ZKIT®D, 2020, rom 158, Boi. 2 (8), crp. 282-294 © 2020

NMONCK HEMTPUHO YJ1IbTPABBLICOKNX SHEPTNA MO AAHHbIM
HA3EMHOW PELLETKWN 9KCMNEPUMEHTA TELESCOPE ARRAY

R. U. Abbasi ®, M. Abe®, T. Abu-Zayyad ®, M. Allen*, R. Azuma ®, E. Barcikowski ®,
J. W. Belz®, D. R. Bergman ®, S. A. Blake®, R. Cady *, B. G. Cheon *, J. Chiba ¢,
M. Chikawa *, A. di Matteo®, T. Fujii *, K. Fujita®, R. Fujiwara®, M. Fukushima ¢,
G. Furlich®, W. Hanlon*, M. Hayasht ®, Y. Hayashi ®*, N. Hayashida *, K. Hibino ¢,
K. Honda ®, D. Ikeda ®, N. Inoue®, T. Ishit*, R. Ishimori®, H. Ito*, D. Ivanov ¢,
H. M. Jeong“®, S. Jeong®, C. C. H. Jui*, K. Kadota *, F. Kakimoto ®*, O. Kalashev ¢,

K. Kasahara ®, H. Kawai®, S. Kawakam: *, S. Kawana *, K. Kawata ®, E. Kido*, H. B. Kim ¢,
J. H. Kim®, J. H. Kim*, S. Kishigami ®, S. Kitamura®, Y. Kitamura®, | V. Kuzmin|®,
M. Kuznetsov?®, Y. J. Kwon®, K. H. Lee ®*, B. Lubsandorzhiev®, J. P. Lundquist ®,

K. Machida ®, K. Martens ®, T. Matsuyama ¢, J. N. Matthews ¢, R. Mayta *, M. Minamino ¢,
K. Mukat ®, I. Myers®, K. Nagasawa *, S. Nagatak: ®, K. Nakat*, R. Nakamura ¢,

T. Nakamura ®, T. Nonaka ®, H. Oda®, S. Ogio ®, J. Ogura ®, M. Ohnishi®, H. Ohoka ®,
T. Okuda ®, Y. Omura®, M. Ono?®, R. Onogi *, A. Oshima *, S. Ozawa ®, I. H. Park “,
M. S. Pshirkov ®, J. Remington ®, D. C. Rodriguez ®*, G. Rubtsov®, D. Ryu®, H. Sagawa ®,
R. Sahara®, K. Saito®, Y. Saito®, N. Sakaki*, T. Sako®, N. Sakurai®, L. M. Scott ?,

T. Seki *, K. Sekino®, P. D. Shah ®, F. Shibata ®, T. Shibata *, H. Shimodaira ®*, B. K. Shin ¢,
H. S. Shin®*, J. D. Smith *, P. Sokolsky ®, B. T. Stokes ®, S. R. Stratton®, T. A. Stroman ¢,
T. Suzawa ®, Y. Takagi *, Y. Takahashi *, M. Takamura ®, M. Takeda ®*, R. Takeishi “,

A. Taketa ®, M. Takita®, Y. Tameda ®, H. Tanaka ®, K. Tanaka *, M. Tanaka ®, Y. Tanoue ¢,
S. B. Thomas®, G. B. Thomson ¢, P. Tinyakov®, I. Tkachev *, H. Tokuno ¢, T. Tomida “,
S. Troitsky ®, Y. Tsunesada ®, K. Tsutsumi®, Y. Uchihori®, S. Udo ®, F. Urban “,

T. Wong“, K. Yada®, M. Yamamoto *, H. Yamaoka ¢, K. Yamazak: ®, J. Yang®,

K. Yashiro®, H. Yoshii®, Y. Zhezher ®*, Z. Zundel ®

@ Authors and Affiliations see below

ITocrynuna B pemakiuio 9 mas 2019 1.,
nocjie niepepaborku 24 ssuBaps 2020 1.
ITpunsra k nybaukanuu 29 auasaps 2020 r.

DOI: :10.31857_/80044451020080052 > 10'® 3B), nosydeHHbIli C MCNONBb30BAHMEM [aHHBIX AeBs-

Tn net paboTbl Ha3eMHOl pewweTku skcnepumeHTa Telescope

Annoranus. Mpeactasnen sepxuuii npeaen Ans no- Array, 11.05.2008-10.05.2019. lNMpouenypa nonyyeHnsi BepxHe-

TOKa HUCXOASILUMX HEWTPUHO YIbTPaBLICOKNX 3Hepruii (B > _
ro npefena AJsi NOTOKA HeliTPMHO OCHOBaHA Ha OLHOM U3 Me-

- - . TOAOB aHAIN3a MHOTOMEPHbIX AAHHbIX — YCUJIEHHbIX AEPEBbAX
E-mail: zhezher@physics.msu.ru

282


http://dx.doi.org/10.31857/S0044451020080052

MITP, Tom 158, Boi. 2 (8), 2020

[Tonck HelTPUHO YNbTPABbLICOKUX SHEPTUIA. . .

pewenuii. MpoTOH-HERTPUHHbLIN KnaccudrkaTop NOCTPOEH Ha
LWeCTHAALATU NepPeMEHHbIX, YYBCTBUTEbHbLIX K NapamMeTpam
dpoHTa WMPOKMUX aTMOCKPEPHbIX JINBHER 1 (DYHKLMM norne-
peYHOro pacnpegfeneHus.

1. BBEAEHUE

Telescope Array (TA) — cawmbrii Gosbrmoit Kcie-
PUMEHT TIO0 HCCJIEJOBAHUI0 KOCMUYECKUX JIydeil YJIbT-
pasbicokux suepruii (KJIVBY) B Ceseprom mostyma-
pUH, PACIOJIOXKEHHBIH psyiom ¢ 1. denpra, mrar FOra,
CIITA [li. DxcriepnMenT mpeHasHAYEeH JUTst PerucTpa-
mun mupokux armocdepubix smsHedr (IIIAJI), xac-
KaJIOB BTOPUYHBIX YaCTHIL, POXKJIAIONIIXCS DU B3aU-
MOJIECTBAN KOCMHUYECKUX JIyUueil ¢ SHEPIUsiMU BBIIIE
10" 5B ¢ armocdepoii 3emsn. IHupokue armocdep-
HBI€ JINBHU PETCUCTPUPYIOTCs IBYMsi CIIOCOOAMIE: ILIOT-
HOCTH YACTUIl HA YPOBHE 3€MJIM U BPEMEHA IIPUXO-
J1a, U3MEPAIOTCH PEIIeTKON Ha3eMHBIX JIeTEKTOPOB [E_Z],
a (bJIyOpecCIeHTHOe W3JIydeHue OT MOJIEKYJI BO3JyXa,
BO30OYXKJ/IAEMBIX U HOHU3UPYEMBIX ITIPU [TPOXOZKICHIN
qacrul [ITAJI, perucrpupytorcs 38 dbiryopeciieHTHbIMU
TeJIeCKOITaMU, CIPYIIIUPOBAHHBIMUA B TPHU CTAHIUH —
Middle Drum, Black Rock Messa u Long Ridge [3]. Oz-
HOBPEMEHHOE HUCIIOJIb30BAHNE HA3EMHBIX JIETEKTOPOB U
IIYOPECIIEHTHBIX TEJIECKOIIOB MTO3BOJISIET UCCIEI0BATH
TITAJI B Tak Ha3BIBAEMOM TUOPUIHOM PEKUME.

Hazemuas pererka sxcuepumenTa coctouT u3 H07
JIETEKTOPOB, PACIIOJIOXKEHHBIX B y3J/1aX KBaJPATHOI pe-
meTku co croponoit 1200 M. Kaxknasi craniiusi HazeM-
HOIi PEIeTKN BKJII0YAeT B ¢e0s JIBa CJIOsT TIJIACTUKOBOTO
CHUHTH/UIATOPA TOIIMUHON 1.2 ¢M ¢ IIomanpio 3 M2,
OCHAIIEHHBIX (DOTOYMHOKHUTEJISIMHU.

