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¯�JLKARUJLKADEBA°UI±>AIGMGR�JLRUZG²±>�J�I±>�WEBUQSMNKEJoO�D I±>j²±>�X±R�IGBEDABE³UBGF9IGRLBE<EV�²±>�ZGIGBPMGI�KERUTNRUJUINBE³UB&´�K�>�µ
¶ >�JUDEBARU³UB,T±>�°UDEMNKEM�O�5r·3I°j>�¸�RU²±>�KAR�X9RLI ¶ TGR�¹�QSR!DEJLRU³UB�KERL¸�F�²NKAB�I±>b:=@=>�B�¸�MG@GTGBE¸�MNTGR
º¼» M�°bMG@=>�´YX9RU¸�RLINK�>ATGIGV�W½²±>AJ�KEMG¾ º M(I±>b:=@=>¿B�4�JURYX9RUIGINBEZ º @CBEJL¸�B�X9BE³LMNO º J�K�>�µIGBED�ONKEJoO�RYQSMNIGBEZ�I±>b:=@CBEZ�B » :=I=QS>A¸�RUINK�>�X9ÀEIGV�WÁJLDEBEZGJ�KED?>�W�BA@GTN:C¹�>AÂ"ÃÄRU³LB�I±>AJ�¸�MGT±>N58r>�°LX9MG²NIGV�¸�M(¸�R�KEBUQ[>A¸�MÅBEIGMÁBAKEDARU²±>AÂ"K�IG>BUQSINMÅMÆKER�¹+R&DEB ¶ TGBEJLV3Ç;@=>A@CBEZÅ¸�>�KERUTNM�µ
RUZI±> ¶ B�X9IGRLI±>&4�JLR�X9RLIGI±>�OJLRU³UBUQSI�O9È É®>A@CBED?>�<EV�XS>PRUR+´LDEB�X9Â.¾GMNO2D ¶ TGBAÊËX±BE¸�È�É®>A@GMNR
¶ TGBA¾GRUJLJUV3F ¶ TGBAMGJ�W?BUQSMGD�ÊÄMGR¸�RL¹+Q9:(´�X9RL¸�RUINK�>ATNIGV�¸�M�²±>�JLKEMN¾±>A¸�MÌD�T±>AINIGRUZÍ4�JLR�X9RLI�µ
IGBEZÎF ¶ TGMGDERYX9M�D!@CBEINRU²GIGBA¸½MNKEBA³UR¢@�RLR®JUBEDETNRU¸�RUINIGBE¸;:�JUBAJLKEBjONIGMGÂ3ÈÄ¯�JYX9M�JLT±>ADEIGM�KER�X±À�µ
IGB�INRYQ[>ADAIGB3BE<EJ�:=¹+QSRLIGMGR)K�>A@CBE³LB3TGBUQ[>�DEB ¶ TNBEJUBED�BEJLK�>AIG>AD�X9MGDE>�X9BEJLÀ3I±>�:=TGBEDEIGR�³UM ¶ B�KERL°AF
KEBËJURL³UBUQSINO�MG¸�RUÂ"KEJoO ¸�IGBE³UBA²GMGJ�X±RUIGIGV�R�´U@CJ ¶ RLTGMG¸�RLINK�>�X9ÀEINV�R3M I±>A<�X9Â_Q[>�KAR�X9ÀEINV�R$Q[>AI=µ
IGV�R�F ¶ B�°bDEB�XGOGÂ.Ã�MGR ¶ B�X±:=²±>�KAÀ�@CB�X9MG²GRLJLKADERUIGINV�R�B�KEDER�KEVÏI±>¿´�KEM½DAB ¶ TGBEJLV35)Ð_KAB�RLÃ�R
BUQSI±>�BEJUBE<ARUIGIGBAJLKEÀ,IGV�IGR�ÊÄIGRL³UB2´LK�> ¶ >NÇ¥@=BAJU¸�B�X9BA³UMNO�°j> ¶ BEJ�X±RYQSIGMNR�ÑjÒ ÓÆÑjÔPX9R�K�J�K�>�XS>
KEBA²GIGBEZÁI±>b:=@CBEZ�5rÕ.¹+RPJURL³UBUQSINO�Q[>�IGIGV�R&I±>A<�X9Â_Q[>�KAR�X9ÀEINBEZÅ@CBEJL¸�B�X9BE³LMGMÁMG¸�RUÂ"KDEV�JUB�µ
@N:=Â�KEBE²NIGBEJLKAÀGÖCRLÃ�R"<AB�X9ÀAÊ�R"MNI » BETG¸�>A¾GMNM�B3JLBEDETGRL¸�RUIGIGBAZ M�T±>AIGINRUZ�4�JURYX9RUIGINBEZ <A:bQSR�K
¶ B�XG:�²NRUIGB�D!<�X9MN¹�>AZ�ÊÄMGR®³UBUQSV35
×3B�X±:=²GRUINIGV�R3D ¶ BEJYX9RYQ9IGRUR3DETNRU¸;OP@CBEJL¸�B�X9BE³LMG²GRLJU@GMGR.QS>AIGIGV�R�KATGRU<�:�Â"K!@�>�TEQ9MGI±>�X9À�µ

IGBE³LB,QSB ¶ B�X9IGRUINMNOÁJUBEDATGRU¸�RLIGIGV�W ¶ TNRYQSJ�K�>AD�X9RLIGMGZ(B2J�KETN:=@NK�:=TGR�¸�>�KARUTGMNMØMÆB » :=I=Q[>�µ¸�RUI�K�>�X9ÀEIGV�W�D�°j>AMG¸�BUQSRLZGJLKADEMNO=W�´�X9RL¸�RUINK�>ATNIGV�W�²G>AJLKAMG¾�5¥Ù�RU³LBUQSINO�¸�VÚ°UI±>ARU¸ÍDEJLR+M�X9M
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¶ BE²�KEM�DAJUR!B�KAR�W�� @GMNT ¶ MG²GMN@�>�W��oF�M�° @CBAKABETGV�W¿JUBEJ�KEBEM�K�BE<EV�²NIGBER!DERLÃ�RUJLKADEB º >�KEBA¸�V3F>�KABE¸�IGV�R�O=Q9T±>NFGD�WEBUQ9ONÃ�MGR®D+JUBEJ�K�>AD+O=QSRLT ¶ TGBAKEBAIGV M�IGRLZNKETNBEIGV3F º M&BÄKEBA¸�FG@=>A@�DA°j>�µMG¸�BUQSRLZGJLKADA:=Â.K�¸�RL¹+Q9:!JUBA<EBEZ ´�KEM�� @GMGT ¶ MG²GMG@GM���IG>ËT±>AJLJLKAB�ONIGMNO=WPD ¶ X9BAKEÀ®QSB 10−16 JU¸�F
K�57RA5SÑ���ÑjÒEÒAÒ¢T±>�°b¸�RUTG>�>�KABE¸�IGBE³LBËO=Q9T±>NFC²NKEB�JUBEBAKADERLKAJLKADA:ER�K�´LIGRUTN³UMNON¸ÆM ¸�>AJLJb>A¸�� ¶ BET?O=QGµ
@=>�ÑjÒEÒ�	n´b4�5ÎÐ_KEB�°bI±>AINMGR ¶ B�X±:=²GRUIGB&D�TGRL°L:jX9ÀjK�>�KER+¸�IGBA³UB�X9R�KEIGM=W2´U@CJ ¶ RUTGMN¸�RUINK�>�X±ÀEIGV�W
MGJLJ�X9RmQSBED?>AINMGZ�F�DÁBEJUINBEDEIGBE¸ I±>�:AJU@CBETGMNKAR�X±O=W[F.M�KERLBETGR�KEMG²GRLJU@CBE³LB½BEJU¸�V�JYX9RUINMNOÍ´LKEM=W
´U@CJ ¶ RUTGMN¸�RUINKABEDG5;É3BEJL¸�B�X9BE³LMG²GRLJU@GMGR!¹+RÄQ[>AIGIGV�R!JUDAM=QSRLKAR�X9ÀAJLKED�:�Â"KB�J�:=Ã�RUJ�KEDEBEDE>AIGMGM
IGBEDAV�W KAM ¶ BED+²±>�JLKEMN¾�FGRLÃ�R�IGR�B�KE@GTGV)KAV�W�D�°URU¸�IGV�W :EJ�X±BEDEMNO=W&MPJLBEJLK�>AD�X±OGÂ"ÃÄM�W
� KERL¸rµ
IN:=Â ¸�>�KERLTGMGÂ��!DEB�4�JURYX9RUIGINBEZ�5�Ù�@CBETGRUR!DEJLRU³UB�TGRL²GÀ,MCQSRLK,B�¾GR�X9BA¸ ¶ XS>�JLKER!IGBEDAV�W2OGD�µ
X9RLIGMGZ�D » M�°bMG@CR ¸�MN@GTGBE¸�MGTG>NF�M¿D ¶ B�X±IGR�DABA°b¸�Bj¹�IGBGFq²NKEB,´LKABAK ¶ XS>�JLK�OND�X9RLIGMGZ�<A:bQSR�KBAKA@GTGV)KPD+°URU¸�IGV�W&XS>�<EBET±>�KABETGMNO=W�D!IGRYQ[>�X9RU@CBE¸Å<A:bQ9:CÃÄRU¸�5
¯;ÃÄR)<EB�X9RUR�:jQ9MGDEMNKAR�X9ÀEINV�¸¿TGR�°U:jX9ÀjK�>�KABE¸¿IG>A<�X9Â_Q[>�KER�X±ÀEIGBEZ+@CBEJL¸�B�X9BE³LMGMÄJLK�>�X9B�:=@�>�µ

°j>�IGMGR®I±>�JL:CÃÄRLJLKEDABED?>AIGMNR�JUBADERUTNÊ�RUIGINB IGBEDABEZ » BATG¸�V�¸�>�KARUTGMNM�Ó�� KARU¸�IGBEZ�´UINRUTG³LMGM�m5
É®>A@CBEDEVÍJUDEBEZNJLKEDE>�KARU¸�IGBEZ�¸�>�KARUTGMGM�M&KERL¸�IGBEZ�´UIGRLTG³UMGM±ÈÄÉ¢>�@GMGR3@CBEJU¸�B�X9BE³UMN²GRUJL@GMGR

Q[>AINIGV�R�JUDEM=Q9RLKERYX9ÀEJ�KEDA:=Â.K�BE<&M�W2J�:CÃÄRUJ�KEDEBAD?>AIGMGM±ÈPÉ¢>�@=BAD?>PMGINKARUT ¶ TNRLK�>A¾GM�OÆ´LKAM�WTGRYµ
°U:jX9ÀjK�>�KABEDÁJ�KEBA²G@GM½°bTNRUIGMNO » MN°UMG@GM�¸�MG@NTGBE¸�MGT±>EÈ�É®>A@CBEDEV ¶ RUTGJ ¶ RU@NKAMGDEV MN°U:=²GRLIGMNOKERL¸�IGBEZ�¸�>�KERUTNMGM2M�KERL¸�IGBEZ�´LIGRUTN³UMGM2D!°bRU¸�INV�W�:AJ�X9BEDAMNO�WGÈ!·3<AJL:C¹�Q9RUIGMGRË´LKAM�W�DAB ¶ TGB�µ
JUBAD!JLBEJLK�>�DEMNK °UI±>j²GMNKAR�X9ÀEI�:�ÂÚ²±>AJ�KEÀ ´�KEBEZ�JLK�>�KEÀEM�5
É3TGBE¸�R�KABE³UBGF�MG¸�RUÂ"KEJoO ¶ TNBE<�X9RL¸�V MPD+JU>A¸�BEZ » MN°UMG@CR3´�X9RL¸�RUINK�>�TGIGV�W�²±>AJ�KEMG¾Î59·�IGMJUD�ON°j>�IGVÁJ)JL:CÃÄRLJLKADEBED?>AINMGRU¸¿MGRUT±>�T?W�MGZ º TG>�°LX9MN²GMGZ�I±>�IGRLJU@CB�X9ÀA@=BNF?>�IGRLTGRYQS@CB®M+¸�IGBE³LB

¶ BET?OCQS@CBED,DAR�X9MG²NMGIGV Ó�¸�RL¹+Q9: » :=I=Q[>A¸�RLINK�>�X9ÀAIGV�¸�M�@CBEIGJ�K�>AINK�>A¸�M�F ¶ BEINMG¸�>ARU¸�V�¸�M¿DÊÄMNTGBE@CBE¸½JL¸�V�J�X9R¢@=>A@�<ER�°bT±>�°b¸�RUTNIGV�R ¶ >�T±>A¸�RLKATGV�KARUBETGMNM�5Î\®>�Q��L¹�IGBE³UBNFG´U@CJ ¶ RUTGMG¸�RLI�µ
K�>�X9ÀAIGB ¶ TGBEDERLTGRUINIGBE³UB�BE<��nOGJUINRUIGMNO�´LKEM=WMGRUTG>ATEWNMNZ2QSB&JLM�W ¶ BETIGRLK�Fn>PINRU@CBAKEBATGV�R�MN°
IGM�W�IGR ¶ BUQGQ[>�Â.KEJoO BE<��nONJUIGRLIGMGÂ½Q[>�¹+R"J ¶ BE¸�BAÃÄÀAÂ JL@=B�X9ÀE@CB�µ INMG<A:bQSÀ ¶ T±>AD�QSB ¶ BUQSBE<EIGV�W
³UM ¶ BAKER�°E5��,V�TG>AJUJL¸�BAKETGMN¸½M,´�KEBAK�@GTN:=³®DEB ¶ TGBEJUBADG5
·�JUIGBEDAI±>�O&I±>�Ê+>�°j>jQ[>j²±> º BE<EJ�:jQ9MNKEÀGFN@&@�>�@=BA³UB�TGBUQ[>ÄDEV�DEBUQ[>�¸ ¶ BbQ±K�>�X9@GMGDE>AÂ.K!DEB�µ

¶ TGBAJUV3FÎIG>A@CB ¶ MGDAÊ�MGRUJoOD » MN°UMG@CRÄ²±>AJ�KEMG¾M2@CBEJL¸�B�X9BE³LMGM�FÎM�I±>AJU@CB�X±ÀE@CB&<A:bQ9:CÃÄMGR+´L@=JYµ
¶ RLTGMG¸�RUI�KEV0¸�BE³�:=K ¶ BUQ9KADERUTAQSMNKAÀ�´LKAM(DEV�DABbQ9V35�4�QS>AIGIGBE¸ÚJ�X±:=²±>�R,TGRL²GÀ�M=Q��LK¿D ¶ RUT=µ
DA:=ÂÌBE²GRLTGRYQSÀËBE<®´U@CJ ¶ RUTGMG¸�RLINK�>�WPI±> ¶ TGBAKABEI�µ ¶ TGBAKEBAIGIGBE¸�@CB�XNXS>AZ=QSRLTGR������ÅD��®¯�8�\3R"J
´UINRUTG³LMGRUZ�JLK�>�X9@GMGD?>�Â.ÃÄM=W?JoO ¶ TGBAKABEIGBED 7×7 � ´U4�FC³ QSR�<A:bQSR�KËQSBEJ�KA: ¶ I±>+IGBAD?>�O�BE<�XS>AJ�KEÀ´UINRUTG³LMGZ�F�W?>AT±>A@�KERUTNMN°U:ARU¸�>�O�¸�>AJ�Ê�K�>A<ABE¸ÆÑ � ´b4M¢Q[>�¹+R�IGRUJL@=B�X9ÀE@CB3DEV)ÊÄR�5 ��> ¶ :EJL@!�"�#�
I±>A¸�RL²GRUI,I±>%$AÒEÒ &+³UBUQ¥F±K�>A@,²NKEB�JUMNK�:?>A¾NMNO�QSB�X±¹ IG> ¶ TGBjOGJUINMNKEÀEJoO�D!<�X9MN¹�>AZ�ÊÄRU¸(<A:bQ9:?µ
ÃÄRL¸�5nÐ_KAB�Ó ¶ Bj¹�>�X±:=Z�F[³�XS>ADEIG>�O�BEJLBE<ERLIGIGBEJ�KEÀ&JUBADETGRU¸�RLIGIGBE³LB�´LK�> ¶ >PTG>�°bDEM�KEMNO » :=I=Q[>�µ¸�RUI�K�>�X9ÀEIGBAZ » MN°bMN@GM�5
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4�JLRÅMN°UDERUJ�KEIGV�RÅ´�X9RL¸�RUINK�>�TGIGV�R½²±>�JLKEMN¾GV MÚM=W�DA°j>�MG¸�BUQSRUZGJ�KEDEM�O�F®°j>ÌMGJU@�X±Â�²GRLIGMGRU¸
IGRLZNKETGMNIGV�W�BEJU¾NM�XGX±ON¾GMGZ�FnB ¶ MGJUV�D?>�Â.KEJoO�KERLBETGMGRLZ�Fn@CBAKEBATN:=Â KAT±>�QSMN¾GMGBEIGINB,I±>�°bV�D?>AÂ"K
Ù_K�>AI=QS>ATNKEINBEZ�¸�BUQSRYX9ÀEÂ » MN°UMG@GMÍ²±>AJLKAMG¾�F)JL¸�5�F�I±> ¶ TGMN¸�RUT�F�� Ñ�� 5�Ð_K�>ÆKERLBETGMNO(QSBADEB�X9À�µ
IGB ¶ TGBEJ�K�>N5rÙ�BEJLK�>AD,²±>AJ�KEMG¾¿D,IGRLZ�J�WERU¸�>�KAMG²GRUJL@GM ¶ BE@=>�°b>AI�I±>�TGMGJ�:=IG@CRAF�>�D�@=>�²NRUJLKADER
DA°b>AMG¸�BUQSRUZNJLKEDAMGZ+DEV�JLK�: ¶ >AÂ.K®´YX9RU@�KETGBE¸�>�³UIGMNKAIGV�R�� ¶ RLTGRUINBEJU²GMN@¢Ó » BAKABEI���F�JYXS>A<EV�R�� ¶ RYµ
TGRLIGBEJU²NMG@GM�Ó

W
µ�M

Z
µ <EB�°bBEIGV��)M�JUM�X±ÀEIGV�R�� ¶ RLTGRUIGBAJU²GMG@NM�Ó ³�X9Â�BAIGV���5

три семейства частиц

лептоны
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e
νe
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µ
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,

(
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)

кварки

(

u
d

)

,

(

c
s

)

,

(

t
b

)

+ АНТИЧАСТИЦЫ

e+ : позитрон, . . .

ν̄e : антинейтрино, . . .

ū : антикварки, . . .

+ частицы, ответственные за взаимодействия: фотон, глюоны,
W , Z, гравитон + бозон Хиггса (еще не открыт)
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h�k � k � ajh�`jl$#C^=cUp?i?eClnkoi9�=`b^?e+p?iC`b^?e?zmu�h�cU��a�%GkmlÎxC�½eExCe�&r`UxC^?dCk$p?i=cU{?aje?}Ck � {?e � h�`jwj`Y�C^C`?�

Ù�M�X9ÀEINV�R2DA°j>AMN¸�BbQ9RUZGJ�KEDEMNOÌ¸�R�¹�Q±:(@GDE>ATG@=>A¸�M½M½³�X±Â�BEI±>�¸�MÍB ¶ MGJUV�DE>AÂ.KAJoOÌ@GD?>AI�µ
KEBADEBEZÅW�TGBE¸�BUQSMNI±>A¸�MG@CBEZ(ÓÁ@=>�X±MG<ETGBEDABE²GIGBEZ½KARUBETNMGRUZ�F_BEJUINBED?>AIGINBEZ½I±>�³LTN: ¶G¶ R2¾GDARLK�>
SU(3)c

F�´�X9RL@NKETGBA¸�>A³UIGM�KEIGV�RM(JYXS>A<EV�R,BE<��qRmQSMGIGRLIGV D�RmQSMGIGBAR�´�X±RU@NKATGBEJ�X9>A<EBER,DA°j>AM=µ
¸�BUQSRUZNJLKEDAMGR�J�@=>�X9MG<ETNBEDEBE²GINBEZ ³LTN: ¶G¶ BEZ SU(2)W ×U(1)Y

5('¢X±O½Q[>�X9ÀEIGRLZNÊÄRL³UB½D?>�¹!µ
IGBGF$²NKAB(DØKERUBATGMGM-MG¸�RLÂ.KAJoO�KETNM-@CBEIGJLK�>�INKEV @=>�X9MG<ETNBEDEBE²GINV�W�D�°j>AMG¸�BUQSRLZGJLKADEMGZ

α3
F

α2
M

α1
F�D¿JUBEB�KEDER�KEJLKADEMGMÌJ,KATGRU¸;O½JUBE¸�IGBj¹�MNKERYX±OG¸�M ¶ B�X9IGBAZ½@=>�X9MG<ETNBEDEBE²GINBEZ(³LTN: ¶ µ

)



¶ V SU(3)c×SU(2)W ×U(1)Y
� D¢QSRUZNJLKEDAMNKERYX9ÀEIGBEJ�KEM�´�KEM�@CBEIGJ�K�>AINKEVÍ°j>ADAMGJoONK�BAKÄ´UIGRLT�µ

³UMNM�FjJU¸�5jIGM�¹+R �Y5jÉ3BEIGJLK�>�INK�>.´YX9RU@NKATGBE¸�>A³LIGMNKAIGV�WÄD�°j>AMG¸�BUQSRLZGJLKADEMGZ
α = 1/137 OND�X±ONRLKEJoO@CBE¸�<EMGIG>A¾GMGRLZ

α1
M

α2
5

��>AJLJUV�@ND?>ATG@CBEDGFL°j>AT?ON¹ÄRUIGIGV�W�X9R ¶ KABEIGBEDNF W µ9M Z
µ <EBA°UBEIGBED�BA<A:EJYX9BED�X9RLIGV3F ¶ B�µ DEM=QSMN¸�BE¸;:EF

¸�R�W?>AIGMN°U¸�BE¸���MN³U³UJU>N5¥6 MG¸�RLIGIGBGF ¶ TNRYQ ¶ B�XS>A³Y>AR�KEJoO�Fr²NKEB ¶ BE¸�MG¸�B�MN°bDARUJLKAIGV�W ¶ B�X9RUZ¿D
¶ TGMNTGBUQSR�MG¸�RLRLKAJoO ¶ B @GTG>AZGIGRLZ�¸�RUTGRËRLÃ ��BUQSIGB ¶ B�X9R º JL@�>�X±OGTGINBER ¶ B�X9R���MG³U³LJb>N5Î·�IGBMG¸�RLRLK+BAKbX±MG²GIGBER.BAKÄI�:�XGO D?>�@N:C:�¸�INBER�JLTGRYQSINRUR º WNMN³U³UJLBEDEJL@GMGZ&@CBEI=QSRLIGJb>�K�FNDA°b>AMG¸�BUQSRUZ=µJLKADEMGR®J3@CBAKEBATGV�¸(M ¶ TNMGDEBUQSMNK!@�JL:CÃÄRLJLKADEBED?>AINMGÂÚ¸�>�JUJ�:�²±>AJLKAMG¾�5SÙ�MNK�:?>A¾NMNO,°YQSRUJLÀ�DEB
¸�IGBE³LBE¸�>AIG>�X9BE³LMG²GI±>�DABA°bIGMN@GIGBEDERLIGMGÂ ´ »®» RU@NK�> �,RLZGJUJLIGRUTG> � ¶ BjOGD�X9RUIGMNÂ � ¸�>�JUJUV���:
¸�>A³LIGMNKEINBE³UB ¶ B�X±O ��D¢TGR�°U:jX9ÀjK�>�KER�BE<ET±>�°UBED?>AINMNO�@CBEI=QSRLIGJb>�K�>Ë´ »®» RU@NKAMGDEIGBE³LBÄJU@=>�XGOGTGIGB�µ³UB ¶ B�X±O�D�¸�BUQSRYX9M�JUDERLT?W ¶ TNBEDEBUQSMG¸�BEJ�KEM_	nMGI�°b<A:=TG³Y>�Ó���>�I=Q[>b:E5�4 �,MGIGMG¸�>�X9ÀEIGBEZ�JLK�>�I�µ
Q[>AT�KEIGBEZ�¸�BUQSR�X±M,J®BUQSIGMG¸ÁW�MG³U³LJUBEDEJL@GMG¸ ¶ B�X9RU¸ØMG¸�RLRLKEJoO�DEJURL³UB�BUQSI±>�QSB ¶ B�X9IGMNKAR�X9ÀEIG>�O
²±>AJ�KEMG¾G> º <EBA°UBEI���MG³L³UJU>NF ¶ BAMGJU@+@CBAKABETGBE³LB�OGD�X±ONRLKAJoO�BbQ9IGBEZÄMN°)BEJUIGBADEIGV�WÄ°b>�Q[>j²�F�JLKEBjO=µÃÄM=W ¶ RUTNRYQP´U@CJ ¶ RLTGMG¸�RLINK�>A¸�MPI±>X�"�#� � JL¸�5�F?IG> ¶ TGMG¸�RLT�F�� $ � ��5?4)>�@N:C:�¸�INBER$JUTGRmQSIGRUR�W�MG³U³Yµ
JUBADEJU@CBE³LB ¶ B�X±O φ

°j>�QS>��LK®WC>ATG>A@NKERLTGIGV�Z!QGX±O!´�X9RL@NKETGBAJ�XS>A<ABEZ�KARUBETGMNM ¸�>AJ�Ê�K�>A<Ë´UIGRLTG³UMGZ
M�¸�>AJUJ�F

ΛEW ' 〈φ〉 = 247 	n´b4
.

� Ñ �
8r>�°LX9MG²NMNO�D�¸�>AJLJb>�W�@ND?>ATG@CBEDGF�°j>AT?ON¹ÄRUIGIGV�W&X±R ¶ KABEIGBEDGFS>ÄK�>A@N¹ÄR W

µ�M
Z
µ <EB�°bBEIGBAD!JLDAO�µ

°j>�IGV J�T±>�°�X9MG²GM�OG¸�M(¸�R�¹�Q±:ÆDA°j>�MG¸�BUQSRUZGJ�KEDEM�OG¸�M(JLBEBAKADERLKAJLKED�:�Â"ÃÄM�W ¶ B�X9RLZ(J ¶ B�X±RU¸
��MN³U³UJU>NÇN¸�>�JUJUVÌ²±>�JLKEMN¾ ¶ TGB ¶ BATG¾GMGBEIG>�X9ÀEIGVÌ<ER�°bT±>�°b¸�RUTNIGV�¸Å@CBEINJLK�>AINK�>�¸ÅJLDAON°UM&J"W�MG³U³Yµ
JUBADEJU@GMN¸ ¶ B�X±RU¸�F�@CBAKEBETNV�R�Q±XGOËTG>�°LX9MN²GIGV�WË²±>AJ�KEMG¾ËT±>�°LX±MG²GIGV35�4�Ù_K�>�I=Q[>ATNKAIGBEZÄ¸�BUQSRYX9M
´LKAM&@CBEIGJLK�>�INKEVÍJUDAO�°bM OND�X±ONÂ.KEJoO ¶ TGBEMN°UDEB�X9ÀAIGV�¸�M ¶ >ATG>A¸�RLKAT±>A¸�M�F�@=B�KEBETGV�R�B ¶ TGRmQSR�X±O=µ
Â.KAJoO�´L@=J ¶ RUTNMG¸�RUINK�>�X9ÀEIGB&I±>�BEJLIGBED?>AINMGM�MN°U¸�RUTGRLIGMGZ�¸�>�JUJ¢²±>AJLKAMG¾ � M�:=³�X9BADPJU¸�R�ÊÄMGD?>�µ
IGMNO ��5
4ØTG>A¸�@=>�W�Ù_K�>AI=QS>ATNKEINBEZ ¸�BUQSRYX9M MG¸�RLRLKAJoO R�ÃÄR"BbQ9MGI�¸�>�JLÊ�K�>�<Ë´LIGRUTG³LMGZ�5�·�I�W?>AT±>A@=µ

KERLTGMN°L:ERLKPJUM�X9ÀAIGV�RËD�°j>AMG¸�BUQSRLZGJLKADEMNO,M,BA¾GRUIGMND?>ARLKAJoO�DAR�X9MG²NMGIGBEZ

ΛQCD ' 200 �,´U4
.

