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BoigBuraemelii Ha koHkypc pador OMSM nukn craTeil ocHOBaH Ha pe3ylibTaTaX MCCIEIOBAaHUM,
BBITIOJTHEHHBIX B OOBETMHEHHOM HHCTUTYTE sifiepHbIX uccienoanuii (OUSMN, [lyoHa) u EBponeiickoii
opranuzanuu no saepueiM uccinenoBanusm (LIEPH, XKenesa) B pamkax temsr “CMS. KommakTHbIN
MrooHHBIN conenona Ha LHC, 02-0-1083-2009/2023”.

[Mukn paboT oO0BEeOUHSET pe3yibTaThl pPa3padOTOK MaTEMAaTHYECKHX METOJOB H alTOPUTMOB
UICHTU(PUKAIIMM U PEKOHCTPYKIIMM MIOOHOB BBICOKMX SHEPruii, UX OTOOpa B PEXHMME peajbHOro
BPEMEHHU M CO3J]JaHUI0 COOTBETCTBYIOIIMX MPOrPAMMHBIX KOMIUIEKCOB JUIsl MOATOTOBKH, Peasn3allui U
pa3BUTHUSL TIPOrpamMMbl (PU3WYECKUX HCCIICIOBAaHMA B KaHAJIE€ C Mapod MIOOHOB Ha MHOTOIIEJICBOM
neTekTopHoM Komruiekce “KommakTHeiii MrooHHbIN cosienous” (CMS) na LHC.

CucremaTnueckoe M3y4eHHE INPOLIECCOB POXKACHUS Map MIOOHOB BBICOKHMX DHEPIHil B HKCIEPUMEHTE
CMS Obuto unnnuuponano gusukamu OMAU B 2002 roay g npoepku npeackazannii CM B HoBoM
o0lacTH SHEpPruii M MOHMCKa CHUTHAJIOB HOBOW (PM3MKM IO BO3MOKHBIM OTKJIOHEHHUSIM OT €€
npejcKa3aHuil. JTo HampaBlieHHe (QU3WYecKoil MmporpaMMbl skcriepumenta CMS crano ogHuM u3
npuopuTeTHbIX s crerpaarnctoB RDMS (Russia and Dubna Member States — kostabopariust
uHctutyToB Poccun u OMAU 8 CMS) uz OUAN.

OTIUYUTENBHBIME YepTaMH MIOOHOB BBICOKHMX SHEpruil (OT HECKONbKuX coTeH 9B no Heckombkux
T2B), OCIOXHSIONMMUMU WX PEKOHCTPYKIIMIO U OTOOp, SIBJISIOTCS BBICOKAs MHOKECTBEHHOCTH
BTOPUYHBIX YACTHI, MaJlasi KPUBU3HA TPEKA, BBICOKAsI YyBCTBUTEIBHOCTh TOYHOCTH PEKOHCTPYKIIMH K
MPOCTPAHCTBEHHOM pa30alaHCUPOBKE JCTEKTOPHBIX CHUCTEM M T.A. Kpome TOro, Mpenu3noHHbIE (C
TOYHOCTBIO JI0O HECKOJBKUX %) M3MEpPEHHUS UMIYIhCa DJIEMEHTAPHBIX YaCTHUI[ 3aTPYIHEHBI U3-32 BCE
0oJiee yCIOXKHSIOMEHCS KOH(DUTYypauy IKCIIEPUMEHTATBHBIX YCTAaHOBOK, YBEIUYCHHUS JHEPTUH H
WHTEHCUBHOCTH YCKOPSIEMBIX ITYyYKOB, YTO MPUBOJUT K YBEJIWUYEHHUIO MTOTOKA JAHHBIX (710 HECKOJIBKHX
necsTkoB MI'11 B Touke B3aMOJIEHCTBHS ), BpEMEHHOMY HAJIOKEHHUIO COOBITHIA (JI0 HECKOJIBKO IECATKOB
B3aUMOJICHCTBUI Ha OJJHO COOBITHE), BO3PACTAHNIO MHOKECTBEHHOCTH PO’KJICHHBIX YaCTHUIl B COOBITHI
(10 HECKOJIBKUX COTEH Ha OJHO COOBITHE) U, KaK CJIEJICTBUE, K «3alTyMJICHUIO» TPACKTOPHIA YacTHUIl U
BBICOKOMY YPOBHIO 3arpy30K B JieTeKTopax. PaHee B YCKOpPUTEIBHBIX SKCIEPHUMEHTaX IMOJ00HbBIE
CUTHAJIBI HEe Ha0JII0IaTNCh, YTO BJIEUET 32 OO0 He0OX0IMMOCTh pa3pabOTKH U aIafTAI[UH K TO00HBIM
YCJIOBHUSIM DKCIIEPUMEHTa COOTBETCTBYIOIIETO MaTeMaTWYECKOro ammapara U OCHOBAaHHBIX Ha HEM
ITOPUTMOB U METOJIUK.

