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L Bne,n;eHn:e. qTo TaKoe cyrrepcMMMeTp1u1? 

Cynepcu.M.Mempua - 3To CHMMeTp1rn Me)K,lzy 6oaona.Mu H <fiep.MuonaMu, KO

Topa.H npH3BaHa ofrhe,D,HHHTb BCe CHJibI npttpO,D,hI, BKJIIO'fa.H rpaBHTaIJ;HIO, B 

paMKax e,n:HHoro c:popMaJIH3Ma [1]-[4]. CoBpeMeHHhie B3rJI.H,ll,bI Ha cynepCHM

MeTpmo B (pH3HKe 'faCTHIJ; OCHOBaHbl Ha CTpyHHOH napa,n,HrMe, XOT.H HH3-

K03HepreTWieCKHe npO.HBJJeHH.H cynepCHMMeTpHH, B03M0)KHO, MOryT 6bITb 

o6uapy)KeHbl Ha COBpeMeHHbIX KOJIJiaii,n,epax H B HeyCKOpHTeJibHblX 3KCne

pHMeH'raX. 

CyrrepCHMMeTpH.H B03HHKJia B pe3yJihTaTe CTpeMJieHH.H o6o6iu;HTb aJire-

6py TiyaHKape Ha npe,n,cTa~Jiemrn c pa3JIH'fHblM CilHHOM [1]. 9TO OKa3a

JIOCb BeCbMa rrpo6JieMaTH'fI:IbIM B CHJIY TeopeMhI, 3arrpeiu;a10iu;eii TaKHe ne

peMeillHBaHH.H [5]. BbIXO,D, 6hIJI Haii,n,eH c IlOMOIIJ;bIO BBe,n,eHH.H Ta_K Ha3hJBae

MblX rpa.n:yttpoBaHHblX anre6p JlH, T. e. ,n,o6aBJieHHeM aHTHKOMMyTaTopoB .K 

06b1qHhIM KOMMyTaTopaM anre6pb1 JlopeHu;a. TaKoe o6o6iu;eHne, onncaHHoe 

HH)Ke, .HBJI.HeTC.H e,n,HHCTBeHHO B03MO)KHbIM B peJI.HTHBHCTCKOH TeopHH IlOJrn. 

TiycTb Q - reHepaTOp aJire6pbl cynepCHMMeTpHH. ,D,en:CTBY.H Ha 6o30HHOe 

COCTO.HHHe, OH nepeBO,ll,HT ero B c:pepMHOHHOe, 11 Hao6opoT: 

Qj6o30H >= jc:pepMMOH > M Qjc:pepMHOH >= j6o30H > . 

TiocKOJibKY 6030Hbl KOMMYTHPYIOT ,n,pyr C ,n,pyroM, a c:pepMMOHbl aHTH

KOMMYTHPYIOT, TO H3 3TOro MOMeHTaJibHO CJie.n:yeT, 'ITO cynepcHMMeTpH'I

Hbie reHepaTOpbl ,D,OJI)KH,bI TaK)Ke aHTHKOMMYTHpOBaTb, T. e. OHM ,D,OJI)KHbl 

6hITh <fiep.MUOHH'bt.MU H H3MeH.HTb CilHH Ha IIOJiyu;eJiyIO BeJinqnHy, a TaK)Ke 

H3MeH.HTb CTaTHCTHKy. ,[l,eiiCTBHTeJibHO, KJIIO'feBbIM 3JieMeHTOM cynepCHM

MeTpHqHoii anre6pbl .HBJI.HeTC.H 

{ Qo, Q0 } = 2at,0 Pµ, (1.1) 

r,n,e Q H Q - reHepaTOpbl cyrrepCMMMeTpMM, a Pµ - reHepaTOp TpaHCJI.HIJ;Hfi, 

T. e. qeTbipeXHMilYJibC. 

B ,n:aJibHeiirneM MhI OirnrueM cynepcHMMeTpnqHyIO anre6py 6oJiee no

,n:po6Ho tt IIOCTpOHM ee npe,n,cTaBJieHH.H, KOTOpbie Heo6xo,D,HMbl ,D,JI.H IlOCTpO

eHH.H cyrrepCHMMeTpH'IHOro o6o6iu;eHH.H CTaH,n,apTHOH MO,D,eJIH c:pyH,n,aMeH

TaJibHb!X B3attMo,n,eiicTBHfi (CM). TaKoe 0606iu;eH11e OCHOBaHo Ha KBaHTO

BOfi Teopttn noJI.H c M.HrKo HapyrneHHofi cynepcnMMeTpnefi n co,n,ep)KMT CM 

B KaqecTBe HH3K03HepreTH'IeCKOH TeOpHH. 
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CyrrepcIIMMeTpII51,o6ew.aeT pellIIITh"HCK0T0Ph.Ie ·rrpo6JieMbI CM II TeopIIii 

BeJIIIKoro o6'he,IJ;IIHeHII51. Otta 51BJI5leTC51 HaII6oJiee rrorryJIRpHbIM B HaCT051-

W.IIH MOMeHT KaH,11.II,IJ;aT0M Ha pOJib Teopmr, OIIIICb!BaIOrn.eii 
11

HOBYIO cpn3IIKY
11 

Ha T3BHOH llIKaJie 3HeprIIH. 

2. MonrnMpOBKa BBe,n;eHMH GYCI1 B <pM3MKY qacTMil, 

2 .1. Ofr1,e.n;1rnemrn c rpaBMTa:LI,Meii 

O6w.a51 II,IJ;e51 C0CTOIIT B, 06'be,n;~11eHIIII Bcex CIIJI rrpnpO,IJ;bI, BKJI!O'.Ja51 KBaH-
1 . - . 

TOBYIO rpaBIITaU,IIIO. · O,n;ttaKo rpaBIIT0H - rrepetto.cqIIK rpamITaU,IIII - IIMeeT 

CIIIIH 2, B TO BpeM51 Kc1K BCe ,n;pyrIIe K8.JI1I6pOBOqHb!e 6030Hbl ( cpOTOH, rJIIOO

HhI, rrpoMe)KyTOqHbie W- II Z-6o30HbI) IIMeIOT CIIIIH 1. CJie,n;oBaTeJihHO, OHII 

rrp1rna,n;Jie)KaT :pa3JI_IIqHbIM rrpe,n;cTaBJieHII5IM rpyrrrrhI IlyaHKape. )],JI5I Toro 

qT06hI rrepeMelllaTh IIX, MO)KHO BOCII0J!b30BaTbC5I rrpeo6pa30BaHII5IMII cyrrep

ClIMMeTpIIII. HaqnHa5I c rpaBIITOHa co CIIIIH~M 2 II ,n;eiiCTBY5I reHepaTopaMII 

cynepcnMMeTpIIII, Mb! IIOJiriaeM _CJie,n;y1ow.y10 u,erroqKy COCT051HIIH: 

CIIIIH 2 -+ CIIIIH 3/2 -+ crnrn 1 -+ CIIIIH 1/2 -+ CIIIIH 0. 

TaKnM o6pa3pM, qacT~qttoe_o6'be,tr,nHeHIIe MaTepnn (cpepMIIOHoB) c c1rna

MII (6090HaMII) B03HIIKaeTtCTeCTB,eHHb!M oqpa30M B IIOI!b!TKe o6'be,IJ;IIHIITb 

rpaBIITaU,IIIO C ,n;pyrIIMII B3aIIMO,IJ;eHCTBf15IMII. 

Ec,JIII B351.Tb IIH(plIHIITe3IIMaJibHOe rrpeo6pa30BaHIIe 8€ = (/'Qcx, Jf = 
CJ&.€°, TO c rroMo.w.i,,10, (Ll) IIOJiyqIIM 

{8,,Jl} = 2(mµf)Pµ, (2.1) 

r,n;e E - napaMeTp rrpeo6pa30Bairn5I. Bb16IIpa5I E B JI0KaJihHOM BII,n;e, T. e. 

cpyHKU,IIeii npocTpaHCTBa-BpeMeHH E = c(x), IICX0,1];51 ,II3 (2.1) HaXO,IJ;IIM, qTO 

aHTlIKOMMyTaTop ,n;Byx rrpeo6pa30BaHIIH cynepCIIMMeTplIII eCTb ne. qTO 1rnoe, 

KaK JIOKaJiblla5I TpaHCJI51ll,II5I K0Op,n;nnaT. A TeOpII5I, KOTopa5I IIHBapIIaHTHa 

OTHOCIITeJI,h}IO JI0KaJibllb!X K0Op,IJ;IIHaTHb!X rrpeo6pa30Ba1rnii, eCTb o6w.a51 Te;-, 

opn5I OTHOC,II',I'eJibHOCTII, IIJIII Te0pII5I rpaB_IITaU,llll. CJie,n;oBaTeJibHO, flbI611pa5I 

cyrrepCIIMMeTpIIIO B JIOKaJibllOM BII,n;e, Mb! ecTeCTBCHHb!M nyTeM noJiyqaeM 

06w.y10 TeOpll!O OTHOCHTeJihH0CTII ( TeOpll!O rpaBIITaU,IIII) IIJ!ll cyneprpaBH

TaU,IIll [2].· 
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2.2. O6'he,D;JIHeHMe KaJIM6poBoqHbIX K0HCTaHT CB513lI 

Cornacno 2unorneae BeJIIIKoro 06'he,IJ;IIHeH115I B3aIIMo,n;eiiCTBIIii KaJIII6poBO'I

Ha5I CIIMMeTpH5I B03pacTaeT c 311eprIIeii. Bee II3BeCTHhie B3aII1v10,n;eiicTBII51 

5IBJI5l!OTC51 pa3JIHqHb!Mll BeTB5IMH e,n;IIHOro B3aIIMO,IJ;eiicTBH5I, CB513aHHoro C 

npocTOii KaJIII6pOBoqttoii rpyrrrroii, BKJIJOqaiorn.eti: B ce65I rpynrry CM [6]. 
O6'be,IJ;IIHeHIIe (HJIH pacrn.enJieHne) npOIICXO,IJ;IIT rrp~ Bb!C0KOH 3HeprIIII. 

)],JI51 ,IJ;OCTII)KeHII5I ,n;aHH0H u,eJIII HY)KHO paCCM0TpeTb, KaK K0HCTaHTbl 

CB513H H3MeH5l!OTC5I C H3MeHeHIIeM 3HeprIIII. cho OIIIICbIBaeTC51 ypaBHeHII51-

Mll pettopMrpyrrrrh1. B CM CHJihHbie II CJia6h1e KOHCTaHThI B3aIIMo,n;eiicTmrn, 

aCCOll,IIIIpOBaHHhie C Hea6eJieBb!MII KaJIH6p0~OqHb!MII rpynnaMII, y6bIBaIOT 

C yBeJI11qe11IIeM 3HeprnII, B TO BpeM5I KaK 3JieKTp0MarHIITHa5I, acCOll,HllpO

BaHHa5I c a6eJieBoii rpynrroti, ·uao6opoT, B03pacmeT. Ilo3To~y OKa3hrnaeTC51 

B03M0)KHbIM, qTo npII neKOT0poii 3HeprIIII OHII CTaH0B5ITC5I paBHb!MII. 

IloCJie Bb!COKOT0qnoro H3Mepemrn KOHCTaHT CB513H, acC0ll,IIIIpOBaHHb!X C 

rpyrrrraM11 SU(3) x SU(2) x U(l), CTaJI0 peaJihHhIM rrpoBepIITh rIIIIOTe-

3Y o6'be,IJ;IIHeHII5I KOJinqecTBenno. TpII KOHCTaHThI CB513H, K0T0pb1e Tpe6y10T 

cpaBHeHII5I, CCTb 

a1 
a2 

a3 

(5/3)g'2/(41r) = 5a/(3cos2 0w), 

g2 /(41r) = a1/ sin2 0w, 

g;/(41r), 
(2.2) 

r,n;e g', g n 9s - 06h1qHbie K0HCTaHThI CB513II ,n;m1 rpynn U(l), SU(2) II SU(3) 
C00TBeTCTBeHHO, a a - IIOCT05IHHa5I T0HK0H CTPYKTypb!. MHO)KIITeJih 5/3 B 

orrpe,n;eJieHIIll a1 BKJIIoqeH ,Il;Jl51 rrpaBIIJ!bH0H H0pMIIpOBKll reHepaTopoB. 

B 1v10,n;IIcpIIu,IIpoBaHHoii MIIHHMaJibH0ii cxeMe BhJqIITanIIii (MS) MIIpOBhie 

cpe,n;nIIe K0HCTaHT CB513ll rrpII 3HeprIIII z0 ' II0JiyqenHh!e ll3 o6pa6oTKII ,n;an

Hb!X na ycKopHTeJI5IX LEP II T3BaTpon, IIMeIOT BII,Il; [7] 

qTQ ,l(aeT 

a-1(Mz) 

sin2 0Ms 

128.978 ± 0.027, 

0.23146 ± 0.00017, 

as = 0.1184 ± 0.0031, 

(2.3) 

a1(Mz) = 0.017, a2(Mz) = 0.034, a3(Mz) = 0.118 ± 0.003. (2.4) 

Ilpe,n;noJiara5I, qTo CM cnpaBe,IJ;JIIIBa ,l(O llIKaJihI o6'be,n;IIHenII5I, M0)KHO 3aTeM 

IICII0J!b30BaTb ypaBHeHII51 Pf ,IJ;JI5I Tpex KOHCTaHT CB513II. B JIII,IJ;IIpyIOW.eM 
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nop5I,D,Ke OHl1 11Me!OT BII,D, 

dcxi _2 dt = biai, 
O'.i 

iii= 41r' 

Q2 
t = log(2), 

µ 

r,n;e B CM Koscpqrnu;neHThI bi= (41/10, -19/6, -7). 
Pernemrn ypaBHeHIIll (2.5) IIMe!O'.f npOCTOfi BII,D,: 

1 1 Q2 

cxi(Q2) = cxi(µ2) - bilog( µ2 ). 

(2.5) 

(2.6) 

Pe3yJihTaT ,D,eMOHCTp11pyeTC5I Ha p11c. 1, r,rie ~OKa3aHa 3BOJI!OLI;115I o6paTHbIX 

KOHCTaHT CB5I311 KaK <pyHKu;ttii noraptt<pMa 3Hepnrn. B n11,n;11py10r.u;eM np11-

6Jitt)K~HlilI 3BOJIIOLI;110HHble Kp11BbJe 11MeIOT B11,D, np5IMbIX JllIHlill. TionpaBKlI 
. . . . . . 

BTOporo nop5I,D,Kp, MaJibl lI He np11BO,D,5IT K BlI,lJ,lIMOMY OTKJIOHeHlIIO OT np5I

Mb!X. Ha puc. 1 xoporno BH,D,HO, '-ITO B CM 06'be,n;m1enue KOHCTaHT CB5I311 B 

O,D,HOii TO'-!Ke HeB03MO)KH0. ~TO lIC.KJIIO'-!eno Ha ypom~e 8-lI CTaH,D,apTHbIX OT

KJIOHeHlill. TaKoii pe3yJihT9-T 03Ha'-laeT, '-!_TO 06'be,n;m1e1rne MO)KHO nony'-!11Tb 

TOJibKO B TOM cny'-lae, ec.irn B lIHTepBaJI·e Me)K,D,y 3JieKTpOCJia6oii lI nnaHKOB

CKOii llIKaJIOll B03HlIKaeT KaKa5I-TO HOBa5I <plI3IIKa. 

:f60 
so 

40 

30 

20 

IO 

00 
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Pnc. 1. 8BOJIIOIJ,ll51 o6paTHhIX KOHCTaHT CB513ll B CJiy,'Iae CM (CJieBa) II B CJiyqae _cynep

CllMMeTpllqHoro ee pacnrnpeHHH (MCCM) (cnpaBa) 

B cynepc11MMeTptt'IHOM cny'-!ae 1'raKJIOI-ihI Pf-Kp11BhIX MO,D,H<pttu;upy10Tc5I'.. 

B ypamreH11tt (2.5) Tenepb K03<p<p11u;11eHThI bi== (33/5, 1, -3). Tio,i::i;pa3_yMe~ 

6 

BaeTC5I, '-ITO cynepClIMMeTp11'-1Hbie '-laCTlILI;bl ,D,aIOT BKJia,D, B 3BOJI!OLI;lI!O KOH

CTaHT CB5I3lI Bblllie noporOBOii llIKaJihl napyrneHlI5I cynepC11MMeTp11lI. OKa-

3bJBaeTC5I, '-ITO B CYCI1-Mo,n;enu B03MO)KHO nony'-IHTh npeKpacttoe o6'be,n;n

nettue KOHCTaHT CB5I3lI, KaK 3TO TIOKa3aHO Ha puc. 1. 113 TIO,D,rOHKlI Kp11Bb!X 

HaXO,D,lITC5I llIKaJia HapyrneHI-15! cynepClIMMeTp11lI MsusY lI TO'-IKa o6'be,D,lI

HeHl15I Maur [8]: 

MsusY 

Maur 
-1 

aaur 

103.4±0.9±0.4 I'aB 
' 

1015.s±o.3±0.1 raB, 

26.3 ± 1.9 ± 1.0. 

(2.7) 

TiepBa5I orn116Ka CJie,D,yeT 113 tteonpe,n;eneHHOCTlI B lI3_MepeHlilI KOHCTaHT CB5I-

3lI, a BTopa5I - H3 tteonpe,n;enettnocTH B pacr.u;ennett1111 Mace cynepcttMMeT

ptt'-IHhIX '-!aCTlILJ;. 

9To tta6n10,i::i;ett11e pacu;eHttBanocb KaK nepBoe 11 yKa3attue" Ha cynepcttM

MeTptt10, B oco6eHHOCTlI B CI-IJIY Toro, '-ITO MsusY 6bIJia nony'-!eHa B lIHTep

BaJie, COOTBCTCTBYIOI.LI;eM C006pa)KeHlI5IM TOHKOtt TIO,D,CTpOHKlI, 0 '-leM TIOH,D,eT 

pe'-!h HI-l)KC. 

2.3. Pernemrn rrpo6JieMhI n:epapxn::ii 

Tio5IBJiett11e ,D,Byx pa3JIH'-!HhIX rnKan V >> v B Teoptt5IX BenttKoro o6'be,n;une

Hl15I, a 11MeHHO Mw 11 Maur, np11Bo,D,11T K cephe3HOtt npo6neMe, Ha3hmaeMott 

npo6AeMou uepapxuu. Cyr.u;ecTBYIOT ,n,Ba acneKTa ,i::i;attttott npo6neMhI. 

TiepBblll - 3TO caMo cyr.u;ecTBOBaHtte uepapXI-llI. ,Il;JI5I TIOJiy'-!eHlI5I )KeJiae

MOtt CTpyKTYPhI CTIOHTaHHO HapyrneHHOii TeOplilI HC06XO,D,11MO TIOJIY'-llITb 

ffiH rv V rv 102 raB, 
ffiE rv V rv 1016 raB, 

ffiH rv 10-14 « 1, 
ffiE 

(2.8) 

r,n,e H u I: - noJI5I Xnrrca, OTBeTCTBeHHhie 3a cnonTaHHoe ttapyrneH11e rpynn 

SU(2) u TBO cooTBeTCTBeHHO. Bo3HttKaeT Bonpoc: KaK nony'-lttTh TaKoe 

MaJieHbKOe '-llICJIO ecTeCTBeHHbIM nyTeM? 

BTopoii acneKT npo6neMbI uepapxutt CB5I3aH c coxpaHe1111eM cyr.u;ecTBYIO

r.u;ett 11epapxmL ,II;a)Ke eCJI11 MhI Bhr6epeM uepapx1110 cornacHo (2.8), pa,n;11a-. 

LI;I-I0HHbie norrpaBKlI pa3pyrnaT eel 1-ho6hr YBlI,D,CTb 3TO, paCCM0TplIM pa,i::i;11a

LI;IIOHHhle nonpaBKlI K Macce nerKoro x11rrC0BCK0ro 6o30Ha. CoOTBeTCTBYIO

r.u;11e <pettHMaHOBCKI-le ,D,IIarpaMMbl npe,D,CTaBJieHbl Ha pttc. 2. 9TH nonpaBKlI, 
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n✓ hea\'Y ('.1) 

~ ~ 
t ligh1 l1nj 

Jm2 ~ ,x2 . u2 
I 

102 10-1 1016 

Pnc. 2. Pa,n;nau,noHHbie rrorrpaBKII K Macce JierKoro x11rrcoBcKoro 603ona 

nporropu,IIOHaJibHb!e KBa,1.1,paTy MaCCbl T5DKeJIOH 'laCTIIIJ,bl, O'leBII,1.1,HO, pa3-

pyrnaIOT IIepapXIIIO, eCJIII TOJibKO OHII He COKpalll,aIOTC51. TaKoe BeCbMa aK

KypaTHOe coKpalll,eHIIe c TO'IHOCThIO ~ 10-14 
Tpe6yeT TOHKOii 110,1.1,cTpoiiKII 

KOHCTaHT CB513II. 

,E,1.1,IIHCTBeHHb!M rryTeM ITOJiy'leHirn. TaKOrO COKpalll,eHII51 KBa,1.1,paTII'IHb!X 

'IJieHOB ( TaK)Ke H3BeCTHOro KaK COKpalll,emre KBa,1.1,paTII'IHb!X paCX0,1.1,IIMO

CTe,ii) 51Bm-Ie:rc51 cyrrepcIIMMeTpH51. BoJiee Toro, cyrepcIIMMeTpII51 aBTOMani

'leCKH COKpalll,aeT BCe KBa,1.1,paTII'IHb!e rrorrpaBKII BO BCex I10p51,1],Kax TeOpIIII 

B03Mylll,eHHH. 9To npoIIcxo,1.1,IIT 6Jiaro,1.1,ap51 BKJia,1.1,aM cyrreprrapTHepoB o6hr'I

HhIX 'laCTIIJJ,. BKJia,1],bl 6o30l!Hb!X neTeJib COKpari.J.aIOTC51 C BKJia,1.1,aMII cpep~ 

MIIOHHb!X B CIIJIY llaJIII'III51 ,1.1,0IIOJIHIITCJlbl-IOro MHO)KIITeJI51 (-1)' CJie,1.1,y1olll,ero 

II3 cpepMII-CTaTIICTIIKII, KaK 3TO IIOKa3aHO Ha pIIC. 3. 3,1.1,ecb cylll,eCTBYIOT 

· (\,/bosoa-v· .,/fNminn 

~+ . =0 
>.2 

A gauge -¥-,/ :osnr-0-,: . . ~ gangi: 

0 
g-

P11c. 3. C0Kparn;en11e KBa,n;paTIIqHb!X qJieHOB (pacxo,n;IIMOCTell:) 

,ll.Ba THila BKJia,1.1,oB. Ha BepxHeM p11cyHKe npe,ll.CTaBJieHbl BKJia,ll.bl TH)KeJioro 

x11rrcoBcKoro 6o3oHa 11 ero cyrreprrapTHepa. C11Jia B3a11Mo,1.1,ei1cTBl151 orrpe

,ll.eJI5IeTC51 IOKaBCKOH KOHCTanTOH CB513H >.. Ha HII,KHeM p11cyHKe npe,1.1,cTaB

JieHhI BKJia,1],bl T51,KeJIOrO KaJI116pOBO'IHOPO 6o30Ha 11 T5I)KeJIOrO KaJIII6pHHO, 

rrponopu,110HaJibHbie KaJIII6poBO'IHOH KOHCTaHTe CB51311 g. 
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B o6oux CJIY'Ia5IX HMeC'r MCCTO COKpalll,emie KBa,1.1,paTH'IHb!X 'IJICIIOB. 0110 

crrpane,1.1,mmo c TO'IHOCTbIO ,1.1,0 il1KaJih1 napyuwmrn cynepc11MMeTp1111 Msus1 ·, 
KOTopa51 He ,1.1,0JI)KHa 61>1Tb CJIHllIKOM 6oJibllIOII (:S 1 TaB), 'IT06hr T011KaH 

II0,1.1,CTpOiiKa 6hrJia ecTeCTBeHHOH . .II,eiicTBHTeJll,110, paccMOTpHM Macey Xll!T

COBCKOro 6o30Ha. Tpe6y51 ,1.1,JI~ caMOCOrJiaconarrnocTH TCOpHH B03MY!ll,CHHH, 

'IT06br pa,ll.HaJJ,HOHHb!e norrpaBKH K Macce HC npeBOCXO,ll.HJIH caMy Macey, IIO

JIY'111M 

8Ml ~ g2 M1us1· ~ Ml• (2.9) 

3na'IHT, eCJil1 Mh ~ 102 
raB 11 g ~ 10-1, TO MsusY ~ 103 raB ,ll.JIH TOl'O, 

'IT06bI COOTII01lleH11e (2.9) 6bIJIO crrpaBe,ll.JIHBO. CJie,ll.OBaTeJibHO, Mb! OII51Tb 

noJirrneM TY ,Ke ou,eHKY rnKaJihI Hapyme11n51 cynepc11MMeTpn11 Msusy ~ 
1 TaB, 'ITO 11 H3 yCJioBn51·06'be,ll.nHeH1151 KOHCTanT CB513II. 