� $ �
H3¸�RUIGINBÄ´LKAMG¸Æ¸�>AJLÊËK�>A<EBE¸ÁDËBEJUIGBADEIGBE¸�B ¶ TGRYQ9R�X±ONÂ.KEJoO�¸�>�JUJUV�²G>AJLKAMG¾��AF=JUBEJ�KEBjONÃ�M�W MN°
X��L³U@GM�W�@ND?>ATG@CBEDGFNI±> ¶ TGMN¸�RUT�F ¶ TNBAKEBEIG>NFGIGRLZNKETGBAI±>NF ρ

µ ¸�RL°bBAI±>NFNJL¸�5 � ) � 5��,>AJLÊËK�>A<EV
ΛEWM

ΛQCD
D&T±>�¸�@�>�WÙ_K�>AICQ[>ATNKAIGBEZ�¸�BUQSRYX9MIGRL°b>ADEMGJLMG¸�V3F�JLBEBAKEINBAÊÄRLIGMGR!¸�RL¹+Q9:�INMG¸�M2D

¶ TGMNIG¾GM ¶ R¢¸�BE³�X9B!<EV <EV)KEÀ+X9Â�<AV�¸�5
8r>�°L:=¸�RURLKAJoO�F=D ¶ TGMGTGBUQSR$RLJLKEÀ¢M�³UT±>�DEMNK�>A¾GMNBEIGIGBER$DA°b>AMG¸�BUQSRLZGJLKADEMGR"JUB®JUDEBAMG¸W?>AT±>A@=µ

KERLTGIGV�¸½¸�>�JLÊ�K�>�<EBE¸½´LIGRUTG³LMGZ�ÓP¸�>AJLJUBEZ�×�XS>AIG@=>

MPl ' 1019 	n´U4
.
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4�M=Q9IGBGFS²NKEBP¸�>�JLÊ�K�>�<EVÚ´LIGRUTN³UMGZ2T±>�°LX9MG²NIGV�Q±X±O�TG>�°bIGV�W�DA°b>AMG¸�BUQSRUZNJLKEDAMGZ�5qÐ_KAB&M�JUB�µ
JLK�>�D�X±OGR�K ¶ TNBE<�X9RL¸;:Æ@=>�X9MG<ETNBEDEBE²GINV�WØMGRUT±>�T?W�MGZÎF�@CBAKABETN:=Â ¸�Bj¹�IGB2J » BETN¸;:�X±MGTGBED?>�KEÀK�>A@�Ç ¶ BE²GRU¸;:Ä¸�>AJLÊËK�>A<EV½JLM�X9ÀEIGV�W!M�´YX9RU@NKATGBEJYXS>A<EV�W�DA°b>AMG¸�BUQSRUZNJLKEDAMGZ�QSBADEB�X9ÀEINB3<�X9MN°�µ
@GM�F9>+¸�>AJ�Ê�K�>A<�³UT±>�DEMNK�>A¾GMNBEIGIGV�W,DA°b>AMG¸�BUQSRUZNJLKEDAMGZ�K�>A@�JUM�X±ÀEIGB!BAK!IGM�W�BAKbX±MG²±>AR�KEJoO9È
4�T±>A¸�@=>�WÆJU>A¸�BEZÅÙ_K�>AI=QS>ATNKEINBEZ(¸�BUQSRYX9MÁBAKEDER�K�>�IG>´�KEBAK�DEB ¶ TGBEJPINRLK�F�¸�>AJ�Ê�K�>A<EV

ΛQCD
F

ΛEW
M

MPl
JUBADERUTNÊ�RUIGINBÅIGR�°j>ADAMGJUMG¸�V35 � T±>�Q9MG¾GMGBEINIGV�Z D�°b³�X±OCQ I±>Á´LK�: ¶ TGB�µ<�X9RL¸;:ØJUBEJ�KEBEMNKÁD�KEBE¸�F�²NKABØÙ_K�>AI=Q[>AT�KEI±>�O½¸�BbQ9R�X9À�INR,OGD�X±OGR�KEJoO ¶ B�X9IGBEZ(KARUBETNMGRUZ�F�>

@=>�X9MG<ATGBEDEBE²NIGV�R�MGRLT±>ATEW�MGM&RUJ�KERLJLKEDARUIGIGV�¸ÅBE<ET±>�°bBE¸�DABA°bIGMN@�>�Â.KÄD¢KERLBETGMGM�F�T±>AJ�ÊÄMGT?OGÂ$µ
ÃÄRLZ�Ù_K�>AI=QS>ATNKEI�:�Â�¸�BUQSRYX9ÀG5N·.Q9I±>ËMN°�I±>AMG<AB�X9RUR ¶ B ¶ :�XGOGTGIGV�W ³UM ¶ BAKER�°EF�BE<��nOGJLINOGÂ"ÃÄM�W
¸�>�X9BAR$°UI±>j²GRUINMGR

ΛQCD
¶ B¢JUT±>�DEIGRUINMGÂ J MPl

F�ÓÄ´LKAB�³UM ¶ BAKER�°j>���B�X9ÀAÊ�BE³UB¢BE<��qRmQSMGIGRLIGMNOÎ5
·�I±> ¶ TGRmQ ¶ B�XS>�³Y>ARLK�Fq²NKAB ¶ TNM¿JLDERUTEW�DEV�JUBA@GM�W¿´UIGRLTG³UM�O�W�MG¸�RLRLKEJoO¿RYQ9MGIGBER�@=>�X9MG<ATGBEDEBE²=µ
IGBER�D�°j>AMG¸�BUQSRLZGJLKADEMGR�F=@CBAKATGBER$I±>3¸�>AJ�Ê�K�>A<ER

MGUT
FEIGR�JYX9MNÊÄ@CBE¸¿JUM�X±ÀEIGB®BAKbX9MG²G>AÂ.Ã�RU¸rµ

JoO�B�K
MPl
F � T±>AJ�ÃÄR ¶ X±OGR�KEJoO�PI±>�JLM�X9ÀEIGBAR MÆ´�X±RU@NKATGBEJ�X9>A<EBERPD�°j>AMG¸�BUQSRLZGJLKADEMGR � RmQSMGI±>�O

¶ TGBAJLK�>�O¿@=>�X9MG<ETNBEDEBE²GIG>�O³UTN: ¶G¶ >,I±>AT�:=ÊÄ>ARLKAJoO�QSB SU(3)c × SU(2)W ×U(1)Y
�Y5���>&K�>�µ

@CBER�T±>AJ�ÃÄR ¶ X9RUINMGR.¸�Bj¹+R�K¢B ¶ ONKAÀ�µ K�>�@GM�B�KEDERL²±>�KEÀ®¸�RYWC>AIGM�°b¸ ��MG³U³LJb>NFEINB®:C¹+R�J�<AB�X9ÀAÊ�BEZ
DERYX9MG²GMGINBEZ�D?>A@�:=:=¸�IGBA³UB JLTGRYQ9IGRU³LB WNMN³U³UJLBEDEJL@=BA³UB ¶ B�X±O 〈Φ〉 ∼ MGUT

5S8r>�°L:�¸�RLRLKAJoO�F�´�KEB
¶ B�X±R Φ

KETNRU<A:ARLKEJoO�DE@=X9Â�²±>�KEÀÄD¢KERUBATGMGÂÍQSB ¶ B�X9IGM�KER�X±ÀEIGB+@�W�MG³L³UJUBADEJU@CBE¸;: ¶ B�X9Â-Ù_K�>AI�µ
Q[>AT�KEIGBEZ,¸�BUQSR�X9M

φ
5

4 TGRU>�X9MGJ�KEMG²GRLJU@GM=W�¸�BUQSR�X±O=W
MGUT ∼ 1016 	n´U4�F.²�KEBØQSRLZGJLKADEMNKAR�X9ÀEINB�QSBADEB�X9ÀEINB

<�X9M�°b@CB���@
MPl
5_É¢>�X9MG<ETGBADEBE²GIGV�R�@CBEIGJ�K�>AINKEV DQ9RUZGJ�KEDEMNKAR�X9ÀAIGBEJLKAM @CBEINJLK�>AINK�>�¸�M�IGR

OGD�X±OGÂ"KEJoO�FrBEIGMÁMN°b¸�RLINOGÂ"KEJoOØD�°j>�DEMGJUMN¸�BEJLKAMÅBAK´LIGRUTN³UMGMØD2JUBEB�KEDER�KEJLKADEMGMÅJP:�TG>ADEIGRYµ
IGMNON¸�M�TGRUIGBATG¸�³UTN: ¶G¶ V35[×3TGM�´LIGRUTG³LMNO�W&DEV)ÊÄR MGUT

MN¸�RURLKAJoO�RmQSMGI±>�O�@�>�X9MG<ETGBADEBE²GI±>�O
@CBEIGJ�K�>AINK�>NF9K�>A@�²�KEB

α1 = α2 = α3 , E ≥ MGUT
� � �

� ¶ TGM ¶ BUQ±WEBbQ±ONÃÄRL¸ B ¶ TGRYQ9R�X9RLIGMGM α1
FSJU¸�5 ¶ BUQSTGBE<EINBEJLKAM2D � Ñ�� �Y5Î×3TGM

E < MGUT
@=>�X9MG<�µ

TGBEDABE²GIGV�R�@CBEIGJLK�>�INKEV
α1
F

α2
M

α3
´UDEB�X9Â�¾GMNBEIGMGTN:=Â"K½J ¶ BEIGMN¹ÄRUIGMGRL¸ ´UINRUTG³LMGM ¶ B�µ

T±>�°UIGBE¸;:AF ¶ TNMG²`�U¸ � � �nDEV�JLK�: ¶ >ARLK¢I±>j²±>�X±ÀEIGV�¸�:EJYX9BEDEMNRU¸2TGRLIGBETG¸�³LTN: ¶G¶ BEDEBAZ+´UDEB�X±Â�¾GMGMÎF
@=>A@�´LKEB!J�W?RL¸�>�KEMN²GRUJL@GMMN°bBE<AT±>�¹+RLIGB�I±>+TGMGJA5qÑE5
Ù_:CÃÄRUJ�KEDERLIGIGBGF_²NKEB¿´LK�>�´UDEB�X±Â�¾GMNOÆX9BA³Y>ATGM » ¸�MG²GRLJU@=>�OÎF�K�57RA5�@=>�X9MG<ATGBEDEBE²NIGV�R,@CBEI=µJLK�>�INKEV MN°U¸�RUINONÂ.KAJoO2J®´UIGRLTG³UMGRLZ�¸�RYQGX9RUIGINBG5S4Í²±>�JLKEINBEJLKAM�F[@CBEINJLK�>AINK�>PJLM�X9ÀEINV�W�DA°j>AM=µ

¸�BUQSRUINZGJLKADEMGZ�DERmQ��LK�JURL<jO,@=>A@

α3(E) =
αGUT

1+ β̂ ·αGUT · ln E
MGUT

,
� Ô �

³ QSR,@=BAIGJLK�>AI�K�>
β̂
B ¶ TNRYQSRYX±OGR�KEJoOÌJUBAJLK�>ADEBA¸ °j>AT?ON¹ÄRUIGIGV�W ¶ B¿¾GDERLK�:(²G>AJLKAMG¾�J,¸�>�JUJb>�µ

¸�MD�MGINKERLTGD?>�X±R
E < m < MGUT

Fq>
αGUT

Ó�@�>�X9MG<ETGBADEBE²GI±>�O@=BAIGJLK�>AI�K�> � RmQSMGI±>�O�Q±XGO
���L?17`2R?1D/7:9<K�?-@67`2R] *�Q

MGUT
D

MPl
D/7`2R24?1MSE>M)GN@YE�D/2RC/+1C 
FDFEP9�
N@1?8EhDh0�2[M)?-@1,/.[*�C/+N7T+-?-D�K/0/+WEP9V;F+-;

D�24C/+-C 
FDFE�7`2R]�*�Q
ΛEW

9
ΛQCD

D
MPl b
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1016 ГэВ100 ГэВ1 ГэВ

α3

α2

α1

α ∼ 1

E

8�MGJA5$ÑEÇ6��>�DEMGJUMN¸�BEJLKAÀ¿@=>�X9MN<ETGBEDEBA²GIGV�WØ@CBEIGJ�K�>AINK�B�K�´LIGRUTG³LMGM(D�¸�BUQSR�XGO�W ��B�X±ÀAÊÄBE³LB
BE<��qRmQSMGIGRLIGMNOÎ5

DEJLR�W2D�°j>AMG¸�BUQSRLZGJLKADEMGZ��3I±>P¸�>AJ�Ê�K�>A<AR
MGUT

F�@CBAKABET±>�OBE@=>�°UV�D?>AR�KEJoO�QSBEDEB�X9ÀEIGB&¸�>�X±BEZ
DERYX9MG²GMGINBEZ�F

αGUT ∼ 1/20− 1/40 D&°j>ADAMGJUMG¸�BAJLKEM¿BAK�¸�BUQSR�X±M�5¥É®BAIGJLK�>AI�K�> β̂ ¶ B�X9Bj¹ M�µKERYX9ÀEI±>�FÎK�>A@²NKEB
α3(E)

T±>�JLK ��K ¶ TGM ¶ BEIGM�¹+RUIGMNM�´LIGRUTN³UMGM � M2I±>�BE<EBETGB�K�F[:=<EV�D?>AR�K ¶ TGM
¶ BEDAV)ÊÄRUINMGM,´LIGRUTN³UMGM�F±²�KEB�JUBEB�KEDER�KEJLKADA:ER�K�>AJLMG¸ ¶ KEB�KEMG²GRLJU@CBEZ,JUDEBE<ABbQ9R3@GD?>AINKABEDEBEZ W�TGB�µ
¸�BUQSMGI±>�¸�MG@GM��Y5`��>�JLÊ�K�>�<

ΛQCD
JLBEBAKADERLKAJLKED�:ERLK�°UI±>j²GRUIGMNÂ�´UINRUTG³LMGM�F ¶ TGMP@CBAKABETGBE¸�@CBEI=µ

JLK�>�INK�>
α3
JLK�>�IGBEDEMNKAJoO ¶ BET?O=Q9@�>�RYQSMGINMG¾GV3FÎM,@GD?>AI�KEBED?>�O�W�TGBE¸�BUQSMNI±>A¸�MG@=>PDEJ�KA: ¶ >AR�K&D

TGR�¹ MG¸(JUM�X9ÀAIGBEZ�JLDAON°UM�5 ��XS>A³UBUQ[>�TCO,X9BE³Y>ATGM » ¸�MN²GRUJL@=BAZ�°j>ADEMNJUMG¸�BEJ�KEM2D � Ô ��´LKABAK&¸�>AJYµ
Ê�K�>�< ´UINRUTG³LMGM�´L@=J ¶ BEIGRLIG¾GM±>�X9ÀEIGB�¸�>�X ¶ B!JLT±>ADEINRUIGMGÂ J®¸�>AJLÊËK�>A<EBE¸ MGUT

F

α3(ΛQCD) ∼ 1 ⇐⇒ ΛQCD = MGUT · � − �������
	 /αGUT
��� �

×3TGM®K�>A@CBE¸�¸�RYWC>AIGM�°b¸�R ¶ TGBE<�X9RL¸�>�MGRUT±>�T?W�MGM�¸�RL¹+Q9: ΛQCD
M

MPl
� KEBE²GINRURAF�¸�R�¹�Q9:

ΛQCDM
MGUT

�)I±>�W?BUQSMNK�JUDEB��¢´YX9RU³Y>�INKEIGBAR�TGR�ÊÄRUINMGRA5
×3BbQ9BE<EIGV�¸-BA<ET±>�°UBE¸�¸�Bj¹�IGB,TNRLÊÄM�KEÀ�M ¶ TGBE<�X9RU¸;:�MGRLT±>ATEW�MGM�¸�RL¹+Q9: ΛEW

M
MPL

5

�



4-´LKABE¸�JYX±:=²±>AR+TGRL²GÀ�M=Q���K,B X±BE³Y>ATGM » ¸�MG²NRUJU@CBE¸�MN°b¸�RLIGRUIGMNM¿J+´LIGRUTG³LMGRUZ ¶ >ATG>A¸�RLKATGBEDW�MG³U³LJUBEDAJU@CBE³UBÁJLRU@NKABET±>N5�4 KEB�¹+R�DATGRU¸;OÎF_JLBEBAKEINBAÊÄRLIGMGR¸�RL¹+Q9:
ΛQCD

M
ΛEW

IGBEJLMNK
WC>�T±>A@NKARUTØJ�X±:=²±>AZNIGBEJLKAM�Ç�<ERL°�J ¶ RU¾NM±>�X9ÀEINBE³UB ¶ BUQS<EBAT±> ¶ >AT±>A¸�R�KETGBAD°UI±>j²GRUINMNO ΛQCD

M
ΛEW

´U@CJ ¶ BEIGRUIN¾GM±>�X9ÀAIGB2BAKbX9MG²G>�X9MGJLÀ2<EVÚQSTN:=³PBAK�QSTN:=³Y>N5r¯�J�KERLJLKEDARUIGIGBA³UB�¸�R�WC>�IGMN°b¸�>�F
BE<ERLJ ¶ RL²GMGD?>�Â.ÃÄRL³UB+T±>�DERUIGJ�KEDEB ΛQCD

M
ΛEW

D ¶ TNRYQSRYXS>�W�KET`�YW ¶ BET?O=QS@CBEDÄDAR�X9MG²NMGIGV3FEQSB
JUM=W ¶ BET�IGR ¶ TGRmQ±X9Bj¹+RUINBG5
·�<��qRYQSMNIGRUIGMNR�@=>�X9MG<ETNBEDEBE²GINV�WP@CBEIGJ�K�>AINK�FNK�57RA5�T±>ADERLIGJLKADEB

α1 = α2 = α3
I±>¢IGRU@CBAKAB�µ

TGBE¸Å¸�>AJLÊËK�>A<ER
MGUT

IGR3OGD�XGOGRLKAJoO�>�DAKEBE¸�>�KEMG²GRLJU@GMN¸�Ç9KATGM�@NTGMGDEV�R¢DEBEBE<�ÃÄR®³UBEDABET?O�IGR
¶ TGBbWEBbQ±ONK,²GRUTGR�°�BUQSIN:�KABE²G@N:A5q¯�JYX9MJUBEJ�K�>AD�²±>AJLKAMG¾�Ù_K�>AI=Q[>AT�KEIGBEZ¿¸�BUQSR�X9MIGR+TG>AJLÊ�M�µ
T?ONKAÀGF=KAB�K�>A@CBER.BE<��qRYQ9MGIGRUINMGR$QSRLZGJLKADEMNKAR�X9ÀEINB!INR�<A:bQSR�KÄMG¸�R�KEÀÄ¸�RLJLK�>N5 � >A@GMN¸�BE<ETG>�°bBE¸�F
��B�X±ÀAÊÄBER�BE<��qRYQ9MGIGRUINMGR�KETNRU<A:ARLK�T±>AJ�ÊÄMGTGRLIGMNO¿Ù_K�>AICQ[>ATNKABEZ¸�BbQ9R�X9M�F ¶ TGMG²`�L¸ ¶ TGM,QSB�µ
JLK�>�KEBE²GINBÄIGMN°U@GM�W�´UIGRLTG³UM�O�W[5N\®>AMN<EB�X9RLR ¶ B ¶ :jX±OGTNIGV�¸�MPT±>AJ�ÊÄMGTNRUIGMNON¸�M�F=BE<ERUJ ¶ RU²NMGD?>AÂ$µ
ÃÄMN¸�M�BE<��qRmQSMGIGRLIGMGRË@�>�X9MG<ETGBADEBE²GIGV�W�@CBEINJLK�>AINK�FSOGD�XGOGÂ.KAJoO�¸�BUQSRYX9M�J¢IGMN°U@=BA´UIGRLTG³UR�KEM�µ
²GRLJU@CBEZ�JL: ¶ RUTNJUMG¸�¸�R�KETGMGRLZ � JL¸�5�FGIG> ¶ TGMG¸�RLT�F � $�F � F±Ô�F � � ��F=W?BAKjO�RUJ�KEÀ!M QSTN:=³UMGR®DEB�°b¸�Bj¹!µ
IGBEJ�KEM�F$K�>A@GMNR¿@=>A@ T±>AJLÃ�R ¶ X±RUIGI±>�O-JL: ¶ RLTGJUMN¸�¸�RLKETNMNO � �������	�
����� ���������� ������ ��� � �PM�X9M
¸�BUQSR�X±À�J�QSB ¶ B�X9IGM�KER�X±ÀEIGV�¸�MÌMN°bBUQ9:=<�X±RLKEINV�¸�M » RUTN¸�MGBEI±>A¸�M�� & � 5�Ù_: ¶ RUTGJLMG¸�¸�RLKATGMG²�µ
IGV�R¢KERUBATGMGM�FSD�B�KbX9MG²GMGRËBAK�¸�IGBE³UM=W�Q9TN:=³UM�W,¸�BUQSR�X±RUZ�FSBE<ERLJ ¶ RL²GMGD?>AÂ"KPM,JLK�>A<EM=X9ÀEIGBEJ�KEÀ
DERYX9MG²GMGINV

ΛEW
F�@CBAKEBETG>�OÄOGD�X±OGR�KEJoO+R�Ã �)BUQSIGBAZ ¶ TGBE<�X9RU¸�BEZ+Ù_K�>AI=Q[>AT�KEIGBEZ�¸�BUQSRYX9M�5E×3B�µ

J�X±RYQSINO�O ¶ TGBE<�X9RU¸�>ÄJLBEJLKABEMNK�D+J�X±RYQ9:=Â.Ã�RU¸�59É�@GD?>�Q9T±>�KA: ¸�>AJUJLVÌ<EBA°bBAI±> ��MG³L³UJU> mH
F�M

JUBABAKEDER�KEJ�KEDERLIGIGB2@�@GD?>�QSTG>�KA:2DE>A@N:C:=¸�IGBE³UB,JUTGRmQSIGRL³UB�W�MG³L³UJLBEDEJU@CBE³LB ¶ B�XGO 〈φ〉
FÎMG¸�RUÂ"K�µ

JoO�FNDEBEBE<AÃ�R�³UBADEBET?O�F�T±>�QSM±>�¾GMGBEIGINV�R ¶ B ¶ T±>�DE@GM�5±4½B�KbX9MG²GMGR®BAK�Q9TN:=³UM�W�TG>�QSM±>A¾NMGBEIGIGV�W
¶ B ¶ T±>ADEBE@ÎF±BEIGM�TG>AJ�W?BUQ9O�KEJoO2@GDE>�QST±>�KAMG²GIGBNF[>�IGR3X9BE³Y>ATNM » ¸�MG²GRUJL@GM�FSK�>A@�²NKAB T±>jQSM±>A¾GM=µBEIGINV�R ¶ B ¶ T±>ADA@GM,@�´�X±RU@NKATGBEJ�X9>A<EBE¸;:�¸�>AJ�Ê�K�>A<�:,MN¸�RUÂ.K�J�X±RYQ9:=Â.ÃË:=Â�JLKATN:=@NKA:=TN:SÇ

δΛ2
EW ∼ δm2

H = F(g)Λ2
UV

��� �

³ QSR
F(g)

Ó(D ¶ B�X±IGR¿B ¶ TGRYQ9R�X��LIGI±>�O @CBE¸�<EMGI±>�¾GMNO @=BAIGJLK�>AI�K½JUD�ON°bMÍKERLBETGMGM�F"> ΛUV
Ó

¶ >ATG>A¸�RLKAT,:jX9ÀjKET±> » MNB�X9RLKABEDEBE³LB BE<ATGRL°b>AIGMNOÎ5��®MNJ�X9RLIGIGB!D Ù_K�>�I=Q[>ATNKAIGBEZ�¸�BUQSRYX9M

δm2
H ≈ 0.1 ·Λ2

UV
� & �

¯�J�X9M¢DEBEJ ¶ TGMGINMG¸�>�KEÀ.Ù_K�>AICQ[>ATNKAIN:=Â(¸�BUQSR�X±À.@=>A@ ¶ B�X±IN:=Â�KERUBATGMGÂ�FjTG>A<EBAK�>AÂ"Ã�:=ÂØD ¶ X9BAKAÀ
QSB ¶ XS>�IG@CBEDEJU@NM�W�¸�>AJ�Ê�K�>A<EBADGF±M ¶ B�X9Bj¹�MNKEÀ ΛUV ∼ MPl

F�KEB+°j>�KAT±>ADEBA²GIGBER3°bIG>�²NRUIGMGR
m2

HIN:C¹�IGB ¶ BUQS<AMGT±>�KAÀ�K�>A@�F¥²NKEBA<EV�JUBE@NT±>�KEM�KEÀ2DE@�X9>�QSV ��� �®J�KEBA²GIGBEJ�KEÀEÂ INR!W=:C¹+R 10−32
DEB�DEJLR�W ¶ BATCOCQS@=>�W�KERLBETGMGM,DEBA°U¸;:=Ã�RUIGMNZ ��� ��5
\®>�´�KA: ¶ TGBE<�X9RL¸;:2¸�Bj¹ INB ¶ BEJU¸�B�KETGR�KEÀ�MJËQST�:�³LBEZ�J�KEBETNBEIGV35n6�MG¸�RLIGIGBGF ¶ TNRYQ ¶ B�µ

X9Bj¹�MG¸�F�²�KEB!Ù_K�>AI=QS>ATNKEIG>�O�¸�BbQ9R�X9À�OND�X±ONRLKEJoO�²G>AJLKAÀEÂ-<EB�X±RUR�Ê�MGTGBE@CBEZPKARUBETGMNM�J.:�XG:�²=µ
ÊÄRLIGIGV�¸�:jX9ÀjKAT±> » MGB�X9R�KEBEDAV�¸ ¶ BEDERmQSRUIGMNRU¸�5¥É3BEIG@GTGR�KEIGRLRAF ¶ TGRmQ ¶ B�X±B�¹�MG¸�Fq²NKAB,D�´LKABEZ<EB�X±RUR�ÊÄMGTNBE@CBEZ!KARUBETNMGM�@ND?>�QST±>�KEMG²GINV�R.:jX9ÀjKET±> » MNB�X9RLKABEDEV�R"T±>AJ�WEBbQ9MG¸�BEJLKAMPD δm2

H
BAK�µ

JL:CKAJLKED�:�Â"K�5 � BE³ Q[>�D&@�>j²GRLJLKADER ΛUV
<�:jQ9RLK�DEV�J�KA: ¶ >�KAÀ�¸�>�JLÊ�K�>�< � IGBEDEBAZ » MN°bMG@NM�mFSK�5 R�5

�



¸�>AJ�Ê�K�>A<�¸�>AJUJ&INBEDEV�WÆ²G>AJLKAMG¾�Ç�QSRLZGJLKADEMNKERYX9ÀEIGBNF�D ¶ X9BAKAÀ�Q9B2´LKEM=WÁ´UIGRLTG³UMNZÅDE@=XS>�QSV D
δm2

