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I1pupoaa Macchl HEHTPUHO W HEMTPHHHBIE OCIMILJISILAM

C.C. I'epmrretin, E.I1. Ky3nenos, B.A. Ps60oB

U 3.1051C€Hb1 60NPOCHL, KACAOWUEC S NPOOACMBL MACCHL HEHMPUHO, RPEOCKA3bIBACMOTL 8 PAZAUUHBLY MEOPeMUUeCKUX
MOOCAAX U UCCACOYEeMOIl 8 MHOLOUUCACHHBIX IKCNEPUMEHMAX. PaccmMampusaiomes MexXaHu3mvl eeHepayuu u
803MOJICHBIE UEPAPXUU HEUMPUHHBIX MACC 8 KAAUOPOBOUHBIX MEOPUAX, 8 YACTIHOCIMU 8 HAUOO.1ee celluac NonyAap-
noix mooeaax "flipped see-saw". I100po61H0 ONUCHIBAIOMCA KOCMOA02UUECKUE 02PAHUYCHUA U CACOCTNEUA HEHY ACEOTl
HEeTMPUHHOIL MACCbL UCXO00S U3 COBPEMEHHBLX ACHPOPUIUUECKUX OAHHBIX 00 00wjeil nAOMHOCMU 8ewecmed 60
Bcenennoii u uz usmepenusi aHuz30mponuy 6 CneKmpe peAuKmogo20 Kocmuueckoeo uzayuenus. Ilpusodames
O0amHvle IKCNePUMEHINOB, 8 KOMOPLIX PA3AUUHBIMU MEMOOAMU ONPEOeAAAACy HeUMPUHHAA MACCd. SHAYUMEeAbHAA
yacms Mamepuald NOCGAUEHA OCYUAIAYUAM MACCUBHBIX Hetmpuo. TI00poOHO paccmompenvl MeXaHu3mMovl 603-
HUKHOBECHUSA OCYUAAAYUOHHO20 IPPHeKma 6 saKyyme u 8 cAyude NPoxXoNcOeHUs HeUmpuHo 4epe3 8eujecimso.
Onucanvl IKCNEPUMEHMBL NO UZYHEHUI OCYUAAAYUTI NPU HUSKUX U bICOKUX DHEPSUAX, d MAKIICE HOBOE NOKOACHUE
PusUUeCKUX YCMAHOBOK, PACNOAOINCCHHBIX HA 00.1bUL0L NPOAeMHOL Oasze Helmpuro. OmoeabHO OMmpaNiceHo cospe-
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1. Beaenne

HeliTpuHo cTano n3BecTHO B (PU3HMKE C TOT'O MOMEHTA, KOT 1
B.I[Taynu B nmuceMme Pusnueckomy obiectBy TroOunreHa [1]
MOCTYJIMPOBAJI CYIIECTBOBAHME YACTHIIBI C TIOJIYLIEIBIM CITH-
HOM U C OJIM3KO# K HYJIIO MAaccoil, JJIsi TOro 4To0bl obec-
MEeYUTh COXpPAaHEHUE JHEPIUU, MMITYJIbCA W YTJIOBOTO
MOMeHTa B Oera-pacnazne saep. Heckosbko mo3sxe
O.®Pepmu 3Ty uvactuny HazBay Hedtpuno [2]. C Toro
MOMEHTa MpouuIo OoJjiee IIECTH AECATHIETUH, HO A0 CHX
MOp HEUTPUHO OCTAETCSl CAMOU 3araJlOYHON U3 M3BECTHBIX
9JIeMEHTAPHBIX YACTHUIl. B OTJIMYME OT JIESNTOHOB W KBAPKOB
HEHTPUHO HE MMEET HU J3JICKTPHYECKOTO, HH I[BETOBOTO
3apsaa M B3aUMOJCUCTBYET C BEIIECTBOM TOJIBKO B CIIA0BIX
mpoleccax 3a cueT oOMeHa 3apsDKeHHBIMU U HEUTPaJIbHBIMU
NpOMEXYTOUYHBIMH Oo030HaMu. Kak eIuHCTBEHHBIN
HEUTpaJIbHBIA (epPMUOH HEUTPUHO MOXKET OBITH Ge3macco-
BeIM. [lo kpaiiHeit Mepe a priori HeT QyHIaMEHTATbHBIX
MPUYUH JTsI TpeOOBaHUS HYJIEBOW Macchl HEHTpPHUHO, U B
COBPEMEHHBIX TEOPETHUYECKUX MOJECIISIX, TOCTPOCHHBIX Ha
CTaHJAPTHON BJIEKTPOCIA00U TEOPHUH, MpEANoJiararoien
KBapK-JIENTOHHYIO YHUBEPCAJIBHOCTh, MaJlasi, HO He HyJieBas
Macca HeUTPUHO MpeAroaraeTcs Kak ocHosa [3].

Jo HacTosiIero BpeMeHu IJIaBHbIE BOIIPOCH O IPHUPO/IE
HEHTPUHO OCTAIOTCS OTKPBITHIMHU:

1. MaccuBHBI M HEHUTPUHO, U €CJIU J1a, TO KaKOBbI
3HAYEHUs 3TUX Macc?

2. 3a cyeT KaKOro MeXxaHU3Ma TeHepUPYIOTCS HEUTPUH-
HbIE Macchl?
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3. VIIeHTUYHBI JIU COCTOSIHUS MO cJIabOMy B3auMO/IeH-
CTBHIO COOCTBEHHBIM MACCOBBIM COCTOSIHASIM HJIA HMEET
MECTO HEHTPUHHOE CMelnBaHue?

4. AHAJIOTUYHBI JIM HEWTPUHO CBOMM AHTUYACTHIIAM H
SIBJISIFOTCSL UCTHHHO HEUTpaJbHBIMEA (MalOpPaHOBCKAMH)
YACTUIIAMHM UJIM HET (IMPAKOBCKUMMU)?

5. CrabwuiibHO JIU HEUTPUHO?

OTBeTHI Ha 9TU BOIPOCH IMEIOT BajKHENIIIee 3HAUCHIE B
¢usnke vactun, ompeneisis npuMeHHEMOCTb Teopuit GUT
(Grand Unification Theories). B crangapTHOi Mojenu ¢
OOBIYHBIM HA0OPOM KBapKOB U JICITOHOB HEJb3Sl BBECTH
MEPEHOPMHUPOBAHHOE B3aMMOJICHCTBIE, KOTOPOE MOTJIO OBl
HApYUIUTh 3aKOH COXpAaHEHHUs! JISNTOHHOTO YHCiIa M AaTh
maccy HelTpuHO. OOHapYKeHIe MacChl CBUIETEILCTBOBAJIO
OBl O TPOSIBJICHMM HOBOHM (U3WKH, Jexalleld malieko 3a
mpeaesiaMi CTAHTAPTHON MOJIEJIM, BIOJIHE BEPOSTHO, Ha
Macmtabax GUT-teopuii, B o6actu 1015 THB.

He menb11iee 3HaueHre IMeEET HAJIM4MEe MAacChl HEUTPUHO B
COBPEMEHHO# acTpOo(pH3UKe U KOCMOJIOTHH, POPMUPYS HALLIN
B3I HA CTPOCHHWE W 3BoJronuio Bceenennoit. Poib
MAacCCUBHOTO HEHUTPHMHO KaK OCHOBHOTO KaHIUAaTa Ha
"remuyro" MaTepuio OyAUT BOOOpakeHWE TEOPETHKOB WU
9KCIEPUMEHTATOPOB. Eciiu pejMKTOBBIE HEHTPUHO BHOCST
OCHOBHOW BKJIaJl B CpPEAHIOI0 IUIOTHOCTH BEIIECTBA BO
BceneHHoii, TO IMEHHO OHHM OTIPENIEIISUIA PA3BUTHE TPABUTA-
[IMOHHOM HEYCTOWYMBOCTHU HA CTAJIUN (POPMHUPOBAHUS KPYII-
HOMACHITAaOHOU CTPYKTYpbl. HelmmHelHast cTaus 9BOJIIOIMH
HEOJHOPOHOCTEN B ra3e MaCCUBHBIX HEUTPUHO MPUBOIUT K
00pa30BaHUIO CBEPXCKOIUICHUI TaJIaAKTHK C MACCUBHBIMU
HEHTPUHHBIMU T'aJI0 HA NePU(EPUH BLITSIHYTHIX "0auHOB" —
KOHJICHCATOB OapMOHHOTO BelllecTBa U HelTpuHO. HelATprHO
MOXET TaKkKe ONPEAeIATh MEXaHU3M 00pa30BaHMsI CBEPXHO-
BBIX 3B€3JI, YHOCS OOJIBIIYIO YACTh JHEPTUH, SKBUBAJICHTHON
nedeKTy Macchl HEHTPOHHOMW 3BE€3/1bl MJIM YePHOU JBIPHI PU
TPaBUTALMOHHOM KOJLIAIICE.

BnepBrie niest 0 BO3MOXHOCTH AETEKTUPOBAHUS CBOOO/I-
HOTO HEWTPUHO OT PEaKTOPOB C MOMOIIBIO PaTMOXIMUYE-
CKOro (M B YaCTHOCTH XJIOP-aprOHOBOr'0) MeTojaa ObLia
BbIcka3aHa [TonTekopBo B 1946 r. [4]. HeliTpuHHBIE 3KCTIIEpH-
MEHTBl OepyT Hayajlo ¢ MHOHepckux omnblToB KoysHa u
Paiineca, koTopble Ha peakTope B XdHGOp/ae BIEpPBbIC
HaOJII0/Ta]IM B3aUMOJICUCTBUE AaHTUHEHTPHHO C BEIIECTBOM
B peakuuu ve + p — n + e [5]. [TosBiieHne NEPBLIX YCKOPH-
TeJel Aajo BO3MOXHOCTb (POPMHUPOBATH DPEISTUBUCTCKUE
IUOHHBIE ¥ MIOOHHBIE NMYYKH M O3HAMEHOBAJIO POXKJCHUE
HEUTPUHHOW (PU3UKU BBICOKUX dHepruit. ['mmoresa o mpo-
JOJIbHOM NOJISIPU3AIMU HEUTPUHO, CBA3AHHAS C HECOXPaHe-
HUEM YeTHOCTH [5,6], ObLa GiecTsiiie moaTBEepXkKIeHA IKCIe-
PUMEHTAJILHO B peakuusax n — pT +vu pt — e™ +2v [7].
Crenyrolmuil BaXHbIA IIar B TEOPUHU JIBYXKOMITOHEHTHOTO
HEUTPUHO OBLI CBSA3aH C OTCYTCTBHEM pacmaaa | — €+ 7,
KOTOpOE HeJib3sl ObLIO OOBSCHUTL O€3 MPEaNoJIOKEHUs O
CYIIECTBOBAHUHU OBYX THIIOB HelTpuHO. Wmes oskcmepu-
MeHTa, chopmysmpoBannasi [Tlontekopso [8] u He3aBHCUMO
Qaitn6eprom, JIu u SIHrom 3akiroyassach B CpaBHEHUU YHUCIIA
MIOOHOB M 3JIEKTPOHOB, OOPAa30BAaHHBIX NPHU B3aUMOJEH-
CTBUU C BEILECTBOM HETEKTOPA MIOOHHBIX HEUTPHUHO OT
yckopurens. Taxoil akciepumeHT ObLI ocyiiecTBiieH Jlenep-
manoM, lIBapriom u WlteitnOeprepom B bpykxeiiBeHe Ha
yckopuresie AGS. Bouibiioe npeo6JiaiaHie MIOOHHBIX COOBI-
THI TO3BOJIMJIO CHENATh BBIBOA O TOM, YTO Ve # V, H
cyllecTBYyeT ABa Tuna HedTpuHo [9]. CyllecTBEHHO MO3THEe
Jlenepman B cBoeii HOOEIEBCKOM JieKmu mucall: "OTKpbITHE
JIBYX TUIOB HEUTPHUHO CTAJIO PEMIAIOIIAM PAHHUM IIArOM B

"cOopke" coBpeMeHHOI KAPTHHBI MUPA, KOTOPYIO B (pU3HKE
9JIEMEHTAPHBIX YaCTUI[ Mbl HA3bIBAEM CTAaHAAPTHOH MO-
nensro" [10].

PazpaboTtka ['nemoy [11], Baitu6eprom [12] u Canamom
[13] equHOM KaTUOPOBOYHOM TEOPUHU IJIEKTPOCIAOOTO B3au-
MOJICUCTBHSI TIOJIYYUJIa TIEPBOE SKCHEPUMEHTAJLHOE MOJ-
TBepxkaeHne B 1973 1., xorga B MYy3BIPbKOBOW Kamepe
"Tapramens" (IIEPH) Gbuin oOHapyXeHbl O€3MIOOHHBIE
peakmmu vy (V) + N — v, (V) +anpoHsl, 06yclOBICHHBIE
B3aUMOJCHCTBIEM HEUTPAIbHBIX TOKOB [14], U OTKPBITHI
MPOIECChl PACCESIHUSI HEUTPUHO Ha 2JJIEKTPOHAX aToMma,
vp+e~ — v, +e [15], umeromme Ty xe mpupomy. M3
OTHOILICHNS CEYCHMH B3aMMOJIEHCTBHSI HEUTPUHO MO KaHa-
JIaM HeHTPpaJIbHOTO ¥ 3aPSDKEHHOTO TOKOB OBLIO OTPEIeSICHO
3Hauenue yriia BaitnGepra (sin® Ow) — mapamerpa CTaHAapT-
HOU MOJENH.

IMonrBepxkaeHueM AyOJIETHOH CTPYKTYpbl KBapKOBOTO
cimaboro TOKa, BBeaeHHOW [ emoy, WimmomyinocoM u
Maitann [16], a Takke KBapKOBOW CTPYKTYpPhl HYKJIOHA
SIBIJIOCH HAOJIIOJICHNE B HEUTPUHHBIX PEaKIUsIX Ha YCKOPH-
tesle FNAL coObiTuii ¢ JABYMSI MIOOHAMH, HMEIOIIMMU
pasHble 3HAKU 3apsiia B KOHEYHOM COCTOSIHMM, OJUH W3
KOTOPBIX OOpasyeTcs ImpH pacrmaze o4yapoBaHHOTO KBapka
[17]. OtkpbiTe t-nentoHa Ha ete -kosnaiimepe B CToH-
dopnae [18] u HaOMIOMEHME TUMIOOHHOTO PE30HAHCA TPU
9,5 I'3B B mpOTOH-SEPHBIX CTOJKHOBEHHSIX C 3HEpPruen
400 I'sB na yckoputesne FNAL, nuaTepnpeTupoBaHHOTO KaK
CBSI3AHHOE COCTOSIHME b-KBapka c ero anTuyactuueit b [19],
00aBWJIO B CTAaHJAPTHYHO MOJENb YaCTHUIBI TPETHEro
noxosternsi. IIpsmoe Habmogeane W*- n Z°-6030H0B Ha
SPS-komnaiinepe 8 LIEPHe [20] crao Tpuymdom ctangapT-
HOH MOJENIM U OKOHYATEeJHbHO O(GOpMHUIIO €e B KauecTBe
O00BEIMHEHHOW TEOPUU 3JIEKTPOCIAO0ro B3aMMOICHCTBUSI.
DxcnepuMeHThI Ha kosutaitnepe LEP nmokazamm, uro cymect-
BYET TOJBKO TPH TMOKOJIEHUS JIETKUX HEUTPUHO C Maccou
m, < 50 I'2B u, coriacHO KBapk-JENTOHHOW CHMMETPUH,
TpU TOKOJIEHHS KBapkoB. Takum oOpa3oM, HEHTpHHHBIE
9KCHEPUMEHTHI ChITPai (PyHIaMEHTAIBHYIO POJIb B CTAHO-
BJICHUM CTAHJAPTHOM MoJIeiu, HO HajibHElIllee U3yueHUe
(yHaaMeHTAJbHBIX CBOWMCTB M, B MIEPBYIO Ouepedb, OIpee-
JIeHHe MacChl HEHTPHHO, OTKPBIBACT elle OoJiee 3aXBAThI-
BarOIIHeE MEPCIEKTUBBI.

OcHOBHBIE HaJIEX/Jbl HA OINpeeSIeHNe MacChl HEUTPUHO
CBSI3aHBI C 9KCIIEPUMEHTAIbHBIM HA0JII0ICHUEM HEUTPUHHBIX
OCLMJUISIIMN, Ha BO3MOXHOCTb KOTOPBIX BIIEPBBIE YyKa3aj
ITonTtexkopso [21, 22]. OH paccMOTpes mepexoabl ¢ MAKCH-
MaJIbHOM aMIUTATYION MEXTy OJHAM H3BECTHBIM B TO BPEMS
TUIIOM HEUTPUHO U €r0 CTEPUIILHON AaHTUYACTULICH V <= Vger.
O06o00611eHne TUIOTE3bl OCHUIUISIUHN U151 ClIydast IBYX IOKO-
JIeHUH HEATPUHO (Ve <= V,) ObLIO BBeCHO B paboTax Maku u
np. [23] u ITontekopso [24]. B mocienneit pabore Takxke
paccMaTpUBAIIUCh BOIPOCHI IIOCTAHOBKH OTBITOB IO U3Y4e-
HUIO OCIMULISANUA HEUTPHUHO HA PEeaKTOpax, YyCKOPUTEISIX, B
KOCMHYECKHMX JIydaxX, a Takxe B 00JacTh HEUTpUHHOU
actponomun CoJiHIA: ObLIa MOKa3aHa BBICOKAS YYBCTBH-
TeJHHOCTh METOAA OCHMJUISIIIMK K MaJbIM 3HAYSHUSIM Macc
HEUTPHUHO.

Haubonee mocnemoBaTenbHOE H3JIOKEHUE MTPOOIEMBI
OCHUJUISIIIAN B CIIy4ae ABYX IBYXKOMITOHEHTHBIX COCTOSIHUHN
HEUTPUHO C MaCCOBLIM WICHOM B JIAT paH)KUAHE, YUUTHIBAIO-
LIEM pEaJIbHble U BUPTYAJIbHBIE NEPEXOAbl, HapyllIarolue
COXpaHeHHe JIENTOHHOTO 4YHCIa, ObUIO TMPEACTABJIECHO B
paGore ITontekopso u I'puGosa [25], kotopas "okazana
pelaroliee BIMSHIE HA BCE MOCIIEAYIOIINE TEOPETHUECKHE U
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JKCIEPUMEHTAJIbHbIE PA0OTHI B 00JIACTH (PU3UKU OCIHHUILIS-
uuii melitpuro" [26]. Onucanue CMELIMBAHKUS HEWTPHUHHBIX
COCTOSIHUM IJI CiIy4yasi TpeX NMOKOJICHUW HEUTPHUHO, OTBe-
Yarolee COBPEMEHHOMY TOHUMAHHUIO BOIIPOCA, MPUBEJICHO B
003ope [27].

B nelicTBUTENBHOCTU HA CETOHSIIHUN JEHb KOJUYECTBO
TEOPETUYECKUX M IKCIEPUMEHTAJBHBIX Pa0OT, MOCBSILEH-
HBIX OCIULTALNUSM MACCUBHBIX HEUTPHHO, HCUUCISIETCS
ThICsIYaMHU. VI3ydeHWe OCHHJUISIMIA CTAHOBUTCS OJHUM W3
IJIABHBIX HAMPABJICHUI B (U3MKe JIEMEHTAPHBIX YacTuIl. B
TEOpUN pa3pabaThIBAIOTCS MOJICNH, B KOTOPBIX JUPAKOB-
CKas WM MalopaHOBCKas HEUTpUHHAsT Macchbl TEHEpH-
PYIOTCSI OTIEpATOPAMU BBICOKOW PA3MEPHOCTH U CBSI3AHBI C
MaccaMu Jpyrux (GepMuoHoB miy (B IHAMA30HE OT MACChI
9JIeKTpOHA 10  MacChl  t-KBapKa)  3aBUCHMOCTBIO
my ~ me(mp/ My)", Tie My — BBICOKOIHEPIETHUECKHI Ipe-
Jie1 HOBOM (PM3MKH, HA KOTOPOM OXKHAAETCs O00bEeIUHEHME
B3aMMOACUCTBUN, TPOCTUPAIOLINILCS OT HeCKOJIbKUX T2B 1o
IJIAHKOBCKMX Macc. Takme "see-saw'-momenu (Hampumep,
[28]) mpuBOmAT K TpeM JIETKUM JIEBBIM MAaHOPAHOBCKUAM
HEHTPHHO (Ve, Vy, V) C COOCTBEHHBIMH COCTOSTHISIMH MacCO-
BOM MaTpuubl m, = my M;lm} U TpPEM CYHEepPTSIKEIbIM
HEeHaOJIIoJaeMbIM MaHOPAHOBCKUM dYacTHLaM. MaJsocTb
HEUTPUHHOM Macchl oOecreunBaeTcst OOJIBIION BEJIMYMHON
My xax B kBagpaTuuHoii "see-saw"-monemu ¢ my, = m? /My u
vepapxueit my, : my, : my = m’:m? : mi, TaK u B IMHEIHHOI
¢ my = my/ My 1 nepapxueit my, : My, @ My, = My @ M & M.

DKCIIEpUMEHTAJILHO Macca HEUTPUHO OIpenestsieTcs
pa3IMYHBIMU MeToAaMu. Haumydinme orpaHUYeHHs MOJTY-
YeHbl HA OCHOBE KMHEMATHYECKOTO aHaim3a OeTa-pacmaja
TPUTHS, pacnaja 3apsHKEHHBIX MMHOHOB U T-JIEITOHOB M K
HACTOSIIIIEMY BPEMEHM COCTaBJISIOT: my, < 4,5 3B [29, 30],
my, < 160 xaB [31], my, <29 MbB [32]. Her ykazanuil Ha
HaJITYUe HeHYyJIeBOW MacChl HEHTPUHO U3 IKCIIEPUMEHTOB 110
OOHAPYXKEHHUIO ABOWHOrO OEe3HEWTpUHHOIO [-pacmana, pac-
najga HEHTPHUHO, JOMOJHUTENBHBIX MUKOB B SIAEPHOM [-
CHEKTpe, OCIMILISNNI HEUTPHHO OT PEaKTOPOB M YCKOPHUTE-
Jiell, a TakkKe NpH aHAJNU3e HEHTPUHHBIX COOBITHH OT
cepxHoBoii CH 1987A.

XoTs1 Bce IKCIIEPUMEHTHI 110 OTPE/ICIEHUIO MACChl HEUT-
PUHO COTJIACYIOTCS C €€ HYJIEBBIM 3HAYeHHEM, CYIIECTBYIOT
BECKHE OCHOBAHHUS CUATATh, YTO OHA OTJIMYHA OT HyJs1. C
TEOPETUUECKON TOYKH 3PEHHUS] OTCYTCTBHE CIEIM(PUICCKIX
JAJIbHOACUCTBYIOIIUX CUJI MEXAY JIENTOHAMHM HaBOAUT Ha
MBICJIb, YTO COXPAHEHUE JICITOHHOI'O 4YHCJIa HE SIBJISETCS
TOYHBIM 3aKOHOM. B 3TOM ciywyae cMmermmBaHue HEUTPHUHO
Hen30eXXHO BeleT K MOsBJIeHHIO ero Maccel. C apyroit
CTOPOHBI, 1) IeUIMT COTHEUHBIX HEHTPUHO, 2) BO3MOXKHBII
JepunutT aTMocepHbIX HEUTpHHO, 3) Haiuuue "TeMHON"
MaTepuy, MPUBOASAIIECH K KPUTUYECKOM IMIIOTHOCTU Bellle-
cTBa BO BceeHHOM, HAaXOIST €CTECTBEHHOE OOBLICHEHUE,
eCcJIM HEUTPUHO (caMoe TsKesloe — V) o0JiagaeT Maccou
~ 10 3B [33] 1 IMEIOT MECTO CMEINBAHUE W OCIHJLISIINH,
KOTOpBIE B BEIIECTBE MOTYT PE3OHAHCHO yCUJIUBATHCS [34].
Jis  SKCHepUMEHTAJLHOTO pa3pelieHus 3THX TpoOJeM
¢uznKkaMu BO BCEM MHUpPE NPEANPUHUMAIOTCS YCHIIHSI K
MOATOTOBKE W MPOBEICHUIO HOBBIX UCCIIEIOBAHUI, Oecrpe-
[EIEHTHBIX TI0 CBOUM MacITabaM, YPOBHIO TEXHOJIOTHYE-
CKOI1 OCHAIIIEHHOCTH ¥ (PMHAHCOBBIM 3aTpataM [35].

JanpHeWnii mporpecc B U3YyYeHUH CBOWCTB HEUTPUHO
OyIeT cBsA3aH C HOBBIM IOKOJIEHHUEM JIETEKTOPOB, KOTOPbIE
MO3BOJISIT YBEJIMYUTH 1YBCTBUTEIBLHOCTH HKCIIEPUMEHTOB K
onpezeNeHnto Macchl. Hanbonpbimas 4yBCTBUTENBHOCTD IS
my, u m,, cocraiusier ~ 1073 ~107" oB, a s m,, <1 9B

MOXET OBbITh IOCTUTHYTA B OCIJUISIIUOHHBIX IKCIIEPUMEH-
Tax ¢ IByMsl IETEKTOPAMH, PACIIOIOKEHHBIMH Ha OOJIbIIIOM
pPACCTOSIHUU [OPYr OT APYra B HAIPABICHUM HEUTPUHHOIO
myuka [36].

2. ®opMaan3M THPAKOBCKOM
1 MallOPaHOBCKOH MAacC HelTPHHO

Jutst onucanust GU3UKU HEUTPUHO CHOPMYJIUPYEM OCHOBHBIC
TOHSITUS U OTPE/ICICHUS B TEPMHUHAX OOIIEro HEUTPUHHOTO
JIarpaH)XuaHa, B KOTOPBIA BXOJSAT AUPAKOBCKUE U Maiiopa-
HOBCKHE MAaCCOBBIC YJICHBI M 4JIEH CJ1a00T0 B3aUMOICHCTBUS,
CBSI3BIBAIOIINI HEHTPUHHBIE TOKOJIEHUS C KAJIMOPOBOYHBIMU
6030oHamu. CHavajga BBeJAEM HEKOTOPBIE MaTeMaTHYeCKHe
Mpeodpa3oOBaHUs CAMMETPUH, KOTOPbIE HAM MOTPeOyrOTCS
JUIS. TIOCTPOCHHUS JIATPaH)XKUAHA, OMUCHIBAIOIIETO HEUTPUH-
HBIE TIOJISI.

IIpeobpa3oBaHusi MPOCTPAHCTBEHHO-BPEMEHHOU CHM-
METpPUH:

1. OnHopoaHoe peobpa3oBanue JIopeHIia B BU/Ie JTUHEH-
HOTO Tpeobpa3oBaHUst KoopamHAT X =X, (u=1,2,3,4)
4eTBHIPEXMEPHOT'O TPOCTPAHCTBA-BPEMEHH,

/
x# = Lu/lx/l )

(2.1)

COXPAHAOIICC NHBAPUAHTHBIM UHTCPBAJI

! ! ~ — 1
XX, = Lupx; Lypx, = 0,pX)X, = X,X; = InV

(2.2)
c anemeHTamu L,, Matpuusl 4 x4 mnpeoOpa3oBaHHUs
Jlopenma L, yIOBIETBOPSIIONIEH YCIOBUSIM OPTOTOHAIBHO-
cru

L,u/lL,up = 5/1/) (23)
U YHUMO/IYJISPHOCTH
detL=1. (2.4)

COBOKYIHOCTBH MaTpHIl L 00pa3yeT OpTOrOHATIBHYIO TPYIIITY
Jlopenna O (3.1).

2. JluckpeTHble IpeoOpa3oBaHusl, Il ONMUCAHUS KOTO-
pbIX OymeM moJsib30BaThcs MaTpuliamu Jlupaka y* B mpen-
CTaBJICHUU

0 1 0 i 0 o .
))_<0 _])7 / _<_(7i 0)7 1_172>37

. 0 1
},5:_1y0y1yzy3:_<1 0>7 (2.5)
riae o; — Matpuusl [aymm:
{0 1 (0 —i (1 0
G1=\1 0) 2=\i o) 7\o -1/
(2.6)

Martpunsl qupaka — 310 4 X 4-MaTpHUIlbl, 3aIUCAHHBIE KAK
6J10uHBIE 2 X 2-MaTpUlIbI C 2 X 2-0JIOKAMH U YIOBJIETBOPSIFO-
1€ aHTUKOMMYTAIIMOHHOMY COOTHOILICHUIO

Py =2¢" 12 =0,1,2,3. (2.7)

Martpunsl Jupaka IEUCTBYIOT Ha YETHIPEXKOMIIOHEHTHBIC
Gucnunopn! ¥ (x°, X), oTBeuaronMe MOAIM (EPMUOHOB CO
criuHoM 1/2.

K nuckpetHbIM peoOpa3oBaHUsIM OTHOCSITCSL:

a) IIpeoOpa3oBaHMe TPOCTPAHCTBEHHOTO OTPAKEHUS
P(x°,x) = (x% —X) (rj1e X — TpexXMepHBIH BEKTOP) OIHUCHI-
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BAaETCsI ONIEPATOPOM

S(P)=np", ¥(x° —x) = S(P)Y(x°,x) (2.8)
¢ (ha30BBIM MHOXHTENIEM 1 p = i W 1jp = £1.

6) IlpeobGpasosanue oTpaxkenus spemenu T(x0 x) =
= (—x%,X) onmchIBaeTCs ONEPATOPOM

S(T) = "Tyoyly37 l//l(_xovx) = S(T)lLT(Xovx) (29)

nrl =1, rae Y(x°,x) =

YH(x%,X) — 3pMUTOBO-CONpPS)EHHBIH GHC-

¢ ($a30BBIM MHOXHTEJIEM
= l//H(xov X)VO’
IIMHOD.

B) Ilpeobpazosamme  R(x%,x) = T (x% x)P(x,x) =
= (—x?, —X) onmuCKIBaETCS ONEPATOPOM

S(R) = S(T)S(P). (2.10)

Kpome npocTpaHCTBEHHO-BPEMEHHBIX MPeoOpa3oBaHUM
onpeAenuM npeoOpa3oBaHue 3aPII0BOTO COMPSDKEHHUS

Y& =ncCy’ (2.11)

rae Matpua C yIOBIETBOPSET YCIOBUSIM

CT)MC71 = _yﬂ )

c'=-cC (2.12)

U TpeOOBAHUIO YHUTAPHOCTH

ct=c. (2.13)
3necs 7* = (p*)' — TpaHCHIOHHPOBAHHBIE MATPUIbI
Hupaxa.

B BwIOpaHHOM mpencraBicHun matpun Jupaka (2.5)
matpuna C uMeeT BUL

C =y%2. (2.14)

JlarpanxuaH cBoOoTHOTO (hepMUOHA C MACCOM M

Ly = (x)(y"id, — m)y(x) (2.15)

TIPUBOJIUT K ypaBHeHUto Jupaxa

(iy*0, + m)y(x) =0. (2.16)

KommiekcHo-comnpsikeHHOE K HEMY

[~i(y") "0, — m]y"(x) =0 (2.17)

MOHO NIPEJICTABUTD B (hopMe

: c
(iy*0, —m)y~(x) =0, (2.18)
rae Y (x) = CY(x) — more, 3apamoBO-CONMPSHKEHHOE IO
OTHOIIICHHUIO K ¥/(X).
IpousBeneHHe MPOCTPAHCTBEHHBIX YeTHOCTEH YaCTHIIBI
(np) m anTHYACTHLBI (1]p)~ PABHO
C=-1 2.19
ne(np)” = —1, (2.19)
[O3TOMY YACTHIBl M AHTHYACTHIBI UMEIOT OIMHAKOBYIO
MPOCTPAHCTBEHHYIO YETHOCTB, €CIIM #p = *i, U pa3Hy¥o,
eciu np = £1.

HaKOHeL{, BBCJICEM OTICPATOPHI IIPOCKTUPOBAHUA HaA CIIU-
PAJIbHOCTDb 1YaCTUIIbL

14795 1—s
L P ) R D) ) ( )
yJOBJIETBOPSIOLIIE YCIOBUSM
PL+Pr=1, Plp=PLR. (2.21)

Ob6miee pemrenne ypaBHeHust dupaka (2.16) mist dep-
MHOHHOTO IIOJIS SIBJISICTCSI JIMHEWHOW KOMOWHAIMeH IuIo-
CKMX BOJIH C aMIUUTyAaMu a(p, s) u bt (p, s):

1
Y(x) = — ,)u(p, s) exp(—ipx)+
(%) N;/Zm[a@ s)u(p, s) exp(—ipx)

+ b (p,s)uC (p,s) exp(ipx)] ,

rie CyMMHPOBaHHE IPOBOJUTCS MO BCEM BO3MOXKHBIM
3HAYCHUSIM MMITYJIbCA P OT —0O IO 0O H MO BCEM JIOIYyCTHU-
MbIM NPOEKLUSAM CIHHA S, & = (p> +m 212, u(p,s) u
uC(p,s) = Ci(p,s) — amuauTyanl pasjoxenus dDypbe,
HOPMHPYEMBIE YCIIOBHEM it = 21 U IMEIOLIHE BUJT

(2.22)

lps) = | VA , .2
k—m ¢ -ny(s)
rae n=p/|p|, a y(s) — HBYXKOMIIOHEHTHBIA CIIHHOD,

CIIMPAJIbHBIE COCTOSAHUA KOTOPOTO

)= (o) «(-2)= ()

OTBEYAIOT MPOeKIHsIM s = +1/2 criMHa Ha OCh KBAHTOBAHUS,
JUTs1 KOTOPBIX (6 - m)y(s) = 2sy(s) = £x(s).

CocTosiHEe CBOOOAHOIO HEUTPUHO OIpenesIsieTcsl Npu
nerictBuu omnepatopa P Buaa (2.20) HA BOJHOBYHO (YyHK-

muro v(x) = u(p, s) exp(—ipx):

VL:l{ (Vk+m— vk —me -n)y(s)
2

—(Wk+m—~vk—mo -n)y(s) } exp(ip) =

17$X(S)
~Vie 2o exp(—ipx) . (2.24)
—#X(S)

IMpubmkeHHOe PABEHCTBO COOTBETCTBYET YJIbTPapesisTH-
BUCTCKOMY Tpeneiy k > m (B yactHoctd npu m =0) u
CIIMHOP VL OTJIMYCH OT HYJIS TOJIbKO IPH JIEBOH MOJspH3a-
UK HEUTPHUHO, COOTBETCTBYIOIIIEH COOCTBEHHOMY 3HAYCHUIO
crnupalibHOCTH 25 = A = —1, KOT/1a CIIMH HAapaBJIeH IPOTUB
AMITyJIbCa. HpaBOKHpaJ‘[BHHe COCTOSIHUSI HEUTPUHO
vr = Prv(x) B ciydae k > m UMCIOT BOJIHOBYIO (DYHKIIHIO,
OTJIMYHYIO OT HYJISI TOJIBKO NPH 3HAYCHUH A = 1, M Ha OmbITEe
He HAOJTFOTAF0TCSL. DKCIEPUMEHTAIBHO OOHAPYKEHBI TOJIBKO
JICBOKAPAJIbHBIC HEUTPUHHBIC COCTOSIHMUSIL.

IToncTaBuM Temnephb JIEBOKMPAJIbHBIC U PABOKUPAJIbHBIC
HEUTPHUHHBIE TT0JIS

(=75 (i=e,p1) (225)

N —

1
viL = 5(1 +ys5)vi, ViR =

B (GepMHOHHBIN JarpanxuaH (2.15). B ciayuae HyneBoi
Macchl HBUTPUHO OH NpeoOpas3yercs K BULY

n

n
L, = Z(ViL”/“iaquL) + Z(ViR“/“iayViR)

i i

(2.26)
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1 BO3HHUKAET KUPAJbHAsI CUMMETPHUSI OTHOCUTEIILHO MPE0o-
pa3oBaHuil

V) =exp( =570, ¥ = st enp( 752,

(2.27)

rie @ — MPOU3BOJIbHOE YUCIIOo. Tak Kak MaTpuIa ys aHTH-
KOMMYTHPYET cO BceMHu y#, To B snarpamxuane (2.26)
9KCHOHEHTHI (2.27) COKpallatoTCs, U OH SIBJISIETCS KUPaJib-
HO-UHBapPUAHTHBIM.

BBe/eHue B JTarpaHKMaH MacCOBOTO YICHA BHIA My (Vv)
HapyllaeT CUMMETPHUIO Jarpanxuana (2.26) OTHOCUTEIbHO
KHpaJbHBIX IPeoOpa3oBaHuUi.

Haunbonee obmmii BUI 3pMUATOBA U JIOPEHII-MHBAPHAHT-
HOTO HEHTPUHHOTO MAacCOBOTO JIArPaHXHaHA MOXKET OBITh
IpPEICTaBJICH KaK CyMMa MacCOBBIX YJIEHOB IUPAKOBCKOI'O
THIA, CBS3BIBAIOLIETO JIEBO- M MPABOKUPAJIBbHBIE KOMIIO-
HEHTBHI OTHOTO M TOTO K€ MOJIS,

LD = MD(VLVR + vRVL) = MD(VV) s (228)

¢ COOCTBEHHBIM COCTOSHUEM MAaCCOBOW MAaTPHUIBI
Vv =vp + VR, ¥ MalOpAaHOBCKOTO THUIMA, CBI3BIBAIOIIETO
JIEBO- W MPaBOKUPAJTbHBIE KOMIOHEHTHI COMPSIKEHHBIX
oJen,

Lim = MLM(vng + VLVE) = MLM(V;“V}“) s

LRM = MRM(ngR + VR\)g) = MRM (v/RVIR) s (229)

C COOCTBEHHBIMU COCTOSIHUSIMH MACCOBOM MAaTpPHUIBI B BHUJIE
CaMOCOIIPSIKEHHBIX MOJIEN

'C

/o C o
VL=VL+V[, VL =V,

o C 'C _ ./
VR =VRtVR;, VR =R (2.30)
rae v MMeeT mpaByro, a V§ — JIEByIO CIMpPAIbHOCTH. B

IMPOCTPAHCTBC CIIMHOPOB

MOXKHO NIepeiTH K HOBOMY Oa3ucy
¢ v+ vk ¢ v — Vi
1= ) 2= )
V2 V2
B KoTOopoM "monycnuHopsl” &) u &, npeobpa3yroTcs He3aBu-
CHMO TIpH TIpeoOpa3oBanusx JIopeHIa u MepexoaarT Apyr B
npyra (&, — & u &, — &) mpu IpOCTPAaHCTBEHHOM OTpaxe-
mma P(x°,x) = P(x%, —x).
B MaTpuuHOM BHIe HEUTPUHHBIA MACCOBBIN JarpaHXuaH
MOXET OBbITh 3aITUCaH B BIIE

1l oM Mp (€
Ly 7§(VL7VR)< ME MRM) (VR +H.c., (232)

(2.31)

rae vp — TPEXKOMIIOHEHTHBIM BEKTOP JIEBBIX HEUTPHHO,
SIBJISTFOILIUICS. KOMIIOHEHTOM 3JIEKTPOCIA00TO JIEMTOHHOTO
nybJera

ww= ()

7 TpeoOpa3yromuicsl Kak KOMIIOHEHTa CHMHOPOB TPYIIIBI
SU(2) npu rinobaibHbIX BpalIeHUSIX U30TONHYECKOTO IPO-

CTPaHCTBA, VR — BEKTOP PA3MEPHOCTHU 1 NMPABBIX HEUTPHUH-
HBIX 3JICKTPOCIA0BIX CHHIJICTOB, M|\ — MaTpuiia pa3mep-
HOCTH 3 X 3 JIeBOKOMHOHEHTHBIX MAaMOPAaHOBCKHX MacC C

yuciaoM mnapametrpoB 3(3+4 1) =12, Mrm — MaTpuua
Pa3MEPHOCTH /1 X 11 IPABOKOMITOHEHTHBLIX MaliOPaHOBCKUX
Macc ¢ yucioM mapameTpoB n(n+ 1), Mp — maTtpuna

pPa3MepHOCTH 3 X n TUPAKOBCKHUX Macc ¢ 2(3 X n) mapamer-

pamu. Bee MaTpuiist B (2.32) B OCHOBHOM KOMILIEKCHBIE.
CBOWCTBO AHTUKOMMYTANMU (EPMHUOHHBIX TIOJEH u

MIPEINOJIOKEHUE O CHMMETPHH MafOPaHOBCKOU MAaTPHIIbI

Miv = M{y,, Mrm = Mpy (2.33)

JIAIOT BO3MOXHOCTh JIMATOHAJIM3UPOBATEH TOJHYIO MACCO-
ByI0 MaTpuiy pasmeproctu (3 x n)(3 x n) B (2.32) ¢ nomo-
I[bIO TBOMHBIX YHUTAPHBIX PEOOPA30BAHUN, IPH KOTOPBIX
IS JIF0OO0# MaccoBOi MaTpuibl M MOXHO HAWTH YHHUTAD-
Hple U- u H-MaTpuipl Takue, 9TO OyIeT BBIMOJIHITHCS
ycIioBue

UMMH = Mg, , (2.34)

rae Mgjae — AMaroHajbHas MaTpula ¢ 3 + n MOJIOXUTEIb-
HBIMU COOCTBEHHBIMH 3HAYCHHUSIMA MACCOBBIX HEUTPHUHHBIX
COCTOSIHUM M:

M; 0 0

Mdiag = 0 M, 0 ., M;> 0. (235)
0 0 M;

B JUaroHaJIbHOM MaTpule M giag omnepatop

M; = M + M;r omnuceiBaeT MalOpPaHOBCKYIO YacCTHILy C
maccod m;, a omepatopsl M;; u M;g €cTb TPOEKIUH,
00J1aTaroIIye ONpeIeIeHHON KIPAJIbHOCTBIO, T.€. COOCTBEH-
HbIE COCTOSIHUS OTIepaTOpa 3aps10Boro conpspkenus (2.14) n
oneparopa (2.20). CoOCTBEHHBIMU K€ COCTOSIHUSIMU JIAT PaH-
XKHaHa SBJSIIOTCS mojisi M;. B pesyiabTate mmeem CBSI3b
MEXAy KaJuOPOBOYHBIMHU COCTOSHUSIMH HEUTPHHO, y4da-
CTBYIOIIMMH B CJIa00M B3aMMOJEHCTBHUH, U COOCTBEHHBIMU
COCTOSIHUSIMH MaCCOBOW MATPHIIBI C COOCTBEHHBIMH 3HAUe-
HUSAMH M;:

= = H H =/ /

LMvg = (VLU)(UMH)(H ) = V| Mgiagvg ,  (2.36)
rae

vw=UV, vr=Hvy. (2.37)

Ecii orpaHuYUTBCS OJTHAM ITOKOJICHHEM (DePMHUOHOB, TO
v B Jarpanxuase (2.32) coepKuT TOJBKO OJHY apOMaTo-
BYIO KOMIIOHEHTY, HANPHMEP VL = Ve, U HMEIOTCS [Ba
COOCTBEHHBIX 3HAYCHHSI MACCOBOW MaTPHIIBI

M=M= (M + Mrm)t

+ [(Mim — Mew)® + M3 (2.38)
COOTBETCTBYIOIIUX COOCTBEHHBIM BEKTOPAM
vi\ [ cosO sin0) (VL
(vz> - <— sinf cos 9> <"i{) ’ (2.39)

yroJI cMelmBaHusl 0 BeIpaxaeTcs yepe3 mapameTpbl UCXOI-
HOT'O JIaTpAaHXHAHA:

2Mp

tan(20) = ————— .
(26) Mim — Mrm

(2.40)

JuaroHanbHBIE COCTOSIHUS V] U V, C ONpEIAEICHHBIMHU
maccamMu M| u M, SBISIFOTCS. OPTOTOHAJILHBIMU CYyIEp-
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MO3HULUSIMU COCTOSIHHIT V| M Vi M ONHCHIBAIOT MaiOpaHOB-
CKHE HEUTPUHO.

