIHU�HQHUJ\�WUDQVIHU�



J.P. Wellisch, 
CERN/PH

Energy loss fluctuations (thin gas layer).Energy loss fluctuations (thin gas layer).



J.P. Wellisch, 
CERN/PH

FluctuationsFluctuations

�� 7R�PRGHO�IOXFWXDWLRQV��JHDQW��XVHV�D�7R�PRGHO�IOXFWXDWLRQV��JHDQW��XVHV�D�

YHU\�VLPSOH�SDUWLFOHYHU\�VLPSOH�SDUWLFOH��DWRP�LQWHUDFWLRQV�DWRP�LQWHUDFWLRQV�

PRGHO�PRGHO�

�� :H�XVH�RQO\�WZR�HQHUJ\�OHYHOV�SHU�DWRP:H�XVH�RQO\�WZR�HQHUJ\�OHYHOV�SHU�DWRP

�� :H�FRQVLGHU�DQ�H[FLWDWLRQ�RI�WKH�HQHUJ\�:H�FRQVLGHU�DQ�H[FLWDWLRQ�RI�WKH�HQHUJ\�

OHYHOV��DQG�WKH�LRQL]DWLRQ�ZLWK�HQHUJ\�ORVV�OHYHOV��DQG�WKH�LRQL]DWLRQ�ZLWK�HQHUJ\�ORVV�

GLVWULEXWLRQ�IXQFWLRQ��J��SURSRUWLRQDO�WR��GLVWULEXWLRQ�IXQFWLRQ��J��SURSRUWLRQDO�WR��
2/1 E



J.P. Wellisch, 
CERN/PH

�� ,V�,V�Σ Σ WKH�PDFURVFRSLF�FURVVWKH�PDFURVFRSLF�FURVV��VHFWLRQ��WKHQ��LQ�D�SDWK�RQ�VHFWLRQ��WKHQ��LQ�D�SDWK�RQ�

OHQJWK�OHQJWK�∆∆[[��WKH�QXPEHU�RI�FROOLVLRQV�IRU�HDFK�W\SH�RI���WKH�QXPEHU�RI�FROOLVLRQV�IRU�HDFK�W\SH�RI�

LQWHUDFWLRQV��H[FLWDWLRQ��LRQL]DWLRQ��IROORZV�D�3RLVVRQ�LQWHUDFWLRQV��H[FLWDWLRQ��LRQL]DWLRQ��IROORZV�D�3RLVVRQ�

GLVWULEXWLRQ�GLVWULEXWLRQ�

�� 7KH�HQHUJ\�ORVV�LQ�D�WKLFNQHVV�LV�WKH�WKH�VXP�RYHU�DOO�7KH�HQHUJ\�ORVV�LQ�D�WKLFNQHVV�LV�WKH�WKH�VXP�RYHU�DOO�

FROOLVLRQV�FROOLVLRQV�

�� $QG�WKH�LQWURGXFWLRQ�RI�IOXFWXDWLRQV�EHFRPHV�$QG�WKH�LQWURGXFWLRQ�RI�IOXFWXDWLRQV�EHFRPHV�

VWUDLJKWIRUZDUG�VWUDLJKWIRUZDUG�
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J.P. Wellisch, 
CERN/PH

Minimum ionizing particlesMinimum ionizing particles



J.P. Wellisch, 
CERN/PH

Delta ray emissionDelta ray emission

�� 7KH�7KH�GLIIHUHQFLDO�GLIIHUHQFLDO�FURVVFURVV��VHFWLRQ�FDQ�EH�VHFWLRQ�FDQ�EH�

ZULWWHQ�DV�ZULWWHQ�DV�

�� $QG�WKH�LQWHJUDWLRQ�JLYHV�XV�IRU�WKH�$QG�WKH�LQWHJUDWLRQ�JLYHV�XV�IRU�WKH�

WRWDO��FXW�GHSHQGHQW�FURVVWRWDO��FXW�GHSHQGHQW�FURVV��VHFWLRQVVHFWLRQV
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J.P. Wellisch, 
CERN/PH

