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BBenenme

AkryansHOCTH paboThI

Hetirpunnste ocrmuisammm — 3ddexT, Brepsbie npenaoxkenusbit Bpyno [lorarekopso B 1957
TOJIY ¥ TIO/ITBEPXKAEHHBIN MHOTOYIHUCIEHHBIME IKCIIEPUMEHTAME € COJTHETHBIME, ATMOCEPHBIMUA,
PEAKTOPHLIMHU U YCKOPUTEJIHHBIMUA HEUTPHUHO.

HenocraTok moToka coOJIHEYHBIX HERTPUHO OBLT 0OHADYXKEH B IKCIIEPUMEHTE B XOyMCTEHKe
B 1964, a B 2002 romy 3kcrepument SNO mokazast, 910 3jeKTpoHHbIe HefrTprHO oT CosHIta 34
CYET CMENUBAHUS YACTUYHO MIPEBPAIIAIOTCA B MIOOHHDBIE U Tay-HelATpuHo. [yobaabubiit anaans
COJTHEYHBIX HEWTPUHHBIX JaHHbIX [1], mpoenénnbiit B 2002 romy mokasas, 9To COOTBETCTBYIO-
AN YO CMENTUBAHUS HEATPUHO 615 3HAYUTETBHO OTJIMIAETCS OT HyJIs1. Takke ObLI0 n3MepPeHo
3HavUeHue paciierienus mace Am3,.

B 1992 rony 6bL1 oOHApyKEH HEJIOCTATOK ITOTOKA MIOOHHBIX HERTPHUHO IO OTHOIIEHUIO K
2JIeKTPOHHBIM B 3KcrepumenTe Kamiokande [2] ¢ armocdepubivu (anTu)uedirpuno. Habionae-
MBI HEAOCTATOK XOPOIIO OIUCHIBACTCA I'MIIOTE30M OCIMJLIANUN MEXK Ay MIOOHHBIMU U Tay- He#-
TPUHO. DTO HO3BOIUIO U3MEPUTH COOTBETCTBYIOMIHUE yToJ oz 1 pacierienne Mace Ama,.

B ornmmune or ciiydasi KBAPKOB, HEUTPUHO XapPaKTEPUIYIOTCA OUY€Hb CHJILHBIM CMEITHBAHU-
eM ¢ ytamu 015 & 34° U MOYTH MAKCUMAJBHBIM Oy ~ 45°. OaHaKo, 3HAYEHUE MTOCIETHETO YT-
Jla CMeIMBaHUs (13 J0JIT0e BPeMsi OCTABAJIOCh HEU3BECTHBIM. DKCIEPUMEHTHI ¢ PEAKTOPHBIMU
3JIEKTPOHHBIMU aHTUHEATPUHO [3—13|, nposenérnbie B nepuos ¢ 1980 o 2000 roiwt ¢ geTekTo-
PaMu, PACIIOJOXKEHHBIMU HA PACCTOAHUSX OT HECKOJBKUX METPOB JI0 KHJOMETPa OT PeakTopa,
CMOIVIH YCTAHOBUTE TOJBKO BEPXHIOK rpanmity sin? 203 < 0.15. 9710 cBsA3aHO ¢ MaIocThio O3,
4TO HAKJIAJIBIBAET BLICOKME TPeOOBAHUS Ha HYBCTBUTEIBHOCTH IKCIIEPUMEHTA. 1TaKiKe, ompe/ie-
JIEHHYIO POJIb CBITPAJIO HEJOCTATOMHO TOYHO U3MEPEeHHoe 3Hadenne Ams,, KOTopoe HeohX0MuMO
JIJIs1 OIIPEJIESIEHUS] ONITUMAJIBLHOTO PACCTOSIHUST MEXKY JIETEKTOPOM U PEAKTOPOM, MAKCUMUBUPY-
IOIUM 9YBCTBUTEJIBHOCTE K sin? 265.

B nepuosx ¢ 2006 mo 2008 rox akcriepument MINOS 3HaunTe IbHO YBEJIMTUT TOUHOCTD W3-
Mepenusa Am32, [14; 15], 970 M03BOMMIO ONPEETHT ONTHMATLHOE PACCTOSHIE [ H3MEPeHHs
yIvIa CMENTUBAHUSA f13: OJIMH U3 JETEKTOPOB JTOJIKEH HAXOIUTHCS HA PACCTOSTHUN OKOJIO 2 KM OT
PeaKToOpPOB.

3Mepenre HeM3BeCTHOIO HapaMeTpa OCIIH/LIAIH HeATPUHO, yIvia cMenmBanus sin® 20

— IeJIb PEAKTOPHBIX HERTPUHHBIX IKCIEPUMEHTOB HOBOTO ToKoJsieHusi: Double CHOOZ, RENO



u Daya Bay, nagasmmx nabop ganaeix B 2011 romay. B pesynbrarte usmepenuit, oriimane yrira 6,3
OT HyJs OBLIO TPOJAEMOHCTPUPOBAHO ¢ BBICOKOM CTATUCTUYECKON 3HAYMMOCTBIO, & €0 BeJIMYUHA
onpejiesieHa ¢ H60JIBIITON TOYHOCTHIO.

o 2012 rosa OCHOBHBIME CIIOCOOAME U3MEPEHUs PACIIEIUICHUs Mace HeHTpuHo Am2, 6bl-
J10 HaOJTIO/IEHNe UCUIe3HOBEHUsT YCKOPUTEIBHBIX MIOOHHBIX HEUTPUHO B skcrepuMenTax MINOS
u T2K u nabsonenne nckaXXeHusi X CIeKTpa, a TakxKe HabJ/IogeHne yIjioBOH 3aBUCUMOCTH Ha-
pAaBJIeHUs TPUWIETA HERTPUHO B aTMOChepHBIX 3KcepuMenHTax. MeToanka naMepenns 3Toi Be-
JIMYUHBI, JIOCTYIIHAS SKCIEPUMEHTAM C PEAKTOPHBIME 3JIEKTPOHHBIMU AHTUHEATPUHO — 3TO Ha-
OJII0/IEHNE MCKAYXKEHUST CIIEKTPA IHEPTUU aHTUHERTPUHO. JIaHHBIN 1TOAXO0] TTO3BOJISAET HE TOJIHBKO
HE3ABUCUMBIM 00Pa30M ITPOBEPUTH U3MEPEHN YCKOPUTETBHBIX U ATMOC(EPHBIX IKCIIEPUMEHTORB,

HO W 3HAYUTC/JBHO YBCJIUYIUTH UX TOYHOCTD.

Hens auccepranmmonHoit paboThl

OcHOBHO# 11€JIBI0 PAOOTHI ABJACTCS U3MEPEHUE MapaAMETPOB HEHTPUHHBIX OCIMJLIAINAA B
skcnepumente Daya Bay: sin® 2013 uw Am2,. Bemomorarenbroit safatett seiiserca pa3paboTKa
nporpammuoro obecrieuerus (I10) s anamM3a JIAaHHBIX PEAKTOPHBIX IKCIIEPUMEHTOB, O/IX0-
Jdmiero Ajst 06paboTKu JTaHHBIX 3Kcnepumenta Daya Bay kak st ucceIoBaHusT OCITUILISITTANR

HEATPHUHO, TAK U A JIPYIUX 3a7a49.



Hayunag noBu3Ha

— Brepsbre npoaeMOHCTPUPOBAHO OTJIMTHE YIVIA CMETTUBAHUS 13 OT HYJIsI CO CTATHCTHIECKON

3HAYUMOCTBIO, IIPEBBIIIAIONICH 5 CTaHIAPTHBIX OTKJIOHEHUH.
— Buavenwne sin? 2013 U3MEPEHO ¢ HAWJIYHUIIEH TOTHOCTBIO.

— Buepsble usmepeno sHadenue Am32, Ha OCHOBE JIAHHBIX PEAKTOPHBIX 9KCIIepUMEHTOB. Tod-
HOCTBb U3MEPEHUsS B HACTOAIEE BPEeMs CPABHAMA ¢ TOYHOCTBIO U3MEPEHUs NAaHHOU BEJIH-

YUHBbI B YCKOPUTECJ/IbHBIX IKCIICPUMEHTAX.
HpaKTI/I‘-IeCKaﬂ SHAYNMOCTD

— Vron cmemusanus (13 U paciierienue Mace HelTpuno Am2, apistorTcs QyHIaMEeHTATb-
upiMu rapaMmerpavu Crangapraoit Mogesn, 4To onpeaesnsieT MeHHOCTb UX MPENU3UOHHOTO

U3MEpEHUs.

— Usmepenue Am?2, B PEAKTOPHBIX SKCIEPUMEHTAX SABJISIETCA XOPOIIUM JIOTIOJIHEHHEM K De-
3YJbTATAM 3KCHEPUMEHTOB ¢ YCKOPUTEABHBIMA HEATPUHO, TAK KAK U3MEPEHUE UCIOJBL3YeT
JAPYTo#f KaHaJ OCTAJIIIANNAHR, IUMeeT OTIIMIHYIO METOANKY ACTEKTHPOBAHUS W HE3ABUCUMYIO
cucreMaTuKy. 3Hadenue Am2,, mosydaeMoe B PEaKTOPHBIX SKCHEPUMEHTaX TPaKTHICCKN
HE 34BUCHAT OT APYIUX OCHUAJUIANAOHHBIX ITAPAMETPOB, B TOM HHCJE, IIPH JOCTATOTHOHR

TOYHOCTH KCIIEPUMEHTA, OT sin® 20,3.

— @aza wmapymenuss CP-uaBapuanTHOCTH Ocp TOSIBIASETCS B OOIMEIPUHATONR MapaMeTpu3a-
1 B MarTpure cmenmpanus [loarekopso-Maku-Hakaraser-Cakarer (IIMHC) comecTrO
¢ yrioM 3, IOATOMY U3MEPEHHOE OTHOCHUTENBLHO GOJIBIIOoe 3HAYEHUE yIuia CMENTHBAHUS

HEHTPUHO 013 ~ 8° OTKPBHIBAET BO3MOXKHOCTH U3MEPEHUST cp.
— Ipermsuonnoe u3mepenne 013 HeOOXOIUMO JJIsT ONPEIEIEHUS NEPAPXUN MACC HEWTPUHO.
Ha 3amury BBIHOCATCA CJIeAYIONIEe OCHOBHBIE PE3YIbTATHI U MOJIOXKEHU:

1. TIO nnst amasimsa JAHHBIX PEAKTOPHBIX HEMTPUHHBIX IKCIIEPUMEHTOB U, B TACTHOCTH, YKC-

nepumenTa Daya Bay.

2. Pesynbrar uzMepeHus: aMILITUTY/ILI OCITALISIAN HERTPUHO sin? 2615 Ha OCHOBe JAHHBIX O

[IOJIHOM guc/ie cOOBITUH B JleTeKTopax skciepuMenTa Daya Bay.
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3. Pesynbrar uzMepenust aMIIMTy bl OCIUJISAIING HEATPUHO sin? 26,5 HA OCHOBE CIIEKTpa U

IIOTOKA PEAKTOPHBIX aHTUHEHTPUHO B 3KcriepuMeHTe Daya Bay.
4. P i Am? D B
. Pesynprar m3mepenns paciiersieHus: Mmace HeliTpuHo Ams, B skcnepuMenTte Daya Bay.

Anpobarug paboTsl

OcHOBHBIE PE3YIBTATH JUCCEPTAIMHU JTOKIAIBIBAINCH W 0OCYXKIATUCH HA CJIEIYIONUX Ha-
YUHBIX POCCUMCKUX U MexayHapomabx koudepennusx: XVIII u XIX mayunbre koubepenmm
MOJIONIBIX ya€HbIX u crenmasauncros OMAN, Hybua, 2014, 2015; 57-i1 cummosuym DAE mo siaep-
voit pusuke, Hemm, Mumnsa, 2012; mexayHapoanoe pabotdee COBENAHUE IO HEYCKOPUTEILHOM
voBoit ¢puzuke NANPino-2013, Bammait, 2013; 27-g MexayHApoaHas KOH(MEPEHIH 110 (DU3UKE
uvetiTpuno u acrpodusuke Neutrino 2016, Jlongon, Besmkobpuranust, 2016; a Takke HA HAYTHOM
cosere OMAU 2013 roma, vHa paboumx coBermanusx u HaydHbIX cemuHapax JIATL, wa cobpanmsx

U pabouux copernianusix kosnaboparuu Daya Bay.

Ilyb6aukarun

Marepuananl guccepranuu OonybJIUKOBaHBI B H-M IeYaTHBIX paborax, w3 HUX 4 cTaTbu B
pereH3upyeMbix XKypHajax [16—19| u 1 crarbs B cOopruke Tpyuos koudepenmit [20]. Kpome
TOTO, JIUCCEPTAHT SBJSICTCs COABTOPOM 11-u mybsimkaruii B pelieH3snpyemMbix KypHajax [21—31|
u 2-x crareit [32; 33|, npunsrbix k neuaru. Craepyer orMeTuTh [32], pesysabrar KoTopoit 1oty YeH

npu ioMorru paspaboranuoro guccepranrom [10 dybOscar.

JImuaHpIil BKJIa aBTOpa

ABTOD HEMOCPEICTBEHHO YIACTBOBAJ BO BCeX paboTax, pe3yabTaThl KOTOPBIX BOILIA B JTUC-
cepraruio, 06paboTKe JTaHHBIX IKCIEPUMEHTA, HHTEPIPETAITNN 1 0QOPMIEHNN Pe3yabTaToB. VM
BHECEH CyIIEeCTBeHHbBIH BKIas B pazpaborky 110 dybOscarl2 s anasmsa maHHBIX IKCIIEPUMEH-
ta Daya Bay B pexxume ,1oTOK", a Tak e oCHOBHOI BKJaJ B paspaborky I10 dybOscar, npes-

HA3HAYEHHOTO JJI AHAJN3a JTAHHBIX PEAKTOPHBIX IKCIEPUMEHTOB B PEXKUME ,[TOTOK-CIEKTD' .

CrpykTypa u 06b€M auccepTanum
Hucceprarusi COCTOUT W3 BBEJEHUsI, D-U TUIAB, 3aK/IIOUEHUS U 3-X nputoxkennit. [lograbrit
00bEM muccepranmu coctaBisier 248 crpanwur, Briodas 102 pucynka n 22 tabsauiel. Crmcok

JIMTEPATYPBI COJePKUT 214 HanMeHoBaHwUIA.



11

1. O030p JmTEpPATYPHI

1.1. BBenenne

B nteproit rytaBe npuBosuTCst 0630p JIUTEPATY PHBIX UCTOYHUKOB 10 TeMe aucceprarnmn. KoH-
CTIEKTUBHO M3JIaraeTcs onucanue (pu3nkn Hefirpuao B pamkax Crammapraoit Mosenn, BBOISATCs
MAacChl HERTPHUHO W TOHATHE HEUTPUHHOTO CMEITUBAHUS, PACCMATPUBAETCS (PeHOMEH HeNTpUH-
HBIX OCIIMJIIAINN B PAMKaX ILIOCKOBOJTHOBOTO TIOXO/A U YKA3BIBAETCsT HEOOXOIUMOCTD U3Mepe-
HUS yIUia CMEINUBaHus f13, OMHOTO W3 HAWMMEHee W3yIEeHHBIX MapaMeTPOB HEHTPUHHBIX OCIIHAJI-
HHHHﬁl.

YI0OHBIM METOIOM U3MEPEHUS YTJIa CMENTUBAHUST HERATPUHO 13, JETATHHO PACCMOTPEHHOM
B pazjiesie 2.2.2; saBJAeTCs U3MEPEHUE TTOTOKA PEAKTOPHBIX aHTHHEUTpuHO. B cBaA3M ¢ UCHOIH-
30BAHUEM PEAKTOPHBIX aHTUHEATPUHO, MOAPOOHO MCCIEIyeTCs BOIPOC UX POXKIECHUST U CIIOCO-
OBl IpeICcKa3aHus UX CIeKTpa. PaccMoTpeHo cedenne B3anMo/eficTBrs o6paTHoro Gera-paciaia
(OBP) — ocHoBHOIO €1ioco6a JeTEKTUPOBaHUs PEAKTOPHBIX AHTHHEHTPUHO.

Onwmcanbl UCTOPUIECKHUE ACITEKTHI U3MEPEHUs yIvia cMermmBanns Hefrpuao 613. [loapobro
JaHbl onrcaHus 3xcrepuMeHToB Paitneca m KoysHa, BepBble IeTEKTUPOBABIIETO PEAKTOPHBIE
3JIEKTPOHHBIE aHTUHENTPpUHO U n3mepusimmu cedernne OBP. PacemoTpensr mepsoie skcniepuMen-
THI, TPEIHA3HAYEHHBIE /I TPSMOTo u3Mepenus yria cmernmBanus th3: CHOOZ u Palo Verde.
Meroauka AeTeKTUpPOBAHUSI, PA3BUTAT B OMMCAHHBIX IKCIEPUMEHTAX JIO CHX IMOP SIBJISIETCS OC-
HOBHOM JIJTsT UCCIETOBAHUST PEAKTOPHBIX aHTUHEHTPUHO.

Onmcano COBpeMEHHOE COCTOSIHWE WCCJIEIOBAHUN 110 U3MEPEHUIO yIuia cMmermuBanus 013 u

paciiernienust Macc Hefirpuno Ams2,.

'ga BpeMs MIAHUPOBAHHSA SKCIepuMeHTa Daya Bay.
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1.2. HeliTpunHbIE OCHUJIISIIAN

1.2.1. Heitrpuno B Crangaprroit Mogenan

B pamkax Crapgapraoit Momean B3auMOIEHCTBUN 3JIeMEHTAPHBIX YACTHIl HEHTPUHO Pac-
CMaTPUBAIOTCS KaK HefTpaabHble 6e3maccoBble (hepmuoabl. HeTprHO B3anMOAEHCTBYIOT C APY-
ruMu (PEPMUOHAMU TTIOCPEJICTBOM CJIAOBIX B3AUMOEHCTBUN, TO €CTh depe3 MMepeiatdy 3apsizKeHHO-
ro WE 6osoma (kamas sapszxennoro Toka, CC) wim mefirpansaoro 603oua Z° (Kanaa HefTpaIb-

Horo Toka, NC). JlarpanKuaHbl JIAHHBIX B3AUMOJICHCTBUN 3AIIMCBIBAIOTCS CJCAYIOIIUM 00PA30M:

9 .cc
Lo — ——2= W? + h.c., CC 1.1
cc 2\/§Jp ¢ (CC) (1.1)
g NC
Lnog = ——2— A NC 1.2
Ty WA (NC) (12)

rme g — e/ sinfyw — KOHCTAHTA CBA3HU CJIa0OT0 B3AMMOJICHACTBUA, € — 3aPAI 3JCKTPOHA, Oy —
W ’ y YW

-NC

yros Baitnbepra, a jcc U J Y — 3apAXKCHHDLIA U HCUTPAJIbHBIN JIEIITOHHBIC TOKH COOTBETCTBCHHO:

359=2 " (ar)Vpbar, (1.3)
a—e,u,T

=" (War)VpVar. (1.4)
a—e,u,T

[TockobKy B CJIAOBIX B3aUMOJIEMCTBUAX YIACTBYIOT TOJIBKO JIEBblEe KUPAJIbHDBIE TI0JIs, TPa-
BO€ KHPAJbHOE COCTOSIHUS HERTPUHO, KOTOPOE TaKKe HAa3bIBAIOT CTEPUIBLHBIM, ITOJIYIaeTCs, CO-
BCEM He B3auMojieiicTByeT. BO3MOXKHO, 3TO SABJSIOCH TPUYUHON TOTO, YTO ITPABbIE COCTOSHUS
HelTpuHO He Obun BKIIOYeHbl B CranaapTayio Mosens. Tak Kak mpaBoe COCTOSTHIE HEOOXOIMMO
JuIst 3armcn Maccosoro wieHa (dupaka), 1o BMecTe ¢ npasbiM cocrosinneM CrangaprHas Mo-
JeJIb JINIHJIach U Macchl HefiTpuno. Takum obpaszom, 6obIast 9acTh, 4 MOYXKET U BCe HEHTPUHO
B MIPUPO/IE, SIBISIIOTCS JIEBBIMU (DEPMUOHAMM, & AHTHHEATPUHO — MIPABBIMH.

Tem me menee, HeOOXOIMMOCTH BBECTH B TEOPUI0 MAaCCOBLIM “WIEH HEUTPUHO MOSABUJIACD.
MuHUMAJIBHBIHN CIOCOD 3TO CIe/IATH — BBECTHU IIPABYIO KOMIIOHEHTY HEHTPUHHOTO TI0JISI B TEOPUIO
1 106aBUTH MaCCOBBIA 9jIeH B TOH Ke (hopMe, 9TO U MACCOBBIE WJIEHBI JIPYIUX YACTHUIl. DTO TAK

Has3bIBAEMbIH MaccoBbIfl wieH JInpaka:

—£°= > (ar)Mysvs +he., (1.5)

047/8:‘37#77'

rae MP — 53710 MaccoBas marpuna Jdupaka, B o6IIeM cirydae HeIHarOHATLHASL.
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[Ipoussosbuast N x N marpuria M MoxkeTr OBbITH HpUBEJeHa K JIUATOHAJBLHOMY BUJLY ITPU

HOMOIIU OU-YHUTAPHOTO IipeobpasoBanus [34]:
VIMPU = m = diag(my, ..., my), (1.6)

rae Vul— YHUTapPHbIC MaTPUIBI. CJIG,ZLOB&TGJIBHO MO2KHO BBE€CTH HefITpI/IHHbIG I10JIA, UMCIOIITHUE

JMarOHAJBHYI0 MaCCOBYIO MATPHUILY, & 3HATUT OIPEIeJICHHBIC MACCHL:

v, = Ulvy, Vi = Vg, (1.7)
N=3
S —— Z Voemd v 4 hee. (1.8)
a=1

[TockonbKy TpaBble MOJIsST HEWTPUHO HE B3aUMOJAEHCTBYIOT, MaTpuiia V OOJbIlle HUTE B
JlarpaHXKuane He posipisiercd. Matpuiia cmermuBanust [/, B CBOIO o4depeb, MPOSIBJISIETC TPU
B3aUMOJICHCTBUN HEUTPUHO.

Vuurapras matpuria N x N MoxeT 6bITh TapaMeTpusosana 1pu oMot N2 qucemr: N (N —
1)/2 peasbubix yruios nosopora B N-mepuom npocrpanctse u N (N + 1) /2 komiuiekcabix das. C
YUIETOM TOTO, YTO JIATPAHKUAH JTOJIKEH ObITh WHBAPUAHTEH OTHOCUTEIHLHO (DA30BBIX Ipeobpa-
30BaHUil OTAEIBHBIX 1ToJielt, 2N — 1 das spisitorces nedusnueckumu [34]. [omywaercst, aro aist
caydasi TpEX HelTpuHo MaTpuria U/ onucoiBaeTcst 3-Ms yIylaMu CMENTUBAHUS U 1-i KOMILIEKCHOH

¢azoit 1 MOXKeT OBITH TAPAMETPU30BAHA CJIEIYIOMUM 00Pa30M:
U= O2SFD013FJ]50127 (1~9)

e MaTpunpl O — MaTPUIBl DUIEPOBCKOIO IOBOPOTA:

1 0 0 013 0 Slg 012 Slg 0
023 — 0 023 Sgg s 013 — 0 1 0 s 012 — —Slg Clg 0 . (11())
0 —Sgg 023 —Slg 0 013 0 0 1

B Beipaxkennn (1.10) ucrnoabsyrores caeayompme obosHadenns: S;; = sin 0,5, Ci; = cos ;. I'p —

KOMILTEKCHAST MATPUIA, COpepxKariast a3y Ogp:

10 0
I'm=101 0 (1.11)

0 0 e¥er
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Marpuma U mspecTtHa Tak ke Kak Marpuna cMmenmbBanus [IMHC. B npusenéanom Bume

marpuria [IMHC Beiryrssaur ciegytomnmv ob6pasom:

C12Ch3 S12C13 Spze~%cr
Upying = —S19C05 — ClaS23S 3€F C19C9 — S12523513€F (13593 (1.12)
S19593 — C19Ca35136%"  —(C9S93 — S12C53513eF  C130%3

Hannasi MaTpuria, Mo CyTH, aHajJoru4dHa marpuile cMmermuBanns Kabubbo-Kobasimm-Mackasbl
(KKM) u3 KBApKOBOIO CEKTOpPa. [JIABHBIE OTJIWYMs 3aKJIIOYATCA B PA3HOW CTEIIEHU CMEIIU-
BAHUsT MEXKJIy TOKOJEHUSIMU YaCTUI], ¢J1aboro y KBapKOB U CUJBHOI'O Y JIEITOHOB, & TAKXe B
(PUBTIECKUX TPOSIBIICHUSIX CMETTHBAHUS.

B cBssu ¢ TeM, 910 HERTPUHO He 00OJATAIOT 3aPSIIOM, BOSHUKAET BOIIPOC: YeM OTJIMYAIOTCS
MeXx Ty cobo#t HerTpuHO u anTuHedTpuHO? Teoprnio, B KOTOPO HEUTPUHO SBJIAETCH AHTUTACTH-
et myist camoit cebst B 1937 rouy nocrpousn Drrope Maidtopana [35]. Maccosbiit wien Matopasst
OTJIMYAETCST OT MacCOBOTO wWieHa JIupaka v CBA3BIBAET KOMIIOHEHTDLI TOJS ¥V C UX 3aPsiIOBO-

COTIPAKECHHBIMU BEPCUAMA /!

a?ﬁ

[losabiit MaccoBwIfl 4aeH i HelTpuHo MafiopaHbl MOXKET COJEPKATH KaK OTJIEJTHHO EM,
TaK U CYMMY LP + LM, Tponece muaroHaIM3aIul 1 COOTBETCTBYIOIIAA MATPULIA B 3TOM CJIy4ac
YCJIOXKHSTIOTCs, HO, TEM HE MeHee, MOXKEeT ObITb TPUOJIMKEHHO CBEJIEH K BAPUAHTY ¢ MATpUIleit
emernmBarusd Upyyg [34]. TlockosIbKY HOTIOMHUTEIBHBIE TAPAMETPbI, BOSHUKAIOIINE B CJIy9ae Mac-
coBoro 4jeHa MailtopaHnbl, He MOTYT HAOJIOIATHCS B PEAKTOPHBIX HEUTPUHHBIX IKCIIEPUMEHTAX,

MBI OFpaHUIUMCsT 0OCYKIEHUEM TOJILKO ciydas nefirpuno dupaka.

1.2.2. 9dbdekT ocummagmmii

Kak 6bu10 moka3ano B OpeJbIIyINeM pasjiese, B O0IeM cydae HeUTPUHHDBIE OIS Vo, 00-
JIAJIATOTITNE OIIPEIEIEHHBIM aPOMATOM, SIBJISTFOTCST CYIIEPIO3UTIAEN TTOJIER Vg, 0DJIaTal0NmX Ompe-

JTEeIEHHON Maccoii:

Vo = ZUaka; (114)
k
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e U — marpuna [loarekopso-Maku-Hakarase-Cakarsr. CoOOTBETCTBEHHO, APOMATHBIE COCTO-

AHUA HEUTPUHO ABJIAIOTCA CYIEPIIO3ULINECH MACCOBBIX COCTOAHUN:

va(t) Z e lv(t) (1.15)
(s(t)] =Y Uy (mt)], (1.16)

rie |y (t)) u (1 (t)| — HavaIbHOE U KOHEYHOE MACCOBBIE COCTOSHUS.
B cBsi3U €O CMEIMUBAHUEM BEPOSITHOCTD MIEPEX0/IA HERTPUHO U3 COCTOSIHUS ¢ ADOMATOM O B

OTJIMTHOE OT HETO COCTOSHHUE C aPOMATOM [J Terneph MOXKET ObITh OTJIUYIHA OT HYJIS:

2

Pag = [Aasssl” = [{vs | valt Z aUg (v | ve(6))| =

= D UsiUsUiU (v [ () | v ()" (1.17)

klmn

Paccmorpuwm permenne ypasuenus: [pénunrepa B BUJe TJIOCKOH BOJIHBIL:

() = e |1 (0)) (1.18)
((t)] = ™ 1 (0)) . (1.19)

[oncrasus (1.18) B BBIpaxkenue (1.17) u yurs, 9T0 MACCOBBIE COCTOSHUS OPTOIOHAJIBHBI,

[TOJTy IA€M BBIPAYKEHUE JIJId BEPOSITHOCTH TIEPEeX01a HERTPHUHO ¢ APDOMATOM (¢ B HEHTPUHO [3:
§ {(Ept—FE, )

[Tocsie psia TOXECTBEHHBIX TpeobpasoBanuii Boipaxkenue (1.20) MoxKeT OBbITH YIIPOIIEHO JI0

BUA:
Byt — Bt
Pag = bap — 4 Y Re (UsUg Uy, Usy,) sin® (Bt = Bm) |
2
k>m
+2 ) I (U2 Ui Ul sin (Bt — Ept). (1.21)
k>m

st mostyuenust Boipaxkenus (1.21) rakzke 6bLI0 UCIIOIB30BAHO yesioBre yHUTapHOCTH U.
IlockonbpKy HEUTPHUHO B IPHUPOJIE, 38 MUCKIIOYCHUEM DEJUKTOBBIX, SABIAIOTCA YIbTDAPEIs-
TUBUCTCKUMH YACTHIIAMH, UX SHEPIHs MOMXKET OBITH € XOPOIeH TOYHOCTBIO Pa3JIOKEHA B DS

Teiiopa /10 TUHEHHOTO YIEHA:

m? m2
E. = p2+m2%p+—2;mE+—2£, (1.22)
A 2
Ey — E,, = 2%m_ (1.23)
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rne Am:, = m2 —m?2,. Bpems ¢ MexK/ly POXKIEHUEM HEHTPUHO U €ro JEeTEKTUDOBAHUEM B IKC-
repuMenTax OOBITHO HEM3BECTHO, OJHAKO, XOPOIMM mpubiauxkenuem oyrner ¢ = L, tne L —
PACCTOAHUE MEK/Ty UCTOTHUKOM U JIETEKTOPOM HEUTPHHO, KOTOPOe OOBITHO XOPOITIO H3BECTHO.
[Moacraeus (1.23) B BRIpaxkenue (1.21), moaydaem:

Pag & 0as — 4 Y Re (UnUs Uy Usy,) sin® =20

k>m

+2) " Im (U U U Usy) sin

k>m

—hm (1.24)

Takum 06pazoM, BEPOATHOCTb TOTO, YTO HEUTPUHO CMEHUT THUI HA IIYTH OT UCTOTHHUKA K
JIETEKTOPY MU3MEHAETCS NHUKJIUIECKH ¢ TPOUIEHHBIM PACCTOSTHUEM W BpeMeHeM. DToT 3¢ deKkT
HA3BIBACTCS HEHTPUHHBIMU ociuuisimsaMu. Kak Buyno usz gopmyist (1.24), ocrusursiiuu Heil-
TPUHO MOTYT UMETh MECTO TOJBKO B TOM CIydae, ecau HeRTpwHO mMeroT maccy. Kpome Toro,
BEPOSITHOCTH OCIIUJLISIIIAN HUKAK HE 3aBUCHT OT abCOTIOTHOW BEJTUYIWHBI MACC HEUTPUHO, & TyB-
CTBUTEJIbHA TOJBKO K TaK HA3BIBAEMOMY DACIIEIJIEHUIO Mace Helirpuno Am?2 5

BepositHOCTE OCTIMILISITING aHMUHERTPUHO MOXKET ObITH MOIYIeHA COMPSIKEHNEM BbIPayKe-
mns (1.24). ExuHCTBeHHDBIH MHAMBIH HapaMeTp B MATPHUIE CMEIIUBAHASA — 3T0 €°CF re dep —
daza napymenns CP-uasapuantnoctu. [Ipucyrcersue mHenymeBoit ¢as3bl 0qp TPUBOIUT K TOMY,
YTO BEPOATHOCTD IIEPEXOA Vo ¢ Vg OYJET OTIINYATHCS OT BEPOATHOCTHU LIEPEXOAA Vo <> Vg. s
AKTYaJbHBIX 3HAYEHUN OCIULIATIMOHHBIX TAPAMETPOB PA3/Indue BEPOSATHOCTEN Mepexoa Ipu
PACIIPOCTPAHEHUYN HEHTPUHO B BAKyyMe MOXKeET 6bITh He OoJbite 3.5 % [36].

BepositHocTh nepexosia HefTpuHO B caMo cebsi (o = ) Ha3BIBAeTCs BEPOATHOCTHIO BBIXKHU-
BAHUS U UMEET CJIEIYIONTUH BUIT:

9 AmimL

Pao 2 1 =4 |Uakl? | Ul sin T

k>m

(1.25)

Tak kak B dopmyse (1.25) HEeT MHUMON YacTH, U, COOTBETCTBEHHO, HET 3aBUCUMOCTU OT Ocp,
BEPOSITHOCTH BBIXKUBAHUS HE TyBCTBUTEIbHA K Hapyiennio CP-uaBapuanTaOCTH.
B kadecTBe MpPOCTPAHCTBEHHON XapaKTEPUCTUKU OCITUJLISIUN YacTO UCIOIb3YETCs JIJIMHA

ocruanmit Lo

dr B
osc T2 (1.26)
k Am?

0osC

OS¢ OmIpeliesieHa KaK PacCTosiHue, Ha KoTopoM dasa u3 ¢dopmyrsl (1.20), cesasanHasd ¢

Lommna

Am?,  craHoBUTCS PABHOM 27.
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1.2.3. MapameTpbl HEMTPUHHbIX OCUMNMSALMIA

Kak BMAHO M3 npefbligyliero pasgena, HeMTPUHHbIE OCUUNNALUM B MJIOCKOBO/THOBOM MOJ-
X0[ie OMMCbIBAIOTCA LWECTbI0 NapaMmeTpamMu: TpemMs yrinamMum cMelwnBaHus, ABYMA paclenneHnsamm
MacC HEATPWMHO M Ga30il HapyweHna CP-nHBapMaHTHOCTU. M3BECTHbIe HA MOMEHT Hadana 3Kc-

nepumeHTa Daya Bay B 2011 roay 3HauyeHUs AaHHbIX NapamMeTpoB npeAcTaBfeHbl B Tabnuue 1.1.

Mg
MapameTp 2011 2016
sin22012 0 861+9% 9 84616923
sin22023 > 0.92 1 0000 01D
sin22013 < 0.15, 90% CL 0.0857 + 0.0046
Ay O Baaf 7.59 + 0.21 7.59 + 0.21
244 + 0.06 (HW)
A 8 243+ 0.13
oG Fe @ 251+ 0.06 (OW)
3Hak O T132 HensBecTeH HEeN3BeCTeH
(_@ HEN3BECTHO HEN3BECTHO

Tabnuua 1.1. 3HavyeHNs NapaMeTPoB OCLUMANALNA HEATPUHO No gaHHbIM PDG 2011 [37] u PDG 2016 [38].

N3 Tabnunubl BUAHO, 4TO 06a pacllenneHns Macc HEMTPMHO W ABa yrna CMelwnBaHUa Obl-
NN MN3BECTHbl C XOPOLUel TOYHOCTbI. Hen3BeCcTHbIMM OCTaBasNCb Yron CMelnBaHUA HENTPUHO
013 3Hak nepep |4 T|2| (Tak Ha3blBaeMas mepapxusa Macc HeMTpuHO) U asa HapyweHus CP-
MHBApPUaHTHOCTH.

CocTOoAHME M3MepPeHU OCLULUNNALNOHHBIX NapaMeTpoB HenTpuHO no sepcun PDG 2016 [38]
npeactaBneHo B tabnuue 1.1. Ha pucyHke 1.1 npuBefeHo rpadguyeckoe npeacTaB/ieHNUe COOTHO-
WEeHUN MeXAy MacCoBbIMU U PNEABOPHBIMU COCTOAHUAMU HEWTPUHO.

Ona n3mepenns $B v onpefeneHns nepapxmm macc Heob6xoAumo, 4To Obl BCe TpW yrna
CMeLlnBaHNA 6bIIN U3MepPeHbl C XOPOLUEW TOYHOCTbIO U BblNN OT/INYHBI OT HYNS.

N3mepeHne 3HauyeHUs yrna cmewnBaHnsa HeWTpuHoO 013 BaXXHO He TOJIbKO caMo Mo cebe, Kak
OfVH W3 3/1EMEHTOB MUCCNef0BaHNA (PU3NKN HEMTPUHO, HO U eCTECTBEHHbIM 06pa3oM HeobX04MMO
ANA uccnefoBaHua HapyweHns CP-MHBaApMaHTHOCTM B JIENTOHHOM CeKTOpe.

nntocTpauyms 0CHOBaHa Ha MOAV(ULMPOBAaHHOM Kofe 3épeHa ETTepa (Soren Jetter).
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Puc. 1.1. I'pathmyeckoe npeAcTaBNeHNS COOTHOLEHWI MeXAY MacCOBbIMU U (DN1eABOPHbLIMIU COCTOSAHUAMM
HelTpnHO3. MoNoXeHne No ocyM OpAMHAT COOTBETCTBYET abCOMOTHON Macce HeWTpPUHO (He B MacluTabe)
NS Cny4vaeB HOPMasibHOM M 06paTHOM Mepapxmuu Mmacc. LiBeTom oTMeueH (h1eliBOPHbIA COCTaB KaXKaoro
MacCOBOr0 COCTOSIHUA, OTHOCUTe/IbHasA MowWwadb KaX4oro 6/0ka COOTBETCTBYET KBagpaTy COOTBETCTBY-
towero anemeHTa matpuybl MMHC ana 3HayeHnin yrnoB cmelmBaHus m3 [38]. MepemeHHas LWMprHa Co-
OTBETCTBYeET pa3HblM 3HaYeHWAM (ha3bl HapyweHus CP-nHBapuaHTHocTU £CP. 0° B HUMXKHEN yacTu n 90° B

BEPXHEW.

1.2.4. OrpaHn4yeHns ncnosb3yemoro rnogxoga

®opmynbl (1.24) n (1.25) xopowo NOAXOAAT ANA ONUCAHUSA LWNPOKOTO CNEKTPa HEMTPUHHbIX

3KCMepMMEHTOB, OJJHAKO, MOMy4YeHbl C UCMOMNb30BaHMEM psfia AONYLWEHUA U NPUBIVKEHUA.

1.2.4.1. Dh(eKT BewecTBa

dopmynbl (1.24) n (1.25) paboTaloT TONbKO ANS HEATPUHO B Bakyyme. [pu pacnpocTpa-
HEHWWN B BelLecTBe, KapTWHa ocunnnauuin moguduumpyetcs. MNMpu HanUuyMmM BeliecTBa HEUTpuU-
HO B3aMMOAENCTBYET C HYK/IOHaMW N 31eKTPOHamMu. B oTAnume OT MIOOHHbLIX U Tay HEATPUHO,
KOTOpble MOTyT B3aMMOJEeNCTBOBaTb C 3/IeKTPOHAMMW Bel,ecTBa TOMbKO MO KaHany Hentpanb-
HOro TOKa, 3N1eKTPOHHbIE HEWTPUHO B3aMMOLENCTBYKOT TakXe N0 KaHany 3apsXXeHHOro Toka:

e+ ve ve+ e [39]. 3a CUéT 3TOIN peakuUMU OCUUNAALUN B BELLECTBE 3/TEKTPOHHbLIX HEATPUHO
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OTJIMYAIOTCS OT OCIUJIISATINI MIOOHHBIX U Tay HefTpuno. lIpu 3ToM, yriibl cMEIUBaHUsT U MaCChl
HEUTPUHO B BaAKyyMe 3aBUCAT OT ILIOTHOCTH BeliecTBa. [Ipu onpenenéHHbIX 3HEPIUA U JIEK-
TPOHHOH IJIOTHOCTH, BEPOATHOCTH (DJICHBOPHOTO MEPEX0JIa UMEIOT PE30HAHCHBIN xapakTep [40).

Hanubiit a¢gpdexr naspisaercs adpdekrom Muxeepa-Cymuprosa-Bossdennrreiina (MCB).

1.2.4.2. TLi1ockue BOJIHBI M BOJIHOBBIE IAKETHI

Dopwmyasl (1.24) u (1.25) mosrydeHbl B IPEATOIOKEHNH, YTO HEATPUHO DACIIPOCTDAHAIOTCS
B IIPOCTPAHCTBE B BUJIE IIOCKUX BOJH. [IJI0CKHE BOJIHBI OIMCHIBAIOT YACTHIIBL ¢ ONPEIETEHHBIM
HMITYJIBCOM M TIOJTHOCTBIO HEOTIPEIETEHHBIM [TPOCTPAHCTBEHHBIM TTostokeHreM. Hecmorpst Ha 1O,
YTO JAHHBIN [OAXOJ YCIIENTHO UCIIOJIB3YETCS 1JIs1 ONMCAHNS HERTPUHHBIX OCIMIIIISIII, OH OCHO-

BaH HA Psijie TPOTUBOPEIUBBIX IIPEJIIOJIOKEHUH, PACCMOTPEHHBIX, HanpuMmep B [41—45]:
1. Helirpuno Bcerja poxkaaloTcsi B BUJIE KOTEPEHTHONH CMECH.

2. MaccoBble COCTOSTHUST SIBJISIFOTCS YabTPa-pesaTuBUCTCKUME. CKOPOCTH HERTPUHO TIPEITIO-

Jlaraercs v; = 1, a paccrosinue, IpoiieHHoe HeUTPUHO paBHO Bpemenu [ = {.

3. Bce MaccoBble COCTOSIHUSI UMEIOT CTPOIO ONPEIEJIEHHBIN OJIMHAKOBBIN UMITYJIbc. Kak cies-
cTBHUE HeolpeieseHHOCTH [efizenbepra, Takue cOCTOAHUS HEHTPUHO MOJTHOCTBIO JICJIOKAIIN-

30BaHBI B TPOCTPAHCTBE.

BosbMméM miepBoe yTBepKIeHUE: HEUTPUHO POXKIAIOTCS B BUJE KOTEPEHTHOH cmecu. Ecwm
PacCMOTPETh TPUMED 3aPsKEHHBIX JIEITOHOB, TO OHH, HA0OOPOT, BCEra POXKIAIOTCS HEKOTe-
peratHo. B narpamxkwuan Cranmapraoit Monesmn HEHTPUHO 1 3aPsi?KEHHBIE JIEITTOHBI BXOJIST CHM-
METPUYHO, TOITOMY PA3/IMYUs B KOTE€PEHTHOM POXKAeHun TpedbyiorT obocnoBanus. B obiem ciry-
“ae OKa3bIBAETCsI, 9TO YPOBEHb KOTEPEHTHOCTH COCTOSTHUS, CMEITHBAONIET0 TACTUTIBI U3 PA3HBIX
[TOKOJIEHUH CBSI3aH C OTHOIIEHWEM PA3HOCTH FHEPTUH COOTBETCTBYIOININX YACTHIL K JACIEPCUN
SHEPIUH MIPOIECCA B KOTOPOM B3aHMO/IERCTBYET 3TO KBAHTOBOE COCTOsiHKE. OTHOIEHUIO MHOTO
MEHBIIIEMY €JIMHUIBI OTBEYAET KOTEPEHTHOE COCTOSHUE, & OOJIBITIEMY €IUHUIBI — HEKOTePEeHT-
Hoe [45].

Hefitpubo meficTBUTEBHO SIBJSIIOTCA YIABTPAPETATHBUCTCKUMEI TACTHUIIAMU, KaK yKA3aHO
BO BTOPOM Mpenojiokenuu. Tem ne Menee, 06/1a1ast PasHOM Maccoil, HEUTPUHO JIBUXKYTCS C
Pa3IUIHBIMU CKOPOCTSIMU. PasHUIa B CKOPOCTIX PA3IMTHBIX MACCOBBIX COCTOSTHUHM OKA3BIBAETCS

cymecTBeHHOM 11pu BbIBOJIe hopmysibl (1.24): B 3aBUCHMOCTH OT TOIO, BBIPAXKaeTCs (GopMyJia
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Yepes BpeMs MM HMepe3 PACCTOSHUE U CKOPOCTh, apIyMeHT II0J sin® oTimdaercs B Jsa pasa. B
paMKax OJHOTO IIOCKOBOJHOBOTO MOAX0/A MPABWIBHYIO (DOPMYJTY ONPEIETUTh HEBO3ZMOXKHO.

['unore3za 0 TOM, 9TO MACCOBBIE COCTOSIHUSI HEUTPUHO OOJIAAIOT OJUHAKOBBIM HUMITYJIHCOM
nporuBopeunT Jlopenn-uaBapuanTHOCTH. V3 IPeIIooKeHns CTPOTO ONPEAETIEHHOIO UMITYIbCA
CJIEIYeT TIOJIHAST JEeJIOKAJIU3AIsT HERTPUHO. BeposiTHOCTDL OCIUIAIINI HEUTPUHO 3aBUCUT OT
PACCTOSIHUS MEXKJTy UCTOYHUKOM U JIETEKTOPOM HEHTPUHO, 4 JaHHOE PACCTOSIHHE HEBO3MOXKHO
KOPPEKTHO OIPEJIEUTH B MOJIEJTH, T/I€ MOJOXKEHNe HERTPUHO B IPOCTPAHCTBE HE OIPEIesIEHO.

OnwmcanubIx TPOGIEM MOXKHO W30EXKATH B CAyYae MCIOJb30BAHUS PEIIEHUs B BHIE BOJI-
HOBBIX TIakeToB [41—45|. BosiHOBO# makeT — 3T0 CYyHEPIO3UIIUsT COCTOSHUN € OIPEICICHHBIM
uMIyIbcoM. BoTHOBO# mTakeT mMeeT OmpeiesIEHHbIN pasMep KaK B KOOPAUHATHOM, TAK U B HM-
MYJIBCHOM TTPOCTPAHCTBAX. DTOT MOAXOJ, TO3BOJIAET TOJIYIUTh (DOPMYJIBL JIJIsT BEPOSITHOCTER OC-
IUJUTANAR, ¢ OJHON CTOPOHBI, TIPU OIPEICTCHHBIX YCJIOBUAX YUCIEHHO coBlagarommmu ¢ (1.24)
u (1.25), a ¢ apyro#i, UPUBOAAIIME K JIONOJHUTEIBHBIM (GU3nIecKuM 3PdeKTam, TAKUM KaK 110~
JIaBJICHUE HEHTPUHHBIX OCIutsimit [45; 46].

3a mogaBIeHne OCIIUILIATINN OTBedatoT TP 3hderTa: pasderanne BOJHOBBIX TTAKETOB, JTHAC-
epcust 1 Je/IOKAJTUBATIHS.

Ocrmidarun HeNTPUHO BO3MOXKHBI TOJIBKO B ciiydae MHTEP(EPEHITNH MEXKy MaKeTaMU
PA3JIMIHBIX MACCOBBIX COCTOSIHUM, TO €CTh, KOIJIa OHU YaCTUYHO WX OJTHOCTBIO TIEPEKPHIBAIOTCS
B npocrpancTBe. Tak KaK pa3Hble MAaCCOBBIE COCTOSIHUSA ODJIAJAIOT PA3IMIHON CKOPOCTBIO, UX
[MAKEeThl MMOCTEIEHHO PasferarTcs, obJIACTb MEPEKPBITUS W WHTEPMEPEHIIN Y MEHBITTAIOTC, a
OCITUJLTSITIAN TTOJIABJISIIOTCS, BILIOTH JI0 TIOJTHOTO MCYe3HOBeHUsT 3herTa.

BostHOBBIE TTAKETHI HE ABJISAIOTCS CTAOUILHBIME U TOCTENEHHO PACIIOI3AeTCs B IPOCTPAHCTRE
(mcriepeusi BOJHOBBIX MAKETOB), 9TO YACTUIHO BOCCTAHAB/IUBACT UHTEPMEPEHINIO Ha GOJIBIITIX
PACCTOSITHUSIX.

[Ton nemokanmsarueit monnmaercs 3PGEKT, AHATOTUIHBIA TPUMEDPY U3 TIOCKUX BOJIH, TTPU
WUCHOIB30BAHUN KOTOPBIX HEBO3MOXKHO OIPEJIEUTL PACCTOSIHUE MEXK/y HUCTOYHUKOM U JIeTEK-
TopoM. OCHUISIIAN TIOIABISIOTCs, KOTIA JJIMHA OCIMLIATHH Ly, MEHBIIe WM CPABHUMA TI0
BeJIMYMHE C PA3MEPAMHU BOJHOBOI'O TAKETA.

B upocreifieit Mosenn ocruiasinit HERTPUHO ¢ BOJHOBBIMU IIAKETAMH BO3HUKAET OJIMH
JIOTIOJIHUTEIHHBIH [TapaMeTp 110 CPABHEHUIO € ILIOCKOBOJHOBBIM 110J1X010M [32; 45]: orHOCHTE TH-
Hasl MUPUHA [TaKeTa B UMITYJILCHOM IIPEJICTABJIEHUN 0. JlaHHas BeJIMYUHA TAKXKe OlPeJIe/IsIeT

IPOCTPAHCTBEHHBIN pa3Mep ITakeTa u JIIMHY KorepeHTHOCTH. [lepBoe akcniepuMenTa bLHOE orpa-
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HUYEHUE HA 0 OBLIO TOJYyYeHO U3 JaHHbIX 3kciiepuMenTa Daya Bay: o, < 0.20 co cratuctu-

qeckoit suaunmoctbio 95 % C.L.
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1.3. DaekTpoHHBIE AHTHHENTPUHO OT SIJEPHOTO PEaKTOPA

1.3.1. BBenenmne

Hawubosiee pacupocTpaHEHHBIM THIIOM KOMMEPYECKUX SJIEPHBIX PEAKTOPOB B MUPE SIBJISIET-
i PWRY). K
Csl PEAKTOP € BOJOM IO/ JlaBJIeHUEM ( ). K mannomy Ty, B 94aCTHOCTH, OTHOCUTCS OTEIE-
cTBeHHBIN peakTop BBIOP.

TormmeoMm st peaktopoB PWR sisisiercss *°U| mero or pacmaja mpoIyKTOB BBIHY K-

JIEHHOTO JIeJIEHUsT KOTOPOI'0 UCIHOJIB3YETCS JIjIs ITPOU3BO/ICTBA 3JIeKTposHeprun. Kak mpasuio,
235 .
TOIIUBHBIE COOPKU JIJIst PEakToOpoB cojep:xkar 10 b % mo macce “°U. OcrajbHON cocra pac-
- 238 239 241
npejenen Mexxay o U u u3oTonaMu mjaytonust <o Pu u 7 Pu, KOTOpble TakKe UCILITHIBAIOT
BBIHY 2K ICHHOE JIe/IeHne TT0cIe 3axBaTa 6u1cTphix’ (°°U) u remnosex (Pu) mefirponos. Jasee 1o
TEKCTY U30TOIBI 235U, 238U, 39py u #lpy OyIyT MHOT/A JIJIsl KPATKOCTU HA3BIBATHCS TSKETbI-
MU M30TOTIAMH UJIN JETATAMUCT HU30TOTIAMHE.

B mporiecce sKCITyaTalny peakTopa n30Ton 2 U jeauTes Ha 6ojee JIEKHe M30TOIB, a

238 239 241

U smbo pemurcst, mubO B Ipolecce MENOYKU PACIIaioB mepexoauT B - Pu u < Pu, mostomy
KOJIMYECTBO M30TOIOB ypaHa MOCTENEHHO YMEeHbITAeTCs, B TO BPeMsl KaK KOJUIECTBO U30TOIOB
IUIYTOHUST HaKalIuBaeTcsi. BKial Ipyrux U30TOOB B IOJHOE HHUCIO JIEJEHUNR B PEAKTOPe CO-
crasiser menee 0.2%.

IIpu Gera-pacraje NPOJYKTOB JIeJIEHUsI U30TONOB ypaHa W ILJIYTOHUS, & TaKxXKe npu dera-
pacriajie siaep, BOBHUKAIONIUX IIPU 3axXBaTe HEHTPOHOB KAK TSXKEJIBIMU U30TOIIAMU, TaK U MPO-
JlyKTaMu JIeieHust, poxkaaetcs 99 % peakTOPHBIX 9JIeKTPOHHBIX aHTUHEHTpuHO [47; 48]. Caemyer
OTMETHUTD, 9TO TOJIBKO 25% M3 POXKAEHHBIX AHTUHEATPUHO UMEIOT SHEPIHUIO BBIIIIE IOPOTa 00paT-
Horo bera-pacriajia 1.8 MaB, ocHoBHOI peakium IeTEKTUPOBAHNS, UCIOJIB3YEMON B PEAKTOPHDBIX
HEHTPHUHHBIX SKCIEPUMEHTAX.

B KavecTBe MILUTFOCTPAITAH PACCMOTPHM JEICHIe H30TOMA 2> U, KOTOPBIH B CPETHEM JIC/IAT-
cs ma uzoronsl X, u 10X, ¢ cymmapubiM kosruecTBoM HefiTponos pasubiM 142. CrabubHble

94 140 .
HU30TOIBI ¢ TAKUMUA aTOMHBIMH YUCTAMU ,0ZT U Ce uMeioT B cymme 136 HeHTPOHOB, TTOITOMY
JIJIs1 Iepexo/ia B cTabUIbHOE COCTOSAHUE JIOJXKHO TTPOU30UTH 1T1ecTh GeTa-paciajoB ¢ UCITYCKaHU-
. 235 89
eM mrectu aHTrHEHTpUHO. OJIHA W3 BO3MOXKHBIX IEMNOYEK PACTIAI0B st jejenns U Ha © Kr
u "Ba, B KoTOpO# poXxIAIOTCA T aHTHHEATPUHO, Ipe/cTaBieHa Ha pucyHke 1.2. Cuenyer ot-

METUTh, 9TO HC TOJIBKO CyHICCTBYECT OOJIBIIIOE KOJUYIECTBO KOHETHBIX COCTOSTHUAN AeJICHU A, HO 1

‘PWR — pressurized water reactor

SHEATPOHEI, KHHETHICCKaS SHEPTUsA KOTOPLIX Ipesbimaer 0.1 MsB
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KaXK[1blA HECTAOWNbHbIA M30TON UMEET OT AecATKa A0 COTHM KaHanoB 6eTa-pacnaga.

B cpegHem Ha OfHO feneHue B peakTope Bblgensetca okono 200 MaB sHeprun n 6 anek-
TPOHHbIX aHTUHENTPUHO. Takum 0b6pa3oM, ALepHbIA peakTop TenaoBOW MOLWHOCTbIO 1 BT n3-
nyyaeTt 0Kono 2100 HeWTPUHO B CekyHAy, 51019 n3 KoTopbliA MOryT OblTb LEeTEKTUPOBAHbI
nocpenctsoM HabnwogeHna OBP.

B pasgene 1.3.2 pacCMOTpPeHbl OTAE/IbHble UICTOYHUKN aHTUHERTPUHO, KOTOpPbIe AaloT BKaj
B NOTOKA aHTUHEWTPUHO OT paboTatouweli atomHol anekTpocTaHuum (A3C). CnekTpbl aHTKU-
HEMTPUHO, OTHOCALLMECA K AendauimmMmca n3oTonam B peakTope pacCMOTpeHbl B pasgene 1.3.3,
a BKnaj aHTUHENTPUHO OT oTpaboTaBwero sgepHoro Tonnuea (OAT) B pasgene 1.3.4. O6wuii
MeTOA ANA BbIYMCNEHWUIA CNeKTpa aHTUHEWTPUHO OT AensduLnmxcs u3otonos npueeaéH B 1.3.3.1,
panee B pasgenax 1.3.3.2 n 1.3.3.3 gaHbl onnMcaHnUs ABYX NOAXOA0B K PacCUYETy aHTUHEWTPUHHbBIX
CnekTpoB. HekoTOpble MOAEeNN aHTUHENTPUHHDBIX CNEKTPOB N UX CPAaBHEHMA MeX /Y Co60i npuse-
feHbl B 1.3.3.4, a 06Cy>XaeHNe COOTBETCTBMUS MOAENEN 3KCNepuMeHTaNlbHbIM AAaHHbIM MPUBEAEHO

B 1.3.3.5 n 1.3.3.6.

Puc. 1.2. 3Ttan uenHol peakuun geneHns 23BU. M3obpaxeHo geneHne 235U Ha 89Kr n 144Ba c nocne-
Aylouleri Lenoykoi 6eta-pacnafioB U UCMYCKaHMEM CEMW aHTUHEWTPUHO. Takxe M306paXkeHa Lenoyka

6eTta-pacnagos 239U c MCMyCKaHWeM ABYX aHTUHeWTpuHO. MnntocTpaunsa m3 [49].
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1.3.2. NcTrouHnku aHTUHERTPUHO

Hecrabwibubie siapa, mpu beTa-paciajie KOTOPhIX 00pa3yoTes 3JIeKTPOHHbIE AHTHHERTPUHO

B paboratonieit ADC MOXKHO paseuTh Ha cjeayonme rpyumst [48; 50].
1. IIpomyKThl JlesieHust TsKEIBIX U30TOIOB U MIPOAYKTHI UX GeTa-pacraia.
2. dnapa, obpazoBaHHbBIE B Pe3yJIbTaTe 3axBaTa HERTPOHOB TSXKEJTBIMU U30TOTIAMU.

3. fnpa, obpazoBaHHble TOC/E 3aXBaTa HEUTPOHOB MIPOJIyKTAMU JIEJEHUST TSXKETBIX U30TOIIOB

U TIPOJIYKTAMU TIOCTIETYIONUX OeTa-paciaioB.
4. Hosroxwusytiue sinpa, Haxoasmuecs: B bacceiire ¢ OT, a Takke B HEAKTUBHOM PEAKTOPE.

5. fnpa, obpaszoBanuble B pe3yJbTaTe 3aXBaTa HEATPOHOB KOHCTPYKITHOHHBIMU MaTePUAIAMU

peaxTopa.

UNcroannky HEUTPUHO U3 MYHKTOB 1-3 KaK MPABUIO PACCMATPUBAIOTCS U PACCIUTHIBAIOTCI BMe-
cre. Briag ucrounuka 5 man [48] u B pasibHEIIEM HE PACCMATPUBACTCH.

[To Mepe paboThl peakTOpa OTHOCUTEIBHBIN BKJIA JAESIIEr0Cs U30TOMA 1 B MOJHOE TUCTIO
nestennii B peakTope f; n3Mensercs: 2 U ,BBHIIopaeT”, TO eCTh €ro JI0J1st IOCTEIICHHO Y MEHBITTACTCST
¢ 75% B Havane Kammaxny 10 45% B komie, > Pu n *'Pu makanimpaercs, a J0Js PACITAIOB
28U ocraéres npubIMSHTEILHO HeM3MeHHOH. V3MEHeHIe OTHOCHTEIBHBIX BKJIAIOB JICJISIIHXCA
usoronos s peakropa ADC Has Beit [17; 27| upencrasieno va pucynke 1.3.

[Mocne nukIa IKCILUTYyATAITME PEAKTOPA, JIUTETBHOCTHIO OKOJIO TOJA, PEAKTOP OCTAHABJIV-
BaeTCsk Ha MECSIl Ha IJIAHOBO-Iipeaynpeaurebabie paborsl (IITIP), Bo Bpemsi koTopeix ot 1/4
J0 1/3 "acTu TOIVIMBHBIX CTEPXKHEN 3aMeHst0TCs Ha HOBble. CTapble CTEPXKHU U3BJICKACTCH U
IIOMEIACTCs B Cenna bHbIN bacceitn misa xpanenns OAT. B ¢Bs3u ¢ m3MeHeHHEM BKJIAI0B 1€~
JIATIIAXCA U30TOTIOB CIIEKTP W MMOTOK JIEKTPOHHBIX AHTUHEHTPUHO TIJIABHO W3MEHSETCS CO Bpe-
mereM Mexky LIIIP, npudém on 3aBUCUT He TOJBKO OT TEKYIIENO COCTOSIHUSI PEAKTOPa, HO U OT

UCTOPUU €r0 PabOTHI.

1.3.3. AHTHHEATPUHO OT AEJANIUXCH U30TOIOB

CrexTp aHTHHEATPUHO, UCIYCKAEMBIH PEAKTOPOM B CPEIHEM HA OIHO JIE€JIEHUE MOXKHO 3a-

nucath ciaegyommmM obpasom [48; 50; 511:

Stor(By) = Z fiSi(By). (1.27)
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Puc. 1.3. OTHOCUTeNbHbIE BKNaAbl AeNswmnxcs m3otonos [17; 27] B NoMHOE 4MCNO AeNeHWIn B peakTope

ASC [las beii B 3aBUCUMOCTMN OT BbIPpabOTKM TOM/MBA, BbIPAXXEHHOTO B MEraBaTT-AHAX Ha TOHHY ypaHa.

OH cKnapgbiBaeTcd M3 CYMMbl CMEKTPOB Si OTAeNbHbIX AenAlwmnxcsd M30TOMNOB i, B3BELWEHHbIX C
OTHOCUTeNbHbIMK BKNagamm fi B monHoe ynucno peneHnin B peaktope. CnekTp Si, B CBOK o4epefb,
CKNnafblBaeTcsa U3 CNeKTPOB aHTUHEWTPUHO OT MPOAYKTOB AefieHUs p u3otona i:
Ni
Si(Ev) = ~ AIPSIP(EvV), (1.28)
p=i
roe Aip akTUBHOCTb NMPOAYKTa flefleHNs p, HOPMUPOBAHHAA Ha OfHO fAefleHWe usoTona i, a Sip cym-
MapHbIA CNeKTp aHTUHENTPUHO OT Hero. B BbipaxeHuUn (1.28) Takxe y4yuTbiBalOTCA MPOLYKThI
beTa-pacnaza NpoAYKTOB fAeNeHWUs, a Takxe Afep, NONYYEeHHbIX B pe3y/bTaTe 3axBaTta HeWTpo-
HOB TSXENbIMU AApaMun 1 npoayKTamu aeneHns. Kaxabli NpoLyKT feNeHns UMeeT OT AecATka
[0 COTHW BO3MOXHbIX KaHanos 6eTa-pacnafa, KaXAblihi U3 KOTOPbIX JaéT BKMaL B CyMMapHblii
CNeKTp:
Nip
Sip(Ev) = £ AipbSipb(Zip, Aip, Qipb, E v), (1.29)
b=1

roe  uipm Qipb — KoathuumeHT BeTBNEeHUA KaHana pacnaga b n ero gocTynHas 3Heprus, Zip
n Aip —3apsig N atoMHbIHHOMEP HavanbHOro sgpa. Cymma Koah(hMuMeHTOBBETBEHNSA HOp-

MMUpOBaHa Ha NOMHY WNPUHY 6eTa-pacnaga nsotona p. ®opmynbl (1.27)—€1.29) nmerdT oanHa-
KOBYIO POpMY KakK ANs CMeKTpa 3/IeKTPOHOB, TaK WU AN1A CNeKTpa aHTUHEWTpUHO. Spb— cnekTp

KOHKpeTHOro 6eTa pacnaja sgpa p no KaHany b gns ypo6ctea 3anuilemM Kak QYHKUUIO OT Ku-
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HEeTUYIEeCKOU HEPI'UU 2JEKTPOHA:
Sipb(Te) = Kipb F(Zz'p, Az’p; Te) peEe(Qipb — Te)2 C(Te) Sgl)b(Zpy Ee)- (130)

Bripaxenue, anajorudnoe (1.30) Jyis criekTpa SHEPruM aHTUHEATPUHO MOXKHO TOJYIUTH CJIEe-
nas 3ameny T. = Qup — 1, B (1.30) Besmamna Ky, — 9TO KOHCTAHTA, HOPMHUDYIONIAs CIIEKTD
Sipp Ha €JIMHUITY, ITOCKOJIBKY abCOIIOTHBIN BKJIAJ KaHasa OeTa paclaja OUpeiessercs ero Ko-
spunmentom BerBienus. F — dyuknusa Pepmu, oTBEIAONAST 38 TOPMOXKEHNE JIEKTPOHA B
KYJIOHOBCKOM Ti0J1e siyipa. CIeKTD BBLIETAIONINX JEKTPOHOB UMEET MTOPOT, & COOTBETCTBYIOINMA
CIIEKTD aHTHHEHTPHHO, HA060POT, PE3KO 00PBIBACTCH HA (Jipp. DTO HPUBOAUT K TOMY, UTO CyM-
MAapHBI AaHTHHEHTPUHHBIN CIIEKTD B OOITEM ciydae He sBJIdeTcA IMaJKUM. leM He MeHee CyM-
MAPHBIH CIEKTP ,BBINIIUT raakuM [50], Tak Kak CKIaBIBACTCs U3 THICAY OTIAC/IbHBIX KAHAJIOB
HeTa-pacrnajga ¢ KBa3u-HEIPEPBLIBHBIM PACITPE/IeIEHUEM.

Bripaxenue peFe(Qipp — T.)? — 310 daszosbiit 06beéM Gerta-pactana, a C(T,) — monpaska K
HEeMY, (hopMa KOTOPO# 3aBHUCHT OT ,3alPENEHHOCTH  Ttepexoia. [yt paspenéHubiX Mepexoion,
KOIJla CIUH siApa usMensercs e bombine yem na AJ < 1 upu memsmennoit yérnoctu C' = 1; s
BAIPENIEHHBIX [IEPEXOJI0B, KOIYla U3MEHEHUsT opOouTajbHoro Momenta siapa AJ > 1 u/wmm aér-
HOCTh He coxpansiercst, C'(1,) sBIseTCs TOIMHOMOM OT UMITYJTHCOB JIEKTPOHA W AHTUHEHATPUHO
TeM GoJIbITIero mopsiika, deM 6osbiie AJ [47; 52].

Beymuna Sy, BkmoqaeT B cebs Psfi HOUPABOK K JEKTPOHHBIM U aHTHHCHTPUHHBIM CIICK-

TpaM, DOJIbITAsT YaCTh U3 KOTOPBIX 3aBUCUT KAK OT IHEPIUU, TAK U OT 3apsijia siipa:

— IlonpaBka HA KOHEYHBIH pasMep sifipa, CBI3aHHAST C TEM, YTO HU 3apsjl, HU TUIEP3apsi]

AApa HE SABJIAIOTCA TOYCIHBIMU, a YIaCTBYIOMIUE B DacCllaJc 9aCTUIBl ABUTaIOTCA B 1IOJIC

Anpa.

— llomrpaBka Ha 3KpaHUPOBAHUE 3apsijia sipa JIEKTPOHAMU aToMa. B3anMmojeiicTBre BbLIE-
TAIOIIETO JIEKTPOHA ¢ KYJIOHOBCKUM TIOJIEM 3JIEKTPOHOB aTOMAa BBIpAaXKaeTCsl 9epe3 Y MEHb-

meHre 3POEKTUBHOTO 3apsAia Sapa.

- Pa,ZLI/IaL[I/IOHHaH IIoIIpaBKa, CBA3aHHAA C UCIIYCKaHUCM BUPDTYAJIbHBIX U DEAJIbHBIX CbOTOHOB

3apPAKEHHBIMUA YaCTUIIAMU, YIACTBYIONIUMEU B OeTa-paciaje.

— IlonpaBka Ha cjaabblit MArHETU3M, CBsI3aHHASI CO B3AMMOJEHCTBUEM BBLJIETAIONIETO JIEK-

TpOHa ¢ MarHMUTHBIM MOMEHTOM AOpa. DTo CAUHCTBCHHAA IIOIIPpaBKa, KOTOpad HE 3aBUCUT
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oT 3apsiaa sapa. Ona BHOCHT HanbOJbINIEe MCKaXKeHUe B (OPMY CIEKTPa aHTUHEATPUHO

or Gerta-pacrana [47).

Takum 06pazoM, IJIst TpeJCKa3aHnsl CIIEKTPa AHTHHEHTPUHO OT peakTopa Sy, HEOOXOIIMO
AKKYPATHO IPOCYMMUPOBATH Bee BRIl (1.27)—(1.30), yurs s xkaxgoro Gera-paciaia Bee
HeoOXOIMMBIE TTONTPAaBKH. [{AHHBIN METO U3BECTEH B JIUTEPATYPE KAK METO]I Cy MMUPOBAHUST UJIN
MeTosl ab initio, TO eCThb BBIYUCIECHUE U3 MEPBBIX MPUHIUIIOB. JTH Ke (DOPMYJBI MOTYT OBITH
WCIIOJIB30BAHDI JIJIsI [TOJIydenus: cueKTpoB 6e3 yuéra jeranabnoit nndopmaluu o KaHajgax Oera

paciajia, JaHHBIM MeTOJI, Ha3bIBAETCI METOJIOM KOHBEDPCHUH.

1.3.3.1. Beruncienne cneKTpa aHTUHENTPHUHO OT JEJANINXCSH M30TOMOB METO0M CYMMUPOBAHUSA

Meto cyMMUPOBAHUST — METOJ, TIOJYIEeHUs CIEKTPa AHTUHERTPUHO OT PeakTopa IPH T10-
morr opmya (1.27)—(1.30) Ha ocHOBE J0CTYTIHONW MHAMOPMAIMKA O MPOAYKTAX JCJICHUA U OT-
JIeJTBHBIX KaHa 0B Oera-pacrasia. Madopmarms mo KaHagaMm OeTa-paciajia moIydaeTcs Jubo u3
[EJIEHAITPABJICHHBIX 9KCIIEPUMEHTOB, Hanpumep [53; 54|, mubo HA OCHOBE YUCJICHHBIX BBIYUCJIE-
Huil, Xpansmuxcs B 6a3ax JaHHbIX [H5—5H7].

JaHubIit MEeTO/, TO3BOJISET TOJYYUTD JIeTAJU3UPOBAHHBIA HERTPUHHBINA CHEKTD ¢ MaJIeHb-
KHUM ITaroM IO 3HEPTUM, BKJIIOYas BLICOKOIHepreTudeckuit Brias ¢ 7, >8 MaB. Hecmorpst na
XOPOIIO MPOPAbOTAHHYIO TEOPHUIO, UCIIOJIL30BAHUE METO/Ia CYyMMHUPOBAHUS MOAPA3YMEBAET YUIET
BKJIaJ[a THICAY KaHAJIOB beTa-paciaia Jijis KaXI0T0 JEJIANErocsi H30TOMa, MTOITOMY K HEeJIOCTAT-

KaM MeTOJ1a MOXKHO oTHecTH cjeaytomme [50; 58—60).

— Henoanbie 6a3nl JaHHBIX 1 HEBO3MOZXKHOCTH OIICHUTDL CUCTCMATHUICCKYIO IIOT'PEINTHOCTL, BO3-

HUKAIOIIYIO U3-3a HEJO0YUETa BKJIAIA OTCYTCTBYIONUX KAHAJIOB OeTa-paciajia.

— Hanuane ommboK v cucreMaTuIecKux OTKJIOHEHUH B OIpeaeeHnn KO3 PUIMeHTOB BETB-
JICHUS Wpp U JOCTYITHON 3HEPruu (Jpp, KAK B 3KCIEPUMEHTAJIBHBIX JAHHBIX, TAK U B PE3YJIb-

TaTax YUCJICHHBIX BBIYUCJJICHUN.

— Heseprast wiau orcyrerBytomas WHGOPMAIs O CIIMHE W/WIM Y6THOCTU yYPOBHEH siiep,
yaacTByONmx B 6eTa pactajie, 9To BiausgeT Ha Bbibop noupasku C(p,, pe) K dhazoBoMy 00b-
émy. Beuio niokasano [52], 9To HeoNpeneIéHHOCTD B ClIocobe yuéTa 3alperiéHHbIX SIEPHBIX
HEePEXOA0B BHOCUT B HPCACKA3AHHBLIA aHTUHEUTPUHHBIA CICKTD HEYCTPAHMMYIO CHUCTEMAa-

THYECKYIO [IOIPENTHOCTH HA YPOBHE He MeHee b %.
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AHTHHEHATPUHHBIE CIIEKTPBI 17151 n30TotoB 2 U, **U, 2*Py u *'Pu, noayuennsie meTomom
CYMMUPOBaHUsi, IpeJicTasieHbl B padorax [50; 51; 59; 61]|. CoorBercTBHE IIPEICKAZAHHBIX CIIEK-
TPOB 3KCIIEPUMEHTAJIBHBIM JTAHHBIM PACCMOTPEHO JaJee.

B cBsI3u €O CJI0XKHOCTBIO ONPENETIEHNSI CUCTEMATHYECKUX TOTPENTHOCTER JJIsl JIAHHOTO Me-
TOJA ¥ TJIOXOTO COOTBETCTBUSA KCIEPUMEHTAJIBHBIM JTAHHBIM, TTOJTYICHHBIC 3TUM METOJIOM CIIEK-
TPBI, KAK TPABUJIO, HE UCHOJB3YIOTCA JIJIsl aHAJIW3a JIAHHBIX B MOJb3Y CIEKTPOB, MOJIYYCHHBIX
METOZIOM KOHBEPCHH. VICKIIIOYEHHE COCTABIISET CIEKTP aHTHHEHTPHHO OT > U, JJIs KOTOPOTO

HU3MEPEHUs MTOSIBIJINCH OTHOCHTENBLHO HeJaBHO [62].

1.3.3.2. Brruncienue CeKTpa aHTMHEHTPUHO OT JEJANINXCA M30TOIIOB METOA0M KOHBEPCUU

CymiectByeT aqbTEePHATUBHBIA METOJ TOJYIEHUS CIEKTPa aHTUHEATPUHO OT AEeJISTIHXCS
U30TOIOB, TO3BOJSIIONIUI 000OUTH OrpAHUYEHNS METOAa CyMMUPOBaHusi. MeTo/1 cCoOCTOUT u3 TPeEX
sranos [47; 63—65]: usmepenue B 1aboparopun GeTa-CleKTPa 0T KOHKPETHOTO JEJISIIETOC U30-
TOIA; OIUCAHUE ITOJYIEHHOTO OeTa-CIeKTpa IPU MTOMOIIY IMITUPUIECKON MOJEIN COCTOSAIIEN U3
Habopa CHMHTETUYECKUX KaHAJOB 0OeTa pacrajia, mapaMeTpPbl KOTOPBIX OIPEJIENISIOTCS METOI0M
TOITOHKM; MUCIIOJIB30BAHUE MOJIEN JIJIs TIOJYIeHUsT CIIEKTPA aHTUHERTPHUHO TIPU TTOMOIITH (Hop-
mya (1.27)—(1.30).

B cBs3u ¢ cucreMaTUHYeCKUMU OTPENTHOCTSIMEU POy Pbl KOHBEPCUH, JIAHHBIM METOIOM
MOYKHO HOJIVIUTH CHEKTP ¢ Oojiee rpyObIMU MHTEPBaJaMU 110 SHEPIUU, YeM HU3MePeHHbINH GeTa-
CIIEKTD, & U3-38 OIPAHUYEHHON CTATUCTUKU, CIIEKTD HERTPUHO MOXKET ObITH MOJIYYEH TOJIBKO JI0
& M»B.

B [50] 6bL1 pasBuT KOMOMHUPOBAHHBIA METO/I, 3AKTFOIAIONIUICS B IOCTPOCHUN OETa-CIIeKTPa
METOJ0M CYMMUPOBAHUST U UCIOJIL30BAHUM CUHTETHYECKUX KAHAJIOB OeTa-paciiajia TOJbKO JIIsd
OTIUCAHUST HEJIOCTATKA CIIEKTPA, BOZHUKAIONIEIO TIPU CPABHEHUU MPEJICKA3AHUs C PE3YIbTATAMU
WU3MEPCHUH.

Bera-criekTp ot gensmuxcs uzoronos 2 U, #Pu u *'"Pu 6b11 ¢ xoporeit TOTHOCTBIO 13-
meper B Uncruryre Jlays-Jlamxesena (ILLS) B I'penobie (@pannus) [63—65]. B atux paborax
06pasibl ¢ HamplierneM, comepxkammM 2 U, *Pu u *'Pu 06Ty 9a/IUCh TTOTOKAMHU MeJJIEHHBIX
HEUTPOHOB B TedeHue 12-u gacos, 1.0 u 1.8 cyTok coorBercTBenno. [lomydaembrit oT pacnaion
CIIEKTD U3Mepsiicss Tpu noMoru Oera-ciekrpomMerpa BILL Brtors 10 anepruit 8-9 M»aB. Ilo-

CKOJbKY M30TOI 2 U PacCIafaeTess TOJMBKO IPH 06IyHMeHn: GBICTPBIMA HEHTPOHAMH, ero Gera-

Institut Laue-Langevin.



29

CIEKTD B JAHHBIX SKCIEDUMEHTaX U3MepPeH He ObLI.

[Tosnyaennnie Ha ocHoBe mamepenuit [LL anTunefitpunnbie crieKTpbl ObLIM OMYyOJIUKOBAHDI
B [63—65]. Ony6smkoBanHbIe GeTa-CIIEKTPHI OBLIN TI032Ke TIOBTOPHO IIPOaHAIU3UPOBAHBI KOMOU-
HUPOBAHHBIM MeTOIOM [50| 1 MeTooM KouBepeun [47|. Camu GeTa~-crieK TPl OBLIN Oy OJIMKOBAHBI
HOBTOPHO [66] ¢ MEHBITMMU FHEPIETUICCKUMEI WHTEPBAIAMHE.

BeTa-cIeKTp OT TPOIyKTOB jetenust 20U Brepsble GBLT MOTyYeH HelaBHO B [62).

K ¢10:KHOCTSIM UCITIO/IB30BAHUS METO/[a KOHBEPCUU OTHOCATCS CJIEIYIOITHIE TI0JI0KeHust [47;

52; 60].

— CucremaTuveckuil CIBUT, BHOCUMBIH TTPOTIETY PO KOHBEPCHUN U OTPAHUYIEHNST, HAKIA,IHIBA-

eMble Ha PasMep MHTEPBaJIa [0 SHEPIUU [ CIEKTPa aHTHHEATPHHO.
— OrpaHUMeHHAS CTATUCTHKA B CIydae H3MepeHns bera-ciekrpa U [62].

— Cr0XKHOCTH B yU€Te 3aIpenéHHbIX TEPEXOI0B U MTOTTPABKY Ha ¢J1abbIil MATHETU3M, KOTOPbIE

IPUBOJAT K HEYCTPAHUMON HEOIPEIECHHOCTH B 5% J1Jisi KOHBEPCUOHHBIX CIIEKTPOB [52].

1.3.3.3. HepaBHoBecHad mONpaBKa K KOHBEPCHOHHBIM CHEKTPAM

CrexTpbl aHTHHERTPUHO, TOJTYIeHHBIE METOIOM KOHBEPCHM OCHOBAHBI HA JTAHHBIX O DeTa-
crekTpe pactanos nzotonos 20U, #9Pu u *'Pu, usMepeHnbIx 33 HEPOIO/IKUTENIHHOE BPEMS:
ot 12 yacos 10 JBYx cyToK [63—65]. CienoBarebHO, U3MEPEHHBIE CIICKTPBI BKJIIOIAIOT B ¢eOst
TOJIBKO BKJIAJbI OT M30TOIOB CO CPABHUMBIM C BPEMEHEM UPPAIMAIMU TIEPUOJIOM MOJYPACIIa-
na. B ycrmoBusax peakTopa, BpeMs UPPAIUAIIUN TOIJIMBHBIX CTEPXKHEN B KOTOPBIX JOCTUTAET
HECKOJILKUX JIET, U30TOIBI ¢ OOJILIITUM BPEMEHEM IMOJIYPACIAa JTal0T OIPEIeJEHHBIN BKJIA B
CITEKTP aHTUHEATPUHO, TPUIEM 3TOT BKJIAJ 3aBUCHT OT HCTOPUK paboThl peakTopa. llonmpaska K
CIIEKTPAM aHTUHEATPUHO, MIOJIyIEHHBIX METOJIOM KOHBEPCHUH, UCCIE0Bana, HanpuMep, B [50] Ha
OCHOBe MoziesmpoBanus u B [48] Ha ocHoBe npsimoro pacuéra. [lompaska k crekrpam [50], pac-

cuuTaHHAs JJId peakTopa, paborarortero 450 jHelt, npegacraBiena B Tabsure 1.2.

1.3.3.4. Ucnoab3yeMbie CIIEKTPHI

B cBs3u ¢ Tem, 4TO IS OIMMUCAHUST AHTUHERTPUHHOTO CIIEKTPA OT PEeaKTOPa UCIHOJIb3YeTCs
HECKOJIBKO MOJIeJIei, 9aCTO HOJYYEHHBIX PA3HBIMU I'PYIIIAMY WM B PA3HBIX 3KCIICPUMEHTAX, J1J1d

OTIUCAHUS] UCIOJIB3YEMBIX KOMOMHAIIMH BBeAeHbI 0003HAYEHU I, TIPpEeAcTaBIeHHbIe B Tabsure 1.3.



30

E,, M>B

Nzoron 2.0 25 3.0 3.5 4.0

U, % 5.7 44 1.5 0.7 0.1
Pu, % 2.1 1.7 05 0.1 0.1
py, % 1.9 1.5 05 0.1 0.1

Tabauna 1.2. HepaBHOBecHad nonpaBKa K ciieKTpaM anTuHeiTpuno Mueller, mosiyueHHOMY METONOM KOH-
Bepcuu Ha ocHOBe [63—65] myisg BBOP, paboratomero B Tedenne 450 nueii [50]. Yucsa oTpaxKaoT I000J-
HUTEeJIbHBIA IOTOK aHTUHEHTPUHO JIJ14 PA3HBIX SHEPruil B IPOLEHTAX OT IIOTOKA AHTHHEATPUHO HA OCHOBE

KOHBEPCHOHHBIX CIEKTPOB Ha OCHOBe HaHHBIX [LI.

Ha cerogusmumit nens momens Huber+Mueller ncnonb3yercst Kak OCHOBHAS JJIsT TIOJTY de-
HUS TOTOKA AaHTUHENTPUHO B OOJIBITTHHCTBE PEAKTOPHBIX AHTHHEATPUHHBIX IKCIIEPUMEHTax. TaK-
JKe OHA HMCIOJB3YIOTCs U B Jannoit pabore. Hamnane 3HAYUTENBHBIX OTKJIOHEHUN OT JAHHBIX,
OJTHAKO, IPUHUMAETC BO BHUMAHUE U YUUTBHIBACTCH IIpU aHajmu3e (oM. paszaenst 3.3.6 u 4.4.7).

Ha pucyskax 1.4-1.6 mpe/icTaBieHbl aHTHHEHTPUHHBIE CIIEKTPH 0T n30ToroB 2°U, ***Pu n
24Py cooTBETCTBEHHO, MOy HeHHbIe Ha 0cHOBe manuabix ILL B paGore [47]. Tam xKe mpeacraBieHb:
CpaBHEHMsI JJAHHBIX CIIEKTPOB ¢ u3MepenueM ILL [63—65] u 6osee pananm pesyabrarom [50).

Crexrp ***U u3 [50| npencrasien na pucynke 1.7a. Ha pucysxe 1.76 Takske IpeicTaBIcHbI

CpaBHEHHUsI €O crekTpamu u3 [62; 67].