B actpodusuke xocMutueckux Jiyueil yabTPaBbICO-
KUX SHEPruil, HeCMOTPsI HA JECSATUIETUS UX UCCJIEI0-
BAHUI, CYIECTBYET Psij BOIIPOCOB, OTBETOB HA KOTO-
pble J10 cux nop He nosydeHo. [lo-npexkaemy Henzsect-
uel ucrounuku KJIVBY u MexanusMmbl, OTBETCTBEHHDIE
3a HAOJIIOJaeMBIll TIOTOK KOCcMuYecKux Jydeit. Heman-
Hee OOHAPYKEHUE JIUIOILHOM AHM30TPOIINH HAIIPABJIe-
HUIl TPUXO/Ia KOCMUYIECKHUX JIydeil obcepBaTopueil mM.
IIvepa Oxe ['(_1.'] YKa3bIBaeT HA BHETAJIAKTUIECKOE IIPO-
ucxoxkgeane KJIYBD. M3-3a cBoux cBoiicTB HeitTpu-
HO SIBJISIIOTCSI OJIHUM U3 CAMbIX 3(DPEKTUBHBIX HHCTPY-
MEHTOB JIJIsI UCCJIEJIOBAHUS MOJEJIel KOCMIUIECKIX JIy-
4ell y/IbTPaBbICOKUX SHEPIruii [5—6] Heitrpuro u doro-
HBI POXK/IAIOTCS B 8JIPOH-3JIPOHHBIX U (DOTOH-AIPOHHBIX
B3aMMOJIEHCTBUAX Uepe3 POXKJEHNEe IMMOHOB U KAaOHOB.
B orimune or dhoronos, sumnk HEOOBINAT YACTD HEli-
TPHUHO IMOTJIONIAETCS IPH PACIPOCTPAHEHNN K 3eMJle B
CUJTY MAJIbIX CEYeHUI B3aMMOJIEHCTBUS C APYTUME Iac-
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tunamu. HeTpuHO HE OTKJIOHSIOTCA B MATHUTHBIX 110~
JISIX, 8 3HAYWUT, UX HAIPABJIEHUs IPUXO/IA yKA3bIBAIOT
Ha BO3MOXKHbBIE MCTOYHUKA U MEXAHU3MBI YCKODEHUsI
EPBUYIHBIX YACTHUIL ['_df:_l-ij] Kpowme Toro, ecin moTok
[IEPBUYHBIX YACTUI] HE $IBJISETCH YUCTO MTPOTOHHBIM,
[IOTOK HEUTPUHO OyJeT B 3HAYMTEIBHOIl Mepe IOIaB-
sien. Takmm ob6paszom, UccIeI0BaHne HERTPUHO YIbTPa-
BBICOKUX 9HEPIHUil MOKET ObITh MPUMEHEHO B aHAJN3e
maccosoro cocrasa KJIYBD [14,15].

Heiirpuno yabTpaBbICOKMX SHEPrUil POKJIAIOTCI B
TpeX TUMAX UCTOYHUKOB U IIPOIECCOB.

1. Acrpodusuueckue HEHTPUHO POKIAIOTCS B &JI-
pounbix B3anmojeiictBusax KJIYBY ¢ uznydennem u
BEIECTBOM BOJIM3U UX acTPOMDUNIECKUX NCTOTHUKOB.
Haubosee MaoroobemaommuMm NCTOIHUKAMK ABJISIOT-
ca akTuBHBbIE Anpa rajaktuk (ALD) u ux nomkiacc,
6J1a3apbl, B KOTOPBIX HEHTPUHO POXKJIAIOTCS [TPU B3aHU-
Mozteitersun ¢ doromnbmvm nosvm AAT [6]; ckome-
HUSI TAJIAKTUK [:_fz:] U TaJIAKTUKN C AKTUBHBIM 3BE3/1000-
pasosanuewm [[8], B koTopbix mumensio st KITYBD
CIIy2KAT MEKTAJTaKTHIeCKass W MEeyK3BEe3/IHAsl CPeJIbl;
CBEPXHOBBIE [:_1-9'] U TUIIEPHOBBIE E.Z-Q], JJIATEIbHOE BPeMst
rpejjiaraeMble B KadecTBe YCKOpUTeJIeil KOCMUIEeCKIX
JIydeil; a TaKyKe raMMa-BCIIECKN [:_1-(_]']

2. [lepBuvHbIE YACTHIIBI U SJIPA, COCTABJISIIOIINE 110~
TOK KOCMHWYECKHX JIydeil, MOI'yT B3anMOJIefiCTBOBATH
C PEJINKTOBBIM U3JIy9YeHUEM U BHETaJIAKTUIeCKUM (Do-
HOBBIM H3JIyY€HHeM I[IPU pacripocTpaHennn Bo Bce-
slenHoil. [lepBudHble TPOTOHBI YYACTBYIOT B DPEAKITU-
AX C pOJeHmeM mHoHOB (p + v — p/n + n¥/7T),
B TO BpeMsl KaK sjipa IOABEpPrarTcs (HOTOIE3bIH-
rerpatun (A, Z2) + v — (A2 + (Z—-2Z")p +
+ (A—A'+7Z—2Z")n). ®oroasponnbie B3anMoeii-
CTBUsI TIPU BBICOKUX SHEPIUSX HPUBOAAT K POZKJIe-
HUIO MOTOKA TaK HA3BIBAEMBIX KOCMOTIEHHBIX HEHTpH-
o [21-23].

3. HeiiTpruno yapTpaBBICOKMX SHEPIUNl MOTYT POXK-
JaThCA B MOJIEJISIX PACIAIa MACCUBHBIX OOBEKTOB, Ta-
KUX KaK TsPKeJiasl TeMHasl MATePUs WA TOIMOJIOTTIe-
ckue JedeKThl [:_2-47:_2-5] B mporneccax suga D — v+ all
MM BO3MOYKHOM PEJIKOM Iporiecce D — 3v.

st moncka HeHTPUHO YIbTPABBICOKNX IHEPTHH OBI-
JIO IIPEJIJIOZKEHO MHOYKECTBO METO/I0B [:_2-9,',_37(_1] Heitrpuno
MOI'YT B3aHMO/IeiCTBOBATH ¢ arMocdepoit 3emin aepe3
sapsikennble (v + N — lepton + X)) u Heiirpasbhble
(v+ N — v+ X) toku (B masmbHelimeMm o6o3HATAE-
mbie CC u NC). DJieKTpOHBI U Tay-JIEITOHDI, POXKIAI0-
yecd BO B3aUMO/ICHCTBUAX Yepe3 HeldTpasbHble TOKH,
Tak Ke KaK U KOHEIHbIE MTPOYKTHl X aJIPOHHBIX B3aU-
MOJEMCTBUN POXKIAIOT MIUPOKKE aTMochepHbIe JIMBHH,
KOTOpPBIE, B CBOIO OYepe[lb, MOI'YT PErnCTPUPOBATHCS
pereTKaMu Ha3eMHBIX JIETEKTOPOB, (hJIyOPECIIeHTHBIMI
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TeJIECKOTIAaMU U paJjinoaHTeHHaMu. Takue HeHTpUHHBIE
COOBITHST OOBITHO HA3BIBAIOTCS HUCXOISIIITIMHU.

ITockonbKy cedeHme B3aUMOIECHCTBUST HEHTPUHO C
BOBJIYXOM TI'OPa3/I0 MEHbIIE, YeM sl HPOTOHOB HJIH
sgep [B1], BEPOATHOCTH DPOMKIEHMS IHPOKHX ATMO-
cepHbIX TuBHEH TakKe mofgasena. s mpeogosrenms
JAHHOI IPOBIeMBI 6b1T0 IpeIozKeno [33,33] nabmomne-
Hue nHuIMupoBaHubix Helirpuno [TTAJT mox 60sbmvu
3EHUTHBIMU YIJIAMH, 9TO YBEJIUIUBAET IJIyOMHY aTMO-
cdepbl, KOTOPYIO MPOXOAAT HEWTPUHO 0 B3aUMOJIEH-
crTBUsi. BeposiTHOCTH B3amMOMENCTBUsT i HEHTPUHO
[IOCTOSTHHA B JIIOOON TOYKE WX TPAEKTOPUU, UTO I03-
BOJISIET OTJIMYUTH WHUIUMUpOBanubie Heirpuno [TTAJI,
[TOCKOJIbKY OHU B CPeJIHEM Pa3sBHBAIOTCS TVIyOOKO B aT-
mocdepe, B OTJIndne OT JUBHEH, THUITUHPOBAHHBIX TTPO-
TOHAMU WJIU SIJIPAMU, PA3BUBAIOIIIXCS BBICOKO B ATMO-
cepe.

