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MOJEPHU3ALUUA AZIPOHHOW KAJIOPUMETPUM
CMS HA LHC

I1. ][. Bynun * om umernu xoarabopauuu CMS
O6befHHEHHbIN MHCTUTYT afepHbIX UccnenosaHui, [lybHa

[pencraBneH 0630p OCHOBHBEIX HalpaBJ/eHHH MO Pa3BUTHIO M MOJEPHHU3ALUU CH-
creM aznpoHHbix kKamopumerpoB (HCAL) skcnepumenta CMS Ha Bosbliom agpoH-
HoM kosnaiiiepe (LHC). O6eyxnatorest pesyabratel MonepHusaun HCAL, nonyuen-
Hble B TIepHOJBI IePBOH U BTOPO# anuTtenbHO# octaHoBkd LHC (LS1 — 2013-2014 rr.
u LS2 — 2019-2021 rr.), u OGmukaiilliMe MJaHbl 10 MOAEPHH3ALMHU B paMKax Ipo-
rpammel «Pasza 2» B mepuon TpeTbed asauTesbHOM ocraHoBkun LHC (LS3 —
2026-2028 rr.).

The main goals and tasks for the development and modernization of the hadron
system (HCAL) of the CMS experiment on the Large Hadron Collider (LHC) are
presented. The results and plans of the upgrade of HCAL CMS during the LHC
Long Shutdown-1 and Long Shutdown-2 (LS1: 2013-2014 and LS2: 2019-2021) as
well as under Phase-2 Upgrade programme during the LHC Long Shutdown-3 (LS3:
2026-2028) are shown.

PACS: 29.40.Vj

BBEAEHHE

MmHororneneBass  yctaHoBKa — «KoMNmakTHBIE ~ MIOOHHBIH  COJIEHOHI»
(CMS) [1] mpennasnaueHna mJisi U3y4YeHHs pp-B3aUMOAEHCTBHE Ha Dosbiiom
anponroM koJaigepe (LHC) c¢ 1enbio mpoBeleHHs KOMIJIEKCHBIX HcCJIe-
JIOBaHUU B obsacTh (PU3UKH 3JeMEeHTapHbIX YacTHI IJsi W3ydyeHUs (yHHAaA-
MeHTa/JbHbIX 3aKOHOB [Ipuponsl. Cpenn HaMeYeHHBIX NMepPBOOYepPeHBbIX 3a1ay
9KCIIEPUMEHTAa — TMIOATBEPXK/AEHHe OIHOT0 M3 MpeaJaraeMblX MeXaHH3MOB
reHepallMd Macc 3JeMeHTapHbIX YacTHI (MCC/Ief0BaHHE CBOMCTB OTKPHITOTO
B 2012 r. 6030Ha XHIrca M MOUCK HOBBIX CKAJSIPHBIX UYaCTHL) W MOMCK
CUrHa/MoB (U3MKK 3a paMKaMd CTaHIAapTHOH MOJeNH B3auMOAEHCTBUS
3JleMeHTapHbIX YaCTHII.

YeranoBka CMS uMeeT UUJIMHAPHYECKYI0 CHUMMETPUUYHYIO OTHOCHTEJb-
HO TOYKH B3aUMOJEHCTBHS CTaJKHUBAIOIIMXCS MYYKOB MPOTOHOB CTPYKTYPY.
B 1eHTpe ycTaHOBKH HaXOAWTCSl TPEKOBAasi CUCTEMaA, COCTOSLIAsA U3 MHUKCEJb-
HOTO M KPEMHHEBOTO MOJIOCKOBOTO AETEKTOPOB. 3a TPEKEPHOH YaCThIO pacIo-
JIO’KEHBI KaJIODUMETPbl — 3JIEKTPOMATrHUTHBIH ¥ aflpOHHBIH. AJIPOHHBIN KaJo-
pumerp CMS (puc. 1) cocrout us nenrpanssoit (HB, o6sacts nceBno6ucTpoT

* E-mail: bunin@cern.ch
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Puc. 1. Cxema oprannsanuu afpoHHOH Kanopumerpun CMS

0 < |n| < 1,4), Brewneit (HO, 0 < |n| < 1,2), ropuesoit (HE, 1,3 < |n| < 3)
u nepennet (HF, 3 < |n| < 5,2) cekunit. HB- u HE-kanopumeTpnl nomereHsl
BHYTPb CBEPXIIPOBOJSIIEr0 MATHUTA, CO3JAMOIIET0 MATHUTHOE MOJE BeJHYH-
Ho#t 3,8 Tn. CHapyKu MarHHUTa pacrosioKeHbl MIOOHHbIE IE€TEKTOPbI, KOTOpPbIE
HaXOASTCS B IoJie cojieHouaa [4].

