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Monepuuszanus
yctanoBku CMS na LHC

Omzuku OUAU yaacTByIoT B poekTe « KOMIaKTHBIN MIOOHHBIH CO-
nerons» (CMS) B cocraBe kotabopayy HayuHbIX IIEeHTpoB Poccnu u
ctpan-ydactann OV (RDMS) co BpeMeHn penioKeH s KOHISTIIIHN
sKcrepuMenTa — ¢ 1992 .

Bxman OMSAN nmompa3ymeBain co3l1aHue JIETEKTOPOB TOPIIEBOW da-
CTH DKCHEPUMEHTaNbHOI ycTaHoBKH CMS, BKIIOUas NpOEKTUPOBAHUE,
CTPOUTEIBCTBO M SKCILTyaTallMi0 TOPLEBOrO aJPOHHOIO KaJopuMeTpa
(HCal) u mepenneit mroonHo#t cranuu (ME1/1), B ToMm 4mcie ygactre B
ceaHcax 1o Habopy 3KCHEPHUMEHTAIBHBIX JIAHHBIX U (U3MYECKOMY aHa-
U3y, a Takxke momaepxanne 3pekTuBHON pabOTH YCTAaHOBKU.

[TepBrlit aTan Habopa HSKCIEPUMEHTAIBHBIX TaHHBIX (Runl) mpoxo-
it B 2009-2012 rr. ipu SHEPTUM CTAKUBAIOIINXCS TYYKOB ITPOTOHOB
f =7 u 8 ToB. B nepuox Runl omanm u3 ¢pyHIaMEHTaTBHBIX TOCTH-
xeHui sxcniepumenta CMS craiio otkpbeiTre 0030Ha Xurrca. Kitroueyro
POIIb B PETHCTPAIIHH «30JI0TOTO» pachana HoBoro 603ona (h— ZZ* — 4p)
urpaer MioonHas cuctema CMS. Ilepenuss mroonnas cranuust MEL/1,
oOnajiaromas YHUKaJIbHBIMU XapaKTePUCTHKaMK (ITPOCTPAHCTBEHHBIM
paspemerrem ~50 MKM M BpeMEHHBIM paspelieHneM ~3 He), odecrnedn-
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Upgrade of the CMS
Detector at the LHC

JINR physicists have been participating in the Compact Muon
Solenoid (CMS) experiment as part of a collaboration of scientific cen-
tres of Russia and JINR Member States (RDMS) since the concept of the
experiment was proposed in 1992.

JINR’s contribution was focused on the construction of detectors for
the endcap of the CMS detector, including the design, construction and
commissioning of the Endcap Hadron Calorimeter (HCal) and the for-
ward muon station (ME1/1), and the participation in runs on data taking
and physical analysis, as well as maintaining the effective operation of
the detector.

The first stage of the experimental data taking (Runl) took place in
2009-2012 at the energy of colliding proton beams Ys=7 and 8 TeV.
During Runl1, one of the fundamental results of the CMS experiment was
the discovery of the Higgs boson. The CMS muon system plays a key role
in registering the “golden” decay of a new boson (h— ZZ"* —4y). The
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BaeT NPEIU3NOHHBIC N3MEPEHHU KOOPAWHAT TPeKa MIOOHA.
Bo BTopom nepuogae (Run2) padorst LHC B 2015-2018 T
sHeprua LHC nocrturna Vs =13 ToB. Monusiii 06beM
9KCIIEPUMEHTAIIBHBIX JIAaHHBIX, 3alIUCAHHBIX B JKCIIEPHU-
MenTe CMS 3a 00a mepuojaa, COOTBETCTBYET MHTEIPAIb-
Hoi cerumocty Ly ~190 p6~ 1.

Bo Bpemst IByX JUIMTENBHBIX TEXHHYECKHX IE€PEphI-
BoB B padore LHC B 2013-2015 rr. u B 2019-2022 rr.
Obuta mpoBezieHa repBas (aza MOJIEpHH3ALUH HKCIICPH-
MeHTanpHOU ycTaHoBKH CMS, obecreunBaromas 3 dek-
THUBHYIO pabOTy BCEX CHUCTEM NPH BBICOKOH CBETHMOCTH
LHC (6onee 103 cm2-¢7') mpu nosbimenun sHeprun

TIPOTOH-TTPOTOHHBIX CTOJIKHOBEHHUH /IO MPOEKTHOTO 3HAYE-
Hus 14 T>B B cucteme LeHTpa Macc.

