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Ob6i1masi xapakTepucTuka paboThbl

B macrosiee BpeMsi UCC/I€I0BAHNS CBONCTB HEHTPUHO SIBJISIOTCH OIHUM
u3 HanboJiee AKTYaIbHBIX HAIPABJIEHUI COBPEMEHHON (PU3NKU 3JI€EMEHTAPHBIX
YJaCTHIIL. HaJ'II/I‘{I/Ie y HeﬁTpHHO HeHyJIeBOﬁ MacCChI, IKCIIEpUMEHTaJIbHO IIOATBEP-
2KJIEHHOE OTKPBITUEM OCIMJLIAINI, ITIPUBEIO0 K HEOOXOIUMOCTH MOIM(MDUKAIIAN
CragapTHOIl MOJIEIN, CONJIACHO KOTOPOM HEHTPUHO sIBJIsSIETCsST 6e3MacCcoBOil Ja-
CTUIei.

Tounoro orsBera Ha BOIPOC, KAK y HEHTPUHO BO3HUKAET MAacca, HET.
Permtenne npobsieMbl renepanuu Macc HEITPUHO HEPA3PBIBHO CBS3aHO C YCTAHOB-
JIeHuEeM ero MYHIAMEHTAJTLHON TPUPOJIBI: SIBJISETCS JIM HEUTPUHO JTUPAKOBCKUM
i MaopaHoBCKUM (depmuoHoM [1;2]. JlupakoBckoe HEHTPHHO MOXKET HpUob-
peraTh mMaccy OJyiaromapst IOKABCKOMY B3aMMOIEHCTBUIO C mojieM Xwurrca. st
MaMOPAaHOBCKOI'O HEUTPUHO BO3MOXKEH KayesJbHBIA MEXaHWU3M, IPEJIIoJIaraio-
muit, 9TO HAGJII0aeMbIe JIETKHE HEHTPUHO (JI€BBbIe AKTUBHBIE) TIOJIY YAI0T MAJIYIO
MAacCy 3a CUET B3aMMOJEHCTBUS ¢ TsKEIbIMU (mpaBbiMu) HelTpuHO. OJuH U3
TUIIOTETUYECKHUX IIPOIECCOB, KOTOPBIIT BO3MOXKEH JIUIIb B MOJEJN MallopaHOB-
CKOT'0 HEHTPUHO — Oe3HeHTPUHHBIH OeTa-pacia. TakKe CymecTByeT MeXaHu3M,
IpA KOTOPOM HEHTPUHO MPHOOpeTaeT MACCy depe3 IeTJIEBbIEe PAJIMAIMOHHBIE
[ONPABKY K B3aMMOJIEHCTBUIO CO CKAJISIPHBIMU TOJsIME 3a npejeramu Cran-
nmaprHoit Momesmn. JIaHHBI MeXaHW3M BO3MOXKEH KakK JUisl AMPaKOBCKOTro (3],
TaK W JJIsl MafiOpAaHOBCKOIO HEHTPHHO [4].

Ha maHHBIT MOMEHT SKCIEPUMEHTBI C COJTHEYHBIMU U ATMOCKHEPHBIMUI
HEHTPUHO MNO3BOJIAIOT M3MEPHATH PA3HOCTH KBaJIPATOB MAacC Ame n Am%?).
OjHako, 3HAK Am%3 U3 9KCIEPUMEHTAJIBHBIX JAHHBIX MOJYINTh He YIaéTcH,
BCJIEJICTBUE Yero BO3HMKAET BOIIPOC MEPApXUM Macc Hefirpuno. B ciyuae mnps-
MOT'O IIOPsAKa IIPEeIoaraeTcs, YTO MacChl HEHTPUHO PACIIOJIOZKEHBI B IIOPSIJIKE
BO3pACTAHUS CJIEIYIONIM 00pa30M

my < ma < ms. (1)

IIpu obpaTHOM TOpSI/IKE PACIIOJIOKEHHE MACC HEHTPUHO MEHSIETCS

mg <K myp < ms. (2)

[IpoGiema mepapxuu Macc HEATPUHO UCCIEIYETCS B Psie IKCIEPUMEH-
TOB, CpeJI KOTOPBIX MOXKHO BbLenTh Tekytnue npoektsl JUNO, T2K, NOvA
u IceCube, a takxke rorossimuecss k 3amycky DUNE, Hyper-Kamiokande u
KM3NeT/ORCA.

Hanuuue Macchl y HEWTPUHO TPUBOJAUT K IPOSIBJIECHUIO HETPUBUAIBLHBIX
9JIEKTPOMArHUTHBIX CBOWCTB. B 9acTHOCTH, HEHyjeBas Macca HEHTPUHO 00y-
CJIOBJINBAET OTJIMYUE OT HYJIsl U ero MarHuTHoro Momenrta. Camoe cuibHOE

orpaHMYeHHE HA MATHUTHBLIH MOMEHT HEHTPHHO OLLIO IOJYYeHO 3KCIIePUMEH-
rom XENONnT [5]:



py < 6.4 x 10725, (3)

Hanunune mMarHuTHOTO MOMEHTA y HEHTPUHO OOYCJIOBJIMBAET PA3IUIHBIE
pOLeCChl B3auMoieiicTBus Hefitpuno ¢ doronamu (Haubosiee HOJHBIA 0630p
9JIEKTPOMArHUTHBIX CBOWCTB HEHTpPMHO JaH B [6-8|), B TOM umciie COMHOBBIi
cBeT HeHTpuHO B BemecTe [9-11].

Erme oo akTyasabHOE HallpaB/IeHUE UCCIEI0BAHNN B (DU3NKE dJIeMEHTap-
HBIX YACTHI] CBSI3aHO C AKCHOHAMH U aKCHOHO-TIOJOOHBIMU dacTuriamu. llepBoie
SABJISAIOTCS ITICEBIOCKAJISIPHBIMU TOJIJICTOYHOBCKMME OO30HAME U ObLIA IIPEJI-
JIOXKEHBI B paMKax perienusi 1npobsiembl CP-mapyiiennsi B CHIIBHOM CEKTODe
Cranpaprroit Monenu. X cyimecrBoBaHue, IIpejjIO’KEHHOE B paMKaxX Mexa-
au3Ma [leayen—Kynuu [12], He TONBKO yCTpaHsIeT JAaHHYIO IPOGJEMY, HO U
JleJTaeT UX MEPCIEKTUBHBIMYU KAHIUIATAMU Ha pOJIb TeMHo marepun. CoBpe-
Mmennble sxcrepumenTaabible npoekTsl (CASH, ADMX, CAST) nanpassenbt
Ha ODHApy:KeHHe AKCHOHOB 4epe3 ux B3ammogeiicrsue ¢ doronamu (3ddexr
ITpumaxosa) win cimHamu siep [13-15].

HecvoTpst Ha TO 4YTO aKCHOH H3HAYAJBHO BBOJIUTCS KaK Oe3MaccoBast
JaCTUIA, B HU3KOYHEPIeTUIECKOM PeKMMe OH nprobperaer 3hPeKTUBHY IO Mac-
Cy BCJIEJICTBHE B3AaWMOIEHCTBUs C ICEBIOCKAISPHBIMU Me30HaMu. B mpemeste
JIBYX JIEFKUX KBAPKOB MACCOBBII YJI€H aKCHOHA BO3HUKAET N3-33 CMEIIMBAHUA C
70-Me30HOM, OCKOMIBKY 06a TI0JIs ABJIAIOTCS TIceBI0CKaIapHbpIME. Macca akcno-
HA& M €r0 KOHCTAHTa PACIajia KECTKO CBA3aHBI C MACCOM M KOHCTAHTOH paciaja
HeATpaJIbHOIO Me30Ha.

JJ1si  aKCMOHO-TTOMOOHBIX YACTHUIL, IIPEICTABJISIONIMX COOOU IICEBIOCKA~
JIIPHBIE TOJIICTOYHOBCKHE OO30HBI, MACCHI W KOHCTAHTBHI PACIAJA SBJISIOTCS
cBOOOHBIMU TTapaMeTrpaMu. MexaHn3M BOSHUKHOBEHUS JTAHHBIX YACTUIL OTJIU-
Jaercst OT MeXaHW3Ma BO3HUKHOBEHUsI aKCHOHOB [16].

Kak u axcuoHbBI, aKCMOHO-ITOIOOHBIE YACTHUIIBI SBJISIFOTCS [TOILYJISTPHBIME
KaH/IMIaTaMu Ha POJIb TEMHON marepuu. Kpome TOro, BKJIal aKCHOHO-II0100-
HBIX YaCTHUI[ MOXKET MPEICTABIATH HHTEPEC IPU CPABHEHUU MEXKIY Teope-
THYECKAM NPEJCKA3aHUEM U ISKCIEPUMEHTAJIHHBIM 3HAYEHHEM aHOMAJIBHOI'O
MarHiTHOIO MOMEHTa MIOOHA. Dymaydnm 6030HAMM, aKCHOHBI U aKCHOHO-II0100-
HbIE YACTHI[BI MOI'YyT 0OPa30BBIBATH TAKWMe T'MIIOTETHIECKUE aCTPOMU3UIECKUE
OObEKTHI KaK OO30HHBIE 3BE3IIHI.

