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OBIIJ;A.51 XAPAKTEPHCTHKA PABOThI 

AKTyaJihHOCTh TeMhI 

CTan,n;apTIIa5I M0,IJ,CJib 3JICKTpOCJia6bIX B3aHMO,IJ,ett:CTBIIH 5IBJI5IeT

C5I Ha cerO,IJ,H5IIIIHHH: ,n;eHh xopoIIIO rrpoBepeHHOH: TeOpHett:, K0T0pa5I 

rrpeKpacH0 0IIJIChIBaeT 3KCnepJIMeHTaJihHbie ,n;aHIIbie. I1pe,n;JIO.>KeH

Ha5I BOT y.>Ke 6oJiee 40 JieT Ha3a,IJ,, OHa C0CTaBJI5IeT 0CH0BY HaIIIero 

rroHJIMaHJI5I MJIKpOMHpa JI 3B0JIIOD;IIH BceJieHHOtt:. O,n;HaKo 6oJihrrioe 

'IIICJI0 CB060,IJ,HhIX rrapaMeTp0B H 0TCyTCTBIIe 0TBeT0B Ha <pyH,n;a

MeHTaJibllhie B0IIp0ChI, TaKJie KaK o6'b5ICHeime cneKTpa 3JieMeHTap

HhIX qacTI1u;, npo6JieMbl CKpbITOH: MaCCbI JI 3HeprJIJI, 3acTaBJI5IeT Hae 

IICKaTh 6oJiee noJIHYIO TeopJIIO 3JieMeHTapHhIX qacTHD; JI JIX B3aJI

Mo,n;ett:cTBIItt:. 

KaJIII6poBOqJibie Il0JI5I JI lIX MIIHJIMaJihHa5I <popMa B3aJIMO,IJ,ett:

CTBII5I C Il0JI5IMH MaTepIIJI o6pa3JIOT_ OCHOBY CTan,n;apTHOH: M0,IJ,eJIH 

JI 5IBJI5IIOTC5I rrpoBepeHHbIMJI C 60JibllIOH: TQqHQCTbIO. B TO.>Ke BpeM5I, 

BBe,n;enIIe XJirrC0BCKJIX II0Jiett: JI JIX IOKaBCKlIX B3aJIMO,IJ,eiicrBJIH, II03-

BOJI5IIOIIl,JIX B KaKOH-TO Mepe o6'b5ICHJITh MexaHII3M CII0HTaHHOro na

pyII1eHJI5I CJIMMeTpJIJI JI reHepau;IIJI Mace, 0CTaeTC5I IlOKa eII1,e T0JibK0 

rJinoTe3oii:. CocTaBHhre Mo,n;e.JIH rmrepu;BeTa, ocnoBaHHhie Ha JI,n;ee 

KOH<paii:HMCHTa n Hea6e.JieBbIX KaJIII6poBOqHbIX TeopH5IX, C0CTaBJI5I

IOT aJibTepHaTHBHhIH no,n;xo,n; K B0npocy HapyrneHH5I ClIMMeTplIJI. 

I1HTepecno, qTo ,n;aHHhIH B0npoc ,IJ,OJI.>KeH n CK0p0M 6y,nym.eM no

JiyqHTh CBOe pa3peII1eHHe C nycKOM HOBOI'O BoJibIIIOro A,n;pOHHOro 
KoJIJiaii,n;epa (LHC) B IJ;EPHe B 3T0M ro,n;y. 

,LI;aHHa5I ,n;JiccepTau;1rn rrpe,n;JiaraeT pacnrnpeHHe MaTepHaJihH0ro 

ceKT0pa CTan,n;apTH0ii Mo,n;eJIH, He 3aTparHBa5I rrpH 3T0M xopOIII0 

H3yqeHH0I'0 ceKT0pa KaJIJI6poBoqHbIX IIOJieii. B Heii paCCMaTpHBa

IOTC5I MaTepHa.JibHhie qacTHD;hI, K0T0phre 0IIlIChIBaI0TC5I TeH30pHbl

MlI II0JI5IMH BhICIIIHX paHr0B II rrpeo6pa3yIOTC5I no HeCTaH,n;apTHhIM 

rrpe,n;cTaBJICHII5IM rpyIIIIhl J1opeHu;a. OHII o6Jia,n;aIOT H0BbIMII TIIIIa

MII B3aIIM0,Il,eiicTBJiii, K0T0pbre IIPIIB0,Il,5IT K Heo6hrqHhIM CBOHCTBaM 

pacnrnpeHHoii Mo,n;e.JI"H:.:. -==-=-=---~---_, 
06ie,qJIHemu,ul HHCTHTYTJ 

. 51,qepmuc Hccpe,qoBalilu'il 
I_B_~BJIMOTEHA I 



Tio,n;po6Ho paccMoTpen cJiyqau •rncnru; co crrnnoM e,n;irnnu;a. I1x 

B3aHMO)J,CHCTBHe C cpepMHOHal\rn o6Jia,n;aeT CBOIICTBOJ\I acHMTITOTH

'IeCK0M CB060,n;hI ,n;a)Ke B a6eJICBOM CJiy•rne JI l\IO)KeT CJIJ)KIITb aJih

TepttaTHBHbJM IICT0'-IHHKOM CHJibHbIX B3aHl\IO)J,eJICTBIIll rrpn HH3KHX 

3Heprirnx, neo6xOJJ,IIMbIX )J,JI5I cpopMIIpOBamrn COCTaBIJbIX qaCTIIIJ;. 

OTKpbITHe HOBOro TIIIJa )J,Harpal\IM, npIIBO)J,5.IIIJ;HX K KHpaJibHbIM aHo

l\IaJIH5IM, TaK)Ke o6oraiu;aeT c0Bpel\remiy10 Teopmo. O,n;HaKo HaJIH

qne HeTpHBHaJihH0I'O KnpaJibHOro 3ap5IJJ,a II cyiu;ecTBOB;lHHe necpn-

3II'IeCKIIX C'reneHeii CB060JJ,bl 3aTpy,n;mreT IIOCTpoemie n0JIH0H KBaII

TOBOH TeopHII B3aHMO)J,CllCTBIIH TaKHX noJieM H l\IO)KeT TIOCJIJ)KIITb 

TeMOM )J,JI5I JJ,aJibHeMlUHX TeopeTIJ<IeCKIIX HCCJie,n;onaHm1. 

I1cTOpH'IeCKHll onhIT J'IHT Hae, '-ITO ne ncer,n;a nocTpoeHHe no

CJie)J,OBaTeJihH0II KBaHTOBOM TeOpirn, npeJJ,JIO)KeHHOM MO)J,eJIH, npe,n;

lllC)J,CTBOBaJIO ee ycneurnhIM cpeHOMeHOJIOI'IJ<IeCKHM npHJI0)I(eHII5IM. 

Tio3TOMY 60JibIIIa5I '-IaCTb )J,HCCepTaIJ;HH fIOCB5IIIJ;eHa cpeHoMeHOJIO

rmI. Ha npnrvrepe a,n;pOHHhIX KBapK-aHTIIKBapKOBhIX pe30HaHC0B 

noKa3aHo, 'ITO cneKTP Me30H0B e)J,IIHH'IH0ro cnnna Tpe6yeT BBe,n;e

HH5I HOBbIX 6HmrneiiHbIX KOM6HHaIJ;IJH KBapKOBbIX C0CT05IHHM II co-

0TBeTCTBYIOIIJ;IIX HM noJieBbIX nepeMeJIHbIX HOBOI'O THna - KHpaJih

HbIX qaCTHII; co cnIIHOM e)J,IIHIIJJ;a. 8To npIIBO)J,HT K aKTyaJIH3aII;HH 

MOJJ,eJIII HaM6y n Motta-J1a3nnHo Ha cJiyqaii: neKTOpHhIX II aKCHaJih

HhIX Me30HOB. 

CJie,n,yroiu;nM ecTeCTBeHHhIM maroM npnMeHeHII5I ,n;aHHOM HJJ,eM 

MO)KeT nocJiy)KIITb COBpeMeHHa5I MO)I,eJih 3JieMeHTapHbIX qacTHIJ; H 

HX B3aIIMOJJ,eiicTBIIii, KOTOpa5I 6bIJia TIOCTpoetta O)J,HIIM 113 ee C03JJ,a

TeJieii, TO'IHO HCXO)J,5.1 113 aHaJIOI'HH C cpH3HKOH a,n;pOHOB. B nacT05I

III;Hii MOMeHT nee pacm11peHII5I CTaH,n;apTHOH MO,II,eJIH, BKJIIO'Ia5I cpe

HOMeHOJIOI'H'IeCKIIe MO,II,eJJII cynepCHMMeTpHH, He co,n;ep)KaT qaCTHII; 

HOBoro T11na. ,lJ,anHa5I ,n;11ccepTau;115.1 npe,n;JJaraeT conepmeHHO no

noe pa3BHTIIe B o6JiaCTH cpH3llKH 3JieMeHTapHbIX qacTIIII;, KOTOpoe 

MO)KeT 6bJTb n CKOpOM npeMeHII TIOJJ,BeprttyTO OCHOBaTeJihHOM npo

nepKe Ha BoJibllIOM A,n;poHHOM KoJIJiaii:,n;epe B UEPHe. 
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OcHOBHa.H n;eJih ,n;11ccepTan;1111 COCTOHT B HCCJie)J,OBainrn He06bI'I

HbIX CBOMCTB <JaCTHIJ;, onHCbIBaIOIIJ;IIXC5I nOJI5IMII, npeo6pa3JIOJII;HMII

C5I no riecTan,n;apTHhIM npe,n;cTaBJiemrnM rpynnhI J1openu;a. Tio,n;po6-

HO paccMOTpeH CJiyqaii KHpaJibHbIX qaCTHIJ; co cnHHOM e,n;mrnu;a, 

KOTOpbie B3aHMOJJ,eiicTBYIOT C neiu;ecTBOM anoMaJibHbIM o6pa30M. 

KonKpeTHO 3Ta u;eJih Bbipa3HJiaCb B ycneIIIHOM cpeHOMeHOJIOI'H'-Ie

CKOM nOJJ,XO)J,e K onncaHHIO HII3KOJie)I(aIIJ;HX Me30HilbIX pe30HaHCOB, 

BKJIIO'IaIOIIJ;eM HOBbIH THn paccMaTpIIBaeMhIX B3aIJMOJJ,eMCTBIIH, H 

K fIDCTpOeHHIO paCIIIIIpemroii MO)J,CJIH 3JieKTpocJia6bIX B3aHMOJJ,eii

CTBHH II H3yqemuo ee CJie)J,CTBHM. 

Hayqttaa H0BH3Ha H npaKTHqecKa.H n;ettH0CTh. 

B )J,HCcepTaII;HH paccMOTpen HOBbIH nm noJieii MaTepnn, KOTO

pbie OfIIIChIBaIOT IrnpaJibHhJe qaCTHIJ;bI, o6Jia)J,aIOIIJ;IIX neMHHHMaJib

HhIMH KaJIH6poBO'IHhIMII B3aHMOJJ,eiicTBH5IMH. B )J,HCCepTaII;IIII fIOKa-

3aHO, '-ITO KHpaJihHbie qacTHIJ;hI, npeo6pa3y10iu;Hec5.1 no HecTaH,n;apT

IlbIM npeo6pa3oBaHH5IM rpynnhr J1opef!u;a, cyiu;ecTBJIOT B npttpo,n;e 

B BH)J,e a,n;pOHHhIX KBapK-aHTHKBapKOBbIX COCT05IHHH. I1cnOJih3J5I 

cpopMaJIH3M MO,II,eJIII HaM6y H MoHa-J1a3nHHO 6bIJIH noJiy'IeHhI Ho

Bhie MaCCOBhie cpopMJJihI, KOTOpbie He OCHOBbIBaIOTC5I Ha rpynnax 

YHIITapHOH CHMMeTpHH, a CB5.13hIBaIOT qacTHIJ;bI pa3JIH'IHhIX MJJih

THnJieTOB II ,n;a)I(e c npOTIIBOnOJJO)I(HOH 'IeTHOCTbIO. BbIJIH o6'b5ICHe

Hbl OCHOBHbie ,II,HHaMH'IeCKHe CBOHCTBa Me30HOB co cnIIHOM e,n;HHH

u;a. 

YcnemHoe npnMeHeH11e ,n;aHHOH II,II,eH B a,n;pOHHOM cpll3HKe ,n;aeT 

OCHOBaHHe npe,n;noJJO)KJITh, 'ITO aHaJIOI'H'IHbIH Tlln qacTHII; MO)KeT 

cyru;ecTBOBaTh II Ha MaCmTa6e 3JJeKTpOCJia6bIX B3aHMO,II,eMCTBHii, 

XOT5I IIX np11po,n;a II KOHKpeTHa5I MO,II,eJih MO)KeT OTJIII'IaThC5I OT HC

TIOJib30BaHHOH ,II,JI5I OTIHCaHH5I a,n;pOHOB. Y)Ke B HaCT05IIIJ;ee BpeM5I 

cyru;ecTBYIOT HeKOTOpbie 3KCnepnMeHTaJihHhie ,n;aHHhie, KOTOpbie He 

MoryT 6hITh HHTepnpeTHpOBaHbl Hll n paMKax CTaH,n;apTHOH MO,II,e

JIII, HM B ee nonyJI5IpHhIX pacnrnpeHH5IX. B TO )Ke npeM5I MO,II,eJih, 

npe,n;JIO)KeHHa5I n ,II,IICCepTaII;HH, cnoco6Ha c O,II,HO:ii CTOpOHbI o6'b5IC

HHTb aHOMaJIHH, KaK HanpnMep, B pa,n;11au;HOHHOM pacna,n;e nHoHa, 
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TaK II pa3HlIIJ,Y CIIeKTpaJibHhIX <pyHKIJ,lIH, II0Jiy<-IeIUJhIX 113 ::weKTpon

II03IITpOHHOH airnIIrlIJI5Ill,lilI 11 pacna,n;a T JieIIT0Ha. C ,11,pyroti: cTo

p0HhI, He06h1qnh1e CB0IICTBa B3aHMO,LI,eHCTBII5I KIIpaJihHhIX 1IaCTIIIJ, 

II03B0JimOT II36e)KaTh CHJihHhIX 3KCIIeplIMeHTaJihHhlX orpanw1eHIIH 

B ,11,pymx npo11,eccax. 

PeruaIOIIl,IIM 3KCIIep11MeHT0M, ,LI,0Ka3hIBaIOII1,IIM cy111,eCTB0Banue 

H0BbIX T5I)KeJihIX KlipaJibHhIX qacTIIIJ,, ,II,0JI)KI-10 6hITh IIX IIp5IM0e 

pmK,11,em1e Ha M0IIl,HbIX a,11,p0HHbIX KOJIJiati:,11,epax C IIOCJie,11,ym111,eti: 

II,LI,eIITII<pIIKall,IIeti: IIX pacna,11,oB B II3BeCTHbie 1 IaCTIIIJ,hl 110 IIX YHII

KaJibHOH curnaType. I1MeHfIO 3T0MY B0npocy fI0CB5III1,eIJa rI0CJie,LI,

I-15!5! rJiaBa ,11,IICCepTall,IIII, r,II,e OIIIICaHhI 0CH0BHhie CBOHCTBa KIIpaJib

HhIX 1 JaCTIIIJ, rrpII BhIC0KIIX 3HeprII5IX. IlpII BbJqlICJieHIIll C00TBeT

CTBYIOIIl,IIX ceqenIIti: pe3onancnoro pmK,11,eHIIR KIIpaJihIIhIX 1rncTIIIJ, 

B npo11,eccax KBapK-aHTIIKBapK0BOH aIIHIIrIIJI5Ill,Illl 6hIJIII II0JIT-IeHbI 

He0)KII,11,aHHbie pe3yJihTaThI, K0T0phie, C 0,Il,HOH CT0p0HhI, o61,5ICH5IIOT 

noqeMy ,11,0 nacToR111,ero BpeMeHII neT peruaI0111,IIx yKa3aHIIti: po)K,11,e

HIIR TaKIIX 1IaCTIIIJ, Ha Tevatron II, C ,11,pyroti: CT0p0HhI, M0ryT IIrpaTb 

p0Jih YHIIKaJibH0H CIIrHaTyphI, II03B0JI5IIOII1,eti: QTJilJqlJTh IIX p0)K,LI,e

HIIe OT p0)K,LI,eHirn ,11,pyrIIx T5I)KeJibIX KaJIII6poBoqHhIX 6030HOB. 

TaKIIM o6pa30M, ,II,a)Ke cpaBHIITeJihH0 JierKIIe, KIIpaJihHhie 6o-

30Hhl ,II,0 CIIX rrop II36eraIOT Ha,II,e)KH0H perHCTpaU,Hll na Tevatron. 

TeM He Menee, y)Ke ceti:qac B ,11,aHHhIX KOJIJia6opau,IIti: DO II CDF 
cy111,ecTBJIOT HeK0T0pbie yKa3aHII5I Ha lIX p0)K,1.J;en11e lI pacrra,II, B 

BII,II,e He60JihIIIHX H36hJTKOB 1IlICJia co6hITIIH B rrpe,II,CKa3aHHhlX KH

HeMaTH1IeCKHX o6JiaCT5IX. EcJIH 3TH an0MaJililI He HC1!e3HJT, a 6y

,II,yT II0,II,TBep)K,II,eHhl rrpH 60JihIIIeti: CTaTIICTHKe II 6oJiee TIIl,aTeJihH0M 

aHaJIH3e yrJI0BhIX pacrrpe,1.1;eJieHn:ti:, 011enh B03M0)KH0, 11To Tevatron 

CM0)KeT ,II,aTh rrepBoe CBH,II,eTeJibCTB0 0 HaJIH1Ilill HOB0M <plI3lIKlI, ,11,a

)Ke paHbIIIe, 11eM Ha11HeT pa6oTaTh LHC. O,11,naKo ero 3Heprim Bee 

)Ke He,II,0CTaT01IH0 ,II,JI5I II0JIH0ro II0,II,TBep)K,II,eHirn rrpe,II,JIO)KeHH0M M0-

,II,eJIII. Ilo::>TOMY JilIIIIh LHC CM0)KeT rroJIH0CThIO rro,11,BeprHyTh rrpo

BepKe lI,II,eII paCIIIHpeHH5I CTaH,II,apTH0M M0,II,eJIH, rrpe,l.l;JI0)KeHHhie B 

,II,lICCepTall,HlI. 
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Ha 3am;IITY BhI,ll;BJiraroTca cJie,n;yrom;He 

OCHOBHbie pe3yJibTaTbI: 

1. I10I<a3ano, 1 IT0 nonepe"i1-t'bte K0MII0HeHThI aHTIICIIMMeTpHqnoro 

Ten3opnoro rroJIR BToporo panra 5IBJI5IIOTC5I 1-tecpu3u~tecx:u.Mu II He 

,11,aIOT BKJia,II,a B TeH30p 3HeprIIH-HMIIJJibCa. 

