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The Project of JINR participation in upgrade of the CMS Detector based on the CMS Project “Upgrade of CMS Detector through 2020”, CERN-LHCC-2011-06, approved by CERN. 
1. Goal of CMS Upgrade
Phase I: Modernization of CMS detector necessary to maintain and increase, the physics potential of the experiment for operation at 1-2x1034cm-2s-1 and full energy of LHC up to √s = 14 TeV.

Phase II: Development of CMS detector to be able to cope with the high luminosity running of LHC, luminosity leveling at 4-5x1034cm-2s-1, and integrated luminosity up to 1-3 ab-1 (attobarn physics). The high luminosity running of LHC is expected to enter into operation as of the year 2020. The preparations for the second phase of the Upgrades, will require R&D, which has to be conducted in parallel with data-taking and with the construction and installation work necessary for Phase I. 
JINR in the frame of RDMS CMS collaboration participates in upgrade of detector sub-systems, where bears full responsibility since the very beginning of the CMS Project for Forward Muon Stations ME1/1 and endcap hadron calorimeters HE, and also participates in R&D necessary for preparation of further upgrade at Phase II. 

2. JINR Obligations in CMS Upgrade Phase I
Full cost of CMS upgrade in Phase I “Upgrade of CMS Detector through 2020”, CERN-LHCC-2011-06, approved by October 2012 RRB, and  estimated as ~66.6 MCHF. 

During approval of this project JINR directorate took the following responsibilities: 

- upgrade of Forward Muon Stations ME1/1

500 kCHF from JINR budget









   90 kCHF from RF budget

- upgrade of Endcap Hadron Colorimeters НЕ

486 kCHF from JINR budget

- contribution to the Common Fund in-cash

100 kCHF from JINR budget,

with a total JINR contribution of 1.086 MCHF through 2020. 

For execution of these obligations the following time schedule of work flow was agreed with the CMS Management, for future accounting of the JINR contribution to Upgrade Project:

-  preparation and dismounting of ME1/1 chambers (2013)

- design, construction, integration, and installation of new ME1/1 electronics (2013- 2020)

- installation of ME1/1 chambers (2013-2014)

- start-up, maintenance, and development of ME1/1 (2013-2020)

- beam test and optimization of HE longitudinal segmentation (2013-2015)

- construction, calibration and start-up new HE electronics and SiPM (2014- 2020).
The obligations of JINR in the CMS Muon system Phase-I Upgrade fulfilled in LS2 period. 

The responsibilities of JINR together with DMS countries (RDMS-DMS) in construction of the Phase-2 Muon System: “On-detector electronics and OTMBs” and “RE3/1 RE4/1 Chambers” is defined in Annex 3 of Addendum №13 to the Memorandum of Understanding for Collaboration in the Construction of the CMS Detector (CERN-MoU-2019-008) [9]. The total CORE1 JINR contribution (Annex 4 to MoU) accounted as 151 kCHF (76 kCHF – from JINR budget, 75 kCHF – from Georgia Technical University and Tbilisi State University budget). 

In addition, the unexpected/extra JINR expenditures of 63 kCHF related to the manufacturing of the new cooling circuits and monitoring of the water leaks will be acknowledged as an advanced contribution in the M&O-B budget of the Muon System from 2021 in 2019.

The estimated expenditures for the Phase-2 Muon System upgrades R&D summarized as follows:

· Preparation to the LS3 Upgrade. Construction of refurbishing area, test stands, services etc. -12.0 kCHF.

· Upgrade of the CSC chambers during long shutdown periods LS2 (preparation to LS3 period). Construction of cables and gas and water services, purchase tooling, cables connectors, pipes etc. -13.0 kCHF.

· Upgrade of the ME1/1 patch panel and services, purchase components, materials and construction of mechanical parts – 15.0 kCHF.

· Upgrade of ME1/1 high voltage filter – 7.0 kCHF.

· Design, prototyping and radiation hardness test of the LVDB board with build in LVMB mezzanine board. Purchase components for prototypes, cables and connectors, test boards for radiation hardness tests - 5.0 kCHF.  

· Upgrade of the CMS CSC ageing setup at GIF++. Assembly and install ME1/1 test CSC for irradiation, purchase cables, connectors, pipes, components -4.0 kCHF.    

· Participation in the new gas mixture studies.

· Construction of the new gas mixer rack for new gas mixture studies. Purchase flowmeters, pumps, connectors, pipes, premixed gas cylinders etc. – 24 kCHF.

· Construction of new mini-CSC chambers – 4 kCHF.    

3.  UPGRADE OF THE CMS ENDCAP MUON STATION ME
3.1. Results of the 1st phase of upgrade of the CMS endcap muon system
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The report presents the goals and results of the modernization of the cathode strip chambers (CSC) of the CMS endcap muon system performed during the first long stop of the LHC. The cathode strip chambers detect muons with high accuracy in the pseudorapidity region 0.9 <| η | <2.4 operating in a non-uniform magnetic field and under conditions of a high level of radiation background. The CMS endcap muon system consists of four muon stations (ME1-ME4), including 468 CSC. Each chamber consists of the 7 foil panels forming 6 gas gaps (sub-chambers), in which a potential of 2.9-3.6 kV is applied on anode wires (depending on the chamber type). The coordinate of the track is determined by the distribution of the induced charge on the strips and the electronic signal from the anode wires. Information read from cathode strips having a width of 3-16 mm milled on the surface of the foil panels determines the azimuthal coordinate of the muon that is important for measuring its transverse momentum. The information read from the anode wires makes it possible to measure the radial coordinate of the muon and the exact timestamp for recording the local muon track in each of the six planes of the CSC. 3D segments obtained by fitting the local coordinates of a muon in each of the six planes of the chamber, called charged tracks, form primitives for generating a trigger in a given area of interest.
Fig.3.1. The longitudinal cross section of the CMS detector (1/4 part).  

The first muon station ME1/1 is the most important detector of the CMS endcap muon system. MEL1/1 is located inside the solenoid of the superconducting magnet in a gap 70 cm wide between the hadronic HE calorimeter and the iron disk (Fig.3.1). The azimuthally ME1/1 station is divided into 36 sectors (CSC chambers) - two endcaps are equipped with 72 CSCs that operate in a strong axial magnetic field (Bz ~ 3 T) and in a high backgrounds rate up to 103 particles cm-2 sec-1 (~100 kHz per channel) and at the same time have the best spatial resolution in the endcap muon system: (x(75μm, which provides an accurate matching of the spatial coordinate of the muon determined by the muon system to the coordinate of the inner tracker of the CMS detector.

Cathode strip chambers are equipped with fast and reliable electronics, which provides the ability to work in the mode of self-triggering. In the initial period of LHC operation, at low luminosity, the muon CMS system provided a reliable and effective experimental data taking.

The main task the CMS upgrade is to ensure the efficient operation of all sub-systems in conditions of increased luminosity LHC>1034 cm-2 sec-1 for proton-proton collisions. The plan for the first stage of modernization of the CMS endcap muon system during the period of the first long stop of the LHC, formulated in the CMS technical project (CMS U1 TDR 2011/06/01), includes the following main directions: construction of a new ME4/2 muon station (Fig. 3.1) upgrading the ME1/1 CSCs and equipping them with a new high-speed readout electronics.
3.1.1. Upgrade of the endcap muon system during the first long stop of the LHC
The construction of the new ME4 / 2 muon station, consisting of 72 CSCs, expands the muon system to one additional muon station, increasing the reliability and efficiency of muon detection in the pseudorapidity range 1.2 <η <1.8. Reducing the number of false events during the triggering and track reconstruction (Fig. 3.2), allows to lower the threshold for measuring the transverse momentum of the muon. Detectors of the ME4/2 muon station are equipped with electronics dismantled from the ME1/1 station (restored after replacement).
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Fig.3.2. L1 trigger rate as a function of the muon pt.
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The main tasks of upgrading the first muon station ME1/1 are to increase the efficiency and accuracy of measuring the muon coordinate, and to increase the efficiency of the triggering. A feature of  the ME1/1 detectors is that in order to reduce the load in the region of large pseudorapidity 2.1 <η <2.4 (sub-chamber ME1/1a), the cathode planes are separated by a transverse gap into 2 sub-chambers ME1/1a and ME1/1b. During the construction stage of the CMS in order to reduce the number of channels of the cathode readout electronics the strips in the lower sub-chamber ME1/1a are grouped into 3 and instead of 3 readout cards (CFEB) was installed only one, which led to a 3-fold ambiguity in the triggering and reconstruction of the track.

The occupancy of the readout channels in the ME1/1a chamber increased approximately by factor 3 (Fig.3.3), which led to degradation of the triggering efficiency. During the upgrade, the combination of 3 in 1 strips was eliminated and the readout order was restored, in which each strip corresponds to its own readout channel. For this purpose, in the ME1/1a sub-chamber 2 additional cathode readout cards were added. A total of seven 96-channel digital readout cards for reading information from cathode strips (DCFEB) were installed on each ME1/1 CSC.

The difference between DCFEB and the previous analog version of the CFEB card is as follows: analog memory is replaced with digital pipelining memory, which allows to work without dead time, what increased the efficiency of the detector at large rates. The new DCFEB card was equipped with the modern FPGA Virtex 6 and optical data readout. In total, 554 DCFEB cards were manufactured and installed on ME1/1 CSCs.

The CFEB boards dismounted from ME1/1 were installed on the new ME4/2 muon station. The board for the development of the anode local track ALCT is equipped with a new programmable chip Spartan 6, which allows to work with a large rates. Modernization of the CSC electronics, in turn, required the replacement of the TMB trigger modules and the DMB data readout modules located in the peripheral racks. New modules OTMB and ODMB capable of receiving optical information from 7 digital DCFEB cards have been developed, manufactured and installed. The increase in the number of electronics led to the need for a new, more powerful low-voltage system, including 4 additional primary power supplies Maraton  with P=3.6kW, new power distribution panels and 7-channel low voltage distribution boards LVDB-7 on the ME1/1 CSCs. A block diagram of the upgraded readout electronics of the ME1/1 muon station located on chambers and in peripheral racks is shown in Fig.3.4 in yellow, electronic modules designed and manufactured for the upgrade of the ME1/1 muon station.
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Fig.3.4. The block diagram of the ME1/1 CSC readout electronics.

All the detectors of the ME1/1 and ME4/2 muon stations have been tested step by step before and after installation in the CMS experimental setup. A full set of tests included testing of general operation, connectivity, trigger logic, quality control of transmitted data and measurement of noise level. For verification, we used an input signal from both the pulse generator and the cosmic particles. Each camera passed a long term test of the electronics parameters and finally tested with the cosmic rays. The CSCs that passed all the testing stages were considered ready for installation in the experimental setup.
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Fig.3.5. Stand for testing CSC chambers after assembly. An example of a cathode readout data quality histogram.

Fig. 3.5 shows the stand for CSCs testing after the assembly with new electronics and an example of the quality of the data - the histogram of CSC strip occupancy in 6 layers. Connectivity testing and data quality tests were repeated after the CSCs were mounted in the CMS.

3.2. CSC performance during the initial period of the second run of LHC (Run 2) 2015-2016
The first proton-proton collisions with energy √s = 13 TeV were obtained at the LHC on June 13, 2015. Since then, the upgraded CSCs of the endcap muon system have been working stably, showing the best characteristics, in comparison with the first period of data taking Run1. Uniformity and density of the reconstructed hit distributions for each individual ring (Fig. 3.6) shows proper CSC operation – a good test of the detector working capacity.

Incorrectly working detectors show either a weak or a high density on the plot. Comparative reconstructed hit distributions obtained during the 1st and 2nd data taking periods show an improvement in the 2nd period due to the replacement and repair of several problematic ME1/1 CSCs. The spatial resolution of the upgraded ME1/1a CSC overlapping the kinematic region with pseudorapidity 2.1 <| η | <2.4, has been improved by 20%. In the second period of the data taking, the spatial resolution of the ME1/1 CSC was σ = 51 μm, while in the first period the resolution was σ= 64 μm (Fig. 3.7).
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Fig. 3.6. The reconstructed hit distributions for ME1/1 and ME4/2 rings
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Fig. 3.7. After the upgrade the spatial resolution of ME1/1a has been improved by 20% 
(σ = 51 μm).
The reason for the improvement in the accuracy of the reconstruction of the spatial coordinate in ME1/1a is determined by the fact of the elimination of the mentioned above the 3-strips ambiguity, the input capacitance decreased and, accordingly, the noise in the readout channel decreased. The spatial resolution of all CSCs of the endcap muon system varies in the range of: 50-140μm, depending on the station, which corresponds to the azimuthal resolution Φ~0.1mrad.

The upgrade of the ME1/1 muon station during the first long stop of the LHC allowed to eliminate ambiguity in the determination of coordinates in the large region of pseudorapidity 2.1 <η <2.4 and to decrease the dead time. The spatial resolution of the sub-detector ME1/1a has improved by 20%. Station ME4/2 expanded the endcap muon system to 4 stations, reduced the number of false tracks and increased the reliability and efficiency of the track reconstruction.