1.3.3.5. PeakTopHada aHoMayaus

o 2010-x opurunajbuble criekTpbl ILL, mosnydentble METOIOM KOHBEPCUH, XOPOIIIO OITUCHI-
BaJsin HabsomaeMble Janable. B pabore [50|, 6bur nmposenén HoBbIH anasu3 naHubix ILL HA OC-
HOBe KOMOMHUPOBAHHOTO MeToma. [losyaeHtble ClieKTPhbl COOTBETCTBOBAN 10 (POPME CIIEKTPAM
ILL B npenenax 10 %, ognako maTerpaJbHBIA IOTOK HEATPUHO B HOBOH BBIpOC Ha 3 %. Cucre-
MaTHYIecKOoe OTJINYHe ObLIO OOBbACHEHO YYETOM ITONPABOK HA KOHEYHBIH pasMep sapa, caa0bIit
MAarHeTHU3M, & TaKyKe YJIYUIIeHHBIM ONMCAHUEM DACIPE/IeJCHUs KaHAJIOB PAacIaIa.

Hannbie ILL 6b11u npoanamsuposanbl B (47|, re, KaK U B OPUTMHAJIBHOM UCC/IEI0BAHUN,
OBLT UCIIOIB30BAH METOJ, KOHBEDCHH, & TaKXKe IIPOBE/ICHO JeTaIbHOE UCCICOBAHNE CHCTEMAaTH-
YECKUX TIOTPEITHOCTER JaHHOrO MeToga. Pesysbrarel [47] coracytorest ¢ pesyabraramu [50] B

IJIaHe YBEJMIEHUsT OXKMUIAEMOT0 ITOTOKa anTuHedTpuno na 3 %. [To ¢popme HOBLIE ClIEKTPHI aH-
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Ev, M3aB

(a) (6)

Puc. 1.4. BbIxo4 aHTUHEATpUHO (a) OT pacnagos m3otona 236U B mMogenu Huber. OTHOWeHMe NOTOKOB
aHTUHelTpuHO (6) B mogenax ILL n Mueller k mogenn Huber. CnnowwHoli 061acTbl0 OTMeYeHa COOTBeT-

cTBYtOLWasa abcontoTHas (a) M oTHocuTenbHas (6) HeonpeaenéHHOCTb.

Ev, MaB Ev, MaB

(a) (6)

Puc. 1.5. Bbixog aHTUHelTpuHO () OT pacnafoB u3otona 239Pu B mogenn Huber. OTHOLWEHVE NOTOKOB
aHTuHenTpunHO (6) B moaenax ILL n Mueller k mogenn Huber. CnnowHoli 06nacTblo 0TMeYeHa COOTBET-

cTBYytoWasa abcontoTHas (a) M oTHocuTenbHas (6) HeonpeaenéHHOCTb.
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MaB

(@) (6)

Puc. 1.6. Bbixog aHTUHenTpunHO (a) oT pacnagoB usoTtona 24Pu B mogenn Huber. OTHOLWEHME NOTOKOB
aHTuHenTpnHO (6) B mogenax ILL n Mueller k mogenn Huber. CnnowHoli 06nacTblo 0TMeYeHa COOTBET-

cTBYtOLasa abcontoTHas (a) M 0THocuTenbHas (6) HeonpeaenéHHOCTb.

(a) (6)

Puc. 1.7. Bbixog aHTUHeATpMHO (a) OT pacnagos m3otona 238U B mogenn Mueller. OTHOLLEHME NOTOKOB

aHTUHelTpuHO (6) B Mogensax Haag v Vogel k mogenn Mueller.
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Ob6ozuagenne Tox 35U, 9Py u Py B8y

Fallot 2012 cymMmupoBanue, [61]

Haag 2013 — KOHBepcusi, [62)]
Huber+Haag 2011/2013 KOoHBepcust criekTpos ILL, [47] KOHBepcusi, [62]
Huber+Mueller 2011 KOoHBepcust criekTpos ILL, [47] cymmupoanue, [50]
Huber 2011 KOoHBepcust criekTpos ILL, [47] —
ILL+Vogel 1982—1989  komeepcus criekrpos ILL, [63—65]  cymvumposanue, [67]
ILL 1982—1989  komeepcus criekTpos ILL, [63—65| —

Mueller 2011 cymmupoanwe, [50]

Vogel 1989 cyMMUpoBaHue, [67]

Tabnuna 1.3. McnoasayeMble 0003HATEHN I MOJIeIel CIIeKTPOB JeNANUXCS H30TOIIOB OT PEeAaKTOpa.

TUHEHTPUHO HAXOJATCs B corviacuu co criekrpamu [50| B upenenax 10%.

[Moce nybaukamuu pabor [47; 50| okazajoch, 4TO Bee HPEIBLIYIIHAE IKCIIEPUMEHTHI Ha-
GJIIOIATOT HEJOCTATOK IOTOKA PEAKTOPHBIX aHTUHEHTpUHO nopsiaka b % [68|. danubrit addekr,
UMENOINH 3HAYUMOCTh OKOJIO 2. CTaHJIAPTHBIX OTKJIOHEHWH, ObLI Ha3BaH ,,peaKTOPHOM aHO-
majmei [52; 68; 69|. Pesysbrar ogHOro mus nocaenHux cpasHeHuit [27] npeackasanusi Mogesu

Huber+Mueller ¢ pesynbraraMu peakKTOPHBIX HEUTPUHHBIX IKCIIEPUMEHTOR:
R%]fbeHMueﬂer = 0.943 4 0.008 (sxcm.) £ 0.023 (mozxens) (1.31)

OTPayKaeT XOPOIIYIO COIVIACOBAHHOCTb MEXKTy SKCIEDHMEHTAMH B HAOIIOACHUN HeJgocTaTKa. Pe-
3yJbTAT CPABHEHUS IpeCTaBJIeH Ha pUCYHKe 1.8.

B nocsieiHee BpeMst MOsiIBUIUCH yKa3aHus yKasanust [33; 69|, uro HabiogaeMblil HeJJ0CTaTOK
KOPPEJIAPYET ¢ BKJIAIOM OJHOTO KOHKPETHOIO JIS/IAINErocs n30Toma 2 U,

Heobxoanmo nmers BBUY, 9TO Ha (DOHE CHCTEMATHIECKUX HEOTIPEIJIEHHOCTEH OTIpe e IeHUsT
IMOTOKA PEAKTOPHBIX AaHTUHEHTPUHO U WX CIIEKTPa, ONMUCAHHBIX B pasfenax 1.3.3.1 n 1.3.3.2 u me
YUIUTBIBAEMBIX, JTUOO HemooneHéHubIX, B Mojean Huber+Mueller [60], sHaunMocTh peakTopHOM
AHOMAJIMY eJIBa IIPEBBINTACT OJTHO CTAHIAPTHOE OTKJIOHEHNE.

IToMmrmo mcemenoBaHUA aIeKBATHOCTH MOJEIN aHTHHEHTPUHHBIX CIEKTPOB, PEAKTOPHYIO
AHOMAJIMIO MOYXKHO TAKXK€ OIHMCATL BBEICHHEM YETBEPTOIO TSIXKEJOTO ,CTEPUILHOIO" THIla Hell-
Tpuno [68; 70] ¢ pacmientennem Mace Am2, = 13B* u yrimom cmermusanus sin® 2014 ~ 0.14. da

PEaKTOPHLIX AHTUHEATPUHO JIJTUHA OCIUJIAINE B CTEPUIbHBIE HEUTPUHO OY/IeT HOPSIIKA TeCAT-
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KOB MeTpoB. Ha paccTosHuMaX 60nee COTEH METPOB, XapakTepHbIX ANA COBPEMEHHbIX peakTop-
HbIX 3KCMEPUMEHTOB, OCLUUNNALUN B CTEPU/IbHbIE HEATPUHO YCPeAHSAOTCA U AaldT HefoCTaToK
0K0Nl0 5%. OT0 MpuBeENo K NOSIBNEHUI0 GONbLIOT0 KOMM4YecTBa 3KCMEPUMEHTOB, HanpaBNeHHbIX
Ha MOUCK CTEPUNbHbBIX HEATPUHO, UM BKAKOUYUBLUUX NMOUCK CTEPUNbHBIX HEATPUHO HA KOPOTKUX

paccTosiHMAX B CBOK Nporpammy, Hanpumep [71—76].

c 12
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v X A
@ 10 YNYYYYIAYYY] ‘
B s rro» f
(50 1 1 —s— Previous data
0.8 Daya Bay
. World Average
+ + 1l-aExp. Unc.
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0.6
10 102 103

Distance (m)

Puc. 1.8. OTHOLWIEHMSA W3MEPEHUA MOTOKA PeaKTOPHbIX AHTUHEATPUHO K MNpeAcKasaHW MOAenu

Huber+Mueller B 3aBUCMMOCTU OT paccTosHus [27].

1.3.3.6. lne4yo B obnactm 4-6 MaB

Mocne TOro, Kak peakTOpHble HEWTPUHHbIe 3kcnepumeHTbl Daya Bay, Double CHOOZ u
RENO Habpanu focTaTOYHYK CTaTUCTUKY, Oblna o6HapyXXeHa HOBasi 0COGEHHOCTb CMEeKTpa aH-
TUHENTPUHO. Bce akcnepuMeHTbl HabNO4al0T 3HAYNTENbHOE NpeBbleHNe B Hab10LjaeMOM Crek-
Tpe B 06nactn 4-6 MaB [27; 77; 78], kKak OTHOCUTeNbHO NpeAckasaHua mogenein Huber+Mueller
n Huber+Haag, Tak n oTHOCUTEeNbHO cnekTpoB ILL+Vogel. B nutepatype faHHas 0CO6EHHOCTb
MMeeT HEeCKO/IbKO Ha3BaHWii: ,,nnedo” (oT aHrn. shoulder), ,rrmma“ unm ,,6amn® (o1 aHrn. bump),
N36bITOK MAN ,3Kcuecc” (0T aHrn. excess). CpaBHeHWe HabnOAaeMbIX CMEKTPOB MpeAcTaBNeHO
Ha pucyHke 1.9. JTokanbHaa 3Ha4YMMOCTb nJjeya coctasnifeT 3 U 4.4 cTaHAAPTHBLIX OTK/OHEHUA
B akcnepumeHTax Double CHOOZ [77] v Daya Bay [27] cooTBeTCTBEHHO. Bce 3KCMepuMMEHTbI
HabNAalT CUNbHYIO KOPPEenauuio KonunyecTsa COObITUIA B Mjeye OT MOLLHOCTM peakTopa, 4YTo

YyKa3blBaeT Ha TO, YTO M/ie40 06pa3oBaHO BKNaJOM aHTUHEWTPUHO OT AENALLMXCSH U30TOMOB.
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Puc. 1.9. OTKNOHeHMe HabnAaemMoro cnektpa B akcrnepumeHTax Double CHOOZ [77], RENO [78] u
Daya Bay [27] oT npeackasaHus mogenn. Ana Double CHOOZ npefctaBneHo OTHOLLEHWE HabMoaeHMe
K npeackasaHuio mogenn Huber+Haag 6e3 yuéta ocumnnauuin. Ansa skcnepumedtoB RENO 1 Daya Bay

npeacTaBneHbl OTHOLLEHMS C YYETOM OCLMANALUMIA K npefckasaHWIO Ha ocHoBe mogenn Huber+Mueller.
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Ha Bcex rpajmkax sBHO BUAHO MpeBbilleHne B 0bnactn 4-6 MaB.
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[Ipwaunbl, npUBOAAITTE K MOSBICHUIO TJI€9A B CIIEKTPE AHTUHEHTPUHO MTOKA HEM3BECTHBHI.
Kpowme Toro HEM3BECTHO, HACKOIBKO OHU IIEPECEKAIOTCS ¢ IPUYMHAMY, BBI3BIBAIOIIIMH DEAKTOD-
HYIO0 aHOMAJIHIO.

C TeopeTnyecKoil CTOPOHBI HA CETOHSITHIHA JIEHb CYIIEeCTBYET /IBA BO3MOXKHBIX 00 bICHEHNsT
reda [60]. 1o HeBepHOE IPEICKA3AHTEe AHTHHEHTPHHHOIO CIEKTPa 0T 20U ¥ BJIMSHUE OTIHYTASA
JKECTKOCTH M3JIydIeHus: HefiTponoB B peakTopax PWR ot peaxropa ILL. Bxrian **U wmor 65r
00bsicHUTD TOT (akT, uTo KcHepuMenT RENO nabsrogaer B 1Ba pasa 60BN BKJIAT OT TLI€-
Ja 1o cpaBHeHMIO ¢ 3KcrepumenTamu Daya Bay m Double CHOOZ, tipu 3ToM BKJIa[ e/ ieHus
238 -

U B uéM TakxKe Bbillie. Bropoe obbsicHeHre, CBA3AHO ¢ TeM, 9To ciueKTphl ILL nosydenst npu
obsrydennn oOpa3IoB TEIUIOBBIMEU HEATpOHAMHU, TOT/A KaK B peakTopax PWR criekTp mefirponon
“MeeT XKECTKYI KOMIIOHEHTY. BimsHue KECTKMX HEeHTPOHOB HE HCCJIEIOBAJIOCH IKCIICPUMEH-
TaJbHO W OIECHWBAETCA KAK HE3HAYNTEIBHOE, OTHAKO, MOIVIO OBl IPUBECTH K 3HAYNTEILHOMY

239
BKJIaTy n30Tomna ““"Pu B miedo.

C 9KCIEPUMEHTAJBHO CTOPOHBI CYIECTBYeT yKasaHue [79] co craTudeckol 3HaAIUMOCTBHIO
3-4 cTaHIAPTHBRIX OTKJIOHEHHWA HA TO, YTO IJICYO CBA3AHO ¢ AHTHHEHTPHHO OT W30TOIOB ypaHAa,

- 235
IPUYEM ITPEUMYyITecTBeHHO 0T < U.

nsa pasperenns npobieM Iieda U peaKTOPHON aHOMAJIUN HeOOXOAUMB! JIOTTOJHUTEIbHBIC
IKCIIEPUMEHTAIbHBIE UCCIEIOBAHUS TOTOKOB M CIEKTPOB AHTUHERTPUHO OT Pa3JUIHBIX TUIIOB
SIZIEPHOTO TOILINBA, B 9aCTHOCTH, OT PEAKTOPOB HA BBICOKOOGOTAIEHHOM ypane [74|, maccoBas

ot 2*U B KOTOPBIX MOXKeT cocTaBIaTh 10 90%.

1.3.4. OrpaboraBuiee aaepHOE TOILINBO

B konre mukia paboThl peakTopa, JIUTEHLHOCTBIO, KaK IPABUIIO, 1 TOJl, IPUMEPHO TPETDH
TOIJIMBHBIX CTEPIKHER U3BJIEKAETCSI U IIEPEMEITACT ST B OacCeiiH, HAXOAAIIUNCS HETAIEKO OT PeaK-
TOpa, TJIe XpaHuTCs Jyuresbaoe BpeMsi (~5 jiet) [80]. B menoukax paciiaia HEKOTOPBIX U30TOIIOB,
pxogamux B cocrap OAT, MOTYyT TakKe POXKIATHCS AHTUHEATPUHO ¢ SHEPIUEH BBINIE TOpora 00-
paTHOrO Gera-pacnaga. B H0ArocpoaHOi NEPCIEKTUEE OCHOBHON BKJIA B CIIEKTD aHTUHEATPUHO

106 144, 90
ot OAT BrHOCsT pacnaasr uzoronos -~ Rh, ““Pr, Y. Hecmorpsa Ha To, 910 OHEM 006/1a1a10T Bpe-
MEHAMH TTOJIYPACIIaTa OT HECKOJIBKUX MUHYT 0 HECKOJIBKUX JHEH, POXKIAIOTCA OHU B PACIaiax
106 144 90
JIOJTOXKUBYIIUX n30TOnoB " Ru, ~““Ce, "' Sr. Bpemena >KuU3HU U JOCTYIIHBIE SHEPIUM JAHHBIX

M30TOIOB IIpHUBE/IeHbl B Tabsmie 1.4 [80; 81].
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N3zorom Ty, Hovepnuit nsoron T @, MaB

06Ry  373.61 '°°Rh 29.8¢c  3.541
e 284.91 pr 17.28 v 2.997
NGy 28787 Y 64.1u  2.282

Tabauna 1.4. Xapakrepuctuku ienodex pacuana uzoronop OAT ¢ GosbmuM BpeMeHeM IOy paciajia,

JAIOIMKX BKJIAJ B IOTOK aHTHHEHTPUHO ¢ SHePrusMu Bhime mopora OBP [81].

Crextp antuneiitpuno or OAT mpemckasbiBaeTCs METOIOM CYMMHUPOBAHUS U KaK MTPABU-
JIO TIPEJICTABJISETCST B BUJE OTHOIIEHUS K CIEKTPY AHTUHERTPUHO OT JEJIANUXCs U30TONOB. B
skcepumenTe Daya Bay yepemuénnniit Bryian antuaeiitpuno or OAT B moTtok anTwHEHATPUHO
oT akTUBHOTO peakTopa onenusaerca B 0.3 % [82] u umeer suepruto we 6osee 3.5 MaB.

Ha pucynke 1.10 upesncrasien cpeqauii criektp antuaedrpuno ot OAT us [80] mis peak-
TOpa, PabOTAIOMIEro ¢ TEIIOBOi MomuocThio 2.9 'BT, marerpanbno nopymuposannoiit ma 0.3 %
[82] or moTOKa AHTUHEHATPUHO OT JAETANUXCS W30TONOB. lJist BEIMUCICHUE UCIIOIB30BAH CPE/I-
Huit m3oTonHbIl cocras peaktopa 0.563 : 0.079 : 0.301 : 0.057 mis remouek pacmama 20U, 23U,
2Py u *"'Pu coorsercrsenno [83]. st anTHHEATPHHO OT JEJANMXCS U30TOIOB MCIOIB30BA-
smch crrekTpbl Huber+Mueller.

Kpoume ykaszannsx m3otoros "C°Rh, "Pr, Y us nemouek pacraga ¢ Goabimm meprosom
[OJIypacIiajia B CIIEKTP aHTUHERTPUHO TaKKe JAI0T BKJAJ P U30TOIOB € TIEPUOJIOM ITOJIYPaCc-
413 OT HECKOJBLKUX YaCOB JI0 HECKOJIBKUX Henesb [81; 82| Crekrp aHTUHEATPUHO OT JIAHHBIX
WU30TOIOB COCPEIOTOUYEH B ODJACTH HU3KUX SHEPIHUH U Ja€T BKJIA/ IPEUMYIIIECTBEHHO B IIEPBLIE

HeJeJIM TIOCTIe 3aMEHBI TOIIMBHBIX CTEPXKHEH peakTopa.
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Ev, M3aB

Puc. 1.10. YcpefHEHHbI CNEeKTP 3M1IEKTPOHHbLIX aHTUHeATpUHO oT OAT [80] ans peakTopa, paboTaroLiero

C Tens0BON MOLHOCTbIO 2.9 BT 1 cpefiHUM M30TOMHbLIM cocTaBoM [83].



39

1.4. O6paTHblii 6eTa-pacnag

1.4.1. CeueHune obpaTHOro 6eta-pacnaja

OCHOBHas peakuns AeTEKTUPOBAHMUSA 3NEKTPOHHOIO aHTUHEWTPUHO — 3TO peakuus obpat-
Horo 6eTa-pacnaga (OBP), korga aHTUHEATPMHO B3aMMOAENCTBYET C NPOTOHOM, B pe3ynbTaTe

Yero poXXpaaeTcs HEATPOH M NO3UTPOH:

Ve+p ™ e+t +n (1.32)

Puc. 1.11. Anarpamma PeitHmaHa ana peakuun OBP.

CeyeHne OBP, guarpamma KOTOpPOro npejcraBfieHa Ha pucyHke 1.11, ¢ xopowel TOYHO-
CTbIO MOXeT ObITb BblYMC/IEHO B pamkax CTaHfgapTHoW Mogenu [84]. B HyneBoM NpuGAVXKEHUN
pa3noXeHus no o6paTHOMW Macce HYK/IOHA, 3HEPrMA NO3UTPOHA He 3aBUCUT OT yrna BblieTa U
paBHa:

£(0) = Ev - A, (1.33)

raoe A = Mn —Mp = 129 MaB. N3BbipaxeHusa (1.33) cnegyet, 4to nopor peakuuy Emn =
me+ A = 1.804 M3B. CeyeHne OBP B HynesoM nopsagke no 1/M 3anucbiBaeTca Cneaytowmum

o6pasom:
(™~ ) 9=fFf [(/2+ 392) + (f2—g2)v(0)cosB] E fp f. (1.34)

roe f v g — BEKTOPHbI M akcuanbHbil hOpM-PakTopbl7; pe,Ee, ve — UMMYNbC, 3HEPTUA U”
CKOpPOCTb MO3MTPOHA; B — Yro/l MeXJy BEKTOpaMy UMMY/IbCOB HEMTPUHO U NO3UTPOHA; a a0 —

MOCTOAHHAA 4YacCTb:

GF cos2BC aR a . 4
= [ —— 11+ Ainnel . (1.35)



40

R

irner —— 9TO HE3aBU-

e Gp — koHcranTa ¢BsAsu Pepmu, 0o — yroa cmemmbanns Kabub6o, a A
csIasi OT HEPTUH BHYTPEHHSIST PAIMAIMOHHAs TonpaBKa. [loMrMo 3TOTO, ceveHne BKIIOYAET B
cebsi PsiJl FHEPTO3ABUCHMBIX TIOMPABOK: BHEITHIOK PAIUAITMOHHYIO TTOTPABKY; MTOTPABKY HA KO-
HEYHBIH pasMep sipa, oraady sjapa, ciaabbiit maraerusm. Ceuenne (1.34), npouHTErpupOBaHHOE
1o cos ) npejicraBiaeno Ha pucynke 1.12.

[Iportecc OBP ommckiBaeTcst Takoit ke amarpamMMoil, ITO W MPOIECC paciaia HeRTPOHA.
On BrJIOTaeT B cebsi Te Ke caMble TOMPABKU, ITO MO3BOJIdgeT Bbipa3uTh cedenne OBP wepes
U3BECTHDBIE TTapAMETPLI Paciaja HeliTPOHA: BpeMsl »KU3HHU T, U, BLIDAXKEHHBIH B eIUHUNAX 1705,
dasosbrit 06bEM Gera-paciasa Hefirpona [85] ;{s' = 1.71517:

22

mg gs.Tn(f2 + 392))

(1.36)

Og —

R

b, BKJIIOIAET B ¢e0sl TIOMPABKYU HA KO-

e me — Macca ajekTpona. Pakrop dhazoporo obbEMa
HEYHBIN pasMep sapa, cadbiil MArHeTU3M, OTAA4Y SAPa U BHENTHIO PAUAITMOHHYIO TTOTIPABKY.
BHyTpeHHHH paaraliliOHHaA IIOIIPaBKa YIUTBIBACTCHA 9€PE3 BPEMSA 2KU3HU HeﬁTpOHa.

B niepsoM nopsijike pasjoxKeHus 1o oOpaTHOM Macce HYKJIOHA IHEPIUst HERTPUHO CTAHOBUT-

Cs1 3aBUCHMOM OT yIJla BbLJIETA ITO3UTPOHA:

1 A2 _ 2
EY =EO |1 - i (1- v cos 9)} - Wme, (1.37)
rae M = (m, +m,)/2 — cpequsiss macca nykiona. Cedenne OBP mpu stom 3ammceiBaeTcst
CJIEIYIONTUM 0OPA30M:
1
0o v _ % [(f%+36%) + (f* — ¢*)utV cos 0] EDpH — %0 L EOp0) (1.38)
Jcosl 2 ¢ ¢ e 2 |[M| ¢

TOYHAs 3aIMCh oNpaBKu |’ Moxker ObITH HalizieHa B [84]. JaHHOe cedeHue, TPOUHTErPUPOBAHHOE
1o cos ) npejicrasiaeno Ha pucynke 1.12.

B saBucumoctn or yrra Beuieta nosurpona cedenume OBP mensiercs B npenesnax 20 %,
OpUIEM MTO3UTPOH B CPETHEM HUMeeT ¢1abOBBIPpaYKEHHOEe 0DPATHOE HAIPABJIEHUE BBLIETA. 3aBU-
cumocth cedennst OBP ot yrura BeuteTa mosurpona mpescrasiena Ha pucyHke 1.13a. Dueprus

[O3UTPOHA TOXKE ¢J1ab0 3aBUCUT OT yIJIa PaccesHust U Haxoaurest B upeaese £1 %.

"B obmem cayuaae f = f(Q%) u g = g(Q?) — dbyHKIEN KBagpaTa MepeJaHHOTO HeThIPEX-IMITYIbca. OTHAKO
TIS XaPaKTePHBIX [/ PeaKTOPHBIX aHTHHEHTpuHO sHepruit Q2 < m¥, mcnonbzosanme mocroguabx f = f(0) n

g = g(0) aBngercs XopomuM NPUbIMKEHIEM.
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Puc. 1.12. CeyeHne OBP Kak yHKLUS 3HEPTUWM HENTPUHO B HY/NIEBOM U NEPBOM MOPALKaX Pas3fioXKeHUs

no 1/M. 3aBUCUMOCTb CPeAHero KoCUHyca yrna BblieTa Nno3uTPoHa OT 3HEprum.

1.4.2. BpeMs XUWU3HU HenTpoHa

Kak BugHO 13 hopmynbl (1.36) HOpMUPOBKA CeYeHMA 06paTHO 3aBUCUT OT BPEMEHU XU3HMU
HeliTpoHa. OAHakKo, nocne nepeoLeHKN CUCTEMATUUYECKUX MOrpelHOCTel 3a nocnefHee AecATu-
neTne BPeMA XWU3HN HeMTpOHa M3MEHUNOCH LOBONbHO 3HauYNTeNbHO. B Tabnuue 1.5 npegcrasne-
Hbl pe3ynbTaTbl YCPeAHEHUA U3MEePEeHU BPEMEHWN XU3HN HENTpoHa, ony6ankoBaHHble B PDG B
pasHoe Bpema [37; 86; 87].

B 2005-om rogy Bbiwna pa6ota [89] ¢ pesynbTtatom M = (878.5 £ 0.8) ¢, oTAnMyatowmmcs ot
MWPOBOrO cpefHero Ha 6.5 cTaHAapTHbIX OTK/IOHEHWI. Tocne 3TOro M3MepeHns B HECKObKUX
akcnepumeHTax [90; 91] 6bINM NepPecMOTPEHblI CUCTEMATUYECKNE MOFPELIHOCTM, a TakKXe nonyye-
Hbl HOBble pe3ynbTaTbl [90], noaTBepXaatouine pesynbrtat [89].

MOCKONbKY (NYKTyaLMn 3HaYeHNA BPEMEHWN XU3HN HENTPOHA 3aMETHO MPEBbICUNN OLEHKY
CMCTEMATUYECKOWN MOrpewHOCTN, Ha JaHHOM 3Tane K Heil cnefyeT OTHOCUTLCA C OCTOPOXHOCTLIO.

COOTBETCTBEHHO, C OCTOPOXHOCTbIO CNeAyeT OTHOCUTbLCS K HOpMUpPOBKe cevyeHns OBP.



42

(@) (6)

Puc. 1.13. 3aBucumocTb gnddepeHumanbHoro ceueHns OBP (a) n aHeprum nosmTpoHa (6) OT yrna ero
Bbl/IeTa M0 OTHOLUEHWIO K cnyyaro cos B = 0. 15 cpaBHeHWUA NpUBELEH rpadmK A8 3HEPruM No3nTpoHa

B HY/JIEBOM MPUGAVKEHWUN MO 1/M .

log T, ¢

2010 885.7+ 0.8
2011 881.5*1.5
2012 880.1 + 1.1
2013 880.0+ 0.9
2014 880.3+1.1
2016 880.2+ 1.0

Tabnuua 1.5. MupoBoe cpefHee U3MepeHWUiA XU3HM HeilnTpoHa no sBepcun PDG [37; 38; 86—88] B pa3Hoe

BpeMSI.
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1.5. OTKpbITHE pEaKTOPHBIX AHTUHENTPUHO W W3MepeHne yrila cMemuBanus 013

1.5.1. Benenmne

B nannom pazzese 6yayT paccCMOTPEHBI HEKOTOPBIE SKCIIEPUMEHTHI TPE/IITIECTRBYIONTNE IKC-
nepumMenty Daya Bay. Dkcriepument Paitneca n Koyana, B KoTopoM BirepBble 6BLIO IETEKTHPO-
BAHO AHTHHEATPUHO, SABJSIETCS MPOOOPA3OM BCEX MHOCTEAYIONNX PEAKTOPHBIX IKCIEPUMEHTOB.
DxcrnepumenThsl Palo Verde u CHOOZ — 3rcrepuMeHTHI, TOCTABUBIINE TIEPBBIE OTPAHMYIEHUST
Ha 3HAYEHUe yruia cMeruBanne 13, KOTopble, KaK OKaXKeTCsl BIOCJIEICTBIH, TIOJIONINA JOBOJILHO
6IM3KO K PeaibHOMY 3HAYEHUIO 3TOTO YIVIA.

Hamee 6ynyT npencraBieHbl PE3YILTATDI, HEIIOCPEACTBEHHO TPEIIIECTBYIOMTIX OTKPBITHIO
013 B axciepumente Daya Bay.

[IpuBesneno cpaBHeHME COBPEMEHHBIX MUPOBBIX JTAHHBIX 110 U3MEPEHHUIO YIJIA CMEITHBAHUST

013 1 paciienienus Macc HeRTpuHO Am2,.

1.5.2. dkcnepument Paitneca u Koysna

B 1950 rony ®penepuk Paiinec (Frederick Reines) u Knaitn Koysu (Clyde Cowan) upe-
JIOXKUJIU FKCIIEpuMenT [92], criocobubIi gerekTupoBaTh HeliTpuHo. HelirpuHo — runorerutieckast
Ha TOT MOMEHT YaCTHIA, CYIECTBOBAHME KOTOPO# O6buLIo moctyiaupoBano Boabdranrom [lay-
JIM 17151 OO'bsICHEHU ST SHEPTETUIECKOTO CIIEKTPAa 3JeKTPpoHa B bera-pacnaje. Tak Kak bera-paciian
CUUTAJICS TPEX-TaCTUIHON peakmeit (n — p+et), Teopus mpesckasbBaga KOHKPETHYIO OTIPEIe-
JIEHHYIO 2HEPTHIO [T 3JIEKTPOHA B KOHETHOM cOCTOsTHUU. OTHAKO, B 9KCIIEPUMEHTE Y 3IEKTPOHA
HabJI0/1a 1cst MMpoKuit ciekTp anepruit. [laysm npesamosioxui, 9Tto B Oera-pacnajie HERTPUHO
YHOCUT ¢ CODOM 9aCTh HEPIUU, PAHEe MPUITUCHIBAEMON 3JIEKTPOHY.

HeTekTupoBaTh HOBYIO YACTHUILY ITPEIITOJIATAIOCEH IPH TOMOIIY THIIOTETUYIECKON HA MOMEHT
nposefenus skcrepuMenta peaknuu OBP: 7, +p — et +n. Tlo onenkaMm, ceayommM u3 TeOpUn
Depmu, cedeHre JAHHOTO IIPOIecca OXUAaI0ch mopsaaka 10~ ca?, aro memamo COOTBETCTBYIO-
MR SKCIePUMEHT MTPAKTHYICCKH HEBO3MOZKHBIM.

B nepBom BapuaHnTe 9KCIIEPUMEHTA B KAYECTBE UCTOUYHUKA ObLIO TIPEJIOXKEHO UCITOIH30BATh
B3PbIB 20-M KUJIOTOHHOU sijepHON G0MOBI — HanboJiee MOITHBIN BO3MOXKHBIM UCKYCCTBEHHBIH
UCTOYHUK HECATPUHO.

st nereKTupoBaHust HERTPUHO IIAHUPOBAIOCH UCIIOJIb30BATH OTKPBITHIE K TOMY BPEMEHU

KHUJKHNE OpraHnvdeCKue CIUHTHUJIIATOPDI, CIIoCOOHDIE U3J1yv9aTh BI/I,ZLI/IMblfl CBET IIPpH IIPOXOZKJIE-
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HUW 3aPKEHHON JaCTUIHI UK raMMa-KBaHTa. OPraHndecKuil CIIUHTUILISTOD TAKXKe SBJISAETCS
XOPOIIell MUITIEHBIO, TAK KAK COJIepKaT OOJIBITIoe KOJUYECTBO aTOMOB BOJIOPO/A, HEOOXOIUMbBIX
s peakiun OBP. CrimHTH/IIATMOHHBIM ¢BET KaK MPABUJIO JETEKTUPYETCS IPU TTOMOITH (POTO-
JIEKTPOHHBIX yMHOKUTEeH (PDY), yeTaHOBICHHBIX Ha CTEHKAX KOHTEHHEPA ¢ YKUJIKUM CI[HH-
tusutsropom (2KC).

HerexkTop nosken 6611 OBITH YCTAHOBJEH IO/ 3eMJIEH Ha BEPITUHE TAXTHl HA PACCTOSTHUT
50-1 MeTPOB OT AMUTEHTPA. B MOMEHT B3PBIBA OTIOPA JIETEKTOPA UCKYCCTBEHHO PA3PYIITAIACh JIJIsd
3AIUTHI IJIEKTPOHUKHU OT 3eMJjerpsicenust. lIpennonaraaoch, 9o JeTeKTOp B TEYEHUEe HECKOJIb-
KUX CEKVH/]I CBOOOIHOTO majieHnst OyaeT JeTeKTupoBarh curaaj nosutponos ot OBP. Tmasroi
poHIEMOM TAHHOTO TIOJIX0/TA ABJISIETCsT O9€Hb CUJIbHBIN PAIMOAK TUBHBIN (DOH OT siIEPHOTO B3PhI-
BA.

[Ipu mombITKe penmuTh TTpobIEMy KECTKOTO ramMa-(hoHa ObLTa IPeIoKeHa Ues TeTEeKTH-
POBATDL COBIAJIEHUS JIBYX CUTHAJIOB: MTHOBEHHOT'O CUI'HAJIA OT TTO3UTPOHA, U 3aI1a3/IbIBAIONIETO OT
uwetiTpora. Hefirpon, ncnymennsiit mpu peakruu OBP, Tepmanusyercst 1 3aXBaTbIBAETCA BOJIO-
poaoM, 0bpasysi JiedTepuil, KOTOPLIA B IIPOIECCE PEJIAKCAIIMHN BBIJE/ISET FraMMa-KBAHT ¢ SHepTUeit
2.2M»5B. s cokpallleHusi BpeEMEHH 3axBaTa HEWTPOHA, B CIMHTUIATOP OBLIO IIPEJIOXNKEHO
100aBUTHL KajaMuil, 00JaJatoNnuit DOJILIMUM CeYeHUeM 3aXBaTa TEIUIOBBIX HERTPOHOB M BBICO-
KO u3/iydaeMoil npu pesakcarnuu sueprueii. s usoromna 304, cocrasmsmomero 12.22 % ot
HATYPAJbLHOTO KAJIMUS, CEUeHNe 3aXBaTa TEIJIOBLIX HelTpoHOB cocrapisieT 20.6 KOH, a aneprust
penakcarun 9MsB [93]. Bpemsi saxBara HEHTPOHA IIPU ITOM COCTABJIAET B CPEJIHEM HECKOJIhb-
KO MUKPOCeKyH 1. OTOOD cOOBITHH 1TO COBIAIEHUAM MIHOBEHHOTO W 3aTA3/IBIBAIOIIETO CUTHAJIOB
[TO3BOJISIET OTCEYb OOJIBINYI0 YaCTh PAJIMOAKTUBHOTO (POHA, JIAIOINIEN0 B OCHOBHOM OJIMHOYTHBIE
CUTHAJIBL.

Takas BO3MOXKHOCTD TOJIABATH (DOH MTO3BOJINIIA BEPHYTHCS K UJIEE UCIIOJIb30BAHUS SITEPHOTO
peakTopa B Ka4ecTBe UCTOYHUKA HelTpuHo. HecMoTpst HA TO, 9TO HOTOK HERTPUHO OT PeakTopa
MEHBITIE TIOTOKA HERTPUHO oT sAnepHoro B3peBa B 1000 pas, BpeMs 3KCIIO3UTTAN MOYKET JTOCTUTATH
HECKOJILKUX JIET TI0 CPABHEHHUIO ¢ HECKOJBbKUMU CEKYHIAMU ITPU B3PbIBE.

[lepsoiit BapuanT getekTopa HaszbBasaca Herr Auge u npencrasisia coboit 300-x muTpoBbIi
mnmHIp 71 cm B guamerpe n 76 cM B BbicoTy. CHapyx)u Obutu yeranobseHbl 90 2-x mrofimo-
Beix PV, npocmarpuBaronux 00bLEM depe3 OTBEPCTHsI B CTEHKe KOHTelHepa. Bu merekTopa
W3HYTPHU U CHAPYKU TIpeJcTaBaeH Ha pucynke 1.14.

IlepBast mONBITKA JIETEKTUPOBAHUST HERTPUHO ObLIa mpoBedeHa BecHoit 1953 roga y XaH-



45

(a) (6)

Puc. 1.14. BHewHwWii BUA aHTUHEMTPUHHOIO AeTekTopa Herr Auge.

(hopackoro peaktopa, B BawwuHrtoHe. [leTeKTop 6bin YCTAHOB/MIEH NMPAMO Yy CTEHKU peakTopa.
Mexpay peakTopoM 1 AeTeKTOPOM 6bl/la COOPYXXeHa 3alMTa OT pagnaumm n3 camogefibHblX 60po-
napauHOBbIX 6/10KOB, a TakXe u3 Bcero goctynHoro Ha A3C cBuHua. Oxupganacb CKOPOCTb
cyéTa HeiTpuHo okono 0.1-0.3 cobbITUIA B MUHYTY, OAHAKO Habngaemas CKOPOCTb CYéTa Obina
nopagka 5-u cosnageHnin B MUHYTY [92]. Bbl/I0 YyCTAHOBNEHO, YTO OCHOBHOW BKNaj B (DOH CBA3aH
CO BTOPUYHBLIMWN YacTMLamy B3anMOLENCTBMA KOCMOTEHHbIX MKOOHOB C MaTepuanoM 3aluTbl, U3-
38 Yero NOnbITKN AOMNOMHUTENBHOIO 3KPAHMPOBaHUA LeTEKTOpPa He NPUHEeCNU NoNb3bl. HecmoTp4
Ha TO, YTO M3MEHEHNE CKOPOCTM CYETA NPU BKIKOYEHHOM M BbIK/IHOYEHHOM peakTope COOTBETCTBO-
BaN0 0OXMAaeMOMY MOTOKY peakTOPHbIX HEWTPUHO, 60onblwol BKNag HOHOBbIX CO6GLITUI MeLlan
chenatb O4HO3HauYHbIe BbIBOAblI. DKCMEPUMEHT Obl/l OCTAHOB/EH Yepe3 HECKOJIbKO MEeCALEB noce
Havyana paboThl.

HoBblli feTekTop 6bl1 CNPOEKTMPOBAH C YY4ETOM HELOCTATKOB NpeAblAyLero sKkcnepuMeHTa
N yCTaHOBJMIeH pAAoM c peaktopom B CaBaHHa Pusep (Savannah River), Ha rny6uHe 11 meTpoB
nog 3emMnéin. MuweHbo AN HERTPUHO CNYXWUNW ABa KOHTeNHepa, 3an0/IHEHHbIX BOAON (OTMeET-
Kn A n B Ha pucyHke 1.15). Kaxablii KoHTeliHep Bmewan no 200 n BoAbl. AN yBeanyeHus
ceyeHus 3axBaTa HeliTpoOHa B BOAy Obln fo6aBneH xnopupg kagmua. Camu KOHTeilHepbl nomela-
INCb MeXAY TpeMsa CUUHTUNNATOPHbIMU AeTekTopamu (otmeTku I, 11 n 111), pacnonoXXeHHbIMU
no BepTUKanu n paboTalWwmMMy No TOMY Xe NpuHUMNY, 4TOo U geTekTop Herr Auge. Kaxablii
KOHTeliHep BMewan 14001 XX C un 6bin o60opyaoBaH 110-t0 5-u gtolimosbimu P IY.

Ona ot6opa cobbITUIA BbIIM UCNONL30BAHbl KPUTEPUMN, aHANOTUYHbIE KPUTEPUAM U3 3Kcne-

pumeHTa Herr Auge. Kpome Toro, Tpe60Banoch, YTo6bl KaK MTHOBEHHbI, TakK W 3ana3/blBato L Uit
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Tpurrep cpabaTbiBanu B ABYX COCEAHUX KOHTelHepax.

Puc. 1.15. [leTeKTOp aHTMHEATPUHO, UCMONb30BaHHbIA B CaBaHHa PuBep.

Habop paHHbIX npogomxanca 6onee nATM MmecsueB. 3a 370 BpeMsa Oblo HakonneHo 900
4yacoB fAaHHbIX NMpW aKTUBHOM peakTtope u 250 4yacoB Npu BblIKIOYEHHOM. B pesynbtarte msme-
peHuns [94] Habnogaemas CKOPOCTb CYéTa cocTaBMa OKOMO 3-X COObITUI B Yac MPU OTHOLLUEHUM
curHan/wym 3 K 1. MiamepeHHOe ceyeHue, yCpefHEHHOE ANS CMEeKTpa PeaKTOPHbIX aHTUHEHTPKU-
HO Haxo4mMN0Cb B COOTBETCTBMKN C OXXuaaemblM ath = 6.3 «10-44 cM2 B npegenax 5 %.

MOMMMO CpaBHEHWS CKOPOCTM CYETa MPW BKAOYEHHOM W BbIK/OUYEHHOM peakTopax Obin
npoBeféH psaf NPOBEPOK C LeNbl foKas3aTb, 4YTO Habnwgaemble cO6bITUA B AEWCTBUTENbHO-
CTW SABNAKTCA B3aUMOLENCTBUAMU PeakKTOPHbIX aHTUHENTPUHO. 3aMeHa 4yacTu BOAbl Ha COOT-
BETCTBYHOLLEE KOMMYECTBO TAXENOWN BOAbl NpuBeNna K ABYKPATHOMY YMEHbLUEHUIO KOAM4YecTBa
CUTHaNIbHbIX COObLITUIA, YTO MOATBEPXKAAET TO, YTO peakLns NPOXOLUT Ha NPOTOHE. YBenn4veHue
NacCUBHOM 3aliMTbl MPUBENO K COKPALLEHUO KOoNnyecTBa (POHOBbLIX COOLITUIA, NPU 3TOM He U3Me-
HUB KO/IMYECTBa CUTHaNbHbIX. NS NpoBepKM (hOpMbl MFTHOBEHHOIO CMrHana B BOAE PacTBOPANU
64Cu, ncnyckarwouwmin 6eta-vyactuuybl ¢ aHepruneii okono 600 KaB.

Kak aHeprug 3anasgbiBarOlero curHana, Tak v pacnpefesieHne BpeMeHn 3afepXXKU Haxo-
AUNUCb B cornacum c npegckasaHmamu. Kpome 1oro 6b1710 NokKasaHo, 4To ABYKpaTHOe yBe/nye-

Hne copepXaHna KagMnua B MULLEHN NPUBOANT K OXNAAEMOMY COKpaleEHWK BpPeEMEHWU 3axBaTa,
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HE BJIMSIS HA CKOPOCTH caéra cobbrtuit. [lpm aroMm, yranenne KagMus U3 MUIIIEHN TTPUBETIO K UC-
YE€3HOBEHUIO HEUTPUHHOTO CUTHAJIA.

[Tocse mpoBeeHNsT CHCTEMATHIECKOTO aHATU3A JTAHHBIX ObLITO 0OHAPYKEHO, 9TO 3D PEKTUB-
HOCTB JICTEKTUPOBaHUs HEHTPOHOB ObLia nepeorieena. Hosoe ceuenue, onybmkoBanuoe B [95;
96|, oTIMYIaNOCh OT TPEJBIAYIIErO MPAKTUICCKU B JIBa Pasa: 0 = 121“1 x 10 em?. TIpumeya-
TEJIBHO, 9TO JAHHOE 3HAYEHWE CHOBA HAXOIUTCS B XOPOIIEM COTVIACHH TEOPETHIECKU OXKHUTae-
MbIM 3HadenueM oy, = (10.0 + 1.7) - 107 em? [95]. Teoperuueckoe npejickazanue cevenns OBP
YBEJMYHUIOCh TAKXKE B JIBA Pa3a HE3ABUCHUMO OT JAHHOTO M3MEPEHUs. DTO CIYIUIOCH MTOCIE OT-
KPBITUs HAPYIIEHUs P-MHBapUaHTHOCTH B ¢JIa0BIX B3auMoJielicTeusx B 1957 roay [97].

B 1995 rony ®penepuky Peitrecy 6v11a Bpyuena Hobenerckas [Ipemust ¢ hopmympoBkoit
.38 AKcrepuMenTaabHoe obuapyx)enne ueirrpuno”. Ilockonnpky Koraitn Koysn ymep B 1974, Paii-

HEeC HE CMOI' ¢ HUM Pa3de/IUTh IIPEMUIO, O 9EM OYEeHDb KAJIeI.

1.5.3. IlepBbie oCHMIAIMOHHBIE YKCIEPUMEHTHI C PEAKTOPHBIMY AHTHMHENTPUHO

OHUM U3 TIEPBBIX OCIIIISIUOHHBIX IKCIIEPUMEHTOB ¢ PEAKTOPHBIMIA aHTHHEATPUHO ObLI
srcepumenT (98] B Casanna Pusep, nposenéunniii B 1979-1980 na paccrosiauu 11 M or peax-
Topa. B kadecTBe muitienn ObLT MUCIIOIB30BAH JAefTepuil, ¢ KOTOPBIM HEHTPUHO MOXKET B3aUMO-
JIEMCTBOBATE TI0 JIBYM KaHAJAM: 3aPsKEHHOTO TOKa Ve + d — et +ntnn HEATPAJBHOIO TOKA
Vetd—v.+p+n.

ITockonpKy MO KaHATy HEUTPAJIBLHOTO TOKA MOXKET B3aMMOJIeHCTBOBATE AHTUHEHTPUHO JIFO-
Horo apomaTa, 3TOT KAHAJ OKA3hIBAETCS HETYBCTBUTEEH K OCIUJUIIATUAM. TakuM oOpa3oM, u3-
Mepsist OTHOIIIEHUE KOJIUIeCTBa COOBITUHM ¢ OTHUM HEUTPOHOM K COOBITHUSIM C JIBYMS HEUTPOHAMH,
MOXKHO OIPEICJUTD HEPEXOIUT JU JACTh PEAKTOPHBIX 3JICKTPOHHBIX AHTUHEATPHUHO B APYTHE
tunbl. OTHAKO, B 9KCIEPUMeHTe ObLIN HEMTPABUILHO yITeHBI 3(DMEKTUBHOCTH TETEKTUPOBAHUS
HEHTPOHOB [99], 4TO IPUBEJIO K JIOKHOMY OOHADYKEHUIO H(PdeKTa OCIUIIIAIIHA.

Crenyromnmit 9KCIEPUMEHT 10 TIOUCKY HEHTPUHHBIX OCIIALIANNH, TPOBOSUMBIN HA PACCTO-
aanu 8.76 M o1 peaxtopa ILL [3], nckiroumn panee naiigennyio obaacTb napamMerpos sin® 26013 u
Am?,.

B nepuosn ¢ 1977 o 1996 6611 poBEAEH sl SKCIIEPUMEHTOB TI0 TIOUCKY OCIUJIISATIUN pe-
AKTOPHBIX AaHTUHEHATPUHO HA PACCTOSHUSIX OT JIECSATKOB JI0 COTHU MeTpOB 0T peakTopos ILL [3],

Bugey [4—6|, ROVNO [7], Gosgen (8], Krasnoyarsk [9; 10|, CaBanna Pusep [11]|. DxcrnepumenTo

JIABAJIM XOPOIIIO COIVIACYIOMIUHCA IPYT ¢ APYIOM Pe3ysbTaT: HOTOK aHTUHEHATPUHO COOTBETCTBO-
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BaJl OzZKUJJaHUAM B T'MIIOTE3C OTCYTCTBUA HGfITpI/IHHbIX OCHHHHHHHﬁ.

1.5.4. dkcnepument CHOOZ

DKCIEPUMEHT 110 U3MEPEHUIO yIvia cMeruBanus Helirpuno 613 CHOOZ [13; 100—102] upo-
Bomuicst Bo Ppanrun ¢ anpess 1997 roga no aBrycr 1998 wa omronménnoit ADC. ADC cocrour
U3 JBYX MAPHBIX SIIEPHBIX PEAKTOPOB 00Iieit TeroBoit MomuocThio 8.5 'Br. AnTunefiTpunHbIit
JIETEKTOP OBL YCTAHOBJIEH HA PACCTOSTHUM OKOJIO 1 KM OT PEakTOpPOB.

Herexktop axcrepumenta CHOOZ sBaserca passutuem gerektopa Herr Auge, koTopbrit
HMCHOIB30BaJICsE B X3HMOPACKOM sKcrepuMenTe. CXeMaTUIeCKuil BUI JeTEKTOPa IPEICTaBICH
Ha pucyske 1.16a. [ToMmumo popMbl caMoro eTeKTopa, BayKHBIM OTJIMIUEM SIBJISIETCST PACITIET-
JIEHWE BHYTPEHHETO 0ObEéMa JeTeKTopa Ha JIBe 30HBI. BHyTpeHHsIsT 30HA, 3al0JTHEHHAS H-F0 TOH-
navu 2KC, maxomures B npospagaom akpuaosom konreiinepe. B ZKC 6buio mobasieno 0.09 %
TaJIOJIMHAS JJTsT 3axBaTa HeHTpoHOB. [Ipm penakcaruu mocse 3axBaTa HERTPOHA SIPO TAI0JIH-
HUSI BBIIEJISET HECKOJBKO TaMMa KBAHTOB 001Iet sneprueit okoso 8 MaB, aro mozsossier odenn
xoporro otaensats curaans OBP ot ¢ona.

AKpuoBBIfl KOHTEHED HAXOIUTCS BHYTPH CTAJBHOTO Oaka, 3aloJHEHHOTO 17-10 TOHHA-
vu 2KC 6e3 mobasiienns rajoianans. Takum o6pasoM, TOJBKO COOBITHST W3 BHYTPEHHEH 30HBI
MOT'YT JIABATH 3ala3/bIBAIONINI curHa ¢ dHeprueit 8 MaB, wro mossoJssteT, BO-TIEPBBIX, XOPO-
10 JIOKAJM30BATh 3O PEKTUBHBI 00BbEM TETEKTOPA, & BO-BTOPBIX, VIYUIIAET IHEPTETUTECKOE
pasperenne, ITo 0COOEHHO BAYXKHO JJIsT PEKOHCTPYKITUY 3aI1a3/bIBAIONIEr0 curHasa. lego B ToM,
YTO TaMMa KBAHTBI BBICOKUX IHEPTUHM MOTYT HMOKWHYTH CIMHTHLIUPYIONNNA 00bEM, ITO TPUBO-
JIUT K HEJOOIEHKE IHEPTHN U K UCKAXKEHUIO CIEKTPA AaHTUHENTPUHO, a TaKyKe K MOTEPU TaCTHh
cOOBITHH, KOT/Ia 3aIa3 bIBAIONINN CUTHAJ HE MPOXOaUT Kpurepun otbopa. Hammyawe momosau-
TEJIBHOTO CJIOS CIIMHTHLIATOPA TO3BOISIET YACTHIHO KOMIIEHCUPOBATDH 3TOT 3(h(eKT.

[Io BuyTpenneit creHke CTaabLHOTO KonTefinepa ycranonsiero 192 8-u moiimossix @Y. Cam
AHTUHEATPUHHBIN JETEKTOD YCTAHOBJIEH B BOJISHOM OacceifHe, CJIyKAIMM aKTUBHBIM MIOOHHBIM
BeTo. B Gacceitne ycranoBseHb! 1Ba KoJbia 1o 24 @Y. DkcnepuMeHTATbHAS YCTAHOBKA HAXO-
qures Ha ray6une 300 M.B.3., a TOTOK MIooHOB coctasisger 0.4m 2 ¢ L.

Bcero 3a Bpemst paboTsl 66110 HakOILIEHO 365 mHEH husndecknx maHabx. [lpuMedarenbHo,
9TO JETEKTOP OBLT 3aIyIeH PaHbIle PEAKTOPOB Ha 23 JIHS, ITO TMO3BOJIMIO U3MEPUTDH (POHOBBIM
criekTp. Kpome Toro, B IAHHBIX IPUCYTCTBYIOT jiBa rtepuoia 49 u 85 jHeit, KOTAa OJIMH U3 Peak-

TOPOB ObLT BBIKJIIOUEH. leTeKTop HAOIONAT CKOPOCTD CHETa OKOJIO 25 COOBITUM B JE€HD IIPU Pe-
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(a) (6)

Puc. 1.16. Cxema (a) v BHewHunin Bug (6) getektopa akcnepumeHta CHOOZ.

aKkTopax, paboTalLMX Ha MOSIHYI0 MOLLHOCTbL. KaK NoToK, Tak U (hopma cnekTpa, Habngaemole
B 3KCMEepVMEHTe COOTBETCTBYIOT 0XUAAHWAM B NMPeAnoNoXeHUn oTCyTCTBUA ocumnnaymin [101].
Habnogaemoe OTHOLWEHWE NOTOKA aHTUHEATPUHO K OXWUAAHUIO B MPeAnoNoXeHUN OTCYTCTBUSA
ocumnnaumin R = 1.01 £+ 2.8% (ctat.) £ 2.7% (cuct.) [13].

NHTepnpeTaums faHHbIX C TOUYKN 3PEHUA HENTPUHHBIX OCLUUNNALNIA NO3BONSAET UCKIOUYNTD
sin22613 > 0.15 gna pacwenneHus macc8 [ 7 > 2 m10-3 3B2 Ha ypoBHe gocTtoBepHocTn 90 %.

OKCNepuMeHT 6blN OCTAHOB/IEH paHee 3anJaHMPOBaHHOro cpoka. OkKasanocb, YTo fobasne-
HUEe B CUUHTUNNATOP ragonvHnsA fenaet ero HectabunbHbIM. B pesynbTaTe nabopaTOpHbIX U3-
mepeHunin ceoiictB XX C akcnepumeHTa CHOOZ 6bina onpefeneHa CKOPOCTh Aerpagauuun: anvHa
NornoLWeHna ceeTa B CLMHTUANATOPe cokpalwaeTca Ha 0.4 % B feHb [101] nnn B 2.5 pa3a 3a rog.
MMocne CTOMIb 3HAYUTENILHOTO COKpaLLeHWs NMPO3PayHOCTM CUUHTUANATOPA MPOBOAUTL IKCMEpu-

MEHT ObI/I0 HEBO3MOXHO.

8BennunHa [ ke aBnsieTcs (preiBOpHbIM cpeaHMm Mexxay Amj® n Am”. TouHoe onpefeneHre aaHo B Gop-
myne (2.3) Ha cTpaHuLe 66.



50

1.5.5. 9kcnepumeHT Palo Verde

AMepukaHcKnin akcnepumeHT Palo Verde [103; 104] nposoaunncs ¢ nwons 1998 roga no monb
2000 Hepfaneko OoT ofgHOMMEHHOW AJC B wTate ApusoHa, CLLUA. ASC Palo Verde coctout u3
TPEX WAEHTUYHBbIX PEAKTOPOB CyMMapHOW TennoBoi MoliHOCTbio 11.63BT. [JBa peakTopa Ha-
X0AATCA Ha paccTossHMM 890 M OT AeTeKTopa, B TO BPEMA KaK TPETUI peakKTOp Ha pacCcTOsHUMU
750 m.

AHTUHENTPUHHbBIN feTekTop Palo Verde npegctaBnsaeTt coboli pa3Butue geTektopa, UCNosb-
3oBaHHoro B CasaHHa Pusep (cm. pasgen 1.5.2), aTo maccuB n3 9-M MeTPOBbIX MPO3PayUYHbIX
aKpUNOBbIX AYEeK, YNOXeHHbIX B 6 CN0éB no 11 wTyK v HanosiHeHHbIX XX C (CcM. pucyHok 1.17).
O6uiaa macca XX C, SBAAOLLErOCa KaK JeTeKTOpOM, TakK U MULWeHb, cocTaBnseT 11.3T. CumH-
Tmnnatop cogepxut 0.1 % ragonmHua, gob6aBneHne KOTOPOro Mo3BO/IMIO COKPaTUTb BPeMA 3a-

XBaTa HeTpoHOB A0 30 MKC.

Muon Veto Central Detector

optical optical
fiber fiber

scintillator

Puc. 1.17. Cxema feTeKTopa aHTUHeATpUHO akcnepumeHTa Palo Verde.

Kaxpgasa ayelika npocmaTpmuBaeTcs 4BYMS 5-u JIOAIMOBbIMU D IY, KaX4bl/i N3 KOTOPbIX Ha-
XOANTCA B N30NNPOBAHHOM O00bEME, 3aN0/IHEHHOM MWHepanbHbIM MacioM. 3TO MO3BONAET Orpa-

ANTb XUAKWA CUMHTUNNATOP OT NMPOHWKHOBEHMUSA PafinoakTUBHbIX YacTul, U3 cTekna Y.
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HeTekTop OKPY2KEH BOASIHBIM TTUTOM TOJMuHON 1 M. BHermuss gactb geTekTopa — 3TO
AKTUBHOE MIOOHHOE BETO, cocTodlee U3 32-x 12-u MeTpoBbix 6akop ¢ 2KC, 3akpbIBAIOIIAX Je-
TEKTOP MPOJIOJIBHO, U JIBYX OakoB 10 60kaMm. CUIHA ¢ MIOOHHOTO BETO CHUMAETCS TIPU TTOMOITIN
®Y. YeraHoBKA HAXOMUTCA Ha IiybuHe 32 M.B.3., 4 HOTOK MIOOHOB cocTasjger 22M 2 ¢ L.

CKOpoCTb CcU€Ta IKCIEPUMEHTA COCTABJISIA B CPETHEM 5D cOOBITHH B JeHBb IS CJIydas,
KOT'/Ia BCE PEAKTOPLI paboTaIOT Ha TIOJHYIO MOIITHOCTL. Beero Ob110 Hakorieno 350 aHei JaHHBIX,
peHA3HATEHHBIX /18 (DUBUTECKOTO aHAIN3a, U3 KOTOPBIX B Tevuenne 108 mHelt Kakoit-immbo us
peakTopoB 6bLT ocTaHOBIeH. [lo/TydeHHbIe TaHHBIE KAK TI0 TIOTOKY TaK U 110 (hOpMe TOZUTPOHHOTO
CIIEKTPA COOTBETCTBYIOT I'MIIOTE3E OTCYTCTBUSA ociimisinuit. Habrogaemoe oTHOIIEHRE TTOTOKA
AHTUHEATPHUHO K OXKUgaHuio 6e3 ocrmutanumii B = 1.01 +0.024 (crat.) £ 0.053 (cuct.) [12].

I/IHTepHpeTaL[I/Iﬂ JAaHHBIX C TOYKHW 3PCHUA HefITpI/IHHbIX OCL[I/I.HJIEH_[I/H;'I II03BOJIACT UCKJIIOYIUTD

sin? 20,5 > 0.162 s Am2 > 3-10725B? na yposre pocrosepuoctu 90 %.

ee ~v

1.5.6. PeakTopHble HENTPUHHBIE IKCIIEPUMEHTHI HOBOTO TOKOJICHUST

[Mocne weynaau sxcrepumentoB CHOOZ u Palo Verde B usmepenun 3uavenus 613 ObLin
cchopmyupoBanbl TpeboBanus, HEOOXOIUMBIE [JIsI CHUKEHUS CUCTEMATUYECKON MOTPENTHOCTH
U YCIIENTHOTO U3MEPEHUs! JaHHOTO yIvia CMEIMBAHUs B PEAKTOPHBIX sKcrepumenTax [105] (o
miaBy 2). OJHUM U3 OCHOBHBIX TPeOGOBAHUE OBLIO HAJMYIUE MICHTUIHBIX JICTEKTOPOB GOJIBIITON
MACChl HA PA3HBIX PACCTOSTHUAX OT uctodnuka [106]: B6/m3m, HA PACCTOAHUN TIOPSIKA JCCATKOB-
COTEH METPOB U HA VAAJECHUN OKOJIO 2 KM.

B Teuenne 2000-x B Mupe OBLIT TIPEJIONKEH PsiJl TEXHUYECKH CXOXKHUX PEAKTOPHDBIX IKCIIEPU-
MEHTOB 110 U3MEPEHUIO yIila cMermBanus 013, cpenu Hux Daya Bay [107], Double CHOOZ [102],
RENO [108], Angra [109], KASKA [110], a Takke MHOX)ecTBO Japyrux. [IpumedaresibHo, 910 Ol
HUM U3 IIEPBBIX JIOJKEH ObL1 crarh skcnepument Kr2Det [111] B Kpachosipcke, KOTOPBIH, Tak u
He BBIIIENT 38 PAMKUA HaMEPEHUIT.

B konewtHOM cuéTe M3 TpEITOKEHHBIX IKCIIEPUMEHTOB cocTosinck Tpu: Daya Bay, Double

CHOOZ u RENO.

1.5.7. Yka3auus Ha HeHyIeBoe 3HauUeHHe O3

IlepBoe yka3zamue Ha HEHYJIEBOE 3HAMEHIE YIVIa CMENUBAHNsI 13 OBLIO OMyOINKOBAHO IKCIIE-
pumentom KamLAND [112] 8 mapre 2011. Dxcenepuvent KamLAND [113] waxozures B Snonnn

1 u3MepsAeT OTOK aHTHHEHTPUHO, 79 % KoToporo mpuxomuT or 26 sjepHbIx peakTopos’ Ha pac-
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crosiansax 138214 kM. CpeaHeB3BEIIeHHOE PACCTOAHIE OT JIETEKTOPA 10 PEAKTOPOB OICHUBAET-
cst B ~180 kM. DKcrrepuMeHT HAOIIOMAT HEJTOCTATOK TTOTOKA PEAKTOPHBIX AHTHHEATPHUHO TOTTH
B 40 %. N3-3a Goabmoi 6a3bl, HEJOCTATOK IMOTOKA CBA34H IVIABHBIM OOPA30M C OCIUJLIAIAIMA
HEHTPUHO MEXKJIy TIEPBBIMU JIBY MsI ToKoIeHussMu, o3Tomy KamLAND uayecTBUTEIEH B IEPBYIO
odepeb K mapamMerpaM cMermmbsanus Am3, u 01,, a K 013 9yBcTBATENILHOCTE cabas. Tem He me-
Hee, pa3bpoC JIOMYCTUMBIX 3HAYEHUH OBLT CyKEH IPU MPOBEIEHNN KOMOUHUPOBAHHOTO aHAJIU34a C
YIETOM PE3YIBTATOB JAPYIUX IKCIEPUMEHTOB: COJTHEYHBIX, aTMOC(EPHBIX, YCKOPUTEIBHBIX YKC-
IEPUMEHTOB ¢ JIJIUHHON 6a30i, a Takxke orpanndenueM skcrnepumenta CHOOZ. Tonydennsrit B
[112] pesymbrat sin® 63 = 0.00910052 ommwaerca ot myna wa yposre goctoseproctr 79 %.

B wutosie 2011 BpIII0 cpas3y JiBa HEBABUCUMBIX IKCIIEPUMEHTAJIBLHBIX PE3Y/IbTaTa, YKa3biBa-
OIMUX HA TO, 9TO 3HAYeHue (13 MOXKeT ObITh OTIMYHO OT HyJssg. Oba yKasaHusi — pPe3yabTaThI
AHAJIM3a JIAHHBIX YCKOPUTEILHBIX 9KCIIEPUMEHTOB € JJIUHHONW 0643011, HAOJIIOIAIONTUX TOSIB/IEHIE
HEUTPUHO 3JEKTPOHHOTO THUIIA B IIyYKe MIOOHHBIX HeHTpHHO. B omyimyne oT peakTOPHBIX KCITe-
PUMEHTOB CO cpenHeit 6a30i, YyBCTBUTENBHBIX TPAKTUIECKN UCKJIIOIUTENHHO K f13, B yCKOPH-
TEJIbHBIX YKCIEPUMEHTAX TyBCTBUTEILHOCTD K 3 CUJIBHO KOPPEJTUPYET TAKKE C MTapaMeTPaMu
CMEIUBAHUS MEXKY APYTUMHU TOKOJEHUsIMU HEATPUHO, a, KPOME TOT'0, CBs3aHa C uepapxueit
Macc HeHTpuHO.

Okcnepument T2K (Tokai-to-Kamioka) [114] B fnonnn ucnons3yer aHTHHEATPUHHBIA e~
texkTop Super-Kamiokande B Kamuoke st merekTupoBanust HERTPUHO W3 TIy9IKA YCKOPUTEJIS
J-PARC B Tokae. Paccrosinne Mexay MCTOIHUKOM U JETEKTOPOM — 295 KM, a 3Heprus Hei-
tpuno B makcumyme 0.6 I'3B. B skcniepumente 66110 06HAPYX)KEHO 6 COOBITHI B3anMOJIEHCTBUS
JIEKTPOHHOI'O HEUTPUHO TIPU OKUJIAHUN 1.5 cOOBITU B IIPE/IIIOJIOXKEHUHT sin? 26,5 = 0 [115], aro
HCKJIIOYaeT rurnoresy fi3 = 0° Ha ypoBHE JTOCTOBEPHOCTH 2.5 CTAHIAPTHBIX OTKJIOHEeHuH. 13 pe-
3yJILTATOB cilefayer posepuTenbnbil unrepsan 0.03(0.04) < sin® 203 < 0.28(0.34) B npesmoo-
JKEHUU IPpsAMoi (06paTHOl) nepapxun u dgp = 0°.

Bropoit pesysbrar npuHaiexuT aMmepukanckomy skcrnepumerty MINOS [116], maabanii
netekTop KoToporo Haxomutcs B Cymanckoit [logzemuoit Jlabopatopun B mrate Munnecora Ha
paccrosinuu 735 KM OT yckoputesd. lerekTop Haxomurces na ocu HehrpuaHoro nydka NuMI uz
Qepmmtaba. [Iukosast aneprust nyuka — 3 [9B. Bouto obuapyxkeno 62 cobbITusi, TIPOIIEIITTX

0TOOP 3JIEKTPOHHOTO HEATPUHO NPU OXKUIAEMOM ypoBHE (qoHa B 49.6 coOBITHI [J1sT THTIOTE3bI

B ceasu ¢ aBapueit Ha ADC OykycnMa-1 ¥ TOCIeIyONIM 3aKpuITuii paga ADC B AHoHNN JaEHLIE 0 Peak-

TOPHBIX aHTHHEHTPUHO (PpakTHYecKn HabHpasnch 10 koHma 2011 romga.
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sin? 20;5 = 0, 9TO WCKIIOYAET JAHHYIO THIOTe3y Ha ypoBHe goctosepnocta 89 % [117]. U3 pe-
3YJIBTATOB CIEJyeT JMOBEPUTETBHBIH mHTepBas 2sin® Ogz sin® 2013 = 0.04115037 (O.O79J_“8:82§> JIJISE
npsiMoii (o6partHoii) nepapxuu. JJaHHBIA pE3yJbraT MOIYYeH B IPEAnookennn o = 0° u 3a-
BUCUT OT 3Ha4YcHUs O3, OJHAKO, B CJAy4Yae MAKCUMAJIbLHOIO cMmermmpanus (M3 = 45°) JaHHBIH
UHTEPBAJ IPUMEHIM HAIPAMYIO K sin? 205

B asrycre Toro-xxe roga 6suia onybaukosana pabora [118] ¢ pesysbraTaMu HE3aBUCUMOTO
106 ILHOIO AHAIU3A IOCTYITHLIX HeHTPUHHBIX qanHbix'’. ITo pesyabraram anammsa sin® 20,3 > 0
HA YPOBHE JIOCTOBEPHOCTH 110 KpaliHel Mepe Tpu crangapTHbX oTkionenus (99.7 %). Ourumaisb-
HOE 3HAYEHUE U JOBEPUTEJILHBI NHTEPBAJ HAXOIATCH B COTVIACUN € PE3Y/IbTaTAMH YKCIIEPUMEH-
toB T2K nu MINOS. Anajus 6611 TpoBEIEH TSt IBYX MOJIEIEH CITIEKTPa aHTHHEATPUHO, CTapoit
(ILL+Vogel) u mosoit (Mueller). IToyuen pesymbrar sin? 613 = 0.02140.007 (0.02540.007) gus
craporo (HOBOTO) CIIEKTDA.

[lepBoe ykazanue Ha OTJIIMYHOE OT HYJIsI 3HAYEHHUE (13 HA OCHOBE TAHHBIX PEAKTOPHOTO IKCIIE-
puMenTa 6bL10 oybsmKoBaHo Kosutabopanueit Double CHOOZ [102], npeeMHuKa 3KCIiepuMeHTa
CHOOZ. Pesysibrar 0CHOBAH Ha JAHHLIX €IMHCTBEHHOTO HA TOT MOMEHT JIaJbHErO JIETEKTOPA,
naxojsmnierocst Ha paccrosgaun 1050 m ot peakrTopa. llociie nabopa panubix B Tedenue 101 mus,
IKCIEPUMEHT OOHAPYZKUJI HEIOCTATOK [TOTOKA JEKTPOHHBIX aHTUHEHTpuHO 5.6 %. B pesysib-
TaTe OCHUWIJIAIMOHHOTO AHAJIN3a OBLIO MOJYYEHO 3HAYEeHUe sin? 2015 = 0.086 + 0.041 (crar.) £+
0.030 (cuer.) morst smagenust Am2, = 2.4 - 1073, PesyasraT HCKIIIOIAET THIIOTE3Y OTCYTCTBHS OC-

MULIATME Ha ypoBHE nocroBepHocTr 94.6 %.

1.5.8. N3mepenne yrna cmemmBaHusa HeiiTpuHO 03

Brepgole ormsimdne yria cMermuBaHusi HeATPUHO (13 OT HYJsl €O CTATUCTHYECKOW 3HATH-
MOCTBIO BBIIIE MSATH CTAHIAPTHBIX OTKJIOHEHUH O6bLI10 06bsaBieno skciepumenTom Daya Bay B
despare 2012 roza [16]. Pesymbrar mamepenns sin® 2013 = 0.092 £ 0.016 (crat.) & 0.005 (cucr.)
nostyuen juist Am?2, = 2.32- 1073 5B? Ha ocHoBe 55-u JHel nabopa ganbeix. [locranoBka JaHHO-
r'0 HKCIIEPUMEHTA MOAPOOHO OlMcana B pasjese 2.

Bcekope nocste nybsinkanuu pe3ysibraToB Daya Bay 66110 ormyG/ImKoBaHO U3MEPEHUE IPYTOTO
peakTopHOro sKcrepumenta RENO sin 2013 = 0.113 4+ 0.013 (crat.) & 0.014 (cucr.), cratucTu-
YecKasi 3HaYNMOCTDh KOTOPOT'O MPAKTUYECKU JOCTUTTIA [T CTAHIaPTHBIX OTKJIOHeHnH. lanHoe

3HAYEHNe MOJIYYEeHO Ha OcHOBe 229-u jHelt HaGOpa JAHHBIX U XOPOIO COIVIACYETCH KaK ¢ U3Me-

0He srirouaer nanasie T2K u MINOS.
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perueM Daya Bay Tak 1 ¢ IpebIyInuMu yKA3aAHUSIMUA.

DKcepuMenT Tonwr Habopa maHHBIX Basza, MomuocTsb, Murmmens/mer.  Macca Mumenn,
KM I'Br T

Xsrdopm 1953-1953 < 10M 0.25-2 LS + Cd 0.31 [119]
Casanna Pupep'? 1955-1956 ~1lm 2.5 H,0+Cd / LS 0.4 [94; 96]
ILL 1980-1981 Im 0.057 LS/3He 0.33 [3]
Bugey 1982-1983 13.6 M u 18.3 M 2.8 LS/3He 0.28 [120]
CHOOZ 1997-1998 1 8.5 4.25 [13]
Palo Verde 1998-2000 0.75 1 0.89 11.63 11.3 [12]
Double CHOOZ 2011-u.8. 1 8.5 LS + Gd 8 [77]
RENO 2011-u.8. 0.29 1 1.383 16.8 16 [121]
Daya Bay 2011-u.8. 0.51, 0.56 n 1.58 17.4 80 [18]
KamLAND 2002-u.8. 180 LS 1000 [112]

Tabauna 1.6. CpaBHUTE/IbHBIE XaPAKTEPUCTUKU SKCIIEPUMEHTOR ¢ PEAKTOPHBIMEU AHTUHEHTPUHO.

DxcrepumenT ¢ peakTopabiMu anTuHedTpHHO RENO mposomuTes B FOxnuoit Kopee y ADC
Wonrsan (Yonggwang), cocrosimeif u3 6 sepPHBIX PEAKTOPOB, TEILIOBOH MOMHOCTBIO 2.8 B
KaXIblfl. B 3KcIepuMeHTe MCHOIb3YIOTCS JIBA MJAEHTUYHBIX AHTUHEHTPUHHBIX JI€TEKTOPA Ha
cpenaux paccrosausax 294 M u 1383 M oT peakTopoB. B KadecTBe MUIEHU UCIOJL3YIOTCH 16T
KC ¢ nobasreruem ragonuunsi. CpaBHUTEIBHBIE XaPAKTEPUCTUKN PEAKTOPHBIX HEATPUHHBIX
SKCIICPUMEHTOB, [IPETHA3HAUCHHBIX U1 H3MEPeHUs yIvIa CMeITuBanus sin® 203 Ipe/cTaBIeHb B
tabsure 1.6. B Tabymiie TakKe IPUBEIEHDI JIAHHBIE HEKOTOPBIX JPYTUX IKCIEPUMEHTOB C MEJbIO
CpaBHEHUSI.

[Tocne mepebix n3mepenuit 15 B sxcnepumentax Daya Bay m RENO, Bcemu skcniepumen-
TaMu ObLT TPOU3BEJAEH psifi oObHOBIEeHU pe3ysibraToB. VMcropusi uamepenuit npuseiena B Tab-
giarie 1.7. W3 Tabaunsl BUJIHO, 9TO BCE IKCIIEPUMEHTHI, KAK PEaKTOPHDLIE, TAK YCKOPUTEIbHbIE U
aTMOChEpPHBIE, PUCYIOT XOPOITIO COIVIACOBAHHYIO KAPTHHY U3MEPEHMUIH.

OrzensHo caepyer oTMeTuTh u3Mepenust [23; 124|, npoBei¢HHBIC B PEAKTOPHBIX IKCIIEPH-
MeHTax. JJaHHble u3MepeHust OTIMYaIlOTCd OT OCTAJIBHBIX OTOOPOM COOBITHH, B KOTOPOM 3alias3-
JILIBAIOIINE CUTHAJI BBI3BAH 3aXBATOM HEHTPOHA Ha sJipe BOJAOPOAa (B OT/IMYHE OT 3axBaTa Ha
rajloJIMHUI, KOTOPBIH MOAPOOHO PACCMOTPEH B JlaHHON pabore) u umeer suepruto B 2.2 MaB. Or-

6op cobwrtuit OBP, Mmevenbix 3axBaToM Ha BoZOPOe, obo3HataeMbIit 11 KpaTtkocT nH, mo3so-

U s Macenl Mumenn getekTopa Herr Auge HCIOMB30BAH HOMEHAIBHBIN 00bEM KoHTeitHepa 300 T 1 OleHOTHAST

IJIOTHOCTB TOTY0I0BOTO cipHTHAIATOPa 1.0321 /cM3. Onenka MormHocTH peakTopa BasTa u3 [122].
20nenka momuoctn peakropa B Capanna Pusep pasta us [123].
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JISIET UCIIOJIB30BATH ropas io 60BN 00bEM CIIMHTHILISATOPA ¢ OHON CTOPOHBI, HO TPUBOIUAT K
Hostee BBICOKOMY BKJIa Ty (poHa ¢ napyroit. JaHHBIN aHAIN3 UMEET OTIUYIAIONTYIOCS OT OCHOBHOTO
JETEKTOPHYIO CUCTEMATUKY .

Kak Bugno us tabaursl 1.7 Hanbosiee TOUYHBIM Ha CETOMHSANTHUN JIEHD SBJISIETCI U3MEPEHHE

skcrepuMenTa Daya Bay sin? 2013 = 0.084 4= 0.005 [18].

Ilogacuenns k Tabimre 1.7. B Tabiuie npuBeseHbl pe3ysibTaThl BCEX U3MEPEHUN yIyla CMeTTH-
BaHusi HEHTPUHO O13. st uamepenuit, orMedeHHbIX 3B63104KO0H (*) GbL1a OnyOJIMKOBaHA BEJIU-
ypna sin? 013, YCKOpHTEIbHBIE SKCIePUMEHTHI, oTMedeHHbie cuMBooM (1) my6amkyior snadenne
2sin? o3 sin? 20,3 B npeamosnokernn dcp = 0°. JlaHHas BeJamdWHA COBIAIACT ¢ sin’ 2013 B mpe-
[TOJIOYKEHUN MaKCHMAaJILHOTO cMeruBanus fy3 = 45°. Pesybrar yeKOPUTEIbHBIX IKCIIEPUMEHTOB
KAaK IPAaBUJIO 3aBUCUT OT UEPAPXUU: OTMEUYEHa HOpMaJbHas uepapxus macce wefirpuno (HU) u
obparHasi uepapxust macc zerpuno (OU).

st peaKTOPHBIX 9KCIEPUMEHTOB OTMEYEH THIT UCITOJIb3YEMbIX JAHHBIX: JTAHHBIE O TIOJTHOM
qucsie cOOBITUH B KAXKJIOM JIeTeKTope (II0TOK) B aHAJIU3E ,IIOTOK'; JAHHBIC O YUC/Ie COOBITHH U
uxX crekTpe (CHeKTp) JJjisd aHaJu3a ,JI0TOK|crekTp”. JlaHHbIe, MEUYEeHHBIE 3aXBATOM HEHATPOHA
Ha Bozopojie orMedenbl kak (nH), wa Bogopozne u ragosmunun — (nH+nGd), upu sT1om 3axsar
UCKJIIOYUTETBLHO HaA TaI0JMHUN, sIBJISIONMACS OCHOBHBIM KaHAJIOM, HUKAK He 0603HadeH. V3me-
PEHUsI, UCITOJIB3YIONIUE TaKKe CTOPOHHUE JIAHHBIEC, OTMEIECHBI KaK TyIoHabHbIE.

Dxcrepument Double CHOOZ orimmiaercst 0T 0CTaIbHBIX PEAKTOPHBIX 3KCIIEPUMEHTOB TEM,
9TO YaCTh JAHHBIX Oblia HabpaHa IPHU TMOJHOCTHIO HEAKTHUBHBIX PEAKTOPAX, & JacTh JTaHHBIX
ObL1a HabpaHna, Korjaa ObLT HEAKTUBEH OJUH U3 JABYX peakTopoB. 1logobubrit HAOOP JTAHHBIX MO3-
BOJIAJT 9KCIIEPUMEHTY U3MEPUTH BKJIAJ, (POHOBBIX COOBITHH B PeXRUME ,,IIOTOK . Pesybrar, moJy-
YeHHLIH B JaHHOM aHaJamse, oTMedeH, Kak RRMY. PesymnraTer skcnepuventa Double CHOOZ,
HabpaHHBIE TOJBKO ¢ JATBHUM JTETEKTOPOM OTMedeHbl 3HAKOM (f).

Cunett oynpo3paydHoil MoJI0COH OTMETEHO HANDOIee TOTHOE HA CETOMHSTITHUN JIEHb N3Me-
peHue, mosrydeHHOe B 9KcnepuMenTe Daya Bay [18§].

[IBeT orpaskaerT THI IKCIEPUMEHTA: YCKOPUTEIbHBIE YKCIIEPUMEHTHI OTMEYEHBI 3€JICHBIM,
PEAKTOPHBIE — KPACHBIM, PE3YJIbTATHI TVIODAJBHOIO aHau3a — YEPHBIM, a sKkcrepumerT Daya

Bay ormeuen cuanM. IlynkTupom orMedeHbl pesyabraThl u3mMepenuii nH.

BRRM — reactor rate modulation — MOAyIAINA HOTOKS PEAKTOPHEIX aHTHHEATPUHO.
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Dopma MapKepa oTpaxkaerT 0cOOeHHOCTH aHamn3a. s peakTOPHBIX IKCIEPUMEHTOB yKa-
3aHa UCIIOJIb3yeMasi Uepapxus Macc HefiTpuHo: TpeyroJbHukK st HU, nepeBEépHyThIi Tpeyrob-
uuk st OW. Ksagpatom oTMedeHbl pe3ysibTaThl PEAKTOPHBIX IKCIEPUMEHTOB, TOJIYIeHHBIE B

pPEXRMME ,[TOTOK", KPYKKOM OTMEYEHBI BCE OCTAJBHBIE PE3YIHTATHI.
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1.6. Msmepenme pacmelieHns Mace HEUTpUHO ATy,

sMmepenne TaK Ha3bIBAEMOTO PACIIEIICHAS Mace HeHTpUHO Am32, U3HAIAILHO HE BXOHIIO
B 1estu FKcrepuMenTa Daya Bay, ograko, mocste Toro, Kak yroJ #3 611 U3MepeH, 0Ka3aaI0Ch, 970
oH JocTaTo4vHo BesimkK U Daya Bay obusiajtaeT 1ocTaTOIHON YyBCTBUTEILHOCTBIO JIJIsI U3MEPEHUST
snavenust Am3, M0 UCKasKeHUIO aHTUHEHTPUHHOTO cleKTpa (DEXKUM ,[I0TOK+CIeKTp").

Pacmierienne Mace HeiiTpuHo Am2, MoxkeT GBITh UCCISOBAHO B SKCIEPUMEHTAX ¢ BBICO-
KOYHEPTETUIHBIMU ATMOCHEPHBIMU WU YCKOPUTETHHBIMI MIOOHHBIMHU HeATpuHO. B Momenmn oc-
MULIATAR ¢ TpeMs HeHTPUHO TOJLKO JiBa PACIIEIIeHUsl Mace JIUHeHHO He3aBUCUMbL: Ami, =
Am?2, — Am3,.

Ha cerommsamntauit neds HU OJUH U3 SKCIEPUMEHTOB HE SIBJSETCS JTOCTATOTHO TyBCTBUTE b=
HBIM, 9TOOBI ONPEIeITh 3HaK Am?2,. Jannas npobaeMa u3BecTHa Kak MPobJeMa HepapXul Mace
nefirpuno. Coyuait Am2,>0 nasbiBaercs nopmasbHoit uepapxueit (HU), a cayuait Am2,<0 —
obpatrnoit nepapxueit (ON). Crepyer umeTs BBHLy, 9To abCoMOTHBIE 3HadeHns Am2, B 1pe-
TTOJIOKEHUN PA3HBIX WEPAPXUM OTJINYIAIOTCHA. Bce 3HAYEHWs B JAHHOM pasfesie IPUBEIEHBI Oe3
yKa3aHUs 3HAKA, OJHAKO, TAM, TJI€ 9TO UMEET 3HAYEHUE, OTMEIEHA UCIOIb3yeMasi NEPAPXUSI.