OcHoBHbIE pe3yJIbTaThl, 0JyYeHHbIE B PAMKAaX NPeACTABJIEHHOI0 IIUKJIa padoT:

1. Pa3pabGorka anropuTMoOB PeKOHCTPYKIMM MIOOHOB BBICOKHMX JHEpPIruii

[IporpaMMHO-anrOpUTMHYECKass apXUTEKTypa CHPOEKTUPOBAHA C HCIOJIB30BAHUEM KOHIEHIMU
PETHOHAIBHON PEKOHCTPYKIIMKM W BO3MOXKHOCTBIO pabOThI B CHCTEMaX paclpeiesieHHOW 00paboTKu
naHHbIX. Co37JaHHBIE aITOPUTMBI  JIOKATBHOM | TJIOOAJBHOW PEKOHCTPYKIIMHA OCHOBaHBI Ha
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UTEPALMOHHBIX METOJaX BOCCTAHOBJICHHH TPAEGKTOPHH YACTUI[ C HCIIOJB30BAHUEM PEKYPCHUBHBIX
¢buIbTpoB M 0alieCOBCKOro IMOAXOAA OLEHKH HEONPEIeIEHHOCTH BEKTOpa COCTOSHUS ((MIBTP
Kanmana). C yueToM 0coO€HHOI MIOOHOB BHICOKMX SHEPIUii ObUIN pa3paOdoTaHbl, BHEAPEHBI U H3YYEHBI
Ha naHHbeix MonTe Kapio u sxcriepumenra [2—7, 8—13] cieayroiue alnroputMbl © METOIUKH:

— AJropuTM pa3zieieHus MEepeKPBIBAIOIINXCS CUTHAIOB B KaTOAHO-CTpUNOBBIX Kamepax (CSC)
skcriepuMenTa CMS, TOBBIIAIOMINI TOYHOCTh U3MEPEHHS a3UMYTAJILHON KOOPJHHATH MIOOHOB
B OT/IEJIBHO B3ATOM CJIO€ I€TEKTOpa.

— MoaudunupoBaHHasi ¢ y4eTOM CIEIU(DUKU TeOMETPHUH MPOIEaypa PEKOHCTPYKIUUA XUTOB B
nyOHEHCKUX MIOOHHBIX cTaHusax ME1/1 skcriepumenta CMS, o3BosIsIt01Iast BOCCTaHABINBATD
XUTBl M TPEK-CErMEHTHI C BBICOKOW 3(P(PEKTUBHOCTHIO B 30HE MAaKCHMAJIbHBIX 3arpy30K
JIETEKTOPHBIX CUCTEM DKCIIEPUMEHTA.

— AJTOpPUTM PEKOHCTPYKIHH OTICIbHBIX YYaCTKOB TpeKa (TPEK-CEerMEHTHI) B DPa3IMYHBIX
JIETEKTOpax MIOOHHOM cucteMsl (npeiidossie kamepsr DT, xaTtogHo-cTpunoeie kamepsl CSC,
KaMepbl ¢ pe3ucTHBHBIMU TacTuHaMu RPC) W TONOCKOBOrO M IMUKCEIBHOTO JETEKTOPOB
CHCTEMBI TPEKepa.

