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061ll,aB xapaKTepHCTHKa pa60Thl 

AKiyaJibHOCTb Tel\Jhl. HeiiipliHO lirpaeT Ba)KHYIO ponh B coBpeMeH

HOii <lJli3liKe qacTli~, acTpo<lJli3liKe li KOCMonomli. HeiiipliHO, HapyrnaiO.mee P

liHBapliaHTHOCTh, no,n;CKa3aJIO npaBliJlhHYIO rpynny KaJili6pOBO'IHOH CliMMeiplili 

CTaH.n;apiHOii Mo.n;enli (CM). CBoiicTBa HeiiipliHO Moryr YKa3aTh nyrh K nocipo- . 

eHliiO pacrnlipeHliii CM li aJihTepHaT?BHhiX no.n;xo,n;oB, o6'b5ICH5IIOI:QHX ::JKcnepli

MeHTaJibHhie <PaKThl, He yKJia,n;biBaiOI:Qliec5I B paMKli CM. IIo::JTOMy, npe~li3liOHHOe 

liCCJie,D;OBaHlie OCTaBlliliXC5I HeliCCJie,D;OBaHHhiMli CBOHCTB HeHipliHO - aKryaJihHO. 

I13BeCTHO, 'ITO HeHipliHO CMelliliBaiOTC5I B CBOliX B3aliMO,D;eHCTBH5IX C 3ap5I)KeHHhiMli 

nenTOHaMli li KaJili6pOBO'IHhiMli w± 0 CMenmBaHlie onliCbiBaeTC5I YHliTapHOH MaT

Pli~eii cMenmBaHli5I nenTOHOB IIoHTeKopBo-MaKli-HaKaraBa-CaKaTa (IIMHC). 113 

Tpex ymoB CMeiimBaHH5I (}12 , (}23 li 013 ~0 2012 ro,n;a Heli3BeCTHbiM OCTaBaJIC5I yroJI 

013• HeHyneBoe 3Ha'leHne yma cMernliBaHli5I 013 6hlno oTKpbiTO B ::JKcnepliMeHTe no 

noliCKY HeiiTpliHHhiX oc~liJIM~Hii c peaKTopHhiMli aHTliHeiiTpliHO- Daya Bay B 2012 

ro,n;y Ha ypOBHe )J;OCTOBepHOCTli, npeBhilliaiOI:QeM ll5ITh CTaH,n;apTHhiX OTKJIOHeHliH. 

KBaHTOBOMeXaHli'IeCKM TeOpli5I OC~liJIAA~liH HeHipliHO, liCnOJih3yeMM npli 

aHaJili3e BCeX, 6e3 liCKJIID'IeHH5I, OC~liJIJI5I~liOHHbiX 3KCnepliMeHTOB, HenOJIHa li He 

CaMOCOrJiaCOBaHHa, 'ITO CB5!3aHO C nJIOCKOBOJIHOBbiM npli6Jili)KeHlieM li OTCYTCTBli

eM yqeTa npo~eccoB po)K)J;eHli5I li ,n;eTeKTlipOBaHli5I HeiiTpliHO. Cy.mecTBYIOI:Qlie B Jili

Teparype paCrnlipeHli5I TeOplili HeHTpliHHhiX OC~liJIJI5I~liH BKJIIO'IaiOT B Ce65I MO,D;e

Jlli BOJIHOBOro naKeTa HeHipliHO B paMKax KBaHTOBOMeXaHli'IeCKOro paCCMOipeHli5I 

li KBaHTOBo-noneBhie Mo,n;enli c HeiiTpliHO B BliPTYaJibHOM cocT05IHlili. KBaHTOBO

noneBhie MO,D;eJili OnliCbiBaiOT 'laCTliiJ;hi, yqaCTBYIOI:Qlie B peaK~li5IX pO)K)J;eHli5I li ,n;e

TeKTlipOBaHli5I HeHipliHO BOJIHOBhiMli naKeTaMli. 1JacTh II HaCT05II:Qeii ,n;liccepTa~lili 

nOCB5II:QeHa OnliCaHliiO Harnero pa3BliTli5I KBaHTOBO-nOJieBOH TeOplili peMTliBliCTCKO

ro BOJIHOBOro naKeTa li ee npliMeHeHliiO B KBaHTOBO-nOJieBOH TeOplili OC~liJIJI5I~liH 

HeiiTpliHo.B qacTli III KpoMe nnocKOBOJIHOBoro aHaJili3a ::JKcnepliMeHTaJihHhiX ,n;aH

HbiX Daya Bay BnepBbie npoBO,D;liTC5I aHaJili3 npli noMOIQli Teoplili HeiiTpliHHhiX oc

~liJIM~liii B Mo,n;enli BOJIHOBoro naKeTa, pa3BliTOii B qacTli II HaCT05II:Qeii ,n;liccepTa

~lili. 

I.J,eJibiO ,n;aHHOH pa60Thl 5IBMeTC5I pa3pa6oTKa KBaHTOBO-nOJieBOH TeOplili Heii

TpliHHbiX OC~liJIM~liH B MO,n;e.im peMTliBliCTCKOrD BOJIHOBOrD naKeTa, npe~li3liOHHOe 

li3MepeHlie sin2 2013 li .6.m~2 B ::JKcnepliMeHTe Daya Bay. 

)J,M ,D;OCTli)KeHH5I nocTaBJieHHOH ~eJili He06XO,D;HMO 6biJIO peiiiHTh <;Jie,D;yiO.IQHe 

3a,n;aqu: 

1. Paapa6oTaTh TeopliiO peAATHBliCTCKoro BOJIHOBoro naKcra B peAATliBliCT

cKoii KBaHTOBOH MeXaHliKe li KBaHTOBOH TeOpliH IIOM. 11ccJie,D;OBaTh CBOH

CTBa BOJIHOBOrO naKeTa. 

2. IIpnMeHliTh pa3pa6oTaHHYIO TeopliiO .n;M Bbi'IliCJieHli5I ce'leHH5I pacce5IHli5I 

BOJIHOBhiX naKeTOB B KBaHTOBOH TeOpHli IIOJI5I. 

3. Bhi'IliCJiliTh aMnJiliT)TID' npo~enTOHHoe 'lliCJIO, c pe

MTliBliCTCKHM~ }21JrYl!J:'l¥3·'l~SIHJffJIOO'It¢r~YIOI:QliMli 'laCTli~aM B 

. I :SHBJiliOTEKA l 
l .. ________ QM ?IJ'I _______ : 



Ha'laJibHOM II KOHC'IIIOM COCTOauna, ueihpiiHO B BHpTyaJib~OM COCTOaHIUI, 

IICTO'IHIIKOM II ,[\eTCKTOIJOM HeihpiiHO, IJa3,[1CJICHHbiMII MaKpOCKOIIII'ICCKIIM 

paCCTOHHIICM. 

4. Bhi'IIICJIIITh KBa.L\paT aMIIJIII'I'J.L(hi II nposeCTII ero MaKpOCKOIIII'leCKoe ycpe.z:~

ueniie ,L\JIH OIIIJC,[(CJICHIIH BCIJOHTHOCTII OCQIIJIJIHQIIH B paMKax KBaHTOBOH 

TCOIJIIII HOJIH. IJpOBCCTII TCOIJCTII'ICCKOH aHaJIII3 nonyqeHJIOH cpopMyJibi. 

5. Pa3pa60TaTh npoQe.z:~ypy II naKer KOMllbiOTepubiX nporpaMM anarrii3a 3KC

nepiiMeHTaJihHhiX .z:~aHHbiX 3KcnepiiMeHTa Daya Bay .z:~na nonyqeuna oQeH

KII napaMerpa CMCIIIIIBaHIIH HCHTIJIIHO sin2 2813, pa3HIIQbi.KBa,[lpaTOB MaCC 

.6.m~2 II 3Heprerii'ICCKoro cneKrpa peaKTopHbiX anTIIHeilrpiino. ITposecTII 

COOTBCTCTBYIOIQIIH aJiaJIII3 II nonyqiiTb pe3yJibTaTbi. 

HayquaH uoBu3ua: 

1. BnepBbie pa3pa6oTaua Teopiia penaTIIBIICTCKoro sonuosoro naKera. 

2. Pa3pa6oTanuaa reopiia npiiMeneua .L\JIH Bhi'IIICJieHIIH ceqeniiH pacceaHIIH pe

JIHTIIBIICTCKIIX BOJIHOBbiX naKCTOB B KBaHTOBOH TCOpiiii IIOJIH. 

3. Bhi'IIICneua sepoHTHOCTh npoQecca, uapyiiiaiOIQero nenTonuoe 'IIICJio, c pe

JIHTIIBIICTCKIIMII BOJIHOBbiMII naKeTaMII, COOTBCTCTBYIOIQIIMII 'laCTIIQaM B 

Ha'laJibHOM II KOHC'IHOM COCTOHHIIII, HCHTpiiHO B BIIpT)'aJibHOM COCTOHHIIII, 

IICTO'IHIIKOM II ,L\CTCKTOpOM HCHTpiiHO, pa3,L\CJICHHbiMII MaKpOCKOIIII'ICCKIIM 

paCCTOHHIICM. 

4. BnepBbie nonyqeua cpopMyna .z:~na sepoaTHOCTII ocQIIJIJIHQIIH ueihpiiHO B 

MO,[\CJIII peJIHTIIBIICTCKOro BOJIHOBOro naKeTa C yqeTOM npocrpaHCTBCHHOH 

,[\IICnepCIIII 3cpcpeKTIIBHOro BOJIHOBOI'O naKeTa HCHTpiiHO II KOHC'IHbiX IIHTep

BaJIOB aKTIIBHOCTII "IICTO'IHIIKa" II ".L\eTCKTOpa". 

5. BnepBhie II3Mepeuo oTJIII'IHoe or uyna 3uaqeuiie sin2 2013 s 3KcnepiiMen

re Daya Bay ua yposue .z:~ocTosepuocTII, npeBhiiiiaiOIQeM 25 cTan.z:~aprHbiX 

OTKJIOHCHIIH. 

6. BnepBhie B peaKTopHbiX 3KcnepiiMenTax II3Mepeuo 3uaqeniie .6.m~2 • 
7 . .lJ:ocTIIrHyra peKOp,L\HM TO'IHOCTb II3MepeHIIH sin2 2813 II .6.m~2 . 

IJpaKTU'leCKaH 3Ha'IIIMOCTL 

1. Pa3pa60TaHHM Teopiia penaTIIBIICTCKOro sonuosoro naKera noJio)l(eHa B oc

uosy Bbl'IIICJICHIIH BCpOHTHOCTII OCQIIJIJIHQIIH HCHTIJIIHO B paMKax KBaHTO

BOH Teopiiii noJIH. Anarrii3 ceqeniia pacceaniia qacTIIQ B paMKax KBanroso

nonesoii TCOpiiii peJIHTIIBIICTCKIIX BOJIHOBbiX naKeTOB npe,L\OCTaBJIHeT B03-

MO)l(HOCTb II3MepeHIIH cpa3bi COOTBeTCTBYIOIQero MaTpii'IHOI'O 3JICMCHTa; II3-

Mepeuna cpopMbi BOJIHOBOH cpyHKQIIII CTaJIKIImiiOIQIIXCH 'laCTIIQ; IICCJIC,L\OBa

HIIH OCQIIJIJIHQIIH HCHTIJIIHO, pO)l(,[(CHHbiX B yCKOpiiTCJIHX 'laCTIIQ, B peaKTO

pax, B aTMOCcpepe II B .z:~pyrnx IICTO'IHIIKax. 

2. IlonyqeHHM o6IQM cpOpMYJia ,[\JIH BepOHTHOCTII OCQIIJIJIHQIIH HCHTIJIIHO 

npiiMeneua .L\JIH auarrii3a .z:~anHhiX 3KcnepiiMeHTOB Daya Bay, KamLAND, 

·,[(JIH OQeHKII qyscTBIITeJibHOCTII HOBbiX 3KcnepiiMeHTOB (JUNO, REN0-50) 

K BCJIII'IIIHC ,[\IICnepCIIII BOJIHOBOro naKera HCHTIJHHO. 
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3. 06uapy)l(eHnoe ueuynesoe 3Ha'leHIIe sin2 2013 OTKpbiJIO nyrh K H3Mepe

HHIO rrepapxiin Mace ueiliprruo rr cpa3bi, OTBeTCTBeliuoil 3a uapyiiieHIIe CP

rrusaprranTHOCTII, 'ITO rrcnoJih3yerca B pa.z:~e 3KcnepiiMCHTOB (T2K, NOvA) 

rr nprr no.z:~roTOBKe HOBhiX 3KCneprrMeHTOB (JUNO, REN0-50, T2HK, DUNE 

II,L\p.). 

4. IJpeQII3IIOHHbiC II3MepeHIIH sin2 2013 li .6.m~2 YMCHbiiiaiOT CIICTCMaTII'IC

CKYIO ueonpe.z:~eneuuocTb B onpe.z:~eneurrrr rrepapxrrrr Mace neilrprruo II napa

Merpa nenTonuoii MarpiiQhi cMeiiirrsaurra - cpa3bi 8, OTBeTCTBenuoii 3aHa

pyiiienrre CP-IInsaprraurnocrrr • 

5. l13MepeHHbiH 3HepreTH'ICCKHH CllCKrp peaKTOpHbiX aHTIIHCHTpiiHO IIOJIO

)l(CH B ocuosy 6y.z:~yiQHX npeQH3HOHHhiX H3Mepeurrii c peaKTopHbiMII aHTH

ueilrprruo. 

-MeTO.L\OJioruH u MeTO.L\LI ucCJie,[(oBanuH. 

1. TeoperrrqecKrre. AnarriiTII'leCKIIe Bhi'IHCJieHHH B paMKax KBanrosoii Mexa

HIIKII, KBaHTOBOH TeOpHH IIOJIH. 

2. <l>enoMenonorii'lecKrre. Mo.z:~enhHbie napaMerpii3aQIIII 3KcneprrMeHTaJihHbiX 

,[\aHJibiX. • 

3. CiaTIICTII'leCKIIe. ITonyqeniie naiiJIY'IIIIIIX oQenoK, .z:~oseprrreJihHbiX IIHrep

sarros, npOCKQIIH MHOroMepHbiX ,L\OBCpHTCJlbHbiX IIHTCpBaJIOB Ha npocrpau

CTBa MCHblllCH pa3MCpHOCTll II T.,[l. 

4. lJIICJICHHbiC MCTO,L\bl. KOMllbiOTCpHM o6pa60TKa ,[(aHHbiX, peiiiCHIIH ypaBHC

HHH, Bhi'IIIcneniie IIHTerpanos, rr T.n. 

0CHOBHLie llOJIO:IKeHHH, BLIHOCHMLie Ha 3aiiJ.UyY: 

1. Teopiia peJIHTIIBIICTCKoro sonuosoro naKeTa. Hccne.z:~osaniie csoiicTB peJIH

TIIBIICTCKoro BOJIHOBOI'O naKeTa. Bbi'IIICJICHIIC CC'ICHHH paCCCHHIIH peJIHTH

BHCTCKIIX BOJIHOBbiX naKCTOB B KBaHTOBOH TCOpiiii IIOJIH. 

2. .lJ:OKa3aTCJibCTBO Toro;'ITO npOCTpaHCTBCHHM ,L\IICnepCIIH BOJIHOBOro naKera 

B IIJIOCKOCTII, nepneH,[IIIeyJIHpHOH HanpaBJICHIIIO ero ,[\Bli)l(CHIIH, npHBO,[\IIT K 

llO,[\aBJICHHIO BII,[(a 1/4nlxl2 IIJIOTHOCTII llOTOKa, npOIIHTCrpiipOBaHHOro IIO 

BpCMCHII, Ha paCCTOHHHII ixl OT IICTO'IH~Ka pO)l(,[(CHIIH BOJIHOBOrO naKeTa. 

3. MeTO.z:l II pe3yJihTaT Bhi'IIIcneurra sepoaruocTII npoQecca, uapyiiiaiOIQero 

JICIITOHHOC 'IIICJIO, C peJIHTIIBIICTCKIIMII BOJIHOBbiMII llaKCTaMII, COOTBeTCTBy

IOIQIIMII qaCTIIQaM B Ha'laJibHOM li KOHC'IHOM COCTOHHIIHX, HCHTIJ~HO B BHp

T)'aJibHOM COCTOHHIIII, IICTO'IHIIKOM II ,[\eTCKTOpOM HCHTIJIIHO, pa3,L\CJICHHbiMH 

MaKpOCKOllli'ICCKIIM paCCTOHHIICM. 

4. Mero.z:~ MaKpOCKOnrrqecKoro ycpe.z:~ueuna Ksauroso-nonesoil sepoaTHOCTII 

lliJOQCCCa C yqaCTHCM BOJIHOBbiX naKeTOB. 

5. <l>OpMyJia ,[\JIH BCIJOHTHOCTII OCQIIJIJIHQIIH HCHTIJHHO B MO,[\CJIII peJIHTIIBIICT

CKOI'O BOJIHOBOro naKeTa C yqeroM npocrpaHCTBCHHOH ,[\IICnepCHII 3cpcpeK

TIIBHOI'O BOJIHOBOro naKera HCHTpiiHO II KOHC'IHbiX IIHTCpBaJIOB aKTHBHOCTH 

"IICTO'IHIIKa" II ".z:~ereKTOpa". 
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6. Mero,!I;IIKa II3Mepemui oc~IiJIJISI~IIOHHhiX napaMelpOB B peaKTopHoM 3Kcne
piiMeHTe II C03,l(aHIIe KOMllJieKCa KOMIIhiOTepHbiX nporpaMM ·aHaJIII3a 3KCIIe
piiMeHTaJihHhiX ,l(aHHhiX 3KcnepiiMeHTa Daya Bay. 

7. MeTO.l(IIKa II3MepeHilSI 3HepreTII'IeCKoro cneKTPa peaKTopHhix aHTIIHeiiTpii
HO. 

8. Pe3yJihTaT II3MepeHiiSI napaMerpa cMenmBaHIISI HeiiTPIIHO sin2 2813. 

9. Pe3yJihTaT II3MepeHIISI pa3HII~hi KBa.l(paTOB Mace .6.m~2 • 
10. Pe3yJihTaT II3MepeHilSI 3HepreriiqecKoro cneKTPa peaKTopHhiX aHTIIHeiiTPII

HO. 

,.U:ocToBepuoCTb rro~eHHhiX pe3yJihTaTOB o6ecneqiiBaeTcSI cJie.l(yromiiMII rro
Jio>KeHIISIMII. 

- Pe3yJihTaThl pa3BIITOH TeOpiiii peJISITIIBIICTCKOro BOJIHOBOro naKeTa CBO,l(SITCSI 
B HepeJISITIIBIICTCKOM npe,l(eJie K Ii3BeCTHhiM pe3yJihTaTaM TeOpiiii HepeJISITII
BIICTCKOro BOJIHOBOrO naKeTa. 

- B IIJIOCKOBOJIHOBOM npe.l(eJie 8-MaTPIIqHaSI TeopiiSI c peJISITIIBIICTCKIIMII BOJI
HOBhiMII IIaKeTaMII B KaqeCTBe HaqaJihHhiX II KOHeqHhfX COCTOSIHIIH CBO,l(IITCSI 
K CTaH,l(apTHOH 8-MaTpliqHoii TeOpiiii. 

- <l>opMyJia,l(JISI OC~IiJIJISI~Iill HeiiTpiiHO, IIO~eHHaSI B KBaHTOBO-IIOJieBOH TeO
pHil B MO,l(eJIII peJISITIIBIICTCKOro BOJIHOBOrO IIaKeTa CBO,l(IiTCSI K Ii3BeCTHhiM 
pe3yJihTaTaM B COOTBeTCTBYIOlllliX npii6JIII>KeHIISIX, qTo IIO.l(p06HO 06CY>K,l(a
eTCSI B TeKCTe ,l(IiCCepTa~IIII. 

- Pe3yJihTaThi H3MepeHIISI sin2 2013 II pa3HII~hi KBa.l(paToB Mace .6.m~2 Ha
XO.l(SITCSI B COrJiaCIIIi C pe3yJihTaTaMII, IIOJIYqeHHhiMii C 60JihlliliMii Heorrpe
,l(eJieHHOCTSIMII, B 3KcrrepiiMeHTaX RENO, Double-Chooz, T2K, MINOS, 
NOvA, IceCube 

- Pe3yJihTaThi II3MepeHIISI 3HeprernqecKoro crreKTPa peaKTopHhiX aHTIIHeii
TpiiHO HaxO,l(SITCSI B COrJiaCIIIi C pe3yJihTaTaMII, IIOJiyqeHHhiMii C 6oJII,lliliMii 
Heorrpe.l(eJieHHOCTSIMII, B 3KcrrepiiMeHTaX RENO II Double-Chooz. 

