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Outline

2> HL-LHC & Phase-2 upgrade of CMS experiment
[issues, opportunities, solutions]

2> Activities & responsibilities of the CMS-Bari group for the CMS Phase-2 upgrade

[needs: manpower, technicians’ work, newly dedicated temporary expertise (contracts); labs; schedules]

> New Tracker construction & commissioning

3> Muon system upgrade : - new GEM detectors (construction, installation & commissioning)
- improved RPC (installation & commissioning)
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High-luminosity LHC

>> The CERN Council approved (06/2016) the High Luminosity upgrade of the LHC (HL-LHC) [by year 2026]

3> During the 3" Long Shutdown (LS3) [2024-26] the accelerator will be upgraded to enable:

Instantaneous Peak Luminosity L;,s;~5 X 103*cm™2s™1 (or evenL;,;~7.5 X 103*cm™2%s71)
[stable] [ ]

> HL-LHC is expected to run @ /s = 14TeV with a 25ns bunch spacing (close to current values)
but with :

- an event pile-up rate 5 times higher than the current PU [stable: 140; : 200]

- an integrated radiation dose (after 10 years of operation) 1 order of magnitude higher
than originally foreseen for the current LHC detectors)
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High-luminosity LHC

2> The CERN Council approved (06/2016) the High Luminosity upgrade of the LHC (HL-LHC) [by year 2026]

3> During the 3" Long Shutdown (LS3) [2024-26] the accelerator will be upgraded to enable:

Instantaneous Peak Luminosity L;,s;~5 X 103*cm™2s™1 (or evenL;,;~7.5 X 103*cm™2%s71)

[stable] [ ]
3 HL-LHC is expected to run @ /s = 14TeV with a 25ns bunch spacing (close to current values)
but with :
- an event pile-up rate 5 times higher than the current PU [stable: 140; : 200]

- an integrated radiation dose (after 10 years of operation) 1 order of magnitude higher
than originally foreseen for the current LHC detectors)

2> Scientific program :
- precision measurements of Higgs boson properties (couplings to fermions & vector bosons)

- studies of vector boson scattering
- searches of new heavy or exotic particles (BSM phenomena)

- measurements of rare decays & rare production modes of standard particles (precise SM)
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CMS Phase-2 Upgrade - |

>> An upgrade programme of the CMS experiment (Phase-2) is accompanying the HL-LHC upgrade
..inorderto:

2> maintain the excellent detector performance while fully profiting from the HL-LHC capabilities
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2> Radiation level increase |:> improved detector radiation hardness ... 2 fom]
Higher PU rate E> - higher detector granularity (to reduce occupancy)
- increased bandwidth (to accomodate higher data rates)

- improved trigger capability (to keep acceptable the trigger rate while
not compromising the physics potential)

Y

200 collisions per bunch crossing considered
while designing the upgraded detector
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CMS Phase-2 Upgrade - Il

>> Most of first step is done :

2> Tracker, Barrel Calorimeter, Endcap Calorimeter, Muons Technical Design Reports (TDRs)

have been approved by CERN Research Board (RB)
....................................................................................................................................................... L .
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2> MIP precision Timing Detector (MTD) approved to go from Technical Proposal (TP) to TDR
(*) (to be submitted by 2019/Q1)

2 L1 , HLT trigger & DAQ TDRs will follow (expected in 2020).
LHCC reviews just ended and recommendations are being actively pursued.

2> CMS is entering a new phase of engineering, prototyping & construction

(*) with Bari contribution
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INFN commitments in the CMS Phase-2 Upgrade

>> INFN is going to participate to the following (upgraded) detectors

—

D Tracker INFN participated to build the current detectors
» Muon system - & to run them along all these years
- had prominent role in proposing and designing the
> ECAL Barrel inclusion of GEM detectors in the Phase-2 Muon system
2> MIP Timing Detector INFN had also prominent role in proposing and designing it

2> We will briefly review the expected performances and features and the physics impact
but you can refer to the TDRs and TPs for details.

For the first two subsystems we will go into the details of the INFN-Bari commitments
and responsibilities in the hardware activities related to the CMS Phase-2 upgrade
(numbers are taken from official document approved by referees and provided for CTS scrutiny)

2> Computing resources needed for the big data foreseen for CMS Phase-2
will not be discussed in this presentation!
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Main CMS upgrade features — new MIP Timing Detector - |

>> The CMS Phase-2 upgraded detector will include a dedicated minimum ionizing particle (MIP) Timing
Detector (MTD), expected to provide timing info with ~30ps resolution

The detector will consist in:

3> asingle layer providing timing in the barrel region surrounding the Tracker &
inside its thermal screen (shared cooling) [LYSO crystals read out by silicon photomultipliers (SiPMs)]

2> dnother single layer providing timing for each endcap region
located in front of the neutron moderator of the endcap calorimeter
[silicon low gain avalanche detectors (LGADs)]

MTD design overview ! T T
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Main CMS upgrade features — new MIP Timing Detector - Il

2> Particle reconstruction & correct assignment to primary interaction vertex (of the hard interaction) in the presence of as
many as 200 concurrent collisions per beam crossing (pileup events) represent an incredible challenge to the detectors

2> Pileup mitigation tipically relies upon the removal from relevant quantities of charged tracks
inconsistent with the vertex of interest (and of neutral deposits in the calorimeters with statistical
inference techniques like PUPPI).

2 Time tagging of MIPs produced in LHC collisions provides further discrimination of interaction vertices
in the same 25ns bunch crossing beyond spatial tracking algorithms: time of arrival measurement can
separate collisions very close in space but separated in time.

2> Simulation studies indicate that a time resolution of ~30ps (allowing to “slice” bunch crossing in
“exposures” of 30ps) will offset the performance degradation due to PU recovering the track purity

of vertices of current LHC conditions.
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Main CMS upgrade features — new MIP Timing Detector - Il

2> Particle reconstruction & correct assignment to primary interaction vertex (of the hard interaction) in the presence of as
many as 200 concurrent collisions per beam crossing (pileup events) represent an incredible challenge to the detectors

2> Pileup mitigation tipically relies upon the removal from relevant quantities of charged tracks
inconsistent with the vertex of interest (and of neutral deposits in the calorimeters with statistical
inference techniques like PUPPI).

2 Time tagging of MIPs produced in LHC collisions provides further discrimination of interaction vertices
in the same 25ns bunch crossing beyond spatial tracking algorithms: time of arrival measurement can
separate collisions very close in space but separated in time.

2> Simulation studies indicate that a time resolution of ~30ps (allowing to “slice” bunch crossing in
“exposures” of 30ps) will offset the performance degradation due to PU recovering the track purity

of vertices of current LHC conditions.
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Main CMS upgrade features — ECAL barrel

2> The principal requirement of the ECAL barrel is to maintain Run-1 physics performance for photons &
electrons at higher luminosity & pile-up of HL-LHC.
To accomplish this, the electronics must accommodate the new L1 trigger requirements on :
latency ( 3.2 - 12us ) & rates (100 —» 750kHz). It also must provide more precise timing resolution
and help mitigate the increasing noise from photodetectors.
Loss of transparency in lead-tungstate crystals (not to be replaced) will be kept @ acceptable level.

All electronics FE cards & all off-detector electronics must be replaced to meet these requirements !

2> The current system provides trigger primitives of 5-by-5 crystals

o M Seulason PU-200bre25, S e,
and there is no tracking information. The upgrade will provide E 055 —}— Phase-1LIEG (Towen)
single crystal information to the L1 calorimeter trigger, thus 5 —f— Phase-2L1EG (Crystal) 3
better matching e.-m. showers to tracks and providing better % 045_ E
isolation. The significantly reduced level of background will (& 30| Impact of the finer L1-trigger info
allow a precision study of the Higgs boson (H—yy). s > 02§ E

01F E
2> Precision time measurement will be an additional feature | Z ]

of the upgraded electronics, allowing an improved deter- 0 002 004 006 008 DLH?C?-&ER‘I)
mination of the location of the production vertex for di- Position resolution expressed

o ) ) as difference w.r.t. generated electrons
photon events: a precision of 30ps on the time arrival of
photons produced by H boson is the target, thus allowing
a constraint of 1cm on the vertex longitudinal position.
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New Tracker for Phase-2 CMS
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Main CMS upgrade features / new Tracker — |

2> The entire Silicon Tracking System will be replaced !
The new Tracker ( Inner Tracker (IT) based on silicon pixel modules
+ Outer Tracker (OT) made from silicon modules with strips and macro-pixel sensors)

2> increased radiation hardness

- radiation tolerance must ensure fully efficiency up to Lin:~4500fb~1
- without any intervention for OT; it will still be possible to replace IT modules (during shutdowns)

2> higher granularity & extended tracking acceptance
- channel occupancy kept below the per cent(mille) level in the IT(OT)
- improved 2-track separation [currently hit-merging in pixel detector for closeby tracks (energetic jets)]

- efficient trackingup to ~ || = 4

1000

rz layout | [adoenios o
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Main CMS upgrade features / new Tracker — I

> robust pattern recognition
- optimized design for track finding under high PU conditions

- also aided by parallel computing solutions & application of ML/DL concepts (already ongoing also in Bari)

X 18] BuaseL ke - X 18] BmsezIrcer .-
. . . Sem 1.4 o
2> reduced material in the tracking volume — b —

- lighter than the current Tracker having
performance affected by the amount of
material (that influences the performance