2. Ofo-rnpy)Keno cnofrcTBO acu.Mnmomu"iecx:oti ceo6oiht B rrpocTei'I

meti: a6e.11,eeoti KaJIII6pOB0 1 IHOH M0,II,eJIII C MaTepliaJihHhilVI aHTIICIIM

MeTpWIHhIM TeH30pHbIM II0JieM BT0poro panra. 

3. OTKpbIT HOBhIH TIIII _ a1-to.Ma.J1,'b1t'blX ,II,IIarpaMM, C0,II,ep)Ka111,IIX CKa

JI5IpHhie II a1-tmucu.M.Mempu"i1-t'bte me1-t3op1-t'bte no.11,.fl BToporo panra 

B Ka'-JeCTBe BHJTpeHHIIX JIIIIIIIM, K0T0pbie npIIB0,II,.HT K napyrneHIIIO 

KIIpaJibHOH CIIMMeTpIIII B KBaHT0B0M cJiyqae. 

4. Hati:,II,eHo x:upa.11,'b1-to-u1-teapua1-tm1-toe pacnrnpenue Mo,11,eJIII HaM6y 

II I1oHa-Jla3IIHIIO H0BhIM qeThipexcpepMlIOHHhlM me1-t30p1-t'bl.M B3aH

MO,II,eHCTBHeM. 

5. OTKpbIT HOBhlH 3<p<peKT au1-ta.MU"iecx:020 C.Mew,uea1-tU.fl Me)K,II,y 

BeKT0pHbIMII II KIIpaJibHhlMII Me30HaMII, B03HIIKaI0111,ero B pe3yJih

TaTe cno1-tma1-t1-to20 1-tapyw,e1-tu.fl cu.M.Mempuu. 

6. Ha 6a3e pacnrnpeHH0H M0,II,eJIII HaM6y II I1ona-Jia3uuuo rroJiyqe

HhI H0BhJe MaCC0B'bte cfiopMy.11,'bl ,II,JI5I Me30H0B e,II,IIHII1IH0I'0 CIIIIHa, K0-

T0pbie CB5I3bIBaIOT qacTIIIJ,hl II3 pa3.J/,U"i1-t'blX y1-tumap1-t'blX npeacmae
.11,e1-tuu U C npomueono.11,oa,c1-tou "iem1-t0Cffi'b10. 

7. B paMKax ,11,aHnoiI M0,II,eJIII c au1-taMu"iecx:oti 2e1-tepa'4ueu x:u1-te
mu"iecx:ux "i.J/,e1-t06 Bbl1IlICJieHhI MaTpJiqHbie 3JieMeHThl ,II,JI5I Me30H0B 

co CIIIIH0M e,II,IIHIIIJ,a, aHHIII'lIJIIIPYIOIU.IIX ( ax;cUa.1/,'b'J-tO-)eex:mop'H'ble u 
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me1-t30pH'bte KBapKOBhie TOKH, qn:cJieHHbie 3tta•iemrn KOTOJ)hIX ttaxo

,Ll,5ITC5I n xoporneM corJiac1rn c rrpamrnal\m cyl\rl\d(X,l1, n pacqeTaMn: 

Ha perneTKe. 

8. ITpe,LI,JIO)KeHa pacwupe1t1ta.f/, l\IO,LI,eJib 3JieKTpOCJia6hIX B3aUMO,LI,eii

CTBHH C ,LJ,OIIOJIHUTeJihHbIM ,IIJ'6JieTOM XIIffCOBCKHX 'IaCTlUJ, H aey.At.fl, 

ay6.11,ema.1vtu 1,;upa.11,b1t'btX "-tacmuu, eJu1tu"-t1w20 cmma, KOTopaa cno

co6Ha o6b5ICHHTh p5I,LI, aHOMaJihHbIX 3KcrrepHi\IeIITaJibHbIX pe3yJibTa

TOB. 

9. Ha npuMepe paccMoTpemrn oc1toe1t'btX npou,eccoB cmauJapmuou 

.MoJe.11,u U 'X:0CM0.J/,02U"-teC'X:UX 02pa1tU"-te1tuu, noKa3atto, qTO npe,LI,JIO

)KeHHa5I MO,LI,eJib 1-te npomuBope"-tum ,LI,pyruM 3KcrrepHMeHTaJihHhIM 

,LI,aHHbIM Ha conpeMeHHOM ypontte TO'IHOCTH. C,LI,eJiaHbI COOTBeTCTBY

mrn;ue npeac1,;a3a1tUJ1, ,LJ,JI5I nOHCKa HOBbIX B3aHMO,LJ,eHCTBHH Ha ,LJ,eii

CTBYIOI.IJ;HX H B 6y,IIJ'ID;HX 6'blC0'X:0-npeu,u3U01t1t'btX 3Kcnepn:MeHTax. 

10. ITpe,LI,noJiaraa y1tuBepca.11,b1tocmb HOBbIX B3aHMO,LJ,eiicTnn:ii, c,LI,e

Jiatta ou;enKa Ha .MaCC'bl U 'X:01tcma1-tm'bt C8.f/,3U KHpaJihHhIX qaCTHil.

O6ttapy)KeH .11,enmorfto61t'btu xapaKTep .11,e21,;ux Kn:paJibHhIX qacTHil.-

11. PaccqHTaHhI ceqeHH5I pmK,LI,eHH5I 1,;upa.11,b1t'blX qacTHil. Ha a,LI,pOH

HhIX KOJIJiaii,LI,epax H Haii,LI,etta 1toBaJ1, cumamypa HX pacna,LI,OB B pac

npe,LI,eJieHH5IX no nonepeqttoMy HMnyJihCY / Macce. 

Arrpo6an;Hs.i: pa60T1,1. 

Pe3JJibTaTbI, H3JIO)KeHHbie B ,Ll,HCCepTail.HH, HeO,LJ,HOKpaTHO ,LJ,0-

KJia,LI,bIBaJIHCb Ha ceMHnapax Ol15Il1 ()],y6Ha), l15Il15IE (Coqma), 

l15Il1 (MocKna), U.EPH ()KeHena), IIIBeiiu.apcKoro Hall,HOHaJihHoro 

HHCTHTyTa HM. ITayJia Illeppepa (BHJIJIHreH), ,II,E3l1 (faM6ypr), 

Me)K,IIJ'Hapo,LI,ttoro u.ettTpa TeopeTHqecKoii: <pH3HKH HM. A6,IIJ'ca Ca

JiaMa (TpHeCT)' YHHBepCHTeTOB ropO,LI,OB Jfootta ( <I>paHil.H5I)' l..J,IOpH-
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xa (illBeiiu,apHa), BpIOceJia (BeJibnrn:), )Kyatt ITeccoa (Bpa3HJina) 

n Cocpm1 (BoJirapHa), a TaK)Ke na: 

- VI I Me)K,LI,yttapo,LI,noii: KOttcpepeHu;nn no npo6JieJvtaM KBaHTO

noii Teop1m noJia, AJiylIITa, 1984; 

- Me)K,LI,yttapO,LJ,HOii: KOH<pepeHU,HH no cpytt,LI,aMeHTaJibHhIM B3aH

MO,LJ,eHCTBH5IM 3JieMeHTapHbIX qacTHU,, JvloCKBa, 1995; 

- 5th Hellenic School And ·workshops On Elementary Particle 

Physics, Kopcpy, 1995; 

- Me)K,LI,yttapO,LI,Hoii Koncpepettu;uu "Harna raJiaKTHKa", MocKna, 

1996; 

- 33rd Rencontres de Moriond: Electroweak Interactions and 

Unified Theories, Les Arcs, 1998; 

- 29th International Conference On High-Energy Physics (ICHEP 

98), BattKynep, 1998; 

- International Europhysics Conference On High-Energy Physics 

(EPS-HEP 99), TaMnepe, 1999; 

- 20th International Symposium On Lepton And Photon Interac

tions At High Energies (LP 01), PuM, 2001; 

- V Me)K,LI,yHapO,LI,HOH KOH<pepettu;HH no tteycKOJ)HTeJihHOii: HOBOH 

<pH3HKe, )],y6tta, 2005; 

- 2007 International Linear Collider Workshop (LCWS07 and 

ILC07), faM6ypr, 2007; 

Ha pa6oq1Jx conern;aHH5IX 3KcnepHMeHTaJihHbIX KOJIJia6opau;Hii 

DELPHI (IJ,EPH, 1996), NA48 (,l1,y6Ha, 1997; IJ,EPH, 2004), PiBeta 

(BHJIJIHrett, 2003), Hl (raM6ypr, 2007), ATLAS (U.EPH, 2008). 

Ily6JIHKan;HH. Tio MaTepHaJiaM ,LJ,HCcepTaD;HH ony6JIHKOBaHO 36 

pa6oT. 

CTpyKTypa H o6'heM ,D;HCCepTan;HH. ,Il,HccepTail.H5I COCTOHT 

H3 nne,LI,eHH5I, 7 rJiaB, 3aKJIIOqeHH5I H ,LI,nyx npHJIO)KeHn:ii. Otta co

,LI,ep)KHT 194 CTpaHHII,hI MalIIHHOnHCHOro TeKCTa, 26 pHCJHKOB H 2 

Ta6JIHU,hI, pacnOJIO)KeHHhie n TeKCTe. CnHCOK JIHTepaTyphI BKJIIOqa

eT 282 HaHMeHOBaHHii. 
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Co,n;ep)KaHIIe ,n;IIccepTau;IIII 

Bo BBe,n;eHMe o6cy)K,LI,aIOTC.H C0BpeMeHHbie ycnexH H npo6m\l\IbI 

cpH3HKH 3JieMeI-ITapHhIX qacTHII, H KBaHTOB0H TeopHH noJI.H. Ccpop-

1\IYJIHp0BaHhI u,eJih pa6oThI H ee 0CH0BHbie pe3yJihTaThI. ,ll,a1-10 KpaT

K0e orrncamie ,n:nccepTaII,HH no rJiaBaM. 

B rrepnoii rJiaBe npHBe,n:ena KJiaccHcpHKaII,H.H 3JICMe1-1Tapnbrx 

•rncTHII, 110 ne11pHB0,LI,HMhIM npe,n:cTaBJieHH.HM rpynnhI Jiopenu;a. Oc

H0Bnoe BHHMaHHe y,n:eJI.HeTC.H H3Y'-IeHHIO 1-1e11pHB0,LI,HMbIX npe,LI,CTaB

JieIIHH, K0T0phie ue paccMaTpHBaIOTC.H B CTaH,LI,apTHhIX MOHOrpacpH

.HX 110 KBaHT0BOH TeopHH n0JI.H H cpH3HKH 3JieMeIITapHbIX qaCTHII,. 

fJiaBHhIH apryMeHT B n0Jib3Y CJia6oro HHTepeca K necTa1-1,n:apTHbIM 

npe,LI,CTaBJieHirnM rpynl1hI Jiope1-1u;a 3aKJIIO'IaeTC.H B .HK06hI 0TCYT

CTBHH 3KcnepHMeHTaJibHhIX ,n:aHHhIX 0 cym;ecTB0BaHHH 3JieMeHTap

HhIX '-IaCTHII,, npeo6pa3yIOIII;HXC.H no ,n:anHhIM 11pe,LI,CTaBJieHH.HM. 

I1MeHHO 3T0T nocJie,LI,HHH apryMeHT H CTaBHTC.H 110,LI, C0MI-Ie1rne 

H n0,LI,BepraeTC.H Tm;aTeJihH0MY IICCJie,LI,0BaHHI0 B ,n:anHOH ,LI,HCCep

TaII,HH. CJie,LI,y.H H,LI,e.HM OrHeBeII,KOI'O H I1oJiy6apHHOBa, K0T0pbie 

11epBbie n0H.HJIH <pH3II'leCKHH CMhICJI noJieii, npeo6pa3ymm;HXC.H 110 

HeCTaH,LI,apTHhIM 11pe,n:cTaBJieHH.HM, ,n:aH KpaTKHH aHaJIH3 BCex ne11pH

B0,LI,HMbIX npe,LI,CTaBJieHHH ,II,TI.H 6e3MaCCOBhIX qaCTHII,. I1oKa3aHo, 'ITO 

B ,n:aHH0M CJiyqae HMeeTC.H B3aHMH0-0,LI,H03Ha'IH0e C00TBeTCTBIIe Me)K

,n:y C11HpaJibH0CTbIO <IaCTHII,hI H pa3JIH'IHhIMH 11pe,n:cTaBJieHH.HMH. To 

ecTh HeCTaH,n:apTHbie 11pe,n:cTaBJieHH.H 0nHCbIBaIOT H0BbIH KJiacc qa

CTHII,, .HBJI.HlOIII;HXC5I KaK 6bI ,LI,0110JIHHTeJihHhIMH K yJKe H3BeCTHhIM, 

CKaJKeM, (J)OTOHY H rpaBHT0HY - HX 11apTHepoB. 

I1o,n:po6HO paCCM0TpeH caMhIH npOCT0H CJiyqaii, r,n:e TaKHe 11pe,n:

CTaBJieHH.H B03HHKaIOT, cJiyqaii qacTHII, co Cl1HH0M e,LI,HHHII,a. I1oKa-

3aH0, 'ITO ,LI,JI.H 011HCaHH.H TaKHX qacTHII, HMeeTC5I ,LI,Ba pa3JIH'IHhIX 

,n:eiiCTBH.H, 0,LI,H0 H3 K0T0pbIX o6Jia,n:aeT KaJIH6pOBO'IHOH CHMMeTpII

eii 

Agauge = 
2 

~ 
31 

/ d4 x Fmnkpmnk 
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J d4x [ }(akAmn) 8kAmn - ~(DmAmk) onAnk], (1) 

r;~e Fmn!.: = OmAnk+81.:Amn +anAkm Kam16poBOtIHo-mrnapHaHTHhIH 

IIOJIIIOCTbIO aHTHCHl\Il\IeTpIFIHbIH TCH30p nanp.H)KCHH0CTII TpeThero 

panra, H ,n,pyroe KOH<pOpMHO mrnapnaHTII0C ,LI,CHCTBHe ,LI,JI.H aHTII

CHMl\ICTIHI'III0ro TCH30pnoro n0JI.H Tmn 

Aconformal = J d4x [ }u1kTmn) akymn - (8mTmk) anTnk]' (2) 

K0T0poe 0TJIIl'IaCTC.H OT (1) H 11pIIB0,LI,IIT K ,n:pyrHM ypaBIICIIH.HM ,LI,BH

)KCJ-IH.H. ITocJIC,LI,HHe n0JI.H MbI 6y,n:eM na3bIBaTh MaTepHaJibHhIMH an

TIICIIMMeTpil'UibIMH TCHJ0pIIbIMII n0JI.HMII. 

Tpe60Ba1rne Kami6pOBO'-IHOH CHMMCTpHH 0Ka3bJBaeTC.H nacT0Jih

K0 CHJibHbIM, 'ITO 110CTpoenne nepenopMHp0BaIIH0ro B3aHMO,LJ,efr

CTBH.H KaJin6pOBO'IHbIX aHTHCHMMCTPH'-IHbIX noJieii c JICl1T0HaMII n 

KBapKaMH crnrna 1/2 oKa3bIBaeTC.H neB03MmKHhIM. ITo3TOMY ero 

cpeHOMCHOJIOrH'ICCKOe HCn0Jih30BaIIHC ,LI,JI.H cpII3HKII 3JICMCHTapHbIX 

lJaCTHII, Ha MaCnITa6e 3JICKTpoCJia6hix B3aHMO,LI,CHCTBHH CTaJIKIIBaeT

C.H C H3BCCTHhIMH Tpy,LI,H0CT.HMH. B 0TJIH'IHC OT KaJIH6pOBO'IHhIX an

THCHMMCTpH'IHhIX TCH30pHbIX noJieii, MaTepHaJibHbie aHTHCHMMCT

pn<IHbie TeH30pHbIC n0JI.H MOI'YT B3aHl\,IO,LI,eiicTB0BaTb C H3BCCTHhIMH 

qacTnu;aMH MaTepHH cnmrn 1 /2, nocpe,LI,CTB0M IOKaBCK0I'0 B3aHM0-

,LI,CHCTBH.H t if;amn'lp Tmn C 6e3pa3Mepnoii KOHCTaHTOH CB.H3H, o6XO,LI,.H 

npo6JieMy BIIJTpeHHCH caM0C0rJiaCoBaHH0CTH. 