OO0BbEKTOM HUCC/IEIOBAHNS IUCCEPTAIMOHHON PabOTHI ABIAIOTCS ByHIA-
MEeHTaJIbHBIE CBONCTBA HEUTPUHO M aKCHOHO-110n00HbIX 1dactull. IIpemmerom
JIICCEPTAIIMOHHON PAbOTHI ABJISIOTCH (PJIEHBOPHBIE U CIUHOBBIE OCIUJIJISIIUN
HEITPUHO B IPUCYTCTBUU BHEIIHEN CpejIbl, MArHUTHOI'O MTOJIS ¥ aKCHOHO-110,100-
HBIX YaCTHIIL.

AxTyasbHOCTB paboThl 00YCJIOBIEHA TEM, UTO Oy YCHHBIE PE3YIBTATHI
3aTparuBaioT QpyHIaMeHTaIbHbIE OCHOBBI TEOPUH B3ANMOIEHCTBAS HEHTPUHO U
B TOM YHCJIE MOTYT OBITH IIOJIE3HBI IIPU PACCMOTPEHHH BOIIPOCA O T'e€HEePaIuu
Macc HeiirpuHo. Kpome Toro, uccieoBanme mpeJicTaBiIsieT 0co0yo 3HATNMOCTh
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B CBeTe aKTHBHOI'O Pa3BUTHUS HEHTPUHHON acTpodusukn. B Hacrosiee BpeMst
BeséTcst paboTa IMEJIor0 Psia IKCIEPUMEHTOB, OPUEHTHPOBAHHBIX HA JIETEKTHU-
pOBaHME HEHTPUHO ACTPOMPUIUIECKOTO MPOUCXOKIEHUS, & TAKXKE [MOJITOTOBKA
Oyaymux. Haunbosibimmit HAaydHBII MHTEPEC BBI3BIBAIOT HEHTPUHHbIE IIOTOKH,
CBsI3aHHBIE CO BCIIBIIIIKAMU CBEPXHOBBIX, & TAKKe HEHTPUHO BBHICOKUX JHEPIHI.

[TepcriekTuBHBIe ycTanoBku ciemytoriero mnokojenus — JUNO, Hyper-
Kamiokande, DUNE u apyrue — mo3BOJISIT PErucTpUpPOBATH HEATPUHO OT
CBEPXHOBBIX C OECIPEIEIeHTHON CTATHUCTUKON, MOCTUTAIONEH TeCITKOB ThI-
csta cobbrruit. [lapasiesnsro Takue skcrepuMenTsl, Kak Baikal-GVD, IceCube
n KM3NeT, cocpenorodenbl Ha M3yUE€HUM BBICOKOIHEPTETUUIECKUX ACTPODU-
BUYECKUX HEWTPUHO, YTO OTKPHIBAET BO3MOXKHOCTHU JJIsl MJIEHTH(DUKAIUUA UX
HCTOYHUKOB ¥ aHajm3a duefiBopHoro cocrasa [17-19].

Teoperndueckuit acekT TPOOIEMBI TAKXKE aKTUBHO Pa3padaTHIBAETCS: B
HAYJIHOI JINTEPATYPE IIPECTABIEHBI MHOIOYUCIEHHbBIE PADOTHI IT0 MOJIEINPOBa-
HUIO HETPUHHBIX IIOTOKOB OT PAa3JIUYHBIX aCTPOMUINIECKUX 00BHEKTOB, B TOM
YuCcile CBEPXHOBLIX U Gsasapos [20-22].

CocrosiHne Hay4YHOI pa3paboTKu TEMBbI

Orpanndennsi Ha KOHCTAHTBI B3aMMOJEHCTBAST HEUTPUHO ¢ MailopoHAMUA
6L rostydensl B [23]. B ykazanuoii pabore TakKe GbLI0 HCCIEI0BAHO BIUSHIE
MafOpPOHOB Ha (hJIeHBOPHBIE OCIUIIAIIME HEUTPUHO B Cpejie U OBLIO TTOKA3aHO,
YTO IPU HU3KUX IIOTHOCTSX MAOPOHOB UX BJIMSIHEE OYJIeT HE3HAYNUTEJIBHBIM,
OJIHAKO OHU OKAa3bIBAIOT BJIMSHUE Ha U3MEHEHNe CIIUPAJIHbHOCTH HEHTPUHO.

B uccienoBanuu [24] mosydensl HOBble orpanndenus Ha 3DbEKTUBHOE
B3aMMO/IEHICTBIE HEATPUHO C AKCHOHO-TIOAOOHBIMEM YACTUIIAMHA IIyTeM AHAJIU-
3a €ero BKJIaJ@ B IETJIEBbIE IIONPABKH K CBI3U AKCHOHO-TIIOIOOHBIX YaCTHUIL C
3JIEKTPOCTIA0BIMU KAJTUOPOBOUHBIMEU O030HaMu. PaboTa BKJIOYAET pacieThl B
OJTHOTIETJIEBOM TIPHUOJIMKEHUN W HUCIOJIb3YeT JaHHbIe PEIKUX PACIaOB Me30-
HOB U 3KCIEPUMEHTOB Ha KoJulafifepax. JTO MO3BOJIWIO IMOJIYUYUTh BEPXHIOK
rpaHnily Ha Maccy akcuono-nomobusre 100 MsB.

B [25] uccaenyercs Bo3MOXKHAS CBfI3b AKCHOHO-IIOMOOHBIX YACTHIL, CO
CTEPUIILHBIMYU HEHTPUHO, OTKPBIBAsI IEPCIEKTUBDI /I U3y Y€HUs ITUX B3aUMO-
nevicreuii Ha BAK. B Hem ucriosib3yercst 5¢ppeKTUBHBIN [TOIX0] TEOPUH TIO0JIsI U
obcyxkmaercss Y D-1mosTHAsT MOJIEJb, BKIIFOYAIONIAsT AKCUOHO-TIOA00HBIE TaCTHUIIHI,
CTepUJIbHBbIE HEHTPUHO U TSIYKeJIbI CKAJISP, KOTOPbIE MOTYT OBITH ITPOTECTHPO-
BaHBbI B 9KCIEPUMEHTAX Ha KOJLIafizepe.

N3ydenne moaudukaymii OCIU/IANITHT HEHTPUHO O/ AeHCTBUEM TTOTEHIIH-
aja, THIYIIUPOBAHHOTO (DOHOM AaKCHOHO-TIOM00HBIX 1dacTul B Mmednom IlyTn,
onucano B [26]. YuurbiBaercst 3ddeKT KOrepeHTHOrO YIPYLoro pPaccesiHust
HEHTPUHO Ha AKCHOHO-TIOJOOHBIX YaCTUIAX, IPUBOJSIINIA K MOSBICHIIO OO
HUTEJIFHOTO BKJIAJAa B yPaBHEHHUE SBOJIONUHU HeiiTpuHO. B pamkax momenn co
CBA3BIO AKCHOHO-IIOIOOHBIX YACTHIL C TPEMsI TOKOJIEHUAME aKTHUBHBIX HEHTPHU-
HO TPOBEJIEH aHAJIU3 BO3MOXKHBIX HAOJI0IaeMbIX 3(PHEKTOB B COBPEMEHHBIX U
OyIyIIUX SKCIIEPUMEHTaX 10 HEUTPUHHBIM OCIIAJLISIIASIM.
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CoBpeMeHHBIE HCCICOBAHUSA 3JEKTPOMATHUTHBIX CBOHCTB HEHATPHHO,
B OCODEHHOCTM WX MATCHUTHBIX MOMEHTOB, OIUPAIOTCH Ha KOMILIEKC TEO-
peTHYeCKMX MpejcKkasanuii [6] u sKcnepuMeHTANbHBIX Orpanudenuii |5; 27;
28]. IlepCeKTHBHBIM HANPABICHUEM MPEJCTABJAETC HMCIOJBL30BAHAE HOBBIX
SKCIIEPUMEHTAJIBHBIX METOJMK, TAKMX KAaK KOTEePEHTHOE YIPYTOe pPacCesiHue
HU3KO3HEPTEeTHIECKUX HEHTPWHO, HampuMmep, Ha atomax [29]. Ormernm, 9ro
3 PEKTHI CMEMMMBAHUSA U OCHMJLIANANA HEHTPUHO ABJIAIOTCA BAYKHBIMEA (DAKTO-
paMu, KOTOpble HeOOXOIUMO YUUTHIBATL IIPU MHTEPIIPETAIN SKCIIePUMEHTAb-
HbIX gaHHbIX [30; 31].