0 | ! I . R |
of the calorimeters & of the overall event 008 T 18 2 258 38 eo T e Es e es

reconstruction)

Figure 3: Material budget inside the tracking volume estimated in units of radiation lengths, comparing the
Phase-1 (left) and the Phase-2 (right) detectors. The material in front of the IT sensors is shown in brown,
that inside the IT tracking volume in yellow, that between IT and OT sensors in green, and that inside the OT
tracking volume in blue. The histograms are stacked

3> compatibility with higher data rates (output trigger rate) & longer trigger latency

tracking information to the L1 trigger (now available only at HLT)
thus allowing to keep trigger rates at sustainable level:

a part of the track reconstruction presently performed in the HLT
will be anticipated to be used in L1 event selection

accepted “stub”

-~

concept used to provide L1 trigger primitives,

based on correlation of signals in closely-spaced 1+4m»{
y

sensors in order to enable rejection of low-p; tracks : )_,

CLL
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Upgraded Tracker performances
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Figure 4: Tracking efficiency (left) and fake rate (right) as a function of the pseudorapidity for tt events with
140 pile-up events (full circles) and 200 pile-up events (open circles). The tracks are required to have p; > 0.9
GeV. The efficiency is shown for tracks produced within a radius of 3.5 cm from the centre of the luminous
region.
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INFN commitments in Tracker construction — overview - |

Legend:

X = interest in this item

| OT = interest in this item for the entire OT

TBPS = interest in this item for the TBPS

TB2S = interest in this item for the TB2S

TEDD = interest in this item for the TEDD
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TFPX = interest in this item for the TFPX

TEPX = interest in this item for the TEPX
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INFN commitments in Tracker construction — overview - Il
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Figure 19: Construction schedule for the Phase-2 Tracker Upgrade (from TDR). The columns correspond to
different phases of the project: design (light yellow), prototyping (dark yellow), preproduction (dark green)
production (light green), integration (dark salmon), and commissioning (light salmon). The codes indicate
milestones described in the TDR.
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INFN commitments in Tracker construction - IT

2> INFN will deliver for the IT : § sk

2> 1128 Pixel modules installed in : "
(=) inner layers (TBPX L1 & L2)

————
>

(-)inner rings (TEPX R1 & R2 in Disks 1-4)

~TBPX X HTFPXE : : lr‘ ] ] h_ﬂ_“\'[j‘\lh

L P E— L n M
1000 00 SR

1500

[NFN 500

Figure 20: schematics structure of one side of the Inner Tracker with enlightened the modules in the inner
nngs (TEPX nngs 1 and 2) and inner layers (TBPX layers 1 and 2) delivered by INFN

3 integration, test & delivery of 4-Layers Barrel Pixel (full TBPX)

3> integration, contribution to development & commissioning of IT common system
(power backend, DAQ & safety systems)

(\—» the DAQ system of IT is under development

(having as starting point the test-setup of RD53A

chip)
14/40
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INFN-BARI commitments in IT construction - |

2> INFN-Bari will take care of the HDI Hybrids testing task :

Legend:
X = interest in this item g g -E g
|OT = interest in this item for the entire OT g

E § 12 : £ g | E E | g »
TBPS = interest in this item for the TBPS ) : B s |g|g|=|5]|§ i { i |5
TB2S = interest in this item for the TB2S zlz|5|3 g : 2815 = 5 - 5 - E’ i3 §
TEDD = interest in this item for the TEDD H : g |2 2 | e % s i 3 = s | 8|2 £ ; g E | 2| ®
[IT = interest in this item for the entire IT 52 E E i g :|§ g S § s | 5|3 3 § 5
TBPX = interest in this item for the TBPX g |2 e 5
TFPX = interest in this item for the TFPX = E E £
TEPX = interest in this item for the TEPX
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ITALY TEPN | TEPX
::mmasnmwmanmm - or
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Blgocca, Milana, ITALY
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ITALY oW N,
INFN Setione di Pavia, Universith di Pavia and Universita di o o] TR e -
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INFN-BARI commitments in IT construction - Il

Parts Qualification Bare Module Assembly Bare Module Qualification
Sllicon Sensors 1128 $i Sensors and RO Chips
Pisa BumpDeposition & FlipChip

Company 1128

Readout Chip 7000
Torino + Pavia &Padova

Bare Module
1128
Pisa

2> INFN-Bari will take care of the HDI Hybrids testing task :

Module Construction

Barl & Pavia |

Bpix Mechanics Supports
Pisa & Torino

Module Assembly,
wire bonding and
Qualification

Firenze

1128

INFN INNER TRACKER 1128 Inner Pixel Module Construction and Barrel Pixel Integration plan, Spares and production yield non included

Module Burn-in

Module Integration

~igure 23: INFN construction flow for Inner Tracker

Bpix Module Integration
and testing 864
Torino

High Density Interconnect (HDI) Hybrids — produced by a supplier company —

will be qualified in Bari & Pavia using a dedicated setup.
Qualified good HDIs will be delivered to Firenze for module assembly.

3

Electrical cable

Pixel sensor

PROCs

Base Rails (AIN)

Figure 21: 1x2 and 2x2 modules (left); exploited view of a 1x2 module (right).
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INFN commitments in Tracker construction - OT

: : oTi . . UL L. . . %
2> INFN will deliver for the OT : - -,
2> 1920 PS modules mounted, integrated & testedin: | ~ ';
(—) 72 rings of the Tilted Barrel (TBPS) a0 T T S R R - 3
(I e 4.0
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Figure 24: schematics structure of one side of the QOuter Tracker with enlighten the modules in the inner
rings and layers delivered by INFN

3 contribution to OT common system (in particular power supply backend system & DAQ)
> contribution to OT commissioning

3 contribution to Track Trigger [Track Finder L1 system (implemented by dedicated boards)]

‘ CMS Phase-2 Upgrade @INFN-Bari
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INFN-BARI commitments in OT construction - |

2> INFN-Bari will take care of the production of the TBPS modules
(and later will participate to the OT commissioning) :

Legend:
8

X = Interest in this item _ | B £ 3
|OT = interest in this item for the entire OT E § 8 £ g |, . | e e | ¢ .
TBPS = interest in this item for the TBPS 8 4 £ | S E sz ||| §|§ il£]s
TB2S = interest in this item for the TB2S £ 2|3 3 g s '5 5 ‘: 5 3 5 E g g E— . i 3 5
TEDD = interest in this item for the TEDD H E gl 2|3 s :g L] i $13|3 s | E| 2| £ ‘E i E|2 | T
{IT = interest in this item for the entire IT E 3 E 3 i 3 = § g g g s| 5|4 g 5 £
TBPX = interest in this item for the TBPX 122 2 = 5
TFPX = interest in this item for the TFPX & s E £
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ITALY TEPX | TEPX
INFH Sacone & Genove andUnivers & Genova, Ganows, - or
INFN Sezione di Milano-Bicotca and Universitd di Milano- " p
Blzocca, Milano, ITALY
‘IHHMﬂFﬂIﬂIMMdmm " X "
ITALY
INFN Sezione di Pavia, Universita di Pavia and Undversita di X TaFx T
Bergamo, Pavia, ITALY TEPK pu—
:.Trhlhrnﬂﬁlrﬁl-ﬂm-ﬂ- EIH_I._MIH. ot ::“ X ot or

.l’
INFN Sezions di Plsa, Unhversita di Pisa and Scuola Normale Tarx 2
Superiore di Pisa, Pisa, ITALY " TEPX TOPS | THPS | THPX or | X * e
INFM Setlane di Torkeo, Unbversits di Toring and Politecnico di ThPx | TBPE
lrm‘rmrrm . TEPK | TEPX — - - -
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INFN-BARI commitments in OT construction - i

2> INFN-Bari will take care of the production of the TBPS modules :

INFN OUTER TRACKER 1920 PS5 Module Construction and 72 Tilted Disks Integration plan. Spares and production yield not included

Parts Qualification Module Construction Module Burnin Module Integration
Silicon Sensors PQC 1000 75 |
Perugia
Front-End Hybrids 1920f+1920Ri Module assembly,
Catania wire bonding and
module qualification
Power & Opto Service Hybrids 1920
Genova 1920 OptHy+1920 PowHy

Bari and Perugia

MaPSA Assembly-BumpBonding 1920

1
Company : -pixel ASIC
Module burn-in ; ::;:..::;;.,,,,

Module Mechanics 1920 —piand Calibration  |Module Integration s x;:::“
Company | Pisa 1920 and Testing in 72 Disks : E::::mu

T —— Pisa 1320 /' 10 Migh vomage tab
Mechanics Disks Support 72 \
CERN

INFN construction flow for Quter Tracker

: PS-s sensor, Macro-Pixel Sub Assembly (MaPSA) [1 PS-p sensor bump bonded with
16 Macro Pixel Asics], Front-End Hybrid to readout short strips (HL & HR are the 2 types of FEH), Power
Hybrid (PH) [equipped with Power DCDC regulator], Optohybrid (OH) [equipped with optical link drivers
& opto-fiber connector] will be assembled and glued to mechanical parts in 5 steps, using different jigs,
in order to finally form a PS module. Modules will be built in Bari & Perugia (50%-50%).
A full qualification test will be performed to assess quality and identify issues. Encapsulation of wire
bonding will be made after testing. Qualified modules will be delivered to Pisa.
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Infrastructures for Outer Tracker commitments