EcmI 6hI anTHCHMMeTpH'IHhie TCH30pHbie qacTHII,bI 6hIJIH 6hr 

6e3MaCCOBbIMH, 3T0 11pHBeJI0 6hI K H0B0MY B3aHMO,LI,eHCTBHIO C 6ec

K0He'IHhIM pa,LI,HYC0M. l.fro6hI TaK0e B3aHMO,LI,CHCTBHC He 11p0THB0-

pe'IHJI0 3KCnepHMCHTaJihHhIM ,n:aHIIhIM, neo6xo,LI,HMO npe,LI,110JI0)KHTh 

neecTecTBCHHYID MaJI0CTh roKaBcKoii K0HCTaHThI t. O,n:naKo cym;e

CTByeT II ,LI,pyroe, 6oJiee CCTCCTBCHH0e, perneHHe 3TOH rrpo6JieMhI, 

K0I',LI,a MaTepHaJihHbie aHTIICHMMCTpH'IHhie TCH30pHbie 110JI.H 11pno6-

peTalOT Macey ,LI,HHaMII'ICCKHM o6pa30M B pe3yJihTaTe cno1-1Tamroro 

1-1apyrneHH.H CHMMCTpHH. 
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,[La.nee, 11cnOJih3Y5I ypamremrn Kel\rMepa 

Oafab = moAb, 
aaAb - abAa = mo!ab, 

(3) 

noKa3aHo, qTO l\taCCIIBHOe aHTIICIIMJ\IeTpwmoe TeH30pHoe noJie B 

CB060,Il,HOM CJiy<Iae 3KBIIBaJieHTHO om1camuo '-IaCTJIIJ,hl co cnIIHOM 

e,Il,IIIIIIIJ,a qeThipexMepHhlM BeKTOp-noTenu,naJIOl\I Am. O,n,HaKO B3a

IIIvIO,IJ,ei1CTBYIOIII,IIe Teopm1 KopeHHO pa3JIIl'-IIlhI. 

Bo BTOpoii rJiaBe no,n,po6HO o6cy)K,IJ,aIOTC5I CBOHCTBa KaJIJI6-

poBoquoro aHTIICIIMMeTpIFIHOro TeH30pHoro nOJI5I. C O,Il,HOH CTOpo

HhI rpynna KaJI1I6ponoquoii c1IMMeTp1m ttaKJia,Il,hIBaeT oqeHh )KeCT

Koe Tpe60BaH1Ie Ha B3aIIMO,Il,eHCTBII5I aHTIICHMMeTp.HqHhIX TeH30p

I-IhIX IIOJieH c MaTep1IeH. C ,Il,pyroH CTOJ)OHhl KaJI1I6ponoqHa.H CIIM

MeTpmI n03BOJI.HeT nocJie,Il,OBaTeJihHO nporrnaHTOBaTh, HarrpIIMep, 

nea6eJieBym Teopmo aHTHCHMMeTpIIqHoro TeH30pHoro noJI.H c B3a

IIMO,Il,eHCTBIIeM. Pa3BIITIIe TaKIIX TeOpIIH II COOTBeTCTBJIOIII,IIX MeTO

,Il,OB KBaHTOBaHII.H B03MO)KH0 6y,L1,eT npIIMeH.HTh ,Il,JI.H on11caHII.H CII

CTeM C BbICIIIIIMII cnIIHaMII, BKJIJ0qa51: rpaBIIT0H II rpaBIITIIHO. 

B rrepBOM naparpacpe paccMoTpea npocTeiiurnii cJiyqaH a6eJie

BOH KaJIII6pOBOqHOH CIIMMeTpIIII ,IJ,JI.H aHTIICIIMMeTpIJqaoro TeH30p

HOro nOJI.H. TioKa3aHO, qTo ,n;aHHa.H CIICTeMa onIIChIBaeT KaJIII6po

BoqHyIO TeopIIIl 6eccn1IHOBOM qaCTIIII,hI. OmeBewrnii II TioJiy6apII

HOB BhI6paJIII ITO,IJ,XO,IJ,.HIII,ee Ha3BaHHe ,IJ,JI.H TaKOH qacTilll,hl - HOTOcp. 

TioTOMY qTO CB060,IJ;HhlH HOTO(p o6Jia,n:aeT TOJihKO o,n:HHM COCTO.HHil

eM C rrpO,IJ;OJihHOM nOJI5IJ)Il3aII,Heii, a (pll3IIqeCKilM qJOTOH HMeeT ,n:Ba 

COCT05IHil5I C nonepeqaoH IIOJI5IJ)Il3aII,HeH, II03TOMY o6e qacTilll,hI 5IB

J15IIOTC5I KaK 6h1 ,n,onOJIHHTeJihHhIMil ,n:pyr ,n:pyry. 

Bo BTOpOM naparpacpe paCCMOTpeHa Hea6eJieBa.H TeOpll.H Ka

JIH6poBoqHoro aHTIICIIMMeTpllqHoro TeH30pHoro nOJI.H. I1cnOJih3J5I 

cpopMaJIH3M npoH3BO.il:IlhIX nepnoro nop.H,n:Ka, ,n:ettCTBile ,II;JI.H KaJIH6-

pOBOqHoro aHTIICilMMeTpllqnoro T€H30pHoro nOJI.H Arnn ,n,onycKaeT 

rrp.HMoe o6o6III,eHHe aa aea6eJieBhIH cJiyqan 

A = Jd4x [!Aa Emnpqpa + !(Aa )2] (4) 
G 4 mn pq 2 m' 
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r,Il,e Enmab -- rIOJIHOCThlO aIITIICIIMMeTpIFIIIhIH TCH30p, rrpHqeM c
0123 = 

+l, F;q = apA~ - aqA; + f°bcAtA~, a IIH,II,eKChl a, b II C - napaMeT

pII3JIOT npucoe,11,unennoe npe,Il,cTaBJiemi:e HeKoTopoii KOJ\maKTHOii 

rpyrmhl Jln G co CTPYKTYJ)HhIJ\III KOHCTaHTaMn Jabc· '.:ho ,II,eHC'I'BHe 

HIIBapnaHTHO OTHOCIITeJILHO Kam16pOBO'-IHLIX npeo6pa3oBaHIIll 

JA~nn = Vm~~ - Vn~~P 5A~1 = 0, (5) 

r,II,e Vmf~ = Om~~ + J1,cA~
1
l~ - Konapna1ITHa.H rrpoII3BO,II,IIa.H. 

Bapnar~H.H ( 4) no KaJin6pOBO'-UIOJ\IY aHTIICIIMMeTpWIHOMY Ten-

30pHOMY IIOJIIO A~nn npIIBO,Il,IIT K ycJIOBHIO Ha BCnOMOraTCJILI-IOe no-

Jie Aa · m· 
F1~n = OmA~, - OnA~l + rbcA~nA~ = o. (6) 

Ero peuICHIIe, KaK xoporno H3BeCTHO, J\IO)I{JIO Bbipa3HTb '-Iepe3 l\IaT

pIIII,bI g, ,11,ettCTBYIOII~IIe 13 np11coe,11,nneHHOM npe,II,CTaBJiemrn rpynnLI 

Jin G 
Am= g- 10m9, (7) 

r,II,e MaTpHII,hI Am npmm,11,Jie)KaT aJire6pe Jin 3TOtt rpynnhI: Am = 
i A~ Ta/2. 3,11,ech Ta - JIHHeiino-He3aBIICHMhie MaTpIIll,hI B npnco

e,II,HHeHIIOM npe,11,cTaBJieHHH aJire6phl JIII, HOpMnpoBaHHbie ycJIOBII

eM Sp Tan = 2 6ab· Tio3TOMY TeOpirn Hea6eJieBa KaJin6poBoqno

ro anTIICIIMMeTpnqaoro TeH30paoro noJI.H Ha KJiaccnqecKOM ypoBHe 

3KBIIBaJieIITHa (J-MO,II,eJIII. 

XoT.H KJiaccnqecKa.H Teopn.H KaJIII6ponoqaoro aHTIICIIMMeTpnq

ttoro TeH30pHoro nOJI.H 3KBIIBaJieHTHa TeOpIIII CKaJI.HpHoro IIOJI.H, 

KBaHTOBaHIIe KaJIII6ponoqHbIX aHTIICIIMMeTpIJqHbIX T€H30pHbIX no

Jieii He 5IBJI.HeTC5I npOCTOH 3a,II,aqeii. I1onhITKII KOBapnaHTHOrO KBaH

TOBaHII.H TaKoro nOJI.H npIIB€JIII K OTKpbITIIIO HOBOI'O 5IBJI€HII5I ",II,y

XII ,II,JI.H ,II,yXOB". <PyHKI1,IIOHaJibHa.H 3aBIICIIMOCTh CB5I3€H npIIBO,II,IIT K 

Heo6xo,II,IIMOCTII MO,Il,II(pIIll.IIPOBaTh npoII,e,II,ypy KBaIITOBaHII.H, pa3-

BIITYIO ,II,JI.H noJieii 5Iara-MIIJICa. Bnn,II,y Toro, qTo ,11,ettCTBIIe ,II,JI.H 

,IJ,yxon <PaMeena-Tionona caMo oKa3hrnaeTC.H KaJIH6ponoqHO-IIHBa

pnaHTHhIM, Heo6XO,Il,IIMO eIII,e pa3 K HeMy npnMeHIITh KOBapIIaHTHYIO 

npon.e,II,ypy KBaHTOBaHH.H C BB€,Il,eHII€M ,II,OnOJIHIITeJibHbIX ,11,yxoBbIX 
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IIOJiej:L Kam16poBKa vm A~n = 0 Tpe6yeT BBe,IJ,emrn: anTIIKOMMYTII

pymm;ux BeKTOpHbIX ,IJ,yXOBhIX IIOJiei:i: c~ II c~ C BPCT rrpeo6pa30-

BaHirnMII JC~ = ("vmA~n) A, r,IJ,e A - anTIIKOMMJTIIpy10m;a51 rpac

Cl\ranona rrepeMeHHa51, He 3aBIIC5IIIJ;a51 OT npocTpaHCTBCHHO-BpeMeH

HOH TOqKH. OTKy,IJ,a cpa3y Bil,Il,HO, qTO na ,IJ,yXOBbie BCKTOpHbie IIOJI51 

HaKJia,IJ,hIBaIOTC51 CB513H '\lmC~ = 0. I1o,IJ,p06HhIH aHaJIH3 110Ka3bIBa

eT, l_IT06hI pellIHTh 3TY rrpo6JieMy He06XO,Il,IIMO BBeCTII eu~e ,IJ,Ba KOM-

1\IJTIIpymu~HX CKaJI5IpHbIX ,Il,JXOBhIX IIOJI51 rpa II </P, II "TpeTHH ,IJ,yx" 

HHJihCeHa-KaJIJIOlll. 

B 3aKJIIOl_IeHIIH ,IJ,anHoi:i: rJiaBhI rrp11Be,IJ,e11 113necTHhIH rrp111v1ep, 

r,IJ,e Mhl BCTpwrneMC51 C aHTIICIIMl\IeTpllqlfbIMH TeH30pHbIMII IIOJI5IMH, 

KBaIITOBa51 rpaBHTaII,1151. JlOKaJIH3aII,II51 rpyrrnhI JlopenII,a npHBO,IJ,IIT 

K Heo6xo,IJ,HMOCTII BBO,Il,IITh ,IJ,YXOBbie aHTHCHMMeTpHqlfble TeH30p

Hhie IIOJI51 Cab. HaH60JihllIHM pe30HaHC IIOJiyq11Jia pa6oTa f pHIIa 

II lllnapII,a, r,IJ,e aBTOpbl rrpo,IJ,eMOHCTpllpOBaJIH COKpam;eHHe aao

MaJIHM B cyrrepc11MMeTp11qHoii Teop11H 5Inra-M11JIJica B d = 10, 
B3aHMO,IJ,eficTBymm;eii: c N = l, d = 10 cyrreprpan11Ta1I,Heii ,IJ,JI51 

BhI,IJ,eJieHHhIX KaJI116poBO'-IHhIX rpyrrrr S0(32) n Es x Es. KJIIOqe

Ba51 pOJih B 3TIIX COKpam;eHII5IX rrp11na,n;Jie)f(HT KaJIH6ponoqHhIM aH

THCHMMeTpH'rnhIM TeH30pHbIM IIOJI5IM. cha pa6oTa IIOKa3aJia B03-

MO)KHOCTh IIOCTpoeHH:51 HerrpOTHBOpeqHBOll KBaHTOBOll Teopnu cy

rrepcTpyn, 6a3npy10m;enc51 Ha 3THX BhI,IJ,eJieHHhIX KaJIII6pOBOqIJbIX 

rpyrrrrax. 

TpeTMI rJiaBa .n;nccepTaII,Hll IIOCB5IIIJ;eHa H3yqeHHIO CBOllCTB Ma

TepHaJihHOrO aHTHCIIMMeTpHqHoro TeH30pHoro IIOJI51. OTKa3aBllIHCh 

OT KaJIH6poBoqnoi:i: CHMMeTpHH, B03MO)KH0 3arrncaTb KOH<pOpMHO

HHBapnaHTHOe ,n;enCTBHe (2) )],JI51 aHTHCIIMMeTp11qHoro TeH30pnoro 

IIOJI51. <l>yHKII,HII I'pnHa ,n,.rrn TaKHX IIOJien O)],H03HaqHo orrpe,n;eJieHhI B 

paMKax KOH<pOpMHO-HHBapnaHTHOH TeopIIII IIOJI51 .. O,IJ,HaKO, B CB0IO 

oqepe,n;h, KOH<p0pMHa51 CHMMeTp1151 HaKJia)],blBaeT )KeCTKIIe orpaHH

qeHH51 na rrop51)],0K )],H<p<pepeHII,IlaJihHhIX ypaBHeHUll )],BU)KeIJII51 )],JI51 

IIOJiell orrpe,n;eJieHH0ro Beca B 3aBIICIIMOCTH OT HX CIIIIHa. 

Crrnttop 1Pa1 ... c.m/:Ji ... fin ll eMy corrp5I)KeHHhIH 1Po.1 ... o.m/J1 ... /Jn, CHM-
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l\!CTpII'I!Ibie no o6oni\I THIIal\I HH,LI,eKCOB, OIH:ICbIBaIOT •racnnzy n an

Til'IaCTIIII,Y co CIIHHO!\I j = (m+n)/2 II rrpeo6pa3JIOTC51 no nenpIIBO

)~Hl\Ihil\I npe,11,cTaBJrennHl\I rpymihI JlopenII,a (m/2, n/2) u (n/2, m/2), 
C0OTBeTCTBCHIIO. Mbr l\IO)KC!\I IIOCTp0IITh npocTei:i:mee mrnapIIaIIT

noe )~ciicTBHe 

A('¥,~)=fd4p ol,. . PAa1~_1.]3a,,,a,,,p,61~1-J'J,6,j3,,o/, . . (8) 
J '1-'n1 ... amf3J ... ,6n 'I-' °'I ... Ctm ,/31 ... /3n' 

CCJIH Ka)K,IJ,OMY nerryHKTIIpH0l\IY ( rryHKTIIpHOMY) IIII,Il,CKCY rrepnoro 

CIIIIH0pa C II0MOIIJ;hIO orrepaTopa p a/3 = pm ( O'mtf3 (pa/3 = pm ( CTm t 13 ) 

II0CTaBHM B CO0TBCTCTBHe rryHKTIIpHbIH ( nerrynKTIIpHbIH) IIH,Il,CKC 

C0IIp5I)I{CHI-IOr0 eMy CIIII~opa, r,IJ,e ( 8-m)n/3 = ( c-1cr'f:i C)°f3' a Caf3 -
Eaf3 rvraTp111~a 3ap51,n;onoro corrpmKeHII51. 

BaphIIPYH ,n;ei:i:cTBHe (8), rroJirmM ypamreHII51 ,n,m0Ken1151 

PA a1a1 PA Dmampf31/31 ... po"/3'.'·z/; . (3. = 0 
· · · cq .. . 0:'.1nf31. • • n 

(9) 

,IJ,JI51 CIIIIHOpa ?p ai ... am/3i ... /3n. ~JI51 qaCTIIII, CO CIIIIHOM 60JihllIC C,IJ,IIHII

ll,hl, ypaBHCHil51 ,II,BH)KeHII51 co.n;ep)KaT rrp0II3B0,Il,Hble BhIIIIe BT0poro 

II0p51,IJ,Ka II Mhl CTaJIKIIBaeMC51 C rrpo6JieMOH yn11TapH0CTII, K0T0pa51 

n nacTomII,ee npeMH em;e ne pelllena. I1o3TOMY B ,n,aHH0f1 ,n,11ccepTa

II,HH Mhl orpamfqHMC51 paCCMOTpenHeM qaCTHII, e,IJ,HHHqHoro CIIHHa H 

II3yqHM ypaBHeHH51 ,Il,BH)KeHH51, K0TOpbre B03HHKaIOT B 3TOM cJirrne. 

~eHCTBHe ,Il,JI51 IIOJieM, rrpeo6pa3yIOIIJ;HXC51 no rrpe,IJ,CTaBJieIIII5IM 

rpynrrhl JlopenII,a (1, 0) n (0, 1), cJie,IJ,yIOIII.ee H3 (8), uMeeT BH,Il, 

A(l,O) - J d4 o/, . A QC, A fJf3o/, 
1 - P 'f' a/JP P 'f' a/3 · (10) 

Lho6hI cpaBHHTh 3T0 ,IJ,eHCTBHe C 6oJiee npHBhiqHOll <pOpMOH 3aTIHCH 

(2), nepei:i:,n;eM OT CilllH0pHblX K JI0peHII,eBhIM HH,IJ,eKCaM. CnMMeT

puqlfblH CilHHOP 1Paf3 MO)KCT 6hITh Bbipa)KeIJ qepe3 aHTHCHMMeTpHq

noe Ten3opnoe noJie BTOporo panra T mn KaK 

'Ip 'l abmn ( A C) T: a/3 = 8£ CTaCTb c,{3 mn· (11) 
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BbITTOJIH.H.H cyMMllpOBamie no CilllHOpHbIM IIH,IJ,eKCaM II Bbl'lllCJI.H5I 

CJie,IJ, OT rneCTll (T-MaTpllu; Mbl npn,IJ,e!VI K ,IJ,el'iCTBIIIO ,IJ,JI5I MaTepllaJib

uoro aHTllCllMMeTpllqHoro TeH3OpHoro nOJI5I: 

r,IJ,e 

A~l,O) = i J d4p Ta*b(p)p2nabmn(p)T,n11(P), (12) 

nabmn(p) = !rgam(P)ill(p) - gan(P)im(p)] 
2 

(13) 

I1 g11111 (p) = g11171 
- 2p111 p11 /p2

. BoJiee I10,IJ,p06HbIH aHa.JIII3 IlOJIHO

ro raMHJibTOHllaHa CllCTeMbI C yqeTOI\I ypaBHeIIHH ,IJ,Bll)KeIIII.H, BbI

IlOJIHeHHbIH B ,lJ,llCCepTau;1m, npIIBO,lJ,IIT K BbIBO,IJ,y, 'ITO qm3nqecKI1-

Mll KOMilOHeHTa:Mll MaTep1IaJibIIOI'O aHTllCHMMeTpllqHoro TeH30pHO

ro nOJI5I 5IBJI.HIOTC5I npo,IJ,OJihIIhie KOMnoueHThI BeKTopa Ai = Toi 

II nceB,LI,OBeKTOpa Bi = 1/2 fijkTjk· TaKIIM o6pa3oM, I\IaTepnaJib

uoe auTMCMMMeTpliquoe TeH30puoe noJie onMCbIBaeT CKaJI.Hpuym II 

nceB,IJ,OCKa.JI.HpHyIO CTeneHII CB060,LI,bl. 