[Tpobsiema KBAaHTOBOI JIEKOTE€PEHITIMN HEATPUHO, B3aNMOIEHCTBYOIINAX CO
CKAJIIPHBIME TACTUIIAME, PAHEe PACCMATPUBAIACH B pabore [32], Tae 6bL10 MO-
Ka3aHO, YTO KBAHTOBAs JICKOIEPEHIUA HEHTPUHO MOXKET IPOUCXOJUTD 34 CIET
pacniajia HeATpuHO Ha GoJsiee JIErKOe HEATPUHHOE COCTOSIHHE U GEe3MacCOBYIO
YACTHUILY, & TAKXKE 33 C4eT 0OPATHOrO MPOIECCa MOTJIONIEHUsT Ge3MaCCOBON a-
cTunpl HefiTtpuno. Brusaue (iryKTyanuit MIOTHOCTH BEMECTBA W MATHUTHOTO
HOJIA HA KBAHTOBYIO JEKOPEr€HIMIO HEHTPHHHBIX COCTOSHHI HCCIC0BAJIOCH
B [33-35], a croxacTHYeCKNX IPaBUTAIMOHHBIX BOJIH B [36].

ITenbro uCCEPTAIIMOHHON PaBOTHI ABJISETCA OIMCAHUE IPOLECCa OCIHI-
JIAIANR HEfITPUHO TPU MX PACHPOCTPAHEHHU B PA3JIMIHBIX CPEJaX € ydIeToM
BO3MOKHOTO B3aMMOJIEHCTENS ¢ MATHUTHBIM TIOJIEM U AKCHOHO-TIOOGHBIMUA 9a-
CTUIIAMI.

JIjis TOCTHZKEHHsI OCTABJICHHOM eI ObLIM PENICHBI CICAYIONINE 3a aYm:

1) mosyveHne 3aMKHYTBHIX AHAJIUTUIECKUX BhIpaXKeHUH 1151 3¢hbeKTuBHO-
ro TaMHJIBTOHUAHA B3aMMOJIEHCTBUs HEefITPUHO ¢ aKCHOHO-TIOOOHBIMU
JACTUIAME;

2) mosyveHue BepOATHOCTH (BJIEHBOPHBIX W CITUH-(DJIEHBOPHBIX OCITUJLITS-
it HeATPUHO B PEaJIMCTUYIHBIX ACTPOPU3NIECKUX OOBEKTAX € YIETOM
B3aMMOJICHCTBHSA KaK ¢ MaflOpOHAMU, TaK U ¢ MATHUTHBIM IIOJIEM U Be-
IECTBOM;

3) ofocHOBaHME U PA3BUTHE HOBOT'O IIOJX0/[&, KOTOPHIH MO3BOJINII OIIACATH
KBaHTOBYIO JIEKOTEPEHIINIO HEHTPUHO 3a CIST B3AMMOJICHCTBUS ¢ KJIAC-
CHYECKHM TIOJIEM aKCHOHO-TIOMOOHBIX YACTHIL.

Metonpr ucciaenoBanms

[Ipu BBIIOSIHEHUU MUCCEPTAIMOHHON PabOTHI HCIOIB30BAJINCH CTPOrUe
METO/Ibl COBPEMEHHON TeOpeTHIeCKON (DU3NKM, B YACTHOCTU KBAHTOBOM TEOpUN
MoJist U (PUBUKU 3JIEMEHTAPHBIX YacTull. JIjIs CHUMBOJIBHBIX BBIYUCJIEHWII UC-
mostb3oBaJics maker Wolfram Mathematica, a mjs auciieHHBIX pacYéToB ObLIN
peaIm30BaHbl AJITOPUTMBI Ha S3bIKax mporpammupoBanus Python u C.



OcHoBHBIE IIOJIO2KEeHUsd, BbIHOCUMbIE€ Ha 3alllUuTy:

1)

pa3pabOTaHHBIA TOIXOM, OIMCHIBAIONINN OCIULISIUN HEATPUHO B
cpejle MaflOPOHOB C YUIETOM UX PACCESTHHS Ha JIAHHBIX YaCTUIAX, M03-
BOJIACT KOPPEKTHO YYUTBLIBATH BJINAHNE MAlOPOHOB Ha HEATpPHUHHDBIC
IIOTOKH;

IpeJIO’KeHHBIN ITOAX0/, II03BOJINJI IIOJIYYNTh aHAJUTUYECKNAE BbIparKe-
HUSI JIJIA BEPOSITHOCTEH (hJIEHBOPHBIX OCIMJLIAINN HEHTPUHO B Cpee
U3 MalOpPOHOB;

IpUMEHEHNE NIPEIJIOZKEHHOI0 IIOJIX0Ma K IBOJIONNN MalOpaHOBCKOTO
HeHTPUHO B MArHUTHOM IIOJIe, BEIeCTBE U CPeJie U3 MalilOPOHOB IIO3BO-
JWJIO TIOJIyYUTh HOBOE ypaBHEHHE 3JBOJIIOIUHN HEUTPUHO B JaHHBIX
BHEIIHUX YCJIOBUSIX, PEIIeHre KOTOPOro OBLIO MOJIyYEHO C HMCIIOJIb30-
BaHWEM YUCJIECHHBIX METOHOB;

pa3BUTad TeOpUdA KBAHTOBON JNEKOIePEHIMN HEHTPUHO C YIEeTOM B3au-
MOJIeCTBUSA € DIYKTYyUPYIOIMIUM KJIACCUYIECKUM TI0JIEM aKCHOHO-I10/100-
HBIX YaCTHI[ JAET BO3MOXKHOCTH OICHUTH BKJIAJ, aKCHOHO-TIOJIOOHBIX
YaCTHIL B 3BOJIIONNIO0 HEUTPUHHBIX ITIOTOKOB;

THOJIyYeHHOE BbIPakKeHne [JId JUCCUIIATABHON MaTPUIILI IIPU 3BOJIIOIUN
HEUTPHUHO B KJIACCHIECKOM II0JI€ AKCHOHO-ITOIOOHBIX YACTHIL COIEPIKUT
HEINArOHAJIbHbBIE JIEMEHTHI, UTO OTJINYAETCHA OT (DEHOMEHOJIOT TIECKUAX
MojieJiell, paccMaTpUBaeMbIX B JINTEPATYPE.

Hayynass HOBH3HaA

1)

B paMKaX pa3pabOTAHHOIO MOAXOJA MOJIYyJYeHbl aHAJUTHIECKUAE BbIPa-
JKEHUS JJIs OCIUJIIANNI HEHTPUHO B Cpejle U3 MailOPOHOB; MTOKA3aHO,
9TO MPU OTCYTCTBUU APYIUX (PAKTOPOB MAKOPOHBI HE MEHSIIOT YIOJI
CMeIUBaHNsT HEUTPUHO U BJIMAIOT JIUIID HA JJIMHY OCIIAJLISIIIHIL;
BBIUKCJIEHBI BEPOSTHOCTH OCIUJISIIUU HEHTPUHO B BEINECTBE, MarHUT-
HOM II0JIe U MaH#OPOHOB; ITOKA3aHO, YTO B CpeJie BBICOKO IJIOTHOCTH
MaiflOpOHOB MPOUCXOIUT CABUT PE30HAHCA AMILIUTYIBI OCIUJLISIIH,
MIOSABJISIIOTCS HOBBIE PE30HAHCHI, & TAK2KE M3MEHSIETCS 3aBUCUMOCTh OC-
nmustimii or CP-napymmatomuyx das;

[OJTy YeHA JUCCUIIATUBHAS MATPUIA JIJIsI CIIydast B3AUMOJICHCTBIS Hell-
TPUHO € KJIACCUIECKUM II0JIEM AKCHOHO-TIOIOOHBIX YACTHUIL, TIOJIy YeHbI
HOBbIE OIDAHMYEHUS Ha KOHCTAHTHI B3AUMOJIEACTBUS HETPUHO C aKCU-
OHO-TIOJTOOHBIMU YACTUIIAMEI

TeopeTuyeckasi 1 mpaKTUYeCcKass 3HAYUMOCThb

[Tonydyennble BbIpasKeHUsI JJIsi BEPOATHOCTU (DJIEHBOPHBIX OCITUJIIISITII
HEUTPUHO B CpeJie MAWOPOHOB PACHIUPSIIOT CTAHIAPTHBIN (DOPMAJII3M OIUCA-~
HUS HEATPUHHBIX OCHUJLIAIUN BO BHEIIHEH cpejie C YYETOM BJIMSHUS HOBBIX



TUMIOTETUIECKUX JACTHUIl. DTO CIIOCOOCTBYET YIVIyOJEHWIO TIOHUMAHUS JIMHAMU-
KJ HEHTPUHO B YCJIOBHUAX, KOTOPBIE MOT'YT CYyIIECTBOBATH B aCTPOMDU3UIECKUAX
00beKTax. YUI€T B3aMMOIENWCTBUS HEHTPUHO C BEIECTBOM U MATHUTHBIM IIO-
JIeM B IIPUCYTCTBUU MAiOPOHOB IIO3BOJISET MOJEIUPOBATH O0JIee PEAINCTUIHbIE
CIIEHAPUHU, HAIPUMED, B sIJ[PaX CBEPXHOBBIX, AKTUBHBIX IaJIAKTUKAX WJIM Heii-
TPOHHBIX 3BE3/aX.