Special cases: electrons and positronsSpecial cases: electrons and positrons

�� 7KH\�DUH�VSHFLDO��GXH�WR�WKH�ORZ�PDVV��DQG��IRU�WKH�7KH\�DUH�VSHFLDO��GXH�WR�WKH�ORZ�PDVV��DQG��IRU�WKH�

HOHFWURQ��WKH�IDFW�WKDW�WKH�VFDWWHULQJ�SDUWQHUV�DUH�HOHFWURQ��WKH�IDFW�WKDW�WKH�VFDWWHULQJ�SDUWQHUV�DUH�

LGHQWLFDO�SDUWLFOHV�LGHQWLFDO�SDUWLFOHV�

�� :H�JHW�:H�JHW�0ROOHU�0ROOHU�RU�RU�%KDEKD�%KDEKD�VFDWWHULQJ��DQG�FDQ�XVH�VFDWWHULQJ��DQG�FDQ�XVH�

WKH�%HUJHU�DQG�6HOW]HU�HQHUJ\�ORVV�IRUPXODV�WKH�%HUJHU�DQG�6HOW]HU�HQHUJ\�ORVV�IRUPXODV�

�� )RU�PRUH�GHWDLOV�VHH�)RU�PRUH�GHWDLOV�VHH�

�� +��+��0HVVHO0HVVHO��'�)�&UDZIRUG����'�)�&UDZIRUG��3HUJDPRQ�3HUJDPRQ�3UHVV��2[IRUG�����3UHVV��2[IRUG�����

�� 6�0�6HOW]HU��0�-�%HUJHU��,QW��-��RI�$SS��6�0�6HOW]HU��0�-�%HUJHU��,QW��-��RI�$SS��5DG5DG��������������������������



J.P. Wellisch, 
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Also special: e+eAlso special: e+e-- annihilationannihilation



J.P. Wellisch, 
CERN/PH

e+ee+e-- annihilationannihilation

�� 7KH�FURVV7KH�FURVV��VHFWLRQ�RI�WKH�SURFHVV�VHFWLRQ�RI�WKH�SURFHVV�

FDQ�EH�GHVFULEHG�E\�FDQ�EH�GHVFULEHG�E\�+HLWOHU¶V+HLWOHU¶V FURVVFURVV��VHFWLRQ�VHFWLRQ�

IRUPXODIRUPXOD

�� $QG�WKH�GLIIHUHQWLDO�FURVV$QG�WKH�GLIIHUHQWLDO�FURVV��VHFWLRQ�FDQ�EH�VHFWLRQ�FDQ�EH�

ZULWWHQ�DVZULWWHQ�DV
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J.P. Wellisch, 
CERN/PH

