Upgrade of CMS Detector through 2020
Project prolongation 2018-2020
JINR TOPIC 02-0-1083-2009/2019
ANNOTATION
The Project of JINR participation in upgrade of the CMS Detector based on the CMS Project “Upgrade of CMS Detector through 2020”, CERN-LHCC-2011-06, approved by CERN.
1.
Goal of CMS Upgrade
Phase I: Modernization of CMS detector necessary to maintain and increase, the physics potential of the experiment for operation at 1-2x1034cm-2s-1 and full energy of LHC up to √s = 14 TeV.

Phase II: Development of CMS detector to be able to cope with the high luminosity running of LHC, luminosity leveling at 4-5x1034cm-2s-1, and integrated luminosity up to 1-3 ab-1 (attobarn physics). Th桴琠敨挠湯瑳畲瑣潩⁮湡⁤湩瑳污慬楴湯眠牯⁫敮散獳牡⁹潦⁲桐獡⁥⹉ is expected to enter into operation as of the year 2020. The preparations for the second phase of the Upgrades, will require R&D, which has to be conducted in parallel with data-taking and with the construction and installation work necessary for Phase I. 
JINR in the frame of RDMS CMS collaboration participates in upgrade of detector sub-systems, where bears full responsibility since the very beginning of the CMS Project for Forward Muon Stations ME1/1 and endcap hadron calorimeters HE, and also participates in R&D necessary for preparation of further upgrade at Phase II. 

2.
JINR Obligations in CMS Upgrade Phase I 

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

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

- upgrade of Forward Muon Stations ME1/1

500 kCHF from JINR budget









   90 kCHF from RF budget

- upgrade of Endcap Hadron Colorimeters НЕ

486 kCHF from JINR budget

- contribution to the Common Fund in-cash

100 kCHF from JINR budget,

with a total JINR contribution of 1.086 MCHF through 2020. 

For execution of these obligations the following time schedule of work flow was agreed with the CMS Management, for future accounting of the JINR contribution to Upgrade Project, and presented in attached Form № 29:

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

- design, construction, integration, and installation of new ME1/1 electronics (2013- 2019)

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

- start-up, maintenance, and development of ME1/1 (2013-2019)

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

- construction, calibration and start-up new HE electronics and SiPM (2014- 2019).

3.
Results of the Phase I Upgrade 
   3.1
   Results of the Phase I Upgrade of the CSC Endcap Muon System. 

Main obligations of ME1/1 upgrade during LS1 were successfully completed. The main results are:

· ME1/1CSCs were dismounted, refurbished with new electronics and mechanically upgraded: the 3 to 1 strips ambiguity was eliminated. The new DCFEB card was equipped with the modern FPGA Virtex 6 and optical data readout. In total, 554 DCFEB cards were manufactured and installed on ME1/1 CSCs. The CFEB boards dismounted from ME1/1 were installed on the new ME4/2 muon station.

· All detectors of the ME1/1 and ME4/2 muon stations have been repeatedly tested (including long term test) before and after installation in the CMS experimental setup.

· CSC shows good performance during the initial period of Run 2 of LHC 2015-2016. The spatial resolution of the upgraded ME1/1a CSC overlapping the kinematic region with pseudorapidity 2.1 <| η | <2.4, has improved by 20%. In the Run2, the spatial resolution of the ME1/1 CSC was σ = 51 μm, while in the Run1 the resolution was σ= 64 μm.
3.2 Results of the Phase I Upgrade of the Endcap Hadron Calorimeter HE
· The first prototype system for the endcap HCAL has been assembled and characterized in the area of test beams. The SiPMs showed nearly a 500 times greater separation between the pedestal and MIP peak.
· During the first long shutdown (Long Stop 1, LS1) [4] first step was the replacement of CCM units in RBX at the CMS detector. All 32 units in HE were replaced in the framework of replacement of the control unit.
· The full set of tests, calibration and commissioning of the new SiPMs has been performed, namely the gain calibration of the SiPMs on 40fC single photoelectron level. It has been shown, the stability of signal amplitudes depending of time is around 1%.
· In  preparation of new FEE and BEE based on microTCA standart, the HE Burn-in stand has been organized.  During the burn-in operation only few issues were appeared: one single issue with  single QIE card (out of 600 cards) and two failures of SiPM control board (out of 144 boards).
4.
R&D results for Upgrade Phase II