BripasuB siBHO mupakoBCKAN W MaOpaHOBCKHE MAacCCO-
BbIe wieHbl u3 (2.38) u (2.40), moyuum

MD = (M1 — Mz) sin(20),
Miym = M cos’> 0+ M, sinz(J,

Mpm = M sin® 0 + M cos2 0. (2.41)

N3 31X BBIpaXXeHU! BUIHO, YTO MACCOBBIN YJICH B JIarpaH-
xuaHe (2.32) onmchiBaeT ABE MAaWOPAHOBCKHE YACTHIIBI C
pasHeiMH Maccamu. B upemene (npu 0 =m/4)
Miyv = Mry = 0 MacCOBBIN YJIEH SBJISIETCS JUAarOHAJILHBIM
¢ coOOCTBEHHBIM 3HaYeHNeM + M. OTpunaTeIbHbIN HeQU3n-
YECKAN 3HAK MACChl MOXXHO U3MEHUTb, IPOBE/ISI KUPAJIbHOE
npeoOpa3oBaHue

L
4@'
ITpu nepexoe k HoBomy 6aszucy (2.31) moss

(L + Ve + VR +R),

& =

Sl

1
&= 7 [ps(vL +E) = 7s0r +vR)] =
1

= — [—VL + VE — VR + V(li] (242)

V2

OyJlyT COOTBETCTBOBAThH OJTHOMY U TOMY e COOCTBEHHOMY
3HaueHut0 Mp. Takoe BBIPOXKIACHUE MO3BOJISET UCIHOJIb-
30BaTh JIFOOYKO KOMOWHAIMIO IMOJICH, TOJIYYEHHYIO HEKOTO-
pBIM TMOBOpOTOM B TwiockoctH ¢&(&,. Bununeitnast ¢popma
BHA

Mp (& + E&y) (2.43)

COOTBETCTBYET MaccoBoMy uJjieHy (2.28), u, cieJ0BaTeJIbHO,
JMIUPAKOBCKOE HEHTPUHO COOTBETCTBYET BBIPOXICHHOMY
npeaeny Mpy = Mry = 0 Gomnee oluiero ciyvas JIByX
MailopaHOBCKUX YacTHIl. MallopaHOBCKHE MaCCOBBIE YJICHBI
Miy 1 Mgy B (2.29) IpUBOIAT K HECOXPAHCHUIO JICTITOH-
HOT'0 KBAHTOBOTO YHCJIa L, IEPEeHOCUMOTO MOJIEM V, HApyIIas
3aKOH COXPAHEHUs Ha [Be eIUHUIBL |AL| = 2.

B ciyuae nByx mokosieHudd (PepMHUOHOB TMOJISI HEHTPUHO
UMEIOT BU[

C C
’_ VeL + VeL /o Ver + VeR
VL= c |» w= c | (2.44)
VuL + Vi VuR T ViR

U IMaroHaJM3alusl MacCOBOM MAaTpUIBl B JIarpaH)XUAHE
(2.32) [25] npuBOAUT K ABYM COOCTBEHHBIM COCTOSIHUSIM,
YeTHBIM OTHOCHTEJILHO OIIepaTopa 3apsioBOTO COIpPSIKe-
Ul (2.14) ¢ COOCTBEHHBIMH 3HAYEHUSIMU, SIBJISTFOLIAMUCS
COOCTBEHHBIMH 3HAYCHUSIMU omepartopa Mp+
+(Myim + MRrm), 4 K IBYM HEYETHBIM COCTOSIHUSIM OTHOCH-
TeJbHO onepatopa C ¢ COOCTBEHHBIMU 3HAYEHUSIMH, COOT-
BETCTBYIOIIMMH COOCTBEHHBIM 3HAUYEHUSIM oOmepaTopa
Mp — (Miy — Mry). TakuMm 00pazoM, UMEIOTCS YeThIpe
MaHOpaHOBCKUX COOCTBEHHBIX COCTOSIHUSI MACCOBOTO YJICHA,
a MaTpulla CMEIIMBAHUS B 3TOM CJiyyae — YHUTapHas
matpunia pa3mepHocTd 4 x 4. CoOCTBEHHBIE COCTOSHHS
apomaTa Ve U V,, a TaKKe COOTBETCTBYIOIIME MM AHTHU-
YACTHIIBI VS H V] BRIPAKAIOTCS YEPE3 OJMH | TOT e HAGOp
YeThIpeX MalfOPAaHOBCKHX MACCOBBIX COCTOSTHHIA.

W3 pe3ysbTaTOB H3MEPEHUS INMPHMHBI pacmaga ZO-
6o3ona B oakcnepumentax ALEPH [37], OPAL [38],
DELPHI [39], L3 [40] na xosutaitnepe LEP u3Bectno, uto
€CTb  TOJIBKO  TpU  JIEBBIX  HEHUTpuHO  (TOuHee,
N, = 2,985 40,023 4+ 0,004 [41]), kOoTOpbIE BHOCAT BKJIAJ B
peaxmmro Z° — v, ecimu m, < miyz /2. TloaToMy B city4ae Tpex
(epMHOHHBIX TOKOJICHUH TOJIe

C
VeL + VoL

v = | v+ (2.45)

C
Vil + ViL

U CyLIECTBYET [ICBSITh MAOPAHOBCKUX MACCOBBIX COOCTBEH-
HBIX COCTOSIHHI C BO3MOXHOCTBIO CYIIECTBOBAHUS /1 CTe-
puibHBIX SU(2)QU(1)-CHHIIETOB VR C, COOTBETCTBEHHO,
7 X n MacCOBBIMH COOCTBEHHBIMH COCTOSIHUSIME. [1pu 3TOM
TpHU MaccoBble MaTpullbl Mp, My 1 Mgy B JarpaHxuaHe
(2.32) MOXHO TpeAcCTaBUTh B Buie omHOM 2(3 X 2n)-mat-
PHIBI BUIA

My ME
Mo D (2.46)
(Mlk) Mlk
D RM
IIpouenypa nmaroHadm3amuy TAKOW MAacCCOBOW MaTPHIIBI
MoaApOoOHO M3JI0KeHa B pabortax [42—45] u cBomUTCA K
OTBICKAHHIO YHUTapHO# 2(3 X 2n)-matpunsl U, BeIpaxaro-
el HEUTpUHO ompedesieHHOTo copTa ([ =e, |, T) depes
JuaroHaJibHble MallOPaHOBCKHE COCTOSIHUS, YUCIIO KOTOPBIX
paBHO 3 + n.
JIeBble KOMITOHEHTHI HEUTPUHO MOTYT OBIThH 3aIIMCAHBI B
BUIE

()L = Z Ui(vi)r (2.47)

IJIe V; — MAacCOBbIE COOCTBEHHBIE COCTOSIHUS, v ([ =€, |1, T,
j=1,2,3) — cobcTBEeHHOE COCTOSIHUE JaTrpaHKHAHA JJIEKT-
pociaboro B3aumoJeiicTsus, a U; — yHUTapHasi MaTpuna
CMEIIMBAHUS, KOTOPAs B CIy4ae TPeX IMOKOJICHUH JIENTOHOB,
JIEBbIE KOMIIOHEHTBI KOTOPBIX Y4aCTBYIOT B 3JIEKTPOCIaO0M
B3aUMOJCUCTBUM, MOXET OBITh MapaMeTPU30BaHA B BHIE,

aHAJOTMYHOM  KBAapKOBOM  MaTpuile CMEIIMBAHUS
Kobasim — Mackasa [46]:
Ve C S1C; 8183\ /v
Vu = 751 C2 K] K2 Vv s (2.48)
Vvt S185, K3 Ky V3

rae S;=sinf;, C;=cosb;, K = CiC,C3— S1S3exp(ip),
K2 =C1 CQS3 — SzC3 CXp(i(p), K3 =7C1 SQC3 — SzS3 exp(iq)),
Ky =—-Ci185855 + C,Cs exp(i(p), i=1,23.

Takass MaTpuna CONEPKHUT YeThIpe Mapamerpa — TPH
yria cmemmuBanus 0y, 6, 63 (0 < 6; < 1/2) U KOMILICKCHYEO
dazy ¢ (—n < ¢ < m). IIpu ¢ # 0 370 NPUBOIUT K HapyIe-
auto CP-4eTHOCTH BCIIEICTBHE KOMIUIEKCHOCTH BEPIIIHH,
ONMCBHIBAEMBIX JIATPAHKUAHOM B3aMMOJIEHCTBHS 3apshKeH-
HBIX JIENTOHHBIX TOKOB B CTAHJapTHOW TEOPUH CJIAOBIX
B3aMMOICUCTBUIA:

G

Lt = 5 Ui+, W),
rae Ge = 1,166 x 1073 I'3B~2 — koncranTta ®epmu, Wlf —
moJist W-0030HOB, a

1
J;r = V]”)”li = EZV[’J)”(I +j)5) [~
!

(2.49)

(2.50)
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— JIEBBIM JIEITOHHBIN TOK, KOTOPBINA Teepb MOXHO BBIpa-
3UTh YepPe3 MACCOBbIC HEHTPHUHHBIE COCTOSHHUSL:

JE =V UMyt

(2.51)

Bee peaknuu, BkIrodaroiye HEUTPUHO, MOXHO HHTEP-
MPETUPOBATH KaK HEKOTEPEHTHYIO CYMMY BCEX KaHAJIOB i
Hefitpuno v; (i =1,2,3) ¢ KUHEMATHYECKH JOMYCTUMOU
maccoii m; u BecoM |U; i\z. Takum o6pazom, ciiabble B3aMO-
JIEACTBHUS HEAMATOHAJILHBI, €CJTU BBIPAKEHBI YePe3 MaCCOBBIC
cOoOCTBEHHbIE COCTOSIHUS. BIoTHE BeposITHO, 4T0 MaTpuna U
Gim3ka Kk guaroHansHoi: |Uj| = |Ukl, i # k (370 HEe 03HAa-
4aeT, YTO My, > My, ).

3. Macca HellTpnHO B KAJTHOPOBOYHBIX TEOPHSIX

3.1. Macca HeliTpHHO B CTaHJAAPTHOH MO/1e/H

B crangapTHO# Moen 3JIeKTPOCIa00Tr0 B3aMMO/ICHCTBUS,
ocHoBarHO# Ha rpymne SU(3); ® SU(2) ® U(1) [12, 47],
reHeparys mMacc (epMHOHOB ONHUCHIBACTCS JaTr PAH)KHAHOM
FOKaBCKOT'O THIIA B3aMMOJICUCTBHSI CKaJIIPHBIX XUITCOBCKUX
noJied ¢(x) ¢ (EpPMHUOHHBIM TIOJIEM, COXPAHSFOIIETO YeT-
HOCTb 1 (Pe€PMHUOHHBIE APOMATHI:

Line = fYer (0 ) + [ ((0€) "la) +c.c.,

rac

Iy = (WL)
€iL

— cJ1a0ble JIeBbIe JISNTOHHBIE TyOeTsl (i = e, [, T — JIENTOH-
HBIE APOMATHI), TPe0OPa3yIOIIUECs KaK KOMIIOHEHTHI CIIUHO-
poB rpynmnsl SU(2) npu ri106aibHBIX BPAIICHUASIX U30TOTIHYE-
CKOT'0 TMPOCTPAHCTBA U SIBJISIOIIUECS CJIA0BIMU COOCTBEH-
HBIMH COCTOSIHUSIMH, a e;g (X) 1 V;g (X) — IpaBble CUHIJIETHI,
¥ n fi/ — maTpunmsl 6e3pa3MEPHBIX KOHCTAHT, OIPEIEISIO-
II[1I€ MACCHI JINITOHOB.

IIpd CHOHTAHHOM HAPYIIEHWH CHMMETPHU TPYIIIIbI
SU(2) ® U(1) BakyyMHOE CpejiHee CKaJISIpHOrO H30ay6eTa

()

OTJIMYHO OT HYJIA:

(3.1)

(3.2)

o) =75 (). (33)
rae
V= (ﬁ)m ~ 250 [3B. (3.4)

IMoxacranoBka nojeit ¢(x) B Buzme (3.3) B Jarpamxuan
(3.1) mpuBOMT €TO K BUITY

Lint = % Vij(eier) +fij(vivi)] =

= mj; [(E,’C,‘) + (Vivi)] )

rae
Vivi = VRVL + VLVR, €;e; = €reL + eLer,

2V®H, 1. 167, Ne 8

mjj = %.ﬁ‘j (i,j=e,n1) (3.7)

2

— mMaTpuna (GpepMHOHHBIX Macc, 3JIEMEHTBI KOTOPOii orpe-
JIEJISIFOT MACCHI JICITOHOB BCEX ApPOMATOB, HATIPHIMED

1
€ \/j, v \/j?

(3.8)

U SIBJSIOTCS NPOU3BOJIBHBIMU NapaMeTpaMmu, KOTOpbIE HE
MOTYT OBITh BBIYHMCIICHBI BCIEACTBHE OECKOHEYHOW mepe-
HOPMHUPOBKH MAacChl U KOHCTAHTHI CBSI3W KAJIHOPOBOYHOM
TEOpUH.

Marpuiia JenToHHbIX Macc MPONOPIMOHAIBHA MATPUIIE
KOHCTaHT FOKaBCKOTI'O B3aUMOJEUCTBUS U €€ MOXXHO AUaro-
HaJIM30BATh:

Lint = mi[El-'elf + \7;\1;] s (39)
re MOJIsl CO IITPUXAMU SIBJISIFOTCSI COOCTBEHHBIMU COCTOSI-
HUSIMA MaCCOBOW MaTpPHIBI.

B cranpaprroii SU(2) ® U(1)-Teopuu Mmacchl HEATPUHO
(mupakoBckasi ¥ MaWOpPAHOBCKAsl) JIOJIKHBI OBITH PaBHBI
HYJTIO, TaK KaK CTPYKTypa XUITCOBCKOT'O CEKTOPa MPHUBOJIUT
K IJ100aJIbHOM CHMMETPHUH, COOTBETCTBYIOIICH COXPAHEHUIO
JIENTOHHOTO YMCJIA. DTa CUMMETPHS 3alpellaeT MOsIBICHIE
MaWOpaHOBCKUX MACCOBBIX YJICHOB B BHUAC OWJIMHEHHOU
dopmer Vv, HApYIIAIOIMX 3aKOH COXPAHEHHS JIEITOH-
HoTO umcna L ¢ mpaBmioM oto6opa AL = 2. IupakoBCKue
MAacCOBBbIE UJICHBI f Vi VR COXPAHSIOT MOJHOE JIEMTOHHOE
YHCJI0, HO TaK Kak MpaBble HEUTPUHO V;x OTCYTCTBYIOT B
npupoje, Bce fi; =0 u, ciemosatenbHo, m;; = 0. Takum
00pa3oM, B CTAHJIAPTHOM MOJIEeJI HyJIeBasi Macca HEUTPUHO
00yCIIOBJICHA OTPaHMYEHHBIM YHCJIOM IOJIeH YacTHIl, KOTO-
pble 00pa3yroT MpOCTEHINEe TPEICTABICHHUS] TPYIIIBI
SU(2) ® U(1). B teopusix GUT, ONUCHIBAFOLIUXCS TPYI-
naMu OoJjiee BBICOKOH PasMEPHOCTH U COOTBETCTBYIOLIMX
6oJsiee MOTHOMY OOBEAMHEHUIO, YUCIIO TOJIEH BO3pAcCTaeT,
YTO MPUBOHUT K MOSIBJICHAIO MACCOBBIX HEHTPUHHBIX YJICHOB.

CyllecTByeT HECKOJIBKO BO3MOXHOCTEH pacllIUpeHust
CTAaHJAPTHOW MOJIENIN, B KOTOPBIX Macca HEHTPUHO BO3HU-
KaeT HeIPOTUBOPEUUBLIM 00Pa30M.

3.2. PaciunpeHue XMIrCOBCKOr0 CeKTOpa

U reHepanusi MailopaHoBCKOil Macchbl

MOXHO MOCTYJIMPOBATH CYIIECTBOBAHUE JOMOTHATEIHLHOTO
k (3.3) Tpumera xurrcoBckux mnojei H c¢ rumepsapsgom
Y = 2[48, 49], KoTOopBIii MOXKXHO NPEACTABUTH B BUJIC

Ht \/EH-H—
¢ -H= L (3.10)
V2HY  —H
Torna B pepMHOHHOM JIaT paHKUAHE MOSBIISIFOTCS TOTIOJTHH-
TeJIbHBIE YJIEHBI FOKABCKOTO B3aUMOIEUCTBUS:

Ly = fijltli(s -H) + He.

int —

(3.11)

IMToacTaHoBKa OTJIMYHOTO OT HYJII BAKYyMHOTO CpPEIHETO
ot H

(6-H)= <£H 8) (3.12)
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B (3.11) npuBOaUT K MallOPaHOBCKOMY HEUTPUHHOMY WJICHY
BUAA
e

(V) Vv
¢ MallOpaHOBCKOW Maccoi
_JijVu

V2
BakyymHoe cpemHee Jy HE MOXET OBITH CIHIIKOM

60JIBIIUM IO TOH NPUYUHE, YTO CPeAHEEe U3OTPUILIETHOI'O
TI0JIs1 Ta€T pa3HbIi BKJIaa B Macchl WE- n Z-6030HOB:

(3.13)

My (3.14)

AMG, 2V
My, V7

AMG 4V
M’ v

(3.15)

rae V=250 @B — crangapTHoe AyOJeTHOE BaKyyMHOE
cpennee. [ToaTomMy, 4T0OBI cooTHOLIEHUE Myw = M7 cos Ow
BBITIOJIHSUIOCH C TOYHOCTBIO, COOTBETCTBYIOLLEH JKCIEpH-
MEHTAJIBHBIM JTaHHBIM (TOPsAKA MPOILEHTA), He0OXOIUMO
yciosue Vy < 0,1V, 1.e. Vg < 251B.

Takast MOJIeJIb C TPUIUIETOM XHITCOBCKUX MOJIEH Tpe-
CKa3bIBAET TAKXKe CYILIECTBOBaHME 6€3MacCOBON YACTHUIIBI —
MaiiopaHa [48]. OHa BO3HUKAET BCIIEACTBUE HEOPTOTOHAJIb-
HOCTH IIpeo0pa3oBaHmii ri100a1bHON CHMMETPUN UCXOTHOTO
JIarpaH)XUaHa OTHOCUTEJILHO IPeoOpa3oBaHuil KaInOpOBOY-
voit U(l)-cummerpun. [Ipm 3TOM BO3HHMKAeT CMeEITMBAHUE
MHUMOM 4acTu komnonentsl H® nons H = (H**+ H* H) ¢
MHHMMOW YacCTbIO KOMIIOHEHTBHI XUITCOBCKOI'O HYOJIETHOTO
noJisl ¢ U 006pazyercsi HepU3MIECKOE 1MOJIe

~ VImo+2VyImH°

\/ V4V

KOTOpOE TIOTJIOMIAETCs MACCHBHEIM Z°-6030HOM, a OpPTOTO-
HaJIbHAST KOMOUHAIUS

" (3.16)

~ VIme —2VyImH°

x
\/ V2 +4V3

ONUCHIBACT OE3MACCOBBIN T'OJIICTOYHOBCKUN 0030H — Maiio-
paH. DTo pealibHbIH (QU3NYECKHIl OO0BEKT, KOTOPBIU
TOSIBJISIETCSl 3@ CUET PACIIAPEHHS] XUTTCOBCKOTO CEKTOpa
CTaHJIAPTHON MOJIEIM C OTJUYHBIM OT HYJISI BaKyyMHBIM
CPeHUM U NPHBOIUT K SIBJICHUIO TBOWHOrO OE3HEHTpPHH-
HoTrO OeTa-pacnana [50].

(3.17)

3.3. Pacummpenue JIenTOHHOIO ceKTOpa

U reHepanus JMPaKoBCKoOil Macchbl

JIenTOHHBIM CEKTOP MOXHO paCIIUPUTh HA 3JIEKTpOcIabom
YPOBHE 3a CYET BBEJCHUS NMPABBIX HEHTPHUHHBIX MOJIEH VR,
KOTOpBIE JUOO MOryT OBITH CHHIJIETAMU TIPYIIIBI
SU(2) ® SU(1), m160 MOTyT CBA3BIBATECS B AYOJIETHL C eR,
aHayorn4Ho v, U er, [S1]. B aToMm ciydae B tarpamxkuane (3.1)
TOSIBJISIETCS TOTIOJTHATEIILHBII MaCCOBBIN WICH

LiDm = MpvLvr + Hc., (318)

rae
1

Mp =—
D Nk

foV (3.19)

— JIUpPaKOBCKas Macca, KOTopasi MOSIBJISETCA B pe3yJIbTaTe
CIIOHTAHHOT'O HAPYIIECHUSI CAMMETPHH, BEI3BAHHOTO HEHYJIE-

BBHIM BaKyyMHBIM cpeaHuM (@) = V/+v/2. Ho mpu stom
OCTAETCsl OTKPBITBIM BOINPOC: €CJIM OTCYTCTBYIOT JIOTIOJIHH-
TeJIbHBIE BKJIAJbl B MACCOBYIO MATPUILy HEWTPHUHO, IOYEMY
B3aMMO/IEUCTBHE HEHTPHHHOTO TIOJISI C XUTTCOBCKUM TIOJIEM
¢ Ha HECKOJIBKO IIOPSITKOB cilabee, YeM B3amMOIeHCTBHE
3JIEKTPOHOB ¢ mojieM ¢? Pa3imune KOHCTaHT B3aMMOJeH-
CTBHS 4aCTHI oaHOTO mokosenus (fo/v2 =m/V ~ 1073,
fo/NV2=my)V =0 umx m,/V =102, ecm m, ~ 10 3B) ¢
OHVUM H TeM e MOJIEM ¢ HelIb3sl OOBICHATh, OCTABAsCh B
paMKax CTaHZAPTHOU MOJENN.

3.4. PaciunpeHnue XMITCOBCKOIO

H JIENTOHHOIO CeKTOPoB. "See-saw'-mo e

Ecii npemonoknTh, 4TO CyIIECTBYIOT NPABbIE HEUTPUHO VR
U JIOTIOJIHUTENILHOE K 1y0IIeTy

+
_[?®
P =1 0
¢
CKAJISIPHOE XUTTCOBCKOE IOJIE ), SIBJISFOLIEeCs CHHIJIETOM I10
OTHOWIeHHIO K crapmapTHoil rpymme SU(2) ® U(1), To B

JIarpamkuaHe B3aUMOJCHCTBUSI MOSBIISIFOTCS KaK JUPAKOB-
CKHe, TaK U MalOPAHOBCKUE HEUTPUHHBIE YJICHBI:

Lint = MpvLvg + MMV}gVR + H.c. (320)

ITpm 3TOM nUpakoBckast Macca

Mp = —=(p(x)ifL (3:21)

10 TIOPSIIKY BEJTMYMHBI paABHA MACCe 3aPSHKEHHOTO (hepMHOHA
(JlenrToHA MITH KBApKa € 3JIEKTPHIECKUM 3apsiioMm Q = 2/3), a
MailopaHOBCKasi Macca

(3.22)

61m3Kka K MacmTady sHepruil, Ha KOTOPOM IPOUCXOJUT
HAPYIICHUE CHUMMETPHH [PYIIIBI, ONKCBHIBAIOLICH Ty WM
uHyto o0benuaeHnyro Teoputo GUT go rpynmsl
SU(3), ® SU(2) x U(1). TIlosBieHne MalopaHOBCKOH
Macchl M)y TPOUCXOAHUT BCJIEACTBHE HEHTPAIBHOCTH VR
OTHOCHTENIbHO tpeobpasoBanuit rpynmsl SU(2) @ U(1). B
3TOM chydae B3aumoseiicTsue frvg(xC) VR He M3MeHsET
CBOJCTB CHMMETPUHU TEOPHUH, a JCNTOHHOE YHCIO OyaeT
COXPAHSITBCSI, €CJTU TOJIFO ¥ MPUIICATDh YIBOCHHBIH JICITOH-
HBIH 3apsia. CIOHTaHHOE HApYIICHHE CHMMETPHH TI00ajTh-
Hoit rpymmsl U(1); , accomumpyeMoii ¢ CoOXpaHEHHEM JICITOH-
HOI'O 4HCJIa M SBJISAIOLIEHCS BHEIIHEH MO OTHOLIEHHIO K
kanmu6posounoii rpymnme SU(2) ® U(1), 3a cyeT OTIMYHOTO
OT HYJISl BAKYYMHOT'O CPETHEr O XMUITCOBCKOTO MOJIS ) IPUBO-
JUT K BO3SHUKHOBEHHIO MAHOPAHOBCKOM MACCHI Y MPABOrO
HEUTPUHO MR U CONPOBOKIAETCS MOSIBJIIEHEM 0e3Macco-
BOI'0 MaiOpoHa, MOoJIe KOTOPOTO OIHCHIBACTCS MHUMOW
KoMIoHenToi 271/2 Im y [52].

JuaroHanu3amnusi MacCOBOM MaTpHIbI B JarpaHXUaHE
(2.32)

0 M S
- _C D Ve
(VL’VR)(ME MM)(VR>

BBIIIOJIHACTCA TPUBUAJIBHO, U COCTOSTHUS

/ C / C
VLo =VL+V[, Vg =VR+ VR,
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yyacTBYIOILME B CJAObIX B3aUMOJEHUCTBUSX, SIBJISIOTCS
CYNEPIO3UIUEH ABYX MACCOBBIX MAalOPAHOBCKHX COOCTBEH-
HBIX COCTOSIHUI:

, _ Mp ,  Mp

!
Vy RV +—— V.

e (3.23)

IIpu 3TOM HEHTPHHO V| IpelcTaBiIsAeT COOON IPEeHMyIIecT-
BEHHO JIETKOE HEUTPUHO C MACCOM MOPSIAKA MacChl (hepMHO-
HOB:

M} (M) — M>)’sin(20)

T My M sin® 0 + M; cos2 0 (3.24)
C MaJIOM PUMECHIO,
(M — M>)*sin(20) (3.25)
M sin® 0 + M>cos2 0
TSKEJIOTO HEUTPUHO C MaCCOM
my ~ M sin® 0 + M, cos? 0. (3.26)

VYroia, npu KOTOPOM CMEUIMBAIOTCS JIETKHE U TSKEJIbIe
HEUTPHUHO, OYEHb MAJL:

2
L (3.27)
Mgur

tan® 0 =

MexaHn3M TeHepaluu HEHTPUHHBIX Macc, MPU KOTOPOM
UMEIOTCS ABa Maciitaba mMace (my, Mgur), ONPEeAeIISTIOIINX
MaccoByro Matpuny B 00beuHeHHbIX GUT-Teopusix, mosty-
up1 HaszBanue "see-saw" [53].

B Munumanbsholt Teopun GUT, ocHOBaHHOW Ha rpyrmie
SU(5) u oObeauHstONIEH CUIbHBIC, ClIa0ble M 3JIeKTpoMar-
HUTHBIE B3aUMO/IeHCTBUS [54], mpaBoe HEUTPUHO VR, KaK U B
CTAHJAPTHOW MOJENN, OTCYTCTBYET U, CJIEJOBATEBHO,
OTCYTCTBYET AupakoBckasi Macca. CyIecTBoBaHUe Maitopa-
HOBCKOW Macchl HEBO3MOXKHO BCJIEICTBUE BO3HMKHOBEHUS
nepexoqoB ¢ A(B— L) =2 mnpu CIOHTAHHOM HapyIICHUH
cammetpun U(1)p_;), koTopas eme mus rpymmer SU(S)
SIBJISIETCSL TJIOOAJTbHOW M ACCOIMUPYETCS C COXPAaHEHUEM
pa3HOCTH OAPUOHHOTO U JISNTOHHOTO 3apsinoB (B — L). Kak
1 B CTaHAApPTHOH MOJEIM, OTJIMYHYIO OT HYJsl Maccy
HeiiTpuHo B MuHUMaibHOW GUT —SU(5)-Teopunt MOXHO
MOJIYYUTh C TOTOJHHUTEIbHBIM BBEACHHEM VR M pacCIIHpe-
HUEM XHITCOBCKOTO CeKTopa. Bce mpeackazaHust s macc
a"asoruunbl ouenkam (3.24)—(3.27) ¢ Mgur = Msys) =
=4 x 10" I'B.

IMpuHnunuanbHo Apyras cutyanusi Bosnukaer B GUT-
Teopuu, ocHoBaHHOW Ha rpymme SO(10). B sToit Teopum
coxpaHeHHe 3apsiga B — L acconmuupyeTcsi ¢ KaiauOpoBOY-
HOI CHMMeTpHueil, KOTopasi He sSIBJISIETCS] TOYHOU BCJIECTBHE
OTCYTCTBHUSI BTOPOro Oe3MaccoBoro 0030Ha — aHaJora
(oToHa, B3aMMOICHCTBYIOIIETO € 3apsiioM B — L ¢ KOHCTaH-
TOM CBSI3M, IO BEJIMYMHE PABHOM 3JeKTpoMarHuTHOU. [1pu
CIIOHTAHHOM HapYIICHUH KaauOpoBouHoit (B — L)-cumMmerT-
pun  Ge3MaccoBble OO30HBI MOTJIOMIAKOTCS TOCPEACTBOM
MexaHm3a XHWITCa, & COOTBETCTBYIOIEEe KaJMOPOBOYHOE
noJjie npruobperaer maccy [55, 56].

JupakoBCKHE MACCOBBIE COCTOSIHHS HEHMTPUHO B 3TOU
TEOPHUH TOSIBIISIIOTCS €CTECTBEHHBIM 0O0pa3oM, Kak H Y
3apsDKEHHBIX (DEPMHUOHOB, B CHIIy TOTO, 4TO TOJIS VL M VR
BXOJAT B pyHIaMeHTaIbHOE NpeacTaBiieHue rpynisl SO(10),

2*

B 16-tier [57—-59]. Torga nupakoBckas Macca HEUTPUHO
JIOJDKHA OBITH TOPSIKA MacC BEPXHHX KBAPKOB COOTBET-
CTBYIOIIETO MOKOJICHHUS:

my, ~ My, (3.28)

(Vi = Ve, Vi, V15 4i = u,c,t)

U, HaIpuUMep, sl Ve UMeTh 3HaueHnne ~ M»aB. Ho takas
CATYyanusl sIBHO MPOTHBOPEYUT IKCIEPHMEHTAIBHBIM TaH-
HBIM, TaK KaK B 3TOM ClIy4ae AUpakoBckast Macca Mp = m,,
SIBJISIETCS COOCTBEHHBIM 3HAYCHUEM COOCTBEHHOTO COCTOSI-
HUS V; KICXOJTHOTO JIarpanxuaHa (2.32).

T'enepanus maifopaHoBCKO# Macchl B MOJIENIA, OCHOBAaH-
Ho#t Ha rpymne SO(10), BO3MOKHA TP CIOHTAHHOM HapylIle-
HUH KaJMOPOBOYHON CHMMETPHH, KOTJa XUTTCOBCKHU CEK-
Top omnuceBaercs 126-mpencraBienuem  SO(10) [60].
BakyyMHOe cpe/Hee XUITCOBCKOro noJisi (H) HeceT yIBOeH-
HBII JISNTOHHBIA 3apsii ¥ MO BEJIMYMHE PABHO MACIITady
oObeauHeHnst B3amMoneicteuit Mgyt = 101°—10" T'B.
Bsanmopeiicteue (H) ¢ MailopaHOBCKUM WieHOM [ Vg vg (H)
MPUBOJUT K JABYM AUATOHATHHBIM MAaCCOBBIM COCTOSTHHSIM
HEeUTpUHO (cM. Beipaxkenus (3.24), (3.26)):

M, 15

Ml :M—M, MQZMMNMGUT: 10 FBB, (329)
MEPBOE U3 KOTOPBIX JIETKOE, & BTOPOE — TSIKEI0e. DKCIepH-
MEHTAJIBHO HAaOJIFOJJaeMble JIEBble HEUTPUHO €CTh B OCHOB-
HOM JIETKOE MAacCCOBOE COCTOSIHUE C HEOOJIBIION MPUMECHIO
TSDKEJIOT0, U CIpaBeIJINBA HEPAPXHUST MACC

. . — 2
My, @My, My, = I mg my

(3.30)

e

B cootHomennn (3.30) oTCyTCTBYeT B SIBHOM BHJC
3aBHUCUMOCTh MAacCChl HEUTPUHO OT MaciiTadba oObeIMHEHUS
MGyt 4 KBapKOBOI Macchl 11q U MIPeANOJIaraeTcsi He3aBUCH-
MOCTb OT MalopaHoBckoil maccel My. Bonee Ttounoe
COOTHOIIEHUE ISl HEUTPUHHBIX Macc, CBOOOIHOE OT ITHUX
HEJOCTATKOB, MOJIyYeHO B paboTax [61, 62]:

me (;Mu(MGUT))zﬁw (m_)2%
A(Mgur)) M, mg) M’

(3.31)

my,

my, _ (AC(MGUT)>2 M;_ (zc(m[)y( . zf(ml)> M _
my, \u(Mgur)) My \Ju(my) i) M
2 2
_ (e _ (| Ms
~ (o) - (55) |52 63

B Beipaxenusix (3.31), (3.32) BBeleHBI ClIEIYIOIIUE BEJIU-
YUHBL:

my = my(1 I'PB) =51+ 1,5 MaB,

me(me) = 1,27 £ 0,05 I'B,

MM = diag(Mth,Mg) y

= % ~ 1,9 BobGunactu o3(Mz),
j’l (ml) my
— 2 ~—TI3B 3.33
190 (3:33)
(Au» A¢, At — Oerylinue rOKaBCKHE KOHCTAHTBI CBSI3U KBAPKOB,

AL — TpeaenbHOE 3HAYeHHE IOKABCKOW KOHCTAHTHI CBSI3H t-
KBapKa, o3 — KOHCTAHTA CUJIbHOTO B3aUMO/IEUCTBHUS).
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B npunnune, "see-saw'-MexaHM3M MOXET TaKKe Ipel-
CKa3aTh HapaMeTpbl HEUTPUHHOT'O CMEIINBAHUS TPH HUZKUX
SHEPTUsX MO AHAJIOTUH C KBapkoBOi MaTpuueil Kobasim —
Mackapa. OJIHaKO B 3TOM CJly4ae BCE HAMHOT O CJIOXKHEE, TaK
KaK TeHepalMs MacC ONUChIBaeTCs 'see-saw'-MaTpuiei
6 x 6, KoTopas 10JKHA ObITh U3BeCTHA. be3 moTepu oO1IHO-
CTU MOJHO NPUHATH, YTO NPU HU3KUX IHEPIUSX TSDKEJIbIE
HEUTPHUHO ONHUCHIBAIOTCS CHUMMETPUYHOU IUATOHAJIBHOU
MaccoBO#l MaTpuieir M, # cylecTByeT 06a3uc, B KOTOPOM
MaTpHIla CMEIIMBAHUS 3aPSDKEHHBIX JICITOHOB JIMAarOHaJIb-
Ha, a marpuna U, numaroHajiusupyromasi M,, COACPKHUT
OTHOCHUTEJIbHBIE YIJbl CMEIIMBAaHUS U B CJlyyae OYEHb
Majoro yria 0., mapameTpusyeTcs B BUIE

1 0y O
Ur |0 1 0O (3.34)
0 6O 1

7151 yrioB CMEIIMBaHUS CIPABEITUBEI ClieAyrolne heHoMe-
HOJIOTUYECKHe cooTHoIeHus [58, 59]:

1/4 1/2
Ocy = <mvc> s O = (ZV“) ; O 0. (335)

Vi Ve

W3 Beipaxennii (3.31), (3.32) u Buma matpuiisl (3.34) MOXHO
MOJIyYUTh BBIPAKEHHUS Uil YIJIOB CMEUIMBAHUSI HEUTPHHO,
oTpeIeNICHHBbIE Yepe3 MACChl KBAPKOB U MAaCCOBBIC HEUTPHH-
HbIE COCTOSIHHUSL:

1/2
.2 ny M,
2 eu =4 — e 5
sin”(20q,) <ch> (M1>

2 2
sin2(20m) = 4( e > {1 - (ﬂ) } My .
Ny 190 M,
OTH BRIpAKEHUS YAO0OHBI [IJIs COTOCTABJICHUS C 9KCIIEPUMEH-
TaJIbHBIMH PE3yJIbTATaAMHU.
PacueTspl, BBITIOJIHEHHBIE TI0 3TUM (OopMyJIaM MpH 3HaUe-
Husix Ms/ M, = 10, m,, =2 x 103 3B u B 06acTu Macc t-

kBapka 90 < my < 150 I'3B [63, 64], npuBOIAT K MHTEPBATY
3HAYCHHUI Macc Tay-HeUTPUHO

(3.36)

(3.37)

47<m, <27 9B (3.38)

U K napameTpam v, — V;-CMCIIUBAHHUL, JICKAIIUM B JUala-
30Hax

3,0 x 107* < sin?(20,,) < 1,7 x 1073 (3.39)

2<Am; <715 9B, (3.40)

OCTaHOBUMCS TENEPD HA CYNEPCHMMETPHYHBIX MOJIEISX,
KOTOpEIE B paMKkax MexanusMa "flipped see-saw" mpencka-
3BIBAIOT MACCHI HEMTpUHO. PaccMoTpuM mpocreiiiiee cynep-
CUMMETPUYHOE PACIIMPEHNE CTAHAAPTHON MOJENU B KOH-
tekcre rpynnsl SU(S) [64—66]. B takoi cxeme "see-saw'-
MaTpHUIA JUIs KaXKIOTO TOKOJIEHUS BKJIIOYAET B ceOsl TpH
nostst — v;, v u ¢, [67—69]:

0 nmy; 0 Vi
i VS ) | mu AoiMEyr/ My AsiMcut vl
0 AsiMguT Ui ¢,

(3.41)

rae ¢; — cunrjetHoe noJie rpynnsl SU(S)QU(1), a pasiauy-
HBIC COCTOSIHHSI MATPHIIBI MOJYYAFOTCS U3 CIIEIYOLIUX
KoMOuHanmit moselt cynepcummetpuynot SU(S)-Teopun:

iFifi @ — myvive (3.42)

AsiFiH; — d6iVVEh; ~ AsiMGurs ¢, , (3.43)

;1 _ 2 M

Agl-M—m F,F; HH — Jy; - v,-Cv,-C ~ loj AZ:T V[CVI_C 7
(3.44)

a MaccoBBI WIeH eCTh fi;;¢;. B 5TuX BuIpaxenusx F; u f; —
OObLIMHBIE TOJIs MaTepuH B ipencTaaennn 10 u 5, Hu H —
XUITCOBCKHE TI0JIA B npezcTanienun 10 u 10, mefirpanbnas
KOMIIOHEHTa KOTOpbIX (V, VY}) mpu cionTanHoM Hapyiie-
Hun cummetrpun rpynnsl SU(S)®@U(1) npuobperaer
BaKyyMHOEe cpegHee Tmopsaka V=V=x Mgyr, a
My ~ 10" ThB — macmtab, Ha KOTOPOM PACCUHTHI-
BAIOTCSl HEMEPEHOPMHPYEMBIE WICHBI B CYIEPIIOTEHIIAAJIE
[70, 71]. PacueT Takoro HemepeHOPMHUPYEMOTO B3aUMOICH-
CTBUS, MIO-BUAUMOMY, OYAET OCYLIECTBUM B paMKax CTPYH-
HBIX MojeJe [72].

CocrosiHue JIerKoro HeWTpuHo B "see-saw'-maTpuie
3 x 3 Takoe, YTO

2
mu4
i 3.45
I’Vlv’ Mi ) ( )
M? Aoi 1
M:z?ﬂ(l—ﬁ > 3.46
=, 2 Mo (3.46)

[Mpenebperast TSDKEIBIM COCTOSIHUEM, T.€. ToJiaras Ag; = 0,
MOHO TOJIYYUTh COOTHOIIECHHE MEXTY MAaCCOBBIMHU COCTOS-
HUSIMU:

2
My _ gl (3.47)

M, ;“62 H3

B cTpyHHBIX Mozensx [70—72] npuHUMAeTCs, 4TO CyIlie-
CTBYIOT TPH MOKOJICHHSI FOKABCKUX KOHCTAHT, IPUYEM [BA
NEPBBIX CHJIBHO TMOJABJIEHbL ~ p/ My, ~ 1/10. Maccsr p;
JIOJDKHBI ~ MOMYUHSITHCS ~ TAKOM  HEepapXum H, €CJH
J62/ 263 ~ 1/10, TO U3 (3.47) cienyet, uro M3/ M, ~ 1-100.
Teneps u3 Beipaxkenutii (3.45), (3.46)

_mi(Mgur) _ of,(m 11
=T M 190 nM;

n3Hauenue m, ~ 1—103B nomyvaerca s Mz ~ 102 B (c
n = 10). s BBIPAXKCHU S (3.46) BEJIMYMHA
M; ~ 22 MEyr/ 15 ~ 1012 ToB nonyuaercss ans Mgur ~
~ 105 T3B, p3 ~ 1017 9B 1 Ag3 ~ 1/3.

