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HTXLOLEUDWHG�WKH�UHVLGXDO�H[FLWDWLRQ��HTXLOLEUDWHG�WKH�UHVLGXDO�H[FLWDWLRQ��

HQHUJ\��HQHUJ\��

�� 7KH�V\VWHP�LV�QRZ�D�µFRPSRXQG�7KH�V\VWHP�LV�QRZ�D�µFRPSRXQG�

V\VWHP¶�V\VWHP¶�



J.P. Wellisch, 
CERN/PH

EvaporationEvaporation

�� 7KLV�FRPSRXQG�V\VWHP�FDQ�FDUU\�VLJQLILFDQW�7KLV�FRPSRXQG�V\VWHP�FDQ�FDUU\�VLJQLILFDQW�

H[FLWDWLRQ�HQHUJ\��ZKLOH�WKH�QXFOHRQV�H[FLWDWLRQ�HQHUJ\��ZKLOH�WKH�QXFOHRQV�

FRQWDLQHG�DUH�LQ�VWDWLVWLFDO�HTXLOLEULXP�FRQWDLQHG�DUH�LQ�VWDWLVWLFDO�HTXLOLEULXP�

�� 0RVW�RI�WKH�QHXWURQV�LQ�D�0RVW�RI�WKH�QHXWURQV�LQ�D�KDGURQLF�KDGURQLF�VKRZHU�VKRZHU�

VWHP�IURP�HYDSRUDWLRQ�IURP�VXFK�FRPSRXQG�VWHP�IURP�HYDSRUDWLRQ�IURP�VXFK�FRPSRXQG�

V\VWHPV�V\VWHPV�

�� 7KH�ILUVW�VWDWLVWLFDO�PRGHO�IRU�FRPSRXQG�7KH�ILUVW�VWDWLVWLFDO�PRGHO�IRU�FRPSRXQG�

HYDSRUDWLRQ�ZDV�SURSRVHG�E\�HYDSRUDWLRQ�ZDV�SURSRVHG�E\�:HLVVNRSI�:HLVVNRSI�DQG�DQG�

(ZLQJ��SXEOLVKHG�LQ�3K\V�5HY���������������(ZLQJ��SXEOLVKHG�LQ�3K\V�5HY���������������



J.P. Wellisch, 
CERN/PH

The phases of a reactionThe phases of a reaction

�� 6RIW�LQWHUDFWLRQV6RIW�LQWHUDFWLRQV

�� ,QWUD,QWUD��QXFOHDU�FDVFDGHQXFOHDU�FDVFDGH

�� 3UH3UH��HTXLOLEULXP�SKDVHHTXLOLEULXP�SKDVH

�� (YDSRUDWLRQ(YDSRUDWLRQ

±± 1RWH��,Q�UHFHQW�\HDUV��VHYHUDO�DXWKRUV�FRQFOXGHG�1RWH��,Q�UHFHQW�\HDUV��VHYHUDO�DXWKRUV�FRQFOXGHG�
WKDW�WKH�SUHWKDW�WKH�SUH��HTXLOLEULXP�SKDVH�LV�QRW�QHFHVVDU\��HTXLOLEULXP�SKDVH�LV�QRW�QHFHVVDU\��
7KHVH�FRQFOXVLRQV�VHHP�QRW�IXOO\�MXVWLILHG�LQ�DOO�7KHVH�FRQFOXVLRQV�VHHP�QRW�IXOO\�MXVWLILHG�LQ�DOO�
FDVHV�FDVHV�



J.P. Wellisch, 
CERN/PH

Theoretical approaches towards Theoretical approaches towards 
modeling the various phases: examplesmodeling the various phases: examples

�� ,QLWLDO�VRIW�LQWHUDFWLRQV���,QLWLDO�VRIW�LQWHUDFWLRQV���

�� 'XDO�'XDO�SDUWRQSDUWRQ��RU�TXDUN�JOXRQ�VWULQJ�PRGHO���RU�TXDUN�JOXRQ�VWULQJ�PRGHO�

�� 6HFRQGDU\�VFDWWHULQJ���6HFRQGDU\�VFDWWHULQJ���

�� &ODVVLFDO�RU�ELQDU\�FDVFDGH��40'��&ODVVLFDO�RU�ELQDU\�FDVFDGH��40'��

�� 6ORZ�QXFOHRQV�DQG�IUDJPHQWV���6ORZ�QXFOHRQV�DQG�IUDJPHQWV���
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FDQQRW�DW�SUHVHQW�EH�FDOFXODWHG��EXW�DUH�FDQQRW�DW�SUHVHQW�EH�FDOFXODWHG��EXW�DUH�

WDNHQ�IURP�ILWV�WR�H[SHULPHQWDO�GDWD�WDNHQ�IURP�ILWV�WR�H[SHULPHQWDO�GDWD�

�� .D\GDORY���������.D\GDORY��������� , , DQG�DQG�
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WKH�FRQWULEXWLRQ�WR�WKH�WRWDO�FURVVWKH�FRQWULEXWLRQ�WR�WKH�WRWDO�FURVV��VHFWLRQ�VHFWLRQ�

JURZV�DSSUR[LPDWHO\�OLNH�����������������������JURZV�DSSUR[LPDWHO\�OLNH�����������������������
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nn--pomeron pomeron exchange contributions to charged exchange contributions to charged 
multiplicities (multiplicities (TerTer--MartirosyanMartirosyan, PLB44, 377, 1973)., PLB44, 377, 1973).
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NN--PomeronPomeron exchange probabilitiesexchange probabilities