IloJI.H, rrpeo6pa3ymiu;Meca no uecTaH,LI,apTHhIM npe,LI,cTaBJieHM5IM 

rpynnbI Jlopettu;a, onIIChIBaIOT qacTMIJ,bI C HeMaKCMMa.JibHbIMM 3Ha

qeHM.HMM cnMpaJibHOCTM. Tio3TOMY OHM MoryT BhITTOJIH.HTb pOJib qa

CTMlJ; C MeHhlIIMMM 3uaqeHM.HMM CIIMHa. HanpMMep, aHTMCMMMeT

pMquoe TeH3Opttoe noJie, MO)KeT 3aMeHMTh cKa.napttym qacTMizy. Ha 

MaCCOBOH IIOBepXHOCTM OHM MMeIOT O,lJ,MHaKOBOe qMCJIO CKa.JI.HpHbIX 

CTeneueii CB060,LI,bl M 3KBMBa.JieHTHbI. O,LI,HaKO BHe MaCCOBOH nonepx

HOCTM, B Mrpy BCTynaIOT ,IJ,OnOJIHMTeJihHbie CTeneHM CB060,LI,bl aHTM

CMMMeTpMqHoro TeH30pHoro nOJI.H, npMBO,lJ,.H K 6oJiee 6oraTOMY B3a

MMO,LI,eHCTBMIO. 5IBJI.H.HCb CKa.JI.HpOM Ha MaCCOBOH rronepxHOCTM, npM 

B3aMMO,LI,eHCTBMM OHO nepeHOCMT CIIMH e,LI,MHllli;a M npO.HBJI.HeT ce6.H 

KaK BeKTOpHa.H qaCTMu;a. 

TiepexO,LI,.H K paCCMOTpeHIIIO BbIClIIMX CIIMHOB, Heo6xo,IJ,MMO OT

MeTMTh, qTo BKJIJOqeHMe HeCTaH,IJ,apTHhIX rrpe,IJ,CTaBJieHIIH rpyrrrrhI 

Jlopettu;a, OIIMCbIBaIOiu;MX qaCTMIJ,bI C MeHblIIMMM 3HaqeHM.HMM cnM

paJihHOCTII qeM ee CIIIIH, rrpMBO,lJ,MT K M,IJ,eM O cyiu;ecTBOBaHMM rrapT

HepoB K y)Ke M3BeCTHbIM qacTMIJ,aM, TaKMM KaK rpaBMTOH M rpaBM-
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TIIIIO. HanpuMep, npe,11,cTanJ1e11H5I rpynrrhr JlopeHu;a cnmia 2, uap5I

,IJ,y c npe,LI,CTaBJieimeM (1, 1 ), OTIIICbIBaIOiu;IIM rpamITOH co crrupaJih

IIOCTbIO ±2, co,11,ep)KaT TaH:)Ke npe,IJ,cTaBJiemrn (3/2, 1/2), (1/2, 3/2) 
u (2, 0), (0, 2). ITocJie,LJ,HUe npe,LJ,CTaBJiemrn OTBe•IaIOT BOJIHOBbIM 

Cl)JHKlJ;IUl:1\1 Va[mn] ll <P[abl[mn], OfIHCbIBaIOiu;IIIVI •IaCTHlJ;hI CO crmpaJib

llOCnII\III ±1 H 0, COOTBeTCTBeHIIO. CnottCTBa CHMMeTpllH Va[mn] COB

IIa,IJ,aIOT co CBOHCTBaMII CIIMI\IeTpIIII TeII3Opa KpyqeunH, KOTOpbIII 

BO3Hirn:aeT B Teop1rnx rpamITau;mr C neCIIMI\IeTp.HqHbIMII HIDKIIII

MII HH,LI,eKcaMII CIIMBOJIOB KpIICTOCpCJI5I, a <P[abl[mn] - CO CBOIICTBaMII 

CIIMMeTpllll TeH3OpOB PnMaHa Rabnw IIJIH Bei1:JI5I Cabmn· 
ITpmvrep IICIIOJih3OBaIIII5I pa3JIIPIHbIX npe,LJ,CTaBJieHn:l'i ,LI,Jrn onII

camrn •raCTIIlJ; co CIIIIHOM 3/2 J)Ke H3BecTeII II 3aKJIIO•IaeTC5I B IIC

IIOJib3OBamrn pa3JIWIIlhIX IIO,Ll,XO,lJ,OB. HanpnMep, •racTnu;a co CIIII

IIOM 3/2 MmKeT 6hITb ou"ncaua KaK B cpop!VIaJIH3Me PapllThI-lilBIIH

repa, TaK n B cpoMaJIH3Me BaprMana-Bnn-1epa. BoJIIIOBhie cpynKu;nn 

,ll,JI5I CIIHHa 3/2 B cpopMaJIII3Me PapIITbI-lilBmirepa rrpeo6pa3y10TC5I 

no rrpe,LJ,cTaBJiennRM (1, 1/2) n (1/2, 1), a B cpopMamI3Me BaprMana

Bnrnepa - no rrpe,LJ,CTaBJieHirnM (3/2, 0) n (0, 3/2). B cJiyqae cBo-

60,LJ,HhIX MaCCIIBHhIX qacTIIlJ; 3TH OIIllCaHII5I 3KBIIBaJieHTHbI. 

B narneM CJiyqae, qacTlllJ;hl co CIIIIHOM 3/2 y,LI,OBJieTBOJ)5IIOT ,LJ,ll(l)

cpepenu;na.nhHbIM ypaBHeI-Ill.HM TpeThero IIOJ)5I,LI,Ka. YpaBnemrn ,11,JI.H 

BOJIHOBhlX cpyHKlJ;llll, rrpeo6pa3JIOI1J;IIXC5I no rrpe,LJ,CTaBJieHll.HM rpyrr

Ilhl JiopeHu;a (1, 1/2), (1/2, 1) ll (3/2, 0), (0, 3/2), He3KBMBa.JieHTHbl 

II OIIIICbIBaIOT pa3JIJiqHhie qacTlllJ;bI. YpaBHeHII5I TpeTbeH CTeneHM 

,IJ,JI5I BOJIHOBhIX cpyHKlJ;llll, npeo6pa3yIOiu;llXC.H no rrpe,LI,CTaBJieHll.HM 

(1, 1/2) n (1/2, 1), llCIIOJib3JIOTC.H B KOH(pOpMHOH cyrreprpaBHTaIJ,llll 

,IJ,JI5I OIIHCaHll.H rpaBHTllHO co CIIllpa.JibHOCTbIO 3/2 M 3KBIIBa.JieHTHbI 

HalIIHM. YpaBHeHM.H )Ke ,LI,JI.H BOJIHOBblX cpyHKlJ;llH, npeo6pa3yIOiu;IIX

C.H no rrpe,IJ,CTaBJieHM.HM (3/2, 0) n (0, 3/2), OIIMCbIBaIOT qaCTMlJ;Y co 

cm1paJibHOCTblO ±1/2 M 3KBllBaJieHTHhI ypaBHeHM.HM BeiiJI.H, HO C 

,lJ,OIIOJIHJITeJibHhIM MHO)KJITeJieM p 2. 

TaKMM o6pa30M, aHTMCllMMeTpllqHbie TeH3OpHbie IIOJI5I ecTeCT

BeHHO BO3HIIKaIOT npn aHa.JIH3e cnnnopHbIX rrpe,IJ,CTaBJieHllll rpyrrrrhI 

Jlopenu;a crrnna j ~ l. Btte MaccoBo:l'i noBepxuocTM qncJio KOM-
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noHeHT IIX BOJIHOBOH <pyIIKll,IIII COBna,LI,aeT C pa3MepHOCTbIO npo

CTpaHCTBa )],aHHOrO cnIIHa. Ha MaCCOBOII noBepxHOCTII npOIICXO)],IIT 

pe,n,yKll,II5I CTeneHeii CB060)],hl II IIX 6e3MaCCOBhie B036yM,LI,eHII5I 3K

BIIBaJieHTHbl qacTIIll,aM MeHbUiero cnIIHa. 9Ta 3KBIIBaJieHTHOCTh Te

p5IeTC5I npH BKJIIO'I€HIIII B3aIIMO)],eiiCTBil5I. O6MeH aHTIICIIMMeTplI'I

HhIMII TeH30pHbIMII nOJI5IMII npIIBO)],IIT K 6oJiee 6oraTOMY B3aIIMO

)],eHCTBlIIO 3JieMeHTapHbIX qacTIIll,. Mx He06hI'IHhie CBOHCTBa 3aCJiy

)KHBaIOT ,LI,aJibHefiUiero BHIIMaTeJihHOro II3Y1I€HII5I. 

B qeTBepTOH rJiaBe o6cpK,n,aeTC5I npIIMeHeHIIe npe,II,bI,II,Ylll,IIX 

pe3yJihTaTOB )],JI5I onIICaHII5I HII3KOJieMa:rn;IIx a,n,poHHhIX COCT05IHIIH 

co cnIIHOM e)],IIHIIIJ,a. HecMOTp5I Ha TO, 'ITO a,LI,pOHhI 5IBJI5IIOTC5I co

CTaBHbIMII qacTIIII,aMII, annapaT IIX peJIHTIIBIICTCKOro onIICaHII5I B 

paMKax KBaHTOBOH TeopIIII nOJI5I 6bIJI npe)],JIO)KeH MHOI'O JieT TO

MY Ha3a)], HaM6y II I1otta-Jla3IIHIIO no attaJIOI'IIII C 6oroJII060BCKIIM 

MeXaHII3MOM uapymeHII5I CIIMMeTpIIII II MeTO)],OM KBa3II'IaCTIIU., pa3-

BIIThIX pattee )],JI5I TeopIIII CBepxTeKy'IeCTII II CBepxnpOBO,lI,IIMOCTII. 

9TOT nO)],XO)], OK83aJIC5I O'IeHh nJIO)],OTBOpHbIM )],JI5I onIICaHII5I HII3-

KOJieMa:rn;IIx a,n,pOHHhIX COCT05IHIIH II HapymeHII5I KIIpaJibHOH CIIM

MeTpIIII B a,n;pOHHOH <pII3IIKe. BBe,n;ettIIe HOBOI'O TIIna KBa3II'IaCTIID;, 

npeo6p83yro:rn;IIXC5I no HenpIIBO,lI,IIMhIM KIIpaJibHhIM npe,LI,CTaBJieHII-

5IM (0,1) II (1,0) n03BOJI5IeT no HOBOMY B3I'JI5IHYTh Ha KJiaCCII<pIIKa

ll,IIIO a,n;pOHHbIX COCT05IHIIH II npe,n;CK83aTb p5I,LJ; HOBhIX CBOHCTB ,D;JIH 

Me30HHhIX B036y)K,n;eHIIH co CnIIHOM 1. 
MIIKpOCKOnff<JeCKOH TeOpIIeii: CIIJibHhIX B3aIIMO,n;eiiCTBIIH 5IBJI5I

eTC5I KBaHTOBa5I xpoMO)],IIHaMIIKa, KOTOpa5I onIICbIBaeT B3alIMO)],eii

CTBII5I KBapKOB nocpe)],CTBOM o6MeHa BeKTOpHbIMII KaJIII6pOBO'IHhI

MII 1IaCT1III,aM1I - rmooHaMII. ,Il,attHa5I TeOpII5I o6Jia,n,aeT CBOHCTBOM 

aC1IMnTOTII1IeCKOti: CB060,LJ;bI II KaK ee CJie,ll,CTBIIe B3alIMO,ll,eiiCTBII5I 

KBapKOB npII BhICOKIIX 3HeprII5IX OCJia6eBaIOT II TeOp1I5I B03Myru.e

HIIH no MaJIOH KOHCTaHTe B3aIIMO)],eHCTBII5I CTaHOBIITC5I npIIMeHII

MOti:. O,n,HaKO npII HII3KIIX 3Hepr1I5IX KOHCTaHTa CB5!31I OKa3hJBaeTC5I 

HenplieMJieMO 60JihllIOH II KBaHTOBa5I xpOMO)],IIHaMIIKa He MOMeT 

,n;aTh KOJIII'IeCTBeHHOI'O OnlICaHII5I CBOHCTB CB5!3aHHhIX a,LI,pOHHhIX 

16 

cocToHttnii -- pe3ouaHCOB. ITo3TOMY ,LI,JIH ux om1caHHH npIIXO,LI,IIThCH 

IICIIOJih30BaTb pa3JIWIHble <peHOMeHOJIOI'II'IeCKIIe 1\10)],eJIII, KOTOpbie 

B TOH IIJIII HIIOH Mepe BKJIIO'IaIOT OCHOBHhIC CBOHCTBa KBaHTOBOH 

xpoMO,lI,HHaMHKH TaKIIe I<:aK, ttanpHMep, KIIpaJihHa5I CIIMMeTpII5I II 

ee uapyrneIIHC CB5!3aHIIOe C np1rn6peTCHIICM ueuyJieBbIX BaKyyMHblX 

cpe,LI,HIIX ,ll,Jl5I pa3JIII~lllhIX KOM6Irnau.nii KBapKOBbIX II rJIIOOHHblX no

Jieii:. 

O,LI,HOH II3 TaKIIX l\IO)],eJiefi 5IBJI5IeTC5I MO,lI,CJlh HaM6y II l!Iotta

J1a3HHIIO, KOTOpa5I ycneUIHO IICIIOJih3yeTC5I ,ll,Jl5I IICCJIC,lI,OBaIIII5I a,LI,

pmmoii: <pII3IIKII II MexaHH3Ma cnOHTaHHoro HapyUieHII5I KIIpaJibHOII 

cIIMMeTpIIII. Ona 6h1Jia npe,n,JIO)Ketta 6oJiee 45 JieT TOMY tta3a,LI,, HO 

,ll,O CIIX nop coxpaH5IeT CBOIO aKTyaJibHOCTh II npIIBJieKaeT 6oJibllIOH 

IIHTepec. fJiaBHhIM CBOHCTBOM MO,LI,eJIII HaM6y JI I1ona-J1a3IIHIIO 5IB

JI5ICTC5I TO, 'ITO Otta OCHOBaHa Ha KIIpaJihHOH CIIMMCTplIII II o6o5IC

II5ICT ee uapyrueHIIe B <pII3IIKe ~mcTIIU. no attaJIOI'IIII co CBepxnpOBO

,lI,IIMOCTbIO. TaK)KC KaK 3JieMeHTapHbie B036y)K)],eHII5I B CBepxnpo

B0,lI,HIIKe MoryT 6hITh on1IcaHbI KOrepeHTHOH CM€CbIO 3JieKTpOHOB 

II )],blpOK, o6o5ICHeHIIe cneKTpa MC30HHhIX COCT05IHIIH MO)KeT 6hITh 

BhIIIOJIJJeHO B paMKax KBapKOBhIX CTeneHe:ii CB060,LI,hl. 