AHaju3 KBaHTOBOI IEKOrepEeHINN HEATPUHHBIX OCHIJLIANNANA [OI JIeii-
CTBHEM KJIACCUYECKOTO IIOJIsT AKCHOHO-TOMOOHBIX YACTHI[ BHOCHT BKJAJ B
KBAHTOBYIO TEOPUIO OTKPBITHIX CHCTEM, OIMCHIBAas, KAK BHEIIHIE II0JIsI MOLYT
pa3pylaTb KOIepeHTHOCTb HEHTPUHHBIX COCTOAHUIL.

PesynbraThl paboThl MOI'YT OBITH UCIIOJIB30BAHBI JIJIsi MOJIEJIMPOBAHUS HEll-
TPUHHOI'O CUTHAJA OT IKCTPEMAJLHBIX aCTPOMDUINICCKUX UCTOUYHUKOB (CBEPX-
HOBbBIE, AKTUBHBIE MAJIAKTUIECKUE A1Pa, HEHTPOHHBIE 3BE3/1b ), 1€ IPUCY TCTBUE
MaiflOPOHOB MJIM AKCHOHO-IIOMOOHBIX YaCTHUI[ MOYXKET BJIUATHL Ha HAOJIOJAaeMble
cuekTpsl HeitTpuno. [lonydyennsie popMysbl MOTYT OBITH IPUMEHEHBI JJIsI aHa-
JI3a JAHHBIX Oy Iyux sxcrnepuMeHToB, Takux Kak DUNE, Hyper-Kamiokande,
JUNO, wmm actpodusmdecKux HaOJIIONEHUN, HAIPABJICHHBIX Ha MONCK HOBBIX
B3anMMOJIEHICTBUIT HEUTPUHO. Y UET JEKOTEPEHIMH TO3BOJIAT YIIy4IIATh WHTEP-
PETAIMIO JAHHBIX HeliTpuHHBIX TesteckonoB (Baikal-GVD, IceCube, KM3NeT)
B IIOMCKAaX CJIEJIOB HOBOU (DU3UKU.

JIn4dHbIl BKJIAJ COMCKATEJIsI

Bxkiiar conckarelisi BO BceX OILyOJMKOBaHHBIX pabOTaxX siBJISIETCsT OIIPeIe-
JgomuM. Bee BBIHOCHMBIE Ha 3AIUTY IMOJOXKEHUsT SIBJISIOTCST PE3YIbTATAMU,
KOTODBbIE IIOJIyY€eHbI JIUYHO couckaresneM. B mybiukanuu [Al] npencrasienst
[IPOBEJIEHHBIE COMCKATEJEM DPACUYETHI AHAJUTUYECKUX BBIPAXKEHUN BEPOSITHO-
creit cuuH-(MIEHBOPHBIX OCHUIANINN HEHTPUHO B MarHUTHOM mojie. B pabore
[A2] COUCKaTeJIeM IMpeJCTaBeH pa3pabOTaHHBII WM HOBBIH TEOPEeTUIECKUt
ITOJIXOJ, JJIsi WCCJEJOBAHUsI KBAHTOBOW EKOTEPEHINM HEHTPUHO B Cpeje U3
AKCHOHO-TIOOOHBIX YACTHIl W TAKKE MPOBEIECHHBI UM PACIET U IOy ICHHOE
BbIDaKEHME [IJIs JIMCCUNIATUBHOI MarTpuipl. B pabore [A3| comckaresem pea-
JIN30BaH IIPEIJIOXKEHHDBI UM HOBBIU IIOJXO/JI JJIsl OIUCAaHUdA HEUTPUHO B Cpele
U3 MaflOPOHOB WU IIPEJICTABJIEHBI AHAJUTHYECKUE BBHIPAYKEHMS BEPOSITHOCTEN
G JIeBOPHBIX OCIMJLIATINI B Cpejie 3 MaiiopoHoB. [locTanoBka 3a1a49u O CIIuH-
b1efBOPHBIX OCIIIIANUSAX HEHTPUHO B MarHUTHOM moste (myGuukanms [Al])
6bL1a BhmosHena copmecTHO ¢ A.P.ITomoeim 1 A.C.Crynenukunbiv. [Toctanos-
Ka 331291 O KBAHTOBOII JIEKOTe€PEHITNN HENTPUHO B CPEJIe N3 AKCUOHO-TIOI00HBIX
vqacrun (my6aukanust [A2]) semosnnena coevectHo ¢ K.JI.Crankesnuem wu
A.C.Crynenukunbim. CounckarejieM Obljia IIpOBeJeHA OCHOBHasi paboTa IIpU
ITOJITOTOBKE TEKCTa BCEX CTAaTel, a TaKXKe IPEeJCTABJIEHWE CTaTeil B apXuB U
PeIaKIuy KYPHAJIOB U MIEPEIUCKA C PEIAKTOPAMU U PEIeH3eHTaMM.



JocroBepHocTh 1 anpodarius pe3yJibTaToOB JUCCEPTAIMOHHON pa-

00ThI

PesynbraTsr qucceprarmonHoit paboThl ObIITN U3TOXKEHBI B TPEX CTATHAX,
OILyOJIMKOBAHHBIX B PEIEH3UPYEMbBIX HAyYHBIX H3JAHUSIX, PEKOMEHIOBAHHBIX
JIJIs 3AIUTHI B JuccepTarimonHoM coBere MIY mo creruajbHOCTH U OTpacn
Hayk. Kpome Toro, mmo pesysbraTaM auccepranuu ObLau ciaenanbl 10 10K1a10B
HA POCCHUCKUX U 3apyOeyKHBIX KOH(EPEHIIUsIX:

1)

2)

10)

«Neutrino quantum decoherence in a fluctuating ALPs field» 22nd
Lomonosov Conference on Elementary Particle Physics, Moscow,
Russia, 21-27 asrycra, 2025 (ycTHbIH H0KTa1);

«Neutrino mixing angle and neutrino oscillation in axion-like paticle»
24th JINR-ISU Baikal Summer School on Physics of Elementary
Particles and Astrophysics, Bosbme Korwi, Poccust, 10-17 uross, 2024
(ycrHblit oKIaM);

«Neutrino oscillation in ALPs matter» the 14th International School
on Neutrino Physics and Astrophysics will be held in the city of Sarov,
Nizhny Novgorod Region, Russia,18- 23 utosst 2022 (ycrHblii 10KIa,1);
«Neutrino mixing angle and neutrino oscillation in ALPs matter»
XLI International Conference on High Energy Physics Bologna, Italy,
6-13.07.2022 (cTeHaoBbIil JOKIAL);

«Neutrino oscillation in ALPs matter> XXX International Conference
on Neutrino Physics and Astrophysics, Ceys, Kopesi, Pecriybsmka, 30
Masi - 4 nronst 2022 (yCTHBIH JTOKIIAN);

«Neutrino quantum decoherence engendered by neutrino decay to
photons, familons and gravitons» 17th International Conference on
Topics in Astroparticle and Underground Physics (TAUP 2021), Uec-
nanwus, 26 aBrycra - 3 centsaOps 2021 (crennoBbit ,QOKJIa;L);
«Neutrino decay processes and flavour oscillations> EPS-HEP2021
European Physical Society Conference on High Energy Physics, DESY,
Tlepmanus, 26-30 uoss 2021 (cTenaoBbIi JOKIAL);

«Interplay of neutrino spin and three-flavour oscillations in a magnetic
field» EPS-HEP2021 European Physical Society Conference on High
Energy Physics, DESY, Tepmanust, 26-30 utonia 2021 (crenmosbiit mo-
KJIaJ1);

«Neutrino oscillations in a magnetic field: the three-flavor case»
ICHEP2020: 40th International Conference on High Energy Physics,
r. IIpara, Yexwust, 28 utosst - 6 asrycra 2020 (yerHBIH f0KTa1);
«Neutrino oscillations in a magnetic field and CP violation: The three-
flavor case» The XXIX International Conference on Neutrino Physics
and Astrophysics, Yukaro, CIIIA, 22 urons - 2 uross 2020 (crennoBbiit
JIOKJIAJI).

CrpykTypa paboTsr:
Huccepraiusi COCTOUT W3 BBEJEHUsSI, YETHIPEX IjiaB U 3akjodeHus. OQ0béM
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Juccepranuu cocrapysier 96 crpanwui, oHa BKiodaer 13 pucyHkoB. CrHmcok
JIMTEPATYPHI COCTOUT U3 158 HaAaMMEHOBAHMIA.

