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1. BBenenwne

1.1 Teopmus cTpyH B coBpeMeHHoii pu3uke

Teopust cTpyH — 9TO MONBITKA O0bACHUTL BCE YACTHUILI U (DyHIAMEHTAIbHBIE CUJIBI IPUPOILI B PaM-
Kax OJIHOI TeopuH, MOJEIUPYd UX KaK KOJeODaHUi CylepcCuMMEeTPUIHBIX cTpyH. CoryacHo Teopuw,
dyHIaAMEHTAJIBHBIME COCTABJISIIONINME PEATbHOCTH SIBJIAIOTCS CTPYHBI IJIAHKOBCKO# JITUHBI, KOTOPbIE
BUOPUPYIOT Ha PE30HAHCHBIX YacTOTaX. Pa3Hble 9acTOTHI OIPEIEISAI0T MACChl OT/IE/IbHBIX T0JIEi, KaK

HaOJIIOIaeMbIX CTAHIAPTHON MOJIEIbIO, TaK U THIOTeTHIEeCKUX (TPABUTOHBI, JIEITOKBAPKH ).

Teopust cTpyH sIBJISIETCST XOPOIIeil MOAEIbIO COBPEMEHHHON (PU3MKHU IaCTUI: OHA SIBJIAETCS OJHUM U3
BO3MOKHBIX BapUAHTOB «TEOPUU BCEIO» U «TEOPHU BEJIMKOrO0 O0beJIMHEHUs»; OIUCHIBAas BOSHUKHO-
BEHIE BCeX YaCTHUIl U B3ammoeiicruii CranaapTHOR Moen, oObeInHss uxX ¢ rpapuramueii. Takxke
Teopus CTPYH MOXKET ObITh penieHueM pobJIeMbl CKPBITON MaCChl: MOYKET ObITh BBEJIEH MEXaHU3M,

MO3BOJILIONHUI ObICTPO orenuTh YacTuiibl u3 K8’ or rpymnmer E8 rpymmb.

Hecmorpst Ha JIOCTOMHCTBA TEOpUM, Y Hee CYIIECTBYET psiJi CYIIECTBEHHBIX HEJIOCTATKOB: OOJIBIIOE
KOJIMIECTBO CBOOOJIHBIX ITapaMeTpoB, cjiabas mpejcKa3aTebHas CUIa, CJIOXKHOCTD ¢ ITPOBEPKON 9KC-

nepumenToM. [lopoOHee HeOCTATKYA TEOPUH PACCMOTPUM B TPETbEl CEKIIUH.

1.2 Vcropus Teopuu CTpyH

Ucropuieckas crupaBka 0 TEOPUH 3ePKAIbHBIX YACTHUI] U TEOPUAX CTPYH OCHOBaHA Ha OO30PHBIX CTa-
Thsx |1; 2] Teopust crpyn Bosauka B 1970b1e rospt Ha ocHoBe pabot ['abpussie Benennano, cBs3aHHBIX
€O CTpYHHBIME MoJieisiMu aJipoHOB. B 1980-905b1e roinr mponcxonio OypHoe pa3BUTHE TCOPUl CTPYH.
Ho B Teopum BO3HMKAJO MHOIO IPOTHUBOpEUMil: HEHAO/IIOIaeMble YaCTUIIBI, OTPOMHOE KOJIMYECTBO

JIOXKHBIX BaKyMOB, BBIYUCJIUTEIbHbBIE TPOOIeMBI(B GOJIBIINHCTBE CJIYIAeB TeOpHUs MepTydaTHBHAs).

B 1984 roxy Maitkiaom ['punom u /Ixkonom [IBapiiem 66110 1MokazaHo, 9To Mpu HAJIUYIUN 9 TpocTpaH-
CTBEHHBIX M3MepeHUil: 3 0OBIKHOBEHHBIX 1 6 KoMIakTHbIX(MHOrOOOpasus Kanabu-4y), moaydaercs
cornacoBarh KTII 1 OTO B pamkax omHoit Teopun. /lannoe ucciegoBanme Ha3BaJd IePBOil cymep-

CTPYHHO# pEBOJIIOIIUEH.