BremsstrahlungBremsstrahlung

�� $�IDVW�FKDUJHG�SDUWLFOH�LV�GHFHOHUDWHG�LQ�WKH�$�IDVW�FKDUJHG�SDUWLFOH�LV�GHFHOHUDWHG�LQ�WKH�

&RXORPE�ILHOG�RI�DQ�DWRP��DQG�HPLWV�SDUW�RI�&RXORPE�ILHOG�RI�DQ�DWRP��DQG�HPLWV�SDUW�RI�

LWV�HQHUJ\�LQ�IRUP�RI�D�JDPPD�LWV�HQHUJ\�LQ�IRUP�RI�D�JDPPD�

�� 1RWHV�1RWHV�

�� $ERYH�D�IHZ����$ERYH�D�IHZ����0H90H9��WKLV�LV�WKH�GRPLQDQW�HQHUJ\���WKLV�LV�WKH�GRPLQDQW�HQHUJ\�

ORVV�PHFKDQLVP�IRU�HOHFWURQV�DQG�SRVLWURQVORVV�PHFKDQLVP�IRU�HOHFWURQV�DQG�SRVLWURQV

�� )RU�KHDYLHU�SDUWLFOHV��H[��)RU�KHDYLHU�SDUWLFOHV��H[��SLRQVSLRQV��LW�EHFRPHV���LW�EHFRPHV�

VLJQLILFDQW�RQO\�DERYH�D�IHZ�����VLJQLILFDQW�RQO\�DERYH�D�IHZ�����*H9*H9��

�� ,W�LV�YHU\�FORVHO\�UHODWHG�WR�SDLU�SURGXFWLRQ,W�LV�YHU\�FORVHO\�UHODWHG�WR�SDLU�SURGXFWLRQ



J.P. Wellisch, 
CERN/PH

Critical energy Critical energy EEcc

�� 7KH�FULWLFDO�HQHUJ\�LV�GHILQHG�DV�WKH�7KH�FULWLFDO�HQHUJ\�LV�GHILQHG�DV�WKH�

HQHUJ\�DW�ZKLFK�HQHUJ\�ORVV�E\�HQHUJ\�DW�ZKLFK�HQHUJ\�ORVV�E\�

LRQL]DWLRQ�DQG�LRQL]DWLRQ�DQG�EUHPVVWUDKOXQJ�EUHPVVWUDKOXQJ�DUH�DUH�

HTXDO�HTXDO�
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J.P. Wellisch, 
CERN/PH

Correction to the Correction to the Bethe Heitler Bethe Heitler crosscross--
sectionsection

�� 6FUHHQLQJ�6FUHHQLQJ�FURUUHFWLRQVFURUUHFWLRQV

�� %UHPVVWUDKOXQJ�%UHPVVWUDKOXQJ�RQ�DWRPLF�HOHFWURQVRQ�DWRPLF�HOHFWURQV

�� &RUUHFWLRQ�WR�WKH�%RUQ�DSSUR[LPDWLRQ&RUUHFWLRQ�WR�WKH�%RUQ�DSSUR[LPDWLRQ

�� 0DWWHU�SRODUL]DWLRQ��GLHOHFWULF�VXSSUHVVLRQ�0DWWHU�SRODUL]DWLRQ��GLHOHFWULF�VXSSUHVVLRQ�

�� /DQGDX�/DQGDX�3RPHUDQWFKXN�0LJGDO�3RPHUDQWFKXN�0LJGDO�HIIHFWHIIHFW

�� ««
�� 6HH�WKH�GLVFXVVLRQ�RI�SDLU�SURGXFWLRQ��RU�6�0��6HH�WKH�GLVFXVVLRQ�RI�SDLU�SURGXFWLRQ��RU�6�0��
6HOW]HU��0�-��%HUJHU��1,0�%����������������$WRPLF�6HOW]HU��0�-��%HUJHU��1,0�%����������������$WRPLF�
'DWD�DQG�1XFOHDU�'DWD�7DEOHV�����S���II��������'DWD�DQG�1XFOHDU�'DWD�7DEOHV�����S���II��������



J.P. Wellisch, 
CERN/PH

�� )RU�HOHFWURQV��DERYH�D�IHZ�)RU�HOHFWURQV��DERYH�D�IHZ�*H9*H9��ZH�DQ�ZULWH��ZH�DQ�ZULWH

�� +HUH�+HUH�α α LV�WKH�ILQH�VWUXFWXUH�FRQVWDQW��N�WKH�LV�WKH�ILQH�VWUXFWXUH�FRQVWDQW��N�WKH�

SKRWRQ�HQHUJ\���SKRWRQ�HQHUJ\��� ���U�WKH�FODVVLFDO����U�WKH�FODVVLFDO�

HOHFWURQ�UDGLXV��I�D�&RXORPE�FRUUHFWLRQ�HOHFWURQ�UDGLXV��I�D�&RXORPE�FRUUHFWLRQ�

IXQFWLRQ��DQGIXQFWLRQ��DQG

Note that for high particle energies, the crossNote that for high particle energies, the cross--section section 
becomes simple (Y.becomes simple (Y.--S. Tsai, Rev.Mod.Phys.46,p815ff,1974)S. Tsai, Rev.Mod.Phys.46,p815ff,1974)
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Radiation length, XRadiation length, X00