,II,o CIIX nop B paMKaX 3TOH MO,ll,eJIII 6hIJIII xoporno H3y'IeHhl II 

on1IcaHhI CBOHCTBa CKaJI5IpHbIX, nceB,LI,OCKaJI5IpHbIX, BeKTOpHbIX II 

aKCIIaJihHO-BCKTOpHbIX Me30HOB. O,LI,HaKO BBC,LI,eHIIe II onlicauue Me-

30HHhIX COCT05IHIIH COOTBeTCTBYIOIII,IIX aHTIICIIMMeTpII'IHOMY KBap

KOBOMY TOKY no'ITII oTcyTCTBOBaJIO. ITpn'IIIHa 3aKJIJOqaeTcH B TOM, 

'ITO KIIpaJibHO IIHBapliaHTHOe JIOKaJihHOe qeTbipex-<pepMIIOHHOe B3a

IIMO)],eHCTBIIe 

'¥0-µv(l ± ,y5)w · Wo-µv(l =t= 'l)w = 0 (14) 

TO)K)],eCTBeHHO paBHO nymo. AttaJIH3, npone,n,eHHhrii B npe)],hI,LI,Y

Ill,IIX rJiaBaX IIOKa3bJBaeT, 'ITO ecTeCTBCHHhIM pacrnupenIIeM MO)],e

JIII HaM6y II I1otta-Jla3IIHIIO Ha cJiyqati: KHpaJibHO IIHBapIIaHTHO

ro TeH30pHOI'O B3aIIMo,n;eti:CTBII5I )],OJI)KeH BhIIIOJIH5ITh HeJioKaJihHbIH 

j(iie,qHHeH¥¥11 HHCTHTJ:' 
1,qepHLIX Hccne~oaamm 

BMBffHOTEI<A 



Jiarpatt:>KIIaH 

r Gr - 5 Qµ.Qv - 5 
Leff= -- WaµA(l + r' )\JI - 2 WavA(l - r' )\JI 

2 q 

Gr - - - s - s qJlQv = -- [WaµA \JI· WavA \JI - \J!aJJAr' \JI· WavAr' \JI] -
2

. (15) 
2 q 

ITocJie,n;ttIIe ,n;Ba 'IJietta B (15) nopo)K,n;aIOT Bei<Topttbre n aKCHaJib

uo-BeKTOpHbie Me30HHbie cocT051HII51 R1l II B1l c KBaHTOBbIMH •rnc

Jiarvrn JPC: 1-- n 1 +-, COOTBeTCTBeHHO. KBaHTOBbie 'IHCJia HOBO

BBe,n;enHbIX Rµ II B1l Me30HOB onpe,n;eJI51IOTC51 CB513aHHbIMH c HHMII 

TeH30pHbIMII KBapKOBbIMII TOKaMH 

RJJ = fy (waµvw), A (- 5 ) Bµ = ifY Waµvr' \JI , (16) 

r,n;e tJJJ = 8µ/ ~- MbI noJiyqaeM, 'ITO KBaHTOBbie •rncJia Bµ Me-

30Ha 1 +- 51BJI51IOTC51 HOBbIMH KBaHTOBbIMII 'IIICJiaJ\IH' OTJIII'IHbIMII 

OT KBaHTOBbIX 'IIICeJI p II a1 Me30HOB, II ,Il;OJI)KHbI 6bITb II,n;eHTII

q:rnu;IIpOBaHbI C ,n;pyrIIMII cyru;eCTBYIOiu;IIMII Me30HHbIMII pe30HaHca

MII co CIIIIHOM e,n;JIHIIu;a. ,l];eii:CTBIITeJibHO, II3 Ta6Jinu; Me30HOB, Mbl 

HaXO,Il;IIM TaKOH II30BeKTOpHbIH TpIIIIJieT b1 Me30HOB, HeiiTpaJibHa51 

KOMIIOHeHTa KOTOporo o6Jia,n;aeT IICKOMbIMII KBaHTOBbIMII 'IIICJia

MII. HeiiTpaJibHbie II30CIIHrJieTHhie cocT051HII51 h1 (1170) II h1 (1380) c 

KBaHTOBbIMII 'IIICJiaMII 1 +-' COCTaBJI€HHbie II3 JierKIIX u, d II CTpaH

HblX s KBapKOB, TO)Ke cyru;eCTBYIOT. TaKIIM o6pa30M, ,n;aHHOe pac

nmpeHIIe MO,I1;€JIII ecTeCTB€HHO BKJIIO'IaeT OIIHCaHIIe 6oJiee nmpOKO

ro KJiacca M€30HOB, KOTOpoe He MOrJIO 6bITh BblIIOJIHeHO B paMKax 

CTapoii MO,n;eJIII. 

KpoMe 3Toro, BBe,n;eHIIe HoBoro Me30HHoro cocT051HII51 Rµ, CB51-

3aHHoro C TeH30pHbIM TOKOM II o6Jia,n;aroru;ero TaKIIMII )Ke KBaHTO

BbIMII 'IIICJiaMII KaK y p Me30Ha, II03BOJI51€T no HOBOMY B3rJI.mr_yTb 

Ha CIICTeMy p II p' M€30HOB. HarrpIIMep, B pe3yJibTaTe CMCHIHIHl

HIIa: <pII3II'IeCKIIe COCTOHHIIH BeKTOpHbIX M€30HOB KaK P, ,TaK H p', 
MOryT O,Il;HOBpeMeHHO IIM€Tb KaJIII6pOBO'IHbie II aHOMa.JibHble TCB-

30pHbI€ B3aIIMO,Il;€HCTBIIa: C KBapKaMII II aHHIII'IIJIIIpOBaTb COOTBeT

CTBYIOiu;IIe KBapKOBbie TOKII, B TO BpeMa: KaK aKCIIaJibHO-BeKTOpHbIH 
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Me30H a1 HMeeT TOJibKO KaJIII6poBoqHbie B3aHMO,n;eiiCTBHa: C KBapKa

MII. B II30CHHI'JICTHOM I= 0 BeKTOpHOM KaHaJie, IIOMHMO w(782) II 

¢(1020) MC30HOB, ,Il;OJI)I(Hbl cyru;ecTBOBaTb II cyru;eCTBYIOT IIX rrapT

uepbI w' ( 1420) II ¢' ( 1680) Me30Hbl. 

CoBMCCTHbiii anaJIII3 Bcex cocT051HHii co CIIIIHOM e,n;IIttIIu;a npu

BO,Il;IIT K CJie,n;ymru;eii MaCCOBOii cpopMyJie 

2 2 2 2 
mp + mp, = mb1 + ma1. (17) 

'.:ho COOTHOIIICHIIe a:BJI51eTca: O,Il;HIIM H3 OCHOBHblX pe3yJibTaTOB, npe,n;

CTaBJieHHblX K 3alll,IITC. Otto HCTpIIBIIaJibHO TCM, qTo CBH3hIBaeT 

MaCCbI ee1,;mop1-t'blX Me30HOB C KBaHTOBbIMH 'IIICJiaMII 1-- II a1,;cuaA'b-

1-tO-Be1,;mop1-t'blX MC30HOB. C KBaHTOBbIMII 'IIICJiaMII 1 +- II 1 ++. Ta

KIIM o6pa30M, ,n;amrne COOTHOlll€HIIC ycTaHaBJIIIBaeT CBH3b MC)K,Il;Y 

MaccaMII qacTIIu; H3 pa3JIII'IHbIX MYJibTIIIIJICTOB yttnTapHoii rpynrrbI 

II ,n;a:>Ke cynepMyJihTIIIIJICTOB pacnmpeHHbIX rpyrrrr, nma SU(6) 0 
0(3), BKJIIOqaroru;IIx CIIIIH II op6IITaJibHbIH MOMeHT KBapKOB. 

C'IIITaa: MaccbI p, p' II b1 Me30HOB II3BeCTHhIMH MO)KHO orrpe

,n;eJIIITb TaK)Ke yroJI CM€llIHBaHHa:, KOTOpbIH B rrpe,n;eJiaX 3KCIIepH

MeHTaJibHbIX OllIII60K OKa3bIBaeTCa: 6JIII3KIIM K yrJiy MaKCIIMaJihHO

ro CM€llIIIBaHIIH 45°. TaKHM o6pa30M, C xopollleii TO'IHOCTbIO, MbI 

MO)KeM rrpIIH51Tb rIIIIOTe3y Ma'K:CUMllJl,'b'H,020 CMeWUBll'HUJl ,Il;JIH BeK

TOpHbIX M€30HOB. ,l];Jia: Toro, 'IT06bI rrpoBepIITh Hallly rIIIIOT€3Y He 

TOJibKO ,Il;JIH II30BeKTOpHbIX M€30HOB, MO)KHO BbIB€CTII HOBO€ Macco

BOe COOTHOIIICHHC, KOTopoe CBH3bIBaeT TOJibKO MaCCbI <pII3II'IeCKIIX 

B€KTOpHbIX Me30HOB C KBaHTOBbIMII 'IIICJiaMII 1-- II aKCIIaJibll0-

B€KTOpllbIX Me30HOB C KBaHTOBbIMII 'IHCJiaMH 1 +-

_ 2m~, - mff'mp + 2m~ 
R= 3 2 =l. 

mb1 
(18) 

B cJiyqae H3oBeKTopHbIX I = l Me30HOB ,n;aHHoe OTHorne11He R1=I = 
0.96±0.03 IIO'ITH COBrra,n;aeT C e,n;HHHu;eii. I1 3TO He a:BJia:eTca: H€0:>KH

,n;aHHhIM, TaK KaK HM€HHO 3TOT cpaKT 6hIJI perna10:rn;HM ,Il;JIH rrpHHa:

THa: I'HIIOTC3bI MaKCHMaJibHOrO CM€IIIHBaHHH. 
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I 

HcnoJih3Y5I Ta6mflmhie 3naqemrn Mace II3ocKaJrnptthIX I = 0 
BeKTOpHbIX w(782), w'(1420) n aKCIIaJihHO-BeKTOpHbIX h1 (1170) Me-

30HOB, COCT05Illl,HX II3 JierKlIX KBapKOB, noJiyqaeM 'ITO ,lJ,aHIIOe OTHO

metme R1=o = 1.02 ± 0.07 TaK)Ke xopomo comacyeTC5I c e,lJ,nttmi,ett 

B npe,lJ,eJiax 3KCnepnMeIITaJihHOH TOqHOCTH. H30CKaJI5IpHhie BeKTOp

Hbie Me30HhI co CKpbITOH CTpaHHOCTbID npe,lJ,CTaBJieHbI B Ta6JIIIU,e 

l\Ie30HOB ,l1,BYM5I pe30HaHCHhIMJI COCT05IHII5IM11 ¢( 1020) 11 ¢' ( 1680). 
O,LJ,naKO aKCHaJibHO-BeKTOpHbIH Me30H h1 (ss) co CKpbITOH CTpamIO

CTbID 11 KBaHTOBhIMlI qncJiaMII 1 +- OTCYTCTnyeT B OCHOBIIOH Ta6-

JIIIU,e Me30HOB. I1o3TOMY MbI MOMeM BOCIIOJib30BaTbC5I cpopMyJIOII 

(18), '-IT06b1 rrpe,LJ,cKa3aTh ero Macey 

mh 1 (ss) = 
2m~, - m¢,m¢ + 2m~ 

3 
= 1409 ± 20 M3B. (19) 

BoJiee IIO,lJ,p06Hhie Ta6JIJill,hl Me30HOB yKa3hIBaIOT JIIIlllh ua ,ll,Ba 3KC

rrep11MeHTa, r,LJ,e BOIIpOCHblM Me30H 6hIJI 3aperIICTpIIpOBaH C Mac

caMII 1440 ± 60 M3B II 1380 ± 20 M3B, cooTBeTCTBetttto. OTcyT

CTBIIe TpeThero 3KCIIepIIMeHTaJibHOrO ,lJ,OKa3aTeJihCTBa ne ,LJ,aeT rrpa

Ba, qT06hI ,LJ,aHHOe COCT05IHIIe 6bIJIO Bneceuo B OCHOBHYID Ta6JIIIU,Y 

Me30HOB. O,LJ,naKO uanrn IICCJie,l),OBaHJI5I npe,LJ,cKa3hIBaIDT II IIO,l],TBep

)K,l],aIDT cyII1,eCTBOBanIIe TaKoro COCT05IHII5I C TOqHo TaKOM )Ke MaC

coii, KaKa5I 6b1Jia II3Mepeua IIOKa JIJilllh B ,11,BYX 3KCIIepIIMeHTax. 

,Ll;pyroe IIHTepecttoe CBOMCTBO, tterrocpe,II,CTBeHHO CJie,LJ,yIOII1,ee II3 

ttarnero II0,11,XO,n;a, KacaeTC5I MaTpJiqHbIX 3JieMeHTOB ,II,JI5I BeKTOpttoro 

II TeH30pttoro KBapKOBhlX TOKOB 

(0jq')'µqjV(p, ,\)) = mv fv e~(p) 

(0jqo-µvqlV(p, ,\)) = ifJ ( e~(P)Pv - e~(p)pµ), (20) 

KOTOpbie OKa3bIBaIDTC5I O,Il;HOBpeMeHHO HeTpIIBIIaJihHhlMII ,l],JI5I <pII-

3IIqeCKIIX BeKTOpHbIX Me30HOB. B cJiyqae MaKCIIMaJihHOrO CMenrn

BaHII5I, orrpe,LJ,eJieHHhie BhIIIIe <pOpM<paKTOpbI, IIMeIDT oqeHb rrpOCTOM 

BII,11, 

fp 
mp' ---, 

./2.gv 
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mp' . T_ --, 
fp - ./2.gR (21) 

J 

\ 

l 
I 

\ 

fp' 
mp --, 

./2.gv 

mp f;, = y'2 9R ., (22) 

r,n;e KOHCTaHThl B3aIIl\10,IJ;eiicTBII5I COOTBeTCTBYIDIIJ,IIX Me30HOB C KBap

KaMII y,LJ,OBJieTBOp5IIOT ypaBttettnm 9R = ./2 gv. C yqeToM rrocJie,11,

nero ypaBHeHII5I, CJICTeMa ypaBHeHIIM (21) rrplIBO,lJ,IIT K rrpOCTOMY 

COOTHOIIIeHIIID l\te)I{,Il;y rrorrepeqHhIM JI rrpO,lJ,OJibHblM <pOpM<paKTOpa

MII ,l1,JI5I p Me30Ha 

JJ l 
fp = v'2 ~ 0.707, (23) 

qTo HaXO,lJ,HTC5I B npeKpaCHOM COrJiaCIIJI C nocJie,n;nHMII pacqeTaMII 

Ha pellleTKe. AnaJiorIIqnoe COOTHOllleHIIe ,l],JI5I p' Me30Ha IIMeeT TO 

)Ke a6coJIIOTHOe 3HaqenHe, o,n;ttaKo, np0TIIBOllOJIO)KHhIH 3HaK 

f;, 
fp, 

1 
v12· (24) 

TaKIIM o6pa3oM, Bee rrpe,n;cKa3aHII5I ,n;annoii rJiaBhI naxo,n;5ITC5I B xo

pomeM corJiaCIIII C COBpeMeHHbIMII 3KCrrepJIMeHTaJibHhIMII ,lJ,aHIIhI

MII II qIIcJieHHbIMII pacqeTaMJI ua peIIIeTKe II pe3yJihTaTaMII rrpaBIIJI 

cyMM KX,LI;. 
BhrIIIeII3JIO)Kettnhie coo6paMeHII5I 03ttaqamT, qTo B ITpIIpo,n;e MO

ryT cylll,eCTBOBaTb ,lJ,Ba pa3JIIIqlfblX TIIIIa qacTIIIJ, co CIIIIHOM e,n;II

HIIIJ,a, KOTOphie pa3JIIIqamTC5I CBOJIM B3aIIMO,lJ,eHCTBJieM C MaTepII

aJibHhlMII cpepMJIOHaMII. O,n;HaKO OHJI OTBeqaIDT TOJihKO JIJIIIIh CO

CTaBHhIM KBapK-aHTHKBapKOBbIM COCT05IHII5IM. Bonpoc O cylll,eCTBO

BaHHe cpytt,n;aMeHTaJihHbIX 6030HOB, OTJIIIqHbIX OT KaJIII6ponoqnhIX, 

,lJ,OJI)KeH 6bITh BhrncneH Ha 6y,n;ylll,HX ycKOpIITeJI5IX II, rJiaBHhIM o6pa-

30M, tta LHC. 9ToMy norrpocy JI rroIIcKy HOBhIX TeH30pHhIX B3aIIMO

,n;eiicTBIIii, KOTOpbie 3<p<peKTIIBHO B03HII1<:aIDT B pe3JJibTaTe o6Mena 

<pyH,lJ,aMenTaJihHhIMII T5I)KeJibIMII 6030HaMII, B HII3K0-3HepreTJiqecKHX 

BbICOKO-TOqHbIX 3KCrrepIIMenTax 6y,n;yT IIOCB5IIIJ,eHbl IIOCJie,IJ;yIDIIJ,IIe 

TPII rJiaBbI ,lJ,IIccepTaIJ,IIII. 

B n»Toii rJiaBe rrpe,n;JioMeno pacIIInpettne CTan,LJ,apTnoii Mo

,n;eJIII, COCT05IIIJ,ee B IICIIOJib30BaHIIII HOBOI'O TIIIIa qacTIIIJ, co CIIII-
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HOM e,II,IIHIIn;a, OI1IIChIBaIOIIJ,IIXC5I aHTIICHI\JI\IeTpH'-Ilf.hIM I1OJieM BTO

poro panra, KOTOpbie BO3MO)KHO cyrn,eCTBJIOT B ITpIIpO,II,e HapaBHe 

C KaJrn6pOBO'-IHhIMII 6o30Hal\m. )J;JI5I 3TOro neo6XO,Il,IIMO BBC,II,CIIIIe B 

CTaH,II,apTHym Mo,II,eJih cooTBeTCTBymrn,11x ,II,OITOJIHHTeJihHhIX rroJie

BhIX rrepeMeHHhIX. TaKoe pacnrnpeHIIe COBCeM neTpIIBIIaJibHO, TaK 

KaK IIMeeT ,II,eJIO C HOBhIM TIII1OM I1OJiei1. )J;ocTaTO'-IHO CKa3aTh, '-ITO 

anTJICIIMl\teTPII'-IHbie TeH3OpHbie I1OJl5I 5IBJI5IIOTC5I HCTO'-IHIIKOM HO

BbIX aKCHaJibHbIX anOMMIIii:, ycTpanenIIe KOTOpbIX Tpe6yeT Y,II,BOe

HII5I KaK '-IIICJia XIIrrCOBCKIIX ,II,y6JieTOB TaK 11 ,II,y6JieTOB aHTIICHM-

1\IeTpII'-IHhIX TeH3OpHblX rroJieii:. 

Mb1 6y,II,eM rrpe,II,rroJiaraTh, KaK 06b1'-IHO, JIOKaJihHy10 SU(2)L x 

U(l)y CHMMeTpmo CJia6hIX B3aHMO,II,eii:CTBIIH C KaJIII6pOBO'-IHhIMII 

IIOJIRMH Am n Em- <:pepMIIOHHhIH ceKTOp MaTepnaJihHhIX rroJieii:: TaK

)Ke 6e3 II3MenenIIii:: CO,II,ep)KIIT TPH I1OKOJiemrn ,Il,BJXKOMITOHeHTHhIX 

Beii::JieBCKIIX CI1IIHOpOB: JieBbie JieIITOHHbie ,II,y6JieTbI Li = (v~ e~)i 
n rrpaBbie JieITTOHHhie CHIIrJieTbl ( e~)i; JieBhie KBapKOBbie ,II,y6JieThl 

Qi = (u~ d~)i II rrpaBhie KBapKOBhie CHHrJieThI (u~)i, (d~)i. 3,II,eCh 

i - IIH,II,eKC I1OKOJieHII5I, n;BeTOBbie IIH,II,eKChl y KBapKOBhlX ITOJieii:: Mbl 

orrycKaeM. illTpHX y I1OJl5I O3Ha'-IaeT, '-ITO OHO 5IBJI5IeTC5I KaJIII6po

BO'-IHbIM co6CTBeHHbIM COCTO5IHIIeM. 