TopueBble U LeHTpanbHble KaJlOpUMeTphl [2] BK/ouaoT B cebsi no 36 oT-
IeJbHbIX ceKuuii mo 10° xaxpasi. B cBoio ouyepenb, Kaxkias CeKLHsI COCTOUT
M3 TOJIOCOK JAaTYHH, BBICTYNAIOLIMX B posd abcopbepa, U sueeK MJIaCTH-
YEeCKOro CUUHTHJIATOpPA C OOLUUM 4YucaoM 16 ThIC. KaHaJOB CUHTBIBAHHSI.
BHewHuil KajopuMeTp mpencTtaBisieT co60d 36 MIACTHH CUMHTHJIATOPA,
pacroJIoKeHHOr0 MeXKIy BHEIIHeiH MOBEPXHOCTBIO COJNEHOMIA W LEeHTpaJb-
HBIMH MIOOHHBIMU Kamepamu. [IpuHUHN paboThl LEHTPaSbHBIX, TOPLEBHX H
BHEIHHUX KaJOPHUMETPOB HIEHTHYEH: CBETOBblE CHUTHAJBl OT CLUHTHJISITOPOB
CUMTBHIBAIOTCS CBETONPE0Opa3yoIMMH BOJIOKHAMHU, a 3aTe€M MO ONTHYECKHM
BOJIOKHAM MepefaoTcsi (OTomeTeKTopaM, B KayeCTBe KOTOPBIX 10 MOIEPHH-
sauuu («®aza 1», 2017-2019 rr.) ucnosb3oBasuch THOPUAHbIE (HOTOAHOMBI
(HPD), a B Hacrosiiilee BpeMss — KpeMHHeBble (doToymMHOXHUTe U (SiPM).
BBumy ToOro, 4To mepenHHe anipoOHHBIE KAJOPHUMETPHI PACIIONIOKEHBI HA GOJIb-
KX yTJax TCeBIOOBICTPOT, a CE0BATENbHO, HAXOAATCS B 30HE HAHUBBICIIMX
paiMalMOHHBIX HArPy30K, B KayeCTBe aKTHBHOH YacTH B HUX HCIOJb3YIOTCS
KBapleBble BOJIOKHA, MPOBEJIEHHbIE BIOJb KEJIE3HBIX MJIaCTHH-a6copOepoB.
B kauecTBe (OTONPHEMHUKOB B MEPEIHUX KAJOPUMETPAX HUCMOJb3YIOTCS (ho-
T03J1eKTpoHHbIe TpyOKH (PMT).
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Puc. 2. Cxema opraHusalny CYUMTHIBAIOLIEH W PECUCTPUPYIOLIEH 3JEKTPOHUKH afpOoH-
Horo Kasnopumerpa CMS

AHaJjioroBble CHrHaJ/Ibl CUMTBIBAIOTCA € (DOTONETEKTOPA, OLU(POBLIBAIOT-
csl 3JeMEHTaM{ CUMTHIBAIOLIEH 3JEKTPOHMKHM KaJOpHMeTpa W TepefaroTcs
TIOCPEACTBOM 3JIEMEHTOB TaK HAa3blBAeMOH DETHCTPUPYIOIIEH 3JeKTPOHHKH,
KOoTopasi o0ecrnieurnBaeT 0TOOp COOBITUH HYJIEBOTO U MEPBOTO yPOBHS, B Bydep
NaMsATH IIpoLlecCOpHOM QepMbl, obecreyuBarollefi 0T60p COOLITHH BTOPOro
U TpeTbero ypoBHe#l (puc.2). Ot6op COOBITHE HYJNEBOrO W MEPBOTO YPOBHS
TNIPOBOAMTCS aNapaTHBIMA METOJAMH Ha YPOBHE CHUTHAJN—-LIYM U CPaBHEHHEM
9MYJIHPOBAHHOTO CHTHasa ¢ peasbHbIM. OTOOpP COOBITHE BTOPOTO U TPETHETO
YPOBHEH NPOBOLUTCS MPOrpaMMHBIMH METONAMH Ha YPOBHE Macc PeKOHCTPY-
UPOBAHHBIX 00BEKTOB, YIJIOB pas3Jjera U T. A.

DJIeMeHTHl CYMTHIBAIOLIEH 3JEKTPOHHKH Pa3MelleHbl HEMOoCPeICTBEHHO Ha
nerexkrope CMS B KOp3UHax CYMTBIBAHUS. DJIeMEHTHl PETUCTPUPYIOLILEN d/eK-
TPOHUKH HaXOHATCS B TOA3EMHOM CJYKEOHOM MOMEIEeHNH, 3alHIIEHHOM OT
BO3I€HCTBHS H3JIyUeHHUH YCKOPHUTENS U yIaleHHOM NPHONH3UTE bHO Ha 50 M
OT JIMHUHM TIyuKa.

B nacrosiimiee BpeMmsi afipoHHbIE KaJOPUMETPBI CIIOCOOHBEI NPOBOAUTH H3-
MepeHHUs] XapaKTEePUCTHK OJIMHOYHBIX AJpPOHOB W AJPOHHHBIX CTpyH, padoTas
B CHUJIbHOM aKCHAaJbHOM MarHUTHOM moJje (Bz ~ 3 Tia) npu BbICOKOM KOJIH-
YeCcTBe HaJIOXKEHHBIX B3auMopeicTBUE (10 ~ 60 u mpu 3arpyskax ~ 100 k[
Ha KaHaJ) U B YCJOBHSIX BBICOKOTO YPOBHS paJHallHOHHBIX HArpy3ok (ycToi-
uuBas pa6ora npu ceerumoctd LHC nopsanka 1033 cm=2.¢71).