2> Infrastructures @ INFN-Bari for the CMS (Outer) Tracker upgrade :

Task | cost NN
Description Location Comments and Motivations iated | [ke] Conl:ir;b Year
Wire bonding machine BARI Replacement of old machine. Already bought or5s 150 100 2017
Wire bonding pull tester BARI New for wire bonding testing ors 8,5 8,5 2018
Upgrade for Module assembly BARI Glue dispenser robot with volumetric control oT5 26 26 2019
Climatic chamber CATANIA For OT hybrid burn-in oT3 40 40 2019
Wire bonding machine FIRENZE Replacement of old machine ITS 192 112 2017
Probe station FIRENZE Silicon sensor receptiom test ITS 100 50 2019
Wire bonding machine PERUGIA Replacement of old machine ors 150 150 2018
3D Measuring machine PERUGIA Update of machine for module survey (o) Y 20 20 2018
8" Probe station PERUGIA  Replacement of old machine for sensor QA or1 250 250 2018
Upgrade for Module assembly PERUGIA Glue dispenser robot with volumetric control ors 26 26 2019
Probe station maintenance PISA Pixel Silicon sensor Qualification center Tl 35 35 2018
X-ray test station PISA For diagnostic of bumgbor\ding connection oT7 50 50 2018
and calibration
Termo-camera PISA Verification during OT module assemb ly or7 27 27 2018
Cold Box PISA Burn-in of OT modules or7 25 20 2019
3D Measuring machine PISA Module integration on OT rings or7 60 35 2018
Stocking of mechanical structure PISA To store and manipulate OT rings or7 30 30 2019
Climatic chamber PISA For testing of sub-assembly of OT rings or7 112 112 2018
12" probe station TORINO New for wafer level testing of IT ASIC T2 480 200 2018
Cold box TORINO Burn-in of IT modules IT7 25 20 2019
X-ray test station TORINO For hgmontic anmdoc:il:wlzlscahbration o IT7 50 50 2018
Total 1857 13615

List of infrastructures requested to INFN for the CMS Tracker upgrade

................
.
.
.
o,
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Lab space of INFN-Bari for Outer Tracker commitments

2> Currently used Clean Rooms (CP1, CP2) will be confirmed till 2023 and
will be saturated in the construction period 2020-2023

...................................... » GEM clean room

CP3 ¥
Cl.10000 / ISO7

8
< — —
=

cP2 <«
C1.10000 / 1SO7

v

CMS Phase-2 Upgrade @INFN-Bari 21/40



Manpower of INFN-BARI for Tracker commitments

2> INFN/CMS-Bari manpower involved in the activities for the construction of new Tracker :

I -
~

Average Man Power (without request) REQUEST of MANPOWER [FTE]
& 2018F
Institute Te TASK Physicists PhD
Technicians 2018 2019 2020 2021 2022 2023 2024 2025
& Engineers [Temporary
I Bari 3,9 |7 FE Hybrid QC/OA _ 3 0.9 0.2 1 1 1 1
W #
Catania 1,6 |oTPs FE Hybrid OC 13 0,2 0 1 1 1
IT Module construction 1 1 1
. T
Firenze | 74 [T fvstemtest 51 1 15
IT Serial Power electronics 1 1 1 1
[TK Power System 1 1 1 1 1 1
Genova 0,5 |OTPS Service Hybrids (OH&PH) QC 0,8 0,5 1 1 1 1
Milano Bic | 2.1 it paq software/system test 1,5 0 0,7 1 1 1 1
u
Padova | o6 |"ASICSGC 0,5 0.2 0 2 2 2
[TK Beam Pipe develop mant
M T
Pavia 17 IT ASICs QC 1 0 0.4 1 1 1
IT FE Hy brids QC 1 1 1
OT Sensor Process QC 1 1 1 1
Perugia & |OTPS Module construction 43 19 13 1 2 2 1
OT Power System 1 1 1 1
IT Sensor QC 1 1
IT Bump Bonding QC 1 1 1
IT Mechanics construction 1 1 1
T .
Pisa 5.4 OTPS Module Burn in 7.2 1 17 1 1 1
OTPS Module Integration 1 1 1
0T DAQ software 1 1
OT Track Trigger 0,5 1 1 0.5
TK Safety System
IT ASIC QC 1 1 1
T .
Torino 6.6 IT Module Burn in 42 21 1,2
IT Mechanics construction 1 1
IT Module Integration 1 1
Total FTE 35,8 289 7.8 7 0 1 14,5 21 2 145 5 3

-

~

_»IT task (IT3)

"> OT task (OT5)
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Manpower of INFN/CMS-BARI for Tracker commitments

2> INFN/CMS-Bari manpower involved in the activities for the construction of new Tracker :

N
. 2018F (}i\mrag;.’nan Power (without request) REQUEST of MANPOWER [FTE]
Institute | K :"E‘I'_I-’:I‘::“ Technicians ;'T":'m“rm 2018 2019 2020 2021 2022 2023 2024 2025 . IT task (|T3)
I Barl 39 ITIFEmbridDG‘Qﬁ _ : 09 02 i i i i I :’
Profile | 2018] 2019] 2020] 2021] 2022] 2023] 2024] 2025] ToT | Task ] * OT task (OT5)
BARI 41,20
Donato Creanza PA o5 o7 07 07 07 07 01 00 41 0Ts
Mauro de Palma PO o1 o1 01 03 03 02 00 00 11 oTs
Luigi Fiore PR 10 10 10 10 10 10 05 00 65 0T 5
Salvatore My PA o6 07 07 08 08 08 04 00 48 0TS
Alexis Pompili RU c0 00 01 01 01 00 00 00 03 075
Lucia Silvestris PR 00 00 E;IEEL o0 01 01 01 00 04 0T5
useppe De Robertis  PT £l 03 03 Jo3: 02 02 02 02 00 17 T3
Flavio Loddo PTEl 07 07 fo7: 05 05 05 03 00 39 T3
ecnologo TE 102 02 02" 02 02 02 02 00 14 T3
Tecnico INFN 1 Tec : 02 06 110 10 10 10 0,3 0,0 51 0T5
Tecnico INFN 2 Tec E 02 02 02 02 02 02 02 00 14 oTs
Tecnico INFN 3 Tec 101 01 01 01 01 01 01 00 0,7 oTs
Dottorando PhD : c0 03 03 03 03 03 03 00 18 075
request to INFN Tec 100 00 10 10 10 10] 00 00 40 oTs ]_
request to INFN AdR 100 00 j10 10 10 10] 00 00 40 IT3
TOTALFTE/year }3,90 4,9 740 750 750 730 270 0,00
1
1

Current’development of CMS Pixel readout chip for Phase-2 upgrade (see next slide)
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CMS Pixel readout chip design for Phase-2

2> Design/development activity started in 2013 within RD53 Collaboration
& CHIPIX65 experiment of INFN-GruppoV frameworks

- Study of the radiation tolerance of the TSMC CMOS 65nm tecnology to evaluate the suitability
of the innermost Tracker layers to the expected radiation levels (> 500 Mrad)

- Development of a library of Front-Ends & IP blocks according to CMS&Atlas requirements

- Design, production & test of a pixel chip 64x64 demonstrator in the framework of the Chipix65 exp. (2016)

- Design, production & test of a large scale demonstrator “RD53A” (2017)

- Design of the production pixel chip for CMS&Atlas on the basis of the “RD53A”
measurements and the final specifications of the two experiments (2018-2019)

512 pixels of 50 pm x 50 pm

RD53 digital pixel chip architecture

F.Loddo is RD53A Project Engineer since 6/2016; recently appointed in this role for the development of
the final chip with additional coordination responsibility within RD53 Collaboration. Since 5/2018 also
responsible for the development of the pixel ASIC within IT coordination for CMS Phase-2 upgrade.

3> Activity foreseen in 2018/19 : participation to the pixel chip design &
submission to production company (fonderia) foreseen in Q4 2019.
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CMS Muon system upgrade

CMS Phase-2 Upgrade @INFN-Bari



Main CMS upgrade features — Muon system overview - |

2> Upgrade goal : maintain excellent triggering,
u measurement & ID under harsher HL-LHC conditions up to | = 2.8

> All currently installed Muon detectors will be kept operational @ HL-LHC

2> High radiation, PU, longer trigger latency : - the upgrade of several components (electronics)
- the addition of new ones (in forward region)

2> The CMS Muon system consists of 4 distinct detector systems : Drift Tubes (DT), Cathode Strip
Chambers (CSC), Resistive Plate Chambers (RPC) and Gas Electron Multiplier Detectors (GEM).
The first 3 are existing systems which will be upgraded, while the GEMs are new detectors.