H
QS>AÂ.K¢MGJL@�X9Â�²NMNKERYX9ÀEIGB ¶ B�X±O!Ù_K�>�I=Q[>ATNKAIGBEZ�¸�BbQ9R�X9M�F?MÄX9M�ÊÄÀ ¶ TGM�´UINRUTG³LMNO�W!DEV)Ê�R

ΛUV
´�KEM�DE@�XS>jQSV�JLBE@GT±>�ÃÄ>AÂ.KAJoO�<�XS>A³UBUQ[>�TCO � IGBEDEBAZ » M�°bMG@CR1�o5�·3¾NRUIG@=> � &"� ¶ BE@=>�°bV�D?>�µ

RLK�F�²NKAB�´LIGRUTG³LRLKAMG²GRUJL@GMGZÍ¸�>AJLÊËK�>A< � IGBEDEBAZ » MN°UMG@GM�oF�RLJ�X9MÅIGR ¶ TGRYQ ¶ B�XS>A³Y>�KEÀ�KABEIG@CBEZ
¶ BUQSJ�KETGBEZN@GM ¶ >ATG>A¸�RLKATGBEDGF�QSB�X±¹+RUI�JUBAJLK�>AD�XGONKEÀ�DER�X±MG²GMGIN: ¶ BET?O=QS@=>

ΛUV ∼ 300 	n´b4
−1 � ´U4 ���"�

K�57RA5GI±>�W?BUQSMNKAÀEJoO�@�>�@&T±>�°3DÄBA<�XS>AJ�KEM&´UINRUTG³LMGZ �"����5±Ð_KEB�JLBEBE<ET±>�¹+RUIGMNR.OGD�X±OGR�KEJoO�³�XS>AD�µ
IGV�¸¿BEJUIGBAD?>AIGMGRL¸�Bj¹�M=Q[>�KAÀGF?²NKEB ¶ BE¸�MG¸�B�W�MG³L³UJUBADEJU@CBE³LBÄ<EBA°UBEI±>3I±>������Ø<A:bQ9:CKËBAKE@NTGV�µ
KEV�IGBEDEV�R®²±>AJ�KEMG¾NV-M�OND�X9RLIGMNO�5
\3MN°b@CBE´LIGRUTG³LRLKAMG²GRUJL@=>�O�JL: ¶ TNJUMG¸�¸�R�KETGMNOÅ@=>A@ÁT±>�°�MÆOGD�X±OGR�KEJoOÁBUQSIGMG¸ MN°�DEB�°b¸�Bj¹!µ

IGV�WÍJL¾GRUI±>�TGMGRUD_� IGBADEBEZ » MN°bMG@NM�m5"4ÏJL: ¶ RUTNJUMG¸�¸�R�KETGMG²NIGV�W KERLBETGMNO=WÍ@GD?>�Q9T±>�KEMN²GIGV�RT±>AJ�WEBUQSMG¸�BEJ�KEMÆKEM ¶ > ��� �3JUBE@NT±>�Ã+>�Â.KEJoO�DE@�XS>�QS>A¸�M�IGBADEV�W¿²±>AJLKAMG¾¿ÓJ�: ¶ RUT ¶ >ATNKEI �UTGBED
²±>AJ�KEMG¾�Ù_K�>�I=Q[>ATNKAIGBEZ�¸�BUQSR�X±M�5N\®>¢BEJUIGBAD?>AIGMGM JU@=>�°j>�IGIGBE³LBÄDEV)ÊÄR�FN¸�>AJLJUV�´�KEM�WP²±>AJLKAMG¾
QSB�XG¹+RUI�X9RL¹�>�KEÀ�D¢BE<�X9>AJLKAM JUB�KERUI 	q´U4ÆÓÄIGRUJL@CB�X9ÀE@GM=W � ´b4.F?@=B�KEBET±>�O D ¶ B�X9IGR)QSBEJ�KA: ¶ I±>Q±X±O�´L@CJ ¶ RLTGMG¸�RUI�KEBEDÄIG>��"��� � $ � 5?\3R�X9ÀA°LO�IGR ¶ BUQS²GRL@GIN:CKEÀGFCBUQSI±>�@=BNF?²NKEB3:C¹+R$MG¸�RUÂ"ÃÄMGRYµ
JoO&´L@=J ¶ RUTNMG¸�RUINK�>�X9ÀEIGV�R3Q[>AIGIGV�R�JL:CÃÄRLJLKEDARUIGIGB�BE³UTG>AIGMG²GMND?>AÂ.KÄBE<�XS>AJ�KEÀ+T±>�°bTGR�Ê �UINIGV�W
¶ >ATG>A¸�RLKATGBED ¸�BUQSRYX9RUZ�JËIGM�°b@CBE´UINRUTG³LRLKEMN²GRUJL@=BAZ¿J�: ¶ RUTGJLMG¸�¸�RLKATGMGRUZÎ5q4Í@=>j²GRUJ�KEDER�M�XGX9Â$µ
JLKAT±>A¾GMNM+I±>�TGMGJ�5 $ ¶ TGMGDERmQSRUIG>�DEJoOÄBE<�XS>AJLKAÀ�KERLBETGR�KEMG²GRLJU@GM+QSB ¶ :AJLKAMG¸�V�W�<ER�°bT±>�°U¸�RUTGINV�W
¶ >ATG>A¸�RLKATGBED�DA¸�RUJLKAR,J�T±>�°bTGR�Ê �UINIGBEZ½BE<�XS>AJLKAÀEÂ ��� �$D¿BUQSIGBAZÅMN° ¶ TNBEJLKAV�W(¸�BUQSRYX9RUZÆÓ
K�>A@�I±>�°UV�D?>ARU¸�BAZ�¸�BUQSRYX9M �������
	�� FN³ QSR�QSB ¶ B�X9IGMNKAR�X9ÀAIGV�¸�M ¶ B�JLT±>ADEIGRLIGMGÂ JLB Ù_K�>�I�µ
Q[>AT�KEIGBEZ�¸�BUQSRYX9ÀEÂ OND�X±ONÂ.KEJoO ¶ >AT±>�¸�RLKETNV T±>�°b¸�RUTNIGBEJLKAMÌ¸�>AJUJLV m0

F
m1/2

M
µ
5�×3TGM

DA°U³�X±O=QSR�I±>Æ´LKABAKÅTGMGJL:=IGBA@�JLK�>�IGBEDEMNKAJoO ONJUIGBNF�²NKEBÁKEBAK » >A@NK�F�²NKABÅJ�: ¶ RUTGJLMG¸�¸�RLKATGMNOQSB!JUM�W ¶ BET�´L@=J ¶ RUTNMG¸�RUINK�>�X9ÀEIGB&IGR¢BE<EIG>ATN:C¹+RUIG>NF ¶ TGRLJLK�>AD�XGOGRLKPJb>A¸ ¶ B�JLRU<ER ¶ TGBA<�X9RU¸;:
Q±X±O,JL: ¶ RLTGJUMN¸�¸�RLKETNMG²GIGV�WKARUBETGMNZ�?5S4 JLDAON°UM�J¢´LKEMN¸ÍD ¶ BEJYX9RYQ9IGRURÄDATGRU¸;O,MGINKARUIGJLMGDEIGB
¶ TGRmQ ¶ TGMNIGMG¸�>AÂ"KEJoO ¶ B ¶ V)KE@GM,TGRLÊ�MNKEÀ ¶ TGBE<�X9RU¸;:�J�K�>A<EM�X9ÀAIGBEJLKAM�´�X±RU@NKATGBEJ�X9>A<EBE³LB ¸�>AJYµ
Ê�K�>�<?>&BAKEIGBAJUMNKAR�X9ÀEINB�T±>�Q9M±>A¾GMGBAIGIGV�W ¶ B ¶ T±>ADABE@2J+MGJ ¶ B�X9ÀA°UBED?>AIGMNRU¸ÍM=QSRUZÎFnBAKbX9MG²GINV�W
BAK�M=QSRLM�IGM�°b@CBE´UINRUTG³LRLKEMN²GRUJL@=BAZØJ�: ¶ RUTGJLMG¸�¸�RLKATGMGM � JU¸�5nBE<A°UBETGV � ÑjÒ�F�ÑEÑ � ��ÖnD�<EB�X±ÀAÊÄMGI=µ
JLKADER�M�° ¶ TNRYQ±X9Bj¹+RLIGIGV�W ¸�BUQSR�X9RLZPBUQSIGBEDATGRU¸�RLIGIGBÄTGR�ÊÄMNKAÀ ¶ TGBE<�X9RU¸;:�MGRLT±>ATEW�MGM&¸�RL¹+Q9:
ΛEW

M
MPl
F±BUQSI±>A@CBGF±INR®:bQ[>��LKEJoOÎ5

4Å°j>�@�X9Â�²NRUIGMGR�´LKEBA³UBÄT±>�°�QSRYXS>Ë: ¶ BE¸;ONIGRU¸ÆR�Ã ��BUQSIN: ¶ TNBE<�X9RL¸;:�MNRUT±>ATEW�MGM�F�@CBAKEBETG>�O
JL:CÃ�RUJLKADA:ER�K�@=>A@ÌDØÙ_K�>AI=Q[>�TNKEIGBAZ�¸�BUQSR�X±M�F)K�>A@ÌMÌDÆRV�2T±>AJ�ÊÄMGTNRUIGMNO=W[5.8¥RU²GÀÁM=Q��LKØB
¸�>AJLJb>�W�M�°bDERLJLKEINV�W » RLTG¸�MGBEIGBAD�Ó�@GDE>ATG@CBED®M!°b>AT?ON¹+RLIGIGV�WÄX±R ¶ KABEIGBEDG5��>�JUJb>3I±>�MG<EB�X9RLRKjON¹ ��X9BE³LB MN°¢IGM=W º � µ @GDE>ATG@=> º JLBEJLK�>AD�X±OGR�KPBE@CB�X9B�Ñ � $!	n´b4.F[>+¸�>AJLJb>+X9RU³L²±>AZNÊ�RU³UB º
� � ?W+BA�C�@ �1,/247T+ A�@1,/Q<K�DF,�+�GB,/D�?12RC/+1?-Q<C�2 0/+-J4GN+10�D�2I7T+W,/@N3�A�C/@ �-,�247`^ D�2RC/+1C 
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8�MGJA5�$=Ç±8r>�°UTGRLÊ �UIGIG>�O�BA<�XS>AJ�KEÀ ¶ >AT±>A¸�R�KETGBAD � � �q¸�BUQSRYX9M � ��� � 	 � 5G·�KA¸�RU²GRLIGV�K�>A@�¹+R
´U@CJ ¶ RUTGMN¸�RUINK�>�X±ÀEIGV�RPBE³LT±>AIGMN²GRUIGM�O�F�I±>&BEJLIGBEDER�@=B�KEBETGV�W�K�>�M�X±M�MNI±>�O2BE<�XS>AJLKAÀ ¶ >AT±>�µ
¸�RLKATGBED!´U@CJ ¶ RUTGMG¸�RLINK�>�X9ÀAIGBP°j> ¶ TGRLÃ�RUI±>N5

´�X±RU@NKATGBEI±> º BA@=B�X9B Ò�5 Ô��,´U4�5 � >A@NMG¸ÅBA<ET±>�°UBE¸�FG¸�V�MN¸�RURU¸ÁQSR�X9B!J®MGRUTG>ATEWNMNRUZ �

me

mt
∼ 3 ·10−6 � ÑjÒ"�

\3RUJL¸�BAKET?O-IG>Ø¸�IGBA³UBE²GMNJ�X9RLIGIGV�R�³LM ¶ BAKARL°bV3F.JU@CB�X9ÀA@=B�µ IGMG<�:jQ9ÀÅ:=DERUTNRUIGIGBA³UB½BAKADERLK�>ÅI±>
DEB ¶ TGBEJ�B ¶ TGBEMGJ�WEB�¹+QSRLIGMGM�´�KEBEZ�MGRUTG>ATEWNMNM�QSB�JUM�W ¶ BAT¿IGR�K�5¥4�BEBE<AÃ�RAF�°UI±>j²GRUIGM�O�¸�>AJLJ
@GD?>�TG@CBED�MÄ°j>�TCO�¹+RUINIGV�W�X9R ¶ KEBAIGBED3DEV�³�X±OCQ9ONK�Q9BEDEB�X9ÀAIGB�J�XG:�²G>AZGIGV�¸�M�FAD3@�>j²GRLJLKADER)KERLI�µ
QSRLIG¾GMGM�¸�Bj¹ IGB&B�KE¸�RLKAMNKEÀ�X9MNÊ�À,BE<�ÃÄRUR+DABA°bT±>�JLK�>AIGMNR�´�KEM�W¸�>�JUJ�BAK ¶ BE@CB�X±RUIGMNO�@ ¶ B�µ
@CB�X9RLIGMGÂ�5

���X+1M4M)^ HI24C/7`D�@10/@1G A�C�@NA�@1C/O�D�@10�+W,/.N0�^ �N2RJ4C/+-J87`2RC�0�^"7��L;F+-GNMR;�D/7 ;<@10/MR?W+-0�?W+17 MRG-E�JRD�M 
FD�fRf8M)@1G �
M);/D/7�A/@-,/287:9�?W+-;�K�?-@�7`@Y]h0�@BfR@NG1@1C/D�?-.�@ �BD�2RC�+-C 
FD�D�=4?-D�
�;V@N0/M)?W+10�?Y9�+B0�2I@ �BD�2RC�+-C 
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H3¸�RUR�KEJoO�¾GR�X±V�Z�T?OCQ » >A@�KEBEDGF�³UBEDABET?ONÃÄM=W�BÄJUDABEZGJLKAD?>�W�4_JUR�X±RUIGIGBAZ�JLRU³LBbQ9INO�M&D+BAKEIGB�µJUM�KER�X±ÀEIGB INRYQ[>�X±RU@CBE¸ ¶ TNBAÊËX9BA¸�5
4�JURYX9RUINI±>�O�D�¾GR�X9BA¸ BUQSIGBATGBUQSI±>NÇnDEJLR+BE<�XS>�JLKEM�DEB�4�JLR�X9RLIGIGBEZ�DEV�³�X±OCQ9ONK,BUQSMGI±>�@=B�µ

DEBG5=8�>�°U:=¸�RUR�KEJoOÎF±´LKEB+INR�BAKAIGBEJUM�KEJoO�@PIGRL<EB�X9À�ÊÄMG¸ÁBE<�X9>AJLKjON¸�Ç�RLJLKEÀ+BA<�XS>AJ�KEM�F�³ QSR�¸�IGBE³LB
°bDARL°�Q º ´�KEB³Y>�XS>A@�KEMG@GMÎÖ�RUJLKAÀBE<�XS>AJ�KEMÁ<EB�X±ÀAÊÄRL³UB2T±>�°U¸�RUT±>�F;³ QSR�¸�IGBE³LB2³Y>�XS>A@NKAMG@ º´LKABÆJU@CB ¶ X±RUIGMNOÌ³Y>�XS>A@NKAMG@�Ö)RLJLKEÀÆM(BE<�XS>AJ�KEM�F_³ QSR2³Y>�XS>�@NKEMG@�¸�>�X9B º ´�KEBÆ³UMN³Y>AINKEJL@GMGR
¶ :AJLKEB�KEV35n\3B!BE<�XS>AJ�KEM�TG>�°b¸�RLTGBE¸ ) ÒAÒ�¸�M�XGX±MGBEIGBED�JUDER�KEBEDAV�W�X±RLKPM,<EB�X9À�ÊÄR¢DEV�³�X±O=Q±ONK
DEJLR¢BUQSMNI±>A@CBEDEBG5S·�<!´LKABE¸½BUQSIGBA°UI±>j²GIGB!JUDEMCQSRLKAR�X9ÀEJ�KEDA:=Â"K�>AJLKATGBEIGBE¸�MN²GRUJL@GMGRÄI±>�<�X9Â_QSRYµ
IGMNOÎF�DËTGRL°L:jX9ÀjK�>�KER®@CBAKEBATGV�W&JLBEJLK�>AD�X9RUI±>�� @=>ATNK�>/��4�JLR�X9RLIGIGBEZ�QSBËT±>AJLJLKEBjONIGMGZ�BE@CB�X9B�ÑjÒ
¸rX9TAQ¥5GJLDERLKABEDEV�WPX±RLK!BAK�I0/2143A5N\3:C¹�IGB+JU@=>�°b>�KEÀNFG²NKEB�´�K�> � @�>�TNK�>/�3JYX±:C¹ M�K�MGJLKABE²GIGMG@CBE¸
¾GRLIGIGRUZ�ÊÄRUZÆMNI » BETG¸�>A¾GMNM¿B�JUBEDATGRU¸�RLIGIGBEZÆ4_JUR�X±RUIGIGBAZ�F ¶ BEJU@CB�X9ÀA@N:BEI±> ¶ BA°UDEB�X±ONRLK,I±>@CB�X9MG²NRUJLKADERUINIGBE¸-:=TGBEDEINR+B ¶ TGRmQSR�X9M�KEÀGFq@=>A@�MG¸�RUIGINB�TG>AJ ¶ TNRYQSRYX9RUIGB,DERLÃ�RUJ�KEDEB,DEB�4�JURYµ
X9RLIGIGBEZ�5
\®>�TGMGJA5 ) ¶ BE@=>�°j>�I±>�BUQSI±>ÆMN°2I±>�MG<EB�X9RLR ¶ B�X9INV�W�@=>ATNKÅ4�JLR�X9RLIGIGBEZ�F)>�I±>�TGMGJ�5 �

» T±>A³L¸�RUINK�F ¶ BA@�>�°bV�DEÂ"ÃÄMGZ!BAKEINBEJUMNKAR�X9ÀAIGB�<�X±MN°b@N:=ÂÌ@�I±>A¸²±>AJ�KEÀ*5�5E4�M=Q9IGBGFE²NKABËDAB®4�JURYµX9RLIGIGBEZ�MN¸�RUÂ.KAJoOÆJLKATN:=@NKA:=TGV QSBEDAB�X9ÀEIGB,<EB�X9À�ÊÄBE³LB�T±>�°U¸�RUT±>�F¥INB�D�¾NR�X9BE¸�³Y>�XS>A@NKAMG@GM
� TG>�°b<ETNBEJb>AINV��3D!IGRUZ�BUQSIGBETGBUQSINBG5
4�JURYX9RUINI±>�O�TG>AJLÊ�MGT?OGRLKAJoO�Ç;³Y>�XS>A@NKAMG@GM�:bQ[>�XGOGÂ.KAJoO�QST�:�³�BAK&QSTN:=³Y>N5�×®TNBEJLKAT±>AIGJ�KEDEB

T±>AJ�KjOG³LMGD?>AR�KEJoO&DEB®DEJLR$JLKEBATGBEIGV3F=M�²NRU¸QS>�X9ÀAÊ�R.BAKËI±>AJ$I±>�W?BUQSMNKAJoO K�>ËM=X9M�MNI±>�O!³Y>�XS>A@=µ
KEMN@�>�F�KERL¸<EV�JLKATGRUR)BAI±>.:bQ[>�X±ONRLKAJoO+BAK�IG>AJA5AÙ�RU³LBbQ9INOÄKERL¸ ¶ ´LKABE³UB�TG>AJLÊ�MGTGRUINMNO�IGRUDAR�X9MG@ÎÇ
DEJLR"TG>AJUJ�KEBjOGIGM�O�:=DERYX9MG²±>�KAJoOPD�Q9DEBER76 ¶ TGMG¸�RUTNIGBË°b>!Ñ�Ô�¸rX9TAQ¥5EX9R�K�FCBbQ9I±>A@CBËTG>AIGÀAÊ�R"KARU¸ ¶
T±>AJ�ÊÄMGTNRUIGMNO�<EV�XØ³UBETG>�°�QSB�<EB�X9ÀAÊ�RA5�×�X9BAKEINBEJLKAÀ2DERLÃ�RUJLKAD?>�DEB�4�JURYX9RUIGINBEZÆ:�<AV�D?>ARLK�J
KERL²GRUINMGRU¸ÅDETGRU¸�RLIGM�FGM&D�<A:bQ9:CÃÄRU¸(4�JURYX9RUINI±>�O�<A:bQSR�K+DEJUR3<AB�X9RUR�M&<EB�X9RLR�T±>�°UTGRL¹+RLIGIGBEZÎ5
\®>ABE<EBATGBAK�F�T±>AIGÀ�ÊÄR�4_JUR�X±RUIGI±>�O�<EV�XS>�³UBET±>�°�QSB�<AB�X9RUR ¶ X9BAKAIGBEZ�F�²GRL¸�JURUZN²±>AJA5)· T±>AJYµ
ÊÄMNTGRUIGMNM�4�JURYX9RUIGINBEZ ¶ T?OG¸�BÅJUDEMCQSRLKAR�X9ÀEJ�KEDA:ARLK � ¶ BE@GT±>AJLIGRUINMGR1�¿JUDARLK�>NF"MGJ ¶ :=Ã�RUIGINBE³UB
:bQ[>�X9RLIGIGV�¸�M�³Y>�XS>A@NKAMG@=>A¸�MÆM�X9M�OGTG@GMN¸�M¿°bDARL°�QS>A¸�M�Ç¥MN°Lµ °j>,BA<AÃÄRL³UB�TG>AJLKjO�¹+RUIGM�O ¶ TGB�µ
JLKAT±>AIGJ�KED?>&Q±X9MGI±>�DEB�X9INV JUDER�K�>�:=DERYX9MG²GMGDE>ARLKAJoO�°j>�KEB�DETGRU¸;OÎF ¶ BE@=>,BEI2X9R�KEMNK�@�I±>A¸�5
H3¸�RUIGINB�´�KEB&OGD�X9RUIGMNR!<AV�X9BP:EJ�K�>AIGBED�X±RUIGB�Ð�5 ��>A<E<�X9BA¸ÍDÑ � $ ��³UBUQ9:�M ¶ BEJ�X±:C¹�M�X9B�I±>�µ
<�X9Â_QS>�KERYX9ÀEIGV�¸ÍQ9BE@=>�°j>�KAR�X9ÀAJLKEDABE¸ T±>AJ�ÊÄMGTGRLIGMNO�4�JURYX9RUINIGBEZ�F ¶ TGRmQSJU@=>�°b>AIGIGBA³UB,°b>�KATGM
8��c7T+1MR56?W+��N0�@NMR?-D�=4?-@13 J4+W*�+YK�D�MRG1D<*�24?-2),�.NM)?1G1Q124?>?W+-;F+-EXO�D/HIC/+/a�@ �1J4@1C9;:�9%9 9 A/C�@8*�@-,/]�+�� �6D�3��

MSE�G 0/+1MR?-@YE��6242�GNC�247 EP9`QV] 2�@ 
FGN+1?-^ GN+12R? �N@-,/242�<>=4=X?-^"M b f)+W,�+1;�?-D�;�9 */,�E�;<@1?1@1C�^�
�D�J87`2RC�240�@ ;F+-;
0/+1A�C/+-G1,/2R0/D�219F?W+-;�D#C/+1M4M)?-@YE�0/D�2 b? � �1J4@1CA@.B>CED B>FHGIBKJLB4CR9�MR2RC�2)*�D�0/+NM>=�� 
�f4@8*�@1G bOQPT+-JRQF7`242R?1MSEP9 =R?-@�0�2>@N?-0�@NMRD�?1MSE�;�C�+1MRMR?-@YE�0�D�� @1?R 287 ,/D *�@TS @-,/0�O�+\DF,/D�C�+1MRMR?-@YE�0�D�� 7`2)]�*�Q
JRGN2RJ)*�+17`D�GBjF+-,�+-;/?-D�;<21aLR 287 ,�E�Q4*�24CV]BD/GN+-24?1MSE�G �-,/D/JRDAS @1,/0�O/+BMRDF,�+17`D�fRC�+-G1D/?Y+1O�D�@N0�0�@1f4@6A�C/D�?8EF] 2 �
0�DFEP9/D�C�+1MRMR?-@YE�0�D�2I@N? 0�242[*�@�S @-,/0/O/+�0�2 D�J47`240FE�2R?NMSE�D�J � J8+6C�+1M)5 D�C�240�DFE\(�MR2),/240�0�@N3 b
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8�MGJA5 ) Ç�×3TGBEJ�KET±>AINJLKEDARUIGIGBAR T±>�J ¶ TGRmQSR�X±RUIGMGR ³Y>�XS>A@�KEMG@ M @GD?>�°b>ATGBED ¶ B QS>AIGIGV�¸
��� ��� � Ñ�$ � 5I�ÎR�X��LIGV�¸�MÆKEBE²G@=>A¸�MÁBAKA¸�RU²GRLIGV DAJURP³Y>�X9>A@NKEMN@GM�� D�Q[>AINIGBE¸ KERYX9RUJLIGBE¸Ú:=³Yµ
X9R ��J"OGTG@CBEJ�KEÀEÂËF ¶ TNRUDEV)ÊÄ>AÂ.Ã�RUZ&IGRL@=B�KEBETN:=ÂË5GÉ3T±>AJLIGV�R.KABE²G@GM :=@=>�°UV�D?>AÂ.KÄ³Y>�XS>A@NKAMG@GM
I±>AMN<EB�X9ÀAÊ�RUZÄJLDERLKAMG¸�BEJ�KEM+MN°_:jQS>�X��UINIGV�WËJU@CB ¶ X9RLIGMGZ�F�BE<ET±>�°U:=Â.Ã�MGR�QSBEDAB�X9ÀEIGB"BUQSIGBETNBbQGµ
IN:=Â ¶ B ¶ :jX±ON¾GMGÂ�Ö9D!JUB ¶ :=KAJLKADA:=Â.ÃÄRLZJUMGJ�KERU¸�R�BAKEJL²`�LK�> M=W�J ¶ RL@NKET�JL¸�RLÃ �UI�D!@GT±>AJLIN:=Â
BE<�X9>AJLKAÀ ¶ B2JUT±>�DEIGRUINMGÂ0JPBE<EV�²NIGV�¸�MÆ³Y>�XS>A@�KEMG@=>A¸�M�5 	=B�X±:=<EV�R&MÆJLMGIGMGRPKABE²G@GM ¶ BA@�>�µ
°bV�DE>AÂ.KØT±>AJ ¶ B�X9Bj¹+RLIGMGR�BE<EV�²GINV�WÌ@GD?>�°b>ATGBEDN5�×®>AT±>A¸�R�KET h

BA¾GRUIGMND?>ARLKAJoO�DAR�X9MG²NMGIGBEZ
h = 0.7÷0.75 5
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8�MGJ�5 � Ç ��X9M�¹ INO�O�²±>AJ�KEÀ�4�JURYX9RUIGINBEZ

³UBUQ[>�QSB�´LKABE³UB�6"X9RL@CJb>AI=Q9TGBE¸��ÄTGM=Q9¸�>AIGBE¸�5
��>A¸�RU²G>�KERYX9ÀEIGBGF�²NKAB.JLBEDETGRL¸�RUIGINV�R�I±>A<�X9Â_Q[>�KAR�X9ÀEINV�R�Q[>AINIGV�R ¶ BA°bDEB�X±OGÂ"K.M�°b¸�RUTNMNKEÀ