PacnrnpenIIe cTan,n;apTnoii:: MO,II,eJIII KacaeTC5I JIIIIIIh 6o3onnoro 

ceKTOpa MaTepHMhHbIX rroJieii::. CTaH,II,apTHa5I MO,II,eJih 3JieKTpoc:71a-

6bIX B3aIIMO,II,eii::CTBIIH CO,II,ep)KIIT TOJlhKO O,II,IIH ,n;y6JieT CKM5IpHbIX 

XIIrrCOBCKIIX ITOJieii::. PacIIIIIpIIM 3TOT ceKTOp MaTepIIMhHbIMII an

TIICIIMMeTpII'-IHhIMII TeH3OpHbIMII IIOJI5IMII. 9TII I1OJI5I, TaK)Ke KaK II 

CKM5IpHbie XIIrrCOBCKIIe IIOJI5I, B3aIIMO,II,eHCTBJIOT C JieBbIMII II rrpa

BhIMII cpepMIIOHaMII. l.JTo6bI TaKoe IOKaBCKOe B3aIIMO,II,eii::CTBIIe 6hI

JIO SU(2)L x U(l)y IIHBapIIaHTHo, MaTepIIMhHOe aHTIICIIMMeTpII'-I

noe TeH3Opnoe IIOJie ,II,OJI)KHO 6bITh ,n;y6JieTOM. Tpe6oBanIIe OTCJT

CTBII5I aHOMaJIIIii:: B paCIIIIIpennoii:: MO,II,eJIII 3JieKTpOCJia6bIX B3aIIMO

,II,eii::CTBIIii:: 3aCTaBJI5IeT Hae Y,II,BOIITh '-IIICJIO IJOJieii:: II BBeCTII ,II,Ba ,n;y6-

JieTa XIIrrcoBCKIIX cKa.n:RpHhIX rroJieii:: H 1 = (Hf H-;-), H2 = (Hi Hg) 
II ,II,Ba ,n;y6JieTa aHTIICIIMMeTpII'-IHbIX TeH3OpHbIX IIOJieii:: Umn = (U~n 
u~n), Tmn = (T;;;,nT~n) C rrpOTIIBOI10JlO)KllbIMil rIIrrep3apR,II,aMII: 
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Y(H1 ) = Y(U) = -1, Y(H2 ) = Y(T) = +l. Hx MIIHHMMhHhie 

B3aHMO,II,eii::CTBil5I C KaJIII6pOBO'-IHhIMil I1OJl5II\IH BBO,II,5ITC5I '-Iepe3 KO

BapnaHTHYIO rrpOII3BO,Il,IIYIO Dm = am - ig /2 T . Am - ig' /2 y Em, 
r,II,e g Ilg' KOHCTaHThI B3aIIMO,II,eii:CTBil5I, a THY renepaTOpbI rpyrrrr 

SU(2)L II U(l)y, cooTBeTCTBenHo. 

EcJIII ,II,orrycTIITh rrpoH3BOJihHhie B3aIIMO,II,ei1cTBH5I XIIrrcoBCKIIX 

qacTIII.J; C cpepMHOHaMII, TO rrpn napyrnemm CilMMeTpIIII BO3MO)K

HO I105IBJieHIIe ueii::Tp~bHhIX TOKOB C H3MeHenneM apoMaTOB, . '-ITO 

6y,II,eT HaXO,II,IIThC5I B II,POTIIBOpe'-IIIII 3KCrrepIIMeHTMhHbIMI1 ,II,aHHbl

MII. cheraIITHOe penle1rne 3TOM rrpo6JieMbI 6bIJIO ,II,aHO fJI3IIIOY II 

Baii::n6eproM. ITepex ,ll;hI c II3MenenIIeM apol\rnTOB B neii::TpaJihHhIX 

TOKax Ha ,II,peBeCIIOM pOBHe 6y,II,yT OTCYTCTBOBaTb, eCJIII HeiiTpaJib

Hhie KOMIIOHeHTbl O,II, oro XIIrrcOBCKOro ,II,y6JieTa B3aIIMO,II,eii:CTBYIOT 

TOJlbKO C BepxHIIMII T rraMII KBapKOB C 3ap5I,II,aMII 2/3, a Heii:TpaJib

Hhie KOMITOHeHThI ,II,py oro XIIrrCOBCKOro ,II,y6JieTa - c HII)KHIIMII TII

rraMII KBapKOB C 3ap5I,II,aMII -1/3 II 3ap5I)KeHHbIMII JieIJTOHaMII. Ca

Ma5I o6rn,aR cpopMa TaKoro SU(2)L x U(l)y IIHBapIIaHTnoro IOKaB

CKoro B3aIIMO,II,eii::CTBII5I IIMeeT BII,II,: 

£n = h0 Qi(u~)i H1 + [hi Qi(d~)i + hfi Li(e~)i] H2 + h. c., (25) 

r,II,e h u, hd II he, Boo6rn,e roBopR, rrpOII3BOJihHhie He,II,IIarona.n:hHhie 

MaTpIII.J;hl. Ana.n:orII'-IHOe B3aIIMO,II,eii::CTBIIe co CIIIIHOpHbIMII IIOJI.HMII 

MO)KHO 3aIIIICaTb II ,Il,Jl5I anTIICIIMMeTpII'-IHhIX TeH3OpHbIX IIOJieii::: 

LT=t1/2 Qwmn(u~)j Umn + [ti Qiamn(d~)j + tfj Liamn(e~)j] Tmn 
+ h. C. (26) 

B3aIIMO,II,eii::CTBII5I aHTIICIIMMeTpII"IHhIX TeH3OpHbIX IIOJieii C cpep

MIIOHaMII (26) rropO)K,II,aIOT HOBhie 3cp<peKTIIBHbie B3aIIMO,n;eii::CTBII.H 

TIIIIa "TOK X TOK", ,Il,OIIOJIHIITeJibHO K II3BeCTHhIM B3aIIMO,II,eii::CTBII-

5IM, B03HIIKaIOIIJ,IIM B pe3yJihTaTe 06MeHa 3JieKTpocJia6bIMII KMII6-

POB0"9:HhIMII 6030HaMII. 9TII B3aIIMO,II,eMCTBII5I TaK)Ke co,n;ep)KaT KaK 

3ap5I)KeHHbie TaK II neii::TpMbHhie TOKII. l.JT06h1 II36e)KaTb rrpOTII

BOpe'-1II.H C 3KCrrepIIMeHTMhHbIMII ,II,aHHhIMII, Mhl ,Il,OJl)KHbI rrpe,II,rro-
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JIO)KIITb 0TH0CIITeJibHYIO CJia6oCTb 3TIIX B3aIIMO,n;eti:CTBIIH no 0THO

meumo I( CTan,n;apTHbIM 3JieKTpOcJia6bIM B3aIIMO,n;eti:cTBIUIM. HoBbie 

TeH30pHbie B3am,10,n;eii:CTBIUI 0Ka3bIBaIOTC5I, KaK 6hr 3KpannpoBaHbl

l\III. 3apa)KeHHble CJia6bre T0KII 6bIJIII OTKpbITbl 3a,n;oJiro ,n;o o6ua

PY)I(eHII5I neti:Tpa.JibHbIX CJia6bIX TOK0B, K0TOpbre, B cJiriae B3aII

l\10,II;eii:CTBIIH 3ap5I)KeHHbIX qaCTIIIJ;, 3KpattIIp0BMIICb 3JieKTp0Mar

HIITHblMII B3aIIMO,n;eti:CTBII5IMII. IT03TOMy rrepBbie 3KrrepnMeIITaJib

Hbie ITO,Il;TBepE,n;eHII5I cyIII.eCTBOBaHII5I H0BbIX TeH30pHbIX B3aIIM0-

,n;eii:CTBIIH na,n;o IICKaTb Ha <pone CJia6bIX B3aIIMO,n;eti:CTBIIH 3apa)I(eH

HbIX TOK0B. 

,Uanaii:Te paCCMOTplIM B3aIIMO,n;eti:CTBII5I, o6ycJIOBJieHIIbie TOJib

K0 3ap5I:>KeHIIbIMII attTIICIIMMeTpnqnbIMII TeH30pHb1MlI ITOJI5IMII T;:,n 

II u~n. Cal\1a5I o6III.a5I CTpyKTypa rrporraraTOp0B ,Il;JI5I 3TIIX qacTIIIJ; 

ITOCJie napymemrn ClIMMeTpirn IIMeeT BII,n;: 

P(q) ( 
(T(r-r+) )o 
(T(u-r+))o 

(T(r-u+))o ) 
(T(u-u+))o 

~ ( (q2 - m2)Ir-(q) 
l:iq µ21 + 

21- ) 
(q2 _ i{2)rr+(q) , (27) 

r,n;e l:iq = (q2 - m
2)(q2 - M 2

) - µ4, a µ, m II M - rrpon3B0Jib

Hhie Macconhre rrapaMeTphr, rrpIIqeM M/m = tg/3 = vif v2, TaK 

KaK ,n;IIarOHMbHbie MaCCOBbie qJieHbl ,Il;Jl5I Tmn u Umn o6ycJIOBJieHbI 

BaKyyMHbIMII cpe,n;HIIMII V1 II V2, COOTBeTCTBeHHO. lfa BII,n;a B3alI

M0,n;eti::CTBII5I (26) CJie,n;yeT, qTO IIOJI5I y+ II u- 5IBJI5IIOTC5I CaMO,II;y

MbHbIMII, a y- II u+ - CaMOaHTII,II;ya.JibHbIMII, II03TOMY rrporrara

TOp ( 27) co,n;epEIIT caMO,II;ya.JibHbie II caMOaHTII,Il;YMbHble 1!nab = 
1/2 (lmnab ± i/2 Emnab), II!nab = l!mklIIklab orrepaTOpbI. 

,Ua.rrhtteti:nmti:: rro,n;po6tthrii anaJIII3, rrpoBe,n;eHHbI:ti: B ,n;1IccepTa

IJ;1I1I, II03B0JI5IeT IIOJIY'IIITb Bee 3<pcpeKTIIBHbie B3alIMO,n;eti::CTBII5I JieII

TOHOB II KBapK0B, o6ycJIOBJieHHbIX o6MeHOM aHTIICIIMMeTplI'IHbIMII 

TeH30pHbIMII tJaCTIIIJ;aMII B o6JiaCTII HII3KIIX 3Hepr1Iti::. HarrplIMep, 

B CJiyqae pacrra,n;a MIO0Ha Ha 3JieKTpOH II ( aHTII)tteti::TplIHO, KpOMe 

o6bI'IHOro V-A B3a1IMo,n;eiicTn1Ia, tteo6xo,n;IIMO yqeCTb TaK)Ke Ten-
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3opuoe B3aIIl\IO,Il;eti:cTBIIe: 

r ln2 G f - 4qm qn - nl h 
.,_,Jle = -y L, F T Vµ£Cim/µR --2- eRO" Ve£+ · C., 

q 
(28) 

r,n;e qm - 4-IIl\IIIYJibC rrepe,n;aqlI IVJe)I(,II;y MIOOHH0ti: II 3JieKTpomroti: 

rrapaMII, a ITOJI0)I(JITeJibHa5I 6e3pa3Mepna5I KOHCTaHTa 

v'2 t2 > 0, 
fr= Gp (1 _ ctg2/3)A12 

(29) 

orrpe,n;eJiaeT 0TH0CJITeJibHYIO CIIJIY HOBbIX TeH30pHbIX B3alIMo,n;eti:

CTBIIH no 0THOilleHIIIO K o6brqnbIM CJia6bIM B3aIIMo,n;eti:CTBII5IM. ,Uo

ITOJIHJITeJibH0e B3a1IMO,n;eti:CTB1Ie ,Il;Jl5I II0JiyJieIIT0HHbIX pacrra,n;oB JIMe

eT B11,Il;: 

4 m 
Lqe = -h Gpfy UCimzd

0 
q /n eRCinlVL + h. c., 
q 

(30) 

r,n;e df = ½idi - cMernatttthre cocT05IHII5I ,n;Jia HII)KHIIX TIIIIOB KBap

KOB. BoJiee 6oraTa5I CTPYKTypa TeH30pttoro B3alIMO,n;e:ti:CTBII5I B03-

HIIKaeT B qlICTO KBapK-KBapKOBOM ceKTOpe: 

r _ 1n2 G f [- d0 d-0 nl + - d0 dJ0 nl .,_,ud - -y L, F T U£Cim/ R · RCI U£ U£Ciml R · LCI UR 

- d0 d-0 nl t 2/3 - d0 dJ(} nl ] 4qmqn (31) +uRCim/ L . RCI U£ + g URCim/ L . LCI UR 2 • 
q 

B mecToii r JiaBe II3ytJettbr octtOBHhre HII3K03HepreT1I'IeCK1Ie 

CJie,n;CTBII5I HOBbIX 3<pcpeKTIIBHbIX B3alIMO,n;e:ti:CTBIIH, IIOJiytJeHHbIX B 

rrpe,n;hl,n;ym;e:ti: rJiaBe. 3,n;ech Heo6xo,n;IIMO OTMeTIITb, 'ITO IIOIICK HO

BbIX B3alIMO,n;eti:CTBIIH B HII3K03HepreTII'IeCKIIX rrpon;eccax ne,n;eTC5I 

c ,n;anHIIX rrop. O,n;ttaKo BBII,II;y OTCYTCTBII5I KOHKpeTHbIX yKa3aHIIH 

Ha BII,Il; TaKIIX B3a1IMo,n;eiicTB1I:ti:, rrpe,n;rroJiaraeTca Ha1I60Jiee o6III.a5I 

IIX CTPYKTypa. TaKOii: rro,n;xo,n;, C O,Il;HOH CTOpOHbI, ne,n;eT K 60JibIIIO

MY 'IIICJIY HOBbIX rrapaMeTpOB, K0TOpbre ,Il;OJl)I(Hbl 6bITb orrpe,n;eJieHbI 
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113 3KCnepHMeHTaJihHbIX ,IJ,aIIHbIX. C ,IJ,pyrof1 CTOpOHbI, neB03M0)I(

HO nanncaTb caMbIH o6rn,n:ti: BH,IJ, HOBhIX B3aHl\IO,IJ,e:ti:cTBHH 11 3,IJ,CCh 

BCCr,IJ,a UMeeTC11 3.JieMeHT KaKux..:uu6y,IJ,h npe,IJ,IIOJIO)KCHHH, KOTOpbie 

11BHO HJIH neHBHO rrpIICYTCTBYIOT npH TaKOl\I, TaK Ha3bIBaeMhIM, 06-

rn,eM 'l\ro,IJ,eJibHO-HC3aBIICIIMOM' IIO,IJ,XO,IJ,e. 

B ,IJ,aHHOII r.rraBe pacc1vrnTpIIBaeTCH KOHKpeTHbIII BH,IJ, HOBbIX 3cp

cl)eKTIIBIIbIX TeH30pHhIX B3aIIMO,IJ,en:cTBHII, KOTOpbie ,IJ,O cnx rrop ue 

HCIIOJib30BaJIIICb II He nponepRJIHCh 3KCrrepHMeHTaJibHO. KaK 6bIJIO 

TIOKa3aHO B rrpe,IJ,bI,IJ,YIIWX r.rranax, HX BII,IJ, O,IJ,H03Haquo CJie,IJ,yeT U3 

caMbIX o6rn,ux npHHII;HHOB .TiopeHII; CHMMeTpHII u KBaHTOBOH Teo

PHH rro.rrH. O,IJ,uaKo OTHOCHTeJI1>Ha11 c.rra6ocTh n OTJIHqnaH OT V - A 
Irnpa.rrbHaH CTpyKTypa HOBbIX B3aHMO,IJ,eHCTBHH 3aTpy,IJ,HHeT MX 06-

uapy)I<etme BO MHOrHx COBpCMCHHhIX 3KCHCpHMCHTax. Onu H36e

raIOT TaK)KC KOCMOJIOrH'-IeCKHX orpaunqeuun:. O,IJ,HaKo, IICHOJib3YH 

oco6eHI-Ihie KHpaJibHbie CBOHCTBa HOBhIX B3aHMO,Ll,CIICTBHII, nee )Ke 

MO)KHO yKa3aTh HeKOTOpbie npOIJ;CCCbI, r,IJ,e BKJia,IJ, H3BCCTIIbIX B3aII

MO,IJ,CIICTBIIH cyrn,eCTBCHHO rro,n;aBJieH, a 3cpcpeKT HOBhIX B3aHMO,IJ,CII

CTBHH MaKCHMa.JICH. O,n;HIIM H3 TaKHX rrpo11;ecc0B, 11BJIHCTC11 pa,n;ua

IJ;HOHHbIH pacrra,n; TIIIOHa. 

,ll;e:ti:CTBHTCJihHO, MaTpnqHbIH 3.JICMCHT pacrra,IJ,a TIIIOHa nporrop

IJ;HOHa.rren Macce .rrerITona me. Tio3TOMY aMrrJIHTy,IJ,a 3Toro rrpo11;ecca 

3any.rr11eTC1! npH me - 0. cho 3aHyJICHHC CBH3aHO C TCM, qTO c.rra6oe 

B3aHMO,Ll,CIICTBHe coxpan11eT cnHpaJibHOCTh, a pacna,n; MC30Ha C ny

JICBbIM CITHHOM Ha JICBOe HCHTpHHO H npaBbIII aHTHJICIITOH, JICTHlll,HC 

B npOTHBOIIOJIO)KHbIC CTOpOHhI, 3anpern;en coxpaHeHHCM yr.rroBoro 

MOMCHTa. C ,IJ,pyron: CTOpOHhI, BK.rra,n; IICCB,Ll,OCKa.rr11pnoro KBapKOBO

ro TOKa, KOTOpbIII HMeeT ,n;pyryro KHpa.JihHYIO CTPYKTYPY HC)I(CJIH 

CTaH,IJ,apTHOe c.rra6oe V - A B3aHMO,IJ,eiicTBHe, B pacna,IJ, IIHOHa Ha 

3.JieKTpOH H aHTHHCHTpHHO 

2 

i(0ju,y5dj1r) = ( m1r ) meF1r ~ 3.8 x 103 meF1r (32) 
md + mu me 

MHOrOKpaTHO ycHJICH no cpaBHCHHI-0 co CTaH,n;apTHOH MO,IJ,CJiblO. 9To 

naK.rra,n;hrnaeT CTpOrHe orpanHqenHR Ha cyrn,ecTBOBaHHe IICCB,IJ,OCKa-

. 26 

JI5IpHbIX qaCTHIJ;, TaKHX KaK 3ap.H)KeHHbIC XHrrCOBCKHC 6030HbI. 