2> Alongevity validation campaign took place (with Bari contribution) in the past years.
As a result : the components requiring upgrade & the actions to be undertaken were identified

- DT, CSC & RPC detectors currently installed will survive the radiation doses

- new GEM & iRPC detectors will be able to deal with the expected radiation doses

CMS Phase-2 Upgrade @INFN-Bari 24/40



Main CMS upgrade features — Muon system overview - ||

....'l-‘

2> :

- detector electronics must be upgraded to handle high particles rates (high bandwidth optical transfer, ...)
& to deal with longer latency (DT)

- longevity : aging electronic parts need to be replaced
while detector life expectancy (related to radiation damage) is more than acceptable

- event reconstruction capabilities (@trigger & offline) particularly in forward region that will be
completed with the missing RPC chambers & complemented by new GEM chambers to enhance redundancy, to
increase # of measurements, spatial & time resolution, to solve @ trigger level of track reconstruction ambiguities

- extended acceptance (|n| coverage) to partially complement the wider tracking coverage

CMS Simulation Z - ML L=5x10*cm?s’, 14TeV | 4, €MS Simulation PU=140,14TeV
] O N o e e e e i e e = O ) = = ] i Phase | detector
- I ‘ E ] ‘ | s : I 3 % k= C i > 2stubs i
A j===== NP (Phase-1: Muon Detector) : ] = £ S S S— T
4 = ; : H i : i i i | = ] F p.?>15GeV Phase | detector !
© - : ; ; ; ; : o " rooT ] =2 5tubs with MS1/1
= — 10 :—’n S Lk L1Mu (standalone) ; :
= E S ottt bt b AU S
o = 5 C ;
2 ] & & t ; !
z = 10° % © .
= 3 3 2 10 g
£ ™ 10° S o
=z b= hart F :
g i :: L= o~ P M P
- : - 1.6 1.8 2 2.2 24
g ﬁ 2 j _ L1 muon | 7|
[UUSSSURNNE SO W 0= SUUOOE OO, S UOOPUNUOUOOOE SUORPOOONYY: et MBS T 2 10 .
< - : 5 : E Figure 4.16-a:
B Barrel Station 1 = . {Left) the histogram shows the average number of Hi-measuring muon layers with reconstructed hits that are atl;ached to a standalone
B : : : ‘ : : : N muon track, for simulated muons from Z — up as a function of 5. It is compared to the flux of neutrons in Hz/em® shown as colored curves
0 A L b L b b b b a2 (note the log scale on the right), which are the dominant cause of background hits, for the muon station first crossed by a muon with a given
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25 #. (Right) Standalone muon trigger rate as a function of pseudeorapidity for the current Phase-1 muon detector under loose (red) and tight
Simulated Muon n {green) trigger conditions.

CMS Phase-2 Upgrade @INFN-Bari 25/40



Main CMS upgrade features — Muon system overview - llI

2> Upgrade goal : maintain excellent triggering,
@ K measurement & ID under harsher HL-LHC conditions up to |n| = 2.8

2 1. New forward p detectors:
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Main CMS upgrade features — Muon system overview - llI

2> Upgrade goal : maintain excellent triggering,
@ K measurement & ID under harsher HL-LHC conditions up to |n| = 2.8

2 1. New forward p detectors: - Triple GEM technology [in GE1/1, GE2/1 & MEQ] to enhance trigger & p-reco

10°GE1/1
chambers

n o1 c2 03 04 as iops 0.7 08
a°  843° 78E° T3

i MBs
_— - RB4
| wmo | wma |
ME3 | X 1
RB3

_ —

&
B ME13

i
3 :
- oA
HCAL y 4 : =
> [ A
= 4
- ECAL { 1
= B ! o
1 ! 13
Silicon | ]
tracker ’J 1
SEREEE L |
O MW L
o 1 2 3 4

67.7° 825  Brs° 528 as.4a

09
443" |

1.0

40.4°

A e

===
:{'\|lli=~'

f -

stack of 2 Triple-GEMs
11
3587 n e
1.2 335
OTs
W CSCs
B RPCs 1.3 305
B GEMs
M iRPC=
1.4 27.7
1.5 25.2
1.6 228
1.7 20.7

stack of 6 Triple-GEMs
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Main CMS upgrade features — Muon system overview - llI

2> Upgrade goal : maintain excellent triggering,
@ K measurement & ID under harsher HL-LHC conditions up to |n| = 2.8

2> 1. New forward p detectors: - Triple GEM technology [in GE1/1, GE2/1 & MEO] to enhance trigger & p-reco

- Improved RPC (iRPC) [ in RE3/1 & RE4/1] (rates up to 2kHz/cm?,
: increased lever arm for p-reco )

n 0.1 0.2 03 04 a5 06 0.7 os 0.9 1.0 11 :
g 843° 7865 T731° 67.7° 625 S57.5° 525 45 .4° a4 3° 40.4° 35.8° n e
- i 1.2 33.5
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o N e T hee ——— B
- ME3 | i 1 B 1.4 27.7°
& RB3 <N X
& MB2 P— | § £ 1.6 229
— —‘ - e | 1.7 207
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a = -« rRB1 1.8718.8°
I—— A9 17.0°
Solenocid magnet r ________ 2.0 154"
s : 21 140°
— S 22 12.2'
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__HCAL 438 - 2.4 104"
2 = => I s hi= 25 94°
‘— ] o Huw 1
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Main CMS upgrade features — Muon system overview - llI

2> Upgrade goal : maintain excellent triggering,
@ K measurement & ID under harsher HL-LHC conditions up to |n| = 2.8

2> 1. New forward p detectors: - Triple GEM technology [in GE1/1, GE2/1 & MEO] to enhance trigger & p-reco
- Improved RPC (iRPC) [ in RE3/1 & RE4/1] (rates up to 2kHz/cm? )

- to handle (aiding CSCs) the most difficult region with high backgrounds,
high readout & trigger rates and limited p-bending (@ higher 1] )

- to extend the 1 coverage by introduction of MEO (a stack of 6 Triple-GEMs) up to |n| = 2.8
[complementary to tracker extension up to |n| = 4]; useful for u-tagging & reduction of the lost-u bkg

n o 02 03 [ as 06 0.7 o8 0.9 1.0 1.1
g% 843 786" T3a© 677" 62 5* 57.5° 528 484 44 3" 40.4° 358 n e

OTs

CSCs
B RPCs 1.3 30.5°
B GEMs
M iRPC=

R (m)
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Main CMS upgrade features — Muon system overview - IV

2> Upgrade goal : maintain excellent triggering,
@ u measurement & ID under harsher HL-LHC conditions up to | = 2.8

2 2. Existing detector: - consolidation of detector operation (based on detector longevity studies
currently carried out at the GIF++)

“\ - DT & CSC electronics upgrade: replacement to handle ...
\ - longevity issues,
- higher L1 trigger rates ( 100 — 750kHz ),
‘\‘ - higher latency ( 3.2 -» 12us )
\‘\ - Trigger/DAQ upgrade of RPCs: to handle longevity issues & to be compliant to ...
‘\‘ e ee ee e e 0:""“1'0 ~~~~~~ o ... Phase-2 requirements

*The upgrade of the existing RPC DAQ
readout electronics (currently recording
the hit time in steps of 25ns) will exploit
the detector timing information (with
resolution of ~1.5ns) thus improving
the L1 trigger capabilities.

RE3I3

i

———
LA
LV
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INFN commitments in Muon system upgrade — overview

Longevity

Detector

2> INFN CMS-Bari is involved in GEM & RPC upgrade project :

On-detector
Electronics and
Power system

Trigger/DAQ

2> The CSCis the only part of muon system without INFN involvement.

Services

INFN, University and
Politecnico of Bari

RPC

INFN and University of

Bologna L

Laboratori Nazionali
Frascati (LNF) INFN

INFN and Universita
“Federico II" di Napoli,
Universita della
Basilicata and
Universita G. Marconi

INFN and Universita di
Padova -

INFN and Universita di
Pavia

INFN and Universita di
Torino and Universita OT
del Piemonte

Orientale

Fig. 31: Extraction from TDR table of Muon construction responsibilities

RPC

RPC

GEM

RPC

RPC

GEM

GEM

RPC

GEM

GEM

Install. & Comm.

GEM

GEM

DT

DT

DT

GEM

GEM

GEM

GEM
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Muon system upgrade — schedule overview — |

2> The schedule for the Muon system upgrade foresees a time-staggered installation !

Indeed - during LS3 - the Muon upgrade activities cannot be integrated due to the overloaded schedule
[ involving the installation of the new Tracker & High Granularity Calorimeter (HGCAL) ]

U

Muon upgrade activities & installation can be widely anticipated to LS2, YETS 2022 & 2023 (during Run-3):

- the upgrade of the Endcap (CSC) chambers is @ LS2 [refurbish MEx/1 (x=1,...,4) with new FE boards]
[
- GEM stations (GE1/1) will be installed in LSZ,I'(incIuding pipes & cable services)[*] [partly constructed in Bari]
{

~
S

S ‘l
\\ L4
{adenalas Tear Me Hr s \\ My flﬂ M ol nar i o Mk
== ETE—
|:r>m.n Engin. Pregrod.. Prod. ey, Fﬂ
ov i - Deimi. -~ Ergin. - Prata. F_F-““-
s Design - Demo.. ‘On-detect. £ Angin. - Prq 158 | On-detect, e, Off-Dict Elex. Pre-pood. 5] OOt Eber. Prosdusction Hoat Imstall Comm.
WP Lk wyarn |Dealgn - Devna.. E’ — Engin. . Prota. Pre-prod. - Prod. intey. Flosat IRl Cimim.
RPCA/A- L (Design . Dewso. - Emgin. - Prote Float s, {pmm
ai2f1 . Engin. - """"7“\ ] Float install. Comm
Design - Demo. -
MED ,I Pre-prod. . Prod. dnte. Float ievitall, Comen.
L4 - . . .
/ LS2 More detailed time schedule in a backup slide

- other activities in LS2 :/- installation of services for GE2/1, RE3/1, RE4/1 [*]

- RPC leak repairs [*
P ] [*] activities requiring INFN-Bari technicians @ CERN
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Muon system upgrade — schedule overview - Il

2> The schedule for the Muon system upgrade foresees a time-staggered installation !