AnpoiiauHH paooThi. OcHOBHhie pe3yJihTaThi pa6oThi .l(OKJia.l(hiBaJIIICh Ha Me>K
.l(yHapo.l(HhiX KOH!lJepeH~IiSIX: 

1. New Results from the Daya Bay Reactor Neutrino Experiment. Neutrino 
Telescopes, 13-17 March 2017, Venice, Italy (rrJieHapHhiii .l(OKJia.l(); 

2. Latest Results from the Daya Bay Reactor Neutrino Experiment . 
New Trends in High-Energy Physics, 2-8 October 2016, Budva, Becici, 
Montenegro (rrJieHapHhiii .l(OKJia.l(); 

3. Neutrino Physics with Nuclear Reactors. QUARKS-2016 19th 
International Seminar on High Energy Physics, Pushkin, Russia, 29 May - 4 
June, 2016 (rrJieHapHhiii .l(OKJia.l(); 

4. Neutrino Physics with Nuclear Reactors. Me>K.l(ynapo.l(HaSI CecciiSI
KoH!lJepeH~IISI CeKuiiii SI.l(epHoii lPII3IIKII O<l>H PAH, 12- 15 arrpeAA, 2016, 
01151I1, ,lzy6Ha (rrJieHapHhiii .l(OKJia.l(); 
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5. Neutrino Oscillations in QFT with relativistic wave packets. Me>K.l(yHa
po.l(HaSI CeccliSI-KoH!lJepeH~IlSI Ce~IIII MepHoii !lJII3IIKII O<I>H PAH, 12- 15 
arrpeAA, 2016, 01151I1, ,lzy6Ha (.l(OKJia.l( Ha rrapaJIJieJibHoii cecciiii); 

6. Neutrino Physics program at the JINR. 4th SOUTH AFRICA - JINR 
SYMPOSIUM. Few to Many Body Systems: Models and Methods and 
Applications, September 21-25, 20 15; JINR Dubna, Moscow region, Russia 
( IIJieHapHblll ,l(OKJia.l(); 

7. Neutrino results from reactor experiments: present and future. XXI 
DAE-BRNS High Energy Physics Symposium, December 12 2014, 
Guwahati, India (rrJieHapHhiii .l(OKJia.l(); 

8. Recent results from Daya Bay experiment. 3rd International Conference 
on New Frontiers in Physics (ICNFP 2014): Kolyrnbari, Crete, Greece, July 
28-August 6, 2014 (.l(OKJla,l( Ha rrapaJIJieJibHOii ceCCIIII); 

9. Neutrino mixing: status and perspectives. NANPino 2013, 26/06/2013 
(rrJieHapHhiii .l(OKJia.l(); 

10. Recent results in neutrino physics. Odessa, August 22-28 2011, Garnov 
Conference on astronomy and beyond (rrJieHapHhiii .l(OKJia.l(); 

11. Vacuum neutrino oscillations with relativistic wave packets in quantum 
field theory. Baksan School, May 26-June 2 2011 (rrJieHapHhiii .l(OKJia.l(); 

12. Outlook of neutrino physics today. APCTP-BLTP JINR Joint workshop, 
May 16-19 2011 (rrJieHapHhiii ,l(OKJia.l(); 

13. Quantum Field Theory of Neutrino Oscillations in Vacuum and Matter, 
XXX workshop Neutrino at accelerators, Dubna, January 25 2008 (rrJieHap
Hhiii ,l(OKJia.l(); 

II ceMIIHapax: 

1. H3Mepeuiie 013 , .6.m~2 H KOBapuaHTHaH KBaHTOBo-noJieBaH TeopHH ueii
TpiiHHhiX ocuHJIJIHIIHii, 07/02/2017 IllUI<l>, faTqiiHa, P<l>; 

2. KoBapHaHTHaH KBaHTOBO-DOJieBaH TeOpHH ueiiTpHHHbiX OCIIHJIJIHIIHH, 
09/1112016 M5II1 PAH, MocKBa, P<l>; 

3. H3Mepeuue 013 , .6.m~2 H KOBapuanTHaH KBaHTOBo-noJieBaH TeopiiH ueii
TpHHHhiX ocuHJIJIHIIIIH, 03/11/2016 HI1lUI<l> 11fY, MocKBa, P<l>; 

4. H3Mepeuue 013, .6.m~2 H ~oBapHaHTHa~ KBaHTOBo-noJieBaH TeopHH ueii
TpHHHhiX OCIIHJIJIHIIHH, 20/10/2016 flT<l> 01151I1, ,lzy6Ha, P<l>; 

5. Neutrino mixing: status and perspectives, 08/02/2013, 01151I1, ,lzy6Ha, 
P<l>; 

6. Phenomenon of neutrino mixing: current status of research, 18/01/2013, 
1151I1, MocKBa, P<l>; 

7. Precise measurement of the Daya Bay experiment, 20/12/2012, 01151I1, 
,lzy6Ha, P<l>; 

8. Measurement of neutrino mixing angle in Daya Bay experiment, 
14/03/2014, 01151I1, ,lzy6Ha, P<l>; 

9. <l>H3HKa ueiiTpHHo: cTayYC H nepcneKTHBhi, 3/08/2012, IUI<l>, HoBOCII-
6IIpCK, P<l>; 
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10. Neutrino oscillations within QFT with relativistic wave packets, 
21111/2011, EpwcceJib, EeJibru.sr; 

11. Oc~nJIJIH~uu ueiiTpuuo n paMKax KnauTonoii Teopuu noJIH c penHTH
nucTCKnMu BOJIHOBLIMU naKeTaMu naKeTaMu, 24/02/2011, Ol15111, ,lzy6-
ua, P<l>; 

12. «<>uJnKa ueiiTpuuo, 11106/2010, Ol15111, ,lzy6na, P<l>; 
13. Neutrino oscillations within QFT with relativistic wave packets, 

09/1112010, YmmepciiTeT r.Jlbe)K, EeJibru.sr; 
14. Neutrino oscillations within QFT with relativistic wave packets, 

05/1112010, MH<l>H, rpan-Cacco, lhaJIII.sr; 
15. Quantum Field Theory of Neutrino Oscillations in Vacuum and Matter, 

16/03/2009, YHIIBepciiTeT IQ)Kuoii KapoJIIIHbr, CiliA; 
16. Quantum Field Theory of Neutrino Oscillations in Vacuum and Matter, 

06/02/2009, KenJiepOBCKIIH KOJIJIOKBII)'M YHIIBepCIITeTa r.TI06IInrena, rep
MaHII.sr; 

17. Quantum Field Theory of Neutrino Oscillations in Vacuum and Matter, 
09/02/2009, YHIIBepCIITeT r.EOX)'M, repMaHmi. 

Jluqnhiii BKJia;J:. ABTop nenocpe)J,CTBenno y<IaCTBOBaJI BO Bcex pa6oTax, pe-
3YJibTaTbi KOTOpbiX BOIIIJIU B )J,IICCepTa~IIIO. Co)J,ep)KaHIIe )J,IICCepTaQIIII II OCHOBHbie 
llOJIO)KeHIIH, BbiHOCIIMbie Ha 3aiQIIyY, OYpa)KaiOT nepCOHaJibHbiH BKJia)J, aBTOpa B ony6-
JIIIKOBaHHbie pa60Tbi. 

IIy6JiuKa~uu. OcnoBHbre pe3yJibTaTbi no TeMe )J,IIccepTaQnii II3JIO)KeHbi B 
22 Ue'laTHbiX II3)J,aHII.HX, 18 II3 KOTOpbiX II3)J,aHbi B ~pHaJiax, peKOMeH)J,OBaHHbiX 
BAK [1-18], 4- B Te3ucax )J,OKJia)J,OB [19-22]. 

Co.z.ep~auue pa60TLI 

Bo Bne;J:euuu o6ocHOBbiBaeTc.sr aKzyaJibHOCTb IICCJie~oBanuii, rrpoBO)J,HMbiX B 
paMKax )J,aHHOH )J,UCCepTaQIIOHHOH pa60Tbi, cpopMY1IHpyiOTC.si QeJIU, CTaBHTCH 3a)J,a'IH 
pa60Tbi, CcpOpMyJiupOBaHbi Hay<IHaH HOBU3Ha U npaKTII'!eCKaH 3Ha'!IIMOCTb rrpe)J,CTaB
JUieMOH pa6oTbi. 

B 1IacTu I npiiBO)J,IITc.sr o63op HaytiHoii JIIITepazypbr rro n3y<IaeMoii npo6JieMe. 
IIepBaH rJiana nocB.sriQeHa KpaTKOMY o63opy H3BeCTHbiX cBoiicTB HeiiYpnHo. 

-Ha'!HHaeTC.H rJiaBa C KpaTKOrO U3JIO)KeHII.H IICTOpuu OTKpbiTII.H HeHYpHHO: OT Ka~IQe
roc.sr HapymeHu.sr 3Heprnu B cJia6brx pacna)J,ax .sr)J,ep, aJOTHoii KaTacYpocpbr, reHuaJib
Hoii )J,Ora)J,KH·IlayJIII 0 CYIQeCTBOBaHUU HeHYpiiHO )1,0 rrepBbiX OTKpbiTUH HeHYpUHO U 
aHTUHeHYpUHO 

- De - <1>. PaiinecoM u K. Koy3HOM; 
- vi-£ - JI. Jle)J,epManoM, M. IIIBapQeM u ~- IIITeiiH6eprepoM; 
- vT - KOJIJia6opaQueii DONUT. 

,ll;aJiee, Mbr KpaTKO u3JiaraeM ocHOBbi CTaH,napTHOii Mo)J,eJIII (CM), BKJIIO'!a.sr JiarpaH
)Kuau ,li;O U llOCJie CllOHTaHHOro HapymeHII.H CIIMMeTpuu. Ba)KHOH '!aCTbiO JiarpaH
)KifaHa CM HBJUIIOTc.sr '!JieHbi, OTBe'!aiOIQne IOKaBCKOMY B3anMo)J,eiicTBIIIO, B KOTO-

/ 
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pbiX JieBo-KUpaJibHbie SU(2) )J.y6JieTbi B3auMo)J,eiiCTBYIOT c npaBo-KupaJibHbiMu CIIH
rJieTHbiMU nomrMu u noJieM Xurrca. B pe3yJibTaTe )J,uaronaJiu3aQuii 3TIIX, B o6IQeM 
He)J,IIaroHaJibHbiX 'IJieHOB B3aUMO)J,eHCTBU.si, llO.HBJUIIOTC.si YHIITapHbie MaYpiiQbi CMe
illUBaHmi: Ka6u66o-Ko6a.srmu-MacKaBa (KKM) )J,JUI KBapKoB u IIonTeKopBo-MaKU
HaKaraBa-CaKaTa (IIMHC) )J,Jlli JienTOHOB, onpe)J,eJUIIOIQne unTeHCIIBHOCTb B3auMo
)J,eiicTBnii llOJieii U3 pa3HbiX )J,y6JieTOB C 3ap.sr)KeHHbiMU w± 6030HaMII. 

Ba)l(HeiimuM cJie)J,CTBneM cyiQeCTBoBanu.sr TaKux ne)J,uaronaJibHbiX MaYpnQ 
CMeillUBaHH.sr .siBJllleTCjr 6oraTa.sr TeOpeTui,recKUMU U 3KCnepuMeHTaJibHbiMII UCCJie)J,O
BaHU.H cpJI3iiBopna.sr cpu3nKa nJiu cpu3uKa apoMaTOB. B~biM npuMepoM TaKoii cpu3uKu 
OKa3biBaiOTC.H HeiimpUHHble OClfWIJl.RlfUU, IICCJie)J,OBaHUIO KOTOpbiX C TeOpeTu'leCKOH U 
3KcnepuMeHTaJibHoii cTopoHbi nocB.sriQeHbi tiacTu II, III nacTO.sriQeii )J,nccepTaQIIII. 

,lJ;aJiee Mbl Ha Ka'!eCTBeHHOM ypoBHe 06CJ)K)),aeM 3cpcpeKTbi HeiiTpHHHbiX OCQHJI
JI.HQUH B BaKy)'Me U BeiQeCTBe, HJIJIIOCYpHpy.sr UX 3KCnepuMeHTaJibHbiM MaTepiiaJIOM. 

3aTeM Mbi o6cJ)K)J.aeM Bonpoc o 'IHCJie noKoJieHuii neiiYpnHO - KaKue 3Kcne
puMeHTaJibHbre n3Mepenu.sr lJYBCTBnTeJibHbi K 3Toii BeJin'lnHe. HecMOYp.sr na To, 'ITO 
)J,aHHbre 3KcnepuMeHTOB na LEP II pe3yJibTaThr aHaJiu3a KOCMOJiorii'!ecKux Ha6JIIO
)J,eHIIii COrJiaCyiOTC.H C YpeM.H llOKOJieHmiMII HeHYpUHO, Mbl OCTaBJI.HeM B03MO)KHOCTb 
cyiQeCTBOBaHU.H cmepU!lbH020 HeHYpUHO, KOTOpyiO Mbl 06CJ)K)),aeM B rJiaBe 2. 

Bonpoc o cymecTBYIOIQux orpaHu'!eHu.srx Ha Macey HeiiTpnHo o6cJ)K)J.aeTc.sr B 
cJie)J,yiOIQeM pa3)J,eJie; Ilp.srMbie n3MepeHu.sr B Jia6opaTOpuu u KOCMOJiorutiecKue )J,aH
Hbie ll03BOJI.HIOT orpaHU'IUTb Macey HeiiTpHHO CBepxy. 06HapJ)KeHue HeHYpUHHbiX 
OCQUJIJUIQUH II U3MepeHIIe COOTBeTCTBYIOIQUX 3Ha'!eHIIH .6.m~1 , .6.m51 ll03BOJI.HIOT 
ycTanoBnTb rpaHuey Ha Macey HeiiT]:luno CHn3y. TaKnM o6pa3oM, OKa3biBaeTc.sr; 'ITO 
Macca HeHYpiiHO orpaHII'!eHa CHH3Y U CBepxy B )J,OCTaTO'IHO Y3KOM )J,Ualla30He. 

HaKoHeQ, Mbi 3aBepmaeM o63op H3BeCTHbiX cBoiicTB neiiYpnHo o6CJ)K)J,eHneM 
cyiQeCTBYIOIQUX orpaHH'!eHUH Ha IIX MarHUTHbie MOMeHTbi. 

BTopaH rJiaBa nocmriQeHa TeKJIQHM OTKpbiTbiM BonpocaM B cpu3uKe HeiiYpu
HO. HeCMOYp.si Ha 6oJiee '!eM IIOJIYBeKOByiO UCTOpuiO u3y'!eHH.sr CBOHCTB HeHYpiiHO, 
eCTb eiQe pH)), BOIIpOCOB, Ha KOTOpbie IIOKa HeT OTBeTa. BoT JIUillb HeKOTOpbie II3 HUX. 

- qeMy paBHa Macca caMoro JierKoro neiiYpimo? 
- KaKoBa uepapxu.sr Mace HeiiTpnHo? 
- Omn'IHa Jiu OT HYJIH cpa3a 8, OTBeTCTBen~a.sr 3a napymeHue CP-'IeTHOCTn? 
- KaKOB 3HaK COS 2(}23 (IIJIII OKTaHT, B KOTOpOM Jie)KIIT yroJI (}23 ), 'ITO Ba)KHO 

)J,JI.sr H3MepeHu.sr uepapxuu Mace HeiiTpnHo? 
- 5IBmreTc.sr Jin HeiiYpiiHO 'laCTnQeii ,ZJ;upaKa uJiu MaiiopaHa? 
- CyiQeCTBYeT JIU CTepUJibHOe HeHYpHHO? 
- EcTb Jiu y HeiiYpnHo "HeCTaH)J,apTHbie" CBOHCTBa? 
- KaKOBbi nCTO'IHIIKU aCYpocpu3u'!eCKUX neiiYpnHo cBepXBbiCOKux 3Hepruii 

OTKpbiTbiX B 3KCnepuMeHTe IceCube? 
- KaK o6HapJ)KnTb peJiuKTOBbie neiiYpuno? 

IlOMUMO U3y<IeHH.sr cpH3U'!eCKUX CBOHCTB HeHYpUHO B ClleQUaJIU3UpOBaHHbiX 3KClle
puMeHTax, B IIOCJie)J,Hee BpeM.sr Ha nepBbiH llJiaH BbiXO)J,UT UCIIOJib30BaHUe HeHYpUHO 
B CMe)l(HbiX 06JiaCT.HX HayK, B '!aCTHOCTII )J,Jlli U3y<IeHH.sr XUMU'!eCKOro COCTaBa 3eMJIU, 
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B CBH3II C 'leM B nocne,n;Hee ,n;eCHTIIneTIIe aKTIIBHO cpopMI1pyeTCH HOBaH ofinaCTh Hay
KII - HeiiTpiiHHa»: reocpi13IIKa. Ollm,n;aeTc»:, 'ITO HOBOe noKoneHIIe HeiiTpiiHHhiX Tene
cKonoB, KpOMe perneHIIH CBOIIX OCHOBHhiX 3a,ll;a'l ( OfiHap)')KeHIIe IICTO'IHIIKOB, IICCne
,ll;OBaHIIe IlepapXIIII Mace II T.,n;.) CMO'/KeT OCy~QeCTBnHTh "HellipiiHHYIO TOMOrpacpiiiO" 
3eMnii C nOMO!QhiO aTMOCcpepHhiX HellipiiHO, 'ITO fiy,n;eT COBeprneHHO HOBhiM rnaroM 
B HarneM noHIIMaHIIII ee CTPYKTYPhi. 

3KCnepi1MeHThi no IICCne,n;OBaHIIIO COnHe'IHhiX HeiiTpiiHO B nocne,n;Hee ,n;eCHTII
neTIIe TaiOKe nepeHeCnii cpOJ<YC C II3Y1:JeHIIH CBORCTB HeRTpiiHO Ha IICCne,n;oBaHIIe C IIX 
noMO!QhiO npm~eccoB, npoTeKaiOIQIIX BHYTPII ConHQa, II ero XIIMII'lecKoro cocrasa. 

HeKoTopa»: 'laCTh Il3 3TIIX BonpocoB o6c)')K.n:aeTc»: B 3Toii rnase. 
TeJ<YIQee COCTOHHIIe IICCne,n;oBaHIIll no np»:MOMY II3MepeHIIIO MaCChi HellipiiHO 

ofic)')K,ll;aeTCH B Ha'lane rnaBhl. 3KCnepi1MeHTOM cne,n;yiOIQero nOKOneHIIH C 'IYBCTBII
TenhHOCThiO K Macce HeRipiiHO Ha ypoBHe 0.2 3B »:Bn»:eTc»: ,n;eTeKTop KATRIN [1]. 
flpii 3TOM, ecnii Macca HeRipiiHO OKa)KeTCH 3aMeTHO OTnii'IHOll OT Hyn»:, B03MO)K
HO II ,ll;OCTaTO'IHO TO'IHOe II3MepeHIIe MaCChi: TO'IHOCTh II3MepeHIIH COCTaBIIT 5a npii 
mv = 0.35 3B, Ilnii 3a npii mv = 0.3 3B. CneKipoMeTp ,n;eTeKTopa nonHOCThiO 
CMOHTIIpOBaH, K nezy 2016 fiy,n;eT ycTaHOBneH IICTO'IHIIK II TpaHcnopTHaH CeKQIIH, TO
r,n;a )Ke Ha'IHYTCH TeCTOBhie 3anyCKII npii ManOR nnOTHOCTII. Haqano Ha6opa ,n;aHHhiX 
3annaHI1pOBaHO Ha 2017 ro,n;. . 

3aTeM 06C)')K,ll;aeTCH BOnpOC 0 MeTO,n;ax Onpe,n;eneHIIH IlepapXIIII MaCC Hellipii
HO. Mhl cpopMYniipyeM noCTaHOBJ<Y 3a,n;a'III II oficy)K,ll;aeM KaK MO)KHO onpe,n;eniiTh 
IlepapXIIIO Mace HellipiiHO 3KCnepi1MeHTaMII C OCQIInnHQIIHMII B BaJ<YYMe II C OCQIIn
nHQIIHMII B Be~QeCTBe. 

IlpiiMepoM nepsoro no,n;xo,n;a »:Bn»:IOTCH ,n;Ba 3Kcnepi1MeHTa JUNO [2] II REN0-
50 [3], KOTOphie nnaHIIpyiOT II3Mepi1Th IlepapXIIIO Mace HellipiiHO npii nOMOIQII peaK
TOpHbiX aHTIIHeRipiiHO. 3Kcnepi1MeHT JUNO 6y,n;eT IICnOnh30BaTh )KII,ll;KOCQIIHTIInnH
IIIIOHHhlll ,n;eTeKTop MaCCOll 20 KIInOTOHH, npocMaTpiiBaeMhlll II3HYTPII .D:BYMH ,n;eCHT
KaMII ThiCH'l <l>3Y. CneKTp aHTIIHeiiipiiHO OT peaKTopoB Mo,n;yniipyeTc»: HeiiTpiiHHhi
MII OCQIInnHQIIHMII c qacTOTaMII, 3a,n;aBaeMhiMII tlm~1 L I E-v II tlm~1 L I Ev, II 6y,n;eT 
3aBIICeTh OT IlepapXIIII MaCC HellipiiHO. lf3MepeHIIe IlepapXIIII MaCC B03MO)KH0 TOnh
KO npii xoporneM 3HepreTII'leCKOM pa3perneHIIII ,n;eTeKTopa, He X)')Ke 3% npii 1 M3B 
Bhl,n;eneHHoii 3Hepri1II. B Konna6opaQIIII JUNO C'IIITaiOT B03MO)KHhiM ,n;ocTII'lh Tpe-
6yeMoro 3HepreTII'leCKOro pa3perneHIIH. 