— AJITOPUTM JIOKAJIHOW PEKOHCTPYKIIMH TPEKa, CITUBAIONTNE TPEK-CETMEHTHI B IIpeIeax OqHON
CHUCTEMBbI (MIOOHHOM MJIA TPEKEPHOM ).

— AJropuTMBbI IN100aJIBHON PEKOHCTPYKINH, 00bEANHSIONINE JIOKAIBHBIC TPEKH B OJUH OO U
UCIIOJIB3YIOIIHE Pa3InYHbIC KOMOUHAIIUH JIOKAJIbHBIX TPEKOB: JIOKAIbHBIC TPEKH, HAalICHHBIC BO
BCEX JETEKTOPHBIX MOJACHCTEMAaX, PEKOHCTPYKIIUS, OCHOBAHHAsI Ha UCIIOJb30BAHUHU 1) TOJIBKO
XHTOB B TpeKepe, i) BceX XHUTOB B TPEKEpe M XHMTOB TOJBKO B OJHOW MIOOHHOH CTaHIUH,
OJrKaiIIel K TOYKe B3aUMOJICHCTBHSA, 111) MIOOHHBIX XMTOB U3 HECKOJIBKHX «YUCTBIX)» CTAHIIHIH,
T. €. CTAHIIUil, MCHEE BCETO MOIBEPTIINXCSI BIMSHUIO BTOPUYHBIX B3aUMO/ICHCTBHUH.

— AJITOpUTMBI, OCHOBaHHbIC HAa KOMOWHAIMM pPA3JIMYHBIX MOJXOJ0B — TaK Ha3bIBaeMbIC
KOKTEHIIN» aJrOpUTMOB. 1) OOBEAMHSIONIMN KOJJICKIUH MIOOHHBIX TPEKOB pa3HBIX
QITOPUTMOB, 1) KOMOWHAIMS, OCHOBaHHAas HAa CPAaBHCHWHM KadecTBa (urta anroputmos lii)
KOMOHMHAIMH, BKIIOYAOIIHE BCE BO3MOXKHBIE aJITOPHUTMBI.

- MCTOI[I/IKa OIIPCACIICHUS IIONCPEYHOro HMITYJIbCa MIOOHOB, OCHOBAHHA4sA Ha MHOAXO0AC
PAaBHOYJAJICHHLIX XUTOB TPACKTOPHUH MIOOHA, HCKpI/IBJICHHOfI B MaroHuTHOM IIOJIC.

— Meroauka nzmepenust 3GPEeKTUBHOCTH PEKOHCTPYKIIMM MIOOHOB U3 JAHHBIX 3KCIIEPUMEHTA C
MOMOIIBIO METO/1a «KMEYEHOTO U TPOOHOT0 MIOOHAY.

— Meroauka KOPpEKIIMU UMITYJIhCa MIOOHOB HA OCHOBAaHUH BBIYHCIICHUN HE3aBHCHUMBIX MTOTPABOK
K UMITyJIbCaM IMOJIOKUTCIIBHO U OTPHUUIATCIBHO 3apsXCHHBIX MIOOHOB, UCXOAA W3 AAaHHBIX IIO
poxaeruio Z°—6030Ha.

— Meroauka MOCIEIOBATEIbHON KOPPEKIMHM JaHHBIX JJIS ydYeTa BIIMSHUS CHUCTEMATHYCCKHUX
3¢ (}HeKTOB Ha TOYHOCTh PEKOHCTPYKIUHU (KOHEYHOI'O pa3pelIeHUs] U U3IyYeHUE B KOHEYHOM
coctosinuu — FSR).