TioaToMy o6bPIHO ronop5IT, 'ITO cyrrepcHMMeTpH51 pemaeT rrpo6JieMy nepap

Xl1H. Mhr IlOKa,KeM HH)Ke, 'ITO cynepcHMMeTplrn MO,KeT TaK)Ke o6'b5IC!ll1Tb 

u rrpoucxO,K,1.1,eHue nepapxuu. 

2.4. AcTpOq>H3HKa H KOCMOJIOPHH 

CBeT5Illl,a51c51 MaTepu51 ne cocTaBJI5IeT ncro MaTep11IO no BceJiennoi1. 311a•111-

Tem,noe KOJIH'leCTBO MaTepHH COCTaBJI5IeT TaK Ha3hIBaeMa51 rne.Mna.a, .Marne

pUJ/,. Tip51MhIM YKa3amreM na cylll,CCTBOBaIIHe TeMIIOH MaTepHH HBJIHIOTC51 

KpHBbie Bpalll,emrn raJiaKTHK ( CM. pHC. 4). ,1],JIH o6'bHCHemrn 3THX KpHBbIX 

...... 50f ,- · ·1 150 
1/1 ~ NGC 6503 
'-a 40 
C. 

~ ,v ..... -I~ ___ I ,t ----- halo 
'C 30 G) 
G) 

::~I f 
p. 

-=- I' Ill 

'iii >u ! ' ' 50 ·: ', .., 

Mopl=• ~•lo ~/ 

:E disk ... 
0 gas 

0 
0 10 20 30 40 Vo 10 20 30 

Distance from Sun [AU) 
Radius (kpc) 

Pnc. 4. PoTall,IIOIIHbie KplIBble ,D;JIH COJIHe.:moii CIICTeMbl 11 ,D;JIH TIIIIWIIIOII raJiaKTIIKII 

o6bI'IHO rrpe,1.1,rroJiaraIOT cylll,eCTBOBa1111e raJiaKTH'leCKOrO raJio, COCT05Illl,ero 

,g 



113 HeCBeT5Illl,ei1c5I MaTepuu, KOTOpa5I yqaCTByeT B rpaBIITaLI;IIOHHOM B3aIIMO

,[l,ei1cTBIIII. CorJiaCHO nocJie,[l,Hl1M ,[),aHHbIM [9], MaTepu5I BO BceJieHHOii pac

npe,[1,eJieHa cJie,[J,yIOill,11M o6pa3oM: · 

Dh2 = 1 {:} p = PKpHT, 

DBaKyyM ~ 73 %, DTe,rna>1 MaTep1rn ~ 23 %, D6apHon ~ 4 %, 

T. e. TeMHa5I MaTep115I COCTaBJI5IeT 3Ha'-!IITeJibHYIO '-!aCTb, npeBOCXO,[l,5Illl,YIO B 

6 pa3 ,[1,0JIIO Bl1,[l,11MOH MaTep1111. 

Cyrn;ecTBYIOT ,[],Ba B03MO)KI-lb!X B11,[l,a TeMHOH MaTep1111: rop5I'-1a5I TeMHa5I 

MaTepII5I, COCT05Irn;a5I 113 JierKIIX peJI5IT11Bl1CTCKl1X '-!aCTl11.l;, II XOJIO,[J,Ha5I, co

CT05Illl;a5I 113 MaCCl1BHbIX CJia6oB3al1MO,[l,ei1cTBYIOill;IIX '-!aCTl11.l; (WIMPs). ro

p5I'-!a5I TeMHa5I MaTep115I MOrJia 6b! COCT05ITb 113 Hei1Tp11HO, HO 3TO npo6JI.eMa

TII'-IHO C TO'-IKII 3peHl15I. MexaHl13Ma o6pa3oBaHl15I raJiaKTl1K. HeiiTpIIHO TaK

)Ke CJIIllllKOM JierKII ,ll.Jl5I o6pa30BaHl15I ,[l,OCTaTO'-II-IOrO KOJil1'-!eCTBa TeMHOH 

MaTep1111. l.JTo KacaeTC5I xoJI0,[1,HOit TeMI-IOii MaTep1111, TO B CM HeT IIO,ll.X0,[1,5I

Ill,ei1 ,[1,J15I 3TOH u;eJIII '-!aCTl!ll;bl. B TO )Ke BpeM5I cynepCIIMMeTpII5I npe,[],JiaraeT 

npeKpacHoro KaH,[1,II,[l,aTa Ha pOJib XOJI0,[1,I-IOH MaTeplrn, a 11MeHHO: nei1TpaJil1-

HO, Jier•iaitlllyIO cynepCHMMeTpII'-IHYIO '-13.CTIILI;y. Ona CTa611JibHa (11JI~ IIO'-ITM 

CTa611JibHa), TaK '-ITO peJil1KTOBbie .l_IeHTpaJI11HO MOrJIII 6bI coxpaHl1TbC5I BO 

BceJieHHoii co BpeMen11 BoJibIIIoro B3pbrna. 

2.5. 3a npe,l),eJiaMM TBO: cynepcTpyHhI 

,IJ:pyr11M MOTl1BOM ,[1,J15I BBe,[],eHl15I cynepCIIMMeTpII11 5IBJI5IeTC5I elll,e 6oJiee pa

,ll.11KaJibHOe 113MeHeirne OCHOBHbIX IIOJIO)KeHl1H, CB5I3annoe C KOHe'-IHOH u;e

Jlb!O IIOCTpOeHII5I e,[l,11HOH Teop1111 Bcero cyrn;ero. B HaCT05Illl,l1H MOMeHT IIMe

eTC5I TOJlbKO 0,[1,Ha )Kl13Hecnoco6na5I KOHLI;eIILI;II5I, a IIMeHHO TeOpl15I cynep

CTPYH [10]. B 3TOH Teop1111 cpyI-I,LI.aMeHTaJibHbIMII o6'beKTaMII BbICTynaIOT 

CTPYHbI; 3aMKHYTbie IIJIII OTKpb!Tbie, OHII 5IBJI5IIOTC5I HeJIOKaJibHbIMII IIO CBO

eit npupO,[],e. O6bI'-!Hbie '-!aCTIILI;bl paccMaTpIIBaIOTC5I KaK 1:10,[1,bl B036y)K,[l,eHII5I 

CTpyH. B3aIIMO,LI.ei1CTBl15I CTpyn HOC5IT JIOKaJibHblH xapaKTep l1 reI-IepupyIOT 

COOTBeTCTBYIOill,11e B3al1M0,[1,ei1cTBII5I o6bI'-!HblX '-!aCTIILI;, BKJIIO'-!a5I rpaBIITa-

1.l;IIOHHOe. 

,.0:JI5I Toro '-IT06bI 6b!Tb caMOCOrJiaCOBaHHOH, TeOpl15I CTPYH ,[1,0Jl)KHa 6bITb 

KOHcpOpMHO~IIHBapuaHTHOH Ha 2-MepHOH MIIpOBOH IIOBepXHOCTl1 CTPYHbl II 

IIMeTb CTa6IIJibHblH BaKyyM. TiepBOe Tpe6oBaHue cnpaBe,[1,Jil1BO B KJiaCCl1-

'IeCKOH Teop11II, HO MO)KeT HapyIIIaTbC5I KBaHTOBbIMl1 aHOMaJil15IMII. CoKpa-
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ll\CIIIIC KBH.IITOBblX a110MaJil1H B03MO)Kll0, CCJIII pa3MCp110CTb npocTpa11CTBa

BpeMem1 paima KJmTw1ecKoi1, 'ITO eCTb D,, = 26 ,[l,JI5I 603011noi1 CTpy11b1 u 

De = 10 /~JI5I <!)epMIIOHHOH. 

BTopoe Tpe6onan11c 03Ha'JaeT, 'ITO 6e3MaccoBbie cTpynnb1e B036y)K,[l,e

HII5I ( '!aCTHLI;bl CM) ycTOH'll1Bbl. cho II0,[1,pa.-:iyMeBaeT OTCYTCTBUC TaXHOH0B, 

COCT05IIIHH C MIIHMOH Maccoit, 'ITO MO)KIIO rapaHTHpOBaTb JIHillb B cynep

CHMMCTJ)Wlllh!X CTpyHIIbIX TCOpl15IX! 

3. OcHOBbl cynepCMMMeTplUI 

3.1. AJire6pa cynepClIMMeTpIUI 

B KoM6111mq1--m c 061>1'-!noit· anre6poi1 TiyaHKape H aJire6poi1 miyTpe1rnei1 

CHMMCTpHn cynep-TiyaHKape aJire6pa Jln C0,[],ep)KHT ,n.onoJIHIITCJibHbie CYCI1-

re11epaTOpb1 Q~ n Q~ [3]: 

[P,,, Pv] = 0, 
[P,,, Mpo-] = i(g,,pPa - 9µaPp), 
[M1,,,, Mpa] = i(gvpM1,a - 9vaA11,p - g,,pMva + 911aM,,p), 
[B,., B_.] = iC;.sBt, 
[B,., P,1] = [Br, M1,a] = 0, 
[Q~, P,,] = [Q~, P,,] = 0, 

i _ l fJ i -i _ 1 -i - iJ 
[Qo, Mµv] - 2(<Tµv)oQfJ, [Qa, M1w] - -'iQiJ(<Tµv)a, 

[Q~, B,.] = (br)1Qt [Q~, Br]= -Qi(br)}, 
{Q i Q-j}-2,;;ij( µ) ·P. 

Ol iJ - U (T ofJ µ, 

{Q i Qi} - 2c zii z .. - ar b zii - z+ o> (3 - '-ofJ , •J - ij r, - ij, 

{Q~,Q~} = -2Eaf3zii, [Zij,Bce] = 0, 

(3.1) 

a, ci = 1, 2, i, j = 1, 2, ... , N. 

3,LI.ecb P,1 II M1w 5IBJim0TC5I onepaTopaMn '-!eTbipexnMIIYJibca 11 yrnonoro MO

MeHTa COOTBeTCTBeHH0, Br - renepaTOpbl BHyTpem-1ei1 CHMMeTpH11, Qi 11 Qi 
- cnnHopHbie CYCI1-reHepaTopb1, a Z;i - TaK Ha3bIBaeMbie qenTpaJibHbie 

3ap5I,ll.bI; a, ci, /3, /3 - CIIHH0pHbie HH,LI.eKCbl. B IIpOCTeiiIIIeM CJiy<Iae HMeeTC5I 

O,ll.HH CII11IIOpHblH renepaTop Qo (u conp5I)KeHHbIH C HHM t:Ja), '-ITO COOT

BeTCTByeT o6bIKHOBeHHOi1 HJil1 N=l cynepc11MMeTp11II. Kor,[),a N > 1, MbI 

HMeeM ,[l,CJI0 C pacnrnpeHHOH cynepC11MMeTpIIei1. 

Bo3HHKaeT ecTeCTBeHHbIH nonpoc: CKOJibK0 MO)KeT 6bITb renepaTop0B cy

nepcnMMeTpn11, T. e. '-!eMy paBHO '-IHCJIO N? ,.0:JI5I OTBCTa Ha 3T0T Bonpoc pac-
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CM0Tp11M 6e3MaCCOBbie COCT05IHl151. HatiHeM C OCHOBHOrO COCT05IHl151, MapK11-

poBaHHOrO 3Hepr11eii: 11 cn11paJibHOCTbIO, T. e. npoeKu,11eii: crrnHa qaCTl1JJ,bl Ha 

HanpaBJieH11e ,l],B11)KeHl151, 11 npe,1],IIOJIO)Kl1M, 'ITO OHO o6paIJJ,aeTC51 B HYJib rrpH 

,1J,eii:CTBl1H orrepaTopa cyrrepCHMMeTpH11 Qr 

BaKyyM =IE,>.>; Q;jE, >. >= 0. 

Tor,l],a 0,1],HO- 11 MHOro<raCTH'IHbie COCT05IHl151 MoryT 6bITb IIOCTpOeHhI, ,l],eii:

CTBY51 Ha BaKyyM orrepaTopaM11 p0)K,l],eHH51: 

.C.ocTmuine Bb1pa)Ke1me # COCT05I!i11H 

Ba~yyM 

1 - qaCTl1'IHOe COCT. 

2 - qacTH'IHOe COCT. 

IE,>.> 

QilE,X>= IE,>.+ 1/2 >; 

QiQjlE,). >= IE,).+ l >ij 

1 

(~)=N 
(~)=~ 

N - qacTH'IHOe cocT. 
- - - . . N 

Q1Qz ... QNIE, >.>=IE,>.+ 2 > (Z)=l 
Ilonnoe # cocT05IHl1ii: 

N ( N) · t:o k = 2N = 2N-1
6030HOB + 2N-1

cpepM. 

8neprH51 E He MeH5IeTC51, TaK KaK COrJI8;CHO (3.1) onepaTOpbl Q; KOMMYTH

pyroT C raMHJibTOHliaHOM. 

Ta1rnM o6pa30M, 11MeeM IlOCJie,l],OBaTeJibHOCTb 6o30HHbIX 11 cpepMHOHHblX 

COCT05IHl1H, li IlOJIHOe 'Il1CJIO 6o30HOB pamm 'Il1CJIY cpepM110HOB. 8To 51B

JI5IeTC51 06.cu:nM CBOHCTBOM cynepc11MMeTp11'IHhIX Teop11ii:. 0,1],HaKo 113 CPT-

11HBap11aHTHOCTH CJie,l],yeT, 'ITO 'Il1CJIO COCT05IHliH Y,1J,Ba11BaeTC51, IlOTOMY 'ITO 

CPT-npeo6pa3oBaHl15I H3MeH5IIOT 3HaK cn11pa.rrbHOCTH. Cne,l],oBaTeJihHO, _B 

CPT-11HBap11anTHbIX TeopH5IX HY)KHO ,1J,06aBJ1Tb cocT05IHl15I c npoT11Bono~ 

JIO)KHOH cr;rnpaJibHOCTblO K y)Ke 11MeIOIJJ,liMC51. 

PaccMOTpHM necKOJihKO np11Mep0B. IloJIO)Kl1M N = l 11 >. = 0. Tor,l],a 

HMeeM CJie,l],yIO.l_JJ,He COCT05IHII51: 

CIIIIpaJibHOCTb O 1/2 ' CIIlipaJibHOCTb O -1/2. 

N = 1, >. = O qg 
# COCT05IHHH 1 1 # COCT05IHl1H 1 1 

12 

Cne,l],oBaTeJibHO, rronnhrii N = l MYJibTl1IIJieT HMeeT BH,l], -

N=l CIIHpaJihHOCTb 

# COCT05IHHH 

-1/2 0 1/2 
1 2 1, 

'ITO COOTBeTCTByeT 0,1],HO~y KOMIIJieKCHOMY CKaJI5Ipy 11 0,1],HOMY cpepMHOIIY C 

,l],BYM51 COCT05IHH5IMII ~Il11paJibHOCTll. 

8To ecTh npnMep TaK Ha3hrnaeMoro caMoconpm1<e1rnoro MYJihTnrrneTa. 

Cyw_ecTBYIOT TaK)Ke • caMoconp5I)KeHHbie MYJihTnnneTbI c N > l, cooTBeT

CTByro.cu:IIe pa~IIrnpeHIIOH cyrrepCHMMeTpmI. ,[l;Ba HH)KeCJie,l],yIOIJJ,11X np11Mepa 

OTBeqaroT N = 4 cynepcnMMeTpwrnoMy mir-MHJIJICOBCKOMY MYJibTHnneTy 

II N = 8 MYJibTHIIJieTy cyneprpaBIITaJJ,IIH: 

N = 4 SUSY YM CII11paJibHOCTb -1 -1/2 0 1/2 1 ). = -1 # COCT05IHHH 1 4 6 4 1 

N = 8 SUGRA -2 -3/2 -1 -1/2 0 1/2 1 3/2 2, 

>.= -2 1 8 28 56 70 56 28 8 1. 

KaK BH,l],HO, MYJibTIIIIJieTbl pacIIrnpeHHOH cynepCHMMeTpHH Be<:bMa BeJJHKH 

H C0,1],ep)KaT 6oJibIIIOe 'IHCJIO <IaCTHJJ,. 

OrpaHH'IeHHe Ha 'IHCJIO CYGI1-reHepaTopoB c.Jre,IJ,YeT H3 -rpc60Ba11m1 ca

MocornacoBaHHOCTH_,COOTBeTCTBYIOlll,eii: KTil. lfaCJio cynepcHMMe-rp11ii: II MaK

CHMaJibHbIH CllHH qacTHJJ, B cynepMyJibTHTIJieTe CB513aHbl Me)K,l],y co6oii:: 

N 5c 4S, 

r,l],e s - MaKCHMaJibHbIH CllIIH. TaK KaK TeOpHH co CllHHOM 60JibIIIe 1 Hene

penopMIIpyeMbI, a TeOpHH co CIIHHOM 6oJibIIIe 5/2 He c6rnaconaHbl c rpanH

Tau,Heii:, TO OTCIO,l],a CJie,l],yeT orpatt0qe1me na 'IHCJIO CYCl1-reHepa-ropon: 

N 5c 4 

N'5:8 
,l],JI5I penopMHpyeMbIX TeopHii: (YM), 
~JI5I ( cynep )rpaBIITaJJ,HH·. ·. 

B ,l],aJibHeii:rneM Mbl 6y,1J,eM paccMaTpHBaTI, npocTeii:IilyIO cynepCHMMeT

pmo, HJIH N = l cynepcIIMMeTpHio, B OTJIH'IHe OT pacw0pe1rnoti cynepcIIM

MeTpHH C N > l. B 3TOM CJiyqae HMeeTC5I ,l],Ba THna cynepMyJibTHTIJieTOB: 

TaK Ha3bIBaeMbIH 'K:UpaA'b'H,'btU MYJibTHIIJieT C ). = 0, KOTOpb!H C0,1],ep)KHT 

,l],Ba q:>H311'-IeCKHX COCT05IHH51 (¢, '1/J) co CIIHHOM O H 1/2 COOTBeTCTBeHHO, H 

6e'K:mopn'bt'U MYJibTHIIJieT C ). = 1/2, KOTOpblH TaK)Ke C0,1],ep)KHT ,l],Ba q:>H3H-

qecKIIX COCT05IHH5I (>., Aµ) co CllIIHOM 1/2 H 1 COOTBeTCTBeHIIO. 
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3.2. CyrreprrpocTpattcTBO H cyrreprroJrn 

9neraHTHYIO cpopMyJ111poBKY npeo6pa30BaHllH cynepCllMMeTp1m ll cynepHH

Bap11aHT0B M0)KHO II0J1Y'-111Tb na 5I3bIKe cynepnp0CTpaHCTBa [4]. Cynepnpo

CTpaHCTB0 OTJ111'-!aeTC5I OT o6bI'-IHOro EBKJ111,IJ;OBa (MttHKOBCKoro) np0CTpan

CTBa ,n;o6aBJ1e1rneM ,IJ;Byx H0BblX K00p,Il;HHaT 0a 11 04, K0T0pbie 5IBJ15IIOTC5I 

rpac,cMaH0BblMII, T. e. aHTllK0MMYTllPYIOlll,llMll nepeMeHHb!Mll: 

{0a,0/3}=0, {0a,013}=_0, 0~=0, ~=0, a,{3,a,~=l,2. 

TaKllM o6pa30M, MhI nepexo,n.11M OT npocTpancTBa K cynepnpocTpancTBy: 

IlpocTpaHCTBO => CynepnpocTpaHCTBO 

Xµ Xµ,~,~ 

rpyIIIIOBOH ::weMeHT, OTBe'-!aIOW,llH cynepCllMMeTpllll, MO)KeT 6b!Tb IIOCTpoen 

B cynepnpocTpaHCTBe TaKHM )Ke cnoco6oM, KaK tt o6bIKHOBettHa5I TpattCJ15I

ll,115I B o6bI'-liIOM npocTpaHCTBe: 

G(x, 0, 0) = ei(-xµ Pµ + 0Q + 0Q). 

9To IIpllB0,IJ;llT K cynepTpaHCJ15Ill,llll B cynepnpocTpaHCTBe: 

xµ ➔ xµ + i0aµt - icaµ0, 
0 -+ 0 + €, 0-+ 0 + [, 

(3.2) 

(3.3) 

r,n;e C 11 [ - rpaccMaHOBbl napaMeTpbl npeo6pa30BaHH5I. lfa ypaBHeH115I (3.3) 
MO)KH0 nerKO II0JJY'-IIITb npe,n;cTaBJJeHll5I ,Il;J15I cynep3ap5I,IJ;0B (3.1), ,n;eiiCTBy-

IOlll,llX B cynepnp0<;:TpaHCTBe: 

, - a . µ -a 
QQ - 80a - iaaa0 8µ, Q- a , ·0 µ 

, a= -
800 

+ i aaaaBµ- (3 .. 4) 

~J15I onpe,n;eneH115I noneii Ha cynepnpocTpaHCTBe paccM0TpttM npe,n;cTaB

neHH5I rpynnh1 cynep-IlyaHKape (3.1) [3]. IlpocTeiinrnM 5IBJJ5IeTc5I cKan5Ip

ttoe cynepnone F(x, 0, 0), K0Topoe ecTh cynep11HBapnattT. Ero pa3J10)KeH11e 

B p5I,IJ; Teiinopa no 0 ll 0 co,n;ep)KllT JllIIIIb neCKOJlbKO '-IJJeH0B B CllJJY HllJlb

IIOTeHTHOro xapaKTepa rpaccMaHOBbIX nepeMeHHblX. O,n;ttaKo 3T0 cynepno-• 

ne 0Ka3hIBaeTc5I npttBO,IJ;HMhIM npe,n;cTaBJ1eH11eM CYCH. 1ho6hI noJiy'-lttTh. 

Henp11BO,Il;HMOe npe,n;cTaBJietttte, onpe,n;eJIIIM 1-upaA'bH0e cynepnone, KoTopoe 

IIO,Il;'-lllirneTC5I ypaBtteHHIO 

DaF=O, r,n;e 
- a 
D0 = --= - i(0aµ)a8µ 

80a 
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(3.5) 

.. , K0BapuaIITHa5I npo113uo,n;Ha5I Ha cynepnpocTpaHCTBe. 

~J15I Kl1j)aJ1blIOro cynepIIOJ15I rpaccMaHOBO pa3JI0)KeH11e llMeeT Bll,Il; (y = 
X + i0a0) 

<I>(y, 0) = A(y) + V20'lj;(y) + 00F(y) (3.6) 
- 1 --

= A(x) + i0aµ08µA(x) + :/000□A(x) 

+ V20'lf;(x) - ✓'i008µ'lf;(x)a1'0 + 00F(x). 

Ko3<p<pllll,lleHThl 5IBJ15IIOTC5I 06bIKHOBeHHblM11 cpyHKll,115IMll OT X, 6y,n;r111 06hI'-I

HhIMll IIOJ15IM11. 01111 Ha3hIBaIOTC5I 'IW.MnoHeuma.Mu cynepn0JI5I. B (3.7) 11Me

IOTC5I 2 6030HHh!X (KOMIIJleKCHOe CKaJ15IpHoe II0Jie A) 11 2 cpepMllOHHbIX (Beii

JJeBCKOe cn1111op11oe noJie 'lj;) ·cTenem1 CB060,n;b1. KoMIIOHeHTIIhie II0J15I A 11 'lj; 
Ha3hIBaIOTC5I cynepnapmHepa.MU. Ilone F 5IBJ15IeTC5I BCII0M0raTeJibHbIM II0-

JJeM, OHO llMeeT "11'enpaBl1J1hHYI0 11 pa3MepH0CTb 11 He HMeeT <pll311'-leCKOro 

co,n;ep)KaHH5I. '.:ho II0Jie Tpe6yeTC5I ,Il;J15I 3aMbIKaH115I anre6pbl (3.1) 11 M0)KeT 

6b!Tb HCKJ110'Ietto C llCIIOJI~30BaHtteM ypaBHeHH5I ,Il;Bll)Kellml. 