B nacrosimiell paborte npexncTaBieH 0630p 3ajau K Pe3yJbTaTOB MOZEP-
HU3aUWMK anpoHHoro Kajopumerpa CMS nnasi oGecriedeHusi 3p¢peKTHBHON
paboThl B YCJAOBHSX MoBbilleHHO# cBeTuMoctd LHC L > 2- 103 em—2. ¢ 71
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MOJEPHHU3AIIUA AJPOHHOIO KAJIOPUMETPA
B IIEPHUOJ TIEPBOU NJUTEJBbHOHU OCTAHOBKH LHC

YBesnuueHue cBeTUMOCTH yckopuTesass LHC nocne ero monmepHusdauuii Bo
BpemMsi LS2 u LS3 no Beamumnnr 5 - 103 cm=2.c¢~! cosmaer HoBhle, oco-
Oble ycJ0BUs paboThl BceX AeTeKTOpoB akcrepuMeHTa CMS M HaksanbiBaeT
IOTIONHUTE/IbHbIE TPeOOBaHUS KAaK Ha CaMH AETEKTOPBl, TaK W HA COOTBET-
CTBYIOLIHE NTPOrpaMMbl MOIEJNUPOBAHUS U PEKOHCTPYKLHHU.

BakHbIM csiefcTBHEM TIOBBILIEHHsT cBeTHMOCTH yckoputesss LHC siBas-
eTcsl yBeJUUYeHHEe PAJMAlMOHHBIX 3arpy30K pAa3/HuUHBIX 4acTell [eTeKTopa
CMS, koTopoe MPUBOIUT K YMeHbLIEHHIO (Jerpajalyd) CUrHajla OT aKTHB-
HBIX 3/IEMEHTOB KaJOPUMETPUUYECKHX IETEKTOPOB, UTO OCOOEHHO MPOSIBJISAETCS
B TepeaHel u TopleBoi obmactu ycranoBkn CMS (puc. 3).

Jlerpagauny curHana ¢ akTHUBHBIX 3/JE€MEHTOB aApPOHHOTO KaJOpHMeETpa
OKa3blBaIOT 3HAUUTeJbHOE BJUsiHME (B CTOPOHY YXYILIEHHs) HAa SHepreTH-
YyecKoe paspelieHre CTPYH B 3aBUCHMOCTH OT HHTETPasbHOH CBETHMOCTH.
V3 mpencraBieHHBIX pe3y/bTaToB MOLEJNUpOBaHUs, mposefeHHoro B 2016 r.,
BUAHO, 4TO y»Xe IpH HaOpPaHHOH CYMMapHOH HHTerpasjbHOH CBETHMOCTH
> 150 6~ 6ymer HabmomaThcsl CylleCTBeHHAs Jerpajallksi paspelleHHus
pekoHCTpyupoBaHHbIX cTpyd (> 20 %) mas kansopumerpa ¢ HPD doromerexk-
TOpaMH.

Kpowme Toro, Bo BpeMst IepBBIX UCIBITAHUH PabOThl CHCTEMBI JEKTPOHHUKU
aJlpOHHOr0 KaJIOpUMeTpa B MarHUTHOM MoJie 6bl1 o6HapyKeH 3(deKT mnosis-
JIEHWS] CaMOTIPOM3BOJIbHBIX paspsinoB BHYyTpU psaa HPD, kotopele He ToJBKO
SIBJISIINCh HCTOYHUKOM JIOTIOJTHUTENBHOTO 1IyMa, HO ¥ MOTJIM TIPUBECTH K pas-
pylleHHUI0 (OTOAHOAA.

B cBs3u ¢ Tako# CHJIBHON nerpajanuel OTKJAWKa KajJopHMeTpa M HecTa-
6unbHOl pabdotodt HPD 6blio mpuHATO pelleHHe MPOBECTH MOAEpPHHU3ALUIO
TOPLIEBOTO aPOHHOr'0 KaJOPHMeTPa BO BpeMs TEXHHUECKOH OCTAHOBKH B KOH-
e 2017 u nauase 2018 rr. [3]. B kauectBe npeanbHoi 3amenbnl HPD Gbui
BBIOpaH KpeMHMeBBIH (oToyMHOXKHTeNb (SIPM), KOTOpHIH He4yBCTBHTEJEH
K MarHutHomy mnoJito. Kpome toro, SiPM o6ecrneuuBaer ycuieHue Ha jBa-
Tpu nopsinka 6oJiee Bhicokoe, yeM HPD, a takxke o6sagaet 60J/iee BBICOKOH
KBaHTOBOH 3(p(heKTHBHOCTbIO. PaBOTHI 110 MOIEPHU3ALHMH TOPLEBLIX alpPOHHBIX
KaJOpUMETPOB B paMKax nporpammbl «@Pasa l» moppo6GHO omucaHbl B COOT-
BETCTBYyIOLIeH cTaThe [5].

