
*U]HJRU] :URFKQD

,QVW\WXW 3UREOHPÕZ -�GURZ\FK LP� $�6R�WDQD

wrochna@fuw.edu.pl
http://cmsdoc.cern.ch/~wrochna

)L]\ND�F]�VWHN�

ZF]RUDM������L�����������G]L�

• &]�VWNL

• 2G]LD�\ZDQLD

• 1DU]ÌG]LD

• 0HWRG\

L9 6HPLQDULXP 3(5* :LOJD� ����������



$WRP\ SLHUZLDVWNÕZ FKDUDNWHU\]XMH�

• OLF]ED DWRPRZD = ��������
 QXPHU SLHUZLDVWND Z 7DEOLF\ 0HQGHOHMHZD

• OLF]ED PDVRZD $ ���������
≈ PDVD GDQHJR DWRPX � PDVD DWRPX ZRGRUX

DWRP� �M�GUR���=�HOHNWURQÕZ
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RELHNW UR]PLDU PDVD �DGXQHN
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1D SRF]�WNX ODW ���W\FK Z\GDZD�R VLÌ� ¡H ZV]HFK�ZLDW
MHVW ]EXGRZDQ\ W\ONR ] WU]HFK URG]DMÕZ F]�VWHN�

HOHNWURQ��SURWRQ��QHXWURQ�

:NUÕWFH RGNU\WR MHGQDN W\OH QRZ\FK F]�VWHN�
¡H ]DEUDN�R OLWHU Z DOIDEHWDFK �DFLÓVNLP L JUHFNLP
GR LFK R]QDF]DQLD�

3RMDZL�D VLÌ Z�WSOLZR�È�
F]\ ZV]\VWNLH WH F]�VWNL V� U]HF]\ZL�FLH HOHPHQWDUQH"

1RZH�F]�VWNL
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3RZWÕU]\�D VLÌ KLVWRULD 7DEOLF\ 0HQGHOHMHZD�

&]�VWNL ]DF]Ì�\ XN�DGDÈ VLÌ Z VWUXNWXU\
RG]ZLHUFLHGODM�FH LFK Z�DVQR�FL�

6WUXNWXU\ WH XGD�R VLÌ Z\MD�QLÈ ]DN�DGDM�F LVWQLHQLH
F]�VWHN ��MHV]F]H EDUG]LHM HOHPHQWDUQ\FKv� NZDUNÕZ�

QS� SURWRQ� �XXG����QHXWURQ� �XGG

��3RZWÍUND�0HQGHOHMHZDp
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: ¡\FLX FRG]LHQQ\P VSRW\NDP\ W\ONR GZD RG]LD�\ZDQLD
IXQGDPHQWDOQH�

*5$:,7$&<-1(

G]LD�D QD ZV]\VWNLH FLD�D EH] Z\M�WNX

QR�QLN� JUDZLWRQ �MHV]F]H QLH RGNU\W\�

SU]HMDZ\� FL�¡HQLH� SU]\FL�JDQLH FLD� QLHELHVNLFK

(/(.7520$*1(7<&=(

G]LD�D QD �DGXQNL HOHNWU\F]QH

QR�QLN� IRWRQ γ
SU]HMDZ\� VL�\ PDJQHW\F]QH� HOHNWU\F]QH� WDUFLH�

VSUÌ¡\VWR�È� OHSNR�È� ZL�]DQLD FKHPLF]QH LWS�

: �ZLHFLH F]�VWHN HOHPHQWDUQ\FK Z\VWÌSXM� GZD QRZH
RG]LD�\ZDQLD�

-�'52:(�6�$%(

G]LD�D QD OHSWRQ\ L NZDUNL

QR�QLNL� ER]RQ\ =�� :�� :−

SU]HMDZ\� UR]SDG\ SURPLHQLRWZÕUF]H�
V\QWH]D M�GURZD Z JZLD]GDFK

-�'52:(�6,/1(

G]LD�D W\ONR QD NZDUNL

QR�QLNL� JOXRQ\ J

SU]HMDZ\� VWDELOQR�È M�GHU DWRPRZ\FK�
ZL�]DQLH NZDUNÕZ Z SURWRQDFK L QHXWURQDFK

2GG]LD�\ZDQLD



10-43 s  10-32 s  10-10 s  10-4 s  100 s  300000 lat 

10-35 m 10-32 m 10-18 m 10-16 m 10-15 m 10-10 m
1019 GeV 1016 GeV 102 GeV 1 GeV 1 MeV 10 eV

