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�����:VW S���-DNLH�Z\ V]H�Z\PLDU\"
-HGQ � ]� QDMEDUG]LHM� RF]\ZLVW\FK� L� LQWXLF\MQLH� QLHSRGZD DOQ\FK� ZáD FLZR FL� QDV]HJR

:V]HFK ZLDWD� MHVW� MHJR� WUyMZ\PLDURZR ü�� 'OD� ND GHJR� F]áRZLHND� QDWXUDOQ � U]HF] � MHVW
LVWQLHQLH�WU]HFK�Z\PLDUyZ���GáXJR FL��V]HURNR FL�L�Já ERNR FL��1D�SU]HNyU�WHPX��Z�RVWDWQLFK
ODWDFK� REVHUZXMH� VL � Z� IL]\FH� WHRUHW\F]QHM� � ROEU]\PL � SRSXODUQR ü� WHRULL� QHJXM F\FK
RF]\ZLVWR ü�WUyMZ\PLDURZR FL�SU]HVWU]HQL�Z�NWyUHM� \MHP\�SU]H]�ZSURZDG]DQLH�GRGDWNRZ\FK
Z\PLDUyZ� SU]HVWU]HQQ\FK�� 6WHYHQ� :HLQEHUJ�� ZVSyáODXUHDW� 1DJURG\� 1REOD� RWU]\PDQHM� ]D
VIRUPXáRZDQLH� WHRULL� RGG]LDá\ZD � HOHNWURVáDE\FK�� SRGVXPRZDá� W � V\WXDFM � VWZLHUG]DM F�� H
³IL]\ND� WHRUHW\F]QD� XSRGDEQLD� VL � FRUD]� EDUG]LHM� GR� OLWHUDWXU\� IDQWDVW\F]QR�QDXNRZHM´� >�@�
.RQFHSFMH�WH�WUDILá\�MX �³SRG�VWU]HFK\´�]D�VSUDZ �GX HM�OLF]E\�SR]\FML�SRSXODUQRQDXNRZ\FK�
3RZD QL� IL]\F\� WHRUHW\F\� SLV] � Z� NVL NDFK� R� U]HF]DFK� ]QDQ\FK� GRW G� UDF]HM� ]� ILOPyZ
VFLHQFH�ILFWLRQ�� SRGUy DFK� Z� F]DVLH�� WXQHODFK� F]DVRSU]HVWU]HQQ\FK�� KLSHUSU]HVWU]HQL�� F]\OL
ZáD QLH�R�GRGDWNRZ\FK�Z\PLDUDFK�

1LP�MHGQDN�GR�WHJR�GRV]áR��OXG]NR ü�PXVLDáD�Z\]ZROLü�VL �]�RJUDQLF]H �QDáR RQ\FK�QD
QL �SUDZLH�GZD�L�Syá�W\VL FD�ODW�WHPX�SU]H]�(XNOLGHVD�L�MHJR�(OHPHQW\��-HGQ\P�]�OXG]L��NWyU]\
WHJR�GRNRQDOL��E\á�QLHPLHFNL�PDWHPDW\N�*HRUJ�5LHPDQQ�

�������:\ V]H�Z\PLDU\�L�SU]HVWU]H �]DNU]\ZLRQD

3U]H]�SRQDG�GZD�W\VL FH�ODW�FDáD�ZLHG]D�OXG]ND�Z�G]LHG]LQLH�JHRPHWULL�RSDUWD�E\áD�QD
DNVMRPDWDFK� (XNOLGHVD� L� QD� Z\QLNDM F\FK� ]� QLFK� WZLHUG]HQLDFK� �� SURVWH� UyZQROHJáH� QLH
SU]HFLQDM � VL �� VXPD�N WyZ�ZHZQ WU]Q\FK�Z� WUyMN FLH� MHVW� ]DZV]H� UyZQD����R� LWG��2ELHNW\
JHRPHWU\F]QH�SRG]LHORQH�E\á\�QD�SXQNWRZH��MHGQRZ\PLDURZH��WDN�MDN�SURVWD��GZXZ\PLDURZH
�QS�� SáDV]F]\]QD�� L� WUyMZ\PLDURZH�� WDN� MDN� NXOD�� :LHFHM� Z\PLDUyZ� QLH� E\áR�� 1LH� PR QD
VNRQVWUXRZDü�Z�SU]HVWU]HQL�SURVWHM�SURVWRSDGáHM�GR�WU]HFK�Z]DMHPQLH�SURVWRSDGá\FK�GR�VLHELH
SURVW\FK���DUJXPHQWRZDá�3WRORPHXV]�

-H OL�MHGQDN�SU]HQLH ü�VL �]�SáDV]F]\]Q\�QD�SRZLHU]FKQL �]DNU]\ZLRQ ��QS��NXO ��V\WXDFMD
VL �]PLHQLD��ND GH�GZLH�SURVWH��E G FH�WXWDM�NRáDPL�ZLHONLPL��SU]HFLQDM �VL ��D�VXPD�N WyZ�Z
WUyMN FLH�]DZV]H�MHVW�ZL NV]D�RG����R��/LF]ED�Z\PLDUyZ�SU]HVWU]HQQ\FK�ZL NV]D�RG�WU]HFK�
FKRü� WUXGQD�GR�Z\REUD HQLD��]�F]\VWR�PDWHPDW\F]QHJR�SXQNWX�ZLG]HQLD�MHVW� MDN�QDMEDUG]LHM
PR OLZD� GR� ]UHDOL]RZDQLD�� 3LHUZV]\� Z\áRP� Z� VWDUHM� JHRPHWULL� XF]\QLá� Z� ODWDFK� �������
PDWHPDW\N�URV\MVNL�1LNRáDM�àREDF]HZVNL��]DVW SXM F�V]yVW\�DNVMRPDW�(XNOLGHVD��R�SURVW\FK
UyZQROHJá\FK�� ZáDVQ\P� DNVMRPDWHP�� SU]H]� SXQNW� QLH� OH F\� QD� SURVWHM� SU]HFKRG] � FR
QDMPQLHM�GZLH�Uy QH�SURVWH�QLH�SU]HFLQDM FH�MHM�L�OH FH�Z�WHM�VDPHM�SáDV]F]\ QLH��*HRPHWULD
àREDF]HZVNLHJR�E\áD�SLHUZV] �]DNU]\ZLRQ �JHRPHWUL �QLHHXNOLGHVRZ ��1LHGáXJR�SRWHP��Z
����� URNX�� QD� Vá\QQ\P� Z\NáDG]LH� KDELOLWDF\MQ\P� � QD� 8QLZHUV\WHFLH� Z� *HW\QG]H�� *HRUJ
5LHPDQQ�SU]HGVWDZLá� ZLDWX�FDáNRZLFLH�QRZH�SRGHM FLH��:SURZDG]DM F�GR�M ]\ND�PDWHPDW\NL
SRM FLH�WHQVRUD�PHWU\F]QHJR��5LHPDQQ�VWZRU]\á�IRUPDOL]P��RSLVXM F\��]DNU]\ZLRQ �SU]HVWU]H
R�GRZROQHM�OLF]ELH�Z\PLDUyZ�

6]H üG]LHVL W�ODW�Sy QLHM�RND]DáR�VL �� H�JHRPHWULD�ULHPDQQRZVND�MHVW�M ]\NLHP�2JyOQHM
7HRULL� :]JO GQR FL�� Z� NWyUHM� $OEHUW� (LQVWHLQ�� Z� F]\VWR� JHRPHWU\F]Q\� VSRVyE�� WáXPDF]\
G]LDáDQLH� VLá\� JUDZLWDF\MQHM�� :V]HFK ZLDW� (LQVWHLQD� WR� ]DNU]\ZLRQD� F]WHURZ\PLDURZD
F]DVRSU]HVWU]H � �� GR� WU]HFK� Z\PLDUyZ� SU]HVWU]HQQ\FK� ]RVWDá� GRGDQ\� F]ZDUW\� �� F]DV�
3U]HVWU]H � ]DNU]\ZLDQD� MHVW� SU]H]� PDV � L� HQHUJL � �� UyGáD� SROD� JUDZLWDF\MQHJR�� 7RU\� FLDá
SRUXV]DM F\FK�VL �VZRERGQLH�Z�WDNLHM�SU]HVWU]HQL�QLH�V �SURVWH�Z�VHQVLH�HXNOLGHVRZ\P��OLQLH
³SURVWH´�]DVW SLRQH�V �OLQLDPL�JHRGH]\MQ\PL���RGSRZLHGQLNDPL�Nyá�ZLHONLFK�QD�VIHU]H��&LDáD
³VNU FDM ´�SRG�ZSá\ZHP�VLá\�Z\ZRáDQHM�SU]H]�]DNU]\ZLHQLH�SU]HVWU]HQL��SRGREQLH�MDN�GZLH
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SURVWH� QD� SRZLHU]FKQL� NXOL� ³]EOL DM � VL ´� GR� VLHELH��:� WHQ� VSRVyE� VLáD� JUDZLWDFML� RSLVDQD
]RVWDáD�MDNR�JHRPHWU\F]QD�ZáDVQR ü�VDPHM�F]DVRSU]HVWU]HQL�

�������.URN�GDOHM��7HRULH�.DOX]\�.OHLQD���3L W\�Z\PLDU

.LOND� ODW�SR�RSXEOLNRZDQLX�Z������URNX�SU]H]�(LQVWHLQD�2JyOQHM�7HRULL�:]JO GQR FL
SRMDZLáD� VL � QRZD� NRQFHSFMD�� VIRUPXáRZDQD� SU]H]� 7HRGRUD�.DOX] �� SROHJDM FD� QD� GRGDQLX
MHV]F]H� MHGQHJR� Z\PLDUX� SU]HVWU]HQQHJR�� 3RP\Vá� .DOX]\� RSLHUDá� VL � QD� ]DSLVDQLX� UyZQD
(LQVWHLQD� GOD� SL FLRZ\PLDURZHM� F]DVRSU]HVWU]HQL�� 2ND]DáR� VL �� H� ]� UyZQD � W\FK�Z\QLNDM
SR]D�F]WHURZ\PLDURZ\PL�UyZQDQLDPL�GOD�JUDZLWDFML��UyZQLH �UyZQDQLD�0D[ZHOOD�RSLVXM FH
SROH�HOHNWURPDJQHW\F]QH�

2F]\ZL FLH� QDW\FKPLDVW� SRMDZLD� VL � S\WDQLH�� JG]LH� MHVW� WHQ� SL W\� Z\PLDU"� :HGáXJ
.DOX]\�� MHJR�SL W\�Z\PLDU�SU]HVWU]HQQ\� MHVW� ³]ZLQL W\´�Z�EDUG]R�PDá\�RNU J��PQLHMV]\�RG
UR]PLDUyZ�SURWRQX��']L NL�WHPX�]DELHJRZL��]ZDQHPX�NRPSDNW\ILNDFM ��QRZD�WHRULD�QLH�MHVW
VSU]HF]QD� ]� GR ZLDGF]HQLHP� �� SRGREQLH�� MDN� GZXZ\PLDURZ\� ZDOHF� RJO GDQ\� ]� GX HM
RGOHJáR FL�VWDMH�VL �MHGQRZ\PLDURZ �OLQL ��WDN�SL FLRZ\PLDURZD�F]DVRSU]HVWU]H �.DOX]\�VWDMH
VL �]�QDV]HJR�SXQNWX�ZLG]HQLD�F]WHURZ\PLDURZD�

7HQ�VSU\WQ\�VSRVyE�QD�ZSURZDG]HQLH�SL WHJR�Z\PLDUX�RND]Dá�VL � MHGQDN�QDMVáDEV]\P
SXQNWHP�FDáHM� WHRULL� �� XF]\QLá� M � NRPSOHWQLH�QLHVSUDZG]DOQ ��=�SXQNWX�ZLG]HQLD�PHFKDQLNL
NZDQWRZHM� ]ZLQL FLH�Z\PLDUX�SU]HVWU]HQQHJR�Z� RNU J�QDNáDGD�ZDUXQHN�SHULRG\F]QR FL� QD
IXQNFM � IDORZ � F] VWNL� Z� WDNLHM� SU]HVWU]HQL�� :� HIHNFLH� SRZVWDMH� G\VNUHWQH� ZLGPR
HQHUJHW\F]QH�PR OLZ\FK�VWDQyZ��=�SXQNWX�ZLG]HQLD�SR]RVWDá\FK�F]WHUHFK�Z\PLDUyZ�VWDQ\�WH
PDM �� ]DPLDVW� GUDELQ\� SR]LRPyZ� HQHUJHW\F]Q\FK�� VNZDQWRZDQH� áDGXQNL� >�@��:� ����� URNX
2VNDU� .OHLQ� SRND]Dá�� H� DE\� RGWZRU]\ü� ]QDQ � ]� GR ZLDGF]HQLD� ZDUWR ü� áDGXQNX
HOHNWU\F]QHJR�� WU]HED� ]ZLQ ü� GRGDWNRZ\�Z\PLDU�Z� RNU J� R� SURPLHQLX� U] GX� ����� FP��'R
EDGDQLD�WDN�IDQWDVW\F]QLH�PDáHM�RGOHJáR FL�SRWU]HEQH�E\á\E\�HQHUJLH�U] GX�HQHUJLL�3ODQFND��
���� *H9�� DGHQ� IL]\N� QLH� Z\REUD D� VRELH� REHFQLH� PR OLZR FL� SU]\VSLHV]HQLD� F] VWHN� GR
WDNLHM�HQHUJLL�

1LHVSUDZG]DOQR ü� WHRULL� .DOX]\�.OHLQD� VSRZRGRZDáD� XSDGHN� ]DLQWHUHVRZDQLD� W
G]LHG]LQ �QDXNL��IL]\F\�]DM OL�VL �SRZVWDM F �ZáD QLH�PHFKDQLN �NZDQWRZ ��WHRUL �]PLHQLDM F
VSRMU]HQLH�QD� ZLDW� F] VWHN�HOHPHQWDUQ\FK�� L�Z�SU]HFLZLH VWZLH�GR�NRQFHSFML� ]ZLQL WHJR�Z
RNU J�Z\PLDUX��RGQRV] F �VSHNWDNXODUQH�VXNFHV\�GR ZLDGF]DOQH�

�������3RZUyW�WHRULL�..���WHRULH�VWUXQ

2EHFQLH� GRGDWNRZH� Z\PLDU\� SRMDZLDM � VL � Z� IL]\FH� Z� WHRULL� VWUXQ�� 7HRUHW\F\
VIRUPXáRZDOL� NLOND� WHRULL� RSLVXM F\FK� HOHPHQWDUQH� IHUPLRQ\� MDNR� GUJDQLD
G]LHVL FLRZ\PLDURZ\FK� VXSHUVWUXQ� >�@�� 1LHVWHW\�� SRGREQLH�� MDN� Z� SU]\SDGNX
SL FLRZ\PLDURZHM� WHRULL� .DOX]\�.OHLQD�� QLH� PD� PR OLZR FL� GR ZLDGF]DOQHJR� VSUDZG]HQLD
WHRULL� VXSHUVWUXQ�� 3U]HGH�ZV]\VWNLP� QLH� LVWQLHM � REHFQLH�PHWRG\� REOLF]HQLRZH� SR]ZDODM FH
RWU]\PDü�NRQNUHWQH�Z\QLNL�QD�SRGVWDZLH�W\FK�WHRULL��D�HQHUJLH�SRWU]HEQH�GR�EDGDQLD�VWUXNWXU\
G]LHVL FLRZ\PLDURZHM� F]DVRSU]HVWU]HQL� V �� SRGREQLH� MDN� Z� RU\JLQDOQHM� WHRULL� ..�� U] GX
HQHUJLL�3ODQFND�

=� GUXJLHM� VWURQ\� WHRULH� VXSHUVWUXQ� Z\GDM � VL � XPR OLZLDü� Z\WáXPDF]HQLH� � ZáDVQR FL
ZV]\VWNLFK� F] VWHN� L� RGG]LDá\ZD � HOHPHQWDUQ\FK�� RUD]� RGSRZLDGDü� QD� QDMZL NV]H� S\WDQLH
ZVSyáF]HVQHM�IL]\NL���MDN�SRá F]\ü�PHFKDQLN �NZDQWRZ �]�WHRUL �JUDZLWDFML�(LQVWHLQD�
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�������3UREOHP�KLHUDUFKLL�L�PRGHO�$''

:� REHFQ\P� REUD]LH� IL]\NL� F] VWHN� HOHPHQWDUQ\FK� SRMDZLDM � VL � FR� QDMPQLHM� GZLH
IXQGDPHQWDOQH�VNDOH�HQHUJLL��3LHUZV]D�]�QLFK��WR�P(:���VNDOD�áDPDQLD�V\PHWULL�HOHNWURVáDEHM�
SU]\M WD� MDNR� ��� *H9�� �&]\OL� QLHFR� SRZ\ HM� PDV� ER]RQyZ� :� L� =�� SU]HQRV] F\FK
RGG]LDá\ZDQLD�VáDEH��-HVW�WR�WH �JyUQH�RJUDQLF]HQLH�WHRUHW\F]QH�QD�PDV �ER]RQX�+LJJVD��WHRULD
]�FL V]\P�+LJJVHP�SU]HVWDMH�E\ü�XQLWDUQD���'UXJD�VNDOD��WR�VNDOD�3ODQFND��]ZL ]DQD�]H�VWDá
JUDZLWDFML�1HZWRQD��03O  *1