3,IJ,CCh CJIC,IJ,OBa.rro 6bI TaK)KC mKH,IJ,aTb, qTo TCH30pHbIC B3aHMO

,IJ,CHCTBirn, HMeH TmKe ,IJ,pyryro, ne)I(eJIH cTan,IJ,apTHoe cJia6oe V - A 
B3aHMO,IJ,CHCTBHe, KHpa.JibHYIO CTPYKTYPY, 6y,LJ,yT ,IJ,aBaTb OCHOBHOM 

BKJia,IJ, B CJia6bIH pacna,IJ, mrnua. O,IJ,HaKO MaTpHqHbIH 3JICMCHT TCH-

30pHoro KBapKOBOrO TOKa (0jua-at3dj1r(p)) paBeH HYJIIO BBH,LJ,y Toro, 

tJTO HCB03MO)I(H0 IIOCTpOHTb aHTHCHMMCTpHqHbIH TCH30p BTOporo 

panra, HCIIOJih3Y.H JIIIIllh O,IJ,HH BCKTop - HMIIYJihC nHona p. Tio3TOMY 

HOBbIC TCH30pIIbIC B3aHMO,IJ,CHCTBH.H B npOTHBOHOJIO)I(HOCTb IICCB,IJ;O

CKaJI.HpHbIM, H36eramT 3KCIICpHMCHTaJibHhIX orpanHqeHHH H3 ,Ll,Byx

'-IaCTHqHbIX pacna,n;oB IIHOHa, KOTOpbIC npeKpaCIIO OIIHChIBaIOTC.H 

CTaH,IJ,apTHOH MO,IJ,CJiblO. O,n;naKo cmpnpH3 BCe )KC 6hIJI o6Hapy)I(eH, 

HO TOJibKO B TpCX'-IaCTIJqHOM CJia6oM pa,IJ,HarwonHOM pacna,n;e IIHOHa 

7r - evy. 
B 1990 ro,LJ,y rpynna BoJIOTOBa, HCIIOJih3Y.H ycTanoBKY HCTPA 

Ha ycKOpHTCJihHOM KOMIIJICKCC HncTHTyTa cJ>H3HKH BhICOKHX 9nep

rnii B TipOTBHHO, IICCJIC,Ll,OBa.Jia pacna,IJ,hI OTpIIIJ;aTCJihHO 3ap.H)I(CH

HbIX IIIIOHOB 7r- - e-;;'Y na JICTy. feoMeTpII.H ycTaHOBKH II03B0JI.HJia 

HCCJIC,IJ;OBaTh 3TOT npo11;ecc B nmpOKOH KIIHCMaTHqecKOH o6JiaCTII, 

qTO ne 6hIJia H3yqeHa ,n;o CHp rrop. TaKoii aHaJIIJ3 npIIBO,IJ;HJI K BbI

BO,IJ;aM, qTo 3TH pe3yJihTaThI HCB03MO)I(H0 6hIJIO IIHTeprrpeTHpOBaTh 

OCTaBa.HCb B paMKax CTan,n;apTHOM MO,IJ;CJIH 3JICKTpOCJia6bIX B3aH

MO,Ll,CHCTBIIH II ee cynepCIIMMCTpIJqHbIX paCIIIHpCHIIH. BoJiee Toro, 

KaK CJie,JzyeT H3 Hamero npe,IJ,bI,Lzyrn;ero aHa.JIJI3a, IICCB,IJ;OCKa.JI.HpHbIH 

KBapKOBbIH TOK He Mor 61>1 6bITh rrpnqIJHOH 3TOH aHOMa.JIHH, TaK 

KaK OH TaK)KC 6hr ,n;aBa.rr cyrn;ecTBeHHhIH BKJia,n; B ,IJ;ByxqacTHqHbIH 

pacna,n; IlHOHa. C,x;a.11,Jl,p'l-l,'bl'U )KC KBapKOBbIH TOK, KOTOphIH He ,n;aeT 

BKJia,IJ,a B ,n;ByxqacniqHhiii pacna,n; nceaaoc-x;a.11,JtpH020 IIIIOHa no co

o6pa)I(eHH.HM qeTHOCTII He ,n;aeT BKJia,n;a H B pa,n;JiaIJ;HOHHhIH pacna,IJ, 

IIHOHa. 

E,n;IIHCTBCHHOH B03MO)KH0CTblO o6'b.HCHeHIJ.H 3TOH aH0Ma.JIHH oc

TaeTC.H Ha.rrnqne rrpHMeCH HOBhIX TeH30pHbIX TOK0B, KOTOpbre, KaK 

II0Ka3aHO B ,n;aHHOH rJiaBe, H rrpHBO,IJ,.HT K caM0C0rJiacoBaHHOMY ee 

o6'b.HCHCHIIIO npn f T ~ 10-2
. KpoMe Toro, TaKoe o6'b.HCHeHHe IIO,IJ,-
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Kpernrn:eTC5I ern,e H cpaKTOM, 'ITO OTKJIOHemie OT CTaH,IJ.apTHOH MO,LI,e

.JHI Ha6mo,IJ.aCTC5I TOJihKO B orrpe,IJ.eJieHHOH KIIHe!'viaTH'IeCKOH o6JiaCTII 

BhICOKHX 3nepruti: 1 -KBanTOB E, > 50 l\faB n HH3KHX 3Heprnti: 3JieK

TpOHOB Ee < 50 M3B. TaK KaK B 3TOH o6JiaCTII 6bIJI perncTpnponau 

,IJ.ecpm1,nT co6LITHii:, TO OH ue Mor HMeTh ,IJ.pyroro nponcxmK,IJ.enHH 

TOJihKO KaK B pe3JJihTaTe ,IJ.eCTJ)YKTHBHOH HIITepcpepeHIJ,HH Me)K,IJ.Y 

CTan,IJ.apTHhIMII H HOBhIMII B3aHMO,IJ.eHCTBII5IMII. 

EcTeCTBeHHO, '-ITO HOBOe KBapK-JieIITOHIIOe TeH30pnoe B3aHMO

,IJ.eHCTBIIe (30) 6y,IJ.eT TaK)Ke ,IJ.aBaTh BKJia,IJ. KaK B 51,IJ.epHbIH /3-pacna,IJ. 

TaK H B cno6o,IJ.HhIH pacna,IJ. Heti:Tpona. Trn,aTeJihHhIH ana.m13 3KC

rrepIIMenTaJihHhIX ,IJ.aHHhIX IIOKa3hIBaeT, '-ITO TeH30pnoe B3aHMO,IJ.eii:

CTBIIe C KOHCTaHTOH fr ~ 10-2 ne rrpOTIIBOpe'-IIIT cyrn,eCTBJIOllJ,IIM 

3KcnepIIMeHTaM. 3,IJ.eCb IIHTepecno OTMeTIITh, '-ITO IIHTerpIIJ)OBaune 

no 3JICKTpOHHOMy 3IIepreTII'-IeCKOMY cneKTpy rrpIIBO,IJ.IIT K nyJieBO

MY BI<Jia,IJ.y IIHTepcpepenu,IIOHIIOro '-IJieHa C HOBhIM B3aIIMO,IJ.eHCTBII

eM. l1o3TOMY OHO ue II3MeHHeT cneKTpa IIJ)OTOHa OT,IJ.a'-III II ne ,IJ.a

eT BKJia,IJ.a BO BpeM5I )KIJ3HII HeHTJ)OIIa. Pe3JJihTaThI 3KCIIepIIMeH

Ta aSPECT ,IJ.OJI)KHhI conna,IJ.aTh c npe,IJ.CKa3amrnMII cTaH,IJ.apTHOii: 

MO,IJ.eJIII. 8To 5IBJI5IeTC5I oco6eHHhIM CBOHCTBOM HOBOrO TeH30puoro 

B3aIIMO,IJ.eHCTBII5I, KOTOpoe Y,IJ.IIBIITeJihHhIM o6pa30M II36eraeT CBO

ero IIJ)5IMOro o6napy)KeHII5I, B OTJIII'-IIIII OT HaIIBHOro JIOKaJihHOro 

B3aIIM0,IJ.eHCTBII5I, Ha CIIJIY KOTOporo B JIIITepaType y)Ke IIMeIOTC5I 

Muoro orpanII'-IeHIIH. 

HaII6oJiee npHMhIM MeTO,IJ.OM IIOIICKa np05IBJieHirn TeH30J)HhIX 

B3aIIMO,IJ.eHCTBIIH MO)KeT 5IBHThC5I anaJIII3 3HepreTII'-IeCKOro cneKTpa 

3JieKTPOHOB B pacrra,IJ.e MIOOHa. Cno6o,IJ.HhIH OT TPY,IJ.HOCTeii:, cBn3an

HhIX C y'-IeTOM CIIJibHhIX B3aIIMO,IJ.eHCTBIIH, OH MO)KeT 6hITh paCC'-III

TaH npaKTII'-IeCKII c JII06oii: TO'-IHOCThIO. Pacrra,IJ. MIOOHa 5IBJI5Ie'TC5I 

OCHOBHhlM IIJ)OIJ,eCCOM CJia6bIX B3aIIMO,IJ.CHCTBIIH. KoncTanTa <I>ep

MII Gp orrpe,IJ.eJI5ICTC51 II3 TeopeTII'-IeCKOH cpopMJJihl ,IJ.JI5I BpeMeirn 

)KII3HII MIOOHa, IIOJIJ'-ICHHOH B paMKax CTaH,IJ.apTHOH MO,IJ.CJIII, II IIC

IIOJib3JeTC51 KaK OCHOBHOH napaMeTp rrpII aHaJIII3e pa,IJ.IIaIJ,IIOHHhIX 

norrpaBOK 3JieKTpOCJia6hIX B3aIIMO,IJ.CHCTBIIH. O,IJ.HaKo ee TO'-IHOCTh 

3aBIICIIT OT TO'-IHOCTII II3MepeHII5I OCHOBHhIX napaMeTpOB cneKTpa 
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pacna,IJ.a MIOOHa, 0 '-IeM O'-IeHb '-IaCTO 3a6hrnaIOT, II B HaCT05IllJ,IIH 

MOMeHT neonpaB,IJ.aHHO 3aBbIIIIena. 

HoBhIC TeH30pHbie B3aIIMO,IJ.eHCTBII5I (28) IIPHBO,IJ.5IT K HOBbIM rra

paMeTpaM B pacrra,IJ.e MIOOHa, KOTOpbie paHbIIIe He J'-IIIThIBaJIHCh 

rrpH TeopeTH'-IeCKOM aHaJIH3e II 3KCrrepHMenTaJibHOH o6pa60TKe ,IJ.aH

HhIX. O6hI'-IHO rrpe,IJ.IIOJiaraJIOCh, '-ITO 3cpcpeKTlfBHOe '-IeTbipex-cpep

MIIOHHOe B3aIIMO,IJ.eHCTBIIe JieIITOHOB He 3aBIICIIT OT HMIIJJihCOB. O,IJ.

HaKO TaK KaK OHO B03HIIKaeT B pe3JJibTaTe o6Mena rrpoMe)KJT0'-1-

HhIM 6o30HOM C 4-HMIIJJibCOM qm, TO HH'-Iero ne Me111aeT eMy 3aBH

ceTh OT HMIIJJibCa nepe,IJ.a'-III. I1MeHHO TaKOH TIIII B3aIIMO,IJ.eHCTBIIH 

II nopO)K,IJ.aIOT aHTIICIIMl'vieTPII'-IHhie TeH30pHbie '-IaCTIIIJ,bI. 

B IIOCJie,IJ.HeM rraparpacpe npe,IJ.CTaBJieHhI BhI'-IIICJieHII5I 3Hepre

TII'-IeCKOro pacrrpe,IJ.eJienIIa II rroJIHpII3au,m1 II03IITpona ucrryrn,en

noro B pe3JJihTaTe pacna,IJ.a rroJIHpII30Baunoro Mioona n rrpIIcyT

CTBIIH HOBblX ( nceB,IJ.O )cKaJI5IpHbIX II TeH30pHblX B3am,IO,.'),eiiCTBIIH, 

KOTOpble 6oJiee '-IJBCTBIITCJihHhI ,IJ.JI5I 3K~nepIIMCHTaJibIIOI'O o6Hapy

)KeHH51, '-IeM ,n;pyrHe B3aIIMO,Il.CHCTBII5I, BKJIIO'-IaIOrn,IIe rrpaBO-IIOJI51-

PH30BaHHhJe neiiTpIIHO. I1oKa3ano, KaK MO)KHO pa3JIII'-IIITh BKJia,IJ.hI 

OT cKaJIHpnoro II Ten3opnoro B3aHMO,IJ.eiicTBIIii:. HarrpIIMep, B cooT

BeTCTBIIII C aHaJIII30M MIIIIIeJin, aHOMaJibHO 60JihIIIa5I rrorrepe'-IHaH 

KOMIIOHCHTa Pr1 03Ha'-IaJia 6b1 HaJIII'-IIIe uenyJieBoro rrapaMeTpa T/ II 

cyrn,ecTBOBaHH51 HOBOro CKaJrnpnoro B3aHMO,IJ.CHCTBH5I. B TO)Ke Bpe

M5I TeH30pHoe B3aIIMO,n;eiiCTBHe TaK)Ke rrpHBO,Il.HT K auaJIOrH'-IHOMY 

BKJia,n;y B Pr1 II II03TOMY 3TH ,Il.Ba BKJia,n;a neB03MO)KH0 pa3JIH'-IIITh 

B 3TOM CJIJ'-Iae. 

O,n;naKO CKaJI5IJ)HOe H TCH30pnoe B3aHMO,n;eiiCTBHR rrpHBO,Il.5IT K 

pa3JIH'-IHhIM 3HepreTII'-IeCKHM pacrrpe,n;eJieHH5IM ,Il.JI5I II30TJ)OIIHOH '-Ia

CTH II03HTpOHHOro crreKTpa, a ero aHII30TpOrrHa5I '-IaCTh co,n;ep)KHT 

,IJ.OIIOJIHIITCJihHhIH BKJia,n; TOJibKO H3-3a HHTepcpepeHIJ,HH Me)K,n;y TCH-

30J)HhlM H o6hI'-IHblM V -A B3aHMO,IJ.eiiCTBII51MH. l1o3TOMY O,Il.HOBpe

MeHHhlii aHaJIH3 3HepreTH'-ICCKIIX pacrrpe,n;eJieHHii H IIOJI51pII3aIJ,IIii 

II03IITpona MO)KCT ,n;aTb IIH<pOpMau,mo O TIIIIC HOBhIX B3aHMO,Il.eii

CTBIIH. TaKoii anaJIH3 O'-IeHh aKTyaJien na cero,IJ.HHIIIHIIii ,IJ.eHh, TaK 

KaK rrpe,n;cKa3aHH5I, c,n;eJiaHHhie B ,Il.IICCepTaIJ,IIII, MoryT 6hITh rrpone-
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peHhI B 6m1:>KaiimeM 6y,n,y111,eM Ha TcKy111,nx 3KCIIepmv1e11Tax B PSI 
II TRIUMF Ha ypoBHe, rro-Kpaiineii l\Iepe, 3a-. 

B ce,n;hMOH rnane paCCl\,10Tpena Henocpe,I1,CTBemrn51 rrpoBepKa 

rrpe,IJ,JIO)KeIIHOrO pacnmpemrn CTaII,I],apTIIOH l\tOP,eJIII B 3KCIIepHMeH

TaX rrp5IMOrO po:>K,II,eHH5I II ,n,eTeKTHpOBamrn KHpaJibHhlX 6o30HOB Ha 

a,IJ:pOHIIhIX KOJIJiaii,II,epax, TaKHX KaK Tevatron B Fermilab H LHC B 

CERN. A,II,pOHIIhie KOJIJ1aii,I1,eph1 6Jiaro,II,ap5I cnoeII orpOI\UIOI'i 3nep

rHH B CHCTeMe 11,e11Tpa Mace H CBOHM OTHOCHTeJihI-10 J<OMIIaKTHbIM 

pa3MepaM BCC e111,e OCTaIOTC}I OCHOBHhll\1 IIIICTpyMeHTOM OTKpbITH5I 

O'-ICHb T5I:>KCJlblX '-JaCTHI.l,. 