TaKHM o6pa30M, cynepnone co,n;ep)KllT paBHOC '-lllCJIO 6o30HHbIX 11 lpepMll-

0HHhIX CTCITeneii CB060,IJ;hl. Ilo,n; ,Il;CHCTBlleM cynepCllMMCTj)llll 01111 nepeX0,IJ;5IT 

,n;pyr B ,n;pyra: 

o.-:A = V2c'lf;, 
OE'lj; = iV2aµtoµA + V2cF, 

oEF = iV2ta1'oµ'l/J-
(3.7) 

3aMeTHM, '-ITO Bap11a11,1151 F-KOMIIOHeHTbl ecTb HOJ11Ia5I I1p0113B0,IJ;Ha5I, T. e. 

llC'-!e3aeT np11 llHTerp11poBa111111 no np0CTpaHCTBy-BpeMeH11. 

MO)KIIO H0CTj)0llTb TaK)KC H aHTllKllpaJJbH0e cynepnone 4>+, H0,IJ;'-111H5IIO

lll,eec5I ypaBHCHllIO 

Da<I>+ = 0, a -
r,n;e D0 = 

800 
+ i(aµ0)08µ-

Ilp0113BC,IJ;eH11e KllpaJJbHbIX (aHTHKllpaJJbHhIX) cynepnoJieii <I>2, <I>3 11 T. ,n;. 

CCTb TO)KC KllpaJJbHOe ( a11Tl1KllpaJibHOe) cynepnone, B TO BpeM5I KaK npo-

113Be,n;en11e Kllpanhnoro Ha a11T11K11panbHOe cynepnone 4>+4> ecTh o6lll,ee cy

nepnone. 

,l];J15I Ilj)0ll3BOJlhH0H cpyHKll,1111 KllpaJJbHhIX cynepnoneii llMeeM 

W(<I>;) =, W(Ai + V20'lj;; + 00F) (3.8) 
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aw . (aw 1 a2w ) 
= W(Ai) + aAi ../20'1/Ji + 00 aAiFi - 2 aAiaAj~i'lpj . 

w Ha3hIBaeTC5I cynepnomenv,uaJWM, KOTOphlll 3aMeH5IeT o6hJqHhlll' IIOTeH

U:I13..II ,ll;.II5I CKaJI5IpHh!X IIO.llett. 

~.II5I IIOCTpoemrn , KaJil1QpOBOqHo-mrnap11aHTHOro B3al1MO,n;ei1CTBl15I HaM 

rrotta,n;o611TC5I ,n;ei1CTBl1TeJihHOe BeKTOpl'Ioe cynepIIOJie V = v+. 9To He Kl1-

paJihHOe cyrreprroJie, a o6w,ee ,n;ei1CTB11Te.1IhHOe .. cynepnoJie co C.1Ie,n;y10w,11M 

rpaccMaHOBh!M pa3.1IO)KeHl1eM: 

- - i ' ' ' ' 
V(x, 0, 0) = C(x) + i0x(x) -Wx(x) + 200[M(x) + iN(x)] 

i -- - - ' i , ,-- 200[M(x) - iN(x)] - 0aµ0vµ(x) + i000[>.(x) + 2aµaµx(x)] 

-- . . i . ,' 1 -- . . 1 
- i0.00[>. + 2aµa,,x(x)] + 20000[D(x) + 2□C(x)]. . (3.9) 

<P11311qec~11e cTerre~11 cno6o,n;hl, cooTBeTCTny10w,11e ,n;ei1cTB11Te.1IhH·oMy neK

TopttoMy cyneprromo V, · - neKTOpttoe KaJI116ponoqttoe none vµ 11 Mai1opa

noncKoe cminopttoe IIOJie >.. Bee ~pyr11e KOMilOH~HThl 5IBJI5IIOTC5I Hecp11311qe

CKl1Ml1 Ii 11X MO)KHO 11CK.III0'111Th. ~ei1,CTBl1Te.llhHO, IIO,ll; ,n;ei1CTBl1eM a6eJieBh!X 

( cyrrep )Kam16ponoqnh1X npeo6pa3onaimi1 cyrrepnoJie V 113Me1rneTc5I KaK · 

V ➔ V +.<I>+ <I>+, 

r,n;e <I> H <I>+ - HeKOTOpb!e KHpaJihHhie cyrreprrOJI5I. B KOMIIOHeHTax 3TO Bhl

r.lI5I,ll;l1T C.1Ie,n;yIow,11M o6pa.30M: 

C ➔ C+A+A*, 

X ➔ X - i../2'1/J, 
M+iN ➔ M +iN - 2iF, 

Vµ ➔ vµ - iaµ(A ~ A*), (3.10) 

>. ➔ >., 
D ➔ D, 

11 cooineTcTnyeT 06h1qH0My KaJI116ponoittoMy · npeo6pa3onaH1110 ,n;mi ¢11311-

qecKnx KOMIIOHeHT. CornaCHO (3.10) MO)KHO Bb16paTh KaJI116poBKY (KaJil16- i 

ponKy Becca-3y'Ml1Ho), r,n;e C = x = M· = N = 0, ocTaBJI5IIO'w,y10 TOJihKO 

<pl1311qecK11e CTeneH11 cno6o,n;hI, 3a 11CKJIIOqeH11eM BCilOMOraTe.llhHOro IIO.II5I 
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D. B 3Toi1 KaJIH6ponKe 

- -- -- 1 --v = -0a1'0vµ(x) +i000>.(x) - i000>.(x) + 20000D(x), 

V2 = -t00iJiJv,,(x)vµ(x), . 

v3 Q ·11 T:,D;. (3.11) 

Mo)KHO Ta~)Ke orrpe,n;e.1I11Th TeIi3op Hanp5I)KCHHOCTl1 IIOJI5I (aHaJior F,iv B 

KaJI116ponoqnhIX TeOpH5IX) 

W = _!D2ev D e-v a 
4 

a , W,. __ !D2 Vl) -V a -
4 

.,e ae , (3.12) 

~ 
KOTOpb1i1 5IBJI5IeTC5I IIOJIHHOMOM no 110JI5IM B Ka.,1116poBKe 

(3,n;ech Ds - cynepKonap11aHTHhie rrpo113no,n;Hh1e.) · · 

. TeH3op. Hanp5I)KCHHOCTl1 ecTh K11paJihnoe. cyrrepnoJie 

~ ···. D~W
0

=0, D13W0 =0. 

Becca-3yM1mo. 

~ B KaJI116ponKe Becca-3yM11Ho OH rrommoM11aJieH: . 

Wa =·Ta (-i>.~ + 00 Da - f (aµffv0) 0 F:v + 02(aµ Dµ>.a)a) , (3.13) 

r,n;e 

pa = a Va - a Va+ fabc,ubvc D 5.a == a5.a + fabcvb>.c . µV µ V V µ µ Vl µ µ 

B a6eJieBOM. CJiyqae ypanHeHl15I (3.12) yrrpow,aIOTC5I 11 rrpm111MaI0T mi,n; 

' 1 -2 ' - 1 2 -
. Wa = - 4D D0 V, W0 = - 4D D0 V. 

3.3. IlocTpOeHHe cynepCHMMeTpll'IHhIX JiarpaH)KHaHOB 

HaqHeM C JiarpaH)Kl1ana, KOTOpblll He 11MeeT KaJI116pOBOqHoi1 Cl1MMeTp1111. B 
cyneprroJieBhIX o603HaqeH115Ix CYCI1-11Hnap11aHTHh1i1 JiarpaH)Kl1aH RBJI5IeT

c5I IIO.IIl1HOMOM IIO cynepIIO.II5IM. l1Me5I B B11,Izy, ''ITO B KOMIIOHeIITak Mb! ,ll;O.II)K

~hl ,,IIOJiyq11Th 06b1qHhlll Bl1,ll; JiarpaH)K11aHa 11 OTMeqemrne Bh!llle CBOHCTBO 

dy~ep11Hnap11aHTHOCT11 BhIClllei1 KOMIIOHeHThI cyrreprrom1 (F.:.KOMIIOHeHThI), 

o6w,ee n~Ipa)KeH11e CYCl1-11Hnap11aHTHoro JiarpaH)Kl1aHa MO)KeT 6hITh 3a-
. ' 

IIl1CaHO B B11,n;e 

• •• . • '', ,•, ' ,., ·: ;·;; . . ,,,! 1 . •' 1 . . , : ,, 

<, .C, =, <I>t<I>il00/J0,+ [(>.i<I>i + 2.rnij4\<I>i + '§'%k<I>i<I>/h)l00 + 3.c.]. (3.14) 

HAYqHQ;T-EXH!P:IECKA.H 
Eh3JiHOTEKA 

OT15Jiif 



3,11,ecb ll ,11,a.nee BepT1IKaJibHa51 qepTa 03Ha'!aeT COOTBeTCTBYIOlll,llil 'lJieH Teil

JIOpOBCKOro pa3JIO)KeHll51. 

TiepBoe CJiaraeMoe - 3TO KllHeTll'leCKllil '!JieH. OH co,11,ep)KllT KllpaJibHOe ll 

aHTIIKllpaJibHOe cynepnOJI51 «pi ll <I>t COOTBeTCTBeHHO ll eCTb <PYHKI.J;ll51 rpac

CMaHOBbIX napaMeTpOB 0 ll 0. By,11,y'ltt pa3JIO)KeHHhIM no 0 tt 0 OH npttB0,11,llT 

K o6bJllHblM KllHeTtt'leCKllM '!JieHaM ,ll,Jl51 COOTBeTCTBYIOlll,llX KOMnOHeHTHblX 

fIOJJeil. 

CnaraeMoe B CK06Kax o6pa3yeT cynepnoTettu;tta.n. Ott nocTpoeH TOJihKO 

ll3 KllpaJibHbIX nonen (nJIIOC conp51)KeHHOe CJiaraeMoe, noCTpOeHHOe ll3 aHTll

KllpaJibHbIX) ll 5IBJI5leTC5,I KllpaJibHbIM cynepnoJieM. TaK KaK npOll3Be,11,eH1I51 

KHpaJibHOro tt aHTllKllpaJibHOrO cynepnonen ,11,aIOT o6lll,ee cynepnoJie, TO OHll 

tte,11,onycTBMhI B cynepn0Tettu;0a.ne. TioCJie,11,tt0il '!JieH pa3JIO)KeHB51 cynepno

Tettu;ttana no rpaCCMaHOBY napaMeTpy 0 cynepCllMMeTpll'lHO-llHBap0aHTeH 

ll ,11,aeT o6bi'!Hblil noTeHu;ttaJI noCJie ll36aBJieH051 OT BCnOMOraTeJibHbIX nonen. 

Jiarpatt)KttaH (3.14) MO)KeT 6bITh 3anttcaH ropa3,11,o 6onee 3JieraHTHhIM 

, o6pa30M, eCJill BBeCTll cynepnpOCTpaHCTBO. TaK )Ke KaK o6bI'lHOe ,11,eilCTBlle 

eCTb llHTerpaJI no npOCTpaHCTBy-BpeMeHll OT JiarpaH)KeBoil, nJIOTHOCTll, TaK 

ll B cynepCllMMeTpll'lHOM CJiyqae ,11,eilCTBlle eCTb llHTerpa.n no cynepnpo

CTpaHCTBy. TipOCTpaHCTBeHHO-BpeMeHHa51 JiarpaH)KeBa nJIOTHOCTb TOr,11,a MO

)KeT 6hITb 3an0catta KaK llHTerpan no rpaccMaHOBbIM KOOp,11,llHaTaM [3, 4]: 

! 2 2- + f 2 [ i i l £ = d 0d 0 «I>i <I>i+ d 0 >.i«I>i+ 2mij4>i4>j+3Yijk4>i4>j4>k +3.c., (3.15) 

r,11,e nepBoe CJiaraeMoe - K0HeT0'!ecK0il '!JieH, a BTopoe - cynepn0Tettu;0an 

w. 3,11,ecb BMeCTO B351TH51 COOTBeTCTBYIOlll,HX KOMnOHeHT Mb! HCnOJib30BaJill 

BHTerpnpoBaHHe no cynepnpocTpaHCTBY cornactto npaB0JiaM rpaccMaHOBa 

llHTerpnpoBaHH51 [11]: 

j d0a = 0, J 00 d0p = 80 13. 

Tipo03BO,ll,51 Henocpe,11,cTBeHHoe HHTerp0poBatt0e no rpaccMaHOBhIM napa

MeTpaM, Mb! noJiyqaeM H3 (3.15) 

£ = i8µi/;/Jµ'lj;i + A;□Ai + Ft Fi (3.16) 
1 

+ [>.iFi + mii(AFi - 2¢i"Pi) + Yijk(AiAjFk - "Pi"PiAk) + 3.c.]. 

TioCJie,11,HHe ,11,Ba CJiaraeMbIX npe,11,cTaBJI51lOT co6on B3aHMO,l1,eilCTBHe. lfro6hI 

IlOJIY'lHTb JiarpaH)KJfaH B npHBbl'lH08 cpopMe, Mbl ,lJ,OJl)KHbl pa3pe11IHTb CB.ff-

18 

3ll 

ac 
Fk + >.k + m;kA; + Y;jkA; Aj = 0, 8Fj_ 

ac 
8Fk = F; + >.k + m;kAi + YiikAiAi = 0. 

(3.17) 

(3.18) 

Bb1pa)Ka51 BcnoMoraTeJibHhie IIOJI51 F H F* 03 3TBX ypaBHeirnil, OKOH<IaTeJib

uo nOJIY<IllM 

- 1 1 - -
£ = i8 •1··aµ.,,. + A~□A· - -m···'···'·· - -m~_., ... ,,. µ'f/z 'f/Z I l 2 ZJ'f/Z'f/J 2 ZJ'f'Z'f/J 

-Yijk"Pi"PjAk -y;jkif;iif;jAk - V(Ai,Aj), (3.19) 

r,n:e CKaJI51pHhiil noTeHu;ttaJI ttMeeT Bll,ll, ,V = Fi_ Fk. Mb1 BepttcMc51 K o6cy

)K,ll,eHHIO CKa.rrnpHoro noTettu;ttaJia B cynepClIMMeTplI'UfblX TeOpH51X HH)Ke. 

PaCCMOTpIIl\1 Terrepb KaJitt6pOBO'IHO-llHBap'ttaHTHbie cynepClIMMeTpWIHhlC 

JiarpaH)KHaHbl. On0 ,11,0JI)KHbl COJJ,epw;aT~ KaJ!tt.6pOBO<IHO-mmapttaHTHOe B3a

lIM0,11,CHCTBllC MaTepHaJibHbIX IIOJieil, a TaK)Ke KHHeTH'ICCKHl1 'IJieH H caMo

,ll,CHCTBlIC ,ll,Jl51 caMlIX KaJitt6pOBO'IIJblX IlOJieil. 

Ha•meM c KHHeTw1ecKoro •rnena ,n:Ji51 Ka.m16poBo<IHhIX noneil. B Kam16-

ponKe Becca.-3yMttno ttMeeM 

waw I - 2·>. µD >. 1 F piiv 1 D2 .1 pitvppa 
a(}(} - - i C1 µ - 2 /tv + 2 + i 4 f.11vpa, (3.20) 

r,n:e Dµ .,= 81,+ig[Vµ 1 ] - 06bi'Illa51 KOBapHaHTIIa51 1IpOH3BO,ll,~a51, a IlOCJie,ll,IllIH, 

TaK Ha3hIBaCMblH TOilOJIOI'H<IeCKHil, qne,u - IlOJIHa51 npOH3B0,IJ,Ha51. 

Krurn6poBO'IHO-HHBapHaHTHhlH JiarpaH)KllaH' Tenepb npmrnMaeT 3HaKO

MbIH Bll,ll,: 

£ l ! d20 W 0 Wa + l ! d20,.W0 W~ 
1 2 · 1 · ·, --D - -F Fµv - i>iaµD >. 2 4 µv µ · (3.21 )' 

,ll;JI51 nony<IeHH51 KaJI06poBO<IHO-HHBapliaHTH6ro B3aH-MO,Li,eilcTBii~; C KH-· 

paJibHh!Mll cynepnOJI51MH MaTep_11u paC~J'1<;>'.fPlIM )S:llJI06poBO'IHble (a6eJieBbI) 
·• ' ,,. •, I • e •• • '• •• ' 0 •' 

npe?6pa30Bairn~ IlOCJIC,ll,l~tt,x: 

<I> ➔ e-;-igAcp 
' 

·cp+- ➔ · m+ igA+ 
'l' e ' V' ➔ V +i(A _: A+), 

r,11,e.A - Ka.ntt6poBO<IHhIH napaMeTp (Knpanbnoe cynepnone). 
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Terrepb oqeBII,Ll.HO, KaK IIOCTpOIITb Ka.rrn6poBoqno- H cyrrepcIIMMeTpIIqno

IIHBapIIaHTHOe B3aIIMO,Ll.eiicTBIIe ( cp. C KOBapIIaHTHOH rrpoII3B0,Ll.HOH B 06b1q

HOH Ka.rrn6poBoqnoii TeOpIIII): 

;r,.+;r,.1 -- ⇒ ;r,.+ gV;r,._, -
'±'; '±' i 0000 '±'; e '±', 0000- (3.22) 

IToJIHblH cyrrepCIIMMeTpIIqno- H KaJIII6poBoqno-HHBapHaHTHb!H Jiarpam1rn-_ 

aH rrpIIHIIMaeT BII,Ll. 

Linv = ! j d20 W°'W + ! j d20 tvai,v:. + j d20d20 4>+ e9v 4>-4 0 4 o ... i i 

/ 

2 1 1 + d 0 (2m;j4>;4>i + 3Yiik4>i4>j4>k) + a.c. (3.23) 

Hea6eJieBo o6o6Il\eHIIe TpIIBIIaJihHO: 

1 / 2 1 / 2- - -.CsusY YM = 4 d 0 Tr(W°'W0 ) + 4 d 0 Tr(W°'W0 ) (3.24) 

+ j d20d20 <I>;a(e9v)i:4>~ + j d20 W(4>;) + j d20 W(<I>;), 

r,L1.e W - cyrreprroTeHI.J;IIaJI, KOTOpbIH ,Ll.OJI)KeH 6bITb HHBapIIaHTHbIM OTIIOCII

TeJibHO rpyrrrrhI CIIMMeTpIIII KOHKpeTHOH MO,Ll.eJIII . 

B TepMIIHax KOMIIOHeHT rrpIIBe,Ll.eHHblll Bblllie JiarpaH)KIIaH rrpIIHIIMaeT 

BII,Ll. 

.CsusY YM = -iF:vpaµv - i)...a;µDµ>.a + inana (3.25) 

+ (oµA; - igv;TaAi)t(aµA; - igv;raA;) - i{;;aµ(8µ1/;; __:_ igv;Ta1/;;) 

- Da Al Ta A; - iv'2A!Ta Aa'1/Ji + iv'2{;iTa A;>.a + Fl F; 
- 2 2 -aw aw t 1 a w 1 a w - -

+ BA; F; + aAtFi - 28A;8A1·'1/Ji'1/Jj - iaAtaAt1Pi'1/Jj-
i i J 

J,fa6aBJI5I5ICb OT BCIIOMOraTeJibHbIX IIOJieii Da II F;, Mbl BOCIIpOH3BO,Ll.IIM 06b1q

HOe Bbipa)KeHIIe ,Ll.J15l JiarpaH)KIIana qm3IIqeCKIIX KOMIIOHeHT. 

3.4. C1<a.rrn:ptth1ii 110Temi;1rn.11 

B OTJIHqIIe OT CM, r,L1.e cKanapnhrii rroTeHIJ;IIaJI rrpoII3BOJieH II orpanIIqII

BaeTca TOJibKO Tpe6oBaHII5IMII KaJIII6poBoqnoii IIIIBapIIaHTHOCTII, B cyrrep~ 

CIIMMeTpIIqHbIX TeopH5IX OH IIOJIHOCTb!O orrpe,L1.eJiaeTC5I cyrreprroTeHIJ;IIaJIOM. 

On cocTOIIT II3 BKJia,Ll.OB, B03HIIKaIOII.\IIX OT D- II F-qJienoB. KHneTIIqe

cKaa 3HeprII5l KaJIII6poBoqnbIX rroJieii (cM. {3.21)) C0,Ll.ep)KIIT qJieH BII,Ll.a 
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1/2Da Da, a B3aIIMO,Ll.eiiCTBlle IIOJieii MaTepIIII C KaJIII6pOBOqHbIMII IIOJI5IMII 

JJ,aeT (cM.(3.23)) gDaT[1AiAi. BMecTe OHII rrpIIBO,Ll.aT K CJie,Ll.YIOII.\eMy Bbipa-

)KeHIIIO; 

.Cn = 1naDa + gDaltJAiAi. (3.26) 

OTCIO,Ll.a CJie,L1.YeT ypaBnenIIe ,Ll.BII)KeHII5l ,Ll.Ji5l BCIIOMOraTeJibH0ro IIOJI5l D: 

Da = -gltJAiAi. {3.27) 

fIO,Ll.CTaBJI5l5l ero o6paTHO B (3.26), IIOJiyqaeM BKJia,Ll. D-qJiena B II0TeHIJ;IIaJI: 

.Cn = _!Dana 
2 

r,L1.e Da IIMeeT BII,Ll. (3.27). 

=⇒ V:n = !nana 2 ., {3.28) 

BKJia,Ll. F-qJiena noJiyqaeTca II3 caMo,Ll.eiicTBIIa rroJieii MaTepmr (3.16). 

,z:t:Jia cyrreprroTenri;IIa.ria W o6Il\ero BII,Ll.a IIMeeM 

r F, *F. (aWF. . ) 
'-F = ; i + oA; ; +a.c .• 

J1crroJib3Y5I ypaBHeHII5l ,Ll.BII)KeHH5l ,Ll.JI5l BCIIOMOraTeJibHbIX IIOJiefi F; 

F-* _ aw 
I----

8A' 
IIOJiyqaeM 

LF = -FtF; =⇒ VF=F;,*F;, 

(3.29) 

(3.30) 

(3.31) 

r,L1.e F .n,aeTC5l xpaBHeHIIeM (3.39)- IToJIHblll nOTeHIJ;IIaJI eCTb cyMMa 3TIIX 

,Ll.Byx BKJia,Ll.OB: . 

V= Vn+VF. (3.32) 

TaKIIM o6pa30M, q>OpMa JiarpaH)KIIaHa rrpaKTIIqecKII q>HKCHpoBaHa Tpe-

6oBaHII5IMII CIIMMeTpIIII. E,Ll.IIHCTBeHHaa CB060,L1.a COCTOIIT B BbI6ope na6opa 

fIOJieii MaTepIIII, 3HaqenII5l KaJIII6poaoqHOfi KOHCTaHTbl CB5I3II g, IOKaBCKIIX 

KOHCTaHT CB5l3II Yiik n Mace qacTIIIJ;. B CIIJIY Tpe6oBauIIa rrepeuopMIIpyeMo

CTII V ~ A4 cyneprroTenri;IIaJI ,L1.0JI2KeH 6hITh orpanIIqen Ky6IIqHhIMII qJiena

MII w ~ 4>3, KaK B (3.15). ITpII 3TOM Bee qJieHbl cynepMyJihTIIIIJieTa IIMeIOT 

O,Ll.H0 II TO )Ke 3naqenHe MaCChI, T. e. 6ci30HbI II cpepMIIOHhI BbipO)K,Ll.eHhI no 

Macce. cho CBOUCTBO cynepCIIMMeTpIIqHblX TeOpHtt rrp0THBOpeqIIT cpeuoMe..: 

HOJIOrIIII II Tpe6yeT HapyrneHII5l cynepCHMMeTpHH. 
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3.5. CnoHTaHHOe Hapymemrn cynepCllMMeTplUI 

TaK KaK cynepCHMMeTpwrna51 anre6pa Bel].eT K BblpO)K,D;e'1rnocTH Mace B cy

nepMyJihTHTIJieTe, TO )J;Jl51 o6b51CHemrn OTCYTCTBH51 cynepnapTHepoB npH co

BpeMeHHb!X 3Heprtt51X Olla ,Il;OJI)KHa 6hITb napyruena. Cyill,eCTBYIOT HeCKOJib

KO nyTei1 11apyruemrn cynepCHMMeTpHH. Ona MO)KeT 6b!Tb 11apyrue11a HJIH 

nenocpe,n;CTBeHHO, HJIII CTIOHTaHIIO. Hapyrua51 cynepCHMMeTpHIO, HY)KHO 6hITb 

OCTOpO)KHbIM, qT06b1 He Pa3PYillHTb 'COKpaw;e1rne KBa,n;paTHqHb!X pacxo,n;H

MOCTei1, qTo Be,D;eT K perueHHIO npo6neMbl Hepapxni1. ::horo MO)KHO ,n;o6HTb

C51 nyTeM CTIOHTaHHOro HapyrueHH51 cynepCI1MMeTpHH. 

