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 Introduction
The Large Hadron Collider (LHC) pointed a new broad field of experimental researches. Its energy and luminosity are much higher than the ones reached by the existing hadron collider experiments. However, these accelerator features significantly constrain detector design requirements.

The “Compact Muon Solenoid” (CMS) is a general purpose experiment, designed to study the physics of pp collisions at the Large Hadron Collider (LHC). The CMS provides extraordinary opportunities for particle physics based on its unprecedented collision energy and luminosity. The prime goals of CMS are to explore physics at the TeV scale and to confirm the mechanism of electroweak symmetry breaking through the studies of the Higgs particles discovered in 2012 and search for extra Higgs bosons beyond the Standard Model, or otherwise, search for supersymmetric partners of the SM particles, search for extra dimensions at TeV-energy scale. Other important problem which can be cleared with LHC is looking for ways to unify of fundamental interactions, for example via extended gauge models. Also the CMS physics program is included the tests of Standard model itself in the new energy region, studies of EWK and QCD processes, search for quark-gluon plasma etc.
JINR physicists have been participating in the Compact Muon Solenoid (CMS project) for about 20 years since the CMS project was started. JINR participates in the CMS Project in framework of the Russia and Dubna Member states CMS Collaboration (RDMS). The main effort of JINR in the CMS Project was concentrated on the design, construction, commissioning, operation and upgrade of the CMS inner Endcap detectors, where RDMS bears full responsibility on Endcap Hadron Calorimeters (HE) and First Forward muon Stations (ME1/1). 
During the LHC Long Stop  in 2013−2015 (LS1)  and in 2019−2020 (LS2) the CMS detector is upgraded to facilitate an effective operation of subsystems at high luminosity of >1034 сm-2s-1 in pp−collisions at the nominal LHC energy. At the CMS Upgrade Phase the RDMS CMS fully keeps the responsibility for forward muon station ME1/1 and endcap hadron callorimeter HE.
In line with responsibility for detector systems efforts of JINR physicists are focused in participation in the data taking and implementation and development of the long-term CMS physics program. 

The goal of research within the JINR Theme 02-0-1083-2009/2019 was new experimental data taking, analysis, their processing and analysis for the purpose of obtaining new physics results in the following fields:
· studies of muon pair production in Drell-Yan process to test SM at new energy scale, measurement of weak mixing angle and parton distribution functions (PDF) 

· searches for signals of extended gauge sector in the dimuon final states
· searches for signals of theoretical models predicting gravitation at TeV scale (extra dimension models) in the dimuon final states
· studies of jet multiple production for searches of microscopic black holes and other signals of physics beyond SM (BSM) 
· jet measurements for studies of hadronization, improvement of PDF and QCD coupling precision
· studies of Higgs boson properties and search for new scalar bosons beyond SM in the lepton decay channels
These physics goals achieved in different experimental channels characterized by different sets of physics observables. A choice of experimental channel is driven by optimization of signal to background ratio.

Development and realization of full scale-physics program is based on analysis of all available experimental data of the CMS experiment and full simulation of different SM and BSM physics processes. Full simulation of CMS detector hardware is used, following conditions and requirements adopted in the Collaboration. Different theoretical and experimental systematic uncertainties are taken into account in the analysis.
A large number of methodological works have been carried out: development of reconstruction and analysis software, calibration methodology development and calibration and tests of detector subsystems, development of data processing and analysis procedure for use at JINR Tier-1 and Tier-2 computing facilities.

In 2017−2018 the data was recorded with the beam energy of 13 TeV in c.m.s. and luminosity of 2.1×1034 сm2s-1. Also JINR group has actively involved in R&D for the CMS Phase 2 Upgrade for operation at very high luminosites at HL-LHC. The main task was optimization of configuration of  the endcap hadron callorimeter HE to facilitate operation at 3000 fb-1 of integrated luminosity. 

JINR physicists contributed in to seven CMS physics analysis notes based on the part of Run II (2015−2018) data and full statistics of the Run I (2010-2012) data, eight CMS public paper submitted in scientific journals, 17 CMS notes with physics analysis and CMS operation and upgrade works for the CMS calorimeter system for high luminosity regime of LHC, and number of papers with CMS results review and future physics with 13 TeV Run (9 papers) and proceedings (35 papers in a total). The total list of publications by JINR scientists within the CMS Collaboration includes 346 papers (https://cms-results.web.cern.ch/cms-results/public-results/publications/CMS/publi.pdf).
43 talks were given by JINR physicists for the CMS project in 2014−2016 at the international conferences. 
In 2017–2019 гг. the “2nd CMS Workshop “Perspectives on Physics and on CMS at HL-LHC” (Varna, 2017) and the “20th Annual RDMS CMS Collaboration Conference” (Tashkent, 2018 г.) were held. The whole JINR Seminar “Physics at LHC” also works permanently (http://rdms.jinr.ru/).
2 full doctoral, 10 Ph.D., and more than 20 
Bachelor's and Master's Degree theses were prepared with the CMS results (2 Ph.D. theses in the reported period).
1
Experiments at the LHC and operation of Endcap hadron calorimeter and forward muon station ME1/1 at 13 TeV  data taking
Participation in LHC 13 TeV pp-collisions data taking and analysis and providing stable operation of the forward muon station (ME1/1) and the Encap Hadron Calorimeter (HE).
1.1 Maintenance of CMS for data taking at 13 TeV and participation in shifts
During 2017–2018 JINR CMS group participated in data taking, processing and analysis of LHC runs data with the beam energy of 13 TeV c.m.s. and the luminosity up to 2.1×1034 cm-2s-1.  In the frame of the JINR responsibilities the inner endcap subdetector systems − Endcap hadron calorimeter HE and forward muon station chambers ME1/1 − were maintained during the operation at the LHC experimental hall.

Табл. 1.1. Shifts taken by the JINR staff in 2017–2018 гг.
	Year
	Central P5
	Safety
	Central on-call
	Total

	2017
	96
	15
	14
	125

	2018
	97
	15
	31
	143

	In total 
	268
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Fig. 1.1. CMS data taking during 2017 and 2018 (CMS recorded). Values of an integrated luminosity at the CMS interaction point presented (LHC delivered).
JINR scientists coordinated and planed RDMS CMS collaboration and JINR institutes participation both in central shifts on detector operation and data acquisition (Central P5) and in shifts on subsystems of HE and Endcap muon stations (CSC). JINR specialists were also responsible for expertise on corresponding subsystems (HCAL DOC and CSC DOC). Statistics on shifts implementation is shown in Table 1.1. After the end of 13 TeV proton-proton collisions data taking in 2017 and 2018 the integrated luminosity reached the values of 45.4 fb-1 and 62.8 fb-1 correspondingly (Fig. 1.1). During the data taking period hadron calorimetry efficiency was not worse than 97%, and the endcap muon station efficiency was around 98.5% (Fig. 1.2).
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Fig. 1.2. CMS subdetectors efficiency with proto-proton collisions in 2017–2018.
1.2 Data quality monitoring and studies of the detector performance
During 2017−2019 we also continued to work on physics data certification (quality check and skimming), collected during the Run 1 and beginning of Run 2 data taking periods: data was rechecked taking into account new selection criteria and new data validation software was developed.  Shifts and data taking including on-line control of subsystem operation and monitoring of data taking and its quality were performed both at the central control point at CERN and from remote regional operation center at JINR (CMS ROC).
The CMS regional operation center (CMS ROC) (Fig. 5) was created at JINR for on-line and effective control of detector subsystems operation including fast analysis of data collected and experimental data taking monitoring. The center is a part of off-line analysis facility of the JINR Tier−2 based on grid technologies and concept of computing resources sharing without central coordination of these resources. CMS ROC server is also used for high level physics data analysis (reconstructed physics objects and processes) i.e functions as a Tier−3 center. The center was upgraded to work in 2015−2018 at nominal values of LHC energy and luminosity.
1.2.1 CMS Hadron Calorimeter Endcap characteristics

The 2016-2018 proton-proton collisions data taking, the so-called Run 2, which took place at 25 ns time interval and at solenoid magnetic field B = 3.8 T. During the data collecting, the operation of endcap Hadron Calorimeters in the global CMS data acquisition system, the detection of non-functioning electronics channels, errors in readout signals from electronics channels are were monitored, the frequency and amplitude characteristics of Hardron Calorimeters electronics components were measured. Also for the subsequent determination of the quality (“bad-good”) of the delivered by LHC and recorded by CMS data the signals parameters from Hadron Calorimeters electronics were studying. 
Data certification method based on identifying abnormal amplitude signals in each channel of Hadron Calorimeters, combined with measuring and studying the reconstructed response in the calorimeter tiles (scintillators). Additionally, the energy and time distribution of signals is investigated. This method allows to uniquely determine the quality of the data recorded from the Hadron Calorimeters and filter out the damaged data or false signals.