Taxxke HeiliTrpurOo MoryT mHunuuponarh IITAJI B
CC-B3anMOAEHCTBUSIX C BEIIECTBAMM, COCTABJISTIONTIMI
3eMHYIO KOpPY. Takme cOOBITHSI HA3BIBAIOTCS CKOJIH3SI-
mumu. OHI OOBIMHO BO3HUKAIOT OJIM3KO K TOYKE BBIXO-
Jia HERTPUHO U3 3eMJIU, U MIHPOKUT aTMoChepHbIil Jin-
BEHDb PAa3BUBAETCsSI CHU3Y BBEPX B aTMocdepe. B To Bpe-
MsI KaK MIOOHHOE U 3JIEKTPOHHOE HEHTPUHO POXKIAIOT
KaCKa/Ibl, PA3BUBAIOIINECS BHYTPH 3EMJIH, Tay-HeHTPHU-
HO POXKJIAET Tay-JENTOH. XapaKTepHas JIJINHA B3aMO-
JeficTBuS Tay-JIelITOHA COCTaBseT opsaka 20 KM, ITO
OKa3bIBAETCs JTOCTATOYHBIM JIJIsT BBIXOJIA M3 KOPBI 3€M-
om n poxenna IITAJT [34,55].

N BO3MOXKHO HAOJIONCHWE PAIUOU3JIYUCHUS IIPU
[IPOXOXKJIEHUH HEWTPHUHO Yepe3 IJIOTHYIO CPejLy, TaKyIo
KaK JieJ[ WU JIyHHBII PErOJIUT, BI3BAHHOTO 3(DdHeKTOM
Ackappsana [36]. B addexre Ackapbsua KorepenTHoe
YEPEHKOBCKOE M3JIyYeHUE BHI3BAHO IIPOXOXKICHUEM Tac-
THIL IePe3 CPeJIy CO CKOPOCTIMHU, OIM3KIUME K CKOPOCTH
CBeTA.

Panee monck HEATPUHO B KOCMUYECKUX JIydaX IIPO-
BOJIJICA PsiIOM KCIIEPUMEHTOB. Ha yIbTpaBBICOKMX
SHEPIUSX IOJYYEHBl PE3yJIbTaThl B IKCIEPUMEHTAX
Fly’s Eye [37], HiRes [38], Westerbork Synthesis Radio
Telescope [39], RESUN [d0], LUNASKA [ii, 9],
RICE [:4-?3‘], a Takxke B obcepBaropum um. Ilbepa
Oxe ['3.4-2_;, 5], ARIANNA [d6] u B sKcmepumenTax
na posmymmbix mapax ANITA [47], ANITAIL [48] u
ANITAII [49]. Ha macrosmmii MOMEHT He HafieHo
HeitTpuHO ¢ smepruayu Bemme 10'° 3B um mocrammens
BEpXHUE TIPeIesbl 1yt TuddepeHInabLHOTo TOTOKA.

Ha sneprusx ot TaB o 1IsB pesyabrarst Obuin mo-
ayvensl B sxcnepumente Askaryan Radio Array (ARA)
[50, 51, Teneckonon ANTARES [52] u o6cepsaropuei
IceCube [',_5-2;] IToTox acTpodusutecknx HEHTPUHO, ITPe-
BBITTAIONTIH aTMocdepHbIii (hoH, ObLT HAllIEH B IKCITE-
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pumente IceCube [',_5-4_:] 110 JTAHHBIM Tpex JieT padboTsl. [1o
JIAHHBIM IIECTH JieT 00cepBaTopuu 0OHAPYXKEHO 82 COo-
OBITHSI, ACCONMUPOBAHHBIX C ACTPOMUINIECKIMU HEHT-
puno [55], BK/IOYAs Ba COBBITHS ¢ SHEPIUSIME BBIIIE

1 IIsB u 2 IIsB [36].

Jlannasi pabora IIOCBSINEHA ITOUCKY HUCXOJISIIIX
HEHTPUHO YIBTPABBICOKAX SHEPIHIl [0 JAHHBIM HA3EM-
HOI pernerku 3KcrepuMenTa Telescope Array [}_Z] Uc-
[IOJIB3YIOTCS JIAHHDIE JIEBATU JIeT PabOThI SKCIEPUMEH-
Ta ¢ 11 maa 2008 r. mo 10 maz 2017 r. Ilockombky
GbJryopecrieHTHBIE TeJIeCKOIBI paboTaloT TOJHKO B UUC-
Thle OE3JTyHHBIE HOYUM, UX PADOIHH UK COCTABJIAECT
okoJ10 10 %, B TO BpeMst KaK Ha3eMHBIE PEIeTKH pabo-
TatoT 10 95 % Bpemenu, 9To JaeT 3HAYUTEIbHbBI BHIUT-
PBIII B CTATUCTUKE IIPHU UCIIOJIF30BAHUN UX JAHHBIX.

Hawnbosee «yBcTBUTENIHHON TIEPEMEHHON K COCTaBY
[IEPBUYHBIX JACTHUIL SIBJISIETCS TIyOMHA MAKCUMYyMa Pas3-
putusg IIAJI, X4z, U HET TaKuX HAOJIIOIAEMBIX, KO-
TOPBIE MOXKHO OBLIO OBbI MOJIy9IHTh U3 JIAHHBIX HA3EM-
HOM pemreTKd U KOTOpbIe ObI OLLIN CPABHUMBI ¢ X ax
1o 3¢ dekTuBHoCcT. AHAIN3 JTAHHLIX OCHOBAH HA HC-
[TOJIB30BAHUN METO/[a AHAJIN3a MHOTOMEPHBIX JIAHHBIX,
yemnennprx nepesbax pemenuit (YIP) [57,58], mocrpo-
eHHbIX Ha 16 HaO0MaeMbIx. KaxK oMy COOBITHIO KJ1ac-
cnUKATOP TPUIIICHIBACT BEJIUINHY &, TTO3BOJIAIONIYIO
PA3JIMIUTH PAa3HBIE TPEJITOJIOKEHIS IPU OJJHOMEPHOM
aHaJm3e.

CraTbst MMeeT CJIeIYIONYI0 CTPYKTYPy. B pasm. 2
OIMCHIBAIOTCS HAOOPBI JTAHHDBIX U MOJIETbHBIX COOBITHIT
Monte-Kapso. B pazza. 3 ommchkiBaeTcst MeTO/T, aHAIH-
3a MHOTOMEDHBIX JIAHHBIX U €r0 MPUMEHEHUE K MOUCKY
HeTpuno. Pe3ynbTaThl mpeacTaB/iensl B pa3s. 4.

2. HABOP JAHHBIX 11 MOJAEJINPOBAHUE

2.1. DKcriepuMeHTAJIbHbIE JIJaHHbIE

B mporenype anasmsa Jjis OMCKa HEATPUHO YJib-
TPaBBICOKUX HSHEPIHil HUCIHOJIL3YIOTC JIAHHDBIE JIEBs-
TH JileT PabOThl HA3EMHOW PEIeTKU IKCIEPUMEHTA
Telescope Array ¢ 11 mas 2008 r. mo 10 mas 2017 r.
Kaxkmoe cobbiTre coCTOUT mM3 BPEMEHHBIX pPa3BEPTOK
CUT'HAJIA ¢ BEPXHETO U HUXKHErO CJI0eB jierekropa. Cur-
HaJl 3aIlUCBIBACTCS IPU MOMOIK 12-OUTHBIX aHAJIOrO-
Bo-1dpoBeIx 1peobpazosareseil (FADC) ¢ wacroroii
guckperusaruu 50 MI'y u nmpeobpasyercst B MUHIMATIB-
1o nonusupyomue dacrurpl (MIP) na stane kagmubpos-
ku [2]. JlerekTop cumraercs cpaGoTABIIEM, €CIIH CHI-
naJj npessimaer 0.3 MIP.
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2.2. PekOHCTpYKIIUsI 1 KpuUTepuu orbopa
COOBITHIT IO KAa4eCTBY

Kaxkmoe cobObITre HA3eMHON PEIIeTKH COCTOUT U3
Habopa HabJoaeMbIx t; (1;) u S; (r;), vae t; (r;) — Bpe-
ms npuxoga [ITAJT ua i-it merekrop cobbitus, S; (r;) —
CUTHAJ C JIAHHON CTAHIUH. DTH BEJIMYUHBI UCIIOJIhb-
3YIOTCs JIJIsi OJTHOBPEMEHHOI AIIPOKCAMAIUU (DPOHTA
JuBHs U GyHKIMHU notepedroro pacupeesenns (PITP,
LDF). ®poHT JMBHS AlPOKCUMUPYETCS TIPU TTOMOTITH
sMnupuydeckux OYHKINHA, TPeIJIoKeHHbIX JImHC [',_5-9']
u 3areM MOIUMUIITPOBAHHBIX B 3KciepuMenTe AGASA
[:_6(_1] ITapamerp Ssgo, 3HAYTEHNE CUTHAJIA HA PACCTOSTHIN
800 M OT ocy JIMBHS, HOJIYYaeTCsI N3 BeJMINHbBI CUTHa-
Jla Ha CYETYHNKAX BMeCTe ¢ MHMOPMAIUeil 0 reOMeTpun
JINBHSI U UCHOJIb3YETCs JIIsl OIPE/IEIeHNs] SHEPIUH CO-
Gurrust [B1].