�� FRQWULEXWLRQV�IURP�HQKDQFHG�JUDSKV�DUH�FRQWULEXWLRQV�IURP�HQKDQFHG�JUDSKV�DUH�

VPDOO��WKH�FURVVVPDOO��WKH�FURVV��VHFWLRQ�IRU�WKH�SURGXFWLRQ�RI�VHFWLRQ�IRU�WKH�SURGXFWLRQ�RI�

Q�Q�3RPHURQ3RPHURQ VKRZHUV�FDQ�EH�ZULWWHQ�DVVKRZHUV�FDQ�EH�ZULWWHQ�DV

�� :KHUH�]�GHVFULEHV�WKH�VL]H�RI�WKH�VXFFHVVLYH�:KHUH�]�GHVFULEHV�WKH�VL]H�RI�WKH�VXFFHVVLYH�

UHUH��VFDWWHULQJVVFDWWHULQJV
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�� +HUH�ZH�KDYH+HUH�ZH�KDYH

�� 7KH�SDUDPHWHUV�5��UDGLXV���DQG�7KH�SDUDPHWHUV�5��UDGLXV���DQG�γγ �SURGXFW�RI��SURGXFW�RI�

FRXSOLQJV��GHVFULEH�WKH�FRXSOLQJV��GHVFULEH�WKH�3RPHURQ�KDGURQ�3RPHURQ�KDGURQ�
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From nFrom n--PomeronPomeron exchange exchange 
probabilities to hadronsprobabilities to hadrons

�� *LYHQ�WKH�NQRZOHGJH�RI�WKH�Q*LYHQ�WKH�NQRZOHGJH�RI�WKH�Q��3RPHURQ3RPHURQ
H[FKDQJH�SUREDELOLWLHV��DQG�WKH�IDFWRUL]DWLRQ�H[FKDQJH�SUREDELOLWLHV��DQG�WKH�IDFWRUL]DWLRQ�
RI�WKHVH�LQ�WKH�FURVVRI�WKHVH�LQ�WKH�FURVV��VHFWLRQV��ZH�FDQ�GHILQH�VHFWLRQV��ZH�FDQ�GHILQH�
WKH�FURVVWKH�FURVV��VHFWLRQ�IRU�QVHFWLRQ�IRU�Q��3RPHURQ3RPHURQ H[FKDQJH��H[FKDQJH��
DQG�KHQFH�WKH�QXPEHU�RI�VWULQJV�LQ�D�DQG�KHQFH�WKH�QXPEHU�RI�VWULQJV�LQ�D�KDGURQ�KDGURQ�
KDGURQ�KDGURQ�FROOLVLRQ�FROOLVLRQ�

�� :KDW�ZH�QHHG�LQ�DGGLWLRQ�LV�WKH�:KDW�ZH�QHHG�LQ�DGGLWLRQ�LV�WKH�PRPHQWDPRPHQWD
FDUULHG�E\�WKH�LQGLYLGXDO�FDUULHG�E\�WKH�LQGLYLGXDO�SDUWRQVSDUWRQV��DQG�WKH���DQG�WKH�
KDGURQL]DWLRQ�KDGURQL]DWLRQ�PHFKDQLVP�IRU�WKH�VWULQJV�PHFKDQLVP�IRU�WKH�VWULQJV�
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PartonParton densities and fragmentation densities and fragmentation 
functionsfunctions

�� 7KH�IXQFWLRQV��7KH�IXQFWLRQV�� FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�

IXQFWLRQV�WKDW�GHVFULEH�WKH�VWULQJ�HQGV��ZKLFK�IXQFWLRQV�WKDW�GHVFULEH�WKH�VWULQJ�HQGV��ZKLFK�

WKHPVHOYHV�FDQ�EH�ZULWWHQ�LQ�WHUPV�RI�WKHPVHOYHV�FDQ�EH�ZULWWHQ�LQ�WHUPV�RI�SDUWRQSDUWRQ

GHQVLW\�IXQFWLRQV��DQG�GHQVLW\�IXQFWLRQV��DQG�KDGURQLVDWLRQKDGURQLVDWLRQ

IXQFWLRQV��)RU�WKH�SS�FDVH�WKLV�JLYHV�IRU�IXQFWLRQV��)RU�WKH�SS�FDVH�WKLV�JLYHV�IRU�
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PartonParton densities and densities and hadronizationhadronization
functionsfunctions

�� +HUH�WKH�IXQFWLRQV�*�FDQ�EH�UHODWHG�WR�WKH�+HUH�WKH�IXQFWLRQV�*�FDQ�EH�UHODWHG�WR�WKH�
IUDJPHQWDWLRQ�IXQFWLRQV�IUDJPHQWDWLRQ�IXQFWLRQV�
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PartonParton densities are motivated from densities are motivated from 
ReggeRegge theorytheory

�� :H�XVH:H�XVH

�� :KHUH:KHUH

�� 7KH�FRHIILFLHQWV�&�DUH�GHWHUPLQHG�IURP�VXP�7KH�FRHIILFLHQWV�&�DUH�GHWHUPLQHG�IURP�VXP�
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Hadronization Hadronization functionsfunctions

�� 7KH�7KH�KDGURQL]DWLRQ�KDGURQL]DWLRQ�IXQFWLRQV�DUH�EDVHG�IXQFWLRQV�DUH�EDVHG�

RQ�PHDVXUHPHQWV�RI�SDUWLFOH�VSHFWUD�RQ�PHDVXUHPHQWV�RI�SDUWLFOH�VSHFWUD�

IURP�IURP�KDGURQKDGURQ��KDGURQKDGURQ FROOLVLRQV�FROOLVLRQV�

�� 7KHVH�DUH�SKHQRPHQRORJLFDO�IXQFWLRQV��7KHVH�DUH�SKHQRPHQRORJLFDO�IXQFWLRQV��

�QRW�WR�EH�FRQIXVHG�ZLWK�WKH�/XQG��QRW�WR�EH�FRQIXVHG�ZLWK�WKH�/XQG�

KDGURQL]DWLRQKDGURQL]DWLRQ IXQFWLRQ�IXQFWLRQ�
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Hadron Hadron nucleus collisionsnucleus collisions

�� :LWK�UHVSHFW�WR�:LWK�UHVSHFW�WR�KDGURQ�KDGURQ�KDGURQ�KDGURQ�FROOLVLRQV��FROOLVLRQV��

KDGURQ�KDGURQ�QXFOHDU�FROOLVLRQV�RIIHU�WKH�DGGLWLRQDO�QXFOHDU�FROOLVLRQV�RIIHU�WKH�DGGLWLRQDO�
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Quark gluon string model in geant4Quark gluon string model in geant4