Bce anropuTmbl IpoXoauiIM HACTPOMKY, ONTUMHU3AILMIO U JalbHellee pa3BUTHE Ha JaHHBIX MOHTe-
Kapio, atmMochepHBIX MIOOHAX M JTJaHHBIX 3KCIIEPHUMEHTA, MOJTyUYeHHBIX ITPH YHEPTUU B3aUMOJICHCTBHUS
ITyYKOB IPOTOHOB B C.IL.M. V/s =7 u 8 ToB (1mepssiii otan pabotsr LHC — RUN1) 1 +/s = 13 T2B (Bropoii
stan padotel LHC — RUN2). CooTBeTcTByMOIIEE TPOrPaMMHOE 00ECIIEYeHNE TTO3BOJISIET MTPOBOANTH
BBIOOp TOTO WJIM WHOTO aJTOPUTMa JIMOO B pPyYHOM pPEXHME, THOO B aBTOMAaTHYECKOM B 3aBHCHMOCTH
OT KayecTBa paboThl aITOPUTMOB IIPH TEX WJIM UHBIX YCIOBUSAX MPOBEJACHUS HKCIIEPUMEHTA.

PazpaGoTtanHbple aJTrOPUTMBI TMO3BOJIIIOT NPOBOAUTH O(¢IailH pPEKOHCTPYKIHIO MIOOHOB C

3¢ (eKTUBHOCTBIO HEe HUKE 98% U TOYHOCTBIO HE XyKe 5-7% B 00s1acTu 3HaYEHUI UMITYJIbCa MIOOHOB

1o 2000-3000 I'sB/c. [Ins MeHee »KeCTKUX MIOOHOB TOYHOCTh 3HAYMTENBHO Jydine (1-2% B obmactu

umnyibca 10 300 I'B/c). [Ipu 3ToM BEpOATHOCTH OMIHOOYHON MACHTH(UKAIIMN 3HAKA 3apsaaa MIOOHA

COCTaBJISICT JIOJIM TPOLIEHTA B EHTPaJIbHOM YacTu ycTaHoBkrn CMS (In| < 1.4), a B TOpLEBBIX YacTsIX

3HAYEHHE ITOW OUIMOKH He MpeBbIiaeT 6% BO BCEX PACCMOTPEHHBIX IUana3oHax pt u 1 (1o | = 2.4).
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2. Pa3paGoTka MeT0/10B HAEHTH(PUKAIIUN U 0TOOPA MIOOHOB M NMAap MIOOHOB

Jnst aHanm3a COOBITHI ¢ MIOOHaMH, KPOME TOYHBIX aJTOPUTMOB HUX PEKOHCTPYKLUUH, HEOOXOIMMO
HUMETh BBICOKOI(DPEKTUBHYIO MPOLEAYPY MX UACHTU(DUKAIMU U OTOOpa, B TOM YHCIE — B PEXKHUME

peanbHOro BpeMeHH (B cucteMe Tpurrepa). HieHaMu aBTOPCKOTO KOJIJIEKTHBA BBIITOJHEHBI CIICTYFOIIHE
pa6ortsr [1, 5, 13-15]:

— Pa3paboTka MeTOOMKM HIACHTU(UKAMH MIOOHOB, OCHOBAaHHOM Ha 3KCTPAINOJISALUU
PEKOHCTPYMPOBAHHOTO TPEKEPHOrO0 Tpeka B Hauboyiee BEpOSTHBIE O00JACTU MPUCYTCTBUS
CUTHajJla OT MIOOHA BO BHEIIHUX JETEKTOPHBIX CHUCTEMaX (JIEKTPOMAarHUTHBIM KaJOpUMETD,
aJpOHHBIA KaJIOPUMETpP, BHEIIHUN aJpOHHBIM KaJIOPUMETP, MIOOHHAs CUCTeMa) U OLEHKH
KOMOMHHMPOBAaHHOW COBMECTHMOCTH C UCIIOJIb30BAHUEM PA3JINYHBIX KPUTEPUEB COTIIACHS.