3.3. CMS Endcap muon system characteristics in Run2 data taking in 2016-2017
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In 2016 – 2017 CMS took data in p-p collisions. The instantaneous luminosity in P5 interaction point reached the record value of 1.8ˣ1034 Hz/cm2. In 2017 LHC already extended the value of the integrated delivered luminosity of 41fb-1 what is higher than that in 2016. Fig.3.8 shows the fraction of the operating channels in CMS sub-detectors. One can see that the whole detector operation efficiency in 2017 is higher than 95% while the efficiency of the Muon detector (DT, RPC and CSC), is better than 98%. Comparing the data of 2016 and 2017 one can see that the Muon system channels efficiency degradation is negligible. 

Fig.3.8 Fraction of operating channels in CMS sub-detectors.

The data presented in Table 3.1 show the spatial resolution of 10 Endcap Muon stations ME in p-p runs 2016 and 2017. One can see that in these periods the spatial resolution was stable. 

Тable 3.1 Spatial resolution of the CMS Endcap muon stations in p-p collisions (values presented in microns).

                                        [image: image3.png]N Cct 2016 Jun 2017
Station

6fb 1 afpl
MET/1a 46 45
ME/1b 52 52
ME1/2 87 88
MEY/3 105 105
ME2/1 129 132
ME3/1 23 126
ME4/1 23 126
ME2/2 139 141
ME3/2 139 141

ME4/2 143 144




Fig.3.9 shows the CSC cathode timing distribution of the CMS Endcap muon system. The track segment data contributing this histogram are those associated with the reconstructed muons of Рt > 5ГэВ/с produced in collisions at √s = 13Тev. in 2017. The mean value of 0.1 ns, and RMS of 3.3 ns in 2017 are in good agreement with 2016 data (0.2ns and 3.2ns correspondingly).  Paper [1] presents the results of the muon system operation study in details. 
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Fig.3.9. CSC Cathode track segment timing distribution of the CMS Endcap muon system in p-p collisions.
The data presented in Fig. 3.10 show the spatial resolution of 10 Endcap Muon stations ME in p-p runs 2016 -2018. One can see that in these periods the spatial resolution was stable.
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Fig. 3.10 Spatial resolution of the CMS Endcap muon stations in p-p collisions in 2016-2018
3.4. Results of the phase II of the CMS endcap muon system upgrade. 
3.4.1. Motivation. 

The main task of the 2nd phase of the CMS upgrade [5] is aimed on the modernization of the CMS detector, for efficient operation in High Luminosity LHC conditions up to 5x1034cm2s1 at an integrated luminosity value of 3000 fb-1.

Table 3.2 shows the comparative characteristics of the parameters of the collider and CMS muon system for operating under conditions of maximum design luminosity of LHC and under conditions of increased luminosity HL-LHC. It is obvious that an increase in luminosity and pileup by a factor 5, an increase in the triggering frequency by a factor 7.5, and an increase in the delay of the first level trigger by a factor 4, impose additional requirements on the effective operation of detectors and electronics, what requires modernization of some electronic modules.


Table 3.2
	 
	Parameter
	LHC
	HL-LHC
	Increase factor

	Collider
	Instantaneous luminosity (сm-2с-1)
	10 34
	5x10 34
	5

	 
	Pileup collicions
	30
	150
	5

	 
	Integrated luminosity (fb-1)
	300
	3000
	10

	CMS
	L1 trigger rate (kHz)
	100
	750
	7.5

	 
	L1 trigger latency  (µs)
	3.2
	12.5
	3.9

	 
	Muon system DAQ bandwidth 
	 
	x10
	10


The Endcap Muon System upgrade is focusing on the modernization of the detector electronics of the innermost ring chambers of all four Muon stations, ME1/1, ME2/1, ME3/1 and ME4/1 (called MEx/1), in order to meet the new HL-LHC requirements of a trigger latency of 12.5 microseconds and a maximum trigger rate of 750 kHz.

It is expected that most of these Upgrades will be done during LS3 period. However because the LS3 shutdown will be extremely busy, it is decided to install the new on-chamber electronics on MEx/1 chambers during the LS2 (2019-2021) shutdown. 

The frontend electronics (CFEB) of the three low radius chamber rings (ME2/1, ME3/1, and ME4/1) will be replaced by DCFEB boards - the electronics that was installed on ME1/1 in LS1. For low voltage power supply a new low voltage distribution board LVDB5 was designed and constructed (totally 120 boards). New VME electronics will be designed and produced for triggering and readout. In addition, the existing fiber optic cables connecting the on-detector electronics to the DAQ readout in peripheral crates will be changed during LS3 to higher bandwidth fiber cables. 

In conditions of high luminosity of the LHC collider, the radiation impact on detectors and electronics, leading to the effects of ageing of CSC construction elements and to radiation damage of electronic components, increases substantially. Total irradiation dose will increase by factor 5 (safety factor 3 is required) and the signals and background rates will increase by factor 5. It is necessary to certify detectors and electronics for operation in the HL-LHC radiation conditions. A comprehensive study of the ageing of detectors is performed at the GIF ++, CERN [6,7]. The ageing of the electronics investigated at various sites where irradiation of electronic components and modules was carried out under conditions similar to those for HL-LHC: at CERN (CHARM), UC Davis (cyclotron) and TAMU (reactor).

3.4.2. Upgrade of the CMS Muon Endcap detectors (ME). 

The main task of ME CSC modernization during LS2 period is upgrade of CSC electronics of the inner rings of CMS Muon Endcap stations MEx/1 (180 chambers). 

LS3 period is dedicated to substantial modernization of ME system by installation of new detectors: ME0 station based on GEM detectors, HGCal-High Granularity Calorimeter and ETL-Endcap Timing Layer. Integration of their services implies considerable redesign and reintegration of the whole YE1 disk cables and services routing. Current YE1 radial cable trays are not able to accommodate all the HGCal, ME1/1, ME0, RE services and cables. The redesign also concerns the ME1/1 patch panels height reduction to free space for HGCal cables routed above ME1/1.           

JINR group participates in the ME CSC upgrade focusing on the following tasks:
· MEx/1 CSC refurbishing, testing, assembly and installation during LS2 period.

· Construction of the Endcap Muon System upgrade infrastructure.

· Assembly, installation and commissioning of the inner endcap muon chambers.

· Modernization of the ME1/1 cooling system.

· Electronics upgrade during LS2 period and preparation to LS3 period.

· Design and construction of 120 new Low Voltage Distribution boards (LVDB-5).

· Manufacturing of the 120 reference voltage cables.

· Design and construction of the test stand for LVDB5 boards.

· Design and production of 72 ME1/1 high voltage filters - to be installed during LS3.

· Design and production of 36 ME1/1 patch panels - to be installed during LS3.

· Continue development and test of an algorithm for track segments reconstruction in the CSC chambers.

· Continue participation in CMS CSC ageing study at GIF++.

· Study of CSC characteristics in HL LHC conditions with uncorrelated background.

· Study of methods for eliminating the Malter current in a cathode strip chamber. 

· Participation in the new gas mixture studies.

· CSC refurbishing, testing and assembly and installation during LS3 period.

· Construction of the ME CSC upgrade infrastructure: storage area and testing zone.

· ME1/1 on-chamber high voltage filters installation and tests

· ME1/1 on-chamber optical fibers replacement and tests 

· Modernization of the ME1/1 CSC cooling system (in case if not be finished in LS2).

· Production and installation of the new ME1 cables and services 

· Assembly, installation and commissioning of the inner endcap muon chambers.

3.4.3. MEx/1 CSC refurbishing, testing, assembly and installation. 
Total 180 chambers have to be dismounted from the CMS, moved to the surface laboratory (Fig.3.11), refurbished with the new electronics, tested and finally reinstalled in the experimental cavern. The CSC laboratory infrastructure contains storage area, refurbishing area, testing area including long-term tests of powered detectors. The detectors, which passed all the tests, are ready for installation.  
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Fig.3.11 CSC upgrade lab.

To improve robustness of the ME-1/1 on-chamber cooling system the new one without joints, which found to be leaky, was designed. 72 new cooling circuits were manufactured in the period of June-November 2019 (Fig.3.12). 36 circuits were installed on ME+1/1, remaining 36 will be installed on ME-1/1 in LS2 later.
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Fig.3.12. Cooling system installed on ME1/1 chamber.

The schedule of LS2 is presented on Fig.3.13. LS2 period includes about 20 months (March 2019 – December 2020) of continuous work to upgrade electronics of 180 CSCs (33% of the total CSC system).
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Fig.3.13. LS2 schedule.

Fig.3.14 shows the ME-1/1 CSCs spatial resolution obtained in runs with cosmic muons in 2 upgrade periods: LS1 (2014) and LS2 (2019). ME1/1a and ME1/1b are the “narrow” and “wide” partitions of the CSC. The new xDCFEB is an improved version of DCFEB. The figure shows that the results are in good agreement. The chamber ME-1/1/25 showing the worst spatial resolution operated at anode-cathode voltage lowered by 100 V. 
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Fig.3.14. ME-1/1 CSCs spatial resolution obtained with cosmic muons. The data presented for both ME1/1a and ME1/1b parts and for 2 upgrade periods: LS1 (2014) and LS2 (2019).  

3.4.4. Electronics upgrade during LS2 period. 
Within the CSC electronic project of LS2 upgrade, JINR CMS group contribute in design, construction and test 120 LVDB5 low-voltage distribution boards to power the upgraded on-chamber electronic modules. LVDB5 (Fig.3.15) generates 22 output voltages for supplying 5 DCFEB boards and 1 ALCT board located on chamber. The total rated output current is ~ 30A.

The automated test stand for the functional control and parameters measurement of the LVDB boards during production and maintenance is developed based on the Raspberry Pi3 processor board. The test stand features allow to work with all types of low voltage distribution modules which installed on different CSC chambers (LVDB, LVDB5 and LVDB7).

The LVDB5 board is developed to ensure reliable operation with radiation exposure with a level of neutron fluence N = 7.5xE 11 Hz/cm2 and with an integral dose of TID = 15 krad. The radiation hardness of LVDB5 was investigated on a special test facility (mixed field CHARM stand) located on the T8 beam line in the CERN PS hall (eastern hall), where the primary beam of 24 GeV/c protons exits the PS ring.
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(a)                                                   

            (b)                            

Fig.3.15. Low voltage distribution board LVDB5 (a). LVDB test stand (b)

Inside CHARM, protons irradiate the test object, surrounded by a well-calculated mobile shielding configuration. The different areas where electronics is located in the LHC tunnel are characterized by different types of radiation, which lead to different types of radiation damage. The LHC tunnel dominated by damage caused by very high-energy particles and in shielded experimental halls by neutrons that predominate in the energy spectrum. Due to its movable screening, CHARM can simulate with high accuracy the various radiation conditions of LHC.

The irradiation was carried out in 2 steps: 1-week irradiation to TID1 = 15 krad, a break of 3 months and the second step up to TID2 = 15 krad. The total integrated dose comprises TID1 + TID2 = 30 krad. The equivalent 1 MeV neutron flux was ~ 1.80xE12 cm-2 and the high-energy hadron flux was ~ 2.15xE12 cm-2. No radiation damage of the LVDB board was observed during both periods of irradiation.

3.5. Conclusion
Upon the results of the Phase-1 upgrade works one can conclude that:

1. The modernization of the muon stations ME1/1 and ME4/2 was successful what is proven by the operation stability of the whole CMS Endcap muon system in the data taking. 

2. The ME1/1 electronics upgrade provided a significant (20%) spatial resolution improvement and trigger efficiency in the pseudorapidity rage of 2.1<|η|<2.4. 
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4. Upgrade of the Endcap Hadron Calorimeter (Phase I)
4.1.  The upgrade of HE read-out electronics 
The CMS hadron calorimeter  (Fig. 4.1) consists of the barrel (HB, pseudorapidity range 0 < | η | < 1.4), the outer (HO, 0<| η |<1.2), the endcap (HE 1.3<| η |<3), and the forward (HF, 3 < | η | < 5.2) sections. The HB and HE calorimeters are placed inside the superconducting magnet creating a magnetic field of 3.8 T. 
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Fig.4.1. HCAL CMS schema.

Read-out electronics of two endcap hadron calorimeters HEP and HEM, which are the detectors of the experimental setup CMS, is functionally consisted from two parts. The first part is located directly on the detector (front-end FEE), the second part (back end BEE) is located  ~100m away from the detector in the control room. A set of fiber optic lines and electrical cables are used to organize an exchange of information between these two parts.

A necessity of readout electronics update first of all is caused by necessity of replacement of photo-detector (PD). Currently a multichannel Hybrid Photo-Detector (HPD) is used. During the first tests of FEE in 2006 the effect of the destructive discharging behaviour of some HPD in magnetic field (up to 3.8 Tesla) has been found. As replacement of HPD the silicon photo multiplier (SiPM) which is tolerant to a magnetic field has been chosen. Besides, SiPM  has 2-3 orders of magnitude more gain and higher photo-detection efficiencies than HPD. It will allow to register small light signals, to improve the signal-to-noise performance of the existing HE detectors and to increase granularity in the longitudinal readout.

HE read-out electronics is used a modular organization. A readout box (RBX) is a main unit of FEE. One is used for each 20-degree sector of HE. Each RBX contains a set of four readout modules RMs (one for each 5-degree sector), the calibration module CM and the control module CCM. (Fig.4.2)

[image: image10.png]B Schematic view of HCAL Readout 8]
Trigger
TP(EY L1A
Wedge RBX &
HTR
Trigadr
primitife
generafor bee oAQ
Pipe line |
On Detector (UX5) |  counting Room (uxcss)
One wedge: 4f-slices, 16 h HTR: Heal Trigger Readout module
RBX: Readout Box (one per wedge) DCC: Data Concentrator Card

RM: Readout Module (four per RBX)
1 HPD and 18 ch QIE(ADC)





Fig.4.2. FEE and BEE HE organization schema.
4.2. HE upgrade during the first LHC Long Shutdown

The first stage of LHC operation in 2009−2012 (Run 1) pointed to the urgent necessity of upgrading the readout electronics. 