B cepemune 1990-x Dasapa Burren, /Ixxozed [lomuubcku n japyrue Gpusnkn oOHAPYKUIN BECKHe
JIOKa3aTe/IbCTBa TOTO, YTO pa3IndIHbIe CyIepCTPYHHBIE TEOPUH IIPEJICTABIIAI0T cOO0H pa3IndIHbIe IIpe-
JleJIbHBIE CJIydan He pa3paboTaHHol moka 11-mepHoit M-Teopun. 9T0 OTKPBITHE 03HAMEHOBAJIO CODOit
BTOPYIO CYIIEPCTPYHHYIO peBosroruio. OCHOBHBIM 3jieMeHTOM M-Teopun sIBISIOTCS «OpaHbl» — MHO-
roMepHble 0OBEKTHI Ha TOI00MN OJTHOMEPHBIX cTPYH. Ha jJanHoM 3Talte pa3BUTHS TEOPUU CUATAETCS,

9TO OpaHbl IPUHINIINAILHO HEHAOIIOIaeMbI.

B 1964 romy Ilomepanuyk, Oxynp u Ko6G3apes ||| BBOIST HOBYIO CHMMETPHUIO B3aMEH HapyIIaro-
meiicss CP — CPA — cummerpuio, Tiie A — oTBedaeT 3a MPUHAIEKHOCTD TaCTUIBI K «3ePKATbHOMY
MUDPY». 3ePKAJIBHBIII MUD MMeeT CBOU CUJIBHOE U 3JIEKTPO-cjiaboe B3anMOJIENCTBIE U MOTYT B3aUMO-
JIECTBOBATEL C OOBIMHBIM MHPOM HCKJIIOUUTEJHHO 32 CUeT OCIUJISIUI CO CBOMMH He3ePKAJILHBIMU
naptHepamu. B 1970b1x cubnoe pazsutue nosyunia CtangapTHas MOJIEb, ¥ OHA 3aTMUJIa BApUaH-
ThI 3ePKaJIbLHBIX MUPOB. B 1980b1€ cTponnch pa3ndHble 3epKaabHbIe TEOPUU, TAKYKE HA YCKOPUTETAX
ITPOBO/INJINCH SKCIIEPUMEHTHI 110 IIOUCKY PACIaI0B YacTUIl B «HUUTO». [logBasgroTcs mepBble pabOTHI

CBA3bIBalOIne 3€pKaJIbHbIEC U OOBIYHBIE MMPBI C IIOMOIIBIO O,ILHOﬁ I'PYIIIbI CI/IMMeTpI/II/I[ ]



Ha rekymuit MOMEHT €CTh MHOXKECTBO PA3/IMYHBIX CYNEPCTPYHHBIX TEOPUil, BKJIIOYAIONINX Pa3Hble
TUIBI TEMHOI cuMMeTpuu. MHOrne Mojiesin cyrnepcTpyHHOTO 3€PKAJILHOTO MUPA, ABJIIIOTCH «UT'POBBI-

Mu MojiesaMuy, Ho E8 X E8’ aBjsgercd mHTepecHBIM KaHINIATOM Ha «TEOPHIO BCETO»

2. I'pynnor Teopun E8 X ES’

E8 x E8’ Teopusi ucTOpmyecKn paccMaTpPUBAINCHL KaK caMas HEpPCHEeKTHUBHAS TEOPHUs I OIUCaA-
Hust ¢pusukn BHe pamMok Cranmaprroit Mogenu. Ona Obl1a cozmana B 1987 romy I'poccom, Xapsu,
Maprunecom, u Pomom [4] u mo/roe BpeMst sBJisiiach eJIMHCTBEHHOl T€OpUeil CTPYH ¢ TPYIIIAMUI CHM-
MeTpun crangapTHOi Momenu. E8 — comepkut B cebe Kak MOJATPYIILY TPYIITY CTAHIAPTHOW MOIE/IN
SU(3) x SU(2) x U(1). E8 — me Hapymiaer cuMMeTpUR 1 06pa3yeT «TeHeBOW MUp».

2.1 Ilouemy 10 m3mepeHmit?

Mpr HabITIOIaeM deThIpeXMEepPHOe ITPOCTPAHCTBO-BpeMst (4 M3MepeHwsi), B KOTOPOM HAXOJSITCS 9aCTH-
bl CTaHAapTHOH Mojeu (6 KBapkoB -+ 6 JIeNTOHOB -+ aHTHYIACTUIBI + 4 BEKTOPHBIX 0030HA + MOJIe
xurrca = 12 reneparopo). MOKHO MPE/IIOIOKUTE, 9TO CHMMETPUH B JIOTIOJTHUTE/IBHBIX TPOCTPAH-

CTBaXxX ITO3BOJIAIOT «E€CTECTBEHHbLIM» IIYTEM IIOJIYYUTDH I1OJIA CTaH,HapTHOfI MOEJIN.