IGR�KEB�X9ÀE@CB¢KARU¸ ¶ T±>AJ�ÊÄMGTGRLIGMNOP4�JURYX9RUIGINBEZ�D®I±>�JLKEBjO�ÃÄRUR.DETGRL¸;O�F?IGB ¶ TGBAJ�X9RmQSMNKEÀ¢°j>�KERL¸rµ
¶ BE¸ÁRLR�T±>AJ�ÊÄMGTGRLIGMNO�D ¶ TGB�ÊËX9BE¸�5G·�TNRL°U:jX9ÀjK�>�K�>�W�´LKEM=W�MN°b¸�RLTGRUINMGZ,M&DAV)KERU@=>AÂ"ÃÄM�W&MN°
IGM�W�Q[>�X±RU@CBPM=Q9:CÃ�M�W2DEV�DABbQS>�W,¸�V RLÃÄR�<A:bQSRU¸�³LBEDEBETGM�KEÀG5:�9QSRUJLÀ ¹+R¢JU@=>�¹+RL¸�BPJ�X9RmQ9:?µ
Â.Ã�RU¸�Ç�JU>A¸ » >A@NK&T±>�JLÊÄMNTGRUIGM�O�4_JUR�X±RUIGIGBAZ�F�DE¸�RLJLKER+JËKERUBATGMGRUZ�³UTG>ADEMNK�>A¾NMGM º BE<AÃ�RUZKERLBETGMGRLZ�BAKEIGBAJUMNKAR�X9ÀEINBEJLKAM º JLDEM=QSR�KER�X±ÀEJLKADA:ER�KÄB�KABE¸�FA²NKAB3D ¶ TGBAÊ¢X9BE¸�4�JLR�X9RLIGI±>�O+<AV�µ
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XS>P²GTNRL°bDAV�²±>AZGIGB ¶ X9B�KEIGBEZM2²GTNRL°bDAV�²±>AZGIGB�<EV�J�KETGB�T±>AJ�ÊÄMGT?O=XS>AJUÀN5q¯�JYX9M ¶ TGBEJYX9RYQ9MNKEÀ
´UDAB�X9Â�¾NMGÂ�4_JUR�X±RUIGIGBAZ2I±>�°j>jQD ¶ TGBAÊ¢X9BERAFSMGJ ¶ B�X9ÀA°L:AO�MN°bDERLJLKAIGV�R�°j>�@=BAIGV » MN°bMG@NM�F±KEB¸�V ¶ TGM=Q9RU¸Á@&DEV�DEBUQ9:AFN²NKAB+´LK�>Ä´UDAB�X9Â�¾NMNO&I±>j²±>�X9>AJUÀ+J.¸�BE¸�RUINK�> ��B�X9ÀAÊÄBA³UB+4_°UTGV�D?>NÖ�D
´LKABAK�¸�BE¸�RLINK�DERLÃ�RUJ�KEDEB!DEB+4�JLR�X9RLIGIGBEZ�<EV�X9B+IG>AJLKAB�X9ÀE@CB ¶ X9B�KEIGV�¸�F9>�³LT±>ADEM�K�>A¾GMGBEINIGBER
DA°b>AMG¸�BUQSRUZNJLKEDAMGR�I±>�JLKEB�X9ÀE@CBPJUM=X9ÀEIGV�¸�F9²NKAB MN°UDERUJ�KEIGV�R�°b>A@CBEIGV » MN°UMG@GM,<EV�X9M�IGR ¶ TNM�µ¸�RUINMG¸�V35[ÙÌKERYW ¶ BET ¶ TGB�ÊËX9B,Ñ � ¸rX9TAQ¥5NX9RLK�F9´�KEB!DEBA°bTG>AJLK�JUBEDATGRU¸�RLIGIGBEZ,4�JURYX9RUINIGBEZ�5
4�JURYX9RUINI±>�O � KER ¶ XS>�O�oÇqD�IGRLZ�MG¸�RLRLKEJoO�´�X9RL@NKETGBA¸�>A³UIGM�KEIGBER�MN°�X±:=²GRUINMGRAFqWC>AT±>�@NKERLTGM�µ

°U:ARU¸�BERPKARU¸ ¶ RLT±>�K�:�TNBEZ ���
$�F � $EÔ�³UT±>�Q±:EJUBAD¿É3RYX9ÀEDEMGIG> � TGRYX9MG@NKABEDEV�R » BAKEBAIGV3FrJLRU³UB�µQSINO ¶ TGRmQSJLK�>AD�X±OGÂ"ÃÄMGR�JUBA<EBEZ�T±>jQSMGBEDEB�X9IGV���5r8r>�°L:=¸�RURLKAJoO�F�´�K�>�KERU¸ ¶ RUT±>�K�:=T±>�JLRU³LBbQ9INO

IGRLDER�X9MN@�> � IGMN¹+R�KARU¸ ¶ RLT±>�K�:�TNV�¹ MCQS@CBE³UB&³LR�X9MNO ��F�BUQSIG>A@CB&´LKEB�<EV�X±B�Q[>�X9RL@=B&INR�K�>A@D
¶ TGB�ÊËX9BE¸�5�4 ¶ TNBE¾GRUJLJUR�TG>AJLÊ�MGTGRUINMNO�4�JLR�X9RLIGI±>�O&BAJLKEV�DE>ARLK�F=K�>A@&²NKEB�I±>�T±>AINIGM�W�JLK�>�Q9M�µ
O�W+RUR"´UDEB�X±Â�¾GMGM�KERL¸ ¶ RUTG>�KA:=T±>NF�@=>A@ M ¶ X9BAKAIGBEJ�KEÀ�DARLÃÄRLJLKAD?>NF=<EV�XS>®³UBET±>�°�QSB¢DEV)ÊÄR�FC²GRU¸
JURL³UBUQSINOÎ5E4 ¶ TGBAÊ¢X9BE¸4�JLR�X9RLIGI±>�O�<EV�XS>.³LBET?OG²GRLZ�F ¶ X9BAKEINBEZÄM�<AV�JLKETNB3T±>AJLÊ�MGT?OGÂ"ÃÄRUZNJoO�5

����� &(�*)*+�).-,-,�0�����,�	� �
+
���
·�<EJL:bQSMN¸ÅQSD?>�´�K�> ¶ > ´LDEB�X9Â.¾GMGM4�JLR�X9RLIGIGBEZÎFÎB @CBAKABETGV�W�JURL³UBUQSINO2MN¸�RUÂ.KAJoO2I±>�Q9RL¹�IGV�R
I±>A<�X9Â_Q[>�KAR�X9ÀEINV�R¢Q[>AIGINV�RA5Î·.Q9MGI�MN°ËIGM�W[F9BAKAIGBEJUM�KER�X±ÀEIGB&IGRmQ[>ADEIGMNZ º ´LKEB ´LK�> ¶,¶ RUTGRYµW?BUQ[>+DER�ÃÄRLJLKEDE>�DAB+4�JURYX9RUINIGBEZ�MN°3JUBAJLKEBjONIGMNO ¶ XS>�°b¸�VÍD+³Y>�°bBEBA<ET±>�°UIGBER�JLBEJLKAB�ONIGMGR�5SÐ_KEB
¶ TGBAMN°bBAÊ¢X9B ¶ TNM KERL¸ ¶ RUT±>�KA:=TGR ) ÒEÒAÒ¢³LT±>�Q9:AJUBEDGFN>¢DABA°bT±>�JLK+4_JUR�X±RUIGIGBAZ&@�KEBA¸;:�¸�BA¸�RUINK�:
JUBAJLK�>AD�XGO�X ) ÒAÒ!KEV�J�59X±RLK � JUBEDEJLRU¸½INRU¸�IGBE³LB ¶ B�JUT±>ADAIGRUIGMNÂ�J�JLBEDETGRL¸�RUIGINV�¸�M�Ñ � ¸rX±TEQq5
X9R�K ��5 '�B2´�KEBE³LB¿´YX9RU@NKATGBEIGV M ¶ TGBAKABEIGV Q9DEMG³Y>�X9MNJUÀ�BAKUQSR�X±ÀEIGB�QSTN:=³&BAK�QSTN:=³Y>NF;DARLÃÄRYµ
JLKADEB ¶ TGRYQ9JLK�>AD�XGO�X9B¿MN°�JURL<�O ¶ X9>�°b¸;:A5�×®TNMÁKARU¸ ¶ RLT±>�K�:�TNR ) ÒEÒEÒ�³LT±>�Q9:AJUBED ¶ TGBAMN°bBAÊ¢X9B
BE<��qRmQSMGIGRLIGMGR&´YX9RU@NKATGBEIGBAD¿M ¶ TNBAKEBEINBEDD>�KEBE¸�V DEBUQSBETNBbQS>NFrMÁ4�JLR�X9RLIGI±>�OØBE@=>�°b>�XS>AJLÀ
°j> ¶ B�X9IGRLIGIGBEZ(´LKEMN¸�³Y>�°bBE¸�5_4)>�¹�IGBGF�²�KEB ¶ X9>�°b¸�>�IGR ¶ TNBA°bT±>j²GIG>Q±X±OÅ´�X9RL@NKETNBE¸�>A³UINMNK�µ
IGBE³LB,M�°LX±:=²GRLIGMNO�Ö » BAKABEIGV DEJLR�DETGRU¸;O�MN°�X±:=²±>AÂ"KEJoO�F ¶ BE³�X±BAÃ+>AÂ"KEJoOÎF�T±>�JUJURLMGD?>AÂ"KEJoO�I±>´�X±RU@NKATGBEI±>�W ¶ XS>�°b¸�V35 	�>�°EF�I±>ABE<ABETGBAK�F ¶ TGBA°bTG>�²NRUI�56�ÎI±>j²GM�K�F ¶ TGMNÊ�RYQ9Ê�RUR,@ØIG>A¸�´�X9RL@�µ
KETNBE¸�>A³UINMNKEIGBAR�MN°LXG:�²NRUIGMGR2J�KERL¸ ¶ RUTG>�KA:=TGBEZ $�F ��³LT±>�Q9:AJb>�JLDEBE<EBUQSINB ¶ :CKER�ÊÄRLJLKEDABED?>�X9B
DEB�4�JURYX9RUIGINBEZ&J.¸�BA¸�RUINK�> ¶ RUTGRYW?BUQ[> ¶ XS>�°b¸�>�µ ³Y>�°EF=BEJLKAV�D � ¶ BA@GT±>AJLIGRUD ��J.KAR�W ¶ BET�D ÑEÑjÒAÒ
T±>�° MN°Lµ °j>�T±>AJLÊ�MGTGRLIGMNOÁ4�JLR�X9RLIGIGBEZÎ5�Ð_KEB�TNR�X9MG@�KEBEDEBARP´�X9RL@NKETNBE¸�>A³UINMNKEIGBAR�M�°LX±:=²GRLIGMGR
JUBbW�T±>AINM�X9B®D3JURL<ER�MGI » BETG¸�>�¾GMGÂ�B3JUBAJLKEBjONIGMGM�4�JURYX9RUIGINBEZ�D3¸�BA¸�RUINK ¶ RLTGR�WEBUQ[> ¶ XS>�°b¸�>�µ³Y>�°AÖ?J�RU³UB ¶ BA¸�BAÃÄÀEÂÌ¸�VØMG¸�RURL¸ » BAKABEJUIGMN¸�BE@ � <A:=@GD?>�X±ÀEIGB�� �r4�JLR�X9RLIGIGBEZ�D¢DABA°bT±>�JLKER ) ÒAÒ
KEV�J�5GX9RLK�F9@CBE³ Q[>�RUR3KERL¸ ¶ RUTG>�KA:=T±>PJLBEJLK�>AD�X±O�XS> ) ÒEÒAÒ�³LT±>�Q9:AJUBEDN5
H�°b¸�RUT?O�O&KERU¸ ¶ RUT±>�K�:=TN:�´LKABE³UB�TGRYX9MG@NKABEDEBE³LB!´YX9RU@�KETGBE¸�>�³UIGMNKAIGBE³LB MN°�X±:=²GRUIGM�O�F ¶ TGM=µ

ÊÄRmQ9ÊÄRL³UB,@2I±>A¸ÍJ+T±>�°bINV�WI±> ¶ TG>AD�X9RLIGMGZI±>&IGRU<ARAF�¸�V�:C°bI±>ARL¸�Fn@=>A@GMGR+BE<�XS>AJLKAM<EV�X9M
KER ¶ X9RLR3M�X9M�WEB�X9BUQSIGRLR � >Ë°UI±>j²GMNK�F ¶ X9BAKAIGRUR3M�X±MPT±>�°UTGRL¹+RLIGIGRLR ��F�²GRU¸ÆD�JUTGRmQSIGRU¸ ¶ BÄ4�JURYµ
X9RLIGIGBEZ�F;>³�X9>ADEIGBER º IG>AJU@CB�X9ÀA@=BBEINMÆ<EV�X9MÁKER ¶ X9RUR�M�X9M�WEB�X9BUQSIGRLRA5�8�R�°U:jX9ÀjK�>�K¿´LKEM=WMN°U¸�RUTGRLIGMGZÆJUBAJLKEBAMNK2D,KABE¸�F¥²NKEB24_JUR�X±RUIGI±>�OÆD�DEB�°bT±>AJ�KER ) ÒEÒ�KAV�JA5qX9RLK�<EV�XS>�³LBET±>�°YQSB
<EB�X±RUR�BUQSIGBATGBUQSIGBEZ�F�²GRU¸ JURL³UBUQSINOÎÇ)D?>ATNM±>A¾GMGM½KARU¸ ¶ RLT±>�K�:�TNV M ¶ X9BAKAIGBEJ�KEMÌJUBEJ�K�>AD�X±O=µ
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X9M�KEBE³ Q[>,¸�RUIGRLR 10−4 (0,01%)
BAK�JLTGRYQ9IGM�W�°bI±>j²GRLIGMGZ�5 � RL¸�IGR!¸�RUIGRLRAF¥´LKAM�D?>ATGMG>A¾GMGMJL:CÃ�RUJLKADEBED?>�X9M�Ç�J,T±>�°UIGV�WÅI±> ¶ T±>�D�X9RUINMGZ½´�X±RU@NKATGBE¸�>A³LIGMNKEINBERMN°LX±:=²GRLIGMGR ¶ TGM�W?BUQSM�KÁJ

IGRLJU@CB�X9ÀE@CBÄTG>�°LX9MN²GIGBEZ!KERU¸ ¶ RUT±>�K�:=TGBEZ�59Ð_KAB ¶ BA@�>�°j>AIGBËI±>®TGMGJA5�Ô�F?³ Q9R�MN°UBE<ET±>�¹ÄRUIGB¢T±>AJYµ
¶ TGRmQSR�X±RUIGMGR+KARU¸ ¶ RLT±>�KA:=TGV ¶ BPIGRL<ERUJLIGBEZ2J » RLTGR � » BAKABEJUIGMN¸�BE@2T±>AIGINRUZ4�JLR�X9RLIGIGBEZ��.°b>DEV�²GR�KEBE¸�JUTGRmQSIGRUZ!KERL¸ ¶ RUT±>�KA:=TGV $�5 � $EÔ�³UTG>�Q9:EJLBEDÄÉ3RYX9ÀEDEMGIG>NÖE<EB�X±RUR)W?B�X±BbQ9IGV�R.BA<�XS>AJ�KEM
¶ BE@=>�°b>AIGV JUMGIGMN¸�FS<AB�X9RUR3KAR ¶ X9V�R®µ�@GT±>AJLIGV�¸(¾NDERLKABE¸�5

difference

1-year

+200-200

+30-30

8�MGJA5=Ô=Ç 'Ä>AIGIGV�R���� ��� � Ñ ) � Ç�:�³�X±BED?>�O�>AIGM�°bBAKATGB ¶ MNO!TGRYX9MG@NKABEDEBE³LB�MN°�X±:=²GRUINMNO�F?K�57RA5E°j>�µ
DEMGJLMG¸�BEJ�KEÀ+KERL¸ ¶ RUT±>�KA:=TGV » BAKABEIGBED+BAK�IG> ¶ T±>AD�X9RUIGM�O&M�W ¶ TGM�W?BUQ[> � ¶ BE@=>�°j>�I±>Ä¾GDER�KEBE¸ �Y5
Ù�TGRmQSINONO!KERL¸ ¶ RUTG>�KA:=T±> » BAKABEIGBED®MÄQSM ¶ B�X9ÀEI±>�O!@CBE¸ ¶ BAIGRUINK�>�� JLDAON°b>AIGI±>�O�J�QSDAMN¹+RUINMGRU¸
�ÎRU¸rX±M�B�KEIGBEJLMNKERYX9ÀEIGB�³Y>�°j>&TGRYX9MG@NKABEDEV�W » BAKEBAIGBED ��DEV�²�KERUINV3Ö�MN°UBE<ET±>�¹!�UIGINV�R!DE>ATGM±>�µ
¾GMGM�KERL¸ ¶ RUTG>�KA:=TGV�I±>�WEBUQ9ONKAJoO�I±>Ä:=TGBEDEINR δT ∼ 100 µ

É+F±K�5 R�5
δT/T0 ∼ 10−4 ÷10−5 5

×3BEJU@CB�X9ÀA@N:,KARU¸ ¶ RLT±>�K�:�TG>,TGRYX9MG@NKABEDEBE³LB&MN°LX±:=²GRLIGMNO T
°b>ADEMGJLMNK&BAKPI±> ¶ T±>�D�X9RUINMNO ~nI±>!IGRU<ERLJUIGBAZ�J » RLTGRAF9KEB+Q±X±O,MN°U:=²GRLIGMNO�´�KEBEZ,°j>ADEMNJUMG¸�BEJ�KEM�:bQSBA<EIGB!MGJ ¶ B�X9ÀA°bBAD?>�KEÀ�T±>�°�µX9Bj¹+RLIGMGR ¶ B�J » RUTGMN²GRUJL@GMG¸ » :=IG@N¾GMNOG¸ � ³Y>ATG¸�BEINMG@=>A¸ �

Ylm(n)
F¥BE<ET±>�°L:=Â.ÃÄMN¸ ¶ B�X9IGV�Z

I±>A<ABET�<?>�°bMNJUIGV�W » :=IG@G¾GMNZ I±>®J » RUTNRA5=×3BbQ » X±:=@NK�:?>A¾GMNRUZPKERL¸ ¶ RUTG>�KA:=TGV δT
DËIG> ¶ T±>AD�µ

X9RLIGMGM
~n ¶ BAIGMG¸�>AÂ"K�TG>�°bIGBAJLKEÀ

δT (n) ≡ T (n)−T0 −δT���
	
��
� = ∑
l,m

al,mYlm(n) ,

³ QSR�Q±X±O�@CBE´ »®» MN¾GMGRUI�KEBED al,m
DEV ¶ B�X±INOGR�KEJoO�JUBEB�KEIGBAÊ�RUIGMNR a∗l,m = (−1)mal,−m

FNOGD�XGOGÂ"µ
ÃÄRLRUJoO�IGRUBA<jWEBUQSMG¸�V�¸�JYX9RYQ9JLKEDAMGRU¸ÆDER�ÃÄRLJLKEDARUIGIGBAJLKEM�KERU¸ ¶ RUT±>�K�:=TGV35=Õ�³�X9BEDEV�R$¸�BE¸�RLINKEV

Ñ �



8�MGJA5 ��Ç±8�R�°U:jX9ÀjK�>�KEV�MN°U¸�RUTGRLIGMGZ�:=³�X9BADEBEZ,>AIGMN°UBAKETGB ¶ MGM�TGR�X9MN@NKEBEDABE³UB�MN°LX±:=²GRLIGMNO,T±>�°�µ
X9MG²NIGV�¸�M&´U@CJ ¶ RUTGMG¸�RLINK�>A¸�M � Ñ ) � 5 � RLBETGR�KEMG²GRLJU@=>�O�@GTNMGD?>�O ¶ B�X±:=²GRLI±>ÄDÄT±>�¸�@�>�W ¸�BUQSRYX9MJ3K �L¸�IGBEZ�¸�>�KERUTNMGRUZ,M�K��U¸�IGBEZ�´UINRUTG³LMGRUZ�5

l
JUBEB�KEDER�KEJLKADA:=Â.K » X±:=@NK�:?>A¾NMNOG¸ J+KEM ¶ MG²GIGV�¸-:=³�X9BADEV�¸-¸�>AJ�Ê�K�>A<EBA¸ π/l

5qÙ_:CÃÄRLJLKED�:Cµ
Â.Ã�MGR!I±>A<�X9Â_Q9RUIGMNO ¶ BA°UDEB�X±ONÂ.K,MN°U:=²±>�KAÀ�T±>�°LX9MG²NIGV�R�:=³�X9BEDAV�R ¸�>AJ�Ê�K�>A<EV3F¥BAK,Jb>A¸�V�W
@GTN: ¶ INV�W�Q9B!¸�>�JLÊ�K�>�<EBED!¸�RUIGÀAÊ�R 0.1◦ �

l ∼ 1000 FGJL¸�5±TGMGJ�5 �"��5
�ÄBAKEBEJLIGMG¸�BE@ÎFNMN°UBE<ET±>�¹ÄRUIGIGV�Z&IG>ËTGMGJ�5±Ô®MPBE<ET±>�<EBAK�>AIGINV�ZPJ ¶ BA¸�BAÃÄÀEÂ T±>�°�X9Bj¹ IGM�O

¶ B�J » RLTGMG²GRLJU@GMG¸ ³Y>ATG¸�BEINMG@=>A¸�FnIGRUJN�LK�FqT±>�°L:=¸�RURLKAJoO�Fq¸�IGBE³LB�MGI » BETG¸�>A¾NMGM�5q·�I ¶ TGMGDAR�X@�IGRUJL@CB�X9ÀE@GMN¸�D?>�¹�IGV�¸M�IGRUBj¹�M=Q[>AINIGV�¸¿DAV�DEBUQ[>A¸�5?4�B�µ ¶ RLTGDEV�W[FEBEI ¶ BA°UDEB�X9M=X�:AJLK�>AINB�µ
DEMNKAÀGFN²�KEB+I±>�Ê�R�KETNR�W�¸�RUTGINBER ¶ TGBEJ�KET±>AINJLKEDAB�J$W?BETGB�ÊÄRUZ�J�KER ¶ RUIGÀEÂ KABE²GIGBEJ�KEM�RUDA@�X9M=QSB�µ
DEBGÇCJ�:�¸�¸�>®:=³�X9BED�KATGRL:=³UB�X9ÀEIGMG@=>ÄDËIGRU¸�TG>ADEI±>!ÑF&EÒ®³UT±>�Q±:EJUBAD¢Q[>�¹+R)Q±X±O!KETNRL:=³UB�X±ÀEIGMG@CBED
JUB�J�KEBETGBAI±>A¸�M�FSQGX9MGIGVÚ@=B�KEBETGV�W2JUT±>ADAIGMG¸�V�J+TG>�°b¸�RLTGBE¸ÍDEM=QSMG¸�BAZ�²G>AJLKAM¿4_JUR�X±RUIGIGBAZ�F
K�57RA5?JUTG>ADEIGMG¸�VÅJ®Ñ � ¸rX9TAQ¥5?JUDARLKEBADEV�W+X9RLK�5C4_BEBE<AÃ�R"³LBEDEBET?OÎFEBE<AÃÄ>�OÄKERLBETGMNO!BAKAIGBEJLMNKERYX9À�µ
IGBEJ�KEM+QSB ¶ :AJU@=>ARLK�F�²NKEB ¶ TGBAJLKETG>AIGJLKADEBÄ¸�Bj¹+R�K�<EV)KAÀ�IGR$RLDE@�X9M=Q9BEDEV�¸�F=>¢MNJU@GTGMND�X9RUINIGV�¸�Ö
I±>A<�X9Â_Q[>�KAR�X9ÀEINV�R ¹+RÄQ[>AIGIGV�R�JUDEMCQSRLKAR�X9ÀEJ�KEDA:=Â"K�F�²NKEB�´�KEB�INR!K�>A@ � ¶ B,@GT±>AZGINRUZ�¸�RLTGR
Q±X±OIG>�ÊÄRLZ�BA<�XS>AJ�KEM�4�JURYX9RUINIGBEZ��Y5¥Ù ¶ BEJUBA<�M�°b¸�RUTNRUIGMNO � JL:=¸�¸�V :=³�X9BAD�KATGRL:=³LB�X9ÀEIGMN@�>��
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I±>�@CBEJL¸�B�X9BE³LMG²GRUJL@GM�W�¸�>�JLÊ�K�>�<?>�W�T±>�JUJLKABjOGIGMGZ�JLBEJLKABEMNK¢D3J�X9RmQ9:=Â.Ã�RU¸�5��,Bj¹�IGB3I±>�QSR�¹!µ
IGB®DEV�²GMNJ�X9MNKAÀËWC>�T±>A@NKARUTGIGV�Z ¶ TGBEJ�KET±>AINJLKEDARUIGIGV�Z&TG>�°b¸�RLT�BE<�XS>AJLKARUZ�FC³ QSR�KARU¸ ¶ RLT±>�KA:=T±>
I±>AMN<EB�X9RLR�°b>A¸�RLKAIGB"BAKbX9MG²±>�RLKEJoO�BAK$JUTNRYQSIGRLZ�I±>�¸�BE¸�RLINK ¶ RUTNR�W?BUQ[> ¶ XS>�°U¸�>�µ ³Y>�°EÇj´LKABAK"T±>�°�µ
¸�RUT�B ¶ TNRYQSRYX±OGR�KEJoOÆDEB�°bT±>AJ�KEBE¸�4�JURYX9RUINIGBEZ�FnK�57RA5 ¶ TGB ¶ BETG¾GMGBAI±>�X9RLI ) ÒEÒPKAV�JA5qJUDER�KEBEDAV�W
X9R�K�5�Õ�³UB�XqF ¶ BUQ�@=B�KEBETGV�¸ DEM=QSIG>�JLRU³LBbQ9INO � X9MGINRUZG@=>/��K�>A@CBE³UB�T±>�°U¸�RUT±>NFnJLBEBAKADERLKAJLKED�:ERLK
¶ RLTGDEBE¸;: ¶ MG@�:,IG>�TGMGJ�5 ��5��ÎIG>�²NRUIGMGR�´LKEBA³UB :=³�XS>�°b>ADEMGJLMNK&BAK�³URLBE¸�RLKATGMGM2KETNR�W�¸�RUTGINBE³UB
¶ TGBAJLKETG>AIGJLKAD?>NFq²NKAB,M�Q[>AR�K,DABA°b¸�Bj¹�IGBEJLKAÀ&:EJLK�>�IGBEDEMNKAÀGF¥²NKEB�´LK�>�³URLBE¸�RLKATGMNO º RLDE@�X9M=µQSBEDE>N5
4ÍJYX±:=²±>ARËRUDE@�X±M=QSBEDEBAZ,³LRUBE¸�R�KETGMGM,KETGRYWN¸�RLTGIGBE³LB ¶ TGBAJLKETG>AIGJLKAD?> BE<�Ã+>�O�KERLBETGMNO,BAK�µ

IGBEJLMNKERYX9ÀEIGBAJLKEM�BbQ9IGBA°bIG>�²NIGB,JLDAON°UV�D?>AR�K,KARU¸ ¶ T±>AJLÊ�MGTGRLIGMNOÆ4_JUR�X±RUIGIGBAZ¿J�JL:=¸�¸�>ATNIGBEZ
¶ X9B�KEIGBEJ�KEÀEÂ DEJURYW » BETG¸Ú´UIGRLTG³UMGMÎF�K�>A@Á¹+R�@=>A@ØD¿IGÀAÂ.KEBAIGBEDEJL@=BAZÅKERLBETGMGMØKjOG³LBAKERLIGMNOJU@CBETNBEJLKAÀ�BE<ET±>�ÃÄRUINMNO_�ÎRL¸rX9M�DABE@GTN:=³&Ù�B�X9IG¾±>�B ¶ TGRmQSR�X±ONRLKAJoOÆ¸�>AJUJLBEZÁÙ�B�X±IG¾±>N5¥H�°b¸�RYµ
TGRLIGIGV�Z�KARU¸ ¶ TG>AJLÊ�MGTGRUINMNOÄJLBEBAKEDARLKEJ�KEDA:ARLK ¶ B�X9IGBEZ ¶ X9BAKAIGBEJLKAMÄ´UINRUTG³LMGMÄD"JUBEDETNRU¸�RUINIGBEZ
4�JLR�X9RLIGIGBEZ

ε = 0.008
´UTG³
¸ 3 .