— Pa3paboTka MeToauKHn 0OBEAMHEHHS IBYX OCHOBHBIX JIOTHYECKUX PEUICHUN TPUTTEPA MEPBOTO
YPOBHSI: TPHUITEP HA OJMHOYHBIC MIOOHBI W TPHUITEP Ha MIOOHHYIO Mapy M OCYIIECTBJICHA
ONTHUMHM3AIHS KHHEMATHYECKUX MTOPOroB i A3 HeKTHBHOTO 0TOOpa Iap MIOOHOB.

— MonepHu3zanus aIropuTMa pPeKOHCTPYKIIMA MIOOHOB M Map MIOOHOB B PEXKHME PEabHOIO
BPEMEHHU, HCIIOJIB3YEMOr0 B TPHUITEPE BTOPOTO YpPOBHA. B HTOre anropuTM mMO3BOJIWI
IIPOBOJUTH IIEPEOLICHKY ITapaMETPOB TPAEKTOPUHA MIOOHOB, ITOJYYEHHBIX AJITOPUTMOM IIEPBOTO
YPOBHS, a TAK)Ke (PUIBTPALIUIO COOBITHH B COOTBETCTBHHU C ONITUMH3UPOBAHHBIMU KPUTEPUSMH
otOopa.

— Pa3paboTka METOIUKM NPUMEHEHUS KPUTEPHUEB MPOCTPAHCTBECHHON H30JIMPOBAHHOCTH TPEKa
MIOOHOB BBICOKHUX DHEPTUd IMPH OTOOPE COOBITHI CHCTEMaMH TPHUITEPa BBICOKOTO YPOBHS.
JlaHHas MeToMKa T03BOJIHIIA TOAaBUTh (hoH oT mporieccoB KX/ 6e3 cyIecTBeHHOTO CHIKEHHS
3¢ PeKTUBHOCTH OTOOPA MOJIE3HOTO CHTHAJIA.

Pazpa0OoTanHble aNroOpuUTMBbI MO3BOJIAIOT IPOBOJUTHE OTOOP MIOOHOB € BBICOKOH 3(h(heKTHBHOCTBIO (HE
Hke 97% Ttpurrepom nepsoro ypoBHs 1 ~100% Tpurrepom BBHICOKOTO YPOBHSI JUISl YMCIIAa BEPIIMH B
coObIThH 10 60) B MIMPOKOM JMATa30He aKCenTaHca MIOOHHOW cucTeMbl yctaHoBk CMS (In| < 2.4) u
3HAUYCHUI OMEPEYHOr0 UMITyIIbca PT MEOOHA cBhire 1000 [B/c.

3. BHe)lpelme METOA0B ! AJITOPUTMOB B IIPOrpaMMHBI€¢ KOMIIJIEKCBI

Bce pa3pabGoTaHHbIE alTOPUTMBI PEKOHCTPYKIIUH MIOOHOB, IIPOTPaMMHBIE peali3allid METOJI0OB HX
uaeHTU(UKAIMM ¥ oTOOpa OBUIM BKIIOYEHBI B O(UIMaNbHOE MpOrpaMMHOE oOOecrieueHue
skcriepumernTa CMSSW B Bujie eiMHOTO MporpaMMHO-aITOPUTMUYECKOTO KOMITTIEKCA.

[IporpaMMHO-aIrOPUTMHYECKHI KOMIUIEKC ObUI aJanTHpPOBaH Kak A paboThl Ha JIOKaJIbHBIX
BBIUUCIIUTENIFHBIX pecypcax, TaK Ui UCIIOJNB30BaHUS B TPUA-OPUEHTUPOBAHHBIX CHCTEMaX MPOEKTa
WLCG (Worldwide LHC Computing Grid), oGecneunBaroniux reorpapuueckd pacrpeaeieHHYO
00paboTKy naHHBIX. COOTBETCTBYIOIIAS ONTHMH3ANNS U HACTPOIKA OCYIIECTBISLTUCH, B TOM YHCIIE, C
MOMOIIBIO TpHI-CaliToB ypoBHS Tier-2 wm Tier-1 MHOroQyHKIMOHAIBLHOTO WH(OPMAIIMOHHO-
BBIYMCIIMTENBHOIO KoMmIutekca OSSN,