BTopoii MeTO,ll; IICnOnh3YeTCH B 3KCnepi1MeHTax C ycKOpiiTenhHbiMII HeiiTpiiHO, 
TaKIIMII KaK NOvA [4] (Ha6I1paeT ,n;aHHhie), DUNE (B CTa,ll;IIII no,n;rOTOBKI1)1 [5] II 
T2HK. [6; 7], KOTOphie IICnOnh3YIOT OCQIInnHQIIII HeRipiiHO II aHTIIHeRipiiHO B Be
IQeCTBe ,n;n»: onpe,n;eneHIIH Ilepapxiiii Mace HeiiTpiiHO. B 3TIIX 3Kcnepi1MeHTax Ha6niO
.n;aiOT nO»:BneHIIe 3neKipOHHhiX (aHTII)HellipiiHO B nY1:JKe MIOOHHhiX (aHTII)HellipiiHO 
Ha 6onhrnOM paccro»:HUII oT IICTO'IHIIKa. TaK KaK ocHOBHoii nYTh HeiiipiiHO npoxo
,n;m 'Iepe3 3eMniO, Bepo»:THOCTh nepexo,n;a HeiiipiiHO onpe,n;eneHHhiX 3Hepmii MO,n;II
cpiiQIIpyeTc»: 3a C'leT BniiHHIIH Be~QeCTBa. Ha Ka'leCTBeHHOM ypoBHe 3cpcpeKT Be~QeCTBa 
MO)KHO npe,n;cTaBIITh ce6e cne,n;yiOIQIIM o6pa3oM. 3neKipOHHOe HeiiTpiiHO B Be~QeCTBe 

1paHeeLBNE 
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CTaHOBIITCH "TH)Kenee" II Ha BhiXO,n;e ll3 Be~QeCTBa C fionce BhiCOKOll BepOHTHOCThiO 
OKU)KeTCH B COCTOHHIIII V 7 ,ll;nH HOpManhHOll IlepapXIIII MaCe IInii B COCTOHHIIII VJL ,n;nH 

o6paTHoii Ilepapxiiii. 

TaK)Ke IlepapxiiiO Mace HeiiipHHO MO)KHO 6y,n;eT onpe,n;eniiTh B 3Kcne
pi1MeHTax c aTMoccpepHhiMII HeiiipiiHO, TaKIIX KaK PINGU [8] II ORCA [9], 
HyperKan~iokaNDE [6; 10], INO [11]. KocMonomqecKIIe II3MepeHIIH TaiOKe IIMeiOT. 
'IYBCTBIITeJihHOCTh K IlepapXIIII Mace He!!IpiiHO. 

3aTeM, B rnaBe 06C)')K,ll;aiOTCH MeTO,ll;hl 3KCnepi1MeHTOB, nnaHIIpyiOIQIIX onpe
,n;eneHIIe cpa3hi 15, OTBeTCTBeHHoii 3a HapyrneHIIe CP-'leTHOCTII. li3 3Kcnepi1MeHTOB, 
Ha6I1paiOIQIIX ,n;aHHhie cero,n;HH, TOnhKO NOvA II T2K 'IYBCTBIITenhHhi K Hapyrne
HIIIO CP IIHBapiiaHTHOCTII. Haii6onhrneii 'IYBCTBIITenhHOCTbiO K 15 6y,ll;YT o6na,n;aTh 
3Kcnepi1MeHThi T2HK [6; 7] II DUNE [12]. HyperKan~iokaNDE - ,n;anhHIIR BO,n;Ho
qepeHKOBCKIIii ,ll;eTeKTOp 3KCnepi1MeHTa "T2HK, fiy,n;eT pacnonO)KeH Ha paCCTOHHIIII 
295 KM oT ycKOpiiTenhHoro KOMnneKca JPARC. ,nanhHIIii ,n;eTeKTop DUNE, npe,n;cTas
nHIOIQIIR cofioii BpeMH-npoe~IIOHHYIO KaMepy C )KII,ll;KIIM aproHOM, 6y,n;eT pacnono
)KeH Ha paccTOHHIIII 1300 KM OT ycKOpiiTen»: B na6opaTOpi1I1IIMeHH <l>epMII. IIepBhie 
pe3ynhTaThi O)KII,ll;aiOTCH B 2025-2030 ro,n;ax. 

,nanee, Mhi o6c)')K.n:aeM cpi13IIKY 6e3HeiiTpi1HHoro ,n;BoiiHoro 6eTa-pacna,n;a, ,n;o
CTIIrHYThie pe3ynhTaThi II nepcneKTIIBhi Ilccne,n;oBaHIIR. Cne,n;yiOIQee noKoneHIIe 3KC
nepi1MeHTOB 6y,n;eT qyBCTBIITenhHO K MaoiipaHoBcKoii npi1po,n;e HeiiTpiiHO .D:nH o6paT
HOR Ilepapxiiii. 1Jm6hi o6Hap~Th o6paTHhiii 6eTa-pacna,n; II B cnyqae HOpManhHoii 
IlepapXIIII Mace, nOipefiyeTCH ysen~'leHIIe 'IYBCTBIITenhHOCTII 3TIIX 3KCnepi1MeHTOB 
e~Qe B ,n;ec»:Th pa3. Ecnii )Ke II B cnyqae HopManhHOii Ilepaxiiii Mace Ovj3j3-pacna,n; He 
fiy,n;eT OfiHap)')KeH, TO 3TO fiy,n;eT CIInhHhiM YKa3aHIIeM B nonh3Y TOro, 'ITO HeRipiiHO 
HBn»:eTCH 'laCTIIQell ,niipaKa. 

B cne,n;yiOIQeM pa3,n;ene Mhi o6c)')K.n:aeM O'leHh "rop»:qyiO" B nocne,n;Hee spe
MH TeMy cTepiinhHhiX HeiiTpiiHO. Mhi no,n;po6Ho ocTaHaBniiBaeMc»: Ha TOM, 'ITO no 
HarneMy MHeHIIIO MO)KeT npe,n;CTaBnHTh COfiOIO CTepiinhHOe HeRipiiHO, nOCKOnhJ<Y B 
niiTepazype Ha 3TY TeMy cy~QeCTBYeT onpe,n;eneHHa»: nYTaHIIQa. ,nanee, o6c)')K.n:aiOT
c»: TeJ<YIQIIe II fiy,n;yiQIIe 3KCnepi1MeHThl, KOTOphie nii60 nO,ll;TBep,n;HT cy~QeCTBOBaHIIe 
CTepiinhHhiX HeiiTpiiHO C MaCCOll noy»:,n;Ka 0.1-1 3B, niifiO IICKniO'laT TaJ<YIO B03MO)K
HOCTh. 

Cne,n;yiOIQeii TeMoii Harnero o63opa »:Bn»:eTc»: npo6neMa conHe'IHoii MeTannii'l
HOCTII II CNO IIIIKn. Ilocne Ha,n;e)KHOro o6Hap)')KeHIIH conHe'IHhiX HeiiipiiHO oT pa3-
HhiX »:,n;epHhiX peaKQIIii, npOTeKaiOIQIIX B ConHQe, a TaK)Ke o6Hap)')KeHIIH IIX ocQIInn»:
IIIIii, cpOJ<YC IICCne,n;OBaHIIll CMe~QaeTCH Ha npeQII3IIOHHhie II3MepeHIIH, TaKIIe KaK II3Y
qeHIIe MeXaHII3MOB reHepaQIIII 3Hepriiii B MaCCIIBHhiX 3Be3,n;ax. Pa3nii'IHhie CQeHapiiii 
ropeHIIH MepHoro TonniiBa B ConHQe npe,n;cKa3hiBaiOT pa3HYIO creneHh MeTannii'l
HOCTII ( CO,n;ep)KaHIIH BCeX 3neMeHTOB TH)Kenee reniiH) ConHQa II BapiiaQIIIO BKna,n;a OT 
CNO IIIIKna. 

,nanee, Mhl 06C)')K,ll;aeM peBOniOQIIOHHOe OTKpbiTIIe KOnnafiopaQIIeif JceCube 
HeRipiiHO OT aCipOcpi13II'leCKIIX IICTO'IHIIKOB [13; 14], 'ITO npii,n;anO OrpOMHhlll IIM
nynhC B pa3BepihiBaHIIII HOBhiX HeiiipiiHHhiX TenecKonoB cne,n;yiOIQero noKoneHII»:: 
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IceCube, KM3NET, BAIKAL GVD. C noMomhiO pa3BeP'fbiBaeMbiX ycmHoBoK Mbi 

nnaHIIpyeM HallTII IICTO'IHIIKII aCTpO!lJII3II'IeCKIIX HellTpiiHO CBepXBbiCOKIIX :mepmii 

II TIOHflh liX npiipo;zy. 

HaKoHeii, maBa 3aBepmaeTcH o6c)')KLieHIIeM pe3yJihTaTOB II nepcneKTIIB HOBoii 

o6naCTII IICCJie,n:OBaHIIll- HeiiTpiiHHOll reo<l:>II3IIKII, pO,n:IIBmeiiCH TIOCJie 06Hap)')KeHIIH 

reoHeiiTpiiHO Konna6opaiiiiHMII KamLAND [15] II BOREXINO [16]. 
qaCTb II TIOCBHmeHa pa3pa60TKe KBaHTOBO-TIOJieBoro no,n:xo,n:a K OTIIICaHIIIO 

HeiiTpiiHHbiX OCIIIIJIJIHIIIIll. 

TpeThH rJiaBa HBJIHeTCH BBe,n:eHIIeM B KBaHTOBOMexaHII'IeCeyiO TeOpiiiO OCIIIIJI

JIHIIIIll HeiiTpiiHO B TIJIOCKOBOJIHOBOM npii6JIIIJKeHIIII II B MO,n:eJIII BOJIHOBOrO naKeTa. 

B rJI~Be o6cyJK.n:aiOTCH 6a30Bbie KBaHTOBOMeXaHII'IeCKIIe TIOHHTIIH: KBaHTOBbie COCTO

HHIIH, IIX npe,n:CTaBJieHIIH B IIMTIYJibCHOM II KOOp,n:IIHaTHOM npOCTpaHCTBax, COOTBeT

CTByiOmiie BOJIHOBbie <l>YHKIIIIII. 06CyJK.n:aiOTCH TeOpiiii HeiiTpiiHHbiX OCIIIIJIJIHIIIIll B 

BaeyyMe II BemecTBe B TIJIOCKOBOJIHOBOM npii6JIIIJKeHIIII. BBO.D:HTCH OCHOBHbie TIOHH

TIIH II ,n:aiOTCH Ka'IeCTBeHHbie 06oHCHeHIIH TIOJIYlJeHHbiX pe3yJibTaTOB. 3aTeM, Mbl Kpii

TII'IeCKII o6CyJK.n:aeM BCe riiTIOTe3bl II npii6JIIIJKeHIIH, IICTIOJib3ye_Mbie npii BbiBO,n:e TeO

piiii HeiiTpiiHHbiX OCIIIIJIJIHIIIIii B nnocKOBOJIHOBOM npii6JIIIJKeHIIII. TaKIIX riiTIOTe3 II 

npii6JIIIJKeHIIll OKa3biBaeTCH TIHTb. BbUICHHTCH, 'ITO TOJibKO O.D:HO npii6JIIIJKeHIIe (IV) 

0 TOM, 'ITO HeiiTpiiHO HBJIHIOTCH YJibTpapeJIHTIIBIICTCKIIMII, He Bbl3biBaeT B03paJKeHIIll 

npii OTIIICaHIIII ,n:aHHbiX COBpeMeHHbiX 3KCTiepiiMeHTOB, HapymMCb, BTipO'IeM, .D:JIH pe

JIIIKTOBbiX HeiiTpiiHO. Bee ocTaJibHbie riinOTe3hi 

- JIII60 He<l:>II3II'IHbi: riiTIOTe3a (II) 0 TOM, 'ITO COCTOHHIIH I vi) o6na,n:aiOT onpe

,n:eneHHbiMII IIMnynhCaMII Pi. 'ITO 03Ha'IaeT nonHOCThiO .n:enoKaJIII30BaHHhie 

COCTOHHIIH B npOCTpaHCTBe, He TI03BOJIHIOmiie BBeCTII TIOHHTIIe paCCTOHHIIH 

MeJK,n:y IICTO'IHIIKOM II ,n:eTeKTOpoM; riiTIOTe3a (III) 0 TOM, 'ITO BCe IIMTIYJibCbi 

Pi o,n:IIHaKOBhi (p; = p ), 'ITO npoTIIBope'IIIT penHTIIBIICTCKoii IIHBapiiaHTHO

CTII, 

- JIII60 Tpe6yiOT KOJIII'IeCTBeHHOrD 060CHOBaHIIH: riiTIOTe3a (I) 0 TOM, 'ITO B 

npOIIeCCax poJK,n:eHIIH II ,n:eTeKTIIpOBaHIIH HellTpiiHO B3aiiMO,n:eiiCTByeT KOre

peHTHaH cynepTI03IIIIIIH COCTOHHIIll C onpe,n:eneHHOll MaCCOll mi (i = 1,2,3) 

Iva) = Li V,C:;Iv;), 
- JIII60 He060CHOBaHHbi: riiTIOTe3a (V) 0 TOM, 'ITO BpeMH pacnpOCTpaHeHIIH 

HeiiTpiiHO cne;zyeT npiipaBHHTb paCCTOHHIIIO MeJK,n:y IICTO'IHIIKOM II ,n:eTeK

TOpOM. 

TaKIIM o6pa3oM, HeCMOTpH Ha 3Ha'IIITenbHhiii ycnex nnocKOBOJIHOBoii Teopiiii Heii

TpiiHHbiX OCIIIIJIJIHIIIIii npii onilcaHIIII 3KcnepiiMeHTaJibHbiX ,n:aHHbiX, 3Ta TeopiiH 

HenonHa II BHYTpeHHe npoTIIBope'IIIBa. KoppeKTHoe paccMoTpeHIIe HeiiTpiiHHbiX oc

IIIIJIJIHIIIIii Tpe6ycr Bhixo.n:a 3a paMKII nnocKOBOJIHOBoro npii6JIIIJKeHIIH. O,n:HIIM II3 

TaKIIX B03MOJKHbiX pacmiipeHIIll HBJIHeTCH MO,n:eJib BOJIHOBOro naKeTa. B 3TOll rJiaBe 

06CyJK.n:aeTCH BOJIHOBOll naKeT, ero o6miie CBOllCTBa. B 'IaCTHOCTII, BOCTipOII3BO,n:HT

CH TaKIIe II3BeCTHbie CBOllCTBa BOJIHOBOro naKeTa, 'ITO cpe,n:HHH KOOp,n:IIHaTa KBaHTO

BOro BOJIHOBOro TiaKeTa cne;zyeT KJiaCCII'IeCKOll TpaeKTOpiiii, a TaKJKe o6miiii 3aKOH 

P[lCTIJihiBaHIIH BOJIHOBOro naKeTa B KoH<l:>IIrypaiiiiOHHOM npocTpaHCTBe. HoBhiM pe-
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3YJibTaTOM aBTOpa B TeOpiiii BOJIHOBbiX naKeTOB HBJIHeTCH ,n:OKa3aTeJibCTBO TOro, 'ITO 

paCTIJibiBaHIIe BOJIHOBOro naKeTa npiiBO.D:IIT K 3aKOHY o6paTHbiX KBa,n:paTOB"' 1/l:z:l2 

,n:JIH BepOHTHOCTII 06Hap)')KeHIIH COCTOHHIIH Ha paCCTOHHIIII X OT IICTO'IHIIKa 3a 6ec

KOHe'IHO 60JiblliOe BpeMH Ha6niO,n:eHIIH. 3TO JTBepJK,n:eHIIe .D:OKa3aHO .li:BJMX o6miiMII 

cnoco6aMII, a TaKJKe npo,n:eMOHCTpiipoBaHo HBHO .D:JIH npiiMepa rayccoBa BOJIHOBoro 

naKeTa. 

HaKOHeii, B MO,n:eJIII HeKOBapiiaHTHOro rayccoBa BOJIHOBOro naKeTa TIOCTpOe

Ha TeOpiiH OCIIIIJIJIHIIIIll HellTpiiHO. Ilp"e,n:JIOJKeH KOppeKTHblll CTIOC06 ,n:JIH TIOJIYlJe

HIIH <l:>OPMYJibl BepOHTHOCTII OCIIIIJIJIHIIIIll HellTpiiHO nocpe,n:CTBOM MaKpOCKOTIII'IeCKO

ro ycpe,n:HeHIIH KBa,n:paTa Mo;zyJIH aMTIJIIITY.D:hi nepexo.n:a. B IITOre, nony'IeHa o6maH 

<PopMyna ,n:JIH BepOHTHOCTII OCIIIIJIJIHIIIIll, KOTOpaH 3aBIICIIT OT 'IeTbipex BeJIII'IIIH pa3-

MepHOCTII ,n:JIIIHbi: 

- ,n:niiHbi OCIIIIJIJIHIIIIii L'J8
/, 

- ,n:niiHbi KorepeHTHOCTII Li'!/• 
- .n:niiHbi ,n:IIcnepciiii Lti' 
- 3<P<PeKTIIBHOrO npOCTpaHCTBeHHOro pa3Mepa BOJIHOBOro naKeTa HeiiTpiiHO 

ax. 
HanpiiMep, .n:nx BepoHTHOCTII BbiJKIIBaHIIH 3JieKTpOHHoro HeiiTpiiHO, o6maH <PopMyna 

npiiHIIMaeT cne.n:yiOmiiii BII,n:: 

1-Pee= 

(L/L2of)2 2 

( 
d )2 -8ll21 

1 ( e 1+ L/L21 ) 
- sin

2 2012 cos
4 

813 1 - · . cos ( <p21 + <p~ 1 ) 2 {/1 + (L/L~1 ) 2 
(L/L~OW 8ll2 

( 

l+(L/Ld )2 31 ) 1 2 • 2 e 31 d 
+-cos 8 12 sm 2813 1- cos (<p31 + <p31 ) 

2 {/1+(L/L~1 ) 2 
(1) 

( L/ L~o~)2 8ll2 
- ( d )2 32 

1 ( e 1+ L/L32 ) 
+ - sin

2 
812 sin

2 
2813 1 - cos ( 'P32 + <p~2 ) • 2 . {/1 + (L/L~2) 2 

ct>opMyna npe,n:CKa3hiBaeT: 

- IloTepiO KOrepeHTHOCTII .D:JIH napbl COCTOHHIIll Vi II Vj Ha paCCTOHHIIHX, npe

BbilliaiOmiiX L » Li'l. B pe3yJihTaTe, BepoxHOCTh OCIIIIJIJIHIIIIii cBo,n:IITCH K 

HeKorepeHTHoii CYMMe Paf3 = Lk 1Vaki2 1Vf3kl2 , KOTOpaH He 3aBIICIIT HII OT 

3Hepriiii, HII OT paCCTOHHIIH. 

- HeKorepeHTHoe poJK,n:eHIIe IIJIII .n:creKTIIpoBaHIIe HeiiTpiiHO, 'ITO onpe,n:eJIH-

eTCH <l:>aKTOpOM exp [-!f6'lj] = exp [-1/4 (.6.m%j/am2.r]. r,n:e am2 = 

2,J2.pap, CCJIII .6.m~j » am2· IfMeHHO 3TOT <l:>aKTOp ,n:aeT o6oHCHCHIIe TO

My, TIO'ICMY He OCIIIIJIJIIIpyiOT 3apxiKeHHbie JICTITOHbi. 
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- IIorrpanKn K ¢:ne OCU:IIJIJIHIJ;IIii 3a cqeT :>¢¢eKTa .nncrrepcun BOJIIIonoro rra

KCTa HeiiTpHHO. 

- lJ:aCTUqHylO KOMIIeHCaU:HlO IIOTepn KOrepeHTHOCTII ,l:{JIH rrapbl COCTOHHIIll Vi 

II Vj 3a CqCT paCIIJibiBaHHH BOJIHOBOrO IIaKeTa. 

- .[{OIIOJIHHTeJibHOe IIO,l:{aBJieHne IIHTep!lJepeHU:IIOHHbiX qJieHOB 3a cqeT !lJaKTO-

( 2) -1/4 
pon nn.na 1 + ( L/ L%i) 

B mane rrpnno.nnTcH KaqecTBeHHoe o6c)')K.LleHne rronyqeHHbiX pe3yJihTaTon. HaKoHeu:, 

Mbl o6c)')K.LlaeM KaKne II3 riiiiOTe3 (1-V) OKa3aJIIICb CIIpaBe,LlJIIIBbiMII, a KaKIIe Hapy

rneHHbiMII. BbiHCHIIJIOCb, qTo rHIIOTe3a (IV) He Bbl3biBaeT B03pmKeHIIll IIpii OIIIICaHIIII 

,naHHbiX conpeMeHHbiX 3KcrrepiiMeHTOB. IIpe,ncTaBJieHHM Mo,neJib He rrpoTIIBopeqiiT 

riiiiOTe3e (Ill) 0 TOM, qTo BCe IIMIIYJibCbl Pi O,LliiHaKOBbl (pi = p ), qTQ CBH3aHO C HeKO

BapiiaHTHbiM rro.nxo,noM. OcTaJibHbie TPII riiiiOTe3bi HapyrnaiOTCH. 