Taxeke 1151 CpaBHEHUS € TAHHBIMU CO31aHBI HAOOPHI
MozenbHbIX cobbiTuit Monre-Kapio ¢ ucrnosgs3oBanm-
em makera CORSIKA [p3] u monemmposanuen orTkim-
Ka jieTeKTopa Ha ocHose nakera GEANT4 [53]. Cobbi-
tust Monrte-Kapno moasepraiorcst Toii Ke mporierype
PEKOHCTPYKIIUU, YTO U SKCIIEPUMEHTAJIbHBIE TaHHBIE.

ITapamerp KpuBm3HBI JIuHCIN TOTydaeTcs dYepes
CJIEJTYIONIYIO AIIPOKCUMAIIIIO (PPOHTA JINBHS C UCIIOIb-
zoBaanem DIIP ¢ cembro cBOOOIHBIMU TTApaMETPAMH,
Lcores Yeores 97 ¢7 S8007 t07 a [54:]

t(r) = to + tpiane + a (1 +7/Ry) P LDF (r)" %% (1)

S (T‘) = 5800 LDF (T‘) 5 (2)

—1.2 —(n—1.2)
() )
7’2 —0.6
1+ — 3
<(1+7) @
i 1
plane — E n- (Ri - RCOTE) )
R, =900wM, R;=1000m, Rp=30wMm,

n=397—1.79 (secf — 1),
r= \/(Rz - Rcore)2 -

TJIE Xcore U Yeore OIPEETSIOT IIOJIOKEHHE OCH JIUB-
H, X; U y; — IOJIOKEHUE KaxKJION0 U3 JIETEKTOPOB
CcOOBITHS, TIOJyIYeHHOe 13 (PUKCHPOBAHHON 3apaHee Cu-

(l’l : (Rz - Rcore))27

crembl KoopjuHat ¢ neaTpom B Central Laser Facility
(CLF) [55], tplane — BPEMsl IIPUXOJIA IJIOCKOIO JINBHSI
HA PACCTOSHUU T, N — EJUHUYHBIN BEKTOP B HAIIPABJIC-
HUU [IPUX0JIa IEPBUIHON 9aCTHUIIBI, ¢ — CKOPOCTH CBETa,
a — napamerp KpuBusHb! JIuHCTH.
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K cobpiTusiM TpUMEHSTIOTCST CJIeIYIOINe KPUTEPUH
oTbopa 10 Ka9eCTBY:

1) cobpiTre BKIIOUAET B cebs MATH WM GoJiee Cpa-
0OTaBIIUX CTAHIINIA;

2) 0 € [45°;90°];

3) PEKOHCTPYMPOBAHHOE TIOJIOXKEHNE OCU JIMBHS Ha-
xouTcs Ha paccrosinuu He Menee 1200 M oT Kpast pe-
MIETKU;

4) sapdbexrusroe snauenne x2/d.o.f. He npesbIIaeT
5 JiJIsi COBMECTHOI allIPOKCUMAIIMN M€OMETPUH JINBHS
u OITP.

CobObITust He OTOUPAIOTCS 110 SHEPIUU, U [TOCJIE IIPU-
MEeHEeHUsI KpuTepueB HabOp JaHHBIX cojepkutT 197250
COOBITHIA.

2.3. MoaenaupoBanue metoziom Monte-KapJio

Habop wmomenbubix cobbituit Monte-Kapmo ObL1
CO3/IAH C MCIIOJIH30BAHNEM IIPOTPAMMHOI0 0OeCIIe e HusT
CORSIKA [64] ¢ momensivu mist QGSIJETII-03 [56]
BBICOKOYHEPTETHYHBIX  aJPOHHBIX  B3aUMOJIENCTBUIA,
FLUKA [52:, :§-§l] JUTl HU3KO9HEPreTUYHBIX aJIPOHHBIX
s3anvoieiicrsuit 1 EGS4 [64] mist siexTpomaramrhbx
porieccoB. B3anMoeiicTBUsT TEPBUIHBIX  HEHATPUHO
obecrieumpatorcst nuTerpanmeii maxera HERWIG [70]
B CORSIKA. Hecmorps na wuaaumuume 6oJiee HOBOI
Bepcun mojesn kinacca QGSJET — mupoko ucmolib3y-
emoit mogemn QGSJETII-04 [f]_]], [pebIIy A BePCUst
HAXOJITCS B OCTATOMHOM COTJIACHE C Janubivm [72] i
OXKUJAaeTCsd, YTO BEPXHUI Hpejes /s II0TOKa HelTpu-
HO MAaJIO 3aBUCUT OT UCIIOJb3YEMOIl aJJpOHHON MO/IC/IN,
9TO OTMEYEHO B pasi. 4.

Habop ™MomenbHBIX COOBITHI, WHUITUAPOBAHHDBIX
MEepBUYHBIMU  HelTpuno, cocrout u3 3000 smBHeil
CORSIKA B muamasone smepruit 3 - 1017-3 - 1020 sB.
[TockonbKy cedenme B3auMOJEHCTBUNI HEHTPUHO C
BO3/LyXOM MAJIO, [IEPBUYHbIE HEHTPUHO, «OPOIIEHHbIEY
B CORSIKA, ckopee Bcero, mpoityr uepe3 arMmocde-
py 3emum 6e3 B3ammojeiictBus. st obecriedeHust
B3aUMO/JICIICTBUA  BbBICOTA IIEPBUYHOIO  B3aUMOJIeli-
CTBUsI MOJIEJINPYETCS OTJAEJbHO U 3aTeM BPYUIHYIO
durcupyercas 8 CORSIKA.

[Iporerypa cocTOUT U3 CIIE/LYIONUX IITIAN0B: IIPE/IIIO-
JjaraeTcd paBHOMEPHBIA IOTOK HEATPUHO II0 apoMaTaM
Ve ile:iVy iV Vp:iUp=1:1:1:1:1:1, Tun neiir-
PUHO [IPUIACHIBAETCS CIIY YailHbIM 00PA30M /151 KK 10~
ro cobbiTust. Takke cirydaifHbIM 0Opa30M BBIOMPAETCsT
seHuTHBIH yros 6 € [0;90°] B IpeiooKeHnH 0 PABHO-
pacupenesienun. JIjst TaHHOrO 36HUTHOTO yIJIa PAcCYu-
TBIBAETCs] KOJIMIECTBO MIPOIIEHHOIO BemecTBa, 1gim, -

Jlajiee, mporiecc MpOIOJIKAETCs, €CIH B3anMOJIeli-
cTBHE TPOM30ILIO B armocdepe. Beposgrnocts B3a-
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UMOJIEICTBUAS  OLPEJEAETCS  CJeAYIOmuM 00pa3oM:
Totm/Tint, tine Tine = (M/Na) /occ+NC, KOTUIECTBO
BEIeCTBA B NMPUOJIMKEHUN MaJOil BEPOSTHOCTU B3aU-
mogeteTBust Tyt /Tint < 1; M — cpenasist MosstpHAsT
macca Bo3uayxa; N4 — uncao Asorajpo. Ceuenus
B3auUMOJCHCTBUA HEATPUHO C HYKJIOHAMU OCC+NC
B3aTEI 13 3],

Sarem rirybuHa B3aNMOIEHCTBUS CJIydailHbIM 00pa-
30M BbIOMpaercst B gauanasone [0; Tyty,] 1 mosyverHoe
snavenne ukcupyercs Bo BxogaoM haitre CORSIKA.
CMoie/TupOBaHHbBIE JIUBHU UCIOJIB30BAJIUCH JIJIsI T€He-
paruu 80 MUJUIMOHOB COOBITUI HA3eMHOMN PEIeTKH IIy-
TeM CJIy9ailHOTO BapbUPOBAHUS IIOJIOXKEHUS OCU JINBHS
U a3UMYTaJbHBIX yIJIOB.

Habop cumbHO HaAK/TOHHBIX COOBITHH, THUITUAPOBAH-
HBIX ITIEPBUYHBIMU TPOTOHAMU, cocTonuT u3 2400 ymmBHei
¢ 45° < 6 < 90° B manazone suepruit 3-10'7-3-102° 5B,
KOTOPBbIE OBLIN «OPOIIEHBI» HA HA3EMHYIO PEIIeTKY KC-
nepumenTa 100 MILIHOHOB pa3.