[image: image2.png]overall HCAL status (3.8T) on October 24th
ceftfed on November 10t

= colleced_by_oms mlosses_in_hal

Peitns s aE | wd,

weekc




Fig. 1.4. Overall HCAL data certification status for 2018 in depending of time and quantity of collected data. Blue lines are data collected by CMS (pb-1), red ones – losses in HCAL (in log scale).
From the registered data by CMS for 2016–2018. (total 144.1 fb-1, where 37.8 fb-1, 44.2 fb-1 and 62.1 fb-1 for each year, respectively) were selected 142.3 fb-1 (37.7 fb-1, 43.1 fb-1, 61.5 fb-1 for each year, respectively) as satisfying the condition of the physical program for the CMS Hadron Calorimetry (Fig. 1.4). Then, after certifying data from all subsystems of the CMS detector, 137.3 fb-1 (36.5 fb-1, 42 fb-1, 58.8 fb-1 for each year, respectively) were selected as satisfying the conditions of the entire CMS detector.

The main data losses in Hadron Calorimetry are related to the desynchronization of the readout electronics system with the first level CMS trigger (L1T), as well as with the loss of communication between the readout modules of the frontend electronics and the control system of this electronics, which caused the registration of pulses from the calibrated light source module with the recorded physics event in the same time window. Infrastructure problems such as breakdown (with subsequent replacement, which planned for 2019) of power supplies have made a small contribution to the data loss statistics.
1.2.2 Performance of the Forward muon station ME1/1
During the data acquisition in proton-proton interactions in 2017–2018 the operating parameters of the CMS detector systems were monitored. By analyzing pp collisions data, we studied CSC spatial resolution of CMS Endcap muon stations. Results are presented in Fig.1.5. Data of 2016–2018 are in good agreement and correspond the CMS Muon technical design project. The CSC track segments timing distribution is shown in Fig.1.6. The histogram includes the track segments associated with the reconstructed muons having pT > 5 GeV/с obtained with 13 TeV pp collisions data of 2017. The mean value of 0.1 ns and the standard deviation of 3.3 ns are in good agreement with 2016 data (0.2 ns and 3.2 ns correspondingly).


[image: image3]
Fig. 1.5. CMS endcap muon stations spatial resolution.
[image: image58.emf]
Fig. 1.6. The track segments timing distribution in the CSCs of CMS Endcap muon system.
1.3 Reconstruction of physics objects
1.3.1 Reconstruction of muons and muon pairs
Processing and analyzing data for 2016 at 13 TeV, using also the Monte Carlo simulation, allowed to obtained results for possibilities of the CMS detector for selection and reconstruction of the muon pairs for  muon pairs invariant mass range up to 6 TeV/c2 [1]. The Drell−Yan efficiency of offline reconstruction in the detector acceptance is not worse than 90% in the whole range of the studied masses (Fig. 1.7). The overall efficiency of the reconstruction procedure is more than 90% [1].
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Fig. 1.7. The reconstruction efficiency of the muon pairs for all events in the acceptance (green points) and events which passed the trigger selection conditions (red points), as well as the full efficiency with regard to the acceptance (blue dots) [1].
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Fig. 1.8. The width of the Gaussian distribution of the momentum resolution as a function of the transverse momentum of the cosmic muons in 2017 data [2]. Three different data sets were used, obtained in proton-proton collisions and in runs with the cosmic muons. Comparison with results of Monte−Carlo simulation using Drell−Yan processes was performed, a good agreement is observed.
The results were obtained for the dependence of the muon momentum resolution on the momentum using two muon tracks formed by cosmic muons (Fig. 1.8). For this analysis, we used both special runs of irradiation of the CMS detector with cosmic muons, and proton−proton collision runs. The use of the latter has the advantage of using the same data set conditions (trigger and reconstruction) as in the physical runs, and also the fact that for the first time at the CMS collaboration a considerable statistics of cosmic muons passing through the endcap part of the muon detector for |eta|>1.2 is obtained. It was demonstrated a good agreement of momentum resolution measurements in data with the results of Monte-Carlo simulation using the Drell−Yan process [2].
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Fig. 1.9. The invariant mass spectrum of the muon pairs obtained in the LHC run at 13 TeV [3].

The statistics corresponding to the integral luminosity of about 36.3 fb-1 was used to measure the spectrum of invariant masses of events with the muon pairs (Fig. 1.9) [3]. Good agreement was obtained between the measurement results and the predictions of the standard model taking into account the background processes. At the same time, the efficiency of both muon identification and the isolation requirements obtained in Monte−Carlo simulation was adjusted according to the data.
1.3.2 Quark and gluon jet performance
In 2016–1019 work was continued on the measurement of jet distribution by charged-particle multiplicity (CPM) in a jet and averaged CPM in quark and gluon jets on a CMS [4]. Jets are selected in multijet semileptonic ttbar-channel shown at Fig. 1.10. The use of the two jet samples with significantly different q/g compositions allows to study the properties of quark and gluon jets. The jets are reconstructed using anti-kT jet finder algorithm with angular parameter R = 0.5. The jets are divided into two classes − real jets and “pile up” jets. 
It was developed and implemented method to subtract the “pile up” jets for measuring the jet CPM and to define the corresponding uncertainty. The subtracting procedure for “pile up” jets uses Monte Carlo (MC) sample of “pile up” jets, which is modified to apply to data according to the standard “pile up reweighting” procedure to tune the “pile up” in MC samples to data “pile up”. To calculate the uncertainties associated with the subtraction of “pile up”, the formula was obtained in the work that relates the uncertainty of the measured mean jet CPM〈n〉 and the uncertainty of the “pile up” jet fraction ∆αPUjets:
∆〈n〉PUuncertanty  [image: image5.png]


 〈n〉 ∆αPU. 
It was developed and implemented method to determine the correction for low-energy tracks and tracks outside the trekker working area. The general formula for corrected jet CPM was obtained and applied in the analysis with corrections to the “pile up” jets, low-energy jets and jets outside the trekker and the lost (“Y”) jets:
〈n〉=  (1– αY) [〈n〉MEAS – αPU 〈n​PU〉MEAS]/(1 –  αPU)(1 –  γ)(1 –  δY αY) 
where 〈n〉MEAS is measured real jet CPM (with corrections for lost and fake tracks), 〈n​PU〉MEAS is the same for “pile up” jets, γ is the fraction of low-energy tracks in the jet, δY is the ratio of CPM in lost jets to CPM in real jets, αY is fraction of lost jets.
[image: image6.emf]
Fig. 1.10. The jets from the decay of the W boson are dominated by quark jets, while the jets of additional radiation are mainly gluon jets.
1.3.3 Коррекция энергии струи с помощью физических процессов
In 2017 the series of works devoted to methods of jet energy scale (JES) corrections with physics processes γ + jet and Z + jet [5]. This procedure provides the final energy jet resolution in central rapidity region is about 15–20% for Ejet = 30 GeV, 10 % for Ejet = 100 GeV, and 5 % for Ejet = 1000 jet. The systematics uncertainty is not above 3 % for whole tested region of the transverse momentum and rapidity of jets (Fig. 1.11) [5].
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Fig. 1.11. The value of systematics uncertinties for the JES procedure as function of (left) the transverse momentum and (righe) rapidity of jets [5]. 

This methodology was tested with the LHC Run 1 data (
[image: image8.wmf]=

s

8 ТэВ) and used to analyze multiple jet production.  The related systematics errors are not higher 5%.
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2 Development of the CMS subsystems for high luminosity conditions in the framework of JINR 
JINR takes part in the modernization of the CMS experiment to be developed in two stages, the purpose of which is: 
· Phase I: CMS upgrade to ensure the setup efficient operation at LHC high luminosity –2×1034 cm-2s-1 and up to center-of-mass energy 14 TeV. 

· Phase II: CMS detector development to provide the efficient operation at the high HL−LHC luminosity up to 5×1034см-2с-1 and integrated luminosity up to 1−3 ab-1. 