(3.48)

4. Macca HeiliTpHHO B KOCMOJIOI MM

MaccuBHbIE HEHTPHHO MOTJIH 00Pa30BbIBATLCS B YCIOBHSIX
paHHell BceleHHO# M COXpAaHUTHCS HA 3HAYUTEIBLHO OoJiee
MO3/THUX CTAIUSAX ee paclInpeHns. B3anMoneicTBys rpaBu-
TANHOHHBIM 00pa3oM C TMOJSIMH MAaTepHH Ha pPa3HbIX
JTanax 3BOJIONUN, MACCUBHBIE HEUTPUHO MOTJHU BJIMSTH
Ha (OPMHMPOBAHUE U CTAOMJIBHOCTbL CTPYKTYp BO BceneH-
HOM.

Ha OGonpmmx wMacmtabax BeesjeHHass oJHOpoaHa U
M30TPOIHA. DBOJIIOIMS MaciITabHoro (aktopa BeeneHHoM
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R(t) onucpIBaeTcst ypaBHeHUsIMU DiiHITeiHa [73]:

1 d’R 4r A

R dp = 3 Onle+3)+7, (4.1)
1 dR\?> 8n K A

H=(-—) =—Gnp——+= 4.2
(R dz) 3N TR TS (42)

rJie p — IJIOTHOCTh 3HEPruu BellecTBa BO BcenenHoi, p —
JaBJIEHHUE HTOTO BEIIECTBA, GN = Mp? — TPaBUTAIMOHHAS

IIOCTOsIHHAA, BbIpaxacmas uepes Maccey Ilmanka
Mp =12 x 10" I'3B,

_dR 1

T dr R

— 3aBHCAIAs OT BPEMEHU NOCTOsTHHass Xab0Oiya, K = +1,
—1,0 — Tpu curHatypbl COOTBETCTBEHHO ISl 3aMKHYTOI1,
OTKpBITON U Tiockoi Beenennoit dpuamana, A — xocMo-
JIoTHYecKasi MOCTOSIHHASI, KOTOPYIO OyIeM MpeamoJaraThb
PaBHOM HYJIIO.

IToctrositnHas Xab0J1a B COBpEMEHHYIO 3TOXY

Ho =100/ kM (¢ Mnc) ™' ~ /i x 10710 ner™! (4.3)
ompeeNsieTcsl ¢ TOYHOCTBIO [0 3HAYCHUH h, JexXamux B
unTepBase i = 0,5— 1. JIys miockoii BeeJleHHOH MIIOTHOCTH
SHEpPruM BEIIeCTBA M IMOCTOsIHHAsh Xab0Jia OJHO3HAYHO
CBsI3aHBbl ypaBHeHUEM (4.2) co 3HAYEHUEM KPUTHUYECKOU
IJIOTHOCTH

3H?  3H*M;
pe= o= L (4.4)
8nGN 8
BBIIIIE KOTOpOro (mpu 3anaHHoi BenumunHe H) Bceenennas
3aMKHYTasl, a HUXEe — OTKpbITasi. B HacTosiee Bpems
KpuTHYecKas INIOTHOCTL Beenennoi
pe=188x107% n* rem™3, (4.5)

a OTHOLIICHUEC Cpe/:[Heﬁ IIJIOTHOCTH BELIECTBA BO Bcenennoii k
KpPITPI‘{GCKOﬁ XapaKTCpU3yeTcs BEJIMYMHOUN

=2 (4.6)
pe
AcTpodusnueckne HaONIOHEHUST 34  CBETSAIIUMUCS

9aCTSIMH TaJAKTHK JAIOT 3HaYeHHe Qg = 0,01, T.e. 6apron-
HOW MaTepHy BUIUMBIX 3Be3]] Ha JIBa MMOPSIIKA MEHbIIE /IS
TOTO, YTOOBI UCKITFOYATH OECKOHEUHOE paciiupeHue Beenen-
HOW.

Hpyrasi rpynmna HaOJFONATEIbHBIX TAHHBIX CBS3aHA C
OTpeIeNICHNEeM IPaBUTAMOHHOM MacChl CIUPAJIbHBIX TaJlak-
THK HA OCHOBE JMHAMUKH MX BPAIATeJIbHOTO IBIKCHUS [74].
3HaueHNs OpOUTANIBLHBIX CKOpPOCTed OOBEKTOB, HAXO[s-
LIUXCS 3a MpelesiaMU TAaKHUX TaJaKTUK, B MPEIIOIOKCHIH
KOMIIAKTHOTO IIEHTpa MpUTsDKeHust ¢ Maccoil M(R), cocpe-
JTOTOYEHHOTO BHYTpH chepsl paauyca R, TODKHBI yOBIBATH C
paccTosiHuEM:

> _ GNM(R)

= 2 .
OpnHako HaOJIFOJAeMBIH CIEKTP M3JIYyYeHUs, ONpeiesIsseMbli
JIOTLIEPOBCKUM CMEIICHUEM CIIEKTPAJIbHBIX JIMHUN OKpY-
XKAKOUIIErO TaJIAKTHKU BOJOPOJa, MPUBOAUT K HE 3aBHUCS-
meMy oT R 3HaueHuro V' = const. [lnockast kpuBas Bpalie-
HUS TOAPA3yMEBAET MOJIHYIO MACCy

M = GN'V?R,

v (4.7)

(4.8)

YTO IPUMEPHO HA

V kM e\ ?
1"
10 M<,< o )

R [knc ]
10

MPEBOCXOIUT BUAMMYIO Maccy.

Januble O aucnepcuy CKOPOCTEH TPYII U CKOIUJICHHM
rajgakTuK [75] KOppeaupyroT ¢ JAHHBIMU 00 AYMUCCUU PEHT-
TEHOBCKOTO U3JTyUEHHS TOPSYEro ra3a, HaXOASIIerocs B 9TUX
CKOIJIeHUsIX [76], W COOTBETCTBYIOT TI'DAaBUTAIMOHHOMY
HNOTEHIMAIY U HOJIHOM rajlakTHYecKoll Macce, Ha MOPSIOK
TIPEBBIIIAIOIICH CYMMAaPHYIO MACCy TaIaKTHK U ra3a. UToObl
COTJIACOBATDH JAaHHBIC HAOJIFOICHUIA, HEOOXO0IMMO TIPEINOJI0-
KUTb CYIIECTBOBAHUE HECBETSIIETOCs BEIIECTBA, CKOHIICHT-
PUPOBAHHOTO HA MepUPEPUN TATAKTUK U X CKOIUICHHH, CO
CcpeaHel MIIOTHOCTBIO

Q)~02-04. (4.9)

Pacuer miotHOCTH OapuMOHHOW MaTEepUM HA OCHOBE
TemIna paciuupenust BeeseHHON BO BpeMsl HyKJIEOCHHTE3A, a
TaK)Xe CpaBHEHHE pacueTHON 1 HabyrogaemMoil pacinpocrpa-
HEHHOCTEN PEJIMKTOBBIX sJIEP BOAOPOIA U U30TONOB He u
4He npuBOIAT K 3HAYEHHUIO IUIOTHOCTH GaproOHOB [77]

Poar = (2,82£0,94) x 107" 1 em (4.10)

4TO COCTABJISIET TOJIBKO OKOJIO 6 % KPUTHUYECKOH INIOTHOCTH:

Qbar = (0,06 £0,02) 2. (4.11)

[TpeBblitienne Qy Hag Oy, TOBOPUT O TOM, UYTO OOJIbIIAS
4acTh Macchl BcesieHHOW CKOHIIGHTpHpOBaHA B HECBETS-
1eMcsl BelecTBe. Bpsit i MOXKET CyIIeCTBOBATH 3HAUUTEIb-
HO€ KOJIMYECTBO HEBUAUMOIO OApHOHHOTO BEIIECTBA, U OHO
HE MOXKET JaBaTh OOJIBIIIOT O BKJIA/1a B TEMHYIO MaTeputo [78]
Bo BcenreHHoi, 4TOOBI 0OectieunTh 3HaueHne Q = 1. Haun6o-
Jiee BEpOSITHBIM KaHAMIATOM Ha TEMHYIO MaTEPHIO SIBJISIETCS
MAacCHUBHOE HEUTPUHO.

3HaveHre MacChl HEUTPUHO MOXKHO TOJYYUTH U3 KOCMO-
JIOTHYECKUX COOOpaXKEeHUH, CBSI3aHHBIX C TOPSUEi MOJIEIIbIO
Bcesennoii [79], npuBiiekast JaHHbIE COBPEMEHHBIX acTpodu-
3MYEeCKUX HAOJIOJCHUHA 3a TUIOTHOCTBIO BEIIECTBA U CIIEKT-
POM MHUKPOBOJIHOBOTO (hOHOBOro u3JydeHUsl. BrepBble
TaKOM MoJIX0/1 ObLIT peain30BaH B padboTe [80], rae mosryueHa
BEpXHSSl OLEHKA MAacchl IOKOSI MIOOHHOTO HEHTPHHO
m, < 400 5B c¢~2. 3aTteM mosaBmiCA AL PabOT, HOCBAIIEH-
HBIX KJIFOUEBOI POJIM PEIMKTOBBIX HEUTPUHO B OOpa30BAHUU
CKOTUICHHUM TaJIAKTUK U UX CKphITOU Macce [81, 82].

Ha pannux cragusix pacummpenus: ropsiueit Beenennoit
HEUTPUHO HAXOAMUJIOCH B TEPMOAMHAMHUYECKOM PaBHOBECHU
¢ hoTOHAMHU, NIEKTPOHAMHU, KBAPKAMH U UX AHTUYACTUIIAMU.
DTO MO3BOJISIET PACCUMTHIBATH BCE ApaMETPBI pacipeeie-
HUS HEUTPUHO B HACTOSIIYyIO 310Xy. [ImoTHOCTH umcia
YaCTHIl B pagualoHHOW BceneHHoil cBsi3aHa ¢ TeMmnepary-
po#t popmyJioit u3yyeHus yepHoro reia [83]:

x2dx

;1™ 3
n:(kT)‘z—nzL E:)(p(x)l(zb:ngrélzf:gf), (4.12)
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— ¢yukiust PumaHna, g, U gr — YHCIO COOTBETCTBCHHO  OTPAHUYCHHUE CBEPXY:

0O30HHBIX M (PEPMUOHHBIX CTENEHEeil CBOOOBI COCTOSIHUMN 2

crimpaibaocty). s poToHHOTO Ta3za g, = 2, a it HeT- 27" m; [3B] < 91,8 7%, (4.22)
i

PUHO MalOpPaHOBCKOI'O M JIMPAKOBCKOTO THUIIOB COOTBET-
CTBEHHO gf = 2 1 4. CBSI3b IJIOTHOCTH SHEPTUH C JABJICHUEM
ONUCBIBAETCS YPABHEHUEM YJIbTPAPEISATUBUCTCKOIO TOps-
4ero ras3a 4acTull:

2
oy ey 7
p73p730(kT) {Eb gb+8§f gf}.

st GOTOHOB IpH TEMIIEPATYPE PEIUKTOBOT O U3JTyYESHUS

(4.13)

Ty = 2,726 + 0,005 K, (4.14)

npenn3noHHo u3mMepenHo Ha cnytauke COBE [84], 3naue-
HUE IJIOTHOCTH B HACTOsIIIIEe BpeMs corjiacHo (4.12) ecthb

2
n, = i(f) (kTo)® ~ 411 em™3 (4.15)
a COOTBETCTBYIOIIAS INIOTHOCTD 3Hepruu u3 (4.13)
p, =465x10*r cMm* =0269B cm (4.16)

YTO HA MSTh MOPSAKOB MEHbIIIE KPUTHUECKOHN MIIOTHOCTH.
AHAJOTMYHO MOXXHO TMOJIYYUTh 3HAYEHHE IUIOTHOCTHU
PEeJIMKTOBBIX HEUTPUHO. B paBHOBECHH C M3JTy4YeHUEM OTHO-
IIeHWEe TUIOTHOCTA MAaHOpPAHOBCKUX HEUTPUHO KaXIOTO
apoMarta ny, ¥ iy B COOTBETCTBHU C (4.12) paBHO
ny, 3

== 4.1
= (4.17)

DTO OTHOLLIEHUE COXPAHSIETCS HEM3MEHHBIM U MOCJIE BHIXOAA
HEUTPUHO U3 TEPMOJMHAMMYECKOIO PABHOBECUS BIUIOTH 10
snavenuit kT, ~ 0,2m.c?, korga Bo BcejeHHON Hadaya
MPOUCXOIUTHh €'e -aHHUTUIsAnus, HAarpesmiasi GOHOBOE
m3nyuenue. CoxpaHeHue MOJHOW 3HTponuu BcesieHHOU
IPUBOJIUT K YBEJIMYEHUIO YUcIa GOTOHOB B €IUHUIIE 00bEMA
MIPH MIOCTOSIHHOM IJIOTHOCTU HEUTPUHO HA (pakTOop

LT,
g T4
Torzla COBpeMCHHaﬂ IIJIOTHOCTBb HOJIsA KaXI0To apOMaTa

MailopaHOBCKUX HEUTPUHO JOJKHA COCTABIISTH

(4.18)

3(T,\° 3 _
("“’)M:Z<TVY> my =7 My = 115 om 3, (4.19)
a ISl TUPAKOBCKUX HEUTPUHO
6 -3
(nv)p =1y 2230 c™m . (4.20)

11

Hepexoz[ﬂ K COOCTBEHHBIM HeﬁTpHHHBIM MaCCOBbIM
COCTOSAHUSAM, IINIOTHOCTH 3HEPTHUU HCfITpPIHO MOXHO 3aIlu-
CaThb B BUJIC

3 8v; 31 8vi
= G m =2 10T S B (820

Ecnu mpenmosioxuth, 4TO HEAOCTATOK BelecTBa Bo Bce-
JIEHHON no 3HaveHus 2 = 1 cBsA3aH ¢ MACCUBHBLIMH HEWT-
puHo, 1o u3 (4.5) u (4.21) nust Maccel HEUTPUHO ClIEAYET

B ciyyae nepapxum HEUTPUHHBIX MACC My, 3> My, > My,
OCHOBHO BKJIAJl B TEMHYIO MATEPHIO TAeT Tay-HEUTPHHO CO
3HaueHueMm m, =23 3B ma h=0,5 u m,, = 91,8 3B na
h = 1. TIpeqnoyTUTEILHOE C KOCMOJIOTHYECKOI TOUYKH 3pe-
Husl 3HaueHue m,_ =~ 30 3B xopolo cornacyercst ¢ npeacka-
sanusmu Mogenelt "flipped see-saw". DTo 3HaUeHME MACChI
npH /1 = 5 COOTBETCTBYET BO3pacTy BcesneHHOi

1 (! Q)\ '
fo :FJ (1 —-Q +—) dx > 13 x 10° ner, (4.23)
0Jo X

4TO HE MPOTUBOPEUUT OLIEHKAM BO3pacTa HauboJiee CTaphIx
3Be3/l B 3BE3IHBIX CKOIIeHHAX (fo = (14—16) x 10° net) n
TAaHHBIM SIIEPHOU KOcMOXpoHoorun. M3ydyenue coBpemMeH-
HOTIO M30TOMHOIO COCTABA YpaHa JAET OIEHKY fo > 8 x 107
Jet [85], a mccaenoBaHue paaMoakTUBHOTO paciajga peHus B
ocMmuit aet 3Havenne o >(11-18)x 10° ner [86].

PaccMoTpuM Tenepb KOCMOJIOTUYECKYIO POJIb HEUTPUHO
B (DOPMHPOBAHNM KPYITHOMACIITAOHO! CTPYKTYpbl Beesen-
Hoit. Cpenyt paboT, HOCBAIICHHBIX 3TUM BOIIPOCAM, OTMETHM
0030psI [87—-91].

Oposronsi  BeeneHHOM, ommchbIBaeMOll  ypaBHEHHEM
COCTOSIHUSL TOPSIYETO YJIbTPAPEIITUBUCTCKOTO Ira3a YacTHIL
(poTOHOB, 3JIEKTPOHOB, HEUTPUHO, KBAPKOB U HMX aHTHYa-
CTHIL) C JaBJeHUEM p = p/3, NPUBOJUT K 3HAYCHHUSIM Mac-
mrabHoro akTopa

)
[dﬁgtq ~1. (4.24)
N3 ypaBuenus (4.2) cnenyet
)
R dr

1 11 TOTO YTOOBI COBPEMEHHOE 3HAUCHHE {2 HAXOAMJIOCH B
WHTEpBaJIe

0,1<0Q<2, (4.26)

HEOOX0MMO TOTPeOOBAThL HA PAHHEH CTAJMU 3BOJIFOLIUU
ropsiueit BeceeHHO BBITIOJTHEHUS HEPABEHCTBA

0759 % .

Q-1 <107 o3

(4.27)

IIpu remmepatype T ~ Mp B IIIAaHKOBCKHII MOMEHT BPEMEHH
tp ~ M3> w Bcenennas MoJokHA ObLIa UMETH IUIOTHOCTD
OJIM3KYIO K KPUTHYECKOU C TOUHOCTBIO

ﬁ—1‘<10*59.

C

Q-1 = (4.28)

Hawubonee npocto peanmusyercs cieHapuii npu 2 = 1, Tax
KaK B 9TOM CJIyuae BeJIMunMHa 2 oCTaeTcsl paBHOU €MHUIIE B
Te4eHHE BCET0 BpeMeHH 3Boitoliuu Beenennoil. ITpubimken-
HOE K€ PaBEHCTBO B COBPEMEHHYIO 310Xy £ ~ | moapa3yme-
BaeT, corjiacHo (4.28), COOTBETCTBUE KPUTHUYECKOW TIIOTHO-
CTH Ha MJIAHKOBCKMX MaciiTabax ¢ TouHoCcTbio 1077,
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Perienne 3Toil npo6semMbl ObLIO HaMIEHO B MH(IISIIIMOHHBIX
Moensix BeeseHHOM, B KOTOPBIX MPEIoIaraeTcs CyIecTBO-
BaHUE HA PAHHHUX CTA/MSX IBOJIIOIHU HEYCTOWIMBOTO BAKy-
YMOTIOTOOHOT O COCTOSIHUS C OOJIBIION IUIOTHOCTHIO SHEPTHU
p=—p [92-95]. U3 (4.2) B 3TOM ciyyae mpu OOJIBIINX
BpEMEHAX CJIeIyeT SKCIOTEHIMATIbHBIN XapakTep paciiupe-
HUSI — pa3ayBaHusi BceneHHOI:

a(t) = ap exp (JZ H(t) dt) , (4.29)

0

KOTOPBIN COXpaHsieTCsl 10 TOTO MOMEHTA, MOKAa JHEprus
BaKkyyMa IEJIUKOM HE MepeiaeT B TEMJIOBYIO JHEPTHIO.
Pazorperas no BeIcOkmxX Temmepatyp BcelleHHast ¢ 3TOTO
BPEMEHH OTHCHIBACTCS OOBIYHOM TEOPHE 3BOFOIUN.

B sBosmronin HelTpuHHON BeesleHHOM MOXHO BBIAEIUTH
HECKOJIbKO XapaKTEepHBbIX MAacIITa00B, ONpeaesIFoIINX
pa3Butue Bo3myieHui. [TepBbIit 13 HUX HAPSIMYIO 3aBUCUT
OT MAacChl HEUTPUHO W B MOMEHT BpEeMEHHU ! = t, TpH
3kT, = myc?, XOTAa HEHTPUHO CTAHOBSTCS HEPEISTUBUCT-
CKHMMH, OTpeessieT MaciuTab ropus3onta Ry (ty) =~ 2¢t. o
MOMEHTA ¢ < t, HEUTPUHO HEPEJISITUBUCTCKUE, U BO3MYIIIE-
HUs Ha OOJIBIIKMX MacIITabax BO3PACTAIOT MO 3aKOHY

)
Pt (4.30)
p
['paHUIy MeX Ty OOJIBITIMHI M MaJIBIMHA MacIITa0aMHu OTpe-
nensieT MaciTab JxuHca

(4.31)

KOTOPBI GJIM30K K MacITaby ropu3oHTa Ry (ty). Elie oun
XapaKTepHBIit MacITab CBs3aH C MOMEHTOM PaBHOBECHS feq,
KOrjla MaTepus U U3JIy4YeHHE MMEIOT OJUHAKOBYIO ILIOT-
HOCTb. IIpH > fq MIOTHOCTb HEUTPUHO p, HAYMHAET
NPEBBLIIATL IUIOTHOCTL U3JIYyYEHHUsl, U C 3TOrO MOMEHTA
BPEMEHN UMEHHO HEATPUHO HAYMHAET OMPENEATH OOLIee
PpACILIMPEHUE ¥ IBOJIFOLMIO HEOAHOPOJHOCTEH 10 3aKOHY
2

LIS (4.32)
p 1+ Z
rjae Z — KpacHOE CMELIECHHE, ONPEIEIIIEMOE COOTHOIIIEHUEM
MEXTy JUIMHAME BOJIH UCIYILIEHHOTO 4| U 3apEruCTPUPOBAH-
HOTO /) CBETA:

"

1+z="2, (4.33)
1

~

HeiiTpruHo BBIXOIST 32 TOPU3OHT MPAKTUYECKU B MOMEHT
paBHOBecHSl, YTO B JIMHEMHOW TEOpPUM T'PaABUTALMOHHOU
HEYCTOWYHUBOCTH OIpE/IeIsieT eCTeCTBEHHBIN MaciiTab 3aTy-
XaHUs HEUTPUHHBIX BO3MYIIEHUH R, KOTOPBI MOXXHO BbIpA-
3UThb Yepe3 Maccy JxuHca:

M

M;=p,R="L =10 M,
J pv v m\z/ ®

my
30 [3B]. (4.34)
Macca [Ixunca (4.34) cOOTBETCTBYeT MaccaM KpyImHOMac-
mTabHBIX CTPYKTYp BO BcesneHHOW — cymepkiiactepam
raJaKTHK.

DBOJIFOIMS BO3MYILEHUH, MacTad KOTOPBIX CYIIECT-
BEHHO TpeBblmaeT Macmrab [xunca (M > Mj), onmcel-

BAaeTCs HEJIMHENHON Teopued I'paBUTALMOHHONW HEYCTOWYM-
BocTHu [96] u ompenensier oOpa3oBaHUe CTPYKTYphl Beenen-
HOI1, 3aITOJIHEHHOM KaK MAaCCUBHBIMH, TaK M 0€3MacCOBBLIMU
HEUTPUHO. DBOJIIOIMS BO3MYIICHUI IJIOTHOCTH, BO3pa-
CTAIOIIHX 110 3aKOHY (4.32), MOXeT OBITh omnucaHa MpHOJIH-
KCHHBIM HEJIMHEHHBIM PEIICHAEM B BHJEC 3aBUCHMOCTH
9IJIEPOBBIX KOOPAMHAT YACTHIL 7; OT JIAIPAHXKEBBIX KOOPIH-
HAT ¢; ¥ BPEMEHU:

r(a,0) = (1-2)"[¢; — B(Z)Si(a)] (4.35)
3nece MHOXHUTENb (1 — Z)f1 — Bo3pacTaromas (HyHKIUs
BPEMEHH, OIpeAesistolasi odiee pacimperne BceleHHOH,
B(Z) — Bo3pacraromast (yHKIHsI BpeMEHH, ONMUCHIBAIOIIAs]
pocT Bo3MYyIlleHHi, a S;(q) — MOTEHIMaJbHOE BEKTOPHOE
moJie, 3aJarolllee HaYaIbHOE BO3MYIIICHUE B BUIEC (DYHKIIUU
JIarpaHXeBbIX KoopauHat. Pemienue (4.35) mpeackasbiBaeT
00pa3oBaHue CHIILHO CILTIOLIEHHBIX O0JIAKOB CXAaTOr'0 ra3a u
neiitpuno B Buzae "Omunos". Helitpunnsie "6auun" obpa-
3YIOTCSI OJTHOBPEMEHHO C Ta30BBIMH U IMEFOT TPAHUILY B BUJIE
KayCTHKH — TIOBEPXHOCTU OECKOHEYHOU IIoTHOCTH. Takas
rpanuna "GauHA" pasMbIBacTCS BCJIEACTBHE HAYaJIbHOTO
TEIJIOBOI'O pa3dpoca CKOpocTel HEUTPUHO, YTO OTPAHUYH-
BaeT MaKCHUMAaJIbHYIO ILIOTHOCTH HA YpOBHE [97]

Pmax ~ (10720)<pv> . (436)
CtpykTypa HeUTpuHHOI BeesieHHOI onpeaessieTcs euH-
CTBEHHBIM MaJIbIM IapaMeTPOM — aMIUIMTY0H BO3MYyIlle-
HUS MeTpukH h, ~ 10~*. DToT mapameTp, cormacuo ypas-
HEHHIO COCTOSIHHS HEHTPHHHOTO Ta3a p o< p2, OrpAaHUYABAET
JIOCTUKUMYIO TUIOTHOCTh HEUTPHUHO B MOMEHT 00pa30BaHMs
OJmHa [98]:
~ h7]/3

~

pmax A% (437)
B nesiom, HenuHelHas cTalusl 3BOJIIOLUMK BO3MYILIECHUI
omnpenessieT CTpykTypy Beesnennoit B Bume "6imHoB" rasa u
HEUTPUHO ¢ MaccaMHM M pa3MepaMi, COOTBETCTBYIOLIMMU
cynepkiactepaM [ amakTuk.

Taxum o00pa3zom, HeHTpuHO ¢ Maccoit m, =~ 30 3B
XOPOLIIO ONPEIEIISIOT TUIINYHYIO CTPYKTYPY Ha Maciiradax,
cootBeTcTBYIOIMUX (4.34), a pparMeHTanms CynepkiIacTepoB
B TJIAKTUKY IPOUCXOAUT IPU BpallEeHUH OCIIETHMX.

Muadopmanuro o ciekTpe BO3MYIIEHUH IJIOTHOCTH HENT-
PUHO MOKHO TOJIYYUTh U3 Pe3yJIbTATOB H3MEPEHHS KPYITHO-
MacmTabHoi MoIbl (GAYKTyanuid TeMIepaTypbl PEIUKTO-
BOro m3iyueHus. PexomOuHanus Bomopoaa Bo BcenenHoit
npu T ~ (3—4) x 103 K npuBoUT K NMpeKpallieHuIo B3auMO-
NEACTBUSL U3JIYUCHHUS] M BELLECTBA, OJHAKO B HEUTPUHHOMN
BcesieHHO# ¢ HU3KOH TUIOTHOCThEO GAPUOHOB 3TOT MPOIECC
MPOTEKAET OYEeHb MEJICHHO M YMEHbIIAeT (IIYKTyaluu
TeMIepaTypbl PEeIUKTOBOro m3iyyenus [91], koTopsle npu
COBpeMEHHOI  CTpykType Bcenennoit B MacmTabax
~ 100 Muc siBi1sitoTC MUHUMAaJIbHBIMU. MI3MepeHus B 3kcIie-
pumente Ha cnytHuke COBE kBanpynoJibHOW MOJBI B
AQHU30TPONHHU PEJIMKTOBOTO U3JIyYCHUs, KOTOpasl He CBsI3aHA
¢ neumxenneM CoiHna, 3eMJIM U CaMOTO CHYTHHKA, JArOT
3Havyenwue [99]

0=17x10"° K. (4.38)

Eciu OTKJIOHEHHE CIEKTpa PEJMKTOBOTO HU3JIyYEHHUS OT
PaBHOBECHOI'O TEILIOBOIO PACIpPEAEIEHUsI C TeEMIEepaTypoi
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(4.14) cBsI3aHO C TPABUTAIMOHHBIM BJIMSIHUEM HEOIHOPO/I-
HOCTEW HEUTPUHHOU KOMIIOHEHTHI B BUJI€ MACCUBHBIX HEUT-
PUHO, TO MOXXHO PACCUMTATh MHBAPUAHTHYIO aMILTATYy B
CIEKTPEe BO3MYIIEHHIA B pa3JINYHbIE MOMEHTBI BpeMEHH, YTO
wutrocTpupyet puc. 1 [33].

Ha wmacmrabax ropu3oHTa BO3MYIIEHUS IUIOTHOCTHU
AMEIOT 3HAUYCHNE

().-35-

= Z=215%x1073.
p 25 T

(4.39)

AMIUIATYIa 3THX BO3MYIIEHU BO3pPACTAET B TEUYCHUE
3MOXU JOMUHUPOBAHUS MaTepuu coryiacHo (4.32) Ha (ak-
Top (1 + Zeq), Zeq = 2,77 10*h> — kpacHOe cMelleHne B
MOMeHT paBHOBecHsi. ClleIOBaTeNIbHO, HAa JHKAHCOBCKUX
macmrTadbax B 3MOXy (HOPMHPOBAHUS KPYMHOMACHITAOHON
CTPYKTYPHI € Zp =~ 3 — 5 3HaUCHUE

(5p> 06 2
p Zs 1+ 7

BCErJa MEHbIIE eIUHUIIbI.

Taxum 00pa3om, Kak HU NPUBJIEKATEIbHA MOJIENb FOPsi-
yeit TemHoit Matepun (HDM) [100], mokpeiBaromasi HemIo-
cTaToK IIoTHOocTH BceeneHHol no 3HaueHus 2 = 1 B Buue
MAacCCHUBHBIX HEHTpHUHO ¢ Maccolt m, ~ 305B[101, 102], ona He
obecrieunBaeT HEOOXOIMMOM aMILJIUTYAbI JJIs1 HaYajla HeJIu-
HEWHOW CTaJuU 3BOJIFOLUU, YTOOBI CIIEKTP BO3MYIICHUN B
HACTOSIIIIYIO 3TOXY ObLT COTJIACOBAH C IKCIIEPUMEHTAIbHBIMHU
nanabiMu COBE [99]. UckyccTBeHHOE yBesnveHUE aMILIH-
TYIIbI BO3MYIICHUIA ITyTeM BBEICHUS BO3MYIIIEHHIA TOCTOSIH-
HOW KPUBH3HBI B BHAC KocMmueckux ctpyH [103, 104]
npobjieMy He pellaer, Tak Kak J00aBKA B aMIUIATYAY
He3HAYUTENbHBI. PauKanbHbI MYTh YBEIMYUTD AMIUIUTYAY
B (4.40) cocTOUT B BBEJACHUU XOJIOAHOW TEMHOW MaTepuu
(CDM). Yactunsr — kanauaatel Ha CDM uMeroT MecTo B
MHHUMAJIbHON CYIIEPCUMMETPHYHON CTaHIApTHON MOJEN
(MSSM): HeliTpainHO, aKCUOH M akcuHO. OIHAKO 4HCcTast
CDM Takxe He OOBSCHSIET CIEKTPhl BO3MYILEHUH, Tak KaKk
kpuBass Ha puc. 1 mugs CDM He MOXeT OJHOBPEMEHHO
(utupoBaTh HAOMIOJCHUS HA OOJIBIIUX M MAJBIX JJIMHAX
BoJiH, moiyueHHbIXx Ha cmytHmkax COBE wm IRAS [105].
Haunnyumiee corjiacme ¢ 3KCIEpUMEHTAJIbHBIMU JAHHBIMU

(4.40)

10'2 1015 1018 M/Mg
1 T T TTTTTT T T T TTTTIT T T T TTTTIT T T T TTTTT
0k 2
Tt
<
=
R
-3
—4 L1l Ll L1l T B B
107! 1 10 10? 103
A, Mic
Puc. 1. CriekTp BO3MYIIEHHI B HACTOSIIYIO 3110XY, HOPMHPOBAHHBIIA B
coorBercTBuH ¢ JaHHbIMEH COBE: / — kpuBas mis ropsideil TeMHOM
MaTepUM B BUAE HEUTpPUHO, 2 — I XOJIOAHOM TEMHOH MaTepuw.

MakcuMyM aMIUIMTYAbl Uil TOpSiYell TEMHOM MaTepuu COCTaBJISIET
dp/p ~ 0,1, 4TO MeHbIIe, YeM HEOOXOMUMO Ul Hayasa HeIMHEHHOU
craauu 3BoJironmu [33].

JIaeT CIEKTP BO3MYIICHW, pACCUUTAHHBIK B paMKax
mozaeru MDM (Mixed Dark Matter) [106] co 3HauYeHuEM
mioTHocTed Qcpm = 0,69, Qupm = 0,3 1 Q. = 0,01, xorma
XOJIOIHASI MATEPUSI COCTOUT M3 HEUTPAJIMHO, & Topsiyas — U3
HeUTpuHO (BeposiTHee Bcero, v, ) [107]. Temeps B cooTBeT-
cTBUHM ¢ ypaBHeHHeM (4.22) [33]

my
91,8

u, CJICJOBATCJILHO, HamboJiece TOYHOE Ha CEerOHSIIHUN NEHb
KOCMOJIOTHYECKOC OT'PAHUYICHUC [1J1s1 MaCChl HCﬁTpHHO €CTh

= Q.1 (4.41)

my=7 3B mms Q,=03 u h=0,5. (4.42)

5. DkcnepuMeHTAIbHOE ONpe/ie/IeHHe
Macchbl Heli TPHHO

5.1. KunemaTu4yeckuii aHam3 cj1adbIX pacnajioB
JJ1st i3MepeHust MacChl 3JIEKTPOHHOTO HEUTPHHO (TOYHEE, Ve )
HanboJiee YyBCTBUTEJIBbHBIM METOIOM SIBJISICTCS BOCCTAHO-
BJIeHHE (OPMBI IHEPTETUYECKOTO CIEKTpa 3JEKTPOHOB
BOJIM3U KOHEYHOM TOUKHU B OeTa-pachajie TPUTHS:

H —*He + e~ + V.. (5.1)

ITpermMyIecTBOM HUCIOJIb30BAHUSI TPUTHUS SIBJISIETCS MaJioe
SHeprosuiAesenne B peakun (5.1): ET ~ 18,6 kaB. Dkcrne-
pUMEHTAJIbHBIE JaHHbIE OOBIYHO TPEACTABISIOTCS B BHUJC
JINHEAPU30BAHHOTO CIIEKTPa, Ha3bIBaeMoro miotTom Kropu:

dN 1 12
K<Ee>:[d—m7PzF<Ee>] ~

— Ec)l/2 [(Elenax _ Ec)2 _ m26]1/47

V

2

(Emax (5.2)
rie F(E.) — KyJIOHOBCKHH OTTaJIKUBArOIuUiA pakTop, a P. 1
E. — umnynibe u 3HEprus 3J1eKTpoHa. B Takom mpencrasie-
HUU IS HYJIEBOH Macchbl HEUTpUHO cnekTp (5.2) oxaH4H-
BaeTCs MpsIMOii JIMHUEH, a B ciryuae m, # (0 KpuBas cekTpa
AMEET BEPTHKAJIBHYIO TAHTCHIHAIbHYIO COCTABJISIOLIYIO.
OcHOBHasI TPYAHOCTH METOAA 3AKJIIOYAETCS B TOM, 4TO
TPUTUH COJIEPKUTCSA B MOJIEKYJSPHBIX COCIUHEHUSIX U
CTPYKTYypa pe3yJIbTUPYIOIIET0 CIEKTPa UCKaXXaeTCs MOJIEKY-
JISIPHBIMU BO30YXXJIEHUSIMU C THIOUYHBIM MacmrTabom
~ 10 3B, KOTOpBIE TPYIHO HAIEKHO PACCUATATE.

IlepBoie pe3yabTaThl, OJMyYeHHBIE Tpynmnoii bepksucra
Ha MArHUTHOM [3-CIIEKTpOMETpe M TOHKOW Al-muinieHH ¢
UMIUIAHTUPOBAHHBIM MOJIEKYJISIpHBIM TpuTueM [108], cora-
COBBIBJIHCH ¢ (POPMOIL CHEKTpa ISl HYJIEBOI Macchl HEHWT-
puHo. 3ateMm mocienoBai psg pabot rpynnsl UTO® non
pykoBoacTBOM JIroOMMOBA, B KOTOPBIX Ha TOPOUIAIBEHOM
CHEKTPOMETPE C ICTOYHMKOM B BHJI€ TOHKOH IJICHKH TPUTH-
poBanHoro BaymHa (CsH;iNO;) momydeHBsl 9KCmepH-
MEHTAJIbHbIE yKa3aHUsl Ha HEHYJIEBYIO Maccy HEUTPHHO
[109, 110] B unTepBane ot 17 no 40 3B. OnHako skcnepu-
MEHTBI, TPOBEICHHbIE APYTUMHU I'PYNIIAMHU, HE TOATBEP NN
9TOT pe3yabTaT. Tak, B YaCTHOCTH, Ha CIEKTPOMETpE,
AHAJIOTHYHOM HCIOJIb30BaBIIeMYCsl JIFOOMMOBBIM C COTPYI-
Hukamu, rpymmnoit Kronaura B L{ropuxe moTydeHbl pe3yJib-
Tathl (my, < 18 3B) [111], HaxXoasmHKECS B IPOTUBOPEUHN C
nanabivu [109, 110]. TTocnenHue naHHBIE IO ONPEACIICHUIO
MACCHI V, 13 B-pacnana *H UIMEIOT yCTOWYNBYIO TEHIEHIINIO K
CHIDKEHUIO BEpXHel rpanunsl: my, < 13,13B[112], < 11,72B
[113], <9,3 3B [l114], <7,2 »B [115]. Haunyumee na
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CEeroAHSIIIHUNA JeHb OTpaHUYEHUE, MOCTABJIEHHOE TPYMNIOi
Jlob6amesa (r. Tpounk) cocraBiusiet my, < 4,5 3B [29, 30].
IIpenen ajst Macchl MEOOHHOTO HEUTPUHO MOYKHO TOJIY-
YUTh M3 AHAJIM3d KMHEMAaTHKH pacmaga nf — pt 4 v,
M3mepsis UMITyJIbC MIOOHOB B TAKOM pacIajie, KOrja Mmy4yoK
MHOHOB OCTAHABJIMBAETCS B MUILIEHH, MOXXHO OLIEHUTH MacCy

Vi
2 2 2 002 2
my = my +ny 2nmiy my; + Pu .

Hawtyuriast oneHKa Macchl MEOOHHOTO HEHTPHUHO MOJIyUeHa
B pabote [31] u cocrasnset my,, < 160 x3B.

OrpaHuveHrss Ha MacCy T-HCUTPHUHO IIOJIYYCHBI MPH
BOCCTAHOBJICHUW HEHTPHHHOTO JHEPTeTHYECKOTO CHEKTPa
(popma KOTOpOro UyBCTBUTEIHHA K MACCE B HU3KOIHEPT €TH-
YeCKO# 00JIaCTH) U3 KUHEMATHKH HAOJIFOIaeMbIX MHOHHBIX
MOJ pacmajia T-JenToHa. Hawrydmnme orpaHWYeHHs IIOJY-
yenbl rpynnoit ARGUS B DESY npu anamusze Mojbl
17— 3n 2t v, (my, < 31 MaB [116]), rpymmoit CLEO na
yckoputene CESR  mpm  amamm3ze Moa — pacmnaga
17— 3n 2nt v ut — 2nnt2nlv, (my, < 32,6 MaB [117])
urpynnoit ALEPH na yckopurene LEP (m,, < 29 MaB [32]).

(5.3)

5.2. Be3HeliTpHHHBII BOIiHON OeTa-pacnajx

Hanuune HeHyneBOW MallOpaHOBCKOW Macchl HEUTPHUHO
JTIOJDKHO TIPUBOJUTH C OTJIMYHON OT HYJISI BEPOSITHOCTBIO K
JIBOWHOMY GesHedTpunHoMy PB-pacmany (2B(0v)) snmep,
coJiepkalux Z NpoToHOB U A = Z + N HYKJIOHOB:

(4,Z) = (A, Z+2) +e +e . (5.4)
Be3HelTpuHHBINA TBOWHOW P-pacnajy — 3TO €IWHCTBEHHBIN
MPOIIECC, UCCIIEAYsl KOTOPBI MOXHO OOHAPYXKUTH MPUPOILY
(aupakoBcKkasi WJIM MalopaHOBCKas)) HEUTPUHHOW MAacCCHI.
Teopus 3TOro mporecca IeTajJbHO PACCMOTpPEHa B JIUTEpa-
Type, Cpeau KOTOPOW MOXHO BBIAEIUTH 0030phI [50,
118, 119]. Beposarnocts pacnaza (5.4) onpenesisieTcsi COOTHO-
meHuem [120]

2
: (5.5)

W ’Z niUii my,
i

rae 1; = £1 — coOcTBeHHbIEe 3HAa4YeHHs onepatopa CP, T.e.
COOCTBEHHbIE 3HA4YeHHs MaHOPAHOBCKHUX TOJeH, a m,, —
cOoOCTBEHHOE MAcCOBOE COCTOSIHUE HEUTpuHO. OrpaHuveHue
Ha Maccy HEWTPUHO, CIEAYIOIIee U3 aHAIN3a BBIXOJA MPO-
1IECCOB OE3HEHTPUHHOTO JJBOWHOTO B-pacnaja, KoppeaupyeT
CO 3HAYCHUEM BEJTUYUHBI

n
§ : 2
Um'm\’:
i

DKCIEPUMEHTAIBHOE U3YyYeHre Oe3HeUTPpUHHOTrO 2f3-pac-
na/ia sBJISETCS YPE3BLIYANHO CJIOKHOM 3a1a9€l, TAK KaK eCIIn
2B(0v)-pacma CyIIecTBYET, TO €ro MEePHOJ IOJIypacmaia
coctapisieT He MeHee 102! —10%2 neT, a xapakTepHbIE 3HeEp-
TUU MIPOJIYKTOB pacmaja He MPEeBHIIaloT HecKoJIbKkuX MaB. B
KOCBEHHBIX 3KCIIEPUMEHTAX MOXHO OIPEIEIUTL IEPUO]]
MOJIyPACIIaa U30TOMOB, COJIEPKAIIUXCS B TOPHBIX OPOIAX
(Te'39, Tel?8 Sed?), koTopsle npu aBONWHOM B-pacnaje nepe-
XomaT cooTBeTcTBeHHO B Xe!'30, Xel!?8, Kr82, Cpasnusas
9KCIIEPUMEHTANILHOE 3HAYECHHUE C TEOPETHYECKUMHE TIPEICKa-
3aHUSIMH, MOXHO OLECHUTH BeposiTHOCTH 2B(0v)-pacmana.
HeonpeeileHHOCTH, CBS3AHHBIE C OLEHKON SIJIEPHOrO MAT-

(my) = (5.6)

PUYHOTO 3JIEMEHTA, He MO3BOJISIOT CIEeNIAaTh OTHO3HAYHBIN
BBIBOJI 00 OTJIMYHOM OT HYJISl 3HAYEHUU MaWOPaAHOBCKOU
Macchl HeWTpuHO [121]. B mpsMBIX 3KcniepuMeEHTax OrpaHH-
YeHHUs] HA MacCy MallOpaHOBCKOTO HEUTPUHO OIpe/IesICHbI
npu aHanuse nepexonoB Mo!%— Rul® (m, < 6,6 5B [122)),
Xel3— Bal3¢  (m, <2,8-43 5B [123]), Ge’%— Se™®
(my < 1,5 3B [124]). Haumnyumee Ha CErogHSIIHUN [1€Hb
OTrpaHMYCHUE HA MACCy MAaHOPAHOBCKOTO HEHTPUHO, IOJIY-
yeHHOoe W3 aHaym3a nepexojga Ge’®— Se’® xoyutabopanumeit
Iefinens0epr — MockBa, coctasisieT m, < 0,9 3B [125].