�� 7KH�DOJRULWKP7KH�DOJRULWKP
�� $��$����GLPHQVLRQDO�QXFOHDU�PRGHO�LV�EXLOW�XSGLPHQVLRQDO�QXFOHDU�PRGHO�LV�EXLOW�XS

�� ,W�LV�FROODSVHG�LQWR���GLPHQVLRQV,W�LV�FROODSVHG�LQWR���GLPHQVLRQV

�� 7KH�LPSDFW�SDUDPHWHU�LV�FDOFXODWHG7KH�LPSDFW�SDUDPHWHU�LV�FDOFXODWHG

�� +DGURQ+DGURQ��QXFOHRQ�FROOLVLRQ�SUREDELOLWLHV�FDOFXODWHG�QXFOHRQ�FROOLVLRQ�SUREDELOLWLHV�FDOFXODWHG�
EDVHG�RQ�WKH�TXDVLEDVHG�RQ�WKH�TXDVL��HLNRQDOHLNRQDO PRGHO��XVLQJ�*DXVVLDQ�PRGHO��XVLQJ�*DXVVLDQ�
GHQVLW\�GLVWULEXWLRQV�IRU�KDGURQV�DQG�QXFOHRQV�GHQVLW\�GLVWULEXWLRQV�IRU�KDGURQV�DQG�QXFOHRQV�

�� 6DPSOLQJ�RI�WKH�QXPEHU�RI�6DPSOLQJ�RI�WKH�QXPEHU�RI�SRPHURQV�SRPHURQV�H[FKDQJHG�H[FKDQJHG�
LQ�HDFK�FROOLVLRQ�LQ�HDFK�FROOLVLRQ�

�� 6WULQJ�IRUPDWLRQ�IURP�SDLUV�RI�6WULQJ�IRUPDWLRQ�IURP�SDLUV�RI�SDUWRQVSDUWRQV DQG�DQG�
KDGURQL]DWLRQKDGURQL]DWLRQ��
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The nuclear modelThe nuclear model
�� 7KH�QXFOHDU�GHQVLW\�GLVWULEXWLRQV�XVHG�DUH�RI�WKH�7KH�QXFOHDU�GHQVLW\�GLVWULEXWLRQV�XVHG�DUH�RI�WKH�

6D[RQ6D[RQ��:RRGV�IRUP�IRU�KLJK�$��:RRGV�IRUP�IRU�KLJK�$��*U\SHRV*U\SHRV����
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�� $QG�WKH�KDUPRQLF�RVFLOODWRU�IRUP�IRU�OLJKW�QXFOHL�$QG�WKH�KDUPRQLF�RVFLOODWRU�IRUP�IRU�OLJKW�QXFOHL�
�$�����(OWRQ��1XFOHDU�6L]HV��2[�8Q�3UHVV�������$�����(OWRQ��1XFOHDU�6L]HV��2[�8Q�3UHVV������

�� 7KH�QXFOHRQ�7KH�QXFOHRQ�PRPHQWD�PRPHQWD�DUH�UDQGRPO\�FKRVHQ�DUH�UDQGRPO\�FKRVHQ�
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The nuclear model, cont.The nuclear model, cont.

�� 7KH�VDPSOLQJ�LV�GRQH�LQ�D�FRUUHODWHG�7KH�VDPSOLQJ�LV�GRQH�LQ�D�FRUUHODWHG�

PDQQHU�PDQQHU�

�� VXFK�WKH�ORFDO�SKDVHVXFK�WKH�ORFDO�SKDVH��VSDFH�GHQVLWLHV�VWD\�VSDFH�GHQVLWLHV�VWD\�

ZLWKLQ�ZKDW�LV�DOORZHG�E\�ZLWKLQ�ZKDW�LV�DOORZHG�E\�3DXOL¶V3DXOL¶V SULQFLSOH��SULQFLSOH��

DQG�DQG�

�� VXFK�WKDW�WKH�VXP�RI�DOO�QXFOHRQ�VXFK�WKDW�WKH�VXP�RI�DOO�QXFOHRQ�PRPHQWDPRPHQWD

HTXDOV�]HUR�HTXDOV�]HUR�
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Collision criterionCollision criterion

�� ,Q�WKH�,Q�WKH�5HJJH�*ULERY�5HJJH�*ULERY�DSSURDFK��WKH�DSSURDFK��WKH�
FROOLVLRQ�SUREDELOLW\�FDQ�EH�ZULWWHQ�DVFROOLVLRQ�SUREDELOLW\�FDQ�EH�ZULWWHQ�DV

�� ZKHUHZKHUH

�� $QG$QG
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DiffractionDiffraction

�� 'LIIUDFWLRQ�LV�VSOLW�RII�XVLQJ�WKH�VKRZHU�'LIIUDFWLRQ�LV�VSOLW�RII�XVLQJ�WKH�VKRZHU�

HQKDQFHPHQW�IDFWRU�F��HQKDQFHPHQW�IDFWRU�F��%DNHU�µ����%DNHU�µ���� 7HU7HU��
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String formationString formation

�� 6WULQJ�IRUPDWLRQ�LV�GRQH�YLD�WKH�6WULQJ�IRUPDWLRQ�LV�GRQH�YLD�WKH�SDUWRQSDUWRQ

H[FKDQJH�PHFKDQLVP��VDPSOLQJ�WKH�H[FKDQJH�PHFKDQLVP��VDPSOLQJ�WKH�

SDUWRQSDUWRQ GHQVLWLHV��DQG�RUGHULQJ�SDLUV�RI�GHQVLWLHV��DQG�RUGHULQJ�SDLUV�RI�

SDUWRQVSDUWRQV LQWR�FRORU�FRXSOHG�HQWLWLHV�LQWR�FRORU�FRXSOHG�HQWLWLHV�
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QGS model for  QGS model for  π, Ν,π, Ν, and K induced and K induced 
reactionsreactions