O/1HO0 U3 NepBLIX OrpaHUYeHui Ha 3Hauenue Am?2, GbLIO TOJYYEHO B KCIHEPUMEHTE ¢ aT-
mocdepubivu Hefirpuao Kamiokande [146]. DkcnepuMenT Mccie10Bal OTHONICHAE KOJIUICCTBA
MIOOHHBIX HEHTPHHO K 3JIeKTPOHHBIM (v, + V,)/(V, + 7,), KOTOpOE B OTCyTCTBUE HEHTPUHHBIX
OCITUJLITSITIAM JTOJI?KHO B ITEPBOM MPHUO/IMKEHNN PABHATHCS JIBYM: HA JBa MIOOHHBIX HEATPHUHO U3
IIEMTOYKY PACIIAIOB ITHOHA W MIOOHA POYKIAETCsT OMHO 3aeKTpoHHOoe. [lo pesynbraraMm usMepenus
IIOTOKA HEUTPUHO ¢ 3Heprueit bosbmieit 1.33 5B okazajoch, 4To jlaHHOE OTHOIIEHWE MEHbIIEe
OKMIAEMOTO TIPAKTUIECKH B JIBA Pas3a M, K TOMY K€, 3aBUCHT OT HAIIPABJIEHUS IPUIETA HEATPU-

no. boio IIOKa3aHO, 9TO T'HIIOTE3a OCL[I/IJIJIHL[I/HU/I Vv, B V. XOPOIIO OIIMCBIBAE€T KaK CaMO OTHOIIC-

i
HU€, TAK U YIVIOBYIO 3aBUCUMOCTH. COBMECTHBIH aHAJIN3 TIOTOKOB HERTPUHO € dHEPrHel Goibie
u Menbirne 1.33 5B nossosun nekmouuts obaactu Am2, > 25- 107258 u Am2, < 5- 1072 3B?
na yposne pocrosepruoctu 90 %. PesyapraThl o cpaBHUMBIMEA OTPAHUIEHUSIMU Jlajiee ObLI 110-
JIYIEHBI TAKKE B JIPYIUX aTMocepHbIX sKcrepuMenTax [147; 148|.

IlepBoe TO9YHOE M3MEPEHUE PACITICIICHUSA MacC HeHTPHUHO OBLIO TPOU3BEIEHO B YCKOPUTEb-
oM skcriepumente MINOS [15], Habromatomnero ncue3sHOBEHUE MIOOHHBIX HEHTPUHO. B akcrepu-
MeHTe OBLIM JETeKTHPOBAaHBI 848 cOOBITHI B3aMMOIEHCTBUSA MIOOHHOTO HEUTPHUHO, TOTJA KakK

B IPEIIIOJOXKEHUN OTCYTCTBUS OCIMJLIANMi oxujanock 1065 £ 60. B npenmnosoxennu aByx-

HeHTPHHHBIX OCIAJLIAIME 6BLIO HoTydeno snadenue Am2, = (2.43 £0.13) - 1073 5B
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Namepenus sxcrepumernta MINOS apisimncs yankaapabivu 710 2013-ro roga. B 2013 roxy
Apyro#t yckopurenbHbIi skcriepuMenT, T2K, obnapykusnmit 58 cobbITUil B3aNMOJIEHCTBUST MIO-
OHHBIX HefiTpuHO pu oxupanun 250 £ 17 [149], moayuann pesyasrar Am2, — 2.4417917 % 1073 5B?
B IIPEIOJOMKEHUN HOPMAJIHLHON nepapxuu HedTpuHo. TakKe, TAHHBIA PE3YJIbTAT SIBISETCS O/1-
HUM U3 IEPBbIX U3MEPCHUN Am%Q, MTOJIYICHHBIN ¢ YIETOM TPEX-HEATPUHHBIX OCITHJIIATIIHN.

B sToM e rojty GbLIO BIEpBbIE TOJYUIeHO 3HAUYEHUEe PACIIEIIeHus Mace HeRTpuno Am2, B
peakTOpHOM 3KcrepuMerTe. Ha ocHOBe TaHHBIX 00 MCKaXXEHUH CIIEKTPa PEAKTOPHBIX 3JIEKTDOH-
HBIX aHTUHEUTPUHO HA PACCTOSIHUM OKOJIO 1.7 KM OT peakTopa B 3kcnepumente Daya Bay 6GbLio

NOJIydeHo 3Hadenue Ami, = (2.54*8:58) x 10735B? B mpeIIOIOKEHIN HOPMATBLHON HepapXUM

HeATpuHo.
CormocraBiieHre MUPOBBIX JAHHBIX 10 U3MEPEHUTIO Am§2 npescrasaeHo B Tabsuiie 1.8, Bu-

HO, YTO Ha CErOAHSAIIHUN JICHb PA3HbIE IPYIIILI IKCIIEPUMEHTOB (YCKOPUTE/IbHBIE, DEAKTOPHBIC U

aTMOCQEPHBIE) JIAI0T XOPOIIO COTJIACYOIUEC U B3AUMOIOTIOHSAOIINE PE3YJIBTATHL.

Ilogcuenuns k tabaume 1.8. B Tabsuie mpeacTaB/ieHbl PE3YIHTATH U3MEPEHUH PACITIEILIEHUS
Mace neirrpuno Am2,, HauuHas ¢ IepBOro TOYHOro u3Mepennd B akcrepumente MINOS. B cps-
31 ¢ OOJILITIUM KOJIMYECTBOM U3MEPEeHnit B TabJIUIly BKJIOYEHBI TOJILKO Te, abCcosoTHas omubKa
B KoTOpbIX He npesbimaer 0.3 - 107%sB% Pannne pesyabTaThl, IMOJyYeHHBIE B PAMKAX TEOPUH
JBYX-HEUTPUHHBIX OCIULIAINNA, IIPEJICTABIEHBl COBMECTHO ¢ 0oJjiee TIO3THUMU U3MEPEHUSIMU,
[IOJIVIEHHBIMU B PAMKaX TEOPUH TPEX-HEUTPUHHBIX OCHUIAIUN B MPEIIOIOXKEHUN HOPMAJTb-
HOI mepapxun. Pe3y/brarThl, MoJiydeHHble B PAMKAX TEOPUU TPEX-HEUTPUHHBIX OCIIAJISIIINN U B
IPeIToIOKeHN 0O6paTHON nepapxun, MPUBEIEHD! OT/IEJIBLHON IPYIIIO.

Bnakom () oTMedeHBI TyGIMKAIAN, B KOTOPBIX IpHUBEAeHO 3Hadenne Am2,. Jlanabie pe-
3yJBTATH TTepecanTanbl B Am?2,. 3Hadenue [152] B npenosoxkeHnn HOPMaJIbHOH HepapXun 3a-
BUCHUT OT OKTAHTA yIJIa CMENTUBAHUSA (o3 M OTMETIEHO Kak OKT. | myist by < 45° u kak okT. 11 mrs
(923 > 45°.

[lonymrpospadnoii rmoJsiocot orMedeHo nanbosiee ToUHOEe u3Mepenue sxkcrepumenta Daya Bay.

[BeToM OTMEYEHDBI TUITHI IKCIEPUMEHTOB: YCKOPUTEIbHBIE SKCIEPUMEHTHI OTMEYEHDbI 3€/16-
HBIM, aTMOChepHBIE — T0yObIM, peaKTOPHBIE — KpacHbIM, a Daya Bay ormeden cuanm. Popma
MapKepa oTpaxkaeT mepapxuto: Tpeyroiabuuk fjst HU, mepepépryToiit Tpeyrosbauk it O, a

KBaJpaT IJs1 PE3YJIbTATOB, IOJYICHHBIX B DaMKaX ,ZLByX—HGfITpHHHbIX OCL[I/IJIJIHL[I/Iﬁ.
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OKCTIEPUVEHT Gaee,
x10-3382

MINOS 243013 [15
™ MINOS 2318 [150
MINCS 241408 [151
T2K 260418 [140
Daya Bay 25448 2

MINOS I OKT. 2374000
MINOS Il ok, 2354000 [152
Super-K 260448 [153, 154
lceCube 2681490 [1%
T2K 2514010 [156
MINCS 234000 [157: 158
dé Daya Bay 238119 [137, 10
lceCube 3731048 [160
Va Daya Bay 231011 []8
NOVA 3 3108 [161
RENO 3 8f1A4 [140
NOVA 25248 [162
NOVA 267012 [163
o IceCube 28011 [164
© Super-K 2.5+ [165
MINOS 2424000 [166
Daya Bay 2450008 [19
T2K 2545k [144
Daya Bay 2.4 [2
MINOS 2414048 [152
Super-K 25042 [153 154
lceCube 2.56+4ala [1%
ToKt 256010 [156
MINOS 33744k [157; 158
Daya Bay 2.49:%% [137; 159
lceCube 273 [160
Daya Bay 247011 [18
gg NOVA 240017 [161
RENOt 2.68-0% [140
NOVA 256010 [162
NOVA 271012 [163
10 Super-Kt 255"4%B [165
D Mminos 248400 [166
Daya Bay 25 038 []9
T2K 2510408 [144

22 23 24 25 26 27 28 29
|Aw|2l (B2x 10 3)

Tabnuua 1.8. ConocTaBneHve M3MEPEHUI pacliensiieHns Macc HeWTpuHo A w”. TMoscHeHWs K Tabnuue
CM. Ha cTpaHuue 59. B T1abnuuy BKAKOYEHbI TOMLKO Te U3MepeHus, abCoNoTHas OLWMOKa KOTOPbIX He
npesbiwaet 0.3 «10- 33B2.
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1.7. 3akiiodeHne K MepBOi riiaBe

PeakTopHble aHTUHEATPUHO SABJISIOTCA OYEHD YAOOHBIM CPEJICTBOM JJjisl U3MEPEHUs Tapa-
METPOB CMeNTMBaHUsA HeHTPUHO: yrita 013 U paciierienus Mace Ama,, UccaeoBaHue KOTOPBIX
He0OXOIMMO HE TOJBKO s Oojee TuybOKOro moHuMaHust (DU3UKKU HERTPUHO, HO TAKXKE U I
W3yUIEeHUsT BOIPOCOB JIENTO- W OApUOreHe3nca B PAHHEN BCEJEHHOMN, MOWCKa HOBOW (DU3UKH U
ap. M3Mepenune 3Tux mapaMeTpoB, TEM He MeHee, CBSI3aHO C PsIOM CEPHE3HLIX CUCTEMATUYE-
CKHUX HEOIIPeJIeJICHHOCTEH, TPeoIoJIeHNe KOTOPBIX HAKIAIBIBACT HA KCIIEPUMEHT JTOTOTHUTE/Th-

Hble TPeOOBAHUS.



62

2. JkcnepumeHnt Daya Bay

2.1. BBenenne

Dxcrepument Daya Bay 6vu1 nipemioxken B nadaste 2000-x it n3MePEHU aMILIATY/IBI OC-
MUWIATIUR HERTPUHO ¢ 9yBCTBUTEJIBHOCTHIO K sin? 26,5 BrtoTs 10 0.01. Ha TOT MOMEHT OCHOBHbIE
UCTOYHUKU CUCTEMATUYIECKUX HEOITPEIEIEHHOCTEN 1 TpeOOBaHUS K IKCIEPUMEHTY , HEOOX0IMMbIe
JIJIsT TOCTUKEHU ST TTOJ0OHON TOYHOCTH OBLIN XOPOIIIO UCCJIEIOBAHBI.

Bhiesisii1ch CJIeAyIoNue OCHOBHBIE UCTOYHUKHU CUCTEMATUIeCKUX Heolpeaeacanocred [105;
167].

1) Hewussecrabie uepapxusi Macc Helitpuso u dasa napymennst CP-unsapuantaocru. Jan-
HBIE [TAPAMETPBI CUJIBHO KOPPETUPYIOT ¢ #13 U TPUBOAAT K BBIPOXKICHUIO PE3YIBTATA /I IKCIIE-
PUMEHTOB Ha MOsIBJIEHUE APYTOTO apoMaTa HEHTPUHO, TAKUX KAK YCKOPUTETbHBIE IKCIIEPUMEHTHI
¢ 6ospIioi 6azoit. B cBoIO 0Yepesib, IKCIIEPUMEHTHI HA UCIE3HOBEHNE, TAKUE KAaK IKCIEPUMEHTHI
¢ PEAKTOPHBIME 3JIEKTPOHHBIMUA AHTUHEATPUHO TYBCTBUTENBHBI K #13 TTPAKTUIECKH HE3ABUCUMO
OT Jpyrux mapamMeTpos (cM. pasuen 2.2.2).

2) OrHocuTebHO GOJIBINAST HEOIPEIEACHHOCTD TOTOKA PEAKTOPHBIX 3JIEKTPOHHBIX aHTH-
HeHTpuHO: 110 KpaitHeit Mepe 5 %', Yros cMmemusanns 013 TpogBIgeTca B BUAE HeTOCTATKA IOTO-
Ka AHTUHEATPUHO, ITOITOMY /ISl €10 U3MEPEHUsT HEOOXOIUMO € XOPOIIel TOYHOCTBIO 3HATH KakK
WUCXOIHBIN TIOTOK, TaK U 3(PQEKTUBHOCTD JETEKTOPA.

3) Bosbimas meonpeneaéHHOCTh 3 MEKTUBHOCTH JIETEKTUPOBAHUS PEAKTOPHBIX JIEKTPOH-
HBIX aHTUHERTpUHO: ~2 %.

4) KoppemuposaHHubie (GOHOBBIE COOBITHS, TIOPOXK IAEMbIE KOCMOTCHHBIMU MIOOHAMU.

5) Hekoppemuposantbie (GOHOBBIE COOBITHS, BBI3BAHHBIC €CTECTBEHHBIM DaJIMOAKTUBHBIM
donHOM.

Takum 0bpazoMm, 1 U3MEPEHUsT YIJIa CMEIUBAHUS HERTPUHO 013 HEOOXOIUMO, ITOOBI IKC-
[IEPUMEHT YAOBJIETBOPSI CAEIYIONUM TPEOOBAHUSIM.

1) IlenecoobpasHo uaMepaTh sin® 2013 B 9KCIepUIMeHTe ¢ PeAKTOPHBIMA aHTHHEHTPHHO €O
cpenneit 6a30#, Tak Kak pe3yabrar Oyaer cyiabo YyBCTBUTENEH K UEPAPXUM MACC HEUTPUHO U

TOJTHOCTBIO HEIyBCTBUTEEH K (pase Hapytenus: CP-unBapuanTHOCTH.

1Ha MOMEHT IIAHUPDOBAHUA SKCIICPUMEHTA HeOHpe,ZLe.HéHHOCTI) IIOTOKa peaKTOPHBIX aHTI/IHefITpI/IHO OILICHUBAaJIaCh

B 3%.
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2) DKCIEPUMEHT JIOJIKEH COCTOATH U3 HECKOJBKUX MJICHTHUIHBIX JIETEKTOPOB, paboTaro-
IMIAX OJITHOBPEMEHHO HA HECKOJBKUX PACCTOSHUSX OT peakTopa. OTHOIIEHHE CKOPOCTel cIéra B
JIAHHBIX JIETEKTOPAX OIMPENEIACTCS 3HAYEHUEM (13, HO KOPPEJIUPOBAHHBIE MEXKTY JIETEKTOPAMUI
HEOIPEJEIEHHOCTH TIPU 3TOM OYIyT coKpamaThed. JlanHas cxema IO3BOJIIeT B 3HAYUTEILHON
CTeNeH! TI0JIABUTH KOPPETUPOBAHHBIE HEOIIPEAETEHHOCTH KAK TTOTOKA AHTUHERTPHUHO OT PEeaKTO-
pa, Tak 1 abcoaroTHON 3(OPEKTUBHOCTH TETEKTOPA.

3) Hocrarounas riaybuHa Jijisi TOJABICHUs (POHA KOCMOICHHBIX MIOOHOB M AKTHBHOE MIO-
OHHOE BETO C BBICOKOH 3(h(PEKTUBHOCTHIO.

4) Vcnonb3oBanne HU3KOPAIMOAKTUBHBIX MaTepraos; DIV, kojiba KOTOPBIX U3TOTOBJICH-
HBIX U3 HU3KOPAIUOAKTUBHOTO CTEK/IA; JTOCTATOYHAS TACCUBHAS 3aIIATA; HAJUYIUE JIOTOJTHUTE b=
HOTO MaTepuasia Mex 1ty POV u CHUHTUILIATOPOM.

5) UcnonszoBanue cTabUIbHOIO CIMHTHILISTOPA, COXPAHSIONIETO OINTUYCCKUE CBOMCTBA B
TeYeHne HECKOJIBKUX JIET.

6) Peryasipaas kagiubposka 3PQMEKTUBHOCTH U SHEPIETUIECKON KAJIBL JETEKTOPA.

Cremnyer OTMETUTD, ITO MOXOM, ¢ HECKOJBKUMN WACHTUIHBIMU JIETEKTOPAM OBLT BIEPBbIE
YACTUIHO ONMPOOOBAH B 9KcIepuMenTe Bugey [5], ncmonb30BaBImx jgBa UICHTUYHBIX JIETEKTOPA
Ha paccrosgausx 15M u 40 M oT peakTopa u JOCTUTHYBIINX 40-a IPOIEHTHOIO BPEMEHU OJIHO-
BpPEMEHHON paboThl, 9TO TO3BOJIMIO 3HAYUTETBHO COKPATUTDL OmubKy Ha cevenne OBP. B npu-
MEHEHUH K U3MEPEHUI0 13 HEOOXOIMMOCTDH JAHHOTO MeTo/a OblLia BIepBble chopMyIupoBaHa
B [106].

st mpoBeieHnsT IKCIEPUMEHTA 10 U3MEPEHUIO YIJia CMEITUBAHUS (13 XOPOIIO TOIXOINAT
kommmreke ADC y 6yxtor Haa®. Dro 6yxra B HOxkno-KnraifckoM Mope, OrpaHUTIeHHA TOJY-
octpoBoM Jlamsu kK BocToky ot ropojia Hsnsakasns u [oar-Konra. KoMmiieke cocront us Tpéx
ADC: Jas Beit (Daya Bay), Jlun Ao (Ling Ao) u Jlun Ao II (Ling Ao II) obmeit Terosoit Mor-
Hocthio 17.4T'Br. Henocpencrsenno BOmsn o1 ADC HAXOISATCS TOPBI, ITO MTO3BOJISIET MOy IATH
XOPOIIYIO TTACCUBHYIO 3AIMUTY OT KOCMOTE€HHBIX MIOOHOB.

AxkTuBHast paboTa 1o OATOTOBKE 3KcriepuMenTa Daya Bay magasacs B 2003 rogy. B utone
2006 Troma cocTosiIoCh mepBoe cobpanue KoJtabopamuu. CTpouTesnbHBIE PAbOTHl HAYAJIUCH B
Hosgbpe cienyromiero roja, a cbopka jerekropa — B 2009 romy. Hawaso mabopa gaHHBIX Ha
IIEPBBIX JIBYX JleTeKTopax: 15 asrycrta 2011.

Bo Bropoit rimaBe Gymer AeTasbHO paccMOTpeHa (DEHOMEHOJOTHST PEAKTOPHBIX AHTUHEH-

2kur. ynp. KIS, nuseuas: Dayawan, anrn. Daya Bay



64

TPUHHBIX YKCIEPUMEHTOB ¢ KOPOTKOit H6azoit. Hamee 6yner mano onucanume ADC las Beit, sxc-
[IepuMenTa, J1eTeKTOpoB. PaccMoTpena ucosb3yemMast MeTOIMKa 0TOOPa COOBITHI U PEKOHCTPYK-
1mn sHeprun. OTaeIbHOe BHUMAHUE VAEIEHO YIETY CUCTEMATHIEeCKUX HeonpeaeaearocTeit. JHamo

OIIUCaHne OCHOBHBLIX IICPUOAOB U Ha60pOB JAaHHBIX, UCIIOJIB3YCMbBIX B aHaJIU3EC.
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2.2. dPeHomeHonorua akcnepumeHTta Daya Bay

2.2.1. [leTeKTpOBaHMe peaKTOPHbIX HENTPUHO

Kak 6bl10 MoKa3aHo B pa3jene 1.3 peakTOpHble aHTMHENTPUHO poXKAakwTcsa Npu pacnage
NPOAYKTOB feneHns U30TOMOB ypaHa U NNYTOHUA B ALEPHOM peakTope M 06/1afat0T aHEpPruamu
OT, NPeAnonoXuTtenbHo, Hynd fo 10 M3aB. Tak kak nopor peakuun OBP in = 1.804 MaB
(cm. pasgen pasgen 1.4), 3KCNepuMeEHT cNOCo6eH BUAETb TONbKO 25% MCNyCKaeMblX PEaKTOPOM

aHTUHEWTPUHO.

cegrose =<

&%

Ev, MaB

Puc. 2.1. CkopocTb cuéta cobbiTnii OBP ans sKcnepuMeHTa C PeakKTOPHbLIMU 3/1EKTPOHHbIMU aHTUHERTPU-
HO B 3aBMCUMOCTW OT 3HEPTUW B MPOU3BO/bHbLIX eAnHuLax. CnekTp peakTopHbIX aHTUHEATPUHO. CeyeHre

obpaTHOro 6era-pacnaja.

Ha pucyHke 2.1 npuBefeHbl CNEKTP peakTOPHbIX aHTUHEATPUHO, CeYeHMe N CKOPOCTb CYéTa
co6bITMiA OBP. BMAHO, 4TO peaKTOPHbIA 3KCMEepUMeEHT Hanbonee YyBCTBUTENIEH K aHTUHEATPU-
HO C aHeprusammn oT 3MaB fo 5MaB. [eTeKTop aHTUHEWTPUHO, 3anofiHEHHbIA 1T XX C #n Haxo-
pawmninca Ha pacctossHMM 100 M OT peakTopa, UMEHLEero Tenn0By MouwHocTb 1MBT, cnocobeH

feTekTupoBaTb 0Kono 100 cobbiTuii OBP B fAeHb.
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2.2.2. Ocuunadanuu peakTOPHBIX AHTUHEHTPUHO

N3-3a HU3KOM HEPIUU PEAKTOPHBIX aHTUHEUTPUHO, TOJHKO AHTHHERATPUHO FJTEKTPOHHOTO
TUa MOTYT OBITH gAerTekTupoBaHbl B peakiuu OBP. CooTBercrBeHHO, HET BO3MOXKHOCTH Ha-
OJ1I0/1aTH ITePEeX0/ OJIHOIO TUIIA HEUTPUHO B JIPYToil. B peakTOPHBIX IKCIEPUMEHTAX MOXKHO HC-
CJIEJIOBATD TOJIBKO HEJIOCTATOK ITOTOKA 3JEKTPOHHBIX AaHTUHERTPUHO. BEpOATHOCTDL BHIXKUBAHUSA
JIEKTPOHHBIX AHTUHEHTPUHO MOXKET OBbITh moJsiydeHa u3 ¢opmysibl (1.24) mocse mojcTaHOBKY

astemenToB Matpuriel [IMHC B sBrOM BHIe n3 (1.12).

Am2,L Am2, L
2 827 4 cos?fysin? — 321 ) —

4F 4F

Py = 1 —sin? 20,5 | sin? 05 sin

Am2, L

2 21

—= (2.1
15 ( )

— gin? 2045 cos® A5 sin

Pacmierienus: Mace nefirpuno Am2, u Am32, odenb ciabo OTIMYAIOTCA JPYT OT JpPyTa,

nosromy dopmysia (2.1) Moxker 6bITh ¢ XOPOIIEH TOYHOCTHIO YIIPOIIEHA 0 CJCIYIONIErO BUJIA:

Am?2 L Am2, L
P,.—1—sin?20;3sin? —<—~ — sin% 2045 cos* O3 sin? —21— 2.2
sur 13 4 E 12 13 4 E ) ( )
rae Am?2, — crenuanbHoe cpefnee Mexay Am2, u Am?2,, XapakTepHoe s PeaKTOPHBIX 3KC-
MEPUMEHTOE U OIPEIEIEHHOE CIEAYIONMM 06pa3soM:
Am2. L Am2, 1 Am2 L

.2 ee 2 <2 32 2 2 31
sin“ ——=— = sin* 05 sin“ ——=— + cos“ 0y, sin” ———. 2.3
AF 12 AF 12 AF (2:3)

MozkHo nokazarh [168], 4To jyist peAK TOPHBIX SKCIEPUMEHTOB ¢ KOPOTKOH 1 cpeneit 6a30ii

BMECTO BbIpazkeHus (2.3) MOXKHO HCIIOJIB30BATD CJEYOIIee MTPUOJINKEHIE:

ce ™

2 2 2 2 2 o HIL 2
Am, sin” 612Am3, + cos® 012Am3; = Ams, £ cos® 013Ams,. (2.4)
on

Takum 06pazoM, Pe3yJbTaT U3MEDEHUs yIvia IapaMeTDOB CMEIIMBAHUA B SKCIECDUMEHTAX CO
cpesnHeit 6a30it He 3aBHCHT OT BbIOOpA HPUOJMMKEHUS BEDOATHOCTH OCHUJLIANNUN, a 3HAYECHUE
Am?2, moxer 6bIThb nepecuuTano B Am2, U 06PATHO B IPEIOIOXKEHUI OIPEIEIEHHON nepap-
XHH HIPOCTOH COBUAKKOH Ha cos?015Am3, ~ 5.24 - 107°5B2. Jasee 1o TeKeTy yTBepKICHUS 06
u3Me Am?, u Am2, 6

pernn Am?Z, 1 Ams, 6yIyT CINTATHCS SKBUBAIEHTHLIMHE.

Gopmynbl (2.1) u (2.2) ABAAIOTCH OCHOBHBIMH (DOPMYJIAMH JIJIsI BEDOATHOCTH IIEPEXOJIA,
UCIOJBb3YEeMBIMU ISl aHAJIM3a JaHHBIX sKciepuMmenTa Daya Bay. Cioefyer Takke OTMETHTB,
9TO JAaHHble (GOPMYJIBI IOJIYUIEHbl B Ipenotokennu yanrapaoctn marpursl IIMHC mrs tpéx-

HGfITpI/IHHOFO CMCIINBaHMAd. AprMeHT CUHYCa B HUX B MOXKET OLITH Inepenrucan B pasMepHOM
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BUAE, YAOOHOM ANS BbIYNCIEHWUIA:

L Am2 L MaB
Am2— = 1267----- Hoeeem (2.5)
4E 3B2 kKM E

MonHas BEPOATHOCTb BbIXXMBaHWA PeaKTOPHbIX aHTUHEATPUHO B 3aBMCUMOCTM OT paccTo-
AHMUS MeX/[y PeakTopoM M AeTeKTOPOM, yUuTbiBarowWwas GOpMy CnekTpa peaKTOPHbIX aHTUHEN-

TPpUHO ¥ cevyeHne OBP npeactaBneHa Ha pUCyHke 2.2.

BepOFITHOCTb BbI)XXUBaHUSA V€

Puc. 2.2. HTerpanbHas BEPOSATHOCTb BbIXXMBAHWS PEAKTOPHbIX 3MEKTPOHHbIX aHTUHEATPUHO B 3aBUCU-
MOCTW OT PacCTOSHMSA MeXAy peakToOpoM W AeTeKTOpOM. LIBeTOM OTMeueHbl BKIagbl, COOTBETCTBYOLLME

pasHbIM cnaraeMbiM BepOATHOCTU (2.2). icnonb3yeTcs 3HaveHue sin228\3 = 0.083.

Kak BUAHO M3 pUCYHKaA 2.2, MAKCUMYM BEPOATHOCTM UCYE3HOBEHWA N, COOTBETCTBEHHO, MU-
HUMYM BEPOATHOCTM BbIXXMBaHUA MPUXOLUTCA HA PACcCTOAHMMU MPUMEPHO 2KM, ONpefensemMoe
BEIMYMHON Am”e. Mpu 3TOM BKNaj 4YneHa, CBA3AHHOro ¢ Am” Ha 3TOM PacCTOAHUWM OYEeHb
Man, a BEPOSATHOCTb BbDKMBaHWA NMPaKTUYECKWU MOMHOCTbIO onpefenseTcd BelMUYMHON sin22013
Ha3blBaeMOW TakXe aMNanTyon ocumunnauunii. Apyrummu cnosamu, naMepeHue HegoctaTka noTo-
Ka aHTUHEWTPUHO Ha PacCTOAHUM 2KM OTHOCUTE/IbHO MOTOKAa aHTUHEWTPUHO BOAM3M peakTopa
MO3BONAET NPAKTUYECKN HANPAMYI MOMYYUTb UCKOMbBIA yron cMewnBaHus s\3.

BbipaxeHusa (2.1) n (2.2) He 4yBCTBUTE/IbHbI K 3HAYeHUIO (ha3bl HapyweHus CP-uHBapu-

aHTHOCTK, a athhpeKT MCB He faéT CyLWEeCTBEHHOro BKnaja Ha pacCTOAHUAX nopsAgKa HECKO/b-
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BepoATHOCTb MUCHYE3HOBEHMUA VE

Puc. 2.3. VIHTerpanbHas BEPOSTHOCTb BbIXKMBAaHUA PEAKTOPHbIX 3MEKTPOHHbIX aHTUHEWTPUHO B 3aBU-
CMMOCTM OT PacCTOSHUS MEeXJy PeakTopoM W LETEKTOPOM A5 pasHblX 3HaueHuid [T e B npegenax

HeonpefenéHHocTn. cnonb3yeTcs 3HadeHue sin228\3 = 0.083.

Knx kunomeTtpos [107]. Mepapxusa mMacc HEMTPUHO, Kak 1 pasnuuune mexay [ 7]2un AT 2L Takxe
He BHOCWUT 3aMeTHOro BKjafa. Takum 06pa3om, BepOATHOCTb BbIXXWBAHWUA PeakKTOPHbIX 3/eK-
TPOHHbIX HEWTPUHO Ha PacCTOAHUM MeHblle 5KM 3aBUCUT B MepBOM MNPUOIMXEHUU OT ABYX
napameTpoB: sin228\3u 4T e.

3aBUCMMOCTb NOMOXEHUA MaKCUMyMa BEpPOATHOCTUM MCYE3HOBEHWS PEaKTOPHbIX aHTUHENR-
TPUHO OT 3HayeHus [TeZ B npejenax OfHOr0 CTaHLAPTHOrO OTK/IOHEHWA MpefCcTaB/eHa Ha pu-
CYHKe 2.3. BUAHO, 4TO NONOXEHWe MaKCUMyMma ABNAETCHA [LOBO/MbHO CTAbUNbHOW BENUYUHON ©
Npu pacnooXeHnn feTeKTopa Ha pacCTosHUM OKoo 1.8 KM pas3bpoc 3HauyeHuin [, T & He OygeT

OKa3blBaTb 3aMETHOIo BANAHNA Ha YYBCTBUTE/NIbHOCTb 3KCMEPUMEHTA K 013

2.2.3. Habnwopgaemblii curHan

CxemaTnyeckoe n3obpaxeHune LeTeKTUPOBaHUA HEUTPUHO Yepe3 OBP B XXWAKOM CUMHTUA-

natope c go6aeneHnem rafonmHua n 6e3 fo6aBneHna NpefcTaB/ieH Ha PUCYHKe 2.4. B HynesoMm
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% smeprus mosuTpoHa B peakimu OBP pasna snep-

npubmKennu 1o o6paTHOfl Macce HYKJIOHA
ruu HefiTpuHO 3a BeraeToM 1.29 MaB. [Ipu nerektupoBaHuy B CIIMHTUILIATOPE, TIOBUTPOH TEPSIET
BCIO KUHETUYICCKYIO HCPI'UIO Ha B036y)K,ZL€HI/I€ CIHUHTUJJIATOPA W1 aHHUTUJIUPDYET € IJICKTPDOHOM
U3 cpeabl, poxXKidasd ABa aMMa-KBaHTa, KOTOPBIE BCIO HEPIUIO TPpATAT Ha MOHU3AIIHIO. TaKI/IM

0bpa3oM, ToJIHast IHEPTUsi, HAOJIIoAaeMast JIeTEKTOPOM, CKJIAIBIBAETCS U3 ITOJHOU IHEPIUH TTO3HU-

TpOHa WU MaCChI 2JIEKTPOHA:
Eys = Ee +me = By, — A +me = E, — 0.78 MaB. (2.6)

CioretoBaTesibo, cueKTp HabJro1aeMoil 3HEPIUU B 0OIIEM TIOBTOPSIET CIIEKTD, ITPEICTABIEH-
HBII Ha prucyHKe 2.1, HO ¢IBUHYTHIN B 06Js1acTh OoJIee HU3KNUX 3HEPTUil 1 moporoM okoso 1 MaB.
JlaHHaA NILTIOCTPAIHs, OJTHAKO, He YIUTHIBAET HOITPABKY, CBA3AHHBIE ¢ OTAa4eil HyKJIOHA, HeJIu-
HEWHOCTBIO OTKJIMKA CITUHTHJIIATOPA U IIP.

Heitrpon, poxaéunbii B peaknuu OBP, obgamaer oTHOCHTEIBHO MajIol KUHETHUICCKOM
SHEprueil, MopsIKa JAecATKOB K3B, MOBOJBHO OBICTPO TepMaJM3yeTcs W 3aXBaThIBACTCA JTHOO
Ha rajosuanu (nGd), mmbo wa Bomopose (nH). Ilpu 3axBare HefiTpoHA HA BOJOPOJIE, POXKIACT-
cd nefitepuit, KOTOPBIA U3JIy4daeT raMMa-KBaHT ¢ sneprueit 2.2 MaB. Harypaabubiit ragoaunmi
COCTOUT W3 MBOTOMOB ¢ aToMHBIMU Maccamu 154-158 u 160. Ograko, Hanbosiee BayKHBIMU SIB-
astorest nzoronsl PGd u PTGd ¢ pacapocrpanéunoctsivu B npupoze 14.8% u 15.65 % coot-
BercTBenHO. Onn 06J1aa10T OIPOMHBIME CEUEHUSIMU 3aXBaTa TeIUIOBLIX Hefirponos: 60.9 k6u n
254 k6u [93|. IIpu HAIMYHUK JOCTATOYHOIO KOJUYICCTBA TAJOJUHNS, 0/ 3aXBATCHHBIX UM HEH-
TPOHOB OyJleT 3HAYUTEJBHO BBINIE, 9eM Yy Bomopoza. IIpm perakcamum mociie 3axBaTa HEHTPO-
Ha, PO TagoJuHUAsA 55Gd (157Gd> HUCIIYCTUT HECKOJIbKO I'aMMa-JIy4ell ¢ cyMMapHOR sHepruei
8.53 M5B (7.94 M»B).

Takum o6pazom curaarypa cobbitus OBP cocTonT m3 ABYX CHTHAJIOB: MTHOBEHHOTO! cmr-

4

HaJ1a OT Mmo3uTpoHa ¢ 3Heprueit or 1 M3B 1o 10 M3B u 3anasapiBatoniero” curaaja ¢ sHepruei

nopsiyika 8 MaB, pasfeéHubix MHTEPBAIOM BPEMEHU TOPSJIKA JECATKOB MUKPOCEKYH].

3eum. pasmen 1.4.

4BapHAHT IepeBOna ,MCHOBEHHDIH (3ama3apaomuii) curman’ nas ,prompt (delayed) signal” Boibpan mo ama-
b 2. y

Joruu ¢ nepesosoM ,prompt (delayed) neutron” uz anepHoii dpuzuxn.
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Eeoc Ev

Puc. 2.4. Cxematmyeckoe n3obpaxeHume npouecca AeTEKTUPOBAHNA PeaKTOPHbIX 3NEKTPOHHbIX aHTUHEN-
TpWHO Yepe3 npouecc OBP BXXMAKOM CLMHTUANATOPE C NOCNeAYHOLMM 3aXBaTOM HEATPOHA Ha rafoIMHUN
(nGd) wnnmn Ha Bogopoge (nH). OTMeueHbl BpeMeHa 3axBaTa HeTPOHOB. OTMeuyeHa CyMMapHasi aHeprus

NCNYLWEHHbIX raMMa-KBaHTOB MNpu aHHUTUNAUUN NMO3UTPOHa W 3/1IEKTPOHA, a TakKXXe Moc/e 3axBara Heli-

TPOHa.
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2.3. DkcnepuMeHTAIIbHAS YCTAHOBKA

2.3.1. Kommnekc aromupix 3aektpoctannmit /las Beit

Kowmmtexe aTomubIx asekTpoctanmuit cocrout us tpeéx ADC: Haa Beit, Jlur Ao u JIun Ao
I1, mpunarexamux kommanun China General Nuclear Power Group® (CGN) [169).

PazsuTre aToMHOM 3HEpreTUKH Ha TI0JyocTpoBe Hdanenr nadasochk B 1987 rogay crpouresn-
creoM 1iepoit B Kurae ADC Hasi Beit. ADC comepXKuT mBa BOIO-BOAAHBIX SICPHBIX PEak-
topa M310, ocuoBanubix Ha (pany3ckux peakTopax CP0-CP2; sgexTpudeckoit MONTHOCTHIO
984 MBr kaxmpiii [170]. O6a peakTopa cTaHIUK ObLIN 3aKOHYEHBI ¢ TEPEPHIBOM B HECKOJIBKO
MecareB B 1994 rony.

Peakropsr sropoit ADC, Jlun Ao (dasa I), 6buim 3anymenst B 2002 u 2003 rogax u upe/-
CTaBJSIOT cobo#t Momudukaruu peakTopos M310, smekrpudeckoit MomiHOCTHIO 990 MBT Kask-
JIBINA.

ADC Jlun Ao II 6s11a BBefeHA B 3KcuTyaTaruio B 2010-2011 rogax. Ha stoit cranmmu 6bI-
s ycranoBiaeHbl HOBble peakTopbl CPR-1000, asekTputeckoit momuocthio 1080 MBT kax nbrif.
OcHoBaHHBIE Ha YCOBEPIIEHCTBOBAHHON TexHogornn M310, u, KaK U TPEeBIIyIne PeakTOPHI,
paccuuTanbl Ha KcIyaTanuio B Tedenve 40-60 Jser.

Bce 6 peaktopo ADC [las Beit, JIlua Ao u Jlua Ao Il npm nosHOR 3arpy3Ke BBIIEISIOT
o 2.9 I'Br remnosoit sneprun, To ectn, cymmaptuo, 17.4 I'Br.

CxeMaTUIecKu PACIIOIOKEHNE JIEKTPOCTAHIINN TOKA3aHO Ha PUCYHKe 2.5.

2.3.2. Kondwurypanus sxkcrepuMeHTa

B skcnepumente Daya Bay ucrnonb3yrorcst BoceMb WMIEHTHYHBIX TPEX-30HHBIX AHTUHEH-
TPUHHBIX sieTeKTopoB [21; 107|, ausalin KOTOPBIX siBAseTCs pasBuThHeM Jerekropa Herr Auge
U3 IepBoOTo HeHTpuHHOTO 3KcepuMenTa Paitneca n Koysna. Cxema jerekTopa npecTaBieHa Ha
pucyske 2.6.

JeTekToOphl PACIIONIOKEHBI B TPEX MOA3EMHBIX TOMEIIEHUIX, HAXOIAMUXCST HA PA3TMTHBIX
paccrosinusix o1 ADC: nepsas skcnepumenTanbias mwiomaaka KH1 (Daya Bay) pacrosoxena
nenaneko or ADC Has Beii, Bropasi sxcriepumentasibhas wiomaaka EH2 (Ling Ao) pacmoso-
JKeHa HeJaseko oT ajekTpocranimit Jlua Ao u JIua Ao II. TLiomanku EH1 u EH2 Takske Hasbl-

BAaOTCA OJMKHUMHI, TaK KaK HaxXomaTcs Ha HebosbmoM paccrosiunu o7 ADC u npeHa3HATEHbI

10 mas 2013 roma Kommanus HazbiBagack China Guangdong Nuclear Power Group.
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EH3

EH2
L&
Ling Ao-IN NPP
L2 m
Ling Ao NPP

200 m

Puc. 2.5. CxeMa pacnonoxxeHus peakTopoB 1 AeTeKTOPOB B 3KkcrnepumeHTe Daya Bay.

B MepByl oyepedb ANS M3MEPEHUS MOTOKa M CNeKTpa PeakTOPHbIX aHTUHEWTPUHO. AHTUHEN-
TPUHO, B3aMMOfelcTByOUWMe B 6GNMKHUX AeTeKTopax UCMNbITbIBAOT Manoe BAUAHME 3dhdekTa
HEATPUHHbLIX OCUMNNALMIA. TpeTbs aKcnepumeHTanbHas nnowagka EH3, ganbHaa (Far Site),
Haxo4MTCA B CpefiHeM Ha paccToaHmax oT 1.5Km g0 2KM OT peakTtopoB Bcex A3C. 3710 paccTo-
AHMe COOTBETCTBYET MaKCMMasbHOW BEPOATHOCTM UCYHE3HOBEHUSA PeakKTOPHbIX aHTUHENTPUHO.

Ha 6nmXxHUX nnowagkax ycTaHOB/MEHO NO fABa fAeTeKTopa. Ha ganbHel nnowagke ycTa-
HOBJIEHO YeTblpe aHTUHEWTPUHHBLIX feTeKTopa. B cBA3M C 3a4ep>XXKOiM npu Npou3BOLCTBE YacTu
aKpunoBbIX KOHTelHepoB, B 2011 roAy aKcnepMMeHT 6bin 3anyLleH B 3KCnayaTaluuo B HEMOMHOM
KomMnnekTayuu: Ha nnouwagkax EH2 n EH3 6binn ycTaHOBNEHbl OAWH U TPU AeTeKTOpa COOTBET-
CTBEHHO. B gaHHOI KOH(QUTrypauumnm 3KCNepuMeHT Habupan gaHHble Ao utona 2012 ropga, nocne
yero 6bl/1 OCTaHOB/IEH 418 YCTAHOBKW ABYX HeAOCTalOLWMX AEeTEKTOPOB.

SKcnepuMeHTaNbHble NMOMELWEHUA HAXOAATCA MOj 3eM/EN, YTO MO3BO/NAET JOCTUYL XOpPO-
Wwero nofaBfieHNUA NOTOKA KOCMOTEHHbIX MIOOHOB, a TakXXe CBA3AHHOro ¢ HUMKU (hoHa. CpegHue
3HayeHWUs PacCTOAHUIN MeXAy naowagkamu U 3N1eKTPOCTaHUUAMWU, TNYOUHbI NOMELLEHUA U Xa-

PaKTEPUCTUKM NOTOKa MIOOHOB NpuBeAeHbl B Tabnuue 2.1.
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ADC

[Tnomanka Hast Beit, Jlun Ao, Jlua Ao II, I'nybuna, Ry, (L),

M M M M.B.9. c i 2?2 TI'sB
EHI1 364 857 1307 250 1.27 5V
EH2 1348 480 D28 265 0.95 5%
EH3 1912 1540 1548 K60 0.056 137

Tabauna 2.1. Cpenaue paccTodHUud MKy IKCIEPUMEHTaJbHbIMU ItomagkamMu u ADC, riaybuna pac-
MOJIOYKEHUA [TOMEIIeHUH B MeTpax BOIHOIO dKBUBaJeHTa. [[0TOK KOCMOTeHHBIX MIOOHOB U UX CPEeJHHAH

SHEPTUA A9 KaXKJI0H IO KA.

2.3.3. [leTeKTOp AaHTUHEUTPUHO

Ot1aenbHBIN TETEKTOP AHTUHENTPUHO TTPEICTABIIET COOOM TPH BJIOYKEHHBIX KOHIIEHTPUTE-
CKUX TUJIUHAPA, OTPAHUIUBAIONINX TPU 00bEMA.

MunieHb — BHYTPEHHHI 00BHEM, OFPAaHTTeHHLIH TPO3PATHEIM aKPHIOBLIM ITIIHHAPoM IAVE
BBICOTON U JUAMETPOM 3 M, TOJIIMHON cTeHOK 10 MM 1 3anoHenubii 20-10 TorHamu 2KC ¢ nobas-
aeavem rastosuaus [171]. Bomopos, B G0JIBIIOM KOJIMYIECTBE COACPKAIIUNCH B CIIMHTUILIIATOPE,
CIIY’KUT MUIEHBIO JJIsT B3ANMOIEHCTBUS 3JIEKTPOHHBIX anTuHeiTpuHo. Oxua Ttouna 2KC comep-
JKUT TPpUOM3uTeasHo 7.163 - 10%° atomos Bogopona. Comepskanne rajonHAs B CITAHTHILIATODE:
0.1 % ot maccwr 2KC. Tamonunuii, ¢ 01HO# CTOPOHDL, 001412€T O9EHD OOJILIIAM CEIEHUEM 3aXBATA
HEWTPOHOB, a ¢ APYroil, OOJBITION FHEPTHEN peTaKCAINN TIOC/Ie 3aXBaTa. JTH CBOHCTBA TTO3BOJIS-
FOT UCIIOJIb30BATh CUTHAJ OT 3axXBaTa HEHTPOHA Ha Ta0JUHUN B KadecTBe MeTKH cobbrtust OBP.
[TockoabKy TagoJUMHUNE OrpaHuYeH BHYTPEHHUM OOBEMOM, MOXKHO € XOPOIIEH TOYHOCTBIO JIOKa-
JIN30BATDL JOBEPUTENHHDBIN 0OBEM TETEKTOPA, BIUIOTH JI0 T€OMETPUYIECKOHN MOITPABKY, CBSI3AHHOMN
CO CMEITEHNEM TOYKH 3aXBaTa HeHTpoHA OTHOCHTEbHO BeprmHabl OBP (eMm. pasgen 2.6.1.2).

YnasimBaTens raMMa-KBaHTOB (gamma-catcher) — cpennuit 00bEM, B KOTOPOM HAXOIUTCS
MUIRHAD ¢ MAMIEHBI0. O6BHEM OrpaHIYeH MTPO3PATIHLIM aKPUIOBLEIM KoHTeiiHepoM OAVT BhIcOTOIH
u quaMeTpoM 4 M u ToamuHoR cTeHOK 18 MM, O6bém 3anoaen 2KC maccoit 20 ToHH, 11O cOCTaBY

UACHTUIHBIM CIITUHTUJLJIATODY MHUIICHW, HO oe3 ,ZLO6&BJI€HHH o JOJIMHNA. OcHoBHOE Ha3HAYECHUE

STAV — inner acrylic vessel — BHyTpeHHI# aKPHUIOBEI KOHTeiHED.
TOAV — outer acrylic vessel — BHemHUII AKPHJIOBBI KOHTEHHED IeTEKTOPa AHTHHEATPHHO.
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ACU-B ACU-A ACU-C

(a) (6)

Puc. 2.6. CxemaTuyecKuidi B aHTUHEATpUHHOrO feTekTopa Daya Bay.

JaHHOTO CN0sSi — KOHBEPCMUA raMMa-KBaHTOB, POX/AEHHbBIX B MULIEHWN, B CLUHTUINALNOHHbIN CBET.
YacTb BbICOKOIHEPTreTUYHbIX FaMMa-KBaHTOB, POXAEHHbLIX MPU penakcaynum ragoiMHus, MoxeT
MPONTW 3HAUYNTENbHOE PACCTOSHUE Y MOKUHYTb CLULUHTUANNPYIOLW NI 06BEM, UTO MOXET NPUBECTU
K Hef0OLEeHKe BblAENEHHO 3HEPTNMN U, COOTBETCTBEHHO, HEAOOLEHKE 3HEPTUU HEWTPUHO.

[aHHbIA 06BbEM TakXe MCNONb3yeTCA B KayeCTBe MWLLIEHW MPU anbTepHATUBHOM OT6O0pe
co6bITWIA, 0603Ha4YaeMoM NH, B KOTOPOM B KayecTBe METKWN co6biTuii OBP ncnonb3yeTca cUrHan
OT penakcauumn fgeriTepusa nocne 3axgaTa HelMTpoHa BOAOPOAOM.

MwuHepasbHOe Macn0 — BHeEWHWIn 00bEM, B KOTOPOM HaxOAUTCHA ynaBnuBaTenb ramma-
KBaHTOB C MULWIEHbID. MuMHepanbHOe Mac/io Maccoit 37 T HAXOAMTCSA BHYTPU LUAMHAPA U3 HepXa-
Betolel ctannm SSV8. Macno o6nagaet CX0XMUMMU CO CUUHTUANATOPOM ONTUYECKUMU CBOMCTBAMMU,
HO MPW 3TOM He CUMHTUANMpYeT. 3afjada 3TOro €CNosd — naccMBHas 3aWmnTa CLUHTUANATOPA OT
BHELIHEro pafnMoakTUBHOIO yoHa, B YaCTHOCTWU, UCXOAALWEro OoT cTekna ®3Y.

Ha BepTuKanbHON NoBepxHOCTN SSV pacnonoXeHbl 192 8-n agtoinmoBbiXx P3Y Hamamatsu
R5912. 3aaHAA yacTe @Y 3aKkpbiTa crneynanbHbIM CBETONOMOWAKWNM WNUTOM, KOTOPbIA 06-
pasyeT UMAUHAP, NPOXOAALMIA NO 3KBATOPY KON6 ® Y. Mockonbky ®3Y B AeTeKTOpe yCTaHOB-
NeHbl TOMbKO Ha BepTUKalbHbIX MOBEPXHOCTAX, AN LOCTUMXKEHWUS paBHOMEPHOCTWU cBeTocbopa

8SSV — stainless steel vessel — KOHTEMHEP M3 HepXKABEOLLIEN CTa.
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ceepxy u candy OAV ycTaHOBJIEHBI 1Ba OTpaXKamux aucka, muamerpom 4.5 M. B cpennem cpe-
TOCOOP JeTekTopa cocrasisier ~ 162 ¢.3./MaB.

B nerekTope MCHOMB3YyETCsT OPTAHUYECKUR CIIMHTU/IATOD HA OCHOBE JIMHERHOTO aJKMI6eH-
sona (LAB), ¢ mobasinenuem 3r/1 PPOY B kadectse durroopecnupyiommero arenta u 15 mr/m
bis-MSB! 17151 cMermenns crieKTpa H3Iy9aeMoro cBeTa B 00/IaCTh MAKCHMAILHON TyBCTBHTE -
voctu PIY. PPO obmeit maccoit 1.5 T 6611 nsrorosien B Xapbkobe B KadecTse BKaga OVAN
B 3Kcrepument Daya Bay.

Becr 2KC 6511 nsrorosseH naprusmu 1o 4 1. 200 T 6€31a, 10 MHAEBOI0 CITMHTHILIATODA Ha-
XOJIUJIUCH B OJTHOM Dacceifte ¢ cucTeMOi IMUPKYJIsiun. ['a o IMHUeBbI CIMHTUILIATOD XPAaHUIICS
B O-u KoHTelinepax no 40T, KaxKJIblil ¢ OTAEJIBHON CUCTEMON TTUPKYJIAITUN XKUJIKOCTH. Kaxk abrit
AHTUHENTPUHHBIN JIETEKTOD 3allOJIHSJICH ITapaijie/bHO U3 BCEX KOHTEMHEPOB, YUTO ITO3BOJIAJIO

JOCTHUYIb XOpOLHGfI NACHTUYIHOCTH XUMHWYICCKUX CBOUCTB AETEKTOPOB.

2.3.4. KaimbpoBoyHas cucrema

Hagepxy y JeTekTopa pPacHoOKeHbl TPH OTCEKA € aBTOMATUYECKUMU KAaJUOPOBOYHBIMU
ycrpoiicteamu (AKY /ACU), criocobHBIME OIlyCKaTh PaJIMOAKTUBHBIE OOPA3ILl B JETEKTOD U
[PEIHASHAYEHHBIX JJIs [TPOBEIEHUs] PETYIISIPHBIX KAJUOPOBOK €ro XapaKTEPUCTUK. YCTPOHRCTBO
COJIEPKUT TPU JTEMEHTA, KAXKIBIH U3 KOTOPBIX MOXKET ObITh OIYIIEH B JAETEKTOD HE3ABUCUMO:
CBETOIMO/T U JIBE 3aledaTaHHble KAIICYJIBI ¢ PAIHOAKTUBHBIMU UCTOTHHKAMU. CBETOIMO UCIIOIb-
3yeTcs s KaJIuOPOBKY BPEMEHHOTO OTKJIMKA W OAHOMOTOHHOTO oTKJnKa PIY, a Takke mx
OTHOCHTEJIBHOH KBaHTOBOH 3bdexTuBHOCTH. Lamma-ncrournk ©Ge akrtusHOCTBIO 15 BK, KO-
TOPBIA MCIIyCKAaeT MAPHI TaMMa-KBAHTOB ¢ sHeprusamu 1o 511 k3B u ucnonssyercs mjs Kaanbd-
POBKH 3HEPIETUYECKOHN Kbl BOJIU3U [TOPOTa JeTeKTUPOBanus. T peTnit COBMEMEHHBI MOTYIh
cocrout 3 ramma-ucrodrnka ' Co u nerounnka zHeiirponos 2 Am *C. Kobansr, mMerormii ak-
tuBHOCTE 100 BK, m3aydaeT mo JgBa raMma-KBaHTa cyMMapHO# sHepruei 2.506 M»B n nernonb-
3yercs i KaauOPOBKH SHEPreTHHecKoi MKapl gerektopa. - Am®C ¢ aktusroctsio 0.5 Bk
HCITyCKAET HERTPOHBI U UCIOJIB3YETCs [IJIsl OTIEHKHM BPEMEHU 3aXBaTa HERTPOHA U OTHOCUTEHHO-
ro kosimdectsa aromoB H u Gd.

Kax sumno u3 pucynka 2.6a yerpoiicrea ACU-A u ACU-B moryT omnyckarh UCTOYHUKH B
raytonuaneBbliit ciimaTHILIATOP, ACU-A — 1o nenrpasnbroit ocu, a ACU-B — 1o ocu, casunyToit

ot nieaTpa Ha 135 cM. OHEM UCTONB3YIOTCS /I KAJUOPOBKM OTKJINKA JETEKTOPA Ha COOBITHS

PPO — 2,5-nudpenmnnokcazoi, CyzHy NO.
10his-MSB — 1,4-6uc(2-mernncrupnn)Genson, CoyHy.
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BHYTPY MULIEHW, UCCNEL0BAHNA OQHOPOLHOCTM OTKAIMKA N 3PP EKTOB NOTEPU 3IHEPTUN B CTEHKAX
aKpunoBOro KoHTeHepa. icTouyHnkmn yctpoiictea ACU-C moryT 6biTh onyuweHbl B OAV no ocu,
CABUHYTOWN Ha 177.25cCM OT UeHTpa B CTOPOHY, NpoTMBONONOXHYIO ACU-B, n ncnonbsyetca gns
KannbpoBKM OTK/IMKA JeTeKTopa Ha cobbiTUSA B ynaB/inBatesne raMMa-KBaHTOB.

Tpy6KKN, MO KOTOPbIM UCTOYHMKN KaNMOPOBOYHbLIX YCTPOMCTB OMYCKAKTCA B LeTeKTop, COo-
e[JMHEHbl C pe3epByapamMmu A8 HAKONAeHUs M36bITOYHON XMUAKOCTU. Pe3sepByapbl 060pyA0BaHbI
Habopom Ly6nupylowWwnx Apyr apyra AaTtyMkoB U3MEPeHUsS YPOBHA XUAKOCTU: EMKOCTHbIW faT-
YK, YNbTPa3BYKOBON faTumnk, poTokamepa. Hdpopmauns 06 ypoBHe XUAKOCTENW UCNONb3YyeTCH

Ana Npeun3noHHOro onpeneneHna mMmacCbl MULLEHN.

2.3.5. Cuctema MHOOHHOI0 BETO

Puc. 2.7. MIooOHHas BeTO cucTemMa akcrnepumeHTa Daya Bay. PacnonoxxeHue AeTeKTOPOB Ha OAMKHEN

nnowagke.

[eTeKTOpbl KOXAON nnowafgkn HaxoaaTcs BHYTpU 6acceiiHa [21; 24], 3aNONHEHHOT0 O4K-

LLleHHO BOAOMN (CM. PUCYHOK 2.7). YCTaHOBKA CNpPOEKTMpOBaHa TakMM 06pa3om, 4ToObl Mpo-
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CTPAHCTBO BOKPYT KAaXKJOTO JETEKTOPa OBLIO 3AIOJHEHO BOJON 110 KpaitHell mepe Ha 2.0M B
KaxKI0M HampapjieHun. bacceltH siB/IsieTCs JOMOJTHUTETBRHON TTaCCUBHOM 3aIUTON TPOTUB ecTe-
CTBEHHOH PaIMOAKTUBHOCTH U BHeTHEro (poHa. OH TAKXKE UCIOIB3YETCST B KATECTBE T€PEHKOB-
CKOI'0 MIOOHHOTO JleTeKTopa. s 3Toro mpoctpaHcTBo OacceifHa MOAETICHO Ha HECKOJIBKO OII-
THYIECKH He3aBHCHMBIX 9aCTell TP HOMOIIH OTPasKaIoNuX Haneseil u3 TaiiBerall. Buyrpennuii
Boganoit 6ydgep IWS!?2 — sryTpennsas o61acTh, B KOTOPOH HAXOZATCA CaMU JeTeKTOPLI. BHer-
Huit Bopanoi 6ydpep OWS? — obracts, naxonamasca mexay IWS n cremkamu Beero 6acceifa.
Bo BayTpennem bacceitte yeranossenbl 121 (160) DY Ha GimkHUX (JAJBHUX) TJIOMIAIKAX, BO
BHemHuX 6acceiinax — 167 (224) OIY.

Hay 6acceitHOM yCTaAHOBJEHBI MHOTOCJONHDBIE JIETEKTOPHI 3aPsI?KEHHBIX HaCTHUIl Ha OCHOBE
pesuctuBHbIX wockux Kamep (PIIK) [24; 172], koTopble HCIOMB3YIOTCS B KAYECTBE MIOOHHOTO
Beto. Otnenpubiit Moy b PITK umeer pazmepsr mpubn3uTeibHO 2 M X 2 M, COCTOUT UX I€THIPEX
cnoés oraenbibix PIIK u 1103BOJISIET PEKOHCTPYUPOBATDL TOJIOXKEHUE 3aPSKEHHONR YaACTUIBI C
TOYHOCTBIO JIO 8 ¢M B ILTOCKOCTH X-Y . Moy i paciosioKeHbl ¢ 4aCTHIHBIM EPEKPBITHEM, YTOOBI
n3bexarh motepr 3(POEKTUBHOCTA HA TPAHUTIE.

KombunupoBannoe MIOOHHOE BETO, BKJIOYAIOIIee YepenkoBckue nerekTopbl u PIIK, obsa-

nmaer obmeit 3¢ dpekTuBHOCTLIO, npepbimatomeit 99.5 %, npu meonpenenéanocrn < 0.25 %.

2.3.6. Tpurrepuas cucrema

Currassr co Becex OV nerekTOpa AHTUHERTPHUHO MOCTYIAIOT HA CUCTEMY cOOpa JTaHHBIX,
KOTOpasi CyMMHPYET 3apsi/i CO BCEX KaHAJOB, omupelesier Kanaabl @IV ¢ curHajgamMu BBIIITE
mopora 0.25 (hoTOIEKTPOHOB, & TAKYKE 3AMNCHIBAET BPEMEHHYIO WHMOPMAIUIO U 3apsi Hall-
[TOPOTOBBIX KAHAJIOB.

HMomsstit cobpansbtit 3apsin (ESum) u auciao wag-noporoseix @Y (NHit) ucnoassyror-
¢ JUIs BLIpaDOTKM CHTHAJA almapaTHoro tpurrepa. T'purrep cpabarbiBaer, ecoin NHit > 45
wim ESum 2 65 doroasekTpoHoB, 910 cooTBeTCTBYET 3Hepruu okojo 0.4 MsB, BbLIeIeHHON
B nerTpe gerekropa [21]. Tpurrep cpabarsiBaer ¢ gacroroit o 280 orcuéToB B cekyHy. [Ipu
cpabaTbIBaHUU TpUrTepa, 3apsia Kaxkaoro OV, nmakommenHoro B okHe 100 HC ¥ UX BpeMeHHas

rHMOPMATTHST COXPAHIETCS I TaabHeiTet 06paboTKu.

U Tatipex — NPOYHBIA MaTEPUaJ, U3rOTOBJIEHHBIH U3 MOJIUITUICHA BBICOKOH IIJIOTHOCTH.
2IWS — inner water shield — BHyTpeHHHIT BOASHON Oydep.
130WS — outer water shield — BHemmmit BomaHOi 6ydep.



78

C 11e/1b10 MAKCHMAJIBHOTO YMEHBITIEHNsT HEOITPEIeIEHHOCTER U3MepeHust, 11 0TOOpa coObI-
THH UCTIOTB3YeTCsT HEOOIBINOe KOUIecTBO Kpureprues orbopa. CamMu kpurepun otbHopa moI0-
Opanbl TaKUM 06pa3oM, 9TOOBI OTCEKATH KAK MOXKHO MeHbITy0 10t0 cobbrtuit OBP. Ddhdex-
TUBHOCTH TPUTTEpa st Toporosoit sueprun cobbrtuit OBP, K, = 0.7 M3B, npaktudecku pas-
Ha 100 % npu npenebpexumo masoit Headbdexkrusnoctu [21]. Camu kpurepun or6opa 11oapobHO

paccMoOTpeHbl B pasjeie 2.6
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2.4. Ilepuoapl HaOOpa JAHHBIX

Okcrepument Daya Bay mabupaer mammbie ¢ cenrabpst 2011 roma. AxTuBHOCTH Habopa
JIAHHBIX B 9KCIIEPUMEHTE TIpecTaB/iena Ha pucyake 2.8. C To9YKYU 3peHust (PpU3UIECKOr0 aHATA3a

MO2KHO BBLIC/IUTL CJACAYIOMUE [TIEPUOABLlI U UCCJACIOBAHNUA:

CpaBuenue neTekTopoB. [lepsoiit mepuos npoTsKEHHOCTHIO 90 dHetli COTEePXKUT TaHHble, HAOPaH-
ueie ¢ 23.09.2011 o 23.12.2011 npeuMyIrnecTBEHHO C JIBYX JETEKTOPOB ¢ OJUMKHEHR MJIOIa KN
EH1. /TarHble UCIIONIB30BAJINCE JJIS XapaKTepU3aIinu paboThl JIeTEKTOPOB, UCCIET0BAHUS HUIEH-
TUYHOCTU UX OTKJIMKA W ONEHKU CUCTEMATUYECKUX HEeOIpelleIeHHOCTel. Pe3ynbprarnr uccieno-

BaHUi onybJIMKOBaHbL B [21].

OTKphbiTHE HEHY/JEBOTO 3HAYEHHdA yria cMemmuBauua @;3. yid OCIMIISAIIMOHHOTO aHAJIA3a HC-
TOJIB3YIOTCS TOJBKO JIaHHBIE, HaOpaHHBIE, KOTIA BCE JIETEKTOPHI HAa BCEX ILIONAIKax pabora-
0T omHOBpeMeHHO. Jlamuble, HabpaHHBIE 3a 55 dnel B nepuon ¢ 24.12.2011 mo 17.02.2012 ¢
6-1 aHTUHEATPUHHBIX JETEKTOPOB, OBLIN UCIIOJIb30BAHBI I TIEPBOTO U3MEPEHUST SHAYEHUS YT~
sa cmermuBanust 013, [Ipu momormm amasmmsa ,,oTOK" OGBLIO TTOKA3AHO, ITO YTOJI CMENTUBaHusA f13
OTJIMIEH OT HYJIsI CO CTATHCTHYIECKON 3HAYMMOCTBIO DOoJiee 5-M CTaHIAPTHBIX OTKJIOHeHwWH. Pe-
BYJIBTATHI AHAJIU34, OCHOBAHHOTO HA JAHHBIX O UUCJIaX B3aUMOJEHCTBUN B KAXKJOM JIETEKTODE,

onybaukoBanbl B [16] u npencrasiaenst B paszgene 5.2.1.

ObuoBaenune pesynbrarta. [locoe HAOOpa JTOMOTHUTETFHON CTATUCTUKYA U YBEJUIEHUS BPEMEHU
Habopa 10 139 dneti (koner nepuoga — 11.05.2012) sHaumMocTh pesysbrara Obljia yBeJIMICHA
710 7.7 craHmapTHBIX OTKJIoHeHWH. OOHOBIEHHDBIN aHAM3 ¢ DoJee MeTAJTBHBIM OIUCAHUEM OT1y6-

qukoBaH B [17], a Takxke npejcrasieH B pasjaeie 5.2.2.

IlepBriit ciekTpasibHBIN aHAIM3. AHAN3 BCeX JAHHBIX, HAOpaHHBIX Ha 6-u geTekTopax 3a 217
onets B mepuos ¢ 24.12.2011 mo 28.07.2012 6bL1 mpoBeIéH B peRUME ,TOTOK+crekTp”. O6HOB-
néHHoe 3HaveHue sin® 20,3, a Takxke nepsoe mamepenne Am?2, (Am2,) B sxcnepumente Daya Bay
6bLn onybsmkoBanbl B [22]. Kpome Toro, nanHbie 3a 3T0T nepro, ObLIM UCIOIB30BAHbL st 10~
MOJIHUTEIBHBIX UCCIeT0BAHNN. BB MpoBeIEH oCM/LIAIMOHHDBIH ana 3 nH na ocnose coObITHi
OBP, meueHHBIX 3aXBATOM HEHATPOHA Ha BOIOPOJE [23], OBLIM OJYyUEHBI OIPpAHUYCHUS TIAPa-
METPOB CTEPIIIBHBIX HefiTpunO [25] B 061actu pacmemntenus mace 10723B% < Am?2, < 1071 5B2

Tak>ke GBI U3MEPEHBI CIIEKTP U [MOTOK PEAKTOPHBIX aHTUHEHTPUHO [27).



80

1. OcranoBka nmerekropa. B asrycre 2012-ro roga nabop maHHBIX OBLT OCTAHOBJIEH HA JIBA MECSIIA
JIJIsl YCTAHOBKY JIBYX ITOCJIETHUX JAeTeKTopoB Ha moniaakax EH2 u EH3. B To ke camoe BpeMms
Ha Omkuelt mromanke EH1 6buta nposenena KaaubpoBodHAs KAMIIAHUSA C IIEJIbI0 JeTAIbHO
XapaKTEPUBAIUY IHEPTETHIECKOH TITKAJBI, BO BPEMsI KOTOPO# IIPU TTOMOIIU PYYHON KaanOpoBOU-

HOH CHCTEMEBI B AETEKTOPLI OLLIH HOO‘{epé,ZLHO YCTaHOBJICHBI JOIIOJIHUTC/IbHBIE PDaJIUNOAKTUBHBIC

ucrounnkn *7Cs, “Mn, YK |, *'Am’Be u Pu'®C .

E. Bropoit cnekrpanpubiii anamm3. [Ipesenranust Hooro pesysbrara mpousonuia B 2014 rogy [18;
137; 159] na ocHoee maHHBIX, HAOpAHHBIX B TedeHue 621 dna, us koropbix 404 jnusi 6bLn Ha-
Opanbl Ha Beex 8-U jeTeKTopax B nepuos ¢ 24.12.2011 nmo 27.11.2013. Buibopka conepkut B 4
pasa DoJIbIIEe JIAHHDBIX, YeM UCIIOJIB30BAHO s Ipeblayiiedt nybiukanuu. Ha moment mybimka-
IIUH PEe3YJIBTAT IIPEACTaBIAeT coboit HanboIee TOYHOE MEPOBOE n3MepeHue sin? 2013, a TOYHOCTS
m3mepenns Am?, (Am3,) cpaBauMa ¢ usMepennsamu Bestuaunst Am’, (Amsg,) [152; 156] B ycko-

PUTEIBHBIX FKCIIEPpUMeHTaX. Pe3ybraThl JAHHOTO U3MEPEHUsI IPeJICTaBIEHbl B pasjese 5.3.

Brumn Takyke MPOBEIECHBI CJCAYIONIME UCCIeI0Banust: HOBbIH anaju3 nH [28], HoBoe usmepenue
CIIEKTPA W MOTOKA PEaKTOPHBIX aHTuHEHTPUHO [30|, 1OJIyUeHBl HOBBIE OIpaHUYEHUS HA [1apa-
METPBI CTEPUIIbHBIX HefTpuno [29; 31|, oy deHb! epBbie 9KCIEPUMEHTAIBHBIE OIPAHUYCHUST HA

[APAMETPBI JCKOTEPEHTHOCTH B HEHTPUHHBIX OCIMLIAIUAX [32].

7K. Tpetnit cekTpasbHblil aHaM3. [[aHHBI aHAJIM3 OCHOBAH HA JAHHBIX, HAOPAHHBIX 3a 1230 dnetl
B niepuoy ¢ 24.12.2011 no 29.07.2015. W3 mux nanabie 1013-u gHeit 6p11u HAOpaHBI HA BCeX 8-
JIETEKTOPaxX IKCIHEPUMEHTA. DbLIM 3HAYUTENBHO YJIVHIIEHB CUCTEMATUYIECKUE HEOITPEIeIEHHO-
cru. Ilonnas cratucruka Tenephb cocrapidger Oojee 2.5 MUJJIMOHOB COOBITHH, UTO B JiBa pa3a
bosbirte, YeM B npeablayieit nybaukanuu. [locae obHOBIEHNST HEe TOJIBKO sin? 2013, HO " Amge
(Am2,), nonydennnie B Daya Bay, sisistorcs naubojiee TOUHBIME U3MEPEHUAME JAHHBIX BEJIH-
qun. Pesyabrarsr [19] Buepsbie 6biu ony6mmkoBansl Ha Koubepeniuu [173]. Onucanue HOBOrO

aHaJIN3a MPEJCTABICHO B pasjese 5.4.

B pasbueitiiieM Mbl OyJeM CCbUIATHLCSA Ha MTEPUOALI HAOOPA JAHHBIX 110 KOJUYECTBY JTHEH,
HCIIOJIB30BAHHBIX [T (PUBUHIECKOT0 aHaIn3a: 55 dneti u 139 dneti njist pe3yabTaToB, MOy YeHHBIX
B pexxuMe ,T0TOK" 1 217 dneti, 621 denv u 1230 dneti 1yid pe3ysibTaToB, MOJTYIEHHBIX B PEKUME

,JIOTOK -+ CIIEKTP".
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Puc. 2.8. AnHamunka Habopa AaHHbIX B akcrepumeHTe Daya Bay 3a BCE Bpems paboTbl aKCrepuMeHTa.
Mo ocn abcumcc OTMeYeHbl KaneHAapHble LHWU, MO OCKM OpAMHAT — [LONS BPEMEHMW, B TeYeHMe KOTOporo
nNpou3BOAMICA Habop AaHHbIX B KaXAbl/i AeHb, a N0 AOMNOAHWUTENIbHON OCU OpAMHAT — KYMYNATUBHOE

BpeMsi Habopa [aHHbIX B LHAX.
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2.5. OTOop coObITHIT U PEKOHCTPYKIUS

2.5.1. Ox6op cobbITHII

Kak 6bu10 mokazano B pasugese 2.2.3 curnarypa OBP mpencrasisier coboit nBa curaasa:
MTHOBEHHBIH M 3ala3IbIBAIOIIIH, Pa3ae/ICHHbIC HHTEPBAJIOM BPEMEHH B cpeaHeM 28 MK u 0bJ1a-
natorre saeprusvu or 1 M3B 1o 10 MsB u okosto 8 MaB coorsercrBerto. Cobbitrem Mbr Oyiem
HAa3bIBATL COBIAJIEHUE JBYX, & UHOIJA U OOJIBIIEr0 KOJIUIECTBA CUTHAJIOB, JIAYKE €CJU OHU SIBJISI-
FOTCsT IPUIUHHO HECBSI3AHHBIMHU.

st o16opa momo6HBIX COOBITUI UCIOMB3YIOTCS ClIeyolue Kpurepun [22]:

1. Uckmodenne coOBITHM, BBISBAHHBIX anmapaTHbIM (poHOM. VICKTI0venne Tpou3BOaUTCA HA

OCHOBE TOIOJIOTUH cUrHaa (cM. pasmern 2.5.2).
2. Homnyctumasi peKOHCTPYUPOBAHHAST SHEPIUs MIHOBeHHOTO curnasa or 0.7 MaB 1o 12 MaB.

3. Homnyctrmast pEKOHCTPYUPOBAHHAS SHEPTU T 3aTIA3/IbIBAIOIIETO CUTHAJIA COCTABSIET HHTED-

BaJ oT 6 MaB mo 12 MaB.

4. ,ZLOHyCTI/IMOe BpeMs 3aJCPKKU MCXKJY MIHOBCHHLIM W 3alla3JbIBalOIUM CHUI'HaJIaMHW OT

1 mrc go 200 mxkc.

5. MroonHoe BeTo: 0TOPACHIBAIOTCS COOBITHS, KOT/IA 3alla3 IbIBAIONINN CUTHAJ ITPOUCKXOIAT B

OKHEe, CBA3aHHBIM C IIPOXO2KJCHUEM MIOOHA.

a. 3a 2mkce g0 u 600 MKC mocje MIOOHA, BBI3BaBIIEro cpabaTbianue bosee 12 OIY us

BHEIITHETO UJIH BHYTPEHHETO BOISHOTO Oydepa.

6. 3a 2Mrc no u 1400 MKc mocsie MiooHa, ocraubiinero curaas bosee 3000 dorosirek-

TPOHOB B JICTCKTOPEC.

6. 3a 2Mkc ji0 u 0.4 ¢ Tocsie MIOOHa, OCTABUBINIEro curHag 6osee 3 - 10° ¢hoTosekTpoHoB

B JIETEKTODE.

6. Kpurepuit MHOXKECTBEHHOCTH: OTOPACHIBAIOTCST BCE HEOIHO3HAYHDBIE COOBITHUSI, TO €CTh CO-
OBITHSI, B KOTOPBIX HET BO3MOXKHOCTH OJIHOZHAYHO BBIJIEJUTH MIHOBEHHBIN U 3aI1a3/IbIBAIO-

A CUTHAJIBL.

a. He momxuO OBITH J0TIOMHUTENBHBIX coOBITHIT ¢ aHeprueit or 0.7 M3B 10 12M»5B B

OKHE JUIUTEILHOCTEHIO 400 MKC 10 3aI1a3IbIBAIOIIEr0 CUIHAJIA.
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6. He noyxHO OBITH HOMOJHUTEIBHBIX COOBITHH ¢ aHeprueit oT 6 MaB mo 12 MaB B okne

annTeabHocThbio 200 MKe mmocsie 3amasIpIBaIoNero CUTrHaIA.

2.5.2. ®on

He Tombko cobbrrusa OBP yaoenersopsitor kputepusam orbopa. B manrOM pasmerne OyayT
PacCMOTPEHBI OCHOBHBIE UCTOYHUKH (POHOBBIX coObITHI sKcrepumenTa Daya Bay. Ux moxno
pazgenuTh Ha JBe Kareropuu. VHCTpyMeHTA BHBIM (DOH, K KOTOPOMY OTHOCHTCS CIIOHTAHHOE
nzsydenne PDY, MoxKeT OBITH ¢ O9€HDb BBICOKOH 3(hPEKTUBHOCTHIO UCKJIOUEH U3 HAOJIIOIEHUS
[IPY TIOMOIITH CIEUAIBHBIX KpuTepueB orbopa. OCTa bHbBIE ISITh UCTOYHUKOB (DOHA HEBO3ZMOXKHO
OTJIEJTUTE COOBITHE IO COOBITHUIO. [10/100HBIE BKIABI YIUTBIBAIOTCSA HHTEIPAJIBLHO, & UX BEJIUIUHA
U3MEPSIETCS HAIPSIMYIO UJIH OIEHUBAETCA HA OCHOBE MO/IEJTMPOBAHUS.

B nmamrOM pasmesie mpeacTaB/IEHBl ONMUCAHUST UCTOIHUKOB (poHA. COOTBETCTBYIONIME CIIEK-

TPBI IPUBEJIEHDBI B pazjiese 3.3.5, a oXKujiaeMble ducya coobtuit B pasene 2.4.

Cnonrannoe n3naydenue PIY

B mportecce skcIuIyaTanuu IeTEKTOPOB OKA3AJI0Ch, 9T0 HEKOTOPhle PDY MOryT croHTaH-
HO U3JIy9IaTh CBET, 00eCHenBas 3TUM OKOJI0 b % oT Beex Tpurrepos. Kak MoKasbBaeT ¢(hEMKA,
BCITBITIIKA TTPOUCKOIUT U3-3a paspsiaa Mex 1y kKoantaktamu PDY. PoToyMHOKUTETN, TPO KOTO-
pBle U3BECTHO, 9TO OHH CIIOHTAHHO W3JIyHaloT cBeT, HasbiBaloTcs durertepamu'!. Taxske daremnte-
paMu Ha3BIBAIOTCA COOBITHUSI, BBI3BAHHBIE CIIOHTAHHBIM m3jayderueM @Y. Habmonaemast snep-
rusi cOOBITUH-(DIEIEPOB BApbUPYETCsd B OYEHBb MIMPOKOM IMAINa3oHe OT coTeH k3B 1o coren
M>»>B, noaroMy, oHE MOT'YT TIPORTH KPUTEPUH OTOOPA KAK MICHOBEHHOTO, TAK U 3aI1a3/IbIBAIONIETO
CUTHAJIA.

CobbrTrsi-(hJIentepsbl OTIMIAIOTCS OT CIMHTHISIHOHHBIX COOBITHH TomoTorudecKu. CrinH-
TUJLTSAIMOHHBIN CBET HAIIPABJIEH PABHOMEPHO BO BCE CTOPOHBI, TO3TOMY OTKJIUK JIETEKTOpa boJtee
mwim MeHee paBHoMepen. Djientep BO BpeMsi CIIOHTAHHOTO W3JIyUEHUs, KAK MIPABUJIO, coOMpaeT
MAaKCUMAJIbHBIN 3apsiy. VI3/Iya€HHBIN CBET HAIPABJIEH B MPOTUBOIOJIOXKHYIO 9aCTh JETEKTOPA U
BBI3BIBAET cpabaTbiBanus @Y kKak HATPOTHUB (JIelepa, TaK U B HEMOCPEICTBEHHON OJIM30CTH.

s unertudukanmu cobbrruii-irentepos mpocrparcteo POV nmenmres Ha 4 BEPTUKATID-
HBIE 30HBI 110 6 CTOJIOIOB: TEHTPOM TEPBO 30HBI siBjsieTcss PDY ¢ MAKCHUMAJIBHBIM 3aPSAIOM,

3-51 30HA HAXOJUTCST HAIIPOTHUB, & 30HBI 2 U 4, COOTBETCTBEHHO, 110 bokaM. st mucKpuMuHanuu

Mo anrn. flash — eenbrmka
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HCIIOJIB3YETC s CJIe Yot (hakTop:

Quax \
0.45 Qtot

FID = log,, + (Quad)®| , (2.7)

re Quax — MAKCUMAJbHBIN 3apsia, cobpanubiit omaum PV, (o — cyMMapHBIHN 3apsi, coOpaH-
ubIit rerektopom. Bemmauna Quad onpenenena kak Quad = Q3/(Q2+Q4), te Q; noaHbI# 3aps
1-oit 3oHbl. Besmmauna FID Tem 6osbine, gem Gosbitast 10051 3apsga cobpana Ha ogaoM OIY
¢ MakCcUMaJbHBIM curHasoM u Ha OV, maxomammxca namporus vero. FID > 0 coorBercTBy-
er cobbrTusm-urenepam, FID < 0 cobbrtusim B crimatusisitope. Jlanaerit kputepuit ob1amaer
CUJIBHOM TUCKPUMUHAITMOHHON CIIOCOOHOCTHIO U TPUBOIUT K HeahpeKTuBHOCTH 0T60PaA COOBITHI
OBP Bcero 0.02 %.

Ucnonb3oBanne MaHHOTO KPUTEPUS TMO3BOJAET MTPOBOMAUTH HAOOD JAHHBIX, HE OTKJIFOTAS

DIY-remntepsr.

Cayuaiinple COBIAAeHUS

CiygaliHBIM COBITAJIEHUEM HA3BIBAETCS COOBITHE, MTHOBEHHBIM W 3aTa3/BIBAIOITHN CUTHAT
KOTOPOTO SIBJIAIOTCS] MPUIHUHHO HE3ABUCUMBI U CJIYYIAfHO YIOBJIETBOPSIOT KpuTepusiM oTbopa
OBP. Takwe cobbrTusi 06JATAIOT JOCTATOTHONR, HO HE CJHUIIKOM OOJIBINTON 2HEPTHEN W Cayda-
torcst B maHTepBasie B 200 MKc. B GosbmmmHCTBe citydaeB JTaHHBINR (POH BBISBIBAETCS COBITAIEHUEM
PacCIa/IoB PAIMOAKTUBHBIX 3JIEMEHTOB, HAXOIANMUXCA B CIIMHTU/LIATOPE, AKPUJIOBBIX KOHTEWHe-
pax, crekiae @Y u 1. 1. K 5TuM 3s1eMEHTAM OTHOCATCS B IEPBYIO odepensb 20U, 22Th, 2T,
0K 600, 2Ry i K

Onenka janHOro (oHA MPOUCXOAUT MOJHOCTBIO HA OCHOBE jaHHbIX [77]. Hacrora ciayuaii-
HBIX COOBITUI BBIYUC/ISIETCS HA OCHOBE CTATUCTUYECKON BEPOATHOCTU COBHAJIEHUS M30JUPOBAH-
HBIX CUTHAJIOB, VAOBJIETBOPSIONIMX KPUTEPUSIM MIHOBEHHOTO WM 3AIIA3IBIBAIOIIETO CUTHAA. B
KadecTBe IHEPreTUHIECKOTO CIIEKTPa COOBITUN CJIyHalHbIX COBHAJIEHUN MCIOJIB3YETCS U3MEPEH-
HBIH CIEKTD H30JUPOBAHHBIX CHTHAJIOB, VIOBJIETBOPSIONINX KPUTEPUsiM 0TOOpPA MTHOBEHHOTO
curnajia. st othopa M30JUPOBAHHBIX CUTHAJIOB TpebyeTcs, 4ToObI B nipeaenax +£200 Mkc oT-
CYyTCTBOBAJIN JIPyTHE CUTHAJIBL.

LJ1st TpOBEPKH JAHHOTO METOJIA UCIOJIb3YIOTCS COOBITUS, HAOpAHHBIE METOJIOM CMEIIEHHO-
ro okHa. [js 3TOro mucmnoab3yercs oObITHBIM HAGOP KPUTEPUEB C €IWHCTBEHHBIM MU3MEHEHUEM:
3ama3/bIBAIONINN CUTHAJ UITETCS B OKHE, CMEINIEHHOM OTHOCHUTEJHLHO MIHOBEHHOTO CUTHAJA Ha

Bpems Lop = 600 MKe, ToCTATOYHO OOJBITIOM, YTOOBI MI'HOBEHHBIM M 3allas3 IbIBAIONINN CUTHAJIBI
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ObLIM TPUYIUHHO He cBs3anbl. Habpannbie TakuM 06pa3zoM COOBITHS 110 ONPEIETIEHUIO CJTY YalHbI,

a UX CIICKTD U JacCTOTa XOPOITIO COIVIaCYIOTCHA C OCHOBHOW OITCHKOMN.