B OTJinqne OT 11ecynepCHMMeTpnqnh1x Teopni1 B CYCI1-Mo,n;eJI51X 311eprn51 

BCer,n;a HeOTpm.I,aTeJibHa. ,II:ei1CTBHTeJibHO, corJiaCHO KBaHTOBOH MexaHHKe 

E=< OI H IO>, 

a B cnny anre6pbI cynepCHMMeTpHH (3.1) { Qa, Q p} =· 2( aµ)apPµ, H yqHThI

Ba51, qTo tr(aµ Pµ) = 2P0 , rronyqaeM 

1 - 1 2 
E = 4 a~,

2 
< Ol{Qa,Qa}IO >= 4 ~ IQalO > I 2 0. 

OTc10,n;a 

E =< OI H IO>#- 0 TOr,n;a n TOJihKO Tor,n;a, Kor,n;a QalO >#- 0. 

Cne,n;oBaTeJibHO, cyrrepCHMMe1pH51 CIIOHTaHH0 11apyrue11a, a HMeHHO Ba

KYYM He HHBapttaHTeH (QalO >-I- 0) mo2aa u m0/1,'b'/W mo2aa, 1,,02aa MHHH~ 

MYM cyrreprr0Ten11,nana noJIO)KHTeJieH, T. e. E > 0. 
CnonTaHHOe 11apyrue1rne cyrrepcHMMeTpHH ,1J;OCTliraeTC51 TeM )Ke rryTeM 

qTo H 11apyrue11ne 3JieKTpocna6oi1 cHMMeTpHH. BBO,Il;HTC51 rrc)Jle, BaKYYMHOe 

cpe,n;11ee KOTOporo He paBHO HYJIIO H Be,D;eT K CIIOHTaHHOMY Hapyruemno CHM

MeTpHH. O,n;HaKO B CHJIY cne11,HaJibHOro xapaKTepa cyrrepCHMMeTpHH 3TO 

,Il;0JI)KHO 6h!'th cyrreprrone, qbH BCTIOMOraTeJipHb!e P- H D-KOMIIOHeHTbl npH

o6peTaIOT HeHyJieBoe cpe,n;11ee. Ilo3ToMy cpe,n;H B03MO)KHb!X MexaHH3MOB Ha

pyrueHH}I cynepcHMMeTpHH pa3mJqaJOT F- H D-MexaHH3MhI. 

1. MexanH3M <I>ai1e-I1nnnorrynoca (D-MexaHH3M) [12]. 
B 3TOM CJiyqae K narpam1ma11y ,n;o6aBJI51eTC51 JIHHei1Hhii1 D-qne11: 

D..C = ~Vlooee ~ ~ J d40 V. (3.33) 

CaM no ce6e OH Kam16p0Boq110- H cynepCHMMeTpHqHO-HHBapliaHTeH, HO MO

)KeT npHBeCTH K CIIOHTaHH0MY impymeHHIO H TOH H ,n;pyroi1 B 3aBHCHMOCTil 
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OT BCJIW111Hhl rrapaMeTpa f ,II:n51 HJIJIIOCTpall,HH Mb! npHBO,Il;llM Ha pile. 5,a 

TllIIH'Ulblll crreKTp B cnyqae ,Il;Byx KHpaJihHb!X MJJibTHIIJieTOB. He,n;ocTaTOK 

:\lass :\lass 

.1, .1;= .i;+i/J; 

., .............. -·-·· .I, •••• 
f•,.e,.:, ,.•-••• (•1,t:'1 

.\,,.Ii •••••• L"•,:t•i 1:\.t:•2 •••••-
~•,••••-••••••-•~ 

·····•-. 
.\1 \ -

\ .1,,,.12 

\ .-·-
: .•· 

.1,,,..\ .ti,,.,\ \ .t,11,\, 'i .. •· ,\ 
u La------i....-=-•-=-------

,.::•.:~~~ ••l:;;;::::: . ~: 
-lz,,\z ............. -.i:2_ 
~ .,1:::·...... - t'°'i 

······•-tli 

.h.t:':l .b,,'•.1 

. {°g;;;; 0 0 < f.9 < ,,,1 (9 = uil f.y > 1111 1.yA < ml , '.!,yA> ,,,1 

<L} I,) 

Puc-. 5. Cf!eKTp cnonTanno napyrnemu,1x cynepc1nmeTpwrnhIX Teopnii 

3TOI'O MCXaIIH3Ma COCTOHT B U(l) KaJIH6pOBO'IIIOi1 mrnapHaHTHOCTH. 011 MO

)KeT 6bITb ncuoJih30BaH B 0606Ill,enm1x CM, 110 ue B Teop1rnx BcnnKoro 
06be,1J;HHeum1. 

CrrCKTp Mace TaK)Ke He BIIOJIHe Y,D;0BJICTBOpwreJieII, IIOCKOJibKY cnpaBe.D,
JlHBO CJie,n;yIOill,ee npaBHJIO CJMM: 

L ml= L ml, 
0030tttth1e cocroattn,i qiephllmtt11i.1c coc-ro>ittn.11 

(3.34) 

qTo He COOTBeTCTByeT q>eHOMeHOJIOrHH. 

2. MexanH3M Q'Pai1q>eprn (F-MexaHH3M) 113]. 
B 3TOM 'CJiy<Jae Tpe6yIOTC51 HCCKOJlhKO KHJ)aJibHb!X nonei1 H cynepIIOTCHll,HaJI 

,Il;OJI)KeH 6b!Th Bbi6pan TaKHM o6pa30M, 'lT06bJ OTCJTCTBOBaJill HyJieBh!e Ba

KYYMHbie cpe,n;une y BcnoMoraTeJibHhIX F-:KOMno11enT. HanpttMep, Bb16ttpa51 
cyneprroTeHll,HaJI B BH,D;e 

W(<I>) == ,\<l>3 + m<I>1<I>2 + g<l>3<l>i, 

rronyqaeM CJie,D;yIOlll,He ypaBHCHll51 ~JI51 BCIIOMOraTeJibHbIX TIOJieii: 

Ft = mA2 + 2gA1A3, 
F.* 2 = mA1, 
F.* 3 = ,\ + gAi, 
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KOTOpbie ne HMeIOT pernemiii C < -Fi >= 0-, H cynepcnMMeTpH51 cnOHTaHHO 

napyrnaeTC51. Tnnnqttbiii cneKTp Mace B 3TOM CJiyqae nOKa3aH Ha pnc. 5,b. 
He,ll,OCTaTKOM 3TOI'O MexaHH3Ma 5IBJrneTC51 6oJibilla51 CTerreHb rrpOII3BOJia B 

Bb16ope cyrreprroTem.1,IIana. IlpaBIIJIO cyMM (3.34) TO)Ke OKa3bIBaeTC51 crrpa

Be,ll,JIIIBbIM B 3TOM CJiyqae. 

K CO,KaJICHIIIO, HII O,ll,IIH II3: 3TIIX MCxaHII3MOB He MO,KCT 6bITb HenocpC,!1,

CTBCHHO IIcnonb30BaH B cynepcIIMMeTpIIqHbIX pacurnpettII5IX CM. HII O,ll,HO 

II3 rroneii CM He MO,KCT rronyqIITb HenyneBoe BaK_yyMHoe cpe,!1,ttee y cno

IIX F- IIJIII .f)-KOMIIOH~n1:__6e3 HapyrneHII51 SU(3) HJIII U(l) KaJIII6ponoq

HOi1 CIIMMeTpIIII, n0CKOJ!bKY OHII He 5IBJI5IIOTC51 CIIHI'JieTaMII ITO OTHOilleHIIIO 

K 3TIIM rpyrrnaM. ,l],anHoe o6cT051TeJibCTBO npe,!1,nonaraeT HaJIIIqIIe ,n,pymx 

IICTO'IHHKO~ CIIOHTannor:o HapyrneHII51 cynepCHMMCTplllI, KOTOpb!e Mb! pac

CMOTpIIM HH,Ke. O,ll,HaKO nee OHH OCHOBaHbl Ha Tex )Ke F- II D-MexaHII3MaX. 

4. GYCM-0606:rn;eHHe CTaH,n.apTHOii: Mo,n.eJIH~ MCCM 

KaK y)Ke YIIOMIIHaJIOCb, B cyrrepCHMMeTpIIqHb!X TeOpII5IX qIICJIO 6o30HHb!X 

CTeneHeii CBo6o,ll,bI paBHO qIICJiy cpepMIIOHHbIX. B TO ,Ke BpeM51 B CM IIMe

eTC51 28 6030HHb!X II 90 cpepMIIOHHbIX CTeneneii CB060,ll,bl ( C 6e3MaCCOBb!MH 

neiiTpi-ino, IIHaqe - 96)'. Ilo3TOMY CM B Bbicrneii cTerrenII ttecyrrepcIIMMeT

pIIqHa. ,l],o6aBJI5151 HOBb!C qaCTHil,bl ,ll,Jl51 cyrrepCHMMCTpII3aIJ,HH CM, CJIC,ll,YCT 

HMeTb B BII,!I,Y CJie,D,yIOIIJ,ee: 

• B CM HCT cpepMHOHOB C KBaHTO_BbIMII qIICJiaMH Ka,.rrn6ponoqHb!X 6030-

HOB; . 

• XIII'I'COBCKIIe non51, IIMeIOI!l,IIC tteHyneBb1e· imKyyMHbie cpe,!1,Irne, He MO

ryT 6b1Th cyrrepnapTHepaMn KnapKoB II nenT6HoB, 'n~cK0JihKY 3TO npIIneno 

6h1 K ttapyrnenIIIO 6~imoirnoro II iren~onHoro queen; 

• ~pe6yei'c51 no · i<paiitteii Mep~ ,n,Ba KOMnneKctthIX KIIpaJihHhIX m6neTa 

XHI'I'Cci°BCKIIX IIOJieii, qT06hI ,ll,aTb M8.CCblBepXH~M II HII,KHmi KBapKa~. 

IloCJIC,D,Hee 5IBJI5ICTC51 CJIC,ll,CTBIICM cpopMbI cyrrepnOTCHil,HaJia II KIIpaJibHO

CTII cyneprroneii MaTepIIII'. ,l],eiiCTBIITCJ!bHO, cyneprrorenIJ,naJI ,ll,OJI)KeH 6hITb 

IIHBapIIaHTHhIM OTHOCIITCJihHO KaJin6poBoqttol'1 rpynnhr SU(3) x SU(2) x 

U(l). ECJIII nocMOTpeTh na IOKaBCKIIe B3anMO,ll,eiicTBII51 B CM, TO BII,ll,HO, 'ITO 

OHII, ,ll,CttCTBHTCJ!bHO, U(l)-nnBapIIaHTHhI, TaK Kl:l.K cyMMa I'IInep3ap51,D,OB B 

Ka)K,ll,Oll neprnIIHe paBHa HYJIIO. B CJiyqae BepxHIIX KBapKOB 3TO ,ll,OCTIIraeT

C51 npII IIOMO!Il,H conp51,KeHHOI'O XIII'I'COBCKOI'O ,!I,Y6JieTa fl = iTzHt BMeCTO 

H. O,ll,HaKO n cyrrepcnMMCTpII'IHb!X TeopII5IX H eCTb KIIpaJibHOe cyrrepnone 
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II, CJIC,!1,0BaTeJibHO, cynepnoTCHI],HaJI, KOTOpb!TT IIOCTpOCH II3 KHpaJ!hHb!X no

nen, MO,KeT ~0,!1,Cp,KaTb T~JibKo H, 110 H~ fl, KOTop1,1u CCTh a11TIIK11panbnoc 

cynepnone. 

,l],pyra51 npwrnna, no KOTOpOH neo6xo,ll,IIM BTOpoii XH[TCOBCKllii ,!I,Y6JieT, 

CB513aHa ·c KHpaJibHb!MH aHOMaJIH5IMH. lfaneCTHO, 'ITO KHpaJibHbJe anoMamrn 

pa3pyrnaIOT KaJJH6ponoqnyIO HHBapnan;HOCTb II, CJIC,D,OBaTCJibHO, nepCHOp

MIIpyeMOCTb Teop11u. OHn c0Kpalll,a10Tc51 B CM MC~,ll,Y KBapKaMn H nenTo

naMH B Ka)K,ll,OM nOKOJieHHII. O,n;11a1<0 CCJIH 1rnecn1 Knpanu10e XHI'I'COBCKOe 

cyneprrone, OH_O C0,!1,Cp,KHT IIOJie XHI'I'CHHO, }IBJl5IIOI!l,eec51 KHpaJJbHb!M cpep

MHOHOM, II npHBO,ll,lIT K aHOMaJIII5IM. ,l],JI51 nx COKparIJ,eHII5! neo6xO,ll,IIMO ,ll,0-

6aBHTb BTOpOH XHI'I'COBCKHll ,ll,y6neT C npOTIIBOIIOJIO)KHh!M rnnep3ap~,iJ,OM. 

Ilo3TOMY XHI'I'COBCKHH CCKTOp B cynepCHMMCTpW!HbIX MO,ll,eJI5IX C Hco6xo

,ll,HMOCTb!O pacrnnpeH, OH C0,!1,Cp,KHT 'leTHOe KOJIWJCCTBO ,!I,Y6JJCTOB. 

B'bwo<J: B CYCI1-Mo,ll,eJI5IX cynepcnMMeTpH51 CB513brnaeT U36ecmu'ble 6030~ 

Hbl C 1t06'bl.MU cpepMHOHaMn II U36ecm1t'ble q)epMHOHbl C 1t06'bt.MU 6030HaMn: 

4.1. CocTaB noJie:ii 

PaccMoTpIIM cocTaB. noneii MmrnMaJibHOH cyrrcpcnMMCTpwmon cTaH,!1,apT

nol'1 MO,ll,eJin (MCCM) [14]. CornacHo npC,!1,bI,ll,ylll,ett ,ll,HcKyccnn, B Mnnn

MaJJbHOii Bepcnn MbI y,ll,nannaeM qnCJio qacTHIJ, (nBO,ll,51 cynepmq)Tnepa ,ll,mI 

Ka,K,!1,0H qacTHI],bl) H ,ll,06aBJI5IeM BTOpOH XHI'I'C0BCKHll ;zy6neT ( co CB0IIM cy

nepnapTHepoM). TaKnM, o6pa30M, xapaKTepIIOH oco6e1111ocTbIO cyrrepcnM

MeTpH'IHoro 0606Ill,e11n51 CM 5IBJI5IeTc51 rrpncyTCTBHe cyncprrapTHepon ( cM. 

pnc. 6) [15]. 

Particles 
A ~, 

<,;<;;[• - ,,t·-
• • \ 

. ,._ Supersymmetric 
"shadow" part!£1 

Pm:. 6. TeHeBOH ~mp cynepClfM~IeTpH'!HbIX •iac~HII, 
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Ecmi: cynepcIIMMeTp1rn ne napywena, cynepnapTnepbI o6hFIHhIX qacT1111, 

,1],0JDKHbl 11MeTb Te )Ke MaCCbI, 'ITO. II caM11 qacTIIll,bl, II ,1],0Jl)KHbl Ha6mo,D,aTb

C51. C'111TaeTC51, 'ITO 11X OTCYTCTBl1e npII COBpeMeHHbIX ::meprII51X o6'b51CH51CT

C51 TeM cpaKTOM, 'ITO OH11. 3aMeTHO T51)KeJiee, T. e. cynepcIIMMeTp1151 ,1],0JI)KHa 

6hITh napywena . Cne,D,oBaTeJibHO, eCJI11 yBeJIH'lIITh 3Heprmo ycKop11TeJieii, 

TO cynepnapTHepbl ,1],0Jl)Kllbl p0)K,D,aTbC51. 

. CocTaB noneii MCCM BhirJI51,D,IIT CJie,D,yIOlll,11M o6pa30M. 

CocTaB rroJie:ii MCCM 

Cynep Bo30HhI <l>epM110Hbl SU(3) SU(2) Uy(l) 

BeKTop 

Ga rJIIOOH ga rJIIOIIHO ga 8 0 0 
yk CJia6b1e Wk (W±,Z) BIIHO, 3HHO iii ( w±, z) 1 3 0 
V' rnnep3ap51,D, B ('y) 6IIno b(i) 1 1 0 
MaTepII51 

Li { Li= (ii e)i { Li= (v e)i 1 2 -1 
Ei 

CJICIITOHbl - __ ' JieIITOHbl . _ ' 
1 1 2 Ei - eR Ei -eR 

Qi { Q; - (ii, J)L { Q; - (u, d)L 3 2 1/3 
ui CKBapKII f!_i =:_ U_R KBapKII Ui. =:. U~ 3* 1 -4/3 
Di Di-dR Di -dR 3* 1 2/3 

Xurrc 

H1 { H1 { fl1 1 2 -1 
H2 

xnrrc H
2 

XIIrrc11Ho fl
2 1 2 1 

3,D,eCb II ,D,a.Jiee TIIJ!b,D,a Ha,11. CIIMBOJIOM o6o3Ha'laeT cynepnapTHepa o6bJ'lHOll 

'laCTHll,bl. 

IlpncyTCTBHe ,11.0TIOJIHHTCJibHOro xnrrcOBCKoro 6030Ha B cyrrepcIIMMeT

pII'lHOii MO,D,eJIII ecTb HOBoe..cBoiicTBO TeopnII. B MCCM 11MeIOTC51 ,11.Ba ,D,y-

6nem C KBaHTOBbIMII 'lIICJia~II (1,2,-1) H (1,2,1) COOTBeTCTBeHHO: 

_ ( Hf ) _ ( v1 + ~ ) _ ( Ht ) _ ( Ht ) H1 - H; - H1 .. . ; H2 - .. Hg - V2 + S21{2 ' 
r,D,e Vi - BaKyyMHbie cpe,D,HIIe HCiiTpa.JibHbIX KOMTIOHCHT. 

Cne,11.oBaTeJibHO, 11MeeM 8=4+4=5+3 cTerretteii cBo6o,D,hJ. KaK II B CJiyqae 

CM, 3 CTeIIeHH CB060,!J.bl MoryT 6bJTb OTKa.JIII6poBaHbl H OCTaHeTC51 5 Q)113II

qecKHX cocT051HIIii no cpaBHCHHIO c 1 B CM. Ilo3TOMY B MCCM, KaK II B mo-

6oii ,!J.Byx,D,y6JieTHOii MO)J.eJIII, npifcyTCTBYIOT Il51Tb Q)II3II'lCCK11X xnrrcOBCKIIX 
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6o30HOB: ,D,Ba HeiiTpa.Jih.HhIX CP-'leTHbIX, 0,11.IIH neiiTpa.JibHhiii CP-He'leTHhiii 

11 ,D,Ba 3ap51)KeHHbIX. HII)Ke Mbl paCCMOTpIIM co6CTBeHHhie MaCCOBbie COCT0-

51H1151. 

4.2. JlarpaH)KHaH MCCM 

Jlarpatt)KIIaH MCCM cocT0HT H3 ,11.Byx: qaCTeii: nepBa.H 'laCTh ecTb cynep~ 

CHMMeTp11qnoe o6o6lll,enne CM, a BTopa51· ocylll,eCTBJI51eT napyrneHne cynep

c11r.r~1cTp1111, ynor.umyTOC BbIWe: 

L = LSUSY + LBreaking, (4.1) 

r,D,e 

LSUSY = LGauge + LYukawa (4.2) 
H 

r- ~ 1 (/· 2 / 2 - - · - ) ,.,Gauge = L- -4 d 0 TrW0 Wa + d 0 TrW0 Wa 
SU(3),SU(2),U(l) ·· 

+ L J d20d20 <P]e93½ + 92½ + 91 Vi.cpi, 
Matter 

LY11kawa = f d20 (WR+ WNR) + 3.C. 

(4.3) 

(4.4) 

1111,11.eKC Ry cynepnOTCHll,IIa.Jia OTHOCHTC51 K TaK Ha3hIBaeMoii R-'IeTHOCTH [16], 
cnell,11a.JibHOii CHMMeTpHn, KOTOpa51 npncBaHBaeT 3ap51,!J. 11+11 BCeM o6bI'IHbIM 

'IaCTHll,aM H 3ap51,!J. 
11 

-
11 

HX cynepnapTnepaM. IlepBa51 'IaCTb cynepnoTCHll,H

a.Jia W R-cHMMeTpnqna: 

' W - ( UQiucni + DQiDcHi + LLiEcHi + HiHi) R - Eij Yab a b 2 Yab a b 1 Yab a b 1 µ 1 2 , (4.5) 

r,D,e i,j = 1, 2, 3 - ntt,11.eKChI rpynnh1 SU(2), a a, b = l, 2, 3 - nn,11.eKcb1 

IIOKOJICHHii; ll,BeTOBbie HH)J.eKCbl onylll,eH.bI. 9m 'IaCTb JiarpaH)KHaHa TIO'ITH 

TIOJIHOCTbIO TIOBTOp51eT CM 3a HCKJIIO'ICHHCM Toro, 'ITO Tenepb TIOJI51 - 3TO 

cynepnom,, a ne 06bI'IHh1e TIOJifl CM. E,11.nHCTBeHHa51 pa3HHJ.~a COCTOHT B TOM · 

TIOCJIC,11.HCM 'IJieHe, KOT0pblll 0TIHCbIBaeT CMCIIIHBaHne XHrrCOBCKHX TIOJieii. 

On oTcyTCTByeT B CM, nocKOJibKY TaM HMeeTcfl T0JihKO 0,11.nH xnrrcoacKHii 

,D,y6JICT. 

BTopafl 'IaCTb cynepnOTeH11,Hana R-HeCHMMCTpH'IHa: 

W - ( \ L Li LiEc + \ Lt Li nine + I Li Hj) +· \ B ucncnc NR - Eij "'abd a b d "'abd a"'tb d µa a. 2 "'abd .a b d· 
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Tio~o6nhie B3aIIMO,IJ,eiiCTBirn o-r'cyTCTBJ!OT B CM. Tipwrnira npocTa: neBo3-

MO~no 38.MeHIITh cyn~p~OJUI B ypaBHeHIIll. ( 4.6) ~a 06hJqHb!e IIOJUI, K8.K B 

( 4.5), ll3-3a Tpe6oBaHmI JIOpeHIJ,-IIHBapnaHTHOCTll. POJih 3TIIX 'IJieHOB ,IJ,py

ra5I. Onn napywaIOT JieITTOHHOe (nepBhie Tp_II CJiaraeMhIX B (4.6)) IIJ!ll 6a

pIIOHHOe (nocJie,IJ,Hee CJiaraeMoe) qnCJIO. TaK ~aK 06~ 3cpcpeKTa ne na6JIIO,IJ,a

!OTC5I B npnpo,IJ,e, TO 3TH qJieHhl ,IJ,OJl)KHhl 6hI;r'h IIO).l.aBJieHhl IIJ!ll IICKJIIOqeHhJ. 

Mo)KHO II36aBIIThC5I OT TaKIIX qJienoB,· BBe,IJ,5! cneIJ,IIaJihIIJ!O CIIr,tMeTpII!O, na-

3hIBaeMyIO R-cIIMMeTpIIeii. 8To rJI06aJihHa5I u ( 1) R-CIIMMeTpII5I 

U(l)R: 0-+ i 0 0, <I> -t eino.<I>, (4.7) 

KOTopa5I pe,IJ,yIJ,IIpyeTC5I ,n,o ,IJ,IICKpeTHOii no,[],rpynnhI Z2, Ha3hrnaeMoii R
qeTHOCThIO. KBaHTOBhie qIICJia ITO R-qeTHOCTII ,[1,Jl5I qaCTIII.l, CIIIIHa S BhirJI5I

,ll,5I'I' KaK R = (-1) 3(B-L)+zs_ CJie,z:r.oBaTeJihHO, Bee 06h1qnh1e qaCTIIIJ,hI IIMeIOT 

R-qfanocTh R = +1, B To BpeM5I KaK cynepnapTnephI IIMeIOT R-qeTnocTh 

R = -1. R-qfanocTh, oqeBII,ll,HO, 3anpeII.l,aeT WNR qacTh cynepnoTen11,IIaJia. 