Kak mrg mabopa HEHTPUHHBIX MOIEIBHBIX COOBI-
THUil, TAK U Jjis8 COOBITUN, BBI3BAHHBIX CUJIBHO HAKJIOH-
HBIMHU ITPOTOHAMHY, OOBITHOE IPEJICTABICHNIE aTMOC(he-
pbl B CORSIK A Kak I1JIOCKOTO JINCKa CTAHOBUTCS HEI(D-
(beKTUBHBIM TIpH OOJIBITNX 3€HUTHBIX YIJIaX U HEOOXO-
JIIMO yUIUTBIBATH TAKXKe KpUBU3HY aTrmocdepsl. B ma-
kere CORSIKA 3710 BO3MOKHO IIpU ITOMOIIHU CIIEIAA b
woit omruu tst armocdepst CURVED [52‘]

J1J151 SKOHOMUU BBIMUCJIUTEIHHBIX PECYPCOB IIPU CO-
3aHUN HADOPOB MOJEJBHBIX COOBITUN WCIIOIB3YeTCst
MIPOTIEIy pa CTATUCTUIECKOTO TPOPEXKMBAHIIS [:_74] Buwue-
CTO OTCJIE’KMBAHUS KaXKJIOW M3 MUJUIMOHOB YaCTHII,
poxkaatoruxcsd B ITAJI, Meros jeTajbHO MOJIETUDY-
€T TOJIbKO YaCTUIBl C YHEPIUSIMU BBIIE HEKOTOPOTO
npejesa, OpeeIdeMoro JI0Jaeil OT SHeprun IepBUYHON
qaCTHUIbI €;,. HuKe JaHHOTO IIpejiesia TOJIHKO OJHA U3
BTOPUYHBIX YACTUIL BEIOUPAETCS CIyIailHBIM 00pa30M 1
elf TTPUIINCHIBACTCS OMPEIeJICHHDIN BeC, ITO obecredn-
BaeT coxpaHenue dHeprun. B manHO# pabore ypoBEHD
HpPOPEXKUBAHMS BLIOPAH Kak €y, = 1076,

3arTem CBOICTBA JIMBHSI BOCCTAHABJIMBAIOTCS B IIPO-
1elype O0PATHOIO MPOPEXKUBAHIS [:_7-5_‘] Orkiuk Je-
TeKTOpa Mojesupyercst upu romoinu makera GEANT4
@-Z_))] Craryc n KaaubpOBKa JIETEKTOPOB B PEKUME pe-
AJIbHOIO BPEMEHU [IJIsl JIEBSTU JIET HAOJIIOIEHUN wuc-
MOJIB3YIOTCS It KAXKJIOI0 CMOJIEJIMPOBAHHOIO COOBI-

st [76].

2.4. HabarogaeMmble, 9yBCTBUTEJIbHBIE K COCTaABY
HEePBUYHBIX YACTUI]

Bo BpemMs peEKOHCTDYKIMHU CJIEYIOIIIE II€PEMEH-
Hble, YyBCTBUTEJbHBIE K COCTABY NEPBUYHBLIX YaCTHII,
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HIOJIyYaI0TCsl JIJIsI JIAHHBIX U J1JIsl MOJIEJIbHBIX COOBITHIA.

1. ITapameTp KpuBHU3HBI JIWMHCIH, OTIpEIEIEHHDBIN B
pasm. 2.2.

2-3. OrHomleHre IJIOMAAN CUTHAJA K €r0 MaKCU-
masibHOMy 3HadeHuio (AoP) ma paccrosamu 1200 M
u napamerp makiona AoP [74]. Ormomenne moma-
JU CUTHaJIa K €r0 MAaKCHUMAaJIbHOMY 3HAYEHUIO allpPOK-
CUMUDYETCsT JTUHEHHON (DYHKIMEHl pacCTOsHUS JO0 OCH
TITAJT:

AoP (r)=a— B (r/ro — 1.0),

rie o = 1200 M, ov — 3navenne AoP (1) Ha paccrosanm
1200 m, 8 — napamerp HakjaoHa AoP.

4. Yucsio cpaboTaBiux AeTeKTOPOB.

5. KommiaecTBo eTEKTOPOB, UCKIIOUEHHBIX U3 All-
npokcuMarmu (bpoHTa JIMBHS B MPOIEIAYpPe PEKOH-
crpyximn [78].

6. DdbdexTusHoe 3Hauenne x?/d.o.f.

7-8. Ilapamerp Sy jutst 3uadennii b = 3 uw b = 4.5
[.'_?9'], OTIPEJIEIIAEMBI CJIE/LYIONIIM 00Pa30M:

(2)]

rue S; — curHag i-ro jerekropa, r; [M] — paccrosnue

N

Sp=>"

i=1

i

To

OT OCH JIUBHS JI0 JeTeKTopa, 1o = 1200 M — xapaxTep-
HOe paccrostame. 3HadeHust b = 3 u b = 4.5 BeIOpaHbI
Kak obecrieunBaonue HauIydInee pas/ie/eHue MezK /Ly
Pa3IMIHBIMY [TEPBUYHBIMI YACTUIAMHA.

9. CyMMa CHUT'HAJIOB CO BCEX JIETEKTOPOB COOBITHS.

10. Acummerpust cUTHAJIA MEYKJYy BEPXHUM U HIZK-
HUM CJIOSIMU JIETEKTOPOB.

11.
BCEX aHaJoTOBO-TM(POBLIX IpeodbpasoBaTeseil co-
ObITHs. YMC/IO THMKOB YCPEIHSETCS IO BEPXHEMY WU
HUZKHEMY CJIOSIM BCEX JIETEeKTOPOB, YYaCTBYIOIMINX B
coobiTun. [luk B pa3BepTKe CHUTHAIA OIPEeIseTCs

IlomHoe KoOJMYECTBO THMKOB B pa3BepPTKaX

KaK BpeMeHHOW OwH ¢ curHasoM Bbime 0.2 BepTu-
KaJbHOTO 9KBHBaJieHTHOro MiooHa (VEM) B Tpex
[IPEJINECTBYIONINX U B TPEX IOCJIEIYIONUX OUHAX.

12. Komm4yecTBO MUKOB B JETEKTOPE € HAUOOIBITIM
CHUTHAJIOM.

13. KommiecTBO MMKOB, TPUCY TCTBYIOMINX TOJIBKO B
BEPXHEM CJIOE JIETEKTOPOB.

14. KommraecTBO MUKOB, MPUCYTCTBYIOMNX TOIBKO B
HU2KHEM CJIOE JIETEKTOPOB.

Bwmecre ¢ 3eHUTHBIM YTJIOM U TapaMeTpoM Sggg JaH-
HBbIE TIepEeMeHHbIe 00pa3yroT Habop u3 16 mabsromae-
MBIX, UCIIOJIb3YEMBIX JIJIsI IOCTPOEHNs KJIAaCCHMDUKATO-
pa. Bosee merambHoe ommcanune MOXKHO HaiiTn B pabo-

Te [,'_72] )
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3. METO/I,

3.1. YcuieHHbIe JiepeBbs penieHni

VcuileHHbIE JIePeBbs PEIeHnil — OJUH U3 METOI0B
aHaJM3a MHOIOMEDHBIX JAHHBIX, KOTOPBIA MMO3BOJISIET
3¢ deKTUBHO nCCIeN0BaATh JaHHbIE, OIIICHIBAEMbIE BEK-
TopubIMu HabsofaembivMu. YIP ucrons3ytores B 3a-
Jadax, B KOTOPBIX HEOOXOJNMO OIPEIeIUTh, OTHOCUT-
Csl JIU OIIPEJIeJIEHHOE COOBITHE K CUTHAJTY WU K (DOHY.
VcuiteHHble JepeBbs PEIIeHnii B IIPOIIJIOM yCIIEITHO HC-
[TOJIB30BAJINCH B Psifie 3a/ad, CBI3aHHBIX C aHAJM30M
JIAHHBIX KCIIEPUMEHTOB B 00/IaCTU U3y IeHNST KOCMITIe-
CKHX JIydeit [:_f@l,g(_i,'él:]

Kiraccudurarop, min gepeBo, CTPOUTCH CIIEIYIO-
muM 0bpas3oM.

1. s ka0l mepeMeHHoil HaXOINTCs 3HAYTeHne,
obecrieqnBarolnee HAWIYYIee Pa3eeHlne MeXKIy CUT-
wajgom u poroMm. OHO pasziessieT IOJIHBIN IUala30H
3HAYEHUIl Ha J[Ba /Mala30Ha, HA3bIBAeMbIX BeTBAMU. B
OJ/IHY BETBbH IOIAJET IPEUMYIIIECTBEHHO CUTHAJ, B JIPY-
ryio — GoH.