One of the main reasons for data loss in Run 1 was the electronics failure due to radiation induced single event upset (SEU). It was demonstrated that the SEU effect increases with increasing accelerator luminosity, which results in electronics failure in one or two of 108 sectors of the hadron calorimeter per each registered SEU. Consequently, ~1.6% (~350 pb–1) of the collected data were additionally selected on the data certification level as inconsistent with the conditions of the physical program. The failure of the frequency phase adjustment (Quartz Phase Locked Loop, QPLL) was also discovered in three control units, which resulted in errors in reconstruction of physical events because of the event registration time window shift. 

According to the technical project of the upgrade of the system of CMS hadron calorimeters, the first stage of HE readout electronics upgrade during the first long shutdown (Long Stop 1, LS1) [1] was the replacement of electronic control units in readout boxes at the CMS detector. For eliminating the problems indicated above, it was decided to upgrade the control units, which were actually the reason for these problems. The upgrade included the replacement of two out of four boards of the unit, and resoldering of electronic circuits on the third one. 

[image: image93.jpg]



Fig.4.3. Electronic element upset rate as a function of registration frequency: old QPLLs (P5)—before the upgrade, new QPLLs (lab)—upgraded, test variant, and new QPLLs (P5)—upgraded, installed at HE CMS. 
All 32 units in HE were replaced in the framework of replacement of the control unit. The frequency characteristics of electronic elements in CMS were also checked; this checkup demonstrated that the parameters of the upgraded electronic circuits satisfied the CMS and LHC technical conditions: for a registration frequency of 40.789 MHz the working range of the electronics was in an interval of 40.770– 40.811 MHz (Fig. 4.3). 

4.3. Tests of new electronics for HE
4.3.1. Testing of μTCA crate, RM and CCM modules on HE prototype in the H2 test beam area of SPS 
The first prototype system for the endcap HCAL has been assembled and characterized in the area of test beams. The beam for the H2 facility is produced by colliding protons from the SPS with a target to produce a secondary particle spectrum containing hadrons, muons, and electrons. By use of various absorbers, magnets, and collimators, the user can produce beams of electrons, muons, and pions in the energy range 30 to 300 GeV. Data were collected from both muon and pion beams  By looking at the muon data, it is immediately clear that the SiPMs are superior to the HPDs they replace. Figure 4.4 shows the reconstructed charge spectrum from an HPD and a SiPM with a 150 GeV muon beam centered in a single channel with the widest trigger. The particular SiPM channel summed the signal from four layers, while the HPD channel summed the signal from twelve layers where the total collected light is directly proportional to the number of layers for muons. The muon signal, or minimum ionizing particle (MIP) peak, is clearly visible in both spectra; however, in the SiPM spectrum, the separation between the MIP peak and the pedestal peak is much more pronounced due to the increased low-end sensitivity and lower noise. The SiPMs show nearly a 500 times greater separation between the pedestal and MIP peak, giving plenty of room to detect signals from a radiation-degraded detector. 
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Fig 4.4. The pedestal-subtracted charge spectrum for an HPD (left) and a SiPM (right). The series of narrow peaks visible in the SiPM spectrum between the pedestal and MIP peak are the individual photoelectron peaks. 

The linearity of the SiPM response as a function of beam energy is shown in figure 4.5 (right). The energy resolution after application of the relative calibration, shown in figure 4.5 (left), is in good agreement with measurements made on the same calorimeter in 2008. A fit to the energy resolution of the form σ/E = A + B/ √ E yields A = 0.021 ± 0.012 and B = 1.23 ± 0.03 √ GeV after application of the MIP calibrations. 
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Fig 4.5. (Left) The distribution of beam energy versus reconstructed charge with the pion beam targeted at a single tower. (Right) The energy resolution as a function of beam energy before and after applying the relative MIP calibration. 

As well with FEE prototype test, the BEE, based on the new micro-Telecommunications Computing Architecture (μTCA), has been assembled and tested. It has been showed the new BEE completely agreed and satisfies with the upgraded HE loads conditions.

4.3.2. Testing on the stand of batch RM and CCM modules
In order to assembly and to test the new electronics (144 modules RM and 36 modules CCM, supposed to be installed in the detector, plus a number of spare modules) the new RBX (20 pcs) and RM mechanics(160 pcs) have been manufactured. All mechanical parts were tested individually for the mechanical compatibility. Initial water cooling and power consumptions test were performed. Has been shown, that with ~200W consumption for each RBX (4 RMs), the temperature on surface and inside of a RM is ~30C. The dry gas system was made as well. It was showed, that for SiPM working temperature of 18C the relative humidity is lower than 5%, and for 5C – lower than 10%.
4.3.3. Long-term stability test of RM and CCM modules 

In order to prepare new FEE and BEE for the installation, the HE Burn-in stand has been organized, including the uTCA back-end readout system. 6 uTCA crates including power modules and controllers were purchased, installed and commissioned. During the burn-in operation in 2016-2017 only few issues appeared: one single issue with  single QIE card (out of 600 cards) and two failures of SiPM control board (out of 144 boards). It was decided to rework all SiPM control boards to use external BV supply instead of internal one.  The full set of tests, calibration and commissioning of the new SiPMs has been performed, namely the gain calibration of the SiPMs on 40fC single photoelectron level. It has been shown that the stability of signal amplitudes depending of time is around 1%. There are no issues with BEE operation.
4.4. Upgrade of Hardron Endcap calorimeters during LHC extended year-end technical stop in 2017-2018
The solid work of LHC in Run 1 (2009-2012) and Run 2 (2015-2018), increased luminosity, radiation loads and unstable work of HPD as well, show that the modernization of FEE has to be done as soon as possible, preferably during the year-end technical stop in 2017-2018. The growth of radiation load plays the key role in the requirement of detector systems upgrade. The hybrid photodetectors used at present, which were developed twenty years ago, are not an optimal component of hadron calorimetry in the conditions of the formulated physical problem. Instability of photodetector channels behavior (Fig. 4.6, left) results in miscalibration of the whole system, and as a consequence, to incorrect calorimeter response in registration of physical objects. Moreover, HPD with SiPM replacement will improve considerably registration of weak light signals due to the better signal-to-noise ratio (which is several times higher) and provide higher longitudinal granularity of HE detectors (Fig. 4.6, right). [5]
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Fig. 4.6. (Left) Signal amplitude-to nominal signal ratio in HPD channels as a function of time; (right) noise signal and signal from pion recording with silicon PM.

The working voltage of silicon photomultipliers is about 70 V, which does not cause electric breakdowns in the electronic unit, and they are insensitive to alternating magnetic field. The behavior of registering SiPM is time-stable, which plays the decisive role in choosing this electronic component for hadron calorimetry. Moreover, the new silicon photomultipliers possess high radiation hardness, which was proved by corresponding testing. The replacement of the photo- multipliers results in a larger number of data transmission channels. Consequently, it became possible to increase longitudinal segmentation of the central and end parts of the calorimeter (Fig. 4.7). The improved segmentation, being the interface between the hadron and the electromagnetic calorimeters, would ensure more precise calibration of the system and more efficient separation of hadrons and electrons and identification of other physical objects, such as hadronic showers. Taking into account the growing workload for the electronics, the upgrade of the LHC CMS hadron calorimeter implies the replacement of the recording, as well as the readout, electronics. Thus, along with the replacement of the hybrid photomultipliers by the silicon ones, it is planned to replace the QIE AD converters by better ones, in particular, with integrated TDC and the new data transmission interface with a rate of 4.8 Gb/s. All recording electronic units, namely, the units providing level-0 and level-1 event selection, will also be replaced by the improved ones and VME crates will be replaced by μTCA crates. The replacement of the recording electronics is aimed at acquisition of increased data volume from the detector and improved interface with the CMS trigger system. 
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Fig 4.7. The four sub-detectors of the CMS HCAL (HB, HE, HO, and HF) are shown for the initial configuration (left) and a possible configuration after the Phase 1 upgrade (right). The individual channels are color coded, indicating which layers are optically summed together.

4.5. Installation, commissioning and calibrating of upgraded Hadron Endcap calorimeters

After the preparatory work carried out in 2016-2017, the new registration electronics system was installed on the CMS detector. Namely, 144 reading modules, 4 for each sector of the endcap calorimeter were replaced, a new SiPMs bias voltage supply system was installed, 36 calibration modules and 36 clock and control modules were installed - one module for each sector of the endcap calorimeter, respectively (Fig. 4.8). 
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Fig. 4.8.  (left) General view of the HE readout modules installed in the readout box - the so-called frontend electronics. (right) The process of frontend electronics installation in the hadron endcap calorimeters, the view from above.
The upgrade included as the replacement of HPD photodetectors with silicon photomultipliers (SiPM) for all remaining sectors of the hadron endcap calorimeters (4 modules of the HEP17, 63-66 at azimuth angle, were already replaced in 2017), as well as increasing the number of readout channels by depth (or longitudinal segmentation) to 7, which, along with the replacement of photodetectors will more precisely take into account and compensate the degradation of the hadron calorimeter response (HE) due to radiation damage. 
The old electronics components were also dismounted, and a new low voltage power supply system was reworked and installed. 
During the first stage of the frontend electronics replacement, the amplitude and pedestal characteristics of the new installed system were studied by using one-two photoelectronic signals (dark count) and a light emitting diode (LED) (Fig. 4.9). 
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Figure 4.9. (left) Dark charge spectrum for a one photomultiplier. (right) Distribution of mean signal amplitudes for all photomultipliers of hadron endcap calorimeters as a response of a calibrated light source.
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Fig. 4.10. Calorimeter response when the radioactive source passes through one of the towers of the HE calorimeter. Individual cells of the calorimeter tower are shown in different colors (individual signal reading).

After performing the necessary calibrations of the photomultipliers, applying the calculated individual gains on SiPM (~ 40 fC) and setting up the readout back-end electronics system, it has been shown that the new front-end electronics system is ready for the first run of physics data collecting. During the second stage of the installation of the new front-end electronics system, the calibration of the electronics channels was carried out, as well as measurement and studying of the light yield of scintillators for the endcap hadron calorimeters by using a high-intensity radioactive source Co60 (Fig 4.10). According to the results of this work, “dark” optical readout channels (optical cables) were detected and replaced, and the calibration coefficients were transferred from the old front-end electronics system, with HPD, to the new one, with SiPM.

4.6. Upgrade of Hadron Barrel calorimeter during LHC long shutdown in 2019-2020

Taking into account the identity of the frontend electronics system in the barrel (HB) and endcap hadron calorimeters and based on the experience gained in the modernization of hadron endcap calorimeters, it was decided to replace the HPD in HB. By analogy with HE, in HB the multichannel hybrid photodiodes (HPD) have been recommended for replacement with silicon photomultiplier (SiPM) of the same type as in HE was also used. 

Under of the CMS Hadron Calorimeter Upgrade Program, JINR group has created a test-stand for long-term burn-in tests of readout electronics components using SiPMs for HB calorimeter. The test-stand infrastructure was fully prepared, namely water-cooling system of the readout modules, low voltage power supply system, SiPMs bias voltage supply system, fiber optic communication system of the readout electronics, as well the crates with the data acquisition and trigger systems, control and data recording. By analogy with the method for testing electronics for endcap calorimeters, testing of the readout modules for Hadron Barrel calorimeter was based on the analysis of single-two-photoelectron charge spectra and on spectrum analysis for the impulses of calibrated light emitted diodes. Subsequently, the optimal SiPM breakdown voltage were determined and the individual gains for the SiPM were applied which allowed to align the signal amplitudes for all readout modules. 

Following preparatory work in 2018-2019, the new readout electronics system was installed on CMS detector (February-September). Specifically, 144 readout modules were replaced, 4 for each 10-degree sector of two Hadron Barrel calorimeters, new SiPM bias voltage supply system was installed, 36 calibration modules and 72 clock and control modules, two modules for each sector of the HB calorimeter, respectively. (Fig 4.11).

[image: image103.png]



Figure 4.11. General view of the HB readout modules installed in the readout box - the so-called frontend electronics.

During the first phase of work (January-March), the old electronics components were dismounted, a new low-voltage power supply system was processed and installed. New optical communication channels between the FEE and BEE electronics systems were added. Installation of the distribution bus (backplane) in the readout box frames, low- and high-voltage units, readout modules modules with silicon photomultiplier and control modules was performed in April-October.
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Figure.4.12 (left) Dark current spectrum for one photomultiplier. (right) Distribution of mean signal amplitudes from all photomultipliers of the barrel hadron calorimeter using a calibrated light source.

During the final stage of the work (October-December), the amplitude and pedestal characteristics of the new electronics system were studied (Fig 4.12). The electronics channels were pre-calibrated based on the measurement of light output level from HB calorimeter scintillators using the high-intensity radioactive source Co60 (Fig 4.13). As a result of this work, "dark" optical channels (optical cables) of calorimeter scintillators were detected and replaced, and calibration coefficients were transferred from the old readout system with HPD, to the new one, with SiPM. 