CyniecTBOBaHHE MailOpaHOBCKOM MacChl HEUTPUHO J10J1-
JKHO TPUBOJUTH K HAPYIICHUIO JIENITOHHOTO YHCIA, IS
COXpaHEHHs] KOTOPOro MO AHAJOIMU C KBAPKOBBIM CEKTO-
poM HeT dyHAaAMEHTAIbHBIX mpuunH. CoXpaHeHue JeNnTOH-
HOTO YHCla OBLJIO MPENU3MOHHO U3MEPEHO B IpoIeccax,
U3MEHSIOIMX apomaT. OTHOCHUTEIbHAS BEPOSITHOCTL pac-
majga | — ey Uu3MepeHa C TOYHOCTBIO JIyYlled, 4Yem
4,9 x 1071 [126], a ans mporecca K — pe — myuteit, gem
3,3 x 1071 [127], omHaxo, ecimi HeATpHHAAS Macca MeHbIIe |
9B, TO BBIXOJT peaknuu [l — €Y JOJDKEH COCTAaBJISATh He OoJiee
uem 1048,

5.3. Pacnanpl TsKeJIbIX HEHTPHHO
K mporeccam ¢ n3aMeHeHreM apoMaTta OJIM3KO MPUMBIKAIOT
pacmajibl TsDKeJIbIX HeTpuHo v; [128 —130], koTOpHhIE B BUIE
CYNEepIO3UINH C JISTKUMHI HEUTPHUHO V, MOTJIM OBl 00pa3o-
BBIBATH cllaboe cocTosiaue. Takue TsoKeJible HEUTPUHO MOTYT
CYLIECTBOBAThH C JOCTATOYHO MaJIbIM cMelmBanueM Uj, u
MPOSIBJISITHCS. KAK BTOPUYHBIE MUKU B CHEKTPE 3apsDKEHHBIX
JIETITOHOB, COMTPOBOXKIAIOIINX HEUTPUHO B JIEMITOHHOM pac-
najie Me30HOB (T — pv, T — ev, K — [1V) C HHTEHCHBHOCTBIO
|Uy|* B m06GaBIIeH e K OCHOBHOMY TIHKY, COOTBETCTBYOLIEMY
Vy. COBpeMEHHOE TTOHUMAHUE CUTYAIlMUA C BO3MOXHOCTBHIO
HaOmroaeHus: Tsxkesoro (17 k3B) HeldTpuHO MOAPOOHO
n3J10%keH0 B 0030pe [131]. BepxHss rpanuna ajis mapamer-
pOB CMEIIMBAHUS TSKEIbIX HEUTPUHO C IJIEKTPOHHBIM H
MIOOHHBIM |Upy|* kak ¢ymkmms m(v;) ompeiensmach B
pa3nnuHbIX 3kcnepumenTax [132, 133]. Hannmyuiiee orpanu-
YeHue |U106|2 < 1077 npu 3uavennn 50 MaB< m,_ < 130 MaB
noJiyueHo B pabote [134] nmpu aHanmu3e BO3MOXHBIX 100a-
BOYHBIX NHUKOB B CHEKTpPe MO3UTPOHOB M3 pacmana
nt — etve..
Tskesble HEUTPUHO V; MOTYT OBITh TaKXKe OOHAPYKEHEI B
beem-dump-sKCepuMeHTax WIK JeTEKTUPOBAHbBI HA BbIBE-
JICHHOM YCKOPHTEJbHOM ITy4YKe C MHTEHCUBHOCTBIO IPOIIOP-
LMOHAIBHOMN |Um|2. Ecau onu Tsixenee 1 MaB, To BO3MOXHO
0OHAPYKEHUE 10 JIENTOHHOMY KaHaly v; — e e~ v.. Haluo-
JIEHAEe TaKUX HEUTPHHO MPUHECTIO HETATHBHBIC PE3YJIbTAThI
[135, 136] u yBemumII0 Mpee MacChl TSHKEJIOTO HEUTPUHO.
Bo3MOkHO cylllecTBOBAHUE OYEHBb TSIKEJIBIX HEUTPHUHO,
pacmagsl Ha KoTopble Z°-6030Ha He 3ampelleHsbl (pa30BLIM
o6bemMoM [137]. TTouCk TakKMX CBEPXTSDKEIIBIX HEHTPUHO B
peakiuu eTe” — VVy TaKKe He YBEHUAJICS YCIEXOM.

5.4. Heiitpuno ot cBepxHoBoii CH 1987A

Nudopmanus c noa3eMHBIX JETEKTOPOB, 3aPETUCTPUPOBAB-
mux 23 ¢eBpans 1987 r. HEUTPUHHOE U3JIyY€HHUE, COIPO-
BOX/IafoIIlee IPaBUTAIMOHHBINA KOJUIAIC 3Be3bI B BoJbIioM
MaremranoBom ObJ1ake, MO3BOJISAET MOJTYyINTh OT PAHUICHHAS
Ha MacCy HeWTpuHO. BrepBble Ha BO3MOXKHOCTb TaKOU
onenku 6osiee 20 jeT Ha3az ykasasn 3anenuH B pabote [138].
Ecnu macca HeiTpuHO m, OTJIMYHA OT HYJIs, a HEUTPUHHBINA
HACTOYHUK, KOTOPBIM SIBJISIETCSl B3PBIB CBEPXHOBOH, HUCITY-
CKaeT HEHTPUHO B DHEPIETHYECKOM amama3oHe AFE, TO B
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JIETEKTOpE, yJAJIEHHOM Ha paccTosiHue D OT HUCTOYHMKA,
cHavaja OyayT 3aperucTpUpOBaHbI HEUTPUHO ¢ OOJIee BBICO-
koit sHepruedi. OQHOBPEMEHHO WCIYIIIEHHbIE UCTOYHUKOM
nBa HefTpuHO ¢ sueprusMu E; > E| > m,c? IaayT B IeTek-
TOPE CUTHAJIbI, pa3/ieIeHHbIe BPEMEHHBIM HHTEPBAJIOM

D, Lol 1
AIV:E(MVC) <l«:12E‘22).

Ecnu Bce BenmmuuHbl (KpoMme miy), Bxoasiue B (5.7), sxcnepu-
MEHTAJIBHO U3MEPEHbI, TO MOXHO BBIYUACIUTH MACCy HEWT-
puno. OIHAKO peajbHO HEUTPHUHHAS BCIIBIIIKA TPOUCXOIUT
HE OJHOMOMEHTHO, & B TE€UEHHE HEKOTOPOro KOHEYHOTO
npoMexyTka BpeMeHU. Ee HavanpHas cTagusl AJTUTCS
~ 1073 ¢ u xapaxTepusyeTcsi JIEKTPOHHBIME HEWTPUHO OT
MPOIIECCOB IJIEKTPOHHOTO 3aXBaTa, MPUBOISIIIUX K TPaBUTA-
IIMOHHOMY KoJulamncy. B nanpHeiiniemM HEHTpHHHOE U3JIyye-
HHE TPEJCTaBISET COOOM CTATUCTUYECKYIO CMECh Ve, Ve, Vyi,
Vu, Vi, Vr B yHOCHT nopsaxa 0,1 maccel aapa 3se3asl [139].
IMoJyHAS TPOTOJKATETHLHOCTh HEHTPUHHOTO CUTHAJIA, UCITY-
IIEHHOTO CKOJUIANICHPOBABIIUAM SIAPOM 3BE3/Ibl, IO JTAHHBIM
pa3HbIX aBTOpOB, cocraBiser AT =2-20 c [139-142].
Taxas HeomnpeAeJeHHOCTb BO BPEMEHHM HMCIYCKAHUSI HEWT-
PHHO He TMO3BOJISAET OJHO3HAYHO OINpPEAeNUTh Maccy B
COOTBETCTBUHU ¢ BbIpaxeHueM (5.7). OIHAKO BO3MOXKHO
MOJIyYUTh OTpPAaHUYCHWE HA MAcCy HEUTPHHO WMCXOMS W3
yenoBusi At, < AT, T.e. pa3HOCTh BO BPEMEHH PETUCTPAINU
JIBYX HEHUTpUHO B JeTekTope Az, MOJKHA OBITh MEHBIIIE
XapaKTepPHOr'0 BpeMEHU HeHUTpuHHOU Benbiliku AT. B atom
ciIydae Macca HEHTPHHO HE OKA3bIBAET 3aMETHOTO BIIMSIHUS
Ha BPEMEHHYIO CTPYKTYPY HMHTETPAJIbHBIX XapaKTEPHUCTUK
HEUTPUHHOTO CUTHAJIA.

DKCIEPUMEHTAILHO HEUTPUHO OT BCIBIIIKA CBEPXHOBOM
MOTYT OBITh JETEKTUPOBAHBI 32 CUET PEaKIUH

(5.7)

Ve+p—e' +n, (5.8)
a TaKXKe MPOLECCOB YIPYroro PaccesHust

©) -)

vite —vite . (5.9)

B momenT Bembliku cBepxHoBoit CH 1987A ¢yHknumo-
HUpOBaJH 4eThipe AeTekTopa: Kamiokande 11, IMB, LSD u
BakcaHCKMii TOI3eMHBI CIIMH THJUISIIIMOHHBIN TEJIECKOT.

Kamiokande II — G6obII0il BOAHBIA YEPEHKOBCKUI
JIETEKTOP 3aKpbITOIO THIA, PACIOJIOXEHHBIH B IIaXTe
Kamuoka Ha riyomne 1000 m (2700 M BOAHOTO 3KBHBA-
JeHTa) y 3amagHoro nodepexns 0. X0oHCIo B 250 KM K 3amaay
ot Toxmo. Dxcrepument Kamiokande 11 umeeT mmpoxyro
HCCJIEIOBATENILCKYIO MPOTPAMMY: M3y4YCHHE pacnaja Ipo-
TOHA, JETEKTUPOBAHME COJHEYHBIX M aTMOC(EpHBIX HEUT-
pUHO, a TaKXXe HEHTPUHO OT BCHBIIIEK CBEPXHOBBIX. DTHUM
BOMPOCAM MOCBSIIEHO MHOKECTBO pabOT Kak HAYYHOT O, TAK
U TEXHUYECKOro xapakrepa [143 —146]. [lerekTop cocTouT U3
JIBYX KOAKCHAJLHBIX IMJIMHIPOB: BHEIIHETO, TUAMETPOM
19,6 M u BbICOTOU 22,5 M, U BHYTPEHHEro, JAMAMETPOM
15,6 M u BbicOTOU 16 M, KOTOPBIH conepkuT 2140 T BOABI.
YepeHkoBCKOe U3JIyueHue aeTektupyercs 948 @YV Hama-
matsy R1449 ¢ quamerpom potokatoma 508 MM, KOTOpBIE
PaBHOMEPHO C IIIATOM OKOJIO 1 M pacnosioxeHbl Ha BHYTPEH-
HEl TMOBEPXHOCTU IETEKTOpa U OOpalleHbl BHYTPhb yCTa-
HOBKU. YUyBcTBUTENIbHAs OOJIACTh, MEpeKphiBaeMas (GoTo-
kaTtogamu, coctasisieT 20% TOBEPXHOCTU BHYTPEHHETO
muMHApPa. Boga sBiseTCS OMHOBPEMEHHO MUILEHBIO IS
OPOXOSAIINX HEWTPUHO ¥ PATUATOPOM YEPEHKOBCKOTO

U3JIyYCHUS JUUIS1 3aPSUKEHHBIX MPOJTYKTOB PEAKIMHA B3aUMO-
neitctBus. Cioit BoAbl MEXIY NAIHMHAPAMH TAKXKE HUCIOJb-
3yeTcss B KauyecTBe paauaTopa YEePEeHKOBCKUX (OTOHOB,
npocMmatpuBaeTcs 123 ®DOY u CiiyXkuT CUYETUYNKOM aAHTH-
coBnajeHuii. Takasi cucrema aHTUCOBHAJCHUNA HEOOX0aUMa
JUTSL 3aIUTBI OT TAMMa-U3JIyYeHUs, HEUTPOHOB M KOCMUYeE-
CKUX MIOOHOB.

PensiTuBUCTCKAS YAaCTUIA, TPOXOS CO CKOPOCTHIO fic = 1
yepe3 00beM JIeTeKTopa ¢ KO3(QOUIIMEHTOM NPETOMIICHUS
n =~ 1,33, reHepupyeT 4YEpEHKOBCKOE H3JIyYCHHE C YIJIOM
pactBopa

1
0c = arccos— ~ 40°.

p (5.10)

Yuco U3JIYUYCHHBIX (1)OTOHOB IpH 3TOM COCTABJISACT

Nph = 370sin” Oc ~ 200 doton cm . (5.11)
Cucrema aiekTpoHuku B Aetektope Kamiokande II perm-
CTPHUPYET CHTHAJBI C aMIUIMTYAOU OOJIbITNEH, 4YeM JHEpTHus
BbIxo1a 0,35 ¢poTosnekTpoHoB. TpuUrrepHslii UMITyJIbC GOp-
MHpPYETCsl IPH cpadaThIBAHUUA BO BPEMEHHOM HHTEpBaJe
7 =100 HC Gostee 20 @DV, YTO COOTBETCTBYET 3HEPrUU
aniekTpoHa 7,5 MaB. Mcnonb3ys nuHGOpMAaIHIO OT KaXJI0T0
cpaborasuiero OV 00 u3MepeHUu BpeMEHHM NPUXOda U
AMIUTATYJIE 3aPETUCTPUPOBAHHOTO MMITYJIbCA, MPOTOPIIHO-
HaJbHON Z? (Z — 3aps 4acTHIE), MOXHO ONpENenTh
BEJIMYMHY SHEPrOBBIACICHHS] M YIJIBI TPACKTOPHUHA YACTHIL.
Bepimna coObiTust THNA (5.8) BOCCTaHABIMBACTCS C OIIMO-
koit 1o =~ 1,7 M g anexTpoHa ¢ sueprueir 10 MaB Bo Bcem
obweMe nerektopa. Bo Bpems Benbiku CH 1987A metekTop
Kamiokande II 6611 HACTPOCH Ha MCCIICIOBAHUE COTHEUHBIX
SB-HEHTPUHO M MMEJ IOPOT PErUCTPALMH 3JEKTPOHOB
E. oy =9 Mb5B. HeifTpuHo oT koJsjamnca 3Be3bl UMEIOT
sHeprun ~ 10 M»3B u yBepeHHO PETHCTPHUPYIOTCS 3TUM
JIETEKTOPOM.

IMB (Mnnunoiic — Muunras — BpykxeiiBeH) — 0oJIbII0M
4EePEHKOBCKUM JETEKTOP 3aKPBITOrO TUIIA — YCTAHOBJIEH HA
riyoune 600 M (1570 M BOJHOTO 3KBUBAJIEHTA) B BhIPA0O-
TaHHOM COJIEBOM pynHuKe BOmm3u r. KimBienma, mrat
Oraiio, CIIA. CtpykTypa AeTekTopa, nporpamma Qusmde-
CKUX MCCJIEOBAHMIA, @ TAKXKE MPOIIECC PETUCTPAIIUH COOBITUI
noapoOHo onucansl B [147 —150]. KoHCTpyKIIMOHHO TOCTIEA-
Hssl Moaudukanms aerekropa IMB-3 npencrabisier coboit
IPSIMOYTONBHYIO €MKOCTh C pasMepamm 22,5 x 17 x 18 M3,
3aMOJTHEHHYIO OYHMIIEHHOW BOJION. Paboumii 06beM OKOJIO
5000 m® mpocmarpuBaercs 2048 (HOTOYMHOXKHTETIMU
Hamamatsy R4558 ¢ agmamerpom ¢orokatoma 200 mwm,
pa3MelleHHbBIMH Ha pelieTke ¢ maromM 1 M. Boaa, kak u B
nerekrope Kamiokande II, siByisiercss oHOBpEeMEHHO MH-
IIEHbIO TSI IPUXOISIIIUX HEUTPHUHO M paTuaTOPOM UYepeH-
KOBCKOTO cCBeTa. TpHITEpOM CIyXHUT cpabaThIBaHUE He
menee 25 POV B Teuenne 1 = 50 HC. BpeMeHHbIe, TeOMETpH-
YecKHMe ¥ aMIUTUTYIHbIE XapaKTePUCTHKH CUTHAJIOB ¢ POV
a"Hamm3upyroTcs DBM, u B Kax/10M COOBITUN BOCCTAHABIIM-
BaeTCS TOYKA B3aUMOJIECUCTBUSI HEUTPUHO, HAIpABJICHHE
TPEKOB W JHEPrUsl BTOPUYHBIX 3apsDKEHHBIX dacTuil. I[lo
cpaBHenuto ¢ Kamiokande II merexktop IMB-3 BCciencrsue
MeHblIe 3(dekTUBHOCTH cOOpa YEPEHKOBCKOI'O CBETA
uMeeT 0OoJiee BBICOKMHA IMOPOI PErucTpaluyl HEHTPUHHBIX
cobObITHii ~20 M5B, ipu KoTOpOM 3PPEKTUBHOCTH COCTA-
BisieT 14 %. C yBenmuenuneM suepruu 10 50 MaB addextus-
HOCTB peructpanuu Bozpacraet 10 90 %.
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LSD — XuaKOCTHO#M CUMHTUJUISIUOHHBIA JIETEKTOp —
pacnoyioxkeH Ha ri1yomHe 5200 M BOJHOTO JKBHBAJIEHTA B
TOHHeJIe o MOHOJIaHOM U TpeTHA3HAYEH JJIs1 HAOTF0 AeHUST
3Be31HBbIX KojutancoB B ["amaktuxe [151 —153]. Koncrpyxknus
BBIIIOJIHEHA B BHUJE TPEXATAXKHOTO Mapajuielienunea ¢
[UTOIAbEO OCHOBAHHUS 6 X 7 M2 U BBICOTOM 4,5 M, dJIeMeH-
TaMH KOTOPOTO SBJSIOTCS 72 MOMIYyJdsl pa3mMepamu
1 x 1,5 x 1 M?, 3amoJIHEHHBIE KUAKAM CITHTIILIATOPOM HA
OCHOBe yailT-cnupuTta. IloyiHas akTUBHAs Macca AETEKTOpa
coctaBisieT 0koJio 90 1. Kaxxap1ii MO1yJ1b IpOCMAaTPHUBAETCS
TpemMst ®OVY-49b ¢ nuamerpom dorokarona 150 mm, u npu
COBIIA/IEHUY CUTHAJIOB OT HUX B TeueHue 1 = 200 HC aHaJIn3H-
pyeTcst sHeproBulnesieHne B moayie. Ilopor perucrpammu
COOTBETCTBYET 3HEPToBbIIejIeHnto 5—7 MaB.

Baxcanckuit moa3eMHBIN HEUTPUHHBIN TEJIECKOT — JKUI-
KOCTHOW CIMHTHJUISIIIMOHHBIA JIETEKTOP — PAaCIOJIOKEH Ha
ri1youne 850 M BOIHOTO 9KBUBAJICHTA MOJ FOpoi AHIBIpYU
Ha Ceseprnom Kagkaze [154, 155] u BemeT HempepbIBHOE
HaOJItoIeHKME 3a KoJutarncoM 3Be3n B [anmaktuke. JleTekTop
nMeeT Kyomdeckyro hopmy ¢ pedbpoM 14 M 1 mpencTaBiisieT
0001 4eTBIPEXBIPYCHOE COOPYKEHUE COTOBO-MOMIYJIbHOU
KoHCTpykImH. [lonHoe umcino monysneit cocrasisier 3130,
KOKABIA U3 KOTOphIX uMeeT pasmep 0,7 x 0,7 x0,3 w3,
3aI0JIHEH YaWT-CHHPUTOM W TPOCMATPHUBACTCS OJHHUM
OOV-495 ¢ mmamerpom dotokatoma 150 cm. ITopor peru-
crpanuu coctapiseT 10 MaB.

AHann3 HEUTPUHHBIX COOBITHI OT B3PbIBA CBEPXHOBOU
CH 1987A, 3aperucTpupoBaHHBIX B IMOJI36MHBIX JIETEKTOPAX
Kamiokande II, IMB, LSD u nHa bakcaHCKOM HEHTpPUHHOM
TeJieckore, noApoOHo mpoBoautcs B [139—142, 156, 157].
OCHOBHBIE XapaKTEPUCTUKN HEHTPHHHBIX COOBITHIA TPEICTA-
BJIEHBI B Ta0JI. 1.

OkcnepumenTalibHble pe3yibraThl Kamiokande 11, IMB
n BakcaHckoro Tejeckona CHHXpOHU3UPOBAHBI IO BpEMEHH,
a coObITHS, 3aperucTpupoBaHubIe AeTekTopoM LSD, onepe-
JKaroT UX Ha 4,7 4 1 MoryT OBITH He cBsizanbl ¢ CH 1987A.

OLeHUTh BEPXHIOKO TPAHUIYy [JIs Macchl HEHUTPUHO
MOYHO HUCXOJs W3 cooTHoleHus (5.7) U maHHBIX TabJ. 1.
Eciu npunsaTh paccrosiHue no MaremanoBa OOiaka
D =50 xmc, xapaktepHble 3HaueHus AT =10-15 c,
Enin = 10 MaB, Eq.x = 20 M»B u cuntaTh BBIITOJIHEHHBIM
ycioBue At, < AT, oOrpaHMvYeHWe Ha MacCy COCTaBUT
m, <23-28 3B [139]. DTa omnenka cpaBHUMa C OTrpaHUYE-
HUSIMU Ha MAaccy, MOJIyYEHHBIMH B 9KCIIEPUMEHTAX, 00CYyX-
JaBLIKXCS B pazaenax 5.1-5.3.

Pacuerwr, Bomomuennsie bakamom u ['memoy [158],
MMOKa3aJIM OTCYTCTBUE KOPPEJISIHNA SJHEPTUH, BBIICIABIIEHCS
B COOBITHH, CO BpeMeHeM, Kak 3TO ObLIO OBI B cilyuae
KOHEYHOU Macchl HEUTPUHO. AHAJIM3 TOHKOW CTPYKTYpBI
HEUTPUHHOTO BCIJIECKA, CIEJIAHHBIN B MPEANOJIOXKEHUN CIie-
IUAJbHBIX (PU3NYECKUX MPOLECCOB, MPUBOIUT Psii ABTOPOB
[159—163] k 6onee kKOHCEpPBATUBHOM OLIeHKE: 171, < 14—163B.

C BBOJIOM B 3KCILTyaTAIUIO HOBOTO MOKOJICHUS HEHTPUH-
HBIX JETEKTOPOB, KOTOPBIE Mbl OIHMIIEM HHUKE, MOXKHO
HAJEATLCS, YTO CJIEAYIOIAsi CBEPXHOBas OYyIET JETAIBHO
u3yveHa B HeUTpuHHOM "cBeTe" U pe3ysbTaThl OYIyT UMETh
JIOCTATOYHYIO CTATHCTHYECKYFO 0OECIEYEHHOCTD JIIst BoJtee
HAJIE)KHOTO OIpe/IeIICHIs HEUTPUHHOM MAacChl.

6. HeiiTpunnbie ocupnsinuu: ooumii popmannzm

6.1. BakyymHuble ocuM/IsIun

HeiiTpuHHBIE OCUMJUISIUN TPEJICTABIISIOT COOOM TMepuoau-
YEeCKHI MpoI1iecc, Mpu KOTOPOM MyYOK HEUTPHUHO OTpe/IesIeH-
HOTO apomara V;, ABUTasCh B BaKyyme, MOJHOCTBIO WJIU
YACTUYHO INPEBPALIAETCS B My4YOK HEUTPUHO APYroro apo-
Mmata vy (v; <> vp). B pasmene 2 Mbl paccMaTpUBAIU HEWT-
PUHHBIE COCTOSIHHS Ve, Vyu, Vi, KOTOpPBIE 0oOpa3yroTcs B
mporeccax ciaboro B3aUMOJEHCTBUS U NPEACTABISIOT
co0o# cTanmuoOHApHBIE COCTOSIHMS CBOOOJHOTO JIarpaH-
xuaHa. OgHUM U3 YCJIIOBHH CYIIECTBOBAHUS OCHUJUISIIUN
SIBJISIETCSl HAJIMYUE Macchl y HEeWTpuHO. B 3TOoM ciyuae
MaccoBasi MaTpulla B JlalpaHXXUaHe, BBIPAXXEHHAsl 4epes
cjabble COOCTBEHHBIE COCTOSIHUS, SIBJISIETCS HEeIUArOHAJIb-
HOU M KoMIUIeKkCHOM. C1a0ble COCTOSIHUS HE UMEIOT OTIpe/ie-
JICHHOM MAacCChI, a SIBJISSIOTCS JIMHEHHOM KoMOuHatmei (2.47)
MAaCCOBBIX COOCTBEHHBIX COCTOSIHUM, KOTOPBIE IUAT OHAJIA3H-
pyrot narpanxuat (2.32). Takoe cMemmBaHue, KOT/1a HEWUT-
PUHHOE COCTOSIHHME V; CYIIECTBYET B BHJE KOMOUHAIMM He-
CKOJIbKMX COOCTBEHHBIX COCTOSIHUH JIarpaHXHaHa, SBJISIETCS
JIPYTUM HEOOXOJMMBIM YCIIOBHEM CYIIECTBOBAHMSI OCIIUILIISI-
UK.

BosiHOBYIO (GYHKIHIO |v/), OMHCHIBAIOIIYIO CBOOOAHOE
pacrpocTpaHeHHe HEUTPUHO, MOXXHO Pa3JIOKUTH IO BOJHO-
BBIM (YHKIIMSIM MAacCCOBBIX COCTOsSIHUE. Pasimunblie macco-
BbIE COCTOSIHHUS |V/) IMEIOT Pa3HbIe CKOPOCTH MPH ABIKCHIH
B BaKyyMme, BCIIE/ICTBHE 4Yero B 3aBHCUMOCTH OT BPEMEHHU
U3MEHSIFOTCST OTHOCHTENbHBIE (a3bl B KO3 HUIMEHTaX
pasnoxenus. Takum oOpa3oM, HEHTPUHHBIC OCIMUJLISIIUU
SIBJISIFOTCSL CJIEICTBUEM PA3HBIX (Pa30BBIX cKOpOCTEil cocTos-
HUH ¢ ONpeesICHHBIMU MAaCcCaMH, T.€. COOCTBEHHBIX COCTOSI-
Hul Jlarpankuana (2.32).

PaccMmoTpuM o01uit ciiyyait HeHTPUHHBIX OCHMJUISIAN,
KOrJla MaTpHlla CMEIIMBAHMUS NapaMeTpU30BaHA B BHJE
(2.48). BonHoBYyI0 (YHKLIHIO HEHTPHHO (HANpUMED, Ve),
BO3HUKIIETO B ¢1abOM Iporecce B MOMEHT Bpemenu ¢ = 0,
MOHO TPEACTABUTH B BHUAE CYNEPHO3UIMU COOCTBEHHBIX
COCTOSIHUM MacCOBOW MATPHUIIbIL:

|Ve(0)> =C1|V1>+S1C3|V2>+Sls3|V3>. (6])

DBoJIONMS BOJHOBOW (DYHKIIMM CO BpEeMEHEM OIlpejie-
JISETCS. COOTBETCTBYIOIIUMHU COOCTBCHHBIMH 3HAYCHUSIMHE

Ta6/mua 1. XapakTepuCTUKU HEHTPUHHBIX cOObITHI OT cBepxHoBoit CH 1957A

Hetextop ITopor peructpanun, | KoimuecTBo coObITHiA OHeprus 1eKTpoHa, MaB BpemeHnHOI nHTEpBA

Mb>B perucrpanuu, ¢
MuHuMabHast MakcumaiibHas
Kamiokande II [143] 7-14 11 7,5£2,0 35,4+£8,0 12,4
IMB [149] 20-15 8 20,0+£5,0 40,0£10,0 5,6
LSD [152, 153] 5-17 5 6,2+0,7 7,8+0,9 7,0
Baxkcancknii 10 6 12,0+£2,4 23,0+4,7 14,0
teseckon [154, 155]
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onepaTopa SHepruu

Ei=\/p2+m}

TP YCJIOBUH, YTO BCE HEUTPUHO B IIyYKE UMEIOT OJIMHAKOBBIN
(bukcupoBaHHBII UMIYJILC p,. Toraa

(6.2)

[ve(£)) = Cyexp(—iEt)|vi) + S1Cs exp(—iEat)|va)+
+ 8153 exp(—iE3t)|V3). (63)

BeposiITHOCTh 0OHAPYKUTH HEUTPUHO C UCXOTHBIM CJIAOBIM
coctosiHueM |ve(0)) B MOMEHT BPEMEHH ! B TOM € CAMOM
COCTOSIHHH OTIPEIEIISIETCS] COOTHOILICHUEM

P(ve = ve) = |(ve(0)ve(0))[* =
=1-2C1S{C5[1 = cos(Ey — E»)t]—
—2C1S1S3[1 — cos(Ey — E3)t]—
—251S3C3[1 — cos(E> — E3)i] . (6.4)

B 061memM cityuae BEpOsSITHOCTD TIEpeXoa U3 COCTOSHUS |v;) B
COCTOSIHUE

vir(0) = Univiexp(—iEit) (6.5)
!

paBHa
P(v; = vpr) = [(v(0) v (1))
= UnU;U,Uyexp [ —i(E; — E)t] . (6.6)

ij

Hawumenbiiiee BO3MOXHOE 3HAUSHHE YCPETHEHHOU BEPOSITHO-
CTU MOXXHO HAUTH, MUHUMHU3HPYsI HYHKIMOHAJ BUAA

F= Sy A (Stwnl) <1 6
qTO HpI/IBOHI/IT K 3BHAYECHUTO
(Pl o)) =~ L= (6.8)
—vi)) = —=—=— .
l 1 2 N )

rae N = 3 — MOJIHOE YMCII0 HEUTPUHHBIX apoMaToB. Takum
00pa3oM, UCXOAHBII MOTOK HEUTPUHO B ClIydae TpeX apoma-
TOB MOXET IPU IBUKEHUH B BAKYyME MaKCUMAaJIbHO YMEHb-
LIUTHCS B TPU pa3a.

B skcnepumenTax oObIYHO aHATIM3UPYIOT SIBHOE PEILICHHE
3a7a4l OCHMJUISINUN HEUTpHMHO OBYX apomMatoB. [lostomy
MBI 3aIIUIIIEM MaTPUILy CMEIIMBAHUs B BUJI€ OPTOTOHAJbHON
KOMOWHAIIUY C OJTHUM MapaMeTPOM — YIJIOM CMEIITNBAHUS :

[ cosf sinf
U_<fsin() cosO)’ (6.9)
a COCTOSIHMSI apoMaTa — B BUIC
(VC> = U(”). (6.10)
Vi V2

Torz[a 9BOJIIOLIMSI BOJIHOBOM (byHKHI/II/I BO BpPCMCHHU OIIUCHI-
BAa€TCs BEKTOpaMU COCTOSIHUSA

[ve(2)) = exp(—iE;t)|ve(0)) = exp(—iEit) cosO|vi)+

+ exp(—iEy?) sin0|vy) (6.11)

rne E; m E; — 2Hepruu ABYX MACCOBBIX COCTOSIHUM C
oauHaKOBBIMU uMITyIbcamu. [lepeitnem Teneps Kk apomaTto-
BBIM COCTOSTHHSIM:

ve(#)) = [ve) [ cos? O exp(—iEyt) + sin® O exp(—iExt)]+
+ |vu) [exp(—iEx1) — exp(—iE; )] sin O cos 0. (6.12)
BeposTHOCTL HEHTPHHO C UCXOAHBIM CIAGbIM COCTOSIHUEM

|Ve> B T€UYCHHUE BPEMCHM ! OCTAThCsI B 3TOM XK€ COCTOSIHUU
cJieayromas:

P(ve < ve) = |(ve|ve)|* = 1 — sin(20) sin’ [%(Ez - El)z} .
(6.13)

C XOpoIIMM NPUOIMKEHHEM MOXHO cuuTaTh E; > m; H,
CJIeIOBATEIIBHO,

2
E; ~p; + 2p’$ . (6.14)
Tornma
mi — m? Am?
Ey—FE =—2 "1 _ 4 .1
2 1 2Ev 2Ev ) (6 5)

rae Am? — Bcera MONOKUTEIBHO ONpe/eIeHHAs BEIMYMHA.
Teneps cooTHoIeHue (6.13) MOXHO NPEACTABUTH B BUC

L
P(Ve < Vo) = 1 —sin(260) sin’ ( i

) , (6.16)
vac

rae L = ct — paccTosiHue, KOTOPOe 3a BpPeMsl ¢ MPOJIETAET
HEHTPUHO (B IKCIEPUMEHTAX ITO PACCTOSIHAE OT HCTOYHHUKA
HEUTPUHO JI0 JIETEKTOPA),

(6.17)

— BaKyyMHasl JJIMHA OCHUJUISIMIA, OTpaXkaromast JjIs Kax-
o mapsl Macc (my, my) MEPUOIUIESCKYIO 3aBUCUMOCTH
CHUTHAJIa B AeTEKTOpe OT paccTosiaus L. Vcronb3ys pa3mep-
HOCTb €JUHMII, YAOOHYIO NpPU pacuerax OCIHUJUISIIIMOHHBIX
5KCIIePUMEHTOB, Korja E, usMmepsietcs B MaB, Am?> — B 3B2,
oJryyaem

Lvac [M} = 2748

E,
el (6.18)

A
BeposiTHOCTB TOrO, YTO HEUTPUHO C UCXOTHBIM CIIA0BIM

COCTOSIHUEM |v;) HA PacCTOSHUU L OT MCTOYHHKA B PE3Yjib-

TaTe OCLMJUISLMOHHOTO 3ekTa npeBpaTutes B |v;/), €CTh

L ) B
Lyac
1 27LAm>
E, ’

P(v; < vy) = sin’(26) sin’ (

sin®(20) sin’ ( (6.19)

Brrpaxenns (6.16)—(6.19) onuceiBaroT MoAeNIb OCIUILIIS-
Ui HEUTPUHO OBYX apoMaToB, B KOTOPOH aMILUIATyAa
polecca 3aBUCUT OT OJHOIO yrjia cMmewuBanus 0, a dasa
U, COOTBETCTBEHHO, BEPOSITHOCTb OCHMJUISLIMN 3aBUCAT OT
senunabl LAm? /E,. TIo3TOMY B 3KCIIEpUMEHTAX IO TIOUCKY
HEUTPUHHBIX OCHULISLUN ONpeiesisieTcs He 3HAUYEHUE MacChl
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HelTPHHO, a BemuumHa Am* = |m; — m7|, KOTOpas BXO/WT B
BoIpakerus (6.17), (6.18) nj1s BaxyyMHOU OCHMJUISIIMOHHOMN
JUIMHBL, @ TAKXKE 00J1aCTh JOMYCTUMbIX YTJIOB CMEIIIUBAHUS .
W3 Beipaxenust (6.19) cnemyer, uto otHoweHue L/E,
oTpenesIieTcst 00JIacThIO MacC HEHTPHUHO, K KOTOPBIM JKCIIe-
PUMEHT 4yBCTBHTEJIEH. UTOOBI ONpEnensiTh MHUHAMAIBLHO
BO3MOJKHBIE 3HaUeHust Am? . |
1

. E
Am?. sin(20) = —= fv

1’27 AP(V] g V[/) y

(6.20)

rae AP(v; < v;) — MUHUMAIIbHAS! BEPOSITHOCTD, T.€. MHHU-
MAaJIbHOE PA3JIMYNE APOMATOBBIX KOMITO3HIHI B HAYAIBHOM
U JETEKTUPYEMOM B IKCIEPUMEHTE HEWTPHUHHBIX MOTOKAX,
HEOOXOAMMO NMPOBOAUTL M3MEPEHHS MPU MaKCUMAJIbHO
BO3MOXKHBIX 3HaueHusix L/E,. UyBCTBUTEIbHOCTh pa3iimy-
HBIX 9KCIIEPUMEHTOB K BesinuuHe Am? nokasana B TabJL. 2.
OKCHEPUMEHTATIBHBIC  PE3YJIbTATHl  MPEACTABIISIFOTCSI
OOBIYHO B BH/E I'PAHMUIl TOMYCTHMBIX 0OjacTeil mccmeaye-
MBIX 3HAUEHHIT TApaMeTPOB OCIILIsImA (sin (20), Am?). Ha
pHCyHKe 2 TpeCcTaBJeHbl 00JACTH BO3MOXHBIX 3HAYCHUIT
[apaMeTPOB OCLMJLLILHMA MO JaHHBIM 3KCIEPHMEHTOB Ha

Ta6anua 2. O61acTH BO3MOXHBIX 3HAYCHHUI BeJM4MHbl L/E B 9KCIIEpH-
MEHTAaX IO MOKCKY BaKyyMHBIX OCHMJUISIII

Tun sKceprMeHTa L/E, M MaB™!
Yckopureib 1073 10!
Mesonnas pabpuka 10° - 10!
PeakTop 10°-10?
Atmocdepa 102 -104
Counue 1010 - 10"
CBepxHOBasi 10 -10%

YCKOPHUTENSIX BBICOKMX JHEPrHid, peakTopax, a Takke B
OTIBITAX C COJIHEYHBIMU M ATMOC(HEPHBIMH HEHTPUHO.

6.2. Ocumsinng HeiTPHHO B BelllecTBe

€ NOCTOSIHHOM NJIOTHOCTBIO

Hannuue BemecTBa HA MyTH IMyYKa HEUTPUHO MOXKET CyIIe-
CTBEHHO H3MEHHTHh KAPTUHY OCHWJUISIIUA. DTO CBS3AHO C
TeM, YTO INPHU HPOXOXJICHUHU Yepe3 BEIIeCTBO HEUTPUHO
HCIIBITHIBAET IpeoMileHne. BermunHa koaddumnmenta npe-
JIOMJICHUS 1 JJIsl HBUTPUHO C apOMATOM [ ¥ UMITYJIbCOM Py

An’lz’ 3B2 [ T ' T 11Ty I TTTTTT TT
= |
ok ot
E |Ferm11ab|
- IE803
E |/ |
103 b l 1
E |
coo |
C | JlonmycTumas
L 1 IO6J’IaCTI> o
102 L ] [TaHHBIM
E | |I<OCM()J'101'I/II/I
E \
C \ [
- \ Vy < Ve
10] e \\‘ \s\
E ~
- ~
- ~
C ~
~
NOMAD ™
10° & CHORUS
c MINOS—
10-1 BAIKAL—
i ICARUS
i NESTOR —
1072 E
F SUPERKAMIOKANDE
- (myuox ot KEK)
i JlonycTuMas 06J1acThb 110
1073 & JaHHBIM 9KCIIEPHUMEHTOB B3
E ¢ aTMOC(hEPHBIMU HEUTPUHO (nor(_ncn)
B IMB-3
B (cHexTpbI)
10—4 | Ll Ll Lol Ll L
1073 104 1073 102 10~ 10°
sin®(20)

102 E : IIIIIII|: T TTTT T III:III| T T"TTTTTH 6
Am?, 5B L | I I
r | VckopurenbHble U
10 g | | peaKkTopHBIE
£ | ! SKCIIEPUMEHTHI
N !
AN |
| LLSND 4 |
E | ~ |
c | =< N
C 1 S~
| 3
10! E I RO ~
F I | S
N | MINOS
L . )
1072 E \\ <
E ICARUS S o ¢ AtmochepHbie
= (myuox CERN) Yo HEUTPUHO
B / ~ \
107 E /
E I
- \
i ICARUS N <
-4 | o
10 = (atmocd. HelTpUHO)  ~ -
u CoJHevyHBIe HEHTPHHO)
105 =
10-¢ E
1077 & 120 SNU
EISO-SNU
LTSI TAJIJIEBBIX
| sKCepruMeHTOB
10—8 N N N N
10-4 1073 1072 107! 1

sin®(20)

Puc. 2. I'panunsl obsacTeil mapaMeTpoB OCHMJUISIUN, MOJYYEHHBIX B PA3JMYHBIX OKCIEPUMEHTAaX, a TakkKe NOCTIKUMBIX B JKCIEPHMEHTAX
6mmkaiiero 6ymymero. VckiroueHHast 00JaCTh PACIONIOKEHA CHPaBa OT KPUBBIX. DKCIEPHIMEHTHI 110 HCCICTOBAHUIO MOJIBI Vy < Vi M Ve <= V¢ ().