Jomaroxusymue uzoronsr “He u “Li

HonroxKuBytue n30TOIbI *He u °Li POXKJTAIOTCST BO B3aUMOJIEHCTBUAX KOCMOTEHHBIX MIOO-
HOB B jieTekTope. V3-3a jnocraroano Gosbnmx mnepuoos nosypactaga 119.1 mc u 178.3 mc [174]
9aCTh U30TOIOB CIIOCOOHA MEPEKUTH BPEMs MIOOHHOTO BETO.

O6a m3oTomna ABIAIOTCH GeTa-muHyc pacragaukami. B 50.8 % (16 %) cayaaes nsoron °Li
(*He) moMUMO 3I€KTPOHA, KOTOPBIH HMETHPYET MIHOBEHHBIH CHIHAJ, HCIYCKAEST TAKYKE HEHTPOH,
KOTOPBIH, 3aXBATBIBAsSICh HA TAI0JUHUN, UMUTHPYyeT 3amnazabiBatornmit curaags OBP. Dueprus
JIEKTPOHA HAXOIUTCS B TIPpeeaax oT HeCKOJIbKUX K3B 1o 12 M3B ¢ makcumymom okosio 5 MaB.

Uncso coberruii “He / oLi PACCUIUTHLIBAETCST HA OCHOBE JIAHHBIX, METOJIOM MOJATOHKW AMIIJIH-
TYJIBI SKCIIOHEHIITMAJIBLHOTO PACIIPEIEJEHNUS ¢ U3BECTHLIMU BPEMEHAMU XKU3HU K PACIPEIeIEHUIM
qucia cOOBITHH IO BPEMEHH T0CIe TPOXOXK aAeHn A MIooHa. CIieKTp (PoHA OIEHUBACTCS HA OCHOBE
MOJIEJTUPOBAHUS TENMOYEK PAcIiajga U30TOTOB *He u °Li [175]. OrHOCHTEIBHBIN BKJIAJ MU30TOMA
°Li B umcsno ¢onosex coburruit ot “He/°Li onenusaercs B (95 & 5) % Ha ocHOBe MOIEIHPOBa-

HUSI W JTaHHBIX [22].

Brictpbie HefiTpoHBI

Heitrponsl BBICOKMX HEPIUH WK, KAK UX €I11€ HA3BIBAIOT, ObICTPbIE HEUTPOHBI, MOTYT POXK-
JaTbCsA BO B3AUMOACUCTBUAX KOCMOTI'CHHBIX MIOOHOB KaK B JETCKTOPE, TAK U 34 €I IIPEACIIaMU.
O6.1anast BeIcOKOH sHeprueit (necstku, coriu M3aB), Takue HEHTPOHBI MOI'YT IIPOXOJUTH PACCTO-
sSIHUE B HECKOJIBKO METPOB JI0 B3aUMOIeCTBUsI. MIOOH, He MPOXO/ AN Yepe3 BeTO-CUCTEMY , UJTH
HE 3aPErMCTPUPOBAHHBIN, B cUIy e€ Hea(h(PEKTUBHOCTH, MOXKET TMOPOIUTH OBICTPBIN HEATPOH,
KOTOPBIH, TIOITaB B AeTeKTOpP, chiMmuTupyer curaaa or OBP.

Bombniyo yacTh cBoefl aneprun ObICTpble HERTPOHBI TEPSIIOT 3a BPEMsI TOPSIKA HECKOJIb-
KUX HAHOCEKYH/I HA YIIPYTHe B3auMOJIEHCTBUSI C SApaMU aTOMOB BelllecTBa. llepenapas snepruto
CBOOOJTHBIM TIPOTOHAM, OBICTPbIE HEUTPOHBI TEM CAMBIM BO30YKJIAIOT CITUHTUILIATOD, UMATHPY A
MTHOBEHHBIN CUTHAJI. 3aXBaT Ha TQJIOJUHUN, KAK U B JIPYTUX CIAyYIasdX, ABISETCH 3AIa3/IbIBAI0-
UM CUTHAJIOM.

Dueprusi, HAOIIOTaAEMas B IETEKTOPE OT B3aUMOJIEHCTBUST OBICTPBIX HEUTPOHOB, MEHAETCS B

IIIUPOKOM Jiranasone oT K3B 1o coren MaB. BeicTpbie HERTPOHBI ABISIOTCA €TUHCTBEHHBIM €CTe-
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CTBEHHBIM UCTOTHUKOM (POHA ¢ MAKCUMAJBHON IHEPTHEH, 3HATUTETBHO TPEBBIIIAIONIEH IHEPTHIO
AHTUHCHATPUHO.

OcHOBHOIT MeTOJT OIeHKM BKJIaIa OBICTPHIX HEATPOHOB B CHUTHAJ — 39TO IKCTPATIOJISIIINS
U3MEPEHHOTO CITeKTpa ¢ 3HepruamMu 6osbiiie 10 M3B B obstactb 6oJiee HU3KUX IHEPIUid.

[Ipu amaM3e MAHHBIX TEPUOIOB JIJIUTEIBLHOCTHIO M0 621 qHST BKIFOUUTETHRHO (OpMa CIIeK-
Tpa OBICTPHIX HEUTPOHOB TIPEAIIOJIATAETCS TIIOCKOM. B HOBefilieM anam3e JaHHBbIX /15 TEPHOJIA

1230 nueit puist napaMerpusanuu (GOPMBL CIIEKTPA UCHOJIb3yeTest hyukimst [19):

£\ ~E/Eo

f(F)=NC I , (2.8)

rae N — MOJIHOE KOJUYIECTBO COOBITHI OBICTPBIX HeATpoHOB, ' — KOHCTAHTA, HOPMUPYIOIIAST
IJI0IA/b 0, KpuBoi (F/ Eo)_E/ Eo ya equuuily B obsactu suepruit or 0.7 MsB o 12 MsB,
a By — cnekrpasnpabii napamerp. Croekrpanbubiii napamerp Fy pasen 67.79 - (1 £ 0.1132),
58.30 - (1 £0.0817) m 68.02 - (1 +0.0997) myist skcriepuMenTaabubix mwiomaok EH1, EH2 u EH3
COOTBETCTBEHHO.

PesyabraTs! orenku GoHa OBICTPHIX HEATPOHOB COTVIACYIOTCS ¢ UCCIeA0BaHnEM (POHA OBICT-

PBIX HEUTPOHOB MOCJE MIOOHHOT'O TPHUTTEPA, & TAaKXKe ¢ Pe3yIbTaTaMi MOJIEINPOBAHNSA TI0 METOLY

Mownre-Kapuo [17].

®on or peakmm *C(a, n)'%0

VceToIHIKOM JaHHBIX (DOHOBBIX COOLITHI ABJIAeTcA B3amMoeiicTere anbda-gacTur ¢ PC,

€CTECTBEHHO PACIPOCTPAHEHHBIM M30TOIOM yriiepoaa [176]:
a+ BC —n+ 1% (2.9)

B 06GLIMHOM CIHHTHIIATOPE OCHOBHBIM HCTOYHHKOM ab(a-dacThll sBiasercs - Po, Torma
KAaK B FaJOJMHACBOM CIMHTHLIATOPE alb(ha-dacTUIl TAKKE POXKIAIOTCA B HEMOYKax Paclaia
2381, #2Th, 227 Ac, sieMeHTBl KOTOPBIX MONAJai0T B KHUIKOCTh BMECTE C I'a0JNHIEBOH 106aB-
Ko#f. Tak Kak JaHHbIE 3JIEMEHTHI 00JIATAI0T CXOIHBIMHA ¢ FAJOTMHAEM XUMUIECKIMA CBORCTBAMH,
OHHM HE MOTYT OBITH YIAJEHBI IPA OYUCTKE TaJOMHACBON JTOOABKH.

Mruosennbii curaas B cobbrruax - C(a, n)°0 ckaagpBaeTes U3 CIUHTHUIAINN IPA IPO-
XOXKJIEHAN aTb(pa-TacThIl U3 PACIIafa MOJOHUS U IPOTOHOB OTIAYH MOCIE YIIPYTOTO PACCEsTHUS
neitrponos (1-2 M3B), neynpyroro paccesnus neiirponos Ha 2C (~5MsB), snepruu pesakca-

muu Kucjaopoga (67 M3B). C yuéroM MOHU3AIMOHHOTO TallleHUsi, HAGIOMaeMbBIi SHEpreTuye-
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ckuit crexp doua or P C(a, n)°0 maxomuTea B muamazone snepreTuteckoro cuekrpa OBP or
riopora jio ~10 M»aB.

Ienouxn pacmaga 22U, *2Th, *2"Ac comepskaT mocieoBaTeNbHbE PACIALH BUCMYTa 1
[IOJIOHUSI ¢ BpeMeHaMmu moJiypaciiajia mojonust 164.3 mxe, 0.3 Mxc u 1.781 Mc COOTBETCTBEHHO.
KoppenupoBansbie cHTHAJIBI ¢ XapPaKTEPHBIMUA BPEMEHAMHI 33 €PXKKHU UCTIOIB3YOTCS [T OTIEHKN
BKJIA/Ta KaXKI0H IEMMOYKN B TOTOK aJibga-dactut]. HabromaeMblit CIIeKTP OIEHMBAETCST HA OCHOBE

MOJCJIUPOBaHUA IICIIOYIECK pacllajJa B JCTCKTOPE.

®on or kamubpoBouHOro ucrounuka >**Am**C

Kak 6buto onmmcano B pazzere 2.3.4, aproMaTudeckue KaJuOPOBOTIHBIE YCTPOMCTBA COJIED-
JKAT HeTouHNK Hefirporos 2 Am *C. Bo Bpemst HaGopa JaHHBIX PaHOAKTHBHBIC HCTOTHHKH U3
KaJUOPOBOYHBIX YCTPONUCTB HAXOMATCS B BEPXHEH YacTH JETEKTOPa Ha/l KOHTeHHepaMu ¢ W3-
GerrouHON KuKocTh0. Merounnk “MAm'®C uzonmposan oT CHMHTHILIATODPA, U3IYUEHHBIEC UM
HEWTPOHBI, TEM HE MeHee, MOTYT BBI3bIBATH CUTHAJ, aHAJOTUIHbIH curaaay or OBP.

Heitrponbsl HeynIpyro pacceuBaroOTCs Ha siIpax MaTepUaJioB JIETEKTOPA, UCITYCKasl IIPU 3TOM
raMMa-KBAHTBI. DTH HEUTPOHBI 3aTeM MOTYT OBITH 3aXBAYUEHBI HA SAPAX METAJJIOB JETEKTO-
pa: Kejesa, XpoMa, MapraHila U HUKEJIsI, KOTOPbIE B MPOIECCEe PEeJaKCAIllui TaKXKe UCIIYCKAIoT
raMMa-KBaHTBI. Ec/u u3aydenne oT 0OOUX IIPOIECCOB TONAIAET B CIIMHTU/IMPYIONYIO 00JIACTh
JIETEKTOPA, BBI3BAHHBIC UM CUIHAJIBI MOI'YT [IPOHTH Kpurepuu orbopa cobbiruii OBP [177].

[Torok m ciekTp JaHHOTO (POHA PACCIUTHIBAETCS HA OCHOBE MojeaupoBanus. Cobbrtus (o-
ma ot “"Am'®C B mpocTpaHCTBe JETEKTOpA PACIPEIECHB HCPABHOMEPHO, B OCHOBHOM B €r'0
BepPXHEN 9aCTH, YTO TO3BOJISIET OIPEIETUTDH YACTOTY UX BOSHUKHOBEHUS HA OCHOBE JAHHBIX. Jle-
tom 2012 rona, Ha OZHOM U3 JIETEKTOPOB OBLT BPEMEHHO YCTAHOBJIEH HERTPOHHBIM HCTOYHUK
AMBC, B 80 pas Gosree MOIMIHBIN, YeM OBBIMHO HCIOTB3YIONMECs B 9KCIEPHMEHTe. Pesyrbra-

Thl USMCPCHUA CbOHa OT 2T0T0 UCTOYHHUKA HUCIIOJIb30BaJIUChH IJIA KaJH/I6pOBKI/I MOACJIUPOBaHUA.

2.5.3. PekoHcTpyKnus sHEprun

DHeprusi cUrHaJja B IETEKTOPE PEKOHCTPYUPYETCsT Ha OCHOBE TIOJIHOTO 3apsijia, COOPAHHOTO

Beemu DY nerekropa. Habmogaemas aneprus onpenenena kak [21]:

Qtot
By = o (2.10)
e (o — mousHbI 3apsia, a O — kaaubposodHasi KoHcTaHTa. OCHOBHOMR crtocob ompemese-

Hust KoHCTaHTHl (' — um3Mepenue mosioxkerus: nmuka 1.333 M3B or xajmbpoBOIHOrO MCTOTHU-
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ka “°Co, MOMEIEHHOTO B IEHTpP JeTeKTopa. KaguGpoBodHas KOHCTAHTA PABHA ITPHOIM3HTE b
HO 162 d.5./M3B u o6HOBJIsIeTCS IPU €3KEHENETBHON KAaJIUOPOBKE.

HecmoTpst Ha 1o, 9To jjst 0TO60pa COOBITHI HE UCHOJIb3YETCs PEKOHCTPYKIIAS BEPITTUHDI
B3aUMOJIEHCTBUS, 9Ta WHGMOPMAIAS ABJISETCS BAXKHON [JIsT yI€Ta TMPOCTPAHCTBEHHON HEOTHO-
POIHOCTH OTKJIMKA JeTeKTopa. lIpr n3mMenennn noyioxkenus oT IEHTPa JETEKTOPa K €ro CTeHKe,
cymmvaphuas 3dpdektusaasa aneprypa POV yBenmnauBaeTcs, U, COOTBETCTBEHHO, YBEJTUIUBACTCS
cBetocbop. BeprukaibHasi HETMHEHHOCTDL CBSI3aHA € HEMHOI'O HECUMMETPUYHBIM ITOJIOXKEHUEM
OTPAXKAIIINUX [TOBEPXHOCTEH.

[losioxkenne BCIBIKNA PEKOHCTPYUPYETCS KAK CPEJIHEB3BEIIEHHOE € 3apsi/IOM IMOJIOYKEHUE

Beex OIY ¢ nmocseyoed TonpaBKoil Ha HEOIHOPOIHOCTD [21]:

T = Cchoc — CQR%OC, (2.11)

2 = (Zooc — chéOC)(c4 — csReoc), (2.12)

e Rooc M Zooe — CPETHEB3BEIIEHHbIE TIMJIMHIPHYeCKHe KOOPAUHATEL, & (] . .. C5) — HEJIUHEl-
HbIe K03 OUIMERTH, oTIpe/iesTAeMble TIPH MOMOIIH KaIu6poBoaHoro netournka 0 Co, TToMermeH-
HOT'O B H PA3JIMIHBIX TOYKAX 10 OCH 2 JIETEKTODA KaXK IbIM KaJIubpoBOIHBIM yerpoiicTBoM. Popma
nonpapok (2.11) u (2.12) nosry4eHa SMIMPHIECKAM [Ty TEM Ha OCHOBE MOJIEIMPOBAHUS JETEKTODA.

[TonpaBKy Ha SHEPIUIO, CBSI3AHHBIE ¢ HEOTHOPOIHOCTHIO OTKJIMKA JETEKTOPA 110 Z U ' Bbl-
YUCAAIOTCA Ha OCHOBE TeX K€ KaTMOPOBOYHBIX JAHHBIX, U4TO M IIADAMETPBI DEKOHCTPYKIMH 110-

JIOZKCHM 4.

.
ECO _ vis
T OPe(r)Cee(z)

(2.13)
rae C9°(r) — muneitnas bynkmms, a CY°(2) — mosmHOM TpeTheit crenenw. s CIMHTHILIADY -
01X 00BLEMOB CyMMapHas nonpaska He npesbimaer 10 %.

Cy1recTByeT JONOJTHUTEBHBIA C110c00 PEKOHCTPYKIMY SHeprun [21], oCHOBAHHBIN HA U3Me-
PEHUM TIOJIOKEHUH TTUKOB OT 3aXBAaTa HEUTPOHOB Ha TAJIOJUHUN U Bojopoae. Hefirponsr B gan-
HOM CJIy9ae POXKJIAIOTCA B PACIIEIIEHUSIX si/IEp KOCMOTEHHBIMU MIOOHAMM, & TaKXKe B JOTEPHUX
nporeccax. B omumame or Kagubposkn mpu momors °Co, KoTopast TPOUCXOINT €KEHEIeTLHO B
OTPeJIEIEHHBIX TOYKAX JETEKTOPA, MIOOHBI ITPOXOJAT YePe3 JeTEKTOP MOCTOSTHHO U PABHOMEDHO.
O160p cobbrTuit B okue o1 20 MKc 10 200 MKC mocje MIOOHA TaéT 111 OJMKHEr0 JeTeKTOPa OKO-
Jio 8000 HEATPOHOB B JIeHb, PACIIPENEIEHHBIX PABHOMEDPHO B IIpOCTpaHcTBe. HemocTaTkoM 3Toro

MeTOda ABJIACTCA paSHbeI IIOTOK W 3HEPTHUA MIOOHOB Ha Pa3HBIX 9KCICPUMEHTAJIBbHBIX IIJIOIIAI-

kax. O6a MeTo/[a XOPOIIIO COIVIACYIOTCA APYT € APYIOM.
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N aenTuYvHOCTh HEPreTUYeCKUX KA PA3HBIX JETEKTOPOB MPOBEPSIETC KAK IIPU ITOMOITIN
PEeryIApHBIX KaIuOPOBOK, TAK U ¢ HUCIOIb30BAHEEM HaeHTH(pUIHpyeMbrx ramva-mukos (YK,
208 .

Tl); nukoB oT 3axBaTa HEHTPOHA HA BOJOPOJIE, TAJIOJUHIYT U YIJIEPOJIE; & TAKKE alb(ha-IINKOB
212 214 215 .
(***Po, “**Po u “*Po). Jlerom 2012 rojia Bo BpeMst IPOBEICHUS KATUOPOBOYHON KAMIIAHUU B 000~

X jgerekTopax miomiaaku EH1 6ni1a mposegena KagoubpoBKa JOTOJTHUTETBHBIMA UCTOTHUKAMHE:

S n m Cc 1 ru .
137C 7 54M 7 4OK 7 241A QB P 1SC

2.5.4. 9dbdeKTp IHEPreTUIECKON MIKAIBI

IIpu obpaborke COOBITHIN IKCIIEPUMEHTA UCIHOJIB3YETCS TOJJBKO MPOCTAs IHEPreTUHecKast
MOJIE€JTh, OTIMCAHHAS B MPEIbIIYIIeM pasaese. Jomoaaurenbabe 3(POEeKThI, NCKAKAIOINIIE IHED-
TeTUIeCKUi OTKJINK JEeTEKTOPA, YIUTHIBAIOTCS B MOJIEH IETEKTOPa Py aHam3e JaHHbix. OHu

pPaccCMOTPEHbI B JaHHOM pa3dcJIic.

2.5.4.1. HenmHeiHOCTh 3HEPTETUYECKOT0 OTKJIMKA

3aBUCUMOCTH OTKJIWKA JETEKTOPA OT FHEPIUH TACTUIBI SBJIAETCH JUHEHHON JHIb TTpH-
OmkéHHO. MOXKHO BBIIETNTE IBa OCHOBHBIX MCTOYHUKA HEJTUHEHHOCTH IHEPTETUIECKON TITKAJIBI
JleTeKTopa: HeJnHeHOCTh OTKInKa ZKC 1 HeJTMHERHOCTD OTK/IUKA IJIEKTPOHUKH.

HenunettnocTs crimaTHIIATOPA CBsi3aHa ¢ 3 DeKTaMu MOHU3AIMOHHOTO TAIlleHNsT U BKJIa-
JIOM YI€PEHKOBCKOTO W3JIYYEHUS] W PA3JIUIAECTCS JJIsT PASHBIX TUTOB dacTull. JlomomHnTe bHbIHi
BKJIAJ B HEJIMHEHHOCTD CIIUHTULISATOPA JAET 3 HEKT MOBTOPHOTO U3y IEHU ST TIOTJIOTIEHHOTO de-
PEHKOBCKOTO cBeTa. st onncannst OTKJINKA CIMHTHLIATOPA UCIIOIb3YETCsT TOTYIMITHPHIECKAST
MOJIeSIb Ha OCcHOBe popmysibl Bupkca ¢ nobasienuemM BKJIa/1a 0T Y€PEHKOBCKOTO u3jaydenus. 11a-
paMeTpPhl MO OTPAHMIUBAIOTCS METOIOM COBMECTHOM TIO/ITOHKY PEKOHCTPYUPOBAHHON HED-
THUW TI0JT U3BECTHYIO IHEPIUI0 MOHOIHEPTETUIECKUX CUTHAJIOB KAJTMOPOBOYHBIX U (DOHOBBIX HC-
TOYHMKOB, & TakKKe 107l TAMMA-CIICKTD PACIafoB -B, POXKIAIONIErocs MPH B3aMMOICHCTBIAMN
KOCMOTEHHBIX MIOOHOB.

HenuneitHOCTD 3JIEKTPOHUKY CBsI3aHA ¢ TeM, 9TO 3(POEeKTUBHOCTL OTKIMKa PDY Ha BTO-
pudHble (GOTOHBI HUXKE, ITO MOXKET IMPUBOIUTD K TaCTUIHON TOTEPE CBETA U3 XBOCTA BPEMEHHO-
ro pacupeeseHns] CBETOBBIX0/IA W K CHUKEHUIO 001el 3(hPeKTUBHOCTH JIETEKTUPOBAHUS TIPU
YBEJMYEHUN CBETOBBIXOIA. HeTMHEHHOCTh OTK/INKA 3JEKTPOHUKN U3Y9IaeTCsT HA OCHOBE MOJIEJIH-
POBaHMSI, & TAKXKE MCCJEI0OBAHIEM OT/EIbHBIX KAHAJIOB IIPU TOMOIIN HTAPAJIETHLHOTO AHAJIOTO-

mupororo npeobpaszosaresns (ITAIIIT).
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OObObefNHEHHAA MOLENb HEIMHENHOCTM OTKAMKA Gblna NpoBepeHa Npu MOMOLM JOCTYMHbIX
(hOHOBbLIX cnekTpoB: 214Bi, 212Bi, 212T |, cnekTpa 31eKTPOHOB OT pacnajoB MIOHOB; a TaKXe
CneKTpa KOMMNTOHOBCKMX raMMa-KBaHTOB B He3aBMCUMMbIX NabopaTopHbIX U3MepeHUax. Heonpe-
[EeNEHHOCTb abCONOTHONM 3HEPreTMYECKON WKanbl OLeHUBaeTcAa MeHee yeM B 1% gna xapakTtep-

HbIX 9HEPTUIA PeaKTOPHbIX aHTUHENTPUHO.

Puc. 2.9. HennHeiRHOCTb SHEPreTUYECKON LKasbl AeTeKTOpa AN NO3UTPOHOB U eé HeonpeaenéHHoCTb [18].

JHepreTMYeCcKMn OTKNUK AeTeKTopa Ha MO3UTPOHbLI NPUBEAEH Ha pUCyHKe 2.9. D¢ eKThbl
HEIMHENHOCTN 3HEepPreTMYecKol WKanbl AeTeKTopa ABNAKTCA LEeTePMUHUPOBAHHbLIMU U UCChe-
LYK TCSA He3aBUCMMO OT CTOXacCTUYECKUX 3P(eKTOB, TaKUX KaK paspewieHne n ahgekt IAV,
06BACHAKWNXCA B Cnefylowem pasgene.

[na onucaHusa OTK/IOHEHWA 3HepPreTMYeCKOM LWKanbl OT HOMWHANBbHON U3 60NbLWIOI0 KOMMN-
yecTBa MOfLEeNbHbIX KPUBbLIX, YAOBMETBOPAOLWMNX KaiMOPOBOUYHLIM JaHHbIM B npegenax 68.3%,
O6b1nn BblIOpaHbl 4 3HepreTuyeckne mogenun fi. OHM NO3BONIAKT ONUCaTb BapuaLuio aHepreTuye-
CKOM MOfeNnv npu noMouLn napameTpusanuu:

4

f (E) =fnominal(E) + ~ a f E ) - fnominal(E))) , (2.14)
i=1

rge ai — napametpbl mMogenn. Korpa Bce ai = 0, TO eCTb HaxoAATCA B CBOUX 3HAYEHUAX MO
YMO/IYaHUIO, 3HEepreTnyeckas Mojenb CoBNajaetT ¢ HOMWHaNbHOW. JononHuTeNbHble Mogenn fi
0TOOpaHbl TaKUM 06pa3oM, 4YTO Bapuaumua napameTpoB ai ¢ OWMOKOA aa. = 1 NnpuBOAUT K Bapu-

alumn aHepreTMyeckoi Mogenn B 061acTU OAHOr0 CTaHAAPTHOTO OTKNOHeHUs. MoKasaHo, YTo 4-X
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JOTOJHUTEIBHBIX MOJAEeH JOCTATOTHO JJTA HapaMeTPU3aAInd HeolPeAeJEHHOCTeH, a UCIOIb30-
BaHME DOJIBITIETO KOJUIECTBA MOJIENEH f; TPUBOMUT K CUJIBHBIM KOPPEIAIIAAM MEXKTY TapaMeT-
paMu a; IPU aHAJIN3E JIAHHBIX.

Heonpenenénnoctn nmapaMeTpoB @; MOJHOCTHIO KOPPEJIUPOBAHBI MeXK Ty JjieTekTopamu. [la-
paMeTphl 0y HEKOPPETHPOBAHBI MEXKTY JETEKTOPAMU U OMUCHIBAIOT OTHOCUTEIBHOE PACTSIKEHNE

SHGPFGTI/I‘{GCKOﬁ MMKaJIbI ME2KAY OTACJIBbHBIMU JE€TCKTOPDAMN d.

2.5.4.2. IloTepd 3Hepruu B HECHMHTWLIMPYIOIIAX MATEPUAIAX

Axpus — npospadHbIii MaTepra, U3 KOTOPOTO U3TMOTOBJIEHBI BHYTPEHHUE KOHTEHHEPHI JIe-
TEKTOPA, HE ABJISIETCS CIIAHTUILIATOPOM. JHEPIHs, BbIICJCHHAS 3aPSI?KCHHBIMU YACTHIAME TTPU
[IEPEXO0JIE MEXKJTY TaIOJIMHUEBBIM U HETAI0JIMHUEBBIM CIIMHTU/IISITOPAMY, HE BHI3BIBAET CBEUCHUST
U SIBJISECTCS] HEBUIUMOM JIJTst JIETEKTOPA. DTO IMPUBOJUT K HEJIOOIECHKE [TOJTHOM SHEPIUU COOBITHH,
MIPOUCXOIAININX HA TPAHUIIE OOBEMOB JETEKTOPA.

Dror 3¢ddexT naszpBaerca 3¢pdexrom IAV u 3arparusaer npumepno 13 % coborruit OBP.
Kak n adpdexr paspemenns gerekropa adpdert IAV apiasercs: croxacrudeckum. OH IPUBOIAT
K ¢1abOMy CMEIIEHUIO BUIUMOTO CIIEKTPa B 00JIaCTh HUSKUX SHEPIUA ¥ Pa3SMBITHIO €10 HUMKHEH
IPaHUIbL.

BeposiTHOCTE TIEpETEKaHUsT COOBITHS U3 OJTHOTO SHEPIETUIECKOI0 MHTEPBAJIA B IPYTOH U3-32
aperta [AV orennBaercst Ha OCHOBE MOJIEIMPOBAHUSA HE3ABUCUMO OT 3(DHEKTOB paspereHnst

sHepreTrdecKoil mkass [178].

2.5.4.3. DHepreTnyeckoe paspenieHue

Ha sneprerudeckoe paspelienue JIeTeKTOPa BJIUAIOT KaK CBOUCTBA CIUHTULIATOPA, TaK U
anekTponuku. B skciepumente Daya Bay paspernenne snepreTudeckoil MKaJIbl ONEHUBAETCS TPU
IIOMOIIIA U3MEPEHUs MUPUH OTKJIMKA JIETEKTOPA Ha MOHOIHEPreTHHeCKUe KaJUOPOBOYHDLIE WC-
TOYHUKH B 1ieHTpe. Pasperenue ferekropa og/FE ~ 8 % nupu sueprun I = 1 M»sB. 3asucumoctsb

paspeleHnsi 0T SHEPIUU AITPOKCUMUPYETCst IOy IMITUPUIecKol dyukimeit 2.15 [179]:

(2.15)

e napameTp ¢ — 0.015 ¢Bsi3aH cO BKJIAIOM TTPOCTPAHCTREHHOTO W BPEMEHHOI'O Pa3Mepa CUTHa-
1
na, b= 0.087 MsB"? — co crarmernaeckuyu GIIYyKTyanusaMu 9ucjia TeTeKTUPOBAHHBIX (POTOHOB,

a c=0.027MsB — ¢ remuospiM caérom OV u mymom ycusamresneit curnasa.
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IIpu anamuse manasix nepuosa 1230 guelt CHOAB3YIOTCsT OOHOBJIEHHBIE 3HAYEHUST TTAPAMET-

pos paspemenus [19]: a = 0.016, b = 0.081 MsBY? u ¢ = 0.026 MaB.
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2.6. CucremaTudecKkue HeONPeAEIEHHOCTH

B mannom pasmese OynyT paccMOTPEHBI HEONIPEIEJEHHOCTH TTAPAMETPOB, UCIIOJIb3YEMBIX B
aHaam3e JaHHbIX skcrnepuMenTa Daya Bay. OcHoBHast 9acTh paszesa MOCBAIEHA HEOTPEIe/EH-
HOCTSIM ITAPAMETPOB, UCIIOIB3YEMBIX B aHAIM3E ,TOTOK+crekTp. Uudopmanms mo mapamerpam,
WCITOJIb3YEMBIX JJTsT AHAJN3a B PEXKUME IIOTOK ® oTMedeHa 0co60.

MaremaTndeckasi MHTEPIPETAINST KOPPETUPOBAHHBIX U HEKOPPEJTUPOBAHHBIX CHCTEMATH-
YEeCKUX HEOIPeIeEHHOCTEN paceMoTpena B npuioxkennn A. Meromuka m ocobeHHOCTH yU€Ta
CTATUCTUIECKUX W CUCTEMATHYIECKUX HEONPENeIEHHOCTEN B aHaM3e JAHHBIX PACCMOTPEHA B
npuioxkenun bB.

M3Mepenue mapaMeTpoB OCIMLIANmi HeTpuHo sin’ 2013 u Am2, B skcriepumente Daya Bay
CINUTAETCS ,OTHOCUTEIHLHBIM  U3MEPEHNEM, B KOTOPOM COKPAITAIOTCA KOPPEJIUPOBAHHBIE HEOTTPE-
JIeJIEHHOCTH JIETEKTUPOBAHUS W PEAKTOPHOTO crekTpa. lIpm 3ToM mMmeercst B BHIY, 9TO IIPHU
aHaJN3e B Ka9eCTBe CBODOIHBIX MTAPAMETPOB COBMECTHO € TAPAMETPAMH OCIIUJIISIIAN TTOATOHSI-
FOTCSI HOPMUPOBKA TTOTOKA PEAKTOPHBIX AHTUHENTPUHO WM HOPMUPOBKA U CIIEKTP PEAKTOPHBIX
aHTHHEATPHUHO. T0, KAK 3TO CBA3AHO C ,0THOCUTEIbHBIM U3MEPEHUEM U COKPAITIEHUEM KOPPEIH-

POBAaHHBIX HEONPEIETEHHOCTEN paccMOTpeHo B pazzenax A.b u A.4 B npuioxennn A.

2.6.1. HeonpenenénHocTn, yYuThIBaEMbI€ B AaHAJIN3€E B PEXKUME ,,JIOTOK+CHEKTP

B mamHOM TIO/pa3/iesie IpUBEACH 0030 CHCTEMATHYIEeCKUX HEeOIPeJeICHHOCTEH, yINThIBae-
MBIX B AHAJU3E JAHHBIX B PEXKUME ,[IOTOK-CIEKTP", TO €CTh ¢ YIETOM MTOTOKA W CIIEKTPA aHTH-

Heirrpuno. ComnocTaB/IeHre BCEX UCTOIHUKOB MIPUBEACHO B Tabsuie 2.6 Ha crpanuie 103.

2.6.1.1. HeonpenenéHHocTu, CBA3aHHBIE C PEAKTOPOM

C/IoXKHOCTH TIPEICKA3aHUST AHTUHENTPUHHBIX CIEKTPOB OT PACIAIOB MPOAYKTOB AeIEHUsT
mzoronos 27U, *%¥U, 2*Pu u ?'Pu omucanst B paszere 1.3. IIpu anaamse JaHHBIX SKCIEPHMEHTA
Daya Bay ucnonbsytorest antuneirrpuaabie ciiekTpbl Huber+Mueller.

[Ipu ucrnosb30BaHUN OTPAHUIEHHOTO AHTUHENTPUHHOTO CIEKTPA B AHAJIN3E YIUTHIBAIOTCS
HEOTPEIEIEHHOCTH CIIEKTPOB W3 COOTBETCTBYIOMMX mybsaukarnmit. OHM BKJIIOYAIOT B cebsi Kak
omOKM, HEKOPPETUPOBAHHBIE MEXK /Ty OT/IEILHBIMA WHTEPBAJIAMU IHEPTETUIECKUX CIIEKTPOB OT
Pa3IUYIHBIX JEJSANAXCS U30TOTOB, TAK U KOPPEJTUPOBAHHBIE MEXKY HUMUA.

IIpu ucnonwpzoBanuu cBOOGOIHON CIIEKTPAJIBLHON MOJEN, ONUCAHHON B pazierne 3.3.6, y4uu-

ThIBAIOTCA TOJBKO HCKOPPECIWMPOBAHHBIC MCXKAY AEJANNTUMUCA M30TOIIaMW U 3HCPreTUICCKUMU



94

WHTEpBaJaMU IOIPaBku. KoppegupoBaHHAasT YacTh MOJHOCTBIO PEAJU3YETCsT depe3 CBODOIHbIE
mapaMeTpbl MoJiesiu. B KadecTBe OCHOBBI JJisT CBOOOJITHOM CIIEKTPAJIBLHON MOJIE/IN TAKXKE UCIIOTb-
syercs mMozenb Huber+Mueller.

Kak 6b110 0TMedeHO panee, orpaHndenue o0Iell HOPMUPOBKY U (POPMBI CIIEKTPA B CJIydae
OTHOCHUTEJILHOI'O U3MEPEHUSI MOT'YT IPUBECTH K OTKJIOHEHUSIM B pe3y/brarax. laHHble OTKJIOHE-
HUSI TOJIPOOHO PACCMOTPEHBI B pasjene 4.4.7.

JI1st TIpe/ICKA3aHns CIIEKTPOB aAHTHHEHTPIHO OT Jessnmxes nzotonos 2 U, **Pu n *'Pu
YUIUTBIBAIOTCs HepaBHOBecHbIE monpaBku u3 [50| (em. pasgen 1.3.3.3). Heonpenenéuuocrs mo-
npasku 30 %, KoppesmpoBanHas MexKly SHEPIreTUIeCKUMU NHTEPBATAMA U HEKOPPEJIUPOBAHHA
MEXJIy PeakTOpaMU U JeJISANIUMUCS U30TOITaMU.

OcHOBHOH BKJIAJT B HEONPEIETEHHOCTh MOITHOCTH PEAKTOPA BO3SHUKAET W3 OITHOKU HU3Me-
PeHust CKOPOCTHU MOTOKA BOJIBI B OXJIAXKIAIONIEM KOHTYpe peakTopa. JanHasi HeOope e JEHHOCTD
SIBJISIETCST HEKOPPEJIMPOBAHHONW MEXK/y peakTopamu u ornenuBaercs B 0.5 % [17].

HeompenesieHHOCTH OTHOCHTEILHBIX BKIAIO0B TsKEIBIX H30TomoB 2 U, ?U, 2%Py u #M'Pu
B IIOJIHOE HUHUCJIO JIeJEHUNH B PEAKTOPe, HEKOPPEJIUPOBAHHLIE MEXKY PEAKTOPAMU W HaCTHIHO
KOPPEJMPOBAHHBIE MEXKJIy U30TOIAMH B OJHOM PEAKTOPE, OIEHUBAIOTCS HA OCHOBE CPABHEHUSI
PE3YJIBTATOB MOAETNPOBaHUs PabOTHI sIePHOTO peakTopa, npooanMoit Ha ADC ¢ cobcTBEHHBIM
MojiesinpoBanueM kosutaboparmu Daya Bay. Ilpu ananuze pannbix, HabpaHHbIX 3a mnepuo 621
JIEHDb, UCIIOJIB3YETCsT TPUOIMKEHHBIN METOJT yIeTa JAHHON HeolpeaeeHHOCTH, 3aKTI0TaIOITUXCS
B BapHaruu abCOJIIOTHOTO BKJIAIA KayKJIOI'0 M30TOIA B IMOJHBIH IMOTOK aHTHHEHTPUHO OT pPeak-
Topa. B HOBOM anasm3ze maHabIX nepuosa 1230 aHelt HeOUPEIeJEHHOCTH YYUTBIBAETCS TOYHO,
corsiacHo opmyiie (3.7). Heonpeiei6HHOCTH OTHOCUTEIBHBIX BKJIAJIOB U30TOIOB B [IOJIHOE YUC-
JIO JIeJIEHUH ONEHUBAIOTCA B 5 Y0 J1JIs KAXKJI0r0 M30TOIA, a KOPPEIAlun MexX 1y Briaagamu |180)

npe/icraBieHsl B ypasaennn (2.16).

1.00 —0.29 —0.62 —0.48
—0.29 1.00 0.38 0.39

Cijurcic — . (216>
—0.62 0.38 1.00 0.84

—-048 0.39 084 1.00

Cpe/IHsist SHEprist, BbLaesieMast Ha OIUH aKT meseHust u3orornos 2 U, 28U, 2Py u Py
B PEAKTOPE TaKKe U3BECTHA ¢ OIMMHOKO. JI1st aHam3a , JIOTOK -+ CIIEK TP 11 CPEIHENR SHEPIUN UC-
HOJIB3YIOTCS 3HAYEHNs 1 HeonpeneaénHocTr u3 [181]: (201.92 £ 0.46) MaB, (205.52 £ 0.96) M5B,
(209.99 & 0.60) MaB u (213.60 £ 0.65) MsB s usoronos 2°°U, U, *Pu u *'Pu coorser-
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CTBEHHO.

Heonpenenéunocts noroka antuaeiitpuno or OAT onennpaercs 8 100 % [81; 182]. B cBssu
¢ HebosbIMM BKJIa oM HelTpuHo oT OT B 061Hit TOTOK, UX CIEKTP YIUTHIBAETCs Oe3 Heope-
nenénnoctu. Lo orenkam, obcy ) taeMbIM B paszjiese 5.4.5, BKJIaJT HEOTIPEIeEHHOCTH HOPMUPOB-
kn OST me npeppmmaer 1% or mosnHoit ommbKy U3MEPEHUs I KAXKIOTO U3 OCIULIAIAOHHBIX

napameTpos sin® 2013 u Am2,.

2.6.1.2. Heonpenea€HHOCTh HOPMHUPOBKH

Hopmuposka quciaa cobbrruit OBP, HabaomaeMbiX B IeTEKTOPE, CKJIAIBIBACTCS U3 PAIA
¢aKTOPOB: UMCIa ATOMOB BOJOPOIA B MUIIEHH, 3P dhekTuBHOCTH 0TOOpa COOBITHI, T0JIM 3aXBa-
TOB HeHWTpOHA Ha rafojuHun, 3hderToB Brekanus (spill-in) u Borrekanus (spill-out) meifirponos
B/u3 mumniean, HopMupoeKu ceueHnss OBP. C rouku 3peHus OlEHKM 3HAYCHUN OHU JICIATCH HA
JIBa KJacca: apaMeTpbl, OIeHUBaeMble Ha OCHOBE MOJIEJIMPOBAHUSA U ITaPaMETPbI, OIeHUBaeMbIe
u3 maHHbX. K mapaMeTrpam, OleHMBaeMbIM C UCIIOJb30BAHUEM MOJIEIMPOBAHUS OTHOCSATCS: (-
deKTUBHOCTH KpuUTepueB 0TOOpPa MTHOBEHHON IHEPIMU, 3aAIa3 bIBAIONIENR IHEPIUU U BPEMEHU
3aJICPKKU, JIOJU 3aXBaTa HEHTPOHOB HA rajoauHud U 3DQOEKTOB BTeKaHWs /BHITCKAHUS HEH-
TpoHOB. JisT 3TUX mapamMeTpoB KOPPeJIUnpPOBaHHAST HEOTIPEIEIEHHOCTD OIEHUBAETCS U3 OT/IMIHUS
MEXJIy JIAHHBIMA U MOJIeTupoBanreM. HekoppenpoBaHHbIE HEONPEAETEHHOCTH OIEHUBAIOTCS
u3 acumMeTpun 3PpdekTUBHOCTENR MEXK Ty JeTeKTopamu. llapamMerpsl, CBI3aHHBIE ¢ MIOOHHBIM
BETO U KPUTEPUEM Ha MHOXKECTBEHHOCTDL, BpeMsl HAOOPa JAHHBIX U YUCJI0 MPOTOHOB B MUITIEHU
OTIPEESIIOTCST HA OCHOBE KaJMOPOBOYHBIX JAHHDBIX.

Orenknr HOPMUPOBOK U 3(MPeKTUBHOCTEN KpUTEepreB 0TOOPA, & TAKXKE X KOPPEIUPOBAH-
Hble U HEKOPPEJIUPOBAHHDBIE HEOIPEIETEHHOCTH, UCIIOIb3YEMbIE IS aHAJIN3a JTAHHBIX [TEPHOJIa
621 senn [18] upencrasienst B Tabsuie 2.2. IoapobHoe onmcanue criocob0B UX OIEHKH MOXKHO
Hafitu B [17; 21]. Has gamabix nepuoga 1230 jiHEH ONEHKH TeX XKe MapaMeTPOB IIPUBEICHBI B
Tabsmre 2.3.

[naBabiM HOBIIECTBOM B Tabjuile 2.3 sIBASIETCS 3HAYUTEILHO YIYHUINIEHHAS HEKOPPEJIUPO-
BaHHAsT HEONIPEIETEHHOCTD 3hDeKTUBHOCTH 0TOOPA TI0 OTJIOXKEHHOH aHeprun. Kpome Toro, npu
aHAJIN3e JTaHHBIX Iepuona 1230 gHell yumTBHIBACTCA KOPPEANHs MEXKIy IlapaMeTpaMu OTHO-
CUTEJIBHON 3HEPreTUdecKoil mkasbl 0y 1 3(PQPEeKTUBHOCTBI0 0TOOPa 110 3alla3IbIBaIOIIel SHep-
run. KosdduimenT Koppeasanuu Ij1st KaXX 108 maphbl mapaMeTpoB ,,0THOCUTEIbHAS YD PEKTUB-

HOCTB/, OTHOCUTE/IbHAST SHEPreTUICCKast Kaja OleHnBaeTcs Kak p = 0.545.
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[Tomumo 3HAYeHuit yKa3aHHBIX B TAOJUIAX, B KOPPEIUPOBAHHYIO HEOIPEIEJTEHHOCTH HOP-

MUPOBKH TaK¥Ke JaéT BKJIAJ, HEOPEAEJEHHOCTh HOpMUPpOBKH cevdenns 0.2 %.

e, %  Kopp., % Hekopp., %

YHucs1o TpOTOHOB B MUIIIEHH 0.47 0.03
Uckmtotenne ¢atmepos 99.98 0.01 0.01
OT60p MO MIHOBEHHOM SHEPIUN 99.8 0.10 0.01
Ot6op 1o 3amasgpiBaomieit sHeprun 92.7 0.97 0.12
OT60op MO BPpEMEHH 3aICPKKU 98.7 0.12 0.01
OT60p MO0 MHOKECTBEHHOCTH 0.02 <0.01
Honst saxsaros Ha Gd 84.2 0.95 0.1

DdPeKkT BreKaHud HEHTPOHOB 104.9 1.5 0.02
Bpewms nabopa manabx 100.0 0.002 <0.01
CymmapHo 80.6 2.1 0.2

Tabmuma 2.2. Dd@PeKTUBHOCTH KpHUTepHeB O0TOOpPa M WX OTHOCHTEJNbHBIE HeoIpeleJéHHocTH. laHHble
HeOopeeIéHHOCTH U 3(h(DEKTUBHOCTH OBLIN HCIOJB30BAHBI s OCIUJIIAIMOHHOIO aHamusa [22| B pe-

KUME ,[IOTOK-+CIeKTP" 114 JJaHHBIX, HaOpaHHBIX 3a nepuon 621 j1eHb.

N3 rabaurt 2.2 u 2.3 BUIHO, YTO 00IIAs KOPPEJIUPOBAHHAST HEOIPEIEJTEHHOCTH HOPMUPOBKU
JIETEKTOPa 3HAYUTEHLHO BBINIE HEKOPPEJIUPOBAHHON, OJHAKO, TTPU OTHOCUTEJIHLHOM H3MEPEHUU
KOPPEeJMPOBaHHAST HEOIPEIEJEHHOCTh 3HAYUTEIHLHO COKpAIaeTcs. 109HO Tak Ke, abCcosoTHOe
sHadenne 3(HGHEKTUBHOCTH JETEKTOPA HE sIBJAETCS KPUTUIHBIM, TAaK KakK 00I1as HOPMUPOBKA
SIBJISIETCST CBODOJIHBIM TAPAMETPOM TIOATOHKHU U OIPEJIEISIETCS] U3 JAHHBIX ¢ XOPOIIel TOYHOCTBIO
3a CYET OOJIBINON CTATUCTUKU HA OJMXKHUX JIETEKTOPAX.

Takum 0b6pa3zoM, BKJIAJ HEOUPEIEJTEHHOCTH HOPMUPOBKHU JIETEKTOPA B HEOIPEIEIEHHOCTD
pe3yJbTaTa TPaKTUYEeCKH MTOJHOCTBIO ONPEAESeTCsl HEKOPPEJTUPOBAHHON OMMUOKON HOPMUPOB-
KW, JIOMUHAHTHBIH BKJI&J B KOTOPYIO CBS3aH ¢ 0TOOPOM IO 3ama3/bIBAIoNIell sHeprun U goJei
3aXBATOB HA Ia 0JUHUU.

Cperu 3HAIUTETLHBIX U3MEHEHUN MEXKy KOPPEJUPOBAHHBIMU OMMMOKAMEI I TEPUOJIOB
621 nenp m 1230 mHelt ciegyeT OTMETHUTH W3MEHEHWE HEONPEIeJCHHOCTeH YHucia ITPOTOHOB M
s¢dpdekra Brekanusa neTponos. Heonpenenénnocts aucaa nporonos B mumenu 0.47 %, ucrosn-

30BaHHAst B aHajm3e [18|, B pesysnbrare HOBOro BhruncseHus [30] oka3asachk BBIIIE ¥ DABHAETCS
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e, %  Kopp., % Hekopp., %

YHucsio TpOTOHOB B MUITIEHN 0.92 0.03
Uckntotenne ¢aatmepos 99.98 0.01 0.01
OT60p MO0 MIHOBEHHOM SHEPIUN 99.8 0.10 0.01
Ot6op 1o 3anmasapiBaoiei sHeprun 92.7 0.97 0.08
OT60p MO BPpEMEHH 3a0CPKKU 98.7 0.12 0.01
O160p MO MHOKECTBEHHOCTH 0.02 0.01
Honst saxsaros Ha Gd 84.2 0.95 0.10
DdPeKkT BreKaHud HEXTPOHOB 104.9 1.0 0.02
Bpewmsa nabopa gaHabIx 100.0 0.002 0.01
CymmapHo 80.6 1.93 0.13

Tabmuma 2.3. Dd@PeKTUBHOCTH KpHUTepHeB O0TOOpPa M HX OTHOCHTEJNbHBIE HeoIpeleJéHHocTH. laHHble
HeOopeIeIéHHOCTH U 3(h(DEKTUBHOCTH OBLIN HCIOJB30BAHBI s OCIUJUIAIMOHHOrO anaausa [19] B pe-

KUME ,[IOTOK-CIeKTP" A4 JJaHHbIX, HabpaHHbIX 3a nepuon 1230 nHeii.

0.92 %. Heonpenenénnocrs BTeKaHUsi HEATPOHOB YIyHIIEHA B CJEICTBAE XOPOIIETO COTJIACHST
MOJETUPOBAHUS ¢ HOBBIMH KAJUOPOBOIHBIMU JTAHHBIMU.

st ontenky Heonpenea€éHHOCTH 3D deKTUBHOCTH 0TOOPaA cOOBITHI He-(IIENTEPOB, UCCIETY-
I0TCs OTJIMYIUSA B KojimdecTse oTOporieHHbix cobbituit OBP B6/msu nopora (FID=0) B pasubix
JerekTopax (eMm. pasmen 2.5.2) [17].

HekoppenupoBannble HEONPEAEJEHHOCTH KPUTEPUEB IHEPIETUIECKOTO0 OTOOPA CBS3AHBI C
Pa3INIUAMEI FHEPTETUIECKUX KAJ JeTeKTOpoB. HekoppemuposanHast ommbKa oTbopa 1o Bpe-
MEHU 3aJIePKKN BBI3BAHA PAIUUUSIME IIJIOTHOCTENR TaI0JUHUEBOTO CIUHTH/LISTOPA B JETEKTO-
pax, U, KaK CJEJICTBHE, C PA3JIMYNEM BPEMEH 3aXBaTa HEHTPOHA.

Db derT BTEKAHUS HEATPOHOB CBA3aH € MPODOETOM HERTPOHA MEXKIY TOIKAME POXKICHUS
1 3axBaTa. HelTpoH, POAUBIIMAICS B 30HE ¢ HETAIOJMHUEBBIM CIIMHTU/LIATOPOM, MOYXKET, TEM He
MeHee, TPOHUKHYTh B TAI0JIMHUEBBIN CIIMHTUILISITOD U 3aXBATUTHCS HA SPe TaI0JINHNS, BHI3BAB
cpabaTbiBanne TpuUrrepa. I1oT 3M@EKT IPUBOIAUT K TOSIBJICHUIO JTOTIOJHUTEIBHBIX COOBITHH 1,
COOTBETCTBEHHO, IPUBOJUAT K 3HadeHunio 3¢ dekrusnoctu 6omee 100 %. Tlox saddexkTnrocTsio B
JIAHHOM CJIyvae TOHUMAETCs OTHOIEHne KoumdecTBa Habmogaembrx cobertuit OBP ¢ 3axBaTom

HEWTPOHA HA rafo nHnn K KoJandecTBy cobbrruit OBP B ramonuanesom ciimatuuisitope. Hekop-
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pesvpoBaHHAasl OMMOKA HA ITY BEJUYUWHY CBA3aHA € PA3JIUIUAMU B ILJIOTHOCTSIX W TOJIIAHAX
CTEHOK BHYTPEHHETO aKPHJIOBOTO KOHTEHHEpa, depe3 KOTOPble HERTPOH MOMATAET B Ta 0/ MHIE-
BRI CIIMHTUJIISITOP, & TAKKE B PASHUIE BPEMEH 3aXBaTa HEHTPOHOB.

Homst 3axBaTa HERTPOHOB HA TAJIOJUHUN OIPEJIENISETCST KAK OTHOIIEHUE KOJIMIEeCTBA 3aXBa-
TOB Ha TAJO0JUHUN K TOJHOMY uucay HedTpoHoB oT OBP, pox1€HHBIX B ra o MHUEBOM CITHH-
THIATOPE. DTa 3(OEKTUBHOCTh TAKYKe YIUTHIBAET HEHTPOHBI, POXKIEHHBIE B a0 THHHEBOM
CIIMHTUJLIATOPE, HO B IIPOIECCE Paccesiine MOKUHYBIUE ero (3G GeKT BhITeKaHUsT HEATPOHOB).

KonuiecTBo TpoTOHOB B MUTIIEHN ONIPEIETAETCA HA OCHOBE JIAHHBIX O TIOTHOCTHA U KOJIAIe-
CTBE TaI0JMHUEBOTO CIIUHTU/LIATOPA, 3AJUTOTO B IETEKTOD, & TAK¥KE OT TEKYIIEr0 YPOBHS KU
KOCTH, KOTOPOE 3aBUCUT OT COCTOSTHUS OKPYKAOMIEH CPEIbl U U3MEPSITCS PSIOM Ty OJIUPYIOTITIK
cencopoB. KoppenupoBannast ormmbKa 3TOro napamMerpa cBsa3aHa ¢ HeOIPeAeIEHHOCTBIO OTHOITIE-
HUST 9UCJI8 ATOMOB BOJOPOA K UHUCJIY ATOMOB YIVIEPOA B XKUJIKOCTH JI0 3aJTUBAHUS B JIETEKTOPHIL.
HexkoppenmpoBannas ommmbKa cBsizana ¢ apeiihoM MoKa3aHuil B3BEIUBAIOIIETO YCTPOUCTBA, UC-
[OJIL3YEMOTO IIPHU 3AIOJHEHUN JTETEKTOPA.

DddekTuBHOCTE 0TOOPA, CBA3AHHAA ¢ KPUTEPUEM HA MHOMKECTBEHHOCTH OTJIMYACTCS IJIsT
KaXKJ[0r'0 JIETEKTOPa U 3aBUCAT OT BpeMmeHu. OHa OUpeIesieTcs BEPOATHOCTBIO TOTO, UTO CHUT-
HaJI CIyYIaltHOTO PaIMOaKTUBHOTO (hoHA TPou30ieéT B omaoM okHe ¢ cobbitrem OBP, kotopas
YMEHBIAETCA IO MEPe PAclaia KOPOTKOXKUBYIINX n30TONoB. JanHas 3pHeKTHBHOCTL BBIMHUC-
JISTETCS CTATUCTUIECKT HA OCHOBE U3MEDPEHHON TacTOTHI W30JUPOBAHHBIX OJIWHOYHBIX CUTHAJIOB
OT paauoakTuBHOTO (poHa. Kak KoppennpoBaHHasi, TaK U HEKOPPEIUPOBAHHAS HEOTPEIETEHHO-
CTH JAHHOTO ITapaMeTpa CBI3aHbI C OTIEHKOH CpeJIHero BpEMEeHU 3aXBaTa HEMTPOHA B JIETEKTOPAX,
OTIpeJIeISIONIell pasMep OKHA COOBITUS.

BpewMmst BeTo mocsie MIOOHOB ONPENEISAETCS W BBITUTACTCH W3 BPEMEHU HAOOPa JIAHHBIX C

IpeHebPERKUTETHHO MaJION ONTHOKOM.

2.6.1.3. HeonmpenenéHHOCTH YHEPTeTUYIECKON MIKAJIBI

ddbdekt IAV. Heonpenenéunoctn napamerpos adpdekra IAV cBa3aHbI ¢ Bapuanmei TOJIIUHBI
U IJIOTHOCTH CTEHOK BHYTPEHHErO aKPUJIOBOTO KOHTEHHEPA U SBJISIIOTCS HEKOPPEJIUPOBAHHBIMA
MEKTy JleTekTopaMu. st pasHbIX IEPUOI0B Habopa JTAHHBIX UCIIOJIB3YOTCH PA3JIUIHBIE METOIBI
JUTsT yI€Ta JAaHHONW HEeOIPeIeIEHHOCTH.

Toist meprosia 1230 mpeit HeorpeaenéHHOCTS HakTapBacTes Ha mapaverp NAY = 140.04,

MAaCIITAONPYIOMUH BKJIAT HEHATOHAIBHBIX 3J1eMeHTOB MaTpuIlbl IAV 11 Kaxx10ro JeTekTopa.
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st mpesibIAyIero nepuoia, JIUTeIbHOCTRI0 621 aeHb, ucnoib3yercst 6ojee IpocToit Me-
TOJI: HEOITPEIEJIEHHOCTDh HAKIAIBIBAETCA HA apaMeTp, MaciITabupyonuil pe3yabTaT IpuMeHe-
nnsa marpunsl 1AV, Heonpepenénnocts onenusarores B 4% g mHTEPBAIOB ¢ SHEPTHER 10
1.25M5B u B 0.1 % ansa unrepsanos 66abpmmx snepruii. JlanHast HEONPEAEJTEHHOCTD SIBJISIETCS
KOPPEJIUPOBAHHON MEXKJy IHEPreTHYEeCKUMU UHTEPBAJIAMHU OJHOIO JIETEKTOPA U HEKOPPEIUPO-

BAaHHOI MEXKJY OTAC/IBbHBIMU JCTCKTODAMU.

Pa3zpemenne gerekropa. B kadecTBe Heopeae eHHOCTER TapaMETPOB d, b ¥ ¢ SHEPIETUICCKOTO
pasperenus JeTeKTopa us pasaena 2.5.4.3 ncnonbsyercst KoncepsarupHas onenka B 30 Y%, Hekop-

pesiMpoBaHHAas MEXK/Iy HApAMETPAMU U KOPPEIUPOBAHHAS MEXKJly BeeMu JerekTopamu [183].

OHepreTnyeckad MIKajga. KoppeanpoBaHHBIE MEXKIY IETEKTOPAMH TapaMeTPhl IHEPTeTHUTe-
cKO#l mKaJabl U3 pasgesna 2.5.4.1 oupenenennsl Kak a; = 0 & 1. HekoppesmmpoBanuble MeXy Jie-
TEKTOPAME OTKJIOHEHUsT SHEPreTHIecKOi mKaibl 7 = 1 u3BecTHBI ¢ HeonpeaeaeéanocThio 0.35 %
qutst iepuoga 621 nenn. st nepuoma 1230 auedt momumo yurydmennoi neonpenenéanoctu 0.2 %
YUUTBIBACTCS TAKXKE CBA3b OTKJIOHEHUA 0 = 1 ¢ oTKI0OHeHHEeM 3D OEKTUBHOCTH JIETEKTOPA € KO-

spunmernrom Koppessmuu p = 0.545.

2.6.1.4. Heonpenenénnoctu dona

OxumaeMoe KOJMIeCTBO (DOHA U €70 HE OTPEIETEHHOCTD OTINYIAIOTCS [T KaXKI0T0 TIePUO-
J1a Habopa JAHHBIX, [I09TOMY OTAEIbHBIE JTAHHBIE JJIsI KAXK/IOTO IETEKTOPA JIJIsT KaXKJIOT0 TEPHO A
puBeieHbl B Tabsaurax 5.1-5.4.

OCHOBHBIM MUCTOYHHUKOM (DOHA B IKCIIEPUMEHTE sIBJISIETCsT (DOH OT CJIyIafHBIX COBIIAICHUIA,
CIIEKTP W 9acTOTa KOTOPBIX U3MEPSIETCs] W3 JIAHHBIX. B aHajn3e yIuThIBAETCS HEKOPPETUPO-
BaHHAST MEXK/]Y JIETEKTOPAMU HEOIPEIETEHHOCTh KOJUIECTBA COOBITUH CIy9IalHbIX COBITAIEHUM
0.4 %, onpenensteMast CTATHCTHIECKONR OIMMOKOMA.

Ocrasbable UCTOYHUKN (DOHA TAIOT 3aMETHO MEHBITWH BKJIAJ, OJHAKO, TAK KAK B OITEH-
K€ WX [TapaMeTPOB UCIOIB3YEeTCd MOJIETUPOBAHNE, HOPMUPOBKAM 3TUX (POHOB ITPUITHCHIBAIOTCS
KOHCEPBATUBHBIE OITUOKH.

HeonpeneréHHOCTL HOPMUPOBKH cieKTpa OieTphix Heirponos 10 %—17 % (30 %) ms me-
proznos 1230 aueii (621 jeHb) sIBAAETCH HEKOPPEJIUPOBAHHON MEXK LY ILIOITAIKAMU.

Heonpenenéaaocts HopMuposkn crextpa dora “He/°Li onernusaercs B 32 %—38 % (30 %)

quist eproioB 1230 mueit (621 meHb) M SIBASETCH HEKOPPEIUPOBAHHON MEXK/Iy ILJIONIATKAMHY.
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Homst cobwrruit o °Li onenusaerca B (95 &£ 5) % [22].

Heonpenenénrocts nopmuposku dora or “HAm3C onernusaercs B 40 %—45 % (40 %) s
nepuoos 1230 nHeit (621 neHb) u ABISETCS HEKOPPEJIUPOBAHHON MEXKYy BCEMU JIETEKTOPAMU.

Heonpenenéanocrs nopmuposkn dona or C(a,n)'®0 onenusaerca B 50 % u spiserca
HEKOPPEJUPOBAHHON MEXKY BCEMU JETEKTOPAMU.

[TockobKY B IPEABLAYIIUX UCCIEIOBAHUSX OBLIO TTPOAEMOHCTPUPOBAHO, YTO BKJIAT HEOIIPE-
e IEHHOCTH (DOPMBI CIIEKTPA UMEET TTPEHEDPEKNMO MaJIOe BIUSHUE Ha PE3YIbTaT, (DopMa CIIeK-
Tpa GOJBITHHCTBA HCTOYHUKOB (POHA YVIUTHIBaeTCst Oe3 HeonpeneiearocT. [lpn anammse qanabrx
nepuoa 1230 mgHelt yIuThIBAETCH HEONPENeIEHHOCTD mapaMerpa Fgy GpopMbr criekTpa ObICTPHIX

aeitrponos'® 8 %—11 %, HeKoppempoBaHHAS MEXK/Ty 3KCIePHMEHTAILHBIME TLIOMIA, TKAMH.

2.6.1.5. IlapameTpbl ocHMIAAIUIl HEUTPUHO

B pacuérax TakxKe yYHUTBHIBAIOTCA HEOIPEJCTEHHOCTh OCIMIIAIMOHHBIX HapaMeTPOB IO
nanapiv PDG2014 [88] u PDG2016 [38]: Am2, = (7.53+£0.18)-107°5B? u sin20;, —
0.846 4 0.021. 3a uHTEepeCyOMMi HAC TEPUO, BPEMEHN OIEHKY JAHHBIX [TaPAMETPOB HE U3MEHU-

JINCH.

2.6.1.6. BeiBoanr

Takum 00pasoM, B aHAJIN3E ,IIOTOK--CIIEKTP" B OOMIEH CJI0KHOCTH yUIUTHIBAIOTCS HEOIIPE Ie-
aéunoctu 237-u (234) napamerpos s nepuoga 1230 guet (621 genn). Copnast uabopMAaIius

1o IrapaMeTpaM mnpejcrapiena B Tabsure 2.6 Ha crpanure 103.

2.6.2. HeonpenenéHHocTn, yYuTeIBaEMbIE€ B AHAJIN3€E B PEXKUME ,,IOTOK"
2.6.2.1. HeonpenenéHHocTH, CBA3aHHBIE C PEAKTOPOM

B Tabsmriie 2.4 npuBeneHbl HEONIPEAEIEHHOCTH TTOJTHOTO TOTOKA PEAKTOPHBIX AaHTHHEATPUHO,
KOPPEJMPOBAHHBIC ¥ HEKOPPEJIUPOBAHHBIC MEXKJLy OTJIEIBLHBIMU PeakTopamu [16].
Ha pesysibrarT OTHOCHTENIHHOTO U3MEPEHNST OKA3BIBAIOT BJIUSIHUE TPEUMYIIIECTBEHHO HEKOD-

pPETMPOBAHHAST MEKY PEAKTOPAMHU HEONIPEJIEIEHHOCTE, pasHasa 0.8 %.



101

Koppenuposannbie Hexoppenupopanubie

%o %o

Dueprust / nesieHne 0.2  TemoBast MOITHOCTE 0.5

OTHOCHTENIBHBIM BKJIAH B 9UCIO
Kos-o peakiuit OBP /nesenune 3

pacriajion
o4dT 0.3
Cymmapno 3 Cymmapno 0.8

Tabmuma 2.4. Brian meonpeneaéHHocTel, CBA3AHHLIX ¢ PEAKTOPAMH, B HEONPEIESJEHHOCTH IIOJHOIO IO-
TOKa aHTI/IHefITpI/IHO. ,Z[aHHbIe 3HaYeHNA 6]31.)'[1/1 HUCIIOJIB30BaHbI AJId OCIUJJIAIUOHHOIO aHaJIu3a B PEZXKUME

LITOTOK".

2.6.2.2. HeonpenenéHHOCTH HOPMHUPOBKH J€TEKTOPOB

Heonpenenéunoctu, ceszanabie ¢ 3MEKTUBHOCTHIO JETEKTOPA W UCIOJb3YEMBIE B OCITHAJI-

JIAIAOHHOM aHAaJIU3€ ,JI0OTOK", IPEICTABICHBI B TabuIe 2.5.

2.6.2.3. Heonpenenénnoctu dona

OTHOCUTEIBHBIE HEONIPEACTEHHOCTH BKJIAIa PA3JIMIHBIX UCTOYHUKOB (POHA IIPEICTABICHDI

B Tabaumax 5.1 u 5.2 Ha crpanurax 167 u 170 coorBercrBenHo. B orsmdue ot anasausza ,I10-
o 241 13

TOK +CIieK TP, Bee ucTouHukn pona, Kpome “"Am °C canTarorcss HEKOPPEIMPOBAHHBIMUA MEXK LY

Beemu ferektopamu. Heompenenéunocrs doma ot *Am'3C, naoBopor, camraercs: obmeit mis

BCEX JIETEKTOPOB, TaK KaK BbI3BAHA HAJUIHUEM OJIMHAKOBBIX aBTOMATHYIECKUX KaJIUOPOBOTHBIX

YCTPOHCTB.

2.6.2.4. BeiBoapbr

Takum 06pazoM 15t OCITMIISITMOHHOTO aHAIU3A B PEXKUME ,[TIOTOK YIUTBIBAIOTCA HEOTTPE-
JIeEHHOCTH 37-U TapaMeTpoB: 6 HOPMUPOBOK MTOTOKOB OT 6-n peakTopoB, 3ddektusnOoCTH 6-1
JIETEKTOPOB, HOPMUPOBKU 4-X MCTOYHUKOB (DOHA B KAXKJOM JETEKTOPE W 0OOIIasi HOPMUPOBKA

¢oHa OT ABTOMATUIECKUX KAJIUOPOBOYIHBIX YCTPORCTB.

e, pripaskerne (2.8) na crpanmie 86.
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e, %  Kopp., % Hekopp., %

YHucs1o TpOTOHOB B MUIIIEHH 0.47 0.03
Uckntotenne ¢atmepos 99.98 0.01 0.01
O160p IO MIHOBEHHOH SHEPTUN 99.88 0.10 0.01
OTt60p no zanasgpiBatorieit sueprun 90.9 0.6 0.12
OT60op MO BPpEMEHH 3aICPKKA 98.6 0.12 0.01
OT60p MO0 MHOKECTBEHHOCTH 0.02 <0.01
Honst saxsaros Ha Gd 83.8 0.8 <0.1

DdPeKkT BreKaHud HEHTPOHOB 105.0 1.5 0.02
Bpewmsa nabopa JgaHabIX 100.0 0.002 <0.01
CymmapHo 78.8 1.9 0.2

Tabauna 2.5. YddekruBHOCTH KpuTepuer 0TO0pa U UX HeonpeneaéHHOCTH. JlaHHBIE HEOPEeNeIEHHOCTH
1 3DHEKTUBHOCTH OBUTH HCIOTB30BAHBI JIJI OCIU/LIAIHOHHOTO aHam3a [16; 17] B pexkume ,HOTOK® 1151

JAHHBIX, HAOPAHHBIX 38 nepuoasl 55 nueit u 139 gmeii.
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MapameTpbl Kon-so. Hekopp. Owunbka NcTouHnk KommeHTapwuii
vg MapameTpbl ocumMnnaumnii (peakT.) 2 n
§A MapamMeTpbl CNeKTpa aHTUHEWTPUHO 15 n
MapameTpbl ocuunaauuii (con.) 2 I PDG2015, [184] (man.)
TennoBas MOWHOCTb 6 P 0.5% A3C
Lonsa pacnagos 6x4 PN* 5% A3C, [180]
a{o CpeaHAaa sHeprua feneHunsa 4 n 0.12% —0.25% [185]
pﬂ’ HepaBHOBECHbI BKNap 6x3 PU 30% [50]
Bknag OAT 6 P 50% [80]
CnekTtpbl Ve 4x28 na 2% —30% [47; 50]
OTHocUTenbHasA 3 PEeKTUBHOCTb 8 il 0.13% [186— 188] OTH. WKana.*
a, OTHOCUTENbHAA 3HepreTuyeckas WkKana 8 il 0.2% [186] OTH. 3. *
%} HennHelHOCTb 3HEPreTUYeCcKON WKansbl 4 n <1% [189]
@
4 JHepreTnyeckoe paspelleHue 3 n 30% [183] (man.)
MonpaBka IAV 8 )i 4% [178]
CnyuaiiHble coBnageHus 8 )il 0.4%
Bknag 8H e/9Li 3 C 32% —38% [186; 190]
Oonsa 9Li B 8He/9Li 1 5% [22] (man.)
Bknag 6bICTpbIX HEATPOHOB 3 C 10% —17% [191]
®opma cnekTpa 6bICTPbIX HEWTPOHOB 3 C 8% —11% [191] (man.)
g’ Bknag 241Am 13C 8 il 40% —45% [186; 192]
Bknag 13C(a, n)160 8 )i 50% [186; 193]
dopma cnektpa 9Li HeT [175; 194] (man.)
®opmMa cnekTpa 241Am 13C HeT [177] (man.)
dopma cnekTpa 13C (a,n)160 HeT (man.)
CnekTp cnyvaiiHbIX coBnafgeHui HeT (man.)

Tabnuua 2.6. MapameTpbl 1 UX KOPPENALUKN, yUnTbIBaeMble B aHanm3e AaHHbIX B [0 dybOscar B pexume
,NOTOK+CNekTp“ ans nepuoga 1230 gHeli. Ecnm He npuBefeHO HMKAKMX OTMETOK, MapaMeTpbl cymTa-
FOTCA NONHOCTLK KOppesMpoBaHHbIMKU. B cTonbue ,,HeKopp.” yKasaHO, MexAy KakMMu 3/fieMeHTaMu OT-
cyTCcTBYeT Koppenauus: I gna oTCyTCTBUS KOppenauum mexay napameTpamu B rpynne, P — mexny
peakTopamun, N — mMexay AenawuMmmnca n3otonamm, 3 — MeXAy 3HepreTMYecKUMn mHtepsanamm, [ —
mexay aeTektopamu, C — Mexay sKCnepumeHTaNlbHbIMK naowaakaMu. 3BE3A0YKON (*) OTMEYEHO Ha-
NINYMe YaCTUYHOW KOoppenauum, Y4nMTbiBaeMOW MOCPeLCTBOM KOPPEeNsiLMOHHOM MaTpuubl. OTMeTKa (Man.)
03Ha4yaeT, YTo AaHHas HeonpeneNéHHOCTb BHOCUT MpPeHe6peXXMmo Masblil BKNag B pe3y/nbTaTbl OCUUINA-

LMOHHOIo aHanmnsa.
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2.7. Ob6paboTka JaHHBIX

List TOCTHKEHUST IOCTOBEPHOTO U CTAOUIBLHOIO PE3YJILTATA, MTOJTUTHKA 0OPAOOTKYU JTAHHBIX

B Kostaboparuu Daya Bay npenycmarpusaer ciepytonipe 0bsi3aTebHbIE TYHKTHI.

IHapannempubiii anamm3. OCHOBHBIE WCCJIEIOBAHUS, B TOM YHUCJIE BCe MyOJIMTHBIE PE3YIBTATHI,
WCITOJIb3YIONINE TaHHBIE IKCIIEPUMEHTA, MPOBOATCH HECKOJBKUMU TPYIITAMEA HCCIEI0BATEEH,
HCIIOJIB3YIONUX HE3ABUCHMOE IIPOIPAMMHOe obeciiedeHne u cOOCTBEHHBIE METO/IbI AHAIN3A JAH-

HBbIX.

Cnenoit anamm3. YacTb BXOIHBIX JAHHBIX, UCHOJIB3YEMBIX TPYIIAMHA JJId AHAJIA3A, SIBJISIET-
csI TIPEIBAPUTEIHHO U3MEHEHHON MM CKPBITOM OT YIACTHUKOB aHan3a. VI3MeHEHHbIe JTaHHbIEe
BKJTIOYAIOT B cebs TOJOKEHUA® PeakKTOpOB M JIeTeKTOPOB, Maccy'® cIMHTHAIATOPA B KaXKI0M
JeTEKTOpe, NH(MOPMAITHIO O MOIITHOCTA U M30TOIHOM COCTaBE PEaAKTOPOB.

CKpBITBIE JaHHBIE OTKPBIBAIOTCS TOJBKO MTOCE TOTO, KAK TPYIIIBI UCCIeI0BATE e TOCTHAT-
HYT XOPOIIIETO COTJIACHS] KaK [P AHAJN3E ITPOMEXKYTOUHBIX TAHHBIX, TAK U B KOHETHOM PE3Y/Ib-
TaTe. Kpurepun corsiacus BBIOUPAIOTCS IPEABAPUTEIBHO COOTBETCTBEHHO € OKHUIACMON TOTHO-
cThIO pe3yabrara. Hampumep, s nocaenneit mybaukanuu TpeboBaHUsT BKIIFOTIAINA JOTYCTHMbBIE
pasmausa B HabmomaemoM notoke coobrruit OBP ne 6omee 0.1 % mis KaxKgoro geTekTopa u OT-
JIMYHe B PE3YIbTATAX OCIIMLIAITMOHHOTO anam3a He bostee (.20 715t TepeKPECTHON TPOBEPKH HA
MOJIEJIbHBIX JTAHHBIX.

[Toce mpotieaypol ,OTKPBITUSA TAHHBIX METOIWKA W MAapaMeTPhl aHAJU30B CIUTAIOTCS 3a-
MOpPOXKeHHBIMU. BHeceHne n3aMeHeHu# mmocje OTKPBITHS JOMYCKAETCs TOJIBKO B Ciiydae obHapy-
JKEHUsT IBHBIX OIMHUOOK.

JlaHHBIE MEPBI TTO3BOJIAIOT IEPEIIPOBEPSTEH BCE ATAIBI 0OPAbOTKY JaHHBIX U FapPAHTHPOBATH
HAJIEXKHOCTD TyOJIUKYEMBIX JTAHHBIX.

[Ipencrapasiemoe B manaoi pabore IO umeer naspanue dybOscar. OHo 6b110 paspaboTaHO
JIJIS AHAJIN34 JIAHHBIX 9KCIIEPUMEHTA B PAMKax He3aBUCHMOHN rpymmsl co cropoubl OUAN. Tlomu-
MO YYIACTHsI B OCHOBHOM OCITMJLISIITUOHHOM AHAJN3E TPYIIa SBISETCS MHAIMATOPOM HECKOJTBKUX

JIOTIOJTHUTETBHBIX MCCIeoBanui (M. pasern 3.8).

16 JlaHHBIC TYHKTH GBLIN CKPBITHL TOJILKO IIPH AHAIN3E [EPBLIX S5-I JIHEH HaGOpa JaHHBIX.
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2.8. 3akia0UyeHue KO BTOPOIi TjiaBe

B mamnoit ryiaBe npuBeieHO onucaHue (PpUBUKU HERTPUHHBIX OCIIMJLISIIUN B TPUMEHEHHN K
9KCIIEPUMEHTAM C PEaKTOPHBIMU AHTUHEHTPUHO cO cpeiHell 6az30il u onmcan HabJIIOIaeMbIil B
OAO0OHBIX IKCIIEPUMEHTAX CUTHAJ.

[Tpuseeno onucanne ADC as Beit, Jlur Ao u Jlun Ao 11, aersrommxcest "CTOTHUKOM aHTH-
HeitTpuHo B 3KkcepumenTe Daya Bay. lano nmoapobroe onncanue 3KCIEPUMEHTA U UCIIOJIB3YEMbBIX
B HEM JIeTeKTOPOB. lloKazaHo, 49T0 IKCIEPUMEHT VIOBJIETBOPSET HEOOXOIUMBIM TPeOOBAHUSIM
JIJISI U3MEPEHUsT yIJia CMETTUBAHNST HERTPUHO 0;3.

OnwmcaHbl UCTIOTB3YyEMbIE METOIBI PEKOHCTPYKITAN CHTHAJIOB U KpuTepuu o1b6opa coObITHi,
OCHOBHBIE UCTOTHUKU (DOHOBBIX coOBITHH. [logpobHO paccMOTpeHBl UCTOTHUKU CUCTEMATHIE-
CKUX HeolpeerennocTeil. [lokazano, 9To fjst OCIUIISIIIMOHHBIX IKCIIEPUMEHTOB ¢ HECKOJIbKUMU
UJEHTHYIHBIMU JETEKTOPAMI KOPPEJIUPOBAHHBIE CUCTEMATHYECKUE HEOTPEAeEHHOCTH B 3HAYU-
TeJILHOM CTENeHU MOIaBAsIioTCs. 1IpuBeeHbl 3HAYEHNsT CUCTEMATHIECKUX HEOIPeIeIEHHOCTE,
YIUTBIBAEMBIX B OCITULISIIMOHHOM aHAJW3E JTAHHBIX C MEJIhI0 U3MEPEHUs yIia CMeNuBanus 013
W PACIIeIIeHns Mace Am3,.

B ob61mux yepTax onucaHbl OCHOBHBIE TIEPUOJIBI HADOpa JTaHHBIX IKcIiepuMenTa Daya Bay u

MOJINTUKA UX 00PabOTKHU.
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3. IIporpammMHoOe obecriedeHue JJid aHAIM3A JAHHBIX

sKcriepuMenTa Daya Bay

3.1. BBenenne

B rase npencrasieno omucanne 110 dybOscar, paspaborantnoro aBropom gaHHOM paboTh!
npu yuactun kojuter mutpuss Haymosa u Besi Bana. Ilomumo obmiero omucanusi, moapo6-
HO TIPEJICTABJIEH IIPOIECC BBIYUC/IEHUS MPEICKA3AHNS CIEKTPa aHTUHEUTPUHO, HAOJII0IaeMOro
B 3kcrrepumenTe Daya Bay, onmmcanbr Texandeckue 0coOOEHHOCTH W OIMTUMUBAINHN, [TO3BOJIUBIITHAE
B 3HAYUTEJBHON CTENEHN YIPOCTUTH W YCKOPUTH MPOIECC aHa u3a. s OoTpayKeHusl JIMTHOTO
BKJIA/Ia B pa3paboTKy B OOIMX YepTax B OTAEIBHOM pasjese onucaHa ucrtopus passutust 110

dybOscar u uccienoBanust, B KOTOPOM OHO HCIIOJIB3YETCS.
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3.2. dybOscar — I1O ang amanm3a JaHHBIX 3KcnepumMenTa Daya Bay

st amammsa JanHbX sxcnepuMenTa Daya Bay dy6renckoit rpymmoit! Komraboparun 65110

paspaborano ITO dybOscar. Ocaosable Bo3MoxHOCTH 11O BRIIOTAIOT:

— Ilpenckazanme HAOIIOMAEMOrO CIEKTPa COOBITUH B CIIMHTHIISATOPHBIX IKCIEPUMEHTAX C
PEaKTOPHBIMU 3JEKTPOHHBIMU aHTUHEHTPpUHO. B dacTHOCTH, IpeacKa3zanne Hab 10/ 1aeMbIX

CIEKTPOB B 3KcrepuMenHTe Daya Bay.

— BosmoxnocTs TEPEKJITIOICHUA MCZKAY Pa3/JIUIHbIMNU HpI/I6JH/I)K€HI/I${MI/I BEPOATHOCTHU OCIUJI-

JAAIUA HEUTPUHO.
— Hcnonb3oBanue pa3jndHbIX TapaMeTPU3aIuil CIIEKTPOB PEAKTOPHBIX AHTUHEATPUHO.
— VYuér 3¢pdeKkToB meTeKTopa.
— Ilpenckazanne crieKTPoOB (POHOBBIX COOBITHIHA.

— Brinosinenune BCrioMoraTeIbHBIX BBIYUCJAEHUN, TAKUX KaK YIET CUCTEMATUYECKUX HEOIpe-
JEJICHHOCTEH MOJIC/IBHBIX TapaMeTPOB, BEIYUCICHIE MATPUIIBI TPOU3BOIHBIX U KOBAPUAITH-

OHHOH MaTpHuIbI AJd MHOI'OMEPHBIX BEKTOPOB.

- HaxoxqpeHHe HaWJIy 911U X 3HAYCHUN IIapaMeTpoB METOJ0OM MUHUMU3alUN, OIIpEeAcJICHUE J10-

BEPUTCJILHLIX UHTEPBAJIOB.

— Bo3MOXHOCTD HCTIOB30BAHUST PA3IUIHBIX (DYHKIAN [T 330490 MUHUMU3AIAN: (DYHK-
1St XU-KBapaT co mTpadHbBIMA YICHAMU U/ U1 KOBAPUAIMOHHON MATPUIIEH, 3CTUMATOD

MaKCUMyMa TIPaBIOIOI00U .

ITO dybOscar ncniosb3yeTcst fajst psifia PA3IMIHBIX UCCIEI0BAHNN, TPEITIOIATAIONTNX 60Tb-
I0e KOJIMIeCTBO Bhluucsaenuit. [loatomy npu ero paspaborke ocoboe BHUMAHUE yJIEIEHO OITH-
MW3AIUN BBIAUCIeHnit. BaxHoit 0COOEHHOCTHIO TAKKE SABJISETCA MOIYIBHOCTh, TO €CTh BO3MOXK-
HOCTH 3aMEHUTH OOJIBIYI0 YaCTh KOMIIOHEHTOB BBITUCIEHUN /I8 YIETA PA3IUTIHBIX MOJEIEH
OCHMJIIAIIMYA HEUTPUHO, HCUTPUHHBIX CIICKTPOB U IID.

[TO mammcano wHa si3pikax mporpammuposanus C+-+ u Python ¢ ucnonpzosannem 6ubmno-

tek ROOT [195] (xpanenwe nanHbIX, dnciaeHHble MeTofpl), SciPy/NumPy [196] (uuciaennbre

lnpu yuactun Bea Bama, mogpobrocTu B pasmene 3.7
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meroznsl) u Matplotlib [197] (rpadwuueckoe odopmierne). st 3a1a9 ONTUMU3AINN UCIIOJb-
syercst MINUIT [198]. C++ wucnosib3yercst KAk OCHOBHOW $3BIK JIJIsi TPOIPAMMUPOBAHUS HU3-
KOypOBHEBBIX BhIuncennit. [Ipu momormu Python npoussomures xoudurypanus, ynpasieHue,
OTIMCBHIBAIOTCS BCIIOMOTATEIbHBIE (DYHKITNY, He TPedyomme GOIBIITNX BPEMEHHBIX 3aTPAT, & TaK-
)Ke Tpou3BoauTCd rpaduiaeckoe ohopMIeHre PE3YIbTATOB.

Cxema mosydenust mpeckasanuii s sxcnepuMmenTa Daya Bay 6ymer moapobHo paceMoT-

pena B paszese 3.3. B mannom pasnesie Mbl paceMoTpuM HeKoTOpbie ocoberrocTu 110 dybOscar.