4¿KARUTG¸�MGIG>�W ¶ X9B�KEIGBEJ�KEM�¸�>AJLJUV � ¶ BEJL@CB�X9ÀE@N:Ë´UINRUTG³LMNO�JUDAO�°j>AIG>�J)¸�>AJLJUBEZ+JLBEBAKEINBAÊÄRLIGMGRU¸
E = mc2 ��´�KEB!²GMGJYX9B�JLBEJLK�>�D�X±OGR�K

ε
c2 = 5

¸�>AJLJ ¶ TGBAKEBAI±>
¸ 3

¯�J�X9M<EV�´LIGRUTG³LMNODEB�4�JLR�X9RLIGIGBEZ¾GRYX9MG@CBE¸ B ¶ TGRmQSR�X±O=XS>AJLÀ�´LIGRUTN³UMGRLZ ¶ BA@=BjO2BA<EV�²GIGBE³LB
DER�ÃÄRUJ�KED?>�F¥KAB�D�JUTGRmQSIGRU¸ DAB�4�JLR�X9RLIGIGBEZÆ<AV�X9B,<AV Ô ¶ TGBAKEBAIGBED�D�@N:=<EMG²NRUJU@CBE¸ ¸�R�KETGR�5
�,VÍ:�DAM=QSMG¸�F9BUQSI±>A@CBGF±²�KEB!BE<EV�²GIGBA³UB!DERLÃ�RUJLKAD?>�DAB�4_JUR�X±RUIGIGBAZ�³UBAT±>�°�Q9B�¸�RLIGÀAÊÄR�5
4�B�µ DAKEBETNV�WÎFqMN° » BAKEBAJUIGMG¸�@=>�TNMGJA5�Ô&¸�B�¹�IGB�:EJ�K�>AIGBEDEM�KEÀGF¥@=>A@CBED?>,<AV�XS>�DAR�X9MG²NMGI±>

� >�¸ ¶ X9MNK�:jQS>"�¢IGRLBUQSIGBETGBUQSINBEJLKARUZ�KERL¸ ¶ RUTG>�KA:=TGV M ¶ X±BAKEIGBAJLKEMÆD,T±>AIGINRUZ�4_JUR�X±RUIGIGBAZ ºBEI±>�JLBEJLK�>AD�X±O�XS> 10−4÷10−5 BAK$JLTGRYQSINM�W®°bI±>j²GRLIGMGZ�5�H3¸�RUINIGB.M�°�´LKEM=W¢IGRUBUQSIGBATGBUQSIGBEJ�KERUZ
¶ X9B�KEIGBEJ�KEM�DABA°bIGMN@�X9M�³Y>�XS>A@NKAMG@GM�M�JU@CB ¶ X9RUIGM�O�³Y>�X9>A@NKEMN@�Ç�BA<�XS>AJ�KEM�J!<AB�X9RUR�DEV�JLBE@CBEZ
¶ X9B�KEIGBEJ�KEÀEÂ ¶ TNMNKjOG³LMGD?>�X9M�@2JURL<ER+BE@GT�:=¹+>AÂ.Ã�RUR+DER�ÃÄRUJ�KEDEB�°j>PJL²GRLK�³LT±>ADEMNK�>�¾GMGBEIGINV�W
JUM=XqF�JLK�>�IGBEDEM�X±MGJUÀ�RLÃ�R!<AB�X9RUR ¶ X9BAKEINV�¸�M¿MD&@CBEIGRL²GIGBE¸ MNKEBE³LR�BE<ET±>�°UBEDEV�D?>�X9M2³Y>�XS>A@=µ
KEMN@GM�5
×3BEJU@CB�X9ÀA@N:¢I±>j²±>�X9ÀEINV�R)IGRUBUQSINBETGBUQSIGBEJ�KEM ¶ X±BAKEIGBAJLKEM�MN°UDERUJ�KEIGV3F ¶ TGBE¾GRLJUJ_BE<ET±>�°UBED?>�µ

IGMNO ³Y>�XS>A@�KEMG@�¸�Bj¹ INB�T±>AJLJU²GM�K�>�KEÀ�MPTGR�°U:jX9ÀjK�>�K!JUTG>ADEIGMNKAÀ+J�I±>�<�X9Â_Q[>ARL¸�V�¸ÁT±>AJ ¶ TGRYQSRYµ
X9RLIGMGRU¸¿³Y>�XS>A@�KEMG@�DEB¢4�JURYX9RUIGINBEZ�5�Ð_KEBAKËT±>AJL²GRLKËJUBA³�XS>AJL:ARLKAJoOPJ$I±>A<�X±Â_QSRUIGM�OG¸�M�FEKAB�X9ÀE@CB
RUJYX9M ¶ TGRmQ ¶ B�X9Bj¹�MNKEÀNF�²NKEB ¶ BA¸�MG¸�B&BE<EV�²GINBE³UB&DER�ÃÄRLJLKEDE>�DEB�4_JUR�X±RUIGIGBAZ�MN¸�RURLKAJoOQ9TN:?µ
³UBAZ�KEM ¶ DER�ÃÄRUJ�KED?> º KARU¸�I±>�O�¸�>�KARUTGMNOÎFCDE@�XS>�Q&@CBAKEBETNBEZ D ¶ B�X9I�:�Â ¶ X9B�KEIGBEJ�KEÀÄ´LIGRUTN³UMGMJURL³UBUQSINO,JUBAJLK�>AD�XGOGRLK�BE@CB�X9B
$AÒ�µ�$EÔ��P5

'�TN:=³UBEZ&´�K�> ¶ ´UDEB�X±Â�¾GMGM�4_JUR�X±RUIGIGBAZ�JLBEBAKADERLKAJLKED�:ERLK�RLÃ�R3<EB�X9RLR�T±>AINIGMG¸ÆDETGRL¸�RUI±>�¸�F
BAK�Ñ_QSB�$�ÒEÒ�JURL@N:=I=Q � � �¥J)¸�BE¸�RUI�K�>���B�X9ÀAÊÄBA³UB®4_°UTGV�D?>NFE@CBE³ QS>3KARU¸ ¶ RLT±>�K�:�TG>�4�JLR�X9RLIGIGBEZ

Ñ �



QSBEJ�KEMG³Y>�XS>&¸�M�XGX9M±>�TEQ9BEDP³UTG>�Q9:EJLBEDG5n4 ´LKEB&DATGRU¸;O�DEBP4�JLR�X9RLIGIGBEZ ¶ TNBEMGJ�W?BUQSM=X9M2KERUTN¸�B�µ
O=Q9RUTGIGV�R,TGRb>�@G¾GMGM�F_>AI±>�X9BE³UMN²GIGV�R�TNRb>A@G¾NMNOG¸�F ¶ TGB�KERU@=>AÂ"ÃÄMG¸ D¿¾GRUINKATGR2Ù�B�X9IG¾±>�M�X9M
D2KERLTG¸�BjO=QSRLTGIGBEZÅ<EBE¸�<ER�5�4�TGRL°L:�X±À�K�>�KER�´�KEM�WØTNRb>A@G¾NMGZÅ²G>AJLKAÀ ¶ TNBAKEBEINBEDJUDAO�°j>�XS>�JUÀ�J
IGRLZNKETGBAI±>A¸�M�M�BE<ET±>�°bBED?>�XS>�X9RU³L@GMGRËOCQST±> º O=QST±>!³URYX9MNO�FNQSRLZNKERLTGMNO�M�X9M�KEMNO=µ���5SÉ3B�X9M�µ²GRLJLKEDAB&BE<ET±>�°UBED?>AD�ÊÄM�WEJoO�X9RU³L@GM�W,O=QSRLT2¸�Bj¹ IGB�T±>AJLJU²GMNK�>�KEÀGF ¶ TGM�´LKABE¸ÌRYQSMNIGJLKADERUIGINV�¸
IGRLMN°bDERLJLKAIGV�¸ ¶ >ATG>A¸�RLKATGBE¸ÁOGD�X±ONRLKAJoO ¶ X9BAKAIGBEJLKAÀ�²NMGJ�XS> ¶ TNBAKEBEINBED+DEB�4�JLR�X9RLIGIGBEZ�59×3B�µ
J�X±RYQSIGÂ.ÂÚBA<EV�²GIGB!JUBEB�KEIGBEJoO�K J ¶ X±BAKEIGBAJLKEÀAÂÚ²GMNJ�XS> » BAKEBEINBEDGF±B ¶ TNRYQSRYX±ONO

ηB =
nB

nγ
,

³ QSR
nB
M

nγ º ¶ X9BAKEINBEJLKAMØ²NMGJ�XS>�<E>ATGMGBEINBED�M » BAKABEIGBEDGF�JUBEB�KEDER�KEJLKADERUINIGBG5 � >�@=BAR BAK�µIGBAÊ�RUIGMNR�IGR¢°j>ADEMNJUMNK BAK DATGRU¸�RLIGM�D!T±>AJLÊ�MGT?OGÂ"ÃÄRUZNJoO�4�JURYX9RUIGINBEZ�FSWEBAKjO�JU>A¸�M
nB
M

nγ:=¸�RUIGÀ�Ê+>AÂ"KEJoO�JLB�DATGRU¸�RLIGRU¸�5
Ù�T±>ADEINRUIGMGR�´LKABE³UB�T±>AJL²GRLK�>J&I±>A<�X9Â_Q[>ARL¸�V�¸�@CB�X9MG²NRUJLKADEBE¸ÚX±RU³U@NM�WØ´�X9RL¸�RUINKABED�DEB

4�JLR�X9RLIGIGBEZ ¶ TNMGDERYQ9RUIGB&I±>!TGMGJ�5 ��ÇGX9MGINMGM ¶ TGRmQSJLK�>AD�X±OGÂ"K�JUBE<EBAZ�TGR�°U:jX9ÀjK�>�KEV KERLBETGRLKAM�µ
²GRLJU@CBE³UB,T±>AJL²GRLK�>�D&°j>ADEMNJUMG¸�BEJ�KEM¿BAK�RYQSMGINJLKEDARUIGIGBA³UB ¶ >�T±>A¸�RLKAT±> º ¶ X9BAKEINBEJLKAM�BE<EV�²=µIGBE³LB&DERLÃ�RUJ�KED?> � <E>ATGMGBEINBED ��F[> ¶ T?ON¸�BA:=³UB�X9ÀAIGMG@GM º I±>A<�X9Â_Q[>�KAR�X9ÀEINV�RÄQS>AIGIGV�R�5"��>A¸�R�µ²±>�KAR�X9ÀAIGBGF�²NKAB&MG¸�RUR�KEJoO�JUBA³�XS>AJUMNRËQ±X±O�DAJUR�W�KETGRYW�X9RL³U@GM=W�O=Q9RUT � ³LR�X9MNO=µ � FGQSRLZNKERLTGMNO�M
X9MNKAMNO�µ � ��ÖCJLBE³�XS>AJLMGR�RUJ�KEÀÄM�J�QS>AIGIGV�¸�M ¶ BËTGRYX9MG@NKABEDEBE¸;:�MN°L:�²NRUIGMGÂ � ¶ BE@=>�°b>AIGV½DARUTNKAM�µ
@=>�X9ÀEINBEZ ¶ B�X9BEJUBAZPI±>ËTNMGJA5 � FCBE<EBA°UI±>j²GRUINIGBEZ�Ùh��4 º ��� ��� � 1�� � 1  ���N/�� ��� /21	��
  � ��� �Y5
Ð_KEB�JUBE³�XS>�JUMGR,JUDEM=Q9RLKERYX9ÀEJ�KEDA:ARLKÅB�KABE¸�F_²�KEB�BA<AÃ+>�OØKERLBETGMNO(BAKEINBEJUMNKAR�X9ÀAIGBEJLKAMÌM(MN°�µ
DERLJLKEINV�RÄ°j>A@CBEIGV OCQSRUTGINBEZ » MN°bMN@GM ¶ T±>ADAM�X9ÀEIGB B ¶ MGJLV�D?>AÂ.K&4�JURYX9RUIGI�:�Â�D DEBA°bTG>AJLKARPÑµ�$AÒEÒÄJLRU@N:=I=QqFS@CBE³ QS>!DER�ÃÄRLJLKEDAB�D�IGRLZ,MG¸�RYX9B+KERL¸ ¶ RUT±>�KA:=TN:,¸�M�XGX9M±>�TEQ�³UTG>�Q9:EJLBED!M�DAV�µ
ÊÄR�5 '¢X±OPIG>AJ�D?>�¹�IGBGFC²NKAB+DEJUR�´LKEM Q[>�IGIGV�R ¶ TGMNDEBUQ9ONK�@PDAV�DEBUQ9:PB�KABE¸�FN²�KEB ¶ X9B�KEIGBEJ�KEÀ
¸�>AJLJUV�BA<EV�²GIGBE³LB�DARLÃÄRLJLKAD?>�D!JUBEDATGRU¸�RLIGIGBEZ,4�JURYX9RUINIGBEZ�JLBEJLK�>�D�X±OGR�K

εB

c2 = 0.25
¸�>AJUJ ¶ TGB�KEBEI±>

¸ 3
K�57RA5±BE<EV�²NIGBER�DER�ÃÄRLJLKEDAB�DE@=XS>�QSV�D?>�RLK!DEJURL³UB�Ô���D ¶ B�X9I�:�Â ¶ X±BAKEIGBAJLKEÀ!´UINRUTG³LMGM,DAB�4�JURYµ
X9RLIGIGBEZ�5
H�K�>A@�FGQSB�X±O,BE<EV�²GINBE³UB!DERLÃ�RUJ�KED?> � ¶ TGBAKABEIGBEDGFS>�KABE¸�IGV�W�O=Q9RUT�F9´�X±RU@NKATGBEIGBED"�"D J�:=¸rµ

¸�>ATGINBEZ+´UIGRLTG³UMNM�D3JLBEDETGRL¸�RUIGIGBAZ 4�JLR�X9RLIGIGBEZ�JLBEJLK�>AD�X±OGR�K��$DEJURL³UBËÔ��P5?×3BE¸�MG¸�B�BE<EV�²GIGB�µ
³UB!DER�ÃÄRUJ�KED?>�DEB!4�JURYX9RUIGINBEZ�MG¸�RLÂ.KEJoO�M,TNR�X9MG@�KEBEDEV�RËIGRUZ�KETGMGINB � BE@CB�X±B ) ÒAÒ�INRUZNKATGMGIGB
DEJLR�WÆKAM ¶ BED�D@N:=<EMG²GRLJU@CBE¸�JU>AINKAMG¸�RLKATGR �Y5�H�WÁDE@=XS>�Q(D ¶ B�X9IN:=ÂÏ´UINRUTG³LMGÂ � ¸�>AJUJ�: ��DEB
4�JLR�X9RLIGIGBEZIGRLDER�X9MN@�F ¶ BEJL@CB�X9ÀE@N:�¸�>AJUJLVÚINRUZNKATGMGIGB�¸�>�X9V3F[M2JUBEJ�K�>AD�X±ONRLK�°j>ADARYQSBE¸�B IGR
<EB�X±RUR3Ñ �P5C·�JLK�>�DAÊÄMGRLJoO��AÒ"Ó �?Ô�� ¶ B�X9IGBEZ+´LIGRUTN³UMGM�DEB®4�JURYX9RUINIGBEZ º � IGRLMN°bDERLJLKAIGB�²NKAB��m5

��B�X9RLR�KEBA³UBGFG´�KEB � IGRUMN°UDERUJ�KEIGB�²NKAB���JUBEJ�KEBEMNK�M�°.QSDA:?W » TG>A@G¾GMGZ º KERU¸�INBEZ�¸�>�KERLTGMGMM�KERU¸�INBEZ,´LIGRUTN³UMGM�FS@=>A@�MN°bBE<AT±>�¹+RLIGB�I±>!TNMGJA5�&N5
�4ZIC�DB=R?-@V7 G12 � 24MR?-GN+LG JRGN2RJU* + 
 2 � 2 Ghi =[C/+1J:7`240�.15 2��-@ �1^ K�0/@12:G12 �624MR?-G1@[0/+�
N@8*�D�?NMSE G @NMR0�@1GN0�@N7
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8�MGJA5 �=Ç;×3TGRYQ9JU@=>�°j>�IGMNOÅIN:=@�X9RUBAJUMGINKARL°b>Q±X±OÁT±>�J ¶ TGBAJLKETG>AI`�UINIGBEJLKARUZ ¶ RUTGDEMN²GIGV�W 4 � � F
� F 3 � � F 7 � � DE¸�RLJLKER�JPTNRL°U:jX9ÀjK�>�K�>�¸�M(I±>A<�X9Â_QSRUINMGZ � Ñ � ���S$

σ
IGRLB ¶ TGRmQSR�X��LIGIGBEJ�KEM�Ç�J�K�>�µ

KEMNJLKEMN²GRUJL@GMGR º Q±X9MGIGINV�Z ¶ :=IG@NKAMGT�F�JLK�>�KAMGJLKAMG²GRUJL@GMGR�MÅJLMGJLKARU¸�>�KAMG²GRLJU@GMGR º @CBETGBAK�µ@GMGZ ¶ :=IG@NKEMNT�Ö�IGRLB ¶ TGRmQSR�X��LIGIGBEJ�KEM�DPDEV�²GMNJ�X9RLIGMGMT±>AJ ¶ TGBEJ�KET±>AINIGIGBEJ�KERUZ�JUBABAKEDER�KEJ�KEDA:?µ
Â.K�KAB�X±ÃÄMNIGR�X±MGIGMGZ��Y5q4�RUT�KEMG@=>�X9ÀAI±>�O ¶ B�X9BEJU>%�4��� � � º TGRL°L:�X±À�K�>�K�Q±X±O ηB

F�JYX9RYQ±:�Â$µ
ÃÄMNZ¿MN°�>AIG>�X9MN°b>,>AINMN°bBAKATGB ¶ MNM�TGRYX9MG@NKABEDEBE³LB�MN°�X±:=²GRUIGM�O�5¥×3B�BAJUM¿>A<EJU¾NMGJUJ�BAKbX9Bj¹+RLIGB
η10 = ηB ·1010 F ¶ B¢BEJUM�BETAQSMGI±>�KNÇ Y =

n4He·m4He
np·mp

º ¸�>AJLJUBED?>�O�@CBEIN¾GRUINKAT±>A¾GM�O 4 � � F nD/np
F

n3He/np
M

n3Li/np
º T±>�J ¶ TGBAJLKETG>AI`�UINIGBEJLKAM2BEJLK�>�X9ÀEIGV�W,´�X±RU¸�RUI�KEBEDG5

��� � ��) � -,�0� � ����) �����

� RL¸�I±>�O,¸�>�KERLTGMNO�JUTGBUQSIGM�BE<EV�²GIGBA¸;:,DARLÃÄRLJLKADA:�D!KEBE¸½JL¸�V�J�X9R�FÎ²NKABPBEI±>!J ¶ BAJUBE<EIG>�JUB�µ<EMGTG>�KEÀEJoO�D�JU³�:EJ�KE@GM � T±>�°U¸�RUTGBA¸�FnJU@=>�¹+RL¸�FnJ+³Y>�XS>A@NKAMG@N:M�X±M�JL@CB ¶ X9RLIGMGR!³Y>�XS>A@NKAMG@��3M
:=²±>AJ�KEDA:ARLK½DÁ³LT±>ADEMNK�>�¾GMGBEIGINV�WÍDA°j>AMN¸�BbQ9RUZGJ�KEDEMNO=WÌK�>A@Ì¹+RAF)@=>A@ÌBE<AV�²GIGBER2DER�ÃÄRLJLKEDABG5
Ù�@CBETGRLR�DEJURL³UBGF�BEI±>¢JUBEJ�KEBEMNKÄMN°3IGBEDAV�WÎF=IGR.BAKE@GTNV)KEV�W�R�ÃÄR�D¢°bRU¸�INV�WP:EJYX9BEDEM�O�W ²±>AJLKAMG¾
� JL¸�5±BE<A°UBETGV � Ñ � � �Y5
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70–75%

темная

энергия

20–25%

темная материя

0.3–1% — нейтрино

0.5% — звезды

5% — обычное вещество

8�MGJA5�&NÇ ��>�XS>AIGJ®´LIGRUTG³LMGZ�D�JLBEDETGRL¸�RUIGIGBAZ�4�JLR�X9RLIGIGBEZ�5

×3BE¸�MG¸�B�@CBEJL¸�B�X9BE³LMG²GRUJL@GM�W�Q[>AIGIGV�W[F;D ¶ B�X9ÀA°L:�JL:CÃÄRLJLKEDABED?>AIGM�OÆKERU¸�INBEZÁ¸�>�KERLTGMGM
J�XG:=¹+>�KÄMN°U¸�RUTGRLIGMNO ³UT±>ADAMNK�>A¾GMGBAIGIGBE³LB ¶ B�X±O�D¢JU@CB ¶ X9RLIGMNO=WP³Y>�X9>A@NKEMN@PM DË³Y>�XS>A@NKAMG@=>�W[5
H3¸�RUR�KEJoO¿IGRUJL@=B�X9ÀE@CB,J ¶ BEJLBE<EBED�MN°U¸�RUTGRLIGMNO¿³UT±>ADAMNK�>A¾GMGBAIGIGBE³LB ¶ B�XGOD�JL@CB ¶ X9RLIGMNO�W�³Y>�µ
XS>A@�KEMG@�F�BUQSMGIËMN°�@CBAKABETGV�W º ³LT±>ADEM�K�>A¾GMGBEINIGBER�X±MGIN°bMNTGBED?>AINMGRAF ¶ TGBEM=XGX9Â�J�KETGMNTGBED?>AINIGBERI±>�TGMGJ�5 �N5"	nT±>ADEMNK�>�¾GMGBEIGINBER ¶ B�X9R�JU@CB ¶ X±RUIGMNO¿MGJL@GTGMGD�XGOGRLK�X±:=²GM�JLDERLK�>�F¥MNJ ¶ :CÃÄRLIGIGV�R
³Y>�XS>�@NKEMG@CBEZÎF=IG>�W?BUQ9O�ÃÄRUZNJoO�°b>®JL@CB ¶ X9RLIGMGRU¸�F � 5 R�5E³UTG>ADEMNK�>A¾NMGBEIGIGBAR ¶ B�X9R_QSRLZGJLKADA:ER�K+@=>A@X9MGI�°j>N5±×3TGM�´�KEBE¸ØMGIGBE³ QS> ¶ B�OND�X±ONÂ.KEJoO�IGRLJU@CB�X9ÀA@=B!BE<ETG>�°bBED�´LKEBAZ�:bQ[>�X±RUIGIGBAZ�³Y>�XS>A@NKAM�µ
@GM�Ö¥I±> ¶ T±>ADEBEZ ¶ B�X9BEDAMGIGR TNMGJA5 ��BEIGM�MN¸�RUÂ.K�³UB�X±:=<EBAZÆ¾GDERLK�5rH3JU@GTGMND�X9RUINMGRPJUDARLK�>�°j>�µ
DEMGJLMNK&BAKPT±>AJ ¶ TGRYQSRYX9RUINMNO¸�>AJUJLV�DPJU@CB ¶ X±RUIGMGMÎF�IGRL°b>ADEMGJLMG¸�B&BAK�KEBE³LBGFÎ@=>A@GMNRÄ²±>AJ�KEMG¾GV
´LK�:¸�>AJUJ�:2JUB�°�Q[>AÂ"K�5¥4�BEJUJ�K�>AIGBED�X9RUIGINBER!K�>�@GMG¸-BE<AT±>�°bBA¸ T±>�J ¶ TGRmQSR�X±RUIGMGR�¸�>AJUJLV ¶ BA@�>�µ
°j>�IGB3I±>�X9RUDABEZ ¶ B�X9BADEMGIGR�TGMNJA5 ��³LB�X±:=<EV�¸�¾GDERLKABE¸�ÖEDEMCQSIGBGFE²�KEB®BEIGB3JLM�X9ÀEIGB3B�KbX9MG²±>AR�KEJoO
BAK�T±>�J ¶ TGRmQSR�X±RUIGMNO�JUDER�KjONÃ�RU³UBAJoO�DER�ÃÄRLJLKEDE>N5¥H3°U¸�RUTGRLIGIGV�R ¶ BUQSBE<EINV�¸�BE<ETG>�°bBE¸Ì¸�>AJLJUV
JU@CB ¶ X9RUIGMNZØ³Y>�XS>A@NKAMG@ÁJUBE³�XS>�JL:=Â.KAJoOÅJ!KERL¸�F;²NKEB�KARU¸�I±>�OÆ¸�>�KERLTGMNOÆDA@�XS>�QSV�DE>ARLK2BA@=B�X9B
$EÔ��¼D ¶ B�X9I�:�Â ¶ X9BAKAIGBEJLKAÀÆ´UIGRLTG³UMNM�DEB�4�JLR�X9RLIGIGBEZÎ5)\®> ¶ BE¸�INMG¸�F_²�KEB�´�KEB�¹+R�²GMGJYX9B
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¶ B�XG:�²G>ARLKAJoOMN°+JUTG>ADEIGRLIGMNO�KARUBETGMNM�BA<ET±>�°UBED?>AIGM�O�JLKATN:=@NKA:=T � ³Y>�XS>�@NKEMG@ÎF�JU@CB ¶ X±RUIGMGZ ��J
I±>A<�X9Â_QSRUINMNOG¸�M�5

8�MGJA5��NÇNÙ�@=B ¶ X9RUINMGR �B� 0024+1654 � Ñ�Ô � ÇNJLMGIGMGZ&¾GDARLK�I±>¢X±RUDEBE¸ÆTNMGJL:=IG@CR®M�XGX9Â.JLKATGMGTN:?µ
RLK!T±>�J ¶ TGRmQSR�X±RUIGMGR¢KERL¸�IGBEZ�¸�>�KERUTNMGM�Ö±JURLT ¶ BEDAM=QSIGV�R¢BE<��qRL@NKEV ³UB�X±:=<EBA³UB!¾GDERLK�>�I±> ¶ T±>�µ
DEBE¸ TGMGJ�:=IG@CR º ¸�IGBj¹+RLJLKEDARUIGIGBAR,MN°UBE<ET±>�¹+RUIGMNR&³Y>�XS>A@NKAMG@GM�F�T±>�J ¶ B�X±B�¹ÄRUIGIGBAZÆQ[>�X9RU@CB°j>�JU@CB ¶ X9RUIGMNRU¸�5