After the calibrations of photomultipliers, after application of the calculated individual gains for the SiPMs as of 40 fC (Fig. 4.14) and after adjustment of the full readout electronics system, it was shown that the new front-end electronics system is ready for the first run with physics data.
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Fig. 4.13. Calorimeter response when the radioactive source passes through one of the towers of the HB calorimeter. Individual cells of the calorimeter tower are shown in different colors (individual signal reading).
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Fig. 4.14. Average signal amplitude distribution after application of individual gains to SiPM. (left) Distribution profile for the sum of all channels, (right) distribution of average signal amplitudes for all channels using single-photoelectron pulses.

During 2020-2021, JINR CMS group plans to continue calibrating and setting up the new photomultipliers, to carry out a full-scale commissioning of new components of the readout electronics, using a laser calibration system, analyzing data from cosmic rays and data from the first proton-proton collisions.
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5. R&D RESULTS FOR THE  ENDCAP HADRON CALORIMETER HE UPGRADE PHASE II

Two endcap calorimeters (HE) at each end of CMS are fine segmented detectors. Each HE is segmented into individual calorimeter cells (scintillator tiles) along three special coordinates: η - pseudorapidity, φ - azimuthal angle, and Z along the beam line (see Figure 5.1). Each endcap has 18 azimuthal (20°) sectors. Every sector has 18 depth layers of scintillators inserted inside brass absorbers. A sector in each layer contains two scintillator trays (megatiles) which are specific in size to that layer. 

[image: image13.emf] [image: image14.emf]
Figure 5.1. HE segmentation of two adjacent HE scintillator trays and the numbering scheme of layers.

Some HE cells with η = 2.3 – 3.0 are very close to the beam and are exposed to excessive levels of secondary particles. The megatiles (sectional scintillation detectors) of HE irradiated with secondary particles become degraded by the absorbed radiation dose, which is proportional to the total luminosity delivered to CMS, and the damage also depends on the dose rate [1].

The life-time of plastic scintillators depends on the quantity of the absorbed dose and dose rate. The initial estimates of the light yield have predicted that HE scintillators will have only moderate radiation damage up to 500 fb-1 (10 year of LHC operation at design luminosity). But analysis of 2012 CMS data has shown that radiation damage in HE is much faster and deeper than initially expected. 

The main idea is to provide a solution to the plastic scintillators at high levels of radiation, corresponding to a total luminosity of 3000 fb-1 (10 years of HL-LHC). For the endcap hadron calorimeter absorbed dose can reach 25 Mrad.
The endcap hadron calorimeter HE suffered more radiation damage than anticipated causing rapid degradation of scintillator segments. We started to search the ways of improvement of HE calorimeter and provide a solution for its survivability at future LHC higher luminosity. 

1. Development of a finger-strip plastic scintillator option which has many advantages and allows keeping the excellent HE performance at high luminosity. 

2. Experimental study for determination of safe working conditions with irradiated megatile elements during its upgrading.

3. Experimental study of the plastic scintillator damage caused by radiation on IREN at JINR to understand the dependence of light yield on the dose rate.

4. Light yield measurements of “finger” structured and unstructured scintillators after gamma and neutron irradiation.

5. Experimental study for possibility of using SiPM after hard neutron irradiation.
6. Measurement of absorbed dose by film dosimeters in two layers of the HE calorimeter.
5.1. Development of a finger-strip plastic scintillator option 
The improvement in light collection is possible by reducing the size of the segment of scintillator [1, 2]. In this case, first, the impact of scintillation darkening is reduced because an average path of light from the place of its origin to WLS fibers becomes shorter, and second, the length of WLS fibers becomes also shorter, and hence the loss of light caused by its darkening is decreased. Dividing of tiles of the same tower on the equal number of segments keeps the existing geometric proportions (Figure 5.2). Each segment has its own WLS fiber. WLS fibers from all segments of the tile are joined so that the total light of a tile will go through one clear fiber to the optical connector of megatail. The widths of strips were defined as a half (D), a fourth (C), and one-eighth (B), one-sixteenth (A) from horizontal dimension of the main sample. WLS fiber in the strips is layed straight along a long side and mounted in the center of strip. Squares (E) have the dimensions 25x25 mm2. The last samples were needed for determination of a transmittance loss in the scintillators with different degrees of irradiation. 

[image: image15.emf]  [image: image16.emf]
Figure 5.2. Basic structure of a scintillator tile with WLS fiber and dimensions of some specific samples.
Series of measurements on several assemblies of SCSN-81 scintillator+Y-11 WLS fiber with electron beam (E≈4 MeV) were performed performed at the National Center for Particle and High Energy Physics (Minsk, Belarus). The measurements were performed for the accumulated doses of 0.5, 1, 5, 10 and 30 Mrad. Light yield measurements of all samples were carried out with a radioactive source of 90Sr. The results were normalized to the signal from the main sample with the position of WLS fiber as in Figure 5.2.

A set of experimental results was obtained: 

· Dependence of signal amplitude vs. the sample width.

· Transmittance loss in scintillator and its attenuation length in dependence on the absorbed dose.

· Transmittance loss in WLS fiber and its attenuation length in dependence on the absorbed dose.

The calculations of light yields from different samples based on our experimental results are shown in Figure 5.3. Measurements of light yield for the main sample and stripped sample (16 strips) were performed under the same conditions. The calculated results are given for two different values of transmittance losses in one optical “OR” (k≈0.7 and k≈0.8).

[image: image17.emf]
Figure 5.3. Calculated results of light yields from different samples based on our measurements (the light source ~2 mm from the shifter).

The tiles (24 – 29), which are close to the beam line and accumulate more doses, are proposed to compose to change from one to 4 or 8 equal segments (see Figure 4). The width of the segment is defined as one-fourth or one-eighth of the azimuthal size of the tile. The light from all segments of a tile is combined to a single new photo detector made of silicon SiPM.

[image: image18.emf][image: image19.emf]
Figure 5.4. Main concept of tile transformation from a scintillator tile with the basic structure to the stripped tile – array of fingers.

We have proposed a replacement of 4 tiles (26, 27, 28, 29) in each megatile of the first 5 layers (0 – 4) on tiles with the finger design. Figure 5.5 demonstrates these changes.

[image: image20.emf]
Figure 5.5. Finger scintillator concept.

We have performed the experimental study of the advantages of striped tile compared to the original tile after their irradiation. The irradiation was done by neutrons on the reactor IBR-2. The original tile was identical to tile 27 in which WLS fiber is located as shown in Figure 4 left. Figure 5.6 demonstrates an advantage of finger options i.e. the gain in the light yield for equal irradiation conditions.

[image: image21.emf]
Figure 5.6. Relative light yield vs int. luminosity for neutrons.
5.2. Experimental study for determination of safe working conditions with irradiated megatile elements during its upgrading 
The absorber and megatiles (sectional scintillation detectors) of HE irradiated by secondary particles become radioactive (induced activity). Neutron activation is the main source of this radioactivity. The induced activity of HE will cause a danger of radiation to people during future upgrades of the endcap detectors. Irradiation of a segment sample of the megatile was performed that allowed one to predict a level of induced activity on HE megatiles after data taking on hadron collider LHC for integrated luminosity of up to 500 fb-1. Measuring of the induced activity in the elements of the sample will allow one to understand when safe conditions are acceptable to extract megatiles from the absorber for its upgrade. Irradiation of the megatile was performed at the JINR neutron source facility (IREN) [3]. The spectrum of the neutrons coming from IREN is very close to the predicted one which was based on the simulation of HE irradiation (see Figure 5.7).

[image: image22.emf]
Figure 5.7. Calculated spectra of neutrons for IREN and CMS.
Figure 5.8 shows a megatile test sample which was used for irradiation and measurements of induced activity. The length of the sample is 36 cm and its weight is 681.9 g. The composition of materials in the pattern is the following: brass L63 = 295.8 g; duralumin D16T = 240.5 g; scintillator Kuraray SCSN-81 = 141.6 g; screws and paper = 4 g. Four elements contribute to the weight of the sample: Al = 216.5 - 224.2 g; Cu = 183.4 - 192.3 g; Zn = 102.5 - 110.9 g; C = 129.4 - 133.9 g.

[image: image23.emf]
Figure 5.8. A schematic view of the investigated test sample.
A series of measurements of induced activity was carried out after irradiation. Figure 5.9 shows the distribution of the induced doze intensity in the point on the surface of the sample which was located  5 cm from the edge of the sample (this point is very close to beam) vs. time passed from end of irradiation.

[image: image24.emf]
Figure 5.9. Distribution of the induced doze intensity on the surface of the sample.
Our experimental work [3] has shown that a safe condition to work with megatile elements (it should be less than 3 μSv/h according to CERN safety regulations) will be achieved in two months of megatile cooling during CMS long shutdown 2 (LS2).

5.3.  Light yield measurements of “finger” structured and unstructured scintillators after gamma and neutron irradiation 
Several experimental studies to define light yield from “finger” structured and unstructured scintillators after gamma and neutron irradiation were carried out [4, 5, 6].

The first study of four types of plastic scintillator SCSN-81, UPS-923A (made in KIPT, Kharkov), BC-408, LHE (made in JINR) was carried out using IREN facility [4].  IREN allows to have the total neutron flux 7.3×10-6 cm-2 and the total gamma flux 1.3×10-3 cm-2 per one electron of Linac. The scintillator samples of three different shapes were prepared to study the influence of irradiation. All samples, to prevent the damage of their surface, were placed in individual paper boxes. A film dosimeter FWT-60-00 (thickness 42.5mkm) was placed together with each sample.

The first set of the experimental data was received from the measurements of light outputs from the irradiated square samples (25 x 25 x 4 mm3) exposed to different total absorbed doses (1÷1.4, 3.6÷4.8, 7.3÷10 Mrad) with different values of different dose rate starting from 2 krad/h up to ~100 krad/h. The values of the absorbed dose in each sample were obtained from the reading of the film dosimeter. Figure 5.10 represented amplitude of the detected signal from the test sample, which is proportional to light yield, vs. the absorbed dose. This amplitude is normalized to the amplitude of signal from the non-irradiated sample. 

[image: image25.emf]
Figure 5.10. Normalized amplitude vs. an absorbed dose for the finger type scintillators.
Figure 5.11 shows the dependencies of normalized amplitude vs. a dose rate separately for each type of finger type scintillator and for each group of the closely adjacent absorbed dose intervals. The results have not shown significant evidences of changes in light outputs for different dose rates for all four types of the scintillator. 

[image: image26.emf]
Figure 5.11. Dependencies of normalized amplitude vs. a dose rate separately for each type of

finger type scintillator and for each group of the closely adjacent absorbed dose intervals.
The influence of the additional radioactivity emitted by radioisotopes induced in the brass was also studied. The main source of producing radioisotopes is the neutrons. Two equal square samples (SCSN-81) were located at the same distance from the target. But behind one of them there was a brass disc (D = 59mm, thickness = 9.6mm). The samples were exposed during 7.2 days. The total flux of neutrons was 3.4×1013. The results of the relative light outputs from the samples have shown the presence of additional radiation coming from the brass disc. 

The second series of experimental study of the "finger" scintillators [5, 6] for detection of the dependencies of light output vs. the absorbed radioactive dose and different dose rates were performed. 60Co (INP/Tashkent, NC HEP/Minsk) was used for gamma irradiation and reactor IBR-2 (JINR/Dubna) - for neutron irradiation. 

The investigations were aimed at studying the effect of gamma and neutron radiation and their dose rates on samples of commercially available scintillators: Polystyrene-based scintillator SCSN-81 used with WLS multi-cladding fiber Y-11, polyvinyl toluene-based scintillator BC- 408 with WLS Y-11M, polyvinyl toluene-based scintillator EJ- 260 with WLS multi-cladding fiber O- 2M. WLS Y-11M is a blue (absorption peak 430 nm) to green (peak 476 nm) shifter and O-2M is a green (absorption peak 535 nm) to orange (peak 550 nm) shifter.

One set of gamma irradiation has been done in the NCPHEP (Minsk, Belarus). Figure 5.12a shows some samples of non-stripped tiles made from SCSN-81, one sample contains WLS fiber.  Figure 5.12b shows a sample without WLS fiber which is embedded inside the plastic container together with the film dosimeter ready for exposure by gammas from the 60Co source. The scintillating tile is 4 mm thick and its size is 60 mm x 48 mm.
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Figure 5.12. a) Non-stripped tile with WLS fiber. b) Non-stripped tile made from SCSN-81 without WLS fiber embedded inside the plastic container together with the film dosimeter ready for exposure by gammas from the 60Co source.

Some samples without WLS were irradiated up to the dose (several Mrad, dose rate ~100 Krad/h) to define dependencies of the light yield vs. the total absorbed dose. The radiation exposure was carried out in the air space. The measurements of light yield were done in a week after exposure. Figure 5.13 shows two experimental points and the estimated light yield for the dose up to 10 Mrad. The experimental point with the dose of 5 Mrad (a relative light yield ~40%) is consistent with previous measurements. 


Figure 5.13. Dependence of the relative light yield vs. the total absorbed dose and the estimated light yield for the dose up to 10 Mrad.
The second measurement was carried out to study the effect of the dose rate. One set of samples received the total absorption dose of 250 Krad and the other - 600 Krad. The dose rate was varied from sample to sample. Figure 5.14 shows the dependence of the relative amplitude vs. the dose rate for the non-stripped SCSN-81 scintillator. The straight lines show the extrapolations of experimental results for the region of very small dose rates of a real detector but not reachable while testing.  