In accordance with the developed and approved JINR project “Modernization of the CMS detector until 2020” under the theme 02–0–1083–2009/2019, JINR group as part of the RDMS CMS collaboration participates in the modernization of the detector subsystems for which bears full responsibility: forward muon stations ME1/1 and Endcap hadron calorimeters HE. JINR also participates in the scientific and methodological research necessary for the preparation of further modernization of the facility (Phase II).
2.1 Upgrade of the Forward muon station ME1/1
Table 2.1 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 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.
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Table. 2.1. The parameters of the LHC and the CMS muon system for operation in the conditions of the LHC design luminosity and in the conditions of the HL−LHC increased luminosity.
In conditions of high luminosity of the 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. Thus, 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 on the GIF++ setup, CERN. The ageing 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).

2.2 Modernization of the readout electronics of the CMS Endcap muon system 
The plan for the readout electronics upgrade of the Endcap muon system involves replacing the readout electronics on all the "internal" muon stations: MEx / 1 (x = 1,2,3,4) - a total of 180 CSCs. Fig. 2.1 shows the modules of the on-chamber electronics and the modules located in the peripheral crates to be replaced in the   LHC upgrade periods LS2 and LS3 (Table 2.2 shows their quantity).
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Fig. 2.1. Electronics to be replaced in LS2 and LS3.
Upgrade of the ALCT module (mezzanine card) will increase the delay and propagation of the first level trigger at an increased frequency of signals under HLLHC conditions. Replacement of CFEB cathode readout cards with digital DCFEBs will allow to work with higher rates. The replacement of the TMB trigger module with the optical readout OTMB module will allow to work with DCFEBs data and significantly expand the algorithmic capabilities. LVDB5 low voltage distribution boards: updated to supply the voltages to the upgraded modules. Taking into account the positive result of RDMS participation in the first phase of the CMS upgrade, the CMS collaboration management management appealed to the RDMS and JINR management with a request to participate in the second phase of the CMS upgrade aimed at preparation for operation in the high luminosity conditions HL LHC. Within the CSC electronic project upgrade, it is necessary to design, manufacture and test 120 LVDB5 low-voltage distribution boards.
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 Table 2.2. The number of on-chamber electronics modules and modules located in peripheral racks to be replaced in the LS2 and LS3 periods of modernization

The preparatory scientific and technical work includes the following stages:

· development and production of 2 LVDB5 prototypes;

· development and manufacturing of an automated test stand for checking the functioning and measurement of LVDB5 parameters;

· investigation of radiation hardness of voltage regulators used on LVDB5;

· integration test of the LVDB5 - mounting on a ME2/1 CSC.
Mass-production started in the second quarter of 2018 and finished in 4th quarter of 2018. 

Development and manufacturing of prototypes of the LVDB5 low voltage distribution boards.

Voltage and current consumption values for various electronics modules of the endcap inner rings CSCs (Mx/1) provided by the LVDB5 board are given in Table 2.3. In total, LVDB5 generates 22 output voltages for supplying 5 DCFEB cards and 1 ALCT card located on chamber. The total rated output current is ~ 30A.

Table 2.3. Voltages and current consumption values for various modules of МЕx/1 on-chamber electronics 

[image: image10.emf]Board Type Supply  Voltage  Total current  Voltage  Current Total current

name of supply voltage    

(V)

on board      

(V)

per LVDB board   

(A)

on board        

(V)

per 1 board    

(A)

per LVDB5 board     

(A)

(D)CFEB Digital 7.0 5.0 5.0 3.7 <4.0 <4.8  0.45  ÷ 0.7  2.25  ÷ 3.5 

(D)CFEB Digital 7.0 3.3 3.0 2.8 <3.0 <4.8  2.1  ÷ 4.0  10.5  ÷ 20.0 

ALCT Digital 7.0 3.3 2.5 3.3 1.5  ÷ 2.25  1.5  ÷ 2.25 

ALCT Digital 7.0 1.8 0.95 1.8 0.1  ÷ 0.9  0.1  ÷ 0.9 

8.0   7.9 26.7

(D)CFEB Analogue 7.0 6.0 3.0 5.26 <5.4 <5.5  1.9  ÷ 2.1  9.5  ÷ 10.5 

ALCT Analogue 7.0 5.7 4.7 5.6 4.7 4.7

7.7   6.8 15.2

Supply voltages Existing  LVDB (on ME1/X)   New LVDB5  (LS2 ME1/X upgrade) 

Total Digita (max):

Total Analogue( max):


The output voltage channels for LVDB5 power supply are provided with an additional protection circuit against short current pulses (external protection diodes). Fig. 2.2. shows a schematic diagram of the voltage supply channel for one of the five DCFEB cards. All input lines are protected by SMD 10A fuses.

[image: image64.jpg]2030

% s'oRe

50 70
sponse, p.e.




Fig. 2.2. Schematic diagram of the DCFEB supply voltage channel.
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Fig. 2.3. LVDB5 prototype.

Figure 12 shows the LVDB5 prototype. The design features of LVDB5 are as follows:

· mechanically the new board is fully compatible with the old LVDB5;

· slow control mezzanine LVMB cards will be dismantled from MEx/1 chambers will be reused with LVDB5;

· The same voltage regulator: PQ7DV10 will be used, what significantly reduces the amount of mechanical reconstructions;

· the use of SMD components simplifies the assembly of the LVDB5 board.

· the power cable terminals located directly on the LVDB5 card simplify the CSC assembly and provide a good and reliable contacts.

Integration test of LVDB5 prototype on ME2/1 CSC 
[image: image65.emf]
Fig. 2.4. LVDB5 prototype positioned on the ME2/1 CSC (left). Terminal connection of the input power cable (right).
The main tasks of the integration test may be formulated as follows: 

· geometric compatibility with the old LVDB (holes for screws, cover, etc.);

· the check of the new terminal connection of the input power cable;

· compatibility with the mezzanine card LVMB.

Figure 2.4 shows the location of the prototype LVDB5 on the ME2/1 CSC. One can see that full geometric compatibility with the mounting holes of the board and voltage regulators has been achieved. Replacement of the MOLEX input connector to the terminal connection significantly increases the reliability of the connection, the design current through which is ~ 35A.
Temperature distribution over the LVDB5 board area working at full power load (the camera is equipped with a full set of electronics, the total current consumption was I = 33A) was measured. The maximum temperature of 39.3 Cº corresponds to the screws fastening the regulators, what is normal. In the terminal area of the power cable connection, the temperature has a minimum value of ~ 22 Cº.

Development and manufacturing of an automated stand for checking the functioning and measurement of LVDB5 parameters. 
The automated stand for checking the functioning and measurement of parameters LVDB5 is developed on the basis of the Raspberry Pi 3 processor board. The appearance of the processor board and the main characteristics is shown in Fig. 2.5. The block diagram of the LVDB test stand is presented in Fig. 2.6. The stand provides testing of all types of low voltage distribution modules used on different CSC chambers: LVDB, LVDB5, LVDB7.

Full testing of the functionality of LVDB cards, including readout information and sending control signals, is performed through the LVMB mezzanine board (LVMB7 in case of working with LVDB7).

[image: image66.emf]
Fig. 2.5. Processor board Raspberry Pi 3.
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Fig. 2.6. Block diagram of the LVDB test stand.

Access to the Internet enhances the control and management capabilities, and opens the possibility of using the CMS database. The automated stand for checking the functioning and measurement of LVDB parameters is shown in Fig. 2.7.
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Рис. 2.7. The layout of the automated stand for checking the functioning and measurement of LVDB parameters. 

The first prototype of the stand was successfully tested at CERN. Specifications meet the project. In total planned to make 2 stands: one for checking LVDB boards in the manufacturing process and the second one for working in CERN: testing LVDBs before installation on the CSC chambers.

Investigation of the radiation hardness of low voltage distribution boards LVDB. 
As already mentioned above, at HL LHC conditions, the effect of radiation on detectors and electronics is substantially increased. Figure 2.8 shows the dependence of the neutron fluence variation over the radius R (distance from the beam) extrapolated to CSC ME2/1 and ME1/1.  
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Fig. 2.8. The dependence of the neutron fluence from the radius R extrapolated on CSC ME2 /1 (left) and ME1/1 (right).