C yueToM HIEHTUYHOCTH OPTaHU3aLHUH CHCTEMbl CUUTBHIBAIOILIEH 3JEKTPO-
HUKH B UeHTpasbHbIX (HB) W TopueBbIX agpoHHBIX KaslopHMeTpax H Ha
OCHOBE OIIbITA, TIOJYYEHHOTO B pe3yJ/ibTaTe paboT 110 MOAEPHU3ALMH TOPLEBBIX
aIpOHHBIX KaJOPUMETPOB, OblJa TIPOBEAEHA 3aMeHa 3JeMEHTOB 3JEKTPOHUKU
B HB. Ilo ananoruu ¢ HE, B HB Takxe wucnosb3oBa/jcsd MHOTOKaHaJbHBIH
rubpunsel gotonnon (HPD), pekoMeHIOBaHHEIM K 3aMeHe Ha KpeMHHEBHIH
tdoroymHoxkuTe b (SIPM) Takoro xe tuna, Kak B HE. B pamkax nporpamMmbl
MOJEpPHHU3aLMH aLPOHHOrO KaJopuMeTpa OBl CO3MaH CleNHann3upOBaHHBIN
CTeHA [1Js HOJTrOBPEMEHHOr0 TECTHPOBAHHUS CHUCTEMbl CUHTBHIBAIOLIEH 3JeK-
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Puc. 3 (uBeTHO# B 3/71€KTpOHHON Bepcur). OTHOCHTE/BHOE U MIPOTHO3UPYEMOe YMEeHb-
IIeHHe CHTHajJa C aKTHBHBIX 3JEMEHTOB TOpLeBoro ampoHHoro kamopumetrpa (HE)
B 3aBUCHUMOCTH OT HHTErpPasibHOM CBETUMOCTH [JIsl pa3iH4HbIX nepronos padotel LHC
(2012, 2015 u 2016 rr.) ¥ reOMeTPHUUYECKOTrO MOJIOXKEHHS 3JEMEHTOB KaJopHMeTpa
(BBepxy). MameHeHHe BeJHUMHBI OTHOLIEHHS] aMILIUTYAbl CHUTHala K HOMHHAJbHOMY
B KaHasax HPD Bo BpemeHu (BHH3Y)

TPOHMKH C Hcrnosb3oBaHueM SiPM. DBblia mofHOCTBIO TOATOTOBJEHA HH-
(hpacTpykTypHast 6a3a, a UMEHHO CHCTeMa BOASIHOTO OXJIaXKIEHHUs MOJIYJeH,
CHCTeMa HU3KOBOJIBTHOTO TMHUTAHUS, CUCTEMA MOJAuX HaNpsiKEeHHUs CMelleHHs
Ha SiPM, cucrema ONTOBOJIOKOHHOH KOMMYHHKALWK CYUTHIBAKOLIEH 3J1EKTPO-
HUK{ C CHCTEMOH 0TOOpa NAHHBIX M TPHUITepPa, KOHTPOJS U 3alHCH TECTOBBIX
nanHbiX. [lo aHa/MorMu ¢ MeTOAMKOH [Jisi TECTHUPOBAHHUS JNEKTPOHUKU s
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TOPLEBBIX KaJOPHMETPOB, TeCTHPOBaHHWE MOAYJeH NJs LEeHTPaJbHOH HacTH
aIpOHHOIO KaJOpPUMETpPa MPOBOAUJIOCH HAa OCHOBE aHaJ/M3a OfHO-ABYX(OTO-
3JIEKTPOHHBIX 3apsiIOBBIX CIEKTPOB M aHasiW3a CIeKTpa OT HMIyJbca Ka-
JUOpPOBAaHHOTO MCTOYHHMKA CBeTa. BrocsencTBuu, B pe3ysnbraTe OomnpeneseHus
ONTHUMAJIBHOTO HamnpsikeHus cMelenus SiPM (~ 66 B) u npuMeHeHust MHAK-
BUIyaJbHOrO KO3 duuneHTa ycuaenus aas SiPM (~ 40 ¢Ka), 6bi10 npous-
BelleHO BbIpaBHMBAaHHE aMIIUTYI CHUTHAJOB AJif BCEX MOAYJEH CUMTBIBAHUSA
(puc. 4).

HoBasi cucrema cuuThiBawolled 3JeKTPOHHKU Obljla YCTaHOBJIEHA Ha Je-
tektop CMS B 2017-2018 rr. Ha TopueBble yacTu KajsopuMerpa u B 2019 r.
B LIeHTpaJIbHblE YACTH. Dblsii 3aMeHeHbl B cyMMe 288 CUUTHIBAIOLIUX MOAYJIEH,
no 4 n/s Ka)KIOTO CeKTopa aApOHHOTO KaJlopUMeTpa, yCTaHOBJEHa HOBas
CHUCTeMa TMoJayu HamnpsikeHusi cmellleHusi Ha SiPM, 72 kaJu6poBOUHBIX MO-
nyns 1 108 MomyJsiell KOHTPOJS U yIpaBJeHHs CUUTBIBAIOLLEH 3JE€KTPOHHUKOH,
M0 OJZHOMY MOAYJIO Ha KaXKIblH CEKTOP TOPLEBBIX KaJOPHMETPOB U MO [ABA
MOZLYJISl Ha KaXK[ABIH CEKTOP LEeHTPAJbHOrO KaJOpUMeTpa COOTBETCTBEHHO.

MonepHuzanus Bkao4uaIa B cebs kak 3ameHy HPD-¢dortonerektopos Ha
KpeMHHeBble poToyMHOKUTEeNH (SiIPM) 17151 BceX ceKTOPOB afipoOHHOrO KaJjo-
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Puc. 4. Pacripenenenne 3HaueHWH HamnpsiKeHHsl CMelleHHs] AJs BCeX KaHAJOB af-
poHHoro kanopumerpa (a). PacnpenesieHust onHO-ABYX(OTOJIEKTPOHHBIX 3apPsSIOBLIX
cnekTpoB A5 cymMel Bcex SiPM B HB (6). TIpocduab pacnpeseseHus aMILIUTYL CHUT-
HaJsoB s Bcex SiPM B HB npu peructpauuy onHO(OTO31eKTPOHHBIX CHTHAJIOB (8)
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Puc. 5. Cxema riiy6uH (MpofoJibHasi cerMeHTalyst) agpoHHoro Kajsopumerpa CMS mo
MOZIepHH3aLMK B paMKax nporpammbl «@Paza 1» u nocse Hee

pumeTpa (KpoMe MepenHero KajJopuMeTrpa), Tak U yBeJWYeHHe YHUCIa CUUThI-
BAWOIIMX KaHaJlOB MO riyOuHe (Tak Ha3biBaeMasi MPOMOJbHAs CerMeHTAaLHs)
10 7 enuHul (puc.d), YTO HapsiLy ¢ 3aMeHOH (hOTONETEKTOPOB MO3BOJUT
6oJiee TOUHO YUUTHIBATb U KOMIIEHCHPOBATh Aerpajallvio OTKJHWKA aJPOHHOrO
KaJIOprMeTpa BCJIEACTBHE PaIHALOHHOTO TTOBPEXKAEHHS.