DKCIEPUMEHTBI 10 UCCIIEOBAHUIO MOJBI Vy < Ve (0).
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OIpeaessieTCs ONTHYECKONH TEOPEMOiL:

pi(n—1) = 2nNf(0), (6.21)
rae f(0) — aMmIMTyaa paccesiHusl BIiepes], BO3HHKAFOLIAS
Omaromapsi cmabomy B3auMMOJIEHCTBUIO, N — IUIOTHOCTH
paccenBaromux HEHTPOB. MHUMas 4acTh Ko3dduimenra
MIPEJIOMJICHUSI CBSI3aHA C CEYCHUEM TIOTJIONICHUST HEUTPUHO B
BEIIIECTBE, KOTOPOE MaJio, 1 UM MOXHO NpeHeOpeub. [leii-
CTBUTEJIbHAS YaCTh AMIUIUTYbI PACCESIHUSI COCTOUT M3 JIBYX
qacTeil: mepBas 4acTh SIBJSCTCS OOILEH JJIs1 HEHTPUHO BCEX
apoMaToOB M OMNHUCBhIBaeTCcsl Auarpammoit deitnmana, mpen-
CTaBJICHHOU Ha puc. 3a, a BTOpasi CBsI3aHA C HECUMMeETPHUEH
B3aUMOJICUCTBUS 3JIEKTPOHHBIX HEHTPUHO U HEUTPUHO IPY-
THX THIOB (V, U Vi) C 3JIEKTPOHAMM CPEbI 3 CYET BKJIALA
3apsDKEHHOT'O TOKA B PaccesiHue Vee — Ve (puc. 30).

Ve, Vs Ve Ve, Vi, V a
Z()
q,e” q,e”
Ve e o
w+

e Ve

Puc. 3. Iuarpammbl deiiHMaHa, ONUCHIBAIOIINE B3aUMOJACHCTBHE HENT-
PHHO C BEIIECTBOM: () BKJIAJ HEUTPAJILHOTO TOKA B AMILIUTYY paccesi-
HISI BIIEpe]] IBJISIETCSsT OOIIIM JIJIst HEHTPHHO BCeX THIIOB M M3MeHsIeT a3y
BCEX KOMIIOHEHT HEHTPHHHOTO IyYka OQMHAKOBBIM 00pa3oMm; (6) BKIax
3apSKEHHOTO TOKA, KOTOPBIA KIMEET MECTO TOJILKO ISl Ve, HO HE JUIS Vy, U
Vz.

Kax crnegyer w3 BBbIUUCIEHUS AMarpamMm puc. 3a,0,
AMILIMTY1a PACCESHUSI AJICKTPOHHBIX HEUTPHHO HA 3JICKTPO-
Hax cpenbl OoJiblle, YeM aMIUIUTYJa PACCESHUS V, U Vi Ha
BEJINYUHY

Ggpy
M(O) = /:(0) = fux(0) = V2T (6.22)
rae Gp = IO‘SM];2 — xoHncranta depmu, M, — macca

MPOTOHA.

Brepsoie pesyibTat (6.22) mosyueH BosbdeHmTeiiHOM,
KOTOpBIN B paboTax [164, 165] mokazan oTianuue xapaxkrepa
OCHMJUISALIMM Ty4yKa HEHTPUHO B BEIIECTBE OT BAKYYMHBIX
OCHMJUISINMN. DTHU BOIMPOCH MOJIYYMIM JaJIbHENIee pa3Bu-
THE B pabotax [34, 166—168].

Brkian (6.22) B aMIUTUTYQy pacCessHUs NPUBOAHUT K
JIOTIOJIHUTEIbHOMY wieHy W B omepatope sHepruu (6.14),
KOTOPBIN SIBJISIETCS] TIOTEHIUAIBHOW SHEprueil B3amMO/Ieii-
CTBUSI 2JIEKTPOHHOTO HEUTPUHO CO Cpeaoit:

m2 m2
E~py+~—+W=p,+~—+V2GeN,, (6.23)
2py 2py
rac Ne — IJIOTHOCTD 3JICKTPOHOB B CPEIL,
2nAf(0)N,
w—  2FAS(ONe (6.24)
Pv

Torna sBomronmst BoIHOBOM QyHKIuu (6.11) Oyaer onucki-
BaThCSI BEKTOPOM COCTOSTHHSI

m2

[ve (1)) = exp {— iz<2pv + ﬁGFNe>] ve(0)).  (6.25)

OctMJUTAIMA Ve < V,r B CPelie MOXKHO ONHUCaTh ypas-
Hennem llpénunrepa g IBYXKOMIOHEHTHOW aMILIUTYIbI

| Ve >
Ve /"

. d ve Ve

— = H 2
Var Yy > Yy > ’ (6.26)
H=E,. (6.27)

Ecim pemenue ypaBHeHust (6.26) B Bakyyme HNPUBOIUT K
COOCTBEHHBIM 3HA4YEHUSIM 3Hepruum B Buue (6.15), To B
BEIIECTBE, KOl PACCMATPUBAOTCA OCHMIUIALMHA Ve < Vi 1,
COOCTBEHHBIE 3HAYEHUS] 3HEPTHH OMPEAEISIOTCS BBIpaXe-
HHIEM

A cos(2 2
E, — E, :i[(i%s(e)—ﬁGFNe) +

+ <1M>2] 1/2. (6.28)

2F

OmnpenennM aHy BoubgeHmTeiina, XxapakTepu3yronlyro
JUTMHY HEUTPUHHO-3JIEKTPOHHOTO B3aUMOACHCTBHUS:

2n 1,6 x 10* [kM]
L() = ~ .
V2 GgN. p

(6.29)

Toraa BbIpaXeHUe ISl BEPOSITHOCTH P(Ve <= V) 3JIEKTPOH-
HOMY HEHUTPHUHO B TEYCHUE BPEMEHU ! OCTATHCS IJIEKTPOH-
HBIM B CJIy4ae B3aMMOJEUCTBUS V. CO CPEAOM C TOCTOSIHHOM
IUTIOTHOCTBEO p = const J1aeTcs BeIpaxkeHueM [164]

.
P(ve = ve) = 1 — sin”(20) Gin? <wnL) 7

(6.30)

? Lvac

a BEpOSITHOCTb IPOOCHUJIIMPOBATH B IPYroil apomar ecThb

.2
sin“(20) . ol

P(Ve — Vuﬁf) = w(z )Sll’l2 (L ) ,
vac

(6.31)

rje BBeJeHO 0003HaYeHUE

Lvl[c LV‘lC ? 1/2
w = |1 —2cos(20) Lo(‘/)) i <L0(‘P)> } |

(6.32)

CpaBaenue BbIipaxeHuit (6.16) u (6.19) nnus BeposiTHOCTH
OCHMJUISIIMYA B BaKyyMe C COOTBETCTBYIOIIMMHE BBIpaKe-
HusMu (6.30) u (6.33) o1 BEpOSTHOCTEH OCHMILISIUI B
BEIIIECTBE ITO3BOJISIET MOIYYUTh 3P PEKTUBHBIN Yo CMeIIn-
BaHUS ¥ JIJIMHY OCHVJLISIIUN C YYETOM BJIMSIHUS BEIIECTBA:

sin(26)

L,,
Sln(20m) = T s Lm =

()]

(6.33)

BeposTHOCTE TIepexona P(Ve < Vy ;) B BEIIIECTBE MOXKET
CYIIECTBEHHO OTJIMYATHCS OT aHAJOTHYHON BEPOSITHOCTH B
cirydyae BakyyMma. BerecTBo MoXeT Kak HOJaBIISTh OCIHIIIIS-
mn (mpu cos(20) ~ 0), Ttak u ycuiamBath ux. MOXHO
paccMOTpPEeTh TPHU NMPeAeIbHBIX CIydas:

1. Lyye/Lo < 1. B3TOM Ci1yuae BEIIECTBO MPAKTHYCCKH HE
BIIMSIET Ha OCHMJUISAIINM U OHH CBOIATCS K BAaKyyMHBIM. J{J1s1
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M3YYCHUS BaKYyMHBIX OCHUJUISIINHN, KaK CIEAYEeT U3 COOTHO-
meHust (6.29), SKCHepUMEHT MPEAIOYTUTESLHO MPOBOJIUTH
Ha TaKUX PACCTOSIHUSAX OT UCTOYHHKA JO IETEKTOPA, YTOOBI
BBITTOJTHSUIOCE yeoBre L < Ly < (1—2) x 10 xm.

2. Lyae/Lo > 1. BaTOM Citydae aMIUIMTYAa OCHMJUISILIMOH-
HOro H»(deKkTa NOoJaBJIeHA HUMEHHO J3TUM MHOXHUTEIEM
~ Lyac/Lo.

3. Cityvyaii pe30HAHCHOT'O YCUJICHUS OCHUJLIISINMA,

L
Ijzc = cos(20),

(6.34)
KOTOpBI HOCHUT Ha3zBaHue 3¢¢exkta MuxeeBa— Cmup-
HoBa — Bosbdenmreitna (MSW) [34, 168]. [Ipu BbImOJNHE-
HUM 3TOTO YCIOBHsI mMeeM o = sin(20) u ammiuryaa
OCIULJISIMA CTAaHOBUTCS PAaBHON CIUHHUIEC HPH JIFOOOM
yrje cMmewmuBaHusi 0. B cooTBeTCTBUM € 3TUM Ha 3aJaH-
HOM YypOBHE HAOJIIOIEHHSI BEPOSTHOCTH Iepexonaa
P(ve < Ve/) M3 OKCIEPUMEHTA IIOJIy4AIOTCSl OIPAHMYCHUSI
Ha mapamerpsl Am® u sin’(20) He TakWe, KaKk B Ciyuae
BAaKyyMHBIX OCIVILISIIHIA.

3amMeTHM, 4TO B BeIIECTBE 3eMJIM YCJIOBHE pPE30HaHCa
(6.34)

Eyp

LVaC _
Ly 1,4 x 104Am? (6.35)

BBINOJTHSACTCS B IIMPOKO# 061acTy 3HaveHuit Am? u sin’(26),
JIOITYCKACMBIX COBPEMEHHBIMU JKCIICPUMEHTAIBLHBIMU JTAH-
HBIMH M BO3MOXHOCTBIO M3MCHEHHUSI SHEPTUH ITyYKa HEHT-
puno B gmanazone 1 < E, < 10° I'3B. Imuna Bonbden-
ImTeliHa NMPH XapakTepHBIX IS BeIecTBa 3eMJIM IIOTHO-
cTax p~3-10 r cm™3 cocraBnger Ly~ 3,5x 10°—-1,2x
x10* KM U ompesensieT ONTUMAILHYIO TPOJETHYIO 6a3y
HEUTPHUHO [JIs IKCIEPUMEHTOB MO HPOBEPKE BIIHSHUS
a¢dexTa MaTepUH Ha BEININHY TAPAMETPOB OCHIJIISINIA.

6.3. Ocumsinny HeliTPHHO B BelllecTBe

C nepeMeHHO# MJIOTHOCTBIO

Korna minotHOCTB BeliecTBa, mepecekaeMoro my4ykoM HeuT-
pYHO, TIEPEeMEHHA, OCIMJLUISIUOHHBIA 3PPEekT MOXKeT OBbITh
BBIpaXkeH HamboJiee sIPKO: BO3MOXKEH CIIyJall MPaKTHICCKH
MOJTHOTO Tepexofa HeWTPHHO OJHOTO apomaTa B IPYToil.
JJ1s onucaHus OCLMULISLUI B Cpejie ¢ IEPEMEHHON MJI0OTHO-
CTBIO 3JIEKTPOHOB BOCHOJIb3yeMcsl ypaBHeHueM Ipéaunrepa
(6.26) c onepatopom H B Buse [169]

H(t)=o7) o, (6.36)

riae T = L/ Lyye, 0(t) = (—sin(20), 0, cos(20) — Lyae/Lo(7)),
6 — martpuusl [Tayiu, uin B sBHOM BUJe

cos(20) 1 _ sin(20)
_ Lyac L (t) Lyae
H=m sin(29)0 cos(20) 1 |’ (6.37)
B Lyac B Lyac m
rnet=L/c= L, torna
N _ e | i [ vi(0)
) = Tew =i 0wl VD e

Temepn, ciemyst [169], UCKIFOYMM KOMIIOHEHTY |v/) U
npuBegeM (6.38) K ypaBHEHHIO BTOPOTO MOpsAIKa s

AMIUTUTYABL |vy) = &

d’¢
@Jrf(t)é =0, (6.39)
£ =2 1 2cos(20) 1 1 (6.40)

- 7 R _|_17'[_
L) Lucka() L2 " di Lo()

C HAYaJIbHBIMH YCIIOBUSIMU (J1JT5 IEPBOHAYAIBHOTO ITy4Ka V1)

dé(0)

&0)=0, —~=isin(20).

Peiienne ypaBHenus (6.39), (6.40) c (6.41) HauaIbHBIMU
YCJIOBUSIMU IPUBOUT K BEPOSTHOCTH HEPEXOAA V; <> Vyr

(6.41)

P(v o ) = [E()]. (6.42)
B ciyuae mocTOsiHHOW MIOTHOCTH p(f) = p = const,
dp/dt =0 u mus BeposSTHOCTH ocuuuIsiuuit u3z (6.42)
uMmeeM pe3yabtat (6.31).

3HaK aMILUTATYTBI paccestHus V; [ < V; [ IpOTHBOTIOJIOKEH
3HAKy aMIUTATY/IbI paccesiHust V; [ <> v;/, 4TO SKBUBAJICHTHO
3aMEHE 3HaKa XapakTepHOW mmHbl BousbdeHmTeiiHa
Ly — —Ly. B coorBeTCTBUM C 3TUM pe30HAHCHBIA IPPeKT
BO3MOJEH JINOO ISt HEUTPHUHO, JINOO [1J1s1 aAHTUHEUTPUHO, HO
HE 11 000WX CIIyYyaeB OJHOBPEMEHHO. DTO O3HAYAEeT, YTO
HAOJIIO/ICHAE OCIVILISAININ B BEIIECTBE €T NMPUHIUIHAb-
HYIO BO3MOXHOCTB OIPEJICICHUS 3HAKa

Lyac o (jm —m?|) ™" (6.43)

XapaxkTep W3MEHEHUS! OCHMJUISIMNA MPU MPOXOXKIACHUH
HEWTPUHO 4epe3 BEIIeCTBO, OMUCHIBAEMBIX YpaBHEHUSIMU
(6.39)—(6.41) ¢ pacmpenesneHreM IUIOTHOCTH B 3emuie
coryacHo [170], mo cpaBHEHUIO C BaKyyMHBIMHU OCIHJLIS-
musimu (6.12) mpoaeMOHCTpUpOBaH Ha puc. 4. Paccuntanbl
JIOCTIDKMMBIE YPOBHH MapaMeTPOB OCIHJUISIANA JIJIs1 CITydast
MPOXOXKICHUSI IyYKa MIOOHHBIX HEWTPUHO C DJHEprue
(E\,p) ~ 30 I'3B Brosb xopael 3emun aiuHon L = 4200 kM u
JUIS cllydasi paclipocTpaHeHus ydka B Bakyyme [171]. Buano,
4TO HAJIMYKE BEIIECTBA MO3BOJISIET NPOABUHYTHCS B 00J1aCTh
MEHBIIMX YIJIOB CMeLIMBaHus npuMepHo Ha 20 % U mpakTu-
YecKH He BJIMSAET Ha JOCTHKHMMBIN YPOBEHDb 0 Am? naxe mpu
MAaKCHMAaJIbHBIX yTJIaX CMEITNBAHUS

7. I3y4yeHne HeMTPUHHBIX OCUHMJIISALMI IPH
HU3KHX JHEPrusiX: IKCHePUMEHTbI HA peakTopax

UyBCTBUTEIBHOCTH IKCIIEPUMEHTOB K H3MEPEHUIO OCITHILIIS-
[HOHHOTO napameTpa Am’® onpeesseTcs BbIPaKeHHEM
(6.20). B mpubimxeHUH MaKCUMaJIbHOTO CMEIIMBAHUS
(sin(26) ~ 1) 4yBCTBUTEILHOCTD OMBITOB OIHO3HAYHO CBSI-
3aHa ¢ oTHouueHueM E,/L. IToatomy st HabJroneHUsI
OCTIMJUISIUIA TPEANOYTHTEIbHEl UCTOYHUKN C MUHHMAJIb-
HOW 3HEepruel WCIycKaeMBbIX HEHTPUHO, MaKCHMaJIbHO yaa-
JICHHBIE OT JETEKTOpa, PETUCTPUPYIOIEr0 HEWTpPHHHBIC
B3auMoeicTeus [172].

SlnepHble PeakTOPBI SIBISIOTCS MOIIHBIME HCKYCCTBCH-
HBIMH HCTOYHMKAMH JJIEKTPOHHBIX AHTHHEHTPHHO C JHEP-
rusaMu Ey, < 8 MaB, KoTopble MOTYT OBITh I€TEKTHPOBAHBI B

nponecce
Ve +p—n+tet. (7.1)

B peakTOPHBIX 3KCIIEPHMEHTAX MOUCK OCHUJLISANUA OCHOBAH
Ha perucrpanuy "ucuesHoBeHHs" IEPBOHAYAILHOIO HENT-
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Puc. 4. Paccuntannble JOCTUXUMBIE 3HAYEHHS TAPAMETPOB OCUMILISIMIA
(06J1acTu cripaBa OT COOTBETCTBYFOIIMX KPUBBIX) IS MIOOHHBIX HEUTpH-
HO c sHeprueit (E,,) ~ 30 I'2B npu u3mepenun BepOATHOCTH TEpPexoa
P(v, < v;) ¢ TounocTbo 1, 3, 10 %. CIutomHble THHAA COOTBETCTBYIOT
pacuety ¢ yueToM 3 peKTa MaTEPHH, ITPUXOBBIC IMHAU — BAKYYMHBIM
OCHUJUIAIUSAM.

puHHOTO (TOYHEE AaHTHHEHTPUHHOTO) MyYKa MO WHKJIFO3UB-
HOMY KaHaly Ve — X, Korja HaOmroaaercs (WM He HaOJIro-
naetcs) Oosiee OBICTPOE YMEHBIICHUE TIOTOKA Ve TIPU yJIaJIe-
HUM OT NCTOYHUKA, YeM CIIE/TyeT U3 PACCYNTAHHBIX HA OCHOBE
TEOMETPUH MyYKa JTAHHBIX, MOJYYCHHBIX B MPEANOJI0KECHUN
OTCYTCTBUS OCLIMJLJISILIUIA.

Hcnonb3yroTcsi 1Ba OCHOBHBIX METOJA PErUCTpaIuu
OCIMJUISIIIMOHHOTO 3(]dekTa: abCOMOTHBI U OTHOCHTEIIb-
Hblid. CyTh aOCOJIFOTHOTO METOJIa 3aKJIFOYAeTCsl B CpaBHE-
HUH 3KCIIEPUMEHTAJILHO 3apEeTHCTPUPOBAHHON U pacUeTHOMN
MHTEHCUBHOCTEHN B3aUMOJIeiCTBUI HEUTpuHO. Eciin B neTek-
TOpe, PACIOJIOXKEHHOM Ha pAacCTOSHUM L OT peakTopa,
BO3MOJKHO H3MEPHTH ceueHHe peakuus (7.1) oexp, TO 3Ta
BeJIMYMHA CPABHUBAETCS C PACUCTHBIM CEUEHHEM Ggql, KOTO-
poe YCPETHEHO IO CIEKTPY aHTUHEHTpuHO. B pesynbraTte
TIPU HAJIMYUN OCIMJUISIIIANA BEpOSITHOCTH (6.16) TokHA OBITH
OTJIMYHA OT €IUHULIbL:

(P(3e > x)) = o) sin2(20)< sin

<Gcal

L 127Am2L >
Vv

Emnax 2
:1—sin2(20)J o(E) [ L27Am L

dE;x
Enr EV '

x “E o(E)Ny(E) dEV} o (1.2)

Eipnr

3/1ech MHTETpUPOBAHKE TPOBOIUTCS OT MOPOTA PETUCTPALIUU
Ve B peakuuu (7.1) Egy = My +me — M, = 1,8 MsB 1o
BEpXHEH I'paHUIbI MO YHEPTUU, BOZMOKHOM [JIsI HEUTPUHO
OoT peakTopa Epax. OCHOBHASI CIIOXXHOCTH METOJA 3aKJIIO-
yaeTcss B HEOOXOJMMOCTH TOYHOTO BBIYHCIICHUS] HEUTpPUH-

HOTO CHEKTpa OT BCEX ACJSAIIUXCS U30TOIOB SIEPHOTO
TOIUIMBA PEaKTOpa. DTH CHEKTPHI MOJYIAFOTCS CYMMHPOBA-
HHEM TTapIUAJIBLHBIX CIEKTPOB MPOIYKTOB IEIEHUS, 3ABUCST
OT BBIXOJIOB COOTBETCTBYIOIIUX OCKOJIKOB, CX€M pacmaja u
psaa apyrux ¢pakTopoB. TOYHOCTH BOCCTAHOBJICHUS HEWT-
PUHHOTO CIEKTPa MOXET ObITh yBEJIMYCHA, €CJIM BOCCTAHA-
BJIUBAETCS (IO TEM JKe CaMbIM PACUYETHBIM JaHHBIM) CIIEKTP
9JIEKTPOHOB OCKOJIKOB JICJIEHUSI U CPABHUBAETCS C IKCIEPH-
MEHTAJIbHO U3MEPEHHBIM.

Ecim B skcnepumente ceuenme peakuuu (7.1) oexp He
OTIPEACIIAETCS, TO MOUCK OCIHIJLIAIMOHHOTO 3 PekTa OCHO-
BBIBAETCS HA CPABHEHWH WHTETPAJILHBIX BBIXOJOB MO3UTPO-
HOB:

(P(v. <> X)) = jNeXpwe» ) dE.. “ Nea(Eer ) dEe: } s

rJe MePBBIA MHTErpaJl OMpeaesieT YUCIO MO3UTPOHOB,
JIETEKTUPOBAHHBIX B peakuuu (7.1) B MHTEpBaJie 3HEPruit
dE.+, a BeIpaXkeHHe B KBaJPATHBIX CKOOKAX JTaeT 3HAUYCHHE
YHCJIA TO3UTPOHOB, PACCUINTAHHOE B IIPEIIOJIOKEHIH OTCYT-
CTBHUS OCLILIALUY € y4eTOM (DyHKIUH OTKJIMKA AETEKTOPA.

BoibIMHCTBO TPYAHOCTEH, CBSI3AHHBIX C HEOIPEeICH-
HOCTBIO CIIEKTPa PEAKTOPHBIX HEUTPUHO, CHUMAIOTCSI, €CIIN
MIPUMEHSIETCS OTHOCUTEJIbHBI METO/T TTOUCKA OCIMILIALMA. B
9TOM CJIy4ae HCIOJIB3YIOTCS IBA OJMHAKOBBIX JIETEKTOPA,
YCTAHOBJICHHBIX HA JIBYX PAcCTOSHUAX L) 1 Ly OT aKTUBHOU
30HBI PEAKTOPA, JIMOO OIUH AETEKTOP, KOTOPHIH BO3ZMOXHO
MepeMeIaTh U yCTAHABIMBATL HAa PA3HBIX PACCTOSHUSX.
CyliecTBOBaHNE OCHILTANUN BO3MOXXHO OOHAPYXHTH IO
OTHOCHTETEHOMY H3MEHEHUIO CEUCHUS Oexp(L1)/Oexp(L2),
0o 1o medopManyi HHTETPAILHOTO CIIEKTPa MO3UTPOHOB
B peakiui (7.1) B 3aBUCUMOCTHU OT PACCTOSIHUS OT peakTopa:
[ Nexp(Eet, Lt) dEe+ [[ Nexp(Ee+, La) dEe+] ™"

HeliTtpunnble AeTEKTOPHI B IKCIIEPUMEHTAX HA pa3jInd-
HBIX peaKkTopax HMEIOT MOJOOHYIO CTPYKTYpy, KOTopas
MO3BOJISIET PETUCTPUPOBATH KOPPEIUPOBAHHBIN BO BPEMEHU
CUTHAJI OT MO3UTPOHA M HeUTpoHa B peakiuu (7.1). [To3u-
TPOHBI PETUCTPUPYIOTCS B SUEUCTO-CEKIMOHHOM CUETYMKE,
3aIOJTHEHHOM JKUAKAM CHUHTHJUIATOPOM, KOTOPBIN OJHO-
BPEMEHHO SIBJISIETCSI NMPOTOHHOM MMUILEHbIO (IJI1 3TOTO
BBEIOMPAIOTCS CIHUHTHIUISITOPBI C BBICOKAM COJIEpKaHUEM
MPOTOHOB) M 3aMemmuTeNieM HefiTpoHOB. Kaxmas sueiika
cueTyuka npocmartpuBaercss POV, U Mo aMIUIUTYIE CHUI-
HaJjla ONpeesIsieTcsl SHEPIusl HO3UTPOHA. MeEXIy CeKLMSIMU
CIMHTUJUISIIIMOHHBIX CUETYMKOB PACIOIATAIOTCS IIPOBOJIOY-
HBIE MPOTIOPIMOHAIILHBIE KAMEDHI, 3amoHeHnbIe *He, koTo-
pBIe CIIyXAaT ISl perucTpaimu HedTpoHoB. HeoOxommmbie
(hOHOBBIE YCIIOBUST 0OECIICUNBAIOTCSI AKTHBHOM M MTACCHBHOMN
3alIUTON: HEUTPUHHBIA JETEKTOP OKpyXkaercs 3PQPeKTuB-
HBIMH CYETYMKAMHU aHTHUCOBIMAICHUM, TOMeIaeTcsl B OETOH-
HBIIA OyHKEp, BHYTPH KOTOPOTO PACHOJIOKEHBI CIIOH TIOJIH-
STWJIEHA WUIA BOJBI, 4 TaKXe CIIOM PaTUAllMOHHO YHCTOTO
CBUHIIA. DKCIEPUMEHT, MIPOBOJIUMBIN B MOMEHT OCTAHOBKH
peakTopa, onpenessieT COOCTBEHHBIH ()OH YCTAaHOBKH.

JonycTumMble napaMeTphl OCHUIIISINNA pACCUUTHIBAIOTCS
METOJIOM MaKCUMAaJIbHOTO MPABIONO1001s IPY BapbUPOBa-
Hun BemuuH sin®(20), Am® B OXHIAEMOM HEHTPUHHOM
cnektpe. ['paHunbl obJiacTeil pa3pelleHHbIX MapaMeTpoB
OCIIWJIISIIAH COOTBETCTBYIOT HAUTYYIIIEMY OIICAHHIO IKCIIe-
PUMEHTAJILHOIO  CHEKTpa, IpU KOTOPOM  BEJIMYMHA
72 (sin*(26;), Am}) 1uist KaK10ro GHTHPYEMOro mapameTpa
“MeeT MUHUMAaJIbHOE 3HayeHue. OrpaHnyeHue Ha BEINYUHY
Am? onpeensieTcst OOLIMHO B IMPEANOI0KEHHH MAKCHMAITh-
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HOTO cMeniBanus, sin”(20) = 1:

(P(Ve = X)

Amt = Y\ We &%)
T 2L/ Ey)

(7.4)

ITonpobHoe onmcanue METOIUKH HUCCAEIOBAHUS OCLUII-
JIAIUI B peaKTOPHBIX 3KCHEPUMEHTAX, CTPYKTYpa U KOHDH-
rypanysi HeUTPUHHBIX JeTEeKTOPOB, YYBCTBUTEIbHBIX K MPO-
nyktam peakuuu (7.1), mpouenypa BOCCTAHOBJICHUS IO3H-
TPOHHBIX M HEWTPUHHBIX CIEKTPOB, & TAKXKE AJTOPUTMBI
ompeseneHust napaMerpos sin’(20), Am? npuBomsTcs B
moHorpadusix [173, 174]. OrpaHuueHuss Ha mapamMeTpbl
OCHMJUISIINHN, TOJYyYeHHbIE B PEAKTOPHBIX IKCIEPHMEHTAX,
MPEJICTaBIICHBI B TA0JI. 3.

Ta6mmma 3. Pe3ynbTaThl OCHOBHBIX JKCIEPHMEHTAIBHBIX TPYII IO
HOUCKY HEMTPUHHBIX OCHMJUIAIMI Ha JeTeKTopaxX, oOJyyaeMbIX MyyKa-
MH 3JIeKTPOHHBIX AaHTHHEUTPUHO OT SACPHBIX PEAKTOPOB

Mecromnosioxe- | Paccrosinus ot | Orpanuvenue Ha CepLika
HHE PeaKTopa | peakTopa 10 Ae- | mapamerp An’
TekTOpoB, M |mpw sin®(20) = 1,
3B

T'penoOb 8,76 <0,15 [175, 176]
I'ocren 37,9/45,9 <0,016 [177]
Tocren 37,9/45,9/64,7 <0,019 [178]
Byxe 13,6/18,3 6 x 1072-10"" | [179]
Posno 18,5/25 <0,04 [180]
PosHo 32,8/92,3 <0,0083 [181]
Casanna-Pusep | 18,5/23,7 <0,02 [182, 183]

Pe3ynbTaThl, MOJy4YeHHbBIE B PEAKTOPHBIX IKCIIEPUMEHTAX
3a UCKJIFOUEHHUEM Tpynibl broxxe ( TaHHbIE KOTOPOI HE MOTYT
OBbITh WHTEPHPETHPOBAHBI OJHO3HAYHO), YKA3bIBAIOT Ha
OTCYTCTBUE HEHTPUHHBIX OCIHHJUISIMEA JUJIsI IIUPOKOM 00Jia-
cTu mapameTpos sin®(20) =0,1 -1 u Am?> =2 x 1072-10"".

Bynymee 3KCepuMEHTOB C PEAKTOPHBIMU HEHTPHHO
CBSI32HO C ITOMCKOM OCIVULISIIIAI Ha OOJIBIINX PACCTOSHHUSX
OT peakTopa. MSrkuil CHEKTp pPEaKTOPHBIX HEHUTPUHO
Hapsay ¢ npoJieTHOH 6a3zoi L ~ 1 kM JaeT BO3MOXHOCTH
IIPOIBUHYTLCS TI0 YYBCTBUTEILHOCTH K IapameTpy Am’ 10
3Havenuit ~ 1073~ 1074 B 061acTy 6OJIBIIEX yIJIOB CMEIIH-
BaHUS, OCOOCHHO B ciyuae BiHSHHS 3(pdekta MuxeeBa—
CmupHoBa — Bonbdenireiina (6.34). IloctaHoBKa Takux
9KCIIEPUMEHTOB TpeOyeT HOBOI'O MOKOJIEHWSI HEHTPUHHBIX
JIETEKTOPOB OOJIBIIOTO 00beMa. MIMeroTCs TpellsIoRKEeHUs O
CO3JIaHUM IETEKTOPA, COAEPKAIIETO 5 T KUAKOTO CIMHTHUII-
JIATOPA, B COCTaB KOTOPOTO BXOIUT IaOJIMHUIMA, B PacloIo-
KEHHOT'0 Ha pacCTOSIHAU L = 1 KM OT JABYX HOBBIX pEAaKTOPOB
Bo ®PpaHLUH, a TAKKe 00 OpPraHu3alnuy I'PYNIbl, TPOEKTH-
pyrolleit moo0HbIN o MaciiTabam aerekTop B Kamudop-
HUH JIJT51 UCCIIETOBAHUS OCIUJUISIINAN B HEUTPUHHOM ITYYKE OT
peakxtopa B Can-Onodpe [184].

8. UccienoBanne HEMTPUHHBIX OCHMJIISIIMIA
NpH BBICOKHX JHEPrusiX: IKCIEePHUMEHTHI
HA YCKOPHTEJISIX

B teopusix GUT mexanusm "see-saw" npeamosaraer uepap-
. 2
XMEO HERTPUHHBIX Macc my,, =~ (Mycy)”/Mcur, IpH KOTO-
poil  caMbIM  TSKEJIBIM OKa3bIBAE€TCS T-HEHTPHMHO,
my, < ny, < my,_, a YIJibl CMEIINBAHUS HAXOASATCS B COOTHO-
1/4 1/2
wenun Oy = (my, /my,) s Oy = (my, /my,) s 0. ~0. B
paszenie 3 Mbl HOKa3aJM, 9TO €CJIM B DTOH CXEME Macca T-
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HEUTpHHO JiexuT B obsiactu 5—30 3B, To oOnacth napamer-
poB  ocumaiasmUMd v, — V;  JONMyCKaeT 3HAaYeHHUs
sin2(20m) =2x1073-3x 1074 AmflT =22-715 »B? [63,
64], a nua mapaMeTpoOB OCUMJUIALHA V, <2—> Ve HamboJee
BEPOSITHBIMU  SIBIIIFOTCS  3HadYeHHs sin”(20,.) = (0,3—
1,0) x 1072, Amz, = (0,5-1,2) x 1073 »B? [185-187]. B
TaKOM cxeMe Macca T-HEHTpHHO M Yrosl cMelMBaHMs O,
OKa3bIBAIOTCS B 00JIACTH 3HAYCHUN MAapaMETPOB OCIMILIS-
WA, TOCTYMHBIX ISl YCKOPHUTEJIBbHBIX 3KCHEPUMEHTOB.
[TosToMy WccienoBaHMS OCHUJUISIMNA B MyYKaX MIOOHHBIX
Heiitpuno ot yckoputeneit CERN, FNAL, YVHK-I nanpas-
JIEHBI B TIEPBYIO OYepPe/Ib HA U3YUYEHUE MOMIBI V), < V.

Ha mnpoToHHBIX ycKopUTENssX (GOPMUPYIOTCS MYYKH
MIOOHHBIX HEHTPHHO C IIMPOKUM JHEPTeTHUYECKHM CIIEKT-
POM C MPUMECHIO HEHTPHHO JAPYroro apomara Ha YpOBHE
OJTHOTO WJIM HECKOJIbKMX HpOIEHTOB. MCTOUHHKOM Vv,
SIBJISIFOTCSI paciia/ibl BTOPUYHBIX T 1 K-Me30HOB, 00pa3oBaH-
HBIX IIPU B3aUMOJCUCTBUH IIPOTOHOB C MUIIICHBIO U C(HDOPMHU-
POBaHHBIX (POKYCUPYIOIIUM YCTPONCTBOM B MapaslieibHbIN
My4YOK. YCKOPUTEJIbHbIE HEHTPHUHHBIE IMYYKH XapaKTepH-
3YIOTCSI KOHTPOJIUPYEMBIMU YCIIOBUSIMHE: SJHEPT U, HHTEHCUB-
HOCTb, BPEMEHHAS CTPYKTYpa U HAIIPABJICHUE MTy4YKa XOPOIIIO
u3BecTHBI. [103TOMY HMX CIIEKTpBI, @ TaKke MpuMecH (HOoHO-
BBIX, B OCHOBHOM 3JICKTPOHHBIX HEHTPUHO MOTYT OBITh
paccuuTaHbl ¢ OOJBINOW TOYHOCTHIO. OmHAKO, 4YTOOBI
JIOCTHYb  yYPOBHS ~ YYBCTBUTEJIBLHOCTH  3KCIHEpUMEHTA
P(vy < Ver) 10~*, HEO6XOMMMO TPOBOANTH HCCIEIOBA-
HUSI B MOHOXPOMATHYECKOM HEHTPUHHOM IYUKe.

B skcnepumenTax ¢ mydkamMu yCKOPUTEJIbHBIX HEUTPUHO
BO3MOXXHO H3y4eHHE KaK MObI ""HCue3HOBeHUS" v, < X, TaK
¥ UHKJIFO3UBHBIX MO/ "BO3HUKHOBEHHS'" V) <> Ve H Vy <> Vi.
Juis mpaMoit peructpaluu U30BITKA Ve U V; B IOTOKE Vy
HEoOX0MMO, 4TOOBI 3HEPrUs E,, MpeBbIIIaga Maccy HOKOs
3JIEKTpOHA (T-JIEITOHA), 00PA3YIOIIETOCs B pEeaKIMU JACTeK-
THPOBAHMUS:

VeyN — €™ (17) X, (8.1)
rae N — HYKJIOH BellecTBa ACTEKTOpa, X — KOHEYHOE
aJPOHHOE COCTOSIHHE.

WNnentudukaius sekTpoHoB B peakimu (8.1) mposo-
JIUTCS IO 00pa3yeMoMy MU 3JIEKTPOMATHUTHOMY JIMBHIO B
BEIIECTBE JIETEKTOpa (JIEKTPOMATHHTHOTO KaJIOPUMETPA,
My3bIPbKOBOI KaMepBHl, ...), BXOISIIErO B COCTaB HEHTPUH-
HOW YCTAHOBKM. [{JIs perucTpaiyy T-JCHTOHOB B PEAKIHH
(8.1) Mcnosb3yroT JABE BO3MOXHOCTHU. [lepBasi cocTOUT B
MPSIMOM HAOJIFOJICHUM MPOOeTa T-JENTOHA OT TOYKH POXKIC-
HUs 10 pacnana (¢t =~ 91 mxm). s permenns 3Toi 3amaun
HEOOXOMMO HMMETh TPEKOBBIA JETEKTOP C pa3pellicHueM
o < 10 MmxM. B kadecTBe Takoro mperu3nMOHHOTO BEPIIMH-
HOTO J[IETeKTOpa HCIOJB3YIOT sACpPHbIE (HOTOIMYIIBCUH,
My3BIPHKOBBIE KAMEPHI C TOJIOTpapUIECKUM CheMOM HHPOP-
MaIyd, a TakXKe MUIIeHH, COOpaHHbIE U3 CIIMHTUJLISIIIAOH-
HBIX BOJIOKOH. Jlpyrasi BO3MOXHOCTb PETUCTPALUH T-JICT-
TOHA 3aKJIFOYACTCS B KHHEMATHUYECKOM aHAJIM3e MPOIYKTOB
peakumu (8.1) — omnpeiesieHny aucdaIaHca Mo MonepeuHoOMy
HMITYJIbCY MEXTY T-JISITOHOM U CTpYeil axpoHOB. [[J1s1 3TOro
HEOOXOIMM MPEIM3NOHHBIN KaJIOPUMETPUUECKUAN TETEKTOP.

Temeps MbI 60JIee TTOAPOOHO OCTAHOBHMCS Ha IKCIEPH-
MEHTAJIBHBIX YCTAHOBKAX, KOTOPBIC HCHOJIB30BAJIUCH IS
U3yYCHUS] HSHTPUHHBIX OCIUJUISIHMA, U IOJIyYCHHBIX OI'DAHU-
YeHHUsIX Ha mapaMeTpsl sin’ 20, Am?.

OCumISAIME vV, <> X H3YYaJHCh B HEHATPUHHOM IIyuKe
yckoputesiss CERN PS co cpenneit sneprueii (E,) = 1,5 9B
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Ha ycranoBkax CHARM u CDHS, a Takxe B HEHTpUHHOM
myuke yckoputens FNAL npu sneprusx E, = 40-230 3B
Ha ycraHoBke CCFR. Bo Bcex 3Tux skcriepuMeHTax UCIoJib-
30BAJINCH JBa JETEKTOPA, PACHOJIOKECHHBIE HA Pa3HBIX pac-
CTOSIHUSIX OT MUIIIEHH HEHTpUHHOTO KaHaja. Peructpupye-
MBbI€ B JETEKTOpaxX B3aMMOJCUCTBUSI HEUTPUHO MO KAHAIY
HelTpaibHOro ToKa (NC) UMEIOT OJIMHAKOBBIC CEUEHUS ISl
BCEX ApPOMATOB M HE MOTYT OBITh HCIOJB30BAaHBI IS
MeUeHHUs] HeUTPUHHOTO apomarta. BiammopedcTBust 3apsi-
xenHoro toka (CC), Ha060poT, XapaKTepU3yIOTCsl pa3Jiny-
HBIMH 3aPSOKCHHBIMU JISNTOHAMHM B KOHEYHOM COCTOSTHHU.
IToaToMy OCHMIIISIIIUM V, <= X JTOJIKHBI IPUBOAUTH K YMEHB-
LIEHUIO MIOOHHBIX COOBITUH 3aPsKEHHOTO TOKA

v+ N—-p +X (8.2)
IO CPABHEHHUIO C PACYCTHBIM B IPEIIIOJIOKCHAN OTCYTCTBHUS
OCHIILISIIMN. Y BeIMueHNe PACCTOSIHUS 10 AETEKTOpA TAKKE
TPUBOJIUT K YMEHbIIIEHUIO cOObITHiI THMa (8.2). s onpee-
JICHUSI MapaMeTpoB OCIIJUISANNNA HaOfogaeMble MOTOKH
HEUTpUHO B OJIIDKHEM M JTajbHEM JIETEKTOPaxX CpaBHU-
BAFOTCSI C PACYCTHBIMH B INPEIIOJIOXCHUN OCIMJULSIUIN C
napaMerpamu sin®(26), Am?. 3aTeM MeTOIOM MaKCHMalb-
HOT'O TPaBAONOA00US HAXOAUTCS 00JIACTh 3HAYCHMI Mapa-
METPOB OCIIULIAINN V, < X, KOTOpasi MCKIIOUEHA s
JAHHOTO SKcnepuMeHTa. OCHOBHBIC PE3yJIbTATHI IIPECTa-
BJIEHBI B Ta0JI. 4.