3.2.1. Bupryanmzanus MOAeIbHBIX MApAMETPOB

Kak nokazano B pazzese 2.6, B OCIUJISAIIMOHHOM aHaJU3e JaHHbIX sKciiepuMenTa Daya Bay
HEeOOXOIUMO YIUTBIBATD HeollpeaeaeHHoCTH opstaka 500 oTaebHbIX napameTpos. st paboTsr ¢
OOJIBIIIM IHCJIOM BaPbUPYEMBIX TTAPAMETPOB, KAK CBOOOIHBIX, TAK U OIPAHUYEHHBIX paspabora-
Ha 6ubIMoTEeKa BUpTyaan3anuu napaMetpos Parameters. Kaxx tast mepemennas uin Habop mepe-
MEHHBIX ITPEJICTABIEHBI IK3EMILISIPOM KJTacca, HACJAEIYIONero oT Kiacca VParameter, kotopsrit
MOYKET PEeaJM30BbIBATL KaK OJIHOMEpPHbIe, TaK U MHOTOMepHbIe napamerpbl. Kiacc VParameter

obecrienBaeT enuHbIN nHTEPdEiic 118 paboThl ¢ PA3HOOOPASHBIMHI EPEMEHHBIMEU U TTO3BOJISIET:
— BapbUPOBATH AOCOJIIOTHOE 3HAYEHUE TTEPEMEHHDBIX;

— BapbuUpOBaTh OTHOCHUTEJIbHBLIC 3HaYCHUA IIEPEMCHHBIX C y‘{éTOM eé cpeaHero 3HadcHud 1

HEeOTIPEeTEIEHHOCTH;

— paboraTh ¢ HABOPOM TACTUIHO KOPPEJIUPOBAHHBIX ITEPEMEHHBIX € 3a1aHHOW KOBAPUAITMOH-

HOM / KOPPEJIAIMOHHON MaTPUIIEH;

— XPaHUThb UCTOPUIO U3MEHEHUI 3HAYECHWH W HeOTPeAeJICHHOCTEH TePeMEHHBIX ¢ BO3MOXKHO-

CTBIO BOCCTAHOBJICHUS NIPEABIAYVIIINX 3HAYCHAHN.

3.2.2. BprunciieHne KOBapHAIMOHHBIX MATPMHIL

[Toxaxom, peammzosarubiil B dybOscar mospoisieT mepexonuTh 0T J00ro Habopa 3aBUCHMBIX
11apaMeTPOoB 7], CO CPeJIHUMHU 3HAUCHUSAMU 7)g U MaTpulei omubox V,, K Habopy HOPMUPOBAHHBIX
HE3aBUCHUMBIX IlepeMeHHbIx 2. B npunoxennn b moapobHo oObsicHeHa CBs3L MEXKIY JaHHBIMU

Ha6opaM1/1 IIEepEeMEHHBIX U OIIMCaH I/ICHOJIBSyeMbIﬁ MaTEMATHYICCKAN allriapart.
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,ZLJIH BBIIUCJICHU A KOBAPUAITUMOHHBIX MaTPUIL UCIIOJb3YETCA JUHEHHOE HpI/I6JH/I)K€HI/I€Z

[Veer. (0)]km = Z d“sz(f)d“szge), (3.1)

rie j41(60) — BEKTOD, ONMCHIBAKOIIME HAOIOIAEeMBbIH CIIEKTD, a  — HEU3BECTHBIE MOJIE/IbHBIE T1a-
pamerpsl. [lpuyannbl BeibOpa JTanHoro npubsrmkennss 0O0CHOBAHBI B pusioxkennu b.4 u mnpo/ie-
MOHCTPUPOBAHBI B pasjene 4.4.

B TIO dybOscar peanmsoBan (QyHKIMOHAT [JIsi GUCIEHHOTO BBIYUCIEHUS TPOU3BOIHBIX
OT TpeJICKa3aHus [ 10 ImapaMmeTrpaMm Tuia VParameter, neo6xomumblit fjst pacdéra BbIpasKe-
uust (3.1). st BEIYMCICHUS POUBBOIHBIX 110 YMOJIAHUIO UCTIOJB3YETC YEThIPEX-TOUCTHBIH
METOJ, KOHEUHBIX PA3HOCTEH ¢ BO3MOXKHOCTBIO YBEJIUICHNU S/ YMEHBITICHU ST TOTHOCTH.

Kpowme Toro, npegycmorpen ciocod 60jiee TOUHOTO BBIYUCIEHNST KOBAPUAITMOHHON MATPUIILI

METOAOM MHTEIPpUPOBaHNA C IIJIOTHOCTBHIO BEPOATHOCTH:

+oo +oo
[Vewer ()] kom = J J (10, 2) = (i (0, 2)) 0 ) (b (0, 2) — (i (0, 2)) 1 ) X
X f(z)dz1dzy ... dzy, (3.2)
rae f(z) — HOpMaJbHAsT TIOTHOCTD BEPOSATHOCTH, OMUCHIBAIONIAS BEPOATHOCTH OTKJIOHEHUS 2

or 0 ¢ eMHUIHBIME Juciepcusivu. [ljist B3siTUst MHOTOMEPHOTO uHTEerpasia (3.2) peaan3oBaHbl
nBa Metoma: MeTol laycca-Dpmura u craructudeckuit meron Monre-Kapio. Omgnako, B cuny
PUYNH, YKA3aHHBIX B IPUJIOKEHUN B.4, MeTO/IbI HHTErPAJIbHOIO PACUIETAa KOBAPUAITHHT B 3a/1a9aX

ontummzarnuu B dybOscar, 66111 UCITOIB30BaAHA TOJIBKO Ha CTAJIUN TEPETPOBEPKH.

3.2.3. Meroa moaroHKN mapamMeTpoB

st moncka 3HAYEHWH MapamMeTPOB METOIOM MHUHUMHUBAINYN PEATU30BaHA (DYHKIIUS XH-

KBaJpar co MTPadHBIMIA WICHAMHA U KOBAPUAIIMOHHON MaTpPUIIEH:

X2($7 (97 C) - <$ - /L(@, C) 770)>TV_1<$ - M(97C7 770)) + (C - CO)T‘/C_l(C - CO)) (33>

re & — 910 HabJII0IAeMbIH CIIEKTD, [t — HPecKa3aHne MOJeH, (0 — Hen3BeCTHbIE TapaMeTPDI,
n u ( — mapamerpbl, U3BECTHbIC ¢ Heoupeaeaéuuoctsmu, V. = V(0,() — xoBapuarmonHas
MATPHIA CO CTATHCTHIECKONH M crcreMaTudeckoil dactbio (cM. Bbipaxkenue (B.8)), npuuém B

CUCTCMATHUYICCKYIO FaCTh BXOAAT TOJBKO IIEPDCMCHHBIC 7).

V(0,0) = Vixar. + DV Dy (3.4)
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V, 1 V; — KoBapHaImoHHBEIe MATPHUILI TapaMeTPoB 1) U (, Vi, — 3TO MATPHUIlA CTATHCTHICCKIX
onmboK, a D), — MaTpuia IPOU3BOJIHLIX IPEJICKA3AHUA [ 10 IEPEeMEHHBIM 1), OlUpeae/aeHHas
anasgorngso (B.6).

Briron u moapobuoe ormcanue dopmya (3.3) u (3.4) pacemorpennl B npusoxennn b. Ila-
paMeTp, U3BECTHLIN ¢ OIMUOKO#, IO aeT B I'PYIIY ITIAPAMETPOB 17, B CJIyHdae eC/Id €ro Heolpe-
JEJEHHOCTh MaJa W 3aBHCHUMOCTD IIPEICKA3aHUs OT HEr0 MOXKeT ObITh HMpubIMKeHa JIMHEHHON!
dyurimeit. B mpotuBHOM ciiyvae, mapamMeTp YIUThIBAETCH B TPyIe ( TOCPEICTBOM MTPagpHBIX
wrenoB. CucreMa pabOTH ¢ MEPEMEHHBIME TO3BOJISIET THOKUM 00pa30M MEHATH KOH(MUTYPAIIHIO
3a0a91 MUHUMUBAINN U ONPEIEIATh K KAKOH rpytre 1) win ( IPUHAIIEKUT TePEMEHHAST.

B nporiecce nmoncka MUHUMYMa KOBAPHAITMOHHAST MATPHUIA PACCUUTBHIBAETCS TIEPE], MUHU-
Musarueil 1 octaérest (pukcupoBaHHON. B KadecTBe aqbTEePHATHUBBI IS 387[a9W OIMITHMUBAIIAN
TAKXKE PEAJU30BAH ICTUMATOD MakcuMmyma mpasipononobus (B5.21) ¢ kopapuarmonHo#t marpu-
Ieit, 3aBUCAIIENR OT TapaMeTPOB MUHUMU3AIIUHN.

Tak kak maTpuiia ormmUOOK B MIPOIECCE TTOATOHKYN OCTAETCsT (DUKCHPOBAHHOM, TPON3BOINT-
¢ HECKOJIbKO TTUKJ/I0B MuHuUMH3auu. [locse nepBoit mojAroHku ¢ KOBaApUAITMOHHON MaTpuIlel,
MOCYUTAHHON JIJIsT HOMUHAJLHBIX 3HAYEHUH TapaMeTPOB, IPOU3BOIUTCS ITOBTOPHBIA PACYeT KO-
BAPUAITMOHHON MATPHIILI JJIsI ONITUMAJIbHBIX 3HAYEHUH TapaMeTpPOB, MOJIYYeHHbIX HA TEKYIIEM
mrare. [locie obHOBI/IEHUST KOBAPUAITMOHHON MATPUITHI TPOU3BOAUTCS TTOBTOPHAS ITOJITOHKA, 00-
HOBJIEHUE KOBAPHUAITMOHHON MaTpHUIILI U Tak jajee. Ha Ka)1oM 1rare pacCiYUTBIBAETCS OTHOCH-

TEJIBLHOE CMEIEHNUE TapaMeTPOB, MUHUMU3UPYONMX (DYHKIMIO Xu-KBaapar (3.3).

(9 — 9i~1)2
2=y 4 I - 3.5
% Z (O'; ) 2 ( )
j
re ¥ — a1o BekTop mapamerpos {0, ¢}, MuHnMUSHPYONMX DYHKIUIO XU-KBaPAT Ha 1-OM TI1are,

a O'i — BEKTOD €ro OINMMOOK. I/ITepaHI/IOHHaH IIOAIOHKa OCTaHaBJANBACTCA, KOT'Za OTHOCHUTEJILHOE

CMEINEHUE ONTUMAJIBHBIX ITapaMeTPOB CTAHOBUTCS JOCTATOYHO MAJIBIM: 0; < 1073.
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3.3. Ilpeacka3zanume HADII0IaEMOTO CIEKTPA

B nannom pazjesie npuBENEHbl BBIYUCIEHUS U (DOPMYJIBI, UCIOJIB3YEMbIE I ITPECKa-
3aHUS MTOTOKA PEAKTOPHBIX aHTHHeHTpuHO B 3kcnepuMente Daya Bay. s Toro, urobbl He
neperpyKarth (hopMyJIbl JOMOJTHUTEILHBIME 0003HAYEHUSIMA, IPUHATO CJETYIONIEe TTPABUIO HC-
[IOJIL30BAHNS WH/IEKCOB: MHIEKCHI ITPONMEHOBAHBI U HECYT CEMAHTHUYIECKYIO HArPY3Ky. Boigese-
HBI coiefyromume uHaekcn: (i)sotope, (r)eactor, (d)etector, (8)ite obo3HaYAOME COOTBETCTBEHHO
JIETANUACS U30TOIL, PEAKTOP, JETEKTOP U IKCIECPUMEHTAIBHYIO ILIOMaaKy, (t)ime st mopsi-
KOBOTO obo3Hadenus faust Habopa ganabix 1 (b)ackground st HyMepoOBaHUS HCTOYHUKOB (DOHA.
st 0603HAYECHUST SHEPIrETUIECKUX UHTEPBAJIOB UCIOJb3yI0TCs nHaekchl (j) u (k), npudaém npu
peobpa3oBaHusIX MHIEKC (j) UCTIOB3yeTcs it 00 beKTOB 110 peobpasosanust, uuuekc (k) s
peobpazsoBaHHbIX 00HEKTOB. 151 KOMIIOHEHT BhIPAYKEHUs BEPOSTHOCTH BBIXKUBAHUS UCIIOJIH3Y -
ercst uagiekc (¢)omponent. Takxke ucnonbsyercs riobanbabiil uHgekc (g)lobal, yaukaasHo Hy Me-
pyIoIuil 3HepreTudeckue HHTEPBAJILI BO BCEX JAETEKTOPAX: KaXKIOH 1ape WHAEKCOB dj COOTBET-
CTBYET YHUKAJIbHBIN MHJIEKC ¢. st HyMeparum napaMeTpoB UCIOJIbL3YeTCs HHEKC (p)arameter.
st BecoBbIX KO3(DDUIMEHTOB M OMMOPHBIX TOYEK KBAAPaTyphl l'aycca-Jlarpamnka ucmoap3yercs
urekce (w)eight u (v).

Takum 06pazoM, poJb MHIEKCA ONPEIESIETCs €ro ,Ha3BaHueM”, a MOPsIOK, B KOTOPOM
WHJIEKCHI YKa3aHbl He Baken. OJHa M Ta Ke IepeMenHasl, YKa3aHHAs ¢ Pa3HbIMU Habopamu
HHJIEKCOB UMeeT Pa3Hblii husndeckuit cmbica. Hanpumvep, (€), — cpennss sHeprus, BbICIACMAS
Ipy JeleHun u3oTona ¢ (pacmalge JOYepPHUX H30TONOB U T.A.), a (e), — CPEIHsIs 3HepIus,
BBIJIeJIIEMast IIPU JIEJIEHUH U30TOIA B PeakTope r B AeHb t. Bo nsbexanmne Heonpene€HHOCTH,
CMBICJI TIEPEMEHHBIX Oy/1eT 0ObACHEH B TEKCTE.

Wnpekcel, KOTOPbIE 3a/[aHbl B JIEBOH YACTH YPaBHEHUs, B HPABONW HacTU Oy/IyT yKA3aHBI
cBepxy. UHIeKCh, onpeaeseHuble TOJBKO B IPABOM YacTH, 110 KOTOPBIM, KAK IIPABUIO, ITPOUC-
XOJIUT CyMMHUPOBAHUE, YKA3aHbI CHU3Y. B ¢BsI31 ¢ HEOOXOIMMOCTBIO ,,[IOJTHUMATDL U ,,0MyCKAThH

WHIEKCBI, TEKCTOBBIE MIEHTH(OUKATOPBI, Takne Kak fission, Vis u Apyrue, MepeMerntarTcs COoT-

BETCTBCHHO.

3.3.1. CrnekTp peakTOpHBIX AHTUHEHTPUHO

Nudopmarus, nepenasaemas B Kostaboparuio co ¢ropoHbl ADC, coIepKuT exKeTHEBHYIO
CBOJIKY O MIPOU3BOJIUTEIBHOCTH BCEX PEAKTOPOB KOMILIEKCA: CPEIHSAA TEIIoBast MOITHOCTE Wy,

BbLAg/IAEMasd PpeakKTOpoOM 7" B JACHDb t, NOJIy9CHHad HCEIOCPEACTBECHHBIM HN3MCPEHUCM, a TaKZKe
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OTHOCHUTEIBLHBIN BKJIAJL fi; JEIANIEr0Cs U30TOTA 1 B TOJHOE IUCIO JICJCHUH B peakTope B JICHD L.
ITpu m3BecTHOI cpenuedt sueprun (e), [181; 185|, BELAEIACMO HA OMUH AKT AEICHUS [1CJIs-
MIErocsi U30TONA, TPUHUMAsT BO BHUMAHNE, ITO CPEJIHsAsI SHEPIUs JeJIeHUsI B PEAKTOPE I' B JIEHD

t ompenenserca kax (€) , = .. fI'(e);, Komectso genennit B cekynmy RESM 5 peaxTope 1 B

I%

JIEHDb ¢ MOYXKeT ObITh OIPEIETIEHO CJAEIYIONTUM 00Pa30M:

) Wrt
REFOM — 3.6
S 2 (3.6)

Torma KOIUYIecTBO AeJICHUH B CEKYHY M30TOIA ¢ B PeaKTope r B JeHb ¢ OyeT:

i Wrt fm’t
fission
CE Sy o D

[Ipu ymuoxkernn Ha Ge3pa3MepHBI OTHOCUTENBHBINR BKJIA f B MOJHOE UUCIO JAeJTEHUN
u crektp S;(F,) u30Tomna, UMEIUil pa3sMEPHOCTD KOJUIECTBA HEHTPUHO HA €IMHUILY SHEPIUH,
POXKJICHHBIX B CPEJHEM IIPU OJIHOM JIEJICHUM M30TOINA, BbipaxKeHue (3.6) macT KOJUIeCTBO HEll-
TPUHO B CEKYHJIy B WHTepBaje sHepruu anTuHeiTpwHOo mwmpuaoit 1 MsB. Cymmapubrit moTox
HeUTPUHO B ceKyHAY Ha Ma3DB, mopoxgaemMblit peaKTOPOM 7 B JIEHD { MOXKET OBbIThH 3aIucaH CJie-
JYIONM 00pa3oM:

(%)t% D ISAB)CUE,) | + FI(E,), (3.8)

i
rie S;(F,) — cuekTp HeATPUHO OT Jessierocs: usororna usorona i, a C;(F,) — coOTBETCTBYIO-
Imast HepaBHOBeCHas norpaska (M. paszes 1.3.3.3). Besmauna C(F,) oupeesnena st ©30TOIOB
235U, #9Pu u *Y'Pu, ubu cIekTpH Mm3MEpeHsl dKcIepruMenTaabHo. dis nzorona YU mompaska
C npunsita pasHoit equnune. Bemuuuna F7(F,) — 310 norok anrtuneiirpuno or OAT (em. pas-
qen 1.3.4), KoTopoe HaXO[AUTCsl B CIIEIUAIBHOM TOMEITCHUHN BO3JIE KaXKI0T0 peakTopa. Brias B
norok antunedTpuno or OAT me saBucuT OT TEKyIIEld MONIHOCTH PEAKTOPA W yIUTHLIBACTCS B
CpesHeM.

st nerekTopa d HAXOIANIETOCS HAa PACCTOAHUN Lg, OT peakTopa r, HabJIIOTAeMbIH TOTOK
HEATPUHO B €IMHUIE TEJECHOIO YIJIA CKJIAJBIBAETCS U3 IIOTOKOB OT OTIEIBHBIX PEAKTOPOB:

), TEHES. -

r

e P(E,, L,;) — BEpOATHOCTH BBIXKUBAHUS PEAKTOPHBIX 3JCKTPOHHBIX aHTHHEATpUHO (2.1),

1moJipobHO paccMoTpeHHas B pasiee 2.2.1.
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3.3.2. lloaHbIil MOTOK PEAKTOPHBIX AHTUHEHTPUHO

Kak 6n110 OKazano B paszmene 2.3, omymane 3¢ dextusHoctr otbopa cobwertuit OBP ot
100 % cBsizaHO B OCHOBHOM C JICTEKTHPOBAHUEM 3ala3J(bIBAIONIEI0 CUIHAJIA U HE 3ABUCUT OT
SHEPIMU MTHOBEHHOT'O CUTHAJIA, TO €CTh He 3aBUCUT OT 3Heprun Hefitpuno. [Ipu atom, opor Je-
TEeKTUPOBAHUS 3HATUTEIbHO HIXKe rtopora peakinun OBP. CrenoBaTebHO, 1eTEKTOD BUINUT BCE
IPOB3aNMOIEHCTBOBABININE HEHTPHUHO ¢ MOMPABKON Ha 00MIy0 3(hDEKTUBHOCTE, HE 3aBUCAIIIYIO
oT aneprun. Takum o6pa30oM, TOJHBIA TOTOK PEAKTOPHBIX AHTUHENTPUHO, B3AUMOAENHCTBYIONINX
Ha OJHOM ITPOTOHE MUIEHN AeTeKTOPa d B JIeHB ¢ OMPEIEsIeTC s TIOJTHBIM HHTEIPAJIOM OT BhIpa-
xenus (3.9):

+oo i 11
. dR,(FE,) do(FE,,cost)
"l dE, | ———— d cos @ ———F—, (3.10)
dFE, dcos@

o -1
re 6 — 3TO yroJ MexX Iy HAPaBIEHUSIMH UMITYIHCOB HEUTPUHO U no3uTpona. lloHoe Komtde-

CTBO HeﬁTpHHO, ACTEKTHUPOBAHHOC B ACTEKTOPEC d CKJIaObIBACTCA U3 TYHUCCJII HeﬁTpHHO IIO0 OHAM:
N} = § ATIMA(R,)Y, (3.11)

rre € — 3hdekTuBHOCTE AeTekTopa d B f1eHb T, a Ty — BpeMs B CEKYHIAX, B TEIEHHE KOTOPOTO
nerekTop d Habupas gaHHBIE B JIeHb t. Bemmumaa M;; obo3HadaeT KOJIUIECTBO IPOTOHOB B

MHUIIEHN JTeTeKTopa d B JIeHb T.

3.3.3. Habmoaaemsblii CIEKTp aHTUHENTPUHO

Kak 6p110 mokasano B pasjese 2.2.3 HabI0MaeMblil CUTHAJ B JIETEKTOPE CKJIAJIBIBAECTCA U3
ITOJTHOHM IHEPTUU MO3UTPOHA U MACChl 3JieKTpoHa: Py = F. + me. [Lirsa nepexona ¥ mHaburotae-
MOMY CIIEKTPY, HEOOXOIUMO TEPENTH OT IHEPIUU HEUTPUHO K IHEpruu nosurpona. W3 rounoit
knnematukn peakinn OBP noay4aaewm:

B+ A

E,(E,,cos0) = 1_ g_;(l — v, cost)’

(3.12)

rae A = (mi —m2 —m?2)/2my, a ve — MOAY/Ib CKOPOCTH HO3UTPOHA. flkoGuan mepexoga ot [,
K P TaéTcsi BBIpaXKeHUEM:

dE,(Ee,cos0) 1+ 5—2(1 - U—le cos 0)
dEyis 11— E(1-E.cos6)’

(3.13)

E, = By — m.. (3.14)
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AKobuaH nepexoda oT Ee K EvV IMHeEEH N0 3HEPrun B 6OMbLUEA YaCTW MHTEPECYHOLLErO Hac

JHEepreTMYeCKOro UHTepBeana, 3a UCKItoUYeHUeM obnactn nopora OBP,4yTo BUAHO U3 pucyHka 3.1.

Ee, MaB

Puc. 3.1. AkobunaH nepexoga oT Ee K Ev KaK (hyHKLMA 3HEPruu u yrna BblaeTa no3uTpoHa.

KonnyecTBo HEMTPUHO, B3aUMOLENCTBYOWMX B feHb t 38 OAHY CEKYHAY Ha OLHOM MPOTOHE
MULIEeHN aeTekTopa d B MHTepBane aHepruii (Evis,Ej+1), onpeaensercsa cneayowmnmMm BblpaXeHu-
eM:

+1 Ej+1

dRv (Ev)\ tdda (Ev,cos 9) dEv (Evis, cos 1
dcos9 dE,, (3.15)

. dE dcos9 i
1 Ej dEwus

roe Ev = Ev(Evis,cos9), onpeaensemas BbipaxeHunem (3.12). MMonHoe KONNYECTBO HEMATPUHO,
Habngaemoe 3a Bpems Habopa AaHHbIX B MHTepBane aHepruii (Ee,Ee+1) B getektope d onpe-

llensieTcd CyMMOI No AHSAM Habopa AaHHbIX:

)d, (3.16)
t

roe Ttd = etdTtd — 310 achhekTUBHOE BpemMs Habopa fAaHHbIX.

3.3.4. YUéT a(hheKTOB AeTeKTopa

B cnyuyae mpgeanbHoOro getektopa ¢ abCoONOTHO TOYHOM PeKOHCTpyKuuein N § Oyget onu-
CblBaTb 0XXWAaHWe CpefHero KonmyecTsa AETEKTUPOBAHHbIX HENTPUHO ANA peasibHbIX AaHHbIX.

OfHAKO, NPY PEKOHCTPYKLUMN 3HEPTrUN BO3HMKAET psaj 3G (PeKTOB, NPUBOAALLUX K UCKAXKEHUIO
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cuekTpa. lannabe 3¢pdekThl omrcanbl B pazzese 2.5.3 U yIUTBIBAIOTCS MOCPEICTBOM JIMHEHHBIX
peobpazoBaHuii.

Habmronaemsrit ciektp coberruit OBP B otnenpHoMm merekTope d 6e3 yuéra 3pdekToB me-
TeKTOpa oNpeenM Kax croaber, N9, ¢ smemenramm (N,fl)j — (N,)¥ u3 Boipaskenns (3.16). Ha-

6sromaeMbIil criekTp ¢ ya€ToM 3hD@EKTOB JeTeKTOpa MOXKeT ObITh MPEICTABIEH B CJELYIONEM

BHUJE:
NY e = RCRSCNECINV NG, (3.17)
rae R u C — marpunsr npeobpa3oBanuii.
ManI/IHa CIAV — 9TO MaTpulla IMOIIPaBKH Ha IOTEPIO 3HCPIUM B HECIIUHTUJIIIMPYIOIMUX

marepuaigax (cM. paszgen 2.5.4.2). lannas nompaBka UMEET MaTPUYHYIO, & HE AHAJUTHICCKYIO
dopMy, Tak Kak OIpeJesseTcs Ha OCHOBE MO/leupoBannst. V3-3a HAJTUTIHs MATPUYHON TTOIIPAaB-
ku [AV memuuefiHOCTH SHEPTeTUYECKOH IMKAJJIBI U IHEPIETHYECKOE Pa3perlenne yINThIBAIOTCs
TaKKe B MATPUYIHOM Buje. KpoMe TOro, pasmepsl sHEpreTHYeCKuX HHTepBaaoB MaTpuinr CTAY
OIIPEICSAI0T Pa3MepPhl SHEPIeTHYIeCKUX HHTEPBAJIOB (E]V.is, ]Vfl) PABHOMEDHbBIE UHTEPBAJIBI TTTH-
punoit 0.05 MaB or 0 M»sB 1o 12 M»B.

Matrpura C™Y npencrasiena Ha pucynke 3.2a. Ha pucynke 3.26 1I0Ka3aHO BINSHHUE JTaH-
HOM IMONPABKU Ha HAOJIOAEeMbBIfl CIIEKTP aHTHHEUTPUHO JIJIsl HECKOJLKUX BHIODAHHBIX IHEPTU.
JlarHasa monpaBKa IPUBOINT K HEOOJIBITIOMY DACILIBIBAHIIO HAOIIOIAEMOTO CIEKTPa B 00JIaCTh
HoJiee HUBKUX IHEPTUi.

[TompaBKa Ha HEJWHEHHOCTL SHEPreTHIecKoro oTKamKa CNF pacCUUTLIBAETCA HA OCHOBE
dbyuxnmu orkauka (2.14), oupenenéunoit B paszgene 2.5.4.1. s onpese/icHus: 3J1€MEHTa MaT-
PHUIIBI IIepexo/ia C’}ij IPAHUIBI SHEpreTudeckoro nureppaaa (F;, Fji1) nedopMupyrorcs ¢ momMo-

mpto dyaknmu orrianka f(F) B uarepsan (f(F;), f(Fj11)). DaeMenT MaTPHUITBI ONpENeaéH Kak

nonst uarepsana (f (E;), f(Ej1)), nonasmias B uarepsat (Ey, Fyi):

N (B —Ey)
N By ) - (B (3.13)
(By, I2) = (B, Eryn) 0 (f (By), f (Bia) ), (3.19)

rie N obozHagaeT o6JIACTb TTepecedeHus.

Marpuma CNY mpencrasiena na pucynke 3.3a. Ha pucynke 3.36 HOKa3aHO BJISHHE IaH-
HOU IMONPABKU Ha HAOJIOIAeMbBIfl CIIEKTP aHTHHEUTPUHO JIJIsl HECKOJBLKUX BHIODAHHBIX IHEPTU.
Hannasi ompaBKa sIBJISETCs JIETEPMUHUPOBAHHON M HE MPUBOJUT K PACILIBIBAHUIO HAOJIIOTae-

MOTI'O CIIEKTpPa, a TOJBKO K €I'0 UCKazKCHUIO.
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Matpuma CR peammsyer sdbdeKT paspelreHns neTeKTopa, OMUCAHHEI B pasene 2.5.4.3.
Ona cTpouTCst HA OCHOBE PAa3MBIBAHUS COJIEPXKUMOTO WHTepBaIa pu oMo Gyukimn [aycca
mwmpuHoit (2.15), 3aBucsmeit ot sueprun. Tak Kak pasMepbl MHTEPBAJIOB 3aMETHO MEHBIIE SHEP-
FETUYECKOTO Pa3peIIeHns], BBIMUCIEHNE, YIUTBIBAIOINIEE TOJIBKO IEHTPBI HHTEPBAJIOB JIAET OYEHD

XOpoliiee MPUOJINKEHHE:
Cis® = (Ejy1 — Ej) Paom (Ef — ES,0 = 0(EY)), (3.20)

rie IS = (B — Fj)/2 — nentp wareppana, a Py — MIOTHOCTD BEPOATHOCTH HOPMAJBHOTO
pacIpeiesenus.

Marpuma CR® npencrasiena na pucynke 3.4a. Ha pucynke 3.46 MOKa3aHO BINSHWE IaH-
HOW MONPABKU HA HAOJIOIAeMbBIfl CIIEKTP aHTHHEUTPUHO JIJIsl HECKOJLKUX BHIODAHHBIX IHEPTU.
W3 pucynka 3.46 BUIHO, 9TO UCIIOIB3yEMOE TPUOJIMKEHNE /IS BBIYHUC/IEHUS TAHHON TTOTIPABKA
XOPOIIIO TIOIXOINAT JJIsT HAITIEH 33 Tatu.

Pasmepnl mHTEPBAJIOB, UCTIOIB3yEMbIE TPU BBIMUCIEHUAX BBIOMPAIOTCST MAJIBIMA UCXOS U3
TpPebOBAHUSIM K TOYHOCTH PACIETOB, & TAKXKE OTPAHUIHUBAIOTCS BXOISAIIAMA B 38/[aTy MTOMIPAaBKa-
MU, TAKUMHU Kak ronpaBka [AV. PaszMepsr mHTEPBAIOB, UCIIOIB3yEMBIE /I8 CDABHEHUS C JAHHBI-
MU ¥ TOJTOHKYU AaPaAMETPOB, KaK IPABUIIO, OoJibIte. s mepexoqa 0T BHYTPEHHUX WHTEPBAJIOB

K BHEIIHUM HUCIIOJbB3YyETCA NPAMOYTOJIbHAA MaTPUILA R BUda.:

111000 ... 0
000111 ...0

D (321)
0 00O0O0OO0 ...1

06 be TUHSTONIAST COJIEPIKAHUE ITOCJIETOBATENBHBIX MHTEPBAJIOB, & TAKXKE UCKJIIOYAIONIAsT IPEeICKa-
3aHUe HUXKE ITOPOra.

Bee marpurner R, CR® CNY i O™ onpesientsiror TOMBKO TIepeTeKanie cOBBITHH MekKly pas-
JIMYHBIMU UHTEPBAJIAMUA U BBIYUCJSIIOTCST TAKUM 00Pa30M, 9TOOBI COXPAHSITE MOJHOE KOJIHUIECTBO
coOBITH, ¢ TIONPAaBKON HA COOBITHS, TONABIIME B WHTEPBAJ HUXKE TOpora JubO 3a IIPeesibl
BEPXHCH I'DaHUIIDI.

OxumaeMble dHEPreTuIecKue crekTpbl cobbiTuit OBP Nivis JJTST KasKJI0T0 JeTEKTOPA IKC-
nepumenTa Daya Bay s HoMuHAIBHBIX TApaMeTPOB MPEICTABIEHB HA PUCYHKAX 3.5a u 3.56.

CroexTpsl gerekropo AD11? u AD12, HaxomAmmxcs HA OJHON GIIMMKHEH IJIOIIAJIKe OYeHb II0-
p p )

XOXKHM W PAa3INIaOTCss B OCHOBHOM 3a CIET TOro, 4To gaerekrop AD12 HaxomuTcst B cpeHEM Ha

“neppas mugpa 03HAYAET HOMED ILIOUIAJKH, BTOPas — HOMED IeTEKTOPA
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MeHbITeM paccrosanu oT peaktopos ADC Hasa Beit, wem nerekrop AD11. CrekTpbl 1eTeKTOPOB
AD31, AD32 u AD33, HaxooAmmxcsi Ha JaJbHEH ILJIOMIANKE TaKyKe MPAKTUICCKH COBITAIAIOT.
Ommuans B npenckasanusx Mexay AD21 u AD22, a takxke mexay AD34 u npyrumum gerek-
TOpaMu JaJIbHER TUIOMAIKN BhI3BAHBI TeM, 9To AeTekTopbl AD22 uw AD34 6bum ycranoB/eHBI

qgepes [oJiroga I1ocjie nadaJia Ha6opa JaHHBIX 1 UMECIHOT MCHBIITYIO CTATUCTUKY.

3.3.5. Bkaaxg dona

OkoHUaTeIbHBIN HAOIIOIAEMBIH CUTHAJ CKJIaabiBaeTcst u3 aucesa coborruit OBP u dona:
d _ ard E : d
Nvis - NV,Vis + <Bvis>b7 (322>
b

re (Bfis) , BKJI&]] B CIIEKTD OT UCTOTHUKOB POHA: CJIyHafiHbIX COBIAJEHMU, GBICTPBIX HEATPOHOB,
JOATOKUBYITHX KOCMOreHHEIX u30tonos "He/Li, peaxnun C(a, n)'°O u uncrpymenTaibsoro
dota, BHI3BAHHOTO KAIUOGPOBOIHBIM UCTOIHIKOM 2 'Am 1C.

Bxaamer B 06mmit CieKTp OT BCEX TMEPEIUC/IEHHBIX MUCTOTHUKOB (POHA TTPEICTABJIEHBl HA
pucynakax 3.6a u 3.66. Bugxo, 9ro HanboJbIHUi BKJIAT BHOCHT (POH OT CIAyIAfHBIX COBIIAJE-
HUM, W3BECTHBIN C OYEHBb XOPOIedl TOYHOCTBIO. pyrne mcrodHuKu (PpoHA, U3BECTHBIE ¢ HOJIb-
el HeolPeIeIEHHOCTBIO, JTAI0T 3HAYUTEIHLHO MEHLITNN BKIa . KpoMe Toro, na 6osbireit gvactu
FHEPTETUIECKOTO CIIEKTPa 0OINit BKJIAT OT (POHOBBIX COOBITHI HA HECKOJIBKO TOPSIKOB MEHBITIE

02K JaeMOI'0 CUI'HaJIa.

3.3.6. llapamerpu3anus CrieKTpa aHTMHEWTPUHO OT PEAKTOPA

Kak 6yner nokasano B paszesne 4.4.7 cymiecTByeT HEOOXOIUMOCTD MTapaMETPU3AINN CPEJI-
HEro aHTUHERTPUHHOTO CIIEKTPA OT peakTopa. lIpu4aém, Tak KaK Py BRIYUCJIEHUN TTPEICKA3AHUS
HUCIIOJB3YIOTCA TUCJACHHBIC MCTOABI B3ATHUA UHTETPAJIOB, JaHHaA ITapaMETPU3aIWA JTOJI2KHA 6bITb
HEIIPEPLIBHOM.

B dybOscar anTuHeATPUHHBIN CIEKTD 5T KaXKI0T0 U30TOA § ATTPOKCUMUPYETCH COCTAB-
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Monpaska IAV MonpaBka IAV

12 101 0.9
0.8

10

7
10" 0

E # §0.6
g 05
B 6 102 H
8 0.4
7
4 0.3
10"
02
B 2
01
0 10 00, 1 2 3 4 5 6
0 2 4 6 8 10 12 .
Evis, M3aB Evis, MmaB
(@) (6)

Puc. 3.2. Matpuua nonpasku 1AV (a). BausHue nonpasku 1AV Ha OTAeNbHblE MHTEPBasbl HAGNIOAaEMOro
cnekTpa (6): KpacHOM NMHUElN OTMEYEeH LEHTP MHTepBasa, K KOTOPOMY NPUMEHSETCSH MOMnpaBKa, CUHUM
LBETOM — pe3ynbTaT MpUYMeHeHUs nornpasku. Ha pucyHke (6) npeacTaBrieHa TO/IbKO 4acTb CekTpa
C 3Heprusimm Ao E = 6 M>3B. XapakTep nonpaBku Ans 3Hepruii 6onee 6 MaB MoAHOCTBIO MOBTOPSET

XapaKkTep NonpaBKW 4151 MEHbLUMX 3HEPrUid.

Evls, M3B E vis, M3B

(@) (6)

Puc. 3.3. MaTtpuua nonpaBkKM Ha HENWHEAHOCTb 3HEPreTUYEcKOn LWKanbl (a), NYHKTUPHas NUHUS CO-
OTBETCTBYET JIMHEMHOMY OTKAUKY. BnusaHue nonpaBkm CNL Ha OTAe/ibHble WHTepBasbl Hab/lo4aeMoro
cnektpa (6): KpacHON NUHMER OTMEeYeH LEeHTP MHTepBana, K KOTOPOMY MPUMEHSEeTCA NonpaBka, CUHUM

LBETOM — pe3y/bTaT NPUMEHEHNS MOMNPaBKW.
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20- SHepreTuyeckoe paspeLueHue

0.0
0.0 0.5 1.0 15 2.0

E vis, M3B

(a) (6)

Puc. 3.4. MaTpuua 3HepreTMyeckoro paspelleHus (a). BnvaHue paspelleHvs LeTeKTopa Ha OTAefbHble
NHTepBanbl Habngaemoro cnektpa (6): KpacHOM NNMHMER OTMEYeH LEHTP MHTepBana, K KOTOpoMy npu-
MEHSEeTCS Monpaska, CUHUM LIBETOM — pe3y/ibTaT NPUMeHeHWUs rnonpasBku. KpacHOW KpuBOW M306paXkéH
["ayccoB OTK/MMK B HeNpepbIBHOM Clyvae, MOMNpaBfieHHbI Ha LWIMPWUHY MHTepBana. Ha pucyHke (a) moka-
3aHa To/IbKO YacTb 0T OM3aB po 2 M3B. lMosefeHVe MaTpuLbl paspellueHns AN 60/ee BbICOKMX 3HEeprui

coxpaHsieT ayccoB B Ha BCEM MPOMEXYTKE SHepruii.

OXupaemoe KonuyecTBo co6biTuit OBP

E rec, M3B E rec, M3B

(a) (6)

Puc. 3.5. Oxnpaemble aHepreTnyeckmne cnekTpbl cobbiTuii OBP B geTekTopax akcnepumeHta Daya Bay

Ana nepuoga Habopa AaHHbIX 1230 aHeli B 00bI4HONW (a) u norapudmMunydeckoi (6) Likane.
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OXunpgaemoe KOAMUYeCTBO POHOBLIX COOLITHIA

E rec, M3B
(a) (6)

Puc. 3.6. Oxunpaemble aHepreTuyeckme CnekTpbl (POHOBbLIX COObITUI B AeTekTope AD11 3KcnepumeHTa
Daya Bay ana nepuofa Habopa gaHHbix 1230 gHeit B 00bl4HON (a) 1M B norapugmuyeckoi (6) wwikane.

[ns cpaBHeHWs, TaKXe NpuBeAéH OXuaaemblii cnekTp oT OBP.

HOW HenpepbIBHON PYHKLMEN:

Si (Ev) EvEE |E®),
Si (Ev) Eve (ER,ev)

Si (Ev) = (3.23)

si(Ev), Eve (ej,EvHi)

KaX[bl/i CErMeHT j KOTOPOW NPUOBIMXKEH 3KCMOHEHTOW OT IMHENHOW (YHKLUWN 3HEpruu:
Sij (Ev) = njS je-BJ(Ev-Ei), Ev E (Ej,E;+1), (3.24)

roe S j — KOMYecTBO HEATPUHO C aHepruein Ev B mHTepBane dEv, poXgaeMbiX Npu AeneHun
nsotona i. KoagpgpuuneHt onpefenseTca U3 ycnoBuA HEMPEpPbIBHOCTM Ha rpaHullax uMHTep-
BanoB Ev. O6was HOpMMUPOBKa IHEPreTUYECKOro UHTepBana nj NMPUMEHSAEeTCH K CNeKTpam BCeX
N30TOMOB OfAHOBpeMeHHO. KoahpuumeHTsl S j © bij nonyyaroTcqd U3 CYLLECTBYOLWNX CMEKTPOB
aHTUHEWTPUHO, N3MEPEHHbIX UM NOMYYEHHbIX U3 MepPBbIX NpuHYUMNoB (cm. pasgen 1.3).

Bce Uj = 1 no ymonyaHuo. BennynHbl nj MOXHO TaKXe paccMaTpuBaTb KaK OTHOLLUEHUe
cCpefHero aHTUHENTPUHHOrO cnekTpa, Habnwgaemoro B akcnepumeHTe Daya Bay K cpegHemy
CMeKTPY, OXXMAAeMOMY Ha OCHOBE MOAENWN, UCNONb3YEMON ANA MONYUYEHUS KOSPPULNEHTOB S |

u bij.
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Taxkum 06pa3oM, HMOJrOHKa 3HAYEHNH mapaMeTPoB 1 IMO3BOJIACT HOJOTHATE yCPeTHEHHDII
AHTUHEATPUHHBIA CIIEKTD TIOJ CIEKTP, HAb/II0maeMblit B skciiepuMenTe. 1Ipu aTom, pasiauyanst B
CIIEKTPAX OTJEJIbHBIX PEAKTOPOB, CBSI3AHHBIE C PA3IUIUAMEA B U30TOITHOM COCTaBE U UCTOPUSIMU
BBITOPAHUS €CTECTBEHHBIM 06pasoM yunuThiBaoTcs B (opmysie (3.8) mocpescrBoM OTHOCHTE b
HBIX BKJIAJOB fy;, HEPABHOBECHBIX TIOIIPABOK, & TAKKE TIPU MTOMOIIH HEKOPPETUPOBAHHBIX MEXKTY
peakTopaMy HEONPEIETEHHOCTAMU ITUX BEJUYUUH.

IIpu nomobHOM TTapaMeTpU3aIUl CIIEKTPa y PE3YJIbTATOB TOJIOHKH BCE €IIE OCTAETCST MO-
JeIbHAS 3aBUCUMOCTD, CBI3aHHAST ¢ PA3JIMIUSIMU B OTHOCUTEIBHBIX CIIEKTPAX aHTUHEATPUHO OT
pasHbIX JAejsmmxcd u3oronos. Kak mokasano B [199], oTHOIIEHUS CIEKTPOB OTACIBHBIX JEJI51-
IIIUXCsT UB0TOIIOB JIPYT K JIPYTY YCTOMYUBO K METOJUKE PAcUeTa, BKJIIOYAs TaKXKe METOJ, KOH-
Bepcuu. OTUCAHHBIA BBINIE METOJ, MAPAMETPUBAITIH MOXKHO PACCMATPUBATHL KAK BAPUAHT WJIEU

HU3MEPEHUs CIIEKTPOB OT JEJANIMXCS W30TOOB, IPEJIoKeHHbIH B [199].
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3.4. Ilpenackazanne 0XXKHJIAeMOT0 9HCJIAa B3aMMOAeiicTBU aHTHHEUTPUHO B

JIeTEKTOpax

Hecmotpst Ha cxomnayto cTpyKTypy, nepBble Bepcun dybOscar, ncmob30BaBIMecs 1 OC-
MWLIATTMOHHOTO aHaJn3a JTaHHbIX dKciiepuMenTa Daya Bay ma ocnose mndopmaruu o 4uciax
cOOBITUI B JleTeKTopax, ObLIM 3HAYUTENLHO IIPOIE, YeM BEPCHs, OIUCAHHAsl B pasjenax 3.3
u 3.5. Hasee OyayT nepedncenbl OCHOBHBIE OTIHYUS.

B Bepcun dybOscar 2012-ro roma (dybOscarl2) 6blia ucmoab3oBaHa [J(BYX-HEATPHHHAS
BEPOATHOCTH BblKUBaHUsA (2.2). st onmMcaHus CIEKTPOB aHTUHEHTPUHO OBLIU UCIIOJIB30BAHBI
cuexTpol ILL+4Vogel.

B dybOscarl2 me mpomssouTcesa OpecKazaHue HOTOKa anTuHeiTpuno ot OAT?. Yuér
BrJIasa OAT ocymecTBisieTcst TOCPEICTBOM YBEJIMUYEHIsT HEKOPPEJIUPOBAHHON HEOIIPEIEIEHHO-
CTH HOPMHPOBKH TIOTOKA PEAKTOPA.

Kak 6b110 nokazano B pazgene 2.3.6 merektopsl Daya Bay obirajiaior nmpakTudecku cTo-
IPOIEHTHOM 3(DPEKTUBHOCTHIO PETUCTPAITNN AHTUHEHTPUHO, Ha'udnHAast ¢ 3Heprun Ky, = 0.7 MaB.
910 coorBeTcTBYeT 3Heprum antuHedTpuno F, = 1.5M3B, uro 3amerno Hmke mopora peak-
. OBP. Kpome Tor0, IOTOK 3/IEKTPOHHBIX AHTUHENTPUHO MPEHEOPERMMO MaJ IPU IHEPTH-
sax F, 2 9M»sB. Us-3a Toro, 1o gerektopsl Daya Bay crocobubl HAOIIOIATE SHEPTETHIECKUAN
WHTEPBAaJ, B KOTOPOM HaXOJATCs BCe PEAKTOPHBIE aHTHHEUTPUHO, JIJIA MPEICKA3aHUsA TOJTHOTO
MOTOKA AHTUHEUTPUHO HET HEeOOXOIMMOCTH YYUUTBIBATH HepreTudeckue 3(HQeKThl JeTEKTOPA.
CremoBaTebHO, BCe BBIUYUCICHUST MOXKHO MTPOBOJINUTH B TEPMHUHAX IHEPIWH AHTUHEHTPHUHO, H,
KaK CJIEJICTBUAE, BMECTO JIBYXMEPHOI'O MHTErpaJa 1o HabjomgaeMoii suepruun (3.15), ucnoassyer-

Ced OJHOMEPHBIA UHTErPAJL 110 SHEPIUU HEHTPUHO:

12.8 M5B td
v J dE dRV(EV) dO'(EV, COS (9)
v dE, dcos®

(3.25)

td
1.5 M5B

Iosmoe wucso coburruit OBP, oxunaeMbix B gerekrope d BelHCHAeTCA U3 [}, 110 dopmy-
ae (3.11). TTonnoe xke uncsio cobbituit ckiaanpiBacrces us cobbrruit OBP u donoBbIX:

Na= N} +> By, (3.26)
b

e By — anciao cobeiTuil B merekTope d oT ucTodHuKa GoHa b.
Kak yxe 6bu10 OTMEUEHO, IPU TIPEICKA3AHUN TUCET COOBITHH 3(PQEKTH SHEPreTHIECKON

IMKaJIbl HC YIUTBIBAIOTCHA.

3Cnaraemoe F,.(E,) B Boipazxkennn (3.8)
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B npencraBnennoit Bepcun dybOscarl2 peammzoBana BO3MOXKHOCTE YIETA HEOMPEIETEHHO-

crelt B IMHEAHOM ITPUOJIMZKEHUN:

No= Y (N (Lt +0®) 3 B4 (3.27)

r b
I7ie 1) — OTHOCHTEHHOE OTKJIOHEHHE OOIIell HOPMUPOBKY TIOTOKA aHTUHEATPUHO, 1), — OTHOCH-
TEJbHOE OTKJOHEHUE HOPMHUPOBKHU IMOTOKA AHTHHEATPUHO OT PEakTopa I, 1)y — OTHOCUTEIHLHOE
oTKJIOHEeHHE 3(PMEKTUBHOCTU AETEKTOPA d, & 7)pg — OTHOCUTEIBHO OTKJIOHEHUE KOJIMYECTBA CO-
owrTHit hona b B merexTope d.

Kak BujiHO U3 Beipakenus (3.27), UCHOIb3yeMast 3alUCh MIO3BOJISIET HATIPSIMY O BBIYUCIISITE
[IPOU3BOJHBIE 110 KAXKJIOMY OTKJIOHEHHIO 7),. IloIyIeHnast MaTpuIia TPOM3BOAHBIX IPEICKA3AHNI
Ny 1o 1), UCHONB3YeTC s I PEAH3AIY AHATUTHIECKOTO DEIIeHIsT I MIHIMYyMa (DYHKI[IH
XU-KBapar co mrpadubivu dieHavu (5.29).

MeTozpl ONTUMHU3AIUN BBIYUCICHNH, OITMCAHHBIE B Pasjese 3.5, OTHOCATCS NEJTUKOM K Bep-

cum dybOscar, ucrob3yeMoit B aHAJN3e CIIEKTPAIbHBIX TaAHHBIX.
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3.5. OnTuMu3anus BLIYMCICHTIA

[TO myisa BEMMUCTIEHNST CIEKTPOB COOBITHH 10 AJTOPUTMAM, OTTUCAHHBIM B pasienax 3.2-3.4,
UCHOJIB3YETCS B 3a/lade MHOTOMEDHOU ONTUMU3AIUU ¢ OOJIBIITUM KOJIUYECTBOM TapaMeTpPoB, MMO-

9TOMY OTACJILHOC BHUMAHUE OLLIIO YACICHO OIITUMU3AIINN BBIYHCJICHUA.

3.5.1. Meroauka mHTErpUpOBaAHUS

Bripaxenue (3.8) MoKeT OBITH IPEJICTABICHO B CICLYIONIEM BU/IE:

(%) =) NS, (3.28)

k3
rie gz(E,,) = Si(E,)Ci(E,) — cuekTp usorona ¢ ¢ y4éTOM HEPABHOBECHOW IONPABKHU, TJE i
Tenepb Takzke BJouaeT cuekTp oT OYT B KadecTse JOMOJHATEILHOTO IATOTO 3JIEMEHTA.
BeposiTHOCTE BHIKUBAHUA 3JEKTPOHHBIX HEHTPUHO (2.1), MOAPOOHO PACCMOTPEHHAS B Pa3-

nene 2.2.1 moxKeT OBITH IPEJICTABIEHA B BUJE CYMMBI:

Ne
Psur(EwL) — ZWCPC(EWL)) (329>
c=0
rJIe JJIst JIBY X-HEATPUHHOM POPMYJIbl BEIKUBaHUS (2.2) KOMIIOHEHTHI 3aIIMCHIBAIOTCS CJICYFOIIHAM
obpazoM:
Wy — 1 PO — ]_, (330)
Am?Z L
w1 = —sin® 20, Py = sin? TT (3.31)
Am?2, L
Wy = — sin? 201, cos® O3 P, = sin® % (3.32)

Hpyx-uefitpunnas GopMysia OCIMJUIAIUN BBIOPAHA TOJBKO /ISl WJTIOCTPAIME MPUHIAA. B
JIAHHOM TIOJIXO/E€ Ba*KHO TO, YTO KOMIIOHEHTHI F,., 3aBUCHAIIME OT IHEPIUU, PACCTOSIHUN U pac-
MIEIVICHUH Mace HEHTPUHO BXOJAT B NOJUHTErPAIbHOE Bhipaxenue (3.15), Torga Kak Beca we,
3aBUCSIIUE TOJLKO OT YIVIOB CMEITUBAHUSI, MOI'YT OBITH BBIHECEHBI 34 3HAK UHTErPaJa.

C yuérom Beipaxkenuit (3.28) u (3.29) npeckasanue It 0KUIAEMOTO KOJINIECTBA COOBITHI

OBP (3.16) mMoxeT GbITH 3aIMCAHO CJIEYIONM 06PA3OM:

+1 Eiiil
~ do(E,,cos8) dE,(Fs, cos 6)
v o_ dagd v v\Hvisy
Ndet:Tt M x Jdcos@ J By — 2 i X
-1 5

vis

1 . -
X Z m zc: wCPC(EV) Lr) zz: )\irtSi(EV)7 (333>

r
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U IIPUBEJICHO K BUJLY:

Ncllj] — ZwC(NV)leP (334>
rie:
1 1
NY — — -
djc 471_; (Lg)2213><
+1 Eﬁf
d EV) 0 dEV Evis; 0 ~
memejdmﬁﬁ is) %EmsbﬂhﬁﬁﬂMX
CoS .
“1 I

x Y TEM A (3.35)
i

Best 3aBucuMocThb o1 Bpemenu B (3.35) dhakTopusyeTcsi B BECOBOH MHOXKUTEh Zt ﬁthd)\tir,
oTpaxKarmuit 3 peKTUBHOE BpeMst Habopa JaHHBIX B IeTeKToPe d I IOTOKA AaHTUHEATPHUHO OT
“30TOTA | U3 peakTopa 1. HTerpagbaast 9acTh HECET CIIEKTPATBHYIO WH(MOPMAIHIO U OTTUCHIBAET
BKJIAJT B 9UCJI0 COOBITHI B fleTeKTOpe d B MHTEPBAJIE j TOTOKA OT U30TOIA § ¢ YIETOM KOMITOHEHTHI
(€) BEpOATHOCTH BBIXKMBAHUS HEHTPUHO OT PEAKTOPa 7.

Bripaxenue (3.17), yaursiBatomniee AeTeKTopHbIE 3(DMDEKTHI 3AIUCHIBACTCS CJACAYIONUM 00-

pasom:

(3.36)

lI,ViS c’

Nd _ Z wCRcRescNL CIAV <Nlil>

Bripaxkenust (3.34)—(3.36) sxBuBaseHTHBI BhIpaxkeHUsM (3.8)—(3.17) U3 mpe b aynero pas-
JleJia U OTJIMIAI0TCST TOJIBKO TEM, UTO OTPAXKAIT PEAJbHBIN TOPSIOK TOJTYIeHU TPEeICKA3AHUST
B ITO dybOscar. ITosHoe npeackasanue ducia COOBITHNR MPOUCXOMUT /I8 KAXKI0H KOMIIOHEHTHI
BEPOSITHOCTH BBIKUBAHUS 110 OTIAETbHOCTH. JJTsT KAXKI0r0 TaAKOTO MPEICKA3AHUSA OTAETbHO YIu-
TBIBAIOTCST IeTEKTOPHBIE 3(DEKTHI, a Beca BEPOSTHOCTEN OCIMIISIUN, ONpeIe/IgeMble YIIaMU
CMEITMBAHNS, YIUTBIBAIOTCS TOJBKO B KOHIIE. [TOCKO/IBKY yIVIBI CMEINMBAHUS HEHTPUHO BJIMSAIOT
TOJIBKO Ha BECA We, JOCTUIACTCS MaKCUMaIbHasd 3P (MEKTUBHOCTD BLITUCACHUN IIPU UX BaPUAIUH.

JlonoTHuTETbHBIM TPERMYIIIECTBOM JTAHHOTO MTOAXO014 CTAIA BO3MOYKHOCTD PEAIU3aInu (-

(EeKTUBHOM CHCTEMBI KENMMPOBAHUS ITPEICKA3AHMSI.
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3.5.2. AjanTnBHOE NHTErpupoBaHune

MHTerpanbHas 4acTtb 13 gopmynbl (3.35) BblUMCNAETCA YUC/IEHHO No meTofy [aycca-fle-

XaH[pa C 3apaHee 3aflaHHbIM KO/IMYECTBOM OMOPHbIX TOYEK:

+1 g+
d cos B d EM Ev’Q®9)dEv(Evs cosB)pc(E Lrd)™i(E )
dcoss dEe
1 Ej
+1 Ej+1
dcosB dEvisfdrci(Evis, cos9) = E fdrci(Evis,cos 9v), (3.37)
1
roe uw u BWMs — 370 Beca M OMOpHble TOYKW NO nepemMeHHOW Evis, a uv n cos9v — Beca u

OMOPHble TOYKM NO NepeMeHHOn cos 9. KonnyectBo ONOPHbIX TOYEK BblGUpaeTcs MHAUBUAYASb-
HO AN1A KaX[0ro 3HepreTMYeckoro MHTepBana, KaXxon OoCLUNNALMOHHON KOMMOHEHTbl U KaX-
[JON napbl AeTeKTop-peakTop. 3Ta Be/MUYMHA CBA3aHA CO CKOPOCTbIO OCLMNNALWMA MHOXWUTENA
Pc(Ev,Ldr) = sin2(Am~Ldr/4EV). C poCcTOM aprymeHTa CMHyca KO/IMYECTBO TOYEK MHTErpupo-
BaHWA MO nepemMeHHol EVis MeHseTcd oT 2 o 25, a MO NepemMeHHON cosB OT 2 A0 4. 3HayeHusa
BECOBbIX KO3(PMMLUMNEHTOB UW 1 NOSIOXEHNA OMOPHbIX TOYEK OAHO3HAYHO OMpefensrTCcsd UX KO-
NINYECTBOM.
CpaBHeva TOYHOCTU METOAOB NHTErpnposaHuA

KonnyecTso onopHbIX To4ek, E:

Puc. 3.7. lpoBepKa TOYHOCTN UHTErpupoBaHUs 414 metoga [faycca-JlexaHgpa ¢ KO/IMYeCTBOM OMOPHbIX
TOYeK, onpeaenseMblX YacTOTOM OCLUMANALMIA B NHTepBane AN OAHOM KOMMOHEHTbl BEPOATHOCTM BbDKU-

BaHMA ¢ Am2 = 0.0253B2 anga getekropa Ha pacCToAHUM 1.7 KM OT UCTOYHMKA.
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Heobxommmoe KOTM4IeCTBO OMOPHBIX TOYEK TTOA00PAHO IMIUPUYECKHT TAKUM 00pa3oM, 4ToObI
OTHOCHUTEJILHOE OTKJOHEHUE MHTEerpasia, mocuyuTanHoro mno meroay laycca-Jlexxkanapa, or unaTe-
rpasia, HOCIUTANHOTO II0 aJalTHBHOMY YHCICHHOMY MeToay He mpesnimano 1072, Ha pucynxe 3.7
IPEICTABIEHBI PE3YJIBTATHI TPOBEPKHU TOYHOCTH WHTETPUPOBAHUS /1T OJTHON KOMITOHEHTHI BEPO-
srnocT ocrpntsnuit ¢ Am? = 0.025 5B? JIJIsT IeTeKTOPa Ha PaccTosiHuu 1.7 KM OT UCTOYHUKA.
B kauecTBe 3TAJIOHHOTO, TOYHOTO, METOIA UCIOJIB3YETCsT AATUBHBIN METOJ] MHTEIPUPOBAHNSI,
pas3bUBAOITUI WHTEPBAJ WHTETPUPOBAHUS JI0 TEX IMOP, MOKA OTHOCUTEbHBbIE (DIYKTYAIIUN Pe-
syabTaTa He 6ynyT Merbite 10712, Ha qomo HuTesHoll ocH YKa3aHO KOJTHIeCTBO OMOPHLIX TOUeK
E,, ucoib3yeMbIxX it BEITUCIEHUS HHTETPAJIOB.

Bumao, aro 15t BRIOpaHHBIX TTAPAMETPOB WHTEIPUPOBAHUS OTKJIOHEHWS HE3HAYTHUTETHHBI
U CJIYHYAIOTCSI B OCHOBHOM B 0bOjacTdX, rye abCoJIIOTHOe 3HaYeHne WHTerpaJja OJM3K0 K HYJIIO.
OTkJtoHEHUE JI718 TIEPBOTO HEHYJIEBOTO WHTEepBasaa B obimactu ~ 1 MaB cest3ano ¢ adpdexrom mo-
pora: st mpuMerenust metoa [aycca-Jlexanapa HeobxommMo, ITOOB! (OyHKITUS OBLIA TIAIKOMH,
Yero CJIOXKHO JOCTUYBL B objiactu mopora. llosromy s moporosoit o61acTu ucroab3yercs 60-
Jlee MeJJIEHHOE aJIAlITHBHOE WHTEPUPOBAHNE HE3ABUCUMO OT CKOPOCTH OCIMJLIAIHN (DYHKITHAH.
OTkJtoHEHUST HA BEPXHEM KOHIIE CIEKTPA TAKXKE CBA3AHO C PA3PBIBOM, HO OTIEJBHO HE YIUTHI-
BAETCsl B CBSA3U € PEHEOPEKUTETHHO MAJBIM ITOTOKOM B 3TO# obJracTu.

J1s1 0deHb GOIBIMX 3HAMCHHH Sin? (Amngr / 4EY ), MIPUBOJISAIINX K OBICTPBIM OCITAJIJISIIN-
sIM, UCTIOJIB3YETCsl YCPEJIHEHHOE BBIPAXKEHUE JIJsi BEPOSTHOCTH tiepexona, tue F.(F,, Ly,) = 1/2.
B 3ToM pexume MCIIOIB3yeTCs MUHUMAJIBHOE KOJTUIECTBO OTIOPHBIX TOYEK.

JlaHHBIHN TIO/IX0T TO3BOJISIET ONMITUMUBUPOBATE BPEMsT BRITUCIEHUH HHTEIPAIOB € YIETOM TO-
ro (haxTa, ITO pasHble JACTH CIIEKTPa TPeDYIOT pas3Hol TovIHOoCTH Bhrvuucaennit. [lonxom mo3so-
ssteT 3¢hPEKTUBHO PAbOTATh B MUPOKOM JTHATA30HE IHEPIU, PACCTOSTHUN U PACIIEIIEHUNT MACC
HeTpuno. JanHasi TeXHUKA TaK¥Ke UCIOJIb3YeTCs Jijid OoJiee CI0KHBIX BAPUAHTOB BEPOATHOCTH

OCTIMJLAAIIAR, TTOJYYIaeMbIX, HAIPUMED, B KBAHTOBO-BOJHOBOM IIOJIXO/IC.

3.5.3. OrcnexxuBaHue M3MeHEeHHIT U KEIMINPOBAHUE

B ITO dybOscar nmpoucxomur oTcieKuBaHne W3MEHEHUH: BCE IEMEHTHI ITPOMEXKYTOTHBIX
Bbrancsennii (3.6)—(3.37) 0GHOBISAIOTCSA TOJBKO B TOM CJIyYae, €CJU U3MEHUIUCh HEOOXOIUMbIE
JIJIsT UX BBITUCJIEHUST BEJUIUHBL. DTO TO3BOJSET CYIIECTBEHHO COKPATHTH BPeMsi, HEOOXOIUMOe
I pacaéroB. B Tabismie 3.1 npescraBieHbl XapaKTepPHbIE BpEMeEHa, 3aTpaduBaeMble Ha IIPe/l-

ckazanre HabJIIOJAEMbIX CIIEKTPOB ITPU BaAPUAIIMN PA3JIUIHBIX TapaMeTPOB.
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st 0cob0 BpeMsA3aTPATHBIX BBIYUCJICHUN, KAaK, HAIPUMED, ONPEACICHAE TOBEPUTEILHBIX
uHTEPBAJIOB 110 MeToy Desbinvana-Kazunca npeaycMoTperHa BO3MOXKHOCTD KEITUPOBATD 3aBHU-
CUMOCTH TIPEACKA3AHUSA WU OTAEJTbHBIX €0 JacTeil ¢ BO3MOXKHOCTBHIO UHTEPIIOJIAIANA TIPEICKa-
BaHUsT MEXKJTy COCETHUMU 3HATEHUSMU. B mporpaMme, B 9aCTHOCTH, PEATU30BAHA BOZMOXKHOCTH
Kermuposanns MaTpurpr RCTSCONECIAY (Nl‘f)c u3 BuIpaxkenus (3.36) B saBucuMocTu or Am?,
rne Am? — paciienieniue Macc HEHTPUHO, XapaKTEPHOE JIJIsi KOMIIOHEHTBI BEPOATHOCTH TIepe-
xona P.. Ilomobubrit monxon mo3sosieT 3h@PEeKTUBHO TAPAMETPU30BATH MOJIEN b, 3ABUCSIIYIO OT
IMECTH TAPAMETPOB: TPEX YIVIOB CMENTUBAHWS, JBYX PACIIEILUIEHUH Mace U oOIIell HOpMUPOBKA

IIOTOKAa; 9TO IIO3BOJIACT COKPATHUTDL BPEMA BBIYUCJICHUA [IPDECACKa3aHuA 10 2 MKC.

Ilepemennas Bpewms, ¢
IlonHoE BRIYMCIEHNE 4-1071
Usmenenue Am3, B obtactu 2 - 1072 5B? 3-107"
[TapameTpnl PHEPrETUYECKON TTKAJIBI 3-1072
Wsmenenune yrira cMenmBaHU A 1-1072
HopmupoBka curaajia oT peakTopoB 2.107*
Yros ememuBanus uimu Am?, ¢ xerem 2-107°

Tabauna 3.1. XapakrepHble BpeMeHa BBIMUCIEHU OXKU1aeMoro B skciepuMmenTe Daya Bay cnekrpa B 11O

dybOscar.
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3.6. Marpunpl ommboK

B namrOoM pasnerne Gyner npencrabieHa WHGOPMAIUS O PACCINTAHHBIX OMUOKAX U KOBa-
PUAITMOHHBIX MATPUIAX JJIsT OXKUIAEMBIX CHEKTPOB B 3KciiepuMmenTe Daya Bay. Kosapuarnmon-
HbIE MaTPUIILL TOJIyYeHbl 110 dopmyste (3.1) Ha OCHOBE HEONPENEJEHHOCTEH, PACCMOTPEHHBIX B
pazjzene 2.6. B kauecTBe MOJIEBHBIX JAHHBIX HUCIIOJIB3YETCs NIPEACKa3aHne Tucesl cOObITUA st
nepuojia Habopa JaHHbix nepuoga 1230 aueit (eMm. paszgen 2.4). s napamMerpoB OCIMJLISIAN
MCIOIL3YIoTCA 3HAadenus sin® 2013 = 0.084 u Am2, = 2.45 - 1072 sB>.

Onpenenenne n HUBMIECKUT CMBICT MATPUIL KOBAPUAITUN U KOPPEJAIUH OIMUCAH B ITPUJIO-
xeann A.3. Marpurel ommboK HOCTPOEHBI I OXKUJIAEMOIO CIEKTPA [i,. Tak Kak [y = g
npejcTaBasger coboit obbeaunenue HabIIOIAEMbBIX CIIEKTPOB HA KaXKJIOM JETEKTOPE, MATPUITHI
UMEIOT OJIO0YHYIO CTPYKTYDY.

B npumenenun k ganHbiM skcriepuMenTa Daya Bay MOXKHO OXHIATDL Psifl KOPPEJISAITUA.
B niepByio odepennb 3TO KOPPEAIUU MEXKY OJWHAKOBHIMU IHEPIETUYECKUMU MHTEPBAJIAMU B
PAa3HBIX JETEKTOPAaX, CBA3AHHBIX € HEONPEJAEJEHHOCTIMU ODIUX MTapaMeTPOB IHEPreTUYeCcKOn
IIKAJIbl U CUCTEMATUYECKUMHU HEOTIPEIEIEHHOCTIMU TTOTOKA PEAKTOPHBIX AHTUHERTPUHO, TaKKe

ODOIIHX 17151 BCEX JIETEKTOPOB.

3.6.1. Heompeaen€HHocTy 0XKMIAEMOT0 CHEKTPA

Ha pucyske 3.8 mpescTaBieHBl TOJHBIE OTHOCHTEIbHBIE ONMMMOKN JJIsl OXKUIAEMOI0 dHCIa
cOOBITHH B KaXKJIOM 3HEPreTHYEeCKOM UHTEPBAJE, OTMEYeH BKJIA][ CTATUCTHIECKON U CUCTEMATH-
4YeCcKOl YacTu B 1oJiHy1o ommOKy. Ommbku jyist 6iMKHEUX (JAJbHUX) JETEKTOPOB Pa3/InIaloTCs
c1ab0, MMOITOMY Ha PUCYHKE OHH YCDETHEHBHI.

W3 pucyska 3.8 BHJIHO, 9TO B U3MEPEHUAX OJVKHUX JETEKTOPOB, 00JIaTAIONHIX OOIBITION
CTATUCTUKOU, JIOMUHUPYET CHCTeMaThdecKas ormmbka. B mHabiogeHusx JTajJbHUX JIETEKTOPOB
ONMOKY Ha JAHHLIM MOMEHT PAa3/eJIsAIOTCs IPUMEPHO ITOPOBHY.

CitejtyeT OTMETHUTD, YTO DA3JIOXKEHWE HA CUCTEMATHYECKYIO M CTATUCTUYECKYIO 9acTH OT-
HOCHUTCA NUCKJIIOUUTENHHO K OXKUAACMBIM CIICKTPaM M HE HIPUMEHUMO K PE3YJIbTaTy OCITAJISAIIN-
OHHOT'O aHAJW3a. B ciaydae OCIUIIIAIIMOHHBIX TapaMEeTPOB BKJIA]T OT HEOIPEeAeJICHHOCTEH, KOp-
PEJIMPOBAHHBIX MEXKY Pa3JIUIHBIMU JTETEKTOPAME, CUJIBHO mofaBieH. OneHKa BKJIAJI0B UCTOT-
HUKOB CHCTEMATUYECKUX HEOIPENeJEHHOCTell B ONMUOKY HapaMeTpPOB OCIMJUIAIMN TTPUBEIEH B

pasnene 5.4.5.
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Bxuta s pa3indabIX HCTOYHUKOB CUCTEMATHIECKUX HEOTIPEAEIEHHOCTEN B HEOTIPEIETEHHOCTD
OXKUJIAEMBIX CIIEKTPOB COOBITHH ITpe/icTaBeHbl Ha pucyHkax 3.9. Bumno, 9To 1oMUHUDYIOITIUMEA
UCTOTHUKAMY (DJIYKTYAIUHA sIBJSIOTCS HEONIPEAEJIEHHOCTH TOTOKA PEAKTOPHBIX AHTUHENTPUHO U
FHEPrETUIECKON KAl eTeKTOPoB. Briia  neonpeneénaocTr (hoHA 3aMETEH TOJIBKO B 001aCTH
BBICOKUX 3HEPIUH, I7Ie MOTOK AHTUHEHTPUHO CTAHOBUTCH OYCHB MAJ.

Heornpenenénnoctr peakTopa U 3HEPreTUIeCKOH MKAaJIbl B IIEPBYIO OYEPEH OITPEIEISTIOTCS
HEOMIPEJICTICHHOCTAMHI CIIEKTPA PEAKTOPHBIX aHTUHEHTPUHO W HEJTMHEHHOCTHIO OTKJIUKA KUJIKOTO

COUHTHUJLIATOPA.

3.6.2. Marpurgsr ommbok

Ha pucynke 3.10 npegcrapiena cucTeMaTHIecKast 9acTh KOBAPUATIMOHHOW MATPUITHI U COOT-
BETCTBYIOIIAsi KOppeasiinontuast Mmatpuria. [Iogabil Hab/1i01aeMbIil CIIEK TP 9KCIEPUMEHTA COIED-
JKUT BOCEMbD CIIEKTPOB OT OTAEJbHBIX AETEKTOPOB, YTO MPUBOIUT K OJIOYHON CTPYKTYype MaTpHU-
1IbI OMUOOK. V3Mepenne 0 HOTO JIETEKTOPA COCTABJISIET 3D IHEPreTUYECKUX UHTEPBAJIOB. Beero,
B obrieit caoxkuocTu — 280 HabII0aeMBIX HHTEPBAJIOB. JacTh CUCTEMATHIECKUX HEOIIPEIEIEH-
HOCTeH, TAKNX KaK HEOIPEJACJCHHOCTh HeJUMHEHHOCTH SHEPreTUYIecKON TMTKAJIBl U HeOlpeIesCH-
HOCTb TIOTOKA W CIEKTPa PEAKTOPHBIX AHTHHEHUTPUHO, SABIAIOTCA KOPPEIUPOBAHHBIMU MEXKITY
JETEKTOPAMH, 9YTO TPUBOAUT K CUIBHBIM KOPPETATTNAM MEXKIY OINHAKOBBIMU YHEPTEeTHICCKUMU

nHTepBaJIaMU.
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OTHOCUTeNIbHasA ownbKa HabnwgaemMoro cnexkTpa

E rec, M!aB E rec, M!aB

Puc. 3.8. OTHOCUTE/NbHbIE OWNOKMN HabM4aeMbIX CNEKTPOB ANS AETEKTOPOB Ha OAVMKHUX U AanbHeln
nnowagkax 4ng nepuoga Habopa gaHHbIx 1230 gHeld. OWMOKM yepegHeHbl MeXAY 6VKHUMN (AanbHUMN)

AeTeKTopamm.

OTHoCcUTebHAaA ownbKa HabNAaeMOro cnekTpa

E rec; MaB E rec; MaB

Puc. 3.9. Bknag pa3fnyHbiX MCTOMHUKOB HeOMNpeaenéHHOCTEN B MOMHYH CUCTEMATMUYECKYHO OLIMOKY Ha-
6/110[1aeMOr0 CNeKTpa ANs AeTEKTOPOB Ha GAVMKHUX U JanbHel nnoulaakax ans nepuoga Habopa JaHHbIX

1230 aHeit. OWNOKN ycpeHEHbI MeXAY 6AMKHUMK (AanbHUMKU) AeTeKTopamu.
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280 -1.75
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(6)

Puc. 3.10. Cuctematmyeckas 4aCTb KOBapuUaLMOHHOM MaTpuLbl () 1 COOTBETCTBYIOLLAs MaTpuLa Koppe-

naumii (6), nocuMTaHHbIE ANs Nepuoga Habopa gaHHbIX 1230 gHei.
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3.7. dransl pazsuTusa 110 dybOscar

[Teppast Bepcust I10 Oscar s npeackazanust KOJIUdIecTBa HaOIIOMAeMBIX HEHTPUHO ObLIA
paspaborana nammm kosuieroit Beem Banom (Wei Wang). ITO npescrasiisiio B cebsi 9acTUTHO
00 BEKTHO-OPUEHTUPOBAHHDBITT Habop nporpamm Ha a3bike C++ JJIsl BBIIOJHEHUs] B HHTEPIIPETA-

tope ROOT u umesno cirenyromnpe BO3MOXKHOCTH:

1. Omnucanue crieKTpa PEAKTOPHBIX 3JIEKTPOHHBIX AHTUHEHTPUHO U CEYEHUsT B3ANMOIEHCTBUS

OBP nma ocnoBe TabyIMPOBAHHBIX (DYHKITUH ¢ JIMHEHHON WHTEPIOISAIIMEH MEXK Ty TOTKAMHE.
2. Ormenpubiit Makpoc st paciaéra cedernust OBP u coxpanenus: B TekcroBoit dait.

3. OTmenbHBIN MAKpPOC [T PACIETa CIIEKTPOB AHTHHEATPUHO M0 AHAJTUTUYECKOMY TTPUOJIH-

xernto [Hl].

4. syx-aeirpuaHas (POpMyJIa s BEPOSTHOCTH BBIKWUBAHUS 3IJEKTPOHHBIX AHTUHEHTPU-

HO (2.2).

5. IIpenckazanme MOJHOTO KOJUYECTBA AaHTUHENTPUHO, HAOJIIOAAEMOTO KaXK/IBIM JETEKTOPOM
OT KaXKJ0T0 PeaKTopa B KaXKbIil JleHb Habopa JAHHBIX HA OCHOBE WH(MOPMAIUN O TEILIO-
BOM MOIITHOCTH ¥ U30TOIMYECKOTO COCTABA PEAKTOPA, a TaKXKe BpeMeHr Habopa JTaHHBbIX U

MacCChI A€TEKTOopa.

[Tocne mavana coBmectHo# pabotsl B Hadame 2012 roma 1O 6buto mepepaboTano B MOJTHO-
CTBI0 OOBEKTHO-OPUEHTUPOBAHHBIN By n nepenmenoBano B dybOscar. C atoro spemenun [10
dybOscar mpeacrasisger coboit HabOp OGMOIMOTEK, UCIOIB3YEMBIX MIPHU OMOIIKA IPOTPAMM Ha
sapike Python. Ilpaktudecku Bce dusmdeckme cympoctn, Takue Kak cedernne OBP, crmexkTp
AHTUHEATPUHO, TIOTOK aHTUHEATPHUHO, JETEKTOP W T. J. MOJYIUIN 00BEeKTHO-OPUEHTHPOBAHHOE
IIPeJICTABJIEHNUE, ITO TO3BOJIUIO THOKUM 00pa3oM MEHATH UX PEaIM3aITiui.

Broumu 1obaBiieHbr ceayIoniue 3JeMeHThI:
— IIpenckazanue doHA B KasKIOM IETEKTOPE.
— Hobapaenne JUHEHAHBIX TONPABOK KO BCEM KJIOYEBBIM 3JIEMEHTAM BHITUC/IEHUN.
— Beruncienue sikobuana 1o BCeEM ITapaMeTpaM, U3BECTHBIM € HEOIPEIEIEHHOCTRIO.

- HonyquHe MUHHUMYMa beHKL[I/H/I XU-KBaApaT aHaJIUTUYICCKHU.
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- MO,ZLyJH/I AJIA KeIIIUPOBaHU A Hpe,ZLCKaSaHI/Iﬁ u nIpoBeacHu A MOJCJIbHBIX 9KCIICPUMCHTOB.

B makom Bume dybOscar 6bL1 MCIIONB30BAH JJIsi MEPETPOBEPOK € JIPYIUMHU TPYIIAMU U
[OJIyYeHU s TIEPBOTO pesyibrara (M. pasuenst 4.3 u 5.2.1).

Brocencreun monysas dybOscar, 3ausiTeiil B IpeIcKa3aHnl KOJUIeCTBa COOBITHM ObLIT 3HA-
YUTEJHbHO OOHOBJIEH € TEJIBI0 ONTUMHUBAIINN BBIYUC/IEHUN, OTUCcaHHoN B pasese 3.95.1, 9To 1103-
BoJI0 B 20 pa3 MOBBICUTH CKOPOCTH PACIETOB. YJIyUIEHHAS BEPCUS OBLIA UCIOJB30BAHA IS
[OJIyYeHU s HOBOTO pe3yibrata B Mae 2012 (em. pasgen 5.2.2).

Crpykrypa 10O HA TOT MOMEHT MJI0XO TIOIXOIUIA IS PEATASAIINN AHAJIN3A ¢ YIETOM CITEK-
TPa. DTO CBA3AHO, BO-TIEPBBIX, C OTPAHUIEHHOCTBIO MOJIEJN JTAHHBIX, & BO-BTOPBIX, ¢ HEOOXOIH-
MOCTBIO AHAJTU3UPOBATH DOJIBITIOE KOJUYIECTBO MTEPEMEHHBIX, 3aBUCHMOCTh MOJIETN OT KOTOPBIX
HEJIB3sT OBLIO cBecTH K JuHefinoMy ciaydaro. [lostomy dybOscar 6b11 mpakTUIecKn TOJTHOCTHIO
neperncal. Bo3MOXKHOCTH U OCODEHHOCTH HOBOM BepCHH y2Ke OBLIN TOIPOOHO PACCMOTDPEHBI B
JIaHHO TaBe. EIMHCTBEHHBIM KOMITIOHEHTOM, TTPAKTUIECKH O€3 U3MEHEHUN COXPAHUBIIAMCS C
CcaMoro Havdaja, siBadeTcs Kiace 1uist Borancaenns cedennst OBP. Hannasa sepcust dybOscar 6w1-
Jla UCTIOJTB30BAHA JIJTsT AHAJIN3a B PEYKUME , [IOTOK+-CIEKTP', PE3YIbTATHI KOTOPOTO IPEICTABIEHBI

B pasjese 9.3.
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3.8. Obmactn npumenernd dybOscar

ITO dybOscar ucrosb3yercs He TOJTBKO sl ONEHKHW 3HAYEHUN MapaMeTPOB OCITAJLIAINN
HeTpuno sin? 2013 1 Am2,, HO Tak:Ke M [Id PALA APYTUX HCCIIeIOBAHMIA:

1) Ocnmnnsnmonnsiii anams garabix Daya Bay ¢ niesibio usmepenust 3Ha9eHui 1apaMerpos
CMENMBAHUS HCATPUHO sin? 2013 u Amge. DTO UCCIAEIOBAHUE SIBJIACTCST TVIABHOM TEeMOM JTaHHOMN
paboTHI.

2) Uccnenosanue 3pheKTOB KBAHTOBON JIEKOTEPEHIINN B HEHTPUHHBIX B3aUMOJICHCTBUAX
Ha OCHOBe jJaHHbIX 3KcrepuMeHTOB Daya Bay u KamLAND. [lanaoe mnccrenoBanme mpoBOINAT-
cst ipu omotrn dybOscar napasuresnpao aBymst rpynmavu: rpymmnoit uz OUAW u rpynmoit us
SYSU?. Cnenyer ormetuts, uro rpynma uz OUIN apiaserca HHAIEATOPOM JAHHOTO HCCICI0-
BAHWS.

[TonobubIe 3 HEKTH BOBHUKAIOT TPU OMUCAHWUN HEATPUHHBIX OCIULISAIWA PHU TTOMOIIN
BOJTHOBBIX TIAKETOB B PaMKaxX KBAHTOBO-TIOJIEBOTO MOAX0/a. HeldTpUHHbIE TAKETHI UMEIOT KOHEY-
HBII MPOCTPAHCTBEHHBIN pasMep u 00JacTh MHTePEPEHITNN, KOTOPasd YMEHBITAETCS 10 Mepe
PaCXOXK/JIEHUsT TTAKETOB B IPOCTPAHCTBE. Y MEHBITIEHNE WHTEPMEPEHIINN, TPUBOIUT K IIO/IaBJIe-
HUIO HEUTPUHHBIX OCLHMJIIANNUN, KOTOPOE BbIPAXKACTCA B PA3HON CTEIICHU I/ PA3HBIX SHEPIUi.
CooTBeTcTBEHHO, HADIIOIAS 3a CIIEKTPOM PEAKTOPHBIX AHTUHEHTPHUHO, MOXKHO OIPAHUYIUTD WU
U3MEPUTD TapaMeTPhl Jekorepenninu. Ha ocHOBe JaHHbIX peaKTOPHBIX sKcepumenToB Daya Bay
n KamLAND MoXHO BIIEpBBIE TTOJIYYIUTH SKCIEPUMEHTAIBHBIE OTPDAHMYEHNsT HA TTAPAMETPHI Je-
KOT'€PEHITUN B HEUTPUHHBIX OCITUJIJISTINSIX.

[To pamuoit Teme B 2014 rogy ObLia sammineHa OGakajgaBpckasi auiioMHast pabora [200]
Honrapesoit M. A.  HMccaemosanns 3dhdekra IeKOTEPEHTHOCTH B HERTPUHHBIX OCITAJIISIIAAX
pykosoguTenb: Tonaap M. O. Ewo xe o pykosogcteom T'orvaapa M. O. B 2016 romy 6nL1a 3a-
mumieHa auiiomuasi pabora marucrpa [201] ,Mccnenosanue 3¢pdEKTOB TEKOTEPEHTHOCTH BOJI-
HOBBIX ITAKETOB B HEATPUHHBIX OCIU/LIANMAX Ha OCHOBE JaHHBIX skcrepuMeHToB KamLAND u
Daya Bay*.