On the ME2/1 CSC, the smallest radius value for LVDB positioning is R= 225 cm, while the neutron fluence is equivalent to N = 2.5×1011 Hz/сm2. For ME1/1 CSC, the radius value is equivalent to R= 170 сm, what corresponds to the neutron fluence value N = 7.5×1011 Hz/cm2. The neutron background level in the region of the LVDB card under high luminosity conditions of LHC is its maximum value for the corresponding position of the LVDB for CSCs of different muon stations multiple by the safety factor 3. In our case, this value corresponds to N = 7.5×1011 Hz/cm2 × 3 = 22.5 ×1011 Hz/cm2. The value of the total irradiation dose versus the radius for different types of chambers of the end muon system is shown in Fig. 2.9. 

Table 2.4 shows the total irradiation dose values for LVDB boards located on different types of cameras. The maximum integral dose of radiation dose is TID = 15 krad taking into account the safety factor of 3.

With this the LVDB 5 card being developed should ensure reliable operation at radiation exposure with a neutron fluence level of N = 7.5×1011 Hz/cm2 with an integral dose of TID = 15 krad.
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Fig. 2.9. Dependence of the integral dose of LVDB irradiation on the radius for different types of chambers.

Table 2.4. Integrated dose values for LVDB boards.

	LVDB on:
	TID

(krad)
	With safety factor=3

	ME1/1
	4.8 
	15

	ME2/1
	1.1
	3.5

	ME3/1
	1.0
	3,0

	ME4/1
	1.1
	3.0


The radiation hardness of LVDB5 boards and PQ7DV10 voltage regulators was investigated on a special test 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. As shown in Fig. 2.10, the space allocated for radiation tests is divided between two irradiation objects: the proton object IRRAD is located upwards along the beam line, while the stand of the mixed field CHARM is located down the beam line. Since most protons pass through the IRRAD stand without interaction, the CHARM stand has the same proton intensity as IRRAD. Inside CHARM, these 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 is 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.
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Рис. 2.10. CHARM – mixed field test area for irradiation of materials and electronics 

Figure 2.11 shows: the location of the Cu target and the irradiated equipment (left) and the charged particle spectrum obtained using FLUKA simulation (right).
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Fig. 2.11. The configuration of the location of the target and the equipment to be irradiated (left) and spectrum of charged particles, obtained using FLUKA simulation (right).

The irradiated electronic equipment of the CSC was mounted in a rack (Fig. 2.12), which was moved to the irradiation zone by the special transporter. Power, control and reading of information was carried out from the control room by cables with length of 40m. 3 outputs of the LVDB card were connected to the DCFEB cards and 2 outputs to the equivalent resistive load.
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 Fig. 2.12. The rack with the CSC electronics is ready for irradiation on the CHARM facility.

Irradiation was carried out in 2 steps: irradiation ~ 1 week to TID1 = 15 krad, a break of 3 months and the second step up to TID2 = 15 krad. The equivalent 1 MeV neutron flux was ~ 1.80×1012 cm-2 and the high-energy hadron flux was ~ 2.15×1012 cm-2. Figure 2.13 shows the typical dependences of the output voltages and currents vs. irradiation time for two periods. Total integrated dose was: TID1 + TID2 = 30 krad.

During both periods of irradiation no radiation damage of the LVDB board and the additional irradiated voltage regulators was detected. 
During the LS2 in 2019–2020, the 180 CSCs of the internal muon stations ME1/1, ME2/1, ME3/1 and ME4/1 will be removed from the CMS detector to replace the old on-camera cathode strip electronics, ALCT mezzanine boards and LVDB with improved new ones. The work includes the CSC refurbishment and their testing in the laboratory located on the surface, the installation of ready cameras in the CMS detector and the commissioning of the entire stations. This work is a part of the CMS muon system upgrade in preparation for HL LHC data taking.
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Fig. 2.13. The typical output voltages and currents measured during the irradiation time for two periods of irradiation. Total integrated dose was: TID1 + TID2 = 30 krad.

2.2.1 ME1/1 development for Phase II CMS modernization 
Study of ageing effect 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 group of JINR staff members since February 2016 at the GIF ++ installation (CERN), which has 14 TBq Cs-137 gamma-ray source (Fig. 2.14).

The absorbed dose 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 installation has 2 radiation cones - along the beam and towards the beam with a total exposure area of 100m2. 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 0.11 C/cm. The dose collected on these two chambers in 2016–2017 exceeded 330 mC per cm of anode wire (see Figure 2.15, left).

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. Figure 2.15 (right) shows the relative current values in ME1/1 sub-chamber − I/Iref. As a function of the accumulated charge for 4 irradiated sub-chambers. Iref. − this is the average value of the currents in 2 monitor sub-chambers at the time of the short test with the gamma source turned on. We don’t observe any degradation of the relative current vs. the irradiation dose. Thus, it can be concluded that gas gain in sub-chambers vs. accumulated charge is stable and CSC can operate without radiation degradation of their parameters throughout the HL LHC period. 
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Fig. 2.14 GIF++ radiation field map.

[image: image74.png]35.91b" (13 TeV)
T

+ Bestiit

* Shierpscied

[THobb  [JHote
L OHozz [JHony

[JH-ww [Jcombined
.

|
0.5 1 1.5



[image: image75.png]Ratio to SM

35.91b™ (13 TeV)
T ™y

T
1F
CMS wz
107" 4
10°F E
------- SM Higgs boson
— (M, ¢) fit
10 (M.2) ]
[ BN
[Jt2c
107 L L 3
15 T T
1
0.5 E|
0 L .
107 10 10?2

Particle mass [GeV




Fig. 2.15. Accumulated charge per unit length of ME1/1 anode wire in time (left). Relative current I/Iref in 4-irradiated ME1 / 1 sub-chambers vs. accumulated charge (right).
 CSC characteristics in HL LHC beams 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 sub-chamber current were made when the instantaneous luminosity reaches the value of L=5×1034 cm-2s-1. For the ME1/1 sub-chambers, 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 2.16 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

[image: image17]
Fig. 2.16. 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.

According to the results of work carried out on the GIF ++ setup, one may conclude:

1. CMS CSCs are capable to operate the entire HL-LHC period without the manifestation of “ageing” effects.

2. Background events under HL-LHC conditions will lead to an insignificant (by 10%) deterioration of the spatial resolution of ME1/1. For ME2/1 this value is 16%.

2.3 Phase 1 Upgrade of Endcap Hadron Calorimeters (HE)
Increasing the luminosity of the LHC after LS2 (2018) and LS3 (2023) up to 4 × 1034 cm-2s-1 makes new, special conditions for all the detectors of the CMS experiment and imposes additional requirements on the detectors themselves and on the appropriate modeling and reconstruction software/firmware programs.
An important consequence of increased luminosity of the LHC is the radiation fields increasing in various parts of the CMS detector, which caused a decrease (degradation) of the signal from the active elements of calorimetric detectors, which is especially evident in the forward and endcap areas of the CMS detector (Fig. 2.17).

Signal degradation from the active elements of the Endcap Hadron Calorimeter (HE) has a significant effect (becoming worse) on the energy resolution of the jets, depending on the integrated luminosity. From the simulation results presented in Fig. 2.17, it is clearly seen that already in 2018, with the total luminosity> 150 fb-1, the resolution of reconstructed jets for a calorimeter with HPD (hybrid photo detectors) the significant degradation will be observed (> 20%).

In addition, during the first tests (in 2006) for the Hadron Calorimeter electronics in magnetic field (up to 3.8 Tesla), the effect of spontaneous discharges effect was discovered within the HPD, which not only caused additional noise, but could also lead to the destruction of HPD.