OcHoBHOe coaep>kaHue PabdboThI

Hucceprarust TOCBSIEHa PA3BUTUIO TEOPUU OCIUJISINN HEHTPUHO B
IIPUCYTCTBUU aKCUOHO-TIOA00HBIX dacTull. OTIe/NbHO ClejiaH aKIeHT Ha BJIUs-
HHUe MallOpOHOB Ha HEHTPUHHBIE OCIAJIIAIIAN, B TOM YHUCJIE PACCMOTPEH CIydail
cpelibl U3 MalfOpOHOB BBICOKOH IIJIOTHOCTH, & TaKK€ B IPUCYTCTBUN BHEIIHEN
Cpebl U JIEKTPOMArHUTHOTO 1oJis. Jlucceprarius coCTOUT U3 YETHIPEX IJIAB.

B TsaBe 1 mpejcraBien 0030p COBPEMEHHOI'O COCTOSIHUSI HCCJIEI0OBA-
Hult B objacTu PU3NKA HEATPUHO, AKCHOHOB M AKCHOHO-IIOMOOHBIX YACTHII.
PaccmarpuBarorest aupakoBcKuit 1 MaitOpaHOBCKHI (pOPMAaTU3Mbl OMACAHUST
HEHTPHUHO, a TaK»Ke TEOPEeTHYeCKNe OCHOBBI M (PEHOMEHOJIOTHS CMEIINBAHUS
u ocruAnyil Heifirpuno. OTiie/IbHOE BHUMAHUE YJIEJEHO 3JIEKTPOMATHUTHBIM
XapaKTePUCTUKAM HEATPUHO, B YACTHOCTH IPOOJieMe MArHUTHBIX MOMEHTOB.
SaBepIaer 1yIaBy aHAJIN3 TEOPETUIECKUX MOJIEjIeil aKCHOHOB U aKCHOHO-I10100-
HBIX YACTHII, BKJIIOYas MEXAHW3MbI UX BBejeHus B (hopmann3m CraugapTHOR
MOJIEJIA U OIIUCAHUE OCHOBHBIX TUIIOB B3AUMOIEHCTBUI C JIPYIUMHU YaCTUIIAMHU.

T';maBa 2 nocssitiieHa UCCJIEIOBAHUIO BJINSTHAST AKCHOHO-TIOI00HBIX YACTHI]
Ha ocnmurAnuu Heifirpuuo. /s mpoCcTOTH MHTEPIIPETAIINY IOy I€HHBIX pe-
3yJIbTATOB PACCMATPHUBAJICH CIIy4dail AByxdeitBopubIx ocrminisiiuit. [Toxyaenst
aHATTUTUIECKUE BLIPAsKEHHUA BEPOATHOCTEl (byIefBOPHOTO Hepexolia Ve — VU,
JIJISI CIIydasi PACIPOCTPaHeHUsT HEHTPUHO B KJIACCUIECKOM TI0JIe aKCUOHO-TI0/100-
HBIX YaCTHUII, & TAK¥XKe B cpeJie n3 MaiopoHos. [lokazano, 9To B ciryvae BHICOKOM
ILUIOTHOCTH KJIACCUYIECKUX IT0JIeil AKCHOHO-TIOA00HX JaCTHIL, HAOJIIOIA€TCS HOBBII
PE30HAHC HEUTPUHHBIX ocnmuisimii. OJIHAKO, 9TOr0 He BO3HUKAET B CJIyYae
Maiioponos. IlokazaHo,9T0 MaiiOPOHBI He OKA3bIBAIOT BJIMSHUE HA yTOJI CMEIIU-
BaHUs, JIUIIb Ha JJINHY OCIUJLISITAN.

JlarpankuaH B3aMMOJIEHICTBUSI MACCUBHBIX HEATPUHO C AKCHOHO-II0/I00-
HBIMU YACTULIAMEA BBILJISAUT CJlepyomuM obpasom [26]

a/ i . ..
4 = J L X ) . . .
»C—ZFVz(gV(mz m])+gA(mz+m])’75)V]7 (4)
rae a — IIoJie aKCHOHO—HOﬂO6HBIX JaCTHIIL, I/j — COCTOdAdHUuE HeI'7ITpI/IHO B MaCCOBOM
7 o o
Gasnuce, KOHCTaHTa ¢;) OTBEYAET 3a BEKTODHOE B3aMMOZEICTBUE HEHTPUHO C
AKCHOHO-TIOIOGHBIMHA YACTHIAMY, ¢4 — 32 AKCHAJIbHOE, F' ABIIAETCA KOHCTAHTO!

pacrajia aKCHOHO-TIOIOOHBIX YaCTUIl HA HefiTpuHo. Kak BUIHO U3 JlarpaHKuaHa
(4), BepuHa B3aUMOJEHCTBYSI IPSIMO IPONOPIUOHAIBHA MACCe HEHTPHHO.
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W3 ypaBHEHUs] BOJIIOIUM, [OJIYIEHHOTO U3 (4), BbIBEIEHBI BBIPAYKEHUS
BeposATHOCTH (DJIEHBOPHBIX IIEPEXOII0B

Py, (x) = sin? (I?fic) sin? 20c5y, (5)

rie 9PeKTUBHBIN yrom cMemuBanud Ocfr W Lefy BBIPAsKAIOTCA CIICTYIONTAM
obpazom

Sin2 293ff = Siniii+A7 (6)
Les = xote (7)

rje A — pasHOCTb KBaJIPaToOB MAacc
A =m3—m?. (8)

Takyke BBeIeHBI ClIeIyoIIee 0003HATECHUS

2 2
A=2g 9)
9=9v — 9" (10)

TakuM 06pa3oM, BKJIAJ IHOCTOSHHOIO KJIACCHYECKOIO IIOJIsl AKCHOHO-
HOMOGHBIX HYACTHUIL B CJIydae ABYX(IeHBOPHOTO HEHTPHHO 3aBUCAT OT KOH-
CTAHTBI HEJIMArOHAJIBHOTO B3aMMOJIEHCTBHIsI HEHTPUHO € AKCHOHO-TIOJOOHBIME
YACTUIAME B HEfITPUHHOM MaccOBOM basmce.

IIpu B3aMMOJEHCTEMN MalOPAHOBCKMX HEHTPUHO ¢ MalOPOHOM JIarpaH-
JKMaH MOYKHO OIMCATDH CJIEYIOIUM oOpasoM [37-39)

Ly = =iy (g (mi —m;) + 59 (mi +my) ) my, (1)

rae HeﬁTpHHO B MacCOBOM basuce n = nr + n%g UMET CJIeﬂyIOH_II/Iﬁ BU/T,
C
7”LR:V']L (VL,NR), (12)

rne Np omuceiBaer TsKénble Hefirpuno. Koncranrsr gy u ¢' BbIpaxaiorcs
cyeyomuM 0b6pa3oM
ij_ 1
gV = QImCij, (13)
i i1l
ga = %(552‘]‘ — ReCij). (14)

Matpunia C' uMeer CJIeIyrOIINi BU,

1 ivVdRT\/d, ! a1s)
—iyJd R/ 0 ’
11
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e d; = diag(my, ma, m3), dn, = diag(My, Moy, M3) u R = (RT)~! — xommiexc-
Hasl OPTOrOHAJIBHAS MATPUIIA.
U3 (15) BusHO, 9TO /15 JIETKUX HEfITPUHO JIATPAHKUAAH B3AMMOIEHCTBIS
JIHArOHAJIeH
Ly~ Jm;viysv;. (16)

Takum 06pa30M, BKJIAJ[ KJIACCHIECKOI'O IOJIsI MAOPOHOB B HEHTPUHHBIE
OCITUJIJISIIAN B IIEPBOM UPHOJMKeHUN OyJeT HyJaeBbIM. s paccMoTpeHust
BJIMSHUSA MAWOPOHOB HA HEUTPUHHBIE OCIMLISIIIUU CJIEIyeT IMOCTPOUTDH -
beKTUBHBIN JarpaHKuaH, KOTOPDIH IOJyYaeTcs U3 PACCMOTPEHHs TUATDAMM
QDeitHMaHa BTOPOrO MOPSIKA, ONUCHIBAIOIINE IIPOIECC PACCETHUS HETPUHO Ha
Mafioponax. Takoil IOIX0/T ITO3BOJIIET PACCMATPHUBATH MaHOPOHBI HE TOJIBKO
KaK KJIACCHYCCKOE, HO U KaK KBAHTOBOE IIOJIC.