Co3gaHHbIE  IPOTPAMMHO-AJITOPUTMUYECKUN KOMILJIEKC HCIOJIb30BAJICA B KayeCTBE OCHOBHOTO
MHCTpYMEHTa 00pabOTKHU U aHAJIM3a TaHHBIX BO BpeMs Bcex Tpex 3tanoB padotsl LHC. C ero nomorisio
pHu akTUBHOM ydacTtuu ¢uszukoB OUSAM Obuio cienano OTKpHITUE U AalibHEHIIee U3yUeHUEe CBOWCTB
6030Ha Xwurrca (B KaHaJjie pacrnaja Ha 4 JeNTOHA), BBIMOJIHEHA Cepusi MOMCKOBBIX SKCIIEPUMEHTOB 10
0OHapyXEHHUIO CUTHAJIOB HOBOM (PU3UKHU (TEMHAst MaTepHsl, TOMOTHUTEIbHbIE XUTTCOBCKHE COCTOSHUSA,
JOTIOJIHUTENIbHBIE M3MEPEHUS B MOJEIAX HHU3KOIHEPIeTHUUYECKON TIpaBUTAllUM, paCIIMpPEHHbIE
KaJIMOpOBOYHBIE MOJIENH U T.JI.) U OCYILLECTBIICHBI IPELIU3MOHHBIE N3MEPEHUS XapaKTEPUCTHK Ipoliecca
Hpenna-SlHa (cedyeHui, YTIJIOBBIX PpacCHpEleNeHHUM, NMPOCTPAHCTBEHHBIX ACHUMMETPHI) UIsl TECTOB
npeackazanuii CTaHIapTHON MOJENH.

VYHUKaIbHOCTh U HOBHM3HA MPEACTABIECHHBIX pa3padOTOK 00yCIIOBIEHA HE TOJIBKO BBIIICONUCAHHBIMU

OCOOCHHOCTSIMU yCIIOBUI pabOTBhl aNTOPUTMOB, HO U BO3MOXXHOCTBIO HMX MACIITAOMPOBAHUS IS

YCIIOBUH MPOBEACHHSI Pa3HBIX IKCIIEPUMEHTOB. BOJIBIIMHCTBO aITOPUTMOB MOKET OBIThH aJaITUPOBAHO
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JUISL PEKOHCTPYKIUU 3apsDKEHHBIX YACTHUI B YCIOBUSX SKCIIEPUMEHTOB Ha YCKOPUTEIBHOM KOMIUIEKCE
NICA. B HacTosimiee BpeMsi 3TH yXKe BEAyTCs U, B YaCTHOCTH, aJallTUPOBAHHBIE aJITOPUTMBbI BKIFOUEHBI
B IPOrpaMMHBIA KOMIUIEKC 3KcriepuMeHTa BM@N ais peKOHCTPYKLIMU TpPaeKTOpU 3apsiKEHHBIX
YacTHUI[ B CHCTEME APEH(OBBIX KaMep M HCIONB3YeTCs IS peau3allii MPOrpaMMBbl HCCIeIOBaHUN
skcriepuMenta. Kpome Toro, paspaboTaHHas MeETOIMKA MOXKET OBbITh TakXke TMoJe3Ha s
HKCHEPUMEHTOB B 00J1aCTH (PU3UKHU DJIEMEHTAPHBIX YACTH C MCIIOJIb30BAaHUEM KOCMUYECKUX JTyUYeH, is
pa3BUTHUSA AIEPHO-PUZNYECKUX TEXHOJIOTHH, HayK O KU3HU, paTuo0HO0IOTUH U OUODU3UKH U T.1.

PesynbTaThl muKiIa pabOT ObUIM BKJIIOYCHBI B TPH JOKTOPCKHE, TPHU KaHaumaTckue u omHy PhD
JCCEepTaLUH.
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