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Pa60Ta Bb!II0JJHeHa D Jla6opaTop.1m cpn:3HKH BhlC0K.IIX 3Heprn:.ll: 
Ofu.e,D;HHeHHOro HHCTHTyra H)l;epHblX HCCJie,D;ODaHH.ll: (0115111, r. )zyfiHa). 

Ocpm:i;uan&Hbie onnoaeHTbI: 

Bop,D;OB.1111,hrn Bna,n.n:Mn:p AneKcaH,D;poauq, A· cp. - M. H.,npocpeccop Kacpe,D;phI TeopeTn:qe
cKolt cpn:3HKH ToMcKoro rocy,D;apcrneHHoro yH.11aepc.UTeTa, r. ToMcK; 

)zy6m1qKa OraHHCJiaB, A· cp. - M. H.,npocpeccop, Be,D;y~lt HayqHblit COTPYAHHK, HaqaJib
HHK TeopeTuqecKoro OT,D;ena B 11HCT.IITJTe cp.113HKH Cnoa~oit AKa,zi.eMn:.11 r. BpaT.11CJiana; 
IloJJHOMOqHbJit npe,D;CTaBHTeJih Cnoa~Koit Pecrry6JI.uKn: B 0115111, qJJeH K0M.IITeTa IIon
H0MoqHhIX npe,D;CTaBHTeJJeli 0115111; qJJeH IlporpaMMHO - K0HCYJihTaTHBH0I'0 K0M.IITeTa 
0115111; qneH <l>.11HaHcoaoro K0MHTeTa 0115111, r. ~6Ha; ' 

<l>HKC AneKCaH,!l;p 11iiaHOBn:q, A- cp. - M. H.>npocpeccop iracpe,D;pbl BhlCIIIeit MaTeMaTHK.ll H 
MaTeMaTn:qecKOH q>H3HKH ToMCKOI'O 110JI.IITeXH.UqecK0I'0 YHHBepC.IITeTa, r. ToMCK.· 

Be,izy~rui: opraaH31UJ;H.H: 

rocy,D;apCTBeHIJOe o6pa30D3TeJibHOe yqpe.lK,!l;eH.lle BhlCIIIeI'O IIpo<peCC.IIOHaJihHOI'O o6pa30-
BaHHH «Pocc.11ll:cK.11ll: yHuaepc.11TeT APY:1K6h1 Hapo,D;0B>, r. MocKBa. 

3~.11Ta,COCTO.IITC.H 27 ceHTH6pll 2012 r. n 14 qacoB 30 M.IIH. Ha 3aCe,D;aH.U.ll ,!l;.l!CcepTfilI,.11-
0HH0I'O C0BeTa )]; 212.267.07 rrpu TOMCKOM rocy,D;apCTBeHH0M YHHBepCHTeTe II0 a,zi.pecy: 
634050, r. TOMCK, np-T JleHUHa, 36, ayAUT0pHH 119. 

C AflCCepTalJ;.lieit M0:lKII0 03HaK0MHThC.H B HayqHoi!: 6u6nuOTeKe ToMcKoro rocy,D;apCTDeH
H0ro ynunepcuTeTa no a,zi.pecy: r. ToMcK, np-T JleHuHa, 34A • 

AaropecpepaT pa30CJiaH j i. HI0Hll 2012 r. 

°YqeHblit ceKpeTapb 

,!l;.IICCepTalJ;.li0HH0I'O COBeTa)]; 212.267.07 

,!l;0KT0P <pH3.IIKO-MaTeMaT.11qecKHX HayK ----~ 
2. 

11. B. 11BOH.IIH 

OBIIJ,A.H XAPAKTEP11CTI-IKA PABOTbl 

AKTYWlbHOCTb npo6JieMbl •. B 50-x H 60-x ro,D;ax B 3KCneplll\IeHTax 6bJJI.II 113yqeHbl 

ocu;uJIJillIJ;II.11 K 0 l\le30HOB (T. e. 6bJJJ.II o6Hapy)!(eHhI rrepexo,n;hI K 0 -+ K 0 II .K0 -> K 0
), 

a TaK:lKe 6hJJJa IIOCTpOeHa TeOpIIll 3THX OCIJ;IIJIJJllIJ;.IIH. Heo6b1qaj:jHOCTh TaKOI'O rrone,n;emrn 

HeHTpaJibHbJX K l\le30HOB rrpIIBJJeKJia BHHl\laHIIe <pH3HKOB (3TO llBJieHne 6bIJJO.OXapaKTe

pu3oBaHO KaK rrpmrnneHIIe napa,n;oKca IIo,n;oJihCKoro-Po3eHa-9fiHwTefiHa B <pH3IIKe l\le3o

Hon). 

B OIIbJTax PaitHeca-KoneHa 1953 r. 6bJJJO ,IJ;OKa3aHO cyiu;ecTBOBaHne 3JieKTpOHHOI'O HeH

TpHHO. B 1957 r. B.M. IloHTeKopno, ucxo,n;ll'II3 am1Jiornu c K 0 ocu;.11JJJ1ll~.IIHI\III, 6hIJla 
npe,n;no:lKeHa I'HIIOTe3a O HefiTp.llHO-aHTIIHeHTPIIHHblX OCIJ;HJIJJHIJ;.llllX. Ilo3,n;Hee, 110CJJe 06-

Hapy:lKeHUll cyiu;eCTBOBaH.llll ,n;pyroro TUIIa HeliTpHHO (tllOOHHOI'O) .n;. MaKU HAP· n 1962 

r. " B.M. IloHTeKOpBO B 1967 r., 61;,IJIO Bhl,n;BHHYTO npe,D;IIOJIO:lKeHne O B031\10:lKHOCTH cy-
iu;ecTBOBaHUH rrepexo,n;a l\le:lK,!l;Y pa3JIJiqHbll\lll THIIal\lu HeitTpIIHO: ' 

Ilpo6JJel\la OCIJ;HJJJillIJ;H.11 HeitTpllHO IIpllBJJeKJia BHUl\laH.lle 110CJJe OIIhJTOB P. )];3BHca B 

1966 r., Kor,n;a OOHapy:lKHJIOCh, qTo 110TOK COJJHeqHhIX HefiTpllHO B. HeCKOJJbKO pa3 l\\eHh
. we, qel\l 3TO O)KH,D;aJIOCh ll3 pacqeTa IIO TaK Ha3hIBaetIOli CTaH,n;apTHOH COJIHeqHofi 1\10,D;eJJII 

(CCM), pa3pa6omHHOit-)];)K. BaKanol\l c coaaTopauu n 60-x ro,D;ax. Tor,D;a Ka3aJIOCh ecTe
CTBeHHhII\I o6'hllCHeHIIe l\laJIOCTH 110TOKa COJJHeqHhIX HefiTpHHO ll3c3a IIOJJHOI'O CMeHIHBallllll 

HeliTpHHO (KaK ll B CJJyqae C K 0 l\le30Hatm). 

C TeX nop rrpo6Jiel\la ocu;uJJJJllIJ;llll HefiTpUHO CTaJia rrpIIBJieKaTb ace 60JJbllie " 60JJb-

11Ie BHHl\laHHJl. OrrhlThl IIO IIOIICKY naKyyl\lHhlX OCIJ;.IIJIJJllIJ;Hfi CTaJJH npoBO,IJ;IIThCH noqTn 
Ha acex KpyrrHeli11Inx peaKTopax (<I>paHu;HH;.KaHa,zi.a, CCCP u T.,n;.), K0TOpb1e HBJJHIOTCH 

ucroqHHKal\lll 3JieKTp0HHOI'O HefiTpHHO. TaKHe )Ke 011hITbI CTaJIH, rrpOBO,!l;llTbCll Ha ncex 

KpynHhIX ycKOpUTeJillX, r,D;e Hl\feIOTCll HeliTpHHHhie nyqKn. Il03)Ke TaKHe. OIIhITbI CTaJJH 
rrpOBO,!l;HThCH Ha IIO,IJ;3el\!HhIX ycTaHOBKax, r,n;e u3yqanUCb HeliTpHHO, npowe,D;HI.lle qepe3 

3el\lJJIO (n.110HepOl\(B 3TOli o6nacTH 6blJJ Cu;nHTllJJJJllIJ;HQHHhIH TeJJeC_KOII BaKcaHCKOH HeH
TpllHHOli o6cepnaTOpHH). 

Ilopor pern:cTpau;nH conHeqHhIX HefiTpHHo n OIIhITax P. )];3nuca E = 0.814 MeV. )];anee 

6b!Jlll crrpoeKTHponaHhl " 3arryiu;eHbl ycraHOBKll ,n;Jlll perHCTpau;.im COJJHeqHbIX HeHTpUHO 
pa3nuqHhIX· rroporon (Ga - Ge 3KCaepHMeHT Ha BaKcaHe (CCCP), n rpaH-Cacco (lITa

nm1) c rroporol\l E = 0.233 MeV, n KaMnoKaH,n;e (.HnoHnll) c E = 7.5 MeV). Pe3yJJhTaTbI 
3THX 3KCIIepmreHTOB 110Ka3aJJII, qTo OTHOCHTeJJbHbie IlOTOKll no cpaBHeHmo C pacqeTHbl-
1\lll no CCM 3anHCllT OT noporon perHcrpau;uH conHeqHhIX HefiTpnHo. 9ro rrqTpe6onano 
rrpIIBJJeqeHH.11 ll,D;en O BJlll.llHllll neiu;ecTBa Ha OCIJ;llJIJJ.IIIJ;.liIO HeliTpUHO .. 

B CB.113ll C 3Tlll\l OOJihllIOO BHHl\laHHe rrpHBJieK 3cpcpeKT pe30HaHCHOli OCIJ;HJJJJ.IIIJ;llll Hefi
TpllHO n neiu;ecTBe (MCB~3cp<peKT), KOT0pb1.ll: 6bIJI rronyqeH C. l\fllxeeBhll\l II A. Cimp
HOBbIM • (1985-1986 r.) H3 paHee rrpe,n;no)KeHHoro' JI. Bonbcj;ieHIIITeliHOI\I ypaaHeHHH npo

XOJKAeHH.11 HeilTpllHO qepe3 Beiu;eCTBO, TaK KaK B 3TOI\I 3cpcpeKTe 110.IIBJI.lleTC.H 3aBHClll\lOCTh 
yrna Cl\lellIHBaHllll HeliTpllHO B neiu;ecTBe OT 3HeprHH HeHTPIIH0, BhIXO,Il;.IIIu;llX II3 aeiu;e
CTBa (ConHu;a)'.'OiHaKo rroCJJe,D;yIOiu;HH aHaJJH3 ypanHeH.11.11 Bonbcj;ieHIIITefiHa noKa3aJJ (X. 

BellITOeB), 'ITO 'rrpll BhIBO,n;e 3TOI'O ypaBHeHH.11 6bIJill yrryiu;eHbl HeKOTOpble cp.113HqecKHe 
Tpe6oBaHU.11. 9TOT 3cpcpeKT He I\IO)KeT peaJJU30BaTbC.II 6e3 HapyllieHH.11 3aKOIIa coxpaHe
Hll.11 3HeprHH-lll\lllYJJbCa ll3-3a TOI'O, qTo CTaH,n;apTHbie CJJa6bre B3alll\lO,!l;efiCTBH.II .IIBJlllIOT

C.11 KllpaJJbHO-llHBapnaHTHhll\lll ll II03TOI\IY He I\IOryT reHepHpoBaTb l\lacChl. Kpm1e TOI'O, 
,D;aJJhHelillIIIe pacqeThI I\IO,D;enu ConHu;a (TypK-qeli3e, )];ap-IllaBHB) noKaJanu, qro CCM, 
Bll,IJ;HMO, Tpe6yeT ,Il;aJJbHeil11Iero yroqHeHH.11. 

K HacTOHiu;el\ly npel\leHu CJJO)Kll~? 'TaKaH-etl'i'~!J;H~X 3KCneplll\IeHTaX IIOJJY
qeHhl 3HaqeHU.II' HJJH orpa1mqeHHH"iiae¥t'™f ~11l~~~~u;ufi HeliTp.llHO, HO HeT 

npHl\lbIX ,Il;OKa3aTeJJhCTB cyiu;eCTBClJ!~]HU;f}E~Hfi{!.~W.r({5flallll'f.A ,( T.e;. o6Hapy)KeHhI nepe-

h t1BfII1 OT~I<A_I 



X0,Zl,hl l\le)KA}' HeliTpl!H0, H eCTh· YKa3aHH.H Ha HaJIH'IHe OCIJHJIJIH!Jllll HeliTpHHO). 

· ,O11bIThl 11p0B0,Zl,HTCH 110'ITH BO BCeX Kpy11Hh!X MHp0BhlX Hay'IHhIX.!JeHTpax: fpaH-Cacco 

(J1TaJIHH), BaKcaH (PoccnH), CERN (IIIBeliIJapnH), BaTaBHH (CIIIA), Ka11moKaH,Z1,e (51110-

HHH), SNO (Katta,Z1,a) u T.,ZI,. 

11HTepec K 11po6Jiel\le 0CIJHJIJIHIJHH HeliTpHH0 CBH3aH C Tel\l, 'ITO C 1101\I0IIJhlO HeliTpl!H0 

~IO)KH0 C 60JihlllOll T0'IH0CThlO 11poBepHTh 3aK0Hhl coxpaHeHHH Jiel1T0HHh!X 'IHCeJI MH 
011pe,ZJ,eJieHHH ,Zl,aJlhHelilllero 11YTH pa3BHTHH q>H3HKH 3Jlel\leHTapHhlX 'IaCTHIJ. 

B HaCT0HIIJee Bpel\lH 011h!Thl 110 11poBepKe 3aK0Ha coxpaneHHH Jiel1T0l!llhlX 'IHCeJI 11p0B0-

.::1HTCH C HCl10Jlh30BaHHel\l ,Zl,eTeKT0p0B 60.llhlllllX l\lacc, pac110JI0)Kel!Hh!X Ha 011pe,Z1,eJieHl!hlX 

paCCT0HIIHHX OT pa3JIH'Illh!X HCTO'IHHKOB. ueliTpHHO ( Hapylllenue Jiel1T0l!HhlX 'IHCeJI 11pu 

. 0CIJIIJIJIHIJIIHX ueliTpHH0 mieeT l\leCT0 11pu JII06hIX 3HeprIIHX HeliTpHHO). . 

B CBH311 C 3THI\I, BH,Zl,lll\10, cy11JeCTBe~11hil\l HBJIHeTCH ,Zl,aJlhHelilllee p83BHTHe II YT0'IHeHHe 

Te0pHII BaKyy11mhIX OCIJHJI.TIHti11li H~llTpHHO, H Teop1111 yc11JieHilH 0CIJIIJIJIHIJIIlt HyllTPIIHO B 

BellJeCTBe ua q>Ol!e pacTym;ero 'IHCJla 3KCl1epHl\lel!TOB no 110IICKY 0CIJHJIJIHIJIIll HellTJ)HHO. 

OCIJHJIJIHIJIIH ueliTpHH0 d11pe,Z1,eJIHIOTCH ABYIIIH 11apal\leTpa11m: yrJI0I\I 0 Cl\IelllHBaHHH H ,Zl,Jlll

H0ll Lo 0CIJIIJlJl
0

HIJllll. IIpo6Jiel\Ja H3y'IeHIIH C0JIHe'IHh!X HeliTpmio, KpOIIIe Bcero 11poqero, 

Ba)KHa 110 ,Zl,B}'l\l 11pu'qumil\l: a) l\JO,KH0 11p0Bep11Th cyllJeCTB0BaHHe ycnJiel!HH 0CIJIIJIJIHIJIIII 

HeliTpIIH0 B Be11JeCTBe; 6) paCCTOHHHe l\le)KA}' CoJIHIJel\l H 3el\lJieil l\lO)KeT IICl10Jlb30BaThCH 

B Ka'IeCTBe ,Zl,JIHHhl 0CIJIIJIJIHIJHH HeiITpHHO, 3Ha'IHT, OHO 1103B0JIHT ll3l\lepI1Th pa3HHIJY l\laCc 

pa3JIH'!Hh!X THl10B HeiITpIIH0 ,Zl,0 0'Iel!h l\IaJieHhKHX BeJIH'IHH. . 

B HaCT0HIIJee Bpe111a BeChl\Ja aKTyaJibHhll\l HBJIHeTCH B011poc 0 TOM, HBJlHeTCH HeiITpIIH0 

,Zl,HpaKOBCKOll HJ!Il l\Iall0paHOBCKOll 'IaCTIIIJeli? B ,Zl,aHHOll pa6oTe 3T0T B011poc HCCJle,Zl,OBaH 

II 11pHB0,Zl,HTCH cepbe3Hhie ,Zl,0B0,Zl,bl B 110Jlh3Y Toro, 'ITO HeiITplIH0 HBJIHeTCH ,Zl,IlpaK0BCK0ll 

qacTHIJeli,' II T0r,Zl,a l\Iall0paHOBCKOe HeiITpIIH0 1\10,KeT II0HBHThCH T0JlhK0 IIPII 110JIH0I\I ua

pyllleHIIII JJel1T0IIH0r0 'IIICJia. 

B C~H3II C Tel\!, 'ITO Te0pIIH 0CIJIIJIJIHIJIIH HeliTpHHO II0CTp0eHa !IO aHaJI0rHII C Tebpilell 

0CIJIIJIJIHIJIIII K 0 l\le30H0B, B03HHKJia Heo6XO,Zl,III\IOCTh B 6oJieE:! ,Zl,eTaJihH0l\l HCCJie,Zl,0BaHHH 

B0IIpoca npoucxo)K,Zl,CHHH 0CIJIIJIJIHIJilll 111e30HOB. OTMe'IeHo, 'ITO K 0 l\le30HhI po)K,!J;aIOT

cH B CHJlhHhlX
0 

B3aIII\IO,Zl,CllCTBHHX, r,Z1,e i!P<)IIJaTH'IeCKile 'IHCJia coxpaHHIOTCH, II II03T0I\IY 

3TH l\Ie30Hhl He l\IOryT pO,Zl,IIThCH B
0 

cy11ep1103HIJH0HHhIX C0CT0HHIIHX Kf' K2 Me30H0B (ro6-

CTBCHHhJX COCT05ll!HHX CJia6bIX B3aI1l\IO,Z1,eilcTBHll). K 0 J\Ie30Hhl CTaH0BHTCH cy11ep1103HIJIIH

I\IH Kf' K2 l\Ie30H0B 3a C'IeT CJia6hlX'B3aHl\lO)J;elicTBHll, K0T0phie 11apyrna10T CT])aHH0CTh H 

,Zl,aJlee B03HHKaIOT HX 0CIJIIJIJIHIJHH. ·TaKile )KC 0CIJHJI.hHIJIIH B03HHKaIOT y ,Zl,pyrux HeiITpaJih

HhlX l\1e30110B (B 0
, D 0

, •• :), a TaK,Ke 11pu GP ·HapyI1Ie11uHx, ·MaTpI11Ja Ka6I1660 - Ko6aHI1IH 

- MacK!l,BhI co,Z1,ep,KI1T 4 11apa111eTpa, OTBeTCTBeHHhIX 3a 11apyrnemrn apbl\JaTH'IeCKHX u CP 
'IHCeJI, H 3TH 11apal\leTphl 011pe,Z1,eJIHIOTCH H3 3KC11epHl\IeuTa. AKTyaJihllhll\l HBJIHeTCH B011poc 

0 11p0IICXO,K,Zl,eHIIII 3THX 11apa111eTp0B. IJpe,Zl,JIO)Kel! ,Zl,IlHal\lH'IeCKHll aHaJIOr 3TOll l\IaTpII!Jhl, 

11pI1BO,Zl,HIIJilll K Cl\leI1II1BaHHIO KBap'K0B, T.e. paclllnpe11ue I\IO,Zl,CJIH cna6b!X B3aHI\I0,Zl,eilcTBHll, 

r,Zl,e 110HBJIHIOTCH 'IeTbipe 11apb1 TH)KCJlhlX BeKT0pHhIX HOCHTeJiell CJia6h!x B3ain110,Z1,eilcTBI1ll 

B±' c±' n±' £±' 11pHB0MIIJHX K 11epexo,Z1,al\l 1'Ie:lKA}' Cel\lellCTBal\rn KBapKoi II K C p Ha

pyrneHHI0. •. TaK)KC . H3y'IeHa B031'IO)Kl!0CTh BIIPTYaJihHhIX 0CIJIIJIJIHIJilll l\le)K,uy 7r±. 11 K± 
l\lC30l!al\lH 3a C'ICT uapyrneHHH CTpaHH0CTII B CJia6bIX B3aill\l0,Zl,elicTBilHX. . ' 

II;eJib II 3a,n;a<ia: pa60Tbl C0CTOl!T
0 

B pa3BHTHH H JT0'IHeHIIII. Teop~H BaKyyMH0ro Cl\le

IIIHBal!IIH ll OCIJHJIJIHIJHll 1'Je30H0B II ueiITpHHO, 110CTpoeHHII cxe11i BaKYYAIHh!X l!eiiTpllHHh!X 

0CIJHJIJlHIJilll H CXCJ\lhl ycIIJieHHH OCIJIIJIJIH!Jllll HeiITpHHO 11pI1 HX 11p0X0)K,!l;CHHII qepe3 T0JI

CThlll CJIOll BCIIJCCTBa, BhIHCHeHIIII o6ocHOBaHHOCTII Teopuu (:r-iexaHil3l\la) pe3oHaHCH0ro 

yCHJICHHH 0CIJHJIJIHIJHH HeliTpIIHO B BellJCCTBe (MCB - 3q>q>CKTa), Il3Y'ICIIHH npo6Jie11h1 

1'IaCC q>ep11mOHOB B CJia6hIX B3aHI\I0,Zl,ellCTBIIHX II ee 110CJIC,Zl,CTBHll MH TeOpIIII 
1
pe3011a11c-. 

H0ro ycm:iemrn OCIJIIJIJIHIJilll ueiITpllH0 B BCIIJCCTBe; ,Zl,HHa:r-m<JeCKOr.I paCIIIIlpeHim 1'10,Zl,eJIII, 
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cna6hIX B3aill\lO,Zl,CllCTBilll, 11pHB0MIIJCl\l K CMCIIIHBaHHIO KBapKOB, H B aHaJIH3e 11po6Jie

l\lhl ,Zl,Cq>HIJIITa C0JIHC'IHh!X HCllTPIIH0, a TaK)KC B IICCJIC,Zl,0BaHIIII ii1ecTa I\IailopanoBCKOrO 

11eiITpnHo B CTa11,Z1,aPTHOil 110,Z1,eJII1. 

Hay'IHruI HOBII3Ha II DpaKTII'leCKruI QeHHOCTb 

HoBhlM HBJIHeTCH pa3BIITHe H JTO'IHCHHe crapoli Te0pIIH Cl\leIIIIIBaHHH II 0CIJIIJIJIHIJllll 

11e30H0B H HeiITpHH0, Y'IeT ,Zl,ByxCTa,Zl,Hlll!0CTH 3THX 11p0!JeCC0B (B cnyqae I\Ie30H0B 3TII 

11p0!JeCChl HAJT qepe3 CIIJlhHhie H CJia6bie B3aI11\I0,Z1,ellCTBIIH, a B cJiyqae HeI1TpHHO qepe3 

CJia6hJe B3aHl\lO,Zl,ellCTBIIH H B3aHl\l0,Zl,ellCTBile, uapyIIIl!,IOIIJee Jiel1TQHHhie 'IHCJia}, 'ITO 11pI1-

B0,Zl,HT K 6o~ee rny6oKOl\lY 11oirnl\laHHIO 11pO!JeCCOB C1'JeIIIH!;aHHH II OCIJiln°JIHI.iHu: Tipcrne~eH 

a11ann3 OCIJIIJIJIHIJilll K0
, p0,Zl,HBIIIIIXCH B cna6h!x B3aHl\l0,Z1,elicTBirnx. Ha rrpin1epe Kf, K2 

11epeX0,Z1,0B U3y'IeH IIP0IJCCC peaJihH0ll 0CIJHJIJIHIJHU (ttJIII Cl\leIIIHBaHHH) 'IaCTIIIJ, Hl\leIOIIJUX 

IIIHpHHhl pacrra,n;oB, KOTOJ>hie. rrepeKpbIBaIOT pa3H0CTh l\laCC 3TIIX qaCTIIIJ. -TaK,Ke 11peMO

)KeHhl cxel\Ihl Cl\leIIIUBaHIIH II 0CIJHJIJlHIJilll HeiITpIIH0: ,li,Be cxel\lhl I\IaCC0Bh!X CI\ICIIIIIBaHUll II 

cxe:r-m 3apH,Z1,0BhIX c:r-ieIIIIIBaHnil. Bo Bcex rrpe,Zl,JI0,KeHHhIX cxe:r-mx peI1Ie11a rrpo6Jie:r-m rrpo

ncxo)K,!J;eHIIH yrJia Cl\lelllHBaHIIH. 

ITpoB.epKy 3aK0H0B coxpaHeHUH JieIIT0HHh!X 'IIICCJI 1'JO)KH0 rrp0BO,Zl,IITh II B npHl\lhIX 3KC-

11epI11'JeHTax rrpn Bh!C0KHX 3HeprIIHX, HO 3T0 11pnBe,Z1,eT K 60JihIIIII1'1 1'IaTepIIaJihllhi1'I 3a

TpaTal\l II 3aqacTy10 TeXHII'IeCKH Heocy11JeCTBHl\IO. TaKym 11poBepKy 1'10,KH0 ocyllJeCTBHTh 

II B rrpow;ccax C 0CIJIIJIJIHIJIIeil HellTpIIHO. ITpu 110CTaIIOBKe TaKIIX 3KCIIepul\le!IT0B cy

llJeCTBeHHhll\l HBJIHeTCH II0Hill\laHile Toro, 'ITO 0CIJIIJIJIHIJIIII 6y,uyT BIIPTYaJlhllhIMII, eCJIH 

ocIJI1JIJIIIpy10T HeiITpI1110 pa3Hhix Mace; 

I1pe,Z1,JIO)KCH 1'JeXaHII31\1 HaK0IIJieHIIH OCIJIIJIJIHPYIOIIJIIx" HeI1TpHHO, ecJIU 01111 Ill\leIOT pa3-

Hhle l\laCchI, rrpn IIX rrp0X0)K,!l;eHIIII qepe3 TOJICTh!H CJI0ll BellJeCTBa, H 3TO naK0l1JleHne 

uo,KeT 11poncxo,Z1,ttTh BIIJI0Th AO ycTatt:0BJieHIIH paBH0BecIIH :r-Ie)KA}' pa3JIII'Illhl1'IH TIIIIal\lII 

neI1TpHIIO, CCJIII T0JlllJHHa BellJeCTBa 60JihIIIrui. To eCTh 3T0T 1'IeXaHH3l\l 6y,Z1,eT peaJIII30-

BhIBaThCH rrp~ ,11P0X0)K,!l;CHIIII neI1TpIIH0, pO,Zl,IIBll!HXCH BHYTPII 3Be3,Zl,hl (CoJIHIJa), qepe3 

3Be3A}'. 

I1oKa3aHo, 'ITO H3-3a Jie.BOCTOpOHHero (KIIPaJihHOro) xapaKTepa CJia6bIX B3aII1'IO,Zl,ell

CTBHll q>epl\lIIOHhl mi 110ryT 3apa6aThIBaTh 1'JaCChl <iepe3 3Tb B3aUI\I0,Zl,ellCTBIIe. 