Figure 5.14. Dependence of the relative light yield of the non-stripped SCSN-81 tile on absorbed dose; the measurements were made 7 days after exposure.
Some of the samples of BC408 and EJ-260 scintillators, which look like “finger” (see Figure 15), were irradiated by the gamma source 60Co in the range of absorbed doses from 5 to 30 Mrad for various dose rates. 

Figure 5.15. A view of the "finger" scintillator with WLS fiber inside.

The samples BC408 and EJ-260 were exposed at the gamma-irradiation facility of the Institute of Nuclear Physics (INP) in Tashkent. This facility contains 60Co sources (with the total activity of about 85,000 Ci) uniformly surrounding the irradiation zones in three 5m deep underground wells filled with cooling water. It is possible to provide the dose rates from 0.022 to 0.600 Mrad/h. It was possible to provide the dose rates from 0.022 to 0.600 Mrad/h.
The measurements of the light yield from all the irradiated samples have been performed in Dubna with a 106Ru beta-source. Figure 5.16 shows a layout of the test-setup for measuring. 
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Figure 5.16. Test setup for measuring the light yield from scintillator strips using a 90Sr beta-source.

Each strip was measured at least 5 times. The time between the end of exposure and measurements varied for different strips because of different time of exposure. There was at least 120 days between the end of radiation exposure and the light signal measurements. 

Figure 5.17 shows examples of the amplitude distributions for the BC-408 strip irradiated up to 25 Mrad with different dose rates. The strip response drops with the decrease of the dose rate. 


Fig. 5.17. Examples of the amplitude spectra from strips (BC-408) irradiated up to 25 Mrad with different dose rates: 0.6 Mrad/hour (b), 0.2 Mrad/hour (c), 0.04 Mrad/hour (d), 0.02 Mrad/hour (e).  The response of the non-irradiated strip (a) is shown for comparison.  The first peak in all the Figures is a pedestal.

Some experimental results were received with neutrons from the IBR-2M (JINR/Dubna) facility. Two Bicron-408 “fingers” and a single EJ-260 “finger” were irradiated with neutrons.  

The results of measurements in comparison with the Tashkent results of gamma irradiation from 60Co for the exposure values of 20 Mrad and 25 Mrad are shown in Figure 5.18. The relative light yield from Tashkent samples is shown for the “fingers” for the dose rate of 20 Krad/hr. The film dosimeter registered 6.5 Mrad of the absorbed dose. The analysis of changes inside the silicon detectors has shown that the total neutron fluence is 2.34 x 1015 n/cm2. 

An exponential is used to extrapolate the two points (for each scintillator type) to obtain an estimate of just the effect of gamma irradiation to the same absorbed dose as for neutrons. The difference indicates that for the same absorbed dose, neutrons have a larger impact on light yield. 
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Figure 5.18. Comparison of the experimental data from the gamma-neutron exposure (IBR/Dubna) and just gamma exposure (60Co, Tashkent).

Plastic scintillators usually have insufficient radiation hardness. Typically, they are exposed to secondary particles such as electrons, hadrons, gamma rays and neutrons. A finger-strip plastic scintillator option provides a better light collection inside a single detector and will allow one to prolong the operation life of scintillators used in the modern HEP installations in the fields of high radiation. A series of experimental studies with different types of radiation sources were performed to show an advantage of the stripped detector vs. the un-stripped one in the range of increased absorbed doses up to 25 Mrad. The experiments have also shown a decrease of light yield from the scintillator samples with the smallest values of dose rates. The dose rates were varied in the range of 0.6 to 0.02 Mrad/h.

The main results are as follows: 

· The “finger” option provides the better plastic detector functioning in the increased radiation fields.
· The light yield degradation caused by radiation exposure turns out to be substantially greater at lower rates for the same absorbed dose.
· The experimental results have found that for the same absorbed dose (6.5 Mrad) the loss of signal is larger for neutrons than for gammas. 

5.4. Experimental study for possibility of using SiPM after hard neutron irradiation 

Future replacement of the HE calorimeter for scintillator section of the CMS HL-LHC endcap calorimeters during the LS3 period presupposes the installation of the SiPM photodetectors directly on the scintillation tiles. The radiation exposure of the calorimeter was estimated and the replacement of active detector elements is not required up to the HL-LHC goal of 3000 fb-1 integrated luminosity. SiPM photodetectors of the calorimeter will be in different irradiation conditions. Devices located closer to the beam line will take more radiation (charged hadrons, gamma quanta and neutrons) than ones at the periphery. 

JINR group performs the investigation of some SiPM properties after irradiating them with neutrons at the IBR-30 reactor [8]. The main goal of the work is to estimate the upper limit of neutron irradiation, which will lead to the impossibility of further use of SiPM in the central region of the scintillation part of CMS HL-LHC calorimeters cooled to -30 °C. The main criterion for the operation of SiPM is the possibility of recording by a photodetector MIP signals above the noise level.

Irradiation of 21 SiPM photo detectors with fast neutrons was carried out in two runs at IBR-2. Three types of Hamamatsu SiPM devices were used for irradiation with dimensions of 10, 15 and 25 μm cells: MPPC S12571-010C, MPPC S12571-015C, MPPC S13360-1325CS. Three photo detectors, one of each type, were combined in a set. Seven such sets were formed. The SiPMs of each set received the same neutron radiation. Seven sets were irradiated in the range of fluence values 1.7 × 1012 ÷ 2.1 × 1014 neutrons/cm2.

All photo detectors were passed test procedures after radiation to obtain the main parameters and to compare them with parameters defined in factory specifications. Table  presents the main parameters of investigated devises.

Table 5.1. The main parameters of SiPM before and after irradiation.
	S12571-010С, area - 1mm2, 10 000 of 10 μm cells

	Ф, cm-2
	Set
number
	Before irradiation (spec. HPK), 

at +25°
	After irradiation,

Measurement at -22°

	
	
	Vop,V
	M (gain)
	Fdark, kHz,
(0,5pix)
	Vbr,V

(noise)
	Vbr,V

(dI/dU/I)
	σnoise, pixels

Vov=3V
	Fdark, kHz
Vov=3V

	1,7×1012
	1
	69,86
	1,35×105
	111 
	63.265
	63.205
	3.74
	6530

	5,3×1012
	2
	69,88
	1,36×105
	110
	63.31
	63.46
	7.56
	9080

	5,4×1012
	3
	69,81
	1,34×105
	124
	63.25
	63.4
	7.0
	9040

	1,7×1013
	4
	69,9
	1,35×105
	115
	63.41
	63.46
	9.6
	9985

	5,18×1013
	5
	69,87
	1,35×105
	113
	63.78
	64.13
	11.8
	10530

	8,14×1013
	6
	69,89
	1,35×105
	108
	63.91
	64.06
	12.8
	10610

	2,1×1014
	7
	69,82
	1,34×105
	119
	65.71
	66.28
	15.5
	10710


	S12571-015С, area - 1mm2, 4 489 of 15 μm cells

	Ф, см-2
	Set
number
	Before irradiation (spec. HPK), 

at +25°
	After irradiation,

Measurement at -22°

	
	
	Vop,V
	M (gain)
	Fdark, kHz,
(0,5pix)
	Vbr,V

(noise)
	Vbr,V

(dI/dU/I)
	σnoise, pixels

Vov=3V
	Fdark, kHz
Vov=3V

	1,7×1012
	1
	67,96
	2,3×105
	98,7
	62.11
	62.06
	5.63
	8040

	5,3×1012
	2
	68,05
	2,29×105
	118
	62.05
	62.3
	8.92
	8640

	5,4×1012
	3
	67,99
	2,30×105
	109
	62.11
	62.13
	8.78
	8517

	1,7×1013
	4
	68,08
	2,32×105
	111
	62.31
	62.5
	12.3
	8749

	5,18×1013
	5
	68,07
	2,29×105
	107 
	62.51
	62.86
	12.5
	8840

	8,14×1013
	6
	68,11
	2,29×105
	125
	62.96
	63.3
	13.1
	8798

	2,1×1014
	7
	68,02
	2,31×105
	111
	64.51
	64.89
	12.3
	8989


	S13360-1325СS, area - 1,69 mm2, 2 668 of 25 μm cells

	Ф, см-2
	Set
number
	Before irradiation,

 +25°C and Vop = Vbr + 5V,


	After irradiation

 -22°C

	
	
	Id, uA, 
	Vbr, V 
	Vbr,V

(noise)
	Vbr,V

(dI/dU/I)
	σnoise, pixels

Vov=3V

	1,7×1012
	1
	0,029
	53,72
	49.41
	49.35
	5.85

	5,3×1012
	2
	0,018
	52,95
	49.48
	49.51
	7.41

	5,4×1012
	3
	0,019
	52,53
	49.07
	49.13
	7.47

	1,7×1013
	4
	0,028
	53,13
	49.61
	49.8
	8.36

	5,18×1013
	5
	0,017
	51,87
	49.85
	50.25
	8.85

	8,14×1013
	6
	0,016
	51,94
	49.85
	50.0
	10.17

	2,1×1014
	7
	0,016
	51,83
	49.84
	50.0
	11.7


The parameters of unirradiated SiPMs were taken from the Hamamatsu data sheets. They were specified for + 25 °C. For S12571-010C and S12571-015C are given amplification (M), operating voltage (Vop) and dark noise frequency (Fdark) at the threshold of 0.5 pixels. The breakdown voltage (Vbr) is not specified. The data sheet of S13360-1325SS specified the typical dark current as 70 kHz and the typical gain as 7.0×105. There are only indicated the breakdown voltage (Vbr) and current of the detector (Id) for each device.

Noise increase up to (4÷7) pixel (r.m.s.) after irradiation 5,4×1012cm-2 and up to (10÷12) pixel (r.m.s.) after irradiation 2,1×1014cm-2, measured at: Vov=3V, ts=25 ns, t = -28°. Breakdown voltage of SiPM increase with irradiation by fast neutrons, value of the slope k(ф)=12÷14 mV/1012cm-2. 

5.5. Measurement of absorbed dose by film dosimeters in two layers of the HE calorimeter
Using the FLUKA v3.7.2.0 software, absorbed doses were calculated for the active layers L1b and L2b of the scintillators of the HE endcap calorimeter of the CMS installation accumulated during  2015-2016 (luminosity 40 fb-1 at the energy of colliding proton beams 13 TeV). A comparison was made of the absorbed doses recorded with film dosimeters placed in these layers with FLUKA calculations.

The measurement was performed to determinate radially distributed absorbed doses in two layers of the HE hadron calorimeter [7].  We have prepared and installed 4 INOX strips with distributed on the surface of each strip 24 film dosimeters FWT-60 (see Figure 5.19). All four sets were installed in April 14, 2014 and two sets were extracted and measured in April 14-17, 2017. 

The integral luminosity for two years of HE exposition was equal to 45 fb-1. Distributions of absorbed doses in radii of megatiles in layers 1 and 2 in comparison with data calculated by FLUKA simulation are shown in Figure 5.20.  Using the FLUKA v3.7.2.0 software, absorbed doses were calculated for the active layers L1b and L2b of the scintillators of the HE endcap calorimeter of the CMS installation accumulated during  2015-2016 (luminosity 45 fb-1  at the energy of colliding proton beams 13 TeV). A comparison was made of the absorbed doses recorded with film dosimeters placed in these layers with FLUKA calculations. The measured data dose not have full agreement with FLUKA calculations.
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Figure 5.19. Strip with distributed film dosimeters.
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Figure 5.20. Distributions of absorbed doses in radii of megatiles in layers 1 and 2 in comparison with data calculated by FLUKA simulation.
5.6. Radiation hardness of scintillators studies for Phase 2
To study radiation hardness of scintillators and spectrum shifting fibers at nominal CMS conditions we irradiated samples which were located at the end of the detector on the so called CASTOR table during 2015 run (4 fb-1 of integrated luminosity, 14 TeV energy). We compared doses absorbed by dosimeters with the ones predicted by FLUKA. Ratio of doses measured by dosimeters and predicted by FLUKA is within 1.0-1.4 range (Fig. 5.21), which indicates that FLUKA adequately models CMS detector in the CASTOR table area. FLUKA predictions can be used for samples positioning optimization and dose estimation,
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Рис. 5.21. Distribution of absorbed doses depending on the distance to the beam measured by film dosimeters in the region of the table CASTOR and comparison with the simulation data obtained using the program FLUKA.
5.7. Optimization of segmentation of encap hadron calorimeters
We studied possibilities to optimize transverse segmentation of endcap hadron calorimeter by detecting tagged jets from vector boson fusion (VBF) Higgs boson production mechanism were Higgs boson decays to a pair of tau leptons[9]. 

This process have so called tagged jets in its final state – hadron jets initiated by diffracted quarks observed mainly in the CMS endcap hadron calorimeter area  ( 1.5 < | η  | <  3.0 ).  

We studied tree different transverse segmentations of BH scintillating elements – squared  2×2 cm2, 4×42 cm and 8×8 cm2 cells. For every transverse segmentation of hadron calorimeter we modeled and analyzed ~ 85000 events of Higgs boson production. 