HeCMOTPH Ha TO, qTQ 06C)')K,LlaeMaH TeOpiiH HellTPIIHHbiX OCU:IIJIJIHU:IIll B MO,ne

JIII BOJIHOBOro IIaKeTa, rrpe,nJIO)J(eHHaH TaK)J(e II B ,npymx pa6oTax ( O,l:{HaKO, B Harneif 

pa60Te rrocne.nonaTeJihHO yqTeHhi 3¢¢eKThi ,niicrrepCIIII BOJIHO!loro rraKeTa), ycrrernHo 

crrpaBJIHeTCH C KOHU:eiiryaJibHbiMII IIp06JieMaMII IIJIOCKOBOJIHOBOrO IIO,l:{XO,na, ORa BCe 

)J(e ocTaBJIHCT qyncTBO Hey.nonneTnopeHHOCTII. Bo-rrepBbiX, paccMOTPeHHM Mo,neJib 

HeKOBapiiaHTHa, qTO He HBJIHeTCH Y.LlOBJieTBOpiiTeJibHbiM IIpii OIIIICaHIIII peJIHTIIBIICT

CKIIX HeiiTPIIHO. YK:naHIIeM Ha 3TY TPY.LlHOCTb HBJIHeTcH To, qTo p:nBIITM Mo,neJih co

macyCTcH c riiiiOTe3oii o TOM, qTo nee IIMIIYJibCbi Pi o,niiHaKOBbi, qTo rrpOTIIBopeqiiT 

peJIHTIIBIICTCKoii IIHBapiiaHTHOCTII. Bo-nTopbiX, II 3TO caMoe manHoe, HaM rrpiirnJIOCb 

IIOCTYJIIIpOBaTb, qTO COCTOHHIIe HeifTpiiHO OIIIICbiBaeTCH BOJIHOBbiM IIaKeTOM C ,l:{IIC

rrepCIIeif IIMIIYJibCa, KOTopyiO Mbl B paMKax ,naHHOll MO,LleJIII HIIKaK He MO)J(eM oxapaK

Tepii30BaTb KOJIIIqeCTBeHHO. )KeJiaTeJibHO p:npa60TaTb TeopeTIIqeceyiO CXeMy, KOTO

paH 06Jia,naJia 6bi HBHOll KOBapiiaHTHOCTblO, II IIpii 3TOM, He IIOCTYJIIIpOBaJia HBHOrO 

BII,Lla BOJIHOBOll lPYHKU:IIII HeiiTpiiHO. 3TO HBJIHeTCH rrporpaMMOll ,neifCTBIIll ,l:{JIH ,nnyx 

IIOCJie,nyiOiu;IIX maB. 

qeTBepTaH rJiaBa IIOCBHiu;eHa pa3BIITIIIO TeOpiiii peJIHTIIBIICTCKOrO BOJIHOBOro 

IIaKCTa B KBaHTOBOll TeOpiiii IIOJIH. rnaBa HaqiiHaeTCH C pa3BIITIIH TeOpiiii peJIHTIIBIICT

CKOro BOJIHOBOro IIaKCTa. BBOMTCH He06XO,l:{IIMbie orrpe,neJieHIIH II ycTaHaBJIIIBalOTCH 

TpaHc!lJopMaU:IIOHHble CBOllCTBa COCTOHHIIH BOJIHOBOrO rraKeTa KaK KOrepeHTHOll cy

rrepii03IIU:IIII lPOKOBCKIIX COCTOHHIIll lk,s), r,ne k- 3-IIMIIYJibC, S- rrpoeKU:IIH CIIIIHa. 

-Bee ¢oKOBCKIIX cocTOHHIIii orrpe.nenHeTCH ¢opM-¢aKTopoM ¢( k,p ), r.ne p- cpe,nHIIii 

TPeXMepHbiii IIMrryJibc BOJIHonoro rraKeTa. YcTaHaBJIIIBaiOTCH o6Iu;IIe cnoiicTna CIIM

M~IIII BOJIHOBOro IIaKeTa. Orrpe,neJIHIOTCH ero OCHOBHbie xapaKTepiiCTIIKII TaKIIe KaK 

cpe,nHIIii 4-HMIIYJibc, II cpe.nHHH 3-Koop,niiHaTa. TaK)J(e KaK B KBaHTOBOMexaHIIqecKoM 

CJiyqae, Mbl HaxO,l:{IIM, qTo B cpe,nHeM peJIHTIIBIICTCKIIll BOJIHOBOll IIaKeT CJie.nyeT KJiaC

CIIqeCKOll TPaeKTopiiii. 

Mbi ¢opMyJIIIpyeM npUHlfUn coomeemcmeUR, rrpii IICIIOJib30BaHIIII KOTOporo n 

IIJIOCKOBOJIHOBOM rrpe,neJie cp(k,p) -7 (27r)32EpJ3(k- p), qTQ C TOqHOCTbiO ,l:{O IIO

CTOHHHOro MHO)J(IITeJIH IIpeBpamaeT COCTOHHIIe BOJIHOBOro TiaKCTa B lPOKOBCKOe CO

STOHHIIe c onpe.neneHHbiM IIMrryJibCOM. TaKIIM o6p:noM, p:nBIITYIO TeopiiiO y.no6-
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HO CpamnmaTb C TIJIOCKOBOJIHOBbiM npii6JIII)J(eHIIeM Ha Ka)J(,l:{OM mare BbJqiiCJieHIIll. 

IlpiiHU:IIII COOTBCTCTBIDI 3a,l:{aeT HaM HOpMIIpOBKY COCTOHHIDI BOJIHOBOro naKCTa. B CO

OTBCTCTBIIII CO CTaH,naPTHbiMII npaBIIJiaMII Mbl HaxO,l:{IIM peJIHTIIBIICTCKII IIHBapHaHT

HYIO ¢YHKD:IIIO, oniiCbiBaiOID:YIO BOJIHonoii naKCT B Koop,niiHaTHOM npOCTPaHCTBe. 3Ta 

lPYHKU:IDI '1/J(p,x) 6e3pa3MepHa, TI03TOMY ORa He jJBJIHeTCH HOpMIIpOBaHHOll BOJIHOBOll 

¢YHKU:Heii B Koop,niiHaTHOM npoCTPaHCTBe. 3TO no3BOJIHCT onpe,neJIIITb TPeXMepHbiii 

06'beM V(p), 3aHHMaeMblll BOJIHOBbiM naKCTOM, npeo6p:nyiOiu;IIllCjJ B COOTBCTCTBHII 

c peJIHTIIBIICTCKIIMII ¢opMynaMH. HopMIIponaHHM BOJIHOBM ¢YHKU:IIg B Koop,niiHaT

HOM npocTPaHCTBe, oqenii,nHo, '1/J(p,x) / .JV{P5. HaKoHeu:, yqHTbiBaiOTCH cniiHOBbie 

CTeTieHII CB060,Llbl BOJIHOBOro TiaKCTa, II lPOPMYJIHpyCTCH COCTOj{HHe peJIHTIIBIICTCKO

ro BOJIHOBOro TiaKCTa !lJepMIIOHa, C KOTOpbiM Mbl pa60TaeM ,l:{aJiee. 

ECJIII lPOKOBCKIIe COCTOHHIDI C pa3HbiMII HMTIYJibCaMH II npoeKU:HHMII CTIHHa Op

TOroHaJibHbi ,npyr ,npyry (q,slp,r) = 2Ep(27r)3J3 (p-q)8r8 , TO COCTOHHIDI BOJIHOBbiX 

naKCTOB nepeKpbiBaiOTCH KaK B IIMTIYJibCHOM, TaK II n Koop,nHHaTHOM npoCTPaHCTnax: 

(q,r,ylp,s,x) = 8sr'D(p,q; x- y), r.ne 'D(p,q; x- y)- nne,neHHaH HaMII nepecraHo

noqHaH JIOpeHU:-IIHBapHaHTHaH lPYHKU:IDI. 3Ta lPYHKD:IIH 6biCTPO y6biBaCT ,l:{JIH p =/= q 
HJIII X =/= y, O,l:{HaKO ORa, B 06Iu;eM, OTJIIIqHa OT HYJijJ. IJpH TIOMOiu;H nepecTaHOBoq

HOll lPYHKD:HH Mbl II3yqii.illl HOpMy MHOrOTiaKeTHOro COCTOHHIIH. ObiJia Haif,neHa 06-

Iu;aH !lJopMyJia HOpMbl COCTOHHIDI KaK Wur 6030HOB, TaK II ,l:{JIH !lJepMHOHOB. B pe)J(II

Me, KOr,Lla BOJIHOBbie naKeTbl CHJibHO nep,eceKaiOTCH B IIMTIYJibCHOM II KOOp,LliiHaTHOM 

IIpOCTpaHCTBaX, Mbl nonyqaeM XOpOlliO H3BeCTHblll TIJIOCKOBOJIHOBOll pe3yJibTaT, KO

TOpblll ecTb npoHnJieHne 3¢¢eKTOB 603eBcKoro npiiTH)J(eHIIH II npiiHU:Hrra IIaynii ,nJIH 

TO)J(,LleCTBeHHbiX 6030HOB II !lJepMIIOHOB, COOTBCTCTBeHHO. rop:n,no MeHee TpHBIIaJib

HbiM pe3yJibTaTOM OKa3aJIOCb TO: qTo 4JopMaJIII3M BOJIHOBbiX TiaKeTOB TIO,nTBep)J(,l:{aeT 

HHTYHTHBHbie O)J(H,l:{aHIIH TOro, qTo CB060,l:{Hble TO)J(,l:{eCTBeHHbie 6030Hbl (!lJepMIIOHbi) 

C O,LlHHaKOBbiMH HMTIYJibCaMH II O,l:{IIHaKOBbiMII npoeKU:IIHMII CIIIIHOB He KOH,LleHCHpy

IOTCH (MOryT npeKpaCHO COCyiu;eCTBOBaTb), eCJIII OHH p:n,neJieHbi ,l:{OCTaTOqHo 60Jib

lliHMII npOCTpaHCTBeHHO-BpeMeHHbiMH IIHTepnanaMII. 3TOT lPIIJHqeCKII np03paqHblll 

peJyJihTaT HeB03MO)J(HO noHHTb B paMKax nnocKOBOJIHonoro ¢opMaJIH3Ma KTII: 

.[{anee CTPOIITCH npOCTaH MO,l:{eJib peJIHTIIBIICTCKOrO rayccoBa TiaKeTa (PriJ). 3a

,naeTCH peJIHTUBHCTCKII IIHBapHaH~HaH lPYHKU:HH B rayCCOBOll !lJopMe 

21r2 ( EkEp - kp) 
¢(k,p) = <Pc(k,p) = a2KI(m2j2a2) exp 2a2 ' 

r.ne K1 (z) o6oJHaqaCT MO.LlHlPIIU:IIponaHHYIO ¢YHKU:HIO EecceJIH 3-ro po.na nopH,nKa 

1. HepeJIHTHBHCTCKHii npe.nen 3TOii ¢YHKU:IIH cno,nHTCH K xoporno HJBeCTHOMY rayc

coBOMY BOJIHOBOMY TiaKezy, IICTIOJib3yeMOMY BO MHOriiX ,npyrHX pa60Tax TIO Teopiiii 

ocu:nJIJIHU:IIii HeiiTPHHO. TaKIIM o6p:noM, Mbi 3aKJIIOqaeM, qTo TPa.LIHU:HOHHO ncnoJib-

3yeMaH lPYHKU:IDI raycca COOTBCTCTBYCT HepeJIHTIIBIICTCKOMY npn6JIH)J(eHIIIO. 3a,naB 

cp(k,p), Mbi BbJqHcJIHeM COOTBCTCTBYIOID:YIO KOOp,LliiHarnyiO lPYHKD:IIIO '1/J(p,x). BoJI

HOBOll naKCT B Koop,niiHaTHOM npe.ncranneHHH pacnJihiBaCTcH B npoCTPaHCTBe B co

OTBCTCTBIIII c o6meii Teopiieii. BbJqHCJIHCTCH nepecraHonoqHaH ¢YHKU:IIH. 
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CJie~IOIIIHM Ba:>KHhiM maroM HBJIHCTCH npn6JIH)KCHne nepacnJihiBaromerocH 

BOJIHOBoro naKCTa- cTa6nJihHOro peJIHTHBHCTCKoro rayccoBa naKCTa (CPill). Haii

~eHhl ToqHhiC ycJIOBHH npnMCHHMOCTll3TOro npn6JIH)KCHH:H. B paMKax 3Toro npn6Jin

)KCHIIH npoaHaJIH3npoBaHhi nOJiyqCHHhiC panee B 3Toii maBe ljJopMyJihi. B qacTHOCTH, 

OC06CHHO np03paqHhiM CTaJIH pC3JJibTaTbl ~JIH HOpMbi MHOronaKCTHOro COCTOHHHH 

II JCJIOBHH HenepeceqCHHH BOJIHOBhiX naKCTOB, npll KOTOpbiX nepCCTaCT "pa6oTaTh" 

cTaTHcTnKa E03e-3iinmTeiiHa n <l>epMn-,n:npaKa. 0QeHCHhi :JijJ<jJeKTHBHhle pa3Mephl, 

1\laCCa, HCOnpe~CJICHHOCTH 3HCprnn ll HMnyJinCa naKCTa. IlOJiyqCHhi TOqHhiC JCJIOBHH 

~JIH rpaHllQ npllMCHHMOCTll CPrrr. 

3aTCM, nOCTPOCHHM TCOpHH npHMCHHCTCH ~JIH onnCaHHH paCCCHHHH pCJIHTll

BllCTCKHX BOJIHOBhiX naKCTOB. BniqncJIHCTCH aMnJinry~a npon3BOJihHOro npoQecca 

a+ b ~ X B S-MaTPnqnoM ljJopMaJIH3Me KTII c BOJIHOBhiMll naKCTaMn. Haii~ena 

o6IIIM <jJopMyJia ~JIH eepmlmHocmu TaKoro npoQecca: 

dN = da L(lb x nl) = da L(O)e-(bxn)2 
/2CT;,ab. (2) 

r.n;e da- CTaH~apTHOC nJIOCKOBOJIHOBOC ceqeHHC, £(0) = 1/27];a;,ab- CBemUMOCmb 

paCCCHHllH ~BJX BOJIHOBhiX naKCTOB B onpe~CJICHHH, H:CnOJih3JCMOM B TCOpHll pacce

HHHH II JCKOpllTCJihHOH cpH3HKC. MHO:>KHTCJih e-(bxn)
2 

/
2CT;,,ab OTBeqaeT reOMCTPnqe

CKOMJ no~aBJICHHIO BCpOHTHOCTH B3aHMO~CHCTBHH ~BJX BOJIHOBhiX naKCTOB, pacce

HBaiOIIIllXCH C HCHJJICBbiM npHQCJihHhiM napaMCTPOM lb X nl, r~e b- npHQCJlhHhiH 

m!KTop, n = Vab/IVabl - C~llHHqHhiH BCKTOp B~OJih OTHOCllTCJihHOH CKOpOCTH Vab· 

a; ab = a; a +a; b- 31jJcpeKTHBHM npocTpaHCTBCHHM ~ncnepcnH o6JiaCTll nepeKphi

TH~ ~Byx r~JCCOB~IX BOJIHOBhiX naKCTOB C npOCTPaHCTBCHHhiMll ~ncnepCHHMll a; a II 

?";,b n npnQCJihHhiM napaMCTpOM lb x nl. BnepBhle 3TOT pe3yJinTaT 6nm noJiyq~H B 

pa60Te [17] c ncnoJih30BanneM ljJyHKQHll Bnmepa. B nameii pa6oTe 3TOT pe3yJinTaT 

nOJiyqCH B paMKax pa3BllTOro HaMH ljJopMaJIH3Ma KOBapnaHTHbiX BOJIHOBhiX naKCTOB. 

MaKpocKonnqecKoe ycpe~Henne BepoHTHOCTn B3anMo~eiicTBHH CTaJIKH:BaiO

IIIHXCH naKCTOB no npllQCJihHOMJ napaMCTPY npllBO~llT K CTaH~aPTHOH ljJopMyJie 

dN ~ da L, r~e CBCTHMOCTh L onpe~CJIHCTCH 3cpcpeKTHBHhiMH npocTPaHCTBCHHhiMH 

~HCnCpCHHMll BOJIHOBhiX naKCTOB H nyqKOB qaCTHQ a ll b. 
rJiaBa 3aBCpiiiaCTCH ~OKa3aTCJihCTBOM JiopCHQ-llHBapnaHTHOCTll npHQCJihHOro 

napaMeTpa lb x nl. 
IIHT3H rJiaBa nOCBHIIICHa pa3BHTHIO KBaHTOBO-nOJICBOH TCOpHH OCQllJIJIHQHH 

ileiiTPHHo B Mo~eJin c pcJIHTHBHCTCKHM BOJIHOBhiM naKCTOM. IIocTpoenne KBaHTOBo

noJieBoii TCOpHH HCHTPHHHhiX OCQHJIJIHQHH HaqnHaCTCH C BhNHCJICHHH OCHOBHhiX 

CTpOHTCJihHhiX 6JIOKOB MaKpOCKOnnqecKHX ljJeHHMaHOBCKHX ~narpaMM. <l>OpMJJIHpy

CTCH, qTo HMCCTCH B BH~Y no~ MaKpOCKOnnqecKOH ~HarpaMMOH o6mero BH~a. Ilpn

BOMTCH KOHKpCTHhiC npHMCpbi. <l>opMJJillpJIOTCH II3MCHCHHH B npaBH:Jia <l>eiiHMaHa. 

Ba)l(HhiMll 3JicMeHTaMn B BhJqncJieHnn MaKpocKonnqecKoii ~narpaMMhl OKa3hi

BaiOTCH HHTCrpaJI nepCKpbiTHH OT npOll3BC~CHllH BOJIHOBhiX ljJyHKQllH 'lj; BCCX qaCTHQ, 

yqaCTBJIOIIIHX B peaKQllH, H 3KCnOHCHQHaJihHhiH MHO:>KllTCJih, OCTaBIIIHHCH OT npona

rampa HCHTPHHO. IIpnBo~HTCH BhJqncJieHne 3TOro HHTerpaJia nepeKphiTHH, HMCIOIIIC

ro~pa3MepnocTh qCTblpCXMCpHOro 06'bcMa. Haii~eHa CBH3h 3TOro HHTCrpaJia C cpyHK-
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QUCH, nepeXO,IVIII~Cll B nJIOCKOBOJIHOBOM npe~CJIC B qCTblpCXMCpHJIO ~CJihTa ljJyHK

QUIO, OTBeqaiOIIIJIO 3a COXpaHCHUC 4-UMnJJihCa, a TaiOKC C reOMCTpuqecKUM no~aB

JICHUCM qucJia B3allMO~CllCTBllH BOJIHOBhiX naKCTOB, paCCCH:BaiOIIIllXCH ~pyr Ha ~pyre 

C HCHJJICBbiM npllQCJihHhiM napaMCTpOM. 

.ll:OKa3hiBaiOTCH CBOHCTBa llHBapnaHTHOCTll KB~paTH:qHhiX ljJopM 6 8 ll 6d OT

HOCllTCJihHO TPaHCJIHQllH BCCX KOOp~llHaT X x Ha O~llH ll TOT )KC npOll3BOJihHhiH . 

4-BeKTop y n OTHOCHTCJihHO llHBepcnn npoCTPaHCTBCHHO-BpeMeHHhiX Koop~nnaT 
Xx 1----t -xx. 06napJ)l(HBaeTCH, qTo BOJIHOBOH naKeT CPill H:HBapnaHTCH OTHOcn

TCJihHO C~BH:ra B~OJih KJiaccnqecKOH MllpOBOH JlllHllll QCHTPa naKCTa. Ilo3TOMJ KaK 

Xs ,d-ToqKn, onpe~eJIHIOIIIHC 3cpcpeKTH:BHhiC noJio:>KeHH:H ncToqnnKa n ~CTeKTopa, TaK 

ll 6 s,d- reOMCTpH:qecKH:C <jJaKTOpbl no~aBJICHllH KOHcpnrypaQH:H C HCHJJICBhiMll npn

QCJihHhiMll napaMCTpaMH:, O~H03HaqHQ 3<yJ;aiOTCH ljJHKCaQH:CH CKOpOCTCH Vx ll npoU3-

BOJlbHblX npOCTPaHCTBCHHO-BpeMeHHhiX ToqeK Xx Ha 3TllX MllpOBhiX JIH:HllHX. 

.D:eJiaeTCH o6o6menne TPCXMepnoro npnQCJihHoro BeKTopa (bx) Ha qernipex

MepHhlii cJiyqaif (bx), qm no3BOJIHCT Bhipa3HTh reoMerpnqecKne ljJaKTopbi 6s,d qe

pe3 bx BCCX yqacTBJIOIIIllX B npOQCCCC BOJIHOBhiX naKCTOB. 06cy~CHllC reOMCTpll

qeCKllX ljJaKTOpOB no~aBJICHllH n03BOJIHCT cljJOpMJllllpOBaTb MaTCMaTnqecKH:C ll ljJH3ll

qecKHC JCJIOBllH, npn KOTOpbiX MO)KHO cqnTaTb aCH:MnTOTH:qCCKllC HaqaJihHbiC ll KO

HCqHhiC COCTOHHllH CB060~Hh1Mll. 

3aTCM Mhl npncrynaeM K BhJqHCJICHHIO aMITJIHTJ~hl npOQCCCa C po~CHHCM 
~Byx pa3HhiX 3apH:>KCHHhiX JICnTOHOB fo. H ffJ B MaKpOCKOnnqeCKll pa3~CJieHHhiX Bep

IIIHHax ~narpaMMbl. B KaqecTBC BHCIIIHllX COCTOHHllH HCnOJib3JIOTCH peMTllBllCTCKHC 

rayccOBhl naKCThl (Prii), TCOpHH KOTOpbiX o6c~aCTCH B npe~h~IIICH maBe. Heii

TPHHO npoHBJIHCT ce6H KaK BllPTJaJihHM qacTnQa, pacnpocTPaHHIOIIIMCH H3 o6JiacTn 

nCToqHnKa B o6JiaCTh ~CTeKTopa Ha paccTOHHne. L. PacnpocTPaHeHne MaccnBHOro 

HCHTPHHO OnHChiBaCTCH CTaH~aPTHhiM npnqHHHhiM nponaraTOpOM B KOHcpnrypaQH:

OHHOM npOCTPaHCTBC, Bblpa)KCHHOM B BH~C qCTblpCXMCpHoro llHTCrpaJia <l>ypne no 

3Heprnn-nMnyJincy q BHPTJaJihHOro HCHTPHHO OT nponarampa HCHTPHHO B HMnyJinc

HOM npOCTpaHCTBC. 