Indeed - during LS3 - the Muon upgrade activities cannot be integrated due to the overloaded schedule
[ involving the installation of the new Tracker & High Granularity Calorimeter (HGCAL) ]

U

Muon upgrade activities & installation can be widely anticipated to LS2, YETS 2022 & 2023 (during Run-3):

- GEM stations (GE2/1) will be install\ed in YETS/22 & /23 [*]
- iRPC chambers (RE3/1, RE4/1) will b\é\i\nstalle\d in YETS/22 & /23 [*]
\

\
\

adenadan Trear Hilk Wiar s i i nn ary MM s ke
S o e

GELN Engin. Pre-pece. Prod_integ. Pﬂ

ov i - Deimi. -~ Ergin. - Prata. F—F-Lr.u-.

S0 Design - Demo.. On-detect. £ Lngin. - Prq (58 | Dm-detect, B, Prod. \?—H*.hmﬂ s OFf Dt Eber. Production Hoat Imstall. Comm.
WP Lk wyarn |Dealgn - Devna.. § — Engin. . Prota. L] m‘-*.!é‘,‘ Flosat Il Cimm

RPCI/4 1 [Design - Demo.. _Engn.. Prome . a I \ por | ey —

oex _ taghn. oo, Prepod Modimteg 4N oy | natal Comm.

Design - Demo.. i

MED . Engie. - Protn, ESR ED l-ﬁ'u..hu.-—.i Fleat Ieitall. Comm.

‘More detailed time schedule in a backup slide YETS/22 YETS/23

- other activities in 2021-2022 : MEO construction in Bari (see slide later)

[*] activities requiring INFN-Bari technicians @ CERN
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Muon system upgrade — schedule overview - I

2> The schedule for the Muon system upgrade foresees a time-staggered installation !

Indeed - during LS3 - the Muon upgrade activities cannot be integrated due to the overloaded schedule

[ involving the installation of the new Tracker & High Granularity Calorimeter (HGCAL) ]

U

Last Muon upgrade activities concern LS3 : - MEO GEM stations will be installed in 2024-2025 [LS3] [*]
\

\
‘\
adenadan Trear Hilk Wiar s i ] M J‘ﬂl\ ary MM ke
E— N I
GELN Engin. Pre-pece. Prod_integ. Pu- Jioes Ll Ccomams. \\
3\
\
o Dribgn - Drvmar. — Emgin. . Prata. [ | P prod. . Prod.iete. \\ F—F-uu-.
S0 Design - Demo.. On-detect. £ Lngin. - Prq [58 | On-detet. Eectr. Prod. [lestel. Comm. 61Dt Eler. Pre-prod. !'l‘k 08f-Det Eber. Production Imsiall Comm.
\
N
WP Lk wyars. | eiign - Dewmo. E - Engin. - Prate. L1 Pre-prod. - Prod. intey. Pt \ I aill, Coemm
RPCH/&.1 |Design - Demo.. — Engn.- rote mk"_ o Pre prod. - rod.dnteg. Float
oizf . Engin_ - Proto. b"’ Pre-prod. - Prod.isteg. Float
Devign - Demo._
MED . Engie. - Protn, ESR E04 | Pre-prod. - Prod dete. Comm.

More detailed time schedule in a backup slide

The MEO installation will be done in surface while the assembly of the Calorimeter endcaps (HGCAL) will be

carried out, during LS3, as CMS moves into a closed barrel configuration.

The installation of the HGCAL will require the extraction of the ME1 (CSC, RPC, GEM) chambers and subsequent

re-installation & re-commissioning [*].

—

1
1
1
1
1
1
1
n

[*] activities requiring INFN-Bari technicians @ CERN
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Upgraded Muon system performances - |

2> Few examples of foreseen performances (with full MC simulation):

lllustration of the additional
info provided by the new GEM

2 Enhanced p triggering & identification in the forward region : 1o B | ——
—— Station ME3

P,
- The Phase-2 upgraded forward muon system has new detectors (GE1/1, w,/ Station MEZ
GE2/1, RE3/1, RE4/1) that provide 1) further high-resolution measurement / Station ME

points & 2) an increased lever arm for u reconstruction, in the current range || < 2.4

muon

- The MEO chambers extend the acceptance to || = 2.8, providing additional s X
hits for triggering and offline u reconstruction ! ‘

Axial (transverse) point-of-view

- GEM chambers, in tandem with CSC ones, provide accurate measurement of p @
“local bending” angles, thus improving the muon momentum measurement
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Upgraded Muon system performances - |

2> Few examples of foreseen performances (with full MC simulation):

2> Enhanced p triggering & identification in the forward region :

- The Phase-2 upgraded forward muon system has new detectors (GE1/1,
GE2/1, RE3/1, RE4/1) that provide 1) further high-resolution measurement

points & 2) an increased lever arm for u reconstruction, in the current range || < 2.4

- The MEO chambers extend the acceptance to || = 2.8, providing additional

hits for triggering and offline u reconstruction

- GEM chambers, in tandem with CSC ones, provide accurate measurement of p

lllustration of the additional
info provided by the new GEM

muon

VA

® CSC

/ P 1; Station ME4
CSC-GEM
@ Station ME3
P2
/ Station ME2
Py

Station ME1

P

g

>
X

Axial (transverse) point-of-view

“local bending” angles, thus improving the muon momentum measurement iﬁ

Standalone p trigger capabilities are
important, for instance for the

reconstruction of long-lived particle
decaying into muons outside the IT.

L1 Standalone Trigger :

- sizable reduction of the rate (bkgl)
- relevant increase of the efficiency
(in forward region)

.
.
---------------------------

L1 Trigger rate [kHz]
3

.*
.
.
.
.
.
.*
.

Figure 10: L1 standalone trigger rate (left panel) and efficiency (right panel) as a function of p,, with (black
dots) and without (red dots) the new GEM detectors.
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Upgraded Muon system performances - |l
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[assuming expected performance of Phase-1 (Phase-2) CMs detector] [from TDR]
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Upgraded Muon system performances - |l

D CMS-L=5fb "Vs=7TeV,L=20fb ' {s=8TeV ~ BO - s 14TeV, 140 PU
< 14- —+—data K [ CMS Simulation s,d uu‘ 8 500~ cMs Simulation
et —— full PDF o 20" scaled to L = 300 f' — [ ScaledtoL = 3000 f&'
= 140 Blosw =) —+— data e —+— data
O FE B opp o f . o [ 1.4 -
b= N I A —— combinatorial bkg T mi)l=1.4 full PDF Z 400}~ i< + full PDF
- L ew e semileptonic bkg @ r B B.—u'p »n L [ ERTNTY
=10 AN - peaking bkg € | B.—uty € L e
o ' 2 By—u'n I | Byou'p
2 ) B . . o
S I R . A Wl combinatorial bkg & 30 0' ------ combinatorial bkg
g e B 0 s BN e semileptonic bkg 5 e semileptonic bkg
B L S, d > uu. £ RIN\N Y 71 peaking bkg =] 25 T | | RS peaking bkg
z F © 60t o T |
S 6 2 g 200
[ C L
= R —~ r s [
- T B o
@ 47 Q4o 2 [
= [ = L & 100
= %) w
@ 2r 20 -

..............................

r P ) 0 %
2_9 5 51 52 53 54 55 56 57 58 59 49 5 51 52 53 54 55 56 57 58 59

m,, (GeV) m,, (GeV) m,, (GeV)

Dimuon mass fit projections for an integrated luminosity of 300fb (3000fb!)
[assuming expected performance of Phase-1 (Phase-2) CMs detector] [from TDR]

2> The acceptance increase is parti-
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INFN(-Bari) commitments in GEM construction

Z Material inspection / Qualification of PCBs / Electrical
. . x| aci/ac2 heps ;
D INFN W|" deliver for the upgraded Muon system .lc”) ..... .ﬁl:'.a.r.a.?.t.e.':'.zft.'.?f'.2'.9!?.9.5.'.‘!.'2'!.3. .................. 5

. . ~| Assemb Preparation of RO and Drift PCBs, Cleaning
a part of the designed Triple-GEM detector (see backup) : —

GEM stack assembly and closure

Fast electrical test of the GEM foils

Qc3 Gas leak test when pressurized at 25 mbar @ Ba ri

3> 72/288 GE2/1 detectors (36 chambers @ Bari; 36@ LNF)
- to be installed/commissioned/analyzed in YETS 2022/23 '

Qca HV test and characterization in pure CO2

Producti‘on Sites

Effective gain measurement in Ar/CO2

3> 54/216 MEO detectors (27 chambers @ Bari; 27@ LNF) LI Y Posncaie nkformiy last okt S8
- to be installed/commissioned/analyzed in LS3 I [eiemedidediomiaig

=z
x_ Insertion of GEB, OH and VFATs
2 0 1 9 O 2 1 3 Connectivity test
- Cosmic test (long-term)
1 I

2018 04 I.!Ei.'il:l;l. 00902 200903 2S04 001 MO XNe003 202004 L'[:EIIII. NXO 2021008 202104 200201 200202 202203 202204 202301

G2/ Pre-piod | CERN)

BE2/1 Foils Prod (Sme 1/2)

G2/ Folks Proe (Sme 3

@E2/1 Modile Prod (Line 1(7)
GE2/1 Modile Prod (Line 3/4)
GE2/1 Modile Prod (Line 5]
GER/1 Modide Prod (Ling 78]
GE3J] Chamiber Assembly and tests
G/ Contingency

GER/1 iritaliation

Schedule GE2/1

| =

I
|
|
|2021{!1 200102 202103 200104 202201 202202 202203 02204 202301 202302 W0I30Q302304 2024Q1 202402 202403 2024 Q4
MED Pre-prod | CERN]

MED Folls Prod [Site 1)
MED Foils Prod (Site 2)

MED Moduke Pred (Line 1/2)

SChEd UIe M EO N MED Module Prod (Line 3/4)

» MED Module Prad [Line 58]

MED Madule Prad [Line 7/8]
MED Stacks Assembly and tests

MED Installation in End Cap Nose (304

2024

2> This will be in addition to the current (2017/8) production activity of 18 GE1/1 chambers @ Bari :
13 chambers already constructed & tested (5 to be done) [next slide]; installation+commissioning in LS2
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Current Production @ Bari of GE1/1 chambers

Q

Department of Physics

1.
Arrival of
materials

.
.
.