Due to such a strong degradation of the calorimeter response (HE) and unstable HPD behavior, it was decided to upgrade the Hadronic Calorimeter Endcaps (HE) during technical stop taken place at the end of 2017 and the beginning of 2018 (YETS17−18). As an ideal replacement for HPD, a silicon photomultiplier (SiPM) was chosen, which is insensitive to the magnetic field. In addition, SiPM provides gain of two to three orders of magnitude higher than HPD, and also has higher quantum efficiency.
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Fig. 2.17. Relative and redicted signal decreasing from the active elements of the Hadron Calorimeter Endcap (HE), depending on the integral luminosity for different periods of LHC operation (2012, 2015 and 2016) and the geometric position of the calorimeter elements.
[image: image18.jpg]


[image: image19.png]



Fig. 2.18.  (left) General view on the readout modules (RM) installed in the readout box − the so-called frontend electronics system. (right) The installation process of the frontend electronics in the Hadron Calorimeters Endcaps, top view.
After of the preparation work carried out in 2016−2017, a new frontend electronics system was installed on the CMS detector. Namely, 144 readout HPD modules were replaced with the SiPM ones, 4 for each sector of the end calorimeter, a new system for SiPM bias voltage supplying, 36 calibration modules and 36 clock and control modules (CCM) were installed, one CCM module per sector of Endcap Calorimeter, respectively (Fig. 2.18).
The upgrade included the replacing HPD photo detectors with silicon photomultipliers (SiPM) for all of the remaining sectors of Hadron Calorimeter Endcaps (4 readout modules of the HEP17 calorimeter sector, 63−66 in azimuth angle, were already replaced in 2017), and as well as the increasing of number of reading channels in depth (or longitudinal segmentation) up to 7 depths, which, along with the replacement of photo-detectors, will allow to have more accurate consideration and compensation for the degradation of Hadron Calorimeter response due to radiation damage.

Also dismounting of old electronics components was carried out, as well as new low-voltage power supply system was redesigned and installed.

During the first stage of the readout electronics system modernization, the amplitude and pedestal characteristics of the newly installed system were studied by using one-two photoelectron signals (dark current) as well as high intensity signals from calibrated light source (CU) (Fig. 2.19).
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Fig. 2.19. (left) Dark current spectrum for one photomultiplier. (right) Distribution of average amplitudes of signals from all photomultipliers of Hadron Calorimeter Endcaps using a calibrated light source.
After performing the necessary calibrations for the photomultipliers, applying the calculated individual gain on SiPM (~ 40 fC) and setting up the readout electronics system, it was shown that the new frontend electronics system is ready for the first physics data recording.
During the second stage of the installation of the new readout electronics system, the calibration of the electronics channels was carried out. The light emission from Hardron Calorimeter Endcaps scintillators was recorded and measured using by high-intensity radioactive source Co60 (Fig. 2.20). According to the results of this work, “dark” optical channels (optical cables) were detected and replaced; calibration coefficients were transfered from the old readout system with HPD to the new one with SiPM.
During 2018, as part of the Phase 1 CMS Hadron Calorimeter upgrade program, the JINR team began to build a long-term test stand for SiPM readout electronics system for the central part (barrel) of the CMS Hadron Calorimeter (HB). The infrastructure was fully prepared, namely, water cooling system for readout boxes, low power supply system, bias voltage supply system, fiber-optic communication system, data acqusition and trigger systems for the data control and data collecting. By analogy with the methodology of Endcap Hadron Calorimeters, quality check for HB readout modules is based on the analysis of one-two-photoelectron signals spectra and analysis of the spectrum from calibrated light source pulses. Subsequently, as a result of determining the optimal breakdown voltage of the SiPM and individual gain factor applying for the SiPM, the amplitudes of the signals for all readout modules will be adjusted.
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Fig. 2.20. Calorimeter response due to radioactive source passing through the calorimeter tower. The individual cells of the calorimeter tower (individual signal readout) are shown in different colors.
The HB readout modules installation in the central part of Hadron Calorimeter is scheduled on the long-term LHC technical stop LS2 (long shutdown 2) which will take place in 2019−2020. 
2.4 HE Upgrade for Phase II
The JINR Group participate actively in R&D works for Phase 2 of the CMS upgrade to operate at the HL−LHC.
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Fig. 2.20. Comparison of the measured dose for every film dosimeter with FLUKA simulation results for two layers of HE endcap hadronic calorimeter.
2.4.1 Studies of radiations fields for Phase II
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. 
In general, good agreement with measured doses was achieved as can be seen on Fig. 2.20. This information will be taken into account when creating an endcap calorimeter for Phase II
2.4.2 Optimization of HE segmentation
We studied possibilities to optimize transverse segmentation of endcap hadron calorimeter by detecting tagged jets from vector boson fusion (VBF) Higgs boson production mechanism where Higgs boson decays to a pair of tau leptons. 

This process has 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).  

VBF jets reconstruction efficiency and purity of jet selection were studied for different transverse segmentations of scintillator part of HGCAL. Minimal segmentation corresponds to step in pseudorapidity of 0.03 and 1 degrees in azimuthal angle. Results of simulation for the case when both jets have pseudorapidity value greater than 2.25 for configurations with merged cells     1×1, 2×2, 4×4, 6×6 and 8×8 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 2×2 to 6×6 configurations. For every transverse segmentation of hadron calorimeter was 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 1×1, 2×2, 4×4, 6×6 and 8×8 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 1×1 configuration.
Optimal selection of the VBF processwith two tagged jets in final state and in presence of high number of pile-up background events is considered as main criteria for transverse segmentation optimization of the hadronic part of HGCAL calorimeter. Further studies should be based on the finalized longitudinal structure of the endcap calorimeter HGCAL.

2.4.3 Reconstruction algorithms development for the new High Granularity Endcap Hadron Calorimeter
We developed reconstruction algorithms and estimated their performance for the novel High Granularity Endcap Calorimeter (HGCAL). An imaging calorimeter, such as the HGCAL, with fine granularity, both lateral and longitudinal, produces a large amount of information and enables enhanced pattern recognition. This is illustrated in Fig. 2.21, which shows energy deposits from photon showers separated by ≈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. Hadronic and electromagnetic showers are individually reconstructed and identified, and charged hadrons matched to tracks reconstructed in the tracker. Jets (and missing energy) can then be measured using the best available energy and momentum estimations, obtained mainly from the tracker for charged hadrons and from the calorimeter for neutral hadrons and photons. The track-cluster matching also allows refinement of electron and converted photon reconstruction, and the fine longitudinal and lateral granularity allows excellent identification performance for electrons and photons. Additionally, the calorimeter is sufficiently deep to provide excellent muon identification performance.
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Fig. 2.21. Energy deposits in the calorimeter for two 80 GeV photons emitted with 0.05 radian angle between them.
For the first prototype of the reconstruction we start by constructing two-dimensional (2D) clusters in each of the 52 layers of the calorimeter and then, in a second step to collect these layer clusters into a three-dimensional cluster (a “multicluster”) by associating layer clusters that are approximately projective, i.e. they lie approximately on a straight line pointing from the CMS detector center. The algorithm has been implemented using a k-d tree space-partitioning data structure. The k-d tree is used for nearest neighbor searches because of its computational speed. This allows the clustering algorithm to be run rapidly, even in events with the occupancy resulting from an average of 200 interactions per bunch crossing. The clustering is performed on reconstructed hits intercalibrated using the relative dE/dx thicknesses of the absorber plates, with the energy scale set so that summing all hits resulting from an unconverted photon shower gives the energy of the incoming photon. The 2D clustering algorithm is run on each of the layers of the calorimeter, and identifies local concentrations of energy in the layer resulting from showers. For each cell above the threshold an energy density is calculated as the sum of the signals in the cell itself and all other cells within a distance d, which is then taken as the radius of a unit area. After the density has been calculated for all cells, then, for each cell, the distance to the nearest cell with higher density is calculated. Cells with both density and distance above some thresholds generate (i.e. seed) a new cluster and the remaining cells are associated with the closest seed. In a second step the layer clusters are collected together and built into three-dimensional multiclusters.

2D clusters reconstruction algorithm can use GPU to be run in parallel, this can even allow to use it for future fast level 1 trigger. It’s extremely important to speed up reconstruction as computing resources are limited and expansive.

For the existing reconstruction algorithm relative energy resolution was estimated (Fig. 2.22). The electromagnetic energy resolution of the HGCAL has been studied using a GEANT simulation. Photon relative energy resolution at energy large then 100 GeV was found to be better than 2%.
[image: image26.png]g/E

0.12]

0.1

0.08|

0.086|

0.04

0.02|

I
0 20 40 60 80 100 120 140 160 180 200

HGCAL G4 standalone P (GeV)

I -

0





Fig. 2.22. Photon relative energy resolution for the HGCAL
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3 Development and investigation of the scintillator module proto type of the CMS Hadron Calorimeter
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 Fig. 3.1). 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: image27.emf] [image: image28.emf]
Fig. 3.1. 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.
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 years 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 radiation to survive as long as possible. 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.
These studies are aimed to find optimal conditions for plastic scintillators to operate at the integrated luminosity up to 3000 fb-1.
3.1 Development of a finger-strip plastic scintillator option
The improvement in light collection is possible by reducing the size of the segment of scintillator. 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 (Fig. 3.2). 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: image29.emf]  [image: image30.emf]
Fig. 3.2. 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 Fig. 3.2.
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 Fig. 3.3. 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: image31.emf]
Fig. 3.3. 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 Fig. 3.4). 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: image32.emf][image: image33.emf]
Fig. 3.4. 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. Fig. 3.5 demonstrates these changes.