C nOMOIIIhiO TCOpCMbl rpnl\iyca-CTOKH:Hrepa (rC) ( 18] BhlqHCJIHCTCH HHTC

rpaJI no TPCXMepHOMJ HMnyJincy q B npe~eJie 6oJihiiiHX L . .ll:aJiee, MCTO~OM_ nepe

BaJia BblqllCJIHCTCH OCTaBIIIHHCH HHTCrpaJI no q0 • HaxOMTCH 3cpcpeKTHBHbiC.3HaqeHHH 

3HcprnH-HMnJJibCa HCHTpHHO, ~aiOIIIHC MaKCllMaJihHhiH BKJI~ B BbJqHCJIHCMJIO aM

nJIHTJ~Y· PaccMOTPCHhi ~Ba CJiyqM: YJihTPa peJIHTHBHCTCKoro n nepeMTHBHCTcKoro 

HCHTpHHO. 3TO n03BOJIHCT HaM BhJqllCJIHTh aMnJIHTJ~ npOQCCCa •. 

CpaBHenne BhlqncJieHnoii aMnJIHTJ~hi c KBaHTOBOMexannqecKoii aMnJinry~oii 

nepexo~a HCHTPIIHO ll3 HCTOqHnKa B ~CTCKTOp n03BOJIHCT HaHTH BOJIHOBhiC ljJyHKQllll 

neiiTpnno, po~ennoro B nCToqnnKe, n HCHTPHHO, B3anMo~eiiCTBYIOIIIero B ~CTeK

Tope. BoJIHOBhie ljJyHKQnn OKa3aJIH:Ch BOJIHOBhiMH naKCTaMn B CPrf! npn6JIH)KCHnn. 

Haii~eHhi peJIHTHBIICTCKH-HHBapuaHTHhle ~ncnepcnn "BhiXOMIIIero" n "BXOMIIIero" 

HCHTPllHO. 
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3aTeM, BbJqHClllleTCll MHKpOCKOnnqecKal! BepOl!THOCTh paCCMaTPHBaeMOfO npo

u:ecca: 

1AtJa:l2 = JdEv (27r)
40APv- qs)VsiMsl

2 
(27r)

4
od(Pv + qd)Vd1Mdl

2 
X 

flxES 2Ex V x flxED 2Ex V x 

X V* V: -u;- j . 1) 12.:::.:: ,.., e 1 12 
2V'27r(27r)3 £ 2 . aj fJj e 1 + it:j ' 

J 

r.[(e Os(Pv - qs). od(Pv + qd) - ljJyHKU:HH, OTBeqaiOru:ne 3a coxpaHeHne 3Heprnn

HMrrynbca B HCTOqHnKe II .[(eTeKTope, COOTBeTCTBeHHO. B npe.[(ene 6eCKOHeqHO MaJibiX 

.[(HCnepCHll BOllHOBbiX naKeTOB 3TH ljJyHKU:HH npeBparu:aiOTCll B qeTbipexMepHbie .[(ellb

Ta ljJyHKU:HH ,l1;npaKa. !Ms 12 n 1Mdl2- KBa.[(paThi MaTPnqHbiX 3neMeHTOB npou:eccoB c 

po)l():(eHHeM 6e3MaCCOBOro HeiiTpHHO B HCTOqHnKe II .[(eTeKTHpOBaHHeM 6e3MaCCOBO

ro HeiiTpHHO B .[(eTeKTope, coOTBeTCTBeHHO. Ex, V x - cpe.[(Hne 3Heprnll n TpexMep-

Hblii o6oeMa BOnHoBoro naKeTa x. <l>a3a Dj (T,L) = i(pjX) + ~ [ (pjX)2 
- mJX2

] 

rrpnBe.[(eT B HTOre K OCU:Hlllll!TOpHOMY nOBe.[(eHHIO qncna C06bi~ll C pO)I(.[(eHHeM .[(Byx 

pa3HbiX 3apl!)l(eHHbiX nenTOHOB fa II £fJ B MaKpOCKOnnqeCKH pa3.[(eneHHbiX BepiiiHHaX 

.[(HarpaMMbi. 3aMeTHM, qTO COCTOl!HHll HeiiTpHHO C onpe.[(eneHHbiM apOMaTOM He HC

nOllb3YIOTCll. Ocu:nnnl!TopHoe noBe.[(eHne Bepol!THOCTH TaKoro MaKpocKonnqecKoro 

co6biTHll KaK ljJyHKU:Hll OTHOIIIeHHll Ll Ev, r.[(e Ev- 31jJijJeKTHBHal! 3Heprnll HeiiTPH

HO, B03HHKaeT B pe3yllbTaTe HHTepljJepeHU:HH aMIWHTY.[( C pa3HbiMH npoMe~TOqHbi

MH cocTOl!HHl!MH MaccnBHbiX HeiiTpnHo. BennqnHa ti = L I TLj, r.[(e TLj - BpeMll 

pacnnbiBaHHll BOllHOBOro naKeTa B npO.[(OllbHOM HarrpaBneHHH. <l>a3a 8j BbJqncneHa B 

l!BHOM BH.[(e. 0Ha npe.[(cTaBnl!eT co6oii nonpaBey K Dj (T,L). 
,l1;arree, IIpOH3BO.[(HTCll MaKpOCKOnnqeCKOe ycpe.[(HCHHe nonyqeHHOll ljJopMynbi. 

B pe3ynhTaTe, qncno co6b1Tnii MO)I(eT 6hiTb npe.[(cTaBneHo B np03paqHoM BH.[(e 

diP ( ) . 
dNafJ = J dx dydEv ~:,y dav(y)Pa{J(Ev,!Y- xi), 

Td v 

r.[(e d<Pdt,y) - nnOTHOCTb nOTOKa qncna HCHTPHHO H3 C.[(IIHHqHoro 06oeMa HCTOqHHKa 

B e.[(nHnqHhiii HHTepBarr 3Heprnn HeiiTPHHO, Ev, dav(Y)- ceqeHne B3aHMO.[(eiicTBHll 

HeiiTPHHO c qacTHU:aMH B e.[(nHnqHoM o6oeMe .[(eTeKTopa. 06e BennqnHbi cooTBeT

CTBYIOT nnocKoBonHoBoMy npn6nn)l(eHHIO n 6e3MaccoBbiM HeiiTPHHO. 31jJijJeKTbi Bon

HOBbiX naKeTOB npOl!BMIOTCll B ~ennqnHe Pa{J(Ev,IY- xi), KOTOpal! OKa3biBaeTCll 

KBaHTOBOnoneBbiM o6o6ru:eHHeM "BepOl!THOCTH OCU:Hlllll!U:HU": 

2 

I! yo xo I 
PatJ(Ev,L) = 1) 12 

dy0 12 

dx0 2.:::.:: v;i VfJi e-n; -
1 

1
. 

Td yo xo . + Z'tj 
1 1 J 

r.[(e (x7 ,xg) - BpeMl! pa6oTbi ncToqHnKa, a (y~ ,yg) - BpeMl! pa6oThi .[(eTeKTopa. B 

npe.[(ene (x7,xg) = ( -oo,oo) ljJopMYna .[(llll PatJ(Ev,L) cTaHOBHTCll o6o6ru:eHHbiM, 
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C )"'eTOM npou;eCCOB pO)I():(eHIUI H .[(eTeKTHpOBaHHll HeUTPHHO, aHaJIOfOM ljJopMynbl, 

non)"'eHHoll: B rnase 4, o6o6ru:al! ee yqeTOM npou:eccos po)l():(eHnll n .[(eTeKTnposaHHll 

HeUTpHHO. 3TO MO.[(HijJHU:HpyeT ljJyHKU:HH d;_j, f!lJij· 
BbJqHCllllll HHTerparr no KOHeqHbiM HHTepsarraM BpeMeHH II npeHe6peral! .[(HC

nepcnell: BOllHOBOfO naKeTa HeUTpHHO B KOHijJnrypau;nOHHOM npOCTPaHCTBe, nonyqe

Ha ljJopMYna .[(llll P afJ ( Ev ,L) = §
0 
P afJ ( Ev ,L) 

PatJ(Ev,L) = ~ 2.:::.:: Vai VfJi VC:i v;isii exp (icpii- ~]). 
0 ij 

BIDKHOe OTnnqne OT KBaHTOBOMexaHnqeCKOrO paCCMOTPeHHll 3aKmoqaeTCll B TOM, 

qTO ljJyHKU:HH 1) II f!lJ'fj 3aBHCl!T OT KHHeMaTHKH C06biTHll, a cne.[(OBaTellbHO II OT 4-

HMnynbCOB £t II £[3, T.e. OT II HH.[(eKCO~ a, {3. IlO:HOMy, yHHTapHbie COOTHOIIIeHHll 

.[(llll PatJ(Ev,L; 1)) MOryT BbiiiOnHl!TbCll TOllbKO B cnyqae cna6oii 3aBHCHMOCTH 1) n 

f!lJ'fj OT HH.[(eKCOB a, {3. 
<l>aKTOp ~J no.[(aBnl!eT HHTepljJepeHU:HIO COCTOl!HHll HellTPHHO Vi II Vj Ha pac

CTOl!HHliX, npeBbiiiiaiOID:HX .[(llHHY KOrepeHTHOCTH, aHarrornqHo KBaHTOBOMeXaHnqe

CKOMy paCCMOTPeHHIO. Ba(KHbiM OTnnqneM OT nocne.[(Hero, O.[(HaKO, OKa3biBaeTCll TO, 

qTo .[(HCnepCHll 3HeprHH HeiiTpHHHOrO BOllHOBOro naKeTa, C yqeTOM B3aHMO.[(ellCTBHll 

HeiiTpHHO B HCTOqHHKe II .[(eTeKTope, l!BlllleTCll ljJyHKIJHeU KHHeMaTHqeCKHX nepeMeH

HbiX. HoB hiM OKa3hiBaeTCll ljJaKTop Sij, KOTOpbiii no.[(aBMeT KaK .[(HaroHaJibHbie qneHbi 

c ljJyHKU:Hell: no.[(aBneHHl! So = sii, TaK II He .[(HaroHaJibHbie qneHbl B ljJopMyne .[(M 

BepOl!THOCTH OCU:Hlllll!U:Hll. 

IIonyqeHHal! .ljJopMyna .[(llll P afJ ( Ev ,L) npaBnnhHO Bocnpon3BO.[(HT HHTYHTHB

HOe O)I(H.[(aHne no.[(aBneHHl! qncna B3aHMO.[(eiicTBnii B cnyqae, ecnn BpeMeHa pa60Tbi 

HCTOqHnKa II .[(eTeKTOpa He CHHXpOHH3HpOBaHbl .[(pyr C .[(pyrOM. B cnyqae CHHXpO

HH3HpOBaHHbiX HHTepsarroB BpeMeH, Sij I So npe.[(cTaBnl!eT · co6oii HOBYIO KBaHTOBO

noneByiO ljJyHKU:HIO no.[(aBneHHll HHTepljJepeHU:HOHHbiX qneHOB B ljJopMyne .[(M Bepo

l!THOCTH. Ilpn onpe.[(eneHHbiX ycnOBHl!X ljJyHKU:Hll sij nepeXO.[(HT B He3aBHCliiD:Hii OT L 
ljJaKTOp exp ( -f!lJ'fj), OTBeTCTBeHHblll 3a nO.[(aBneHHe KOrepeHTHOCTH npu pO)I(.[(eHHH II 

.[(eTeKTnpoBasnn HeiiTpnHo. CooTBeTCTByiOru:ne ycnoBnll B03HHKaiOT B .[(Byx cn)"'al!X. 

B nepBOM, KOr.[(a BpeMl!3KCn03llU:Hll .[(eTeKTopa Td = (yg- y~) MHOrO MeHbiiie BpeMe

HH pa60Tbl HCTOqHnKa T8 = (xg- x7). Bo BTOpOM, KOr.[(a Td ~ T8 >> Tv, r.[(e Tv MO)I(eT 

6biTb HHTepnpeTHpOBaHO KaK BpeMeHHal! .[(HCnepCHll BOllHOBOfO naKeTa HeiiTpHHO. 

B npoTnBononO)I(HOM cn)"'ae ljJaKTop Sij npe.[(CKa3hmaeT MeHbiiiee no.[(aBneHne, no 

CpaBHeHHIO C exp ( -f!lJ'fj), qTQ 06oliCHlleTCll .[(OnOllHHTellbHbiM BHeCeHHeM Heonpe.[(e

neHHOCTH B H3MepeHHe 3HeprHH HeHTPHHO H3-3a KOHeqHbiX BpeMeHHbiX HHTepBaJIOB. 

CnnhHal! 3aBHCHMOCTh S0 OT napaMeTpoB T8 n Td npe.[(ocTaBnlleT B03MO)I(HOCTb n3-

MepeHHll ycpe.[(HeHHOrO 3HaqeHHll ljJyHKU:HH 1) B cneU:HaJibHOM YCKOpHTellbHOM 3KC

nepnMeHTe, .[(OnycKaiOID:eM BapHaU:HIO 3THX napaMeTpOB (nnn O.[(HOro H3 HHX). TaKoe 

H3MepeHHe 6blll0 6bi oqeHb none3HO .[(M nnaHHpOBaHHll II o6pa60TKH .[(aHHbiX 6y.[(y

ID:HX npeu:n3HOHHbiX 3KcnepnMeHTOB. He.[(naroHaJibHbie ljJaKTopbi .[(eKorepeHTHOCTH 

Sij (i=f.j) HMeiOT 6onee CllO)I(HOe noBe.[(eHne; qTQ nnniOCTPHPYIOT asarrnTnqecKne II 

qncneHHbie ou:eHKH. 
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qacTh III nocBHII.ICHa H3Mepemuo yma CMCIIIHBaHnH 013 n pa3HOCTH Kna,n,pa

TOB Mace Am;e B 3KcnepnMCHTe Daya Bay. 

IllecraH maBa noCBHII.ICHa onncanmo 3KCnepHMCHTa Daya Bay. Haiiie pac

cMorpenne naqHHaCTCH C KpaTKOro BBC,ll;CHHH, B KOTOpOM Mbl HallOMIIHaCM 0 KJIIO

qeBhlX 3KCIICpliMCHTax, 06Hap)')KHBillliX H Ha,n;e:ll<HO yCTaHOBHBIIIHX CYII.ICCTBOBaHIIC 

neiirpnHHhiX oc~HmiH~nii, a TaiOKe o6 onpe,n;eJIHIOII.Ieii ponn3KcnepnMCHTa Daya Bay 

n 3TOM nonpoce. 3KcnepnMeHT Daya Bay 6hm Ja,n;yMaH n peannJonan ,n;JIH OTBCTa na , 

BOllpOC 0 3HaqeHllll yma CMCIIIIIBaHIIH 813 , BCJIIIqiiHa KOTOpOro 6hiJia HCII3BCCTHa ,ll;O . 1 
2012 ro,n;a, Kor,n;a Daya Bay nnepBhiC Ha,z:J,C)KHO II3MepiiJI nenynenoe 3Haqeniie 3Toro 

yma. Mbi KpaTKO HallOMIIHaCM HCIIOJih30BaHHYIQ MCTO,ll;IIKY II3MCpCHIIH B 3KCIICpii- \ 

MCHTe Daya Bay. ~ 

3aTeM ,n;aercH no,n;po6noe oniicaHIIe 3KcnepiiMCHTa Daya Bay, IIcnoJih3YIOII.IC

ro npiiH~IIII OTHOCIITCJibHOro II3MCpCHIIH, T.C. CpaBHCHIIH IIOTOKOB aHTIIHCHTPHHO OT 

peaKTopa na pa3HhiX paccTOHHIIHX. Cne,n;onaniie 3TOMY MCTo,n;y CIIJihHO rroBJIIIHJIO na 

BCCb ,ll;II3aHH 3KCIICpiiMCHTa: 

- H,ll;CHTIIqHbiH ,ll;II3aHH BCCX BOCbMII ,ll;CTCKTOpon; 

- HCIIOJih30BaHIIC 6JIII)KHIIX (rropH,ll;Ka 500 M) II ,ll;aJibHIIX (rropH,n;Ka 1.6 KM) ,ll;C-

TCKTOpOB ,ll;JIH OIITIIMaJibHOll qyBCTBIITCJibHOCTH K.II3MCpCHHIO 013 ; 

- XOpOIIIaH 3aii.IIITa OT KOCMOrCHHOro cpona; 

- MOII.IHhiC peaKTOpbl -IICTOqHIIKII iie. 

,l.J;CTaJibHO OIIHCbiBaCTCH ycTpOHCTBO K3)K,ll;Oro II3 ,ll;CTCKTOpOB iie 3KCIICpiiMCHTa 

Daya Bay. Ha piic. 1 rroKaJano pacrronmKeHIIe 6JIII)KHIIX ,n;ereKTopon n no,n;no

qepeHKOBCKOM ,n;ereKTope 3KcrrepiiMCHTa Daya Bay. OrriiCbiBaCTcH ciicTeMa MIOOHHO

ro BCTO ,ll;JIH II,ll;CHTIIcpiiKa~IIII MIOOHOB. 0IIIICbiBaCTCH rpiirrepHaH CIICTCMa. 

Cyii.ICCTBCHHaH qaCTb maBhl OTHOCIITCH K KaJIII6pOBKC ,ll;CTCKTOpa. 06c~aiOT

CH BpCMCHHaH KaJIII6pOBKa II MCTO,ll;hl KaJIII6pOBKII 3HepreriiqecKOro OTKJIIIKa ycTa

HOBKII, KOTOpbiC MOryT 6biTb rrpe,n;CTaBJICHbl B BII,ll;C CJIC,ll;YIOII.IIIX cpaKTOpOB, Ka)K,ll;hlH 

II3 KOTOpblX IIO,n;po6HO o6cy)K,ll;aCTCH: 

- KaJIII6ponKa yciiJICHIIH <l>3Y; 

- rronpanKa Ha qiiCJIO aKTIIBHhiX <l>3Y; 

- OIIpC,ll;CJICHIIC CBCTOBbiXO,n;a; 

- IIpOCTpaHCTBCHHaH HCO,ll;HOpO,ll;HOCTb. 

KaqeCTno KaJIII6poBKII rrponepHCTCH cpannenneM c 3TaJIOHHhiMII IICToqniiKaMII orrpe

,n;enennoii 3Hepriiii. PaJHII~a n OTKJIIIKax aHTIIHeiirpiiHHhiX ,n;ereKTopon o~eniinanacb 

IIpii IIOMOII.III 13 pa3JIHqHblX KaJIII6pOBOqHblX 3TaJIOHOB. ,l.J;aHHhiC OT IICTOqHIIKOB, IIC

llOJih3YCMbiX Ha C)KCHC,ll;CJibHOH OCHOBC, BKJIIOqaiOT {-KBaHTbl OT 68Ge II 6°Co, a TaiOKC 

neiirpOHhi oT 241 Am-13C. CIIrHaJihi oT ecTeCTnennoii pa,n,IIoaKTIIBHOCTII, BKJIIOqaiO

Il.IIIe o:-pacrra,n;bl 212Po, 214Po, 215Po II 219Po II 'Y-KBaHThl OT 4°K II 208Tl, TaiOKe cpaB

HIIBaJIIICb MC)K,ll;y ,n;ereKTopaMII. HeiiTpOHhi OT o6paTnoro 6era pacrra,n,a II pa3nanon 

H,ll;ep MIOOHaMII, KOTOpblC 3axBaThiBaiOTCH H,ll;paMII BO,ll;Opo,n;a H ra,z:J,OJIIIHIIH, o6ecrreqii-

BaiOT ,n;ononniiTCJihHhiMII KaJIII6ponotiHhiMII 3TaJIOHaMII. Bee 3TII ,n;aHHhie oxnaTbiBa-

IO:r IIOJIHblH IICpHO,ll; Ha6opa ,n;aHHblX, IICIIOJib3YCMblX ,ll;JIH OC~IIJIJIH~IIOHHOro aHaJIII3a. 
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Puc. 1 - Enu:amne ,n;ereKTopu. ,ll;na aHTHHeihpnHHLIX ,n;eTeKTopa norp)')KeHLI B no,n;no

qepeHKOBCKnil: ,n;eTeKTOp, KOTOpLIH CJI)')KHT KaK ,n;rui naCCHBHOll 3aiiiHTLI OT pa,n;HaiiHH, TaK H B 

KaqecTBe aKTHBHOH BCTO CllCTCMbl npOTHB KOCMOreHULIX MIOOHOB. llhopKa ll3 TallBCKa ,n;eJIHT 

6acceil:H Ha ,n;Ba OIITHqecKH pa3,n;CJICHHLIX ,n;eTCKTOpa, BHyrpeHHHll ll BHCUIHllll BO,n;HLIC 6ycpepbl. 

CnepXY 6acceil:H HaKpbiT CHCTCMOH pe3HCTHBHbiX IIJIOCKHX KaMep (PIIK), o6ecrreqnBaiOIIIHX 

,n;OIIOJIHHTCJibHOll H,n;CHTHcpHKaiiHCll MIOOHOB. 