�� 3RPHURQ�3RPHURQ�WUDMHFWRU\�DQG�YHUWH[�WUDMHFWRU\�DQG�YHUWH[�

SDUDPHWHUV�IRXQG�LQ�D�JOREDO�ILW�WR�SDUDPHWHUV�IRXQG�LQ�D�JOREDO�ILW�WR�

HODVWLF��WRWDO�DQG�GLIIUDFWLYH�����HODVWLF��WRWDO�DQG�GLIIUDFWLYH�����

DVVXPHG��FURVVDVVXPHG��FURVV��VHFWLRQV�IRU�QXFOHRQ�VHFWLRQV�IRU�QXFOHRQ�

NDRQNDRQ DQG�DQG�SLRQ�SLRQ�VFDWWHULQJ�RII�QXFOHRQV�VFDWWHULQJ�RII�QXFOHRQV�
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PionPion and proton scatteringand proton scattering
QGSQGS ModelModel
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K+, scattering off Au K+, scattering off Au 
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IntraIntra--nuclear transportnuclear transport

�� 1RWHV�1RWHV�

�� ,Q�LQHODVWLF�SDUWLFOH�QXFOHXV�FROOLVLRQV��WKHUH�LV�D�,Q�LQHODVWLF�SDUWLFOH�QXFOHXV�FROOLVLRQV��WKHUH�LV�D�

SKDVH�RI�IDVW�SDUWLFOH�HPLVVLRQ�����SKDVH�RI�IDVW�SDUWLFOH�HPLVVLRQ����� ����

�� $�$�%RO]PDQQ�%RO]PDQQ�HTXDWLRQ�QHHGV�WR�EH�VROYHG�WR�WUHDW�HTXDWLRQ�QHHGV�WR�EH�VROYHG�WR�WUHDW�

WKH�SK\VLFDO�SURFHVV�RI�WKH�FROOLVLRQ�LQ�GHWDLO�WKH�SK\VLFDO�SURFHVV�RI�WKH�FROOLVLRQ�LQ�GHWDLO�

�� 7KH�RULJLQDO�LQWUD7KH�RULJLQDO�LQWUD��QXFOHDU�FDVFDGH�PRGHO�QXFOHDU�FDVFDGH�PRGHO�

GHYHORSHG�E\�GHYHORSHG�E\�%HUWLQL�%HUWLQL�VROYHV�WKH�VROYHV�WKH�%RO]PDQQ�%RO]PDQQ�

HTXDWLRQ�RQ�DYHUDJH�HTXDWLRQ�RQ�DYHUDJH�

�� 0XFK�ODWHU�RWKHU�FDVFDGH0XFK�ODWHU�RWKHU�FDVFDGH��W\SH�PRGHOV�KDYH�EHHQ�W\SH�PRGHOV�KDYH�EHHQ�

SURSRVHG�WR�WKH�VDPH�SXUSRVH�SURSRVHG�WR�WKH�VDPH�SXUSRVH�
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Cascade type modelsCascade type models

�� %HUWLQL%HUWLQL FDVFDGHFDVFDGH

�� 4XDQWXP�PROHFXODU�G\QDPLFV��40'�4XDQWXP�PROHFXODU�G\QDPLFV��40'�

�� %LQDU\�FDVFDGH%LQDU\�FDVFDGH
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Some history of the intraSome history of the intra--nuclear cascadenuclear cascade

�� )LUVW�SURSRVHG�E\�5��)LUVW�SURSRVHG�E\�5��6HUEHU6HUEHU��
�� 1XFOHDU�UHDFWLRQV�DW�KLJK�HQHUJLHV��1XFOHDU�UHDFWLRQV�DW�KLJK�HQHUJLHV��

3K\V�5HY����Y���S����I������3K\V�5HY����Y���S����I������

�� 6WDWLVWLFDO�FDOFXODWLRQV�E\�0��*ROGEHUJHU�6WDWLVWLFDO�FDOFXODWLRQV�E\�0��*ROGEHUJHU�
�� 7KH�LQWHUDFWLRQ�RI�KLJK�HQHUJ\�QHXWURQV�DQG�KHDY\�7KH�LQWHUDFWLRQ�RI�KLJK�HQHUJ\�QHXWURQV�DQG�KHDY\�

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

�� 0RQWH�&DUOR�FRPSXWHU�FRGH�E\�0HWURSROLV�HW�DO0RQWH�&DUOR�FRPSXWHU�FRGH�E\�0HWURSROLV�HW�DO
�� 0RQWH�&DUOR�VLPXODWLRQV�RI�LQWHU0RQWH�&DUOR�VLPXODWLRQV�RI�LQWHU��QXFOHDU�FDVFDGHV���,��QXFOHDU�FDVFDGHV���,��

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

�� �����+�:������+�:� %HUWLQL%HUWLQL SXEOLVKHG�VWDQGDUG�PHWKRGV�SXEOLVKHG�VWDQGDUG�PHWKRGV�
WR�EH�XVHG�LQ�PDQ\�FDVFDGH�LPSOHPHQWDWLRQVWR�EH�XVHG�LQ�PDQ\�FDVFDGH�LPSOHPHQWDWLRQV

�� 3K\V�5HY�����S������������251/3K\V�5HY�����S������������251/������������
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Canonical components of an intraCanonical components of an intra--
nuclear cascadenuclear cascade

�� $�GHVFULSWLRQ�RI�WKH�QXFOHXV$�GHVFULSWLRQ�RI�WKH�QXFOHXV
�� $��=��GHQVLWLHV��HWF��$��=��GHQVLWLHV��HWF��

�� $�GHVFULSWLRQ�RI�WKH�VFDWWHULQJ�RI�PRYLQJ�$�GHVFULSWLRQ�RI�WKH�VFDWWHULQJ�RI�PRYLQJ�
SDUWLFOHV�RII�QXFOHRQV�LQ�WKH�QXFOHXVSDUWLFOHV�RII�QXFOHRQV�LQ�WKH�QXFOHXV

�� &URVV&URVV��VHFWLRQV��DQJXODU�GLVWULEXWLRQVVHFWLRQV��DQJXODU�GLVWULEXWLRQV

�� $�GHVFULSWLRQ�RI�WKH�FRKHUHQW�LQWHUDFWLRQ�RI�$�GHVFULSWLRQ�RI�WKH�FRKHUHQW�LQWHUDFWLRQ�RI�
PRYLQJ�SDUWLFOHV�ZLWK�WKH�QXFOHDU�ILHOG�PRYLQJ�SDUWLFOHV�ZLWK�WKH�QXFOHDU�ILHOG�

�� +DPLOWRQLDQ��HTXDWLRQV�RI�PRWLRQ��SRWHQWLDO+DPLOWRQLDQ��HTXDWLRQV�RI�PRWLRQ��SRWHQWLDO

�� $�GHVFULSWLRQ�RI�WKH�HIIHFWV�RI�WKH�QXFOHDU�$�GHVFULSWLRQ�RI�WKH�HIIHFWV�RI�WKH�QXFOHDU�
PHGLXP�RQ�VFDWWHULQJ�FURVVPHGLXP�RQ�VFDWWHULQJ�FURVV��VHFWLRQV�VHFWLRQV�

�� 3DXOL¶V3DXOL¶V SULQFLSOH��HIIHFWLYH�PDVVHV�DQG�ZLGWK��HWF��SULQFLSOH��HIIHFWLYH�PDVVHV�DQG�ZLGWK��HWF��
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BertiniBertini cascade in geant4cascade in geant4
�� 7KH�EDVLF�VWHSV7KH�EDVLF�VWHSV

���� 7KH�LPSDFW�SDUDPHWHU�RI�WKH�SURMHFWLOH�LV�7KH�LPSDFW�SDUDPHWHU�RI�WKH�SURMHFWLOH�LV�
VHOHFWHG�XQLIRUPO\�RYHU�WKH�SURMHFWHG�DUHD�RI�WKH�VHOHFWHG�XQLIRUPO\�RYHU�WKH�SURMHFWHG�DUHD�RI�WKH�
QXFOHXV�QXFOHXV�

���� 7RWDO��IUHH�FURVV7RWDO��IUHH�FURVV��VHFWLRQV�DUH�XVHG�WR�GHWHUPLQH�VHFWLRQV�DUH�XVHG�WR�GHWHUPLQH�
WKH�UHDFWLRQV�ORFDWLRQV�RI�WKH�FDVFDGH�SDUWLFOHV�LQ�WKH�UHDFWLRQV�ORFDWLRQV�RI�WKH�FDVFDGH�SDUWLFOHV�LQ�
D�QXFOHDU�PHGLXP�ZLWK�GHQVLW\�D�QXFOHDU�PHGLXP�ZLWK�GHQVLW\�ρ.ρ.
�� $�VHW�RI�FRQFHQWULF�VSKHULFDO�VKHOOV�ZLWK�FRQVWDQW�$�VHW�RI�FRQFHQWULF�VSKHULFDO�VKHOOV�ZLWK�FRQVWDQW�

GHQVLW\�DUH�XVHG�WR�PRGHO�WKH�QXFOHDU�PHGLXP�GHQVLW\�DUH�XVHG�WR�PRGHO�WKH�QXFOHDU�PHGLXP�

�� $W�VKHOO�ERXQGDULHV��FDVFDGH�SDUWLFOHV�DUH�UHIUDFWHG�RU�$W�VKHOO�ERXQGDULHV��FDVFDGH�SDUWLFOHV�DUH�UHIUDFWHG�RU�
UHIOHFWHG�UHIOHFWHG�

���� 7KH�7KH�PRPHQWD�PRPHQWD�RI�FROOLVLRQ�SDUWQHUV�DUH�FDOFXODWHG�RI�FROOLVLRQ�SDUWQHUV�DUH�FDOFXODWHG�

���� ,I�WKHLU�VWDWHV�DUH�DOORZHG�E\�,I�WKHLU�VWDWHV�DUH�DOORZHG�E\�3DXOL¶V3DXOL¶V H[FOXVLRQ�H[FOXVLRQ�
SULQFLSOH��WKHVH�EHFRPH�FDVFDGH�SDUWLFOHV��DQG�SULQFLSOH��WKHVH�EHFRPH�FDVFDGH�SDUWLFOHV��DQG�
ZH�FRQWLQXH�ZLW�VWHS���ZH�FRQWLQXH�ZLW�VWHS���
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The nuclear modelThe nuclear model

�� 1XFOHRQV�DUH�DVVXPHG�WR�KDYH�)HUPL�JDV�PRPHQWXP�1XFOHRQV�DUH�DVVXPHG�WR�KDYH�)HUPL�JDV�PRPHQWXP�

GLVWULEXWLRQV��ZLWK�)HUPL�PRPHQWXP�FDOFXODWHG�LQ�ORFDO�GHQVLW\�GLVWULEXWLRQV��ZLWK�)HUPL�PRPHQWXP�FDOFXODWHG�LQ�ORFDO�GHQVLW\�

DSSUR[LPDWLRQ�DSSUR[LPDWLRQ�

�� ,I�$����D�QXFOHXV�FRQVLVWLQJ�RI�RQH�VKHOO�ZLWK��IP�UDGLXV�LV�,I�$����D�QXFOHXV�FRQVLVWLQJ�RI�RQH�VKHOO�ZLWK��IP�UDGLXV�LV�

XVHG��)RU���$�����WKUHH�FRQFHQWULF�VSKHUHV�ZLWK�UDGLLXVHG��)RU���$�����WKUHH�FRQFHQWULF�VSKHUHV�ZLWK�UDGLL

�� :KHUH�:KHUH� DQG�DQG�

�� )RU�ODUJHU�$�ZH�XVH)RU�ODUJHU�$�ZH�XVH
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CrossCross--sections and sections and PauliPauli principleprinciple