�� 7KH�UDGLDWLRQ�OHQJWK�LV�GHILQHG�E\7KH�UDGLDWLRQ�OHQJWK�LV�GHILQHG�E\

�� :KLFK��JLYHQ�WKH�LQWHJUDWLRQ�RI�7VDL¶V�IRUPXOD:KLFK��JLYHQ�WKH�LQWHJUDWLRQ�RI�7VDL¶V�IRUPXOD

�� 5HVXOWV�LQ5HVXOWV�LQ
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A few corrections for inA few corrections for in--medium effects:medium effects:
�� )RUPDWLRQ�OHQJWK�RI�WKH�JDPPD)RUPDWLRQ�OHQJWK�RI�WKH�JDPPD

�� ,Q�,Q�EUHPVVWUDKOXQJEUHPVVWUDKOXQJ��WKH�ORQJLWXGLQDO�PRPHQWXP���WKH�ORQJLWXGLQDO�PRPHQWXP�
WUDQVIHU�IURP�WKH�QXFOHXV�WR�WKH�HOHFWURQ�FDQ�EH�WUDQVIHU�IURP�WKH�QXFOHXV�WR�WKH�HOHFWURQ�FDQ�EH�
YHU\�VPDOO��)RU�(!P�DQG�(!N��ZH�KDYHYHU\�VPDOO��)RU�(!P�DQG�(!N��ZH�KDYH

�� +HQFH�+HLVHQEHUJ¶V�XQFHUWDLQW\�SULQFLSOH�LPSOLHV�+HQFH�+HLVHQEHUJ¶V�XQFHUWDLQW\�SULQFLSOH�LPSOLHV�
WKDW�WKH�FRKHUHQFH�OHQJWK�RI�HPLVVLRQ��IRUPDWLRQ�WKDW�WKH�FRKHUHQFH�OHQJWK�RI�HPLVVLRQ��IRUPDWLRQ�
OHQJWK��LV�VXEVWDQWLDOOHQJWK��LV�VXEVWDQWLDO

�� ,I�DQ\WKLQJ�KDSSHQV�GXULQJ�WKLV�OHQJWK��WKH�,I�DQ\WKLQJ�KDSSHQV�GXULQJ�WKLV�OHQJWK��WKH�
HPLVVLRQ�LV�GLVUXSWHG�HPLVVLRQ�LV�GLVUXSWHG�
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Two medium effects can take placeTwo medium effects can take place

�� 7KH�SKRWRQ�FDQ��GXULQJ�FUHDWLRQ��7KH�SKRWRQ�FDQ��GXULQJ�FUHDWLRQ��

LQWHUDFW�ZLWK�WKH�HOHFWURQV�LQ�WKH�LQWHUDFW�ZLWK�WKH�HOHFWURQV�LQ�WKH�

PDWHULDO��GLHOHFWULF�VXSSUHVVLRQ�PDWHULDO��GLHOHFWULF�VXSSUHVVLRQ�

PHFKDQLVP��PHFKDQLVP��

�� 7KH�HOHFWURQ�FDQ��GXULQJ�WKH�FUHDWLRQ�RI�7KH�HOHFWURQ�FDQ��GXULQJ�WKH�FUHDWLRQ�RI�

WKH�SKRWRQ��LQWHUDFW��PXOWLSOH�VFDWWHU��WKH�SKRWRQ��LQWHUDFW��PXOWLSOH�VFDWWHU��

ZLWK�WKH�DWRPV�LQ�WKH�PDWHULDO��/30�ZLWK�WKH�DWRPV�LQ�WKH�PDWHULDO��/30�

HIIHFW��HIIHFW��
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Dielectric suppressionDielectric suppression

�� ,W�FDQ�EH�VKRZQ��WKDW�LQ�PHGLXP�WKH�,W�FDQ�EH�VKRZQ��WKDW�LQ�PHGLXP�WKH�
IRUPDWLRQ�OHQJWK�LV�VKRUWHQHG�E\�WKLV�IRUPDWLRQ�OHQJWK�LV�VKRUWHQHG�E\�WKLV�
HIIHFW��WR�UHDGHIIHFW��WR�UHDG