Crenunanuctsl OUSHN BHecn GOJIBIION BKJIaJL B MO-
JIEPHU3AIHIIO JIETEKTOPHBIX CUCTEM aJIPOHHOTO KajJopuMe-
Tpa U MIOOHHOMU cucreMsl. [IpoBeneHbl 3aMeHa, IpoBeEpKa
¥ BBOJI B KCIUIYaTaILMIO 3JIEKTPOHNUKN CIYUTHIBAHUS U CEP-
BHCHBIX CHCTEM aJ[pOHHOTO KajopuMmeTpa. B pamkax mo-
JIepHU3AIHY MIOOHHOHM crucTeMbl 108 1eTeKTOpOB YeThIpex
MIOOHHBIX CTaHIIHI, PACTIOIOKECHHBIX B 001aCTH OOJIBIITIX
3arpy30K, OCHallleHbl HOBOU 3JIEKTPOHUKOM MMOBBIIIIEHHOTO
owicTpozeiicTBus. Ha puc. 1 mokasan CTeHa JTATETbHON

Puc. 1. Ctenn mutensHoi npoBepku pabdorocnocodbnoctu aerekropos ME1/1

Fig. 1. Stand for long-term testing of the performance of ME1/1 detectors

forward muon station ME1/1, which has unique charac-
teristics (spatial resolution of ~50 pm and time resolution
of ~3 ns), provides precision measurements of the mu-
on track coordinates. In Run2 at the LHC in 2015-2018,
the LHC energy reached y's =13 TeV. The full volume
of experimental data recorded by the CMS experiment
over two runs corresponds to the integral luminosity of
L~ 190 fol.

During two long-term shutdowns of the LHC in
2013-2015 and in 2019-2022, the first stage of upgrading
the CMS detector was carried out. It ensured the efficient
operation of all systems at high luminosity of the LHC
over 1034 cm™2-s7! with an increase in the energy of pro-
ton—proton collisions to the c.m.s. design value of 14 TeV.

JINR specialists have made a great contribution to the
upgrade of the detector systems of the hadron calorimeter
and the muon system. Replacement, testing and commis-
sioning of the readout electronics and service systems of
the hadron calorimeter were carried out. As part of the mu-
on system upgrade, 108 detectors of four muon stations lo-
cated in the high-occupancy area have been equipped with
new high-speed electronics. Figure 1 shows the final stage
of a long-term performance test of the ME1/1 detectors
before their installation into the CMS detector.

Currently, the preparation of the CMS muon system
detectors for Run3 is being completed. This run will last
until the end of 2025 (the expected integral luminosity will
increase to L, ~350 fb1).
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mpoBepku paborocmnocodHOCTH neTexkTopoB MEL/1 mepen
WX MOHTa)KOM B HKCIIEPIMEHTAIbHYIO YCTAHOBKY.

B HacTosmee BpeMsi 3aKaHUMBACTCS MTOJTOTOBKA Jie-
TEKTOPOB MIOOHHOHM cucteMbl CMS Kk TpeTbemy nepuosy
Habopa SKCIEPUMCHTAIbHBIX NaHHBIX (Run3), xoropsrit
npoanutes A0 koHna 2025 r. (okugaeMas HHTerpanbHas
cBeTUMOCTH Bo3pactet 0 L, ~350 p6 ).

Hauunas ¢ 2029 r. mpemycmorpena pabora LHC
npu noBeimeHHON ceetumocty (High-Luminosity LHC,
HL-LHC) — Bmiots g0 7,5-103% cm2-c¢7!, uto mo-
3BOJIUT YBEIMYHTH CTAaTUCTHKY Oojee UeM Ha MOPSIO0K
(L;,~3000 (1)6_1). D10 o00ecreunT ajbHENIIee TIa-
TENBHOC W3YYCHHUE NpPUPOIbI 0030HAa XUITCAa M TOUCK
BO3MOKHBIX OTKJIOHEHUH OT mpejackazanuii CtangapTHOM
mozienn (CM), yka3bIBalOIUX Ha MPOSIBICHHE CUTHAJIOB
HOBBIX (DH3MUYCCKUX SIBICHHUIA. B dYacTHOCTH,