OCHMIITISIMY V), < V, IIIPOKO U3y4aJIUCh B IKCIEPHMEH-
tax Ha yckoputesnsix CERN PS, BNL AGS, FNAL u V-70.
MeToauKa PerucTpauuy KaHaja "BO3HUKHOBEHHA'" 3IIEKT-
POHHBIX HEHTPUHO V. B IyYKE MIOOHHBLIX V, OCHOBAaHA Ha
CPaBHEHUH 3KCIEPHMEHTAIBHO HAOJIF0IaeMOTO OTHOIIICHHS
Ve- M Vy-COOBITHIA

NGy (P(Ve = Ve)av,) + ny, (P(V — Ve)ov,)
1y, (P(Vy = Vi)ov,) + ny (P(ve — vy)ay,)

(8.3)

C pacyeTHHIM 3HaUeHHeM R B IpenookeHul OTCy TCTBHUS
ocrsinuii. B BeIpaxenun (8.3) n,, — HavaJIbHOE YHCIO
HeliTpuHo i-ro apomara (i=e, |), o,, — cedeHue VN-
B3aUMOJCUCTBUS IO KaHAJy 3apsDKEHHOrO TOKa ISl HEUT-

pUHO i-TO apoMarta, a YCpeAHEHHEe NMPOBOAUTCS MO HCXOA-
HOMY HeHTpUHHOMY criekTpy. OTHOIIEHUE 1y, /ny, B Mpen-
TTOJIOKEHUT

MOHO MOJIYYUTh UCXOJISI U3 PACUCTHBIX 3HAUECHUHN YUCIIA Ve-
U V,-COOBITHI U yCPETHEHHBIX [0 CIIEKTPY SHEPT Uit HEWTPUHO
COOTBETCTBYIOLLETO apoMarTa:

4 -1
ﬁ — N531<Evt> — Rcal <EVc> . (84)
Ty, N(\:/ﬁl (Evu > - <EV» >

Torna Beipaxenue (8.3) MOXKHO IepenucaTh B BUJIE

Rexp —

. Rcal<EV,.><Evc>7l<[l - P(vy — VE)}EVC> + <P(V|u - Ve)EV,.>
(1= P(vy = Ve)] Bv,) + R(E, ) (Ev,) ™ (P(V — Ve) Ev,)

(8.5)

B ciyvae cymecTBOBaHMS OCHMJUIALMUMA V, < Ve OTHOLIEHHUE
R®P / R%! 1071 HO GBITH OTJIMYHO OT eMHMUITL. OTrpaHTueHHe
Ha BEJMYHHY P(V, < V) U, CIeJJOBATENBHO, HA COOTHOIIE-
HUE TapaMeTPOB OCIIILISIITIA sin’(20) u Am?, COBMECTHMBIX
Ha 3a/IaHHOM YPOBHE IOCTOBEpHOCTH ¢ R®*P, ompenesnsiercs
u3 (8.5). JaHHbIE 3KCHEPUMEHTOB IO TMOUCKY OCIMJLISIIUAN
Vy < Ve IpEJCTaBJIeHbI B TA0. 5.

Ocuunisauu v, < V; BIEpPBble HAYAIUd H3Y4aThCs B
HEUTPUHHBIX 3KCIIEPUMEHTAaX B Iy3bIpbKoBOi kKamepe BEBC
B CERN wu 15-pyroBoit kamepe FNAL. B atux panHHX
OIBITAaX BEPILIMHBLI OT PACHAIOB T-JIEHTOHOB HE MOIJIU OBITH
3aperucTPUPOBAHBI BU3YaJIbHO, TIOITOMY OLEHKU OCHMILIS-
[IMOHHBIX NMAPAMETPOB OBLIM MOJIyYeHBl HA OCHOBE MPEIO-
JIOKEHUS O TOM, UTO 9aCTh HEHTPUHHBIX COOBITHIH C 3JIEKTPO-
HaMH B KOHEYHOM COCTOSIHMM OOYCJIOBJIEHA B3aUMOJEH-
CTBUSIMH T-HEUTpMHO B peakmun v+ N —1° +X ¢
MOCJIEIYIOIIMM PACaJoM T-JENTOHA MO MOJE T — € ViVe.
Takoit MeTod HaAXOXIEHUS MAPaMETPOB  OCHUJIISALINN
Vy ¢ V; TIPEATNOJIATAaeT BBICOKYIO TOYHOCTb OIIPEIEJICHUS
(DOHOBBIX B3aMMOJEHCTBHH OT V. W TpeOyeT KMHEMaTHde-

Tabsmna 4. Pe3yibTaTsl HccileI0BaHUS OCHMIUISIIUN V, < X B 3KCIIEPUMEHTaX Ha YCKOPHUTEISX

Vckopures, CTpykTypa AeTeKkTopa Paccrosinus ot Am? npu sin? (20) Ccplika
9KCTIEPUMEHT MHUIIEHN 10 sin?(20) = 1, THB?
JIETeKTOPOB, M
CERN PS, CTpYKTYpUPOBAHHBIH KaJOPUMETP: MpPaMop- 123 <0,29 <0,17 [188]
CHARM HbIE TUJIACTUHBI, MPOCIOCHHBIE IJIOCKOCTSIMU (OKHMIA) WITI (Am? =0,7-9,0 5B?)
CHMHTUJUISIUOHHBIX CYETYUKOB, HPOMOPLHUO- >22
HaJIbHBIX ApeidoBrix Tpyook (PDT) u crpm-
MEpHBIX TPYyOOK. MIOOHHBIH CIEKTPOMETP:
MJIACTUHBI HAMAarHMYEHHOTO JKeJjie3a, MPOCIIOeH- 903
Hele PDT (naJibHMiA)
CERN PS, ToponnanbHO HAMarHUYeHHBIE TUIACTHHBI XKeJie- 130 <0,23 <0,1 [189]
CDGS 3a, MPOCJIOCHHBIE CIIMHTUIIISIIMOHHBIMU TIJIACTH- (0K HMIA) WITH (m?* =1,0-10,0 5B?)
HaMHU U Apei(POBBIMU KaMepaMu 885 >100
(manbHuii)
FNAL, CTpyKTYpUPOBAHHBII KaJOPUMETP C MEOOHHBIM 715 <8 <0,02 [190]
CCFR CIIEKTPOMETPOM (6K HMIA) i (Am? = 1103B?)
1115 > 1250
(1aJibHMiA)
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Tabmma 5. Pe3yabTaThl HcciIeI0BaHUS OCIMILIANME vy, < Ve B 9KCIEPUMEHTAX HA YCKOPHTENSAX

Vckopurens, CTpyKTypa JieTeKkropa Paccrostaus ot Am? ipu sin? (20) CcpLika
9KCIIEPUMEHT MUIIEHH 10 feTek- | sin’(20) = 1, [aB?
TOPOB, M
CERN, IMy3bIpbKOBasi KaMepa GOJIBIIOro pa3Mepa 850 <0,09 <2 x 1072(Am? ~ 2 5B?) [191]
BEBS
CERN PS, CTpyKTYpHPOBAaHHBIC MHUIICHUA-KAJIOPAMETPBHI, 123 <0,19 <8 x 1073 (Am? = 305B%) | [188]
CHARM PAacCIOJIOKEHHBIE HA [IBYX PACCTOSHUSX; MIOOH- (6rKHMIL)
HBII OTJIOTUTENb 903
(maabHUi)
BNL AGS, CTpYKTYpPUPOBAHHBINH KAJOPUMETD: IIOCKOCTH 96 <0,43 <34 %1073 [192]
E-734 JKUIKOTO CHUHTHILIATOPA, JKEJIe3HbIE MJIACTUHBI [193]
U OPOHOPIHOHATIbHBIE Apei(hOBBIC KaMEpPhI;
JIUBHEBBIC CUCTUUKA
FNAL 15-dyToBast my3sIppbKOBasi KaMepa 1056 <22 <1,1x1072 [194]
V-70 ITy3sIpbKOBast kKamepa OOJIBIIOTO pa3Mepa 270 <13 <2,5%1073 [195]
CKAT

cKuXx oOpe3aHuil 1s BbIIEJIEHUSI ICKOMON MOJbI pacnaja T-
JIENITOHA.

B Gosnee moszmuux skcnepumentax E-531 u E-564 ¢
WCIIOJIb30BAHUEM SIIEPHBIX (HOTOIMYIBCUN MOSIBIIIACH BO3-
MOXHOCTb HETOCPEICTBEHHON pEerucTpanuu T-JEeNTOHA U,
CIIEIOBATEJIbHO, WIACHTH(PUKAIIMK B3aMMOJCUCTBUUA V: B
peaxkmu 3apsHKEeHHOTO0 TOKA. DTO CYIIECTBEHHO MOBBICHIIO
qyBCTBUTEJBHOCTD IKCIIEPUMEHTOB K TapaMeTpaM OCIMILISA-
mi v, <> vi. OTMETHM TakXe  OHBIT KOJUIabopauuu
CHARM-II o moucky KBa3mynpyroi peakimu

VN — 1 (17 v N

Ha (OHE OJHOJIYYEBBIX COOBITHIA B PEAKIMH HEUTPAJIHHOTO
Toka Vy N — v,N'n~. Pe3ybTaThl BceX YMOMSIHYTBIX 3KCIIe-
PUMEHTOB CBE/IEHBI B Ta0I. 6.

B macrosmee Bpems B vy-myuke yckoputenss CERN SPS
BeJeTCS HA0OP CTATUCTUKU HEHTPUHHBIX B3AUMOICHCTBUIN B
skcnepumente CHORUS (CERN Hybrid Oscillation Re-
search Apparat US) [201, 202]. B 3kcnepuMeHTEe HUCIIOJIb-
3yeTcsl MAarHUTHBIM CHEKTPOMETP CO CUMHTHILTAIMOHHBIMHU
dubpamu [203], cayxammMu Ui yKa3aHUsS HA BEPIIUHY
CcOOBITHST B (POTOIMYJILCHOHHOYW MuIlieHr BecoM 800 Kr.
Benercs mouck  B3aMMOJICHCTBHN  3apshKEHHOrO  TOKa

v.N — 17X ¢ mocieayroumm pacnajgoM T-JIentTona. Mroon-
HbIE TPEKU OHKCTPANOJIMPYIOTCS B 3MYJbCHIO Ha OCHOBE
KOOpJIMHATHOW HWHPOpPMAIMK, TOJyYeHHON ¢ (uOpoBoit
mumieHn [204], a curHatypoil ais pacmaja T-JIeNTOHA
SBJISFOTCS OJIHOJIyYeBbIe cOObITUs THIA "KMHK". Bee coObI-
THSI — KaHJAWJIATHl HAa B3aMMOJICHCTBHE T-HEUTPHUHO —
MPOXOAAT TPEIBAPUTENIbHBIA KUHEMATHYECKH OTOOp Ha
OCHOBAHUH KajlopuMeTpuueckoil nuapopmaruu [205]; mouck
B (DOTOIMYITLCHH OCYILIECTBIISIETCSI HA TOJIHOCTHIO aBTOMaA-
TH3UPOBAHHBIX MUKpOcKomax. [IepBble pe3yIbTaThl aHAIH3A
HaOpaHHOW CTATUCTUKH TIpeJCTaBiIeHbI B [202].

Taxxe B HeliTpunHoM nyuke CERN SPS noarorasiu-
Baetcs 3kcriepuMeHT NOMAD (Neutrino Oscillation Mag-
netic Detector). B 3TOM 3kcmepuMeHTe Npenu3UOHHBIN
BEPIIMHHEIN JETEKTOP OTCYTCTBYET, a BBIJCIICHHE CHTHAJIA
OT V; OCHOBBIBAETCSI HA M3BECTHBIX KHHEMATHUYECKUX KPHUTe-
pUAX ¥ O0OecCrevYnBaeTCs Pa3BUTOW TPEKOBOM CUCTEMON,
BKJIrovaronie 150 npeiioBbIX kKamep, MOMEIICHHBIX BHYTPb
maruuta ot yctanoBku UA (1) [202, 206].

YysctrButenbHoCcTh  dkcnepumeHtToB  CHORUS #n
NOMAD k napamMeTpy CMeIINBaHUS sin2(20) paccunTaHa B
[64] n B cityqae m,, > 75B Ha 90 %-HOM ypOBHE TOCTOBEPHO-
¢t Gyziet cocTaBsTh sin®(260) > 2 x 1074,

Tabmma 6. Pe3ybTaThl HcciIeI0BaHNS OCIMILIANMIE vy, < Vi B 9KCIEPUMEHTAX HA YCKOPHTENSAX

Vckopurenb, CTpyKTypa eTeKTopa Paccrosiaus ot Am? ipu sin’ (20) Ccbuika
9KCIIEPHUMEHT ucTounuKa HeiTpuuo| sin®(20) = 1, ['2B?
10 IETEKTOPOB, M
CERN PS, Bousblas my3sippkoBas kKaMepa 850 <6 <5x1072 [196]
BEBC
FNAL 15-dpyroBas my3sIppKOBas Kamepa 1056 <3 <6x107? [197]
FNAL, I'm6punneii cunekTpomerp: saepHas GpoTo- 951 <0,9 <4x1073 [198]
E-531 IMYJIbCHSI, BPEMSIIPOJICTHASI CUCTEMA, Jpeido-
Bas Kamepa
FNAL, SnepHast GOTOIMYJIbCHS, MOMEIICHHAS] BHYTPb 1466 <4,5 <6x1072 [199]
E-564 15-¢pyToBO My3BIPHKOBOI KAMEPhI
CERN SPS, CTpPYKTYPHPOBAHHBIE MHUIIEHHU-KAJIOPUMETPDI, 123 <0,5 < 5x 1073 (Am? =~ 503B%) | [200]
CHARM II PACIOJIOKEHHbIE HA BYX PACCTOSHUSX; MIOOH- (6K HMIA)
HBII CHEKTPOMETD 903
(mabHUIL)

3*
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9. Ocunisiuu JaJbHUX HElTPUHO

JanpHednii mporpecc B M3MEPEHNU HEUTPUHHBIX MacC H
JIOCTIDKEHUW YPOBHS 4yBCTBUTEIHLHOCTH IKCIIEPUMEHTOB JI0
3HAYEHUN my, U my, ~ 103-10"! 3B u my, < 13B moxer
OBITH CBSI3aH TOJBKO C OCIHMJUISIHMOHHBIMU IKCHEPUMEH-
TaMu, UCMOJIb3YIOIIMMHY IYYKU JAJbHUX HEUTPUHO M HOBOE
MOKOJIEHUE HETEKTOPOB C OOJIBIIMMHU UyBCTBUTEIHHBIMU
maccamu. Tepmun "nanpuue" (long-baseline) HefiTpuno
CHENUANIBbHO BBEICH IS HEHTPUHO, PETUCTPUPYEMBIX Ha
paccrosHusax (~1 kM) oT yckopurtesns. bosbmas miuHa
IpoJieTa HEUTPUHO U 3HAUYUTEIHHOE KOJMYECTBO BEILECTBA,
MepeceKaeMoro UMM Ha CBOEM MYTU OT MeCTa POXKICHUS 10
JIETEKTOPA, MO3BOJISIFOT YBEJIMYUTH YYBCTBUTEIBHOCTDH JKC-
TIEPUMEHTOB K MapamMeTpaM OCHMJUISAIMI, a TakXke IpoBe-
puTth Biausinue MSW-sddexta Ha MEXaHU3M OCLMILISLIUH.

Co3gaHue My4ykoB NaJIbHUX HEHTPUHO ISl SKCIEPUMEH-
TOB 10 H3YYECHHUIO OCIIUISALIUHN IJIAHUPYETCS Ha YCKOPH-
tenpHOM Komiutekce CERN SPS, I'maBHOM wuHXeKTOpE
FNAL (Fermilab Main Injector), yckoputese KEK B
Snonun, a takxke B Poccum va YHK-600 B r. [IpoTBHUHO.
HeiliTtpunable nporpaMmbl ¢ MyYyKaMH JaJIbHUX HEUTPUHO
IIUPOKO OOCYXkAaroTcsl B Hacrosiiee Bpems [35, 36, 207 —
210]. HexoTopble HOBBIE TUTIBI JETEKTOPOB, KOTOPBIE OYyIyT
WCTOJB30BAHbl ISl OyIyIIuX OCHMJLISAIUOHHBIX 3KCIEPH-
MEHTOB, onmmcankl B [35, 36, 211, 212].

B skcrepumenTax Oymmkaifiero Oymymiero OyayT uc-
MOJIb30BAHBI BCE U3BECTHBIE METOAbI OOHAPYKEHUSI HEUTPHH-
HBIX OCHUJIJISIIININA:

1. 3mepeHus Bapuanuu J0JU COOBITUH, UAYIIUX Yepe3
3apspkeHHbI TOK (CC-coOBITHS), IPH U3MEHEHUH PACCTOSI-
HUS OT yCKOpUTes A0 AeTekTopa (Lp). Vim uzmepenus npu
(PUKCHPOBAHHOM PACCTOSIHUU Lp TpU U3MEHCHUU JHEPTUU
HEUTPUHO. DTHU UCCIEIOBAHKS TPEOYIOT IOCTATOYHO XOPO-
1IIETO 3HAHUS CIEKTPa HEUTPUHO.

2. PerucTparsi "3MEHEHNs] OTHOIICHUS YHCIIa COOBITHIA,
uaynmx 4epe3 HelTpanbHbil TOK (NC-coOBITHS), K YUCITY
CC-coOblTull B 3aBUCHMOCTH OT paccTOsHUS Lp Wi B
3aBUCUMOCTH OT 3HEPrul HEUTPHUHO (pU (HUKCUPOBAHHOM
Lp) — NC/CC-cnoco0.

3. Ilpsimass peructpamusi HEUTPUHO WHOW MPUPOIBI B
MOTOKE HEUTPUHO OJHOTrO cOpTa (Hampumep, oOHapyKeHHE
B V,-oTOKe "u30bITKa" Ve, V7).

4. I3aMmepeHue oToKa paBHOBECHBIX MIOOHOB, 00pa3yro-
LIUXCS B BEILIECTBE Iepes AETEKTOPOM (M3MEpEeHHe MOTOKa,
HAMITYJIbCHOTO CHEKTPA, 3aPSAHOTO COOTHOIICHUS IpH (PUK-
CUPOBAHHOM PACCTOSIHUU Lp).

Bo3moxHOCTH pOpMHUPOBAHUS ITyYKa JaTbHUX HEHTPUHO
ot yckoputeiss CERN SPS (sneprus nagarommx Ha MHUILIEHb
npoToHoB 450 I'5B, nnTencuBHOCTH 2 X 1013, mepuon 14,4 ¢)
noApoOHO paccmatpuBarotcss B pabore [213]. OcHoBHbIC
HAJISKIbl CBSI3BIBAIOTCSI C HAMPABJICHHEM HEHTPUHHOTO
My4YKa Ha JETEKTOPHI, PACIIOJIOKEHHBIE B MOA3EMHOM J1a00-
patopuu ['pan-Cacco, B 120 kM k BocToky oT Puma u B 730 kM
ot CERNa. JIabopaTtopus ['pan-Cacco HaxouTcs B TOPHOU
BBIpAOOTKE ATNMNEHMHCKOTO MaccuBa Ha riyOuHe 4.5 KM
BOJHOIO OJKBHUBaJieHTa. B mabopaTtopum co3gaHa menas
CcHCTeMa TOMEIIEHUH [JI1 HECKOJIbKHAX KPYIHBIX NETEKTO-
pOB, TpeAHA3HAUYEHHBIX ISl PEeIIeHUs psiia acTpodu3nye-
CKHX TpoOJieM M TOWCKa pacnaja npotoHa. PaccMorpum
HEKOTOPBIE U3 3TUX NPUOOPOB.

ICARUS (Imaging Cosmic and Rare Underground
Signals) — wuaeanbHBIN JETEKTOp JJISI U3YUYCHUS DPEIKHX
COOBITHIA, B TOM YHCJIE 1 HEUTPUHHBIX B3aUMOIEHCTBUH [35,

36,214, 215]. 910 AETEKTOP HOBOTO MOKOJICHUS — XUIAKOAP-
roHoBasi BpemsinpoeknuonHast (TPC) kamepa (3 momyns
BECOM 5 T KaX/Iblil) C 3JIEKTPOHHBIM CYATHIBAHUEM HH(OpMaA-
nuu. B ICARUSe B3auMoieiiCTBUSI HEHTPUHO UACHTUDUIIH-
PYIOTCSI TIO DJIEKTPOHAM OTJIaYH OT BTOPUYHBIX 3aPSDKEHHBIX
YACTHUI, KOTOPBIC PETHCTPUPYIOTCS BPEMSIPOCKIMOHHON
kamepoil. BeencTBue npeiida 371eKTpOHOB B OJTHOPOIHOM
9JIEKTPUYECKOM IMOJIe Ha CUATHIBAIOIIMX IIOCKOCTSIX PEru-
cTpHupyeTcs 3apsiau popMupyeTcs TpeXMepHOE JEKTPOHHOE
n3obpaxenue. [IBe MpoOCTpaHCTBEHHbIE KOOPIMHATHI TOUEK
AHAJIM3UPYEMOTO TpeKa OMPEICIISIFOTCS IO MECTY MPUXOoaa
peiyrouX 3JeKTPOHOB Ha IUIOCKOCTb CYMTBIBAHUS, Tpe-
Thsl KOOpJUHATA ompeaessieTcss BpeMeHeM apeiida. OcHOB-
Hasi CJIOKHOCTB B pean3anuu HopMupoBaHus H300pakeHUs
B JIETEKTOPE Ha JXUAKOM aproHE CBS3aHA CO CITOCOOHOCTHIO
npeiia 3JIEKTPOHOB MOHM3ANMU HA OOJIBIINE PACCTOSHUS.
Ota mpobisiema ObLla pelieHa Ha TPOTOTHUIE AETEKTOpa
BecoMm 3 T [214]. Herektop ICARUS umeer BbIcOKOE TIpO-
CTpaHCTBEHHOE paspelieHue (0T = 1 MM 0 COTEH MKM) U
Xopoliee pasperienue 1mo sHepruu (~ 3% mia et u y ¢
sHeprueit 1 M»B). IlepBwiii MomIysib OyIeT MOJHOCTHEO
rotros B 1998 r. [216].

WN3yyeHnne HEUTPUHHBIX OCIMUILISUMNA Mpearnosaraercs
nBymst Metonamu. [lepBeIif COCTOUT B U3BMEpPEHUU OTHOIIIE-
HUS YrciIa COOBITHI HERTPAILHOTO TOKa 6€3 MIOOHA K YHCITY
COOBITHIT 3apSKEHHOT0 TOKA C OJITHUIM MIOOHOM B KOHEYHOM
cocrostHuH [36]:

Ry =~ 031[1 + 1,95sin?(20)(Am?* - 1,27Lp)*(E2)], (9.1)

rae pisa npotoHHoro myuka CERN SPS ¢ sueprueit
E, = 450 I'sB cupaBeI7THBBI COOTHOILECHHS

H T
INe~ 031, DNCnqs, (9.2)
Occ Occ

JIOCTOUHCTBO TaKOro MeToja "BO3HUKHOBEHUS" COCTOUT B
TOM, YTO OH He TpeOyeT OJIMKHETO JeTeKTOpa U B MEHbIIeH
CTEeNEeHH YyBCTBUTEJIEH K BEJIMYNHE TIOTOKA V.

Bropoii MeTo1 — "ucue3HOBeHUA" — TaKKe MOKET OBbIThH
HCTOJB30BaH. B 9TOM ciyuae u3mepsieTcs OTHOIIIEHHE YKcia
MIOOHOB, 3apETUCTPUPOBAHHBIX B OJIDKHEM [ETEKTODE,
pacnioyioxkenHoM okoyio CERNa (3T0 4mciio MIOOHOB TIpo-
HOPLUMOHAILHO YUCITY Vy, B IYUKe), K YUCITy B3aUMOIeiCTBII
HEUTPUHO BCEX apoOMaTOB, KOTODPbIE PETUCTPUPYIOTCS B
ICARUS. CymmapHast 4yBCTBUTENBHOCTH JieTekTopa ICA-
RUS nns 06oux MeToI0B B CiIydae OCIMJUISALMN Vy < Ve
cocrapmsier sin®(20) =1,5x 1073 u Am? =1,5x x107%, a
JUIS V¢ Vo-OCHMJUISLUAI sin?(20) =50 x 1072 u
Am? =2,0 x 1073 5B2.

LVD (Liquid Volume Detector) — neTekTop OO0JIBbIIOTO
00beMa, B KOTOPOM PETUCTPUPYIOTCS] CBETOBbIE BCIBIIIKH B
JKUIKOM CIHMHTHJUISITOPE OT 3JIEKTPOHOB OTJAYM B MPOIIEC-
cax v—e-paccessHus [217]. OH npenHa3HA4YeH ISl PELeHUs
IMUPOKOTO Kpyra 3ajad, BKJIFOYAONIMX HAOJIIOJCHUE 3a
HEHTPUHHBIM U3JTydeHUEM U3 Hallell [ amakTuku, 11s u3yue-
HUSl HEUTPUHHBIX MOTOKOB OT KOJUIAIICHPYIOIIMX 3BE3I, a
TaKXe MOXET OBbITh HCIOJb30BAaH ISl PETUCTPALIUU HEWT-
pUHO OT yckoputeseld. JIeTeKTOp COCTOHUT U3 NIBYX YACTEH:
MOJ36MHOM HEUTPUHHON o0oOCepBaTOpUHU, COJEpKAIICH
1,8x10% T KUAKOTO CHUHTUIIATOPA, U TPEKOBOH CHCTEMBI
Ha ocHoBe 1,6 x 10* cTpuMepHBIX TPyOOK, PACTIONIOKEHHBIX B
TOPU3OHTAJILHOM W BePTUKAJIbHOUN TmockocTsix. [lomHoe
YHCIIO JIETEKTUPYIOIIUX KAHAIOB cocTaBuseT Gomee 107
BazosbeiM mopynem getektopa LVD saBisitoTcst 351€MEHTHI
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o6bemoM 1 x 1 x 1,5 M?, 3anosHeHHbIE )KUAKIM CIUHTHILIS-
TopoM. Kaxnpii Mmomysib mpocmaTtpuBaetcst Tpemsi OIV-
49B, mosHOe YmMCciIO Takux Mojaysed okojio 200. OO6ime
pasMepbl JEeTEKTHPYIONIeH CHCTeMbl YCTaHOBKH 10 X 5x
x44 M3, JInis yBeMUEHHs MACChI BEIIECTBA MUIIIEHH MOLYJIH
MPOCJIOEHB! JIUCTaMU XkeJie3a. Yucio cBoOOOIHBIX 2JIEKTPO-
HOB, COJIepKaIlNXcs B padoUYeM BEIleCTBe AeTEKTOPa, COCTa-
BisieT 7 x 1032

Herektop MACRO mnpenna3HaueH 1l perucTpanuu y-
W3JIyYCHUS, MIOOHOB U HEHTPHHO OT TaJlAKTHYECKUX U
BHETaJIAKTHYECKUX MCTOYHUKOB M MOXET OBITh HCIOJIb30-
BaH ISl IETEKTUPOBAHUSI HEUTPUHO OT yckoputeiei [218].
O6mme pasmepsl geTekTopa 72 x 12 x 9 M?, oH kommo-
HyeTCsl U3 OJIOKOB TOPU3OHTAIBHBIX KUJKOCTHBIX CIIMHTHUII-
JAATOPOB ATMHO# 12 M (06mmmit 06BeM ~ 100 M?), BepTUKAIL-
HBIX CHUHTHJUIATOPOB, CJIOCB TOPU3OHTAJBHBIX U BEPTH-
KaJIbHBIX CTPUMEPHBIX TPYOOK, CBUHIIOBBIX IOIJIOTUTEJIEH
(n71s BBIAETICHUS MEOOHOB) U IPYTHX TPEKOBBIX JETEKTOPOB.
IIpennonaraercst peructpupoBaTh okoJio 1000 HEUTPUHHBIX
coObITHii B To1 0T yckoputesst CERN SPS.

NOE (Neutrino Oscillation Experiment) mpeacrapisieT
00011 HOBBII THUII KAJIOPUMETPA C UCHOJIL30BaHIEM (HUOPO-
BbIX CUUHTHJUISLMOHHBIX BOJIOKOH W TpeIHa3HAueH IS
moucka HEWTpUHHBIX ocmwuisinuid [219, 220]. detextop
“MeeT OJIOYHYIO CTPYKTYPY M MOXKET JIeTKO HapalluBaTh
none3Hyro Maccy. Kaxprit 6510k mmeeT macey 10° T, 06beM
8 x 6,4 x 8 M> M cocToMT U3 6A30BBIX MOAYJEll pazMepoM
0,3 x 0,3 x8 M> u Becom mo 2 T Kaxawlil. Moaynu cobu-
pPAIOTCSl IO YeTBhIpE IUTYKH M OKPYXAIOTCSI CTPUMEPHBIMU
TpyOkamu. Kaxaplii MOIyJIb MPEACTABIISIET COOOM KeJie30-
OETOHHYIO MHIIEHb, B KOTOPOH B KauecTBe AaKTUBHOTO
asieMeHTa 1o Bced mHe (8 M) mpoTsHyTo 400 pubGpoBBIX
BOJIOKOH JUAMETPOM 2 MM C JIJTMHON TOTJIONIEHUS 5—6 M.
CuntbiBanne ¢ (UOPOBBIX BOJIOKOH JIBYXKOOPJIMHATHOE,
TpeThbsl KOOPAMHATA MOXET OBbITh ONpelesieHa TPEKOBOM
CHCTEMON Ha OCHOBE CTPHMEpPHBIX TpyOok. Tpekosas
cUCTeMa TO3BOJISIET MPOBOJUTH UACHTU(MUKAIMIO YACTHI
npu u3Mepennu nonusanuu AE/Al BOoab Tpeka B KaXI0M
3JIEMEHTE KaJIOpUMETpa.

GENIUS (GEV Neutrino Induced Underground Sho-
wer) — OoJIbIION 17-KMJIOTOHHBIN TOHKOCTPYKTYPHBINA Mar-
HUTHBIA KaJIOPUMETP IS U3YyUESHUS] HEHTPUHHBIX OCIIUJLISI-
mmii [221]. Tlpeanonaraercss mMeTh OJVDKHWA W JaJIbHUN
JETEKTOpBl pa3MepoM 3 x 3 x 10 M® m 12 x 10 x 24 M3
COOTBETCTBEHHO. JleTEKTOPHI MNPEeACTaBISIIOT CcO0O0# Iuta-
CTUHBI JXeje3a TOJIIMHOH 4 CM C JIBYXCAHTHMETPOBBIM
3a30pOM LISl AKTHBHOTO JJIEMEHTa B BHJIE TJIOCKUX DE3H-
cruBHbIX cueTyukoB (RPC) nmubo mponopuuoHadbHBIX WK
CTPUMEPHBIX TpyOOK. JleTEKTOPBI OKPYXEHBI TOPOUIANTb-
HBIMM MAarHUTaMH, OOECIeUUBAIOIIMMH HANPSDKEHHOCTh
noss 20 kI['c. dus HeiirpunHoro nyuka yckoputeiis CERN
SPS Takas ycranoska 6yneT umeThb 4 x 10* cobprTnit 3aps-
JKEHHOTO TOKa 3a 2 roja IJKCIUIyaTalldH, 4TO OOeCIeuuT
BEpOSITHOCTH ompenesieHns: 3¢pdexra ocumwisinuii Ha 1 %
YPOBHS IOCTOBEPHOCTH.

Hapsay ¢ ucnonb3oBaHueM AETEKTOPOB, PACHOJIOKEH-
HbIX B Jabopatopuu ['pan-Cacco, 151 U3y4eHUs] OCIMILIS-
nuit HeiiTpuHo ot yckoputeist CERN SPS aktuBHO pazpada-
TBIBAIOTCSl U JIPYTHe MPOEKTHI 3KCIEPUMEHTOB C OOJIBIION
npoJieTHoit 6a3zoii. HanboJiee nunTEpecHOE U NEPCIEKTUBHOE
IPEUIOKEHUE CBSI3aHO C YyXKE CO3/JaBaeMoil Uil Leseit
rajakTUIeCKOW U BHETaJIAKTUYECKON HEUTPUHHOUN acTpPOHO-
MUHU TOABOAHOW HeWTpuHHOU Jnabopatopueit NESTOR,
ynanennoit ot yckoputeias CERN SPS na 1676 xm.

NESTOR (Neutrinos from Supernovae and Tevsources
Ocean Range) — OOJIbIIONH BOJHBIN JIETEKTOP UYEPEHKOB-
CKOTO U3JIYYEHHUSI, PACIIOJIOKEHHBIN K toro-3amanay ot ['pe-
1uu, Hesraneko ot octposa ITunoc va rimyoune 3800 m [222]. B
3TOM NpHOOpPe MOPCKasi BOAA CITY>KUT OJHOBPEMEHHO pajIia-
TOPOM YE€PEHKOBCKOTO U3JTyUICHHS, MUIIICHBIO JIJIs HEUTPUH-
HBIX B3aUMOJCUCTBUIL, a Takxke agcopbepoM u GUILTPOM
KocMuueckux Jydeid. OCHOBHBIM 3JIEMEHTOM JIE€TEKTOpa
SIBJISIFOTCS. BEPTUKAJIbHBIE OarHu, coOpaHHble W3 12 mio-
CKOCTel, Ha KOTOPBIX 3aKpeIJIeHbl Mapbl (POTOYMHOXKHUTE-
Jiel (HampaBJICHHBIX BBEPX-BHU3) C 15-mroiiMOBBIME (HOTO-
KaTOlaMH, COCTABJISIOIIME TEKCATOHAJBHYIO CTPYKTYpY.
Paguyc GamHu cocraBiseT 16 M, pacCTOsSHUE MEXY ILIO-
ckoctsimu potoymuoxureneir 20—30 m. Ilpenmonaraercs
HCIIOJIL30BATh CEMb TakuXx OarieH. [1pu 3ToM OJIHOE YUCIIO
(dboroymMHoXxHuTeel coctaBUT 1176, a YyBCTBHTEJIbHBIN
00beM, MPOCMATPUBAEMBI UMH C YTJIOBBIM pa3pelicHueM
1°, 6yaeT mocturath 6omee 10% M*. Hammane octunsamnmos-
Horo 3¢ dekta OyaeT onpeAe/IITHCS IPH CPABHEHUHU KOJIHYE-
CTBa 3aPETUCTPUPOBAHHBIX B IETEKTOPE OE3MIOOHHBIX COOBI-
THI HEUTPaJBLHOTO TOKA W COOBITHH 3apsDKEHHOTO TOKa ¢
MIOOHOM B KOHE4YHOM cocTostHud. Pazmmune NC/CC-curna-
TYpbl OCHOBAHO Ha TOM, YTO YEPEHKOBCKU CBET, TeHEpUpYe-
MBIi MIOOHOM, DPETHCTPUPYETCS DAHbIIE, YeM CHTHAJT OT
aJIPOHHOTO KacKaJla MU 3JIEKTPOMArHUTHOT O TUBHS. Cucre-
MaTHYeCcKasi OIMOKA TaKOTO CTATUCTHYECKOTO pa3/eeHUs
coObITHII MO oneHKam [222] ne Oynet npesbimatsh 10 %. B
TEYEHUE TOJOBOM 3KCIO3ULUU ACTEKTOpa B HEUTPUHHOM
nyuke CERN SPS (upu »3Heprum NOpOTOHHOrO TYy4YKa
Ep = 450 T'2B) MOXHO 0XHIATh HECKOJILKMX THICSY 3aPEru-
CTPUPOBAHHBIX COOBITHIA.

IIporpamma yckoputenss KEK B Snonun no uzydeHuro
ocnmutsimit "manpHuX" HEHTPUHO CBsI3aHA C BBOJOM B
IKCIUTyaTanuo aertekropa Superkamiokande, koTopslii pac-
MoJIOKEH Ha pacctosiHuu 250 kM oT yckoputens. Heltpun-
HBII IyYOK MPEIOI0KUATETHHO OymeT roToB K 1999 r. s
HCCIIeIOBAHUH IPEANOJIAraeTCs Ha My TH HEUTPUHHOTO ITyYKa
PACHOJIOXHTB TP AeTeKTopa: Gimkuuil, Becom 1,7 x 103 T
Ha paccTositHuM 0,5 KM OT MHUIIEHU HEHTPUHHOrO KaHaja,
MPOMEXKYTOUYHBIN, HA PACCTOSIHUU 25 KM, U JAJIbHUM, OCHOB-
Hol getekTop Superkamiokande.

Superkamiokande — BOIHBI YepEeHKOBCKUI JAETEKTOP,
SIBJISTFOIIMIACST pa3BuUTHEeM odkcnepuMenTa Kamiokande I,
KOTOpBIA omucaH B paszjene S5 [223, 224]. UyBcTBUTEIbHBIN
06BeM JeTekTopa OydeT mMeTh Maccy oT 22 x 10° T (c
MOporom peructpamuu 5 MaB) myist HaOJIrOIeHUS OCIUILIIS-
Ui COTHEUHBIX HeWTpHHO 70 32 x 10° T ms mabmroneHus
HEUTPUHO OT CBEPXHOBBIX U YCKOPHUTEJIsS. DTO OoJiee yeM Ha
nmopsiiok  mpeBblmaeT Maccy Kamiokande II. Oxouio
1,1 x 10+ ®3Y Hamamatsy ¢ muameTpoMm (OTOKaTOaA
50 cm Oyayt mokpsiBaTh (3¢p¢dexTuBHas IUIOIANbL Tepe-
KpbITHs cocTaBisieT 40 %) BHYTPEHHIOIO MOBEPXHOCTH CTa-
JILHOTO pe3epByapa, COIepXKAIIero OYuIeHHyo Boay. [Ipu
sHepruu HeWrpuHHoro myuka E, =14 I'3B B nmerexrope
Superkamiokande exeTHEBHO TpeANOIaraeTCs perucTpupo-
BaTh okoJjio 400 B3amMOAEWCTBUN HEUTPUHO MO KaHATY
3apsHKEHHOTO TOKA.

Kpome Superkamiokande B Snonunm paszpabatbiBaercs
MPOEKT CO3[IaHUsl BOJHOTO YEPEHKOBCKOTO JETEKTOpa B
o3epe Motoccy B 150 km ot Toxmo [225]. DddexTuBHas
Macca JIeTeKTopa MPeANoI0KUTENbHO cocTaBut 20 x 10° T.
Pabounit 06vem getexTopa 30 x 30 x 23 M> 6yzmeT oTaeneH
OT OCHOBHOTO 00BbeMa 03epa CBETOHENIPOHULIAEMBIMHU CTEH-
KaMHU ¥ 3aT0JIHeH QUIbTPOBAaHHON BOTOM. [lJ1s peructpanuu
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YEePEHKOBCKOI'O CBETA MPEAINOJIAraeTcsl UCHOJIb30BaTh MHO-
TOCIIOMHYIO CTPYKTYpY, cOOpaHHYI0 Ha ocHOBe 20-Tr0iiMO-
BbIX (poToyMHOXuTesIeli Hamamatsy. ['myOuHa morpysxeHus
JeTekTopa B o3epe okosio 1000 m.

B Hacrosee BpeMsi UMeeTCsl HECKOJIbKO MPEIIOKECHUIA
10 MCCJIEIOBAHUIO JAJIbHUX HEUTPUHO OT yckoputeneir BNL
AGS u FNAL B CHIA.

OxcniepuMmeHT B BNL (E-889) HamereH Ha wu3yueHue
"ucuesHoBeHus" MyuKa V,-HEHTPHUHO ¢ 3Heprueit ~ 1 I'3B u
BBICOKOI MHTEHCHUBHOCTBIO OT yckoputesiss AGS [226]. s
UCCIICIOBAHUN OyleT WCIOJIb30BAaHO YEThIPE HMICHTHYHBIX
BOJHBIX YePEHKOBCKUX AETEKTOPA, PACIIOJIOXKEHHBIX Ha pac-
crosiHusIX 1 kM, 3 kM, 24 kM 1 68 KM OT HEUTPUHHOUN MUIIIEHI
mox yriaom 1,5° k ocm myuka. [Ipenmosaraercsi, 4To B ABYX
TOCJIETHUX TI0 HATIPABJICHUIO IyYKa HEUTPUHO JETEKTOpax B
TEUYEeHHUE TOJIyTOopa JieT OYyAeT 3aperucTpupoBaHO COOTBET-
ctBeHHO 9 x 103 1 1 x 103 coOBITHII 3apSKEHHOTO TOKA.
PacueTsl myuka moxasasid, 4TO Pa3juyhe €ro MHTEHCUBHO-
CTHU TOTEepeK IepBoro aerekropa gocrturaer 33 %, 10 % —
JUJISL BTOPOTO M HE3HAYUTEIBHO JUISL IBYX MOCIEIHUX JIETEK-
TOopoB. PoH KocMUUeckuX Jryueit, umutupyromuiit CC-coObI-
THUS, TPEHEOPERUMO MaJl.

OnHuM U3 eHCTBYIOLNX B HACTOSIIEE BPEMS IETEKTO-
pPOB, KOTOPBI BO3MOXHO HCHOJIb30BATH JJISI PETUCTPAINN
B3anMoOAeicTBUM HelHTpuHO OoT ['1aBHOTO MHXekTopa FNAL
c oHeprueii 120 I'9B, sBisiercst ycranoska Soudan I1.

Soudan IT — MHOTOIIEJIEBO# IETEKTOP, PACHIOJIOKEHHBI
B BBIPAOOTAHHBIX JKEJC3HOPYAHBIX IIaXTaX OKOJIO 03epa
Bepxnee, mtat MuHecotTa, Ha riiyoune 2090 M BOJHOTO
skBuBajieHTa. OH COCTOUT U3 224 MACHTUYHBIX 4,3-TOHHBIX
KaJOPUMETPHYECKUX MOTYJIeH, KaXKIbIH U3 KOTOPBIX COMEP-
KuT 240 CII0eB CTaIBHBIX MIIACTHH pasMepoM 1 x 1 x 16 M3,
MPOCJIOCHHBIX TIOCKOCTSIMU Ppei(DOBBIX TPYOOK B KOJIMUE-
crBe 7560 mtyk [227]. JIeTeKTOp pEerucTpupyeT MEIOOHBI,
2JIEKTPOHBI, Y-kBaHThl. Haumnast ¢ 1988 r. macca nerektopa
HapammBaJjack ¢ 275 T 7o ~ 1000 1 (1991 r.). Anga nerextu-
pOBaHMs HEUTPUHHOTO Tyuka oT yckoputens FNAL mpen-
MOJIATAETCSl YBEJUYUThL MACCy CTadl — TPOCIONKA — U
JloBeCcTH Maccy jaeTekTopa 10 (7—8) x 103 1.