IIpOBe,Zl,eH KpHTII'IeCKHll aHaJIIl3 ypaBI1eHIIH BOJih<peHiuTeI1Ha, u~ KOToporo rronyqe11 3cp

q>eKT pe3oHaHCHoro ycuJieHIIH 0CIJIIJIJIHIJHII 11eiITpIIHO B BellJeCTBe (MCB-3q>q>eKT). IIoKa-

3aHo, 'ITO 3T0T 3q>q>eKT l\l0)KeT peaJIH30BaThCH T0JihK0 11pn HapyrneHIIII 3aKoua coxpa11e

HIIH 3HeprHH-Ill\111YJihCa II3-3a Toro, 'ITO CJia6ble B3aIIl\l0,Zl,eI1cTBIIH He 1'IOrYT reuepnpoBaTh 

11mccy. 

I1oKa3aHO, 'ITO eCJIII cJia6hie B3al!I\I0,Zl,ellcTBIIH l\IOryT reuepupoBaTh 1'IaCChl II 110JIHp1130-

BaTh BellJeCTB0, TO IIPII CK0p0CTHX 11el1Tp1!HO Vv > c/n II0HBJrneTCH qepeHK0BCKl!ll 3q>q>eKT, 

IIIIA}'IJIIPOBaHHhlll 3Tlll\lII B3al!1'IO,Zl,ellCTBIIH1'IH. 8qiq>eKT pe3oua11c11oro ycnnennH 0CIJIIJIJIH

IJilll 11el1Tpl!H0 .B BCIIJCCTBe II 'IepeHK0BCKilll 3q>q>eKT ( Vv > c/ n) HBJIHIOTCH. KCmKyp11py10-

IIJUl\lll !IpOIJCC~a:r-m, II Ha'Il!HaH C 0rrpe,Z1,eJieHl!h!X 3Heprufi HellTplIHO 3q>q>eKT pe:)0IIUIICH0r0 

ycnJiemrn OCIJlIJIJI.HIJIIll 11el1Tpj1H0 B Be11JeCTBe C.Mel!HTCH na 'IepeHK0BCK!Ill 3q>q>eKT. Tor,Z1,a 

BaKyy11111aH 0CIJIIJIJIHIJ!IH HeI1TpI1110 B0CCTUH0BIITCH, II IIOH.BJIHeTCH B031\iO)K!IOCTh ,Zl,JlH 110-

JIY'ICHIIH 0!JeHKll 1'IaCChl Hel!Tp!IHO. IJpe,Zl,JIO)KCHHhlll 1'IeTO,ZI, HBJIHC.TCH. !Je!lllhll\l ellJe II3-3a 

Toro, 'ITO II03B0JIHeT II0JIY'IIITh 0!JeHKY ua :r-mccy 11el1Tp1mo 11pll CK0Jlb yr0,Zl,H0 l\IaJlhlX ee r . . 
3Ha'Ie!IIIHX. 

lfayqeHo l\IeCTOMaI1opaHoBcKoro HeI1Tpnno B CTaH,Z1,apT110I11\IO,Z1,eJin. ITpeMaraeTcH cxe

l\la 110,Zl,KJIIO'IellHH l\Iall0paH0BCKOro HeI1TpHH0 K CTaH,Z1,apTHOll 1'10,Zl,eJIH. IIOKa3UHO, 'ITO 

B pal\IKax CTaH,Zl,apTHhIX CJia6bIX B3UHI\IO,Zl,CllCTBllll 113-3a !IX KllpaJihHOll mrnap11aHTII0CTII 

6e3HeiITpllHHhlll ,Zl,B0lll!OII 6eTa-pacna,n; HeB031\IO)KCI!. 
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IlpoBe,1i;eH amlJUl3 npo6Jiel\lhl ,1i;ecp11u;1na COJIHe'IHh!X HeiiTpllHO. IloJiy'IeH Bh!BO,!J;: )J;JIH 

CTporoii npoBepKII cyrn;eCTBOBaHIIH OCD;IIJIJIHD;IIII COJIHe'IHhIX HeiiTpllHO He06XO,!J;lll\lO npo

BeCTII 3KcnepmreHT no 6e:nro,1i;eJihHOH npoBepKe cyru;ecTBOBaHIIH OCD;IIJIJIHD;IIII HeiiTpllHO. 

Ilpe,1i;JimKeHo pacumpeH11e MO)J;eJIII CJia6h!X B3alll\lO)J;eiicTBIIH (,1i;11HaM11'IeCKIIH aHaJIOI' 

l\IaTp11u;hr Ka611660 - Ko6am1111 - MacKaBhI}, r,1i;e IIOHBJIHIOTCH 'IeThipe naphI TH)KeJihIX 

BeKTOpHhlX HOCIITeJieii CJia6b!X B3allMO)J;eHCTBIIH, rrp11Bo~ru;11x K rrepexo,1i;aM Me~ ce

MeHCTBal\111 KBapKOB II K C p HapyrneHIIIO. PacCMOTpeHhl pa3Jill'IHble rrp11MeHeHIIH npe,1i;

JIO)KeHHOl'O pacrn11peHIIH. 

MeTO,ZJ;hl HCCJiep;oBaHIUI, ,ZJ;OCTOBepHOCTb n o6ocHOBaHHOCTh IIOJiyqeuHhlX 

pe3yJihTaTOB 

)1/rn IICCJie)J;C>BaHIIH IICIIOJlh30BaJil!Ch l\leTO,!J;bl KBaHTOBOH l\leXaHIIKII II CTalcl)J;apTHaH 1\10-

)J;eJih 3JieKTpOCJia6bIX B3allMO,!J;eiicTBIIH. ,l(ocTOBepHOCTh nony'IeHHb!X pe3yJihTaTOB BhIHC

HHJiaCb rrepenpoBepKal\!II Bh!ilOJIHeHHhIX pac'IeTOB II cpaBHeH11el\l C pe3yJihTaTMIH APYl'IIX 

aBTOpOB, KO!',!J;a 3TO 6b!JIO B031\10)KHO. TaK KaK 3Ta pa6oTa HBJIHeTCH cpeHm.reHOJIOl'll'IeCKOH, 

TO KOHe'IHOH D;eJih!O pa60Thl 6h!JIO cpaBHeH11e IIOJiy'IeHHh!X pe3yJihTaTOB C 3Kcrrep11MeH

TaJihHh!MII ,1i;aHHhlMII, KO!')J;a 3TO B031\10)KHO, IIJIII BhllIOJIHeH11e pac'IeTa AJIH 3KCnep11l\IeHTa. 

OfrheKTIIBHOCTh pe3yJibTaTOB o6ycJIOBJieHa Tel\!, 'ITO CTaBl!JIIICh 3a,1i;a'I11, KOTOpbie CBH3a

Hhl C 3Kcnep11MeHTaJihHO Ha6mo,1i;ael\lh!MII BeJill'IIIHal\!II !IO Cl\IelllHBaHHIO II OCD;IIJIJIHD;IIHI\I 

HeiiTpaJibHh!X l\le30HOB II HeiiTpllHO, a TaK)Ke no APYl'IIM Ha6mo,1i;ael\lhll\l BeJill'IIIHaM. 

,lJ;JI.SI 3aIU;HTbl Bbl,ZJ;BHraIOTC.SI cnep;yrom;ne pe3yJibTaTbl, 

IIOJiyqenHhle - B p;nccepTau;HH 

1. B CJia6hIX B3aH1I0,1J;eiicTBIIHX, B OTJill'Ille OT CIIJihHblX 11 ,3JieKTpOl\Ial'HIITHhIX B3alll\10-

,!J;eiicTBIIH, npaBbre KOl\lnOHeHThl ,1i;y6JieTa cpepMIIOHOB He y'IaCTBYIOT BO B3allMO,!J;eiicTBIIHX. 

IloKa3aHo, 'ITO 113-3a 3TOl'O CJia6hie B3alll\lO,!J;eiicTBIIH He l\lOl'YT l'eHep11poBaTh MaCchI cpep-

1\IIIOH~B- 9TOT pe3yJihTaT l!CnOJih3yeTCH npll aHaJill3e ypaBHeHIIH BoJib<peHlllTeiiHa. 

2. IlpeAJIO)KeH ,1i;11Hal\11I'IecK11ii aHaJIOI' MaTpllD;hI Ka611660-Ko6aHrn11-MacKaBhI (llraTp11-

D;hI, rrp11Bo~ru;eii K Cl\lellIHBaHHIO KBapKoB), T.e. pacumpeHlle l\lO)J;eJIII CJia6blx B3a11Mo,1i;eii

CTBIIH, l')J;e nOHBJIHIOTCH 'IeTb!pe naph! TH)KeJibIX BeKTOpHhIX HOCIITeJieii cna6b!X B3a1Il\l0-

,1i;eiiCTBIIH 3±, c±, D±, E±, npllBO,!J;HID;IIX K nepexo,1i;aM Me~ pa3Jill'IHhll\111 ceMeiiCTBal\!II 

KBapKOB. Ou;eHeHhl Macchi II np0113Be,!J;eHbl ou;eHO'IHhie pac'IeThl Ce'IeHIIH po~eHIIH 3TIIX 

6o3oHoB )J;JIH 6aTaB11iicKom ycKop11TeJIH (FNAL (USA) ,!J;JIH peaKu;1111 pp), nepe'IIICJIH

IOTCH peaKu;1111, B KOTOph!X OHII l\lOl'YT npOHBJIHThCH. B CJia6bIX B3allMO,!J;ellCTBIIHX, npll 

HapyrneHIIII CTpaHHOCTII, B031\10)KHhl BIIPTYaJihHhre nepeXO,!J;hl Me~ 71"± <-> K± Me3oHa

l\lll. B paMKaX npeAJIO)KeHHOl'0 aHaJIOl'a np0113Be,1i;eH pac'IeT He,1i;11aroHaJihHOl'O l\IaCCOBOl'O 

'IJieHa np11 71"± <-> K± Me30HHhIX nepexo,1i;ax. IlpoBe,1i;eH pac'IeT 71"± <-> K± cMern11BaH11ii 

( OCD;IIJIJIHD;IIH), IIOJiy'IeHhl BepOHTHOCTII MH BaKyyMHh!X rrepeXO,!J;OB ( OCD;IIJIJIHD;IIH) 3TOro 

npou;ecca C y'IeTOM 7l" pacna,n;oB. Ilpo113Be)J;eHhl ou;eHKII onTIIMaJihHhIX 3Hep!'IIH 7r Me30HOB 

11 paCCTOHHIIH ,!J;JIH Ha6JIIO)J;eHIIH TaKIIX rrepeXO,!J;OB. 

3. B JIIITepaType cyru;eCTByeT npe,1i;nOJIO)KeH11e, 'ITO HeiiTpllHO HBJIHeTCH MaiiopaHOB

CKOH, a He ,1i;11paKOBCKOH 'IaCTIID;eii. fhreroT MeCTO )J;Be cpopMyJIIIPOBKII MaiiopaHOBCKOro 

HeiiTpllHO: 1) HeiiTpllHO OTJill'IaeTCH OT aHTIIHeiiTpllHO TOJihKO rrpoeKu;11eii cn11Ha II He mre

eT HIIKaKO!'O coxpaHHioru;erOCH 'IIICJia, II MaiiopaHOBCKOe HeiiTpllHO ecTb cynepn03HI\IIH 

HeiiTpllHO II aHTIIHeiiTpllHO, HOpll!IIpOBaHHOe Ha e,1i;11H11u;y; 2) MaiiopaHOBCKOe HeiiTpllHO 

eCTh rrpOCTO cynepno311D;IIH HeiiTpllHO II aHTIIHeiiTpl!HO. IloKa3aHo, 'ITO MaiiopaHOBCKOe 

HeiiTpllHO MO)KHO nO,!J;KJIIO'IIITh K CTaH,1i;apTHOH M0,1J;eJI11 TOJihKO np11 HapyrneHIIII JIOKaJib

HOii II l'JI06aJihHOH KaJI116poBO'IHOH IIHBap11aHTHOCTII. 9TO 03Ha'IaeT, 'ITO Maiiopa110BCKOe 

ueiiTpllHO He l!MeeT ,1i;11paKOBCKOl'O 3apH,1i;a II ,!J;JIH y'IaCTIIH B CJia6bIX B3alll\IO,IJ;eiicTBIIHX 

6 

eMy HY)KHO np11n11caTh ,1i;11paKOBCKIIH 3apH,!i;. IloKa3aHO, 'ITO eCJIII Mb! no,11;CTaBIIM B CTa11-

,1i;apTHYIO l\lO)J;eJih l\laiiopaliOBCKOe HeiiTp11110, TO noJiy'Iael\l pe3yJihTaThl, ue COl'Jiacy1oru;11-

ecH C YCKOp11TeJihl!hll\lll 3KCnepnMeHTaJihllhll\lH ,1i;aHHb!MII !IO B3aHMO,!J;eiicTBHIO HeiiTplIHO. 

9ro CBH3aHO C Tel\!, 'ITO OTl\Ie'IeHHh!e cynepn031ID;IIOlll!hle COCTOHHIIH He MOl'YT po~aTb

CH B CJia6bIX B3alII\IO,!J;eiicTBIIHX. TaK)Ke nOKa3auo, 'ITO 113-3a HenO)\XO,!J;Hru;eii cn11paJibHO

CTII 6e311eiiTpllllllhlll ,!J;BOiiHOH /1-pacna,n; HeB031\IO)KeH ( o6a HeiiTpHIIO mreIOT 0,!J;Hl!aKOBb!e 

npoeKD;IIII cnIIHa), ·,1i;=e eCJIII npe,1i;noJIO)KIITh, 'ITO HeilTpnHO HBJIHeTCH MaiiopaHOBCKOH 

'IaCT11u;eii. 9TOT Pe3YJihTaT IICIIOJih3YeTCH npn aHaJill3e HeiiTplll!llh!X OCD;HJIJIHD;IIH. 

4. B paMKax Teop1111 3Jiel\reHTaj>Hh!X 'IacTIII\, B pa3BIIT11e CTaH,1i;apTl!Oll KBal!TOBOMexa

HII'IeCKOH TeOplIII BaKyyMl!hIX OCD;IIJIJIHD;Hll Me30l!OB, C yqeTOM ,!J;IIl!al\!II'IeCKOro ,!J;BYXCTa

,!J;IIHIIOl'O xapaKTepa 3TIIX OCD;HJIJIHD;Hii, IIOCTpOeHa cxeMa ( TeOplIH) OCD;IIJIJIHD;IIH Me30IIOB. 

Y'IIITb!BaeTCH llaJIII'IHe ,!J;Byx B3a1IM0,1J;eiicTBIIH, CHJihHb!X II CJia6b!X, co CBOIIMII xapaKTep

HhlMII BpeMeHal\rn npll po~eHIIII KBapKOB. Tor,1i;a, ecm1 CMelllIIBaIOTCH 'IaCTHD;bl C paB

Hh!l\llI Maccal\III, TO OCD;IIJIJIHD;IIII HBJIHIOTCH peaJibHhlMII, a eCJIII CMelllIIBaIOTCH 'IaCTIID;bl 

pa3Hh!X l\lacc, TO OCD;IIJIJIHD;IIII 3TIIX 'IaCTIID; HBJIHIOTCH BIIPTYaJihllbll\llI, T. e. 6e3 peaJih

HOl'O nepexo,1i;a ua l\laCCOBYIO IIOBepXHOCTh COOTBeTCTByroru;eii 'IacTl!D;bl. IloJiy'IeHHhie B 

3TOI\I IIO,IJ;XO,!J;e pe3yJihTaTbl nO,!J;TBep~aIOTCH 3KCneplll\IeHTaJihllbll\llI 11a6mo,1i;eHIIHI\III nepe

XO,!J;OB K 0 <-> K 0 11 "( <-> p. Ha OCHOBe npe,!J;JIO)KeHHOl'O pacrn11pe1111H CTaH,1i;apTIIOH Teop1111 

Cl\lellll!Bal!l!H II OCD;IIJIJIHD;IIII l\le30HOB np0Be,1i;e11 ,1i;eTaJihHhlll aHaJIII3 K 0
' k 0 

II Kf' K2 oc

D;IIJIJIHD;llii. Pacc'Il!TaHl!hiii yroJI Kf' K2 Cl\lellll!BaHIIH xoporno COBrra,n;aeT C H3MepeHHhll\l 

Ha 3Kcrrep11MeHTe Yl'JIOI\I Cl\le1ll11BaH1IH. Onre'Ieuo, 'ITO aHaJIOl'II'IHhll\l cnoco6oM l\lO)KHO 

npoBeCTII a11an113 ocu;nnnHu;1111 (cMernnBaHnH) D 0
, B 0

, D1,2B1,2 l\Ie30HOB. 

5. B paMKax Teop11n 3JieMeHTapHbIX 'IaCTHD;, B pa3BIITHe CTaH,1i;apTHOH KBal!TOBOMexa

Hll'IeCKOii Teop11n BaKyyl\IHh!X OCD;HJIJIHD;IIH HeiiTpl!HO, nocTpOeHa cxeMa (Teop11H) Cl\lern11-

BaH1IH ll OCD;llJIJIHD;llll 11eiiTp11110. B 3TOii cxel\le ( TeOpllll) OCD;llJIJIHD;llll HeiiTpl!HO Y'IllTbl

Bae'I'CH, 'ITO 6y,1J;YT po~aThCH <pll3H'IeCKII Ha6mo,1i;ael\Ibie HeiiTplIHO v., Vµ, VT ll OHi! 6y

,!J;yT HaxO)J;l!ThCH Ha CBOHX MaCCOBb!X IIOBepXHOCTHX. BCJie)J;CTBlle rrpl!CJTCTBHH HapyrneHHH 

JienTOHHhlX 'IllCeJI 3TH COCTOHl!llll 6y,1i;yT nepeXO,!J;llTh B cyrrepn03HD;llll V1, Vz, V3 HeiiTpll

HO, ll ,1i;anee qepe3 3TH rrpol\le)KyTO'IHhie COCTOHHHH Ve, Vµ, VT ueiiTpl!HO 6y,1i;yT nepexo,!J;llTb 

APYr B APY!'a, T.e. B03HllKHYT OCD;llJIJIHD;llll ueiiTpHHO. TaK KaK 3TOT rrpou;ecc rrpoTeKaeT 

B BaKyyMe, TO OCD;IIJIJIHD;llll 6y,1i;yT nponCXO,!J;llTh 6e3 peaJihHOl'O cxo,1i;a c MacCOBOH noBepx

HOCTII COOTBeTCTBy1oru;ero HeiiTpllHO. Tor,1i;a OCD;llJIJIHD;llll HeiiTpHHO C paBHhll\III Macca11111 

6y,1i;yT peaJibHhll\Ill, a OCD;HJIJIHD;HH HeiiTpHHO C pa31!hll\lH Macca11m 6y,1J;YT BHpTyaJihHbllllll, 

no aHaJIOl'llH C K 0 
- K 0 H "( - p0 

rrepexo,1i;a11m. IlpeAJIO)KeHb! TPH cxel\lhl OCD;HJIJIHD;Hii -

,!J;Be B paMKax CXel\lbl MaccOBb!X Cl\IeIIlHBaHnii H O,!J;Ha B paMKax 3apH,1J;OBhlX Cl\IelllHBaHHH. 

B 3THX cxeMax perneua rrpo6nel\la rrponcxo~eHHH yrna cl\lernnBaHnH. B pa111Kax 3THX 

CXeM II<;>JIY'IeHhl Bee Bh!pa)KeHHH ,!J;JIH OIIHCaHHH Cl\IelllHBaHHH (ocu;HJIJIHD;HH) HeiiTpHHO H 

l\laTpnu;a Cl\lelllHBaHHH. 

6. Co6paH H npoBe,!J;eH aHaJIH3 3KCnepHll!eHTaJihHbIX ,1i;aHHhIX, IIOJiyqeHHh!X !IO H3y'IeHHIO 

peaKropHhIX, ycKopHTeJihHhIX n aTMoccpepHhIX HeiiTpnuo. B ::1T11x 3Kcrrepn11reHTax rrony'Ie

HhI rrapa111eTphr ,!J;JIH ,1i;Byx THIIOB HeiiTpHHHhIX rrepexo,1i;oB H3 Tpex, KOTOpbie ncrrOJih3YIOTCH 

B 6-ii !'JiaBe rrpn aHaJIH3e rrpo6Jiel\lhl ,1i;ecpnu;nTa COJIHe'IHh!X HeiiTpHHO. 

IlpoBe,1i;eH paC'IeT BepoHTHOCTeii perncTpau;nn cOJIHe'IHhIX HeiiTpHHo Ha ,1i;eTeKTope SNO, 

H pa3Bl!Ta cxel\la H3BJie'IeHHH yrJia Cl\lelllHBaHHH H3 ,1i;aHHb!X 3TOH ycraHOBKH !IO 6e31\IO)J;eJih

HOH rrpoBepKe cyru;ecrBoBaHiiH oc~HJIJIHD;Hii coJIHe'IHhIX HeiiTpnHo. IloJiy'IeH cy1111\!apHh1ii 

yroJI Cl\IelllHBaHHH Ve H Vµ, VT H3 )J;aHHh!X 3TO!'O 3KcnepnMeHTa. 

TaK)Ke rrpoBe,1i;eH pac'IeT 'IHCJia HeiiTpHHHb!X co6b!THH N the, KOTOphie 6y,!J;yT pe!'HCTPH

poBaThCH Ha ,1i;eTeKTope BopexnHo OT COJIHe'IHhlX HeiiTpHHO c 3Heprneii Eve = 0.862 M::iB, 

reHepnpoBaHHblX B peaKD;HH 7 Be+ e- ->7 Li+ Ve rrpn OTCJTCTBHH OCD;HJIJIHD;HH HeiiTpH-
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HO. 8TO '!IlCJIO Jie:)!(HT l\le)K,izy N the = 86.45-,- 96.52 (da/~onts ton) B 3aBHCill\lOCTil OT nOTOKa 

COJIHe'IHb!X HeilTp1rno·. OTHOIIIeHIIe l\le)K,Izy 'IIICJIOJ\I HeilTpl!HO, 3apen1cTp11poBaHHh!X Ha 

,n;eTeKTOpe EopeKCIIHO Nexp II paCC'IIITaHHbll\l 'IIICJIOJ\l, eCJIII BbI'!eCTb BKJia,n; HeilTpaJibHO

ro ToKa, ecTh: N1xp,fh / N;J'f,ch = 0.41-,- 0.47. 

7. IloKa3aHo, 'ITO 113-3a Toro, 'ITO CJia6hie B3a!Il\lO,LleilcTBII.H He 1110ryT reHepnpoBaTh 

l\laccy, pe30HaHCHOe yciiJieHIIe OCl!IIJIJI.Hl!Illl HeilTp!IHO B Bell!eCTBe He J\IO)KeT npOIICXO,LIIITb 

6e3 uapyIIIeHl!.H 3aKOHa coxpaHeHII.H 3Heprnil-lllllllYJibCa. YpaBHeHne BoJibcpeHIIITeilHa, C 

JieBo-npaBo Clll\ll\leTpl!'IHOll BOJIHOBOll <pyHKl!IIeil, 113 KOTOporo B03HIIKaeT pe30HaHCHblll 

(MCB) 3cpcpeKT, np.Hll!O He CB.H3aHO co CJia6hIJ\III B3aIIJ\IO,LleilCTBII.Hlllll, KOTOpb!e .HBJI.HIOTC.H 

JieBOC'rOpOHfllll\lII B3a1111ro,n;eilCTBII.Hl\lil (11 K11paJibHO-IIHBap11aHTHbllllll). 

TaK)Ke YKa3auo, 'ITO B ypaBHeHIIII BoJibcpeHIIITeilHa Bl\leCTe C 3Hepr11eil HeilTplIHO B 

Beiu;ecTBe 1131\leH.HeTC.H ero l\lacca, a ero lll\lIIYJibC OCTaeTC.H Hell3l\leHHbll\l. O'IeBII,LIHO, 'ITO 

Hl\lIIYJibC ueilTpIIHO B Beiu;eCTBe TaK)Ke ,LIOJI)KeH II3l\leHl!TbC.H; Pac'leT nOKa3aJI, 'ITO npn 

y'leTe 1131\leHeHII.H IIJ\IIl)fJibCa B COJIHe'!HOl\l Bell!eCTBe He B03HIIKaeT CKOJib-H!I6y,n;h 3al\leTHOe 

yc11JieHile OCl!IIJIJI.Hl!Illl HeilTpIIHO .. 

I1111eIOIII1IeC.H 3KCnep11l\leHTaJibHh!e ,n;aHHb!e TaK)Ke 'He ,n;aIOT no,n;TBep)K,L\eHII.H 3T011IY 3cp

cpeKTy. A lll\IeHHO, 3uepreT1I'leCKIIll cneKTp COJIHe'!HblX ueil'tpnuo He 111\leeT 113JIOl\la, a 

3(p(pCKT ,[\ellh-HO'lh He Ha6JIIO,[laeTC.H. 

8. B pal\JKax c.na6b!X B3a1111ro,n;eilCTBl!ll aBTOpOM npe,n;JIO)KeHa cxel\Ja HaKOnJieH!I.H OCl!IIJI

JJIIPYIOll!l!X HeilTp!IHO pa3Hb!X l\JaCC B Bell!eCTBe, B KOTOpOl\l B pe3yJihTaTe CJia6h!X roa111110-

,L1ellCTBllll ( BIIPTYaJihHO) OCl!IIJIJillpyroll!ero HeilTpllHO C Beiu;ecTBOM npOIICXO,L\IIT nepexo,n; 

Ha l\JaCC0By10 noBepXHOCTb COOTBeTCTBYIOll!ero ueilTpllHO (Hanpllll!ep, Ve nepeXO,L\IIT B vµ) II 

OHO OCTaeTC.H Ha Heil. EcJI!I TOJill!IIHa Bell!eCTBa (3Be3,[\b!) ,LIOCTaTO'IHO 60JibIIIa.H, TO 6y,n;eT 

llllJeTb l\leCTO HaKOn.JieHIJe HeilTpIIHO (vµ, VT) B pe3yJihTaTe_ l\lHOrOKpaTHOro B3a!Il\IO,[leil

CTBII.H OCl!IIJIJIIIPY!Oll!IIX ueilTpllHO np11 IIX npoxo)K,LleHIJII qepe3 Bell!eCTBO (3Be3,zzy). EcJI!I 

TOJlll!IIHa Bell!eCTBa O'!eHb 60JibIIIa.H, TO l\IO)KeT ycTaH0BIIThC.H paBHOBec11e l\le,K,Izy pa3JI!I'l

Hbll\JII TIJnal\JII HeilTpllHO. 8TOT JlleXaHIJ3l\I KOrepeHTHOro B3aIIMO,LleilcTBII.H OCl!IIJI.llllpyro

ll!IIX HeilTp!IIIO C Bell!eCTBOl\l npe,n;cTaBJI.HeT !IHTepec KaK peaJihHhlll l\lexaHll31\I HaKonJieH!I.H 

HeilTpllHO B 3a,[la'!aX KOCMO(p11311KII. 

9. I1QKa3aHO, 'ITO ecJIII CJia6hie B3a1111ro,n;eliCTBII.H l\IOryT reHep11poBaTh l\JaCChl II nOJI.H

pII30BaTh Bell!eCTBO (n > 1), TO npn CKOpOCT.HX HeliTpIIHO Vv > c/n IlO.HBJI.HeTC.H qe-, 

peHKOBCKIIH. 3cpcpeKT, IIH,Izyl!IIpoBaHHh!H 3TIII\III B3aIIl\IO,LlelicTBII.Hl\lll. 8cpcpeKT pe30HaHC

HOro ycrrJieHII.H OCl!IIJIJI.Hl!IIH HeilTpIIHO B Beiu;ecTBe ( n > l) II qepeHKOBCKIIH 3cpcpeKT 

(n > l, Vv > c/n) .HBJIHIOTCH KOHKyp11pyIOll!lll\lII npou;eccal\JII, II np11 3HeprIIHX HeHTpil

HO, Kor,n;a Vv > c/n, 3cpcpeKT pe3oHaHCHOro yc11JieHIJ.H OCl!IIJIJIHl!llll ueilTpl!HO B Bell!eCTBe 

Cl\JeHIITC.H Ha qepeHKOBCKIIH 3cpcpeKT. Tor,n;a BaKyy111Ha.H OCl!IIJIJIHIIIIH HeliTpl!HO BOCCTaHO

BIITCH, II no.HBIITC.H B031\JO)KHOCTb ,L\JIH noJiy'leHl!H 011eHKII Ha l\laccy HeilTpl!HO. EcJIII l\Jbl 

nOJIY'llll\l ou;eHKY l\IaCCbl 0,[IHOro HeliTpIIHO ( 3JieKTPOHHOrO), TO 011eHKY Ha l\JaCCh! ,n;pyr11x 

HeilTpl!HO l\lbl l\JO)Kel\l noJiy'll!Th, IICnOJib3Y.H pa3HOCTI! l\Je)K,zzy KBa,n;paTal\111 Mace HeilTpl!