BO)XHO CYIIIECTBEHHO MOBBICHTH TOYHOCThH H3-
MEpEHHUS KOHCTAHT CBsI3M 0030Ha Xurrca (0Xu-
JlaeMasi TOYHOCTh ~3—5 %), Tak Kak HaOoaae-

ra TeKyIeH 4yBCTBUTEIBHOCTH AKCIIEPUMEHTAIBHBIX U3-
MepeHni (CleHapuu ¢ YacTUIIAMU-KaHIU1aTaMH Ha POJb
TEMHOW MaTepHH, PACIINPEHHBIE CYINEePCUMMETPUYHBIC
MOJIETTH, TEOPUH XUITCOBCKOTO TOopTaia # T.1.). Cpemun
HHUX OCOOBIIl MHTEpEC MPEACTABISIIOT MPOLECCHI, B KOTO-
PBIX OJKHJIAETCSI POKACHHUE TAaK HA3bIBAEMBIX JOJTOXKHBY-
mmx HoBbIX yactull (Long-Lived Particles, LLP) ¢ Bep-
MIMHAMH PacIafa, HaXOSIIMMHUCS Ha 3HAYUTEIBHOM (OT
HECKOJIBKHX CAHTHUMETPOB JI0 IECSITKOB METPOB) PacCTOsi-
HHUH OT TOYKH B3aUMOACHCTBHS IIyIKOB ITPOTOHOB (pHC. 2).
Taxoke pa3nTUIHbIe CIICHAPUH TIOMCKa HOBOU (pr3uKH mpet-
CKa3bIBAIOT POJKAEHHE YaCTHII C TOTIEPEUHBIM UMITYIIECOM,
HaMHOTO TIpeBBIMAOIMUM uX Maccy (boosted objects). Kax
CJIE/ICTBHE, TPOAYKTHI UX paclajia MpeICTaBIAIOT COO0H
OYEHb Y3KHE CTPYH, IEPECEKAIOIINECS B IPOCTPAHCTBE.

Puc. 2. Bo3moskHbIe TOIONIOTUU
COOBITHI IPH POXKIICHUH HOATOKUBYINX dacTur (LLP)

MBIl BKJIQJ{ OT POXKJICHUSI HOBBIX YaCTHI[ MOJKET
OKa3aThCs TOpPa3I0 MEHbIIE TEKYIICH TOYHOCTH
mmepenuit  (10-30%). VYBenuueHnue craTH-
CTUKHW HAaHHBIX MO3BOJIUT OCYHICCTBUTH IMOUCK
npoteccoB 3a pamkamu CM, KOTOpbIE XapakTe-
PH3YIOTCSI CEUCHUSIMH, JISKAIMMHU HHXKE OPO-

Starting from 2029, the LHC is expect-
ed to operate at increased luminosity up to
7.5-10%* cm™2-s7! (High Luminosity, HL-
LHC). It will increase the statistics by more
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than an order of magnitude (L;,,~3000 fb1).
This will further allow studying thoroughly the

nature of the Higgs boson and searching for

possible deviations from the SM predictions, indicating
the manifestations of signals of new physical phenomena.
In particular, it is important to significantly improve the
accuracy of measuring the coupling constants of the Higgs
boson (expected accuracy is ~3—5%), since the observed
contribution from the production of new particles may be
much less than the current measurement accuracy (10—
30%). The increase in data statistics will allow us to search
for processes beyond the SM, which are characterized by
cross sections that are below the threshold of the current
sensitivity of experimental measurements (scenarios with
dark matter particle candidates, extended supersymmetric
models, Higgs-portal theories, etc.). Among them, we are
particularly interested in processes in which the produc-
tion of long-lived particles (LLP) is expected with decay
vertices located at a considerable (from several centime-

Fig. 2. Possible topologies of events at the production of long-lived
particles (LLP)

ters to tens of meters) distance from the interaction point
of proton beams (Fig. 2). Also, various scenarios for the
search for new physics predict the production of particles
with a transverse momentum much larger than their mass
(boosted objects). Consequently, their decay products are
very narrow jets overlapping in space.

The registration of such processes requires a signif-
icant expansion of the possibilities of the event selection
system, along with the use of nonstandard algorithms for
event reconstruction, for example, reconstruction of tracks
and measurement of particle energy using muon stations
without using a tracker. Good separation of double jets,
especially at high interaction density, requires a calorim-
eter with good longitudinal and transverse segmentation,
which facilitates the measurement of particle flow energy.
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Jlns peructpanyuy TakuxX MPOIECCOB Tpedyercs cy-
IIECTBEHHOE PACIIMPEHHE BO3MOXKHOCTEH CHUCTEMBI OT-
00opa COOBITHIA, a TAKXKE HCIIOIH30BAHUEC HECTAHIAPTHBIX
ANTOPUTMOB PEKOHCTPYKIINU COOBITHI, HAIIPUMEpP PEKOH-
CTPYKI[MH TPEKOB M M3MEPEHUS DHEPTUH YaCTHI[ C TIOMO-
[[bI0 MIOOHHBIX CTaHIUI 0e3 mpuBieUYeHus Tpekepa. s
JYYIIETo pa3[aeNieHusI IBOMHBIX CTPYH, 0COOCHHO B YCIIO-
BUSAX BBICOKOH IIJIOTHOCTH B3aMMOJIEHCTBHI, HEOOXOIUM
KaJIOpUMETP € TAKOM MPOJIOJIBHOW U MONEPEYHON CerMeH-
TaIed, KoTopasi 00JerdyaeT U3MEpEeHNUe YHEPTUU MOTOKa
YaCTHII.