B mHacTosimee BpeMs B BEAyIIMX YHUBEPCUTETAX U
nabopatopusix CIIIA, Anrauu u Poccun akTuBHO pa3paba-
TBIBAFOTCSI MPOEKTHI MOJTHOMACIITAOHOTO IKCIIEPUMEHTA 110
M3YYCHUIO HEWTPUHHBIX OCIMJUISIUA. PsoM ¢ moa3eMHbIM
3aJI0M, B KOTOpOM HaxoauTcst gerektop Soudan II, mpen-
MoJIaraeTcs NPOPhHITh HOBYIO MIAXTY JUIMHOU 75 M U IIMPH-
Holi 14 M, B KOTOpO# pazmecTutcst HOBbIN netekTop MINOS.

MINOS (Main Injector Neutrino Oscillation Search) —
OKCIIEPUMEHT, HAIEJICHHBIA Ha W3y4YeHHWE OCIMJUISIIHN
V. — W BV, — V; C HCHOJIb30BaHMEM HOBOT'O HEWTPHUHHOTO
nyuka oT ['maBHoro mHxektopa FNAL c¢ aHeprueil Bbliie
nopora oopazoBanus t-yientoHa [228]. D dexT ocuusanun
OyZeT perucTpupoOBaTHCS HA OCHOBE CPABHEHMS CUTHAJIOB B
OJIMKHEM JIeTeKTOope, pacnoioxkeHHoM B FNAL, u majibHeM
— yJIaJieHHOM Ha pacctosiHue 730 KM B CTOPOHY ITOA3€MHOM
snabopatopun Soudan u HaxojsmeMcs Ha riayoune 713 m
(2090 M BomHOro 3kBUBasieHTa). CO34aBaeMBbIil JETEKTOD
MINOS umeer mmuny 36 M, quaMeTp 8 M U TIPEJICTABISAET
coboit coraBuy n3 600 OKTaroHAJIbLHBIX JKEJIC3HBIX IJIACTHH,
TOJIIMHOM 4 CM, IPOCIIOCHHBIX CAHTUMETPOBBIMHE CTPHMED-
HBIMH TpyOKaMH. AKTHUBHBIA 3JEMEHT JETEKTOpa HUMeEET
nosHyro mwiomans 32000 m? u 480000 CTPUIOBLIX U TPO-
BOJIOYHBIX KAHAJIOB CUUTHIBaHHS MH(popManuu. Broas ocu
JIETEKTOpa MMEETCsl OTBEPCTHE, B KOTOPOM PACHOJIOKEHA
KaTylka JJeKTpOMAarHuTa, co3jaromas B o0beMe

TOPOUJIAJIBHOE MAarHUTHOE T10JIe HanpspkeHHocThio 1,5 T
IMonnas Macca AeTeKTopa GyAeT cocTaBisATh okoio 104 T.
BokHMIE AETEKTOp MPEANoJIaraeTcsl BBIIOJHUTL aHAJIO-
TUYHO JajIbHEMY: OH OyAeT o0JlalaTh TaKoil e CTPYKTypou
W JACTEKTOPHOW TEXHUKOW M MMETH IOINEpPEeYHbIe Pa3Mephl,
CpaBHHUMBIE C AUAMETPOM IMYYKa.

B skcnepumenTe MOXKET OBITH UCIOJIb30BAH HEUTPUHHBIHN
MMy4Y0K IIMPOKOrO CHeKTpa ¢ sHepruet mo FE, ~ 30 3B
(cpenusist aneprust (Ey) ~ 10 I'3B) u y3kuii y4oK, HACTPOEH-
HBI Ha JrOOyrO SHepruto B auamna3oHe E, =10-30 3B ¢
SHEPreTUUECKUM pa3dpocoM g, = £ 15 %.

AHanm3 ocHMUISSUOHHOTO 3 (eKTa MPU UCCIICTOBAHUN
B IIMPOKOM Iyuke OyJIeT OCHOBAH Ha TPaIUIMOHHONW METO-
nuke: Ha cpaBHeHUHN oTHomeHuss CC-cOOBITHH K IOJTHOMY
YHCITY B3aMMOJICHCTBHI B OJIMKHEM U TAJIbHEM JIeTEKTOpax,
CPAaBHEHUM JHEPreTUUECKUX PACIpE/IEICHUN COOBITHI 3apsi-
JKEHHOT'0 TOKa B ABYX AETEKTOpax, HAOIIOAEHUH CUTHATYPbI
T — V+ aapOHBI, HCCIEAOBAHIN SHEPTeTHIECKOTO pacupee-
sienust NC-coObITHit 1 Ha apyrux tecrax. [Ipeamosnaraercs,
YTO IMPHU UCIOJIB30BAHUH IIMPOKOr0 HEHTPUHHOIO IMyYKa C
sneprueit E, no 30 I»B B merekrope MINOS O6yner
perucTpupoBatbesi ~ 2100 v,-COOBITHI 3apsKEHHOIO TOKa
Ha 10° T monesHoit maccel B roa. Ilpu MakcHMaabHOM
CMEIINBAHUH V|, + V; oxupaercs okoso 300 CC-cobbITnii ¢
vy Ha 10° T BTOZ.

B y3koM myuke MMeeTCS BO3MOXHOCTH IPOBEACHUS
HOBBIX HCCJICJTOBAHUN: U3MEPEHUE TOJIHOW SHEPTHH COOBI-
THI C MEOOHOM B KOHEYHOM COCTOSIHUU (JIJISI V;-B3aMMO/ICH-
CTBUH C NOCJIEAYIOLUM pacHajgoM T — UVV), aHAJIOTHMYHO
IUIsL DJIEKTPOHHBIX COOBITUH NPH pacmaze T — evv, CpaBHe-
HUE 3HEPTeTUYECKUX PACIpPEesICHII B OJIMKHEM U TaIbHEM
JIETEKTOPAX.

UyBCTBUTEILHOCTb IKCIEPUMEHTA MO3BOJIUT HCCIEIO-
BaThb BEJMYMHBI MAapaMeTPOB OCIIILIALUA 10 3HAYCHUH
Am? ~0,002 3B? u sin*(20) ~0,01.

Hapsny ¢ 4ncTo OCHMUISIIMOHHBIMH 3KCHEPUMEHTAMHI
BNL/E-889 u FNAL (MINOS) B CIIIA uMeroTcst IpOeKThI
WCIIOJIb30BaHUSI OOJIBIIIMX BOJHBIX YE€PEHKOBCKHUX JIETEKTO-
poe DUMAND, AMANDA u GRANDE, npeana3znauen-
HBIX JUIS PEIIeHHs IIUPOKOrO Kpyra acTpodu3myecKux
3ajga4. Kpome TpaauIMOHHBIX NpOOJieM HEUTPUHHOU U
raMMa-aCTpOHOMHUH, Ha HHX [MpeAnoJiaraercs Hu3y4aTb
ocrmuuisinyu oT I'maBHoro nuxekropa FNAL.

DUMAND (Deep Underwater Muon and Neutrino
Detector) — ri1iyOOKOBOJHBIN JETEKTOP MIOOHOB M HEWUT-
PYHO, HAXOJSIIHUICS B OKeaHe BOM3U [ aBalickux OCTPOBOB.
ITpoekr DUMAND wumeeT ouYeHb JIMTEIBHYK HCTOPUEO
[229]. ITepBoHauanbHO, B 70-€ TOMBI, IPEAINOIAraIOCh CO3-
[aTh AETEKTOP MACCOM 4O COTEH MeraToHH. B gasibHeliem
MPOEKT HECKOJILKO Pa3 MOAUHINPOBAJICS X HA4aJl OCYILECT-
BJISITbCA OoJiee peanucTuuHblii npoekt DUMAND-IL
Herextop DUMAND-II npeamnoaraaoch pacnooXuTh HA
rayoune 4800 M y BocTouHoro Oepera Bompmioro I'aBaii-
ckoro octpoBa. OH JTOJDKEH COCTOSATH W3 216 ONTHYECKUX
MO/IyJIei, BKJItouaromux 15-1roiiMoBbie POTOYMHOXKHUTEIH C
BPEMEHHBIM pa3pelieHueM ~ 2 Hc. MoayIn pacnoiokKeHbl
Ha JEBSTH BEPTHKAIbHBIX Tpoccax (CTPUHIAX), BOCEMb M3
KOTOPBIX 00Pa3yIoT OKTaroH co CTOpOoHO# 40 M, a AeBSITHII
HaxoauTcs B cepeauHe. Ha xaxxoM CTpUHIe pacroiokKeHO
no 24 monynst ¢ uaTepBasioM 10 M BmoJsib crpunra. Kosn-
CTPYKTUBHO JETEKTOP 3aMbIKaeT 00beM BbIcOTOM 240 M u
muametpoM 106 M, coaepxamuii OKOJIO ABYX MEraTOHH
BOJbI. JleTeKTOp crmocoOeH perucTpupoBaTh B3aMMO/ICH-
CTBUSI HEUTPUHO, IPOU3OIIEIIIINE KAaK BHYTPH KOHTPOJIUpYe-
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MOro o0beMa, TaKk M BHE €ro — IO MIOOHAM, 00pa3oBaB-
IIMMCA B PE3YJIbTaTe B3aUMOJEHCTBUS vV, -HEUTpUHO. BrICO-
Kasi MPO3pAaYHOCTh BOJBI B 3TOM paifoHe OKeaHa (IJIHMHA
morJiomeHnst 50 M) TO3BOJISIET Pa3BHHYTh CTPHHTH Ha
paccrosiaue 40 M, a BBICOKAash BpeMEHHas pa3pelarorias
criocoOHOCTh DDV U 3JIEKTPOHUKU [1aCT BO3MOXHOCTh
U3MEPSTh HANpaBJIeHUE [BIKCHUSI MIOOHA C YIJIOBBIM
paszpemenuem 0,01 pan.

Herektop DUMAND-II 0ObU1 ONTUMU3HPOBAH IS
JIETEKTUPOBAaHUSI HEUTpUHO ¢ 3Heprueit ~ 100 I'3B. OxHako
U TSt HeWTpUHHOTO 1yyka oT ['maBHoro nnxekropa FNAL ¢
(E\) ~ 10 T'5B tput pacCTOSHUY OT yCKOPHUTEIS 10 IETEKTOPA
Lp = 6283 kM 3 (PekTUBHOCTh pErucTpanuy B3aMMO/ICH-
CTBHUH OCTAETCsl JOCTATOYHO BBICOKOH MJIsS U3YYSHUST OCIIUII-
gsmmid [230]. B 1992 1. ObLIM MCHBITAHBI JIBA CTPHHTA,
3aKpeIJICHHbIE HA MOABOMHOM Jiojake. [TocTosTHHOE BOJIHE-
HHUE OKEaHa B MECTE PACIOJIOXEHUS AETEKTOpa OKa3aJloCch
Hepa3pelnuMoii Mpo0JIeMOH JIJTsl Y9aCTHUKOB KOJLJIabopanuu
DUMAND, u B HacToslee BpeMst Bce pabOThI IO POEKTY
MPAKTHYECKH MPEKPAIICHEI.

AMANDA — O0oJbIIONW YEepeHKOBCKUN JIETEKTOP C
nonesHoit maccoit 107 T [209]. OH ycTaHaBIMBaeTcs Ha
FOxHOM moJjtoce U UCHOJIB3YET MOJISIPHBIN JIeJl B KaueCcTBE
YePEeHKOBCKOTO paauaTopa. BeICOkasi YMCTOTa aHTapKTUYe-
CKOTO JIbJIa 00ecneunBaeT nepegavy YepeHKOBCKOT O CBeTa Ha
GosplIoe paccTosiHME. B Hacrosiiee BpeMsi TOTOBHUTCS K
TOTPY>KEHUTO OJTUH U3 BEPTUKAJLHBIX CTPUHT OB C 3aKPEIICH-
HbIMHU Ha HeM (OTOYMHOXHTEIsIMU. PaccTosiHue, KoTopoe
MPOXOOUT HEUTPUHHBIA Ty4ok oT yckoputeias FNAL o
nerektopa AMANDA, sBiseTcs HanOOJBIIUM M3 BCeEX
IJIAHUPYEMBIX JIKCIEPUMEHTOB C NAJIbHAMH HEHTPHHO —
okono 12000 kM. Osxupmaetcs okosno 10° HeATpPUHHBIX
cobbITHil (npy MHTErpasbHOM copoce I, = 2 x 10%° nporo-
HOB Ha MHUILIEHbB) 3a TOJT O0JIyUeHHS JIETEKTOPA.

GRANDE — yHuBepcaibHbI BOJHBIA 4E€PEHKOBCKUUI
netekTop Maccoii B 10° T GymdeT HaXOAUThCS B UCKYCCTBEH-
HOM Bojmoeme BOm3u T. JIutta-Pok, mrat Apkansac [231].
OH npeacrasisieT coO0N NUIMHIAP BBICOTOM 50 M M [uamMert-
poMm 196 M, mpocmaTtpuBaeMbiii 1600 pOTOYMHOKUTEIISIMU C
9-mroiiMoBbIME  (poTOKaTOaMu. UyBCTBUTEIBHBIA 00BEM
JIETEKTOpA 3amoJHSeTCs (UIBTPOBAHHOW BOJOW M OT/E-
JISIETCSl OT OOIIEro BOJHOTO O0beMa YEePHOU IMJIACTHKOBOM
menkoit. Paccrostaue ot yckoputenst FNAL no gerexktopa
GRANDE oxkoJio 8§00 km.

IIporpamma pu3nyecKkux UcciIeAOBAHUN Ha CTPOSILIEMCS
Henaneko oT MockBsl B I. [IpoTBHHO yCKOPHUTETBHO-HAKO-
mutesbHOM  koMmiuiekce YHK-I ¢ smeprumeit mpoToHOB
E, =600 I'>B [232] npennonaraeT M3yveHNE HEATPHHHBIX
OCHMJUISINIAA B KavecTBEe OJHOM M3 MPHOPUTETHBIX 3aJ1ay
[233]. B pa3paboTaHHOM TPOEKTE CO3JaHHUSI KOMILJIEKCA
JAJIbHUX HEUTPUHO MPEIyCMOTPEHA BO3MOXHOCTH (HOPMHU-
pOBaHUSI HEUTPUHHOTO TyYKa C MIUPOKUM M y3KUM JHEpre-
tyeckumu cuektpamu [210]. PaccmartpuBaeTcst Bompoc o
BBIOOpE HANPABIICHUS MTyYKa JAJTbHAX HEUTPUHO HA Pa3JIAd-
HbIC IETEKTOPBI, IPEIHA3HAYCHHBIE JJISl TOTOOHBIX HCCIIEI0-
BaHuii. Hanbosee pa3paboTaHHBIM C TOUKH 3PEHHSI OTIpE/ie-
JIeHUs1 KOH(purypanmumum skcnepuMeHTa U 3PQPEeKTUBHOCTHU
Habopa CTATHCTHUKU SIBJISIETCS MpEIJIoKeHue 00 M3YyYeHUH
ocruusinuid HeUTpuHO OoT yckopurens Y HK-1 na neitrpun-
HoM testeckonie NT-200 B o3epe baiikain [234], a Takxke Ha
JIETEKTOPAX, PACHOJIOKEHHBIX B j1abopatopuu I'pan-Cacco
[171, 235].

Heiitpunnsiii Teneckon NT-200 — rirybokoBogHAS yCTa-
HOBKa JUJISl PETHCTpAIlid MIOOHOB W HEHTPHHO Ha oO3epe

Baiikan [236,237]. B Hacrosiiee Bpemst NT-200 Haxoautcst
B IIpOLIECCE COOPYXKEeHUs. IeTeKTOp PACIOJIOKEH B FOXKHON
yacTH o3epa baiika, npubim3uTebHO B 3,5 KM OT Oepera Ha
rayoune ~ 1 kM. B 3TO# yacTu o3epa BeIMUMHA MTPUPOTHON
JIFOMUHECIIEHITMH BOJIbI MUHUMAJIbHA, & JIUTAHA TOTJIOMICHUS
cocrasisieT OoJiee 20 M Ha ayuHe BoJiHBI A = 420 HM. [TepBas
ouepenb JeTeKTopa Oyaer coctosth u3 196 onTmueckux
4EePEHKOBCKUX MOJYJIEH, PACIIONIOKEHHBIX HA JIEBSITU BEPTH-
KaJbHBIX CTPUHTax (OAWH LEHTPAJbHBIA M BOCEMb €ro
okpyxaronmx). CTpUHTH 3aKpeIUIeHbl Ha JXECTKOW pame,
COCTOSIIECH M3 CeMHM INTaHr JMHON 21,5 M kaxmas. Ota
30HTUKONOA00HAST KOHCTpYKIWs pacnoiaraercs B 300 M ot
JTHA 03epa. YCTAaHOBKA JAETEKTOpA MPOU3BOJIUTCS B 3UMHEE
BpeMsi, KOT1a 03epO MOKPBITO JIbIOM. B kauecTBe perucrpa-
TOpa Y€PEHKOBCKOTO M3JIYUYEHHS MCIOJIb3YyeTCs (POTOIIEKT-
ponnbiil mpudop "Kazap", npeacrapisromuii co6oit Kom-
OMHANMIO 3JIEKTPOHHO-ONTHYECKOTO TMPEAYCUIIUTENS CO
chepuyeckuMm (HoOTOKATOAOM auamMeTpoM 37 cM u (oto-
ymHoxutesst POV-115 M. Onrtuveckue MOAYIH TPYIIIH-
PYIOTCSI mapamMu BIOJb CTPHUHTA, CMOTPS 1O OYepeadl B
BEPXHIOIO H HIDKHIOIO Tonycdeprl. PaccTosiHme Mexmay
napamu "Ksazapos" ua crpunre 7,5 M. TpurrepHas JOTHKa
YCTAHOBKHU TO3BOJISIET JOCTUYb YIJIOBOTO pasperneHus | —
1,5° st OAMHOYHOTO MIOOHA B 3aBHCHMOCTH OT JIJIMHBI
Tpeka MIOOHa, nepecekaroiiero ycranoBky. NT-200 moxet
KOHTPOJIMPOBATH 0KOJIO 2880 M? ILTOIIAIN IO HATIPABIICHIIO
HelitpuHHoro nyuka ot YHK-I, a¢pdextuBHbIif 06beM geTek-
Topa ~ 103 M*. KoHTposupyemas miomams AeTeKTopa Mo
MyuKy MOXKET ObITh yBenmueHa 10 ~ 17500 m> 3a cueT
yBeJIM4YeHus uncia cucteM tuma NT-200.

Batikanbcknit HEUTPWHHBIA AETEKTOP HAXOIUTCS Ha
paccrostauun 4200 kM ot yckoputens Y HK-1. [{ist ymensbie-
HUS CHCTEMATUYECKUX OIIMOOK, CBSI3aHHBIX C HECTAOUIBLHO-
CTbIO MHTEHCUBHOCTH HEUTPUHHOTO MyYKa, MPEINoIaraeTcs
WCIIOJIb30BaHUE OJIMKHETO JeTeKTOpa Ha paccTossHun 650 M
OT OKOHYAHHSI pacHa HOro KaHaia yckoputess. [Ipeamnona-
raercs, 4To OJIMXKHMIA JeTeKTOp OyIeT cocTosTh u3 60
HaMarHuueHHsIX (B ~ 1,5 Ti) xesne3HbIX (UIbTPOB TOJIIIIH-
Hoit 10 cM M momepeyHbIM pazMepoMm 3 x 3 Mm>. Mexay
JKEJIE3HBIMHU IUTACTUHAMH YCTAHABJIMBAIOTCS TOOYEPEIHO
MJIOCKOCTH TOPH30HTAJIBHO W BEPTHKAILHO PACIOJIOXEH-
HBIX TPONOPIUOHAIBLHBIX CYSTYMKOB JUIMHOW 3 M W ceue-
areM 0,06 x 0,06 M2, JI719 BEIpaGOTKH TPUTTEPHOTO CHTHATA
PAaBHOMEPHO IO BCEW JJIMHE OETEKTOpa paclosararoTcs
IJIOCKOCTH CLMHTHJUISLMOHHBIX CYETYHKOB. Takas CTpyK-
Typa KaJlopuMeTpa 0OecTieunBaeT SHEPreTHIECKOE pa3perie-
Hue agponHoro jguBHA AE/E = 0,7/,/E[I'3B|. B nerextope
OynyT OTOMPATHCS HEUTPUHHBIE COOBITUS MO KaHAIY 3aps-
XeHHOTro ToKa. COOBITHSI TOJDKHBI UMETh TPEK, MPOIIIE NN
6e3 BuauMoro B3aumoieiicteus 6osiee 300 cm xenesa (=~ 15
SIIGPHBIX [IJIMH), YTO COOTBETCTBYET NPOOEry MIOOHA C
sHeprued E, > 5 I'5B. DTO N03BOJIAET HAAEKHO BBIACIUTH
TpeK MIOOHA Ha (oHe SAePHOTO Kackaaa aapoHOB, 00pa3o-
BAaBIIUXCSl B HEUTPUHHOM B3aUMO/ICHCTBUM.

Takast ke KOHCTPYKIHSI OJIMDKHEro JETEKTOpa PaccMoT-
peHa B IPeJIOKEHUN 0 GOPMHUPOBAHUY HEUTPUHHBIX IIyYKOB
ot yckoputenss YHK-I B nHanpasnenun nabopatopuu I pan-
Cacco W M3YYeHHH OCHWJUISIIANA HEHTPUHO C WMCIOJIB30Ba-
aHueM ycranokn ICARUS [210]. B aToMm ciyuae nposneTHas
6aza HeilitpuHo cocrtaBiseT Lp =2200 kM. COBOKYITHOCTH
pacuetHbIX gaHHbIX [171, 210, 234, 235], noJyueHHBIX 15
Pa3JIMYHBIX BAPUAHTOB (HOPMUPOBAHMS HEHTPUHHBIX IIYYKOB
MOKAa3bIBAET, YTO 3a BpeMsl ceaHca yckopureis (1 —2 Mecsina)
obecreunBaeTcsl perucTpanus kKak B bailkaiabCKOM JeTek-
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tope, Tak 1 B ICARUSe, mo 103 CC-B3aumopeicTsuii.
Oxumgaemasi 00J1aCTh MapaMETPOB OCHUILTALMI B 3aBUCHMO-
CTH OT YCJIOBHiIl NPOBEICHUS 3KCIEPHMEHTA COCTABUT
Am?> <1073 »5B’> 1nOpu HOTHOM  CMEIIMBAHME M
sin’(20) < 6 x 1073 npu 3mavenmn Am?® ~ 2 x 1072 3B2.

Ecam xoTs ObI 4aCTh paCCMOTPEHHBIX MPEIJIOKEHUN IO
HPOBEJICHAIO 3KCIEPUMEHTOB C JaJIbHUMHU HEUTPHHO OYAET
peanu3oBaHa, TO BO3MOXKHO, YTO B cCaMOe OJImKaiiiiee Bpemst
MBI TOJYYUM OJHO3HAYHBIA OTBET HAa (YHIAMEHTAJbHBIMA
BOIIPOC O CYLIECTBOBAHUU OCHUJIISIIUNA HEUTPUHO.

10. Ocunaasiuuu CoJTHEYHbIX HeHTPHHO

CoryacHO CTaHAAPTHOW cOJTHEUHOU Mogmenn [238—240],
OCHOBHBIM UCTOYHUKOM 3Heprun CoJTHIA SIBIISIETCS TIPOIIECC
TOPEHHUsI BOJIOPOA:

4p —*He + 2e* + 2v, + 26,7 MaB. (10.1)

IMpomecc (10.1) mpemcraBiser coOoi TOCIETOBATEILHBIA
P 9K30TEPMUUECKUAX TEPMOSIIEPHBIX PEaKIHii, MPOTEKAIO-
LIUX B pe3yJIbTaTe IPOTOH-NIPOTOHHOTO (PP), IPOTOH-3JIEKT-
poH-tipoToHHOTrO (pep) u yriaeponaHo-azotHoro (CNO)
IIUKJIOB.

I[IpOTOH-IPOTOHHBI [UKJ CcOCTaBiseT Oosee 99 %
KoHeuHbIX cocTostHui (10.1) 1 Bcerga coepXUT Be HAYAJIb-
HbIC PEAKIIUH:

p+p—"H+e" +ve+042 MaB,
H+p — He + v + 5,49 MaB.

(10.2)

(10.3)

Hayee pp-mUKJI MOXET NPOTEKaTh IO TJIABHOW W IBYM
1o60YHbIM BeTBSIM. [ JTaBHAsI BETBb 3aMBIKACTCS PeaKIUei

3He +°He —*He + 2p + 12,86 MaB, (10.4)
npotekaromeir B 86 % ciyuaeB. OObeAUHEHUE YETBIPEX
MPOTOHOB B SIIPO TeJIUsI COMPOBOXKAACTCS HUCHYCKAHUEM
JIBYX TIO3UTPOHOB, KOTOPBIEC, aHHUTUIIUPYS C IJIEKTPOHAMH,
BHOCSIT HEPTHIO 21> B OOIIIee SHEPTOBLIICIIEHNE PEAKIIIN
(10.1), a Taxxe IBYX 3JIEKTPOHHBIX HEUTPHHO, KaXI0€ W3
KOTOpBIX yHocuT 3Hepruto E, < 0,42 M3B. B no6ounbix
BeTBsix BMecTO (10.4) mpoTekaeT peakius

SHe +*He —"Be + v + 1,59 M»B, (10.5)

koTtopasd B 99,89 % ciryuaeB uMeeT NpOJOJIKEHHUE B BU/IE

"Be+e~ —'Li+ ve + v+ 0,8 M3B,
"Li+ p —*He +*He + 17,35 M»3B,

a B octammuxcd 0,11 % ciyvaeB —

"Be+p —*B+v+0,14 MaB,
8B —®Be* +e* + ve + 14,6 M3B,
2*He + 3 MaB.

Hror mobounsix Betreit (10.5)—(10.7) u (10.5), (10.8), (10.9)
OCTaeTCs TAKMM Xe, KaK u B ciiydae riiaBHol BeTsH (10.4), HO
UX OCHOBHBIM OTJIMYMEM SIBJISIETCSI TO, YTO BO3HUKAIOT OoJiee
JHEpruuHble HeUTpuHO. B ciyuae peakmuit (10.8), (10.9)
00pa3yroTcs TaKk Ha3bIBaeMble OOpPHBIC HEUTPHHO C 3HEP-
rusvua 10 14 MbsB m, XoTs 3Ta BEeTBBH NMpOTEKaeT KpaliHe

penko (oauH ucxof Ha 5 x 10% koneunsIx coctosuuit (10.1)),
HMEHHO HA PErUCTPAIMIO 3THX HEUTPUHO OPUCHTUPOBAHO
GOJIBIIIMHCTBO IKCIIEPUMEHTOB.

B 2 x 1073 % cmy4aes Bmecto (10.4) u (10.5) mpoTekaet
Tak Ha3bIBaeMasl hep-peakus,

‘He +p —*He + et + v + 18,8 M3B, (10.10)

B pe3yJibTaTe KOTOPOW 00pa3yrOTCS COJIHEUHBbIC HEUTPUHO
camoit BeIcOKO# 3Heprun — 10 18,8 M3B.

IIpOTOH-3JIEKTPOH-NIPOTOHHBIN LUK
HAYaJIbHOU peakiuen

OnpeacIA€TCA

p+e+pH2H€+Ve+1,44 M3B7 (1011)

KoTopas mpoucxomut Bmecto (10.2), a B panpHeifmem
MPOTEKAET AHAJOTUYHO PEaKIUsIM pp-nukia. B pesynbrarte
peakmuu (10.11) ob6pasyroTcss MOHOSHEPreTHYECKHE HEUT-
puso ¢ E,, = 1,4 MbsB, koTopble B 3KCHEpHUMEHTaX Jerdye
JIETEeKTUPOBATH MO CPABHEHUIO C HEUTPHUHO OT HAYAJILHOU
peakimu pp-tmkiia (10.2). BaxxHO OTMETUTD, YTO OTHOILIICHHE
BBIXO/JI0B HEUTPHHO OT pEaKUuil pp- W pep-IUKJIOB HE
3aBUCUT OT BHUJA COJIHEYHOU MOJENU M MO3TOMY PErucTpa-
s HeiTpuHO B peakuuu (10.11) ¢ Touku 3peHus: onpeeie-
HUSI CKOPOCTEIl OCHOBHBIX PEAKIMIA TEPMOSIIEPHOIO CHHTE3a
9KBHUBAJICHTHA JIETEKTUPOBAHUIO HEUTPUHO B peakimu (10.2).

Bce BrIIenprBegeHHBIE PACCYKACHUS CBOISITCS K TOMY,
YTO MOPOT PETUCTPAIUN KOHKPETHOT'O SKCIEPUMEHTA OIpe-
JIeJISIET BO3MOXHOCTb JETEKTUPOBAHUS HEUTPUHO CJIETyIO-
IIUX HEPTUi:

a) < 0,42 M5B oT HaYaIbHOU peakiuu pp-Lenu;

0) 1,44 M5B OT HaYaJIbHOW peaKIul pep-1eIH;

B) 0,86 M»dB OT mMOOGOYHOU BETBU Pp- W PEP-IIUKIOB B
peaxmuu (10.6);

) G0pHBIX HEUTPUHO ¢ 3Hepruei < 14,6 M3B;

1) HelTpuHO oT hep-peakuuu ¢ 3ueprueit < 18,6 MaB.

CNO-IUKJI POTEKAaeT ¢ yJacTUEeM HM30TOMOB yriepoaa
5C m azota '“N, sapa KOTOPBIX SBJISIOTCS KaTaJH3aTOPOM
mporecca TepMosimeprHoro cuatesa (10.1), a mx KoIu4IecTBO B
[IUKJIE OCTaeTCsl Hem3MeHHBIM. [1oJiHa s BeIIesIsieMast SHeprust
UMeEET TO Xe 3HAUEHHE, YTO U B pp- U pep-Lensx, 26,7 MaB, a
HEUTPHUHO YyHOCHT 3Hepruto < 1,2 M»aB B ciyyae peakuuu

BN =BC+et + v, (10.12)

u E,, < 1,73 M5B B ciiyuae

PO -BN+et +v,. (10.13)

CrangaptHas coHeuHast MoJienb [238 —240] mo3BoseT
pPACCUMTBIBATH OTOKH COJIHEYHBIX HEUTPUHO C TOYHOCTHIO
1o 2 %. TeopeTnyeckue mpenacka3aHusi U SKCIIEPUMEHTATb-
Hble PpEe3yJbTAThl BBIPAXKAIOTCS B CIUHHUIAX COJIHEYHBIX
HeiitpuHo (SNU) — BenuunMHe, pPaBHOW MPOU3BEIACHUIO
pacyeTHOTrO HeHTpHHHOrO TOToKa (cM 2 ¢~!) Ha ceuennme
MOTJIOIIEHAs HEWTPUHO B MHMIIEHH AeTekTopa (cm?). Ipo-
0J1eMa COJTHEUHBIX HEWTPUHO 3aKIIFOYAETCSI B PACXOXKICHUU
TEOPETHYECKH PACCYUTAHHOW BEPOSITHOCTH W IKCIEPH-
MEHTAJIbHO OTPEJEICHHOTO 4YHCIIa COOBITHIA B3aMMO/IEH-
CTBHUS HEUTPHUHO B BEIIECTBE PA3JIMYHBIX IETEKTOPOB.

B Hacrosuee BpeMsl MOCTOSIHHO (DYHKIMOHHPYIOT HeEC-
KOJIKO JKCIIEPHUMEHTAJIBHBIX YCTAHOBOK, CIOCOOHBIX PErH-
cTpupoBaTh HeWTPUHO OT COJHIIA. B OCHOBHOM pe3yJIbTaThl
HE3aBUCHUMBIX 9KCIIEPUMEHTOB CBOSITCSI K TOMY, YTO TIOTOKH
HeiTpuHo OoT COJHLA HIDKE OXHMJIAEMbIX, OCHOBAHHBIX Ha
pacueTax mo CTaHJIapPTHOU COJTHEYHOU MOJIEIIH.

X10p-aproHOBBIN IKCIIEPUMEHT — KJIACCUUYECKUN IKCTIe-
PUMEHT MO PETUCTPAIUU COJIHEYHBIX HEHTPUHO, MPOBOJIM-
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MBIl Ha TPOTsDKeHMHM OoJiee 25 JeT 1oJ PYKOBOJCTBOM
JpBuca B maxTe OBIBIIETO 30JI0TOHOCHOTO MpUHUCKa XOyM-
crefik, mratr FOxnHag [akora. DTOMy 3KCHEpUMEHTY U
HHTEPIPETAIMA €r0 Pe3yJbTATOB IOCBSIICHO OTPOMHOE
KOJIMYECTBO IMyOJIUKAIMA, CPEe KOTOPBIX MOXHO BBIJIE-
JuTh paboThl, Ie OMHMCAHBI NPEANOCHUIKM MPOBEICHUS
akcniepumenTa [241], obmas uneosorus [242] u pe3yJbTaThl
00paboTku ceaHcoB HaOmromeHuit [243, 244]. Bcee st
BOMPOCHI MIOJPOOHO PACCMOTPEHBI B IPEKPACHON MOHOTpA-
¢bum [157].

B skcnepumente [[aBuca IS pErUCTPAIMU COJTHEUHBIX
HEUTPUHO UCIIOIB3YETCS PeaKLs

v +ICl AT + e, (10.14)

B KOTOPOI 00pa3yeTcs paliOaK TUBHBINA U30TOI 37 AT, UMEFO-
Ui nepuon mojypacnana Ty, = 35,1 ¢cyT u 3Hepruro
pacnaga Q = 3 k3B, mocTaToOuHYIO JIUIs HaIe)KHOU perucTpa-
MU KaXAoro oTAesibHOro ciyvas. Peaknus (10.14) umeer
mopor E, = 0,81 M3B, 4To mpuBOAUT K BO3MOXHOCTH
perucTpanun ToybKo $B- n "Be-HeliTpuHo.

HetexTop-MuiieHb HaxoauTcs Ha riryoune 4100 M BoI-
HOTO J9KBHMBAJICHTa M MpPEACTABJISIET co00il 0ak oObeMoM
400 M3, 3an0JIHEHHBINA 615 TOHHAMMY JXUIKOTO MEPXJIOPITH-
nena C,Cly, B cocTase koToporo comepxutcs 133 Tonnst 37Cl
(2,2 x 10*° aTomos). IToce ceanca IKCIO3UIUM, AJIAIIETOCS
JI0 TpeX MeCsIEeB, oOpa3oBaBIIMeCs aTOMBI >/Ar HETpH-
BHAJILHBIM 00Pa30M U3BJICKAIOTCS ¥ UX KOJUYECTBO IMOJICUH-
TBIBAETCSl B MPELU3MOHHOM MPONOPIMOHATILHOM CUETUYHKE.
IMoapoOHO TexHUKA IKCIIEpUMEHTA u3ji0xeHa B [157]. Beuay
HEBO3MOXHOCTH IPOBEICHHUS] YHUCTOTO KaJMOPOBOYHOTO
ompita ¢ "BoiKiroueHHBIM"  COJIHIIEM B 9KCHEPUMEHTE
MOCTOSIHHO COBEPINCHCTBOBAIACh TEXHHMKA KOHTPOJIBHBIX
TECTOB MO ONpeesieHro 3QPEKTUBHOCTH U3BJIeUeHHs /AT,
BbLIEIEHNS HOHOB 37 Ar ™, onpenenenus GpoHa u ap.

PaccuntanHass mo craHOapTHOW COJIHEYHOM MOJeIu
qacToTa COOBITHI 3aXBaTa COJHEUYHBIX HEHTPHHO B 0OBbEMe
37Cl-perexTopa [240]

Rea = (7,9 +2,6)SNU, (10.15)

a AKCIEPUMEHTAJILHO U3MEPEHHAs Ha MPOTshkeHuu 6oJtee 90
CEaHCOB KCIO3ULUU

Eexp = (2,1 £0,9)SNU.. (10.16)

Omm6xku B (10.15) 1 (10.16) COOTBETCTBYIOT TPEM CTaHIAPT-
HBIM OTKJIOHEHHUSIM.

GALLEX — »skcnepuMeHTajIbHAS YCTAHOBKA, pa3Me-
1IeHHasl B moj3emMHo# y1abopatopun ['pan-Cacco, B KOTO-
poil I MEeTEeKTUPOBAHMSI COJIHEUHBIX HEUTPHUHO HCIOJIb-
3yeTcs peakuus 3axBaTa

1Ga+ve —»iGe + e~ (10.17)
¢ noporoBoii sneprueit E, = 0,23 M»sB [245]. B skcnepu-
MeHTe ucnonb3yeres 30 T 11 Ga B pactsope GaCls. [letektop
MOET PErUCTPUPOBATE 0K0J10 70 % pp-HEHTPUHO OT OCHOB-
Hol peakimu (10.2). MeTouka BbIJICJICHUSI AaTOMOB Paaro-
aKTHBHOTO m30TONa 3)Ge M MX PErHCTPALMH BO MHOTOM
CXOJIHA C UCHOJIb3yeMoH B 3kcnepuMenTe [[aBuca. B skcmo-
3UIHUSX JETEKTOPa, IPOBEJACHHBIX B MOCJCIHUE TOAbI, OBbLI
oOHapyXeH NeUUUT COJTHEUHBIX HEUTPUHO: PACUETHOE JJIS
raJJIneBOTO JAeTekTopa 3HaueHue [240]

Rea = 132729SNU (10.18)

CYHIECTBECHHO NMPEBLIIACT IKCIEPUMEHTAJIBHOC

Rexp = (79 1073) SNU. (10.19)

Henasusis xamubposka aerektopa GALLEX wuctounm-
koM >!Cr 106aBujIa yBEPEHHOCTH B HAIEKHOCTH U3MEPEHUS
HEHUTPUHHBIX TOTOKOB [246].

SAGE — perekTop, pachojIOXEHHbIH B MOA3EMHOM
neniepe BakcaHckoil HEHTPUHHOW 0OCEpPBATOPUU, UCIIOJIb-
3yeT B KauecTBe MumeHn 60 T merammueckoro ;1Ga u
peakuuto nerektuposanusi (10.17) [247]. TlepBble naHHBIC
TakXXe NOATBEPKAA0T 3P(PeKT AeuIuTa COTHEUHBIX HEUT-
puHO naxe OoJibimid, yem B 3kcriepumente GALLEX [248]:

R
% = 0,554 0,14¢xp £+ 0,03¢q -

cal

(10.20)

Kamiokande IT — nerekTop, onucaHHbIi B pa3aesne 5.4,
HCIOJIBb3YET JUIsl AETEKTUPOBAHMS HEHTPUHO PEAKIHIO yIPY-
rOro paccesiHust

Vet+e  —vete (10.21)

cnoporom Ey,, = 7,5 MaB u MoxeT aHau3upoBaTh TOJIBKO
notoku SB- u hep-meiitpuno [249]. PesynbTaTel aHanusa
9KCIIEPUMEHTAIBHBIX AAHHBIX IPEACKa3bIBAIOT CYIIECTBEH-
HBII HETOCTATOK MOTOKA OOPHBIX HEUTPUHO [250]:

R
% = 0,50 + 0,044 £ 0,065 + 0,07y -

cal

(10.22)

CylIecTByeT HECKOJBKO BO3MOXHBIX HHTEPIIPETAINN
npoOyieMbl AeUIMTAa COJIHEYHBIX HeWTpmHO. VX MOXHO
pa3nenuThb Ha TpH rpynmnsl. [lepBas — snepHo-pusmueckas,
CBSI3aHHASl C HEJIOCTATOYHBIM 3HAHUEM CEUCHHU peaknui
(10.4), (10.5) u B ocobennoctu (10.8). CnpaBeaIMBOCTh
pACUeTHBIX BBIXOJOB PpEaKIii HEOOXOAMMO MPOBEPSITH B
eme 0OoJiee TPENU3HOHHBIX KAJTHMOPOBOYHBIX OIKCIEPHMEH-
Tax. Bropas rpymma BonpocoB — acTpodusnieckasi, CBsI3aH-
Hasl C UCIOJIb3YEeMOH B pacueTax CTaHJAPTHON COJIHEYHOU
MoJenbto. B 3Toif Mozenu 3agaroTcs HayaslbHbBIE YCJIOBUS,
BKJITOYaroIye CHEepuueckyr0o CHUMMETPHIO, XHMHYECKYIO
OAHOPOIHOCTH, MIPEANOIOKEHHE O TUAPOCTATUIECKOM PaB-
HOBECHH U JIYYUCTOM XapaKTepe MepeHoca IHePruu. DBOJIIO-
nust CoJIHIIa PACCUUTBHIBACTCS NMPH BAPbUPOBAHUU HAYAJIb-
HBIX ycnoBuit u otHomenus *“He/?H ¢ ¢ukcupoBaHHBIM
3HAYEHUEM PACHPOCTPAHEHHOCTEH TSKENbIX 3JIEMEHTOB.
Bo3moxHO, 3Ta MOJeNb HEemoJHa M TpeOyeT MpUBJICUECHHS
HETpUBHAJIBHLIX penienuit. Hectangaptabie Mmoaenn CoyHIa
U aJIbTEPHATUBHBIE BO3MOXHOCTH MOAPOOHO PACCMOTPEHBI
B [157, 251, 252].