HO, noJiy'leHI'lh!e B 3KcnepIII\JeHTax no OCl!IIJIJIHl!IIHI\I HeliTpllHO. 

. 10. IlpoBe,n;eH aHaJIII3 npo6Jiel\lb; ,n;e4>111111Ta COJIHe'!Hb!X HeliTpIIHO·. ,Il;JIH 3Toro paC~l\lOT

peHhl OCHOBHhie 3KCnepIIll!eHTaJihHb!e ycTaHOBKII no perIICTpa111111 COJIHe'!Hb!X HeilTpl!HO 

Bl\IecTe c noJiy'leHHhIMII Ha 1111x pe3y.l!hTaTmi11, KOTOphie npoaHaJI11311poBaHhI. TaK)Ke npo

Be,n;eH aHaJIII3 iio3l\IO)KHhIX cxel\l ( TrrnoB) ocu;11JIJI'.Hu;11il HeilTpIIH~, OTBeTCTBeHHhIX :ia ,n;e
cp11u;l!'r. COJIHe'!Hh!X HeilTpl!HO. IloKa3aHO, 'ITO HeilTpl!HO ,LIOJI)KHbl 6b!Th ,LIIIpaK0BCKIJl\111 

'!aCTIIIIal\111 Il 'ITO peaJIIICTII'!eCKIIl\l 111exaHI131\10l\l Cl\IeIIIl!BllHII.H ( OCl!IIJIJIHl!IIII) HeliTpllHO 

.HBJIHIOTCH BaKyyl\IHhie Cl\IeIIIIIBaHIIH ( OCl!IlJIJIHl!IIII) HeilTpIIHO. l13 aHaJill3a Ill\leIOll!IIXCH 

3KCnep1ll\leHTaJihHblX. ,n;aHHb!X II ieopeTII'leCKIIX noJIO)KeHIIH noJiy'leHO: nepBII'!Hb!H nOTOK 

COJIHe'!Hb!X 3JieKTJ)OHHb!X ueilTpl!HO np11 !IX ,LIBil)Kelil!II K 3'el\IJie nepexo,n;IIT B Cl\leCb 3JieK-
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TpOHHbIX, l\IIOOHl!b!X II TayOHHh!X ueilTpIIHO, rrplll',JepHO B paBHh!X COCTaBax, II B TaKOl\l BII,Lle 

,[IOXO,LIHT ,LIO 3el\JJIII. 8TO 06ecrreq11BaeTC.H 3a C'leT BaKyyl\lHh!X Cl\IeIIIIIBaHIIll ( OCl!HJIJIHl!llll) 

HeilTpIIHO. 8To ecTh peII1eH11e npo6Jiel\lbl ,n;ecpIIl!IITa COJille'!HhlX ueilTpHHO Ha Ka'!eCTBeH

HOl\l ypOBHe. B nocJie,zzyIOll!IIX 3KCIIepll!',JeHTax Ha 3el\lJie ueo6XO,L\Hl\lO 6y,n;eT yTO'IHilTh Bee 

yrJihl Cl\IeIIIHBaHH.H II pa3HOCTh KBa,n;paTOB Mace HeilTpHHO. TaK)Ke CTOIIT 3a,n;aqa ,n;eTaJih

Horo 113yqeu11H CoJIHl!a ( H,n;epHhiil cocTaB II np.). 

Anpo6~m1 ,IJ;HCCepTaQHH H ny6JIHK~HH 

OcHOBHh!e pe3yJihTaThl ,LIIICCepTal!IIH HeO,LIHOKpaTHO ,LIOKJia,[lh!BaJIIICh Ha cel\lllHapax JI.HIT, 

JIT<I>, JIBTA, JI<l>l.J, JIB8-JI<l>l.J, JI<l>B8 O11.HH, OJIB8HA l1.Hl1 PAH 6brJIII npe,n;cTaB

JieHhI II ,LIOKJia,[\h!BaJIIICh Ha Me)K,IzyHapo,n;HhDC Clll\lll0311Yl\lax IIO CJia6bJl\I II 3JieKTpOMar

HHTHhll\l B3aHI\IO,[leilcTBll.Hlll B H,n;pax (,Il;y6Ha, 1992, OcaKa, 1995); 13-1\1 l\le)K,IzyHapo,n;HOJII 

c11Mrro311y11ie no Koc11mqecKn111 Jiy'!al\l (CERN, 1992); Me)K,IzyHapo,n;Hoii KoucpepeHu;11n no 

KOCl\lII'!eCKl!lll Jiy'!al\l (P11l\l, 1995), 27-il Me)K,IzyHapO,LIHOH KOHcpepeHl!llll IIO KOCJllll'!eCKlll\l 

Jiy'lal\l (ral\16ypr, 2001), 28-il Me)K,IzyHapo,n;Hoil KOHcpepeuu;IIII IIO KOCJIJII'!ecKIIJII Jiy'lal\l 

(.HnouuH, 2003); Me)K,IzyHapo,n;Holi Ko11cpepeHu;1111 "Neutino98" (.HnoHHH, 1998), Me)K,zzy

Hapo,n;Hoil KoHcpepeHl!IIII Neutrino2004 (IlapmK (<l>paHl!IIH), 2004) 11 Neutrino2006 (CaHTa 

<l>e (CIIIA), 2006); Me)K,Izyuapo,n;11oli IIIKOJie "l.JacTHl!hI II Koc1110JiornH "(EaKCaH, 1995); 

ceccII.HX PAH - 1982, 1983, 1992,.2004, 2007. 

IIy6JIHKaQHH: ,Il;11ccepTau;nH OCHOBillla Ha 48 ny6JI11Ka1!II.HX, 113 HIIX 17-)KypHaJihHh!e ny6-

JI11Kau;1111, 13-ony5JIIIKOBaHHh!e ,LIOKJia,n;bl Ha Jl!e)K,IzyHapO,LIHh!X COBell!aHIIHX H KOHcpepeH-

1!11.HX 11 18-coo6iu;eHIIH II npenprrHThl OH.HM II l1.HI1 PAH, ornpaBJieHHhie B arXiv: hep-ph. 

CTpyKTypa H o6'beM ,IJ;HCCepTaQHH 

,Il;11ccepTal!IIH COCTOHT 113 IIIeCTH rJiaB, 3aKJIIO'!eHIIH, BKJIIO'!aeT 8 Ta6JIIII!, 13 p11cyHKOB 

II 6116JI110rpacpuqecKHll cn11coK H3 177 Ha3Bauuil. O6'hel\l 270 CTp. 

CO,IJ;EP)KAHHE PAEOTbI 

Bo BBe,n;eHIIII (IlepBoil rJiaBe) KpaTKO II3JIO)KeHa nocTaHOBKa 3a,[la'III, ,n;auo 06ocu0Bau11e 

aKTYaJibHOCTH II B=HOCTII IlCCJie,zzyel\lbJX npo6Jiel\J II KpaTKOe co,n;ep)KaHIIe ,LIIICcepTal!IlII. 

Bo BTOpoli rJiaBe no,n; Ha3BaHne111: "8Jie111eHThl CTaH,n;apTHOll l\JO,[\eJIII 3JieKTpOCJia6bJX 

B3alllllO,LleilcTBilll II ee HeKOTOPhie pacnrnpeHHH
11

B pa3,n;eJie - li "8Jiel\IeHThl CTaH,n;apT

HOil JIIO,[\eJIII 3JieKTpOCJia6bJX B3al!l\IO,LlelicTBIIH II J\IaCCb! 11 ,n;aIOTCH ueo6xo,L11Illlh!e 3Jiel\JeHThl 

CTaH,n;apTHOll JIIO,[leJIH 3JieKTpOCJia6bJX B3aIIl\JO,LleilcTBIIH. IlOKa3hJBaeTc.H, 'ITO Il3-3a JieBo

CTOPOHHero xapaKTepa 3TOro B3a1111ro,n;eliCTBIIH, T.e. KIIpaJibl!Oll IIHBapuaHTHOCTII, B 3TOII 

l\IO,[\eJIII. J\JaCChl y cpepllIIIOHOB He llIOrYT reHep11poBaThCH. PaCCl\IOTpeHIIe Jllhl 6y,n;el\l npOBO

,L\IITh ,LIJIH U (l) Teop1rn. 

YpaBHeH11e _f{IIpaKa ,LIJIH 1/J = 1PR + 1PL B U(l) TeopIIII 11111eeT Brr,n;: 

(E +'<f;H;)'l/JL - M¢R = 0, (E - u;H;)'l/JR - M¢L = 0, E = E - eA4, (1) 

r,n;e i = 1 - 3, H; = P; - eA;, u; - 11mTp1Il!hI Ilaym1. 

To )Ke ca11roe ypaBHeH11e B HOBhJX nepel\leHHhIX, He Y'IIIThIBaIOll!ee B3aIIJIIO,Llel!CTBHe qepe3 

Aµ, JIJO)KHO 3aIIIICaTh B BII,L\e: 

(E' + u;P;)¢L - M'¢R = 0, (E' - u;P;)i/JR - M''l/JL = 0. (2) 

l13 (1) 11 (2) noJiyqae111 (D.M = M - M') 

((E - E') + u;(H; - J1))¢L = D.lvf'l/JR, ((E - E') - u;(H; - P;))¢R = D.M'l/JL, (3) 
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qTo BKJia,n; B3aHI\I0,1J;eHCTBll.H qepe3 IlOJie Aµ Be,n;eT K IlO.HBJieHl!IO pa3HOCTll l\IaCC t::.M, 
KOTOpa.H CHl\11\IeTpllqHa no OTHOIIIeHIIIO K npaBOH H JieBOH KOI\IIIOHeHTal\I cpepllIIIOHa. ,lJ,a

Jiee, IICilOJib3Y.H (3), l\Ihl paccl\laTpHBael\I CJiyqaii, Kor,n;a BO B3alll\l0,1l;eii:CTBIIH npHHHI\IaeT 

yqaCTlle TOJihKO JieBa.H KOI\IIIOHeHTa 'Cnl!HOpa, KaK 3TO Hl\IeeT l\IeCTO B TeOpllll CJia6hlx 

B3alll\lO,D;eiicTBHii:. Tor,n;a (3) l\IO)KHO nepenncaTh B B11,n;e: 

((E- E') + u;(H; - P:))1/JL = 0, 0 = t::.M1h, (4) 

T. K. 1PL OTJI11qeH OT HYJI.H B (4), TO t::.M = 0. 
lfraK, eCJill TOJihKO 'JleBa.H KOI\IIIOHeHTa cn11Hopa npllHIII\IaeT yqacTHe BO B3aHI\IO,D;eii:

CTBIIH, TO l\IaCCa cpepl\IllOHa He ,11;0JI)KHa Mem!TbCH. He npe,n;cTaBJI.HeT Tpy,n;a 0606~11Th 

paccl\IOTpeHHhIH cJiyqali U(l) TeopmI Ha SU(2) Teopmo, 11 l\lhI npuxo,n;Hl\I K Bhrno,u.y, qTo 

ll3-3a Toro, qTO npaBa.H KOI\IIIOHeHTa CilllHOpa He npHHlll\IaeT yqaCTIIH B CJia6hIX B3aHI\IO

,n;eii:cTBH.HX, KBapKH II JienTOHbl He l\IOI'YT noJiyq11Tb l\IaCCbl B 3THX B3alll\l0,1J;eHCTBll.HX. 

8TOT pe3yJihTaT 6y,n;eT llCnOJih30BaTbC.H npu aHaJIH3e l\leXaHH31\Ia pe30HaHCHoro ycn

JieHII.H OCIJ;llJIJI.HIJ;HH Heii:TpllHO B Be~eCTBe. )J,anee npHB0,11;.HTC.H 3Jiel\IeHThl xurrcoBCKOro 

l\leXaHll31\Ia, KOTOpblll l!CnOJih3yeTC.H ,L\JI.H reHepau;un l\laCC qaCTIIIJ; B 3TOH l\IO,D;eJIH. 

B pa3,n;eJie 2.2 ",lJ,11HaJ\111qecK11ii: aHanor l\IaTpHu; Ka6u66o-Ko6a.HIIIH-MacKaBhI HJIH ,1J;H

Hal\111qecKoe pacrrmpeHHe l\IO,!l.eJIH CJia6bIX B3alll\l0,1J;eHCTBllH II paccl\laTpllBaeTC.H ,L\IIHal\lHqe

CKIIH aHanor l\IaTpllIJ;hI Ka6I1660-Ko6a.HIIIH-MacKaBhI (llraTp11u;hl, npuBO,u.H~eii: K cMeIII11Ba

HHIO KBapKOB), T.e. pacIIIHpeHHe TeOpllH cJia6bIX B3aHI\I0,1l;eHCTBllH, r,n;e no.HBJIHIOTC.H qeTbl

pe napb! T.H)KeJih!X BeKTOpHb!X HOCHTeJieit CJia6bIX B3alll\I0,1J;eHCTBllll B±, C±, fl±, E±, Ilpll

B0,11;.H~llX K nepexo,u.y I\Ie)K,!l.y cel\IeHCTBal\111 KBapKOB. CJiyqa11 Cl\IeIIlllBaHllH ,n;Byx H Tpex 

cel\leHCTB COOTBeTCTBeHHO paccl\laTpllBaIOTCH B no,n;pa3,n;eJie 2.2.1 II 2.2.2. CB.H3b l\Ie)K,!J.y 

yrJial\111 cMeIIIHBaHH.H 0, /3, 1 , 8 B l\IaTp11u;ax Ka6I1660- Ko6aHIIIll -MacKaBhI H Maccal\111 n 
3ap.H,1J;al\I11 B±' c±' D±' E± ll w± 6030HOB B npu6JIH)KeHHll q2 < < mrv lll\IeeT Bll,11;: 

tan0 ~ m?v91 
m2g2, 

SW 

2' 
tan/3 ~ mwib 

mbgrv' 
m'fvgt 

tan 'Y ~ m'i,grv' 
2 2 

tan8 ~ mwgE 
m1grv' 

IloJiyqeHhI ou;eHoqHhie 3HaqeHHH Mace 3Tllx 6o30HOB (gfv ~ 91 ~ gb ~ gIJ): 

ms± ~ 169.5 + 171.8 GeV.; me± ~ 345.2 + 448.4 GeV.; 

mv± ~ 958.8 + 1794 GeV.; mE± ~ 4170 + 4230 GeV. 

(5) 

(6) 

,lJ,JI.H 6aTaBIIHcKoro ycKopuTeJIH (FNAL (USA) ,D;JIH peaKu;un pp) ,n;aHhI ou;eHKll ceqe1111Ii 

pO)K,D;eHII.H 3TIIX 6o30HOB (no,n;pa3,n;eJI 2.2.3), ,n;aIOTC.H peaKIJ;llll, B KOTOpb!X OHll npO.HBJl}l[OT

C.H. ,lJ,aIOTC.H ou;eHKll 3HaqeHHH ,!I.JI.!! IIIllPIIH pacna,u.OB BeKTOpHblX 6o30HOB (no,n;pa3,n;eJI 2.2.4). 

IIpoB0,1J;IITCH pacqeT He,n;uarOHaJibHOro l\IaCCOBOro qJieHa np11 7r +-> K l\!e30H!lblX 11epc

xo,n;ax B pal11Kax BBe,n;eHHOH l\IO,D;eJIH (no,n;pa3,n;eJI 2.2.5): 

t::.m2 = mf- m~ = J;m!Gs, 
Gs 9b 
-=-2· ,/2 8m8 

(7) 

8TOT pe3yJihTaT ucnOJib3YeTCH B rJiaBe 3 np11 paccl\IOTpeHllll OCIJ;llJIJI.HIJ;llll l\Ie30110B. 

,l],JI.H JienTOHHOro ceKTOpa TaK)Ke BBO,D;llTC.H ,1l;l1Hal\111qecKl!H' auMor l\!aTpllu; Ka611660-

Ko6a.HIIIH -MacKaBbl (MaTpllIJ;hI, npHBO,L\H~eii: K Cl\IeIIIHBaHIIIO JienTOIIOB). 

I1ccJie,n;oBaHO l\IeCTO l\IaliopaHOBCKOro HeHTJ>IIHO B CTaH,n;apTIIOH 1\10,ll,CJIH C'Jm61,1x 1na

lll\I0,1J;eHCTBIIH C ,n;npaKOBCKlll\111 cpepl\IIIOl!al\111 ll 6e3HeHTJ>HHHblH f\BOHIIOH 6cn1-pac1m;1 II 

pal\IKax CTaH,n;apTIIhlX ('J[a6bIX B3alll\IO,ll,eHCTBllH(e_a:i,n;eJI 2.3). 
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MecTO l\IaHOpaHOBCKoro HeHTPIIHO B CTau,n,apTHOH l\IO,ll,eJIII CJia6bIX B3alll\l0,1l;eii:cTBllH C 

,11;11paKOBCKlll\III cpepl\IIIOHa~III paccl\IaTpllBaeTCH B no,n;pa3,n;eJie 2.3.l. 

B Jll!TepaType cy~eCTByeT npe,n,noJIO)KeHlle, qTO HeHTpllHO .HBJI.HIOTC.H l\IaliopaHOBCKll-

1\IH, a He ,n,11paKOBCKHI\III qaCTHIJ;al\Ill, IIpn 3TOI\I npe,n;JiaraIOTC.H ,!I.Be <poplllYJillpOBKH l\!aH

opaHOBCKOrO HeHTplIHO: 1) HeHTpHHO OTJIHqaeTC.H OT aHTl!HeHTpl!HO TOJlbKO npoeKu;neii 

cnnHa H He 111\leeT HHKaKoro coxpaH.HIO~eroc.H qncJia, H CYl\11\IapHoe HX COCTO.HHHe HOp-

1\IllpOnauo Ha e,11;1rnnu;y; 2) l\IaHOpaHOBCKOe HeHTPHHO eCTb cynepn03HIJ;H.H (nm1 CYl\ll\la) 

COCTOHHHH ueii:TpHHO H aHTHHeii:TplIHO. IIoKa3auo, qTo l\raHopaHOBCKHe HeHTPHHO l\lO)KHO 

no,n;KJIIQql!Tb K cTaH,n;apTHOH 1\10,D,eJIH TOJibKO npn HapyIIIeHHH rJIOOaJibHOH II JIOKaJibHOH 

KaJIH6ponoqHOH HHBapnaHTHOCTH (npnuu;Hn KaJIH6poBoquoii HHBapnaHTHOCTH .HBJI.HeTC.H 

<pyH,D,al\IeHTaJibHhll\I npnHu;Hnol\l). 8To 03HaqaeT, qTo JienTOHHhie qncJia, noo6~e, He co

xpaH.HIOTC.H. Kpol\le TOro, B nepBOH cpopllIYJillj>OBKe, eCJIH l\lhl IlO,ll,CTaBHI\I B CTau,n;apTHYIO 

1\10,D;eJib l\!aHOpaHOBCKHe HeHTpHHO, TO noJiyqael\l pe3yJihTaThI, KOTOj>hie He corJiaCyIOTC.H 

C Hl\lero~lll\IIIC.H ycKOpHTeJihHbll\III 3KCnepHI\IeHTaJibHhll\III ,n,aHHhll\111 no B3aHI\IO,ll,eHCTBIIIO 

Heii:Tj>HHO. I1TaK, n,n,e.H O TOI\I, qTo Heii:TpHHO HBJI.HIOTC.H l\raiiopaHOBCKlll\111 qacTHIJ;al\111, 

noKa He HaxO,D;HT HH TeopeTnqecKoro, HU 3KCnepHllleHTaJibHOro nO,ll,TBej>)K,D,eHH.H. 8TOT 

pe3yJihTaT HCilOJlh3YeTC.H npn aHaJIU3e Heii:TpHHHblX OCIJ;HJIJI.HIJ;HH. 

Bn,n,nMo, uan6oJiee npocTbII\I H cTaH,n,apTHhil\l cnoco60111 BKmoqeHH.H l\laliopaHOBCKHX 

cpepl\lHOHOB B CTaH,n;apTHyIO l\IO,L\eJib .HBJI.HeTCH CBH3hIBaHHe nap ,n,npaKOBCKHX <pepl\IHOHOB 

(IJ!'V) qepe3 HeHTj>aJihHbIH BeKTOJ>HbIH 6030H 2'° C napoii: l\laHopaHOBCKHX <pepl\lHOHOB 

(XM xM) qepe3 yroJI cMeIIInnaHH.H sin 0 M. B npnHu;nne, TaK)Ke B031\IO)KHhI np.Hl\lhre nepe

X0,1J;bI ,n;npaKOBCKHX HeHTJ>HHO B l\laliopaHOBCKl!e Heii:TpHHO, eCJill npn Bb!COKHX 3HeprH.HX 

KaJIH6ponoqua.H HHBapnaHTHOCTb HapyIIIaeTC.H. 

)J,anee B no,n;pa3,n;eJie 2.3.2 paccl\raTpnBaeTc.H Bonpoc: B031\JO)KHa JIU peMn3aIJ;H.H l\laii:o

pauoBcKoro HeHTJ>l!HO H 6e3HeHTJ>HHHh!H ,ll,BOHHOH 6eTa-pacna,u. B pal\lKaX CTaH,n,apTHbIX 

cJia6hIX B3aHI\IO,D;eiicTBl!H? CHaqana ,n,aeTc.H nBe;~eune B npo6Jie111y l\laliopauoBcKoro Heii

TJ>HHO II ,n,anee B nyHKTe "MaiiopaHOBCKOe HeHTpHH0 11 IlpOB0,11;l!TC.H paCCI\IOTpeHne TeXHH

qecKHX BOnpocoB, CB.H3aHHbIX C BBe,n;eHnel\l l\laiiopaHOBCKOro HeHTJ>l!HO (ypaBHeHne Maii

opaHhI, cnnpaJibHOCTH HeHTJ>HHO, HOj>l\lllj>OBKa BOJIHOBOH cpyHKIJ;HH). 

B nyHKTe no,n; Ha3BaHHel\I "B031\IO)KeH Jill 6e3Heii:TpHHHblH ,D;BOHHOH /3 pacna,n, B CJia-

6bIX B3al!l\I0,1l;eHcTBH.HX, eCJIH npe,n,nOJIO)KHTh, qTo HeHTJ>HHO .HBJI.HeTC.H l\laliopaHOBCKOH 

qacTnu;eii"no,n;pa3,n;eJia 2.3.2 06cy)K,D;aeTCH 11031\!0)KHOCTh 6e3HeiiTpHHHOro ,L\BOHHOro 6eTa

pacna,u.a, eCJIH npe,n,noJIO)Kl!Th, qTo HeiiTpHHO .HBJI.HeTC.H l\!aHOpaHOBCKOH qacTnu;eii:, KaK 

3TO 06blqHO ,n;eJiaeTC.H. IIoKa3aHO, qTo l!3-3a Toro, qTO CJia6hre B3aHI\IO,ll,eiicTBH.H .HBJI.H

IOTCH KHpaJibHO-HHBapnaHTHbll\Ill (Heii:TpHHO Jieno nOJI.Hj>H30BaHO, a aHTHHeHTJ>HHO npano 

nOJI.Hj>ll30BaHo), 6e3HeHTJ>HHHb!H ,/1,BOHHOH 6eTa-pacna,n; B pal\IKaX CTaH,n;apTHbIX CJia6bIX 

B3aHI\IO,D,eHCTBHH HeB031\IO)KeH. Hanpnl\lep, .H,D;epHb!H ,ll,BOHHOH 6eTa-pacna,u. C pO)K,D;eHHel\l 

3JieKTj>(JHa 6y,n,eT npOHCXO,ll,HTb B CJie,u.ym~el\[ ,D;BOHHOl\l nepexo,n,e: 

(Z, ".1_) --. (Z + 1, A)+ e1 + De, (Z + 1, A) --> (Z + 2, A)+ e2 + De, (8) , 
EcJIH HeHTJ>llH◊ l\IaHOpaHOBCKa.H qacTI1u;a, TO l\Ibl l\lO)Kel\l ,!I.Ba BbIIIIe npHBe,n;eHHb!X Bbipa

)KeHH.H nepeirncaTb n cJie,u.ym~el\l BH,n;e: 

(Z,A) '--+ (Z+l,A)+e1+De(('¥eLY)--> e1+De(('¥eLf)+(Z+l,A)--> (Z+2,A)+e1+e2, 

- ~ 
HO ,ll,JI.H peMH3lll~lll[ ll'roporo npou;ecca Heo6xo,n,Hl\IO Hl\leTh HeHTJ>IIHHOe COCTO.HHHe ( Ve) 'V eL 

ve('VeL) + (Z + 1, A) --> (Z + 2, A)+ e2, (10) 

HO IIC 11eiiTJlllllllOC COCTO.HHne De('¥ eLf (.!!CHO, qTo eCJIH CJia6bre B3aHI\IO,D,eii:cTBII.H l\lOI'JIH 

ncnycKaTb IWIIT)llll!O B cynepn031IIJ;HOHHOI\I COCTO.Htlllll, TO 3TOT npou;ecc !\IOI' 6b1 peaJIH30-
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BaThca). TaK KaK B rrepBotl peaKD;lIII pO)K).\aeTCH ttet!TpllHHOe COCTOHHlle (w eL)°' a He w eL 

COCTOHHHe, TO llX CBepTKa ('1f,L)c('1f,L)c = Q ,n;aeT HOJJb lI II03TOJ\IY BbJllle-IIpllBe).\eHHaa 

peaKD;llH B pal\lKaX CJJa6b!X B3alll\lO).\etlcTBlltl HBJIHeTCH 3arrpeJD;eHHOtl ll3-3a KllpaJJbHOtl 

llHBapuaHTHOCTII 

v,(w,L) + (Z + 1, A) f--> (Z + 2, A)+ e2. (11) 

B pa3,n;eJJe 2.4 ,n;aIOTCR Bb!BO).\bl ll3 rnaBhl 2. 

B TpeThetl rJJaBe "<I>ettOJ\IeHOJJOPllR CJ\JelllHBaHllH ll OCD;llJJJIHD;llll J\Ie30HOB 11 pacCJ\IaTPll

BaeTca cxel\Ia ( 1\10).\eJJb) CJ\JelllllBaHHH II OCD;llJJJJRD;llll l\Ie30HOB. Orrl!ChIBaeTCH KJJaccmpnKa

D;llH KBapKOBblX cel\letlcTB (pa3,n;eJJ 3.1) II CXel\Ia CJ\lelllllBaHllH J\Ie30HOB (pa3,n;eJJ 3.2). ,lJ;aJJee 

ll3yqaIOTCH BaKyyl\lHbie OCD;llJJJJRD;lllI K 0
, Kf,2 D

0
, B 0

, Df,2 , Bf,z-l\le30HOB (pa3,n;. 3.3.) n ,n;a

eTCH pa3BIITlle CTatt,n;apTHOtl TeOpllll BaKyyl\lHOtl OCD;llJJJJHD;llll J\Ie30HOB C yqeTOJ\I ).\llHal\lll

qecKoro ,n;Byx-cTa,n;ntlttoro xapaKTepa 3Toro rrpou;ecca. OTJJHque OT cTau,n;apTttotl TeopHn 

BaKyyl\JHOtl OCD;llJJJJHD;llll B03HllKaeT ll3-3a yqeTa HaJJllqll}l ,n;Byx B3al!J\IO).\etlcTBlltl ( CllJJb

HblX u CJJa6bJX co CBOlll\lll xapaKTepHbll\lll Bpel\IeHal\lll) rrpu pO,K).\eHllll KBapKOB. 