XAPAKTEPHUCTHUKA PABOTBI HCAL
BO BPEM{ BTOPOT'O CEAHCA PABOTBI LHC

CeaHc NpoOTOH-NPOTOHHBIX cToNKHOBeHUH 2016-2018 rr. mpoxoaus npu
BPEMEHHOM MHTepBaJjle PerHCTPaLMH COOBITHH 25 HC U IIPY BeJIMYHHE MarHuT-
Horo nouisl cosleHonga B = 3,8 Tn. Bo Bpems ceaHca Habopa AaHHBIX POBO-
AWJICS MOHUTOPUHT paboThl aAPOHHBIX KaJOPHMETPOB B IJI06aNbHON cucTeMe
cbopa panHeix CMS, BbisiBleHHe HepaGoTaWOIIHMX KaHAJOB 3JeKTPOHHKH,
OIIHOOK YTEHHs CHIHAJIOB C KaHAJOB 3JEKTPOHHKH, H3MEPEHHe YAaCTOTHBIX U
AMILIHTYIHBIX XapaKTePUCTHK 3JeMEHTOB CUHTHIBAKOLIEH 3JeKTPOHUKU TOp-
EBBIX a[POHHBIX KasopuMeTpoB CMS, a TakxKe H3yUeHHe TapaMeTPOB CHIHA-
JIOB C 3JIEKTPOHHKH aJPOHHOTO KajJopuMeTpa [Js MOCJAeLYIOLIero onpejee-
HHUS KayecTBa («II71I0XOH—XOPOLIHi») PETUCTPUPYEMbBIX U 3aNIHCAHHBIX TaHHBIX
CMS. OcobenHoe BHHMaHHe YJIeJSIJI0Ch HOBOH CUMTHIBAIOLIEH 3/eKTPOHUKE
TOPLIEBBIX aJPOHHBIX KaJOPHMETPOB, TaK KaK ee yCTaHOBKa MPOXOJHJa BO
BpeMsl TEXHHYEeCKHX OCTAaHOBOK BToporo ceanca padorter LHC.

Mertopuka oT60pa JaHHBIX, OCHOBaHHAsl Ha BbISIBJEHHUH aHOMAJbHbBIX aM-
MJIMUTYJ CHUTHaJNOB B KaXKIOM KaHaje aJpOHHOro KajopHMeTpa, codyeTaercs
C U3MepeHHeM U M3yueHHeM PEKOHCTPYHPOBAHHOTO OTKJMKA B slUedKax KaJjo-
pumetpa. [loNOJHUTENbHO HUCCIENYIOTCS SHepreTHYECKOe W BpeMeHHoe pac-
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Puc. 6. Biok-cxemMa MeTOAMKH CepTH(HMKALUK NAHHBIX 15 aIpOHHOrO KaJopUMeTpa
CMS. TlpencraBieHa cucTeMa NpOrpaMMHOrO 0GecleueHnsi U 3Tarbl KOHTPOJs Kaye-
CTBa U 0TGOpA HAaHHBIX

npeneseHust CUrHanoB. Mcnosib3oBaHue AaHHOM METOAMKH MO3BOJISET ONHO-
3HAYHO OMpEJIeJIUTh Ka9eCTBO NaHHBIX, 3aMUCAHHBIX C aIPOHHOTO KAJOPUMET-
pa, ¥ OTCesITh MOBPEXKIEHHBIE NaHHbIE WJIM JIOXKHBIE CHIHAJH (puc. 6).