8QLILNDFMD�RGG]LDá\ZD�

Wielki Wybuch Inflacja Anihilacja Bariogeneza Nukleosynteza Rekombinacja
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*UDZLWDFMD y RJÕOQD WHRULD Z]JOÌGQR�FL

GREU]H SRWZLHUG]RQD� DOH SUÕE\ XQLILNDFML ] LQQ\PL
RG]LD�\ZDQLDPL MHV]F]H QLH XZLHÓF]RQH VXNFHVHP

(OHNWURPDJQHW\]P y HOHNWURG\QDPLND NZDQWRZD

QDMGRN�DGQLHMV]D ]H ]QDQ\FK WHRULL� VSUDZG]RQD GR ��−��

7HRULD RG]LD�\ZDÓ HOHNWURV�DE\FK

VSUDZG]RQD GR ����
DOH QLH Z\MD�QLD GODF]HJR F]�VWNL PDM� PDVÌ

QDMOHSV]\ SRP\V�� PHFKDQL]P +LJJVD�

DOH SU]HZLG\ZDQD F]�VWND +LJJVD MHV]F]H QLH RGNU\WD

2G]LD�\ZDQLD VLOQH y FKURPRG\QDPLND NZDQWRZD

GREU]H SUDFXMH Z GX¡\FK HQHUJLDFK�

DOH QLH XPLHP\ Z\NRQDÈ UDFKXQNÕZ GOD PD�\FK HQHUJLL

3R��F]HQLH WHRULL RG]LD�\ZDÓ HOHNWURV�DE\FK
�� PHFKDQL]P +LJJVD� ] FKURPRG\QDPLN� NZDQWRZ�

0RGHO�6WDQGDUGRZ\

]QDNRPLFLH RSLVXMH Z\QLNL ZV]\VWNLFK HNVSHU\PHQWÕZ�

DOH ��� MHVW DTDT\\[FMK[FMK�

2EHFQ\�VWDQ�ZLHG]\



:DG\�

• PD RN� �� ZROQ\FK SDUDPHWUÕZ� NWÕU\FK ZDUWR�FL
WU]HED ��Z�R¡\È ] ]HZQ�WU]v

• QLH Z\MD�QLD GR NRÓFD GODF]HJR F]�VWNL PDM� PDV\
—PHFKDQL]P +LJJVD ��SU]\NOHMRQ\ SODVWUHPtt
—F]�VWNL +LJJVD MHV]F]H QLH RGNU\WR

• QLH W�XPDF]\ WU]HFK SRNROHÓ NZDUNÕZ L OHSWRQÕZ

1DG]LHMD�

• 6\PHWU\F]QD VWUXNWXUD 0RGHOX 6WDQGDUGRZHJR
VXJHUXMH� ¡H XNU\ZD VLÌ ]D QL� MDND� EDUG]LHM RJÕOQD�
D ]DUD]HP SURVWV]D WHRULD
SRGREQLH MDN ]D 7DEOLF� 0HQGHOHMHZD NU\�D VLÌ
VWUXNWXUD DWRPX� D ]D PXOWLSOHWDPL F]�VWHN RGNU\W\FK
Z ODWDFK ����� y PRGHO NZDUNRZ\

6WUDWHJLD QD SU]\V]�R�È�

• ]QDOH�È F]�VWNÌ +LJJVD OXE Z\NOXF]\È MHM LVWQLHQLH

• SRV]XNLZDÈ QRZ\FK F]�VWHN

• SRV]XNLZDÈ RGFK\OHÓ RG 0RGHOX 6WDQGDUGRZHJR

0RGHO�6WDQGDUGRZ\



1RZH F]�VWNL PR¡QD Z\WZRU]\È ]GHU]DM�F UR]SÌG]RQH
GR ROEU]\PLFK HQHUJLL HOHNWURQ\ OXE SURWRQ\�

'R UR]SÌG]DQLD V�X¡� DNFHOHUDWRU\�

3URGXNW\ ]GHU]HQLD V� UHMHVWURZDQH SU]H] GHWHNWRU\�

1LHNWÕUH F]�VWNL ¡\M� WDN NUÕWNR ����−��V�� ¡H R LFK
LVWQLHQLX PR¡QD VLÌ GRZLHG]LHÈ MHG\QLH EDGDM�F EDUG]LHM
VWDELOQH F]�VWNL SRZVWD�H Z Z\QLNX LFK UR]SDGX�

$.&(/(5$725<

:H ZVSÕ�F]HVQ\FK DNFHOHUDWRUDFK F]�VWNL QD�DGRZDQH
SU]\VSLHV]DQH V� QD ]ERF]X ELHJQ�FHM IDOL
HOHNWURPDJQHW\F]QHM
SRGREQLH MDN GHVND VXUILQJRZD QD IDOL PRUVNLHM�

)DOD WD MHVW Z\WZDU]DQD ZH ZQÌNDFK UH]RQDQVRZ\FK�

$E\ WH VDPH ZQÌNL Z\NRU]\VWDÈ ZLHOH UD]\ PR¡QD
SU]\VSLHV]DÈ F]�VWNL Z]G�Õ¡ RUELW\ ]DPNQLÌWHM�

7RU\ F]�VWHN ]DNU]\ZLDQH V� ZWHG\ ]D SRPRF�
PDJQHVÕZ�

'R EDGDÓ PR¡QD WH¡ Z\NRU]\VWDÈ SURPLHQLRZDQLH
NRVPLF]QH GRFLHUDM�FH GR =LHPL�

1DU]ÄG]LD�EDGDZF]H



3U]\N�DG\ WHFKQLN GHWHNF\MQ\FK�

&]�VWND SR]RVWDZLD �ODG Z HPXOVML IRWRJUDILF]QHM�

&]�VWND SU]HFKRG]�FD SU]H] SÕ�SU]HZRGQLN WZRU]\ SDU\
HOHNWURQ�G]LXUD� 3RZRGXMH WR SU]HS�\Z UHMHVWURZDOQHJR
SU�GX�

&]�VWND MRQL]XMH JD] PLÌG]\ GZRPD HOHNWURGDPL
R Z\VRNLP QDSLÌFLX� 1DVWÌSXMH Z\�DGRZDQLH GDM�FH
PLHU]DOQ\ LPSXOV HOHNWU\F]Q\�

&]�VWND SU]HFKRG]�FD SU]H] QLHNWÕUH VXEVWDQFMH � 1D-�
SREXG]D DWRP\� NWÕUH QDVWÌSQLH HPLWXM� �ZLDW�R �IRWRQ\��
�ZLDW�R WR MHVW UHMHVWURZDQH SU]H] IRWRF]X�H HOHPHQW\
HOHNWURQLF]QH�

&]�VWND Z\V\�D WH¡ IRWRQ\ �W]Z� SURPLHQLRZDQLH
&]HUHQNRZD� MH¡HOL SRUXV]D VLÌ Z R�URGNX V]\EFLHM QL¡
�ZLDW�R�

:VSÕ�F]HVQH HNVSHU\PHQW\ IL]\NL F]�VWHN VWRVXM�
NRPELQDFMH ZLHOX HOHPHQWÕZ G]LD�DM�F\FK QD UÕ¡Q\FK
]DVDGDFK�

'HWHNWRU\



: SUDNW\FH EH]SR�UHGQLHM GHWHNFML SRGOHJDM� MHG\QLH

γ��H±��S±��Q��µ±��π±��.±��.�
/�

,QQH F]�VWNL EDGDP\ REVHUZXM�F SURGXNW\ LFK UR]SDGX�

F]�VWND F]DV ¡\FLD τ F ⋅ τ
IRWRQ γ ∞ ∞
HOHNWURQ H− ∞ ∞

QHXWULQR ν ∞ ∞
SURWRQ S+ >1.6 ⋅1033 lat ∞

QHXWURQ Q 887 s 2.7 ⋅108 km

PLRQ µ− 2.2 ⋅10−6 s 659 m

SLRQ π� 2.6 ⋅10−8 s 7.8 m

NDRQ .� 1.2 ⋅10−8 V 3.7 m

NDRQ .�
/ 5.2 ⋅10−8 s 15.5 m

NDRQ .�6 0.9 ⋅10−10 s 2.7 cm

Λ0 Σ+ Ξ0− Ω− ... ~ 10−10 s ~ 3 cm

'0+ %0+ ΛF
� ΛE

� ~ 10−12 s ~ 300 µm

SLRQ π� 8.4 ⋅10−17 s 25 nm

η,ψ, UH]RQDQVH <10−19 s —

&]�VWNL�G�XJR¡\FLRZH



3RPLDU SUÄGNR�FL

0R¡OLZ\ W\ONR GOD F]�VWHN R QLH]E\W GX¡HM HQHUJLL
SRUXV]DM�F\FK VLÌ ] SUÌGNR�FL� LVWRWQLH PQLHMV]� RG F�

• F]DV SU]HORWX PLÌG]\ GZRPD OLF]QLNDPL ∆W G�Y
• N�W VWR¡ND SURPLHQLRZDQLD &]HUHQNRZD VLQθ Y

F
�Y

3RPLDU SÄGX

3URPLHÓ NU]\ZL]Q\ WRUX Z SROX PDJQHW\F]Q\P

5  S � ��� % >5@ P� >S@ *H9� >%@ 7

7RU PR¡H E\È

• ]DREVHUZRZDQ\ EH]SR�UHGQLR Z HPXOVML
IRWRJUDILF]QHM� NRPRU]H PJ�RZHM OXE SÌFKHU]\NRZHM�

• Z\]QDF]RQ\ SU]H] V]HUHJ SXQNWÕZ ]PLHU]RQ\FK
—GHWHNWRUHP PLNURSDVNRZ\P OXE PR]DLNRZ\P
—NRPRU� GUXWRZ�

3RPLDU HQHUJLL

(OHNWURQ L IRWRQ uJU]Ì]Q�v Z PDWHULL Z\ZR�XM�F NUÕWN�
NDVNDGÌ HOHNWURPDJQHW\F]Q��

+DGURQ\ �S� Q� π� .� Z\ZR�XM� NDVNDGÌ KDGURQRZ��

/LF]ED F]�VWHN Z NDVNDG]LH MHVW SURSRUFMRQDOQD GR
HQHUJLL F]�VWNL SLHUZRWQHM�

'R MHM ]PLHU]HQLD PR¡H V�X¡\È

• VF\QW\ODWRU ] IRWRSRZLHODF]HP OXE IRWRGLRG�
• NRPRUD SURSRUFMRQDOQD

=HVSÕ� WDNLFK GHWHNWRUÕZ PLHU]�F\ HQHUJLÌ QD]\ZDP\
NDORU\PHWUHP�

&]�VWNL�G�XJR¡\FLRZH



&]�VWNL NUÕWNR¡\FLRZH EDGDP\ REVHUZXM�F SURGXNW\ LFK
UR]SDGX� -H¡HOL ]QDP\ HQHUJLH L SÌG\ F]�VWHN ZWÕUQ\FK
WR ] ]DVDG ]DFKRZDQLD PR¡HP\ Z\OLF]\È HQHUJLÌ� SÌG
L PDVÌ F]�VWNL SLHUZRWQHM�

-HVW WR VWDQGDUGRZD PHWRGD RGNU\ZDQLD QRZ\FK
F]�VWHN�

�� =DVWDQDZLDP\ VLÌ QD MDNLH F]�VWNL PRJ�DE\ VLÌ RQD
UR]SDGDÈ�

�� 'OD ND¡GHJR SU]\SDGNX� Z NWÕU\P WDNLH F]�VWNL
SRMDZL�\ VLÌ Z\OLF]DP\ PDVÌ KLSRWHW\F]QHM F]�VWNL
SLHUZRWQHM L ]D]QDF]DP\ M� QD Z\NUHVLH�

-H¡HOL U]HF]\ZL�FLH E\�D RQD Z\WZRU]RQD Z F]Ì�FL
REVHUZRZDQ\FK SU]\SDGNÕZ� WR QD WOH SU]\SDGNRZ\FK
NRPELQDFML GDM�F\FK UR]PDLWH PDV\ SRMDZL VLÌ uSLNv
Z PLHMVFX PDV\ SRV]XNLZDQHM F]�VWNL�

&]�VWNL�NUÕWNR¡\FLRZH



5HNRQVWUXNFMD�]GDU]HQLD



5HNRQVWUXNFMD�]GDU]HQLD



���QDáR*RQ\FK�]GHU]H��SS��
ZLG]LDQ\FK�SU]H]�ZHZQ
WU]Q��F]
�ü�NU]HPRZHJR�GHWHNWRUD�
PLNURSDVNRZHJR�
:�UyG�QLFK�UR]SDG�F]�VWNL�+LJJVD�QD���PLRQ\�

=QDMG(���SURVWH��ODG\�

àDPLJáyZND



=UHNRQVWUXRZDQH��ODG\�R�SW�!���*H9�

:�UyG�QLFK�GREU]H�ZLGRF]QH���PLRQ\�]�UR]SDGX�+LJJVD�

5R]ZL�]DQLH�PR*OLZH�MH�OL�]DM
WR�ü�GHWHNWRUD�a��

 →�SRZLHU]FKQLD�PLNURSDVND�a�PP�

 →�!����NDQDáyZ�RGF]\WX

5R]ZL�]DQLH�áDPLJáyZNL