�� 3DXOL¶V�3DXOL¶V�H[FOXVLRQ�SULQFLSOH�LV�PRGHOHG�E\�DFFHSWLQJ�H[FOXVLRQ�SULQFLSOH�LV�PRGHOHG�E\�DFFHSWLQJ�

RQO\�VFDWWHUHG�QXFOHRQV�ZLWK�HQHUJ\�DERYH�)HUPL�RQO\�VFDWWHUHG�QXFOHRQV�ZLWK�HQHUJ\�DERYH�)HUPL�

HQHUJ\HQHUJ\

�� 3DWK�OHQJWK�DUH�VDPSOHG�DFFRUGLQJ�WR�WKH�IUHH�3DWK�OHQJWK�DUH�VDPSOHG�DFFRUGLQJ�WR�WKH�IUHH�

QXFOHRQQXFOHRQ��QXFOHRQ�RU�QXFOHRQ�RU�SLRQSLRQ��QXFOHRQ�FURVVQXFOHRQ�FURVV��VHFWLRQV�VHFWLRQV�

�� 6HFRQGDU\�NLQHPDWLFV�LV�DOVR�GHWHUPLQHG�IURP�6HFRQGDU\�NLQHPDWLFV�LV�DOVR�GHWHUPLQHG�IURP�

H[SHULPHQWDO�GLIIHUHQWLDO�FURVVH[SHULPHQWDO�GLIIHUHQWLDO�FURVV��VHFWLRQV�VHFWLRQV�

�� 66��ZDYH�ZDYH�SLRQ�SLRQ�DEVRUSWLRQ�LV�LQFOXGHG�IRU�DOO�DEVRUSWLRQ�LV�LQFOXGHG�IRU�DOO�SLRQVSLRQV��XVLQJ���XVLQJ�

H[SHULPHQWDO�GDWD�RQ�WKH�FKDQQHO�FURVVH[SHULPHQWDO�GDWD�RQ�WKH�FKDQQHO�FURVV��VHFWLRQV�IRU�VHFWLRQV�IRU�

SURGXFLQJ�ILQDO�VWDWHV�SURGXFLQJ�ILQDO�VWDWHV�
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Example plots Example plots –– Iron 7.5 degrees Iron 7.5 degrees 
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Example plots Example plots –– Iron 30 degreesIron 30 degrees
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Example plots Example plots –– Iron 60 degreesIron 60 degrees
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Example plots Example plots –– Iron 150 degreesIron 150 degrees
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Binary cascadingBinary cascading

�� 6RPH�FKDUDFWHULVWLFV�RI�ELQDU\�FDVFDGLQJ��6RPH�FKDUDFWHULVWLFV�RI�ELQDU\�FDVFDGLQJ��
�� ,Q�ELQDU\�FDVFDGLQJ��OLNH�LQ�40'��HDFK�QXFOHRQ�SDUWLFLSDQW�LV�,Q�ELQDU\�FDVFDGLQJ��OLNH�LQ�40'��HDFK�QXFOHRQ�SDUWLFLSDQW�LV�

GHVFULEHG�E\GHVFULEHG�E\

�� $QG�WKH�WRWDO�ZDYH�IXQFWLRQ�LV�DVVXPHG�WR�EH�WKH�GLUHFW�$QG�WKH�WRWDO�ZDYH�IXQFWLRQ�LV�DVVXPHG�WR�EH�WKH�GLUHFW�
SURGXFW�RI�WKHVH��QR�DQWLSURGXFW�RI�WKHVH��QR�DQWL��V\PPHWUL]DWLRQV\PPHWUL]DWLRQ������

�� 7KH�HTXDWLRQV�RI�PRWLRQ�IRU�WKLV�ZDYH7KH�HTXDWLRQV�RI�PRWLRQ�IRU�WKLV�ZDYH��IRUP�DUH�LGHQWLFDO�LQ�IRUP�DUH�LGHQWLFDO�LQ�
VWUXFWXUH�WR�WKH�FODVVLFDO�+DPLOWRQ�HTXDWLRQV��DQG�FDQ�EH�VWUXFWXUH�WR�WKH�FODVVLFDO�+DPLOWRQ�HTXDWLRQV��DQG�FDQ�EH�
VROYHG�E\�QXPHULFDO�LQWHJUDWLRQ�VROYHG�E\�QXPHULFDO�LQWHJUDWLRQ�

�� ,Q�40'��WKH�+DPLOWRQLDQ�LV�FDOFXODWHG�IURP��,Q�40'��WKH�+DPLOWRQLDQ�LV�FDOFXODWHG�IURP���� DQG��DQG����ERG\�ERG\�
LQWHUDFWLRQV�RI�WKH�SDUWLFOHV�LQ�WKH�V\VWHP��,Q�%LQDU\�FDVFDGH��LQWHUDFWLRQV�RI�WKH�SDUWLFOHV�LQ�WKH�V\VWHP��,Q�%LQDU\�FDVFDGH��
WKH�1XFOHDU�+DPLOWRQLDQ�LV�FDOFXODWHG�IURP�RSWLFDO�SRWHQWLDOV�WKH�1XFOHDU�+DPLOWRQLDQ�LV�FDOFXODWHG�IURP�RSWLFDO�SRWHQWLDOV�
EDVHG�RQ�WKH�WDUJHW�QXFOHXV¶�SURSHUW\�EDVHG�RQ�WKH�WDUJHW�QXFOHXV¶�SURSHUW\�
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The nuclear modelThe nuclear model

�� $��$����GLPHQVLRQDO�PRGHO�RI�WKH�QXFOHXV�LV�GLPHQVLRQDO�PRGHO�RI�WKH�QXFOHXV�LV�
FRQVWUXFWHGFRQVWUXFWHG

�� SRVLWLRQLQJ�LQGLYLGXDO�QXFOHRQV�SRVLWLRQLQJ�LQGLYLGXDO�QXFOHRQV�

�� LQ�ORFDO�GHQVLW\�DSSUR[LPDWLRQLQ�ORFDO�GHQVLW\�DSSUR[LPDWLRQ

�� 8VLQJ�WKH�)HUPL�JDV�PRGHO�8VLQJ�WKH�)HUPL�JDV�PRGHO�

�� 7KH�VDPSOLQJ�LV�GRQH�LQ�D�FRUUHODWHG�PDQQHU�7KH�VDPSOLQJ�LV�GRQH�LQ�D�FRUUHODWHG�PDQQHU�
�� VXFK�WKH�ORFDO�SKDVHVXFK�WKH�ORFDO�SKDVH��VSDFH�GHQVLWLHV�VWD\�ZLWKLQ�VSDFH�GHQVLWLHV�VWD\�ZLWKLQ�

ZKDW�LV�DOORZHG�E\ZKDW�LV�DOORZHG�E\ 3DXOL¶V3DXOL¶V SULQFLSOH��DQG�SULQFLSOH��DQG�

�� VXFK�WKDW�WKH�VXP�RI�DOO�QXFOHRQVXFK�WKDW�WKH�VXP�RI�DOO�QXFOHRQ PRPHQWDPRPHQWD HTXDOV�HTXDOV�
]HUR�]HUR�
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The nuclear densityThe nuclear density