B orHocutesnbHOM 3HaueHuH 98,7 % OT BCero 3aperuCTPUPOBAHHOTO CH-
cTeMaM¥ aJpOHHON KaJopUMEeTpHH oObeMa JaHHBIX, MOJYyUEHHBIX B Pe3yJb-
TaTe MPOTOH-MPOTOHHBIX B3aUMOJEHCTBHH W MPOILIEAIINX OTOOP HYJIEBOrO H
MepBOTO yPOBHEH, CepTU(GUIUPOBAHBI KaK YIOBJETBOPSIOIINE YCJOBHIO IJIsl
nasbHelillero (usnuueckoro aHanusa. OCHOBHblE TIOTEPH B KaJOPHUMETPHH
CBSI3aHbl C PACCHHXPOHHU3ALIHeH CUCTEMBl CUMTHIBAIOLIEN TEKTPOHUKU U TPHT-
repa meporo ypoBHs CMS, a Takxke C MOoTeped CB3U MEXAY MOIYJISMH
KOHTPOJISI CYUUTHIBAIOLIEH JEKTPOHUKH U CHCTEMOH YIIpaB/IeHHs JaHHOU dJeK-
TPOHHKOH, TTOBJIEKIIUMH 32 OO0 perucTpaltio HMIYJIbCOB OT cpabaThiBaHHS
MOIYJsI KaJuOPOBAHHOIO HUCTOYHMKA CBeTa BO BpeMsi (hH3HuecKoro Hadopa
NAHHBIX M3-3a CIBUTa 3aMHCaHHOrO COObITHS BO BpeMeHHOM okHe. He6oJb-
IIOH BKJAaJ B CTaTHCTHKY IMOTEPb NAHHBIX BHECIH HH(PACTPYKTYpHbIE MPO-
6JieMbl, TaKHe Kak noJioMka (¢ mocsenytoredt 8 2019 r. 3ameHok) HCTOUHUKOB
MUTaHUS JEKTPOHHKH.
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Puc. 7 (uBeTHO# B 3/eKTpoHHOH Bepcuu). OOLIKE cTaTyc CepTHPUKALMH JaHHBIX C
anponHoro kasopumerpa CMS 3a 2018 r. B Buie 3aBUCHMOCTH OT BPEMEHH U KOJIH-
YecTBa HabOpaHHBIX NaHHBIX. CHHHM (/) MOKa3aHO KOJIMYECTBO HAaOpaHHBIX JAHHBIX
B 16!, KpacHHIM (2) — TIOTEPH B aJPOHHOM KaJopuMeTpe (B JOrapH(QMHUECKOM
Maciurabe)

Hepa6oratoiux KaHanioB 3JeKTPOHUKH, OLIMOOK UTEHHUs] CUTHAJOB, OTKa-
30B MOMYJIEH CUMTHIBAIOIIEH 3JMEKTPOHHUKH BBISIBJIEHO He OblIo. M3MepeHHbIe
aMIIUTYIbl CUTHAJIOB HAXOMHUAUCh B TPeOyeMOM IHana3oHe BeJUYHH. B ycio-
BUSIX POCTa (POHOBBIX HAIPY30K B pexKUMe Habopa NaHHbIX MPH APO-sAePHBIX
CTOJIKHOBEHHUSIX TIepPerpy30K KaHaJsoB Nepefaud NaHHBIX aJipOHHOrO KaJopHu-
MeTpa MexJy CHCTeMOol Habopa JaHHBIX U CUCTeMOH 0T6GOpa He HabMI01AI0Ch.

W3 sapeructpupoBanHbix CMS panubix 3a 2016-2018 rr. (cymmapHo
144,1 (1)6*1: 37,8, 44,2 u 62,1 @6*1 3a Ka)X[bld TOJ COOTBETCTBEHHO) ObLIH
otobpanbl 142,3 (1)6_1 (37,7, 43,1, 61,5 q)6_1 3a KaXIbld ol COOTBET-
CTBEHHO) KaK yJOBJIETBOPSIOIIHE YCJIOBHIO (PU3NUECKOH 3a1auH /IS aJpOHHOH
KaJopuMeTpuu netektopa (puc.7). B cBoio ouepenb, mocse cepTHdUKALUH
IOaHHBIX cO Bcex moacucteMm netektropa CMS 6eun otobpaner 137,3 416_1
(36,5, 42, 58,8 6! 3a Kax kI O COOTBETCTBEHHO) KaK YAO0BJIETBOPSAIOLIHE
ycJoBUsaM paboTsl fetekropa CMS B nemnom.

MOJEPHHU3ANIM] TOPIEBBIX ATIPOHHBIX KAJIOPUMETPOB
B PAMKAX ITIPOT'PAMMBI «®A3A 2»

[Tpoekt wmomepHuszaunu CMS «®aza 2» HampaBjeH Ha YyCOBeplleH-
CTBOBaHHE JETEKTOPHBIX CHCTEM MAJsl oOecreueHHss HEOOXOAMMBIX (pu3uyec-
KHX XapaKTepUCTHK B CJOXKHBIX YCJIOBHSX BbICOKOH cBetuMocTH Ha LHC
(HL-LHC) [6]. Ha sTom BTOpOM 3Tamne nporpammb pusuku LHC nnaunupyer-
sl yBeJIHUYUTh MFHOBEHHYI0 cBeTUMOocTb 110 5 - 103 em~2 - ¢! ¢ nesbio Habopa
okos10 3000 b6~ uuTerpanbHoi cBeTUMocTH K KoHIly 2037 r. CoOTBeTCTBY-
[olllee cpellHee UUCJIO MPOTOH-TIPOTOHHBIX B3auMofeHcTBHE (pile-up) Ha omHO
nepeceyeHHe CryCTKOB MYy4KOB cocTaBUT 140, ¢ BOBMOXKHOCTBIO yBeJHUYeHHS
no 200. YcraHoBKa MOIEPHHU3UPOBAHHBIX NETEKTOPHBIX CHCTEM Hauanach BO
BpeMsi LS2 u nosmkHa 6biTh 3aBepieHa Bo BpeMsi LS3, KoTopas 3anjaHupoBa-
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Puc. 8. dckus onHoit yetBeptr Maketa HGCAL B koopauHatax r—z (@). YnoxeHHble
cnon kpeMmHuesoro Monynst CE-E (6). [IpuMep pacrosnoxkeHust KpeMHHEBOTO (BHYTpPeH-
HSISl 4acTh) U CLMHTHUJISLMOHHOrO (BHeLIHsisl yacTh) MonyJeit B 22-m cioe CE-H (8)

Ha Ha nepuon ¢ KoHia 2025 r. no cepenunsl 2028 r. {ss ynyulieHus cnocoo-
HOCTH BBIAEJISITb U TOYHO H3MEPSITh MPOAYKTHl HauboJiee HHTEPECHBIX CTOJK-
HOBeHMH HeTekTopsl CMS HyXHaloTCsl B COOTBETCTBYIOLIEH MOJIEPHHU3ALNH.