O,IJ,naK0 BIIOJIHe B03MO)KHO, qTO 3TII qJieHhI npIICJTCTBJ!OT, XOT5I 3KCnepII

MeHTaJihHhie npe,[],eJihl na TaKIIe KOHCTaHThl CB5I3II B.eChMa )KeCTKII: 

; ,L ,LI 10-4 ,B 10-9 
Aabc, Aabc < , Aabc < · 

4.3. CBoiicTBa B3aMMO)].eiicTBMH 

ECJiII npe,IJ,nOJI0)KIITh, qTo R-qfanocih coxpaH5IeTC5I, TO B3aIIMO,[l,eiicTBII5I cy

nepnapTHepoB,no cyII.l,eCTBY 5IBJI5IIOTC5I Toqno TaKIIMII )Ke, KaK B CM, TOJihKO 

,IJ,Be II3 Tpex qaCTIII.l,, yqacTBJ!OII.l,IIX BO B3aIIM0,[1,eiicTBIIII B JII06oii BepwIIne, 

,[1,0JI)KHhl 6hITh 3aMeHeHhl Ha IIX cynepnapTHepoB. IlpIIqIIHa COCTOIIT B R
qeTHOCTII. CoxpaHeHII~ R-qeTHOCTII IIMeeT ,[],Ba CJie,[l,CTBII5I: 

• cynepnapTHephl p0)K,[1,a!OTC5I napaMII;'. . 

• JI~rqaiiwa5I cynepqacTIIIJ,a (LSP) cTa6IIJihHa. OfarqHo 3TO q:>OTIIHO i', 
cynepnapTHep q:>OTOHa C HeKOTOpoii npIIMeCh!O HeiiTpaJihHOrO xm:rcIIHO. 

TIInIIqHhI~_BepruUHhI B3allMO,IJ,eiicT~II5I IIOKa3aHhI Ha p~c. 7. TIIJih,IJ,a na,[I, 

6yKBOii o6o3HaqaeT COOTBeTCTBJJ()II.l,ero· cynepnl'j,J)THepa. OT"!eTHM, qTO KOH

CTaHTa CB5I3ll _OCT!'J,eTC5I TOH )Ke caMOii BO BCeX BepwIInax, BKJIIOqaIOII.l,IIX 

cynepnapTHepoB. 

4.4. Po)K,n;eHMe 11 pacna,n; cynepnapT~~poB 

OTMeqeHHOe Bh!Ille npaBIIJIO ,[1,J15I IIOCTpoeHII5I BepruIIH B3aIIM0,[1,eiiCTBII5I cy

nepnapTHepOB BMeCTe c npaBIIJiaMII <I>eiiHMana ,[l,JI5I CM no3BOJI5IIOT 'Ha-
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Puc. 7. B3auMo,n:eiiCTBHe KaJIH6pOB0'1HbIX nOJJeii C II0,1RMH ~mTep,rn, ca~m,n:eilCTBl!C Ka

Jrn6pOBO'IHblX noJieii .11 IOKaBcKoe B3anMo,n:eiicTBne B MCCM 

pHCOBaTh ,IJ,IIarpaMMhI, OIIllChIDa!Oll~lle pmK,IJ,em1e ll pacna,IJ, cynepnapTHC

pOB. O,ll,HHM II3 MHoroo6elll,aIOII.l,IIX npo11,eccoB 5IBJI5IeTc5I npo11,ecc 3JICKTpmr

no3IITponnoii aHHIIrllJl5II.l,IIII ( CM. pttc. 8). 
I 

TipII 3TOM IIMe!OT MeCTO o6hJq!fhle Kll!IeMaTnqecKIIe orpannqemrn; B CII-

CTeMe 11,enTpa Mace m~;~;ticlc :s; {/-. Tio,ll,06Hhle npo11,eCChl npOIICXO,ll,51T II Ha 

a,IJ,pOHIIhIX KOJIJiaii,[],epax C 3aMenoii 3JieKTp0JJOB II II03IITpOHOB 11a KBapKII, 

aHTIIKBapKll II rJI!OOHhJ. 

. PO)K,[l,ettIIe cynepnapTHepoB MO)KeT conpOBO)K,[l,aThC5I _pO)K,[l,eJrneM 06b1q

Hh!X qacTHIJ,. Mb! paCCMOTpIIM pa3JmqHh!e. 3KCnepIIMeHTaJihHhie np05IBJie

HlI5I cynepnapTnepoB na e+ e-- II a,[],ponnhIX KOJIJiaii,ll,epax mI)Ke. OnII cy

II.l,eCTBennhIM o6pa30M .3aBIIC5IT OT cne11,ttq:>IIKll napyweHII51 cynepCIIMMeTpIIH 

II cneKTpa Mace cynepnapTnepoB. 
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Pttc. 8. Po)K,z:i;etttte cynepnapTttepoB 

Oco6eHHOCTH pacna,IJ,a cynepnapTHepoB TaK>Ke 3aBHC51T OT HX Mace. ,D:JI51 

KBapKOBb!X H JieTITOHHb!X cynepnapTI!epOB OCHOBHbJe npou,ecChl pacna,IJ,a no

Ka3aHhl Ha pnc. 9. 

--~fj .\'±, \() ........ 
& g lj 

·····►··· 

fj 

·.,:- l~. 

x~·, 
-v-o 

:--\..1-

z+, 'l 
v, lj 

i ,.\ ....... 
.. ;··►··· ., 

\±<::ti,,,,,.,-, 

.. ----J 
·.+ 1· ••• --...___ 

,\ 1 •• • -o 

. ~ ,, 
f' 

PHc. 9. Pacna,z:i; cynepnapTHepoB 

Kor,IJ,a R-qeTf!OCTb coxpan51eTC51, HOBbie qaCTHll,hI B K0Hu,e· KOHU,0B pac

na,IJ,aIOTC51 n ocTaIOTC51 O,IJ,HH nefiTpannHo ( JierqafillIJie cynepqacTHU,hI), qhH 

B3aHMO,IJ,efiCTBH51 cpaBHJIMbI C B3aJIM0,IJ,efiCTBH51MJI HefiTpHHO, JI OHH ncqe~ 

3aIOT ne,IJ,eTeKTHp0BaHHhIMH. CJie,IJ,OBaTeJibHO, xapaKTepnofi oco6ennocThlO 

3TJIX npou,eccos 6y,IJ,eT ne,IJ,0CTamlll,aR :meprHR JI nonepeqnh1fi HMIIYJihC. Ilo~ 

3TOMY, eCJIJI cynepCJIMMeTpH51 cylll,eCTByeT B npJipO,IJ,e JI eCJIJI OHa Hapylllemt 

na llIKaJie nopR,IJ,Ka 1 TaB, 6y,IJ,eT B03MO)KH0 o6napy)KJITh ee B 6JIJI)KafillleM 

6y ,IJ,ylll,eM. 
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Ilpu.Mepu. PaccMo;rpnM °KOHKpeTili>IC npnMepbI pacna,IJ,a cynepnapTI1epoB: 

cirnapKH: ih,n ➔ q+x? (KBapK + (pOTlIHO) 

ij_L ➔ q'+xt ( KBapK + qap,IJ,)KHIIO) 

q ➔ q+g (KBapK + rmomm) ,IJ,JI51 rilq > m 9 
t1 ➔ c+x? (ocHOBHaR MO,IJ,a) 2 cTpyn +fh 
t1 ➔ b+xt 2 b cTpyH + 2 Jiemona + tr 

<➔ xUl' (ff'== Iii, qq) ( 4 cTpyn) + $r 
CJieTITOHhl : l ➔ l + x? ( JienTOH + · cpoTnn~) 

IL ➔ 
-± ( HefiTpnn~ ·+ qap,IJ,)KJii10) V[ + Xi 

f'JIIOJIHO : g ➔ q+q+i' ( ~BapK + anTHKBapK + cpoTnno) 

( l'JIIOOH + (pOTJIHO) 
·I 

g ➔ g+i' 
qap,IJ,)KlIHO : -± Xi -o ➔ e+ve+Xi (:meKTpOH + HefiTplIIIO + <pOTlIHO) 

-± Xi ➔ q+if + x? (irnapK + aHTlIKBapK + (pOTHIIO) 

11efiTpaJilIHO : -o 
X2 -o X ➔ X1 + , 

B IIOCJJe)~HCM cnyqae cylll,eCTBYCT MIIOI'O B03M0)KllbIX KallaJIOB pac11a;\a, BH-

)\HMbIX JI IIeBH/\JIMb!X. 

BH,IJ,HMhie KaHaJihI 

xg ➔ x?1+z- (l = e, µ, r) 
➔ xt'l'f'v, 

<➔ x?l±v1 

➔ x?qq 
➔ XO 
➔ xtqif 

<➔ x?Z±qq' 
➔ xf['f'v, 

<➔ xYqif 
➔ xrqr 

<➔ xYZ±v, 

HeBJI,IJ,HMbI_H KaHaJI 

➔ x.Yv1ii1 
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Kone<111h1e cocT0RHHa · 

i+z- +-tr 

2 CTpytt +-tr 
,+$r 

2 cTpyJI +$r 

1± + 2 cTpyu +Ir 

z± + 2 cTpyJI + tr 

Koueqnoe cocTORHHe 

Ir 



5. HapyrneHMe cynepcMMMeTpMM B MCCM 

TaK KaK HH 0,1.1,tto H3 nonei1 MCCM He MO,KeT ttMeTb oTnw--moe OT HJJI51 

BaKyJMHOe cpe,1.1,Hee, Tpe6y10w,eec51 ,1.1,JI51 HapyrneHH51 CYCH, He ttapyrna51 

IIpll 3TOM KaJIH6poBO'IHOli llHBapttaHTHOCTll, npeinonarae.TC51, 'ITO CIIOHTaH

HOe HapyrneHHe cynepCHMMeTpllll IIpOHCXO,l],llT C IIOMOlll,bIO KaKHX-TO ,1.1,pyrttx 

nonei1. Han6onee pacnpocTpaHeHHbIM cu,eHaptteM ,1.1,n51 nonyqeHH51 HH3K0-

3Hepr::eTtt'lecKoi1 HapyrneHHOli cynepCHMMeTpllll 5IBJI5IeTC51 TaK Ha3bJBaeMblli 

cu,eHaptti1 c-x;p'btmo20 C(f'X:mopa [17]. CornacHo eMy cyrn,ecTBJIOT ,1.1,Ba ceKTO

pa: o6bJ'lHa51 MaTepll51 IIpllHa,1.1,ne:lKHT 11 Bll,1.l,llMOMy 11 ceKTOPY, B TO BpeM51 KaK 

BTOpoi1, 11 CKpb!Tbltt: 11 ceKTOp co~ep:lKllT IIOJI51, KOTOpbie IIpllBO,l],5IT K Hapywe

Hll!O cynepCHMMeTpllll. 8TH ,l],Ba ceKTOpa B3allMO,l],ett:CTBJ!OT ,1.1,pyr C ,1.1,pyroM 

nyTeM .o6MeHa HeKOT~pb!Mll, IIOJI~Mll, Ha3bJBaeMb!Mll "nocpe,1.1,HHKaMH 11
• OHll 

nepeHOC5IT uapyrneHHe cynepCHMMeTpllll ll3 CKpb!TOro ceKTOpa B Bll,1.1,llMblli. 

ITocpe,1],HllKaMH MoryT CJIJ)KllTb pa3Jill'lHbie IIOJI51: rpaBllTOHbI, KaJIH6pOBO'l

HbJe 6o30Hhl ll T. ,l],. CKpb!Thlli ceKTOp npe,1.1,cTaBJI5IeT co6oi1 Hatt6onee J513-

BllMJIO qaCTb MCCM. B HeM co,1.1,ep)KllTC51 60JibllIOll IIpOH3BOJI, 'ITO Be,1.1,eT 

K ·Heonpe,1.1,eneHHOC~ll B npe,1.1,cKa3aHtt5IX MCCM, KOTOpbIC MbI paccMOTpttM 

Hll)Ke. 

B HaCT05Illl,llli MOMeHT cyrn,ecTBJIOT 'leTb!pe OCHOBHbIX MexaHH3Ma nepe

HOCa uapyrneHH51 cynepCHMMeTpllll .\f3 CKpbITOro B Bll,1.1,llMblll ceKTOp. ITo

cpe,1.1,HttKaMH IIpll 3TOM BbICTyIIaIOT: 

• rpaBIITOHbl ( cyneprpaBHTaU,H51) [18]; 

• Kam16poBO'lHbJe IIOJI51 [19]; 

• aHOMaJillll [20]; 

• KaJitt6pttHO [21]. 

Bee 'leTbipe MexaHH3Ma M5IrKoro HapyrneHH51 C_}'IIepCllMMeTpllll pa3JIH'la

lOTC51 B ,1.1,eTaJI5IX, HO CXO,l],5ITC51 B pe3JJibTaTaX. OHll reHepttpJ!OT Hapyrna!O

lll,lle cynepCHMMeTpllIO KaJIH6pOBO'IHO-llHBapttaHTHbJe onepaTOpbl pa3Mep

HOCTll ::; 4: 

· Lsoft - L m; IAil2 
- L Mi(>.i>,i + .Xi.Xi) 

i 

- L BijAAj - L AijkAiAjAk + 3.C., (5.1) 
ij ijk 
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KOTOpbie 5IBJI5IIOTC51 e,1.1,HHCTBeHHO B03MO)KHbIMII onepaTopaMH, He pa3pywa

!Olll,llMll nepeHOpMttpyeMOCTb TCOplllI ll coxpaH5I!Olll,lIMH cynepcHMMCTplI'-1-

HblC TO:lK,1.1,CCTBa Yop,1.1,a [22]. ITo 3TOll IIplI'IllHC llX IIpllH5IT0 Ha3bIBaTb .l>t.fl2-

'X:U.MU onepaTopaMH. 

, ITpe,1.1,CKa3aHH51 CIICKTpa Mace 3aBHC5IT OT MCXaHH3Ma HapyrneHll51 cynep

CllMMCTpllll. ,n:n51 cpaBHCHll51 'ICTbipex YIIOM5IHJTbIX MexaHlI3MOB Mb! npe,1.1,

CTaBllJilI Ha pttc. 10 TllIIll'IHblli CIICKTP Macc,n Ka)K,l],OM cny'.ae HOpMHpOBaH

Hblli Ha Macey KaJIH6pttHO M2 [23]. 

SP..\RTICLE _SPEC'Tll..\ 

IO 
g ===Q 

.\I/.\I, 
--<i --Q 

-i .. i: 

9 -- ii-- iP-- [,===<2 

,+ -- \+=i. \+ ___ \+~;, 
iP -- i,0 -f =i..1~•iP=;:,· 

Gravity Ghugc Auoma.ly G>ittgiuo 

Pnc. 10. CneKTp Mace cynepqacTirn, ,Il;Jrn pa3JIHqHbIX Mexattn3M0B uapyrnemrn cynepcnM
MeTpnn 

,l(JI51 Bbl'lllCJICHll51 cne1hpa Mace :cyrreprrapTHepOB ueo6xb,1.1,iIMO 3Ha1.'b 51B-' 

Hblll Bll,1.1, uapyrna!Olll,llX cyrrepCllMMCTPHIO 'IJJCIIOB. B cnyqae MCCM ll, rrpn 

coxpa,HeHHH R-'leTHOCTll OH_H HMCIOT Bll,1.1, 

2 '2 (1 - _: 
-£Breaking = ~ mod'Pd + 2 "f, Mo:Aa:Ac, + BH1H2 (5.2) 

+ A'f.i,Q/jgH2 + A!tCJaDbHl + A~bLaEbHl + 3:c.), 

r,1.1,e SU(2)-ttn,1.1,eKCbI orrylll,eHbJ. 3,1.1,ecb 'Pi - Bee' CKaJI5IpHbie rroJI51, Ao: - rrOJI51 

KaJIH6ptttto, Q, U, D H L, E - CKBapKOBhie tt cnenTOHHbie IIOJJ51 cooTneT

CTBCHHO, a H1,2 - SU(2)-,1.1,Y6neTbI xurrconcKiix rronei1. 

JlarpaH)KHaH (5.2) .co,1.1,ep~llT orp0MH0~ 'lllCJIQ CB06Q,l],Hb!X rrapaMeTp0B, 

KOTQphle CHH)Ka!O::r npe,1],CJ<a3aTCJibHJIO CHJIY MO,l],CJIH. ,n:mi JMCHbllI_CHH51 _ llX 
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•rnCJia MbI npHMeM TaK Ha3bIBaeMyIO r11n0Te3y y1tueepca11:b1tocmu, T. e. npe,n.

noJIO)KHM, yttHBepcaJibHOCTb IIJIH paBeHCTBO pa3JIH'IHblX M51rKHX napaMeT

pOB npH Bb!COKIIX 3Heprl151X, a IIMeHJIO: IlOJIO)Kl1M MaCCbl BCex '-laCTllll, Cill1-

Ha O paBHb!Mil YIIIIBCpCaJibHOMY 3Ha'-leHIIIO mo, MaCCbl BCex 'IaCTIII.I, cmrna 

1/2 {KaJin6pIIHO) paBHblMII m1;2, a Bee Ky6n'-1Hble H KBa,n.paTll'-IHbie 'IJieHbI, 

nponop11,HottaJibHb1e A 11 B, noBTOp51IOill,HMH CTPYKTYPY IOKaBcKoro cynep

noTett11,HaJia '( 4.5), B CBOIO O'-Iepe,IJ.b, q>HKCHpOBaHHOrO Tpe60Bam1eM KaJin6-

pOBO'-IHOH IIHBapnaHTHOCTH. 9TH ,Il.OilOJIHHTeJibHble Tpe6oBamrn MOTHBHpo

BaHbl cyneprpaBHTall,llOHHblM MexaHII3MOM ttapyrneHH51 cynepCHMMeTpIIH. 

YnnBepcaJibHOCTh ne eCTh neo6xo,n.nMoe Tpe6oBanne, BTIOJIHe MO)KHO pac

CMaTpHBaTb l1 tteyHHBepcaJibHhie '-IJieHbl. O,n.naKO 3TO He npnBe,IJ.CT K Ka'-le

CTBeHHblM pa3JIH'-III51M B npC,IJ.CKa3aHmIX. TI03TOMY Hll)Ke Mb! paCCMOTpHM 

YHHBCpcaJibHble rpaHH'-IHbie JCJIOBH51. B 3TOM CJiy'-lae JiarpaH)I<HaH (5.2) 

npIIHHMaeT BH/~ 

2 2 (1 - -
-£Breaking = mo~ l<i?il + 2m1;2 ~ .Aa,-\i · (5.3) 

+ A[y;;,,QaUbH2 + y~QaD1,H1 + Y~bLaE1,H1] + B[µH1H2} + 3.c.). 

MnrKttc 'IJICHbI ttcnocpc,n.cTBCHHO napyrnaIOT cynepCIIMMeTpmo. KaK 6y

,n.eT nOKa3ano IIII)Ke, OIIII npHBO,Il.~T K cneKTPY Mace, OTJIH'IalOill,CMYC51 OT 

cneKTpa Mace o6b!'IHbIX 'IaCTHQ. HanOMHHM, '-ITO MaCCbl KBapK0B n Jien

TOHOB ocTaIOTC51 ttyJieBhIMH ,n.o Tex nop, noKa SU{2)-c11MMeTpHn ocTaeTcn 

nenapyrnenttoii. 

5.1. · M»rKHe qJieHhI H MaccoBLie cpopMYJI.hI 

Cylll,eCTBJIOT ,n;Ba OCH0BHblX llCTO'-IHHKa MaCCOBbIX '-IJieHOB B JiarpaH)!<nane: 

D-'-IJieHbl ll MnrKHe '-IJieHbl. 11Me51 3Ha<ieHH51 napaMeTpOB mo, m1;2, µ, Yi,..Yi,, 
Yr, A 11 B, MO)KHO nocTpOHTb MaccoBhJe MaTpHQbI ,IJ.JI51 Bcex qacTHQ. 3tta.a 

3Ha'-leHn51 napaMeTpoB na llIKaJie TBO, MO)KHO pernHTb cooTBeTCTBJIOill,He 

Pf-ypaBireHH51 H Bbl'-IHCJlHTb ·HX 3Ha'-ICHH51 Ha 3JICKTpOCJia6ofi llIKaJie. Tio.n.

CTaBJI51}1 3TH 3Ha'-lenna B MaCC0BbJe MaTpHQhl, MO)KH0 npe,n.CKa3aTb cneKTp 

Mace cynepnapnrepos 124, 25]. 

5.1.1. Macchi Ka.JJH6pHHO-XHrrcHHO 

MacCOBb!C MaTpHQbl ,II.JI}! KaJin6pliAo, cynepnapTHepoB KaJIH6pOBO'-IHbiX 6o-

30HOB, It /1,JIH XHrrCHIIO,. cyncprrapT11epoB XHrrcoBCKHX 0030HOB, ne,11,Haro-
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HaJibHbl, 'ITO Be,IJ.eT K CMellIHBaHHIO 3TllX IlOJICH. MacCOBble '-IJieHbl BhirJrn,n.nT 

CJie,IJ.yIOII.1,HM o6pa30M: 

. · _ 1 . - l _ (o) ·{ ~ (c) 
Ccaugmo-Higgsino - --M3AaAa - -xM X - 'ljJM 1P + 3.c.), 

. 2 . 2 . 

r,n.e >-.0 , a= l, 2, ... , 8 - MaiiopaHoBcKne nOJI51 Ka.J;rn6pnHo, a 

( 

fJO .J 
x- ii , 'ljJ = ( t:) 

(5.4) 

{5.5) 

- COOTBeTCTBeHHO MaiiopanOBCKHe IlOJI51 HeiiTpaJIHHO ll ,IJ.HpaKOBCKHe IlOJI51 

'-Iap,IJ.)KHHO. 

MaccoBa51 MaTpHI.J,a HeiiTpaJIHHO HMeeT pa3MepHOCTb 4 X 4: 
. . 

( 

M1 0 , -Mzcos,Bsinw Mzsin,Bsinw J 
M(O) = 0 M2 . Mzcos,Bcosw-Mzsin,Bcosw 

-Mz cos .B sinw Mz cos .B cosw O -µ ' 
Mzsin,Bsinw -Mzsin,Bcosw · -µ 0 

' (5.6) 

r,n.e tan,8 = v2/v1 eCTb OTHOllleHHe BaKyyMHblX cpe,n.HHX ,Il.Byx XHI'rCOBCKHX 

noJieii, a sinw = sin 0w - 06b1'-lnh1ii c1rnyc -aJieKTpoCJia6oro yrna cMernnBa

HH51. <l>H3H'-leCKHe 3Ha'-leHH51 1\1:acc HCHTpaJillHO Mx? 51BJI51IOTC51 co6CTBeHHbl

Mll 3Ha'-leHH51Mll 1\1:aTpHI.J,bl {5.6). . 

,lJ;JI51 '-laJ},IJ.)KllHO HMeeM 2 X 2· MaTpney: 

M(c) =. ·(· .. M2 J2Mw sin .B ) 
J2Mw cos .8 µ · 

{5.7) 

,II;amJa51 MaTpn11,a HMeeT ,II.Ba co6CTBeHHblX COCT051Hll51 X.f,2 C co6CTBeHHh!Mll 

3Ha'-leHH51MH 

Mf 2 = ! [Mi+ µ2 
+ 2Ma, {5.8) 

'. 2 

=i= J(M? - µ2
)

2 + 4Mw cos2 2,8 + 4Mw(M? + µ2 + 2M2µ sin 2.8)] . 

5.1.2. MaCChl CKB.apKOB II CJienTOHOB 

Henc'-le3aIOill,He IOKaBCKHe B3aHM0,IJ.eHCTBH51 npHBO,Il.51T K CMellIHBaHHIO Me)K

,n.y 3JieKTpOCJia6b!Mll co6CTBeIIHh!Mll 3Ha'-leHH51Mll ll MaCCOBh!Mll co6cTBeHHbl

Mll 3Ha'-leHll51MH ,IJ.JI51 TpCThero IlOK0JieHH51 '-laCTHI.J,. MacCOBbie MaTpllI.J,bl ,IJ.JI51 
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-2 -2 -2 mt , mb 11 mT 11MeIOT B11,1.1, 

r,1.1,e 

( 
m;L mt(At-µCot/3)) 

mt(At - µcot/3) m;R , 

( 
mlL mb(Ab - µ tan/3) ) 

mb(Ab - µ tan/3) mlR , 

( 
m;~ mr(Ar _::-/ tan /3) ) , 

mr(Ar - µ tan/3) mrR 

-2 -2 2 
1

( M2 M2) 2/3 mtL = mQ + mt + - 4 w - z cos , 
6 . 