[Tomumo sToro 10 m3Mepenmit MO3BOIAIOT yOpaTh KaIuOWPOBOYHBIE W IPABUTAIIMOHHBIE AHOMAJIHM.
[5] AHOMaIMU B KBAHTOBOIOJIEBBIX MOJIEJISX CBSI3aHBI C HAPYIIEHHEM Ha KBAHTOBOM YPOBHE KJIAC-
cudeckux cummerpun (JlopeHn-uHBapuaHTHOCTH, KaJuOpPOBOYHOM cHMMeTpud U T.J.) |'paBurarnu-
OHHbIE AHOMAJIUU CBUJIETEJILCTBYIOT O HApPYIIEHUU Ha KBAHTOBOM YPOBHE OOINEll KOBAPUAHTHOCTHU
TEOPUM WJIU YKe JIOKAJbHON JIOPEHIIEBCKOII MHBApUaHTHOCTH. B paboTax 1o Teopuu CynepcTpyH ObI-
JIO TIOKa3aHO, YTO COKpAllleHHe aHOMaJiiil Ha KBaHTOBOIIOJIEBOM YPOBHE HMMeET MECTO JJid I'PYIIIbI

ESxE8 u SO(32).

2.2 T'enepartopbl 1 CUMMETPUN

Ipynma E8 B kadectse noarpymist cogepxkut SU(3) X E6. Mbl MOzKeM CHIBHO OrpAaHUIUTH HEOOXO,TH-
MBIl BHJ MHOTOOOPa3usl JIOMOJTHUTE/IBHBIX ITPOCTPAHCTB U3 YCJIOBUA BUIA 4-MEPHOIO IIPOCTPAHCTBO-
BPEMEHU, HAJNYUUsl HEHAPYIIEHHOW CYIepCUMMETPUU B U€THIPEX M3MEPEHUsX U BUJIa (PEPMUOHHBIX
moJieit. DTUM yCJI0OBUsIM oTBedaeT 6-mMepHoe MHOTOOOpasne Kamabu-5o. Jlamee mpoucxoant Hapyiie-
uue E6: KBapKu 1 JIEITOHBI SIBJIAIOTCS 0e3MacCOBBIME BO30Y K IeHUAME cyrepcTpyHbl. OHE ONMUChIBa-
I0TCS HYJIEBBIMUA MOJIAMH COOTBETCTBYIOIINX BOJIHOBBIX ypaBHEHMI Ha MHOTooOpasuu Kamadbu — fo.
Koncranter B3anmoseiictsus, gpisionimecs cBobomubivu napamerpamu B TBO, oka3biBatoTcs cBs-
3aHHBIMU C TOTIOJIOIMYECKUMHE XapaKTepucTukamu Mmuoroobpasusa Kamgadou — fo. dasee mpoucxoaur

HapyIlleHne CUMMETPHUH JIO0 TPYIIIBI CTAH/IAPTHON MOJIEJIN.

['pynma cummerpun CrangapTHON Mojen cojepKuT 12 renepaTopoB U 12 COOTBETCTYBIOIIUX UM
KaJmopoBouHbIM Oo30HaM. ['pyrma E6 obiamaer 78 reneparopamu, TO €CTh JOJXKHA cojiep:KaTh 66

HEN3BECTHDLIX KaJII/I6pOBOLIHbIX 6O3OHOB7 APYruMu CjJI0BaMM HECKOJIbKO HOBBIX BSaHMOﬂeﬁCTBHﬁ.

2.3 Hapymenune cummMmeTpuii

[Iporiecc mocTeneHHOro HapYIIeHHsT CHMMETPHH XOPOIIo MoKazaHo B paborax [7; &|. Uarerpuposa-
Hue 1o 6 KOMIaKTU(MUIIMPOBAHHBIM U3MepeHusaM Teopun cyrnepcrpyn E8 npuoaut kK 3dbdekTuBHOIM
teopun ¢ E6-ob0bequnenneM B 9eTbIpeXMEPHOM IpOCTpaHcTBe. JlaabHelmil mporecc MOXKHO OIpe-

JCJINTh HEOAHO3HAaYHO. ,ZL.HH BCE€X BapHaHTOB 9TO IIOCTEIICHHOE CIIOHTaAHHOE HapyHICHHE CUMMETPpUN
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Pucynok 1 - — Ilosst rpynmbr E8 Ha ocHOBe oHOrO 13 THIOB moarpymir. |6

DA CKATBIBAHUM IOJEH K HEHYJIEBBIM BAKYYMHBIM CDEIHUM.