�� :KHUH�WKH�DGGLWLRQDO�WHUP�LV�UHODWHG�WR�:KHUH�WKH�DGGLWLRQDO�WHUP�LV�UHODWHG�WR�
WKH�WKH�GLHOHFWULFLW\�GLHOHFWULFLW\�RI�WKH�PHGLXP�E\RI�WKH�PHGLXP�E\
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Dielectric suppressionDielectric suppression

�� 7R�WDNH�WKH�HIIHFW�LQWR�DFFRXQW�LQ�WKH�FURVV7R�WDNH�WKH�HIIHFW�LQWR�DFFRXQW�LQ�WKH�FURVV��
VHFWLRQ��ZH�ZULWHVHFWLRQ��ZH�ZULWH

�� :LWK:LWK

�� ,W�LV�ZRUWK�QRWLQJ��WKDW�IRU�VPDOO�N��WKLV�,W�LV�ZRUWK�QRWLQJ��WKDW�IRU�VPDOO�N��WKLV�
FRUUHFWLRQV�EHFRPHV�FRUUHFWLRQV�EHFRPHV� ZKLFK�FDQFHOV�ZKLFK�FDQFHOV�
WKH�LQIUDWKH�LQIUD��UHG�GLYHUJHQFH�LQ�WKH�UHG�GLYHUJHQFH�LQ�WKH�%HWKH�+HLWOHU�%HWKH�+HLWOHU�
IRUPXOD�IRUPXOD�

Tsai
d dk

d
kS

dk

d σσ ⋅= )(

22

2

)()(

)(
)(

pv

m
d k

k

kf

kf
kS

ωγ!+
=≡

22 )( pk ωγ!
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LPM suppression mechanismLPM suppression mechanism
((DoclDocl.Acad..Acad.NaukNauk.SSSR 92,(1953),535,735; Phys.Rev.103(1956)p1811ff).SSSR 92,(1953),535,735; Phys.Rev.103(1956)p1811ff)

�� :KHUH�GRHV�LW�PDWWHU":KHUH�GRHV�LW�PDWWHU"
�� :H�FDQ�DUJXH��WKDW�WKH�HIIHFW�PDWWHUV��ZKHQ�WKH�:H�FDQ�DUJXH��WKDW�WKH�HIIHFW�PDWWHUV��ZKHQ�WKH�

DQJOH�GXH�WR�PXOWLSOH�VFDWWHULQJ����������������EHFRPHV�DQJOH�GXH�WR�PXOWLSOH�VFDWWHULQJ����������������EHFRPHV�

FRPSDUDEOH�RU�JUHDWHU�WKDQ�D�W\SLFDO�HPLVVLRQ�DQJOH�FRPSDUDEOH�RU�JUHDWHU�WKDQ�D�W\SLFDO�HPLVVLRQ�DQJOH�

���������������������RI�WKH�SKRWRQ�����������������������RI�WKH�SKRWRQ��

�� )URP�����������ZH�FDQ�VKRZ�WKDW�WKH�HIIHFW�LV�UHOHYDQW�)URP�����������ZH�FDQ�VKRZ�WKDW�WKH�HIIHFW�LV�UHOHYDQW�

IRU�SKRWRQ�HQHUJLHV�EHORZ�WKH�FKDUDFWHULVWLF�HQHUJ\�IRU�SKRWRQ�HQHUJLHV�EHORZ�WKH�FKDUDFWHULVWLF�HQHUJ\�

RI�WKH�HIIHFW�ZKHUHRI�WKH�HIIHFW�ZKHUH

�� :H�REWDLQ:H�REWDLQ
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LPM correctionLPM correction