2. Asropur™M peKypCHBHO MTOBTOPSIETCST HA KaYKJIOMN
3 BeTBeH OO ¢ UCIOIB30BAHNEM HOBO ITepeMeHHOIH,
OO ¢ TIOBTOPHBIM MCIOJIH30BAHIEM TOM YKe CaMoii Te-
PEMEHHOI.

3. Ureparuu Oy/1yT MPOIOIKATHCS BILIOTH JIO JT0C-
TUKEHUsI KPUTEPHs OCTAHOBKU (HAIIPUMED, YUC/IA CO-
OBITHI, TTOMAIAIONINX B BBTBI)). Koneunwrit y3en na3bl-
BAETCS JINCTOM.

Epuamansiit kraccudukaTop MOXKeT OBITH HEIOCTA~
TOYIHO 3(PPHEKTUBHBIM B OTJACJICHAN CUTHAJA OT (POHA,
B Teopun Y/IP Takme kiraccuduKaTOphl HA3LIBAIOTCS
ciabpivu. 13 MHOXKecTBa €Ia0bIX KJIacCuUKATOPOB,
Jreca, MOXKHO TIOCTPOUTH OIWH CUJIbHGBIN. [lanHas umes
JIEZKUT B OCHOBE KOHIIEIIINN YCHUJIEHHS, WJIM OyCTUHTA.
Asroputym adaptive boosting (AdaBoost) [58, 82| npn-
MEHEH B JIAHHOM aHAJIN3€ C YUCJIOM JEPEBBEB B JIECy
Nrrees = 1000. B anropurme AdaBoost ciaborit Kiac-
cnuUKaATOP MHOTO Pa3 MPUMEHseTC K Habopy TpeHu-
POBOYHBIX JIAHHBIX, IIPU STOM KaXKJI0€ COOBITHE IOJIy-
qaeT Bec, Oyayun KJiaccuUIMPOBAHHBIM HEIIPABUIIb-
no. HoBbriit HaOOp TPEHUPOBOUHBIX JTAHHBIX CTPOUTCH C
[TOBTOPHO B3BEIIIEHHBIMU COOBITUSME, 1 TAKIM 00pa30M
yCpeJHeHrE 10 OOJIBIIIOMY YHUC/LY JIePEBbEB MO3BOJISIET
MTOCTPOUTDH 3P HEKTUBHBIN KTacCuUKATOP.

OKOHYATEIILHO, METO/] IPUIMCHIBACT KaXKJIOMY CO-
ObiTHIo 3HAUeHne £. & nexkur B ananasone & € [—1; 1],
npu 3toM & = 1 COOTBETCTBYET COOBLITHUIO-CUTHAJY,
¢ = —1 — cobbrTuio-domy.

B mammoit pabore npumensiercss meron ¥Y/IP u3 ma-
kera ROOT [83] Toolkit for Multivariate Data Analysis
(TMVA) [84]. Habopsr MO/ TbHBIX COOBITHIT /17151 HEHT-
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Puc. 1. (B ugerte onnaiin) Pacnpepenerne YAP-napametpa &

KaK (PyHKLUSI PEKOHCTPYNPOBAHHOIO 3EHUTHOMO yria ANs Ha-

6opos MonTe-Kapno (MC). Monyuernbiii Bug kputepust oyt

obo3HaueH 4epHoii nnHuell. HeliTpnHHbili Habop nokasaH 3e-

JIEHbIMU MIKOCaMK, HAbOP AN CUBHO HAKJIOHHbBIX MPOTOHOB —
KpacHbIMY KpecTamu

PUHO U CHJIBHO HAKJIOHHBIX IIPOTOHOB JIEJISATCSI COOT-
BETCTBEHHO HA TPHU W JIBE YaCTH C PABHOW CTATHUCTH-
koii. [lepBas qacTh B 000UX C/Tydassx UCTIOIB3YETCS JIJIsT
[TOCTPOEHUS U TPEHUPOBKY KJIACCU(PUKATOPA, OCHOBAH-
HOro Ha 16 TepEeMEHHbBIX, IEPEINCTEHHBIX B pa3. 2.4.
IIporomnubie cOOBITHS CIUTAIOTCST (POHOBBIMU, HEHTPUH-
HblE€ — CUTHAJIBHBIMU. BTOpast 4acTh UCIOJIb3yeTCs It
ONTUMU3AIIU KPUTEpUsi 0TOOPA KAHIUIATOB B HEHT-
puHHBIE COOBITHA. TpeThbs JacTh HEHTPUHHOTO HADOPA
UCIIOJIB3YeTCs Ui pacdera sKcro3urun. [locrpoennbrit
KJTACCU(DUKATOD MPUMEHSIETCs KaK K JTAaHHBIM, TaK U K
ocTaBIIUMCs JacTaM HaboposB Momnrte-Kapio.

Pacmpenenenne mapamerpa £ 10 3€HUTHBIM YTJIAM
st mabopos Monre-Kapio mokazano ma puc. :11' Hetir-
pUHHBIE COOBITUSI TTOKA3aHBI 3€JIEHBIMU ILIIOCAME, CO-
OBITHS JIJIS CHJIBHO HAKJIOHHBIX IIPOTOHOB — KPAaCHBIMHI
kpecramu. Touxn (€, 6) ncmomap3yoTes A1 ONTIMHA3a-
U KPUTEPUSI.

3.2. OnTuMu3anusa Kputepus ordopa
KaHINIaTOB B HENTPUHHBIE COOBLITHUSI

ITapamerp &,
pasa. 3.1, 3areM wucHoJb3yeTrcd i IIOUCKA KaH-
JAATOB B HEHTPUHHBIE COOBITHA. JljIs 3TOTO MBI
ompeiesisieM KpuTepuii orbopa coObIThil 10 &, 3aBUCS-

MOJIYYEHHBIIT 110  Pe3yJIbTaTam

MK OT 3€HUTHOTO yTJa. B KadecTBe HyJIeBO# TUITOTE3bI
[IpU TIOMCKE KPHUTEPHUs WCIIOJIb3yeTCs HAaOOp CHUIBHO
HaKJOHHBIX coObITu#l MonTe-Kapsio, wmHummmposan-
HBIX HEPBUYHBIMU IIPOTOHAMHU, KaK HAOOD NMaHHBIX, B
KOTOPOM OTCYTCTBYIOT HEHTPUHHBIE COOBITUA.
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B rakom ciaydae kamammaT B HEHTPpUHHOE COOBITHE
JIOJKEH uMeThb mnapamerp &, Goubinuii, gem .. (6),
UMEIOIINI BUJT KBaIPATUIHON (DyHKIUN:

gcut (0) = 50 + 519 + 5292.

Bugn dbyukuuu . (f) oupemensierca myrem mu-
HUMU3AIAN OIEHOIHON (DYHKIINNA, COOTBETCTBYIOIIEIt
CpeJIHEMY OXKMJIAeMOMY 3HAYEHUIO BEPXHEro IIpejeJia
it moToKa HeiTpuHo. OIEeHOYHYI0 (QYHKIUIO MOXK-
HO HOJIYYNTH cjeayiomumM obpasom. Ilpesmonaraorcs
HEKOTOpbIe Hada bHble 3Hadenus &y, & n £ Kak uc-
XOJIHAST TOYKA JJIs onTuMu3anuu. [IpumMeHsist «HaqaIb-
uelii> kpurepnit £, k naGopam Monre-Kapio s
[IPOTOHOB U HEHTPUHO, MOXKHO IOJIYYUTH KOJUIECTBO
coOBITHII Ny U Ny, YIAOBIECTBOPAIONIIX €MY.

Bemmumra n, mponoprimoHasbHa SKCIO3UIUKA Ha-
3eMHOM PENIeTKN 0 OTHOIIEHHIO K HeiTpuao. Konntie-
CTBO KaH/IW/IATOB B HEHTPUHHBIE COOBITUS T10JIyYIAeTCs
u3 Np: CPeJH COOBITHII <«HYJIEBOH T'HMIIOTE3bI», yJOBJIe-
TBOPSIONINX KPUTEPUIO, OYAYyT U HEHTPUHHBIE, U IIPO-
TOHHBIE COOBITHS, HPOIIE/IINe 0TOOP B CUJLy HECOBED-
IIEHHOT'O PAa3/IeJIEHNs MEXK/Iy IPOTOHAMHU W HEHTPUHO
mo mapamerpy &. Uucsio KaHIUIATOB B HEHTPUHHBIE
COOBITHSI CIUTAETCS 11yaCCOHOBCKOM CJrydailHON Besu-
YUHOM ¢ HaOJIOZAEMBIM YHCJIOM COOBITHIA 7,, HOPMH-
POBaHHBIM Ha CTATUCTHUKY SKCIEPUMEHTA.