UenhIO nacT05Illl,eii rJiaBhI 5IBJI5ICTC51 orrIIcam1e HOBhIX cnrIIaTyp 

pe3OHaHCHOrO po:>K,II,eHH5I T5I:>KCJlhIX nupa./1,'b'/-l'blX 6030IIOB C,II,IIHH'-1110-

ro crrmia H HX pacrra,II,OB, KOTOpbIC IIOKa He 5IBJl5IIOTC5I nmpOKO II3-

BCCTHhIMII II KOpeHHblM o6pa3OM OTJIH'-JaIOTC5I OT c11rnaTyp ,II,JI5I Ka

m16poBO'-IHhlX 6o30HOB. 'l.fro6hI c,n,eJiaTh nanrn rrpe,n,cKa3aHH5I 6oJiee 

orrpe,n,eJICHHblMH Mbl rrpe,II,JIO:>KHJIH rrpOCTYIO KOJIH'-IeCTBennym MO

,II,eJih pacumpeHH51 CTan,n,apTHOH MO,II,eJIH, KOTOpa5I IIOJIHOCTbIO q>HK-

cupyeT MaCCbl KHpaJihHbIX 6o30HOB 

l\1u± ,::j 509 f3B, Muo ,::j 719 f3B, (33) 

Mro ~ 1017 f3B, M-r± ~ 1137 f3B, (34) 

H HX B3aHMO,II,eMCTBII5I C KBapKaMH II JieIITOHaMH B 3ap5I:>KeHIIOM 

£?, = % (uaQ13dR + DaQ13 eR) ((tut+ Jsct1;t) 
+ g (ua"ffdL) (ttu; - ~ 8"1;,+) + h.c. (35) 

II neiiTpaJibHOM 

£f, = _JL (daa/3 d + f aa/3 £) tJ TR J2 Q /3 

+ i ~ ( dfJa/3 ,-y5 d + f(Ja/3 ,.y5 P) Ba TJ 
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fi (- o:{3 ) A R + V 3 g ua u 8aUf3, 

+i{I g (uC5°13,y5u) 8aUJ, (36) 

ceKTopax. 
}l3-3a CMenmBaHirn B MaCCOBOH MaTpHu,e q>II3H'-JeCKHe COCT05I-

mrn 3ap5I:>KeHHhIX KHpaJihHbIX 6030HOB rrpe,II,CTaBJI5IJOTC5I ,II,BYM5I op

TOronaJihHhIMII KOMfornau,mIMII U"/: = ( v'3 U"/: + T"j:)/2 H ~± = 
( v'3 T;= - U"j:) /2, KOTOpbie OTBe'-IaJOT JierKO}I 11 T5I:>KeJIOll MaCCIIB

HbIM '-JaCTHU,aM, COOTBeTCTBenno. B rrpOTHBOIIOJIO)KHOCTh co cJiy

'-JaeM 3ap51:>KeHHhIX KHpaJihHhIX 6o30HOB neii:TpaJihHhJe COCT05IHH5I 

T~ and u~ ne CMeillHBaIO'J'.C51 Me:>K,II,Y co6oir, TaK KaK OHH B3aIIMO

,II,eii:CTBJIOT C pa3JIH'-Illb1MH THIIaMH eepX'HUX H 'H,U;J/C'/-lUX cpepMIIO

HOB. GP neqeTnh1e cocTO5IHH5I Tfx = J2ImT~ 11 U; = )2ImU~ 
TaK:>Ke OTI11,eIIJI5JIOTC5I OT Gp qeTHbIX COCT05IHIIM r::- = )2ReT~ II 

U;; = J2ReU~ B GP CIIMMeTpII'-IHOM cnyqae, 6Jiaro,n,ap51 pa3JIII'-I

HhIM coxpan.HIOI11,HMC51 KBaHTOBbIM '-IHCJiaM. 

HaII6oJiee Ha,II,e:>KHbIM crroco6oM perIIcTpau,11II po:>K,II,eHH.H T51:>Ke

JihIX rrpoMe:>KJTO'-IHbIX 6o30HOB Ha a,I],pOHHhIX KOJIJiaii,I1,epax .HBJI51-

eTC.H IIOIICK IIX rrpaKTH'-JeCKII 6ecq>OHOBbIX pacrra,II,OB B JieIITOHhI. B 

CB.H3H C 3TIIM, HHTepecno 3aMeTIITh, '-ITO JieIITOHHa.H OTHOCIITeJihHa.H 

umpIIHa pacrra,II,a Jierqaii.rnero KIIpaJibHoro 6o3oHa l3(U --+ PD) '.::::'. 
2.1 % 3Ha'-IIITeJihHO MeHhIIIe, qeM ,II,JI.H ,n.pyr11x 603on0B B(W' --+ 

PD) '.::::'. 8.3% II B(T --+ £D) '.::::'. 6.3%. 9To Be,II,eT K 3Ha'-IIITeJihHO MeHh

IIIeMy IIX ce'-IeHIIIO po:>K,II,eHII.H, na6JIIO,II.aeMoro B JieIITOHHOM Kattane. 

CeqenIIe po:>K,n,eHII.H KaJrn6poBO'-IHOro 603ona W' c TOM :>Ke caMoii 

Maccoii Mv = Mu ~ 509 f3B Ha a,l],pOHHOM KOJIJiaii,II,epe Tevatron 

(5'[;;~ x B(W' --+ £D) ~ 0.82 pb, (37) 

OKa3bIBaeTC.H B 16/5 pa3a 60JibIIIe, '-JeM ,IJ.JI.H Jierqaii.IIIero KHpaJih

noro 603ona 

C5Jlv x B(U--+ Pv) ~ 0.26 pb. (38) 

9TOT cpaKT O3HaqaeT, '-ITO perIICTpau,m1 Jierqaii:mero KIIpaJibHOrO 
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6o30Ha }IBJIHCTCH 6onee Tpy,II,HOll 3a,II,atief1:, tICM IIOIICK IIOBhlX Ka

JIH.6poBOtIHblX 6o30HOB C TOH )KC caMOlI trnccott. 

O,II,HaKO He TOJlhKO 3TOT cpaKT npeIIHTCTByeT OTKpblT11IO IIOBhlX 

KHpaJihHhIX 6o30HOB Ha cerO,IJ,HHlllHHll ,1],CI-lb. Be,II,b cetJCHlIC (38) uce 

ern;e ,II,OCTaToqno 6oJiblliOC, qT06hI 0CTaThCH ne3aMe'-ICHHhIM Ha a,II,

p0HH0tl KOJIJiaii,II,epe Tevatron. 3,n,ecb IIMCCT MCCTO ,II,pyroe neo6hl'-l

H0C H 11emKH,II,aHH0e CB0M.CTB0 KllpaJibHhIX 6o30HOB, CBH3annoe C lIX 

aHoMaJibHhIMH B3allMO,IJ,CM.CTBll5IMH (35,36) c cpepMHOIIaMH. ,II,auaii

Te cpaBIIHM HOpMnpouaHHhIC yrJIOBbIC pacrrpe,II,CJICIIH51. JICilTOHOB B 

pe3yJihTaTe pacrra,II,OB Kam16pono'-moro w-

clNw = { 
dO 

l~rr ( 1 =f COS 0* )2, 

3 • 2 -sm 0* 8rr , 

,\ = ±1, 

,\ = 0, 

(39) 

I1 KHpaJihII0r0 U± 

dN { l sin
2 

0* ____!i. _ 8rr , 

dO -
l cos2 0* 4rr , 

,\= ±1, 

,\ = 0, 

(40) 

6o30HOB, r,II,e 0* yroJI BhIJieTa JICIITOHa IIO 0THOillCHHIO K IIpO,II,OJih

HOH OCH B CIICTCMC IIOK05l. pacIIa,II,aIOrn;eroCH 6o30Ha H ,\ ero CIIH-

paJibH0CTh. 
Harrp11Mep, J1CBOilOJI5lpH30BaHHhlii KBapK d (H3 rrpOTOHa) B3a-

HMO,II,CHCTBY51. C npaBOIIOJ15IpH30BaHHhIM aHTHKBapKOM U (113 aHTII

IIpOTOHa) MOryT rropo,II,IITh Kam16poBoqHbIH 6o30H w- C npoeKU,IICH 

cmma na ttanpaBJICHIIe npoToHa B nyqKe -1. CJie,II,oBaTCJibHO, JieII

TOHhI pacna,I1,a 6y,IJ,yT pacnpe,II,CJICHhI no 3aKOHY (1 + cos 0*)
2

. B TO 

npeM51. KaK pmK,Il,CHHC KIIpaJihHbIX 6o30H0B B03HIIKaeT npII B3aIIMO

,Il,CM.CTBIIII KBapKa H aHTIIKBapKa C O,II,IIHaKOBhIMll crrnpaJibHOCT5IMII, 

K0TOpoe IIplIBO,Il,IIT K HyJICBOH noJrnpII3all,IIII pO)K,Il,CHHOrO 6o30Ha II 

BIIepe,Il,-Ha3a,II, CHMMCTpIPIH0MY cos
2 0* pacnpe,Il,CJICHHIO JJCITTOHOB. 

Cne,I1,yeT 0TMCTIITh, qTO nonepeqHhIH HMIIYJibC nenTotta PT = 
..ff; /2 sin 0*' r,II,e s = (Pd + pu,)2' .HBJI5ICTC.H OCHOBHOH II3MCpHeMOH 
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na6mo,n,aeMOll Ha a,n,pOHHhlX KOJIJiaii,rr,epax, n TO BpCMH KaK rrpo

,II,OJlhHhlll lIMIIYJihC no narrpannemno IlY'-IKa '-IaCTO ne MO:,KCT 6hITh 

BOCCTaH0BJICH, KaK H B nameM CJiy<Iae pacna,n,a Ha JICIITOH H Hepern

erpHpyeMOC neiiTp1mo. TaK KaK IIOIIepeqHhIH HMIIYJihC JienToHa HB

m1eTCH mrnapnaHTOM IIO OTHOillCHIIIO K IIp0,Il,OJlhHbIM 6ycTaM B,II,OJlh 

nanpaBJiemrn ny<m:a, pacnpe,II,eJiemrn (39,40) Bbipa:;,KeHHhie qepe3 

PT coxpamnoTca TaK.tKe II B na6opaTopnofi cncTeMe. 3aMena nepe

MeHHhIX B ,II,II<pcpepeHll,HaJibHOM ceqemrn OT cos 0* K p} 

dcos0* = 2 = -~ (✓l - 4p} )-l 
dp} s cos 0* s s 

(41) 

BC,Il,CT K KJIHeMaTWICCKOM. cmirym1pH0CTll B Kpaiitteii TO'-IKe p} = 
s / 4, K0Topa.H o6ycJiaBmrnaeT xoporno II3BCCTHhitt .HKofornttoBCKIIH 

IUIK B pacnpe,II,eJieHIIII pacIIa,Il,a KaJIII6pOBO'-JH0rO 6o30Ha w IIO ne

peMeHH0H IIOIIepeqnoro IIMTIYJibCa KOHeqttoro JICTITOHa. 

B npoTHBOIIOJIO.tKHOCTb 3T0MY KIIHe~iaTnqeCKIIII IIOJIIOC B pac

npe,I1,eJieHIIII pacna,I1,a KIIpaJibHhlX 6030H0B C0Kpalll,aeTCH ,11,1maMH

'-IeCKIIM MH0)l(IITeJieM B MaTplPIH0M 3JieMeHTe II, 6onee Toro, o6pa-· 

rn;aeTCH B H0Jib B KpRiiHeii T0'-IKC p} = s/4. TaKIIM o6pa30M, pac

npe,Il,CJICHIIe paCIIa,II,a KHpaJibHbIX 6o30H0B IIMeeT lllllpOKIIH rJia,II,KIIII 

rop6 c MaKCIIMYMOM HII)Ke KIIHeMaTII'-lCCKOM KpaiiHeii TOqKII, BMe

CTO OCTporo 5IK06IIaHOBCKOr0 IlIIKa B 3TOH TOqKe (PIIC. 1). 
OnIICaHHbie BhIIlIC oco6eHHOCTII pO)l(,Il,eHHH KHpaJibHbIX 6030HOB 

IIpIIBO,I1,5IT K OCJia6JieHHIO orpaHnqenHR, II0JIY'-lCHHhIX Ha MaCCbI HO

BbIX IIpoMe)KyToqHbIX 6o30HOB II3 ,I1,aHHbIX KOJIJia6opau,IIii CDF II 

DO. BoJiee Toro, B ,Il,HCcepTall,IIII npIIBe,Il,eHhI yKa3aHII.H Ha HaJIHqIIe 

CTaTuqeCKII HC3HaqHTeJihHbIX npeBbIIIICHIIH B pacnpe,II,eJieHII5IX, KO

TOpble npoHBJIHIOTCH B pa3JJIIqHbIX KaHaJiaX II HaXO,Il,.HTC5l B COOT

BCTCTBHII C rrpe,II,CKa3aHII5IMII MO,Il,CJIII. Ilo3TOMY O,Il,HOBpeMeHHa.a IIX 

HHTepnpeTall,II.H M0)l(8T IIpIIBeCTll K CTaTIICTJiqecKH 6oJiee 3Ha'-IIIM0-

MY pe3yJibTaTy. O,II,HaKO pernaIOlll;lIM TeCT0M, 06cy)K,I1,aeMOH 3,II,eCb 

M0,I1,CJIII, ,Il,0JI)KHO 6hITb o6Hapy)KeHHC rrnKa npH 1 T3B B ,Il,IIJICII

T0HHOM KaHaJIC npou.ecca ,11,peJIJia II 5Ina Ha a,II,pOHHOM KOJIJiafi,II,epe 

LHC (PIIC. 2). 
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Pnc. 1. ,D)1cpcpepemi;uaJihHhie ceqeHII.H ,II.JI.H KaJiu6poBoqttoro W' 
( nyHKTIIpHa.H) II ,II.JI.8 KIIpaJibHOro u ( cnJIOIIIHa.H) 6030HOB KaK 

cpyHKII;lIII nonepeqttoro IIMnyJihCa JienTOHa. 

<I>opMa nuKa KaK cpyHKII;lI.8 lIHBapuaHTHOH MaCChl JienTOHHOH 

napbl .HBJI.HeTC.8 TOH )Ke caMoii: KaK ,II.JI.8 KaJIII6pOBOqHhIX, TaK u ,ll.JI.8 

KIIpaJibHhIX 6o30HOB, TaK KaK OHa B03HIIKaeT II3 6peiiT-BIIrHepoB

CKOH cpopMbl nponaraTopa npoMe)KyToqHoii qaCTIIIJ;hl' BII,ll. KOTO

poro .HBJI.HeTC.8 O,ll.IIHaKOBhIM KaK ,ll.JI.8 KaJIII6pOBOqHhIX, TaK u ,II.JI.8 

KIIpaJibHhIX 6o30HOB B 6opHOBCKOM npu6JIJI)KeHIIII. Pa3JIIIque 6y

,II.eT npO.HBJI.HTbC.8 TOJihKO B yrJIOBhIX pacnpe,II.eJieHII.HX JienTOHHhIX 

nap, B qacTHOCTII, B pacnpe,II.eJieHII.HX no nonepeqHblM IIMnyJihCaM 

IIH,ll.IIBII,II.yaJihHhlX JienTOHOB PT· BMeCTO .HKo6uaHOBCKOro nuKa ,ll.JI.8 

KaJIII6poBoqHhIX 6030HOB npu PT ~ Mv /2, B CJiyqae KIIpaJihHhIX 
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Pnc. 2. IIIIKII pe30HaHCHOro pO)K,II.eHII.8 KaJiu6poBoqttoro z 0 II 

KIIpaJihHOro T 0 
6o30HOB B pacnpe,II.eJieHII.HX ,II.II<pcpepeHII;lIMbHbIX 

ceqeHIIH B 3aBIICIIMOCTII OT lIHBapuaHTHOH MaCChl JienTOHHOH naphl. 

6o3oHoB O)KII,II.aeTc.H nJiaBttoe rop6oo6pa3ttoe pacnpe,II.eJiettue HII)Ke 

3TOii ToqKJI (cM. Puc. 1). 
O,II.HaKO, qT06bI nOJIHOCThIO nO,II.TBep,II.IITh npe,II.JIO)KeHHYIO MO

,II.eJib, He06XO,lJ.lIMO OTKpbITh TaK)Ke 6oJiee T.H)KeJibie 3ap.H)KeHHhie 

KIIpMbHhle 6o30Hhl II3 T ,II.y6JieTa, MaCChl KOTOpbIX ,ll.OCTaTOqHO T.8-

)KeJihI, qT06b1 OHII MOrJIII 6hITh pO)K,ll.eHhI Ha Tevatron. BJiaro,II.apa 

CBOeii oqeHb BhICOKOH 3Hepruu CTaJIKIIBaIOm;IIXC.8 qaCTIII.I; B CIICTe

Me ri;ettTpa Mace 14 T3B u orpoMHOii cBeTIIMOCTII, Bee npori;ecchI 

Ha LHC 6y,II.yT uMeTh 6oJiee BhICOKIIe 3HaqeHII.H ceqettuii n 6oJiee 
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BhICOKYID qacTOTY pmK)I,eHMR '-IaCTllII,, •1eM na Tevatron. ITo:::noMy, 
no nallllIM OII,eHKaM, )I,JIR OTKpbITlIR pe30IIaHCHOf0 pmK)I,eHirn KH

paJihHbIX 6o30IIOB B nan6oJiee qHCTOM, B CMbICJie cpmra, JieIITOHHOM 
KanaJie na LHC rrpn rrpoeKTttoii IIHKOBOH cBeTHMOCTII rroTpe6yeTC5I 
qyTb 60Jibllle O)I,HOfO )I,H5I tta6opa CTaTHCTHKll. ,IJ,airnoe OTKpbITHe, 
ecJIH, KOtte•rno, KHpaJibHbie 6o30Hbl C rrpe)I,CKa3aHHhIMH KOHCTaIITa
MH CB5I3ll H MaccaMH )I,eHCTBHTeJibHO cym,ecTBYIOT, ,II,OJI ✓KHO COCT0-
5ITbC5I na LHC y✓Ke na naqaJihHOH cTa,n,m1 KaJI116poBKH )I,eTeKTOpoB 
npn u3y<1emrn pacrra)I,OB vV n Z 603on0B. 

B 3aKJnoqeHlili ,n;ana CB0,21,Ka OCHOBHbIX pe3yJibTaTOB, IlOJiy
qenHbIX B ,21,HCCepTaII,llll, yKa3aHbl npnno✓Kemrn 3THX pe3yJibTaTOB 
n naMe'-IeHbI 6nu✓KaHllIIIe nepcrreKTHBbI. 

B npn:JI0)K€HH51X o6cyM,II,aIOTC5I 6onee cneII,llaJill3HpOBaHHbie 
BOIIpOCbI, KOTOpbie 6bIJill BbrneceHbI B KOHeII, ,n,nccepTaII,Hll 6e3 yill,ep-
6a nonnMamrn pa6oThI rrpH rrepnoM qTeHHH. 
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