� RL¸�I±>�O½¸�>�KERUTNMNO�MG¸�RLRLKEJoOÍM½D�³Y>�XS>A@NKAMG@=>�W[5$Ð_KEBÁB ¶ ONKEÀ�µ K�>A@GM�JYX9RYQ±:ERLKØMN°�MN°b¸�RYµTGRLIGMGZ�³LT±>ADEM�K�>A¾GMGBEINIGBE³UB ¶ B�X±OÎFÎKER ¶ RUTNÀ�:C¹+R�D�³Y>�XS>A@NKAMG@=>�W¿M¿M�W2BE@GTGRLJLKEINBEJLKjO=WÎ5 �3RU¸
JUM=X9ÀEIGRLRË³LT±>ADEMNK�>�¾GMGBEIGINBER ¶ B�X9RAFGKARU¸�<EV�J�KETGRLR�DET±>�Ã+>AÂ"KEJoO,DEBE@GTN:=³¢³Y>�XS>A@�KEMG@GM,°bDER�°�QSV
M�BE<�XS>A@=>�³Y>�°b>NF[K�>�@�²NKEB&M�°b¸�RUTNRUIGMNO�JU@CBETGBEJ�KERLZ�DAT±>�ÃÄRLIGMNO�D °j>ADAMGJUMG¸�BAJLKEM2B�KPT±>AJLJLKAB�µ
OGINMNO,QSB&¾GRLINKETG>�³Y>�XS>A@NKAMG@GM ¶ BA°bDAB�X±OGÂ"K�DEBEJLJLK�>AIGBADEMNKEÀ�T±>�J ¶ TGRmQSR�X±RUIGMGR!¸�>AJLJUV DPIGRUZÎ5
Ð_KEB ¶ TGBEM�XNX9Â�J�KETGMGTNBED?>AIGB&IG> TGMGJ�5�ÑjÒ�Ç ¶ B ¸�RUTNRË:bQ[>�X9RLIGMNO�BAKP¾GRLINKETG>P³Y>�XS>A@NKAMG@GM2JL@=B�µ
TGBEJ�KEMÅBE<ET±>�Ã�RUIGM�O(IGR�:=¸�RUIGÀ�Ê+>AÂ"KEJoO�F�²NKAB�³UBADEBETGMNK¿BKEBE¸�F�²NKAB�D�³Y>�XS>A@�KEMG@CRAF_D2KEBE¸
²GMGJYX9R�D�Q[>�X9RL@=R"BAKËRUR.JUDER�KjONÃÄRLZGJoO&²±>�JLKEMÎF�MG¸�RLRLKAJoO&IGRUJLDERLKjO�Ã+>�ONJoO�F=KERU¸�IG>�O ¸�>�KERUTNMNO�5�4
I±>�Ê�RUZ 	N>�X9>A@NKEMN@=R�D&BE@NTGRUJ�KEIGBEJ�KEM�Ù�B�X9IG¾±>&¸�>AJLJb>PKERL¸�IGBEZ�¸�>�KERLTGMGM ¶ TGMG¸�RLTGIGB�T±>ADAI±>
¸�>AJLJUR®BE<EV�²GINBE³UB!DERLÃ�RUJ�KED?>N5

��KEB ¶ TGRmQSJLK�>�D�X±OGÂ"K�MN°ÄJLRU<jO2²±>AJ�KEMG¾NV KARU¸�IGBEZ¸�>�KARUTGMNM9È��3JLIGBGFÎ²�KEB&´LKAM2²±>AJ�KEMG¾GV
IGR;QSB�X±¹�IGV¿T±>AJ ¶ >�Q[>�KAÀEJoO�IG>�QSTN:=³LMGRAF�<EB�X9RLR;X9RU³L@GMGR�²G>AJLKAMG¾GV3F�MGI±>j²GR�<EV�BEIGM¢T±>AJ ¶ >�X9MNJUÀ
°j>�DETGRL¸;OJL:CÃÄRLJLKADEBED?>AINMNOÆ4�JLR�X9RLIGIGBEZÎ5rÙ)>�¸�´LKABAK » >�@NK�JUDEM=Q9RLKERYX9ÀEJ�KEDA:ARLKB&KEBE¸�Fn²�KEBD ¶ TGMGTGBUQSR�QSRLZGJLKADA:ER�K&IGBEDEV�ZÎFSINR¢B�KE@GTGV)KAV�Z ¶ BE@=>+°j>A@CBEI�JUBbW�T±>AIGRLIGMNOÎFS°b> ¶ TGR�Ã+>AÂ"ÃÄMGZ
´LKAMG¸�²±>AJLKAMG¾±>A¸�T±>AJ ¶ >�Q[>�KEÀEJoOÎ5E6�I±>�X9BE³UM�O+°�QSRLJUÀ3J)°j>�@=BAIGBE¸JUBbW�T±>AIGRLIGMNO�´YX9RU@NKATGMG²GRLJU@CB�µ
³UBË°j>AT?O=QS>NÇ�´YX9RU@�KETGBEI º ´LKEB¢X9RU³L²±>AZNÊÄ>�O&²±>AJ�KEMG¾G>ÄJ�´�X±RU@NKATGMG²GRLJU@GMG¸Ø°j>AT?OCQSBE¸�F=MPMG¸�RUI=µIGB ¶ BE´LKABE¸;:¿BEI�IGR�T±>AJ ¶ >�Q[>AR�KEJoOÆIG>,<EB�X±RUR!X±RU³U@NMGR ²±>�JLKEMN¾GV � I±> ¶ TGMG¸�RUTÎFrIGRLZNKETGMNIGB2M
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8�MGJA5rÑjÒNÇ[8r>AJ ¶ TGRYQ9R�X9RLIGMGR!JU@CBETGBEJ�KERLZ¿BE<�XS>A@CBEDPDEBUQSBATGBUQ[> D&³Y>�XS>�@NKEMG@CR�� � � �?ÔAÒ ) � Ñ � � 5
8r>�°bIGV�¸�MÁX9MGIGMNON¸�M ¶ BE@=>�°j>AINV DE@�X9>�QSV KET`�YWØBEJUIGBADEIGV�WÁ@CBE¸ ¶ BAIGRUINK�F » BETG¸�MNTN:=Â.ÃÄM=W³UTG>ADEMNK�>A¾NMGBEIGIGV�Z ¶ BAKERLIG¾GM±>�X2³Y>�XS>�@NKEMG@NM�5

» BAKEBAIGV���5 'Ä>�X±RURAF�²±>AJ�KEMG¾GVÁKERL¸�IGBEZ�¸�>�KARUTGMGM�²GTNRL°bDAV�²±>AZGIGB®JYXS>A<EB3DA°b>AMG¸�BUQSRLZGJLKADA:=Â.KËJ
I±>�Ê�MG¸�DERLÃ�RUJLKADEBE¸�F?MGIG>�²NR"BAIGM�<EV�X9M�<EVÆ:C¹+R�BE<EI±>�TN:C¹+RUIGVØD3°bRL¸�IGV�W�´U@CJ ¶ RUTGMN¸�RUINK�>�W[5

'Ä>�X9ÀAÊ�R¢IG>�²NMGI±>AR�KEJoO�BA<�XS>AJ�KEÀ!³UM ¶ B�KERL°A5
\®>AMG<EB�X±RUR ¶ TGBEJ�KEV�¸�F[> ¶ BAKEBA¸;:�M,I±>�MG<EB�X9RLR ¶ TGMGD�X9RL@=>�KERYX9ÀEIGV�¸�¸�RYWC>AIGM�°b¸�BE¸½³LRUIGRYµ

T±>A¾NMGM½K �L¸�IGBEZÌ¸�>�KERLTGMGMÌDEBÆ4_JUR�X±RUIGIGBAZÍOND�X±OGR�KEJoO�JYX9RYQ±:�Â"ÃÄMGZÎ5.×3TGM½KARU¸ ¶ RLT±>�K�:�TG>�W
D(TG>AIGIGRLZ-4�JLR�X9RLIGIGBEZ�F.JUT±>�DEIGMG¸�V�W J�¸�>AJUJLBEZ-²±>AJ�KE¾�K��U¸�IGBAZ-¸�>�KERLTGMGM ���

mDM
F$MGI=µ

KERLIGJUMNDEIGB ¶ TGBEMGJ�WEBUQSM�X9M ¶ TGBE¾GRLJUJLV ¶ >ATNIGBE³UB2TNB�¹+QSRLIGMNOÁMÁ>AIGIN³UM�X±ON¾GMGMÁ´LKAM�WÁ²±>�JLKEMN¾�F
K�>A@Í²NKEBÁM�W½@CBEIG¾GRLINKET±>�¾GMNO <EV�XS>Æ<�X9MN°U@=>Á@ÌT±>�DEIGBEDERLJUIGBAZÍM�DAR�X9MG@=> �8�b5)×3TGM ¶ BEIGM=µ
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¹+RLIGMGM¿KARU¸ ¶ RLT±>�K�:�TNV @CBEIG¾NRUINKAT±>A¾GMNO�²±>AJLKAMG¾�K��U¸�IGBEZ�¸�>�KERLTGMGM ¶ >jQ[>�XS>&°j>�JU²`��K ¶ TGB�µ
¾GRLJUJUBADÁ>AIGIGMG³LM�X±ON¾GMGMÌM(°j>¿JU²`��KÁT±>AJLÊ�MGTGRLIGMNOÍ4�JLR�X9RLIGIGBEZ�5)4�V�²GMGJYX9RUIGIG>�OÌD�T±>A¸�@=>�W
´LKABE³UB�¸�RYWC>AIGM�°b¸�>&JUBEDATGRU¸�RLIGI±>�O ¶ X9BAKEINBEJLKAÀ,¸�>AJLJUV K �L¸�IGBEZ¸�>�KARUTGMGM�QSBADEB�X9ÀEINBPJ�XS>�<EB
� X±BE³Y>ATGM » ¸�MG²NRUJU@NM���°b>ADEMGJLMNK�BAK mDM

M�JUM�X9ÀAIGB � @=>A@ 1/σ
�_°b>ADEMGJLMNK�BAK!JURU²NRUIGMNO�>AIGINM�µ

³UM=X±OG¾GMNM�5 � TGRL<A:ERL¸�>�O ¶ X9B�KEIGBEJ�KEÀ�¸�>AJLJUV�K �L¸�IGBEZ&¸�>�KARUTGMGM&DAB+4�JURYX9RUINIGBEZ ¶ B�X±:=²±>�RLKEJoOÎFRUJYX9M ¶ TNRYQ ¶ B�X9Bj¹ MNKAÀGFÎ²�KEBP¸�>AJLJb>!²±>AJLKAMG¾GV�K �L¸�IGBEZ�¸�>�KARUTGMNM2BE¾GRUINMGD?>AR�KEJoO2DERYX9MG²GMNIGBEZ
mDM ∼ 10 	n´U4

− 1 � ´U4�Fq>&MGINKERLIGJUMNDEIGBEJ�KEÀ2DA°b>AMG¸�BUQSRUZNJLKEDAMGZ�²±>AJ�KEMG¾�K �L¸�IGBEZ�¸�>�KAR�µTGMGMØ¸�RL¹+Q9:ÆJLBE<EBEZÁMØJ�BE<EV�²GIGV�¸ÚDERLÃ�RUJ�KEDEBE¸�JUT±>ADAIGMG¸�>J�MNINKERLIGJUMGDAIGBEJLKAÀEÂ JYXS>A<EV�W
DA°b>AMG¸�BUQSRUZNJLKEDAMGZ � JLRU²GRLIGMGR ¶ >ATGIGBAZ�>AINIGMG³UM=X±OG¾GMNM�DØBE<EV�²GIGV�R�²±>AJ�KEMG¾NV JUBEJ�K�>AD�X±ONRLK
10−35 − 10−36 JU¸ 2 ��5¥Ð_KABAK,JU¾GRLI±>ATGMGZ¿TGRb>�X9MN°U:ARLKAJoOÆB ¶ O�KEÀ�µ K�>A@GM�DAB�¸�INBE³UM�W�¸�BUQSRYX±O�W
J2IGMN°U@CBE´UIGRLTG³UR�KEMG²NRUJU@CBEZ J�: ¶ RUTGJLMG¸�¸�RLKATGMGRLZ�F�³ QSR2JLTGRYQ9M J�: ¶ RUT ¶ >�TNKEI`�LTGBEDÅMN°bDERLJLKAIGV�W
²±>AJ�KEMG¾�QSRUZGJ�KEDEM�KER�X±ÀEIGB�MG¸�RUÂ"KEJoO&J�K�>A<EM�X±ÀEIGV�R�IGRLZNKETG>�X9ÀEIGV�R.KjON¹!�YX9V�R�²±>AJ�KEMG¾NV � IGRUZ=µ
KETG>�X9MGIGB"��5S8r>�°L:=¸�RURLKAJoO�F[MG¸�RUÂ"KEJoO,M&QST�:�³LMGR¢³UM ¶ B�KERLKAMG²GRLJU@GMGR+@=>AICQSM=Q[>�KAV-I±>�TGB�X9À!²±>�µ
JLKAMG¾ÆK �L¸�IGBEZÆ¸�>�KARUTGMGM � >A@CJUMGBEINV3Fr³UTG>ADEMNKAMGIGBGF;JLDERUTN¸�>AJUJLMGDEIGV�R&²±>�JLKEMN¾GV M�K�5 Q¥5 ��F�BbQGµ
I±>A@CB2D�<AB�X9ÀAÊ�MGIGJLKADER�QSTN:=³LM�WÁJU¾NRUI±>ATNMGRUD2KETNRU<A:ARU¸;:=Â ¶ X9BAKAIGBEJLKAÀ¸�>AJUJLV K��U¸�IGBEZÁ¸�>�µ
KERLTGMGM�DEB�4�JLR�X9RLIGIGBEZ&:bQ[>���KEJoO ¶ B�X±:=²GMNKEÀÄX9M�ÊÄÀ�¾GRUINBEZ ¶ BUQS³UBAIG@GM ¶ >AT±>�¸�RLKETNBED+¸�BUQSR�X9MÎ5
×3BUQS²GRUTN@GI`�U¸�F9²NKAB�D+X±Â�<EBE¸ØJ�XG:�²G>AR®¸�R�WC>�IGMN°b¸�V�³URUINRUT±>A¾NMGM,K��U¸�IGBEZ�¸�>�KARUTGMGM�M�>AJUMN¸rµ
¸�RLKATGMGM2¸�R�¹�Q9:�DER�ÃÄRLJLKEDABE¸ÌM�>AINKAMGDER�ÃÄRUJ�KEDEBA¸ DEB 4�JURYX9RUINIGBEZ2JUBADERUTNÊ�RUIGINB&T±>�°LX±MG²GIGV
� °b>�MGJL@�X9Â�²NRUIGMGRL¸ÚINRUJU@CB�X±ÀE@GM�WQSBEDEB�X9ÀEIGB,´U@N°UBAKEMG²NRUJU@NM�WÁJU¾NRUI±>ATNMGRUD2DETNBbQ9R JU¾NRUI±>ATNMNO
J3BE<ETG>�°bBEDE>AIGMGRL¸ÅM ¶ BEJYX9RYQ±:�Â"ÃÄMG¸(T±>AJ ¶ >�QSBE¸ Q

µ Ê+>ATGBAD � ÑF& � �YF ¶ BE´�KEBE¸;: ¶ TGMG<�X9M�¹!�UIGINBER
T±>ADARUIGJ�KEDEB � D ¶ TGRmQSR�XS>�W ¶ BET?O=QS@=>¿DAR�X9MG²NMGIGV��+¸�RL¹+Q9: ¶ X9B�KEIGBEJ�KjOG¸�M�¸�>AJLJUV BE<EV�²GIGB�µ
³UB�DER�ÃÄRUJ�KED?>,M�¸�>AJLJUV�K��U¸�IGBEZ�¸�>�KERLTGMGM�DAB�4�JLR�X9RLIGIGBEZ�IGBEJUM�K,WC>�T±>A@NKARUT�JYX±:=²±>AZGIGBA³UB
JUBAD ¶ >�QSRLIGMNOÎ5;Ð_KAB�BE<EJ�KEBjONKAR�X9ÀAJLKEDABKARU¸ <EB�X9RUR�°j>A¸�RL²±>�KAR�X9ÀEINBGF�²�KEB�<ER�°bT±>�°b¸�RUTNIGV�R�WC>�µ
T±>A@�KERUTNMGJLKAMG@GM�@CBEIG¾GRLINKET±>�¾GMGZ�<?>ATGMNBEIGBED�� ¶ TNBAKEBEINBEDÄM INRUZNKATGBEIGBED"��M�K��U¸�IGBAZ&¸�>�KERLTGMGM
DERLJUÀE¸�>+¸�>�X9V3ÇCQ±X±O�<?>ATNMGBEIGBEDÄK�>�@=BAZ�W?>AT±>A@NKARUTGMNJLKEMN@=BAZ�OGD�X±ONRLKAJoO,B�KEIGBAÊ�RUIGMNR ¶ X±BAKEIGB�µ
JLKAM,²NMGJ�XS>+<?>�TGMGBEIGBAD+@ ¶ X9BAKEINBEJLKAM�²GMGJYXS>+TGR�X±MG@NKEBADEV�W » BAKEBEINBEDGFG@CBAKABETGBER3IGR3°b>ADEMGJLMNKBAK!DETGRL¸�RUIGM � J�KABE²GIGBEJ�KEÀEÂ QSB » >A@NKEBAT±> ¶ BET?O=QS@=>�RYQSMGINMG¾GV���M,T±>�DEIGB

ηB ≡
nB

nγ
= 6 ·10−10 � ÑEÑ �

6�IG>�X9BE³LMG²GIGBER.BAKEINBAÊÄRLIGMGR
ηDM

Q±X±O�²±>AJLKAMG¾PK �L¸�IGBEZP¸�>�KERUTNMGMPKEBj¹+R.¸�>�X9BGFCBUQSI±>A@CB ¶ TGM
´LKABE¸(J3KABE²GIGBEJ�KEÀEÂ-QSB » >A@NKEBAT±> Ô¢Q±XGO,IG>�ÊÄRLZ�4�JLR�X9RLIGIGBEZ,DEV ¶ B�X±INOGR�KEJoO�TG>ADERUINJLKEDAB

ηB

ηDM
'

mDM

mp

� Ñ�$ �

³ QSR
mp
Ó�¸�>AJUJU> ¶ TNBAKEBEIG>N5¥É¢>�@¿¸�V�KAB�X9ÀE@CB,²NKEB,BAKE¸�RL²±>�X9M�F¥JU@CB�X±ÀE@CB�µ IGMN<A:bQSÀ ¶ TG>AD�QSB�µ

¶ BUQSBE<AIGBE³UB�¸�R�W?>AIGMN°U¸�>NFÎBE<ARUJ ¶ RU²GMGDE>AÂ.Ã�RU³UB&DAV ¶ B�X9IGRLIGMGRÄ´�KEBE³LB&T±>ADERLIGJLKAD?> <ER�°�KABEIG@CBEZ
¶ BUQSJ�KETGBEZN@GM ¶ >ATG>A¸�RLKATGBEDGF ¶ BA@�>�IGRLMN°bDERLJLKAIGBG5
?��87`0�@13\7T+-?12RC�D�D �N^:,/D#D�@VM)?W+��L?1MSE�GB?-@NK�0�@VM)?-D#C/+1G10�^"7`D b
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�,Bj¹ INB X9MB�¹�M=Q[>�KEÀ&BAKA@GTGV)KEM�O¿²G>AJLKAMG¾�KARU¸�IGBAZ�¸�>�KERUTNMGM¿D&INRYQ[>�X±RU@CBE¸�<�:jQ±:=Ã�RU¸
D�°URU¸�IGV�W&:AJ�X9BADEMNO�WGÈ®×3BEJU@CB�X9ÀA@N:P¸�VÌJURL³UBUQSINOPIGR�°bI±>�RU¸ ¶ TGMGTNBbQ9V ´�KEM�WP²±>AJLKAMG¾�FGB�KEDERYµ
KEM�KEÀ!I±>+´LKEB�K�DAB ¶ TGBEJ3D ¶ B�X9IGR3BUQSINBA°bI±>j²GINB!INR�X9ÀA°LO�5 � RU¸ØIGR3¸�RUINRURAF ¶ RUTGJ ¶ RU@NKAMGD?> ¶ TGRYQGµJLK�>�D�X±OGR�KEJoO�DERUJLÀE¸�>!B ¶ KEMG¸�MNJLKEMN²GRUJL@=BAZ�5
H3¸�RURLKAJoO&IGRLJU@CB�X9ÀE@CB ¶ :=KARUZ ¶ BEMGJU@=>�²G>AJLKAMG¾ KERL¸�IGBEZP¸�>�KERUTNMGM�5N·.Q9MGI MN°.IGM�W�JLDAON°b>AI

J�´L@=J ¶ RUTNMG¸�RUINK�>�¸�M�I±>�<�:jQ±:=Ã�M�WP:AJU@CBETGM�KER�XGO�W�DEV�JLBE@CBEZ&´UIGRLTG³UMNM º @=B�XGXS>AZ=Q9RUT±>�W[5±¯�JYµX9MP²G>AJLKAMG¾GVÌKERU¸�INBEZ�¸�>�KERLTGMGM�QSRLZGJLKADEMNKERYX9ÀEIGB�KjON¹ÄR�X9RLR ¶ TGBAKABEI±>ÄD 100÷1000 T±>�°AF=KABBEIGM <A:bQ9:CKÄTGBj¹+Q[>�KEÀAJoOPD�J�KEB�X±@GIGBEDERLIGMNO=W&BE<EV�²NIGV�WP²G>AJLKAMG¾�F=T±>�°bBA³UI±>AINIGV�W&I±>¢@CB�XGXS>AZ=µ
QSRLT±>�W�QSB.DEV�JUBE@NM�W¢´UIGRLTG³UMNZ � ´LIGRUTG³LMGZ�FbQSBEJ�KEMG³LIN:CKEV�W+IG>.JL:CÃ�RUJLKADA:=Â.Ã�M�W+@CB�XGX9>AZ=QSRLT±>�W[F
Q±X±O�´LKABE³UB&IGR®W�D?>�K�>AR�K ��5 ��X9MN¹+>AZNÊÄMNR ¶ RUTNJ ¶ RL@NKEMGDAVÚ°�Q9RUJUÀ DEIGBEDEÀ�JUDAO�°j>AINV J �"�#��FSI±>
@CBAKEBATGBE¸½<A:bQ9:CK ¶ B�X±:=²GRLIGV DEJ�KETGRL²GIGV�R ¶ :�²N@GM ¶ TNBAKEBEINBED J®´UINRUTG³LMGRUZ 7×7 � ´b4.59\3:C¹�µIGB�JL@=>�°j>�KAÀGF�²�KEB�JLBE³�XS>AJLIGB ¶ B ¶ :jX±ONTGIGV�¸�JLRU³UBUQSI�O�³UM ¶ BAKER�°j>A¸ � DE@=X9Â�²±>�O(³LM ¶ BAKARL°U:(B
JL: ¶ RLTGJUMN¸�¸�RLKETNMGM��Ë²±>�JLKEMN¾GV�KERL¸�IGBEZ¿¸�>�KERLTGMGM º ´�KEB&X9MNÊ�À,BUQSMGI ¶ TGRmQSJLK�>�DEMNKERYX9À2IGB�µDEBE³LB�JURL¸�RUZGJ�KED?>3´YX9RU¸�RLINK�>ATGIGV�W+²±>AJLKAMG¾�FAK�>�@+²NKEB�IG>AT?O=Q9:ËJ)BAKA@GTGV)KEMNRU¸�²±>AJLKAMG¾+KERL¸�IGBEZ
¸�>�KARUTGMGM,¸�Bj¹ IGB!I±>�Q9RLONKAÀEJoO,I±>!BA<EI±>ATN:C¹+RLIGMGR®I±>+:EJL@=BATGMNKERYX±O�W�¾GRYX9BE³UB�@�XS>AJLJb>�IGBEDEV�W
²±>AJ�KEMG¾M�INBEDEV�W�DA°j>AMN¸�BbQ9RUZGJ�KEDEMGZÎ5qÉ®BAJU¸�B�X9BA³UMNO ¶ BUQSJU@=>�°UV�D?>ARLK�Fn²�KEB&MN°UDERUJ�KEIGV�¸�M�JURYµ
³UBUQSI�O � @GMGT ¶ MG²GMG@=>A¸�M�3¸�MGT,´YX9RU¸�RLINK�>ATGINV�W�²±>�JLKEMN¾�Q[>�X±RU@CB IGR®MGJL²GRUT ¶ V�D?>AR�KEJoO �

'�TN:=³UBEZ ¶ :CKEÀ!JUBEJ�KEBEMNK D�TGRU³LMGJLKAT±>A¾GMGM�²±>AJLKAMG¾,KARU¸�IGBAZ�¸�>�KARUTGMGMÎFS@CBAKABETGV�R3X9RLK�>�Â.K
DEBE@NTN:=³+I±>AJA5�H�W�BAKEINÂ_QSÀ,INR+¸�>�X9BGÇ ¶ TGM¸�>AJUJLRAF�T±>�DEIGBEZÁÑjÒEÒAÒP¸�>AJUJ ¶ TNBAKEBEIG>NF�´LKAM�W�²±>�µ
JLKAMG¾Ä°�Q9RUJUÀ�MÄJURLZG²±>AJ�QSB�X±¹�IGB�<AV)KEÀÄÑjÒAÒEÒ$ÊËKA:=@�D�@N:=<EMN²GRUJL@=BA¸�¸�R�KETGR�5E×3TGBE<�X9RU¸�>"D.KEBA¸�F
²NKAB�BEIGMË@GT±>AZNIGR_JYXS>A<EB"DA°b>AMG¸�BUQSRUZNJLKED�:�Â"K®J�BE<EV�²GIGV�¸�M�²±>AJLKAMG¾±>A¸�MÎF�DER�ÃÄRLJLKEDAB"Q±X±O¢IGM�W
¶ TGB�°bT±>j²GIGBN5 � RL¸�INR�¸�RUIGRLRAF?²±>AJ�KEMG¾NVÅKERL¸�IGBEZ!¸�>�KERLTGMGM!MN°bTNRYQS@=>3JLK�>�X±@GMGD?>AÂ"KEJoO�J$>�KEBA¸rµIGV�¸�M�OCQST±>A¸�M�FSM2´LKAM2JLKAB�X9@GIGBADERUIGM�O¸�B�¹�IGB�I±>�QSR�ONKEÀAJoO2°j>ATGRL³UMGJ�KETGMNTGBED?>�KAÀG5q×3BEMGJL@�D
´LKABE¸�I±> ¶ T±>AD�X±RUIGMGM�DERYQ9RLKEJoO J ¶ BE¸�BAÃ�ÀEÂ ¾NR�X9BE³LBËT?OCQ[>¢DAV�JUBE@CBE²N:=DEJ�KEDEM�KER�X±ÀEIGV�W QSR�KERL@�µ
KEBATGBEDGF ¶ BE¸�R�ÃÄRLIGIGV�W�³�X±:=<EBE@CB ¶ BUQ�°bRU¸rX±RUZ�F¥³ QSR TNRL°b@CB,JUIGMN¹ÄRUI » BEI¿BAK,@=BAJU¸�MG²GRLJU@GM=WX±:=²GRLZ�5
\®>A@CBEIGRU¾ÎF;RLÃ�R&BbQ9MGI ¶ :CKEÀ�JUDAO�°j>AIÆJ TGRU³LMGJLKAT±>A¾GMGRLZ ¶ TNBbQ±:�@�KEBED�>AIGINMG³UM�XGOG¾GMGMØ²±>�µ