���� ∼ ���� *H9��3U]\�WHM�VNDOL�IL]\F\�VSRG]LHZDM �VL �XQLILNDFML
ZV]\VWNLFK�RGG]LDá\ZD �L�SRMDZLHQLD�VL �IXQGDPHQWDOQHM�³WHRULL�ZV]\VWNLHJR´��QS��WHRULL�VWUXQ�
2OEU]\PLD� Uy QLFD� PL G]\� W\PL� GZRPD� VNDODPL� MHVW� MHGQ � ]� QDMZL NV]\FK� ]DJDGHN
ZVSyáF]HVQHM� IL]\NL� Z\VRNLFK� HQHUJLL�� 3DUDPHWU\� WHRULL� HOHNWURVáDEHM� SRZLQQ\� Z\QLNDü� ]H
]XQLILNRZDQHM�WHRULL�SU]\�VNDOL�3ODQFND��=�SXQNWX�ZLG]HQLD�WDNLHM�WHRULL��V �WR�EDUG]R�PDáH��DOH
Uy QH�RG� ]HUD� OLF]E\��3RMDZLDQLH� VLH� WDN�PDá\FK� OLF]E�Z� WHRULL� MHVW� U]HF] � QLHQDWXUDOQ �� QLH
ZLDGRPR�MDNL�PHFKDQL]P�PD�E\ü�RGSRZLHG]LDOQ\�]D�SUHF\]\MQH�GRVWURMHQLH�WDN�PDá\FK��OHF]
Uy Q\FK�RG�]HUD�SDUDPHWUyZ��3UREOHP�WHQ�]QDQ\�MHVW�MDNR�SUREOHP�KLHUDUFKLL��L�MHVW�MHGQ\P�]
JáyZQ\FK� PRWRUyZ� QDS G]DM F\FK� SRV]XNLZDQLD� WHRULL� Z\NUDF]DM F\FK� SR]D� 0RGHO
6WDQGDUGRZ\��06����REHFQ �WHRUL �RGG]LDá\ZD �F] VWHN�HOHPHQWDUQ\FK�

1LHW\SRZH�UR]ZL ]DQLH�SUREOHPX�KLHUDUFKLL�]DSURSRQRZDOL�Z������URNX�$UNDQL�+DPHG�
'LPRSRXORV� L� 'YDOL� >�@�� =ZUyFLOL� RQL� XZDJ � QD� IDNW�� L � � VNDOD� HOHNWURVáDED� MHVW�� Z
SU]HFLZLH VWZLH�GR�VNDOL�3ODQFND��Z\]QDF]RQD�GR ZLDGF]DOQLH��D�RGG]LDá\ZDQLD�HOHNWURVáDEH
E\á\�EDGDQH�QD�RGOHJáR FLDFK�a P(:

����F]\OL�RNRáR������ FP�D���2GG]LDá\ZDQLD�JUDZLWDF\MQH
E\á\�Z�F]DVLH�SXEOLNDFML�SUDF\�>�@�]EDGDQH�Z�]DNUHVLH�RGOHJáR FL�GR�a� FP�>�@��6NDOD�3ODQFND
MHVW��IXQGDPHQWDOQ �VNDO �SU]\�NWyUHM�RGG]LDá\ZDQLD�JUDZLWDF\MQH�VWDM �VL �VLOQH��DOH�W\ONR�SU]\
]DáR HQLX�� H� SR]RVWDM � RQH� QLH]PLHQLRQH� SU]H]� ��� U] G\�ZLHONR FL�� GR� RGOHJáR FL� 3ODQFND
a����� FP��0R H�ZL F�0Pl�QLH�MHVW�ZFDOH�IXQGDPHQWDOQ �VNDO �HQHUJLL"

3RP\Vá��QD]ZDQ\�RG�QD]ZLVN�DXWRUyZ�PRGHOHP�$''��SROHJD�QD�SU]\M FLX�� H� MHG\Q
QDSUDZG � IXQGDPHQWDOQ � VNDO � MHVW� VNDOD� HOHNWURVáDED�� $E\� RGWZRU]\ü� EDUG]R� PDá
REVHUZRZDQ � VLá � RGG]LDá\ZD � JUDZLWDF\MQ\FK�� ZSURZDG]RQ\FK� ]RVWDMH� Q� GRGDWNRZ\FK
Z\PLDUyZ�SU]HVWU]HQQ\FK��ND G\�]�QLFK�XOHJD�NRPSDNW\ILNDFML�GR�RNU JX�R�SURPLHQLX�5��6Lá
OXE�HQHUJL �SRWHQFMDOQ �SU]\FL JDQLD�JUDZLWDF\MQHJR�PL G]\�PDVDPL�P�� L�P���]QDMGXM F\PL
VL �Z�RGOHJáR FL� U �� 5� RG� VLHELH��PR QD�REOLF]\ü� NRU]\VWDM F� ]�XRJyOQLRQHJR�GR�ZL NV]HM
OLF]E\�Z\PLDUyZ�SUDZD�*DXVVD��

����

JG]LH�06�WR�IXQGDPHQWDOQD�VNDOD�RGG]LDá\ZD �JUDZLWDF\MQ\FK�Z���Q�Z\PLDUDFK��*G\�PDV\
RGGDODM �VL ��]DOH QR ü�SRWHQFMDáX�RG�RGOHJáR FL�]PLHQLD�VL ��6\WXDFMD�MHVW�DQDORJLF]QD��MDN�Z
SU]\SDGNX� QDGPXFKLZDQLD� NXOLVWHJR� EDORQLND�ZHZQ WU]� ZDOFD� �� QD� SRF] WNX� SRZLHU]FKQLD
EDORQX� MHVW� SURSRUFMRQDOQD� GR� NZDGUDWX� SURPLHQLD�� DOH� JG\� SURPLH � EDORQX� SU]HNURF]\
SURPLH �ZDOFD��EDORQ�UR]V]HU]D�VL �MX �W\ONR�Z�MHGQ\P�Z\PLDU]H�L�MHJR�SRZLHU]FKQLD�]DOH \
RG�³SURPLHQLD´�Z�SLHUZV]HM�SRW G]H��3RGREQLH�GOD�JUDZLWDFML

����

F]\OL� SRMDZLá� VL � RF]HNLZDQ\� SRWHQFMDá� ��U�� :]yU� RSLVXM F\� JUDZLWDFM � QHZWRQRZVN
RWU]\PXMH�VL �SR�SRáR HQLX� �

D��:� QLQLHMV]HM� SUDF\� SU]\M WD� ]RVWDáD� V]HURNR� VWRVRZDQD� Z� IL]\FH� Z\VRNLFK� HQHUJLL� NRQZHQFMD� K  F  ���:� WDNLP� XNáDG]LH
MHGQRVWN �PDV\��S GX�L�HQHUJLL�V �HOHNWURQRZROW\��D�F]DV�L�RGOHJáR ü�PDM �Z\PLDU�RGZURWQR FL�HQHUJLL�
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3UREOHP� KLHUDUFKLL� PR QD� WHUD]� ]OLNZLGRZDü� SU]\MPXM F�� H� IXQGDPHQWDOQD� VNDOD
3ODQFND�06�MHVW�SR�SURVWX�UyZQD�P(:��D�IDNW�� H�REVHUZRZDQD�SU]H]�QDV�VLáD�JUDZLWDFML�MHVW�WDN
PDáD��MHVW�Z\QLNLHP�RGSRZLHGQLR�GX HJR�SURPLHQLD�NRPSDNW\ILNDFML�GRGDWNRZ\FK�Z\PLDUyZ
5�

����

JG]LH�P(:�Z\UD RQD� MHVW�Z�7H9��'OD�Q  ��� RWU]\PXMHP\�5 a ���� FP��ZL F� W �PR OLZR ü
PR QD� Z\NOXF]\ü�� JG\ � MDNLHNROZLHN� RGVW SVWZD� RG� SUDZD� SRZV]HFKQHJR� FL HQLD� QD
RGOHJáR FLDFK� WHJR� U] GX� ]PLHQLá\E\� ]XSHáQLH� REUD]� 8NáDGX� 6áRQHF]QHJR�� -HGQDN� MX � GOD
Q  ���GRVWDMHP\�5 a � PP��FR�MHVW�QD�JUDQLF\�F]XáR FL�HNVSHU\PHQWyZ�JUDZLWDF\MQ\FK�

:�WDNLHM�WHRULL�SRMDZLDM �VL �PDV\ZQH�Z]EXG]HQLD�JUDZLWRQX�Z�RGVW SDFK���5��RNRáR
���� H9� GOD� 5 a � PP��� 0HFKDQL]P� LFK� SRZVWDQLD� MHVW� GRNáDGQLH� WDNL�� MDN� Z� VWDUHM� WHRULL
.DOX]\�.OHLQD� �� ]H� Z]JO GX� QD� ZDUXQHN� SHULRG\F]QR FL� IXQNFML� IDORZHM� JUDZLWRQX� Z
GRGDWNRZ\P�Z\PLDU]H��S G�WDNLHM�F] VWNL�MHVW�VNZDQWRZDQ\��D�Z�F]WHURZ\PLDURZHM�WHRULL�S G
Z� GRGDWNRZ\P� Z\PLDU]H� SRMDZLD� VL � MDNR� PDVD�� 3RZVWDáH� Z� WHQ� VSRVyE� Z]EXG]RQH
JUDZLWRQ\� QD]\ZDQH� V � JUDZLWRQDPL� .DOX]\�.OHLQD�� F]\OL� *..�� � 6LáD� RGG]LDá\ZDQLD
SRMHG\QF]HJR�JUDZLWRQX�]�PDWHUL � MHVW�QDGDO�U] GX���03O��DOH�]H�Z]JO GX�QD�VXPRZDQLH�SR
GX HM� LFK� OLF]ELH�� F] VWNL� WH� PRJ � GDü� ]QDF] F\� ZNáDG� GR� SURFHVyZ� REVHUZRZDQ\FK� Z
DNFHOHUDWRUDFK�� 2EHFQR ü� OHNNLFK� PRGyZ� JUDZLWRQX� MHVW� MHGQDN� QLHEH]SLHF]QD� ]� SXQNWX
ZLG]HQLD��DVWURIL]\NL�L�NRVPRORJLL��FR�SRZRGXMH�QDáR HQLH�RJUDQLF]H �QD�WHRUL ��RPyZQLRQ\FK
GRNáDGQLHM�Z�UR]G]LDOH���

:�QLHFR�áDJRGQLHMV]\P�VIRUPXáRZDQLX�PRGHOX�$''��VNDOD�06�QLH�PXVL�E\ü�GRNáDGQLH
UyZQD�P(:��FKRü�QDGDO�SRZLQQD�E\ü�U] GX��7H9���L�VWDMH�VL �RQD�VNDO ��SU]\�NWyUHM�SRMDZLDM
VL � HIHNW\� NDZQWRZHM� WHRULL� JUDZLWDFML�� QS�� WHRULL� VWUXQ�� 3RQLHZD � HQHUJLH� a �7H9� E G
GRVW SQH�Z�REHFQ\FK� L� SODQRZDQ\FK�HNVSHU\PHQWDFK� DNFHOHUDWRURZ\FK��SRMDZLD� VL � SR� UD]
SLHUZV]\�Z�KLVWRULL�QDG]LHMD�QD�HNVSHU\PHQWDOQ �ZHU\ILNDFM �WHRULL�VXSHUVWUXQ�

�������0DWHULD�Z�Z\ V]\FK�Z\PLDUDFK

:� ZLHWOH� QRZ\FK� EDGD � QDG� Z\ V]\PL� Z\PLDUDPL� R� GX \FK� UR]PLDUDFK� �>�@�>�@��
RND]XMH� VL �� H�Z�GRGDWNRZH�Z\PLDU\�PR QD� ³ZSX FLü´�� SR]D� JUDZLWDFM �� UyZQLH � ]Z\Ná
PDWHUL �� 3URPLHQLH� NRPSDNW\ILNDFML� ZV]\VWNLFK� Q� GRGDWNRZ\FK� Z\PLDUyZ� QLH� PXV] � E\ü
UyZQH��ZD QH�MHVW�W\ONR�� HE\�FDáNRZLWD�REM WR ü�9Q�OLNZLGRZDáD��SRGREQLH�MDN�5

Q�Z�PRGHOX
$''��KLHUDUFKL �PL G]\�P(:� D�03O��:�V]F]HJyOQR FL�� NRQILJXUDFM �PR QD�GREUDü� WDN�� E\
F] ü�Z\PLDUyZ�PLDáD� UR]PLDU�a7H9����:�WDNLFK�Z\PLDUDFK�PRJ �SURSDJRZDü�VL �ER]RQ\
FHFKRZDQLD�� ER]RQ� +LJJVD�� D� QDZHW� F] ü� OXE� ZV]\VWNLH� JHQHUDFMH� IHUPLRQyZ�
6SRZRGRZDáRE\� WR� SRZVWDQLH� Z]EXG]H � .DOX]\�.OHLQD� R� PDVDFK� U] GX� 7H9�� FR� QLH� MHVW
VSU]HF]QH� ]� GRW\FKF]DVRZ\PL� REVHUZDFMDPL�� 2EHFQR ü� WDNLFK� UH]RQDQVyZ� F]\QL� W � WHRUL
EDUG]R� DWUDNF\MQ � ]� SXQNWX� ZLG]HQLD� DNFHOHUDWRUD� /+&�� JG]LH� PR OLZH� E\áRE\� EDGDQLH
SRZVWDáHJR�Z�WHQ�VSRVyE�ERJDWHJR�VSHNWUXP�F] VWHN��0RGHOL� WHJR�W\SX�PR QD�NRQVWUXRZDü
ZLHOH�� ND G\� SRVLDGD� ZáDVQH� NRQVHNZHQFMH� IHQRPHQRORJLF]QH�� Z� V]F]HJyOQR FL� SU]\
HQHUJLDFK� a7H9� SR]D� Z]EXG]HQLDPL� F] VWHN� ]�0RGHOX� 6WDQGDUGRZHJR� PRJ � SRMDZLDü� VL
HIHNW\� VWUXQRZH�� D� SU]\� QLHZLHOH� ZL NV]HM� VNDOL� HQHUJHW\F]QHM� SRZLQQD� QDVW SLü� XQLILNDFMD
RGG]LDá\ZD �

R
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�������,QQH�UR]ZL ]DQLH�SUREOHPX�KLHUDUFKLL���PRGHO�56

1LHFR� SRQDG� URN� SR� SRMDZLHQLX� VL � PRGHOX� $''�� JG\� OLWHUDWXU � ]DOHZDá\� VHWNL� SUDF
EDGDM F\FK�PR OLZH�NRQVHNZHQFMH�L�PRG\ILNDFMH�SRP\VáX��XND]DáD�VL �SUDFD�SU]HGVWDZLDM FD
LQQH� UR]ZL ]DQLH� SUREOHPX� KLHUDUFKLL�� UyZQLH � SU]H]�ZSURZDG]HQLH� GRGDWNRZHJR�Z\PLDUX
�W\P� UD]HP� MHGQHJR��� $XWRU]\� QRZHM� NRQFHSFML�� /LVD� 5DQGDOO� L� 5DPDQ�6XQGUXP�� ]ZUDFDM
XZDJ � QD� SHZLHQ� VáDE\� SXQNW� PRGHOX� $''�� WR�� FR�Z\GDMH� VL � ]OLNZLGRZDQLHP� SUREOHPX
KLHUDUFKLL��MHVW�Z�U]HF]\ZLVWR FL�SU]HQLHVLHQLHP�JR�Z�LQQH�PLHMVFH���Z\QLNLHP�ZSURZDG]HQLD
GRGDWNRZ\FK�Z\PLDUyZ�R� GX \FK� UR]PLDUDFK� MHVW� SRMDZLHQLH� VL � � KLHUDUFKLL�PL G]\� VNDO
HOHNWURVáDE ��D�VNDO �NRPSDNW\ILNDFML��F]\OL���5��&]\�]DWHP�RG�KLHUDUFKLL�QLH�PD�XFLHF]NL��D
MHG\Q\P�Z\M FLHP�MHVW�NRQVWUXRZDQLH�NROHMQ\FK�VWDELOL]XM F\FK�M �HIHNW\ZQ\FK�WHRULL�SROD"
2ND]XMH�VL �� H�QLH� ��Z�PRGHOX�56�Uy QLFD�PL G]\���� *H9�D����� *H9�]RVWDMH��REUD]RZR
PyZL F�� ]DPLHQLRQD� QD� Uy QLF � PL G]\� �� D� ��� �� KLHUDUFKLD� ]RVWDáD� ³SU]HQLHVLRQD� GR
Z\NáDGQLND´��

$E\� MHGQDN�WHJR�GRNRQDü��SRWU]HEQH�V �QDU] G]LD� MHV]F]H�G]LZQLHMV]H��QL � GRGDWNRZH
Z\PLDU\� ]ZLQL WH� Z� RNU JL� R� SURPLHQLDFK� U] GX� PLOLPHWUD�� :SURZDG]RQ\� ]RVWDMH� MHGHQ
GRGDWNRZ\�Z\PLDU�� ��DOH�SU]\�PHWU\FH�Z\UD RQHM�Z]RUHP

����

JG]LH�N�WR�VNDOD�HQHUJHW\F]QD�WHRULL��SRUyZQ\ZDOQD�]�03/��[µ�WR���Z\PLDURZH�ZVSyáU] GQH
F]DVRSU]HVWU]HQQH��D�UF�WR�SURPLH �NRPSDNW\ILNDFML�SL WHJR�Z\PLDUX�

:�WDN�VNRQVWUXRZDQHM�SU]HVWU]HQL�PHWU\ND�Z�F]WHUHFK�Z\PLDUDFK�]DOH \�RG�SRáR HQLD�Z
Z\PLDU]H�SL W\P���MHVW�WR�W]Z��JHRPHWULD�QLHIDNWRU\]RZDOQD��DQJ��QRQ�IDFWRUL]DEOH�JHRPHWU\��
3RSU]H]�LGHQW\ILNDFM �SXQNWyZ��[�φ��]��[��φ��SL W\�Z\PLDU�SU]\MPXMH�WRSRORJL ��W]Z��RUELIROGX�
:� SXQNWDFK� VWDá\FK� φ � � π� ]QDMGXM � VL � GZLH� F]WHURZ\PLDURZH� ³��EUDQ\´�� PLHV]F] FH
������Z\PLDURZH�� ORUHQW]RZVNR� QLH]PLHQQLF]H� WHRULH� SROD�� 3U]\� WDNLHM� JHRPHWULL�� GRZROQ\
IXQGDPHQWDOQ\�Z�SL FLX�Z\PLDUDFK�SDUDPHWU�PDVRZ\�P���]�SXQNWX�ZLG]HQLD�WHRULL�Z�φ = π�
SU]\MPXMH�ZDUWR ü

����

FR� SR]ZDOD� JHQHURZDü� PDV\� U] GX� 7H9� ]� IXQGDPHQWDOQ\FK� SDUDPHWUyZ� WHRULL� SU]\
03O a ��

�� 7H9�GOD�NUF a �������6NDOD�NRPSDNW\ILNDFML�µF  ��UF�MHVW�U] GX�VNDOL�3ODQFND���QLH
SRMDZLD�VL � DGQD�QRZD�KLHUDUFKLD�

3RQLHZD �SURPLH �NRPSDNW\ILNDFML�SL WHJR�Z\PLDUX� MHVW�PDá\��Z�SRZ\ V]\P�PRGHOX
QLH� REVHUZXMH� VL � DGQ\FK� HIHNWyZ� QDWXU\� JUDZLWDF\MQHM� QD� GRVW SQ\FK� HNVSHU\PHQWDOQLH
RGOHJáR FLDFK��3RMDZLDM �VL �QDWRPLDVW�PDV\ZQH�Z]EXG]HQLD�JUDZLWRQyZ���0DV\�W\FK�PRGyZ
V �GDQH�Z]RUHP�>�@

����

JG]LH�[Q�WR�Q�WH�PLHMVFH�]HURZH�IXQNFML�%HVVHO¶D�-���:�SU]HFLZLH VWZLH�GR�PRGHOX�$''��PDV\
WH�V �U] GX�7H9��2GG]LDá\ZDQLH�JUDZLWRQX�]�PDWHUL �RSLVXMH�Z]yU

����

JG]LH�7µν�WR�WHQVRU�HQHUJLL�S GX�SROD�PDWHULL��Kµν
�Q��WR�SROH�Q�WHJR�Z]EXG]HQLD�JUDZLWRQX��D

Λπ�WR�SDUDPHWU�RSLVXM F\�VSU] HQLH��GDQ\�Z]RUHP

π– ϕ π≤ ≤

ds2 e 2krcϕ– ηµνdxµdxν rc
2dϕ2+=

m e krcπ– m0=

mn kxne krcπ–=

L
1

Λπ
------Tµν hµν

n( )

n 1=

∞

∑–=
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����

-DN�ZLGDü�� VSU] HQLD� JUDZLWRQyZ�V � U] GX� VSU] H � HOHNWURVáDE\FK��']L NL� WHPX� QLH
Z\VW SXM � SUREOHP\� QDWXU\� NRVPRORJLF]QHM�� =DPLDVW� FL JáHJR� ZLGPD� SRMDZLDM � VL
SRMHG\QF]H� UH]RQDQVH�� PR OLZH� GR� Z\NU\FLD� Z� DNFHOHUDWRUDFK�� =� NROHL� HIHNW\� WHRULL
VXSHUVWUXQ��F]\�0�7HRULL�SRZLQQ\��SRGREQLH�MDN�Z�PRGHOX�$''��SRMDZLü�VL �SU]\�HQHUJLDFK
a7H9�

Λπ MPle
krcπ–=
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�����'RW\FKF]DVRZH�RJUDQLF]HQLD�GR ZLDGF]DOQH
:L NV]R ü� REHFQ\FK� RJUDQLF]H � GR ZLDGF]DOQ\FK� GRW\F]\� PRGHOX� $''�� :\QLNL

Z\EUDQ\FK� DQDOL]� SU]HGVWDZLRQH� ]RVWDá\� SRQL HM��1D� SRGVWDZLH� GDQ\FK� ]� GRW\FKF]DVRZ\FK
HNVSHU\PHQWyZ�DNFHOHUDWRURZ\FK�PR QD�RJUDQLF]\ü�RG�GRáX�VNDO �06��3U]HZLG\ZDQH�SU]H]
WHRUL � OHNNLH�Z]EXG]HQLD�JUDZLWRQX�PDM �ZSá\Z��QD�FKáRG]HQLH�JZLD]G��GDM F�RJUDQLF]HQLD
QDWXU\�DVWURIL]\F]QHM��3RQDGWR��RG�F]DVX�SRZVWDQLD�WHRULL��GRNRQDQ\�]RVWDá�SHZLHQ�SRVW S�Z
HNVSHU\PHQWDFK� JUDZLWDF\MQ\FK�� V]XNDM F\FK� RGVW SVWZ� RG� SUDZD� 1HZWRQD�� 6\WXDFMD� Z
SU]\SDGNX�PRGHOX�56�Z\JO GD�WURFK �LQDF]HM��L�]RVWDáD�RQD�RSLVDQD�RVREQR��2JUDQLF]H �MHVW
WXWDM�PQLHM��L�V �RQH�JáyZQLH�QDWXU\�WHRUHW\F]QHM�

�������2JUDQLF]HQLD�DNFHOHUDWRURZH

*UDZLWRQ\� .DOX]\�.OHLQD� PRJ � SRMDZLDü� VL � Z� SURFHVDFK� ]DFKRG] F\FK� Z
DNFHOHUDWRUDFK�Z�GZRMDNL�VSRVyE��3R�SLHUZV]H�PRJ �E\ü�SURGXNRZDQH�Z�]GHU]HQLDFK�F] VWHN�
=� SXQNWX� ZLG]HQLD� GHWHNWRUD� SRZRGXMH� WR� SRMDZLHQLH� VL � GX HM� LOR FL� EUDNXM FHM� HQHUJLL�
XQLHVLRQHM� SU]H]� QLH]DREVHUZRZDQ � F] VWN � ]� Z\ V]HJR� Z\PLDUX�� 'UXJL� W\S� SURFHVX� WR
Z\PLDQD�ZLUWXDOQHJR�JUDZLWRQX��6SU] JDM FH�VL �GR�WHQVRUD�HQHUJLL�S GX�JUDZLWRQ\�PRJ �E\ü
Z\PLHQLDQH�Z�HOHNWURVáDE\FK�SURFHVDFK�]DPLDVW�IRWRQX�OXE�ER]RQX�=���6XPRZDQLH�SR�GX HM
OLF]ELH�VáDER�VSU] RQ\FK�*..�GDMH��SU]\�HQHUJLDFK�GRFKRG] F\FK�GR�06�FDáNRZLWH�SU]HNURMH
F]\QQH�QD� SURGXNFM �Z\PLDQ �JUDZLWRQX� U] GX�SU]HNURMyZ�HOHNWURVáDE\FK�� 3U]\�ZL NV]\FK
HQHUJLDFK� SU]HNURMH� URVQ � GDOHM�� Z� NR FX� áDPL F� XQLWDUQR ü� �� SUDZGRSRGRELH VWZD� ]DM FLD
SURFHVyZ� VWDM � VL � ZL NV]H� RG� ��� =� WHJR� SRZRGX�ZSURZDG]D� VL � Z� REOLF]HQLDFK� RGFL FLH
�FXW�RII��QD�SR]LRPLH�06��3RZ\ HM�SRMDZLD�VL �QLH]QDQD��IXQGDPHQWDOQD�WHRULD�JUDZLWDFML��QS�
WHRULD�VWUXQ�

1D� SRGVWDZLH� GDQ\FK� ]� GRW\FKF]DVRZ\FK� HNVSHU\PHQWyZ�PR QD� QDáR \ü� GR ü� VáDEH
RJUDQLF]HQLD�QD�06��U] GX��7H9��3RQL HM�SU]HGVWDZLRQR�Z\QLNL�NLONX�WDNLFK�DQDOL]�

��������(PLVMD�JUDZLWRQyZ�.DOX]\�.OHLQD

:VSyáSUDFD�/��RSXEOLNRZDáD�Z\QLNL�SRV]XNLZD �SURFHVX� � >�@��$QDOL]D
SU]HSURZDG]RQD� ]RVWDáD� QD� ��� SE��� GDQ\FK�]HEUDQ\FK�Z� GHWHNWRU]H�/�� SU]\� DNFHOHUDWRU]H
/(3�Z� ����U�� SU]\� HQHUJLL�Z URGNX�PDV\� ����� *H9��=DNáDGDM F� KDGURQRZ\� UR]SDG
ER]RQX�=� RUD]� XFLHF]N � JUDZLWRQX� ]� GHWHNWRUD�� V]XNDQR� SU]\SDGNyZ� ]� EUDNXM F � HQHUJL � L
PLHU]RQ �PDV �KDGURQyZ�SRUyZQ\ZDOQ �]�PDV �=���6SHáQLDM FH�WH�NU\WHULD������SU]\SDGNyZ
SRGGDQR� GRGDWNRZHM� VHOHNFML� Z� FHOX� Z\HOLPLQRZDQLX� WáD� ]� 0RGHOX� 6WDQGDUGRZHJR� �06��
2VWDWHF]QD� SUyEND� ]DZLHUDáD� ���� SU]\SDGNyZ�� SU]\� ���� SU]HZLG]LDQ\FK� SU]H]� V\PXODFM
0RQWH� &DUOR� GOD� SURFHVyZ� QLH� ]DZLHUDM F\FK� JUDZLWRQyZ�� 1D� SRGVWDZLH� GRSDVRZDQLD� GR
UR]NáDGX�ZLG]LDOQHM�PDV\��5\V� ���RWU]\PDQR�RJUDQLF]HQLD�QD�SR]LRPLH�����QD�ZDUWR ü�06
Z\VRNR FL����� � ���� 7H9��GOD�OLF]E\�GRGDWNRZ\FK�Z\PLDUyZ�Q  � � ��

e+e- Z0GKK→

s =
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5\VXQHN�����5R]NáDG�ZLG]LDOQHM�PDV\�GOD�GDQ\FK��WáD�]�06��JáyZQLH�SURGXNFMD�ER]RQyZ�:��SRMHG\QF]\FK�RUD]�
SDU���RUD]�SU]HZLG\ZD �PRGHOX�$''�GOD�Q  ��L�06  ��� 7H9��>�@

��������:\PLDQD�ZLUWXDOQ\FK�*..
:�SURFHVDFK�]�Z\PLDQ �ZLUWXDOQHJR�JUDZLWRQX�.DOX]\�.OHLQD�PRJ �SRMDZLü�VL �HIHNW\

LQWHUIHUHQFML� ]�SURFHVDPL� ]�06��:�REOLF]HQLDFK�SRMDZLD� VL � GRGDWNRZ\�SDUDPHWU�λ ∼ Ο(1) �
]DOH Q\� RG� WHRULL� JUDZLWDFML�� Z\áDQLDM FHM� VL � SU]\� 06� >��@� �Z� V]F]HJyOQR FL� RG� OLF]E\
GRGDNWRZ\FK�Z\PLDUyZ� L�RG�VSRVREX� LFK�NRPSDNW\ILNDFML���:�REOLF]HQLDFK�QXPHU\F]Q\FK
SU]\MPXMH�VL �QDMF] FLHM� �

5\VXQHN�����D��0LHU]RQH�L�RF]HNLZDQH�SU]HNURMH�F]\QQH�GOD�UR]SUDV]DQLD�%KDEKD�ZUD]�]�SU]HZLG\ZDQLDPL�
PRGHOX�$''�GOD�06  ��� 7H9�L�λ  ��E��2GFK\OHQLH�∆�PLHU]RQ\FK�SU]HNURMyZ�F]\QQ\FK�L�SU]HZLG\ZD �
PRGHOX�$''�RG�06��>�@
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$QDOL]D�SU]HSURZDG]RQD�SU]H]�ZVSyáSUDF �/� >�@��XZ]JO GQLD�Uy QH�PR OLZH�SURFHV\
SURGXNFML� SDU� F] VWHN�� :\QLNL� GOD� SRV]F]HJyOQ\FK� NDQDáyZ� ]DZLHUD� 7DEHOD ��� :Sá\Z
ZLUWXDOQ\FK� JUDZLWRQyZ� QD� SURGXNFM � ER]RQyZ� FHFKRZDQLD� SU]HMDZLD� VL � JáyZQLH� Z
]PLDQDFK�SU]HNURMX�F]\QQHJR��QDWRPLDVW�Z�SURFHVDFK��Z�NWyU\FK�JUDZLWRQ�UR]SDGD�VL �QD�SDU
IHUPLRQyZ��PRGHO�$''�ZSURZDG]D�]DEXU]HQLD�UR]NáDGyZ�N WRZ\FK��Z�VWRVXQNX�GR�0RGHOX
6WDQGDUGRZHJR�� 5\V� �� SRND]XMH� UR]NáDG\� N WRZH� Z� ]DNUHVLH� N WD� ELHJXQRZHJR
��R � θ � ���R��GOD�QDMEDUG]LHM�F]XáHJR�NDQDáX� �

7URFK �VLOQLHMV]H�RJUDQLF]HQLD�SRFKRG] �]�DQDOL]\�GDQ\FK�]�HNVSHU\PHQWyZ�'��L�&')
SU]\� DNFHOHUDWRU]H� 7HYDWURQ�� ]GHU]DM F\P� SURWRQ\� ]� DQW\SURWRQDPL� SU]\� HQHUJLL� Z� URGNX
PDV\�  ��� 7H9��$XWRU]\�SUDF\� >��@�SRUyZQDOL� GDQH�GRW\F] FH�SURGXNFML� SDU� OHSWRQyZ�
RSXEOLNRZDQH� SU]H]� RED� HNVSHU\PHQW\�� ]� V\PXODFMDPL� XZ]JO GQLDM F\PL� Z\PLDQ
ZLUWXDOQ\FK�JUDZLWRQyZ��=HVWDZLHQLH�GDQ\FK�]�SU]HZLG\ZDQLDPL�PRGHOX�$''�GOD�Uy Q\FK
ZDUWR FL�06� SU]HGVWDZLD� 5\V� ��� 2JUDQLF]HQLH� QD� IXQGDPHQWDOQ � VNDO � JUDZLWDFML� Z\QRVL
���� 7H9�QD�SR]LRPLH�XIQR FL�����

5\VXQHN�����5R]NáDG\�PDV\�SDU�OHSWRQyZ�PLHU]RQH�Z�7HYDWURQLH�>��@��/LQH�SU]HU\ZDQH�WR�SU]\ZLG\ZDQLD�
PRGHOX�$''�GOD�NLONX�Z\EUDQ\FK�ZDUWR FL�06��D�OLQLH�FL JáH�WR�WáR�]�0RGHOX�6WDQGDUGRZHJR�

3URFHV 06��7H9��λ  �� 06��7H9��λ  ��

���� ����

���� ����

���� ����

%R]RQ\�5D]HP ���� ����

���� ����

���� ����

���� ����

���� ����

)HUPLRQ\�5D]HP ���� ����

)HUPLRQ\ � %R]RQ\ ���� ����

7DEHOD����:\QLNL�DQDOL]\�SURFHVyZ�]�Z\PLDQ �ZLUWXDOQHJR�*KK�]�HNVSHU\PHQWX�/��>�@��'ROQH�RJUDQLF]HQLD�VNDOL�
06�QD�SR]LRPLH�XIQR FL�����
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e+e- qq→

e+e- e+e-→
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�������2JUDQLF]HQLD�NRVPRORJLF]QH