Laﬁg Sotteraneo

QC5
3 X-ray
.

(RN}
- Snmg,
"a,

Assembly
QC3-4

4. Transpo rt‘

*
*

2. Check Materials
Pre-Assembly

Clean
Rooms

5.

3. Quality
Assembly in Control

Clean Room

Assistance by

technicians:

- officina mecc.
- design CAD
- serv. elettronico
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Manpower of INFN/CMS-BARI for GEM commitments

> INFN/CMS-Bari manpower involved in the activities for the new GEM detectors :

o L .

2018 FTE

Task - ’ﬂere wanp:rwer tuhrit.huutrequest:l

Request of manpower (FTE)

'GE.RD FES, MEQ.RD.FE.5 MEDO.RD.DET.&

'GE21.RD.DET.2, GE21.RD.DETA, GE21.PR.DET.2

MED PR.FE.1, MEO.PR.DET.4

1,00

1,00

1,00

1,00

1,00

1,00

1,00

1,00
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Manpower of INFN/CMS-BARI for GEM commitments

>> INFN/CMS-Bari manpower involved in the activities for the new GEM detectors :

2018 FTE

|GE.RD FE5, MED.RD.FE. s, MEO.RD.DET.6

Request of manpower (FTE)

Sty et 3018 I19 10N NH NI NN NM X8 N Total Task £ arattern tcha sode  \
GEXLPRDET 2, GERLPA.DET& MIDPRDIT.L, QL camen | cammesanng \
Sttt GiM 040 040 0f  Qr ard oM 06 060 060 | p———————— p——p—— detactor ari
Sttt GiM 0% ar oM QM ard am oM ara am 630 GELAD LS, GE2LM.DET 3, MED ACFLS, MEQRDDETS “ 0 ari
Frand foomemen omenglo peratsam
il GEM 6,0 G40 4VFAT3 bench-tests 080 GEXLAD.DETY, GEXADDET.4 M0 ADDIT.G cmwusane & O camere i
U4
St M 100 1004 0,10 . 210  GLXLAD DET.Z, GEXACDET 4, W0 ACDET. 6 cmtrusane o 00 camers e
/ VFAT3 Packaging & Test
V4 < GEXLAD.DET2, GEX AODET. & GE2LPADETE,
GEXL PRDETA, MO AD DET 6, cmwusone ¢ € camers &
Sttt GiM o040 faF0 0f gaf ard oM oM ara am | p—p————— ey coramimioring ari
¢~( === MIEQPRDET 4
Sttt g Jowy’iio oS g gle gm0 200  GEXLAD A L GEXLRDFE 3 MIORDFEL MIORDFE 4 progettasans settroncs ari
Sttt GIEM ‘u.mhcuu 02 faz ax0 0w 00 130 GEXLAD AL GEFLADFE B, MED ROFEL MIOADFE 4 progettasans slettronics ari
Sttt GIM N0 /NQ20 024" 020 020 0N 00 140  GEXUADF L GEXLACFE 8, MED ROUFEZ, MIEDACFE 4 ari
GEXLAD.DET.2, GEX AGDET. & GEXLPAGETE,
GEXL PRUDET 4, M0 AD DT 6,
Tema GIM 0% 0s0 05 0% 050 0% 0 0% 0 0s0 0% | p—p————— ey comtrusane o test ari
WALOPR DT &
GEXLAD.DET2, GEX AODET. & GEXLPAOETE,
GEXL PRUDET &, MDD AD DT 6,
P L
HD 3 tud et = GiM 040 040 040 040 040 040 080 040 040 B s 0.0, £ 7.1 AMEPRDET.S. MEOMALESTS, e
RAT NI PR P T &
GEXLAD.DET2, GEX AODET. & GEZLPROETE,
GEXL PRUDET 4, W00 AD DET 6,
Pl student Tema GiM 040 040 040 040 040 0 040 2040 0 040 040 B 0 P01 MECPAOETS. MEOPABETS. ari
MILOPRDET.8 (construction
GEXLAD DET2, GEXL AD.DET 4, GEXLPADET D, & installation)
GEXL PRDET 4, WALO AD DT 6, comtrusane b smtsiasans
Sl GiM 0N 040 060 Q60 060 06 060 axa 0w 00 T LW PROLT 2 WO PR LT 3 i
MEOPR DET &
Sttt GIEM 070  GEXLADF L GEXLADFE A MIORDFEL MIORDFE 4 sletramca ari
GEZ S R (PCB preparation)
WIEO GEXLAD.DETA, GEX PADET 2 GEXLPRDIT A,
Aot GIEM um 100 ,\ 100 1.00 GO0 MELADUDET 6 MELPROET LMEDLPR DT 2, ari
- WAL LR DN T
Ao oot \ as0 usﬂ, 100  GELADFLS, MIDADFLS, MIDRDDIT. 6 “":'“"""" ronica per front o
“—————‘ L
TOTALFTL /YLAR aw 110 640 580 sm\ 55 10 150
‘\

in same 2 years ]

[ shared with RPC VFAT3 QC & Test

Cha?nber construction & test
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Lab space of INFN-Bari for GEM commitments

2> Currently used laboratory space (Clean Room + 2 Labs) confirmed & saturated for the period 2019/23

VIEW1(1:25)

Clean Room (CP3)

00
air box

for foil test

chamber
Su

dry

I

stack assembly

der CR filt
ding
Xeray

T T
foil test tools
Megger
Mitutoyo
microscope I

entry

2 Laboratories: QC3/QC4 test stand
-t

S-01 (ex-BC25) : ===

- Material inspection @

- GEM Chamber
Pre-Assembly

- Gas leak test (QC3)

&

- HV-test (QC4)
- “Hospital”

$-06-08 (exBC2S) : ,_

~
- GEM Gain Measurement >, _

- GEM Gain Uniformity
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INFN(-Bari) commitments into RPC upgrade

2> Activities for the RPC upgrade are foreseen to be carried out @CERN :

3> ongoing longevity tests @ GIF++, to be continued & completed by 2018/9

2> in LS2 (2019-20) : RPC leak repairs & installation of services for RE3/1, RE4/1

> in YETS/22 & /23 : installation of iRPC chambers (RE3/1, RE4/1) [36 & 36]
& commissioning

2 in LS3 (2024-25) : re-installation & re-commissioning 18 & 18
of ME1 RPC chambers (x2 endcaps)

4

> Front-End board electronics
double-gap RPC

wedge-shaped with

- HPL electrodes,

- pick-up strips in the middle,
- improved FE electronics
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INFN(-Bari) commitments into RPC upgrade

2> Activities for the RPC upgrade are foreseen to be carried out @CERN :

3> ongoing longevity tests @ GIF++, to be continued & completed by 2018/9

2> in LS2 (2019-20) : RPC leak repairs & installation of services for RE3/1, RE4/1

> in YETS/22 & /23 : installation of iRPC chambers (RE3/1, RE4/1) [36 & 36]
& commissioning

2 in LS3 (2024-25) : re-installation & re-commissioning 18 & 18
of ME1 RPC chambers (x2 endcaps)

4

2> Front-End board electronics
double-gap RPC
wedge-shaped with

- HPL electrodes,

- pick-up strips in the middle,
- improved FE electronics

The new iRPC chambers will need to be instrumented with a
new a Front-End (FE) board electronics.

The baseline for the FE electronics is developed in Lyon (PETIROC).