B muccepramum mokazaHo, 9TO IS paccesiHUs BIIEPE, BKJIAJ, TAKON aua-
rPAMMBI C JIETKAM HEUTPUHO B KAaYeCTBE BUPTYAJbLHON YACTHUIHI HysIeBOU. B
cJIydae, KOrJia BUPTYaJbHONW YACTUIIENl CTAHOBUTCH T2KEJI0€ HENTPUHO, BKJIA,
MOKHO OIIHCATD C MOMOIIBIO 3P HEKTUBHOI KOHCTAHTHI B3aUMOJIEHCTBUSI, KOTO-
pag nociie nocranosku (15) B (13) upuobperaer ciemayromumit B

4P

OTo menaeT 3pHEKTUBHBIN JIarpaHKUaH B3aNMOJAEHCTBUS TUATOHAJILHBIM

G Sik- (17)

PJ _
Liyy = 55— MiliV; (18)
2 2 (A 2 3]
4F?m7
r7e pj OIMCHIBAET SHEPIeTUUIECKYIO ILUIOTHOCTH MAafOpPOHOB, & My — Maccy
MafoOpoOHOB, 1 cBaA3aHbI OHN ¢ yCpEDNEHHDIM mOSIeM MAOpPOHOB CJIETYIOIUM
obpazom
pJ 2
=) (19)
my
st 1By xJIeiBOPHOTO TPUOJINKEHUST BEPOSITHOCTD IIEPEX0a UMEET CJie-
AYIOIIAI BUJ

Py, (x) = sin® <”> sin® 20, (20)
Leyy
rie
inE,
Leyy = (21)

PJ
A1+ 5z)
Takum ob6pazom, cpesia U3 MaiOPOHOB HE BJIMSIET HA YIOJI CMENIUBAHUS,
HO M3MEHSET JJINHY OCIUJLISTINI.

B I'maBe 3 wuccienyroTcss CIMHOBBIE W CIIMH-(DICHBOPHBIE OCIIMJIISIIIAN
HEHTPUHO B BEIEeCTBE, MATHUTHOM II0JIE€ U CpeJie U3 MaiopoHOB. Vcnosbays
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pe3yJIbTaThl, MOJIydYeHHbe B [J1aBe 2, MOKa3piBaeTCs, YTO 3MMOEKTUBHOE B3au-
MOJEHCTBIE HEHTPUHO ¢ MafOpOHAMHI JIETKO T00aB/SETCS K B3aUMOICHCTBHIIO
HEWTPUHO C BEIMIECTBOM W MATHUTHBIM TojieM. Taxum obpa3om, pOPMYIbI st
BEPOSITHOCTEH CIIMTHOBBIX M CIIMH-(DJIEHBOPHBIX ITEPEX0/I0B HEHTPUHO B BEITIECTBE
U MArHUTHOM TI0JIe, TIosydeHHble B [40;41], MoxkHO 0600ImuTh Ha caydail B3a-
nMojieiicTBrs ¢ MaiiopoHamu. [Ipu paccMOTpeHHUN 3aBUCUMOCTH HEATPUHHBIX
OCIWJIJIANUN OT IJIOTHOCTH 3JIEKTPOHOB IOKA3aHO, 9TO B Cpejie U3 MallOpOHOB
BBICOKOH IJIOTHOCTU HADJIIOIAETCHA CABUTI PE30HAHCA B BEPOSITHOCTU HENTPUH-
HBIX OCIIUJIJISINI, & TAKKe MOsIBJIAIOTCA HOBbIe pe30oHaHCh. 1Ipu paccMoTpennn
3aBUCUMOCTHU aMILJIATYAbl OCIUJIIAINI OT S9HEPIrUU HEUTPUHO IIOKA3aHO, YTO OC-
IUIISIIA HEUTPUHO TPU HUSKHUX SHEPTUSX TOJABJISIOTCA. TakiKe MOKa3aHo,
qro 3aBucUMOCTh ocumutsanmit or CP-mapymaronux (a3 MeHsiercst B IpucyT-
CTBUM CPeAbl U3 MalOPOHOB BBICOKOI IIJIOTHOCTH.

BzanmoeiicTBre MaifopaHOBCKOTO HEMTPUHO ¢ MATHUTHBIM TTosieM B onm-
CBIBAETCsI CIIEYIOMUM Jlarpamkuanom (cum. [41;42])

Linag = = > i Mik [(ViL)CEBylg +¥EB(V£)C} =
~ Yos (W WEFEBYE — (W) WESBEY] (22)

rie pu pf) - MaTpHIA MATHHTHBIX MOMEHTOB HEHTPHHO B GA3HCE MACCOBBIX
cocTostHUT U B 6a3uce (e BOPHBIX COCTOSHUII COOTBETCTBEHHO.

st caydast MaflopaHOBCKAX HEHTpWHO MaTpura cMmemrenuss U 3aaer-
¢t bopMyIoit

1 0 0 Cc13 0 813672‘6 C12 s12 0 el 0 0
U = 0 C23 S23 0 1 0 —S12 C12 0 O 6ia2 0
0 —S823 C23 —8136“S 0 C13 0 0 1 0 0 1

(23)

u comepxkut Tpu daswl, Hapymatonme CP-uaBapuanTHOCTD: MupakoBckyo CP-
Hapymaoriyio da3y Jd, u matopanosckue CP-napyrratomue dasbr ap 1 Q.

BzanmoseiicTBre MaliOpaHOBCKUX HEHTPHUHO C BEIECTBOM OIMMUCHIBAETCS
JlarpaHKuasoM [43]

) .
Loae = 3V [Erovk — W0 ] (24)

rae
v =

_ ,— -
V2 2v2 1 2v2 7 2V2
— noreanua) BosbdeHinreiina, KOTOPBIl OMUCHLIBAET B3aNMOECTBIE HEATpU-
HO C 3JIEKTPUYECKH HEUTpaJIbHOW HEeNMOABUXKHONU MaTepueil, COCTosAIeid n3
3JIEKTPOHOB, IIPOTOHOB W HEUTPOHOB.

dia <GFTL6 Grng, Gpng, Gan> (25)
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Ucnons3ys pesynbrarsr [J1aBer 2, MOXKHO MOIYYATH CJIELYIONLYIO CHUCTE-
My yPaBHEHUI 3BOJIOIUU JJIs HEUTPUHO, B3AUMOAEUCTBYIOIINX ¢ MailOpOHOM,
MarHUTHBIM II0JIEM U BeleCTBOM

pJ (m)
VP! —mi — ——5m; =V %ws) vi(p) —
< ! ‘ 4F2m3 ¢ ‘
=3 (uaEB + V0% ) mp) =0, (26)
ki
e VM = vy - ITOTEHIINAJI BEIeCTBa B MacCcOBOM basuce, a pH -

4-rMIIyIbC HEHTPUHO.
B juccepranuu 1osiydeHo ducjeHHOe penienue ypashenus (26), B dacT-
HOCTH HCCJIeJI0BAHA BO3MOXKHOCTb PE30HAHCHOI'O YCUJIEHUS OCIUJLIISIHIL.

s,

o

 (ALPs)
7r (ALPs)

» v, (ALPs)
. = vr (ALPs)

°

o

[t
s
|

°
o

AMNANTYAA OCUMANSALMI

AMNAuTyaa ocumanauuin

o

107 10° 10* 10°
MNOTHOCTbL 31€KTPOHOB 7, ¢~ MAOTHOCTb 31€KTPOHOB 7., e *

a )

£
E
o
E

E T T T e

P(

Pucynok 1 — 3aBucMMOCTh aMILIATYAbI OCHMJUIAIMKA OT IJIOTHOCTHU 3JIEKTPO-

HoB. JlupakoBckasi u Mmaiiopanosckue CP-mapymatorniue ¢asbl paBHBI HYJIIO,

sueprus Heiirpuno F, = 10 MsB; a — Ociumignun HedTpuno-HefiTrpuno; 6 —
Ocnmutsanuy HeATPUHO-aHTHHEATPUHO

AMIUIATY 6 HEHTPUHHBIX OCIHUJIISAIUN B 3aBUCUMOCTH OT TJIOTHOCTH
9JIEKTPOHOB 7 U J0JIU 3JIEKTPOHOB Y, 1oKazaubl Ha (puc. 1-2). Baaumoneiicrsue
¢ MalopOHAMU CMEIIAET II0JIO2KEHNE PE30HAHCA. BoJiee TOro, MOSABIILAIOTCS JBa
HOBBIX DPE30HAHCA.

Kak Bugno uz (puc. 3), MAfOpOHBI PA3MBIBAIOT 3ABUCUMOCTD AMILIUTY-
JIbl HEHTPUHHBIX OCIMJLISANIANA OT JUPAKOBCKON (ba3bl. Pezonanc HelTpUHHBIX
OCHWJIIANN CTAHOBUTCHA CJIETKa 3aMETHBIM.

3aBUCHUMOCTD AMILIATYJ, HEATPUHO-aHTUHEUTPUHHBIX OCIUJIIAINAN OT
SHEpPruu HeHTPUHO NoKasaHa Ha (puc. 4). MalfopoHbI TOJABISIOT HEHTPUHHBIE
OCHWJIATINYA TIPU HU3KUX SHEPrUsiX. AMIUIMTYIA OCHUJLISIIUAN YBeJIMINBAETCS
npu 3Heprusax 10 MsB u Brie.