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 Fig. 3.4 left. Fig. 3.6 demonstrates an advantage of finger options i.e. the gain in the light yield for equal irradiation conditions.
[image: image34.emf]
Fig. 3.5. Finger scintillator concept.
[image: image35.emf]
Fig. 3.6. Relative light yield vs int. luminosity for neutrons.
3.2 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). 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 Fig. 3.7).
The Fig. 3.8 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: image36.emf]
Fig. 3.7. Calculated spectra of neutrons for IREN and CMS.
[image: image37.emf]
Fig. 3.8. A schematic view of the investigated test sample.
A series of measurements of induced activity was carried out after irradiation. Fig. 3.9 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.

Our experimental work 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).
[image: image38.emf]
Fig. 3.9. Distribution of the induced doze intensity on the surface of the sample.
3.3 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.
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.  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 42.5 mkm) was placed together with each sample.
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Fig. 3.10. Normalized amplitude vs. an absorbed dose for the finger type scintillators.
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. Fig. 3.10 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. 

Fig. 3.11 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.
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Fig. 3.11. 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. 
[image: image39.png]



Fig. 3.12. 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
The second series of experimental study of the "finger" scintillators 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.

[image: image79.png]Total Integrated Luminosity (b ')

CMS Integrated Luminosity, pp, 2017, Vs = 13 TeV

Data included from 2017-05-23 14:32 to 2017-11-26 10:30 UTC

I LHC Delivered: 50.25 b !
CMS Recorded: 45.39 fb !

T T
© © © © ©
) A w N |-I
T T ang |_ A

10—

\ | |
\‘\o(‘ \‘\\) N PQQ 63? o¢ '\‘“0

)
Date (UTC)




Fig.3.13. Dependence of the relative light yield vs. the total absorbed dose and the estimated light yield for the dose up to 10 Mrad
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. Fig. 3.13 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
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Fig. 3.14. Dependence of the relative light yield of the non-stripped SCSN-81 tile on absorbed dose; the measurements were made 7 days after exposure.
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. Fig. 3.14 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.
Some of the samples of BC408 and EJ−260 scintillators, which look like “finger” (see Fig. 3.15), were irradiated by the gamma source 60Co in the range of absorbed doses from 5 to 30 Mrad for various dose rates.
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Fig. 3.15. 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 5 m 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.
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Fig. 3.16. Test setup for measuring the light yield from scintillator strips using a 90Sr beta-source.
The measurements of the light yield from all the irradiated samples have been performed in Dubna with a 106Ru beta-source. Fig. 3.16 shows a layout of the test-setup for measuring.

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. 
Fig. 3.17 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.
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Fig. 3.17. 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.  
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Fig. 3.18. Comparison of the experimental data from the gamma-neutron exposure (IBR/Dubna) and just gamma exposure (60Co, Tashkent).
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 Fig. 3.18. 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.
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. 

3.4 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 is 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. 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 photodetectors were passed test procedures after radiation to obtain the main parameters and to compare them with parameters defined in factory specifications. Table 3.1 presents the main parameters of investigated devises.

Table. 3.1. 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.
3.5 Measurement of absorbed dose by film dosimeters in two layers of the HE calorimeter
The measurement was performed to determinate radially distributed absorbed doses in two layers of the HE hadron calorimeter.  We have prepared and installed 4 INOX strips with distributed on the surface of each strip 24 film dosimeters FWT−60 (see Fig. 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 Fig. 20. The measured data have no full agreement with FLUKA calculations.
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Fig. 3.19. Strip with distributed film dosimeters.
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Fig. 3.20. Distributions of absorbed doses in radii of megatiles in layers 1 and 2 in comparison with data calculated by FLUKA simulation.
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4 Research physics programme with the CMS detector
Participation of the JINR group in the CMS physics program was focused on preparation and analysis of first Run II data of LHC (2015−2018) at 13 TeV and finalization of Run I 8 TeV (2010−2012) data analysis.  

Data analysis was performed within CMS Exotica and CMS Standard Model Physics working groups and within CMS Muon and HCAL Physics Object Groups (POG).
4.1 Program for the study of the physical processes of the muon pair production
The main efforts of the JINR group in the CMS physical program were focused on the development and implementation of the program of physical studies of various processes of muon pair production to verify the predictions of the standard model (SM) and search for a new physics beyond the SM [1–4].

In 2017–2019, on the basis of the developed algorithms for the reconstruction of high-energy muons and event selection methods, the CMS potential was evaluated to observe signals of physics beyond the SM — extended gauge sector of the standard model, multidimensional quantum field theory, etc. [5]. Estimates were made for the expected data at the LHC energy of 13 TeV and high luminosity.

The obtained results formed the basis of the methodology for the physical analysis of data in 2016. This analysis is considered in the CMS collaboration among the priority ones (“Early Analysis” status). At the end of 2017, the CMS Analysis Note [6] was prepared, which analyzed the data of the 2016 run, investigated the efficiency, resolution on the invariant mass of muon pairs, systematic errors. An increase in the energy of the colliding proton beams made it possible to achieve large invariant masses of muon pairs more than 3 TeV/c2. A search was conducted for a new heavy resonance state in the channel with two muons [5].
4.1.1 Measurement of the muon pair production in the Drell-Yan process
Also in 2017–2018 the results were published on the precision measurements of the numerical characteristics of the muon pairs production in the standard model of particle physics and the search for signals of physics beyond the SM in the 2015 LHC run in colliding proton beams at 13 TeV in c.m.s. [7]. The mass spectrum of Drell−Yan muon pairs in the range from 15 to 3000 GeV was measured (Fig. 4.1), the distributions of various variables in data and simulation were compared, the effect of different cuts on signal extraction and background suppression was studied, and methods for suppressing the background from cosmic muons were proposed, it was found  a good agreement between the data and Monte Carlo. To compare the obtained results with the predictions of the standard model, we simulated both signal and background events. In both cases, good agreement between experimental data and simulation data is shown based on the predictions of the standard model in NNLO of the perturbation theory (see Fig. 4.1).

The published CMS data is used to improve the description of parton distribution functions. The study continues for the last data sets at 13 TeV.

First measurements using 2016−2018 13 TeV data were also carried out [8]. First results of the measurement were obtained for the full Run 2 statistics corresponding to the integrated luminosity of approximately 140 fb-1. 

Run-II data significantly differs from Run-I data. During Run 2 data taking period at LHC mean event multiplicity rose significantly (up to 30), available statistics rose by approximately 3 times. More than that center of mass collision energy increased from 8 to 13 TeV. This allows to perform out forward-backward asymmetry measurement in the dimuon invariant mass range of up to 3 TeV and rapidity from -2.4 to 2.4. 

Measurements are diluted compared to the ones at parton level because of effects like bin-to-bin migration, the detector resolution, acceptance, unknown quark/antiquark direction at LHC and final state radiation. These effects will be taken into account in the final version of the CMS publication, measured distributions are in good agreement with SM NLO predictions. 
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Fig. 4.1. Differential cross section for the production of lepton pairs in the Drell−Yan processes on the 2012 data at the sum of proton beams energy of 13 TeV [7].
Studying of new physics effects is impossible without exact knowledge of Standard model predictions including radiative corrections: electroweak (EWC) and QCD−corrections. In the Drell-Yan process both of them are studied very well at the next-to-leading order (NLO) of perturbation theory. At the moment we have amount of various complementary computer codes devoted to this problem. Let us list (in the ABC order) some of them: DYNNLO, FEWZ, HORACE, LPPG, MC@NLO, PHOTOS, POWHEG, RADY, READY, SANC, WINHAC, WZGRAD etc. As one of official program for taking into consideration of NLO EWC and NNLO QCD correction in real experiments at LHC the FEWZ 3.1is used.