3aTCM o6c~aCTCH 3aBIICIIMOCTb pa3pCIIICHIIH 3HeprHII OT Bbl,ll;CJICHHOH 3HCp

riiii, IIO,ll;TBCp)K,ll;aiOII.IaHCH II3MCpCHIIHMII C KaJIII6ponoqnhiMII IICTOl!HIIKaMII; C 3axna

TaMII HCHTPOHOB IIOCJIC peaK~IIH o6paTHoro 6CTa pacrra,n,a H C CCTCCTBCHHOH 0: pa

,ll;IIOaKTIIBHOCTbiO B c~IIHTHJIJIHTope. Pnc. 2 ,n;eMoncrpnpyer 3aBIICIIMOCTh 3neprerii

tiecKoro pa3pCIIICHIIH H3MCpCHHYIO IIpii IIOMOII.IH KaJIH6ponoqHbiX HCTOqHHKOB B cpan

HCHIIH C pC3YJihTaTaMH HCIIOJib3YCMOH MO,ll;CJIII. 06c~aCTCH a6COJIIOTHM KaJIH6poB

Ka 3HepmH aHTIIHCHTPHHO ,ll;JIH rrpaBHJihHOH HHTeprrpera~HH na6JIIO,n;aeMbiX CIICKrpOB 

n3aHMo,n;eiiCTBIIH iie. ,l.l;nH :noro n 3KcnepnMenTe Daya Bay 6bma pa3pa60Tana 3nep

reriitiecKaH MO,n;eJih ,n;ereKTopa, CBH3biBaiOII.IM peKoncrpynponannyro :lnepm10 c nc

THnnoii KIIHernqecKoii 3nepmeii tiaCTH~hi. Mo,n;enh 3aBHCHT OT l!CThlpex cno6o,n;nhiX 

rrapaMerpOB: KOHCTaHTbl nHpKCa kn, OTHOCHTCJibHOro BKJia,rJ,a OT qepeHKOBCKOro ll3-
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Pnc. 2-3HepreTnqecKHe p33perneHIDI, ll3MepeHHbie ,liJUI Krum6poBoq1!bJX ncToqHnKoB, 3axBa

TOB Heil:TpOHOB ITOCJie o6paruoro 6eTa-pacrra,lla (OEP), ll ecTeCTBeHHOH a pa,llnOaKTllBHOCTH B 

cunHTHJIJUITOpe (oTKpbiTbie rony6bie MapKepbi). Mo,lleJib 3HepreTHqecKoro p33perneHHH orpa

HnqeHHaH CTaTllCTllqeCKllMll Heorrpe,lleJieHHOCTHMll IIOK33aHa CllHeH CIIJIOliiHOH JlllHlleH. Pe-

3YJibTaT MO,llenn 3HepreTnqecKoro p33perneHHH cornacyeTcH c pe3yJihTaTaMll MO,llennpoBaHIDI 

OTKJIHKa oi ncTOlJHllKOB (crrnornHbie opamKeBhie MapKepbi). Mo,llennpoBaHne rrpe,liCK33hiBaeT, 

qTo BHYTpeHHee p33perneHne 3Heprnn (rryHKTHpHaH opamKeBaH JIHHHH) ,liOJI)!(HO 6biTb HeMHO

ro nyqrne ,liJlH KaJIH6pOBQqHbiX llCTQqHHKOB ( CIIJIOliiHaH opaH)!(eBaH JlllHllH), qeM Ha6JIIO,llaeMOe 

ll3-3a 3<fl<fleKTa OIITllqecKOH TeHll KOHTeHHepOB B KOTOpbie IIOMeiUeHbl llCTQqHllKll. BHYTPeHHee 

p33perneHne 6biJIO IIO,liTBep)!(,lleHO, llCIIOJlb3YH ecTeCTBeHHYJO a pa,llllOaKTllBHOCTb B CUllHTllJI

JlHTOpe. 

JiyqeHllH kc, H ,[(Byx CB060,[(HbiX rrapaMeTpa a H T MO,[(eJIH 3JieKTpOHHKH. llonyqeHHaH 

MO,[(eJib 3HepreTnqeCKOrO OTKJIHKa CpaBHHBaeTCH C KanH6poqHbiMH ,[(aHHbiMH. ilO,[(XO,[( 

C HCIIOJib30BaHHeM X2 6bin HCIIOJib30BaH ,[(JIH orpaHHqeHHH 3HepreTHqecKOrO OTKJIH

Ka ,[(eTeKTopa, qTO rrpHBeJIO K HeOrrpe,[(eJieHHOCTH B a6COJIIOTHOM H3MepeHHH 3HeprHH 

II03HTpOHa MeHee o.nHoro rrpm~eHTa rrpn 3HeprHHX Bbiiiie 2 MeV. llorryqeHHaH Mo.nerrb 

OTKJIHKa ,[(eTeKTopa Ha CHrHan OT II03HTpOHOB 6hma rrposepeHa cpaBHeHHeM C KanH6-

pOBOqHbiMH ,[(aHHbiMH. ilOCJie,[(HHe BKJIIOqaiOT B ce6H KOHeQ :meKTpOHHOro CIIeKTpa OT 

pacrra,nos MIOOHa c 3Heprneii 53 M3B, a TaiOKe HerrpepbiBHbiii f3+y crreKTpbi oT pacrra

.nos BHCMYTa H TanJIHH. Mo.nerrh 1J:eJIHHeiiHocTH :meKTpOHHKH 6hma rreperrposepeHa 

cpaBHeHHeM C ,[(aHHbiMH OT <l>3Y, IIOJiyqeHHbiMH He3aBHCHMbiM QHcppOBbiM rrpeo6-

pa30BaTeJieM CHrHana. Bee H3MepeHHH comacyiOTCH C MO,[(eJibiO C yqeTOM COOTBeT

CTBYIQIQHX Heorrpe.nerreHHOCTeii rrapaMeTpOB. Mo.neJib OTKJIHKa ,[(eTeKTopa Ha CHrHan 

OT II03HTpOHa 0Ka3anacb CTa6HJibHOH Ha ypOBHe 1-u OTHOCHTeJibHO ,[(06asJieHHH HJIH 

y.naneHHH ni06oro ncToqHnKa Kann6posoqHbiX .naHHbiX. B pe3yJibTaTe TaKoro .neTanb

. HOro MO,[(eJIHpOBaHHH OTKJIHKa ,[(eTeKTopa Ha CHrHM OT II03HTpOHa OKOHqaTeJibHaH 

Heorrpe,[(eJieHHOCTb Ha ypOBHe 1% Mana ITO cpaBHeHHIO C IIOJIHOH Heorrpe.nerreHHO

CTbiO ·.6.m~e• rrorryqeHHOii B HaCTOHIQeM aHanH3e. Pnc. 3 .neMOHCTpHpyeT rrorryqeH-
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HYIO oueHKJ OTHOIIIeHHH peKOHCTpynpoBaHHOH 3HeprHH K HCTHHHOH, Erec/ Etrue. ,[(JIH 

B3aHMO,[(eHCTBHH II03HTpOHa B MHIIIeHH aHTHHeHTpHHHOro ,[(eTeKTopa. 
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lBO Positron Energy 

Pnc. 3 - OueHKa OTHOliieHIDI peKOHCTpynpoBaHHoii 3Heprnn K HCTllHHoii, Erec/ Etrue, ,liJIH 

B3allMO,lleHCTBllH II03llTPOHa B MllliieHll aHTllHeil:TpllHHOfO ,lleTeKTOpa ( CIIJIOliiHaH KpaCHaH Jlll

HllH). 3HeprnH 0.511- (M3B) OT ,liByx aHHllrllJIHUllOHHbiX 1-KBaHTOB BKJIIOqeHa B orrpe,lleJieHne 

3Heprnn. IJapaMCTpbl MO,lleJill 6billll orrpe,lleJieHbl llCIIOJlb3YH KaJIH6pOBQqHbie ,llaHHbie OT llC

TQqHllKOB 1-KBaHTOB ll 3JieKTpOHOB or pacrra,liOB 
12B. IJonyqeHHaH IIOJIOCa COOTBeTCTBYJOlUaH 

68% ypOBeHb ,liOCTOBepHOCTll (Y..lJ:.) ( cepaH 3aKparneHHaH 06JiaCTb) orpaHnqnBaeT 3TO OTHOliie

Hlle nyqrne 1% B 6onbrneil: qacTHllHTepecyromeil: Hac o6nacTn 3Heprnil:. He3aBncnMaH oueHKa, 

OCHOBaHHaH /3+1 CITeKTpax OT paCITa,liOB BllCMYTa ll TaJIJlllH, a TaK)!(e Ha orrpe,lleJieHllll KOHeqHQH 

ToqKn 3JieKTpOHHOro crreKTpa oT pacrra,lloB MIOOHa c 3Heprneil: 53 M3B, rrpnBena K cornacyro

meiicH MO,lleJill (rony6aH rryHKTllpHaH JlllHllH). 

Ce,[(bM3H rJiaBa IIOCBHIQeHa OIIHCaHHIO OT6opa aHTHHeHTpHHHbiX C06biTHH H 

OQeHKa cpOHa. 06CJ)K,[(eHHe HaqnHae:cH C OIIHCaHHH KpHTepHeB OT6opa C06biTHH B3a

HMO,[(eHCTBHH aHTHHeiiTpHHO, HMeiOIQero yHHKanbHYIO speMeHHYIO CTPYKTYPY. co

CTOHIUYIO H3 rrepsnqHOro CHrHana OT II03HTpOHa H 3a,[(epJKaHHOro CHrHana OT HeiiTpO

Ha. KpHTepHH OT60pa 6binH Bbi6paHbl TaK, qro6bl MHHHMH3HpOBaTb OTHOCHTeJibHbie 

HeOrrpe.nerreHHOCTH IIpH cpaBHeHIIH CHrHMOB, Ha6JIIO,[(aeMbiX BOCeMbiO ,[(eTeKTOpaMH. 

Pe3IOMHpyH, 6orree 2.5 x 106 Ve KaH,[(H,[(aTOB 6hmo OT06paHo 3a paccMaTpnsaeMbiH 

rrepHO,[( Ha6opa ,[(aHHbiX. 3cpcpeKTHBHOCTH ,[(eTeKTOpOB OTJIHqanHCb .npyr OT .npyra He 

6orree, qeM Ha 0.13%. 
3aTeM Mbl 06CJ)K,[(aeM KpHTepHH oropaCbiBaHHH cpOHOBbiX C06biTHH. llo.npo6HO 

06C}')K,[(aiOTCH BCe HCTOqHHKH cpOHa, yqTeHHbie B HaCTOHIQeM aHMH3e • 

- lfHCTpJMeHTMbHbie, CBH3aHHbie CO CIIOpa,nnqecKHMH BCIIbiiiiKaMH <l>3Y. 

- CrryqaiiHbie COBIIa,[(eHHH, HMHTHpyiOIQHe rrepBHqHbiH H BTOpHqHbiH CHrHa-

Jibl. 
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<:Don OT 6hiCTJlbiX HCH'fPOHOB, nopo~K,L~aeMbiX B3aiiMOJ(CUCTBIHIMII KOCMOreu

HbiX MIOOHOB C BCIII,CCTBOM J(eTCKTOpa II OKp}')KaiOIIJ,ero ero MaTepiiaJia. 

<:DOH OT 6eTa pacna,nOB 9Li,8He, pOIK,LiaiOIIJ,IIXCH BO B3aiiMOJ(CHCTBIIHX KOCMO

reHHbiX MIOOHOB. 

<:DOH OT KaJIII6pOBO'IHOro IICTO'IHIIKa 241 Am-13C. 
13C(a, n)160 B3aiiMOJ(CHCTBIIH, B KOTOpbiX Ct-'IaCTIIQbi, II3llytiaeMble CCTe

CTBCHHOH pa,niiOaKTIIBHOCTbiO B J(eTCKTOpe, MOryT Bbi6IIBaTb HCH'fPOHbl II3 

cTa6IInhHhiX x.nep. 

CIIrHaJihi c 6onnmoii MHmKeCTBeHHOCThiO. HaJIO)KCHIIe KoppeniiposaHHhiX 

CIIrHaJIOB OT B3aiiMO,neiiCTBIIH aHTIIHCH'fPIIHO C HCKOppeniipOBaHHbiMII CIIr

HaJiaMII OT pa,niiOaKTIIBHOCTII npiiBOJ(IIT K TpeM IIllii 6onee CIIrHaJiaM BO Bpe

MeHHOM OKHe, y,noBneTBOpHIOIII,IIM KpiiTepiiHM OT6opa C06biTIIH o6paTHOro 

6eTa pacna.na. 

Bee 3TII IICTO'IHHKII cpoHa J(eTaJibHO II3y'IeHhi, KpiiTepHH HX HJ(CHTHcpHKaQHH pa3pa-

60TaHbi. BKna,n cpoHOBhiX co6nnuii He npeBbiiiiaJI uecKonhKHX npoQeHTOB, c Heonpe

.neneHHOCThiO _:S0.2%. 
3KcnepuMeHT Daya Bay 6nm cnpoeKTuposaH TaKHM o6p~oM, tiT06bi MHHHMH-

3HposaTb B03MO)KHbie BapHaQHH B 3cpcpeKTIIBHOCTHX ,neTeKTOpOB, OJ(HaKO B ,neiiCTBH

TCllbHOCTH, J(eTeKTOpbl npo,neMOHCTpHpOBaJIH J(a)KC nytiiiiYIO cpyHKQHOHaJibHOCTb. C 

ytieTOM 3Toro ,noCTH)KeHH», 6nmo Ba)KHhiM HMeTb He3aBHCHMhiii MeTo.n nposepKu 

OQCHKH CTOllb MaJIOH Heonpe,neneHHOCTH 0.13% B 3cpcpeKTHBHO~THX J(CTeKTOpOB. llo-

3TOMy, J(aJiee, o6CyJK,L~aiOTCH pe3yllnTaTbi J(OllOllHHTellhHbiX He3aBHCHMbiX nposepOK 

OQeHKH 3cpcpeKTIIBHOCTH, llOllY'IeHHOH C peKOpJ(HO MaJIOH Heonpe,neneHHOCTbiO, pas

HOM 0.13%. B 3asepmeHHH rnaBDI npuse,neHbi pe3ynnTaTDI oT6opa tiucna u TeMna ctie

Ta aHTHHeiiTpHHHhiX co6nnuii, oQeHOK BKna,na ocTasmerocx cpoHa. B Ta6. 1 npuse

.neHDI pe3yllnTaTbi OT6opa B3aHMOJ(eHCTBHH Ve. 

BochMaH rJiasa nocsxiiJ,eHa onucaHHIO ocnunnHQHOHHoro aHaJIH3a II nony

tieHHhiX pe3yllnTaTOB. 06cy~K,L~eHIIe Ha'IIIHaeTCH C KpaTKOrO BBe,neHHH, B KOTOpOM Ha

llOMHHaeTCH o6 yc'TpoiicTBe 3KCnepuMeHTa - nono)KeHIIII x.nepHbiX peaKTopoB u o 

TOM, KaKIIe II30TOllbi ,naiOT Haii60llbiiiiiH BKllaJ( B po~K,L~eHIIe peaKTOpHbiX aHTIIHeii

TpiiHO. 3aTeM Mbl 06Cy~K,L~aeM BOllpOC 0 TOM,. KaK KOH'fPOlliipyeTCH ,neiiCTBIITellhHaH 

MOIII,HOCTb peaKTopa II KaK 3BOlliOQIIOHIIpyeT II30TOllHbiH COCTaB TOlllliiBa. ,ll;anee Mbl 

06CyJK,L~aeM MeTOJ(bi Bbi'IIIClleHIIH 3HepreTH'IeCKOro ClleK'Tpa peaKTOpHbiX aHTIIHCH

'fPIIHO. KpoMe tieTbipex rnaBHhiX II3oTonos, ,naiOIIJ,IIX Haii6onbiiiiiii BKna,n B tiiicno 

Ha6niO,naeMbiX aHTIIHeiiTpiiHO, Mbi YlJIITbiBaeM B uameM aHanme TaK Ha3hmaeMyro 

HepaBHOBeCHYIO llOUpasey K CUeK'TpaM, llOllYlJCHHbiM MeTOJ(OM KOHBepCIIII (TaK)Ke 06-

Cy/K,L\aeMOH B 3Toii rnase ). B KOHQe QIIKna pa6oTDI peaKTopa, ,nniiTenbHOCThiO KaK npa

. BIIllO 1 rDJ(, HpiiMepHO 'TpeTb TOlllliiBHbiX CTep)KHeii II3BlleKaeTCH II nepeMeiiJ,aeTCH B 

6acceiiu, uaxo.nxiiJ,IIiicx ue.naneKo oT peaKTopa, r.ne xpaHIITC» .nniiTenbHoe speMx, no

px,nKa IIHTII lleT. BKna,n OTpa6oTaHHOro TOlllliiBa, KOTOpbiH 110 nopx,ney Bellii'IIIHbi He 

npeBbiiiiaeT 0.3% OT O)KII,naeMoro oT pa6araiOIIJ,ero peaKTopa, Ta!()Ke YlJIITbmaeTcx B 

uameM aHaJIII3e. 

Kpanm ynoMIIHaiOTC» .nse "peaKTopHbie aHOMaJIIIII": 
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EHI EH2 EHJ 
ADI AD2 AD3 AD8 AD4 ADS AD6 AD7 

dN,[%] 0.00±0.03 0.13±0.03 -0.25± 0.03 0.02 ±0.03 0.12± 0.03 0.24 ± 0.03 0.25 ±0.03 0.05± 0.03 
OrliopA 

IieJCaH)l;HJI;aTW 597618 61J6351 567196 466013 80479 80742 80067 66862 
DAQ BpeMll na6opa [.nen1.] 1117.178 1117.178 1114.337 924.933 1106.915 1106.915 1106.915 917.417 

'• 0.8255 0.8221 0.8573 0.8571 0.9824 0.9823 0.9821 0.9826 

'· 0.9744 0.9747 0.9757 0.9757 0.9759 0.9758 0.9756 0.9758 
Cnyqaiinl.le cosnanenn.1 [.aem. - 1] 8.46 ± 0.09 8.46±0.09 6.29 ±0.06 6.18± 0.06 1.27± 0.01 1.19±0.01 1.20±0.01 0.98 ±0.01 

lihiCTpbiCHeiiTpoHLI (AQ-1 .n:em.-1] 0.79±0.10 0.57± 0.07 0.05± 0.01 
9Li.8He [AD-1 .1lem. - 1 ] 2.46 ± 1.06 1.72±0.77 0.15 ± 0.06 

::Z41Am-13C. &.AD [.neHt. - 1) 0.27 ± 0.12 0.25 ± 0.11 0.28 ± 0.13 0.22± 0.10 0.21 ±0.10 0.21 ± 0.10 
241AJn.l3C. B·AD(.nem.-1] 0.15 ±0.07 0.16 ± 0.07 0.13 ±0.06 0.15±0.07 0.04 ±0.02 0.03± 0.02 0.03 ± 0.02 0.05± 0.02 

t3C(a, n)t60 [.nem.-1] 0.08 ± 0.04 0.07 ± 0.04 0.05 ± 0.03 0.07 ± 0.04 0.05±0.03 0.05± 0.03 0.05 ± 0.03 0.05± 0.03 
TeMn e<~en. vt:, R;; [.neno l] 653.03± 1.37 665.42 ± 1.38 599.71±1.12 593.82 ± 1.18 74.25±0.28 74.60±0.28 73.98± 0.28 74.73± 0.30 

OrliopB 
Ve k3tf.IUt,!l,aTLI 594737 603092 562681 462129 80508 80769 ' 80112 67018 

DAQ BptMJJ HaOOpa [.neH~o] 1117.162 1117.162 1114.334 924.930 1106.898 1106.898 1106.898 917.401 

'• 0.8210 0.8178 0.8502 0.8496 0.9824 0.9821 0.9820 0.9825 
<, 0.9768 0.9773 0.9782 0.9781 0.9783 0.9783 0.9781 0.9784 

C'.!Jy>laAHWC C()Bil3,IJ.CH){t (lleHb -I) 7.99± 0.01 7.88±0.01 5.94± 0.01 5.81 ±0.01 1.20± 0.00 1.13 ± 0.00 1.14±0.00 0.92± 0.00 
EMcrpble HelhpoHw [AD-1 .neno -I] 0.84 ± 0.08 0.64± 0.06 0.05 ±0.01 

9Li,8He [A0-1 .IICHt.-1] 2.71 ± 0.90 1.91 ± 0.73 0.22 ± 0.07 
241 Am-13c, &.AD [tJ.ent. -I 1 0.26± 0.12 0.25±0.11 0.28± 0.12 0.22 ± 0.10 0.21 ±0.09 0.21 ±0.09 
241 Am·13C, 8-AD [.neHt. -1] 0.15± 0.07 0.15±0.07 0.13 ± 0.06 0.15±0.07 0.04 ± 0.02 0.03±0.02 0.04 ±0.02 0.05 ± 0.02 

l3C(a, n)I6Q [.neHI. -I] 0.08 ± 0.04 0.07±0.04 0.05 ± 0.03 0.07 ± 0.04 0.05 ± 0.03 0.05± 0.03 0.05 ±0.03 0.05 ± 0.03 
TeMncqmve, R., [.lleHb 1] 651.99 ± 1.25 663.74± 1.26 598.47± 1.09 592.67 ± 1.15 74.08 ± 0.28 74.43±0.28 73.83 ± 0.28 74.70±0.30 

Ta6JIHQa 1-Pe3yJibTaTbi oT6opa B3aHMO,LleiicTBHii De. Pe3yJihTaTbi, rronyqeHHbie MeTo,LlaMH 

A H B rrpHBe,LleHbi ,LlJlll cpaaHeHHJI. IlpHBO.LlliTCH tiHcna oT06paHHbiX KaH,LlH,LlaToa ao 

B3aHMO,LleHCTBHJI Ve, 31jlljleKrHBHOCTH KpHTepHeB OT6opa, Ol(eHKH TeMIIOB cqeTa ljJOHOBbiX 

C06biTHH ,L{Jlll KIDK,L{OfO aHTHHeiiTpHHHOfO ,L{eTeicropa. IlpHBOMTCH TaiOKe TCMIIbl cqeTa IJ e 

B3aHMO,L{eHCTBHH IIOCJie BbiqeTa ljJOHOBbiX C06biTHH ,L{JUI KIDK,L{OfO ,L{eTeicropa. Bee TeMIIbi 

C'IeTa IIOIIpaBJICHbl Ha IIOTepiO JKHBOfO BpeMeHH Ha6opa ,L{aHHbiX ll3-3a BeTO IIpOTllB .MIOOHOB H 

KpHTCpHeB Ha MHOJKCCTBeHHOCTb, rrpe,LlCTaBJieHHbie COOTBeTCTBYJOII\HMll 31jlljleKrHBHOCTHMH 

Et.t H Em. HaKOHel(, IIpHBe,LleHbi TaJOKe He60JibiiiaH pa3HHI(a B qHcJie IIpOTOHOB f1Np, 
Ol(eHeHHaH ,L{JIH KaJK,L{Oll MHIIICHH. 