�� 0XOWLSOH�VFDWWHULQJ�LQFUHDVHV�WKH�ORQJLWXGLQDO�PRPHQWXP�0XOWLSOH�VFDWWHULQJ�LQFUHDVHV�WKH�ORQJLWXGLQDO�PRPHQWXP�

WUDQVIHU�IURP�WKH�QXFOHXV�WR�WKH�HOHFWURQ��WR�UHDGWUDQVIHU�IURP�WKH�QXFOHXV�WR�WKH�HOHFWURQ��WR�UHDG

�� 6LQFH�WKH�XQFHUWDLQW\�SULQFLSOH�UHDGV�����6LQFH�WKH�XQFHUWDLQW\�SULQFLSOH�UHDGV����� ZH�FDQ�ZH�FDQ�

FDOFXODWH�WKH�IRUPDWLRQ�OHQJWK�LIFDOFXODWH�WKH�IRUPDWLRQ�OHQJWK�LI

�� $QG�REWDLQ�WKH�VXSSUHVVLRQ�IXQFWLRQ$QG�REWDLQ�WKH�VXSSUHVVLRQ�IXQFWLRQ
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Combined suppressionCombined suppression

�� ,W�LV�ZRUWK�QRWLQJ�WKDW�ERWK�/30�DQG�,W�LV�ZRUWK�QRWLQJ�WKDW�ERWK�/30�DQG�

GLHOHFWULF�PHFKDQLVPV�RSHUDWH�RQ�WKH�GLHOHFWULF�PHFKDQLVPV�RSHUDWH�RQ�WKH�

VDPH�TXDQWLW\��7KH�FRUUHFWLRQ�KHQFH�GR�VDPH�TXDQWLW\��7KH�FRUUHFWLRQ�KHQFH�GR�

QRW�IDFWRUL]H��,QVWHDG�ZH�KDYHQRW�IDFWRUL]H��,QVWHDG�ZH�KDYH
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J.P. Wellisch, 
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Multiple Coulomb scatteringMultiple Coulomb scattering

�� $V�D�FKDUJHG�SDUWLFOH�SDVVHV�WKURXJK�PDWWHU��LW�$V�D�FKDUJHG�SDUWLFOH�SDVVHV�WKURXJK�PDWWHU��LW�

VXIIHUV�VPDOO�DQJOH�HODVWLF�&RXORPE�VFDWWHULQJ�VXIIHUV�VPDOO�DQJOH�HODVWLF�&RXORPE�VFDWWHULQJ�

�� 7KH�7KH�FXPPXODWLYH�FXPPXODWLYH�HIIHFW�RI�WKHVH�ZLOO�UHVXOW�LQ�D�HIIHFW�RI�WKHVH�ZLOO�UHVXOW�LQ�D�

GHIOHFWLRQ�DQG�GLVSODFHPHQW�RI�WKH�SDUWLFOH�ZLWK�GHIOHFWLRQ�DQG�GLVSODFHPHQW�RI�WKH�SDUWLFOH�ZLWK�

UHVSHFW�WR�WKH�RWKHUZLVH�H[SHFWHG�SDWK�UHVSHFW�WR�WKH�RWKHUZLVH�H[SHFWHG�SDWK�

�� ,I�WKH�QXPEHU�RI�LQGLYLGXDO�FROOLVLRQ�LV�ODUJH��WKH�,I�WKH�QXPEHU�RI�LQGLYLGXDO�FROOLVLRQ�LV�ODUJH��WKH�

DQJXODU�GLVWULEXWLRQ�LV�*DXVVLDQ��2WKHUZLVH��LW�LV�TXLWH�DQJXODU�GLVWULEXWLRQ�LV�*DXVVLDQ��2WKHUZLVH��LW�LV�TXLWH�

VLPLODU�WR�5XWKHUIRUG�VFDWWHULQJ�VLPLODU�WR�5XWKHUIRUG�VFDWWHULQJ�

�� 0ROLHUH�0ROLHUH�WKHRU\�UHSURGXFHV�WKLV�GLVWULEXWLRQ�TXLWH�ZHOO�WKHRU\�UHSURGXFHV�WKLV�GLVWULEXWLRQ�TXLWH�ZHOO�
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The Gaussian partThe Gaussian part