- 2 - 2 2 2 ·(M2 M2) . /3 mtR = mu + mt - 3 w - z cos 2 , 

-2 '-2 ·- 2 ·1( u2 M2) /3 
mbL = mQ + mb - 6 21Vlw + z cos 2 , 

-2 -2 2 1( 2 2) (3 mbR = mn + mb + 3 Mw - M z cos 2 , 

-2 -2 2 , 1 2 2 
mrL = mL + rnr - 2(2Mw - Mz) cos 2/3, 

- 2 - 2 2 (M2 M2) 2/3 mrR = m E. + mr + II' - . z cos . 

(5.9) 

(5.10) 

(5.11) 

Macchi 5IBJUIIOTC5I co6CTBeHHhIMl1 3HaLJelll15IMl1:3Tl1X MaCCOBhIX MaTp11u;. ,Ll,Jrn 

JierK11x noKoJieH11Ii cMeunrnatt11e Hecyiu;ecTBenno. 

TiepBhie CJiaraeMb1e (m2) - 3TO MarK11e LJJieHhI ttapywe1ma cynepc11M

MeTp1111, KOTOpbre Bhl'!11CJrnIOTC5I C TTOMOiu;b!O ypamreHl1ll penopMrpynnhI, 

naLJHHaa c nx 3na~reHIIIi na IIIKaJie TBO IIJil1 nJiaHKOBCKOH IIIKaJie. BTophie 

npe,1.1,cTaBJIRIOT co6on o6b!'!Hb!e MaCCbl KBapK0B 11 JienT0HOB, a TT0CJie,1],HHe -

D-LJJieHhI H3 110Tenu;11aJia. 

5.2. XttrrCOBCKIIii IIOTeHIJ;IIaJI 

KaK y,Ke ynoMIIHaJI0Ch, x11rrcoBCKIIIi noTenu;IIaJI B MCCM n0JIH0CThlO onpe

,1.1,eJiaeTCH cynepnoTenu;IIaJI0M (II M5IrKIIMII LJJienaM11). I1Me5I B BH,1.1,Y CTpyK

TYPY cynepnoTettu;IIaJia W ( 4.5), caMo,1.1,encTBIIe noJieii XIIPrca onpe,1.1,eJiaeTCH 

IICKJIIOLJ11TeJihHO D-LJJiettaMII, B TO BpeMH KaK F-LJJieHhI ,1.1,amT BKJia,1.1, B Mac

coByIO MaTpIIu;y. Ha ,1.1,peBeCH0M yp0BHe noTeHIJ;IIaJI IIMeei BH,1.1, 

Vtree(H1, H2) = milH11
2 

+ m~IH21
2 

- m~(H1H2 + 3.c.) · 
2 '2 2 

+ g : g (IH11
2 

- IH2l
2
)
2 

+ ~ IHt H21
2

, (5.12) 
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r,11.e mi = mk + µ 2
, m~ == mJI

2 
+ µ 2. Ha IIIKaJie TBO mi = m~ = 

m5+µ5, m~ = -Bµo. 3aMeTIIM, '!TO K0HCTaHTa caMO,l].eHCTBII5I xnrrcOBCKIIX 

rroJieil B (5.12) qrnKCIIpOBana II onpe,1.1,eJI5IeTC5I KaJIII6pOBO'!HbIMII B3al1M0,l].eH

CTBl15IMl1 B 0TJIIILJ11e OT CM. 

X11PrCOBCK11it no~eHIJ;HaJI ( 5.12) B C00TBeTCTBl1II C cynepC11MMeTpIIeii no

JI0)Kl1TeJihH0 onpe,11.eJieH II ycT0HLJl1B. Ott He IIMeeT HeTpIIBIIaJihH0ro MIIHl1-

MyMa, 0TJIIILJH0ro OT HYJI5I. ,LI,enCTBIITeJibHO, 3anIIIIIeM yCJIOBII5I MIIHIIMyMa 

Il0TeHIJ;IIaJia (5.12): 

1 oV 
20H1 
1 oV 
20H2 

2 + ,2 
2 2 g g ( 2 2) 0 

mi V1 - m3V2 + 4 Vi - V2 vi = , 

g2+g'2 . 
2 2 --( 2 2) 0 m 2v2 ~ m 3vi + 

4 
v 1 - v2 v2 = , 

r,11.e BBe,1.1,eHhl o603HaLJeHII5I 

(5.13) 

(5.14) 

H - - . /3 2 2 2 _v2 <. i >= V1 = vcos/3, < H2 >= v2 = vsm , v = Vi +v2, tan/3 = -. 
Vi 

PerneHl15I ypaBHeHIIH (5.13), (5.14) MoryT 6b!Th Bbipa)KeHhl B TepM11HaX v
2 

11 sin 2/3: 

2 4{mi - m~ tan
2 /3) 

V -
- (g2 + g'2.)(tan2 f3 - 1)' 

2 
2m3 

sin 2/3 = mi + m~ · (5.15) 

l13 (5.15) JierK0 YBH,l].eTb, '!TO eCJIH mi= m~ = m5+µ5, TO 3HaLJeHiie v
2 

0Ka-

3bIBaeTC5I 0TpHu;aTeJihHhIM, T. e. MIIHHMYM He cyiu;ecTByeT. B ,11.eitCTBHTeJih

H0CTII TT0JI0)KHTeJihHbie Beiu;ecTBeHHbie peweHII5I ypaBHeHtttl: (5.13), (5.14) 

cyiu;ecTBYIOT, eCJIII BbITT0JIH.ffiOTC5I CJie,1.1,YIOiu;IIe YCJI0BH5I: 

2 2 2 2 m1 +m2 > m3, 
2 2 4 

mim2 < m3, (5.16) 

'ITO He Bhlll0JIH5IeTc5I Ha UIKaJie TBO. 8To 03HaLJaeT, LJT0 cnoHTaHH0e Ha

pywett11e SU(2) KaJitt6poBoLJHOit IIHBapuaHTH0CTII, tteo6xo,1.1,ttMoe B CM ,11.JIH 

np11,11.aHIIH Mace BCeM qacTttu;aM, .He_IIMeeT MecTo B MCCM. , 

8To cttJihH0e yTBep)K,11.etttte cnpaBe,11.JI11B0, 0,1.1,naKo, T0JihKO Ha UIKaJie TBO. 

ECJIII ,1.l,BIImTbC5I,HII)Ke no 3Hepr1111, ·napar,.1eTpbl II0Teiiu;ttaJia (5.12) rrepettop

Mn:pyIOTC5I. OHH CTaH0B5ITC5I TaKBa3hIBaeMhIMH "6eryUI;HMH 11 napaMeTpaMII, 

npttLJeM HX 3HepreTHLJeCKa5I 3aBHCHM0CTh 0fIHCbJBaeTC5I ypaBHeHH5IMII pe

H0pMrpynIIbl. 8To IIpHB0,11.HT K 3aMeLJaTeJibiIOMY 5IBJieHH
0

IO,· Ha3hIBaeM0MY 

paauav,uotttt'bt.M cno~matttt'bt.M ttapymettue.M cu.M.M~mpuu, K0Topoe MhI 06-
~ '" i 

cy,n;IIM Hl1)Ke. 
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B TOM CJiy,'JaC, Kor,11,a yCJIOBlUI (5.16) Bb!IlOJIH5IIOTC51, MaCCOBbJe MaTpHI],bl 

Ha ,11,peBCCHOM ypOBHe npHHIIMalOT BII,11,: 

CP-He<JeTHbie KOMilOHeHTbl Pi II P2 : 

odd a2v I ( tan /3 1 ) 2 
M = 8!{8Pi H;=v; = 1 cot/3 m 3; 

{5.17) 

CP-<JeTHbie ueiiTpaJibHbie KOMnoneHTbI S1 Ii S2: 

Meven= a
2
v l=(tan/3 -1 )m2+(cot/3 

. asiasj -1 cot/3 
3 

-1 
-1 ) 

t 

M2sin2/3 
an/3 z - · 2 ' 

{5.18) 
:mp}l)KCHHhIC KOMnoHeHTbI H- II H+: 

ch a2v I ( tan /3 1 ) ( 2 2 . ) ( 
M = 8H;+aHT H;=v; = l cot/3 m3 + Mw cosf3sm/3 . 5.19) 

,U11arouaJIJ13IIPY51 MaCCOBbie MaTpim,bI, Mb! npHXO,ll,IIM K CJie,l),JIOll.l,IIM co6-

CTBeHHbIM COCT05IHH51M: 

{ ~o 
= - cos/3Pi + sin/3P2, 

sin /3Pi + cos /3P2, 
ron,n;cToyHoBCKHii 6o30H -+ Zo, 
He:ii:TpaJibHbIH C P = -1 xnrrc, 

{ 
c+ = 
H+ = 

- cos f3(Hi"")* + sin/3H:f, 

sin /3(Hi"")* + cos /3H:f, 
rOJI)];CTOYHOBCKHH 6030H -+ W+, 
3apmKeHHbI:ii: xnrrc, 

{~ - sin aS1 + cos aS2, 

cosaS1 + sinaS2, ·. 

xnrrcoBCKH:ii: 6o30H CM C P = l, 
,!],OilOJIHHTeJibHblll T5l)KeJiblll XHrrc, · 

r,11,e yroJI CMeUIHBaHH51 a HMeeT BH,ll, 

(
m2 +M2) 

tan2a = tan2/3 t M~ . 
· mA- Z 

<l>H3H<JeCKHe XHrrCOBCKHe 6o30Hbl npHo6peraIOT· CJie,l),JIOll.l,He MaCCbl (14): 

CP-ne'leTHblH tteiiTpaJibHblit XHrrc A : · m~ = mr + 7ni, (5.20) 
3ap.H~eHHb1e XHrrcbI H±: mif± = m~ + Ma,, 

CP-'leTHbie aeiiTpaJibHbie xHrrcbI H, h:. 

mJl,h = ~ [m~ + M1 ± J(m~ + M2)2 ~ 4m~M1cos2 2/3] , 
38 

(5.21) 

rne KaK 06b1<J110 M 2. = riv2 M 2 = 9
2
+9'

2 

v 2 
,...., , W 2 , Z 2 · 

cho npIIB0,11,HT K 3HaMeHIITbIM CYCI1-yCJIOBII5IM Ha 3Ha<JeHII51 Mace XIIrr-

COBCKIIX 6030HOB 

(5.22) 
mH± 2:: Mw, mh :S mA :S MH, 

mh :S Mzl cos 2/31 :S Mz, m~ + mJI = m;i + M}. 

TaKIIM o6pa3oM, Jier<JaiIUIHii x11rrcoBCKHH 6o30H OKa3bmaeTC51 Jier<Je Z-
6o3oua, 'ITO OTJI_H<JaeT era OT XHrrcoBcKoro 603oua CM, 1160,xoT51 Mb! n ue 

3uaeM 3ua<Je1rne MaccbI xIIrrcoBcKoro 6o3ona B CM, cy11.1,ecTBYIOT pa3JIH<J

Hbie KOCBe!IHbJe orp8;HII'leHII51, IlpIIB0,11,5IIIJ,IIe K HII)KHeH rpaHHIJ,e m~M 2: 135 

f3B. TioCJie BKJIIO<JeHH51 pa,11,HaIJ,HOHHbIX norrpaBOK Macca Jier<Jaiirnero :irnrr

coBCKoro 603011a mh B MCCM .B03pacTaeT. Mb1 paccMOTpHM 3TOT Borrpoc 

6oJiee rro,!],po6110 HII)Ke. 

5.3. PettopMrpyrn10Bo:ii: attamt3 

,UJI}j Bbl'IIICJICHH51 HH3K03HepreTH'ICCKHX 3Ha'ICIIHH M5IrKHX rrapaMeTpOB Mb! 

11crrOJib3YCM ypaBnen1151 pe11opMrpyrrrrb1. B o,11,11orreTJICBOM rrpi16JIII)Ke1111iI Pf

ypaBnemrn ,IJ,JI5l KOHCTaHT CB513H MCCM HMCIOT BH,11, [26] 

do:i 
dt 

dYu 
dt 

dYv 

dt 
dYL 
dt 

-2 b;a;, t = log Q2 
/ M8ur, 

-YL (13
6 

0:3 + 30:2 + ~!a1 - 6Yu - Yv), 

-Yv (
1

3

6 
a3 + 3a2 + 

1

7

5
a1 - Yu - 6Yv ~ YL), 

-YL (3a2 + ~a:i - 3Yv - 4YL ), {5.23) 

r,11,e Mbl HCilOJib30BaJIH o6o3Ha<JeHH51 a = a/ 47f = g2 /l61r2, y = y2 /l61r2. 

,UJI}j M51rKHX napaMeTpOB HaXO,l],HM 

dM; 
dt 

dAu 
dt 

dAv 
dt 

dAL 
dt 

b;o:iMi, 

16 _ 13 _ 

3 a3M3 + 3a2M2 + 
15

a1M1 + 6YuAu + YvAv, 

1
3
6 

a3M3 + 3a2M2 + t5a1M1 + 6YvAv + Yu Au+ YLAL, 

9 
3a2M2 + 5a1M1 + 3YvAv + 4YLAL, 
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302M2 + ~c:i1M1 + 3YuAu + 3YvAn + YLAL, . . 5 
dB 
---

dt 

[( 
16 _ 2 _ M 2 1 _ 2) 

-
3

03M3 + 302 2 + 
15

01M1 
d-2 mQ 

dt 
v· ( - 2 - 2 2 A2 ) Yi ( - 2 - 2 2 A2 )] Lu mQ + mu + mH2 + u - D mQ + mv + mH1 + D , 

[( 16 _ M2 16 _ M 2) 2y, ( - 2 - 2 2 A2 )] 
- . 303 3 + 15 o1 1 - u mQ + mu + m H2 + u ' 

d- 2 mu 
dt 

[( 16 - M2 4 - M2) 2Yi ( - 2 - 2 2 A2 )] - 303 3 + 1501 1 - D mQ+mv+mH1+ D ' 

d- 2 mv = dt 

- [3(02Mi + i~1M;) - YL(ml +mt+ mil+ AD]' 
-2 ·dmL 

- ·-
dt 

- [(
1
5
2 

c:i1Mf) - 2YL{m1 +mt+ mil+ AD]' 
drni 

= dt 

-µ2 [3(02 + iai) -(3Yu + 3Yv + YL)], . {5.24} 
dµ2 

dt 

- [3(&2Mi + ia1M;) - 3Yv(m~ +m1 + mi1 + A1) 
2 dmH

1 

dt 
v ( - 2 - 2 2 A2 )] -LL mL+mE+mH1 + L ' 

- [3(&2Mi + ia1Mr}- 3Yu(m~ + m&_+ mi2 +A&)]. 
2 dmH2 

dt 

I1Me51 Bee Pf-ypaBHemrn, MO~HO HaHTH IlOTOK peHOpMrpynn~r ,!J;JI}I M5lr

KHX napaMeTpOB. Bb16Hpa51 Ha'IaJibHbie ,n;aHHbie ,!J;JI}I M51PKHX Mace Ha IIIKa

Jie TBO B HHTepBaJie 102 -;- 103 raB, 'ITO corJiacyeTC51 co IIIKaJIOH Ha

pyllleHH51 CYCM, noJiyqaeMofi H3 ofrhe,D;HHeHH51 KaJIH6poBO'IHbIX KOHCTaHT 

(2.7), HaXO,!J;HM IlOTOK peHOpMrpynnbI ~JI}I M51PKHX Mace, IlOKa38.HHblll Ha 

pHC. 11 [24, 25]. 
OTMeTHM CJie,D;yIOllIHe o6nrHe qepTbl "6era" M51PKHX napaMeTpOB, He3a~ 

BHCHMbie OT BbI6opa Ha'IaJibHbIX ,n;aHHblX; 

l. MacCbl KaJIH6pHHO IlOBTOp5IIOT "6er" KaJIH6poBO'IHbIX KOHCTaHT CB~3II 

II pacnrenJI51IOTC51 npH Hl13KHX 3HeprH51X, npH'IeM Macca rJIIOHHO H3MeH}IeTC51 

6bICTpee OCTaJibHbIX. fJIIOHHO 5IBJI51eTC51 o6b!'IHO caMOH T5DKeJIOH 'IaCTHI.1,eH 

H3 KaJIH6pHHO 'H3-3a Toro, 'ITO OHO yqaCTBJeT B CltJibHb!X B3aHMO,D;eHCTBH51X. 

2. MaCCbl CKBapKOB H CJieilTOHOB TaK)Ke pacnrenJI5IIOTC51 npH HH3KHX 

3Hepni51X, npH'IeM CTOilbl (H c6oTTOMbI) OKa3bIBaIOTC51 Jierqe OCTaJibHb!X 

CKBapKOB H3-3a OTHOCHTeJibHO 60JibIIIHX IOKaBCKHX KOHCTaHT. CB513H y Tpe

Tbero IlOKOJieHH51. 
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Pnc. 11. TnnwrnaH 3B0JII01\HH Mace cynepnapT11epoB H napaMeTpoB MHrKoro ttapyrneHHH 

cynepCHMM€TpHH m~ = mJ,, + µ2 H m~ = mJ,2 + µ2 
,ll)IH MaJioro (CJieBa) H 60JiblliOro 

( cnpaBa) 3HaqeHHH tan ,B · 

3. XttrrcOBCKHe MaCCbl (HJrn no. Kpafinefi Mepc O,D;Ha 113 Irnx) II3MeH5IIOTC51 

O'IeHb 6bICTpO)H HX 3IIa'IeHH51 MOryT CTaTb OTPIIU.aTeJibHblMH. 

T11nH'IIIa51 3aBHCHMOCTb crreKTpa Mace OT Ha'IaJibHblX ycJIOBHll (mo) IIO

Ka3aHa Ha pIIc. 12 [27]. Jl:JI51 <pHKc11poBa1moro 3Ha'IeHWI m 1;.2 Macca Jier:

qafilllnx qacTHU. rrpaKTII'IeCKH He 3aBHCHT OT mo, B TO npeM51 KaK Macca 

T5l)KeJib!X 'IaCTHU. B03pacTaeT C mo MOHO'l'OHHO. KaK BH,!J;HO, JierqafiIIIHe Hefi

TpaJIIIHO n qap,D;)KHIIO, a TaK)Ke CTOII-KBapK MOryT 6bITb BeCbMa JierrrnMH. 
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5.4. Pa,n;1IaIV:IOHHOe Hapyrnemie 3JieKTpoCJia6oii CHMMeTpHH 

Ber x11rrC0BCKllX Mace npl!B0,11,l!T K 51BJiem110, ll3BeCTHOMY KaK paaumiuo1-t-

1-toe 1-tapywel-t'ue :J11e1.mpoc.!!a6ou cu.M.Mempuu. tJ:eiicTimTeJ1b110, KaK M0)KHO 

YBll,11,CTb 113 p11c. 11, m~ (11nn o6e mi H m~) yMeHblIIa!0TC51 npu ,11,BH)Kellllll OT 

II1Kanh1 TBO K lllKane Mz 11 11x 3Ha'-lemrn MoryT ,11,a)Ke cTaTb 0TpHu,aTeJ1b

HbIM1I. KaK pe3yJibTaT nplI HeK0T0p0M 3Ha•1eHHII Q2 ycnomrn MlllIHMyMa 

noTettu,11ana (5.16) Bb!IlOJIII5110TC51 II TT051BJI51eTc51 HeTplIBIIaJibHblll MIUIIIMYM-

9To BbI3bIBaeT cnottTairnoe napyrne1me SU(2) Kam16poBO'IHOii CIIMMeTpHII. 

BaKyyM11b1e cpe,11,tt1Ie XIIrrconcKIIX noneii np1106peTamT nettyneBbie 3Ha'-le

Hll51, 'ITO 06ecne'l1IBaeT Macchi KBapKaM, nenTottaM II SU(2) Ka.r1116pono•1-

HbIM 6030llaM B CIIJIY 3cpcpeKTa X1Irrca, a CO0TBeTCTBYIOlll,lle cynepnapTHepbl 

nonyqaJOT ,ri.o6aBKll K Maccai¼. 

OTCI0,11,a cne,I.1.YeT TaK)Ke II 06'b51CHeH11e Toro, no•1eMy ,I.I.Be lllKaJibl .CTOJlb 

pa3JIH'IHbl. B CIIJIY JIOrap1I(pMll'IeCKOro xapaKTepa 6era napaMCTp0B Tpe6y

CTC51 6oJiblllOe ff BpeM51 11
, 'IT06b! m~ ( IIJIII o6e mi II m~) CTaJIH OTplIU,aTeJib

HbIMII, eCJill Mbl CTapTyeM C n0JI0)Kl!TeJibllblX 311a•1e11111l nop51,11,Ka MsusY ~ 
102 -c- 103 f3B mt mKane TBO. 

6. OrpaHJiqeHHa.H MCCM 

6.1. IlpocTpaHCTBO napaMeTpoB MCCM 

MIIHHMMbHa51 cynepc1IMMeTp1I'I11a51 cTan,11,apT11a51 Mo,11,enb 11MeeT cne,I.1.Y10-

lll,1Iii 11a6op cno60,11,Hb!X napaMeTp0B: 1) TPII KaJ11I6poBO'IHhIX KOHCTaHTbl 

CB5131I ai; 2) TPII MaTp11u,b1 10KaBCK11x K0HCTaHT CB5131I Y!b, r,11,e i = L, U, D; 
3) napaMeTp CMeIIIIIBaHII51 XIIrrCOBCKIIX noneii µ; 4) napaMeTpbi M5lrKoro 

napyllleHl151 cynepcllMMeTplIH. no cpaBHCHIIIO C CM 3,11,eCb eCTb ,11,0TTOJIHII

TeJibHbIH napaMeTp CMern1maH1I51 x11rrCOBCKllX rroneii, HO 3aTO K0HCTa11Ta 

caMo,11,efiCTBII51 XIIrrcon, KOTopa51 npo113BOJibHa B CM, cp1IKC1Ip0Bana cynep

CIIMMeTplieii. fnamm51 neonpe,11,eneHHOCTh B03Hl!KaeT 3a C'leT nelI3BeCTHbIX 

M51rKIIX napaMeTpOB. 

B paMKax rHTIOTe3hl yn11BepcaJ1bHOCTII OCTaeTC51 CJJe,I.1.YIOlll,IIH na6op II3 

TI51TII CB000,11,Hb!X napaMeTpOB, KOTOpbie onpe,11,eJI51IOT IIIKaJiy Mace: 

Vz 
µ, mo, m112, A II B ~tan[,=-. 

Vt 

Bb161Ipa51 onpe,11,eJieHHble 3Ha'leHII51 CB000,11,I-lhIX napaMeTpOB II ,11,ena51 npe,11,

CKa3aHII51,. MO)KHO ,11,eiiCTBOBaTb ,11,BYMH cnoco6aMII: 
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,ai \ 

1) Bb!6paTb HII3K03HepreTII'leCKIIe napaMeTphI, nanplIMep MaCCbl cynep

'-laCTllll, inn, int2, mA, tan/3, napaMeTpbl CMern11BaH1I51 Xstop, µ II T'. ,11,., B 

Ka'leCTBe IICX0,11,HbIX ,11,aHHhIX II Bbl'lllCJll!Tb ceqeHII51 B3alIMO,ll,eiicTBII51 II np. 

KaK <PYHKU,IIII 3TIIX napaMeTpoB; 

2) Bbi6paTb BbICOK03HepreTII'leCKIIe napaMeTphI, TIIna YKa3aHHbIX BbIIIIe 

TI51Tll M51rKIIX napaMeTp0B HapyrneHll51 cynepclIMMeTplIII, pellll!Th ypanne

HH51 penopMrpynnbI II onpe,11,eJIIITh IIX HII3K03HepreT1I'leCKlle 3Ha'leHII51. Te

nepb BCe, Bbl'lllCJien1151 npoBO,ll,51TC51 B TepMIIHax Manoro 'IIICJla Ha'laJihHb!X 

napaMeTp0B. 8Kcnep1IMe11TaJihHbie orpaH1I'leH1I51 ,11,0CTaTO'II-lhI, 'ITOQbl Hai1Tll 

,11,onyCTIIMbie 3Ha'leHII51 3TIIX napaMeTpOB, X0T51 11 C 60JibIIIOi1 neonpe,11,eneI-1-

H0CTblO. 