:�URNX������]DREVHUZRZDQR�Z\EXFK�VXSHUQRZHM�Z�:LHONLP�2EáRNX�0DJHOODQD��%\áD
WR�SLHUZV]D�ZLGRF]QD�JRá\P�RNLHP�VXSHUQRZD�RG������URNX��NLHG\�QLHRF]HNLZDQH�SRMDZLHQLH
VL � QD� QLHELH� Z\M WNRZR� MDVQHM� JZLD]G\� RGQRWRZDá� .HSOHU�� 7\P� UD]HP�� SR]D� V\JQDáHP
ZLG]LDOQ\P��XGDáR� VL � SU]HSURZDG]Lü�GRGDWNRZH�REVHUZDFMH� �� SRFKRG] F\� ]� HNVSOR]ML� SXOV
QHXWULQRZ\��]DUHMHVWURZDá\�HNVSHU\PHQW\�,0% >��@�L�.DPLRNDQGH >��@��V]XNDM FH�Z�ZLHONLFK
]ELRUQLNDFK�]�ZRG �UR]SDGX�SURWRQX��L�QDVWDZLRQH�QD�RGU]XFDQLH�RGG]LDá\ZD �QHXWULQ�� MDNR
HOHPHQWX� WáD�� :\QLNL� W\FK� SRPLDUyZ� SRWZLHUG]DM � WHRUL � PyZL F �� H� ZL NV]R ü� HQHUJLL
VXSHUQRZHM�XZROQLRQHM�SRGF]DV�]DSDGDQLD�VL �JZLD]G\�Z\SURPLHQLRZDQD�]RVWDMH�Z�SRVWDFL
QHXWULQ�� /HNNLH� JUDZLWRQ\� VWDQRZL � NRQNXUHQ\MQ\� SURFHV�� $QDOL]D� SURFHVyZ� HPLVML
JUDZLWRQyZ�]�]DSDGDM FHJR�VL �M GUD�>��@�SR]ZDOD�RV]DFRZDü�PLQLPDOQH�ZDUWR FL�06�VSyMQH�]
GDQ\PL� SRFKRG] F\PL� ]� 61����$�� 3U]\� � ]DáR HQLX� H� UHGQLD� HQHJULD� SU]\SDGDM FH� QD
QXNOHRQ�Z� M GU]H� VXSHUQRZHM�Z\QRVL�RNRáR��� 0H9��RJUDQLF]HQLH�GOD�GZyFK� GRGDWNRZ\FK
Z\PLDUyZ�WR�a �� 7H9��'OD�ZL NV]HM�OLF]E\�Z\PLDUyZ�PR OLZH�V �PQLHMV]H�06��FR�SRND]XMH
7DEHOD ��

-H OL� ]DáR \ü�� H� JUDZLWRQ\� ..� UR]SDGDM � VL � QD� F] VWNL� ]� 0RGHOX� 6WDQGDUGRZHJR�
PR QD� RWU]\PDü� MHV]F]H� VLOQLHMV]H� RJUDQLF]HQLD� QD� IXQGDPHQWDOQ � VNDO � JUDZLWDFML� >��@�
$QDOL]D� WD� UyZQLH �GRW\F]\�FKáRG]HQLD� VXSHUQRZHM�SU]H]� HPLVM �Z]EXG]RQ\FK�JUDZLWRQyZ�
DOH� QLH� RGZRáXMH� VL � GR� SRPLDUyZ� 61����$�� 2SLHUD� VL � RQD� QD� ]DáR HQLX�� H� JUDZLWRQ\
Z\WZRU]RQH� SU]H]� ZV]\VWNLH� VXSHUQRZH� Z� KLVWRULL� :V]HFK ZLDWD� UR]SDGDM � VL � P�LQ�� QD
IRWRQ\��GDM F�ZNáDG�GR�NRVPLF]QHJR�SURPLHQLRZDQLD�WáD��3RUyZQDQLH�RV]DFRZDQHM�ZDUWR FL
WDNLHJR�ZNáDGX�]�GDQ\PL�GR ZLDGF]DOQ\PL�SR]ZDOD�QDáR \ü�NROHMQH�RJUDQLF]HQLH�QD�VNDO �06�
QD� SR]LRPLH� �� 7H9�� $QDOL]D� WD� MHVW� Z� VSRU\P� VWRSQLX� X]DOH QLRQD� RG� SU]\M W\FK� PRGHOL
NRVPRORJLF]Q\FK� �F] VWRWOLZR ü� Z\EXFKyZ� VXSHUQRZ\FK�� RUD]� RG� NRQNUHWQHM� UHDOL]DFML
PRGHOX�$''��3RUyZQDQLH�Z\QLNyZ�REX�SRZ\ V]\FK�DQDOL]�SU]HGVWDZLD�7DEHOD ���-DN�ZLGDü�
GOD� Q  ��� ZDUWR ü�06� MHVW� QD� SR]LRPLH� FRQDMPQLHM� NLONXG]LHVL FLX� 7H9�� FR� SU]HVWDMH� E\ü
DWUDNF\MQ\P� UR]ZL ]DQLHP�SUREOHPX�KLHUDUFKLL�� D�SR]D� W\P�RGVXZD�JUDZLWDFM � SR]D� ]DVL J
SODQRZDQ\FK�HNVSHU\PHQWyZ�DNFHOHUDWRURZ\FK�

�������2JUDQLF]HQLD�JUDZLWDF\MQH

1DMQRZV]H�SRPLDU\�RGG]LDá\ZD �JUDZLWDF\MQ\FK�QD�PDá\FK�RGOHJáR FLDFK�SRFKRG] �]
URNX� ������ ]� HNVSHU\PHQWX� Z\NRQDQHJR� QD� 8QLYHUVLW\� RI�:DVKLQJWRQ� Z� 6HDWWOH� >��@�� :
GR ZLDGF]HQLX�Z\NRU]\VWDQR�ZDKDGáR�WRUV\MQH��GR�NWyUHJR�SU]\PRFRZDQ\�]RVWDá�DOXPLQLRZ\
SLHU FLH �R� UHGQLF\�RN����� FP��]�G]LHVL FLRPD�UyZQRPLHUQLH�UR]PLHV]F]RQ\PL�QD�REZRG]LH
RWZRUDPL��5\V� ����:DKDGáR�E\áR�ZSUDZLDQH�Z�UXFK�SU]\�SRPRF\�GZyFK�PLHG]LDQ\FK�WDUF]�R
SRGREQ\FK�Z\PLDUDFK��]�G]LHVL FLRPD�RWZRUDPL�Z�ND GHM�]�QLFK��*yUQD�WDUF]D�E\áD�FLH V]D��L
REUyFRQD� R� ��R� Z� VWRVXQNX� GR� GROQHM�� 6WDUDQQLH� GREUDQD� JHRPHWULD� L� SUHF\]MD� Z\NRQDQLD

Q��� 61����$ 7áR�γ

� �� ��

� � �

� �

7DEHOD����$VWURIL]\F]QH�RJUDQLF]HQLD�QD�VNDO �06 >7H9@�GOD�Q�GRGDWNRZ\FK�Z\PLDUyZ



11

GRFKRG] FD�GR���� µP� PLDá\�]D�]DGDQLH�]PLQLPDOL]RZDü�ZSá\Z�JUDZLWDFML�QHZWRQRZVNLHM�L
XPR OLZLü�EDGDQLH�RGVW SVWZ�QD�EDUG]R�PDá\FK�RGOHJáR FLDFK��2GFK\OHQLD�SDUDPHWU\]RZDQR
Z]RUHP

����

5\VXQHN�����:DKDGáR�WRUV\MQH�ZUD]�]�PLHG]LDQ\P�DWUDNWRUHP��'OD�]DFKRZDQLD�SU]HMU]\VWR FL�SRPLQL WD�]RVWDáD�
PHPEUDQD��D�RGOHJáR ü�PL G]\�WDUF]DPL�]ZL NV]RQR�GR���� FP�

:DKDGáR� ]RVWDáR� XPLHV]F]RQH� Z� SUy QL�� 0L G]\� SU]\FL JDM FH� VL � F] FL� ZVWDZLRQR
FLHQN � PLHG]LDQR�EHU\ORZHM� PHPEUDQ �� PLQLPDOL]XM F � ZSá\Z� VLá� SRFKRG]HQLD
HOHNWU\F]QHJR�� 3RPLDU\� SU]HSURZDG]RQR� QD� RGOHJáR FLDFK� GRFKRG] F\FK� GR� ��� µP�� 1LH
]DREVHUZRZDQR�]QDF] F\FK�VWDW\VW\F]QLH�RGFK\OH �RG�SUDZD�1HZWRQD�GOD�WDNLFK�RGOHJáR FL�
2WU]\PDQH� Z� Z\QLNX� RJUDQLF]HQLD� QD� λ� L� α� SU]HGVWDZLD� 5\V� ��� :� SU]\SDGNX� SURVWHJR
VFHQDULXV]D� Z� UDPDFK� PRGHOX� $''�� ]� GZRPD� MHGQDNRZ\PL� GRGDWNRZ\PL� Z\PLDUDPL�
RJUDQLF]HQLH� QD� VNDO � XQLILNDFML� MHVW� QD� SR]LRPLH� �� $XWRU]\� ]DSRZLDGDM
SU]HSURZDG]HQLH�HNVSHU\PHQWX�GUXJLHM�JHQHUDFML��]�QRZ\P�ZDKDGáHP��R�ZL NV]HM�F]XáR FL�GOD
PDá\FK�λ�

5\VXQHN�����2JUDQLF]HQLD�QD�RGFK\OHQLD�RG�SUDZD�1HZWRQD�QD�SR]LRPLH�XIQR FL������1DMZD QLHMV]H�QD�U\VXQNX�
V �JUXEH�NU]\ZH��RGSRZLDGDM FH�RJUDQLF]HQLRP�HNVSHU\PHQWDOQ\P��2EV]DU�Z\NOXF]RQ\�Z�ND G\P�
HNVSHU\PHQFLH�OH \�SRQDG�RGSRZLHGQL �NU]\Z ��:\QLNL�RSLV\ZDQHJR�HNVSHU\PHQWX�SU]HGVWDZLD�NU]\ZD�
SRGSLVDQD�MDNR�(|W�:DVK�

V r( ) G
m1m2

r
------------- 1 αe r λ⁄–+( )–=

MS 3 5TeV,≥

e f g ¬ ­ � ® � q � � � s { ¯ n � � � s �



12

�������2JUDQLF]HQLD�QD�SDUDPHWU\�PRGHOX�56

:áD FLZR FL�PRGHOX�56�RNUH ORQH�V �SU]H]�GZD�SDUDPHWU\��PDV �SLHUZV]HJR�JUDZLWRQX
.DOX]\�.OHLQD�P*  P��RUD]�SDUDPHWU�F  N � 03O��GHWHUPLQXM F\�VSU] HQLD��SDWU]�UyZQDQLD
��� L ��� ��L�V]HURNR FL�JUDZLWRQyZ�

�����

JG]LH�ρ� WR�VWDáD��]DOH QD�RG� OLF]E\�RWZDUW\FK�NDQDáyZ� UR]SDGX��5\V� ���SRFKRG] F\�]�SUDF\
>��@� SU]HGVWDZLD� GR ZLDGF]DOQH� L� WHRUHW\F]QH� RJUDQLF]HQLD� QD� SáDV]F]\ QLH� W\FK� GZyFK
SDUDPHWUyZ��2JUDQLF]HQLH� �WR�ZDUXQHN�QD�NU]\ZL]Q �SL FLRZ\PLDURZHM�SU]HVWU]HQL�
SRMDZLDM F\�VL �SU]\�Z\SURZDG]DQLX�PHWU\NL�����MDNR�UR]ZL ]DQLD�UyZQD �(LQVWHLQD�Z�SL FLX
Z\PLDUDFK�>�@���:�RU\JLQDOQ\P�VIRUPXáRZDQLX�ZDUXQHN�WHQ�PD�SRVWDü�N � 0��JG]LH�0 a 03O
WR� IXQGDPHQWDOQD�� SL FLRZ\PLDURZD� VNDOD� 3ODQFND�� 1DOH \� MHGQDN� SDPL WDü�� H� QLH� MHVW� WR
RJUDQLF]HQLH� RVWUH�� D� MHG\QLH� SU]\EOL RQH�� 'UXJLH� RJUDQLF]HQLH� WHRUHW\F]QH�� WR� ZDUXQHN
Λπ� �� 7H9��ZSURZDG]RQ\�� HE\�PRGHO�56��UR]ZL ]\ZDá�SUREOHP�KLHUDUFKLL��F]\OL� HE\�QLH
SRMDZLáD�VL �KLHUDUFKLD�PL G]\�P(:�D�Λπ��3R]RVWDáH�GZLH�NU]\ZH�UHSUH]HQWXM �RJUDQLF]HQLD
GR ZLDGF]DOQH��SRFKRG] FH�]�DQDOL]\�SURGXNFML�SDU�OHSWRQyZ�L�G HWyZ�Z�7HYDWURQLH��RUD]�]
JOREDOQHJR� GRSDVRZDQLD� GR� SU]HZLG\ZD � PRGHOX� ]PLHQQ\FK� SR UHGQLFK� �DQJ�� REOLTXH
SDUDPHWHUV��6� L�7��=PLHQQH�WH��ZSURZDG]RQH�Z�SUDF\�>��@��VáX �GR�V]XNDQLD�RGVW SVWZ�RG
0RGHOX�6WDQGDUGRZHJR�QD�SRGVWDZLH�SUHF\]\MQ\FK�SRPLDUyZ�RGG]LDá\ZD �HOHNWURVáDE\FK�

:V]\VWNLH� F]WHU\� NU]\ZH� RJUDQLF]DM � QD� SáDV]F]\ QLH� SDUDPHWUyZ�PRGHOX� ]DPNQL W\
REV]DU��:HGáXJ� >��@� FDá\� WHQ� REV]DU�PR H� ]RVWDü�SU]HEDGDQ\�Z�/+&��6WZLHUG]HQLH� WR� MHVW
RSDUWH� QD� RSW\PLVW\F]QHM� DQDOL]LH� QLH� XZ]JO GQLDM FHM� ZSá\ZX� GHWHNWRUD�� &HOHP� QLQLHMV]HM
SUDF\�E G]LH�VSUDZG]HQLH�F]\��SU]\�XZ]JO GQLHQLX�HIHNWyZ�]ZL ]DQ\FK�]�GHWHNWRUHP�&06�
DNFHOHUDWRU�/+&�PD�V]DQV �Z\NOXF]\ü�OXE�SRWZLHUG]Lü�PRGHO�5DQGDOO�6XQGUXP�

5\VXQHN�����'R ZLDGF]DOQH�L�WHRUHW\F]QH�RJUDQLF]HQLD�PRGHOX�56�Z�SáDV]F]\ QLH�SDUDPHWUyZ�F�L�P*  P��>��@�

Γn ρmnxn
2 k MPl⁄( )2=

R5 M5
2<

             Obszar dozwolony

'RSDVRZDQLH�GR�06
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�����1DU] G]LD���DNFHOHUDWRU�L�GHWHNWRU

�������$NFHOHUDWRU�/+&

:�OLVWRSDG]LH�URNX������]DNR F]\á�SUDF �G]LDáDM F\�Z�R URGNX�&(51�SRG�*HQHZ �RG
����� URNX� DNFHOHUDWRU� /(3�� =GHU]DM F� HOHNWURQ\� ]� SR]\WRQDPL� QDMSLHUZ� SU]\� HQHUJLDFK� Z
URGNX� PDV\� a ��� *H9�� D� Sy QLHM� � �SR� ����� URNX�� SU]\� SRQDG� ��� *H9�� XPR OLZLá
SU]HSURZDG]HQLH�EDUG]R�GRNáDGQ\FK�WHVWyZ�0RGHOX�6WDQGDUGRZHJR��:�WXQHOX�SR]RVWDá\P�SR
MHJR� UR]PRQWRZDQLX� XPLHV]F]RQ\� ]RVWDQLH� DNFHOHUDWRU� /+&� ��:LHONL� =GHU]DF]� +DGURQyZ
�DQJ�� /DUJH� +DGURQ� &ROOLGHU��� NWyUHJR� ]DGDQLHP� E G]LH� ]QDOH]LHQLH� F] VWNL� +LJJVD�� RUD]
V]XNDQLH�SU]HMDZyZ�1RZHM�)L]\NL�VSR]D�0RGHOX�6WDQGDUGRZHJR��&] VWND�+LJJVD�WR�RVWDWQLD
EUDNXM FD�FHJLHáND�Z�0RGHOX�6WDQGDUGRZ\P��RGSRZLHG]LDOQD�]D�PHFKDQL]P�áDPDQLD�V\PHWULL
HOHNWURVáDEHM��$NFHOHUDWRU�/+&�SRZLQLHQ�UR]SRF] ü�SUDF �Z������URNX�

6FKHPDW� DNFHOHUDWRUD� SU]HGVWDZLD� 5\V� ��� /+&� E G]LH� ZH� ZVW SQ\P� RNUHVLH
DNFHOHUDWRUHP�]GHU]DM F\P�SU]HFLZELH QH�ZL ]NL�SURWRQyZ��Sy QLHM�PDM �UyZQLH �E\ü�Z�QLP
]GHU]DQH�FL NLH� MRQ\���RG�ZDSQLD� D �GR�RáRZLX���1DMZD QLHMV]H�SDUDPHWU\�SUDF\� ]�ZL ]N
SURWRQRZ �SU]HGVWDZLD�7DEHOD ��>��@��3URWRQ\�E G �ZVW SQLH�UR]S G]DQH�GR�HQHUJLL����� 7H9
Z�DNFHOHUDWRU]H�636��6XSHU�3URWRQ�6\QFKURWURQ��R�REZRG]LH�� NP��D�QDVW SQLH�ZVWU]\NLZDQH
GR� WXQHOX� /+&��2EZyG� WHJR� WXQHOX� WR� �� NP��1DGSU]HZRG] FH�PDJQHV\�� JHQHUXM FH� SROH
���� 7�� XPR OLZL � XWU]\PDQLH� SURWRQyZ� QD� ZáD FLZ\P� WRU]H�� 3RJUXSRZDQH� Z� SDF]NL� R
OLF]HEQR FL� RN�� ����� F] VWHN� SURWRQ\�� ]RVWDQ � UR]S G]RQH� GR� HQHUJLL� � 7H9�� 3DF]NL�
SRGUy XM FH�Z�RGOHJáR FL���� P�RG�VLHELH��E G �VL �]GHU]Dü�FR��� QV�]�SDF]NDPL�]�SU]HFLZQHM
ZL ]NL� Z� F]WHUHFK� SXQNWDFK� SU]HFL FLD�� GDM F� Z� ND G\P� ]GHU]HQLX� UHGQLR� ��� ]GHU]H
SURWRQ�SURWRQ�R�HQHUJLL� ��3ODQRZDQD� ZLHWOQR ü�DNFHOHUDWRUD�WR����� FP��V����

:�F]WHUHFK�SXQNWDFK�SU]HFL FLD�ZL ]HN�SUDFRZDü�E G] �F]WHU\�GHWHNWRU\��GZD�GHWHNWRU\
RJyOQHJR� SU]H]QDF]HQLD� $7/$6� L� &06�� ]RULHQWRZDQ\� QD� IL]\N � NZDUNyZ� E� /+&�%�� RUD]
SU]H]QDF]RQ\�GR�EDGDQLD�]GHU]H �FL NLFK�MRQyZ�GHWHNWRU�$/,&(�

(QHUJLD�ZL ]NL ��7H9

ZLHWOQR ü �����FP��V��

/LF]ED�SDF]HN ����

&]DV�PL G]\�]GHU]HQLDPL ���QV

/LF]ED�SURWRQyZ�Z�SDF]FH ����

UHGQLD�OLF]ED�]GHU]H �SS�Z�]GHU]HQLX�SDF]HN a��

7DEHOD����3DUDPHWU\�ZL ]NL�SS�Z�DNFHOHUDWRU]H�/+&

s 14TeV=
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5\VXQHN�����6FKHPDW�DNFHOHUDWRUD�/+&

�������'HWHNWRU�&06

'HWHNWRU� &RPSDFW�0XRQ� 6ROHQRLG� �&06�� E G]LH� MHGQ\P� ]� GZyFK� SUDFXM F\FK� SU]\
DNFHOHUDWRU]H� /+&� GHWHNWRUyZ� RJyOQHJR� SU]H]QDF]HQLD�� =DáR HQLHP� SURMHNWX� E\áR
VNRQVWUXRZDQLH� GHWHNWRUD� XPR OLZLDM FHJR�� SU]\� GX HM� ZLHWOQR FL� DNFHOHUDWRUD�� MDN
QDMGRNáDGQLHMV]\� SRPLDU�PLRQyZ�� IRWRQyZ� L� HOHNWURQyZ�� 3URMHNW� WHFKQLF]Q\� MHVW� RSLVDQ\�Z
GRNXPHQWDFK� >��@� >��@� >��@��&06� E G]LH�PLDá� W\SRZ � GOD� GHWHNWRUyZ�Z� IL]\FH�Z\VRNLFK
HQHUJLL� VWUXNWXU � EHF]NL� �DQJ�� EDUUHO��� ]DPNQL WHM� RG� REX� VWURQ� SRNU\ZDPL� �DQJ�� HQGFDSV��
6FKHPDW\F]Q\� ZLGRN� SU]HGVWDZLD� 5\V� ��� 3U]HNUyM� SRGáX Q\� L� SRSU]HF]Q\� SU]HGVWDZLDM
5\V� ��L�5\V� ����*HQHURZDQH�SU]H]�QDGSU]HZRG] F �FHZN �SROH�PDJQHW\F]QH�R�LQGXNFML�� 7
]DSHZQL�GRNáDGQ\�SRPLDU�S GX�REVHUZRZDQ\FK�F] VWHN��'X \��a� P��SURPLH �FHZNL�SR]ZROL
QD�XPLHV]F]HQLH�ZHZQ WU]�FDáHJR�V\VWHPX�NDORU\PHWULL��7DND�NRQILJXUDFMD�XPR OLZL�GRNáDGQ\
SRPLDU�HQHUJLL��QLH�]DEXU]RQ\�SU]H]�REHFQR ü�FHZNL�PDJQHVX�

1DMEOL HM� SXQNWX� RGG]LDá\ZDQLD� ]QDMGRZDá� VL � E G]LH� ZHZQ WU]Q\� GHWHNWRU� ODGRZ\
�LQQHU�WUDFNHU���VNáDGDM F\�VL �]�NU]HPRZHJR�GHWHNWRUD�PR]DLNRZHJR��VLOLFRQ�SL[HO�GHWHFWRU��
RUD]� NU]HPRZHJR� GHWHNWRUD� PLNURSDVNRZHJR� �VLOLFRQ� PLFURVWULS� GHWHFWRU��� =DGDQLHP
GHWHNWRUD� ODGRZHJR� E G]LH� SRPLDU� S GyZ� F] VWHN� QDáDGRZDQ\FK�� RUD]� UHNRQVWUXNFMD
SLHUZRWQHJR� ZLHU]FKRáND� RGG]LDá\ZDQLD� L� ZLHU]FKRáNyZ� ZWyUQ\FK�� 2EV]DU
SVHXGRSRVSLHV]QR FLD��SRNU\W\�SU]H]�GHWHNWRU�WR�|η| � �����'RNáDQR ü�SRPLDUX�S GX�∆S � S�GOD
F] VWHN�R�S G]LH�SRSU]HF]Q\P���� *H9�ZDKDü�VL �E G]LH�RG� E��Z�REV]DU]H
FHQWUDOQ\P�GR� �GOD�|η| ������(IHNW\ZQR ü�UHNRQVWUXNFML� ODGyZ�F] VWHN�Z
]DNUHVLH�|η| � ����SU]HNUDF]Dü�PD�����

D��3VHXGRSRVSLHV]QR ü�GHILQLXMH�VL �Z]RUHP�η  � OQ WJ θ����JG]LH�θ�WR�N W�PL G]\�S GHP�F] VWNL�D�RVL �ZL ]NL�
E��=DVWRVRZDQR�WX�VNUyWRZ �QRWDFM � ��:H�Z]RUDFK�Z\VW SXMH�ZDUWR ü SW�Z\UD RQD�Z�*H9�
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a b⊕ a2 b2+=
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5\VXQHN�����6FKHPDW�GHWHNWRUD�&06�

.ROHMQ\�HOHPHQW�GHWHNWRUD�WR�NDORU\PHWU�HOHNWURPDJQHW\F]Q\��QD�U\VXQNDFK�R]QDF]RQ\
(%�� ((��� % G]LH� RQ� X \ZDQ\� GR� SRPLDUX� HQHUJLL� SRZVWDá\FK� Z� ]GHU]HQLX� IRWRQyZ� L
HOHNWURQyZ��'X D�GRNáDGQR ü�SRPLDUX�MHVW�EDUG]R�ZD QD�]H�Z]JO GX�QD�SRV]XNLZDQ\�UR]SDG
OHNNLHJR�+LJJVD�QD�GZD�IRWRQ\��'REUH�SDUDPHWU\�X]\VNDQH�]RVWDQ �G]L NL�Z\NRU]\VWDQLX�MDNR
PDWHULDáX�NU\V]WDáyZ�3E:2���3DUDPHWU\]DFMD�UR]G]LHOF]R FL�NDORU\PHWUX�G\VNXWRZDQD�E G]LH
Z� UR]G]LDOH� ��� 2EV]DU� SVHXGRSRVSLHV]QR FL� SRNU\W\� SU]H]� GHWHNWRU� WR� |η|� ���� Z� EHF]FH� L
��� � |η|� ����Z�SRNU\ZDFK�

.DORU\PHWU�KDGURQRZ\��+%��+(��MHVW�QDVW SQ\P�HOHPHQWHP�GHWHNWRUD��SRNU\ZDM F\P
]DNUHV� |η|� �����=EXGRZDQ\�E G]LH� ]�ZDUVWZ�SODVWLNRZHJR� VF\QW\ODWRUD�� XPLHV]F]RQ\FK�QD
SU]HPLDQ� ]� ZDUVWZDPL� PLHG]L�� 5R]G]LHOF]R ü� HQHUJHW\F]QD� GOD� SRMHG\QF]HJR� KDGURQX� GOD
η  ��E G]LH�QD�SR]LRPLH� ��.DORU\PHWU�SU]HGQL��+)���XPLHV]F]RQ\
SU]\�Z\ORFLH� UXU\�ZL ]NL�� L� SRNU\ZDM F\�]DNUHV�GR� |η|� �����]DSHZQL�GREU �KHUPHW\F]QR ü
XNáDGX�� -HVW� RQD� LVWRWQD� ]DUyZQR� GOD� ]DSHZQLHQLD� GX HM� DNFHSWDFML� G HWyZ�� MDN� L� GOD
GRNáDGQR FL�Z\]QDF]HQLD�EUDNXM FHM�HQHUJLL�SRSU]HF]QHM�Z�]GHU]HQLX��

&Dá\�V\VWHP�NDORU\PHWUyZ��]�Z\M WNLHP�NDORU\PHWUX�SU]HGQLHJR��]QDMGRZDü�VL �E G]LH
ZHZQ WU]�QDGSU]HZRG] FHM�FHZNL�R�SURPLHQLX�� P� L�GáXJR FL�RNRáR��� P��JHQHUXM FHM�SROH
PDJQHW\F]QH�� 7��1D�]HZQ WU]� FHZNL� ]QDMGRZDü�VL � E G �ZDUVWZ\� HOD]D��E G FH� MDU]PHP
]ZURWQ\P� PDJQHVX� �%  ��� 7��� L� DEVRUEXM FH� UHV]WNL� NDVNDG� KDGURQRZ\FK�� 3RPL G]\
ZDUVWZDPL� HOD]D�XPLHV]F]RQH�E G �VWDFMH�V\VWHPX�PLRQRZHJR�

6\VWHP�PLRQRZ\� ]RVWDá� ]DSURMHNWRZDQ\� MDNR� XNáDG� GHWHNF\MQR�Z\]ZDODM F\� >��@��:
VNáDG�VWDFML�PLRQRZ\FK�ZFKRG]Lü�E G �NRPRU\�GU\IRZH��'7%;��QD�U\VXQNDFK�SRGSLVDQH�0%�
Z� EHF]FH� L� NRPRU\� ]� VHJPHQWRZDQ � NDWRG � �&6&�� QD� U\VXQNDFK�0(�� Z� SRNU\ZDFK�� RUD]
NRPRU\�RSRUQR FLRZH��53&��QD�U\VXQNDFK�5%��5(��Z�SRNU\ZDFK�L�Z�EHF]FH��2EV]DU�N WRZ\
SRNU\W\�SU]H]�GHWHNWRU\�PLRQRZH�WR�|η| � �����5R]G]LHOF]R ü�S GRZD�GOD�GX \FK�S GyZ��SU]\
]DáR HQLX� Z\NRU]\VWDQLD� LQIRUPDFML� ]� NRPyU� PLRQRZ\FK� L� ]� ZHZQ WU]QHJR� GHWHNWRUD
ODGRZHJR��E G]LH�G\VWNXWRZDQD�Z�UR]G]LDOH���

∆E E⁄ 65% E⁄ 5%⊕=
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5\VXQHN�����3U]HNUyM�SRGáX Q\�SU]H]�GHWHNWRU�&06�

5\VXQHN������3U]HNUyM�SRSU]HF]Q\�GHWHNWRUD�&06�
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=H� Z]JO GX� QD� IXQNFM � Z\]ZDODM F � V\VWHPX� PLRQRZHJR�� ZD QD� MHVW� EDUG]R� GREUD
F]DVRZD�L�SU]HVWU]HQQD�]GROQR ü�UR]G]LHOF]D�GHWHNWRUyZ��8PR OLZL�RQD�V]\EN �LGHQW\ILNDFM
PLRQyZ��SU]\SLVDQLH�LFK�GR�RGSRZLHGQLFK�SU]HFL ü�ZL ]HN��L�]QDMGRZDQLH�PLRQyZ�R�GX \P
S G]LH� SRSU]HF]Q\P�� NWyUH� V � FKDUDNWHU\VW\F]Q � V\JQDWXU � ZLHOX� LQWHUHVXM F\FK� SURFHVyZ�
P�LQ�� SURGXNFML� F] VHN� VXSHUV\PHWU\F]Q\FK�� ER]RQX�+LJJVD��RUD]�RPDZLDQ\FK�Z�QLQLHMV]HM
SUDF\�Z]EXG]RQ\FK�JUDZLWRQyZ�

UHGQLD�F] VWR ü�]GHU]H �SS�Z�/+&�E G]LH�U] GX�� *+]��=DSLVDQLH�MHGQHJR�SU]\SDGNX
Z\PDJDü� E G]LH� RNRáR� � 0%� SDPL FL�� FR� JG\E\� FKFLHü� SU]HFKRZ\ZDü� LQIRUPDFMH� D
ZV]\VWNLFK� ]GHU]HQLDFK�� GDMH� SR� SU]HPQR HQLX� DVWURQRPLF]Q � OLF]E � �7%� GDQ\FK� GR
]DSLVDQLD�QD�VHNXQG ��=�GUXJLHM�VWURQ\�IL]\F]QLH�LQWHUHVXM FH�SURFHV\�]DFKRG] �EDUG]R�U]DGNR�
7R�ZáD QLH�SRZRGXMH�� H� ZLHWOQR ü�DNFHOHUDWRUD�PXVL�E\ü�WDN�GX D��Z�SU]HFLZQ\P�UD]LH�QD
SRMDZLHQLH� VL � FLHNDZHJR� SU]\SDGNX� WU]HED� E\� F]HNDü� ODWDPL�� 3RQLHZD � ZL NV]R ü
SU]\SDGNyZ� VWDQRZL � SURFHV\� PDáR� LQWHUHVXM FH�� Z� GHWHNWRU]H� VWRVXMH� VL � V\VWHP
Z\]ZDODM F\��W]Z��WU\JHU��DQJ��WULJJHU���DXWRPDW\F]QLH�RGU]XFDM F\�QLHLQWHUHVXM FH�SU]\SDGNL�L
UHGXNXM F\�LOR ü�GDQ\FK�]DSLV\ZDQ\FK�QD�QR QLNDFK�

7U\JHU� Z� &06� >��@� E G]LH� VNáDGDá� VL � ]� NLONX� VWRSQL�� GRNRQXM F\FK� V\VWHPDW\F]QHM
UHGXNFML�OLF]E\�]DSLV\ZDQ\FK�SU]\SDGNyZ�QD�SRGVWDZLH�FRUD]�WR�GRNáDGQLHMV]\FK�GDQ\FK�QD
NROHMQ\FK� VWRSQLDFK�� 7U\JHU� SLHUZV]HJR� VWRSQLD� �/���� NRU]\VWDM F� ]H� ]JUXEQ\FK� GDQ\FK� ]
NDORU\PHWUyZ� L� V\VWHPX� PLRQRZHJR�� QDNáDGDü� E G]LH� SLHUZV]H� FL FLD�� UHGXNXM F� F] VWR ü
SU]\SDGNyZ�GR�a��� N+]��3RV]XNLZDQH�V\JQDWXU\�� WR�SU]HGH�ZV]\VWNLP� OHSWRQ\� L� IRWRQ\�R
GX \P� S G]LH� SRSU]HF]Q\P�� EUDNXM FD� HQHJULD� SRSU]HF]QD�� G HW\� R� GX \P� S G]LH
SRSU]HF]Q\P�� OXE� EDUG]LHM� ]áR RQH� RELHNW\�� WDNLH� MDN� SDU\� PLRQyZ�� PLRQ� SOXV� GZD� G HW\�
HOHNWURQ� SOXV� EUDNXM FD� HQHUJLD� LWS�� 'UXJL� VWRSLH � WU\JHUD� �/��� E G]LH� PLDá� ]D� ]DGDQLH
]PQLHMV]HQLH�F] VWRWOLZR FL�SU]\SDGNyZ�GR�����N+]��SRSU]H]�Z\NRU]\VWDQLH�SHáQHM�]GROQR FL
UR]G]LHOF]HM� GHWHNWRUyZ�� 'DOV]H� VWRSQLH� Z\NRU]\VW\ZDü� E G � LQIRUPDFMH� ]� ZHZQ WU]QHJR
GHWHNWRUD� ODGRZHJR��UHGXNXM F�WHPSR�]DSLV\ZDQLD�GDQ\FK�QD�QR QLNDFK�GR�]DSODQRZDQ\FK�Z
SURMHNFLH� ���� SU]\SDGNyZ� QD� VHNXQG �� 3URMHNW� WU\JHUD� ]DNáDGD� ]EXGRZDQLH� SLHUZV]HJR
VWRSQLD�RSDUWHJR�QD�GHG\NRZDQ\FK�SURFHVRUDFK��QDWRPLDVW�Z\ V]H�VWRSQLH�UHDOL]RZDü�E G]LH
IDUPD�NRPSXWHUyZ��FR�XPR OLZL�Sy QLHMV]H�PRG\ILNDFMH�SDUDPHWUyZ� L�DOJRU\WPyZ�V\VWHPX
Z\]ZDODQLD�
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�����6\PXODFMD�IL]\F]QD
-DNR� SURFHV� PDM F\� SRVáX \ü� ]D� ³V\JQDá� ]� Z\ V]HJR� Z\PLDUX´� Z� QLQLHMV]HM� SUDF\