Our method of transverse granularity optimization showed that 2×2 cm2 (or 4×4 cm2) segmentation is for preference over 8×8 cm2 one in the 2.25 < | η  | <  3.0 area. Whereas in 1.5 < | η  | <  2.25 area the situation is reverse. 
These results drove further studies, namely we tested other geometric designs where cell’s size depend on the distance from the interaction point and also variants where cell size is constant on η.  A simulation program for the modernized geometry of the CMS Phase II detector with an HGCAL (high granularity calorimeter) and a back hadron calorimeter (BH), which uses active layers of mixed composition was developed. Silicon detectors are used in a close (in the radius) to the beam region and the scintillators in far from the beam area.

For such geometry reconstruction efficiency and purity of VBF jets selection were studied for different transverse segmentations of scintillator part of HGCAL. Minimal segmenatition corresponds to step in pseudorapidity of 0.03 and 1 degree in azimuthal angle. Results of simulation for the case when both jets have pseudorapidity value greater than 2.25 for configurations with merged cells 1x1, 2x2, 4x4, 6x6 and 8x8 of minimal were obtained. For such jets dependence of   the product of VBF jets reconstruction efficiency and purity of jet selection on transverse segmentation is moderate and optimal ones are in between of   2х2 to 6х6 configurations. For every transverse segmentation of hadron calorimeter we modeled and analyzed ~ 85000 events of Higgs boson production.

For the case when both jets have pseudorapidity value less  than 2.25, for configurations with merged cells  1x1, 2x2, 4x4, 6x6 and 8x8 of minimal, the product of VBF jets reconstruction efficiency and purity of jet selection also shows moderate dependence on transverse segmentation and optimal one is  1х1 configuration.

Optimal selection of the VBF process with two tagged jets in final state and in presence of high number of pile-up background events is considered as main criterium for transverse segmentaion oprimisation of the haronic part of HGCAL calorimeter. 

The further choice of transverse segmentation was based on  technology consideration of manufacturing scintillators with high granularity and ensuring the detection of the signal from a minimally ionizing particle, provided that the background of the reading electronics (silicon photomultipliers) is present, taking into account radiation damage of both scintillators and silicon photomultipliers for an integral luminosity of 3000 fb-1 . The scintillators will have dimensions of 1 or 1.25 degrees in azimuthal angle, and the radial dimensions are chosen so that the cell has a shape close to a square. This choice gives the area of individual scintillator tiles from 4 to 30 cm2 and provides a signal-to-noise ratio for the number of registered photoelectrons for a minimum ionizing particle above 5 for the entire life of the calorimeter. This choice of transverse segmentation is in agreement with the above results of studies using modeling of VBF jet selection.

5.8. Prototypes for encap hadron calorimeters
7. Technology for production of scintillation macrotile option for HGCAL was developed and several prototypes were build and tested.

8. Original technology for production of individual scintillation tile option for HGCAL’ without using of precision robots, was developed and prototype was build and tested.

9. Technology for production of cassettes cooling plates for HGCAL was developed and 2 prototypes were build and tested.
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6.  R&D results for the preparation of the 2nd phase upgrade of the muon endcap system of CMS
The main task of the 2nd phase of the CMS upgrade is aimed on modernization of the CMS detector, for efficient operation in High Luminosity LHC conditions up to 5x1034cm-2s-1 at an integrated luminosity value of 3 ab-1. Table 6.1 shows the comparative characteristics of the parameters of the collider and muon system for operating under conditions of maximum design luminosity of LHC and under conditions of increased luminosity HL LHC. It is obvious that an increase in luminosity and pileup by a factor 5, an increase in the integral luminosity by a factor 10, an increase in the triggering frequency by a factor 7.5, and an increase in the delay of the first level trigger by a factor 4, impose additional requirements on the effective operation of detectors and electronics and despair the needs for modernization of some electronic modules for reliable operation in HL LHC conditions.

Table 6.1

In conditions of high luminosity of the collider, the radiation impact on detectors and electronics, leading to the effects of "aging" of CSC construction elements and to radiation damage of electronic components, increases substantially. Total irradiation dose will increase by factor 5 (safety factor: 3 is required) and the signals and background rates will increase by factor 5. It is necessary to certify detectors and electronics for operation in the HL-LHC radiation conditions. A comprehensive study of the aging of detectors is performed on the GIF ++, CERN. The aging of the electronics is investigated at various sites where irradiation of electronic components and modules is carried out under conditions similar to those for HL-LHC: at CERN (CHARM), UC Davis (cyclotron) and TAMU (reactor).

6.1. Participation in CMS CSC ageing study at GIF++.
Increasing of luminosity as a result of future LHC upgrades will lead to a significant increase in background events in particle detectors. In this regard, it is very important to study the effects of "ageing" in materials and gases of coordinate detectors. Such a study for CSC has been carried out by a JINR group since February 2016 at the GIF ++ setup (CERN) [2, 3], which has 14 TBq Cs-137 gamma-ray source (Fig. 6.1). 

The absorbed dose rate at a distance of 0.5 m from the source is 1 Gy/h. The filter system allows you to gradually reduce the flow of gamma rays up to 46 thousand times. There is the SPS CERN beam line on the GIF ++ territory, what makes it possible to test detectors located in the beam zone with SPS muons. The setup has 2 radiation cones - along the beam and towards the beam with a total exposure area of 100 m2. The chambers of the stations ME1/1 and ME2/1 were selected as test ones, as those having the largest flow of background events in the CMS. Calculations show that when the HL LHC operates for 10 years, the charge released per unit length of the ME1/1 anode wire will be approximately 110 mC/cm. The dose collected by ME1/1 in 2016–2020 is equal to 576 mC per cm of anode wire (see Fig. 6.2, left).
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Fig. 6.1. GIF++ radiation field map.

In accordance with the estimates, the dose collected in 2017 corresponds to the dose that could be received in 3 periods of 10-year HL−LHC operation. Fig. 6.2 (right) shows the relative current values in ME1/1 layers (L2-L5) − I/Iref. as a function of the accumulated charge for 4 irradiated layers. Iref. − this is the average value of the currents in 2 monitor layers at the time of the short test with the gamma source turned on. We do not observe any degradation of the relative current vs. the irradiation dose. Thus, it can be concluded that gas gain vs. accumulated charge is stable and CSCs can operate without radiation degradation of their parameters throughout the HL−LHC period. 
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Fig. 6.2. Accumulated charge per unit length of ME1/1 anode wire in time (left).

Relative current I/Iref in 4-irradiated ME1/1 layers vs. accumulated charge (right).
Now the irradiation of the ME1/1 CSC at GIF ++ is continued with the gas mixture Ar+CO2+CF4 with the percentage of components (40/58/2). The mixture has only 2% CF4 instead of the usual 10% used for the nominal gas mixture. It is believed that the addition of this particular gas to the working mixture of the chamber makes it possible to bind silicon radicals and remove them from the working volume of the detector in the gaseous state. This prevents the deposition of silicon compounds on the anode wires and prolongs the life of the chamber. However, the question of the required amount of CF4 in the mixture to prevent the "ageing" effect is open, since this process largely depends on the detector material, the velocity of the gas mixture blowing, the current in the anode-cathode gap, etc. In addition, the use of CF4, a gas with a high greenhouse gas potential of 6500 will be severely limited in the near future and minimizing its consumption is an important task for CMS. Implementation of the tests using a mixture with reduced CF4 content is a new step in the study of the effect of cathode strip chamber ageing. 

6.1.1 Study of CSC characteristics in HL LHC conditions with uncorrelated background. 
As noted above, the neutron background in HL−LHC conditions will lead to an increase of the false events in the muon chambers, which in turn will lead to a deterioration in the spatial resolution of the CMS muon stations. Unlike the background events associated with the registration of a delta electrons accompanying high-energy muons, the neutron background is considered uncorrelated with the muons. Basing on the available experimental data, the estimates of the mean layer current were made when the instantaneous luminosity reaches the value of L=5×1034 см-2с-1. For the ME1/1 layer, the estimated current value was 10 μA. During 2016–2018 beam tests were periodically done taking data with muon beams with and without gamma irradiation. Figure 6.3 presents the results of these tests, demonstrating the CSC spatial resolution as a function of gamma source intensity, at different values of the anode wire accumulated charge Q = (132 ÷ 400) mC/cm. For the HL LHC conditions (indicated by arrows), one can expect that the spatial resolution of the station ME1/1 will deteriorate by 10%, and for ME2/1– by 16%. In addition, the deterioration of the spatial resolution depending on the accumulated dose is not observed.
Fig. 6.3. The spatial resolution of the ME1/1 (left) and ME2/1 (right) CSCs as a function of the intensity of irradiation (x axis presents the inversed value of the attenuation factor) for different values of charge accumulated per unit length of anode wire Q. 
6.2. Study of methods for eliminating the Malter current in a cathode strip chamber. 
The Malter effect was described by L. Malter in 1936 [4]. This effect is observed in wire coordinate detectors operating in the fields of ionizing radiation. The problem arises when there is a spot on the cathode, for example, an insulating oxide that prevents the recombination of ions produced during the development of the Townsend avalanche. Under certain conditions, the total charge of these ions can create a field sufficient for electron emission from the cathode to the gas volume of the chamber. A so-called Malter current arises, which exists in self-sustaining mode and significantly exceeds the rated current in the anode-cathode gap of the chamber. 

In Fig. 6.4, the red shows Malter – current in one of 6 layers of the cathode-strip chamber ME1/ 1. The data was obtained by the CMS in proton – proton collisions. The remaining 5 layers have a current of 3-4 μA. It is obvious that such currents are destructive for the surface of the anode wires and lead to their break.
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Fig. 6.4. Malter current (red) in one of 6 layers of ME1/1 CSC.

The GIF ++ facility is a unique tool for studying the Malter effect, as it allows irradiating the entire working area of the chamber and vary the current in the anode-cathode gap using absorbing filters. In 2017–2018 JINR group members performed a number of tests to develop a method for eliminating Malter currents in ME1/1 chambers. An example of a successful “treatment” of the Malter effect is shown in Figure 6.5. For the layer L2 (blue), the operating voltage gradually increased with a step of ~ 5–10 V as the current in the layer decreased. As a result, even at a voltage of 3000 V (at 100 V above the nominal), the Malter currents were not observed. 
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Fig. 6.5. High-voltage training of the layer L2 (blue), having a Malter current.

As a development of the “treatment” method, it is supposed to automate the high voltage training procedure and use an additive of 1–2% oxygen in the gas mixture.
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7.1. DEVELOPMENT OF SOFTWARE AND COMPUTING TOOLS 
7.2. Development of algorithm for physics object 
In 2013−2017 the JINR group has taken part in software development for physics objects reconstruction in the presence of high pile-up. Algorithm testing and tuning has been performed both with Monte Carlo data and data collected at 13 TeV proton beams and integrated luminosity up to 1.8 x 1034 cm−2 s−1.  Wihtin the CMS High-Granulated Endcap Calorimeter (HGCAL)   Project for Phase II CMS development of software are being carried out for modeling of energy, momentum and spatial resolutions, and for reconstruction of jets and muon identification criteria is developed. 

7.2.1. Tracks segment reconstruction

In 2017 the new CSC Segment Builder algorithm has been proposed, tested with MC and pp collisions data and implemented into CMS software [1,2]. This new builder can separate 2 neighbouring muon track segments and effectively suppress the background events.
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Fig. 7.1 Comparison of the ST (blue) and new RU (red) segment building algorithms. (top left) Number of segments in chamber for MC single muon pT = 1 TeV data; (top right) Efficiency vs. pseudorapidity for MC single muon pT = 1 TeV data; (bottom left) Difference between the azimuthal coordinate of the matched muon segment and the simulated trajectory for MC single muon Pt = 1 TeV data; (bottom right) Difference between the azimuthal coordinate of the matched muon segment and the muon trajectory for 2016 collision data.

A detailed comparative analysis was made in order to prove the need of switching to the new algorithm as the default algorithm used for reconstruction in the CSCs. Simulated Monte-Carlo [2] and collision data were processed for the mentioned purpose. It can be seen from Fig. 7.1 (top left), that the segment multiplicity is lowered in comparison with the standard algorithm. This makes the reconstruction more accurate and saves time on future steps where looping over segments is required. In contrast to the standard algorithm, where the efficiency degrades with the increase of pseudorapidity, the new algorithm provides a high efficiency (~95%) for the entire pseudorapidity region that is covered by CSCs (see Fig. 7.1, top right). The reconstruction precision of the muon transverse momentum is expected to be better due to the essential improvement in the reconstruction of the precise coordinate (Fig. 7.1, botttom). The improvement is well seen in the case of hard (~1 TeV) muons (Fig. 7.1, bottom right), where the root-mean square value of the distribution is more than three times smaller for the new algorithm in comparison with the old one.

[image: image43.png]670 675 680 685 690 695 700 705 710 001)





Fig. 7.2 Example of two overlapping signals’ reconstruction on a particular CSC layer. Green line – simulated muon coordinate; Yellow – initial signal distribution; Blue line – coordinate reconstructed by the standard algorithm (CoG); Red lines – two overlapped signals recognized by the new wavelet-based algorithm.

The new segment building algorithm was implemented into the official CMS software package in July, 2016 and starting with 2017 it became the default algorithm used for the reconstruction of the simulated and collision data.