IIpu yBenuueHUH CBETUMOCTH KoJLlaizepa IeTeKTo-
PBI U JICKTPOHUKA CYUTHIBAHHUS JIOJDKHBI OBITh aIaTHPO-
BaHBI JUTS Pa0OTHI B YCIIOBHSAX CYIIECTBCHHO YBEITHUCHHBIX
panmanuoHHbIX 3arpy3ok. @mukamu OV npoBoautcs
KOMIUIEKCHOE UCCIIeIOBaHUE JeTrpajallui TapaMeTpoB Jie-
TEKTOpoB npu padote B ycnosusix HL-LHC.

Bropas ¢aza monepumsarmmu CMS it paboTHI B pe-
skume HL-LHC naunetrcs B 2026 1. 1 3aTpOHET BCe KIIIOYe-
BEIC JICTCKTOPHBIC AIIEMEHTHI YCTAHOBKH: TPEKEP, KaJOpH-
METpPBI U MIOOHHYIO cuctemy. OIS nmpuHIMaeT akTuB-
HOE y4yacTHe B MOJEPHM3AIMH MIOOHHOH cuctemMbl CMS
U B CO3/IaHUU KaJOPUMETPA C BBHICOKOH IPaHyISPHOCTHIO
(HGCal). Beimonaen 60mb10# 00beM HAyYHO-HCCIIe0Ba-
TEJIbCKUX U OIBITHO-KOHCTPYKTOPCKKX padoT, HAIIPaBJICH-

HBIX Ha WCCJIEJIOBAHNE PAJNAlMOHHBIX CBOWCTB MaTepu-
aJIOB U ITOUCK TCXHUYCCKUX peHIeHHfI B CO3IaHUU HOBBIX
CHCTEM JIETEKTOPOB.

Corpynnuku OMSIM coBmMecTHO €O crenuagucTa-
MH U3 bermopycckoro rocyaapcTBEHHOTO YHHBEpCHUTETa
(MUHCK) aKTHBHO y4YacTBYIOT B CO3JaHUHU JIETEKTHPYIO-
mux aaeMeHToB (kaccer) kanopumerpa HGCal, cocro-
SIIUX 13 KPEMHHEBBIX CEHCOPOB M CHMHTWIIISIIIMOHHBIX
MOAyJIeH, CMOHTHPOBAHHBIX HA MEIHOW MTAHEIH OXJIaXKe-
Hust. KpoMe Toro, onpenensiomuii BKJIaa HAIUX CIenna-
JIMCTOB BHECEH B Pa3pabOTKYy, MOJICTUPOBAHHE 1 CO3/JaHNE
CTeH1a st TpoBepKH paborocnocodHocTr kaccer HGCal.
VcnibITanus, BKJIIOYAsi TECTHI ¢ KOCMHUYECKHUMH JIydaMH,
6y]1yT MMPOBOJAUTHECA B CHEIUAJBHBIX YCJIOBUAX — IIPU
Temmneparype nomerieHus —35 °C B TeueHHe AByX HeJelb.

As the luminosity of the collider increases, the detec-
tors and readout electronics must be adapted to operate at
significantly increased radiation loads. JINR physicists are
conducting a comprehensive study of the degradation of
detector parameters when operating under HL-LHC con-
ditions.

The second phase of upgrading the CMS detector
to operate in the HL-LHC mode will begin in 2026 and
will affect all the key elements of the detector: tracker,
calorimeters, and muon system. JINR takes an active part
in the upgrade of the CMS muon system and in the con-
struction of the High Granularity Calorimeter (HGCal). A
large amount of research and development work has been
carried out, aimed at studying the radiation properties of
materials and choosing technical solutions in the develop-
ment of new detector systems.
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The JINR group, together with specialists from the
Belarusian State University (Minsk), actively participates
in the construction of detecting elements (cassettes) of
the HGCal. These cassettes consist of silicon sensors and
scintillation modules installed on a copper cooling panel.
In addition, our specialists have made the decisive contri-
bution to the development, simulation and construction of
a stand for testing the performance of HGCal cassettes.
Tests, including those with cosmic rays, will be carried out
under special conditions in the laboratory at a temperature
of =35°C for two weeks.
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