Haxonen, TpeTbsi Ipymnma BO3MOXHOCTEH CBsI3aHa C
(dbynaaMeHTAaJIbHBIME acleKTaMy (U3UKU  3JIEMEHTapHBIX
YaCTHI. YKaXeM BO3MOJXXHBIE THIOTE3bl, COBMECTHMBIE C
M3MEPEHHBIMHA IIOTOKAMU COJTHEYHBIX HEUTPHHO:

1) BakyymMHblE OCIWJLUISILIMMA, TpeOyrolme TOHKOU
Hactpoiiku juis mace Am? ~ 1071 5B? u Gosnbumx yrios
CMEIIIMBAHUS;

2) MOJeidb OCHMJUIAIUNA HEUTPUHO C MPUBJICUCHUEM
MSW-sddexra, mpemamonararomas HapaMeTpsl  Am?> ~
~ 1075 5B? u sin*(20) ~ 0,01 wm sin?(20) ~ 0,8 [34, 168,
252, 253];

3) Haymuue OOJIBIIOTO MArHUTHOTO MOMEHTa Y Ve,
CHOCOOCTBYIOIIETO MEPEBOPOTY CHMHA HEUTPUHO B KOHBEK-
TuBHON 30He COJHIA M MPHUBOMSILETO K HEBO3MOXXHOCTHU
PETUCTPALIUY €T0 JIEBOX KOMIIOHEHTHI [254 —256];
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4) pacnaji TSDKEJIOro MacCOBOT'O COCTOSIHUSI HEUTPUHO V|
B 00JIee JIeTKOe V; C UCITyCKaHMeM 0e3MacCOBOTO CKAISIPHOTO
0030Ha ¢: V| — vy + ¢ [257];

5) paauanuMoHHBIN pacmajJ MAacCHBHOTO HEUTPHHO B
TMOCTOSTHHOM 3JIEKTPOMArHUTHOM CKpEIIeHHOM ToJie [258,
259];

6) CcylLeCTBOBaHHE CTEPUIIBLHBIX HEB3AMMO/IEHCTBYIOILIUX
HeUTpuHO [260];

7) cyliecTBOBaHME CIA00B3aUMOJIEHCTBYIONINX YaCTHUI]
(WIMP), xoTopsie Oymyun 3axBaueHHbIMU COJIHIIEM T'PABH-
TAIMOHHBIM 00Pa30M MOTJIH ObI IEPEHOCUTDH HE3ABUCUMO OT
(OTOHOB 4YacTb HSHEPrUM U YMEHBIIUTL TEMIEPATYPHBIN
rpagueHT B neHTpe COJHIA, YTO B CBOIO OYepedb YMEHb-
o 66l moTok 8B-neitrpuno [261].

M3 Bcex BBIIETIEPEUNCIIEHHBIX BO3MOKHOCTE! HanboJiee
KPACUBBIM U €CTECTBEHHBIM PEIICHUEM POOIeMbI Ieduimra
COJIHEYHBIX HEUTPUHO IPEACTABJSETCS OCLMJLISIHOHHBIN
creHapuii, ocHoBaHHBIA Ha "see-saw'-MexaHHM3Me TeHepa-
MM HEUTPUHHBIX Macc U MSW-addekTe u obecreunBaro-
A KOHBEPCHIO JJIEKTPOHHBIX HEUTPUHO B MIOOHHBIE. B
9TOM Clly4ae TEOPETHYECKHE pPacuyeThbl HEHTPHHHBIX MOTO-
KOB, ClIeJJaHHbIE HAa OCHOBE cTaHgapTHoil moneiu CoJHIa,
HAWJIYYIIMM O0pa3oM COTJIACYIOTCSl C JAHHBIMHU IKCIIEPU-
menToB Homestake, GALLEX, SAGE, Kamiokande I npu
3HAYCHMSIX TapaMeTPOB ocuiusimii [64, 253, 262, 263]

Am?(ve < v,) = (0,3—1,2) x 107
sin®(20¢,) = (0,4—1,5) x 1072,

(10.23)
(10.24)

Ecim ociyuiissnum CyIecTBYIOT, TO UMEHHO COJTHEUHBIE
HEUTPHUHO C SHEPTHSIMU, JISKAIIIME B METadJIeKTPOHBOJIBT-
HOM JIMana3oHe, SBJISIOTCS WIealbHbIM "MHCTpyMeHTOM"
JUIS MX M3Y4YeHns B 061acTy 3HaveHni Am? ~ 10~1° 5B% [263].

OnHO3HAYHO OTBETHUTH HA BONPOC O CYIIECTBOBAHMHU
OCHWJUISAIINM HEUTPUHO PA3HBIX apOMATOB, BO3MOXKHO YCH-
JICHHBIX BIIMSTHIEM BEIIIECTBA, UCXOIS U3 PE3YJIbTATOB JKCIIE-
PUMEHTOB C COJIHEYHBIMH HEUTPUHO MOXKHO OY/IET JIUIIIb TPU
U3MEPEHUH TOJTHOT'O JHEPIeTHYECKOTO CIEeKTpa HEUTPHUHO U
uAeHTUGUKAMY €ro MCTOYHMKA. DTa 3ajaya OyneT perua-
ThCSI HA IETEKTOPAX HOBOTO MOKOJICHHU s, 0OHAPYKIBAIOILIUX
KPOME Ve TaKX€ M Vy- U V-HEHTPHHO, PETHCTPUpPYsS UX
B3aUMOJICUCTBUS Yepe3 HelTpasibHble TOKH. HekoTopsle u3
9THUX JIETEKTOPOB OBLIN OMUCAHBI B pa3ese 9.

Superkamiokande Oyaer perucTpupoBaTh pEaKIUIO
YIPYroro paccesiHusi HEUTPUHO Ha 3JIeKTpoHax [35, 36]:

vxte — v te (10.25)

VCTaHOBKA MOXET PErHCTPUPOBATHL TOJBKO SB-HelTpuHO,
HO OyIeT MMEThb BBICOKYIO CTATHUCTHUKY 32 PEaJIbHOE BPEMsI
m3Mepenuid. [Ipeanonaraercs B 4yBCTBHUTEILHOM OOBEME
neTekTopa mMaccoii 15 x 10° T peructpupoBath 23 cobbITHA
tima (10.25) exenseBHO (~ 8 x 10° B TOX) MpH 3HEPTHH
3JIEKTPOHOB OK0JIo 7 M3B.

ICARUS mnpennonaraer mjsi HaOJIHOEHUS COJTHEYHBIX
8B-HEUTPHUHO M3y4YaTh ABE peakuu [35, 36]:

a) YIpyroe vee-paccesiHue

Ve+e  — vete, (10.26)

0) Ve-3axBaT

Ve +*0 Ar —»*K* + ¢~ (10.27)
B OCHOBHOM 32 CYET pa3pelIeHHOTo Hepexoja

HOK* 40K + v(2y) ¢ BbienenreM sueprun 2 MsB. Pacuer

HEHUTPUHHBIX MOTOKOB MO CTAHJIAPTHOW COJIHEUHON MOJeNN
OPUBOAUT NPU MOPOTe PETrUCTPALMU 3JIEKTPOHOB OTAAYU
Egr = 5 M3B k mabmogernio 2,7 x 103 cobwITnii peakmmm
(10.26) u 3 x 10° pepmuenckux nepexomos peakmun (10.27)
3a TOJI 3KCIo3uIMHu AeTekTopa. OTHOIIeHHE Yrciia COOBITUH,
noJjiyueHHbIX 1o peakmusm (10.26) u (10.27), obecrneunt
U3MEPEHUE NIOJH V.-HEUTPHUHO, KOTOPBIE B Pe3yJbTaTe
OCHMJUIAIME MOTYT HepedTH B Apyrue (Vy,V;)-apoMaThl.
OTO OTHOLIEHHE He 3aBUCHT OT Buaa mogjenu CoiHma, a
TakXe OT MePBOHAYAJILHOTO HEUTpUHHOTrO moToka. [ToiHo-
macmtabubiii nerekrop ICARUS cmoxer B TeyeHue IBYX
JIET JeTeKTUPOBATH OCHMJUISIUHM COJHEYHBIX HEHTPUHO C
BeposATHOCTHIO 20 %.

Crenys [36], 3ameTuM, 4TO HpOBEPKa CYyIIECTBOBAHMS
abdekTa HEUTPUHHBIX OCIWILISAIMA BO3MOXHA HAa OCHOBE
W3y4YeHUs] W3MEHEHUsI TOTOKOB COJIHEYHBIX HEUTPUHO B
3aBUCUMOCTU OT H3MEHEHMsI pPaccTOsHUS OT 3eMJu [0
Connna. [Tpu OTCYTCTBUM OCIMJUISIMIA YHCIIO COOBITUH B
netekTope N U3MEHSIETCS B COOTBETCTBUH C COOTHOIIIEHHEM

1

N ~ T2
rae L — paccrosiue ot 3emun go CosnHua. Eciu ke umerot
MECTO BaKyyMHbBIE OCIAJUISIIIAN, TO

(10.28)

1
N=— [1—P(ve = vy)]. (10.29)
Torna
N (LmaX) L2mm
ML) = A, (10.30)

1 —sin(20)(sin®[1,27Am?(Liax / E)])
1 —sin?(20)(sin’[1,27Am? (Lunin/ E)])

(10.31)

B Bepaxenuax (10.30) u (10.31) Ly, = 1,465 x 10!
Linax = 1,516 x 10" M 1 mpoBoauTCs ycpeIHEHHE MO JHEpre-
THYECKOMY CIIEKTPY HEWTpUHO. B ciIyuae OTCYTCTBUS OCIHII-
JISIIAN

N(Lmax)

———-=0,934. 10.32

N(Lon) (1032)
3KCHepI/IMeHTaJ'ILHO BJIMSIHUC OCHUIJIAIIUOHHOTI' O

a¢pdexta OyneT NPOSBIATHCS B PA3JIUUYUU  AMILIUTYIbI
TOOBBIX MOJIYJISANUI HEHTPHHHBIX MOTOKOB oT CoJHOa,
pacyeT KOTOPBIX MpeJCTaBJieH Ha puc. 5. UToObI oCIuLIs-
UM OBLTM 3apETUCTPUPOBAHBI HA OCHOBE 3TOW METOJMKH,
HEOOXOIMMO OKOJIO JIBYX JIET cOOpa JaHHBIX C JETEKTOPOB
Superkamiokande u ICARUS.

OmnuiieM TakXe YCTaHOBKM OJimkaiiiero Oyayiiero,
MPOEKTHPYEMEIE B CO3/IaBAEMBIE CIIEIMAIBHO JJIs1 U3YUCHUS
HewTpuHo oT CoJHIA.

SNO (Sadbury Neutrino Observatory) — HeWTpUHHAS
o0cepBaTOpHS, PACHOJIOKEHHAs] HA TJIyOMHEe 2 KM BOJIM3U
r. Conbepu B Kanazne [264]. DTo 4epeHKOBCKUU IETEKTOD,
UCTIOIB3YIOMINI B KauecTBe MuieHH 10° T TaxeTo# BOAEI
D>0, moMenieHHOH B aKPIJIOBYEO €MKOCTh, KOTOpasi OKpy-
JKeHa CJIOSIMU 3alUThI (yabTpaunctas Boga H,O, 6eton) ot
HABEJCHHOW paJMOaKTUBHOCTH OKpYyXalomux mopoa. B
SNO O6ynyt uznmyuatbest ynpyroe paccesinue (10.26), mpo-
LIECCHI 3aPSDKEHHOTO TOKA

Ve+d—p+p+e (Q=-14M>3B) (10.33)
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Puc. 5. I3MeHeHne BO BpeMEHM HOPMHPOBAHHOTO YUCJA HEUTPHHHBIX
COOBITHIA [UIsl CIIEYIOIINX CIy4aeB: /| — OTCYTCTBHE OCHMJUISAINNA; 2 —
ocrsmil ¢ mapamerpamu Am? = 5 x 10711 5B2, sin®(20) = 1; 3 —
Am? =8 x 107" 3B2, sin?(20) =0,8; 4 — Am?=1,1x10"10 3B2,
sin®(260) = 0,9.

U peakIui HeHTpaJbHbIX TOKOB

vy +d—=p+n+vs (Q=-22M>3B). (10.34)

DJIeKTPOHBI, 00pa30BaBIIKMeCs B peakiuu oOpaTHOTO f-
pacnana (10.33), UMEIOT 3HEPTUIO PABHYIO SHEPTUU HEWT-
PHUHO 32 BBIYETOM MOPOTOBOM SHEPIHH PEAKINH, U B Clydae
MSW-abdexTa nckakeHHe B UX CHEKTPE KOPPETUpyeT ¢
uckaxenneM crektpa 8B-uneiitpuno. Peakius (10.34) umeer
OJIMHAKOBOE CEYEHHE ISl BCEX THIIOB HEUTPHUHO (Ve, Vi, Vi) B
Oyner uaeHTU(GUIUPOBATHCS O BPEMEHU 3aJEPXKKU JIEKT-
poHa, oOpasyrolerocsi B pe3yjabTaTe KOMITOHOBCKOTO pac-
CesIHUS Y-KBaHTA, U3JIy4aeMOro IPH 3aXBaTe 3aMEJICHHOTO
HelTpoHa. J[JIsl yBEeJIMYSHUs] YyBCTBUTEIILHOCTH K MPOIIECCY
(10.34) nepuoauyecku B 00beM AeTekTOpa OyIeT 100aBISTh-
cs (a 3aTeM cHoBa yctpaHsaTbes) okotio 2,5 T NaCl ¢ nenbro
3axBaTa HelTpoHa u3 xyuopuaa. O6pa3zoBaBIIUIicsS IPU 3TOM
MPOTOH ¢ 3Heprueit 8,5 Ma3B OyeT u3ayvaTh YepeHKOBCKUN
ceT. B ycranoBke SNO mpenmnosiaraeTcss BBICOKHI TemIl
cueTa HEUTpUHHBIX cOObITHIA 0T CoJrHna — 1o 20 B AeHB, HO
4yBCTBUTEJIbHA OHA TOJBKO K SB-HelTpuno. OnHako neTek-
THpOBaHME Tpex TunoB peakunuid, (10.26), (10.33) u (10.34),
MO3BOJIUT UHTEPIPETUPOBATH IKCIIEPUMEHTAJIbHBIE TaHHBIE
HE3aBHUCHMO OT PACYETHBIX HEUTPUHHBIX TIOTOKOB 1 OMpPEe-
JISTH BCE MOJIbI OCIMJUISIIIMOHHBIX TIEPEXOIOB.

BOREXINO — »3KkcHepuMeHT, MOATOTABJIMBAEMBI B
nabopatopun ['pan-Cacco W HaleNeHHBI Ha H3yYeHHE
COJIHEYHBIX HEUTPUHO HU3KON SHEPIHH B PEaKIMM 3axBaTa
anekTporoB 'Be (10.6) [265]. JeTeKTOp MPeACTABISET COOOM
100 T XMAKOTO CHMHTHILIATOPA, oboramennoro 6opom B,
B KOTOPOM OYIyT PErUCTPUPOBATHCS IJIEKTPOHBI OTAAYN B
peakumu paccestaus (10.26). [Tpenmnonaraercs npenu3noHHOE
U3MEPEHUE PACIIPEIEICHUS 3JIEKTPOHOB IO UX KUHETUYECKOMN
sHepruu. OxuaaeTcs UMETh PEKOPAHYIO CTATUCTHKY — 10
50 coObITU# B JIeHb B 00JIACTH 3HEPrUil 3JIeKTpOHOB 250 —
700 x3B. Ocmmuisiuun MOTYT HAOTIOOATHCS, €CIM Macca

HEWTpHHO JexuT B quanazone 1078 5B > Am? > 10~!! 5B?
[266]. OcHOBHASI TPYAHOCTH IKCIIEPUMEHTA 3aKJIIOYAETCS B
KOHTpoJie (poHA, Tak KaK HU3KHI MOPOT METoaa TpedyeT
BBICOKOUHCTOTO CHUHTHILISTOPA.

HELLAZ (Helium Liquid Azote Temperature) — erme
OJIHa yCTAHOBKA, KOTopasi OyAeT pacrojararhcs B Jadbopa-
Topuu I'pan-Cacco 1 o3BOJIUT U3MEPUTDH IPAKTUYECKU BECh
CIIEKTP COJIHEYHBIX HeWTpwHO [267]. st peructparmm
HEUTPUHO, BKIJIFOUast pp-peaximro (10.2), mcrnoib3yeTcst mpo-
mecc ynpyroro paccesaus (10.26). detekTop OymeT UMeTh
Oospmryro Maccy, okojio 6 T cmecu (He + 2% CH),
HaxXOSIIYIoCs TIpH Temrepatype xuakoro azora (77 K) u
BBICOKOM JaBjieHuH (5 0ap). DKcrepuMeHTaIbHAS TeXHHUKA
cocTouT U3 BpemsinpoieTHoi TPC-kamepbl, YyBCTBUTENb-
HOU K OJAMHOYHBIM 3JIEKTpOoHaM oTJaun B peakuuu (10.25).
TouHOCTB U3MepeHust Hepruu coctaBisieT AE, /E, = 2—4%
npu E. =300 x3B. [letekTop mpu mopore peructpanuu
anexkTpoHoB 100 k3B (217 k3B a5 HeliTpuHO) OyAeT UMETh
GOJBITYIO0 CTATHCTHKY — 5 X 10° HeHTpWHHBIX COOBITHH B
roJI.

[Ipenu3noHHOE N3MEPEHUE B BBIIICTICPEUNCIICHHBIX YCTa-
HOBKaX HEMTPUHHOI'O CHIEKTPa B HU3KOIHEpreTuueckon obia-
CTU M BOCCTAHOBJIEHHWE HampaBjieHus (cosd) IBMKEHUS
HEeUTpuHO oTHOCUTENbHO CoHIIA,

2\ /2 -1
E\,:me{cosﬂ(l—&-Te) —1} ,

(10.35)

&

JIal0T YHHUKQJIbHYIO BO3MOJXHOCTBH DPEUICHHUS! NMPOOJIeMBbI
COJIHEYHBIX HEUTPHUHO.

11. Ocunnasimun aTMocgepHbIX HEHTPUHO

ATMoc(hepHbIle HEUTPUHO BO3HUKAKOT MPH pacCIaiax MHOHOB

T — uv, 1 KaoHoB K — pv,, KoTopsie o6pasyroTcs B

pe3yJibTaTe B3aUMOJICHCTBUS MEPBUYHBIX KOCMHUYCCKUX

ayueir ¢ atmochepoit 3emun. Ilocneayromuii pacman

MIOOHA [L — €VeV, OIpenesseT OXHIAEMOE OTHOIIECHHUE

MOTOKOB aTMOC(EPHBIX HEUTPHHO:
R(vy)

R(v) ~ >

(11.1)

Juist mccnenoBaHusl OCHMJLISIMA aTMOC(EpPHBIX HEUT-
pUHO HEOOXOIUMMO TOYHOE 3HAHUE MX JHEPreTHYECKOTO
CIEKTpa U MPOJIETHOTO PACCTOSHUS A KaXIOTro (Ve, Vy)-
apoMata. BolbIIMHCTBO HEHTPUHO U3 aTMOC(HEPHl UMEIOT
SHEPruI0 HUXKE Mopora oOpa3oBaHHS T-JENTOHA, MO3ITOMY
TTOCTAHOBKA 3KCIEPUMEHTA 110 BOSHUKHOBEHHIO V; HE IpeJ-
cTaBJsieTcs pealbHOM. UyBCTBUTENIBHOCTD SKCIEPUMEHTOB C
Ve BV, K OCIHMJUISIIMOHHBIM IapaMeTpaM OrPaHMYUBAETCS
1pu omnpeieenny sin®(260) TIaBHBIM 06Pa30M CTATHCTHKOI,
a pu ompenenennn Am?> — sueprueii E,. BoccTanoienne
BUJA CHEKTpa aTMOC(EpHBIX HEUTPUHO M HOPMHUPOBKA
TMIOTOKOB TPEJCTABJISIOT COOOW HETPUBUAJIBHYIO 3a/1avy.
DTO CBSI3aHO C HETOYHBIM 3HAHHEM AOCOJIOTHBIX MOTOKOB
NEPBUYHBIX KOCMHYECKHUX JIyUeil, a TAKKe C HEOIIPeIeIeHHO-
cThIO B 0Opa3oBannu ©- 1 K-Me30HOB BO B3aMMOAEHCTBUSIX
YCKOPEHHBIX 710 BBICOKHX YHEPT Uil IPOTOHOB U JIETKUX SIIIEP C
AIpaMu  aTOMOB aTMoc(epbl U HU3KOIHEPTETUUYCCKUMMU
(oTonamu. ITo 3TOM MPUYUHE B IKCIIEPUMEHTABHBIX yCTa-
HOBKaX U3MEPSAIOT OTHOLIEHUE YUCIIA B3AMMOIEHCTBUH V, - U
Ve-HEUTPHUHO o KaHaIy 3apsHKEHHOT O TOKa:
Rexp = Nexp (Vi) / Nexp (Ve)-
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IIpakTuuecku Takoe OTHOIIEHHE IOTOKOB HEUTPUHO
pa3HoOro apomara OIpenessieTCss U3 OTHOIIECHHS! BBIXOJIOB
0e37MBHEBBIX COOBITHH, COAEPKAIIUX MIOOHBI, K YHCIY
COOBITHIA C HAJIMYKMEM 3JIEKTPOMArHUTHOT O KacKaja:

R — N(p-track)
N(e-cascade)

OTO OTHOIICHHE CPABHUBAIOT C PACYETHBIM IO METOHY
Mounte-Kapio 3HaueHneM

Rcal = Ncal(Vu) )
N, cal (Ve)
VYUTBIBAIOIINM Pa3BUTHE KACKAIOB B aTMOChepe, HYHKITHIO
OTKJIMKA JIETEKTOpA U AP.

Pe3ynbTaThl OCHOBHBIX 3KCIEPHUMEHTOB € aTMochep-
HBIMM HEUTPUHO NIPE/ICTABJICHBI B TA0JI. 7.

Taﬁﬂl/lll‘d 7. OTHoIlICHHE OKCIIEPUMEHTAJIbHO U3MEPEHHBIX U PACYETHBIX
IIOTOKOB aTMOC(i)eprIX Vy- " Ve—HeﬁTpHHO

DKCIEpUMEHT Skcno3umus, 103 Trog ! Réxp /Real CcpLika

IMB-3 7,7 a) 0,5440,05| [268]
6) 0,64+0,07

Kamiokande IT 4,92 a) 0,60+0,06 | [269]
6) 0,69+0,06

Frejus 2,0 0,8740,13 [270]

Soudan IT 1,0 0,64+0,19 [271]

NUSEX 0,5 0,96+0,29 [272]

W3 nanHbIx TabJ. 7 CleAyeT, YTO B IKCIEPUMEHTaX C
aTMOC(HEPHBIMI HEHUTPUHO, MOCTABJICHHBIMU B T10JI36MHBIX
JIA00PATOPHSIX C HCIOJIb30BAHIEM OOJIBINNX BOAHBIX YePEH-
koBckux AerekTopoB IMB-3 u Kamiokande II, maGJro-
JTAFOTCST AHOMAJIMU BO B3aUMOJICUCTBUSAX 3aPSDKEHHOTO TOKA
IO KaHaJdaM Vy U Ve. DTO pa3jMide ONpelesisieTCs ABYyMs
criocobamu: a) o (popMe YepPeHKOBCKOTO KOJIbIIA, 3aperu-
crpupoBanHoro ®DVY; 0) mo uaeHTUPUKAIMU -pacnaja,
3aKJIFOYAIOIIETOCS] B PErUCTPAIMU M30BITKA CpabOTaBIINX
OOV B TeueHne BpeMEHHOT0 MPOMEXYTKA MOPSIIKA HECKOJTb-
KHX MUKPOCEKYHJ Iocje coObITusi paccesiHusl. TaOauuHbIe
3HAYCHUS R/exp / Real, onpesiesiennbie gerektopamu IMB-3 n
Kamiokande II, mpuBeaeHbl COOTBETCTBEHHO ISl KAXI0TO
METO/Ia U CBUAETENLCTBYIOT O HEJJOCTATKE V,-COObITUI U
U30BITKE Ve-cOOBITHIA TpuMepHO Ha 30—40 %.

Heiirpuno, o6pa3oBanubie B aTMocdepe 3eMd, mpPoXo-
5T paccrosinue L = 10—13000 kM 10 B3aMMOJEWUCTBUS B
nerektope u uMmerot sHepruro E, =0,3—-1,2 I'3B. Torna
JeHuIuT v, -HeHTPHHO, 00pa30BAHHBIX BO B3aHMMOICHCTBAU
KOCMHYECKMX Jiydeld B aTMocdepe 3emiid, MOXKET ObITh
MHTEPIPETUPOBAH KaK JI0OKA3aTeJIbCTBO CYIIECTBOBAHUS
OCHMJLIAIMIA V), <> Vi W V,, <> Ve CO 3HAYEHUAMH HapameT-
poB

Am* =1072-107% 5B, (11.2)
sin*(20) = 0,3-0,6. (11.3)
C Ipyroii CTOPOHBI, KaJIOPUMETPUYECKIE IKCIIEPUMEHTHI,
takue kak Frejus, NUSEX, He 00HapyXuBarT 3TOro

abpdpexkta. OMHAKO HeTaBHHE PE3YIbTATHI, MOJIYYEHHbIE Ha
kasopumeTpe Soudan I Takxe CBUACTEIBCTBYIOT O TOM, YTO

otHoweHne R(p)/R(e) mo KaHaly 3apsDKEHHOTO TOKa
MeHBIIIE IPEeICKA3bIBAEMOT0 TEOPHEH 3HAUCHUSI.
Haun6Gosee BnevaTisirolinid pe3yJjibTaT

R,
P — 0,59 + 0,08
0,59 = 0,08,

cal

(11.4)

TOITBEPXKAAOIIMIA AePUIUT aTMOCPEpPHBIX HEHTPUHO, OBLIT
noJiydeH kojutabopanueii Kamiokande II [273] myTem ana-
nmmu3a coObITHl co cpeanell sHeprued (E,) = 6 3B, mou-
HOCTBIO TMOTMABIIMX B YYBCTBUTEIHHBIA 00BEM JETEKTOpA.
Pesynbrar (11.4) XOpOIIO OMUCBHIBAET V-IOTOKH U JAET
HeOObIION AePUIUT 171 V,-TOTOKOB, COIJIACYFOLLUHCS C
TEM, UTO OXKUAAETCS UCXOJS U3 Vy, <= V;-THIOTE3EL.

Ha pucynke 6 mpeacTaBiieHO paciupezeeHie COOBITHIA o
3eHUTHOMY yriy u3 gaHHbix Kamiokande II. Eciam miuHa
OCLUJUISIIUN COCTABJISIET HECKOJIBKO ThICSIY KHMJIIOMETPOB, TO
3eHUTHBIN YroJl OyaeT U3MEHSTHCS IJ1 HeUTPUHO, HIYLINX
CHU3Y U IPOXOJISIIIMX CKBO3b 3eMJII0, HO Takoro 3¢ dekra He
JTOJKHO HAOIFOATHCS ISl HEUTPUHO, TIPUXOISIIHAX CBEPXY.

2,0

N(u/e)/Nux (u/e)

0,5 freeeeessanny N

cos v

Puc. 6. PacnpenesieHne 1O 3€HUTHOMY YIJIy COOBITBI W3 JIaHHBIX,
nosyueHnbix Kamiokande I1. TToka3aHbl pe3yJibTaThl pacueTa METOAOM
Monrte-Kapio ¢ mapamerpamu Am? = 1,8 x 102 5B u sin®(20) = 1,0
IS OCLIULISINKH Vy, > Ve (lTpuxoBast auaus) 1 Am?> = 1,6 x 1072 9B n
sin’ (20) = 1,0 ans ocouIsANmiA vy, > V; (TOYCUHAS JIMHUSA).

Hpyrasi wHTEpecHass BO3MOXHOCTb OOBSICHEHUST nedu-
IUTa aTMOC(EPHBIX V,-HEHTPUHO, CBA3aHHAs C BIMSHUEM
MSW-sddekra, paccmorpena B pabote [274]. Ecnu apdext
maTtepuu cyumectByer, To Ha CoOJIHIIE PE30HAHC HOJIKEH
UMETh MECTO JIJIsI HeUTpuHO ¢ sHeprusimu E, =1-15 MaB,
a Tak Kak mwioTHocTh 3emiu B 10—100 pa3 mensblie, yem B
nenTpe CoJIHIA, TO MBI MOKEM OXUJATh PE30HAHC B 3eMile
JU1s1 HeTpuHO ¢ 3Heprueil £, = 10—1500 MsB. Mmenno sTta
SHepreTuyeckass o0JacTb XapakTepHa sl aTMOoc(hepHbIX
HEUTPHUHO.

HeliTpuHHbIE OCHMIUTSIIMA MOTYT OBITH TaKXKe WHULUH-
poBaHbI rpaBUTAIIOHHBIM MSW-3dbdekTom [275, 276]. DTOT
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9K30THYECKUH 3PPeKT OyAeT U3yuaTbCs B HOBBIX 3KCIEPH-
MEHTax.

WuTepnperanus nepunura arMochepHbIX HEUTPUHO KaK
pe3ybTAaT HAJIMYHS OCHMJUISIMNA HE SIBJISICTCS €JIMHCTBECH-
HOI. BeposiTHO, UTO pa3yuyue 3KCIepUMEHTATHLHBIX JAaHHBIX
C TEOPETUYECKUMHU CBSI3aHO C HEKOPPEKTHBIM HCIIOJIb30Ba-
HUEM B pacueTax Mojenu ¢epMH-Taza U ee BO3MOXKHO
peanmm3oBaTh OoJiee ycmenrHo [277].

B pa6ore [278] moka3aHo, 4TO €CJIM OTHOIIIEHHE YACIA T -
U T -ME30HOB, 0Opa30BaHHBIX NMPHU B3AUMOJICHCTBUU MPO-
TOHOB ¢ aTMoc(hepoil 3eMilH, BBIIIE, YeM OOBIYHO MPUHH-
MaeTcs B pacueTax, TO HUKAKOro Aeuuura aTMochepHbIX
HEUTPUHO HEe HAOJIFOIaeTCS.

N3y4yaetrcs BO3MOXHOCTh CHCTEMATHUYECKOW OIIHOKA B
omnpeneneHIn oTHOIEHUs R(V,)/R(V.), CBI3aHHOI ¢ TOTOI-
HUTEJIbHBIM BJIASIHUEM HEHTPOHOB B COCTaBE KOCMHYECKUX
Jlydell M UX pacnagaMu B aTMocdepe, a TakkKe ¢ BOZMOXKHO-
CTBIO pacnaja npoToHa p — evv [279, 280].

JUtst  yCHemHoro peuieHusi mpooeMbl aTMOC(hHEpPHBIX
HEATPUHO HEOOXOIUMBI KaJMOPOBKH CYIIECTBYIOIIHUX H
Oynynmx aeTekTopoB. [lepBble pe3yiabTaThl KaJIHOPOBKU
ycraHoBku Kamiokande II B 3JIeKTpOHHOM M MIOOHHOM
nyukax yckoputeiss KEK mokazanu, yto getektop mocra-
TOYHO XOPOIIO Pa3/esieT IeKTPOHHbIE H MIOOHHBIE COOBI-
tusi. KpoMe kKajauOpoOBKU caMUX JETEKTOPOB, HEOOXOIMMO
MPOBECTH TOYHBbIE M3MEPEHUST WHTEHCUBHOCTH MIOOHHBIX
MOTOKOB Ha BbicoTe 10— 20 kM, rae 0O6pa3yroTcst arMochep-
Hble HEUTpUHO. B HEKOTOPOM CMBICIE TaKue H3MEpPEHUs
SIBJISIFOTCSL AHAJIOTOM OJIMXKHETO JETEKTOpa B YCKOPHUTEIb-
HBIX long-baseline-skcnepumentax. CerogHsIIIHAE IKCIIEPH-
MEHTaJIbHbIE JaHHBIE IO U3MEPEHUIO MIOOHHBIX IIOTOKOB Ha
BbIicoTe aTtmocdepsl [280] coryiacyroTcsi ¢ HOPMHUPOBKOH,
NPUHATON B pacyeTax.

COBOKYIHOCTb TOJIy4€HHBIX K HACTOSILEMY BpPEMEHHU
ONBITHBIX [JAaHHBIX TOBOPHUT, CKOpEe BCErO, B IOJb3Y
Vy ¢ Vi-HHTEPIpPETALMH 3aTaJKl aTMOC(EPHBIX HEUTPUHO,
HO OCHOBHBIE HAJIEXK bl BO3JIATAIOTCS HA PE3YJIbTATHI IKCIIE-
puMeHTOB Omkaiiiero O6yaymero — Superkamiokande u
ICARUS. Superkamiokande 6yner umers okono 3 x 103
coObITHIT ¢ aTMOc(epHbIMU HelTpuHO exeroano. [CARUS
MPEIIoJIaraeT ¢ BBICOKMM Pa3pELICHHEM H COBEPIICHHON
9JIEKTPOH-MIOOHHOW WIIeHTH(HUKAIMEH JeTeKTUPOBATH B
KaskJOM MOJyJIe Maccoii 5 x 10% T oxoo 1,2 x 10° cobprTmit
¢ atMochEepHBIM HEUTPUHO €XKerogHo. DPQPEeKT Matepuu
OyaeT u3yvaThcsi HA OCHOBE BO3MOXKHOCTHU Pa3nyaTh B3au-
MOJICHCTBHUSI HEUTPUHO W AHTUHEUTPUHO MO KAHATY 3apsi-
JKEHHOTO TOKa [36].

12. 3akarouyenue

B HacTosmeM 0030pe MBI, BO-IIEPBLIX, HOMBITAINCH B OOIIIX
YepTax M3J0KUTh OCHOBHBIE TEOPETUUECKUE UJIEH, KOTOPBIC
Ha TPOTSDKEHUU MOcieAHuX 20 JIeT CTUMYJIMPOBAJIH Pa3BU-
THE HEUTPUHHOU (Pu3uku. BoO-BTOPBIX, MBI XOTEIH IMPOIC-
MOHCTPUPOBATH (U3UYECKYIO MOTHBALUIO HEKOTOPBIX
Mojesiell TeHepalliy HEMTPUHHBIX MAcC M KaK UX CJIEeICTBHE
BO3MOXHOCTb HAOJIFOJCHUS MPOIIECCa HEHTPHHHBIX OCITILII-
Jisiouit. Y, HaKOHell, B-TPEThHX, HAM XOTEeJI0Ch MOKa3aTh BCe
MHOT000pa3ue IKCIEPUMEHTAIBHBIX 3aa4, pellieHre KOTO-
PBIX HANPaBJICHO HA TOHUMaHUe (hyHIaMEHTaJIbHBIX CBOHCTB
HEUTPUHO.

Ha mpoTsikeHnr MHOTHX JIET IEPEHOPMHPYEMOCTb SIBJISI-
JIaCh HEPEMEHHBIM aTpUOYTOM JTH000H (hyHAaMEHTATbHOM
Teopun TmoJisl. VIMEHHO MO3TOMY HEWTPUHO B paMKax
crannaptHoit SU(2) ® U(1)-Monenu, He coiepKaliei 3J1eKT-
pOCIa0bIX HEUTPUHHBIX CHHIJIETOB, OBLIO 0€3MAaCCOBBIM, U
JTOMUHHMPOBAJIa TOYKA 3PEHHUs, YTO HEeT (pyHIaMEHTAIbHBIX
MIPUYMH JJIs1 er0 MacCUBHOCTH. [Iporpecc B co3ganuu Teopuit
BEJIMKOTO OOBEAMHEHHS] TOTPeOOBaT W3MEHEHHs OOIIIX
B3IJISLIOB Ha KBAaHTOBYIO TeopHuIo noJsi. Pacimpenue cran-
JapTHOM MOJENM 3a CYET XUITCOBCKOIO M JIEHTOHHOTO
CEKTOPOB M BO3MOXHOCTH T€HEpAIMU HEUTPUHHBIX Macc U3
WHBAPHAHTHBIX OTEPATOPOB BBICIINX PAa3MEPHOCTEH, KOTO-
pble TIOJABIISIIOTCS HAa MacITabe OOBbETUHEHHOW TEOPHUU
~ 1/Mgur, UPHUBEIIO K MOSIBJICHHIO Y HEHTPUHO MAcCChl,
npuyeM oueHb Majoil. OcTaiisis HEOOXOAMMOCTD TIEPEHOP-
MUPOBKM Ha MaciuTabax KBaHTOBOW I'paBUTAIUM 3a OyIy-
IIUMHU CYNEPCTPYHHBIMH TEOPHUSIMHU, OTMETHM, YTO Mallble
HEUTPpUHHBIE  MacChl €O  CTAaOWIBHON  mMepapxuei
My, ~ (Muei)’/MGuT €CTECTBEHHBIM OGPA30M  BO3HH-
KaroT B pesyiabrate "see-saw'"-mexanusma B GUT-Teopun,
noctpoeHHodt Ha rpymnme SO(10). Dtor MexaHu3M obec-
neynBaeT HauOoJjee THKEIOMY M3 BCEX HEHTPHHO — V; —
maccy nopsiaka 5—30 3B.

B HacTosiIiee BpeMsi ecTh TpH HE3aBUCUMBIX yKa3aHUS,
CJIEYIOIIUX W3 IKCIEPUMEHTAJILHBIX JaHHBIX, HA TO, YTO
HEUTPUHO NOJDKHO 00JIalaTh MACCOM, JieKalled UMEHHO B
3TOM jauMana3oHe. IlepBoe M3 HHMX CBSI3aHO € MPOOJIeMOU
TeMHOW MaTtepuu Bo Bcenennoil. MaccuBHbIE HEHTPHHO
MPEJICKa3bIBAIOTCS B COBPEMEHHBIX KOCMOJIOTMYECKIX MO/Ie-
JISIX, COBMECTUMBIX C HAOJIIO/IEHHEM KBaIPYIOJIHLHOW MOJIbI
penukToBoro uziaydenust Ha ciiyTHuke COBE. Tak, B Mogenu
Mixed Dark Matter maccuBHble HEUTpUHO (V; ) C Maccou
~ 20 3B paccMaTpuBarOTCs Kak HanOoJjiee BEPOSITHBIN KaH-
IUAAT HA POJIb TOPAYEN TEMHON MAaTEPUH, BHOCSIIEH OKOJIO

Tabanua 8. 3HaueHns: HEUTPUHHBIX MACC M BO3MOXXHOCTh OOBSCHEHHUS IPOOJIEM CKPBITON MAcChl U AS(UIUTA COTHEYHBIX M aTMOC(HEPHBIX HEUTPHUHO,

CJIEAYIOINUE U3 PA3JINYHBIX TECOPETUUCCKUX MoJIesIe

Mogens, ccbliika IIpenckasbiBaemas Macca OOBSCHSIET JIU MOJIENB!
my,, 9B my_, 9B HEJI0CTATOK TeMHOMI eUIUT COTHEUHBIX | MeuuuT aTMOochepHbIX
MaTepun HEUTPHHO HEUTPHHO
CraHgapTHasi MOJIEIb 0 0 HET HET HET
Akhmedov E. [282] 10~ 10 na HET na
Hall L. [283] 1073 10 na na HET
GINO [284] 0 0 HET na na
Cadwell D. [285] 3 3 na na na
Wolfenstein L. 3x 1074 3x 1073 HET na HET
MaxkcuMasibHOE CMEIIMBaHUE 0,085 <3x10°° HET na HET
Tsxenoe vy, Dodelson S. [286] — 100 HeT na na
Pakvasa S. [287] 1073 107! HET na na




846

C.C.TEPUITENH, E.Il. KY3HELIOB, B.A. PSIGOB

[VOH 1997

30 % B ob1yro I0THOCTHL Beestennoit. Helitpuno ¢ maccoi
oko10 30 3B Taxxke Xxopolro omuceiBaeT U HOPMUPOBAHKE
KpYyIHOMACIITaAOHOU CTPYKTYphI BeesleHHOI.

BTopoe 1 TpeThe ykazaHue CBSI3aHbI C HAOIIOIAEMBIM BO
MHOTHUX 3KCIEPUMEHTaX JCPHUIUTOM COJIHEUHBIX W ATMO-
chepHbix HeiTpuHo. Hambomnee kpacuBbIM OOBSICHEHUEM
9TUX HAPOIOKCOB MOXKET OBITH BIMSHUE HEUTPHUHHBIX OCIIHII-
JISOUE B BEIIECTBE, MPOXOJMMOM HEUTPUHO HA IMYTH K
TIETEKTOPY.

CyI1iecTByeT 60JIBIIOE KOJTMYECTBO TEOPETUUECKUAX MO/Ie-
JIel, MHTEPNPETUPYIOMIMUX MPOOJIEMBI CKPBITON Macchl, a
TaK)Xe HEAOCTATKA COJHEYHBIX M aTMOC(HEPHBIX HEHTPHUHO
[281]. TIpeacka3aHust HEKOTOPBIX U3 HUX MBI IIPEICTABJISIEM B
Tadbur. 8.

Ecim peanpHBIE MUp yCTpOEH TakuM o0Opa3oM, 4YTO
HEUTPUHO UMEIOT MAccy, TO HAPSITy C HAPYIIICHUEM JICTITOH-
HOT'O YHCJIA 3TO SIBJISETCS] HEOOXOAMMBIM YCJIOBHUEM CYIIE-
cTBoBaHus ocuwuisiuii. Eciou, kpome Toro, sra macca
COCTaBJISIET HECKOJIBKO 3JIEKTPOHBOJIBLT, TO OCHUJUISIINY,
JIONYCTUMBIE B OOJIACTH MapaMeTpoOB, KOTOpbIe NpeacTa-
BJIEHBI Ha puUC. 2, OyAyT OOHAPYXKEHbI B IKCIEPHUMEHTAX
ommxkaiiiero oyaymero [288]. OcHOBHBIE HAIEK /bl ABTOPBI
BO3JIAararoT Ha YCKOpHUTebHbIE long-baseline-akciepuMeHThbI
C IByMSI IPEIIM3MOHHBIMH JETEKTOPAMH.

B mmr060M cityuae HOBBIE 9KCIIEPIMEHTHI Oy1yT U3MEHSTh
Hallle TOHUMAaHHEe TEOPHH BEJIMKOTO OOBEIUHEHHSI IO Mepe
TOTO, Kak OyayT pemartbcsi (pyHIaMEHTAJIbHBIC BOIPOCHI
MPUPOJIbI HEUTPUHO U TEMHOU MaTepuu BeeneHHoH.
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Various aspects of the neutrino mass problem are discussed in the light of existing model predictions and extensive experimental data.
Generation mechanisms are considered and possible gauge-theoretical neutrino mass hierarchies, in particular the most popular ‘flipped
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