6.2. Bb16op orpaH11qeHtt:ii 

I1p11 HM0)KeHIIII pa3JIII'II-IhIX Tpe6oBaHIIi1 Ha npOCTpaHCTBO napaMeTpOB 

MCCM, no)Kanyn, tta1I6onee 3aMe'laTeJihHhIM cpaKTOM 51BJI51eTC51 TO, 'ITO 

nee OHII MoryT Bb!IlOJIH51ThC51 0,11,HOBpeMeHHO. B narneM anan1I3e Mbl naKJia

,11,bIBaeM CJie,lJ.YIOlll,l!e 3KCnep11MeHTMhHbie II TeopeTII'leCKIIe 9rpaH1I'1eHII51 • 

• O6'be,I.1.1IHeHII51 KaJI1I6pOBO'IHbIX KOHCTaHT CB5131I. 

9To 0,11,HO II3 na1I6onee )KeCTKIIX orpaH1I'leH1Ii1, KOTopoe Mhl o6cy)K,ll,MII 

B pa.3,11,. 2. Ono cp11Kc1IpyeT rnKany napyrneHII51 cynepclIMMeTplIII nop51,11,Ka 

1 T3B. 

• Macca Z-6o3oHa Mz. 
Pa,11,1IaU,1IOHHhii1 MexaHII3M napyrneHl!51 3JieKTpocna6oi1 CIIMMeTplill ( CM. 

(5.15)) onpe,11,en51eT Macey Z-603ona KaK 

. M2 mi - m~ tan
2 /3 z-2---=----

- tan2 /3-1 
. (6.1) 

lfa 3TOrO YCJIOBII51 onpe,11,eJI51eTC51 napaMeTp µ ,ll,J151 )J.aHHbIX 3Ha'leHIIi1 mo II 

m1/2• 
• O6'he,11,11HeH1Ie IOKaBCKIIX KOHCTaHT CB513l!. 

MaccbI TOTT II KBapKOB, a TaK)Ke T-JienTona MOryT 6bITh nonyqeJJbl II3 Hll3KO

::rnepreTII'leCKIIX 3Ha'leHIIi1 IOKaBCKIIX KOHCTaHT CB5131I corJiaCHO cpopMyJiaM 

mt = Yt v sin /3, mb = Yb v cos /3, mT = YT v cos /3. . (6.2). 

OHII MoryT 6hITh nepenlicaHbl qepe3 TIOJIIOCHbie MaCCbI C Y'leTOM pa,11,1Iall,IIOH

Hb!X nonpaBOK. TToJIIOCHbie MaCCbl ,ll,J151 TpeTbero IIOKOJieHII51 qaCTIIIJ, IIMeIOT 
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CJICA)'IOII~H~ 3H8.'ICHH5! [7]: 

·Mt 

Mb 

MT 

174.3±5.1 f3B/c
2

, 

4.94 ± 0.15 f3B/c
2

, 

1.7771 ± 0.0005 f3B/c
2

. 
,- , ;! 

(6.3) 

Tpe6oBaHHC 061>e,l].HIICHH5! b lI T IOKaBeKIIX KOHeTlUIT eB5!3II Ha illKaJIC TBO 

eHJJhHO orpanwnrnaeT B03MO)l(Hble pe111eHl15! B rr.iioeKOeTII fit 11 tan,B [28], 
KaK 3TO BH,l].HO Ha p11e. 13. 

~.=t~illl " ,w , ~-,X,cz,i;;i,,;,t,;;c,-;q~,d 
-,.__,c,.:n.._v_~-""~"" 

160 

I . 

~ 10 ·'t· ~~~~= .. ·11 "' _, >- 10' - :. 
-3 

10. 
-4 

'."x 
20 

10 

0 _.._...._ . 

10 tan 13 

Puc. 13. CBepxy noK3.3aHa Macca TOII-KBapKa KaK q>YHK1.1,m1 tan fJ )].Jrn m 0 = 600 f38, 
m,12 = 400 f38. 8 cepe,!].!IHC IIOKa3aHbl 3Haqemrn IOKaBCKIIX KOHCTaHT CBH31I Ha ll!KaJie 

TBO, 11 na HIDK11ei1: qacTn pncynKa 11pnBe)].en&1 cooTBeTCTBYIOIII.He Jnaqeuna x2 

• TO'IHh!C 113MepeHH5! Bep05!THOeTeil paerra,l].OB. 

Pa,ll.HaIWOHHhIC rrorrpaBKH OT ,eyrreprrapTHepoB MOI'YT eyrn,eeTBCHHO BJil15!Th 

Ha Bep05!THOeTII pacrra,l].OB ,l].a)Ke B IIO,ll.IIOpOI'OBOli o6JiaCTl1. Mb! B35!Jil1 Be

p05!THOCTh pacrra,ll.a BR(b ➔ s-y), KOTopaR 113MepRJiaCh KOJIJia6opa~HRMl1 

CLEO [29] II ALEPH [30], 'ITO ,l].aJIO MI1ponoe cpe,L1.Hee BR(b ➔ s7) = 
(3.14 ± 0.48) • 10-4. B CM rroJiyqaeTcR necKOJihKO MCHhll111tt pe3yJihTaT, 

ocTaBJIRR, TaKIIM o6pa30M, MCCTO ,l].JIR CYCI1. Tpe6ouanI1e cooTBeTCTBl15! 

C 3KCrrepI1MCHTOM ,l].OBOJihHO Cl1JlhHO orpaHil'IIIBaeT rrpocTpaHCTBO rrapaMCT

poB, oco6eHno B CJiy'lae 6oJihillOI'O tan,B. 
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• AHoMaJihHhitt MaI'Hl1THhitt MOMeHT MIOOHa. 

He,ll.aBHee H3MepeHHe aHOMaJihHOI'O ManrnTHOI'O M0MCHTa MIOOHa YKa3bIBa

eT Ha He60Jih111oe OTKJIOHe11I1e OT rrpe,ll.CKa3am1rr CM rropR,ll.Ka 20'. He,L1.o

cTaTOK MO)KCT 6b!Th JICI'KO 3aIIOJIHCH BKJia,l].0M cyrrepCIIMMeTpHH, KOTOphlli 

rrporrop~110HaJICH rrapaMeTpy µ. 9To Tpe6yeT_IIOJI0)1(11TCJlhHOI'O 31IaKa µ, 'ITO 

3aKphrnaeT IIOJIOBl1HY rrpocTpaHcTBa rrapaMeTpoB MCCM [31]. 

• 9KerrepHMCHTaJihHhJe orpaHl1'1CHH5! Ha MaeChl cyrrep'!aCTl1~. 

CyrreprrapTHepbl He Ha6JIIO,l].aJil1eh B 3KCIICpIIMCHTC II Il3 II011_CKOB cyrrepCHM

MCTp1111 Ha ~EP Il3BCCTHhl orpaHl1'1CHl15! CHl13Y Ha MaCChl 3ap5i)KCHHhlX JICII

T0HOB II qap,ll.)KIIHO. 01111 coeTaBJI5!IOT OKOJI0 IIOJI0B11Hhl cyMMapnorr 311eprm1 

B cI1eTeMe ~enTpa Mace [32]. OrpaHI1'!e1111e Ha Macey neiiTpaJI11Ho rrpHMepno 

B ,LI.Ba pa3a MCHhille. Cyrn,ecTBYJOT TaK)Ke orpaHil'ICHHR na Macchi CKBapKoB 

II I'JIIOl1HO, IIOJIY'ICHHhJe na a,l].pOHHhIX KOJIJiatt,l].epax [33]. 9TII orpaHil'ICHl15! 

naKJia,l].bIBalOT Tpe6oBaHl15! Ha MIIHl1MaJihHh!C 3Ha'!CHl15! rrapaMeTp0B napy-

111CHl15! cyrrepC11MMCTpI111. 

• TeMHa5! MaTep115!. 

He,L1.aBHl1e O'ICHh'._TO'!Hh!C acTpoqm311'1CCKile ,l].aHHh!e orpaHI1'll1Ba10T KOJIH

'!CCTBO TeMHOtt MaTep11I1 BO BceJieHnorr na ypoBne 23 %. Ilpe,n;rroJiaraR, 'ITO 

rrocTORHHaR Xa66Jia ho > 0.4, Haxo,L1.11M, 'ITO BKJia,ll. Ka)K,ll.Ott peJIIIKTOBoil 

'!aCTl1~hl X ,l].OJI)KCH Y,ll.OBJICTBOp5!Th YCJIOBIIIO nxh5 rv 0.1 -;- 0.3. 9TO CJIY

)1(11T oqenh c11JihHhIM orpa1111'!eH11eM Ha CYCI1-rrapaMeTphI [34]. 

l1Me5! B BIIA)' yrroMRHYThIC Bh!ille orpaHWICHIIR, MO)KHO HattTH na1160Jiee 

BCp05!THYJO o6JiaCTh rrpoeTpaHCTBa rrapaMeTpOB, MIIHIIMl13HPY5! cpyHK~HIO 

x2. ,II:JIR ~eJieil HaCT051lll,CI'O aHaJil13a Mhl 11CI10Jlh30BaJIII CJICA)'IOlll,CC onpe

,Il,CJICHIIC X2 [~5): 

x2 -{ ~a;1(Mz)0-~ffssM;·(Mz))_2
· 

i=l ' . (Ti . · 

; (Mz _:. 91.18f (Mt - 174)2 

+ 2 + 2 
O' z O't 

(Mb - 4.94)2 (Mr - 1.7771)2 

+ 2 + 2 
O'b O'T 

(Br(b ➔ s7) .:_ 3.14 x 10-4
)

2 

+·-'---__:_---'-'-------'--
O'(b ➔ s7)2 

{6.4) 

(Oh2 - 1)2 

+ 2 (,L1.JI51 Oh2 > 1) 
O"n 
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+ (~aµ - 4.3. 10-10)2 
a2 

aµ 

+ (M - A1exp)2 

2 
ail 

(,IJ,JUI M < Mexp) 

(mLSP - m )
2 

+ X 
2 

aLSP 
(,ll,JUI 3apmKeHHOH mt.,sp ). 

TTpmK,[),e Bcero Haii,[),eM 3Ha'-!em1e napa.MeTpa cMennrnamrn xmTCOBCKHX 

noJieii µ 113 Tpe60Ba11m1 pa,ll,11aI-VIOHHoro HapymeHl151 3JieKTJ)OCJia6oii ciIM

MeTpH11, 3aTeM Mb! Bb16epeM 3Ha'-!eHH51 tan /3 113 Tpe6o~aHmI 06'be,[),I1He1Il151 

IOKaBCKl1X K0HCTaHT CB51311 ( CM. p11C. 13). Cym,eCTBYIOT ,[),Ba B03MO)KHbIX pe

meHH51: pemeHl1e C MaJJblM tan/3 C0OTBeTCTByeT 3Hat.JeHHJO tan/3 ~ 1.7, a 

pemeHHe c 6oJiblllHM tan/3 - 3Ha'-leH11JO tan/3 ~ 30-;- 60. OcTaIOTC51 3na,1e-

rl 20 
~ 

15 

10 

5 

0 

;>'1000 

"' 2_ 800 
t! 

E- 600 

400 

200 

tan ~ ~ 1.65. µ > 0 

1000 

800 

600 

400 

200 

500 1000 

"lo[GeVJ 

tan ~ = 35, µ < 0 

500 1000 

N 20 
~ 

15 

10 

5 

0 

1000 

800 

600 

400 

200 

-- I 

tan ~ = 64, µ > o 

,I 
500 1000 

Pnc. 14. x2-pacnpe,11.eJieHHe ,!I.JIH perneHIIfi C MaJiblM H 60JiblllHM tan fl. Pa3JIII'lHbie tJBeTa 

ua pncyuKe COOTBeTCTBYIOT H3Meueunm,1 x2 C rnaroM Llx2'= 4. 3BC3,!1.0'IKOH o6o3uaqe

HO onTHMaJihHOe pemeune. Km!TyphI 060311aqa10T o6JiaCTH npnJIO)KeHirn KOHKpenihIX 

YCJIOBHH, HCITOJ!b3yeMbIX B aHaJIH3e 

Hl151 napal\1eTpOB A, mo H m1;2- O,[l,ttai<O pOJib TpOHHOH KOHCTaHTbl CB513H A 
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Hecym,eCTBeHHa. B ,[l,aJibHCHllleM Mbl paCCMOTpHM npoeKl_\HIO Ha TIJIOCKOCTb 

mo, ml/2 11 Hatt,[),eM pa3pemeHHbie o6JiaCTH B 3TOH IlJIOCKOCTH. Ka)K,[),OH T0'-1-

Ke Ha IlJIOCKOCTH COOTBeTCTByeT Ha6op ·napaMeTpOB, '-!TO Il03BOJJ51eT Bbl'-IHC

Jil1Tb cneKTp Mace, ce'-!eHH51 B3aHM0,[1,ettcTBH51 H T. ,[I,. 

Pa3pemeHHbie 06JiacT11 npocTpaHCTBa napaMeTpOB B cny'-!ae MaJioro 11 

6oJJblllOrO tan /3 npe,[!,CTaBJieHbl Ha pHC. 14. 9TOT p11cyHOK ,[),eMOHCTp11pyeT 

poJib pa3Jil1'-IHbJX ycnoBHii H 11x BKJia,[I, B cpyHK1\11IO x2
. KoHTYPbI o603Ha'-la

IOT o6JiaCTl1 npHJJO)KeHl151 pa3JIH'-IHbIX yCJJOBHH, 11CilOJib30BaHHblX B aHaJil13e 

[35]. . 

6.3. CrreKTp Mace cyrreprrapTHepoB 

Kor,[),a Ha6op napaMeTpOB q>l1KCHpOBaH, TO MO)KHO Bbl'-111CJJHTb cneKTp Mace 

cynepnapTHepoB. H11)Ke Mb! npHB0,[1,HM o6pa3el_\ cneKTpa Mace, COOTBeTCTBY

IOlll,HH 011Tl1MaJibHOMY BbI6opy Ha6opa napaMeTpOB, o6o3Ha'-leHHOMY 3Be3-

,[l,O'-IKOH Ha p11c. 14 (cM. Ta6JI. 1) [25]. 

Macchi cynep'laCTHIJ B (f3B] 

CnMBOJI - I MaJihifi tan fl I 6oJiblllOfi tan fl 
x~(B), xg(W3

) 214,413 170, 322 

xg(H1), x~(H2) 1028, 1016 481,498 

xt (w±); xt(H±) 413, 1026 322,499 

fj 1155 f 950 j 
ei;, en 

VL 
303, 270 I 

290 
-

663, 621 I 
658 

ii£, ifn 1028, 936 1040, 1010 

71' 72 279,403 537,634 

b1, b2 953, 1010 835, 915 

t1, i2 727, 1017 735,906 

h,H 95, 1344 119, 565 
A,H± 1340, 1344 565, 571 

Ta6m11Ja 1. 3uaqeHHH Mace cynepnaPTHepoB npn MaJIOM H 60JihlllOM tan fl 

l.fro6bI npO,ll,CMOHCTpHpOBaTb 3aBHCHMOCTb Mace JICr'-1aiim11x '-!aCTl1l_\ OT 

Bb16opa napaMeTpOB, Mbl IlOKa3bIBaeM Ha pHC. 15 11X 3Ha'-leHH51 BO Bceii IlJIOC

KOCTl1 mo, m1;2 [35). 
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Puc. 15. 3na'-lenm1 Mace '-laCTIIIJ. 11 rrapaMeTpa CMeIIInBamrniµ ~mi" tan;/3 = 35, µ < 0 

6.4. 9KcrrepRMeHTaJibHbie rrpi:mnJieuii.a Ha e+ e"' ....:.·'koJI.rraiiAe'pax 

9KcrrepIIMeHTbI, HaKOHeu,, HaqmiaIOT: npOHIIKaTb 'B· cylll,ec·rne1rnyro r<i~CTb 

npocTpaHCTBa· napaMeTpoB MCCM. Mb1 3HaeM, KaKrre1,ecT-h·•cynepqaeirII

JJ,bI II KaKOBbl IIX B3aHMO,LJ,eil.cTBH.H, HO Mb! ne 3HaeM IIX MaCCbl:ll'IIapaMeTphl 
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I 
-

I 

:I 

-

I 

cMeWHBaHII.H. 3Ha.H cneKTp Mace, MO)KHO BbJqII(:JJHTb ceqeHII.H B3aHMO,LJ,eii

CTBH.H H paccMOTpeTb B03MO)KH0CTII Ha6JIIO,LJ,eHII.H HOBbIX qacTIIJJ, Ha COBpe

MeHHbIX ycKOpHTeJI.HX. B npOTIIBHOM CJiyqae MO)KIIO IIOJiyqIITb orpaHHqe

HH.H na HeH3BeCTHbie napaMeTpb!. 

Haqii~M c _e-1:e-;-.:. KOJIJiaii.n.epoB II, npe)K.n.e Bcero, c LEP II. B JIII,LJ,IIpyio

IJJ,eM nop.H,LJ,Ke pcnK,LJ,eHIIe cynepqacTHJJ, onIIcbmaeTc.H .n.rrarpaMMaMII, npe,LJ,

craBJienHhIMII Ha piic/ ~ Bblllle. ,Ii,JI.H ,LJ,aHHOii 3HeprIIII B CHCTeMe 11,eHTpa Mace 

ceqeHH.H 3aBIIC.HT OT Mace pO)K,LJ,aIOIIJ,IIXC.H qacTHll, H ucqe3a!OT Ha KIIHeMaTH

qeCKOii rpaHHlJ,e. 9KcnepwMeHTaJibHbie npO.HBJieHmi onpe.n.eJI.HIOTC.H MO,LJ,aMH 

pacrraia, KOTOpbie BapbupyioTc.H B 3aBIICHMO~TH OT cneKTpa Mace. OcHOB

Hhre 3KCrrepIIMeHTaJibHbie rrpmmJieHII.H cynepqacTHll, cyMMHpOBaHbl HH)Ke. 

PO)K,LJ,eHmi 

• li,RlL,R 

• vv 
• -±-± XI XI 

• -o -o XiXj 

• id1 

• bibj 

· OcHOBHbie M0,LJ,bI pacrra.n.a 

{~ ➔ [±-x_? ~ KaCKa,LJ, 

lt ➔ [±x? /' pacrra,LJ;bl 

v ➔ t±x~ 
xr ➔ x~t±v, x~qif 
xr ➔ xUf' 
xr ➔ lv1 ➔ lv1x~ 
xr ➔ vz{ ➔ v1lx~ 
-o -ox -o -ox, Xi ➔ XI , X1 ➔ XI 

- -o tI ➔ CXI 
iI ➔ bxr ➔ bf f'x~ 

' - 0 
bi ➔ b-x_I 
-b b -o bff-, -o i ➔ X2 ➔ XI 

fI_p_ORBJieHH~ 

rrapa 

. 3ap.H)KeHHbIX JieIITOHOB + f)r 

/Jr 
H30JIIIp. JienToH + 2 CTPYII + fr 
rrapa . 

JieIITOHOB + /Jr 
4 cTpyw +/Jr 
X = v1iJ1 ueBH,LJ,HMbie 

= 'Y, 2l,2 CTPYH 

2l +f)r,l + 2j +fr 
2 cTpyII +/Jr 
2 b CTpyw + 2 11enT0Ha + fr 

· · 2 b ,CTPYH + JleIITOH + /JT 
2 b CTPYH +/Jr 
2 b CTpyII + 2 JieIITOHa + f)r 
2 b CTPYH + 2 cTpyII + f)r 

XapaKTepnoii. oco6eHHOCThIO .Bcex npo.HBJieHwii cynepqIMMeTpIIH .HBJI.H

eTcR He,LJ,OCTaIOrn,aR 3HeprIIR H HMIIJJibC, qTO MO)KeT. CJIJ)KHT~ 3KCnepIIMeH

T3.JibHbIM cwrHano.M )].JIR ee 06Hapy)KeHIIR. 

MHoroqHCJieHHbie IIOUhITKHHaiiTH cyrrepnapTHepoB Ha YC!(OPIITeJie ~EP II 
He )].aJIH Jl0JI0)KH'.fe~bHbIX pe3yJihTaTOB H II03BOJIHJIH IIOJiyqHTb HH)KHHe 011,eH

KH Ha IIX. Maccbr [32]. OHII noKa3aHhI. Ha pwc. 16 .. 
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Puc. 16. l1CKJIIO'leHllbie o6JiaCTJI napaMeTp0B B IJJI0CK0CTJI Mace ,,ap,II;)KIIH0-(',Jl('IIT0II n 

qap,II;)KJIII0-CT0II 

TttnWIHbJe npe,II,eJibl Ha MaCCbl cynepnapTHepoB, 110JIY'!eHHbJe Ha LEP n, 
HMeJOT Bil)], 

mx1 > 40 f3B, 

mxt > 100 f3B, 

meL,n > 105 f3B, 

mµL,n > 100 f3B, 

m:;-L,n > 80 f3B. 

mi> 90 f3B, 

mb > 80 f3B, (6.5) 

6.5. 9KcnepHMeHTaJibHbie npo.srnJieHHSI Ha a,n;pOHHblX KOJIJiaii,n;e

pax 

9KcnepHMeHTaJibHbJe npmmJieHH51 Ha a,II,p0HHblX K0JIJiaif,II,epax 110X0)Kl1 Ha 

TO, 'ITO Mb! HMeCM Hae+ e-- MaIIIHHaX, O)],HaKO 3)],eCb HMeeTC51 ropa3,ll,0 60Jib

llle B03MO)KHOCTeif. IloMHMO o6bI'IHOrO aHHHrHJI5IIJ.l10HH0r0 KaHaJia, aHa

JIOrH'lHOro e+e- C O'leBH)],HOll 3aMeH0ll 3JieKTpOH0B Ha KBapK11 (cM. p11c. 

8), HMeIOTC51 MH0r0'll1CJieHHble npou.ecCbl rJIJOOHH0ro CJil15IHl151, KBapK-aHTH

KBapKOBoro 11 KBapK-rJIIO0HH0ro pacce5IHl151 (cM. p11c.; 17). 

8Kcnep11MeHTaJibHbIC np05IBJieHl15I'cynepc11MMeTp1111 Ha T3BaTpoHe 11 CTpo-

5IllJ.eMC51 BoJiblllOM a,II,pOHH0M KOJIJiatt,II,epe (LHC} HMeIOT CJie,II,y10ru.11if BH,II,. 
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P11c. 17. fmoonuoe CJimrn11e, qi]-pacceanne, KBapK-rmoonnoe paccea1111e 

f>O)K)],eHHe OcHOBHhie M0,ll,bl pacna,II,a Il p051BJieHl151 

9-> qifX!} 
• gg,ijij,gij' qif'xt 'mij > mg 

gxS · ·· 
q--+ qx? } _ , -± mg > mq 
q ➔ q Xi 

• -± -o 
X1 X2 

-± -oz± -o -ozz X1 ➔ X1 v, X2 ➔ X1 
-± -o cc1 -0 -ozz X1 ➔ X1qq, X2 ➔ X1 , 

• ·-+--
XI XI · xt ➔ Zx,SZ±v 

• -o-o xg --+ x 0 x xg --+ x 0 x' Xi Xi i I , i I 

• iit1 
- 0 
t1 -'t CX1 
i b-± -± -o cc1 1 ➔ XI, XI ➔ XIqq 
i b-± -± -oz± I ➔ XI , XI ·➔ XI v, 

• il, iv,;;;; [± ➔ Z ± x?J± ➔ v1xt 
;; ➔ vx~ 
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/Jr+ MYJibTHCTpy11 

( +JieilTOHbI) 

Tp11JieJ1TOH + /Jr 
,II,nJienT0HbI + cTpy51 + fr 
)],HJienT0H + fi 
,II,HJienTOH+cTpy51 + $r 
2 HeKOJIJI11nepHbIX cTpyH + /Jr 
e,II,HH11'1HhIH JienT0H + fr -t b' s 
,II,HJienT0H + $r + b' s 
)],HJiel1T0H + fr 
e,II,IIHH'IHblll JieTIT0H + /Jr 



OTMeTHM 0II51Tb xapaKTepHbie co6bITH51 C He,II.0CTaIOw.efi: 3HCprnefi: H none

pe'IHb!M HMIIYJibCOM. B OTJ!ll'IHe OT e+ e-- KOJIJiafi:.n.epoB ua a.n.pOHHbIX Ma

urnHax qJOHOBbie npou;eCCbl' O'leHb MHOrO'IHCJieHHbl H cyw_eCTBeHHbl. 