Pesynbrarer uccienopanus 3h@PeKTOB AEKOTEPEHTHOCTH HA OCHOBE JIAHHBIX JKCIEPUMEHTA
Daya Bay 6buiu omy6/IMKOBaHBL OT UMEHU KOJLIADOPAIMY B APXUBE IPEIPUHTOB [32| U IpUHSATHI
K [Ie9aTH B XKypHaJe.

[Iybukamus pesyabraTtos aHagansa ganabx sxcrnepumerta KamUAND mranupyercs B 2017

romy.

4Sun Yat-Sen University, ['yamazxoy, Kurait.
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3) UccnenoBanue crepusibHBIX HERTPUHO. DKcnepuMent Daya Bay ucnosbsyer BoceMb jie-
TEKTOPOB [IJIsI PETUCTPAIMUA JIEKTPOHHBIX AHTUHEATPUHO OT MIECTH PEAKTOPOB, PACIIOJIATAIO-
mmxcest Ha 3MGEKTUBHBIX paccTodgausax 512w, 561 M u 1579 m. Beseaersue 3T0ro sKcrepuMenT
YYBCTBUTEICH K HEHTPUHHBIM OCHUJIIAIUAM B IIUPOKOH obsactu L/E, wau, ¢ yuéroM criek-

i 6 107%5B* < Am? < 0.15B 1II
Tpa peakTOPHBbIX anTuHeiTpuno, B objactu 107°3B° S Am*® < 0.13B°. Ilepsoie orpanuyenust
HA [TapaMeTPbl CTEPUJIbHBIX HEATPUHO HA OCHOBE JIAHHBIX 3KcrepuMenTa Daya Bay [25] 6buim
moJIydeHbl, B ToM uaucite, rpymnmnoit uz OMAN opu nomormm I[TO dybOscar.

4) PexoHCTPYKIUs AHTUHEHATPUHHBIX CIHEKTPOB OT Jessimxcst usoronos. 1o mepe pabo-

. ) 235 239 241
Thl U30TOIHBIM COCTAB peakTopa MeHsieTcs:: Boiropaer “°°U, a ““Pu u “ Pu makamimmpaiorcs.
CoOTBETCTBEHHO BKJIAIY JEJSAIIErOCs W30TOMA MEHSETCS W CyMMAPHBIN CIEKTD AHTUHEHTPU-
Ho. Takum 06pa3zoM, CrpynupoBaB JIaHHBIE IO BPEMEHHBIM HEPUOIAM € PA3JTUIHBIM U30TOIMHBIM
COCTABOM PEaKTOpa MOYXKHO, TPEIOJOKUTETHHO, U3MEPUTDL AHTUHEUTPUHHDBIE CIIEKTPLI OT Jle-
JISIIIAXCS U30TOLIOB, IO KpaitHell Mepe, B objacTu HU3KuX sHepruit (nopsinka 2 — 4M»sB). Han
UCC/IeIOBAHUEM BO3MOXKHOCTH ITOJOOHBIX U3MEPEHUI B PEAKTOPHBIX IKCIIEPUMEHTAX BOOOIIE U B

skcnepumenTe Daya Bay, B wactHocTn, paboraer rpymnmna nz OV AN opu nmomormu [TO dybOscar.
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3.9. 3akaouenue K TpeTheil riaaBe

B mannoit tiaBe ObLT eTAIBHO TIPEICTABIEH IPOIIECC MTPEICKA3AHNS HADTIOIAEMOT0 CIIEK-
Tpa s IKcrnepuMenTa Daya Bay, onmcanbl ocHoBHble Texumdeckue mpanuble 110 dybOscar,
HeOOXOIUMBIE [T AaHAJIN34 JTAHHBIX IKCIIEPUMEHTA. TaK»Ke OMMCAHbBI IPUEMBI, TO3BOJIUBIIHUE JT0-
CTUTHYTBH BBICOKOM 3(hdexTrnrHOCTH paboTsr 110.

st oTpakeHust JIMIHOTO BKJIaa B pa3spaboTKy KPATKO MpUBeeHa UcTopus pazsutus 110
dybOscar.

[ToMrMO OCITMJLTSIITUOHHOTO AHAJIN3A JAHHBIX C TEJIbI0 OMEHKH TapaMeTPOB OCITAJLIAINN
HeitTpuno sin® 20,5 u Am?2, dybOscar ucnonbsyercs i psjia JIPYTUX HCCISIOBAHUH, KPaTKO

OIINCAaHHBIX B KOHIIEC I'VJIaBBI.
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4. WMccaenoBanme cMeINIeHNs OMEHKN IIapaMeTpPOB sin’ 2013 n

Am§2, HOJIy49aeMoii IIpM MUHAMU3ANANA QYHKITAA ) >

4.1. BBenenne

[Tepen TeMm, KaK EPEXOINTH K AHAIU3Y PEATBHBIX JAHHBIX, HEOOXOMUMO MOKA3ATH, ITO UC-
nosibzyemoe [10 crocobHO moMyInTh HOCTOBEPHBIN PE3YIBTAT U OIEHUTH €0 CTATUCTUIECKYIO
3HAYMMOCTB. B JTaHHOW TyiaBe TpeacTaB/iIenbl pe3yabrarhl ucciaemosanust 110 dybOscar va mo-
JIeJTBHBIX JTAHHBIX. 3a OMUCAHWEM OOIell METOIUKHN CJIEAYIOT JBa Pasfesa ¢ Pe3yabTaTaMy Te-
CTOB it IBYX pasubix Bepcuit 110, ncmonb3yeMbix j1st MCCAETOBAHUI B PEXUMAX ,IOTOK U
,JIOTOK -+ CIIEKTP".

OtpenbHast TJIaBa MOCBAIIEHA WCCJIEIOBAHUIO OTKJIOHEHUH, BO3SHUKAIOIIMX TPH ITOATOHKE
MapaMeTPoOB METOIOM MUHUMU3AINKA (DYHKIUNA XH-KBAJIPAT B CJIyYae, KOTA OMMOKHA 3aBUCIT
OT TApaMeTPOB MOJArOHKU. Hajmiane MaHHBIX OTKJIOHEHWH CTAJI0 HEOXKHUIAHHOCTHIO HA MEPBBIX
sramax nposepku 110 dybOscar, npemaasHaIeHHOTO I AHAJIH3A ,JI0TOK-+crieKTp . [IpuarHb
BOBHUKHOBEHUSI JTAHHBIX OTKJIOHEHWH TOIPOOHO OTMCAHBI KAK B JIAHHOM pa3jesie Tak U B IIPU-

JOKCHUN b.
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4.2. MeToauka TeCTUPOBAHUS

Hesb qaHHOTO TECTUPOBAHUS — HA OCHOBE BKJIFOYTAIONIAX (DIYKTYAIINA MOJEIBHBIX JTAHHBIX
nokas3ath, 9To 110 dybOscar moxeT a1eKBATHO OIEHUBATH KAK MCCJIEIYEMBIE BEJTUIUHBI, TAK U
WX HEOTPEICICHHOCTH.

Uccnenoanne mposoauTes ciaeayiommM obpazom. Vmeercst BekTop mapaMeTpos 6, HOMU-
HaJbHOe 3HadeHne Koroporo 00 ucnomnsyerca B mogenn. Taxske 0° Mbl uHOrTA GyIeM HA3HIBATD
WCTUHHBIM 3HadeHreM . K mpenckazanuio Momae n J100aBIA0TCS CTATUCTUICCKIE U CHCTEMATH-
geckne uaykTyarnuu. Janube ¢ QIyKTyarusMu UCIIOJIb3YIOTCS I TOJTOHKY TapaMeTpos 6.

Jannast mporeypa MOBTOPSIETCS JIOCTATOYHOE KOJIMIECTBO pas N s Oy dIeHns pacipe-
JeJeHUH 3HAYEeHUH ITapaMeTpOB é, MUHUMUBUPYIONTUX (PYHKITUIO XU-KBAIPAT Ha KaXKI0H nrepa-
mmu. B obmactr MuaUMyMa (DYHKIIMY XU-KBAIPAT BBIUUCISIOTCH MPOU3BO/IHBIE TI0 TApAMETPAM
ITOJATOHKM, HA OCHOBE Y€r0 MPOU3BOIUTCS OINECHKA IUCIEPCHH 0 KaXKI0TO IIapaMeTpa.

B pesysnbraTe cepun ,5KCIEPUMEHTOB” IMeeM PACIPeeIeHIe OIEHOK TapaMeTPOB 0 co cpen-
HUM <é> U CTaHJaPTHBIM OoTKJoHeHneM o°. CTaHIapTHOEe OTKJIOHEHHE CPETHETO S ONPee/IaeTcs
B HOPMAJIBHOM TIpuG/IKeHnn Kak o /v/N.

[Ipu moaromke mapamerpa f B KaxKJIOM SKCIEPUMEHTE IIPOU3BOIUTCA OIEHKA €0 HEeoIpe-
JenéHHocTr 0. PacupesesieHue oleHOK 0 UMeeT cpejiHee () U CTaHAAPTHOE OTKJIOHEHUE .

B nomosHeHme K OIEHKAM MPOBEPSETCS TAKXKE PACIpee/eHne 3HaYeHUu# (PYHKITUN XU-
KBaJIpaT B MUHUMYME, TOJYICHHBIX B KAXKJIOM 3KCIICPUMEHTE.

K TMOJIYICHHBIM BCJIMYIUHAM TPCIbABJIAIOTCA CJICIYIOIUE Tp€6OBaHI/IHZ

1. Cpenane 3HadeHUs PACIPEIETEHUI BOCCTAHOBIEHHBIX TTAPAMETPOB <9> JIOJI2KHBI OBITH J10-

CTATOIHO GJIM3KH K UCTUHHBIM 3HadeHraM (0. PopMaIbHO, OTKIOHCHTE <9> ot 0° momxHO

OLITL MEHbIIEe ,ZLGCﬂTOfI A0JIM CTaHIaPTHOI'O OTKJIOHCHU A O'OZ

0y — °
‘<>070 <0.1. (4.1)

B cay4ae mosHOCTBIO JIMHERHOM MOJIEN OTKJIOHEHUE <9> ot 0° 1oKHO GBITL B IIpeenax

ommbKHU Ha CpejHee S.

Beswmauna (4.1) BeibpaHa BPYYIHYIO M CIUTAETCS JTOCTATOYHO KOHCEpBATHBHOW. OTKIIOHE-
HudA, MeHbIe deM (.1, Tpu KBaIpPaTUIHOM CKJIAJBIBAHUU CO CTATHUCTHUICCKHMH U CHCTE-

MaTHUICCKUMU ITOTPCITHOCTAMN Hp€H€6pe)KI/IT€.HbHO MaJIbI.
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2. CpejHee 3HAYCHUE TIOJIY YCHHON ONEHKY JIUCTIEPCUH {(F) JOJIKHO aJIeKBATHO OTICHUBATH 111~
puny pacmpesenenus o°. PopMaIbHO, OTKIOHEHUE JOJXKHO OBIThL B IpeAeaaX CTaHIapT-

HOT'O OTKJIOHCHUA §.

(o) —o°| <. (4.2)
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4.3. IIpoBepka 11O ans ananm3a JAaHHBIX B peXXume ,JIOTOK

4.3.1. Meroauka TecTupoBaHud

Hanroe TecTupoBanue mpoBoauiochk Ha dybOscarl2, npennasHaveHHON JTs aHAIU3A TaH-
HBIX B PEXUME IOTOK' ¥ WCIIOJb3YEMOTO IS TOJYIEHUs PE3YIbTATOB, ONMHUCAHHBIX B Pa3e-
gax 5.2.1 m 5.2.2.

s ananmm3a JI0TOK® JOCTOBEPHOCTDL Pe3yJsbTara ObliIa MCCJIeI0BAHA ¢ YIETOM CTATHCTHU-
vecknx puaykryarnuit mogesm. B cury Tekymmx orpanndenuit dybOscarl2, dgpurykTyanmit cucre-
MaTUIECKUX TAPAMETPOB MOJIE/N HE TTPOBOIUIOCE.

B mporecce onTtuMuzaun y4acTBOBAJIO ABA CBOOOIHDBIX IapaMeTpa: HOPMUPOBKA MOTOKA
u sin? 20,3; a Takxke 37 HAPAMETPOB, HEONPEIEJEHHOCTh KOTOPBIX YUHTHIBAIACH OCPEICTBOM
JnobapaeHnst MTPpadHBIX WIEHOB B (DYHKIIMIO XU-KBAIPaT.

OnTuMasbHbIE 3HATEHU ST HOPMUPOBKHY TIOTOKA W CHCTEMATHYIECKUX TTAPAMETPOB HAXOTHJINCH
AHAJMTUYCCKN B JnuHEHHOM npubimxenun. OnTuMaabHOe 3Hadenue sin? 2013 HAXOMUIOCH THC-
nenno 1o MeTony Bpenta, peanmsosannoro B 110 ROOT [195]. ducnepcus ¢ napamerpa sin® 26
OIEHUBAETCA METOIOM TMoucKa s3Hadenud Ay? — 1, To ecTh THCACHHBIM PelieHneM CJIeIyIomero
yPaBHEHWUST:

— —
x2(sin? 2013 £ &) — x*(sin? 2013) = 1. (4.3)
Brumm necseoBanbl JBa caydast: ¢ yI€TOM CUCTEMATHIECKUX HEOIIPEIEJIEHHOCTEN TapaMeT-

poB, u 6e3 yuéra.

4.3.2. Bxoanpie mapaMeTpsl

B kavecTBe mccsenyeMbIx mapaMeTpoB ¢, UCTIOIB3YIOTCS CIIEIYIONINE TIePEMEHHbBIE:

— 7 — HOPMHUPOBKa IIOTOKa PECAaKTOPHBIX aHTHHefITpHHO C HOMUHAJIbHBIM 3HaAYCHHNCM

— sin? 20,5 — AMIJIATYIa CMENABAHNA HEUTPUHO ¢ HOMUHAJBLHBIM 3HAYCHACM

(sin?2645)" = 0.05, (4.5)
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— Am?, — pacimernienne Macc HeHTPUHO ¢ HOMUHATLHBIM 3HAMCHAEM

(Am2)" =2.23-1075B2. (4.6)

B anajuzse ,10ToK" 3Hadenue Am?2, He BOCCTAHABIUBAIOCH. [IJisi TPOBEPKU CTAOUILHOCTH
pe3yabTaTa, aHAJU3 IIPOBOJAWJICA C HCIOJb30BAHMEM 3HAYCHUN DPACIICIICHUS MacC HEHTPHHO,

OTINYHLIX OT mcTuHHOro Ha £lo: 2.1-10723B% u 2.36 - 1072 sB2. Ina mposepkn dybOscarl2

2

B KadeCTBe HOMUHAJIBHBIX 3aBEIOMO BhIODAHBI TaKWe 3HAYECHUS sin? 20,5 u AmZ.,

K KOTOPBIM Yy

IKCIIEPUMEHTA MCHBITIC 9YBCTBUTC/IIBHOCTD.

4.3.3. Pe3ynbrars

Ha pucynke 4.1a npeacraBieHo pacipeiesieHue OIeHOK sin? 2015 B MOJIEIM CO CTATHCTHU-
qecKUMU (QIIYKTYaIuaMu 1 6e3 y4uéra CUCTeMATUHIeCKUX MOTPEITHoCTel npu ontuMmusanmu. Ha
PUCYHKE ITOCTPOEHBI TPU TUCTOIDAMMBI, COOTBETCTBYIOITHE PACIPEICTICHUIO OICHOK IIPU UCITOJIb-
30BAHUM MCTUHHOTO 3HadeHnst Am2, npu nogronke (TojcTas JUHUA), a TAK¥XKe IIPU 3HAUCHUAX
(Amge)o + 1lo. Cpepnee 3nadenne OTMEYIEHO [JIs1 KAXK/I0H TUCTOIPAMMBI CUHEH BEPTUKAJILHON JIU-
Huell. Bo BKJIaIKe IPeACTaBICHO CMEITeHNe CPeJHEr0 3HAYCHNST OTHOCHTEIBFHOTO HCTHHHOTO JIIA
cayaas (Am2,)°. IpeToM 0TMEYeHB 061ACTH CTAHIAPTHOTO OTKIOHEHHS CPEIHETO (BHyTPEHH:L: )
u 0.1 mupunbl paciupeenenus (BHeNnHss1). Bo Bropo# BK/IAKe OTMEIEHA JUCIEPCUST TI0JIY 9eHHO-
ro pacipejeieHusi (KpacHbIl) U CpPeJHee 3HAYCHUE OTCHKY Jucrepcuu. 13 pucyHKa BUIHO, UTO
IIPOITECC TIOJINOHKY MTO3BOJIACT MOJYIUTh HECMEIEHHYIO OIEHKY MCKOMOTO ITapaMeTpa, a TaKKe
MOy HYUTh aJeKBATHYIO OLEHKY JUCIepCHH. Tak»Ke BUIHO, YTO IOIyHeHHOe 3HadeHue sin? 203
IPaKTUYIeCKH He 3aBUCAT OT 3HadeHus Am2, B 06JaCTH TOTPEITHOCTH.

Ha pucynxke 4.16 npencraBIeHO COOTBETCTBYIOINIEE PACIIPEIe/IEHIE 3HATEHN S (DYHKITUN XW-
KBa/IPAT B MUHUMYME, XOPOIIO ONUChIBAeMOe (PYHKIMEH XU-KBAPAT € GeThIPbMS CTEEHsIMA
cBOGOJILL: IMIECTD JIeTEKTOPOB MUHYC JBa CBOGOIHBIX HapaMerpa, sin® 2013 u n.

PesynbraT nccsienoBaHns, yIUTHIBAIONIETO TAKXKE CHCTEMATHICCKHIE ITONPEITHOCTH IIPH OTI-
THMU3AIIY IPEeJCTaBIIeH Ha pucyHKe 4.2. B maHHOM cirydae Py MOJIEJUPOBAHUH UCIOIB3YIOTCA
TOJILKO CTaTUCTHIeCKHUE (DJIYKTYAITMH, OHAKO, IPU TOJIOHKE YUUTBIBAIOTCS KaK CTATUCTHTE-
CKHWe, TaK ¥ CHCTEeMaTHIeCKHUe OITUOKM.

B cBsi3u ¢ TeMm, 4To OMUOKYU, YUUTHIBAEMBIE IIPU IOJIOHKE, OOJBITE HEOITPEIe/IEHHOCTENR

daykTyanuit Momesn, pacrpeesienne 3HadeHuil (DYyHKIUH XU-KBAJIPAT B MUHUMYME CMEITEHO
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B 00/1aCTh MEHBINNX 3HAYCHWUNH OTHOCUTEJBbHO (DYHKIMU XU-KBAJPAT € YETBIPHMs CTEICHSIMU
cBo6oibl (eM. pucyHok 4.26). Ordactu 3107 )Ke haKT IPUBOJIUT K TOMY, UTO OIEHKA JIUCIIEPCUN
¢ Bermmuunbl sin® 2013 B cpeaHeM GOJIbIe, YeM PeaabHAdA IIUPHHA 0° PACHDPEIEICHHUs OIEHOK
sin? 2013 (cM. HIZKHIOIO BKJIAJKy PUCYHKa 4.1a).

VYT CHCTEMATHKN IIPU TOJATOHKE B CPETHEM HE CMEIIACT ONEHKY 3HadeHusd sin’ 20;s. M-
L y 13

2

CJTeTyeMBIl TAPAMETD TAKKe He 3aBUCHT OT 3Hadennst Am?,,

UCIIOJIB3YyCMOI'O TIPU aHaJIU3E, 110

Kpalinei#t Mepe B 00J1aCTH €r0 TTOTPEITHOCTH.

4.3.4. 3akiarouyenue

B pesysibTare mpoBepKH MOKA3aHO, YTO UCIIOJIB3YEMbBIA METOT TIO3BOJISAIOT TOJYIUTH HECMe-
MEHHYIO OTICHKY sin? 26053 ISt TOCTATOYHOTO WHTEpPBaJa 3HaTEHUH Amge. Metonuka gaéT ajek-
BATHYIO OIEHKY TIOT'PENTHOCTH. Y Y€T CUCTEMATUKU IIPU ITOJTOHKE, KAK U OXKUIAETCs, IPUBOJIUAT
K YMEHBIEHNIO 3HadeHu# (DYHKIIUKM XU-KBAJIPAT B MUHUMYME, HO B CPEIHEM HE MPUBOIUT K

CMEIICHUIO OIICHKH.
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(a) (6)

Puc. 4.1. PacnpefeneHue oueHOK sin22013 (a) And MOfLeNbHbIX 3KCMEePUMEHTOB CO CTaTUCTUUYECKUMU
(hnykTyaumamm. CucTemMaTMYecKne MOrpeLlHoCT Npu MOATOHKe He y4yuTbiBaloTCA. COOTBETCTBYHOLLEE
pacnpefefieHne 3HaYeHUn (YHKUUU XU-KBaApaT B MUHUMYMe (6). CuHEei NMHWen OTMeyeHa CpefHAs
OLeHKa rnapameTpa, a KpacHOW — ero UCTUHHOE 3HayeHue. MMYHKTUPHbIM rpatMKoM M306paXKeHbl OT-
mMacwTabnupoBaHHbIe MIOTHOCTU BEPOATHOCTU: HOPMaNbHOrO pacnpefeneHus (a) u pacnpegeneHns Xu-

KBajpaT € YyeTblpbMA CTeneHsMM cBobogpl (6).

(a) (6)

Puc. 4.2. PacnpefeneHue oueHOK sin22013 (a) And MOfLeNbHbIX 3KCMEePUMEHTOB CO CTaTUCTUUYECKUMU
(hnykTyaumamun. Mpu NoAroHKe YYMTbIBAKOTCA CUCTeMaTUYeckue norpewHocT. COOTBETCTBYHOLLEE pac-
npegeneHve 3Ha4yeHUn PyHKUUM Xn-KBagpaT B MUHUMYMe (6). CUHei NMHMERn oTMeYeHa CpefHAs OLeHKa
napameTpa, a KpacHOW — ero UCTUHHOe 3HayeHue. MyHKTUPHbIM rpauKom M306paxKeHbl oTMacLITabum-

POBaHHbIE MIOTHOCTU BEPOSTHOCTW: HOPMasbHOTro pacnpeaeneHus (a) v pacnpefeneHus Xu-KBaapat C

yeTbIpbMS CTeneHaMU cBoboAbl (6).
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4.4. IlpoBepka 11O jJis cneKTpaIbHOTO aHAJIM3A

4.4.1. Meroauka TeCTUpPOBAHUSI

JanHoe TecTMpoBaHME MPOBOAMIOCH it Bepcun dybOscar, ucmosb3yeMoit st aHam3a
JIAHHBIX € y9I€TOM HaOJII0IaeMOTO CHeKTpa. B KadecTBe HOMHWHAJBHOM HCIOJIB3YeTCs MOJIe/b
skcriepuMenTa Daya Bay, coorBercrBytomas nepuomy 621 nenb. Pesyabrarhl anaanza JaHHBIX
skcepumenTa Daya Bay mpu momonu nanuoit sBepcun 10 npusenens: B pasgenax 5.3 u 5.4.

st moarokm u orneHku jmcrepenn ucnosb3yercs 110 Minuit [198], sriouénnoe B 110
ROOT [195].

B mepBoM TecTe A MOATOHKH HCIOJIB3YeTCA KOBApPHUAITMOHHAA MATPUIlA, BBIYHCJICHHAS
JIJIs HOMHHAJBHBIX 3HAYEHUH IapaMeTpoB. TakxKe JJIs MCCIeTOBAHUSA BJINSHUA TOUKHA PACUIETa
KOBaPHUAIMOHHON MATPHUIIBI HA PE3YIbTAT HOITOHKH TECTUPOBAHUE ITPOBOJIUTCS /Il HECKOJIBKIX
JIOTIOJTHUTEIBbHBIE KOBAPUAITMOHHBIX MATPUIl. B KadecTBe aJapTepHATHBHBIX UCIOIB3YIOTCA KOBA-
PUAITIOHHBIE MATPHILL, 0Ty SeHHbIC, KOTIA OIMH WJIH JIBa OCIMLIAIMOHHBIX HapaMerpa sin? 20
1 Am2, cMelenbl B HOJOKUTETBHYIO WM OTPHIATEIBHYIO CTOPOHY Ha OJIHO CTAHIAPTHOE OT-

KJIOHCHUC.

4.4.2. ®aykryarnum MOAEIbHBIX MAPAMETPOB

Ocnogno#t MeTo, no6aBIeHust CAyIafiHbIX (DIYKTYAIHH K MOJIETH — 9TO BAPHUAIUS MOJIEb-
HBIX TIapaMeTpoB. B KaXX1oM 3KCIEepUMEHTE [IepPe/l BRIYUCICHUEM IPEeICKA3aHUsT BAPbUPYIOTCS
Bce MojedbHBIe TapaMmeTpsl. [lpemamosaraerca, 9To Bce mapaMeTpPhl B MOJIEIH IKCICPUMEHTA
Daya Bay mmeror HOpMabHOE pacupeneseHne BOKPYT cpemHero 3Hadenus. CaMu mapaMeTph
¥ WX HEOIPEJIEeJIEHHOCTH OMHUCAaHbl B pasfese 2.6. IIIOTHOCTE BEPOATHOCTH 715 HADIIOZAeMBIX
JIAHHBIX B JIAHHOM CJIydae omucbiBaeTcs dopmystoit (B.1).

[locste nobapsenusi paykTyanuit K napaMerpaM W BBLIYUCAEHUs [IPEICKA3AHIS MOJIEH, K
pesyabTaTy J00aBISIOTC CTATUCTHYECKUE (DJIYKTYAINH, IMIUPUHA KOTOPBIX PABHA KOPHIO U3 KO-
JIMYecTBa COOBITHI B MHTEPBAJIAX.

Ha pucynkax 4.3-4.11 pe3yabTarshl, MOJyUeHHBIE IPU TOMOITH (DIYKTYAIHH TTapaMeTpoB

UIYT 1101 OTMETKO#H (6).
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4.4.3. ®nykryarum HAGII0IA€MBIX CIEKTPOB B rayCcCOBOM HPHUOIMXKEHUN

Kak nokazano B npunoxkenuun B, B ciiydae, KOIJa HEOUPEIEJEHHOCTH MOJIEIbHBIX Tapa-
METPOB JIOCTATOTHO MaJibl U IIPEJICKA3aHue MOXKET OBITH Pa3JIoKeHo B psij Teftsiopa mo HUM 10
JIMHEWHBIX YIEHOB, (DJIYKTYAIINH ITUX TTAPAMETPOB IPUBOIAT K HOPMAJIBHBIM (DIYKTYAITHSIM Ha-
Osro1aeMbIX cieKTpoB. Torma, s OnucaHus IJIOTHOCTH BEPOSTHOCTH HAbJIIOIaTh OIIPEIe/IEH-
HBIH CIIEKTD JOCTATOYHO CPEIHUX 3HAYCHUH (IIPEJCKa3aHue [IPU HOMUHAJIBHBIX TapaMeTpax) u
KOBAPUAITMOHHON MATPHUIIBI, CHCTEMATHIECKAST JACTh KOTOPOH MOy IaeTcss MeTOI0M Iuddepen-
IUPOBAHUS MIPEJICKA3AHUS 10 ITapaMeTpaM, U3BECTHBIM € HEOITPEIEIEHHOCTDIO.

st 3a1aHHOTO CPEHETO [ip W TOJHON KOBAPUAITMOHHON MAaTpuIlbl V', mpeiicKa3anue ¢

GIYKTyanuaMu oIy IaeTcst CaeayonmM o6pasom:

ft = po + 0, (4.7)
1
0=Vaz, (4.8)
rIe fip — OXKHUJaeMoe CpejlHee IPU HOMUHAJIBHBIX ITapaMeTpax, 2 — CTOJOel] HE3aBUCUMbBIX
HOPMaJIBHO paCHpeﬂeHéHHbIX BEJIMYUH C €IWMHUIHBIMUK OJUCIIECPCUAMU T; — ]_ PaBMepHOCTb z

paBHa pasMmepHocTH . MaTpura Vi cauraerca [IPU TIOMOIIYU PA3JIOKEHUsT XOIeKoro [202].
Ha pucynkax 4.3-4.11 pe3yabrarsl, TOJyIeHHbIE IPU TOMOITH DIIyKTyaruit nabJo1aeMbix

HIYT 110]T OTMETKOM (a).

4.4.4. Bxoanbie mapaMeTpsl

B kavecTBe mccsenyeMbIx mapaMeTpoB ¢, UCTIOIB3YIOTCS CIIEIYIONINE TIeEPEMEHHBIE:

— 7 — HOPMUPOBKa IIOTOKa PECaKTOPHBIX aHTHHefITpHHO C HOMHUHAJIbHBIM 3HaAYCHHNCM

n =1, (4.9)
— sin? 2013 — AMILIUTYAA CMCHIUBAHUS HCUTPUHO ¢ HOMUHAJIBHBIM 3HAYCHUCM
) 0
(sin®2613)" = 0.1, (4.10)

— Am2, — paciienjienue Macc HETPUHO ¢ HOMUHALHBIM 3HATCHUEM

(Am2,)" = 2.32- 107 MsB?, (4.11)
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4.4.5. llogcuennsa K 0popMIIEHUIO pPe3yJIbTATOB

Ha pucynkax 4.3-4.5 npejcrapjeHbl TOJyYeHHbIE PACIIPEIETIEHNS JIjIs UCCAEyeEMbBIX T1apa-
meTpoB. Ha ocHoBHOM rpaduke KpacHoil jsunueit oTMedeHO HOMUHAJILHOE 3HAYEeHne apaMeTpa
B Mozenu (Y, cumedt MUHEeEH OTMETeHO cpefHee PACIPeIeIeHAs N3MePEHHBIX 3HATCHHH <é>, 3a-
KpAIlleHHasi CHHIM 00JIACTh OTPAXKAET WHTEPBAJIBI <é> + s (BHyTpeHHUI) 1 <é> +0.10° (BHem-
uuit). Toxke camoe U306pPaAKEHO BO BKJIAJKE ,,CMENICHUE CPEIHEr0" ¢ €UHCTBEHHBIM OTJIMIUEM:
n300paKEHbl CMEULLHUA OTHOCUTETHHO HOMUHAJIBLHOTO 3HAYEHUsI, & He aOCOAOMHbLe SHATEHUSI.
Bo Bropo#t BKIaIKe ,CTAHIAPTHOE OTKJIOHEHWE  KPACHBIM OTMEYEHO CTAHIAPTHOE OTKJIOHEHHE
0% BocCTAHOBJIEHHOTO 3HAYMEHMs, CHHAM OTMEYEHO CpejHee 3HAMeHUe ONEHKM Juciepcun (7)), a
3aKpariennas 00J1aCTh COOTBETCTBYET €r0 CTAHIAPTHOMY OTKJoHeHuio ¢. [IynkTupnoit munueit
n300parkeHa IJIOTHOCTE BEPOATHOCTH HOPMAJIBHOTO PACIPECTICHU CO CPEJHUM 3HAYCHHEM <é>

mmpuHOoit o’

, HOpPMUPOBAHHAST HA UUCJIO COOBITHUI U MIUPUHY WHTEPBAJIA.

Ha pucynke 4.6 n3obpazkeHo 1ByXMEPHOE pPacipeiesienne oreHoK. OTMetdeHbl HOMUHAIBHOE
U cpejiHee 3HAYEHUe. ['pAHuIbl IPAMOYTOIBHON 06JIACTH COOTBETCTBYIOT OJIHOMEPHBIM HUHTEPBaA-
JIaM, OTPAXKAIONTIM OJIHO CTAHIAPTHOE OTKJIOHEHHUE JJIsl KaXK/I0f U3 IIepeMeHHON HE3ABUCUMO OT
ocTanapublx. OTMedennast NpsIMOYTOJIbHAST O0JIACTD, CJIEIOBATEIBHO, HE COOMBEEMCMBEYEM JIBY-
MePHOM 00J1acTH TOH Ke 3HATUMOCTH.

Ha pucynke 4.8 u3006paKeHbl OTKJIOHEHWS CPETHUX 3HAYEHWH OIEHOK OT HOMHHAJHHBIX.
OmmbKr COOTBETCTBYIOT CTAHIAPTHOMY OTKJIOHEHHUIO CPEHErO <é> + s. Cuneit obsractbio oT-
MEeYeHbl WHTEPBAJIBI, COOTBETCTBYIOIITHAE <é> + 0.10° nis Kaxkg0rO HMapaMerpa B OTIEILHOCTH.
Hannast obyracts He coomsememeyem IByMePHO o01acT TOH XKe 3HAYUMOCTH.

Ipaduku upecrasicHbl napaMu: (@) COOTBETCTBYET IayCCOBBIM (DJIyKTyarusM HabJro1a-
embix cekTpoB (em. paszen 4.4.3), (6) coorBercrByeT rayccoBbIM (DJIYKTYaIUsiM [IAPAMETPOB

(em. paszgen 4.4.2). Kak yxke 66110 omucano, noaxos, (a) sBiasercs TpuOIMKEHHBIM CJIEICTBAEM

nozgxoza (6).

4.4.6. Pe3ynpTaThl HCC/I€I0BAaHUSA MPOIECCA MOATOHKH

Ha pucynkax 4.3-4.5 TpeicTaBICHB PACTIPEIETCHIS OTeHOK MapaMeTpos sin® 2013, Am32, n
N COOTBETCTBEHHO. BUIHO, 9TO BO BCex cjaydasix paclpeiesenus O4YeHb OJIM3KU K HOPMAJIbHO-
My. Kpome Toro, pesysibraTsl i1 MeTo1a (PIYKTyarnu HabII0IaeMbIX CIIEKTPOB XOPOIIIO COTIa-
CYIOTCsI ¢ PE3YJIBTATAMH METOa (PIYKTYAIUd TapaMeTPOB. DTO TOBOPUT O TOM, YTO JIMHEHHOE

npUbJIMKEHNE TI0 CUCTEMATUYECKUM apaMeTrpaM paboTaeT XOPOIo, U, CJIEIOBATE/ILHO TTPUMe-
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(a) (6)

Puc. 4.3. PacnpejeneHve oueHOK napameTpa sin22013. diykTyaumm Habnogaemblx cnekTpos (a), payk-

Tyauum mofensHolx napameTtpos (6). MNogpobHoe onucaHve faHo B pasgene 4.4.5.

HeHne YHKLWUN XN-KBaApaT C KOBApMaLMOHHON MaTpuuein 4NA NOUCKA ONTUMaNIbHbIX 3HAYEHUN
napaMeTpoB B [JaHHOM C/lyyae OnpaBAaHO.

L na Bcex napamMeTpoB cpefHee 3HayeHWe HaxoamTca B npegenax 0.1a0, a gna napameTpos
O T|2wn n TakXe B npefenax cTaHLapTHOro OTKNOHeHUA cpegHero. B cnyuae sin22913 npucyT-
CTBYET He3HauYMTeNbHbIA CUCTEMATUYECKUI CABUT CpefHero 3HavyeHums. OLeHKW gucnepcuid na-
pameTpoB Sin22913u [] T|2, noNyyYeHHbIe B NpoLecce NOATOHKM XOPOLIO COrnacytTcsa ¢ MOLeSb-
HbIMW AMUCnepcusiMun pacnpegeneHunii aTux napameTpoB. OUEHKU AMCNEPCUN HOPMUPOBKMK CUMb-
HO OTK/IOHAIETCA OT LUMPUHbBI pacnpejesieHns B OTHOCUTENIbHOM CMbIC/ie, OA4HAaKO0, B abCOMOTHbIX
3HayYeHMAX OTKNOHeHne nopagka 10-4 npeAcTaBNAETCA HECYLLECTBEHHBIM.

Ha pucyHke 4.6 npefcTaBneHO ABYXMepHOe pacnpefeneHue AN BOCCTAHOB/IEHHbLIX napa-
meTpoB sin22913un A T|2. M0OXHO OTMETUTb OTCYTCTBME OCOBEHHOCTEN B pacnpefeneHnax u cna-
Oyl KOppenayuto mexpgy napameTrpamu.

Ha pucyHke 4.7 n3obpaxeHbl pacnpefeneHns 3HaYyeHU PYHKLUM XU-KBaApaT B MUHUMY-
Me. MyHKTUPOM OTMeYeHa NAOTHOCTb BEPOATHOCTU XU-KBagpart ¢ 253 cTeneHAMU cBO6OAbI, HOP-
MUpPOBAHHAA Ha YMCNO COObLITUA N WNPUHY MHTepBana. KonnuecTBo cTeneHein cBo6oabl onpeje-
naetca Kak 8 x 32 —3: 4nA KaXAoro m3 8-m AeTeKTOpPOB MCMO/b3yeTcda No 32 aHepreTuyeckux
MHTepBana, MUHyC 3 cTeneHun cBoBOAbl MO YMCNy CBOBOAHbLIX MapamMeTpoB.

BugHo, 4TO B rayccoBoM npejesne pacnpefeseHne Xopowo COOTBETCTBYET MIOTHOCTU Be-

POATHOCTM XU-KBagpaT. B 6onee TOYHOW Mogenn pnyKTyauuii MoAenbHbIX NapaMeTpoB, Kak K
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0T 22 (3B 2) x 10 O 122 (3B2) x 10
(a) (6)

Puc. 4.4. PacnpeneneHne oueHoK napameTtpa Aw”. dnykTyauum Habnogaembix cnekTpoB (a), PAyKTy-

auuym mojienbHbIX napameTpos (6). MNMoapo6Hoe onucaHve gaHo B pasgene 4.4.5.

Hopmuposka notoka HopmupoBKa noToka
(a) (6)

Puc. 4.5. PacnpefeneHne OLEHOK HOPMUPOBKM MOTOKa M. PyKTyauum HabnwogaemblX CrekTpos (a),

(hNyKTyaumn mofenbHblx napameTpos (6). MNogpobHoe onucaHue faHo B pasgene 4.4.5.
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x10- PacnpegeneHune oueHok PacnpefeneHue oueHok
36
30
24
9
18
12 12
6 6
0.085  0.090 0.095 0.1000.1050.1100.115 0.085  0.090 0.095  0.100 0.105 0.110  0.115
. .
sin 13 sina i3
(a) (6)

Puc. 4.6. PacnpegeneHna oueHOK napameTpoB [ 7 n sin22013. diykTyauum HabnoLaeMbiX CNeKTpoB

(a), hnykTyauum mofencHbIX napametpos (6). MogpobHoe onucaHWe AaHo B pasgene 4.4.5.

OXWAaeTcsa, MexXAy pacnpefeneHnaMun npuUCcyTCTBYHOT OTK/IOHEHUA. TeM He MeHee, KakK BUAHO
N3 PUCYHKOB 4.3-4.6, B 3TOM Cny4yae pe3ynbTaT OLEHKN NapameTpOoB TaKXXe XOpOLOo cornacyerca
C HOMUHANbHbIMW 3HAYEHUAMM, a OLEeHKa AMCNEepCUN COOTBETCTBYET peanbHON WUPUHE pacnpe-
NeneHuni.

[ na vccnefoBaHna BAMAHUA TOYKM pacyéTta KoBapMauMOHHON MaTpuubl Ha pesynbTaT, Te-
CTMpOBaHWe MPOBOAMNNIOCHL ANA BOCbMW [LOMOMHUTENbHbIX KOBApUaLWOHHbIX MATpuUL, NOCYUTAH-
HbIX A4NA 3Ha4YeHUl napameTpoB sin22013 = (sin22013)° + aOmn A 7|2= (A7122)° + a0. CpegHue
3HaYeHna Ang AeBATu 3kcnepumeHToB no 10000 TecToB, BKAKOYAKWNX TAKXE IKCMEPUMEHT C HO-
MUHaNbHOW KOBapMaLWOHHOW MaTpuLei, npeacTaB/ieHbl Ha pUcyHke 4.8. BugHo, 4to pesynbTart
[OCTAaTO4YHO cnabo 3aBMCUT OT Bbl6Opa 3HavyeHUd napameTpos sin220183 u [ T|2 npu BbluKCAe-
HUN KOBapuvauWOHHOW mMaTpuubl, MO KpaliHell Mepe B npegenax owWMboOK napaMeTpoB MOATOHKMN.
[ na pesynbTaTtoB BCeX TeCTOB NPUCYTCTBYET He3HauyumTenbHoe, meHee 0.1a0, cmelleHne napamer-
pa sin22013, KOTOpoe 06BLACHAETCA HUXe.

Bblna TakXe nposefeHa AONONHUTeIbHAA NPOBEPKA, B KOTOPOW MCNONb30Banach MHenHas
no uccrieflyemblM napameTpam mMofesb, NOfyyeHHas NPy NOMOLLM YUCNEHHOTO Pa3/IOXKEHUNA B PAL
Telinopa. Anga atoro ucnonb3osBancsd sKkobmaH MoLenn no BCeM CUCTeMaTUYECKUM MnapameTpam,
MOMYYEHHbIA NpyU NOMOLLW CyllecTBYHOLEro @yHKUnoHana dybOscar. B 3ToOM cny4yae pelueHue
MOXET OblTb MNONYYEHO aHaNUTUYECKWU, KakK onucaHo B pasgene b.3. Pe3ynbTaTbl NpeAcTaBneHb

Ha pucyHkKe 4.9. laHHble pacnpejeneHns LEMOHCTPUPYIOT CMELLeHMe, Haxosalleecsa B npejenax
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(a) (6)

Puc. 4.7. PacnpeaeneHne 3HadeHUn PYHKUUM XM-KBaapaT B MUHUMYyMe. PiyKTyaumm Habnwoaaembix (a),

(hnykTyaumm napameTpos (0).

(a) (6)

Puc. 4.8. CpegHve 3Ha4eHUs pacnpefeneHnini oueHoK napametTpoB Am22 u sin22013 Ang QYHKUUA Xu-
KBafpaTt C KoBapuaunoHHON matpuueil. OTAeNbHblE TOYKN COOTBETCTBYHOT MOATOHKAM C MCNOb30BaHNEM
KOBapMaLNOHHbIX MaTpuL, MOCYUTAHHbLIX 415 BOCbMW He HOMMWHA/IbHbIX 3HaYeHW/i napamMeTpoB Am22 un

sin22013 n 418 0f4HOr0 HOMWHANBLHOTO.
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(@) (6)

Puc. 4.9. PacnpefeneHus oueHoK napameTpoBs sin22013 (a) u 4, 7 22 (6), NonyYeHHbIe B IMHENHON MOAeNw.

CTaHJapTHOro OTKNOHEeHWs cpeaHero. MOXHO caenatb BbiBOJ, YTO HabntofaeMoe B clydae pe-
aIMCTUYHOW MOLENN CMeLLeHne CBA3aHO C HE/IMHENHONM 3aBMCUMOCTbLIO MOAeNn OT napameTpoB

O 7|2wn sin22013 B 06/1aCTU MUHUMYMa.

4.4.7. BnnsaHne Mofenin CneKTpa aHTUHENTPUHO OT peaKTopa Ha OLEeHKY OCUUNIALNOHHBIX

napameTpoB

OTpenbHoe BHUMaHWe 6bIN0 yAeNeHO WCNONb3yeMOlW MOAEeNN aHTUHEATPUHHOrO CnekTpa.
O ns ocuMNNALMOHHOIO aHanm3a UCNosb3yTCcA aHTUHENTPUHHbIE cnekTpbl Huber+Mueller c co-
OTBETCTBYHOLWMMN HeonpedenéHHocTaMN (cMm. pasgen 1.3). B cBA3M CMOXHOCTAMKU NpefcKasaHus
pPeakTOPHOro aHTUHENTPUHHOIO CNeKkTpa, a TakXXe yKasaHWin nocnegHux pesynbTatoB 3aKCcnepu-
meHTOB Double CHOOZ, Reno n Daya Bay Ha Hanuune OTKNOHEHWUIA MOAENU OT HabnwaeHns B
obnactn 6 MaB [27; 77; 203], He06X0ANMMO pPacCMOTPeTb CAy4vaih MCNOb30BAHUA OTAMYALO L UXCS
AHTUHENTPUHHDBIX CNEKTPOB NpK NoAroHke. OTKMOHEHUS B CNeKTpasbHbIX MOAensx paccmoTpe-
Hbl B pasgenax 1.3.3.5 n 1.3.3.6

[aHHOoe uccnegoBaHve NOMHOCTHIO MOBTOPSAET METOAMKY, ONMUCAHHYI B MpeablayuemM pas-
fene c eAUHCTBEHHOW pasHULEN: B Ka4eCTBE MOJe/bHbIX, NCNONb3YKTCA aHTUHEWTPUHHbIE CrekK-
Tpbl Fallot, a gna nogroHkn cnektpbl Huber+Mueller. Bbinn paccmoTpeHbl ABa noaxoga K y4é-
Ty HeonpefenéHHOCTeN mMofenein aHTUHEWTPUHHbLIX CMEKTPOB NPU MOATOHKE: a) UCMOb3YTCH
HeonpefenéHHOCTN, yKasaHHble B COOTBETCTBYKOWMUX paboTax M 6) MCNONb3yeTcA CBOOGOAHbIN

YCPEAHEHHbI CNEeKTP PeakTOPHbIX aHTUHEWTPUHO. MeToaMKa NOATOHKWN CBOGOAHOIO YCPEAHEH-
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(@) (6)

Puc. 4.10. PacnpegeneHus oueHok sin22013 (a) u (6). B kauectBe Mofenu MUCMONb30Ba/IUCL aHTU-

HelTpMHHbIe cnekTpbl Fallot, a ona nogroHkn cnekTpel Huber+Mueller.

HOro crnekTpa onucaHa B pas3gene 3.3.6. B KayecTtBe OCHOBbl AN14 yCpegHEHUA MCNOMb3YHOTCA
aHTUHENTPUHHbIE cnekTpbl Huber+Mueller.

Mony4yeHHble pe3ynbTaThl A0S NapaMeTpoB Sin22913m [l T|2B cnyyae OrpaHUYeHHOro Crnek-
Tpa npeAcTaBneHbl Ha pucyHkKe 4.10. BUgHO, 4TO, HECMOTPS Ha COXPaHEHMEe HOPManbHOMN hopMbl,
B pesy/nbTaTax COAEepPXMTCS OTKNOHeHMe nopsaka 0.2a° no oboum napametpam. Habniogaemble
OTKNOHEHUA CBA3aHbl MO 60/bLEA YAaCTU C OrPaHNYEHNAMMN CNEKTPOB aHTUHENTPUHO M OMUCAHbI
B pasgene A.4.

Onsa Toro, utobbl n3bexaTb NOAOOGHbLIX OTK/IOHEHWI Obl/l peasn3oBaH PeXuM CO CBOOOLHbI-
MW napameTpaMun YCpefHEHHOro aHTUHENTPUHHOro cnekTpa. Pe3ynbTaTbl MOAFOHKW napamMmert-
poB sin229183 u A T |2 gnA jaHHOro cnydvas npepcrtabBfeHbl Ha pucyHke 4.11. Ou4yeBWUAHO, 4TO
ncnosblyemas cBo6ofHad napamMeTpusalum crnekTpa aHTUHEWTPUHO MO3BONSAET M36aBUTLCA OT
MOAENbHO 3aBUCUMbIX OTK/IOHEHWI B pe3ynbTaTax aHanusa. Pe3ynbTaTbl MOAFOHKW napameT-
poB sin22913 n A T32 HaxojATCA B XOPOLIEM COOTBETCTBUM C pe3ynbTaTamu n3 pasgena 4.4.6,
NONYYEHHbIMUW C UCNOSIb30BaHWEM OAMHAKOBbIX MOAefneil CnekTpa aHTUHERTPUHO KaK AN UMU-

Tauuy faHHbIX, TaK U NS NOATOHKM.

4.4.8. 3aKknoyeHune

MpefacTaB/ieHHble pe3ynbTaTbhl TECTUPOBAHMA NpoLeAypPbl MOATOHKM Ha MOAENbHbIX JaHHbIX

roBOpPAT O TOM, YTO BblGpPaHHbIA ANA NCCNef0BaHUA MeTO MUHUMM3ALUKN PYHKLUN XU-KBagpaT
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(@) (6)

Puc. 4.11. PacnpefeneHusa oOLeHOK napameTpoB sin22013 (a) u A 7|2 (6) ana cnyyas NOATOHKU €O
CBOOOAHLIM CNEKTPOM aHTUHENWTPMHO. B KayecTBe MOAENM WMCMOMb30BaIMCh aHTUHEWTPUHHbIE CMEKTPbI
Fallot, B TO BpeMs Kak g1 NOATFOHKW MCNONb30BaH CBOBOAHBIV YCPeAHEHHBIA CNEKTP Ha OCHOBE MOAENN

Huber+Mueller (cm. pasgen 3.3.6).

C KOBapuauuWoHHOW MaTpuueid Xopowo NOAXOAUT AN MOCTaBNeHHOMW 3afjayn. Pe3ynbtat nopg-
rOHKWM B cpefHem cnabo 3aBMCUT OT BbliGOpa 3HAYEHWUIn NapameTpPoOB ocUUNNAUNIA ANA pacyéTta
KOBapuMaLnoHHOMW MaTpuubl U HaxXoauTCca B6AN3N HOMUHANbHbIX 3HAYeHUI napaMmeTpoB. OLEHKK
Aucnepcuii cornacyoTca ¢ MOAENbHbBIMU AMUCNEPCUSMM pacnipejeneHnii napaMeTpos.

PesynbTaT NOAroHKM napameTpa sin22913 He3HauynTeslbHO, MeHee 4eM Ha 0.1a°, cMeLléH
OTHOCWUTE/NIbHOTO HOMMWHA/IBHOTO 3HAYEeHUA, YTO HA AAHHOM YPOBHE TOYHOCTU MOXET OblTb MPO-
MTHOPMPOBAHO. BblN NpoBeAEH pPAL TECTOB 414 UCCe40BAHUA LAHHOTO OTK/IOHEHUSA. Bo-nepBbiX,
npu OTCYTCTBUM (DNYyKTyauuil BOCCTAHABAMBAKTCHA HOMMWHAaNbHble 3Ha4YeHWs napameTpoB. Bo-
BTOPbIX, NPU HaNUUYMN HNYKTYyaLuin B cnydae NOMHOCTbI NMHENHON MOLENN CMELEeHUS CPefHUX
HaxXoAATCA B npejenax CTaHAapTHbIX OTKAOHEHWA. Ha OCHOBaHUM AaHHbIX PAKTOB cAenaH Bbl-
BOf, YTO JaHHOEe CMelleHNe CBA3aHO C He/IMHEeNHOM 3aBUCMMOCTbIO MOJEeNn oT napameTpos Am 2
n sin2 2#13,

Moka3aHO, YTO MCNO/b30BaHNE OTPaHUYEHHbIX aHTUHEWTPUHHbLIX CNEKTPOB NPUBOAUT K OT-
KNOHEHMAM B pe3ynbTaTax OCUMNNALMOHHOIO aHanusa. [ na nepuofa Habopa faHHbIX 621 feHb
MCMNONb30BaHWe aHTUHEWTPUHHBLIX cnekTpoB Fallot B kKayecTBe Mofgenn NPMBOAUT K OTKJIOHE-
HMAM 060MX UccnegyemMbiX napaMeTpoB ocumnnsayuii nopsgka 0.2a°. OxupgaeTcs, YTO fJaHHOe

OTK/IOHEHMe ByaeT pacTu No mepe Habopa CTaTUCTUKM.
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Ncnonb30Banme apaMeTpUsaiil yePeTHEHHOIO aHTHHERTPUHHOTO CIIEKTPa €O CBOOOHBI-
MU TIapaMETPAMU MMO3BOJISET U30eKaTh OTKJIOHEHUH B Pe3y/IbTaTax MMOJATOHKH, CBSI3AHHBIX C OT-
JIMYUSIMUA UCIIOJIB3YEMBIX B MOJIEH aHTUHERATPUHHBIX CIEKTPOB OT PEabHBIX.

Jlannabre HADTIOIEHNST COTVIACYeTCsT ¢ BhIBogamu npuyioxenus A.4. lelicTBurenbHo, ,,0THO-
CUTETbHOE U3MEPEHNe, KOTOPOE MO3BOJISIET ,,COKPATUTE KOPPEJTUPOBAHHBIE HEOIPEIEIEHHOCTH
CIEKTPa AHTUHEHTPUHO TPU HAOJIOACHUN [TOTOKA U CIIEKTPA AHTHHEATPUHO B A IbHEM JIETEKTO-
pe OTHOCUTETHHO HADIONEHUT OJIMKHUX JETEKTOPOB PEATM3YETCsT B TOJBKO OJHOM CIydae. DTo
[IPOUCXOIUT KOTIJIa [IPU TIOJINOHKE [TapaMETPOB UCIIOJIB3YETC sl MOJEb CIIEKTPaA aHTUHEHTPUHO CO

CBOOOJTHBIMU TTAPpAMETPAMHU.
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4.5. UccaenoBanne OTKJIOHEHWIT B OIlEHKE IIapaMeTPOB, BOSHUKAIOIINX P
ACIOJIb30BAaHUN METoJia X2 ¢ KOBapMAMMOHHOM MaTpuueii, 3aBucsimeii or

MmapaMeTpoB MOATOHKHA

Ha mepBbix sramax peasuwsanuu ocriu/uidiuorHoro anagmnsa B dybOscar, ucmosb3yrorero
IOITOHKY TAPAMETPOB MIPHU MOMOIYA MUHUMUBAINN ObLIa MUCIOJIH30BaHA (PDYHKITHST XHU-KBAJIPAT
¢ MaTpurieil onmmboK, KOTOpas 3aBUCEIA OT IapaMeTpPoB MOATOHKHU. [Ipu mpoBepKe MeTOIUKY Ha
OCHOBE MOJIEJILHBIX JIAHHBIX ObLIO OOHAPYXKEHO, YTO BOCCTAHABJIMBAEMAasi HOPMUPOBKA TIEPEOIIe-
HuBaercst B cpeanem Ha b %. B pesyabrare mccnaenopanust JaHHo#i mpobaeMbl OBLIA 0y 9eHbI
KPUTEPUN TPUMEHUMOCTH (DYHKIIMU XU-KBAIPAT ¢ KOBAPUAITMOHHOW MATPUIER [T OTIEHKHN T1a-
pPaMeTpPOB, a TaKKe MOJy4IeH cIocod KOPPEKITNH, TTO3BOIAIONINN N30eXKaTh CMCITICHHS.

B marHOM pa3zjesne paccMOTpPEHa IPOCTas YUCIEHHAsd MOJeb, WILIIOCTPUPYIONAA Ipobdie-
my. [Tokazana BO3MOXKHOCTH KOMIIEHCAIIMU CMEITIeHns. TeopeTndecKast 9acTh OMUCAHA B ITPUJIO-

JKCHWHU b.

4.5.1. Moaens u METOAUKA TECTUPOBAHUS

B kauecTBe TEOpETHUECKON MOJIEN UCIIOJIL3YETCs IPOCTeliiee TuHeitHOe BhIpasKeHue:

p(n) = npo, (4.12)

Tae [lg — CTOJIOEI] ¢ MCXOIHBIM CIEKTPOM, & 1 — €IUHCTBEHHBIM MapaMeTp, HOPMUPOBOYIHBIH
K03 DUITIEHT.

B kagecTBe HAOIIOMAEMBIX JTAHHBIX UCIOJIL3YETC HOMUHAIBHAS MOJED [y ¢ J0OABIEHUEM

durykTyammit:
x=po+ A, (4.13)

rie ciaydaiinas jobaBka A pacrpesieseHa HOpMaJbHO ¢ MaTpuilei ommbok Vp, cocrosimei us

CTATUCTUYIECKON U cUucTeMAaTUYIEeCKON JacTel:
Vo = Vo™ + V™, (4.14)

CTaT. _ i
rie (Vg )z’j = OijHg-
B kadecTBe HOMUHAJBHON MOJEU [ip HCIOJL3YETCS TpPeAcKazanne HabJII0IaeMbIX CIIEK-

TPOB JJIs TIepuo/ia Habopa JaHubix 217 mHeil jyist mectu 1eTeKTopoB skcnepumenTa Daya Bay ¢
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IIOJIHBIM 9YUCJIOM WHTEPBaJoB paBHBIM 162. B KagecTBe V"™ HMcmosb3yeTcss COOTBETCTBYIONIAA
MAaTPUIA CUCTEMATUIECKUX OMuOoK. Mojens n marpuiia omubok 6osiee moapoHHO PACCMOTPEHBI
B pazmenax 3.3 u 3.6.

JL1st TOATOHKY UCTIONB3yeTCst (DYHKIMS XU-KBaIPAT ¢ KOBAPUAIMOHHON MaTPHUIIEH:

X*(n) = (x = npo)’ V= (n) (x = njuo) (4.15)
rjie Jist oJiydeHust V ucnosib3yercs jisa noaxojaa (oM. mpuioxkenue B.5):

1. KoBapuaruonnas MaTpuiia co cratuctudeckumu omubramu [upcona:

V(TL) _ n‘/'OCTaT. s n2%cncm (416)

2. Kosapuanuonnasi MaTpuria co craTucrudeckumu ommbkamu Hefimana:
: 2 :
V(n) — ‘/’mCTaT + n ‘/E)CHCT , (417>
oS — 6 6
roe V) = d;;20; — cTaTHCTHYeCKUe OMMMOKN Ha OCHOBE HAOJ/IIOJCHUA.

Kpome Toro, ucrtosb3yercst scruMaTop MakcuMmyma rpasonoobus (B.16) otmyatormmiics
or dyHKIMH XU-KBaJpaT Ha BeawauHy log |V (n)l.

[Iporiecc amanuza cx0XK ¢ mporeccoM, omucanubiM B pasierne 4.4. Monesupyercst 10 000
,DKCITEPUMEHTOR", B KayKJIOM U3 KOTOPBIX (PIYKTyarmu A pasbIIPHIBAIOTCS COTJIACHO HOPMAJIb-
HOMY PaCIpeIe/CHII0 ¢ KoBapualmonuoit marpurieit V. Cronberr A Uconb3yeTces Ay co3/1a-
HUST HADJTIOIaeMOTO CIIEKTPA T, KOTOPBIM yIACTBYET B 3a/ate MOATOHKH HOPMUPOBKH 7 METOIOM
muaUME3aru GyHkiun xu-keagpar (4.15). osydennast oleHKa HOPMUPOBKY JOJIXKHA B CPEJI-
HEM COBIIAJATh ¢ UCTHMHHBIM 3HadeHueM (n) = 1. OTaudue cpeHero sHAYCHUsS 1 OT €JIUHUIIBL,
MIPEBBIMIAIONIEE CTATUCTUIECKYIO TTOTPENTHOCTD, TOBOPUT O BHOCUMOM HKCIIOJIB3YEMBIM METOIOM

OTKJIOHCHWM.

4.5.2. Pe3ynpraTs

PesyapraThl 1MOJTOHKH HOPMUPOBKH METOIOM MUHUMH3AINN (DYHKITUH XU-KBAJIPAT IPE-
craByeHbl Ha pucyake 4.12 naa xoncrpykrmmit Hefimana m Ilupcona. Bo Bkiagke oTmedeHo
CMEITIeHNe CPETHET0 OT UCTUHHOTO 3HAYEHNS W YKa3aHBI JIBe 00JIaCTH, COOTBETCTBYIOIINE CTAH-
JIAPTHOMY OTKJIOHEHHIO CPEIHEro 0, (BHYTDEHHsIsI) U AECSTON J0Jie MINPUHBL PACIPEIEIeHUsT
(6osbiast). OYEBUIHO 3HAYUTEIBHOE OTKJIOHEHUE CPEJIHEH HOPMUPOBKY OT €JIMHUIIBI, OCOOCHHO

B cuaydae KOHCTPpyKIwu [Inmpcona.
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HopmupoBska HopmupoBska
(a) (6)

Puc. 4.12. OueHKa HOPMUPOBKN METOAOM MUHUMU3ALMMN (YHKLMN XU-KBaApaT KOHCTpYKuun HelimaHa (a)

n MupcoHa (6).

Wcnonb3oBaHne GyHKLUMUN XU-KBAAPAT, NOMNPaBNeHHON Ha norapugm onpegenntens maTtpu-
bl OWKNOOK, NO3BO/IAET 3HAYMTE/IbHO COKPaTUTb CUCTEMaTUUYeCKOe CMeLleHne B 060UX cnyyasx,
4YTO MOXEeT ObITb BUAHO U3 pUcyHKa 4.13.

JAKCNepMMEHT Obl/1 MOBTOPEH A4NA Pa3NMYHbIX ,,CPe30B“ X pa3MepHoCTell oT 6 4o 162. To ecTb,
B KayecTBe MOJeNM CHayana ucnonb3oBancs ctonbel, COCTOALLMIA N3 MePBbIX LWECTN 3/IEMEHTOB X,
3aTeM, M3 NepBbIX AecATU 1 Tak fanee. KoBapuaynoHHas matpuua obpesanacb COOTBETCTBEHHO.

CpaBHeHMe pes3ynbTaToB NpuBeLeHO Ha pucyHke 4.14. 13 pucyHKa BUAHO, YTO CMeLleHue
60nee 3HAUYMTENbHO AN cyyasa oWwmn6oK MupcoHa, 4To cBA3aHO C 60/1ee CUbHOW 3aBUCUMOCThIO
mMaTpuubl OWKNO60K OT mapameTpa NoAroHKW. B o6oux nogxofax yyéra CTaTUCTMYECKUX OLIMOOK
pobasneHue yneHa log |V| no3Bondet n3baBuTbCA OT CMeLleHUsA. Brnpoyem, npu ncnosib3oBaHUM
KOHCTPYKUMN HeliMaHa He3HauYnTelbHOe CMeLLeHne, CBA3aHHOE C Hanuymem AykKTyauuii B mart-
puue owWN60K, BCE el é ocTaéTcA.

NrHopupysa BnngHne (opmbl MaTpuLbl OWKWOOK MOXHO TakXe OTMETWUTb, YTO CMeLleHue
bonee 3aMeTHO NpoOABAfeTCA B 3ajayax 60Mbleil pasMepHOCTM > 50 U MOXeET OblTb HE3AMETHO

B 3ajayax C HeGOMbWMM YNC/IOM HabBH0AaeMbIX.

4.5.3. AHanuTn4eckue peLleHus
PaccMmoTpum ewlé pa3 NUHelHY0 mMoaenb pasmepHocTu N :

x=  +], (4.18)
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Hopmuposka HopmupoBska
(a) (6)

Puc. 4.13. OueHka HOPMUPOBKM METOLOM MaKCUMM3aL MK 3cTUMaTopa NpasLonofobus co CTaTUCTUUECKN-

Mu owwmnbkamu HelimaHa (a) u MupcoHa (6).

raoe noctosHHas kK — WCTUHHOE 3HaYeHWe HOPMUPOBKMK, a [ — cTonbew HopmanbHO pacnpe-
JEeNnéHHbIX CAy4YyalHbIX BEIMMUH CO CPeAHMM B Hyne K aucnepcuei KA. Ans yao6cTBa, BBEAEM
N
0603HaYeHne AN CyMMapHOWM CTaTUCTMKn: M = N A,
i=1

Tak Kak BenuuuHbl [, pacnpegeneHbl HOpManbHO C gucnepcuen K™, 1o cymma ~ [ 2/k"
i

OyfeT pacnpegeneHa no 3aKoHy xu-kBagpat ¢ N cTeneHsiMu cBO6GOAbI.

4.5.3.1. KoHcTpyKuua lMupcoHa

B cnyyae KOHCTpPyKuumM MupcoHa cTaTUCTUUYECKME OWMNOKM NPU MUHUMMK3ALUN 3aBUCAT OT

HOPMMWPOBKM:

Vij = hjWwj = nV (4.19)

XP= (x—") —V  (x —n"). (4.20)

PeweHne ona MuHMMyMa BbipaxkeHuns (4.20) nonyvaeTcs cnegyrowunm:

XV i M E +ME [ 2
AV -V A
. @421
2kM KA, (421)
UTto B cpeaHem
N 1
(4.22)

(N« k+ 2M +° (M
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Los Pe3ynbTaTbl MOATOHKM HOPMUPOBKM

KoHCTpyKuus X 2:
HelimaH
Heiiman, +In \V\

* MupcoH
a MupcoH, +In \V\
IH1.02
"|51.01
0
1.00 —
0 20 40 60 80 100 120 140 160 180

KonnyecTBo n3mepeHuii

Puc. 4.14. CpefHee 3HayeHVe PEKOHCTPYMPOBAHHON HOPMMPOBKM B 3aBUCUMOCTU OT PasMepHOCTU X NS
MeToAa MUHUMU3ALUU NPOCTOM WM NONPaBNeHHON PYHKLUMIA XU-KBAAPAT CO CTAaTUCTUYECKMMU OLINOKaMm

HelimaHa n MupcoHa. B KayecTBe OLWMOOK OTMEYEHO CTaHAapTHOE OTK/IOHEHME CPefHero.

AaéT nepeoueHKY HOPMUPOBKM Ha BENMYMHY MONOBUHbI OTHOLIEHUS YMCNa MHTEPBasioB K CyM-

MapHoi ctatuctuke N/2M npu k =1.

4.5.3.2. KoHCTpyKuuns HeinmaHa

®OYHKLMA XU-KBagpaT CO CTAaTUCTMUYECKMMM OlWMbBKamm HelimaHa MOXeT 6biTb 3anucaHa

cnefyrowmm obpasom:
XN = (X- up)TW1(x- up), (4.23)

roe (VN1 8ij/xj. Mogxop HelimaHa (4.23) aBnsdetca npubnmxeHnem nogxoga MupcoHa.

Monyunm peweHne 4na MUHUMYMa QyHKUnK (4.23):

Ty-1 M
U X A2 (4.24)

E K,
KN +A]

Ecnn yuecTb, uto [l pacnpefeneHa HOpMasbHO C AWUCNepcuein Kp, TO BTOPOW 4Y/eH Bbl-
paxeHuns (4.24) 6ygeT MMeTb TaKXe HOpManbHOe pacnpedeneHune, a TpeTuii pacnpeaenéH Kak

Xun-kBagpat ¢ N cTeneHsiMu cBo6oAbl. B cpegHem pe3ynbTaT MOATOHKM HOPMUPOBKW:

N 1

4.25
<u>" k- M +0 WM™ ( )

npm K = 1 6yaeT HeJ0OLEHEH OTHOCUTENbHO WCTUHHOW HOPMUPOBKM Ha HEGONbLUYIO BENUYMHY

OTHOLUEHMNS YMcNa MHTePBaNoB K CyMMapHOi cTaTucTuke N/M .



161

4.5.3.3. Komnencanusa cmenieHus

PaccmorpuMm citydail acTuMaTopa MaKCUMAJIBLHOTO TPaBAONOI00Us, J00aBUB K BbIPaXKe-

auio (4.20) momonaurensHbi wieH log |V
1
ML = (x —nu)" =V~ (x — np) + log |nV]. (4.26)
n
Munnmywm Boipazkenust (4.26) Tak:ke MOXKeT ObITH HafIeH aHATUTHIECKH:

N 2 g Tyl N
- _ : 4.2
! \/<2MTV_1M> ! pIV=ree o 2pV (4.27)

Ha camom jeste Beipaxkenue (4.26) umeer JBa MUHMMYyMa, OJHAKO, OJUH W3 HUX HAXOJUTCH B

neduzmaeckoit obractu n < 0.
U3 cpaBuenust Beipaxkenuit (4.21) u (4.27) odeBugHO, 9TO B CPEIHEM HOPMUPOBKA, [1OJIY-

YeHHAS MEeTOIOM MuHuMu3anuu Gpyskimu (4.26):
1
GyJleT JUIeHa CMeIenust B epsoM nopsiika 1o 1 /M. Ocrarounoe emerenue nopsiaxa O (1/M?)
CBSABAHO ¢ HEJIMHEHHOCTBIO TTPOU3BOAHON BhIpakeHus (4.26).
4.5.3.4. KommeHcanus cMmemnieHud B 00IIEM CIIydae
PaccmorpuMm B 0bI1ieM cirydae 3CTUMATOP MaKCUMyMa ITPaBIoIoa00mst:
ML = (z — )"V~ z — ) +log [V, (4.29)

re KaK MOJENb [(, TAK U MaTPHILA OIMMIOOK V' 3aBUCAT OT mapaMeTpa MOATOHKH, & T PacIpeiese-
HBbI HOPMAJIBLHO BOKPYD HEKOTOPOH UCTUHHOM Mozeun g = j(fp) ¢ ucTunHOM MaTpurieil ommbok
Vo =V (bo):
x = o + A, (4.30)
]_ 1 1
P(A) = ———— 28" 8 (4.31)

[oncrasum onpegenenue (4.30) B Boipaxkenue (4.29). IMapamerp 6, mMaxcumMusupyronmii

IpaBonoaobue, TaéTcs pernteHueM CJIeAYIONEro ypaBHeHu t:

dML  _dpt pdV 1
w2 dQV (o — ) + (o — 1) 7 (o — p)—
du® pdvV! pdvV! av-ry
=2 VTIA 2 — ) e A AT A i (VI ) = 0 (432)
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st Beraucsienns npoussoauoi ot log |V | 6buta uctiospzosana popMmysia jijisi IpOU3BOIHOMN orpe-

ACJIUTEJIAd MaTPHUIIbI:

log|A] 1
dlog|A] 1 d]A] (A—ldA> , (4.33)

do |A] db o
re A7 =V.

Paccemorpum 6osiee oapobHO 3/1eMeHTh Bhipaykenus (4.32),; u 1o, Kak onu cebsi 6y1yT BecTu

B cpenreM. [lepBolit 9wiieH 3TOr0 BhIpaXKeHUsT

dML du”
St = 22V (g — ) (4.34)
o [,

CBSI3aH ¢ MUHUMYMOM (DYHKITUHA XU-KBAJIPAT € MOCTOSHHBIMU OIMMMOKAME B CJIy9a€ OTCYTCTBUS
daykryanuit. Ero MUHUMYM PACTIONIOXKEH B [t = Lo, TO €cTh pu 0 = by.
Bropoit wien Bo3HUKAET, KOTIA MATPUIA OMTUOOK 3aBUCAT OT MAPAMETPOB MUHUMU3AIHH.

B wacraOCTH 3TO ipomcxomuT B hyHKIMKN xu-KBaapar [lupcona:

dML dv—!
{—d9 } = (o = )" —5=(1o = ). (4.35)
2
Oueuziao, 4T0 BhIpaxkenue (4.35) nmeer HOb pu 6 = Oy, Kak u (4.34).
Cremyronie Tpu “IeHA UMEIOT CTOXACTUIECKYIO IPUPOLY U IPUBOIAT K CJAYUIaflHBIM CMe-

mernaM bysximn (4.32). DiaeMenTH

dML du®

it Q) bl VS0 .

{ — }3 VA, (4.36)
dML dv—1

— = =2 — )T ——A 4.

{ 70 }4 (o — 1) 7 (4.37)

SIBJISAIOTCST JIMHEHHBIMUA KOMOMHAITUSIMA HOPMAJIBLHO PACIIPEIEIEHHBIX BEJTUINH, U, CJIEI0BATETHHO
caM¥ PacIpeie/IeHbl HOPMAJIBLHO CO CPEJIHUM PaBHBIM HYJ0. Ipyrumu ciosamu, ieHbl (4.36)
u (4.36) cmemaror Gyurimo (4.32) PABHOBEPOSITHO B IOJOXKUTEIBHYIO U B OTPUIATETHHYIO
CTOPOHBI.

Creyrormit 3/1eMeHT, OJHAKO, ABJISETC KBaIPATUIHON (hopMoii:

ML dv-1
ol AT A .
{ a6 }5 do (4-38)

Buavenue (4.38) B KAXKJ0M KOHKPETHOM Cjiydae OyIeT 3aBUCETh OT CBsI3M KOBAPUAIIMOHHON MaT-
putsl V' ¢ mapamerpamu mMozeau. [pu onpenenéHubIx o0cTodTeabcTBaX aeMenT (4.38) Oyzer
cMerarh 3Hadenue (4.32) cucTeMaTUIecKd B OJIHY CTOPOHY, IIPU 9TOM CMEIIAsi TOJIOKEHUE OTl-

TUMAJILHBIX mapaMmeTpoB. Hampumep, B ciaydae, Korjia KOBapUallMOHHAsT MATPUIIA 3aBUCHT OT
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napamerpa juneitno V = nVj soipaxenue (4.38) nacr:

{Cuf—nL}E) — —%ATVO”A. (4.39)
Kaxk 6b110 1M0Ka3aHo paHee, cpeHee <ATVO_1A> = N 370 cpejHee pacupee/eHus XU-KBapaT
¢ N crenensimu cBobO/IBI, TO ecTh Bbipaxenue (4.39) Gyaer cmemars sHadenue (4.32) B cpespeM
na —N upu n = 1.

MoxHO MoKa3aTh, 9TO MOCIETHUN “JIEH, CBI3AHHBIN C JIOTAPU(OMOM OIIPEIETUTEST MATPH-

{dlc\l/[—eLh — —tr (V%—J) (4.40)

B CPEJHEM KOMIICHCUDYET cMmellenue, BbizBanHoe wicHoM (4.38). Cymwma soipaxkenuit (4.38)

u (4.40) naér:

Bl OIUOKHT

dv—1 dv=1 avi;!
T2 A ) = A, V.Y
AT—=A —t <v 7 ) D (A = Vi) T (4.41)

)

Yepeaaum Beipazkenue (4.41), npuHUMas BO BHUMAHUE CUMMETPUYHOCTD MATPUIILL OIITUOO0K

u 10, 9r0 (A;A;) = Vi

<ATd§—9_1A —tr <de§_9—1>> — tr ((vO —V) d‘g—e_l> . (4.42)

Bripaxenue (4.42) B cpeaaem obparaercst B Houb tipu V(0) = Vg, 10 ecthb 1ipu 6 = 6.

B cpereM nipu HopMasIbHBIX (hJIyKTYAIIUSX JAHHBIX Beipaxkenue (4.32) obpaiaercs B HOJIb
upu 6 = 6Oy. D710, OIHAKO, HE O3HATAET, UITO SHAYEHUs MCKOMBIX IIAPAMETPOB B CpegHeM Oy-
JIyT COBIIAJATH ¢ MCTUHHBIMU. Fcam mpomsBomHast or ML siasiercs quHe#HON MO MCKOMOMY
napamMeTpy 6, perenne ypaBHEHUS TaKKe SBJISETCs JUHEWHON (hyHKIMel n OyaeT pacupeese-
HO HOpMaJbHO. [Ipu HemmHelHON 3aBucuMocTn perierue i 0 OyneT UMETh HECHMMETPUIHOE
pacipejiesienue, 1, CJIEJOBATEIHHO B CPeaHeM Oy/IeT CMEIeHO OT UCTUHHOTO 3HAYEHUSI.

Takum 06pa3oM, UCITOIB30BAHNE (PYHKITMH XU-KBAJIPAT C OIMMMOKAMU, 3aBUCIIITUMA OT T1a-
pPaMeTpPOB MOATOHKY MOXKET IPUBOIUTH K CMEIEHUIO IOy IeHHBIX TapaMeTpoB. JanHoe cmerre-
HIEe CBSI3aHO € €CTECTBEHHON HEOOXOINMOCTHIO YIETA HOPMHUPOBOYHOTO MHOXKUTEIST HOPMATBHO-
ro pacrupesenaerus. Kak 6b110 mokasano B pazere 4.5.2 BeJUYUUHA CMEIEHnsI, 10 KpaifHeit Mmepe
B CJydYae MOJTOHKH HOPMWPOBKH, CBA3aHA C PA3MEDPHOCTHIO JIAHHBIX M MOXKET OBITH IpeHebpe-
KUTETBHO MAJION I 3a/1ad ¢ HeDOJBIINM KOJUIECTBOM WHTEPBAJIOB. DTO CMENIEHUE WUMEET
VCKJTFOUUTEbHO CTOXACTUIECKYIO TIPUPOAY M OTCYTCTBYET PU MOJATOHKE K MOJEIBHBIM JaH-
HBIM, He cofepxaruM duykTyarnuii. [losroMmy oHO MOXKeT ObITH YIYIIEHO MPU TECTUPOBAHUN

aJITOPUTMa IIOATOHKHW Ha HO,ZLO6HBIX JaHHDBIX.
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4.5.3.5. 06 omneHke HeompeaeIEHHOCTH

OueBuyiHo, uTo Bhipaxenue (4.29) He siBisiercst GYHKIMENR XU-KBAPAT U OINECHKA JOBEPH-
TeJILHOTO MHTePBaJIa NCKOMBIX apaMeTPOB METOJIOM TToucKa pentennst ypasnenus Ax? = 2 (k)
B JIAHHOM CJIydae MoxKeT GBITh HempuMenuMma. 37ech x2(k) — 3To KpuTHyueckoe 3HadeHUe JJIst
pyHKIMN XU-KBAAPaAT ¢ k crernensaMu cBOOOIBI /It YPOBHS 3HATUMOCTH (V.

[Toaromy, pacnpeenenue sHadernit AML npu uryKTyarusx JaHHBIX JIOJKHO OBITH UCCIIe-
JIOBAHO CIIEIUAJILHO JIJIsI TIOCTaBJIeHHON 3aga9u. MeToauka 1o1o0HOTO UCCIEIOBAHTST U3BECTHA
kak Mero Penbnvana-Kasuuca [204].

K coxasrenuto, gaxe i mpocThix 3a1ad meton Perbiamana-Kasunca siBiseTcs JTOBOJIBHO
PeCypco- u BPEMEHU-3ATPATHBIM, YTO JIEJIAET €0 MAJOIIPUEMJIEMBIM JJIs1 38,184, UCIIOJIb3YIONTUX
dopmyy (4.29) uz-3a HEOOGXOIMMOCTH HA KAXKJOM IIAre MOANOHKH 00paIiaTh MaTPHUILy OMUO0K
¥ BBITUCISTH €€ ONPEee/TUTENh.

[TosToMy, oITUMABHBIM BAPUAHTOM U3 OTTUCAHHBIX ITPECTAB/IAETCS UCIIOJIb30BAHNE (DYHK-

MW XU-KBAIPAT ¢ (PUKCUPOBAHHON TTPU TTO/ITOHKE KOBAPUAIMOHHON MATPHUIIET.
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4.6. 3akjueHne K YeTBEPTOM TJiaBe

B nannoft riaBe 6bLI0 POAEMOHCTPUPOBAHO, 9TO BLIODAHHAS METOJIMKA TOJXOIUT s
OCITMJITTATIMOHHOTO aHAJIN3a JAHHBIX sKcnepuMenTa Daya Bay. Pesynbrar ananmnsa, morydeHHBIHT
nocpercreoMm 11O dybOscar, cratuctuteckn crabuiieH, a OIEHKA JTOBEPUTEIBHBIX WHTEPBAJIOB
HCCTIEYEMBIX TAPAMETPOB COOTBETCTBYET UX MOJIEIBHBIM JTACIEDCHSIM.

Takxke 6GBLIO TPOAEMOHCTPUPOBAHO, ITO WUCIOJIb30BaAHNE (DYHKIWH XU-KBAJIPAT € KOBAPU-
AITMOHHON MAaTPUIIEeH, 3aBUCAIIEHR OT MapaMeTpPOB IMOJTOHKH, MOYKET IPUBOIUTL K CMEIIECHUIO
pesyabraTta. CBs3aHO 3TO € TEM, YTO ICTUMATOP MAKCHMAJILHOTO IIPABIOIOA00HUS B CIyHdae HOP-
MaJIbHOTO PACIPEIETEHNs JOJKEH, TOMUMO (DYHKITUN XU-KBAIPAT, BKJIIOYATD JIOTApUMM OIrpe-
Jenmress MaTpullsl ommbok log |V

Cy1mecTByeT JiBa METO/IA, MO3BOJISIIONINX U30eKATh cMerienust. [lepBoiit — 3T0 ucmosan30-
BaTh (PYHKIIMIO XU-KBAJIPAT ¢ KOBApUAIMEH, He 3aBUCAIIENR OT MapaMeTPOB MOTOHKH, & MOJIY-
YEeHHOW JIJIsl KAKUX-TO OIPeNeseHubIxX 3HadeHuil. [Ipu atom, mporeypy HoAronku neobxommmo
[IOBTOPSATH HECKOJBKO Pa3, UTEPATUBHO OOHOBJISASA 3HAYEHUS OIMMOOK HA KAXKJIOM ITIare.

Bropoit — 310 BMecTO noCcTyIMpoBanust (PYHKITUH XU-KBAJIPAT TOCTPOUTD (DYHKITAIO TIPAB-
Jonorobust jutst gannoit 3agagn. [lonnmanue Toro, Kak HYHKIMSA XU-KBAIPAT CBA3aHA ¢ MAKCH-
MYMOM TPaBIOIOA00UsT TT03BOJIsIeT U30eXKaTh CMeleHust pe3yabraToB. lomyyuennas dyHnkius,

BIIPOYEM, MOXKET OKA3aThCA BEChMa MEJJIEHHON W HEITPUTOTHOM JIJIS OIEHKH ONTUOOK.
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5. WN3mepenue 3uauenuii 012 1 Am?2. B skcuepumente Daya Ba
13 32

5.1. BBenenne

OcHOBHBIE KOMIIOHEHTHI, HEOOXOIUMBIE JJIsI TPOBEIEHUS TAHHOTO aHAJIM3a: UCIIOIb3yeMble
rapaMeTpbl U BXOJIHbIE JIAHHDBIE, YUCJIEHHAS MOJIE/b JIETEKTOPA, CUCTEMATUYIECKIE HEOIIPETEIEH-
HOCTHU TIapaMeTPOB MOJEJIN U METOUKA aHaJ u3a ObLIM OIMUCAHLI B HPEJLIIYINUX pasfienax. B
JIAHHOM Pasjiesie MPeICTABIEHbl PE3YIBTATHI OCIUIAIIMOHHOTO AHAJIU3a JTAHHBIX IKCIIEPUMEHTA
Daya Bay npu nmomoru I10 dybOscar: nepsoe uamepenne yrira cMermmBaHust 13 Ha OCHOBE H5-1
JHelt Habopa JIAHHBIX U YIYUIIEHHBI Pe3y/IbTAT U3MEePEHUsT yIyia CMeIuBanus Ha ocHoBe 139-u
JTHEHW JTAaHHBIX.

AxkcrepumenTt Daya Bay 6BLT CIIPOEKTHPOBAH ¢ PACIETOM n3MepeHns sin® 2013 ¢ TOTHOCTHIO
1o 0.01 B Tedenue 1o kpaiiaeit Mepe TpEx Jsier Habopa maHabIX. OaHAKO, Kak ObLIO HaMu OOHa-
PYIKEHO, BeaudnHa sin? 2013 IPIMEPHO Ha HOPSIOK GOJIbIIe. DTO HO3BOJIMIIO BIEPBIC H3MEPUTH
€ro 3Ha4YeHue, a TAKXKe MOKa3aTh €ro OTJIUYUE OT HYJs CO CTATUCTUYIECKON 3HAIUMOCTBIO OoJjiee
D CTAHJAPTHBIX OTKJIOHEHUH yKe 3a nepsble 0 JHelt Habopa JaHHbIX.