A back-up choice is represented by a - currently under study - ASIC chip
developed in Bari & Roma-TorVergata (synergy with ATLAS);
a 16-channel version has been successfully tested on a double-gap RPC

@GIF++ during summer 2017.
[*] for testing & integration activity

a technological contract for an
electronics expert (in 2019-2020)
has been required for INFN-Bari

Final decision on the electronics will be taken after suitable test-beams
and within 2018 [*].
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Manpower of INFN/CMS-BARI for RPC commitments

> INFN/CMS-Bari manpower involved in the activities for the RPC detectors :

’—-ﬁ\
INSTITUTE TOTFTE Construction Tasks Aver: p r (2018-2026) w/out requests in FTE Requests of Manp r TOT contracts TOT Cost (Keu)
2018 2018 Fase2 P Engineers  Technicians PhD/Tem T 2018 2019 2020 2021 2022 2023 2024 2025 Person Year 25Keufyear
- L——— _F__# ReqUESt Of manpower (FTE)
N l’-\ .
Bari 51 26 oenddedione 16 0,36 0.8 AT) 05] 05 i | it » Assegno Tecnologico
commissioning - 0 0
0 0
!co-gas slﬂ!es L L
LNF 35 18 chamber tests at CERN 14 0,2 _ i} 0
0 0
Power system 0 0
Napoli 7.9 18 !:Jachelillc producli.onl anld ac 1,25 0.3 0.5 0 0
integration,commissioning 0 0
Longevity 0 0
0 0
Pavia 1.8 0.9 0.6 _ . 0 0
Total FTE 18,3 7.1 TOT (PY) 0 05 05 0 0 0 0 0 1
TOT(Keu) O 125 125 0 ] 0 0 0 15
Legenda 2018 2019 2020 2021 2022 2023 2024 2025 TOT contracts TOT Cost (Keu)
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Manpower of INFN/CMS-BARI for RPC commitments

> INFN/CMS-Bari manpower involved in the activities for the RPC detectors :

S
INSTITUTE TOTFTE Construction Tasks Aver p r (2018-2026) w/out requests in FTE Requests of Manp r TOT contracts TOT Cost (Keu)
2018 2018 Fase2 P Engineers  Technicians PhD/Tem T 2018 2019 2020 2021 2022 2023 2024 2025 Person Year 25K ufyear Request Of manpower (FTE)
" i e
Bari 51 26 oenddedione 16 0,36 0.8 (:" ), 05] 05 i | it » Assegno Tecnologico
commissioning L 0 0
0 0
hﬁne Profile Status Project 2018 2019 2020 2021 2022 2023 2024 2025 2026 Total Task
i
ol Abibredcia Py sicint Stalt RPC 02 04 04 0.5 0.5 3 03 03 03 32 HPLPFPLEIL HFLFE UE LS KFLPELE] o, KPLPHLE] S, KFLPHELUE 1S, KPLPHLE Lb, KPLPRLUE] .S
M.D Filippis Py saciat Stall RPC 01 0l o1 01 o1 @1 o1 @1 @1 09 RPCPPDETL RPCPR.DET.Z, RPCPRDET3, RPC.PRDETA, RPCPR.DET.S, RPCPR.DETE, RPCPR.DET.T
laseli Prhy siciat Seall RPC 06 06 O0OF OF OF 03 03 032 o 38 RPCPPDETL, RPCPR.DET.Z, RPCPR.DET 3, RPC.PR.DET 4, RPCPR.DET.S, RPCPRDETS, RPCPR.DET.T
Pugliass Prhy sicist Seall RPC 05 05 05 06 O6 OF 0Of 0E a8 57 RPCPP.DETL, RPCPR.DET.Z, RPCPR.DET.3, RPC.PR.DET A, RPCPR.DET.S, RPCPRDETS, RPCPRDET.T
Enginees {now AdR| Engiineer Satt RPC 01 a1l 01 01 4l @1 01 ol 41 o039
PhD atudent 1 PhiD student Tamp RPC [i%:] 08 08 08 08 OF 08 08 08 72 RPCPPDETL, RPCPR.DET.2, RPCPR.DET 3, RPC.PR.DET 4, RPCPR.DET.S, RPC PRDETE, RPCPRDET.7
[Technician 1 Tachnician Sall RPC 02 a2 02 02 04 04 04 02 Q2 24 RPCPPDETL, RPCPR.DET.Z, RPCPR.DET 3, RPC.PR.DET 4, RPCPR.DET.S, RPCPRDETE, RPCPRDET.?
[Technician 2 Technician Statf RPC 0,1 01 o1 01 Q1 @1 01 01 41 09 RPCPPDETL, RPCPR.DET.Z RPCPR.DET3, RPC.PRDET 4, RPCPR.DET.S, RPCPRDETE, RPCPRDETT
mmm——
Enginesr Request RPC Cos 05 Y ]-
TOTALFTE /YEAR 260 3301330 300 3,20 2% 230 2680 24
]

¥

[ shared with GEM
in same 2 years ]

iRPC FE electronics
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Recent/current Contributions/Responsibilities within CMS

> Contributions to MUON TDR:

2> Official editors :
C. Calabria (Cap.6: New GEM detectors)

A. Colaleo (Cap.9: Organization, schedule, cost)

> Contributions (plots, ...)

G. Pugliese, A.Gelmi
(Cap.4: RPC upgrades and new RPC detectors)

C. Calabria, A.Sharma, F.Errico
(Cap.7: Muon trigger and reconstruction)

N. De Filippis, R.Venditti
(Cap.7: Muon trigger and reconstruction)

>> Contributions to TRACKER upgrade :

3> N. De Filippis (plots for TRACKER TDR)

2> A. Di Florio (studies in ML group / workshops)
(Deep Learning for Pixel doublets filtering @ HL-LHC)

Responsibilities in years 2017-18 :

Livello in CMS

Gruppo Nome Responsabilita
MUON rL1 ‘Anna Colaleo Muon System Manager
RPC L2 Gahbriella Pugliese RPC Project Manager
RLUIM L1 ILui:ia Silvestris Run Coardinatar
TK I L2 IFIa\.rir:n Loddo RDS3 Project Engineer
GEM I L2 I Marcello Maggi Operation & Online System Coordinator
PHYS L3 Alexis Pompili B-Phys Spectroscopy Convener
COomP L3 Giorgio Maggi Bari Tier2 Coordinator
GEM | L3 Iﬁusamaria Venditt Upgrade Physics Coordinatar
MUOMN | L3 | Raffaella Radogna High-pt muon sub-convener
GEM | L3 IF‘iet Verwilligen Phase 2 Simulation Coordinator
GEM | L3 I;'ixrcha na Sharma Reconstruction & Validation Coordinatar
GEM I L3 ICcsarc Calabria Software & Online Contact for Upgrade

I 'Mauro de Palma Career Committee
Nicala De Filippis f;c hools Com m'lttge co-chair, Ml_uIB Advisary
raup, CMS Thesis Award Comittes

PHYS L4 Leonardo Cristella B-Phys Muon contact

In red squares those related to the Upgrade tasks
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CONCLUSIONS

2> The HL-LHC & CMS Phase-2 are widespread & complex projects that will allow to perform Physics
research (@CERN) for other 15 years, going from the Energy Frontier to the Intensity Frontier
(by increasing luminosity rather than energy scale) and looking for New Physics signs while performing
precision measurements.

%> CMS-Bari has been, is and will be heavily involved in activities for the CMS Phase-2 upgrade.
In particular into:
- new Tracker construction & commissioning
- new GEM detectors construction, test & commissioning
- new iRPC test & commissioning
Construction activities imply intense efforts from physicists & technicians highly committed
in INFN-Bari properly equipped laboratories, till LS3 (2024-26).
Limited amount of temporary but fully dedicated experts need to be hired on specific tasks.

Further efforts, also from technicians, will be requested in test & commissioning activities @CERN.

: all quoted numbers are those proposed to Comm. Naz. GR.l & directors of Sezioni INFN,
discussed with referees and provided for scrutiny by the INFN-Comitato Tecnico-Scientifico
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CMS-Bari manpower plan in a nutshell

Average Man Power (without request) REQUEST of MANPOWER [FTE]
; 2018F
Technicians 2018 2019 2020 2021 2022 2023 2024 2025
B Engineers [Temporary
Bari 3.9 IT FE Hybrid QC/ O 3 0,9 0,2 1 1 1
OTPS Module construction 1 1
Institue 2018 FTE Task - ﬂ.wrgm‘- Manpower [ln!il:.huul: request)
Physicist and Engineer | Technicians | PhD/Temporary | 2019 | 2020 [ 2021 | 2022 | 2023 | 2024 | 2025
| - MEQ.RD. DET 6, MED.PR.DET.1 MEO.PR.DET.2, . . . 1,00 | 200 | 100 | 100 | 100 | 200
. (GE.RDFES, MEO.RDFE.S, MEORD. DET. 6 ' 050 | 050
\
AN \\
\ \
\ \
INSTITUTE TOTFTE Construction Tasks Average Manpower (2018-2026) w/out requests in FTE ‘\‘ Ihques‘b of Manpower
2018 2018 Fasel Physicist&Engineers Technicians PhD/Temp Type NLI“ 2019 Iﬂﬁ 2021 2022 2023 2024 2025
chamber tests at CERN L Y
Bari 5.1 26 front end electronics 1.6 0,36 0.8 AT 0.5 0.5
commissioning

Request of manpower (FTE) :

- 1 Assegno Tecnologico (2019-2020) x GEM+RPC [2 anni]

- 1 Assegno di Ricerca (2019-2024) x GEM (GEM2/1+MEO) [3+3 anni]
- 1 Assegno di Ricerca (2020-2023) x Tracker (IT3) [4 anni]

- 1 Tecnico (2020-2023) x Tracker (OT5) [4 anni]
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CMS is running very well in 2018
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Very fast commissioning of CMS,
matching the fast ramp-up of LHC

* Despite the tight technical stop
with unplanned Pixel detector
refurbishment

Very good recording efficiency, above
94%
Peak luminosity ~ 2 - 103* Hz/cm?
* Corresponding to Pile-Up > 55
*= Deadtime negligible also at the

highest luminosity (factor 2 higher
than design)

Fraction of active channels is high and
stable
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Projected LHC performance through 2035
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rz cross section of a CMS detector quadrant