Ilpou;ecc pO,K).\eHllH K 0
, K 0 J\le30HOB l\JO)KHO paccl\laTpllBaTh KaK KBa3llCTaD;HOHapHbltl 

rrpou;ecc c xapaKTepHb!J\I Bpel\lettel\l 6.t,t,cmg ~ 10-23 ceK. 3a 3TO xapaKTepuoe Bpel\rn cJJa-

6hre B3alll\IO).\eticTBllH 6y,n;yT HapylllaTb CTpaHHOCTb 11, B pe3yJJhTaTe, J\IaCCOBaa J\IaTplln;a 

K 0
, K° CTaHeT He,n;uarOHaJJbHOtl. BepoaTHOCTb TaKoro npou;ecca eCTb: 

W(t = 1r6.t,trang) = (1- e-t/i:;.tu,,ak)/(1- e-t/i:;.t,trnng) == 1r6.t,trang/6.t == 7r. 10-15, (12) 

r,n;e 1-e-i. - BepOHTHOCTb pacna,n;a KBa3llCTaD;llOHapnoro COCTOHHllH 3a xapaKTepttoe Bpe-

1\J}l -6. t. TaK KaK 3a Bpel\rn 6.t,trang ~ 10-23
• 7r ceK. C BepoaTHOCTblO 7r. 10-15 l\IaCCOBaR 

J\IaTPllD;a K 0
, K 0 J\le30HOB 6y,n;eT He,n;naroHaJJbHOtl, TO ).\JIH TOro qT06bI onpe,n;eJJIITh, qTo 

6y,n;eT rrpOHCXO).\llTb C KBa31!CTan;noHapttotl CllCTeMotl, IIY)KHO ,n;uaroHaJJll3llpOBaTh J\IaCCO

BYlO J\IaTplln;y 

( 
ffiK•K• 
17!:f<oKo 

mKof<r, 
mj{of?o 

)- ( m6Kf 
0 

mK~K(i 

ffiK° K" ·= ffiK•K• ± ffij(ni(o, 
1,2 1,2. 

), Kf = K°+ko 
v2 

Ko-J?o 
Kg= v2 ' 

(13) 

(mK"K" + ffiK°K0
) 

ffiK•K• = I I 2 2 2 

II yrOJJ CJ\lelllllBaHllH 0 = 1r/4, T. K. ffiK•K• = ffii(•i?•· Bll,ll;HO, qTO C06CTBeHHbll\Ill J\laCCO

Bbll\Ill COCTORHllRI\Ill B 3TOlll CJJyqae 6y,n;yT COCTOHIIllH Kf' K2 ll OHi! 6y,n;yT pO)K,ll;aTbCH C 

BepoHTIIOCTbIO 7r . 10-15
' a B OCTaJJbllb!X CJJyqaax 6y,n;yT po)K,n;aTbCH K 0

' K 0 Me30Hbl. 

<fro 6y,n;eT npOllCXO).\llTb B ).\aJ!hHeihrrel\l C K 0
, K 0 l\lC30llal\lll, po,n;HBllllll\lIICH B CIIJlbHb!X 

B3aIIJ\IO).\etlcTBIIRX 113-3a np11cyTCTBIIH CJJa6hIX B3alll\lO).\etlcTBlltl, HapylllaIOJD;IIX CTpaHHOCTb? 

CTpalIIIOCTb 6y,n;eT napyrnaTbCH, B pe3yJJbTaTe qero J\IaCCOBaa J\IaTplln;a CTaHeT ue,n;naro

llaJ!bHOtl. ,UttarollaJJl!3aD;IIR 3TOtl J\laCCOBOtl J\laTpllD;bl rrpune,n;eT K B03HIIKHOBeHllIO COCTO

Hl!Iltl Kf II K2 . )];Mee, T.K. K 0
, k 0 

- J\Ie30Hbl po,n;HJJl!Cb ll ).\Bl!raIOTCH B BaKyyl\Ie ll naxo

).\HTCH 11a COOTBeTCTBYIOID;IIX l\IaCCOBblX rronepx110CTHX, TO C0CTOHillrn K 0
, K 0 rrpenpaTRTC5I 

B cyrrepno311D;llll Kf II K2, II 3T0T rrpou;ecc ).\OJJ)KeH 6b!Tb ).\l!Hal\llJqecKIIJ\I (T. e. CJ\ICIIIII

BallllR II OCI~IIJJJJRD;IIII J\le30HOB B03HIIKaIOT 113-3a Toro, qTo cpa3y ue J\IOPYT pO,K/\aThC.H 

co6cTBe!lllbie COCTOHHIIH CJJa6bIX B3alll\IO).\etlcTBl!ti). B 3TOJ\I CJJyqae eCJJII CJ\!ClllllllaIOTC.H 

qacTlll\bl pa311b!X J\lacc, TO CJ\Ie11II1Balll!R IIJJII OCD;llJJJJHD;IIII npoucxo,n;aT BIIPTYaJILII0, T. c. 

co CXO,ll;OJ\I C J\IaCCOBOtl IIOBepxHOCTll COOTBeTCTBYIOID;etl qacTllD;hl. 

Ha 0CIIOBe npe,n;JJO)KeHHOro pacrnI1pett11a CTatt,n;apTHOtl TeOpllll CJ\!CllillBa!!lrn ll OCI\IIJIJJH

u;nn J\Ie30HOB npone,n;en ,n;eTaJJbHbitl aHaJJil3 K 0
, K 0 'II Kf, K 2 ocn;IIJJJJRD;Iltl. Pacc•mTam11,1il 
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yroJJ Kf, K 2 cl\1e11111nauua xopolllo conrra,n;aeT c Il31\Iepeunb11\1 Ha 3KcnepnJ11euTe yrJJol\l cJ11e

lllI1Baillla. OTJ\leqeno, qTO COBepllleHHO anaJJOrI1qHbIJ\l crroco6ol\J I\IO)KHO rrpoBeCTI! aHaJJH3 

OCD;llJJJJRD;llll ( CJ\IelllHBaHila) D0
-, B 0-, Df.2-, Bf,z-11Ie30HOB, 

KaK IIplll\Iep BllPTYaJJbHblX nepexo,n;oB (rro,n;pa3,n;eJJ 3.3.1) paCCJ\IaTpllBaIOTCa 1 +--> p0 

nepeXO).\b!. YroJJ CJ\IeJJJI1BaHI1H B 3TOJ\I cJJyqae orrpe,n;eJJaeTCR Bb!pa)Kel!llel\J 

cos<.p = G/JG2 + e2, (14) 

r,n;e Q II e - COOTBeTCTBeHHO KOHCTaHTbl CBH3ll CIIJJbllblX II 3JJeKTpOJ\IarHHTHblX B3alll\10-

,n;etlcTBlltl, 

Ilpone,n;etto ,n;eTaJJhHOe 113yqeu11e 1r± +--> K± CJ\Jellll!Bamrn (ocn;IIJJJJHD;Hti) (pa3,n;eJJ 3.4). 

Bo31\JO)KHbI ).\Ba Tnrra TaKIIX rrepexo,n;on: C ll31\IeHeHl!el\l J\IaCCbl d KBapKa (md - m,) II 6e3 

113J\le!leHllR J\IaCCbl d KnapKa (no,n;pm,n;eJJ 3.4.1. B nepBOl\l CJJyqae BepOHTIIOCTb nepexo~a 

onpe,n;eJJaeTca Bh1pa)KeHI1el\1 

P(1r - K,t) = sin22f3sin2((1rt)/(6.m;K2p)), (15) 

r,n;e p - IIMIIyJJhC 7r-l\le3oHa, mK, ffi,r - J\JaCCbl Jr, K J\Je30HOB, ffi,r[( - ne,n;narOHaJJbllblil J\laC

COBb!H qJJett i:i Macconoii J\laTpnu;e, a 

sin
2
(2/3) = (2m1rK )2 /[(m" - mK )2 + (2m1rK )2

]. 

Bo BTOPOJ\l CJJyqae BepORTHOCTb 7r± +--> K± nepexo,n;oB onpe,n;eJJReTca Bbipa)KeHl!el\1 

P(1r - K, t) = sin2 [1rt6.m;K/(2p)]. 

(16) 

(17) 

TaK)Ke BbrqucJJeHbl BepoaTHOCTll BaKyyl\lHbIX 7r +--> K nepexo,n;oB (ocn;uJJJJm~uii) C yqeTOJ\I 

7r-l\Je30HHbIX pacna,n;on (rro,n;pm,n;eJJ 3.4.2). TaKlle rrepeXO).\bl ).\OJJ)KHbl 6hITb BIIPTYaJJhHbl-

1\lll, II ).\JIH IIX ua6mo,n;eHIIH Heo6XO).\lll\!O yqacTlle 7r J\Ie30Ha B CllJJhHb!X B3aJ-il\IO).\eiicTBIIHX 

).\JIH ero rrepexo,n;a na I\IaCCOBYIO rronepxHOCTb K J\Ie30Ha. Orrpe,n;eJJellbl OI1Tlll\IaJJbllble pac

CTOHHIIH ).\JIH IlOIICKa TaKHX nepexo,n;oB. B (no,n;pa3,n;eJJe 3.4.3) ll3yqeua Kllllel\IaTHKa npo

u;ecca po)K,ll;eHIIR K J\le3ona ,n;JJR orrpe,n;eJJenna OIITIIJ\IaJJhHhIX 3HeprI111 ,n;JJR na6mo,n;emrn 
1r ...,. K nepexo,n;on. 

13 pa3,n;eJJe 3,5 ,n;aIOTCa Bb!BO).\bl 113 rnaBbl 3. 

B qeTBepTotl rJJane paccl\IaTpnBaeTca <peHOJ\leHOJJOPIIH CJ\Iellll!Ba!IHH II OCD;IIJJJJHI\llH neii

TPIIHO. Otta BKmoqaeT pa3,n;eJJ1,1: 

Pa.3,n;eJJ 4.1 "JlenTOHHb!e qllcJJa
11

B KOTOpOI\I npl!BO).\llTCH KJJaCCil<pHKan;rrn JJeIITOHOB II 

,n;aIOTCf! orpauI1qe11na na 3aKOHhI coxpaue1rna JJeIITOHHhIX 'lllCeJJ. 

Pa3,n;eJJ 4.2 "CTaH,n;apTHaR CXel\Ia CJ\IeJJJHBal!lrn ne11Tpll!10 11 B KOTOpOJ\I CJie,n;ya ycTaHo

BllBllleiica TP3'.,l!.llD;llII, paccl\laTpHBaIOTCH CJ\IeJJJIIBaHHR 11et!Tp11no C 1101\!0ll~b!O BBe,n;emrn 

1raccoBoro JJarpaH)Kilana. 

Pa3,n;eJJ 4.3 "BaKyyl\JHhre ocn;11JJJJHD;HII neihpnuo"nocBmn;en pa3BIITmo Teopmr ocn;11JJ
JJHD;Hii neiiTpHHO, 

AnTOPOlll npe,n;JJO)Kel!b! · TPH cxel\Jbl OCD;llJJJJHD;llH neiiTp!IHO; ~Be 113 KOTOpb!X npnna,n;

JJe)KaT K CXel\le J\JaCCOBbl;·~je111irna11ifii (napa111eTpb! Cl\JeIIUIBamrn onpe,n;eJJmOTCR •iepe3 

3JJel\leHThI I\IaCCOBOH I\IaTpIID;hI), a·TpeTbR - K CXel\Ie 3apa,n;OBb!X CJ\1e1111maHl!ll (napal\leTpb! 

CI\ICIIIIIBaHHH orrpe,n;eJJRIOTCH qepe3 KOHCTaHTbl CBR3ll cmt6b!X B3aIIJ\IO).\ellCTB11ll), Ilepnaa 

cxel\la eCTb pa3BIITI1e CTan,n;apTHOtl Teopilll HeiiTpllHHb!X OCI\IIJJJJRD;lltl, 

Ilpone,n;ett attaJJll3 cTapotl TeopHH ocn;HJJJJHD;HH ttet!Tp11110, nocTpoe1rnoii no anaJJonm 

C K
0

, K 0 
OCD;IIJJJJRD;netl. B 3TOtl Teopm, OCD;IIJJJIRD;llll neiiTJ)IIHO RBJJHIOTC.H peaJJbllbll\111 11 
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B CJiyqae, KOl',D;a Hett:TpliHO IHJelOT p83Hb!e l\laCCbl. 9To HBJI.HeTCH CJie,D;CTBIIel\l npe,n;noJIO

)KeH!rn, '!TO Hett:TplIHO Cp83y po)K,l];aIOTCH C HapyrneHHbll\llI JienTOHHbII\III 'IIICJial\!II ( T.e. B 

CI\Ie11IaHHOI\I COCTOHHIIII). IlOK83bIBaeTCH, '!TO TaKa.H B031\IO)KHOCTb I\IQ)KeT peaJIII30BaTbCH 

C l\laJIOH BepOHTHOCTbIO, II B 3TOI\I cJiyqae pO)K,D;aIOTCH V1, V2, 113 Hett:TplIHO, a He q>II3II'!e

CKII Ha6mo,n;ael\Ib!e Hel1Tp1IHO Ve, Vµ, VT . ToP,n;a, B OCHOBHOI\I, B CJia6bIX B3aHI\IO,D;ett:cTBIIHX 

pO)K,D;aIOTCH (p1131I'leCKII Ha6mo,n;ael\lb!e Hett:TplIHO Ve, Vµ, Vr, ,n;anee, nplI ,D;BII)KeHIIII 3TIIX 

Hett:Tpl!HO B BaKyyl\le, II3-3a np11cyTCTBIIH B3alII\IO,D;eHCTBIIH, HapyrnaIOlll;el'O JieIITOHHb!e 

'IIICJia, OHII npeBparn;aIOTCH B cynepII03llll,IIII 111, V2, 113 Hett:Tpl!HO. 

,[I;eJiaeTC.H 3aKJIIO'!eH1Ie, '!TO KOl',D;a Hett:TplIHO 111\leIOT p83Hbie I\IaCCbI, TO ,D;OJI)f(Ha IIl\leTb 

I\IeCTO BIIpTyaJibHa.H OCIJ,IIJIJI.HIJ,IIH Hett:TplIHO. 9TOT BhIBO,D; OCHOBaH Ha TOI\I, '!TO Hett:TplIHO 

(ve, Vµ, VT), pO)K)l;aIOrn;IIeC.H B CJia6bIX B3aIII\IO,D;eHCTBIIHX, HaxO)l;.HTC.H Ha CBOIIX l\laCCOBbIX 

noBepXHOCTHX, II eCJIII ,n;anee cyrn;ecTByeT (,n;ett:CTBYeT) B3alII\IO,D;eHCTBIIe, Hapyrnamrn;ee Jierr

TOHHbie 'IIICJia, T.e. III\JeeT I\JeCTO OCIIIIJIJIHIIIIH Hett:TplIHO, TO 3TO 6y,n;eT npOIICXO,D;IITb 6e3 

cxo,n;a c l\laccoBOH noBepxHOCTII (T.e. OCIJ,IIJIJIHIIIIH 6y,n;eT BIIPTYaJibHOtt:), no aHaJIOl'IIII c 

"f - p0 nepexo,n;a11m B 1\10,D;eJIII BeKTOpHOH ,lJ;OI\IHHaHTHOCTII. 

B CTapott: TeOplIII OCIJ,IIJIJI.HIJ,IIII Hett:TplIHO npe,n;noJial'aJIOCb, '!TO Hett:TplIHO cp83y pO)K

,n;aIOTCH B cyneprr031IIJ,IIOHHb!X COCTOHHIIHX, TOl',n;a cp83y ,D;OJI)KHbI pO)K,l];aTbC.H Vi, V2, a He 

Ve, Vµ Hett:TplIHO. Ho 3KCnep1II\JeHT 3TO He no,n;TBep)K)l;aeT. Ha,n;o TaK)Ke OTl\leTIITb, '!TO B 

KBaHTOBOH I\JeXaHIIKe qaCTIIIJ,bl HBJIHIOTCH BOJIHOBbII\III naKeTal\llI II ,lJ;OJl)KHbI pacIIJibIBaTbCH 

3a Bpel\l.H 11t ~ ~ (Lcohe ~ 4~~~x' !1m
2 

- p83HOCTb KBa,n;paTa l\laCC Hett:TplIHO, HaXOAH

IIJ,IIXCH B cynepII031IIJ,IIOHHbIX COCTOHHIIHX, a !1x - p8311IeP o6JiaCTII po)K)l;eHIIH Hett:Tp1I110 ). 

Kpo111e TOl'O, npe,n;rroJia['aJIOCb, '!TO Hett:TpHlIO He IIl\leIOT orrpe,n;eJieHOH l\laccbl II IIPII oc

IIIIJIJIHIIIIII 'laCTIIIJ,bl rrepexo,n;HT ,n;pyl' B ,n;pym peaJibHO. Ha cal\IOM ,n;eJie MacCbl Ve, Vµ, Vr 
Bbrpa)KaJOTCH qepe3 l\laCCbl Iii, V2, 113. K 'lel\ly 3TO IIplIBO,lJ;IIT? ECJIII JieIITOHHb!e 'IIICJia 11a

pyrnaIOTCH, TO 6oJiee T.H)KeJia.H qacTIIIIa I\IO)KeT pacrra,n;aTbC.H Ha 6oJiee Jiel'KYIO '!aCTIIIIY 

II IIJIIOC ern;e '!TO-TO, Hanp1I11Iep: Ve -+ llr = Ve + .... , B pe3yJibTaTe !\lb! IIOJiyqael\l II3 Ba

Kyy11ra 3Hepl'IIIO paBHYIO p83HOCTII 3Hepl'IIH !1E = EvT - Ev, '.:= mvT - mv,. Heo6xo,n;1I1110 

II36aBIITbCH OT 3TIIX He,n;OCTaTKOB II nepecpopl\lyJIIIpOBaTb Teopmo OCIIHJIJIHIIHII B pal\lKax 

TeOplIII 3Jiel\IeHTapHbIX '!aCTIIII, r,n;e '!aCTIIIJ,bl I\IOl'YT pacna,n;aTbCH, HO He paCIIJibIBaTbC.H 

KaK BOJIHOBbie rraKeTbI. 

Ila YKa3aHHbll\l BbIIIIe IIplI'IIIHal\1 IIOHBIIJiacb Heo6xo,n;1II\IOCTb B p83BIITIIII 3TOH KBaHTOB0-

1\JeXaHII'!eCKOH TeOplIII OCIJ,IIJIJIHIIIIII II cpopMyJIIIpOBamm ee B pal\IKaX q>II31IKII 3Jiel\JeHTap

Hb!X '!aCTIIIJ,. 

I1p11 po)K,l];eHIIII Ve II Vµ Hett:TplIHO I\IaCCOBa.H I\IaTPIIIIa IIl\leeT ,D;IIal'OHaJibHb!H BII)\. 3aTe111, 

II3-3a IIplICYTCTBIIH B3am,10,n;ett:CTBIIH, Hapyrnamrn;el'O JienTOHHb!e 'IIICJia, B I\IaCCOBOii l\la'l'

PIIIIe IIOHBJI.HIOTCH He,n;1Ial'OHaJibHbie '!JieHbI, II 3Ta I\IaTPIIIIa np1Io6peTaC'r He;1,m11·0111u11.111,1ii 

BII,D;: 

( mo. 0 
mv,. ) 

-+ ( mv, mv,v,. ) , 
ffivµVe ffivµ 

( 18) 

TOl',D;a l\laccoBb!H Jial'paH)KIIaH 3TIIX Hett:TpmIO A!lCTC:}I llhlj>ll)KCIIII()I\I 

, 1 (- _ ) ( mv,v, r = __ Ve,Vµ m 
L.,}.,f 2 llµVc 

rnv,,v,. ) ( Ve ) 
1Tlv,.v,. Vµ 

(19) 

B pe3yJibTaTe ,n;1Ial'OHaJI1I3aIJ,IIII 3TOH I\IaTPIIIIhl IIOJiy•mel\l COCTO.Hllll.H V1, V2, a COCTOHIIIIH 

Ve, Vµ CTaHOB.HTCH cynepn03llIJ,llOHHbll\llI COCTO.HHIIHI\III 3TIIX IICHTpmro ll OnllCbIBaIOTCH Bbl

pa)KeHHHI\III Ve = cos0v1 + sin0v2, vµ = -sin0v1 + cos0vz, a nx 11mccbr m1, m2 II ymJI 

Cl\lelIIIIBaHIIH 0 ,n;arOTCH 

_ 1 [< ) ( )2 2 ) 1/2] ffi},2 - 2 mVelle + mvµ.Vµ ± (mvelle - fflvµIIµ + 4mllµ.lle ' (20) 
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2mVellµ 

tg20 = (m - mv,v.)' 
11µ11µ 

( mo! 0 
mv2 )· (21) 

Bbrpa)KeHHe ,D;JIH sin220 Yl'Jia cl\le1II1IBaHHH eCTb: sin220 = ( -~2m)'2':1r )2. A Bepo-
m..,e vµ m,.,evµ 

HTHOCTb P(ve -+ vµ) nepexo,n;oB onpe,n;eJI.HeTCH Bbrpa)KeHIIel\l 

P(ve-+ vµ, t) = sin220sin2 (t1r(m~ - mi)/2p), (22) 

p,n;e npe,n;noJiameTcH, '!TO p >> m1, m2; Ek '.:= p + mV2p. 

B 4.3.1 o6cy)K,l];aeTCH CTaH,n;apTHa.H cxel\la Ba~yyl\lHbIX OCIJ,IIJIJIHIIIIH II ee p83B1ITIIe. EcJIII 

!\!bl paCCl\laTp1IBae111 nepexo,n; Ve- Hett:TpIIHO B Vµ- Hett:TplIHO, TO 

sin220 = 4m~.,v,./[(mv, - mv,.)2 + 4m~.,v,.J, (23) 

OTI\JeTIIM, '!TO Bbipa)KeHIIe (23) MO)KHO noJiy'IIITb II3 cpop111yJibl Bpett:Ta-BIIl'Hepa 

P ~ (I' /2)2 /[(E - E0 )
2 + (I' /2)2], (24) 

nplI 3al\leHe E = mv,, Ea = mv,., I'/2 = 2mv,,v,. , £',n;e I'/2 = W( ... ) ecTb IIIIIPIIHa 

Ve -+ Vµ nepexo,n;oB, TOP,n;a l\lbl 111g)Kel\l IICnOJib30BaTb CTaH,n;apTHbie l\leTO,D;bI ,D;JIH pacqeTa 

3TOH BeJIII'IIIHbl. 

KaK !\lb! l\!O)Kel\l nOH.HTb 3TOT Ve -+ Vµ nepexo,n;? EcJIII 2mv,,vµ = ¥ OTJill'IHO OT HYJIH, TO 

3TO 03Ha'!aeT, '!TO cpe,n;HHH l\lacca v,- Hett:TplIHO ecTb mv,, II 3Ta l\lacca pacnpe,n;eJieua no 

cpopMyJie sin22/3 (nJIII no cpopMyJie Bpeii:Ta - Bnmepa), II BepoHTHOCTb Ve -+ vµ nepexo,n;a 

OTJill'!Ha OT HYJIH lI onpe,n;eJIHeTCH 111accal\lll Ve- II Vµ-Hett:TplIHO II mv,v,., lI OHa paCC'IIITbIBa

eTCH B paMKaX CTaH,n;apTHOl'O I\JeTO,n;a, KaK 3TO OTI\Je'laJIOCb BbIIIIe. Tol',n;a He,n;IIal'OHaJibHb!H 

I\IaCCOBblH '!JieH mv,,v,. eCTb lllliplIHa nepexo,n;a l\le)K,D;y Ve n Vµ Hett:TplIHO. 9To eCTb pe

rneHHe npo6JieMbl npOlICXO)K,l];eHHH Yl'Jia Cl\lelIIIIBaHIIH B Teopm! BaKYYI\IHbIX OCIIIIJIJIHIJ,lIH 

HCHTplIHO (qaCTHII) B cxel\le I\IaCCOBbIX Cl\lelIIHBaHIIH. 

,[I;JIH CJIY'la.H Tpex TllnOB Hett:TplIHO nplI paccl\lOTpeHllll CI\IeilllIBaHHH lI OCIIIIJIJIHIJ,llH HeH

TplIHO y,n;o6HO lICnOJib30BaTb napaMeTpII3aIJ,lI!O l\laTplIIJ,bI CI\JeilllIBaHIIH V B BII,n;e npe,n;JIO

)KeHHOH Matt:HHH, II TOl',n;a (ey = cosy, Sy = siny, y = 0, /3, "f): 

( 

1 0 
V = 0 c.y 

0 -s1 

Q ) ( C13 s1 0 
C-y -s13 exp( ic5) 

0 s13 exp(-ic5) ) ( Ce 
1 0 -S9 

0 C13 0 

S9 0) 
C9 0 
0 1 ' 

(25) 

Ceµ = cos 0, Seµ = sin 0; Cer = cos /3, Ser = sin /3; Cµr = cos "f, Sµr = sin 'Yi exp( ic5) = 
cos c5 + i sin c5 • B Harnel\J npn6JIII)KeHHII 3Ha'!eHIIe BeJIH'llIHbl c5 I\IQ)Kl!O C'llITaTb paBHbII\I 

HYJIIO. 

Bbrpa)KeHHH ,n;JIH Yl'JIOB CI\JeilllIBaHHH Hett:TplIHO, onlICbIBael\Ibie qepe3 napal\IeTpbI I\IaC

COBOH I\IaTplIIJ,bI, lll\leIOT CJie,D;yIOlll;IIH Bll,D;: 

Seµ= sin0 = 1/\/'2[1-1 mv,. -mv, ll(vr,(m-v,.-_-m-v,--:-)-::-2-+-(-;--:2-m-v-,v-,.-:-=)2)], c;µ = 1- s;µ; 

Ser= sin/3 == 1/\/'2[1- I mvT - mv, 1/J(mvT - mv.) 2 + (2mv,vJ2], c;r = 1- s;r; (26) 

Sµr = sin'Y = 1/\/'2[1- I mvT - mv,.1/J(mvT - mv,.)2 + (2mv,.vJ2J, c~r = 1- s~r. 

B pal\JKaX 3TOH cxeMbl B03HlIKaeT ClICTel\la CJie,D;yIOlll;IIX 6-II ypaBHeHIIH (npe,n;noJiam

eTCH, '!TO Yl'Jibl Cl\le1II1IBaH1IH lI p83HOCTb KBa,n;paTa l\lacC II3BeCTHbl lI onpe,n;eJIHIOTCH B 

3Kcnepnl\leHTe): 

4 2 . 
mv,,v; ' j > z; 

sin
2
20;i = (mv, _ mv;)2 + 4m~,,v

1 
i,j=e,µ,T 
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L'1m~1 = m~ - mi= (mvµ + m,.,,)✓(m,.,µ - m,.,,) 2 + (2m,.,e,_,µ) 2, 

L'1mL = m~ - mi= (m,.,r + m,.,JJ(m,.,r - m,.,,)2 + (2m,.,e,_,J2, 

L'1m~2 = m~ - m~ = (m,.,r + m,.,µ)J(m,.,T - m,.,J2 + (2m,.,µ,_,r)2, 

(27) 

II3 pernemrn KOTOpb!X ~lb! noJiyqm11 3 3HaqeHIIH l\laCCbl HeiiTplIHO II 3 3HaqeHIIH He,D,1Iaro-

ua.nbHb!X 11aCCOBb!X qJieUOB. 