E8 — E6 — SO(3,1) x SU(3) x SUL(2) x SUR(2) x Ux(1) —
— 50(3,1) x SU(3) x SUL(2) x Uy (1) x Ux(1). (1)

3. E8&xE8 B KocmMmoJiorum

['pynmna E8 onmceiBaeT «peabHblity Mup, E8’ «TeneBoiis, KOTOPbIN B3aUMOJIEHTCBYIOT UCKTIOUUTE -
HO T'PpaBUTAIIMOHHO. B pe3yibrare 06a Mupa, CyIecTBys Hapaslie/IbHO, ITPAKTUIECKNA HE YYBCTBYIOT
JIPYT JApyTa Moc/Ie TIAHKOBCKO 91oxu. B KayK/IoM 13 HUX yCTaHABIUBAETC CBOE TEPMOIMHAMUIIECKOE
paBHOBeCHE 3a CUYET CBOUX BHYTPEHHUX HEI'DABUTAIMOHHBLIX B3auMojeiicTBuii. B crammapTHoil Koc-
MOJIOTUHU TOT MOMEHT COOTBETCTBYET IO3/Hell cTajuu 00pa30oBaHus rajakTuK. B npuHiuie, MOTyT

CyHaieCTBOBaTh I'aJJaKTUKM, B KOTOPBIX Hpeo6ﬂazgaeT nJIn O6bI‘IHaSI7 njm TeHeBad MaTepud.

3.1 Bbapuonnag accumerpus

Mogyesnis E8XES8’ cynepcumMmerpuvna, 9TO MO3BOJIET OMUCATH OAPUOHHYIO acuMMeTpuio. B Teopun
cymepcuMMeTpun (DU3UKHU SJIEMEHTAPHBIX TaCTUIl OOBIYHBIE KBAPKU M JIEMTOHBI NMEIOT CKAJISIPHBIX
apTHEPOB, KOTOpble HecyT OapUOHHBIE W JieNToHHBIe ducsia. [lockoabKy mocseanne paciaiaroTcs
Ha ¢epmuonbl B panneit Beeslennoii, uncroe 6apuoHHOE YHUCJIO0, KOTOPOE OHU HECYT, MOYKET 3aTeM
obpazoBaTh HaAOJIIOIAEMbINl B HACTOSIIEE BPeMst N30BITOK OOBITHBIX OAPUOHOB. DTO IMIPOUCXOIUT M3-3a
B3aMMO/IEHCTBIS CKAJIIPOB € ToJieM WH(MIaTOHa, 9TO mpuBoanT K Hapyteransm CP. Takoit mexanmsm

Ha3biBaeTca MexaHn3aMoMm Addureka-/laitra-/Inme.

3.2 CkpbITasg macca

Bepranabhblii cekTop E8’ comep:kur 248 HEM3BECTHBIX YACTUIL M 248 HEM3BECTHBIX IIOJIEH B3aMMO-
JIEHCTBHi, KOTOPBII MOXKET BHOCUTH BKJIaJl B CKPbITYI0O Maccy. [laxke ecsim E8’ we napyriaercs, To

JIOJIZKHO OBITH HapyllleHne KoHdaitHMeHTa.

pyroit nocTynHBI BapuaHT BKJIaIa B CKPBITYIO Maccy B Teopun E8XE8’ 6bu1 nokaszan B crarhe |9

Hajmane HeTpHBHaHBHOﬁ TOMOTOINYIECKO I'PYIIIIBI BBI3bIBACT ITOABJICHHUE HOBBIX COCTOSTHMIA SaMKHY-
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TOU CTPYHBI, Macca KOTOPOU OlpejiesiesseTcsd pa3sMepaMu JIOIOJTHUTE/IbHBIX TPOCTPaHCTB. MoKHO 110-
J100paTh MacChl TAKUMH, YTOOBI MOJIOOHBIE CTPYKTYPBI MPEBPAIaINCh B YepHBbIE JbIPbl. B Takom
caydae MpH Pas/IMIHbIX apaMeTpax MOJEIN, MOXKHO OBLJIO ONEHUTDH BKJIAJ MOJOOHBIX YE€PHBIX JIBID

B CKPLITYIO MacCCy Bcesnennoii u 1I0JIy4aThb Or'paHUYeHUd Ha JaHHYIO T€OPHUI0 U3 KOCMOJIOT'UHA.