3aBbiiiieHHbie, npiiMepHO Ha 6% TeOpeTII'ICCKIIe O)KIIJ(aHIIH llOTOKa aHTIIHCH

TpiiHO, llO cpaBHeHIIIO C pe3ynnTaTaMII Ha6niOJ(CHIIH, 

IICKa)KeHIIe B cneKTpe aHTIIHeiiTpiiHO B o6nacTII 6 M3B. 

B CBH3II C 3TIIMII aHOMaJIIIHMII OC06eHHO aKTYaJihHbiM CTaHOBIITCH BOllpOC 0 MeTO

,ne II3MepeHIIH 3HatieHIIH OCQIIllllHQIIOHHbiX napaMeTpOB, MIIHIIMaJibHbiM o6pa30M 3a

BIICHIIJ,eM OT B03MO)KHbiX Heonpe,neneHHOCTeii B 3HaHIIII CneKTpOB aHTIIHeiiTpiiHO OT 

peaKTopa II/IInii CetieHIIll B3aiiMOJ(CllCTBIIH. MeTOJ( OTHOCIITCllbHOro II3MepeHIIH, IIC

llOllb3yeMbiH B 3KcnepiiMeHTe Daya Bay, OTBetiaeT TaKIIM Tpe6osaHIIHM. 

,ll;anee, Mhi npiiBOJ(IIM pe3ynnTaTbi pactieTa cetieHII» o6paTHoro 6eTa

pacna.na [ 19], IIcnonh3yeMoro B uameM ananii3e. · 

3aTeM, o6cy~K,L~aeTcx O)KII,naeMoe tiiicno B3aiiMo,neiicTBIIii aHTIIHeiiTpiiHO. Ytiii

ThmaeTcx yrnOBOe pacnpe,neneHIIe ll03II'fPOHOB B KOHetiHOM COCTOHHIIII. cDopMaJIII3M 

YlJIITbiBaeT COOTBeTCTBYIOIIJ,IIH HK06IIaH, ynyiiJ,eHHbiH II3 BIIJ(Y B ,npyrux pa60Tax Ha 

3TY TeMY. 06cy~K,L~aeTCH MeTOJ( ytieTa OTKlliiKa J(eTeKTopa. 

OT,nenoHbiii pa3,nen nocsxiiJ,eH cTaTIICTII'IeCKOMY aHaJIII3y, B KOTopoM o6cy~K,L~a

IOTCH BOllpOCbl CBH3II MeTOJ(a X2 CO III'TpacpHbiMII 'IllCHaMII C npii6llii)KeHIIeM X2 C KO

BapiiaQIIOHHOH Ma'TpiiQeii, YlJeT CIICTeMaTII'IeCKIIX Heonpe,neneHHOCTeii; llOC'fPOCHIIe 

IIHTepBaJIOB npiieMKII II J(OBepiiTellbHbiX IIHTepBaJIOB; a Ta!()Ke MeTOJ(HpOeQIIpOBa

HIIH MHOroMepHbiX J(OBepiiTellbHbiX IIHTepBaJIOB Ha npOC'TpaHCTBO MeHbiiiCU pa3Mep

HOCTII. 3asepmaeTCH pa3,neJI 06Cy~K,L~CHIICM KOHKpeTHOH peaJIII3aQIIII MCTOJ(OB CTaTII

CTII'IeCKOrO aHaJIII3a B 3KcnepiiMeHTe Daya Bay. 
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B CJie,n:yiOIIJ;CM pa3.[(CJie Mbl o6c~aeM MeTO.[(bi )"leTa CIICTCMaTJf'ICCKIIX 

Heonpe,n:eJieHHOCTeii B OCQIIJIIDIQIIOHHOM aHaJIII3e 3Kcnepi1MeHTa Daya Bay. qT06bi 

yqeCTb HCOnpe,n:eJICHHOCTII B HOpMIIpOBKe II «!JopMe CneKTpa peaKTOpHbiX aHTIIHCH

TPIIHO HaMil 6oma IlcnoJib30BaHa eycoqHo-ma,n:KIDI napaMeTpii3aQIDI cneKTpa co 

CB060.[(HbiMII napaMerpaMII, TaKJKe no,n:roiDICMbiMII B npOQCCCe MIIHIIMII3aQIIII COOT

BeTCTByiOID;Cro x2
• KpaTKO o6c~aercH naKer nporpaMM dybOscar, pa3BIITblii 

Hameii .n:y6HCHCKOH rpynnoii .[(JIH OCQIIJIJIHQIIOHHOro aHaJIII3a, II IICnOJib3YCMblll ,n:JIH 

noJI)"'eHIIH o«lJIIQIIaJII>HbiX pe3yJII>TaTOB KOJIJia6opaQIIII Daya Bay. 

.ll:aJiee, Mbi npiiBO.[(IIM II o6c~aeM noJI)"'eHHble pe3yJII>TaTbi. PaccMOTPCB 

TOJibKO O.[(IIH IIHTepBaJI no peKOHCTPYIIPOBaHHOH 3Hepmi1 nepBIIqHoro CIIrHaJia {0. 7-
8) M3B, MOJKHO ,n:aTI> HaiiJiyqmyiO OQCHKY sin2 2fh3. npe.n:noJiariDI I ~m~2 1 = {2.43 ± 
0.07) X 10-33B2 [20]. IlOJI)"'CH CJie,n:yiOrn;IIii pe3yJioTaT: 

sin2 2013 = 0.0850 ± 0.0030 (cTaT.) ± 0.0028 {ciiCT.), 

L = 5.o8 =08 
NDF 8-2 . 5" 

(3) 

PIIC. 4 IIJIJIIOCTpi1pyeT OTHOillCHIIC Ha6JIIO.[(aeMOro qiiCJia C06biTIIH o6paTHOro 6era 

pacna,n:a K OJKII,n:aHIIIO 6e3 HeiiTPIIHHbiX OCQIIJIJIHQIIii KaK «PYHKQIIH 3«lJ«lJeKTIIBHoro 

paccTOHHIIH ,n:JIH Bcex BOCbMII .n:ereKTopoB. Haii,n:eHbl cJie,n:yrorn;IIe napaMeTpbi 3v
:Mo,n:eJIII ocQIIJIJIHQIIii HeiiTPIIHO HaiiJiyqmiiM o6pa30M oniiCbiBaiOrn;eii Ha6JIIO,n:aeMMe 

qiiCJia C06biTIIH B3aiiMO.[(CHCTBIIH aHTIIHeiiTpiiHO II IIX cneKTpOB: 

sin2 2lh3 = 0.0841 ± 0.0027 (cTaT.) ± 0.0019 {ciiCT.), 

~~m;el = {2.50 ± 0.06 (cTaT.) ± 0.06 (CIICT.)) X 10-3 3B
2

, 

~m~2{NH) = {2.45 ± 0.06 (cTaT.) ± 0.06 {ciiCT.)) X 10-3 3B
2

, 

~m~2{1H) = ( -2.56 ± 0.06 (cTaT.) ± 0.06 {ciiCT.)) X 10-3 3B
2

, 

x2 232.6 
NDF = 280-17 = 0"88· 

(4) 

Ha pile. 5 npiiBe,n:eHa BepoHTHOCTb BbiJKIIBaHIIH Ve KaK «PYHKQIIH 3«lJ«lJeKTIIBHOro pac

CTOHHIDI Lerr ,n:eJieHHoro na cpe,n:HIOIO 3HepmiO aHTIIHeiiTpiiHO (Ev). B .n:oczynHOM II3-

MepeHIIIO IIHTepBaJie Lerrl Ev Ha6JIIO,n:aercH noqTII noJIHI>Iii QIIKJI Ilcqe3HOBeHIIH II no

HBJieHIIH BHOBb Ve . .ll:BYMepHblll .[(OBepiiTCJibHblll IIHTepBaJI .[(JIH ~m~e II sin2 2013 npii

Be,n:eH Ha piiC. 6 . .ll:oBepiiTCJibHblll IIHTepBaJI noJiyqeH, IICnOJib3YH ~X2 = X2 - X!in• 
KaK «!JyHKQIDI sin2 2013 II ~~m~el· Ilo BCCM OCTaJibHbiM napaMeTpaM MO.[(CJIII HaxO

.[(IIJIIICb 3HaqeHIDI, MIIHIIMI13I1pyiOIIJ;IIe x2 npii .[(aHHbiX «lJIIKCIIpOBaHHbiX 3HaqeHIIHX 

sin
2 

2013 II I ~m~e I· .ll:BYMepHbie IIHTepBaJibl noKa3aHI>I MH o6JiaCTeii napaMerpOB, 

COOTBCTCTBYIOIIJ;IIX ~X2 MCHbillC 2.30 (68.27% Y..ll:.), 6.18 (95.45% Y.,n:.), II 11.83 
(99. 73% Y.,n:.). O,n:HoMepHbie pacnpe,n:eJieHIIH ~x2 TaKJKe noKa3aHbi ,n:JIH KaJK,n:oro na

paMerpa, npo«!JuJIIIPYH no BTopoMy napaMerpy. 

Ha pile. 7 npiiBe,n:eHbl pe3yJII>TaThi II3MepeHIDI 15 Km«lJ«lJIIQIIeHTOB ni. )"'IITbi

Ba!9rn;IIx B03MOJKHble OTKJIOHeHIIH II3MepeHHOro CneKTpa peaKTOpHbiX aHTIIHeiiTpiiHO 
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Puc. 4-OmoweHue Ha6mo.r~aeMoro 'IUCJia OEP co6biTHii K OJKH.[(aHHIO 6e3 HeiiTpHHHbiX oc

UHJIJI»UHii KaK cPYHKUHH 3«lJ«lJeKTIIBHOfO paCCTOHHHH .[(JIH BCeX BOCbMii .[(eTeKTOpOB. ,lJ;e«lJIIUiiT 

B .[(aJibHiiX .[(eTeKTopax OTHOCHTeJibHO 6JIHIKHIIX IiJIJIIOCTpiipyeT IiC'!e3HOBeHIIe Ve Ii3-3a Heii

TpiiHHbiX OCUHJIAAUHii. A6coJIIOTHa» HopM:npoBKa peaKTopHbiX fie 6bma orrpe.r~eJieHa 113 .[(aH

HbiX, rapaHTHpy» paCCMaTpHBaeMOe OTHOJIIeHHe paBHOe e.[(HHHUe IIpii HyJieBOM paCCTOHHIIII. 

DJIIiiKHiie (.rlaJibHIIe) .[(eTeKTOpbi C.[(BiiHyrhl Ha ±6 M (±30M) .[(JIH Y.ri06CTBa BOCITpiiHTiiH. 

oT Mo,n:eJIH Huber+Mueller [21; 22]. Pe3yJioTaT «lJIITa Haxo,n:IITCH B xoporneM comaciiii 

c He3aBIICIIMbiM II3MepeHIIeM cneKTpa B 3Kcnepi1MeHTe Daya Bay [23]. 

Pe3yJII>TaTbi II3MepeHIIii cpaBHIIBaiOTCH c pe3yJII>TaTaMI1,n:pyriix 3Kcnepi1MeHTOB 

c peaKTOpHbiMII, ycKopiiTCJibHbiMII II aTMoc«!JepHbiMII HeiiTpiiHO. ToqHOCTb II3Mepe

HIIH sin2 2013 3Kcnepi1MeHTOM Daya Bay HBJIHeTCH HaiiJiyqmeii. ToqHoCTb II3Mepeniiii 

~m~2 cpaBHIIMa C TCK)'ID;Cll TOqHOCTblO II3MepeHIIH B yCKOpiiTCJibHbiX 3KCnepi1MCH

TaX. 

.ll:OCTIIrHYTIDI TOqHOCTb II3MepeHIIH IICCJie,n:yeTCH B CJie,n:yiOIIJ;CM pa3.[(CJie C Toq

KII 3peHIDI BKJia.[(OB pa3JIIIqHbiX IICTOqHIIKOB Heonpe,n:eJICHHOCTII. 3aKJIIOqaeM, qTO 

ToqHoCTb Teeyrn;ero pe3yJioTaTa Bee ern;e onpe,n:eJIHeTcH cTarnCTIIqecKoii Heonpe,n:e

JieHHOCTbiO, qTO n03BOJIHCT paccqiiTbiBaTb Ha .[(aJibHCHIDee YBCJIIIqeHIIe TOqHOCTII ll3-

MepeHIIH sin2 2013 II ~m~2 K KOHQY 2020 ro,n:a, Kor,n:a OJKII,n:aeTcH 3aBeprneHIIe Ha6opa 

,n:aHHbiX 3KcnepiiMeHTa Daya Bay. · 

HaKoHeQ, masa 3asepmaercH o6c~eHIIeM pe3yJII>TaTOB OCQIIJIJIHQIIOHHoro 

aHaJIII3a 3KcnepiiMeHTaJibHbiX ,n:aHHbiX Daya Bay B Mo,n:eJIII BOJIHOBoro naKeTa, pa3-

pa6oTaHHoii B qacTII II HacToHrn;eii ,n:IIccepTaQIIII. TaKoii aHaJIII3 BbiDOJIHeH BnepBI>Ie. 

IloJI)"'eHbi nepBbie orpaHIIqeHIIH Ha napaMeTp ,n:IIcnepciiii cr p· Pa3pernenHIDI o6Jiacn 
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Puc. 5 - 11.3MepeHHoe ucKIDKeHIIe cneKTpa ::mepnm pemcropHhiX l1e, npounmoc-rpiipOBaH

Hoe KaK BepOHTHOCTh BhDimnaHIIH Ve KaK 4JyHKU:IIH Lerr/ Ev. 34JcjleKTIIBHOe paCCTOHHIIe Lerr 

OU:eHIIBaeTCH ~JIH KIDK.LIOro JKCIIepiiMeHTaJihHOrD XOJIJia C )"'eTOM pacnpe~eneHIIH pemcropOB, 

~mmn:ux BKJia~ B Ha6mo~aeMoe qucno co6biTIIii. Cpe~IIHH JHepnrn l1e, (Ev), on:eHuBaeTCH B 

KIDK.LIOM IIHTepBane peKOHCTPYIIPOBaHHOll 3Heprllll n03IITpOHa, IICnOJih3YH MO~eJih OTKJIIIKa ~e

TeKTOpa. BepoHTHOCTh ucqe3HOBeHIIH Ve B KIDKJIOM IIHTepBane peKOHCTpyiipoaaHHoii JHepriiii 

II03IITpoHa ~aeTCH OTHOIIIeHueM Ha6mo~aeMoro qucna co6hiTIIii (3a BhlqeToM 4JoHOBhiX co6hi

TIIii) K npe~CKa3aHIIIO B npe~nOJIO)KeHIIII OTCYTCTBIIH OCU:IIJIJIHU:IIll. B ~ocrynHOM II3MepeHIIIO 

IIHTepBaneLerrfEv Ha6JIIO~aeTCH ITO~ IIOJIHblll U:IIKJI IIcqe3HOBeHIIH II IIOHBJieHIIH BHOBh Ve. 

rrapaMcrpa O"rel = O"pjp, r,ne p -IIMIIJ1IhC HeiiTpliHO, eOOTBeTCTBJIO~illl 95% Y.,[(.: 

2.38. 10-17 < O"rel < 0.23. {5) 

3aKmoqeHue. 
Hcene,nosaHIIe ocu;IInmru;iiii HeiiTPIIHO - qyscTBIITenhHhiii IIHCTPYMeHT ,nmr 

IIJyqeHIIH CMeiiiiiBaHIIH B neiTTOHHOM CeKTOpe II pa3HIIIJ;bl KBa,npaTOB MaCe f::l.mrj = 

mr -. m] HeiiTpiiHO. B HaCTOH~eii ,niiccepTaiJ;IIII pa3pa6oTaHa KBaHTOBOIIOJieBilll Teo

piiH HeiiTPIIHHhlX OeiJ;IIJIIDIIJ;IIll B paMKax KOBapiiaHTHOro BOJIHOBOro rraKeTa II II3Me

peHbl tiJyH,naMeHTaJihHhie napaMCTPhi CTaH,napmoii Mo,nenii- yron cMenmsaHIIH (}13 

II pa3HIIu;a KBa,npaTOB Mace f::l.m~2 B ,naHHhiX 3KcrrepiiMeHTa Daya Bay, ,ncreKTIIpyiO

~ero aHTIIHellTPIIHO OT peaKTOpOB. 

BTOpilll qacTh ,niiCCepTaiJ;IIII IIOCBH~eHa pa3pa60TKe KBaHTOBOIIOJieBOll TeOpiiii 

HeiiTPIIHHhiX OCIJ;IIJIIDIIJ;IIll. 
/ ' 
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Puc. 6- .ll:BYMepHhiii ~OBepiiTeJihHhiii-IIHTepBan ~ ~m;e II sin2 21h3 IIOJI)"'eH II3 cpaBHe

HIIH qiicJia V e B3aiiMO~eiiCTBIIll II cjlopMbl CIIeKTpa II03IITpOHOB B ~anhHIIX ~eTeKTopax OTHO

CIITeJihHO 6JIII)KHIIX. KoHTYphi, coOTBeTCTByiOrn:IIe CTaH~apTHhiM oTKJioHeHIIHM B 1cr, 2cr, II 3cr, 
nOJI)"'eHbl IICIIOJih3YH 3HaqeHIIH ~X2 

paBHb!e 2.30 {KpaCHaH JlllHIIH), 6.18 (3eJieHa»), II 11.83 
(CIIHHH) OTHOCIITeJihHO HaiiJI)"'IIIeii OU:eHKII napaMeTJlOB. BepXHIIll piiCYHOK COOTBeTCTByeT 0~

HOMepHOMY pacnpe~eJieHIIIO ~X2 
OTHOCIITeJihHO sin2 2813, nOJI)"'eHHOMY npocjJII~IIpoBaHIIeM 

no napaMcrpy I~ m;e I ( CIIHHH cnnOIIIHaH JIIIHIIH ), nyHKTIIpHa» JIIIHIIH OTMeqaeT ypoBHII, cooT

BeTCTBYIOll.IIIe CTa~apTHhiM OTKJIOHeHIIHM B 1cr, 2cr, II 3cr. IlpaBhlll piiCYHOK onpe~eneH aHa

nornqHo, HO JIJIH napaMeTpa I ~m;e I, npocjJIIJIIIPYH no napaMeTpy sin2 21h3. ToqKa c OIIIII6KaMII 

IIOKa3hiBaeT HaiiJI)"'IIIyiO on;eHey napaMeTpOB. 0IIIII6KII COOTBeTCTByiOT O~HOMepHOMY ypoB

HIO ~OCTOBepHOCTII B 1 0". 

Pa3pa60TaHa Teopmi KOBapiiaHTHOro BOJIHOBOro naKeTa II ,neTaJihHO IICene,no

BaHhl ero CBOllCTBa. B KaqeeTBe pa6oqeii MO,nenii npe,nno:lKeH II paCCMOTpeH penHTII

BIICTCKIIll rayccOB BOJIHOBOll naKeT. B Harneii pa6oTe IIOKa3aHO, qTQ raycCOB BOJIHOBOll 

naKeT BII,na ex e-(k-p)
2 
f 4a;, TPa,niiiJ;IIOHHO IICIIOJih3JeMhlll rrpii OIIIICaHIIII HellTPIIH

HhiX OCIJ;IIJIIDIIJ;IIll B MO,nenii BOJIHOBOro naKeTa, HBJIHeTCH HepeiDITIIBIICTCKIIM 1Ipii-

6JIII:lKeHIIeM peiDITIIBIICTCKOro rayceoBa BOJIHOBOrO ITaKeTa, rrpe,nJIO:lKeHHOro B Harneii 

pa60Te. 