Heoxunanmo 60sbI0e 3HAMEHNE yIUIa CMENTUBAHUSA HEUTPUHO 13 OTKPBLIO JOPOTY IS U3~
MepeHHust APYIoro MapaMeTpa — paciiellieHust Mace Helirpuno Am32,. B TpeThbeM n deTBépToM
pazjiesiax JIaHHOW IVIaBBI IIPEJICTABIEHBI PE3Y/IHTATHI U3MEPEHHsI TTaPAMETPOB OCITUJIATINN Hell-
Tpuno 013 u Am2, Ha ocHoBe jaHHBIX, HAGPAHHBIX B epuobl 621 jens u 1230 aneit cooTseT-
CTBEHHO.

L1st oCIMITATIMOHHOTO aHAaIn34a, OIMMCAHHOIO B JIAHHON paboTe ObLIM UCIOJIb30BAHBI JTaH-
Hble 0 HabomaeMbrx cobbprtusix OBP, a Takxke ornenka BrI1a1a (POHOBBIX COOBITHI, IOy I€HHBIE

APYTUMHU I'PYOIIAMU KCIIEPUMEHTA.
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5.2. 3mepenne aMIIMTYAbl OCIHUAJIIISTAI sin? 2013 HaA OCHOBE IOJIHOT'O YHCJIA

coObITHIiA

5.2.1. IlepBoe m3mepenne sin® 260, HA OCHOBe JIAHHBIX, HAOPAHHBIX 32 55 aHel

ITO dybOscar 65110 HCITOIB30BAHO 11 OIECHKH SHAYCHUS sin? 20,3 Ha ocHOBE JIAHHBIX, Ha-
OpaHHBIX 3a MEPUOJ, JJIUTETbHOCTHIO HD JTHET.

Ananus mpoBeseH B peXnMe JIOTOK ', TO €CTh Ha OCHOBE THCes COOBITHI B KaXKJIOM JIETEK-
TOpe. DHEPrETUIECKU CIIEKTD MPHU 3TOM TOJHOCTHIO UTHOPUPOBAJICS. TakuM o6pasom, TaHHbIE
umeroT 6 crenenei ¢cBoboIbI (10 TUCIY JIETEKTOPOB). B HoAroHKe yaacTBYIOT 2 ¢BOGOIHBIX TTapa-
MeTpa: sin? 2013 1 HOpMHUPOBKA TTOTOKA. J1jIst OIMCAHNS BEPOATHOCTH OCIAIIISAINAN GbI/Ia, NCIIOTb-
30BaHa JByX-HeiTpuHHas dbopMya (2.2) u sHadenue paciierienns macc Am2, = 2.32 - 1073 sB?
u3 [87]. B ananmuse yuUTHIBAIOTCH HEOUPEICJICHHOCTH 37-U NAPAMETPOB, OIUCAHHBIE B Pa3Jie-
jae 2.6.2.

st onmcaHus CreKTpa PEAKTOPHBIX HEUTPUHO UCOb3yoTesa crekTphl ILL-+Vogel.

Komuaecrso orobpanubix cobbituil, cpenane 3PpGOEKTUBHOCTA AETEKTOPOB U OXKUIAEMOE

KOJIUIeCTBO (DOHOBBIX COOBITHI mpeacTaBacHo B Tabsuie 5.1.

IInomanxa bmuxuaa, Daya Bay Bamxkuasa, Ling Ao Hanpaaa

Herexrop AD1 AD2 AD3 AD4 AD5 AD6
Kannunars: OBP 28692 28857 22169 3536 3464 3461
Bpemsa Habopa SAHHBIX (nam) 49.5527 49.4968 48.9453

cu 0.8143 0.8108 0.8460 0.9815 0.9803 0.9809
€m 0.9755 0.9758 0.9768 0.9743 0.9739 0.9738
Coyuaiiasie cosuanenus (B gens) 10.00+0.06 10.11 £ 0.06 7.76 £0.05 3.37+£0.03 343£0.03 3.2140.03
BoicTpble HEHTPOHBI (B neHD) 0.95£0.28 0.71£0.22 0.07£0.02

®He /°Li (B memn) 2.74+0.64 1.4540.89 0.16+0.08

HAm 13C (B nemn) 0.240.2 0.240.2 0.240.2
BC(a,n)0 (B memn) 0.04-+0.02 0.03540.02 0.03+0.02

Tabauna 5.1. PesyasraT orbopa cobbrtuit OBP u oxkunaemMoe KOJM4ecTBO (POHOBBIX COOBITHH JJId IIEPUOA

55 nneit [205]. KomnvecTBo (hOHOBBIX cOOBITHI yUUTBIBAET 3(PDEKTUBHOCTD £, Em.

JI1s1 HAXOMK/ICHHS OINTHMAJBHOTO 3HadeHns sin® 203 GbLIa HCIOIBL30BAHA dyHKIUST XU-
KBAIPAT €O MTPahHBIMA daeHAMHA. 151 KAXKI0T0 3HAYEHNS ITAPAMETPOB OCIILIsAnnit sin? 205
(u Am?,) 3sHavenus HODMUPOBKHU W TAPAMETPOB, U3BECTHDBIX ¢ HEOIPEIEIEHHOCTHIO, HAXO0AIUCH

aasuTrdecku 110 Gopmyre (B.29).
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OrHottenre HADTIOMAEMBIX TUCET COOBITUH K OXKUIAHWIO TIPU ONITUMAJIBHBIX [TapaMeTpax,
HO B IPEIIIOJIOKEHUN OTCYTCTBUST OCIIMLISINE TIpecTaBaeHo Ha pucynke 5.1. Bujano, 9to ru-
[oTe3a OTCYTCTBUS HEHTPUHHBIX OCITUJLISINN HEe MOXKET O0bsICHUTL HAOJIOAEHNE IKCIIEPUMEHTA
Daya Bay. HesocraTok anTUHERTPUHO BUAEH B TOM YHC/Ie OJIMKHUMEU feTeKTopamu. [Ipu aTowm,
3aBUCUMOCTDB TTOTOKA AaHTUHEHTPHUHO OT PACCTOAHUS JI0 PEAKTOPA XOPOITO ONUCHIBACTCA B PaM-
Kax ABYX-HEUTPUHHOU MOACAUA OCIIUJLIIAIUN.

B pesysibraTe MOANOHKY [TOJIydeHbI caenyronme 3Hadenns [206—208):

sin® 2015 = 0.093 4 0.016 (crar.) & 0.007 (cucr.), 51)
5.1
X2 /n.d.f. = 1.84/4.

IIpu 1ojroHKe 3HaMeHus sin® 203 BEIYUCAACTCA TOMHAS OMMOKA. JIJIst 5TOr0 UCIOb3YeT st
cTaHmapTHEIH MeTon momcka Ay? — 1. I ONeHKH CTATHCTHIECKOH YaCTH ONTHOKH, 3HAMCHUS
CUCTEMATUIECKUX TTAPAMETPOB (DUKCUPYIOTCS B ONMTUMAJBHBIX 3HAYEHUAX U TPOTEIYPa TOUCKA
Ax? = 1 mosTopserca em@ pas. CrcTeMaTHIecKas 9acTh ONTHOKH BEMUCIACTCA U3 IOy IeHHBIX
OLIEHOK KAK KBAJAPATUIHAS PASHULA: Teucr. = \/ Ohyy — Otat-

[Ipodunas Gpyarimy xu-KBagpaT, IPeICTABIEHHBIN HA PUCYHKE 5.23, XOPOIIO OTHACHIBACTC S
mapabosoit. [lo orenke, mosydIeHHON ¢ WCHOJB30BAHUEM JAHHOTO TPOQUIH, CTATUCTAIECKAST

3HAIMMOCTD OTJIMYINA sin2 2(913 OT HYyJId COOTBCTCTBYET H-u CTaHAaPTHBIM OTKJIOHECHUAM.

2

o 2
O6JtacTh AOMYCTUMBIX 3HAaYEHUH mapaMeTpos sin” 2015 u Am?,,

COOTBETCTBYIONIAsT YPOBHSIM
JIOCTOBEPHOCTH 1, 2 1 3 cTAaHIAPTHBIX OTKJIOHEHU I, IPEICTaBIeHa Ha pUCYHKe 5.26. VI3 pucynka
BHJIHO, 9TO JIJIA IMAPOKOTO AUAIa30Ha 3Hadenuit sin? 20,5 dopma npodmiis y? cuMMeTpruaHa 1o

Am?

ey 1170 I'OBOPUT 00 OONTUMAJILHOCTH BbI60pa IIOJIOZKCHU A JCTCKTOPOB.

Pezyabrar XOpoIo coryiacyeTcst ¢ pe3yibTaTaMu, TOJYYeHHBIMUA IPYTUMU IPYIIIAMEA, B TOM

quciae ¢ OQUIUAIbLHBIM pe3yabraToM [134].

5.2.2. Mamepenne sin? 260, HA ocHOBe JAHHBIX, HAGPAHHBIX 32 139 queii

Cremyroruit pe3ybTaT ObLT Oy 9eH mocIe Habopa JTOTOJTHUTETFHON CTATUCTUKY. JJaHHbIiH
IepUo UMeeT JNJUTENbHOCTL 139 jHel.

Komuiecrso orobpanubix cobbituil, cpenane 3PpOEKTUBHOCTH AETEKTOPOB U OXKHUIAEMOE
KOJTUIeCTBO (DOHOBBIX COOBITHI TIPeCTaBIeHbl B Tabsmile H.2.

[TomuMo yBe/MYEHHON CTATUCTUKY, JAHHBIM aHAJU3 TAKXKE OTJIUIAeTCs OT IIPEeIblIyIre-
ro OOHOBJIEHHBIMU CIIEKTPAMHU AHTUHERTPUHO OT peakTopa. B Mojes n MCIoab3yIoTesl CIIEKTPhI

Huber+Mueller. s snadenust pacienienus Macc ucroinsyerca Am?2, = 2.32 - 1072 sB? [150).
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BepoATHOCTb BbIXWBaHNA

CpefiHeB3BELLEHHOE pPaccTosiHue (KM)

Puc. 5.1. BepoATHOCTb BbIXXMBAHUA PEAKTOPHbIX 3/1EKTPOHHbLIX aHTUHENTPUHO Kak (PYHKLUMUA OT cpeaHe-
B3BELUEHHOr0 PacCcTOfHUA [0 peakTopa, YCPeAHEHHas MO CMeKTPY PeakTOPHbIX aHTUHEATPUHO ANA ne-
prnoga 55 gHeldi. TOYKM COOTBETCTBYHOT OTHOLUEHWIO HabMO4aemMOro 4ymcna CoObITUI K 0XMAAaemMoMy B
NPeAnonoXeHNN OTCYTCTBUA OCUUNIAUMIA. YKa3aHbl CTAaTUCTUYECKMe OWMNOKM. OTCYUETHI ANA AaNbHUX

[eTeKTOpPOoB cMeLeHbl Ha £50 M gna HarnagHoCTu.

sin22B13 sin22013
(a) (6)

Puc. 5.2. Mpodunb QyHKUMN %2 KaK DYHKUKMSA Sin22013 ana nepuoga 55 aHei. JonycTMMble 3HaYeHWs
napameTpoB ocuunnsaumii sin22013 n ,12e (6). OTMe4YeHo onTUManbHoe 3HadeHue sin22013 npn 4T e =

2.32 «10-3 3B2 ¢ nonHoii oWwmn6KOo.
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[Inomanka Bmuxaag, Daya Bay | Bomkaada, Ling Ao Hanpuasa

HerexTop AD1 AD2 AD3 AD4 AD5 AD6
Kanmmnarer OBP 68654 69336 65845 9819 9730 9518
Bpems mabopa manHBIX (nmm) 127.553 127.376 126.26

£, 0.814 0.8108 0.8464 0.9808 0.9802 0.9802
Em 0.9756 0.9759 0.9771 0.9758 0.9755 0.9753
Coyuaaiiaee cosnanerus (B nens) 9.93+0.06 9.84 £0.06 7.74 +£0.06 3.144+0.03 3.13+£0.03 3.02+0.03
Bricrpeie HefiTpoHbI (B memb) 0.94 £0.28 0.61£0.19 0.05 £ 0.02

*He/ Li (B ment) 2.67 £ 0.66 1.02 £ 0.64 0.22 + 0.06

HAm3C (B ment) 0.179 & 0.063 0.179 & 0.063 0.179 4 0.063
BC(a,n)*0 (B mems) 0.08£0.04 0.07£0.04 0.05 £ 0.03 0.0440.02 0.04+0.02 0.0440.02

Tabmuna 5.2. Pesyabrar orbopa cobbrtuii OBP nna nepuona 139 gmeit [209]. KomuaectBo (hoHOBBIX

cOOBITHH yUUThIBAET 3(PPEKTUBHOCTD £;Em.

OrHottenre HADTIOIAEMBIX TUCET COOBITUH K OXKUIAHWIO TP ONMTHUMAJIBHBIX [TapaMeTpax,
HO B IPEJIITOJIOXKEHUN OTCYTCTBUST OCITUJLIAIIAN 151 JTAHHOTO aHAJU3a IIPEJICTABIEHO HA PUCYH-
ke 5.3. B pesysnbraTe anansa JAHHBIX O YUCIAX COOBITUN, aHAJOTHYIHOTO ITPEIbIIYIIEMY, ObLIH

HOJIYYeHbl CJleyommue 3Hadenns [209—211]:

sin? 20,5 = 0.086 4 0.010 (crar.) & 0.006 (cucr.), 52)
5.2
X2 /n.df. = 2.29/4.

[Ipoduns GpyaKIUE XU-KBAIpAT, TPEICTABJIEHHBI HA PUCYHKE 5.4d, TAKXKE XOPOIIO OIH-
ceiBaeTcs 1mapabosioi. CraTncruuecKas 3HAMHMOCTb OTANYns sin® 2013 0T HyJIs Telepsb COOTBET-
CTBYeT 7-U CTAHIAPTHBIM OTKJIOHEHUSIM.

O6.1acTh JIOIYCTUMBIX 3HAMEHN napaMerpos sin® 205 u Am?, st 0GHOBJIEHHOTO aHaIU3a
pe/cTaBaeHa Ha pucynke 5.46.

JlaHHBIN pe3y/IbTAT TAKYKE XOPOIIO COTVIACYETCS ¢ PE3YAbTATAMH, MOJYIEHHBIMH JIPYTUMU

I'PYIIIAMEA, B TOM YUCIE ¢ OUIMAIBHBIM pe3ysbraToMm [17].
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BepoATHOCTb BbIXWBaHNA

CpefiHeB3BELLEHHOE pPaccTosiHue (KM)

Puc. 5.3. BepoSTHOCTb BbDKMBAHWS PEAKTOPHbIX 3/1EKTPOHHbIX aHTUHEATPUHO KaK PYHKLUA OT CpefHe-
B3BELUEHHOr0 PaCCTOSHUA [0 PeakTopa, YCPeAHEHHas MO CMEKTPY PeakTOPHbIX aHTUHEWTPUHO AN ne-
profa 139 fHeil. TOUKM COOTBETCTBYHOT OTHOLUEHUIO HABMHOLAEMOro Ymcna cobbITUA K 0XUgaeMoMy B
MPeANONOXeHUN OTCYTCTBUS OCUMANALMIA. YKasaHbl CTAaTUCTUYECKME OLINOKKU. OTCUETbI ANs AanbHUX

[eTeKTOpPOoB cMeLeHbl Ha £50 M gna HarnagHoCTu.

(a) (6)

Puc. 5.4. Mpounb dyHKUMN %2 Kak GyHKUMA sin22013 (a) ana nepuopa 139 aHeli. JonycTuMble 3Ha-
YyeHMs napamMeTpoB ocumnnaunii sin22013 n AT1e (6). OTMEYEHO ONTMManbHOe 3HayeHue sin22013 npwu

Ouw2 = 2.32 +10-3 3B2 ¢ N0MHOI OWNGKOIA.
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5.3. 3mepenne 3HaueHuii sin® 26,5 u Afmg2 HAa OCHOBe JIAaHHBIX mepuojaa 621

JeHb

5.3.1. zmepenue oCHMIIAIMOHHBIX TAPAMETPOB

Anamm3 maHHBIX B pexume ,,1oToK+crekrp” B I1IO dybOscar 6611 BriepBble MPOBEICH JJIA
rnepuojia, BKJtogaorero 621 nensb manubix, 404 u3 KoTophix 661N HAOpaHBl BOCEMbIO aHTHUHET-
TPUHHBIMH JeTeKTopaMu. [laHHble 3TOro epruojia PaccMOTPEHBI B pazjene 2.4.

s mansoTro aHaan3a HaOJIOMEHNe KaxK 100 JeTeKTopa ObLIO pas/ieieHo Ha 32 WHTepBaJa
110 pekoHCTpyupoBanuoit sneprun: 30 narepsajos mwmpunoit 0.2 MaB ot 1.3 M»sB no 7.3M»3B u
aBa mmpoknx uHTepBasa oT 0.7 MaB 10 1.3M»3B u or 7.3M»3B 1o 12M»3B. Takum obpazom,
uccaelyeMble JTaHHbIe UMEIOT 32 X 8 = 256 crereneil ¢cBOOOIDI.

Kommgectso oTobpaHHBIX cOOBITHH, 3(ODEKTUBHOCTH TETEKTOPOB U OXKUIAEMOE KOJTUIECTBO

(OHOBBIX COOBITH TIPEACTABICHO B TabuIe 5.3.

[Inoma,axa Bmmxuaa, Daya Bay Bimkmasa, Ling Ao Hanpuasa

Jerexrop AD1 AD2 AD3 ADS8 AD4 ADb AD6 AD7

Kammumarer OBP 299024 303947 279365 183131 40507 40819 40282 27012
Bpemsa maopa maHHBIX (mEm)  559.150 559.157 558.048 368.426 555.645 555.645 555.645 365.885
Epu 0.8182 0.8153 0.8482 0.8482 0.9810 0.9805 0.9806 0.9809
€m 0.9765 0.9769 0.9778 0.9777 0.9776 0.9774 0.9772 0.9780

Crywafinere copnanenus (B nesn) 8.66+0.03 8.62+0.03 | 6.65£0.03 666+0.03 | 1.66 001 156+£0.01 1.55+0.01 1.22+0.01

( )

BeIcTpble HEATPOHBI (B nmens) 0.92 £0.92 0.62 £ 0.62 0.04 +0.04

He /°Li (B mems) 2.40 & 2.40 1.20 4 1.20 0.22 + 0.22

HAm 30 ( ) 0224022 022+022|0214021 022+022|0114+011 0104010 010+ 010 0.07 4 0.07
( )

BC(a, n) 190 008004 007004 005003 0.07+0.04|0.05+£0.03 0.05£0.03 0.06£0.03 0.05+£0.03

B JICHBb

B JICHBb

Tabauna 5.3. PesyasraT orbopa cobbrtuit OBP nig nepuona 621 feHb U 02kuIaeMoe KOJUIeCTRO (POHOBBIX

cobprTit. Kommuecrso (bOHOBLIX COOBITUH yUUTHIBAECT 3(PPEKTUBHOCTD £4Em.

st onrcanust crieKTpa aHTHHERATPUHO OT JIEISANUXCST U30TOIMOB OBIIO UCIOJIL30BAHO 1D
WHTEPBAJIOB 110 3Heprun Hefitpuno: 14 wnrepsajos mupunoit 0.5 MaB or 1.8 MaB no 8.7 M»B
¥ onuH mmpokuit maTepBaJg 0T 8.7 MsB no 12.8 MaB. Cnocob mapamMerpusaiuy OIucaH B Pas-
nene 3.3.6. B kagecTBe HOMUHAJIBLHON MOJEIN JJisl CIIEKTPOB AHTUHERATPUHO OBLIM UCIIOJIbL30Ba-
ubl cekTpbl Huber-+Mueller. T. k. B [47; 50] Bce crekTpbl orpanundennn sueprueit 8 MaB, st
omnucaHus HepreTudeckoro uureppasa or 8 MaB 1o 13 M3B crekTp oT KaxK10oro n3orora ObLI
IKCTPATIOUPOBAH IKCIOHEHITMABHO 10 JBYM MOCTAeTHUM 3HatdeHnsM. ClrielyeT OTMETUTD, 9TO

KCTPAIIOJIAINS HeoOX0TUMa TOJBKO JIJIs 3aJ[aHisd HOMUHAJIBHON Mojiein. Tak Kak 3KCTPaIoIn-
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POBAHHASI YACTD CIEKTPa TOJTOHAETC sl Oe3 OrpaHUnYeHn, Pe3yIbTaT U3MEPEHUs CIIEKTPa OTIpe-
JIeJSIeTCsT JIAHHBIMU, 8 HE MOJIEJIBIO.

B Beraucienusx yaurbiBaercs Brja antuaedTpuno ot OXAT mas kaxkmgoro peakropa. B
kadecTBe criekTpa antunelitpuno or OAT ucnonbsyercs seraucsenue [80], HopMupoBaHHOE HA
0.3% oT moJHOro MOTOKA AHTHHEATPUHO OT peakTopa, paboTaromero ¢ HOMUHAJBHOW MOIITHO-
croio 2.9TBr (em. pasmen 1.3.4).

B anajuze y9acTBOBAJIM CJEAYIONIME CBODOJHBIE MTapaMeTPLl: 2 HapamMerpa OCITUJLISIANR
HeifTpuno Sin® 20,3 n Am2, B IPeIIoIOKEeHNH HOPMAJIBLHOM uepapxuu; 15 mapaMeTpoB creKTpa
peakTOpHBIX anTuHedTpuHO. Beero 17 mapamerpos. Ob61ast HOpMUPOBKA TTOTOKA aHTUHEATPIHO
He UCIIOJb3YeTCs IPU MOJIOHKE, TAK KaK OHAa IOJHOCTHIO PEAU3yeTcsl mapaMeTpaMu aHTHHeN-
TPUHHOTO CIleKTpa. B ananuse yquTBIBAIOTCS HEONPEAETEHHOCTH 234-1 TapaMeTpoB, BXOISIIAX
B MOJeb sKcrepuMenTa. CucTeMaTudecKne HEeONPEeJEHHOCTH MOAPOOHO OIHCAHBI B Pa3je-
ge 2.6.1.

1 HaXOXIeHns ONTUMAJIBHLIX 3HadeHnit sin® 2013, Am2, u IapaMeTpoB CIIeKTpa AHTH-
HEHTPUHO OBbLIA MCIOIB30BaHA (DYHKIINA XU-KBAIPAT CO MITPAMHBIMA IJIEHAMH JIJI OTMCAHUS
CUCTEMATUYIECKUX HEOIPEIEIEHHOCTEN.

Ha pucynke 5.5 npejictaBieHo OTHOIIEHTE HAOIIOAAEMbBIX YUcesT COOBITUN K OXKHUJIAHUIO TTPU
ONTUMAJIBHBIX TaPAMETPAX, HO B MPEINOJOKEHUA OTCYTCTBUS OCTU/LIATNN. CMeXKHBIE TeTeK-
TOPBI AEMOHCTPUPYIOT XOPOITIO COTJIACOBAHHBIE PE3YIHLTATHI.

st mapaMeTpoB OCIUJIIAIIH HEHTPUHO TIOJIYIEHBI CICIYIONue 3HadeHus [212]:

sin® 2603 = 0.083 + 0.005,
Am3, (H') = (2.41 £0.11) - 107 5B2, (5.3)

Y2 /mdf = 242.2/239.

Mexy uccaeayeMbiMu napamerpamu Habsogaercs: ciaabas anTukoppessims p = —0.21.
O61acTh JIOMYCTUMBIX 3HAMEHWH MapaMeTpoB ocIuTarmit sin® 2013 u Am2, npeacrabieHa Ha
pucyske 5.6.

Habsronaemble Ha KaxKI0¥ MJIOMIAIKE CIIEKTPHI AaHTUHEHTPUHO MPEICTABIEHB HA PUCYH-
Kax 5.7a, 5.76 u 5.8. Ha prucyHKax TakKe MOKA3aHBI OXKHUIAEMBIE CIIEKTPBI JJIST ONTHMAIBHBIX

IapaMeTPOB B IMPCAIIOJOXKECHUNY HAJUYUA U OTCYTCTBUSA HGfITpI/IHHbIX OCL[I/IJIJIEH_[I/Iﬁ. OT,ZLGJIbHaE{

l3maenne Am%2 B MIPETOIOKEHNN 0OPATHON MepapXun WIN 3HATEHUE Amze MOZKeT OBITh TIOJY9IeHO 110 POop-

myse (2.4) Ha cTpaHure 66.
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BepoATHOCTb BbIXXUMBaHUA

CpefHEeB3BELLEHHOE PaccTosiHUe (KM)

Puc. 5.5. BepoATHOCTb BbIXXMBAHUA PEAKTOPHbIX 3/1EKTPOHHbLIX aHTUHENTPUHO Kak (PYHKLUMUA OT cpeaHe-
B3BELUEHHOr0 PacCTOAHUA 40 peakTopa, YCpeLHEHHAsA MO CNEeKTPY PeaKTOPHbIX aHTUHEWTPUHO. TOYKM CO-
OTBETCTBYHOT OTHOLUEHUIO HABMO4AEMOr0 YKCa COObITUIA K 0XXMAAEMOMY B NPEeANONOXEHUN OTCYTCTBUSA
OCUMMNALNIA. YKa3aHbl CTaTUCTUYECKMNE OLLIMOKK. OTCUETHI A9 JaNbHUX AeTEKTOPOB CMeLLEeHbl Ha £50 M

ANS HarnsgHoCTy.

BKNagKa c norapnpmMmmyeckMm maclitabom no ocu opamHaT NpuBeAeHa ANS BU3yanumsauum BKia-
fa (POHOBbIX CO6bITMIA. CHM3Y NpeAcTaBfIeHO OTHOLLUEHWE HabNaeMbiX COObITUI 3a BblHYETOM
(hoHa K 0XXnfaHun. BngHo, 4To rmnoTesa HEMTPUHHbIX OCLUANALMIA XOPOLLO ONUCbIBaeT Hab/to-

AAaeM0e UCKaXKeHWe CMeKTpa aHTUMHEATPUHO.

5.3.2. CpaBHeHWe pe3ynbTaToB, NOJyYeHHbIX pasHbIMW MeTogaMu

MepBbI pe3ynbTaT OCUUANALMOHHOIO aHanmsa ¢ yyétom cnektpa B MO dybOscar 6bi1 no-
JIy4eH MNpPU HECKO/IbKO OT/IMYHBLIX OT OMUCaHHbIX JONYLWeHUAX. Bo-nepBbliX, 6bL1 MCNO/b30BaH
OFpaHNYeHHbIN CNeKTp aHTUHeNTpuHO Huber+Mueller. C yuéTtom HeonpeaenéHHOCTEN aHTUHEN-
TPUHHOIO CMeKTpa BCero 6bIM yuTeHbl HeonpegenéHHOCTM 235-1n napameTpoB Mogenun. Cuctema-
TUYECKMe HeonpeaenéHHOCTN 6bINN YUTeHbl B PYHKUMN Xn-KBagpaT (5.18) nocpeicTBOM KoBapu-
aLMOHHOW MaTpuULbl, BbIUMCNSAEMON METOAOM YMCNEHHOro anddepeHumpoBanHnsa mogenun (6.10).

Ha pucyHke 5.9 npefcTaB/ieHO CpaBHEHMe pe3y/ibTaToB MOATOHKW OCLUMNNALUMOHHBLIX Na-
pameTpoB ABYMS Pas/IMUYHbIMU (DYHKLMAMM XWU-KBafgpaT: &) cO WTpapHbIMM YneHamu n 0) c
KOBapMaLMOHHOW MaTpuLein; a TakXe Npu ABYX Pas/IMYHbIX AOMYLLEHUAX O HeonpeaenéHHo-

CTW CMeKTPa PeaKTOPHbIX aHTUHENTPUHO: @) CBOGOAHbLIA CMEeKTP M 0) orpaHWYeHHbIA CMNEKTP.
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sin 2#i3

Puc. 5.6. O6nacTb AONYCTUMbIX 3HAYEHWUA OCUMNNALMNOHHBLIX NapameTpoB sin22013 n Am”2, nony4yeHHas
Ha oCcHoBe 00paboTKM 621 AHA AaHHbIX. OTMe4YeHbl 061acTK, COOTBETCTBYIOLLME YPOBHSAM [OCTOBEPHOCTU
68.3%, 95.4% 1 99.7%. B kaxaol npuneratoweii naHenn noctpoeH npouab A%2 418 COOTBETCTBYHOLLEN
nepemMeHHOW. TOUYKO OTMeYeHbl HauyyLlune 3Ha4YeHUs, a OLIMOKM COOTBETCTBYHOT YPOBHIO JOCTOBEPHOCTU
68.3 %. [na KaxAoi ToUYKM npocTpaHcTea sin22013 n Am3:2 npou3seeHa NOArOHKa napameTpoB CrekTpa
aHTUHEWTPMHO, a TaKXKe CUCTEMATUYECKUX napameTpoB. A KaXAoro 3HayeHUs Ha BepxHel (6OKOBOWA)

maHesnv rnpovssefieHa Takxe nogroHka Ama2 (sin22013).
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Puc. 5.7. Habnofaemble 3HEPreTMUECKMe CNeKTPbl, MPOCYMMUPOBAHHbIE MO CMEXHbIM JeTeKTOpam 6amx-
HMX niowanok EH1 (a) n EH2 (6) ¢ ykasaHuem CTaTUCTUYECKMX OLIMOOK. OXXunpaemble CreKTpbl 0TMe-
YeHbl KpacHbIM A5 ONTUMabHbIX MapaMeTpoB W CUHWUM A8 Cayyas OTCYTCTBMS ocumnnsauuid. Bknag
(hOHOBbIX COObITUIA OTMEYEH COCTABHOWM LIBETHOM rMCTOrpaMMoil. Bo BMOXEHHON MaHenu Ans OTpaXKeHus
BKMaaa HOHOBbIX COObITUI N306PaXKeHbI Te XKe camble CMEKTPbI B IOrapuMmyeckoM Mmaclutabe. Ha HuxX-
Heil maHenn n300paXKeHO OTHOLIEeHWEe HabnAeHUsA 3a BbIYETOM (DOHA K OXWMAAHUIO B NPEANONOXeHUN

OTCYTCTBUS OCLMNNALMIA.
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EH3
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PekoHcTpyupoBaHHasa aHeprua (MaB)

Puc. 5.8. Habnogaemble aHepreTuyeckme CnekTpbl, MPOCYMMUPOBaHHbIE MO CMEXHbIM [eTeKTopam AN
JanbHein nnowankn EH3 ¢ ykaszaHmem cTtaTucTuyecknx owmnbok. Oxupaemble CNeKTpbl OTMeYeHbl Kpac-
HbIM 415 ONTUMa/IbHbIX MapameTpoB M CUHWUM AN Clyyas OTCYTCTBMSA OCUMNNALMIA. BKnag (OHOBbIX
COObITWIA OTMEYEH COCTAaBHOI LIBETHOW FMCTOrpamMmoli. Bo BNOXKEHHOW MaHenn Ans OTpaXKeHus BKnaga
(hOHOBbIX COGLITMIA M300paXKeHbl Te XEe Camble CMeKTPbl B norapuMmuyeckom Mmacwtabe. Ha HukHei
naHenn n306paxXeHO OTHOLLEHVE HabMIOAEHUA 3a BbIYETOM (POHA K OXWUAAHWIO B NPELNONOXEHUN OTCYT-

CTBMS OCLMNNALMIA.
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BuaHo, 4TO Kak pe3ynbTaT, TaK M 06/1acT¥ AONYCTUMbIX 3HAUYEHWI A NPakKTUYECKW He 3aBUCAT
OT MCNONb3yeMOW ANS NOATOHKM (DYHKUMUKU. OrpaHMUYeHMEe aHTUHEWTPUHHOTO CMekTpa, Cnocoob-
HOe MPUBOAUTbL K OTK/IOHEHUSM B pe3ynbTaTax (CM. pasgen 4.4.7), Ha AaHHOM 3Tane TaKXe He

OKa3blBaeT 3aMETHOIro BNMAHNA Ha UCCNEAYEMbIE NapaMeTPbI.

X 1CT3

sin2 2013

Puc. 5.9. CpaBHeHue pe3ynbTaTOB MOArOHKM W ONpeAeneHns A0NYCTUMbIX 06MacTeil ANs pPa3NYHbIX
(DYHKLMIA XWU-KBaApaT, UCNOb3yeMbIX ANS MOAFOHKMW, & TakXe pas3/InyHbIX NPeanonoXeHnsax 0 Heorpe-
[EeNEHHOCTU CneKTpa aHTUHEWTPUHO. B nognucax K pesynbtataM OTMeYeHa MCrnosib3yemast CUcTeMaTmka

aHTUHENTPUHHOTO CMeKTpa M MeTO y4YéTa CMCTEMATUUYECKMX MOTPEeLIHOCTEl B (hYHKLMM XU-KBajpar.

MonyyeHHoe 3Ha4dyeHue AN14 SiN22913 XOpPOLWO coOrfacyeTca Kak C pesynbratamu Apyrux
rpynn, B TOM 4yucne ¢ opuumanbHbiM pe3ynbTatom [18], Tak U C pe3ynbTataMu npegbligyLinx
n3MepeHuin skcnepumeHTa Daya Bay [16; 17; 22] n namepeHnii Apyrux sKCNepumeHTOB.

MonyyeHHOe 3HavyeHWe ANdA pacwienneHna macc [ 7|2 Ha NOA CTaHAAPTHbLIX OTKIOHEHUS
npesblWaeT ony6amkoBaHHoe B [18] 3HauyeHue. Kak 6bi10 nokasaHo no3gHee [19], ucnonb3oBa-
HMe 60Nlee YeM OAHOrO MHTepBana B o6bnactm mexay 0.7 MaB n 1.3 M3B npusognT K gonon-
HUTENbHLIM CUCTEMATUYECKUM OTKNOHEHUAM B M3MepeHun [ T|2. STO CBA3AHO C HEAOCTATOYHO
OLEHKON CUCTEMATUYECKMX MOTPELIHOCTEN 3PPEKTOB 3HEPreTUYECKON LW Kanbl B 061aCTW ManbiX
3Hepruii. bblNo NokKasaHo, YTO pa3bueHne Ha UHTepBasbl, MCNOMb3YEMOe B faHHON paboTe npu-
BOAUT K CTabMIbHOMY pe3ynbTaTy C afieKBaTHO OLEHKOI MOrpeLHoCTH.

PesynbTaT M3mepeHuUsa 3HaveHua [, 7 2 corfacyeTcs ¢ aHaflorMYHbIMU pe3ynbTaTtaMun yCcKo-

PUTENbHbIX 3KCNepuMeHTOB [156; 158] npu cpaBHUMON TOYHOCTU U3MEPEHMUS.
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CpaBHeHud pe3ynbTaToB M3MepeHusa napameTpos sin22013un [ 7|2 akcnepumeHTa Daya Bay

C pes3ynbratamMy M3MEpPEeHUsa APYrux aKCNepumMeHTOB MNpeAcTaBfeHbl B pasgenax 1.5.8 n 1.6.

5.3.3. I3amepeHne hopmbl CreKTpa pPeaKTOPHbIX aHTUHEATPUHO

Ha pucyHke 5.10 npeacTtaBneHbl NONpPaBKW AN aHTUHENTPUHHbBIX cnekTpoB [47; 50], nony-
YeHHble B pe3yfibTaTe COBMECTHOW MOATOHKU C OCLUMNNALMOHHBbIMK napameTpaMmu. MapameTpbl
nosyyeHbl B BuAe nepemMeHHbix nl... n15 obecneynBarowmx Hannyyliee MoAenbHOe onncaHue oT-
HOLWEeHNA cpefHero HabnA4aeMoro aHTUHEWTPUHHOIO CNeKTpa K OXMWaHWI0O Ha OCHOBe MOJenun
Huber+Mueller: Sobs/SHuber+Mueiier (cm. pasgen 3.3.6).

Ha rpaduke npusefeHbl 3Ha4eHNd ANs nNepsbliX 14-u KO3IPPULMEHTOB. 3HaYEHNE NOCNefHe-
ro n1 = 0.13 UCKAOYEHO, TaK KaK OTHOCUTCA K UHTepBany, He npefckas3biBaeMOMY MOLENAMMU.

3aKpalweHHas 061acTb COOTBETCTBYET MOMHON abCONOTHOW OWMOKe ANA AaHHbIX NapaMeTpoB.

13 MonpaBKa K cneKTpamMm aHTUHEATPUHO

12

11

09

08

0.7 1. dybOscar
dybOscar, nonHas owmnbka popmMbl cnekTpa
06 0 o Daya Bay [1607.05378]

2 3 4 5 6 7 8
Ev, M3B

Puc. 5.10. MonpaBoyHble KO3DMULMEHTLI K CPeAHEMY CMEKTPY aHTUHEWTPMHO B Mogenn Huber+Mueller,
N3MepeHHble OAHOBPEMEHHO C OCUMNALMOHHBIMKU napaMeTpaMmu HemTpuHO. [nA cpaBHeHWs NpuBeAEH
pesynbTat [30], MONYyYEHHbIA Ha TOW Xe cTaTucTuke. Owmnoku dybOscar COOTBETCTBYHOT MOMHON Heonpe-
JenéHHocTn hopMmbl crnekTpa. Owmnbkn ans [30] COOTBETCTBYHOT MOMHOW HeonpeaenéHHOCTN Kak (hopMbl

CMEeKTpPa, TaK U NOTOKa aHTUHENTPUHO.
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Ha pucynke 5.10 MoxxHO 0TMeTUTH 00€e 0cobenHOCTH HAGIIOAAEMOTO ClIeKTpa: obImit HeI0-
CTATOK MOTOKA PEAKTOPHBIX aHTHHEATPUHO, WU ,[DEAKTOPHYI0 aHOMAJIMIO®, & TAKXKe ,[LJIeT0" B
obsactu HabIOMaeMbiX aHepruit 57 M»sB. lanubie ocobenHOCTH HAOIIOMAIOTCA BCEMU KCIIE-
PUMEHTAMM ¢ PEAKTOPHbIME aHTuHedTpuHO [27; 77; 203| u obcyxnatores B pasgenax 1.3.3.5
u 1.3.3.6.

[Ipencrapaentble pe3yabTaTBl MOTYT OBITH TAKXKE WHTEPIPETUPOBAHBL €IIE OHUM CIIOCO-
6om. Pucyrok 5.10 gemorcTpupyeT corytacue Mex iy HaboaenneM n Moaeabio Huber+Mueller
B obstacTu sHepruit anTuHeNTprHO OT D M3B. DdderT maeua BoZHUKAET OTHOCUTEIHHO HETO-
cTaTKa MOTOKA aHTUHEHATPUHO B objactu 10 5 MaB, To ecTh OTHOCHTENHLHO PEAKTOPHON aHOMA-
JIAM.

Matpuita Koppe/sinuii TapaMeTpoB, YIACTBYIONIUX B MOATOHKE, IPEICTABIEHA HA PUCYH-
ke 5.11. Bumgno, 910 B 06/1aCTH ONTUMAIBHBIX 3HATEHUH OCIIAJLISITHOHHBIE TAPAMETPBI TPAKTH-
YEeCKU He KOPPEIUPYIOT ¢ HapaMeTpaMu Mofen ciuekrpa antumeitpuno (Ch; < 0.20).

Bricokast aHTUKOPPESAINS CIEKTPAJBHBIX TaPAMETPOB COCETHUX WHTEPBAJIOB C BBICOKOMN
HEpPrueil cBsA3aHa ¢ HEJOCTATOYHONW cTaTucTuKOM. lannast npobjiemMa MOXKeT OBITH pPeleHa mpu
UCIIOJIb30BaHn MeTouKu peryspusanuu [213]. TlockosibKy TVIABHON IEJBIO JAHHOTO UCCJIE-
JIOBAHUS SBJISIETCS] U3MEPEHUNE OCIULIATMOHHBIX TaPAMETPOB W OBLIO TOKA3aHO, YTO JAHHBIX
OX01, 06/13J12€T JOCTATOTHON TOYHOCTBIO JIJIsi UX ucciaenoBanus (cM. paszaen 4.4.7), yrounenue

CIIEKTPAJILHBIX JTAHHBIX ObLIO OTJIOXKEHO Ha OyIryIiee.
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KoppenaunoHHaa martpuua
o

Puc. 5.11. Matpuua Koppenaumili napameTpoB MOATOHKU: napameTpbl HEWTPUHHBIX OCUUANALMIA Sin2 2013

n Am|2 n 15 napameTpoB aHTUHEATPMUHHOIO CMeKTpa.
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5.4. N3mepenne 3HaveHuii sin® 26,5 n Afmg2 HA OCHOBe JIAaHHBIX nepuojaa 1230

JHel

5.4.1. I3mepenue oCHMIIAIAOHHBIX TAPAMETPOB

AHamm3 JTaHHBIX B PEXUME ,JIOTOK-+CIIEKTD ObLI MPOBEICH M MAaHHBIX mepuoma 1230
gueit, 1013 u3 KoTopbiX ObLM HAOPAHBI BCEMU BOCEMbBIO AHTHHEATPUHHBIMU JETEKTOPAMH.

[Iporierypa anaam3a odeHb OJIM3KA 110 CTPYKTYPE K MPOIEAYyPEe, OMUCAHHON B IPEIbIIY-
meM paszaese. CyIecTByeT, OHAKO, P, oTantanit. Pasbuenue 1o sHEPre THIECKUM WHTEPBAJIAM
pacimupero B obsacTu OOJBINUX FHEPTUil: HaOIIOIeHNe KaXKI0r0o JeTeKTopa pasae/ieHo Ha 3D
WHTEPBAJIOB [0 PEKOHCTPYUPOBAHHON sHeprun: 33 unrepsasia mupunoit 0.2 MaB or 1.3 MaB 1o
7.9M5B u aBa mmpokux naTepBaga or 0.7 M3B no 1.3M»3B u or 7.9 M»sB 10 12M»B. Takum
obpaszoMm, uccjiegyemMble JTaHablie UMetoT 35 X 8 = 280 creneneit csobosbl. Ilapamerpusanus pe-
AKTOPHOI'O aHTUHEUTPUHHOIO CIEKTPA OCTajach Oe3 U3MeHeHUH.

Komuaecrso orobpanabx cobbrTuit, 3¢hEKTUBHOCTH JETEKTOPOB U OXKUIAEMOE KOJTHIECTBO

GOHOBBIX COOBITHI IIpEACTaBICHO B Tabmie 5.4.

IInomaxa Bnmxaasa, Daya Bay Brnnxnas, Ling Ao Hanpaas

HetexkTop AD1 AD2 AD3 ADS AD4 AD5 AD6 AD7

Kannunarer OBP 597618 606351 567196 466013 80479 80742 80067 66862
Bpema mabopa pammbix (Em) 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
€m 0.9744 0.9747 0.9757 0.9757 0.9759 0.9758 0.9756 0.9758

Cryuaiisele copnasenns (B OeHD 8.46 +0.09 8.46 £ 0.09 6.29+0.06 6.18 +0.06 127+£0.01 1194001 1.204£001 0.98+0.01

( )
BeicTpeie HEATPOHBL (B memb) 0.79+0.10 0.57+0.07 0.05+0.01
He/°Li ( mems) 2.46 4 1.06 1.72£0.77 0.1540.08
HAm 3¢, 6AD (B mems) 0274012  025+0.11 | 0.2840.13 0224010 021+0.10 0.21+0.10
HAmM 3¢, 8AD (6 memp) 0.154£0.07  0.16+£007 | 0134006  0.15+£007 | 0.04+£0.02 0034002 0.03+002 0.05+0.02
BC(a,n)*0 (B mems) 0.08+£0.04  0.07+004 | 0.05+003 0074004 | 0.054+0.03 005+£003 0.05+003 0.0540.03
ook OBP (6 memp) 653.034 1.37 665.42+ 1.38 ‘ 500.71+ 1.12  593.82 + 1.18 ‘ 7425+ 028 74.6040.28 73.98+028 7473+ 0.30

Tabauna 5.4. Pezynbrar orbopa cobbrtuii OBP nja nepuona 1230 nHeit u oxKujilaeMoe KOJIMIECTBO (POHO-

BBIX cOOBITHI. KomuuecTBo (pOHOBBIX COOBITHH y4UTBIBAET 3(PMEKTHBHOCTD £;Em .

B ananuzse yuurbiBaorcst 17 ¢cBOOOIHBIX TapaMeTpPoOB: 2 ImapaMeTpa OCHUJLIAIUNR HeRTPUHO
sin® 20,5 u Am%Q B IPEITOJOXKEHUN HOPMAJbHOW MepapXuu; 15 mapaMeTpoB CIEKTpa PeakTop-
HbIX aHTuHEeHTpUHO. [locpencTBoM MITpadHBIX TWIEHOB YIUTBIBAIOTCS HEONPEIEIEHHOCTH 237-1

mapaMeTpPoB, BXOJATIAX B MOJEb 3KCIIEPUMEHTA U OTIMCAHHBIX B pa3jene 2.6.1.
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B pesyabrare muHmM#M3anmn QyHKIMU XU-KBAAPAT MOJYIEHBI CJIEAYIONHE 3HAUEHUST OC-

IUJUISIIIMOHHBIX TTapaMeTpoB [19]:

sin? 20,3 = 0.0841 + 0.0027 (crar.) 4 0.0019 (cucr.),
|AmZ,| = [ 2.50£0.06 (crar.) £ 0.06 (cucr.)] x 107% 5B,
Am3, (HN) = | 2.4540.06 (crar.) +0.06 (cucr.)] x 107% 5B, (5.4)

AmZ, (OU) = [—2.56 & 0.06 (cTar.) & 0.06 (cuer.)] x 10~35B2,

2
X 2326
nd.f 280 —17 0.88.

Pesynbrarsr usmepenns sin® 2013 u Am?2, IPaKTHHECKH He3aBHCUMBI APYT OT IPyra, Ko3hQuIm-
ent Koppessiimu p = —0.03. [losrygennnre 3Hadenns XOPOIIO COMIACYIOTCA KAK C TIPEIbLITY TIUMU
pesysabpraTamu 3xcrepumenTa Daya Bay, Tak u ¢ pesyiabraraMu IpyrUx 3KCIIEPUMEHTOB. 3HATe-
HUe XU-KBaJ[pAT B MUHUMYME YKA3bIBAET HA TO, YTO MCIOJb3YEMAas MOJIETH XOPOIIO OIMUCHIBAET
nanable. Pesysnbrar namepenus sin® 203 apisercs Hanbojee TOUHBIMU. Pe3yibrar n3aMepeHus
pacimeriednst Mace Am?2, 10 TOYHOCTH COBIAIAET C PE3yJbTaTaMH YCKOPUTEIbHBIX 3KCIEPU-
MeHTOB. JIBymepHble 00JIACTH JIOMYCTUMBIX 3HAYEHUN JJIs OCITUJLISIITUOHHBIX TTapaAMETPOB IIPHU-
BeeHbl Ha pucyHKe H.12. CpaBHEHME ¢ MUPOBBIMU JAHHBIMU TIPUBEIEHO B Tabauax H.5-5.7 Ha
cTpanute 198.

Habuiromaembie u oxuaemble criekTpbl cobbituit OBP st ganbueld (6mKHIX) TIIOMAI0K
npejcrasieHbl Ha pucyHkax 5.14 (5.13). OTHorenne HaBIIOIAEMBIX YUCET COOBITHH K OXKUA-
€MbIM B TPEAIOJOXKEHNN OTCYTCTBUS OCIMUJUIAIUN IpUBEAeHO HA pucyHke 5.15. Pucynku je-
MOHCTPUPYIOT, YTO 3aBUCUMOCTH HAOJIOAEHUNA KaK OT FHEPIUU, TAK U OT PACCTOSHUS XOPOIIO

OIMCBIBACTCS TAITOTE30U HEATPUHHBIX OCIUAJLIIAIIANA.

5.4.2. AHa/iM3 JAHHBIX B peXKHUMeE ,JIOTOK

st mpoBepKu OBLT TMPOBEIEH TAKXKE aHAJIN3 B PekuMe ,M0ToK . OT CIIeKTPaabHOrO aHa-
JIN3a OH OTJIMYAETCs IO CJEAYIONUM IyHKTaM. Bmecto 25 morepsajgoB HAOIIOAAEMON SHEPTUN
JIJI KaXKJI0ro JieTekropa 3agaérces Toabko oaua ot 0.7 M3B 10 12 M3B. Bcee cucremarutieckue
HEONIPEJICTICHHOCTH, YINTBIBACMBIC B CIEKTPAJBHOM AHAJIN3E, YINTHIBAIOTCA depe3 KOBapHuaIii-
OHHYIO MATPUILY, B TOM YHCJIe KOPPEJUPOBAHHBIC HEOTPEJACTCHHOCTH CIIEKTPa AaHTUHEHTPHUHO.

B amajmse y4acTBYIOT JBa CBOGOJHBIX mapamerpa — sin? 2013 1 HOPMHPOBKA IOTOKA aH-
TUHEHTPUHO, & TaKXKe OAUH OI'PDAHUYCHHBIA — pPacCIICIVICHUE MacC HEHTPUHO Am%ZMINOS LTk T

(2.43 4 0.07) - 107 3B?, meonpeaeéHHOCT KOTOPOro u3 [88] yuuTeBaeTcs mocpeacTBoM mrrpad-
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(8! X 10-9)

Puc. 5.12. O6nacTb AONYCTUMbIX 3HAYEHUIA OCUUNNALMOHHBIX NapameTpoB sin22013 n [, T 2, nony4YeHHas
Ha ocHoBe 06paboTkn 1230 fHeil faHHbIX. OTMeYeHbl OAHOMEpPHbIE U ABYMEpPHble 06/1acTW, COOTBETCTBY-

loLLMe YPOBHAM JocToBepHoCcTU 68.3%, 95.4% un 99.7%.
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Puc. 5.13. Habnwogaemblie 3HepreTUYeCKUe CMEKTPbl, NPOCYMMUPOBaHHbIE MO CMEXHbIM AETEKTOpam
onmxHMX nnowagok EH1 (a) n EH2 (6) gna nepuoga 1230 gHeld ¢ ykasaHWeM CTaTUCTUYECKUX OLUW-
60K. OXwnfaemble CNEeKTPbl OTMEYEHbl KPacHbIM ANS ONTMMaibHbIX NapamMeTpPoB M CUHWMM ANS Clydas
OTCYTCTBMS OCUMMANAUMIA. BKnag (hOHOBbIX COObITMIA OTMEYEH COCTaBHOW LIBETHOW rucTorpammoii. Bo
BMIOXKEHHOI NaHenu ANns OoTpaXkeHMs BKafda (POHOBbLIX COObITUI M306PaXKeHblI Te XE& Camble CNEKTPbI
B florapuMmyeckom Maclutabe. Ha HVKHeil naHenn mM306paxeHO OTHOLIEeHWe HaONOAEHMS 3a BblYETOM

(hoHa K 0XMAAHMIO B NPeArnoNoXeHU OTCYTCTBUS OCLUNNALMIA.
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Puc. 5.14. HabnofaemMble 3HEpreTUYeCcKMe CrneKkTpbl, NPOCYMMMUPOBAHHbIE MO0 CMEXHbIM AeTeKTopaM As
fanbHeid nnowaakn EH3 gns nepuoga 1230 gHeli € yKasaHMEM CTaTUCTMYECKUX OWMOOK. Oxupaemble
CNeKTPbl OTMeYeHbl KPacHbIM A5 ONTUMa/bHbIX MapaMeTpoB U CUHWUM NS Clyyas OTCYTCTBUS OCLMI-
naumii. Bknag POHOBBLIX COObITUIA OTMEYEH COCTABHOI LIBETHON rucTorpammoii. Bo BnOXeHHO! naHesnm
ONA OTPaXeHUs BKNaga (POHOBbIX COOLITUIA M306paXKEHbl Te Xe Ccamble CMEKTPbl B N0rapumMmuyeckom
MacliTabe. Ha HMKHeil nmaHenn M306paXKeHO OTHOLLEHWE HAGNHOAEHUS 3a BbIYETOM (hOHA K OXUAAHWUIO B

NPeANON0oXeHUN 0TCYTCTBMS OCLUNNSLIA.
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CpefHeB3BelleHHOe paccToAHUE (KM)

Puc. 5.15. BepoATHOCTb BbIXXUBaHWUA PEAKTOPHbLIX 3/IEKTPOHHbLIX aHTUHEATPUHO Kak (DYHKUUS OT cpej-
HEB3BELLEHHOI0 PacCcTOAHNA [0 peakTopa, ycpeAHEHHas Mo CNeKTPY peakTOPHbIX aHTUHelTpuHO. Meprog
1230 gHeir. TOYKM COOTBETCTBYHOT OTHOLLUEHUIO HAOMOAAEMOr0 YMCia COObITUI K 0XUAAEMOMY B Mpeano-
NOXEHUWU OTCYTCTBUA OCUUNNAUMA. YKazaHbl CTaTUCTUYECKUe OLWMOKM. OTCYETbI A8 AeTEeKTOPOB Mo-

wagok EH1, EH2 n EH3 cmelleHbl OTHOCUTENLHO ApYr Apyra Ha 6M, 5M 1 30 M gnd HarnsagHoCTy.
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HOT'O YJICHA.. HonyquHoe B pe3yJjbTaTe MUHUMU3AITUN beHKL[I/H/I XU-KBaJApaT 3HaAYCHHUC:

sin® 26,3 = 0.0850 = 0.0030 (crar.) & 0.0028 (cucr.),

2
X2 508
ndf 8—-2 0.85,

XOPOIIIO COTJIACYETCsT PE3YJIBTATAMY aHAJTU3A ,,[TIOTOK|CIIEKTP™.

(5.5)

Iosmas ommbka Ha sin? 203 (5.5), HoJIyYenHas U3 AHAII3a B PEXKHUME ,I0TOK", 60JIBbIIe, HeM
ommbka (5.4) U3 aHaU3a B PEKUME ,IIOTOK +CHEKTP". DTO CBA3AHO € TEM, YTO AHAJU3 CIIEKTPA
[IO3BOJISIET B JIyUIIeH CTEIeHN OTAEIUTh BRI (POHOBBIX COOBITHI, HoJIee SIPKO BHIPAYKEHHBIN 110

otHOIIeHNO K coObITusgsM OBP B 0b/1acTsx HU3KUX W BBICOKUX IHEPTHI.

5.4.3. I3mepeHue BepOATHOCTH OCHMJUIAIMI PEAKTOPHBIX 3JIEKTPOHHBIX AHTUHEHTPUHO

OcrmigaruonHast IPUPo/Ia UCKAXKEHU HADIIOIAeMOr0 CIEKTPA MOXKET OBITH TPOIEMOH-
CcTpUpPOBaHa Ha TPaUKaxX OTHONIEHWS HADIIOMAeMBIX CIIEKTPOB 34 BBIYETOM (DOHA K OXKUIAHUIO
B IIPEJIIIOJIOKEHUHU OTCYTCTBUS OCIMLIsmi (eM. pucynku 5.13-5.14). Janubie rpaduku paccau-
TBIBAIOTCST OTJAEABHO JJIsT KayKJIOW IKCIEPUMEHTAJBHON MJIOMIAIKNA U JIEMOHCTPUPYIOT TOJIBKO
OCITUJLTSATIMOHHY 0 3aBUCUMOCTE OT Habsomaemoit saeprun. CymiectByeT 6oJiee HATVISITHBIN CITO-
cob TIpeJICTABJIEHUS] JIAHHBIX, ITO3BOJAIONIUHI, C OJTHOM CTOPOHDI, MMOKA3aTh 3aBUCUMOCTE OT OTHO-
IIIEHUsT PACCTOSHUSI K SHEPIUU HEUTPUHO, & C JIPYTOil, COMOCTABUTEL HAOJIIOIEHNUST PA3HBIX YKCITE-
PUMEHTAJIBHBIX IIOMIAI0K Ha ogHOM rpaduke. Crocob 3akiarovdacTcss B pacdére HabII0IaeMOil
BEPOSATHOCTHU OCIUJLISAIIUN PEAKTOPHBIX AHTUHEATPUHO, TIPEJICTABIEHHON HA pucyHKke 5.16. I'pa-
UK TEMOHCTPHUPYET KAK XOPOIee Coryiacue HaDJIOMEHNsT U MOJEIN, TaK U XOPOIee COTJIACHE
MEXKJIY U3MEPEHUSIMU OTIETBHBIX IIJIOTTAI0K.

Brramceaenne HabII0DaeMOi BePOATHOCTH BBIKUBAHUSA ITPOU3BOANTCA 10 (opMye’:

3bd s _ is s s
P Ls o obs Bbestﬁt Obestﬁt L3d9d9 (5 6)
obs \ T ( Evis) — Aris_ pis__ ()is sur \ ( g ) ) :
v bestfit bestfit bestfit V\Hyis
riae N5 — 370 KOJMIecTBO COOBITHH, HAGIIONAEMBIX B MHTEPBAJIE | IIOMAgKu 8, N o cooT-
BeTCTBYIONIee TIpejickazanue Mojean; B . — mnpefckasanue KoaudecTBa (POHOBBIX cOOLITHIL
7 bestfit )
18 e

a Opigug — TPeAcKazanne KosmdecTsa cobbITuit OBP, cBA3ZAHABIX ¢ HeAMarOHATBLHBIME 3JIeMeH-

tamu nonpasku [AV; E, cpeinss sHeprus aHTUHEHTPUHO, COOTBETCTBYIONAsA UHTepBaTy Y
L% — cpejmee paccTosHIE OT UCTOYHUKA AHTHHEATPUHO 10 ILIOMAJKA §. BLIPaskeHne i Be-
posTHOCTH ocTLIsiiuii Py, puseero B dopmyste (2.1). Bee npeckasanust MOIEIU 1Oy 9€HbI

AJId OIITUMAJIBHBIX ITapaMeTpPOB.

23ech NCIONB3YeTCA CoTMalmenne o0 MHAEKCAX, ONMMCAHHOe B pazzene 3.3.
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Puc. 5.16. i3amepeHHas 1 0Xujaemas BepOATHOCTb BbIXXKMBAHUS PEAKTOPHbIX 3/IEKTPOHHbIX aHTUHENTPK-
HO KaK (YHKLMS OT OTHOLIEHUA 3(h(eKTUBHOM 6a3bl K 3HEPrum aHTUHEWTPUHO. OTMeYeHbl cTaTucTuye-

CKMe OLIMOKMN.

CyTb BblpaxeHusa (5.6) 3aknw4vaeTcd B Cnegytou,eM: B COOTBETCTBME KaX[OM TOuke K3
OTHOLWUEHWUI JaHHbIX K NpefAcKasaHunto, NpeacTaBNeHHbIX Ha pucyHkax 5.13-5.14, ctaButcs ofHa
TOYKa Ha pucyHke 5.16. MNMpn 3TOM OTHOCUTENbHOE OTK/IOHEHME HAGMKOAEHMA OT npeackasaHus
ONTUManbHOW MOLENN NepeBOANTCSH B OTHOCUTEIbHOE OTKNOHEeHWe OT HabntogaemMoli BEPOATHOCTH
ocumnnaumini Poxs ot TeopeTmueckoi Psur. C Lenbio pacnofiodXeHus TOYkKM no ocu abeumce ans
Kaxaoro nHtepsana EJls paccuntbiBaeTcs COOTBETCTBYHOLLAs CPeAHSAS 3HEPTMS HEATPUHO EV un
OTHOLIEeHUe [EV.

Mexgy puCyHKOM 5.16 1M OTHOWEHUAMU U3 PUCYHKOB 5.13-5.14 ecTb, 0AHaKo, U pAg OT-
nMunin. Ons BepOATHOCTWU OCUMNNAUUIA Bbl6paHO cOBMecTMMOe, HO 6o0nee rpyb6oe pasbueHue
Ha 3HepreTMyeckne MHTepBanbl. MICNONb3YOTCA Cnefylolme rpaHulbl MHTEpPBanoB Habnopae-
MO aHeprum: 0.7 M3aB, 1.3 MaB, 1.5 M3B; ¢ 2.1 M3aB po 5.3 M3aB (BKIHOUYUTENbHO) C LIArom
0.4 MaB; 12.0 M3B. YacTtb cobbiTnit OBP, BbI3BaHHble HeAnaroHanbHbIMU Mepexogamun ag dek-
Ta |AV, yunTbiBalOTCS TOYHO TaK Xe, Kak (POHOBble, TO €CTb BblyMTatoTCA. OTCEMBaOTCA COObI-

TUA, HefOOLEHKa 3Heprnm KoTopbix npesbiwaet 0.4 MaB, 4To npuBOAMT K nomnpaBke nopagka
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MPOIEHTOB I TEPBBIX JIBYX WHTEPBAJIOB IO HAO/IIOIAEMON IHEPTUN, WX JJTsI TIOCJTETHUX JIBYX
waTepsanos o L2PP /Y.

Cpennee paccrossHEE Lifb(b MEXKJY IUIOMIAAKON § U UCTOYHUKOM AHTUHEUTPUHO OLpee-
JIETCsT IUCJIEHHO TaKUM 00pas’oM, YTOOBI OXKUTAEMOE KOJHIECTBO COOBITHI, HAOIIOMAEMBIX Ha
ILJIOTIAIKE, HAXOIAIIEHCsT Ha PACCTOSTHUN Lifb(b OT BCeX PeakKTopoB skcriepuMenTa Daya Bay cos-
AJIAJI0 C OYKUTAEMBIM KOJIUIECTBOM COOBITHH TPHU (DAKTHIECKON KOH(MDUTYPAITHH SKCIIEPHMEHTA.
st crarucruku B 1230 nueit cpeinue paccTosiHUsT COCTABIAIOT 615 M, 556 M u 1569 M 151 11710-
manoxk EH1, EH2 u EH3.

['parursl MHTEPBATIOB PEKOHCTPYUPOBAHHON SHEPIHUU MEPEBOIATCS B IHEPIUIO HEATPUHO
TOCPEJICTBOM TIETIOUKHN YCPEIHEHHBIX 00paTHBIX NpeoOpa30BaHUWil: MOMpaBKa HA HEJIUHEHHOCTH
mkaJbl, nonpaska Ha 3dderT TAV co ememennem me 6osee 0.4 M3B, mepexon K aHeprun Heil-
TPUHO B TIEPBOM TOPSIKE TOTHOCTH JIJIsI YCPEIHEHHOTO YIJIa BhLIeTa Mo3uTpoHa. LlenTp uuTEp-

BaJla paCCIUTBIBACTCA METOAOM B3BCIIUMBaHUA C O2KMAACMBIM CIICKTDOM.

5.4.4. Nzmepenue ¢GhopMbI CIEKTPA PEAKTOPHBIX AHTUHENTPUHO

B pesysipraTe anaanza ofHOBPEMEHHO C OCTIUJLISIITUOHHBIMY TAPAMETPAMU TAKKE TT0JTY T€HbBI
apaMeTpPhl CIIEKTPa 3IEKTPOHHBIX aHTUHERTPHUHO. [lapaMeTphl MoIyIeHbl B BHIE TEPEMEHHBIX
Ny ...N15 U UMEOT CMBICJ OTHOIIEHUS CPEIHEr0 HabJII0IaeMOr0 AHTHHENTPUHHOTO CIEKTPa K
oxumanuto Ha ocHose mozen Huber-+Mueller: Sops/Skuber Mueller (€M. pazmgen 3.3.6).

Kak BumaO u3 pucynka 5.17 pesysbrar corsacyercd ¢ oQUIMAJBHBIM U3MEPEHUEM CIIEK-
Tpa aHTHHEATPUHO B sKcnepumenTe Daya Bay [30] u ¢ pesyabraraMu Apyrux 5KCIEPUMEHTOB.
B cpasrenun ¢ mogenso Huber+Mueller nabromaercst kak obmmit 1eduIiT 3IeKTPOHHBIX aH-
TUHENTPUHO, TAK U 3HAYUTEHHBIH U30BITOK aHTUHERTPUHO B OKpecTHOCTH 6 M3B.

[Monuas wHeonpeneIEHHOCTE (POPMBI UBMEPEHHOTO CITEKTPa Ha OOJIbIENH YacTh IHEPreTrde-
CKOT'O MHTEPBaJIa COBIATAET € PE3YIBTATOM MPEIBIIYINEr0 U3MEPEHUsI, ITO YKA3BIBAET HA TO,
YTO JOMUHAHTHBIM BKJIAJ OIMMMOKY CBA3AH € CHCTEMATHIECKUMU TTOTPENTHOCTAME. JTOT BBIBOJ,
coTJIacyeTesi ¢ pesyasrarom [27]. Yiydinenue HeonpeeHHOCTH criekTpa B obiactu 1, ~ 8 MsB
CBSA3AHO € J0DABJIEHHEM JOTOJHUTEIHHBIX WHTEPBAJIOB 10 PEKOHCTPYUPOBAHHON IHEPIUU 0
7.9MsB.

Matpuita Koppessiiuit MexX Ty mapaMeTpaMi OCIMJUIAIUN U mapaMeTpaMu CIeKTpa aHTH-
HEWTPUHO NIpUBEIeHa Ha pucyHKe 5.18. B 0b61acTn MUHUMYMAa CBSI3b MEXKYy U3MEPEHHBIMU 3Ha~

YEHUSMHA OCIAJUISITUOHHBIX U CHEKTPAJBHBIX MapamMeTpoB ciaabas: Ko3I(MUIMEHT KOPPesiun
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Mexay nboin napon ,napameTp ocumnnaumin®/,napameTp cnektpa“p < 0.2.

13 MonpaBKa K cneKTpamMm aHTUHEATPUHO

1.2

11

X 0.9

% 038

+— dybOscar, 621 geHb
0.7 1. dybOscar, 1230 gHeii
dybOscar, nonHas ownbka opMbl CneKTpa
06 O o Daya Bay [1607.05378], 621 aeHb

2 3 4 5 6 7 8
Ev, M3B

Puc. 5.17. MonpaBoyHble KO3DMULMEHTLI K CPeAHEMY CMEKTPY aHTUHEWTPMHO B Mogenn Huber+Mueller,
M3MEepEeHHble OAHOBPEMEHHO C OCUMNALMOHHBIMKW napaMmeTpaMmu HemTpuHo. [nA cpaBHeHWs NpuBeAéH
pesynbTaT MpefblayLLlero u3MepeHus n opuunanbHelii pesynbtat [30], NonyyeHHble Ha BABOE MeHbLUEN
cratuctmke. Owmnbkn dybOscar COOTBETCTBYIOT MOMHON HeonpefenéHHOCTU Popmbl cnekTpa. OwmnbKu

ans [30] cooTBETCTBYIOT NOMHOM HeonpeAenéHHOCTU KaK (hopMbl CMEKTPa, TakK U NOTOKa aHTUHENTPUHO.

5.4.5. Bknaj CTaTUCTUYECKUX U CUCTEMATUYECKNX MOTPeLLIHOCTEN

[nsa nocnegHero nsmepeHuns 6biia NpoBefeHa OLeHKa BKN1a40B MCTOYHUKOB CTaTUCTUYECKUX
M CUCTEMATUYECKMX HeonpeAenéHHOCTeN B NOMHYIO OWNOKY. MeToAnKa AaHHON npouesypbl onu-
caHa B npunoxeHun B.

Bknagbl MCTOYHUKOB HeONpeAenéHHOCTU LNA NapamMeTpoB OCUUANAUMA Sin2263 n [ 7|2
npuBegeHbl Ha pucyHke 5.19.

Kak BMAHO U3 nNpefCcTaB/ieHHbIX AuMarpaMm, LOMWHAHTHbIA BKfaj B HeOnpeaenéHHOCTb
sin22613 no-npeXXHemMy COCTaBAseT CTaTUCTUKA, a CaMblil 60MbLWIOK CMCTeEMaTUYECKUIA BKaa Aa-
€T HeonpeAenéHHOCTb OTHOCUTENIbHON 3((EeKTUBHOCTU AeTeKTOpPOB. [opa3fo MeHbL M BKIag

[aéT HeonpeaenéHHOCTb PeaKTOPHbIX fAaHHbIX M oueHka Bknaga oHa 8He/ 9Li. AanbHeliwee
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KoppenaynoHHaa martpuua

M2 M4 M6 ng nNw M2 M4
ni n3 ns 7 ro Mnii1 nis

sin22013 10

Am 32
0.8

0.6
0.4
0.2
0.0
-0.2

0.4

Puc. 5.18. Matpuua Koppenaumii napameTpoB MOATOHKU: napameTpbl HEWTPUHHbLIX OCUUANALMIA Sin2 2$13

n 1 15 napameTpoB aHTUHENTPUHHOIO CneKTpa.

ynyyueHne TOYHOCTN n3MepeHmns sin2 2013 6yaeT LOCTUTHYTO NPEMMYLLECTBEHHO 3a CYET Habopa
JONONHUTENbHON CTATUCTUKKN, 06beAUHEHNA pe3yibTaToB aHann3oB nGd n nH, a Takxe npose-
[leHNs COBMECTHOrO aHaNin3a faHHblX akcnepumeHTtoB Daya Bay, RENO n Double CHOOZ. lo
npeABapuTeNbHbIM OLEHKaM OXWAaeTcs, 4TO 06beAMHeHMe pe3ynbTatoB aHanm3oB nGd u nH
akcnepnmeHToB Daya Bay, RENO u Double CHOOZ ynyuywunt HeonpefenéHHOCTb Sin2 2013 Ha
6 % oTHOCUTENbLHO pe3ynbTata akcrnepmmeHta Daya Bay.

OTHOCWUTENbHbIN BKNaj CTaTUCTUKM N CUCTEMATUKN B HeonpeaenéHHoOCTb [l T|2 npakTuye-
CKW cpaBHANCA. NaBHbIN cucTeMaTUYeCKUn BKNagL onpesensercd OTHOCUTENbHON HeonpeaenéH-
HOCTbIO 3HEpreTuyeckoin wkanbl. Cnegyowmnin N0 3HaYMMOCTN cMCTEMaTUYECKUIn BKNa onpefe-
naetca HeonpefenéHHoOCTbIO apdekTa IAV. HekoTopoe ynydlleHne TOYHOCTU n3mepeHue [ 1|2
OyfeT LOCTUIHYTO 32 CYET yNyyleHUs MOLENN 3HEepPreTUYecKOro OTK/AMKa LeTeKTOpoB u 6onee
feTanbHOM napameTpusaummn Bapmaunmm 3HEPreTUYecKoro OTKAUKa MeXAY OTAeNbHbIMWU AeTek-
Topamu. 1 nccnefoBaHUs 3HepPreTUYeCcKOn WKanbl U OTKANKA AEeTEKTOPOB B 3KCMEpPUMEHTe B

HacTosiLiee BpeMs NnaHupyeTcs NpoBefeHNe HECKONbKUX KanMBpOBOYHbIX KaMMNaHWIA.
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A heKTUBHOCTb/3HEPreTMYECKan LWKana

sin220i3 Am.2

Puc. 5.19. Bknag cTaTUCTMUYECKNX N CUCTEMATUYECKNX HEOMPEAENEHHOCTEN B OLUNOKY M3MepeHuns sin2243
n Aw”. MocneaHnii cekTop, 0603HAYEHHbIN Kak ,,Apyruell 06beAnHSET B cebe BCe OCTaBLUMECS Ma/O3Ha-

YnTeNIbHbIE HeonpeaenéHHOCTU B KOJIMYECTBE, YKa3aHHOM B CKOOKaXx.
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5.5. 3akioyenue K mMATOM rjiaBe

Ilo mepe mabopa cratuctuku 3xcriepumenToMm Daya Bay aBropom ObLIT TPOBENEH sl UC-
CJIEIOBAHUI € IEJIBI0 M3MEPEHUsT MaPaMeTPOB HEATPUHHBIX OCIMJIIAIWA 613 1 Am%Q, a TaKXKe
CIICKTPA PEAKTOPHLIX aHTUHEHTPUHO.

Ha ocnoBe nannbix, HaOpaHHBIX Ha IECTH JleTeKTopax aKcnepumenTa Daya Bay 3a mepuos,
55 mHe#t, ObLIT MPOBENEH AHAJIN3 B PEXUME ,IIOTOK, B PE3YIHTATE KOTOPOTO IMOJIYIEHO MEPBOE

U3MepeHUe yIiia CMemmBanust ¢13:
sin? 2013 = 0.093 £ 0.016 (crar.) & 0.007 (cuct.), (5.7)

JIEMOHCTPHUPYIOIIee OTJIMYIHE YIvIa OT HyJIs €O 3HAYMMOCTBHIO OoJiee TATH CTAHTAPTHBIX OTKJIOHE-
uuit. B pesyabraTe 0OHOBJIEHHOTO AHAJIN3A JTAHHBIX, HAOPAHHBIX 3a niepuo 139 nHedt, 3HAYUMOCTD
OTJINYIUS yTJIa CMENTUBAHUS (13 OT HYyJISI IPEBBICUIO CEMb CTAHJIAPTHBIX OTKJIOHEeHUH. [Toydeno

3HaYCHUC:
sin® 2015 = 0.086 & 0.010 (crar.) & 0.006 (cucr.). (5.8)

Ananmms B peskuMe ,,[IOTOK-+CIIeKTP' ObLI MPOBEAEH /151 TaHHBIX, HaOpaHHBIX 3a mepuo 621

neHb. [losyYdenbl pe3yabpTaTel U3MEPEeHUH ABYX IapaMeTpPOB OCIUILIANNN HeHTPHUHO:
sin? 20,3 = 0.083 4 0.005, (5.9)
Am2, (HU?) = (2.41 £0.11) - 107 5B (5.10)
[Tosryuentoe sHadenne Ami, cOryIacyeTcs ¢ Pe3yIbTaTaMU yCKOPUTEILHBIX KCIEPUMEHTOB M
SIBJISIETCS IEPBBIM U3MEPEHUEM, TTOJIYHYeHHBIM ¢ PEAKTOPHBIMHU 3JIEKTPOHHBIMUA aHTHHEUTPUHO.
Henasnee usmepenue oCIMISIIIMOHHBIX TAPAMETPOB B akcriepuMenTe Daya Bay, ucronb3y-

IOITee CTATUCTUKY DoJiee 2.5 MUJIMOHOB aHTUHENTPUHHBIX B3aUMOJEHCTBUN, 3aPErUCTPUPOBAH-

HbIX 3a nepuo 1230 nuedt, 661710 3aBepieno B 2016 roxy. Ilonydennoe 3nadenue:
sin? 20,5 = 0.0841 4 0.0027 (crar.) & 0.0019 (cucr.) (5.11)

sABJIsIETCA HauboJIee TOYHBIM U3MEPEHUEM yIJIa CMENTUBAHUS U COIVIACYETCsT KAK € TIPEIBLIYIIN-
MU pe3yiabraTamu 3KcrepuMmenta Daya Bay, Tak u ¢ pe3yabraroM aHajn3a JAHHBIX B PEXUME

,JIOTOK":

sin? 2015 = 0.0850 & 0.0030 (cTar.) = 0.0028 (cucr.). (5.12)

33mamenne Am3, B IIPeITIONOKEHHN OOPATHON HepapXun WIN 3Hatdenre Am2, MOEKeT OLITh ToIyHeHo mo (op-

myse (2.4) Ha cTpaHure 66.
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PeByJIbTaT U3MeEpeHuA pacCHICIJICHUA MacCcC:

|AmZ,| =[ 2.50£0.06 (crar.) £0.06 (cuer.)] x 1072 9B,
Am2, (HU) = | 2.4540.06 (crar.) £ 0.06 (cucr.)] x 1077 5B, (5.13)

Am2, (OM) = [~2.56 & 0.06 (crar.) & 0.06 (cuer.)] x 1072 5B2,

dopMasbHO siBJIgeTC HanboJIee TOTHRIM U3MEPEeHneM JaHHol BesndauHbl. C (pU3ndecKoit ToIKu
3PEeHUsl PEIYIABTAT COIVIACYETCs 110 3HAYEHUIO U CPABHUM IO TOYHOCTU C PE3YJILTATAMU YCKOPHU-
TEeJILHBIX IKCIIEPUMEHTORB.

PezynabrarThl maMepenust OCIUJUIAITMOHHBIX TAPAMETPOB, IOJIYHYEHHbIE aBTOPOM B COCTaBE
JnyOHEHCKOM Tpynnbl Ha cratucTuke 1230 aHell ObLIM NPUHATHL B KadecTBe OUINATBHBIX pe-
sysbTaToB Kosutaboparnuu Daya Bay [19).

B pesynbrare ananmsza B peXUME ,[IOTOK+CIEKTP" OJHOBPEMEHHO C OCITUJLIATIMOHHBIME T1a~
paMerpaMu ObLI U3MEPEH CIIEKTP PEaKTOPHBIX aHTUHEHTpHHO. Pe3ysbrar msMmepenus: CrekTpa
oTpaxKaeTr JBe 0COOEHHOCTH U3MEPEHHOTO aHTUHEATPUHHOTO criekTpa. llepBast — 310 peakTop-
Has AHOMAJINSA, TO €CTh HEJOCTATOK IOJHOTO TOTOKA aHTUHERTPUHO 0KoJ10 b %. Bropas — me-
40 B objiactu aneprun antuaeiTpuno 4-6 MaB, snaunrenbubiii JoKaabHBIN U30BITOK aHTHHEN-
TpuHO. Pe3ysibrar u3Mepenust ClieKTpa aHTHHEUTPUHO, TPOBEAEHHDBIM COBMECTHO € U3MEPEHUEM
OCITUJIISITTMOHHBIX [TAPAMETPOB HA JIAHHBIX BCEX BOCHMHU JIETEKTOPOB, HAXOJUTCS B COLVIACHU C

OCbI/H_[I/IaJIbeIM Pe3yJabTaTOM U3MEPECHUA CIIEKTPA Ha OCHOBC JaHHBIX TOJIBKO OJIMKHIX AJCTECKTO-

pos [30].
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3ak/rroueHue

Hacroamas muccepramumonHas padoTa MOCBAIICHA HU3MEDEHHIO ITapaMeTPOB OCHUJIIATINN

" (2 2 .
HefTpuHO sin” 2613 u Ams, Ha OCHOBe maHHBIX 3KcrepuMenTa Daya Bay. Ilpu eé Brimosaennn
HEITOCPEJCTBEHHO aBTOPOM WJIM IIPH €r0 aKTUBHOM YYACTHH ITOJYYIEHBI CJICIYIONE OCHOBHBIE

PE3yIbTATHL:

1. Jdns amanmsa mamabix akcrepumenTa Daya Bay paspaborano I[1O dybOscar. 110 mpen-
HAa3HAYEHO /I MOJEIUPOBAHUS OTKJINKA AHTHHEATPUHHOTO IETEKTOPA B MTPOU3BOJIBHOM
PEAKTOPHOM HEATPUHHOM 3IKCIEPUMEHTE W MOIEPKUBAET BO3MOXKHOCTH THOKON 3aMeHbI
OCHOBHBIX 3JIEMEHTOB BBIUHC/IeHNH. Pean3oBanbl KOMIIOHEHTHI, HEOOXOIUMBIE /TSI TIPE]T-
ckazanusi HAOJIIOMAEMBIX aHTHHERTPUHHBIX CIEKTPOB OT sIIEPHBIX PEAKTOPOB B CIIMHTHJI-
JIATOPHBIX JeTeKTOpax 3Kciepumenta Daya Bay ¢ yaérom doroBBIX cOOBITHi. OTHEBHOE
BHUMAHUE YJIEJIEHO VIETY CUCTEMATUIECKUX TOTPENTHOCTER W CTATHCTUIECKOMY AHAJA3Y.
Ha ocuose obmmproro TectupoBannst dybOscar Ha MOE/JbHBIX JAHHBIX, B TOM THCJIE TI0-
JIVIEHHBIX U3 HE3aBUCUMbBIX MCTOYHUKOB, TIPOJEMOHCTPUPOBAHA aKKYPATHOCTD U CTAOUIb-

HOCTH PE3YJIbTATOB.

ITO dybOscar ucmonb3yercst Tak:Ke Jjsi Psifia IPYTUX UCCAETOBAHUN: MCCIeI0BAHTE (]~
dekTOB KBaHTOBOHN JekorepenTHOCTH B 3KcnepuMentax Daya Bay m KamLAND, nownck

CTePUJILHBIX HEeHTPHUHO, U3MEPEHUE CIIEKTPa aHTHHEATPHHO OT PEeakTOopa.

2. Ipu nmomoru 110 dybOscarl2 6wr1 mpoBenén anagmns maHHBIX 9KcnepuMenTa Daya Bay B
pexume ,,oTOK . Pe3ysibraToMm anamsa JaHHbIX, HAOPAHHBIX 34 IEPUOJ DD THEH, SBIAeTC
OTKPBITHE HEHYJIEBOTO 3HAYEHUs yIVIA CMEMMBAaHUs f13 CO CTATUCTUYIECKON 3HAYTUMOCTHIO

HoJree TATH CTAHTADTHBIX OTKJIOHEHWH:
sin® 2015 = 0.093 £ 0.016 (crar.) £ 0.007 (cuct.). (5.14)

[Tocsie ananusza yBeJUYeHHON CTATUCTUKU, HabpanHo#t 3a nepuoy 139 nnelt, 3HaIUMOCTH
OTJIMHNLA yIJla CMCIIMBaHUA OT HYJIA BbIDOC/Ia A0 CEMU CTAHAAPTHBLIX OTKJIOHEHUHN. HOJIy—

YCHO HOBOC U3MEDPCHUE yIJla CMCIIMBaHUA

sin? 2615 = 0.086 + 0.010 (crar.) & 0.006 (cucr.). (5.15)
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AHanu3 TaHHBIX B pPeKUME JIOTOK" ObLT TOBTOPEH B 2016 mpu moMomu mocjenHeli, Hau-
rD; Y ?

6ostee meraabHO# Bepeuu dybOscar st JaHHBIX, HaOpaHHBIX 3a nepuon, 1230 gHeit:

sin? 20,3 = 0.0850 £ 0.0030 (crat.) £ 0.0028 (cuct.). (5.16)
[IpuBenénnbie Pe3yIBTATHI COTIACYIOTCST MEXKTY COOOM U ¢ PE3YIbTATAMHU OC/IETHETO aHA-
JIN3a B PEXKUME ,,[IOTOK +CIIEKTP".

. IIpu nmomomm T1O dybOscar 6w11 mpoBenén anajms maHHBIX SKcrepuMenTta Daya Bay B
p Jask pit pat y y
pexume ,TOTOK+crekTp' . B pesyabrare anaimsa qanabix, HabpaHHBIX 3a tepuo, 621 newb,

B 2014 romy 6bLI0 TIOYYEHO HOBOE, H0JIee TOYHOE 3HAYEHUE YIJIa CMENTUBAHUS HEUTPUHO:
sin® 20,5 = 0.083 4 0.005. (5.17)

[Tocneanee Ha cerogHsANIHUR TeHbL U3MEPEHHUE YIJIa CMENTUBaHus1, oy dennoe B 2016 romy

Ha OCHOBE JIAaHHBIX, HAOpaHHBIX 3a nepuo, 1230 gaeii:
sin? 20,3 = 0.0841 % 0.0027 (crar.) & 0.0019 (cucr.), (5.18)

ABJIACTCA HaI/I6OJI€e TOYHBIM U3MEPECHUEM 3TON BEeJUYNHBI U 6bI.HO HNCIIOJIb30BAHO B Ka9eCTBE
odunmasbHoro pesyiabrara sKcrnepumenTa Daya Bay [19]. Pesyabrar usmepenuii coria-
cyeTcsi ¢ NPEeAbIyIUMU pe3yJibratamMu 3xcrnepuMmenTa Daya Bay, pesynbratamMu apyrux

rpyni Daya Bay, a TakxKe pe3yabTaTaMi JIPYTHUX SKCIIEPUMEHTOB.