,U.r!HHbl OC!llIJIJIH!llIH HeiiTplIHO onpe,D,eJIHIOTCH Bb!pa)KeH1Iel\l (r,D,e E = pc - 3Hepr1IH 

HeiiTplIHO) 

L0 (k,j) = 2rr2E// m% - m; /, k i- j; k = 1 + 3. (28) 

B no,zi:pa3,D,eJie 4.3.2 o6cy)K,L\aIOTCH OC!llIJIJIH!llIII ueiiTplIHO B cxel\le l\laccoBb!X Cl\leill1IBa

HIIH 6e3 II3l\reHemrn l\laCCbl ueiiTplIHO nplI Cl\IeilllIBaHIIHX. 

B cxe111e l\IaCCOBb!X Cl\leill1IBaH1IH 6e3 1131\leHeHJIH l\IaCCb! ueiiTplIHO np11 Cl\leilllIBailllHX 

~raTp1I11a-V, auanor11quaa 11raTp1I11e Ka61I660 - Ko6aarn1I - MacKaBbr, 111\leeT TaKoii )Ke 

BII,il;, KaK l\IaTPII!la V B Bb!pa)Kel!JIII (25), C napal\leTpa11m (yrJibl CMeillJIBaHIIH HBJIHIOTCH 

~IaKCIIl\laJibHb!l\llI): 

Ceµ= cos0 = 1/V2; Seµ= sin0 = 1/V2; Cer = cos/3 = 1/V2; (29) 

Ser= sin/3 = 1/V2; Cµr =cos,= 1/V2; Sµr =sin,= 1/V2; exp(i.5) = 1. 

KaK II B npe,D,bIAfl!lel\l cJiyqae, B Hamel\! np116JI11)KeH1III yroJI, CBH3aHHbIH c GP uapyrne

HIIel\l, l\lO)Kl!O cqlITaTb paBHbHI Hymo. 

B 3TOl\l cJiyqae IIl\leel\l CJie,I\yIOl!llie 3 Bb!pa)KeHIIH ,[\JIH Y,D,BOeHHb!X yrJIOB Cl\leilllIBUHIIH: 

sin220 = sin
2
2/3 = sin

2
21 = 1; (30) 

TaK KaK B 3TOl\l CJiy<rae HeiiTplIHO He nepeXO,[\HT Ha l\laCCOBb!e noBepx!IOCTII nplI c111ern1I

BaH1III, TO Bb!pa)Kel!JIH (30) He CBH3aHbl C l\laccal\llI ueiiTplIHO. Ilo3T01IY ,[\JIH onpe,D,eJieHIIH 

6-11 rrapa111eTpOB l\IaCCOBOH l\laTplI!lbl y Hae IIl\Ie!OTCH TOJibKO CJie,I\yIOl!llle Tpll ypaBHeHIIH 

(npe,D,nOJiaraeTCH, qTO pa3HOCTII KBa,D,paTOB l\laCc onpe,D,eJIHIOTCH 113 3Kcnep1111reHTa): 

L'1m~l = 4m,_,emVeVµl L'1m~l = 4m,_,emVeVr! L'1m~2 = 4m,_,µmVµVr' (31) 

TaKJil\l o6pa30l\l, l\lbl l\IO)Kel\I noJiyqJITb 3uaqeH1IH He,D,11arOHaJibllb!X qJieHOB l\IaCCOBOH l\IaT

Pllllbl (T. e .. rn11p1111 nepeXO,[\OB), HO y nae HeT HIIKaKOH B031\IO)KH0CTII noJiyqlITb 3uaqeu11a 

l\IaCC <pll3JiqecKII ua6mo,D,ael\lb!X HeiiTplIHO. 

B no,D,pa3,D,eJie 4.3.3 o6cy)K,L\aeTCH cxel\la HeiiTplIHHb!X Cl\IeillIIBaHJIH qepe3 3apH,D,bl (KoH

CTaHTbl CBH311 CJia6bIX B3aJII\IO,[\eiicTBIIH). EoJiee ,D,eTaJibHOe pacc1110Tpeu11e 3TOro Bonpoca 

,D,aHo B IlplIJIO)KeHIIll A. Cxe11ra HeiiTplIHHb!X c111ern11Bam1ii qepe3 KOHCTaHTbl CBH311 CJia6b!X 

B3a111110,D,eHCTBl!H l\IO)KeT peaJIH30BaTbCH nyTel\I c111ern11BaH1IH noJieii ueiiTplIHO no aHaJIO

r1111 C nepe111ern11Ba1rne111 noJieii B l\IO,D,eJill BeKTOpHOH ,[l,OMIIHaHTHOCTII ( I - p0 II zo - I 
c111ern11BaH1IH), KaK 3TO 111\leeT l\leCTO B CTaH,D,apTIIOH l\IO,[\eJIII. B CJiyqae ,D,BYX TIIIIOB HCH

TPIIHO v,, Vµ IIX c111ernamib!C COCTOHHIIH v;, v~ 6y,[\JT 111\IeTb CJie,I\yIOl!llIH Bil,[\: 

v; = cos0v, + sin0vµ, v~ = -sin0v, + cosBvµ, (32) 

B 3T01\I CJiyqae l\lbl TaK)KC l\lO)Kel\I BBeCTII l\IaTPII!lY, aHaJIOrJiqnyro l\IaTPII!lUl\I Ka611660 

- Ko6amnu - MacKaBb!. ,UJia 3TOro, KUK II B npe,D,bl,[\yl!llIX cJiyqaax, !\lb! 6y,D,el\I BbI611paTb 

napa11ieTp1I3a11mo l\IaTpll!lbl Cl\leillJIBaHJIH V B Bl!,D,e, npe,D,JIO)KeHHOl\I MaiiHHII: 

V= ( i 0 
Cy 

-s'Y 

0 ) ( Cf3 0 Sf3 ) ( Co So O ) s'Y O 1 0 -so co O , 
Cy -S/3 0 Cf3 0 0 1 

(33) 
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Ceµ= cos 0, Seµ= sin0 = ~• c;µ + s;µ = 1; Cer = cos/3, c;r + s;r = 1 
9,.,e+9vµ 

Ser=sin/3= ~; Cµr=cos,, Sµr=sin,= J;"• 2 ,c~r+s~r=l 
9ve +9v.,. 9vµ +g,.,-r 

TaK KaK 3apH,[1,bl CJia6b!X B3alIMO,[\eHCTBIIH 9ve' 9vµ, g,.,T (lllbl npe,D,noJiarael\l, qT0,3apH,D,bI, 

KOTOpbre HapyrnaIOT JienTOHHbie q11cJia, 6JIJI3KII K CJia6b!l\l 3apa,D,al\I HeiiTplIHO) v,, Vµ, VT 
HeiiTplIHO noqTII paBHbI, T. e. 9ve '.::'. 9vµ '.::'. 9vr, TO yrJibl Cl\IeillIIBaHIIH 6y,I\yT 6JIJI3KII K 

l\IaKCIIl\laJibHbHI yrJiaM: 

sin0 ::c g,.,j /gie + giµ ~ sin/3 ::c sin, :::c 1/ V2. (34) 

KaK no,D,qepKIIBaJIOCb Bb!ille, cxel\lbl l\IaCCOBb!X Cl\IeilllIBaHJIH He 111\JeIOT ,[\1IHa11111qecKoro 

06ocHOBaH11H, B OTJIJiqlie OT paccl\laTplIBae1110ii cxe111bl, HO 3TIICXel\lbl l\lO)KHO 061,e,J,l!Hl!Tb. 

eCJIII l\laCCbl ueiiTplIHO Jil\leIOT CJie,I\y!Ol!llIH Bil,[\: 

m,.,, = g;v, i = e,µ,T, (35) 

r,D,e V eCTb KOHCTaHTa, no,D,o6uo KOHCTaHTe XllrrCOBCKOro l\leXaHJI3l\la. I1 TOr,D,a pewaeTC'H 

npo6Jiel\la ,[\IIHa11rnqecKoro 060CHOBUHIIH 3TIIX cxe111. 

,UJia CJiyqaa TpexueiiTplIHHb!X c111ew11BaH1IH ( OC!llIJIJIH!llIH) BbrqncJieHbl Bb!pfl)KCHIIH ,::vrn 

BOJIHOBbIX cpyHKI111ii B Tpex cJiyqaax: c GP Hapyrneu11e111 (.5 i- 0), 6e3 GP uapymemrn 

(o = 0) II B cJiyqae, KOr,D,a npHl\lbie v, ._. VT nepeXO,[\bl OTCyTCTBYIOT - /3(013) = 0. TnK

lKe noJiyqeHbl Bbipa)KeHJIH ,[\JIH BepoaTHOCTeii ueiiTplIHHb!X nepeXO,[\OB ( OC!lHJIJrnquii) ,],.la 

cJiyqaa, KOr,D,a GP 1-iapyweu11e OTCYTCTByeT, II B cJiyqae, KOr,D,a npHlllb!e Ve+--> VT nepeXO,J,bl 

OTCyTCTBYIOT, 0HII np11Be,D,eHbl B IlpIIJIOlKeHJIII E. Bb1pa)KeH11e ,[\JIH BepOHTIIOCTII P,,c-F, ( f) 
nepeXO,[\a Ve._. Ve 111\leeT CJie,I\yIOl!llIH Bil,[\ (R = ct, a L;j onpe,D,eJiaeTCH Bblpa)KelIIICl\I (28)): 

P,_,e_,_,,(t) = 1 - cos4(j3)sin2(20)sin2(~R/ L12)

cos2(0)sin2(2j3)sin2(~R/ L 13) - sin2(0)sin2(2j3)sin2( ~R/ L 23). (36) 

9TH Bb!pa)KeHIIH npe,[\Ha3HaqeHbl ,[\JIH IICnOJib30BaHJIH np11 aHaJil!3e 3Kcnep1I111e1ITaJibHb!X 

,D,aHHb!X np11 TpexueiiTplIHHb!X OC!llIJIJIR!ll!HX. 

B03HHKaeT BOnpoc: KaKaa 113 pacc1110TpeHHb!X CXel\l peaJIII3yeTCH Ha ca1110111 ,D,eJie? Qqe

BII,[\HO, OTBCT Ha 3TOT Bonpoc ,[\OJI)KeH ,[\UTb 3KCnepl!llieHT. 

Pa3,D,eJI 4.4 nOCBHl!leH 113yqeumo II auan113y BaKyyl\lHb!X HCHTpl!HHb!X OC!llIJIJIH!llIH B 

YCKOpflTeJibHbIX, peaKTOpHb!X II aT1110ccpepHb!X 3Kcnep11l\leHTax. 

BaKyyl\IHb!e OC!llIJIJIR!lllll ueiiTplIHO 113yqa10TCH B ycKop11TeJibHbIX, peaKTOp!!b!X 3KCne

p1Il\le!ITax 11 B_3Kcnep111\leHrax c an10ccpepub111111 HeiiTpnuo, a TaK)Ke B 3KcnepmreuTax c 

COJIHeqHbll\llI '.ijeHTplIHO, KOTOpb!e 6y,I\yT paccl\laTplIBaTbCH B 6-ii rJiaBe. 

Ilo,D,pa3,D,eJI 4.4.1 I!OCBHl!leH ll3yqeumo BaKyy111Hb!X OC!llIJIJIH!lllll l!CHTpnno B ycKopn

TeJibHblX 3KCnep11111euTax. IlyqKu ueiiTpmro, B OCHOBHOl\I Vµ, noJiyqac111b1e B ycKopnTeJIHX, 

111\IeIOT 3Hepr1111 ,[\O HeCKOJibKIIX COTe!I I'3B. TaK11e Bb!COK03Heprn<mbre IICIITpHHO no3BO

JIHIOT npoBeCTII KaK no11cK._OC!llIJIJIHI1llll ueiiTplIHO no He,D,OCTaI01!1lll\I neiiTpnno, T.e. no 

Yl\lCHbilleHIIIO nOTOKa nepB11qHb!X ueiiTplIHO Vµ , TaK II npa1110ii IIOIICKY OC!llIJIJIH!lllii HCII

TplIHO, T.e. COOTBeTCTBYIOl!llIX Jiel!TOIIOB e, T, KOTOpb!e 6y,I\yT pO)K,L\aTbCH B pe3yJibTaTc 

KBa3nynpyroro B3alll\lO,[l,eiicTBIIH OC!llIJIJIIIpyrol!lero ueiiTplIHO B ,[\eTeKTOpax, pacnoJIO)Kell

Hb!X ua Pa3Hb!X paccTOHHIIHX OT IICToqHIIKa. Pacc1110TpeHbl npaKTH'ICCKH Bee npoBe,D,ell

Hb!e ycKop11TeJibHbie 3KCnep11l\lel!Tbl ( nepeqeub 3KCnep111\lel!TOB Bl\IeCTe C noJiyqeHHb!l\III 
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,[\aHHb!MII CJ\I B TeKCTe ,L\IICCepTaIJ,IIII). B 3TIIX ycKOplITeJibHb!X 3KCrreplIJ\leHTax OCIJ,IIJIJIH

U,IIII HeiiTplIHO He o6Hapy)f{eHbl 3a IICKJIIO'IeH1Iel\l K2K, r,[\e Ha6JIIO,L\aJICH He,[\OCTaTOK IIµ 

Hei1:Tp1IHO, KOTOpb!H corJiacyeTCH C ,[\aHHbll\llI ITO aTJ\IOCcpepHb!J\III Hen:TplIHO, IIOJiy'IeHHbl11ll 

B Super-Kamiokande. 

B IIO,L\pa3,L\eJie 4.4.2 II3y'Ia!OTCH BaKyyl\JHbie OCIJ,IIJIJIHIJ,IIII HeHTplIHO B peaKTOpHb!X 3KC

rrep1IJ\IeHTax. 

IlplI pa,L(IIOaKTIIBHb!X pacrra):\ax ypaHOBOH rpyrrrrbl 
238 U, 235 U II ,L\p. B peaKTopax II3-

nyqa1QTCH IIOTOKII ii,. 9TII ii, OT peaKTOpOB ,[\eTeKTIIPYIOTCH Ha pa3Hb!X pacCTOHHIIHX OT 

peaKTOpa qepe3 peaKIJ,llIO ii,+P--> e+ +n C u,eJiblO o6Hapy)f{eHIIH BaKYYJ\IHb!X OCIJ,IIJIJIHIJ,IIH 

HeHTplIHO. TaK1Ie 3Kcrrep1IJ\IeHTbl rrpOBO,L\IIJIIICb II rrpO,L\OJI)f{alOT rrpoBO,L\IITbCH Ha J\IHOrlIX 

KpyrrHbIX peaKTopax B J\11Ipe: B focreHe, ILL B fpeHo6ne, B Bm)f{e, B CaBaHHO-PIIBep, B 

PoBHO, B l..!yy3 (CHOOZ (<I>paHIJ,IIH), ,L\eTeKTop pacrroJIO)f{eH Ha paccTOHHIIII 1020 1\1), B 

Ilano Bep,L\II (Palo Verde (CIIIA), ,L\eTeKTop pacrroJio)f{eH Ha paccTOHHIIII 890 1\1). B 3TIIX 

3Kcrrep1IJ\IeHTax HIIKaKIIX YKa3aHIIH Ha llaJIII'IIIe CJ\IellrnBaHIIH IIJIII OCIJ,IIJIJIHIJ,IIII aHTIIHeu:

TplIHO (ii,) He 6bIJIO o6Hapy)f{eHO. 

B 3Kcrrep1IJ\leHTe KamLAND (5IrrOHIIH), r,L\e o6Hapy)f{eH He,L\OCTaTOK ii,, Ha6JI10,L\eH1Ie 

Hei1:Tp1I110 CTpOIITCH Ha peaKIJ,IIII ii,+ p--> e+ + n c rroporol\J Ef;r, = l.8MeV II 3axBaTe 

n c II3Jiy'IeHIIel\l I c 3Hepr1Iei1: 2.2 MeV. B Ka'IeCTBe ,L\eTeKTopa IICIIOJib3yeTCH )f{II,L\KIIH 

CIJ,IIHTIIJIJIHTOp BeCOJ\I 1000 T (Tp111IeTIIJI6eH31IH). KaK IICTO'IHIIKII aHTIIHeHTPIIHO IICIIOJ!b-

3YIOTCH peaKTOphl, pacrrOJIO)f{eHHbie BOKpyr ,[\eTeKTOpa Ha pa3Hb!X paCCTOHHIIHX, C cpe,L(

HIIJ\I paccTOHHIIeM R ~ 180 KM. Bpel\lH 3KCII031IIJ,IIII 162 TOHH-ro,11;. l..!IICJIO Ha6mo,L\eHHbIX 

co6bITllH 54 (BJ\leCTO 86,8 ± 5,6) A:::;;;;,. = 0, 611 ± 0, 085(stat) ± o, 04l(syst). Ha1I

JIY'IIIJaH IIO,L\rOHKa sin220 = 1, 0, .6.m2 = 6, 9. 10-5eV2 
(cp. C ,L\aHHbll\JII no CoJIHIJ,y 

sin220 = 0, 833, .6.m2 = 5, 5. 10-5eV2
). 

B no,L\pa3,L\eJie 4.4.3 1I3y'Ia10TCH ocIJ,IIJIJIHIJ,IIII aTJ\IOccpepHbIX Hen:TpllHO. 

BbICOK03Hepr1I'IHbie anmccpepHbie Hei1:Tp1IHO, rrporne,[\llIIIe CKB03b 3el\lJIIO, perlICTplI

py!OTCH ,L\eTeKTOpal\Jll, pacrrOJIO)f{eHHb!MII rny6oKO IIO,L\ 3el\JJiei1: ,L\JIH OTCe'IeHIIH cpoHa. TaK 

KaK HeHTplIHO IIJ\Je!OT Bb!COKIIe 3Hepr1III, TO J\IOryT po)f{,LlaTbCH COOTBeTCTBylOIIJ,lle JieIITO

Hbl (e, µ, T), II II03TOJ\Jy OCIJ,llJIJIHIJ,llIO Heu:TpllHO B 3TIIX 3Kcrrepn:J\leHTax MO)f{HO llCKaTb 

no He,L\OC:Ta!OIIJ,IIM HeHTpllHO (T.e. ITO YJ\IeHbllleHllIO O)f{ll,[\ael\IOrO IIOTOKa Heu:TplIHo), ll no 

Herrocpe,llCTBeHHOMY po)f{,LleHllIO ,L\pyrn:x TIInOB JienTOHOB, CBH3aHHb!X C OCIJ,llJIJIHIJ,IIen: Heu:

TpllHO (vµ --> lie, llr ). 

9Kcrrep1111eHTbl no IIOllCKY OCIJ,llJIJIHIJ,llH aTJ\IOCcpepHb!X HeHTpllHO rrpoBO,L\HTCH BO Bcex 

KpynHb!X n0,[\3el\JHb!X ycTaHOBKax BO BCel\J J\!llpe. Mb! paccl\JOTPIIJ\J TOJ!bKO Te 3KCIIepn:

J\JeHTbl, KOTOpb!e ,[\a!OT YKa3aHllH Ha cyIIJ,eCTBOBaHn:e OCIJ,llJIJIHIJ,IIH HeHTplIHO. Ha1I6onee 

ll3BeCTHbIMII n:3 HllX HBJIHIOTCH Kal\JIIOKaH,L\e II IMB. 

B 3KCnep1IMeHTe B KaMllOKaH,L\e rroJiy'IeHO, 'ITO OTHOIIIeHn:e nOTOKa aTMOccpepHbIX IIµ ll 

lie rropH,L\Ka e,[\IIHllIJ,bl P(vµ/v,) ~ 1, B TO Bpel\JH KaK pac'IeTbl ,[\a!OT P(vµ/v,) ~ 1.60 + 
1.62. Ilo rrocJie,L\Hlll\J ,L\aHHbIM, orry6JIIIKOBaHHbIJ\J B Super-Kamiokande no aTMoccpepHbIJ\J 

HeHTPIIHO, noJiy'IeHbl CJie,L\yIOIIJ,lle 3Ha'IeHllH ,L\JIH rrapal\JeTpOB CJ\JeIIIn:BaHIIH: 

sin220 = 1, .6.m2 = 2, 5. 10-
3eV2

• 

B pa3,L\eJie 4.5 ,[\a!OTCH Bb!BO,L\bl ll3 rJiaBbl 4. 

(37) 

IlHTaH rnaBa IIOCBHIIJ,eHa ll3y'IeHlll0 OCIJ,llJIJIHIJ,llll Hei1:TpllHO B BeIIJ,eCTBe. B HeH pac

C!'.IaTpllBaeTCH Teopn:H pe30HaHCHOH OCIJ,IIJIJIHIJ,lllI HeHTpllHO B BeIIJ,eCTBe (3cpcpeKT MCB), 

noJiy'IeHHaH ll3 ypaBHeHllH BoJibq:>eHIIITeu:Ha. .Il:aeTCH KPllTll'IeCKllH aHaJill3 ypam1e111IH 

BoJibq:>eHllITeHHa ll nOKa3b!BaeTCH, 'ITO 3TOT 3cpcpeKT He J\JO)f{eT peaJin:30BaTbCH 6e3 uapy-
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IIIeHnH 3aKoHa coxpaHemrn 3Heprirn-lIMnynbca . .Il:anee paccMaTplIBaeTcH cxel\la yc11J1eH1IH 

OCIJ,IIJIJIHIJ,IIII HenTpllHO pa3Hb!X Mace B BeIIJ,eCTBe, qepeHKOBCKllH 3cpcpeKT reHepnpoBaH

Hb!H B CJia6blx B3allMO,[\eHCTBllHX, ll crroco6 ou,eHKll MaCCbl HeHTPllHO. 

B pa3,L\eJie 5.1 paccMaTpllBaeTCH MeXaHll3M pe3oHaHCHOro ycnJieHHH ·ocu,nJIJIHIJ,llll HeH

TPllHO B BeIIJ,eCTBe II rrpoBO,L\llTCH KpllTll'IeCKllH aHaJIII3 ypaBHeHIIH BoJibq:>eHIIITeHHa. 

B nO,L\pa3,L\eJie 5.1.1 nplIBO,L\IITCH TeopnH pe3oHaHCHOro YCIIJieHIIH OCIJ,IIJIJIHU,llll ueri:TplI

HO B BeIIJ,eCTBe II II3y'IaeTCH J\leXaHII31\1 ee pa60Tb!. 

YpaBHeHIIH BOJibq:>eHllITeHHa ,L\JIH ueri:TplIHO B BeIIJ,eCTBe ecTb: 

.dvF • M2 
• • ( lie ) 

i- = (pl+·- + W)vF, VF = ; 
dt 2p IIµ 

i=(l 0) 0 1 , (38) 

r,L\e p, M2 , W - lll\lIIYJibC, KBa,L\paT 1mcc0Bori: J\JaTplIU,bI ueri:TpllHO B BaKyyl\le II J\laTpnu,a, 

Y'IIITbIBalOIIJ,aH B3alIMO,[\eHCTBllH Hei1:Tp1IHO C BeIIJ,eCTBOJ\I. lfa 3TOro ypaBHeHIIH nonyqeuo 

pe3ouaucHoe ycnJieHIIe ocU,IIJIJIHU,lllI HeriTplIHO B BeIIJ,ecTBe, KOTopoe rrony'InJio Ha3Bau1Ie 

MCB-3cpq:>eKT. 9TO ypaBHeHne HBJIHeTCH JieBo-npaBO CIIJ\11\leTplI'IHb!M ypaBHeHllel\J ,L\JIH 

CIIIIHOpHb!X cpyHKIJ,llH. B HeM nplICYTCTByeT 'IJieH w, B03HIIKalOIIJ,IIH OT CJia6bIX B3alIJ\JO

,L\eHcTBIIH ( BKJ!a,[\ W-6030HOB), KOTOpb!H CO,L\ep)f{IIT TOJibKO JieBoe B3alIJ\IO,L\eHCTBIIe CIIII

HOpOB (HeHTpllHO) qepe3 w 6o30H, KOTOpb!H IIO,L\CTaBJIHeTCH B JieBo-rrpaBO CIIJ\IMeTpll'IHOe 

ypaBueHIIe 6e3 yqeTa ero JieBoro npOIICXO)f{,LleHIIH. 3aBIIClll\lOCTb rrapal\IeTpa CJ\leII11IBaH1IH 

sin220m OT 3Hepr1Ill Hei1:Tp1IHO IIJIII IIJIOTHOCTII cpe,L\bl IIJ\leeT pe3oHaHCHb!H xapaKTep II ,L\a

eTCH Bbipa)f{eHnel\l sin
2 20m = sin

2 20 • [( cos 20 - L0 / L0 ) 2 + sin2 20J-1, r,L\e 0 - BaKyyl\IHbIH 

yron CJ\JeIII1IBaH1IH, a 0m-yron CJ\Ie1II1IBaHnH B BeIIJ,eCTBe, Lo= 41rp/ I m~ - m~ I, E =pc, 
L0 = 21rw- 1 = 21r(Y:,; .6.J(0)N;jp)-1. Ilp1I pe3ouaHce 

cos20 ~ Lo/L0
, sin220m ~ 1, 0m ~ 1r/4. (39) 

IIo,L\pa3,L\eJI 5.1.2 IIOCB.HIIJ,eH KpllTII'IeCKOJ\IY aHaJill3Y ypaBHeHIIH BoJibq:>eHIIITeri:Ha, ll3 

KOTOporo IIOJiy'IeHO pe3ouaHcHoe ycnJieH1Ie 0CIJ,llJIJIHIJ,IIII HeHTpllHO. KaK Bll,L\HO ll3 3TOro 

ypaBueHllH ll ero peIIIeHnH, ,L\JIH cyIIJ,eCTBOBaHllH 3cpcpeKTa ycnJieHllH OCIJ,llJIJIHIJ,llll ueu:Tpll

HO B BeIIJ,eCTBe ueo6XO,L\JJJ\JO, 'IT06bI pe3yJibTaT OT B3alIJ\IO,L\eHCTBllH Heri:TpllHO C BeIIJ,eCTBOJ\J 

CBO,L\llJICH K 1131\leHeHIIIO 3cpq:>eKTllBHOH J\JacCb! lie ueu:TpllHO. Ecnn 3cpcpeKTllBHaH J\Jacca lie 

HeHTpllHO 6y,L\eT paCTll B BeIIJ,eCTBe 3a C'IeT BKJia):\a rnrroTeTH'IeCKOro B3alll\IO,L\eHCTBllH ll 

mv, ~ mvµ, TO yroJI CJ\lellIJJBaHIIH 0 6y,L\eT rropH,L\Ka 0 ~ :f. B CBH31I C 3Tlll\l llHTepec

HO 6y,L\eT rrpocJie,L\JJTb, J\JO)f{eT Jill BKJ!a,[\ CJia6bJX B3alll\JO,L\eHCTBllH ueu:TpllHO B BeIIJ,eCTBe 

rrpnBeCTll K ll3MeHeHllIO 3cpq:>eKTllBHOH J\Jaccbl lie? Ilpn yqeTe B3all1JO,L\eHCTBIIH J\IaCCOBb!H 

narpaH)f{llaH MO)f{HO 3arrncaTb B Bll,L\e (Mo-Macca 6e3 yqeTa B3alIMO,L\eHCTBllH) 2Lu, = 
-f Mo\J!-f M,1\J! = -f(Mo+M,1 )\JI= -f M'IJ!. Onpe,L\eJinl\1 Terrepb J\IaccoBbIH narpau

)f{JJaH cpepl\IIIOHa (HeHTpnuo) C Y'IeTOM TOro, 'ITO rrpaBaH KOMIIOHeHTa cpepl\lllOHa (Hen:Tpll

HO) He IIplIHlll\IaeT yqacTllH B (cna6b!X) B3aJJJ>.JO,L\eHCTBllHX. Tor,[\a J\JaccoBb!H JiarpaH)f{llaH 

cpepl\lllOHa (ueri:Tpnuo) 6y,L\eT 111\leTb BH,L\ Lu= -fMo\J! - f LM,1\J!R - f RM,1\J!R. TaK 

KaK \[IR, \JI R He IIpllHlll\IalOT yqacTllH B CJia6bIX B3alll\JO,L\eHCTBIIHX, TO IIOJIY'Iael\l ( CJ\I TaK)f{e 

rJiaBy 2): • 

Lu= -f M0 \J! + O; M = Mo. (40) 

l1TaK, cna6bie B3alll\lO,L\eHCTBJJH (061\ieH w - 6o30HOJ\1) He J\JOryT ,[\aBaTb BKJ!a,[\bl B Mac

COBb!H narpaH)f{llaH. If TOr,L\a Mb! Bll,L\IIM, 'ITO 3TO ypaBueune eCTb ypaBHeune, KOTOpoe 

BKJIIO'IaeT B ce6H 'IJieH w, rrpOllCXO,L\HIIJ,IIH He OT CJia6bIX B3alll\lO,L\eHCTBJJH, a OT rIIIIOTeTll

qecKJJX JieBo-rrpaBO CllMJ\JeTpll'IHb!X B3alll\JO,L\eHCTBllH. If nonyqaeJ\lb!H 3cpq:>eKT pe30HaHc

HOro ycnJieHJJH OCIJ,JJJIJIHIJ,llll Heri:TpllHO B BeIIJ,eCTBe CBH3aH lll\JeHHO C 3Tlll\Jll rJJIIOTeTll'Ie

CKllMll JieBo-rrpaBO CllMJ\leTPll'IHb!MJJ B3allMO,[\eHCTBIIHJ\Jll. 