At the moment the perfect agreement between different codes is reached. In Fig. 1 the comparison of the results of different groups is shown (for relative corrections to differential cross section as a function of the invariant mass M) and in Fig. 2 (for the difference of Born forward-backward asymmetry and corrected one) [9]. The standard set of electroweak parameters was taken, the curves are from Proceedings of Les Houches 2007 Conference “Physics at TeV colliders’’, the authors’ estimations of READY and FEWZ points put over these data.
NNLO EWC to the Drell−Yan process is not entirely well-developed problem. Authors of code FEWZ have progressed more than others in this direction. However due to difficulty of this problem the alternative calculations are actual, it is important to get compact and physically adequate results in transparent mathematical form and to intensify the development of new methods of estimation of multi-loop effects. 
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Fig. 4.2. The relative corrections (in %) to Born differential cross section on invariant mass of dilepton via M.
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Fig. 4.3. The difference of Born and corrected forward-backward asymmetry depending of M.

In paper [10] using the soft-photon approximation and on-mass-shell renormalization the compact analytical formulas for the two-loop electromagnetic corrections of final state radiation to 4-fermionic process in s-channel are obtained. The way to cancel out both infrared divergency and non-physical powers of collinear logarithms is shown. The scheme of effective numerical estimation of radiative effects of final state for the Drell−Yan process experiments at LHC with large invariant mass is proposed. The scale of the obtained result for relative correction is presented in Table 4.1. 

Table. 4.1. The dependence of relative two-loop corrctions of final state radiation to the differential cross section of the Drell−Yan process as a function of M.
	M, ТэВ/c2
	NLO
	ΔM/M
	NNLO

	0.5
	-0.0628
	0.093
	-0.0025

	1.0
	-0.0773
	0.083
	-0.0022

	1.5
	-0.0895
	0.076
	-0.0018

	2.0
	-0.1017
	0.069
	-0.0011

	2.5
	-0.1104
	0.063
	-0.0002

	3.0
	-0.1222
	0.057
	+0.0008


The effect of two-loop correction of final state radiation is significantly below of experimental error. There is the nearly linear dependence on M, changing of the sign of effect in the region of M=2.5 TeV/c2 and expected increasing of scale of relative correction at very high values of invariant masses (more than 3 TeV/c2).

4.1.2 Search for physics beyond the standard model
The production of new heavy resonances is predicted by many theoretical models, for example, with additional gauge bosons (Z'). For the extended gauge sector with SM coupling constants with 95% confidence level on the 2016 data, in the combined analysis on the production of muon and electron pairs, new neutral gauge bosons (ZSSM) with mass less than 4.5 TeV/c2 were excluded, and for the gauge model inspired by the superstring theory (Z'ψ) − with a mass less than 3.9 TeV/c2 (Fig. 4.4) [5]. Therefore the CMS experiment has significantly advanced in the field of measured invariant masses of muon pairs and has established new restrictions in comparison with its previous measurements at the LHC. The data was reprocessed taking into account the improved and corrected calibration of the detectors with full integrated luminosity of certified data of 36 fb-1. At present, an article is being prepared for publication, in which the results of the search for new heavy resonances will be obtained from the combined data of the 2016–2018 runs [11].
In the framework of narrow resonances approximation, limits were obtained for the other models of additional vector bosons production due to E6 group violation, the Generalized Sequential Model (GSM), Left−Right (LR) class models: see the excluded-mass isocontours in Figure 4.5. Also, the minimum possible masses of the Kaluza−Klein excited states of the GKK graviton in the model RS1 (Randall−Sundrum) with extra dimensions −4.25, 3.65 and 2.10 TeV/c2 for the coupling constants 0.10, 0.05 and 0.01 were determined (Fig. 4.6). For the first time the results of searches for heavy dilepton resonances were interpreted for dark matter search — for 95% confidence level the limits of the dark matter particle and its associated mediator were obtained in a simplified model of their production via vector or axial vector mediator (Fig. 4.7). In addition, studies of nonresonant-type signals made it possible to establish limits on the parameters of the series of physical scenarios beyond the SM, for example, in model ADD (Arkani−Hamed−Dimopoulos−Dvali) with flat extra dimensions, fundamental Planck scale from 6 to 9 TeV, depending on the number of additional dimensions from 2 to 7 (fig. 4.8); the scale of contact interactions Λ is limited below by 20–35 TeV for 6 different models in the dilepton channel (Fig. 4.9).
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Fig. 4.4. The limits of the cross sections for the SSM model and for the gauge model inspired by superstring theory (Z'ψ) as a function of invariant masses of pairs of muons and electrons [5].
[image: image48.emf]
Fig. 4.5. The combined mass limit of the Z' boson for pairs of muons or electrons with 95% confidence level in the space of model parameters (cu, cd) characterizing the various models. Thick lines correspond to models of various classes: E6, GSM, LR. Thin solid lines show experimental upper limits in the parameter space (cu, cd) with masses shown in the figure.
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Fig. 4.6. The upper limits at 68% and 95% confidence intervals for the product of the production cross section and the branching for the spin-2 resonance with respect to the product of these quantities for the Z boson. Color bands correspond to 68 and 95% quantiles for the expected limits. Also the theoretical predictions are shown for resonances with spin 2 with a width of 0.01, 0.36, and 1.42 GeV/c2, corresponding to the coupling constant k/MPl = 0.01, 0.05, and 0.10.
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Fig. 4.7.  The limits at 95% confidence level for the masses of a dark matter particle (DM), which is considered to be a Dirac fermion and an associated mediator particle, in a simplified model of DM production through a vector mediator (left) or axial-vector interaction (right). Hatching lines represent the excluded regions.
During search for light resonances accompanied by at least one b-quark jet and additional jets in two different categories, an excess was found in the data in the mass region of about 28 GeV/c2 compared to the standard model expectations of about 4 standard deviations in CMS data at energy 8 TeV at 20 fb-1 and 2 standard deviations in one category at 13 TeV at 36 fb-1 (in the other category at 13 TeV, there was a lack of events) [14]. To verify these results, additional experimental data will be required.

In 2016–2018 a new run obtained data sets increasing the statistics up to about 140 fb-1, which will be used to conduct a series of studies to check the predictions of the standard model and search for signals beyond it: extended gauge bosons, excited graviton states, additional bosons Higgs, etc. [1–4].
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Fig. 4.8. The limits found on the MS parameter of the ADD model as a function of the number of extra dimensions n in Han−Lykken−Zhang parameterization. The limits on the scale values in the parametrization of Guidice−Rattazzi−Wells and Hewett are also given [12].
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Fig. 4.9. The limits of the scale Λ for 6 different models of contact interactions [12].
4.1.3 Studies of the Higgs boson properties
Simultaneously with the discovery of the new particle in 2012, a question of studying its properties arose. By 2013, experiments at the LHC showed that this particle does not contradict the Higgs boson hypothesis in the standard model. In 2017–2018 studies on the properties of this particle were continued. The cross section of the new particle production σ turned out to be in agreement with the value the Higgs boson production predicted in the SM σSM in all five physical channels in which the signal of the new particle was detected. According to the measurement results in all five channels, the signal intensity value is µ = σ/σSM = 1.17 ± 0.06 (stat.) + 0.06 − 0.05 (theory) ± 0.06 (syst.) with the mass value of mH = 125.09 GeV/c2.

The next natural step was to perform an accurate measurement of the mass and width of the new particle. To measure the mass of the new boson, two channels (γγ and ZZ) with the best resolution were used. The mass of the new particle is determined without taking into account any assumptions about the relative probabilities of the decay modes and is currently 125.26 ± 0.21 GeV/c2 [15]. In the SM, the natural width of the Higgs boson with a mass of 125 GeV/c2 is approximately 4.15 MeV/c2. This is much less than the mass resolution in the γγ and ZZ channels. Therefore, direct fitting of the mass spectrum in the peak region makes it possible to obtain only the upper limit on the observed width ΓH < 1.10 GeV/c2 [15]. However, with the expansion of the mass region above the threshold of the Z and W bosons production was able to carry out a first width measurement and obtain value of ΓH = 3.2 + 2.8 − 2.2 MeV/c2 [15].