�� 7KH�QXFOHDU�GHQVLW\�GLVWULEXWLRQV�XVHG�DUH�WKH�7KH�QXFOHDU�GHQVLW\�GLVWULEXWLRQV�XVHG�DUH�WKH�
6D[RQ6D[RQ��:RRGV�IRUP�IRU�KLJK�$:RRGV�IRUP�IRU�KLJK�$

�� +HUH�+HUH�

�� $QG�WKH�KDUPRQLF�RVFLOODWRU�IRUP�IRU�OLJKW�QXFOHL�$QG�WKH�KDUPRQLF�RVFLOODWRU�IRUP�IRU�OLJKW�QXFOHL�
�$�����$����

�� ZLWKZLWK
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J.P. Wellisch, 
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Nuclear densities: Ex. 4He, 10B, 28Si, and 63Cu

J.P.Wellisch



J.P. Wellisch, 
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The transport algorithmThe transport algorithm

���� 7KH�LPSDFW�SDUDPHWHU�LV�FKRVHQ�UDQGRPO\�DFURVV�7KH�LPSDFW�SDUDPHWHU�LV�FKRVHQ�UDQGRPO\�DFURVV�
WKH�SURMHFWHG�DUHD�RI�WKH�QXFOHXV�WKH�SURMHFWHG�DUHD�RI�WKH�QXFOHXV�

���� 7KH�SDWK�RI�DOO�FDVFDGH�SDUWLFOHV�LV�SURMHFWHG�DV�7KH�SDWK�RI�DOO�FDVFDGH�SDUWLFOHV�LV�SURMHFWHG�DV�
VWUDLJKW�OLQHV��WR�GHWHUPLQH�WKH�WLPH�WR�WKH�HDUOLHVW�VWUDLJKW�OLQHV��WR�GHWHUPLQH�WKH�WLPH�WR�WKH�HDUOLHVW�
FROOLVLRQFROOLVLRQ

�� %DVHG�RQ�JHRPHWULFDO�FURVV%DVHG�RQ�JHRPHWULFDO�FURVV��VHFWLRQ�LQWHUSUHWDWLRQ��DQG�IUHH�VHFWLRQ�LQWHUSUHWDWLRQ��DQG�IUHH�
FURVVFURVV��VHFWLRQV��DV�GHVFULEHG�ODWHUVHFWLRQV��DV�GHVFULEHG�ODWHU

���� 7KH�FROOLVLRQ�LV�VLPXODWHG��DQG�WKH�ILQDO�VWDWH�LV�7KH�FROOLVLRQ�LV�VLPXODWHG��DQG�WKH�ILQDO�VWDWH�LV�
VXEMHFW�WR�VXEMHFW�WR�3DXOL¶V3DXOL¶V SULQFLSOH��,I�UHMHFWHG��WKH�SULQFLSOH��,I�UHMHFWHG��WKH�
SURFHGXUH�LV�UHSHDWHG�ZLWK�WKH�QH[W�FROOLVLRQ�SURFHGXUH�LV�UHSHDWHG�ZLWK�WKH�QH[W�FROOLVLRQ�

���� ,I�DFFHSWHG��WKH�V\VWHP�LV�WUDQVSRUWHG�LQ�WKH�QXFOHDU�,I�DFFHSWHG��WKH�V\VWHP�LV�WUDQVSRUWHG�LQ�WKH�QXFOHDU�
SRWHQWLDO��XVLQJ�D��¶WK�RUGHU�SRWHQWLDO��XVLQJ�D��¶WK�RUGHU�5XQJH5XQJH��.XWWD�.XWWD�LQWHJUDWLRQ�LQWHJUDWLRQ�
DORULWKPDORULWKP��DQG�ZH�JR�WR�VWHS�����DQG�ZH�JR�WR�VWHS���
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The imaginary part of the GThe imaginary part of the G--matrix matrix 

�� $FWV�OLNH�D�VFDWWHULQJ�WHUP$FWV�OLNH�D�VFDWWHULQJ�WHUP

�� 'HVFULEHG�DV��'HVFULEHG�DV����ERG\��SRLQWERG\��SRLQW��OLNH�FROOLVLRQV��DQG�OLNH�FROOLVLRQV��DQG�

UHVRQDQFH�GHFD\UHVRQDQFH�GHFD\

�� &ROOLVLRQ�DVVXPSWLRQ�RI�EODFN�GLVN�FURVV&ROOLVLRQ�DVVXPSWLRQ�RI�EODFN�GLVN�FURVV��VHFWLRQVHFWLRQ
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Why binary cascade?Why binary cascade?

�� 7KH�QDPH�ELQDU\�FDVFDGH�FRPHV�IURP�WKH�7KH�QDPH�ELQDU\�FDVFDGH�FRPHV�IURP�WKH�
IDFW�WKDW�RQO\�ELQDU\�FROOLVLRQV��DQG�GHFD\��IDFW�WKDW�RQO\�ELQDU\�FROOLVLRQV��DQG�GHFD\��
DUH�FRQVLGHUHG��OLNHDUH�FRQVLGHUHG��OLNH

�� 1R�IXUWKHU�GHWDLOV�RQ�WKH�PDWKHPDWLFV��EXW�1R�IXUWKHU�GHWDLOV�RQ�WKH�PDWKHPDWLFV��EXW�
WKH�QXFOHRQ�DQG�GHOWD�UHVRQDQFHV�WDNHQ�LQWR�WKH�QXFOHRQ�DQG�GHOWD�UHVRQDQFHV�WDNHQ�LQWR�
FRQVLGHUDWLRQ�DUH�WKHVHFRQVLGHUDWLRQ�DUH�WKHVH

�� ∆∆12321232, ∆, ∆16001600, ∆, ∆16201620, ∆, ∆17001700, ∆, ∆19001900, ∆, ∆19051905, ∆, ∆19101910, ∆, ∆19201920, ∆, ∆19301930, ∆, ∆19501950

�� ΝΝ14001400, Ν, Ν15201520, Ν, Ν15351535, Ν, Ν16501650, Ν, Ν16751675, Ν, Ν16801680, Ν, Ν17001700, Ν, Ν17101710, Ν, Ν17201720, Ν, Ν19001900, Ν, Ν19901990, , 
ΝΝ20902090, Ν, Ν21902190, Ν, Ν22202220, Ν, Ν22502250