�� 2QH�SDUDPHWHUL]DWLRQ�WKDW�FDQ�EH�XVHG�IRU�2QH�SDUDPHWHUL]DWLRQ�WKDW�FDQ�EH�XVHG�IRU�

WKH�*DXVVLDQ�SDUW�LVWKH�*DXVVLDQ�SDUW�LV

�� :KHUH:KHUH

�� 7KLV�FRPHV�IURP�D�ILW�WR�WKH�7KLV�FRPHV�IURP�D�ILW�WR�WKH�0ROLHUH�0ROLHUH�

GLVWULEXWLRQV��DQG�LV�JRRG�EHWWHU�WKDQ�����IRUGLVWULEXWLRQV��DQG�LV�JRRG�EHWWHU�WKDQ�����IRU
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Multiple scattering in geant4Multiple scattering in geant4

�� 8VHV�D�PRGHO�SURSRVHG�E\�/�8UEDQ��8VHV�D�PRGHO�SURSRVHG�E\�/�8UEDQ��

EDVHG�RQ�/HZLV�WKHRU\�EDVHG�RQ�/HZLV�WKHRU\�
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20 20 GeVGeV gammas in copper (right, charged gammas in copper (right, charged 
particles only, left completeparticles only, left complete
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Test beams experiments studied in the Test beams experiments studied in the 
context of the LCG validation projectcontext of the LCG validation project

�� &06������+&$/&06������+&$/

�� &06������FRPELQHG&06������FRPELQHG

�� &06������+&$/&06������+&$/

�� $7/$6�7,/(�VWDQGDORQH$7/$6�7,/(�VWDQGDORQH

�� $7/$6�HQG$7/$6�HQG��FDS�FDS�KDGURQLFKDGURQLF

�� 0DQ\�WKDQNV�WR�)��0DQ\�WKDQNV�WR�)��*LDQRWWL*LDQRWWL��IRU���IRU�
SHUPLVVLRQ�WR�XVH�WKLV�PDWHULDO�KHUHSHUPLVVLRQ�WR�XVH�WKLV�PDWHULDO�KHUH



9DOLGDWLRQ�RI�*��KDGURQLF�9DOLGDWLRQ�RI�*��KDGURQLF�
SK\VLFV�OLVWV�ZLWK�$7/$6�SK\VLFV�OLVWV�ZLWK�$7/$6�7LOHFDO7LOHFDO

&��$OH[D��6��'L m��û��&RQVWDQWLQHVFX&��$OH[D��6��'L m��û��&RQVWDQWLQHVFX

3LRQV�DQG�SURWRQV��7%�GDWD��*HDQW��DQG�3LRQV�DQG�SURWRQV��7%�GDWD��*HDQW��DQG�
*HDQW�*HDQW�

� *HDQW�������)$'6�*RRI\���

� 4*63 �����WKHRU\�GULYHQ�PRGHOLQJ

� /+(3������/(3�DQG�+(3�SDUDPHWHUL]HG�

PRGHOV

� *HDQW���*�&DORU

� �����DQG������WHVW�EHDP�GDWD
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� �����WHVW�EHDP�GDWD��
�� LV�QRUPDOL]HG�WR�H�UHVSRQVH�IRU�HDFK�HQHUJ\�DQG�UDSLGLW\�

� (EHDP�����H������������������*H9

� �������������������������������

� �����WHVW�EHDP�GDWD��
�� LV�QRUPDOL]HG�WR�H�UHVSRQVH�IRU�HDFK�HQHUJ\�DQG�UDSLGLW\�

� (EHDP�������������DQG���*H9 ���

� �������������������������������

� *HDQW�������4*63���� DQG�/+(3 ���

� (EHDP�������������������*H9

� ������������������������������
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SLRQ�UHVROXWLRQ
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SLRQ�UHVROXWLRQ
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(EHDP GHSHQGHQFH�RI�WKH�H�� UDWLR
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G4 Validation using CMS 
HCAL Test Beam

V. Daniel Elvira

LCG validation meeting
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Motivation

� 9DOLGDWLRQ�RI�*($17��26&$5
� 8QGHUVWDQGLQJ�RI�WKH�VXFFHVVLYH�+FDO�WHVW�EHDP�

H[SHULPHQWV�����������

Use OSCAR_2_4_5 (G4.5.2),  LHEP-3.6, QGSP-2.7 
(HcalTB02 has been released as an OSCAR2 example)