Objectivities:

The main task of the 2nd phase of the CMS upgrade is aimed on modernization of the CMS detector, for efficient operation in High Luminosity LHC (HL LHC) conditions up to 5x1034cm-2s-1 at an integrated luminosity value of 3 ab-1.  In conditions of HL LHC, the radiation impact on detectors and electronics, leading to the effects of "ageing" of CSC construction elements and to radiation damage of electronic components. Total irradiation dose will increase by factor 5 (plus safety factor 3 is required). Signals and background rates will increase by factor 5. 

It is necessary to certify detectors and electronics for operation in the HL-LHC radiation conditions. 
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 4.1
R&D results for the Endcap Muon System Upgrade Phase II

A comprehensive study of the aging of detectors is performed on the GIF ++, CERN. Two CSC chambers ME1/1 and ME2/1were irradiated at GIF++ during period of 3 years. CSC parameters were studied with muon beam periodically during the irradiation. Main results are the following:

1. ME1/1 station is capable to operate at HL LHC conditions without the appearance of ageing effects.

2. Background events at HL LHC conditions will slightly decrease (by 8%) the spatial resolution of ME1/1. 

 The radiation hardness of electronics is investigated at various sites for irradiation of electronics components and modules under conditions similar to those for HL-LHC. JINR participating in radiation studies of electronics at CHARM facilities at CERN Main results are the following:
- during 2 periods of irradiation with TID = 30 krad no radiation damage of the LVDB board and the additional irradiated voltage regulators was detected.
Various electronics of Endcap muon system will need upgrading to cope with HL-LHC latency data rates.
The preparatory scientific and technical work, begun at the end of 2016. The main results are following: 
–new LVDB5 board was designed;

- 2 prototypes were manufactured and successfully tested;

- integration test of the LVDB5 on a ME2/1 CSC shown full mechanical compatibility;

  prototype of the automated test stand for LVDB5 was designed and manufactured;

- investigation of radiation hardness of CSC electronics and CSC detectors aging is in progress.
4.2
R&D results for the  Endcap Hadron Calorimeter HE Upgrade Phase II
The following  studies were done:
1. Development of a finger-strip plastic scintillator option which has many advantages and allows keeping the excellent HE performance at high luminosity. 
2. Experimental study for determination of safe working conditions with irradiated megatile elements during its upgrading.

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

4. Light yield measurements of “finger” structured and unstructured scintillators after gamma and neutron irradiation.
5. Experimental study for possibility of using SiPM after hard neutron irradiation.
6. Measurement of absorbed dose by film dosimeters in two layers of the HE calorimeter.
5. Plans for 2018-2020
      5.1 R&D plans for the Endcap Muon System Upgrade
The project of upgrade in LS2 period involves replacing the readout electronics on all the "internal" muon stations: MEx/1 (x=2,3,4) - a total of 108 CSCs. The obligations of JINR is to design, manufacture and test 120 LVDB5 low-voltage distribution boards and 2 automated stands for LVDB5 testing. EDR for LS2 projects is planed to 18 of April 2018. Mass-production is planned to begin in the second quarter of 2018. Completion of the works is scheduled for the 4th quarter of 2018. Installation of CSCs to CMS detector and commissioning scheduled in 2019-2020. 

In 2014, the European Commission adopted the new regulation rules limiting the total amount of important fluorinated greenhouse gases (F-gases having high Global Warming potential, GWP) that can be sold in the EU. The CSCs use 10% of CF4 (GWP= 6500) in the working gas mixture. This gas is important for CSCs to prevent ageing. One of the steps in the way of CF4 consumption limitation is to use the gas mixture with lower (2%) CF4 admixture. This new mixture should be tested for ageing effects with CSCs at GIF++ facility. The test started with ME1/1 chamber and will take ~ 2 years. 
Another problem the CSCs are facing with when the instantaneous luminosity grows up is the extra current caused by Malter effect. The high current in a CSC layer leads to high voltage decrease what reduces the registration efficiency. This current can also shorten the life of the chamber (another kind of ageing effect). GIF++ facility of the unique place where the Malter current can be studied. Next years the methods of Malter effect suppression will be studied at GIF++.
JINR Schedule in the CMS muon endcap upgrade project in LS2 period is based on the electronics production schedule and LHC schedule. 
 Schedule of CMS muon endcap upgrade project in LS2 period
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5.1.1 Segment building algorithm for Cathode Strip Chambers
The new segment building algorithm for Cathode Strip Chambers was developed and implemented into the official CMS software in July, 2016. This algorithm became the default algorithm for data reconstruction starting with 2017.
It is planned
· The development of a new algorithm in order to improve the precision of strip coordinate reconstruction in the Cathode Strip Chambers for HL-LHC conditions.