Hccne,noBaHo pacrrnhiBaHIIe sonHosoro naKcra B,nonh HanpaBneHIIH ero ,nBII:lKe

HIIH II B IIJIOCKOCTII rreprreH,niiKJIDipHOll BeKTopy ero cpe,nHeii CKOpOCTII. ,[(OKa3aHO, 

qTO rrorrepeqHoe pacrrnhiBaHIIe rrpiiBO,niiT K no,naBJieHIIIO BepoHTHOCTII o6HapJ:lKIITh 

BOJIHOBOll ITaKeT Ha paCCTOHHIIII lxl OT IICTOqHIIKa ero pO:lK,neHHH; IlrrOTHOCTII IIOT0-
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Puc. 7- Pe3yJibTaThi H3MepeHmi 15 K03<jlljnu~neHTOB n;, )"'IITbiBaiOIQIIX B03MOJKHbie oTKJio
HeHmi II3MepeHHOro CIIeKTPa peaKTOpHbiX aHTIIHeiiTPIIHO OT MO,lleJIII Huber+ Mueller [21; 22]. 

Ka BOJIHOBOro naKeTa, npOIIHTerpiipOBaHHOH no speMeHII B npe~eJiaX (O,oo) OTBeqa

eT no~aBJieHIIe BII~a 1/ 4nlxl2 
B CIICTeMe nOKOJI BOJIHOBOro naKeTa. 3TOT pe3yJihTaT 

o6ecneqiisaeT np03paqHoii IIHTepnpeTai.(IIeii nonepeqHoe pacnJihiBaHIIe BOJIHosoro 

naKeTa. IIcnoJih30BaHIIe peJIJITIIBIICTCKIIX BOJIHOBhiX naKeTOB B KaqecTse HaqarrhHhiX 

II KOHeqHhiX cpOKOBCKIIX COCTOJIHIIH B §-MaTpiiqHoii TeOpiiii n03BOJIIIJIO BhJqiiCJIIITh 

COOTBeTCTBYJOIQYJO sepOJITHOCTh pacceHIIJI 

dN = daLe-b}.j2u;,ab , 

r~e da- ceqeHIIe pacceJIHIIJI B nrrocKOBOJIHOBOM npii6JimKeHIIII, L- CBeTIIMOCTh pac

ceJIHIIJI ·~Byx BOJIHOBhiX naKeTOB B onpe~eJieHIIII, IICnOJih3yeMOM B TeOpiiii paccex

HIIJI II YCKOpiiTeJibHOH cpii3IIKe, ax,ab- 3cpcpeKTIIBHaJI npOCTpaHCTBeHHaJI ~IICnepCIIJI 
pacCeiiBaJOIQIIXCJI BOJIHOBbiX naKeTOB a II b, II br - JIOpeHQ-IIHBapiiaHTHhlll MO~YJih 
npiiQerrhHoro neKTopa, c KOTOphiM pacceiiBaJOTCJI ~pyr Ha ~pyre a II b. 

BI>IqiicJieHa aMnJIIIry~a Aa,e "MaKpocKoniiqecKoii" ~IIarpaMMhi, B KOTopoii 

"IICTOqHIIK" II "~eTeKTop" HeiiTPIIHO pa3~eJieHhl MaKpOCKOniiqeCKIIM paCCTOJIHIIeM; 

HaqaJihHhie II KOHeqHble qaCTIIQhl OniiCbiBaJOTCJI llOCTPOeHHhiMII KOBapiiaHTHhiMII 

BOJIHOBhiMII naKeTaMII; Heii.TpiiHO- eupmyaJiblWR qaCTIIQa. B "IICToqHIIKe" II "~eTeK

Tope" pmK)J,aJOTCJI 3apx1KeHHhie JiellTOHhl £t II er;' COOTBeTCTBeHHO. AMmiUry~a Aa,e 
OT~eqaeT HapyrneHIIJO rrenTOHHoro qiicrra, ecrrii a # (3. BhJqiicrreHHaJI aMnrriiry~a 
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Aa,e no3BOJIIIJia onpe~eJIIITh BOJIHOBYJO cpyHKQIIJO BIIPTJaJihHOro HeiiTPIIHO, KOTOpaJI 

OKa3aJiaCb peJIJITIIBIICTCKIIM BOJIHOBbiM naKeTOM. 3cpcpeKTIIBHaJI ~IICnepCIIJI IIMnyJih

ca HeHTPIIHO 3aBIICIIT OT ~IICnepCIIH IIMnyJihCOB II CaMIIX IIMrryJihCOB BCeX BXO,li,JIIQIIX 

n ~IIarpaMMY qacrnn. 

BhlqiicJieHa MIIKpocKoniiqecKaJI sepoxrnocTh IAa,e 12 • IlocKOJihKY K~hlii BOJI

HOBOii naKeT xapaKTepii3YeTCJI cpe~Heii KOOp~IIHaTOii. X"' B MOMeHT BpeMeHII X~, 
cpe~HIIM 4-IIMrryJihCOM p"', a TaKJKe ~IIcnepciieii IIMnyrrnca a"'' TO IAa,e 12 3aBIICIIT 

napaM~IIqecKII oT scex napaMeTPOB { x"',p"',a "'}. MIIKpOCKOniiqecKaJI nepoJITHOCTh 

IAa,e 12 - Haii6onee o6IQIIii pe3yJihTaT Harnero BhJqiicrreHIIJI. IAa,e 12 co~epiKIIT no~aB
rreHIIe, CBJI3aHHOe C HeHyJieBbiMII IIpiiQeJihHhiMII BeKTOpaMII pacCeiiBaJOIQIIXCJI BOJI

HOBhiX naKeTOB. B Harneii pa60Te npiinerrhHhlii seKTop o6o6IQeH Ha qeTbipexMepHhlii 

CJiyqaii.. IlorryqeHbl JIBHhie cpopMyJihl ~Jill COOTBeTCTBYJOIQero no~aBJieHIIJI. ,lJ,OKa3aHa 

IIX JIOpeHQ-IIHBapiiaHTHOCTh. • 

qT06hl CBJI3aTh BhlqiiCJieHHYJO sepoJITHOCTh IAa,e 12 c 3KcnepiiMeHTaJihHO Ha-

6rrJO~aeMhiM qiiCJIOM co6biTIIii N a,B c et B IICTOqHIIKe II £{3 B ~eTeKTope, npOII3Be~e

HO MaKpocKoniiqecKoe ycpe~HeHIIe IAa,e 12 
no napaM~aM { x"',p"J. IloHJITIIJI "IIc

ToqHIIK" II "~eTeKTop" o6peTaJOT CBOH CMhiCJI KaK 06JiaCTII IIpOCTpaHCTBa-npeMeHII 

BOKpyr npiiQeJihHhiX Toqe* Xs,d. onpe~errJieMhiX napaMeTpaMII BOJIHOBhiX naKeToB 

{ X"',p"',a "'} B BepiiiiiHax C po~eHIIeM £t II fp, COOTBeTCTBeHHO. IlpiiQeJibHbie Toq

KII Xs,d JIBJIJIJOTCJI crre~cTBIIeM pa3BIITOro cpopMaJIII3Ma. 

Haii~eHbl ycnOBIIJI, IIpii ~OTOpbiX N a,B MOJKeT 6b1Th npe~CTaBJieHO B BII~e IIH

Terparra no o6oeMaM IICTOqHIIKa II ~eTeKTOpa OT npOII3Be~eHIIJI TPeX MHOIKIITeJieii. 

<Pv(Ev,L) x Pa,e(Ev,L;'JJ) X a(E,;). lloTOK 6e3Maccosoro HeiiTpiiHO OT IICTOqHII

Ka B ~eTeKTOp <Pv(Ev,L) ex 1/£2, r,ll,e.L- paCCTOJIHIIe MeiK,!J,Y TOqKaMII IICTOqHII

Ka II ~eTeKTopa. a(Ev)- ceqeHIIe pacceJIHIIJI 6e3Macconoro HeiiTPIIHO B ~eTeKTope. 
JiopeHQ-IIHBapiiaHTHOCTh N a,B TPe6yeT KOBapiiaHTHOCTII BOJIHOBhiX naKeTOB, OTBeqa

JOIQIIX BHeiiiHIIM qaCTIIQaM. 

MHOIKIITeJih p a ,B. 3aBIICJIIQIIll OT cprr3iiBOpHbiX IIH~eKCOB a,(3, 3Hepr1III Heii

TPIIHO, 3cpcpeKTIIBHOro paCCTOJIHIIJI Me~y IICTOqHIIKOM II ~eTeKTOpOM II ~IICnepCIIII 

3Hepriiii-IIMnyJihCa HeHTPIIHO 'JJ, JIBJIJieTCJI o6o6IQeHIIeM KBaHTOBOMeXaHIIqecKOH Be

pOJITHOCTII OCQIIJIJIJIQIIH HeHTPIIHO 

{2 'J) 1yg 1xg 
Pa,e(Ev,L) = y -;- dy0 dx0 

Td y~ X~ 

1 
-Jlj --2:: v,;i V,ai e 1 + it:i 

j 

,2 

r~e (x~ ,xg) - npeMJI pa6oThi IIcmqHIIKa, a (y~ ,yg) - speMJI pa6oThi ,ll,eTeKTopa. Bhi

qiicJIJIJI IIHTerparr no KOHeqHhiM IIHTepsarraM speMeHII II npeHe6peraJI ~IIcnepciieii 

sorrHonoro naKeTa HeiiTPIIHO B KOHcpiirypaQIIOHHOM npoCTPaHCTBe, norryqeHa cpop-

Myna~AA Pa,e(Ev,L) = §
0 
Pa,e(Ev,L) . 

Pa,e(Ev;L) =; LVaiV.Biv,;iv;isiiexp(icpii -~;). 
0 ij 
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BmKHOe OTllii'IIIe OT KBaHTOBOMeXaHII'IeCKOro paCCMOTJleHml 3aKniO'IaeTCH B TOM, 

'ITO cpyHKU:IIII 1:> II £18'fi 3aBIICHT OT KIIHeMaTIIKII co6uiTIIH, a cne.[loBaTenuHO II oi 4-

nMnynucoB £;t n Rfi, T.e. OT II IIH.[IeKcoB a:, {3. I1o3ToMy, yHIITapHble cooTHomeHHH 

.LillH P afJ ( Ev ,L; 1:>) MOryT BblllOnHHThCH TOllhKO B cny'lae cna6oii 3aBIICIIMOCTII 1:> H 

£18'fj OT HH,[IeKCOB 0:, {3. 

<llaKTOp .Gii] llO,[IaBmleT IIHTepcpepeHU:IIIO COCTOHHIIll HellTJliiHO 1/i H Vj Ha pac

CTOHHmiX, npeBbiiiiaiOmiiX ,[llliiHY KOrepeHTHOCTII, aHanOrii'IHO KBaHTOBOMeXaHII'Ie

. ci<oMy paccMOTJleHIIIO. BmKHhiM oTnii'IIIeM OT nocne,[(Hero, O,[(HaKo, OKa3biBaeTCH To, 

'ITO ,[IIICnepCIIH 3HeprHII HellTJliiHHOrO BOllHOBOro naKeTa, C y'leTOM B3aiiMO,[IellCTBIIll 

Hell'fPIIHO B IICTO'IHIIKe II ,[leTeKTope, HBnHeTCH cpyHKU:IIeii KIIHeMaTII'IeCKHX nepeMeH

HbiX. HOBbiM OKa3biBaeTCH cpaKTop Sij, KOTOpbiii llO,[IaBllHeT KaK ,[IIIaroHallbHbie qneHbl 

c cpyHKU:IIeii llO,[IaBneHIIH So = sii. TaK II He ,[IIIaroHanbHbie qneHbl B cpopMYne ,[lllH 

BepOHTHOCTII OCU:IIllnHU:IIll. 

llonyqeHHaH cpopMyna ,[IJIH p afJ ( Ev ,L) npaBIIllbHO BOCllpOII3BO,[IIIT IIHTYIITIIB

HOe OJKII,[IaHIIe llO,[IaBneHIIH 'IIICna B3aiiMO,[IellCTBIIll B cnyqae, ecnii BpeMeHa pa60Tbl 

IICTO'IHIIKa II ,[leTeKTopa He CIIHXpOHII3IIpOBaHbl .[lpyr C .LipyrOM. B cnyqae CIIHXpO

HR3IIpOBaHHbiX IIHTepBanoB BpeMeH, Sij / S0 npe.[lcTaBnHeT co6"0ii HOBYIO KBaHTOBO

noneByiO cpyHKU:IIIO llO,[IaBneHIIH IIHTepcpepeHU:IIOHHbiX qneHOB B cpopMyne ,[lllH Bepo

HTHOCTII. llpii onpe.[leneHHbiX ycnoBIIHX cpyHKU:IIH Sij nepexo.L~_IIT B He3aBIICHmiiii oT L 
cpaKTOp exp ( -£18'fj), OTBeTCTBCHHblll 3a llO,[IaBneHIIe KOrepeHTHOCTII npii pOJK,[IeHIIII II 

,[(eTeKTIIpoBaHIIII HeiiTpiiHO. CooTBeTCTBYIOmiie ycnoBIIH B03HIIKaiOT B .LIByx cny'IMX. 

B nepBoM, KOr.[la BpeMH 3Kcno3IIU:IIII .[leTeKTopa Td = (yg- y~) MHOro Me Home BpeMe

HII pa60Tbl IICTO'IHIIKa T 8 = (xg- X~). Bo BTOpOM, KOr,[la Td ~ T 8 >> Tv, r,[le Tv MOJKeT 

6uiTb IIHTepnpeTIIpOBaHO KaK BpeMeHHaH ,[IIICnepCIIH BOllHOBOrO naKeTa HellTJliiHO. 

B npoiimononOJKHOM cnyqae cpaKTop sij npe,[ICKa3biBaeT MeHumee llO,[IaBneHIIe, no 

cpaBHeHIIIO C exp ( -£18'fj), 'ITO 06bHCHHeTCH ,[(OllOllHIITellbHbiM BHeCeHIIeM Heonpe,[le

neHHOCTH B II3MepeHIIe 3Hepriiii HeiiTpiiHO II3-3a KOHe'IHbiX BpeMeHHbiX IIHTepBallOB. 

CmiuHM 3aBIICIIMOCTb So OT napaMeTpoB Ts II Td npe.[IOCTaBnHeT B03MOJKHOCTh H3-

MepeHIIH ycpe.[IHeHHOro 3Ha'leHHH cpyHKU:IIH 1:) B ClleU:IIallbHOM YCKOpiiTellhHOM 3KC

nepiiMeHTe, ,[(OnycKaiOmeM BapiiaU:IIIO 3THX napaMeTJlOB (IInii O,[IHOro II3 HIIX). TaKoe 

H3MepeHIIe 6ulll0 6bl O'leHh none3HO ,[lllH nnaHIIpOBaHIIH II o6pa60TKII ,[laHHbiX 6y.[ly

II1;IIX npen;II3IIOHHbiX 3KcnepiiMeHTOB. He.[IIIaroHanhHhle cpaKTopbi ,[leKorepeHTHOCTII 

Sij (i=/=j) IIMeiOT 6onee cnOJKHOe noBe,[leHIIe, 'ITO IInnmcTpiipymT aHanHTII'IeCKIIe II 

'IIIcneHHble on:eHKII. 

TpcroH 'laCTh .[IIICCepTan:riii nocBHmeHa II3MepeHIIIO yma cMemiiBaHIIH (}13 II 

pa3HIIU:hi KBa.[lparoB Mace ~m~2 B .[laHHbiX 3KcnepiiMeHTa Daya Bay, .[leTeKTIIpym

mero aHTIIHeiiTpiiHO OT peaKTOpOB • 

.lVui :noro, no,[( pyKoBO.[ICTBOM aBropa II c ero Henocpe.[ICTBeHHbiM yqacTIIeM, 

pa3pa6oTaH MeTO,[I II C03,[1aH KOMlllleKC KOMllbiOTepHbiX nporpaMM ,[lllH aHanii3a 3KC-

. nepiiMeHTanoHblx ,[laHHbiX 3KcnepiiMeHTa Daya Bay. llporpaMMHOe o6ecne'leHIIe Mo

.[leniipycr BCIO n;ellO'IKY ,[leTeKTIIpOBaHHH B3aiiMO,[IellCTBIIll aHTIIHeiiTpiiHO OT peaK

TOpa B JKH.[IKOCU:IIHTHllnHU:IIOHHOM .[leTeKTope. Y'IIIThiBaiOTCH 3HepreTII'IeCKIIe cneK

Tpbi aHTHHellTniiHO OT KaJK,[(Oro II3 'leTbipex maBHbiX II30TOllOB 235U 238U 239Pu and 
/ .... l"' ' ' 
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241
Pu. llpiiHIIMaiOTCH BO BHIIMaHIIe HepaBHOBeCHM IIOIIpaBKa K CIIeKTJlaM II BKna,[l 

OT OTJla60TaHHOro TOllllHBa. Bbi'IIIClleHHe 'IHCna B3aiiMO,[IellCTBIIll aHTHHellTJliiHO KaK 

cpyHKn;IIH 3Hepmii ll03IITJlOHa Y'JIITbiBaeT 3aBIICIIMOCTb COOTBeTCTBYIOmero Ce'leHIIH 

OT yma BhineTa no3IITJlOHa. Bee 3cpcpeKTbi .[leTeKTIIpoBaHHH 3HeproBbl.[leneHIIH oT no-

3IITJlOHa Y'JIIThiBaiOTCH B Ham eM pac'!cre. TaKJKe Y'JIITbiBaiOTCH cpoHOBble co6uiTIIH c 

Y'JeTOM HX II3MepeHHbiX 3HepreTII'IeCKIIX ClleKTJlOB. 

0T.[IellbHOe BHIIMaHIIe y.[leneHO KOppeKTHOMY Y'JeTY CIICTeMaTH'IeCKIIX Heonpe

,[leneHHOCTeii H CTaTIICTH'IeCKOMY aHanii3y ,[laHHbiX. Peanii30BaHa MHHIIMII3aU:IIH x2 

II llOCTJlOeHHe ,[IOBCpiiTellbHbiX HHTepBallOB C Y'JeTOM CTaTIICTH'IeCKIIX II CIICTeMaTII

qeCKIIX Heorrpe.[leneHHOCTeii npii ll0MOII1;H KOBapiiaU:IIOHHOll MaTJlHU:bi II lliTpacpHbiX 

qneHOB. 

Pa3pa6oTaHHoe rrporpaMMHoe o6ecneqeHIIe ncnonu3yeTcH TaKJKe .[lnH pH.[Ia 

LIPYriix IIccne.[loBaHIIii: nccne.[loBaHIIe 3cpcpeKTOB KBaHTOBoii ,[leKorepeHTHOCTII B 3KC

nepiiMeHTax Daya Bay n KamLAND, noiicK cTepiinhHhiX HeiiTJliiHO, nccne.[loBaHIIe 

ClleKTpa aHTIIHeiiTpiiHO OT peaKTOpa. 

B pe3ynuTaTe aHanH3a ,[laHHbiX 3KcnepiiMeHTa Daya Bay, HaKorrneHHhiX 3a 1230 

,[(Hell II3MepeHa aMnniiry.[la OCU:IIllllHU:IIll 

sin2 
2(}13 = 0.0841 ± 0.0027 (cTaT.) ± 0.0019 (ciicT.) 

II pa3HIIU:a KBa,[lpaTOB MaCC 

~m;e = (2.50 ± 0.06 (FaT.)± 0.06 (ciiCT.)) X 10-3 
3B

2
• 

):Vui rHllOTe3bl HOpMallbHOll HepapXIIII MaCC HellTJliiHO H3MepeHa pa3HHU:a KBa.[lpaTOB 

Mace 

~m~2 = (2.45 ± 0.06 (cTaT.) ± 0.06 (cHCT.)) X 10-3 
3B

2
. 

B rrpe.[lnonoJKeHIIII o6paTHoii IIepapxiiH 

~m~2 = (-2.56±0.06 (cTaT.) ±0.06 (cHCT.)) X 10-3 
3B

2 • 

Pe3ynuTaTbl Hamero aHanii3a HBnHIOTCH ocpiin:IIanbHbiMII pe3ynuTaTaMH Konna6opa

U:IIII Daya Bay [24]. Ha cero,[IHHmH~ii .[leHb, 3TO c~Mble TO'IHhie H3MepeHIIH sin2 
2(}13 

II ~m~2 (~m;e)· 
0TKpoiTIIe HeHyneBoro 3Ha'leHHH yma CMemiiBaHHH Konna6opan:IIeii Daya 

Bay [25] II rrpeU:II3IIOHHOe H3MepeHIIe ero 3Ha'leHHH [24] OTKpblllO llYTb K H3-

MepeHIIIO IIepapxiiii Mace HeiiTJliiHO n cpa3bi, OTBeTCTBeHHoii 3a HapymeHIIe CP

IIHBapnaHTHOCTII, 'ITO IICnonu3ycrcH B pH.Lie 3KcnepiiMeHTOB (T2K, NOvA) n rrpii no,[l

rOTOBKe HOBhiX 3KcnepiiMeHTOB (JUNO, REN0-50, T2HK; DUNE II .Lip.). 

ITpen;II3HOHHhle H3MepeHIIH sin2 
2(}13 n ~m~2 II H3MepeHHhlii 3Heprcrii'IeCKIIii 

ClleKTJl aHTHHellTJliiHO OT peaKTopa YMeHblliaiOT CHCTeMaTH'IeCKYIO HeOnpe.[leneH

HOCTb B onpe.L~eneHHII nepapxiiii Mace HeiiTJliiHO B 3KcnepiiMeHTax cne.[lymmero no

KoneHHH, TaKIIX KaK JUNO II REN0-50. 
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