The strip coordinate is reconstructed with а bad accuracy (30-60% of strip width) in cases of high multiplicity of fired strips on a particular layer of a CSC. This is due to the fact that for a cluster that is formed out of overlapping signals a simple Center of Gravity (CoG) approach is used for coordinate reconstruction. The development of a new wavelet-based reconstruction algorithm for the strip coordinate was initiated in order to improve its precision. On Fig. 7.2 an example of two overlapping signals recognition is shown. The green line that corresponds to the simulated muon coordinate coincides exactly with one of the signals recognized by the proposed algorithm (red lines); while the standard approach (blue line) misses by almost half of a strip width.

7.2.2. Muon and muon pair reconstruction 
To test the ability of the CMS experiment to trigger and reconstruct muon pairs in the invariant mass range up to 6 TeV after LS1 upgrade Monte-Carlo simulation of 13 TeV events was performed. These data was used for preparation for software commissioning and preparation for RUN-II date taking and analysis. The simulation results shown off-line reconstruction efficiency of Drell-Yan di-muon pairs in acceptance is better than 90% for all masses in the studied range (Fig.7.3, left) [3]. Full reconstruction efficiency including acceptance and trigger efficiency is from 45 to 82%. Di-muon invariant mass resolution was studied for two detector alignment scenarios (startup and optimistic). In the best case resolution is better than 6% even for invariant masses ~ 6 TeV (Fig.7.3, right).
Simulation have been done using Geant software with and without bremsstrahlung and e+e- pair production. It was shown that without radiation muon trigger efficiency have neglegible dependence on muon transverse momentum, so a slight drop in the efficiency is due to the physical effect  ofradiation losses of muon in the matter and bremsstrahlung gives the largest contribution.
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Fig. 7.3 (left) Reconstruction efficiency for all events in acceptance (green dots), for events passing trigger selection criteria (red dots) and total reconstruction efficiency including acceptance (blue dots). (right) Di-muon invariant mass resolution for different reconstruction and alignment scenarios [3].
Starting from the middle of 2015 JINR physicists activly participated in 13 TeV LHC data processing and analysis as part of the JINR CMS physics programme. The analyzed data was collectied with and without CMS solenoid magnetic field turnd on. Data taking at 13 TeV started in June 2015 and during the first mounth of CMS operation it was working without magnetic field which did not allow to use track curvature to determine the track momentum. Nevertheless this data taking was usefull for muon system commissioning: despite the fact that all the muon chambers were repaired during LS1 in 2013-2014,  problems in the software leading to inefficiencies in some of the chambers were found.  After their study, the problems they were corrected before the start of physics data taking period.
Thereafter, tuning of the updated algorithms for the reconstruction of muons and dimuons was performed on run 2016 data for statistics corresponding to an integrated luminosity of about 36 fb-1 under conditions of superposition of events with an average number of interactions (pile-up) up to <μ> ≈ 35 (maximum value <μ> ≈ 56).
A large Run 2 dataset at c.m.s. energy √s = 13 TeV made it possible to carry out a detailed study of the characteristics of muons with large transverse momenta, which provide direct access to new physical regimes beyond the standard model. Since the physics and reconstruction of these muons differs from their counterparts with lower momentum, special studies of the efficiency and momentum resolution obtained with the CMS for high momentum muons were presented for the first time in paper [4]. In the course of the new physical Run 2, further improvements were made to the operation of the muon reconstruction algorithms. Figure 7.4 shows the efficiencies of muon reconstruction in Run 2 as a function of muon transverse momentum pT versus the efficiency in Run 1. They are derived from simulations of Drell-Yan events and dimuon events in the data after combination of the 2016-2017 data. One can see a significant improvement in efficiency in Run 2 [4]. In addition, we obtained data on the dependence of the  muon momentum resolution on momentum using two muon tracks formed by cosmic muons. For the analysis, we used both special runs of irradiation of the CMS detector with cosmic muons and the proton-proton collision runs. The use of the latter has an advantage of using the same data acquisition conditions, triggers and reconstruction as in the physical runs, leading to a result that, for the first time, significant statistics of cosmic muons passing through the endcap part of the muon detector |η|>1.2 (Fig. 7.5). It was found a good agreement between the momentum resolution measured on the data and the Monte Carlo predictions for the Drell-Yan process [4].


Рис. 7.4. Comparison of the dependences of the muon reconstruction efficiencies in Run 2 and Run 1 as a function of the muon transverse momentum pT .

Рис. 7.5. Momentum resolution for TuneP cosmic muons from 2016-2017 data in barrel (η|<1.2) (left) and endcap regions (|η|>1.2) (right) in comparison with the resolution obtained in the simulation of Drell-Yan processes by the Monte Carlo method.
Using all 2016-2018 data, measurements of the spectrum of dimuon invariant masses of events were carried out (Fig. 7.6) [5]. The efficiency of both the identification of muons and the isolation requirements obtained in the Monte Carlo simulation were corrected from the data. The scale factors of identification and isolation of muons in the data and Monte Carlo were obtained using the Tag-and-Probe method, using the number of Z bosons in the fit of the dimuon invariant mass spectra in the data and Monte Carlo [6].
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Рис. 7.6. The spectrum of dimuon invariant masses of events obtained from the data of 2016-2018 LHC Run at 13 TeV [4]. The histograms show the contributions of various background processes in the standard model. Events in the signal region (SR) corresponding to masses above 120 GeV were collected using a single muon trigger; in the normalization region (NR, shown in grey) for mµµ<120 GeV, a prescaled trigger with threshold of pT = 27 GeV was used.
7.2.3. Physics objects reconstruction in CMS endcap Phase 2 calorimeter and detector characteristics
The HL-LHC will integrate ten times more luminosity than the LHC, posing significant challenges for radiation tolerance and event pileup on detectors, especially for calorimetry in the forward region. As part of its HL-LHC upgrade program, the CMS Collaboration is proposing to build a high granularity calorimeter (HGCAL[7]) to replace the existing endcap calorimeters.

 For the upgraded endcap calorimeter we developed reconstruction algorithms for electromagnetic and hadronic showers and studied their performance, including spatial and momentum resolutions. We also developed an identification criteria for muons using the information provided by the HGCAL

An imaging calorimeter, such as the HGCAL, with fine granularity, produces a large amount of information and enables enhanced pattern recognition. This is illustrated in Fig 7.5, which shows energy deposits from photon showers separated, by about 3 cm. In addition the HGCAL provides precise information on the timing of the energy deposits to discriminate clusters from pileup within a single bunch crossing. The five dimensional information (energy, x, y, z and time) is ideally suited for particle flow reconstruction.  The development of the full particle-flow reconstruction for the HGCAL will take time and much work. The aim so far has been to develop and understanding of possible approaches and techniques, and to demonstrate the potential of the detector. 

Figure 7.6  (left) shows the electromagnetic energy resolution as a function of incident photon pT obtained in a full simulation study. The left plot shows the resolution obtained using a  region of radius 2.6 cm to estimate the energy, both in case of no pileup (dashed lines) and in presence of a mean of 200 pileup events per bunch crossing. The right plot shows the result when the radius of the region is increased to 5.3 cm, in this case the resolution is severely degraded by the pileup, emphasising the benefit of the fine granularity of the HGCAL. 
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Fig. 7.5: Energy deposited in HGCAL cells by pairs of uncoverted photons; (left) a single event containing a pair of photons, and (right) several thousand such events. The photons have an energy of E=80 GeV (pT=14.4 GeV) at pseudorapidity 2.4 in the HGCAL, and are separated by about 30 mm. Reconstructed hits are projected onto the plane defined by the axes of the two showers. The color code represent energy density.
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Fig. 7.6: Fractional energy resolution as a function of pT for unconverted photons, (left) using a region of radius 2.6 cm, and (right) using a region of 5.3 cm to sum the energy.

We developed an algorithm to reconstruct high pT hadron showers (pT>15 GeV) in the presence of pileup. This algorithm is not intended to be in any way final, and it seems clear that more sophisticated developments will improve the energy resolution performance and extend the range of applicability to lower pT. Two dimensional layer clusters are built with the imaging algorithm, the 3d multiclusters constructed from these layer clusters are then used to seed the algorithm.  
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Fig. 7.8 reconstructed energy distribution for pT=100 GeV charged pions with and without pileup, before pileup subtraction and energy scale calibration.
Figure 7.8 shows the reconstructed energy distribution for pT=100 GeV charged pions with and without pileup, before pileup subtraction and energy scale calibration.
We plan to revise the reconstruction by including timing information in reconstruction, testing neural network based algorithms for reconstruction and updating the geometry. Furthermore we are planning to develop fast simulation algorithms both traditional ones and the ones based on neural networks. 

7.2.4. Reconstruction of events with quark and gluon jets
At the hadron collider, it is practically impossible to obtain a purely quark (q) or gluon (g) jet sample. To obtain a sample of q/g-jets of a given purity, q/g-jets discriminators (D) are developed. The discriminator exploits several flavour sensitive physical parameters of the jet. By setting the operating point D​0, you can achieve the required cleanliness in a sample of jets that obey the conditions D > D​0 or D < D​0. The selection conditions for a discriminator with a given high purity limit the number of jets in the sample, which negates one of the main advantages of the hadron collider - a large number of produced jets. A large number of jets in the sample makes it possible to measure with high accuracy the jet characteristics (distribution of jets by the jet physical parameters or moments of these distributions). Knowledge of the characteristics in a given jet sample is in itself of little informative, since it is practically impossible to obtain a similar sample based on Monte Carlo (MC) modeling due to systematic uncertainties that affect the determination of q/g-jet fractions in data and MC. A consistent and reliable comparison of jet characteristics is only possible for jets with a specified flavour. In order to obtain the characteristics of q/g-jets from the characteristics of arbitrary jet samples measured with good accuracy, it is necessary to measure the fraction of q/g-jets in jet samples with good accuracy. It was shown in [20] that the measurement of the fraction of q/g-jets can be performed with good accuracy, determined by the number of jets in sample, using model-dependent D-distributions of the q/g-jets determined in MC jet samples with full simulation of detector response.

Method for measuring the q/g jet fractions, proposed in [8], was applied for a number of jet samples selected in semileptonic [image: image50.png]


-channel and in “dijet” channel [9]. In semileptonic  [image: image52.png]


-channel, two jet samples with significantly different g-jet fractions were selected: a sample of “W-jets” - jets from W decays, in which, according to the selection conditions, q-jets dominate, and a sample of additional jets (“5-jets”) that accompany a pair of W-jets. Three jet samples were selected in the “dijet” channel: jets from pair of “dijets” without additional jets in event, jets from pair of “dijets” with one or two additional jets in event, and jets from pair of “dijets” with three or more additional jets in event. These five jet samples are used to measure g-jet fractions on the CMS Run-I (2012) data. Measurement of g-jet fractions was also performed for three jet samples from “dijet” channel for CMS Run-II (2016) data.
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Рис. 7.9. Measured g-jet fractions in jet samples “W-jets” and “5-jets” selected in the semileptonic [image: image55.png]


-channel in the data of CMS Run-I (2012).
The results of measurements of g-jet fractions depending on jet transverse momentum are shown in Fig. 7.9-7.10. The measurements were performed using quark–gluon “likelihood” (QGL) discriminator and for QGL distributions of q/g-jets obtained in model MADGRAPH5 + PYTHIA6 (Run-I) and MADGRAPH5 + PYTHIA8 (Run-II). 

It can be seen from these figures that g-jets are strongly suppressed in data relative to similar jet samples in the MC for “W-jets” and “5-jets” in the first two [image: image57.png]
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 GeV). Suppression of g-jets in the data relative to MC samples is also observed in dijet channel samples for both Run-I and Run-II in the regions of small and medium [image: image61.png]


. The difference in the behavior of the g-jet fraction as a function of [image: image63.png]


 between Run-I and Run-II may be due to the dependence of the g-jet fraction on the angular jet finder radius: R=0.5 (Run-I) and R=0.4 (Run-II) [9]. 
The measured fractions of g-jets allow us to measure the characteristics of q/g-jets using measured characteristics of jet samples described above. This will be done in the near future. Note that measurements of q/g-jet characteristics at hadron colliders have been performed so far using gluon fractions obtained from generators (CDF-2005 and ATLAS-2015). The strong deviation for the g-jet fractions in data relative to the generator values shown in [9] indicates that it is incorrect to use the generator gluon fractions to extract the characteristics of q/g-jets.
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Рис. 7.10. Measured g-jet fractions in three jet samples selected in the “dijet” channel: on the left - for CMS Run-I(2012) data, on the right - for CMS Run-II(2016) data.
7.3. Development of the JINR GRID-based distributed system for data processing and analysis
CMS data processing and analysis within the Worldwide LHC Computing Grid (WLCG) is by means of the distributed computing centers built up on the basis of the Grid technologies [10-14]. Nowadays, the CMS computing model consists of one Tier-0 center, and seven Tier-1 centers situated in the world largest computing center and connected by a high-speed reliable network, and a lot of the Tier-2 and Tier-3 centers created in different scientific organizations.

The CMS Tier-1 computing center at JINR assists to perform the RDMS aims to carry out full-scale researches in the field of particle physics at the nominal values of LHC energies and luminosity. During 2014-2016 the grid-based computing infrastructure has been upgrated to use for the JINR CMS scientific program. JINR staff members have actively participated in development and support of the monitoring system for the JINR Tier-2 center as well as development and deployment of CMS Tier-1 center in JINR.