· The improvement of local reconstruction for the ME1/1ab overlapping region.

· The application of anode time window for HL-LHC background hits suppression .

5.2 Plans of the Phase I Upgrade of the Endcap Hadron Calorimeter HE for years 2018-2020
We plan to fulfill our obligations on construction, calibration and start-up new HE electronics and SiPM
· An upgrade of FEE is scheduled to perform during technical stop of LHC in 2018, the replacement of RM, CU, CCM, LV system and backplane should be done at that time. Upgraded RM will contain a set of SiPMs as multichannel photo-detector, SiPM control card, bias voltage card and three 12-channels QIE (Q-charge, I-integration and E-encode) cards. Each QIE card will contain 12 ADCs, a set of TDCs, control logic and drivers to optical communication lines. 

· All recording electronic units, namely, the units providing level-0 and level-1 event selection, will also be replaced by the improved ones and VME crates will be replaced by μTCA crates.
· Commissioning and running of upgraded HE is being planned on March 2018. For the initial calibration with the new electronics, the method of transfer of absolute measurement will be used, based on radioactive Co60 wire sourcing calibration.
5.3 Plans of the Phase II Upgrade of the Endcap Hadron Calorimeter HE (HGCAL)
CMS adopted to replace current endcap calorimeters with High Granularity Calorimeter (HGCAL)  with Back Hadron calorimeter (BH). BH will follow the structure of HE calorimeter (absorber+scintillator).
· We study a possibility of RDMS networking for a scintillator module production in Dubna with participation of: JINR, LPI(Moscow), ISMA(Kharkov), MEPhI (Moscow), INR (Moscow), INP (Тashkent), as well as DESY and CERN
· Continuation of R&D with selected types of detectors (scintillators and SiPM).
     5.3.1 Software development for HGCAL 
We plan to revise the reconstruction by including timing information in reconstruction, testing neural network based algorithms for reconstruction and updating the geometry. Furthermore we are planning to develop fast simulation algorithms both traditional ones and the ones based on neural networks. 

The development of software for modeling and reconstruction of jets  will be continued
in a high-granulated endcap calorimeter (HGC) for Phase II CMS. A simulation program for the geometry optimization of the CMS Phase II detector with an HGC and a back hadron calorimeter (BH), which uses active layers of mixed composition, is being developed. Silicon detectors are used used in a close (along the radius) to the beam region and scintillators in the far from the beam zone.
Work on optimization of transverse segmentation of scintillator part of HGC and BH will be continued. We will  study optimal transverse segmentation of endcap hadron calorimeter by using tagged jets from vector boson fusion (VBF) Higgs boson production mechanism. 

6. Development of algorithm for physics object reconstruction
The JINR group takes part in software development for physics objects reconstruction in the presence of high pile-up. Algorithm testing and tuning has been performed both with Monte Carlo data and data collected at 13 TeV proton beams and integrated luminosity up to 1.8 x 1034 cm−2 s−1.  Wihtin the CMS High-Granulated Endcap Calorimeter (HGCAL)   Project for Phase II CMS development of software are being carried out for modeling of energy, momentum and spatial resolutions, and for reconstruction of jets and muon identification criteria is developed. 
The main topics are:

· New CSC Segment Builder algorithm has been proposed, tested with MC and pp collisions data and implemented into CMS software
· Muon and muon pair reconstruction in the presence of high pile-up.
· Development of the JINR GRID-based distributed system for data processing and analysis

· Preparation of Physics Program for HL-LHC
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