TopueBble yacTH 3/J€KTPOMAarHUTHOTO U aJPOHHOrO KajopumeTpoB CMS
OyAyT 3aMeHEeHbl HOBOH CHUCTeMOH, HOCsLeld Ha3BaHHe KaJOPUMETpP BBICOKOH
rpanyasipHocty HGCAL, cocrostiie#i U3 3JeKTPOMAarHUTHOR W afpoOHHOMN ya-
creii (puc. 8). Koncrpykius HGCAL 6ynet noasep:keHa KecTKOMY pajHaliy-
OHHOMY H3JIyY€HHIO C BHICOKOH MHOXKECTBEHHOCTbIO HAJIOKEHHBIX B3anMOJIei-
CTBHH Ha OJHO COObITHE. AKTHUBHBIE IE€TEKTOPHbIE 3JIEMEHTHl U CUMThIBAKOILAS
3JIEKTPOHHMKA JOJ/KHBI OBITh (DYHKLUHOHAJBHBIMH U BBICOKO3(D(EKTHBHBIMU
nocse 10 jser padorel HL-LHC: nnist yacreii, 6muxXaliux K Touke B3auMoei-
CTBHS, 3TO COOTBETCTByeT MaKcHMa/JbHOMY (atoency yactui 1,0 - 1016 cm—2
B HEHTPOHHOM 3KBUBaJjIeHTe U 0011el noryoeHHod noze 10 MI'p. asa cmsr-
yeHusi Boicokoro pile-up HGCAL 6ynmeT ¥MeTb YBeJHUEHHYIO MOTEPEYHYIO
U TIPOLOJIbHYIO I'PaHYJSPHOCTb, a TAKXKe XOpOIlllee BPeMEHHOEe paspelleHHe.
C yueTOM 3THX YCJOBMH W BBHILY OOJBILIOH OOIIEH MJIOMIAAH BBICOKOTPAHY-
JISIPHOTO KaJlopuMeTpa W TPeOOBaHMS K CO3NaHHIO NETEKTOpa M3 MaTepHa-
JIOB C HU3KOH CTOMMOCTBIO Ha €IMHHILY IJIOMIAIH, J1eKTPOMarHUTHAsI YacTh
kajnopumetrpa (CE-E) ocHoBaHa Ha TeXHOJIOTHH KPeMHHEBBIX (OTOHATUHKOB
¥ 3anumaeT 585 Mm%, B To Bpemsi Kak azaponHast yacte (CE-H) ocHoaHa
Ha TeXHOJIOTHSIX KPeMHHEBBIX (POTONATUHKOB U CUMHTUJJISIUOHHBIX MOMLYJ/IEH
v sanumaer 485 m2. IoppobHoe omucanue HGCAL mpuseseHo B oTueTe
0 TEXHHYECKOM MPOEKTHPOBaHHHU [7].

Ha ocHoge onbiTa, HakomsmenHoro B xofe HUOKP no marepuany ¢oro-
JIATYUKOB Is1 MojepHU3aunu «Pasbl 2» TpeknHrooi cucreMbl CMS, kpem-
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HUeBble (HDOTONATUMKU OBIIM BHIOPaHBl B KauecTBe aKTHUBHOTO 3JeMeHTa [JIs
3JIEKTPOMarHUTHON ceKUMH TopueBoro Kajopumerpa CE-E u3-3a ux BbicoKoi
panvalMOHHOH CTOHKOCTH K YPOBHIO H3Jy4YeHHs, CPaBHUMOMY C YPOBHEM
usnyuenusi B oobeme tpekepa. CE-E coctout n3 26 csoeB obiiei ToJMLIHHON
34 cwM, uTO MpUMepHO co0TBeTCTBYeT 26 X0 U 1,7\, AKTHBHBIMH IETEKTOPHBHI-
MU 3JIEMEHTaMH OYIYyT ILIECTHYTOJbHbIE KPeMHUEBbIE (DOTONATUMKU ILIUPHUHOU
190 MM, cermeHTHpoBaHHBEIE B 432 IMIECTHYTOJbHBIE TYEHKH BO BHYTpPEHHEH
4acTH KajopumMeTpa U B 192 sueliku Bo BHemuHe#l yactd. Monynp npencras-
JseT cobol (POTOAATUMK HA JIUCTe KANTOHOBOH JIEHTHI, OMELLEHHbIH MeXIy
1,4-mm W/Cu (75/25 %) naactuHoil u meuaTHo# nsatoit ¢ mepemosodt ASIC
HGCROC (cwm. puc. 8).

HGCROC paspadoran no 130-um CMOS rexHosorun u obecrneurnBaer
TMOJIHYI0 (PYHKLMOHANBHOCTb B PaIHaLUOHHO KECTKUX yC10BUAX. OCHOBHBIMH
0COOEHHOCTSIMU 3TOTO YMIA SBJASIOTCSA: BBICOKMH AHHAMHUECKHH AMANas3oH
IpY HU3KOM 3HepronotpebsaeHnH 6/1arofapsi METOLY H3MepeHUs 3apsia uepes
Bpemsi npoxoxaeHuss nopora (ToT) u Tounble (25 mc) M3MepeHHs BpeMeHH
peructpanun coouitis (ToA) mpu gacrore 40 MI.