The CMS computing system was tesed consistently at the Tier-0/Tier-1/Tier-2 levels to check the CMS readiness for experimental data processing and analysis. JINR has been responsible for support of the two group CMS space for physics analysis whithin the CMS Exotica and the CMS  Muon groups. 
The JINR Tier-1 and Tier-2 centers have been actively participating in data processing and analysis.  JINR is connected to all Tier-0/Tier-1/Tier-2 centers at CERN, Germany, France etc. via high-speed network. 

Operation of the JINR Computing Center during the CMS data taking shown its high reliability and operability.  Besides the CMS computing model includes the Regional Operation worldwide-distributed  Centers (CMS ROC) for control of the CMS detector systems, including the measurements of detector performance during the prompt data analysis, monitoring of data acquisition and quality of data. The dedicated JINR CMS ROC has been upgrated to provide the shift operations at the nominal values of LHC energies and luminosity, coordination of data processing and data management, training and information. 

7.4. Preparation of Physics Program for HL-LHC

Participation of the JINR group in development of the CMS physics program was focused on preparation physics program for studies of muon pair production to check the Standard Model predictions and search for new physics with integrated luminosity up to 3000 fb-1 [15].

Measuring the Drell–Yan production cross section at the Large Hadron Collider is the most important test of the Standard Model (SM) of particle interaction in the new energy range. The Drell–Yan process is also the main source of background for searches for “new” physics beyond the SM. These studies are possible upon the reliable determination of experimental and theoretical errors. Therefore, while discussing probable signals of “nonstandard” physics, it would be incorrect to set aside the problem of background conditions.

There are several basic sources of uncertainties for the similar calculations. Main of them, especially for large invariant masses, are related to uncertainties in the quark and gluon distribution functions (i.e., to the use of different sets of parton distribution functions) and uncertainties in the choice of QCD factorization scale and the QCD running coupling constant αS. The appropriate values of these uncertainties were calculated in 2014–2016 [16,17] for invariant mass region up to  5 TeV/с2. 
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Fig. 7.9 Uncertainties (PDF, QCD scale, and combined) as functions of for the PDF sets: (left) NNPDF2.3, and (right) CT10. Statistic errors corresponding to the integrated luminosity values 300 and 3000 fb–1 are given [16, 17].

Theoretical errors of calculation of the Drell–Yan production cross sections in the invariant mass range 0.2–6 TeV/с2 are systematized in Fig. 7.9. Here the uncertainties of the Drell–Yan production cross section calculation are presented that are related to the PDF, QCD scale, and their combined values with account for the αS uncertainty. Additionally, statistic errors are given that are expected at the values of integrated luminosity (Lint) 300 and 3000 fb–1. The perturbation theory NLO contributions (factor K = 1.15), the efficiency of spatial cut of the facility (acceptance) in the range of pseudo-rapidity values | |η| ≤ 2.4, and the cut by the transverse momentum of muons pT ≥ 20 GeV/c were taken into consideration. In the region of invariant mass value ~2.5 TeV/c2 for all PDF sets, the PDF uncertainties dominate; in the range above this value, the uncertainties of QCD scales of factorization and renormalization prevail. 

With Lint = 300 fb–1, the errors of cross-section calculations in the context of SM exceed the potential accuracy of measuring these cross sections in the ranges of invariant mass values to 1.8 and 2.5 TeV/c2 for the sets CT10nlo and NNPDF2.3 (MSTW2008nlo), respectively. In the range of large values of invariant masses, the situation changes: the precise check of SM predictions becomes impossible. With an increase in the integrated luminosity Lint to 3000 fb–1, this range extends to 3.0 and 3.5 TeV/c2, respectively.

The other essential discrepancies in the Drell–Yan production cross section calculations are coming from the contribution from the higher order diagrams of perturbation theory taken into account. The new method (W-method, "whole") of taking into account the radiative events in experiments with inclusive setup is obtained. This method does not use any division of phase space on soft and hard photons (gluons) emission regions [18,19,20].

Using W-method one-loop electroweak and QCD radiative corrections in the Drell-Yan process at ultra high energies and invariant mass of lepton pair are calculated. The refactoring of code READY is implemented. The integration procedure, the kinematical requirement and restriction realization are optimized. Using READY the detailed numerical analysis of radiative corrections effects to the observable cross sections and forward-backward asymmetry for CMS experiment at Run3/HL regime of Large Hadron Collider is performed.
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Fig. 7.10 (right) Expected upper mass limits on the product of production cross section and branching fraction for a new spin-1 resonances. Theoretical predictions for the spin-1 Z′ from different models are also shown for comparison [16]. (right) Мass limits for the new gauge boson Z′ in dependence of an integrated luminosity.

The updated algorithms and valuated systematics uncertainties were used to predict observability of new physics phenomena at the HL-LHC. For example, the expected mass limits were set for new neutral boson Z′ of extended gauge sector (Fig. 7.10, left). It varies from 4.6 TeV/c2 up to 5.2 TeV/c2 and from 5.6 TeV/c2 up to 6.2 TeV/c2 for 300 fb-1 and 3000 fb-1 respectively [21]. Note, these limits are in a good agreement with estimates obtained by extrapolation of experimental mass limits of 2010-2017 in the region of larger values of an integrated luminosity (Fig.7.10, right) [22].

7.5. Publications
1. I.Golutvin, V.Karjavin, V.Palichik, N.Voytishin, A.Zarubin, "The new segment building algorithm for the cathode strip chambers in the CMS experiment", CMS CR-2015/146, in the Proceedings of the Mathematical Modeling and Computational Physics, 2015 (MMCP2015), EPJ Web Conf. 108, 02023  (2016).  
2. V. Palichik, N. Voytishin, “New CSC segment builder algorithm with Monte-Carlo TeV muons in CMS experiment”, ЭЧАЯ 48 №5 (2017) 786-788.
3. G. Abbiendi et al. (CMS Z' Working Group), "Search Strategy for High-Mass Resonances Decaying to Muon Pairs at 13 TeV in Preparation of the Run2", CMS AN-2015/061.

4. V. Khachatryan et al. (CMS Collaboration), "Search for high-mass resonances in dilepton final states in proton-proton collisions at √s=13 TeV", JHEP 1806 (2018) 120, arXiv:1803.06292; CMS Collaboration, "Search for a narrow resonance in high-mass dilepton final states in proton-proton collisions using 140 fb-1 of data at √s=13 TeV", CMS-PAS-EXO-19-019, 2019. V. Khachatryan et al. (CMS Collab.), “Search for high-mass resonances in dilepton final states (full 2016 dataset)”, CMS-EXO-16-047; G. Abbiendi et al. (CMS Z' Working Group), “Search for High-Mass Resonances Decaying to Muon Pairs in pp Collisions at 13 TeV with the full 2016 data set of 37 fb and combination with 2015 result”, AN-2016/391.

5. V. Khachatryan et al. (CMS Collaboration), "Performance of the reconstruction and identification of high-momentum muons in proton-proton collisions at √s=13 TeV", CMS-MUO-17-001, CERN-EP-2019-238, arXiv:1912.03516, JINST 15 (2020) 02, P02027.

6. CMS Collaboration, “Muon Tracking Efficiency for 2018 dataset using Tag and Probe method”, CMS-DP-2020-013; CERN-CMS-DP-2020-013. - Geneva : CERN, 2019.

7. CMS Collaboration, “The Phase-2 Upgrade of the CMS endcap calorimeter”, CMS-TDR-17-007, ISBN 978-92-9083-459-5.
8. S. Shulha, D. Budkouski, “Methodology for measuring gluon jet fraction and characteristics of quark and gluon jets for hadron-hadron collisions”, arXiv:2008.02054 (submitted to PEPAN).

9. CMS Collaboration, “Measurement of gluon jet fraction and data-driven correction of quark and gluon jets likelihood discriminator distributions for jets selected in pp-collisions at 8 TeV and 13 TeV with the CMS detector”, CMS AN-2020/143; (CMS SMP-HAD Working Group); August 2020.
10. А.О. Голунов, Н.В. Горбунов, А.В. Зарубин, В.В. Кореньков, С.В. Шматов, "Удаленные центры мониторинга эксперимента CMS", Ядерная физика и инжиниринг, 5 №11, 939-943 (2014).   

11. Н.С. Астахов и др., "Статус и перспективы вычислительного центра ОИЯИ 1-го уровня (TIER-1) для эксперимента CMS на большом адронном коллайдере", Компьютерные исследование и моделирование, 7 №3, 455-462 (2015).

12. A. Berezhnaya et al., "LHC Grid Computing in Russia: present and future", J. Phys.: Conf. Ser. 513, 062041 (2014).

13. N.S. Astakhov et al.,"JINR TIER-1 Centre for the CMS Experiment at LHC", Письма в ЭЧАЯ 13 №5, 1103-1107 (2016).

14. V. Gavrilov et al.,"Status of RDMS CMS Computing", Письма в ЭЧАЯ 13 №5, 1108-1111 (2016).

15. И.А. Голутвин, С.В. Шматов, “Эксперимент CMS: результаты и перспективы”, ЭЧАЯ 48 №5 (2017) 604-616.
16. В.Ф. Коноплянников, М.В. Савина, С.В. Шматов, С.Г. Шульга, "Неопределенности сечения рождения процессов Дрелла-Яна при столкновении протонов на LHC", Письма в ЭЧАЯ 11 №6, 1122-1133 (2014).

17. М.Г. Гавриленко, В.Ф. Конопляников, М.В. Савина, С.Г. Шульга, “Сечения процесса Дрелла-Яна в столкновении протонов на LHC”, ЯФ 79 №1, 50-54 (2016).
18. В.А. Зыкунов, “Эффекты радиационных поправок в современных экспериментах физики высоких энергий”, 2-2016-27, Дубна (2016).
19. V.A. Zykunov, “New method for taking into account radiative events in the MOLLER inclusive experiment”, ЯФ 80 №4 (2017) 388-395.
20. В.А. Зыкунов, Пертурбативные расчёты в физике высоких энергий, Гомель: ГГУ им. Ф.Скорины, 2020. - 277 с. ISBN 978-985-577-625-4

21. V. Khachatryan et al. (CMS Collab.), “Projected Performance of an Upgraded CMS Detector at the LHC and HL-LHC: Contribution to the Snowmass Process”, CMS-NOTE-13-002, arXiv:1307.7135.

22. A. Lanyov, "CMS Results on Dimuon Physics", CMS CR-2016/278.

8. CONCLUSION
All JINR obligations in upgrade of detector sub-systems, where JINR bears full responsibility since the very beginning of the CMS Project, for Forward Muon Stations ME1/1, endcap hadron calorimeters HE, development of software and computing tools, and also in R&D necessary for preparation of further upgrade at Phase II were successfully fulfilled. All upgraded detectors demonstrate a required performance.

In total JINR contributed 1.086 MCHF to the CMS Upgrade CORE through 2020 with the following responsibilities: 

- upgrade of Forward Muon Stations ME1/1

500 kCHF from JINR budget









   90 kCHF from RF budget

- upgrade of Endcap Hadron Colorimeters НЕ

486 kCHF from JINR budget

- contribution to the Common Fund in-cash

100 kCHF from JINR budget.
9. PUBLICATIONS AND PRESENTATIONS 
In total, the JINR physicists contributed to the preparation of 46 papers devoted to the detectors upgrade, development and improvement of algorithms, for the reconstruction of physical objects, works on the development of computing, and on the development of a program of physics research under conditions of high luminosity, published in 26 reference journals, 16 notes, 3 technical proposals, and 1 monograph.

During the reporting period, JINR staff made about 50 talks at international scientific forums.

10.  JINR Schedule in the CMS Project 

	Tasks
	2012
	2013
	2014
	2015
	2016-2017
	2018-2020
	2021-2022

	1
	Maintenance of the CMS Detector 
	
	
	
	
	
	
	

	2
	The CMS Upgrade 
	
	
	
	
	 
	
	

	
	     LHC shutdown (20 months)
	
	
	
	
	
	
	

	
	     LHC shutdown (36 months)
	
	
	
	
	
	
	

	3
	Start-up and the first run after upgrade 
	
	
	
	
	
	
	

	4
	Data taking and shifts 
	
	
	
	
	
	
	

	
	    at 4 TeV collisions (with expected integrated luminosity of 20 fb-1)
	
	
	
	
	
	
	

	
	    at 13 TeV collisions (with expected integrated luminosity of 100 fb-1)
	
	
	
	
	
	
	

	
	    at 13 TeV collisions (with expected integrated luminosity of 300 fb-1)
	
	
	
	
	
	
	

	5
	Data processing, HE calibration with physics processes, studies of performance of the CMS trigger system to detect and to identify the single muons and muon pairs, alignment procedure, studies of HE and ME1/1 performance on data
	
	
	
	
	
	
	

	6
	Development of algorithm for muon reconstruction, correction and development methods of jet reconstruction, methods of hadron calorimeter calibration with physics processes, data processing and analysis of CMS data
	
	
	
	
	
	
	

	7
	Participation in software development for distributed  GRID-based system for data processing and analysis. Data management and CERN-JINR data transfer. 
	
	
	
	
	
	
	

	8
	R&D aimed to preparation of CMS upgrade and development of physics program for High-Luminosity LHC (expected integrated luminosity up to 3000 fb-1) 
	
	
	
	
	
	
	





Fig.3.3. The increase of the channel occupancy in case of readout with ganged strips on ME1/1a (3 to 1).
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