3.3 IIpobGsiembl Teopuu CTPYH

IIpobsema JlapanradpTa ¢ KoHedHBIM BUIOM ITpocTpaHcTBa Kamabu- 4y Beé emmé ocraercs HepereH-
HOIl — Ha MaKPOCKOIUYIECKUX MacIITabax Teopus JOJKHA CBOJUTHCS K U3BECTHONW U OYeHBb XOPOIIIO
IPOBEPEHHON bu3nKe d1eMeHTapHbIX dacTull. Ho, Kak BBISICHAETCs, CIIOCOOOB TAKOI'O CBEJIECHUS CY-
mecTByeT 110 MeHbIeil Mepe 10100, a To  10°00, a To 1 BoBce GeckonedHOCTD. [Ipn 9TOM Kazkiad U3
MOJTY YUBITAXCA YETHIPEXMEPHBIX TEOPUI OMUCHIBAET CBOM COOCTBEHHBIN MUP, KOTOPBIHI MOXKeT ObITh
IIOXO0K Ha PEaJIbHOCTb, & MOXKET U IMPUHITUINAIBLHO OTIn4YaThcs oT Heé. [logobHoro poma Heorpeie-
JIEHHOCTDH TTOPOJINJIa aHTPOITHBIM NPUHITUIT — KJIEI0, YTO MBI »KUBEM B MUPE C TAKUMU IapaMeTpamMu
dpuU3MKHU, MOTOMY YTO TPHU JIPYTUX KU3Hb HE MOIJIA 3aPOJUThCA. Takas KOHIENIUs JIeJIaeT TeOPUIo
CJIO?KHO IIPOBEPAEMOL.

ITpo6iema BO3MOXKHOCTU NMMPOBepKU Teopuu. HeBO3MOXKHO POBECTH B 36MHBIX YCJIOBUSX IKC-
MEPUMEHT JIjI IPOBEPKH T€OPUU CTPYH B 0003PUMOM BPEMEHU, 110 TPUUNHE TEXHOJIOINIECKOTO HECO-
BEPINIEHCTBA, MTOHMKAET J1oBepue K Teopuu. OrpaHudeHus U3 KOCMOJIOTHH TOYEPIHYTH CJI0KHO M3-3a

MOJIE€J/IbHO-3aBUCUMBbIX PE3YJIbTAaTOB Pa3HbIX TeOpI/Iﬁ CTPYH.

4. 3aKJodeHue

Teopust cynmepcTpyH OTJIMYHO BIMCBIBAIOTCS B COBPEMEHHYIO TEOPHIO 3JIeMEeHTapHbIX dacTuil. OHm
HEPEXOIAT B HI3KOYHEPTETUIECKOM IIpejiesie B CYIIePCHMMETPUYHbIE TEOPUHU BEJTUKOIO 00be TMHEHNS.

OCHOBHBIMU IIPEUMYIIIECTBAME CYIIEPCTPYHHOTO IOIX0/IA ABJSIOTC CJIeIYIOIIee:

e [lozBosIsI0T 0OBEIMHUTL BCe (DyHIAMEHTAIbHBIE B3aUMOJIEHCTBUS.

e [103BOIAIOT eCcTeCTBEHHBIM IIyTEM IIOJIYIUTDH ITapaMETPbI KaJII/I6pOBO‘{HbIX TGOpI/Iﬁ n3 IepBo-

IIPUHITUIIOB.

e OObsICHSET YaCTh KOCMOJIOTHIECKUX TTPOOJIEM.

Takxe cjeyeT OTMETUTD U ITPUHITUITINAJIbHBIE BOIIPOCHI B CyHGpCprHHOfI Teopuu, pemieHne KOTOPbhIX

HEeOOXOANMO JIJIs €€ OOOCHOBAHUS:

e [Ipobiema Jyranamadra
e [IpoGiema ¢ mpoBepkoit Teopun

o JIunammdyeckoe 0OOCHOBaHUE IIPOIECcca KOMITaKTH(DUKAIINN
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