JLKAMG¾PKERL¸�IGBEZ�¸�>�KARUTGMGM&¸�R�¹�Q±:�JLBE<EBEZÎ5GÐ_KAM&²±>AJLKAMG¾GV½QSB�X±¹�IGV�JL@�> ¶ X9MGD?>�KEÀEJoO&D�¾GRUINKATGR
�ÎRU¸rX±M,M�D�¾GRUINKATGR+Ù�B�X9IG¾±> � DER�ÃÄRLJLKEDAB�Q±X±O�IGM=W ¶ T±>A@�KEMG²GRLJU@GM ¶ TGBA°UT±>j²GIGBGF9M�BEIGM�J ¶ B�µ
JUBA<EIGV ¶ TGBEDE>�X9MGD?>�KEÀEJoO�DEIN:CKETGÀ �ÎRL¸rX9M�M�X9MØÙ�B�X9IG¾±>"�Y5 � >A¸ BEIGM�>AIGIGMG³LM�X9MGT�:�Â"K�QSTN:=³J�QSTN:=³LBE¸�F�M ¶ TGMÁ´LKEBA¸�BE<ETG>�°U:=Â.KAJoOÁQ9TN:=³UMGR�²±>AJ�KEMG¾GV3F�D2KEBA¸Ú²GMNJ�X9R�IGRUZ�KETGMGINBG5_Ð_KEM
IGRLZNKETGMNIGB&JUDEBA<EBUQSIGB ¶ TGBbW?BUQ9O�K&JU@GDABA°bÀ!KEB�X±ÃË:��ÎRL¸rX9M�M=X9M2Ù�B�X±IG¾±>NFSM�¸�BE³�:CKP<EV)KAÀ�°j>�µ
TGRL³UMGJ�KETGMGTNBED?>AIGVÌJ ¶ RU¾GMG>�X9ÀEIGV�¸�M�:EJLK�>�IGBEDE@=>A¸�M º IGRUZ�KETGMGINIGV�¸�MPKERYX9RUJL@=B ¶ >A¸�M�5G·.Q9MGIMN°!K�>A@GM�W¿IGRLZNKETNMGIGIGV�W�KER�X±RUJU@CB ¶ BED2T±>AJ ¶ B�X9Bj¹+RLI�D�³�X±:=<EMGIGRPB�°bRUTG> �)>AZN@�>�X � \ � µR$�ÒEÒNFTGMGJ�5nÑEÑEF�ÑF$�FnÑ ) �YF=QSTN:=³UBAZ � � � � � � � � º ³�X±:=<EBE@CB DEBÄX9À�Q9:&I±>���¹�IGBE¸ ¶ B�X9Â.JURA5\3RUZNKATGMGIGBGF ¶ TNM�W?BUQ9O�ÃÄRUR�F�I±> ¶ TGMN¸�RUT�FjMN°�¾GRLINKETG>�Ù�B�X±IG¾±>NFj¸�Bj¹+R�K.J�¸�>�X9BEZ®DERUTNB�O�KEIGB�µ
JLKAÀEÂ�MGJ ¶ V)K�>�KEÀPD�°j>AMG¸�BUQSRLZGJLKADEMGR¢D�DEBUQSRAFGD�TGR�°U:jX9ÀjK�>�KAR�²GRL³UB!BE<ET±>�°L:ER�KEJoO�°j>AT?ON¹ÄRUIGI±>�O
²±>AJ�KEMG¾G> � ¸�Â�BEI ��FrJLDERLK�BAK�@=B�KEBETGBAZØMÁTGRL³UMGJ�KETGMNTN:ER�KEJoO�5�×3BEJU@CB�X9ÀA@N:�DA°b>AMG¸�BUQSRLZGJLKADEMGR
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8�MGJA5nÑAÑEÇ��,RLJLKEB ¶ B�X9Bj¹+RLIGMGR ��>AZG@=>�X9ÀEJL@CBE³UB�IGRUZNKATGMGIGINBE³UB!KER�X±RUJU@CB ¶ >N5

8�MGJA5qÑ�$�Ç±Ù�W?RU¸�>�KEMG²GRLJU@CBERÄM�°bBE<ETG>�¹+RUINMGR3KER�X±RUJU@CB ¶ >

$ �



8�MNJA5qÑ ) Ç9· ¶ KAMG²GRLJU@GMGZ�¸�BbQ±:�X±À�KAR�X9RLJU@CB ¶ >�M,JU>A¸ØKAR�X9RLJU@CB ¶ 5

IGRLZNKETGMNIGBÆJ�DER�ÃÄRLJLKEDABE¸ BE²GRUINÀ�J�XS>�<EBERAF�DERLTGBjONKAIGBEJLKAÀ�K�>A@CBE³UBÆJLBE<EV)KAMNO½¸�>�X9>NF_MØKETGRYµ
<A:=Â.KAJoO�QSRLKARU@NKABETGVÚBE²GRUINÀP<EB�X9À�ÊÄBE³LBPBE<��qRL¸�>N5�Ù�RLZG²±>AJ�I±> ��¹ INBE¸ ¶ B�X±Â�JUR�I±>j²±>�X9BEJLÀ
JUBABETN:C¹+RUINMGR3Q9RLKERL@NKEBAT±>�BE<��qRU¸�BE¸ÍÑË@�:�<AMG²GRUJL@GMGZ,@GM�X9BE¸�R�KET�5
H3¸�RUÂ.KAJoO�M,QSTN:=³UMGR ¶ BUQ±WEBUQSV�@ ¶ BAMGJU@N:�²±>AJLKAMG¾2KERL¸�IGBEZ�¸�>�KERLTGMGM�F�IG> ¶ TGMG¸�RLT�F ¶ B�µ

MGJL@ ¶ TNBbQ±:�@�KEBED�M�W�>AINIGMG³UM=X±OG¾GMNM�D�¾GRUI�KET±>�X±ÀEIGBEZ,BE<�XS>AJ�KEM�I±>�Ê�RUZ 	N>�XS>�@NKEMG@NM�59É®>A@CBEZ
MN°"DEJLR�W!´LKAM�W ¶ :CKERLZ ¶ RLTGDEV�¸ ¶ TNMGDERYQ9RLKÄ@�:EJ ¶ R�W=:AF ¶ BA@�>�¹+RLKËDETGRL¸;O�F?IGB®D3X9Â�<EBA¸�J�XG:�²G>AR
BAKA@GTGV)KEMNR�´�KEM�W�IGBEDEV�W(²±>AJ�KEMG¾ÌM�MN°L:�²NRUIGMGRM�W½JUDEBAZGJLKADÆJLK�>AIGR�K(DE>�¹ INRUZNÊ�MG¸ I±>b:�²=µ
IGV�¸ QSBEJ�KEMN¹+RLIGMGRL¸�5�Ð_KAM ²G>AJLKAMG¾GV T±>�JUJU@=>�¹!:CKØI±>A¸ BÆJUDEBEZNJLKEDE>�WÍ4�JLR�X9RLIGIGBEZ ²GRUTGR�°
10−9 J � BUQSI±>!¸�M�XGX9MG>ATAQSI±>�O2JLRU@N:=I=Q9V � � ¶ BEJ�X9R ��B�X9À�ÊÄBE³LB&4_°bTNV�D?>NFS@=BA³ Q[>�KERL¸ ¶ RUTG>�KA:?µ
T±>�4�JLR�X9RLIGIGBEZ¿JUBEJ�K�>AD�X±O=XS> 1015 ³LT±>�Q9:AJUBEDNFnM¿²±>�JLKEMN¾GVÚKARU¸�IGBEZ¿¸�>�KERLTGMGM�MGINKARUIGJLMGDEIGB
DA°b>AMG¸�BUQSRUZNJLKEDABED?>�X9M,J®@=BAJU¸�MG²GRLJU@CBEZ ¶ XS>�°U¸�BEZ�5
\�:=¹�IGB$JU@=>�°b>�KEÀ.MËB$R�ÃÄR�BbQ9IGBE¸�I±> ¶ T±>�D�X9RUINMGM�D » MN°bMN@=R�F�@=B�KEBETGBAR_¸�Bj¹+R�K.BA@�>�°j>�KAÀEJoOKERLJUIGB!JUD�ON°j>�IGIGV�¸ÁJ ¶ TGBE<�X9RU¸�BEZPKARU¸�IGBAZ,¸�>�KARUTGMNM�5±8�RL²GÀ!M=QSRLK�B » MN°UMG@CR®@=BAJU¸�MG²GRLJU@GM=W
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X±:=²GRLZÄDEV�JUBA@GM�WËMËJLDERUTEW�DEV�JLBE@GM�WÄ´UIGRLTG³UMGZÎ5A4�B�µ ¶ RLTGDEV�W[F�RUJ�X±M ¶ RUTNDEMG²GIGV�R_²±>AJ�KEMG¾GVÁ@CBEJYµ
¸�MG²GRLJU@GM=W X±:=²GRLZ�K�>�@GM�W&´LIGRUTN³UMGZ º ´�KEB+BE<EV�²NIGV�R�²±>AJ�KEMG¾NV � IG> ¶ TGMG¸�RLT�F ¶ TGBAKEBAIGV���F=KEB
Q±X±OPIGM�W�QGX±¹+RUI�MG¸�R�KEÀ�¸�RUJ�KEB�´ »®» RU@�K
	nTGRLZN°bRLI±>�Ó ��>�¾GR ¶ MNI±>�Ó�É�:C°bÀE¸�MNI±>N59×3TGM&´UINRUTG³LM�µ
O�W�DAV)ÊÄR 5 ·1019 ´b4 ¶ TGBAKEBAIGV-KERLTCONÂ.K�´LIGRUTG³LMGÂ ¶ TGM�DA°b>AMG¸�BUQSRUZNJLKEDAMGM2JËTNR�X9MG@�KEBEDEV�¸
¸�MG@GTNBEDEB�X9INBEDEV�¸(M�°LX±:=²GRLIGMGRU¸�Ç

p+ γCMB → p+π0 .

Ù�RU²NRUIGMGR3´�KEBEZ TGRb>A@N¾GMGM&JLK�>�IGBEDEMNKAJoO�I±>AJ�KEB�X9ÀA@=B�DER�X9MN@=BNFN²NKABÄJ ¶ RL@NKET�@CBEJL¸�MG²GRUJL@GM�W�X±:?µ
²GRLZ®QSB�XG¹+RUI¢BE<ETGR�°j>�KAÀEJoO�F�KEB.RUJ�KEÀ�@CBEJL¸�MG²GRLJU@GM�W¢X±:=²GRLZÄJUDERLTEWNDAV�JUBE@GM=WÄ´LIGRUTG³LMGZ¢QSB�X±¹ INB
<EV)KAÀ�¸�>�X9BG5 � B�¹+R!Jb>A¸�BAR ¸�Bj¹ INB�JU@=>�°b>�KEÀ2M¿B�QSTN:=³LM�W�M�°bDERLJLKEINV�WÆ²±>AJ�KEMG¾G>�W[F�K�>A@GM=W@=>A@ » BAKABEIGV M=X9MÆ>�KABE¸�IGV�R�OCQST±>N5¥·�KAJL:CKEJ�KEDEMGR 	���É�µ BE<ATGRL°b>AIGMNOD,J ¶ RL@NKETGR BA°bI±>j²±>�X9B
<EV3Fq²NKAB,X9MG<EB ¶ RUTNDEMG²GIGV�R�²±>AJ�KEMG¾GV º ´LKAB�IGBEDEV�R�F�INRUMN°UDERUJ�KEIGV�R&²±>�JLKEMN¾GV3F¥X9MN<EB,²�KEBMGJ�KEBE²GINMG@GM2@CBEJU¸�MN²GRUJL@GM�W�XG:�²NRUZ2I±>�WEBUQ9ONKAJoO2IGRYQS>�X9RU@CB&BAK I±>�Ê�RUZ�	�>�XS>A@NKAMG@GM�5[É3BEJU¸�M=µ
²GRLJU@GM�WÅ:EJL@CBETGMNKAR�X9RLZ�F�J ¶ BAJUBE<EINV�W(:AJU@CBET?ONKAÀ ¶ TGBAKEBAIGVÏM�X9M(OCQST±>2Q9B�JLKAB�X9À�DEV�JLBE@GM�W
´UINRUTG³LMGZ�F�DE<�X±MN°bMÁI±>�Ê�RUZ 	N>�X9>A@NKEMN@GMÁIGRLK�F ¶ BA´LKEBA¸;:ÆDAKEBAT±>�OÆDEB�°b¸�Bj¹ INBEJLKAÀKABj¹+RPKETGRYµ
<A:ARLK � IGBADEBEZ » MN°bMN@GM�mÖNI±> ¶ TGMN¸�RUT�F±DEV�JLBE@CBE´UINRUTG³LMG²GIGV�R ¶ TGBAKABEIGVÍM » BAKABEIGVÍ¸�BE³�X9M�<EVBE<ETG>�°bBEDAV�D?>�KEÀAJoO,D�TGR�°U:jX9ÀjK�>�KARÄT±>AJ ¶ >�Q[>+IGBEDAV�W�JUDERLTEW�KjO�¹+R�X±V�W�²±>�JLKEMN¾�D�³Y>�X9B!I±>�Ê�RUZ
	N>�XS>A@NKAMG@GM�5C4¿X9Â.<EBE¸J�XG:�²G>AR$IGBEDEV�R�²±>�JLKEMN¾GVÁQSB�X±¹ INVØMN¸�RLKEÀ¢<EB�X±ÀAÊÄBER�DETGRU¸;O+¹�MN°UIGM
� D ¶ RUTGDABE¸ÌD?>ATGM±>�INKER¢QGX±O�KABE³UBGF[²NKEBA<EV Q9B�X9RLKARLKAÀPQ9BPI±>AJÄJË@CBEJU¸�B�X±BE³UMG²NRUJU@NM�WT±>AJLJLKAB�µ
OGINMGZ�F9DEB!DAKEBETNBE¸ º ²NKEBE<AV IGR¢:AJ ¶ R�KEÀ&T±>�J ¶ >AJ�KEÀEJoO,°j>!DETGRU¸;O�¹�MN°bINM�4�JLR�X9RLIGIGBEZ��YF[²�KEB:=@=>�°bV�D?>�X9B�<EV IG>ÄDEBA°b¸�Bj¹�IGBEJ�KEÀ�M�W&B�KEBj¹�Q9RUJLKAD�X9RLIGMNO�J3²±>AJ�KEMG¾±>�¸�M�KARU¸�IGBEZ�¸�>�KARUTGMNM�5
·�KE¸�RLKAMG¸�F±²NKAB!BA<��nOGJLIGRUIGMNR�DEBA°U¸�B�¹�IGBE³LB+BAKEJ�:CKEJLKADEMNO 	���É�µ BE<ETNRL°j>�IGMNO&J ¶ BE¸�BAÃÄÀAÂ

T±>AJ ¶ >�QSBAD�JLDERUTEW=KjON¹ÄR�X9V�WÅ²±>AJ�KEMG¾ÅJLK�>�X±@GMGD?>AR�KEJoO(JUBJ�X9RmQ9:=Â.Ã�RUZ(KATN:bQSIGBEJ�KEÀEÂË5$'Ä>�¹+R
RUJYX9M&´LKAM�²±>AJLKAMG¾GVÍT±>AJ ¶ >�Q[>AÂ"KEJoOPKAB�X9ÀE@CB+I±>Ë@GD?>ATG@NM&MP³�X9Â�BAIGV3F ¶ TNBAKEBEINBED+JUTGRmQSM ¶ TGB�µ
Q9:=@NKABED(M�W�T±>AJ ¶ >�Q[>�QSB�X±¹�IGBØ<EV)KEÀØJL:CÃÄRLJLKADERUIGINB�¸�RUIGÀAÊ�RAF$²GRL¸ » BAKEBAIGBEDGF�@CBAKABETGV�RBE<ETG>�°U:=Â.KAJoO�D�T±>�J ¶ >�QS>�W

π0 → γγ .
×3BE´LKABE¸;:Ä:=@=>�°j>�IGIGV�ZPJL¾GRUI±>�TGMGZ ¶ TGRYQ9JU@=>�°bV�DE>ARLK�F�²NKEB ¶ RUTNDEMG²GIGV�¸�M�²±>AJ�KEMG¾±>�¸�M @CBEJU¸�M=µ
²GRLJU@GM�W¢X±:=²GRLZÄJUDERLTEWNDAV�JUBE@GM=W+´UINRUTG³LMGZËQSB�X±¹�IGV�<AV)KEÀ » BAKABEIGV35AÐ_KEBGF�BUQSI±>A@CBGF ¶ TGB�KEMGDEB�µTGRL²GMNK�´U@CJ ¶ RLTGMG¸�RLINK�>�X9ÀEINV�¸�Q[>�IGIGV�¸�F±M�TGRL¹+QSR®DEJURL³UBÄQ[>AIGINV�¸ �3@N:CKEJL@=BAZ,:EJ�K�>AIGBEDA@GM�5
Ð�@CJ ¶ RLTGMG¸�RUI�K�>�X9ÀEI±>�OÆJUMNK�:?>A¾NMNO�JLB,J ¶ RU@NKATGBE¸ JLRUZG²±>�J�IGR�OGJLI±>�O�Fn@=>A@¿´LKAB�DEM=Q9IGB�MN°

TGMGJ�5[Ñ � 5=\®R"MGJL@�X9Â�²NRUIGB � IGB ¶ BA@�>¢M IGR�QSBE@=>�°b>AIGB �YF=²�KEBÄBE<ATGRL°b>AIGMGR.D�J ¶ RU@NKATGR.QSRUZNJLKEDAM�µ
KERYX9ÀEIGBÆB�KEJL:CKAJLKED�:ERLK�5.4�B ¶ TGBEJ�Q9B�X±¹�IGV ¶ TGBjOGJLIGMNKAÀØM�°b¸�RUTNRUIGMNO½I±>QSR�KERU@�KEBETGR � � � � �
� � 
 �� J ¶ X±Ã+>�Q9ÀEÂ ) ÒEÒEÒ�@GDG5n@G¸�5 FqDEDEBUQSMG¸�BE¸�D,J�KETGBEZ�D,6.TG³URLINKEMGINR � Q±XGO�JLT±>ADEIGRLIGMNOÎF
¶ X9B�Ã+>�QSÀ�:EJ�K�>AIGBEDA@GM ��� � ��� º ÑjÒEÒÄ@GDN5±@G¸�5�Ö �3@N:CKAJU@=>�O�:EJLK�>�IGBEDE@=> MG¸�RLRLK�IGRUJL@CB�X9ÀE@CB¸�RUINÀAÊ�:=Â ¶ X9BAÃÄ>�QSÀ �Y5
4_KEBATGBEZ!>AJ ¶ RU@NK ¶ TNBE<�X9RL¸�V » MN°UMG@GM�@CBEJU¸�MG²NRUJU@NM�WÄX±:=²GRLZ!DAV�JUBE@GM=W+M+JUDARUTEW�DEV�JUBE@NM�W´UINRUTG³LMGZ,JLDAON°b>AI&J�I±> ¶ T±>AD�X±RUIGMNON¸�M&M�W ¶ TGM�W?BUQ[>�5±\®>ÄDEJURYW KATGR�W&:AJLK�>AINBEDE@=>�W ¶ B�X±:=²GRUIGV
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8�MGJA5�Ñ � Ç[8�R�°U:jX9ÀjK�>�KEV�MN°b¸�RLTGRUIGM�OJ ¶ RL@NKET±>&@CBEJL¸�MG²GRUJL@GM�W�XG:�²NRUZ2:EJ�K�>AIGBEDE@=>A¸�M � � � � ��µ
��� � ��� � � ¶ BEINMNO��YF �3@N:CKAJU@CBEZ�:EJ�K�>AIGBEDA@=BAZ�Q±X±O¿MGJUJYX9RYQ9BED?>AIGM�O�ÊÄMNTGBE@GM�W�>�KA¸�BEJ » RLT�µIGV�WÁX9MGDAIGRUZÅM � � µ 	 ��� � Ù���6��Y5)Ù�X9RLD?> º B ¶ :=<�X±MG@CBED?>AIGINV�R�Q[>AINIGV�RAF�J ¶ TG>AD?> º ¶ B�µ
¶ V)KA@�>PJLBEDE¸�RLJLKEM�KEÀ&J ¶ RU@NKATGV�J � QSBEDEB�X±ÀEIGB ¶ TGBEMN°UDEB�X9ÀEINV�¸ �$MN°U¸�RUIGRLIGMGRL¸ IGBATG¸�MGTGBEDA@GM
´UINRUTG³LMGM�D ¶ TGRmQSR�XS>�W�°j>�OND�X9RUINIGV�W�JUMGJ�KERL¸�>�KEMG²NRUJU@NM�W ¶ BA³UTGR�ÊÄIGBEJ�KERLZ�5

:=@=>�°j>AINMNO�I±>!KEBGFS²NKEB I±>j²GMGI±>�O�JË´LIGRUTN³UMGZ 4 ·1019 ´U4 � ��� � ��� ��F 2 ·1019 ´b4 � �3@N:CKEJL@��
MÁQS>�¹+R�IGMN¹+R � � � µ 	 � � ��MG¸�RLRLKEJoO½@=BATGTGR�XGOG¾GMNOÅI±> ¶ T±>AD�X9RLIGMNO ¶ TGM�WEBUQ[>�J,>A@NKEMNDEIGV�¸�M
O=Q9T±>A¸�M�³Y>�XS>�@NKEMG@ÍBEJLBE<EBEZ½¸�BAT » B�X9BE³LMGM º XS>A¾GRLTNKEMCQ[>A¸�M�5$¯�J�X±MÍ´�KEBÆK�>A@�F_KEBÁJUTGRmQSM
¶ RLTGDEMG²GINV�W&@CBEJU¸�MN²GRUJL@GM�W�²±>�JLKEMN¾�QSB�X±¹�IGV�<EV)KAÀ+´�X9RL@NKETGMN²GRUJL@GM�IGRLZNKETG>�X9ÀEIGV�R3²G>AJLKAM�µ
¾GV3FCIGR$BAKA@�X9BEINONÂ.Ã�MGRUJoO&D®¸�>A³LIGMNKAIGBE¸ ¶ B�X±R�	�>�XS>A@�KEMG@GMÎ5 � >A@GM�W+²±>AJLKAMG¾PJLTGRYQSM�MN°bDARUJLK�µIGV�WPIGRLK � » B�KEBEIGVÍIGR ¶ BbQGW?BUQ9ONK�F ¶ BEJU@CB�X9ÀA@N:PJYX9MNÊÄ@CBE¸Ø<EV�J�KETGB+KERLT?OGÂ.K!JLDEBEÂ-´LIGRUTG³LMGÂ°j>+JL²GRLK�IGRL: ¶ T�:�³LM�W�DA°j>AMN¸�BbQ9RUZGJ�KEDEMGZ,J®¸;OG³U@NMG¸�M » BAKABEI±>A¸�M�D�@CBEJU¸�BAJUR �Y5S8r>�°L:�¸�RLRLKAJoO�F
¶ TGBADERUTG@=>�MG¸�RUÂ"ÃÄM�WEJoO�:=@=>�°j>�IGMGZ�MN¸�RURLK�BE³LTGBE¸�IGV�Z,MGINKERLTGRUJ�5

����� ��� � -,�0���.-�) �	�����
	nT±>ADEM�K�>A¾GMGBEINIGV�R2JUDEBAZGJLKAD?>�K �L¸�IGBEZÌ´UIGRLTG³UMNMÍJLM�X9ÀEINBÆBAKbX9MG²±>�Â.KEJoOÍBAK�JUDEBAZGJLKAD�Q9TN:?µ
³UM=W » BETG¸�´UIGRLTG³UMGM � JU¸�5�BE<A°bBATGV � Ñ � � ��5 � �U¸�IG>�O(´LIGRUTN³UMNO�INR�JUBA<EMGT±>AR�KEJoOÌD¿JU³L:AJLKA@GM�FBEI±>+T±>�DEIGBE¸�RLTGIGB � T±>�°LX9MNK�>��®DEB!4�JURYX9RUINIGBEZ�5S×�X9BAKAIGBEJLKAÀ�K��U¸�IGBEZ,´UIGRLTG³UMNM�BE²GRLIGÀ�J�XS>�<EB
¸�RUI�OGRLKAJoO(M=X9M(DEBABE<AÃÄR&INR�¸�RLINOGR�KEJoO(JUBDETGRL¸�RUIGRL¸�F�D2KAB¿DETNRU¸;OØ@=>A@ ¶ X9BAKEINBEJLKAÀ�X9Â$µ
<EV�W�²±>AJ�KEMG¾2BAKAIGBEJLMNKERYX9ÀEIGB�<EV�JLKATGB ¶ >�QS>ARLK&M�°Lµ °b>PT±>AJ�ÊÄMGTGRLIGMNO4_JUR�X±RUIGIGBAZ�5n\®>�X9MG²NMGR
K �L¸�IGBEZ�´UIGRLTG³UMNM ¶ TGMNDEBUQSMNK�@2:EJU@CBETNRUIGIGBA¸;:T±>AJLÊ�MGTGRLIGMGÂ 4�JURYX9RUIGINBEZ�FnK�>A@�²NKEB�¸�Bj¹!µ
IGB�:EJYX9BEDEIGB JU@=>�°j>�KEÀGFS²NKEB!K �L¸�I±>�O,´UIGRLTG³UMNO�MGJ ¶ V)KEV�D?>AR�K�>AINKAMG³UT±>�DEMNK�>A¾GMNÂ�5�4ÌT±>A¸�@=>�W
BE<AÃ�RUZ�KARUBETGMNM�B�KEIGBEJLMNKERYX9ÀEIGBAJLKEM�´LKAB�DEBA°b¸�Bj¹�IGBGF9RUJYX9M2´LK�>&J�:�<AJLK�>AIG¾NMNOMG¸�RUR�K�F ¶ BE¸�M=µ

$ �



¸�B ¶ B�X±B�¹�MNKAR�X9ÀEINBEZ�´UIGRLTG³UMGMÎF?BAKETGMN¾±>�KERYX9ÀEIGBAR�Q[>�D�X9RUINMGRA5C·�KATGMG¾±>�KAR�X9ÀAIGBEJLKAÀ¢Q[>AD�X9RUIGM�O
J�X±RYQ9:ARLKPM�MN°¢BE<AÃ�RU³LB�JLBEBAKEINBAÊÄRLIGMNO

dE = −pdV .
� Ñ ) �

'�RUZGJ�KEDEM�KER�X±ÀEIGBGF�RLJ�X9M ¶ X9BAKEINBEJLKAÀ�´LIGRUTN³UMGM ¶ BEJ�KEBjOGINI±> M�X9M ¶ BE²NKEM ¶ BEJLKAB�ONIGI±>PDEB�DETGRYµ
¸�RUINM�FÎKEB ¶ TNM�TG>AJLÊ�MGTGRUINMGM�4�JLR�X9RLIGIGBEZ�´UINRUTG³LMNO � D&JLB ¶ :CKEJ�KEDA:=Â.Ã�RU¸�BE<��"�L¸�R �.TG>AJLK��LK
@=>A@�BE<��"�U¸�F±K�>A@2²NKAB!Q[>AD�X±RUIGMGR®QSB�X±¹�IGB <AV)KEÀ&BAKATGMG¾±>�KAR�X9ÀAIGV�¸ M�T±>ADEIGV�¸�M=X9M ¶ BE²�KEM
T±>ADAIGV�¸ ¶ B!>A<AJUB�X9Â"KEIGBAZ�DERYX9MG²GMGINR ¶ X±BAKEIGBAJLKEM,´UIGRLTG³UMNM � �E5
4�BA°U¸�B�¹�IGV�R » BETG¸�V K��U¸�IGBAZ½´UIGRLTG³UMNM½MÅM=W ¶ T?OGD�X9RLIGMNOÅD¿@CBEJL¸�B�X9BE³LMG²GRLJU@GM�W(I±>�µ<�X9Â_Q9RUIGMNO=WÁBE<EJ�:C¹�Q[>�Â.KEJoOØJLRUZG²±>�J&BE²GRUINÀÊ�MGTGBE@CBG5�·"QSIG>M�°�DEBA°b¸�Bj¹�IGBEJ�KERUZÁJLBEJLKABEMNK

D�KEBE¸�Fq²NKAB,K �L¸�I±>�O¿´UIGRLTG³UM�OÓ�´LKAB�´UINRUTG³LMNO�D?>�@N:C:�¸�> � M=X9M�@CBEJL¸�B�X9BE³LMG²GRUJL@=>�O ¶ BAJLKEB�µ
OGINI±>�O�Fr²NKEB�BUQSIGBMÆKEB2¹+R ¶ B@GT±>�ZGIGRUZØ¸�RUTNR ¶ TGMÁJUBEDETNRU¸�RUINIGBE¸ ¶ BEIGMG¸�>AINMGMÅDAB ¶ TGB�µ
Jb> ��5 '�RUZGJ�KEDEM�KER�X±ÀEIGBGF��¢BETGRUIN¾�µ MGIND?>ATGM±>�INKEIGBAJLKEÀ�D?>A@N:C:=¸�>"BUQSINBA°bI±>j²GINB$QSMG@�KA:ER�K3DEM=QÄRU³LB
KERLIN°bBAT±>�´LIGRUTG³LMGM�µ MG¸ ¶ :jX9ÀEJU> � DÄX9BA@�>�X9ÀEIGB�µ X9BETGRLIG¾GRLDEBEZ�JUMGJ�KERU¸�RËBAKEJL²`�LK�> ��Ç