Hannune MaifopoHOB CcTHpaeT 3aBUCHMOCTH BEPOSTHOCTEH OCITUJIISIIIT
HEeHTPUHO OT MaiiopaHoBcKuX a3, Kak 9T0 BUIHO u3 (puc. 5).
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Pucynok 2 — 3aBucuMoCTh aMILIATY bl OCIUJIISIIIUN OT JIOJTH 9J1eKTPOHOB. Jlu-

pakoBckasi u MaiiopaHoBckue CP-mapyrmarorue (dha3bl paBHBI HYJIIO, SHEPIHUst

meiirpuao F, = 10 M»sB; a — Ocupyuisinuu wefirpuno-uetirpuno; 6 — Ocrmiuis-
U1 HEHTPUHO-aHTUHEHTPUHO

— w—w, — %o

o
©

Vo= r
v, =1, (ALPs)
v, — ; (ALPs)

0.8 Ve =,
~ | ==+ v, (ALPs) ||
06 ey v, =, (ALPs)

o

<
=

°
o

AMNAMTYyAa oCUMANALNA
AmMnauTypa ocumnnaunin

°

°

3 90 135 180 225  2/0 315 360 o 105 105 T To8
9, ° SHeprus, 3B

Pucynok 3 — 3asBucumocts Pucynok 4 — 3asBucumocts

AMILIUTYIbI HeHTPpUHO-aHTU-
HEeATPUHHBIX OCHUJIAIUNA OT
JIMPaKOBCKOii pasbl. Maiiopa-
HOBCKHUE (pa3bl paBHBI HYJIIO,

smepruga Helitpuao F, = 10
M»3B, momns snekTpomoB Y., =
0,5

AMIUTUTYIBI  HEHTPUHO-aHTU-
HEATPUHHBIX OCHUJLJIALAA OT
sHeprum  HeiirpuHo.  Jlupa-
KOBCKag ¥  MallOpaHOBCKUE
CP-napymaroriue dha3bl paBHbBI
HYJIIO, JOJI 3JIEKTPOHOB Y, =

0,5

IIpeaverom usyuenust I'mmaBbl 4 sBJIsIeTCS KBAHTOBAs JIEKOTEPEHIINS
HEHTPUHHBIX OCIHWJLISIUN O JeHCTBHEM DP3JIEeBCKUX (DIIyKTyalnii KJIaCcCU-
YECKOI0 II0JIs aKCHUOHO-TIOMOOHBIX dacTull. llogydeHo ypaBHEHWE SBOJIOIUN
MaTPUIIBI IJIOTHOCTH HEHTPUHO, UMEIOIee BU ypaBHeHus Penduiga, Tak xe
ObLIa HOJIyYeHa UCCUIIATUBHAS MATPHUIA, 3aBUCAIIAA OT [1apaMeTPOB JIeKOre-
pennuu ocrmtanyii. 1lokazano, 4ToO 71 ciIydast B3aUMOJIECHCTBUS HEHTPUHO
¢ QIIyKTyanusMyd KJIACCUYIECKOTO II0JIsi aKCHOHO-TIOMOOHBIX YACTHI] JaHHAs
JIUCCUTIATUBHAST MATPUIA UMeeT HeJuaroHaJ bHble 3jieMeHThl. Vcxomsa u3 orpa-
HUYEHUI Ha IapaMeTpPbl KBAHTOBOH JIEKOI'€PEHIINU, IIOJyYeHHbIe U3 aHaJJIu3a
JIAHHBIX PEaKTOPHBIX HEHTPUHHBIX SKCIIEPUMEHTOR [44], 6N ¢1eTaHbI OTeHKH
Ha KOHCTAHTBI B3aUMOJAEHCTBUS HEUTPUHO C aKCUOHO-TIOJOOHBIMHU YACTUIIAMH.

15



Ve — Uy

Ve — Uy

/21

/21

Pucynok 5 — 3aBUCHMOCTH aMILIUTY/IbI [IEPEXONA OT Ve — Uy OT MallOPAHOB-

ckux ¢az. Jlupakosckast daza paBHA HYIIO, T0JIs 3JIEKTPOHOB Y, = 0,5, 3Heprust
metitpuao F, = 10 MsB: a — upu orcyrcTBum MaitopoHnos; 6 — mpu HAJIXIAA
MalOpOHOB

ypaBHeHI/Ie 9BOJIIOIIUN MAaTPHUILbI IIJTIOTHOCTHU HeﬁTpHHO umMeeT B IIpeJcTaB-

JICHAW B3aUMOJECHUCTBULA CJICAYIOIUNA BUJ,

dp,(t
%249 (1), p, 1), (1)
dt
TJie TaMuJIbTOHnan H (t) ONUCHIBaET B3aUMO/ICHCTBIE HETPUHO C BHEIIHEN Cpe-
(28)

Joi

H(t) = / xj(x)a(z),

rae a(x) ONUCHIBAET IIOJIe AKCHOHO-IIONOOHBIX YacTHll, j(X) — HeHTPUHHBIHA TOK

j(x) = iv(z) (g9v + gavs) v(), (29)

gy 1 ga AdBJILIOTCA MaTpUllaMU KOHCTAHT BeKTOpHOfI 1 aKCUaJbHOU CBA3H, dJIe-

MEHTBI KOTOPBIX BBIPpazKalOTCA B BHUIE

oy =T 30
9v v F (30)
gf = cy ™, (31)

rzie m; OIHUCBIBAeT Maccy Hefirpuno, F' — koncranra pacuana, Cy/ — Gespasmep-

HbIe KOHCTAHTBI (CM., HAupumep, [45]).
DryKTynpyromee 1oje aKCHOHO-IOJ00HBIX YaCTHIL a(X) MMeeT CJIeLyio-

muit Uz [26; 46; 47]
V2
(t) m_p cos (mgt). (32)
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B manHOM ypaBHEHUU p — IJIOTHOCTH SHEPIUU AKCHOHO-TIOI00HBIX YACTHII,
Mg — UX Macca, «(t) — HeoTpULATe bHAs CIydaiiHas BeJUInHA, HOMIUHSIIONA~
dcsi pactupeaesiennio Pajest

o) =aes (-5 ). (33)

Bemosnsisi ycpEDNenue dopmasbHOro perienust ypasHeHusi (28) 110
GIIyKTyaIusM moJist aKCHOHO-II0TOOHBIX JACTHIL, & TAKYKE 0 er0 KOT€PEeHTHBIM
OCIIMJIATIASM, MOYXKHO IOKa3aThb, 4To0 ycpEDNenHoe pemrerune ymoBieTBOpSeT
ypasuenuio Pendunima

diﬁ@ :‘*Mé;ghzﬂJﬁﬂiJ%0,MAwﬂ, (34)

a

rie
ﬂﬂ:/ﬁm@) (35)

T — BpeMsl KOppeJrsanuu (GIIyKTyaluil oIl aKCHOHO-1I0/I00HbIX YacTHIl.
B npencrasienun Ilpennarepa ypaBHeHUe NMeeT CJIELYIONTUI BUT

dpy (t) (4—mp
dt 2m?2

a

= —i[Ho,py(t)] — [, o (B)]]; (36)

rue J = J(0), Hy upencrasisier coboii cyMMy BaKyyMHOI'O MaMUJIBTOHUAHA U
OIMCBHIBAIOIIEI0 B3aMMOJEiICTBUE HEHTPUHO C BEIIECTBOM.
4—
Bropoe craraemoe 7%7’2”7[‘],[(], pu()]] = D[p,(t)] maspBator muccu-
a
IIATUBHBIM, X1 OHO KOJIMYECTBEHHO XapaKTePU3yeT JIEeKOTePEHIINIO0 HeUTPUHHBIX
ocrimyianuit. B ciiydae HefiTpuHO TPEX (BIEHBOPOB €0 MOKHO PA3JI0KUTD I10

rereparopaM rpymusl SU(3), obGosHadaeMble Aj

8
Dip, ()] = 3 Diypiky. (37)
i,j=0
Muozxutesns D;; aBjsgeTca 3JeMeHTOM JUCCUIATUBHON MaTpunbl 9 X 9,
cojiepaKaliieii CBOOOIHBIE TapaMEeTPhl CUCTEMBI. B MaccoBoM 0Oasnce HEHTPUHO
OH MMeET CJIEAYIOIlee BhIpaKeHne

(4—m)p
2m2

8
T Z hchdfcebfdea~ (38)

c,d,e=1

Dab:_

rae hg = 2Tr(J\,), & fij, ONUCBIBAET CTPYKTYPHbIE KOHCTAHTEI TpyIbl SU(3).
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Henynepnie ko3 durnmenTsr h, UMEOT CIEAYONUI B,

Am3, (C3 -7
hy =

5B F : (39)
Am2 031 _ 031
5 = 31 ( |4 A ) , (40)
2E,F
Am3, (C3? — C32)
7= 5E F (41)
PaBenctBo mymio snmementoB marpuiiel Do; = D;g = 0 cBumerenbcTByer 00

OTCYTCTBUH JMCCHIATUBHBIX HOTEPb HEATPUHO, 00YCIOBICHHBIX (DIIyKTyarus-
MM II0JIsI AKCHOHO-IIOZO0HBIX dacTull. TakyKe MOMKHO IIOKA3aTh, YTO B JAHHOM
MAaTPUIlE IPUCYTCTBYIOT HEJMATOHAJIBHBIE JIEMEHTHI, YTO OTJIINIAET €6 OT TeX,
9T0 OOBIYHO PACCMATPHBAIOT IPU IKCIEPUMEHTAJBHBIX OIEHKAX (CM., HAIPU-
Mep, [44;48]).