!3no,L\pa3,L\eJie 5.1.3 paccMOTpeHo rroBe,L\eune ueri:TpnHo c rnrrOTeTJJ'IecKIIJ\lll neBo-rrpaBo-
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CIH!llleTpl!qHblhll1 CJia6bIIIIII B3a111110,11,eiiCTBII.HIIIII II IIO.HBJieHne pe30HaHCHOro ycnJieHl!.H oc

Il,IIJIJI.HI.1,1111 HeiiTpl!HO .B Belll,eCTBe. 

YpaBHeHne BoJib<peHIIITeiiHa 6b!JIO IIOJiyqeHO B npe,D,IIOJIO)KeHIIII, qTo ueiiTpl!HO Be,11,eT 

ce6.H B Belll,eCTBe no aHaJIOrnn C <pOTOIIOIII B Belll,eCTBe C K03<p<pllll,lleHTOI\I npeJIOI\JJie

HII.H - n. Tor,11,a CKOpOCTb CBeTa C B Belll,eCTBe ecTb C = ~ 11 3aBIICIIT OT xapaKTepn

CTIIK Belll,eCTBa. TaK KaK JleBO-IIpaBO CIIl\ll\leTpllqHbJe B3alIIIIO,ll,eiicTBII.H Be,II;yT K IIOJI.Hp1I-

3all,l!II Belll,eCTBa, 3HaqlIT, onpe,11,eJieHHa.H qacTb 3Hepr1III II IIIIIIIYJibCa 3ap.H)KeHHOH I\IaC

CIIBHOH qacTl!Il,bl II,II;yT Ha IIOJI.Hp1I3all,IIIO Belll,eCTBa. Tor,11,a 3aKO!lbl coxpaHeHII.H 3Hepr1II! 

II IIIIIIIYJibCa ,11,JI.H 3ap.H)Ke!IHOH l\IaCCIIBHOH qaCTIII.1,bl I\IO)KHO 3aIIIICaTb B CJie,II;yIOII.l,el\J BII,D,e

Eo = E+Ematt, Po= P+Pmatt, r,11,e Eo,Po - nepm1qHa.H 3Heprn.H II 1111myJihC 3ap.H)Ke!IHOii 

qaCTIII.1,bI; E, P, Ematt, Pmatt - COOTBeTCTBeHHO 3Heprn.H II IIIIIIIYJibC 3ap.H)KeHHOH qacTl!Il,bl 

B Belll,eCTBe II 3Heprn.H II IIIIIIIYJibC, II,II;ylll,lle Ha IIOJI.Hp113all,IIIO Belll,eCTBa. 

IlOKa3auo, qTo rlIIIOTeTnqecKne JieBo-npaBO CIIIIII\IeTpliqllbJe CJia6bJe B3a1I1110,11,eiiCTBII.H 

1110ryT reHep1IpOBaTb l\IaCCbl HeiiTpl!HO. Tor,11,a, TaK KaK 3cpcpeKTIIBHa.H 111acca HeiiTplIHO 

B Belll,eCTBe C TaKIIl\I rlIIIOTeTifieCKIIl\l B3alII\IO,ll,eiicTBIIel\l II31\JeH.HeTC.H, TO II ero CKOpOCTb 

TaK)Ke II31\IeH.HeTC.H B COOTBeTCTBIIII C 3aKOHOIII coxpaHeHII.H 3Hepr1III-IIIIIIIYJibCa B 3aBIICII

IIIOCTII OT IIJIOTHOCTII Belll,eCTBa. If pa3JIIIqHbJe TII!lbl HeiiTpl!HO 6y,n;yT IIl\leTb 3<p<peKTIIB

Hbie l\IaCCbl, 3aBIIC.Hlll,l!e OT IIJIOTHOCTII Belll,eCTBa. Tor,11,a !IplI 110,II;XO,ll,.Hlll,IIX IIJIOTHOCT.HX 

Belll,eCTBa pa3JIIJqHbie TII!Ibl HeiiTpl!HO 6y,n;yT IIl\leTb O,ll,l!HaKOBbJe 3cpcpeKTIIBHbJe l\laCCbl 

II CKOpOCTII, 3TO 11p11Be,11,eT K pe30HaHCHOIIIY ycnJieHIIIO OCI.l,IIJIJI.Hll,IIII HeiiTpl!HO. lfTaK, II3 

ypaBHeHl!.H BoJib<peHIIITeiiHa C JieBO-!IpaBO - Cllllll\IeTpliqHbll\l B3a111110,11,eiicTBIIel\l B03Hl!KaeT 

pe30HaHCHO~ yc11JieHne OCI.l,IIJIJI.Hll,IIII ueiiTpl!HO B Belll,eCTBe. 

lf3 aHaJIOrl!II C 3JieKTp0,ll,IIHal\!IIKOH l\Ibl TaK)Ke Bll,IJ;IIIII, qTo TaK KaK 3TOT npo1.1,ecc (110-

JI.Hp1I3all,l!.H Belll,eCTBa) .HBJI.HeTC.H ynpyr11111, TO 3TO pe3oHaHcHoe ycIIJieHne 1Icqe3aeT 6ec

cJie,n;Ho, Kor,11,a HeiiTplIHO Bb!XO,IJ;IIT II3 Belll,eCTBa (CoJIHI.1,a) B BaKyy111, TaK KaK 3Heprn.H II 

111\IIIYJibC HeiiTplIHO B BaKyy111e BOCcTa;HaBJil!BaIOTC.H. TaKOH )Ke pe3yJibTaT IIOJiyqaeTC.H 113 

Bbipa)KeHII.H yrna c11ielllnBaH11.11 B Belll,eCTBe sin
2 20m = sin

2 20 • [(cos 20 - fa )2 + sin2 20J-1, 
KOTOpoe 11epeXO,ll,IIT B yroJI c111ern11BaHl!.H B BaKyy111e sin

2
(20), KOr,11,a HeiiTplIHO Bb!X0,11,IIT 

B BaKyy111 113 Belll,eCTBa, TaK KaK B BaKyy111e fa ...:.. 0. 0TCIO,D,a lllbl 11pnxo,11;11111 K 3aKJIIO

qeHmo: IIOBe,n;eune HeiiTplIHO B rlIIIOTeTnqecKOIII Belll,eCTBe C JieBo-11paBO CIIl\IllleTp1IqHbll\l 

B3a1IIII0,1J;eHCTBIIe111 !IOXO)Ke Ha IIOBe,n;eHIIe <pOTOHa IIJIII 3ap.H)KeHHOH qaCTIII.l,bl B Belll,eCTBe 

(3cpcpeKTIIBHa.H I\IaCCa II IIIIIIIYJibC B Belll,eCTBe I\IeH.HIOTC.H). Ho HeiiTplIHO B Belll,eCTBe ue 

Be,II;yT ce6.H aHaJIOrIIqHO BeKTopy IIOJI.Hp113all,IIII <pOTOHa, KOTOpblll Bpalll,aeTC.H B Belll,eCTBe, 

KaK 3TO 11pe,11,110JiaraeTC.H B pa6oTax MnxeeBa c.rr., C11111pHOBa II ,11,p. aBTOpOB. T. e. !Ipll 

Bb!XO,IJ;e 113 BCII.l,CCTBa neiiTplIHO 11epeXO,IJ;IIT B CBOe 11epBOHaqaJibHOe COCTO.HHIIe. 

Bo3Hl!KaeT BO!Ipoc: l\IO)KeT Jill peaJibHOe HeiiTpl!HO BeCTII ce6.H B Belll,eCTBe KaK <pOTOH 

IIJIII I\IaCCIIBHa.H 3ap.H)Ke1111a.H qacTIII.1,a? Tor,11,a 6y;i;er B03HIIKaTb pe30HaHCHOe ycnJieHIIe 

OCI.l,IIJIJI.Hll,IIII HeHTplIHO. 

8TOT Bonpoc o6cy)K,IJ;aeTC.H B IIO,ll;pa3,D,eJie 5.1.4 f!0,11, !Ia3BaHIIel\l "PeaJibHbJe HeiiTpl!HO B 

Belll,eCTBe II HeB031\IO)KHOCTb peaJil!3all,IIII 111exaHII31\Ia pe30HaHCHOro YCIIJieHl!.H OCI.l,IIJIJI.Hll,IIII 

HeiiTplIHO 11
• 

TaK KaK CTaH,n;apTHbJe CJia6bJe B3a111110,11,eiicTBII.H He 1110ryT reHepnpoBaTb 111accb1, 3<p

cpeKTIIBHa.H l\IaCCa HeiiTpl!HO IIPII ero !IpOXO)K,IJ;eHIIH B Belll,eCTBe He II311IeH.HeTC.H. 3aKOHbl 

coxpaneHII.H 3Hepr1IH II IIIIIIIYJibCa HeiiTplIHO 111\Je!OT CJie,II;yIOII.l,llll Bll,11, (111bI np1IHHI\Iae111 BO 

BHIIl\laillle TOJlbKO !IOJI.Hp1I3aI.1,1IIO Belll,eCTBa): 

a) Eo=E+W, b) Po=p+W/3, (41) 

r,11,e Eo,Po, E,p - COOTBeTCTBeHHO 3Hepr1I.H II IIIIIIIYJibC HeiiTplIHO B BaKyy11ie ll B Belll,eCTBe, 

W - 3Heprn.H IIOJI.Hpn3a1.1,1111 Belll,eCTBa HeiiTpHHO, /J = ~. QqeBII,IJ;HO, qTo IIOJI.HPII3all,II.H 
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(peaKI.l,H.H) B Belll,eCTBe 11epe111e1I.1,aeTC.H co CKOpOCTblO /3, paBHOH CKOpOCTH HeiiTplIHO. Ilo,11,

CTaBJI.H.H Bb1pa)KeH11e b) B a) II B03Be,D,.H ero B KBa,D,paT, IIOJiyqIIIII Bbipa)KeH1Ie: 

JPB + m5 = J(Po - W/3) 2 + m5 + W---+ W[(l - /32 )W - 2Jp5 + m5 + 2po/3] = 0, (42) 

KOTopoe pa3pelllaeTC.H, TOJibKO ecm1 ( oqeBII,IJ;HO, eCJIII mo =. 0, TO /3 = l ) mo = 0 IIJIH 

w = 0. Tpe60BaH1Ie BbIIIOJIHeHII.H 3aKOHa coxpaHeHII.H 3HeprIIH ll IIIIIIIYJibCa ,11,JI.H CJia6o 

B3alll',IO,ll,eiicTBYIOII.l,eii qacTIII.1,bl B Belll,eCTBe IIPIIBO,ll,IIT K 3aKmoqeHmo, qTo l!Jlll 

mo= 0, Tor;i;a W =I 0, IIJIH ecJIH mo. =IO TOW= 0. (43) 

8TO 03HaqaeT, qTo 3HeprII.H IIOJI.Hpl!3all,l!II Belll,eCTBa l\laCCllBHbl.M HeiiTpllHO w ,IJ;OJI)KHa 

6b!Tb HyJieBoii, T.e. w = 0, B OTJIHque OT IIOBe,n;eHl!.H ?.IaCCl!BHOH 3ap.H)KeHHOH qacTl!Il,bl B 

3JieKTpO,ll,l!HalllllKe. TaK KaK ypaBHeHHe BoJib<peHIIITeiiHa eCTb ypaBHeHl!e ,ll,JI.H I\IaCCl!BHbIX 

HeiiTpllHO, TO w ,IJ;OJl)KHa 6h!Tb paBHa HYJIIO. Ilo3TOIIIY ycuJieHll.H OCI.l,l!JIJI.Hll,IIll HeiiTplIHO B 

Belll,eCTBe He ,IJ;OJl)KHbl B03HIIKaTb. B o6paTHOIII cJiyqae, Kor;i;a mo = 0, w I\IO)KeT OTJil!qaTb

C.H OT HYJI.H, HO, KaK xopowo 113BeCTHO, 6e31\IaCCOBbJe HeiiTpllHO He IIIOrJT OCI.1,l!JIJlllpOBaTb. 

Ilpollle)KyToqHblll cJiyqaii, Kor,11,a 0,11,HII HeiiTpllHO 111acc1IBHbJe, a ,11,pyr1Ie ueiiTplIHO 6e3-

111acCOBbJe, He 11pe,11,cTaBJI.HeT llHTepec, T.K. He.HCHO, KaKII?-1 o6pa301\1 HeiiTpllHO, 1I11IeI01I.1,lle 

CJia6bIH 3ap.11,11,, 111oryT 6b!Tb 6e3111accOBbllllll. 

lfTaK, lllbl 1Ip1IXO,IJ;lllll K 3aKJIIOqeHIIIO: pe30HaHCHOe YCIIJieHl!e OCI.l,IIJIJI.Hll,IIH HeiiTplIHO 

B Belll,eCTBe B pa111Kax CTaH,11,apTHbIX CJia6hIX B3alIIIIO,IJ;eiicTBllll He IIIO)KeT B03HIIKaTb 6e3 

HapyrneHII.H 3aKOHa coxpaHeHH.H 3Hepr1111-1111myJibCa. Tor;i;a, TaK KaK 311epru.11 W B3au1110-

;i;eiicTBll.H HeiiTplIHO C Belll,eCTBOIII OTJIIIqHa OT HyJrn, TO W ,11,0Jl)KHa IIOHTll Ha II31\JeHeHl!e 

Kl!HeTuqecKOH 3Heprnn, a ue I\IaCCbl HeiiTpl!HO (c111. Hl!)Ke KOHell, 3TOro pa3,ll;eJia). 

Mb! 1IO)Kel\I 3aKmoql!Tb, qTo 11poBe,11;eHIIblll Ha11111 TeopeTIIqecKl!H a!IaJill3 He ;i;aeT yKa-

3aHIIe Ha TO, qTO 11IeXaHH3111 pe30HaHCHOro ycnJieHl!.H OCI.l,IIJIJI.Hll,IIH ueiiTpllHO B Belll,CCTBe 

peaJIH3yeTC.H. EcJill 6bi ,11,a)Ke 3TOT 111exaHH31\I 1110r peaJIH30BaTbC.H, TO 3TO yc11J1emie HeB03-

I\IO)KH0 6blJIO 6u ua6mo,11,aTb, TaK KaK OHO ,IJ;OJl)K!IO 11cqe3aTb 11p11 Bb!XO,IJ;e HeiiTpHHO 113 

Belll,eCTBa, TaK KaK 3TOT 11po1.1,ecc .HBJI.HeTC.H q11CTO y11pyrIIl\l. Pe30HaHCHa.H KOHBepc1rn Heii

Tpll!IO B Belll,eCTBe C po)K,IJ;e!Il!el\I qucToro V2 COCTO.Hllll.H ua11p.11111ym He I\IO)KeT peaJIII30-

BaTbC.H, TaK KaK B 3TIIX B3a11110,11,eiicTBII.HX He I\IO)KeT po)K,IJ;aTbC.H qncToe V2 COCTO.HHl!e (v2 

He .HBJI.HeTC.H co6CTBeHHbllll COCTO.HHl!el\l CTaH,11,apTHbIX CJia6bIX B3al!!IIO,lJ,eiicTBIIH). 

Kp0111e Toro, B ypaB!JeHIIll (38) co,11,ep)KIITC.H cylll,eCTBeHHOe y11y1I.1,eH1Ie: He yc1TeH 3aKOII 

coxpaHeHII.H IIIIIIIYJibCa. Ilpe,11,110JiaraeTC.H, qTo 3Hepr1I.H ueiiTpHHO B Belll,eCTBe ll31\ICH.HeTC.H, 

a ero IIIIIIIYJibC OCTaeTC.H IJell31\IeHHbllll. Tor;i;a BC.H 3Heprn.H B3aHl\IO,ll;eiicTBll.H IICHTPIIHO C 

Belll,eCTBOl\l nepeKa'!IIBaeTC.H Ha II31\IeHeHIIe 3cpcpeKTIIBHOH 111acCbl IICHTp!IHO. Mo)KIIO Jill 

BCIO 3Hepr1110 B3all!IIO,IJ;eiicTBll.H HeiiTplIHO C Belll,eCTBOl\! 11epeBeCTll ( 11epeKaqaTb) Ha ll3-

l\IeHeHIIe 3cpcpeKTIIBIIOH 111acchl ueiiTpnuo? K KaKOIIIY pe3yJibTaTy lllbl !Ipl!X0,11,Hl\I B 3TOIII 

cJiyqae? YcJIOBIIe pe3ouauca H3 Bb1pa)Ke11n.11 (39) !IIO)KHO 11epem1caTb B Bn,n;e 

. E~es = ~m2cos20/2W ---+ 6.m2 = 2E~e•w/cos20. (44) 

EcJIII lllbl pacc111aTpHBae111 Ve <--+ Vµ 11epeXO,IJ;bl ll 6y;i;e111 HCIIOJib30BaTb CJie,II;yIOII.l,He ;i;au

llble ll3 KamLAND (S. Abe et al., hep-ph/0801.4589v2, 2008): 0 = 36.8°, ~mi2 = 

7.58(+0.l4,-0.l3)(stat) ± 0.l5(syst) X 10-5eV2, Tor;i;a 11pn wsun,res = 5 X 10-12ev 

(n;es = 63.8n0 ) ll3 ( 44) 110JiyqII111 BeJI11q1I11y pe3011a11c11oii 3Heprun 3JieKTpOHHOro 11eii

TpIIHO E~es = 2.14 x 106
eV = 2.14MeV. B 3TOIII cJiyqae KBa,n;paT 11mccb1 v 1 11eiiTpIIHO 

ll31\IeHHTC.H Ha BeJI11qn11y ~mi2 = 7.58 X 10-5eV2 (m2 > mr), T.e. 3<p<peKTIIBHa.H 11mcca V1 

HeiiTpIIHO 6y,11,eT 
2 2 ~ 2 

m1,eff ~ m 1 + 7.58 x 10 eV . (45) 

21 



.ll:o6aBO'-!Hblll BKJ!a,II; K KBa,ri;paTy l\laCchI VJ HeiiTplIHO, paBHblll 7.58 X 10-5eV2' B03HIIK B pe-

3YJihTaTe B3aIII\IO,[\eHCTBIIH HeiiTpIIHO B aem;eCTBe C :meprIIeii WSun,res = 5 X 10-12eV. ITpII 

3TOI\I mi.matt :::::: m~ (B ,n:eiiCTBIITeJibHOCTII ,[\OJl)KHO BbIIIOJIHHTbCH paBeHCTBO m~att '.::'. mvµ). 

T.e. rrepBII'-IHOe YJibTpapeJIHTIIBIICTCKOe 3JieKTpOHHOe HeiiTpIIHO C.3Heprueii Ev = 2.14 X 

106eV B pe3yJibTaTe B3aIII\IO,[\eHCTBIIH C Bem;eCTBOI\I C 3Heprueii WSun,res = 5 X 10-12eV 
rroJiy'-IIIJIO rrpupam;emie K l\Iacce, paBHoe t5m:::::: J7.58 x 10-:5eV = 0.87 x 10-2ev. B Ta

KOI\I CJiyqae, TaK KaK 3TO B3aIII\IO,[\eiicTBIIe ,[\BIIraeTCH Bl\teCTe C 3JieKTpOHHbll\l HeiiTpIIHO, 

TO 3HeprIIH 3TOrO HeiiTpIIHO ,[\OJl)KHa 6bJJia II31\teHIITbCH Ha D.Ev :::::: t5m1 , a He Ha WSun,res 

( r,n:e / = lb_ II V '.::'. C - CKOpOCTb HeiiTpl!HO). O'-leBH,!l;HO, '!TO OT I\III3epHoii 3HeprIIII IlOJIHpII-mv 
3aU,IIII WSun,res = 5 X 10-12eV HeB031\IO)KH0 ITOJIY'-IIITb rrpIIpam;eHIIe l\laCCbl Ha BeJIII'-IIIHY 

t5m :::::: J7.58 x 10-5eV = 0.87 x 10-2ev 6e3 cIIJihHOro HapyrneHIIH 3aKoHa coxpaHeHIIH 

3HeprIIII-III\IIIYJibCa. ITo'-!el\IY l\lbl ITOJIY'-IIIJIII TaKOH pe3yJibTaT? 9TO CBH3aHO C Tel\l, '!TO 

rrpII pemeHIIII 3Toro ypaBHeHIIH BCH 3HeprIIH B3aIII\IO,[\eiicTBIIH HeiiTpIIHO C Bem;ecTBOI\I 

rrepeKa'-!IIBaeTCH Ha l\laccy HeiiTpIIHO, a KIIHeTII'-leCKaH '-laCTb 3HeprIIII YJibTpapeJIHTIIBIICT

CKOro HeiiTpIIHO OCTaeTCH 6e3 II31\leHeHIIH. Ho, B o6m;el\l cJiyqae, !\lb! ,[\OJl)KHbl rro,n:eJIIITb 

3TY 3Heprmo B3aIII\IO,[\eiicTBIIH (rroJIHpII3aU,IIII) Ha TY '-!acTh, KOTOpaH II,[\eT Ha II31\leHeHIIe 

3<p<peKTIIBHOH l\laCCbl HeiiTpIIHO, II Ha TY '-!aCTb, KOTOpaH II,[\eT Ha II3MeHeHIIe KIIHeTII'-!e

CKOH 3HeprIIII. Tor,n:a eCJIII 3HeprIIH B3aIII\IO,[\eiicTBIIH C Bem;eCTBOI\I HBJIHeTCH IlOCTOHHHOH 

BeJIII'-IIIHOii, KaK B HaIIIel\l cJiyqae, TO '-!el\l 6oJibIIIe 6y,n:eT 3HeprIIH HeiiTpIIHO, Tel\l l\teHhIIIe 

6y,n:eT II31\leHeHIIe 3<p<peKTIIBHOH l\laCCbI HeitTpIIHO. Pac'-!eT TaKoro rrpou,ecca HY)KHO rrpo

II3BO,[\IITb C y'-!eTOI\I 3aKOHa coxpaHeHIIH 3HeprIIII-III\II1YJibCa. TaKOH pac'-leT I10Ka3aJI, '!TO 

B 3T01\I cJiy'-!ae He B03HIIKaeT CKOJ!h HII6y,n:h 3al\teTHOe ycIIJieHIIe OCU,IIJIJ!Hll,IIH HeiiTpIIHO B 

COJIHe'-!H0I\I Bem;ecTBe. 
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P11c. 1: OTHOCIITeJihHaH BepOHTHOCTb rrepexo,n:a Pv,v, B 3aBIICIII\IOCTII OT 3HeprIIII. To'-!KII 

,n:aHHhie II3 3KcrrepIIl\teHTOB SAGE, GNO, Chlorine, CHO II Cynep-KaMIIOKaH,n:e. ITyHK

TIIpHaH JIIIHIIH - pacqfu' no MCB 3<p<peKzy. 

9Kcrrepm1eHTaJibHble ,n:aHHhte, noJiy'-!eHHbte Ha ycTaHOBKe Cynep-Kal\lIIOKaH,n:e, no 3Hep

reTII'-!eCKOI\IY cneKTPY COJIHe'-!Hb!X HeiiTpIIHO II no 3<p<peKTY ,n:eHb-HO'-lh, no pereHepaU,IIII 

HeiiTpIIHO, nO,[\TBep)K,!l;aIOT noJiy'-!eHHblll BbIIIIe TeOpeTII'-leCKIIH Bb!BO,[\. B cneKTpe COJIHe'-1-

HbIX HeiiTpIIHO OT B8 B pp U,IIKJie, noJiy'-!eHHOI\I Ha ycTaHOBKe Cynep-Kal\IHOKaH,n:e, HeT 

II3JIOl\la. Ha Puc. 1 nOKa3aHbI 3KCnepIII\IeHTaJihHhte ,n:aHHhte, noJiy'-!eHHhre B SAGE, GNO, 

Cyrrep-Kal\lIIOKaH,n:e, SNO Bl\teCTe c pac'-!eTHOii KpIIBoii, noJiy'-!eHHOii no Teopuu l\ICB. 

Ifa 3TOro pucyHKa BII,[\HO, '!TO 3Ta TeopIIH He IIl\teeT nO,[\TBep)K,!];eHIIH (KpIIBaH LMA He 
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IIl\!eeT II3JIOI\Ia II Jie)KIIT ,[\aJieKO OT 3KcnepIIMeHTaJibHb!X ,n:aHHbIX). 9cpcpeKT pereHepaunn 

HeiiTpIIHO npu npoxo)K,!l;eHIIII TOJIIIl;II 3el\lJIII Ha ycTaHOBKax Cynep-Ka~moKaH.:i;e. CHO n 

BopeKCIIHO TaK)Ke He Ha6mo,n:aeTCH. 

l1TaK, npIIXO,[\III\I K 3aKJIIO'-!eHmo: HII TeopeTII'-!eCKIIii aHaJill3 npoBe,J,eHHblll Hmm. HII 

IIl\leIOm;IIeCH 3KCnepIIl\leHTaJibHhie ,n:aHHbte He ,n:aIOT YKa3aHIIH Ha TO. '!TO ~1exaHI13~1 pe30-

HaHCHoro YCIIJieHIIH OCU,IIJIJIHU,IIH HeiiTpIIHO B Bem;ecTBe peaJI113yeTCH. 

B pa3,n:eJie 5.2 06cy)K,!l;aeTCH l\lexaHII31\I ycuJiemrn ocu,HJIJIHU,IIII He11Tp11Ho pa3HhIX imcc 

B Bem;ecTBe, npe,!l;JIO)KeHHblll aBTOPOI\I. 