6.6. Jler,-iaiimaa cyrrepqacnui;a 

O,II.HllM ll3 KpHTll'leCKllX BOIIpOCOB 51B.'rneTC5! BOIIpoc O CBOHCTBax Jierqafi:

rnefi: cynepqacTHLI;bI (LSP). Pa3Jill'IHbie MexauH3MbI Hapyrneun51 cynepcHM

MCTpllll IIpHBO,ll.5!T K pa3Jill'IHb!M 3KCIIepHMCHTaJibHblM CJie,II.CTBll51M ll pa3-

JIH'IHblM LSP. 

• fpaBllTall;llOHHb!H MexaHll3M. 

B 3TOM CJiy'lae LSP eCTb Jier•iafi:rnee uefi:TpaJillHO x~, ~OTOpoe IIO'ITH Ha 

90 % qJOTllHO ,II.JI51 perneHll51 C MaJib!M tan /3 ll co.n.ep)KllT HCCKOJibKO 60Jib

rny10 npHMeCh x11rrc11uo ,II.JI51 6oJiblllero tan/3. O6bI'IHbIM npo51BJieu11eM LSP 

5!BJI5!CTC51 He,II.OCTaIOill,a51 3Heprn5I; X,~ CTa6HJibHO H IIpe,II.C~BJI5leT ll3 ce651 

nanJiyqrnero Kan.n.11.n.ara Ha poJib XOJIO,II.Hofi: TeMnoit MaTep1111 BO BceJieHnofi:. 

T11nll'IHbIH npou;ecc, B KOTopoM po)K.n.aeTC51 LSP, 3aKauq1foaeTC}I uecKOJib

KllMH CTPY51Mll + tr, llJIH JieIITOHaMll + fr, llJ!ll ll TeM ll .n.pyrHM + fr-
• KaJI116poBO'IHbIH MexaHH3M. 

B 3TOM CJiy'lae LSP - rpaBHTHHO G, 'ITO TaK)Ke npHBO,II.llT K ne.n.ocTaIO

w.efi: 3ueprm1. 3.n.ech Ba)Kuee, KaKa51 ':IaCT11u;a 5!BJI5!CTC51 CJie.n.y10w.efi: Jierqafi:

rneit qacTHu;eit (NLSP). Bo3MO)KHbI ,[),Ba nap11aHra: 

1) x~ CCTb NLSP, Tor.n.a MO,II.bl pacna.n.a TaK0Bbl: x~ -+ ,6, hG, ZG. 
KaK pe3yJibraT noJiyqaeM ,II.Ba )KeCTK11x cpoTona + tr HJIH cTpy11 + fr; 

2) Zn ecTb NLSP, Tor.n.a ocHoB11a51 Mo.n.a pacna.n.a Zn-+ rG 11 na BbIXOl,l.e 

noJiyqaeM 3ap51)KCHHblH JICHTOH ll HC,ll.OCTa!Oill,YIO 3HeprllIO. 

• AuoMaJibHhIH Mexam13M. 

B 3TOM CJiy'lae TaK)KC l1Me!OTC51 ,II.Be B03MO)KHOCTll: 

1) x~ CCTb LSP ll IIO,II.06na BllHO. Ona IIO'ITll BbipO)K,ll.CHa IIO Macce C 

NLSP; . 

2) llL CCTb LSP, Tor.n.a ona B03HllKaeT ll3 pacna.n.a qap,II.)KllHO x+ -+ vl II 
IIp05!BJl51CTC5! KaK 3ap51)KCHHblH JICIITOH II ne.n.ocra10rn,a51 3Heprll51. 

··~ Teopllll C uapyrneHHOH R-'leTHOCTblO. 

B 3TOM CJiy'lae LSP ne 5!BJI5!eTc51 cra611Jibnofi qacT11u;efi 11 MO)KeT pac

na.n.aTbC51 Ha o6pI'IHbie 'laCTllll;bl. Ona MO)KCT 6bITb 3ap51)KCHHOH ( ll ,II.a)Ke 

ll;BeTHOH) ll MO)KeT npHBO,ll.llTb K pe,II.KllM pacna.n.aM TllIIa 6e3HCHTpllHHOI'O 

,II.BOHHOI'O /3~pacna,II.a ll T .. II. 
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9KcnepHMCHTaJibHbie npe.n.eJibI na 3na•1emrn r-.mccb1 LSP CJIC,II.yIOT 113 

uena6JI10.n.en1151 cooTBeTcTny10w.11x co6b1T11it .. ConpeMeHHbitt H11)KHl1fi npe

,D,CJI COCTaBJI51CT OKOJIO 40 f3B ( CM. p11c. 18). 

Preliminary DELPHI LSP limit at 189 GeV 
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P11c. 18. Ilpe,n;eJihI ua 311aqemrn MaCChI Jierqaiiweii cynep•iacTHIJ;hI B MCCM [32) 

7. XMrrcoBCKMii: 6o30H ii CM II MCCM 

O.n.na 113 ocnoBHbIX 3a,D,a'I 3KcnepnMe11TaJib11ofi: nponepKn CM - noncK xurr

concKoro 603ona .. OH 5!BJI51eTC5! IIQCJIC,II.Heit ueoTKpbITOH qacTmi;efi: CM, n ero 

0TKpbITHe II03BOJil1JI0 6b1 3aBeprnHTb npoBepKy CM n no,D,TBep,II.11Tb cnpa

Be,II.Jil1BOCTb MexaHII3Ma CHOIITaIII!Oro HapyrneHII51 Cl1MMCTpnn. I1 uao6opoT, 

OTCYTCTBl1C x11rrCOBCKoro 6o30Ha IlOCC51JIO 6bI COMHCHII51 B cnpane,II.JIIIBOCTl1 

BCefi: KapT11Hbl 11 IIOTpe60BaJIO 6bI HOBblX Konu;enu;nfi:. 9TO MO)KCT 6b!Tb TaK

)KC 0KH0M B noByIO cp11311Ky. Hn)Ke MbI paccMOTp11M cBottCTBa xnrrcoBcKoro 

603oua B MCCM. 

7.1. Pa3pemeHHaa 06.rr'acTh.Macc B .CM . . . . 

8Kcnep11MCHTaJibHbIC npe,II.CJ!hl na Macey x11rrCOBCKOro 6030Ha CJIC,II.y!OT 113 

IIp51Moro noncKa ua LEP II 11 T3BaTpoue 11 113 K0CBeHHbIX ou;enoK no.n.ronKH 

T0'IHblX 3JieKTpOCJia6bIX ,II.aHHhIX, npe)K,II.C BCero 113 pa.n.11au;110HHblX nonpa

BOK K Macce W-6o3ou'a 11 TOII-KBapKa: KoM6111rnponamrb1it cpnT conpeMen-
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HblX 3KcnepttMeHTaJibHblX ,n,aHHblX ,n,aeT [36] 

mh = 90~~~ f3B, (7.1) 

'-ITO C Bep051THOCTbIO 95 % npHBO,Ll,HT K 3Ha'-!eHHIO Bepxtteii rpaHHIJ.bl B 200 f3B 

(cM. pttc. 19). B TO )Ke BpeM51, noCJie,LJ,HHe np51Mbie IlOHCKH XHrrcoBCKOrO 6o-

30Ha tta LEP II ,LI,JI51 3HeprHH 209 f3B ycTattaBJIHBaIOT 3Ha'-lettHe HH)Kttero 

npe,n,eJia B 113.4 f3B [36]. 

4 

C\I~ 

2 

Q 1~•-•-.---rv, / Preliminary 

102 

mH [GeV] 

103 
10 

PHc. 19: x2-pacnpe,11,eJJeHHe KaK <}>yHKIJ;HH MaCCbl XIIrfC0BCK0fO 6o30Ha H3 <}>ma 3JJeK

T!)O(:rn61,1x ;\allllblX 11 ~IaCCbl T0n-KBapKa. 3aTeHeHHaH o6JJaCTb HCKJJIO'leHa H3 ,11,aHHblX 

no npHM0MY noHCKY xnrrcoBCK0r0 6030Ha 

B CM 3Ha'-!ettHe Macchi xttrrcoBcKoro 603oHa mh He npe,n,cKa3bIBaeTc51. 

O,n,HaKO, MO)KHO IlOJIY'-IHTb rpaHHIJ.bl Ha 3Ha'-leHmI MaCCbl. OHH CJie,LI,yIOT H3 

noBe,n,eHH51 KOHCTaHTbl caMO,D,efiCTBH51, KOTOpa51 CB513aHa C Maccoii XHrrcoB

CKOrD 6o30Ha ypaBHeHHeM m~ = 2,\v. 

Ha pttc. 20 [37} noKa3aHhI 3Ha'-!eHmI BepxHero H HH)KHero orpaHH~IeHHii 

Ha Macey xttrrcoBcKoro 6o3oHa B CM KaK cpyHKIJ.HH lllKaJibI A, ,n.o KOTOpoii, 

npe,n.noJiaraeTcfl, cnpaBe,n,JIHBa CM. KaK BH,D,HO Ha pHc. 20, eCJIH CM cnpa

Be,D,JIHBa BilJIOTb ,D,O nJiaHKOBCKOii lllKaJlbI, TO 3Ha'-leHHe MaCCbl XHrrCOBCKOrO 

6o30Ha CHJibHO orpaHH'-leHO H HaXO,D,HTC51 B o6JiaCTH 150-200 f3B. HanpOTHB, 

eCJIH HOBa51 q>H3HKa ( cynepCHMMeTpH51) cyIIJ.eCTByeT Ha MeHblllHX 3HeprH51X, 

TO Macca XHITCOBCKOro 6030Ha MO)KeT 6hITb MeHbllle. TeM caMblM OTKpbI-
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Puc. 20. Orpaunqeuna ua 3naqeHHH MaCCbI xnrrcoBcKoro 6o3otta B CM. A o603ua'laeT 

IIIKaJJY 3HeprHii, ,11,0 K0Topoil. CM crrpaBe)],JJHBa 

THe JierKoro XHrrCOBCKOro 6o30Ha CJIY)KHJIO 6hI YKa3aHtteM Ha TO, '-!TO HOBa51 

<pH3HKa ,D,OJI)KHa Il051BHTbC51 Ha lllKaJie B HeCKOJlbKO T3B. 

7 .2. Macca xn:rrcoBcKoro 6o30Ha B MCCM 

KaK y)Ke OTMeqa.nocb, Macca Jierqaiirnero xHrrcoBcKoro 6o30Ha B MCCM 

OKa3brnaeTC51 MeHhIIIe, '-leM Z-6o3oHa. 9To cnpaBe,D,JIHBO, · o,n.HaKo, JIHlllh Ha 

!\PPBeCHOi1 ypoBHe H IlO,D,Bep)KeHO pa,n.IrnU,HOHHbIM nonpaBKaM. C Y'-leTOM 

0,D,HoneTJieBbIX pa,n;HaIJ.HOHHblX nonpaBOK Ma~ca Jierqaiilllero XHrrcOBCKOro 

6o3oHa paBHa 

. . . . . : 3g2m4 m2 m2 
m2 ~ M2 cos2 2/3 + t log _t1_t2 

h • z 167r2Mfi, mf (7.2) 

KaK B11,D,HO, O,D,HOileTJieBbie nonpaBKH IlOJIO)KHTeJibHbl H yBeJIH'-IHBaIOT 3Ha

'-lemie MaCCbl 6o30Ha XHrrca. ,ll,ByxneTJieBbie nonpaBKH HMeIOT npOTIIBOilO

JlO)KHblii 3cpq>eKT, HO OHH MaJlbl (38]. 

Macca xttrrcoBcKoro 6o30Ha 3al3HCHT rnaBHhIM o6p830M oT CJie,D,yIOIIJ.HX 

rrapaMeTpoB: MaCCbl TOil-KBapKa, Mace CKBapKOB, CMe_lllHBaHH51 B CKBapKO

B0M ceKTope H tan/3. MaKCHMaJlbHOe 3Ha'-!eHHe noJiyqaeTC51 ,D,JI51 60JiblllOro 

tan/3, ,D,JI51 MaKCHMaJibHhix 3Ha'-leHHii Mace TOil~KBapKa H CKBapKOB H npH 

MHHHMaJibHOM CMelllHBaHHH CTOil-KBapKOB. Ha pHC. 21 H 22 npe,D,CTaBJie

Ho 3Ha'-!eHtte MaCCbl Jierqaiilllero XHrrcOBCKOro 6o30Ha BO BCefi iIJIOCKOCTH 

55 



tan~= 1.65, µ < 0 tan~= L65, µ > 0 
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Puc. 21. Macca Jierqaiirnero xurrcoBCKOro 6o3oHa AJUI CJiyqaH MaJioro tan /3 KaK q>yHK

~HH mo H m112• KoHTYPhI Ha 'Bepxneii qaCTH pncyHKa COOTBeTCTBJIOT q>1IKC1IpOBaHHOMY 

31Iaqenn10 XlfffCOBCKOii MaCChl. Ha H1I)KHeii qaCT1I pncynKa ,n;eMOHCTpnpyeTCH BhIX0,!1; 

MaCChl Ha IIOCTOHHHOe 3Haqenne rrpn 6oJihIIIHX 3HaqeH1IHX rrapaMeTpOB 

mo, m1;2 ,z:vrn: CJiyqa.H Manora II 60JibIIIOro tan/3 COOTBeTCTBeHHO [39]. KaK 

BII,IJ,HO, Otta npaKTIIqecKII IlOCTO.HHHa BO Bceii: OJIOCKOCTII II HaCbIIII,aeTC.H npII 

60JibIIIIIX 3HaqeHII.HX mo II m1;2-
Macca Jierqaii:IIIero xIIrrcoBcKoro 6o3otta mh KaK <pyttKIJ.II.H tan {3 noKa-

3atta Ha pHC. 23 [39]. 3aTeHCHHa.H IlOJIOCa COOTBeTCTByeT Heonpe,D,eJICHHOCTII 

B Macce TOil-KBapKa II CMeIIIIIBaHirn npII cpe,D,HeM 3HaqeHIIII MaCCbI TOil

KBapKa mt = 175 raB. BepXH.H.H rpaHIIU,a COOTBeTCTByeT mt=l 70 raB, a 

HII)KH.H.H - mt=180 raB. 

KoM6HHIIpy.H Bee tteonpe,D,eJieHHOCTII, noJiyqaeM CJie,D,yIOIII,IIi:l: BbIBO,ll, 0 Be

JIIJ.qIIHe xIIrrcoBCKOii: MaCChI B MCCM: 

• cu,emipIIti c MaJihIM tari.{3 (tan/3 <3.3) IICK.nroqaeTc.H IICXO,ll,.H II3 3ttaqe

HH.H HII)Kttero 3KCnepIIMeHTaJihHOro npe,D,emi. Ha Macey xtt:rrcoBcKoro 6o3otta 
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113.3 faB [7]; 
• B cu,enaprrn c 6oJihIIIll.M tan {3 Macca XIIrrcoBcKoro 6o3ona paBtta [39] 

mh = 115 ± 3 (stopm) ± 1.5 (stopmix) ± 2 (theory) ± 5 (topm) I'aB, 

r,D,e OIIIII6Kll. npe,IJ,CTaBJI.HIOT co6oti CTaH~apTHbre OTKJIOHeHll..H OT cpe,D,Hero 

3naqeHII.H. 

Ilo,D,o6nbre npe,D,eJibI na 3uaqen1Ie Macchr xHrrcoBCKoro 6o3otta B CYCI1 

MOryT 6hITb II ne CTOJib )KCCTKll.Mll., eCJIH paCCMOTpeTb HeMll.Hll.MaJibllhie cy

nepCll.MMeTpll.qHbie MO,D,eJill.. B 3Tll.X ,CJiyqa.HX MO)KlIO ,IJ,06ll.TbC.H IIOBbIIIIeHll..H 

rrpe,D,eJia na 20-30 raB npll. MaJioM 3naqen1IH tan /3, HO rrpll. 6oJihIIIOM tan /3 
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Pnc. ;22. To )Ke, qTo a na puc. _21, HO rrpu 6oJihIIIOM 3HaqeH,HH. tan /3 = 35 
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Puc. 23. Macca Jierqaiirnero xurrcoBcKoro 6o3otta B MCCM KaK <pyHK~tt.H tan fJ 

TT0JTY,-!afOTC5J Te )Ke 3Haqemrn. TaK qTo ,D,a)Ke 3TH 6oJiee CJIO)KHbie MO,D,eJIH 

tte MeHHfOT o6ru;Hx cBoi1cTB· CYCI1-TeopHi1 - npHcyTCTBHe JierKoro xHrrcoB

cKoro 6o3otta. 

8. IlepcrreKTHBhl Ha6Jno,n;eHHH cyrrepCHMMeTpHH 

C 3aKpbITHeM LEP ,D,aJibHei1nrne nonhITKH OTKpbITh cynepcHMMeTpHIO CB5J-

3aHhI c a,D,pOHHhIMH KOJIJiaii:,D,epaMH TsBaTpoH H LHC. 

8.1. T3BaTpoH 

A,D,pOHHhiii: ,KOJIJiaii,D,ep T::rnaTpoH Ha BTopoM 3Tane uMeeT sHepmro B CHCTe

Me u,eHTpa Mace paBHJIO ·2 TsB H nJiaHHpyeMyro cBeTHMOCTh B 10 pa3 npe

BhIIIIaroru;yro TY, qTo ,ll,OCTHrHyTa Ha nepBOM. O,D,HaKO TaK KaK 3TO a,D,pOHHbIH 

KOJIJiai1,D,ep, TO He BC51 3HeprH51 yxo,D,HT B CTOJIKHOBeHH.H, qaCTb ee YHOCHTC51 

TeMH KBapKaMH B npOTOHe, KOTOpbre He yqaCTBYIOT BO B3aHMO,D,ei1CTBH51X. 

l13-3a Qq~Hh BbICOKOro ypOBH.H ¢0Ha 3TOMY KOJIJiai1,D,epy Tpe6yeTC.H MHOrO 

BpeMeHH, qT06bI ,lJ,OCTHqb IlOJIHOH CBeTHMOCTH, Heo6xo,D,HMOH ,D,JI.H OTKpbITH51 

cynepCHMMeTpHH. 

B Ta6JI. 2 [40] npOHJIJIIOCTpHpoBaHbI rpaHHll,bI B03MO)KHOCTH TsBaTpOHa 

no OTKpbITHIO CKBapKOB TpeTbero IlOKOJieHH.H. TaK:J-Ke Ha pHC.24141) IlOKa3a-
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f{hl C0BpeMeHHhie HCKJIIOqeHHbie o6JiaCTH. KaK BH,ll,HO, OHH BCe eru;e ,D,aJieKH 

OT O)KH,D,aeMbIX HHTepBaJIOB 3HaqeHHH Mace, cynepnapTHepoB, npHBe,D,eHHbIX 

B Ta6JI. 1. 

Pacrra,n; IloCJie,eyIOm;uii Kotte'!Iioe coc'I' Ilpe,u;M ,!l;OCTll:lKHMOCTll 

(Br= 100 %) pacrra,u; b1b1 llJlll t1t1 @20 <p6-1 (I 3Tan) 

b1 ➔ fJx? bbfr 260 f3B/c2 · (146 f3B/c2 ) 

t1 -t ex? cclfT 220 f3B/c2 (116 f3B/c2 ) 

t1 -tblv v ➔ vxr z+t-bfT 240 f3B/c2 (140 f3B/c2 ) 

i1 ➔ blvx~ z+t-bfT (129 f3B/c2 ) 

i1 ➔ b5(f xt-+ w<•ix? z+t-bfT; 210 f3B/c2 (-) 

i1 ➔ bWx~ [+t-bj1f!:_ 190 f3B/c2 (-) 

Ta6J11rn,a 2. Ilpe,u;eJihl ,u;ocTtt:lKHMOCTH ,D;Jl.H M6 u M1, O:lKn,u;aeMhle Ha II 3Tarre 

Stop In the Dllepton Channel, I-+ Iv b 
110 1 , 

CDF fL dt = 107 pb" / 

100 I:Br(l-+lvb)=100% / · 
e.p..t :• 

/ CDF 
/ excluded at 95% C.L. 

~/ 
~/ - .; 

~~/ 
....f' ./ 

h~-:h/ 
✓, , Opa 

I 

LEP 

60 80, 100• 
M(l) (GeV/c2

) 

\DO 

,,., 
l 

120 140 

soo ~~----,---.---~~ I 
95% C.L. Excluded Region 

□ CDF 

400 

~ 300 
> 
Q) 

~ 
~a-200 

100 

oc· 
0 100 

(106 pb·'. LS Dilepton + i!1 +Jets) 

/ M.-=Mg 

b_, " + Jets) . CDF(19p •~T 

~ ~~---
b-1 E +Jets)~ 

• _D ~14 p • T •• ~··· 

200 300 400 

M9 (GeWc~) 
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CKBapI<OB H rJIIOllHO (crrpaBa) Ha T3BaTpOHe , , . 

8.2. BoJihIIIOii a,rwoHHhiii KOJIJiaii;::i;ep (LHC) 

BoJihIIIOii: a,D,pOHHhIH KOJIJiaii:,D,ep (LHC) npe,D,Ha3HaqeH ,D,JIB noHcKa HOBoii: 

(J)H3HKH Ha T3BHOH IIIKaJie. IlJiaHHpyeTC.H, qTo 3HaqeHHe ero 3HeprHH B CH

CTeMe IIeHTpa Mace ,ll,OCTHrtteT 14 TsB co CBeTHMOCTbIO ,ll,O HeCKOJihKHX co-
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TeH ¢6-1. O)Ktt~aeTc.H, 'ITO LHC rrepeKpoeT urnpoKyro o6JiacTh rrpocTpatt

cTBa rrapaMeTpoB MCCM (cM. pttc. 25 [42]) H OTKpoeT cyrrepnapTttepoB co 

3Ha'femrnMH Mace ,D,O 2 T3B [43]. 9TO 6y,D,eT KpHTH'feCKHM TecToM MCCM 

H BOo6w:e BCefi KOHI.~eIIIJ,HH HH3K03HepreTHqeCKOfi cyrrepCHMMeTpHH. 

Expected sparticle reach in various channels 

> 
t'l 

m SUGRA; tg P = 2 (about the same up to - 5), Ao= 0, µ < O 

5 a contours (a= Ns;gi JN5;g +. Nbkgd) for 105pb·
1 

CMS; 105pb"1 
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Pn:c. 25. O)Kn:,u;aeMaJI o6JiaCTh ,u;ocTm!(eima LHC ITO ITOn:CKY cyITepcn:MMeTpn:n: 

LHC TaK)Ke HJIH OTKpOeT xttrrcoBCKHfi 6o30H, HJIH ,D,OKa:>KeT ero OT

cyTCTBHe. B TepMHHax pa3perneHHhIX o6JiaCTeH rrpocTpaHCTBa napaMeTpOB 

MCCM LHC noKpoeT Bech HHTepecyro~Hfi nae HHTepBaJI (cM. pttc. 26 [42]). 
Pa3JIH'-!Hhle MO,ll,hl pacna,D,a II03B0Jl.HIOT rrpoBepHTh p83JIHqHhie o6JiaCTH' xo

T5I <J)OHOBhie rrpou,eCChl oqeHh cy~ecTBeHHhl. 

9. 3aKJnoqeH1rn 

CyrrepcHMMeTpH.H .HBJI.HeTC.H He TOJihKO Hatt6oJiee IIOIIYJI.HpHhIM pacrnHpeHH

eM CTatt,D,apTHOfi MO,D,eJIH. Ona o6e~aeT ttaM, 'ITO HOBa.H <J)H3HKa II!).HBHT

ca y)Ke na T3Bttofi rnKaJie, 'ITO rro3BOJIHT yBtt,D,eTh ee y:>Ke na ycKopttTM.HX 

6JIH)Kafirnero ,D,ec.HTHJieTH.H. ECJIH naurn rrpe,D,cKa3aHmI orrpaB,D,aIOTC.H, oqenh 

CKOpO nae O)KH,D,aIOT HOBhie OTKphITH.H: B03HHKHeT u,eJihiit MHp cyrrepCHM

MeTpHqHhIX qaCTHIJ,, H Ta6JIHIJ,a <PYH,D,aMeHTaJihHhIX qacTHIJ, 3aMeTHO pac-
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