. B pesysabprare OCIMIISIIIMOHHOTO aHAJIU3a JIAHHBIX 3KciiepuMenTa Daya Bay, nabpannbrx
3a mepuos 621 JeHb GLIIO TAKIKe TOTyHIeHO 3HATeHHe PACIICILICHNAS MAace HefTpuHO Am32,.

B pesymbrare anaimsa B pexume ,0TOK+crekTp” B 2014 Toay moJyyueHo 3HaYeHUE:
Am3, (HU) = (2.4140.11) - 107* 3B (5.19)

B IIPEAIOIOKEHIH HOPMaIbHoi nepapxun’. B 2016 roxy pesyanTaT 6uLI1 0GHOBIEH:

|AmZ,| =[ 2.50£0.06 (crar.) £0.06 (cuer.)] x 1072 9B,
Am2, (HU) = | 2.4540.06 (crar.) & 0.06 (cucr.)] x 107* 5B, (5.20)
Am3, (OU) = [—2.56 & 0.06 (crar.) & 0.06 (cucr.)] x 107 5B,

9TO ABJLETCS HauboJIee TOIHLIM U3MEPCHHUECM ,ZL&HHOIZ BEJIMYUHBI CpeAr PEaKTOPHBIX 3KC-

nepumenToB. Usmepenue (5.20) 6110 ucoib30Bad B KadecTse 0O(MUIMAIBLHOIO PE3YJIBTATA
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akcrnepumeHTa Daya Bay [19]. TouHocTb n3mepeHusa [ 1|2 B akcnepumeHTe Daya Bay cpaBs-
HUMA C TOYHOCTbIO U3MEPEHUIN YCKOPUTENIbHbLIX 3KCNEepUMeHTOB. MNocnefHnii pe3ynbtaT Us3-
MEpPEeHUs cornacyeTcs C NpefblgywuM U3MepeHUeM [aHHOW BEIUYUHbI B IKCMEPUMEHTE
Daya Bay, c pesynbTatamu gpyrux rpynn akcrnepumeHta Daya Bay, a Takxe pesyfbTa-
Tamy APYTruX 3KCNepuMMeHTOB. Pe3ynbTaTbl M3MepeHUsd B 3kcrnepumeHTe Daya Bay 013 u
[ T 32 umetoT oyeHb cnabyto koppenaynto p = -0.03, a TakXXe NPakTUYECKN He 3aBUCAT OT

APYTUX NapameTpoB OCLUNNALNIA.

ConocTaBneHne NocnefHUX pesynbTaTOB M3MepeHUs napameTpoB ocumnnauuin sin2 2013 u
[ 132 B akcnepumeHTe Daya Bay c Hanbonee TOYHbIMM pe3y/nbTaTaMu APYTUX 3KCMEPUMEHTOB
npegcTaBneHo B tabnmnuyax 5.5-5.7. ConocTaBneHne BCEX MUPOBbLIX N3MEPEHUI AaHHbIX BENNYUH

MOXHO HaiTu B Tabnmuax 1.7 n 1.8 Ha cTpaHuuax 56 n 60.

OKCNepumMeHT 3HayeHune
Daya Bay nGd 0.0841+0.0033
RENO nGd 0.082+0.010
Daya Bay nH 0.071+0.0n
D-CHOOZz nGd+nH 0.119+0.016
RENO nH 0.086x0.019
D-CHOOZ nH 0.085+5,0%B
T2K 0.200+05%
NOVA HW 0.083+061®

ou 8. 13758

0.05 0.1 0.150.2 0.25
sin22013

Tabnuua 5.5. ConocTaBneHne pe3ynbTaTOB U3MEPEHUS Yrna CMELINBaHUS HelTpuHO $13.

43HaveHve [ W™ B NpeanosioxeHnn obpaTHOM nepapxum uim 3HadeHvie [ MOXeT OblTb MOTy4YeHo Mo hop-
myrne (2.4) Ha cTpaHuLe 66.
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3HaueHune,
SKCNepuMeHT

x 10- 33B2
Daya Bay 2.45:0 08
e’k 1 2,548+ 481
AN i 4 2.42+0 09
NOvVA 1 A 1 2.67:0.12
Super-K i 5 B0 % %
lceCube il 9 eo s
RENS ! A ! 537 0%

2.3 2425 26 27 28

|Am32| (3B2 x 10-3)

Tabnuua 5.6. ConocTaBneHne M3MepPeHWl paclienieHns Macc HenTpuHo [ T22 B NpefAnofioKEHUN HOp-

MaSIbHO MepapxXum Macc HeWTPUHO.

SKCnepuMeHT 3HaueHue,
x10-3 3B2
Daya Bay 2.56:0.08
e ' 351850
MINOS ’ " 2.48.0 05
NOVA 2. Tli0.12
Supere : 3 88
RENG | T b 850

2.2 2.3 2.4 25 2.6 2.7 2.8
IAmJz; (3B2 « 10- 3)

Tabnuua 5.7. ConocTaBnieHne N3MepeHuid paclenieHns Macc HeMTpuHo [ T~ B NpeanonoXeHun obpar-

HON nepapxun Macc HeMTPUHO.
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A. Cucremarndeckue HeoNpeaeIEHHOCTA M3MeEPEHUI

[Tapamerpsr Mozeseit, pusnvecKkre KOHCTAHTHI, CBOMCTBA JTETEKTOPA W APYTUe BEJIMIUHBI,
I/ICHO.HBSyeMbIe IIprU aHaJU3€ JaHHbIX IKCIICPUMCHTA HN3BECCTHDBL BHyTpI/I AOBEPUTEJILHOI'O MHTEP-
BaJIa, WX Ha YKaproHe ,¢ OIIMOKON, W ,,¢ HeonpeaeaéHHOCTHIO . Heonpe e iéHHOCTH HCITOTh-
3yeMBIX MOJIE/IeH eCTECTBEHHBIM 00pa30M BJIUSIIOT HA OIMTUOKY, ¢ KOTOPBIM Mbl MOXKEM U3MEPHUTH

.2 2
HHTEPECYIONTME HAC mapaMeTpbl. B HameMm ciytdae 310 sin” 26013 1 Ams,.

B JAaHHOM IIPUJIOKEHUN MBI OIIPEACJIMM, 9TO ITOHUMACTCHA IO HeOHpeﬂeHéHHOCTHMI/I " 4cM

OTJINIaI0TCA KOPpPEeJIMPpOBaHHBIC W HEKOPPEJIHNPOBAHHBIEC CHUCTCMAaTHUYICCKHEC HeOHpeﬂeHéHHOCTI/I.

To, KaK HeolpeIe/IEHHOCTH YIYUTBIBAIOTCS B AHAJM3E OIMMCAHO B IPUJIOXKEHUH B.

A.1. Heonpesie€HHOCTD HOPMATHHO PACIPE/ICJIEHHON BEJIMUYNHBI

B mayunoit mureparype, Korja pedb UJIET O HEOUPEISJIEHHOCTH BEJIUYUHBI X, 110Ipa3yMe-
BAETCsl, 9TO X PacHpeliesieHa HOPMAaJIbHO BOKDPYT IEHTPAJLHOTO 3HAYEHUs] Ty C MUPUHOU 0.
Wckarodenns, KaK IPaBUIO, OTOBAPUBAIOTCS 0C000.

IIpu anasuze ganHHbIX 3KcriepuMenTta Daya Bay Bce craTucTuydeckue u CHCTEMATHYECKUE

HEOIIPEJIEIEHHOCTH PACCMATPUBAIOTCA B ITPUOJIMXKEHUN HOPMAaJILHOTO PACIIPE IeIEHUS.

A.2. HekoppeaupoBaHHbIe HEOTIPEIETEHHOCTI

B cnyuae, kKorjia paccMaTpUBAIOTCSA HECKOJBKO HE3ABUCUMBIX APAMETPOB, HAIIPUMED T, Y
U 2, TO TOBOPAT, YTO UX HEOIIPEIEJIEHHOCTH SIBJISIIOTCS] HEKOPPEIUPOBaHHbIMU. B ranaom cirydae

caydalfiHble BEJIMYUHBL T, Y U Z MOXKHO 3allUCATDH CJEAYIONNM 00pa3oM:

T = Tg + 0,0,
Y = Yo + 0ydy, (A1)
2= zy+ 0,0,,

TJie %o, Yo U Zg — ITO IEHTPAJIbHBIC 3HAYCHUS IADAMETPOB X, Y U 25 0y, 0y U 0, — HUX OILIHOKH,
a 0y, Oy U 0, — CJIydalHble BEJIMUYUHBI, DACIDEICICHHBIE 110 HOPMAJILHOMY 3aKOHY BOKDYT' HYJIs
C CIUHUYHON AUCIICPCUCH.

DKBUBAJICHTHO MOXKHO YTBEPKIaTh, 9T0 BeKTOp X = (I, ¥, 2) PACIPEICJEH COIVIACHO MHO-

FOMEPHOMY HOPMAJIbHOMY DPaCIpPEIeICHUI0 BOKPYT IEHTpaIbHBIX 3HadeHuit Xg = (g, Yo, 20) C
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JUaroHaJIbHON MaTpureit ommbok:

o2 0 0
V=10 0'22/ 0 (A.2)
0 0 o2

z

[I1oTHOCTD BEPOSITHOCTH MHOTOMEPHOTO HOPMAJIBLHOTO PACIpEIeeHns MpUBeaeHa B (HopMmy-

ae (B.1) B upwroxkenun B.

A.3. KoppeaupoBaHHbIE HeONPeAEIEHHOCTH

KOF,ZL& IIapaMeTphbl HE ABJAIOTCA HE3aBUCUMBIMUA, I'OBOPAT O HaJUIUU KOppeJIHL[I/Iﬁ MeEXKAy
Humu. B obmem caydae popMa 3aBUCUMOCTH MEXKTy KOPPEJIUPOBAHHBIMU TAPAMETPAMEI MOXKET
OBITE JR000#. OHAKO, Tallle BCEro PACCMATPUBAIOT JinHeWHoe npubsamxkenne. B ciaydae, Korma
MeEXK Ay IIapaMeTpaMn €CTh JIUHelHaA 3aBHCUMOCTD, IIJIOTHOCTB BEPOATHOCTHU OCTaéTCH HOpMaJIb-

HOM, 0JHAKO B MaTpuIile ommbok (A.2) MosiBAAIOTCH HEJMATOHAJBHBIC 3JIEMEHTHL:

O'g O'my Ory
V= o2 . (A.3)

2
z

Opz Oy O
Marpuiia ommubok pasmeproctu N, anajornynasi Marpunie (A.3), MOXKeT OBITH TAPAMETPU30BAHA
npu nomora N(N + 1)/2 nmapameTpos.

HeamaroHa bHelit a/ileMenT MaTPHILBL, HAIPUMED, Vi, = 04, = cov(x,y) — 3T0 KoBapUarys,
MATEMATHIECKOE OKUIAHUE IPOU3BEIEHNsT OTKJIOHEHUH BEJIMYUH & — To U Y — Yo. DIEMEHT Vi
Gosibiie (MEHBITE) HyJIst, €CJIU BEJUUYUHA & B CPEJIHEM YBEJIMIUBACTCH (yMEHBIIACTCS) ¢ POCTOM
y. B aToM cirydae roBOpAT 0 TOJOKUTEIBLHON (OTPUIIATEIBHON) KOPPEJISITUN, UJTH CBAZH, MEKLY
x u y. B upenenpHoM ciiydae moJHON (aHTH)KOPPEIAIUE MEXKLy BEJIUIUHAMU T U Y FJICMEHT
MATPHIBL OMMMOOK V,, COBIATAET ¢ THATOHAJIBHBIMU JIEMEHTAMU C TOYHOCTBIO 10 3HAKA: Vi, =
£V, = £V,

st BU3yausanmum Koppeasiuil yao6HO UCTIOIB30BATE TAK HA3BIBAEMYH0 KOPPEJISAITUOHHY IO
MATPUILY:

Vij
v ViiVis

U3 onpenenennst (A.4) BUIHO, 9TO BEJMIUHA C;; IMeeT 3HaUeHHue B Ipefiestax oT —1 no +1

Cij = (A4)

U XapaKTePU3yeT OTHOCUTEIbHY0 KoBapualuio seaunant X; u X;. SHAYCHUs B OKPECTHOCTH HYJIA
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COOTBETCTBYIOT OTCYTCTBUIO KOPPEJIAIUY, a 3HadeHust BOm3u +1 (—1) coOTBETCTBYIOT HATUIUIO
CUJIbHOW (AHTH )KOPPEJISIIH.

Cremyer oTMETUTD, 9TO €CJTH BEKTOP X PACIIPEIesIEH COTVIACHO MHOTOMEPHOMY HOPMAJIbHO-
MY PaCIpeIesIEHUIO ¢ MaTpuIieit ormmmboK V', To Tpu OMOIIH JIMHERHOTO TPeoOpa30BaHUs BCErIa
MOXKHO IEPERTH K BeKTOPY X', 3JIEMEHTBI KOTOPOTO PACIPEIEICHBI HE3ABUCUMO (CM. ITPUJIOXKE-
e B u dopmyssr bopmyser (B.23)-(5.25)).

CymectByeTr npubIMKEHHBIN CITOCO0 3aTaHNsT KOPPETUPOBAHHBIX HeOIpeneieHHocTel. Pac-

CMOTPHUM CJIyYail MIePpeMEHHBIX, aHaJ orudHbl (A.1), oqHAKO ¢ OBIIMM CJIyIafiHBIM 4JICHOM:
T =20+ 020, + Sx0e,
Y = Yo + oy0y + 0, (A.5)
Z =2z + 0262 + §260,
re ). — 9TO caydaliHasl IepeMeHHas, PACIPeIeEHHBIN HOPMAJIbHO BOKPYT HYJIA C €IHHUTHONR
JACTIEPCHEH, & Sy, Gy U, — KOPPEJUPOBAHHBIE OIMUOKY TapaMeTpoB &, y u 2. Bektop X = (z,y, 2)

B JaHHOM CJIydae TaK>Ke paCHpe,ZLe.HéH COIVIaCHO MHOT'OMEPDHOMY HOPMAaJIbHOMY DaCIIPCACJICHULO.

Marpuria ommboK B JAHHOM CJIyYae BLITJISIUT CAEIYIONUM 06pa3zoM:

orta wSy SuSz
— 2 2
V * gxgy Uy + gy gygz ‘ (A6>
SzSz §y§z 0-3 + §Z2

Marpuia ommubok pasmepuoctu N, anajornynasi Marpuriie (A.6), MOXKeT OBITH TAPAMETPU30BAHA
pu oMo 2N napamerpos. KoppeaupoBanuble HEONPEAETEHHOCTH B ONPEIETIEHHBIX CIIYIasX
MOI'YT OBITB PaBHBL §; = G, = ¢, = G. B 3TOM ciydae MaTpura ommbOOK IapaMeTpU3yeTcs

CJIEIYIONTUM 0OPA30M:

e G2 G2
V=[ & o2+ & |- (A7)
G2 G2 0% +¢?

K mpumepaM KoppesupoBaHHBIX HEONPEIETEHHOCTER, 3aTaHHBIX TIPH TIOMOIIHA MATPHUIIBI
ommbok (A.3) B 0011IEM BUIE, OTHOCATCS HEOIPEICICHHOCTH OTHOCUTEILHBIX BKJIAOB JC/ISAIIX-
csl U30TOMOB B TOJIHOE 9HCJIO JeieHuil B peakTope (cMm. paszgen 2.6.1.1). Ilpubamxenne (A.6)
HCTIOJIB3YETCsI, B YACTHOCTH, JIJIsT 3aJ[aHUsT HEOTPEIEIEHHOCTEH CIIEKTPOB AHTUHEATPHUHO OT Jie-
astmuxcest u3otonoB B Mogesn Huber+Mueller (em. pasgen 1.3.3.2). Bapuant ¢ obmieit koppe-
JIMPOBAHHON OMMOKON MCIOIB3YeTCs I 3aIaHusi KOPPEJTUPOBAHHON OMmudKYu 3P hekTuBHOCTH

JeTekTupoBanus (cM. paszgen 2.6.1.2).
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A.4. Cokpalienne KOppeJupOBaHHBIX HEONPEJIeJEHHOCTEN TPH

,"OTHOCUTEJIbHOM"* M3MepEeHUN

PacemorpuM mpuMep HOPMUPOBKY KOJIMYIECTBA COOBITHI B HETEKTOPE aHTUHEATPUHO. DTa
BEJIUYNHA ABJISIETCST TTPOU3BEIEHUEM HEKOTOPOTO KOJUYIECTBA HOPMUPOBOTHBIX KO3 PUITHEHTOB
u 3 heKTUBHOCTEN, KaXKast U3 KOTOPBIX BXOIUT CO CBOEH HEONPeIe €HHOCTHIO: HOPMUPOBKA
[MOTOKA PEAKTOPHBIX AHTUHENTPUHO, HOPMUPOBKA CedeHusi 0OpaTHOTO beTa-paciia/ia, KOJUIeCTBO
IPOTOHOB B MUITIEHU, 3(DMEKTUBHOCTD TPUTTEPa, 3(hPEKTUBHOCTH KpUTEPHUEB 0TOOpA U .

PacemorpuMm mpoctoit pumep ¢ asyms gerektopamu A m B. Hopmuposku merektuposa-
nust Ky u Ky onpejiesisercs: IByMsT BeJIMIUHAMI: HOPMUPOBKOH cevdenus B3aumojieiicteust N u
s dekTuBHOCTAME 0T6OPA €4 U £p. LIpH 3TOM HEONPeIeEHHOCTh HOPMUPOBKH CEeHeHU ¢° 6y-
JIeT KOPPEJIUPOBAHHON MEXKJy JeTeKTOPaMH, a Heomnpenenéunoctu sbdexrusnocreir o u of

[IPEJIITOJIOKUM HEKOPPEJTUPOBAHHBIMUA. Y UET CUCTEMATUYECKUX HEOTIPEIeEHHOCTE O3HATAET,

9TO HOPMUPDOBKU ACTCKTUPOBAHWA — Cﬂy‘{aﬁHbIG IIepeMEHHLBIC. SanumeM ux B BUIC:

Ka = Ned = Nyeh LSS (1 o
NO b ’

N B (A.R)
B B s 0" B
KB:N{—: :Noffo 1+m6 1+§6 ,
rie 8, 04 u 6% — 310 TpH HezaBHCHMBIE HOPMAJIBHO PACIPE/ICICHHBIC TIEPEMEHHBIC ¢ /TMHAY-

HBIMU JTUCIIEPCUSMU M HyJICBBIM TICHTPAJIBHBIM 3Ha1eHneM. Ha ocHOBe Bhipazkernst (A.8) MOKHO

caesaTh aBa HaOJONeHNs. BOo-TIepBbIX, KOTJa OTHOCUTEJBHBIC HEOIDEICJEHHOCTH MOJICIBHBIX
N/ NO A /A B/-B 1 A8 6

napamerpos s /N°, 0% /edt m 07 /ey maabl (K 1), Beipaxkenus: (A.8) MOryT ObITH 3AIMCAHBL B

JIMHEHHOM TPUO/IMKECHNN:

§N O'A
KA%N(){SS <1+—06+—A6A>,
N € (A.9)
Kg ~ Nyeb g |
B ~ Vo&g 1‘|‘m +§ ,

TO ecTh BesnunHbl Ky u Kp OyiyT pacupe/iesieHbl CONJIaCHO MHOTOMEPHOMY HOPMAJJIbLHOMY Pac-
[PEJIEJIEHNIO, AHAJOTUYIHO caydato (A.D).
Bo-Bropsix, npu usmepennn oraoteruns Ky /Ky, MOJHOCTBIO COKPAIACTCS KOPPETUPOBAH-

Hast 9acTh BbIpaxkenus (A.8):

Ka , (A.10)
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Takum o6pasom Ha pesyabrar usMepenus oraomenust Ky /Kg He Biausger Hu abCoTIOTHAS BEJIH-
YMHA 3HAYEHWs] HOPMUPOBKU CEUIeHUsT TETEKTUPOBAHNS, HU €€ HEOPEIeIEHHOCTD, ¢ TOTHOCTHIO,
OJTHAKO, JIO0 CTATUCTUIECKUX (DIYKTYaInil, BKJIA KOTOPBIX B HACTOSIIEM IIPUMEPE HE PACCMAaT-
puBaetcs. Takke HeOpPeIeEHHOCT, HOPMUPOBKN HE BJINSIET HA OMMMOKY W3MEPEHUs OTHOIIE-
uust. [Ipuém ¢ cokparenneM BKJIa1a KOPPEJIUPOBAHHON OMMUOKH B OTHOIIEHUN YaCTO HAZBIBAIOT
OTHOCATEJILHBIM U3MEPEHUEM.

K npumepam mcrosb30BaHust JAHHOTO MOAX0a MOXKHO OTHECTH ,,0THOCUTEIHLHOE U3Mepe-
Hue” sin® 2015 B SKCIIEPUMEHTE ¢ HECKOJIBKIME JIeTeKTOPAMHU, TaK KaK BeJudnHa sin® 20,3 B HyIIe-
BOM TTPUOJIVZKEHUH OTIPEIETAETCA OTHOIIIEHUEM KOJIMIECTBA COOBITH, 0OHAPY ) KEHHBIX B JAJIbHEM
JIETEKTOPE, K KOJUYIECTBY COOBITHI B OJIMXKHEM JIETEKTOPE.

B cBssu ¢ Tem, 9T0 KOHpUTYpAIUS COBPEMEHHBIX PEAKTOPHBIX HERTPHUHHBIX IKCIIEPUMEH-
TOB BKJIIOYaeT B cebst KAK HECKOJIBKO UCTOYHUKOB aHTHHEWTPUHO, TAK U HECKOJIBKO JIETEKTOPOB,
IOCTPOUTH PEIIEHNE B BUJIE OTHOIIEHUST TIPEICTABISIETCA 3aTPYIHUTETbHBIM. KpoMe ToTo, CJToXK-
HOCTHU BO3HUKAIOT NP OIEHKE HEOPE/IEIEHHOCTH TIOJYIEHHBIX Pe3yabTaToB. B obieM ciydae
KaK TIOUCK PEIeHUs], TaK U OIeHKa HEOIPEIeJEHHOCTH PE3YJIbTATa CBs3aHa ¢ MCCAETOBAHUEM

noBeieHn s (DYHKITNN XU-KBaIPaT.

A.5. ..OTHOCUTENHLHOE* U3MEPEHNEe PN MOUCKE PEIIeHnd MeTOI0M
29

MUHAMBA3ANNA (PYHKIIANA XU-KBAJpaT

PacemorpuMm (OyHKIHMIO XU-KBAIPAT JJIS TPOCTOTO SKCIEPUMEHTA ¢ JABYMS JTETEKTOPAMHU,
OUIMPKHUM U J1aJbHUM, HAOJIOMAOINNX Ty U T cobblTHil. OXujiaeMoe KOJIUYeCTBO COOBITUH B

JIETEKTOPAaX 3aIuIleM CIeIYIONIM 06pa3oM:

i, = nM,,
(A.11)
Hr = nka )
rne M, u M; oXunaeMble KOJUYIeCTBa COOBITHH B JETEKTOPAaX N0 y4€Ta IONPAaBOK U 3P dek-
TUBHOCTEH, N — 9TO 0b0miast 1y obouX AETEKTOPOB HOPMHUPOBKA, a k — HEM3BECTHBIN Mmapa-
MeTP, KOTOPBIfT HEOOXOIMMO ONPEETUTh U3 3KcrepuMenTa. [lapamerp k, aHATIOTHIHO CJIy9ato ¢

sin? 2013, BIMSIET TOJBKO Ha KOJUYICCTBO COOBITHI B JAJbHEM JICTEKTODE.

SamureM (HYHKITHIO XU-KBAJIPAT /I JAHHOTO IKCIIEPUMEHTA:

(, — n]\%z)2 (xp — nka)2
X° = p + = , (A.12)
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Iie 0, U 0y — 3TO CTATHCTUHYECKHUe OIMMMOKN HabIiofennit Ha O/MKHeM U JaJbHeM JeTeKTOpax.

Munumym dysaxnun (A.12) MOXKHO HalTH aHATUTUICCKU. B pesyiabrare Halijém 3HadeHue k:

. xy/xn

(A.13)
To ecth k onpesensieTcss OTHONIEHHEM HAOJIOMACMBIX KOJUIECTB COOBITHH MEXKJ1y JAJbHUM U
6imKHUM JleTekTopoM. Hasmaue oTHOIIEHUsT HOMUHATBHBIX Mojeselr My/M, B snHameHarese
cBsAzaHO ¢ BbIGOpoM mapamerpusanuu (A.11). Suadenue (A.13) He 3aBUCHT OT PEATHHOTO 3HA-
YEHUST HODMUPOBKH Ty PEAIU3YEMOrO B HAOJIIOICHUAX Ty, U L.

MokHO TToKa3aTh, 94TO perreHue st k OyIeT UMeTh ,,0THOCUTEIbHYIO TPUPOoLy U B Hosee
CJIOKHBIX CJIyYasx: [IPU [POU3BOJIBHOM KOJMIECTBE JETEKTOPOB HA PA3HBIX PACCTOSHUAX, TO
€CThb KOJMIECTBO COOBITHH B KOTOPBIX TI0 PA3HOMY 3aBUCUT OT k, a TAKKe [IPU HAJUIUH CHCTE-
MaTHIECKUX HEOIPEIEICHHOCTEH U KOppeIAruii Mex 1y HabJofeHusiMu. B pesysbrare obiast
HOPMHUPOBKa BCeryia OyIeT COKPAIIATHCs. DTO MPOUCXOIUT MPU OJHOM YCJOBHUU: HOPMUPOBKA
SIBJIAETCST ODIIEH JJIsT BCEX JIETEKTOPOB U SIBJIACTCS CBODOHBIM MTAPAMETPOM TIOJTOHKH, TO €CTh
nobapaeHa 6e3 mrTpadHbIX IIEHOB K (DYHKIINKA XU-KBaJIPAaT.

Mogenn (A.12) MoxkeT OBITH Jlajiee YCJIOXKHEHA, TP PACCMOTPEHUN IHEPIETUICCKUX CIIEK-
TPOB B jieTeKTopax. MoKHO BBECTH HOPMUPOBOYHBIH KO3 MUIMEHT 1), BADbUPYIONIUH KOomde-
CTBO COOBITHH B OIPEICICHHOM SHEPTETUICCKOM UHTEPBAJIE § BO BCEX JIETEKTOPAX OJHOBPEMEH-
no. IIpu nogronke Ge3 mrpadubx wienos nabop koadgdummentos (n), nh,...) Gyger peamuso-
BBIBATH U3MEPEHUE YHEPIETUIECKOrO CIIEKTPa, a COBMECTHAs! IOJroHKa ¢ (n), nb, ... ) nossoswmr
Peaim30BaTh ,,0THOCUTEILHOE U3MEPEHUE TIAPAMETPOB, KOTOPBIE MTO-PA3HOMY UCKAXKAIOT CIEKTP
B PA3JIUYHBIX JeTeKTopax. K TakuMm mapaMerpam, B 9aCTHOCTH, OTHOCHTCS PACIICIIEHHE MACC
Ams,.

Curestyer 0OTMETHTh, 9TO (akKT MOJANOHKM HOPMUPOBKU WJIM CIEKTPa KaK CBODOJHBIX ITapa-
METPOB HE O3HAYaeT UTHOPUPOBAHUE KOPPEJIMPOBAHHBIX HeompeneacHHocreil momenu. Hampo-
TUB, JAHHBIA TOXOJ SIBJISETCS MPEJCTBHBIM CJIyIaeM ¢ OECKOHETHO GOJIBINON KOPPEIUPOBAH-
HOM HeompeneCHHOCTBIO. To ecTh, Korma B pasjese 2.6 yTBep:K1aeTcest, 9TO KOPPEIUPOBAHHBIC
HEOIPEICIEHHOCTH COKPAIIAIOTCS WIH ,HE YIUTBIBAIOTCA B aHAJIM3€, 9TO O3HAYAET, YTO IMPU
aHaJIM3e JaHHBIX KOPPEJUPOBaHHAs OIMNOKA cUIUTaeTCsd GECKOHETHO DOJIBITION.

Takum 06paszoM, TOJIOHKA TTAPAMETPOB CIIEKTPa U 00Iel HOPpMUPOBKY KaK CBOOOHBIX ITa-
PaMeTPOB COBMECTHO C HapaMeTPaMH OCHMLIANUN HeATpuno sin® 2013 u Am2, B sxcnepumentTe
¢ HECKOJIBKUMHY JIETEKTOPAMU Ha PA3HBIX PACCTOSTHUSX TO3BOJISIET TPOBECTH ,, 0THOCUTETHLHOE W3-

Mepenne sin® 2013 1 Am2,, TO eCTh 3HAYUTENLHO COKPATUTD BINAHIE (DOPMBI CIIEKTPa AHTHHEH-
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TPUHO U KOPPEJUPOBAHHON 9aACTH HOPMUPOBKM ACTEKTUPOBAHUSA, 4 TaKXKe WX HEOIPEJICJICHHO-

CTEH Ha PE3YyJIbTaT U3MEPCHUHN.

A.6. AcuMmeTpuuHbIE HEONPEAEIEHHOCTH

B zakiouenne neobxomuMo J00aBUTH HECKOJBKO CJIOB 00 aCUMMETPUYHBIX HEOITPe e/ EH-
HOoCTsiX. OmmbKM HA HEKOTOPBIE TEPEMEHHBIE YKA3BIBAIOTCS MPU TOMOIIK JIBYX YHCET: JIEBOM
U npasoit onmmbku o; U 0,. B Hamem ciaydae, K TaKUM OIMMUOKAM OTHOCHATCS YaCThb HEOIPe/Ie-
JaéHHOCTER aHTUHEHTPUHHBIX ciiekTpoB Huber [47|, cesasannas ¢ onpeneneaneM 3¢ HEKTUBHOTO
CPEeIHETO 3apsiia MPOLYKTOB JAeJIEeHUsT TSXKEIBIX H30TOIIOB B PEAKTOPE.

Oma 13 cmocob0B UHTEPIPETAITUN JAHHBIX OMMUOOK, 9TO 33[aHUe JIOTHOCTH BEPOATHOCTH

ACUMMETPUTIHOI'O HOPpMAaJIBHOI'O pacCIIpeac/ICHUA:

([ (x—x0)?
L
1 e 200 p<a
Plx) = — A 14
s A (a9
e 207 , x> X0
\

B dyukimio xu-kBasgpar upu 31oM jobasisiercs mrpadgHoi wieH Buga —2In P(x).

MoxHuo mokasaTth, 1To npu pabore ¢ QyHKIMEH XU-KBAIPAT B JUHEAHOM TPUOIUKEHUH, TO
eCTh KOrja OMMOKU 0; U 0, MaJibl, UCIIOJb30BaHue BbipaxkeHus (A.14) 3KBUBAJICHTHO MCIIOJh-
30BAHUIO0 OOBIMHOIO CUMMETPUYHOIO HOPMAJBHOIO pacupeiesicHus ¢ ommbkoit (A.15), paBHoi
ApUOMETHIECKOMY CPETHEMY MEXY 07 U 0,. JJaHHBIN T0IX0/ UCIIOIb3YETCsT IPU YIETE acHM-

METPUYIHOI'O BKJIada B OH_H/I6Ky aHTHHefITpHHHbIX CIICKTPOB.
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B. IlnoTHOCTH BEPOATHOCTH HOPMAJIBHOTO paclpe/iejleHus KaK

P YHKIUSA IpaBA0noa00mns

Bce Boaucaenus B JAaHHOM pas3aeJdie AJid IIPpOCTOTHI U O606H_[€HI/IH TIOJIYYICHBI B MaTPUYIHOM

BUJIE. ManI/IL[bI U BEKTOpa IIPpHU 3TOM HUKaAK HE BBIACJIAIOTCA.

b.1. IInoTHOCTH BEpPOSATHOCTH HOPMAJIBHOTO pachpeaesieHnd

PaccmorpuM 3a/1a9y MoMcKa HEM3BECTHBIX ITAPAMETPOB Ha OCHOBE IKCIIEPUMEHTAJIbHBIX JTaH-
HBIX B DaitecoBcKOoM m1ojxojie. V3BecTHBIE 3KCIEPUMEHTAJIbHBIE JTaHHbIE 0003HAYUM KAK T —
crosiber; pazmepuoctu N. Tectupyemasi Tunoresa (@ ONUCHLIBAET SKCIIEPUMEHTAJIbHBIE JIAHHBIE
¥ 3aBUCHAT OT HAOOpa HEM3BECTHBIX TapaMeTpos § pasmeproctu K u Habopa u3 M MoaenbHbIX
napaMeTpos 7)°, H3BECTHEIX ¢ HeKOTOPBIME HeolpeaeaénHocTayMu. OyHKIHI TPaBIono1061sd, To
€CTh BEPOSATHOCTH OOHAPYXKUTH B YKCIEPUMEHTE CIIEKTD ¥ IIPU HEKOTOPBIX mapaMerpax f u n B

[IPEITOJIOKEHUN HOPMAJBLHOTO PACITPEIEIEHUsT MOYXKHO 3AIUCATD CJAEIYIONUM 06pa3oM:

1 PN S
Lyan(z,0,1) = Py (2,0,1) = T |e—§< p(0.) 7 Ve (x—11(0.1)) 5
CTaT.

X ey =)V ) (B )
(2m)M V]

rjie Vimar, — MaTPHUIA CTATUCTUYECKUX OMMOOK ¥, V, — MaTpuma ommboK HnapaMeTpos 1], a
|V | obosuauaer onpenesmrens marpuiipl. Bopaxenue (B.1) npexcrasisier cobo#l anpuopHyo
GYHKIMIO 5T TAPAMETPOB 1) — TayCCOBY INIOTHOCTH BEPOATHOCTU OTKJIOHEHUS X OT CPEIHe-
TO [i, BABUCHAIIYIO OT IEPEMEHHBIX ) U 1), TOMHOXKEHHAs] HA TAyCCOBY IIOTHOCTH BEPOSITHOCTH
OTKJIOHEHH TTaPaMeTPOB 1) OT UX OXKHUIAeMOro 3HadeHns 7)°.

Marpuma ommbok V, B obmiem ciy4ae HegumaroHaJbHa W BKJIIOYAeT TaKzkKe KOPPeJAlnn
MeXK /Ty mapamerpamu 1. Ecin napaMerps 1 He3aBUCHMBI, TO KBaIpaTuydnast (hopMa MOXKeT ObITh
VIIPOIICHA J0 U3BCCTHON KOHCTPYKIUAU:

(n=n")" Vit (n—1°) = ZM (B.2)

i Ty

2 _
e o, ; = (Vy),; — TMPHUHA JIOBEPUTEIHHOTO HHTEPBaIa TIAPAMETDA. 7);.

i
st moncka makcumyma Boipaxkenus (B.1) meobxomumo nogobpars K + M napamerpos, K

cBoOOIHBIX U M orpanndenunix. [Ipu onpeieI€HHBIX YCIOBUSIX KOJTUYECTBO ITIEPEMEHHBIX MOYXKHO
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COKPATHUTDL, IPOBEIS HPONEAYPY MaprHHAJIA3ANA 110 HapaMeTpaM 1):

“+o00

1 1
Lx,@JLux,Q, dny...dny = X
R Y s R T Y/ cm KA
+oo
x J e 3 a=uOm) Ve =0 =3 (0=1") Vi =) g . (BL3)

B cayuae, korya ommbKy mapamMeTpoB 1) JIOCTATOYHO MAJIbI, IIPEJICKA3AHIE ([ MOXKET OBbITH

pasioxkeno B psj Teitsopa B okpectHocTH 7

d 3 (97
pi0,m) ~ pd(0) + %
; J

J

(s — 1), (B.4)

Ui

rie ucnosbayercst obosnavenue pf (0) = pi(0,n"). Banumem pasjoxkenue B MATPUIHOM BU/IE:

1(0,m) ~ p°(0) + D(0)(n — n°), (B.5)

e D — sxkobuaH, MaTpuIia mepBbIX MTPOU3BOIHBIX (DYHKIMU L TIO 1):

_dpg

D;i(0) = .
]( ) dn] 077]0

(B.6)

B caygae smaeltHOTO TpPHOJIMKEHUsT IO TIapaMeTpaM 1) (PYHKIUS [ IPEICTABIsIET CODOMH

CYMMY HOPMAJIHO PACIPEIC/CHHBIX BeJIUINH, 1109ToMy uHTerpas (B.3) mMoxer 6bITh B3dT aHa-

JINTUIEeCKHU:
L(x,0) ~ ;e—%(w—uo<9>)TV*1(w—u0<9>)) (B.7)
(2m)V [V
rie V = V() — noJsinasi KoBapualuoHHasi MaTPUILA:
VA(0) = Verar. + Veuer (6). (B.8)

Marpuna (B.8) cocrout u3 cyMMbI CTATUCTUIECKOR U cucteMaTudeckol dacreit. Cucremarunde-
ckas qacth (B.8) oupenensiercs ciaepyrommm o6pasom:
_ T
‘/CI/ICT. — D‘/;]D 9 (B9>

[Vosee ()] = dﬁ;l;(f) deTyie)

(Vi) (B.10)

3,15

B ciyuae HesaBucuMmbix 1), Beipaxkenue (B.10) Moxer GbITH yIPOIIEHO J10:

A (0) dpm (0)
dn; dn;

o2, (B.11)

7771
g3

Veaer (O = >

%
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B namnom npub/vKeHUM BCerjla MOXKHO IepefiTu oT Habopa 3aBUCUMBIX EPEMEHHBIX 7) K

Ha6opy HE3aBHCHMBIX IIEPEMCHHBIX 2 IIPU ITIOMOIIIN 3aMCHDBI:

SIS

z=Vy 2(n—1"). (B.12)

Torpa BoIpakeHue Jijisi KOBAPUAITUU MOXKeET ObITH 3allUCAHO CJIEIYIONUM 0OPA30M:

‘/CHCT. — DZDZ) (B]_g)
dpx(0) dyen(0)
Verer 0 - T T g b.14
Voer Ol = 2 =02 (5.14)
rje D, — mMaTpuia IpOU3BOJIHBIX 110 TIEPEMEHHON 2z, onpeeséanas anajgorudno (B.6). Tlior-

HOCTDH BEPOSITHOCTHU OTKJIOHEHUS KAXKJIOTO JIEMEHTA 2; OT HyJs OIMUCHIBAETCS HOPMAJBHBIM Pac-
OPEJICJICHUEM ¢ CIUHUYIHON AUCIICPCUeH.

Buy eipazkenusi (B.14) yio6eH ¢ BBIYUCIUTETHEHONR TOYKE 3PEHUsT TEM, YTO TPeBYeT TOJBKO
OJTHOT'O IUKJIa BMECTO JBYX JIJIsi BBIYUCJICHUST KOBAPUAIMOHHON MaTpuIsl 1o dhopmyse (5.10).

Bripaxenue (B.7) o3nauaer, 94To ec/iv HEOUPEIETEHHOCTH TAPAMETPOB MOJEIH JT0CTaTOY-
HO MaJibl M 3aBUCHUMOCTH IIPEICKA3AHUS OT HUX MOXKET ObITH alllPOKCUMUPOBaHA JIMHEWHO, TO
IUIOTHOCTH BEPOSITHOCTH OTKJIOHEHUsT HAOJIOMEHNST & OT OXKUJIAHUS IPU HOPMAJIBHBIX (DIyKTya-
IUSIX 1] sIBJIsIETCS TaKKe HopMaJibHO#. [locsie cHsiTus 3aBUCHMOCTH OT 1) 3a/1a49a MAKCUMU3AITUN
npaBAononobust cBomuTCd K monbopy K HemsBecTHBIX mapameTpos 6.

Crnenyer ob6paTuTh BHUMAHWE HA TO, UTO B OOIEM cjydae MOJydeHHAsS KOBAPUAITMOHHAS

MAaTPUIA 3aBUCHAT OT CBODOIHBIX apaMeTpos 6.

b.2. ®ysknuu xu-KBaJpaT

st moncka makcnmyma Gyskimii npasgonoaobust (b.1) u (B.7) ynobuee nepe#itu oT Mysib-

TUIIMKATABHBIX BEJIWYHUH IIJIOTHOCTEHA BepOHTHOCTeﬁ K aJJUTUBHBIM — HUX JIOFapI/ICbMaMZ

— 21 Lyui(2,0,m) = (x — (0, 0))" Viod, (x — u(0,m)) +

+ =)V, = 1°) +10g |Vigar | +log [Vy] + (N + M) In27  (B.15)
Jutst ool byukimu npasgononobus (B.1), u
—2InL(z,0) = (x — MO(Q))T V(O)™" (x — 1°(0)) +log |V(0)| + NIn2r (B.16)

JUIst MApruHa/IbHOM (pyHKImn npasononobus (B.7). MunumyMbl JaHHBIX QYHKIUN COBIAIAIOT

C MaKCUMyMaMHU COOTBCTCTBYIOIITUX ILJIOTHOCTEHR BepOﬂTHOCTefI.
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Ha nonoxenuns makcumymon dyukiumit (B.15) u (B.16), ecrecTBeHHO, HE BIUAIOT YJIEHB,
He 3aBUCAIIME OT HEPEMEHHBbIX § u 7). DTH 4ieHbl MOryT 6bITh 0TOpOmIeHbl. OHAKO, CJeIyeT
HUMETh BBHJLY, YTO WIEHBL 10g |Virr | 1 log |V (0)] MoryT 66ITH OTOPOIIIEHB! TOIBKO B CJIydae, €CJn
CTOSAITIME B KAYECTBE ADI'YMEHTOB KOBAPUAIIMOHHBIE MATPHIIBI SIBJISIOTCS TOCTOSHHBIMA B 06JIACTH

noucka 3uadenuti 0 u 1. Koneunble BbIpakenust:

X2a(@,0.m) = (2 — p(0,0)) Vioh (@ — p(0,m) + (n —1°)" 'V, (i — ), (B.17)

X2y = (= 10) vV (= 1%0)) (B.18)

SIBJISIFOTCS] U3BECTHBIMU BBIPAXKEHUAMU 71 (DYHKIMU XU-KBAJIPAT, KOTOPHIE UCIOIL3YIOTCA B
aHaJIN3e JJIs TOMCKa TapaMeTPOB U OIeHKH OIMHIOOK. Xfmﬂ — 370 QyHKIUA Xu-KBagpar ¢ K + M
crenensivu ¢BoGozpl co mrrpadubivu wrenamu (n — n°) Vo (g — 1) u marpuneit crarucrude-
CKUX ONMUOOK Vi, KAK [PABUJIO, JUATOHAIBHON. Y2 — QyHKIUsA xu-kBajpar ¢ K crenens-
MU CBOOOBI € TIOJHON KOBAPUAIMOHHONW MAaTpPUIlEeH, BKJIIOYAIONEH KaK CTATUCTUYECKUE, TaK U
cucremaTrdeckue omuOku. Munnmymbr dyukiwmit (B.17) u (B.18) cooTBeTcTBYIOT MaKCHMyMaM
dbyuxnuit upasgononobus (b.1) u (B.7), upu ycioBum, 94rT0 KOBapUAIMOHHBIE MATPUIIBI HE 3a-
BHCAT OT IAaPAMETPOB MOATOHKH. B mpoTuBHOM cirywac DYHKIWME X oy K X2, MOIYT IPUBOJUTE
K OTKJIOHEHUsIM B OIeHKe napaMeTpos  (em. pasuen 4.5).

Bripaxkenust (B.17) u (B.18) sABastorcs IpefeabHBIMI CIyYasiMy, KOIJIa MapIUHATA3AIIS
[IPOXOJUT TI0 BCEM MEPEMEHHBIM. BO3MOXKEH MPOMEXKYTOUIHBI BAPUAHT, BOSHUKAOIICH KOT/IA
MAPrUHAJUBAIIE TOABEPraloTCs TOJABKO YaCTh IIEPEMEHHBIX 7], TOTJA KaK JIpyrasi 4acThb ( ocTa-

ércst co mTpadHBIMA LIEHAMU:

X2($797 C) - <$ - /L(@, C) 770)>T V_l <$ - /L(@, C) 770)> + (C - CO)T‘/C_l(C - CO)7 (B19>

rye V — xoBapuanMoHHast MaTPUIIA CO CTATUCTUYICCKON 1 cuctemaTudeckoit gacteio (B.8), npu-

LIel\/[ B CUCTEMATUYICCKYIO 9a.CTh BXOJAAT TOJBKO IIECPEMEHHBIC 7):
T
V(ey C) = Verar, + Dn‘/;]Dn . (BQO)

Ananornuno coorsercTBuio Mexty Bbipaxenusmu (B.15)—(B5.18), sopaxenue (5.19) co-

OTBCTCTBYCT 3CTUMATOPY MaKCUMyMa HpaB,ZLOHO,ZLO6I/IHZ

- 21DLPUH($797C) - <$ - M(97C7n0)>TV_1 <$ - M(Q;Cﬂ?o)) +
H =V O) Flog V] (B.21)
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b.3. IIpubanxxénHoe pemnieHne Jyid MUHAMYMa (PYHKIAN XA-KBAJIPAT €O
mTpadHBIMA YIeHAMUT
B cayuae, Korja 3aBUCUMOCTD MOJIENH [t OT TIAPAMETPOB 7] JIUHEeWHA JTUO0 HEOITPEIeJIEHHOCTH

TapaMeTPOB 1) TOCTATOTHO MAJIbI, MOJETh MOXKET OBITH ATIITPOKCUMUPOBAHA JIMHETHON (DyHKITHEH

(B.5):
u(0) ~ p°(0) + Dy(n —n°), (B.22)

pelenre st MUHUMyMa (DYHKIIMA XU-KBAIPAT CO MITPA(HBIMUA YJIEHAMI MOXKET OBITH HANIEHO
aHAJUTUYIeCKU. JLJIs1 yIIpoIennst BEIYUCAeHUN TTOCPEICTBOM JIMHERHOTO Tpeobpa3oBanus repeii-

,ZLéM OT IMEPCMCHHBIX 7] K HE3aBUCUMbBIM IIECPCMCHHBIM 2

_1
2=Vy 2(n—1"), (B.23)
1
n="Viz+n, (B.24)
1
D = D,Vy, (B.25)

rae D — MaTpuila IPOM3BOIHBIX 10 2z, onpenenénuas anagornduo (B.6). Beipaxkenne (B.17)

IIPY 9TOM YIIPOILIaeTCd J0:
a0, 2) = (x— 1 — D2) Vi (o — i — D2) + 22, (5.26)

rae 22 — ZTZ. Touka MUWHUMYMa MOXKET OLITH HafmeHa Tp€6OBaHI/I€M 3aHYJICHU A BCEX ITPOU3BO/I-

HBIX II0 £
d
P 0
4| \Zu@n) = 2DVl -~ D2) 1 2: = | o | (B.27)

Ypasuenue (B.27) Moxer GbITH PEIIEHO B TEPMUHAX 2

ta

2(0) = (1+ DIVELID) ™ DIV — 4 (0)), (.29)
i, ¢ yaérom cootHomennit (B.23)-(5.25), B Tepmunax n:

— — -1 —
n(0) = (Vi + Dy Ve Dy) Dy Vi — 1(0)) + ' (B.29)

7 7 stat n

Takwum 06paszom, [JIst 38 TaHHBIX 3HAYEHUN CBOOOIHBIX MapaMeTPOB § MOXKHO TPUOIMKEHHO

HANTH OITUMAJTBHBIEC 3HAYCHU I TADAMETPOB 7], MUHUMU3UPYOMUX pyHKIMo xu-ksajapart (B5.26).



212

[Moacrasus pemenue (B.28) B (B.26) u nposess psji agredpandeckKux mpeodpasoBaHui MOXKHO

TIOJIYy9IUThL 3HAYCHUC beHKL[I/H/I XU-KBaJApaT B MUHUMYME 110 7).

win g (0.1) = (= =i (0.1°))"

% (Viat = Viak Dy (V7 DIVEID,) T DIV )

x (x—p(0,7°)). (B.30)

Marpwuria, cTostiasi MesK ty cTpokoit u crosbrom (x — p(0,1m°)) B Beipaxkenun (B.30) aBis-

eTcsi TOTHOH 0OpaTHON MaTpUIlel /19 KOBAPUAITMOHHON MATPHUITHI (B.8):
-1 _ _ _ _ -1 _
(Vstat + Dn‘/;,D;D - Vvsta% - V;ta%cDﬁ (V;; t Dz;‘/staiDﬁ> Dz;‘/;tai' (B.31)

Bripaxenue (B.31) Takxke u3BecTHO Kak GUHOMHUA/IBHAST TeopeMa OOPAIICHUsT MATPHIIL.
Takum obpazom, MuaHUMYyM (DYHKITAN XU-KBAJIPAT MO ITapaMeTpaM 1) B JUHEHHOM Tpub/im-

JKEHUN 9KBUBAJEHTEH (DYHKIIMKA XU-KBAIPAT ¢ KOBAPUAIIMOHHON MATPUIIEH:

mnin X?)ull(& 77) = Xgov(9)7 (B32>

YTO COOTBETCTBYET PE3YIBTATY PACCMOTPEHUST (DYHKIMHU XU-KBAIPAT KAK ICTUMATOPA MAKCUMY-

Ma ITpaBaomoa0bus B pasaeirax b.1 u B.2.

b.4. C kakoii TOYHOCTHIO CUNTATh KOBAPUAIMOHHYIO MATPHUILy JJIs

MUHEMEI3anun (PYHKIUN XA-KBaApaT?

B mpumoxennn B.2 6puto mokazano, UTo (BYHKIMS XU-KBAIPAT HUCIOJIB3YETCS] KAK ICTH-
MAaTOpP MapaMeTPOB, MAKCUMUSUPYIOMUX (DYHKITUIO TPABIOT0I00MsT, OCHOBAHHYIO HA TLJIOTHOCTH
BEPOSITHOCTH HOPMAJILHOT'O pacipeiesiennsi. Kak Ob110 1mokasaHo B npuioxkennu b.1 mocse wH-
TErPUPOBAHUSI 110 TTapaMeTpaM 1) B NPUOJIMMKEHUU MAaJIbIX HEOUPEIeJEHHOCTEH MapruHaJbHAas
pyHKIMS TPaBIONONA0OUs COXpPAaHsIeT BU HOPMAJIbHOTO pacrpenenenus. [Ipu 3TtoMm K mMaTpuite

oIMMOOK 0OABIAETCS CHCTEMATHYECKAS JACTh:

Vewer, = DV, DT, (B.33)

Vs Ol = 3 d“%ﬁd%e)(mﬁ. (B.34)

Dopmyina (B.34) siBasiercst TOUHON Jiisi ONPEIEICHUsST KOBapUAIMi HOPMAJIbHO PACIIPE/Ie-

JEHHBIX BEJIMYUH, OJHAKO, B CJydae IPOU3BOJILHON IJIOTHOCTH BEPOATHOCTH f(X) OHA SABJIACTCS
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npubsmkénnoi. Tounast hopmysta MOXKeT OBITH 3aIucaHa CASTYONUM 00Pa3oM:

+oo +o0
[Vesser () |om = J J (b (0,m) = (0,17, ) (1m0, 1) = {0, 77)),, ) X

x f(n)dmdnsy...dny, (B.35)

rae cpeaHee OoT [ OlIPpeAeJICHO KaK

+oo
(0, 0)), = j 6, ) f (m)ddn . digy. (5.36)

—o0

B cnyuae, ecsi onmmmbKu mmapaMeTpoB 1) TO3BOJSIIOT UM BapPbUPOBATLCA B 00JIACTH, T/E 3a-
BUCUMOCTD TIPEJICKA3AHUS [ OT 1) OyIeT OTXOMUTH OT JIMHEHHOMW, MapruHa bHAs IJIOTHOCTH Be-
POATHOCTH OTKJIOHEHUsT HAOIIONEHUST X OT OXUIAHUSA (4 OYIAET OTINIaThCst OT HOPMAJIBHOH, ,
COOTBETCTBEHHO, ucTuHHas Kopapuanus (B.35) 6yner otkionsaThCsA 0T npubsmxkenns (B5.34).

Tem He MeHee, ucnosibzoBanue 6osee Tounoit opmyns (B5.35) He sBisiercs nesiecoobpas-
HBIM B CJIy9ae HCIOJIb30BAHUST KOBAPHUAITMOHHOW MATPUIIHI I YIETA CUCTEMATHIECKUX Tapa-
METPOB DU MOUCKE MUHMMYyMa (DYHKIMU XU-KBajpaT. Heemorpst Ha 1o, uTo dopmyra (B.35)
siasiercst Oosiee Tounol, dem (B.34), cam 1mojaxoJ 1O MOUCKY ONTUMAJILHBIX 3HAYCHUH MeTO-
JIOM MUHUMH3AINU (PYHKIIMU XU-KBAIPAT OCHOBAH HAa IIPE/NOJOXKEHNN HOPMAJIBHOCTH (DYHK-
MY TIPABIONION00UST, KOTOPOE CJeAyeT W3 JUHEHHOCTH 3aBUCUMOCTH [t OT 1) U ONPEIETEHO ¢ TOH
JKe TOYHOCTBIO, 9To 1 Bhipaxeuue (B.34). Ipyrumu cjioBaMu, UCIIOJIb30BAHUE KOBAPUAIIMOHHON
MAaTPUIBI, TOJYIeHHON B 60JIee BBICOKOM TTPUOJIMKEHNN, €M JIMHEWHOE, HE YBEJUYIUT TOTHOCTD
PE3YJIBTATA, TTOCKOJIBKY METO MUHUMU3AINN (DYHKIIMY XU-KBAJIPAT ¢ KOBAPUAITMOHHONR MaTpPU-
el n3HAYIaJILHO OTIPEIESIEH TaKXKe ¢ JUHEHHONW TOTHOCTHIO.

Emé omaum paxTopom, KOTOPBIH HEOOXOIUMO YIUTHIBATE [IPU MOy I€HUN KOBAPUATTMOHHON
MATPUIBL SABJISETCS TO, YTO TOJBKO B npubmmkéarom nogxoje (B.34) koBapualoHHBIE MaT-
PUTIBI PACKJIAIBIBAIOTCS HA CYMMY MaTPUI], CBSIBAHHBIX C OTJEIbHBIME apaMerpaMu. B ciytae
ucniosibzosanus dpopmysbl (B.35) uHTerpas Jo/KeH 6parTbes M0 BCEM IIEPEMEHHBIM OJHOBDE-
MEHHO, a He pa3buBaThbCs HA OTAEIbHBIE BKJIAJBI, KAK 3TO WHOT/A Aeiaercsd. TakuM obpasom,
METOBl YUCJICHHOTO BbluucaeHus: uaTerpaia (B5.35) MoryT 6bITh UCHOIB30BAHBI TOJIBKO B CJIy-
qae HeDOJIBIIIOr0 KOJUYeCTBa MapaMeTpoB. st GOIBIIOro KOJMYECTBA MapaMeTPOB HOIONR YT

TOJIBKO CTOXaCTUYECKHUE METOJIbI MHTErPUPOBaHus, HampuMep, Metos, Monre-Kapito.
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Bb.5. Cratucrudeckne omubKku B PyHKIAN XU-KBAJPAT

st caydast, Korjia HOPMAJIbHOE paclpeie/ieHre OIMUChIBAET HabI0/[aeMble JaHHbIE CYITIe-
CTBYeT JBa TO/IX0/Ia K ONPEIEIEHUI0 CTATUCTUIECKUX OIMMMOOK, BXOSIUX B BhIpAXKeHNe (PYHK-

mun xu-kBagpar (B.17):

1. Koucrpyknus [Iupcona — B KadecTBe KBaApaTa CTATUCTUYECKONW OIMUOKU GEPETCS TUCIIO

ootcudaemuix COOBITHN B MHTEPBAJIE:

2. Koncrpykiust Hefimana — B KadecTBe KBapaTa CTATUCTUIECKON OMUOKN 6epETCsT IUCTI0

HabA00aeMbLT COOBITHI B MHTEPBAIE:

VN = 035 (b.38)

,

JlaHHDBII METOJT UCITONIB3YeTCsT KaK npubimkenue Metona [Iupcona, Koryia HeT BO3MOYXKHO-

CTH pacCcCInuTaThb CTATUCTUYICCKUE oIMMOKM Ha, OCHOBE MOICJIM.

Oba moaxola UMEIT KakK MpenMyIiecTBa u HemoctaTku. B momxone Hedimama matpuria
CTATUCTUYECKUX OIMMUOOK HE 3aBUCUT OT MapaMeTPOB IOJIIOHKH, OJTHAKO, COAEPXKUT CIAydalHbie
dyKTyanuu, cBsi3aHHble ¢ (MIYKTYAIUAMA JAHHBIX, 9TO MOXET MPUBOJUTHL K CMENIEHWIO Pe-
3yJABTATOB TIOJTOHKU.

B nmoaxone IIupcora cratucTrdeckue OMMOKH B 0OIIEM cilydae He COJIEP:KAT CIydalHBIX
BEJIMYNH, OJTHAKO, 3aBUCAT OT ITapaMeTPOB MOATOHKH. B 3TOM ciydae, Kak ITOKa3aHO B pa3/ienax
B.1 u B.2, moaronka mMeTosoM MUHUMHUBAIUH (DYHKIIMA XU-KBAIPAT MOXKET MPUBOJINTH K CMe-
IMEHHBIM OIEHKaM napaMeTpoB. V36exaTsh cMereHust MOXKHO JIO0 UCIIOJIB3Ys 3CTUMATOD MaK-
cumyma ripasononobus (B.15) sBMecro dyHKIMN XU-KBapaT, b0 (DUKCUPYs CTATUCTUICCKUE
ONMOKN B TIPOIECCE TIOJIOHKHU. TaK KaK ITapaMeTpbl MOJAIOHKN U3HAYAJHLHO HEU3BECTHBI, JIMOO
W3BECTHBI ¢ OOJIBITON HEOIPENeIEHHOCTBIO, B CIydae (DUKCAIIMK OITUOOK TTOIIOHKY HEOOXOIMMO
[IPOBOJIUTH HECKOJILKO Pa3, OOHOBJIsISI UX HA KaXKJIOW UTEPAaIluu.

Cwerrienne pe3ysIbTaTOB MIOJITOHKH, BOSHUKAIONIEE B PE3Y/ILTATE UCIIOIL30BAHNUST PABTTIHBIX

IIOJXOJIOB K YUETY CTATHCTHIECKUX ONMTMOOK MOJIPOOHO PacCcMOTPeHo B paszese 4.5.
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B. Omnenka BKJIaJI0OB CTATUCTUYECKNX U CUCTEMATHIECKIX

HEOIIPEJIeJIEHHOCTEN B TIOJHYIO OIMMOKY M3MepeHusd

OrteHKa BKJIAJIOB OTAEIBHBIX HEOIPEIEJIEHHOCTER B TIOTHY IO OMTHOKY M3MEPEHUsT HeOOX0 1~
Ma JIJ1d PacCTaHOBKH IPUOPUTETOB IIPHU IIJIAHUPOBAHUU U IIPOBEJICHUN 3KCIICPUMEHTOB U IIOMOTa-
€T OTBETUTDH Ha BOIPOC HAJ KAKUMHU ACIEKTAMU IKCIEPUMEHTa HeOOX0IUMO PabOTATh B IEPBYIO
odepeb JJIsl YBEJIUYIEHUsT TOTHOCTH pedysbraTa. Claeayer ¢pas3y OroBOPUTHCS, UITO OJHO3HATHOE
paz/iesieHne BKJAJIOB B HOJHYIO OMMMOKY BO3MOXKHO TOJILKO B IPOCTBIX JIMHERHBIX 3a1a9ax. [Ipu
aHaJM3e CJOXKHBIX 3a7a9 HeOOXOIMMO TOMHUTL, YTO IPUBEIEHHAS 371€Ch METOJNKA SIBJISETCS
HEOHO3HAYHON M MOXKET HUCIIOJIB30BATHCA TOJBKO JIJId KAYCCTBEHHON OICHKH.

OrteHKa BKJIAJI0B IPOU3BOINUTCS TIPU TIOMOIIH TTOBTOPEHUS TPOTEYPHI AHAIN3a Ha TaK Ha-
BBIBAEMBIX JTAHHBIX ,,A3UMOBA", TO €CTh JJIsT CJIyasi, KOTJA PeabHbIe TaHHBIE 3aAMEHSTIOTCS IPE]T-
CcKaszaHueM MOJen 0e3 CTATUCTUYIECKUX W CUCTEMATHIecKuX (QurykTyarmit. MOXHO BBIIEIATH
JBa TTPOTHUBOTIOJIOYXKHBIX MOIX0/Ia K OIeHKE BKJIaJa NCTOYHUKOB CUCTEMATHIECKUX HEeOIIPEe/IeICH-

HOCTell B ITOJIHYIO OITTHOKY.

Onenka m3MeHeHnd ommOKM mpu gobaBjaeHuHn BKIama. Ha ocHoBe JaHHBIX AsuMoBa ompee-
JIAETCsT OXKUJAaeMasi CTATHCTHICCKAsT HEOIPEICICHHOCTD Tgiat, IPHA ITOM BCE MCTOTHUKH CHCTE-
MATHICCKAX HOTPermHocTeil He yanTeiBatorced. [loaronka u orenka HeOIPeAETCHHOCTH Cgiattsys(i)

IIOBTOPACTCA JJId KaKI0T'0 UCTOTHUKA 1 CHCTEMATUICCKIUX OTKJIOHEHUH 110 OTACJIbHOCTH.

2 2 2

Bkiaz KaxKI0ro HCTOUHUKA HEOUPEACTICHHOCTEH ONPEACIACTCA KAK O ) = Og oo~ Ogiar-

[TosHast HEOIPEIEJISHHOCTD B JIAHHOM CJIydae of, = oo, + Z Ufys(i), a . OTHOCHTEIBHBIN BKJIA,
i
paBeH 1; = Us2tat+sys(i)/af2ull‘
JaHHbI METO/T OIEHUBAET OTHOCUTEILHBIN IPUPOCT HOJHOM OMMUOKY TPYU BKIIOYEHUN KaK-
J0T0 UCTOYIHHUKA HeOHpeﬂeHéHHOCTI/I HEC3aBUCHUMO. HpI/I 9TOM IIOJIHOCTBIO UTHOPUPYETCHA BO3MOZK-

HOE BSaHMO,HGﬁCTBHG MEXKJY Pa3HbIMU UCTOIHUKAMU.

Onenka n3MeHeHHus OMMOKHN MpU BBHIYMTAHMHM BKJIaAa. Ha ocHOBe maHHBIX A3MMOBa onpeze-
JISIETCSI TIOJTHAST OTTUOKA Oy, VIUTHIBAIONTAS KAK CTATUCTUYECKYIO, TAK U BCE CUCTEMATUYECKUE
HeonpeieéHHocTd. [Ioaronka 1 oleHKa HeOUPEeAEJCHHOCTH Ofyllsys(i) HOBTOPACTCHA JIId KazK 100
WCTOYHUKA | CUCTEMATUIECKUX OTKJIOHEHUH, BBIKJIIOUYEHHOTO W3 ITOJTHOTO Habopa 110 OTAe/IbHO-

CTH.
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Brura i KaxK1010 UCTOYHUKA HEONIPEIEJEHHOCTH B TIOJIHYIO OMUOKY OIpeiesseTcs 1o Gop-

2

MYJIe O i)

) OTHOCUTETB-

2 2 2 _ 2 _ 2
= Ofyll = Ofylleys(iy, CTATHCTHIECKA TaCTD OIMOKA O, = Ofyy Z O s
K2
. 2 2
HBIH BKJIQJL PaBeH 1 = 07 )/ 0fy.
JIaHHBIA METON yYMTHIBAET B3AMMOJEACTBHE KaXKJIOTO MCTOYHHMKA HEONPENeIEHHOCTEH ¢
IPYIIIOH, COCTOSAIIER U3 BCEX OCTATBHBIX MCTOTHHKOB.

2

o 2 2
Kombunnposannsrii meron. IIpn KoMOMHUPOBAHHOM METOZE 0f ), O Sys(i)

ot T BCE O

OTIPEJIEATOT-
Cd KaK apI/ICbMeTI/ILIeCKOe cpeJHee OT COOTBCTCTBYIOMUX BCJAWYUH, IMOJYYCHHBIX HIPEILLAYITTUMHA
MeTOJaMHA. OHGHK& BKJIaJa UCTOIHUKOB HeOHpe,ZLGJIéHHOCTI/I B ITOJIHYTO OH_H/I6Ky OCIIMJIJIAITMMOHHBIX

mapaMeTpoB, MOJIyYeHHAasT JaHHBIM METOJIOM ITPUBeJieHa B pasjeie 0.4.5.
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baarogapuocTn

[Togroroeka manHON pPabOTHI 3aHATa MHOINO Bpemenrn u cui. OHa Oblia ObI HE BO3MOXKHA
6e3 ygacTrs U MOMOIIT MHOTHX JIFO/IeH. 1 X0dy BBIPa3uTh UM CBOIO UCKPEHHIO OJIar0IapHOCTb.

Moeit 3amedarenbroit :xkene Cpere 3a BCE, 1 0COOEHHO 3a TepreHne u TMOAAepKKy. Mownm
HEOOBIKHOBEHHBIM POJIUTEIISIM U CEMBE.

Moewmy nayunomy pykosogutesio Imurpuio HayMoBy 38 MHOTOJIETHIOIO COBMECTHYIO pabo-
Ty, MOIJIEPKKY U WHTEPECHBIE 00CY K IEHUSI.

Marre Honrapesoit u Anjpero IlenykoBy 3a MHTEpeCHbIE HAyYHbIE U AHTHHAYIHDBIE JHC-
KYCCHH ¥ TJIONOTBOPHYIO coBMecTHYIO pabory. Kocre TpeckoBy n Aprémy YUykanony, pabora
KOTOPBIX CTajia BayKHBIM BKJIAJIOM B 3KcrepuMenT Daya Bay u okazaja 6osbiioe BiausiHre Ha
3aBepIleHne JTAHHOU PabOTHI.

PyxkosoncrBy Jlaboparopun HAnepupix Ipobiaem n Hayano-Dkcnepumenrtansproro Otaera
Ousury DjaeMeHTapHbIX Yactuil B Jjuie Bamuma Asnekcanaposuda bemnsikoBa, Anapest AH-
npeesuva Kymbkosa, Anekcannpa ['puropbesuta OubilieBcKoTo, a TakxKe cekperapsm Vpure
Neanosue Cunoprunoit u Kare Mopo3oBoit 3a moMOIb 1 TOAIEPKKY KaK B HAYIHBIX, TAK U
OBITOBBIX BOIIPOCAX.

Boswmomy u apyxuomy Kostektuy Hayano-Dkcenepumentansuoro Otnena @usukn Die-
MEHTAPHBIX JacTHrl 3a MOJIEPKKY.

Ot1renbHY0 6JIATOMAPHOCTD XOUETCsT BRIPASUTD 3aMETATEHHBIM JIFOIAM U3 KOJLTabOPAIun
Daya Bay. Paborars B 9TOM yBJIEYEHHOM U CAMOOTBEPXKEHHOM KOJIJIEKTUBE JI/1s1 MEHST — OOJILITIAs
yaada. B epsyto odepenn caenyer ormerutsh Mdana Bana (Yifang Wang), Kam-Bro JIyka (Kam-
Biu Luk) u Iztons Hao (Jun Cao) 3a ux poib B CO3JAHUM U YIPABJICHUU KOJLIAOOPAIUCH.
Hanmnbiit Tpy HaunHascs ¢ coBMecTHOR paborbl ¢ Beem Banom (Wei Wang), 3a 4ro st eMy oveHb
Guiarogapen. Takzke MHE OY€HBb NMPUATHO PAbOTATH CO CIACAYIOMMMEA JitoasMu: ks Ban (Zhe
Wang), Crusen Bon (Steven Wong), Xenox Bon (Henoch Wong), Isu dpaitep (Dan Dwyer),
eeun xadde (David Jaffe), Jloran Jlebanoscku (Logan Lebanowski), fcyxupo Hakanzuma
(Yasuhiro Nakajima), ITexpo Ouoa (Pedro Ochoa), 9ub-Uyaus Xyan (En-Chuan Huang), Msio
X5 (Miao He), Csnnans zu (Xiangpan Ji), Croansryn Uxan (Xuantong Zhang), Hao Uxan
(Chao Zhang) u IIzswans i (Zeyuan Yu).

Kommektupy xadenpor Teoperudeckoit pusnku Upkyrckoro Tocynapersentnoro YHuBepCcu-

tera, ocobenno Anekcanapy Esrennesnuy Kasmomuny n Cepreto 9mvanyuniosuay Kopenbiury.

Ornenbrast 6iaronapHocTs BoipaxKkaercs | Amekcanapy Hukosaesuay Basty |.

Pobepro IlerTn, 3a 1noiiepKKy, OKa3bIBAEMYIO, HE CMOTPs Ha TO, YTO pabora HaJ JUCCEp-
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Tanuell B 3HAYUTELHON CTEIEHN 3aJlepKajia HaIlly ¢ HUM coBMecTHYIO pabory. Kpucy Kysnen-
Oepry u ero cembe 3a TEIVILIHA U PAJIYITHBIH TPUEM.

¢ 6naromapen cozmarensim 110, B orpoMHOit cTemenn OOJIErYIUBITETO MOATOTOBKY JTAHHON
paborsr: fish, latex u monysis disser, minuit [198], mosh, (i)python u moxyeit numpy /scipy [196]
u matplotlib [197|, parallel [214], ranger, ROOT [195], tmux, vim. Oriaenbras 6/1ar01apHOCTD

BbIpakaeTcs aBTopy Momyias vimtex Karl Yngve Lervag.


https://fishshell.com
https://www.latex-project.org
https://www.ctan.org/tex-archive/macros/latex/contrib/disser
https://root.cern.ch
https://mosh.org
https://ipython.org
https://www.scipy.org
http://matplotlib.org
https://www.gnu.org/software/parallel/
http://ranger.nongnu.org
https://root.cern.ch
https://tmux.github.io
http://www.vim.org
https://github.com/lervag/vimtex
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Onpenenenns

Ucnonb3yercst caeayromast cucreMa eInHII, TPUHATAas B (PU3UKE BHICOKUX IHEPTHIH:
h=—c—1.

B srom cayuae: [Dueprusi] = [Macca| = [Mmmyisce] = [daunaal ™' = [Bpews] ™.

B kadgecTBe ymporieHuss Mbl 9acTO OyJeM HCIOJB30BATH TEPMUH Helmpuro Jiasa 0bo3Ha-
YeHUsl HEUTPUHO BCEX THUIIOB, B TOM YHUCJE U UX aHTUYACTUIl. JleficTBUTENbHBIH TUIl HERTPUHO
MOXKeT OBITh BOCCTAHOBJIEH U3 KOHTEKCTA. B Bo/IbIIMHCTBE cydaeB pedb OYIeT UJITH O PEAKTOP-
HBIX JIEKTPOHHBIX AHTUHERTPUHO.

Ilox 6a30it sKCIEpUMEHTA IOHUMAETCA PACCTOSHUE MKy NCTOYHUKOM HEHTPUHO U JIeTeK-

TOPOM.

Cnncok mcnoJjib30BaHHBIX 0003HAYEHUI 1 COKPAIEeHTiA

»IIOTOK-CIIEKTP* Cr1ocob aHAM3a JAHHBIX, B KOTOPOM YYUUTBIBAETCS IHEPTETUIECKUN CIIEKTP
cobBITHU, HADJIIOJAEMBIX B KaxKJI0M jieTekTope. 3, 10, 55, 58, 79, 80, 93, 94, 96, 97, 100,
101, 103, 134, 138, 172, 182, 188, 194, 195, 197, 226

»IIOTOK* CIIOCOD aHaM3a TAHHBIX, B KOTOPOM YUIHUTBHIBAIOTCS TOJBKO THCIa COOBITHH, HAbTIOTae-
MBIE B KaXKJIOM jieTekTope. HabsmomaeMblit sHEpreTHIecKuit CIieK TP TIPY B JTAHHOM aHAJIA3e
[IOJIHOCTBIO UTHOpUpyeTcs. 3—5, 10, 55, 57, 79, 80, 93, 100-102, 138, 141, 142, 167, 183,
188, 194, 196, 197, 226

ACU automated calibration unit — aBromaTndeckoe KaIuOPOBOTHOE YCTPOUCTBO. 7H
AD antineutrino detector — merekTop anTuHefTpPUHO, cM. pazzaen 2.3.2. 116, 117, 120, 228

CC kaHaJ 3apsAKEHHOTO TOKA, B3auMoJeiicTBre ¢ 0bMeHOM 3apsxkeHHLIM W 6o30m0M, amasor

NC. 12, 223

EH experimental hall — skcnepumenTanabHas miomaaka, cM. pasgena 2.3.2. 71-73, 79, 80, 86,

89, 176, 177, 185-187, 190, 229

Fallot naGop mojeseil ClieKTPOB AHTUHEHTPUHO OT sJIEPHOTO peakTopa [61], mosaydeHHbIX MeTO-
23577 23877 239
JIOM CyMMUpPOBaHUsl. BKJIO9aeT CHeKTpbl st gessimmxcda usoronos < U, “CU, ““Pu u

1Py, Cm. Takske pasgesn 1.3 n mabuuy 1.3 Ha crpanume 33. 33, 152-154
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Haag crextp antumeiitpuno [62] oT smepHOro peaxTopa s gensmerocs msorora U, Ch.

Takxke pasyen 1.3 u rabuity 1.3 wa crpanure 33. 32, 33

Huber ma6op mojeseit criekrpos anTuHefTPUHO [47] OT siiepHOTO peakTopa, MOy IeHHBIX METO-
23577 239 241
JIOM KOHBEPCHUHU. BKJIO9aeT creKTpbl st pessiuxcd usoromnos - U, ““Pu n “*"Pu. CMm.

Takxke paszzena 1.3 u Tabuuiy 1.3 na crpanurne 33. 31-33, 206

Huber+Haag nabop momeseit CrieKTpoB aHTUHEATPUHO OT SAEPHOTO PEAKTOPA, MOJIYIEHHBIX
MeTosoM KorBepenn. st nensmmxest uzororos 20U, 2*Pu u *'"Pu ucnosmssyores crex-
Tpur [47], a g 2°U cnexrp [62]. Cum. Taxxxe pasgen 1.3 u Tabmumy 1.3 na crpamune 33.
33-35

Huber+Mueller nHabop Momesneil crieKTpoB aHTHUHEHTPUHO OT SIIEPHOrO peakTopa. s mens-
nxes uzoronos 20U, 2°Pu u *"'Pu ucnomssyrorcs Konsepcnonnsie crekTps [47], a ms
28U cnextp [50], mosyuennbiit MeTogoM cyMmmupoBanns. CM. Takxke pasgena 1.3 u rabiu-
ny 1.3 ma crpanune 33. 30, 33-35, 37, 93, 94, 152-154, 168, 172, 174, 179, 180, 190, 191,
202, 227

TIAV inner acrylic vessel — BHyTpennuit akpusoBbiii KouTefinep. 73, 90, 91, 115, 116, 118,

188-190, 228

ILL nabop momenelt criekTpos anTuHeHTpUHO [63—65] 0T sijepHOro peakTopa, MoJIy YeHHBIX Me-
23577 239 241
TOJIOM KOHBepcHH. BRIToUaeT cueKTphl J11s aesdnuxced u3oronos <°°U, ““Pu u “*'Pu. Cwm.

Takxke paszzen 1.3 u Tabsuity 1.3 na crpanure 33. 31-33

ILL+Vogel mabop mMomesneit CrieKTpoB aHTHHERTPHUHO OT SIIEPHOTO peakTopa. it Jersammxcs
23577 239 241

uzororos “U, ““Pu u “*"Pu ucnonbsywores kouBepcuonubie criektpol 1LL [63—65], a

st 2%U cnextp [67], momydenubiit MerogoM cymmuposanms. CM. TakxKe paszgen 1.3 u

tabsuiy 1.3 ma crpanune 33. 33, 34, 53, 122, 167
IWS inner water shield — BuyTpennuit Bogsguoit 6ydep. 77
LAB linear alkylbenzene — mmmeiinenit ankunbenson, CsH,C Hy o . 75

Mueller na6op mojesieit crieKTpoB AHTHHERTPUHO OT siZIEPHOTO peakTopa 50|, Moy IeHHBIX KOM-
OUHUPOBAHHBIM METOJIOM W METOJOM CYMMHUPOBAaHUs. BKIIIOYAET CIIEKTPBI /I JETATIINXCS
msororos 22U, 28U, #9Pu n *'Pu. Cm. Takxe paszesn 1.3 n Tabmnmy 1.3 Ha crpamnre 33.

30-33, 53, 226
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NC kanan HeHTPAJILHOTO TOKA, B3ANMOACHCTEHE ¢ OOMEHOM HEeHTPATLHLIM Z° 6030HOM, aHAIOT

CC. 12, 221

OAV outer acrylic vessel — BrHenHUi aKpPUJIOBBIN KOHTEHHED HeTEKTOPA AHTUHENTPUHO. 73, 75,

76
OWS outer water shield — Brermauit BOmAHON Oy dep. 77
PPO 2,5-mudennnokcazon, C;H;NO. 75

PWR pressurized water reactor — sinepHbBI#l peakTop, B KadecTBe 3aMEJIUTE/sT HEHTPOHOB B

KOTOPOM HCIOJIB3YEeTCsT BOJIa 110, AaBjenueM. 22, 36, 224
RRM reactor rate modulation — momyssiiiust moToKa peakTOPHBIX aHTHHEATPUHO. 55
SSV stainless steel vessel — konTeltrnep us Hepxkapetoeit craau. 74

Vogel nabop mozeneit criekpos anTuHEATPUHO [67] OT siepHOrO peakTopa, MOJyICHHBIX METO-
23577 23877 239
JIOM CyMMUPOBaHUsl. BKJIO9aeT CHeKTpbl st gessinmmxcda usoronos < U, “CU, ““Pu u

2Py, Cm. Takske paszges 1.3 n mabuuy 1.3 Ha crpamume 33. 32, 33
bis-MSB 1,4-6uc(2-meruncrupui)benzon, CyHy,. 75
h.c. Hermitian conjugate — 3pMHTOBO-CONPSIKEHHAS FACTh. 12

nGd Tun orbopa coOBITHI HEATPUHHBIX IKCIIEPUMEHTOB, UCIOJIb3YIOMUX T IO TUHUEBBIA KU
kuit cimaTIIIATOD. [Ipn anaause nGd orbuparorca Takue cobbiTusi obpaTHOro HGeTa-pac-
IIaga, IIpu KOTOPBIX HeﬁTpOH 3aXBaTbIBaCTCA Ha I'aJOJMHNN 1 BbI3bBIBACT SaHaS,ZLbIBaIOH_[I/Iﬁ

CUTHAJ cO cpejiHell sneprueit okoso 8 MaB. 55, 69, 70, 192

nH tu or6opa cobbITHi 9KCIEPUMEHTOB, UCIOIB3YIONUX (a0 TUHUEBbIH ) JKUAKUN CIITHTHILI -
top. Ilpu anamusze nH orbuparorcest Takue cobbiTusi 06paTHOTO beTa-paciaia, Tpu KOTOPBIX
HEUTPOH 3aXBaTBIBAETCS HA BOJOPOJE, 00pa3ysi fefiTepuil U BLI3bIBas 3ala3 bIBAIOIINN

CUTHAJ cO cpeiHell aneprueit okoso 2.2 MaB. 54, 55, 69, 70, 74, 79, 80, 192

n.d.f. number degrees of freedom — uwncso creneneit ceobomabr. 168, 170, 173, 183, 188

AKY automated calibration unit (ACU) — aBroMaruteckoe KaaubPOBOTHOE yCTPOHCTBO. 75,

76
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AIC aromuas ssrekTpocTanmms. 2325, 45, 48 50, 52, b4, 63, 64, 71-73, 94, 103, 105, 111, 117,
227

BB3P Bomo-BosmsHOM 3HEPreTHYECKUT PEAKTOP — oTevdecTBeHHbIN peakTop Tuia PWR. 22

KC xunkuit crimaTmasitop. 44, 45, 48-51, 54, 65, 73, 75, 89

KKM (marpuna cmemmbanust) Kabub6o-Kobasimu-Mackasbr. 14

M.B.3. METP BOJHOTO SKBUBAJIEHTA — NPUHATAas B (DUBUKE eIUHUTIA U3MEPEHUs KOIPDUIMEenTa
MTOJTABJICHU ST KOCMUIECKOTO U3JIYUCHUS, UCTIOJAb3yeMasl NI XapaKTePU3AITUN 3aITAITICHHO-
CTH TIO/I3EMHBIX j1abopaTopuit. st TaHHOrO IPyHTAa OIPE/IeIIeT BLICOTY BOASHOTO CTOI0A,
0618 TAT0ITEr0 IKBUBAJEHTHON MOJAABIISIONIER CIIOCOOHOCTBIO IO OTHOIIEHUIO K KOCMUYe-

CcKOMY m3JiydeHwmio. 48, 51, 73

MCB (3¢dpderr) Muxeesa-Cmuprosa-Bosbdentreitna. 19, 67

HWN wopmanbHas wepapxus Macce Hefirpuno. 17, 55, 57-5H9, 66, 226

OBP o6parusiit Gera-pacta. 11, 23, 37, 39-44, 47, 48, 54, 63, 65-70, 73, 74, 78, 79, 82-85, 87,
91, 95, 97, 98, 104, 113-117, 119, 120, 122, 124, 133, 134, 166, 167, 170, 172, 182, 183, 188,
189, 226-228

OU obparnas mepapxus macc merrpuno. 17, 55, 57-59, 66, 226

04T orpaborasiree simepHOe TOIUBO. 23, 24, 36-38, 95, 103, 112, 122, 124, 173, 226, 227

ITATII flash analog-to-digital converter (FADC) — napajuienbhbiii anaaoro-nmudgposoit mpeob-

pazoBaTesb. 89
IIMHC (marpuna cmemupanust) [Hourekopso-Maku-Hakarape-Cakarer. 9, 14, 18, 66

IO mporpanioe obecteenne. 8-10, 103, 104, 106-109, 124, 125, 127, 128, 133-139, 141, 145,
165-167, 172, 174, 196, 197, 218, 226

IIIP mranoBo-tipemynpenuTenbabie paboTer. 24

PIIK resistive plate chamber (RPC) — pesucrtupnas miockast kamepa. 77
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b.3. HoTO3IEKTPOH — TIEKTPOH, UCIYIIIEHHBIM ATOMOM BEIECTBA O], BO3IEHCTBUEM CBETOBOMN
snepruu. 75, 88

DY photomultiplier tube (PMT) — dorosnekrponnsiii ymuoxkurens. 44, 45, 48, 50, 51, 63,
74, 75, T7, 82-84, 87-89. 91
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