MexaHII31\l 3TOro ycIIJieHHH CJie,n;ymm;uii: B Pe3YJ!bTaTe c:m6b!X B3aIDIO,J,eI1cTBl!it (anpTy

aJibHO) OCU,IIJIJIIIpy10m;ero HeiiTpIIHO C Bem;ecTBOI\I, npOIICX0,lllT nepexo,:i, Ha ~IaCCOBYIO no

BepXHOCTb COOTBeTCTBy10m;ero HeiiTpIIHO (Hanpm1ep, Ve nepexo,JJIT B V1,)- Ecm1 TOJ!lll,HHa 

Bem;ecTBa (CoJIHU,a) ,[\OCTaTO'-IHO 6oJibIIIaH, TO 6y,n:eT IDieTb i1eCTO HaKOnJieHne HeiiTpIIHO 

(vµ, Vr)- EcJIII TOJIIIl;IIHa Bem;ecTBa O'-leHb 60JibIIIaH, TO 3T0 l\IO:>KeT npO!ICXO,[\IITb BnJIOTb ,LIO 

ycTaHOBJieHHH paBHOBeCIIH l\le)K,!l;y pa3JIII'-!Hbll\lll TIIIImIII uefiTpi!HO. 

BepOHTHOCTb nepexo,n:a HeiiTpIIHO V1 B Vz II Vz, npn 7! - KpaTHOI\I ynpyrol\J B3aIII\IO,[\eU

CTBIIII HeiiTpIIHO onpe,[leJIHeTCH peKyppeHTHbll\lH COOTHOIIIeHIIHI\IH 0 = 0vw;, l = e, µ, r 

pgt, = 1 - (1 - cb)½ sin2 20, P(I) = (1 - e-b)l sin2 20 v,v,, 2 

P(n) = p(n-l)(l - (1 - e-b)l sin2 20) + p(n-l)(l - e-b)l sin2 20) (45) 
VtVl Vt VI 2 V1V11 2 

P(n) = p(n-l)(l - (1 - e-b)l sin2 20) + p(n-l)(l - e-b)l sin2 20) v,v,, v,v,, 2 v,v, 2.. · 

EcJIII nOJIO)KIITh b = 2rr, TO "IJieHOI\I e-b l\lO)KHO npeHe6pe'-!b. Tor,n:a ,[\JIH cpe,n:HIIX ou,e

HOK l\JO)KHO BocnoJih30DaThCH Tel\l, '!To n = J J(n, n, n)dn = n . Tor,n:a cpe,n:HHH Bepo

HTuocTh OCU,IIJIJIHU,IIH ueIITpIIHO 6y,n:eT paBHa p(v1 -+ Vz) '.::'. p~~2.' p(v1 -+ Vz,) '.::'. p~~2,,. 
Tenepb eCJIII sin

2 20 HBJIHeTCH ,[\OCTaTO'-IHO l\laJIOH BCJIII'-IIIHOU (sin2 20 << 1), TO l\lO)KHO 

noJIY'IIITh Bb1pa)Ke111Ie ( coxpaHeHbI '-IJieHhI nepBoro nopH,n:Ka no sin2 20) - p( v, -+ v,) = 
1-ii½ sin

2 20, p(v, -+ Vµ) = n½ sin
2 20. ITpu noJiy'-!eHIIII 3TIIX Bh!pa)KCHIIU IICnOJib30BaJIOCb 

111mfiJI11)KCI11Ie (KoTopoe xopoIIIo pa6oTaeT npu BhICOKIIX 3HepruHx) L0 = L~ '.::'. L~ '.::'. L~. 
Ila cmIOI\I ,n:eJie ,!l;JIIIHhl B3alII\IO,[\eUCTBIIH v, II Vµ, Vr npII HII3KIIX 3Hepr1IHX pa3JIII'-!aIOTCH, 

TaK KllK pacceHHIIe v, npOIICXO,[\IIT '-lepe3 HeiiTpaJibHhlll II 3apH)KeHHbIH TOKI!, B TO Bpe

WI KaK pacceHHIIe Vµ, Vr npOIICXO,[\IIT qepe3 HeiiTpaJibHbill TOK. OTHOIIIeHl!e L~(L~) K L~ 
£0 

pm1110: L~ = L~; t5 = ~ '.::'. 2.49. Tor,n:a OTHOmeHue. cpe,n:HHX '-IIICeJI ,!l;JIIIH B3aHI\IO,!l;eitcTBIIH 

Ve, Vµ, Vr 6y,n;eT: n,/nµ = n,/nr '.::'. 2.49. ECJIII y'-!eCTh 3TO (T.e. nplI HII3KIIX 3HeprIIHX), 

TO KapTIIHa YCIIJieHIIH OCU,IIJIJIHU,IIII HeiiTpIIHO B Bem;eCTBe 6y,n:eT cym;ecTBeHHO 3aBHCeTb 

OT BaKyyl\rnOro yrJia Cl\ICIIIIIBaHIIH 0 . EcJIII sin2 20 2: ¼, TO 6y,[leT rrpOIICXO,[\IITb npe

IIl\lym;ecTBeHHbIU nepexo,n: B v, HCHTpiIHO. 9ro 03Ha'-!aeT, '!TO nplI npOXO)K,!l;eHIIII v,, Vµ, Vr 
ueiiTpiIHO qepe3,Bem;ecrao 6y,n:eT npem,1ym;ecTBeHHhiii nepexo,[\ K v, HeiiTpHHo, a v, Heii

TPIIHO npem.1yajecTBeHHO 6y,n:eT OCTaBaTbCH B TOI\I )Ke COCTOHHIIII (3TOT 3<p<peKT YCIIJieHIIH 

OCU,IIJIJ!Hll,lllI HeiiTpllHO 6y,n:eT CllJ!bHO BJ!llHTb Ha COCTaB HeiiTpllHO nplI B3pb!Be CBepXHO

Boii). B cJiy'-lae, Kor,n:a sin
2 20 « 1, 6y,n:eT npOllCX0,[\IITb YCIIJICHlle 0CU,IIJIJIHU,IIII HeiiTpllHO 

B aem;ecTBe (T.e. 6y,n:eT np0llCXO,[IIITb nepexo,n: v, B Vµ, Vr ), HO nplI 3T0I\I HY)KH0 y'-!eCTb, 

'ITO cpe,n:Hee '-IIICJIO ,!l;JlllH B3alll\IO,[\eiicTBIIH Vµ, Vr 6y,n:eT l\teHbIIIe B t5 pa3, CO0TBeTCTBeHHO, 

n 6y,n:eT 3al\IellHThC}I ua nµ, n;. II p(v, -+ vµ) 6y,n:eT IIl\leTb BIi,[\: 

p(v, -+ vµ) = nsin220sin2( rr L/ Lo)- (47) 

B pa.'1)\CJ!e 5.:1 paccl\laTpllBaeTcH '-lepeHKOBCKIIH 3cpcpeKT B CJia6bIX B3am.10,n:eiiCTBllHX, 

renepH))OIUllllll,l!I IIellTJ)IIHO, II H0BhIH I10,[\X0,[\ ,[\JIH ou,eHKll l\laCCbI HeitTpIIHO. 
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lfa npe,[lhl)zyill;IIX paccl\lOTpe1rnn llCHO, 'ITO pe30HaHCHOe yc11Jiem1e OCIJ,IIJIJillIJ,IIH HeHTPII

HO B aew;eCTBe B03HIIKaeT 3a C'IeT nom1p113aIJ,IIII aew;ecTBa np11 npOXO:lK,IJ;eHim HeHTp!!HO. 

Ecm1 CJia6b1e B3alll\IO,[leHCTBl!ll l\lOI'YT reHepnpoBaTb nOJillp1!3aIJ,1!10 cpe,[lhl, TO pe30HaHC

Hh!H 3<p<peKT 6y,z:i;eT cyw;ecTBOBaTh, IIIIa'Ie 3TOT 3<p<peKT He I\IO)KeT peaJill30BaTbCll. Ho npu 

3T0l\l 3Heprull nOJillp113aIJ,1111 ,[IOJI)KHa npeo6pa30BaTbCll B I\Iaccy HeHTPIIHO. 

B no,z:i;pa3,[leJie 5.3.1 npl!BO,[ll!TCll KpaTKIIH o63op 3Jiel\IeHTOB I\IeXaHl!3l\la pe::ioHaHCHOro 

ycuJieHl!ll OCIJ,IIJIJillIJ,llll B Bew;eCTBe, Heo6XO,[llll\lh!X ,[IJill paCCI\IOTpeHIIH 'IepeHKOBCKOI'O 3<p

cpeKTa B CJia6bIX B3am10,z:i;ettCTBIIHX, Bhl3hIBael\IOI'O ueHTpl!HO. 

,UJIH peanu3aIJ,1111 I\IeXaHll31\Ja pe30HaHCHOro yc11JieHIIH OCIJ,IIJIJIHIJ,IIH He!ITpl!HO B Bew;e-

CTBe ,[IOJI)KHO Bh!IIOJI!IHThCH CJie,rzymw;ee ycJIOBHe: n; - 1 > 0. qIICJie1rnoe 3Ha'IeHl!e ,[\JI.II 

nv, - l ecTh 

nv, - l = 4.76 • (ne/n0 ) (Po/Pv) · 10-19
, (48) 

r,z:i;e ne eCTh nJIOTHOCTh 3JieKTpOHOB B Bew;eCTBe, no = 6.02. 1023 II Po = lMeV. ,UJIH 

CoJIHIJ,a np11 Pv, = lOMeV n[,UN -1:::::: 5· 10-18 . Ifa Bhipa:lKeHIIH (48) Bll,[IHO, 'ITO ycJioB11e 

n; - 1 > 0 Bh!IIOJIHlleTCH ,[\JI.II 3JieKTpOHHOI'O He!ITpl!HO B Bew;ecTBe. 

,Uanee, B no,z:i;pa3,z:i;eJie 5.3.2, 113yqaeTCH qepeHKOBCKIIII 3<p<peKT, Bh!3BaHHhlll CJia6b!l\lII 

B3alll\IO,[le!ICTBlllll\lll He!ITpl!HO B Bew;ecTBe II HOBhlll no,z:i;xo,z:i; ,[\JI.II OIJ,eHKII l\laCChl He!ITpll

HO. ,UJill cyw;ecTBOBaHilll 'IepeHKOBCKOro 3<p<peKTa B CJia6bIX B3aIII\IO,[le!ICTBllllX ,[IOJI)KHhl 

Bh!IIOJIHHTbCH CJie,rzy10w;I1e ,[\Ba ycJIOBllll: 

n; - 1 > 0, V; > c/n;, (49) 

r,z:i;e V;, C - COOTBeTCTBeHHO CKOpOCTh He!ITpl!HO II CKOpOCTh CBeTa. IIepBOe JCJIOBHe COBna

,z:i;aeT c ycJIOBl!eM cyw;ecTBOBaHl!H pe30HaucHoro 3<p<peKTa. BTopoe ycJIOBile 03Ha'IaeT, 'ITO 

eCJIII He!ITPIIHO ,[IBH:lKeTCH B Bew;ecTBe co CKOpOCTh!O 60JihIUe!I CKOpOCTII CBeTa B Bew;ecTBe, 

TO OHO 6y,z:i;eT nOJIHp1!30BaTb Bew;ecTBO II YXO,[IIITh, OCTaBl!B Bew;ecTBO nOJillpll30BaHHbll\l. 

8Hepr11.11 TaKoro 113JIJ'Ien11.11 eCTh 

E :=::: W = v2GFne, W = 7.6 · (n./n~) • 10-14
, (50) 

r,z:i;e G F - KOHCTaHTa <I>epl\lll, ne - nJIOTHOCTh 3JieKTpO!!OB B Bew;ecTBe. ,UJIH CoJIHIJ,a Esu N ,=::: 

10-13 -t 10-11 eV. YroJI {3; I13JIJ'IeHllll onpe,z:i;eJIHeTCll Bh1pa:lKe1111el\l cos/3; = v,~,. Ecm1 

V; < -ff;, TO He!ITpllHO 6y,z:i;eT noJIHpI130BaTh Bew;eCTBO 11, TaK KaK ero CKOpOCTh I\Ie!lbllle 

CKOpOCTII CBeTa B Bew;ecTBe, TO 3Ta nOJillpI13aIJ,llll 6y,z:i;eT ,[\BllraThCH BI\IecTe C He!ITpl!HO II 

TOr,z:i;a pe30HaHCHblll 3<p<peKT 1\10:lKeT peaJIIl30BaThCll. 

Tenepb !\lb! Bll,[\111\1, 'ITO pe30HaHCHblll II qepeHK0BCKIIII npoIJ,eCChl ( 3<p<peKThl) HBJIHIOTCll 

KOHKypI1py10w;m111 npoIJ,eccaw1. EcJII! V; < -ff;, TOr,[la pC30HaHCHblll 3<p<peKT 6y,z:i;eT peaJill-

30BaTbCH, a eCJIII V; > -ff;, TO Tor,z:i;a 6y,z:i;eT peaJIIl30BaTbCH qepeHKOBCKIIII npoIJ,ecc. Ba)KHO 

3al\ICTl!Tb, 'ITO eCJIII B peaJibHOCTII nOJIHp1!3aIJ,IIH Bew;ecTBa 111\IeeT I\IeCTO, TO l\Ihl noJiy'Iael\I 

B031\10)Kl!OCTh ,[\JI.II OIJ,el!KII l\laCCbl 11e11Tpl!HO, ucnOJih3JH TO'IKY nepexo,z:i;a I\Ie)K)zy ,[\BJl\lH 

Bh!llle JKa3aHI!b!MII MeXal!l!3Mal\II! ( npoIJ,eccal\111). Tor,z:i;a Bblpa)Kemie ,[\JI.II I\IaCChl HCIITPIIHO 

lll\leeT Bil,[\: 

mv = EtransJl - (l/n;)2, (51) 

ecJIII (n - 1) << 1, Tor,z:i;a mv ~ EtransJ2(n; - 1) , r,z:i;e Etrans eCTb 3Hepnrn He!ITPIIHO B 

TO'!KC nepexo,z:i;a l\18:lK)zy YKa3aHI!b!MII I\IeXaHll3l\lal\lll. 

EcJiu l\lhl noJIJ'Illl\l Oll,CIIKY na I\Iaccy O,[IHOI'O He!ITpl!HO (3JieKTp0HHoro), TO 3Ha'ICHIIH 

!\lace ,[IJill ,z:i;pyrux He!ITPIIHO l\lbl l\lO)KCI\J Bbl'IIICJil!Th, ncnOJib3JH pa3HOCTII KBa,D;paTa Mace 

!Ie!ITPIIHO, noJiy'Iel!Hhie B 3Kcneplll\lCI!Tax no OCIJ,IIJIJillll,lllll\l HelITPIIHO. lITaK, npe,z:i;JIO)KeH

Hblll l\18TO,[I no3BOJIRCT noJiy•llfTh OIJ,CHKy Ha MaCCbl Bcex He!ITPIIIIO HC3aBIICl!l\lO OT Toro, 

KaK 6b1 l\laJibl OHi! He 6hlJIII. 
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B pa3,[1eJie 5.4 ,[la!OTCH Bh!BO,[lhl 113 f'JiaBbl 5. 

B IUeCTOII f'JiaBe o6cy:lK,IJ;aeTCR npo6Jiel\m ,z:i;e<pl!IJ,l!Ta COJIHe'IHh!X He!ITPIIHO II ee B03l\10)K

HOe peIUeH11e. 

Ilepe,z:i; 06cy:lK,ll;eH11el\l B031\JO)KHhIX cnoco6oB peIUemrn 3TOII npo6Jiel\lhI npllBO,LlllTCH Heo6-

X0,[1111\Ihie ,LIJill 3Toro I\JaTep11anbI: 3Jiel\IeHThI CCM II pac'IeTHhie pe3yJihTaThI no 3TOII !IIO,L1e

JI11; KpaTKOe on11caH11e 3KCnep111\leHTaJihHh!X ycTaHOBOK no 113J'I8HIIIO IlOTOKOB He!ITPHHO 

OT ComiIJ,a BI\JecTe C 1131\IepeHHhll\III Ha HIIX nOTOKal\111 He!ITpllHO. 

B pa3,z:i;eJie ti np11BO,[IHTCH 3Jiel\JeHThI cTaH,z:i;apTHOII coJIHe'IHOII !IIO,L1eJI11 (CCM) Bl\leCTe 

C pacqeTHhll\III ,[laHHhll\111. 

B pa3,[1eJie 6.2 ,z:i;aeTCll KpaTKOe on11caH11e Ha1160Jiee Ba)KHb!X 3KCnep11!118HTaJihHbIX ycTa

HOBOK no 1131\lepeHIIIO noTOKa COJIHe'IHb!X H811Tp11HO II np11Be,[leHhl 1131\lepeHHbie Ha HIIX 

nOTOKII He!ITPIIHO Bl\leCTe C paCC'IIITaHHhll\lll no CCM nOTOKal\111 He!ITpllHO. 

B no,z:i;pa3,z:i;eJie 6.2.1 paccl\mTpllBaerrn 37 Cl - 37 Ar 3Kcnep111\leHT (Xoyl\ICTe!IK, CllIA). C 

70-x f'O,[IOB BpyKxelIBeHCKall HaIJ,IIOHaJihHaH Jia6opaTOpllll npOBO,[IIIJia 1131\lepeHlle noTOKa 

COJIHe'IHh!X He!ITpllHO. OTHOIIIeHlle 1131\IepeHHOf'O noTOKa 3a 1970-1994rr. K pac'IeTHOl\ly 

noToKy - SSM2000 eCTh: <1>s1;;;000 = 0, 34 ± 0, 03. 

B no,z:i;pa3,z:i;eJie 6.2.2 paccl\laTpttBaIOTCR ,z:i;eTeKTOphI Kal\Il!OKaH,z:i;e II Cynep-Kal\Il!OKaH,z:i;e 

(5In0Hm1). ,UeTeKTop Kal\lllOKaH,z:i;e B HaCTOllw;ee Bpel\rn y:lKe He pa6oTaer. 

,UeTeKTOp Cynep-Kal\Il!OKaH,z:i;e co,z:i;ep:lKIIT 50000 T H20 (noJie3HbIII ofrhel\l 22000 T). 

Ilopor pen1cTpaIJ,1111 E = 5 -,- 7 M3B. Ha6mo,z:i;emie CTpOIITCR Ha peaKIJ,1111 pacceRHIIR 

He!ITpllHO Ha 3JieKTpOHe. Ha ycTaHOBKe 6b!JI 1131\IepeH nOJIHhlll noTOK COJIHe'IHb!X He!I

TPIIHO rW'f/ (3a 1496 ,[IHH ,[IJill He11Tp11Ho c noporOl\1 Ev > 5, 0MeV) 11 6hIJIO noJiy
qeHo <I>i~al = (2,35 ± 0,02(stat) ± 0,08(syst)) • l06cm-2s-1• B nepec'IeTe Ha IIOTOK, 

cptotal 

no,z:i;c'I11TaHHhIII no cTaH,z:i;apTHOII I\IO,[lem1 - CCM2000, noJiyqaeM: ssti~ooo = 0, 465 ± 

0, 005(stat) + 0, 016(-0, 0l5)(syst). Ha 3TOI\I ,[leTeKTOpe noJiy'IeH cneKTP COJIHe'IHhIX He!I

TPIIHO, KOTOpb111 xoporno coBna,n;aeT c pacc'I11TaHHhII\I B paMKax CCM cneKTPOI\I, HO Jie

:lKIIT Hll)Ke. B CJiyqae peMll3aIJ,IIII 3cp<peKTa pe3oHaHCHOf'O yc11JieHllll OCIJ,IIJIJIHIJ,1111 He!I

TPIIHO B Bew;ecTBe B 3HepreTll'IeCKOI\I cneKTpe COJIHe'IHb!X HelITPIIHO ,[IOJI)KeH 6b!Th 113-

JIOI\I B pe3oHaHCHOII o6JiaCTII (Ev, ~ 5 -,- 10 MeV, CI\I. pI1c. 1). Ha ,z:i;eTeKTope Cynep

Kal\Il!OKaH,z:i;e TaK)Ke Il3J'IaJICll 3<p<peKT ,z:i;eHb-HO'Ih, T.e. 3<p<peKT pereuepaIJ,1111 He!ITPIIHO 

np11 npOXO:lK,IJ;eHIIII TOJiill;II 3el\lJIH. 1131\lepeHHhie Ha Cynep-Kal\lllOKaH,z:i;e nOTOKII He!ITPIIHO 

,z:i;Hel\1 <I>v II uo'Ihm <I>N ecTh: <I>v = (2, 28 ± 0, 04(stat) + 0, 08(-0, 07)(syst)) - l06cm-2s-1; 
<I>N = (2, 36 ± o, 04(stat) + o, 08(-0, 07)(syst)). l06cm-2s-1, a OTHOllleHlle 3TIIX nOTO

KOB ecTh: Rv-N = (<I>v - <I>N)/((<I>v + <I>N )/2) = -0, 021±0, 020(stat) ±0, 0l3(syst). 113 

3TIIX ,z:i;aHHh!X I\IO)KHO C,[leJiaTh Bb!BO,[I: 3<p<peKT ,[leHb-HO'Ih He Ha6mo,z:i;aeTCll (Ha6mo,z:i;ael\Jh!e 

BeJill'IIIHhl He npeBhilllaIOT orn116K11 3KCnep111\IeHTa). 

lITaK, 3KCnep!II\IeHTaJihHhie ,z:i;aHHhie no cneKTPY COJIHe'IHb!X He!ITpllHO II no 3<p<peKTY 

pereHepaIJ,1111 _He!ITpllHO ,z:i;eHh-HO'Ih He IlO,[ITBep:lK,[laIOT HaJill'Illll pe30HaHCHOf'O yc11JieHllll 

OCIJ,IIJIJillll,1111 He!ITpllHO B Bew;ecTBe B COf'Jiac1111 C TeopeTll'IeCKlll\l Bh!B0,[101\1, IlOJIJ'IeHHhll\l 

B pa3,[1eJie 5.1 f'JiaBbI 5 0 HeB031\IO)KHOCTII cyw;ecTBOBaHIIH 3TOI'O 3<p<peKTa. 

B no,z:i;pa3,z:i;eJie 6.2.3 71 Ga - 71 Ge (GALLEX) paccl\laTp11Baerrn 3Kcneplll\IeHT B fpaH

Cacco (l1Tan1rn). 71Ga-71 Ge ,z:i;eTeKTOp GALLEX B fpaH-Cacco - 3TO TaHK, 3anoJIHeHHhIII 

29,5 T 71 Ga. Pa6oTa,z:i;eTeKTOpa cTp011Jiach Ha peaKIJ,1111 v.+71 Ga --+71 Ge+e-, <1>s~;:;000 = 
0, 51 ± 0, 08. Ilopor pemcTpaIJ,1111 He!ITPIIHO = 0.233 K3B. C 2004 ro,z:i;a pa6oTa 3Toro 

,z:i;eTeKTopa ocTaHOBJieHa. ,UaHHhie GNO (GALLEX) 3a 1998-2000, Ethre = 0, 233MeV, 
HOPI\IMll30BaHHhie Ha SSM2000, eCTh: q,st;.;;000 = 0, 51 ± 0, 08 

IIo,z:i;pa3,z:i;eJI 6.2.4. nocB.11w;eH 
71 Ga - 71 Ge (SAGE) 3Kcnep11MeHTY Ha BaKcaHe (Pocc11.11). 
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71 Ga - 71 Ge ,n:eTeKTop Ha BaKcatte co,n:ep)KHT 55 T l\leTaJIJrnqecKoro raJIJIH.H. ,ll;aHHbie 

SAGE HOpl\laJIII30BaHHbie Ha SSM2000 3a 1990-2001, Ethre = 0.233MeV, ecTb: ,ps!;;;000 = 
0,52 ±0,05. 

Ha,n:o onreTIITb, '!TO 3TH ,n:aHHbie Jie)KaT BbIIIIe, '-!el\l ,n:aHHbre Xoyl\lcTeiiKa II SNO, KO

TOpbre xopoIIIo corJiacyroTc.H l\le)K,[\y co6oii, Ha BemI'-!HHY 6. = 0, 16 + 0, 17. 

B rro,n:pa3,n:eJie 6.2.5 paccl\laTpHBaeTc.H ,n:eTeKTop SNO (Sudbury Neutrino Observatory 

(Katta,n:a)), co,n:ep)Ka1w1ii 1000 T T.H)KeJioii BO,l\bI (D20). Ott pa3!\lelll,eH B IIIaxTe Ca,n:6epH 
Ha rny6HHe 2073 1\1. ,ll;eTeKTOp Ha'-!aJI pa6oTaTb B KOHIJ,e 1999 r. Ha6mo,n:em1e HeiiTpl!HO 
CTpOHTC.H Ha peaKIJ,Irnx: 1. Vx + e--> Vx + e-; 2. v, + d-> p + p + e-; 

3. Vx + d -> p + n + Vx, r,n:e x .= e, µ, r. PeaKIJ,H.H 1 (ES) H,n:eT qepe3 3ap.H)KeHHb1ii II 

HeiiTpaJibHblH TOKH, ecJIH x = e, II HeiiTpaJibHbIH, eCJill x = µ, r; peaKIJ,ll.H 2 (CC) H,[\eT 
TOJibKO qepe3 3ap.H)KeHHb!H TOKj a peaKIJ,ll.H 3 (NC) H,[\eT TOJibKO qepe3 HeiiTpaJibHb!H. 

IIoToK tteiiTpHHo, H3!\lepeHHbiii BbIIIIe rropora E,n 2: 5, 0 MeV (H3 peaKIJ,Hii 2 II 1) ecTb: 

¢ffw(v,) = (1, 76 ± 0.11) · l06cm-2s-1
, (52) 

¢fl,0 (vx) = (2,39 ± 0,34(stat.) + 0, 16(-0, l4)(syst.)) · l06cm-2s-1• OTHoIIIeHHe (CC) 
BeJIH'-ll!Hbl ll3!\lepeHHOrO IIOTOKa K BeJIH'-ll!He IIOTOKa B CTaH,n:apTHOH COJIHe'-!HOH l\IO,[\eJIH 

CCM ecTL: ¢Cjf:0 /¢ssM2ooo = 0, 35±0, 02. A rroJiy'-!eHHbiii rroJIHbrii rroToK HeiiTpHHO ecTb: 
¢sNo(vx) = (5, 09 ± 0, 44) · l06cm- 2s-1 . 9ToT pe3yJibTaT HaxO,[\IITC.H B xopoUiel\l corJiaCHH 

c rrpe,n:CKa3aHH.H~lll CTaH,n:apTHOH COJIHe'-IHOH 1\10,[\eJIH ¢sNo(vx) = (5, 05 + 1.01(-0.81)) · 
106cm-2s-1 . Pe3yJ1bTaT, rroJ1yqe11Hbiii B SNO, .HBJI.HeTc.H rrepBbIM rrp.Hl\lbll\l yKaJam1el\l Ha 

H8Jlll'-!lle He:3JieKTfJOIIIIOrO 11eiiTpllli0 B IIOTOKe COJIHe'-!Hb!X HeiiTpHHO, II 3TOT IIOTOK eCTb 
IIOJIHb!H IIOTOK 8 fl IIeHTfJIIIIO, reHepHpOBaHHb!X Ha CoJIHIJ,e. 

B rro,n:pa3,n:eJIC 6.2.6 pacc~mTpHBaeTC.H 110,n:eJibHO-He3aBHCHMb!H rro,n:xo,n: K H3Y'-leHll!O oc
Il,HJIJI.Hll,llll co;111w1111,1x IICHTfJHHO H3 ,n:aHHbIX SNO (pac'-!eT). IIpe,n:JIO)KeHbI ,n:Be cxeMbI: 

cxeMa C HCIIOJll,'l()llflllll(!~l CTfllI,[\apTHOH l\IO,[\eJIH ll cx.e111a ,[\JI.H 6e3!\IO,[\eJibHOH rrpoBepKH Ha
JIH'-lll.H OC!l,IIJIJI.HIIIIH IIeHTfJIIHO. 