1775
0*

21901232 Σ→∆→ − pKorNpp



J.P. Wellisch, 
CERN/PH

Channel crossChannel cross--sectionssections

�� 0DQ\�FURVV0DQ\�FURVV��VHFWLRQV�LQ�PHVRQVHFWLRQV�LQ�PHVRQ��QXFOHRQ�QXFOHRQ�

VFDWWHULQJ�FDQ�EH�PRGHOHG�DV�UHVRQDQFH�VFDWWHULQJ�FDQ�EH�PRGHOHG�DV�UHVRQDQFH�

IRUPDWLRQ�LQ�WKH�6IRUPDWLRQ�LQ�WKH�6��FKDQQHO�FKDQQHO�

�� :KHUH�WKH�SDUWLDO�ZLGWK�IRU�GHFD\�WKHQ�ZLOO�:KHUH�WKH�SDUWLDO�ZLGWK�IRU�GHFD\�WKHQ�ZLOO�

GHSHQG�RQ�WKH�VWRFKDVWLF�PDVV�RI�WKH�GHSHQG�RQ�WKH�VWRFKDVWLF�PDVV�RI�WKH�

UHVRQDQFHUHVRQDQFH
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J.P. Wellisch, 
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Resonance production in the tResonance production in the t--channelchannel

�� 7KH�FURVV7KH�FURVV��VHFWLRQ�IRU�UHVRQDQFH�IRUPDWLRQ�LQ�WKH�WVHFWLRQ�IRU�UHVRQDQFH�IRUPDWLRQ�LQ�WKH�W��

FKDQQHO�ZDV�SDUDPHWHUL]HG�EDVHG�RQ�H[SHULPHQWDO�FKDQQHO�ZDV�SDUDPHWHUL]HG�EDVHG�RQ�H[SHULPHQWDO�

GDWD��7KH�GDWD��7KH�SDUDPHWUL]DWLRQ�SDUDPHWUL]DWLRQ�LV�PRWLYDWHG�IURP�WKH�IRUP�LV�PRWLYDWHG�IURP�WKH�IRUP�

RI�WKH�RI�WKH�∆∆�����FURVV�����FURVV��VHFWLRQ�VHFWLRQ�

�� 6LQJOH�DQG�GRXEOH�UHVRQDQFH�H[FLWDWLRQ�LQ�QXFOHRQ�6LQJOH�DQG�GRXEOH�UHVRQDQFH�H[FLWDWLRQ�LQ�QXFOHRQ�

QXFOHRQ�VFDWWHULQJ�DUH�WDNHQ�LQWR�WKH�PRGHOQXFOHRQ�VFDWWHULQJ�DUH�WDNHQ�LQWR�WKH�PRGHO
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J.P. Wellisch, 
CERN/PH

Predicting the Delta++ production crossPredicting the Delta++ production cross--
section in pp scattering by binary section in pp scattering by binary casacdecasacde

J.P.Wellisch
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Non pp induced tNon pp induced t--channel crosschannel cross--
sectionssections

�� 2WKHU�FURVV2WKHU�FURVV��VHFWLRQV�DUH�GHULYHG�IURP�VHFWLRQV�DUH�GHULYHG�IURP�

WKLV�XVLQJ�GHWDLOHG�EDODQFH��ZKLOH�WKLV�XVLQJ�GHWDLOHG�EDODQFH��ZKLOH�

LVRVSLQLVRVSLQ LQYDULDQFH�LV�DVVXPHGLQYDULDQFH�LV�DVVXPHG
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J.P. Wellisch, 
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Nucleon nucleon elastic scattering Nucleon nucleon elastic scattering 
final statesfinal states

�� 7KHVH�DUH�WDNHQ�IURP�WKH�SKDVH7KHVH�DUH�WDNHQ�IURP�WKH�SKDVH��VKLIW�VKLIW�

DQDO\VLV�RI�5��$UQGW��DQDO\VLV�RI�5��$UQGW��

�� 0RG�3K\V�$�������������0RG�3K\V�$�������������

597 MeV pp scattering
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Angular distributions for resonance Angular distributions for resonance 
rere--scattering in the tscattering in the t--channelchannel

�� 7KHVH�DUH�FDOFXODWHG�DQDO\WLFDOO\�IURP�WKH�FROOLVLRQ�7KHVH�DUH�FDOFXODWHG�DQDO\WLFDOO\�IURP�WKH�FROOLVLRQ�

WHUP�RI�WKH�LQWHUP�RI�WKH�LQ��PHGLXP��UHODWLYLVWLF�PHGLXP��UHODWLYLVWLF�%ROW]PDQQ%ROW]PDQQ��

8HKOLQJ8HKOLQJ��8KOHQEHFN�8KOHQEHFN�HTXDWLRQ��YLD�VFDOLQJ�RI�WKH�FHQWHU�HTXDWLRQ��YLD�VFDOLQJ�RI�WKH�FHQWHU�

RI�PDVV�HQHUJ\�RI�PDVV�HQHUJ\�

�� ZLWKZLWK
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J.P. Wellisch, 
CERN/PH

�� DQGDQG
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J.P. Wellisch, 
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Binary cascadeBinary cascade
predictionprediction

Sample the 
Impact parameter  over
A large area.
Make the ratio of ‘hits’ 
To trials, times the area 
sampled
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Forward scattering in proton Forward scattering in proton 
scattering (256 scattering (256 MeVMeV))
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Scattering off lead at various angles Scattering off lead at various angles 
and energiesand energies
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Pion Pion production at ~600MeV on production at ~600MeV on 
various targetsvarious targets
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TomorrowTomorrow

�� 3UH3UH��HTXLOLEULXP�GHFD\�DQG�HYDSRUDWLRQ�HTXLOLEULXP�GHFD\�DQG�HYDSRUDWLRQ�

PRGHOVPRGHOV

�� 9HULILFDWLRQ�RI�WKH�9HULILFDWLRQ�RI�WKH�KDGURQLF�KDGURQLF�PRGHOV�RI�PRGHOV�RI�

JHDQW�JHDQW�
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