Anponnas yacte HGCAL CE-H cocToHT U3 MOTJIOTUTENS U3 HepKaBelo-
el cranu ¢ 21 caoem pasjauyHOH NPONOJBbHON U MONEepeyHOH CerMeHTaltH.
[Mepenusis yacts CE-H cocrout u3 12 caoes 35-Mm morgotutesst (3,3)),
a sanHss yacte — U3 10 csoeB 68-mM manHoro morsotutess (5,7)). [lepseie
BoceMb cjioeB CE-H OynyT ocHalieHbl MOAYJISIMH ¢ KPeMHHEBBIMH BKJaiKa-
MU (C OTHOCTOPOHHHUMH KacceTaMH). OcTaJbHEIE CJIOH NPeACTaBJSIOT COOOH
KOMOMHALUI0 KPEeMHHUEBBIX CJI0eB (MPU OOJBLIMX yIAax MCEeBAOOBICTPOT) H
CLUMHTHJ/IISILUOHHBIX MOAYJel, cuuThiBaeMbix KDY (mpu HU3KHUX yriax nces-
no6bicTpoT). TakuMm 06pa3oM, B LEHTPe CHUCTEMbI HOBOI'O aJpPOHHOr0 KaJjo-
pUMeTpa pas3MelleHbl reKcaroHaibHble KPEMHHEBbIE MOAYJIH, & CLUHTUILISILIU-
OHHBIe MOIYJIM PacrosioXkeHbl BO BHelmHel obsactu cjos CE-H (cm. puc. 8).
AKTUBHBIE [EeTEKTOPHbIE 3JIEMEHTHl TPENCTaBJSIOT CO00H TeKcaroHaljbHblE
KpPeMHUEBble TaTuuky wupuHoi 190 MM n3 8” muacTuH, a CHrHaJ CO CUMH-
TUMJISLUOHHOTO MOLYJsl CUUTHIBAETCH KPEeMHHEBBIM (DOTOyMHOXHTeseM. Pe-
ructpupytoinas agnektponuka ASIC monyneii CE-H Oymer Takoit e, kKak u
B CE-E, a umenno HGCROC.

3AKJIIOYEHHUE

Jnsa pemenus tekyummx sagad u 3agad snoxu HL-LHC apponnas xa-
gopuMeTpusi netektopa CMS MpoXooUT HECKOJbKO 3TANOB MOAEPHHU3ALMH,
BKJIIOUAsi MOJIHYIO MepelesiKy CBOUX TOpleBbiXx 4dacTeil. OCHOBHBIMH IpH-
YUHAMH SIBJSIOTCS Jerpajalusi CUTHaja OT AaKTHBHBIX 3JEMEHTOB KaJjlOpH-
MEeTPUUECKHUX JIETEeKTOPOB, OTKAa3bl aMMapaTypbl CEPBUCHBIX CHCTEM, BBHICO-
KHe 3arpy3KH B YCJIOBHSIX YBEeJHUEHHOH CBETHMOCTH YCKODHUTEJSI MOCJe €ero
MoIepHH3aUuu B mepuop LS2, a TakxkKe BbICOKas OXHIaeMas MrHOBeHHas
CBETHUMOCTb (5—7) - 103 em2 - ¢! mocae monepuusaunu LHC B mepuon LS3,
yTo npuBeneT K Gosbiiomy uucay (140-200) Ha/oKEHHBIX BEpIIMH B3aHMO-



202 BYHHUH II. I. OT UMEHHU KOJIJTABOPALIMK CMS

IEUCTBYIOIMX YACTUL, B MOMEHT OJHOTO COOBITHS M XKEeCTKHM pagralHOHHBIM
yeqoBusim. O6uias uvonusupymowas no3a B 10 MIp u duaoenc yactuu B
1-10' cm~2 GynyT Habpanbl 3a oxkuaaeMble caeayiomye 10 geT paGoTsl cJo-
eM KaJlopuMeTpa, OMMKAUIIUM K TOYKe B3auMoneHcTBus. COOTBETCTBEHHO,
IpYyTHe 4acTH apOHHOTO KaJOpHMeTpa MONBEPTHYTCS XOTh U MeHblIeH 103e
06JIydeH s, HO NOCTATOUHOH MJISI TIOJTHOH HEeCNOCOOHOCTH IEeTeKTHPOBaTh 4a-
CTHULBl NIPY COXPAHEHHH UX TeKylleHd KOH(UIYpaLHUH U CUCTEM 3JEKTPOHHUKH
nerexropa. Jlsis nonnepKaHus cBoel paGoThbl B TEKYLIUX YCJIOBUSAX alpOHHBIE
KaJIODUMETPBI TIPOLIINA TMepBbId 3Tan MonepHusauui («Pasza 1») B TeueHue
LS2 u KOpPOTKHX TeXHHUYECKHX OCTaHOBOK. HoBBIe TOplLEBble KaJOpUMETPHI
(«®Pa3za 2») yxe HaxoOsTCA Ha CTaUK MPOU3BOACTBA. [IpOU3BOACTBO MOIKHO
6bITh 3aBepieHo K 2026 r., puHasbHble HcnbiTaHus — K 2027 1., a ycTaHOBKa
¥ BBOJ B 3KCILIyaTaluio 3amjaHupoBanbl Ha 2027-2028 rr.
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