PacCMOTfJIIM BTopyro cxe111y ,[\JI.H 6e31110,n:eJibHOH rrpoBepKH HaJIH'-lll.H OCIJ,HJIJI.HIJ,Hii Heii
Tpl!HO. Ifa pcaKIJ,HH 2 = A II 3. = B l\lbI l\JO)Kel\l orrpe,n:eJIHTb rrOJIHbiii 3KcrrepHMeHTaJibHbrii 
rroTOK c~m1e'-IIIbIX 11eiiTpHHO F::v,A(Ev 2: 2.23), F::v,B(Ev 2: 2.23). licrrOJib3Y.H 3TH IIOTO

KH, !\lb! l\lO)Kel\l onpe,n:eJIHTb OTHOUieHHe 3THX BeJIH'-lllH ITO ll3!\lepeHHOMY IIOTOKY HeiiTpH-
110 B pa3Hb!X peaKIJ,H.HX w•xvF:xp,A(Ev 2: 2.23)/F:xp,B(Ev 2: 2.23). TeopeTH'-!eCKoe 3Haqe

HHe ,[\JI.H noTOKa HeiiTpHHO ,[\JI.H peaKIJ,HH A Fth•0 ,A(Ev 2: 2.23) 6e3 yqeTa OCIJ,HJIJI.HIJ,Hll 

ecTb: F~~•o,A(Ev 2: 2.23) = F!:;/(Ev 2: 2.23)P;t0
, a TeopeTH'-!ecKoe_ 3Ha'-!eHHe IIOTOKa 

pheo,B(Ev 2: 2.23) ,[\JI.H peaKIJ,HH B eCTb: F~~eo,B(Ev 2: 2.23) = Ft:;:(Ev 2'. 2.23)PJf•0
, 

r,n:e ppri(Ev 2: 2.23)-rrepBH'-!HbIH IIOTOK, a P1heo, P1heo - TeopeTH'-!eCKHe IIOTOKH. Tor,n:a = M B TeopeTH'-!ecKoe 3Ha'-!eHHe wth•0 ecTb: wth•0 = Fiheo,A(Ev 2: 2.23)/ Fv eo, (Ev 2: 2.23) = 
P1heo / P1heo = 2.59. 9Kcrrepm.JeHT8JlbHOe II TeopeTH'-!eCKOe 3Ha'-!eHH.H 3THX IIOTOKOB CB.H3a

HbI CJie,n:yrorwu,IH Bbipa)KeHH.HIIIH: F::v,A(Ev 2: 2.23) = F;,~•0 ,A(Ev 2: 2.23)(1-Ef'r sin
2 20;), 

r,n:e F::v,B(Ev 2: 2.23) = Fi~•o,B(Ev 2: 2.23), ,n:aJiee, HCIIOJib3Y.H BbIIIIe rrpuBe,n:eHHbie 

Bb!pa)KeHH.H IIOJiyqaeM w•xp = F;xp,A(Ev 2'. 2.23)/ F;xp,B(Ev 2'. 2.23) = Pt•0 
/ P1heo(l -

Ef'r sin2 20;). Terrepb 3TO Bbipa)KeHHe l\JO)KHO rreperrHcaTb B BH,n:e 

µ,T 

w•xp = 2.59(1 - L sin2 20;), 
µ,T 

L sin2 20; = 1 - w•xP /wtheo = l - w•xp /2.59. (53) 

Bbipa)KeHHe (53) eCTb Bblpa)KeHHe, KOTOpoe IIIO)KHO HCIIOJib30BaTb ,[\JI.H 6e3!\IO,[\eJibHOII rrpo
BepKH HaJIH'-lll.H OC!l,HJIJI.HIJ,Hfi COJIHe'-!Hb!X HeiiTpHHO. EcJIH Ty,n:a IIO,[\CTaBHTb BbIUie rrpHBe

,n:eHHOe 3KcrrepHllleHT8JlbHOe '-IHCJIO, TO UOJIY'IHM: Er·T sin
2 20; = 1 - :::::::, = l - ~- '.:,:'. 
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0, 67. 9To 3Ha'-!eHHe HaxO,[\HTC.H B corJiaCHII C ,n:pyrH!\lll ,n:aHHbll\111, IIOJiy'-leHHbnIII B SNO 
(cl\l. BbIIIIe) ll Xoyl\lCTefiKe. 

B rro,n:pa3,n:eJie .B 6.2.7 pacc11raTpHBaeTC.H ,n:eTeKTOp BopeKc1rno (Borexino. Gran Sasso, 

Italy) ll IIOJiy'-leHHbie Ha Hel\l pe3yJibTaTbl. ,ll;JI.H COJIHe'-!HbIX HeiiTpllHO C 3Heprneii Ev. = 
0.862 M3B OT 7 Be 6brn rroJiy'-!eH rroTOK Nv, = 47±7(stat)±l2(sys) counts/(day6.l00ton), 
KOTOpb!H BKJIIO'-!aeT BKJia,[\bl 3ap.H)Ke!IHOro H ueiiTpaJibHOro TOKOB. 

B rro,n:pa3,n:eJie B 6.2.8 rrpOBO,[\HTC.H TeopeTH'-leCKHii pac'-!eT '-IHCJia HeiiTpUHHblX co6b1-
TIIH, KOTOpbre 6y,n:yT perHCTpllpOBaTbC.H B ,n:eTeKTope BopeKCHHO OT IIOTOKa COJIHe'-IHb!X 
tteiiTpHHO c 3Heprneii Ev= 0.862MeV, KOTOpbrii BKmoqaeT: 

1. IIoTOK COJIHe'-!HbIX HeiiTpHHO OT peaKIJ,II~ 7Be + e- ->7 Li+ v,, paccq11TaH11b1ii B 
paMKax CTaH,n:apTHOii COJIHe'-!HOfi 1110,n:eJin. 

2. Ce'-!ettue yrrpyroro pacce.HHH.H v, + e- -> v, + e-, r,!],e rrpoBe,!),eH pacqeT ceqemrn 
pacce.HHH.H HeiiTpHHO Ha 3JieKTpotte. 

3. XapaKTepHCTHKII )Kll,[\KOro CIJ,HHTHJIJI.HTOpa B ,!),eTeKTOpe BopeKCIIHO. 

4. OIJ,eHKa '-IIICJia HeiiTpllHO, KOTOpbre 6y,n:yT perncTpnpoBaTbC.H B ,!),eTeKTOpe BopeKCIIHO 

OT COJIHe'-!HbJX HeiiTpHHO c Ev, = 0.862 l\faB, r,n:e rrpoBe,n:eH OKOH'-laTeJibHb!H paC'IeT '-IIICJia 
HefiTpHHO. 

IIoJiy'-leHo, '!TO '-IHCJIO co6bJTHii, KOTOpbre ,[\OJI)KHbI perHCTpHpOBaTbC.H B 100 TOHl!ax 

,n:eTeKTopa BopeKCIIHO B Te'-!ettne ,n:H.H OT com1e'IHbIX HeiiTpHHO c 311eprneii Ev, = 0.862 
M3B, ,n:oJI)KHO 6bITb B npe~enax N1he = 86.45 + 96.52 counts/(day • 100 ton), ecm1 
OCIJ,HJIJI.HIJ,HH HeiiTp!IHO OTCYTCTByroT. ,ll;oJI.H 11eiiTpH!IO N1xp, 3aperncTpHpOBal!HbIX B 3T01\I 

3Kcrrepnl\leHTe, OTHOCHTeJibHO pac'ICTHbIX B pal\lKax CCM ecTb N1xp / NJ;• = 0.49 + 0.54. 
EcJIH BbJ'-leCTb H3 3TOro BKJia,n: IICiiTp,tJJbHOro TOKa, TO OCTaIOIIl,llHC.H BKJia,n: OT 3ap.H)KeH
Horo TOKa eCTb : N1xp,ch /N'J:e,ch = 0.41 + 0.47. HH)KHee 3Ha'-!eHHe 3TOro OTHOCHTeJibHoro 

rroToKa 6JIII3KO K Tel\l )Ke 311aqem1m1, KOTopbre 6bIJIH rroJiyqe11b1 B SNO II XoyMcTeiiKe 
N1xp,ch; N1J;e,ch = 0.35, a BepxHee 3Ha'-!eHne 6JIH3KO K TOH )Ke BeJilI'-IHHe, IIOJIY'-ICHHOH B 
71 Ga - 71 Ge 3KCIICpHMeHTe B 6JIU3KOfi 3HepreTH'-ICCKOH o6JiaCTH. 

B pa3,[\CJie B 6.3 o6cy)K,n:aeTC.H rrpo6Jiel\la ,n:e<pHIJ,lITa COJIHe'-!HbIX HeiiTp!IHO u ee peIIIe
HHe. B IIO,!!,pa3,[\eJiax 6.3.1 + 7 o6cy)K,[\aIOTC.H HaH6oJiee Tpa,n:HIJ,HOHHblC CXelllbI (crroco6b1), 
rrpe,n:Jiarael\lbie ,[\JI.H pemeHH.H 3TOii rrpo6Jie111b1. 

B IIO,!!,pa3,[\eJie 6.3.1 pacc111aTpHBaIOTC.H HefiTpHHO-aHTl!HeiiTpHHHbie OC!l,HJIJI.HIJ,HH. C,n:e
JiaHO 3aKJIIO'-leHne - KaKHe-Jiu6o YKa3aHH.H Ha B031\IO)Kl!OCTb cylll,eCTBOBaHH.H TaKoro Tl!IIa 

OCIJ,HJIJI.HIJ,HH OTCJTCTBYIOT. 

B rro,n:pa3,[\eJie 6.3.2 pacc111aTpHBaIOTC.H OCIJ,HJIJI.Hll,IIH l\IafiopaHOBCKHX HeiiTplIHO. 9TOT 
Borrpoc 6b!JI ,!],OCTaTO'-IHO ,n:eTaJibHO paCCll!OTpeH B pro,n:eJie 2.3 rJiaBbI 2. BbIBO,n:: rnrrOTe3a, 
'ITO IICJ1TPIIHO .HBJI.HeTC.H 111afiopaHOBCKOii 'IaCTIU\eii, IIOKa He HIIIeeT IIO,[\TBep)K,[\eHU.H. B 
cJia6b!X B3a!Il\lO,[\eiicTBll.HX cyrreprr03Hll,lI0IIHblC C0CT0.HIUI.H HeiiTpllHO II aHTHHeiiTpHHO He 
l\loryT po)K,[\aTbC.H. 

B IIO,!!,pa3,n:eJI~ 6.3.3 pacc111aTpHBaIOTCH l\lC'Xilllll:ll\lhI yc1IJiemrn OCIJ,HJIJI.HIJ,HII HeiiTplIHO B 
BCIIl,eCTBe ( BHYTPII · CoJIHIJ,a). 

1. Mexal!H3M pe30HaHcHoro yc11.11C'llllll IWl\11.'l.'llll\llll IICHTPHHO B Belll,eCTBe. 

9TOT 11JeXaHH3!\I B JIHTepaTypc C'IIIT,H"l'l"ll l)l"IJllBllhll\l ,!\JI.H peUieHU.H rrpo6Jie?.Ibl ,n:e<pHIJ,HTa 
COJil!e'-!Hb!X HeiiTpHHO. Ham .,amw111:1 II p,~!/\1'.111' 5.1 1'.llnBbl 5 IIOKa3b!BaeT, '!TO 3TOT 11Iexa
Hll3M He MO)KeT peaJIII30BaTbC51 6c:1 mtpy111c111u1 :mK0IIa coxpaHeHH.11 3HeprmI-HMIIYJibCa. 
Kpoue Toro, B ypaBHemrn IloJ[b(j>CIIlll'I'Cilmi llj>C)\IIOJiaraeTC.H, '!TO H3MeHeHHe 3Heprnu 

HefiTpHHO B Belll,eCTBe rrpHB0)~IIT K ll31\ICIIellHIO 3Q)Q)CKTIIBHOH 111aCCbI, aero lll\lIIYJibC OCTa
eTC.H HeH3MeHHbIM. Ho, ecJIH yqecTb, 'ITO lll\l □YJibC ueiiTpHHO B Belll,eCTBe 1131\!eH.HeTC.H, TO B 
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peIIIemrn 3T0ro ypaBHeHHH He B03HHKaeT CKOJlb-HH6y,1.1,h 3aMeTH0e ycIIJieHHe 0Cl\llJlJIHl\IlH 

HeiiTpHHO B C0JIHe'iH0l\i Bell\eCTBe. Kpm1e Toro, HMeIOil\IIeCH 3KCnepHMeHTMbHbie ,1.1,aHHble 

He nO,ll,TBep)K,1.1,aIOT 3TOT MexaHH3M. 

2. MexaHH31\1 HaK0l1JleHHH HeiiTpHH0 Pa3Hb!X Mace B Bell\eCTBe. 

9TOT MeXaHH3M 3cpcpeKTilBHO pa6oTaeT (pa3,1.1,eJI 5.2 rnaBbl 5) T0JlbK0 npH l\lMbIX yrnax 

CMeIIIHBamrn. TaK KaK yrJibl Cl\IellIHBaHHH HeiiTpHHO, o6Hapy)KeHHbie B 3KCnepHMeHTax, 

6mI3KH K l\laKCHMMbHbll\I, TO BKJI~0M 3T0r0 l\IexaHH31\la B 0Cl\IIJIJIHl\Illl C0JIHe'iHbIX Heii

TpllH0 M0)KH0 npeHe6pe'ib. 

B 110,1.1,pa3,1.1,ene 6.3.4 paccMaTpHBaeTCH nepeJiopOT C11IIHa HeiiTpHHO B MarHHTH0I\I 110Jie 

CoJIHl\a. l-h1eIOil\HeCH 3KCnepmieHTMbHbie ,1.1,aHHbie (yrJibl Cl\Ie!IIHBaHHH anmccpepHblX H 

peaKT0pHblX HeiiTpHH0 6JIH3KH K MaKCHMMbHbll\I, a B SNO Bll,1.1,HT He,1.1,oCTaIOil\He HeiiTpHHO 

110 HeiiTpMbH01IY TOKy) He 0CTaBJIHIOT KaKHX-JIHOO Ha,1.1,e~ Ha B03M0)KH0CTb o6'bHCHeHHH 

,1.1,e<plll\HTa C0JIHe'iHblX HeiiTpllH0 C 110M0I1\bl0 3T0ro l\IexaHH3Ma. 

B no,1.1,pa3,1.1,ene 6.3.5 paccMaTpHBaeTcH pacn~ HeiiTpHH0. lfa-3a Toro, 'ITO HeiiTpHH0 

m1eIOT 60Jibll!Ile BpeMeHa )Kll3HH, Bll,1.1,Hl\IO, He 11pe,1.1,cTaBJIHeTCH B03M0)KHbll\l C n0M0il\blO 

TaKoro MeXaHH31\Ia o6'bHCHilTb 3aMeTH0e Yl\IeHbllleHHe n0T0Ka C0JIHe'iHbIX HeiiTpHHO. 

B no,1.1,pa3,1.1,ene 6.3.6 paccMaTpHBaeTcH M0,1.1,H<pnKal\HH CCM. B OOil\eM, HeJib3H HCKmo

'iHTh, 'ITO CCM Tpe6yeT onpe,1.1,eneHH0H nonpaBKII, H T0r,1.1,a pac'ieTbl n0T0K0B HeiiTpHH0 

no CCM MoryT Il3MeHHTbCH. 9To, B CB0IO O'iepe,1.1,b, 110BJle'ieT Il31\IeHeHHe HHTepnpeTal\Hll 

nony'ieHHblX 3KCnepHMeHTMbHbIX pe3yJibTaT0B no C0JIHe'iHblM HeiiTpHHO. 

B no,1.1,pa3,1.1,ene 6.3. 7 paCCMaTpHBaIOTCH BaKyyMHbie OCl\HJlJlHl\llll HeiiTpHHO. Be3 cmrne

HHH, B 3KCnepm1eHTMbHbIX ,1.1,aHHbIX Cynep-Kal\IHOKaH,1.1,e no HeiiTpllHHbll\l nepexo,1.1,aM aT-

1\IOCcpepHblX HeiiTpHH0 (vµ-> v,.) H B 3KcnepHMeHTMbHhIX ,1.1,aHHhIX KamLAND no Heii

TpHHHb111 nepexo,1.1,a11 peaKT0pHbIX aHTHHeiiTpHH0 (v, -> Dµ(v,.)) Ha6mo,1.1,aIOTCH BaKyyl\I

Hbie nepeX0,1.1,bl Me)K,Izy HeiiTpHH0. Ilpll 3T0M yrJibl CMeIIIHBaHHH 6JIH3KH K MaKCHMMbHb!11. 

Hen3BeCTHbIMH 0CTaIOTCH xapaKTepHCTHKH T0JlbK0 o,1.1,11oro HeiiTpHHH0ro nepexo,1.1,a ( CMe

IIIHBa!fHH) II3 Tpex. Ho yroJI Cl\IeIIIHBaHHH 3T0r0 nepexo,1.1,a l\I0)KH0 Bbl'illCJIHTb, IlCn0Jib3YH 

Bee Ill\IeIOil\HeCH ,1.1,aHHbJe 110 HeiiTpllHHbIM nepexo,1.1,al\I ( Cl\! Hll)Ke). 

IlOAPa3,1.1,eJI 6.3.8 110CBHil\eH peIIIeHHI0 npo6Jiel\lbl ,1.1,ecpHl\HTa C0JIHe'iHbIX HeiiTpllHO. IlpH

Be,1.1,eHbl iieo6xo,1.1,HMbie ,1.1,JlH 3T0rO 3KCnepHI\JeHTMbHbie ,1.1,aHHbie. 

BeJIH'iHHa HeiiTpHHH0ro noToKa, H3MepeHHaH Ha SNO, Haxo,1.1,HTCH B cornacnH c BeJIH

'iIIH0ii 110T0Ka, H3MepeHH0ii B Super-Kamiokande. OTHOIIIeHHe SNO (CC) BeJIH'iHHbI Ve 
noT0Ka K BeJIH'iHHe noToKa, BhI'iHcneHHoii B cTaH,1.1,apn10ii conHe'iH0ii Mo,1.1,enH (CCM), 

ecTh: c/Jffwf<PssM2000 = 0, 35 ± 0, 02. 

Ta )Ke BeJIH'iHHa npHBe,1.1,eHa Ha PHc. 1 ,1.1,0 3Heprm1 HeiiTpHH0 5 M::iB. 9TH BeJIH'iHHa 

HaX0,1.1,IlTCH B xopoIIIel\I corJiaCIIIl C TaK0H )Ke BeJIH'i!IH0H noT0Ka v, HeiiTpHHO, noJiy'ieHIIOH 

B XoyMcreiiKe ,1.1,JlH nopora 3HepmH Ev = 0, 814M e V, q,exp /<I>88M 2000 = 0.34 ± 0.03. 

lfa 3TllX ,1.1,aHHbIX l\lbl l\lO)Kel\I C,1.1,eJiaTb Bb!B0,1.1,: HeT 3aBHCill\IOCTH yrna Cl\Ie!IIHBaHHH OT 

3HepreTH'iecKoro nopora HeiiTpHH0. Tenepb Hal\! Heo6xo,ll,Hl\IO 3HaTb BeJIH'iHHY 3Toro Ba

KYYI\IH0ro yrna Cl\IeIIIHBaHHH. 8ToT yron l\I0)KH0 H3BJie'ih H3 ,1.1,aHHbIX KamLAND, II OH 

eCTb: Sin220vcVµ ~ 1.0(0.83), 0 ~ ¾(32.8°). 

MbI, ,1.1,JlH onpe,1.1,eneHH0CTH, 11pe,1.1,noJI0)KHJIH, 'ITO Cl\IellIIIBaIOTCH Ve, Vµ HeiiTpHHO, Ha 

caM0M ,1.1,ene Tal\l l\IOryT 6b!Tb Cl\IellIIIBaHHH v,, v,. HefITpHH0, HO 3T0 He HrpaeT ponn Il 

He ,ll,0Jl)KH0 OTpa)KaTbCH Ha nonyqaeMblX pe3yJihTaTaX (npocro, npH He06XO,ll,Hl\lOCTil, Vµ 
Ha,1.1,0 3al\IeHHTb Ha v,.). Ifa 3Kcnepm1eHTa Cynep-KaMI!OKaH,1.1,e no an10ccpepHbIM HeiiTpHHO 

(37) TaK)Ke H3BeCTeH yron BaKyyl\IH0ro Cl\IeIIIHBaHHH Vµ -> Vr HeiiTpllHO, H OH paBeH: 

sin220vµvT ~ 1, 0 ~ ¾-
Tenepb He06XO,ll,Ill\IO noJiy'iHTb 0l\eHKY Ha BeJill'ilIHY 0CTaBIIIer0CH yrna Cl\leIIIHBaHHH. 
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IIonHhiii noT0K HeiiTpHHO, nony'ieHHhiii B SNO, ecTb: <PsNo(vx) = (5, 09 ± 0, 44) x 106 

cm-2c-1
. 8TOT pe3yJibTaT naxo,1.1,IITCH B xopoIIIel\I corJiaCHil C npe,1.1,CKa3aHHHI\IH CTaH,1.1,apT

H0H conHe'iH0ii l\I0,1.1,eJIH <PsN.o(vx) = (5,05 + 1,01(-0,81)) x l06cm-2c-1. 8TO cornacHe 

HBJIHeTCH 3KCnepHMeHTMbHbll\l ,ll,0Ka3aTeJibCTBOM 0TCYTCTBHH IlC'ie3HOBeHHH HeiiTpllHO, 

T.e. HeT HllKaKHX YKa3aHHH Ha HMII'iHe CTepHJibllblX HeiiTpllHO. 

Ilo noToKaM HeiiTpHHo, nony'ieHHbIM B SNO, l\IbI He l\l0)KeM 0T,1.1,eJIHTb noT0K Vµ Heii

TpHH0 OT n0T0Ka v,. HeiiTpllHO, TaK KaK B 3T0M 3KCnepnMeHTe onpe,1.1,enHeTCH T0JlbK0 non

Hb!H noT0K Vµ + v,. HeiiTpllHO . .ll:nH pa3,1J,eJieHIIH 3THX n0T0K0B l\Ibl M0)KeM Hcn0Jib30BaTb 

,1.1,aHHbie no HeiiTpllHHbIM Cl\IellIHBaHHHI\I, 11ony'iel!Hb!e B ·Cynep-Kal\IHOKaH,1.1,e no aTMO

ccpepHbll\l HeiiTpHHO, no peaKT0pllbIM HeiiTprrno, nony'ieHHbie B KamLAND, H no noToKy 

3JleKTp0HHbIX HeiiTpllHO, nony'ieHHbie B SNO (Bblp.(52)) ,1.1,JlH C0JIHe'illbIX 3JieKTP0HHb!X 

HeiiTpHHO cp~~0 (v,) = (1, 76 ± 0.11) • 106cm'-2s-1. 

l'haK, TaK KaK BaKyyl\IHbie yrJibl Cl\Iell!HBaHHH 6JIH3Kll K MaKCHI\IMbHbIM yrJiaM, TO 

n0T0K Ve + Vµ C0Jl!Ie'iHblX HeI'iTpHHO eCTb y,1.1,aoeHHblH noT0K v, C0JIHe'iHbIX HeiiTplIHO: 

c/JsNo(v, + vµ) ~ (3.52 ± 0.22) • l06cm-2s-1 . (54) 

Tor,IJ,a OCTaBIIIIlllCH nOTOK COJIHe'iHblX HeiiTpllHO ecTb n0T0K VT C0JIHe'iHbIX HeiiTpHHO, 

KOTOpb!H paaeu: 

<PsNo(vr) ~ <PsNoh)-<PsNo(v,+vµ) ~- (1,57±0,49)·106cm-2c- 1 . (55) 

8To COOTBeTCTByeT npIII\Iepuo TpeTil nepBil'iH0ro n0T0Ka C0JIHe'iHbIX HettTpnuo. TaK KaK 

yr JI bl CMeIIIHBaHHH 0vcVµ, 0vµvT 6JIH3KII K l\IaKCHI\IMbHbIM yrnaM, TO y Hae HeT HHKaKHX oc

HOBftH!Ill npe,1.1,nonaraTb, 'ITO yron Cl\IeIIIIIBaHHH 0v,vµ ,1.1,0JI)KeH 6b!Tb l\IaJieHbKil,M, T.e. CllJlb-

110 OTJIH'iaTbCH OT ,1.1,pyrHX yrJI0B CMeIIIHBaHHH. I-iTaK, npllX0,1.1,IlM K Bb!B0,Izy: nepBil'illblll 

IIOTOK COJIHe'iHbIX 3JieKTp0HHbIX ueiiTpHHO nepeX0,1.1,IlT B Cl\IeCb 3JleKTpOHHbIX, l\II00HHb!X 

Il TayOHHbIX HeHTpH!IO npHMepH0 B paBHbIX C0CTaBax H B TaK0M BH,1.1,e ,ll,0X0,1.1,IlT ,1.1,0 3el\1Jlll: 

<Psun(v,)-> <Psun(v) ~ ½</J(ve) + ½</J(vµ) + ½</J(vr) . (56) 

9To eCTb peIIIeHne npo6neMbl ,1.1,e<pHl\l!Ta C0JIHe'iHhIX HeHTplIHO Ha Ka'ieCTBeHH0M YP0BHe, 

T.e. yrJibl BaKyyMHhIX Cl\IelllllBaHllll 6JIH3Kll -K l\IaKCHI\IMbHhll\l yrJiaM, a KaKHe-Jin6o yKa-

3aHl!H Ha HMH'ille CTepHJihHhlX HeiiTpllHO 0TCyTCTBYIOT. B IIOCJie,IzyIOil\HX 3KCneplll\JeHTax 

Ha 3el\IJie Heo6X0,1J,lll\IO 6y,1.1,eT YT0'iHl!Tb Bee yrJihl CMeIIIHBaHHH II pa3H0CTll Mace HeiiTpllHO. 

B pa3,1J,eJie 6.4 ,1.1,aIOTCH Bh!B0,1.1,hl ll3 rnaBbl 6. 

B 3aKJII0'iellllll ccpopMynnpoBaHbl 0CH0B!lhle pe3yJihTaTbl ,1.1,HCcepTal\IIH. 

.ll:11ccepTal\HH HMeeT ,1.1,Ba IIpnJIO)KeHHH. 

B npIIJI0)KeHHII A paCCI\IaTpHBaIOTCH CMeIIIHBaHIIH ( OCl\IIJlJlHl\IIII) HeiiTpIIHO B cxeMe 3a

pH,1J,0BhIX Cl\leIIIHBaHIIll H npHBe,1.1,eHbl 06Il\IIe Bblpa)KeHIIH ,1.1,JlH Bep0HTII0CTell H yrJI0B Cl\Ie

IIIIIBa!ll!H B 3T0H cxe1\le. 

B npIIJIO)KeHHH B nony'ieHbl 06Il\IIe Bbipa)KeHIIH ,1.1,JlH B0Jl!IOBhIX cpyHKl\lIH H Bep0HT

H0CTell npll TpexHeHTpH!lllbIX nepexo,1.1,ax ( OCl\lIJIJIHl\lIHX) B BaKyyl\Ie B 3aBHCIII\IOCTll OT 

Bpel\JeHll. 8Tn
1
Bhipa)KeHHH 11pe,1.1,cTaBJIHIOT 60JiblIIOH IIHTepec, II lIX l\lO)K!I0 ncn0Jlh30BaTb 

,1.1,JlH aHMII3a ,1.1,aHHhIX no TpexnettTplIHHhIM CMeIIInBaHl!Hl\l II 0Cl\llJIJIHl\lIHI\I. 

OcHOBHhie pe3yJihTaTbl ,1.1,nccepTal\IIII ony6nnKOBaHbl B CJle,IzyIOll\lIX pa6oTax: 
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