ITockombKy My BCerja MaJio, MBI IIDUMEHAEM CTa-
tuctuky Penbamana—Kazunca [55] IJISL OIIPEeIC/ICHUST
BEPXHErO NpPeJeJia Ul CPEIHero 3HaueHus (n,) Ha
yposHe mocrosepHocTn 90 % MyacCcOHOBCKOM Corydaii-
HOIl BEJTMYMHBI C HAOJIOIAEMBIM YHCIOM COOBITHII Ny
U OXKUJIAEMBIM 9UCIOM (DOHOBBIX CcOOBITUN b = (.

OkoHYATE/IBHO, OIleHOYHAST (DYHKIUST UMEeT CJIeILy-
TOIIUIT BUJI;

fmerit (507517627 0) = Ma

v

(4)

¥ MAHUMU3UPYETCA IIPU IIOMOIIN aJITOPATMa CUMILJICK-
ca [86].

[TosrygerHbIif TOC/IE MUHIMU3AIUN KPUTEPUH Epyyp =
= 0.3161 + 0.06126 + 0.00766> nokazam ma puc. i.

3.3. BeruuciieHue 3Kkcrno3uimn

leomerpuyeckast 9KCIO3UIUS it AEBSITHA JIET Ha-
6stroternit HazeMHol pererku Jist 0° < 6 < 90° paBHa
Aggocm = 55500 xkm? - ¢p - rog.

OKCIO3UIMS 3aTE€M OIPEJIEJIIeTCs] KaK OTHOIIEHNE
qucsa HeMTPUHHBIX coObITHi 13 Habopa Monre-KapJio,
YJIOBJIETBOPSIONINX KPUTEPUIM COOBITHIT 110 KAYECTBY U

Eeut (0), K ancity cobbITHil, GPOIIEHHBIX B aTMOCchepy 1
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YMHOXKEHHBIX Ha I'€OMETPUYCCKYIO 9KCIO3UINIO U 9UC-
JIO apoMaTOB HEATPpUHO:

v

N
_ MC pass
eff = Ageom~——

eom avor-
g Nthrown

OKCHOBUIHS COOTBETCTBYET UCJIY COOBITUIN U3 Heli-
TpunHoro nabopa Monte-Kapsio, yaoBIeTBOPSIONIX
BceM KpurepusaM, Np.ss = 8460 (21.3% ot nosxoro
qucsia cobblTuit B Habope). Hucsio GpoOINeHHBIX B aT-
Mocdepy coObTuit paBHO Niprown 2.81 - 10!, uro
OKOHYATEbLHO JaeT CJIeyiolee 3HadeHne 3hPeKTuB-
HOW 3KCHO3UIUU J1JIs1 HUCXOAAIINX HEHTPUHO:

ef = 4.2+ 1073 xm? - cp - rog.

4. PE3VJIBTATHI 1 OBCY2XKJEHUNE

Ha puc. 'g [MOKA3aHO paciipejieienne napamerpa & B
nmanazone suepruit £ > 10180 5B, rie nporonnslit Ha-
60p Monte-KapJto mokasan KpacHoit Tnaueil, HeHTpuH-
HbII — 3€JIeHOl JInHuell, YepHble TOYKU COOTBETCTBYIOT
9KCIIEPUMEHTAJbHBIM JaHHbIM. CTOUT OTMETUTH, UTO
Habop CUJIBHO HAKJIOHHBIX IIPOTOHHBIX COOBITHII HE OT-
paxkaeT B IIOJIHOIl Mepe paclipejie/leHue Il JaHHbIX,
B cuity 0oJiee TSKEJIOTO COCTaBa SKCIIEPUMEHTAJBHBIX
JIAHHBIX, TIOJIyI€HHOTO B paboTe [:_7-@'], a TaKzKe BO3MOXK-
HBIX CHCTEeMATHYeCKnX 3(PPEeKTOB, CBA3aAHHBIX C IIPU-
MEHEHUEeM MOoJiesIeil aJI]pOHHBIX B3auMOAEeNCTBUI, BKJIIO-
qast TaK HA3bIBAEMYIO IPOOJIEMY «MIOOHHOT'O U30BITKAY
[B-E'], IIPE/IIIOJIOKUTESIHLHO 60JIee IBHO IPOSIBJIAIONTYIOCS
Ha OOJIBINNX 3€eHUTHBIX yTJIaX.

h_dt
Entries 71325

10t .
<

-
}
}
-

L i I I
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0.2 04 06 0.8 1.0

€

Puc. 2. (B userte onnaiin) luctorpamma pacnpegenerus
VP-napametpa ¢ ans sheprun £ > 1050 3B. Mpoton-
Hblii Habop MoHTe-Kapno nokasaH cnnowwHol KpacHol nuHm-
eil, HEMTPUHHbIA — MNPEepbIBUCTON 3eNeHON NINHUEN, YepHble
TOYKN COOTBETCTBYIOT SKCMEPUMEHTasbHbIM AaHHbIM. BepTtu-
KanbHasi ronybas IMHUsi COOTBETCTBYET MeamaHe napametpa &
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s}
[en)

P
[=HS

D
[

Zenith angle, rad

0.2 03 04 05
MVA estimator £

-0.1

0

Puc. 3. Pacnpepenerune napametpa £ Ansi sKCnepuMeHTasb-
HbIX JaHHbIX C HAHECEHHbIM KpuTepunem Eqyt

Pacnpenenenne mapamerpa £ Kax OyHKIINAST 3€HUT-
HOTO yIJIa JIIsl JAHHBIX [TOKA3aHO Ha PUC. 6." BMecCTe C
[TOJIy9€HHBIM KPUTEPUEM.

B jammbIXx He OOHAPYKEHO KAHIWIATOB B Heii-
TPUHHBIE COOBITHSA U, UCIOJIB3Ysl CTATUCTUKY Desrbima-
na — Kasmica [85], BO3MOXKHO 10/Iy<uTh Bepxmmii mpe-
JIeJT Ha, IUCJI0 HEUTPUHHBIX COOBITHIT BCEX apOMaTOB B
JIAHHBIX: T, = 2.44 na yposue jgocrosepnoctu 90 %.

Ilo ompemerennio MHTErPANLHDBINA TOTOK HEHTPUHO
3aBUCUT OT YHCJIA COOBITUN U 3D HEKTUBHOI IKCIO3U-
nuu:

Ty

Al/

F, = .
eff

(5)

Taxkum o6pa3oM, BepXHUI TIpeiesT /i TOTOKa HeTpu-

HO OJHOTrO apoMaTa aid sHepruit £ > 10'® 3B okasbl-

BAETCsI CJIEJLYOIIIM:

“1.ept
(90% C.L.).

EF,<185-10%T9B-cm 2 ¢

(6)

[MosyueHuslii mpejiesi B CpaBHEHUH C DPe3yJIbTaTa-
mu obcepBaropun uMm. [Isepa Oxke ﬂfié], 9KCIEPUMEH-
toB ANITA-IT [8§], RICE [43], IceCube [89], ARA [51],
HiRes [;_’;g], a Tak’Ke ¢ TEOPETUIEeCKNM Ipejiesiom Bakce-
man — Bakora [d] nokasam na puc. 4

JlJist cpaBHEHUS TaKKe MPEJICTABJISIET UHTEPEC IIpe-
JIeJ1 JIJId II0TOKa HEUTPUHO, KOTOPBIA HEe OCHOBLIBACTCH
Ha MPOIEIype ONTUMU3AINN, MOAPOOHO ONMMCAHHOW B
pazu. 3.2. Cuemyst pabore [E)-Q'], JUTsT 9TOH TeJIN UCIIOJIb-
3yeTcst KPUTEPHil TI0 MeJInaHe PACIPE/IeIeHNsT BeJNTh-
bl & g mehiTpunaoro nabopa Momrte-Kapaio.