� %HDP�/LQH�6\VWHP��WULJJHU�WLOHV�	�ZLUH�FKDPEHUV�
� (&$/�ER[��&U\VWDO�0DWUL[�VXE�V\VWHP�
� +&$/�%DUUHO
� +2
� $OORZ�WUDQVODWLRQ�	�URWDWLRQ�RI�ERWK�%/�	�(&$/�ER[��
� 5RRW�DQDO\VLV�SDFNDJH
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Pion Energy Resolution

6\VW��(UURUV������FRUUHODWHG�
LQ�(QHUJ\���XQFRUUHODWHG�������������������������������������
ZLWK�HDFK�RWKHU��DGGHG�LQ�
TXDGUDWXUH�

E σE/E(%)  stat  bkgnd calib
20. 26.22 0.15 5.00     0.1
30. 21.76 0.12 3.00     0.2
50. 17.40 0.10 0.60     0.2 

100. 12.95 0.07 0.40     0.3 

300. 8.55 0.05 0.00     0.3

6\VW�26&$5�����/+(3������4*63�����

([FHOOHQW�DJUHHPHQW�LQ�UHVROXWLRQ

'DWD

�/+(3�D�OLWWOH�KLJKHU�WKDQ�4*63�
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Pion Energy Linearity

6\VW��(UURUV������FRUUHODWHG�
LQ�(QHUJ\���XQFRUUHODWHG�������������������������������������
ZLWK�HDFK�RWKHU��DGGHG�LQ�
TXDGUDWXUH�

E σE/E stat  bkgnd calib
20. 0.8640 0.0015 0.0800 0.008
30. 0.8790 0.0010 0.0320 0.008
50. 0.9240 0.0010 0.0050 0.008 
100. 0.9604 0.0007 0.0003 0.008
300. 0.9823 0.0004 0.0003 0.008 

6\VW�26&$5�����/+(3������4*63�����

([FHOOHQW�DJUHHPHQW�LQ�OLQHDULW\

'DWD

��/+(3�4*63�JURZV�D�
OLWWOH�IDVWHU�VORZHU�
WKDQ�GDWD��
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Additional reading:Additional reading:

�� 7KH�*+$'�:::�SDJHV�7KH�*+$'�:::�SDJHV�
�� KWWS���KWWS���FPVGRFFPVGRF��FHUQFHUQ��FKFK�a�aKSZKSZ�*+$'��*+$'�+RPH3DJH+RPH3DJH��

�� 7KH�/&*�SK\VLFV�OLVW�SDJHV�7KH�/&*�SK\VLFV�OLVW�SDJHV�
�� KWWS���KWWS���FPVGRFFPVGRF��FHUQFHUQ��FKFK�a�aKSZKSZ�*+$'��*+$'�/&*3DJH/&*3DJH

�� 7KH�JHDQW��SK\VLFV�UHIHUHQFH�PDQXDO�7KH�JHDQW��SK\VLFV�UHIHUHQFH�PDQXDO�
�� KWWS���JHDQW��ZHE�KWWS���JHDQW��ZHE�FHUQFHUQ��FKFK�JHDQW��*�8VHUV'RFXP�JHDQW��*�8VHUV'RFXP
HQWV�2YHUYLHZ�KWPO�LQGH[�KWPOHQWV�2YHUYLHZ�KWPO�LQGH[�KWPO

�� 5HIHUHQFHV�JLYHQ�WKURXJKRXW�WKHVH�OHFWXUHV�5HIHUHQFHV�JLYHQ�WKURXJKRXW�WKHVH�OHFWXUHV�
�� 6OLGHV�DYDLODEOH�IURP�WKH�&(51�PDLQ�SDJH��DQG�6OLGHV�DYDLODEOH�IURP�WKH�&(51�PDLQ�SDJH��DQG�
WKH�FRUUHVSRQGLQJ�HQWULHV�LQ�WKH�DJHQGD�V\VWHP�WKH�FRUUHVSRQGLQJ�HQWULHV�LQ�WKH�DJHQGD�V\VWHP�
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