Z\EUDQR� SURGXNFM � SLHUZV]HJR� PDV\ZQHJR� Z]EXG]HQLD� JUDZLWRQX� ]� PRGHOX
5DQGDOO�6XQGUXP�� L� UR]SDG� WDN� SRZVWDáHM� F] VWNL� QD� SDU � OHSWRQyZ�� =DOHWDPL� WHJR� NDQDáX
UR]SDGX� V � MHJR� F]\VWR ü� L� XQLZHUVDOQR ü� �� WáR� SRFKRG] FH� ]� 0RGHOX� 6WDQGDUGRZHJR� WR
JáyZQLH�SURFHV�'UHOO�<DQ� ��6\JQDWXU �SRV]XNLZDQHJR�SURFHVX�V �OHSWRQ\�R
GX \P�S G]LH�SRSU]HF]Q\P��]DZV]H�EUDQH�SRG�XZDJ �SU]\�NRQVWUXNFML�V\VWHPX�Z\]ZDODQLD�Z
GHWHNWRU]H�� MDNR� SRWHQFMDOQH� UyGáR� ³QRZHM� IL]\NL´�� :� W\P� SU]\SDGNX� V � WR� OHSWRQ\� R
Z\M WNRZR� GX \P� S G]LH� SRSU]HF]Q\P�� /HSWRQ\� SRFKRG] FH� ]� UR]SDGX� F] VWNL� +LJJVD�
QDMEDUG]LHM� FK\ED� SRV]XNLZDQH�� PDM � S G\�Z� RNROLFDFK� �� *H9�� QDWRPLDVW� SU]\� UR]SDG]LH
JUDZLWRQX� R� PDVLH� QS�� � 7H9� PR QD� RF]HNLZDü� F] VWHN� R� S G]LH� SRQDG� �7H9�� 7DN
VSHNWDNXODUQ\�SU]\SDGHN�WUXGQR�E G]LH�SU]HJDSLü�

'R� V\PXODFML� V\JQDáX� L� WáD� Z\NRU]\VWDQR� QLH]DOH QLH� GZD� JHQHUDWRU\�0RQWH� &DUOR� �
3<7+,$ ������>��@�L�+(5:,* ������>��@��:�REX�]DLPSOHPHQWRZDQH�V �SURFHV\�SURGXNFML�L
UR]SDGX�PDV\ZQ\FK�Z]EXG]H �JUDZLWRQyZ�RSLVDQ\FK�Z�PRGHOX�5DQGDOO�6XQGUXP�

�������6\JQDá��SURFHV�SS → *..
$E\� Z� PR OLZLH� RJyOQ\� VSRVyE� ]EDGDü� PR OLZR FL� WHVWRZDQLD� PRGHOX� 56� Z

HNVSHU\PHQFLH� &06�� SU]HSURZDG]RQR� V\PXODFMH� GOD� Uy Q\FK� SDUDPHWUyZ� ZHM FLRZ\FK
PRGHOX��SRNU\ZDM F�FDá\�]DNUHV�]DVXJHURZDQ\�Z�SUDF\�>��@�

3RVW SRZDQLH�GOD�REX�JHQHUDWRUyZ�E\áR�LGHQW\F]QH����8VWDORQR�HQHUJL �Z� URGNX�PDV\
�� 7H9�� L�Z\EUDQR�SURWRQ\� MDNR�F] VWNL�ZL ]NL�� -DNR� MHG\Q\� V\PXORZDQ\�SURFHV�XVWDZLRQR
SURGXNFM � JUDZLWRQyZ�� =H� ZV]\VWNLFK� F] VWHN� Z� VWDQLH� NR FRZ\P� Z\ELHUDQR� OHSWRQ\D��
:VW SQLH�RGU]XFRQR�F] VWNL�VSR]D�REV]DUX�DNFHSWDFML�GHWHNWRUD��QDNáDGDM F�ZDUXQNL�η � ���
GOD�PLRQyZ�L�η � ����GOD�HOHNWURQyZ��'OD�Z\EUDQ\FK�Z�WHQ�VSRVyE�OHSWRQyZ�]DSLV\ZDQR�QD
G\VNX� �Z� IRUPDFLH� QWXSOH�� LQIRUPDFM � R� URG]DMX� L� S G]LH� ND GHJR� ]� QLFK�� :� VXPLH
Z\V\PXORZDQR�Z�ND G\P�]�JHQHUDWRUyZ�SR����Uy Q\FK�JUDZLWRQyZ��GOD�Uy Q\FK�SDUDPHWUyZ
WHRULL����������SU]\SDGNyZ�GOD�ND GHJR�

3RUyZQDQLH� Z\QLNyZ� V\PXODFML� ]� REX� JHQHUDWRUyZ� SU]HGVWDZLD� 5\V� ���� 3RND]DQH
OLF]E\�SU]\SDGNyZ�RGSRZLDGDM �RNUHVRZL�MHGQHJR�URNX�SUDF\�DNFHOHUDWRUD�SU]\��PDNV\PDOQHM
ZLHWOQR FL� /  ���� FP��V���� FR� GDMH� ��� IE��� VFDáNRZDQHM� ZLHWOQR FL�� 1D� Z\NUHVLH� PDV\
QLH]PLHQQLF]HM� SDU\� OHSWRQyZ� Z\UD QLH� ZLGDü� UH]RQDQV� �� Z]EXG]RQ\� JUDZLWRQ�� .V]WDáW
UH]RQDQVX� MHVW� DV\PHWU\F]Q\�� 1DGPLDURZH� SU]\SDGNL� SRMDZLDM FH� VL � SR� OHZHM� VWURQLH
PDNVLPXP�WR�OHSWRQ\�QLH�SRFKRG] FH�EH]SR UHGQLR�]�UR]SDGX�JUDZLWRQX��*UDZLWRQ�UR]SDGDá
VL � QD� GRZROQH� F] VWNL� �� ZV]\WNLH� PR OLZH� IHUPLRQ\� L� ER]RQ\� ]� PRGHOX� VWDQGDUGRZHJR�
UR]SDG\� QD� HOHNWURQ\� L� PLRQ\� WR� RNRáR� ��� ZV]\VWNLFK� UR]SDGyZ�� /HSWRQ\� WZRU] FH
QLVNRHQHUJHW\F]Q\� ³RJRQ´� UR]NáDGX� SRFKRG] � ]� UR]SDGyZ� WDRQyZ�� RUD]� ER]RQyZ�:� L� =�
+LVWRJUDP�]D]QDF]RQ\�OLQL �NURSNRZDQ �SRND]XMH�MDN�Z\JO GDáE\�UR]NáDG�SU]\SDGNyZ�JG\E\
JUDZLWRQ�UR]SDGDá�VL �W\ONR�OHSWRQRZR�

� 5R]NáDG\� SRFKRG] FH� ]� 3\WKLL� L� ]� +HUZLJD� Uy QL � VL � NV]WDáWHP�� -HVW� WR� Z\QLN
]DVWRVRZDQLD�Z�W\FK�JHQHUDWRUDFK�Uy Q\FK�PHWRG�REOLF]DQLD�SU]HNURMyZ�F]\QQ\FK��5y QLF
Z\UD QLH�ZLGDü�QD�5\V� ����3\WKLD�JHQHUXMH�ZL FHM�SU]\SDGNyZ�SR�OHZHM��D�PQLHM�SR�SUDZHM
VWURQLH�PDNVLPXP�� UyGáR� WHJR�ZLGDü�QD�5\V� ����SRND]XM F\P� UR]NáDG�PDV�JHQHURZDQ\FK
JUDZLWRQyZ��0DV\�JUDZLWRQyZ�SRFKRG] F\FK�]�+HUZLJD�UR]NáDGDM �VL �V\PHWU\F]QLH�ZRNyá
PDNVLPXP�� SRGF]DV� JG\� UR]NáDG� GOD� 3\WKLL� SU]\SRPLQD� NV]WDáWHP� 5\V� ���� 3U]\F]\QD� MHVW

D��7X�L�Z�GDOV]HM�F] FL�SUDF\�MDNR�OHSWRQ\�SU]\MPXMH�VL �W\ONR�HOHNWURQ\�L�PLRQ\�

pp Z0 γ⁄ ll→ →
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QDVW SXM FD�� +HUZLJ� JG\� JHQHUXMH� SU]\SDGHN�� REOLF]D� ZDUWR ü� SU]HNURMX� F]\QQHJR� QD
SURGXNFM � JUDZLWRQX�Z�PDNVLPXP� UH]RQDQVX�� SR�F]\P� UR]P\ZD�PDV � F] VWNL�ZRNyá� WHJR
PDNVLPXP�� ]JRGQLH� ]� UR]NáDGHP� %UHLWD�:LJQHUD� R� RGSRZLHGQLHM� V]HURNR FL�� 3\WKLD� UREL
RGZURWQLH� �� QDMSLHUZ� ORVXMH� PDV � F] VWNL�� D� QDVW SQLH� OLF]\� SU]HNUyM� F]\QQ\� QD� SURGXNFM
F] VWNL� R� WDNLHM� PDVLH�� :� ]GHU]HQLX� SDU\� SURWRQyZ� JUDZLWRQ� SURGXNRZDQ\� MHVW� SU]H]
RGG]LDá\ZDQLH� GZyFK� SDUWRQyZ�� 3UDZGRSRGRELH VWZR� ]QDOH]LHQLD� Z� ]GHU]DM F\FK� VL
SURWRQDFK� SDU\� SDUWRQyZ� R� GDQHM� HQHUJLL� Z� URGNX�PDV\� MHVW� V]\ENR�PDOHM F � IXQNFM � WHM
HQHUJLL��.RQVHNZHQFMH�WHJR�ZLGDü�QD�UR]NáDG]LH�PDV�JUDZLWRQyZ�JHQHURZDQ\FK�Z�3\WKLL��QD
5\V� ����3URGXNFMD�JUDZLWRQyZ�R�PDVDFK�ZL NV]\FK�RG�QRPLQDOQHM�MHVW�WáXPLRQD��QDWRPLDVW
GX H� SUDZGRSRGRELH VWZR� RGG]LDá\ZDQLD� SDUWRQyZ� R� PDáHM� HQHUJLL� SR]ZDOD� QD� SURGXNFM
EDUG]R�OHNNLFK�JUDZLWRQyZ�

3U]HNURMH� F]\QQH� RWU]\PDQH� Z� V\PXODFMDFK� SRND]XMH� 7DEHOD ��� 3U]\EOL HQLH
]DVWRVRZDQH� Z� +HUZLJX� MHVW� GREUH� Z� SU]\SDGNX� Z VNLHJR� UH]RQDQVX�� GOD� PDá\FK� PDV� L
VSU] H � ZDUWR FL� RWU]\PDQH� ]� REX� JHQHUDWRUyZ� V � ]EOL RQH� �V]HURNR FL� SRV]F]HJyOQ\FK
JUDZLWRQyZ�SU]HGVWDZLD�7DEHOD ��QD�VWU�������'OD�FL NLFK�JUDZLWRQyZ�SRMDZLDM �VL �Uy QLFH�R
F]\QQLN�SRQDG������ZL NV]R ü�V\PXORZDQ\FK�Z�3\WKLL�JUDZLWRQyZ�PD�PDV\�GX R�PQLHMV]H�RG
QRPLQDOQHM�� QDWRPLDVW� JUDZLWRQ\� JHQHURZDQH� Z� +HUZLJX� SRZVWDM � Z� EDUG]R� U]DGNLFK
SURFHVDFK�R�HQHUJLDFK�Z� URGNX�PDV\�]GHU]DM F\FK�VL �SDUWRQyZ�SRZ\ HM�� 7H9��.R FRZ\
HIHNW� MHVW� WDNL�� H� SR� QRUPDOL]DFML� UR]NáDGyZ� GR� SRGDQ\FK� SU]H]� JHQHUDWRU\� SU]HNURMyZ
F]\QQ\FK��PDVNLPXP�UH]RQDQVX�MHVW�RNRáR�GZD�UD]\�Z\ V]H�GOD�GDQ\FK�]�+HUZLJD�

5\VXQHN������*UDZLWRQ�R�PDVLH�� 7H9��F  �����3RUyZQDQLH�Z\QLNyZ�V\PXODFML�]�3\WKLL��OLQLD�FL JáD��L�+HUZLJD�
�OLQLD�SU]HU\ZDQD���ZV]\VWNLH�OHSWRQ\�L�OLQLD�NURSNRZDQD���OHSWRQ\�SRFKRG] FH�EH]SR UHGQLR�]�UR]SDGX�
JUDZLWRQX���1D�RVL�SR]LRPHM�RGáR RQD�]RVWDáD�PDVD�QLH]PLHQQLF]D�SDU�OHSWRQyZ��]D �QD�RVL�SLRQRZHM�OLF]E\�
SU]\SDGNyZ�Z�ND G\P�SU]HG]LDOH�KLVWRJUDPX�
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5\VXQHN������3RUyZQDQLH�UR]NáDGyZ�PDV\�Z\V\PXORZDQ\FK�JUDZLWRQyZ�GOD�3\WKLL��OLQLD�FL JáD��L�+HUZLJD��OLQLD�
SU]HU\ZDQD���5R]NáDG\�]RVWDá\�]QRUPDOL]RZDQH�GR�SRGDQ\FK�SU]H]�JHQHUDWRU\�SU]HNURMyZ�F]\QQ\FK���
Z\NUHV�SU]HGVWDZLD�JUDZLWRQ\�Z\SURGRNRZDQH�SU]\� ZLHWOQR FL���� IE���

*HQHUDWRU
P*

>*H9@
F 
����

F 
����

F 
����

F 
����

F 
����

F 
����

3<7+,$ ���� ���� ����� ���� ����� ���� ����� ���� �����

���� ���� ����� ���� ����� ���� �����

���� ���� ����� ���� ����� ���� �����

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

���� ���� ����� ���� ����� ���� �����

���� ���� ����� ���� �����

���� ���� �����

+(5,:* ���� ���� ����� ���� ����� ���� ����� ���� �����

���� ���� ����� ���� ����� ���� �����

���� ���� ����� ���� ����� ���� �����

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

���� ���� ����� ���� ����� ���� �����

���� ���� ����� ���� �����

���� ���� �����

7DEHOD����3U]HNURMH�F]\QQH��SRGDQH�Z�PE��GOD�Z\V\PXORZDQ\FK�JUDZLWRQyZ�

× × × ×

× × ×

× × ×

× × × ×

× × ×

× ×

×

× × × ×

× × ×

× × ×

× × × ×

× × ×

× ×

×
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�������6\PXODFMD�WáD

6\PXODFMD�WáD�SU]HELHJDáD�SRGREQLH��MDN�V\PXODFMD�V\JQDáX��:�0RGHOX�6WDQGDUGRZ\P
SDU\� OHSWRQyZ� R� GX HM� PDVLH� QLH]PLHQQLF]HM� SRFKRG] � JáyZQLH� ]� SURFHVX� 'UHOOD�<DQD
SS → =��γ → OO��*HQHUDWRU\�]DSURJUDPRZDQH�]RVWDá\� WDN��E\�V\PXORZDá\�SURFHV�SS → =��γ�
3RGREQLH�� MDN� Z� SU]\SDGNX� JUDZLWRQyZ�� V\PXORZDQR� MHGQRUD]RZR� SR� ������ SU]\SDGNyZ�
RGQDMGRZDQR� OHSWRQ\� Z� VWDQLH� NR FRZ\P�� L� SR� QDáR HQLX� W\FK� VDP\FK�� FR� Z� SU]\SDGNX
V\JQDáX�RJUDQLF]H �QD�η�� ]DSLV\ZDQR� QD�G\VNX� LQIRUPDFMH�R�S G]LH� L� URG]DMX� F] VWNL��$E\
X]\VNDü� Z\VWDUF]DM F � VWDW\VW\N � SU]\SDGNyZ� GOD� GX \FK� ZDUWR FL� PDV\� QLH]PLHQQLF]HM�
V\PXODFM � SU]HSURZDG]RQR� RVREQR� GOD� G]LHZL FLX� XVWDORQ\FK� SU]HG]LDáyZ�PDV\�� 3U]HNURMH
F]\QQH�Z� SRV]F]HJyOQ\FK� SU]HG]LDáDFK� SRND]XMH�7DEHOD ��� 3RUyZQDQLH�Z\QLNyZ� V\PXODFML
GOD�REX�JHQHUDWRUyZ�SRND]XMH�5\V� ����-DN�ZLGDü��Z\QLNL�GOD�REX�JHQHUDWRUyZ�V �]JRGQH�]H
VRE �

5\VXQHN������3RUyZQDQLH�Z\QLNyZ�V\PXODFML�WáD�Z�+HUZLJX��OLQLD�SU]HU\ZDQD��L�Z�3\WKLL��OLQLD�FL JáD��

      Mll
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�������6\PXODFMD�GHWHNWRUD���&06-(7

1DVW SQ\P�HWDSHP�Z�SU]\JRWRZDQLX�GDQ\FK�GR�DQDOL]\�MHVW�V\PXODFMD�GHWHNWRUD�&06�
'R�WHJR�FHOX�Z\NRU]\VWDQ\�]RVWDá�SURJUDP�&06-(7������ >��@��=DVDGD�G]LDáDQLD�SURJUDPX�Z
SU]\SDGNX�OHSWRQyZ�MHVW�EDUG]R�SURVWD��1D�SRF] WNX�QD�S G�SRSU]HF]Q\�L�SVHXGRSRVSLHV]QR ü
EDGDQ\FK� F] VWHN� QDNáDGDQH� V � ZDUXQNL� RGSRZLDGDM FH� REV]DURZL� DNFHSWDFML� GHWHNWRUD�
=QDM F�JHRPHWUL �XU] G]HQLD��SURJUDP�XVWDOD�NWyUH�MHJR�HOHPHQW\�UHMHVWUXM �EDGDQ �F] VWN ��L
UR]P\ZD�MHM�S G�]JRGQLH�]�FKDUDNWHU\VW\N �RGSRZLHGQLHJR�V\VWHPX�GHWHNFML��7DNLH�SRGHM FLH
XPR OLZLD�RWU]\PDQLH� UR]V GQHJR�SU]\EOL HQLD�RGSRZLHG]L�GHWHNWRUD�GOD�RN������F] VWHN�Z
VNR F]RQ\P�F]DVLH��RNRáR�MHGQHM�GRE\�&38��

6\PXODFM �SU]HSURZDG]RQR�GOD�ZV]\VWNLFK�Z\JHQHURZDQ\FK�GDQ\FK���GOD�V\JQDáX�L�WáD�
:Sá\Z�GHWHNWRUD�QD�V\JQDá�SRND]XMH�5\V� ����'DQH�SRFKRG] FH�]�JHQHUDWRUD�V �SUDNW\F]QLH
WDNLH� VDPH� GOD� HOHNWURQyZ� L� PLRQyZ�� 3R� V\PXODFML� GHWHNWRUD�� SR]D� ]PQLHMV]HQLHP� OLF]E\
SU]\SDGNyZ� QD� VNXWHN� RJUDQLF]RQHM� HIHNW\ZQR FL� GHWHNWRUD�� QDVW SLáR� WDN H� UR]P\FLH
PDNVLPXP�� V]F]HJyOQLH� GOD� PLRQyZ� R� GX \FK� S GDFK�� 3 G\� PLRQyZ� PLHU]RQH� V � QD
SRGVWDZLH�]DNU]\ZLHQLD�Z�SROX�PDJQHW\F]Q\P��ZL F�GOD�EDUG]R�V]\ENLFK�F] VWHN�GRNáDGQR ü
SRPLDUX�MHVW�PDáD���WRU\�V �SUDZLH�SURVWH��3U]\�]DáR HQLX�� H�Z�SRPLDU]H�Z\NRU]\VW\ZDQH�V
LQIRUPDFMH�]�NRPyU�PLRQRZ\FK�L�]�ZHZQ WU]QHJR�GHWHNWRUD� ODGRZHJR��UR]G]LHOF]R ü�S GRZ
V\VWHPX�PLRQRZHJR�Z�SU]\EOL HQLX�RSLVXMH�Z]yU��>��@� >��@�

�����

JG]LH�S G�PLRQX�S�MHVW�Z\UD RQ\�Z�7H9�

�3 G\�HOHNWURQyZ�PLHU]\�NDORU\PHWU�HOHNWURPDJQHW\F]Q\��UR]P\FLH� MHVW�Z�W\SRZ �GOD
NDORU\PHWUyZ�IXQNFM �HQHUJLLD��

�����

=DNUHV�PDV\
�>*H9@ 3<7+,$ +(5:,*

�� � ��� ���� ����� ���� �����

��� � ��� ���� ����� ���� �����

��� � ��� ���� ����� ���� �����

��� � ���� ���� ����� ���� �����

���� � ���� ���� ����� ���� �����

���� � ���� ���� ����� ���� �����

���� � ���� ���� ����� ���� �����

���� � ���� ���� ����� ���� �����

���� � ���� ���� ����� ���� �����

7DEHOD����3U]HNURMH�F]\QQH�GOD�SURFHVX�'UHOO�<DQ�Z�Z\V\PXORZDQ\FK�SU]HG]LDáDFK�PDV\�QLH]PLHQQLF]HM�

D��'OD� HOHNWURQX� R� S G]LH� U] GX�*H9�� OXE�ZL NV]\P��PDVD� MHVW� ]DQLHGE\ZDOQLH�PDáD�Z� VWRVXQNX� GR� HQHUJLL�� 3RM FLD� HQHUJLL� L
ZDUWR FL�S GX�PR QD�X \ZDü�]DPLHQQLH��Z�SU]\M W\P�XNáDG]LH�MHGQRVWHN���SDWU]�SU]\SLV�QD�VWURQLH����

× ×

× ×

× ×

× ×

× ×

× ×

× ×

× ×

× ×

∆p
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-------% 4% p=

∆E
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------- a

E
------- b

E
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JG]LH� SDUDPHWU\�D��E� L� F� UHSUH]HQWXM � RGSRZLHGQLR� V]XP� VWRFKDVW\F]Q\�� V]XP� HOHNWURQLNL� L
F]áRQ� VWDá\�� Z\QLNDM F\� ]� QLHMHGQRURGQR FL� GHWHNWRUD�� :DUWR FL� W\FK� SDUDPHWUyZ� X \WH� Z
SURJUDPLH�&06-(7��WR��RGSRZLHGQLR��������������L�������Z�EHF]FH�L�����������L�������Z
SRNU\ZDFK��GOD�(�Z\UD RQHJR�Z�*H9��

'DQH�RWU]\PDQH�]�V\PXODFML�GHWHNWRUD�]RVWDá\�]DSLVDQH�QD�G\VNX�Z�SRGREQ\P�IRUPDFLH�
MDN�Z\QLNL�]�JHQHUDWRUD��'OD�ND GHM�F] VWNL�]DSLVDQR�MHM�URG]DM��RUD]�PLHU]RQ\�Z�GHWHNWRU]H
S G�

5\VXQHN������*UDZLWRQ�R�PDVLH�P*  � 7H9�L�F  �����:\NUHV\�SU]HGVWDZLDM �UR]NáDG�PDV\�QLH]PLHQQLF]HM�SDU�
HOHNWURQyZ�L�PLRQyZ�GOD�GDQ\FK�EH]SR UHGQLR�]�JHQHUDWRUD�+HUZLJ��QD�JyU]H���RUD]�SR�V\PXODFML�GHWHNWRUD�
�QD�GROH���.V]WDáW\�UR]NáDGyZ�Uy QL �VL �RG�5\V� ���Z�Z\QLNX�]DVWRVRZDQLD�WXWDM�VNDOL�OLQLRZHM�
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�����$QDOL]D�GDQ\FK
3R� SU]\JRWRZDQLX�ZV]\VWNLFK� GDQ\FK�� ]RVWDá\� RQH� SRGGDQH� DQDOL]LH��PDM FHM� QD� FHOX

SRUyZQDQLH� V\JQDáX� L� WáD� ]� 0RGHOX� 6WDQGDUGRZHJR� L� ]QDOH]LHQLH� REV]DUX� QD� SáDV]F]\ QLH
SDUDPHWUyZ� PRGHOX� 56�� NWyU\� PR H� ]EDGDü� HNVSHU\PHQW� &06�� =DREVHUZRZDQLH� V\JQDáX
VSURZDG]D�VL �GR�]QDOH]LHQLD��Z�RNUH ORQ\P�]DNUHVLH�PDV\�QDGPLDUX�OHSWRQyZ��SRFKRG] FHJR
]�UR]SDGX�Z]EXG]RQHJR�JUDZLWRQX��$QDOL]D�SROHJDáD�ZL F�QD�RGSRZLHGQLP�GREUDQLX�RNQD�Z
PDVLH�QLH]PLHQQLF]HM�OHSWRQyZ��SROLF]HQLX�SU]\SDGNyZ�V\JQDáX�L�WáD�Z�W\P�RNQLH�L�REOLF]HQLX
VWRVXQNX�V\JQDáX�GR�WáD�

�������:\]QDF]DQLH�OLF]HEQR FL�V\JQDáX�L�WáD

1D�REVHUZRZDQ �V]HURNR ü�UH]RQDQVX�PDM �ZSá\Z�GZLH�ZLHONR FL��V]HURNR ü�VDPHJR
JUDZLWRQX��RUD]�UR]P\FLH�ZSURZDG]RQH�SU]H]�GHWHNWRU��6]HURNR FL�UR]SDGX�*..�QD�HOHNWURQ\
L�PLRQ\�V �SUDNW\F]QLH�UyZQH��QDWRPLDVW�ZSá\Z�GHWHNWRUD�MHVW�GX R�ZL NV]\�GOD�PLRQyZ��Z
LQWHUHVXM F\P� QDV� ]DNUHVLH� S GyZ��� =� WHJR�SRZRGX� DQDOL]D�E G]LH� SURZDG]RQD� RVREQR� GOD
HOHNWURQyZ� L� PLRQyZ�� 6]HURNR FL� SRV]F]HJyOQ\FK� JUDZLWRQyZ� ZHGáXJ� JHQHUDWRUD� +HUZLJ
SRGDMH�7DEHOD ���3\WKLD�GDMH�SRGREQH�ZDUWR FL��FKRü�REDUF]RQH�ZL NV]\P�Eá GHP�]H�Z]JO GX
QD� VLOQLHMV]H� UR]P\FLH� OHZHJR� ]ERF]D� PDNVLPXP� �]RE�� 5\V� ��� VWU� ����� &DáNRZLW
REVHUZRZDQ �V]HURNR ü�UH]RQDQVX�Z�SU]\EOL HQLX�RSLVXMH�Z]yU

�����

JG]LH�Γ�� WR�V]HURNR ü�JUDZLWRQX��D�∆(� WR�QLHSHZQR ü�SRPLDUX�HQHUJLL�HOHNWURQX� OXE�PLRQX
�RSLVDQD�UyZQDQLDPL������L�������GOD�F] VWNL�R�S G]LH�P*�

6]HURNR ü�RNQD�GOD�FL ü�Z�PDVLH�PXVL�E\ü�RGSRZLHGQLR�GREUDQD�� HE\�]�MHGQHM�VWURQ\
]PLH FLü�MDN�QDMZL FHM�SU]\SDGNyZ�V\JQDáX��D�]�GUXJLHM�MDN�QDMPQLHM�WáD��:�EDGDQ\P�SURFHVLH
WáR� V]\ENR� PDOHMH� ZUD]� ]H� Z]URVWHP� UR]ZD DQ\FK� PDV� JUDZLWRQyZ�� L� Z� RNROLF\� � 7H9
SUDNW\F]QLH�]DQLND��=�WHJR�SRZRGX�RSáDFD�VL �XVWDOLü�V]HURNLH�RNQR�� HE\�PLHü�GREU �F]XáR ü
GOD�QDMFL V]\FK�JUDZLWRQyZ�

2VWDWHF]QLH� V]HURNR ü� XVWDORQR� QD� �� :� WDN� XWZRU]RQ\P� RNQLH� REOLF]RQR
RF]HNLZDQ �OLF]E �SU]\SDGNyZ�V\JQDáX�16�RUD]�WáD�1%��GOD���� IE

���VFDáNRZDQHM� ZLHWOQR FL
DNFHOHUDWRUD��/LF]E �OHSWRQyZ�]DREVHUZRZDQ\FK�Z�RNQLH�RSLVXMH�UR]NáDG�3RLVVRQD��ZL F�Eá G
OLF]E\�SU]\SDGNyZ�WáD�Z\QRVL� ��-DNR�NU\WHULXP�RGNU\FLD�QRZHJR�HIHNWX�SU]\MPXMH�VL

P*
>*H9@

F 
����

F 
����

F 
����

F 
����

F 
����

F 
����

���� ��� ��� ��� ����

���� ��� ��� ����

���� ��� ��� ����

���� ��� ���� ���� ����

���� ���� ���� �����

���� ���� �����

���� �����

7DEHOD����6]HURNR FL��Z�*H9��SRV]F]HJyOQ\FK�JUDZLWRQyZ�

Γobs Γ1
2 2 ∆E( )2+≈

2Γobs±

NB±
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]DREVHUZRZDQLH� OLF]E\� SU]\SDGNyZ� ZL NV]HM� R� GZD� RGFK\OHQLD� VWDQGDUGRZH� � RG
RF]HNLZDQHM� OLF]E\� SU]\SDGNyZ� WáD�� &DáNRZLWD� OLF]ED� SU]\SDGNyZ� V\JQDáX� L� WáD

�SRGOHJD�UyZQLH �UR]NáDGRZL�3RLVVRQD��R�ZDUWR FL�RF]HNLZDQHM�16 � 1%�
0R H� VL � ]GDU]\ü�� H� E G]LH� RQD� PQLHMV]D� QL � Z\PDJDQH� GR� RGNU\FLD� �� PLPR
SUDZG]LZR FL�EDGDQHM�KLSRWH]\��3UDZGRSRGRELH VWZR�3�WDNLHJR�]GDU]HQLD�Z\QRVL��

�����

=QDM F� RF]HNLZDQH�ZDUWR FL�16� L�1%�PR QD� ]DWHP�REOLF]\ü� SUDZGRSRGRELH VWZR�� H
EDGDQD�WHRULD�QLH�]RVWDQLH�SU]\SDGNRZR�Z\NOXF]RQD��UyZQH�� � 3��-HVW�WR�SR]LRP�XIQR FL��QD
MDNLP�KLSRWH] �PR QD�Z�GDQ\P�SU]\SDGNX�RGU]XFLü�

�������:\QLNL

3RQL V]H� SU]\NáDG\� SRND]XM � UR]NáDG\� V\JQDáX� L� WáD� GOD� NLONX� Z\EUDQ\FK� ZDUWR FL
SDUDPHWUyZ�PRGHOX��:V]\VWNLH�SRQL V]H�U\VXQNL�Z\NRQDQH�]RVWDá\�QD�SRGVWDZLH�V\P\ODFML�]
3\WKLL��2WU]\PDQH�GOD�REX�JHQHUDWRUyZ�OLF]E\�SU]\SDGNyZ�V\JQDáX�L�WáD�]DZLHUDM �7DEHOD ��L
7DEHOD ��� :� Z\QLNDFK� ]� 3\WKLL� PLRQyZ� V\JQDáX� MHVW� Z\UD QLH� ZL FHM� QL � HOHNWURQyZ�
3U]\F]\QD�OH \�WX�Z�DV\PHWU\F]Q\P�NV]WDáFLH�Z\V\PXORZDQHJR�UH]RQDQVX��-HVW�RQ�WDNL�VDP
GOD�REX�URG]DMyZ�F] VWHN��DOH�Z�SU]\SDGNX�PLRQyZ��GOD�NWyU\FK�UR]P\FLH�ZSURZDG]DQH�SU]H]
GHWHNWRU� MHVW� GX R�ZL NV]H��ZL NV]D� F] ü� OHZRVWURQQHJR� ³RJRQD´� ]QDMGXMH� VL �Z� EDGDQ\P
SU]HG]LDOH�PDV\��'OD�HOHNWURQyZ�GX D�OLF]ED�SU]\SDGNyZ�SR]RVWDMH�SR]D�SU]HG]LDáHP��SU]H]
FR� OLF]HEQR ü� V\JQDáX� MHVW� PQLHMV]D�� :� GDQ\FK� ]� +HUZLJD� HIHNW� QLH� MHVW� WDN� ZLGRF]Q\�
SRQLHZD �UH]RQDQV�MHVW�EDUG]LHM�V\PHWU\F]Q\�

5\VXQHN������6\JQDá�GOD�JUDZLWRQX�R�PDVLH����� *H9�L�VSU] HQLX�F  �����7áR��SUDNW\F]QLH�QLHZLGRF]QH��
SRND]XMH�]DNUHVNRZDQ\�KLVWRJUDP�

NB
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NB 2 NB+

P Nobs NB 2 NB+<( )
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5\VXQHN������6\JQDá�L�WáR��]DNUHVNRZDQ\�KLVWRJUDP��GOD�P*  ���� *H9�L�F  �����

1DMEDUG]LHM� RSW\PLVW\F]Q\� ZDULDQW� SU]HGVWDZLD� 5\V� ���� /HNNL�� VLOQLH� VSU] RQ\
JUDZLWRQ� MHVW� EDUG]R� áDWZ\� GR�Z\NU\FLD�� 7áR� MHVW� ]DQLHGE\ZDOQH�� NRPSOHWQLH� SU]\NU\ZD� MH
V\JQDá� RG� JUDZLWRQX�� 3R� G]LHVL FLRNURWQ\P� ]PQLHMV]HQLX� VSU] HQLD� JUDZLWRQX� �5\V� ����
OLF]E\�SU]\SDGNyZ�PDOHM �RNRáR�G]LHVL FLRNURWQLH��7áR�UyZQLH �QLH]QDF]QLH�VL �]PQLHMV]D��Z
Z\QLNX�]Z HQLD�PDNVLPXP�

5\V� ���SRND]XMH�SU]\SDGHN�QLHFR� WUXGQLHMV]\���JUDZLWRQ�R�PDVLH�� 7H9�L� VSU] HQLX�
SRGREQLH�MDN�Z�SU]\SDGNX�SRSU]HGQLP�Z\QRV] F\P�������7DN�FL ND�F] VWND�SURGXNXMH�VL
MX �GX R�U]DG]LHM��L�]DREVHUZRZDQLH�MHM�VWDMH�VL �EDUG]LHM�VNRPSOLNRZDQH��2F]HNLZDQH�OLF]E\
SDU� HOHNWURQyZ� � V\JQDáX� L� WáD� WR� ��� L� ��� FR� GDMH� SUDZGRSRGRELH VWZR� SU]\SDGNRZHJR
Z\NOXF]HQLD�PRGHOX�QD�SR]LRPLH�������7áR�GOD�PLRQyZ�MHVW�ZL NV]H�� ]H�Z]JO GX�QD�GX
V]HURNR ü�RNQD��/LF]E\�SU]\SDGNyZ�V\JQDáX�L�WáD�QD�SR]LRPLH��RGSRZLHGQLR�����L�����GDM ����
V]DQV\�QD�]JXELHQLH�V\JQDáX�Z UyG�WáD�

=ZL NV]HQLH�VSU] HQLD�JUDZLWRQX�F�GR�ZDUWR FL�����SR]ZDOD�]DREVHUZRZDü�JUDZLWRQ�R
PDVLH�� 7H9��5\V� �����0LPR�GX HM�PDV\��UH]RQDQV�MHVW�Z\UD QLH�ZLGRF]Q\��FKRü�MHVW�EDUG]R
V]HURNL��7áR�SUDNW\F]QLH�]DQLNáR��]�FDá\P�]DNUHVLH���������� *H9�GOD�PLRQyZ��SRMDZLD�VL
W\ONR�MHGHQ�SU]\SDGHN�SRFKRG] F\�]�WáD��'DOV]H�]ZL NV]DQLH�PDV\�JUDZLWRQX�SRZRGXMH�]DQLN
V\JQDáX���QD�5\V� ���SU]HGVWDZLRQ\�]RVWDá�QDMFL V]\�]�EDGDQ\FK�JUDZLWRQyZ���*..�R�PDVLH
� 7H9�� 7DN� FL ND� F] VWND� MHVW� MX � SR]D� ]DVL JLHP� HNVSHU\PHQWX�� SRMHG\QF]H� SU]\SDGNL� Z
QLF]\P�MX �QLH�SU]\SRPLQDM �VWUXNWXU\�UH]RQDQVX��L�WUXGQR�FRNROZLHN�]�QLFK�Z\ZQLRVNRZDü�

5\VXQHN������6\JQDá�L�WáR�GOD�P*  ���� *H9�L�F  �����
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5\VXQHN������6\JQDá�L�WáR�GOD�P*  ���� *H9�L�F  �����

5\VXQHN������6\JQDá�L�WáR�GOD�P*  ���� *H9�L�F  ����

5\VXQHN������6\JQDá�L�WáR�GOD�P*  ���� *H9�L�F  ����
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6\JQDá
P*

>*H9@
F 
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µ+µ− ���� ������� �������� ��������� ���������
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7DEHOD����/LF]E\�SU]\SDGNyZ�V\JQDáX�WáD�GOD�JUDZLWRQyZ�]�JHQHUDWRUD�3\WKLD�

6\JQDá
P*

>*H9@
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���� �������� �������� ��������
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���� ��������

µ+µ− ���� �������� �������� ��������� ����������

���� ������� �������� ���������

���� ����� ������ �������
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7DEHOD����/LF]E\�SU]\SDGNyZ�V\JQDáX�WáD�GOD�JUDZLWRQyZ�]�JHQHUDWRUD�+HUZLJ�
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�������3DUDPHUW\]DFMD�VWDW\VW\NL�V\JQDáX�L�WáD

$E\�XPR OLZLü�Z\]QDF]HQLH�QD�SáDV]F]\ QLH�SDUDPHWUyZ�F�L�P*�REV]DUX�PR OLZHJR�GR
Z\NOXF]HQLD� QD� SR]LRPLH� XIQR FL� ����� NRQLHF]QD� E\áD� LQWHUSRODFMD� X]\VNDQ\FK� Z\QLNyZ�
/LF]E\�SU]\SDGNyZ�V\JQDáX�L�WáD�SU]HGVWDZLRQR�MDNR�IXQNFMH�W\FK�SDUDPHWUyZ��GRSDVRZDQH�GR
SXQNWyZ� SRFKRG] F\FK� ]� V\PXODFML�� 3U]\� X \FLX� PHWRG\� χ�� GRSDVRZDQR� RVLHP� ]HVWDZyZ
ZVSyáF]\QQLNyZ�� RVREQR� GOD� HOHNWURQyZ�� PLRQyZ�� V\JQDáX� L� WáD�� RUD]� GZyFK� JHQHUDWRUyZ
3\WKLD�L�+HUZLJ��7áR�EDUG]R�GREU]H�RSLVXMH�IXQNFMD

�����

3LHUZV]\�F]áRQ�ZL H�VL �]�NZDGUDWRZ �]DOH QR FL �V]HURNR FL�JUDZLWRQX�RG�VSU] HQLD�
/LF]ED� SU]\SDGNyZ� WáD� MHVW� Z� SU]\EOL HQLX� SURSRUFMRQDOQD� GR� V]HURNR FL� RNQD� Z� PDVLH
QLH]PLHQQLF]HM�� NWyUD� ]� NROHL� ]DOH \� RG� V]HURNR FL� UH]RQDQVX�� &]áRQ� GUXJL� RSLVXMH� SU]HGH
ZV]\VWNLP�Z\NáDGQLF]\�]DQLN�WáD�ZUD]�]H�Z]URVWHP�PDV\�JUDZLWRQX��3RGREQD�IXQNFMD�RSLVXMH
V\JQDá�

�����

,QWHUSUHWDFMD�SRVWDFL� IXQNFML� MHVW� SRGREQD�� ]� W � Uy QLF �� H�SLHUZV]\� F]áRQ� RGSRZLDGD
WHUD]�]D�NZDGUDWRZ\�]ZL ]HN�SU]HNURMX�F]\QQHJR�QD�SURGXNFM �JUDZLWRQX�]H�VSU] HQLHP�F�
2WU]\PDQH� ZDUWR FL� SRV]F]HJyOQ\FK� ZVSyáF]\QQLNyZ� ]HEUDQH� ]RVWDá\� Z� 7DEHOL ��� :
SU]\SDGNX� V\JQDáX� Z\NRU]\VWDQR� Z� GRSDVRZDQLX� W\ONR� SU]\SDGNL� R� QDMJRUV]\P� VWRVXQNX
V\JQDáX�GR�V]XPX��DE\�X]\VNDü�MDN�QDMOHSV] �GRNáDGQR ü�Z�REV]DU]H�QD�JUDQLF\�F]XáR FL�

3<7+,$ +(5:,*

6\JQDá (OHNWURQ\ 0LRQ\ (OHNWURQ\ 0LRQ\

) ����� ���� ����� ����

* ���� ���� ���� ����

+ ���� ���� ���� ���� ���� ���� ���� ����

, ������� ������� ������� �������

- ����� ����� ����� �����

χ� � 1') ���� � � ���� � � ���� � � ���� � �

7áR

$ ���� ���� ���� ����

% ����� ����� ����� �����

& ���� ���� ���� ���� ���� ���� ���� ����

' ������� ������� ������� �������

( ����� ����� ����� �����

χ� � 1') ���� � �� ���� � �� ���� � �� ���� � ��

7DEHOD����3DUDPHWU\�IXQNFML�RSLVXM F\FK�OLF]E\�SU]\SDGNyZ�V\JQDáX�L�WáD

NB c mG,( ) A c2 B+⋅( ) e C mG
2 D mG E+⋅+⋅( )⋅=

NS c mG,( ) F c2 G c⋅+⋅( ) e H mG
2 I mG J+⋅+⋅( )⋅=

× × × ×

× × × ×
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�����:\QLNL

�������=DNUHV�SDUDPHWUyZ�GRVW SQ\�Z�HNVSHU\PHQFLH�&06

.RU]\VWDM F� ]� RSLVDQHJR� Z� SRSU]HGQLP� UR]G]LDOH� GRSDVRZDQLD�� RUD]� ]H� Z]RUX� �����
RWU]\PDQR�NRQWXU\�REV]DUX�Z\NOXF]HQLD�PRGHOX�5DQGDOO�6XQGUXP�QD�SR]LRPLH�XIQR FL�����
SRND]DQH�QD�5\V� ���GOD�GDQ\FK�]�3\WKLL�L�5\V� ���GOD�GDQ\FK�]�+HUZLJD��-DN�ZLGDü��MHVW�V]DQVD
QD�]EDGDQLH�Z�HNVSHU\PHQFLH�&06�FDáHJR�]DNUHVX�Z\]QDF]RQHJR�SU]H]�RJUDQLF]HQLD�F � ����L
Λπ� �� 7H9�� :\QLNL� RWU]\PDQH� QD� SRGVWDZLH� V\PXODFML� Z� +HUZLJX� V � QLHFR� EDUG]LHM
RSW\PLVW\F]QH�� QL � GOD� SURJUDPX� 3\WKLD�� .RQWXU� RGSRZLDGDM F\� +HUZLJRZL� VL JD� R
a������� *H9�GDOHM�GOD�GX \FK�PDV��FR�MHVW�NRQVHNZHQFM �OHSV]HM�VWDW\VW\NL�SU]\SDGNyZ�Z
GDQ\FK�SRFKRG] F\FK�]�WHJR�JHQHUDWRUD�

5\VXQHN����������RJUDQLF]HQLD�SDUDPHWUyZ�PRGHOX�56�Z�HNVSHU\PHQFLH�&06��QD�SRGVWDZLH�JHQHUDWRUD�3\WKLD��

3<7+,$

����

����

����

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

P *�>*H9@

F

Λπ� ����7H9

(OHNWURQ\

0LRQ\

_5�_���0�
�
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5\VXQHN����������RJUDQLF]HQLD�SDUDPHWUyZ�PRGHOX�56�Z�HNVSHU\PHQFLH�&06��QD�SRGVWDZLH�GDQ\FK�]�
JHQHUDWRUD�+HUZLJ�

'OD�ZDUWR FL�PDV\�JUDZLWRQX�SRQL HM���7H9��F]XáR ü�MHVW�ZL NV]D�GOD�HOHNWURQyZ��-HVW�WR
Z\QLN� PQLHMV]HJR� QL � GOD� PLRQyZ� UR]P\FLD� S GyZ�� ZSURZDG]DQHJR� SU]H]� GHWHNWRU�
2EVHUZRZDQ\�UH]RQDQV�MHVW�Z V]\��SU]H]�FR�WáR�MHVW�Z�W\P�NDQDOH�GX R�PQLHMV]H��'OD�GX \FK
PDV� WáR�VWDMH� VL �EDUG]R�PDáH�� L� Uy QLFD�Z�UR]PLDUDFK�RNQD�Z�PDVLH�SU]HVWDMH�JUDü�URO ��:
SU]\SDGNX�GDQ\FK�]�3\WKLL��F]XáR ü�Z�REV]DU]H�GX \FK�PDV�MHVW�ZL NV]D�GOD�PLRQyZ��:\QLND
WR�]�ZL NV]HM�OLF]HEQR FL�PLRQyZ�V\JQDáX�GOD�GDQ\FK�]�WHJR�JHQHUDWRUD�

:LGRF]QH�QD�Z\NUHVLH�³VFKRGNL´�QD�NU]\Z\FK�ELRU �VL �]�]DRNU JOHQLD�Z�JyU �GR�OLF]E\
FDáNRZLWHM� JyUQHM� JUDQLF\� VXPRZDQLD� ZH� Z]RU]H� ����� QS�� GOD� HOHNWURQyZ� ]� 3\WKLL� SU]\
P*  ���� *H9�RF]HNLZDQD�OLF]ED�SU]\SDGNyZ�WáD�1%  ������D� ��FR�SR
]DRNU JOHQLX�Z�JyU �GDMH�ZDUWR ü����QDWRPLDVW�GOD��P*  ���� *H9�JyUQD�JUDQLFD�VXPRZDQLD
WR� ��F]\OL�Z�]DRNU JOHQLX����'OD�ZL NV]\FK�PDV�VXPRZDQLH�SU]HELHJD�RG
��GR����L�NU]\ZD�MHVW�JáDGND�

�������3RGVXPRZDQLH

3U]HGVWDZLRQD�Z�QLQLHMV]HM�SUDF\�DQDOL]D�SRND]XMH�� H�HNVSHU\PHQW�&06��SR�URNX�SUDF\
DNFHOHUDWRUD� /+&� SU]\� PDNV\PDOQHM� ZLHWOQR FL�� SRZLQLHQ� SRWZLHUG]Lü� OXE� Z\NOXF]\ü
SRSUDZQR ü�PRGHOX�5DQGDOO�6XQGUXP�
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�������3HUVSHNW\Z\�QD�SU]\V]áR ü

:\FL JDQLH� ZQLRVNyZ� R� JHRPHWULL� F]DVRSU]HVWU]HQL� Z� Z\ V]\FK� Z\PLDUDFK� QD
SRGVWDZLH�VDPHJR�SRMDZLHQLD�VL �FL NLHJR�UH]RQDQVX�Z�PDVLH�QLH]PLHQQLF]HM�SDU�OHSWRQyZ
E\áRE\� ]E\W� SRFKRSQH�� $E\� RGUy QLü� JUDZLWRQ� .DOX]\�.OHLQD� RG� LQQ\FK� HJ]RW\F]Q\FK
FL NLFK� F] VWHN�� QS�� ER]RQyZ� SU]HQRV] F\FK� QRZH� RGG]LDá\ZDQLD�� NRQLHF]QH� MHVW
VNRU]\VWDQLH�]�ZáD FLZR FL�RGUy QLDM FHM�JUDZLWRQ\�RG�ZV]\VWNLFK�SR]RVWDá\FK�F] VWHN���VSLQX
���&] VWNL�R�VSLQH���PR QD��SU]\�RGSRZLHGQLR�GX HM�VWDW\VW\FH��RGUy QLü�RG�LQQ\FK�EDGDM F
UR]NáDG\� N WRZH� SURGXNWyZ� UR]SDGX�� 0R OLZR FL� SU]HSURZDG]HQLD� WDNLHM� DQDOL]\� Z
HNVSHU\PHQFLH�$7/$6�SU]\�DNFHOHUDWRU]H�/+&��]RVWDá\�SU]HGVWDZLRQH�Z�SUDF\�>��@��$XWRU]\
SU]HZLGXM �GOD�VSU] HQLD�F  �����RGUy QLHQLHQLH�VSLQX���RG�VSLQX���QD�SR]LRPLH�����GOD
JUDZLWRQyZ�R�PDVDFK�GR����� *H9��3U]HZLG\ZDQ\�]DVL J�PR OLZR FL�REVHUZDFML�JUDZLWRQX
Z�NDQDOH�SS → *.. → H�H−�WR������*H9��F]\OL�a����*H9�QL HM��QL �Z�QLQLHMV]HM�SUDF\�

.ROHMQ\P� LQWHUHVXM F\P� ]DJDGQLHQLHP� MHVW� SURGXNDFMD� NROHMQ\FK� UH]RQDQVyZ� *�Q��
&KDUDNWHU\VW\F]Q � FHFK � QLHIDNWRU\]RZDOQHM� JHRPHWULL� MHVW� QLHUyZQRPLHUQH� UR]PLHV]F]HQLH
LFK�PDV��RSLVDQH�Z]RUHP������-H OL�PDVD�SLHUZV]HJR�JUDZLWRQX�MHVW�GRVWDWHF]QLH�PDáD��PR QD
V]XNDü�NROHMQ\FK�PRGyZ��D�QDZHW�UR]SDGX�*��� → *���*����

:� PLDU � ]EOL DQLD� VL � GDW\� XUXFKRPLHQLD� /+&� Z� ����� URNX�� � UR QLH� QDG]LHMD�� H
RGSRZLH� RQ� QD� FRUD]�ZL FHM�� FRUD]� EDUG]LHM� IXQGDPHQWDOQ\FK� S\WD �� 3RP\Vá�$''� XF]\QLá
SLHUZV]\�Z\áRP���DNFHOHUDWRU�PLDá�VáX \ü�JáyZQLH�GR�EDGDQLD�PHFKDQL]PyZ�áDPDQLD�V\PHWULL
HOHNWURVáDEHM��L�V]XNDQLD�SU]HMDZyZ�VXSHUV\PHWULL��7HUD]�PR H�VWDü�VL �UyZQLH �QDU] G]LHP�GR
EDGDQLD�VWUXNWXU\�Z\ V]\FK�Z\PLDUyZ�F]DVRSU]HVWU]HQL��NZDQWRZHM�JUDZLWDFML��D�QDZHW�WHRULL
VXSHUVWUXQ� �� NDQG\GDWNL� QD� SRV]XNLZDQ � RG� GDZQD� ³WHRUL � ZV]\VWNLHJR´�� :FL � SRZVWDM
QRZH�PRGHOH��R�FRUD]�EDUG]LHM� HJ]RW\F]Q\FK�SU]HZLG\ZDQLDFK��=� VDP\FK� W\ONR� UR]V]HU]H
RU\JLQDOQHJR� PRGHOX� 5DQGDOO�6XQGUXP�� Z\PLHQLü� PR QD� UDGLRQ�� F]\OL� F] VWN
RGSRZLHG]LDOQ � ]D� VWDELOL]DFM � RGOHJáR FL� PL G]\� GZRPD� ��EUDQDPL� >��@�� PRGHOH
XZ]JO GQLDM FH� SURSDJRZDQLH� VL � PDWHULL� ]� 06� Z� FDáHM� ��Z\PLDURZHM� SU]HVWU]HQL� >��@�
PRGHOH�]�QLHVNR F]RQ\P�SL W\P�Z\PLDUHP�>��@��F]\�ZUHV]FLH�PRGHOH�]�GRGDQ\P�NROHMQ\P�
V]yVW\P�MX �Z\PLDUHP�F]DVRSU]HVWU]HQL�>��@��&]DV�SRND H��F]\�Z�/+&�SRWZLHUG]RQD�]RVWDQLH
NWyUD � ]� QRZ\FK� WHRULL�� F]\�PR H� VSUDZG]L� VL � MHGHQ� ]� F]DUQ\FK� VFHQDULXV]\�� QLH� ]RVWDQLH
]QDOH]LRQ\�+LJJV��OXE�RGNU\WD�]RVWDQLH�W\ONR�VWDQGDUGRZD�F] VWND�+LJJVD�R�PDVLH�a����*H9�L
QLF�SR]D�W\P�
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