W3 pacupenenenust £ st Habopa HEHTPUHHBIX CO-
6brruii Monre-Kapso (cm. puc. .g) MBI [IOJIy9aeM 3Ha-
yenne Meauanbl &g = 0.205, uto coorsercrayer 50 %

5 ZKOT®, Boin. 2 (8)
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10 Waxman- Ba.hmll 1998
— 1
' 3 é
710 "F
T‘V Pe&;fk
n 104 .
P10 Aéﬁlao&iﬂ;‘go%ﬁgn%ugl il —
|
E10°F
> 6 _ = = = =
810 3
J107k
=
(N’E 1078'
=
1079 1 1 1 1
10'¢ 10'7 10" 10" 0%  10%
E

Puc. 4. (B ugete onnalit) BepxHue npegensi ans notoka Heli-
TPUHO OAHOro apomaTta ans svepruit £ > 10'® 3B, nonyuen-
Hble MO AaHHbIM 3KkcnepumMeHTa Telescope Array B CpaBHeHun
c pesynsTatamu obcepsatopum um. lMbepa Oxe, [45] aKcne-
pumernToB ANITA-II [§8] RICE [YI3] IceCube [59] ARA [:_31']
HiRes .38:] M C TEOpEeTNHeCkMM NpeAenom Bakcman — Bakon-

na [b]

HEHTPUHHBIX COOBITHI, MPOXOISAIINX KPUTEPUU &peqd
(Npass = 19856).

B sTom cityuae s dekTuBHAST SKCIIO3UIHS /TSI HUC-
XOJAINNX HEUTPUHO IIPUHUMAET CJeIyIolnee 3HaUYeHue:

Agff=1.2~10_2 2. cp-rom.

B pmamabIX 00HApYXKEHO 35 KAHIMIATOB B HEUTPUH-
HbIE€ COOBITHUsI, YTO COOTBETCTBYET BEPXHEMY IIPEJIEITy
gncaa cobbiTuit 71, = 46.4 HA ypOBHE JOCTOBEPHOCTH
90 %. Bepxuuii npezmes Iy IOTOKA HEHTPHHO OIHOIO
apoMara, TaKuM 00pa30M, IPUHUMAET 3HAUYEHUE, TOKa~
3aHHOE Ha PUC. 4

EF, <42-1075TsB-em2-¢ ' -ep™! (90% C.L.).

OTmernM, 9TO IIPU UCIOJIB30BAHUH JIIOOOI0 (PUKCH-
POBaHHOI'O KPUTEPHs 110 & MOJIYIEHHBIN [IPEJIEsT SBJIs-
ercst KOppeKTHbIM. OTHAKO, KaK U OXKUJIAETCH, IPOIIe-
JIypa OITUMU3AIIH [TO3BOJISIET TOJIY YUTh JIy IIIIHe OrPa-
HAYEHUS.

Heob6xo1uMo Tak2ke OTMETUTH BIMSTHIE BO3MOXKHBIX
3 dEKTOB HEONpeIeIeHHOCTel  MOJe/iell  aJJpOHHBIX
B3aUMOJCHCTBUI U XUMHYECKOI'O COCTaBa Ha PE3yJlb-
TaThl JaHHOI paborel. Oba 31H 3pdeKrTa BIUAIOT HA
anasun3 depe3 Habop Monte-Kapio, ucrnoms3yemsrii B
KadgecTBe (hoHA, T.€. B JAHHOM CJIydae HabOD CUJIb-
HO HAKJIOHHBIX IIPOTOHHBIX COOBITHUH. DTOT HAOOP
WCIIOJTb30BAH JJIsi MIOCTPOEHUsI KJIACCH(PUKATOPA U
ONTUMU3AINYN KPUTEPUsl OTOOpa KaH/MIATOB B HEHT-
Hawnnyurmass 49yBCTBUTEIBHOCTD

PUHHBIE COOBITHS.
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OyZeT JOCTUTHYTa B Cllydae MAaKCHMaJbHOTO COBIIA-
neHust gaHHbIX U Habopa Monre-Kapmo. Hemosnmora
ONHUCAHUsI IKCIEPUMEHTAJbHBIX JAHHBIX ITPUBOIUT
b0 K 3aHMKEHHON 3SKCIIO3UINM, JIMOO K yBente-
HUIO YHCJa JIOYKHBIX KAaHJIMJIATOB IO CPaBHEHUIO C
ONTUMAJBHBIM KJIACCH(UKATOPOM. Takum 00pasom,
[TOJIY9eHHBIN TPesest [Jis OTOKA HEHTPUHO SIBJISETCS
KOHCEPBATUBHON OIEHKOH, OJM3KOH K ONTHMAJILHOI C
YIEeTOM 3HAYUTEILHOTO COIJIACUsl JAHHBIX U Habopa
Monte-Kapso, kak moka3ano B janHoit pabore. Yys-
CTBUTEJIBHOCTH METO/[a MOXKET OBbITh Jiajiee yJIydIlleHa
myrem co3manus nabopa Monre-Kapmo, koropsrit
OyJeT JIydine BOCIPOU3BOIUTH OCHOBHYIO YacTh Ha-
OJII0JIa€MBIX JTAHHBIX.

Baarogapaocru. Yxcunepument Telescope Array
noyepxkuBaercss Japan Society for the Promotion
of Science (JSPS) wepes rpanrnr Grants-in-Aid for
Priority Area 431, for Specially Promoted Research
JP21000002, for Scientific Research (S) JP19104006,
for Specially Promoted Research JP15H05693, for
Scientific Research (S) JP15H05741, Science Research
(A) JP18HO03705 u Young Scientists (A) JPH26707011;
coBMecTHO mporpammoit MHCTHTYTa WCCIe0BaHMIS
kocmuueckux Jydeii  (ICRR) Tokwmiickoro yHuBep-
curera; U. S. National Science Foundation awards
PHY-0601915, PHY-1404495, PHY-1404502, and
PHY-1607727; National Research Foundation of
Korea (2016R1A2B4014967, 2016R1A5A1013277,
2017K1A4A3015188, 2017R1A2A1A05071429); IISN
project No. 4.4502.13; Belgian Science Policy under
IUAP VII/37 (ULB). PaspaGorka u UpUMEHEHUEe
METOJIOB aHAJIM3a MHOTOMEDHBIX JIAHHBIX BBIITOJTHEHO
pu nomgieprkke Poccniickoro HayaHOro GpoHIA, TPDAHT
17-72-20291 (U411 PAH). ®onapt P. Dszekuna u
Daubl Yorruc Hymke, Yumnapia dKkiza, JKopaxka
u onopec kK3 BHecn (DUHAHCOBBINA BKJIAJ B pPas-
paborky 3kcuepumenTa. Illrar FOra mnomuepxusaer
npoekT 4depe3 CoOBET MO0 IKOHOMUYIECKOMY Pa3BUTHIO,
yuuBepcurer FOThl mommepxkuBaer npoekT depe3 Co-
BerT Bure-tipesuienta no uccaegoBanusiM. Mecto st
MIPOBEJICHUsT IKCIIEPUMEHTa, ObLIO MPeI0CTaBaeHO OJra-
romaps corpymandectBy Utah School and Institutional
Trust Lands Administration (SITLA), U. S. Bureau
of Land Management (BLM) u BOEHHO-BO3IYIIHBIX
cunn CIHTA. Msr menum momorns mrata FOrta u py-
koBOJIcTBO DPuiiMop B pa3paboTke ILIAHA PA3BUTHUS
ycranoBku. Ilarpuk Illm momor meHHBIME COBETAME
Ha pazjudHble TeMbl. JIIogu ¥ YMHOBHUKH OKpyTa
Munnapsa, mrar FOTa, 661 HCTOIHUKOM TTOCTOSAHHOM
MOJIJIEPKKN  HaIeil paboThl, ITO OUYEHL IEeHHO. MbI
B JIONTY Tepesl JOPOKHBIM JICIIAPTAMEHTOM OKPYTa
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Musnnapi 3a TOMJIEPXKKY M OYUCTKY JOPOT, HCIIOJIhb-
3yeMbIX [pU OOC/IyKUBAHUUA U PabOTE SKCIIEPUMEHTA.
Msi1 ¢ 6,1aroJapHOCTBIO OTMEYAEM BKJIAJ] TEXHIIECKOTO
[IepcoHasa HAINAX HAYYHBIX yupexkjaeHuit. Mbl BbIpa-
KaeM 0JIaroJlapHOCTh 32 BBIIEJICHUE KOMITBIOTEPHOTO
BpeMenn B [leHTpe BBICOKOPOU3BOIUTETHHBIX BBIYTUC-
genmit yausepcurera mmrara Ora. Kiacrep ormena
teoperudeckoii ¢puszuku VAN PAH 6bu1 ucnosb3oBan
JJIS BBIYUCUTENIbHON dacTu paborsl. Jlannas pabora
qacTUYHO THojjep:Kana [Iporpammoit  coBMeCTHBIX
uccseoBannit MlucturyTa nccie10BaHnit KOCMUIECKIX
sgydeir TOKMIICKOTO YHUBEPCHTETA.
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