VesoBue npumenumocTu ypaBaenust (36) uMeer ciieiyromuit BuL

TEmae < 1, (42)

rje Fpqe COOTBETCTBYeT MAKCHUMAaJIbHOMY 3jiemenTy warpunpsl [Ho,J]. B
paMKax JAaHHOI PabOTHI MPEJIOIATAETCs, YTO KOPPEJSIIHOHHOE BPEMS COOT-
BETCTBYeT BPEMEHH KOTePEHTHOCTH u3 pabor [49-51]

1
T=—, (43)
MV
[Jie ¥ OIUCBIBAET CKOPOCTh AKCHOHO-NIOJOOHBIX dacTull. Kak yKa3blBAIOCh BbI-
nte, eé pesmuuna nopsimka 1073 ¢ [26]. Taxum obpasom

|Ami,|?

8mg vl E2F

Ncnonb3ysi orpaHudeHNst Ha HapaMeTp JEeKOIePEHINH, KOTOpPble ObLIH

HOJLy9€HBI B [44] 13 JaHHBIX PEAKTOPHBIX HEHTPUHHBIX SKCIIEPUMEHTOB, [e Dac-

CMaTPUBAETCs AUATOHAJIbHAS MATPHIA JIeKOTepeHIUN 6e3 noTepu HefiTpuHO, I

OrpaHMYMBasi UMU JMATOHAJIBHBIE 3JIEMEHTH MATPUIbl (38), MOXKHO MOJIYIUTh

OIEHKU Ha KOHCTAHTBHI B3AUMOEHCTBUsI HETPUHO ¢ AKCHOHO-NOJOOHBIMU Ya-
crunamu

< 1. (44)

r Am?2.\/3(4 — m)pT

ij
_ _ >
ij ij
cy -y 2maEo\/0
VYesosue npumennmoct (44) U3ydaeMoro MeTOJ@ HAKJIABIBAET JIOIOJI-
HUTEJIbHOE OTPaHUYEHUE Ha KOHCTAHTHI B3AUMOJIEHCTBUS

(45)

F |Am%3 | 2
Céj — quj 8mav2E2’
18
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[TockonbKy orpanuyenHusi Ha IIapaMeTp JIEKOTE€PEHINHU I[TOJIy9YeHbl U3 pe-
AKTOPHBIX HEHTPUHHBIX IKCIEPUMEHTOB, dHEPTHs HEHTPUHO OepETcs paBHOI
10 M»sB. Hcnosbayss Maccy aKCHOHO-TIOJOOHBIX YaCTHIl, PABHYIO Mg = 1077
3B, MBI IO/Ty9aeM HU2KHUE OIEHKH KOHCTAHT CBA3U F"/J 4 HEHTPUHO C aKCHOHO-
nozno6ubiMu gactunamu (tab. 1). B gannoit tabimie paccMOTPEHbI CJIe Iy olue
JacTHBbIE CJIyYad B3aMMOJEHCTBUAS HEHTPUHO C AKCHOHO-IIOMOOHBIMU YACTHIIA-
MH:
— V: TOJIBKO KOHCTAHTHI gy HEHYJIEBble (aKCHOHO-TIOIOOHBIE TACTHIBI B3a-
UMOJIEHCTBYIOT C JIEBBIMU U IIPABBIMU HEHTPHUHO);

— A: TOJIbKO KOHCTAHTBI §4 HEHYJIEBbIE (AKCHOHO-TIOIOOHBIE YACTHIILI B3a-
UMOJIEHICTBYIOT C JIEBBIMU U IIPABBIMU HEHTPHUHO);

— V-A: gv = —g4 (aKcuoHO-110/I06HBIE YACTUIBI B3AUMOJEHCTBYIOT C Jie-
BBIMH HEHTPHUHO).

Tabmmma 1 — Hukane rpaHuitbl Ha KOHCTAHTBHI CBA3U HEHTPUHO C aKCHOHO-
noo6abMu vactunamu (B I'9B) 1i1s Maccel aKCHOHO-TIOOOHBIX YACTHUIL M, =
1077 5B

V wim A V-A

FJL, 135%x1077 [ 1.8 x 1072
FPZ, 134x1072 [ 1.7x 1072
FZ, 110x107* [ 05x1077

3akJiroueHue

Takum 06pa3oM, OCHOBHBIE PE3YJIBTATHI IUCCEPTAIIMOHHON pabOThI COCTO-
AT B CJIELYIOIIEM.

1. Pazpaborad HOBBIN TOIXO M OMHCAHUS OCIMJIISIINNA HEATPUHO B
cpesie U3 MaflOPOHOB C YUETOM IPOIECCA PACCESTHUS HEUTPUHO HA MalopoHaX.
B pamkax paszpaboTaHHOTO TOIX0/a OBLIN TOJYIeHbl AHAJTUTUIECKIE BhIPaXKe-
HUSA JJIsT BEPOATHOCTU OCIWLIANUI HEHTPUHO B Cpejie M3 MaiopOHOB; OBLIO
HOKA3aHO, YTO IIPU OTCYTCTBUA JIPYTUX (HAKTOPOB (HAJIMIMs BEIECTBA U/ HJIH
MArHUTHOTO T10Jisi) MAHOPOHBI HE MEHSIIOT YIoJl CMEIIUBAHUS HEHTPUHO U BJIU-
SI0T JIAIIb Ha JIJIAHY OCIUJIIAINN.

2. TlosyueHo uuciaeHHOE pellleHre yPaBHEHUs [JIsi IBOJIIOIUH Maiopa-
HOBCKOI'O HEHTPHMHO B MarHMTHOM IIOJIe, BelleCTBe U cpejie U3 MallOpOHOB.
Ilokazano, 4TO B cpejie U3 MaiOPOHOB BBICOKOM TIJIOTHOCTU HAOIIONAETCS CIIBUT
PE30HAHCA B BEPOATHOCTH HEUTPUHHBIX OCITUJLIATINHA. J[7Ts1 yKa3aHHBIX BHEIITHUX
YCJIOBUI TaK2Ke UCCJIEJJOBAHO BOBHUKHOBEHNE HOBBIX PE30HAHCOB B BEPOATHOCTH
HEUTPUHHBIX OCHUJLIAINN U MCCJIeI0BaHa 3aBUCHUMOCTDh BEPOATHOCTH OCITUJLIISA-
muit or CP-mapymartomux das.

3. BriepBbie pa3BuT MOIXO ISl ONUCAHUS KBAHTOBOH JIEKOTEPEHITUN Heli-
TPUHO, BO3HUKAIONINN 38 CYET B3aNMO/IENCTBUSA HEUTPUHO CO CTOXaCTUIECKIMU
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GIIyKTyarusMu B KJIACCHYIECKOM TI0JI€ AKCHOHO-TIO0OHBIX dacTull. [Ipesmosta-
rasi, 9TO CJydaiiHble (DIYKTyaInu HOJIsi AaKCHOHO-ITOMOOHBIX YACTUIl UMEIOT P3-
JIEEBCKII XapaKTep, IPOAEMOHCTPUPOBAHO, YTO MATPUIIA IIJIOTHOCTH HEATPUHO
JIJISI 9TOTO B3aMMOJIEHCTBUS Ompeeserca ypaBuennem Peadwaga. [lomxye-
Ha JIMCCUIIATUBHASI MATPUIlA, [I0KA3aHO, YTO OHA 00JIaJIaeT HeMarOHAJBHBIMUI
sseMeHTaMu. VICIo/ib3yst OorpaHUYeHusl Ha IIapaMeTphbl JIeKOTePEHIUH, II0JIy-
YeHHBbIE B pe3y/IbTaTe AaHAIN3a IyBCTBUTEJHHOCTA PEAKTOPHBIX HEHTPUHHBIX
9KCIIEPUMEHTOB, TIOJIYIEeHBI OIEHKN KOHCTAHT CBA3M MEXKIYy HEHTPUHO M aKCH-
OHO-TIOZOOHBIMEI YACTHUIIAMHU.
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