An important test of the properties of the found boson is the measurement of its interaction constants with CM particles. The values of the coupling constants for vector particles and fermions obtained as a result of approximation of experimental data do not contradict the SM within theoretical uncertainties (68% CL) (Fig. 4.10, left) [14], which also excludes the fermiophobic (i.e. not decaying to fermions) hypothesis of the Higgs boson.
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Fig. 4.10.  (left) Measured scale factors for vector particles and fermions. (right) Dependence of modified coupling constants of particles with the Higgs boson on their mass [14].
It is also important to note that in the dimensionless representation, the obtained coupling constants have a linear dependence on the particle mass in the entire range of their values from muon to t-quark (Fig. 4.10, right). This indicates the universal nature of the Higgs boson interaction in the fermionic and boson sectors, and also confirms the conclusion about the nature of the detected signal (JPC = 0++). The measurement data of the Higgs boson coupling constant with a muon pair μ = σ/σSM = 1.0 ± 1.0 (stat.) ± 0.01 (syst.) are presented for the first time [17].
4.2 New physics in processes of multiple jet production
JINR physicists taken part in studies of multi-jet production processes (Fig. 4.11) since 2009. One of the priority task is to check QCD high-orders prediction and to look for physics beyond the SM, such as production and decay of microscopic black holes (MBH) from low-energy gravity [2, 3]. These processes can be serve as a tool for searches for possible violation of barion and lepton number.
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Fig. 4.11. Event display of multijet event (Njet=10) with full scalar transverse momentum sum ST of 6.01 TeV.

In 2017−2019 the JINR group was taken part in analysis of processes with hard particle in final states based on statistics corresponding an integrated luminosity of 35.9 fb-1 [19, 20]. The main results can be summarized as: 
· The 95% C.L. limits on model-independent cross sections of hard particle production was measured for multiplicity up to N ≥ 11 in the region of ST from 1.5 up to 8.0 TeV (Fig. 4.12). The value of cross section is 0.04 fb for maximal values of ST. The experimental results are in a good agreement with SM predictions.
· The predictions for MBH cross sections in RS1 and ADD models were calculated.
· The limits on values of minimal mass of MBH, fundamental multidimensional gravity scale MD and number of extra dimension n were set. The MBH mass is limited by 7.2–10.2 TeV in dependence of production and evolution mechanisms (Fig. 4.13, left). 
· Results of the first dedicated search for electroweak sphalerons are also obtained (Fig. 4.13, right). An upper limit of 0.021 is set on the fraction of all quark-quark interactions above the nominal threshold energy of 9 TeV resulting in the sphaleron transition. 
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Fig. 4.12. The 95% C.L. limits on model-independent cross sections of hard particle production was measured for multiplicity N ≥ 8–11 [18,19].
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Fig. 4.13. (left) The observed 95% CL lower limits on MBH as a function of MD at different n for the models generated with BlackMax. (left) The pre-exponential factor of the sphaleron production as a function of ST [18, 19]. 

4.3 Charged-particle multiplicity in jets
JINR physicists continued to study the processes of the multiple hadron production on the basis of jets as elementary objects in a hadron-hadron collision. A measurement methodology has been developed and measurements of jet charged-particle distributions and mean charged-particle multiplicities (CPM) in quark and gluon jets in proton-proton collisions based on Run-I data have been performed [20].
There were proposed and implemented new methods: (1) a method to determine the corrections for fake and lost tracks in measurements of mean jet CPM based on the UNFOLDING procedure, (2) a method to determine the uncertainty of mean jet CPM associated with uncertainty and jet energy resolution, (3) method to measure  the fraction of gluon jets in a jet sample based on a quark-gluon discriminator, (4) a method to estimate the correction for non-universality of the properties of quark and gluon jets depending on the channel and environment of jet production.
The systematic uncertainty associated with the correction for fake and lost tracks (unfolding) is proposed by the authors. In this method, N pairs of input histograms are built for the unfolding procedure, based on one pair of histograms — the original histogram of the distribution of jets CPM and 2-dimensional histogram for the response matrix. The variance of the mean jet CPM  determines the total uncertainty and includes statistical uncertainty and systematical uncertainty of the unfolding procedure.
[image: image53.emf]
Fig. 4.14. The mean jet CPM’s in two jet samples: sample “1” - q-enriched jets, sample “2” - g-enriched jets. The mean jet CPM’s are shown in left picture, the differences in in mean jet CPM’s between the samples are shown in the right picture. Data − full markers, model MadGraph5/Pythia6 - empty markers.
The mean measured jet CPM depends on the mean jet transverse momentum in jet sample:

〈n〉 = f(〈PTjet〉)
So, uncertainty related to the uncertainty in measurement of 〈PTjet〉 is proportional to the slope of function f. Due to large widths of PTjet -bin the impact of the jet energy scale (JEC) uncertainties and jet energy resolution at the bin boundaries is negligible. It means that all uncertainties related to accumulation of jets in PTjet -bins are independent of JEC uncertainty and JEC uncertainties can be added independently (in quadrature) after all other corrections.
It was shown that in precision measurement of the mean jet CPM it is important to take into account the correction for non-universality of properties of the quark/gluon jets — the dependence of the mean jet CPM on the jet formation environment. These corrections are determined by MC simulation.

The measurement results of mean jet CPM’s in two samples are shown in Fig. 4.14. It is shown that the mean jet CPM’s in the data is 5−10% less than in the MadGraph5/Pythia6 model. The difference in mean jet CPM’s between the q-enrichedand g-enriched samples is also significantly smaller in the data than in the model.
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5  PUBLICATIONS AND PRESENTATIONS 
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43 talks were given by JINR physicists for the CMS project in 2014−2016 at the international conferences. 
In 2017–2019 гг. the “2nd CMS Workshop “Perspectives on Physics and on CMS at HL-LHC” (Varna, 2017) and the “20th Annual RDMS CMS Collaboration Conference” (Tashkent, 2018 г.) were held. The whole JINR Seminar “Physics at LHC” also works permanently (http://rdms.jinr.ru/).
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6 Funding
6.1 Funding in 2017-2019 
Pattern of charges is driven by the JINR obligations in the CMS experiment, and consists of three main types of expenses:

· Materials and equipment to assure working conditions for the JINR employees both in JINR and CERN. It includes also payments for the operating conditions of the JINR employees, both in Dubna and CERN, as well as the operating costs of the installation service in the framework of the JINR responsibilities and personnel, in accordance with the Memorandum on the maintenance and operation of the experimental facility (M&O category B).
· Contribution for the CMS installation manual for the authorship, in accordance with the Memorandum on the maintenance and operation of the experimental facility (M&O category A). Authors of scientific publications are CMS physicists and young scientists who do not have a degree. The annual fee for each physics (paid author) today is about 12 thousand Swiss Franks, and CERN will increase slightly estimated Resource Committee. The young scientists are free authors. Dynamics of the number of paid authors determined solely by the financial possibilities of the JINR and demonstrates the dramatic reduction of the authors of the Institute and JINR Member States from 60 to 22 in recent years (with an increase in the amount of installment). Young scientists - JINR scientists today - 4.
· Travel expenses are determined primarily by the need for mandatory participation of each author in the maintenance and operation of the experimental facility, in accordance with the memorandum of agreement (MOA). Each author (paid and free) is required to work on the setup for the data set, including participation in shifts, at least 4 months (in the calculation of total annual equivalent, FTE). In addition, there was a useful practice of sending one employee of JINR to CERN to work in the CMS Secretariat, which leads to a compensation payment JINR costs ~ 9 authors.
	№ 
	Name
	Expenses per year (kUSD)

	
	
	Full Cost
	2017
	2018
	2019

	1
	Material, equipments, R&D for detector upgrade 
	60
	20
	20
	20

	2
	Maintenance and Operation 
	681
	227
	227
	227

	3
	Visits expenses
	910
	310
	310
	290

	
	Total per year
	1651
	557
	557
	537


6.2 Cost Estimate in 2020-2023
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Estimated expenditures for the Project CMS. COMPACT MUON SOLENOID AT THE LHC

Expenditure items Full cost, k$ 2(0125,0 2(33‘,1 Z(ngdZ 2(2t2:
year) year) year) year)
Direct expenses for the Project
1. Materials 40 10 10 10 10
2. Equipment 40 10 10 10 10
3. CMS Maintenance and Operation 908 227 227 227 227
4. Travel allowance, including: 1220
a) non-rouble zone countries 287 307 307 307
b) rouble zone countries 3 3 3 3
c) protocol-based
Total direct expenses 2208 537 551 557 557
Comments:

All the values include expenses on expenses on CMS Maintenance and Operation_A, operation
expenses on technical maintenance according M&O_B, materials, and equipments, visit
expenses.
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