T vac
µν = εvac ·ηµν

� Ñ � �
³ QSR

εvac Ó ¶ BEJLKAB�ONIGI±>�OÎF�> ηµν
Ó�KERLIN°bBAT ��MGIG@CBEDEJL@=BA³UBG5�·�KAJUÂ_Q[>2J�X±RYQ9:ARLK�F�²NKAB2´UIGRLT�µ

³UM�OÅDE>A@N:C:=¸�>
T vac

00 = εvac INRP°j>ADEMNJUMNK¿BAK�DETGRL¸�RUIGM�F�>,Q[>�D�X9RUINMGR�T±>ADEIGB pvac = −εvac 5
6"X±À�KARUTGIG>�KEMGDABEZ½D?>A@�:=:=¸;:Á¸�Bj¹+R�K�JYX±:C¹ MNKAÀ�IGBADEBER�JUDERYW?JYXS>A<EBER ¶ B�X±RAF�BUQSIGBETGBUQSINBER�DEB
4�JLR�X9RLIGIGBEZ � KEBE²NIGRUR�FND�DAM=QSMG¸�BEZ�RV�"²±>AJ�KEM��Y5=Õ�JL@=BATGRUIGINBER�T±>AJ�ÊÄMGTNRUIGMGR�4�JURYX9RUIGINBEZP¸�BE³Yµ
X9B&<EV D ¶ TGMNIG¾GM ¶ R�BE<��nOGJUI�ONKEÀAJoO2M2KERU¸�FÎ²NKEB&°j>�@=BAIGVÚ³LT±>ADEM�K�>A¾GMGM�¸�BUQSM » MG¾GMGT�:�Â"KEJoOI±>+JUDARUTEW�<EB�X9ÀAÊ�M�W,T±>AJLJLKEBjONIGMNO�W[5
×3TGBE<�X9RL¸�>!K��U¸�IGBEZ,´UIGRLTG³UMNM � RV�¢RLÃ �ËIG>�°bV�D?>�Â.K ¶ TGBE<�X9RL¸�BEZ�@CBEJL¸�B�X9BE³LMG²GRLJU@CBEZ ¶ B�µ

JLKABjOGIGIGBAZ��.MG¸�RLRLK�QSDE>P>AJ ¶ RU@NK�>N5Î4�B�µ ¶ RUTGDAV�WÎF[JËKABE²G@GM�°UTGRUIGM�O » MN°bMG@NM2²±>AJLKAMG¾2¸�Bj¹ INB<EV�X9B+<AVÍBj¹�M=Q[>�KAÀGFN²�KEB�T±>�°�X9MG²GIGV�R®DA°b>AMG¸�BUQSRLZGJLKADEMNOPQ[>AÂ"K+DE@�XS>jQSV D+´LIGRUTN³UMGÂ D?>�@N:?µ
:=¸�>NF;DERYX9MG²GMNIGV @CBAKABETGV�WÁB ¶ TGRYQSRYX±OGR�KEJoOÁWC>ATG>A@NKERLTGIGV�¸�MÅ´UIGRLTG³UR�KEMG²GRLJU@GMN¸�M�¸�>AJLÊËK�>�µ
<?>A¸�M&´�KEM�WPDA°j>�MG¸�BUQSRUZGJ�KEDEMNZ�5 � >A@�F=DE@�X9>�Q,JUM�X±ÀEIGV�W&D�°j>AMG¸�BUQSRLZGJLKADEMGZ�¸�Bj¹ IGB+<AV�X9B+<EVBE¾GRLIGMNKAÀ MN°¢T±>�°U¸�RUTGINV�W�JUBEBE<AT±>�¹+RLIGMGZ � � @=>A@

εvac
QCD ∼ Λ4

QCD ' (200 �,´U4
)4 � Ñ�Ô �

'�RUZGJ�KEDEM�KER�X±ÀEIGBGFCD?>A@�:=:=¸�@GD?>AI�KEBEDEBAZ+W�TGBA¸�BbQ9MGI±>A¸�MG@NM�MG¸�RLRLKËDERUJLÀE¸�>�J�X±B�¹�IN:=ÂÌJLKATN:=@�µ
KA:=TN:AF�M / � �� � �� IGR�KÄIGMG@=>A@NM�W�BEJUIGBAD?>AIGMGZ!Bj¹ MCQ[>�KEÀNF=²�KEB�RL³UBË´UIGRLTG³UMNO I±>®¸�IGBE³UB ¶ BET?O=QGµ
@CBED+BAKbX9MN²±>ARLKAJoO�B�K�BE¾GRUIN@GM � Ñ�Ô �Y5N4½KEB+¹+R�DETGRU¸;OÎFGI±>A<�X9Â_Q[>ARL¸�BER�°bI±>j²GRLIGMGR ¶ X9B�KEIGBEJ�KEM
K �L¸�IGBEZ,´UIGRLTG³UMGM,T±>ADEINB
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4�M=Q9IGBGF�²NKAB,TG>�°LX9MN²GMGR�¸�RL¹+Q9:2T±>�°b¸�RUTNIGBEZ�BE¾GRUIN@=BAZ � Ñ�Ô ��MTGRU>�X9ÀEIGV�¸Í°bI±>j²GRLIGMGRL¸�JUB�µ
K�>AD�XGOGRLK � � ¶ BET?O=QS@=>2DER�X±MG²GMGIGV ��� ��5;Ù�MNKA:E>A¾GMNOÅJLK�>AINBEDEMNKAJoO(R�Ã � W=:C¹+RAF�RLJ�X9MÆ:=²GRUJ�KEÀ
DE@�X9>�QSV-´YX9RU@NKATGBEJYXS>A<EV�W�M,JU>A¸�M�W�³LT±>ADEMNK�>�¾GMGBEIGINV�W�DA°b>AMG¸�BUQSRLZGJLKADEMGZ�FS@CBAKEBETNV�R�¸�Bj¹!µ
IGB2<EV�X±B2<EV BE¾GRUINMNKEÀ@=>A@
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F�JUBEB�KEDER�KEJLKADERUINIGBG5�4 ´LKABE¸ÚMÆJLBEJLKABEMNK ¶ RLTGDEV�Z

>AJ ¶ RU@NK ¶ TGBE<�X±RU¸�V3ÇÎJLBEDERLTNÊÄRLIGIGB&IGR ¶ BEINO�KEIGBGF ¶ BE²GRL¸;:�TGRb>�X±ÀEIGBER¢°bI±>j²GRLIGMGR+@CBEJU¸�B�X9BE³UM=µ
²GRLJU@CBEZ ¶ BEJLKABjOGIGIGBAZ�JLKAB�X9À�¸�>�X �B ¶ B�JLT±>ADEIGRLIGMGÂ�J�WC>ATG>A@NKERLTGIGV�¸�M,¸�>AJLÊËK�>A<?>A¸�M ¶ X9BAK�µ
IGBEJ�KERLZ�´UINRUTG³LMGM�D » MN°bMG@CR¢²±>AJ�KEMG¾�5\�:=¹�IGB+JL@�>�°j>�KAÀGFG²NKAB!´�KEBAK�>AJ ¶ RU@�K ¶ TGBE<�X9RL¸�V BA<EJL:C¹+Q[>�X9JoOP°b>�QSB�X±³UBËQSB ¶ BjOND�X9RUINMNO
I±>A<�X9Â_Q[>�KAR�X9ÀEINV�W¿Q[>AINIGV�W[F�JLDEM=QSR�KER�X±ÀEJLKADA:=Â.ÃÄM=WØB�IGRLIN:jX9RUDEBA¸-°bI±>j²GRLIGMGM ¶ X9B�KEIGBEJ�KEM
K �L¸�IGBEZ&´LIGRUTG³LMGM�F�JU¸�5=BE<A°bBATGV � $�Ò�F $�Ñ � Ç�BAI MG¸�RYX9JoO&<EV�M�DÄBAKEJ�:CKEJLKADEMGR3K �L¸�IGBEZP´LIGRUTN³UMGM
DEB�4�JLR�X9RLIGIGBEZ�5¥4 ²±>AJ�KEIGBAJLKEMÎF¥<AV�X9M ¶ TGRYQ±XG¹+RUIGV�¸�R�WC>�IGMN°b¸�V3F ¶ TNMGDEBUQ9ONÃ�MGR!@�TNR�XS>A@=µ
Jb>�¾GMGM2@CBEJU¸�B�X9BE³UMN²GRUJL@=BAZ ¶ BEJLKAB�ONIGIGBEZ,Q9BPIN:jX±O�M=X9M ¶ BE²NKAM,QSBPIN:jX±OÎ5nÐ_KAM2¸�R�WC>�IGMN°b¸�V
DEV�³�X±OCQ9ONK�FAD ¶ TGBE²NRU¸�F�DERUJLÀE¸�>�´U@�°bBAKAMG²GRUJL@GMG¸�M�ÖC@GTNBE¸�R_KABE³UB � $ $�F�$ ) � FATNRb>�X9M�°bBED?>�KEÀEJoO+BAIGM
¸�BE³�X9MKEB�X9ÀE@CB,IG>�J�K�>�QSMNO=W�´UDEB�X9Â�¾GMNM�4�JLR�X9RLIGIGBEZÎF ¶ TGRYQ9Ê�RUJ�KEDEBEDE>ADAÊÄM=W�DAJURU¸ MN°bDARUJLK�µ
IGV�¸�@CBEJL¸�B�X9BE³LMG²GRUJL@GMG¸Ì´ ¶ BjW?>A¸�M�QS>�¹+R¢´ ¶ BbW?RËT±>�°YQ9:=D?>AIGMNO � MGI » XGOG¾GMGM ��FS²NKEB+QSR�XS>�RLK´U@CJ ¶ RUTGMN¸�RUINK�>�X±ÀEIN:=Â ¶ TGBEDARUTG@N:P´LKEM=W�MCQSRUZ�<ERL°UI±>�Q���¹ INBEZ�°b>�Q[>j²GRLZ�5
4_KEBATGBEZ�>AJ ¶ RU@NK ¶ TNBE<�X9RL¸�VÌK��U¸�IGBAZ�´LIGRUTN³UMGM�JUBEJ�KEBEM�K�DÄKEBE¸�F�²NKEB+D » MN°UMG@CR3²±>AJLKAMG¾IGR�K J�KEB�X9À�¸�>�X9BE³LB�´UIGRLTG³UR�KEMG²GRLJU@CBE³LB�¸�>�JLÊ�K�>�<?>NF9@=>A@

ΛDE ∼ 10−3 ´U4�5S4Ì<AB�X9ÀAÊ�MGIGJLKADER
³UM ¶ BAKER�°!BPIGBEJLMNKERYX9R+K �U¸�INBEZ´UIGRLTG³UMGM´�KEBAK�¸�>AJ�Ê�K�>A< ¶ TNM�W?BUQSMNKAJoO�DADEBUQSMNKEÀ%� TN:=@=>A¸�M�mÖ
JUD�ON°j>�KEÀ�RL³UB�J�MN°bDARUJLKAIGV�¸�MÁ¸�>AJLÊËK�>A<?>A¸�M¿KEM ¶ > ΛEW
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²NTGRL°UDEV�²±>AZGINB�KETN:bQSIGBNF
RUJYX9MÁDEBEBE<�ÃÄRPDEB�°b¸�Bj¹ INBG5 � >A@GMG¸ BA<ET±>�°UBE¸�Fr´�KEBAK�>AJ ¶ RU@�K ¶ TGBE<�X9RL¸�V D�B ¶ TGRmQSR�X��LIGIGBE¸JU¸�V�JYX9R�>AI±>�X9BE³UMN²GRUI ¶ TNBE<�X9RL¸�RÄ@=>�X9MG<ETNBEDEBE²GINBEZ�MGRLT±>ATEW�MGM�F�BUQSI±>�@=B&D BAKbX9MG²GMNR+BAK ¶ B�µ
J�X±RYQSIGRLZ�JL@=B�X9ÀE@CB�µ INMG<A:bQSÀ!´�X9RL³Y>AINKEINBE³UBPTNRLÊÄRLIGMNO�°�QSRLJUÀ ¶ BE@=>+IGR ¶ TGRYQGX9Bj¹+RUIGBN5
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Ù_:=¸�¸�MGTN:�O�F?¸�Bj¹ INB�JU@=>�°b>�KEÀNFE²NKEB®MÄD » MN°UMG@CR�²±>AJ�KEMG¾�FAM+D�@CBEJU¸�B�X±BE³UMGM�¸�IGBA³UMGR » :=I=Q[>�µ¸�RUI�K�>�X9ÀEIGV�R » >�@NKEV�DEV�³�X±OCQ9ONK JURL³UBUQSINO2@=>A@ ¶ TGBAKAMGDEBETGRL²±>�Ã�MGRÄ@GTGM�KERUTNMGÂ RUJ�KERLJLKEDARUI�µIGBEJ�KEM�5�Ù BUQSIGBEZÅJLKABETGBEIGV3F_BUQSIGBETGBUQSINV�R ¶ >ATG>A¸�RLKATGV0KERUBATGMGM½´YX9RU¸�RLINK�>ATGIGV�W�²±>AJLKAMG¾
BE@=>�°UV�D?>AÂ.KAJoOÍT±>�°bINRUJV�LIGIGV�¸�MÍI±>�¸�IGBE³LB ¶ BET?O=Q9@=BADØDAR�X9MG²NMGIGV3Ç)BUQSIGMN¸ MN° ¶ TGMG¸�RLTGBED
°�Q9RUJUÀÆJYX±:C¹�>�KÆ´LIGRUTN³URLKAMG²GRLJU@GMGR¿¸�>AJLÊËK�>A<EV3F_W?>AT±>A@�KERUTNMN°U:=Â.Ã�MGR�T±>�°LX±MG²GIGV�R2DA°b>AMG¸�B�µ
QSRLZGJLKADEMNO�M�K �L¸�IN:=Â�´UINRUTG³LMGÂ�Ö±QSTN:=³UBEZ ¶ TGMG¸�RLT�ÓP<ERL°UT±>�°b¸�RLTGIGV�RÄ@CBEINJLK�>AINKAV3FÎB ¶ TGRYQSRYµ
X±ONÂ.ÃÄMNR"¸�>�JUJUVÅ@GD?>ATN@=BAD¢M+°b>AT?ON¹+RLIGIGV�W+X9R ¶ KEBEINBEDG5=Ù�Q9TN:=³UBEZ!JLKABETGBEIGV3F?TG>�°bIGBATGBUQSIGV�R
WC>�T±>A@NKARUTGMGJ�KEMG@NM�4�JLR�X9RLIGIGBEZÎF_I±> ¶ TGMG¸�RLT�F ¶ X9BAKEINBEJLKAÀ�K �U¸�INBEZ½¸�>�KARUTGMGM(M ¶ X9B�KEIGBEJ�KEÀ
BE<EV�²NIGBE³UB DERLÃ�RUJLKAD?>NF[BE@=>�°bV�D?>�Â.KEJoO�BbQ9MGI±>A@CBEDEV�¸�M ¶ B ¶ BET?OCQS@N:,DER�X9MN²GMGIGV3F[IGRUJL¸�BAKET?O
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I±>�T±>�°�X9MG²GIGV�R�F ¶ B�DEJLRUZ�DARUTGBjONKAIGBEJ�KEM�F�¸�R�WC>�IGMN°b¸�V�M=W�³URUINRUT±>A¾NMGMÆD,TG>AIGIGRLZ�4�JLR�X9RLI�µ
IGBEZÎ5C·�JUBE<EI�OG@CBE¸�JLKEBAMNK ¶ TGBE<�X9RL¸�>3@=BAJU¸�B�X9BA³UMG²GRLJU@CBEZ ¶ BEJLKAB�ONIGIGBEZ � ´LIGRUTN³UMGM�D?>A@N:C:=¸�>"��F
@CBAKEBAT±>�O+BEJ�K�>��LKAJoO�IGRUTNRLÊ �LIGIGBEZ!D�KARU²GRLIGMGR�IGRLJU@CB�X9ÀE@NM�WËQSRLJoONKA@=BAD3X±RLK�FEIGRLJU¸�BAKAT?O+I±>�DEJLR
:EJLM�X9MNO�KERLBETGR�KEMG@CBEDG5
8r>�°L:=¸�RURLKAJoO�F9I±>AMN<EB�X9RLR ¶ TGMGD�X±RU@=>�KERYX9ÀEIGBAZ�OND�X±ONRLKEJoO�DABA°b¸�Bj¹�IGBEJLKAÀÄKEBE³LBGFG²NKAB+@=>�¹!µ

QSV�ZËMN°�´�KEM�W » >A@NKABED�MN¸�RURLK�JUDEB��;Q9MGI±>A¸�MG²NRUJU@CBER�BE<��nOGJLIGRUINMGRA5�·ÅIGRL@CBAKEBETNV�WÄ³LM ¶ BAKARL°j>�WK�>A@CBE³LB�TGBUQ[>,¸�V�@NT±>�KE@CB�: ¶ BA¸;OGIN:jX9M¿D ¶ TGRmQSV_Q9:CÃÄM=WÆT±>�°YQSR�X9>�W[5 ��>A¸�RL²±>�KERYX9ÀEIGBNF¥²�KEB
<EB�X±ÀAÊÄMGINJLKEDAB!M�°3IGM�W�KETGRL<A:ER�K!T±>AJLÊ�MGTGRLIGMNO�MN°bDARUJLKAIGV�W ¶ TNRYQSJ�K�>AD�X9RLIGMGZ�B » M�°bMG@CR3²±>�µJLKAMG¾�FnQSBEJLK�: ¶ IGBE³LB2´U@CJ ¶ RLTGMG¸�RLINK�>�X9ÀEINBEZ ¶ TNBEDERUTN@=R�D�IGRmQ[>�X��L@=BA¸ <�:jQ±:=Ã�RU¸�F�D ¶ RLTGDA:=Â
BE²GRLTGRYQ9À�IG> ������5nÙ-K�>A@CBEZ2KEBE²N@GM2°bTGRLIGMNOI±>�Q9B&B�¹�M=Q[>�KEÀ&BAKA@GTGV)KEM�O�¾GRYX9V�W ¶ XS>AJLKABED
� INBEDEBEZ » MN°bMN@GM�®D�<�X9M�¹�>AZNÊ�MGR®³UBUQSV35H3¸�RURLKAJoO�FCBUQSI±>A@CBGFAM+QST�:�³Y>�O�DABA°b¸�Bj¹�IGBEJLKAÀG5E6�MG¸�RLIGIGBGFAIGR�X9À�°UO!JU²GM�K�>�KEÀËMGJU@�X±Â�²`�LI�µ
IGV�¸�F=²NKEB � J�X±:=²±>�ZGIGBEJ�KEM�$QSRUZNJLKEDAMNKERYX9ÀEIGB!MG¸�RUÂ"K+¸�RUJ�KEB+I±>ËJb>A¸�BE¸ » :=I=QS>A¸�RUINK�>�X9ÀEIGBE¸:=TGBEDEINRAFN²�KEB�°UI±>j²GRUIGM�O�IGRU@CBAKABETGV�W � M�X9M!QS>�¹+R�¸�INBE³UM�W � ¶ >AT±>A¸�R�KETGBEDËKERUBATGMGM QSRUZNJLKEDAM�µ
KERYX9ÀEIGBÆINR�OGD�XGOGÂ.KAJoO�RUJ�KERLJLKEDARUIGIGV�¸�MÎ5�\®>¿K�>A@�:�Â KEBE²G@�:(°bTNRUIGMNO ¶ BA°bDAB�X±OGR�KÁDEJLK�>�KEÀ
>AINKATGB ¶ INV�Z ¶ TGMGIG¾GM ¶ F�JLBE³�XS>AJLIGBÆ@CBAKEBETNBE¸;:½I±>�<�X9Â_Q[>ARL¸�V�R�I±>A¸�M » :=I=QS>A¸�RUINK�>�X9ÀEIGV�R
¶ >ATG>A¸�RLKATGV(K�>A@CBEDEV3FC²NKABE<EV½IG>�ÊÄR$JL:CÃ�RUJLKADEBED?>�IGMGR�<EV�X±B¢DABEBE<AÃ�R"DABA°b¸�Bj¹�IGB � JU¸�5?BA<A°bB�µ
TGV � $ � F�$EÔ � ��5[4 ¶ B�X±ÀA°U:�>AINKATGB ¶ IGBA³UB ¶ TGMNIG¾GM ¶ >P³LBEDEBETNMNKPKEBNFÎ²NKAB&D ¶ TGMNTGBUQSRËQSRUZNJLKEDAM�µ
KERYX9ÀEIGB�RUJ�KEÀ � QSTN:C¹+RYX9Â�<AIGV�RËJYX±:=²±>AZGINBEJLKAM�mFSI±> ¶ TNMG¸�RUT�Ç
Ó �ÎIG>�²NRUIGMGR¢@CBEJU¸�B�X9BE³UMN²GRUJL@=BAZ ¶ BEJ�KEBjOGIGINBEZ�F9RUJYX9M�RU³LB�DABEJ ¶ TNMGIGMG¸�>�KAÀ @=>A@�J�X±:=²±>�Z�µ

IGBEJ�KEÀGF¥BE@=>�°b>�X9BEJLÀ�I±>,¸�INBE³UB ¶ BET?O=QS@CBED�¸�RUIGÀAÊ�R�°UI±>j²GRUIGMNZÆ´UIGRLTG³UMGMÆDE>A@N:C:=¸�>NFqW?>AT±>A@=µ
KERLTGIGV�W�QGX±O » MN°UMG@GMÆ²±>AJ�KEMG¾Î5�¯�J�X9MÆ<EV�@CBEJL¸�B�X9BE³LMG²GRLJU@=>�O ¶ BEJ�KEBjOGINI±>�OÆ<EV�X9>�I±>�$�µ )
¶ BET?OCQS@=>�<AB�X9ÀAÊ�R ¶ B�>A<EJLB�X9Â"KEIGBEZDERYX9MG²GMNIGRAFn²GRL¸ÌTGRb>�X±ÀEIGB�I±>A<�X±Â_Q[>ARU¸�>�O�F[KAB&°bD ��°�QSV
KEM ¶ > Ù�B�X9IG¾±>�M ¶ XS>AIGR�KEIGV�RËJUMGJ�KERU¸�V INR¢¸�BA³�X9M,<AV�BE<ETG>�°bBEDE>�KEÀEJoO �  � $ ��F�$�Ñ��
Ó �,>AJUJLV X��U³L@GM�WÅ@GD?>ATN@=BAD�MØ´�X9RL@NKETGBA¸�>A³UIGM�KEI±>�O½@=BAIGJLK�>AI�K�>

α = 1/137 K�>A@CBEDEV3F²NKAB!INRUZNKATGBEI�KjON¹+RYX9RUR ¶ TGB�KEBEI±> � M ¶ BE´LKABE¸;:PD ¶ TNMGTGBUQSR®RUJ�KEÀ!DEBUQSBETGBUQ��YFNIGB+IGRLI±>A¸�IGBA³UB
� M ¶ BE´�KEBE¸;:�MG¸�RLRLKAJoO�¸�IGBE³LB�J�K�>A<EM�X±ÀEIGV�W�O=QSRLT���5[·�KE¸�R�KEMG¸�FS²NKAB ¶ TGM » MG@CJUMGTNBED?>AIGINV�W°bIG>�²NRUIGMNO=WÁ@CBEIGJ�K�>AINK�JLDAON°UMÁ@GD?>ATG@CBED2J ¶ B�X9RU¸ ��MG³L³UJU>�QGX±OÁ´LKABE³UBKETGRL<A:ER�KEJoOÎF_²NKABE<EV
W�MG³U³LJUBEDAJU@CBER�DE>A@N:C:=¸�IGBER"JUTGRmQSIGRUR�� ´YX9RU@�KETGBEJYXS>A<EV�Z ¸�>AJLÊËK�>A<
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TGRU>�X9ÀEIGBA¸;:P°bI±>j²GRLIGMGÂ
� & �
Ó¿×3RUTGDAMG²GIGV�RPINRUBUQSIGBETNBbQ9IGBEJLKAM ¶ X9BAKAIGBEJLKAMÁDEB�4�JLR�X9RLIGIGBEZ δρ/ρ ∼ 10−5 K�>A@CBEDAV3F

²NKAB�BE<AT±>�°U:=Â"KEJoO,³Y>�XS>A@NKAMG@GM�FSIGB�IGR®T±>�°UTN:CÊ+>AÂ"KEJoO ¶ XS>AIGR�KEIGV�RËJUMGJ�KERL¸�V � $ � �
Ù ¶ MGJLBE@ ¶ BUQSBE<AIGV�W � QST�:=¹ÄR�X9Â.<EIGV�W,J�X±:=²±>�ZGIGBEJ�KERUZ��Ä¸�Bj¹�IGB ¶ TGBUQSB�X±¹+>�KEÀGFNQSBADEB�X9À�µ

IGB ¶ BUQSTGBE<AIGBER�M�W ¶ RLTGRU²GMNJ�X9RLIGMGR�MG¸�RLRLKAJoO½D�@GIGMG³LR � $�& � F�¾GR�X±MG@CBE¸ ¶ BEJLDAONÃ �UIGINBEZ�>AI�µ
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KETNB ¶ IGBE¸;: ¶ TGMGIG¾GM ¶ :E5
\®> ¶ RUTGDEV�Z DA°b³�XGO=Q >�INKETGB ¶ IGV�Z ¶ TGMGIG¾GM ¶�¶ TGB�KEMGDEBATGRU²GM�K½RUJ�KERLJLKEDARUIGIGBAI±>b:�²NIGBE¸;:

DA°U³�X±O=Q9:�I±>�°b>A@CBEIGV ¶ TGMGTNBbQ9V35q·"QSI±>A@CB&´LKAB&IGR�K�>A@Î5nÙ_:CÃÄRLJLKED�:ERLK�DEBA°U¸�B�¹�IGBEJ�KEÀ KABE³UBNF
²NKAB�4�JLR�X9RLIGI±>�OÅI±>Jb>A¸�BE¸ QSR�X±R�IGRLMN°b¸�RLTGMG¸�B�<AB�X9ÀAÊ�RAF�²GRU¸�RV��I±>A<�X9Â_QS>ARU¸�>�OØ²±>�JLKEÀNF
M½²NKAB�D�T±>�°bIGV�W(BE<�XS>�JLKjO�W½4�JLR�X9RLIGIGBEZ�F_B ¶ O�KEÀ�µ K�>A@GM½°bIG>�²NMNKERYX9ÀEIGBÆ< �B�X9ÀAÊÄM=W(IG>A<�X9Â$µ
Q[>ARL¸�BEZ&²±>AJ�KEM�F ¶ >AT±>A¸�R�KETGV3F±@CBAKABETGV�R®¸�VÌJU²GM�K�>ARU¸ » :=I=QS>A¸�RUINK�>�X9ÀEIGV�¸�M�F ¶ TGMGIGMG¸�>�Â.KT±>�°UIGV�R+°bI±>j²GRLIGMNO � DEB�°b¸�Bj¹ INBGFÎT±>�°LX9MG²NIGV MJb>A¸�M » MN°UMG²GRUJL@GMGR!°j>A@CBEIGVÚD�IGV�IGRLÊ�IGRU¸
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