The layout of the upgraded MUON system is shown in Fig. 8. New detectors added
specifically for the HL-LHC Phase-2 upgrade and located in the endcaps (GEM,
additional RPCs) are indicated.
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Figure 8: An R-z cross section of a quadrant of the CMS detector, including the new Phase-2 components
(RE3/1, RE4/1, GE1/1, GE2/1, MEOD). The interaction point is at the lower left corner. The locations of the
various muon stations are shown in color (MB = DT = Drift Tubes, ME = CSC = Cathode Strip Chambers, RB
and RE = RPC = Resistive Plate Chambers, GE and MEQ = GEM = Gas Electron Multiplier). M denotes
Muon, B stands for Barrel and E for Endcap. The magnet yoke is represented by the dark gray areas.
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New MIP Timing Detector

Barrel Timing Layer (LYSO+SiPM) I—/' 5om L
e Larger surface area ~ / \
e Lower radiation dose  Sicon phor meltele v
e Mature readout ASIC technology y - |

11 mm

e 11x11 mm? LYSO tiles
e 4x4 mm? SiPM
e 250 k channels

Endcap Timing Layer (LGAD)
e Larger radiation dose
e More flexible installation schedule —time for R&D

e R&D synergies with ATLAS n**
o 7
+ Low-gain avalanche diode (LGAD) are &
silicon sensor with a special avalanche < Qe 10'® NJcm?®
gain-layer
* Typical gain: 10-30 «—tp
n-in-p o+
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Detailed Muon system upgrade schedule
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Fig. 33: detailed schedule with information of the milestones, with their tag as reported in the tables below.

CMS Phase-2 Upgrade @INFN-Bari



Concept of Trigger latency

Fast connections
: Trigger - |
S
o
R geopoeoar
[ B TS T TR D
"‘E S Y'd
Qo
o
=0
n O
o "':'_"' Analog levels {held on capacitors)
A O Digital values (ADC results
Binary value
Detector
Front-End

Digitizers :
(ADC, TDC,....) with local buffers

7 Trigger latency = finite time to form the trigger decision and distribute it to
the digitizers
2 More complex is the selection, longer the latency
A Signals have to be delayed until the trigger decision is available at the digitizers

# Valid interactions are rejected due to system busy during digitization/readout
r | Dead-time is source of inefficiency

Credits: F. Pastore
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CMS Triple-GEM detector - |

Figure 4.5:
Left) Electric fields and equipotentials across the GEM foil. Within the holes the amplifying field ranges from 50 — 80kVicm. Center) A

C M S T H I G E M simulation of electron multiplication in the vicinity of the hole in a GEM foil. Right) Arrangement of the triple-GEM detector with three foils, a
rl p e - drift electrode on the top and a readout electrode at the bottom defining drift and induction fields.
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CMS Triple-GEM detector - Il

Diagram of the GEM electronics readout system for CMS
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GEM activities @Bari — RECAP

Past activities in 2018:

* Build & Test 18 GE1/1 chambers (spring-summer 2018) + Build GE2/1 prototypes (fall 2018)
* VFAT3 design, bench-tests & tests with full GE1/1 chambers @ CERN
* Analysis of Slice Test data, Run Coordination

Activities in 2019-2020 (LS2):

* Install & commissiong GE1/1 chambers + Detector Performance Analysis
* Build & Test 72 GE2/1 chambers (2019-2020) together with LNF
 VFAT3 Packaging & Test

Activities 2021-2025 (EYTS + LS3):

*  Build & Test 54 MEO chambers (2021-2022) together with LNF
* Install GE2/1 in YETS 2022 & 2023 + Commissioning & Detector Performance
* Install MEO in 2024-2025 (LS3) + Commissioning & Detector Performance
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GEM milestones

ID Milestone title Date
GE21.RD.DET.1 GE21.RD.FE1 GE21.RD.BE.1 GE2/1 R&D: Key detector system design pa-  21.Mar17
rameters are defined based on performance
5 requirements
7 CE21L.RD.FE2 GE2/1 R&D: On-chamber electronics pre- 19.Jun.17
g liminary design completed and interfaces
defined
GE21.RD.BE2 GE2/1 R&D: Offchamber electronics pre- 12Mar 18
liminary design completed and interfaces
defined
GE21L.RD.DET2 GE2/1 R&D: A full size chamber 1.May.18
with partially instrumented readout built,
tested and vahidated
GE21.RD.DET3 GE2/1 R&D: Detector design parameters 8.May.18
optimization completed, final chamber de-
sign is selected for the demonstrator
GE21.RD.FE3 GE2/1 R&D: On-chamber electronics proto- 1LJun.18
types engineering design complete
s GE21.RD.FE4 GE2/1 R&D: On-chamber electronics proto- 9.0ct.18
4 type electronics manufacturing and testing
= is complete
= GE21.RD.DET4 GE2/1 R&D: Performance of the demonstra- 12Mar.19
= tor chamber with prototype electronics is
validated
GE21.RD.FE.5 GE21.RD.BE3 GE2/1 R&D: On-chamber and off-chamber  12.Dec.19
prototype electronics integration and perfor-
mance studies completed
GE2/1 PRR for the On-Detector Services 3. Aug 2018
GE2/1 PRR for the Foil Production 13.Nowv.2018
GE2/1 Detector EDR 12.Mar.2019
GE2/1 ESR 12.Dec. 2019
CE21.PRDET1 GE2/1 On-Disk Services Installation Com- 20.May.2019
§ plete
§ CE21.PRFE1 GE2/1 On-Chamber Electronics Manufac- 3.Mar2021
'g turing and Testing is Completed
a GE21.PRDET2 GE2/1 Chambers for Disk-1 are assembled, 16.Nowv.2021
tested, and ready for installation
GE21.PRDET3 GE2/1 Module manufacturing and testingis 8. Feb.2022
complete
CGE21.PRDET4 GE2/1 Chambers for Disk-2 are assembled, 5.Apr2022
tested, and ready for installation
GE21.PR.BE1 GE2/1 Off-Chamber Electronics Manufac- 5.May.2023
turing & Testing completed and ready for in-
stallation
GE2/1 Full Detector Commissioning Starts 15 Mar 2024
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RPC system Longevity test @ GIF++(Cern)

Setup @ GIF++:
= 2 RE2 chambers (Irrad & Ref)
= 2 RE4 chambers (Irrad & Ref)

To certify the RPC system at HL-LHC conditions a new LONGEVITY
STUDY started @ Gamma Irradiation Facility (GIF++) in 2016
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RPC activities @Bari — RECAP

Past activities in 2018:

* Longevity tests RPC in GIF++ Operation & Analysis: RPC system ok up to 0.6kHz/cm?

Act|V|t|es in 2019-2020 (LS2):

Longevity tests RPC in GIF++ to be continued
* Gas Leak Repairs + services iRPC

e FE electronics tests
(ATLAS chip as backup for PETIROC)

Activities 2021-2025:

e iRPC chamber validation @ CERN + installation in YETS 2022-2023
+ Commissioning & Detector Performance
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RPC milestones

Construction Project Complete. Ready for
Global System Commissioning

D Milestone title Date
MEQRD.DET.1 MEORD.FE1 MEORD.BE.1 MED R&D: Key detector system design pa-  21.Mar17
rameters are defined based on performance
5 requirements
8 MEQRD.DET2 MED R&D: Irradiation studies and assess-  11.Jul2017
ment of performance and longevity with
small prototy pes completed
MEQ RD.FE2 MEO.RD.BE2 MEO R&D: On-chamber & off-chamber elec- 25 Jul17
tronics preliminary principal design com-
plete and interfaces defined
MEQRD.DET3 MED R&D: Chamber (stack) prototype me-  18.Dec.2018
chanical design completed
MEO.RD.FE3 MEO R&D: On-chamber electronics 23 Aug 2019
neering design completed and validated
MEQRD.DETA4 MED R&D: Chamber (stack) prototype me-  24.Dec.2019
g chanical prototype testing and validation
MEO.RD.FE4 MEO R&D: On-chamber electronics proto- 21 Aug 2020
type electronics manufacturing and testing
is
MEO.RD.BE3 MED R&D: Integration of the on-chamber 8 Jan.2021
and off-chamber electronics and perfor-
mance assessment complete
MEO0.RD.DET.5 MEO.RD.FE5 MED R&D: Assessment of the electron- 30.Mar2021
ics performance and integration with the
demonstrator chamber completed
MEQRD.DET6 MEO R&D: Beams and Cosmics testing of 31.Aug 2021
the demonstrator chamber and performance
qualification completed
MED PRR for the Foil Production 14 Jun. 2021
MED ESR Z Apr2021
MED Detector EDR 28.0ct. 2021
MEO.PRFE.1 MEO On-Chamber Electronics Manufactur-  29.Mar.2022
g ing and Testing complete, ready for chamber
(stack) assembly
§ MEO.PRDET.1 MED Chambers for Disk-1 are assembled, 4.May.2023
tested, and ready for installation
MEO.PRBE1 MED Off-Chamber Electronics Manufactur- 8. June 2023
ing & Testing complete
MEO.PR.DET.2 MEO Chambers for Disk-2 are assembled, 7.Mar2024
tested, and for installation
MEO.PR DET3 All MEO Stacks Installed in the New Nose. 23 May 2024
Detector is ready for installation as part of
the endcap at Pr. 5
MEO.PR.DET.4 MEO.PR.FE.2 MEO.PRBE.2 12Sep. 2025
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